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Methyl picolinate (Mepic) is a starting material in the synthesis of several organic materials and enzymes.
Notably, Mepic-ligand-based complexes with metals such as Zn(II), Cd(II), Ru(Il), and Rh(III) have garnered
attention for catalysis; however, Ru(II)-Mepic complexes remain structurally unexplored. In this study, trans(Cl)-
[RuCly(dmso-8)2(Mepic)]-0-25H,0 (1-0-25H,0, dmso = dimethyl sulfoxide) was produced in a satisfactory yield
(80%) via the reaction of trans(Cl)-[RuCly(dmso-S)4] with neutral N, O-ligand Mepic in methanol (MeOH) at room
temperature. The use of picolinic acid (Hpic) instead of Mepic in Hy0-ethanol (EtOH) produced the corre-
sponding complex—trans(Cl)-[RuClz(dmso-S)2(Hpic)]-H20 (2-H20)—with a slightly higher yield (82%). Crystal
structure analysis of 1-0-25H,0 and 2-H,O revealed that each chelating ligand coordinated to Ru®* via pyridyl-N
and carbonyl-O atoms and Hpic acted as a neutral bidentate ligand in 2. In DMSO, 1 was labile and released
Mepic to form [RuCly(dmso)s4], owing to the hemilability of N,O-ligand Mepic. In contrast, 2 was inert
in DMSO because H" was released from Hpic in solution, forming the anionic mono(pic)Ru
complex—trans(Cl)-[RuCly(dmso-S),(pic-k?N,07)] . 'H NMR and UV-Vis spectroscopic studies showed that 2
also generated the anionic mono(pic)Ru complex in aqueous solutions. Although free Mepic is inert in water, 1
underwent thermal hydrolysis in water to produce free MeOH. The dissociation of monodentate ligands was also
observed in the thermal hydrolysis of 1. Thus, it was a complicated reaction. The reaction of 1 with equimolar
OH™ in water quickly and selectively yielded the same complex and a MeOH molecule. Our study will assist in
assessing the catalytic potential of this complex and related systems.

1. Introduction

2-Pyridinecarboxylic acid, methyl ester or methyl picolinate (Mepic;
Fig. 1a) can be synthesized via metal-catalyzed esterification by the
oxidation of primary pyridine alcohols or alkoxycarbonylation with
pyridine iodide, primary alcohols, and carbon monoxide [1-3]. Mepic
has been used as a starting material for amidation- or nitration-based
organic synthesis and enzymatic synthesis [4-7]. M(Mepic) complexes
(M = Zn(II), Cd(II), Ru(Il), or Rh(III)) have been investigated to clarify
the catalytic reaction mechanism between metal ions and Mepic; to our
knowledge, four reports have been published on this topic; however,
ample opportunity remains for further study [8-11]. Three crystal
structures of M(Mepic) complexes (M = Zn(II), Cd(Il), or Rh(III)) have
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been reported, and these structural analyses suggest that Mepic acts as a
neutral hemilabile N,O-ligand via pyridyl-N and carbonyl-O atoms.
However, the crystal structures of Ru(II) complexes with Mepic have not
yet been documented [11]. Bidentate chelating hemilabile N,O-ligands
are more prone to chelate ring-opening reactions than N,N'-ligands. In
the case of Ru(Il) complexes, a Ru(II)-N bond is stronger than a Ru(II)-O
bond. Furthermore, neutral ligands have less electronic interaction with
the central metal than anionic ligands; thus, ligand desorption from the
metal complex is more likely to occur. In summary, the investigation of
the structure and reactivity of the complexes with neutral hemilabile N,
O-ligands will promote the evaluation of their catalytic ability.
2-Acetylpyridine (apy; Fig. 1b), which is structurally similar to Mepic
and acts as a neutral hemilabile N,O-ligand, is frequently used in
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Fig. 1. Structures of (a) Mepic and related neutral N,O-ligands, (b) apy and
(c) Hpic.

coordination chemistry. Notably, Ru(Il) complexes with the apy ligand
have been reported [11-15]. Furthermore, picolinic acid (Hpic; Fig. 1c),
which is a common ligand in coordination chemistry [16-21], is also
structurally similar to Mepic. However, when Hpic is coordinated to a
metal ion, the ligand releases a proton and consequently functions as a
negative bidentate ligand, pic”. Furthermore, a Ru(II) complex with
neutral Hpic has not yet been reported although Ru(Il)-pic” complexes
have been studied.

We previously reported three types of Ru(Il) complexes with
pyridine-based neutral N,O-ligands di-2-pyridyl ketone (dpk), (phenyl)
pyridyl ketone (ppk), and 2-picolinamide (Hgpia), which are coordi-
nated to a Ru(II) ion via pyridyl-N and carbonyl-O atoms to form a five-
membered chelate ring [22-25]. In particular, trans
(Cl)-[Rllclz(deO-S)z(dpk-K'zMO)] (dmso = dimethyl sulfoxide), which
is obtained from the reaction of trans(Cl)-[RuCly(dmso-S)4] with dpk in
H20-EtOH at 275 K, reportedly exhibited a unique isomerization reac-
tion on the Ru(II) ion [22]. The dpk—KzN,O coordination mode thermally
isomerized to dpk-KZN,N, which coordinates to the Ru?' ion via two
pyridyl-N atoms. Moreover, when the complex with the dpk—KzN,O
ligand reacts with OH™ ions in water at room temperature, the C=0
group transforms to negatively charged diol group C(OH)O", yielding
trans(CL,0)-[RuCl(dmso-S)(dpk-OH-x>N,0 ,N)], in which dpk-OH
functions as an anionic tridentate ligand.

