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ABSTRACT: The s ?rnthesw and characterization of two coordina-
tion polymers, {Cu [M V(bdt)3 ]-0.5Et,0}, (1-0.5Et,0, bdt: o-

benzenedlthlolato) and {Ag'[Mo"(bdt);]}, (2), composed of

redox-active [Mo" (bdt);]™~ metalloligand with Cu' and Ag ions
are reported. The complexatlon reactions of [Mo"(bdt);]  with
Cu"(ClO,), or Ag'ClO, commonly lead to the formation of one-
dimensional (1-D) coordination polymers The presence of Cu' in
1-0.5Et,0 strongly indicates that the Cu' ion is reduced during the
complexation reaction with [Mo"(bdt);]”, which acts as an
electron donor. The total dimensionalities of the assembled struc-
tures of 1+0.5Et,O and 2 are significantly different and related to
the type of additional metal ions, Cu' and AgI. In contrast to the
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isolated 1-D chain structure of 1-0.5Et,O, complex 2 has a three-dimensional (3-D) assembled structure constructed from

additional 7t— stacking interactions between adjacent [Mo"(bdt);]

"~ moieties. These structural differences influence the solubility

of the complexes in organic solvents; complex 1 - 0.5Et, O is soluble as origomeric species in highly polar solvents, while 2 is insoluble
in organic solvents and water. Coordination polymers 1-0.5Et,O and 2 were investigated by UV —vis spectroscopy in the solid state,
and that in solution together with their electrochemical properties were also investigated for 1 because of its higher solubility in polar
organic solvents. Complex 1 0.5Et,O dissolved in CH3CN demonstrates concentration-dependent UV—vis spectra supporting the

presence of coordinative interactions between [Mo V(bdt);]™

moieties and Cu' ions to create the origomeric species even in

solutions, an observation that is supported also by electrochemical experiments.

B INTRODUCTION

The design of a molecule-based assembly that shows intri-
guing structures and properties has attracted increasing attention
not only in the field of coordination chemistry but also in
supramolecular functional chemistry." To date, several types of
supramolecular assemblies have been constructed by utilizing
coordination-directed self-assembly of transition metals and
functional organic and/ or inorganic ligands having specific
metal-coordinating sites.” A useful approach in overcoming
difficulties in the rational creation of systems with multiple
components, together with the difficulty in controlling of their
overall structures, is to use metal complexes as metalloligands. A
metalloligand can be defined as a complex that contains several
potential donor groups that enable coordination to a variety of
metal ions, as modules to design and build up assemblies
composed of multiple components. Among the well-established
metalloligands, interest in the chemistry of dithiolene complexes
has increased tremendously in the past five decades since their
initial popularity in the 1960s.> Early interest focused primarily
on the structural geometries,” redox properties,” and magnetic

v ACS Publications ©2011 American chemical Society

2859

properties® of this class of complexes, which arise from the “non-
innocent property”” of dithiolenes. Recently, this interest has
expanded, stimulated in part by their potential applications in
dlverse areas such as light energy conversion schemes,® nonhnear
optlcs, Q-switch laser dyes, light-driven information devices, "
as well as their biological relevance as models for molybdenum-
and tungsten-based enzymes.'' In particular, tris(o- benzene—
dithiolato)molybdenum complexes [Mo(bdt);]" (n = 0,
and —2) form a redox series including neutral, monoanionic, and
dianionic species. The coordination geometries of the MoSg
polyhedron, electro- and photochemical properties, and reactiv-
ities of these complexes have been discussed at various levels of
sophistication.'>

From the aspect of the creation of a novel type of metal-based
assembly, the [M(bdt);]" (n =0, —1, and —2) unit should be a
fascinating candidate as the metalloligand, which enables study of
the electro- and/or photochemical activities. Such an
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Table 1. Crystallographic Data for 1-0.5Et,O and 2

1-0.5E,0 2
formula CyoH7CuMo0Oy 5S4 C,sH,AgMoSg
fw 617.2 624.46
crystal size (mm?) 0.28 X 0.24 x 0.18 0.36 X 0.08 x 0.04
crystal system orthorhombic monoclinic
space group Pbca (No. 61) P2,/n (No. 14)
a(A) 19.389(3) 12.415(2)

b(A) 20.128(3) 7.2458(9)
c(A) 22.311(3) 22.323(3)
B(deg) 90 104.8072(5)
V(A%) 8908(2) 1941.3(4)
T(K) 183 223

VA 16 4

Deye(g em ™) 1.840 2.136
F(000) 4928 1220
(Mo Ka)(em ™) 20.873 22.966
measured reflns. 148734 15339
unique reflns. 13054 4389
refined parameters S15 236

GOF on F? 1.180 1.099

Rine 0.048 0.015

R 0.0543 0.0227
wR," (all data) 0.1445 0.0567

“Ry = 3||F,| = |EI/ZIF,|. " wRy = {[Zw(F,> — F2)*1/[sw(E, )]} 2.

investigation of [M(dithiolato),,]" complexes focusing on their
utilization as a metalloligand has been limited to only a few
examples.”> In this paper, the complexation abilities of
[Mo"(bdt);]~ with Cu'(ClO,), and AgIClO4 are reported,
together with electro- and spectrochemical properties of the
two new assemblies.

