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Thermally Stable Heteroleptic Trans-Bis(Chelate)
Ruthenium(ll) Complex Bearing 2,2’-Bipyridine and
Acetylacetonato: Synthesis, Isomerization, and Crystal

Structure

Mari Toyama,*™ ™ Daichi Fujimoto,” Yusuke Kawakami,” and Shiho Tanaka™

Thermally stable trans-bis(chelate)-type Ru(ll) complexes are
challenging to prepare owing to steric hindrance between the
two chelate ligands. Herein, we investigated the isomerization
of a heteroleptic cis-bis(chelate) complex to obtain its trans
form. cis-[Ru(acac)(bpy)(dmso-S),](OTf)-0.5H,0 (1-(OTf)-0.5H,0;
acac” =acetylacetonato; bpy=2,2"-bipyridine; dmso=dimethyl
sulfoxide; OTf~=CF;SO;") was prepared by reacting trans(O,S)-
[Ru(bpy)(dmso-S),(dmso-0),](OTf), (PO) with Li(acac) in acetone
at 298 K. In 1-(OTf)-0.5H,0, the two labile dmso-O ligands of PO
were replaced by an acac™ ligand. The dihedral angle between
the chelate rings of bpy and acac™ in 1t was 76.7°, suggesting
steric hindrance between ligands owing to the two bulky dmso-

Introduction

Ru(ll) complexes possessing one or more 2,2-bipyridyne (bpy)
ligands have been extensively studied owing to their unique
photophysical and photochemical properties."™ The stereo-
chemistry of Ru(ll) complexes with bpy holds great value in
supramolecular chemistry, including stereo-controlled energy
and electron transfer.™ Although both cis- and trans-type
building block complexes are necessary to prepare right-angled
bent blocks and straight blocks, respectively, trans-type building
block complexes are much less common than cis-type building
block complexes. The cis-bis(2,2'-bipyridine)Ru(ll) complex cis-
[Ru(bpy),L,]*" is a common cis-type building block complex. cis-
Bis(bpy)Ru(ll) complexes are well known to be isomerized by
photoirradiation to the trans-isomer, whereas trans-bis(bpy)Ru-
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S ligands at the cis position. 1-(OTf)-0.5H,0 was thermally stable
in DMSO and acetone; however, in methanol and water, a
dmso-S ligand was dissociated from 1%, and the complex
isomerized to trans-[Ru(acac)(bpy)(dmso-S)(solvent)]*. Refluxing
of 1-(OTf)-0.5H,0 in methanol for 18 h, evaporation to dryness
under vacuum, and treatment with water yielded trans-[Ru-
(acac)(bpy)(dmso-S)(OH,)](OTf) (2:(OTf)) with excellent purity.
2-(OTf) was characterized by X-ray crystallography, elemental
analysis, and 'H NMR spectroscopy. As expected, steric
hindrance was not observed between the trans-arranged bpy
and acac’, and the two chelates laid flat on the equatorial plane
in2%,

u(ll) isomers are thermally unstable and isomerize to the
corresponding cis-isomer owing to the steric hindrance
between the H-6 protons of the bpy ligands within their
equatorial plane.*

Coe etal. reported that trans-[RuCl(pdma)(N—N)(NO)I(PF,),
(pdma = 1,2-phenylenebis(dimethylarsine); N-N =2,2"-bipyridine
(bpy), 1,10-phenanthroline (phen), or 4,4'-dimethyl-2,2'-bipyri-
dine) could be synthesized from the reaction of fac-
[RuCl;(pdma)(NO)] with excess bidentate N—N ligands by
refluxing in methanol."” Mishra etal. synthesized trans-[Ru-
(PPh;),(LH),](CIO,), (LH =2-(2"-benzimidazolyl)pyridine) by react-
ing Ru(PPh;);Cl, with 1,2-bis(2"-pyridylmethyleneimino)benzene
in methanol under reflux, and characterized this complex using
X-ray crystallography, elemental analysis, and 'H NMR
spectroscopy.'® These trans-bis(chelate)Ru(ll) complexes are
thermally stable because of the absence of steric hindrance
within the equatorial plane in the trans-Ru(bpy), moiety. As
uncommon bidentate ligands were used in these trans-type
complexes, we aimed to construct trans-type complexes by
combining popular bidentate ligands.