In this study, a trans(Cl)-[RuCly(dmso-S)2(Mepic)]-0-25H,0 complex
(1-0-25H,0) was synthesized based on the method used to prepare the
aforementioned dpk-KZIV,O complex [22]. In the synthesis of 1-0-25H50,
methanol (MeOH) was used as a solvent. MeOH is used as a solvent in
the synthesis of several neutral Ru(II) complexes that use cis(Cl),fac
(S)-[RuCly(dmso-S)3(dmso-O)]—an isomer of trans
(CD-[RuCly(dmso-S)4]—as a starting material [26-28]. Subsequently,
the crystal structure and reactivity of this Mepic complex in water were
assessed. Additionally, the analogous Ru(Il) complex with Hpic was
synthesized, and the trans(Cl)-[RuCly(dmso-S)2(Hpic)]-HoO complex
(2-H20) was obtained. The crystal structure study, elemental analysis,
and 'H nuclear magnetic resonance (NMR) spectroscopy of 2-Hy0
revealed that Hpic acted as a neutral ligand in 2. Hpic was not expected
to coordinate in a neutral form. Therefore, it is important that the
composition is identified by multiple analytical results. To our knowl-
edge, this study is the first on the crystal structures of Ru(II) complexes
with Mepic or neutral Hpic as the ligand. Furthermore, the chemical
behavior of 1-0-25H,0 and 2-H,0 in DMSO and water solutions was
investigated by 'H NMR and ultraviolet-visible (UV-Vis) spectroscopy.
DMSO is a common solvent for NMR measurements of Ru(II)-dmso
complexes because of its high solubility in both neutral and ionic com-
plexes. The dmso ligands of Ru(II)-dmso complexes are often substituted
with coordinating solvent molecules. However, with DMSO-dg, NMR
analysis is easy because the chemical structure of the complex does not
change if coordinating dmso and solvent DMSO-ds are substituted.
Moreover, DMSO is a highly coordinative solvent and suitable to eval-
uate hemilabile N,O-ligands. Water was also used because it is the most
common solvent. The thermal reaction and pH dependence of
1-0-25H20 and 2-H3O in water were investigated. Mepic is inert in
water; however, MeOH slowly dissociated from 1-0-25H20 upon heating
in water. Dissociation of the monodentate ligands of 1 also occurred.
The reaction of 1 with OH™ ions in water rapidly produced trans
(Cl)-[RuClg(dmso-S)z(pic-KzN,O’)] ~ and MeOH, without dissociation of

Journal of Molecular Structure 1321 (2025) 139964

the monodentate ligands. This study provides fundamental insight into
Mepic complexes and will aid in future research on the catalytic po-
tential of Mepic.

2. Experimental
2.1. General

The starting material, trans(Cl)-[RuCla(dmso-S)4], was prepared ac-
cording to the literature [26]. All reactions were performed in an argon
atmosphere at room temperature (approximately 298 K). 'H NMR
spectroscopy was performed using DMSO-dg, acetone-dg, CD30D, and
D,0 at 293 K with a Varian Mercury 300 (300 MHz, Agilent Technol-
ogies, Santa Clara, CA, USA), JEOL GSX-270 (270 MHz, Tokyo, Japan),
or Magritek Spinsolve 60 (60 MHz, Aachen, Germany) spectrometer,
unless otherwise noted. Tetramethylsilane (TMS) was used as the in-
ternal standard for DMSO-dg, acetone-dg, and CD30D, whereas DMSO
was used as an internal standard for the measurements in D,0O (2.71
ppm) [29]. The aromatic signals in the 'H NMR spectra of the complexes
were assigned based on their coupling constants [30]. Absorption
spectra were recorded at 298 K using JASCO V-670 (Tokyo, Japan) and
Shimadzu UV-2700 instruments (Kyoto, Japan) with MeOH and H,O
and an ALS SEC2020 spectrometer (Tokyo, Japan) with MeCN. Infrared
spectra were recorded on a JASCO FT/IR-6100 (Tokyo, Japan) or
HORIBA FT-720 (Kyoto, Japan) spectrometer; the samples were pre-
pared as KBr pellets.

X-ray crystallographic analyses of 1-0-25H20 and 2-H»0O were per-
formed at 173 K using a Rigaku Mercury70 diffractometer (Tokyo,
Japan) with graphite monochromated Mo-Ka radiation (A = 0.71,073 fo\)
and 0 values of 2.94°-30.64° The structures were solved using the direct
method with the SIR2014 package and then refined using the full-matrix
least-square technique [31-34]. All non-hydrogen atoms were refined
using anisotropic displacement parameters. The hydrogen atoms of the
pyridyl rings and methyl groups were located at positions theoretically
calculated using the riding model. For 2-H,0, the hydrogen atoms from
the OH group of Hpic in the complex were assigned based on a difference
Fourier map. The crystallographic data for 1-0-25H,0 and 2-H3O are

