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ABSTRACT: A new tetradentate dinucleating ligand [1,1′-(4-methyl-1H-pyrazole-3,5-
diyl)bis(1-(pyridin-2-yl)ethanol)] (Hpbl) containing an O/N mixed donor set of atoms
has been synthesized and characterized by analytical and spectroscopic techniques. The
Ru−Cl and Ru−aqua complexes containing this ligand of general formula [RuIIX(Hpbl)-
(trpy)]y+ (trpy = 2,2′:6′,2″-terpyridine; X = Cl, y = 1; X = H2O, y = 2) have been prepared
and thoroughly characterized by spectroscopic and electrochemical techniques. The
Ru−aqua complex 2 undergoes N → O linkage isomerization as observed electro-
chemically, and the related thermodynamic and kinetic parameters are extracted from
cyclic voltammetry experiments together with DIGISIM, a CV simulation package. Under
basic conditions an additional isomer is observed where the pyrazolyl group in the Hpbl
ligand is replaced by the geminal pyridyl group. Further structural and electronic char-
acterization of all the isomers has been carried out by means of DFT calculations.

■ INTRODUCTION

Linkage isomerism has been used to build memory devices at
the molecular level, which could provide the basis for the
development of molecular electronics.1 Transition metal com-
plexes with ambidentate motifs, able to change their coordination
due to external stimuli (such as the application of a sufficient
voltage to oxidize or reduce the metal center) are good candidates
for this purpose. Different coordination environments produce
different molecular properties, which allow the retention of
information. Furthermore, in order to become good memory
devices, those changes must be reversible. A wide number of
ruthenium complexes containing sulfoxide ligands capable of
carrying out linkage isomerism have been reported,2 where their
dynamic behavior is based on the higher affinity of Ru(II) and
Ru(III) for S and O atoms, respectively, in agreement with hard−
soft acid−base (HSAB)-Pearson theory.3 Another interesting
example of Ru complexes containing the ambidentate ligand 1-[6-
(2,2′-bipyridyl)]-1-(2-pyridyl)ethanol (bpy-py-OH) (Chart 1) has
been recently described by Johansson and Lomoth4 and exhibits
fast electron-transfer-induced linkage isomerization.
During the last three decades, Ru−aqua/oxo polypyridyl

complexes have been used as oxidation catalysts due to their
capacity to reach a wide range of oxidation states in a narrow
potential range.5 The simultaneous proton and electron
removal (PCET) allows increasing the metal oxidation state
at relatively low potentials.6

Over the past few years, our group has focused its attention
on the understanding and mastering of metal cooperation in
chemical reactions using dinuclear metal-aqua/oxo complexes.7

For this purpose, the tetraaza dinucleating ligand 3,5-bis(2-
pyridyl)pyrazole [Hbpp, Chart 1] has been used as bridging
ligand between two Ru metal centers, and its catalytic
properties have been established for oxidative transformations
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Chart 1. Drawing of the Ligands Discussed in This Work
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such as water oxidation and alkene epoxidation.8 When these
Ru−aqua/oxo polypyridyl species are involved in catalytic
oxidative transformations, the metal center cycles typically
within oxidation states II−V.9,10 The stabilization of all the
oxidation states involved is of paramount importance in order
to guarantee low kinetic barriers and thus catalyst viability.
Here on we report a new tetradentate bridging ligand, 1,1′-

(4-methyl-1H-pyrazole-3,5-diyl)bis(1-(pyridin-2-yl)ethanol
(Hpbl, Chart 1), potentially able to stabilize low and high oxida-
tion states by adapting to the electronic demands of the metal
center via linkage isomerism. In addition we also report two
mononuclear Ru complexes containing this ligand of general
formula [RuX(Hpbl)(trpy)]y+ (X = Cl, y = 1; X = H2O, y = 2) and
their linkage isomerization capacities.

■ EXPERIMENTAL SECTION
Materials. All reagents used in the present work were obtained

from Sigma-Aldrich Chemical Co. and were used without further
purification. Reagent grade organic solvents were obtained from SDS.
RuCl3·3H2O was supplied by Alfa Aesar and was used as received.
Preparations. The starting complex [RuCl3(trpy)]

11 and 1′-(4-
methyl-1H-pyrazole-3,5-diyl)diethanone12 were prepared as previously
described in the literature. All synthetic manipulations were routinely
performed under nitrogen atmosphere using Schlenck tubes and
vacuum line techniques.
1,1′-(4-Methyl-1H-pyrazole-3,5-diyl)bis(1-(pyridin-2-yl)ethanol)

(Hpbl·1.5H2O). A sample of 0.91 mL (9.39 mmol) of 2-bromopyridine
was dissolved in 100 mL of dry THF with vigorous stirring at −78 °C.
Then 6.2 mL of n-BuLi in hexane (1.6 M) was added drop by drop.
After stirring the mixture for 30 min, 0.5 g (3.01 mmol) of 1′-(4-
methyl-1H-pyrazole-3,5-diyl)diethanone dissolved in 20 mL of dry
THF was added slowly with a syringe pump. The resulting mixture was
stirred for 2 h at −78 °C and then warmed to 0 °C, acidified with a
10% HCl aqueous solution, and finally neutralized (until pH = 7) with
a 10% K2CO3 aqueous solution. During this process the color of the
solution changed from brown to yellow and finally to orange. The
resulting mixture was warmed and extracted with CHCl3 (3 ×
100 mL) until the extracted organic phase was colorless. The collected
organic phases were mixed, dried with anhydrous Na2SO4, and
evaporated until a brown oil appeared. The oil was then purified by

column chromatography using silica gel as stationary phase and ethyl
acetate as eluent, giving the desired product in the fourth fraction as a
3.0:1.7 mixture of two diastereomers. Yield: 344 mg (35%). 1H NMR
(360 MHz, acetonitrile-d3) δ 8 0.49 (ddd, 2H3A,

