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ABSTRACT: Five metal complexes of 2-methylisothiazol-3(2H)-
one (MIO), [Co™(NH,);(MIO)]¥, [Ru'(NH;)(MIO)]*,
[Ru™(NH,),(MIO)]*, [Pt"CL(MIO)]~, and trans-[U"O,-
(NO;),(MIO),], were synthesized, and their structures were
determined by single-crystal X-ray crystallography. MIO is an
ambidentate ligand and coordinates to metal centers through its
oxygen atom in the cobalt(III), ruthenium(III), and uranium(VI)
complexes and through its sulfur atom in the ruthenium(II)
and platinum(III) complexes. This result suggests that MIO
shows preferential behavior on its donating atoms. We also
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studied the electron-donor abilities of the oxygen and sulfur atoms of MIO. Various physical measurements on the conjugate acid
of MIO and the MIO complexes allowed us to determine an acid dissociation constant (pK,) and donor number (DN) for the
oxygen atom of MIO and Lever’s electrochemical parameter (E;) and a relative covalency parameter (k;) for the sulfur atom.

B INTRODUCTION

Linkage isomerism is one of the isomerization phenomena and
is observed in coordination compounds with an ambidentate
ligand, which has two donor sites. Linkage isomerization be-
tween isomers can be triggered by external stimulation (for
example, electrochemical redox reaction on the metal center,’
photoirradiation,” change in the temperature,® and solvation)*
and can, in principle, be used for optical switches or holo-
graphic data storage devices.” Linkage isomerization has also
been studied to develop dye-sensitized solar cells®*° and
transition-metal-based cancer drugs.7 Therefore, basic studies
on the design of linkage isomers or understanding the coor-
dination behavior of ambidentate ligands are important in
many research fields.

The selection of an ambidentate ligand is crucial for synthe-
ses of coordination compounds showing linkage isomerism. For
example, [Ru(NH,)(DMSO)]**** (DMSO = dimethyl sulf-
oxide) exhibits “redox-induced linkage isomerism”, where
DMSO is an ambidentate ligand containing an oxygen donor
site and a sulfur donor site."” In the Ru" oxidation state, DMSO
coordinates to Ru" through the sulfur atom, [Ru"'(NH;)s(DMSO-
S)]**. The linkage isomerization from S to O takes place up-
on oxidation of the metal center. The O-bonded isomer,
[Ru"(NH,)(DMSO-0)]*, reverts to the starting S-bonded
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species upon rereduction. This interesting redox behavior
suggests that ruthenium complexes with an ambidentate ligand
having a “soft” sulfur donor atom and a “hard” oxygen donor
atom may show redox-induced linkage isomerization. Many
ruthenium complexes with ambidentate sulfoxide ligands have
been synthesized, and their redox- or light-induced linkage
isomerization behavior has been studied.® However, both O-
and S-bonded active species have not been isolated and
characterized by single-crystal X-ray analysis yet.

An ambidentate ligand of 2-methylisothiazol-3(2H)-one
(MIO; Scheme 1) has interesting structural features from the
viewpoint of coordination chemistry: a planar five-membered
ring and two donor sites, a hard oxygen atom and a soft sulfur
atom.” This molecule is widely used as a biocide and pre-
servative in industrial water or cosmetic products such as
shampoos. However, there are a few basic studies of MIO on
coordination chemistry. MIO has great potentials for synthesiz-
ing various linkage isomers. In addition, basic studies on the
coordination compounds of MIO are important to develop
highly sensitive concentration sensors or indicators for MIO."
Some industrial water contains excess MIO to maintain a
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correct concentration of MIO because there is no such sensor
or indicator. Studies on the coordination compounds of MIO
may allow us to understand their linkage isomerization behavior
and develop sensors or indicators for MIO.

Here we report the synthesis of coordination compounds of
MIO and preferential behavior on the donating atoms of MIO.
Five metal complexes of MIO were synthesized: [Co™(NH;)s-
(MIO‘O)](CIO4)3'3H20 (1), [RUH(NHs)s(MIO‘S)](PFs)z
(2), [Ru"{(NH,){(MIO-0)](CF;80); (3), [K(db18c6)]-
[Pt"Cl,(MIO-S)] (4; dbl8c6 = dibenzo-18-crown-6), and
[UV0,(NO,),(MIO-0),] (5), where MIO-O and MIO-S indi-
cate O- and S-bonded MIO, respectively (Scheme 1). The struc-
tures of these compounds were confirmed by single-crystal
X-ray analysis. We studied electron-donating abilities of MIO,
including pK,, donor number (DN), Lever’s electrochemical
ligand parameters (E_), and relative covalency index for Pt—S

bonds (k).

B EXPERIMENTAL SECTION

Materials. The free ligand MIO was extracted from commercially
available “2-methylisothiazolone hydrochloride” (Rohm and Hass, ab-
breviated MIOHCI) with NaOH(aq)/CH,Cl, and obtained by evap-
oration of CH,Cl,. RuCl;:nH,0O and other reagents used were pur-
chased from Tanaka Kikinzoku Kogyo K.K. and Kanto Chemical Co.
Inc, respectively. [Co™(CF;SO;)(NH;);](CF;80;),"" and [Ru'
(CF;S0;)(NH,);](CF;80;),"> were prepared according to the
literature. [Ru"(OH,)(NH,);](PF4), was prepared following a slightly
modified synthetic procedure using [Ru(CF;SO;)(NH;);]-
(CF;803), as a starting material." Silica gel column chromatography
was carried out using Wakogel C-200 silica (Wako Pure Chemical
Industries, Ltd.).

