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The reaction between trans-[RuCl,(dmso-S)4] (dmso = dimethyl sulfoxide) and di-2-pyridyl ketone (dpk) in H,O
at room temperature afforded trans(Cl),cis(S)-[RuCl,(dpk-k>N,0)(dmso-S),] (1) in high yield, while the reaction be-
tween cis(Cl), fac(S)-[RuCl,(dmso-S);(dmso-0)] and dpk in EtOH-DMSO at reflux afforded cis(Cl),cis(S)-[RuCl,-
(dpk-k>N,N")(dmso-S),] (2). Reaction of 1 with Ag* and OH™ afforded the one-dimensional Ru—Ag coordination poly-
mer trans(Cl),cis(S)-[AgRuCl,(dpk-OH-«*N,0,N")(dmso-S),], (3), which, as shown by X-ray crystallographic analysis,
was in an “arrested” state of chloride ion abstraction. Reaction of 3 in DMSO afforded a mixture of two isomers con-
taining dpk-OH-«>N,O,N': trans(C1,0),cis(S)- and cis(Cl,0),cis(S)-[RuCl(dpk-OH-k>N,0,N')(dmso-S),] (4a and 4b, re-
spectively). The trans(C1,0),cis(S)-isomer 4a was selectively synthesized by reaction of 1 with OH™ in H,O, while the
cis(C1,0),cis(S)-isomer 4b was selectively synthesized by reaction of 2 with OH™ in H,O. The isomerization reaction
between 4a and 4b in DMSO solution was found to be reversible, and 4b was favored over 4a, with K4,, = [4b]/[4a] =
1.5 £ 0.1. The crystal structures of 1 and 2 showed that the geometry of the RuCl,(dmso-S), unit caused selective for-
mation of the K2N,0- and k?N,N’'-coordination modes of the dpk ligand. In 4a, the flexibility of the k3N,0,N'-coordi-
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nation mode of the (dpk-OH)~ ligand mitigates the steric hindrance caused by the RuCl(dmso-S),™ unit.

Ruthenium(II) complexes containing polypyridyl ligands
have been investigated with much interest for their photo-
chemical, electrochemical, and biochemical properties.HO
Most of the ruthenium(II) polypyridyl complexes that have
hitherto been studied contain 2,2’-bipyridine (bpy), 1,10-phen-
anthroline (phen), or analogous ligands, which coordinate to a
metal ion via two pyridyl N atoms to form a five-membered
chelate ring.

Di-2-pyridyl ketone (dpk) has been used as polypyridyl li-
gand in a variety of the metal complexes, and several binding
modes have been established for this ligand.!!~° It can coordi-
nate as a bidentate ligand to the metal ion via one of two
modes: either through the two pyridyl N atoms (k>N,N'-coor-
dination mode) or through one pyridyl N atom and a carbonyl
O atom (k2N,O-coordination mode). However, in the majority
of bidentate dpk complexes, the ligand is in the «>N,N'-coor-
dination mode; the k2N,O-coordination mode is rare.'!2 The
K2N,0-coordination modes of dpk and its analogous ligands
have attracted interest because of their possibly hemilabile na-
ture, which is due to the presence of one strong N-donor and
one weak O-donor. Complexes with this type of ligand are
potential catalyst precursors.’®? With this in mind, ruthe-
nium(Il) complexes with 2-acetylpyridine (2-apy), 2-benzoyl-
pyridine (2-bzpy), and other ligands containing a k>N,0O 2-
pyridyl ketone bonded moiety, which are analogous to dpk
in the k2N,0O-coordination mode, have been synthesized.“’38
Pal and Pal have reported the synthesis and X-ray crystal struc-

ture of trans(Cl),cis(S)-[RuCly(2-apy)(dmso-S),] (dmso =
dimethyl sulfoxide), which is produced by refluxing trans-
[RuCl,(dmso-S)4]1*° and 2-acetylpyridine in methanol.®* In
trans(Cl),cis(S)-[RuCl,(2-apy)(dmso-S),],  2-acetylpyridine,
which binds to the ruthenium ion through the pyridyl N and
carbonyl O atoms to form a five-membered chelate ring, con-
tains a K°N,O 2-pyridyl ketone bonded moiety. As far as we
know, there are few X-ray crystal structures of ruthenium(II)
complexes with a 2-benzoylpyridine ligand, which also acts
as a bidentate ligand to the ruthenium ion via the pyridyl N
and carbonyl O atoms.3*38

Furthermore, there is another possible coordination mode
for dpk. Coordinated dpk frequently undergoes nucleophilic
addition of water or an alcohol at the carbonyl carbon atom
to form the diol or corresponding hemiacetal, (NCsHy),C-
(OR)(OH), of which the deprotonated form (NCsH,),C(OR)-
(O7) acts as a mononegative tridentate N,0,N'-donor ligand
(k3N,0,N'-coordination mode). There have been few reports
on the conversion between k*N,N'- and «>N,0,N'-coordination
modes.'>14282% Crowder and co-workers have reported the
syntheses and crystal structures of two platinum complexes
containing dpk in «’>N,N'- or k*N,0,N'-coordination modes,
[PtCly(dpk-x>N,N")] and [PtCl3(dpk-OH-x>N,0,N")](Hphen)-
Cl, the latter of which is obtained by reaction of [PtCly-
(dpk-«>N,N")] with 1,10-phenanthroline (phen).!3 Bakir and
McKenzie have reported that nucleophilic addition of water
at the carbonyl C atom of the coordinate dpk in fac-[ReCl-
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(CO)3(dpk-«>N,N")] and cis-[ReCI(CO),(PPh3)(dpk-k*N,N")]
results in hydration of the keto groups and formation of fac-
[Re(CO)3(dpk-OH-k>N,0,N')] and cis-[Re(CO),(PPhs)(dpk-
OH-1>N,0,N")], respectively.'*

No X-ray crystal structures of ruthenium(Il) complexes with
dpk, which binds to the ruthenium ion through the pyridyl N
and carbonyl O atoms (k*N,0-coordination mode), have yet
been reported. In all ruthenium(II) dpk complexes, of which
the structures have been determined by X-ray crystallogra-
phy, dpk acts as a bidentate N,N’-donor ligand or a tridentate
N,O,N'-donor ligand.'>"?° There is only one report of an X-
ray crystal structure of a bis(dpk-OH)ruthenium(II) complex,
trans(0)-[Ru(dpk-OH-k3N,0,N"),]-8H,0.%0

We have reported selective synthetic methods for trans-
(C),cis(S)-[RuCl,(L-L)(dmso-S)] (L-L = 2,2’-bipyridine
(bpy) or di-2-pyridylamine (Hdpa)) from trans-[RuCl,(dmso-
8)al, and cis(Cl),cis(S)-[RuCl,(bpy)(dmso-S),] from cis(Cl),-
fac(S)-[RuCl,(dmso-S)3(dmso-0)].4%*! Our methods for mono-
(polypyridine)ruthenium(II) complexes should also be applica-
ble to mono(di-2-pyridyl ketone)ruthenium(Il) complex-
es. In this paper, we report the synthesis and crystal structures
of three types of mono(di-2-pyridyl ketone)ruthenium com-
plexes: trans(Cl),cis(S)-[RuCl,(dpk-«2N,0)(dmso-S),] (1),
cis(Cl),cis(S)-[RuCly(dpk-k>N,N')(dmso-S),] - DMSO (2.
DMSO), and trans(Cl),cis(S)-[AgRuCl,(dpk-OH-«3N,O,N')-
(dmso-S),1, (3).** We further report the conversion of dpk-
K’N,0 in 1 and dpk-«’N,N' in 2 into dpk-OH-«*N,O.N'
in trans(CL,0),cis(S)- and cis(Cl,0),cis(S)-[RuCl(dpk-OH-
K3N,0,N")(dmso-S),] (4a and 4b), respectively.*?

Experimental

Hydrated ruthenium trichloride (RuCls-3H,0) was purchased
from Furuya Kinzoku Co. All other solvents and chemicals were
of reagent quality and were used without further purification.
The starting materials cis(Cl),fac(S)-[RuCl,(dmso-S);(dmso-0)]
and trans-[RuCl,(dmso-S)4] were prepared according to the liter-
ature.’* All reactions were carried out under an argon atmo-
sphere.

The 'H (270 MHz) and '3C (500 MHz) NMR spectra were re-
corded on a JEOL GSX-270 and an ECA-500 spectrometer at
room temperature (298 K) unless otherwise noted. The aromatic
signals of the "HNMR and of '3C NMR spectra for the complexes
were assigned on the basis of their coupling constants, 'H-'H CO-
SY, 'H-13C HMQC, and 'H-13C HMBC experiments.

Kinetic studies were performed on the isomerization reaction
between 4a and 4b using 'HNMR spectroscopy in DMSO-dg;
kinetic data was obtained from successive 'HNMR spectra. The
intensities of selected signals were normalized with respect to a
particular set of signals (usually the sum of the intensities of the
H-6 signals for all species).

