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Chapter 1
General Introduction

1) Unusual Coordination Site Constructed by Polymer Ligand.

The specific and highly catalytic reactivity in metalloenzymes is caused by the
unusuél obofdination of polymef ligand to a metal jon or a metal cluster. For example,
molybdenum ion in the molybdoenzymcs ishows the specific electron-transfer or oxo-
transfer reactivities, while molybdenum ion coordinated by simple ligands e.g. Mo(OR)4,
Mo(SR)4 (R = alkyl) is inert to the catalytic reactions such as oxidation and reduction.!*

The molybdoenzymes are classified by their chemical functions into the two types
i.e. i) oxomolybdoenzymes such as xanthine oxidase, sulfite oxidase, or nitrate reductase

3

and ii) nitrogenase. The oxo- or dioxomolybdenum(IV or VI) ions in the

oxomolybdoenzymes catalytically reduce or oxidize several substrates through the oxo-
transfer and electron-transfer reactions. On the other hand, a unique Fe7Mo cluster at the
active site of nitrogenase reduces dinitrogen to two equiv. of ammonia through eight-
electron reduction.?>

Recently, the unusual coordination at the active site of nitrogenase, Azotobacter
vinelandii, was clarified by X-ray crystéllographic studies.58 Figure 1 shows the
structure of Fe7Mo cluster in the active site and the stereo view of the coordination
circumstance. The FeyMo cluster consists of [Fe4S3] and [Fe3MoS3] cubane clusters.
The terminal Fel and Mo atoms are coordinated by the cysteine 0275 residue, and
histidine ®442 and homocitrate, respectively. The results sﬁowthat the specific peptide
environment at the coordination site around the active site causes the unusual reactivity of
the Fe7Mo cluster.

On the other hand, specific high oxo-transfer reactivity .of mononuclear 0x0- or
dioxomolybdenum(IV or VI) ion is attributed to the coordination of dithiolene and one or
two cysteine ligands in the active site of the oxomolybdoenzymes. The structural

information of the active site has been obtained by EXAFS or ESR spectroscopic studies,
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Figure 1. a) The structurc of Fe7Mo cluster of the active site of Nitrogenase,

Azotobacter vinelandii.® b) the stereo view of the coordination circumstance of the

Fe7Mo cluster.



because of the absence of any X-ray crystallographic results. 3913

The proposed
coordination environment of the active site of the oxomolybdoenzymes in the oxidized
state is shown in Figure 2. Biochemical research has also shown that the pterin
derivative connects to the dithiolene ligand.!* The conjugate system (shown in Figure 2)
may be relevant to the activation of molybdenum ion by dithiolene chelation. One or two
cysteine ligands are also necessary in the catalytic reaction of the oxomolybdoenzymes.!?

The molybdenum ion shows the specific high oxo-transfer reactivity to the several
inert substrates e.g. xanthine, sulfite, aldehyde, or carbon monoxide. The catalytic
reaction proceeds by the cycle between Mo(IV) and Mo(V]) states as éhown in Figure 3.
Thus, the specific high oxo-transfer reactivity of the molybdenum ion is realized by the

coordination of these macromolecular arenedithiolate (dithiolene) and alkanethiolate

(cysteine residue) ligands.

2) Model Complexes of Oxomolybdoenzymes.

In general, synthctic model complexes for these enzymes have been prepared
mainly to simulate the distorted structures from octahedral geometry. However, no
successful model complex was synthesized using a simple synthetic ligand such as
benzenethiolate. The author intended to synthesize the model complexes containing
specific functional groups, which can provide the above specific and catalytic reactivity.

Although a number of dioxo and oxomolybdenum(VI and V) complexes having
N, O, or S (thioketone, thioether) ligands have been synthesized as models of the active
sites in the oxidized Mo(VI) and resting Mo(V) states, these simple coordinating ligands
have not shown the specific high oxo-transfer reactivity.!>-21

Macromolecular ligands have been considered to contribute to the reactivity.
Thus, some model complexes having synthetic macromolecular ligand have been studied.
Oguni et al. have shown that the cysteine-containing macromolecular ligand, Z-Glu-Cys-
OMe, gives the higher reactivity of molybdenum ion than that of the simple low-

molecular coordinating ligand.?> Thus, the oxomolybdenum(V) ion, (MoV¥(O)(u-
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Figure 2. Proposed coordination environment of the active site of the

oxomolybdoenzymes in the oxidized state.
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Figure 3. Schematic picture of catalytic reactions of molybdenum ion in the

oxomolybdoenzymes.



Figure 4. The proposed structure of the polystyrene-supported molybdenum

complex.?3

S)2MoVY0)%*, ligated by the macromolecular ligand showed about 20 times higher
reactivity than that of the Mo complex having simple ligands, [(*Bu-CH,-
0CS)MoY(0)(u-S);MoYO(S2CO-CHz-'Bu)], in  the catalytic reduction of
phenylacetylene or azobenzene. Although the activation of molybdenum ion by the
macromolecular ligand was demonstrated, the activation mechanism was unknown
because of absence of information about the structure around the metal.

The catalytic reduction of acetylene by molybdenum(IV) thiolate complexes
supported by polystyrene was also reported.”> The molybdenum complex shows the
excellent catalytic reactivity for the reduction of acetylene compared with that of the
unsupported molybdenum complex with similar structure. The proposed structure of this
polystyrene supported molybdenum complex is shown in Figure 4.

Recently, the activation of oxomolybdenum(IV and V) ion by the chelating

cysteine thiolates of a macromolecular ligand Z-cys-Pro-Leu-cys-OMe was reported from



Figure 5. The oxomolybdenum(V) complexes ligated by a chelating peptide having a
sequence Z-Cys-Pro-Leu-Cys-OMe.24

this laboratory (Figure 5).>* Thus, the oxomolybdenum(IV) ion having a Z-cys-Pro-
Leu-cys-OMe spontaneously removes the oxo ligand to afford the highly reactive
molybdenum(IV) ion. The molybdenum(IV) ion shows the reduction activity for scveral
substrates e.g. phenylacetylene, benzonitrile, or trimethylsiMazidc. By the theoretical
energy minimum calculation, the specific 0-Mo-S-C torsion angle (ca. 0 or 180°) of the
chelating ligand has becn expected and considered to be responsible for the occurrence of
the high reactivity of molybdenum ion.

Thus, the previous works have suggested that synthetic macromolecular ligands
are effective for the occurrence of the specific and catalytic reactivity of the molybdenum
ion by the unusual coordination like the active center of metalloenzymes, as shown in
Scheme 1. However, the studies using these ligands could not clarify the origins of the

reactivity.

Scheme 1

Simple-ligand complex Macromolecular complex



3) Purpose of this Study.

Although a macromolecular ligand causes the high reactivity to the metal ion by
unusual coordination, little information on the coordination environments around metal
ion having catalytic reactivity has been obtained. The author intends to clarify the relation
between the structure and function of the synthetic model complexes containing the
specific functional groups. Here, novel oxomolybdenum(IV) complexes having several
chelating ligands were Systematically synthesized in order to eclucidate the activation.
mechanism of the chelating ligands. The chelating ligands can be considered to serve as
one of the specific functions associated with the polymer effects. The molybdenum ion:
of the oxomolybdoenzymes carries out the oxo-transfer reaction in the cycle between
MoVY10,2+ (MoYI0S2* in xanthine oxidase, aldehyde oxidase) and MolVO2* states.
Therefore, study of the oxomolybdenum(IV) complexes with the chelating dithiolate
ligands contributes to the elucidation of the chemical reactivity at the active site of
oxomolybdoenzymes.

The author developed novel synthetic method for the oxomolybdenum(IV)

complexes having several chelating ligands (Figure 6). Only a few oxomolybdenum(IV)

al? , o 1z
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Figure 6. Synthesis of oxomolybdenum(IV) complexés by ligand exchange method.



complexes having thiolatc ligands have been synthesized to date because of the limited
synthetic method.” In general, molybdenum(IV) thiolatc complexes are unstable and
casily oxidized to give the corresponding oxomolybdenum(V) complex with one-electron
oxidation. = Actually, it is difficult to synthesize them from the corresponding
oxomolybdenum(V) complexes in the mild conditions because of the relatively negative
Mo(V)/Mo(IV) redox potential (ca. -1 V vs. SCE). The new method readily provides the
synthesis of alkancthiolate complexes e.g.  [MoYO(SCH2CHyS)]>  or
[MoVO(SCH,CH,CH,S);]%.  These chelating ligands represent important chemical

property of the peptide or native chelating proteins.

4) Effect of Chelating Thiolate on the Reactivity.

Chelating dithiolates, 1,2-benzenedithiolate (bdt?), a,2-toluenedithiolate (o,2-
tdt2),  1,2-ethanedithiolate  (edt>),  1,3-propanedithiolate  (1,3-pdtZ), 1,2-
propanedithiolate (1,2-pdt%), and 2,3-butanedithiolate (2,3-budt?) were employed in this
study. These chelating ligands are régardcd as the suitable chelating models not only for
the several reactive macromolecular ligand, but also for the active site of

oxomolybdoenzymes (Scheme 2).

i) Arene- and Alkanethiolate Ligands.  Arencthiolate e.g. benzenethiolate (SPh-
), 1,2-benzeredithiolate: (bdtzf), are simple model ligands for the dithioiene chelation in
the active center of oxomolybdoenzymes. The thiolate sulfur has pr orbitals interacting
with dithiolene C=C pm orbital. The interaction is expected to regulate the chemical
function of metal ioh.

On the other hand, alkancthiolate ligands serve as models of cysteine residues.
The metal-sulfur interaction is stronger than that of arenethiolate in this case. The
oxomolybdenum(IV) complexes ligated by alkanedithiolate ligands have the more
negative Mo(V)/Mo(1V) redox potential compared with those of arencthiolate complexes,

because of the strong clectron donating ability.
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ii) Effect of Chelating Size.  In cys-containing enzymes, the orientation of cys
thiolate in peptide chain is known to be responsible to the conformationally restricted
folding structure. Chelating dithiolate ligands such as "SCH;CH;S™ (5-membered) and
“SCH,CH,CH,S" (6-membered) are conformationally restricted ligand as shown in
Scheme 3. The Mo-S dr-pr interaction changes with the Mo-S-C bond angle and the O-

Mo-S-C torsion angle.

Scheme 3
| i’
S S
MoW" Mo
5-rhembered G-membered

ifi) Steric Effect of Chelating Thiolate on 0-Mo-S-C Torsion Angle.
The 0-Mo-S-C torsion angle is changeable in the conformationally restricted dithiolate
chelating ligands. ﬁe significance of the O-Mo-S-C torsion angle on the reactivity was
suggested by tHe studies of oxomolybdenum(IV and V) complex chelated by peptide, Z-
cys-Pro-Leu-cys-OMe, as mentioned above. In the chelating ligands studied in this
thesis, the arene-alkanedithiolate chelating a.,2-tdtZ affords the most deviated O-Mo-S-C
torsion angle from 90°. (Scheme 4) Thus, the effect of the O-Mo-S-C torsion angle on
the reactivity or the physical properties of the oﬁomolybdenum(IV) ion was studied by

using this complex.

Scheme 4
O

MO“““"'S
S

arene- alkane chelation
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iv) Binucleation Reaction. In order to understand the effect of the chelating
ligands on the oxo-transfer reactivity of oxo- and dioxomolybdenum(I'V and VI) ions, the
binucleation reactivity was studied.

In general, oxo- and dioxomolybdenum(IV and VI) complexes readily react to

give the p-oxo dimer complex (eq. 1).
[MolVOL4] + [MoVIO,Ls] === [L4MoV¥(0)-0-MoVOL4] 1)

Since this p-oxo dimer is quite inert to the oxo-transfer reaction, the formation of this
dimer complex during the catalytic reaction deactivates the catalytic reaction. The author
shows that the dithiolate chelating controls the binucleation reaction by the limited

stereochemical mobility.

v) Effect of Dithiolene Chelating on Nitrido Ligand. The intermediacy of the
nitrido complex, LyMo=N, has been suggested during the dinitrogen reduction process
of the nitrogenase by the studies using dinitrogen-molybdenum(0) complexes (Figure
7).%5-27 Therefore, activation of the nitrido ligand is one of the most important steps for
the achievement of the catalytic cycle of ammonia synthesis. However, the reactivity of

nitrido in nitridomolybdenum complexes having Cl, P, N, or O ligands is found to be

quite low.28
+ i+
Mo—N, —e_———> Mo—N,H —;——» Mo=NNH,
N, e |H
2H* H* _ ,
Mo—NH3 <—2—-—- Mo=NH <«——| Mo=N |+ NH3
e e

Figure 7. Proposed reduction process of the dinitrogen ligand.

11-
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Figure 8. Activation mechanism of the thiolate ligands on the nitrido ligand by

competitive ps donation.

In general, the nitrido and oxo groups have isoelectronic structures, and exist in

similar geometries.?%31-

Here, the activation effect of the dithiolate ligand on the
reactivity of nitrido ligand will be studied.

The synthesis of nitridomolybdenum(VI) complex having bulky thiolate ligand,
[MoVIN(S-tBu)4]", has been attempted in this laboratory. Although this complex shows
the increased yield of ammonia as compared with [MoVINCl4]- in the reaction with acids
or bases, the activation mechanism by sulfur ligands was not understood because of the
difficulties in the isolation .

The author will show -that the activation of the nitrido ligand is due to the

competitive prt donation from the thiolate ligand to Mo dxy, dxz (Figure 8).

Scope of this thesis

For understanding of the function of cysteine ligand at the active sites of
oxomolybdoenzymes, novel synthetic method was developed for the syntheses of
oxomolybdenum(IV) complexes having several alkanedithiolate ligands. Thus, the
ligand exchange reaction between oxomolybdenum(IV) complex having monodentate
arenethiolate ligand, [MolVO(p-CIC6H4S)4]* (1) and alkanedithiols was carried out.
The direct reduction of the oxomolybdenum(V) complexes having alkanethiolate ligands
has been impossible, because of the highly negative Mo(IV)/Mo(V) redox couple (> -1.0

V vs SCE), indicating the necessity of the novel synthetic' method.

-12-



In Chapter II, the’ synthesis and molecular structure of 1 (Schenie 5) are
described.  This complex is prepared by the reduction of the corresponding
oxomolybdenum(V) complex having a relatively positive Mo(IV)/Mo(V) redox couple (-
0.66 V'vs SCE) because of the electron withdrawing chloro  substituent in the
arencthiolate ligand. This complex was useful for the starting material for the syntheses

of novel oxomolybdenum(I'V) complexes as discussed in Chapter IIT and IV.

Scheme §

Cl
I
RoR)
S..," "M 0‘\\\“\-‘..

@.\S/@CI

mE

S cl
Structure of [MOIVO(p-CIC6H4S)4]2'

In Chapter III, the synthesis of oxomolybdenum(IV) complex having ,2-
toluenedithiolate ligand (Scheme 6) using the ligand exchange method is reported. This
complex has both arcnethiolate and alkanethiolate ligands, and showed the lower
reactivity to the several oxo-transfer reagents such as trimethylamine-N-oxide, because of

the rigid chelating skelcton.

Scheme 6

0O
|

S S

2

Structure of [Mo"vO(q,2-tdt),]*

-13-



In Chapter 1V, the syntheses of the series of oxomolybdenum(IV) complexes
having several alkancdithiolate ligands, and their molecular structures are described.
Thus, the complexes, [MOWO(SQR)Z]Z' (S2R = SCH2CH2S, SCH;CH2CH:S,
SCH2CH(-S)CH3, CH3-CH(S)CH(-S)CH3) were synthesized by the ligand exchange
method. (Scheme 7) All these complexes have the rigid chelating skeletons, and show
the low reactivity with the oxo-donor reagents. The relation between Mo-S-C bond angle

and physical propertics through the pm-ds interaction was studied.

Scheme 7

12 O T2

C .ll,'l \“‘ Sj Y ."II[ ““ S

Structure of [Mo' O(edt),]* (left) and [Mo™O(1,3-pdt),]* (right).

In Chapter V, the binucleation reactivity between dioxomolybdenum(VI)
complexes and oxomolybdenum(IV) complexes having scveral different type of ligands
is reported. This reactivity depends on the oxo-transfer and accepting reactivities of each
starting complexes. The mechanism of the binucleation reaction is discussed. (Scheme 8)

Chapter VI describes the attempted synthesis of oxomolybdenum(IV) complexes
chelated by a tetradentate peptide ligand. (Scheme 9) The ligand exchange reaction
between [MolYO(p-CICsH,S)4]% and the tetradentate peptide ligand does not produce the
Mo(IV) complex but a Mo(V) complex. This is due to the strong reducing ability of this
Mo(IV) complex produced.

-14-
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Scheme 9

CYS ~
Gl
C/Ala y / y\Ala__OMe
8 0 S "'IM \\n' -S

~
Ala__
cys/s S /OMe

- Ala
Pro— ey—cys—Gly

Schematic structure of Mo(V) peptide complex

In Chapter VII, synthesis and physical properties of nitridomolybdenum(VI)
complex having bdt ligand are described. This complex has higher electron density on
the nitrido ligand compared with nitridomolybdenum(VI) complex having Cl ligands
because of the strong competitive prt donation from the pr of thiolate ligand to the Mo

dxy, dyz. Electronic effect of the thiolate ligand on the activation of the nitrido ligand is

discussed.

Scheme 10
N 1z

se e
Mo\
s S ?

Cl

Scheme 10 Structure of [Mo"'N(bdt),CI]*
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Chapter II

Synthesis, Molecular Structure and Physical Properties of an
Oxomolybdenum(IV) Complex with p-Chlorobenzenethiolate, [MoIYO(p-
CIC6H4S)41%-, as a Model of Active Sites of Reduced Molybdo-Oxidases

Introduction

A molybdenum ion exists at the center of molybdenum cofactor in the active sitcs
of the oxomolybdoenzymes such as sulfitc oxidase, aldehyde oxidase, and xanthine
oxidase.! - Substrates are catalytically oxidized at thesc sites by a cycle between the
oxidation states, Mo(VI) and Mo(IV), via an intermediate Mo(V) state during turnover.2
EXAFS studics have shown that an Mo!V(=0) center in the reduced state, and
MoVl(=0), or MoY!(=0)(=S) center in the oxidized state is in the active sites. These
studies have also shown that two or three sulfur atoms coordinate to the molybdenum
ion.1:3 Chemical analysis of degradation Iproducts of the molybdenum cofactor has
shown that a dithiolene ligand connected to a pterin derivative coordinates to the
molybdenum ions.# (see Figure 2 in Chapter I) |

A number of dioxomolybdenum(VI) complexes with S(thiolato), N, or
S(thioether or thioketone) ligands® and oxomolybdenum(V) complexes with S(thiolato)
ligands®7 have been synthesized as models of active sites of the enzymes. For models of
the active sites in reduced states, only a few syntheses of monomeric
oxomolybdenum(IV) thiolate complexes have been reported because of the difficulty of
the syntheses. We found a convenient synthetic method of an oxomolybdenum(IV)
thiolate complex using (NEt4)[MoYO(p-CICsH4S)4](2)8 as starting material.

In this paper, the synthesis, molecular structure, and physical properties of an
oxomolybdenum(IV) complex having p-chlorobenzenethiolate, [Mo"YO(p-CICcH4S)4]%,

are reported. This complex with arencthiolate ligands unconstrained by chelation serves
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as fundamental refcrences to other’ oxomolybdenum(IV) thiolate complexes in

consideration for their structures and physical properties.
Experimental Section

All synthescs and physical measurements were carried out under argon
atmosphere. 1,2-Dimethoxyethane (DME), MeCN, dicthyl ether, and MeCN-d3 were
dried over CaHj, distilled and deoxygenated before use. p-Chlorobenzenethiol, NEt4l,
NEt4BHj4, and PPh4Br used were of commercial grade obtained from Tokyo Kasci Co.
2 was prepared by the slight modified method of Boyd et al.® and Ellis et al.8

Synthesis of (NEtg)2[Mo!YO(p-CIC6H4S)4] (12). Complex 2 (3.27 g,
4.00 mmol) and NEt;BH4 (0.616 g, 4.25 mmol) were mixed and stirred in DME (100
mL) for 5 h at room temperature. “A precipitate obtained was collected with filtration and
washed with DME until the filtrate were no longer colored. The green precipitate was
dissolved in MeCN (30 mL). The solution was filtered and reduced in a volume to about
10 mL under reduced pressure. A blue microcrystalline product (0.70 g, 19 %) was
obtained by the addition of about 10 mL of diethyl ether to the solution, collected by
filtration and dried in vacuo. Found: C, 50.16; H, 6.10; N, 2.86 %. Caled for
C40Hs56N20Mo0S4Cly: C, 50.74; H, 5.96; N, 2.96 %.

Synthesis of (PPh4)2[Mo!YO(p-CIC6H4S)4] (1b). Complex 1a (0.163
g, 0.172 mmol) and PPh4Br (0.176 g, 0.420 mmol) were dissolved in MeCN (14 mL).
The solution was stood for overnight at ca. 10 °C. Microcrystals obtained were collected
by filtration and washed with MeCN (2 mL, three times) and diethyl ether (2 mL), then
. dried under reduced pressure. Red microcrystals (0.06 g) were obtained in 10% yield.
The crystals have MeCN as a crystalline solvent. Found: C, 62.55; H, 4.46; N, 0.98 %.
Caled for C74H59NOP;MoS4Cly: C, 63.20; H, 4.23; N, 1.00 %.

Physical Measurements. Absorption spectra were recorded on a Jasco Ubest-
30 spectrometer in MeCN solution with 1 mm matched silica cells. Raman spectra were

obtained on a Jasco R-800 spectrometer in solid state with 514.5 nm excitation. The



cyclic voltammograms were taken on a Yanaco P-1100 polarographic analyzer in McCN
solution (2 mM) with a glassy carbon electrode working and (1-Bu)4NClO4 (100 mM) as
a supporting electrolyte. 1H NMR spectra werc measured on a Jeol JNH-GSX 270
spectrometer in MeCN-d3 at 30 °C.

X-Ray Structure Determination. A single crystal of 1b was sealed in a
glass capillary under argon atmosphere for X-ray measurements. Diffraction experiment
was performed with a Rigaku four-circle diffractometer using Nifiltered CuKa
~ radiation. Cell constants were determined by a least squares mcthod based on setting
angles of 24 reflections. Crystal data and experimental details are summarized in Table 1.
Three intense reflections were recollected every 100 reflections and showed only 1.3 %
of decay of the intensities through data collections. Lorentz and polarization correction
were applied, but no absorption correction was made. The structure was solved by using
SHELX 86,% and refincd by the block-diagonal least squares method.1® All of the non-
hydrogen atoms were refined with anisotropic temperature factors. Except the three
hydrogen atoms of MeCN all hydrogen atoms were placed in idealized positions (C-H
distance 1.08 A) and added to the structure factor calculation, but their positions were not
refined.

High R and Ry, values and relatively large standard deviations of intcratomic
distances and angles are due to the poor quality of the crystal.

- EHMO Calculation. As a simple model of 1b, [MoO(SH)4]* in ideal Cy4,
symmetry was adopted for the calculations. The geometrical paramicters used are: 1.690
A for one Mo-0, 2.415 A for four Mo-S, 1.08 A for four S-H, 107.7° for O-Mo-S
angle, 116.24° for Mo-S-H angle on the basis of the crystal structure of 1b. The EHMO
parameters for Mo were taken from a reported work 11, and those for S, O, and H are the

standard ones.
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Table I. Crystal and Refincment Data for (PPhy),[MolVO(p-CICsH4S)4] (1b).

Formula C74H359NOP;MoS4Cly

Formula weight 1406.25

Crystal system triclinic

a, A 21.131(18)

b, A 13.690(3)

¢, A 13.490(5)

a,’ -100.96(3)
, ° 117.62(3)

Y, ° 78.77(5)

v, A3 3369(3)

4 2

Space . group P1

t, C° 20«1

Dcaled - 1.39

Radiation CuKa.

20max, ° 120

Scan mode 20-w

No. of reflections measured 8207

No. of observns I>30(T) 7725

R?) 0.094

Ry 0.104

a) R = Z|FolFc/=[Fof. b) Ry, = [Ew(FoHFc))/Zw|Fo))2)l2; w =
1/[0%(|Fol)+0.34|Fo]+0.0048|Fo|2].
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Results and Discussion

-Synthesis. The air-sensitive, diamagnetic oxomolybdenum(IV) complex with
monodentate thiolato ligands, 1a, was synthesized by reduction of 2 with NEt4yBH4. A
DME solution was useful for this reaction because the product obtained gradually
precipitates. Although, diamagnetic yellow byproducts are produced in this reaction
process, these can be removed by washing with DME. Blue microcrystals were obtained
by reprecipitation from MeCN/diethyl ether.