Caution! Perchlorate salts of metal complexes are potentially explosive.
They should be prepared in small amounts and handled with care.

Synthesis. [Co"(NH;)s(MIO-0)](CIO,);-3H,0 (1). A solution
containing MIO (0.023 g, 0.53 mmol) and [Co™(CF;SO,)(NH,)]-
(CF;80,), (0.069 g, 0.12 mmol) in 20 cm® of acetone was refluxed
for 20 min using a modified household microwave oven (540 w).*
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The solution was cooled to room temperature, and then ca. 300 cm®
of Et,0 was added to the reaction mixture for precipitation of the
product. The pink product was filtered out, washed with Et,O, and
dried in vacuo. The crude product was recrystallized from a 5 M
NaClO, aqueous solution at 273 K for a couple of days. Yield: 0.005 g
(6.8% based on the cobalt precursor). Anal. Found (caled for C,Cl;-
CoH,¢N4OS): C, 7.63 (7.86); H, 4.07 (4.29); N, 13.93 (13.74). 'H
NMR (D,0, 298 K): 6 8.77 (d, 1H), 6.24 (d, 1H), 3.45 (s, 3H). ¥Co
NMR (D,0, 273 K, [Co™(NH,)s]Cl; used as an external standard at
5 8100 in D,0): & 9032. Av,, = 22840 Hz. UV—vis [H,0; 4,0 nm
(&, Mt cm™)]: 514 (90.5).

[Ru”(NH3)5(MIO—5)](PF6)2 (2). All procedures were carried out under
an atmosphere of argon using standard Schlenk techniques. [Ru'-
(OH,)(NH;),](PFg), (0.133 g, 0.27 mmol) was dissolved in 3 cm® of
water, and the solution was kept in a water bath at 50 °C. To this
solution was added a solution containing MIO (0.100 g, 0.87 mmol) in
1.5 cm® of water. The reaction mixture was stirred at 50 °C for 15 min
and then cooled to room temperature. Ethanol (15 cm?®) was layered
over the reaction mixture, and the solution was kept at 0 °C. After
2 days, yellow needlelike crystals were obtained that were filtered out,
washed with ethanol, followed by diethyl ether, and dried in vacuo.
Yield: 0.023 g (14% based on [Ru"(OH,)(NH,);](PF),). Single
crystals suitable for X-ray analysis were obtained from a filtrate that
was kept for several days at 0 °C. Anal. Found (calcd for C,H,(Ng-
F;,0,P,RuS,): C, 8.05 (8.12); H, 3.42 (3.41); N, 14.02 (14.21). 'H
NMR (D,0, 298 K): § 8.705 (d, 1H), 6.814 (d, 1H), 3.481 (s, 3H),
3.059 (s, 3H), 2.371 (s, 15H). C NMR (D,0, 298 K): § 171.78
(C=0), 155.11 (~CH=CHS-), 123.74 (—COCH=CH-), 29.58
(—CH,). IR (KBr): ¥ 1652 (C=0), 838, 561 (PF,") cm™. UV—vis
[propylene carbonate (PC), Ay, nm (g, M~ cm™)]: 444 (180), 270
(4.6 x 10%).

[RU™(NH;)s(MIO-0)](CF3503); (3). [Ru(CF;S0O;)(NH,);]-
(CF;80;), (0355 g, 0.560 mmol) and MIO (0.128 g, 1.11 mmol)
were dissolved in 30 cm> of acetone. The reaction mixture was refluxed
in a modified household microwave oven (540 W)'* for 10 min and
cooled to room temperature, and the solvent was removed under
reduced pressure. The residue was dissolved in a minimum amount of
tetrahydrofuran (THF) and purified by chromatography on a silica gel
column. After the first blue band was eluted with THF, the main
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yellow band was eluted with acetone. The solvent of the yellow band
was removed under reduced pressure. The resulting solid was rinsed
with CH,Cl,, isolated by vacuum filtration, and dried in vacuo to
obtain the yellow powder. Yield: 0.266 g (63% based on [Ru™
(CF;S0;)(NH;)s](CF4S05),). The crude product was recrystallized
by a slow vapor diffusion of ethyl ether into a mixture of 2-propanol
and a minimum amount of acetone at 0 °C overnight. Single crystals
suitable for X-ray analysis were grown from an aqueous solution of
0.1 M NaClO, acidified by HCIO,, at 273 K. Anal. Found (calcd for
C,H,N¢FyO,0RuS,): C, 11.12 (11.23), H, 2.66 (2.69), N, 10.78
(11.23). UV—vis [PC; A, nm (&, M~ em™)]: 430 (1.5 x 10°%), 336
(2.5 x 10%), 276 (7.2 x 10°) nm. IR (KBr): & 1555 (C=0), 1252,
1170, 1031 640 (CF,S0,) em™.