Synthesis of trans(Cl),cis(S)-[RuCl,(dpk-«2N,0)(dmso-S),]
(1). To a solution of trans-[RuCl,(dmso-S)4] (1.0g, 2.1 mmol)
in H,O (20mL) was added a solution of dpk (0.40 g, 2.2 mmol)
in HO (10 mL). The mixture was stirred for 5h at room temper-
ature, during which a blue precipitate gradually appeared. The
blue precipitate, trans(Cl),cis(S)-[RuCl,(dpk-x>N,0)(dmso-S),]
(1), was collected by filtration, washed with cold water and dried
in vacuo (1.0 g, 95%). Blue crystals of 1 suitable for X-ray crys-
tallography were obtained by vapor diffusion of diethyl ether
into an acetonitrile solution of 1 at ca. 273 K. Anal. Calcd for

Mono(di-2-pyridyl ketone)ruthenium Complexes

Cy5HyoN,Cl,03S,Ru: C, 35.16; H, 3.93; N, 5.47%. Found: C,
35.18; H, 3.82; N, 5.55%. 'HNMR (270 MHz, CDCl;): § 10.60
(1H, d, J = 5.5Hz, H-6), 9.84 (1H, d, J/ = 7.9 Hz, H-3), 8.85 (1H,
d, J =4.2Hz, H-6'), 8.24 (1H, d, J = 8.0Hz, H-3'), 8.07 (1H,
t, J =8.1Hz, H-4), 8.00 (1H, t, J = 8.0Hz, H-4'), 7.84 (IH,
dd, J =5.7, 7.5Hz, H-5), 7.64 (1H, dd, J = 4.7, 7.5Hz, H-5),
3.49 (6H, s, CH;3 of dmso), 3.43 (6H, s, CH3 of dmso). 'THNMR
(270 MHz, DMSO-dg): § 10.36 (1H, d, J = 5.5Hz, H-6), 9.63
(1H,d,J = 7.8 Hz, H-3), 8.94 (1H, d, J = 4.7 Hz, H-6'), 8.48 (1H,
d, J =7.8Hz, H-3'), 8.34 (IH, t, /] = 7.8 Hz, H-4), 8.22 (1H, t,
J =7.8Hz, H-4"), 8.10 (1H, dd, J = 5.5, 7.8 Hz, H-5), 7.88 (1H,
dd, J = 4.7, 7.8 Hz, H-5"), 3.49 (6H, s, CH3 of dmso), 3.43 (6H, s,
CH3 of dmso). 3C{'H} NMR (500 MHz, CDCl;): § 199.4 (C=0),
156.3 (C-6), 152.3 (C-2"), 152.2 (C-2), 149.1 (C-6'), 137.7 (C-4),
137.5 (C-4), 135.0 (C-3), 130.2 (C-5), 128.2 (C-5"), 126.5 (C-3"),
45.76 (CH;3 of dmso), 45.57 (CHj; of dmso). '*C{'H} NMR (500
MHz, DMSO-dg): § 199.1 (C=0), 155.4 (C-6), 151.5 (C-2), 1514
(C-2"), 1494 (C-6"), 138.7 (C-4"), 138.4 (C-4), 134.7 (C-3), 130.3
(C-5), 129.0 (C-5"), 127.0 (C-3’), 44.99 (CH; of dmso), 44.81
(CHj3 of dmso).

Synthesis of cis(Cl),cis(S)-[RuCl,(dpk-x*N,N')(dmso-S),]-
DMSO (2:DMSO). A solution of cis(Cl),fac(S)-[RuCl,(dmso-
S)3(dmso-0)] (500mg, 1 mmol) and dpk (200mg, 1.1 mmol) in
EtOH (3 mL) and DMSO (3 mL) was refluxed for 1.5h. While re-
fluxing, the originally blue solution gradually turned brown, and
small amounts of a red precipitate appeared. Nine mL of EtOH
was then added, and the solution was refluxed again for 1.5h.
The red precipitate, cis(Cl),cis(S)-[RuCl, (dpk-k2N,N")(dmso-S),] -
DMSO (2-DMSO), that gradually appeared was collected by fil-
tration, washed with cold EtOH, and dried in vacuo (380 mg,
73%). Red crystals of 2.DMSO suitable for X-ray crystallography
were obtained by vapor diffusion of EtOH into a DMSO solution
of 2. While crystallizing, DMSO (1 molecule) was incorporated
into the unit cell of the crystal of 2.DMSO. Anal. Calcd for
C15H20N2C1203SZRU-(CH3)QSOI C, 3457, H, 444, N, 4.74%.
Found: C, 34.45; H, 4.36; N, 4.72%. '"HNMR (270 MHz, CDCl;):
8 9.63 (1H, d, J = 5.8 Hz, H-6), 9.45 (1H, d, J = 5.8 Hz, H-¢'),
8.35 (1H,d, J = 7.7Hz, H-3'), 8.27 (1H, d, J = 7.7 Hz, H-3), 8.04
(1H, t, J = 7.7Hz, H-4"), 8.00 (1H, t, J/ = 7.7 Hz, H-4), 7.56 (1H,
dd, J =5.8, 7.7Hz, H-5), 747 (1H, dd, J = 5.8, 7.7Hz, H-5),
3.57 (3H, s, CH3 of dmso), 3.50 (3H, s, CH; of dmso), 3.27 (3H,
s, CH3 of dmso), 2.90 (3H, s, CH; of dmso). '"HNMR (270 MHz,
DMSO-dg): 6 9.44 (1H, d, J = 6.0 Hz, H-6), 9.07 (1H, d, J = 5.7
Hz, H-6"), 8.25 (2H, m, H-3’, H-4’), 8.12 (2H, m, H-3, H-4), 7.72
(1H, t, J = 5.3Hz, H-5"), 7.58 (1H, t, J = 6.0 Hz, H-5), 3.50 (3H,
s, CH3 of dmso), 3.43 (3H, s, CH3 of dmso), 3.25 (3H, s, CH3 of
dmso). C{'"H}NMR (500 MHz, DMSO-ds): & 181.6 (C=0),
158.9 (C-6), 156.6 (C-2), 155.9 (C-6'), 155.1 (C-2’), 139.0 (C-4),
138.1 (C-4), 127.2 (C-3), 127.0 (C-5"), 126.9 (C-3"), 125.1 (C-5),
45.74 (CH;3 of dmso), 45.22 (CHj3 of dmso), 45.17 (CH3 of dmso),
44.52 (CHj3 of dmso).

Synthesis of trans(Cl),cis(S)-[AgRuCl,(dpk-OH-1>N,0,N")-
(dmso-S)2], (3). To a solution of 1 (100 mg, 0.20 mmol) in
an aqueous solution of 0.1 M HOTf (150mL), a stoichiometric
amount of Ag(OTf) (57 mg, 0.22 mmol) was added. After stirring
for 15 min, a 4 M aqueous solution of NaOH was added dropwise
to the blue solution to neutralize the mixture. At pH 7, the solution
turned from blue to yellow. A small amount of NaOH aqueous so-
lution was then added to the yellow solution until it became slight-
ly basic (pH 8-9). While stirring, a yellow precipitate rapidly ap-
peared. The yellow precipitate, trans(Cl),cis(S)-[AgRuCl,(dpk-
OH-«3N,0,N')(dmso-S),1, (3), was collected by filtration, washed
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with large amounts of water, and dried in vacuo (100 mg, 80%).
Yellow crystals of 3 suitable for X-ray crystallography were
grown over three days from a solution of 1 (50 mg, 0.1 mmol)
in HO (20 mL) containing a stoichiometric amount of Ag(OTf)
(23.5mg, 0.1 mmol) at room temperature without stirring. Anal.
Calcd for Ci5HyiN,Cl,04S:RuAg: C, 28.26; H, 3.32; N, 4.40%.
Found: C, 28.26; H, 3.30; N, 4.33%. '"HNMR (270 MHz, DMSO-
dg): § 10.06 (1H, d, J = 5.8 Hz, H-6), 8.42 (1H, d, J = 4.8 Hz, H-
6), 8.20 (1H, d, J/ = 7.6 Hz, H-3'), 8.06 (1H, t, J/ = 7.6 Hz, H-4’),
7.64 (1H, t,J = 7.4Hz, H-4),7.52 (1H, dd, J = 4.8, 7.6 Hz, H-5'),
7.34 (1H, dd, J = 5.8, 7.4 Hz, H-5), 6.48 (1H, d, ] = 7.4 Hz, H-3),
5.89 (1H, s, OH), 3.38 (3H, s, CH3 of dmso), 3.29 (3H, s, CH; of
dmso), 3.27 (3H, s, CH3 of dmso), 3.22 (3H, s, CH3 of dmso).