B EXPERIMENTAL SECTION

General Procedures. All synthetic operations and measurements
were performed under N, atmosphere using Schlenk-line techniques
unless otherwise noted. Cu"(ClO,),-6H,0 and AgICIO4 were pur-
chased from Aldrich. Cu'(CH3CN),ClO, was synthesized by the
reported procedures.'* Tetrahydrofuran (THF) was distilled from Na
metal under N, atmosphere prior to use. The other solvents (diethyl
ether (Et,0), N,N-dimethylformamide (DMF), and acetonitrile
(CH;CN)) were used without any purification. n-Bu,N[Mo" (bdt);]
and [Mo"(bdt);] were synthesized by the reported larocedures.u""b
Caution! Although we have experienced no difficulties with the perchlorate
salts, these should be regarded as potentially explosive and handled with care.

Physical Measurements. Elemental analyses were performed at
the analysis center in Hokkaido University. Electrochemical experiments
were performed with a BAS model 650A electrochemical analyzer using
a glassy carbon working electrode and a platinum auxiliary electrode.
The reference electrode was made from a silver wire inserted into a small
glass tube fitted with a porous vycor frit at the tip and filled with a
CH;CN solution containing 0.1 M n-Buy,NCIO4 and 0.01 M AgNOs;. All
three electrodes were immersed in a 20 mL CH;CN solution containing
0.1 M n-BuyNPFg as a support electrolyte and analytes. In all cases, redox
potentials are measured with respect to the Ag/Ag" redox couple.
Absorption spectra in solution were recorded on a Shimadzu MultiSpec-
1500 spectrophotometer over the range 190—800 nm at 296 K.
Absorption spectra in the solid state were recorded on a Hitachi

U-3000 spectrophotometer over the range 190—900 nm at 296 K using
KBr pellets containing 1, 2, and n-Bu,;N[Mo" (bdt)s].

Crystallographic Data Collection and Refinement of
Structures. The crystallographic measurements were performed using
a Rigaku AFC-7R diffractometer with Mercury CCD area detector,
graphite monochromated Mo Kot radiation (4 = 0.71069 A). Specimens
of suitable size and quality were selected and mounted onto a glass fiber.
The structures were solved by direct methods (SIR2004)" and ex-
panded using Fourier techniques (DIRDIF99),'® which successfully
located non-hydrogen atoms. All calculations were performed using the
CrystalStructure crystallographic software package'” except for refine-
ment, which was performed using SHELXL-97."® A summary of the
crystallographic data for 1-0.5Et,O and 2 is given in Table 1. Full
crystallographic details have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication nos.
CCDC-393564 for 1-0.5Et,0 and CCDC-393565 for 2.

Synthesis of {Cu'[Mo"(bdt);]-0.5Et,0},, (1-0.5Et,0) from
Cu"(Cl0,),+6H,0. A THF (5 mL) solution of Cu'’(ClO,),-6H,0
(122 mg, 0.33 mmol) was added to an olive green THF (10 mL)
solution of 7-BuyN[Mo"(bdt);] (250 mg, 0.33 mmol) at room tem-
perature (RT). The color of the reaction mixture changed immediately
to bright green. After stirring for 24 h, a black precipitate was obtained
and collected by filtration. After washing with THF (S mL X §) for
removal of THF-soluble byproduct, the black powder was dried in
vacuo. The product was dissolved in DMF (20 mL) and precipitated by
adding Et,0 (20 mL). Filtration of the suspension followed by washing
with Et,O (S mL X ), yielded the product as a dark purple powder.
Yield 41%. Anal. Calcd for C,oH;,0,.sS¢MoCu (1-0.5Et,0): C, 38.92;
H, 2.78. Found: C, 38.65; H, 2.57. The complex was recrystallized from
DMF/Et,O to give dark purple crystals suitable for X-ray crystal-
lographic analysis.

Synthesis of {Cu'[Mo"(bdt);]-0.5Et,0},, (1-0.5Et,0) from
Cu'(CH5CN),Cl0,. A THF (35 mL) suspension of Cu"
(CH;CN),ClO, (70 mg, 0.21 mmol) was added to an olive green
THF (10 mL) solution of n-Bu,N[Mo" (bdt);] (150 mg, 0.20 mmol)
at RT. The color of the reaction mixture changed to dark brown, and a
black precipitate was obtained immediately. After stirring for 4 h, a
black precipitate was collected by filtration. After washing with THF
(5§ mL x §) for removal of THF-soluble byproduct, the black powder
was dried in vacuo. The product was dissolved in DMF (10 mL) and
precipitated by adding Et,O (10 mL). Filtration of the suspension
followed by washing with Et,O (5 mL x S), yielded the product as a
dark purple powder. Yield 81%. The complex was recrystallized from
DMEF/Et,0 to give dark purple crystals.