Only a few papers are found on the syntheses of monomeric oxomolybdenum(IV)
complexes with thiolate ligands, since synthetic methods of these complexes were
limited. Mitchell and Pygall reported the syntheses of Kp[MolYO(edt),], (edt = 1,2-
ethanedithiolato), Ko[Mo!VO(tdt),], (tdt = 3,4-toluenedithiolato), and [MolYO(dtc),],.
(dtc = diethyldithiocarbamato) by the reaction of K4[MoYO,(CN)4] with 2 eq. of the
corresponding ligands in H50,12 and Boyde et al. synthbesized (NEt4)[Mo'VO(bdt),]
(bdt = 1,2-benzenedithiolato) by their modified method.13  Ellis et al. prepared
(NHEt3):[MolYO(SCgFs)s] by the teaction of [MoYOC(PPhyMe)s] with
pentafluorobenzenethiol and NEt3 in CH,Cl,.10  However, this method could not be
applied to other thiols. Coucouvanis et al: obtained [MoVO(S2Co(CO2Me),)2]% from
the reaction between [Mo!YO(S4)2]% and dicarbomethoxyacetylene. 14

The use of NR4BH4 for the reductant is convenient for the syntheses of
oxomolybdenum(IV) complexes from the corresponding oxomolybdenum(VI or V)
complexes. Subramanian et al. reported the. synthesis of .an oxomolybdenum(IV)
_ complex having bulky ligands, [MoYO(3-t-Bu-hbeH,)], (3-t-Bu-hbeHy = N,N'-bis(2-
hydroxy-3-¢-butylbenzyl)-1,2-diaminoethane) by the reduction of [MoY!Oy(3-t-Bu-
hbeH;)] with excess (n-Bu)4NBH; in McOH.1> . The synthesis of homoleptic
molybdenum(VT) thiolate complexes is difficult when the direct reaction of Mo(VI) ions
with free thiols is attempted because Mo(VI) ions are readily reduced to Mo(IV) or Mo(V)
states by free thiols.1® Recently the successful synthesis of dioxomolybdenum(VI)

complex with two conjugated dithiolate ligands, (NEty)2[MoVI0,(bdt),], by the O-atom



transfer oxidation of (NEt,)>[Mo!YO(bdt),] with MesNO was reported by Yoshinaga et
al17

Many oxomolybdenum(V) complexes with thiolate ligands were synthesized to
date.57 However, the reduction of oxomolybdenum(V) complexes with NR4BH4 is
very difficult in most cases because of their negative Mo(V)/Mo(IV) redox potentials.
Actually, it was difficult to complete the reduction of (NEt4)[MoVO(SCsHs)4] to Mo(IV)
state by NEt4BH4. Ellis et al. showed that the redox potential of [MoVO(SAr)4]
complexes (Ar = aryl) shifted to the positive side by electron-withdrawing substituents on
the benzenethiolate ligands.8 The redox potential (-0.72 V vs. SCE) of
(NEty)[MoYO(SCgH3s)4] is more negativé to the value of -0.66 V (vs. SCE) of 2. Thus
2 is more readily reduced to the Mo(IV) state with NEt4BH4. Recently, Ueyama et al.
reported the synthesis of an oxomolybdenum(IV) complex with monodentate thiolate
ligands, (NEt4)2[MolYO(0-RCONHCgH,S)4], by the NEt;BH, reduction of the
corresponding  oxomolybdenum(V) complexes!8 which have a positive-shifted
Mo(V)/Mo(IV) redox potentials (-0.2 V ~ -0.5 V) by the cffect of NH-S hydrogen bond.

Description of Structure. The molccular structure of 1b which was prepared
by the cation exchange reaction of 1a with PPhy4Br in MeCN was determined by a single-
crystal X-ray analysis. This complcx crystallizes in the space group P1 and contains
four cations, two anion, and two MeCN molecules in an asymmetric unit. This MeCN
molecule does not coordinate to the molybdenum(IV) ion. Perspective view of the anion
of 1b is shown in Figure 1. The sclected bond distances and bond angles are presented
in Table I1.1° The geometry of MoOS; core of 1b is based on a square pyramid with
C4y symmetry, and this molecular structure is similar to that of [MoYO(SPh)4]" reportcd
by Bradbury et al.20 In 1b Mo atom lies 0.73 (2) A above a plane formed by four sulfur
atoms. The Mo=0 distance of 1.690 (9) Ais in the range of the distances obscrved in
oxomolybdenum(IV) thiolate complexes reported to date. For example, Mo=0 bond
distances of [MolVO(bdt);]>, [MolVO(S2Co(COsMe),)5]%, and (NEty)»[Mo!YO(S-o-
CH3CONH-CgHy),] are 1.699 (6) A, 13 1.686 (6) A,14 and 1.689 (5) A,!8 respectively.

The average Mo-S distance (2.415 A) of 1b is ncarly the same with the distance of

4.



Figure 1. Perspective view of the structure of the anion part of (PPhy);[Mo!VO(p-
CIC¢H4S)4] (1b). The atoms arc drawn as 50% probability ellipsoids. Hydrogen atoms

are omitted for clarity.
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Table II. Selected Bond Distances, Bond Angles, Torsion Angles,

and Dihedral Angles of (PPh4)2[MoYO(p-CICsH4S)4] (1b).

Bond Distances/A

Mo-0 1.690(9)
Mo-S(1) 2.395(3)
Mo-S(2) 2.418(4)
Mo-S(3) 2.416(4)
Mo-S(4) 2.431(3)

mean Mo-S 2.415

Bond Angles/
S(1)-Mo-S(2) 85.0(1)
S(2)-Mo-5(3) 84.7(1)
S(3)-Mo-5(4) 83.1(1)
S(4)-Mo-5(1) 86.3(1)
S(1)-Mo-5(3)  140.6(1)
S(2)-Mo-S(4)  148.5(2)

0-Mo-S(1) 109.3(3)
0-Mo-S(2) 105.6(3)
0-Mo-S(3) 110.1(3)
0-Mo-S(4) 105.8(3)
Torsion Angles/

O-Mo-S(1)-C(111)  86.9(6)
0-Mo-S(2)-C(121)  81.3(6)
0-Mo-S(3)-C(131)  74.6(6)
0-Mo-S(4)-C(141)  90.9(6)

Dihedral Angles/
Mo-S(1)-C(111) and the phenyt ring
Mo-8(2)-C(121) and the phenyl ring
Mo-5(3)-C(131) and the phenyl ring
Mo-S(4)-C(141) and the phenyl ring

S(1)-C(111)
S(2)-C(121)
S(3)-C(131)
S(4)-C(141)

Mo-S(1)-C(111)
Mo-S(2)-C(121)
Mo-S(3)-C(131)
Mo-S(4)-C(141)

64.6(4)
35.0(4)
70.9(5)
69.9(4)

1.78(1)
1.78(1)
1.77(1)
1.77(1)

116.9(4)
116.3(4)
114.1(5)
117.7(4)




(PPhy)2[MoVO(S-0-CH3CONH-CgHy)4] (av. 2.408 (8) A)18 and is longer than that of
[MolVO(bdt),]% (av. 2.388 (2) A)13 and [MolVO(S;Co(COsMe)o)2)> (av. 2.380 (2)
A)4.  The results show that the prescnt monodentate benzencthiolate ligands more
weakly coordinate to Mo(IV) ions than bdt or dithiolene chelate ligands. Although
[Mo!VO(S,CNPr;);] has chelate ligands, the Mo-S distances are somewhat longer (av.
2.414 (2) A)21, because of formal thioketone character of one of the two sulfur ligands,
and a somewhat small metal-ligand overlap caused by narrow S-Mo-S bite angles (av.
72.4°) of the four-membered Mo-S-C-S ring.2

The O-Mo-S-C torsion angles of 1b range from 74° to 91°. EHMO calculation of
[MoIVO(SH)4]* showed that 1b has a relatively stable structure in the torsion angles
which are near 90°. (vide infra) The Mo-S-C bond angles (av. 116.2°) show that these
sulfur atoms have a strong sp? character. However, the torsion angles between Mo-S-C
plane and phenyl ring are far apart from 0° because of the steric effect among four phenyl
rings. (Table IT) The O-Mo-S-C torsion angles in [MoYO(SPh)4]" range from ca. -33° to
-45°.20

The geometry around Mo(V) may rcflect the d-electronic state, which has a singly
occupied dy,, orbital. Then the repulsion between this dyy orbital and prt of sulfur atom is
smaller than that of 1b with a fully-occupied dy,, orbital. Actually the torsion angles of
[MoVO(SPh)4]- are far apart from 90°. This complex has a structure in which
conjugation between Mo-S-C plane and phenyl ring is larger than 1b. '

Cleland et al. showed that [LMoVO(SPh);] (L = hydrotris(3,5-dimethyl-1-
pyrazolyl)borate) has two quite different O-Mo-S-C torsion angles in solid state (-34° and
-110°) and that the O-Mo-S bond angles depend on this torsion angle due to the dr-pn
repulsion between (Mo-O) and S atoms.”> The O-Mo-S bond angles of 1b does not
depend on O-Mo-S-C torsion angles.

In order to clucidate the structure of 1b, the EHMO calculations of
[Mo™VO(SH)4]* as a model (Figure 2 a) was carried out. In these calculations the O-Mo-
S-C torsion angle (8) was defined as Figure 2b.  The total energy of [MolYO(SH)4]>

has a minimum at 8 = 90° and has two maxima at 6 = 0° and 180°. (Figure 3) This is
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explicable by orbital interactions. Thus, overlap of the anti-bonding orbital on dy, of Mo

with pr of sulfur atom in HOMO maximizes at 6 = 0° and 180" and minimizes at 8 =

90° (Figure 4)

H 0
" /] =Y
\S"M";'@‘“‘“\Mo‘@'s g
H \& / i
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\X

(0=0°)

Figure 2. a) Model used in EHMO calculation. b) The 0-Mo-S-C torsion angle which

was defined in these calculations.
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Figure 3. Variation of the total cnergy of [MoO(SH)4]* with change in all O-Mo-S-H
(9) torsion angles.



Figure 4. Molecular orbitals of [MoO(SH),4]% a) at 6 = 0° and b) 6 = 90° in HOMO.



Physical Properties. The cyclic voltammograms (CV) of la displayed a
quasi-reversible Mo(V)/Mo(IV) redox couple at -0.65 V vs. SCE and irreversible
oxidation to Mo(VI) at 0.54 V in MeCN. These redox potentials of 1a were the same as
those of 2 which showed a quasi-reversible Mo(V)Mo(IV) couple at -0.65 V and
irreversible oxidation to Mo(VI) at 0.54 V. The CV of 2 was remeasured to compare
with 1 in the same condition. The ipa/ipc value of 1a and 2 were 1.0 and 0.83
respectively.

The absorption spectra of 1a and 2 in MeCN are shown in Figure 5. The distinct
absorption maxima of 1a appeared at 265 nm (51,000 Mcm1), 313 nm (30,000) and
588 nm (480). 2 shows absorption maxima at 250 nm (55,000), 290 nm (sh 25,000),
330 nm (sh 16,500), and 604 nm (6,950). Generally monooxomolybdenum(V)
complexes have a d-d transition in low-energy region and CT transition in high-energy
region. For example, [MoYOCl,] has a weak d-d transition at 604 nm.2* Soft ligands
such as thiolate shift the CT transition to lower-energy region.2%25 Hanson et al.
reported that [MoVO(SCgHs)4]™ have a strong absorption band at 598 nm. They
assigned this band to an LMCT transition from suifur ligands to Mo(V) ions from the
following features : i) large extinction; ii) lower energy shift by electron-donating
substituents on benzenethiolate ligand; iii) qualitative agrecment with Jprgensen’s
theory.26 A weak d-d transition in the oxomolybdenum(V) complexes, [MoYO(S-
aryl)4]” is masked by the strong LMCT transition. Ellis et al. proposed that one-el;ctron
reduction of those oxomolybdenum(V) thiolato complexes causes a blue shift of the
LMCT band to appear at the d-d transition region.1> The weak band at 588 nm near the
LMCT region (604 nm) of 2 is thus assignable to a dxy~dxz, Or dy, transition.

Raman spectra of 1a and 2 showed v(Mo=0) at 932 cm™ and 942 cml,
respectively. The difference (10 cm) in v(Mo=0) is not due to the structural change but
due to the decrease of m-donation of O-pm to Mo-dm. Similar shift was observed
between oxomolybdenum(IV and V) complexes having bdt or SCgFs ligands. Thus,
[MoVO(bdt);]% and [MoVYO(bdt),] show v(Mo=0) stretching at 905 cm! and 944 cm!

respectively.
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1H NMR (270 MHz) spectrum of 1 indicated diamagnetic d configuration in
McCN-d3. The proton signals of the benzene rings were observed as two doublets at 7.3
and 6.9 ppm (J = 8.3 Hz), and the proton signals of counter cation, NEt4*, appeared at
3.1 ( CHy, q) and 1.1 ppm (CH3, m). These proton chemical shifts of the p-
chlorobenzenethiolate ligands were nearly the same with sodium p-chlorobenzenethiolate
which has two doublets at 7.1 and 6.8 ppm.

la (or 1b) was found to be a useful starting material to produce various
oxomolybdenum(IV) dithiolate complexes by a ligand exchange reaction because this
complex was coordinated by only monodentate thiolate ligands. Similar methods have
been developed for the syntheses of oxomolybdenum(V) dithiolate complexes,
[MoVO(bdt),], 13 [MoVO(edt),],7 and [MoVO(a-;dt)z]- (o-tdt = a-toluenedithiolato)2”
by a ligand exchange reaction between [MoYO(SPh)4]- and the corresponding dithiols.

The details of these syntheses will be published elsewhere.
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Chapter 111

Structure and Properties of (NEt4)2[MoIVO(a,Z-toluenedithiolato)2].
Absence of Direct Oxo-Transfer Reaction from Trimethylamine-

N-Oxide
Introduction

Molybdenum is an essential component of a number of enzymes catalyzing two-
electron redox reactions.! The molybdenum center of sulfite oxidase, trimethylamin&N—
oxide reductase and dimethylsulfoxide reductase has been considered to be bound to a
bidentate dithiolene ligand connecting pterin and phosphate groups.>* The EXAFS
analysis of the reduced states has indicated that the molybdenum center has one or more
Cys thiolate ligands besides the dithiolene ligand.> The chemical properties of Mo(IV)
thiolate complexes as a model of the reduced enzymes is still equivocal.

A simple thiolate complex, [MoYO(SPh)4]-,® has been studied in detail. Some
monooxomolybdenum(IV) complexes having symmetrical dithiolate chelating ligands
have been reported as the precursor model complexes for the reduced species of the active
site of molybdoenzyme, e.g. [MoVO(SCH2CH2S)2]%,” [MoVO(bdt)2]% (bdt = 1,2-
benzenedithiolato),® [MolVO(S2Co(CO2Me)2)21, [MolVO(SCsH4-p-Cl)a?- 10, Novel
model monooxomolybdenum(IV) complexes have been studied using a tridentate
chelating ligand, e.g. sterically bulky tridentate monooxomolybdenum(IV) complexes,'!
13 and hydrotris(3,5-dimethyl-1-pyrazolyl)borate.! 415

The active center of sulfite oxidase and dimethylsulfoxide reductase has Mo(IV)
species containing two or three thiolate ligands in the reduced state.’ If the metal center
has three thiolate ligands, one Cys thiolate is probably involved besides vone dithiolene
ligand. Complexation of two dithiolene-like ligands and two alkanethiolate to (MoO)2+
ion in unsymmetrical dithiolate, o,2-toluenedithiolate (c.,2-tdt), seems to furnish one of

the relevant model complexes. Scheme 1 shows the structure of o,2-tdt ligand.
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Furthermore, the detailed structural comparison between Mo(V) and Mo(IV) complexes
is of interest to get information on ligand addition process on tetragonal pyramidal
compiexes to octahedral complexes associated with increasing number of thiolate ligands.
The role of thiolate ligand on the process is also of interest since its biochemical relevance

has been established.
Experimental Section

All syntheses and physical measurements were performed under  argon
atmosphere. 1,2-Dimethoxyethane (DME), acetonitrile, N, N-dimethylformamide (DMF)
and dicthyl ether were purified by distillation” over calcium hydride under argon
atmosphere before use.

a,2-Toluenedithiol (c,2-tol-Hz) was prepared by the literature method.16-17

Synthesis of (NEtg)2[Mo!YO(a,2-tdt)2]. The complex was synthesized
by the novel ligand exchange method with (NEt4)>[MolYO(SCgH4-p-Cl)4].1°

A mixture of (NEtg)2[Mo'VO(SCgHy-p-Cl)4] (1.1 g, 1.2 mmol) and a,2-
toluenedithiol (0.37 g, 2.4 mmol) were stirred in 50 mL of DME for 4 days at room
temperature. A yellow-orange precipitate was collected with filtration and washed three
times with 20 mL of diethyl ether to remove free thiols, and dried in vacuo and dissolved
in 35 mL of acetonitrile. The solution was filtered and concentrated to 6 mL volume

under reduced pressure. Deep brown microcrystals were’ obtained by addition of 10 mL
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of diethyl ether to the solution.. - The crude complex was recrystallized from
acetonitrile/diethyt ether. Yield, 0.65 g (81 %). Anal. Caled for C3gHs5aN2OMoS4: C,
52.92; H, 7.70; N, 4.11. Found: C, 53.23; H, 8.02; N, 4.59.

Reaction of (NEt4)2[MoIV0(a,2-‘tdt)2] with  dioxygen - or
trimethylamine-N -oxid;a. To an acctonitrile solution (3 mL) of (NEtg)2[Mo!VO(c,2-
tdt);] (0.057 g, 0.084 mmol) was added to trimethylamine-N-oxide (8.7 mg, 0.11 mmol)
with stirring vigorously at room temperature. The 1H NMR spectrum of the above
mixture in acetonitrile-d3 indicated that no reaction proceeded at 30 °C.

The reaction with dioxygen was carried out by bubbling dioxygen gas (27 uL,
0.0012 mmol) into an acctonitrile solution (0.6 mL) of (NEt4)2[MoIVO(a,2-tdt)2]
(0.0012 mmol). The reaction occurred immediately as evidenced by the color change
from yellow-green to blue which was monitored by the characteristic absorption maxima
of (NEtg)[MoYO(c,2-tdt);] using an electronic spectrophotometer.

Physical measurements. Visible spectra were recorded in an acetonitrile
solution of (NEts)2[MolYO(a,2-tdt),] on a Jasco Ubest-30 spectrophotometer. Phase-
sensitive 2D NOESY 1H NMR spectra were measured on a Jeol JNH-GSX 400
spectrometer with 3.0 s mixing time in acetonitrile-d3 at 30 °C. A total of 8 FID's were
recorded with the sweep width of 3333.3 Hz and the time domain of 512 data points.
Raman spectrum was obtained on a Jasco R-800 spectrophotometer equipped with a
HTV-R649 photomultiplier. A KBr disk sample sealed in a capillary was irradiated with
a 514.5 nm argon laser excitation line. The frequency calibration of the spectrometer was
carried out with indene as a standard. Electrochemical mcasurements were carried out
using a Yanaco P-1100 instrument in acetonitrile solution that contained 0.1 M
tetrabutylammonium perchlorate as a supporting electrolyte. Ei/2 value, determined as
(Ep,a + Ep,c)/2, was referenced to the SCE electrode at room temperature and a value
uncorrected with junction potential was obtained. ESR spectra in DMF/acetonitrile (1/4
v/v) were recorded on a Jeol JES-FE1X spectrometer at room temperature and at ca. 80

K.
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X-ray structure and determination. A single crystal of
(NEtg)2[MolVO(ax,2-tdt),] was sealed in a glass capillary under argon atmosphere for the
X-ray measurement. X-ray measurement was performed at 23 °C on a Rigaku AFC5R
diffractometer with graphite monochromated MoKo radiation and a 12 kW rotating
anode generator. An empirical absorption correction, based on azimuthal scans of several
reflections, was applied which in transmission factors ranging from 0.87 to 1.00. The
data were corrected for Lorentz and polarization effects. The basic crystallographic
parameters for (NEty)2[MolYO(a.,2-tdt),] are listed in Table I. Unit cell dimensions were
refined with 25 reflections.. Three standard reflections were chosen and monitored with
every 100 reflections and did not show any significant change. The structures were
solved by the direct method using a TEXAN crystallographic software package. The
non-hydrogen atoms were refined anisotropically. Hydrogen atoms were placed on the
calculated positions. The final refinement was carried out using full-matrix least-squares
techniques. with non-hydrogen atoms. The refinement with anisotropic thermal
parameters converged at R = 0.044. Atom scattering factors and dispersion corrections

were taken from the International Table.!8
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Table 1. Crystallographic Data for (NEt)2[Mo!YO(at,2-tdt)5] Et>0.

Chemical formula

Fw

Crystal system

a

b

c

B

vV

Z

Space group

t

Dealed

u

Radiation

20max

Scan type

No. of reflections measured Total
Unique

No. of observns with I>306(I)

R2

Ry,

C34Hg2N202MoSy
755.08
monoclinic
15.429(3)A
16.618(2)A
15.079(3)A
99.38(2)°
3815(2)A3
4

Cc

23°C

1.315 gem3
5.67 cm’!
MoKa

60.2°

a R = SJFolFc)/3|Fol.

b Ry = [Sw(Fol-Fc)%/Sw]Fol2]V2; w = 1/02(|Fol).
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Results and Discussion

Synthesis. Only a few monooxomolybdenum(IV) thiolate complexes have been
reported since the direct synthesis is still limited. For example, Ko[MoYO(edt),] (edt =
1,2-ethanedithiolato),  Kp[MolYO(tdt);] (tdt =  3,4-toluenedithiolato) and
[Mo!VO(diethyldithiocarbamato)>] were synthesized from the rcaction between
K4[Mo'VO2(CN)4] and the corresponding ligands.” (NEtg)2[MofVO(bdt),] (bdt = 1,2-
benzenedithiolato) was also prepared by the above modified method.2 Novel methods
were adopted for the synthesis for (NHEt3)2[MolVO(SCeFs)s]® derived from
[Mo!YOCI,(PPhyMe)s] and [MolVO{S>Co(CO2Me),},]% obtained from [MolVO(S4)2]%
9 Recently, (NEt4)2[Mo[VO(SCgH4-p-Cl)4] has been isolated from
(NEtg)[MoYO(SCgH4-p-Cl)4] with a mild reductant, NEt4BH4, since the Mo(V)
complex has a relatively positive-shifted redox potential due to the electron-withdrawing
thiolate ligand.lg’lo

(NEtg)>[MoVO(at,2-tdt),] was synthesized from (NEt4)2[MolVO(SCgH4-p-Cl)4)

by the following ligand exchange method (equation 1).

—

(NEtg)2[MolVO(SCgH4-p-Cl)4] + 2-,2-tdt-Hp
(NEtg)2[MolVO(ar,2-tdt);] + 4-HSCgHyp-Cl (1)

A direct synthesis of (NEtg)[MolVO(x,2-tdt);] from (NEt4)[MoVO(a,2-tdt)2] is
unsuccessful since the Mo(V) complex has too negative Mo(IV)/Mo(V) redox potential (-
0.73 V vs SCE in acetonitrile)?® to be reduced by a convenient reductant such as

NEt4BH4. The present successful synthesis was accomplished by the lower solubility of
the product than that of the starting material during the ligand exchange reaction. From

the above reaction only the trans isomer was obtained wsing unsymmetrical dithiolate
ligands as that of (NEt4)[MOVO(OL,2-tdt)2].20 The present Mo(IV) complex is thermally

stable but extremely air sensitive.
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Crystal structure. The complex crystallizes in the space group Cc and
contains four independent [MolYO(a,2-tdt);]% anions, eight cations and four diethyl
ether molecules in an unit cell. The perspective view of the [MolYO(a,2-tdt),]> anion
having trans configuration for the two unsymmetrical dithiolate ligands is shown in
Figure 1. Selected bond distances and angles are listed in Table II. The complex has an
intermediate geometry between square-pyramidal and trigonal-bipyramidal with Coy, local
symmetry. The ordinary MoV=0 distance (1.686 (4) A) in [MoVO(a,2-tdt),]% is
observed. The MolY-S (alkancthiolate) distance is 2.366 A (mean) similar to a mean
distance (2.366 A) for the Mo-S distance of [MolVO(SCH,CH2PPh5),],2! while the
MolV-S (arencthiolate) distance (2.430 A) is longer than those of other conventional
Mo(IV) complexes.

The Mo=0 distance of the Mo(IV) complex is similar to that of the corresponding
Mo(V) complex, (NEt4)[MoVO(c,2-toluenedithiolato)s], reported previously.?’ The
same constancy of Mo(V)=0 and Mo(IV)=0 distances is also observed in
(NEtg)[MoYO(S-o-acetylamido-CgH.4)4] and (NEtg)2[MoY O(S-0-acetylamido-
C6H4)4],22 although the exceptional difference in the M=0 bond distances between
~ (NEtg)[MoVO(bdt),] and (NEts)2[MoV O(bdt),] has been réported.8’23 Thus, upon one-
electron reduction the Mo=0 bonding does not change largely since the dyy orbital
accommodating the added electron is not influenced by the pm-orbital of the O atom. The
Mo-S bond distances of [MolVO(ct,2-tdt),]% are longer than those of [MoVO(cx,2-tdt),]".
The reduction to Mo(IV) results in elongation of the Mo-S bonds due to an antibonding
HOMO between Mo(IV) dyy and sulfur pr orbitals. The Mo-S (arenethiolato) bond
distance is longer than that 6f Mo-S (alkanethiolato) indicative of the stronger Mo-S
(alkanethiolato) bonding. The conjugation of sulfur pmt and phenyl ring pmt orbitals
weakens the nt-interaction between Mo(IV) and sulfur. The angles, S(2) (alkancthiolato)-
Mo-S(4) (alkanethiolato), is 135.46 (7)° which is slightly sfnaller than 136.15 (23)° in
[MoVO(a,2-tdt)>]". The large deviation from 180° reflects a sfrong rt-bonding of Mo-S
as reported previously for [MoVO(a,2-tdt)>]. The angles, S(1) (arencthiolato)-Mo-S(3)
(arencthiolato), is 150.28 (7)° which is similar to 150.10 (24)° in [MoVO(t,2-tdt)>]".
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Table I1. Selected intramolecular distances (A) and angles (deg) for
(NEt4)2[MoVO(r,2-tdt),]- EtyO compared with those of (NEt4)[MoY0O(a,2-tdt)s].