Synthesis of trans(C1,0),cis(S)-[RuCl(dpk-OH-x>N,0,N')-
(dmso-S);] (4a). To a suspension of 1 (150 mg, 0.3 mmol) in wa-
ter (9.7 mL) was added 0.3 mL of a 1 M aqueous solution of LiOH,
during which the blue suspension became a homogeneous orange
solution. The reaction solution was stirred for 4 h at room temper-
ature, and the solution turned yellow. After stirring for another 1 h
(a total period of 5h), the solution was evaporated to dryness
under vacuum, and the residue was suspended EtOH (3mL) to
remove LiCl and LiOH. The yellow solid, trans(Cl,0),cis(S)-
[RuCl(dpk-OH-k>N,0,N")(dmso-S),] (4a), was collected by filtra-
tion, washed with cold EtOH, and dried in vacuo (130 mg, 86%).
Yellow crystals of 4a suitable for X-ray crystallography were
obtained by vapor diffusion of diethyl ether into an EtOH solution
of 4a. Anal. Calcd for C;sH,N,ClO4S,Ru: C, 36.47; H, 4.28; N,
5.67%. Found: C, 36.37; H, 4.33; N, 5.58%. 'HNMR (270 MHz,
DMSO-de): 6 8.84 (2H, d, J = 5.4 Hz, H-6), 7.88 2H, t, J = 7.64
Hz, H-4), 7.59 (2H, d, J = 7.7Hz, H-3), 7.42 (1H, s, OH), 7.34
(2H, dd, J = 7.4, 5.6 Hz, H-5), 3.12 (6H, s, CH; of dmso), 2.87
(6H, s, CH3 of dmso). *C{'H} NMR (500 MHz, DMSO-dc): §
166.8 (C-2), 152.5 (C-6), 137.7 (C-4), 122.5 (C-5), 119.5 (C-3),
102.7 (HO-C-O~ of the gem-diol), 43.85 (CH3 of dmso), 43.39
(CHj3 of dmso).

Synthesis of cis(Cl,O),cis(S)-[RuCl(dpk-OH-K3N,0,N’)-
(dmso-S);] (4b). Method A: To a suspension of 2 (150 mg,
0.3 mmol) in water (40mL) was added 10mL of a 5M aqueous
solution of LiOH. While stirring at room temperature for 1.5h,
the red suspension gradually became an almost homogeneous yel-
low solution. After stirring for another 1 h (a total period of 2.5 h),
the resulting solution was filtered to remove a small amount of in-
soluble matter. An aqueous solution of HCI (6 M) was then added
dropwise to the filtrate until the mixture was just neutral, and the
solution was evaporated to approximately 5mL under vacuum.
While evaporating, a yellow precipitate, cis(CLO),cis(S)-[RuCl-
(dpk-OH-1*N,0,N")(dmso-S),] (4b), gradually appeared. This was
collected by filtration, washed with cold H,O, and dried in vacuo
(100 mg, 66%). Anal. Calcd for Ci5H,1N,ClO4S;Ru-0.5H,0: C,
35.74; H, 4.11; N, 5.54%. Found: C, 35.81; H, 4.40; N, 5.57%.
'"HNMR (270 MHz, DMSO-dg): § 8.95 (1H, d, J = 5.7 Hz, H-6),
8.72 (1H, d, J = 5.3Hz, H-6¢"), 7.90 (1H, t, J = 7.7Hz, H-4),
7.82 (1H, t, J =7.5Hz, H-4), 7.69 (I1H, d, J =7.7Hz, H-3'),
7.62 (1H, d, J = 7.5Hz, H-3), 7.57 (1H, s, OH), 7.34 (1H, dd,
J =5.3,7.7Hz, H-5"), 7.26 (1H, dd, J = 5.7, 7.5Hz, H-5), 3.40
(3H, s, CH3 of dmso), 3.01 (3H, s, CH3 of dmso), 2.99 (3H, s,
CHj3; of dmso).

Method B: A suspension of 4a (150 mg, 0.3 mmol) in DMSO
(4.5mL) was heated to 373K for 5h. While heating, the yellow
suspension gradually became homogeneous (after ca. 1.5h),
followed by gradual appearance of a yellow precipitate. After
the reaction mixture had been cooled to room temperature, water
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was added to the reaction solution in sufficient amounts (6 mL) to
precipitate the product. The yellow precipitate was collected by
filtration, washed with water and then with EtOH, and dried in
vacuo (80 mg, 55%).

X-ray Crystallography. Data for all crystals were collected
using the w-20 scan technique (260 < 55°) on a Rigaku AFC-7R
automated four-circle X-ray diffractometer equipped with graph-
ite-monochromatized Mo K radiation (4 = 0.71069 A) at 296 K.
All calculations were carried out on an O, workstation (SGI) us-
ing the teXsan crystallographic software package.** The structures
were solved by the direct method and expanded using Fourier
techniques. The non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were positioned in idealized positions and
included in the structure factor calculations. For 2, disordered
DMSO (1 molecule) was included at a general position, which
was modeled by two-site positional disorder. The hydrogen atoms
of disordered solvent DMSO were not included in the structure
factor calculation. The crystallographic data for 1, 2.DMSO, 3,
and 4a are summarized in Table 1.

Crystallographic data have been deposited with Cambridge
Crystallographic Data Centre: Deposition numbers CCDC-
629116-629119 for compound Nos. 1, 2.DMSO, 3, and 4a,
respectively. Copies of the data can be obtained free of charge
via http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12, Union Road, Cam-
bridge, CB2 1EZ, UK; Fax: +44 1223 336033; e-mail: deposit@
ccdc.cam.ac.uk).

Results and Discussion

Syntheses and Characterization of trans(Cl),cis(S)-
[RuCl,(dpk-k*N,0)(dmso-S);] (1) and cis(Cl),cis(S)-
[RuCl,(dpk-«*N,N')(dmso-S),] (2). The reaction of frans-
[RuCl,(dmso-S)4] with L-L ligands (L-L = bpy or Hdpa) at
273K affords only trans(Cl),cis(S)-[RuCl,(L-L)(dmso-S),],
which precipitate spontaneously from the reaction mixture.***!
In case of the dpk ligand, the reaction could be carried out at
room temperature and for a shorter reaction time than for the
bpy and Hdpa ligands. The reaction of trans-[RuCl,(dmso-
S)4] with dpk ligand at room temperature afforded only 1 in
high yield (~95%), and spontaneous precipitation of 1 allowed
for convenient collection without further purification. Howev-
er, complex 1 was blue (Fig. S1), in contrast to the analogous
complexes trans(Cl),cis(S)-[RuCl,(L-L)(dmso-S),], which are
yellow or red.

The '"HNMR spectrum of 1 in DMSO-dy is shown in Fig. 1.
Eight signals with intensities of 1H can be seen in the aromatic
region and two singlets with intensities of 6H can be seen in
the aliphatic region. The intensities of the signals indicate that
1 possesses one dpk and two dmso ligands. The spectral pat-
tern of 1 indicates that the two pyridine rings of the dpk ligand
are not equivalent. This is in contrast to trans(Cl),cis(S)-
[RuCl,(L-L)(dmso-S),], in which two pyridine rings of the
L-L ligand are equivalent. The color and '"HNMR spectrum
of 1 suggest that 1 possesses an unusual structure; this was
confirmed by X-ray crystal analysis.

An ORTEP drawing of 1 is shown in Fig. 2. The Ru ion had
a distorted octahedral geometry with two trans(Cl) atoms
(trans(Cl),cis(S)-isomer), and the dpk ligand coordinated
through a pyridyl N atom and a carbonyl O atom. During the
reaction, two dmso ligands of trans-[RuCl,(dmso-S)s] were
substituted by a dpk ligand to afford the mono(di-2-pyridyl
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Table 1. Crystallographic Data for 1, 2.DMSO, 3, and 4a

Mono(di-2-pyridyl ketone)ruthenium Complexes

1 2.DMSO 3 4a
Experimental formula RuC12C15N2S203H20 RHC12C17N25304H26 RUAgC12C15N25204H21 RUC1C15N2S204H21
Formula weight 512.43 590.56 637.31 493.98
Crystal system monoclinic monoclinic monoclinic monoclinic
Space group P2y /a (# 14) P2y /n (# 14) P2y /n (# 14) P2y /n (# 14)
Lattice parameters
a/A 17.235(4) 17.656(2) 20.679(6) 14.710(4)
b/A 8.595(2) 8.4507(6) 7.534(3) 15.911(7)
c/A 14.738(4) 15.811(2) 14.278(4) 8.440(4)
a/° 90 90 90 90
B/° 115.00(2) 93.236(8) 107.99(2) 97.87(3)
v/° 90 90 90 90
V/A3 1978.8(9) 2355.5(4) 2115(1) 1956(1)
Z 4 4 4 4
Deaiea/gcm™ 1.720 1.665 2.001 1.677
Fooo 1032.00 1200.00 1256.00 1000.00
(Mo Kar)/cm™! 12.90 11.84 19.90 11.73
Independent reflection 4540 5400 4855 4490
Data to parameter ratio 20.00 19.85 19.90 19.87
R1 [I > 20(I)]/No. of 0.030/3702 0.040/4703 0.025/3966 0.028/3655
reflection
wR2 (all data) 0.096/4540 0.115/5400 0.088/4855 0.088/4490
GOF 1.30 1.68 1.14 1.13
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Fig. 1. '"HNMR spectrum of 1 in DMSO-ds. Spectrum was recorded at room temperature (298 K).

ketone)ruthenium(Il) complex trans(Cl),cis(S)-[RuCl,(dpk-
K2N,0)(dmso-S),], in which the trans(Cl)-configuration of the
starting material was retained (Scheme 1). The trans(Cl),-

cis(S)-configuration of two dmso and two C1~ ligands in 1 was
the same as that of the analogous trans(Cl),cis(S)-[RuCl,(L-
L)(dmso-S),], although there was a difference in the coordina-
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tion mode of dpk.