3J3−2 = 4.9 Hz, 4J3−1 =
1.7 Hz, 5J3−6 = 1.0 Hz), 8.48 (ddd, 2H3B,

3J3−2 = 4.9 Hz, 4J3−1 = 1.7 Hz,
5J3−6 = 1.0 Hz), 7.72 (ddd, 2H1A,B,

3J1−6 = 8.0 Hz, 3J1−2 = 7.5 Hz,
4J1−3 = 1.7 Hz), 7.31 (dt, 2H6A,

3J6−1 = 8.0 Hz, 4J6−2,3= 1.3 Hz), 7.28
(dt, 2H6B,

3J6−1 = 8.0 Hz, 4J6−2,3 = 1,0 Hz), 7.24 (ddd, 2H2B,
3J2−1 = 7.5

Hz, 3J2−3 = 4.9 Hz, 4J2−6 = 1.0 Hz), 7.24 (ddd, 2H2A,
3J2−1 = 7.5 Hz,

3J2−3 = 4.9 Hz, 4J2−6 = 1.0 Hz), 5.23 (s, 2H14B), 5.21 (s, 2H14A), 1.79 (s,
6H15B), 1.78 (s, 6H15A), 1.43 (s, 3H24A), 1.37 (s, 3H24B).

13C{1H}
NMR (100 MHz, acetonitrile-d3) δ 164.9 (C5A), 164.8 (C5B), 148.4
(C3A), 148.3 (C3B), 138.1 (C1B), 138.1 (C1A), 123.2 (C2A,B), 121.0
(C6A,B), 110.5 (C17B), 110.3 (C17A), 73.9 (C13A), 73.8 (C13B), 29.3
(C15B), 29.3 (C15A), 9.0 (C24A), 9.0 (C24B).

15N NMR, projection from
HMBC experiment (600 MHz, acetone-d6): δ 298.7 (N4−8). ESI-MS
(MeOH):m/z 324.1, 347.1 (M +Na). Anal. Calcd (%) for (C18H23N4O3.5):
C, 61.52; H, 6.59; N, 15.94. Found: C, 61.78; H, 6.36; N, 15.80. The
NMR labels are keyed in Figure 1.

[RuIICl(Hpbl)(trpy)](PF6)·C3H6O·0.5H2O, 1(PF6) C3H6O·0.5H2O. A
sample of 400 mg (0.908 mmol) of [RuCl3(trpy)] and 77 mg (1.816
mmol) of LiCl were dissolved in 40 mL of dry MeOH containing
250 μL (1.816 mmol) of NEt3. The mixture was stirred at room
temperature (RT) for 20 min, and then 294 mg (0.908 mmol) of Hpbl
was added. The resulting solution was stirred at 40 °C overnight. After
that, the mixture was filtered, and 2 mL of a saturated aqueous
NH4PF6 solution and 5 mL of water were added. The volume of
the resulting solution was reduced on a rotary evaporator until a
precipitate appeared. After 1 day at 5 °C the precipitate was filtered off.
The solid was extracted with CH2Cl2 until the organic solvent was
colorless, and the insoluble material was filtered off and discarded. The
resulting solution was purified by column chromatography using
neutral alumina as solid phase. The first three fractions eluted with a
CH2Cl2/MeOH (140:1) mixture were discarded. The desired product
was finally eluted with pure MeOH. This fraction was reduced to
dryness, the brown powder obtained was dissolved in acetone, and
again 1 mL of a saturated aqueous NH4PF6 solution and 3 mL of water
were added. The volume was then reduced on a rotary evaporator until
a solid came out. The mixture was then cooled in a refrigerator for
12 h, and the solid obtained was filtered off, washed with cold water
(3 × 5 mL) and diethyl ether (3 × 5 mL), and vacuum-dried. The
isolated product maintains the 3.0:1.7 diasteriomeric mixture of the

Figure 1. 1H NMR spectrum of Hpbl in acetonitrile-d3. Bottom: Aromatic region and numbering scheme. Top: Aliphatic region where a 3.0:1.7
diasteriomeric mixture ratio can be clearly observed for the Me protons.
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starting Hpbl ligand. Yield: 311 mg (41%). Anal. Calcd (%) for
C36H38ClF6N7O3.5PRu: C, 47.71; H, 4.23; N, 10.82. Found: C, 47.70;
H, 4.26; N, 10.99. 1H NMR (600 MHz, acetone-d6): δ 8.73 (dd,
1H34A or 36A,

3J34−35 = 8.1 Hz, 4J34−36 = 0.6 Hz), 8.73 (dd, 1H34B or 36B,
3J34−35 = 8.1 Hz, 4J34−36 = 0.6 Hz), 8.71 (dd, 1H36A or 34A,

3J36−35 = 8.1
Hz, 4J36−34 = 0.6 Hz), 8.70 (dd, 1H36B or 34B,

3J36−35 = 8.1 Hz, 4J36−34 = 0.6

Hz), 8.64−8.60 (m, 3H29−40−9A,B), 8.39 (dd, 1H43A or 32A,
3J43−42 = 5.4

Hz, 4J43−41 = 1.6 Hz, 5J43−40 = 0.6 Hz), 8.35 (dd, 1H43B or 32A,
3J43−42 = 5.4

Hz, 4J43−41 = 1.6 Hz, 5J43−40 = 0.6 Hz), 8.16 (t, 1H35A,
3J35−34,36 =

8.1 Hz), 8.15 (t, 1H35B,
3J35−34,36 = 8.1 Hz), 8.14 (ddd, 1H3A,B,

3J3−2 = 8.1
Hz, 4J3−1 = 1.5 Hz, 5J3−6 = 0.5 Hz), 8.05 (ddd, 1H41A or 28A,

3J41−40 = 8.1 Hz,
3J41−42 = 7.7 Hz, 4J41−43 = 1.6 Hz), 8.04 (ddd, 1H41B or 28B,

3J41−40 = 8.1 Hz,

Figure 2. 1H NMR spectrum of the aromatic region of a diastereomerically enriched mixture (8:1) of 1+ and its corresponding drawing and
numbering scheme. Orange and light orange trpy protons remain indistinguishable. The residual signals of low concentration diastereomer B are
marked with a red asterisk.

