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Abstract

Biorelevant metal ions such as Cu2+ and Fe2+/Fe3+ participate in various biological 
events which include electron transfer reactions, delivery and uptake of oxygen, 
DNA and RNA syntheses, and enzymatic catalysis to maintain fundamental 
physiological processes in living organisms. So far, several analytical techniques 
have been investigated for their precise detection; however, luminescence-based 
sensing is often superior due to its high sensitivity, selectivity, fast and easy opera-
tion and convenient cellular imaging. Owing to their immense photophysical and 
photochemical properties stemming from large Stokes shift, absorption in visible 
region, good photostability and long excited state lifetimes, Ru(II)-polypyridyl-
based complexes have gained increasing interest as luminophores. Over past few 
decades, several Ru(II)-polypyridyl based chemosensors have rapidly been devel-
oped for detection of different biorelevant and other metal ions. The main object of 
this book chapter is to cover a majority of Ru(II)-polypyridyl based chemosensors 
showing a selective and sensitive detection of bio-relevant Cu2+ and Fe2+/Fe3+ ions. 
The photophysical properties of Ru(II) complexes, detection of metal ions, sensing 
mechanism and applications of these sensors are discussed at a length.
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. Introduction

The aim of this chapter is to familiarize readers about the luminescent sensing 
applications of Ru(II)-polypyridyl fragment based chemical systems for the detec-
tion of bio-relevant metal ions. Biorelevant metal ions such as Cu2+ and Fe2+/Fe3+ 
participate in various biological events which include electron transfer reactions, 
delivery and uptake of oxygen, DNA and RNA syntheses and enzymatic catalysis 
[1, 2]. Ru(II)-polypyridyl complexes have been considered as ideal phosphorescent 
chemosensors due to their distinguished photochemical and photophysical prop-
erties such as absorption in visible region, emission in long wavelength red and 
near-infrared regions, long lifetimes of excited state, redox- and photo-stability [3]. 
The UV–visible spectrum of this system displays several interesting features such as 
ligand centered ( π  →  π*) transitions at high energy (185–285nm), two weak signals 
between 322–344nm, and most intense peak near λmax 450nm which is attributed 
to the MLCT (metal to ligand charge transfer) transition [4, 5]. The Ru(II)-
polypyridyl centre worked as excited state redox active agent in electron transfer 
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processes, and showed very good emission properties [4, 5]. Ru(II)-polypyridyl 
complexes are classical luminophores showing excitation at 450–470nm and wide 
emission bands centred at 600–620nm. In general, three bidentate (bipyridine/
phenanthroline) or two tridentate (terpyridine) ligands have been employed to 
prepare Ru(II)-polypyridyl chemosensors which exhibit outstanding optical and 
electrochemical properties. The focus of this chapter is to illustrate the chemical 
versatility of such chelating systems and their utilization in the detection of differ-
ent analytes. Over the past few decades, the investigation into the salient properties 
of ruthenium (II)-polypyridyl complexes has turned out to be a major research 
area which stems especially from their appealing photochemical and photophysical 
properties [6, 7]. The next few sections have collected selected examples where an 
appropriate category of receptors based on Ru(II)-polypyridyl fragment has been 
selected for showcasing a particular theme.

. Ru(II)-polypyridyl linked terpyridine chelate based sensors

Terpyridine (terpy) and its derivatives are the most frequently employed 
N-heterocyclic chelating agents which exhibit an exceptional binding ability for 
various metal ions. The typical cation binding area of terpy unit contains three 
nearly coplanar N atoms and its complexes have widely been used as signaling units 
at molecular and supramolecular levels.

In 2013, Wang and group developed [8] a Ru(II)-polypyridyl based luminescent 
sensor  containing a terminal terpyridine (terpy) moiety for Fe 2+ ions recogni-
tion (Figure ). The fluorescence emission studies of probe  were investigated 
in acetonitrile: HEPES buffer solution (1/71, v/v) of pH7.2. Luminescence based 
titration of Fe2+ (0.5 equiv) with sensor  in acetonitrile solution clearly displayed 
a visible color change (light yellow to red-purple) with concomitant changes in 
emission and absorption spectra of probe . The emission of probe   was quenched 
at 608nm upon successive addition of Fe2+ ions in aqueous CH3CN solution. Probe  
has exhibited excellent selectivity towards Fe2+ ions with a detection limit of 4.58 x 
10−8M and also served as a good colorimetric sensor for Fe2+ ion among other metal 
ions. A 2: 1 binding stoichiometry of Fe2+ with complex  has been found in accor-
dance with the coordination of terminal terpy units with Fe2+ ion and formation of 
-Fe2+ was confirmed by spectroscopic methods (Figure ).

Figure 1. 
Chemical drawing of probes  and proposed binding of 1–2 1-Fe2+.
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The same group reported [9] another Ru(II)-polypyridyl based probe  bear-
ing a dipyrazinylpyridine moiety in 2015 which exhibited a sensitive a selective 
detection for Cu2+ ion in presence of other metal ions (Figure ). The UV–visible 
and emission spectral changes clearly revealed the coordination of Cu2+ ion with 
the neutral N donors of dipyrazinyl-pyridine moiety of sensor . A significant 
quenching (upto 97%) in the luminescence intensity of probe  at 607nm has 
been observed when 2.0 equiv. of Cu(II) ions were added to a CH3CN/HEPES 
buffer solution of probe . The detection limit and association constant have been 
calculated as 2.73×10−6M and 1.88×104M−1 respectively, with a 1:1 binding 
stoichiometric ratio for complex -Cu2+. The luminescence of probe  was almost 
regenerated when a solution of complex -Cu2+ was treated with excess EDTA. 
Probe  could be used for Cu 2+ detection by probe in a wide range of pH upto 
3.0–7.0 as the luminescence of  was independent of pH in this range.

. Ru(II)-polypyridyl linked DPA chelate based sensors

Because of the strong coordinating affinity of N donor atoms of DPA (bis-
(pyridin-2-ylmethyl)amine) unit with Zn2+ and Cu2+ ion, DPA tethered lumino-
phores are gaining increasing interest in this research area. In year 2011, Zhang etal. 
constructed [10] a luminescent probe  having a free terminal dipicolylamine or 
DPA unit to detect Cu2+ ions (Figure ). The emission signal of probe  at 612nm 
was drastically quenched upon introducing 1.0 equiv. Cu2+ into an aqueous solu-
tion of probe  (10mM HEPES buffer solution; pH7.2). Job’s plot data analyses 
displayed the formation of complex -Cu2+ with 1:1 stoichiometric ratio (Figure ). 
Furthermore, non-luminescent complex -Cu2+ became emissive in the presence 
of sulfide ions. In the presence of S2− ions, Cu(II) ion is effectively removed from 
-Cu2+ to form a stable CuS species which ultimately led to a turn-on fluorescence 
response.

Xianghong etal. reported a Ru(II)-based probe  containing two DPA units 
as receptors for Cu2+ ions (Figure ) [11]. The absorption and emission spectral 
changes observed after Cu2+ addition with  clearly indicated the coordination of 
Cu2+ with DPA moieties of complex . The luminescence intensity of probe   at 
630nm was quenched upto a significant extent when Cu2+ was successively added 
in ethanol solution of probe . Job’s plot analyses revealed the formation of  -Cu2+ 
with 1: 2 ratio which has also been corroborated with mass spectral data. Probe  
exhibited a selective detection of Cu(II) over other cations with a binding constant 

Figure 2. 
Chemical drawing of probes  with proposed binding of 3–4 3-Cu2+.
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value of 5.89×104M −1. The selective recognition of Cu(II) has been attributed to 
the high thermodynamic affinity of this metal ion towards N and O coordinat-
ing sites.

Liu etal. designed [12] a DPA tethered Ru(II) luminophore ( ) which serves as 
an excellent luminescent probe for Cu2+ ion detection in pure water (Figure ). The 
luminescence emission of probe  has been selectively quenched in the presence 
of Cu2+ among various other cations. An appreciable water solubility and usage 
in wide pH range make probe  a potential candidate for practical applications. 
The LOD value of  for Cu2+ has been calculated as 1.55×10−7M. The DPA chelate 
of probe  coordinated to the copper centre through N3 atoms and form a non-
luminescent -Cu2+ complex.

Recently, an imidazo-phenanthroline linked Ru(II) complex  with DPA as ter-
minal binding site has been reported by Arora etal. (Figure ) [13]. Probe  serves 
as selective and phosphorescent sensor for recognition of Cu2+  metal ion in aqueous 
medium. The addition of Cu2+ to probe  leads to coordination, as evidenced from 
the adequate quenching in emission signal of probe  at 615nm. Probe  also acted  
as a colorimetric sensor towards Cu  ions in aqueous solution as the red-orange +
color of  was turned to light yellow (visible to naked eyes) upon adding Cu 2+  ions 
to it. The Job’s plot data, LOD (1.89M) and association constant (1.14×105M −1) 
values exhibited a 1: 1 complex formation of Cu2+ with probe . Copper(II) selectiv-
ity of  is barely affected in the presence of other metal ions and biological targets 
such as amino acids and glucose. The emission of probe  was recovered when a 
sodium salt of EDTA was added to the non-luminescent complex -Cu2+.

. Ru(II)-polypyridyl linked macrocyclic chelate based sensors

Macrocycles are particulary attractive classes of compound in different research 
areas because of their relative ease of functionalization and the availability of a 
central cavity with different conformations and sizes. Depending on the size of 
their macrocyclic crown, these compounds exhibit strong binding to various alkali 
and/or transition metal ions. A number of macrocyclic compounds have found 
applications and uses in sensing and other fields.

Paul etal. developed [14] a luminescent probe  containing a macrocyclic recep-
tor for detection of Cu2+ ion in acetonitrile solution (Figure ). Probe  displayed 
a typical UV–visible spectrum with absorption maxima at 453nm (attributed to 

Figure 3. 
Chemical drawing of probes 5–6 with their proposed binding to Cu2+ ions.
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MLCT). Upon excitation at 460nm, probe  exhibited an emission response at 
603nm. Successive addition of Cu2+ to CH3CN solution of  resulted in a significant 
quenching of emission intensity. A strong affinity of coordinating sites (N and O 
donor atoms) available in receptor unit towards Cu2+ ion is favorable for appreciable 
binding.

Two novel Ru(II)-based fluorescent probes  and  having terminal NS  2O3 
macrocyclic rings as metal ion receptor were reported by Boricha etal. in 2012 
(Figure ) [15]. Probes  and  exhibited the characteristic absorption bands near  
454nm due to a MLCT transition and an emission signal in the range of 602–632nm 
in acetonitrile solution. Addition of Cu2+ to probe  leads to the binding as evi-
denced by 87% luminescence quenching in emission intensity. On the other hand, 
addition of Fe3+ yielded a quenching in emission signal of probe  upto 96%. Probes 
  and  also displayed strong interactions with soft metal ions such as Pb2+ and Hg2+ 
ions. The presence of S atoms in the macrocyclic rings facilitated the affinity of 
these sensors towards soft acids. Probes  and  showed highest selectivity with Fe  3+ 
ion and form hexa-coordinated complexes -Fe3+ and -Fe3+.

For comparison, another structurally similar probe  containing a macrocyclic 
ring with NO5 donors has also been developed (Figure ) [15]. Interestingly, probe 
 served as a highly selective sensor for the detection of only Cu2+ ions over other 
metal ions, and a binding constant of 9.51 x 102M−1 has been reported in this case. 
Replacement of soft donor S atoms with hard donor N atoms in the macrocycilc ring 
resulted with the selectivity enhancement of probes.

Due to their strong binding affinity towards metal ions and appreciable water 
solubility, cyclen (1, 4, 7, 10-tetraazacyclododecane) based derivatives have gained 
huge attraction in the research areas of chemistry and biology. The metal ion bind-
ing with cyclen unit induces a perturbation in electronic structure which results in 
the change of photophysical properties of luminophores.

A cyclen tethered luminescent probe  has been designed and synthesized by Li 
and group [16] for Cu2+ ion detection in pure water (Figure ). Probe  exhibited 
classical UV–visible and emission spectra with absorption maxima at 450nm and 
emission maxima at 604nm. Upon addition of 1.0 equiv. of Cu2+ ions, the emis-
sion intensity was quenched to significant amount. Interaction between probe  
and Cu2+ were believed to entail 1: 1 complex formation which is consistent with 
the availability of only one receptor per luminescent probe. Probe  was found 
suitable for Cu2+ detection in pH range of 5–11, and the binding constant value was 

Figure 4. 
Chemical drawing of probes 7–10 with their proposed binding to Fe3+ ion.
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calculated as 2.36×104M−1. The strong Cu binding of  has been attributed to high 
thermodynamic stability and huge formation constant value of ensemble -Cu2 +. 
Moreover, probe  displayed a off–on–off emissive response with an alternative 
addition of Cu2+ and S2− ions in water.

Ye etal. developed another cyclen unit based fluorescent probe  to prepare a 
complex -Cu2+ (Figure ) [17]. Non-luminescent complex -Cu2+ was used to 
selectively detect sulfide ions under physiological conditions. Upon excited with 
450nm light, probe  showed a luminescence response at 605nm. The red-
orange luminescence of probe  was significantly quenched with the addition of 
10μM Cu2+ ions in HEPES buffer solution. The interaction between  and Cu2+ 
are believed to involve 1:1 complex formation as evidenced by Job’s plot and mass 
spectral analyses. The luminescence intensity of  has been almost completely 
recovered by treating H2S with the non-emissive complex -Cu2+.

. Ru(II)-polypyridyl linked imidazole chelate based sensors

Luminescent Ru(II)-polypyridyl complexes linked with 2-hydroxyphenylimid-
azo unit are gaining increasing interest in the monitoring and detection of copper 
ions owing to the strong binding affinity and straight coordination of 2-hydroxy-
phenylimidazo unit. Zhang etal. constructed [18] a luminescent probe  contain-
ing 2-hydroxyphenylimidazo moiety which acts as highly selective sensor for Cu2+ 
ion recognition in aqueous media (Figure ). Upon exciting at 467nm light under 
physiological conditions, probe  displayed an emission spectrum with emission 
maxima at 585nm. Probe  provides two donor (N, O) sites to link with Cu 2+ ion to 
form complex -Cu2+  in 1:1 binding stoichiometry.

Later, Zheng’s group introduced [19] another 2-hydroxyphenylimidazo based 
luminescent probe  for highly selective and effective detection of Cu 2+ ions in 
CH3CN-HEPES buffer solution of pH7.2 (Figure ). To confirm the Cu2+ binding 
with terminal 2-hydroxyphenylimidazo of , the absorption and emission spectral 
changes have been observed. Introduction of Cu2+ leads to coordinate with recep-
tor, as evidenced by the quenching in the emission intensity of probe . A strong 
interaction of 2-hydroxyphenylimidazo moiety with Cu(II) (-Cu2+) is validated 
with a binding constant value of 1.09×105M−1.

Figure 5. 
Chemical drawing of probes 11–12 and their proposed binding to Cu2+  ion.
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Recently, a novel quinoline-tethered Ru(II)-based luminescent probe  has 
been developed by Kumar etal. (Figure ) [20]. Probe  displayed an absorption 
maxima at 470nm and emission intensity at 604nm. Addition of Cu2+  in the solu-
tion of probe  leads to the binding as evidenced by the measurement of UV–vis-
ible and emission spectral changes. A bathochromic shift in absorption wavelength 
at 470nm and appearance of new band between 620nm to 720nm (Cu based  d-d
transition) indicated the coordination of Cu2+  with probe . A large decrease in 
emission intensity at 604nm has also been only in the presence of Cu(II), over 
other cations. The LoD and binding constant values are calculated as 5.07 x 10−8M 
and 5.00 x 105M −1. Interaction of probe  with Cu2+ is believed to entail 1:1 forma-
tion of complex -Cu2+.

In a very recent report, Song and group reported [21] a luminescent probe  
containing a terminal pyrozole fragment connected with Ru(II) luminophore  via
imidazole linker (Figure ). Probe  proved to be fast and highly selective fluores-
cent chemosensor for Cu2+ ions in aqueous buffer solution (pH7.4). The emission 
intensity of probe  at 621nm ( λex 460nm) was adequately quenched upon intro-
ducing paramagnetic Cu2+  ion with a detection limit of 8.33 x 10−8M. Depending 
on the pH of probe’s solution, a protonation-deprotonation process of N atoms of 
imidazole fragment has also been experienced. Job’s plot analyses demonstrated the 
formation of complex -Cu2+ with a 1:1 binding ratio. The formation of -Cu2+ 
was also confirmed by broadening in resonances and disappearance of NH signals 
in 1H NMR spectrum of  on adding Cu 2+ ions. The red luminescence of probe  
was regenerated with addition of an excess of EDTA to complex -Cu2+.

Figure 6. 
Chemical drawing of probes 13–15 and their proposed binding to Cu2+  ion.

Figure 7. 
Chemical drawing of probes –  and oxidative cyclization of  by Cu16 17 17 to 18 2+  ion.
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In 2015, Zhang etal. described [22] the synthesis of -(phenylazo)aniline based o
non-luminescent probe  for sensing of Cu 2+ ions with a emissive switch-on 
response (Figure ). Addition of Cu2+ to probe  caused the oxidative cyclization 
of probe  to produce a highly luminescent complex  containing a benzotri-
azole fragment. Probe  was found completely soluble in water and exhibited an 
appreciable photostability in presence of light. The cyclization of -(phenylazo) o
aniline moiety could easily be performed by introducing only 1 equiv. of Cu(II). 
Addition of 1 equiv. of Cu resulted with the large increase in luminescence inten-
sity of . The Cu sensing by probe  is unique as Cu  2+  is only participating in 
cyclization reaction but does not coordinate with the receptor. Probe  was found 
highly selective for Cu2+ in the presence of various cations, with a detection limit 
of 4.42×10−9M. Probe  has also been employed to detect Cu 2+ in live-pea aphids 
with a switch-on emissive signal.

In 2013, Chao and co-workers reported [23] a dinuclear Ru(II)-based lumines-
cent probe  for sensitive and selective detection of Cu2+ ions (Figure ). Upon 
addition of Cu2+ ions (2.0 equiv.) into probe solution, the emission intensity at 
600nm was significantly quenched (96%). A naked eye color change could also be 
observed under UV light exposure. Binding of Cu with  is reported to involve 1:1 
complex formation as evidenced by ESI-MS, NMR and EPR measurements, and 
the detection limit is computed to be 3.33×10−8M. The luminescence of -Cu2+ 
was recovered with an excess addition of EDTA to the mixture of Cu2+ and probe 
. The selectivity studies clearly demonstrated no interference of other cations in 
sensing of probe  towards Cu 2+ ions.

Cheng etal. developed [ ] two dinuclear ruthenium complexes  and  24  
for the luminescence based recognition of Cu2+ ions (Figure ). Investigation of 
luminescence properties of these probes indicated higher emission response for 
probe  at 609nm compared to probe . Probe  detected Cu   2+ selectively over 
other cations, and the luminescence of this probe was almost completely quenched 
in presence of Cu(II) ion. Nitrogen atoms from imidazole fragments and oxygen 
atom of furan participated in coordination to form complex -Cu2+  with 1:1 ratio 
of binding. It is noteworthy that probe  displayed an increase in luminescence 
in various metal ion with no metal ion selectivity. The enhancement in emission 
intensity of probe  is attributed to the disturbance of photoinduced electron 
transfer process as the lone pair on S donor site becomes unavailable after metal ion 
coordination.

Figure 8. 
Chemical drawing of probes  and proposed binding of  to Cu19–22 19 2+ ion.
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Zheng etal. developed [19] a 2-hydroxyphenylimidazo based luminescent probe 
 for Cu(II) ion recognition in aqueous buffer solution (pH7.2; HEPES) contain-
ing 1% acetonitrile (Figure ). To validate the binding of Cu2+ with probe , 
the absorption and emission spectral changes were investigated. Binding of Cu2+ 
with 2-hydroxyphenylimidazo fragment leads to a significant quenching in emis-
sion intensity of probe . This probe showed a ON–OFF–ON emissive response 
with an alternative addition of Cu2+ and CN−  ions. The detection limit and the 
association constant for Cu ion sensing by  were calculated as 3.77×10−7M and 
4.31×104M−1 respectively.

. Ru(II)-polypyridyl linked triazole chelate based sensors

In recent years, 1,2,3-triazole based synthetic receptors have been considered to 
be an excellent motif for recognition of different analytes [ ]. As N-atom contain-25
ing Lewis bases, the triazole-based derivatives display strong metal ion binding 
properties and have been employed in different areas of research.

Triazole Ramachandran etal. constructed [ ] a luminescent probe  contain-26 
ing a benzothiazole unit connected to RuII(bpy)3  luminophore through a triazole 
linker (Figure ). The probe was found highly selective towards Cu2+ ion detection 
and the red-orange emission of  at 630nm was quenched upto 80% with addi-
tion of Cu2+ in HEPES buffer solution of pH7.4. A 1:1 ratio of Cu binding with  
has been confirmed with the help of Job’s plot and ESI-mass spectral analyses. As 
evidenced by selectivity studies, other cations hardly affect the sensing ability of 
probe  towards Cu 2+  ion. The binding constant and limit of detection values were 
in order of 5.11 x 104 M−1 and 7.00 x 10−7M respectively.

The same group reported a dinuclear RuII(bpy)3 based luminescent probe 
 which contain a -tert-butylcalix[4]arene fragment as receptor for Cup 2+ ions 
(Figure ) [27]. As indicated by phosphorescence based titration experiments, 
probe  was found effective and selective Cu 2+ ion sensor with a turn-off emission 
signal at 637nm. Binding of Cu2+ was evidenced by the large decrease in lumines-
cence intensity of probe . The strong interaction of calixarene based receptor 
with Cu2+ is believed to involve 1:1 formation of -Cu2+ with a binding constant 
value of order 2.31 x 104M−1. The red-orange luminescence of  was revived when 
S2− ions were added to complex -Cu2+. Due to a very low cytotoxicity of probes  
and , cell imaging experiments have also been performed using these probes in 
human lung cancer A549 and MCF-7 cell lines.

Figure 9. 
Chemical drawing of probes  and their proposed binding to Cu23–24 2+  ions.
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. Ru(II)-polypyridyl linked carboxamide chelate based sensors

The coordination behavior of carboxamide group with different transition 
metal ions has extensively been investigated and well documented in the literature. 
The rapid growth in the development of carboxamide based organic and inorganic 
synthetic receptors is due to the realization of their important roles in chemistry, 
catalysis, medicine and the biology. In the present section, we have highlighted few 
luminescent sensors containing carboxamide group in the framework of metal ion 
receptors.

A series of luminescent Ru(II)-polypyridyl based sensors – have been 
designed for efficient sensing of Cu2+ ions. Sensors  show a MLCT absorption –
band at 450nm and emission band at 620nm after excitation this MLCT band. 
(Figure ) [ ]. Two equivalents of Cu28 2+  ion was enough to quench the emission of 
– completely. To selectivity of  towards Cu 2+  ion in presence of other metal 
ions was studied in different pH and found the best selectivity and quenching at 
pH5 only.

Another carboxamide linked Ru(II)-polypyridyl based sensor , was developed 
[29] by Gopidas and co-workers showed unique chemical oxidation properties and 
Turn-ON emission with Cu2+ ion in CH3CN (Figure ). The emission intensity at 
620nm of  quenched by unique and fast electron transfer from the phenothiazine 
moiety to the Ru2+ core. Interestingly, the luminescence intensity of  enhanced by 
Cu2+ ion due to the oxidation of phenothiazine moiety Cu2+ ion. In presence of Cu2+  
ion, phenothiazine is unable for emission quenching of Ru2+ centre.

. Ru(II)-polypyridyl linked imine chelate based sensors

Imine base ligands (Schiff bases) play important role in coordination chemis-
try due to their easy synthesis, high stability and insensitive properties towards 
air and moisture. Moreover, the electronic and steric features of these imine 
based ligands could easily be tuned by varying appropriate condensing partners. 

Figure 10. 
Chemical drawing of probes .25–28
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These ligands bind through imine-N atom and display adequate structural 
flexibility and strong binding ability for various cations. Over the past decades, 
imine based derivatives are gaining increasing interest in the research area of 
electrochemical and optical sensing. In the present section, we have discussed 
luminescent Ru(II)-polypyridyl sensors containing an imine group in the metal 
ion binding site.

Kumar etal. described [30] a luminescent probe  containing a terminal 
thiophene unit linked with Ru(II)-polypyridyl based luminophore  imine bond via
(Figure ). The water soluble probe having imine-N and thiphene-S coordinating 
sites detected Fe3+ ions through turn-off luminescence response at 615nm, over 
other metal ions. However, a minor change in intensity has also been observed in 
the presence Cu2+ and Ag+  ions. A 1: 1 stoichiometry of complex -Fe3+ was vali-
dated by Job’s plot data and mass spectroscopic studies. The detection limit (LoD) 
and the binding constant for Fe3+ ion were computed as 0.11ppm and 1.57×103M−1  
respectively. Moreover, the red-orange luminescence of probe 29 was restored with 
the addition of EDTA to a buffer solution of complex -Fe3+. For practical applica-
tions on real samples, probe  has been investigated for paper strips, polystyrene 
films and live cell imaging experiments.

Zhang etal. reported [31] the formation of luminescent probe  which dis-
plays a switch-off emission response in presence of Cu2+ ions in aqueous medium 
(Figure ). Probe  detects Cu 2+ selectively over various other metal ions, except 
a marginal quenching observed in case of Zn2+ ions. Binding of Cu2+  with  was 
evidenced by a red shift observed in absorption wavelength and a significant 
decrease in emission intensity. The luminescence of probe  was revived by treat-
ment of non-luminescent complex Cu- 2+ with L-histidine. A limit of detection 
of order 3.50 x 10−10 M and an association constant value of 4.44×103 M−1  were 
measured. The effect of pH on sensing ability of probe 30 has been established in 
this report. The resultant data from pH studies revealed that the most significant 
quenching occurs in mild basic conditions. The deprotonation of phenolic-OH in 
basic medium increases its coordinating ability to form non-luminescent complex 
-Cu2+. Applications of probe  were investigated for imaging Cu 2+ ions in live 
cells and real water samples.

Figure 11. 
Chemical drawing of probes –  and proposed binding of complexes 29 30 29-Fe3+/30-Cu2+.
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. Conclusions

The present chapter covers a majority of luminescent Ru(II)-polypyridyl 
based chemosensors for the selective recognition of biorelevant metal ions such as 
Cu2+ and Fe2+/Fe3+ ions. The sensing behavior of different chemosensors varying 
from mono- to di-nuclear Ru(II)-polypyridyl complexes has been considered and 
discussed at a length. The applications encompass many fields including environ-
mental, biological, analytical and medicinal domains. This field of luminescence 
sensing is quite prosperous and still emerging. Taking advantage of already known 
ligands topology exploiting their selective binding properties towards a particular 
metal ion, several chemosensors are developed. The design, detection, mecha-
nisms and applications for different sensors presented in this chapter create huge 
 opportunities for the development of future chemosensors.
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Ruthenium-Tris-Bipyridine 
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for Electrochemiluminescence 
Based Biosensor Applications
Chikkili VenkateswaraRaju, MathavanSornambigai  

and Shanmugam SenthilKumar

Abstract

In electrochemiluminescence (ECL) studies, Tris (bipyridine)ruthenium(II) 
chloride (Ru(bpy)3

2+) and its derivatives have been used as primary luminophores 
since 1972. The flexible solubility in both aqueous and non-aqueous medium and 
the remarkable intrinsic properties like chemical, optical and desirable electro-
chemical behavior drives the researcher to use Ru(bpy)3

2+ and its derivatives as 
highly active ECL probes in modern analytical science. Novel surface modification 
of Ru(bpy)3

2+ based ECL platforms are highly useful in the selective and sensitive 
detection of biomolecules, DNA analysis, immunoassays detection, and imaging 
of the biologically important molecules in cells and tissue of living organisms. This 
chapter discusses and highlights the most significant works in Ru(bpy)3

2+ based 
ECL properties of reaction mechanisms and their applications.

Keywords: electrochemiluminescence, Ru(bpy)3
2+, biosensor, annihilation 

mechanism, co-reactant mechanism

. Introduction

The Electrochemiluminescence (ECL) is a process where the emission of light 
occurs by an excited luminophore molecule generated by reactive intermediates at 
the interface of the electrode and electrolyte [1]. It involves in three different kinds 
of processes. The first process is an electrical step, where the reactive intermedi-
ates of luminophores are generated at the electrode-electrolyte interface during 
the scanning of potential or applying a constant potential. In the second step, an 
energetic electron transfer occurs between the reactive intermediate which leads 
to the formation of an excited luminophore. Then the third step is a luminescence 
process, where the excited luminophore emits light during relaxation to the ground 
state. The first ECL reaction was observed by David M. Hercules in 1964, which 
deals with the ECL of Rubrene molecule in a non-aqueous medium [2].
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. ECL principle

In general, the ECL principle involves the conversion of electrical energy into 
radiative energy through a chemical reaction [1]. The energy required to produce 
an exciting luminophore molecule by the electrochemical method is referred to as a 
change of enthalpy which is denoted as H [3]. The enthalpy change of a particular Δ

ECL reaction can be calculated by using the following equation.

  ( )  oxi red   H eV eV−∆ =
0 0

     i n E – E – 0 . 1 6  (1)

- H refers enthalpy change, and EΔ 0
oxi is oxidation potential, E0

red is the reduc-
tion potential of the luminophore or co-reactant molecules. The numerical value of 
0.16 eV is entropy factor (T S).Δ

The energy required to generate first singlet excited state is determined by  
following equation.

  ( )  ( )s
    E i n 1 2 3 9 . 8 /eV nm= λ  (2)

If, -Δ ≤H Es, then the ECL system is referred as energy deficiency system; for 
energy sufficient system, - HΔ ≥ Es.

. Reaction mechanisms

Normally, ECL reactions follow only two kinds of reaction mechanisms named 
as annihilation mechanism and co-reactant mechanism. The reaction mechanism of 
any ECL system depends on the reaction conditions such as the selection of lumino-
phore, potential sweep direction, and nature of electrolyte.

.. Annihilation mechanism

In the annihilation mechanism, only luminophore molecule alone will partici-
pate in the emission of light. The luminophore get oxidizes at anode during the posi-
tive potential sweep direction (anode direction) to generate cationic intermediate 
or cationic radical intermediate. At the same time, the anionic radical intermediate 
of luminophore molecule was generated at the cathode during the potential sweep 
towards cathode direction. Then an energetic electron transfer occurs between 
highly energetic anionic and cationic reactive radicals, leads to produce one excited 
and one ground state luminophore molecule. The excited luminophore molecule 
comes to the ground state by emitting energy in the form of photons. For example, 
the emission of light by Ru(bpy)3

2+ molecule in acetonitrile with tetrabutylammo-
nium tetrafluoroborate (TBABF4) as an electrolyte is the best example of annihila-
tion mechanism [4]. The reaction mechanism is given below.

    ( ) ( )  ( )       Ru bpy Ru bpy e at vs SCE
+ + −  → + =

2 3

03 3
     oxidatio n anode E 1.2 V  (3)

   ( ) ( )  ( )       Ru bpy e Ru bpy at vs SCE
+ +−  + → = −

2 1

03 3
     reductio n cat hode E 1. 4 V  (4)

        ( ) ( ) ( ) ( )  ( )       Ru bpy Ru bpy Ru bpy Ru bpy
   + + + +∗
+ → +

 1 3 2 2

 3 3 3 3
 excit ation  (5)
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    ( ) ( )  ( )    Ru bpy Ru bpy hν
 +∗ +
→ +

2 2

3 3
 emissio n  (6)

For the sake of better understanding the above mechanism is shown in Figure . 
The annihilation mechanism occurs only in organic electrolytes and it requires a wider 
potential window in order to obtain the ECL. Because of the gas evolution reactions 
(oxygen and hydrogen evolution), the annihilation mechanism is not taking place in 
an aqueous medium.

.. Co-reactant mechanism

The drawbacks of the annihilation mechanism are overcome by adding an 
additional reagent called as a co-reactant along with the luminophore, and the 
mechanism is called a co-reactant mechanism. In this type of mechanism two 
reagents were taken into the account, one is luminophore and the other is a co-
reactant molecule. Further, the narrow potential window is sufficient to gain the 
ECL and it is applicable in both organic and aqueous electrolytic medium. Based on 
the potential sweep direction the co-reactant mechanism is further classified into 
two types which are discussed below.

... Oxidative-reduction mechanism

The potential window is fixed to only the anodic region. The co-reactant get 
oxides first at the anode to form oxidizing radical intermediate which has the high 

Figure 1. 
The schematic representation of annihilation mechanism of Ru(bpy)3

2+ molecule in acetonitrile.
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reducing ability, then luminophore oxidizes to produce cationic reactive intermedi-
ate. After that, the co-reactant intermediate reduces the luminophore intermediate 
to generate an excited luminophore which emits light during energetic electron 
transfer reaction. The ECL of Ru(bpy)3

2+ and tri-n-propyl amine (TPrA) system 
is the best example of an oxidative-reduction mechanism [5]. The reaction mecha-
nism of Ru(bpy)3

2+/TPrA system is given below.

    ( ) ( )    Ru bpy Ru bpy e
+ + −→ +

2 3

3 3
 (7)

 e+ − → +TPrA TPrA ●  (8)

 + +  → +TPrA TPr A H● ●  (9)

    ( ) ( )   Ru bpy Ru bpy
 + +∗ +  + → + = −

3 2

3 3
     T P r A p r N C H C H C H●

2 2
 (10)

    ( ) ( )   Ru bpy Ru bpy
 +∗ +
→ +

2 2

3 3
 hí  (11)

Here, Ru(bpy)3
2+ is luminophore and TPrA acts as co-reactant. The schematic 

illustration for above reaction mechanism is also shown as Figure .

... Reductive-oxidation mechanism

In this mechanism, the ECL is obtained by sweeping the potential exclusively to 
the cathode direction. The cathodic co-reactant gets reduced during cathodic poten-
tial scan where it produced high oxidizing ability of radical intermediate and then 

Figure 2. 
The schematic illustration of oxidative-reduction mechanism of Ru(bpy)3

2+ molecule and TPrA.
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the followed by luminophores reduces to produce the anionic reactive intermedi-
ates. After that, the reduced radical intermediate of co-reactant oxidizes the anionic 
intermediate of the luminophore to form an excited luminophore which finally 
emits light. One of the classical examples for the reductive-oxidation mechanism is 
the ECL of Ru(bpy)3

2+/per-sulphate (S2O8
2−) [6]. The reaction mechanism of this 

system is shown below.

   e S O S O  − − − − + → +2 2
  2 8 4 4S O ●  (12)

    ( ) ( )    Ru bpy e Ru bpy
+ +−+ →

2 1

3 3
 (13)

    ( ) ( )     Ru bpy SO Ru bpy SO
 + +∗− − + → +

1 2 2

4 43 3

●  (14)

    ( ) ( )    Ru bpy Ru bpy hν
 +∗ +

→ +
2 2

3 3
 (15)

Here, Ru(bpy)3
2+ is luminophore and S2O8

2− acts as co-reactant. The above 
mechanism is also given as schematic diagram which is indicated as Figure .

. Role of Ru(bpy)
+ and its derivatives as a luminophores in ECL

The first ECL experiment with Ru(bpy)3
2+ as a luminophore was performed 

by A.J. Bard  in 1972 [et al. 4]. This discovery brought brightness to the ECL and 

Figure 3. 
The scheme of reductive-oxidation mechanism of Ru(bpy)3

2+ molecule and persulfate.
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created an endless platform for researchers to study the various kinds of ECL reac-
tions. However, the ECL of Ru(bpy)3

2+ was limited to organic electrolytes because 
the ECL follows annihilation mechanism which requires wide range potential 
window. To overcome this problem the ECL reaction within the narrow potential 
window was performed by taking additional reagent along with Ru(bpy)3

2+ mol-
ecule. The first luminophore-co-reactant ECL reaction was carried out in 1981 by 
A.J. Bard group [ ], oxalate was used as a first co-reactant to study the ECL reaction 7
of Ru(bpy)3

2+ molecule. Later on, various types of co-reactants were discovered 
like tri-n-propyl amine (TPrA), triethylamine (TEA), diethylamine (DEA), 
NADH, ascorbic acid, 2-(dibutyl amino) ethanol (DBAE), per-sulphates, hydrogen 
peroxide and glutathione etc [ ]. Ru(bpy)8 3

2+/co-reactant based ECL system plays 
a key role in a variety of analytical and clinical diagnostic applications. Recently 
in-situ generated co-reactants such as sulphate anion radicals and hydroxyl radicals 
also used as a new class of co-reactants to study the ECL of Ru(bpy)3

2+ molecule 
in the aqueous system by using boron-doped diamond electrode (BDD) [9]. The 
superior ECL luminophore activity of Ru(bpy)3

2+ molecule over the other lumi-
nophores is due to the high luminescent properties, elevated solubility in both 
organic and aqueous medium at room temperature, the reversible redox properties 
at the relevant potential region and high ECL quantum efficiency [ ]. In general, 10
Ru(bpy)3

2+  has d6 electronic configuration with octahedral structure, the emission 
of light is due to the metal to ligand charge transfer (MLCT) transition. The emis-
sion wavelength of Ru(bpy)3

2+ lies between 600 to 650 nm.
In addition, the derivatives of Ru(bpy)3

2+ were also shown their own contri-
bution to ECL as luminophores. The linkage of aliphatic acids or aldehydes to the 
Ru(bpy)3

2+  molecule gives different kind of luminophores called as acrylates. 
The ECL emission wavelength of Ru(bpy)3

2+ was tuned by linking the different 
aliphatic compounds in acrylates (640 nm to 700 nm). And also, the Ru(bpy)3

2+ 
conjugated with Schiff bases shown self-enhanced ECL signal with more intense 
light than Ru(bpy)3

2+ molecule [11]. The enhanced ECL signal intensity is due 
to the resonance structure of imino radicals and presence of phenolic hydroxyl 
groups. Further, Ru(bpy)3

2+  and its derivatives like Ru(bpy)3
2+ dendrimers, 

and polypyridyl Ru-complexes used as a luminophore to study the bipolar ECL, 
microfluidic based ECL, wireless ECL [12, 13]. Apart from this, immobilization 
of Ru(bpy)3

2+  molecule on polymer-coated electrodes shown new trend and 
remarkable ECL behaviour and created a solid-state platform for various kinds 
of analytical applications. In this context, Ru(bpy)3

2+ incorporated on Nafion 
coated graphite electrode shows unusual ECL behaviour than solution-phase ECL 
system [14]. In similar way, Ru(bpy)3

2+ on Nafion coated glassy carbon electrode 
(GCE) shown three ECL signals in co-reactant free oxygen saturated phosphate 
buffer solution (PBS).

Because of the excellent ECL behaviour exhibition by Ru(bpy)3
2+ molecule, 

researchers tuned intrinsic properties of the Ru(bpy)3
2+  molecule by introduc-

ing different functional groups into the parent Ru(bpy)3
2+ and have been used in 

different analytical applications. In particular, Ru(bpy)3
2+ utilized as an ECL probe 

in the detection of immunoassays [15], for example, the methylcytosine which 
belongs to a class of immunoassay detected by using ECL sensing method [13]. The 
DNA detection by ECL method has carried out by using Ru(bpy)3

2+ molecule as 
ECL active material [16]. The double-standard DNA was detected by label-free ECL 
method using Ru(phen)3

2+ as an ECL luminophore [ ]. Apart from this, the ECL 17
of Ru(bpy)3

2+ also used in metal ions detection, bio-imaging, aptamer detection 
and other intracellular studies [13]. The schematic diagram is shown (Figure ) the 
overall Ru(bpy)3

2+ based ECL applications.
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. Specific examples of Ru(bpy)
+ and its derivatives for ECL studies

The ECL properties of various categories of Ru-based luminophores such as Ru 
(bpy)3

2+, Nano materials doped with Ru(bpy)3
2+ molecule, and Ru(bpy)3

2+ immo-
bilized on Nafion coated electrode are discussed below.

. ECL of Ru(bpy)
+ complex

The ECL of luminophore/co-reactant system follows only co-reactant mecha-
nism either oxidative-reduction or reductive-oxidation mechanism. The initial 
discovery of Ru(bpy)3

2+ as luminophore shown an avenue in ECL and created a way 
to study the various ECL reactions. The ECL of Ru(bpy)3

2+ along with co-reactant 
is playing a vital role in broadening the ECL studies. Interestingly the ECL of 
Ru(bpy)3

2+/TPrA system follows both co-reactant and annihilation mechanism. 
In the case of the co-reactant mechanism TPrA gets oxidized to form TPA● and 
Ru(bpy)3

2+ produces Ru(bpy)3
3+  upon oxidation. The TPA● reduces the Ru(bpy)3

3+ 
to excited Ru(bpy)3

2+ molecule which emits light (Figure A). But in the annihila-
tion mechanism, Ru(bpy)3

2+  electrochemically oxidizes to Ru(bpy)3
3+ and the TPA● 

directly reacts with Ru(bpy)3
2+ to produces Ru(bpy)3

1+, then electron transfers from 
Ru(bpy)3

1+ to Ru(bpy)3
3+ and generates excited Ru(bpy)3

2+ molecule which emits 
light (Figure B).

In the reductive-oxidation mechanism, the ECL of Ru(bpy)3
2+ occurs along 

with S2O8
2−, hydrogen peroxide (H2O2), and glutathione as co-reactants. The ECL 

of Ru(bpy)3
2+  with glutathione is quite interesting because when the reduced 

Figure 4. 
Schematic illustration of ECL based applications using Ru(bpy)3

2+ as a active probe.
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glutathione (GSH) used as a co-reactant the ECL is ROS dependent. Initially, 
GSH reacts with reactive oxygen species (ROS) which are produced during the 
oxygen reduction reaction to forms GS●, then Ru(bpy)3

2+ reduces to Ru(bpy) 3
1+ 

by electrochemically and electron transfers from Ru(bpy)3
1+ to GS● leads to the 

generation of excited Ru(bpy)3
2+ which emits light (Figure A). But in the case 

Figure 6. 
ECL reaction mechanism of Ru(bpy)3

2+/GSH (A) and Ru(bpy)3
2+/GSSSG system (B).