Here, in accordance with the X-ray crystal structure, the as-
signments of the aromatic signals in the "H NMR spectrum of
1 were done by using coupling constants and 'H-'H COSY ex-
periments. The chemical shifts of H-3, H-4, H-5, and H-6 sig-
nals, which were assigned to one pyridine ring, were downfield
compared to those of H-3’, H-4’, H-5', and H-6' signals, re-
spectively, which were assigned to another pyridine ring.
Therefore, the pyridine ring with H-3-H-6 could be assigned
to the coordinate pyridyl-N(1) group.

In the case of the analogous bpy and Hdpa complexes, the
trans(Cl),cis(S)-isomer is converted to the cis(Cl),cis(S)-iso-
mer in DMSO solution.***! When the trans(Cl),cis(S)-isomer
1 was dissolved in DMSO or acetonitrile, the K2N,O—dpk li-
gand dissociated to yield free dpk ligand, and no other geomet-
rical or linkage isomers (cis(Cl),cis(S)-isomer or k>N,N'-iso-
mer) were obtained (Fig. S2). Ruthenium(II) complexes with
2-benzoylpyridine and its derivative ligands, which contain a
K>N,0 2-pyridyl ketone moiety, also dissociate in acetonitrile
to yield free ligands.>* The ligand dissociation reactions of
these complexes in DMSO or acetonitrile may be due to the
hemilabile nature of k2N,0 coordinate ligands. It is notable
that the labile (hemilabile) complex with x*N,0-dpk could
be selectively synthesized in high yield.

We have reported that the reaction of cis(Cl), fac(S)-[RuCl,-
(dmso-S)3(dmso-0)] with bpy in EtOH-DMSO (9:1) selec-
tively affords cis(Cl),cis(S)-[RuCl,(bpy)(dmso-S),] in good
yield.*? In order to prepare another isomer (cis(Cl),cis(S)),
the dpk ligand was reacted with cis(Cl), fac(S)-[RuCl,(dmso-

Fig. 2. ORTEP drawing of 1 with 30% probability ellipsoids.

| |
Cl, T ‘\\\\\\O hv S///,,,' T \\\\\\\\\S
Ru. RU
s7 ] s DMSO SIS
S

S = S-bonded dmso
O = O-bonded dmso
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8)3(dmso-0)] in EtOH-DMSO (1:1). The reaction mixture
turned blue in the initial stage, which suggested that the spe-
cies with k2N,0-dpk formed. Although attempts to isolate
the blue species were unsuccessful, the reaction mixture turned
brown when heat was maintained, and red cis(Cl),cis(S)-
[RuCl,(dpk-k2N,N")(dmso-S);] (2) gradually precipitated
(Scheme 1). This suggests that the x>N,0-coordination mode
of dpk is kinetically favorable due to the small O donor atom
of the carbonyl group, but the k?N,N’-coordination mode is
more thermodynamically stable. Even though the cis(Cl),-
cis(S)-isomer 2 in DMSO solution was heated at 323 K for
16h, the K>N,N’-dpk ligand did not dissociate, and no other
geometrical or linkage isomers were formed (Fig. S3).

The '"HNMR spectrum of 2 in DMSO-dg exhibited four sig-
nals with intensities of 1H and two signals with intensities of
2H in the aromatic region, and three signals with intensities
of 3H in the aliphatic region (Fig. S4). The spectral pattern in-
dicates that the two pyridine rings of the k>N,N'-coordinate
dpk ligand are in different environments. Therefore, the C1~
and dmso ligands occupy trans positions to the dpk ligand
(cis(Cl),cis(S)-isomer), which means that 2 is a geometrical
and linkage isomer of 1. The aromatic signals were assigned
on the basis of their coupling constants and 'H-'H COSY ex-
periment. Although only three methyl signals out of four were
observed in DMSO-dg, four methyl signals were observed in
CDCl; (6 3.57, 3.50, 3.27, and 2.90), which means that the
remaining methyl signal in DMSO-ds was obscured by the
H,O signal at § 3.33. In the CDClj; spectrum, the H,O signal
appeared at § 1.57 (Fig. S5).

An ORTEP drawing of 2.DMSO is shown in Fig. 3. The
X-ray crystal structure showed that the geometry of 2 agreed
with that of the cis(Cl),cis(S)-isomer proposed based on the
'HNMR spectrum. The Ru ion had a distorted octahedral
geometry with the Cl atom frans to the S atom of the dmso
ligand (cis(Cl),cis(S)-isomer) and the dpk ligand coordinated
as a bidentate ligand through two pyridyl N atoms (k*N,N').

Crystal Structures of 1 and 2. Selected bond lengths and
angles of 1 and 2 are listed in Tables 2 and 3, respectively. The
bond parameters of 1 were consistent with those of trans-
(C1),cis(S)-[RuCly(2-apy-k2N,0)(dmso-S),] (2-apy = 2-acetyl-
pyridine); the non-coordinate pyridyl group in the former and
the methyl group in the latter did not have a significant influ-
ence on the structure of the Ru coordination sphere.

| /
S//, j; \\\\O\C

d

Clu, ?I \\N
S(Fﬁu"\/l
=

+ dpk
Hzo , It

Scheme 1.
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The five-membered chelate ring Ru(1)-N(1)-C(1)-C(6)—
O(1) was approximately coplanar with the equatorial dmso li-
gands. The sum of the three angles around the carbonyl carbon
atom C(6) was 359.8(6)°, and the C(6) maintained its sp2 hy-
bridization geometry. The C(6)-O(1) distance (1.243(3) z&)
was longer than those found in ruthenium complexes with
dpk-k2N,N' (1.178-1.221 A),'7"1% which are comparable to
the reported double bond values. This indicates that the bond
interaction between the Ru?* ion and the carbonyl O atom
involves not only o-donation but also 77 back-donation to
7r*-orbital of carbonyl group.

The most interesting feature of the structure of 1 is the co-
ordination mode of the dpk ligand. Although a dpk ligand can
coordinate through two pyridyl N atoms, similarly to an Hdpa
ligand, the dpk ligand acts as a bidentate ligand, coordinating
through a pyridyl nitrogen atom, N(1), and a carbonyl oxygen

Fig. 3. ORTEP drawing of 2.DMSO with 30% probability
ellipsoids. The DMSO molecule is omitted for clarity.

Table 2. Selected Bond Lengths (A) for 1, 2.DMSO, 3, and 4a

Mono(di-2-pyridyl ketone)ruthenium Complexes

atom, O(1). Selectivity towards the rare «>N,O-coordination
mode of the dpk ligand in the reaction of trans-[RuCl,-
(dmso-S)4] with dpk ligand was very high (yield ~95%),
and no complex with a different coordination mode (K*N,N')
was obtained under these reaction conditions. This high selec-
tivity is caused by the steric effect of the two dmso ligands in
the equatorial plane. The Ru-S distances (av. 2.245 10%) were
shorter than those of trans(Cl),cis(S)-[RuCl,(bpy)(dmso-S),]
(av. 2.291 10%) and trans(Cl),cis(S)-[RuCl,(Hdpa)(dmso-S),]
(av. 2.277 A). The equatorial Ru—S distances also suggest a de-
crease in steric hindrance among equatorial ligands in 1 com-
pared to the analogous bpy and Hdpa complexes. The Ru(1)—
N(1) distance (2.113(2) z&) was slightly shorter than those of
the analogous bpy and Hdpa complexes trans(Cl),cis(S)-
[RuCl(L-L)(dmso-S)] (2.123(4)-2.131(4) A), in which the
longer Ru-N distance was attributed to the steric effect of
cis dmso ligands within the equatorial plane rather than the
trans influence of the dmso ligand.“o’41 Therefore, the steric ef-
fect of the two dmso ligands in the equatorial plane results in a
preference for the sterically slim k?N,0-coodination mode and
prevents adoption of the bulky k>N,N'-coodination mode.