Synthesis of {Ag'[Mo"(bdt)1}, (2). A THF (5 mL) solution of
AgIClO4 (68.3 mg, 0.33 mmol) was added to an olive green THF (10 mL)
solution of n-BuyN[Mo" (bdt);] (250 mg, 0.33 mmol) at RT. The color of
the reaction mixture changed immediately to dark green. After stirring for
24 h, a black precipitate was obtained and collected by filtration. After
washing with THF (S mL x ) for removal of THF-soluble byproduct, the
black powder was dried in vacuo. Yield 76%. Anal. Calcd for C,gH;,S4-
MoAg: C, 34.62; H, 1.94. Found: C, 34.76; H, 2.10. Black single crystals
suitable for X-ray crystallographic analysis were obtained by layering a
CH;CN solution of AgICIO4 (68.3 mg, 0.33 mmol) onto an acetone
solution of n-Bu,N[Mo" (bdt),] (250 mg, 0.33 mmol).

B RESULTS AND DISCUSSION

Syntheses of 1-0.5Et,0 and 2. Treatment of the olive green
THEF solution of n-Buy;N[Mo" (bdt);] with the pale blue THF
solution of Cu'(ClO,),-6H,0 at RT for 24 h afforded
1-0.5Et,0 as a black precipitate (Scheme 1). Complex
1-0.5Et,O was isolated in 41% yield by adding Et,O to cause
reprecipitation from DMF solution. It is a dark purple powder
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Scheme 1. Synthetic Scheme for 1-0.5Et,O and 2
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Figure 1. Crystallographically independent units of (a) 1+0.5Et,O and (b) 2 with thermal ellipsoid plots for Mo (blue), Cu (brown), Ag (black), and S
(yellow) (50% probability). Solvent molecules (Et,O) for 1-0.5Et,O and hydrogen atoms are omitted for clarity.

Table 2. Selected Bond Distances (A) for 1-0.5Et,O and 2

Mo(1)—S(1) [L1
Mo(1)—S(2) [L1
Mo(1)—S(3) [L2
Mo(1)—S(4) [L2
Mo(1)—S(5) [L3]
Mo(1)—S(6) [L3]
Mo(2)—S(7) [L4]
Mo(2)—8(8) [L4]
Mo(2)—S(9) [LS]
Mo(2)—S(10) [LS]
Mo(2)—S(11) [L6]
Mo(2)—S(12) [L6]

e

average

Cu(1)—S(1)
Cu(1)—5(6)
Cu(1)—S(7)
Cu(1)—S(9)
Cu(2)—S(4)
Cu(2)—S(5)
Cu(2)—5(10)
Cu(2)—5(12)

average

1-0.5E6,0

2.3882(8)
2.4031(9)
2.3717(10)
2.4277(8)
2.4291(9)
2.4297(10)
2.4102(8)
2.3703(10)
2.4582(9)
2.3748(9)
2.3911(9)
2.4310(10)

2.4071(9)

2.3113(8)
2.3502(9)
2.4060(10)
2.3276(9)
2.3145(9)
2.3387(9)
2.3614(10)
2.3552(9)

2.3456(9)

? Reference 12b. ” Reference 12c.

Ag(1)—S(3)
Ag(1)—S(4)
Ag(1)=S(5)
Ag(1)—S(6)

2

2.3661(7)
2.3680(4)
2.4091(4)
2.4148(5)
2.4181(5)
2.4014(S)

2.3963(5)

2.6857(5)
2.6510(5)
2.5950(6)
2.6837(6)

2.6539(6)

[Mo""(bdt);]* [Mo"(bdt)s] [Mo™ (bdt); >~
2.370(2) 2.3882(8) 2.3952(14)
2.360(2) 2.4020(8) 2.3981(12)
2.371(2) 2.3702(7) 2.3940(12)

2.3778(8)
2.3999(8)
2.3785(7)
2.367(2) 2.3861(8) 2.396(1)

that can be stored in air for extended periods of time with-
out decomposition. In contrast to the high solubility of

n-BuyN[Mo"(bdt),] in polar organic and halogenated solvents
such as acetone, THF, dichloromethane, and chloroform, that of
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Chart 1. Definitions of OCT/TP', OCT/TP", and OCT/
TPIII(% )
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Table 3. Geometrical Parameters for 1:0.5Et,O and 2

oct/TP* oct/TP" ocT/TP™

[(PhsP),N],[Mo" (bdt),] 413 2.8 479
(Et;NH),[Mo" (bdtCl,);] © 0.0 0.0 34
[(PhsP),N][Mo"(bdt);] 58.6 59.9 70.4
(n-BuyN)[Mo" (bdt);] © 55.8 58.0 64.0
[Mo"(bdt);] ¢ 0.0 0.0 1.0
1-0.5Et,0 Mol 55.7 726 77.7

Mo2 68.3 57.7 54.0
2 Mo 63.0 65.5 61.4

“ Reference 12c.  Reference 12e. € Reference 12a. ¢ Reference 12b.

1-0.5Et,O is quite low, indicating the stability of the polymer
structure of 1-0.5Et,O. However, the complex 1-0.5Et,O can be
dissolved in highly polar organic solvents such as CH;CN, DMF,
and DMSO. On the other hand, the similar reaction of n-
Buy,N[Mo" (bdt);] with a colorless THF solution of Ag'ClO,
at RT for 24 h resulted in the formation of 2 in 76% vyield as a
black powder, which also can be stored in air over an extended
time period without any decomposition. In contrast to the cases
of n-BuyN[Mo" (bdt);] and 1-0.5Et,0, complex 2 is insoluble in
all organic solvents and water, suggesting a rigid coordination
network for 2.