In a previous study, we reported the synthesis of a
mono(bpy)Ru(ll)-dmso  complex,  trans(O,S)-[Ru(bpy)(dmso-
S),(dmso-0),1(0Tf), (PO; dmso=dimethyl sulfoxide; OTf =
CF;SO;7) bearing two labile dmso-O ligands in the axial and
equatorial directions; this complex proved to be a good
precursor for the synthesis of heteroleptic cis-bis(chelate)Ru(ll)
complexes, such as cis-[Ru(bpy)(phen)(dmso-S),](OTf),, which
was selectively obtained in good yield (95%) and excellent
purity." In this case, a slimmer chelate ligand, that is, the
acetylacetonato ion (acac™), was used instead of phen to obtain
the thermally stable trans-Ru(acac)(bpy) complex.
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Acac” is a commercially available anionic chelate ligand.
Many Ru(ll)-acac complexes have been reported®* because
acac” is capable of tuning the redox potential of Ru
complexes.” Moreover, acac™ and other p-diketones are
important compounds for medicinal chemists. Given their
potential biological properties, synthetic accessibility, and
metal-chelation ability, many complexes bearing a range of
metals, including Ru(ll), have been studied. For example, the
anticancer properties of these complexes have been
assessed.”'??® Therefore, the synthesis and characterization of
new Ru(ll)-acac complexes is an important endeavor.

In this paper, the heteroleptic cis-bis(chelate) complex cis-
[Ru(acac)(bpy)(dmso-S),](OTf)-0.5H,0 (1-(OTf)-0.5H,0) was syn-
thesized from the reaction of PO with Li(acac) in methanol at
298 K. Our 'H NMR study showed that 1-(OTf)-0.5H,0 was
thermally stable in DMSO and acetone; however, in methanol
and water, one dmso-S ligand was thermally dissociated from
the molecule, and the complex isomerized to the trans complex
trans-[Ru(acac)(bpy)(dmso-S)(solvent)]*. When 1.(OTf)-0.5H,0
was refluxed in methanol and the reaction mixture was treated
with water, trans-[Ru(acac)(bpy)(dmso-5)(OH,)](OTf) (2-(OTf)) was
precipitated in excellent purity. The crystal structures of
1-(0Tf)-0.5H,0 and 2-(OTf) were determined by single X-ray
crystallography. The synthesis and characterization of a bis-
heteroleptic cis-Ru(ll)(acac)(bpy) complex and its thermal iso-
merization into a trans-Ru(ll)(acac)(bpy) complex, as revealed in
this study, could provide supramolecular chemistry with a
unique building block that can to be isomerized in response to
heat. Further, it may facilitate the design of new Ru(ll)-acac
complexes in medicinal chemistry.

Results and Discussion
Synthesis and Crystal Structure of 1-(OTf)-0.5H,0

The synthetic route for 1-(OTf)-0.5H,0 is shown in Scheme 1. In
our previous report, the reaction of the precursor complex PO,
in which the dmso-O ligands were more labile than the dmso-S
ligands, with phen in acetone at 298 K selectively afforded the
heteroleptic cis-bis(chelate) complex cis-[Ru(bpy)(phen)(dmso-
S),I(OTf), in high yield (95%)."? In the present study, Li(acac)
was used instead of phen. The reaction of PO with Li(acac) in

acetone at 298 K also afforded the heteroleptic cis-bis(chelate)
complex cis-[Ru(acac)(bpy)(dmso-5),](OTf) in modest yield
(78%). This result indicates that this method is suitable for the
synthesis of heteroleptic cis-Ru(bpy)(chelate) complexes without
any specific structural or charge requirements for a second
chelating ligand. 1-(OTf)-0.5H,0 was characterized by X-ray
crystallography, elemental analysis, and 'H NMR spectroscopy.
X-ray-suitable crystals of 1-(OTf)-0.5H,0 were obtained by the
vapor diffusion of ethyl ether into an ethanol solution of
1-(OTf)-0.5H,0.

The crystallographic details for 1-(OTf)-0.5H,0 are summar-
ized in Table 1, and selected bond lengths and angles are
provided in Table 2. The asymmetric unit contained half of a
water molecule. Each of the hydrogen atoms of the water
molecule in the crystals interacted with two O4 atoms of the
dmso-S2 ligand in two 1% complexes (Figure S1). An ORTEP
drawing of the cation 1% is shown in Figure 1.

The two Ru—N bond lengths (2.066(3) and 2.087(3) A) were
similar to those in PO (2.051(2) and 2.093(2) A). The Ru1—N1
bond trans to the O atom of acac™ was shorter than the
Ru1—N2 bond trans to the S atom of the dmso-S ligand, due to
the electronic effect of acac™ at the trans position. The two
Ru—O bonds (2.072(2) and 2.057(2) A) in 1* were comparable
with those in fac(S)-[Ru(acac)Cl(dmso-S);] and fac(S)-[Ru-
(acac)(dmso-S);(dmso-0)1(PF,)  (2.0640(13)-2.0751(13) A)  and
[Ru(acac)(bpy),](PFs)-CH,Cl, (2.0591(11) and 2.0703(11) A).2021