Figure 5. 
ECL reaction mechanism of Ru(bpy)3

2+/TPrA system (A, B). Copyright © 2002, American Chemical Society.
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of oxidized glutathione (GSSG), ECL is ROS independent, where the GS● forms 
directly by reacting with Ru(bpy)3

1+  after that excited Ru(bpy)3
2+ obtained by 

reacting with Ru(bpy)3
1+ and then light emission occurs (Figure B). However, 

the in-situ generated co-reactants were also utilized in order to study the ECL 
reaction by taking the Ru(bpy)3

2+  as a luminophore [9]. Hence, Ru(bpy)3
2+  is 

acting as a model and benchmark luminophore over the others. However, in 
order to improve further ECL light emission intensity, researchers were devel-
oped Ru(bpy)3

2+ derivatives by doping with nano-materials, the results are 
discussed below.

. ECL of Ru(bpy)
+ -doped with nanomaterials

Doping of nanomaterials with Ru(bpy) 3
2+  leads to the newer generation of ECL 

luminophores. The nanoparticles with the functional groups like thiols, amines, 
and silicates easily covalently bind with Ru(bpy)3

2+ and its derivatives to gives 
highly luminescent luminophores. The Ru(bpy)3

2+-doped nanomaterials have 
several advantages over conventional ECL luminophores. At first, a huge number 
of luminophore molecules could be encapsulated in a single target molecule site 
secondly the self-quenching properties of luminophores will be minimized and 
also the external quenchers like oxygen and water molecules are screened [18]. 
In this sequence, Ru(bpy)3

2+ molecule were covalently linked with doped silica 
nanoparticles (Ru(bpy)3

2+-DSNPs) showed bright ECL signal in 0.1 M acetonitrile 
with Tetrabutylammonium hexafluorophosphate (MeCN/TBAPF6) potential scan 
from -1.6 V to +1.5 V [18]. This ECL signal is obtained by annihilation route in the 
absence of a co-reactant. Further, interesting ECL results were shown by making 

Figure 7. 
(A, B) ECL reaction mechanism of DSNP/TPrA system. Copyright © 2009, American Chemical Society. 
The schematic representation of ECL generation in Ru-DSNP/TPrA system (C) Copyright © 2015, American 
Chemical Society.
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a self-assembled monolayer (DSNPs-SH SAM) on a gold electrode surface in the 
presence of TPrA [18].

There are two ECL signals were obtained at 0.91 V and 1.23 V during the 
potential scan from 0 to 1.6 V in 0.1 M phosphate buffer solution (PBS). For the 
first cycle, the ECL at 0.91 V is much intense than the second peak (at 1.23 V) [18]. 
In general, the TPrA oxidation on a gold electrode is prevents in PBS because of 
Au-oxide formation, but DSNPs-SH SAM formation on gold surface creates hydro-
phobic nature and suppresses the Au-oxide formation. The hydrophobic formation 
allows the direct oxidation of TPrA and generates more number of TPA●  which 
directly reduces the Ru(bpy)3

2+ (in DSNPs) to form Ru(bpy)3
1+. Then Ru(bpy)3

1+ 
oxidized by reacting with TPrA●+ to generates excited Ru(bpy)3

2+ molecule which 
emits light at 0.91 V (Figure A). The second peak at 1.23 V is due to electrochemi-
cal oxidation of both TPrA and Ru(bpy)3

2+  molecule (see ). On the second Figure B
cycle onwards the first ECL (at 0.91 V) was disappeared whereas the peak at 1.23 V 
remains as such because the DSNPs-SH SAM detaches from the electrode surface. 
This again leads to further Au-oxide growth on Au surface and suppresses the TPrA 
oxidation, obviously decreases ECL intensity at 0.91 V. Similarly, Ru-DSNP/TPrA 
exhibits ECL in PBS, the emission is due to the electron hopping between the elec-
trode and Ru(bpy)3

2+ as well as between two adjacent Ru(bpy) 3
2+ presents on DSNP 

as shown in Figure C. Another attempt has been carried out by covenant linkage 
of nitrogen-doped carbon nanodots (NCNDs) with the Ru(bpy)3

2+ molecule. The 
NCNDs acting as co-reactant which is electrochemically oxidized at electrode to 
produce reactive radicals which have the capability to form excited Ru(bpy)3

2+ 
molecule in generating the ECL [19]. This kind of doping of nanomaterials with the 
Ru(bpy)3

2+offers in enhancing the ECL intensity of Ru(bpy)3
2+ and leads to create a 

new platform for various analytical applications.

. ECL of Ru(bpy)
+  immobilized on Nafion coated electrodes

The immobilization of Ru(bpy)3
2+  into the Nafion coated electrode surface 

either by chemical or electrochemical methods develops a highly stable and intense 
solid-state ECL platform. The solid-state ECL has several advantages over solution-
phase ECL system. The minute amount of luminophore is sufficient to study the 
ECL reaction, the luminophore molecule could be regenerated on the electrode 
surface and also the solubility problem could be overcome. The Nafion is a cation 
exchange polymer with chemically inert and high thermal stability. It is used for 
immobilization of positively charged species like Ru(bpy)3

2+  molecules. The first 
reports on immobilization of Ru(bpy)3

2+ into the Nafion coated electrodes by 
Rubinstein and Bard have been extended to lot of studies on ECL reactions [20]. 
The ECL intensity of Ru(bpy)3

2+ controlled by varying the Nafion concentration, 
thickness of the Nafion coating on the electrode surface and amount of loading of 
luminophore. For example, the bright ECL observed for Ru(bpy)3

2+ immobilized on 
Nafion Langmuir-Schaefer coated GCE in the presence of TPrA, the highest intense 
ECL signal obtained for 20 layers coated electrode [21]. In a similar way, Ru(bpy)3

2+ 
immobilized on Nafion coated GCE electrode exhibited three ECL signals in oxygen 
saturated PBS [ ]. The highest ECL intensity was observed when the 6.58 22 μm 
thickness of Nafion is coated on the electrode surface. In addition, the modified 
GCE surfaces also utilized to immobilize the Ru(bpy)3

2+ and studied the ECL reac-
tions in order to explore a different kinds of applications [23].

However, the immobilization of Ru(bpy)3
2+ on Nafion coated noble metal 

surfaces like gold electrode shown superior ECL behaviour over the carbon based-
electrodes. For instance, Ru(bpy)3

2+/Nafion/gold electrode shown unique and 
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unusual ECL properties [ ]. The ECL obtained at very less cathode potentials 24
without co-reactant in the potential region of 0 to 1.2 V in PBS. The ECL spectrum 
reveals that the observed ECL is because of the formation of excited Ru(bpy)3

2+ by 
electrochemical reaction. Similar way, the ECL of Ru(bpy)3

2+ which is presents on 
Nafion coated nanoporous gold electrode (NPG) is abnormal than the conventional 
system [25]. In this system Ru(bpy)3

2+  molecules is immobilized electrochemically 
in the acidic electrolyte, as prepared Ru(bpy)3

2+/Nafion/NPG composite used to 
study the ECL in PBS. There is a bright ECL signal obtained at less cathode potential 
(at 0.1 V vs Ag/AgCl) during the potential sweep from 0 to 1.6 V to -1 V. The in-situ 
generated hydroxyl anions (OH−) from the NPG surface during the reduction play-
ing a key role to gets the ECL at very less potentials. As shown in , the NPG Figure 
get oxidized during the potential scan from 0 to 1.6 V to form a gold-hydroxide 
layer (Au-OH3). At the same time, the Ru(bpy)3

2+ which is immobilized on the 
electrode surface (Ru(bpy)3

2+/Nafion/NPG) also undergoes oxidation to forms 
Ru(bpy)3

3+ intermediate. During the reduction, the Au-OH3 converts into Au0 and 
liberates OH− ions. The presence of Nafion does not allow diffusion of OH − ions 
from electrode surface to bulk electrolyte solution. It results in generation of OH● 
by reacting with Ru(bpy)3

3+ . Then an energetic electron transfer arises from OH● 
to Ru(bpy)3

3+ leads to the generation of excited Ru(bpy)3
2+  molecule which emits 

light as indicated in . This type of solid-state ECL which is obtained at Figure 
very less potentials has several advantages and also has scope in various analytical 
application points of view. The recent trend in ECL is involving in the development 
of solid-state ECL for point-of-care applications. The immobilization of lumino-
phores on polymer-coated electrodes helps in creating a solid-state platform in 
improving the ECL signal intensity as well as could be useful in different analytical 
applications.

Figure 8. 
The schematic representation of solid-sate ECL mechanism involving in Ru(bpy)3

2+/Nafion/NPG composite in 
0.1 M PBS (pH 7.4).
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. ECL applications

The ECL technique has several distinct advantages over many other detection 
systems, such as ECL provides excellent sensitivity with a detection limit at very low 
concentrations (subpicomolar) because of no background signal and an extremely 
wide dynamic range of orders of magnitude. Also, it allows the coupling of mul-
tiple labels to oligonucleotides or peptides without affecting immune reactivity. 
Finally, the simple instrumentation, the highly sensitive and rapid measurement, 
high-throughput analysis, made ECL a powerful detecting tool in the ultrasensi-
tive detection of biomarkers. Therefore, it is of more interest among researchers 
to improve sensitivity and extend the applications of ECL immunoassays, DNA 
sensing, Bio-imaging, and point-of-care applications. Most of the ECL analysis 
studies utilize Ru(bpy)3

2+ and its derivatives as ECL probe. The role of Ru(bpy)3
2+ 

as an ECL label in different kind of sensing applications are discussed in a detailed 
way as follows.

. Immunoassays sensing

One of the most important analytical applications of ECL is the use of com-
mercial bioassay based on the Ru(bpy)3

2+/TPrA systems. In which the derivatives 
of Ru(bpy)3

2+ are used as ECL-active labels and TPrA as an efficient co-reactant. 
In the area of clinical diagnosis, multi-component detection is highly adapted than 
single-component detection. A sandwich-type ECL immunoassay array was used 
for the detection of multiple protein detection by incorporating the antibody coated 
single-walled carbon-nanotube (SWCNT) forest micro wells surrounded by the 
hydrophobic polymer [26]. These carboxylated SWNTs offers a more conductive 
surface area for the attachment of capture antibodies for Prostate-Specific Antigen 
(PSA) and interleukin-6 (IL-6) at the bottom of different micro-wells by amidiza-
tion. The ECL signals were measured with the CCD camera, and the limit of detec-
tion for the PSA and IL-6 was observed to be 1 pg mL−1 and 0.25 pg mL−1 , which is 
better than the commercially available bead-based protein measurement systems. 
As shown in Figure , the ECL enzyme-linked immunosorbent assay was developed 
and used to determine the methyl-cytosine in DNA [27]. The anti-methyl cytosine 
antibody conjugated with acetylcholinosterase, in which the acetylcholinosterase 
converted acetylthiocholine (substrate) to thiocholine (product). This thiocholine 

Figure 9. 
Scheme for the principle of ECL determination of methyl-cytosine. Copyright © 2012, American Chemical 
Society.
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is a bifunctional molecule that exhibits both the effect of ECL acceleration and 
surface accumulation  gold-thiol binding. Due to the accumulation and accelera-via
tion effect on ECL, the quantitative measurement of methyl-cytosine was found 
to have higher sensitivity with the linear range from 1 pmol to 100 pmol, which 
is sufficient to achieve the real DNA measurements. In order to increase the ECL 
emission intensity of the Ru(bpy)3

2+-derivatives based ECL system, a novel and 
the self-enhanced ECL luminophore of the Ru(II) complex was developed by using 
the poly(ethylenimine) as a co-reactant, and also to form a coil-like nanocomposite 
with [Ru(bpy)2(5-NH2-1,10-phen)2+] [28]. By adopting the self-enhanced ECL 
luminophore in the sandwich-type ECL immunoassay, ultrasensitive detection of 
apurinic/apyrimidinic endonuclease-1 was demonstrated for the first time with the 
improved detection sensitivity from pg mL−1 to fg mL −1.

The ultrasensitive detection of human C-reactive protein (CPR) was demon-
strated by the addition of multiple Ru(bpy)3

2+ to a single antibody with the encap-
sulation of a hydrophobic compound in the polystyrene microbeads [29]. With the 
sandwich-type immunoassay, a high sensitive CPR detection has been achieved 
with the detection limit as low as 0.01 g mLμ −1. The obtained LOD was found to be 
lower than the presently available high-sensitive CPR assay systems. Based on the 
previous work, a similar idea of holding multiple labels was developed by the prepa-
ration of sub-micrometer-sized liposomes containing Ru(bpy)3

2+ as the ECL-active 
labels for CPR immunoassay. The addition of 0.1 M TPrA in the electrolytic solution 
(0.1 M PBS) containing 0.1 M NaCl and 1% Triton X-100, the release of the ECL 
label Ru(bpy)3

2+  from the liposome can be realized. The above described approach 
allows the bioassay to be carried out in the aqueous solutions, which is compatible 
with the currently available commercial ECL instrumentation. Later, this work has 
been extended to the application in detecting hemagglutinin, which plays a signifi-
cant role in the influenza virus infection.

. DNA sensors

DNA detection is of great importance in the areas of clinical testing, forensics 
analyses, gene expression analysis, and biological warfare agent detections. ECL 
has been used as a powerful analytical tool in the DNA probe assays. Similar to the 
ECL immunoassays, DNA probe assays is also based on the Ru(bpy)3

2+/TPrA ECL 
Systems. Generally, ECL DNA probe assays can be classified into two types: (1) 
Label-free, and (2) Label ECL detection [13, ]. In the year of 1991, Blackburn 30 et 
al. first reported the use of ECL of Ru(bpy)3

2+ in developing the immunoassay and 
DNA probe assay for clinical diagnostics [31]. The general principle for the detec-
tion of DNA using the ECL label is outlined in Figure A. In this strategy, the  
ssDNA is immobilized on the electrode surface, and followed by attachment of the 
complementary target strand ssDNA tagged with the ECL label hybridizes with 
the immobilized ssDNA. Then the electrode assembly is placed in an electrolyte 
solution containing the co-reactant and allowed for the measurement of ECL [32]. 
Later,  Xu et al. developed the ECL biosensor for the detection of DNA, based on 
the adsorption reaction on the film modified electrode surface. In this work, firstly 
tagged ssDNA was immobilized on the electrode surface coated with an organized 
aluminium phosphate film. By immersing the film in the DNA solution, the amount 
of immobilized DNA-Ru(bpy)3

2+ was determined by the ECL emission resulting 
from the electrochemical oxidation of Ru(bpy)3

2+ and TPrA in the solution [33]. An 
ultrasensitive ECL method has been developed for the detection of DNA hybridiza-
tion by using polystyrene microspheres/beads, as the carriers of a huge numbers 
of hydrophobic ECL-active labels Ru(bpy)3[B(C6F5)4] as shown in Figure B. The 
label-free ECL DNA detection was achieved based on the catalytic oxidation of 
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guanine and adenine base using a glassy carbon electrode modified CNT/Nafion/
Ru(bpy)3

2+ has been reported [34]. The ECL signals for the dsDNA and their 
denatured counterparts could be detected with a very lower concentration of 30.4 
nM and a single-base mismatch gene p53 gene sequence segment was detected with 
the concentration of 0.4 nM.

. Bio-imaging

An important breakthrough in the analytical application of the ECL tech-
nique is the combination of this transduction technique with microscopy. The 
combination of ECL along with a microscope leads to marvelous investigation in 
imaging of cell and tissue of living beings, nanomaterial imaging, and imaging of 
single-particle collisions [ ]. The ECL imaging setup consists of (i) bright-field 35
microscopy, (ii) a potentiostat, and (iii) the charge-coupled device (CCD) for 
recording the image [ ]. The ECL emission signal is directly proportional to the 36
concentration of the luminophore and the co-reactant; hence, the ECL technique 
enables the sensitive detection and quantification of both luminophore and the 
co-reactant. This widens the application of the ECL technique in detecting various 
biomolecules, such as proteins, enzymatic substrates, and nucleic acids.

In the most of Bio-imaging analysis, the Ru(bpy)3
2+ molecule utilized as the 

ECL luminophore due to high quantum efficiency. For example, Valenti  used et al.
Ru(bpy)3

2+ as ECL label in imaging the single Chinese Hamster Ovary (CHO) cell 
[37]. Initially, the cells are cultured on a glassy carbon electrode and incubated with 
biotin X which is capable of reacting with amino groups of the protein. Then the 

Figure 10. 
Schematic diagram of solid-state ECL detection of DNA hybridization (A) Copyright © 2003, American 
Chemical Society. Schematic diagram of DNA hybridization on a polystyrene bead as the ECL label carrier 
and a magnetic bead for the separation of analyte-contained ECL label/polystyrene beads (B) Copyright © 
2004, American Chemical Society.
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Ru(bpy)3
2+ molecule is labeled with streptavidin (SA@Ru). The biotin group reacts 

with SA@Ru and attaches the cell membrane throughout the ECL measurements 
as shown in Figure a. Further similar strategy used to imaging the MCF10A cell, 
in this case, CNT electrode used to incubate the cells and Ru(bpy)3

2+ labeled with 
monolocal antibody (Ab@Ru) serves as ECL probe as shown in Figure b. The 
ECL imaging has performed in the PBS (pH 7.4) containing TPrA at anodic applied 
potential of 1.35 V. Figure c d and  displays the PL image and ECL image of CHO 
cells on GC electrode. PL image shows a spatial distribution of SA@Ru labels 
with an entire cell appearance (Figure c). But in the case of the ECL image, the 
cell border glows with red color whereas cell nucleus is dark (Figure d). This is 
because ECL labels (SA@Ru) specifically located on the target cell. Thus the ECL is 
more specific to image single cell over the PL. Similar kind of results was observed 
in the case of MCF10A cell, the PL shows the emission of the light entire the cell 
(Figure e) whereas ECL image emits light only at a specified cell membrane 
(Figure f). Apart from this, the microelectrode arrays also used in single cell 
imaging by adopting ECL strategy [38].

. Aptamer-based sensors

Aptamers are peptide or oligonucleotide molecules and also a functional DNA 
or RNA structures. Aptamers can specifically bind with small molecules as well as 
peptides and proteins. Aptamers exhibit remarkable advantages over conventional 
molecular recognition systems like antigen-antibody interactions because of their 
easier synthesis protocols, simple labeling, and high stability [30]. The combination 
ECL tool along with aptamer showed attractive results in biosensor applications 
and several aptamer-based ECL biosensors have been developing to detect small 

Figure 11. 
The schematic illustration of principle involving in ECL imaging (a, b) PL and ECL images of SA@Ru 
attached CHO cells (c, d) and PL, ECL images of Ab@Ru attached MCF10A cells (e, f) Copyright © 2017, 
American Chemical Society.
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molecules. In most of the aptamer-based ECL sensors, the Ru(bpy)3
2+  molecule 

and its derivatives using as ECL label along with TPrA as co-reactant, due to unique 
and high quantum efficiency. For example, thrombin was detected by Ru(bpy)3

2+  
molecule as ECL probe, in this the captured aptamers with AuNPs labels were 
immobilized on thiolated ITO electrode via Au-S linkage and then catches the target 
aptamer [39]. After that, the Ru(bpy)3

2+ molecule label was tagged with aptamer 
and studied the ECL experiments in TPrA containing PBS. This ECL strategy 
allows the detection of thrombin at a very low level with 10 nM of LOD. In addition 
to this, thrombin is detected by using tris(1, 10-phenanthroline) ruthenium ion 
(Ru(phen)3

2+) intercalated into double standard DNA (dsDNA) as ECL sensing 
probe along with antithrombinthiolated aptamer [40].

The modification of gold electrode for ECL sensor is shown in Figure . Initially, 
the gold electrode soaked in a solution containing 2-mercaptoethanol in order to 
block the electrode exposing surface, then antithrombin aptamer adsorbed on the 
electrode surface as shown in Figure A. After that ds-DNA is placed between 
the aptamer and ss-DNA to intercalate the luminophore molecule (Figure B). 
To intercalate the Ru(phen)3

2+ into the ds-DNA, the modified electrode is dipped 
in the ds-DNA solution. ECL experiments performed in PBS (pH 7.5) containing 
TPrA, a sharp ECL signal observed at 1.1 V which is due to the energetic electron 
transfer between reactive intermediates of Ru(phen)3

2+  and TPrA. The ECL intensity 
decreases during the addition of 5 pM of thrombin into the electrolytic solution [40]. 
The decrease in the ECL signal is due to the detachment of Ru(phen)3

2+ molecule 
from ds-DNA and occupation by thrombin as indicated in Figure D. This ECL 
methodology provides to sense the thrombin in the range of 0.05 to 50 pM with the 
detection limit of 0.02 pM.

Figure 12. 
Schematic representation of the principle involving in thrombin detection by aptamer-based ECL sensor.  
(A) The adsorption of thiolatedantithrombin aptamer on and the 2-mercaptoethanol block to the electrode. 
(B) The formation of the ds-DNA between aptamer and its complementary ss-DNA. (C) The intercalation 
of Ru(phen)3

2+ into the ds-DNA sequence. (D) Dissociation of ds-DNA and release of Ru(phen)3
2+ due to the 

interaction between thrombin and its aptamer, resulting in the decreased ECL emission which was used to quantify 
thrombin. Copyright © 2009, American Chemical Society.
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. Metal ion detection

Heavy metal ions such as Hg, Pb, Sn and, Cd are highly toxic and undegradable, 
causes serious health issues to humans [41]. The heavy metal ions migrate into the 
soil from industrial wastage, pesticides, fertilizers, spilling of petrochemicals. As 
migrated metal ions contaminants food and food security has become a worldwide 
worry. For the past few decades, the ECL has been using as one of the leading 
analytical technique in detecting such metal pollutants in food as well as soil. In this 
context, bipolar ECL (BP-ECL) has employed in detecting the Cu2+  and Cd2+ ions 
[42]. This method offers high sensitivity, low cost and provides both qualitative 
and quantitative information. The mixed luminophores of Ru(bpy)3

2+ molecule 
along with Ir(ppy3) acting as ECL sensing probe. The multicoloured ECL emission 
is obtained at 540 nm (green) 610 nm (orange) at the driving potential of 5.5 V in 
the presence of both luminophores along with TPrA. The BP-ECL method offers the 
determination of Cd2+ ion in the range of 1 M to 75 M with the limit of detection μ μ

of 0.094 M (10 ppm) and also the Cuμ
2+ ion detected within the dynamic range of 

0.1 M to 1/75 μ μM with 0.008 μM of LOD. In addition to this, Ru(bpy)3
2+ linked 

with crown ethers used as an ECL probe to determine the Pb (II) ion [43], and also 
the solid-state ECL has been employed by using Ru(bpy)3

2+ as an ECL probe to 
detect the Pb (II) ion in trace level [44]. The Pb(II) ion detected in the linear range 
of 1x10−6 M to 1x10μ 2 M by ECL turn-off method. Another class of heavy metal Hg μ

(II) ion detected by the employing cathodic ECL of Ru(bpy)3
2+/NHS system [45]. 

This system includes the zero background signal, wide dynamic detection range 
and highly sensitive and selective to detect Hg (II) in physiological pH. The ECL 
intensity gradually increases upon each addition of Hg (II) ion into the solution in 
the linear range of 0.001 M to 20 M. This cathodic ECL method shows the limit μ μ

of detection of 0.1 nM towards Hg (II) detection without interfering with other 
metal ions.

. Point-of-care applications

Now a day’s ECL becomes one of the dynamic, highly sensitive, and well 
established tools in point-of-care applications. ECL strategy has been used in 
the fabrication of point-of-care testing devices (POCT) like ECL detectors, 

Figure 13. 
Schematic diagram of a paper-based microfluidic ECL sensor. Using inkjet-printed paper fluidic substrates 
and screen-printed electrodes, this ECL sensor can be read with mobile phone cameras. Copyright © 2011, 
American Chemical Society.
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bipolarECL devices, wireless ECL, and microfluidic chips. These POCT devices 
are designed by using luminophores as sensing probes, the Ru(bpy)3

2+  is a 
benchmark material among the various luminophores due to high quantum 
efficiency. The portable devices with lower prices could be useful for hospital/
nonhospital purposes. The paper-based ECL sensors are one of the best cheap-
est ECL devices to detect biological molecules at trace level [46]. This type of 
ECL sensor has advantages that possess high sensitivity, selectivity, and rapid 
detection. The paper-based microfluidic devices made by patterning the papers 
into hydrophilic channels separated by hydrophobic barriers which allow the 
uniform distribution of samples into the regions. The photoresist materials like 
wax, polydimethylsiloxane, alkylketene dimer, polystyrene, poly(o-nitrobenzyl 
methacrylate), fluorochemicals, methylsilsesquioxane, and toner used as hydro-
phobic barriers [47]. Yan et al. developed a paper-based ECL 3D device. The 
device made with two different kinds of patterned cellulose papers called paper-
A and paper-B. These two papers were converted into screen printed working 
paper electrode (SPWPE) by using carbon paste, the Ag/AgCl used as a refer-
ence electrode. As fabricated SPWPE used for point-of-care applications. The 
Ru(bpy)3

2+  used as an ECL sensing probe along with TPrA as a co-reactant. The 
ECL signal intensity enhanced by 10-fold in the presence of CEA antibody [46]. 
Apart from this, microfluidic-based ECL sensor shown much attention in point-
of-care applications due to flexibility, cheaper cost, portability, and porosity. 
Figure  represents the schematic illustration of paper-based the microfluidic 
ECL sensor device. The inkjet printing is used to prepare microfluidic substrate, 
then it is combined with screen-printed electrodes which produce portable, 
disposable and photo-detectorless ECL sensor device. Initially, the printed paper 
based microfluidic filled with 13 l of 10 mM Ru(bpy)μ 3

2+ solution and allowed 
to dry. After drying the paper microfluidic substrate is further laminated on 
Zensor screen-printed electrode (SPE) with 80 m thickness. The small slit is μ

made during the lamination to introduce the sample. The Ru(bpy) 3
2+ serves 

as ECL sensor probe and the mobile phone used to detect the ECL signal. The 
conventional photodetector used to detect the DBAE and NAD in the range of 0.9 
μ μM and 72 M respectively. In addition to this, the wireless ECL and bipolar ECL 
sensors also used as in fabricating the point-of- care testing devices for hospital/
nonhospital purposes.

. Conclusions and future perspective

The Ru(bpy)3
2+ and its derivatives play a crucial role in the development of 

ECL based sensor devices. Due to its chemical stability, confined electrochemical 
behaviour, and high ECL quantum efficiency, Ru(bpy)3

2+  complex acts as one of the 
best model luminophores. The variety of ECL experiments were studied by using 
different forms of Ru(bpy)3

2+ like Ru-chelates, doped nanoparticles-Ru(bpy)3
2+ and 

polymer-Ru(bpy)3
2+ complex and used as an ECL label in detecting the immunoas-

says, DNA detection, aptamer sensing, bio-imaging, and metal ion sensing. The 
dynamic and progressive ECL of Ru(bpy)3

2+ also offers to use it as a sensing probe 
in point-of-care testing devices such as portable ECL sensor devices, wireless ECL 
kits, paper-based microfluidic ECL devices, and bipolar ECL devices. Moreover, 
these kinds of ECL-based sensor kit will extent to the development of sensing of 
food adulterants to detect the toxic, hazardous and harmful compounds in food. In 
near future, the fabrication of Ru(bpy)3

2+ based ECL sensor kits will be useful in 
various clinical diagnostic applications, pharmaceutical, and other point-of-care 
applications.
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Chapter 3

Surface-Confined  Ruthenium
Complexes   Bearing  Benzimidazole

Derivatives:   Toward  Functional
Devices

Masa-aki  Haga

Abstract

Substitutionally   inert   ruthenium   complexes   bearing   benzimidazole  derivatives 
have   unique   electrochemical   and   photochemical   properties.   In   particular,  proton 

coupled   electron   transfer   (PCET)   in   ruthenium – benzimidazole   complexes   leads  to 
rich   redox   chemistry,   which   allows   e.g.   the   tuning   of   redox   potentials   or  switching 

by   deprotonation.   Using   the   background   knowledge   from   acquired   from  their 
solution-state   chemistry,   Ru   complexes   immobilized   on   electrode   surfaces  have 

been   developed   and   these   offer   new   research   directions   toward   functional  molecu-
lar   devices.   The   integration   of   surface-immobilized   redox-active   Ru   complexes  with 

multilayer   assemblies   via   the   layer-by-layer   (LbL)   metal   coordination   method  on 
ITO   electrodes   provides   new   types   of   functionality.   To   control   the   molecular  orien-

tation   of   the   complexes   on   the   ITO   surface,   free-standing   tetrapodal  phosphonic 
acid   anchor   groups   were   incorporated   into   tridentate  2,6-bis(benzimidazole-2-yl) 

pyridine   or   benzene   ligands.   The   use   of   the   LbL   layer   growth   method   also  enables 
“ coordination   programming ”  to   fabricate   multilayered   films,   as   a   variety   of  Ru 

complexes   with   different   redox   potentials   and  pK a values   are   available   for  incorpo-
ration   into   homo-   and   heterolayer   films.   Based   on   this   strategy,   many  functional 

devices,   such   as   scalable   redox   capacitors   for   energy   storage,  photo-responsive 
memory   devices,   proton   rocking-chair-type   redox   capacitors,   and  protonic 

memristor   devices   have   been   successfully   fabricated.   Further   applications  of 
anchored   Ru   complexes   in   photoredox   catalysis   and   dye-sensitized   solar   cells  may 

be   possible.   Therefore,   surface-confined   Ru   complexes   exhibit   great   potential  to 
contribute   to   the   development   of   advanced   functional   molecular  devices.

Keywords:   Ru   benzimidazole   complex,   surface   immobilization,  layer-by-layer 
assembly,   molecular   devices,   redox   chemistry,   proton-coupled   electron  transfer

(PCET),   heterolayer,   multilayer   film,   memory,   phosphonic   acid,   redox  capacitor, 
protonic  memristor

 1. Introduction

                                Ruthenium is a precious metal that belongs to the platinum-group elements [1].
                          As ruthenium can adopt various oxidation numbers, its coordination complexes

                                      adopt a wide variety of oxidation states from -II to VIII [2]. When nitrogen-based
                                donor ligands are coordinated to a central ruthenium atom, the resulting ruthenium

1



            complexes generally prefer the +II and + III oxidation states, but occasionally also
             adopt the +IV and + V states. Arguably the most studied Ru complexes with

        nitrogen-based donor ligands are those that contain the hexaammineruthenium
 dication, [Ru(NH 3) 6]2+    , and the tris(2,2 0   -bipyridine)ruthenium(II) dication, [Ru

(bpy)3 ]2+   (bpy = 2,20   -bipyridine) [3 6]. [Ru(bpy)– 3 ]2+     was first reported by Burstall
         [7] and is easily obtained from the reaction of RuCl3  • nH 2     O with an excess amount

     of bpy in aqueous ethanol. [Ru(bpy) 3]2+     exhibits a stable low-spin t2g
6 electronic

             configuration as well as a reversible one-electron oxidation at +1.29 V (vs SCE) and
              successive one-electron reductions at 1.33 V, 1.52 V, 1.76 V, and 2.4 V vs.   

          SCE; the oxidation is a Ru(II/III) metal-center-based process, while the reductions
     occur on the bpy ligands. [Ru(bpy)3 ]2+     exhibits a metal-to-ligand charge transfer

             (MLCT) band at 452 nm and bright luminescence at 612 nm (lifetime: 600 ns)
          under MLCT excitation. This luminescence arises from the triplet MLCT photoex-

              cited state, which allows this complex to serve as a photosensitizer for a wide scope
          of photoenergy conversion processes and as a photocatalyst for organic transfor-

            mations [8]. Therefore, it is hardly surprising that during the past five decades,
    numerous studies on photoactive [Ru(bpy) 3]2+     complexes have been reported [3].

           The tuning of their physical properties, such as their absorption/emission maxima or
          redox potential, via ligand modification has been achieved by introducing substitu-

            ents on bpy or by replacing the bpy ligand with other N-heteroaromatic ligands.
             This tuning has led to a wide range of functional materials based on [Ru(bpy)3 ]2+ .

         For example, replacing one of the bpy ligands in [Ru(bpy)3 ]2+   with an N-
          heteroaromatic ligand comprising a benzimidazole and a pyridine group shifts the

         Ru(II/III) oxidation potential in negative direction because benzimidazole is a
          stronger -donor and weaker -acceptor than pyridine [9]. Furthermore, the coor-σ π

           dinated benzimidazole N H imino group acts as a Brønsted acid, and the–

        corresponding deprotonated benzimidazolate site can coordinate to another metal
            ion ( ) [10]. Protonated or -alkyl benzimidazolium ions can act as pre-Figure 1 N

          cursors for -heterocyclic carbene (NHC) metal complexes [11, 12]. The represen-N
   tative pyridine-containing ligands 2,2 0    -bipyridine (bpy) and 2,2 0,2 -terpyridine″

         (tpy) form chelate complexes with bidentate and tridentate coordination modes.
           When one or two pyridine groups are replaced with benzimidazole, the resulting

       bidentate- and tridentate-coordinating ligands are known as 2-(2-pyridyl)benz-
       imidazole and 2,6-bis(benzimidazol-2-yl)pyridine, respectively ( ) [13, 14].Figure 2

 Figure 1.
       Coordination modes of pyridine and benzimidazole as ligands.
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           This chapter focuses on the molecular design of ruthenium complexes with -N
      heteroaromatic ligands, particularly benzimidazole derivatives. In Ru benzimid-–

           azole complexes in aqueous solution, the solution pH strongly affects the Ru(II/III)
         oxidation potential, which is derived from the proton-coupled electron transfer

        (PCET) reaction in solution [15]. The proton-responsiveness of Ru benzimidazole–

          complexes has been exploited to obtain switching functionality in multinuclear Ru
           complexes [16, 17]. In addition, ligand modification via -alkylation of the benz-N

            imidazole N H imino group has been used to achieve the anchoring of redox-active–

            Ru complexes [18, 19]. and the layer-by-layer (LbL) assembly of Ru complexes on
        indium-tin oxide (ITO) surfaces toward molecular electronic devices [20 22].–

           Figure 3 presents a schematic illustration of our conceptual approach for molecular
       devices based on surface-confined Ru complexes with electron/proton-

responsiveness.

 Figure 2.
            Chemical structures of bidentate and tridentate ligands that contain pyridine and benzimidazole group(s).

 Figure 3.
            Schematic illustration of molecular devices based on electron/proton-responsive Ru complexes confined to a

surface.
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        2. Molecular design of functional Ru complexes with benzimidazole
ligands

      2.1 Bridging ligands that contain benzimidazole groups

         Benzimidazole ligands can be synthesized by the Phillips condensation reaction
         between an organic carboxylic acid or nitrile and -phenylenediamine [23].o 

           Figure 4 shows the structures of benzimidazole ligands bridging two Ru centers
               that have been used by our group [17, 24 26] and others [27, 28] for the preparation–

           of dinuclear Ru complexes. Depending on the chemical structure of the linker
          moiety, significant electronic coupling between the two ruthenium ions is posible.

            In addition, the oxidation processes of the Ru centers in aqueous solution involve
           PCET reactions, resulting in switching of the metal metal interaction via the change–

       in electron density on the conjugated linker ligand.

      2.2 Introducing anchor groups in benzimidazole ligands

         Surface modification plays an important role in controlling the electron-transfer
          events and chemical reactivity in photocatalysis, as well as the charge-transport

          process in heterojunctions. Recently, several reviews of the applications of surface
        modification toward dye-sensitized solar cells and electrochemical catalysts for

        hydrogen/oxygen-evolution reactions have been published [21, 29–34], showing the
          importance of such interdisciplinary research. In the area of solar-energy conversion,

       Grätzel-type dye-sensitized solar cells composed of mesoporous TiO2  on fluorine-
 doped SnO2        (FTO) with immobilized Ru complexes that contain 2,2 0-bipyridyl-4,40 -

         dicarboxylate and other bpy-derived ligands have been developed [35]. Interestingly,

 Figure 4.
            Chemical structures of benzimidazole-containing ligands that bridge two Ru centers in bis-bidentate or

  bis-tridentate coordination modes.
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         the electron-injection efficiency from the photoexcited-state Ru complex to TiO 2 was
          found to strongly dependent on the anchoring group [34, 36, 37].

              Given that the adsorption strength of a Ru complex on a surface depends on the
           combination of the anchoring group and the surface material, judicious selection of

         both is necessary for effective surface functionalization. Recently, indium-tin oxide
            (ITO)-coated glass or polymer substrates have been employed in a wide variety of

         electronic display devices such as organic light-emitting diodes (OLEDs) [38].
          Transparent ITO electrodes are also employed as cell windows for spectroelectro-

           chemistry. Therefore, ITO is a suitable substrate for monitoring both the electro-
         chemical and spectrochemical changes in redox-active Ru complexes immobilized on

            its surface. The phosphonic acid group, which is known to immobilize on ITO
          electrodes, has been employed to anchor the Ru complexes [39]. Furthermore,

             organic phosphonic acids are known to bind zirconium(IV) ions to form a solid two-
           dimensional layer structure, [40]. which demonstrates their suitability for use in a

         layer-by-layer growth method based on redox-active metal complexes. Therefore, we
         developed several new tridentate benzimidazole ligands with phosphonic acid or

            phosphonate ester anchor groups ( ). Alkylation of the imino N H groups ofFigure 5 –

     the benzimidazole moieties using bromoalkyl-diethylphosphonate derivatives
      furnished chelating benzimidazolyl ligands with ethyl-protected phosphonates,

            which were used for the synthesis of Ru complexes [41]. After the ethyl-protected
          phosphonate Ru complexes had been purified, the diethyl phosphonate groups were

         deprotected to provide the corresponding Ru complexes with phosphonic acid
           groups. In particular, the tridentate ligand ( ) contains several methyleneXP Figure 5

           groups on its side-arms; these methylene moieties are sterically hindered, thus fixing
          the conformation of the phosphonic acid anchor groups upon surface immobilization.

         2.3 Molecular design of redox-active Ru complexes with anchor groups

         Ru complexes are substitutionally inert, and the octahedral coordination geometry
           around the Ru ion is maintained throughout the Ru(II/III) redox reaction. Therefore,

            they can be immobilized on a surface to design redox-active molecular devices. When
            three bidentate ligands are coordinated to an octahedral Ru complex, the formation of

               Δ Λand optical isomers is possible, but in the case of Ru complexes surrounded by
    two tridentate ligands with C2v        symmetry, no optical isomers do not exist. Hence,

        surface-confined Ru complexes that contain tridentate ligands with C2v symmetry
        such as 2,6-bis(benzimidazolyl)pyridine with phosphonic acid anchors are often

         selected for surface immobilization [21, 42]. Furthermore, the molecular orientation
             of Ru complexes self-assembled on a surface is crucial to the construction of further

 Figure 5.
           Chemical structures of benzimidazole-containing ligands with phosphonic acid anchor groups and their

abbreviations.
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            layered structures. To maintain the vertical orientation of the Ru complexes on a
          surface, free-standing multipodal anchor groups with phosphonic acid have been devel-

              oped over the last two decades. Several examples are shown in Figure 6 [21, 43–46].
        together with our multipodal tridentate benzimidazole ligand with phosphonate

             anchors, XP. Figure 7 shows a new series of rod-shaped Ru complexes with 2,6-bis
          (benzimidazolyl)pyridine moieties and bi- or tetrapodal phosphonic acid groups at both

             ends that have been repor ted by our group. Mononuclear Ru complex 10 exhibits a
           spherical-shaped structure around the central Ru ion, while th e other dinuclear Ru

                complexes 8, 9, 11, and 12 exhibit a rod-like structure with a Ru–Ru axis [21, 43]. When
             the dinuclear Ru complexes are immobilized on a surface, the Ru–Ru axis can b e

           oriented vertically or horizontally relative to the surface plane. In AFM measurements,
           the obtained molecular heights of the dinuclear Ru complexes 9, 10, and 11 immobilized

             on an ITO surface were consistent with the predicted heights for the vertical orientation
               of the dinuclear Ru complexes at the ITO surface. Ru complexes 8–12 can be dissolved in

             aqueous solution by adjusting the solution pH, given that the phosphonic acid groups at
       both ends of these act as polybasic acids.

     3. Characterization and functionality of surface-immobilized
  redox-active Ru complexes

         3.1 Surface modification by Ru complexes bearing phosphonic acid anchors

          When Ru complexes bearing phosphonic acid anchors are immobilized on an
              ITO or mica surface by immersion of the substrate into a solution of the Ru

 Figure 6.
            Chemical structures of free-standing multipodal phosphonic acid anchor groups on a surface [43 45].–

 Figure 7.
             Chemical structures of rod-shaped dinuclear Ru complexes that bear free-standing multipodal anchor groups at

 both ends.
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            complex, the surface coverage of the Ru complex is dependent on the immersion
            time and the concentration of the complex in the solution. The temporal evolution

           of the surface coverage can be analyzed using the kinetic Langmuir equation
          (Eq. (1)), and curve fitting with a rate constant parameter, .k

Γ t  ¼ Γ s    1  exp kC ∗  tð Þð Þ (1)

             Here, (t , , , and refer to the surface coverage, rate constant, concentrationΓ ) k C t
              of the Ru complex, and time, respectively [33, 46]. A typical kinetic plot for a

              Ru complex with an acridine group at the top is shown in . This–XP Figure 8
         surface-immobilized Ru complex is able to capture double-stranded DNA from–XP

 solution [46].
           Another chemical approach to evaluate the surface coverage is using the ther-

         modynamic Langmuir isotherm based upon the concentration dependence of the
    adsorption of the Ru complex.