Crystal Structures of 1-0.5Et,0 and 2. The crystallographi-
cally independent units of 1+ 0.5Et,O and 2 are shown in Figure 1,
and their selected bond distances are summarized in Table 2
together with those of previously reported mononuclear com-
plexes [Mo(bdt);]" (n = 0, —1, and —2).12%¢ In the crystal
structure of 1-0.5Et,O, two crystallographically independent
Mo and Cu atoms are found. It is well-known that tris-
(dithiolene)molybdenum complexes can adopt both octahedral
(OCT) and trigonal-prismatic (TP) structures." According to
the classification of Beswick et al.,** the coordination geometries
largely depend upon the mixed nature of the coordinating
dithiolene ligands, crystal packing affected by counter-cations,
and oxidation numbers of the metal centers. The estimated
geometrical parameters of OCT/TP(%), which are defined in

Chart 1, for 1-0.5Et,0O and 2 together with those of related
mononuclear complexes are summarized in Table 3. From the
comparison of OCT/TP(%) parameters of referenced mono-
nuclear complexes, the neutral complex (IMo"'(bdt)5]°) tends
to possess high TP-character, which has been reasonably ex-
plained by molecular orbital calculations.”*'* %! Further-
more, the monoanionic complex ([Mo"(bdt);]7) has higher
OCT-character rather than that of the dianionic complex
([Mo"(bdt);]*") regardless of the different countercations. In
both cases of 1+0.5Et,O and 2, it was shown that the geometries
of the Mo center are pseudo-octahedral. The OCT-characters are
slightly larger in 1-0.5Et,O and 2 than in those of the starting
material n-Bu,;N[Mo"(bdt);] and other referenced complexes,
predominantly because of the presence of additional coordina-
tion of bdt to Cu and Ag ions for 1-0.5Et,O and 2, respectively
(vide infra).

The Mo—S bond distances of 1-0.5Et,O (2.4071(9) A) and 2
(2.3963(5) A) are slightly longer than those of [Mo" (bdt);] ™
(2.3861(8) A) and [Mo""(bdt);]° (2.367(2) A), and close to
that of [Mo'"(bdt);]>~ (2.396(1) A). In comparing the Mo—S
bond distances in the series [Mo(bdt);]" (n = 0, —1, and —2),
the molybdenum ion having a higher oxidation state forms a
shorter coordination bond with the sulfur atom, interpreted in
terms of strong electron donation from the sulfur atom to the
molybdenum center with an electron-deficient higher oxidation
state. However, complexes 1-0.5Et,O and 2 have longer Mo—S$
bond distances compared with related mononuclear com-
plexes; they cannot be explained only based on the oxidation
state of the Mo center. In the similar dithiolene palladium
complex [Pd"(mnt){0,S,C,(CN),}]*~ (mnt = 1,2-dicyano-
1,2-ethylenedithiolato, 0,S,C,(CN), = 1,2-dicyano-ethylene-
1-thiolato-2-sulfinato) and its complex with additional Ag" ions
{AgPd(mnt)(0,5,C,(CN),)},*>", which was reported by Mu-
nakata and co-workers, ™ bond distances between palladium
and sulfur belonging to the mnt in {AgPd(mnt)(0,S,C,-
(CN),)},>" are elongated compared with that in [Pd"(mnt)-
{0,8,C,(CN),} 1> Such bond elongation can be understood by
the decreased electron density on sulfur and weakened coordination
bond to the palladium center. Similarly, such longer Mo—S bond
distances in 1-0.5Et,O and 2 should also be a consequence of the
decrease in the electron density on sulfur atoms induced by directly
connected Cu and Ag cations.

For more detailed information about electronic structural
assignments for 1-0.5Et,O and 2, comparison of structural
parameters with those of previously reported complexes
[Mo(S,CgH,)3]" (n = 0, —1, and —2) have been made.'**
The average S—C bond distances in 1-0.5Et,O (1.757(4) A)
and 2 (1.753(2) A) summarized in Table 4 are obviously longer
than that of [Mo""(S,C¢H,)3]° (1.727 A) and close to that
of [(Ph;P),N][Mo"(S,C¢H,);] (1.749 A). In the case of
[Mo“'(S,CsH,)51°, partial oxidation of the dithiolato ligand to
dithiobenzoquinonato’ or dithiobenzosemig_ginonato_ is found
based on the shorter S—C bond distances.*® However, the S—
C(a) bond in 1-0.5Et,0 and 2 can be described as a single bond,
and the oxidation states of the molybdenum center should be
lower than Mo"". Such a S—C bond elongation character with
changes in the molybdenum oxidation states from Mo"" to Mo
is also corroborated by the difference of the C—C bond lengths in
the aromatic ring. The suggestions described above are also
supported by the fact that the bond distances of C—C(b) and
C—C(e) in 1-0.5Et,0 (1.395(5) and 1.379(8) A) and 2
(1.397(3) and 1.386(4) A) are shorter than those of
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Table 4. Bond Distances (A) of S,C¢H, Moieties in 1-0.5Et,O and 2