The Ru1-S1 bond at the axial position (2.2386(10) A) was
shorter than the Ru1-S2 bond at the equatorial position
(2.2812(8) A), which was similar to the corresponding equatorial
Ru—S bond in PO (2.2723(5) A). The contraction of the Ru1-S1
bond may have been due to the electronic effect of acac™ at
the trans position. The torsion angle for O4-S2—Ru1-N1 was
~32.83°, and the 04 atom of the dmso-S2 ligand was forward to
the H-6 proton of the pyridyl-N1 group of the bpy ligand. The
distance between the 04 atom and H-6 of the pyridyl-N1 group
was 2.293 A, indicating the presence of an O--H—C hydrogen-
bonding interaction. The angle of S2—Ru1-N1, at 99.67(7)°, was
larger than ideal (90°) owing to the steric interaction between
the rigid bpy and bulky dmso-S2 ligands within the equatorial
plane. The two methyl groups of the axial dmso-S2 ligand were
located above each of the two pyridyl rings of the bpy ligand.
The shortest distance between two dmso ligands was 2.321 A,
which was between the proton of the methyl-C18 group of the

HC_CHs | (0T,
S —I (OTH
I CH;
= (0] / _ = 0] it
| ‘ \048\0 + acac | ‘ O‘
SN, Ru-”““‘“ 2 stirring at 298 K NN, Ru--“‘“““

\N/ ‘ \Sfo / acetone \ \N/ ‘ \Sfo
A Ssg Lo 2DMSO o S et
HaC" | 3 HsC™ | 3
CH, CHs
PO 1(OTf)

Scheme 1. Synthetic route for 1-(OTf).

Eur. J. Inorg. Chem. 2024, 27, €202400243 (2 of 9)

© 2024 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH

85U90117 SUOLLILIOD AIIER.1D 3|1 ddle 3} Aq PaUBACB 916 IR YO 88N JO S9N 10} ARIGIT8UIIUO /311 UO (SUONIPUOO-PUE-SUWLBYLIOD ™3 1M ARG PUIUO//ST1IL) SUONIPUOD) PUE SIS | 83 39S *[520Z/T0/TZ] U0 Areiqi] auiuo /b1 ‘Ueder aUeipo0 AQ £7200v202 91B/Z00T OT/10p /00" Aa| 1M Azed1puiuoadoane-Auis Leyd//sdiy woy papeojumod ‘zg 'vz:r 02890660T



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Eur]IC > .
doi.org/10.1002/ejic.202400243

European Journal of Inorganic Chemistry

Table 1. Crystallographic data for 1-(OTf)-0.5H,0 and 2-(OTf).

1-(0Tf)-0.5H,0 2.(0Tf)
Chemical Formula RUF;S;C50N,0; 5H,g RuF;S,C,sN,0,H,5
Formula Weight 670.70 601.57
Temperature (K) 173 173
Crystal Dimensions (mm) 0.10x0.10x0.10 0.30x0.30x0.10
Color yellow orange
Crystal System monoclinic monoclinic
Space Group C2/c (#15) P2,/n (#14)
Lattice Parameters
a (A 14.323(2) 7.23675(6)
b (A) 12.739(2) 17.73420(16)
c(A) 30.323(5) 18.16550(17)
a(°) 920 90
B 100.7766(19) 100.1470(9)
v () 90 90
V(A 5435.1(15) 2294.86(4)
z 8 4
Dearca. (g/cm?) 1.639 1.741
Foco 2728.00 1216.00
#(Mo-/Cu—Ka, cm™) 8.715 78.58
Independent Reflection 6236 4197
R1 [I>20(1)]/No. of Reflections 0.0496/5711 0.0388/4042
wR2 (All Data) 0.1642/6236 0.1025/4197
GOF 1.357 1.036

Table 2. Selected bond lengths A), angles (deg), and dihedral angles
(deg) for 1-(OTf)-0.5H,0 and 2-(OTf). been observed in crystals of cis(Cl),cis(S)-[RuCl,(bpy)(dmso-5),]
1.(OTA-0.5H,0 2.0Tf) and trans(S,Nyecn)-[RUCI(bpy)(dmso-S),(MeCN)](PF)-MeCN 2%
The dihedral angle between the two five- and six-
Ru1-N1 2.066(3) 2.040(3) . _ .
membered chelate rings of bpy and acac™ was 76.7°, which was
Rul-N2 2.08763) 20393) significantly smaller than the ideal angle (90°). In [Ru-
Rul-=s1 2.2386(10) 2.1743(7) (acac)(bpy),](PF¢)-CH,Cl,, which does not contain bulky dmso-S
Ru1-52 2.2812(8) - ligands, the dihedral angles between the acac™ and bpy chelate
Ru1-01 2.072(2) 2.046(2) rings (81.6° and 81.9°) were closer to 90° than that of 1*.2" This
Ru1-02 2.057(2) 2.060(2) finding suggests that the larger dihedral angle between acac™
Ru1—04 — 2.141(2) and bpy in 1% is caused by the methyl-C19 group of the
N1—Ru1—-N2 78.73(10) 79.48(10) equatorial dmso-S2 ligand pushing the acac™ ligand. The
O1-Ru1_02 91.44(10) 91.99(9) conformation of the equatorial dmso-S ligand was restricted by
N1_RUT_02 83.38(10) 93.89(10) the axial dmso-S and bpy ligands. Therefore, 'sterlc crowding
occurs among the ligands in 1%, resulting in a slight tilt of acac™
N2-Ru1-01 92.49(10) 94.04(9) .
toward the bpy ligand.
S1-Ru1-S2 91.78(4) —
N1-Ru1-S2 99.67(7) —
52-Ru1-01 91.08(7) — Chemical Behavior of 1-(0OTf)-0.5H,0 in Solution
S1-Ru1-02/04 176.60(7) 177.91(8)