[K(db18c6)I[Pt"CI5(MIO-S)] (4). A solution of MIO (0.023 g, 0.20
mmol) in CHCly (60 cm®) was added to a suspension of K,[PtCl,]
(0.053 g, 0.13 mmol) and db18c6 (0.044 g, 0.12 mmol) in H,0
(5 cm®). The reaction mixture was stirred at room temperature for 3
days. The yellow organic layer was separated from the aqueous layer,
and the solvent was removed by a rotary evaporator at room
temperature under reduced pressure. The yellow solids obtained were
purified by recrystallization from CHCl,. Yield: 0.010 g (9.6% based
on the Pt salt). Single crystals suitable for X-ray analysis were ob-
tained from CDCly at room temperature. Anal. Found (calcd for
C,,CliH,oKNO,PtS): C, 35.5 (35.3), H, 3.61 (3.58), N, 1.80 (1.72).
UV—vis [CH,CN; A, nm (g, M~ ecm™)]: 273 (6070), 295 (sh,
3160), 317 (sh, 1450), 365 (br, 180). 'H NMR (CD,CN): § 8.06 (d,
1H), 6.98 (m, 8H), 6.53 (d, 1H), 4.19 (m, 8H), 3.97 (m, 8H), 3.11 (s,
3H). Pt NMR (CD;CN; Na,[Pt"'Cl,] was used as an external
standard at 5 2887 in D,0): § 2534 (W, ), = 5333 Hz). IR (KBr): U
1581 (C=0) cm™.

[UY0,(NO;),(MIO-0),] (5). A solution of MIO (0.081 g 0.70
mmol) in EtOH (10 cm®) was added to a solution of UY'0,(NO;),-
6H,0 (0.112 g 0.22 mmol) in EtOH (5 cm®), and the reaction
mixture was stirred for 2 h at room temperature in the dark. Light-
yellow products were obtained after removal of the solvent under
reduced pressure. The product was washed with EtOH, followed by
Et,0, and dried in vacuo. Yield: 0.099 g (71% based on UY'0,(NO;),:
6H,0). Single crystals suitable for X-ray analysis were grown from
layering of n-hexane over a THF solution in THF at room temperature.
UV—vis [THE; A, nm (&, M~' cm™)]: 280 (31000). IR (KBr): ¥
1566 (C=0), 930 (0=U=0) cm™'. Raman (solid): ¥ 850 (O=
U=0) cm™.

Physical Measurements. 'H and '*C NMR spectra were recorded
on a Bruker DRX400 spectrometer at 298 K. UV—vis absorption
spectra were recorded on a Jasco V-530 or a Shimadzu UV-2400PC
spectrophotometer at room temperature. IR spectra were recorded on
a Jasco FT/IR-660 Plus or a Shimadzu FTIR-8400S spectrometer at
room temperature. Raman spectra were measured on a Jasco RMP-200

laser Raman spectrophotometer using the excitation line at 532 nm.
The position of the Raman shift was calibrated using indene. Ele-
mental analyses were carried out using a Fisons EA 1108 analyzer at
the Comprehensive Analysis Center for Science in Saitama University.
The pH titration of MIOHCI was carried out with NaOH in H,O
at 293 K using a Metrohm 794 Basic Titrino potentiometric titrator.
The ionic strength of the solution was adjusted to 0.1 M with NaCl
(I=01M).

Electrochemical Measurements. Cyclic voltammograms (CVs)
were recorded on an ALS-600 electroanalytical system. All data were
recorded in PC containing 0.1 M tetrabutylammonium perchlorate
under nitrogen using a standard three-electrode system: a glassy carbon
working electrode, a platinum wire counter electrode, and an Ag/Ag"
reference electrode in CH;CN containing 0.1 M tetrabutylammonium
perchlorate. A ferrocene/ferrocenium couple (Fc/Fc*) was used as an
internal standard. In order to convert experimental redox potentials
versus Fc'/Fc into those versus normal hydrogen electrode (NHE),
the following values were used: E(Fc*/Fc in PC) = +0.36 V versus
saturated calomel electrode (SCE), which includes liquid junction
potentials, and E(SCE) = +0.2412 V versus NHE.

Single-Crystal X-ray Analysis. X-ray diffractions for 1—4 were
collected on a Bruker SMART APEX CCD system equipped with
a graphite-monochromated Mo Ka X-ray source (4 = 0.71073 A) at
173 K. Absorption corrections were applied using a SADABS pro-
gram.'® The structures of the compounds were solved by direct
methods'® using SHELXTL-NT software.'” X-ray diffraction of 5 was
collected on a Rigaku RAXIS RAPID system equipped with a grahite-
monochromated Mo Ka X-ray source (4 = 0.71075 A) at 173 K. The
structures were solved by heavy-atom Patterson methods.'® All non-
hydrogen atoms were anisotropically refined by SHELXL-97." All
calculations for § were performed using the CrystalStructure crystallo-
graphic package program.” Crystallographic data of compounds 1-$
are summarized in Table 1.

Computational Methods. All density functional theory (DFT)
calculations were performed using a Gaussian03 package program.”’
Geometry optimizations were carried out for four model complexes,
[Ru"/(NH,)5(MIO-0)J*, [Ru"(NH,)(MIO-S)]*, [Ru'(NH;)s-
(MIO-0)]*, and [Ru"(NH;)s(MIO-S)]**, in the gas-phase model.
The calculated bond lengths for [Ru™(NH,)(MIO-0)]** and [Ru'-
(NH,)5(MIO-S)]** were in good agreement with our experimental
data. However, the present calculations tend to overestimate the
coordination bond distances (see the Supporting Information, SI).
Harmonic vibrational frequency analysis was performed to characterize
the optimized geometries as potential minima on the potential energy
surface. We employed B3LYP functionals with the 6-311+G* basis sets
for hydrogen, carbon, nitrogen, and oxygen and the 6-311+G(2d)
basis sets for sulfur. The Stuttgart—Dresden—Bonn quasi-relativistic
ECP28MWSB (SDD) effective core potential was used for ruthenium.”'