Table 1
Crystallographic data for 1-0-25H,0 and 2-H50.
1-0-25H,0 2-H,0
Chemical formula RuCl3S5C11NO4.25H19 5 RuCl»S,C19NOsH19
Formula weight 469.88 469.36

Temperature (K) 173 173

Crystal dimensions

0.20 x 0.20 x 0.05

0.20 x 0.15 x 0.04

(mm)
Color Light red Orange
Crystal system Triclinic Orthorhombic
Space group P-1(#2) Pccn (#56)
Lattice parameters
a(d) 8.3311(2) 18.7982(4)
b (A) 8.3509(2) 13.5456(2)
cA) 14.0274(4) 13.8647(2)
a(®) 81.196(2) 90
pC) 85.092(2) 90
7 (©) 66.880(3) 90
v (10\3) 886.61(4) 3530.41(10)
Z 2 8
Deated. (g/cm®) 1.760 1.766
Fooo 473.00 1888.00
u(MoKa, cm™1) 1.434 1.443
No. of reflections 10,596 42,483
collected
Independent reflections 4573 5079
Rine 0.0098 0.0341

R indicates [I > 20(I)]

R indicates (all data)

Goodness of fit (GOF)

R1 = 0.0206, wR2 =
0.0227

R1 = 0.0537, wR2 =
0.0548

1.093

R1 = 0.0250, wR2 =
0.0317

R1 = 0.0575, wR2 =
0.0602

1.052
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summarized in Table 1, and selected bond angles are listed in Table 2
(Cambridge Crystallographic Data Center (CCDC) deposition numbers
2344181 and 2344182).

2.2. Synthesis of trans(CD)-[RuCly(dmso-S)(Mepic)]-0-25H,0
(1-0-25H,0)

A solution of trans(Cl)-[RuCly(dmso-S)4] (0.1 mg, 0.85 mmol) in
MeOH (30 mL) was heated at 323 K for 20 min. The yellow heteroge-
neous solution became a deep-yellow homogeneous solution upon
forming trans(Cl)-[RuCly(dmso-S)2(MeOH),]. Mepic (120 pL, 1.1 mmol)
was added to the homogeneous solution, and the mixture was stirred for
40 h at room temperature; the deep-yellow solution gradually became
red. The resulting solution was evaporated to a volume of approximately
10 mL in a vacuum. Subsequently, diethyl ether (25 mL) was added to
the concentrated solution, yielding a red precipitate, 1-0-25H20. After
cooling in a refrigerator (approximately 280 K) for over 12 h, the red
precipitate was washed several times by decantation with a small
amount of diethyl ether, collected by filtration, washed with diethyl
ether, and dried in vacuo (0.31 g, 80%). Red crystals suitable for X-ray
crystallography were obtained by the vapor diffusion of diethyl ether
into a mixture of 1-0-25H50 in 1:1 methanol-acetone. Analytical cal-
culations for crystals (RuCloC11NS204H19-0-25H50): C, 28.11; H, 4.18;
and N, 2.98%. Observed: C, 27.86; H, 4.18; and N, 2.90%. Analytical
calculations for dried sample (RuCloC11NS204H19): C, 28.39; H, 4.12;
and N, 3.01%. Observed: C, 28.14; H, 4.09; and N, 3.04%. TH NMR (300
MHz, acetone-dg) § = 10.44 (1H, d, 3J = 5.5 Hz, H-6), 8.33 (1H,d, 3J =
7.8 Hz, H-3), 8.26 (1H, t, 3J = 7.7 Hz, H-4), 7.96 (1H, dd, 3J = 7.7 and
5.5 Hz, H-5), 4.41 (3H, s, Me of Mepic), 3.45 (6H, s, dmso), 3.43 (6H, s,
dmso), and 3.45 (6H, s, dmso). Electronic spectroscopic data in HoO
(nm, M *em™): 268 (6.7 x 10%), 310 (1.1 x 10%), and 395 (1.5 x 10%).
Electronic spectroscopic data in MeOH (nm, M’lcm’l): 270 (6.2 x 103),
320 (1.2 x 103), and 430 (1.6 x 103). Electronic spectroscopic data in
MeBCN (nm, M~'em™1): 270 (5.5 x 10%), 330 (1.3 x 10%), and 450 (1.6 x
107).

2.3. Synthesis of trans(CD-[RuClz(dmso-S)2(Hpic)]-H20 (2-H20)

A solution of Hpic (68 mg, 0.50 mmol) in ethanol (EtOH, 10 mL) was
added to a solution of trans(Cl)-[RuCly(dmso-S)4] (0.25 g, 0.50 mmol) in
H20 (10 mL). The resulting solution was stirred for 3 h at room tem-
perature and evaporated to approximately 1 mL in a vacuum. Solutions
of EtOH (4 mL) followed by diethyl ether (40 mL) were added to the
yellow solution, yielding an orange precipitate, 2-H,0. After cooling in a
refrigerator (approximately 280 K) for over 12 h, the orange precipitate

Table 2
Selected bond lengths (10\), angles (deg), and dihedral angles (deg) of 1-0-25H,0
and 2-H,0.