The "H NMR spectrum of 1-(OTf)-0.5H,0 in DMSO-dj is shown in
Figure 2. Eight signals with intensities of 1H for the bpy ligand
were observed at the aromatic region, and a singlet at

equatorial dmso-S2 ligand and the O3 atom of the axial dmso-
S1 ligand. This proximity implied a C—H--O hydrogen-bonding
interaction between two dmso-S ligands. Such conformations of
two dmso-S ligands at the cis position in a Ru(ll) complex have

Eur. J. Inorg. Chem. 2024, 27, €202400243 (3 of 9)

5.51 ppm for CH and two singlets for the two methyl groups of
the acac™ ligand appeared at the aliphatic region. These results
indicate that the two pyridyl groups in bpy and two methyl
groups in acac” were in different environments owing to the
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Figure 1. ORTEP drawing of the cation of 1-(OTf)-0.5H,0 with 50 % probability ellipsoids. A OTf~ anion and water molecule were omitted for clarity.
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Figure 2. 'H NMR spectrum of 1-(OTf)-0.5H,0 in DMSO-d, (300 MHz at 293 K).

cis-Ru(acac)(bpy) geometry. Four signals with intensities of 3H
for the four methyl groups of the two dmso-S ligands were also
observed. This is reasonable because two dmso-S ligands in 17
existed in different environments, and the molecule is chiral.
Thus, the methyl groups on each dmso-S ligand are diaster-
eotopic with different chemical shifts. This spectrum corre-
sponds to the crystal structure of 1-(OTf)-0.5H,0.

Although the chemical shifts of the two H-6 signals were
relatively far, at 9.49 and 8.36 ppm, those of the corresponding
protons for the two pyridyl groups in the bpy ligand were close.

Eur. J. Inorg. Chem. 2024, 27, €202400243 (4 of 9)

This finding indicates that the O4--H-6 of pyridyl-N1 hydrogen-
bonding interaction, which was observed in the crystals, is
maintained in DMSO solution. Thus, the pyridyl-N1 group was
assigned to ring A. This attribution corresponds to the 'H NMR
spectral attribution of [Ru(bpz)(terpy)(L)]*, where bpz=22'"-
bipyrazine, terpy=2,2',2"-terpyridine, and X = Cl, H,0, or
CH,CN)BY,

When 1-(0Tf)-0.5H,0 was heated in DMSO-d, at 363 K for
3 h, the four methyl signals in its NMR spectrum decreased and
a signal assigned to free DMSO appeared, indicating that the
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two dmso-S ligands in 1t were exchanged with DMSO-dj
solvent molecules (Figure S2). Four new weak signals appeared
in the aromatic region of the spectrum, which suggests that the
two pyridyl groups of bpy were in the same environment; thus,
the new complex must have the trans-Ru(acac)(bpy) conforma-
tion (Figure S3). The intensity of the four new signals in the
NMR spectrum of 1-(OTf)-0.5H,0 did not change after another
1 h of heating, and the cis-isomer/trans-isomer ratio was 95/5.
Therefore, the cis-Ru(acac)(bpy) geometry is significantly more
thermally stable than the trans-Ru(acac)(bpy) geometry in
DMSO. 1* was also thermally stable in acetone. When
1-(0OTH)-0.5H,0 was heated at 313K for 4h in acetone-dg
solution, its NMR spectrum was identical to that before heating
(Figure S4).