(NEt4),[MoVO( 2-1di), 1 E1,0  (NEt4)[MoYO(ax,2-tdt),).

Distances

Mo=0 ’ 1.686(4) 1.688(18)
Mo-S(1) (arenethiolato) 2.426(2) 2.406(7)
Mo-S(2) (alkanethiolato) 2.362(2) 2.368(7)
Mo-S(3) (arenethiolato) 2.433(2) 2.431(7)
Mo-S(4) (alkanethiolato) 2.369(2) 2.366(7)
mean Mo-S (arenethiolato) 2.430 2.418
mean Mo-S (alkanethiolato) 2.366 2.368
S(1)-C(11) 1.699(9) - 1.771(23)
S(2)-C(17) 1.750(8) 1.881(27)
S(3)-C21) 1.857(9) 1.811(26)
S(4)-C(27) 1.98(1) 1.881(24)
Angles |

S(1)-Mo-S(2) - 88.10(7) 89.93(23)
S(2)-Mo-S(3) 81.37(7) 79.74(23)
S(3)-Mo-S(4) 90.29(7) 89.28(23)
S(4)-Mo-S(1) 77.91(7) 78.75(23)
S(1)-Mo-5(3) 150.28(7) 150.10(24)
S(2)-Mo-S(4) 135.47(8) 136.15(23)
0-Mo-S(1) 103.9(4) 105.(34)
0-Mo-S(2) | 112.3(5) 112.92(64)
0-Mo-S(3) 105.8(4) 104.53(64)
0-Mo-S(4) 112.1(5) 110.92(64)
Mo-S(1)-C(11) 110.3(3)
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Mo-S(2)-C(17)
Mo-S(3)-C(21)
Mo-S(4)-C(27)

Torsion angles
0O-Mo-S(1)-C(11)
0-Mo-S(2)-C(17)
0-Mo-S(3)-C(21)
0-Mo-S(4)-C(27)
C(15)-C(16)-C(17)-H(5)
C(15)-C(16)-C(17)-H(6)
C(11)-C(16)-C(17)-H(5)
C(11)-C(16)-C(17)-H(6)
C(25)-C(26)-C(27)-H(11)
C(25)-C(26)-C(27)-H(12)
C(21)-C(26)-C(27)-H(11)
C(21)-C(26)-C(27)-H(12)
Displacement of Mo

from S4 plane

114.9(2)
110.4(2)
108.6(3)

-69.9(6)
109.5(5)
-72.2(6)
105.4(6)
120.9
2.1

-52.5

-171.4

123.3
8.7
-58.4

-173.0

0.752
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Actually, [MolVO(SCsHa4-p-Cl)4]> has two wide S-Mo-S angles (S(1)-Mo-S(3)
140.6(1)°, S(2)-Mo-S(4) 148.5(2)°) due to sole presence of arencthiolate ligands.!?
Distortion in the Mo(IV) statc similar to the above case has been found for
[MolVO(SCH,CH,PPh,),] 2* and (NEt4),[MofVO(S-0-acetylamido-CgHg)4].22 In the
case of dithiocarbamate complex, e.g., [Mo'VO(S,CNPr,),] exhibits a local square-
pyramidal structure having longer Mo-S bonds. The long Mo-S bond has been
considered to be due in part to structurz;ll trans influence produced by trans terminal oxo-
or bridging oxo-groups and to the steric reasons of a small bite angle by the four

24 However, our

membered chelate rings in the dithiocarbamate Mo(IV) complexes.
results indicate that the long Mo-S (arenethiolato) bond distance of [MolVO(ax,2-tdt),]
similar to those (2.45 A ~2.55 A) of the dithiocarbamate Mo(IV) complexes?’ s ascribed
to the weakening of Mo-S m-bonding by the ®-conjugation between sulfur and benzene
ring.

The observed short Mo-S (alkanethiolate) bond distance (mean 2.366 A) is a
reasonable bond distance for the Mo-S (alkanethiolato) distance (mean 2.360 A) as
reported for [MolYO(SCH,CH,PPh,),].2* The short Mo-S (alkanethiolato) bond is due
to the strong n-interaction between Mo and sulfur atoms although the doubly-occupied
HOMO is antibonding with Mo dXy and sulfur pr-orbitals.

Electronic spectrum of (NEtg)2[MoIVO(a,2-tdt);]. Figure 2 shows the
UV-visible absorption spectra of (NEt4)o[Mo!VO(a,2-tdt),] and, for the comparison, that
of (NEtg)[MoVO(c,2-tdt),] in acetonitrile. Four distinct absorption maxima were
observed at 250 nm (37,700 M-leml), 287 nm (20,700), 384 nm (5,520), and 590 nm
(370) in (NEty)[MoVO(a,2-tdt);]. The weak maximum at 590 nm is assignable to d-d
transition as those at 552 nm for (NEty)s[MolVO(S-o-acetylamido-CgHy)s] in
acetonitrile.>> The presence of the weak d-d transition band overlapping with a strong
LMCT band at this region has been predicted by the detailed analysis of the electronic
spectra of various Mo(V) benzenethiolate complexes. ‘Furthermorc, the presence of only

weak d-d band of the Mo(IV) complex at 590 nm confirms that the four intense visible
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Figure 2. 'H-H-NOESY spectrum of (NEty)2[MoVO(@,2-tdt),] in acetonitrile-ds.
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maxima of (NEt4)[MoYO(a,2-tdt)] observed at 454, 520, 600, and 720 nm are ascribed
to LMCT bands from sulfur p to Mo dxy,dy,.

Solution structure of (NEtg)2[Mo!YO(a,2-tdt);] determined by 1H
NMR spectrum. The 1TH NMR signals of methylene protons, CHAHp, in
(NEty)2[MolVO(a,2-tdt),] were observed separately with a set of doublets at 2.59 and
3.92 ppm (Jgem = 10.8 Hz) in acctonitrile-d3 and Figure 3 shows the 1H-!H-NOESY
specttum. These well-resolved spectra were obtained only after the addition of
tetraethylammonium borohydride (1 %) to remove a small amount of paramagnetic
[MoVYO(a,2-tdt)2]" species which is responsible for the broadness of 1H signals with fast
clectron exchange between the Mo(V) and Mo(IV) complexes. All of the assignable
benzene ring protons are obse;vcd at 7.33 ppm (d) for 3-position, 6.80 ppm (t) for 4-
position, 6.89 ppm (t) for 5-position and 6.98 ppm (d) for 6-position.

Two possible explanations are considered for the origin of the difference in the
chemical shift between Ha and Hp. One is the different shielding for them by the Mo=0
group which influences the protons by anisotropic shielding just like the ketonic double
bonding or the alkyne triple bonding as has been recently discussed.?? The other is the
shielding from the benzene ring of ®,2-tol ligand. The results of NOE between 6-
position H and CHg (3.92 ppm) support the significance of the shielding of CHA (2.59

ppm) by the benzene ring as shown in the Scheme 2.

Scheme 2
iT
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Figure 3. UV-visible absorption spectra of a) (NEty),[Mo!YO(xr,2-tdt),] and b)

(NEt4)[MoVYO(xx,2-tdf),] in acctonitrile at 23 °C. Conditions; concentration, 1.0 mM.
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Temperature dependence was not observed in the range of -40°C ~ 40°C,
indicative of a rigid structure of the six-membered chelating ring in (NEt4)2[M0WO(a,2—
tdt)2]. Actually, the crystallographic data of the complex in solid state show the different
environments for the two protons as one proton locates at torsion angle, 52.5° or 58.4°,
from the benzene plane and then another proton locates at 2.1° or 8.7° from the benzene
plane. By the X-ray analysis of the complex in a solid state, the H-H distances between
6-position H and CHA(2.59 ppm) and CHp(3.92 ppm) were determined to be
approximately 3.4 Aand2.3 A, respectively.

Raman spectrum of (NEt4)2[M>oIVO(a,2-tdt)2] in solid state. Figure
4 shows the Raman spectrum of (NEts)[MolVO(a,2-tdf),] in solid state which is
compared with that of (NEt4)[MoYO(e,2-tdt);]. The v(Mo=0) stretching (940 cm!) of
Mo(V) complex shifts to 922 cm'1 in the Mo(IV) complex. The relatively large shift (18
cm?) is similar to the reported IR shift (39 cm'l) of v(Mo=0) bands (905 cm™1 and 944
eml) for (NEtg)2[MolYO(bdt);] and (PPhs)[MoYO(bdt)y], respectively.? On the
contrary, no shift between (NFEts)[MolVO(S-0-acetylamido-CgHy)4]  and
(NEtg)[MoVO(S-o-acetylamido-CgHy4)4] was observed as shown in the previous
paper.2? The Raman results of the Mo(IV) and Mo(V) complexes in solid state indicate
that the large shift (18 ecm™!) of v(Mo=0) is observed in spite of the same Mo=0 bond
distances of both complexes as shown by the crystallographic data. Almost identical
structural feature for the both Mo(IV) and Mo(V) complexes indicates that the shift of
v(Mo=0) is caused by the change of Mo=0 bond character rather than the geometry of
MoOS, core. The observed trend is definitely different from those for a Mo(V)-Mo(IV)
pair, (NEt4)[MoYO(bdt)2] and (NEt4)2[MoVO(bdt),].8

Electrochemical property. Figurc 5 shows the cyclic voltammogram of
(NEtg)2[Mo!VO(a,2-tdt);] ‘which exhibits a quasi-reversible redox couple of .
Mo(VYMo(IV) at -0.74 V vs SCE (ipa/ipc = 0.98) in acetonitrile. The redox potential is
almost the same as that (-0.73 V vs SCE) of the corresponding (NEt4)[MoYO(a,2-tdt)]

in acetonitrile?” and is approximately middle between the values (-0.35 V vs SCE and
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Figure 4. Cyclic voltammogram of (NEty);[Mo!YO(t,2-tdt),] in acetonitrile at 23 °C.
Conditions: concentration, [Mo(IV)], 2.0 mM; [(r-Bu)4NClO,], 100 mM; scanning rate,
100 mV/sec. '
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-1.18 V. vs SCE) of (NEt)[MoVO(bdt)y] i  DMF®  and
(NEt4)[MoVO(SCH,CH,CH,S)5] in acetonitrile,?® respectively.

Chemical reactivity. The Mo(IV) complex in acetonitrile solution readily
reacts with dioxygen and gives a dark blue solution. The product was identified as
(NEt4)[MoVYO(e,2-tdt),] by the obscrvations of four intense visible maxima at 454, 520,
600, and 720 nm and of an ESR signal at g, = 2.035, g> = 1.980, and g3 = 1.976 in
acctonitrile/DMF (4/1 v/v) at 80 K which are the same as those reported for
(NEt4)[MoVO(a,2-tdf)>].2°  One-clectron transfer thus occurs between [Mo!VO(a,2-
tdt),]% and dioxygen to produce supcroxidc aﬁion as shown in the equation 2 because the

complex has a suitable redox couple at -0.74 V vs SCE.
[MoVO(a,2-tdt)o]> + 0y — >  [MoVO(a,2-tdt)s] + Oy )

This reaction commonly occurs for the Mo(IV) complex having many thiolate ligands,
e.g. \KZ[MOWO(SCHiCHZS)g],7 [MoVO(S,CNEt;),1,727 (NEty)[MolYO(bdt),].8
Interestingly, (NEty)2[MolVO(a,2-tdt);] is inert to trimethylamine-N-oxide in
acctonitrile at 30 °C, although the oxidant reacts slowly with (NEt4)>[MolVO(bdt),] to
give a dioxomolybdenum(VI) complex, (NEty)>[MoYIOy(bdt);].28 In general,
monooxomolybdenum(IV) complexes having (S,N), (S,S(thioketone)), (N,N) or (S,0)
ligand reacts readily with various amine-N-oxides to gi?c the corresponding
dioxomolybdenum(VI) complexes because of its negative redox potential.
[MolVO(S,CNEt;);] also easily reacts with the oxidant and gives oxo-transfer product,
[MoVIOA(S,CNEL), . |
The inertness is attributed to the following two possibilities. One is the absence
of the coordination of amine-N-oxide to the position of [MolVO(a,2-tdt);]? trans to
Mo=0 due to the narrow S (alkanethiolato)-Mo-S (alkanethiolatéj angle as shown in
Scheme 3a. The other is the slow trans-cis rearrangement after coordination of amine-N-
oxide to the trans position. The two strong Mo-S (alkancthiolate) bonds in

(NEt4)2[Mo™VO(a1,2-tdt)5] prevent the complex from the trans-cis interconversion of



trans since the reformation of the Oh structure requires dissociation of Mo-S bond in the
Mo(IV) complex having chclating ligands as shown in the Scheme 3b. In contrast to the
non-dissociative nature of «,2-tdt ligand, oxomolybdenum complexes such as
(NEt4)2[Mo YI0,(bdt),] and [Mo!YO(S,CNEt;),] have weak, dissociative Mo-S bonds

with st-conjugation between sulfur and benzene ring as described above.

Scheme 3a
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Thus, although (NEts)s[MolVO(c,2-tdt)2] has an ordinary square-pyramidal
structure and a relatively negative redox potential in acetonitrile, it is not oxidized by
trimethylamine-N-oxide. A small amount of [MoYO(c,2-tdt)2]" species is obtained in the
reaction with dioxygen just as some other monooxomolybdenum(IV) complexes.

Holm et al. have studied the reaction of a five-coordinate Mo(IV) complex,
[MofVO(LNS,)] (LNS3 = 2,6-bis(2,2-diphenyl-2-mercaptoethyl)pyridine(2-)) having a
vacant coordination site for a substrate, e.g. dimethylsulfoxide or nitrate ion and
proposed the existence of a complex of Mo(IV) and substrate as an intermediate.”>® On

the other hand, Enemark et al. have reported a dissociation mechanism for the reaction of

an  octahedral  Mo(IV)  complex, MolVO[HB(Me,pz)3][SoP(OEt),]  with

dimethylsulfoxide.3!

The Oh structure of the complex has no accessible site for the
coordinatibn of substrate.

The unexpected inertness of (NEt4)2[MolVO(c,2-tdt)2] against oxo-transfer
reaction seems peculiar from the high reductive reactivity by its negative redox potential.
Furthermore, the formation of (NEt4)[MoYlOy(bdt)2] from the oxidation of
(NEt4)2[Mo™VO(bdt)2] by trimethylamine-N-oxide has suggested the addition of an oxo
ligand trans to Mo=0 in the square-pyramidal Mo(IV) complex.?® Thus, it is likely that
the narrow S-Mo-S angle prevents the coordination of relatively-strong oxo-donors éuch
as trimethylamine-N-oxide.

The active site of Mo(IV) in Mo—oxidaées has at least three thiolate ligands
including a dithiolene ligand. Our results suggest that, if the third thiolate comes from a
cysteine thiolate, this type of complex containing many thiolate ligands is
disadvantageous to trans-cis rearrangement for the substrate coordination. Therefore, our
results support the necessity of a cis coordination of substrate, e.g. amine-N-oxide or
dimethylsulfoxide, in the dithiolene Mo(IV) center of Mo-oxidases. Holm and his
coworkers have pointed out that a vacant site at the éis position of Mo=0 group of their
elegant model complexes is crucial for the facile oxo-transfer oxidation by the above

substrates.11-13
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On the other hand, a fast reaction between [Mo!YO(S,CNEt;),] and pyridine-N-
oxide still suggests a possibility of the trans-cis rearrangement mechanism for the oxo-
transfer oxidation by trimethylamine-N-oxide and dimethylsulfoxide in biological
systems.11"13 The rearrangement following the trans coordination of amine-N-oxide to
the Mo=0 group of [MolVO(S,CNEt,),] is caused by the two mobile dithiocarbamate
ligands with a small S-Mo-S bite angle (ca 72°) or by the dissociative thioketo groups of
the ligand. The other amino acid side chain ligands besides dithiolene ligands in Mo-
oxidases can serve for the facile cis-trans rearrangement. Further study on oxo-transfer

reaction of Mo(IV) complexes with other thiolate chelating ligands is in progress.
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Chapter 1V

Syntheses and Structures of Oxomolybdenum(1V) Complexes Having
AlKkanedithiolate Ligands. Effect of the Chelating Ring Size on the

Physical Properties
Introduction

A molybdenum ion exists at the active sites which is called molybdenum cofactor
in oxomolybdoenzymes such as sulfite oxidase, aldechyde oxidase, xanthine oxidase, and

nitrate reductase.!

The molybdenum center carries out the oxo transfer reaction by a
shuttle between Mo(IV) and Mo(VI) states through two-electron redox reaction. EXAFS
studies have shown that a (Mo'YO)?* center is present in the reduced state, and that one
or more cysteines coordinate to the molybdenum ion. Actually, Barber er al. showed that
a cysteine residue is necessary in reconstitution of apo-nitrate reductase.> A dithiolene
ligand connecting a pterin derivative has been shown to coordinate to the molybdenum

ion.1:3

Scheme 1
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For models of the active sites in the reduced state of the enzymes, only a limited
number of monomeric oxomolybdenum(IV) thiolate complexes have been reported
because of difficulty of the syntheses. Especially, the synthesis of oxomolybdenum(IV)
complexes having alkanethiolate ligands is difficult because of the extremely negative
Mo(V)/Mo(IV) redox couple (ca: -1 V vs. SCE). Recently,; we reported a novel
synthetic method of oxomolybdenum(IV) dithiolate complexes using [MoVO(S-p-
CeH4CN)4]% (S-p-CeH4Cl = p-chlorobenzencthiolato) as a starting material.* Thus,
(NEtg)2[MoVO(a,2-tdt),] (a,2-tdt = a,2-toluenedithiolato) was synthesized in good
yield by the ligand exchange reaction between [MofVO(S-p-CgH4Cl)4]% and 2 equiv. of
o, 2-toluenedithiol.”

As models of the cysteine ligation to the molybdenum ion in the active sites of
oxomolybdoenzymes, we report. here the syntheses of oxomolybdenum(IV) complexes
having alkanedithiolate ligands, [MolVO(SR)2]> ,where SoR is 1,2-ethanedithiolato
(1,2-edt) (1), 1,2-propanedithiolato (1,2-pdt) (2), 2,3-butanedithiolato (2,3-budt) (3), or
1,3-propanedithiolato (1,3-pdt) (4), by the same or a modified ligand exchange method.
Physical properties, chemical reactivities to the oxo-donor reagents, and molecular
structures of tetraphenylphosphonium salts of 1 and 4 were studied. . All these
alkanedithiolate complexes "are highly air-sensitive, because of the negative
Mo(V)/Mo(IV) redox couple (ca. -0.8 V ~ -1.0 V vs. SCE) compared with the known
chelating arenedithiolate complexes, e.g. (NEt4)2[MoI>VO(bdt)2]6 (-0.37 V).

The effect of the ligand geometry .of the oxomolybdenum(V) complexes on their
physical properties has been studied for a variety of oxomolybdenum(V) complexes. For
example, Chang et al. suggested that the redox potentials and absorption peak positions
of [{BH(pyMe)3;}MoYO(X2R)]  (BH(pyMe)3: =  hydrotris(3,5-dimethyl-1-
pyrazolyl)borate), (X2R = dithiolato or diolato ligands) change according to the kinds of
the ligands, and proposed that the changés are due to the effect of O-Mo-S-C torsion
angle.” Ueyama et al. also reported the synthesis of an oxomolybdenum(V) complex
having a peptide ligand, (NEt4)[MoYO(Z-cys-Pro-Leu-cys-OMe)5], and showed that this

complex has two structural isomers, i.e. parallel and anti-parallel conformer.® These
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isomers showed the unique difference in redox potential, Raman and absorption spectra.
It was then postulated that the differences of those physical properties are due to the
differences of the O-Mo-S-C torsion angles. In the present paper, we describe the effect
of five- and six-membered chelate ring size of alkanedithiolate ligands on absorption and
Raman spectra and redox properties of oxomolybdenum(IV) ion of the complexes
[MoVO(S;R)2]% (S2R = chelating alkane dithiolato ligands). Our studies show that the
change of the chelate ring size mainly affects the Mo-S-C bond angle and intra-ligand S-

Mo-S bite angle.

Experimental Section

Materials. Al synthéses and physical measurements were carried out under
argon atmosphere. Tetrahydrofuran (THF), 1,2-dimethoxyethane (DME) and diethyl
ether were distilled from sodium benzophenone ketyl prior to use. Acetonitrile (MeCN),
n-propanol, methanol (MeOH), acetonitrile-d3 (MeCN-d3), and methanol-d4 (MeOH-d4)
were dried over calcium hydride, distilled under argon before use. 1,2-Propanedithiol,
tetraethylammonium borohydride (NEt4BH4), sodium borohydride (NaBH4), and
tetracthylammonium chloride (NEt4Cl) used were of commercial grade obtained from
Tokyo Kasei Co. 1,2-Ethanedithiol, 1,3-propanedithiol, 2,3-butanedithiol, and
tetraphenylphosphonium chloride (PPh4Cl) were purchased from Aldrich Co. Disodium
1,3-propanedithiolate was prepared by the usual reaction between sodium metal and the
dithiol in THF. The complex (NEt4)2[MoVO(S-p-CgH4Cl)4] and (PPhy)2[MoYO(S-p-
CeH4Cl)4] were prepared by the reported method.*

Synthesis of (NEtq)2{MoIVO(edt);] (1a). A mixture of
(NEt4)2[Mo™O(S-p-C¢H,Cl)4] (1.0 g, 1.1 mmol) and 1,2-ethanedithiol (0.25 g, 2.7
mmol) was stirred in 50 mL of DME for 4 days at room temperature. A pink precipitate
was collected with filtration and washed three times with 10 mL of DME to remove free
thiols, and dried in vacuo, and dissolved in 20 mL of MeCN. The solution was filtered,

reduced in volume to about 5 mL under reduced pressure. Brownish red microcrystals
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were obtained by addition of 5 mL of dicthyl ether to the solution, and were dried in
vacuum. Yield, 0.45 g (74.2 %). Anal. Caled for CogHygN2OMoSy: C, 43.14; H,
8.69; N, 5.03. Found: C, 42.57; H, 8.76; N, 5.21.

Synthesis of (PPh4)2[MoIVO(edt)2] (1b). A mixture of
(PPhy)2[MoIVO(S-p-CgH4Cl)4] (0.15 g, 0.11 mmol) and 1,2-ethanedithiol (0.02 g, 0.20
mmol) was stirred in 18 mL of DME for 9 days at room temperature. A yellow
precipitate was collected with filtration and washed three times with 10 mL of DME to
remove free thiols, and dried in vacuo. The powder obtained was dissolved in 20 mL of
MeCN. The solution was filtered, and reduced in volume to about 5 mL under reduced
pressure. Pink-purple microcrystals were obtained by addition of 10 mL of diethyl ether,
and were dried in vacuum. The crystals have MeCN as a crystalline solvent. Yield, 0.03
g (30 %). Anal. Calcd for C54Hs51NOP2MoS,: C, 63.83; H, 5.06; N, 1.38. Found: C,
63.20; H, 4.98; N, 1.17.

Synthesis of (NEt4)2[Mo!VO(1,2-pdt);]1(2) and (NEtg)2[MoIVO(2,3-
budt);](3). 2 and 3 were synthesized by the same method used for the preparation
of 1a. Both complexes were obtained as yellow-orange powder. These complexes
showed the low crystallizability, and showed the high air-sensitivity in the state of fine
powder. Low carbon analysis values are inevitable for these complexes.

2; Yield, (38 %). Anal. Caled for CyyHspNoOMoSy: C,45.18; H,8.96; N,4.79.
Found: C,42.01 ;H,8.73; N,4.26.

3; Yield, (19 %). Anal. Caled for Cy4HssN2OMoOSy: C,47.03; H,9.21; N,4.57.
Found: C,43.36 ;H,8.67; N,4.34.

Synthesis of Naz[MolYO(1,3-pdt);](4a). A mixture of
(NEt4)2[MoVO(S-p-CgH4Cl)4] (1.9 g, 2.0 mmol) and disodium 1,3-propanedithiolate
(1.2 g, 7.9 mmol) was stirred in 20 mL of DME for 30 h at room temperature. A pink
precipitate was collected with filtration and washed three times with 20 mL of DME and
two times with 10 mL of MeCN, and dried in vacuo. The pink powder obtained was
dissolved in 40 mL of n-propanol. The solution was filtered and evaporated in vacuum.

The crude product was recrystallized from McOH / diethyl cther to give pink cubic
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crystals. Elemental analysis and 1H NMR spectrum showed that the cation of this
complex consists of about 80 % of sodium cation, Na* and 20 % of tetracthylammonium
cation, (NEtg)*. Yield, 0.44 g (55 %) Anal. Caled for Cg2H00ONp 4Naj gMoS4:
C,26.74; H,4.88; N,1.36. Found: C,27.04; H, 5.39; N,1.57.

Synthesis of (NEtg)2[Mo!VO(1,3-pdt);]1(4b). 4a (0.22 g, 0.53 mmol)
and NEt4Cl (0.17 g, 1.0 mmol) were stirred in 20 mL of McOH for 20 min. The red-
purple solution was evaporated in vacuo, 0 give orange powder.. This powder was
dissolved in 30 mL of MeCN. The solution was filtered and the filtrate was reduced in
volume to about 3 mL in vacuum. A pink precipitate was obtained by addition of 5 mL
of diethyl ether, and dricd under reduced pressure. Pink crystals were obtained by
recrystallization from MeOH / diethyl ether. Yield, 0.13 g (42 %). Anal. Caled for
CpyHspN>OMoS,: C,45.18; H;8.96; N,4.79. Found: C,43.96; H, 9.36; N,4.89.