Γi= Γ s Γ ið Þ  ¼ exp ΔGads
o

=RTð Þ CB (2)

 Here, Γi  , Γs  , CB   , and ΔGads         refer to the surface adsorption at a given concentra-
            tion, the adsorption at saturation, the concentration of the bulk solution, and the

             free energy of adsorption, respectively. The adsorption of a Ru complex on a mica
             and ITO surface can be fitted with the typical Langmuir isotherm model. The free

            energy of adsorption for Ru complex was found to be 33.4 kJ/mol.9 
           In recent years, several binding modes for the absorption of phosphonic acid

            groups on metal oxides have been proposed based on intensive studies using polar-
       ization modulation infrared reflection adsorption spectroscopy (PM-IRRAS), X-ray

        photoelectron spectroscopy (XPS), and density functional theory (DFT) calcula-
            tions in recent years, and the bidentate or tridentate binding modes are considered

               to be most probable ( ) [30, 32, 34, 44, 47]. The optimum solution pH valueFigure 9
               for the adsorption of Ru complexes depends on the complex ., pH = 6 is8 12– ; i.e 

            optimal for complexes while pH = 4 is better for complex8 11,– 12.
          Atomic force microscopy (AFM) measurements have been used to provide clear

          surface images depicting the adsorption of these Ru complexes, particularly the
           surface morphology ( . height and surface coverage).e.g Fi gure 10 sh ow s AFM imag es

              of Ru complex on a flattened ITO surface. The samples were prepared using two9
             different immersion conditions, ., a dilute solution of the Ru complex with a shorti.e

             immersion time (1 M; 10 min) and a higher concentration solution with a longerμ

                immersion time (25 M; 3 h). As shown on the left inμ Figure 10, for the dilute

 Figure 8.
               Chemisorption kinetics of the Ru complex determined by the temporal evolution of the surface coverage of–XP

                the Ru complex (right) on a mica surface. (left) Plot of contact angle versus immersion time [46].–XP
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             condition, scattered dots were observed on the surface. The average height of the dots
             was approximately 4 m, which is consistent with the height that was predicted forμ

             vertically oriented complex using a molecular model. The AFM image on the right9
              in Figure 10 shows that the surface was fully covered with spherical domains with a

         diameter of 20 –50 m when the concentrated conditions were used.μ

             One advantage of ITO electrodes is that they enable the use of UV vis spectros-–

         copy to monitor the surface immobilization process. Ru(II) complexes bearing
        N-heteroaromatic ligands exhibit a relatively strong metal-to-ligand charge transfer

           (MLCT) band in the visible wavelength region. In particular, the temporal changes
          during the immobilization or multilayering processes of such complexes on modi-

            fied ITO substrates are easily monitored via the absorbance changes in the UV vis–

        spectra. Furthermore, electrochemical methods such as cyclic voltammetry (CV)
           can be used to determine the surface coverage of redox-active Ru complexes

     immobilized on an ITO electrode [48].

          3.2 PCET reaction of Ru-benzimidazole complexes in solution and on ITO
electrodes

          Ru complexes with benzimidazole derivative ligands act as Brønsted acids and
          exhibit proton- coupled electron transfer (PCET) reactions in aqueous solution [49, 50].

 Figure 9.
            Proposed surface binding modes of phosphonic acid groups on a metal oxide (MO x      ) surface (M = metal) [30].

 Figure 10.
                   AFM images of dinuclear Ru complex immobilized on a flat ITO surface using either a 1 M solution of9 μ

                    complex with an immersion time of 10 min (left) or a 25 mM solution for 3 h (right). Plots show9
                cross-sectional height profiles. In the schematic drawings of the surface images, is shown as a cylinders.9
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  For example, [Ru(mbibzim)(bibzimH2 )] 2+    ( ) (mbibzim = 2,6-bis(1-methylben-13
  zimidazol-2-yl)pyridine and bibzimH2  = 2,6-bis(benzimidazole-2-yl)pyridine)

              behaves as a dibasic acid, as shown in . The Ru(II/III) oxidation potential ofFigure 11
              13, which results from a PCET reaction, strongly depends on the pH-value (2 pH<

     < 9) in a Britton–Robinson buffer/CH3        CN(1:1 v/v) solution [14, 49, 50]. The PCET
                reaction of can be described by the square scheme in13 Figure 12, in which complex 13

   is abbreviated as Ru LH– 2         . This reaction involves both electron transfer and proton-
        transfer equilibria. In the half-wave potential/pH plot of 13, t he so-called Pourbaix

           diagram, the half-wave potential is gradually shifted in the negative potential direction
           with increasing solution pH (Figu re 1 3). Ba sed o n this diagr am, t he pK a   valu es of 13

          were determined to be 6.31 and 7.94 for the Ru(II) oxidation state, and < 2 a nd 3 .6 0 fo r
           the Ru(III) oxidation state. When the central pyridine group in the bibzimH2  ligand is

            replaced with a cyclometallated phenylene group, the resulting Ru complex 14 sh ows a
      lower Ru(II/III) oxidation potential than complex 13; the p Ka     valu es o f 14 also in creas e

                 compared to those of 13, ., to 10.91 and 12 for the Ru(II) oxidation state and to 6.46i. e >

       and 9.15 for the Ru(III) oxidation state [51].
            In biological systems, protons play a very important role in reactions and energy

             storage. Proton gradients are the driving force for the synthesis of ATP in biological
          membranes. Applications of proton gradients in energy storage in materials chem-

             istry have shown that PCET chemical systems can be used for energy storage in
            redox batteries and capacitors. Ru complexes and , which show PCET with13 14

   different potentials and pK a        values in unbuffered aqueous solutions, have been used
           to construct two half-cells separated by a Nafion membrane [51]. The Pourbaix

              diagrams of complexes and are shown in ; the initial oxidation states13 14 Figure 14
             of and were Ru(II) and Ru(III), respectively. Upon charging, the oxidation of13 14

              13 from the Ru(II) to the Ru(III) state releases the proton(s), while the reduction of
              14 from Ru(III) to Ru(II) at the other half-cell captures the proton(s). As a result,

 Figure 11.
    Stepwise proton-transfer equilibria of Ru(II)(LMe)(LH2         ) complexes (13: X = N ; 14: X = C) that act as

           Br nsted dibasic acids. The total charge of the Ru complex is omitted.ø

 Figure 12.
                Square scheme of the electron proton equilibria of Ru complexes or as dibasic acids. Numbers in– 13 14

            parentheses indicate the Ru species present in the Pourbaix diagram in .Figure 13
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             the electrical energy was stored as a pH gradient between the half-cells. The concept
             of using a PCET system in this way had been implemented with organic quinone

             derivatives, [52] but its scope was extended to redox-flow batteries by using a pH-
           tunable Fe(III) azamacrocyclic complex as both the catholyte and anolyte based on

        the multiple protonated forms of the Fe complex [53].
          The PCET chemistry of Ru complexes that contain benzimidazole derivatives in

         solution can be extended to surface-bound systems by attaching surface-anchoring
          groups to the Ru complexes as described in the previous section.

              Dinuclear Ru complexes , and ( ) have N H sites that can be15 16, 17 Figure 15 –

           deprotonated on the bridging ligand and the phosphonic acid anchoring groups at
             both ends. When and are assembled on an ITO electrode, the surface-15 16

        immobilized redox-active Ru(II) complexes exhibit a well-defined CV response
            with a typical shape derived from adsorbed chemical species [20]. showsFigure 16

          the CV responses that originate from the Ru(II/III) oxidation process of
            immobilized complex at different pH values; these responses arise from a well-15

       defined two-electron oxidation wave corresponding to the Ru(II) Ru(II)/Ru(III) – –

              Ru(III) PCET process in [24]. Upon changing the pH of the aqueous solution was15
           changed, Ru complexes immobilize stably via the phosphonic acid groups on8 17–

               the ITO electrode at pH = 1.0 9.0, but at pH 9.5, the Ru complexes easily detached– >

   from the ITO surface.

 Figure 13.
       Pourbaix diagram of Ru complex in CH13 3     CN/BR buffer (1/1 v/v) [51].

 Figure 14.
                   Pourbaix diagram for a solution redox battery based on a pair of Ru complexes, and , which both exhibit13 14

   PCET reactions in CH 3    CN/BR buffer (1/1 v/v).
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    The anodic peak current, ipa             , is expressed as shown in Eq. (3), where , , , andn ν A
            Γ represent the number of electrons, scan rate, electrode area, and surface coverage,

           respectively. Therefore, the anodic peak current for complex is linearly propor-15
              tional to the scan rate , indicating that the Ru complex is a surface-bound species.ν

               The total area of the anodic wave is related to the surface coverage of the Ru
        complex, which was determined to be 0.80 10 10  mol cm2.

ipa ¼
n2 F 2 ν

4RT
 AΓ (3)

              Given that the spectral change due to the redox reactions of a monolayer film of
            15 on the ITO electrode can be observed by UV vis spectroscopy, even surface-–

            assembled monolayer films of Ru complexes on an ITO electrode can be detected.

 Figure 15.
             Chemical structures of dinuclear Ru complexes bearing both a benzimidazole bridging ligand from which

             protons can dissociate and free-standing multipodal phosphonic acid anchor groups at both ends [24].

 Figure 16.
               Cyclic voltammograms of Ru complex immobilized on an ITO electrode at different pH values in15

CH3     CN-BR buffer (1/1 v/v) [24].
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              Upon the oxidation of under an applied potential of +0.8 V vs. Ag AgCl at15 –

           pH = 6.5, the differential absorption spectrum demonstrates strong bleaching of the
               MLCT band at 550 nm and - * transitions of the ligands at 364 nm, along withπ π

           absorbance increases at 400 and 750 nm, which are characteristic spectral
    features of Ru(III) L complexes [24].–

          3.3 Fabrication of multilayer films based on Ru complexes by layer-by-layer
 (LbL) growth

          Surface modification using a molecular monolayer film alone enables only a
           single set of functionalities to be incorporated, and the measurable physical quanti-

              ties, such as optical absorption or current value, are very low due to the low
           molecular density on the surface. On the other hand, multi-layer modification has

            the advantages of allowing various molecular units to be deposited at the surface,
           achieving greater increases in physical quantities such as optical density and charge

           stored, and enables the integration of various functionalities at the interface [31].
           Thus, the integration of functional metal complexes on an electrode holds great

         promise for applications in molecular-based devices for photochemical energye.g.
      production/transduction, photocatalysis, and information storage, among other

           applications [54]. To achieve this integration, the LbL assembly method, in which
         multilayer structures are constructed via molecular interactions between two layers

            on a solid surface, is an appropriate technique [39]. LbL assembly using electrostatic
        interactions, [55]. hydrogen bonding, and coordination metal ligand bonds has–

         been reported [21, 56]. Among these, structures based on metal-coordination
           assembly are robust toward environmental changes, such as variations in pH or

    ionic strength, in aqueous solution.
       The formation of well-ordered zirconium(IV) bisphosphonate multilayer films

              is a well-known method for LbL assemblies on a solid surface that has been devel-
              oped by Mallouk and others [40]. This method is based on the reconstitution of a

   two-dimensional layered compound, Zr(HPO 3) 2       , on a gold surface via self-
          assembly of molecular units with metal ions. Starting from self-assembled 4-

          mercaptobutylphosphonic acid on the gold surface as a primer layer, alternate
          immersion of the modified gold substrate into a zirconium(IV) oxychloride solution

            and a bisphosphonic acid solution leads to multilayer films composed of a two-
       dimensional zirconium phosphonate framework structure via LbL growth [40].–

         Similarly, the rod-shaped Ru complexes with polyphosphonic acid groups8 16–

           at both ends were immobilized by self-assembly on an ITO electrode. The
             polyphosphonic acids at one side of the complexes were attached to the ITO surface,

            while the other side of the polyphosphonic acid groups remained free to interact
             with metal ions in solution. Multilayer films of the Ru complexes could thus be

            obtained by successive alternate immersion in a zirconium(IV) ion and a Ru com-
             plex solution ( ) [57]. The immobilized Ru film on the ITO substrate wasFigure 17

        monitored via UV vis spectroscopy, CV, and the AFM-surface-scratching method–

            throughout each stage of the LbL growth. The use of these monitoring techniques
              during LbL growth is shown in with the combination of Ru complexFigure 18 11

    and zirconium as an example.
         In each physical measurement, the physical quantities, such as absorbance,

            amount of charge, and the height of the scratch increased linearly with increasing
             number of layers. Two types of growth models have been proposed for LbL growth

          from the surface-primer points via metal coordination on a solid surface
           ( ) [59]. The first model involves dendritic divergent growth, which wouldFigure 19

            result in an exponential increase in the physical quantities, while the second model
             involves linear growth of a layered structure. In the case of Ru complex ,11

12

      Ruthenium - An Element Loved by Researchers



            the linear increase in the physical quantities such as absorbance indicates the for-
         mation of well-ordered two-dimensional multilayer films on the solid surfaces.

              The use of the LbL method on a solid surface makes it possible to accumulate
         various molecular units with different chemical functionalities by adjusting the

           number of layers and metals in the multilayer films. Furthermore, the sequential
               order of the various complex units can be varied; the units can be arranged in order

      of descending or ascending potential or pK a    to produce hetero-multilayer films.
            Such gradients in the layers play an important role in energy transduction. There-

           fore, coordination programming at the surface is possible via judicious choice of“ ”

            molecular units [60]. For example, when two different complexes A and B are
               assembled into a four-layered film on a solid substrate and a primer layer A is fixed

            as the first immobilized layer, seven combinations can be obtained by varying the
           order of the successive layers (substrate|ABAB, |AAAB, etc.). As a result, various

           films with different potential gradients can be created, and their rectification of
           electron transfer can be evaluated. Finally, in the fabrication of heterolayers using

 Figure 17.
                Illustration of the layer-by-layer (LbL) assembly by successive immersion of a solid substrate such as ITO, mica,

                     or a Si wafer into (i) a solution of a given Ru complex with phosphonate anchors, and (ii) a solution of Zr(IV)
          ions. After washing, this immersion process was conducted repeated several times.

 Figure 18.
                 Illustration of the LbL multilayer film of and monitoring of its LbL growth using UV vis spectroscopy, CV,11 –

                  and the AFM-scratching method, together with a plot of the height of the scratch vs. the number of layers.
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           metal-coordination via the LbL method by immersion in solutions of each compo-
              nent, it is important to ensure that each layer is segregated and that the components

              are not mixed with others within the layer. In particular, care should be taken using
           metal ions with substitutionally labile properties, such as Ni(II) and Co(II) ions.

        3.4 Functionality of LbL-multilayer films based on Ru complexes

          3.4.1 Electron-transfer rate in homo-multilayer Ru complex films on ITO electrodes

         Measuring electron-transfer events in multilayer LbL films composed of redox-
           active Ru complexes on an ITO electrode is fundamental to determine whether

            electrons can be transmitted through the multiple layers of Ru complexes as the
    number of layers is increased.

            CV measurements of homo-multilayer films of (X = N) to evaluate their11
        electron-transfer rate showed two one-electron oxidation waves. With increasing

            number of layers, the peak current during CV increased almost linearly. The peak-
           potential separation between the anodic and cathodic waves was unchanged at a

    scan rate of 0.1 V s 1     , but at 1 V s 1       , the separation increased with an increasing
         number of layers. Using Laviron’s procedure, [61] the heterogeneous electron-

             transfer rate between the Ru complexes in the layers and the ITO electrode was
         determined for different numbers of layers. The electron-transfer rates gradually

           decreased with increasing number of layers, and a small attenuation coefficient was
        obtained from the slope of the plots of ln(kapp        ) as a function of the thickness of

        films (L). The dependence of the electron-transfer rate, k app     , on the distance is
    expressed by the following equation:

k app  ¼ k0  exp Lβf g (4)

     In addition, potential-step chronoamperometry (PSCA) measurements
          furnished a relatively small value for the apparent electron-transfer rate, kapp

   ( = 0.014 Åβ 1  ) [62].
            Multi-layer films of ruthenium complex were grown on an ITO substrate using9

       hydrogen-bonding interactions. In these films, free-standing ruthenium complexes
             of adsorbed on an ITO electrode via its tetrapod phosphonic acid anchors interacts9

             with complexes of that are dissolved in the solution via multiple hydrogen bonds9
               between the free phosphonic acid groups at its surface and those of the complex in9

            solution at pH = 6. Surprisingly, the film thickness of the resulting multiply
          hydrogen-bonded system was controlled by the immersion time and the solution

 Figure 19.
            Illustration of two-layer-growth models: Dendritic divergent growth (left) and linear growth (right) [58].
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           pH. The current voltage ( ) characteristics of the multilayered Ru film grown on– I V–

          ITO were measured with a sandwich-type two-terminal devices using the conduc-
            tive polymer PEDOT:PSS as the top electrode. Based on the observed current, the

           value of the coefficient for the attenuation with increasing film thickness was

    relatively small ( = 0.012 0.021Åβ – 
1

         ) [43]. This small value for the multilayer Ruβ

           complex film system indicates that long-range electron transport can be expected to
            be possible even though the system exhibits low conductivity. To clarify the reason

            for the long-range electron transport in the Ru multilayer film despite its low
      conductivity, first-principles calculations using Green’s non-equilibrium function

          technique and theoretical analysis of the experimental results were performed. The
             results indicated that the metal centers covered with the electrons of the ligandsπ

          become stepping stone sites that provide a resonant tunneling mechanism [43].“ ”

         Small values were also reported for terpyridine-metal-complex nanowires pro-β

      duced by the sequential metal-coordination method [63].

       3.4.2 Redox-active LbL multilayer films in redox capacitors

        As portable electronic devices continue to proliferate, cost-effective cheap
            energy storage devices that are small, flexible, and low cost and provide high

          performance during the charging and discharging cycle are in high demand.
        Molecular-based supercapacitors are promising candidates in terms of these

          requirements. Redox-active Ru complexes are suitable for the fabrication of energy
          storage devices, since multilayer molecular Ru assemblies obtained via the LbL

             method can be scaled by increasing the number of layers, which leads to enhance-
        ment of the electrical capacitance in such films [57].

          The charge discharge properties of a sixty-five-layer film of Ru complex ,– 11
  ITO|(Ru complex )11 65       , were examined under galvanostatic experimental condi-

           tions by applying various constant current densities from 10 to 100 A cmμ  2  . The
            galvanostatic charge and discharge curves show two small plateaus at 0.12 V and

           0.37 V vs. Pt, which correspond to two reversible Ru(II)/Ru(III) redox processes
       ( ). A maximum capacitance of 92.2 F gFigure 20  1      was found at an applied current

   density of 10 A cmμ  2        , but the capacitance decreased to 63.3 F g 1   at the highest

 Figure 20.
      Galvanostatic charge discharge curves of ITO|(Ru complex )– 11 65  in CH3   CN/0.1 M HClO 4   at different current

 densities [57].
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    current density of 100 A cmμ  2        ( ). Stability tests of the Ru multilayerFigure 20
        films ( 1000 galvanostatic charge discharge cycles) showed a capacitance reten-> –

   tion of 72% [57].

         3.4.3 PCET reactions in Ru-multilayer films for energy storage devices

           PCET reactions can be used in energy-storage devices such as redox-flow batte-
             ries or two half-cells in unbuffered aqueous solution as described in Section The4.2.

            frameworks of dinuclear Ru complexes and are basically formed by chemical16 17
             modification of the mononuclear Ru complexes and via the C C coupling of13 14 –

               two or units. Thus, the PCET behaviors of complexes and were almost13 14 16 17
                the same as those of and except that the number of electrons involved in the13 14,

             PCET reaction was doubled to result in a two-electron process due to the C C–

              coupling of two molecular units of and and the surface immobilization on an13 14
              electrode. The Ru complexes and were immobilized by the LbL method on an16 17

             ITO electrode and applied in a redox capacitor device, in which an aqueous solution
            was sandwiched between two electrodes composed of multilayer films of and16 17

           to evaluate the cell performance ( ) [20]. Under galvanostatic conditions atFigure 21
      a constant current density of 10 A cmμ  2    , stable charge discharge behavior–

     occurred, as shown in .Figure 21
            During the charging process, the multilayer acted as the anode and the16

         following oxidation reaction proceeded, resulting in the release of protons:

Ru IIð Þ 2 L NH 2  ! ð ÞRu III 2 L N  þ 2e  þ 2Hþ  : (5)

              At the same time, the multilayer electrode of acted as a cathode, and the17
         following reduction took place, resulting in the capture of protons:

Ru IIIð Þ2L C H 3  þ 2e  þ H þ  ! ð ÞRu II 2 Lc H4  : (6)

 Figure 21.
        Schematic illustration of two half-cells composed of multilayer ITO|( )16 n  and ITO|( )17 n  (top), galvanostatic

                 charge discharge curves for and with different layer numbers, (bottom left), and a plot of the– 16 17 n

        capacitance as a function of (bottom right) [20].n
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       where and are represented as Ru16 17 2LNH n  and Ru2 LC H n   , and LNH n  and LCH n

            indicate the bridging ligand bearing the indicated number of protons on the benz-
          imidazole groups. In other words, the capacitance increased with an increasing

   number of layers [20].
            On the other hand, when all four imino N H protons on the benzimidazole–

           moieties were protected by N Me groups, the capacitance decreased by 77% com-–

            pared to that of the original PCET-type capacitor. This result strongly suggests that
             the proton movement plays a more important role than the anion movement in the

         charge storage. Furthermore, the proton movement accompanying the redox reac-
              tion in the Ru multilayer films on the ITO electrode was confirmed using a pH-

             indicator probe in aqueous solution. In this type of LbL films composed of Ru
         complexes that exhibit PCET-type redox reactions, the capacitance increases almost

        linearly with the number of layers ( ) [20].Figure 21
          To obtain proton rocking-chair-type redox capacitors that use protons as the

          charge carriers, the quinone/hydroquinone couple is often used [52, 64 67]. How-–

          ever, at neutral pH, the electron proton transfer rate of the quinone/hydroquinone–

               couple is slower than that of the Ru(II/III) couple. The use of the LbL method to
          fabricate multilayered structures of redox-active Ru complexes that exhibit PCET is

            advantageous, as the storage capacity can be enhanced by increasing the number of
    redox-active modular units on demand.

       3.5 Sequentially assembled heterolayer films of Ru complexes

           One advantage of the LbL assembly method using metal coordination at the
           interface is that a combinatorial approach can be employed to construct sequentially

    ordered hetero-multilayer films( Section .cf. 4.3)
             Monolayer films of the Ru complexes and on ITO showed two well-defined11 12

                  CV waves at +0.83 and + 1.04 V and at 0.37 and + 0.09 V vs. Fc+/Fc, which were
     assigned to Ru(II) Ru(II)/Ru(II) Ru(III) and Ru(II) Ru(III)/Ru(III) Ru(III) pro-– – – –

            cesses, respectively. Due to the large differences between the potentials of and11
           12 11 12, heterolayer films made from combinations of and exhibited interesting

       electronic/photonic behaviors such as electron-transfer blocking, rectification, and
          vectorial photoelectron transfer. shows the CV responses of theFigure 22

  heterolayer films ITO|( )11 n/( )12 n            ( = 1, 2, where n stands for the number of layers)n
 and ITO|( )12 n/( )11 n         ( = 1,3) and the alternating heterolayer films ITO|( / )n 11 12 4 and

ITO|( / )12 11 4  in CH3    CN (0.1 M HClO4     ) [22, 62]. The ITO|( )11 1/( )12 1  bilayer hetero-
           film exhibited four waves ( ), which correspond to the redox processesFigure 22a

          from both the inner and outer layers; the Ru(II) Ru(III)/Ru(III) Ru(III)11 12 – –

          process of and the Ru(III) Ru(III)/Ru(III) Ru(IV) process of overlap at11 – – 12
              +1.11 V. However, the peak separation of the outer layer of increased at higher12

              scan rates, while the peak separation for the waves from the inner layer of 11
             remained unaffected. This result indicated a slower ET rate from the outer layer of

             12 11due to the higher spatial separation relative to the inner film [22].
   Conversely, for the ITO||( )11 2|( )12 2       hetero-film, in the first scan over the

               potential range of 0.5 V to +0.7 V vs. Fc+/Fc, only oxidative waves from at 11
                +0.83 and + 1.04 V vs. Fc+/Fc were present; no waves from the outer layer were12

             observed (see blue line in ). However, when the potential was scanned inFigure 22a
            the negative direction to 0.5 V, a large cathodic wave appeared at approximately

   0.5 V vs. Fc+         /Fc, and subsequently, a new anodic pre-peak at approximately
              +0.64 V (marked as x) was observed in the potential scan in the positive direction.

              The new pre-peak x was assigned as a catalytic oxidation wave derived from the ET
               of the outer layers through ET mediation; that is, direct ET from the outer12 12

               layer to the electrode was blocked by the bilayer of , and an avalanche ET from11
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              the outer layers to the inner holes in occurred through the potential gradient12 11
                 once a hole was generated in the inner layers at the onset of the first oxidation11 11

             wave ( ). Consequently, the large cathodic peak at 0.5 V was assigned toFigure 23 
              the catalytic reduction wave of the film mediated by the reduction process of the12

               inner film. Furthermore, the sequence of the and layers on the ITO elec-11 11 12
           trode leads to characteristic CV responses depending on the sequence and the

        number of layers, as shown in [62].Figure 22
          Silicon-based heterojunctions play an important role in various types ofpn

          electronic devices, such as diodes, transistors, solar cells and light-emitting diodes
           (LEDs). The potential difference at the junction causes blockage of chargepn

         transport, resulting in a rectification effect. Under photoirradiation, current flows
            through the external circuit, which acts as a silicon-based solar cell. Similarly, the

        photo-response of Ru-complex heterolayer films has been examined [22].
   Photoirradiation of the ITO|( )11 4 /( )12 4    hetero-multilayer film in CH3   CN (0.1 M

HClO 4             ) at the open circuit potential of +0.45 V produced a cathodic photocurrent.
            The action spectrum of this film is nearly identical to the UV vis absorption–

 Figure 23.
         Rectified ET mechanism for the CV response of the ITO||( )11 2|( )12 2      hetero-film shown in [22].Figure 22a

 Figure 22.
               Cyclic voltammograms of heterolayer films of Ru complexes and with varying sequences: (a) ITO|( )11 12 11 n/

( )12 n              ( = 1, 2, where n stands for the number of layers), (b) ITO|( )n 12 n /( )11 n      ( = 1, 3), (c) alternatingn

ITO|( / )11 12 4   and (d) ITO|( / )12 11 4  in CH3    CN (0.1 M HClO 4   ) [22, 62].
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              spectrum of , which indicates the inner layers are the main contributor to the11 11
       photoexcitation, although little photo-response was observed for homo-Ru com-–

     plex multilayer films such as ITO|( )11 n  or ITO|( )12 n     . Interestingly, the direction of
    the photocurrent on the ITO|( )11 4 /( )12 4      heterolayer film switched from tocathodic

            anodic after the application of a potential pulse at 0.5 V. This photo-response
             change arose from the generation of a charge trapping state after the application of

              the pulse; the outer layers of were reduced by the potential, and this reduced12
            state was maintained as a charge-trapping state until holes were generated on the

          inner layers by electrochemical oxidation or photoexcitation. This charge trap-11
            ping state was recognized from the differential Vis NIR spectra, in which a new–

          inter-valence charge-transfer (IVCT) band at 1140 nm appeared for the mixed-
          valence state of ( ). Thus, the heterolayer film ITO|( )12 Figure 24 11 4 /( )12 4 repre-

            sents a typical example of a photo-responsive memory device; the writing process is
                achieved by applying a potential of either 0.5 or + 0.7 V, and the readout process is
          achieved by measuring the direction of the photocurrent [22]. Accordingly, the

            judicious selection of both redox potentials and the sequential ordering of the Ru
            modular units on the ITO surface makes it possible to design functional electronic

       devices such as molecular diodes and memory devices.

       4. Molecular-device applications using Ru complexes on ITO

            The idea of molecular devices is based on a next-generation paradigm to over-
            come the limitations associated with Moore’s law, which states that the number of

            transistors per silicon chip doubles every year, and the use of individual molecules
           as active electronic components. The first single molecular device was the theoret-

            ical proposal of a molecular diode by Aviram and Ratner; [68] subsequently, the
          concept of molecular electronic devices was further developed by Carter [69].

         Various molecules have demonstrated basic electronic functionality as switches, as
           diodes for rectification, and as optical devices, storage devices, and sensing devices

 Figure 24.
                   Switching between the 0 and 1 states by applying potentials of 0.5 V and + 0.7 V in the ITO|( )“ ” “ ”  11 4/( )12 4

        hetero-film (top), and the corresponding photocurrent responses (bottom) [22].
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         for future information technologies [54, 70]. The recent experimental development
      of single-molecular conductance measurements using metal molecule metal junc-– –

            tions [71] has opened a new avenue for the realization of molecular electronic
           devices through the judicious selection of molecules [70, 72 76]. Ru complexes are–

           substitutionally inert in both the Ru(II) and Ru(III) oxidation states, and also
             exhibit fast self-exchange ET rates due to the small reorganization energy of the Ru

           (II/III) couple. Therefore, the use of a mixed-valence Ru(II) Ru(III) complex as a–

          perturbing motif branching from a conducting molecular wire has been proposed
            by Carter. Here, two molecular devices based on Ru complexes are discussed; the

          first is a Ru-complex molecular junction that exhibits rectification switching in
            response to humidity, and the other is a two-terminal memristor device based on

     the PCET reactions of Ru complexes.

          4.1 Rectification switching in Ru complex molecular junctions in response to
 external humidity

        Conductive-probe atomic force microscopy (C-AFM) was employed to measure
           the characteristics of self-assembled monolayers of Ru complexes on an ITOI V–

              electrode. An ITO-coated Pt probe was used as the C-AFM tip in order to employ
             the same material for the top and bottom electrode, and the curves wereI V–

     measured via the two-terminal method [77].
            Under dry (low humidity) conditions, the plots of both mononuclearI V– 10 an d

           dinuclear complex became symmetric in the positive and negative potential range,11
             indicating that the molecules at the junction behaved as a molecular wire or resistor

           (Figure 25). However, under the wet (high humidity) conditions, the I–V curves
          became asymmetric and showed diode-like behavior only for dinuclear Ru complex

            11, while they remained symmetric for . The rectification ratio (= | (-10 R I V)|/|I( )|V
              was found to have a high value of 1000, where | ( )| represents the absolute value I V

             of the forward or reverse current density at a certain voltage. When the measurement
             conditions were changed from wet to dry, the I–V plots for 11 be came symmet ri c

          again. This rectification switching via humidity change occurred repeatedly for 11
          (Figure 26); conversely, such switching was not observed for [77].10

 Figure 25.
                  Structures of Ru complexes (top) and (bottom), log | | curves of the and molecular junctions10 11 I –V 10 11

               under low humidity (5%) and high humidity (60%) conditions, and 2D histograms of the rectification ratio
    (R) at high humidity [77].
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           Several factors need to be considered to explain this behavior. The tip-radius
             affected the asymmetry of the curves, whereby a small tip (50 nm radius)I V–

             leading to a larger rectification ratio on account that water molecules were moreR
             strongly attracted to the smaller tip. However, this effect could not fully explain the

          absence of asymmetry for . Based on combined theoretical and experimental10
         results, water molecules and counter-ion displacement have an important influence

              on two localized molecular orbitals in , and under an applied voltage bias, a large11
         asymmetry was induced externally via water molecules screening the counter-ions.

          Thus, via these rectifying properties, the self-assembled Ru complex molecular11
           junctions act as nanoscale sensors with ON/OFF switching in response to external

 humidity [77].

         4.2 Protonic memristor devices based on Ru complexes with PCET

         Recently, memristors have attracted substantial attention as the fourth passive
          element after resistors, capacitors, and inductors. The memristor was predicted by

             Chua in 1971 as a new electronic circuit element linking charge and magnetic flux,
            [79] and the first example of such a device was demonstrated experimentally in

       2008. This first memristor device consisted of TiO 2-x    sandwiched between two Pt
            metal terminals, in which the oxygen defects led to filament formation, and the

            defects acted as mobile charged dopants and drifted in the applied electric field
              [80]. As a result, the device exhibited a periodic pinched hysteresis loop in its I V–

             curves. Since then, not only metal oxides, but also many other materials such as
          organic polymers and metal chalcogenide films, have been sandwiched between the

             two terminals to fabricate devices with a non-linear hysteretic loop [81, 82]. InI V–

           the two-terminal devices, non-linear changes in the current occur during the volt-
            age sweep, and the associated resistance changes. This type of electric element is

            generally referred to as a memristor. In recent years, the memristor has become
              relevant in the context of the action of synapses in the neuromorphic systems of the

          brain. In biological synapses, ion/molecule migration is used for signal transduction.
             Inspired by the ion migration in the synapse system, we developed a system in

             which a proton serves as the charge carrier at the interface between Ru complexes
         with PCET properties and a proton-conducting polymer such as poly(4-

         vinylpyridine) (P4VP). In Section 4.4.3, a charge-storage system was constructed
             from two electrodes modified with films of the Ru complexes and , which16 17

       show PCET properties in unbuffered 0.1 M NaClO 4     solution, and the resulting two-
          terminal cells showed a stable charging discharging process via a proton rocking-–

        chair-type mechanism. The unbuffered aqueous solution was replaced with

 Figure 26.
       Conceptual illustration of a humidity-switchable molecular diode [78].

21

      Surface-Confined Ruthenium Complexes Bearing Benzimidazole Derivatives: Toward…
 DOI: http://dx.doi.org/10.5772/ TexLi.9I 7071



  proton-conducting P4VP (pKa       4.0 5.2), and the resulting two-terminal–

  heterolayer device, ITO|( )16 3 /P4VP/( )17 3       |ITO, was tested. shows theFigure 27
          typical characteristics of the two-terminal device, which produced 8 shapedI V– “ ”

     and non-linear loop curves [83].I V–

            To elucidate the coupling of the proton-transfer ability of P4VP and the PCET
            reactions of Ru complexes and at the hetero-interface, CV measurements were16 17

    performed in 0.1 M NaClO4        aqueous solution ( ). A large negative poten-Figure 28
          tial shift was observed for the Ru(II/III) peak of the ITO|( )16 3   /P4VP film compared

   to that of ITO|( )16 3         without P4VP. This negative potential shift arises from the
         hydrogen-bonding interactions between the N H benzimidazolyl groups in and– 16

            the pyridine groups in P4VP, based on a previous study of the hydrogen-bonding
        interactions between the N H imino groups in Ru benzimidazole-derivative com-– –

            plexes and -heteroaromatics such as pyridine [84]. In this study, the magnitude ofN
       the shift was strongly correlated to the pK a      values of both components (i.e., the

            complex and the heteroaromatic component) [84]. On the other hand, only a small
         potential shift was observed between the peak of the ITO|( )17 3    /P4VP film and that

 of ITO|( )17 3          without P4VP. The difference between these two systems was attrib-
   uted to the pK a          difference between the Ru complexes in the Ru(II) and Ru(III)

 oxidation states.

 Figure 27.
      I V– plots of the two-terminal device ITO|( )16 3 /P4VP/( )17 3         |ITO, showing ten scans on the same device. The

         blue line indicates the average of the ten scans [83].

 Figure 28.
   Cyclic voltammograms of ITO|( )16 3      /P4VP (blue solid lines) and ITO|( )17 3     /P4VP films (red solid lines),

    together with those of ITO|( )16 3     (blue dotted lines) and ITO|( )17 3        films (red dotted lines), in 0.1 M NaClO 4

              aqueous solution, as well as a schematic illustration of the hydrogen-bonding interactions between the Ru
      complex and the P4VP polymer [83].16
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            In the initial stage, the site of the two terminal device ITO|( )16 16 3 /P4VP/( )17 3 |
        ITO is in the Ru(II) oxidation state with pK a        values in the range of 4.1 8.8, while the–

            17 site on the other side is in the Ru(III) state with Kp a      values in the range of 5.2 9.8.–

 The pKa            value of the intervening P4VP polymer is 4.0 5.2. Thus, the proton gradi-–

            ent across the interfaces is small, and it is equilibrated through hydrogen bonding
                between the P4VP and both and ( ). When a bias potential of +1.5 V16 17 Figure 29

     is applied to the two-terminal ITO|( )16 3/P4VP/( )17 3    |ITO device, redox processes
             occur on the immobilized Ru complexes, namely, the oxidation of from the Ru16

            (II) state to Ru(III) takes place at the positive-potential side of the terminal,
              accompanied by the reduction of from the Ru(III) state to Ru(II) at the other17

          terminal. The resulting redox reactions induce large changes in the pKa    of and16 17
              relative to those of their initial Ru(II) or Ru(III) states, resulting in a large proton

         gradient across the immobilized Ru complex/P4VP interfaces ( ). Specifi-Figure 11
  cally, the pK a            of drops to 3.8, which means that protons are easily released16 <

           upon the oxidation of , while on the side, the p16 17 Ka     increases to 8.4. Given the>

pKa            value of the intervening P4VP is 4.0 5.2, the ( )/P4VP proton transfer equi-– 16
             librium is shifted toward the protonation of the P4VP side, while at the ( )/P4VP17

             side, the equilibrium shifts toward the protonation of the film of upon reduction17
            of the Ru center. The proton conductivity through the protonated P4VP layer is

     improved by the resulting large pK a     gradient, resulting in enhanced conduction
            until the opposite redox reactions take place at both terminals. When the bias

           potential was scanned in the negative direction toward 1.5 V, the p Ka gradient
              returned to the initial state, and the current decreased in the absence of a driving

         force for electron or proton transport between /P4VP and P4VP/ .16 17
   Therefore, the large Kp a          difference in the Ru complexes and induced by16 17

             the PCET redox reactions at the two terminals cause a proton gradient across the
         intervening proton-conducting P4VP, leading to high proton conductivity under an

             applied voltage. The change in the proton gradient due to the PCET redox reaction
           in the two-terminal device can be applied to use the proton-conducting switching

    devices as protonic memristors [83].

 Figure 29.
          Schematic illustration of the proton-conduction switching in the two-terminal device ITO|( )16 3 /P4VP/( )17 3 |

   ITO and the pK a             gradient under the applied positive bias potential. The numbers refer to the pKa   values of the
    Ru(II) and Ru(III) complexes [83].
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       5. Miscellaneous devices based on Ru benzimidazole complexes for–

 solar-energy transduction

       Further important applications for ruthenium complexes include photoredox
       catalysts and dye-sensitized solar cells. In particular, Ru(bpy) 3  or Ru(tpy) 2 deriva-

         tives have been used as photosensitizer dyes on mesoporous TiO2   surfaces in Grä-
           tzel-type solar cells. Over the past two decades, many Ru complexes with

            phosphonate anchors have been reported, [33] and many Ru dyes derived from Ru
(bpy)3         derivatives that contain phosphonate anchors ( ). Additionally, Ru-Figure 30

      2,6-bis(benzimidazole-2-yl)pyridine complexes have been employed as photoredox
             catalysts [85, 86]. The Ru benzimidazole bond is known to be more stable than the–

        Ru pyridine bond in the photoexcited state, rendering such Ru-benzimidazole–

      complexes promising candidates for photoelectrochemical redox catalysts.

 6. Conclusion

      Substitutionally inert ruthenium complexes bearing benzimidazole derivatives
        have unique electrochemical and photochemical properties. In particular, proton-

      coupled electron-transfer in ruthenium benzimidazole complexes endows them–

             with rich redox chemistry and makes them useful as a modular unit for redox
             mediators or reactive sites for switching by external stimuli. In this chapter, the role

        of PCET reactions on Ru benzimidazole complexes in energy-storage applications– 

          and the tuning of metal metal interactions in aqueous solution was emphasized–

           first. Based on this knowledge acquired from solution chemistry, the chemistry of
          Ru complexes confined on an electrode surface via their self-assembling from

           solution for the fabrication of the surface functional molecular devices on electrodes
             was discussed. Indium-tin oxide (ITO) is often chosen as the electrode due to its

            transparency and wide use as a substrate in electronics. To immobilize the redox-
           active Ru complexes on an ITO electrode, tetrapod phosphonic acid anchor groups

 Figure 30.
   Chemical structures of Ru(bpy)3         derivatives that contain phosphonic acid anchors and surface-confined Ru

     catalyst and chromophore catalyst assemblies [85, 86].–
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are often incorporated into tridentate 2,6-bis(benzimidazole-2-yl)pyridine or ben-
zene ligands, which enables the construction of free-standing self-assembled 
monolayer structures on an ITO electrode. Starting from this monolayer as a primer 
layer, multilayer films can be constructed by the LbL layer growth method. The 
resulting multilayers using redox-active Ru complexes as a modular unit exhibited 
long-range electron transport even in films with over 60 layers (100 nm thick) 
through the “stepping-stone” mechanism. Furthermore, a combinatorial approach 
to LbL layer growth can be used to obtain bespoke functional heterolayer films via 
material design. Using this strategy, blocking of electron transfer or rectification 
can be made to occur in such Ru complex heterolayer films, which results in charge 
trapping; the trapped electrons can subsequently be released via photo-irradiation, 
which leads to the new concept of photo-responsive memory devices. The CV 
response of multilayer films of Ru complexes with PCET depends strongly on the 
pH value. By judicious selection of the redox potentials and pKa values of the two Ru 
complexes with PCET properties, two-electrode cells based on the Ru complex 
multilayer films that acted as proton rocking-chair-type redox capacitors can be 
obtained. Furthermore, by sandwiching a proton-conducting polymer between two 
Ru multilayer terminals, new type of protonic memristor device can be fabricated.

Therefore, surface-confined Ru complexes exhibit highly promising potential 
for the development of new functional molecular-based devices.
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Chapter 4

Mechanisms  of
Photoisomerization   and  Water

Oxidation   Catalysis  of
Ruthenium(II)   Aquo  Complexes

Yuta   Tsubonouchi,   Eman   A.   Mohamed,   Zaki   N.  Zahran
and   Masayuki  Yagi

Abstract

Polypyridyl   ruthenium(II)   complexes   have   been   widely   researched   as  promising 
functional   molecules.   We   have   found   unique   photoisomerization   reactions  of 

polypyridyl   ruthenium(II)   aquo   complexes.   Recently   we   have   attempted   to  provide 
insight   into   the   mechanism   of   the   photoisomerization   of   the   complexes   and  distin-

guish   between   the   distal / proximal-isomers   in   their   physicochemical  properties 
and   functions.   Moreover,   polypyridyl   ruthenium(II)   aquo   complexes   have  been 

intensively   studied   as   active   water   oxidation   catalysts   (WOCs)   which   are  indis-
pensable   for   artificial   photosynthesis.   The   catalytic   aspect   and   mechanism   of  water 

oxidation   by   the   distal-/proximal -isomers   of   polypyridyl   ruthenium(II)  aquo 
complexes   have   been   investigated   to   provide   the   guided   thought   to   develop  more 

efficient   molecular   catalysts   for   water   oxidation.   The   recent   progress   on  the 
photoisomerization   and   water   oxidation   of   polypyridyl   ruthenium(II)  aquo 

complexes   in   our   group   are   reviewed   to   understand   the   properties   and   functions  of 
ruthenium  complexes.