1-0-25H,0 2.H,0
Rul-Cl1 2.3948(4) 2.4141(4)
Rul-CI2 2.3920(4) 2.3883(4)
Rul-S1 2.2540(4) 2.2446(4)
Rul-S2 2.2176(4) 2.2268(4)
Rul-O1 2.1367(11) 2.1343(12)
Rul-N1 2.1395(12) 2.1260(14)
01-C6 1.2277(18) 1.239(2)
02-C6 1.3046(18) 1.294(2)
02-C7 1.4540(19) —
O1-Rul-N1 77.29(4) 77.57(5)
S1-Rul-S2 95.005(14) 94.377(16)
S1-Rul-O1 87.49(3) 88.89(3)
S2-Rul-N1 100.30(3) 99.27(4)
C11-Rul-CI2 173.014(15) 173.359(15)
01-C6-02 123.70(13) 123.66(17)
01-C6-C1 121.37(13) 119.93(15)
02-C6-Cl1 114.92(13) 116.38(16)
C6-02-C7 116.23(12) —
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was washed several times by decantation with a small amount of diethyl
ether, collected by filtration, washed with diethyl ether, and dried in
vacuo (0.19 g, 82%). Orange crystals suitable for X-ray crystallography
were obtained by the vapor diffusion of diethyl ether into an ethanol
solution of 2-H,0. Analytical calculations for RuClyCy(oNS204H;7-Ho0:
C, 25.59; H, 4.08; and N, 2.98%. Observed: C, 25.57; H, 4.11; and N,
3.04%. 'H NMR (270 MHz, DMSO-dg) 6 = 10.14 (1H, d, 3J = 5.5 Hz, H-
6), 7.95 (2H, m, H-3 and H-4), 7.64 (1H, dd, 3 J = 5.5 and 6.9 Hz, H-5),
3.30 (6H, s, dmso), and 3.24 (6H, s, dmso). Electronic spectroscopic data
in HoO (nm, M~ 'em™): 260 (5.5 x 10%), 310 (1.6 x 10%), and 353 (1.9 x
10%). Electronic spectroscopic data in MeOH (nm, M lem™): 270 (4.0 x
10%), 320 (1.5 x 10%), and 370 (1.6 x 10%).

3. Results and discussion
3.1. Synthesis

The synthesis routes and reactions of 1 and 2 are summarized in
Scheme 1. In 1998, Alessio and coworkers reported that when trans(Cl)-
[RuClp(dmso-S)4] was dissolved in water at room temperature, two
dmso-S ligands at the cis position were rapidly released, forming trans
(CD),cis(S)-[RuCly(dmso-S)2(OH3)s] [26]. Similarly, in the present study,
the yellow heterogeneous solution of trans(Cl)-[RuCly(dmso-S)4] trans-
formed to a deep-yellow homogeneous solution after gentle warming in
MeOH, forming trans(Cl),cis(S)-[RuCly(dmso-S)2(MeOH),]. The THNMR
spectrum of trans(Cl)-[RuCly(dmso-S)4] was acquired by heating a
CD3OD solution of the specimen at 323 K for 15 min (Fig. S1). Three
singlet signals were observed at 4.82, 3.31, and 2.65 ppm. The signals at
4.82 and 2.65 ppm were assigned to H>0 in CD3OD and free DMSO that
was released from Ru?*, respectively. The CDsOD signal at 3.31 ppm
overlapped with that of the coordinated dmso ligands. The intensity of
the coordinated dmso ligands, which was the integral of the signal of
CD30D subtracted from that at 3.31 ppm, was equivalent to the integral
intensity of free DMSO at 2.65 ppm, suggesting that two dmso ligands at
the cis position were released from trans(Cl)-[RuCly(dmso-S)4], forming
trans(Cl),cis(S)-[RuCly(dmso-S)»(CD30D),].

For the synthesis of 1-0-25H30, trans(Cl)-[RuCly(dmso-S)4] was
heated at 323 K for 20 min in MeOH to form trans(Cl),cis(S)-
[RuCly(dmso-S)2(MeOH),]. As Mepic was added into the MeOH solution
of the Ru(II) complex at room temperature, the yellow solution turned
orange and then clear red after stirring at room temperature for 40 h.
The red complex 1-0-25H;0 was obtained from the reaction mixture
with a satisfactory yield (80%).

Similarly, the aqueous solution of trans(Cl)-[RuCly(dmso-S)4], which
rapidly formed trans(Cl),cis(S)-[RuClz(dmso-S)2(OHs)2] upon being
dissolved in water, was mixed with Hpic in EtOH and stirred for 3 h at
room temperature, yielding the orange complex 2-H,O with a yield of
82%. In both cases, the red or orange solids were obtained in high yields
(>80%) by removing the solution and eliminating two dissociated
DMSO molecules from the starting trans(Cl)-[RuCly(dmso-S)4] complex
through several decantation cycles. The resulting complexes were
characterized by elemental analysis, crystal structure studies, and 'H
NMR spectroscopy.