Synthesis of (PPhg)2[MolYO(1,3-pdt);](4¢c). 4a (0.15 g, 0,41 mmol)
and PPhyCl (0.31 g, 0.83 mmol) were stirred in 20 mL of MeOH for 30 min. A red
purple powder was obtained by evaporation, and dissolved in 30 mL of MeCN. This
solution was stirred overnight at room temperature. The solution was filtered and
concentrated in volume to about 4 mL.. Black microcrystals obtained were coliected with
filtration, and dried under reduced pressure. Yield, 0.10 g (24%). Anal. Caled for
Cs54Hs520PoMoSy: C, 64.66; H, 5.22. Found: C, 64.22;H, 5.35.

Physical Measurements. Absorption spectra were recorded on a Jasco
Ubest-30 spectrometer in MeCN solution with 1 mm matched silica cells. Raman spectra
were obtained on a Jasco R-800 spectrometer in solid state with 514.5 nm excitation.
The cyclic voltammograms were taken on a Yanaco P-1100 polarographic analyzer in
MeCN solution (2 mM) with a glassy carbon electrode and (#-Bu)4NCIO4 (100 mM) as a
supporting electrolyte. 'H and 13C NMR spectra were measured on Jeol INM EX-270,
JNM GSX-400, and JNM GX-500 spectrometers. . The spectra. were internally
referenced to the residual CHD>CN (8 = 1 .90) or CD3CN (8 = 118 .2) signals. The
measurements were carried out in MeCN-d3 for 1a, D,0 for 4a, and MeCN-d3/MeOH-

d4(9/1) for other complexes in the presence of about 0.1 equiv. of NEt4BH4 (or NaBHy
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for 4a) at 30 °C. 2D NOESY and COSY NMR spectra were collected on a Jeol JINM
GSX-400 or a INM GX-500 NMR spectrometer. The phase-sensitive 2D NOESY 1H
NMR spectra were obtained with 1.0 s mixing time at 30 °C. A total of 8 FID’s were
recorded with sweep width of 2000.0 Hz and a time domain of 1024 data points.

X-Ray Structure Determination. Single crystals of 1b and 4c were
sealed in a glass capillary under argon atmosphere for X-ray measurements. All
measurements were madé on a Rigaku AFCSR diffractometer with graphite
monochromated Mo Ko radiation and a 12 kW rotating anode generator. For each
compound, unit cell constants were obtained from a least-squares refinement using the
setting angles of 25 cércfully centered reflections in the range 22.81 < 26 < 26.64°.
Crystal data and experimental details are listed in Table I. Three intense reflections were
chosen and measured after every 100 reflections through data collections, and did not
‘show any significant change in both measuremeﬁts. Lorentz, polarization, and
absorption corrections bascd on azimuthal scans, Were applied. The structures were
solved by direct method and refined by the block-diagonal least squares method. For 1b
all non-hydrogen atoms, and for 4b the non-hydrogen atoms of the anion and P atoms of
the cations were refined anisotropically, and other non-hydrogen atoms were réfined
isotropically.  All ‘hydrogen atoms were placed in idealized positions. The final
refinements were carried out using full-matrix least-squares techniques with non--
hydrogen atoms. All calculations were performed using the TEXSAN crystallographic
software package of Molecular Structure Corporation.

EHMO Calculation. As a simple model of oxomolybdenum(IV) thioléte
complexes having square pyramidal structure, a simplified molecule [Mo!VO(SH)4]% in
ideal C4 symmetry was adopted for the EHMO calculation. The basal geometrical
parameters used are: 1.690 A for one Mo-0, 2.415 A for four Mo-S, 1.08 A for four S-
H, 107.7° for O-Mo-S angle, 116.24° for Mo-S-H angle on the basis of the crystal
structure of [MoVO(S-p-CgH4Cl)4]> having no-constrained structure. The EHMO
parameters for Mo were taken from a reported work,9 and those for S, O, and H are the

standard ones.
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"Table I. Crystal and Refinement Data for (PPhg)>[Mo™VO(edt);]-MeCN (1b) and
(PPhy)2[Mo™v 0O(1,3-pdt)] (4c).

ib 4c

Formula Cs4Hs51NOP2MoS, Cs4H5oNOP,MoS,
Formula weight 1016.13 1003.13
Crystal system orthorhombic monoclinic
a, A 10.230(3) 11.132(4)
b, A 24.421(4) 15.650(6)
¢, A 19.958(4) - 27.836(4)
B,° 92.46(2)
v, A3 4986(4) 4845(2)
Z 4 4
Space group Phbcn P21
t,C o 23£1 23+1
Dcaled, g/em3 1.353 1.375
Radiation MoKa MoKa
26max, ° 55.1 551
Scan mode [0 )
No. of reflections measured

Total 6393 12195

Unique 6393 11609 (Rint = 0.069)
No. of observns I>3 () 1801 4078
No. of variables 279 637
R® 0.049 0.057
Rwb) 0.051 0.053

a) R = Z||Fol{Fc}yS|Fo|.
b) Rw = [Ew(FoH{F)*Zw|Fo])2]V2; w = 1/[02(|Fo|)+0.34|Fo|+0.0048|Fo}2].
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Results and Discussion

Syntheses.  Oxomolybdenum(IV) complexes having alkanedithiolate ligands

were synthesized by the ligand exchange methods (method A and B) as equations (1) and

Q).

Method A; (NEt)2[Mo!VO(S-p-CgH4Cl)4] + alkanedithiol
——>(NEt4)2[MolVO(alkanedithiolato);] + 4 HS-p-C¢H4Cl (1)

Method B; (NEty)2[MolYO(S-p-C¢H4Cl)4] + 2 Nas-alkanedithiolate
—— Nay[Mo!VO(alkancdithiolato),] + 2 (NEt4)(S-p-Ce¢H4Cl)
+ 2 Na(S-p-CeHsCh)  (2)

It has been considered that these ligand exchange reactions proceed by (i) the
chelate effect of the dithiolate ligands, and (ii) lower solubility of the product than that of
the starting material. Although solubilities of 2 and 3 are higher than that of the starting
material, these complexes and 1a were synthesized by the method A. The complex
[MoVO(1,3-pdt),]% (4) was not synthesized by the method A, because of the weak
nucleophilicity of sulfur atom of the 1,3-propanedithiol, and the higher solubility of 4.
This chelate complex was synthesized by the method B successfully, using disodium
1,3-propanedithiolate having the high nucleophilicity of the sulfur atom. 4a produced in
method B has the lower solubility than that of the starting complex. 4b and 4c¢ were

obtained by the exchange of the Na*t cation to (NEt4)* or (PPhy)* cations, respectively

(eq. 3).

Nay[MoVO(1,3-pdt)] + 2ACI —> Ay[MoVO(1,3-pdt);] + 2 NaCl
(ACl = NEYCl, PPhyCl)  (3)

-65-



Since synthetic methods were limited, only a few reports of the monomeric
oxomolybdenum(IV) complexes with alkancthiolate ligands exist. For example, as the
complex having alkanedithiolate ligand, an cthanedithiolate complex Kp[Mo!VO(edt),]
was reported to be synthesized by the reaction of K4[MoYO,(CN)4] with 2 equiv. of the
corresponding ligands in aqueous solution.!® As the complexes containing alkanethiolate
ligands, the oxomolybdenum(I'V) complex having alkanethiolate and phosphorus ligands
V[MOIV O(SCH,CH;PPh2)7] has  been  synthesized by -the reaction between
[MoVI0y(acac);] (acac = pentane-2,4-dionate) and excess PhoyPCH,CH,SH -in methanol
or toluene.!! The oxomolybdenum(IV) complex having bulky ligand [MoVO(L-NS»)]
(L-NS; = 2,6-bis(2,2-diphenyl-2-mercaptoethyl)pyridine(2-))1%13 and [Mo'VO(rBul -
NS)] (BuL-NS = bis(4»tert-butylphcnyl)¥2-pyridylmefhanethiolato)14’]5 were
synthesized by the reduction of the dioxomolybdenum(VI) complexes with PPh3.

Recently, we reported the synthesis of (NEts)2[MolYO(S-p-CgH,Cl)4] by
reduction of the corresponding oxomolybdenum(V) complex with NEtyBH4,* and
showed that this complex is a convenient starting material for the syntheses of novel
oxomolybdenum(IV) dithiolate complexes.  Thus, (NEty)y[MofVO(c,2-tdt)y] was
synthesized successfully in good yield by the ligand exchange reaction between
(NEt4)2[MolVO(S-p-CgH4Cl) 4] and 2 equiv. of a,2-toluenedithiol in DME.”

1-4 were synthesized by the same or modified ligand exchange reaction. These
complexes are not obtained by the direct reaction from the corresponding Mo(V)
complexes with a convenient reductant, NEt4BHy4, because of the negative Mo(V)/(1V)
redox potentials.

Description of Structure of (PPhs)2[Mo!VO(edt);] (1b) and
(PPh4)2[Me!V0(1,3-pdt)2] (4c).  Perspective views of anions of 1b and 4¢ are
shown in Figure 1 and 2, respectively with numbering scheme. The selected bond

distances, bond angles and torsion angles are presented in Table II.
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Table II. Seclected Bond Distances, Bond Angles, Torsion Angles, and Dihedral
Angles of (PPhg),[Mo!VO(edt)}MeCN (1b) and (PPhg)2[MoYO(1,3-pdt)5] (4¢).

1b 4c (A) 4c (B)
Bond Distances/A ;
Mo-0O 1.693(7) 1.68(1) 1.69(1)
Mo-S(1) 2.400(3) 2.409(5) | 2.413(5)
Mo-S(2) 2.377(1) 2.381(5) 2.390(5)
Mo-S(3) 2.400(6) 2.397(6)
Mo-S(4) 2.400(5) 2.399(5)
mean Mo-S 2.389 | 2.398 2.400
S(1)-C(1) 1.810(9) 1.78(2) 1.80(3)
S(2)-C(2) - 1.85(1) 1.78(3) 1.84(2)
S(3)-C(3) 1.81(3) 1.77(3)
S(4)-C(4) 1.80(3) 1.80(3)
mean S-C 1.83 1.79 1.80
Bond Angles/

S(1)-Mo-S(2) 86.04(7) 91.8(2) 91.9(2)
S(1)-Mo-S(3) 109.11(8) 77.5(2) 77.7(2)
S(2)-Mo-S(4) 86.04(7) 77.1(2) 77.4(2)
S(3)-Mo-S(4) 86.04(7) 91.1(2) 91.0(2)
S(1)-Mo-S(4) 148.0(1) 140.7(2) 144.8(2)
S(2)-Mo-S(3) 141.8(2) 146.4(2) 143.2(2)
0-Mo-S(1) 106.02(7) 107.9(4) 108.4(4) |

0-Mo-S(2) 109.11(8) 106.8(4) 108.3(4)
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0-Mo-S(3) —
0O-Mo-S(4)

mean O-Mo-S 107.57
Mo-S(1)-C(1) 102.3(3)
Mo-S(2)-C(2) 107.8(3)

Mo-5(3)-C(3)
Mo-S(4)-C(4)
mean Mo-S-C 105.1

Torsion angles/”
0-Mo-S(1)-C(1) 80.8(3)
0-Mo-5(2)-C(2) -98.7(4)
0-Mo-S(3)-C(3)
0-Mo-S(4)-C(4)
deviation from 90° (mean)9.0
distance of Mo

from S4 plane 0.711

106.8(4)
111.3(4)
108.2

117.9(8)
114.6(9)
116(1)
115.7(9)
116.1

72.2(9)
-89(1)
-89(1)
80(1)
7.5

0.753

105.4(4)
106.4(4)
107.1

114.0(8)
114.9(7)
114.7(9)
115.3(9)
114.7

77(1)
84(1)
83(1)
-78(1)
9.5

0.741
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The complex molecule of 1b has a crystallographic 2-fold rotational axis in the
unit cell. The C2 axis lies through the Mo=0 bond of anion and the terminal carbon atom
of the acetonitrile molecule which is involved as crystalline solvent. Positions of the
other two atoms of acctonitrile were solved as each atoms have 50 % occupancy.

There are two independent anions in the unit cell of 4¢, which havé similar
structures. Distinction between both anions in 4¢ is made by the use of designation "A"
and "B".

The geometry of MoOS, cores of 1b and 4¢ is based on a square pyramid with
C4v symmetry as seen in other monomeric oxomolybdenum(V and IV) complexes
having thiolate ligands. The two carbon atoms of edt ligands in 1b have the sterically
stable staggered oohformation.) ’i‘hc three carbon atoms of 1,3-pdt ligands in 4¢ adopt
boat-like conformation as seen in one of the conformers of cyclohexane.

The Mo=0 bond distances of the complexes 1b and 4¢ are normal (1.693 (7) A
in 1b, 1.68 (1) and 1.69 (1) A in 4¢). These MolV=0 distances are longer than the
MoV=0 distances of the corresponding oxomolybdenum(V) complexes. It has been
reported that the MoY=0 distances of (PPh4)2[MoYO(edt)>]'® and (PPhy):[MoVO(1,3-
pdt)2]'7 are 1.678 (5) and 1.667 (8) A, respectively. The lengthening of Mo=0 bond by
reduction is shown in [Mo!V/VO(bdt),]* complexes® (1.699 (6) and 1.668 (3) A), but
not in [MoV/VO(a,2-tdt)]2”~ complexes (1.686 (4) and 1.688 (18) A).>-18,

The Mo-S bond distances of 1b: (av. 2.389 10%) and 4¢ (av. 2.398 (A) and 2.400
(B) A) are longer than those of the corresponding oxomolybdenum(V) complexes (av.
2.372 (3)'% and 2.389 A!7, respectively), because the HOMO orbital which is singly
occupied in oxomolybdenum(V) and fully occupied in oxomolybdenum(IV) complexes is
anti-bonding between dxy of Mo and prn of S atoms.*!? This tendency is consistent
with the results of previous studies of oxomolybdenum(IV and V) complexes having
bdt,® o,2-tdt,5-1® and 0-acylaminobenzencthiolate20 ligands. The Mo-S bond distances
of 1b and 4c are shorter than that of (PPhy)2[MolYO(S-p-CeH4Cl)4] (av. 2.415 10\),4

because of the strong p& donation and chelate effects of alkanedithiolate ligands.
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1b has two types of Mo-S bonds as shown in Scheme 2. One of the Mo-S
bonds, Mo-S(1) (2.400 (3) A) is longer than the other Mo-S(2) (2.377 (3) A). The
longer Mo-S(1) bond has a shorter S(1)-C(1) bond (1.810 (9) A vs. 1.85 (1) A) and a
smaller Mo-S(1)-C(1) bond angle (102.3 (3)°) compared with the other (107.8 (3)°).

24% 1810(9A
C(y)

102.3 (3)°

23V 185 (1) A
C(2)

107.8 (3)°

Scheme 2

Previously, the relation between the M-S (Se) bond distance and M-S-C bond
angle has been discussed by Ueyama et al. in the [MI(XPh)4]%> (M = Zn, Cd; X = S, Se)

complexes.?!

They showed that the complexes with larger M-S-C bond angles have
shorter (i.e. higher covalent) M-S bonds because of the stronger donation of p electron
of S (Se) atoms to the metal ions. Similar resuits are found for the two Mo-S bonds of
an anion in 1b.

The intraligand S-Mo-S bond angles of 4c¢ (av. 91.5° each A and B) are larger
than those of Ib (86.04 (7)°) or (PPh4);[MolVO(S-p-CsH4Cl)4] (av. 84.8°). This is a
characteristic of 1,3-propanedithiolate ligand which forms a six-membered ring as
compared with a five-membered ring of edt ligand or non-chelate ligand, (S-p-CgH4Cl).
Similarly, the intraligand S-Mo-S angle of (NEtg)2[MolVO(c,2-tdt);] with a six-
membered chelate ring is also relatively large (av. 89.20°).°

In addition, 4¢ has the relatively larger Mo-S-C bond angles (av. 116.1° (A),
114.7° (B)) compared with those of 1b (av. 105.1°). Similar large Mo-S-C bond angles
were also reported in (NEtg)o[MolYO(a,2-tdt)5] (av. 111.1 °) or an oxomolybdenum(1V)
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complex  having no-chelating thiolate ligands; (PPhg)o[MolYO(S-p-CeH4Cl)4] (av.
116.3°). |

The O-Mo-S-C torsion angles of 1b are 80.8 (3)° and -98.7 (4)° and of 4¢ are in
the range from (+ or -) 72° to 89°. The deviation from 90° of the torsion angles of 1¢ (av.
9.0°) is similar to those of 4¢ (av. 7.5° (A), 9.5° (B)). These deviations of the torsion
angles from 90° of 1b and 4¢ are not large, since the mean value of (PPh4)2[Mo'YO(S-p-
CeH4Cl)4] is 6.6°, which has a non-constrained structure because of the coordination of
monodentate thiolate. Our EHMO calculation showed that the O-Mo-S-C torsion angle is
cnergetically the most stable at 90°. On the other hand the torsion angles of
(NEt4)2[Mo!VO(at,2-tdt)] which has an asymmetric chelate ligand are -71.1° and 107.5°,
and deviate considerably from 90° (av. 18.2°).

Absorption Spectra. All the oxomolybdenum(IV) dithiolate complexes
show a d-d transition band at 450 nm ~ 600 nm and a ligand to metal charge transfer
(LMCT) band at 300 nm ~ 390 nm. The absorption spectrum of 4b in MeCN is shown
in Figure 3, and the numerical data of the other oxomolybdenum(I'V) thiolate compléxes
are summarized in Table III. These d-d bands are assigned as a transition from dxy
(HOMO) to degenerated orbitals, dxz or dy; (LUMO), so that the d-d transition energy
reflects the energy gap between HOMO and LUMO orbitals.

The d-d transition bands of 1-3 appear in a similar region (478 ~ 480 nm).
These results indicate that the energy gap is little affected by the electronic effect of the
ligand. In contrast, 4b shows a lower energy d-d transition band (528 nm) compared
with those of 1-3, indicating the energy gap between HOMO and LUMO of 4b is smaller
than those of 1-3. The smaller energy gap of 4b is thought to be not due to the electronic
effect but to the steric effect of the 1,3-pdt ligand. |

Our EHMO calculation suggests that the energy levels of HOMO and LUMO
dynamically change according to the variation of O-Mo-S-C torsion angle, and showed
that the energy gap is the largest at 90° of O-Mo-S-C torsion angle. Actually, the
extremecly high energy d—d transition band (457 nm) of (NEt4)>[Mo!YO(bdt);]® is found

at the O-Mo-S-C torsion angles of ca. 90°. The X-ray analysis results show that the
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Figure 3. Abéorption spectrum of (PPh4)2[MolYO(1,3-pdt),] (4b) in MeCN solution
2 mM). |

deviation from 90° of the O-Mo-S-C torsion angles is similar in 1b and 4¢. - As another
factor explaining for the difference of HOMO-LUMO energy gap, we suggest the effect
of Mo-S-C angle based on the EHMO calculation results. The calculation suggests that
the energy gap decreases as the Mo-S-C bond angle changes from 105° to 115° (vide
infra). Thus, the lower energy d-d transition band of 4 is expected to be caused by larger
Mo-S-C bond angle (ca. 115°) compared with 1 (ca. 105°).

The complex (NEtg)2[MoVO(a,2-tdt);] shows the lower energy d-d transition
band (588 nm) compared with (NEt4)2 [Mo'Y O(bdt);] (457 nm) or (NEt4)2[MolYO(edt); ]
(480 nm). This lower energy d-d transition is due to both the effects of O-Mo-S-C
torsion angle and the relatively large Mo-S-C bond angles (av. 111.1°). The torsion
angle of (NEtg):[Mo!VO(a,2-tdt);] is considerably deviated from 90° (av. 18.2°) in all

complexes studied here.
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Table III. Absorption Parameters of Oxomolybdenum(IV) Thiolate Complexes.

Complex d-d (g) LMCT (¢)

(NEt4)2[MoVO(S-p-CgH4Cl)4] 588 (480) 313 (29800)
(NEtg)2[MoVO(bdt), ] 457 (370) 324 (8100)
(NEt4)2[MoVO(1,2-tdt),] 588 (200) " 385 (4200)
(NEty)2[MolVO(edt)>] (1a) 480 (250) 338 (1900)
(NEtg)2[Mo'YO(1,2-pdt)2] (2) 480 (95) 360 (4200)
(NEtg)2[MolVO(2,3-budt),] (3) 478 (110) 360 (3800)
(NEt4)2[MoIV0(1,3-pdtj2] (4b) 528 (110) 363 (1740)

The complex (NEt4)v2[M0IV O(S-p-CeH4Cl)4] also shows the lower energy d-d
transition (588 nm).® This complex has relatively little deviated O-Mo-S-C torsion angles
(deviation from 90° is av. 7.0%) and relatively large Mo-S-C bond angles (av. 116.37).
Although these parameters are similar to those of 4¢, this complex shows a lower energy
d-d transition. This smaller d-d splitting is caused- by the weaker ligand field of non-
chelating arenethiolate ligands. Actually, the Mo-S bond distances of (PPh4)[MolYO(S-
Pp-CeHyCl)a] (av. 2.415 A) are longer than those of 4¢ (av. 2.398 (A) and 2.400 A (B)).

- Electrochemical Properties. - The redox properties of the comﬁlexes 14
were studied using cyclic voltammetry (CV) in MeCN solution. The voltammogram of
4b is shown in Figure 4. - The electrochémical data of oxomolybdenum(IV) thiolate
complexes thus studied are summarized in Table IV. All complexes displayed a quasi-
reversible Mo(V)/Mo(IV) redox couple and irreversible oxidation to the Mo(VI) state.
The complexes having alkanedithiolate ligands show  a relatively more negative
Mo(V)Mo(IV) redox couple compared with those of the complexes having arencthiolate

ligand, because of strong px donor character of the alkancthiolate ligands.
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Figure 4. CV of (PPhg)>[MoVO(1,3-pdt)2] (4b) in McCN (2 mM) solution.

The redox potentials of 2-4 show more negative Mo(V)/Mo(IV) redox couples
compared with 1. The negative couples for 2 and 3 are mainly due to the electronic
effect of methyl substituents on the chelate ligands. 4b has a more negative redox couple
compared with 2 or 3. This negative redox couple of 4b is due not only to the electronic
effect, but also to the steric effect of the 1,3-pdt chelate ligand.

The present Mo(V)/Mo(IV) electrochemical reaction is interpreted by removal of
one electron from the HOMO orbital, and addition to the resulting single occupied SOMO
orbital. Thus, the redox potential depends on the HOMO energy level. - The EHMO
calculation shows that the HOMO increases to the higher energy level as the O-Mo-S-C
torsion angle deviates from 90°, or the Mo-S-C bond angle changes from 105° to 115°

(vide infra). Because the deviation from 90° of the torsion angle of 1b and 4c¢ is similar,
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Table 1V. Redox couples of Oxomolybdenum(IV) Thiolate Complexes in MeCN

solution (2 mM) at 25 °C.

Complex Mo(V)Mo(IV)a) Mo(VD/Mo(V)a)

ipa/ipc
(NEt4)2[MolVO(S-p-CsH4Cl)4) -0.65 1.00 0.54
(NEt4)2[MoVO(bdt);] -0.37 1.00 0.65
(NEtg)2[MolVO(at,2-tdt)5] -0.74 0.98 0.65
(NEt4)>[MofVO(edt),] (1a) -0.84 1.00 0.48
(NEt4)2[MoVO(1,2-pdt);] (2) -0.86 1.00 0.52
(NEtg)2[MolVO(2,3-budt);] (3) -0.92 1.00 0.48
(NEt4)2[Mo!VO(1,3-pdt),] (4b) -1.01 1.00 0.52
a) vs. SCE

it is concluded that the negative redox couple of 4 compared with 1-3 is mainly due to the
larger Mo-S-C bond angles (av. 116.1° (A) and 114.7° (B) in 4¢ and av. 105.1° in 1b).

Enemark ef al. reported that the 1,3-pdt or 1,4-propanedithiolato ligands give the
negative Mo(IV)Mo(V) redox couple compared with edt ligand in their
oxomolybdenum(V) complexes [{BH(pyMe)3}MoYO(S2R)] (S2R = alkanedithiolato).7
They suggested that this neéative redox couple of the complex is due to the larger
deviation of O-Mo-S-C torsion angle from 90°, or to the larger S-Mo-S bite angle.
However, our conclusion is that the steric effect of the 1,3-pdt ligand is larger Mo-S-C
bond angle, which affects the HOMO energy level, caused by the six-membered ring
size. -

Since the complex (NEt4)2[MQIVO(a,2-tdt)2] has one arenethiolate and one

alkanethiolate ligands, the complex is expected to have an averaged redox potentials
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between (NEtq),[MolVO(bdt)>] (- 0.37 V) and (NEty);[MolVO(edt);] (- 0.84 V).
However, the complex (NEts)>[MolYO(c.,2-tdt),] shows a more negative Mo(V)Mo(IV)
redox couple (-0.74 V) than the average value (-0.61 V). The deviation of O-Mo-S-C
torsion angles from 90° of this complex is relativély large (av. 18.2°), and the Mo-S-C
bond angles are also relatively large (av. 111.1°). Thus, the negative Mo(V)Mo(IV)
redox couple observed in this complex is due to a combination of the both effects of the
0-Mo-S-C torsion angle and Mo-S-C bond angle.