Keywords:   Ruthenium   aquo   complexes,   Photoisomerization,   Water  oxidation 
catalysis,   Artificial  photosynthesis

 1. Introduction

                       Polypyridyl ruthenium(II) complexes have been widely researched as promising
                             functional molecules due to appealing photochemical [1 3] and photophysical [4 6]– –

                                         properties as well as redox properties [7, 8], which enable them to exhibit a number
                          of functions such as electrochromism [9, 10], proton-coupled electron transfer

                              [11 13] and photocatalysis [14, 15]. As a result, the polypyridyl ruthenium(II)–

                                   complexes have been applied to a large variety of devices including sensors [16],
                          photovoltaic cells [17], displays [18] and artificial photosynthesis [19, 20].

                    We presented irreversible and stoichiometric photoisomerization of -[Rudistal
(tpy)(pynp)OH2 ]2+            ( - ) (tpy = 2,2d 1 0 ;6 0          ,2 -terpyridine, pynp = 2-(2-pyridyl)-1,8-″

     naphthyridine) to -[Ru(tpy)(pynp)OHproximal 2]2+                  ( - ) as shown inp 1 Figure 1
                           [21 23], which had not been characterized previously for polypyridyl ruthenium–

1



         (II) aquo complexes although various photochemical reactions of the ruthenium(II)
           complexes have been reported [24 33]. We have attempted to provide insight into–

         the mechanism of the photoisomerization of polypyridyl ruthenium(II) aquo com-
        plexes and distinguish between the / -isomers in their physicochem-distal proximal

           ical properties and functions [21 23, 34 36]. We have also developed new synthetic– –

        strategy to form dinuclear ruthenium(II) complexes utilizing the photoisome-
         rization [37, 38]. Moreover, polypyridyl ruthenium(II) aquo complexes have been

              intensively studied as active WOCs [21, 22, 34, 35, 37, 39, 40] which are indispens-
          able for artificial photosynthesis. The catalytic aspect and mechanism of water

       oxidation by the -/ -isomers of polypyridyl ruthenium(II) aquodistal proximal
           complexes have been investigated to provide the guided thought to develop more

           efficient molecular catalysts for water oxidation. In this chapter, we review the
         recent progress on the photoisomerization and water oxidation of polypyridyl

     ruthenium(II) aquo complexes in our group.

      2. Photoisomerization of polypyridyl ruthenium(II) aquo complexes

         With respect to the photoisomerization of polypyridyl Ru(II) aquo complexes,
   the photoisomerization of -[Ru(bpy)cis 2 (OH2 ) 2]2+   (bpy = 2,20   -bipyridine) to its

             trans form in aqueous media was first reported by Meyer [24]. The mechanism of
            the photoisomerization reaction was later investigated by Planas et al. [41]. In this

              case, the form was present as a photostationary state and slowly went back totrans
           the original form. To the best of our knowledge, the -[Ru(bpy)cis cis 2 (OH2 )2 ]2+ had

          been the only one polypyridyl Ru(II) aquo complex that exhibits photoisome-
           rization behavior before we presented the photoisomerization of - to - [21].d 1 p 1

       Furthermore, we reported the reversible photoisomerization equilibrium between
  distal- and proximal-[Ru(tpy)(pyqu)OH2 ]2+        ( - and - ) isomers with a ligand ofd 2 p 2

         2-(2-pyridyl)quinoline (pyqu) instead of pynp, in contrast to the irreversible
           photoisomerization of - to - . The aspect and mechanism of the irreversibled 1 p 1
           photoisomerization of - are first described, followed by those of the reversibled 1

     one of / - in this section.d p 2

    2.1 Irreversible photoisomerization of -[Ru(Xtpy)(pynp)OHdistal 2] 2+  to the
proximal-isomer

      Photoisomerization behavior of - was investigated byd 1 1   H-NMR and UV Vis–

        spectroscopy. Upon irradiation of visible light to a D2      O solution of - , the NMRd 1

 Figure 1.
  Photoisomerization of [Ru(Rtpy)(pynp)OHdistal- 2 ] 2+  to isomers.proximal-
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             peak at 9.6 ppm due to - decreased with the irradiation time and disappearedd 1
           completely after 25 min under the experimental conditions ( ) [21]. TheFigure 2A

              new peak at 8.9 ppm assigned to - increased with the concomitant decrease of - .p 1 d 1
            Figure 2B 1 1displays the concentration profile of -d and -p , which indicates that

         irreversible and stoichiometric photoisomerization from - to - proceeds ind 1 p 1
             water by visible light irradiation ( ). By contrast, no isomerization of - inFigure 1 d 1
          water was found to occur under thermal treatment. The photoisomerization rate

          showed a first-order dependence on - concentration, and the kinetic analysisd 1
     provided the observed rate constant ((k d-p) obs /s 1     ) of photoisomerization ( todistal

     proximal) to be 4.1 x 103 s1        under the conditions employed ( 420 nm,λ >

  180 mW cm2   ). The (kd-p )obs        values increased linearly with respect to the light
    intensity below 255 mW cm2        , indicating that the photoexcited state participated in

        photoisomerization under the employed conditions. Arrhenius plots of the
            photoisomerization gave a straight line in a range of 10 35°C, providing

  41.7 kJ mol1    of activation energy (E a       ) for the photoisomerization ( ). Inter-Table 1
  estingly, the (kd-p )obs           value decreased drastically at pD 7 (pD = log [D>  +  ]), while

            it was unchanged over pD 1-7. The UV Vis spectrophotometric pH titration of -– d 1
 gave pKa             of 9.7 attributed to the deprotonation of an aquo ligand to form the

  hydroxo complex, -[Ru(tpy)(pynp)OH]distal +     . The trend of (k d-p ) obs change
             depending on pH corresponds to the fraction of - (aquo form) dissolved in thed 1

             solution versus pH, suggesting that the hydroxo form of - is inert for thed 1
  photoisomerization [21, 22].

           The internal quantum yield ( ) for photoisomerization, which is defined as theΦ

            ratio of the number of the photoisomerized complexes to the number of incident
             photons of a given energy, was estimated from the UV vis spectral change in the–

         experiment under monochromatic light irradiation (520 nm, 26.4 mW cm2  ). The
        Φ values were calculated according to the following equation:

 Φ ¼
hcNA kpi nint

 p A Tλ 1‐ð Þ
(1)

   where , ,h c NA  , kpi  , nint             , , , and are Plankp λ A T ’s constant, the speed of light,
          Avogadro’s number, the rate constant for photoisomerization, initial amount of the

         complex, photon flux, wavelength, the irradiated area and the transmittance,

 Figure 2.
   (A) Time course of 1           H NMR spectral changes during the photoisomerization of in Dd-1 2     O with 180 mW cm2

                  visible light irradiation ( 420 nm). (B) Kinetic profiles of (red circle) and of (blue square).λ > d-1 p-1
         (Reproduced with permission of American Chemical Society from ref. [21]).
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             respectively. The values for photoisomerization from - to - are 1.5 and 0.31%Φ d 1 p 1
          at 0.088 and 3.9 mM, respectively, as shown in .Table 1

          In order to investigate influence of chloro substituent on photoisomerization of
   d distal proximal- ,1 - and -[Ru(Cl-tpy)(pynp)OH2]2+      ( - and - ; Cl-tpy = 4d Cl1 p Cl1 0 -

chloro-2,20 ;60        ,2 -terpyridine) complexes were prepared. When an aqueous solution″

            of - was irradiated with visible light ( 420 nm, 180 mWcmd Cl1 λ >
2   ), the stoichio-

              metric photoisomerization of - to - was observed as it is for - ( ).d Cl1 p Cl1 d 1 Figure 1
           The rate constant for photoisomerization of - was estimated to be (d Cl1 kd-p) obs =

  4.9 x 103 s 1       [35], which is higher than that ((kd-p ) obs    = 4.1 x 10 3 s1   ) [22, 34]
             observed for - under the same conditions ( ). Additionally, the value ofd 1 Table 1 Φ

         d d- (2.1%) is higher than that ( =1.5%) ofCl1 Φ - .1
        Several groups reported that some polypyridyl complexes undergo photo-

       substitution reactions the triplet metal centered (via 3    MC) state from the 3 MLCT
           excited state [25 27]. According to the reports, a possible mechanism for the–

          photoisomerization of - and - isomers was speculated as follows. Thed 1 p 1 3MLCT
            excited state of - is generated by absorption of visible light. The photo-d 1

            dissociation of the aquo ligand from the exited - proceeds through the thermald 1
accessible 3          MC state, leading to the formation of the penta-coordinated [Ru(tpy)
(pynp)]2+           intermediate. The - isomer is formed by re-coordination of a waterp 1

           molecule to the penta-coordinated intermediate from the opposite direction of a tpy
      plane. The temperature-dependent transient absorption spectroscopic measure-

           ments of - suggest existence of the thermally activated process from thed 1 3MLCT
   state with an Ea    of 49 kJ mol 1        [22], which is close to those from the 3   MLCT state to

the 3           MC state reported for various polypyridyl Ru complexes [42 45]. The agree-–

   ment of the E a    value (49 kJ mol1      ) with that (41.7 kJ mol 1    ) calculated from the
          Arrhenius plot for the photoisomerization ( ) also supports the possibilityTable 1

           that a main activation process of the photoisomerization reaction is the thermal
  transition from the 3    MLCT state to the 3     MC state. However, Density functional

 Complexes λ max  / nm pKa c Ru /

mM

  Photoisomerization parameters Ref.

 (ε / M1 cm 1) (kd-p )obs /

s1b
(kp-d )obs /

s1b
 Φ / %

   ( = 520 nm)λ

Ea /

kJ

mol1

         d-1 527 (9,300) 9.7 0.088 n.m. 1.5 n.m. [21]—

   3.9 4.1 x 103
   — 0.31 41.7 [34]

       p-1 524 (9,300) 10.7 3.9 n.r— — — [21]

         d-Cl1 524 (8,600) 9.3 0.088 n.m. 2.1 n.m. [35]—

   3.9 4.9 x 103
  — n.m. n.m.

       p-Cl1 518 (8,900) 10.9 3.9 n.r— — — [35]

       d-2 501 (8,300) 9.4 3.9 1.2 x 102
   — 1.1 23.3 [34]

        p- 502 (8,700) 10.5 3.9 4.3 x 102 —
3   0.34 30.6 [34]

         d-3 614 (5,700) n.m. 2.0 n.m. 0.05 n.m. [37]—

         p- 612 (6,200) n.m. n.m. n.m. n.m. n.m. [37]3 —

acRu                is concentrations of ruthenium complexes. The marks of n.m. and n.r. mean not measured and no“ ” “ ” “ ” “

 reaction , respectively.”

b                 The filtered halogen lamp was used for visible light irradiation ( 420 nm, 180 mW cmλ >
2).

 Table 1.
             Summary of the observed rate constants and internal quantum yields of photoisomerization of / - ,d p 1

      d p d p d p/ - ,Cl1 / - and2 / - isomers at 25 C.3 ° a
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         theory (DFT) calculations suggested a different activation process, where the
      distal proximal-penta-coordinated intermediate changes the conformation to -penta-

         coordinated intermediate for - while maintaining the otherwise octahedral struc-p 1
   ture of - [22].d 1

        To obtain deeper mechanistic insights into the irreversible photoisomerization,
the 3             MLCT excited states of the - and - were characterized by the time-resolvedd 1 p 1

        infrared spectroscopy (TR-IR) [36]. The decay of the photoexcited 3  MLCT states
             for both isomers were investigated by the TR-IR analysis, and the lifetimes of the

                excited state for the - and - were determined to be 9.7 ns and 6.4 ps, respec-d 1 p 1
      tively. In general, the decay of the 3       MLCT excited states of Ru polypyridyl com-
           plexes occurs on nanosecond timescale or above, because the transition from a

              triplet excited state to a singlet ground state is forbidden by spin selection rules. The
             very short excited lifetime (6.4 ps) for - imply that a non-radiative process fromp 1

the 3             MLCT state was accelerated, so that - is inert for photoisomerization to - .p 1 d 1
      The large difference in lifetimes of the 3       MLCT state between - and - wasd 1 p 1

           interpreted by geometry optimization calculations using DFT of both - and -d 1 p 1
     isomers in the singlet ground (S0  ) and 3  MLCT (T1      ) states. While both the structures

       of - and - isomers in the Sd 1 p 1 0         states (indicated by lighter color atoms in )Figure 3
            show no considerable distortion, the aquo ligand was restricted by a hydrogen bond

                (1.48 Å) between its H atom and an N atom on the pynp ligand for - . Thep 1
  transition from S0   state to T 1          state of - results in a significant change in thed 1

               dihedral angle of the pynp plane to the tpy plane from 180° to 161°, together with
           bending at the bond between the naphthyridine and pyridine rings. The distortion

             for - is likely to originate from the steric hindrance between the extended *-d 1 π

               orbital of the pynp ligand and the -orbital of the tpy ligand owing to the chargeπ

       localization on the pynp ligand in the T1          state. In the case of - , on the other hand,p 1
            no considerable distortion was observed in the transition ( ), but the Ru-OFigure 3

             (1.98 Å) and hydrogen bonds (1.06 Å) between the pynp and the water ligands
              were shorter compared with the Ru-O (2.12 Å) and hydrogen bonds (1.48 Å) in the

S 0             state. The shortened hydrogen bond is attributed to the charge localization on the
    pynp ligand in the T1 state.

             Figure 4 1 1shows the DFT-calculated energy diagram of -d and -p in the S0 , T1

 and putative 3      MC states. - in the Sp 1 0          state is more stable than - by 65 kJ mold 1 1

            because of hydrogen bond interaction between the pynp and the aquo ligand. The
    energy difference between the S0  and T1       states for - is 176 kJ mold 1 1   , which is

      remarkably higher than that (101 kJ mol 1       ) for - . The higher energy differencep 1
               for - is mainly due to the significant distortion of the pynp ligand on the transitiond 1

  from the S0  to T1             states ( ). As a result, the energy of - in the TFigure 3 d 1 1  state is
       higher than that of - in the Tp 1 1     state by 140 kJ mol 1    . Considering the similar

         ligand field for both isomers, the energy difference in the 3    MC state between -d 1
             and - is assumed to be not as much as that (140 kJ molp 1 1) in T 1    states. For - , thep 1

3                MC state is presumed to be located at much higher energies than that in the T 1
              state. This suggests the possibility of the different decay mechanism of - in the Tp 1 1

             state from the case of - (usual lifetime of 9.7 ns), exhibiting the non-radiatived 1
    decay through the thermally populated 3       MC state. The possible mechanism is direct

   relaxation of the T 1  to S 0         states according to the energy-gap law: the decay rate
          decreases exponentially with increasing the energy gap between excited and ground

           states [46 48]. Considering almost the same geometries of - between the S– p 1 0 and
T1               states, the law can be applied as the weak coupling limit. The lower energy band

    gap of 101 kJ mol1   between the S 0  and T 1       states for - could explain the shortp 1
            lifetime, at least qualitatively, based on the energy gap law. The direct relaxation

           mechanism is consistent with the non-thermal decay process suggested by the very
           quick decay (unusual lifetime of 6.4 ps) for - in the Tp 1 1    state. The direct relaxation
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   process from the T1    states to the S0    state (not thevia 3     MC state) could explain the
   inert photoisomerization of - .p 1

      2.2 Reversible photoisomerization between - and -[Ru(tpy)distal proximal
(pyqu)OH2 ]2+ isomers

           The photoisomerization between - and - was examined to reveal the influ-d 2 p 2
            ence of structures of bidentate ligands on the photoisomerization of - ( )d 1 Figure 5

        [34]. On irradiation of visible light to a D2        O solution of - , the 8.9 ppm peakp 2
    characteristic of - in thep 2 1        H NMR spectrum ( ) decreased with increas-Figure 6A

          ing the 9.5 ppm peak assigned to the - isomer. Thed 2 1    H NMR spectral change
             reached saturation in 5 min, while the 8.9 ppm peak did not completely disappear.

            This result suggests that the photoisomerization of - to - reaches a photo-p 2 d 2
          stationary state ( ). This shows that irreversible photoisomerization alters toFigure 5

             reversible one by the replacement of the pynp ligand to pyqu in mononuclear Ru
              aquo complexes [21, 22]. From the integrated peak areas at 8.9 and 9.5 ppm, the

           equilibrated concentration ratio of - : - was calculated to be 76:24 ( ).p 2 d 2 Figure 6B
              The kinetic profiles of the photoisomerization of - to - were well fitted with ap 2 d 2

           reversible reaction model, giving the observed rate constants of the forward reac-
   tion ( toproximal distal, ( kp-d )obs /s1      ) of 4.3 0.1 10  3 s 1    and the back reaction

  ( todistal proximal, (k d-p) obs /s 1       ) of 1.2 0.03 10  2 s1   under the conditions
       employed ( 420 nm, 180 mW cmλ >

2       ), respectively ( ) [34]. The observedTable 1
     equilibrium constant were given to Kobs  (= (kp-d )obs/(k d-p) obs   ) = 0.34  0.01 under

 Figure 3.
          Overlay of optimized structures of - and - in the Sd 1 p 1 0    (lighter color) and T 1     (deeper color) states. The top

                and bottom structures are illustrated from the horizontal directions of the pynp and tpy planes, respectively. The
                colored labels of atoms are as follows: Green, Ru; gray, carbon; red, oxygen; blue, nitrogen; white, hydrogen.

        (reprinted with permission from ref. [36] copyright 2015 Elsevier).

6

      Ruthenium - An Element Loved by Researchers



    the employed conditions. Both (kp-d) obs  and (k d-p )obs    increased linearly with respect
       to light intensity up to 180 mW cm2        , suggesting that the photoexcited states of -p 2

            and - isomers are also involved in the forward and back reactions, respectivelyd 2
     [34]. As shown in Figu re 7, ( kp-d) obs  and (k d-p) obs        decreased from pD = 8 to 12, and

              the photoisomerization did not take place at all above pD =12 [34]. This result implies
      that both hydroxo isomers, - and -[Ru(tpy)(pyqu)OD]proximal distal +   are inert for

         the forward and back photoisomerization reactions, respectively, as observed in
   the case of -[Ru(tpy)(pynp)OH]distal +     [21, 22]. The pD-dependent (kp-d )obs and

(kd-p) obs            analysis demonstrated inflection points at pD = 10.5 and 9.8 for the

 Figure 4.
         DFT-calculated energy diagram of - and - in the Sd 1 p 1 0  and T 1       states. The speculated energy levels of Tn

3 MC
             states were described. (see text) (reprinted with permission from ref. [36] copyright 2015 Elsevier).

 Figure 5.
     Photoisomerization equilibrium between - and -[Ru(tpy)(pyqu)OHproximal distal 2] 2+

  ( - and - )p 2 d 2
isomers.
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           forward and back reactions, respectively. These values are close to the p Ka  of -p 2
(pKa     = 10.5) and - (pd 2 K a        = 9.4) ( ). The difference in pTable 1 Ka  values (1.1)

         between - and - results in the markedly pD-dependentp 2 d 2 Kobs   values (inset of
  Figure 7). Ko b s          i n c r e a s e d a b o v e p H = 9 , a n d r e a c h e d i t s m a x i m u m va l u e

(K o b s                = 2 . 5 ) a  t p H = 1 2 . T h i s t r e n d i s c o n s i s t e n t w i t h t h e o b s e r v a t i o n t h a t t h e y i e l d
           o f d- 2 g e n e r a t e  d i n t h e p h o t o i s o m e r i z a t i o n r a i s  e d f r o  m 2 6 – 6 5 % o n i n c r e a s i n g f r o m

   p H 5 . 7 t o 1 2 .
     The thermal dependent kinetics for (kp-d )obs  and (kd-p ) obs   in a temperature

      range of 25 to 70°C gives Ea          = 30.6 2.9 and 23.3 2.1 kJ mol  1    for the forward and
     back reactions, respectively. The higher Ea     of the forward reaction ((k p-d) obs)

     compared to the back one ((kd-p ) obs         ) is attributable to the unfavorable loss of the
            hydrogen bond (C-H O) between the H atom bonded to 8-C of the quinoline

              moiety of the pyqu ligand and the O atom of the aquo ligand upon water

 Figure 6.
   (A) Time course of 1               H NMR spectral changes during the photoisomerization of - (3.9 mM, pD = 8.4) withp 2

 180 mW/cm2        visiblelight irradiation ( 420 nm) in Dλ > 2          O. (B) Kinetic profiles of - (blue square) and -p 2 d 2
             (red circles). (reproduced from ref. [34] with permission of John Wiley Sons, Inc.).&

 Figure 7.
     Plots of observed rate constants ((kp-d) obs  and ( k d-p)obs         ) vs. pD for the photoisomerization reactions shown in

         Figure 5. Visible light ( 420 nm, 180 mW/cmλ >
2          ) was irradiated to the - (3.9 mM) in Dp 2 2  O at 2 5°C. Inset

      shows diagram of observed equilibrium constants Kobs         vs. pD. (reproduced from ref. [34] with permission of
    John Wiley Sons, Inc.).&
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        dissociation for photoisomerization. The van t Hoff plots for’ Kobs gave
      ΔH = 7.7 2.7 kJ mol 1          , that is close to enthalpy for the hydrogen bond

  (5.4 kJ mol1        ) of C-H O in the benzene-water complex [49].
           The values for the forward and back photoisomerization reactions were esti-Φ

           mated to be 0.34% and 1.1% from the experiments using monochromatic light
    (520 nm, 26.4 mW cm2           ) (Table 1 -2). The higher (1.1%) ofΦ d compared to that

             (0.34%) of - could be attributed to the enthalpy of hydrogen bond (C-H O) ofp 2 
               p p- (decreased for2 Φ - ) and the steric repulsion between the H atom bonded to 8-2

                C of the quinoline moiety of pyqu and the tpy plane for - (increased for - ).d 2 Φ d 2
               The value of 1.1% for photoisomerization from - to - is 3.5 times higher thanΦ d 2 p 2

            that (0.31%) for the photoisomerization from - to - under the same concentra-d 1 p 1
             tion [34]. This could also be ascribed to the dominant steric repulsion between the

                tpy ligand and the H atom bonded to 8-C of the quinoline ring of pyqu for - ,d 2
           compared to the repulsion between the tpy ligand and the uncoordinated nitrogen

       of the naphthyridine ring of pynp for - .d 1

         2.3 New synthetic strategy for dinuclear ruthenium(II) complexes utilizing the
photoisomerization

          The photoisomerization of Ru(II) aqua complexes was applied to the strategic
            synthesis of dinuclear Ru complexes that are difficult to be synthesized by conven-

           tional thermal reactions so far. Herein, we succeeded to newly synthesize several
    dinuclear Ru(II) complexes, , -[Ruproximal proximal 2 (tpy)2 LXY]3+   (L = 5-phenyl-

         2,8-di(2-pyridyl)-1,9,10- anthyridine, X and Y = other coordination sites; denoted
 as , -p p Ru2          XY) utilizing the photoisomerization of a mononuclear Ru aquo complex

             [37]. The tetradentate backbone ligand L was used to form a , -proximal proximal
        dinuclear Ru(II) structure ( ). The reaction of [Ru(tpy)ClFigure 8 3    ] with L gave

distal-[Ru(tpy)LCl]+          ( - ) selectively in ethanol in a 59% isolated yield. Thisd 3Cl
              selective formation of - was possibly caused by the steric hindrance of L with ad 3Cl

       chloro ligand. - was then converted to -[Ru(tpy)LOHd 3Cl distal 2 ]2+   ( - ) by chlorod 3
              subtraction with a silver salt in water in a 90% isolated yield. The thermal reaction

       of - with a second ruthenium center [Ru(tpy)Cld 3 3      ] for dimerization failed to give

 Figure 8.
         Synthetic scheme of a -Cl bridged dinuclear ruthenium complex, , -μ p p Ru2    ( -Cl)μ using photoisomerization of

          d- . (reproduced from ref. [37] with permission of American Chemical Society).3
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         the , -dinuclear Ru(II) complex owing to the steric hindranceproximal proximal
            located between the tpy ligand on the - and the one on [Ru(tpy)Cld 3 3   ]. However, if

     the photoisomerization of - to -[Ru(tpy)LOHd 3 proximal 2 ]2+   ( - ) is utilizedp 3
           ( ), the steric constraint of - for formation of the , -Figure 8 d 3 proximal proximal 

          dinuclear Ru(II) species could be avoided. The photoisomerization of - stoichio-d 3
          metrically progressed to form - in water/ethanol mixture under visible lightp 3

            irradiation ( 420 nm). The subsequent thermal reaction of - with [Ru(tpy)Clλ > p 3 3 ]
     in water/ethanol mixture successfully generated , -[Ruproximal proximal 2 (tpy) 2L( -μ

Cl)]3+ ( , -p p Ru 2          ( -Cl)μ in a 67% isolated yield that was unambiguously characterized
     by X-ray diffraction [37]. The , -p p Ru 2      ( -Cl)μ was converted to the ,proximal proxi-

mal-[Ru2(tpy) 2L( -OH)]μ 3+ ( , -p p Ru 2       ( -OH)μ ) in neutral or slightly basic aqueous
         medium via substitution of the -Cl bridge with an OHμ

      ion as shown in Figure 9
   [37, 38]. The , -p p Ru2      ( -OH)μ was then converted to , -[Ruproximal proximal 2(tpy) 2L

(OH)(OH2 )] 3+ ( , -p p Ru 2(OH)(OH2         )) via insertion of a water molecule to the
      central core to reach equilibrium between , -p p Ru2    ( -OH)μ ( 10%) and , - p p

Ru2(OH)(OH 2).

       3. Water oxidation catalysis by ruthenium(II) aquo complexes

        The mononuclear ruthenium polypyridyl aquo complexes are promising WOCs
           to understand water oxidation chemistry and provide the guided thought for effi-

           cient WOCs because of their simple structures, high catalytic activities, ease of
       chemical modification, and informative knowledge including catalytic mechanisms

             [13, 21 23, 34, 35, 40, 50 52]. Controlling the electron density on the metal center– –

              as an active site by alternating the substituent groups on their ligands is a common
          approach to reveal the mechanism and influencing factors for water oxidation

catalysis.
             The molecular WOCs take part in the process of the four electrons and four

          protons removal from two water molecules, either consecutively or concerted, to
            form the O-O bond. Understanding the mechanism of the O-O bond formation is

           vital in improvement of molecular WOCs. Two main classes of proposed reaction
           mechanisms at metal centers are shown in ; water nucleophilic attackFigure 10

             ( ) on metal-oxo centers (M = O) and interaction of two M-O centers ( )WNA I2M
          [53 56]. In the mechanism ( ), an electrophilic high-valent metal-– WNA Figure 10a

 oxo (M n+            = O) species is formed via multiple consecutive oxidation steps. A nucle-
        ophilic attack of a water molecule on the M n+       = O species occurs, that leads to

    formation of a hydroperoxide (M(n 2)+     -OOH) species. Further oxidation and

 Figure 9.
     Reversible bridging-ligand substitution reactions among , -p p Ru2  ( -Cl) Ruμ , , -p p 2  ( -OH) Ruμ p p, - 2 (OH)

(OH2 ).
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    deprotonation steps generate a M(n 1)+ -OO    intermediate, which releases O 2 and
  converts to M(n 2)+ -OH2    with incorporation of OH 2      . A lot of mononuclear com-

           plexes have been proposed to undergo the mechanism for water oxidationWNA
               [21 23, 34, 35, 40, 51, 52, 57, 58]. In the mechanism ( ), the coupling– I2M Figure 10b

   of either two Mn+        -O oxyl radicals or coupling of one M n+    -O oxyl radical with
 another Mn+          -O unit of a non-radical character affords a peroxo M n+-O-O-M n+

   intermediate, which releases O 2     and returns to 2 M(n 2)+ -OH 2   with incorporation of
OH2            . It involves intramolecular [37, 59, 60] and intermolecular [61, 62] pathways.

           In this section, we introduce our recent progress on chemical and electrochem-
          ical water oxidation catalyses by mono- and dinuclear ruthenium(II) aquo com-

          plexes in homogeneous systems. Firstly, substitution effects on the catalytic activity
         and mechanism of mononuclear ruthenium(II) aquo complexes for chemical water

           oxidation are described in Section 3-1. Secondly, the difference in the catalytic
        properties between / -isomers is explicated in Section 3-2. Finally,distal proximal

          the electrocatalytic activities of a series of dinuclear ruthenium(II) complexes are
   discussed in Section 3-3.

         3.1 Substitution effect on the catalytic activities of mononuclear ruthenium
   complexes for water oxidation

      To investigate the catalytic aspects of [Ru(Rtpy)(bpy)(H2 O)]2+

  (Rtpy = 2,20 :6 0         ,2 -terpyridine derivatives) complexes ( ) having a variety of 4″ 4R 0 -
          substituent groups on Rtpy ligand ( ), chemical water oxidation experi-Figure 11

          ments were performed in a homogeneous aqueous solution using a CeIV  as a

 Figure 10.
            Schematic representation of the two mechanistic pathways for O-O bond formation. (reproduced with

      permission from ref. [20]. Copyright 2019 Wiley).
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         sacrificial oxidant [39, 40]. For (R = EtO), O4EtO 2    was significantly evolved from
      the catalytic solution, and the amount (nO2   / mol) of Oμ 2   evolved increased linearly

                  until 100 min and then saturated to 35 mol at 4 h, which is 5 times higher than thatμ

       for ( ) [39]. The initial O4H Figure 12 2   evolution rates (v O2  /mol s 1   ) were calculated
     from the initial slopes. The vO2      for increased with the Ce4EtO IV  concentration (cCe /

      M) and reached a saturation at cCe        = 1.0 M ( ), indicating that OFigure 13 2 evolution
      is zero order with respect to CeIV     under the large excess Ce IV  conditions. This

         behavior was well-analyzed by Michaelis Menten-like kinetics to give the maxi-–

   mum catalytic rate (v max      ) of 1.5 ( 0.08) x 10 1  mol s 1  ( mol)4EtO 1  and the
 constant (Km         = 1.2 ( 0.06) mmol) in terms of the Ce IV    concentration for the half

  value of vmax      . The oxidation reaction from RuIV   =O to RuV   =O by CeIV  could involve
            the redox equilibrium prior to oxygen evolution because the redox potential (1.45 V

   vs. SCE) of RuIV =O/RuV             =O for is close to standard potential (E° = 1.47 V vs.4EtO
       SCE (1.71 V vs. NHE) [63]) of CeIII/IV       . The redox equilibrium presumably leads to

   saturation of the vO2     with increase of the CeIV     concentration ( ). TheFigure 13 vO2

      increased linearly with the concentration (4EtO c Ru      /M) under the large excess Ce IV

 conditions (c Ce    = 0.1 M, c Ru           = 0.2 mM, 5.0 ml water) ( ), showing that Figure 14
 the O2              evolution is a first order process with respect to . This result is consis-4EtO

           tent with the case of earlier-reported mononuculear Ru(II) aquo complexes [50, 51].
              The mechanism of water oxidation by is shown in based on the4R Figure 15

        WNA mechanism [50, 51, 56]. (abbreviated to Ru4R II -OH2    as the oxidation state)
   is oxidized by CeIV  to Ru III-OH2       by a 1-electron process, and subsequently oxidized

 to RuIV           =O by two-proton/one-electron process at pH = 1.0 [39, 40]. RuIV  =O is
   further oxidized to RuV       =O, involving the above-mentioned redox equilibrium (step

   I, ). RuFigure 15 V         =O undergoes water nucleophilic attack (step II, Figure 15) to

 Figure 11.
      Chemical structures of mononuclear ruthenium(II) aquo complexes.

12

      Ruthenium - An Element Loved by Researchers



      form an O-O bond in the RuIII    -OOH intermediate. Finally, O2   is produced via
   further oxidation to RuIV -OO    , with RuII-OH2    regenerated by incorporation of

water.
 The vO2            showed a first-order dependence on the complex amount for all the 4R

      derivatives ( ) [40], suggesting that OFigure 14 2     is produced by a unimolecular

 Figure 12.
     Time courses of the amount (n O2   /Mol) of O2         evolved in chemical water oxidation experiments in an aqueous

     solution at 25 C using a Ce° IV  oxidant. cCe             = 0.1 M (0.5 mmol); complexes, 20 M (0.1 mol); pH = 1.0;μ μ

               liquid volume, 5.0 ml. ( )○ 4EtO, (● □) and (4H ) without complex. (reproduced with permission from ref.
       [39]. Copyright 2011 the Royal Society of Chemistry).

 Figure 13.
  Plots of vO2   versus the Ce IV  concentration (cCe         /M) in chemical water oxidation experiments using 0.2 mM

                 4EtO (5.0 ml water) at 25 C. the solid line is the simulated curve based on a Michaelis Menten-like kinetic° –

             equation. (reproduced with permission from ref. [39]. Copyright 2011 the Royal Society of Chemistry).
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     reaction of . Turnover frequencies (4R kO2 /s1       ) were calculated from the slopes of
    the linear relationships. The kO2        values were largely affected by the Rtpy ligands,

       being variable from 0.05 to 44 x 102 s1    (as the highest kO2     for ) by a factor4EtO
     of 880 ( ). TheTable 2 k O2         values were plotted with respect to Hammett constant σ p

  of the 40          -substituents of Rtpy ligands in . However, the MeFigure 16A 2   N group is
   protonated to give Me2 NH +          under the catalytic conditions (pH = 1.0), and the σ p

  value of Me2 NH+    was assumed as σp       = 0.71 of the midpoint between σp   = 0.60 for
    protonated amino group and σp       = 0.82 for protonated trimethylamino group [64].

 The k O2         values were almost constant (3.4 6.1 x 10 2 s1      ) in a range of σp  = 0.17
          (R = Me) 0.23 (R = Cl), although the kO2    value (5 x 10 4 s1) of 4Me 2   N is lower

    than these values. The kO2     value increased sharply at σp       = 0.24 (R = EtO) to 4.4
x101 s1         as the maximum, and thereafter decreased with the σp   decrease to 0.37

          (R = OH). This result demonstrates that very critical Hammett constant

 Figure 14.
   Plots of initial O2   evolution rate (v O2  /Mol s 1        ) versus the amount of complexes.4R c Ce      = 0.1 M, 5.0 ml water,

             pH = 1.0. (reproduced with permission from ref. [40]. Copyright 2019 American Chemical Society).

 Figure 15.
                Mechanism of water oxidation by complexes at pH = 1.0. (reprinted with permission from ref. [40].4R

    Copyright 2019 American Chemical Society).
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(σp        = 0.27  0.24) exists for the high k O2     values. The very low kO2  values for
  4OH 4Meand 2       N arise from the difficulty of Ru V     =O formation. Most likely, 4OH

 and 4Me2          N are considered to decompose through their ligand oxidation during
       water oxidation catalysis, as reported recently [65, 66].

 The k O2          values were plotted with respect to redox potentials of RuIV =O/Ru V=O
    in . TheFigure 16B kO2          values increased with the decrease of the redox potentials in

               an order of , , . This indicates that the4H 4Cl 4Me 4MeO 4PrO 4EtO< < <

    potential for formation of Ru V         =O species is essential in the water oxidation catalysis
     under the employed conditions. This kO2       profile can be explained by the increased

  Complexes Abbreviation k O2/103 s1 Ref

[Ru(tpy)(bpy)OH 2 ]2+   4H 34 [39]

[Ru(Cltpy)(bpy)OH2 ]2+   4Cl 43 [40]

[Ru(Metpy)(bpy)OH 2] 2+   4Me 61 [40]

[Ru(MeOtpy)(bpy)OH 2 ]2+   4MeO 240 [40]

[Ru(EtOtpy)(bpy)OH2] 2+   4EtO 440 [40]

[Ru(PrOtpy)(bpy)OH2 ]2+   4PrO 331 [40]

[Ru(OHtpy)(bpy)OH2] 2+   4OH 0.9 [40]

[Ru(Me2Ntpy)(bpy)OH 2]2+ 4Me2   N 0.5 [40]

distal-[Ru(tpy)(pynp)OH2 ]2+   d- 3.8 [21]1

proximal-[Ru(tpy)(pynp)OH2 ]2+   p- 0.48 [21]1

distal-[Ru(Cltpy)(pynp)OH2 ]2+   d- 6.3 [35]1Cl

proximal-[Ru(Cltpy)(pynp)OH2]2+   p- 0.39 [35]1Cl

distal-[Ru(tpy)(pyqu)OH2] 2+   d- 1.0 [34]2

proximal-[Ru(tpy)(pyqu)OH2 ]2+   p- 1.7 [34]2

 Table 2.
  Summary of kO2     by mononuclear Ru(II) aquo complexes.

 Figure 16.
     Plots of the turnover frequency (kO2 /s1     ) Hammett constant (versus σ p ) of 40    -substituent groups (A) and

      versus the redox potentials of a RuIV =O/RuV     =O pair (B). The Me 2       N group is protonated to a Me2 NH+ group
            under the experimental conditions for water oxidation (pH = 1.0), and the σp   value of Me2 NH +  was assumed

 as σp       = 0.71 of the midpoint between σ p        = 0.60 for protonated amino group and σ p    = 0.82 for protonated
         trimethylamino group [64]. The redox potentials were estimated from Eap   values, where E ap    is an anodic peak

    potential corresponding to the RuIV =O/RuV            =O couple in a cyclic voltammogram for each of complexes. The4R
         red dashed line indicates the standard redox potential of Ce III/IV      [63]. (Reproduced with permission from ref.

     [40]. Copyright 2019 American Chemical Society).
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  fraction of RuV             =O in the equilibrium. In this case, the oxidation rate (step I in
   Figure 15) from Ru IV   =O to Ru V   =O by Ce IV        could be comparable with the rate of the

     nucleophilic attack of water on RuV            =O (step II in ) to be involved in a rate-Figure 15
          determining step. The O-O bond formation process water nucleophilic attackvia

           could be no longer a rate-determining step singularly. One might deservedly expect
  that the kO2            values of , , and with the higher redox potentials of4H 4Cl 4Me

RuIV=O/Ru V             =O are higher than those of , and with the lower4MeO 4PrO 4EtO
       redox potentials since water nucleophilic attack on Ru V     =O (step II, Figure 15 ) is

            assumed to accelerate because of the higher electrophilicity of the oxo of RuV  =O for
     the formers. By contrast, the kO2         values of , , and were indeed lower4H 4Cl 4Me

             than those of , and , which could be explained by the slow4MeO 4PrO 4EtO
        oxidation rate (step I in ) from RuFigure 15 IV   =O to RuV     =O involved in a rate-

 determining step.