/S a ¢ d
Mo b e
S
A
a b c d e
[(PhsP),N],[Mo"(S,CeH,);] average 1.759 1.396 1.405 1.390 1.377
[(PhsP),N] [Mo"(S,C¢H,)5] average 1.749 1.392 1.402 1.378 1.385
[Mo"'(S,CgH,)3] b average 1.727 1411 1.399 1359 1.406
1-0.5E,0 L1 1.736(4) 1.401(5) 1.402(6) 1.389(6) 1.387(7)
1.760(4) 1.401(5) 1.390(7)
L2 1.758(3) 1.403(5) 1.402(5) 1.386(6) 1.381(6)
1.756(3) 1.404(S) 1.388(6)
L3 1.768(4) 1.401(5) 1.401(6) 1.387(6) 1.392(7)
1.760(4) 1.404(5) 1.381(6)
L4 1.763(3) 1.389(5) 1.410(5) 1.389(6) 1.384(7)
1.760(3) 1.398(5) 1.375(6)
LS 1.759(4) 1.385(6) 1.413(6) 1.402(7) 1.385(9)
1.754(4) 1.402(6) 1.379(7)
L6 1.748(4) 1.392(6) 1.408(6) 1.384(9) 1.347(9)
1.759(4) 1.406(6) 1.386(7)
average 1.757(4) 1.395(5) 1.404(6) 1.386(7) 1.379(8)
2 L1 1.736(2) 1.392(3) 1.403(4) 1.381(4) 1.383(4)
1.737(2) 1.408(3) 1.384(4)
L2 1.760(2) 1.402(3) 1.400(2) 1.377(3) 1.391(3)
1.760(2) 1.398(3) 1.386(3)
L3 1.766(2) 1.396(3) 1.401(3) 1.384(3) 1.385(4)
1.756(2) 1.403(3) 1.380(3)
average 1.753(2) 1.397(3) 1.402(3) 1.382(3) 1.386(4)

“ Reference 12c. ” Reference 12b.

[Mo""(S,C4H,)5]° (1.411 and 1.460 A), and the C—C(d) bond
distances of 1-0.5Et,0 (1.386(7) A) and 2 (1.382(3) A) are
longer than that of [Mo""(S,C¢H,)3]° (1.359 A). Briefly, bond
elongation in C—C(b), C—C(c), and C—C(e) together with
bond shortening at C—C(d) indicates that partial oxidation
of the dithiolato ligand to dithiobenzoquinonato® or dithio-
benzosemiquinonato ™ is not obtained in 1-0.5Et,O and 2.
Thus, it is concluded that the S,C¢H,*~ moieties in 1-0.5Et,O
and 2 can be best described as o-benzenedithiolato dianion
(bdt* "), and the oxidation states of the molybdenum center are
reasonably assigned as Mo", leading to the electronic
structures of [Mo"(S,C¢H,)3]~ moieties in 1+0.5Et,0 and
2 as [Mo"(bdt);] .

In addition, the Cu atom with distorted tetrahedral geo-
metry in 1-0.5Et,O is coordinated by four S atoms of bdt,
which is the most common geometry for monovalent copper
ions.”® Each Cu atom in 1:0.5Et,O is shared by two
[Mo"(bdt);] ™ units with an average Cu—S bond distance of
2.3456(9) A. Similarly, the Ag atoms in 2 are also coordinated

by four S atoms with distorted tetrahedral geometry, which is
the most common geometry for monovalent silver ions, with
an average value for the Ag—S bond distances of 2.6539(6) A.
The Ag atom in 2 is shared by three [Mo"(bdt);]™ units,
leading to the formation of a denser structure than in the case
of 1-0.5Et,0.

From the structural features described above, descriptions
of the total electronic structures of 1:0.5Et,O and 2 are
consequently written as {M'[Mo"(bdt);]}, (M’ = Cu' and
Ag"). It should be noted that the divalent copper in the
starting material was reduced to monovalent copper during
the reaction. The formation of 1 is most probably interpreted
in terms of the redox-selective complexation reaction of
[Mo" (bdt);]~ with Cu' (eq 2), which was formed by a one-
electron redox reaction between the half amount of Cu'
and [Mo"(bdt);]™ to afford [Mo""(bdt);]® as a byproduct
(eq 1). This reaction mechanism can be supported by the
positive redox potential of E; ,,(Cu'/Cu") = 0.73 V (vs Ag/
Ag") in CH;CN solution compared with E, (Mo (bdt)s] /
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[Mo"!(bdt);]%) = 0.00 V in CH;CN solution (vide infra). In fact,
the complex l-O.SEtZO could be synthesized by the similar
reaction of n-Bu,N[Mo"(bdt);] with Cu'(CH;CN),ClO, in
higher yield (81%) than the case of Cu (Cl10,),-6H,0, and
could not be obtained by the reaction between [Mo""(bdt);]°

and Cu". On the other hand, in the case of 2, the complexa-
tion reaction between [Mo"(bdt);]” and Ag proceeded to

Table 5. Bending Angles (7) of bdt”™ in 1-0.5Et,0 and 2

afford 2 without any redox process, a fact that is also sugported
by the redox potentials of [Mo" (bdt);]/[Mo""(bdt);]° versus
Ag/Ag”.