Figure 3. HMBC-N spectra for the Hpbl free ligand (left) and complex 1+ (right) in acetone-d6 together with a drawing and numbering scheme.
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3J41−42 = 7.7 Hz, 4J41−43 = 1.6 Hz), 8.00 (ddd, 1H28A,B or 41A,B,
3J28−29 =

8.1 Hz, 3J28−27 = 7.6 Hz, 4J28−32 = 1.4 Hz), 7.90 (ddd, 1H11B,
3J11−12 =

8.1 Hz, 2J11−10 = 7.6 Hz, 3J11−9= 1.8 Hz), 7.90 (ddd, 1H11A,
3J11−12 = 8.1

Hz, 2J11−10 = 7.6 Hz, 3J11−9 = 1.8 Hz), 7.89 (d, 1H32A,B or 43A,B, under
another signal), 7.79 (ddd, 1H12A,

3J12−11 = 8.1 Hz, 4J12−10 = 1.0 Hz,
5J12−9 = 0.9 Hz), 7.77 (ddd, 1H12B,

3J12−11 = 8.1 Hz, 4J12−10 = 1.0 Hz,
5J12−9 = 0.9 Hz), 7.63 (ddd, 1H42A or 27A,

3J42−41 = 7.7 Hz, 3J42−43 = 5.4
Hz, 4J42−40 = 1.6 Hz), 7.62 (ddd, 1H42B or 27B,

3J42−41 = 7.7 Hz, 3J42−43 =
5.4 Hz, 4J42−40 = 1.6 Hz), 7.61 (ddd 1H2A,B,

3J2−3 = 8.1 Hz, 3J2−1 = 7.2
Hz, 4J2−6 = 1.6 Hz), 7.47 (ddd, 1H6A,

3J6−1 = 6.1 Hz, 4J6−2 = 1.6 Hz,
5J6−3 = 0.5 Hz), 7.46 (ddd, 1H6B,

3J6−1 = 6.1 Hz, 4J6−2 = 1.6 Hz, 5J6−3 =
0.5 Hz), 7.41 (ddd, 1H27A,B or 42A,B,

3J27−28 = 7.6 Hz, 3J27−32 = 5.7 Hz,
4J27−32 = 1.5 Hz), 7.36 (ddd, 1H10A,B,

3J10−11 = 7.6 Hz, 3J10−9 = 4.8 Hz,
4J10−12 = 1.0 Hz), 6.75 (ddd, 1H1A,

3J1−2 = 7.2 Hz, 3J1−6 = 6.1 Hz,
4J1−3 = 1.5 Hz), 6.75 (ddd, 1H1A,

3J1−2 = 7.2 Hz, 3J1−6 = 6.1 Hz, 4J1−3 =
1.5 Hz), 5.99 (s, 1H14 or 22A,B), 5.91 (s, 1H14 or 22A,B), 2.48 (s, 3H24B),
2.41 (s, 3H24A), 1.71 (s, 3H15B), 1.71 (s, 3H15A).

13C{1H} NMR (100
MHz, acetone-d6): δ 171.3 (C5A,B), 164.3 (C7A), 164.2 (C7B), 161.2
(C33A,B or C37A,B), 161.1 (C37A,B or C33A,B), 160.8 (C39A or.C30B), 160.8
(C39A or.C30A), 160.5 (C30B or C39B), 160.5 (C30A or C39A), 154.6
(C43A,B or C32A,B), 153.88 (C6A), 153.84 (C6B), 153.0 (C32A or C43A),
153.0 (C32B or C43B), 152.8 (C16A,B), 149.2 (C29A,B or C40A,B), 148.9
(C20A,B), 138.2 (C11A,B), 137.8 (C41A or C28A), 137.8 (C41B or C28B),
137.77 (C28A or C41A), 137.75 (C28B or C41B), 137.56 (C2A), 137.54
(C2B), 134.37 (C35A), 134.33 (C35B), 128.18 (C42A or C27A), 128.16
(C42B or C27B), 128.06 (C27A or C42A), 128.04 (C27B or C42B), 125.21
(C3B), 125.15 (C3A), 124.6 (C43A,B or C32A,B), 124.5 (C1A,B), 124.4
(C9A), 124.3 (C9B), 123.74 (C34A,B or C36A,B), 123.70 (C10B), 123.66
(C10A), 123.25 (C36A or C34A), 123.22 (C36B or C34B), 121.09 (C12B),
121.04 (C12A), 114.1 (C17A), 113.8 (C17B), 76.86 (C13 or C21A), 76.76
(C13 or C21B), 36.44 (C15A), 36.38 (C15B), 10.73 (C24B), 10.68 (C24A).
15N NMR, projection from HMBC experiment (600 MHz, acetone-
d6): δ 199.6 (N19,

1JN−H = 108.2 Hz), 219.1 (N18), 228.9 (N4), 249.3
(N44 or N31), 252.6 (N31 or N44), 292.2 (N38), 305.2 (N8). ESI-MS
(MeOH): m/z 694.1 ([M − PF6

−]+). UV−vis (CH2Cl2) [λmax, nm (ε,
M−1 cm−1)]: 274 (5217), 317 (1523), 390 (1335), 487 (1278), 519
(1127), 615 (377). CV (DCM/TBAH): E1/2 = 0.86 V. NMR labels for
complexes 1+ and 22+ are keyed in Figures 2 and 3.
[RuII(Hpbl)(trpy)(H2O)]

2+, 22+. This complex was quantitatively
generated in situ by dissolving 8.4 mg (1 mmol) of complex 1(PF6)
into 10 mL of 0.1 M triflic acid aqueous solution (pH = 1). 1H NMR
(400 MHz, acetone-d6/D2O/CF3SO3D): δ 8.93 (d, 1H9A,B,

3J9−10 = 5.8
Hz), 8.77 (td, 1H11B,

3J11−10,12 = 8.1 Hz, 4J11−9 = 1.6 Hz), 8.76
(td, 1H11A,

3J11−10,12 = 8.1 Hz, 4J11−9 = 1.6 Hz), 8.66 (d, 1H34A or 36A,
3J34−35 = 8.1 Hz), 8.64 (d, 1H34B or 36B,