In methanol and water, a dmso-S ligand was thermally
dissociated from 1%, and the complex isomerized from the cis-
to the trans-Ru(acac)(bpy) geometry. The 'H NMR spectra of
1-(OTf)-0.5H,0 in CD;0D are shown in Figure 3. After heating at
323 K for 3 h, the signals for 1* decreased and four new signals
for the coordinated bpy clearly appeared in the aromatic
region; a signal for free DMSO was also observed at 2.65 ppm.
After heating for another 12h, the signals for 1* nearly
completely disappeared from the spectrum, and only the four
signals of the new complex, which had the trans-Ru(acac)(bpy)
geometry, were observed. In the aliphatic region, the signal of
the maintained coordinated dmso ligand was observed at
2.79 ppm, and the signal for another dmso ligand that was
released from a Ru>" ion to become a free DMSO molecule was
noted at 2.65 ppm. The equivalent signals of the two methyl
groups of acac™ were also observed at 2.19 ppm. The structure
of the new thermally stable complex would be trans-[Ru-

NMR timescale, indicating that isomerization occurred simulta-
neously with the release of the dmso ligand from 1% and was
likely caused by it. Based on the assumption that isomerization
is a pseudo-first-order reaction, the reaction rate constant k at
323 K was determined from the integral ratio of the CH signals
of the acac™ ligand of 1% and trans-[Ru(acac)(bpy)(dmso-
S)(CD;0D)]* in the 'H NMR spectra using the initial rates
method. The plot of the natural function of the decrease degree
of 1* versus heating time (sec) is linear (Figure S5), yielding a k
of 5.7(2)x107° s™" (t,,=3.4(1) h). The results provide evidence
that the isomerization reaction can be regarded as a pseudo-
first-order reaction, where the isomerization of cis- to trans-
geometry form occurs simultaneously with the dissociation of
one dmso from 1%,

The leaving dmso-S ligand would be the equatorial one,
based on the fact that the Ru1-S2 bond (between Ru’" and
equatorial dmso-S) was longer than the Ru1-S1 bond (between
Ru?* and axial dmso-S). In the crystal structure, the axial and
equatorial dmso-S ligands were interlocked like gears and
connected by CH--O hydrogen-bonding interactions. Thus, they
acted similar to a bidentate ligand in 17, thereby locking the
cis-Ru(acac)(bpy) geometry. However, when the CD,0D solvent
molecule coordinated to Ru*™ upon the dissociation of the
equatorial dmso-S ligand, it did not interact with the axial
dmso-S ligand. This may have unlocked the cis-Ru(acac)(bpy)
geometry, resulting in the migration of acac™ to the trans
position of bpy. In DMSO, isomerization did not occur,
suggesting that the exchange reaction between the dmso-S
ligands and DMSO-dy was faster than isomerization. Addition-
ally, isomerization did not occur because a dmso-S ligand did
not dissociate in acetone. A similar thermal isomerization

(acac)(bpy)(dmso)(CD,0D)]1™. cis-[Ru(acac)(bpy)(dmso-  reaction was observed in D,0, forming trans-[Ru-
S)(CD;0D)]* was not observed during isomerization on the 'H
(a)t=0h coordinated B
i CHj; of acac
I A .
| R | Free | |
®r=3h | P i DMsg i
@=15h | o | B | |
0 L y E L
10.0 9.0 8.0 7.0 6.0 3.0 20
J [ppm] J [ppm]

Figure 3. '"H NMR spectra of 1-(OTf)-0.5H,0 in CD;0D (300 MHz at 293 K) after heating for t h at 323 K.
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(acac)(bpy)(dmso-S)(D,0)]" and a free DMSO molecule (Fig-
ure S6).

Synthesis and Characterization of 2-(OTf)

The synthetic route for 2:(OTf) is shown in Scheme 2. Refluxing
of a methanol solution of 1-(OTf)-0.5H,0 afforded trans-[Ru-
(acac)(bpy)(dmso-S)(MeOH)]". Following evaporation of the
reaction solution, trans-[Ru(acac)(bpy)(dmso-S)(MeOH)](OTf) and
free DMSO molecules remained in the residue. When the
residue was treated with ethyl ether to isolate trans-[Ru-
(acac)(bpy)(dmso-S)(MeOH)](OTf), a mixture of trans-[Ru-
(acac)(bpy)(dmso),](OTf), 1-(OTf)-0.5H,0, and a small amount of
unknown material was obtained. Hence, we abandoned the
isolation of trans-[Ru(acac)(bpy)(dmso-S)(MeOH)](OTf). When a
small amount of water was added to the residue, the orange
complex trans-[Ru(acac)(bpy)(dmso-5)(OH,)](OTf) (2:(OTf)) was
spontaneously precipitated, and the free DMSO molecules
remained in the water. The structure of 2:(OTf) was determined
by 'H NMR spectroscopy, elemental analysis, and single-crystal
X-ray analysis.