3.2. Crystal structure analysis

Oak Ridge Thermal-Ellipsoid Plot Program (ORTEP) drawings of
1-0-25H,0 and 2-H,0 (Fig. 2) indicated that both Ru?" ions exhibited a
distorted octahedral geometry with trans(Cl) atoms and two dmso-S li-
gands at the cis position (i.e., trans(Cl),cis(S) geometry). In 1-0-25H50,
the Mepic ligand coordinated as a bidentate ligand via the pyridyl-N and
carbonyl-O atoms. In 2-H0, the Hpic ligand also coordinated as neutral
bidentate ligand using the pyridyl-N and carbonyl-O atoms because
cations were absent; the 'H NMR spectrum of 2-H,0 indicated that the
Ru ion in 2 was diamagnetic and divalent. The reaction solution con-
taining the 2-H,0 precipitate had only H" (H30") as a cation; thus, salt
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Fig. 2. ORTEP drawings of (a) 1-0-25H,0 (without a water molecule (omitted for clarity)) and (b) 2-H,O. Ellipsoids are drawn at the 50% probability level.

[H3O]trans(Cl)-[RuCly(dmso-S)(pic)] was precipitated. In the crystal,
the H30" cation formed a hydrogen bond with O~ of an anionic
bidentate ligand (pic’). Although these two structures (Hpic or pic)
could not be completely distinguished via X-ray crystallographic ana-
lyses, a difference Fourier map exhibited a hydrogen atom peak in the
vicinity of a noncoordinated O atom of the ligand, and the structure of
trans(Cl)-[RuCly(dmso),(Hpic)]-Ho0 was adopted. Thus, in crystal form,
2-Hy0 should be represented as a neutral complex, trans(Cl)-
[RuCly(dmso-S)2(Hpic)]-H20. However, in solution, it might behave as a
salt, [H3O]trans(Cl)-[RuCly(dmso-S)2(pic)], in which the pic™ ligand
coordinates to the Ru(Il) ion via pyridyl-N and carbonyl-O™.

In the crystals of complex 2, water molecules underwent hydrogen-
bonding interactions with the H-O group of Hpic. A comparison of 1
and 2 suggested that 2 contained the water of crystallization instead of
the Me group in 1, allowing Hpic in 2 to retain H" and form HsO™".
Moreover, water molecules underwent hydrogen-bonding interactions
with the Cl1* atom in the adjacent 2 molecule and O3** atom of the
dmso ligand in another adjoining 2 molecule (Fig. S2a), thereby
generating two-dimensional (2D) hydrogen networks on the bc plane
(Fig. S2b). The hydrogen-bonding parameters are summarized in
Table S1.

The trans(Cl),cis(S) configuration of the two Cl and two dmso-S li-
gands in 1-0-25H;0 and 2-H,O was identical to that in analogous
complexes trans(Cl)—[RuClz(dmso—S)z(dpk—KZN, 0)] [22] and trans
(CD-[RuCly(dmso-S)a(apy)] [15]. In 1-0-25H50, lengths of two Ru-Cl
bonds were almost identical (2.3948(4) and 2.3920(4) A) and similar to
those in analogous complexes mono(dpk-KZN,O)Ru(II) and mono(apy)
Ru(ID) (2.3753(16)-2.397(1) /DX). However, the Rul-Cl1 bond (2.4141(4)

10\) of 2-H,0 was longer than another bond (2.3883(4) 10\) and that of
1-0-25H0. Furthermore, the length of the Rul-S1 bond trans to the
pyridyl-N atom was greater than that of the Rul-S2 bond trans to the O
atoms of both bidentate ligands. This tendency has also been observed in
analogous complexes mono(dpk—xZN,O)Ru(II) [22] and mono(apy)Ru
(1D [15].

The characteristic structural parameters were evaluated (Table 3) to
investigate the effects of the N,O-ligand substituents in four Ru(Il)
complexes: 1-0-25H,0, 2-H,0, lrans(Cl)-[RuClz(dmso-S)z(dpk-KzN, 0)]
[22], and trans(Cl)-[RuCly(dmso-S)s(apy)] [15]. The results showed no
significant differences. However, the Ru-O bonds of 1-0-25H,0 and
2-H,0 were slightly longer than those of the other complexes; this ten-
dency was not observed for the bond distance between the coordinated
O and carbonyl-C atoms.

The O1-C6 bond (1.2277(18) [o\) in 1-0-25H50, wherein the O1 atom
was coordinated to a Ru(Il) ion, was clearly shorter than the 02-C6 bond
(1.3046(18) [o\) and similar to that in trans(Cl)-[RuCly(dmso-S)2(apy)]
(1.228(5) A). These results suggest that the 01-C6 bond maintained the

Table 3
Selected bond distances (10\) and angles (°) in complexes with the substituent R of
1-0-25H,0 and 2-H,0.

R= MeO- (1-0-25H,0) HO- Me- [1%] py- 14
(2-H,0)

Ru-O 2.1367(11) 2.1343(12) 2.084(3) 2.089(2)

Ru-N 2.1395(12) 2.1260(14) 2.122(3) 2.113(2)

c=0 1.2277(18) 1.239(2) 1.228(5) 1.243(3)