3J34−35 = 8.1 Hz), 8.60 (d,
1H34B or 36B,

3J36−35 = 8.1 Hz), 8.60 (d, 1H34A or 36A,
3J36−35 = 8.05 Hz),

8.53 (d, 1H32A,B or 43A,B,
3J32−27 = 8.0 Hz), 8.51 (d, 1H43A,B or 32A,B,

3J43−42 = 8.0 Hz), 8.36 (d, 1H29B or 40B,
3J29−28 = 5.7 Hz), 8.31 (d,

1H12B,
3J12−11 = 8.1 Hz), 8.30 (d, 1H12A,

3J12−11 = 8.1 Hz), 8.27 (d,
1H29A or 40A,

3J29−28 = 5.7 Hz), 8.16 (ddd, 1H10A,B,
3J10−11 = 8.1 Hz,

3J10−9 = 5.8 Hz, 4J10−12 = 1.1 Hz), 8.12 (t, 1H35A,
3J35−34,36 = 8.1 Hz),

8.12 (t, 1H35B,
3J35−34,36 = 8.1 Hz), 8.09 (dd, 1H40A,B or 29A,B,

3J40−41 =
5.7 Hz, 4J40−42= 1.4 Hz), 8.00 (dd, 1H3A,B,

3J3−2 = 8.0 Hz, 4J3−1 = 1.4
Hz), 7.95 (ddd, 1H27A,B or 42A,B,

3J27−32 = 8.0 Hz, 3J27−28 = 7.0 Hz,
4J27−29 = 1.5 Hz), 7.93 (td, 1H42A, or 27A,

3J42−41,43 = 8.0 Hz, 4J42−40 = 1.4
Hz), 7.91 (td, 1H42B or 27B,,

3J42−41,43 = 8.0 Hz, 4J42−40 = 1.40 Hz), 7.57
(ddd, 1H28B or 41B,,

3J28−27 = 7.0 Hz, 3J28−29 = 5.7 Hz, 4J28−32 = 1.2 Hz),
7.55 (ddd, 1H28A or 41A,

3J28−27 = 7.0 Hz, 3J28−29 = 5.7 Hz, 4J28−32 = 1.2
Hz), 7.53 (ddd, 1H2A,B,

3J2−3 = 8.0 Hz, 3J2−1 = 7.4 Hz, 4J2−6 = 1.5 Hz),
7.38 (ddd, 1H41A or 28A,

3J41−42 = 8.0 Hz, 3J41−40 = 5.7 Hz, 4J41−43 = 1.1
Hz), 7.34 (d, 1H6A,B,

3J6−1 = 6.0 Hz), 7.33 (ddd, 1H41B or 28B,
3J41−42 =

8.0 Hz, 3J41−40 = 5.7 Hz, 4J41−43 = 1.1 Hz), 6.66 (ddd, 1H1A,B,
3J1−2 =

7.4 Hz, 3J1−6 = 6.0 Hz, 4J1−3 = 1.4 Hz), 2.28 (s, 3H24B), 2.21 (s, 3H24A),
2.21 (s, 3H15B), 2.20 (s, 3H15A), 1.59 (s, 3H23B), 1.56 (s, 3H23A).
13C{1H} NMR (100 MHz, acetone-d6/D2O/CF3SO3D): δ 170.64
(C5B), 170.59 (C5A), 160.6 (C33A,B or C37A,B), 160.5 (C33A,B or C37A,B),
160.2 (C30A,B), 159.7 (C30A,B), 157.9 (C7A,B), 154.7 (C29A,B or C40A,B),
153.6 (C40B or C29B), 153.44 (C40A or 29A‑6A), 153.40 (C6B), 148.80
(C11B), 148.75 (C11A), 144.2 (C16A,B), 142.332 (C9A), 142.29 (C9B),

137.97 (C42B or C27B), 137.95 (C42A or C27A), 137.88 (C27B or C42B),
137.82 (C27A or C42A), 137.56 (C2A), 137.53 (C2B), 135.0 (C35A,B),
128.2 (C20A,B), 128.2 (C41A or C28A), 128.2 (C41B or C28B), 128.0
(C28A,B or C41A,B), 127.5 (C10A,B), 125.6 (C12A), 125.5 (C12B), 124.9
(C3B), 124.8 (C3A), 124.5 (C1A), 124.4 (C1B), 124.3−124.2
(C32A,B or 43A,B‑3A,B), 123.7 (C34B or C36B), 123.6 (C34A or C36A),
123.1 (C34A,B or C36A,B), 115.5 (C17A), 115.3 (C17B), 76.3 (C13B or
C21B), 76.2 (C13A or C21A), 71.5 (C13B or C21B), 71.3 (C13A or C21A),
36.0 (C23B), 36.9 (C23A), 27.2 (C15B), 27.1 (C15A), 10.2 (C24B), 10.1
(C24A).

15N NMR, projection from HMBC experiment (600 MHz,
acetone-d6/D2O/CF3SO3D): δ 289.0 (N38), 250.4 (N44 or N31), 247.2
(N44 or N31), 225.9 (N4), 196.6 (N8). ESI-MS (MeOH): m/z 658.2
([M − 2PF6

− − H+]+). UV−vis (pH = 1, 0.1 M triflic acid aqueous
solution) [λmax, nm (ε, M−1 cm−1)]: 270 (5504), 310 (5449), 360
(1461), 450 (1207), 480 (1170). CV (pH = 1.0 triflic acid aqueous
solution): E1/2 = 0.72 V, E1/2 = 0.93 V.

Instrumentation and Measurements. UV−vis spectroscopy was
performed with an HP8453 spectrometer using 1 cm quartz cells. 1H
NMR spectroscopy was performed on a Bruker DPX 360, 400, and
600 MHz at the Universitat Autoǹoma de Barcelona magnetic
resonance service (SeRMN-UAB). Samples were run in acetone-d6,
acetonitrile-d3, and D2O with CF3SO3D or with NaOD with internal
references (residual protons and/or tetramethylsilane). Elemental
analyses were performed using a Carlo Erba CHMS EA-1108 instru-
ment provided by the Chemical Analysis Service at UAB. ESI-MS
experiments were performed on an HP298s GC-MS system from the
CAS-UAB. Cyclic voltammetry (CV) experiments were performed
with a PAR283 potentiostat using a three-electrode cell. A glassy
carbon disk (3 mm diameter) was used as working electrode, platinum
wire was used as auxiliary electrode, and a saturated sodium calomel
electrode (SSCE) was used as the reference electrode. For the solu-
tions of complexes in organic solvents, n-Bu4NPF6 was used as
supporting electrolyte to yield a solution with a 0.1 M ionic strength. All
E1/2 values reported here were estimated from cyclic voltammetry as the
average of the oxidative and reductive peak potentials (Ep,a + Ep,c)/2 and
are referred to the SSCE reference electrode. Species concentration was
approximately 1 mM. For the construction of the Pourbaix diagram the
following buffers were used: hydrogen phthalate/triflic acid up to
pH = 4, hydrogen phthalate/sodium hydroxide for pH = 5.0, dihydrogen
phosphate/sodium hydroxide for pH = 6.0, borax/triflic acid for pH = 7.0,
hydrogen phosphate/sodium hydroxide for the pH range 8−9. Also
0.1 M triflic acid was used for pH = 1.0.