Table 1. Crystallographic Data on Compounds 1-5

1 2
empirical formula C,H,4CL;CoNgO,S C,H,0F,N¢OP,RuS
fw 611.65 591.33
cryst syst monoclinic monoclinic
space group P2,/c P2,/n
a [A] 13.170(3) 9.3172(8)

b [A] 8.0028(16) 13.4601(12)
c [A] 21.453(4) 15.3956(14)
a [deg] 90.00 90.00

f [deg] 104.02(3) 102.463(2)
y [deg] 90.00 90.00

V [A%] 2193.8(8) 1885.3(3)

z 4 4

T [K] 173(2) 173(2)
Dy [Mg/m®] 1.852 2.083

R1 [I > 26(I)] 0.0569 0.0856
wR2 (all data) 0.1300 0.2371
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3 4 5
C,H,,CI,N4O,4RuS C,sH;,Cl,KNO,PtS CgH,(N,0,,S,U
653.79 93545 624.34
monoclinic triclinic monoclinic
P2,/c PT P2,/c
13.2639(15) 9.950(2) 9.828(5)
8.0605(10) 13.520(3) 9.569(5)
21.694(2) 14.192(3) 10.217(5)

90.00 67.18(3) 90.00
103.932(3) 89.60(3) 115.733(13)
90.00 70.89(3) 90.00
2251.1(5) 1646.9(6) 865.6(7)

4 2 2

173(2) 173(2) 173.1

1.929 1.886 2.395
0.0445 0.0451 0.0487
0.1035 0.1122 0.1424
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Solvation energies were estimated using the polarizable continuum
model within the integral equation formalism (IEF-PCM),** where a
relative permittivity (& = 66.1; PC) was used. Single-point calculations
were performed with geometries that were optimized in the gas phase.
The united-atom Kohn—Sham model was employed for atomic radii.

B RESULTS AND DISCUSSION

Free Ligand MIO: Acid Dissociation Constant. Acid
dissociation constants (pK,) are good measures of the o-electron-
donating abilities of free ligands. We determined the pK, value
of the conjugate acid of MIO (MIOHCI) by pH titration. The
pH titration curve of MIOHCI with NaOH at 20 °C is shown
in Figure 1. The simple shape of the titration curve suggests

pH

NaOH / mL

Figure 1. Titration curve of a solution of MIOHCI in H,O (I = 0.1 M)
with NaOH.

Scheme 2
+
OH | 0
K, -
(4 N-Me = [ N-Me
s S

that MIO is a monoprotic acid in aqueous solution (Scheme 2).
The pK, of MIOHCI was determined to be 7.60 + 0.19. MIO
is an amide compound with a five-membered ring. N,N-
Dimethylformamide (DMF) is also an amide compound, but its
pK, is 1.20,>>*® which is lower than that of MIOHCI. This dif-
terence in pK, between MIO and DMF may come from stabi-
lization of the protonated form by delocalization of the positive
charge over the planar five-membered ring** because the pK,
value of the 3-hydroxy moiety for 3-isothiazolole is similar
(pK, = 7.54).%° Thus, the pK, value of MIOHCI indicates that
the oxygen atom of MIO has a moderately strong o-electron-
donating ability in amide compounds.

Cobalt(lll) Complex: Structure and Electron-Donating
Ability of MIO. A pentaamminecobalt(III) compound of MIO
was synthesized, and its structure was determined by single-
crystal X-ray analysis (Figure 2). A cobalt(IIl) ion is classified
into a “hard” acid according to the hard and soft acids and bases
principle.”® MIO binds to the cobalt(III) ion through its oxy-
gen atom in 1, and the coordination geometry around the
metal center is octahedral. The selected bond lengths and
angles of 1 are shown in Table 2. The bond length of Co(1)—
O(1) of 1.928(3) A in 1 is comparable with that of Co—O in

Figure 2. ORTEP drawing for 1.

[Co™(NH,)s(NH,CO0-0)]** (1.922 A).>” The C(1)-0(1)
bond in 1 [1.272 (4) A] is shorter than that in MIOHCI**
[1.303(2) A; Table 2], suggesting that cobalt(III) may have less
o-electron-accepting ability than H*.

A UV—vis absorption spectrum of 1 in H,O showed one
absorption band centered around 514 nm (Figure S1 in the SI).
This absorption band is assigned as a d—d transition because
cobalt(II1) complexes with the Co(NH,); moiety show d—d
absorption bands in the visible region.”® The position of the
absorption maximum of 1 in the visible region is similar to that
of [Co™F(NHj;)s]*", suggesting that MIO-O and F~ are situ-
ated in similar positions in the spectrochemical series.”®

Ruthenium(ll) and -(lll) Complexes: Structures and
Lever’s Electrochemical Parameter of MIO-S. Complexes
of MIO with ruthenium in different oxidation states were
obtained from different precursors, [Ru"(NH;)(OH,)](PFy),
for 2 and [Ru™(OTf)(NH,);](OTf), for 3. The molec-
ular structures of 2 and 3 were determined by single-crystal
X-ray analysis (Figure 3). Compounds 2 and 3 have octahedral
coordination geometry around the central metal ions. One of
the most remarkable structural differences observed between
these two complexes is that MIO coordinates to the metal
centers through the sulfur and oxygen atoms in 2 and 3, respec-
tively. This difference suggests that MIO has a preference for its
coordination sites in metal complexes. DMSO also shows a
similar preference for its donor sites on coordination, and the
coordination site of sulfoxides depends on electronic and steric
factors.” Because 2 and 3 have the same Ru(NH;); moiety, we
can understand electronic factors on the coordination of MIO,
neglecting steric factors. It is known that the low-spin d® Ru"
and d° Ru™ complexes of ammine act as a z-electron donor
and a 7-electron acceptor, respectively.*® Thus, the sulfur and
oxygen atoms of MIO act as a 7-electron acceptor and a 7-electron
donor, respectively.