Raman Spectra. Raman spectra of 1-4 were measured with excitation at
514.5 nm. All complexes showed a sharp Mo!V=0 band in the range from 905 cm! to
935 cml, and the data are summarized in Table V. Higher frequency shift of MoV=0
band by an electronic cffect was reported by Ellis ef al. in their systematic study of
oxomolybdenum(V) thiolate complexes.?> They showed that the MoY=0 band of
[MoVO(SAr)4]" is shifted to higher wave numbers by electron withdrawing substituents
on the arenethiolate ligands. In the present study, 2-3 were found to have the lower
Mo!V=0 bands compared with 1, because of the electron donating effect of the methy!
substituent. 4 has the slightly lower Mo!Y=0 band (907 cm™!) compared with that of 1
(910 em™1). This result shows that the Mo!V=0 band is not strongly affected by the steric
effect of the 1,3-pdt ligand.

Our EHMO calculation suggests that the Mo™V=0 bond strength increases as the
0-Mo-S-C torsion angle deviates from 90°. Higher Mo!V=0 stretching band (922 cml)
of  (NEtg)[MolYO(e,2-tdt);] among the related oxomolybdenum(IV) dithiolato
compleXes is thus ascribed to the deviated torsion angle.

NMR Spectra. Since all the known oxomolybdenum(IV) dithiolate
complexes are diamagnetic, NMR spectral measurements are useful for the study of their
solution structure. The 1H and 13C NMR spectra of 1-4 are shown in Figure 5 and 6.
The solvents for 1 and 4a were MeCN-d3 and D;0O. - The other complexes were
measured inMcCN-d;;/MeOH—d4 (9/1). Ali the measurerricnts were carried out at 30 °C
in the presence of about 0.1 equiv. of NEt4BH4 (or NaBHy for 4a) to reduce the

contaminated paramagnetic Mo(V) species formed by onc-¢lectron oxidation of the
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Table V. Raman Spectral Data of Oxomolybdenum(IV) Thiolate Complexes.

Complex v(Mo=0) / cm-1

Mo(1V) complex Mo(V) complex

(NEt4)2[MolVO(S-p-CH4Cl)4] 932 942

(NEt4)2[MotYO(bdt),] 905 T 944
(NEt4);[MolVO(a,2-tdt)] 922 : 940
(NEt4)2[Mo!VO(edt),] (1a) 910 925
(NEtg)[MolVO(1,2-pdt),] (2) 903
(NEt4)2[Mo!Y0O(2,3-budt)»] (3) ’ 905
(PPha)o[MolVO(1,3-pdt),] (4c) 907 930

Mo(IV) complexes with trace amounts of air. A considerable broadening of signals of
the complexes was observed by the effect of Mo(V) Spccies in the absence of suitable
reductants. The sharp signals of 1a were obtained after about 1 week from the
preparation of the sofution in the presence of 0.1 equiv. of NEt4B4. On the other hand,
for the other complexes having more negative Mo(V)/MoGV) couple, except for 4a, the
addition of MeOH-d4 were necessary to obtain the sharp signals, since the reducing
power of BHy" is enhanced in the protic solution like MeOH or H0. The similar NMR
characteristics have been reported for the complex (NEts)[Mo!YO(at,2-tdt),].

la shows the twcnty-t\:VO sharp NMR signals arising from four types of
methylene protons centered at 2.26 ppm with AA'BB' quartets. A singlet of methylene
carbon is observed at 36.10 ppm in the no 'H decoupled 13C NMR spectrum of this
complex. '

1H-TH NOESY and 1H-1H, 1H-13C COSY 2D NMR spectra were effective for

the assignments of NMR signals in 2 and 4.
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Figure 5. 1H NMR spectra of oxomolybdenum(IV) complexes 1-4 in MeCN-d3 at
30°C.
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Figure 6. 13C NMR spectra of oxomolybdenum(IV) complexes 1-4 in MeCN-d3 at
30°C. ‘ '
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The existence of the isomers is expected for 2 and 3 because both complexes have
one or two chiral carbon atoms in their ligand skeletons.  For example, the four
conformational isomers, A - D, are possible for the 1,2-pdt ligand for 2 as shown in

Scheme 3.

Scheme 3
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Two sets of IH NMR signals assignable to 1,2-pdt ligand of 2 were observed
with similar coupling patterns and at similar regions, and were distinguished by the
prime. The IH-1H COSY and NOESY 2D NMR spectra of 2 are shown in Figure 7 with
atom labeling scheme. Among all proton signals of the 1,2-pdt ligand, NOE were
observed in the phase sensitive iH-lH NOESY 2D NMR spectrum. The parameters of
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Figure 7a. The 1H-IH COSY 2D NMR spectrum of 2 in MeCN-d3/MeOH-d4 (9/1)

at 30°C
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Figure 7b. The 1H-1H NOESY 2D NMR spectrum of 2 in MeCN-d3/McOH-d4 (9/1)

at 30°C
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assignable 1,2-pdt ligand protons of each conformer are i) Ha;2.04, Hp;2.55, Hc;2.69,
and Hp (Me, 3H);1.27 ppm, JH4-Hp;10.7, JH4-H;7.6, JHp-H(;4.9, JHe-Hp;6.6
Hz, and ii) Hp’;2.10, Hy’;2.50, Hc’;2.74, and Hp' (Me, 3H);1.24 ppm, JH,4 -
Hp;’10.8, JH,-H¢’;7.1, JHp-H’;4.9, JH’-Hp’;6.6 Hz.

Hc protons showed the cross peaks with methyl Hp protons in H-1H COSY
spectrum. Relatively intense NOE between the methyl Hp protons and the two HA, Hp
protons, and the weakest NOE between Hp and Hg protons indicate the methyl
substituents occupy the equatorial position in the ligand skeleton. Thus, the existence of
two conformational isomers A and B shown in Scheme 3 was proposed. Stronger NOE
between Hp and He protons compared with that between Hp and He protons is
consistent with these proposed conformers. Preferences of methyl groups to the
equatorial positions are caused by the repulsion between the methyl group and the filled
pm orbital of the sulfur ligand. The configuration isomer between two intra-molecular
ligands as seen in (NEtg)>[MolVO(a,2-tdt)>]° is not detected in these NMR
measurements of 2.

The assignment of 13C signals of 1,2-pdt ligand of 2 was carried out by using
1H-13C COSY 2D NMR spectrum. The assignable 13C signals of 1,2-pdt ligand of 2
were observed at 44.58 ppm for Cg, 44.53 ppm for Cg’, 43.71 ppm for Ca, 43.30 ppm
for C4’, and 24.67 ppm for both Me carbon atoms, where numbering scheme of Cp and

Cp is shown in Scheme 4.

Scheme 4
0] Ha
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The methylene proton signals of 4b were observed at2.77 (2 H) for Hg, 2.64 (1
1H) for Hp, 2.41 (2 1H) for Hp, and 2.13 ppm (1 1H) for Hc in the 1H NMR spectrum

measurement. The 13C signals of the 1,3-pdt ligand of 4b were observed at 32.92 and

38.74 ppm, which were assigned to Ca and Cp carbons, respectively. The labels of

carbon and hydrogen atoms for the assignments of the NMR spectra were shown in

Scheme 5.
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O
| o
...... “"““"MO”,“S !_'A \C /HD
\C:/l B y
A A
E C
s—= A
Hy )
Hg

The 1,3-pdt ligand of 4a shows the similar 1H and 13C NMR signals in D,O in the
presence of about 0.1 equiv. of NaBH4. 2D NMR measurements for the assignment of
those signals were carried out using the saturated solution of 4a.

1H-13C COSY 2D NMR spectrum of 4a shows that the C atom bonds to the Ha
and Hg atoms, and Cg atom bonds to Hc and Hp atoms. Intense NOE between signals
of Hp and Hp protons, and weak NOE between Hp and H¢ protons were observed by
phase sensitive 1H-1H NOESY 2D NMR spectrum. The X-ray crystallographic result
shows that the distances of eight Ha - Hc are about 0.1 0 0.2 A longer than those of Hy
-Hp.

All the conformational isomers possible in a 2,3-budt ligand were observed in the
spectrum of 3. Four kinds of octet (doublet-quartet) protons of 2,3-budt ligand are
observed in 'H NMR spectrum of 3. The full assignments of these signals were not
achieved in spite of the measurements of 2D NMR spectra because diagonal noises

concealed the cross peaks between proton signals at 1.9 ~ 2.2 ppm, and the overlap of
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signals expected for the three methyl protons with (NEt4)* protons at 1.12 ~ 1.17 ppm.
However, distinctive eight 13C signals of methyl groups were observed in the 13C NMR
spectrum (Figure- 6), indicating that the existence of all possible four conformational
isomers of 2,3-budt ligand of 3 in solution. Structural isomers of 2 and 3 shown by 1y,
13C NMR spectra were not detected by the other spectra (absorption and Raman) and CV

measurements.

The present experiments show that NMR measurements are highly useful for the
study of ‘solution structure of oxomolybdenum(IV) alkanedithiolate complexes. The
sharp 1H NMR signals and the 2D NMR results of 1-4 suggest that these complexes
have rigid chelating skelctons in solution at 30°C. Similar rigidity of the dithiolate ligands
coordinated to the oxomolybdenum(IV) complex was already shown in the case of
(NEtg)2[MolVO(a,2-tdt);]. A quite different chemical shift of the methylene protons,
CHaHp, was observed for this complex with an AB doublet at 2.59 and 3.92 pi)m. The
X-ray structure of the complex (NEtg);[MolYO(a,2-tdt);] showed that this difference of
the chemical shift is due to the higher shielding effect of the benzene ring of the «,2-tdt
ligand to one of the methylene protons.”

Reaction with Oxo-Donor Reagents.  All the above Mo(IV) complexes
readily react with dioxygen in MeCN solution to give intense blue or purple solutions.
The products have been identified as the corresponding monomeric
monooxomolybdenum(V) complexes, [Mo"O(alkanedithiolato), ], by the measurcments
of absorption spectra or ESR spectra.

1-4 do not react with DMSO, pyridine-N-oxide (PyO), and trimethylamine-N-
oxide (Me3NO) in MeCN or DMF at room temperature. Similar low reactivity to the oxo-
donor reagents has also been reported for (NEtg);[Mo!VO(a,2-tdt),].”

In general, oxomolybdenum(IV) complexes react with oxo-donor reagents such
as Oz, DMSO, PyO, and Me3NO, to produce the corresponding dioxomolybdenum(VI)

complexes.23

Recently, this oxo-transfer reaction with Me3NO was found to be a
superior synthetic method for the dioxomolybdenum(VI) thiolate complexes. Thus,

Yoshinaga et al. teported the synthesis of [MoY!0y(bdt),] by the reaction between
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[MoVO(bdt);]> and Me3NO.2*  Attempts at the synthesis of dioxomolybdenum(VI)
complexes having thiolate ligands by the direct reaction of (MoVY104)% jon with free thiols
have been unsuccessful, because the Mo(VI) ion is easily reduced to Mo(V) or Mo(IV)

state by the thiols.?’

For oxidation of the oxomolybdenum(IV) complexes with the oxo-donor
reagents, two mechanisms have been proposed based on kinetic studies. Holm et al.
suggested that the production of the intermediate, [MolYO(LNS2)(X)] (X = RSO or
NO3) at the first step in the reaction between RSO or NO3~ and
[MoVO(LNS,)(dmf)]'326 which has a vacant coordination site. On the other hand,
Roberts er al. proposed the dissociation of the SoPONR ligand to be the first step in the
reaction between [(HBpyMe2)MolVO(S,PONR)] and Me>SO.%7

Recently, we reported that the asymmetric dithiolate  complex,
(NEtg)2[MoVO(ax,2-tdt),], exhibits an uncxpectedly low reactivity to the oxo-donor
reagents such as dimethylsulfoxide (DMSO), PyO, and Me3NO.> From the X-ray
analysis of this complex, two possibilities were proposed for the low reactivity, i.e. i) the
small S-Mo-S (trans) bite angle of two alkanethiolate ligands prevents the coordination of
oxo-donor reagents to the position trans to Mo=0, or ii) strong Mo-S (alkanethiolate)
bond prevents the rearrangement from trans-dioxo octahedral structure to the cis-dioxo

octahedral structure. (Scheme 6)

Scheme 6
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Except for (NEts)2[MolYO(S-p-CgH4Cl)4] and (NEty)2[MoVO(bdt),], all the
other complexes examined by us do not react with MesNO in MeCN or in DMF at room

temperature. The S-Mo-S bite angles of 1b and 4¢ are larger (ca. 141° and ca. 144°) than
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that of (NEtg)o[MolVO(a,2-tdt)] (ca. 135°°, and similar to that of
(NEt4)2[MolVO(bdt)y] (av. 143.7(1)°).® The results suggest that the inertness of 1-4 to
Me3NO is not due to the S-Mo-S bite angles.

Actually, the complex [MolVO(S-p-CgH4Cl)4]% having weak Mo-S bonds (av.
2.415 A) readily reacts with excess PyO, Mc3NO, and O, vin MeCN to give intense blue
solutions in 1 min, which turn its color to yellow 1 h. This complex also reacts with
excess DMSO slowly in DMSO or MeCN solution to produce a yellow solution in a few
hours. All these yellow solutions have an absorption maximum at about 310 nm.
Similar IH NMR spectra were observed in these yellow reaction products, which showed
two doublets at 7.2 and 7.4 ppm assignable to p-chlorobenzenethiolate ligand. These
oxidation reaction products showed similar CV patterns in MeCN, which is an
irreversible reduction at -1.52 V and an irreversible oxidation at +0.55 V (vs. SCE).
Although the yellow products obtained by those oxidation reactions are too labile to be
isolated and purified, their physical properties suggest that the yellow products are
monomeric cis-dioxomolybdenum(VI) complexes, perhaps [MoVYI04(S-p-CeH4Cl)4]%.

The S-Mo-S (trans) bond angles (av. 144.6°) of (PPhy)>[Mo!YO(S-p-CgH4Cl)4]
are close to those found in 1b (av. 144.9°) and 4¢ (av. 144.0°). Thus, the differences of
the reactivities between [MolVO(S-p-CgH4Cl)4]% and 1-4 are not due to the S-Mo-S
bond angle, but likely due to the Mo-S bond strengths.

These results show that the reactivities of oxomolybdenum(IV) thiolate complexes
with oxo-donor reagents, such as amine-N-oxides, arc controlled by the Mo-S bond
strengths. Most probable reason for the low reactivity of 1-4 to the oxo-donor reagents
is that a combined effect of the strong Mo-S bonds and the resulting rigid structures
inhibits the structural rearrangement (trans — cis) from the species containing trans-
0O=Mo-(ONMej) or frans-O=Mo=0 coordination to thé corresponding cis structures.

EHMO Calculation. In order to understand the differences in steric effects
of thiolate ligands on physical properties of the oxomolybdenum(IV) complexes 1, 4,
and (NEty)>[Mo!YO(a,2-tdt),], preliminary EHMO calculation of [MolVO(SH)4]2 was

carried out. Based on the differences of their molecular structures between 1b and 4c¢,
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effect of the three steric parameters, O-Mo-S-C torsion angle, S-Mo-S bite angle, and
Mo-S-C bond angle, were examined.
The importance of O-Mo-S-C torsion angle on the physical properties has been

pointed out for some of oxomolybdenum(V) thiolate complexes.”-81°

For example,
Enemark et al. reported the relationship of the torsion angle on absorption spectra and
redox properties for a series of mono-oxomolybdenum(V) complexes, e.g.
[{BH(pyMe)3}MoVO(S;R)].” Ueyama et al. have also reported the synthesis and
properties of oxomolybdenum(V) peptide complexes having unusual torsion angles (ca.
O").8 We performed an EHMO calculation for the qualitative studies to understand steric
effect of the thiolate ligands on the physical properties in oxomolybdenum(IV) complexes
based on the molecular structures of 1b and 4c.

Figure 8 shows the variation of HOMO and LUMO energy levels according to the
change of the O-Mo-S-C torsion angle, Mo-S-C .bond angles, and S-Mo-S bite angles
with schematic models used for these calculations.

i) Effect of O-Mo-S-C torsion angle. The HOMO is anti-bonding
between dxy of Mo and pr of the sulfur ligand in the oxomolybdenum(IV) complexes.
The LUMO is anti-bonding between dx;, dy; of Mo and pr of the terminal oxo ligand.
Since the contribution of HOMO which has the smallest anti-bonding character at 6 =
90°, the total energy of [Mo™VO(SH)4]% has a minimum at ® = 90° and has two maxima
at 8 = 0" and 180°. These results show that the energy difference between HOMO and
LUMO has minima at 6 = 0° and 180°, and a maximum at 0 = 90°.

The overlap populations of Mo-O and Mo-S bonds also change according to the
variation of 0. (Figure 9) The overlap population of Mo-O has a minimum at 6 = 90° and
maxima at & = 0° and 180°. On the contrary Mo-S has a maximum at 8 = 9%0° and minima
at 6 = 0" and 180°. The opposing relation of Mo-O and Mo-S overlap populations shown
in Figure 9 is due to the repulsion between filled pmt on terminal O atom and filled
bonding orbitals formed between of dy,, dy, of Mo and px on the sulfur.

ii) Effect of Mo-S-C bond angle. The increase of the Mo-S-C bond

angles is expected in the six-membered chelate ring compared with the five-membered

-90-



‘$/o[3ue 211q S-ON-S Jo a3ueyo oy YIm _ ["(HS)O ;0] Jo ONNT Pue ONOH

JO s]eA9] AS10ud JO uoneleA oy], (0 ‘tt/s[Sue puoq D-S-O Jo 25uBYD Ay} YIIm -L.Amwvo AP
J0 QN1 PUB OINOH JO s[oa9] 51000 Jo uoneirea sy, (q ‘@/o[Sue uoIsio) H-S-oN-O Jo aSueyd
oy i L, [(HS)0 , ;0] J0 OINN'T Pue QINOH JO S[2A9] £310u0 Jo uoneriea a2y, (e °g am3ig

AoOHmv
I\m/ \m/:
I/w:.:.......o_)_ ..... ..:...:W\I
0
./ SON-S pueb enyj _ o/ H-SOW

1epopy

gt cll 801 14018 ;
T . / 8lbue uolsio} H-S-0N-0O

—u T T

H
05°0L- | Ll N 08, 0SL 0ZL 06 09 o0 O
1pd v | A
ovol- owon 1 9vor {s01-
OWOH
cror g {evor- T
3 & oo 3
€ 4 L = g
— P~ ~ e <
2 < onnT 8
CE R L — s "
OANT 4 oz6- . onM 4 oz
{oe-
cec6- 26
(o (q (e

-91-



0.82+ 10.60
5
E 0.80 0.58
3
Q.
O
Q. 0.78 0.56
Q
©
g
3 0.76 0.54
0.74 L : 2 1 1 0.52
0 30 60 90 120 150 180

0/°

Figure 9. The overlap populations of Mo-O and Mo-S bonds of [MofYO(SH)4]>

with the changes of the O-Mo-S-C torsion angle.

chelate rihg. For example, the mean Mo-S-C bond angles of 4¢ (115.4°) and
(NEtg)2[MolVO(a,2-tdt),] (111.1°) are larger than that of 1b (105.1°). Our present
calculation suggests that the energy gap between HOMO and LUMO varies according to
the change of the Mo-S-C bond angle as shown in Figure 8b. The results show that the
energy gap between HOMO and LUMO decreases as the Mo-S-C bond angle changes
from 105° to 115°. This is mainly due to the increase of pst component of the sulfur at
115° of Mo-S-C bond angle compared with at 103°, which results in the higher energy
HOMO level.

iii) Effect of S-Mo-S bond angle. It is generally truc that the five-
membered chelate has smaller chelating bite angle than the six-membered chelate. Figure
8c shows the variation of HOMO and LUMO energy level according to the change of the
S-Mo-S bite angle. The variation of the energy gap between HOMO and LUMO of the
S-Mo-S bond angle change is relatively smaller than that of the Mo-S-C bond angle
change (Figure 8b). The results suggest the shift of the d-d transition between 1 and 4 is

due to the change of the Mo-S-C bond angles.
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Conclusion.

The oxomolybdenum(I'V) complexes having alkanedithiolate chelating ligands 2-4
were synthesized and characterized by absorption, Raman, and NMR spectra and CV
measurements. The structures of thc complexes 1b and 4¢ were determined by the X-ray
crystallography. The complex 4 shows the negative shift of Mo(V)/Mo(IV) redox couple
than that is expected in electronic effect observed in 2 and 3. This chelating size effect of
the six-membered ring compared with the five-membered chelate mainly arise from the
larger Mo-S-C bond angle. Our EHMO calculation showed that the energy level of
HOMO and LUMO is largely affected by the O-Mo-S-C torsion angle and Mo-S-C bite
angle. The typical deviated torsion angle or bite angle are achieved in the

oxomolybdenum(IV) complex having o,2-tdt ligand.

Acknowledgment. We are grateful to Prof. Kazuyuki Tatsumi of Nagoya

University for his help in discussions of the EHMO calculations.
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Chapter V

Conproportionation Reactions between Oxomolybdenum(IV) and

Dioxomolybdenum(VI) Complexes having Thiolate Ligands

Introduction

Oxomolybdenum ion exists at the active site of molybdooxidoreductases such as
sulfite oxidase, xanthine oxidase, or aldehyde oxidase.! EXAFS studies have shown
that the molybdenum ion has two or three S ligands.!-2 Rajagopalan et al. showed that
the dithiolene ligand containing a pterin derivative coordinates to the Mo ion by analyzing
of the degradation products.> Recently, a cysteine coordination to the Mo ion is
suggested from the presence of the invariant cysteine residue in amino acid sequences of
nitrate reauctases.4 EXAFS studies have also shown that the MoVY{(=0)2 or
MoVi(=0)(=S) cores are present in the oxidized state, and Mo'V(=0) core is in the
reduced state. Isotope labeling method has shown that the terminal oxo ligand of
MoV(=0)(=S) core of xanthine oxidase is transferred to the xanthine.’

As model compounds of these active sites, a number of dioxomolybdenum(VI)
complexes have been synthesized, and their structures, properties, and reactivities have
been studied.® In these complexes, [MoYIO(dtc)z] (dtc = diethyldithiocarbamate) shows
the highest oxo-transfer reactivity to the phosphines (PPh3, PPh2Et, PEt3, etc.) or
benzoin. However, when catalytic oxidation reaction is carried out by using this complex
as a catalyst, a rapid deactivation is observed.®7 This is due to the formation of the
unreactive @-oxo dimer, [(dtc)zMoV(O)-O-MoVO(dtc)g], by the reaction between
[MoVYI0x(dtc)2] and [MoIVO(dtc)z]which is the product after oxidation of phosphines or

benzoin. Among these complexes, the equilibrium reaction exists in the solution®? (eq.

1).
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MoVIOy(dtc)a] + [MoVO(dtc)] ===
[(dtc)2MoY(0)-0-MoVO(dtc)2] (1)

It has been shown that the binucleation (i.e. comproportionation reaction) is
prevented by the steric hindrance of the ligands.%1% Holm et al. showed that the bulky
ligand inhibits the formation of the ‘uw-oxo dimer in the catalytic reaction. They
synthesized dioxomolybdenum(VI) complexes having a bulky ligand, [MoY!0(L-N2S)]
(L-NS2 = 2,6-bis(2,2-diphenyl-2-mercaptoethyl)pyridine(2-)), and showed that this
complex does not give the p-oxo dimer complex.!1"1® Then, this complex catalytically
oxidizes phosphines or other oxo-acceptor substrates without deactivation,

The reactivity between oxomolybdenum(IV) complex and dioxomolybdenum(VI)
complex having thiolate ligands has not been studied to date, because of the limited
suitable complexes. Aftempts of the synthesis of dioxomolybdenum(VY) ,complcx“by
direct reaction between MoV (=0),2+ ion and free thiol give thé_ reduced Mo(V) complex.
The synthesis of oxomolybdenum(IV) complex has also been difficult because of the
limited synthetic method.

In general, it has been to be very likely that an oxomolybdenum(IV) complex
readily reacts with a dioxomolybdenum(VI) complex to produce a p-oxo dimer complex.
We synthesized the dioxomolybdenum(VI) complex having bdt? (1,2-benzenedithiolato)
ligand by oxidation of (NEt4)[MoYO(bdt),] with Me3sNO.* Our kinetic studies of this
oxidation reaction has shown absence of the comproportionation reaction between the
Mo(IV) complex and Mo(VI) complex.’>  Actually, (NEt4)2[MoVO(bdt)z] catalyzes the
oxidation of phosphines with pyO or Oz without deactivation.*®

Recently, we synthesized some oxomolybdenum(IV) complexes having chelating
alkanedithiolate ligands as appropriate model compounds for the reduced active sites of
molybdocnzymes.”’18 These complexes, e.g. [MolVO(a,2-tdt)2]> (o,2-tdt = «,2-
toluenedithiolato) or [MolVO(edt)2]* (edt = 1,2-ethanedithiolato), show unexpected
inertness to the oxo-transfer reagents such as trimethyl amine-N-oxide and dimethyl

sulfoxide. It was proposed that the unexpected reactivity is due to the strong Mo-S
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(alkanethiolate) bond which prevents the intramolecular rearrangement of the complexes
in the process of catalysis.

The reaction mechanism of an oxo-transfer reaction between trimethyl amine-N-
oxide and oxomolybdenum(IV) complexes is regarded to be similar to that of
comproportionation reaction between dioxomolybdenum(IV) complexes and
oxomolybdenum(IV) complexes because the first step of the both reactions is the
coordination of the O atoms to the Mo(IV) ion in the trans position of Mo=0.