          3.2 Comparison in catalytic activities between and isomers ofdistal proximal
  mononuclear ruthenium complexes

              To explore the catalytic aspects of a series of and isomers for thedistal proximal
        mononuclear Ru(II) aquo complexes, chemical water oxidation experiments were

        conducted in a homogeneous aqueous solution using a Ce IV    oxidant [21, 22]. O2 was
         significantly evolved from a mixed solution of and Ced-1 IV   , and n O2 increased

        linearly with time until 50 min ( ).Figure 17 v O2     increased linearly with respect to
            the amount of the complex, and the slope of the linear relationship provides

k O2    = 3.8 x 10 3 s1        ( ). The same chemical water oxidation experimentsFigure 18
               were carried out after visible light irradiation to the solution of for 1 h tod-1

     generate completely ( ).p-1 Figure 1 n O2     dramatically decreased compared with the
          case before light irradiation ( ). The linear plot ofFigure 17 vO2   with the catalyst

 Figure 17.
     Time courses of the amount (n O2   / mol) of Oμ 2         evolved in chemical water oxidation experiments in an aqueous

     solution at 25 C using a Ce° IV     as a sacrificial oxidant. cCe         = 0.1 M (0.5 mmol); Ru complex, 1.0 mol;μ

        pH = 1.0; liquid volume, 5.0 ml. ( ) -● d 1, (         ■) - . (Reproduced with permission from ref. [21]. Copyrightp 1
   2011 American Chemical Society).
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  amount provided kO2    = 4.8 x 10 4 s1       for , indicating that the observed kp -1 O2 value
              is decreased due to photoisomerization of to by nearly an order of magni-d-1 p-1

              tude. This result tells us that we have to pay attention to the observed catalytic
             activity decrease due to photoisomerization of to when is applied tod -1 p-1 d-1

 photocatalytic systems.
          The chemical water oxidation catalyzed by - and - was investigatedd 1Cl p 1Cl

             under the same conditions as the / isomer system to understand the effect ofd p-1
4 0           -chloro-substitusion on tpy ligand on the catalytic activity of the /distal proxi-

      mal v-isomer complexes for water oxidation [35]. O2    increased linearly with respect
               to the complex amount for - and - , as is the case of the / - isomerd 1Cl p 1Cl d p 1

   system ( ).Figure 18 kO2   (6.3 10 3 s1         ) for - was 15 times higher than thatd 1Cl
  (3.9 10 4 s1            ) for - . From a perspective of the effect of the chloro-p 1Cl

   substitution on tpy, k O2           for - was also 1.6 times higher that (3.8 10d 1Cl  3 s1  ) for
  d k- , while1 O2           for - was 1.2 times lower than that (4.8 10p 1Cl  4 s1   ) for -p 1. If

             assuming that the O-O bond formation the nucleophilic attack of water on thevia
RuV       =O intermediate is the rate-determining step, kO2     could increase by the chloro

    substitution because electrophilicity of Ru V        =O increased, as is the case for -d 1Cl
          relative to - . However, another explanation is needed for thed 1 kO2   decrease for -p

               1Cl 1relative to -p . For instance, there are cases that the rate for oxidation of RuIV =O
 to RuV              =O could be involved in a rate-determining step, or that the stabilities of the

         complexes are different, as pointed out in the Section 3-1.
 The kO2    value (1.7 10 3 s1        ) of p- was higher than that (1.0 102  3 s1) of d-2

                 by a factor of 1.7 ( ) [34]. This result is in contrast to the / - and / -Table 2 d p 1 d p 
     1Cl isomer systems, in which kO2        of -isomers are higher than those of thedistal

       proximal k-ones by one order of magnitude. The O2       value of - is 3.5 times higherp 2

 Figure 18.
    Plots of initial rate (v O2   / mol s 1 ) of O 2            evolved vs. the amount ( mol) of - ( ), - ( ), - ( ),μ d 1Cl ■ p 1Cl ● d 1 □

   p c- ( ). Conditions:1 ○ Ce               = 0.1 M (0.5 mmol); liquid volume, 5.0 mL; pH = 1.0. (reproduced with permission
     from ref. [35]. Copyright 2015 Elsevier).
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    than that (4.8 10 4 s 1           ) of p d- , though the value of1 - is 3.8 times lower than2
   that (3.8 x 10 3 s1     ) of p- under the same conditions.2

          3.3 Electrocatalytic activities of a series of dinuclear ruthenium complexes for
 water oxidation

     We investigated catalytic activities of , -p p Ru2 (OH)(OH 2    ) and the related
           mono- and dinuclear Ru(II) complexes ( and ) for electrochemical waterFigures 8 9

          oxidation in homogeneous solution [37]. The cyclic voltammogram (CV) of , -p p
Ru2(OH)(OH 2             ) displayed a higher anodic current after 1.2 V vs. SCE attributed to

            water oxidation ( ). The catalytic current density increased to 3.5 mA cmFigure 19 2

        (the blank without the complex generates 0.31 mA cm2        ) at a potential of 1.4 V and
               pH 6.0, that is 4.8 and 9.2 times higher compared to those of - and , -d 3 p p Ru2 ( -μ

        Cl). Importantly, the current density value (3.5 mA cm2     at pH 6.0) obtained from
p p, -Ru2 (OH)(OH2         ) was much higher than that (1.4 mA cm2    at pH 9.0) obtained

 for , -p p Ru 2       ( -OH)μ , under even thermodynamically unfavorable pH conditions.
        These results suggest that the , -dinuclear Ru(II) core structureproximal proximal

          with vicinal aquo and hydroxo groups is inevitably essential for efficient
          electrocatalytic water oxidation. Bulk electrolysis was performed in a nearly neutral

      phosphate buffer solution (pH 6.0) for , -p p Ru2 (OH)(OH2       ) at 1.3 V vs. SCE. A
               higher charge amount of 2.1 C compared to the that (0.55 C) of the blank without

            the complex was obtained, and a 4.2 mol (Faradaic efficiency 76 80%) of Oμ – 2 was

 Figure 19.
    CVs of 1 mM , -p p Ru 2(OH)(OH2     ) 3 Ru(red), -d (blue), , -p p 2        ( -Cl)μ (green), and blank (black dots) in a

             0.1 M phosphate buffer (pH 6.0) at a scan rate of 50 mV s1 . CV o f p p, -Ru 2     ( -OH)μ (black) was measured at
       pH 9.0 because it gradually converts to , -p p Ru2           ( -Cl)μ at acidic conditions. Inset shows CV of 0.5 mM -p,p

Ru2 (OH)(OH2                 ) in a 0.1 M phosphate buffer (pH 7.0) at a scan rate of 20 mV s1   . (Reprinted with
         permission from ref. [37] with permission of American Chemical Society).
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       produced after 1 h electrolysis. This evolved O 2    amount obtained by , -p p Ru 2(OH)
(OH2         ) Rucorresponds to 5.3 equivalent of the total , -p p 2(OH)(OH 2  ) amount

           (0.6 mol) in the electrolyte solution, ensuring the catalytic water oxidation. Theμ

         UV Visible absorption spectrum of the electrolyte solution after the electrolysis–

         displayed an intense band at 694 nm, assigned to , -[Ruproximal proximal III
2(tpy) 2 L

(OH)2 ]4+   (abbreviated to Ru III-OH:Ru III       -OH as a oxidation state). This observation
  suggests that RuIII -OH:Ru III          -OH is involved in the catalytic cycle. For the proposed

        electrocatalytic cycle for water oxidation under neutral conditions, , -p p Ru2 (OH)
(OH2         ) was electrochemically oxidized by the proton-coupled electron transfer

  reactions Ruvia III -OH:RuIII   -OH and RuIV =O:Ru IV      –OH states most possibly to the
RuV =O:RuV        =O state, which could oxidize water to O2    together with the regenera-

  tion of Ru III-OH:RuIII -OH.
           In order to provide mechanistic insights into O O bond formation for O– 2 pro-

          duction, the H/D isotope effect on electrocatalytic water oxidation by , -p p Ru2 (OH)
(OH2       ) 3and -d were examined in H 2   O and D 2       O media. A large H/D isotope effect

            (1.7) on electrocatalytic water oxidation by - was observed relative to the blankd 3
          experiment (1.1). This result is consistent with the proton transfer-concerted O O–

            bond formation by the mechanism. On the other hand, the isotopic effectWNA
     (1.1) on the electrocatalysis by , -p p Ru2 (OH)(OH2      ) was comparable with the blank

        (1.1). The lower isotope effect indicates proton-non-concerted chemical reaction
      process in the electrocatalytic cycle, and , -p p Ru 2(OH)(OH 2      ) is likely to produce O2

   via I2Mthe mechanism.

 4. Conclusions

         Recent progress on the aspects and mechanistic insights of photoisomerization
            of Ru(II) aquo complexes in our group was reviewed to unveil the photoisome-

         rization reactions and its mechanism comprehensively. The controls of properties
         and functions of mononuclear Ru(II) aquo complexes by the photoisomerization

            were exemplified in terms of their water oxidation catalyses. An example of appli-
         cation of the photoisomerization is demonstrated; the employment of the

         photoisomerization enabled to synthesize the dinuclear Ru(II) complexes that have
         been difficult to be synthesized by conventional thermochemical processes. The

          synthesized dinuclear complexes also serve as efficient catalysts for water oxida-
             tion. New design and development of variety types of Ru complexes are desired to

         explore unique reactions, functions and application based on the photoisome-
         rization for future molecular systems such as artificial photosynthetic devices.
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Abstract

Over   the   past   few   decades,   Ru   catalyzed   transfer   hydrogenation   (TH)  and 
asymmetric   transfer   hydrogenation   (ATH)   reactions   of   unsaturated  hydrocarbons, 

imine,   nitro   and   carbonyl   compounds   have   emerged   as   economic   and  powerful 
tools   in   organic   synthesis.   These   reactions   are   most   preferred   processes  having 

applications   in   the   synthesis   of   fine   chemicals   to   pharmaceuticals   due   to   safe  han-
dling   as   these   do   not   require   hazardous   pressurized  H2 gas.   The   catalytic  activity 

and   selectivity   of   Ru   complexes   were   investigated   with   a   variety   of   ligands   based  on 
pincer   NHC,   cyclophane,   half-sandwich,   organophosphine   etc .   These   ligands  coor-

dinate   to   Ru   center   in   a   proper   orientation   with   a   labile   group   replaced   by  H-source 
(like   methanol,   isopropanol,   formic   acid,   dioxane,   THF),   which   facilitate   the  β-

hydrogen   transfer   to   generate   metal   hydride   species   (Ru-H)   and   produce  desired 
reduced   product.   This   chapter   describes   the   recent   advances   in   TH   and   ATH  reac-

tions   with   homogeneous   and   heterogeneous   Ru   catalysts   having   different  ligand 
environments   and   mechanistic   details   leading   to   their   sustainable  industrial 

applications.

Keywords:   ruthenium,   transfer   hydrogenation/asymmetric  transfer 
hydrogenation,   homogeneous,   heterogeneous   catalysts,   mechanistic  studies

 1. Introduction

                                         Ruthenium was first discovered in 1844 by Karl Ernst Claus and he had named it
                                         as Ruthenia (in Latin Russia) in the honor of his motherland. In fact, in 1827,

                                      Gottfried Osann had found three new metals from the Ural Mountains and one of
                                these metals was named as Ruthenium. However, its isolation could not be

                                   reproduced and hence his claims were withdrawn on these metals. Ruthenium is a
                                noble transition metal with attractive properties and has found uses in different
                                   fields of science and technology. From the commercial point of view, ruthenium has

                                            been used in a variety of applications such as its alloy with other heavy metals used
                             for voltage regulators, jewelry, fountain pen nibs and electromechanical devices .etc

                                Although, ruthenium metal is known ever since the early nineteen centuries, but
                                   its first complex was reported in the second half of twentieth century having

              application in hydrogenation and hydroformylation [1].
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          Currently, ruthenium complexes are being widely used in academics and indus-
         trial purposes such as photosensitizers, biomedical, semiconductor industry as well

        as catalysts. Some variety reactions, like Diels Alder, eco-friendly CO– 2 hydrogena-
         tion to hydrocarbon, transfer hydrogenation of unsaturated substrates, oxidation of

         alcohols, atom transfer radical addition (ATRA), metathesis (ring closing metathe-
        sis (RCM)/ring-opening polymerization (ROMP)) are catalyzed by inevitably the

           ruthenium complexes. Among these reactions, the hydrogenation is one of the most
              explored reaction. As quoted by Rylander, it is “one of the most powerful weapons in

           the arsenal of the synthetic organic chemist ” [2]. This reaction finds immense
     manufacturing applications in pharmaceuticals, agrochemicals, petrochemicals,

            food industry, fine chemicals, fragrances as well as bulk chemicals. The process of
         hydrogenation (HY) or asymmetric hydrogenation (AH) is used to reduce

       unsaturated substrates (alkenes, alkynes, aldehydes, ketones, esters, imines,
            nitriles, carbon monoxide .) in presence of hydrogen gas and catalysts to giveetc

       enantiomerically-enriched compounds. Alternate strategy for the hydrogenation is
        the transfer hydrogenation (TH) and asymmetric transfer hydrogenation (ATH)

         reactions, which require sacrificial hydrogen donor. These hydrogen donors include
         organic hydrogen source or different azeotropic mixtures with hydrogen acceptor

           substrates and catalysts in presence or absence of base promoters (NaOH, KOH,
Et3  N, Cs 2CO3           etc.) ( ). This approach is the most preferred and widelyFigure 1

            applied due to safe handling and which do not require hazardous pressurized H2 gas
  or pressure reactors.

         The first ruthenium TH catalyst reported was a simple 16e [RuCl 2(PPh3 ) 3]
       complex, which effectively reduce acetophenone in presence of i  PrOH through

          inner sphere mechanism involving the following steps; i) insertion, ii) reductive
           elimination, iii) oxidative addition and iv) -elimination. It was found that smallβ

            amount of a base facilitates the rate of TH reaction to approximately thousand-fold.
          Furthermore, the incorporation of basic nitrogen in a ligand, which coordinates

            directly to Ru (II) is an interesting approach, which was successfully applied by
          Noyori and coworkers through a half-sandwich chiral SS- , for catalyzed reduction1

      of several aromatic ketones (2 6– ) ( Figure 2). [Ru IICl(TsDPEN)(η6-p-cymene/
       mesitylene)] (now commercially available) complexes (TsDPEN = N-tosylated-1,2-

         diamine), in presence of formic acid-triethylamine azeotropic mixture gave good
            yields of reduced products with enantiomeric excess (ee) ( ). It was alsoFigure 2

          correlated that reactivity and enantioselectivity of complexes were found to depend
           on optimum steric and electronic properties of the arene and TsDPEN ligands.

            Efficiency of this robust catalyst (R,R- ) can be seen by the reduction of1
          multifunctional ketone, which gave R benzylic alcohol ( 5) i n ca. 92% ee without

         affecting other functional groups. This conversion was explained through, outer-
          sphere mechanism with a six-membered transition state (TS) by concerted hydride

            transfer process (TS shown in ). To further improve the catalytic property,Figure 2
          Noyori and co-workers have modified SS- /RR- with different ligand frames [3].1 1

          The significance of these asymmetric hydrogenation studies has been renowned and
            hence Ry ji Noyori was awarded Nobel Prize in 2001 for his immense contributionsō

 Figure 1.
           Ru catalyzed transfer hydrogenation reaction in presence of hydrogen donor and acceptor.

2

      Ruthenium - An Element Loved by Researchers



            in this field. Will and co-workers have further modified SS- /RR- by tethering of1 1
              the arene ring and diamine (or amino alcohol) ligand to increase the stability of the

       catalyst, to restrict the rotation of the η
6       -arene ring and to yield sterically controlled

            reduction products. Structures of few efficient catalysts , are shown in7 11– Figure 3
[4 6].–

         This chapter discusses recent advances of the homogeneous and heterogeneous
          TH and ATH reactions and primarily reduction of carbonyls, olefins, imines,

           nitriles, esters and heterocycles formation with a focus on modification of ligands
        environment. Furthermore, the mechanistic details were also discussed wherever

           possible with limitations as well as future perspectives in this important area.

      2. Advances in ruthenium catalyzed transfer hydrogenation

          Realistic relevance of the asymmetric synthesis by TH/ATH in fine chemicals,
         pharmaceuticals, materials and industrial use required designing and exploration of

        efficient catalysts. Ru with versatile oxidation states, coordination geometries
             offered by a variety of ligand moieties make it a good candidate for catalytic

 Figure 2.
            Structures of selected alcohols ( ), catalyst Ru-TsDPEN (SS- ) and proposed six membered transition2 6– 1

 state (TS).

 Figure 3.
          Selected asymmetric transfer hydrogenation catalyzed, tethered or non-tethered Ru(II) catalysts (7 11– ).
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            TH/ATH. The crucial requirement for the efficient catalysts is to have a labile
          coordination site/anionic ligands and efficient chelation or backbone of the ligands

             to give high turnover numbers (TONs). In this regard, to get good selectivity and
          activity of the catalysts, the multi-talented ligand architectures are essential. Liter-

          ature reveals that various ligands such as pincer NHC, cyclophanes, half-sandwich,
        organo-phosphine, pyridylideneamide, polydentate etc. [7] have been developed by

           different research groups to improve the selectivity of the catalysts. The following
           section will discuss the recent advancements in the modification of ligands archi-
      tecture and their influence on catalytic efficacy.

   2.1 Homogeneous transfer hydrogenation

     2.1.1 Transfer hydrogenation of carbonyl compounds

       The transfer hydrogenation (TH) and asymmetric transfer hydrogenation
            (ATH) of carbonyl substrates are the most explored and favorable due to polar

             nature of C=O bond. Although Noyori has set the milestone for TH using TsDEPN
          ligands however, researchers still used this system with various modifications to

          improve stability and selectivity of the catalysts. Anderson and co-workers have
        reported extremely active proline based 2-aza-norbornyl amino alcohol ligands

          ( ) for the ATH process. The [Ru(p-cymene)( )] in presence ofFigure 4 13 i PrOH
              catalyzed TH of acetophenone with S/C = 1000 to give . 97% conversion, 96%ca ca.

 ee (TOF50   = 8500 h1           ) within 25 min. The reason for this enhanced activity in
         comparison with the [Ru(p-cymene)( )] (12 ca. 90% conversion, 94% ,ca. ee

TOF50 = 1050 h1           ) was due to the incorporation of polarized C-O bond/dioxolane ring
             in the ligand frame. This catalyst was able to reduce various aromatic ketones having

          electron donating and withdrawing substituents (at various positions e.g. ortho, meta,
        para ) with admirable enantioselectivity. Theoretical calculations have indicated the

       lowering of transition state energy (1.3 kcal mol1      ) in the case of [Ru(p-cymene)(13)]
           catalyst, and the increased catalytic rate was rationalized through involving the dipole

       interactions between dioxolane moiety and the substrate (13a) [8] .
            In search of new ligand frame-work for effective and selective TH reaction of

          aromatic ketones, Ramaiah and co-workers [9] have established a promising new
     class of air /moisture-stable ruthenophane/ruthenium(II)- complexes ( ) π 19 20–

             and compared their TH activity ( ), for the first time with the literatureFigure 5
           reported catalysts. The structure stiffness of the ligands allows forming the com-

         plexes ( ) through -interactions between the anthracene moiety and ruthe-19 20– π

          nium cation instead of insertion or NHC coordinated complexes. These catalysts
            were highly selective to aromatic ketones over to aliphatic and aldehyde groups and

         showed efficient conversion ( 100%) of acetophenone to 1-phenylethanol inca.

 Figure 4.
              Blueprint of aza-norbornyl amino alcohol ligands ( , ) and low energy TS ( ) determined theoretically12 13 13a

     involving remote dipole interactions (Ref. [8]).
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   presence of a base, i            PrOH and 2 mol% catalyst loading (80 °C). A series of sub-
          strates were scrutinized which showed efficient conversion to the reduced products

              (selected alcohols shown in ). In comparison to , the catalyst showed aFigure 5 20 19
         better catalytic efficiency ascribed to different binding interactions through coor-

          dinative and cation- interactions. The presence of labile ancillary ligands alsoπ

         participates in enhancement of efficient TH capabilities. Additionally, these robust
          catalysts showed exceptionally good conversion of the ketones to the reduced

        products ( ) in comparison with the commercially available [Ru(p-cymene)14 18–

Cl2 ]2        and the Hoveyda-Grubbs catalysts, under identical catalytic conditions.“ ”

        N-heterocyclic carbenes (NHC) are another significantly important class of
        ligands for homogeneous ruthenium catalyzed TH reactions. Recently, different

            versions of NHC based ligands have been designed with an aim to synthesize
           thermally stable and efficient catalysts. These ligands in turn can influence steric

          and electronic properties of metal center through strong -donor capability [10].σ

         The mononuclear and binuclear ruthenium complexes ( , ) (cationic/Figure 6 21 25–

         neutral) having NHC ligands with three-legged piano-stool type geometry was“ ”

         reported by Ramaiah and co-workers [11]. These anthracene/arene based catalysts
           interestingly showed efficient and selective TH of a variety of aromatic ketones.

          Notably, very small amount of cationic catalysts ( ) (0.5 mol%) exhibited21 23–

            efficient reduction of ketones ( 100%) in comparison to neutral catalysts (2 molca.
   %) in presence of i             PrOH and base (0.1 mM) within 2 h at 80 °C. Whereas [Ru(p-

cymene)Cl2]2       and the second generation Hoveyda-Grubbs catalysts showed“ ”

           moderate yields of reduced products (ca. 47% and ca. 60%, respectively) under
 identical situations.

          The cooperative binding of NHC and pyridine substituents to the ruthenium
           center in cationic catalysts facilitates high catalytic activity in comparison to the

         neutral complexes. Reduction of the substrate was supported by well-established
            mechanism ( ), wherein the active catalyst formed by the addition ofFigure 7 A

         iso-propoxide, upon -hydride transfer intermediate and Ru-H species formed.β B
             Interaction of substrate to give , which upon subsequent hydride transfer to theB C

          substrate form the intermediate . Furthermore, the reduced product resulted byD
    the reaction of withD i           PrOH in presence of the base with regeneration of the active

          species . studies have further confirmed that the intermediates hypothe-A In-silico
        sized were energetically constructive and reaction follows a thermodynamically

  steady pathway [11].
        An innovative class of pincer pyridylideneamides (PYAs) with strong

          σ-donating ability was disclosed by Albrecht and co-workers [12]. PYAs core
        was tethered with different chelating groups (cyclo-metalated aryl ring/pyridine/

        pyridylidene/one-more PYA/triazolylidene), which can bind to metal center either
         via π π-acidic (neutral donor) or -basic (zwitterionic pyridinium amide) donor

 Figure 5.
              (A) Few selected reduced products ( ) along with structures of (B) ruthenophane catalysts , .14 18– 19 20
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 Figure 6.
           Structures of NHC based cationic and anionic ruthenium catalysts (Ref. [11]).21 25–

 Figure 7.
           Proposed mechanism of transfer hydrogenation of ketones using cationic ruthenium catalyst (21).
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         capability. A series of ruthenium complexes (26 30– ) ( Figure 8) customized with
          PYA ligands were synthesized and confirmed through various techniques NMR,e.g.

          X-ray crystal structure, HR-MS and other studies. These robust Ru-PYA catalysts
            (1 mol%) displayed high catalytic activity ( 100% conversion) in TH of benzo-ca.

         phenone (as model substrate) and established a relationship between chelate
          potency and ruthenium centered catalytic activity. The catalytic activity of the

           complexes ( ) were tuned by electronic configuration of the ligands and the26 30–

             enhanced catalytic activity in the case of correlated by NMR (with large shift26
            difference = 1.03 ppm, then the other complexes) and electrochemical studies. ItΔδ

          was concluded that the substrate reduction was followed first-order reaction rate
    via mononuclear reaction pathway [12].

       Transfer hydrogenation of the mixed acetate/acetylacetonate ruthenium phos-
    phine catalyst ( ), [Ru(OAc)(acac)PP] (PP=PPh31 3/bis(diphenylphosphino)-

             butane) with superior stability and activity was reported. As in the earlier cases, the
          addition of basic additive significantly enhanced the catalytic efficiency. The effect

          of NH function of these mixed ruthenium(II) phosphine complexes was demon-
      strated by incorporating (aminomethyl)pyridine (ampy) to [Ru(OAc)(acac)PP].

           The Ampy moiety binds to the metal center upon opening/de-coordination of the
            acetate. The mixed catalysts ( 0.1 mol%) in absence of basic additives (ampy/en/ca.

          bza) showed very low conversion ( 38 75%, TOF = 100 930 hca. – –
1 ) at 9 0 °C i n 8 h.

             Addition of 10 equivalents of ampy surpasses the catalytic conversion up to 99%ca.
   (TOF = 125,000 h 1        ) at a very low 0.03 mol% [Ru(OAc)(acac)(ampy)(dppb)]

            catalyst ( ) loading in 5 min. The pathway proposed ( ) displayed the31 Figure 9
             important role of NH function for rapid reduction of the substrate outer spherevia

            mechanism, in which the first step was the formation of a five-coordinated species
             A after dissociation of the acetate ion. The second step was the coordination of

i              PrOH with the six-member TS ( ). The third step was the formation of Ru-HB
           species ( ), which formed the substrate coordinated TS ( ) and finally uponC D

          transfer of hydrogen led to the regeneration of species [13].A

      2.1.2 Transfer hydrogenation of olefins and imines

          Imines and olefins are also demanding and challenging substrates for TH/ATH.
  Noyori’s catalyst [RuCl(TsDPEN)( η6     -p-cymene)] in azeotropic mixture showed

 Figure 8.
        Structures of the pyridylideneamide based ruthenium catalysts ( ) investigated.26 30–
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           ATH of activated alkenes ( , -dicyano alkenes) ( ) in good yieldsα α 32 37, Figure 10 –

          with moderate enantioselectivity [14]. Various alkenes were tested and to enhance
        the enantioselectivity, TsDPEN and -arene ligands with different substitutionsη

        were explored. For example 1-naphthylsulfonyl-DPEN gave high yields and,
            enantioselectivity ( 96% and 81% ) at 85 °C. Different optimization studiesca. ca. ee

            revealed that temperature as well as steric hindrances on the arene moiety was
          important parameters for the observed catalytic activity. shows fewFigure 10

           examples of activated alkenes ( ), which gave moderate to good yields and32 37–

          high enantioselectivity. Of these examples, the reduction of the five membered
         analogue, 1-indanylidenemalononitrile ( ) gave the product ( 37%, 58.2% )33 ca. ee

           along with high yields of the byproduct and negligible enantioselectivity. This was
             confirmed that the 1,4 addition product was formed due to high acidity of -allylicγ

        C–H in 33. Furthermore, the chiral , - disubstituted acids were effortlesslyβ β

         achieved by hydrolyzing the chiral malononitriles with concentrated HCl [14].
         Another recent ATH application of Noyori ’s catalyst (RR- /SS- ) was reported1 1

           by Meyer and Cossy. ATH of the strained difluorocyclopropenes and their ana-
         logues are appealing substrates because of emerging application of -difluorocy-gem

          clopropanes in different drugs (Zosuquidar, phase III clinical trials, for acute
         myeloid leukemia). The -difluorocyclopropenyl methyl ester as the model sub-gem

     strate was tested for ATH in i PrOH/CH 2 Cl2        (10/1) (RT, 1 h) using the catalyst (S,S)-
              1 38(10 mol%), which afforded 85% yield ofca. with a measurable diastereomercis

               ( / 96:4) ( 94% ), whereas (RR)- yielded, 83% - in 98% .cis trans > ca. ee 1 ca. ent 38 ca. ee
        Reduction, condensation and subsequent reaction of with -bromobenzoyl38 p

 Figure 9.
           Proposed mechanism of transfer hydrogenation of the mixed ruthenium phosphine catalyst (31).

 Figure 10.
       Selected examples of few activated alkenes ( ) investigated.32 37–
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        chloride yielded -bromobenzoate ( 61%). Ester substituents were selectedp ca.
           because of their cleavability specifically, under acidic and basic conditions to give

     cis ca. trans-(ca. 81%) gem-( 67%) and - -difluorocyclopropane-carboxylic acids,
             respectively. The scope of ATH on few selected substrates in presence of (S,S)- is1

         represented in Figure 11, ( 38 44– ). Detailed mechanistic studies have shown that
             the first step showed the formation of (S,S)-II, ( 45) with the loss of acetone and

           followed by hydride transfer to yield Michael acceptor (A) ( Figure 12). To decrease
         the steric hindrance between -difluorinated C3 and -cymene moieties, twogem p

             different TS-I, and TS-II, were proposed. To restore, (S,S)- gave enols (46 46 1 47
        and ), while the former upon tautomerization gave -difluorocyclopropaneent-47 cis

          ( ) as the major enantiomer. However, under the kinetically controlled48 ent-47
             conditions and with proton transfer from the less hindered face at C1 yielded ent-

         48. The synthetic applications of these difluorocyclopropane was investigated fur-
             ther for the formation of a variety of nitrogen heterocycles as future building blocks

   in medicinal chemistry [15].

 Figure 11.
     Few selected enantioenriched -difluorocyclopropanes ( ) achieved.gem 38 44–

 Figure 12.
         Proposed mechanism for asymmetric transfer hydrogenation of -difluorocyclopropanes ( , ent-gem 48 48).
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        In-depth study of the pyrazole/phosphine-supported ruthenium complex in TH
          of olefins and alkynes under semi-hydrogenation conditions resulted in unusual E-

   selectivity. The catalyst /49 490       was synthesized in moderate yields by refluxing
RuCl2(PPh 3)2          and pyrazole ligand in acetonitrile while its structure was analyzed

          through NOE experiments ( ) and X-ray analysis, which confirmed theFigure 13
        dimeric nature in chlorobenzene/hexane. Interestingly, upon addition of two

           equivalents of acetonitrile in chlorobenzene, the dimer was found to undergo dis-
          sociation to yield the active catalyst. Efficient reduction of 3,3- dimethylbutene-1

             was achieved in good yields ( . 90%) in presence of 1 mol% of /ca 49 490   and 2 mol%
 of KOt  Bu in i          PrOH at 80 °C. Different types of alkene substrates (mono/disubsti-

     tuted/terminal/ , -unsaturated esters/anthracene) were investigated and whichα β

            could be reduced easily without any isomerization (in case of terminal hexane). The
          mechanism of this reduction was suggested through the involvement of conven-

           tional dihydride intermediate ( ), which was formed by the reaction of /50 49 490 in
presence i            PrOH and base ( ). The labile solvent further replaced the sub-Figure 13

               strate to give the adduct , while the alkyl adduct was formed by a reversible51 52
           step through alkene insertion into Ru-H bond. The alcohol coordination to the

            vacant site of followed by reductive elimination of cyclohexane and upon subse-53
           quent proton transfer shift generated . The alkoxide ( ), upon -H shift54 54 β

         afforded -coordinated ketone dihydride species, ( ), which after alkene substitu-π 55
         tion regenerated to activate the catalytic cycle again [16].51

          Guijarro and co-workers have reported the first example of chemoselective ATH
         of the conjugated sulfinylimines substrates, (56a-k). Desulfinylation of these reduced

          products ( ) gave the corresponding deprotected allylic amines, which could be57a-k

 Figure 13.
                (A). Structure of the catalyst (49) and its structure (49’a-49’d). (B). Proposed mechanism for TH of cyclohexene.
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          important for pharmaceutical applications. , shows ATH of various -Figure 14 α β,
         unsaturated imines functionalized with different substituents (for electron releas-eg.

        ing/electron withdrawing/naphthyl/pyridyl ). The substituents on C=C and C=Netc
            affect the chemoselectivity of the reduced products. In general, the substrate with R1:

         aromatic/heteroaromatic, R2: alkyl/aryl, R3: alkyl, functionality yielded excellent ofee
               the allylic amines. It is also interesting to note that ATH of the imines with (E)-Ph-

            CH=CH- fragment preferred to reduce both C=C and C=N bonds. This simple and
              straight forward method of reduction of the allylic imines opens up a new avenue for

           the synthesis of building blocks useful in designing of new drugs [17].
   The -isomers of [Ru(Cl)trans 2      (R-pybox)(L)] ( , ) with a58 59– Figure 15A

         monodentate phosphane and phosphite ligands were developed to catalyze HY/
    ATH of -aryl imines (inN i        PrOH) derived from acetophenones to yield the amine

           products in significantly high enantioselectivity (c . 99%). It is interesting to notea

 Figure 14.
        Ruthenium-catalyzed asymmetric transfer hydrogenation of , -unsaturated imines (α β 57a-57 k).

 Figure 15.
  ( ) Catalysts [Ru(Cl)A 2 (R-pybox)(C2 H 4         )] ( ) with a monodentate phosphane and phosphite ligands.58 59–

             ( ) Proposed intermediates for transfer hydrogenation of imines. ( ) Proposed mechanism of transferB 60 62– C
       hydrogenation of imine with dihydro Ru complex (63).
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          that the reduction reactions were performed under hydrogen pressure behaved as
            TH reactions, which was confirmed by various labelling experiments as well as by

          the proposed intermediates ( , ). From these analysis, it was60 62– Figure 15B
     speculated that a common hydride [Ru(H)(Ph-pybox)(P(OMe)3)] +  species was

        produced under either HY or TH [18].in situ
          Azua and co-workers have recently reported the first example of microwave

            assisted ruthenium catalyzed TH of imines in presence of glycerol as the hydrogen
         donor. Reduction of synthesized imine using NHC ruthenium complexin-situ

           (1 mol %) with sulfonate N-wingtips yielded enhanced conversion of amine in
           glycerol ( 77%) and base under microwave conditions (200 W). This improvedca.

             yield in comparison to the conventional method ( 17%) was due to the formationca.
            of a highly polar zwitterionic nature of the complex to absorb microwave irradiation

        efficiently. Additionally, the base free catalytic conversion showed quantitative
             yield of imine ( 63%) due to sulfonated wingtip as an internal base [19].ca.

RuH2 (PPh3 ) 4             was a well-known active TH catalyst for the reduction of imine in the
            absence of a base. This catalyst was efficiently catalyzed by several imine deriva-

           tives as well as cyclic imines. The proposed mechanism ( ) proceedsFigure 15C
            through classical hydride transfer steps from Ru-H ( ) to imine, which was con-63

        firmed through isotope labelling experiments, wherein incorporation of deuteride
     to methylidene carbon was observed [20].

     2.1.3 Ruthenium catalyzed synthesis of heterocycles

         The functionalized heterocyclic compounds have attracted attention due to their
         predominant applications in pharmaceutical industries for designing of new drugs.

           Recently, the Food and Drug Administration (FDA) had declined to grant new
           chemical entity (NCE) exclusivity to enantiomers that were part of the previously

          approved racemic mixtures. Therefore, the purity of enantiomers is very important
          and can be overcome by using appropriately designed catalysts. Although the

          reports on synthesis of heterocycles using ruthenium catalysts are well-known but
            their synthesis ruthenium catalyzed ATH is not much explored. Pabalo and co-via

          workers have reported an admirable example of ruthenium catalyzed ATH for
       production of enantiomerically enhanced heterocycles . aziridines, pyrrolidines,eg

         piperidines and azepanes. They have employed their established approach of
       enantiomerically pure -( -butylsulfinyl)haloimines as the substrate, and imineN tert

       bond was reduced ATH in presence ofvia i  PrOH, [RuCl 2(p-cymene)]2  catalyst and
        achiral 2-amino-2-methylpropan-1-ol ligand (50 °C) ( ). The reducedFigure 16

      haloamines in presence of a base ( t      BuOK) yielded the -protected saturated het-N
        erocycles through intramolecular nucleophilic substitution in excellent yields with

          diastereomeric ratio up to 99:1. The -protected aziridines and pyrrolidines were> N
     synthesized by one-pot ATH-cyclization sequence (Ru:L:t      BuOK = 1:2:5 mol %) in

          high yields ( 85 90%) and diastereomeric ratios (selected examples areca. – 66 69–

             shown in ). In the case of piperidines and azepanes, the process wasFigure 17

 Figure 16.
    Synthesis of selected -protected heterocycles.N
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      modified with treatment of potassium bis(trimethylsilyl)amide (KHMDS),
          which gave moderate yields and diastereoselectivity ( ). On the other hand,68 69–

        the pyrrolidine derivatives ( ) were obtained by desulfinylation of70 71–

       N-sulfinylpyrrolidines by the reaction with HCl/MeOH. As representative
            examples, the single crystal of and were analyzed, which confirmed the67 69

       stereogenic center obtained by Ru catalyzed ATH [21].
      Asymmetric tetrahydroisoquinolines (THIQs) are yet another indispensable

         class of heterocycles with pharmacological applications due to their structural
       resemblance with neurotransmitters. In this context, Noyori-Ikariya catalysts

       (arene/Ru/TsDPEN) were found applications in ATH of electron-rich/ortho
         substituted 3,4-dihydroisoquinolines (DHIQs) only to give THIQs in high enantios-

            electivity (ee’s). In contrast, these catalysts were found to be ineffective with the
         meta/para substituted electron-poor DHIQs, which are important for the synthesis

         of solifenacin and TRPM8 antagonists (pharama targets). Wills and co-workers
       have modified the arene/Ru/TsDPEN catalysts with tethered thiophene/furan/ester

              groups to basic nitrogen of TsDPEN ligand. It was found that the ATH of these
         demanding substrates (DHIQs) showed good catalytic efficiency with the modified

           catalyst (1 mol %) in presence of formic acid-triethylamine (5:2) azeotrope. The
           furan-based catalyst ( ) exhibited best results of ATH of DHIQs with remarkable77

            enantioselectivity ( of 90% and 93% for the conversion to THIQs ( )ee) ca. 72 76–

 ( ).Figure 18

 Figure 17.
          Asymmetric transfer hydrogenation examples of selected N-protected aziridine ( ), pyrrolidine ( ),66 67

                  piperidines ( ) and azepane ( ) and X-ray crystal structures of , (from ref. [21]) as well as structure68 69 67 69
    of free pyrrolidines ( ,70 71).

 Figure 18.
       Asymmetric transfer hydrogenation of few selected dihydroisoquinolines (DHIQs).
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         The proposed mechanism ( ) of this asymmetric reduction supportedFigure 19
              the extra stabilization of TS state through the interaction of furan moiety of the78

          catalyst with the aryl moiety of substrate [22]. Recently, the pyrazole/phosphine
               based ruthenium catalyst (1 mol %) also showed high TH activity of a variety of -N

         heterocyclic substrates. For example, TH of isoquinoline surprisingly gave the
          product with reduced all-carbon rings, which are accountable to the electronic

    properties of the catalyst [16].

        2.1.4 Selected transfer hydrogenation/asymmetric transfer hydrogenation of nitriles, esters
 and acetates

         The nitrile-based substrates have received less attention for TH/ATH reactions,
            in spite of their industrial significance. In earlier studies, TH of benzonitrile cata-

  lyzed by RuH 2(PPh 3) 4           gave very low yields of the reduced product and showed the
           requirement of focused research in this area [20]. Beller and co-workers have

   reported NHC based [Cp(IPr)Ru(pyr)2][PF 6       ], catalyst (0.5 mol% catalyst, 1.5 mol%
KOtBu, i           PrOH), which effectively catalyzed TH of various aromatic nitriles to give

           the corresponding aromatic imines ( 24 99%). The function of base was toca. –

 convert [Cp(IPr)Ru(pyr)2][PF 6   ] to Cp(IPr)RuH3    which was confirmed through
            kinetic data as well as mechanistic steps, migratory insertion and release of the

          product after a metathesis with IPA [23]. Additionally, the extensive screening
          experiments of various ruthenium pre-catalysts in presence and absence of differ-

        ent ligands was performed. The best catalyst system ({Ru(p-cymene)Cl2 } 2  (1 mol
              %)/DPPB (2 mol%) in presence of NaOH (10 mol %) and 2-butanol at 120 °C,

         showed the reduction of various aliphatic/aromatic/hetero aromatic nitriles to pri-
          mary amines [24]. Remarkably, high TH catalytic activity of bifunctional RuII(-

           phenpy-OH) catalyst was reported for a variety of nitrile substrates outer-via
        sphere mechanism in the presence of excess of PPh3       . The presence of OH in the–

            ligand support as a supplementary for the metal hydride formation direct inter-via
         action of OH with the metal coordinated halide ion [25].–

     Kim and co-workers have disclosed RuH2 (CO)(PPh3 )3    (10 mol%) catalyst stabi-
           lized with pyridine ligand (20 mol%), which showed selective method of imine

         formation from nitriles substrate under base free conditions through hemiaminal
        intermediate mechanism [26]. Nikonov and co-workers have revealed half-sandwich

[Cp(IPr)Ru(py)2 ]PF6         complexes for TH of nitriles with comparatively high catalyst
        loading [24]. To further improve pyrazole/ phosphine-supported cationic ruthenium

 complex ( /49 490            ) was reported that showed high activity in the catalytic TH of
    nitriles. This active catalyst ( /49 490        , 1 mol%) in presence of nitriles, KOt   Bu (5 mol

%), i             PrOH (80 °C, 24 h) gave moderate to excellent imine products. Further, upon
           treatment of imine with HCl yielded the analogous primary ammonium salts [16].

             Another and less explored substrate for TH is the esters and acetates. In this
          context, Nikonov and co-workers have reported the first example of [Cp(PiPr 3)Ru

 Figure 19.
          Stabilization of TS state for asymmetric transfer hydrogenation of dihydroisoquinolines (DHIQs).
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(CH 3CN) 2 ]PF6        catalyzed reductive conversion of the electrophilic phenyl benzoates
           and trifluoroacetates, which gave alcohols in low yields [27]. The catalyst [Cp(IPr)

Ru(pyr) 2][PF 6          ], effectively catalyzed TH of conjugated systems such as , -unsat-α β

          urated esters to give -isopropoxy substituted esters (Michael addition of IPA)β

       along with TH reduced products (ca 45 99%) [23].. –

   3. Heterogeneous transfer hydrogenation

         With the fast advances in sustainable chemistry, the heterogeneous catalytic
           systems are profoundly used by industries for large scale production, economics as

           well as technological point of view. The advantage of heterogeneous catalytic sys-
           tems over homogeneous is basically the easy handling, recycling and easy separation

          of the catalyst from the reaction mixture. For heterogeneous transfer hydrogena-
           tion, ruthenium catalyst can be immobilized on/in various materials such as nano-

          particle, polymers, silica and carbon surfaces [28 30]. Such catalysts can be–

           separated easily from the reaction mixture by simple filtration, centrifuge or apply-
          ing magnetic force. Despite of this, the ruthenium catalyzed heterogeneous TH

        mostly limited to the reduction of carbonyl groups only.

      3.1 Heterogeneous transfer hydrogenation of carbonyl compounds

            Over last few decades, the field of heterogeneous TH of ketones by employing
           primary and secondary alcohols as donors in presence of heterogeneous catalysts is

          growing tremendously. In this context, various research groups have developed sev-
        eral ruthenium-based heterogeneous catalytic systems by altering the incorporation

            of ruthenium in/on various materials. Due to the importance and demand of catalytic
          ATH, significant efforts have been dedicated for the development of immobilized

          form s of the N oyori–Ikariya and other well-established catalysts. In this context,
        several polystyrene (PS) supported ruthenium complexes ( ,79–82 Fi gure 2 0) were

          prepared initially and their catalytic properties were studied by several groups.
          Marcos and co-workers have synthesized Noyori catalyst immobilized on a79

         chlorosulfonylated PS. They used the catalyst in asymmetric transfer hydrogenation
              of ketones and formic acid as hydrogen source and triethylamine as base at 40 °C

            [31]. When 0.67 mol% of the catalyst was used, the reduction of acetophenone

 Figure 20.
         PS-supported Ru catalysts ( ) for the ATH of carbonyl groups.79 82–
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           proceeded smoothly to give the desired product 1-phenylethan-1-ol with 97% eeca.
               and the conversion was found to be 99%. A number of electron donating as wellca.

          as withdrawing groups showed excellent reactivity with c a. 86 –99% values withee
           79. Ma and Peng ’s group independently documented the synthesis of the ruthenium

       complexes immobilized on various phosphonate-containing single- or double-
          stranded PS copolymer ( ) [32 33]. The catalyst can be efficiently80 82– – 80

           employed for the aqueous ATH of carbonyls using NCOONa-Et3N to give ca.
            94 98% yields of the desired alcohol with 93.9 97.8% and 100%– ca. – ee, ca.

            chemoselectivity [32]. Similarly, ATH of aryl ketone was also achieved with with82
               ca. ca. ee94% yield and 95% [33]. Interestingly, catalysts and can be easily80 82

           separated by means of centrifuge from the reaction mixture and were reused
           without the loss of catalytic efficiency for five consecutive cycles. A comparative

          reduction of acetophenone using catalyst was demonstrated in .79 82– Table 1
           Recently, Islam and co-workers have reported the synthesis of simple and effi-

           cient PS-supported ruthenium complex ( ) for the TH of ketone. Both aliphatic83
         and aromatic functionalized ketones showed great conversion to the corresponding

             alcohols with the yields 84 99% using in the presence of KOH andca. – 83 i PrOH
             ( ) [34]. One of the major issues in a majority of heterogeneous catalyzedFigure 21

            TH is the isolation of catalyst from the reaction mixture, which involves tedious
         filtration or centrifuge. Very recently, magnetic nanoparticles (MNPs) have shown

          powerful alternates because of the advantages like greater surface area, morpho-
         logical control, straight forward preparation, and easy separation using magnetic

         forces. As a result, MNP-immobilized transition-metal catalysts are broadly inves-
           tigated by the researchers and applied for TH reactions. Verma and co-workers

         have reported the assembly of the ruthenium incorporated magnetic nanoparticles
             (Ru@MNPs) having spherical shape and size ranges from 15 30 nm in one pot– via

    aggregation of magnetic silica (Fe3O 4@SiO2       ) with binding of RuNPs [35]. The
          catalytic TH of acetophenone was carried out using Ru@MNPs. In the

      Sr. No. Catalyst Temp/Time Conversion Yield ee

        1 40 °C /24 h 99 97 9779

        2 50 °C /6 h 100 98 9780

        3 50 °C /16 h 99 98 9582 >

 Table 1.
  ATH of acetophenone.