[Mo" (bdt),]” + Cu" — 1/2[Mo" (bdt),]”

+1/2Mo"!(bdt),]’ + 1/2Cu! + 1/2Cu (1)

1/2[Mo" (bdt),]” + 1/2Cu' — 1/2{Cu'[Mo" (bdt),]}, (1)
(2)

It is noteworthy that the remarkable influence caused by the
complexation with Cu' and/or Ag' ions is found especially with bdt
moieties. The ligand distortion angles (77) between the SMoS and the
SCCS planes in bdt are summarized in Table S along with that of #-
Bu,N[Mo" (bdt);]."* It is well-known that the distortion of mono-
nuclear dithiolene complexes is closely linked to the improved overlap
between the ligand 77, and the metal d.. orbitals (second- orderjahn—
Teller dlstortlon) *! The bdt bends moderately in n-Bu,N [Mo"-
(bdt);] at an average angle of 77 = 7.83°. It becomes much larger in
the case of 1-0.5Et,O (77(average) = 11.02°) and 2 (77(average) =
19. 94°) probably because of the steric repulsion between neighboring

[Mo"(bdt);] ™ units. In the complex 1-0. SEtZO most of the bdt lock
in a gear—mesh fashion with neighboring [Mo"(bdt);] ™ units, but
some of them, such as L1 and 14, are bent with larger distortion
angles (17 = 19.09 and 22.79°) than the others because of the steric
repulsion. Meanwhile, the distortion angles of L2 and L3 (7 =29.78
and 26.89°) in 2, which are shared by Mo" and Ag' 10ns, are larger
than that of L1 (77 = 3.14°), which is independent of Ag' ions. Such
larger angles for L2 and L3 occur as the result of the 77— interaction
of the aromatic ring with neighboring bdts (vide infra). This charac-
teristic distortion indicates the flexibility of the [Mo" (bdt);] ~ moiety,
which permits the formation of assemblies by changing its structure so
as to energetically minimize a lattice in response to the steric repulsion
of the bulky [Mo"(bdt);] ~ unit and size dlfferences between the
Cu' (0.91 A) and the Ag' (1.29 A) ions.** These characteristic
properties of 1+0.5Et,O and 2 are summarized in Figure 2, showing
changes of coordination geometries around the Mo atoms and
bdt distortion between 1-0.5Et,O, 2, and the starting material
n-BuyN[Mo"(bdt);].

One- Dlmen5|onal (1-D) Chain Structures of 1-0.5Et,0 and
2. The unit structures of 1-0.5Et,O and 2 described above are
commonly connected by the sulfur atoms of bdts to form 1-D
chain structures along the b-axis as shown in Figure 3. In the case
of 1-0.5Et,0, AA-chirality around the pseudo-octahedral Mo"

77/deg
n-Bu,N[Mo" (bdt);]
S(1)Mo(1)S(2)/S(1)C(1)C(2)S(2) 6.94
S(3)Mo(1)S(4)/S(3)C(7)C(8)S(4) 6.68
S(5)Mo(1)S(6)/S(5)C(13)C(14)S(6) 9.88
average 7.83
1-0.5Et,0
L1 19.09
L2 5.45
L3 9.09
L4 22.79
LS 1.82
L6 7.88
average 11.02
2
L1 3.14
L2 29.78
L3 26.89
average 19.94
“ Reference 12a.
a) b)
L3
Cu2 Cu1 Cu2
o @ [*]

Hydrogen atoms are omitted for clarity.

-
J Mot , Mo2
L2 L1 L6 L4

Flgure 2. (a) Structure of the {Cu',[Mo" (bdt)]5} mmet}r around the Mo1 atom and (b) around the Mo2 atom in 1-0.5Et,O. (c) Structure of the
{Ag's[Mo"(bdt);]} moiety in 2. Structure of n-BuyN[Mo" (bdt);] without the ammonium countercation is shown by the shadowgraph in each case."

@ 9.1 L1

Cu1 L

. .Ag.

2a
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Figure 3. Chain structures of (a) 1-0.5Et,O and (b) 2. Hydrogen atoms are omitted for clarity.

a)

Figure 4. Assembled structures of (a) 1-0.5Et,0 and (b) 2 projected along the b-axis. Et,O molecules in 1 0.5Et,O are drawn as ball- and stick models
in (a). (c) Intrachain 77— interaction (A), and interchain 77— interactions (d) (B) and (e) (C) of 2. Bdt rings involved with 77— interactions are

drawn as space-filling models in (b—e).