We studied the reactivity of the comproportionation between oxomotybdenum(IV)
and dioxomolybdenum(VI) complex having S containing ligands. In this paper, the

results and the reaction mechanism of the comproportionation reaction are described.

Experimental Section

All syntheses and physical measurements were carried out under argon
atmosphere using standard Schlenk technique. Acetonitrile (MeCN), and N, N-
dimethylformamide (DMF) were dried over calcium hydride, distilled under argon
atmosphere before using. 1,2-Dimecthoxyethane (DME) was distilled from sodium

benzophenone kety! prior to use.

Materials. The four oxomolybdenum(IV) complexes, [MolVYO(dtc)2]'?,
(NEta)2[MolVO(p-CICsH4S)s]  (p-CIC¢H4S =  p-chlorobenzenethiolato),?
(NEt4)2[MoVO(bdt)z]'5-21, (NEtg)2[Mo!VO(a,2-tdt)2] 7, and three

dioxomolybdenum(VI) complex, [MoY10x(dtc)2]*?, (NEta)2[MoY0a(bdt)2],’* and
[MoVIOa(cys-OMe)2]®®  were synthesized by the literature  mcthods.
(NEts)2[MolVO(edt)2] was prepared by the ligand exchange reaction between
(NEt4)2[MoVO(p-CICsH4S)4] and 1,2-ethanedithiol in DME.'®

Synthesis of (NEt4)2[MoIYO(SC4F5)4]. Ellis et al. symhesizcd
(HNEt3)2[MolYO(SCgFs)s] by the reaction of [MoYOCI(PPhyMe)s]  with

peptaﬂuorobenzcncthiol.24 The oxomolybdenum(IV) complex having two NEt4* cations

98-



(NEtg)2[MolVO(SC¢Fs)s] was convenicntly prepared by the reduction of
(NEtg)[MoYO(SCgFs)4] with NEt;BH4 in DME. This oxomolybdenum(V) complex

was prepared éccording to the reported procedure by Ellis et al.2*

(NEty)[MoYO(SCgF5)4] (0.15 g, 0.15 mmol) and NEt;BH4 (0.025 g, 0.17
mmol) were stirred in 2 mL of DME at room temperature for 10 hours. DME (9 mL) was
added to the deep red solution to dissolve the purple precipitation. The solution was
filtered, and reduced in volume to about 1 mL under reduced pressure. Red-brown
powder was obtained by careful addition of 3 mL of diethyl ether to the solution. The
product was collected by filtration, and dried in vacuo. The purification was carried out
by reprecipitation from DME/diethyl ether. Yield, 0.10 g (77%). Anal. Caled for
C4oH4oN2OMoS4F»g: C, 41.1; H, 3.45; N, 2.40. Found: C, 40.77; H, 3.75; 2.40.

Conproportionation Reactions Between  Oxomolybdenum(IV)
complex and the Dioxomolybdenum(VI) complex. The reactions between
oxomolybdenum(I'V) complex and dioxomolybdenum(VI) complex were carried out by
mixing of a MeCN solution of the Mo(IV) complex (2.0 mM, 1.0 mL) with a MeCN
solution of the Mo(VT) complex (2.0 mM, 1.0 mL) at room temperature (ca. 24 °C). The
absorption spectra of the reaction mixture were measured within 3 min after the mixing.

Physical Measurements. Absorption spectra were measured on a Jasco
Ubest-30 spectrometer with 1 mm matched silica cells. ESR spectrum was recorded on a
JEOL JES-FE1X spectrometer in MeCN/DMF (4:1) solution at 77 K.  Cyclic
voltammograms were taken on a Yanaco P-1100 polarographic analyzer in MeCN
~ solution with a glassy carbon electrode and (n-Bu)4NClO4 (100 mM) as supporting

clectrolyte.
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Results

The Reaction Between [Mo!VO(dtc)2] and [MoY!02(dtc)2].  This is
the typical example of the p-oxo dimer formation. This reaction has been studied
repeatedly to date.5%25-26 An intense red-purple solution is immediately obtained when
the Mo(IV) complex (pink solution) and the Mo(VI) complex (yellow solution) are
mixed. The absorption spectrum change of the reaction solutions (2mM/2mM) is shown
in Figure 1. The band at 510 nm is assignable to the p-oxo dimer [(dtc)2MoVY(0)-O-
MoVYO(dtc)2]. This band does not obey the Lambert-Beer’s rule, because of the
equilibrium reaction between [MolVO(dtc)2] and [MoY10(dtc)2] complexes and the u-
oxo dimer. \

The Reaction Between [MolVO(dtc)2] and (NEt4)2[MoVYI02(bdt)2].
The absorption spectrum of this reaction mixture shows the occurrence of some reactions
(Figure 2). This reaction mixture shows absorption maxima at 510 nm and 726 nm, and
a shoulder at 380 nm. The curve obtained is similar to that of the reaction mixture of
(NEta)2[MoVO(bdt)2] and [MoVYI0x(dtc)z] (vide infra). Because the band at 510 nm
does not obey the Lambert-Beer’s rule, and shows the rapid decrease by dilution, this
band is assigned to the [(dtc)2MoY(0)-0-MoYO(dtc)z]. The band at 726 nm obeys the
Lambert-Beer’s rule, indicating this band is due to the [MoVO(bdt)2] ?7. The yields of
the each products are quite low (< 10 %) estimated from the absorption intensities.
Unidentified byproducts in this reaction are perhaps polymeric compounds bridged by -
oxo ligand.

The redox potentials of [MoYO(dtc);] (0.52 V) and (NEtg)>[MoY!05(bdt)s] (-1.0
V) show that the electronic reduction of the Mo(VI) complex is implausible. Proposal

reaction mechanism of this reaction is via the p-oxo dimer formation (eq. 2-3).
[MolVO(dtc)a] + (NEts)o[MoViOa(bdtyy] ===
[(dtc)2MoVY(0)-0-MoVO(bdt)]

=== [MoVO(bdt)y] + (NEtg)2[Mo¥10x(dtc)] (2)
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Figure 1. Absorption spectra of [MolVO(dtc)2] (2.0 mM) (—), [MoYI0x(dtc)2] (2.0

mM) (----), and the reaction mixture (— -—) in MeCN.
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Figure 2. Absorption spectra of [MolYO(dtc)2] (2.0 mM) (—), [MoVYI0z(bdt)2] (2.0

mM) (----), and the reaction mixture (— ) in MeCN.
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[MoVIO(bdt)z] + [MolVO(dtc)2]
— [MoYO(bdt),] + [(dtc)2MoV(0)-0-MoYO(dtc)2]  (3)

The comproportionation reaction between [Mo!VO(dtc)2] and [MoVIO,(bdt)2]% gives the
hetero p-oxo dimer, [(dtc)2MoVY(0)-O-MoYO(bdt)2]2-. The dimer complex gives the
[MoV10;(dtc);] and [Mo!YO(bdt)2]>- by the equilibrium reaction. As shown in below,
these two complexes react to produce the [(dtc)z2MoY(0)-O-MoVO(dtc)z] and
[MoOV(bdt)>]-, which were observed in the reaction.

The Reaction Between [MoIVO(dtc)z] and [MoVIOz(cys-OMe)z].
Figure 3a shows the absorption spectrum of this reaction mixture with each starting
solution. The spectra show the additive properties among the three solutions, showing
that no oxo or electron transfer reactions occur between these complexes.

The  Reaction  Between  (NEt4)2[Mo'VO(SC¢Fs)4]  and
[MoY102(dtc)2]. The reaction solution immediately gives the purple solution having
510 nm absorption band (Figure 3b). This band is characteristic of the p-oxo dimer.
Actually, this band does not obey Lambert-Beer's rule. The CV of this purple solution
shows the irreversible reduction of MoVI0,2+ / MoYO* at -0.83 and oxidation at 0.40 V
(vs. SCE) of MoYIO?>* - MoVO3*. These redox behavior is similar to that of
[(dtc)sMoY(0)-0-MoVO(dtc)z].  Each redox is due to the [MoVIOz(dtc)g] and
[Mo!YO(dtc),] species, (Table IT), which are equilibrium components. These absorption
and redox results show no formation of hctero p-oxo dimer [(SCgFs)4MoY(0)-O-
MoV O(dtc)z].

No observation of the characteristic band of [MoYO(SCgFs)4] species show that
(NEt4)2[M0WO(SC6F5)4] does not act as one-electron reduction reagent shown in the
reaction between (NEtg)2[MolYO(p-CICsH1S)4] and [MoVOx(dtc)z]. Neither slow
diffusion mixing method -of the two complexes nor the reaction of excess Mo(IV)
complex with Mo(VI) complexes gives the [MoYO(SCgFs)4]" complex. This reactivity
contrast to that of the reaction between (NEts)2[MolVO(p-ClCeH4S)4] and

(NEt4)2[MoV10a(dtc)y] (vide infra).
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Figure 3. a) Absorption spectra of [MoIYO(dtc)2] (2.0 mM) (—), [MoVIOz(cys-
OMe)2] (2.0 mM) (----), and the reaction mixture (—-—) in MeCN.  b) Absorption
spectra of (NEtg)2[MoVO(SCgFs)4] (2.0 mM) (—), [MoV102(dtc)2] (2.0 mM) (----),

and the reaction mixture (— -—) in MeCN.
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Proposed reaction mechanism of this reaction is as follows.

[MolVO(SCgFs)4] + [MoVlOy(dic)y] === [(dtc)2Mo"(0)-0-MoV0(dtc)z]
== MoV O(dtc)s] + [MoVI0x(SCsFs)4] “4)

[MoYlOx(dtc)] + [MolVO(dic)z] =
[(dtc)2MoY(0)-0-MoVO(dtc)2] )

The produét [MoV102(SCgFs)4] likely changes to the dimeric or polymeric complex
because of the thermal instability of the Mo(VI) complex having monodentate thiolate
ligand.’®  Monomeric oxomolybdenum(V) complex having thiolate ligand shows
characteristic CT band (S — Mo) at visible region.?® On the contrary, p-oxo dimer

complex does not show the characteristic band at the visible region.?’

The Reaction Between (NEt4)2[MoIVO(SCgFs)4] and [Mo“102(bdt
or cys-OMe)2]. Both absorption spectra show additive spectra between the reaction
mixture and the starting complexes, indicating no reaction between these complexes.

The Reaction Between (NEt4)2[MoIVO(bdt)2] and [MoV102(dtc)z].
The mixing of (NEt4)2[Mo!VO(bdt)2] (orange solution) with [MoV!Ox(dtc)z] (yellow
solution) MeCN solution gives a deep purple coloration immediately. The absorption
spectrum change is shown in Figure 4a. The reaction mixture exhibits new bands at 510
nm and 727 nm. The band at 510 nm does not depend on the concentration and rapidly
decreases by dilution, whereas the band at 710 nm obeys the Lambert-Beer’s rule. These
observations show that the absorption band at 510 nm is due to the formation of a p-oxo
dimer, [(dtc)2MoY(0)-0-MoVO(dtc)2]. The reaction mixture also shows the intense ESR
signal in MeCN/DMF (4:1) solution at 77 K (Figure 4b). The ESR parameters obtained,
gn= 2.022, g = 1.984, 1.976, is consistent with that of (NEts4)[MoYO(bdt)2],
demonstrating the band at 710 nm is due to the formation of tMoVO(bdt)z]‘. The

formation of [MoYO(bdt)2] is also detected by the CV measurement (E1/2 = -0.37 V vs
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Figure 4. a) Absorption spectra of (NEts)2[Mo!VO(bdt)2] (2.0 mM) (—),
(NEt4)2]{MoVI02(dtc)2] (2.0 mM) (----), and the reaction mixture (—-—) in MeCN. D)

ESR spectrum of the reaction mixture in MeCN/DMF (4:1) at 77 K.
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SCE). The yield of this complex is estimated to be ca. 30 % from the absorption
intensity at Apax of 727 nm (g = 7700).

These results show that the reaction between (NEts)2[MofVO(bdt)2] and
[MoV10(dtc)2] does not give the hetero p-oxo dimer complex, [(bdt)2MoY(0)-0-
MoVO(dtc)2]%, but [(dtc)2MoY(0)-0-MoVO(dtc)2] and [MoVYO(bdt)2] as the results of
the electron transfer reaction. This reaction mechanism is discussed in the Discussion.

The Reaction Between (NEt4)2[Mo!VO(bdt)2] and
(NEt4)2[MoVIOz(bdt)2]. The absorption spectral change of the reaction between
(NEtg)2[Mo!VO(bdt)2] and (NEts)2[MoVI0x(bdt)z] is shown in Figure 5a. Additivity
among three spectra shows absence of reactions between the two complexes.

The Reaction Between (NEt4)2{Mo!YO(bdt)2] and [MoVY1O2(cys-
OMe)2]. The absorption spectrum of this reaction mixture solution also shows the
additivity. That is, no oxo or electron transfer reactions occurs in these complexes.

The Reaction Between (NEt4)2[Mo!YO(p-CIC6H4S)4] and
(NEt4)2[MoY102(dtc)2]. This reaction mixture gave purple coloration immediately,
finally blue solution within 3 s. The spectrum of the final blue solution shows a
characteristic band of [MoYO(p-CICsH4S)4]" at 600 nm in ca. 40 % yield, and shows no
band for assignable to [(dtc)‘zMoV(O)-O-MoVO(dtc)z] around 510 nm (Figure Sb). Since
i) the absorption measurement of the slow diffusion solution of [MoVY!0x(dtc)z] into
(NEts)[MoYO(p-ClCsH4S)4] showed the clear shoulder band at 510 nm, and if)
reaction between (NEt4)2[MoVO(p-CICsH4S)4] and 4 equiv.. of [MoV104(dtc)z] gives
the purple solution having band at 510 nm of u-oxo dimer [(dtc)2MoY(0)-O-
MoVYO(dtc)2] with no band éround 600 nm, the observation of purple solution in the
initial stage is due to the formation of the p-oxo dimer [(dtc)2MoY(0)-0-MoYO(dtc)z).
The results show that the reaction product between (NEt4)2[MoVO(p-CIC¢H4S)4] and
(NEts)2[MoVY102(dtc)2] contains the [MoYO(p-CICsH4S)4]" and [MOIVO(dtc)é].

Yield of the formation of [MOVO(p-ClC5H4S)4]' (ca. 40 %) suggests that 0.4
equiv. of (NEtg),[MoVO(p-CIC¢H4S)4] acts as one-electron reducing source in fhis

reaction. Since [MoV0x(dtc)2] is completely reduced to the Mo(IV) state, the occurrence
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Figure . a) Absorptlon spectra of (NEt4)7[ oIVO(bdt)v] (2.0 mM) (—),
(NEt4)7 [MOVIOv(bdt)O] (2.0 mM) (----) and the reaction mixture (——) in MeCN. b)
Absorptlon spectra of (NEt4)2[M OWO(p CIC6H4S)4] (2.0 mM) (—— , [MoVIOv(dtc)v]

2.0 mM) (----), and the reaction mixture — -—) in MeCN.
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of 1.6 equiv. of other reducing source is proposed. This source may be free thiolate
ligand p-CICsH4S", which is eliminated from the Mo(IV or V) - (p-CICsH4S) complex.
Actually reaction between (NEtg)[MoVYO(p-ClCsH4S)4] and equimolar [Mo YIO,(dtc);]
readily proceed to give the red purple solution having intense band around 510 nm from
the p-oxo dimer [(dtc)zMoY(0)-0-MoYO(dtc)2].  (NEts)[MoYO(p-CICsH4S)4] may
change to the multinuclear complex having no characteristic band.

The Reaction Between (NEt4)2[MolVO(p-CIC6H4S)4] and
(NEt4)2[MoY102(bdt)2]. Although the absorption spectrum of the yellow-orange
reaction mixture shows the formation of [MoYO(p-CICsH4S)4]" in ca. 12 %, broad
absorption around 500 nm suggests the existence of non-reacted (NEt4)z[MoVI02(bdt)z].
Thus, this reaction does not proceed substantially.

The Reaction Between (NEt4)z[MoIVO(p-ClC6H4S)4] and
[MoVIOz (cys-OMe)2]. The absorption spectrum shows a band at 600 nm. Although
the absorption maxima suggest the production of ca. 2 % of [MoYO(p-CICsH4S)4]", the
spectra roughly shows the additive property among these complexes. Thus, no reaction
occurs in this system.

The Reaction Between (NEt4)2[MolVO(a,2-tdt or edt)2] and
[M0V102 (dtc)2]. These reactions give the similar results to that of the reaction
between (NEt4)2[MolVO(bdt)2] and [MoYlOx(dtc)z]. All these reactions give the
monooxomolybdenum(V) complexes, [MoYO(L)2]" (L = a,2-tdt, edt), and the p-oxo
dimer, [(dtc)2MoY(0)-0-MoYO(dtc)z]. The results show that the oxomolybdenum(IV)
complexes having chelating dithiolate ligands do not afford the p-oxo dimer by the
reaction with [MoVIOp_(dtc)g], but the clectron transfer reaction.

The Reaction Between (NEt4)2[MolVO(edt)2] and
(NEt4)2[MoV102 (bdt)2]. The absorption spectrum of the brownish reaction solution
obtained shows the intense CT band of {[MoVO(edt)2],, which consists of characteristic
bands at 448 (750), 519 (690), and 625 nm (890 M-lem1), and the broad band around
400 - 550 nm (Figure 6). The yield of [MoVYO(edt)2]" is ca. 70 %. No change of the
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Figure 6. Absorption spectra of (NEt4)2[Mo!VO(edt)4] (2.0 mM) (—),
(NEt4)2[MoY102(bdt)2] (2.0 mM) (----), and the reaction mixture (— -—) in MeCN.

absorption spectrum by Op bubbling to the obtained solution indicates the absence of
[MoVO(bdt)2]%, but the decomposed pfoduct.

The Reaction Between (NEt4)2[Mo!YO(edt)2] and [MoVIOz(cys-
OMe)2]. The absorption spectrum of the reaction solution is almost consistent with that
of [MoVO(edt)2}" complex, indicating the production . of [MoVO(edt)2] complex in
quantitative yield. The reaction system does not produce the m-oxo dimer [(cys-
OMe)2MoY(0)-0-MoYO(cys-OMe)z]. The expected reaction product [MoV10a(cys-

OMe)z] is not detected.
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Discussion

The conproportionation reactions.

The results are summarized in Table I. Although all these complexes studied in
here do not have any bulky ligands, only the one well-known reaction between
[MoVO(dtc),] and [MoY!0,(dtc);] forms the thermally and kinetically stable p-oxo
dimer. The p-oxo dimer formation as an intermediate is proposed 1n the two reactions i)
between (NEt4),[MolVO(SCgFs)4] and [MoYI0,(dtc);], and ii) between [MolYO(dtc),)
and (NEt3)2[MoYI0,(bdt)2]. All other reactions showed no evidence for the p-oxo dimer
formation. Table I shows that the comproportionation reactivity is apparently affected by
the reactivity of both oxomolybdenum(I'V) and dioxomolybdenum(VI) complexes.

Since the molybdenum ions of the w-oxo dimer have the oxidation number of
five, the formation of the p-oxo dimer involves the electron transfer reaction between the
Mo(IV) ion and Mo(VI) ion. Even if the redox potential of (MolY0O** / MoVO*) of
oxomolybdenum(IV) complex is more positive than that of (MoYI0,2* / MoV0,*) of
dioxomolybdenum(VI) complex, the u-oxo dimer forms in the present studies. For
example, the dtc complexes, which readily form the u-oxo dimer, the oxidation potential
of [MofVO(dtc)>] (0.52 V) is more positive  than the reduction potential of
[MoVIOy(dtc)z] (-0.87 V). The results show that this reaction is not the simple electron
transfer reaction between two molecules. Thus, it is proposed that the electron transfer
reaction occurs after the coordination of oxo ligand of the dioxomolybdenum(VI)
complex to the Mo(IV) complex.

The X-ray structure of the u-oxo dimer molybdenum(V) complexes have been
reported in some complexes, e.g. [(L)2MoY(0)-O-MoYO(L)2] (L = S,CS-i-Pr,3¢
S,COEt, 3! SZCN(n;Pr)g,32 S,P(OEt),,33, 2-salicylideneamino(benzenethiolato)®*, and
[(NCS)4MoY(0)-0-MoVO(NCS)4}4,% indicating that the bridging and terminal oxo
ligands are in mutually cis configuration. Thus, the rearrangement of the cis to trans

configuration is proposed for the final step.
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Table I. Conproportionation reaction results between oxomolybdenum(IV) and

dioxomolybdenum(VI) complexes.

MolVowy

Complexes \

Mo Voo @y Complexes

L = dc=0)

bdt (n =2)

cys-OMe (n = 0)

dic (n = 0)

CgF5S (1 =2)@

bdt (n =2)
p-CICgH4S (m =2) b)
a2-tdt (0 =2)

edt(m =2)

w-oxo dimer formation

electron transfer reaction

electron transfer reaction
electron transfer reaction
electron transfer reaction

electron transfer reaction

p-oxo dimer formation

no reaction

no reaction
no reaction
any reaction occurs

any reaction occurs

no reaction

1o reaction

no reaction
no reaction
electron transfer reaction,

electron transfer reaction

a) [MoIVO(SCgF5)]%

b) [MolVO(p-CIC6H4S)2]%

Thus, the following reaction mechanism is proposed for the p-oxo dimer

formation, which consists of three steps.

(Scheme 1) The first step (I) is the

coordination of the terminal oxo ligand of dioxomolybdenum(VI) complex to the vacant

site of oxomolybdenum(IV) complex.

The second step (II) is the electron transfer

reaction from the Mo(IV) ion to the Mo(VI) complex to form the u-oxo dimer having a

straight linear ()‘=M0V-O-MoV geometry. The third step (IIT) is the intramolecular

rearrangement of frans-O=Mo-O to cis-O=Mo-O configuration.
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Table I1. Redox properties of oxomolybdenum(IV) and dioxomolybdenum(VI)

complexes.

Mo(IV)/Mo(V) redox potentials (vs SCE) of oxomolybdenum(IV) complexes.

Complex Redox potential References
[Mo!VO(dtc)] 0.52 44
(NEts)2[MolVO(SCgFs5)4] -0.03 this work
(NEt4)2[MoVO(p-CICsH4S)2] -0.66 20
(NEt4)2[Mo!VO(bdt)2) -0.37 45
(NEts)2[MolVO(at,2-tdt)2) -0.74 17
(NEts)2[Mo!VO(edt)2] -0.84 18

Mo(VI)/Mo(V) redox potentials (vs SCE) of dioxomolybdenum(VI) complexes.

Complex Redox potential References

[MoV10oa(dtc)z] -0.87 46

(NEts)2[MoV102(bdt)2] -1.0 14
IMoViO(cys-OMe)2] -1.25 46

The second reaction process (II) accompanies an electron transfer from MoflVQ2+

.to MoY10,2+ and the MoVY!=0 bond cleavage. The strong clectron transfer ability of the

Mo(IV) complex and the accepting ability or the activated MoVY'=0 bond of Mo(VI)

complex are expected to facilitate this electron transfer reaction step. The electron

donating ability of the Mo(IV) complex is evaluated by the oxidation potential of

Mo!Y02+ to MoVO*, which is detected by CV measurement. The electrochemical data of

the related oxomolybdenum(IV) and dioxomolybd’enum(VI) complexes are summarized

in Table II. The data show that the reducing ability is relatively high in the thiolate

complexes (0 ~ -0.84 V), and low in [MolYO(dtc)s] (0.52 V). However, these
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oxomolybdenum(IV) complexes except for (NEty),[MotYO(SCgFs)4] did not produce
the u-oxo dimer, but afford the oxomolybdenum(V) complexes in the reaction with
[MoYI0,(dtc);]. Although the oxidation potentials of all these oxomolybdenum(IV)
complexes (0.52 ~ -0.84 V) are more positive than reduction potential of [Mo V104(dtc),]
(-0.87 V), the oxidation reaction occurs. These oxomolybdenum(V) complexes are
produced by the irreversible dissociation reaction of the intermediate having linear O=Mo-
0O-Mo geometry to the oxomolybdenum(V) complex and dioxomolybdenum(V) complex
(Scheme. 2).

In general, these oxomolybdenum(V) complexes having thiolate ligand are so
stable that these are readily produced by one-electron oxidation of the corresponding
oxomolybdenum(IV) complexes. Actually, the redox couple of MolYO2+ / MoVO* of
these thiolate complexes is quasi reversible. On the contrary, [MoYO(dtc),] shows the
irreversible wave. These results show that the strong electron donating ability of the
oxomolybdenum(IV) thiolate complex is not necessarily facilitate the p-oxo dimer
formation, because formation of the oxomolybdenum(V) complex is preferred.

The activity of dioxomolybdenum(VI) complex is reflected in the oxo transfer
reactivity to the substrates such as triphenylphosphine. For instance, [MoV!O,(dtc),]
shows the highest oxo-transfer reactivity to PPhs in dioxomolybdenum(VI) complexes
studied to date.®

The reactivity of the oxo transfer reaction of dioxomolybdenum(VI) complexes is
enhanced by the i) coordinating ligand type, ii) redox property, and iii) trans influence.
The reduction reactivity of MoYIO2+ ion by phosphines is enhanced by the type of the
donor séts as in thé following order.36
S4 > NS3 > N3Sp> ONS >> NO;, v
Actually, the oxo transfer reactivity of [MoVYIO,(cys-OMc),] (N232 set) is extremely
lower than that of [MoY10,(dtc)s] (S4 sct).