The aromatic region of the '"H NMR spectrum of 2-(OTf) in
D,0 is shown in Figure S7. The '"H NMR spectrum revealed that
the two pyridyl groups of the bpy ligand and the two methyl
groups of the acac™ ligand in 2% were in the same environment;
thus, the complex had the trans-Ru(acac)(bpy) conformation.
The spectrum of this complex agreed with that of 1-(OTf)-0.5H,0
heated in D,0 (Figure S6). In the aliphatic region, the signal of
the dmso-S ligand in 2% was observed at 2.16 ppm, and its
intensity was 6H. This finding showed that the two methyl
groups were equivalent, which corresponds with the crystal
structure.

Orange crystals suitable for X-ray crystallography were
obtained by concentrating an aqueous solution of 2-(OTf) at
298 K. In the crystals, a H atom of the aqua-O4 ligand in 2%
exhibited a hydrogen-bonding interaction with the O3* atom of
the dmso-S1 ligand in an adjacent 2*. Another H atom of the
aqua-O4 ligand in 2% also exhibited a hydrogen-bonding
interaction with the O5 atom in the OTf™ anion. Therefore, a 1-D
hydrogen-bonding network existed along the a axis (Figure S8).
The bpy site of the 1-D hydrogen-bonding chain overlapped
the bpy site of the adjacent 1-D hydrogen-bonding chain. The
distance between each bpy ligand was approximately 3.3 A,
suggesting a w— stacking interaction.

Scheme 2. Synthetic route for 2:(OTf).
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An ORTEP drawing of the cation 2*-is shown in Figure 4,
and selected bond lengths and angles are provided in Table 2.
The dihedral angle between the two chelate rings of bpy and
acac” was 10.0°% indicating that these two ligands were almost
within the same plane. Two H-6 protons of the bpy ligands in
2% exhibited contact with the coordinated O atoms of acac™
(2562 and 2576 A), thus suggesting CH--O interactions
between these ligands.

The two Ru—N bond lengths (2.039(3) and 2.040(3) A) were
identical, and these were shorter than those in 17 (2.066(3) and
2.087(3) A) because 2* has less steric interactions than 1.
Moreover, these bond lengths were similar to those of the
Ru—N(bpy) trans to the O atoms of acac™ in [Ru-
(acac)(bpy),l(PF)-CH,Cl, (2.0240(13) and 2.0316(13) A).2" The
Ru1-S1 bond length (2.1743(7) A) was clearly shorter than that
in 17. The Ru1-04 bond length (2.141(2) A) was similar to the
corresponding  Ru—O(OH,) bond lengths in trans(O,S)-
[RuCl(bpy)(dmso-S),(OH,)1(PF,)-H,0O (2.137(2) A), cis-[Ru-
(bpy),(OH,),1(PF¢), (2.129(4)-2.152(5) A),  and trans-[Ru-
(bpy),(OH,),1(0Tf), (2.1053(16) A).l'"1220

2-(0Tf) was soluble in water, alcohols, and some organic
solvents, and the aqua ligand in 2% was generally labile. The 'H
NMR spectrum of 2:(OTf) in CD,CN revealed four signals at the
aromatic region; the signal for the aqua ligand was not
observed. In CD;CN, the aqua ligand in 2-(OTf) is probably
quickly exchanged to form trans-[Ru(acac)(bpy)(dmso-
S)(CD,CN)I(OTf) (Figure S9). After photoirradiation of the NMR
sample for 15 min by a 300 W Xe-lamp, its 'H NMR spectrum
exhibited four small signals in the aromatic region as well as
the peaks of free DMSO at 2.50 ppm. This result suggests that
the coordinated dmso-S ligand is released to produce trans-
[Ru(acac)(bpy)(CD;CN),]*. Our findings suggest that 2-(OTf) has
unique potential as a trans-building block complex. Because the
two monodentate ligands in 2%t differ in their substitution
capacity, incorporating two different bridging ligands in axial
sites may be possible.

Conclusions

The heteroleptic  cis-bis(chelate)Ru(ll) complex  cis-[Ru-
(acac)(bpy)(dmso-S),](OTf)-0.5H,0 (1-(OTf)-0.5H,0) was synthe-
sized from the reaction of trans(O,S)-[Ru(bpy)(dmso-S),(dmso-
0),1(0Tf), (PO) with Li(acac) in acetone at 298 K. X-ray crystallog-
raphy revealed that 1-(OTf)-0.5H,0 had an acac™ ligand and a
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Figure 4. ORTEP drawing of the cation of 2-(OTf) with 50% probability ellipsoids. A OTf~ anion was omitted for clarity.

bpy ligand at the cis position; thus, the two dmso-O ligands in
PO were substituted by acac™. The dihedral angle between the
chelate rings of the acac™ and bpy ligands in 17 was 76.7°,
which suggests the presence of steric hindrance between
ligands owing to the two bulky dmso-S ligands at the cis
position. The bulky equatorial dmso-S ligand, which was
restricted by CH--O hydrogen-bonding interactions with bpy,
and the axial dmso-S ligands slightly pushed the acac™ ligand
toward bpy. Thus, the equatorial dmso-S ligand locked the cis-
Ru(acac)(bpy) geometry.