center produces a racemic mixture in the chain (Figure 3a).
Furthermore, Et,O molecules are introduced between the chains
in 1-0.5Et,O (Figure 4a). In the case of 2, Mo" and Ag' atoms lie
in a zigzag manner along the b-axis to construct the 1-D chain
structure (Figure 3b). In contrast to the case of 1-0.5Et,0, AA-
chirality around the Mo" center in 2 is unified in the chain. The

isomeric chain is alternately stacked along the c-axis. Interest-
ingly, an intrachain (A) z— stacking structure is formed
between neighboring L2 and L3. Furthermore, L1 and L3 also
form two types of interchain 71— stacking interactions (B and
C) with each other (Figures 4b, 4c, 4d, and 4e). The distances
between the closest carbon atoms in the aromatic rings are 3.595,
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Table 6. UV-vis Spectroscopic Data of 1, 2, and n-Buy,N [Mo"(bdt),] in Solution and in the Solid State

complex conc. (M) A,nm (&, M 'em™ ') solvent ref.
n-Bu,N[Mo" (bdt);] 1.05 x 10 408 (10700) 482 (8580) 609 (4750) 691 (4100) CH,CN this work
414 (14500) 614 (6300) 693 (5900) THF ref.!>*
1 1.05 x 1073 430 (11200) 614 (4580) 721 (4760) CH;CN this work
105 x 10°* 412 (11500) 479 (9080) 614 (4820) 709 (4620) CH;CN this work
1.05 x 10°° 409 (11500) 482 (8380) 615 (4670) 696 (4300) CH;CN this work
n-Bu,N[Mo" (bdt),] * solid 420.5 493.5 625 749 this work
1 solid 487.5 510.5 657.5 this work
2¢ solid 435.5 532 680 this work
“ Measured for KBr pellets.
a) b)
2.0%10% 2.0x10%
1.5%10% -_— 1.5%10° — 1.05x10>*M
_'g — n-BuNMo'(bdt)] ¢ —1.05x104 M
~ 1.0x10% 2 1.0x10¢ - 1.05%x10-°* M
= =
0.5%1041 0.5x10% 1
0 II T T T I o I T T I T 1
300 400 500 600 700 800 300 400 500 600 700 800

Wavelength (nm)

c)

Abs. (a.u.)

Wavelength (nm)

n-Bu,N[Mo“(bd).]

500

600 700 800

Wavelength (nm)

Figure 5. (a) UV—vis spectra of 1 (blue line) and n-Buy,N[Mo"(bdt);] (red line) in CH;CN solution at RT (1.05 x 10~° M). (b) Concentration-
dependent UV—vis spectra of 1 in CH;CN solution at RT (1.05 x 10> M (red line), 1.05 x 10~ *M (green line), 1.05 x 10~ °> M (blue line)). (¢) UV—
vis spectra of 1 (red line), 2 (green line), and n-Bu,N[Mo" (bdt);] (blue line) in the solid state using KBr pellets.

3464, and 3.402 A in (A), (B), and (C), respectively. It is
strongly suggested that the dimensionality of the assembly
should be much higher than a simple one-dimension as a result
of intra- and interchain interactions in 2. Such strong crystal
packing with higher dimensionality is reflected in the insolubility
of 2 in organic solvents and water after the formation of the
assembly, in contrast to the case of 1-0.5Et,O, which can be
dissolved in polar solvents such as CH3;CN, DMF, and DMSO.

UV—vis Spectra of 1-0.5Et,0 and 2. To the best of our
knowledge, most coordination polymers are insoluble after construc-
tion, and examples of soluble coordination polymers are quite rare.”

2866

However, as described above, complex 1-0.5Et,O is remarkably
soluble in polar organic solvents, and such solubility naturally
prompted us to investigate the spectroscopic properties of 1 in
solution. Complex 1 gives a dark brown color in CH3CN solution at
1.05 x 10 > M, different from the dark purple color in the solid state,
the intense color of which is reflected in the high molar extinction
coefficients of the four bands in the visible region. The pattern of these
bands at 1.05 x 10 ° M is quite similar to that obtained for n-
Bu,N[Mo"(bdt),] (Figure 5a). The UV—vis spectra of 1 at different
concentrations (1.05 X 10 >—1.05 x 10> M) in CH3CN are
shown in Figure Sb, and relevant data for 1 are listed in Table 6
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a)

40 pA

b)

40 uA

/

-1.0 -0.6 -02 0.2
Potential / V vs. Ag/Ag+

Figure 6. Cyclic voltammograms of (a) n-Bu,N[Mo" (bdt);] and (b) 1
in CH3CN (1 mM) with 0.1 M n-Bu,NPFq as supporting electrolyte at
RT. Conditions: 500 mV/s scan rates; glassy carbon working electrode;
redox potentials are referenced versus Ag/Ag+.

together with data for n-Bu,N[Mo"(bdt);]. A red shift of the
absorption bands, especially in the shorter wavelength region
(400—600 nm), was observed with increase in concentration
from 1.05 X 10 ° M to 1.05 x 10~ > M. On the other hand, the
UV—vis spectrum of 1 in the solid state was measured using a
KBr pellet (Figure Sc). The dark brown solution of 1 in CH;CN
at 1.05 x 10 > M changed to olive green with decrease in the
concentration to 1.05 x 10 ° M. It is notable that the shape of
the spectrum in solution of 1 at higher concentrations, such as
1.05 x 10> M, is very similar to that in the solid state. Such
concentration-dependent spectral behavior should be considered
in relation to the complexation of the Cu"ion and [Mo" (bdt);] ™
unit in solution. On the basis of such concentration-dependent
spectral changes of 1, the existence of oligomeric species with a
higher degree of association at higher concentration can be
suggested for highly polar solvents such as CH;CN, DMF, and
DMSO. In addition, the fact that complex 1 was crystallized
by layering Et,O onto the DMF solution of 1 suggests that
the coordination polymer is reassembled by addition of a poor
solvent. In contrast, the UV—vis spectrum of 2 in solution
could not be measured because of the insolubility of 2 in
organic solvents and water. However, the structures of the
absorption bands of 2 in the solid state are quite different from
that observed for n-Buy;N[Mo"(bdt);], and it is qualitatively
indicated that the electronic structure of the chromophore is
significantly affected by the formation of the polymeric structure
with Ag' in 2.