The Ru—Cl and Ru-S distances in 2 were comparable to
the corresponding distances in the analogous Hdpa complex
cis(Cl),cis(S)-[RuCl,(Hdpa)(dmso-S),], which has the same
cis(Cl),cis(S)-geometry and six-membered chelate ring as
2.4l The Ru-N bond distances agreed with reported data on
[Ru(terpy)(dpk->N,N)X]"  (terpy = 2,2":6",2"-terpyridine;
X = Cl-, CH;CN, NO,~, and NO*).!7 The dihedral angle
of two pyridine rings of the dpk ligand was 44.5(1)°, which
was also similar to those of [Ru(terpy)(dpk-«>N,N")X]"*
(41.67-46.04°).17

trans® 1 2.DMSO 3 4a
Ru-N bond
Cl Ru(1)-N(1), 2.098(3) Ru(1)-N(1), 2.125(3)
S Ru(1)-N(1), 2.113(2) Ru(1)-N(1), 2.096(2)
Ru(1)-N(2), 2.114(2) Ru(1)-N(2), 2.093(2)
Ru-Cl1 bond
Cl Ru(1)-ClI(1), 2.397(1) Ru(1)-CI(1), 2.420(1)
Ru(1)-CI(2), 2.391(1) Ru(1)-CI1(2), 2.400(1)
S Ru(1)-CI(1), 2.429(1)
N Ru(1)-CI1(2), 2.416(1)
O Ru(1)-CI(1), 2.413(1)
Ru-S bond
Cl Ru(1)-S(1), 2.240(1)
N Ru(1)-S(1), 2.252(1) Ru(1)-S(2), 2.320(1) Ru(1)-S(1), 2.256(1) Ru(1)-S(1), 2.269(1)
Ru(1)-S(2), 2.244(1)
(6] Ru(1)-S(2), 2.238(1) Ru(1)-S(2), 2.247(1)
Ru-O bond
N Ru(1)-0O(1), 2.089(2) Ru(1)-0O(1), 2.105(2)
Cl Ru(1)-0(1), 2.094(2)
C-O bond C(6)-0O(1), 1.243(3) C(6)-0(1), 1.209(4) C(6)-0(1), 1.367(3) C(6)-0O(1), 1.403(3)
C(6)-0(2), 1.4414) C(6)-0(2), 1.387(3)

a) Coordinate atom in trans position.
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Table 3. Selected Bond Angles (°) for 1, 2.DMSO, 3, and 4a

Bull. Chem. Soc. Jpn. Vol. 80, No. 5 (2007) 943

1 2.DMSO
Axial
CI(1)-Ru(1)-Cl1(2), 173.88(3) CI(1)-Ru(1)-S(1), 175.28(3)
Axial-Equatorial
CI(1)-Ru(1)-N(1), 86.58(6) CI(1)-Ru(1)-N(1), 86.15(7)
CI(1)-Ru(1)-0O(1), 88.41(6) CI(1)-Ru(1)-N(2), 85.84(7)
CI(1)-Ru(1)-S(1), 89.66(3) CI(1)-Ru(1)-CI(2), 90.79(3)
CI(1)-Ru(1)-S(2), 93.82(4) CI(1)-Ru(1)-S(2), 89.27(3)
CI(2)-Ru(1)-N(1), 86.58(6) S(1)-Ru(1)-N(1), 89.35(7)
CI(2)-Ru(1)-0O(1), 87.13(6) S(1)-Ru(1)-N(2), 92.62(7)
CI(2)-Ru(1)-S(1), 90.30(4) S(1)-Ru(1)-Cl(2), 93.66(3)
CI(2)-Ru(1)-S(2), 87.28(5) S(H-Ru(1)-S(2), 92.59(3)
Equatorial
N(1)-Ru(1)-0O(1), 76.12(8) N(1)-Ru(1)-N(2), 88.6(1)
S(1)-Ru(1)-S(2), 93.41(3) CI(2)-Ru(1)-S(2), 86.48(3)
N(1)-Ru(1)-S(2), 93.41(3) N(1)-Ru(1)-S(2), 95.31(8)
O(1)-Ru(1)-S(1),  91.11(5) N(2)-Ru(1)-CI1(2), 89.30(7)
Around C(6) atom of ketone
C(1)-C(6)-C(7), 125.8(2) C(1)-C(6)-C(7), 119.6(3)
O(1)-C(6)-C(1), 117.1(2) O(1)-C(6)-C(1), 119.4(3)
O(1)-C(6)-C(7), 116.9(2) O(1)-C(6)-C(7), 119.6(3)
Dihedral angle?
Plane(1)-Plane(2), 16.4(1) Plane(1)-Plane(2), 44.5(1)

3 4a
CI(1)-Ru(1)-Cl(2), 176.74(3) CI(1)-Ru(1)-0O(1), 168.91(5)
CI(1)-Ru(1)-N(1), 87.78(7) CI(1)-Ru(1)-N(1), 92.73(6)
CI(1)-Ru(1)-O(1), 90.83(6) CI(1)-Ru(1)-N(2), 93.96(7)
CI(1)-Ru(1)-S(1), 92.62(3) CI(1)-Ru(1)-S(1), 88.76(3)
CI(1)-Ru(1)-S(2), 90.90(3) CI(1)-Ru(1)-S(2), 94.60(3)
Cl1(2)-Ru(1)-N(1), 89.10(7) O(1)-Ru(1)-N(1), 78.67(8)
CI(2)-Ru(1)-O(1), 87.55(6) O(1)-Ru(1)-N(2), 78.05(8)
Cl(2)-Ru(1)-S(1), 90.25(3) O(1)-Ru(1)-S(1), 99.01(5)
Cl(2)-Ru(1)-S(2), 90.52(3) O(1)-Ru(1)-S(2), 92.84(6)
N(1)-Ru(1)-O(1), 77.39(9) N(1)-Ru(1)-N(2), 82.12(9)
S(1)-Ru(1)-S(2), 92.69(3) S(H-Ru(1)-S(2),  93.40(3)
N(1)-Ru(1)-S(2), 98.66(7) N(D)-Ru(1)-S(2), 92.93(7)
O(1)-Ru(1)-S(1), 91.25(6) N(@2)-Ru(1)-S(1), 91.33(6)
C(1)-C(6)-C(7), 109.2(2) C(1)-C(6)-C(7), 106.1(2)
O(H)-C(6)-C(1), 110.4(2) O(1)-C(6)-C(1), 108.4(2)
O(1)-C(6)-C(7), 112.1(2) O(1)-C(6)-C(7), 107.0(2)
Plane(1)-Plane(2), 88.8(1) Plane(1)-Plane(2), 74.4(1)

a) Plane(1) = N(1), C(1), C(2), C(3), C(4), C(5); Plane(2) = N(2),

The six-membered chelate ring Ru(1)-N(1)-C(1)-C(6)—
C(7)-N(2) adopted a boat conformation, with the Ru(1) and
C(6) atoms 0.759 and 0.413 A, respectively, below the plane
defined by the remaining four atoms. The C(6)-O(1) distance
(1.209(4) A) was comparable to the reported double bond val-
ues.!”"!° The three angles around the carbonyl carbon atom
C(6) were nearly 120°, and the C(6) had an ideal sp? hybrid-
ization geometry. The N(1)-Ru(1)-N(2) bite angle of 88.6(1)°
was close to the ideal angle (90°) in the octahedral geometry.
These angles indicate that the dpk-k>N,N’ ligand does not suf-
fer serious steric effects from the cis(Cl),cis(S)-Cl,(dmso-S),
co-ligands. In the analogous Hdpa complexes [RuCl,(Hdpa)-
(dmso-S);], the cis(Cl),cis(S)-geometry has a smaller steric ef-
fect than tmns(Cl),cis(S)—geometry.41 Therefore, the smaller
steric effect of cis(Cl),cis(S)-Cly(dmso-S), co-ligands in 2 re-
sults in a preference for the K2N,N'-coordination mode of the
dpk ligand. In contrast, the sterically hindering trans(Cl),-
cis(S)-Cl(dmso-S), co-ligands in 1 prevent adoption of the
K>N,N'-coordination mode of dpk, resulting in adoption of
the «*N,0-coordination mode (Scheme 1).

Synthesis and Structure of trans(Cl),cis(S)-[AgRuCl,-
(dpk-OH-IC3N,0,N’)(dmso-S)2],, (3). To overcome the prob-
lem of hemilability in 1, another synthetic methodology was
developed. Thus, the reaction of 1 with Ag™ was attempted
with the aim of abstracting a Cl~ ligand from the RuCl,-
(dmso-S), unit to afford a RuCl(dmso-S),* cation unit. A
50 mg (0.1 mmol) sample of 1 was dissolved in 20 mL of water

C(7), C(8), C(9), C(10), C(11).

and then one equiv of Ag(OTf) (23.5 mg, 0.1 mmol) was add-
ed. Although the reaction mixture was allowed to stand at
room temperature for several hours, it was noted that no AgCl
precipitate formed. After three days, yellow crystals were de-
posited without AgCl precipitation (11 mg, 17%). X-ray analy-
sis of the yellow crystals revealed that the reaction of 1
with Ag™ afforded the one-dimensional Ru—Ag coordination
polymer zrans(Cl),cis(S)-[AgRuClz(dpk—OH-K3N,0,N' )(dmso-
S)>1, (3) rather than the desired product.