The different coordination fashions of MIO between 2 and 3
give different electronic structures of the five-membered ring of
MIO. Selected bond lengths of 2 and 3 are shown in Table 2.
The bond lengths on the five-membered ring of MIO in 3 are
comparable to those of MIOHCI. The oxygen atom of MIO in
1 is also coordinated to cobalt, where bond lengths on the five-
membered ring of MIO similar to those of 3 and MIOHCI
were observed. In contrast, bond lengths on the five-membered
ring of MIO in 2 are different from those of MIOHCI: the
C(1)-C(2) bond, 1.501(13) A, and the C(3)—S(1) bond,
1.774(10) A, of 2 are clearly longer than those of MIOHCI, and
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Table 2. Selected Bond Lengths (A) and Angles (deg) for Compounds 1—5 and MIOHCI

MIOHCI®

Bond Lengths
C(1)-0(1)
C(1)-0(2)
C(2)-C@3)
C(3)-s8(1)

1.303(2)
1.419(3)
1.351(3)
1.693(2)

C(1)-0(1)
c(1)-C()
C(3)-C()
S(1)-C(3)
S(1)-N(1)

1.254(17)

C(1)-0(2)
c(1)-C()
C(2)-C(3)
S(1)-C(3)
S(1)-N(1)
C(1)-N(1)
C(4)-N(1)

1.221(8)

C(1)-0(1)
Cc(1)-C()
C(2)-C(3)
C(3)-s(1)

1.274(5)
1.425(6)
1.342(6)
1.691(4)
1.684(3)
1.348(5)
1.456(5)
2.026(3)
2.081(4)
2.100(4)
2.104(4)
2.099(4)
2.104(4)

C(1)-0(1)
c(H)-C()
C(2)-C@B)
C(3)-s(1)

1.214(10)
1.501(13)
1.327(14)
1.774(10)
1.713(7)

C(1)-0(1)
c()-c()
C(2)-C(3)
C(3)-s(1)

1.272(4)
1.425(5)
1.341(6)
1.696(5)
1.684(3)
1.349(5)
1.453(5)
1.928(3)
1.934(4)
1.953(4)
1.950(4)
1.959(4)
1.955(4)

1.384(18)
1.35(2)

1461(11)

1.286(10)
1.775(7)
1.689(6)
1.354(9)

1.676(15)

1.6911(17)
1.331(2)
1.469(3)

1.680(13)

S(1)-N(1)

S(1)-N(1)
C(1)-N(1)

C(4)-N(1)

N(1)-8(1)

N(6)-S(1)

C(1)-N(1)
C(4)-N(1)

1.353(19)

C(1)-N(1)
C(4)-N(1)

1.344(11)

C(1)-N(1)

C(4)-N(1)

C(1)-N(6)
C(4)—-N(6)

1.434(18)
2.359(9)
1.756(9)
2.515(8)
2.534(7)

1.437(10)

2.2152(16)
2.3069(17)
2.3167(15)
2.2936(16)

1.459(11)
2.242(2)
2.151(7)
2.148(8)
2.115(8)
2.133(7)
2.122(7)

U(1)-0(2)

U(1)-0(1)
U(1)-0(3)

U(1)-0(4)

Pt(1)=5(1)

Ru(1)-0(1)

Ru(1)=S(1)

Co(1)-0(1)

Pt(1)—CI(1)
Pt(1)—CI(2)

Ru(1)-N(2)
Ru(1)-N(3)
Pt(1)—CI(3)

Ru(1)=N(2)

Co(1)-N(1)

Ru(1)-N(3)

Co(1)-N(2)

Ru(1)—-N(4)
Ru(1)-N(5)

Ru(1)-N(4)
Ru(1)-N(5)

Co(1)-N(3)
Co(1)—-N(4)
Co(1)-N(5)

Angles

Ru(1)—N(6)

Ru(1)—N(6)

90.5(2) C(3)—S(1)-N(1) 89.2(4) C(3)—S(1)-N(1) 90.4(2) C(3)—S(1)-N(1) 89.0(3) N(1)-S(1)-C(3) 90.0(7) N(1)-S(1)-C(3) 90.26(9)

N(6)-S(1)-C(3)

Ru(1)-S(1)-C(3) 113.0(3) Ru(1)—0(1)-C(1) 132.6(3) Pt(1)—S(1)-C(3) 104.1(2) U(1)-0(2)-C(1) 137.8(7)
Ru(1)-S(1)—-N(1) 114.4(3) 114.8(2) 180.0(5)

133.5(3)

C(1)-0(1)—Co(1)

O(1)-U(1)-0(1)¢

Pt(1)—S(1)-N(1)

“Symmetry operator: —x, —y, —z. bTaken from ref 24.

o(1) 5(1)

Figure 3. ORTEP drawings for (a) 2 and (b) 3. Hydrogen atoms are
omitted for clarity.

the C(2)—C(3) bond, 1.327(14) A, of 2 is shorter (Table 2).**
This result suggests that coordination through the sulfur atom
of MIO probably results in an electronic structure of MIO dif-
ferent from that in MIOHCL The platinum(II) complex 4 also
shows similar trends in the bond lengths of the five-membered
ring, where MIO coordinates to platinum through sulfur (see
below). Therefore, MIOHCI and the O-bonded MIO com-
plexes have similar electronic structures on the five-membered
ring of MIO, but these electronic structures are different from
those of the S-bonded MIO complexes.