The oxo-transfer reactivity to the phosphines is enhanced as the Mo(VI)/Mo(V)
redox couple shifts to the positive side.*¢ The MoV=0 bond of dioxomolybdenum(VI)

complex is also expected to be activated by the trans influcnce from the donating atoms in
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the trans position to MoVI=0. (NEts)[MoVYI0,(bdt),] is an only example having thiolate
ligand trans to the MoV=0 in dioxomolybdenum(VI) complexes synthesized to date.
Actually, this complex shows the lower v(MoV!=0) band (860, 832 cm'l) in Raman
spectrum compared with that of [MoVIOa(dtc)y] (907, 878 cm! (IR spectrum))®”.
However, the comproportionation reactivity is higher in [MoYIOy(dtc),] than that of
(NEt4)2[MoVI04(bdt),] in the reaction with (NEtg);[MoIlYO(SCgFs)s]. This is likely
that the more negative reduction potential of MoYIO2+ / MoVO;* of
(NEt4)2[MoVYI0,(bdt),] inhibits the reaction.

For the achievement of the .rearrangemcnt of the third step (III) of the
comproportioﬁation reaction, the temporary dissociation of fhc coordinating ligand or the
spread space of the coordination sphere is necessary. (Scheme 3) The chelating ligands
i.e. bdt, edt, a,2-tdt, hardly dissociate because of the chelating effect. Especially,
alkanedithiolate ligand (edt and ,2-tdt) makes the strong chelating skeleton because of
the strong O character of the alkanethiolate. Actually, these oxomolybdenum(IV)
kcomplexes having these chelating ligands do not achieve the p-oxo dimer formation. The
monodentate ligands - i.e. SCgFs~ and p-ClCgH4S", may allow the temporary
dissociation. Although (NEt4)2[MoWO(SC5F5)4] forms the p-oxo dimer in the reaction
~ with [MoY10,(dtc);], (NEtg)2[MoVO(p-CICeH4S)4] does not form the u-oxo dimer
because of the production of the unreactive oxomolybdenum(V) complex
(NEt4)[MoVO(p-CICcH4S)4].

The dic ligand has the sterically enough coordination sphere as seen in some of
the seven coordinated dtc-molybdenum complexes. For example, [MoVIN(dtc)3]*%3?,
[MoVI(NS)(S2CNMe;)-]*?, and [MoVYIO(S;)(dtc),]*! are known to date. This is due to
the relatively narrow S-Mo-S bite angle (ca. 69°) of the dtc ligand.*?>  Although,
(NEt4)2[MoVIO,(bdt),] reacts with [MolYO(dtc),], this complex does not react with
(NEt4)2[MoYO(SCgFs)4] or (NEt4)2[M0Wd(p-ClC6H4S)4] in spite of their more
negative (MolY0O2* / MoV OY) redox potential (-0.03 and -0.66 V). This is likely that the

steric hindrance between the arene ligand of the Mo(IV) complexes and the bdt ligand of
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the Mo(VI) complex, and the lower acidity-of the Mo(IV) ion of the two complexes
weakening the coordinating of the oxo ligand of Mo(VI) to Mo(IV) complex (step I).

Although, (NEty)>[MoY10,(bdt);] affords the w-oxo dimer as an intermediate
only in the reaction with [MolVO(dtc),], this complex does not react with
(NEt4)2[MoVO(SCeFs)4], (NEtg)2[MolVO(bdt)2], or (NEtg)o[MolVO(p-CICsHaS)y].
[MolVO(dtc),] has lower MolYO** / MoVO* redox potential than that of other three
Mo(IV) complexes, indicating the enough coordinating space highly facilitate the
formation of the p-oxo dimer. Thus, the rearrangement (step IIT) is an important step for
the achievement of the p-oxo dimer formation. Although the bdt ligand has no steric
hindrance, no  reaction  occur  between  (NEty)r[MolYO(bdt);]  and
(NEt)2[MoYI0,(bdt),]. This is also due to the inhibition of the rearrangement of the
trans to the cis configuration. In the reaction with (NEt4)>[Mo!VO(c.,2-tdt or edt),] , the
production of the oxomolybdenum(V) complexes is due to the extreme negative redox
potential (-0.74, -0.84 V of MolYO2t / MoVO*).

[MoV102(cys-OMe)y] is quite inert to the u-oxo dimer formation reaction in the
reaction studied in here. This is due to the negative redox of MoYI0,%* / MoYO2* (-
1.25 V) of this complex and the low reactivity of the oxo ligand because of the weak
trans effect of the N ligand to Mo=0.5%643  When the catalytic oxidation of
triphenylphosphine or benzoin by [MoV!0(cys-OMe),] is carried out, the u-oxo dimer
[(cys-OMe)2MoY(0)-0-MoVO(cys-OMe)z] is formed.” Thus, [MoY!0s(cys-OMe);]
reacts with [Mo!VO(cys-OMe)s] to give the p-oxo dimer. This formation is due to the
high reactivity of the [MolVO(cys-OMe),]. Actually, this oxomolybdenum(IV) complex

has not been isolated to date.
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Relevance to the reaction between oxomolybdenum(IV) complexes with
amine-N-oxide.

In general, oxomolybdenum(IV) complex has been expected to react with oxo-
donating reagents such as pyO, Me3NO, or DMSO to produce the dioxomolybdenum(VT)

6 For example, [MoVO(dtc);]!? readily reacts with these reagents to give the

complex.
dioxomolybdenum(VI) complexes.

Although  (NEt4)2[MolVO(bdt)z] reacts with MesNO to give the
(NEt4)2[MoVY102(bdt)2], this Mo(IV) complex does not react with pyO or DMSO,
indicating that the oxo-accepting reactivity of this Mo(IV) complex is weaker than that of
[Mo!VO(dtc)2].' 415 Recently, we showed that [MolVO(0.,2-tdf)2]% did not react with
DMSO, pyO, and Me3NO, and suggested that this is due to the strong Mo-S bond
preventing the rearrangement from the trans-Mo(O)(OR) form to the cis form in the oxo-

transfer process.!’

This proposed reaction mechanism is quite similar to that of the
formation of the u-oxo dimer by the comproportionation reaction between
oxomolybdenum(IV) and dioxomolybdenum(VI) complexes.

Thus, the first step is the coordination of the oxo-donating reagent to the Mo(IV)
complex. Since these oxo-donating reagents do not accept one-electron, the production
of oxomolybdenum(V) complex does not occur. The following reaction is the
rearrangement of cis to the trans configuration of the frans-0=Mo-ONR3 complex, or
trans-O=Mo=0 complex which is the two electron transfer reaction product. . No oxo-
accepting reaction is due to the inhibition of the rearrangement by the alkanedithiolate

chelating ligand. Thus, the strong Mo-S-bond of the alkanedithiolate chelating ligand
inhibits the rearrangement of the cis-O=Mo-ONR3 to frans-O=Mo-ONR3 complcx.
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Chapter VI

Ligand Exchange Reaction of [MoIVO(p-ClC6H4S)4]2' with a Tetradentate

Peptide Ligand.

Introduction

Molybdenum ion at the active sitc of the molybdenum enzymes such as
oxomolybdoenzymes or nitrogenase shows the specific catalytic reactivity to the several
substrates. Recently, it has been reported that the chelating peptide Z-cys-Pro-Leu-cys-
OMe gives the highly reactive oxomolybdenum(V and IV) complexes.! These complexes
exist in the two conformational isomers i.e. parallel- and anti-parallel type complexes.
(see Figure 5 in Chapter I) In the two isomers, only parallel-type one shows a more
positive Mo(V)/Mo(IV) redox potential. The oxomolybdenum(IV) complex having
parallel-type peptide chelation was prepared by the one-electron reduction from the
Mo(V) complex, and showed the specific reactivity to the several substrates such as
benzonitrile, phenylacetylene, or trimethylsilylazide.! Although the selective synthesis of
parallel-type oxomolybdenum(V) complex was attempted by using the tetradentate
peptide chelate cis-1,2-cyclohexylene(CO-cys-Pro-Leu-cys-OMe),, the complex obtained
was thermally unstable at room temperature.

We have shown that the oxomolybdenum(IV) complexes are synthesized by the
ligand exchange reaction between [MOWO(p-ClCGH4S)4]2' and dithiols in DME. As
shown in the study of the oxomolybdenum(V) complex having peptide thiolate ligands
such as Z-cys-Pro-Leu-cys-OMe, the active state of the oxomolybdenum complex is
expected to be at the Mo(IV) state.  Then, an attempt to the synthesis of the
oxomolybdenum(I'V) complex having tetradentate chelation was carried out by the ligand
exchange reaction between [MOIVO(p-CIC6H4S)4]2' and a novel tetradentate peptide
chelate,  cis-1,2-cyclohexylenc(CO-Ala-cys-Pro-Leu-cys-Gly-Ala-OMe);. This

tetradentate chelate contains the sequence of the cys-Pro-Leu-cys, which was shown to



be effective for the synthesis of the highly reactive oxomolybdenum(IV) complex. - An
Ala residue is inserted between the cyclohexyl ring and cys residues to confer the thermal
stability to the tetradentate chelate of cis-1,2-cyclohexylene(CO-cys-Pro-Leu-cys-OMe)s.
Chelation of a Cys-Pro-Leu-Cys fragment to iron has been found in the active site of |

rubredoxin.2

Experimental Section

All manipulations were carried out under Ar atmosphere using standard Schlenk
techniques. 1,2-Dimethoxyethane (DME) and diethyl ether (Et;O) were distilled from
sodium/benzophenone ketyl, and acetonitrile (MeCN) was distilled over calcium hydride
just before use under Ar.

The tetradentate peptide chelate ligand cis-1,2-cyclohexylene(CO-cys-Pro-Leu-
Cys-Gly-Ala-OMe), was prepared stepwise by the mixed anhydride (MA) method.> The
starting complexes (NEt4)[MoYO(SPh)4]* and (NEt4);[MolYO@p-CICsH4S)4]° were
prepared by the literature method. A '

Synthesis of (NEt4)[MoVO{cis-1,2-cyclohexylene(CO-Ala-cys-Pr(;-
Leu-cys-Gly-Ala-OMe)2}]. (NEt4)2[MoVO@-CICsH,S)4] (1.9 mg, 2.0 x 10
mol) and the cis-1,2—cyclohexylene(Cd-Ala-Cys-Pro-Leu-CyS-Gly-Ala-OMe)2 (13 mg,
9.2 x 106 mol) were stirred in DME (8 mL) at room temperature for overnight. The pink
solution obtained was filtered, and reduced in volume to about 2 mL. Diethyl ether (10

mL) was carefully added to the solution to give the pink precipitation.

Physical measurement.:  Absorption and CD spectra were recorded ‘on
JASCO Ubest-30 and JASCO J-40 spectrometers, respectively, in DME solution with 1
mm matched silica cells. ESR ‘spectrum was recorded on a JEOL JES-FE1X
spectrometer in° DME (4:1) solution ‘at room temperature and 77 K.  Cyclic
voltammograms were taken on a Yanaco P-1100 polarographic analyzer in DME solution

with a glassy carbon electrode and (r-Bu)4NClO4 (100 mM) aé supporting electrolyte.
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Results and Discussion

Synthesis. The ligand exchange rcaction between (NEtg)2[MolYO(p-
CICgH4S)4] and the tetradentate peptide ligand cis-1,2-cyclohexylene(CO-Ala-Cys-Pro-
Leu-Cys-Gly-Ala-OMe)> produces only oxomolybdenum(V) complex as evidenced by
the visible and ESR spectrum. The unsuccessful synthesis of the oxomolybdenum(IV)
éomplcx is due to the extreme negative Mo(V)Mo(IV) redox potential (> -1 V.vs. SCE).
Attempts to reduce this Mo(V) complex to the Mo(IV) state by the BH4™ reagent in DME
or DME/MeOH solution were unsuccessful:  However, this novel tetradentate peptide
affords the thermally stable oxomolybdenum(V) complex, probably by the effect of an
addition of the Ala residue between CO connecting to the cyclohexylene and Cys in the
peptide sequence.

In general, oxomolybdenum(V and IV) complexes show the quasi-reversible
Mo(V)/Mo(IV) redox couple in the CV meaSurement in the range between 0 and -1 V (vs.
SCE).>® However, the oxomolybdenum(V)-peptide complex obtained in this study does
not show the redox couple in the range between 0 V and -1.5 V (vs. SCE). The
Mo(V)/Mo(IV) redox reaction is the adding of one electron to the SOMO orbital, and the
removiﬂg from the resulting HOMO orbital. The results indicate this peptide
Mo(V)complex has high SOMO orbital.

In general, oxomolybdenum(V and IV) complexes haVing alkanethiolate ligand
show the more negative Mo(V)/Mo(IV) redox potential than that of the arenethiolate
complexes because of the strong electron donating ability.>810 We studied the several
oxomolybdenum(IV) complexes having alkanedithiolate chelate, and showed that the
deviated O-Mo-S-C torsion angle from 90° also affords the high energy HOMO orbital.
For example, the Mo(V)YMo(IV) redox potential of [MolYO(,2-tdt)]> (., 2-tdt? =
a,2-toluenedithiolato) (-0.74 V) is more negative than that of the mean value of
[MoVO(bdt):]% (bdt? = 1,2-benzenedithiolato) (-0.37 V) and [MolVO(edt),]% (edt? =

1,2-ethanedithiolato) (-0.84 V). This is due to the deviated O-Mo-S-C torsion angle from
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Table I. Absorption Parameters of Oxomolybdenum(V) Thiolate Complexes.

Complex IMCT (&) References
(NEt4)[M0VO(cy(acplcga)2)]a) 558 (470) this work
(NEtg)[Mo Y O(cplc)y) 540 (parallel) 1

509 (anti-parallel)

(NEt4)[MoYO(SPh)4] 598 (6600) ‘ 4
(NEt4)[MoY O(bdt),] 452 (470) 11
(NEt4)[Mo YO(,2-4dt);] 454 (2300), 520 ('4160),'

600 (5200), 720 (2300) 12
(NEtz)[Mo Y O(edi),] 448 (750), 519 (690), 625 (886)  remeasured

a) cy(acplega)y = cis-1,2-cyclohexylene(CO-Ala-cys-Pro-Leu-cys-Gly-Ala-OMe),
b) cplc = Z-cys-Pro-Leu-cys-OMe

90° of the [Mo!VO(a,2-tdt)>]% (ca. 18°) compared with those of [MolVO(bdt);]% (ca. 07)
and [MolVO(edt);]* (ca. 9°).5-1°

Physical Properties. The peptide complex (NEtg)[MoYO{cis-1,2-
cyclohexylene(CO-Ala-cys-Pro-Leu-cys-Gly-Ala-OMe),}] obtained has CT transition
maximum at 558 nm (g; 470) and the shoulder band at 530 nm (g; 430) in DME solution
(Figure 1). The clectronic spectral data of oxomolybdenum(V) complexes having thiolate
ligands are summarized in Table I. In general, the oxomolybdenum(V) thiolate

complexes show the LMCT transition in the visible region.!!

The band energy and the
strength (€} of this tetradentate peptide complex are similar to that of some related
oxomolybdenum(V) complexes having alkanedithiolate chelating e.g. [MoVO(edt)s]" or

MoV O(Z-cys-Pro-Leu-cys-OMe),] .}
Y
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Table II. ESR parameters of Oxomolybdenum(V) Thiolate Complexes.

Complex gz gx gy Sav references
(NEt4)[M0VO(cy(acpIcga)Q]a) 2.021 1.978 1.988 this work
(NEt4)[MoVO(cp]c)2]b) (parallel type) 2.028  1.981 1.961 . 1.990 1
(anti-paraliel type) 2.016 1.966 1.980.

(NEt4)[Mo Y O(bdt),] 2022 1.984 1.976 1.994 11
(NEt4)[Mo Y O(a,2-tdt),] 2,035 1.980 1.976 1.997 12
(NEt4)[Mo Y O(edt), ] 2.050 1.983

a) cy(acplega)y = cis-1,2-cyclohexylene(CO-Ala-cys-Pro-Leu-cys-Gly-Ala-OMe),
b) cple = Z-cys-Pro-Leu-cys-OMe

The present peptide complex shows the intense ESR signal at room temperature
and 77 K. Figure 2 shows the ESR spectrum of this complex at the low temperature.
The g1 , g7 and gay values are 2.021, 1.978, and 1.988 respectively.

The ESR spectra for the peptide complex in fluid and frozen DME solutions
indicate that the only one ESR active molybdenum species is present. The ESR pattern
and the g values of this tetradentate peptide complex is close to ihat of the anti-parallel
type of the peptide complex [MoVO(ZQC)'s-Pro—Lcu-cys~OMe)gj' than that of the parallel
type Comyplex. This result indicates that the coordinating conformation regulated in the
tctrédentzi’te ligand cis-1,2-cyclohexylene(CO-cys-Pro-Leu-cys-OMe); is near the anti-
parallel type coordination than that‘of parallel type in Z-cys-Pro:—Leu-cys—OMe chelation.

Ueyama et al. reported that the ESR spectrum of (NEt4)[MoYO{cis-1,2-
cyclohexylene(CO-cys-Pro-Leu-cys-OMe),}] is quite similar to that of the parallel-type
complex of [MoYO(Z-cys-Pro-Leu-cys-OMe)s], indicating that the coordinating

environments both complexes are similar.! The results indicate that the effect of this
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tetradentate chelating is not similar to that of the desired parallel-type complex of

[MoVYO(Z-cys-Pro-Leu-cys-OMe),] .

Conclusion

The tetradentate peptide chelating cis-1,2-cyclohexylene(CO-Ala-cys-Pro-Leu-
cys-Gly-Ala-OMe), affords the thermally stable oxomolybdenum(V) complex at room
temperature. The ESR spectrum of this complex suggests that the electronic state of this
complex is close to that of the anti-parallel type of [MoVYO(Z-cys-Pro-Leu-cys-OMe), |

than that of the parallel-type complex.
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Chapter VII

Synthesis and Properties of a Nitridomolybdenum(VI) Complex Having
Benzenedithiolate Ligand. Effect of the Thiolate on the Activation of the
Nitride Ligand

Introduction

A number of dinitrogen molybdenum(0) complexes have been synthesized to date
using phosphorus ligands as model compounds of active sites of nitrogenase.l>>
However, when those complexes are treated with strong acids such as HCI, only less

than 50 % yield of ammonia is produced. - During the reduction process, production of a

nitridomolybdenum complex as an intermediate has been suggested (Scheme 1).

Scheme 1
+ +
Mo—N, T> Mo—N,H -——e—_——* MOf—‘NNHZ
- +
N, e | H
+ H+
MO_NH3 B B MO=NNH2 - MOEN +‘ NH3
e : e
0O, or H,0
Mo=0

Proposed reduction mechanism of dinitrogen ligand of
molybdenum complex.
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Table 1. Yield of ammonia production by the reductive hydrolysis of

nitridomolybdenum complexes.

Yicld of ammonia (%) (based on Mo) ,
Reagent [(n-Bug)4N][MoVINCl4]  [(n-Bug)4N][MoVIN(S-z-Bu)4]

NaBH4 1.2 10.6
NaBH4-HCl 19.2 12.1
H2S04 0.0 183

NaOH v 13.0 22.3

Conditions; 2 h, 30 °C, solvent; THF/EtOH (3 mL/1 mL).

Complex, 5 x 1072 mmol; Reagents/Mo = 20 (mol/mol). |

It has been proposed that the low yield of the ammonia production is due to the difficulty
of the hydrolytic reduction of .the metal-nitride triple bond (MoYI=N). Actually,
nitridomolybdenum compches having P, N, or O ligands give only a small amount of
ammonia in the reaction with strong acids.® Therefore, activation of the nitride ligand is
one of the most important steps for the achievement of the catalytic reduction of
dinitrogen to ammonia.

EXAFS studies have shown that the Fe-Mo cluster having many S ligands exists

at the active site of nitrogenase.*

Actually, a recent X-ray analysis of Azobacter
vinelandii shows the Fe-Mo cluster ligated by many S ligands.> The synthesis of
nitridomolybdenum(VI) complexes having bulky thiolate ligands, [MoYIN(S-tBu)4]",
has been attempted in this laboratory. Although the isolation was difficult because of the

thermal instability, this complex shows the increase of ammonia production compared

with [Mo YINCl4]" in the reaction with acids or bases (Table ).
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In order to understand the i) activation effect of the thiolate on the nitride: ligand
and ii) function of the molybdenum ijon in. the active site of nitrogenase, a -
nitridomolybdenum(VI) complex having: 1,2-benzenedithiolate (bdt) ligand was
synthesized. The extremely air-sensitive nitridomolybdenum(VT) complex obtained was

characterized by Raman, IR, absorption, and NMR spectroscopic method.
Experimental Section

All manipulations were carried out under Ar atmosphere using standard Schlenk
techniques. 1,2-Dimethoxyethane (DME) and tctrahydrofuran (THF) were distilled from
sodium/benzophenone ketyl, and dimethylformamide (DMF), acetonitrile (McCN),
MeCN-d3, dimethylsulfoxide (DMSO), and dichloromethane (CH2CI2) were distilled
over calcium hydride before use under Ar.

The starting complex (NEt4)[MoYINCI4]*® and 1,2-benzenedithiol (H2-bdt)”-8
were prepared by the literature method. Dilithium 1,2-benzenedithiolate (Li2-bdt) was
prepared by the reaction of H2-bdt with n-butyl lithium (1.6 M, r-hexane soln.) in DME
at 0 °C. This dilithium salt has a dme molccule as a crystalline solvent.

Synthesis of (NEt4)2[MoVIN(bdt)2Cl] (1). The complex
(NEt4)[MoYINCl4] (0.18 g, 0.47 mmol) was added dropwise to the Li-bdtsdme (0.29 g,
1.2 mmol) in DMF/THF (5 mL/10 mL) solution with stirring on: the dry ice-methanol
bath (ca. -70 °C). The reaction mixture was stirred at the low temperature for 30 min.
and room temperature for 2 h.” The grceh precipitate obtained was collected by filtration,
and dissolved in 60 mL of MeCN. After removal of insoluble solids by centrifugation,
the solution was reduced in volume to about 5 mL in vacuum. The:green microcrystals
obtained were collected by filtration, dried in vacuo.  Yield, 0.048 mmol, 23 %.
Elemental analysis, Caled for C28H48CIN3S4Mo: C,49.00; H,7.05; N,6.12. Found:
C,50.46; H,7.47; N,5.43. Low carbon analysis value is inevitable for this complex, and

is due to the extreme air-sensitivity.

-133-



Reaction of 1 with oxygen gas in solid state. The O2-oxidized sample
was prepared by the mixing of green microcrystals of 1 (about 20 mg) with 5 equimolar
of oxygen gas for about 5 min. at room temperature. The atmosphere was evacuated and
admitted of Ar gas for tﬁrcc times. - The obtained brownish sample was then transferred
into an IR cell under Ar, and measured by IR spectra using O2-free nujol. For the
Raman spectrum measurement, KBr pellet containing the solid powdered sample was
prepared and fixed in the glass tube by using cellophane, and sealed under Ar. The
measurement was carried out at room temperature with 514.5 nm excitation,

The IR spectrum of the O2-oxidized sample was prepared in the similar oxidizing
condition was also measured using O2-free nujol without any reducing pressure process.

Reaction of 1 with oxygen gas at solution state.

i) Stoichiometric reaction for absorption spectrum. To a MeCN solution of
1 (8.7 mM, 0.6 mL, 5.2 x 10-6 mol), 0.1 mL of oxygen gas (5 x 10-6 mol) was bubbled
at room temperature. The red purple solution changed to biue. Then, absorption
spectrum of the solution was measured.

ii) Stoichiometric reaction for 1H-NMR. 1 (4.2 mg, 6.1 x 10-6 mol) was
dissolved in 0.6 mL of MeCN-d3. To thc solution, 0.2 mL of oxygen gas (9 x 10-0
mol) was bubbled at room temperature. The red-purple solution changed to blue
solution. This solution showed no clear bdt ligand signals in 1H NMR spectrum,
because of the paramagnetic effect of the oxomolybdenum(V) complex produced in.low
yield.

iii) Reaction with excess 02 gas. To the MeCN-d3 solution (0.6 mL) of 1 (2.3
mg, 3.4 x 10-6 mol), 0.4 mL of oxygen gas (2 x 10-3 mol) was bubbled to give a yellow
solution. And the 1H NMR spectrum was measured.

Reaction of (NEt4)2[MoIVO(bdt)2] with excess oxygen gas. To
the complex (NEt4)2[MolVO(bdt)2] (1.6 mg, 2.5 x 10-0 mol) in 1 mL of MeCN-d3, 1
mL of 02 gas (4 x 103 mol) was bubbled at room temperature. The LH NMR spectrum

of the yellow solution obtained was measured.
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Reaction of (NEt4)[MoVINCl4] with oxygen gas.  This reaction was
followed by the absorption spectrum. To the complex (NEt4)[Mo VINCl4] in CH2Cl2 (4
mM, 0.6 mL, 2 x 10-6 mol), 0.05 mL of oxygen gas (2 x 10-0 mol) was bubbled. After
absorption measurement, excess oxygen gas (0.5 mL, 2 x 105 mol) was bubbled to the
solution. The time course of the absorption was recorded at 20 min intervals.

Reaction of 1 with H20. To the McCN red-purple solution of 1 (20 mM,
0.6 mL), 2 equimolar of O2-free H2O was added to give yellow-orange solution. The
reaction was followed by absorption spectrum.