An ORTEP drawing of 3 is shown in Fig. 4, and selected
bond lengths and angles are listed in Tables 2 and 3, respec-
tively. The Ru ion had a distorted octahedral geometry with
two trans(Cl) atoms and two cis(S) atoms from the dmso li-
gands (trans(Cl),cis(S)-isomer), which was comparable to the
geometry of 1; however, the coordination mode of the dpk li-
gand in 3 was different from that of 1. The deprotonated form
of the hydrate dpk ligand (dpk-OH)~, of which the bridgehead
carbon atom is converted to gem-diol by addition of a water
molecule to the carbonyl carbon of the dpk ligand, coordinated
through a pyridyl N atom and an O atom from the deprotonat-
ed gem-diol group. The Ag ion had a distorted trigonal geom-
etry with Cl(1)*, CI(2), and N(2) atoms, and the sum of the
angles about the Ag(1l) ion was 359.2° (Table 4), i.e., planar
geometry. Moreover, the O(1) atom of the (dpk-OH)~ ligand,
which coordinated to the Ru ion, also coordinated to the Ag(1)
ion as a weakly bound donor (Ag(1)-O(1), 2.576(2) A), repre-
senting coordination number 4 (Table 4). As shown in Fig. 4b,
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@

Fig. 4. (a) ORTEP drawing of 3 with 30% probability ellip-
soids. (b) View of extended structure of 3, emphasizing
the one-dimensional polymer structure.

Table 4. Selected Bond Lengths, Short Contact (A), and
Angles (°) around Ag in 3

Bond lengths and

short contact/A Bond angles/

Mono(di-2-pyridyl ketone)ruthenium Complexes

the backbone of the polymer was a zigzag [Ag(1)-Cl(2)-
Ru(1)-Cl(1)]» chain, in which the N(2) and O(1) atoms of
the (dpk-OH)~ ligand coordinated to Ag(1) on the CI(2) side.
Examples of Ru—Ag coordination polymers with Ag—Cl-Ru-
CI unit have been reported.**® The Ru center was still bound
to its original set of ligands; however, the ketone (C=0) was
converted to deprotonated gem-diol (HO—C—O7). This species
is in an “arrested” state of chloride ion abstraction. A similar
instance of arrested chloride abstraction has been reported for
the reaction of trans-[RuCl,(DMeOPrPE),] (DMeOPrPE =
1,2-bis[bis(methoxypropyl)phosphino]ethane) with TIPFg, in
which a one-dimensional polymer containing the Ru complex
and a TI(I) ion is formed.*’

The obtained C(6)-O(1) and C(6)-O(2) distances (1.367(3)
and 1.441(4) A, respectively) were reasonable for (dpk-OH)~.
The angles about the bridgehead carbon C(6) (110.4(2)-
112.1(2)°) indicate sp® hybridization of bridgehead carbon
C(6). The structural parameters about the Ru(1) ion in 3 were
comparable with those of 1. It is noted that the Ru(1)-O(1) dis-
tance (2.105(2) z&) in 3 was similar to that of 1 (2.089(2) z&),
although there was a difference in charge between the coordi-
nate O atoms of the (dpk-OH)~ and dpk ligands.

Inspection of the crystal structure of 3 suggests that the for-
mation of 3 from 1 requires the presence of a Ag*™ and a OH™
ion. Thus, as mentioned in the experimental section, after the
addition of Ag™ to the acidic aqueous solution of 1, the follow-
ing addition of OH™ to bring the solution to pH & 8 resulted in
rapid formation of 3 in good yield (90%, Scheme 2).

Although the Ru-Ag polymer 3 was found to be insoluble in
many solvents, it was slightly soluble in DMSO. The 'H NMR
spectrum of 3 in DMSO-d; exhibited eight signals with inten-
sities of 1H in the aromatic region, four singlets with intensi-
ties of 3H in the aliphatic region, and a singlet with intensity of
1H at § 5.89 (Fig. S6). The aromatic signals were assigned on
the basis of the coupling constants and '"H-'H COSY experi-
ments. The singlet at § 5.89 was assigned to the proton of
the gem-diol group. The spectral pattern of 3 was similar to
that of 1 except a significant upfield H-3 signal at § 6.48 in
3 (Fig. S7). Judging by the similarity of the spectral patterns,
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the most downfield H-6 signal was assigned to the pyridyl-
N(1) ring that coordinated to Ru ion. Thus, the upfield shift
of H-3 proton in 3 at § 6.48, which was comparable to that
of corresponding H-3 proton of the coordinate pyridine ring
in 1 at § 9.63, was probably caused by the ring-current effect
of the pyridyl-N(2) ring. In crystal structure, the H-3 proton
(H(1) atom in X-ray crystal structure) of the pyridyl-N(1) ring
was above the pyridyl-N(2) ring. The distance of H-3--centroid
of pyridyl-N(2) ring was 3.24 A, and the perpendicular dis-
tance was 2.51 A in Fig. S8. Therefore, the significant upfield
shift of H-3 proton indicates that 3 in DMSO solution retains
the Ru—Ag dimer unit as revealed the X-ray crystal structure
and H-3 proton is influenced by the ring-current effect of the
pyridyl-N(2) ring. When the Ru—-Ag coordination polymer 3
was dissolved in DMSO, the Ag(1)-CI(1)* bonds in the
polymer ruptured to form the Ru—Ag dimer trans(Cl),cis(S)-
[AgRuCl,(dpk-OH-3N,0,N")(dmso-S),].

Synthesis and Structure of trans(Cl,0),cis(S)-[RuCl(dpk-
OH-1*N,0,N')(dmso-S),] (4a). As the Ru-Ag polymer 3
was found to be in an arrested state of chloride abstraction,
we attempted to “resolve” the arrested state by further reac-
tion. The reaction of the Ru-Ag polymer 3 in DMSO-dg
solution was monitored at room temperature by means of
NMR spectroscopy. The "THNMR spectrum of the solution
after 3.5h exhibited the set of five signals for 4a in addition
to the nine signals of 3 (Fig. S7d). Then, a suspension of 3
(0.5 g, 3.8 mmol) in DMSO (25 mL) was heated to 353K for
30 min. The resulting AgCl precipitate was removed by fil-
tration. After the filtrate was cooled to room temperature,
EtOH (25mL) and diethyl ether (150 mL) were added to pre-
cipitate the yellow product (0.32 g, 80%), which was a mixture
of geometrical isomers: trans(Cl,0),cis(S)-[RuCl(dpk-OH-
K3N,0,N')(dmso-S),] (4a) (~90%) and a small amount of
cis(C1,0),cis(S)-isomer (4b) (=10%). Further purification was
then necessary. Since the trans(Cl,0),cis(S)-isomer 4a in
DMSO isomerizes to the cis(Cl,0),cis(S)-isomer 4b, as men-
tioned later, the presence of the minor product 4b is probably
due to isomerization of the trans(Cl,0),cis(S)-isomer 4a dur-
ing heating at 353 K (Scheme 2). To prevent isomerization
of 4a to 4b, selective synthesis of 4a was performed without
heating; we attempted the reaction of 1 with OH™ in H,O in
the absence of Ag™. At room temperature, only 4a was afford-
ed in high yield (=86%) without the need for further purifica-
tion (Scheme 2). If a large amount of OH™ ion was used for
the reaction, 4a formed quickly but the isolation of 4a became
difficult because 4a was more soluble in EtOH in the presence
of Lit ion.

An ORTEP drawing of 4a is shown in Fig. 5. The Ru ion
had a distorted octahedral geometry with the two cis(S) atoms
of the two dmso ligands (cis(S)-isomer) and the (dpk-OH)~
ligand coordinated in tridentate fashion via two pyridyl N
atoms and a gem-diol O atom (K3N,0,N"), which was trans
to Cl atom (trans(Cl,0)-isomer). Selected bond lengths and
angles are listed in Tables 2 and 3, respectively.

The most interesting feature of the structure of 4a is its
trans(C1,0)-geometry. If the reaction of 1 with OH™ is consid-
ered frankly, it may be thought that the carbonyl carbon of 1 is
attacked by OH™ to yield the deprotonated form of the gem-
diol (dpk-OH)~, and the non-coordinate pyridyl N atom at-
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Fig. 5. ORTEP drawing of 4a with 30% probability ellipsoids.

tacks the axial coordination site of the Cl~ ligand to release
the CI~ ion and allow the N atom to occupy the axial site.
Thus, cis(Cl,0)-isomer 4b is formed. However, the X-ray crys-
tal structure of 4a revealed that the geometry of product is
trans(Cl,0), and the coordination site of the ClI~ ion in 1 was
occupied by the O atom of the gem-diol (dpk-OH)~. Experi-
ments to explore the mechanism of k3N,0,N'-coordination in
the (dpk-OH)~ ligand via NMR spectroscopy are currently un-
derway, and the details will be reported in a separate paper.