 Figure 21.
   Heterogeneous TH of ketone.
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methodology, i              PrOH was used as a hydrogen source along with KOH as base at a
              temperature of 100 °C under MW irradiation in 30 min to obtain the desired alcohol

           product with more than 99% yield. A wide range of substituted acetophenones
         showed great compatibility under optimal conditions to furnish the corresponding

            alcohols with good yield and selectivity ( ). The catalyst can be easilyFigure 22
        recovered from the reaction mixture by using external magnet.

          In 2015, Moores and co-workers used the iron/iron oxide core/shell NPs
         (FeCSNPs) as heterogeneous support for the synthesis of Ru-magnetic nanoparticles

           (Ru@FeCSNPs) [36]. The catalyst Ru@FeCSNPs was used as the catalyst of choice
           for the transfer hydrogenation of carbonyl compounds using KOH as base and iPrOH

             as hydrogen donor cum solvent at 100 °C ( ). Aryl ketones bearing bothFigure 2 3
          electron-donation as well as electron withdrawing groups were converted to their

           corresponding alcohols very smoothly. The catalyst was found to be highly selective
         for the keto group over aldehyde or nitro functional group.

          Although numerous catalysts and methods have been developed for the Ru-
          catalyzed heterogeneous TH, the exact mechanism is still unclear. However, several

            mechanistic studies lead to two possible pathways for the metal catalyzed TH reac-
          tion; (a) monohydride transfer mechanism and (b) dihydride transfer mechanism. It

          is believed that, both pathways are possible for Ru-catalyzed transfer hydrogenation
             [37]. The possible catalytic cycle for the catalytic TH of keto group shown in

  Figure 24 uses i              PrOH as the source of hydrogen. As shown in , in the monoFigure 24
 hydride mechanism, i           PrOH in presence of base form the alkoxide ion which in

             turn react with the metal to form the active metal-alkoxide species . The metalI
           metal-alkoxide give the reactive metal hydride intermediate , which react with theII

 Figure 22.
    Ru@MNPs-catalyzed transfer hydrogenation of ketones.

 Figure 23.
    Ru@FeCSNPs catalyzed TH of acetophenone.
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              keto group to transfer the hydride ion to the carbonyl carbon and result in the
         formation of substrate metal alkoxide intermediate . Finally, another molecule of– III

i              PrOH was reacted to form the product and regenerate the active catalytic species .I
           Similarly for the dihydride mechanism, both the protons of reducing agent got

             transfer to form the metal dihydride complex , which in turn react with theIV
            reactant carbonyl group to form the desired product along with regeneration of the

 metal catalyst.

      3.2 Heterogeneous transfer hydrogenation of nitro group

           The substituted aromatic amines act as important intermediates in the field of
           pharmaceuticals as well as agrochemicals. They also show great versatility in the

          production of dyes, polymers, herbicides and cosmetics. The aromatic nitro com-
           pounds can be easily converted to the corresponding aromatic amines catalyticvia

           transfer hydrogenation. Lu and co-worker documented the use of ionic liquid (1-
         hexadecyl-3-methylimidazolium bromide) as a support in the synthesis of MCM-

          41-type mesoporous silica (OMS-IL) [37]. In their methodology, they used Ru
         nanoparticles immobilized on OMS-IL (Ru/OMS-IL) by transfusing OMS-IL with a

RuCl3           in water for reducing nitroarenes with good selectivity ( ). BothFigure 25
         mono and poly substituted nitroarenes were transformed into their respective

 Figure 24.
             Possible general mechanisms for the heterogeneous TH reactions: (A) monohydride CTH; (B) dihydride CTH.

 Figure 25.
      Reduction of nitro arenes via ruthenium-catalyzed TH.
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          anilines in high yields ( - . The most highlighted advantages of Ru/OMS-IL95a 95j)
            are: they show high catalytic activity as well as chemoselectivity. The catalysts are

            also highly stable and can be easily recovered from the reaction mixture. They
          showed great reactivity towards the reduction of the functionalized nitro com-

              pounds to the aromatic amines in the presence of ethanol as the solvent and hydra-
             zine hydrate as a hydrogen donor and exhibited catalytic activity up to six cycles.

          Dabiri and co-workers documented the use of graphene oxide and RuCl3  as the
            starting precursors and thiourea as a reducing doping agent for the preparation of

        ruthenium nanoparticles supported on nitrogen and sulfur-doped 3-D graphene
         (Ru@NSG) nanohybrid through a one-pot hydrothermal method [38]. The catalytic

         efficiency of ruthenium-nanohybrid was compared with the reduction of nitroarenes
     to the analogous anilines using NaBH 4       as hydrogen doner in 1:1 ethanol/water solvent

            at room temperature ( ). A broad range of functionalized nitro arenes wereFigu re 26
        transformed to their corresponding aniline derivatives in decent yields.

    3.3 Miscellaneous heterogeneous transfer hydrogenation

            Furfural (FFA) derived from biomass is a promising energy source for the future
           biorefinery and is industrially produced the dehydration of xylose and arabinosevia

             [39]. Over the last few decades, its synthesis received a great interest from the
           researchers. In this context, Liang and co-workers reported the synthesis of 2-

      methylfuran (MF) from furfural by using Ru/NiFe2 O 4    by catalytic TH using
            isopropanol as hydrogen donor under mild conditions. At 180 °C and 2.1 MPa

            nitrogen, the transformation of furfural was achieved up to c . 97%, whereas MFa
            was formed in 83% yield ( ) [40]. Additionally, the catalyst showedca. Figure 27

      excellent activity up to five consecutive cycles.

    4. Conclusion and future perspectives

          The simple operational procedure, the mild reaction conditions with high cata-
            lytic activity and selectivity make the TH reactions an attractive alternative to direct

 Figure 26.
    Ru10%@NSG catalyzed reduction of nitroarenes.

 Figure 27.
    Conversion of furfural to 2-methylfuran.
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  hydrogenation using H 2           gas. This research field is growing rapidly due to the high
           demand for the development of sustainable and green chemistry point of view.

          Recently, significant developments of Ru-catalyzed both TH and ATH of carbonyl,
           olefine, nitro and nitrile groups have been achieved. This improvement was per-

             ceived in several aspects, such as design of ligands or stabilizers to improve the
         reaction efficiency, exploration of green hydrogen source, generalization of reac-“ ”

         tion in water, enhancement in asymmetric synthesis, broadening of substrate
           diversity, and study of reaction mechanisms. Addition to these, TH has been

          explored in the syntheses of numerous compounds, in particular fine chemicals,
       bioactive molecules, agrochemicals, and products bearing multi-functional groups.

         Although remarkable developments have been made in Ru-catalyzed TH reac-
            tions, many challenges and problems remain in most of the reported results. For

           example, majority of the reported reactions cannot be applicable for the practical
           and industrial applications. The catalytic results of ATH are not much promising

           compared to the direct asymmetric hydrogenations. The TH and ATH reactions of
             imines, olefins, and nitroarenes are very less efficient than that of ketones and are

            still not explored properly. The use of Ru-catalyzed heterogeneous TH and ATH is
            still under developed and mostly limited to the ketone group. However, at the

           present time, new findings are boosting the field by addressing these challenges
      which indicate TH has a bright future.

        This chapter described the recently developed homogeneous and heterogeneous
         ruthenium catalysts for different substrates ketones, imines, olefins, nitriles, esters

         and nitroarenes. Attention was focused on mechanistic characteristics of TH/ATH
          with different ligands frame and their effects on ATH reaction rate.
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Chapter 6

Hydrogenation and 
Hydrogenolysis with Ruthenium 
Catalysts and Application to 
Biomass Conversion
Thomas ErnstMüller

Abstract

With the rising emphasis on efficient and highly selective chemical transformations, 
the field of ruthenium-catalysed hydrogenation and hydrogenolysis reactions has 
grown tremendously over recent years. The advances are triggered by the detailed 
understanding of the catalytic pathways that have enabled researchers to improve 
known transformations and realise new transformations in biomass conversion. 
Starting with the properties of ruthenium, this chapter introduces the concept of 
the catalytic function as a basis for rational design of ruthenium catalysts. Emphasis 
is placed on discussing the principles of dissociative adsorption of hydrogen. 
The principles are then applied to the conversion of typical biomolecules such 
as cellulose, hemicellulose and lignin. Characteristic features make ruthenium 
catalysis one of the most outstanding tools for implementing sustainable chemical 
transformations.

Keywords: ruthenium, catalysis, reaction network, sequential reactions,  
hydrogen dissociation, hydrogenation, hydrogenolysis, biomass conversion

. Introduction

Life on earth inherently depends on the element carbon creating the heart of a 
myriad of chemical compounds that, together with water and some inorganic com-
pounds, build living matter. Over geologic periods, life has established a dynamic 
equilibrium of the flows of carbon through the different geo-habitats [1]. With 
the rise of mankind, this balance has been undermined through the exploitation 
of vast amounts of fossil resources for generating heat and materials. The carbon 
dioxide (CO2) emissions from combustion of fossil resources have resulted in rising 
atmospheric CO2 concentrations and an increasingly evident change in the climate 
worldwide. Replacing fossil resources that at present make up more than 90% of the 
energy demand and the feedstock for the chemical industry [2] is one of the most 
pressing challenges of mankind. All our primary energy demand of annually 12.5 
TW a−1 could be covered by harnessing a fraction of the 8405 TW a−1 renewable 
energy available annually that comprises solar, wind, geothermal, tidal and wave 
energy [3]. Nevertheless, a sustainable energy supply will be needed for carbon-
based compounds in order to close carbon recycle streams. Biomass is a globally 
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available resource that is considered a suitable alternative feedstock for producing 
basic chemical building blocks, so-called platform molecules [4], that could substi-
tute the current fossil-based platform chemicals [5].

Biomass largely consists of complex molecules comprising mostly oxygen and 
other heteroatoms. Lignocellulose, the structural component of plants and the 
largest fraction of plant biomass, is essentially composed of cellulose, hemicellulose 
and lignin. Break down of the structure by depolymerisation of the corresponding 
molecular entities, followed by oxygen removal, yields fuels and platform chemicals 
for the value-chain of the chemical industry. Sustainable conversion depends on 
efficient conversion steps obtained ideally via catalytic processes. In this context, 
the catalytically highly active element ruthenium provides unique properties. 
Despite ruthenium being counted among the noble metals, it resembles a non-noble 
metal in many aspects. In metallic form, ruthenium atoms are highly polaris-
able. Unlike the higher homologue platinum, e.g., that has similar atomic radius, 
ruthenium has a much higher average electric dipole polarizability. Consequently, 
distinct catalytic functions can be realised with ruthenium catalysts.

To help readers understand why ruthenium catalysts are so frequently 
employed in biomass conversion, this chapter will first investigate the proper-
ties of ruthenium. Here, the catalytic properties of ruthenium are linked with its 
propensity to adsorb certain molecular entities. After exploring the interaction 
of adsorbed molecules with ruthenium surfaces, we will discuss the nature of 
selected adsorption states, the corresponding binding energies and structures of 
the adsorption complexes including ordering phenomena observed for molecules 
co-adsorbed on the ruthenium metal surface. This sets the scene for rational design 
of catalysts that are specific for the conversion of chemical entities in biomass. Last 
but not least, we will discuss selected examples for intriguing transformations of 
biomolecules.

To note here is that this chapter does not aim to comprehensively review the 
available data on catalysis with ruthenium. Nor does it attempt to summarise all 
data on the conversion of biomass with ruthenium catalysts. The extensive interest 
in this field is reflected presently by the more than 800 articles published each year 
on catalysis with ruthenium, more than 110 of which focus on biomass conversion. 
Instead, this chapter aims to summarise the catalytic principles governing hydroge-
nation and hydrogenolysis reactions with heterogeneous ruthenium catalysts with 
particular focus on applications in biomass conversion. Cited data and papers were 
selected to exemplify the field and illuminate the discussion.

. Ruthenium

Ruthenium, from Latin  (“Russia”), is one of the late transition metals ruthenia
and is located in the periodic table in the 5th period and group 8 (Figure ). With an 
abundance of 7.0±0.9ng.g−1 in the silicate shell [6], ruthenium is one of the rarest 
non-radioactive elements on earth. Its low abundance is due to segregation of the 
platinum group elements in the core of Earth that was partially compensated by 
addition of 0.3–0.8% of chondritic material after core formation had been complete 
[6]. Ruthenium is found mostly in deposits associated with the other platinum-
group elements [7] and as the rare RuS2 mineral called laurite [8]. Ruthenium is a 
silvery white, extraordinarily hard and brittle metal. With a density of 12.45g.cm−3 
[9], ruthenium is the second lightest platinum group metal after palladium. In 
the electronics industry, it is used in devices for perpendicular recording [10], a 
technology applied in hard disks that enables high-density data storage on mag-
netic media.
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With regard to its chemical properties, ruthenium is stable in the absence of 
oxygen against non-oxidising acids. Consequently, it counts as a noble metal. Even 
so, ruthenium resembles a non-noble metal in many respects. Similar to the other 
metals of the 7th, 8th and 9th group of the periodic table, ruthenium does not form 
stable binary hydrides under ambient conditions; this region of the periodic table is 
called the “hydride gap” [11]. For these elements a positive value is obtained for the 
heats of formation calculated for the binary hydrides (Figure ) [12]. Nonetheless, 
ruthenium monohydride (RuH) is formed by reaction of the elements at pressures 
above 14GPa at room temperature. It transforms to Ru3H8 at pressures of more than 
50GPa and temperatures exceeding 1000K, adopting a cubic structure, and RuH4, 
when the pressure is increased above 85GPa, crystallising in a structure comprising 
corner-sharing H6 octahedra [13]. Interestingly, the hydride ligand exerts a strong 
trans influence in ruthenium complexes (vide infra), thereby weakening the binding 
of ligands located in  position [trans 14].

Due to its ability to dissociate hydrogen on the metal surface, ruthenium, in its 
metallic form, finds numerous applications as a catalyst in chemical processes such 
as ammonia synthesis, methanation, hydrogenation or hydrogenolysis (vide infra). 
Moreover, it can catalyse the oxidation of alcohols to aldehydes and carbonic acids. 
Ruthenium compounds are distinguished for their rich coordination chemistry, and 
compounds with ruthenium in oxidation states between 2 and+8 are known. The −

most stable and most common oxidation states are +3 and+4. With ruthenium at 
an intermediate oxidation state, +2, +3 or+4, complexes have also been obtained 
that, similar to other late transition metal clusters (e.g., Ni, Pd, Pt [15]; Pt [16]; 
Co, Rh, Ir [ ]; Au [17 18]), comprise ruthenium-ruthenium bonds. Ruthenium 
complexes, like Grubbs catalyst and Noyori catalyst (vide infra), play a significant 
role in chemical syntheses. Likewise, ruthenium compounds are employed in olefin 
metathesis polymerisation of cyclic alkenes [19–21]. The perovskite mixed oxide 
Ba2LaRuO6 is used in automotive exhaust gas catalysts [22]. Titanium electrodes 
covered with a layer of RuO2 are applied in the chloralkaline electrolysis [23]. 
Moreover, ruthenium nanoparticles are interesting Deacon catalysts for the gas-
phase oxidation of hydrogen chloride to chlorine [ ].24

. Concept of catalytic function

At first sight, most catalytic systems appear to be unnecessarily complex. 
A look at biologic systems, however, reveals that many biological systems are 
built on chains of different catalysts. There, substrate molecules are passed from 
one enzyme to another. Thus, in the conversion of molecular oxygen, about ten 

Figure 1. 
Calculated heats of formation of the (unstable) binary hydrides MnHy (n>y) for group 8–10 transition metals 
[ ] (left) and position of ruthenium (circle) in the periodic table (right) indicating the group of noble metals 12
(bold, grey) and the platinum group metals (dark grey).
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different catalysts are involved before the oxidising equivalents are reacted with 
carbon compounds [25].

Thinking in terms of sequences of consequential reaction steps is a useful 
strategy to rationally design heterogeneous catalysts. A good starting point is 
considering the catalytic functions [ ] necessary for realising the desired transfor-26
mations. The dissociative adsorption of molecular hydrogen is one of the key steps 
for hydrogenation and hydrogenolysis reactions, the focus of this chapter. In the 
case of transfer hydrogenation, the concepts equally apply to suitable hydrogen sur-
rogates. As such, dissociative adsorption of hydrogen, as one of the important steps 
of catalysis, will be elucidated below. With the Langmuir-Hinshelwood mechanism 
most prominent in catalysis with late transition metals, co-adsorption of the 
substrate and transfer of hydrogen atoms to an unsaturated substrate need to be 
considered next. Other catalytic functions important for biomass conversion are the 
ability of a catalyst to either cleave or form C-C, C-O or C-N bonds. This results in a 
list of complementary catalytic functions that are required for realising the desired 
transformation. Thereby it is useful to consider orthogonal catalytic functions 
that do not interfere with each other. Rather molecules ought to be passed from 
one catalytic function to the next, like in a molecular assembly line. Noteworthy, 
such assembly lines may involve a single material comprising different functions. 
Frequently the support plays an important role even when the actual transforma-
tion occurs on supported metal nanoparticles. One aspect to be considered regard-
ing hydrogenation and hydrogenolysis reactions is spill-over of hydrogen to surface 
sites on the support. Another concept for realising such assembly lines involve 
mechanical mixtures of two or more materials that comprise different catalytic 
functions. An example is given below. Whereas heterogeneous ruthenium catalysts 
can accommodate many of these catalytic functions, homogeneous ruthenium cata-
lysts enable unique, highly distinct catalytic transformations. Once the necessary 
catalytic functions have been identified, it is useful to derive the link to the desired 
active state and the structure of the pre-catalysts that is to be used. This provides 
a straightforward path for rationally designing a particular catalyst for the desired 
transformation.

. Sequential reactions

Rational and straight-forward catalyst design is the foundation of systematic 
conceptualisation of highly active catalysts that provide extraordinary specificity 
for a given transformation. Such specificity is essential upon designing catalysts 
for biomass transformations, because the chemist typically encounters many dif-
ferent molecules or molecular entities rather than single types of molecules that 
are to be converted. If chosen in the appropriate way, the catalyst will adsorb and 
convert only one type of molecule or chemical entity while leaving all other mol-
ecules and chemical entities untouched. This concept is also valuable for devising 
catalysts for sequentially connected, mutually exclusive catalytic reactions. 
To develop such catalysts, the chemist needs to fundamentally understand the 
nature and catalytic role of active sites to guide the design of new and improved 
catalysts. Two examples are described here. The general principle is exemplified 
for a radical reaction with a MOF catalyst; the potential is then demonstrated for 
the hydrogenation of a multifunctional substrate over a Ru/CNT-Pt/CNT catalyst 
mixture.

Metal organic framework (MOF) compounds are porous materials com-
monly obtained by hydrothermal reaction of metal ions and bridging organic 
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ligands [ ]. MOFs combine the high porosity of a heterogeneous catalyst with 27
the tunability of molecular functional groups. This combination of features has 
been exploited for the sequential oxidation of alcohols to carboxylic acids with 
molecular oxygen in the presence of TEMPO modified MOF UiO-68 [28]. The 
conversion involves two sequential oxidation steps, i.e., the aerobic oxidation 
of alcohols to aldehydes, and the consequential autoxidation of the aldehydes to 
carboxylic acids. Whereas the first step is a radical reaction, the second step is 
inhibited by radicals. Thus, the two reactions are mutually exclusive. Complete 
removal of the MOF catalyst after the first radical-catalysed aerobic oxida-
tion step by filtration provides the radical scavenger-free conditions that are 
necessary for the second radical-inhibited autoxidation step. This is a beautiful 
example of the use of a functional heterogeneous catalyst for a sequential organic 
transformation.

The concept of connecting consecutive one-pot reactions with a “molecular 
assembly line” has been explored for the hydrogenation of bifunctional substrates 
A-B to products AH-BH [29]. Two catalysts were chosen in such a way that one 
catalyst (M1) preferentially adsorbs one of the substrate moieties, and the other 
catalyst (M2) preferentially adsorbs the second substrate moiety (Figure ). 
In this case both catalysts function optimally, thereby yielding improved rates 
and selectivities compared to single or conventional bimetallic catalysts [29]. 
Moreover, substrate inhibition can be avoided. By adjusting the relative quantity 
of the two catalysts, the relative rates of the two sequential transformations can 
be adjusted to be equal, because this results in the highest overall rate at the lowest 
catalyst concentration.

This concept has been applied successfully to the full hydrogenation of nitroaro-
matics to cycloaliphatic amines over a mechanical mixture of carbon nanotube 
(CNT)-supported Ru/CNT - Pt/CNT catalysts [29]. Noteworthy is that the aromatic 
ring, considered to be “soft” due to the aromatic -system delocalised over six carbon π

atoms, preferentially adsorbs on ruthenium that is readily polarizable. The nitro group, 
considered to be “hard” due to the negative charge which is delocalised over only two 
oxygen atoms, preferentially adsorbs on platinum with highly shielded d-electrons. 
Notably, metallic Ru and Pt have similar atomic radii of 133 and 137pm, while differing 
in the static average electric dipole polarizability of 9.6 and 6.4 10−24cm3, respectively. 
A 95:5 mixture of the Ru/CNT (M1) and Pt/CNT (M2) catalysts provides the required 
equal rates for hydrogenation of the two respective moieties and optimum selectivity to 
the target product cyclohexylamine (Figure ).

Figure 2. 
Concept of a molecular assembly line for catalysing the consecutive one-pot reaction of a bifunctional subtract 
A-B to product aH-BH with a mixture of orthogonal catalysts M1 and M2 (right) and requirements concerning 
the affinity for binding of the respective moieties to the metal centres M1 and M2 (table, left).
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. Catalytic transformations with ruthenium catalysts

Based on the unique catalytic functions given by heterogeneous and homo-
geneous ruthenium catalysts, a large number of important transformations have 
been realised. Many of these transformations are applied on an industrial scale. 
For hydrogenation and hydrogenolysis reactions, in particular, heterogeneous 
ruthenium catalysts are among the most frequently applied catalysts, because they 
provide outstanding activities and excellent selectivities.

. Ammonia synthesis and methanation with ruthenium catalysts

Analogous to iron and osmium, ruthenium catalyses the formation of ammonia 
from nitrogen and hydrogen (Eq. 1). Ruthenium has superior catalytic activity com-
pared to iron [30] and results in enhanced NH3 yields at lower pressures. A ruthe-
nium catalyst, which is supported on a carbon matrix and improved by barium and 
caesium as promoters, has been in industrial use in two production sites in Trinidad 
since 1998 [31]. As the slow methanation of the carbon support [32] interferes 
with the process, alternative supports are preferred for ruthenium catalysts applied 
in ammonia synthesis. Efficiencies as close as possible to the theoretical limit are 
highly relevant for decentralised, islanded ammonia production plants [33, 34], 
where round-trip efficiencies of up to 61% can be reached [35]. An example for a 
highly active and stable low-temperature ammonia catalyst are ruthenium nanopar-
ticles on a Ba-Ca(NH2) 2 support [36]. At a weight hourly space velocity (WHSV) 
of 36Lg−1h−1, a rate of 23.3 mmolNH3 g−1h−1 is obtained at 300°C and 9bar. Such 
catalytic activity is about 6 times higher than that of industrial iron-based bench-
mark catalysts (at 340°C) and 100 times higher than that of industrial ruthenium-
based benchmark catalysts (Cs-doped Ru/MgO, at 260°C) [36]. In addition, for the 
reverse reaction of ammonia cleavage, high activities are likewise important [37, 38] 
and imply the use of ruthenium catalysts for the upcoming production of COx-free 
hydrogen by ammonia cleavage in energy applications.

 
2 2

1

3 r      2NH            N 3H     H 91.8kJmol
−

    → ∆ °=−+   (1)

Analogous to nickel, ruthenium catalyses methanation, the production of 
methane from hydrogen and carbon dioxide (Eq. 2) or carbon monoxide (Eq. 3), 
the so-called Sabatier reaction. Water is obtained as by-product. Carbon dioxide 

Figure 3. 
Concept of a molecular assembly line applied to the hydrogenation of nitrobenzene (NB, A-B, blue) to 
cyclohexylamine (CA, aH-BH, brown) over a mixture of orthogonal catalysts Pt/CNT (M1 ) and Ru/CNT 
(M2 ) and time-concentration profile showing also the intermediate aniline (AN, AH-B, green) and the side 
product dicyclohexylamine (DA, purple) (right).
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methanation could be seen as the combination of the reverse water gas shift reac-
tion that converts a mixture of carbon dioxide and hydrogen to carbon monoxide 
and water (Eq. 4), and methanation. Over ruthenium catalysts, such as Ru/Al2O3, 
the coproduction of CO is negligible [39]. This suggests a different reaction path-
way not involving the intermediate formation of CO. Both reactants, H2 and CO2, 
are strongly adsorbed on the surface [39] giving rise to a Langmuir-Hinshelwood 
mechanism. Ruthenium catalysts are highly selective to methane and provide a very 
low fraction of side products, such as higher hydrocarbons, alcohols, or formic acid. 
Due to the exothermicity and volume reduction, the reaction is thermodynamically 
favoured at low temperatures and high pressures. Typical operation conditions 
are 200–500°C and pressures of 10–30bar [40]. Since ruthenium catalysts have a 
higher activity than nickel catalysts, they enable higher conversions at low tempera-
ture. Methanation has long been used for removing COx from the hydrogen-nitro-
gen syngas mixture used in ammonia production [41]. Carbon dioxide methanation 
is an option for biogas upgrading that constitutes an alternative to the removal of 
carbon dioxide [42]. Carbon dioxide methanation has also been discussed in the 
context of storing intermittent energy generated as a result of electricity production 
from renewable resources. Methane can be transported and stored in the existing 
natural gas grid. Therefore, methanation of carbon dioxide is being discussed as one 
of the promising Power-to-X technologies [43].

 1

  2 2 4 2 r         CO  4 H CH  2 H O            H   165.12 kJ mol
−

     + + → ∆ ° = −    (2)

 1

  2 4 2 r         CO  3 H CH  H O                H   206.28 kJ mol
−

     + + → ∆ ° = −    (3)

 1

  2 2 2 r         CO  H CO  H O               H   41.16 kJ mol
−

     + + → ∆ ° = +    (4)

. Hydrogenation with ruthenium catalysts

Ruthenium is an efficient catalyst for hydrogenating aromatics, acids, ketones and 
unsaturated nitrogen compounds. The selective hydrogenation of aromatic amines 
to cycloaliphatic primary amines is an industrially relevant transformation, but is 
impaired by formation of secondary amines and other side products. Modification 
of carbon nanotube (CNT)-supported ruthenium catalysts Ru/CNT catalysts with 
a base (LiOH) significantly improves selectivity in toluidine hydrogenation [44, 45] 
without decreasing the activity of the catalysts. LiOH-modified Ru/CNT catalysts can 
efficiently convert also other challenging substrates, such as methylnitrobenzenes 
[46]. The effect of LiOH is understood as (i) LiOH reducing acidic sites on the catalyst 
support, (ii) enhancing hydrogen dissociation and reducing hydrogen spillover from 
ruthenium to the support (vide infra) and (iii) shifting the adsorption mode of the 
substrate on the ruthenium metal nanoparticles from binding of the amine group to 
the aromatic ring. In a similar manner, nitro compounds are able to change the bind-
ing mode of aromatic amines to the ruthenium surface [47, ].48

. Hydrogenolysis with ruthenium catalysts

The hydrogenolysis of alkanes is an important unit operation in refineries for 
reducing the chain length of acyclic alkanes. It also serves as a model for the hydro-
genolysis of C-O and C-N bonds in various applications relevant for oil refining 
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and biofuel generation. Cleavage of the C-C bond is preceded by a series of quasi-
equilibrated dehydrogenation steps (see Figure  for ethane hydrogenolysis [49]). 
Desorption of two chemisorbed hydrogen atoms generates the necessary adsorp-
tion sites on the surface. Physisorbed ethane dissociates stepwise via CH3CH2*, 
*CH2CH2*, *CH2CH* to form *CHCH*. Activation of the C-C bond in *CH-CH* has 
a lower intrinsic barrier in further dehydrogenation. Cleavage of the C-C bond in 
the *CH-CH* surface intermediate is thought to be the rate limiting step. During 
the entire process, the surface is covered to a large extent with chemisorbed hydro-
gen (H*). The high hydrogen coverage also enhances the re-hydrogenation of the 
unsaturated fragments to produce methane that is desorbed from the surface.

Similar to Ru, C-C bond cleavage in more deeply dehydrogenation intermediates is 
preferred for Os, Rh, Ir, and Pt relative to cleavage of the C-C bond in more saturated 
intermediates ( , right). Cleavage of the C-C bond in more saturated interFigure  -
mediates starts to compete as one moves more to the right of the periodic table. For 
the group 10 metals (Ni, Pd, Pt), the most favourable mechanism is C-C activation in 
*CHCH*, while other intermediates have activation energies of about 40kJmol−1 sug-
gesting that multiple routes may coexist. For the coinage metals (Cu, Ag, Au), there is 
a preference for cleavage of the C-C bond in the most saturated intermediate CH3CH2*. 
The overall free-energy barrier for C-C bond activation is lowest for Ru providing the 
highest turnover rate for *CHCH* bond cleavage. Thus, the less noble metal Ru is more 
active than the more noble metals. This is also consistent with experimental data that 
show a decrease in the turnover rate in the sequence Ru>Rh Ir ].> >Pt [49

. Catalysis with molecular ruthenium catalysts

Some very active molecular ruthenium (pre)catalysts were developed for catalytic 
hydrogenation and transfer hydrogenation. Selected examples are shown in Figure . 
Ruthenium hydride complexes [50] with phosphine or diamine ligands are active 
for the hydrogenation of many substrates. Transfer hydrogenation with ruthenium 
catalysts is frequently used for the reduction of ketones to alcohols [51] and amides, 
imines and nitriles to amines [52, 53]. Isopropanol is commonly employed as hydro-
gen donor [54]. The hydrogenation and transfer hydrogenation can be stereoselec-
tive if the starting material is prochiral and a chiral complex is employed [52, ]. 55
However, chiral BINAP catalysts can reduce only functionalised ketones in a stere-
oselective manner. Whereas Noyori precatalysts of the type [RuCl2(diphosphane)
(diamine)] enable the asymmetric hydrogenation of ß-keto esters as well as the 

Figure 4. 
Calculated reaction enthalpies for the elementary steps in the hydrogenolysis of ethane on a Ru(001) surface 
(593K, left) and intermediates with the lowest activation free-energy barrier relative to *CH-CH* bond 
activation (right) [49]. Energies are relative to a surface covered with chemisorbed hydrogen (H*); * denotes 
coordination to the ruthenium surface.
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reduction of prochiral ketones and aldehydes, olefins are usually not converted. The 
stereoselectivity is enhanced, when the substituents on the ligands differ in size.  
The concept of bifunctional asymmetric catalysis with ruthenium complexes has later 
been transferred to a variety of C-C, C-O and C-N forming reactions [56].

Ruthenium is also the central metal in the Grubbs catalysts [ ], which are among 57
the most important precatalysts for olefin metathesis. There are two generations of 
Grubbs catalysts (Figure ). The first generation is often employed for ring-opening 
polymerisation (ROMP [21]) and for the synthesis of large rings by metathesis. The 
second generation [ ] has a much higher activity. In Grubbs-Hoveyda catalysts, one 58
of the tricyclohexylphosphine (PCy3) ligands of the Grubbs catalysts is replaced by an 
aromatic ether that links to the carbon substituent. There is a wide field for ruthe-
nium-catalysed cyclisation reactions [59]. Ruthenium -heterocyclic carbene (NHC) N
complexes based on the second-generation Grubbs catalysts have also been applied in 
a variety of related transformations, such as hydrogenation [ ], hydrosilylation, and 60
isomerization [ ]. Metathesis can also be combined with a second chemical transfor61 -
mation to tandem reaction sequences [61]. Likewise, living free radical polymeriza-
tions are feasible with ruthenium complexes [62]. An example is the polymerisation 
of methyl methacrylate with [RuCl2(PPh3)3] as a catalyst [63, 64].

. Hydrogen adsorption on metallic ruthenium

As for the other platinum group elements, metallic ruthenium is characterised 
by excellent catalytic results for a variety of transformations. The interaction of 
molecular hydrogen with the surface of ruthenium is particularly interesting as 
far as catalytic hydrogenation or hydrogenolysis reactions are concerned; it will be 
analysed in further detail here. Accordingly, the fundamental concepts discussed 
here likewise are valid for transfer hydrogenation reactions.

Dissociative chemisorption of hydrogen on the surface is a pivotal step of the 
transformation and is often rate-limiting. The adsorption of hydrogen may be consid-
ered as competing molecular and dissociative adsorption of hydrogen ( ) [Figure  65]. 
Molecular adsorption is governed by the van der Waals interactions between molecular 
dihydrogen and the ruthenium surface [66]. On a Ru(0001) surface with point group 
symmetry C3v [67], the four high-symmetry adsorption sites involve binding of the 
hydrogen molecule to a single ruthenium atom ( ), a position bridging two on top
ruthenium atoms ( ) or three-fold coordination at  sites ( ) [brg fcc or hcp Figure  67, 68]. 

Figure 5. 
Examples of molecular ruthenium complexes that are used in homogeneously catalysed hydrogenation and 
metathesis reactions.
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Physisorption attracts a charge of 0.04 electrons to the hydrogen molecule [− 66]. This 
is consistent with promotion of dissociative adsorption of hydrogen in the presence of 
alkaline metal cations [69]. Electron transfer to the anti-binding orbitals of hydrogen 
and upward shift of the transition metal d-band centre towards the Fermi level are 
likely explanations.

For coordination of hydrogen in the molecular state [ ], the  site provides 70 on top
the highest adsorption energy of −20.3kJ.mol −1 and the lowest dissociation barrier 
of 16.4kJ.mol−1  [66]. Consequently, an entrance channel barrier is missing, and this 
dissociation channel appears to be active even for dissociation of H2 molecules with 
negligible incident energy. Nevertheless, a suitable approach of the H2  molecules to 
the ruthenium surface is essential for such a low dissociation barrier. Dissociation of 
molecular hydrogen on ruthenium is a rather slow process [69], and equilibrium is 
obtained only after several hours [71]. Point-like defect structures, like Ru vacancies 
or Ru adatoms on the surface do not seem to provide comparably low dissociation bar-
riers. Other defects that are present at finite temperatures on the surface include steps, 
kinks and adatom islands [72, 73]. Low coordinated defect sites may be the prefer-
ential sites for a direct dissociative adsorption pathway on ruthenium nanoparticles 
[74]. Due to the low barrier, the  site is likely the most reactive site for hydrogen on top
dissociation on extended ruthenium surfaces [ ]. For supported ruthenium cata67 -
lysts, a rapid H2/D2 isotopic equilibration reaction has been reported [69]. Even so, 
the isotope exchange is slowed down considerably in the presence of alkaline metal 
cations that prevent spillover [ ] of hydrogen atoms to the support.70, 75

Dissociative adsorption occurs when the bonds formed between the two hydrogen 
atoms and the ruthenium surface are stronger than the strength of the hydrogen–hydro-
gen bond (460kJ. mol−1). This is the case when the hydrogen atoms adsorb at either 

Figure 6. 
Physisorption and chemisorption of molecular hydrogen on extended ruthenium surfaces and the C3v  high-
symmetry adsorption sites on the Ru(0001) surface on top (uCM=0; vCM=0), brg (1/2;1/2), fcc (2/3;1/3) 
and hcp (1/3,2/3) (top) [67] and changes in adsorption energy for physisorption of hydrogen Eads(H 2), 
dissociation barrier EΔ diss and chemisorption of hydrogen Eads(H) (physisorption vdW-DF2+PBE level, [66], 
chemisorption GGA with periodic plane-wave basis set, 1 monolayer coverage, no correction for zero point 
energy [78].
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the fcc or the  hollow site ( 258.6 andhcp − −258.2kJ.mol −1, respectively). Noteworthy 
is the relatively small difference in energy between the  and  hollow sites. As for fcc hcp
extended surfaces of other late transition metals, hydrogen, thus, has a pronounced 
preference for binding to multi-fold coordination sites [76, 77]. As far as metal clusters 
and nanoparticles are concerned, the number of adsorption sites can differ, whereby 
specific 2-, 3-, and 4-fold coordination to surface atoms has been reported [76]. The 
barrier for surface diffusion [ ] of hydrogen is rather small and was estimated to 70
13–21kJ. mol−1. There is a small decrease of −12.1kJ.mol−1 in adsorption energy with 
coverage θ increasing from partial (1/3) to monolayer coverage.

At low temperature, the catalytically active ruthenium surface is normally 
covered to a large extent with hydrogen. The surface coverage remains incomplete 
under reaction conditions even at elevated pressures. Thus, at 100bar, a coverage 
θ of ca. 85% was calculated at room temperature, whereby it decreased to ca. 70% 
at increasing temperature (500°C) [78]. Temperature-programmed desorption 
of hydrogen from ruthenium catalysts shows two distinct desorption peaks as a 
characteristic feature [ , ]. The peaks represent strongly and weakly chemi-71 74
sorbed hydrogen, consistent with distinct NMR signals at 60 and 30ppm [− − 79]. 
The corresponding heats of adsorption were determined to be 40–70kJ.mol−1 (αH) 
and 10kJ. mol−1 (βH), respectively, by microcalorimetry [69]. This suggests that part 
of the hydrogen is not dissociated over real samples. Consequently, a chemisorption 
stoichiometry xM exceeding unity is frequently considered (xM=1.4 [ ]; 2 [ , ]; 74 71 80
5 [79]). Although surface processes dominate, subsurface hydrogen cannot be ruled 
out [70, ]. Furthermore, the support can act as a reservoir for hydrogen [81 69].

Under catalytic conditions, surfaces are saturated by hydrogen or one or more 
adsorbed intermediates. This leads to strong co-adsorbate interactions. These 
interactions are not accounted for in kinetic models built on Langmuir isotherms. In 
real catalysts, however, mostly supported metal nanoparticles are employed, where 
these co-adsorbate interactions are lessened. The curvature of the nanoparticles 
allows for adlayer relaxation [82]. Thus, CO hydrogenation rates on Ru clusters are 
much higher at high CO coverage than predicted based on a Langmuir approach [83]. 
Activation of adsorbed CO by reaction with surface hydrogen results in transition 
states that occupy less space than [82] the pair of surface moieties that they replace. 
This causes the overall activation energy to decrease with increasing CO* coverage.

Interestingly, species co-adsorbed on a ruthenium surface may show a strong 
tendency to segregate. Thus, with carbon monoxide and hydrogen co-adsorbed on a 
Ru(0001) surface, the carbon monoxide molecules form islands that are surrounded 
by hydrogen atoms [84]. At cryogenic temperatures, the carbon monoxide molecules 
form triangular islands of up to 21 molecules located on the on top sites. Through this 
type of island formation, long-range lateral CO-H repulsive interactions are mini-
mised. With an increase in temperature, the carbon monoxide molecules shift to the 
hcp sites and the island size decreases to 3–6 molecules [ ]. Through this decrease 84
in domain size, repulsive CO–CO interactions that become more prominent upon 
increasing the temperature are reduced. The proximity of the carbonyl and hydride 
adsorbate species to one another (3.0–3.7Å distance) [84] explains the propensity of 
ruthenium surfaces for Fischer-Tropsch reactions. The ensuing CO bond cleavage is 
facilitated by the formation of partially hydrogenated CHO and COH intermediates.

. Supports for heterogeneous ruthenium catalysts

For applicable heterogeneous catalysts, metallic ruthenium is supported in form 
of ruthenium nanoparticles on a suitable support. This ensures a high dispersion 
and a large surface area of ruthenium. Carbon supports, in particular active carbons 
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and carbon nanotubes, and oxidic supports are frequently employed. To ensure 
that the ruthenium nanoparticles are immobile on the support surface under the 
catalytic conditions, there has to be a sufficiently strong interaction between metal 
nanoparticles and the support. Otherwise, there would be pronounced sintering of 
the ruthenium nanoparticles that would lead to gradual loss of the catalytic activity. 
The support also influences the electron density in the ruthenium nanoparticles, 
thereby lowering or increasing the Fermi level. For oxidic supports, the interaction 
between nanoparticles and the support cannot be too strongly pronounced, because 
ruthenium cations tend to diffuse into the bulk of the support material.

For carbonaceous materials anchoring sites have to be generated on the surface 
to anchor the ruthenium nanoparticles. Providing high surface area, active carbons 
and carbon nanotubes thus usually undergo an oxidative pre-treatment. As a result, 
oxygenated moieties are generated to which the ruthenium nanoparticles strongly 
bind. In this aspect, the property of ruthenium being at the borderline between 
noble and non-noble metals is exploited. Under more driving reductive conditions 
of a hydrogen atmosphere, however, the susceptibility of carbon carriers to metha-
nation is challenging for carbon-supported ruthenium catalysts, because it leads 
to degradation of the carrier and sintering of the ruthenium clusters. Compared to 
active carbons, carbon nanotubes lend a more defined support and higher stability.