For the preparation of the oxidized sample for the IR spectrum ‘measurcment,
H20(0.02 g, 1 x 10-3 mol) in MeCN (10 mL) was added to the McCN solution (10 mL)
of 1 (0.016 g, 2.3 x 10-3 mbl) with stirring at room temperature for 30 min. The
brownish solution obtained was cvaporated to give yellow-orange powder. The product
was dried in vacuo. IR spectrum of the product was measured using KBr pellet.

Physical measurement. Absorption spectra were recorded on a JASCO
Ubest-30 spectrometer in MeCN solution with 1 mm matched silica cells. Raman spectra
were obtained on a JASCO R-800 spectrometer in solid state with 514.5 nm excitation.
1H NMR spectrum was measured on a JEOL EX 270 spectrometer in MeCN-d3, and
was internally referenced to the residual protio solvent impurity (MeCN—dz, 3 =1 .90).
14N NMR spectrum was taken on a JEOL J NH-GSX Spectrometer in DMSO/MeCN—dj

(4:1) solution, and the chemical shifts were reported rclative to external reference of

NaNO3.
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Results and Discussion

Synthesis. The diamagnetic nitridomolybdenum(VI) complex having bdt
ligand, 1, was synthesized by the reaction of (NEt4)[M0VINCl4] with excess Li2-bdt in
DMF/THF solution. This reaction was carried out at low temperature. (ca. -70 °C) in
order to prevent the reduction of Mo(VI) ion to Mo(V) state. This complex was obtained
as extreme air-sensitive green microcrystals. Elemental analysis shows this complex has
a chloro ligand.

Although a number of nitridomolybdenum(VI) complexes have been synthesized,
no complexes ligated by thiolate ligands have been reported. As an example of
nitridomolybdenum complex having S ligand, [MoVIN(S2CNEt)3]”1% has been
synthesized to date. However, the S ligand of this complex is thioketone like. The bdt
ligand has been used for the syntheses of oxo- or dioxomolybdenum(IV, V, or VI)
complexes? 112 because of the higher stabilizaﬁon effects on the monomeric molybdenum
ion by the chelation and electronic delocalization through the phenyl ring compared with
benzenethiolate or 1,2-ethanedithiolate ligands. This chelate ligand gave the thermally
stable nitridomolybdenum(VI) complex 1.

Raman and IR Spectra. 1 shows the intense V(Mo YI=N) band at 1010 cm-
L jn the Raman spectrum in the solid state. (Figure 1a) This band disappears in the Op-
oxidized product, which is oxomolybdenum(IV) complex (Figure 1b) (vide infra). The
differential spectrum between 1 and the oxidized sample more clearly shows the
v(Mo VI=N) band at 1010 cm-1 (Figurclc). This band is lower in 45 cm™1 than that of
(NEt4)2[MoVINCl4] (1055 em~1)>. The shift indicates that the MoVI=N bond of 1 is
weaker than that of (NEt4)2[MoVYINCl4]. The lower v(MoY!=N) band of 1 compared
with (NEt4)[MoVIN Clyq] is due to the competitive pr-donation from S ligand to d of the

Mo atom (Scheme 2) and the trans influence from the Cl ligand to the MoY=N bond.
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Figure 1. Raman spectra of 1 (a), the oxidized product (b), and the differential

spectrum (c).
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Scheme 2
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A number of v(Mo=N) bands of nitridomolybdenum complexes have been
reported to date. Table II summarizes the v(Mo=N) data of several nitridomolybdenum
complexes, showing that the band is affected by coordinating ligands, molecular
structure, and crystal structure.  The [Mo YINCI4]- anions have different v(Mo=N) band
for the several cations; NEt4+ (1055 cm-1)?, NMe4+ (1054 cm™1)5, AsPH4+ (1060 cm
1)613 " pPhgt (1060 cm 1), and CI3PNPCI3*t (995 em'l) 5.  The X-ray
crystallographic studies of these complexes have shown that this extremely lower shift of
CI3PNPCI3* complcx is due to the trans influence of the infinite -Mo=N---Mo=N--
structure. Actually, the Mo=N bond distance (1.75 (4) A) of CI3PNPCI3* complex is
longer than those of AsPH4t (1.66 (4) /ok) or PPh4t (1.637 (4) fo\) complexes. The Cl
ligand coordination to the trans position of nitrido ligand also gives the lower sift of the
triple bond vibration. Thus, the v(Mo=N) band of (NEt4)2[MoVINCI5] (1028 cm™1) is
lower by 27 cml than that of (NEt4)[MoVINCI4].1®  The results show that the
coordination to the trans position of the Mo=N ligand weakens the triple bond by the
trans influence. | o o

On the other hand, the complcxes having soft ligands such as 0, N, S give the
lower v(MoVY1=N) band compared with that of (NEtg)[MoVINCl4]. For example,
[MoVINCI3(bpy)), [MoVIN(N3)3(bpy)], [MoVINCI3(OPPh3)2],
(PPhg)[MoVIN(OPh)4], [MoVYIN(+Bu0)3], and [MoVIN(S2CNEf)3] show the
v(Mo=N) bands at 10273, 9727, 10423, 1033%,1020'°, and 1015 cm1,? respectively,
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Table II. Frequencics of MoYI=N bond of nitridomolybdenum complexes. -

Complex v(MoVIEVN)/cm'1 Mo=N/Mo--N/A  References
(NEt4)[Mo VINCl4] 1056(1055)% 3
(NMeg)[Mo VINCl4] 1050(1058)% 3

, : 1054 6
[(n-Bu)4N][MoVINCl4] 1065(1063)¢ 3
1065 o 133
(AsPhg)[Mo VINCl4] 10600 1.66 (4) 13
(PPhg)[MoVINCl4] 1060 1.637 (4) 14
(CI3PNPCI3)[Mo VINCI4]¢ 995 1.75(4)/2.43(4) 15
(AsPhg)[MoVINF4] 99  1.83(4) ° 20
(PPh4)[Mo VINBr4] 11060 1.63(2) 32
(NEt4)2[MoVYINCis] 1028 ‘ 16
[MoVINCI3)4 1045 1.64 (1)/2.13 32

' - ' ‘ 1.67 (1)
[MoVINCI3(bpy)]e 1027(1023)% 3

- 1009 2
{HB(Me2pz)3}MoVIN(N3)/ 1023 1.646 (4) 16
[Mo VIN(N3)2Cl(terpy)}8 1005 1.662 (7) 17
MoVIN(N3)3(bpy)] 972 1.642 (5) 7
[MoVINCI3(OPPh3)2] 1042 (1038)4

| 1038 2
(PPh4)[MoVIN(OPh)4] 1033 - - : 18
[MoVIN(-Bu0)3]¢ - .1020 1.661 (4) /2.883 (8) 19
[Mo VIN(S2CNE)3] 1015 . 1.641(9) 9
(NEtg)2[MoVIN®dt)2Cl] (1) 1010 " this work
(NEt4)2[MoYNCl4] 1050 16
{HB(Me2pz)3}MoVNCI> 1020 16

@ Raman (IR) values. b The v(Mo V1=N) value was sited from Dehnicke et al.®
€ polymeric structure; -MoV1=N--MoVI=N-. 4 tetrameric structure;
(MoV1=N)4 unit. € bpy = bipyridine. f {HB(Me2pz)3} = tris(3,5-
dimethylpyrazol-1-yl)hydroborate. & terpy = terpyridine. |
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which arc lower. than that of (NEt4)[MoVINCl4] (1056 .cm'l). The low wavenumber
shifts of thesc complexes are due to the competitive 5t-donation from pm of N, S, O
ligands to the Mo dw. This effcc;t has also been obsc;'véd in the F ligand, ie.
v(MoVI=N) band of (AsPh4)[Mo YINF4] is observed at 969 cm-1.2

The v(Mo YI=N) band of 1 is not clearly assigned in IR spectrum, because of the
hindrance of the strong bands ascribed to phcnyl‘ rings. However, the differential
spectrum between 1 and the slightly Op-oxidized sami)lc shdws the intensity decrcase of
the 1004 cm-1 band, which is assigned to v(MoYI=N) band. This value is close to that
of the Raman result (1010 cm-1). o

The absorption spe‘ctrum.' The grecn microcrystals of 1 gives a dcép red
color by dissolution in McCN. Figure 2 shows the absorption spectrum of 1. The
distinct absorption maxima of 1 appeared at 325 (2880), 448 (220), and 566 nm .(200‘ M-
lem-1). Since 1 hasnod clectroﬁ, these two bands at 448 and 566 nm are assigned as
CT transition from S pr to Mo dn. This transition supports the electronic interaction
between S pr and Mo dr as suggested from the results of the Raman and IR spectra.
Similar CT transition was reported in the dioxomolybdcnurri(Vl’) complex having two bdt
ligands. Thus, (NEt4)2[MoV10p(bdt)2] shows two CT bands at 420 and 540 nm in
MeCN solution.?! These results show that the eicctroni(; state 6f 1 is similar to that of
the dioxomolybdenum(VI) complex (NEt4)2[Mo VIOa(bdt)z].

NMR Studies.  The IH NMR and 14N NMR spectra of diamagnetic 1 were
measured in MeCN—d3 and D:MSO/MCCN-dj; (4:1), tespectively. The broad proton
signals of bdt ligands are observed at 7.48 and 6.74 bpm in rlH NMR spectrum
measurement, because of the rapid spin exchange between 1 and paramagnetic
[MoVO(bdt)2]- contaminated by the oxidation rcziction{wityh avtrac’ev amount of air.
(Figure 3a) The sharp signals were obtained by reduction of the contaminated Mo(V)
complex by addition of 0.01 equiv. (to 1) of NEt4BH4 (Figure 3b). - Similar broadened
signals by rapid spin ef(éhéngc bcfween‘Mo(I\:/)‘ and MO(V) states were observed in Ix
NMR  spectrum  measurement of  an | oxbr‘n.ol)'bdcﬁum(IV) :complex,

(NEtq)2[MolVO(bdt)p] (Figure 3c,d).
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Figure 2. Absorption spectra of (NEt4)2[Mo VIN(bdt)2Cl] (1) (2) and
(NEt4)[Mo YINCly] (b) in MeCN solution.
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Figure 3. 1H NMR spectra of (NEt4)2[MoVIN(bdt)2Cl] (1) in MeCN-d3 (a) and
MeCN-d3 in the presence of 0.01 equimolar NEt4BH4 (b), and (NEt4)2[Mo Y10a(bdt)2]
in MeCN-d3 (c) and MeCN-d3 in the presence of the NEt4BH4 (d).
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Figure 4. 14N NMR spectra of (NEt4)2[MoVIN(bdt)2Cl] (1) (a) and
(NEt4)[MoVINCl4] (b) in DMSO/McCN-d3 (4/1).
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Table II1. 14N- or 15N NMR data of nitrido complexes

Complex Solvent oa References
trans-{Mo VICI(15N)(dppe)2] THF 166.8 24
trans-[Mo VIBr(15N)(dppe)2] THF . 190.6 24
(NEt4)2[Mo YIN(bdt)2]P c 374d This work
(NEt4)2[MoVIN(bdt)2]P ¢ o 350d This-work
[ReVCIo(15N)(PrPrPh2)y] CH2Cl7 858 . 23
[ReVClz(15N)(PMe2Ph)3] CH2Clp 68.2 23
[ReVCla(15N)(dppe)2]Cle CH2Clp 67.1 23
[MoVI(15N)(S2CNE2)3] CHCl2 40.0 23
[WVI(15N)Clg*CH3CN] CDCl 211.2 34
[{WVI(15N)Cl3*CH3CN} 4] CD2Clp 222.7 34
PPhy4[W YI(15N)Cl4] CH2(Cl2 258.8 34
PPh4[WVIy(I5N)Cl1p) ~  CH2Clz 2510 34

Chemical shifts relative to nitromethane. bbdt_= 1,2-benzenedithiolate. Csolvent =
DMSO-dg/MeCN-d3 (4/1). dChemical shifts relative to NaNO3. €dppe =
PhoCH,CH2PPh).

14N NMR signal of nitride ligand of 1 and (NEt4)[MoVINC14] appears at -374
ppm and -350 ppm (relative to NaNO3), respectively. ('Figure‘ 4) Thus, the nitride
ligand of (NEtq)[MoVINCl4] is more deshielded than that of 1, indicating the lower
electron density of the nitrido ligand of 1 compared with that of (NEtg)[MoVYINCl4].
This result is consistent with those of Raman, IR, and absorption spectral results.

Orﬂy a few 1SN NMR spcétré of nitride ’cornplc'vxes‘ of 'molybdénﬁmv, :tungstcnum,
or thenium have been reported to date.22 Table Il summarizes the 14N and 15N NMR
spectral data of those complexes. These investigations have shown that the chemical
shifts of the nitride ligand depend on the coordination number at the metal center, the type
of the ligand, and also on the electron density of the ligand. Thus, the decrease in 7t-

donation of the nitride ligand to the metal ion leads to the upfield of the chemical shift.
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The 5N NMR data of nitridomolybdenum complexes,
[MoVI(1SN)(S2CNEt)3]3,  trans-[MolVCI(15N)(dppe)2]  {dppe =  bis
(diphenylphospino) ethane}?*, and trans—[MoIVBr(15N)(dppe)2]24 show the 15N signal
at 40.0, 166.8, and 190.6 ppm (relative to nitromethane, which is regarded to have the
same chemical shift of NaNO3), respectively. In these complexes, 1 has the most
shielded nitrido ligand, suggesting the highest electron density. Observatidﬁ of the 14N
signal of 1 and (NEt4)[MoVYINCl4] at the upfield field ‘rcgi'on compared with other
known complexes is likely due to the anion character.of tﬁc complexes.

Shielding constani, (0) of the multinuclear NMR  spectrum is approximately
expressed by the cquation‘ 1, ‘wherc dD is the diafnagnetic term and op is the
paramagnetic term.2 | |

© ‘s=op+op NON
The op is expressed by tl)le' equation (2).26

op=@m2ylfg2<rlsy @)
where, m is mass of electron, ¢ is velocity of light, q is electron charge density, r is
quantum mechanical average. This op téﬁn completely corresponds to the electron
density of the ﬁuclei‘ The Op is expressed by the cquation:3.27
op = (2e21126AEi;12;2)(<r'3>pPu + <r-3>3Du) . 3)

where p and ( indicate the p and d orbital, respectively, Pu and Du indicate the charge
density bond-order matr_i_x, AE is related to the electronic excitation energy between the
ground state and appropriatcly weighted excited states. Siﬁcc the OD depends on the
inner shell electron, this tenn/is little‘ affected by &he bonding with other atoms. Thus,
14N or 15N NMR chemical shifts are considercd to be dependent essentially on the
paramagnetic term.28 - The change of the electron density of the nitride ligand-affects on
the Pu and Du in Op term.

Reaction of 1 with oxygen gas in the solid state. The reaction of 1
with oxygen gas in the solid statc was monitored by Raman and IR spectra. The green
microcrystals of 1 rapidly changes to the brownish powder when the sample is exposed

to the excess oxygen gas. As mentioned above, the Raman spectrum of the brownish
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Figure 5. Raman spectra of (NEt4)2[MoYIN(bdt)2Cl] (1) (a) and the O-oxidized

brownish powder (b).
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Figure 6. IR spectra of (NEt4)2[Mo VIN(bdt)2CI] (1) (a), and the O2-oxidized product

before (b) and after () in vacuo.
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Reaction scheme of [Mo " 'N(bdt),Ci}* with O, in the solid state

powder obtained shows the stfdng baﬁd at 904'cm-1, which is consistent with that of the
v(MolV=0) of [MolVO(bdt)2]2-. (Figure 5)

Figure 6 shows the IR spectrum chz}ngcs of the reaction of 1 with oxygen gas.
Since strong band of phenyl ring around 1000 em-1 hinders the MoVI=N band, the
v(Mo YI=N) band of 1 is not clear in IR spectrum. However, the differentialr spectrum
between 1 and the stightly O2-oxidized samplc"shows‘ the  decrease of 1004 cm-1
stretching according to the simultaneous increase of bands at 902 em-! and 830 cm-L.
Brownish powder obtained when 1 is exposed to excess oxygen gas shows the intense
band at 830 cm~1. This band disappears when the sample is exposed in reduced pressure
ca. 5 mmHg). The spectrum of the ﬁnal brownish powder is consistent with that of
(NEt4)2[M0NO(bdt)2] having an intense V(MoI¥Y=0) band at 902 cml. The Raman
and IR spectra results show that 1 rcacts with Op to’ produce the oxomoljfbdcnum(IV)
complex, [MOIVO(bdt)Q]z'.

For the explanation of the labile intense band at 830 cm-1, the production of the
peroxo-molybdenum(IV) compl¢x was suggested on the basis of the lability and the
frequency number. (Scheme 3) ‘The dioxygen compléx shows (02) band around ‘850
em-L. For example, [VO(O2)(H20)(bipicoline)]- shows the v(02) band at 839 cm™1.2
Recently, the catalytic oxidation of benzoin in the presence of dioxygen by

oxomolybdenum(I'V) thiolate complexes have been studicd by Ueyama et al.3%31 They
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Figure 7. Absorption s‘pectrﬁm change for thélétoiéhiomctric reaction of

(NEt4)2[Mo VIN(bdt)2Cl] (1) with O7 gas in MeCN solution.

proposed that the production of oxemolybdenum(VI) complex havingf dioXygen or u-
oxygen ligands as thé active intermediate. v' o

The IR spectrum and Raman spectrum results indicate that 1 reacts with 02 to
give the oxomolybdenum(IV) corﬂplcx, [Mo[.VO(bdt)z]z' as final product.

Reaction of 1 with bxygen gas in the solution sta'te. The
stoichiometric reaction of 1 with oxygen gas was carricd out in McCN or MeCN-d3
solution. The absorptioh spectrum of thé reaction solution cihibits the Amax at 727 nm,
showing the production of [MoVYO(bdt)2]" in 1 % yield. (Figure 7) This complex was
produced by the 1-e~ oxidation reaction of (NEt4)2[MoWO(bdt)2] with O2. The reaction
of (NEt4)2[M0WO(bdt)2] with air has been studicd by Ueyama et al.>! They show that
the stoichiometric reaction of this complex with air gives oxomolybdenum(V) complex
[MQVO(l)dt)z]' in 5 %, yield. Becausc of the paramagnetic influence of Mo(V) complex,.
1H NMR spectrum of the reaction solution shows no clear ligand signals.. Reaction of 1
with excess oxygen gas in solution gives a diamagnetic yellow product. The yellow
solution does not show any characteristic absorption band at visible region. The 1

NMR signal shows the finely separated multiplet signals at 7.1 and 6.9 ppm. (Figure 8)
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Figure 8. 1H NMR spectra of the 0Op-oxidized product of (NEt4)2[MoVIN(bdt)2Cl]
(1) (a) and the reaction product of (NEt4)2[MolVO(bdt)2] with excess O3 in MeCN-d3.
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Figure 9. The absorption spectrum change of the reaction solution between

(NEt4)[MoVINCl4] and 02 in CH2Cl>.

The chemical shifts and the coupling pattern are the same with that of the reaction solution
of (NEt4)2[MolYO(bdt)2] with excess oxygen gas. The results show that 1 readily
reacts with oxygen gas in the both solution and solid states to produce the
oxomolybdenum(IV) complex [MoIVO(bdt)z]z‘. The observed oxomolybdenum(V)
complex in the stoichiometric reaction is the rcaction product of the oxoﬁlolybdcnum(IV)
complex with Op gas.

Reaction of [MoVINCIl4] with oxygen gas in the solution state.
For the comparison of the reactivity of 1, the reaction of (NEt4)[M0VINCl4] with
oxygen gas was carried out.” This nitrido complex is rclatively stable to oxygen gas
compared with 1. Although Dehnicke et al. reported that [MoVINCI4] reacts with dry
02 in boiling CH2Cl2 to produce [M0V0C14]‘32, absorption spectrum change of the
CH2Cl2 reaction solution of the éomplcx (NEt4)[MoVIN Cl4] with O3 is almost
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Figure 10. Absorption spectrum change of the reaction (NEt4)2[Mo YIN(bdt)2Cl] (1)
with 2 equimolar of H20 (a, b) in MeCN solution. The oxygen gas bubbling to the (b)

give the spectrum c.

negligible. (Figure 9) The results show that the thiolate ligand highly activates the
reaction of the nitrido ligand with oxygen gas.

The reaction of 1 with H20. = Generally, a Mo-nitride moiety is moisture
sensitive. The reaction of 1 with H2O was examined by absorption and IR spectrum.
Addition of excess H20 to the red purple McCN solution of 1 rapidly gives a yellow
solution. The-absorption spectrum of the reaction mixture shows no characteristic peak.
(Figure 10)

IR spectrum of the orange powder obtained from the reaction solution is the same
with that of -[MoWO(bdt)z]Z'. (Figure 11) The results clearly indicate that the reaction
of 1 with H20 gives the oxomolybdenum(IV) complex [MQIVO(l7dt)2]2' similar to the
reaction with O2 gas. - Similarly, the reaction between the complex (AsPhg)[Mo VINCl4)
and moisture readily produce the oxomolybdenum(V) complex (AsPh4)[MoOCly].3? _

In order to understand the fate of nitride ligand in the reactions of 1 with 02 or

H20, attempts to identify the gas formed in the reaction solution using mass spectrum
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Figure 11. IR spectrum of the O2-oxidized orange product.
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were unsuccessful, which are expected to N2, NH3, or other N compounds, because of
the hindrance of the intense back ground of nitrogen, water, and oxygen in atmosphere.
Dehnicke et al. has proposed that the nitride ligand of [MoYINCl4]- changes to N2

molecule in the reaction with 07.32
Conclusion.

The nitridomolybdenum(VI) complex having two bdt ligands was synthesized,
and characterized by Raman, IR, absorption, and NMR spectroscopic mcthod. This
complex readily reacts with oxygen gas or H20 to produce the oxomolybdenum(IV)
complex [MoTVO(bdt)2]2-. The reactivity is higher than that of (AsPh4)[MoVYINCl4].
The higher reactivity is due to the high electron density of the nitride ligand having the
high nucleophillic reactivity to the H20, O2 molecules. This activation effect of the
thiolate ligand is due to the competitive prr-donation from S to dm of Mo, as indicated by

the results of these spectra.
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Summary and Conclusion

- The author investigated the specific chelating effect of the macromolecular ligands
on the reactivity or the physical properties of oxomolybdenum ion. For this study the
novel : synthetic method: of oxomolybdenum(IV) - complexes - -having -sevcral
alkancdithiolate chelating was developed: Thus, the ligand exchange method: between
[MolYO(p-CICH4S)4]% and dithiols was found to give the novel oxomolybdenum(IV)
complexes. By this novel synthetic method, -[Mo!YO(dithiolato),}> (dithiolato: = 1,2-
cthanedithiolato, - a,2-toluenedithiolato,- - 1,3-propanedithiolato, 1,2-propanedithiolato,
2,3-butanedithiolato) were successfully synthesized. These Mo(IV) complexes are not
synthesized fromi the corresponding Mo(V) eomplex under the mild condition, because of
the negative redox Mo(V)/Mo(IV) potential (ca. -0.8 ~-1 V vs. SCE)..

- The X-ray crystallographic studies of these Mo(IV) complexes have shown the
effect of the chelating size is caused by variation' of thc Mo-S-C bond angle. The
chelating skeletons are regulated by the chelating size of the dithiolate ligands. ' Thus, 6-
membered chelating of 1,3-propanedithiolate affords the larger Mo-S-C angle (ca. 115°)
compared ‘with that of the S-membered chelating of '1,2-cthanedithiolate- (ca. 105°). The
oxomolybdenum(IV) complex having 1,3-propanedithiolate chelate i.e. larger Mo-S-C
bond angle shows more negative Mo(V)/Mo(IV) redox potential (-1.01 V vs. SCE)
through Mo-S d-m interaction.

On the other hand, the effect of the O-Mo-S-C torsion angle on the reactivity or
the physical propertics of oxomolybdenum(V and IV) complexes was discussed. The
significant effect of the deviated O-Mb-S-C torsion angle from 90° on the properties of
oxomolybdenum(V and IV) ion has been suggested by the theoretical calculation of the
oxomolybdenum(V) complex having macromolecular peptide chelating. In Mo(IV)
complexes synthesized, [MoVYO(a,2-tdt)>]> shows the most deviated 0-Mo-S-C torsion
angle from 90°, and shows the specific negative Mo(V)/Mo(IV) redox couple through

Mo-S d-x interaction.
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These studies have shown that the O-Mo-S-C torsion angle and the Mo-S-C bond
angles largely affect to the properties of the oxomolybdenum(V and IV) complexes than
that of the electronic effect from the substituents on the ligands. These are the
macromolecular chelating effect observed in the several oxomolybdenum(V and IV)
complexes. Enough specific O-Mo-S-C torsion angle and Mo-S-C bond angles for the
occurrence of the specific reactivities are established in the more sterically regulated
peptide chelation.

The oxo-transfer reactivity between oxo- and dioxomolybdenum(IV and VI)
complexes were studied using complexes synthesized. The strong Mo-S bond of the
alkanedithiolate chelating prevents the binucleation reaction of those complexes. This
controlled reactivity is due to the inhibition of the cis-trans rcarrangement of the
intermediate complex produced during the reaction.

The effect of the dithiolate chelating on the nitridomolybdenum(VI) complex was
also investigated. The 1,2-benzencdithiolate chelating affords the thermally stable
nitridomolybdenum complex at room temperature. This nitride ligand is activated by the
competitive electron donation from the pr of S to dm of Mo(VI) ion. This affords the
significant activation mechanism for the intcrmediate of the dinitrogen reduction of

nitrogenase.
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