The trans(Cl,0),cis(S)-geometry in 4a, apart from the axial
O atom, can be compared with that of trans(Cl),cis(S)-[RuCl,-
(Hdpa)(dmso-S),].#! The obtained Ru-S distances (av. 2.257
1&) are shorter than those of trans(Cl),cis(S)-[RuCl,(Hdpa)-
(dmso-S),] (av. 2.277 A) and comparable to those in 1 (av.
2.245 A), which indicates less steric hindrance among the
equatorial ligands compared to that of trans(Cl),cis(S)-[RuCl,-
(Hdpa)(dmso-S),]. The Ru-N distances (av. 2.095 A) in 4a are
shorter than those of trans(Cl),cis(S)-[RuCl,(Hdpa)(dmso-S),]
(av. 2.127 A), which also suggests that the steric effect of the
cis dmso ligands within the equatorial plane in 4a is smaller
than that found in trans(Cl),cis(S)-[RuCl,(Hdpa)(dmso-S),].
The structural parameters of the (dpk-OH)™ ligand in 4a can
also be compared with those of the bis(dpk-OH)™ complex
trans(0)-[Ru(dpk-OH-k>N,O,N'),]-8H,0.2° The Ru-N dis-
tances in 4a are longer than those of the bis(dpk-OH)~ com-
plex (av. 2.061 A). The lengthening of the Ru-N bonds of
the (dpk-OH)~ ligand is caused by the steric effect of cis dmso
ligands within the equatorial plane. The steric effect of the cis
dmso ligands causes reduction of the N(1)-Ru(1)-N(2) bite
angle of 82.12(9)° compared with that of bis(dpk-OH)~ com-
plex (94.4(2)°). Moreover, the dihedral angle of the two pyri-
dine rings (74.4(1)°) in 4a is less than that of the bis(dpk-OH)~
complex (109°); the pyridine rings in 4a are “folded” due to
the steric effect of the equatorial cis dmso ligands. However,
the structural parameters around the bridgehead C(6) atom
(C(6)-0O(1) = 1.403(3)A and C(1)-C(6)-C(7) = 106.1(2)°)
were consistent with those of the bis(dpk-OH)~ complex
(1.411(6)/0\ and 106.6(4)°, respectively). The folding of the
pyridine rings results in a significantly longer Ru—-O distance
(2.094(2) A) compared to that of the bis(dpk-OH)™ complex
(1.975(4) A). The structural features of 4a suggest that the
transformation (pyridine ring folding) of the (dpk-OH)~ ligand
results in the lessening of the steric hindrance among the equa-
torial ligands.

The '"HNMR spectrum of 4a in DMSO-dg, shown in Fig. 6,
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Fig. 6. 'HNMR spectrum of 4a in DMSO-ds, recorded at room temperature (298 K).

exhibited four signals with intensities of 2H in the aromatic re-
gion, two singlets with intensities of 6H in the aliphatic region,
and a broad singlet with intensity of 1H at § 7.42. The singlet
at § 7.42 was assigned to the proton of the gem-diol group.
From the signal intensities, 4a had one (dpk-OH)~ ligand
and two dmso ligands. The spectral pattern indicated that the
two pyridine rings of the (dpk-OH)~ ligand were equivalent
and the two dmso ligands occupied trans positions to the
two pyridyl N atoms of the (dpk-OH)~ ligand (trans(Cl,0),-
cis(S)-isomer). The aromatic signals were assigned on the
basis of coupling constants and 'H-'"H COSY experiments.
These spectral features were in agreement with the X-ray crys-
tal structure. On the basis of the crystal structure of trans-
(CL,0),cis(S)-isomer 4a, the conformation of the two dmso
ligands results in different environments for the four methyl
groups. This can be explained in terms of the ring-current ef-
fect: the methyl-C(12) and -C(13) of the dmso-S(1) ligand are
relatively far from the pyridyl-N(2) ring, and their environ-
ments (chemical shifts) are similar, while for the dmso-S(2)
ligand, the methyl-C(15) is located closer to the pyridyl-N(1)
ring than the methyl-C(14), so the proton signal of methyl-
C(15) undergoes a greater upfield shift. If the two dmso li-
gands rotated freely around the Ru-S bonds, the four methyl
groups in 4a should be observed as singlet. However, two
methyl signals were observed in the spectrum of 4a for four
methyl groups. Therefore, it is suggested that the two dmso li-
gands rotate around the Ru-S bonds, but only two equivalent
rotamers exist dominantly. One has the same conformation
of dmso ligands as observed in the crystal structure, and anoth-
er is a reverse rotamer, in which the conformation of the two
dmso ligands alternates mutually and the methyl-C(13) is
located close to the pyridyl-N(2). This situation is equivalent

to that of the methyl-C(15) in the former rotamer. The time-
averaged spectrum of two rotamers showed a signal for meth-
yl-C(13) and -C(15) at § 2.87 and a signal for methyl-C(12)
and -C(14) at § 3.12. A similar restricted rotation and rotamers
of coordinate dmso ligands in cis-[RuCl(bpy),(dmso-S)]-
(PF)® and cis(Cl),cis(S)-[RuCl, (bpy)(dmso-S),]*° have been
reported on the basis of 'HNMR spectroscopy.

Synthesis and Structure of cis(CL,0),cis(S)-[RuCl(dpk-
OH-«>N,0,N")(dmso-S);] (4b). Isomer 4b was synthesized
via two synthetic methodologies (Scheme 3). Method A was
similar to that of 4a. The reaction of cis(Cl),cis(S)-dpk-k>N,N'
2, instead of trans(Cl),cis(S)-dpk-KzN,O 1, with OH™ in H,O
afforded cis(Cl1,0),cis(S)-[RuCl(dpk-OH-x>N,0,N")(dmso-S), ]
(4b). In Method B, the trans(Cl1,0),cis(S)-isomer 4a was dis-
solved in DMSO and slowly isomerized to the cis(Cl,0),-
cis(S)-isomer 4b. Selective precipitation of 4b over 4a due
to its lower solubility resulted in the high purity of the prod-
ucts. Elemental analysis of 4b indicated that it had same com-
position as 4a, i.e., it was an isomer of 4a. However, 4b did not
yield crystals suitable for X-ray structural determination, and
so, the structure of 4b was characterized by means of "THNMR
Spectroscopy.

The 'HNMR spectrum of 4b in DMSO-dy is shown in
Fig. 7; it exhibited eight signals with intensities of 1H in the
aromatic region, three singlets with intensities of 3H in the
aliphatic region, and a broad singlet with intensity of 1H at
8 7.57. The singlet at § 7.57 was assigned to the proton of
the OH group of the (dpk-OH)~ ligand. The spectral pattern
indicates that the two pyridine rings of the (dpk-OH)~ ligand
are in different environments, which means that 4b is an iso-
mer of 4a, in which the two pyridine rings are in equivalent
environments. Therefore, the CI~ and the dmso ligands occupy
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trans positions to the pyridyl N atoms of the (dpk-OH)~ ligand
(cis(CLO),cis(S)-isomer). The aromatic signals were assigned
on the basis of coupling constants and 'H-'H COSY experi-
ments. Although only three methyl signals out four were ob-
served in DMSO-dg, it was shown that the remaining methyl
signal was obscured by the H,O signal at § 3.33. When the
spectrum was measured at 373 K, the H,O signal shifted to §
2.97, and the fourth signal was observed at § 3.31 (Fig. S9).
The observation of four individual methyl signals suggests that

(?H
5. o 1) N
i, ‘ ...\\\\\OQC \N + OH" Sim,, ‘ NS

Ru S —— Ru
s” | N \ H,0 SN
Cl c \

1 4a
3

uil/\(N; c© + OH CI//,,,_i_N\\\
s7 | ‘@ HZ0 s” | N
S = S
2 4b
S = S-bonded dmso

DMSO

?
C

Scheme 3.

H-4 H-3' H-5
H-4'H-3' H-5'

H-6 H-6'
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the rotation of the two dmso ligands around the Ru-S bonds
is restricted even in DMSO solution. This feature has also
been observed in the cis(Cl),cis(S)-[RuCl,(L-L)(dmso-S);]
(L-L = bpy or Hdpa) complexes,*®*! which have the same
geometry of the two dmso ligands as that of cis(Cl,0),cis(S)-
isomer 4b.

Isomerization Reaction between 4a and 4b in DMSO
Solution. A DMSO-dg solution of trans(Cl,0),cis(S)-isomer
4a was sealed in an NMR tube, and the isomerization reaction
was monitored at 373 K by means of NMR spectroscopy. The
"HNMR spectrum of the solution of 4a after 1h of heating is
shown Fig. 8b, along with the '"HNMR spectrum taken imme-
diately after dissolution of trans(Cl,0),cis(S)-isomer 4a and
cis(CL,0),cis(S)-isomer 4b (Figs. 8a and 8c, respectively). In
Fig. 8b, it can be seen that although the H-3, H-4, and H-5
signals of two isomers 4a and 4b overlap, one signal of 4a
and two signals of 4b, assigned for H-6 at § 8.4-9.2, were in-
dependently observed. As the reaction proceeded, the signals
of trans(ClL,0),cis(S)-isomer 4a decreased and the signals of
cis(Cl,0),cis(S)-isomer 4b increased. After 4 h, an equilibrium
was established between 4a and 4b, favoring 4b (K4 =
[4b]/[4a] = 1.5 £ 0.1). Similarly, when a DMSO-dg solution
of cis(Cl,0),cis(S)-isomer 4b was sealed in an NMR tube
and heated at 373 K, the isomerization reaction reached the
same equilibrium as when 4a was used as the starting material
(K4ap = 1.5 £ 0.1). Therefore, it was concluded that the iso-
merization reaction between 4a and 4b was reversible.