X-ray Crystal Structure Determination. Crystals of complex
[RuII(OH)(pbl)(trpy)] were obtained by slow evaporation of a 22+

D2O/acetone-d6/NaOD mixture. The measured crystals were pre-
pared under inert conditions immersed in perfluoropolyether as
protecting oil for manipulation.

Data Collection. The crystal structure of complex [Ru(trpy)-
(pbl)(OH)] was obtained at room temperature (298(2) K) on a
Bruker SMART APEX CCD diffractometer using graphite-mono-
chromated Mo Kα radiation from an X-ray tube. Programs used: data
collection SMART,13 data reduction Bruker Saint+,14 and absorption
correction SADABS.15

Structure Solution and Refinement. The solution and refine-
ment of the crystal structure of complex [Ru(OH)(pbl)(trpy)] was
achieved using the SHELTL16 program.

Computational Details. The density functional theory (DFT)
calculations have been carried out with the hybrid B3PW91 density
ruthenium functional,17 as implemented in the Gaussian 09 package.18

The atoms have been represented with the quasi-relativistic effective
core pseudopotentials of the Stuttgart group and the associated
basis sets augmented with a polarization function (α = 1.235).19 The
remaining atoms (carbon, oxygen, nitrogen, and hydrogen) have been
represented with 6-31G(d,p) basis sets.20 The B3PW91 geometry
optimizations were performed without any symmetry constraints, and
the nature of the extrema (local minima or transition states, TS) was
checked by analytical frequency calculations. The energies given
throughout the article are Gibbs free energies with the ZPE corrections
(however, inclusion of the ZPE corrections does not significantly
modify the results) and thermal corrections in the gas phase. The solvent
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effect was introduced by the polarizable continuum model (PCM),21

implemented by Tomasi and co-workers via single-point calculations
on the optimized gas-phase geometries using the M06 functional22 and
the cc-pVTZ basis set for C, O, N, and H.23 The cavity is created via a
series of overlapping spheres. On the other hand, for the aqueous
solvation free energy of the protons released, we assumed the value of
262.5 kcal mol−1 from the literature.24

■ RESULTS AND DISCUSSION
1. Synthesis. The synthetic strategy followed to prepare the

new Hpbl ligand is depicted in Scheme 1. It involves the double
nucleophilic attack of a pyridine lithiate to the two ketone
carbonyl groups of the pyrazolyl derivative I (Scheme 1),11

generating two alcoholic chiral centers. Column chromatog-
raphy of the reaction crude gave, in the last eluted fraction, the
desired Hpbl ligand as a mixture of two diastereomers in a ratio
of 3.0:1.7, as can be observed in the 1H NMR displayed in
Figure 1.
The mononuclear chlorido complex 1+ was obtained by the

direct reaction of equimolar amounts of Hpbl and [RuCl3(trpy)]
in the presence of NEt3 at 40 °C, as depicted in Scheme 2.
Finally the aqua complex 22+ was quantitatively generated in
situ when 1+ was dissolved in acidic aqueous solutions. All the
new compounds reported here were characterized by the usual
analytic and spectroscopic techniques (see Supporting
Information Figures S1−S16).
2. NMR and UV−vis Spectroscopy. 1D and 2D NMR

spectroscopy was used to structurally characterize in solution
the Hpbl ligand as well as complexes 1+ and 22+ (see Figures 1
and 2, the Experimental Section, and Figures S1−S6 in the
Supporting Information).
For the Hpbl ligand, all the resonances observed in the 1H

NMR spectra for the free ligand can be unambiguously assigned
based on their integrals, symmetry, and multiplicity. In solution,
the Hpbl ligand presents either C2- or σ-symmetry depending
on the diastereoisomer, that bisects the pyrazolyl group and

interconverts each side of the ligand, thus becoming magneti-
cally equivalent, as can be noted in Figure 1. In this figure the
3.0:1.7 ratio of the two diastereoisomers appearing as a
duplicate can also be observed. Particularly interesting and
useful is the HMBC-N NMR, which shows the presence of all
the Hpbl nitrogen resonances at 298.7 ppm, strongly coupled
to H2, H3, and the OH proton, as shown in Figure 3.
Complexes 1+ and 22+ have no symmetry elements due to

the coordination of the Ru metal center on one of the ligand
sides, and thus all the resonances are now magnetically dif-
ferent. For complex 1+ we managed to highly enrich one
sample up to a 8.0:1.0 diastereomeric ratio by means of
preparative TLC. A 1H NMR spectrum of the latter with the
assignment is shown in Figure 2, and an additional 2D
spectrum is depicted in the Supporting Information Figure S3.
There are a number of features related to the NMR spectra that
are worth mentioning and that are useful for the structural
characterization of this complex. First, both alcohol protons can
be observed at low and similar chemical shifts (5.99 and 5.91
ppm), which is indicative that they are not coordinated to the
metal center. Second, the absence of resonances in the 9−10
ppm region is indicative of the in-isomer,26 where the Ru−Cl
bond is directed toward the center of the Hbpl ligand, meaning
that the chlorido ligand is trans to the pyridyl ligand. On the
other hand the out-isomer that would have the Ru−Cl bond
trans to the Ru−N pyrazolyl bond would be responsible for the
deshielding of the H3 hydrogen toward the 9−10 ppm region.26