O-Ru-N 77.29(4) 77.57(5) 76.59(13) 76.12(8)
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O=C bond and that the C=0 group was retained even after coordination
to the metal ion. Moreover, the 02-C6 bond was slightly shorter than the
corresponding O-C bond in pyridinecarboxylic acid ester compounds,
dimethyl pyridine-2,6-dicarboxylate (Meypic; 1.3288(15) 108) [34] and
but-2-enedioic  acid bis(ethyl pyridine-2-carboxylate)  (Etpic-
(HOOC-CH—CH-COOH); 1.326 ;\) [35]. Additionally, the 0O2-C7 bond
(1.4549(19) A) was significantly longer than the 02-C6 bond; however,
the length of this bond was similar to those in Meypic (1.4510(15) /o\)
[32] and Etpic (1.442 A) [35]. In 2-H50, the O1-C6 bond (1.239(2) A)
was shorter than the 02-C6 bond (1.294(2) [o\), and the two bond
lengths were similar to the corresponding O-C bond lengths in
1.0-25H,0, suggesting that the O1-C6 bond preserved the O=C bond
even in 2-Hy0. In the [Ru(pic)(bpy)2]Cl-CH3CN-1-5H50, cis(S)-[Ru
(pic)2(dmso-S)2], and fac(S)-[RuCl(pic)(dmso-S)3] complexes, wherein
the pic™ ligand acted as a mono-anionic bidentate ligand, the distance
between the coordinated O~ and carbonyl-C atoms (1.280(3)-1.294(3)
}o\) was greater than another C-O bond length (1.218(3)-1.223(3) }o\),
corresponding to the C=0 group [16-18]. This bond distance analysis
confirmed that the bidentate ligand in 2-H;0 was neutral Hpic. Even if
2.H,0 was [H30]trans(Cl)-[RuCly(dmso-S)a(pic)], H30" could form a
hydrogen bond with the outside noncoordinated O atom of the bidentate
ligand, delocalizing the n bond to the coordinated O and C atoms, and
forming [H30]trans(Cl)-[RuClg(dmso-S)z(pic-KZN,O)], in which the co-
ordinated O of pic” was neutral.

The bite angles of Mepic and Hpic in 1-0-25H50 and 2-H50 (77.29(4)°
and 77.57(5)°) were similar to those in analogous complexes mono(dpk-
KZIV,O)RU(H) and mono(apy)Ru(ll) (76.12(8)° and 76.59(13)°). The O3
atom of the dmso-S1 ligand in 1-0-25H0 was oriented toward two methyl
groups of the dmso-S2 ligand, and the O4 atom of the dmso-S2 ligand was
directed toward the H-6 proton of the pyridyl group in Mepic. Thus, dmso-
S1 bore two bulky methyl groups aimed at the slim coordinated O1 atom
of Mepic, whereas dmso-S2 featured a smaller O atom of the dmso ligand
directed toward the bulky pyridyl group of Mepic. Consequently, on the
equatorial plane, the S1-Rul-O1 angle was 87.49(3)°, which was close to
the ideal angle of 90°, and the S1-Rul-S2 angle (95.00(14)°) was slightly
larger than 90°; moreover, the remaining S2-Rul-N1 angle (100.30(3)°)
was clearly larger than 90° The sum of the four angles around the Ru?* ion
within the equatorial plane was 360°, suggesting that the four coordinated
atoms were in the same plane. This distribution of angles around the Ru?*
ion in the complex was also observed in 2-H20 and analogous complexes
mono(dpk—KZN, O)Ru(Il) and mono(apy)Ru(ll). Therefore, the crystal
structure analysis revealed that Mepic acted as a neutral N,O-ligand, and
its ester group did not have a significant effect on the bonding parameters.
Additionally, Hpic was confirmed to function as a neutral N,O-ligand
depending on the reaction conditions.

3.3. IR and 'H NMR spectroscopy

The IR spectra of the complexes 1-0-25H,0 and 2-HyO were
measured after drying them in vacuo for a few days and pressing them
into KBr pellets (Fig. S3). The spectrum of 1-0-25H50 contained no
v(OH) peak for HyO within the frequency range of 3500-3000 em L
This suggests that the lattice water molecules were removed by drying in
vacuo. In contrast, in the spectrum of 2-H>0, a strong band was observed
at 3355 cm ™, despite similar drying conditions. This indicates that the
lattice water molecules in 2-H,0 remained after drying, likely because of
strong hydrogen-bonding interactions between the lattice water mole-
cules and Ru(II) complex. In addition, two broad bands associated with
lattice water were observed at 2250 and 1900 cm ! (the band at 2250
cm™! appears to be split in two, possibly because of the influence of CO
absorption). These broad bands are similar to those in the IR spectrum of
free Hpic (2607 and 2152 cm’!), which resulted from absorption by the
OH group of the carboxyl group with hydrogen bonding interactions
[36].

The three broad bands at 3355, 2250, and 1900 cm™ in the spectrum
of 2:HyO were further studied by comparing their shifts to those
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recorded for H3O". H30", which has C3, symmetry, has four typical IR
frequencies, v, (n = 1-4). Vibration bands v; (vs(OH)) and v3 (vq(OH))
usually overlap at 3600-3200 cm’l, whereas v4 (5g(HOH)) and v,
(6s(HOH)) appear at 1700-1600 and 1200-1000 cm’l, respectively [37,
38]. In contrast, when bound in crystals that contain strong
hydrogen-bonding interactions, such as H3O"—crown ether compounds,
the hydrogen bonds between H30™ and the crown ether (of which there
are three between the three hydrogen atoms of HsO' and the three O
atoms of the crown ether) produce an absorption band at 2400-2300
cm ! [39]. This indicates that the v(OH) band of H30™ shifts to a lower
energy when strong hydrogen bonds are formed. Thus, if the broad band
at 2250 cm ™! in the spectrum of 2-H50 could be assigned to the v(OH) of
H30" with hydrogen bonds, no strong v(OH) band for HoO would be
observed at 3355 cm™!. This inconsistency suggests that the proton is
retained on the outer noncoordinated O atom of the chelate ligand in 2
and forms the OH group of the Hpic ligand as observed in the crystal
structure of 2-H,0. Consequently, the strong band at 3355 cm™! was
assigned to lattice water, and the remaining two broad bands were
associated with the v(OH) of the coordinated Hpic ligand with a
hydrogen-bonding interaction with the lattice water.