'H NMR spectroscopy showed that 17 was thermally stable
in DMSO-d, and acetone-d;; however, in CD,0D and D,O, a
dmso-S ligand was thermally dissociated from the molecule,
and the complex isomerized to trans-[Ru(acac)(bpy)(dmso-
S)(solvent)] ™. 1-(OTf)-0.5H,0 was refluxed in methanol and then
treated with water to precipitate trans-[Ru(acac)(bpy)(dmso-
S)(OH,)1(0Tf) (2:(OTf), which was characterized using 'H NMR
spectroscopy, elemental analysis, and X-ray crystallography. In
the crystal structure of 2%, the dihedral angle between the
chelate rings of the acac™ and bpy ligands was 10.0°, indicating
that these two ligands are nearly coplanar. Naturally, bpy and
acac™ are not sterically influenced by two monodentate ligands
at the axial position. 2:(OTf) was highly soluble in water, alcohol,
and organic solutions, and the aqua ligand in 2% can easily be
substituted. Therefore, 2:(OTf) is a useful thermally stable trans-
type building block that contains bpy. Moreover, because 27
has two different monodentate ligands with different substitu-
tion abilities at the axial position, the complex may be
incorporated with two different bridging ligands at these sites.
In future research, we will synthesize dinuclear complexes that
can change structure in response to heat in methanol and
water using 17 with a cis-Ru(ll)(acac)(bpy) unit and complex
linear coordinating polymers, as well as 2% with a trans-
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Ru(ll)(acac)(bpy) unit containing different binding ligands. We
will also investigate their structures and characteristics.

Experimental Section

General Experimental Details

The starting material cis(S),cis(O)-[Ru(bpy)(dmso-S),(dmso-0),](OTf),
(P0) was prepared according to the literature," and 1-(OTf)-0.5H,0
was prepared using the synthetic method for cis-[Ru-
(bpy)(phen)(dmso-S),1(0Tf,." All reactions were carried out under
an Ar atmosphere.

'H NMR spectra were recorded in DMSO-d,, acetone-d,, CD;0D, and
D,0 at 293 K using a Varian Mercury 300 spectrometer (300 MHz).
TMS (for DMSO-d,, acetone-d;, and CD,0D) and DMSO (for D,0O,
2.71 ppm in D,0) were used as internal standards.®” The aromatic
signals were assigned on the basis of their coupling constants and
'H-'H COSY experiments (Figure $10).® The 'H NMR spectroscopic
data for 1-(OTf)-0.5H,0 in acetone-d, and D,0O are shown in
Figures S11 and S12, respectively. Absorption spectra were re-
corded at 298 K using a HITACHI U-3310 spectrometer. The
absorption spectra and associated data of 1-(OTf)-0.5H,0 in DMSO
and 2-(OTf) in water are shown in Figures S13 and S14, respectively.

Synthesis of cis-[Ru(acac)(bpy)(dmso-S),](OTf)-0.5H,0
(1-(OTf)-0.5H,0)

A mixture of PO (1.06 g, 1.2 mmol) and Li(acac) (0.15 g, 1.4 mmol) in
acetone (100 mL) was stirred for 10 h at 298 K. The yellow solution
gradually turned dark brown. The resulting dark-brown solution
was evaporated to dryness under vacuum. The residue was
dissolved in ethanol (3 mL), and ethyl ether (50 mL) was added to
precipitate  the brown complex cis-[Ru(acac)(bpy)(dmso-
$),1(0Tf)-0.5H,0 (1-(OTf)-0.5H,0). The brown precipitate was washed
by decantation with a small amount of ethyl ether. The precipitate
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was collected by filtration, washed with a small amount of ethyl
ether, and dried in vacuo (0.63 g, 78%). Yellow crystals suitable for
X-ray crystallography were obtained by the vapor diffusion of ethyl
ether into an ethanol solution of 1-(OTf)-0.5H,0. C,oH,;F;N,0,RuS;
(670.70): calcd. C 36.30, N 4.23, H 4.11; found C 35.81, N 4.18, H
4.21. "H NMR (300 MHz, DMSO-dy): 6 9.50 (d, *J=5.6 Hz, H-6a), 8.72
(m, 2H, H-3a and H-3b), 8.36 (d, *J=5.6 Hz, H-6b), 8.30 (t, */=7.9 Hz,
H-4b), 8.23 (t, *J=7.9 Hz, H-4a), 7.76 (m, 2H, H-5a and H-5b), 5.51 (s,
1H, CH of acac™), 3.07 (s, 3H, CH; of dmso), 2.92 (s, 3H, CH; of
dmso), 2.89 (s, 3H, CH; of dmso), 2.69 (s, 3H, CH; of dmso), 2.19 (s,
3H, CH; of acac™), 1.63 (s, 3H, CH; of acac”) ppm. 'H NMR (300 MHz,
CD,0D): 6 9.62 (d, *J=5.7 Hz, H-6a), 8.61 (d, *J=8.2 Hz, H-3b), 8.60
(d, *J=8.2 Hz, H-3a), 8.44 (d, *J=5.6 Hz, H-6b), 8.28 (dd, *J=7.6 and
8.2 Hz, H-4b), 8.21 (dd, *J=7.5 and 8.1 Hz, H-4a), 7.75 (dd, *J=5.6
and 7.6 Hz, H-5b), 7.70 (dd, ®>J=5.7 and 7.5 Hz, H-5a), 5.60 (s, 1H, CH
of acac”), 3.14 (s, 3H, CH; of dmso), 3.02 (s, 3H, CH; of dmso), 2.99
(s, 3H, CH; of dmso), 2.78 (s, 3H, CH; of dmso), 2.28 (s, 3H, CH; of
acac™), 1.70 (s, 3H, CH; of acac™) ppm. Absorption spectroscopic
data in DMSO (nm, M~" cm™): 340 (4.4x10°) and 400 (2.5x10°).