Third, the HMBC-N NMR shown in Figure 3 is fully con-
sistent with the previous assignment. The pyrazolyl N atoms
appear at 200 and 215 ppm for that coordinated to Ru and the
protonated one, respectively. The former appears as a doublet
due to its coupling with the proton. The noncoordinated
pyridyl Hbpl N8 atom appears at 305 ppm, very close to the
ones of the free ligands, while the coordinated N4 one is upfield
shifted to 230 ppm. Finally the trpy N atoms appear very close
at 249 and 251 ppm. It is interesting to see here that the
HMBC-N NMR experiment is a very powerful tool for the
diagnosis of coordinated versus noncoordinated N atoms of a
particular ligand, especially with multiple N-coordinating sites.
The NMR spectra for the aqua complex 22+ was recorded

in acetone-d6 acidified with a drop of a 0.1 M solution of
CF3SO3D in D2O. The main differences in the spectra with
regard to the 1+ spectrum are the upfield shift of the resonances
belonging to the noncoordinated pyridyl ligand that is
protonated under these conditions. A spectacular effect is
observed in the NMR when complex 22+ is recorded in basic

Scheme 1. Synthesis of the Hpbl Ligand

Scheme 2. Synthetic Strategy Used for the Preparation of the Complexes Described in This Worka

aT represents the trpy ligands where the axial N atoms are not shown for simplicity.
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solution (acetone-d6 basified with a drop of 0.1 M NaOD in
D2O). Under these conditions a large amount of resonances
appear that are indicative of new complexes being formed.
DOSY experiments carried out under exactly the same con-
ditions indicate that the new complexes formed are mono-
nuclear in nature, since all of them have the same diffusion
coefficients and similar to [Ru(bpea)(bpy)(H2O)]

2+ (bpea is
N,N-bis(pyridin-2-ylmethyl)ethanamine; bpy is 2,2′-bipyridine)
used as reference25,28a (see Supporting Information, Figure S6).
The UV−vis spectra in CH2Cl2 and H2O/trifluoroacetic acid

for complexes 1+ and 22+ are displayed in Figure 4 and Figures S8

and S9 in the Supporting Information. The observed absorptions
agree with those reported for similar complexes.26 The spectra
can be divided in three different regions: between 200 and
350 nm, where very intense bands are observed due to intraligand
π−π* transitions;27 between 350 and 560 nm, in which there are
mainly broad unsymmetrical Ru(dπ)-trpy/Hpbl(π*) metal-to-
ligand charge transfer (MLCT) bands;28 and finally the region
above 560 nm, in which d−d transitions are observed.29 Figure S8
(Supporting Information) shows the UV−vis spectra for
complexes 1+ and 22+, where different band displacement for
the broad overlapped Ru(dπ)-trpy/Hpbl(π*) MLCT bands is
observed. The blue-shift exhibited by complex 22+ confirms the

coordination of the aqua ligand that relatively stabilizes the
dπ(Ru) levels and therefore gives rise to more energetic electronic
transitions.28

Generation of the higher oxidation state species of complex
22+ was followed spectrophotometrically. The spectrum ob-
tained upon progressive addition of small amounts of Ce(IV)
to an aqueous solution of the complex at pH = 1.0 until the
addition of 1 oxidant equivalent is shown in Figure 4. The three
isosbestic points observed at λ = 294, 386, and 426 nm suggest
the neat generation of the Ru(III) species. Addition of a second
equivalent of Ce(IV) produces a further oxidation of the com-
plex, which generates the corresponding Ru(IV)-oxo species,
which is almost featureless in the visible region, as has been de-
scribed for analogous complexes.30 This second redox process
also takes place with the presence of isosbestic points at 294,
386, and 426 nm and is shown in the Supporting Information,
Figure S9.

3. Electrochemistry and Linkage Isomerism. The redox
properties of complexes 1+ and 22+ have been studied by cyclic
voltammetry using glassy carbon disk electrodes. A common
feature to most Ru−aqua complexes is the fact that their redox
waves are more diffuse than the ones for the Ru−Cl complexes,
which are generally very well-defined. In order to improve this,
we tried a variety of working electrodes including boron-doped
diamond electrodes, Pt ore, and even Au electrodes, but they
did not yield any significant improvement.
Complex 1+, dissolved in dichloromethane and using 0.1 M

n-Bu4NPF6 as supporting electrolyte, displays one electrochem-
ically quasi-reversible redox wave (see Supporting Information
Figure S10) at E1/2 = 0.840 V, which is assigned to the formation
of the corresponding Ru(III) complex.

→ ++ + −
+ +

[Ru Cl(Hpbl)(trpy)] [Ru Cl(Hpbl)(trpy)] 1e
1 1

II III 2

2

(1)

Complex 22+ was generated in situ by dissolving 1+ in a 0.1 M
trifluoroacetic acid (pH = 1.0) aqueous solution. At high scan
rates (1 V/s) the CV of 22+ presents two different redox
processes (Figure 5a), the first and more intense one at E1/2 =
0.725 V, which is associated with the first one-electron oxidation
(wave A in Figure 5a),

→ ++ + −
+ +

[Ru (Hpbl)(trpy)(H O)] [Ru (H O)(Hpbl)(trpy)] 1e
2 2

II
2

2 III
2

3

2 3

(2)

and the second and weaker one at E1/2 = 0.932 V corresponding
to the III/IV oxidation step (wave B in Figure 5a),

Figure 4. UV−vis spectrophotometric titration of complex 22+ with
Ce(IV). A sample of 0.5 mL of 22+ 0.1 mM was titrated with eight
sequential additions of 10 μL of 0.6 mM Ce(IV). Both solutions are in
a pH = 1.0 trifluoroacetic acid aqueous solution. Ru(II): blue line,
Ru(III): red line. Inset: Zoom of the isosbestic points region.