To understand the 7-electron-accepting ability of the sulfur
atom of MIO, we compared the Ru—S bond lengths between
ruthenium complexes of MIO, DMSO, and SMeEt. The Ru(1)—
S(1) bond of 2 [2.242(2) A; Table 2] is longer than that in
[Ru"(NH,)(DMSO-S)]** [2.188(3) A]*' but shorter than
that in [Ru"(NH;);(SMeEt)]** [2.316(1) AL."® It is proposed
that variation in the Ru—S bond length is attributed, in part, to
variation in the amounts of 7-back-bonding of filled Ru d(z)
orbitals to vacant antibonding orbitals of z-acceptor ligands."
On the basis of the Ru—S bond lengths, the 7-acceptor ability
of sulfur increases in the following order: SMeEt < MIO-S <
DMSO-S. Interestingly, the Ru—N bond trans to MIO [Ru(1)—
N(2), 2.151(7) A] in 2 is shorter than that trans to DMSO
in [Ru''(NH,)(DMSO-S)](PFy), [2.209(8) A].*' This result
indicates that the trans influence of MIO-S is weaker than
that of DMSO-S, which is in agreement with the order of the
m-acceptor ability based on the Ru—S bond lengths.

We also compared the Ru—O bond lengths between MIO,
DMSO, and DMF complexes to understand the z-electron-
donating ability of the oxygen atom of MIO. The distance of the
Ru(1)—0O(1) bond is 2.026(3) A in 3 (Table 2). Many Ru'-
DMSO complexes have been synthesized and reported,”**”** and
the Ru(1)—O(1) bond in 3 is shorter than an average of Ru—O
coordination bonds in Ru™-DMSO complexes [2.088(9) Al»
Furthermore, the Ru(1)—O(1) bond in 3 is shorter than those
in Ru"-DMF complexes [2.043(4)—2.123(4) A]"*** except
[Ru™(DMF),]** [2.02(1) A].** Thus, MIO tends to give stron-
ger Ru""—O bonds than DMSO or DMF.

UV—vis absorption spectra of 2 and 3 in PC were recorded,
and one and two absorption bands in the UV—vis region were
observed for 2 and 3, respectively (Figure 4). It is worth noting
that the molar absorption coeflicient of the absorption band of
3 at 430 nm is about 8 times larger than that of 2 at 444 nm.
We assign the absorption band of 2 at 444 nm and the band of
3 at 430 nm as a d—d transition band and a ligand-to-metal
charge-transfer (LMCT) band, respectively. Previously, d—d
absorption bands around 400 nm for various complexes with
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Figure 4. UV—vis absorption spectra for 2 (dashed trace) and 3 (solid
trace) in PC.

the Ru'(NH;)s core were reported.’® In contrast, LMCT
absorption bands around 450 nm were reported on complexes
with the pentaamineruthenium(III) core.”” Although these ab-
sorption bands of 2 and 3 were observed incidentally at similar
positions, the assignments of these bands are different. Another
absorption band was observed at 336 nm for 3. This fairly
strong band may be assigned to a d—d transition overlapped
with LMCT. A d—d transition (d,, — d2_?) at 306 nm was
reported for [Ru(NH,)s(THT)]* >

We investigated the electrochemical behavior of 2 and 3 in
solution. CVs of 2 and 3 were recorded in PC containing 0.1 M
Bu,NClO, (Figure S). A CV of 2 showed a quasi-reversible

T ¥ T ' T ¥ T

g (a) -

11 pA

0.4 0.0 0.4 0.8
E/V vs. FclFc

Figure 5. CVs for (a) 2 (7.6 mM; scan rate = 0.08 V s™*) and (b) 3
(1.4 mM; scan rate = 0.1 V s7') in PC containing 0.1 M Bu,NCIO,.
Gray and black lines indicate the first and second scanning processes,
respectively.

wave at +0.42 V versus Fc/Fc* (+1.02 V vs NHE). This wave is
assigned as the oxidation of [Ru(NH;)s(MIO-S)]** to [Ru"-
(NH,);(MIO-S)]**. In the case of 3, an irreversible reduction
wave was observed at —0.45 V versus Fc/Fc", corresponding to
+0.15 V versus NHE. This reduction wave is assigned as the re-
duction of [Ru(NH,)(MIO-0)]** to [Ru"(NH,)(MIO-0)]*".

The redox potential of 2 allowed us to determine an
electrochemical parameter of the S-bonded MIO. An empirical
relationship between the redox potential of a metal complex
(E, expressed in volts vs NHE) and the sum of the electro-
chemical ligand parameters (E;) for all of the ligands was re-
ported as follows:

E =Syl ) EL(L)] + Iy (1)

where Sy and Iy represent metal center garameters that
depend on both spin state and stereochemistry.>® E; reflects the
net donating ability of corresponding ligands and decreases
with increasing net donating ability. We determined E| of the
S-bonded MIO, E;(MIO-S), to be +0.66 V, using eq 1, and
reported Lever’s electrochemical parameters of E;(NH;) =
+0.07 V, Sy = +0.97 V, and I; = +0.04 V for Ru(NHj;); com-
plexes.*® This E; (MIO-S) is larger than those of other
S-donating ligands such as DMSO, E;(DMSO-S) = +0.57,%
and SMe,, E; (SMe,) = +0.31.%® Thus, the sulfur atom in MIO
has lower electron-donating ability than those in DMSO or
SMe,.