Carbon nanotubes combine physicochemical properties that make them 
interesting as support for ruthenium, such as high surface area, good mechanical 
strength, chemical and thermal stability, high heat and electric conductivity. So 
far, the high costs incurred by elaborate synthesis procedures [ –89] hinder their 85
more widespread use as well-defined catalyst supports [90]. For immobilisation 
of metal nanoparticles, anchoring sites need to be generated on the surface of the 
carbon support. A method of preparing a Ru/CNT catalyst with supported ruthe-
nium nanoparticles involves treatment of the CNT in refluxing nitric acid [91]. 
Deposition-precipitation of the ruthenium precursor Ru(NO)(NO3)x(OH)y fol-
lowed by reduction of the precursor to the metal with molecular hydrogen provides 
well-dispersed surface-anchored Ru nanoparticles ( ) [29]. Such catalysts Figure 
are excellent hydrogenation and hydrogenolysis catalysts (see below).

Oxidic supports that are frequently employed comprise silica, alumina (mostly 
γ-Al2O3), zirconia, ceria and the corresponding mixed oxides. Even though amor-
phous materials provide the necessary high surface area, they often are associated 
with certain distribution of surface functions. Yet as surface groups, they may be 
harmful in catalysis. The presence of different surface sites often leads to alternative 

Figure 7. 
Particle size distribution of the ruthenium nanoparticles for a typical Ru/CNT catalyst and representative 
transmission electron microscopy images [29]. The carbon nanotubes are Baytubes C 150 P.
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catalytic pathways that result in reduced selectivity of the transformation. Instead, 
more defined support materials are nanoporous zeolites, such as zeolite Y, Beta, and 
ZSM-5, or mesoporous materials, such as MCM-41. The internal pore system (Table ) 
provides a uniform environment for the catalytic transformation. Nevertheless, many 
biomolecules are too large to enter the pore system and need to be cut to molecular 
entities first. Catalysis at the pore mouth or using molecular catalysts is an option for 
the depolymerisation step.

The hydrophobicity index (HI) is a good measure for assessing the internal 
hydrophobicity of porous materials. HI can be determined by the competitive 
adsorption of a toluene-water mixture. The hydrophobicity index is defined by the 
ratio of the adsorption capacity for toluene (QToluene) to that of water (QWater). For 
comparison, the reported HIs of some activated carbons, microporous zeolites, and 
mesoporous materials are listed in  [27]. The hydrophobicity index (HI) Table 
of typical zeolites, such as beta, Y and ZSM-5 is low (HI=1.4, 0, 8, respectively), 
which is consistent with the hydrophilic nature of the pore walls. This is attributed 
to a certain polarity of the zeolite walls that results from the aluminium atoms sub-
stituting a certain part of the silicon atoms. All-silica zeolites, such as Silicalite-1, 
are clearly more hydrophobic (HI=15.2) and more resemble activated carbons 
which are commonly regarded as hydrophobic adsorbents.

Unsupported metal nanoparticles can be employed as quasi-homogeneous 
catalysts but need to be stabilised by ligation or generation of an electric double layer 
to prevent agglomeration of the nanoparticles [ ]. Upon decreasing the size of the 94
metal nanoparticles, the boundary of the metallic state is obtained for two-shell 
clusters of about 1.5nm in diameter [ ]. Ruthenium nanoparticles stabilised with a 95
thin layer of ionic liquid tartaric acid tetraoctylammonium [TA2−][N+

8888 ]2 or glycine 
tetraoctylammonium [Gly−][N+

8888] have shown excellent catalytic properties for the 
hydrogenation of challenging substrates. One example is the conversion of nitroben-
zene to cyclohexylamine. Catalytic activity and selectivity of the quasi-homogeneous 
nanoparticle catalyst resemble that of a corresponding supported Ru/C catalyst. 
Upon switching to the less polar ionic liquid dimethylglycine tetraoctylammonium 
[Me2Gly−][N+

8888], the selectivity changes to the reaction intermediate aniline. This 
is attributed to the relative binding strength of ionic liquid and intermediates to the 
ruthenium surface. Thus, the use of ionic liquids as stabiliser lends a ready method to 
tailor the properties of the catalyst. Interestingly, ionic liquid-stabilised nanoparticles 
are readily supported on a mesoporous support [96, 97] thus turning the quasi-homo-
geneous catalyst into a true heterogeneous catalyst. Noteworthy, the catalytically 
active site remains in the flexible environment of the ionic liquid [98] which imparts 
beneficial properties to the catalyst [99]. During the chemical transformation, 

 Activated carbons Oxidic supports

 Adsorbent Hydrophobicity index 
(HI)

 Adsorbent Pore size 
[Å]

Hydrophobicity index 
(HI)

    Darco-KBB 26.3 Y 07.35

    SX1G 26.2 5.95Beta 1.4

  F300 160 ZSM-5, 
Silicalite-1

 4.46 8, 15.2

    Duksan 296 MCM-41 16–42 9

Table 1. 
Comparison of the hydrophobicity of carbon supports (left) and oxidic supports (right) [ ]; the pore size 27
of zeolites (Beta, Y, ZSM-5, Silicalite-1 [ ]) and mesoporous materials (MCM-41 [93]) is the maximum 92
diameter of a sphere that can diffuse through the channels.
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the active species can easily adapt to the geometry changes that occur during the 
path from reactant to transition and product state. Moreover, the equivalence of all 
catalytically active sites is readily maintained which can render enhanced selectivity. 
The ionic liquid then again provides a polar medium for tailoring the adsorption of 
the substrate molecules and desorption of the product molecules [ ] that precede 100
and succeed the catalytic reaction, respectively. Interestingly, in supported films of 
ionic liquid. Rates as well as chiral induction can be enhanced, as was demonstrated 
for the hydrogenation of the prochiral substrate acetophenone over [Ru((R)-BINAP)
(PPh3)nCl3-n], n=0, 1 [101]. A useful feature of such supported catalysts is that 
fixed-bed reactor technology common in continuous chemical processes can be 
employed [97].

. Biomass conversion with ruthenium catalysts

About 1% of the incoming solar radiation on earth is captured for generating 
biomass [102]. This energy is utilised in photosynthesis [103] to build a myriad 
of complex molecules [ ] such as carbohydrates, lignin, proteins, fats and oils, 104
and terpenes. In this way about 170 x 109 t/a of complex substances are produced 
annually [105]. In plants, the radiation use efficiency is controlled by the net-
photosynthetic capacity and the canopy structure [ ]. Cultivars with a 106, 107
heavy canopy and long growth period are able to harness more solar radiation 
[108]. A large fraction of the produced biomass is characterised by a high oxygen 
content (Table ). Cellulose, a polymeric carbohydrate, and lignin a randomly 
linked phenolic polymer constitute a major fraction of plant biomass (around 
95% [109]). Their oxygen content is much higher than that of fossil resources such 
as crude oil, natural gas and coal ( ). About 56% of the oil extracted from Table 
the resources is utilised to make liquid fuels (70.6%) for transport purposes [2]. 
About 14% of the oil and 8% of the gas extracted from these resources is utilised 
to make petrochemicals. Both fuels and many petrochemical products are charac-
terised by a low oxygen-to-carbon ratio. Some examples are given in .  Table 
Consequently, in order to exploit biomass, a controlled de-functionalisation is 
necessary. In particular, efficient strategies are needed to decrease the oxygen-to-
carbon ratio.

At present, biorefinery routes [ , 119] have been improved to more efficiently 118
exploit biomass feedstock. In the production of bioethanol from lignocellulosic 
biomass, e.g., by hydrolysis of wood with dilute acids, hexoses are obtained that are 
good feedstock for fermentation [4]. The target product then needs to be separated 
from the aqueous fermentation broth. By producing ethanol in this way, about 8.7% 
of the mass and 11% of the energy contained originally in the wood are found in 
the product [ ]. The remainder are 37% by-products and 40% waste products, 109
mostly carbon dioxide (36%) that need to be utilised or disposed. Green chemistry 
metrics [ ], notably the E-factor and atom economy, clearly need to be improved 120
further. One option is the direct chemical conversion of lignocellulosic biomass 
in a single reaction step over a multifunctional catalyst as outlined below. Such 
transformation follows the principles of a molecular assembly line. Thus, efficient 
and frequently multistep catalysis is one of the keys for realising fast and highly 
selective conversion of biomass [109]. Before the particular aspects of ruthenium 
catalysts in biomass conversion are considered, the general architecture and the 
availability of biomass is analysed briefly. Lignocellulose makes up the structural 
components of plants and a large fraction of the plant biomass available for produc-
ing platform chemicals. Wood, e.g., is essentially composed of cellulose (39–45%), 
hemicelluloses (27–32%) and lignin (22–31%) [121].
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. Sustainable feedstock from biomass

Cellulose is an important structural component of the cell wall of green plants, 
many forms of algae and the oomycetes. Many bacteria secrete it to form biofilms 
[122]. Plants build about 1011–1012 t/a of cellulose annually mostly in combination 
with hemicelluloses and lignin [123]. This makes cellulose the most abundant 
organic polymer on Earth [124]. Cellulose is a polysaccharide, a linear chain with 
the formula (C6H10O 5)n consisting of 7,000–15,000 of 4) linked D-glucose β(1→
units [ ].125

Even though hemicellulose is a polysaccharide often associated with cellulose, 
cellulose and hemicellulose have distinct compositions and structures. Hemicellulose 
is a branched polymer but cellulose is unbranched. Whereas hemicellulose is built 
from diverse sugars, cellulose is derived exclusively from glucose. For instance 
[126], besides glucose, sugar monomers in hemicelluloses can include hexose sugars, 
such as mannose and galactose, and pentose sugars, such as xylose and arabinose. 
Unlike cellulose, the side chains in hemicelluloses are often modified with acetyl and 
glycosyl groups.

  Category Compound O/C

Natural 
compound

 Sugar-based Cellulose (C6H10O5)n 0.83

Carbohydrates C 6H10O5 
*7 0.83

Glucose C6H10O6 1

 Lignin-based Lignocellulose *6 0.8–0.9

Lignin*1 0.3–0.4

 Other Proteins C147 H228O46N40S *7 0.31

Lipids C53H89O6 
*7 0.11

Derived
product

  Fuels Ethanol 0.5

Biodiesel *4 0.15

Fossil 
feedstock

 Coal Peat *5,8 Increasing 
degree of 

coalification *2

0.37–0.66

Lignite *5 0.23

Black *3 0.03–0.15

Bituminous *3 0.03–0.10

Anthracite *3 0.02–0.05

Crude oil *9 Heavy (Venezuela) *10 0.02

  Natural gas Methane 0

Derived
product *11

 Fuels Petroleum *3
<0.2

Diesel *4 0

  Petrochemicals BTX 0

 Propene 0

 Ethene 0

 Polyethylene 0
* [ ];  * increasing degree of coalification relates with decreasing O/C ratio; *  originating from Pennsylvania []; 
* [ ]; * [ ];  * [ ];  * [ ];  * [ ];  * [ ];  * [ ];  * for global mass flows refer to [];

Table 2. 
Oxygen content of typical components of biomass in comparison to fossil resources and selected derived 
products.
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Lignin is a randomly linked polymer ( ) comprising phenolic Figure 
p-hydroxyphenyl (H), guaiacyl ( ) and syringyl ( ) moieties (see also G S Figure ) 
that are linked  ether linkages ( , via ß-O-’ α-O- -O-’, ’), biphenyl ( ), resinol –’

(ß-ß’), and other condensed linkages ( , ) as well as dibenzodioxocin, and ß-′ ß-′

phenylcoumaran linkages [ , 127]. The complex structure of lignin is the result of 109
the biosynthetic pathway that involves oxidation of phenolic precursors to radicals 
followed by radical coupling that leads to stepwise build-up of the lignin struc-
ture [128].

The components of plant biomass are normally fractionated using biochemical 
[129, ], thermochemical [131] and/or catalytic methods [132]. Lignin is par-130
ticular is that respect that it is highly resistant to depolymerisation. Consequently, 
at present the lignin fraction is often used to a large extent as fuel for heat genera-
tion. Methods have been developed to utilise the phenolic structure for producing 
polymers, resins, additives, fuels and chemicals. Common methods for depolymeri-
sation of lignin into monomeric phenolic compounds involve pyrolysis [133–136], 
enzyme [137, 138], acid or base [139, ] catalysed hydrolysis, and hydrogenolysis 140
[141 143– ]. Catalysts based on metallic ruthenium are frequently employed in 
hydrolysis and hydrogenolysis of the ether linkages or hydrodeoxygenation [110, 
144] of the phenol products (vide supra).

In subsequent downstream processing, the biomass fractions are converted to 
platform chemicals. Based on the generally accessible biomass, platform molecules 
(Figure  [4]) include organic acids, such as propionic acid, 3-hydroxypropionic 
acid, succinic acid, fumaric acid, itaconic acid, and levulinic acid [ ], fat and 145
oil-derived polyols, in particular glycerol, as well as sugar-derived polyols such as 
sorbitol and xylitol. Additional platform chemicals are alcohols such as methanol, 
ethanol, and propanol, cyclic ethers, such as furfural and 5-hydroxymethylfurfural, 
and terpenes, such as isoprene. Such platform molecules can be exploited as fuels 

Figure 8. 
Chemical structure of important biomass fractions, lignin (left), cellulose with 1,4-glycosidic linkages and 
selected hydrogen bonds (right, top) and the common molecular motif of hemicellulose (right, bottom). For the 
structure of lignin, the characteristic aromatic p-hydroxyphenyl ( ), guaiacyl ( ) and syringyl ( ) moieties H G S
as well as aromatic ether linkages ( ), dibenzodioxocin, biphenyl, resinol, and phenylcoumaran linkages -O-
[ , ] were marked.109 127
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and industrially relevant chemicals or are readily transformed into such fuels and 
chemicals. Ruthenium-based catalysts are frequently employed in key transfor-
mations such as hydrogenation, hydrogenolysis, and oxydehydrogenation [146]. 
Compared to nickel-based catalysts, ruthenium-based catalysts provide higher activ-
ity and better stability that result in lower catalyst loadings, longer lifetimes and less 
pronounced deactivation. Although ruthenium-based catalysts are more expensive, 
these costs are offset by their higher activity and their lower tendency to leach.

. Ruthenium catalysts in cellulose conversion

While first-generation bioethanol is produced on the million t/a scale, produc-
tion of second-generation bioethanol from cellulosic biomass is still in its infancy 
[4]. The challenge is the enzyme- or acid-catalysed hydrolysis of lignocellulosic 
materials to simple sugars that can be fed into fermentation, from which ethanol is 
separated by distillation [ ]. A one-step catalytic conversion of cellulosic biomass 147
(bagasse and corn stalk) to bioethanol has been realised with a ruthenium-based 
catalyst [148]. The catalyst comprises well-dispersed Ru and WOx nanoparticles 
on a H-ZSM-5 solid acid support. Under catalytic conditions, also highly dispersed 
Ru3W17 alloy nanoparticles are formed. In a cascade reaction cellulose undergoes 
hydrolysis on moderately acidic sites of the H-ZSM-5 support, followed by glucose 
retro-aldol condensation to glycolaldehyde over WOx and hydrogenation over Ru to 
yield ethylene glycol that is dehydrated and finally hydrogenated to ethanol on the 
Ru3W17 alloy sites.

Interestingly, subcritical water is an efficient reaction medium for cellulose 
conversion [149, ]. Thus, cellulose is converted to polyols over ruthenium sup-150
ported on crosslinked polystyrene [149, ]. Swelling of the polymer [152] thereby 151
facilitates access of the substrate to the catalytic sites.

A carbon-supported ruthenium hybrid catalyst with a specific surface area of 
1200 m2 g−1 was employed for the direct hydrogenolytic cleavage of cellulose to 
sorbitol [153]. High microporosity and low acidity of the carbon support favour 
high dispersion of the metallic ruthenium. Interestingly, ball-milling of cellulose 
with carbon supported ruthenium provides enhanced conversions and selectivities 
to sorbitol [154, ].155

Figure 9. 
Biomass derived platform chemicals.
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Selective conversion of cellulose to sorbitol is achieved . by use of bi-func-i.a
tional ruthenium catalysts supported on sulphated zirconia and sulphated silica-
zirconia [156]. Tetragonal zirconia, associated with generation of superacidity, is 
the active phase for cellulose depolymerisation that accompanies the hydrogena-
tion function of ruthenium. Also, zeolite- [146, ] and silica- [157 158] supported 
ruthenium nanoparticles are suitable for the hydrogenation of glucose to the sugar 
alcohol sorbitol.

Hydrogenolysis of sorbitol to ethylene glycol and 1,2-propanediol is obtained 
over bifunctional Ru-WOx/CNT catalysts [159]. Furthermore, addition of Ca(OH)2 
proved beneficial for the hydrogenolysis activity.

. Ruthenium catalysts in lignin conversion

Hydrogenolysis of lignin involves reductive bond cleavage of C-O bonds 
linking the phenolic moieties, thereby generating hydrogenated and therefore 
less reactive monomeric species. For the reduction step, ruthenium catalysts are 
frequently employed. A variety of reducing agents have been suggested [141, 
160 161, ], such as hydrogen [ ], carbon monoxide, formic acid (HCOOH/NEt142 3  
[53]), methanol, ethanol, isopropyl alcohol [54], acetonitrile, acetone. The energy 
needed for producing the reductant and the associated CO2-footprint ought to be 
taken into account when the lignin-derived products are utilised as biofuels [162]. 
Supercritical fluids as solvent have been claimed to produce fewer solid residues and 
provide higher biomass conversions [ , ]. Catalytic transfer hydrogenolysis 163 164
of corn stover lignin in supercritical ethanol with a Ru/C catalyst yields bio-oil 
with a high fraction of monomeric moieties [ ]. The key transformation is the 163
reductive cleavage of ether linkages. Sequential extraction with a series of solvents 
differing in polarity results in monomer fractions that are enriched in alkylated 
phenols, guaiacols, syringols and hydrogenated hydroxycinnamic acid derivatives 
(Figure ).

For using bio-oils as fuel, hydrotreating is necessary for lowering the oxygen 
content. Hydrotreating increases stability and energy density while decreasing the 
viscosity of the bio-oils. Ruthenium catalysts are often used in this hydrogenolytic 
upgrading of bio-oils. Even though zeolites are a good support material, substituted 
phenols cannot enter the micropores of typical zeolites. One concept for overcom-
ing this challenge are catalysts comprising hierarchical pore systems. Thus, Ru sup-
ported on mesoporous ZSM-5 with a characteristic pore size of 4.5–4.7Å of the MFI 
lattice channels (Figure ) [92] and the mesopore system aligned to the b-axis was 
found to be effective for the hydrodeoxygenation of phenolic biomolecules [ ]. 144
For comparison, the Van-der-Waals radius of the syringol molecule is estimated to 

Figure 10. 
Phenol-, guaiacol-, syringol- and hydroxycinnamic acid (top row)-derived monomers typically found in lignin 
hydrogenolysates (bottom row).
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be 9.88×7.61Å ( ) based on the distance of the outermost hydrogen atoms Figure 
[165] and a Van-der-Waals radius for hydrogen of 1.04Å [166]. Only at the channel 
entries do the open mesopores expose acid sites to the approach of bulky molecules 
necessary for catalysing the cleavage of the phenolic C-O bonds. This type of 
catalyst was found to effectively catalyse the hydrodeoxygenation of phenol and 
2,6-dimethoxyphenol at 4.0MPa H2-pressure and a temperature of 150°C [144]. 
Conversions were>99.5 and 97.5% after a 4h reaction time, respectively; product 
selectivities to cyclohexane were accordingly 95.0 and 70.0%.

. Conclusions on biomass transformation with ruthenium catalysts

Ruthenium, a late transition element, provides catalytic pathways that make it 
highly promising for catalysts applied for biomass conversion. Biomass, a globally 
available resource, is a sustainable feedstock for producing platform chemicals, 
that could substitute the current fossil-based platform chemicals in the chemical 
industry. However, in order to implement further processes in small and large-scale 
biorefineries, more efficient transformations will be required. Here, the distinct 
catalytic functions provided by ruthenium and ruthenium complexes could open 
new pathways. Biomass largely consists of complex molecules that comprise 
oxygen and other heteroatoms. Catalytic transformations need to accommodate 
for these heteroatoms, because molecules with heteroatoms tend to adsorb strongly 
to catalytic sites possibly causing substrate- or product inhibition. However, the 
preferential adsorption of chemical moieties associated with heteroatoms on the 
catalytically active site can be exploited for directing catalytic transformations. 
The principle has been explored for the consecutive hydrogenation of unsaturated 
moieties on a molecular assemble line. In this context, it is useful considering the 
concept of orthogonal catalytic functions, where a catalyst preferentially binds and 
transforms a selected chemical entity without hindering other catalysts that may be 
added for realising preceding or subsequent catalytic transformations.

In this context, the catalytically highly active element ruthenium embodies 
unique features. Ruthenium does not form binary hydrides that are stable under 
usual catalytic conditions. Nevertheless, metallic ruthenium can dissociate 
molecular hydrogen. Under an atmosphere of hydrogen, the surface of metal-
lic ruthenium is covered with hydrogen atoms. Adsorption states and chemical 
reactivity of this hydrogen is well understood. Desorption of a fraction of the 

Figure 11. 
Comparison of the characteristic dimensions of syringol (top right) and the three-dimensional MFI pore 
system of zeolite ZSM-5, here viewed down the b-direction (left; not to scale; red, oxygen atoms; orange, silicon 
atoms), and maximum diameter of a sphere that can diffuse through the channel system (bottom right).
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hydrogen provides the empty coordination sites necessary for co-adsorption of 
reactant molecules. Typically following a Langmuir-Hinshelwood-type mecha-
nism, hydrogen atoms can be transferred to unsaturated moieties. Remarkably, 
ruthenium can also form and cleave C-C, C-O and C-N bonds. Combined with 
its strong propensity for hydrogenation, this ability gives rise to hydrogenation, 
hydrogenolysis and hydrodeoxygenation transformations that make ruthenium 
catalysts so interesting for biomass conversion. Noteworthy are the distinct 
catalytic transformations that can be realised with ruthenium catalysts. Selected 
examples for intriguing transformations of biomolecules and bio-derived mol-
ecules have been discussed above.

Understanding the interaction of adsorbed molecules with ruthenium surfaces, 
the nature of adsorption states, binding energies and structures of the adsorption 
complexes lies at the heart of rational design of catalysts that are specific for the 
conversion of the chosen chemical entity in biomass. It is anticipated that new 
transformations will be realised based on the unique catalytic functions provided 
by heterogeneous and homogeneous ruthenium catalysts. Serving as important 
tools for the synthetic chemist, these transformations will bolster the use of bio-
mass as sustainable feedstock for the chemical industry.
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Abbreviations and nomenclature

 * Surface adsorbed species
Θ  Coverage
xM   Chemisorption stoichiometry
ads  Adsorption
AN Aniline
CA Cyclohexylamine

 CNT Carbon nanotube
diss  Dissociation

 GFE Gemeinschaftszentrum für Elektronenmikroskopie
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HI Hydrophobicity index
M Metal
NB Nitrobenzene
NMR Nuclear magnetic resonance
ROMP Ring opening metathesis polymerisation

 Beta Zeolite Beta with BEA structure
H-ZSM-5 Zeolite ZSM-5 with MFI structure in the proton form
MCM-41 Mesoporous material
Y Zeolite Y with FAU structure
brg bridging adsorption site
fcc three-fold coordination
hcp three-fold coordination
on top terminal adsorption site
a  annum
kJ kilojoule
t metric ton
TW Terawatts
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Access   to  N-Heterocyclic
Molecules   via Ru(II)-Catalyzed

Oxidative   Alkyne  Annulation
Reactions

Bhisma   K.   Patel   and   Amitava  Rakshit

Abstract

In   last   few   decades,   the   transition   metal-catalyzed   C-H   bond   activation  and 
alkyne   annulation   reactions   have   turned   out   to   be   effective   methods   for  the 

construction   of   highly   important   heterocycles.   In   particular,   the   Ru(II)  catalysts 
have   been   used   for   the   oxidative   coupling   between   an   internal   alkynes   and  readily 

available   nitrogen   directed   compounds   in   a   rapid   and   sustainable   manner.   The  Ru
                                       (II) catalysts are very much beneficial due to their stability in both air and water,

                                ease of preparation, inexpensive than those of Rh(III) and designer Co(III) catalysts
                             usually used for alkyne annulation reactions, requirement of mild reaction condi-

                                tions, and compatible with various oxidants. Owing to these advantages of Ru(II)
                                catalysts herein, we attempt to highlight the recent development in C-H activation

                             and annulation reactions, which lead to the formation of several important
N-heterocycles.

                 Keywords: Ru(II)-catalysts, C-H activation, alkyne annulation, -heterocyclesN

 1. Introduction

                             The development of highly efficient methods for the synthesis of -heterocyclicN
                                      skeletons is one of the important targets in organic synthesis. This is because, the

                       nitrogen-containing heterocycles represents a significant class of organic sub-
                          stances, which are particularly found in various biologically active compounds,

                           natural products, drugs, and other medicinally related compounds [1 10]. The–

                       N-heterocycles especially, pyrroles [2], pyridines/pyridinos [3, 4], indoles [5],
                          isoquinolines [6], quinozalines/quinolizines [7, 8] are useful building blocks of

                             many biologically as well as pharmaceutically active molecules, constitute the core
                                      motif of many natural products, and also found wide application in the field of

                          materials science. Due to photo and electrochemical properties highly substituted
                       π-conjugated fused polycyclic -heterocyclic compounds are extensively used asN

                          organic semiconductors or luminescent materials [9]. Furthermore, some of these
                          polycyclic -heteroarenes derivatives are versatile building blocks for various nat-N

                                      ural products [10]. Consequently, in the light of their importance, a large number of
                             efficient methods have been developed, among which the transition metal [Rh(III),

                       Co(III), Ru(II), Pd(II), Ni(II)/Ni(0)]-catalyzed C-H bond activation and oxidative
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          alkyne annulation reactions are serving as most attractive methodologies, for the
          construction of -heterocycles [11 16]. The -C-H bond activation the useN – ortho via

         of coordinative functional group followed by cyclization with internal alkynes,
           commonly known as annulation reaction is extremely motivating as it allows the

           formation of highly important heterocycles in an atom economical fashion. In this
           context, the Ru(II) catalysts have been used extensively for the catalytic activation

         of unreactive C-H bonds and oxidative annulation reactions, particularly with
              internal alkynes. This is due to several advantages of Ru(II) catalyst such as both air

          and water stability, easy to prepare, mild reaction conditions, compatible with
         various oxidants, relatively cheaper and provides excellent chemo- and regio-

          selective functionalizations than those of Rh(III) and Co(III) catalysts. In this
             chapter, we attempt to highlight the progresses in the field of C-H bond activation

          catalyzed by Ru(II) complexes leading to the construction of various -heterocyclesN
    via oxidative alkyne annulation reactions.

   2. The ruthenium(II) catalyst

         For C-H bond activation and oxidative alkyne annulation reactions, the
      commonly used ruthenium(II) catalyst is dichloro( -cymene)ruthenium(II) dimer,p

[Ru( -cymene)Clp 2 ]2         . This dimeric Ru(II) catalyst in combination with acetate/car-
      bonate bases or acetate containing oxidants Cu(OAC) 2∙H 2    O generates the active

           species ligand exchange which is responsible for the deprotonative C-H orvia
          C-H/N-H activation. In the presence of other oxidants such as AgSbF6  or KPF 6, the

            dimeric Ru(II) complex forms an active cationic species either in the absence or
  presence of Cu(OAC)2∙H 2          O. Again, the oxidants are necessary to reoxidize the Ru

            (0) to Ru(II) after the reductive elimination to regenerate the active catalyst. The
            various combination of reagents with Ru(II) dimeric complex for the gener-in situ

            ation of active Ru(II) catalyst in the C-H bond activation and oxidative alkyne
      annulation processes are shown in .Figure 1

    3. Ruthenium(II)-catalyzed C-H bond activation

           In the past few decades, Ru(II)-catalyzed C-H bond activation has become much
           popular for the C-C cross coupling reactions. In particular, the directing group

       assisted (chelation-assisted) C H bond activation using coordinative functional–

 Figure 1.
     In Situ generated active Ru(II) complex.
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           group has offered several advantages [17]. Actually this activation strategy uses the
             proximate effect by coordination of a functional group in a given substrate to the

           ruthenium centre of the catalyst that brings about regioselective C-H bond activa-
           tion and functionalization. In the processes of C-H bond activation reactions, the

           active Ru(II) catalysts facilitates the deprotonation of C-H bonds, before any oxi-
              dative addition and the process occur via the assistance of Ru(II) site and in situ

        coordinated carbonate [18] or carboxylate [19]. Alternatively, an intermolecular
          deprotonation of C-H bonds by carboxylate activates the Ru(II) [20] thereby

              forming a C Ru species, which is the key intermediate in the coupling reactions

 ( ).Figure 2

     4. Ru(II)-catalyzed oxidative alkyne annulation reactions

        The chelating group assisted ruthenium(II)-catalyzed insertion of an internal
   alkynes into the -Cortho Sp2        -H bond, followed by an intramolecular cyclization with

            the directing heteroatom (particularly O and N atom) or insertion of the alkynes
  into the CSp2        -H/heteroatom-H bonds is commonly known as oxidative alkyne

         annulation reaction. These oxidative alkyne annulation reactions provide an envi-
             ronmentally friendly approach and are popular for the synthesis of a verity of useful

            heterocyclic compounds via the formation of C-C and C-heteroatom bonds in a step
        economical fashion ( ) [21]. The ruthenium(II)-catalyzed alkyne annulationFigure 3

           reaction proceeds mainly via insertion of the active ruthenium(II)in situ generated
   complex into the -Cortho Sp2       -H bond thereby forming a ruthenacycle complex,

 Figure 2.
         Ru(II)-catalyzed C-H bond activation for the construction of C-C bond.
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           insertion of an internal alkyne partner and finally reductive elimination of the
        active ruthenium complex. Herein, the applications of the ruthenium(II)-catalyzed

C Sp2   -H/N and CSp2        -H/N-H oxidative alkyne annulation reactions leading to the
      construction of various -heterocyclic molecules is highlighted.N

        5. Mechanisetic aspect of Ru(II)-catalyzed C-H/N & C-H/N-H alkyne
 annulation reactions

      5.1 Nature of the C-H bond activation

        Ruthenium(II)-catalyzed alkyne annulation reaction started via the activation of
              the C-H bond to the nitrogen atom of the directing group thereby forming aortho

            C-Ru species. In this C-H bond activation, whether the C-H ruthenation step is
         reversible or irreversible can be confirmed by a deuterium-scrambling experiment

              ( ) [22]. If the deuterium exchange on a specific substrate in the absence orFigure 4
           presence of alkyne under the standard reaction condition in a deuterated solvent

             (ionisable) did not afford any H/D exchange or undergoes a minor exchange at the
          ortho-C-H position, suggest an irreversible C-Ru bond formation. On the other

              hand, if the H atom of the -C-H undergoes a significant H/D exchange then theortho
    ruthenation step might be reversible.

     5.2 Kinetic Isotop effect (KIE) study

       In Ru(II)-catalyzed oxidative alkyne annulation reactions the rate-determining
                step can be explained on the basis of kinetic isotop effect [23]. This can be done by

       an intermolecular competitive experiment between a non-deuterated and
         corresponding deuterated substrates with an internal alkyne under the standard

          reaction condition ( ) or from two parallel reaction involving non-Figure 5a
       deuterated and corresponding deuterated substrates individually ( ).Figure 5b

 Figure 3.
    Ru(II)-catalyzed oxidative alkyne annulation reactions.
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     If these experiments provide a k H/kD          > 1.0 than it is suggests that the initial C-H
            bond cleavage, ., the C-Ru (reversible or irreversible) bond formation is the ratei.e

            determining step. The KIE is determined from the ratio between the kinetic con-
    stants for the non-deuterated (k H    ) and deuterated (kD    ) substrates. Nevertheless, it

             is also estimated indirectly by the measurement of the ratio of individual yield of
         the corresponding undeuterated product and deuterared analogues or from their

1                HNMR spectra in the case of a mixture of products on the basis of their integration
ratio.

     5.3 Regioselectivity of the alkyne annulation

         The regioselectivity of these Ru(II)-catalyzed oxidative alkyne annulation can be
            determined by the reaction of an unsymmetrical internal alkyne having an alkyl and

            an aryl substituent such as 1-phenyl-1-propyne. It has been found that the internal

 Figure 4.
 Deuterium-scrambling experiment.

 Figure 5.
  KIE determination experiment.
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             alkyne inserts into the C-H bonds through the carbon atom towards the alkyl part
             while the aryl substituted carbon center of the internal alkyne is connected to the

            nitrogen atom (Figure 6). This preferential reactivity of the nitrogen atom at the
          benzylic carbon of an unsymmetrical internal alkynes leading to regioselective annu-

            lation is quite similar to that of C-H/O-H C-H/S-H annulation reactions [24, 25].

       6. Ru(II)-catalyzed C-H activation and oxidative alkyne annulation
     reactions for the synthesis of -heterocyclesN

        In the chelation-assisted Ru(II)-catalyzed C-H bond activation the nitrogen-
          containing directing groups have been consistently used for the reaction with

           internal alkynes to access -heterocycles through the formation of C-C and C-NN
           bonds respectively [26 34]. In this annulation processes the lone pair of nitrogen–

            atom directs the active ruthenium complex to get inserted into the -C-H bond,ortho
          thereby forming a cyclic ruthenium complex. This cyclic ruthenium complex on

          subsequent alkyne insertion and finally reductive elimination of the active Ru(II)
           catalyst left the nitrogen atom becomes part of the final cyclic product.

         i. In 2012, Ackermann reported a cationic ruthenium(II)-catalyzedet al.
        efficient redox-neutral annulations of alkynes with readily available oximes

         for the synthesis of isoquinolines ( ) [26]. Herein, C-H/N-OFigure 7
     functionalizations occurs by carboxylate-free cationic ruthenium(II)

          catalyst in the absence of external oxidants through a reversible Ru-C
cycloruthenation.

          ii. In 2012, Jeganmohan and co-workers reported the synthesis of substituted
      isoquinolines ruthenium(II)-catalyzed C-H bond activation usingvia

      ketoximes with internal alkynes ( ) [27].Figure 8

          iii. Cheng and co-workers developed a one pot three-component reaction for
        the synthesis of isoquinolinium salts from benzaldehydes, amines, and

        alkynes using Ru(II)-catalyst via C-H bond activation and annulation
           ( ) [28]. In this reaction, the active Ru(II) complex first coordinatesFigure 9

            with the nitrogen atom of the in situ generated imine followed by -C-ortho
           H activation forming a five membered ruthenacycle, this is followed by an

         alkyne insertion, reductive elimination of the ruthenium to afford the
          isoquinolinium salts and finally reoxidation to the active Ru(II) by Cu

(BF 4 )2        allows its further participation in the catalytic cycle.

             iv. In 2013, Cheng used the in-situ generated Ru(II) catalyst for vinylicet al.
         C-H bond activation and alkyne annulation to synthesize quinazoline salts

 Figure 6.
    Regioselectivity of the internal alkyne.
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         ( ) [29]. A possible mechanism involving pyridine assisted vinylicFigure 10
        ortho-C-H activation of 2-vinylpyridines, followed by an alkyne insertion

    and reductive elimination is proposed.

          v. In 2014, Ackermann effectively used carboxylate-assisted cationic Ruet al.
      (II) complex for the synthesis of exo-methylene-1,2-dihydroisoquinolines

        via imine-assisted C-H bond activation and oxidative alkyne annulation
          reaction of ketimines with alkynes ( ) [30]. This C-H bondFigure 11

       functionalization proceeded with excellent chemo-, site-, and regio-
         selectivity under an ambient atmosphere of air. The mechanistic studies

          were indicative of a reversible C-H bond ruthenation step followed by
      tautomeraization and migratory insertion of the alkyne.

 Figure 7.
     Carboxylate-free Cataionic ruthenium(II)-catalyzed synthesis of Isoquinolines.

 Figure 8.
    Ruthenium(II)-catalyzed synthesis of substituted Isoquinolines.
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          vi. In 2014, Kundu and co-workers developed an in situ generated
     iminophosphoranes directed efficient synthesis of isoquinoline-2(1 )-onesH

          via the Ru(II)-catalyzed ortho C-H bond activation ( ) [31]. TheFigure 12
           reaction involves the coordination of the active Ru(II) catalyst with the -N

       atom of the iminophosphorane intermediate, C-H cycloruthenation,ortho
          insertion of an alkyne into the Ru-C bond, and protonative reductive

elimination.

          vii. In 2014, Ackermann reported a Ru(II)-catalyzed annulation reactionet al.
       of redox-active challenging ferrocenylalkynes with oximes via C-H/N-O

        bond functionalization to afford isoquinolines bearing a ferrocene moiety
        ( ) [32]. They extended the annulations reaction ofFigure 13a

     ferrocenylalkynes with -methoxybenzamides via a ruthenium(II)-N
       catalyzed carboxylate-assisted C-H/N-H bond activation for an efficient

 Figure 9.
    Ruthenium(II)-catalyzed synthesis of Isoquinolinium salt.

 Figure 10.
    Ruthenium(II)-catalyzed synthesis of Quinazoline salt.
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         syntheses of ferrocenated isoquinolones in water as a sustainable reaction
  medium ( ).Figure 13b

            viii. In 2015 wang Reported a ruthenium(II)-catalyzed dehydrative [4 + 2]et al.
         cycloaddition between enamides and alkynes for the construction of a

          highly substituted pyridines ( ) [33]. Herein, instead of the NFigure 14
            atom, the carbonyl group of the enamide coordinated to the Ru center to

 Figure 11.
   Ruthenium(II)-catalyzed synthesis of Exo-methylene-1,2-dihydroisoquinolines.

 Figure 12.
   Ruthenium(II)-catalyzed synthesis of Isoquinoline-2(1 )-ones.H

9

       Access to -Heterocyclic Molecules Ru(II)-Catalyzed Oxidative AlkyneN via …

 DOI: http://dx.doi.org/10.5772/ TexLi.9I 5987



        direct the C-H activation to generates a six-membered ruthenacycle
            intermediate. Then the alkyne is inserted into the Ru-C bond giving rise to

       an eight-membered ruthenacycle intermediate and finally afforded the
       pyridine analogue through a dehydration path with excellent

regioselectivities.

 Figure 13.
  Ruthenium(II)-catalyzed synthesis Isoquinolines/Isoquinolones.

 Figure 14.
   Ruthenium(II)-catalyzed substituted pyridine synthesis.
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          ix. In 2019 our group reported a Ru(II)-catalyzed synthesis of highly
      luminescent quinoxalinium salt quinoxaline -directed oxidativevia N

          annulation of 2-arylquinoxalines with an internal alkyne in the presence of
 a Cu(OAc) 2 H 2            O via the formation of C-C and C-N bonds ( ) [34].Figure 15

       7. Synthesis of -heterocycles Ru(II)-catalyzed C-H/N-H dualN via
    activation and alkyne annulation reactions

           Simultaneously activation of C-H and N-H bonds occurs when the nitrogen atom
            of the directing group possesses an acidic hydrogen atom. The active Ru(II) catalyst

           first forms a cyclic Ru complex via a concerted deprotonative metalation generally
       through acetate/carboxylate assisted N-H/C-H activation. A subsequent alkyne

         insertion and reductive elimination of the ruthenium affords various -hetreocyclicN
     molecules particularly pyrroles, 2-pyridones, indoles, isoquinolines/isoquinolones

       derivatives, and various others -conjugated polycyclic -heteroaromatic moleculesπ N
          in a step-economical fashion C-C and C-N bond formation [35 58].via –

       7.1 Synthesis of C-H/N-H alkyne annulationpyrroles via

           i. In 2013, Ackermann group reported a versatile synthesis of pyrrole through
      a ruthenium(II)-catalyzed C-H/N-H bond functionalization and oxidative

       annulation reaction of electron-rich enamines with various alkynes
        utilizing air as the ideal oxidant ( ) [35].Figure 16

          ii. Baiquan Wang and co-workers reported an efficient and regioselective Ru
        (II)-catalyzed -acetyl-substituted pyrroles synthesis the cleavage of CN via

(sp 2         )-H/N-H bonds and oxidative annulation reaction of enamides with
         alkynes ( ) [36]. The reaction afforded -acylated pyrroles byFigure 17 N

  addition of AgSbF 6      as an additive in MeOH solvent.

           iii. In 2013, Liu developed an efficient cationic Ru(II)-catalyzed oxidativeet al.
         annulation of enamides with alkynes for the synthesis of N-acetylpyrrole

        derivatives in dimethoxyethane solvent ( ) [37]. Further, theFigure 18
           reaction can be carried out in an aqueous medium providing 95% yield

        when diphenylacetylene was used. The yield decreased significantly in
       aqueous medium when substituted diphenylacetylenes were employed as

  the coupling partner.

       7.2 Synthesis of 2-pyridones C-H/N-H alkyne annulationvia

           In 2011, Ackermann and co-workers used a ruthenium catalyst to execute the
        C-H/N-H activation and oxidative alkyne annulation reaction to synthesize

           substituted 2-pyridones via C-C and C-N bond formation ( ) [38]. TheyFigure 19

 Figure 15.
    Ruthenium(II)-catalyzed synthesis of Quinoxalinium salts.
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        used various electron-rich and electron-deficient -substituted acrylamides as wellN
          as diaryl- and dialkyl-substituted internal alkynes which shows a broad and

    improved range of substrate scope.