As regards the dried sample of 1, the peaks at 1650 and 1363 em!
were assigned to the asymmetric stretching (v,(COO)) and symmetric
stretching (v5(COO)) of coordinated Mepic, respectively. These peaks
were clearly shifted compared to those of free Mepic (1730 and 1310
em ™}, respectively) [40]. 2-Ho0 produced peaks at similar positions of
1636 and 1340 cm’l, assigned to v,(COO) and v5(COO0), respectively.
These values were shifted slightly from the corresponding values for fac
(S)-[RuCl(dmso-S)3(pic)] (#2(COO) = 1668 cm ! and v5(CO0) = 1334
crn’l) [18], which contains the coordinated O™ of the pic™ ligand.

The 'H NMR spectrum of 1 in acetone-dg (Fig. 3) showed four signals
with 1H intensities in the aromatic region, a singlet of 3H at 4.41 ppm,
and two singlets of 6H at 3.45 and 3.43 ppm. The signal intensity data
implied that 1 possessed one Mepic ligand and two dmso ligands.
Moreover, the spectral pattern of 1 indicated that the two methyl groups
of each of the two dmso ligands were equivalent, suggesting that the two
Ru-S bonds rotated in solution. The aromatic signals were assigned
based on their coupling constants [30]. Similar signal patterns were
observed in the 'H NMR spectrum of 1 in DMSO-dg (Fig. S4a). However,
after the NMR sample of 1 was incubated for 2-24 h at room tempera-
ture, small signals matching those of free Mepic and free DMSO were
present (Figs. S4b—d). This result indicated that coordinated hemilabile
Mepic thermally dissociated from the Ru(II) ion in the DMSO-dg solu-
tion, forming trans(Cl)-[RuClz(dmso)s(dmso-de)2], in which the coor-
dinated dmso-S ligand was easily exchanged with the DMSO-dg solvent
to form [RuCly(dmso-dg)4], owing to the steric hindrance between the
four dmso-S ligands in the equatorial plane [26].

In contrast, 2-H,0 was inert in DMSO. The 'H NMR spectrum of
2-H50 in DMSO-dg (Fig. 4) showed four signals with H band intensities
in the aromatic region and two singlets with intensities of 6H. These
signals were assigned to a coordinated pyridyl group and two coordi-
nated dmso-S ligands in 2. No signal was observed for the HO group of
coordinated Hpic. Moreover, the signal of water in DMSO-dg emerged at
5.2 ppm; however, this signal typically appears at 3.3 ppm. This shift
was caused by the formation of H30™ with an acidic proton (HM) that
was released from the coordinated Hpic in DMSO-dg and with water in
the solvent. The 'H NMR spectrum remained identical even after the
NMR sample of 2-HoO was incubated for a day at 323 K (Fig. S5).
Although crystal structure analysis indicated that the Hpic ligand in 2
was coordinated to a Ru(II) ion via pyridyl-N and carbonyl-O atoms,
thermal decomposition in DMSO was not observed. In solution, the H*
ion of Hpic was released to form trans(Cl)-[RuClz(dmso-S)z(pic-KzN,
0O)], in which the coordinated O atom was negatively charged.
Therefore, 2 was inert despite having a hemilabile N,O-ligand, owing to
the deprotonation of the coordinated Hpic to become a negative
bidentate ligand.
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Fig. 4. 'H NMR spectrum of 2-H,0 in DMSO-ds (270 MHz).

3.4. Chemical behavior in aqueous solutions

The orange complex 2-H,0 was dissolved in water, and the resulting
aqueous solution became slightly acidic (pH 4) and yellow; this result
suggested that the proton of the carboxylic group was released in water
to form trans(Cl)-[RuCl2(dmso-S)2(pic-K2N, 0)]". The '"H NMR spectrum
of 2-H,;0 in D,O was identical to that of the neutralized D50 solution of
2-H,0 with NaOH(aq) (Fig. S6). Additionally, the H NMR spectrum of
2-H,0 in D20 after heating at 323 K for 3 h was consistent with that of
the unheated sample (Fig. S7). This result substantiated that the pic™
component of the complex was coordinated to a Ru?* ion via pyridyl-N
and negatively charged O~ atoms, thereby providing electrostatic
assistance for binding to the Ru?t ion to form trans(Cl)-[RuCly(dmso-
S)apic-x®N,0)]".

In water, complex 2 was inert and existed as trans(Cl)-[RuCly(dmso-
S)g(piC-KZIV, 071, whereas complex 1 was labile. In the H NMR spec-
trum of 1.0-25H20 in D30, the singlet signal of the Me group of the
coordinated Mepic ligand appeared at 4.37 ppm. After heating the so-
lution of 1-0-25H50 in D20 at 323 K for a few hours, the resulting H
NMR spectrum differed from that of the unheated counterpart (Fig. S8).