Figure 5. CV of complex 22+ at pH = 1.0 in a 0.1 M CF3COOH aqueous solution at (a) 1 V/s and (b) 20 mV/s. The red arrow indicates the
scanning direction.
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→ + +

+

+ − +

+

+

[Ru (H O)(Hpbl)(trpy)]

[Ru (OH)(Hpbl)(trpy)] 1e 1H
2

2

III
2

3

IV 3

3

3 (3)

At a scan rate of 0.1 V/s and up to 1.5 V (Figure 5b) a large
anodic current is observed (D in Figure 5b) that is associated
with a further one-electron oxidation of the complex to Ru(V)
with concomitant electrocatalytic oxygen generation similarly
proposed for other mononuclear Ru−aqua complexes.9a
The presence of linkage isomerization is observed by CV

when a solution of complex 22+ is scanned cathodically after
holding an applied potential of 0.9 V for 3 min (see Figure 6) at
different scan rates and observing the changes in [ic1]/[ia1] and
[ic2]/[ia2] of the waves at 0.30 (wave C in Figure 6) and 0.8 V
(wave A in Figure 6), respectively. The latter is the wave
associated with the Ru(III/II) of complex 22+ labeled Ru-N5
(the ruthenium metal center coordinated by five nitrogen atoms
of the ligands: three from the trpy and two from the Hpbl) in
Scheme 3, whereas the wave at 0.3 V is associated with the
III/II couple for the Ru-ON4(Pz) isomer (coordination to the
ruthenium metal center by one hydroxyl oxygen and four nitrogen
atoms: three from trpy and one from the pyrazolyl moiety of the
Hpbl ligand; this isomer nomenclature is further described in
Scheme 3 and Figure 9). It is proposed that when the oxidation
state III for the RuIII−N5 (2

3+) isomer is reached, the oxygen from
the alkoxy is coordinated with concomitant decoordination of the
pyridyl group of the Hpbl ligand, generating a new isomer labeled
RuIII-ON4(Pz) (23+). This hypothesis is further corroborated by
the strong cathodic shift (roughly 500 mV) of the new couple due
to strong sigma-donation capacity of the anionic alkoxy co-
ordination and is in agreement with the HSAB-Pearson theory.3

Further evidence for this coordination environment comes from
the isolation of a low-quality crystal of RuII-ON4(Pz) (2

3+) (see
Supporting Information Table S1 and Figure S7). Although
distances and angles are not reliable for this structure, the
connectivity among atoms is fully trustworthy and coincides with
the proposed structure for the RuII-ON4(Pz) (2

3+) complex.
The complete thermodynamic cycle associated with this linkage

isomerization is presented in Scheme 3. All the thermodynamic

and kinetic parameters involved in this cycle can be potentially
extracted experimentally from CV measurements as we and other
have shown for related systems.2,4 However, in the present case
the intensities of the waves involved are weak and wide, and thus it
is practically impossible to obtain reliable data. For this reason we
have turned to DigiSim,31 a CV simulation package, in order to
computationally extract the mentioned thermodynamic and kinetic
parameters (see Supporting Information Figure S17).
These parameters are presented in Table 1 together with

those of related complexes, [Ru(bpy-py-OH)(4′-(pyrrolidin-1-yl)-
2,2′:6′,2″-terpyridine)]2+, 32+, and [Ru(bpy-py-OH)(4′-(p-tolyl)-
2,2′:6′,2″-terpyridine)]2+, 42+, previously reported in the literature,
where the N → O linkage isomerization is also described for the
bpy-py-OH ligand (see Chart 1 for a drawing). It is interesting to
see that while the equilibrium constants KII

O→N = 6.7 × 106 and
KIII

N→O = 8.9 are relatively similar, the kinetic rate constants are
about 2 to 4 orders of magnitude smaller, manifesting the fact that
this process is very slow for 22+. The latter could be ascribed to the
Ru-N5-H2O nature of 22+, whereas the reported ones are based on
Ru-N6-type coordination.

Figure 6. Cyclic voltammograms of complex 22+ in 0.1 M CF3COOH aqueous solution at pH = 1.0, scanning cathodically, and applying an initial
equilibration time of 3 min at 0.90 V. Scan rates: 20, 50, 100, 200, 300, 400, 500, 700, 800, 900, and 1000 mV/s. The red arrow indicates the
scanning direction. ia1: anodic peak intensity of the Ru(III/II)-N5 process; ia2: anodic peak intensity of the Ru(III/II)-ON4 process; ic1: cathodic peak
intensity of the Ru(III/II)-N5 process; ic1: cathodic peak intensity of the Ru(III/II)-ON4 process. Inset: CV at a scan rate of 20 mV/s.

Scheme 3. Thermodynamic Cycle for the Linkage
Isomerization Process Taking Place upon the
Electrochemical Oxidation of 22+ at pH = 1.0
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Experiments to determine the pH-dependence of the
Ru(III/II) redox for 22+ from pH 0 to 7 have been carried
out, and a corresponding Pourbaix diagram is presented in

Figure 7a, where the different proton content of the dominant
species is specified. The vertical lines indicate the pKa’s
involved.

Figure 7. Pourbaix diagrams for the different isomers of complex 22+. (a) pH range 1−7, (b) pH range 7−12. The colored moiety is involved in the
proton change. Color codes: Ru(III), pink; Ru(II), orange.

Figure 8. Cyclic voltammogram of complex 22+ at a scan rate of 100 mV/s scanning cathodically with 3 min equilibration time at (a) 0.80 V at pH =
8.0 and (b) 0.60 V at pH = 12.0. The red arrow indicates the scanning direction.
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Above pH 7, and as previously shown in the NMR, new
isomeric species are generated. A CV (Figure 8) at this pH
region indicates that the Ru-ON4(Pz) species still exists, as
shown by the continuity of the III/II redox couple over pH, but
a new set of waves at higher redox potentials appears (Figure 7b
and Figure 8 wave E).
We associate this new waves with the Ru-ON4(py) (22+)

isomer (coordination to Ru through one hydroxyl oxygen and
four nitrogen atoms: three from the trpy and one from the
pyridyl group of Hpbl) depicted in the right-hand side of Figure 9,
where the pyrazole N is exchanged by the pyridyl ring maintaining
the alkoxy coordination.
The assignment is consistent with the monomeric nature

obtained from the DOSY NMR experiment and the increased
redox potential with regard to the Ru-ON4(Pz) isomer, due to
the replacement of the anionic pyrazolate moiety by a neutral
pyridyl coordinating group from the same Hpbl ligand. In
Table 2 are gathered selected thermodynamic parameters for all
the complexes described in the present work together with
those of related complexes reported in the literature for
purposes of comparison.
The different geometries and relative stability among the