Lever’s parameters can be determined based on reversible
or quasi-reversible redox processes. The complex 3 showed
the irreversible reduction peak in CV (see above), and we were
not able to determine the exact E; of the O-bonded MIO,
E;(MIO-O). However, the irreversible reduction potential of
3 at +0.15 V versus NHE is more negative than the quasi-
reversible potential of 2, suggesting that E; (MIO-O) might be
less than E; (MIO-S). Therefore, the oxygen atom in MIO may
have a larger net electron-donating ability than the sulfur atom.

CVs gave no conclusive evidence on the redox-induced
linkage isomerization between 2 and 3. We also studied the
chemical oxidation of 2 and the electrochemical reduction of 3
in bulk solutions. Compound 2 was oxidized by molecular
oxygen. UV—vis absorption spectral changes of 2 in air were
recorded in PC (Figure S2 in the SI). After oxidation of 2, a
new absorption band was observed at 555 nm. This result
indicates that the chemical oxidation of 2 induced no linkage
isomerization to 3 because compound 3 has no absorption
band at 555 nm (Figure 4). We also recorded UV—vis ab-
sorption spectral changes of 3 by electrochemical reduction
(Figure S3 in the SI). An absorption band around 550 nm was
observed after the electrochemical reduction of 3, suggesting
no linkage isomerization to 2. The oxidation of 2 and the
reduction of 3 gave probably the same product. The main
product after the oxidation of 2 or the reduction of 3 has not
been characterized yet. Because ruthenium(Il) and -(III) spe-
cies can be present in solution during the oxidation of 2 and the
reduction of 3, a mixed-valence dinuclear ruthenium(ILIII)
compound such as [{Ru(NH;)},(u-MIO)]** may be produced
as the main product, where MIO acts as a bridging ligand. Fur-
ther experimental studies are required to understand the redox
behavior of 2 and 3 in solution including the redox-induced
linkage isomerization.

DFT calculations were performed to estimate the relative
stability of MIO linkage isomers from the theoretical side. We
calculated Gibbs free energies of linkage isomerization from the
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S-bonded complex to the O-bonded one in both oxidation
states, Ru'" and Ru'", assuming the following reaction scheme:

[Ru(NH,),(MIO-S)]"* — [Ru(NH,),(MIO-0)]"*

where n shows the total charge of the ruthenium complex. The
S-bonded species was slightly more stable than the O-bonded
one in the Ru' oxidation state by 2.07 kcal mol™’, while the
O-bonded one was more stable than the S-bonded one in the
Ru' oxidation state by 22.54 kcal mol™ (Table 3).

Table 3. Calculated Free Energies for Linkage Isomerization
from the S Isomer to the O Isomer in PC (IEF-PCM Model)
at the B3LYP Level (in kcal mol™)¢

AE,, AEpermal AAGy, AG®
Ru-S — Ru'-O —45.62 0.68 22.41 —22.54
Ru'-S = Ru-O —21.71 0.19 23.59 2.07

“Ru™-S, Ru™O, Ru'-S, and Ru™-O represent [Ru™(NH;);(MIO-S)]*,
[Ru™(NH,)(MIO-0)]*, [Ru"(NH;)(MIO-S)]**, and [Ru"(NH,)-
(MIO-0)]*, respectively.

Interestingly, the O-bonded species is more stable than the
S-bonded one in the gas phase in both the Ru" and Ru™
oxidation states. Similar computational results were reported on
linkage isomers of [Ru(NH;);(DMSO)]"*.** Our calculations
suggest that the solvation effect may be important for the
formation of 2 and 3.

Platinum(ll) Complex: Structure and Relative Cova-
lency of the Pt—S Bond. Platinum(II) ion is one of the soft
acids,*® and MIO is expected to coordinate to platinum(II)
through sulfur in platinum(II) complexes. The reaction of
K,[Pt"Cl,] with MIO in the presence of db18c6 gave complex 4.
The coordination geometry around platinum is square-planar,
and MIO coordinates to platinum(II) through sulfur as ex-
pected (Figure 6). Selected bond lengths and angles are listed

Figure 6. ORTEP drawing for 4.

in Table 2. The Pt—S bond in 4, 2.2152(16) A, is longer than
that in [Pt"Cly(DMSO-S)]~ (av. 2.197 A),*' suggesting that
the Pt—S bond in 4 is weaker than that in [Pt"Cl;(DMSO-S)]™.
A similar trend was observed on the Ru—S bonds of 2 and
[Ru'l(NH,)(DMSO-S)]** (see above). In addition, the C(1)—
C(2) bond, 1.461(11) A, and the C(3)—S(1) bond, 1.775(7) A,
in 4 are significantly longer than those of HMIOCL** but the
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C(2)—C(3) bond, 1.286(10) A, in 4 is shorter. The same trend
was observed in 2 (see above), suggesting that coordination to
platinum(II) resulted in an increase in the electron density on
the five-membered ring presumably because of back-bonding
from platinum(II) to sulfur.

Interestingly, weak interactions between potassium and chlo-
rine ions were observed in the crystal structure of 4. The distances
of K(1)-Cl(2) and K(1)—CI(3) are 3402(3) and 3.355(2) A,
respectively. This type of interaction was reported in [K,(OH,)-
(L)][P"CL,(DMSO-S)] {L = bis[tetrakis(hydroxymethyl )ethylene]
fused-crown ethers; 3.33(2) A}* and K[Pt'Cl,(DMSO-S)]
[3.224(6) A].*® The interaction of K—Cl in 4 is weaker than
those in [K,(OH,)(L)][Pt"Cl,(DMSO-S)] and K[Pt"Cl;-
(DMSO-9)].