The signals of 1 decreased in intensity, and two new H-6 signals of the
pyridyl group appeared in the aromatic region. The new signal at 3.34
ppm was assigned to the Me group of free MeOH. The appearance of the
MeOH signal implies that a hydrolysis reaction occurred with the co-
ordinated Mepic to form trans(Cl)—[RuClz(dmso—S)z(pic—KZN, o],
however, both of new H-6 signals in Fig. S8c did not match that of
2-H50. Thus, new thermal products would be complexes with a pic’,
which was formed from Mepic by hydrolysis, and lose the monodentate
a Cl™ or dmso ligand by thermal decomposition. But, both of free Mepic
and 2-Hy0 were inert in water (Fig. S9). Consequently, these results
suggest that Mepic was somewhat labilized by coordination with Ru(II)
ions. Additionally, the dissociation of the monodentate ligands occurs
simultaneously with the hydrolysis of the coordinating Mepic. The fact,
that 1-0-25H,0 is labile in water, means that it is reasonable to use
MeOH as the solvent for synthesis of 1; however, the hydrolysis com-
pound of trans(Cl)-[RuCly(dmso-S)4] in water has been used as a pre-
cursor to synthesize trans(Cl)-[RuCly(dmso-S)2(L-L)] complexes [22,
41-43].

H NMR showed that free Mepic was inert in water; however, the
reaction of Mepic with OH™ in water quickly afforded MeOH and pic™
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Fig. 5. Absorption spectra of 1-0-25H,0 and 2-H,O in H;O at 298 K. The
dashed line is the absorption spectrum of a solution containing 1-0-25H,0 and
an equal amount of NaOH.

(Fig. S10). Similarly, after NaOH(aq) was added to a D0 solution of 1 in
an amount equimolar to 1 without heating, the resulting spectrum in the
aromatic region was identical to that of 2 in D20, and 2 became trans
(Cl)-[RuClz(dmso-S)z(pic-Kzl\I, 0)] in D50. Thus, the reaction of 1 with
OH™ in water selectively produced trans(Cl)-[RuClz(dmso-S)z(pic-KzN,
07)]” without the dissociation of monodentate ligands; moreover, in the
aliphatic region, the signal at 4.37 ppm—corresponding to the Me group
of Mepic—disappeared and a new free-MeOH-associated singlet signal
with the intensities of 3H appeared at 3.34 ppm (Fig. S10b). These
findings were corroborated by the absorption spectra of 1-0-25H,0 and
2-H,0 in water (Fig. 5). The addition of an aqueous NaOH solution to the
orange 1-0-25H,0 solution at ambient temperature resulted in a yellow
solution. Notably, the absorption spectrum of the yellow solution was
identical to that of 2-H20. Adding aqueous trifluoromethanesulfonic
acid (HOTf(aq)) to the aqueous solution of 2-H,O (at twice the molar
amount of 2-H,0) resulted in an 'H NMR spectrum that was identical to
that of 2-H,0 (Fig. $12). Overall, the 'H NMR and UV-Vis spectroscopic
data suggest that the OH™ ions in solution selectively reacted with the
coordinated Mepic in 1 to cleave the ester bond, whereas the reverse
reaction of H" dissociation was not observed, even when excess H™ was
added to the aqueous solution of 2-HO.

4. Conclusion

A Ru(Il) complex with Mepic, 1-0-25H,0, and the corresponding
complex with Hpic, 2-H20, were synthesized and their crystal structures
and behaviors in DMSO and water solutions were investigated. The
crystal structure analysis of the two complexes indicated that the
structural parameters of the trans(Cl)-RuCly(dmso-S), geometry were
almost identical, and that Mepic and Hpic acted as neutral bidentate N,
O-ligands. Moreover, the crystals of 2-H;0 had a water molecule in a
position similar to that of the Me group in 1-0-25H50. Evidently, water
was important for the Hpic ligand in 2-H,0 to retain H' during crys-
tallization. Notably, H" was released from Hpic in the 2-H,0 solution to
form the anionic trans(Cl)-[RuClg(dmso-S)z(pic-KzN,O')]’ complex.
Thus, the structure of 2-H30 was trans(Cl)-[RuClz(dmso-S)2(Hpic)]-H20
in the crystal form, and [H30]trans(Cl)-[RuCly(dmso-S)s(pic)] in solu-
tion. In a DMSO solution, 1 was labile owing to the presence of the
neutral hemilabile N,O-ligand; however, 2 was inert because Hpic
behaved as a negative bidentate pic” ligand, (pic-k®N,0")". Although free
Mepic was inert in water, after heating 1-0-25H50 in water, the coor-
dinated Mepic underwent a slow decomposition reaction to form MeOH
and some Ru(II)-pic” complexes, in which monodentate ligands were
dissociated by thermal hydrolysis. When OH™ ions were added to an
aqueous solution of 1, the decomposition of coordinated Mepic pro-
ceeded selectively and rapidly, forming the anionic trans(Cl)-
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[RUCIZ(deO-S)z(piC-KzM 07)]” complex and free MeOH molecules,
without dissociation of the monodentate ligands. This study promotes
the understanding of the behavior of Ru(II) complexes in different en-
vironments, providing valuable information for their potential applica-
tions in catalysis, drug development, material science, and coordination
chemistry.
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