linkage isomers of 22+ at pH = 4.0 and at oxidation states II and
III have been further analyzed by means of DFT calculations.
For Ru(II) (Figure 10, top) the RuII-N5 coordination
environment is clearly favored, in agreement with the HSAB-
Pearson theory,3 with the corresponding RuII-ON4(Pz) and
RuII-ON4(Py) linkage isomers 24.6 and 21.7 kcal mol−1 higher
in energy, respectively. At oxidation state III (Figure 5, bottom)
the RuIII-ON4(Pz) and RuIII-ON4(Py) species are thermody-
namically favored versus RuIII-N5 by 0.5 and 5.9 kcal mol−1,
respectively, also in agreement with the HSAB-Pearson theory,
although now the relative energies are much closer to one
another. The higher relative stability of the RuII-ON4(Py)
species with respect to the RuII-N4(Pz) one is due to the cis
geometrical disposition of the Ru−O moieties as well as the

rather strong H-bond between a hydrogen atom of the aquo
ligand and the oxygen of the Ru−O moiety in cis (2.070 Å).
While the RuIII-ON4(Py) is the most thermodynamically
favored at this oxidation state and pH according to DFT, TS
energies might be responsible for the generation of the RuIII-
ON4(Pz) isomer, which is the experimentally observed species.
This is important to underline here since, as mentioned at the
beginning of this section, the linkage isomerization processes
observed here are very slow. A full set of coordinates and
absolute energies (in au) for all the DFT-optimized complexes
are presented in the Supporting Information (Table S2).

■ CONCLUSIONS
A new tetradentate ditopic ligand, Hpbl, with multiple N- and
O-coordination sites has been prepared and fully characterized.
The ligand is designed so that N- or O-coordination can be
chosen depending of the nature and the oxidation state of the
metal used. Mononuclear Ru−Cl, 1+, and Ru−aqua, 22+,
complexes have been prepared and spectroscopic and electro-
chemically characterized. Both complexes contain the tridentate

Figure 9. Drawing of the two coexisting isomers for complex 22+ in the
pH range 7−12.

Table 1. Thermodynamic and Kinetic Parameters for the
Electrochemically Induced Linkage Isomerization of 22+ and
Related Systemsa

22+ 32+c 42+c

E1/2, N (V)b 0.73 0.755 0.972
E1/2, O (V)b 0.27 0.305 0.465
KII

O→N 6.7 × 106 3.4 × 106 2.1 × 106

KIII
N→O 8.9 12 200

kIIO→N (s−1) 0.01 500 800
kIIN→O (s−1) 7.4 × 10−7 1.47 × 10−4 3.81 × 10−4

kIIIO→N (s−1) 0.03 1.25 1.25
kIIIN→O (s−1) 0.30 15 250

aAqueous solution (pH = 1) at 298 K. bPotential referenced vs SSCE.
c32+ is [Ru(bpy-py-OH)(4′-(pyrrolidin-1-yl)-2,2′:6′,2″-terpyridine)]2+,
and 42+ is [Ru(bpy-py-OH)(4′-(p-tolyl)-2,2′:6′,2″-terpyridine)]2+, both
described in ref 4a.

Table 2. Electrochemical Data (pH = 1.0) for the ru−aqua
Complexes Described in this Work and Others for Purposes
of Comparison

entry complexa E1/2(III/II)
b E1/2(IV/III)

b ΔEd ref

1 [RuII(N5)H2O]
2+, 22+ 0.72 0.93 210 e

2 [RuII(trpy)(bpy)OH2]
2+ 0.81 1.10 290 5e

3 in-[RuII(Hbpp)(trpy)OH2]
2+ 0.66 2f

4 [RuII(ON4(Pz))H2O]
2+ 0.24 e

5 {[RuII(trpy)(H2O)]2(μ-dcpz)]}
+ 0.20 7a

6 [RuII(ON4(Py))H2O]
2+c 0.38 e

7 cis-[RuII(trpy)(pic)OH2]
+c 0.38 0.56 180 29b

aLigand abbreviations used: trpy = 2,2′:6′,2″-terpyridine, bpy = 2,2′-
bipyridine, Hbpp = 3,5-bis(2-pyridyl)pyrazole, pic = picolinate, dcpz =
pyrazole-3,5-dicarboxylate ligand. bRedox potentials in volts are
reported with regard to the SSCE reference electrode. cMeasured at
pH = 7 (phosphate buffer). dΔE = E1/2(IV/III) − E1/2(III/II) in mV.
eThis work.

Figure 10. Relative energy diagram for the DFT-optimized geometries
of the cationic moieties of the linkage isomers of 22+ at pH = 4.0:
Ru(II) (top) and Ru(III) (bottom). Energies are given in kcal mol−1.
Color codes: Ru, magenta; O, red; N, blue; C, gray (H atoms are
omitted for the sake of clarity).
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meridional trpy ligand together with Hpbl completing the
expected octahedral coordination. Given the multiple coordi-
nation sites of the Hpbl ligand, NMR has been crucial to fully
characterize the structure of the complexes in solution at
oxidation state II. Furthermore, the HMBC-N NMR experi-
ment has been proven to be a very powerful tool for the
diagnosis of coordinated versus noncoordinated N atoms for
Hpbl, which can be obviously extended to related complexes
where this might be needed.
The existence of linkage isomerization fostered by the

oxidation of Ru(II) to Ru(III) in 22+ has been clearly shown by
CV, and the thermodynamic and kinetic parameters related to
the thermodynamic cycle have been extracted using DigiSim, an
electrochemistry simulation package. Here the alkoxo group
replaces the initially coordinated pyridyl group generating the
N → O isomerization that we labeled as [Ru(N5)(H2O)]

2+ to
[Ru(ON4(Pz))(H2O)]

2+ (see Scheme 3). Electrochemistry and
NMR also reveal the presence of a new isomer in basic solu-
tions, where the pyrazolyl coordinating group is replaced by the
pyridyl group, thus forming [Ru(ON4(Py))(H2O)]2+, as
indicated in Figure 9. Finally geometrical optimizations have
also been carried out by means of DFT calculations, which provide
further support for all the isomers observed experimentally.
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