%Pt NMR and UV—vis spectra of 4 were recorded to study
an electronic property of Pt—S bonding in detail. The relative
covalency on platinum—ligand bonds in a series of [Pt"X;L]~
was determined by a relationship between a *Pt NMR chem-
ical shift (8p,) and a mean wavelength of absorption maxima in
the visible region (4).** This relationship between Jp, and 4 was
expressed as follows:

1

Sp = (23.67 + 0.36)(2/1 D kL) — 5906 + 106 o)
where k; is defined as a coeflicient for each ligand. It is rec-
ognized that k; reflects the relative covalency of the ligand L.
A 'SPt NMR spectrum of 4 in CD;CN showed one peak
centered at Op, 2534, which was shifted downfield compared to
those of typical [Pt"CL;L]~ complexes.** The UV—vis spectrum
of 4 in CH;CN is shown in Figure SS in the SI In the visible
region, a shoulder and an absorption band were observed at 317
and 365 nm, which are assigned as 1Eg - 1AIg and 1A2g - 1Alg
transitions, respectively.*> The kyjo.s value of 4 was deter-
mined to be 1.09 from its UV—vis and '**Pt NMR spectra (4 =
349 nm; Sp, =2534). Thus, the relative covalency of L increases
in the following order:**

NMe; < MIO-S, CI” < DMSO, Br~, SMe,, PMe; < SeMe, < I~

This order shows that the Pt—S bond in [Pt"Cl;(MIO-S)]™ has
a relatively low covalency.

Uranyl(Vl) Complex: Structure and DN of MIO-O. The
reaction of uranyl(VI) nitrate with MIO in EtOH gave complex
5 in 71% yield based on uranyl(VI) nitrate. The structure of §
was determined by single-crystal X-ray analysis. The coordina-
tion geometry around the central uranium is hexagonal-
bipyramidal, bound to two MIO and two nitrate ligands in
the equatorial plane and two oxido ligands at the axial positions
(Figure 7). MIO coordinates to the metal center through its
oxygen atom. The bond length of U(1)=0(1) is 1.756(9) A
(Table 2), which is within the usual range of U=0 bonds of
reported uranyl(VI) nitrate complexes with amide ligands
[1.748(4)—1.774(2) A].* The bond length of U(1)-0O(2) in
the equatorial plane is 2.359(9) A (Table 2), which is also
within the usual range for reported uranyl(VI) nitrate com-
plexes with amide ligands [2.347(4)—2.399(4) A] A6

We determined a DN of MIO-O from IR and Raman spec-
tra of § (Figures S6 and S7 in the SI). DN is a measure of
the electron-pair-donating ability as a Lewis base.*’ Linear
relationships between the DN and vibrational wavenumber in a
series of uranyl(VI) nitrate complexes, [U'0,(NO,),L,] (L =
monodentate ligands), were reported as follows:**

4 (em™) = 9709 — 4.3DN 3)
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Figure 7. ORTEP drawing for 5.

y, (em™") = 1010 — 2.9DN (4)

where v, and v, represent asymmetric and symmetric stretch-
ing wavenumbers of the uranyl(VI) unit, respectively. The
asymmetric and symmetric stretching wavenumbers of the
uranyl(VI) unit of § were observed at 930 and 850 cm™’,
respectively. The DN of MIO-O was determined to be 27.9,
which is comparable with those of N-methyl-2-pyrrolidone
(27.2),** DMF (26.6), and DMSO (29.8) but larger than
those of water (18.0) and acetone (17.0). Therefore, MIO-O

has a stronger electron-donating ability than water and acetone.

B CONCLUSION

We synthesized the MIO complexes of cobalt(IIl), ruthenium-
(1), ruthenium(IIT), platinum(II), and uranyl(VI) and char-
acterized their structures by single-crystal X-ray analysis. MIO
showed preferential behavior on its donating atoms in the syn-
thesized coordination compounds, where MIO binds to cobalt(IIT),
ruthenium(III), and uranium(VI) through oxygen but to
ruthenium(II) and platinum(II) through sulfur. This prefer-
ential behavior reflects the nature or oxidation states of metal
ions: MIO tends to coordinate through oxygen to hard metal
centers or metal centers with high oxidation states but through
sulfur to soft metal centers or metal centers with low oxidation
states.

We isolated the S-bonded ruthenium(II) complex 2 and the
O-bonded ruthenium(III) complex 3. This is a good example
that ambidentate ligands show preferential behavior on their
coordination atoms depending on the oxidation states of the
metal centers. Structural analysis of 2 and 3 led us to conclude
that the sulfur and oxygen atoms of MIO work as a z-electron
acceptor and a z-electron donor, respectively. Unfortunately,
no direct evidence on redox-induced linkage isomerization
between 2 and 3 was obtained. However, ruthenium complexes
with MIO-based chelating ligands still have a great potential
to exhibit redox-induced linkage isomerization in solution. It is
known that metal complexes containing monodentate sulf-
oxides are sensitive to substitution by solvents or other donors,
but certain complexes of chelating sulfoxide retain redox-
induced linkage isomerization."**"”J The introduction of a
functional group on the nitrogen atom of isothiazol-3(2H)-one
can allow us to synthesize new chelating ligands with different
electron-donating abilities of oxygen/sulfur. Work is in progress
to synthesize other ruthenium complexes of MIO derivatives
for redox-induced linkage isomerization in solution.
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