Redox Property of 1. The cyclic voltammogram of 1 in CH;CN
(1 mM) is shown in Figure 6b together with that of n-Bu,N[Mo"-
(bdt);] in Figure 6a. Two quasi-reversible couples are observed
at —0.68 (E';,"*) and 0.00 V (E; ,”%) for n-Bu,N[Mo" (bdt),],
which correspond to two one-electron redox processes of [Mo' -
(bdt);]*/[Mo"(bdt);]~ and [Mo"(bdt);]~/[Mo" (bdt),]° 124>+
Comparatively, the cyclic voltammogram of 1 displays three quasi-
reversible waves at —0.65 (E'; ,"°%), —0.38 (E*,,"*%), and 0.02 V
(E1,") respectively. The potentials of E'; ,"* and E; ,"* in 1 are
quite similar to those of EY, /ZREd and E; /20X in n-Bu,N[Mo"(bdt);].

The redox process at B /ZRed is characteristic for 1, and is not
obtained for starting material #-Bu,;N[Mo" (bdt);]. Based on the
similarity of E;,”* in 1 and E;;,~" in n-BuyN[Mo"(bdt),],
the electrochemical process at E;/,” of 1 presumably corresponds
to the molybdenum-centered oxidation process of 1 or oligomeric
species constructed from [Mo" (bdt);]~ and Cu' ions to produce
the oxidized species [Mo" (bdt);]° or {Cu'[Mo""(bdt);]} ™ ([1]T)
and/or its valence tautomer {Cu"[Mo"(bdt);]} *. Considering that
the assemblies constructed from [Mo"'(bdt);]° and Cu' or
[Mo"(bdt);]~ and Cu" ions were not obtained during the synthesis
of 1, such an intermediate should be dissociated within a certain time
scale. On the other hand, the %eak currents of the two quasi-reversible
waves for E'; /ZREd and B, ” *d are much smaller than those of n-
Bu,N[Mo"(bdt);] (almost 30% for E', ,"** and 70% for E*; ,°*
compared with E; ,”* process of 1). It is notable that the redox
process at E'; ;"¢ of 1 was obtained at a similar potential region to
E', ;" of n-Bu,N[Mo" (bdt);]. The electrochemical process at E';,
"% of 1 probably corresponds to the reduction process of the
[Mo"(bdt);] ™ unit, which might be generated by the dissociative
equilibrium of the oligomeric species consisting of [Mo" (bdt)s] ~ and
Cu' ion. Moreover, the process at E* /ZRE in the voltammogram of 1
could be assigned to the reduction process of oligomeric species
of Cu' and [Mo"(bdt);]™ units. The presence of such oligomeric
species in CH3CN solution at 1 mM is supported by concentration-
dependent UV—vis spectra, as discussed previously. The positively
shifted dpotentia.l of the E? ;"% process compared with that of
E'1,°* can be ascribed to the increased electron-accepting nature
of the Mo" center influenced by the S-coordinating Cu' cations in
the oligomeric structure. Although the ratio of the current values
in 1, especially for EY, /zRed and E2, /ZREd, might be considerable in
relation to the dissociation constants of 1 to [Mo"(bdt);]™ or
oligomeric species in CH3CN solution, it is indicative that each
process is not straightforward, and the exact behavior of the species
remains unclear, because chains (oligomers/polymers) could also be
formed in solution.

Bl CONCLUSIONS

Coordination polymers 1 and 2 constructed from [Mo" (bdt);] ™
units and Cu' and/or Ag' ions were successfully synthesized by the
reactions of n-Bu,N[Mo" (bdt);] and equivalent perchlorate salts of
Cu" and/or Ag' ions. X-ray crystallographic analyses revealed
differences in the 1-D polymeric structures, and interchain interac-
tions. For complex 1 having an infinite chain structure in the solid
state, the existence of an oligomeric structure at higher concentration
was strongly suggested by UV—vis spectroscopic analysis and
electrochemical studies. In the case of 2, an assembled structure
with a higher dimensionality than that of 1 is obtained, and
that reflects the insolubility of 2 in different types of solvents.
The presented results suggest that the assembly utilizing metal-
dithiolato complexes such as [M(dithiolato),,]"” as metalloligand
with additional metal jons can be a useful approach, enabling
modulation not only of the assembled structure in the solid state
but also of the electrochemical properties of heteromultinuclear
assembled systems in the solution state. In other words, metal-
dependent and redox-selective properties demonstrate the poten-
tial of [M(dithiolato),,,]"” units as functional metalloligands with a
controllable assembled structure that may lead to functionality
such as electrocatalytic behavior, and strongly indicate the impor-
tance of a systematic understanding of this chemistry utilizing
different types of [M(dithiolato),,]"”, additional metal ions, and
dithiolato ligands.
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