Synthesis of trans-[Ru(acac)(bpy)(dmso-S)(OH,)]1(OTf) (2-(OTf))

A mixture of PO (0.44 g, 0.51 mmol) and Li(acac) (58 mg, 0.55 mmol)
in acetone (100 mL) was stirred for 10 h at room temperature. The
yellow solution gradually turned dark brown. The resulting dark-
brown solution was evaporated to dryness under vacuum. The
residue was dissolved in methanol (20 mL), and the solution was
refluxed for 18 h. Heating for 1 h caused the yellow-brown solution
to turn orange. The resulting orange solution was evaporated to
dryness under vacuum and added with water (5 mL) to precipitate
the orange complex trans-[Ru(acac)(bpy)(dmso-S)(OH,)1(OTf)
(2-(OTf)). The precipitate was collected by filtration, washed with a
small amount of cold water, and dried in vacuo (0.19 g, 60%).
Orange crystals suitable for X-ray crystallography were obtained by
concentrating an aqueous solution of 2.(OTf) at 298K
CygH,5FsN,0,RUS, (601.6): calcd. C 35.93, N 3.85, H 4.66; found C
35.79, N 4.59, H 3.82. '"H NMR (300 MHz, D,0): 6 9.28 (d, 2H, *J=
5.6 Hz, H-6), 8.38 (d, 2H, >J=8.2 Hz, H-3), 8.10 (dd, 2H, *J=7.7 and
8.2 Hz, H-4), 7.67 (dd, 2H, ®*J=5.6 and 7.7 Hz, H-5), 5.52 (s, 1H, CH of
acac’), 2.79 (s, 6H, CH; of dmso), 2.16 (s, 6H, CH; of acac™) ppm.
Absorption spectroscopic data in water (nm, M~'cm™): 284
(2.8x10% and 418 (4.4x10%).

X-Ray Crystallography

For 1-(OTf)-0.5H,0, X-ray crystallography was performed at 173 K on
a Rigaku Mercury 70 diffractometer with a CCDC detector using
graphite-monochromated Mo-Ka radiation. For 2.(OTf), X-ray
patterns were obtained at 173K on a Rigaku XtaLAB P200
diffractometer using multilayer mirror-monochromated Cu-Ka
radiation. The structures were solved using direct methods
[SIR92,B4 1.(OTf)-0.5H,0; or SIR2011,5* 2.(OTf)] and refined using
the full-matrix least-squares method with anisotropic thermal
parameters for non-hydrogen atoms. The locations of hydrogen
atoms were theoretically calculated using the riding model.

Supporting Information Summary

The Supporting Information contains details on the hydrogen
bonding interaction in crystal of 1.(OTf)-0.5H,0, the 'H NMR
spectra of 1-(OTf)-0.5H,0 in DMSO-d,, acetone-d,, and D,0, the
'H-"H COSY of 1-(OTf)-0.5H,0 in DMSO-d,, the absorption
spectra of 1-(OTf)-0.5H,0 in DMSO and 2-(OTf) in water, the
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isomerization of 1-(OTf)-0.5H,0 to 2-(OTf), the hydrogen bond-
ing network of 2:(0Tf), and the 'H NMR spectra of 2-(OTf) in
CD;CN and D,O. Deposition Numbers 2348269 (for 1-(OTf)-0.
5H,0) and 2348270 (for 2:(OTf)) contain the supplementary
crystallographic data for this paper. These data are provided
free of charge by the joint Cambridge Crystallographic Data
Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service.
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