The reaction rate for the isomerization reaction between
trans(Cl1,0),cis(S)-isomer 4a and cis(Cl,0),cis(S)-isomer 4b
was determined by '"HNMR spectroscopy in DMSO-dg at

H,0O

H,0 DMSO-dg

CH;

10

[0¢]
]

6 (ppm)

Fig. 7. 'HNMR spectrum of 4b in DMSO-ds, recorded at room temperature (298 K).
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373 K. The reaction was monitored over a 5-h period, and the
intensities of the H-6 proton signals were normalized with re-
spect to the sum of the intensities of the H-6 proton signals of
4a and 4b. After 4h, an equilibrium was established between
4a and 4b with Ky, = [4b]/[4a] = kusi/k—4ai = 1.5 £0.1.
This system was treated as a reversible first order reaction,
and so, the rate constants for the isomerization 4a — 4b and
4b — 4a were calculated to be kyy = (1.7 £ 0.1) x 10~%s~!
and k_4y = (1.1 £0.1) x 107%s7!, respectively.

During the isomerization reaction, the two dmso signals of
4a decreased, and the signal of free DMSO and the two of
the dmso-ligand signals (§ 3.31 and 2.93) of 4b increased,
but the two methyl signals (8 3.44 and 3.10) of the other dmso
ligand did not appear. In the analogous complex cis(Cl),cis(S)-
[RuCl,(Hdpa)(dmso-S);], the most upfield methyl signal has
been assigned to the methyl group of the axial dmso ligand
due to the ring-current effect of the pyridine ring.*' Therefore,
the signals at § 3.31 and 2.93 can be assigned to the methyl

groups of the axial dmso ligand, and the signals at § 3.44
and 3.10 to the methyl groups of the equatorial dmso ligand.
After all, during the isomerization reaction from 4a to 4b, only
the signals of the axial dmso ligand of 4b increased. This sug-
gests the existence of a dmso ligand dissociation mechanism
for the isomerization reaction between trans(Cl,0),cis(S)-iso-
mer 4a and cis(Cl,0),cis(S)-isomer 4b in DMSO solution, as
shown in Scheme 4. A dissociative mechanism seems reason-
able, due to the bulkiness of the dmso ligands, rather than a
twist mechanism. The trans(Cl,0),cis(S)-isomer 4a releases
an equatorial dmso ligand to proceed to the five-coordinate
species, and the five-coordinate species isomerize in equilib-
rium. Re-coordination of solvent DMSO to the five-coordinate
species results in the formation of 4a and 4b. Therefore, the
equatorial dmso ligand in 4b derives from the solvent, and
the axial dmso ligand from the original dmso ligand. When
the starting material was 4b, the signals of the equatorial dmso
ligand (§ 3.44 and 3.10) decreased faster than the signals of the
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axial dmso ligand (8 3.31 and 2.93). This also supports that the
equatorial dmso ligand in 4b dissociates to produce the five-
coordinate species. In the analogous complex cis(Cl),cis(S)-
[RuCl,(Hdpa)(dmso-S);], the exchange rate of the equatorial
dmso ligand was also faster than that of axial dmso ligand.*!
It is thought that due to the characteristic cis(Cl),cis(S)-geom-
etry, the equatorial dmso ligand is more labile than the axial
dmso ligand.

In the previously reported [RuCl,(L-L)(dmso-S),] (L-L =
bpy and Hdpa) system, the trans(Cl),cis(S)-isomer has been
shown to be thermodynamically unstable and rearranged to
more stable cis(Cl),cis(S)-isomer.*>*! The reason for the lower
stability of the trans(Cl),cis(S)-isomer is greater steric hin-
drance in the equatorial plane, with two dmso-S ligands and
two pyridyl groups, compared to the cis(Cl),cis(S)-isomer.
Consequently, the isomerization reaction between trans(Cl),-
cis(S)- and cis(Cl),cis(S)-isomers is irreversible. However, it
is worth noting that in this (dpk-OH)~ system, isomerization
of the trans(Cl,0)- and cis(Cl,0)-isomers was reversible with-
out the occurrence of side reactions. The reversibility of iso-
merization is probably due to the stabilization of trans(Cl,0)-
isomer 4a. As mentioned in the discussion of the X-ray crystal
structure of 4a, steric crowding in the equatorial plane, with
two dmso-S ligands and two pyridyl groups, is mitigated by
the transformation (folding up of the pyridine rings) of the
(dpk-OH)~ ligand, and so the trans(Cl,0)-isomer 4a be-
comes similar in stability to c¢is(Cl,0)-isomer 4b. For a more
detailed discussion, the crystal structure of cis(Cl,0)-isomer
4b is required.

Conclusion

Selective syntheses of trans(Cl),cis(S)-[RuCl,(dpk-k>N,0)-
(dmso-S);] (1) and cis(Cl),cis(S)-[RuCl,(dpk-k>N,N')(dmso-
S)2] (2) were carried out, and their crystal structures are report-
ed. In trans(Cl),cis(S)-Cl,(dmso-S),, steric effects favor the
slimmer «?N,0O-coordination mode and prevent adoption of
the «2N,N’-coordination mode. The smaller steric effects in
cis(Cl),cis(S)-Cly(dmso-S), allow adoption of both «?N,O-
and «2N,N'-coordination modes.

The reaction of 1 with Ag™ and OH™ afforded the one-
dimensional Ru—-Ag coordination polymer trans(Cl),cis(S)-
[AgRuCl,(dpk-OH-3N,0,N')(dmso-S),], (3). The X-ray crys-
tal structure of 3 revealed that (dpk-OH)~ coordinates to the
Ru’* ion through a pyridyl N atom and an O atom from the
deprotonated gem-diol group, with the remaining pyridyl N
atom coordinated to the Ag™ ion. The backbone of the polymer
consists of a zigzag [-Ag(1)-Cl(2)-Ru(1)-Cl(1)-] chain.
This species was in an “arrested” state of abstraction of a
C1™ ion. Further reaction in DMSO resolved the arrested state
and afforded a mixture of two isomers with dpk—OH—K3N,0,N' .
The major product was trans(Cl,0),cis(S)-[RuCl(dpk-OH-
K3N,0,N')(dmso-S),] (4a), and the minor product was cis-
(C1,0),cis(S)-isomer 4b, which was probably afforded by iso-
merization of 4a due to heating at 353 K.

The trans(C1,0),cis(S)-isomer 4a was also selectively syn-
thesized by the reaction of 1 with OH™ in H,O. The trans-
(C1,0),cis(S)-isomer 4b was synthesized by reaction of 2 with
OH™ in H,O. The two isomers 4a and 4b underwent intercon-
version in DMSO solution, with 4b favored over 4a in the
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equilibrium state (K4o, = 1.5 £0.1).

Dichlorobis(dimethyl sulfoxide-S)ruthenium(II) and chloro-
bis(dimethyl sulfoxide-S)ruthenium(Il) complexes containing
the dpk ligand in three coordination modes (k2N,O-, k>N,N'-,
and «°N,0,N'-) were synthesized. The geometry of the
RuCl,(dmso-S), unit causes selective formation of either the
K>N,O- or the Kk>N,N'-coordination mode of the dpk ligand.
If the RuCly(dmso-S); unit is modified to form a RuCl-
(dmso-S),™ unit using OH™, both the K2N,0- and K*N,N’-coor-
dination modes of the dpk ligand can convert to the K3N,ON'-
coordination mode of the (dpk-OH)~ ligand. Experiments ex-
ploring the interconversion between the k?N,0- and k>N,N'-
coordination modes of the dpk ligand, and the formation mech-
anism and reverse conversion of the k>N,0,N’-coordination
mode of the (dpk-OH)™ ligand are currently underway.

This work was financially supported by Research Project
Grant (B) of the Institute of Science and Technology, Meiji
University.

Supporting Information

The absorption spectra of 1, 2, 4a, and 4b in H,O (Fig. S1),
THNMR spectra of 1 in DMSO-ds after ¢ h of heating at 323K
(t=0, 2, 4, and 16h) (Fig. S2), 'THNMR spectrum of 2 in
DMSO-dg after 16 h of heating at 323 K (Fig. S3), 'HNMR spec-
trum of 2 in DMSO-dg (Fig. S4), "H NMR spectrum of 2 in CDCl;
(Fig. S5), "HNMR spectrum of 3 in DMSO-d (Fig. S6), 'HNMR
spectrum of 1 and "HNMR spectra of 3 in DMSO-dj after ¢h at
room temperature ( = 0 and 3.5h) (Fig. S7), Space-filling model
of 3 (Fig. S8), and 'HNMR spectrum of 4b in the aliphatic region
in DMSO-dg recorded at 373 K (Fig. S9) are in PDF format. This
material is available free of charge on the web at http://www.
csj.jp/journals/besj/.
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