       7.3 Synthesis of indoles C-H/N-H alkyne annulationvia

         i. In 2012, Ackermann and co-workers demonstrated an cationic Ru(II)
       catalyzed (generated ) oxidative C H/N H bond functionalizationsin situ – –

         of anilines using a removable directing group to synthesize various
        bioactive substituted indole derivatives ( ) [39]. Herein, theFigure 20

          oxidative alkyne annulation occurs through the construction of C-C and C-
           N bonds using water as the solvent. Mechanistic studies indicate that the

        reaction proceeds through the reversible formation of a six-membered
    ruthenacycles as the key intermediates.

 Figure 17.
  Ruthenium-catalyzed pyrrole synthesis.

 Figure 18.
    Cationic Ru(II)-catalyzed synthesis of -acetylpyrroles.N

 Figure 19.
   Ruthenium(II)-catalyzed synthesis of 2-Pyridones.

 Figure 16.
      Ruthenium(II)-catalyzed pyrrole synthesis C-H/N-H alkyne annulation.via
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            ii. In 2014, Huang for the first time developed a Ru(II)-catalyzedet al.
         redox-neutral C-H activation reaction via N-N bond cleavage for the

         regioselective synthesis of -substituted indoles ( ) [40]. The N-NN Figure 21
          bond of pyrazolidin-3-one acts as the directing group that enables C-H

          activation and annulation reactions with a broad scope of alkynes. The
       reaction proceeds via Ru(II)-catalyzed N-H/C-H bond activation, alkyne

         insertion, internal oxidation of Ru(II) to Ru(IV) and reductive elimination
pathways.

         iii. In 2018 Xu . established a ruthenium(II)-catalyzed electrochemicalet al
        dehydrogenative C-H/N-H bond activation and annulation reaction for the

       efficient synthesis of indoles using N-2-pyrimidyl-substituted anilines and
         internal alkynes ( ) [41]. Here, the electrolysis reaction proceedsFigure 22

            in a simple undivided cell in an aqueous solution and instead of any
          external oxidant the electric current is used to regenerate the active

 ruthenium catalyst.

       7.4 Synthesis of Isoquinolines/Isoquinolones C-H/N-H alkyne annulationvia

         i. In 2011, Ackermann reported an unparalleled ruthenium(II)-et al.
       catalyzed annulations of alkynes using -benzyl-substituted benzamides asN

         the substrates and internal alkynes as the annulating partner. Here,

 Figure 20.
    Cationic ruthenium(II)-catalyzed synthesis of indoles.

13

       Access to -Heterocyclic Molecules Ru(II)-Catalyzed Oxidative AlkyneN via …

 DOI: http://dx.doi.org/10.5772/ TexLi.9I 5987



         chemo- and site-selective functionalization of both C-H and N-H bonds
         occurs during the synthesis of isoquinolone derivatives ( ) [42].Figure 23

   Mechanistic studies in deuterated t     AmOH suggests an irreversible C-H
         bond ruthenation. Further, the kinetic isotope effect (KIE) study provided

        strong evidence for a rate-limiting C-H bond ruthenation through
 carboxylate assistance.

 Figure 21.
      Ruthenium(II)-catalyzed synthesis of indoles N-N cleavage.via

 Figure 22.
    Ruthenium(II)-catalyzed electrochemical synthesis of indoles.
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        ii. Ackermann group established an external oxidant-free annulation reaction
         for the synthesis of isoquinolones which proceeds via N-H/C-H activation.

        The reaction is accomplished through a carboxylate assisted ruthenium(II)
          catalyst with ample substrate scope in an aqueous medium. In this

         annulation reaction, the N-O bond of N-methoxybenzamides served as the
           internal oxidant and free hydroxamic acids were also found to be good

         substrates for this alkyne annulation due to chemoselectivity of the
     ruthenium(II) carboxylate catalyst ( ) [43].Figure 24

         iii. In 2013, Urriolabeitia and co-workers have developed an unprotected
     primary amine (benzylamines) directed Ru(II)-catalyzed oxidative

        coupling with internal alkynes for the synthesis of isoquinolines
  ( ) [44].Figure 25

         iv. In 2014, another external oxidant-free alkyne annulation reaction was
        reported by Ackermann an generated ruthenium(II)via in situ

        biscarboxylate catalyst. This dehydrative alkyne annulations proceeds via a
           C H/N H activation followed by N-OH cleavage of NH-free 

          hydroxamic acids in water producing water as the sole by product
         ( ) [45]. The ruthenium(II) catalyst derived from the electron-Figure 26

   deficient carboxylic acid -(Fm 3C)C 6H 4CO2     H displayed highly regio- and
         site-selective C H functionalizations with a broad substrate scope.

          Further, detailed mechanistic studies suggest a kinetically relevant C H

       metalation by carboxylate assistance along with subsequent migratory
      alkyne insertion, reductive elimination, and intramolecular oxidative

addition.

 Figure 23.
   Ruthenium(II)-catalyzed synthesis of Isoquinolones.

 Figure 24.
      Ruthenium(II)-catalyzed external oxidant free synthesis of Isoquinolones.

 Figure 25.
     Ruthenium catalyzed synthesis of Isoquinoline derivatives.
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          v. In the same year, Ackermann group developed an efficient C-H
        functionalizations and oxidative annulation reaction on aryl and heteroaryl

        amidines with internal alkynes to access 1-aminoisoquinolines ( )Figure 27
          [46]. Herein, the in situ generated cationic Ru(II) complexes derived from

KPF6          or AgOAc displayed a reversible C-H bond activation and C-H/N-H
       alkyne annulation with high site-, regio- and, chemoselectivity.

           vi. In the year 2014, Swamy and co-workers use 8-aminoquinoline moiety as
      an auxiliary bidentate directing group for ruthenium(II)-catalyzed

      oxidative annulation of -quinolin-8-yl-benzamides with alkynes toN

 Figure 26.
      Ruthenium(II)-catalyzed external oxidant free synthesis of Isoquinolones.

 Figure 27.
    Ru(II)-CatalyZed synthesis of 1-Aminoisoquinolines derivatives.
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        achieve isoquinolones with high regioselectivity, broad substrate scope and
          broad functional group tolerance ( ) [47]. The reaction occurs inFigure 28

   the presence of [RuCl 2( -cymene)]p 2     as the catalyst and Cu(OAc) 2H2 O as
         an oxidant with the involvement of a monoacetate complex [RuCl(OAc)

      ( -cymene)] instead of the bis-acetate complex [Ru(OAc)p 2 ( -cymene)].p
        The mechanistic studies reveals involvement of a ruthenium N-quinolin-

      8-yl- benzamide complex (i.e. N,N-bidentate chelate complex).

           vii. In 2017, Gogoi reported a Ru(II)-catalyzed C-H/N-H activation andet al.
         oxidative annulation of benzamidines and internal alkynes for the facile

     synthesis of 1-aminoisoquinolines with excellent regioselectivity
  ( ) [48].Figure 29

 Figure 28.
    Ruthenium(II)-catalyzed synthesis of Isoquinolone derivatives.

 Figure 29.
    Ru(II)-catalyzed synthesis of Isoquinoline derivatives.
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          viii. In 2017, Urriolabeitia described a carboxylate assisted Ru(II)-et al.
      catalyzed synthesis of isoquinoline-1-carboxylate derivatives through C-

       H/N-H oxidative annulation reaction between -unprotected methyl estersN
         of phenylglycine and internal alkynes ( ) [49]. The -fluoro-Figure 30 N

        2,4,6-trimethylpyridinium triflate works as the terminal oxidant and the
          process shows a remarkable tolerance to the presence of diverse electron-

          releasing and electron-donating functional groups at the phenyl ring of the
 amino acid.

       7.5 Synthesis of -conjugated polycyclic -Heteroaromatic moleculesπ N via
   C-H/N-H oxidative alkyne annulation

         i. In 2012, Ackermann reported a ruthenium(II)-catalyzed aerobicet al.
          oxidative coupling of alkynes with 2-arylindoles in the presence of a

   catalytic amount of Cu(OAc)2∙H 2         O and air as the oxidants for the facile
       synthesis of fused polycyclic indolo[2,1- ]isoquinolines ( ) [50].a Figure 31a

         Further, they extended the scope of this C-H/N-H oxidative annulations
         reaction between 2-arylpyrroles and alkynes which afforded good yields of

   pyrrolo[2,1- ]isoquinolines ( ) [50].a Figure 31b

          ii. In the same year, Ackermann group developed a cationic ruthenium(II)-
       catalyzed effective oxidative annulations of aryl- and alkyl-substituted

      alkynes with 5-aryl-1H-pyrazoles with excellent chemo- and
      regioselectivities. This C-H/N-H bond functionalization strategy provided

     conjugated pyrazolo[5,1- ]isoquinolines derivatives with ample substratea
         scope. Detailed mechanistic investigation agreed for a reversible C-H bond

        ruthenation with the cationic ruthenium(II) catalyst ( ) [51].Figure 32

 Figure 30.
    Ru(II)-catalyzed synthesis of Isoquinoline derivatives.

 Figure 31.
     Ruthenium(II)-catalyzed synthesis of Indolo[2,1- ]isoquinolines and Pyrrolo[2,1- ]isoquinolines.a a
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           iii. In 2014, Wang and co-workers reported an efficient access to various
     imidazo[2,1- ]isoquinolines via a ruthenium(II)-catalyzed oxidative alkynea

        annulation reaction of 2-phenylimidazole in the presence of para-
          benzoquinone as the oxidant ( ) [52]. In this cascade C-H/N-HFigure 33

         bond functionalization reaction a wide range of electron deficient alkynes
         are converted into the fused isoquinolines with high chemo- and

regioselectivity.

           iv. In the same year, Peng group published C-H/N-H bond activation of
         quinazolones with internal alkynes for the facile construction of fused

      tetracyclic heteroarenes in the presence of [RuCl 2( -cymene)]p 2  and Cu
(OAc) 2H2        O under mild reaction conditions ( ) [53].Figure 34

          v. In 2015 a one-pot synthesis of fused polycyclic nitrogen-heteroarenes was
       reported via the Ru(II)-catalyzed oxidative dehydrogenation followed by

      C-H/N-H activation and annulation reaction of heteroaryl
        dihydroquinazolinones and internal alkynes. This one-pot method does not

           require any copper salt as the external oxidant, rather the oxidation occurs
      by the molecular oxygen ( ) [54].Figure 35

          vi. In 2017, Swamy and co-workers achieved an amide group-directed, Ru(II)-
      catalyzed highly regioselective C-H/N-H activation and oxidative

     annulation reaction between 2 -chromene-3-carboxamides with internalH
        alkynes for the synthesis of benzopyran-fused 2-pyridones ( )Figure 36

           [55]. In addition, a double C-H activation reaction was also developed in
            the same one-pot using an excess of the alkyne. Herein, the first C-H

 Figure 32.
    Cationic ruthenium(II)-catalyzed synthesis of Pyrazolo[5,1- ]isoquinolines.a

 Figure 33.
   Ruthenium(II)-catalyzed synthesis of Imidazo[2,1- ]isoquinolines.a

 Figure 34.
    Ruthenium(II)-catalyzed synthesis of tetracyclic Heteroarenes.
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        functionalization involves Ru-N covalent bond while the second C-H
      functionalization most likely involves Ru-O coordinate bond.

          vii. In 2018 Gogoi et al. reported an unprecedented Ru(II)-catalyzed N-H/C-H
       activation and annulation reaction of of -arylpyrazol-5-ones andN

       diaryl/arylalkyl-substituted alkynes in the presence of bidented ligand
     1,3-bis(diphenylphosphino)propane for the synthesis of quinazolines

 Figure 36.
     Ruthenium catalyzed synthesis of Benzopyran-fused 2-pyridones.

 Figure 37.
   Ruthenium(II)-catalyzed synthesis of Quinozaline.

 Figure 35.
      Ruthenium(II)-catalyzed external oxidant FreeSynthesis of tetracyclic Heteroarenes.
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          ( ) [56]. This annulation reaction proceeds mainly via oxidation ofFigure 37
             Ru(II) to Ru(IV) by cleavage of the N-N bond and cleavage of the triple

   bond of the alkyne.

 Figure 38.
    Ruthenium(II)-catalyzed synthesis of polycyclic Isoquinolinones.

 Figure 39.
     Ruthenium(II)-catalyzed synthesis of conjugated fused Isoquinolines.
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         viii. In 2019, Tang and co-workers reported a Ru-catalyzed electrochemically
         enabled dehydrogenative annulation reaction of amides and alkynes for the

          synthesis of antitumor polycyclic isoquinolinones through a double C H

     bond activation route ( ) [57].Figure 38

            ix. In 2019 Patel developed a one-pot sequential synthesis of highlyet al.
     conjugated fused isoquinolines via Cu(II)-catalyzed intramolecular

      cyclization followed by Ru(II)-catalyzed C-H/N-H oxidative alkyne
          annulation reactions ( ) [58]. This one pot synthesis consisting ofFigure 39

          selective hydrolysis of a cyano group to an amide, dehydrative cyclization
            of the amide to a cyclic amide, aromatization of the cyclic amide (2-oxo-

     1,2,3,4-tetrahydropyridine moiety) to a 2-oxo-1,2-dihydropyridine and
       finally, the C-H/N-H annulation with an internal alkyne.

8. Conclusion

In summary, the ruthenium(II)-catalyzed activation of C-H bonds for the con-
struction of C-C bond in organic synthetic methodologies have caused a revolution.[
The development of methodologies introducing multiple C-H/N-H activation is an[
emerging area of research and the oxidative alkyne annulation reactions allowing[
for the formation of C-C and C-N bonds in a single step. These approaches have[
already been competently used in the synthesis of several essential N-heterocycles[
from readily available reactants. The presence of nitrogen directing groups appears[
to be highly useful as starting materials for the direct access of various N-
heterocycles in the field of ruthenium (II)-catalyzed C-H activation and oxidative[
alkyne annulations. Further, these reactions were also extended to other hetero-
atoms such as oxygen and sulfur directed groups for the straight forward synthesis[
of diverse oxygen and sulfur containing heterocyclic molecules. Therefor this[
methodology can definitely play a very useful part as an application in the field of[
natural products, biologically important molecules and heterocycles with potential[
application in the field of material science. Further developments in this area may[
open up broad opportunities for straightforward, efficient, and atom economical[
synthesis of various complex N-heterocyclic compounds from simple starting[
materials.
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Chapter 8

Ruthenium Catalyst for 
Epoxidation Reaction
Raiedhah A. Alsaiari

Abstract

The role of ruthenium as a heterogeneous catalyst for epoxidation reaction has 
not been investigated extensively. Therefore, the purpose of this chapter is to pro-
vide overview of the epoxidation of alkene using ruthenium catalysts. The chapter 
is divided into two main sections. The first section is about epoxidation of alkene 
using supported ruthenium catalysts, while the second using ruthenium complexes 
(homogenous catalysts).

Keywords: ruthenium catalysts, epoxidation, alkene, homogeneous and 
heterogenous catalysis

1. Introduction

Synthetic organic chemistry relies on organic substrate oxidation not only in
applications of large scale, but also in fine chemical production. Affording greater 
control over chemical process activity and selectivity whilst concomitantly ensuring 
sustainability is currently the pursued goal for catalyst design. Among the existing 
techniques of C=C bond functionalization, a major one is epoxidation [1].

Both laboratory syntheses and chemical production draw on epoxides as useful 
intermediate. Epoxide is one of the key intermediates in the manufacture of func-
tionalized fine chemicals, pharmaceutics, agrochemical, and perfume industry as 
well as in natural product synthesis [2–4].

The most eloquent instance is Sharpless asymmetric epoxidation based on tita-
nium tartrate complexes [5]. A significant aspect related to epoxidation catalysts; 
ruthenium complexes have enjoyed considerable advancement in recent times.

Another domain that has been developed substantially is heterogeneous 
epoxidation with ruthenium catalysis. In this context, catalysts have been devised 
through several effective processes, such as derivatization and immobilization, 
involving known homogeneous catalysts.

The role of ruthenium as a heterogeneous catalyst for epoxidation has not 
been investigated extensively. Herein, it will be provided an updated overview of 
developments in the epoxidation of alkene using ruthenium catalysts (Figure 1). 

Figure 1. 
Epoxidation of alkene using ruthenium catalysts.
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

This chapter is divided into two major sections. The first section focuses exclusively 
on using supported ruthenium catalysts to catalyze alkene epoxidation, while the 
second covers using ruthenium complexes for this reaction.

. Supported ruthenium catalysts for epoxidation of alkenes

In 1998 [6], Mesoporous MCM-41 molecular sieves are used for the immobili-
zation of a ruthenium complex of meso-tetrakis (2,6-dichlorophenyl)porphyrin 
(Figure ), [RuII(TDCPP)(CO)(EtOH)]. The supported Ru catalyst can affect 
highly selective heterogeneous alkene epoxidations with the terminal oxidant of 
choice being 2,6-dichloropyridine N-oxide in the presence of CH2Cl2. Conversion 
of aromatic and aliphatic alkenes to their epoxides can be successfully undertaken, 
with satisfactory amounts and selectivity, while the epoxidation of cis-alkenes (e.g. 
cis-stilbene) can be undertaken in a stereospecific manner as shown in Table . The 
leaching and/or deactivation of the catalyst may be the reason why activity is lost.

Another study in 2002 observed that poly(ethylene glycol) (PEG) binds to 
ruthenium porphyrin through a covalent etheric bond. What characterizes these 
catalysts is that they are highly reactive and selective for epoxidation of alkenes with 
2,6-dichloropyridine N-oxide as terminal oxidant [7].

Ethene was subjected to electrochemical epoxidation with 0.3M chloride ion 
concentration by employing nanocrystalline RuO2 and Co-doped RuO2 deposited 
electrodes in aqueous acidic media [8]. The by-products of this reaction were 
oxirane and 2-chloroethanol. Epoxide formation was achieved based on a three-
membered transition state involving the binding of ethylene to an oxygen on the 
surface of RuO2. Furthermore, a single-step sol gel process (SSSG) facilitated the 
synthesis of RuO2-loaded meso-porous assembled TiO2 nanocrystals with high 
selectivity and recyclability for the purpose of liquid-phase cyclohexene epoxida-
tion employing H2O2 [9]. In this context, it was observed that the temperature 
of calcination influenced both the catalytic activity and the catalyst selectivity. 
In the case of SSSG, the optimal calcination temperature was established to be 
450°C, which yielded maximal epoxide selectivity of up to 80%. The epoxide 
selectivity and conversion related to the calcined SSSG did not alter even on the 
third sequential run.

Figure 2. 
Meso-Tetrakis(2,6-dichlorophenyl)porphyrin (TDCPP).
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In one synthetic approach that has been proposed, an amino acid L-valine was 
affixed to styrene-divinylbenzene co-polymer beads with 8% and 6% cross-linking. 
The formation of the metal complex on the support was achieved by applying a 
ruthenium (III) chloride solution to polymeric ligands that included bidentate 
N,O donor sites. The supported catalysts were employed to investigate the cata-
lytic epoxidation of styrene, Norbornylene, cyclooctene and cyclohexene, with 
tert-butyl hydroperoxide as the terminal oxidant. In the case of Norbornylene and 
cis-cyclooctene, it was noted that epoxides formed selectively and with increase the 
reaction temperature from 28°C to 45°C there is an increase in the epoxide yield at 
similar levels of catalyst concentration. Meanwhile, the equivalent epoxide, benz-
aldehyde and acetophenone were derived for styrene. Although the catalyst could 
be reused, repeated recycling caused the metal to leach gradually from the support, 
with negative implications for its use [10].

One study investigated alkene epoxidation with ruthenium(III) salophen 
chloride [Ru(salophen)Cl] based on support of functionalized chloromethylated 
polystyrene (PS). 1,4-diaminobenzene, 4-aminophenol and 4-aminothiophenol 
were used for PS modification, while axial ligation facilitated the binding of 
[Ru(salophen)Cl] to the supports. Alkene epoxidation with sodium periodate 
(NaIO4) as a best oxidant at ambient temperature was successfully performed with 
the employed catalysts, satisfactory activity being noted. It was possible to use the 
heterogeneous catalysts again in the reactions, and they were recycled repeatedly. 
They also observed that the benefits provided by these catalysts include the fact 
that they are uncomplicated to prepare and handle, the support is available on the 
market, and the supported catalysts can be readily recovered and reused [11].

Another study showed preparation of ruthenium-doped H-Montmorillonite 
(H-Mont) and Ti-pillared clay (PILC) was undertaken to investigate cyclohexene 

  Entry Alkene Reaction 

time (h)

Conversion 

()

Epoxide 

yield 

()a

TOF/h−

   1 24 98 91b 4550 (209)

    2 30 76 98 3819

   3 18 84 61c 2628 (142)

    4 24 80 92 3774 (158)

    5 20 89 91 3762 (161)

Reaction conditions: alkene (mmol), ClpyNO (.mmol), .wt  Ru/M-(m) (. mol of Ru), HCl μ
( .mmol), CH∼ Cl (mL), °C under an Ar atmosphere.
aYields are based on the number of substrates consumed; products were identified and quantified by either GLC or 
H NMR.
bTrace amounts of benzaldehyde and phenylacetaldehyde were also detected.
c-Cyclohexen--ol () and -cyclohexen--one () were formed. TOF were determined by monitoring the 
reactions using GC within the first h of the reactions.

Table 1. 
Epoxidations of different alkenes using a MCM-41-supported ruthenium porphyrin complexes [6].
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oxidation, with the chosen source of oxygen being -butyl hydroperoxide tert
(TBHP). Ru/Ti-PILC showed better effective catalytic activity than Ru/H-Mont. 
The use of 5% Ru/Ti-PILC as catalyst resulted in conversion of cyclohexene in pro-
portion of 59%, selectivity of 87% and 13% respectively for 2-cyclohexene-1-one 
and 2-cyclohexene-1-ol at a temperature of 700°C for six hours, without formation 
of epoxide. It was observed that the oxidation of cyclohexene was heterogeneous, 
and no leaching of ruthenium was observed [12, 13].

In our previous work, supported ruthenium catalysts (1%Ru/TiO2) have been 
utilized for the epoxidation of 1-decene under solvent-free conditions. The reac-
tion was continued for 24h at 90°C in atmospheric air with very small amount of 
tetra-butyl hydroperoxide (TBHP). 1% Ru/TiO2 catalyst was prepared using two 
different preparation methods called sol-immobilization and wet-impregnation. 
For preparation of sol-immobilization, in brief, an appropriate quantity of RuCl3.
xH2O was added to deionized water (800mL) with continuous stirring. To protect 
and stabilize the Ru nanoparticles, a freshly prepared 1wt.% solution of poly (vinyl 
alcohol) (m.w. = 10 000, 80% hydrolyzed) was added (PVA/Ru (by wt)=0.65). 
After a further 15min of stirring, a dark brown sol was generated by the addition 
of a freshly prepared solution of sodium borohydride (0.2M, molar ratio NaBH4/
Ru=5). The sol was stirred for a further 30min with dropwise addition of H2SO4 
to adjust the acidity to pH=2. The TiO2 support (~1.98g) was then added and 
the mixture stirred for 2h prior to wash thoroughly with deionized water (2L) 
and dried at 110°C for 16h. In the wet-impregnation method, catalyst (1g) was 
prepared by dissolving an appropriate quantity of RuCl3·xH2O in deionized water 
and added an appropriate amount of TiO2  support and allowed water to evapo-
rate with continuous stirring at 80°C. The obtained paste was dried for 16h at 
110°C and grounded prior to calcination for 3h in static air at 300°C (heating 
rate=20°C/min).

For the preparation of 1g of catalyst via the wet impregnation technique, a 
suitable amount of RuCl3·xH2O was dissolved in deionized water, after which a 
suitable quantity of TiO2 support was added, and water evaporation was permitted 
with constant stirring at 80°C. This process yielded a paste that was left to dry for 
16hours at 110°C and was ground before being calcined for 180minutes in static 
air at 300°C, with a heating rate of 20°Cmin−1. The standard reaction of epoxida-
tion involved addition of 0.1g catalyst to 1-decene (53mmol, 10mL) in a glass flask 
with a round bottom and 50cm3 volume affixed with a reflux condenser. Following 
the addition of 0.01mL butyl hydroperoxide (TBHP) as the radical initiator, ter-
the reaction mixture was placed on a hotplate to heat to 90°C with magnetic stir-
ring. When the established reaction time ended, the mixture was allowed to reach 
ambient temperature and was subjected to filtration before being analyzed via gas 
chromatography (GC) [ ].14

1-Decene epoxidation under solvent free conditions was investigated based on 
1%Ru/TiO2. The reaction was performed for 24hours at 90°C in air with a catalytic 
quantity of TBHP. The initial step involved assessing the blank reaction with solely 
TBHP present, which revealed poor epoxidation reaction activity, with 2% conver-
sion, and 10% selectivity to 1,2-epoxydecane (Figure ). Subsequent assessment 
of TiO2 displayed poor 1-decene conversion (4%) and epoxide selectivity (16%) as 
well. However, when 1% Ru/TiO2 synthesized via sol-immobilization was used, the 
epoxide yield improved substantially. This was reflected in the increase in 1-decen 
conversion from 4 to 16% and in the increase in epoxide selectivity from 16 to 37% 
(Figure ) [ ].14

High epoxide selectivity continues to pose difficulties in the context of the 
epoxidation reaction. This has led to the identification and quantification of several 
additional by-products, which have been comprehensively detailed in earlier studies 
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[15, ]. When the reaction runs for 24hours, it results in the formation of substan-16
tial amounts of allylic products. Therefore, since the formation of certain products 
may accompany the oxidation of other products, it is useful to examine the product 
profile as the reaction unfolds. Time online studies were undertaken for 96hours to 
gain insight into the reaction profile of 1-decene epoxidation with 1% Ru/TiO2 cata-
lyst. The increase in the reaction time from 4 to 96hours determined an equivalent 
increase in 1-decene conversion from 1 to 35%, without an interval of induction 
(Figure ). This means that the lengthier the reaction run, the higher the 1-decene 
conversion is likely to be. Furthermore, at the start of the reaction, epoxide selec-
tivity was poor, with the main products being allylic compounds. However, as the 
reaction time increased up to 48hours, so did the epoxide selectivity. On the other 
hand, epoxide selectivity gradually declined to 18% at 96hours when the reaction 
time exceeded 48hours, which is usually explained in terms of the ring opening 
reaction that occurs between epoxide and water as a by-product of condensation 
reactions or the breakdown of hydroperoxyl intermediate to the allylic ketone and 
water [16]. After formation of water, epoxide is immediately hydrolyzed to diol. 
Earlier studies also found that increase in reaction time improved alkene conversion 
and epoxide selectivity in the case of the terminal alkenes 1-decene, 1-hexene, and 
1-octene. Additionally, it was observed that cracking of heptanoic, octanoic, and 
nonanoic acids was accompanied by enhanced selectivity as well [16].

The technique of synthesis is a major determinant of catalytic activity [17]. By 
contrast to the wet-impregnation technique, preparation of 1% Ru/TiO2 catalyst via 
sol-immobilization displays greater activity for 1-decene epoxidation (Figure ). 
More specifically, 1% Ru/TiO2 is associated with 15% conversion and 37% epoxide 
selectivity when prepared via sol-immobilization and 10% conversion and 29% 
epoxide selectivity when prepared via wet impregnation.

The 1% Ru/TiO2 catalyst synthesized via sol-immobilization was employed in 
excess amount to conduct the above reaction and thus evaluate reusability [14]. The 
procedures that followed reaction termination included catalyst filtration, wash-
ing with acetone, and 16-hour oven drying at 110°C. Subsequently, the amount 

Figure 3. 
Effect of TiO2  and 1% Ru/TiO2 on 1-decene epoxidation. Reaction conditions: Catalyst (0.1g), 1-decene 
(53mmol, 10mL), TBHP (0.064mmol, 0.01mL), 90°C, atmospheric pressure air, reaction time 24h, rate of 
stirring 900rpm. Error bars indicate range of data based on three repeat experiments.
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of catalyst necessary for regular reaction was extracted to be used again. Table  
provides the activity data related to both the fresh and reused catalysts. Thus, by 
contrast to the fresh catalyst, which allowed 15% conversion of 1-decene and 37% 
epoxide selectivity, the reused catalyst subjected to drying with no previous washing 
showed suboptimal activity, so reuse was unsuccessful. One reason for this could be 
the fact that the adsorbed reaction products that were present caused the catalyst 

Figure 4. 
Effect of reaction time on conversion and selectivity. Reaction conditions: 1% Ru/TiO2 (0.1g), 1-decene 
(53mmol, 10mL), TBHP (0.064mmol, 0.01mL), 90°C, atmospheric pressure air, rate of stirring 900rpm. 
Allylic products=  (1-decen-3-one, 1-decen-3-ol, 2-decenal, 2-decen-1-ol). Others=∑ ∑ (C7+C8+C9 acids, 
C8+C9 aldehyde, C 7+C8  alcohols, 3-nonen-1-ol, 3-nonanone, cyclododecane, 2-decenoic acid). Error bars 
indicate range of data based on three repeat experiments.

Figure 5. 
Effect of the catalyst preparation method on 1-decene oxidation [14]. Reaction conditions: 1% Ru/TiO2 (0.1g), 
1-decene (53mmol, 10mL), TBHP (0.064mmol, 0.01mL), 90°C, atmospheric pressure air, rate of stirring 
900rpm. Error bars indicate range of data based on three repeat experiments.
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to deactivate. On the other hand, better conversion (10%) and epoxide selectivity 
(24%) were exhibited by the catalyst washed with acetone before being reused, but 
even so, the activity was still poorer compared to that of fresh catalyst, most likely 
owing to the fact that carbon inhibited active sites. Active component leaching into 
the solution is major problem of heterogeneous catalysts, particularly in the liquid 
phase. However, ICP analysis suggested that ruthenium did not leach.

. Ruthenium complexes for epoxidation of alkene

Being a transition metal, ruthenium displays several oxidation states that can be 
readily interchanged. Consequently, ruthenium facilitates the exchange or replace-
ment of ligands in the complexed state, thus mediating access for metal-oxo species. 
The latter represent the main olefin epoxidation intermediate and are highly useful 
catalysts because they act as oxygen donor to alkenes. A variety of ruthenium-
catalyzed epoxidation catalysts are supplied by homogeneous ruthenium complexes 
with ligands like porphyrin [18], polypyridyl [19], Schiff base [20], oxazoline [21], 
and pyrazolyl [22].

In 1984, Balavoine and colleagues suggested that RuCl3, 2,2 -bipyridyl and ′

sodium periodate could be employed in a two-phase reaction medium for alkene 
epoxidation [23]. Although the mechanism remained unclear, it was possible that a 
Ru(IV)-0x0 complex, potentially [Ru ‘(bipy)&l(O)]’, represented the active spe-″
cies. In 1985, Eskanazi and colleagues demonstrated that it was possible to control 
the rate and stereoselectivity of alkene oxidation by substituting the 2,2 -bipyridyl ′

with different ligands [ ].24
Fackler and colleagues applied the method of Sonogashira coupling with a 

bromo-substituted porphyrin and terminal alkyne to create a ruthenium porphyrin 
epoxidation catalyst of high enantioselectivity and regioselectivity. This catalyst 
achieved enantioface-selective oxo transfer to alkene functionalized quinolones, 
pyridones, and amides via non-covalent hydrogen bond interactions [ – ].25 26

In 1998 [27], ruthenium complexes that included pyridine and picoline ligands 
were used to subject cyclohexene and styrene to catalytic oxidation. Alteration 
of the oxidant character led to marked variability. Cyclohexene oxidation yielded 
2-cyclohexen-l-ol and 2-cyclohexenone when the oxidizing agent was cumene-
hydroperoxide (CHP), and 2-cyclohexenone when the oxidizing agent was 
N-methylmorpholine-N-oxide (NMO). Contrary to expectations, it was not epoxide 
but benzaldehyde that resulted from the oxidation of styrene. Hydrogen bond 
interactions could facilitate the engagement of the diaxial-dioxoruthenium species 
displaying catalytic activity with vinyl or alkenyl fragments (Figure ). In this way, 
oxygen can be supplied to a specific alkene prochiral face [28].

  Washing conditions Conversion () Epoxide 

selectivity ()

  Fresh catalyst 15 37

  Reused without washing, dried static air at 110°C for 16h 7 17

Reused and washed with acetone (200mL), dried static air at 
110°C for 16h

 10 24

Reaction conditions:  Ru/TiO  (.g), -decene (mmol, mL), TBHP (.mmol, .mL), °C, 
atmospheric pressure air, reaction time h, rate of stirring rpm.

Table 2. 
Catalyst reusability study for epoxidation of 1-decene: 1% Ru/TiO2.
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Stoichiometric quantities of Cl2pyNO were used as oxidant to perform the 
epoxidations in benzene. Epoxidation of n-hydro-3-vinylquinolones was achieved 
with high enantioselectivity, which was reduced for N-methylated quinolones as 
one of the two hydrogen bond interactions was lost. Meanwhile, 3,7-divinylquino-
lone exhibited high regioselectivity, with epoxidation of the vinyl group since it was 
readily accessible to ruthenium oxocentre. Trans-epoxides with enantioselectivity 
higher than 90% were obtained by subjecting the 3-alkenyl quinolones to stereospe-
cific and enantioselective epoxidation.

Another study by Man and his group [29] was found that olefin asymmetric 
epoxidation with ruthenium as catalyst was significantly improved when PhI(OAc)2 
was present. The increase in the reaction rate when water was added was two orders 
of magnitude. It was possible to achieve reactions of aliphatic as well as aromatic 
olefins, with enantioselectivities being as high as 71% ee.

A novel pentadentatepolypyridine (L5pyr) ruthenium complex [Ru(L5pyr)
(CH3CN)]2P was proposed by Hamelin and colleagues. When iodosyl benzene was 
employed as oxidant, this complex was observed to generate satisfactory amounts 
of epoxide for cyclooctene and trans-b-methyl styrene. The preparation of the 
complex involved use of RuCl2 (dmso)2 to reflux L 5pyr and subsequent replacement 
with acetonitrile. Enhanced catalytic activity of [Ru(L5pyr)(CH3CN)]2þ depends 
greatly on the pentadentate ligand with electron abundance. This is reflected by the 
fact that epoxidation with lower dentate pyridine analogues [Ru(bpy)2(CH3CN)2] 2þ 
produce suboptimal yields and turnover frequencies [ ].30

Two Ru(II)-aqua complex catalysts underpinned by oxazoline ligands viz. 
[RuII(iPr-box-C)(tpm)OH2](PF6)2 and [RuII(iPr-box-O)(tpm)OH2](PF6) were 
developed in recent times. The preparation of the complexes involved derivation from 
[RuIIICl3(tpm)] by base catalyzed oxazoline ligand exchange, with the generated 
chloro complex being subsequently hydrolyze with silver acting as catalyst. Phl(OAc)2 
was employed as oxidant to analyze the potential of the two complexes as epoxidation 
catalysts for trans-stilbene. Results showed that catalyst 1 was associated with 85% 
epoxide selectivity and catalyst 2 was associated with 81% epoxide selectivity, while 
the conversion was nearly identical in both cases. Furthermore, catalyst 1 was regiose-
lective for the terminal alkene segment of 4-vinylcyclohexene [ ] (31 Figure ).

Figure 6. 
Dioxo ruthenium-substrate interaction visualized based on semi empirical calculation [28].
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In another study, a range of olefins were subjected to asymmetric epoxi-
dation with ruthenium as catalyst and TBHP as oxidant. Under catalysis by 
ruthenium(pyridinebisoxazoline)-(pyridinedicarboxylate) complexes, aromatic 
and aliphatic olefins produced the equivalent epoxides at ambient temperature 
in moderate-to-high yields and enantioselectivity as high as 65% ee. The reaction 
yield and chemoselectivity were markedly enhanced by adding the stoichiometric 
oxidant in a gradual way [32].

In a similar study [33], olefins were subjected to asymmetric epoxidation with 
general ruthenium as catalyst and hydrogen peroxide as oxidant. Various aromatic 
olefins exhibited enantioselectivity as high as 84%. The reaction was successful 
especially because pyboxazines, a novel group of ligands, were added. It was antici-
pated that the catalytic behavior of common pybox derivatives harmonized well 
with such ligands. Furthermore, differences in catalyst structure were diminished 
by employing two distinct ligands, facilitating refinement of catalytic attributes.

One study undertook the synthesis of bis-facial dinuclear ruthenium complex 
that included a hexadentate pyrazolate-bridging ligand (Hbimp) and bpy as 
auxiliary ligands [34]. Additionally, the ability of water and alkene oxidation of 
this complex was assessed. Various alkenes were successfully subjected to epoxi-
dation under catalysis by the in situ-produced bis-aqua complex, {[Ru II(bpy)
(H2O)]2( -bimp)}μ 3+.

The difficulty of ruthenium complex heterogenization stems from the fact that 
it is necessary to preserve the ligand properties (e.g. lability, enantiopurity, relative 
orientation) that greatly influence epoxidation reactivity, enantioselectivity, regi-
oselectivity, and chemoselectivity. One possible approach is to anchor the catalyst 
to a polymer, for which one of the ligands must include a reactive functional group 
or polymerizable moiety. An additional viable option is to immobilize catalysts in 
channels of materials of high porosity (e.g. zeolites, molecular sieves), with shape 
selectivity being afforded by characteristic pore sizes.

To conclude, It was shown that the chemical nature of the solvent, oxidant, type 
of catalysts and type of the ligand have a significant effect on the catalytic proper-
ties and stability of the active species.
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Oxazoline ligands [31].
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Abstract

The   structural,   magnetic,   electronic   and   elastic   properties   of   A15  X3 Ru   (X   =  Sc, 
Ti,   V,   Cr,   Mn,   Fe,   Co,   Ni,   Cu   and   Zn)   binary   alloys   are   investigated   using  first-

principles   density   functional   theory   (DFT)   methods.   Ru-based   alloys   have  attracted 
remarkable   research   interest   due   to   their   unique   properties,   which   make  them 

suitable   for   high-temperature   structural   applications.   In   this   chapter,   the  properties 
of   several   A15   Ru-based   alloys   are   investigated   in   order   to   select   the   best  suitable 

alloy/s   for   aerospace   application.   Heats   of   formation   are   calculated   to   determine  the 
thermodynamic   stability   of   the   materials.   Knowledge   of   the   values   of   elastic  con-

stants   is   essential   for   understanding   the   mechanical   properties   of   the  materials. 
From   our   calculated   elastic   constants,   the   bulk   modulus,   shear   modulus,  Young’s 

modulus,   Poisson’s   ratio,   melting   temperature,   anisotropic   factor   and   the   ratio  B/G 
are   determined.   The   electronic   density   of   states   are   calculated   and   discussed.  Lastly, 

the   magnetic   properties   of   A15  X 3Ru   alloys   are   studied.   Thermodynamically  stable 
Mn3 Ru   possesses   high-magnetic   moment   compared   to   other  X 3 Ru   alloys,  these 

results   could   pave   way   to   experimental   realization   (synthesis)   of  Mn 3 Ru  material.

Keywords:   structural   stability,   heats   of   formation,   DFT  calculations,
mechanical   properties,   3d   transition   metal  alloys

 1. Introduction

                       High-temperature structural materials have attracted considerable interest in the
                                      world of materials research for many years. There is a huge demand for materials

                          that can resist extreme mechanical, thermal and chemical environments. Ni-based
                          super-alloys (NBSA) are currently used for high-temperature application due to

                                their phenomenal properties such as high creep strength, good ductility at elevated
                             and room temperature environments, low density and high melting points. Despite

                                the accomplishment of NBSA, 90% of Ni’s melting point have already been
                                exploited [1]. Many metal alloys are currently being studied [2] as potential

     alternatives to NBSAs.
                                Currently, ruthenium (Ru) based alloys have been under intense study [3, 4]

                             due to their attractive combination of physical and mechanical properties, including
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          high melting point and good oxidation and corrosion resistance. Furthermore, Ru
           has the capability to increase the microstructural stability of other material systems

               [3]. In particular, Ru (2334 °C) has a superior melting point compared to Ni (1543 °C),
         making Ru- based alloys su itable for h igh temperature structural applications. Previ-

         ously i n Ru–Cr phase diagram, many structures such as Cr3  Ru, C r2   Ru and Cr4Ru
          phases were found to exist experimentally in different temperature formations [4–6],

              while the narrow homogeneity range of 31.5 atm% Ru and 32–36 atm% Ru for A15
Cr3   Ru and Cr2           Ru (σ phase) have been identified by Venkatraman and Neumann [7]

             respectively. Recen t studies in this c lass of a lloys have p rojected phase stabili ty in a
                  several X-Ru (X = Mo, Ti, V, Hf, Ir, Os, Pt, Ta, Tc, Mn and Zn) binaries at low

          temperatures [8, 9]. Ruthenium alloys with platinum and palladium make extremely
            durable electrical contacts and resistors. Ruthenium thin films are used in hard disk

           drives and plasma display panels [8]. The addition of ruthenium improves the
         mechanical properties and corrosion resistance of titanium, platinum, palladium, gold,

            and ni ckel-based superalloys used in jet en gine tur bine blades [10] . Also, th e addition
          of ruthenium in modern nickel superalloys inhibits the formation of topographical

           closed packing (TCP) phases, thereby extending their creep capability to higher tem-
 peratures [11–13].

           In this chapter, the structural, magnetic, electronic and elastic properties of the
     A15 Ru-based alloys in the X3              Ru (X = Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu and Zn)

          crystal phase are investigated using first principles density functional theory calcu-
             lations. All the structures proposed here in A15 phase are new except A15 Cr3  Ru that

          exist experimentally [7] as stated above. Therefore more experimental research is
            needed specifically for these novel alloys studied herein. We determine the heats of

          formation, density and magnetic moments, these properties are very important in
          aerospace and spintronic applications. Stability study based on heats of formation

      can be used to identify suitable X3      Ru material for high temperature structural
           application. The electronic properties such as band structures and density of states

          are useful to provide valuable information about a material ’s conducting character-
             istics at the Fermi energy level. Knowledge of the values of elastic constants (C ij) is

           crucial in describing the mechanical resistance in a crystal when external stresses
    are applied. From the Cij          ’s, we can determine the bulk, shear and Young’s modulus

            that provides information about the strength of the material. To gain deeper under-
  standing of X3           Ru alloys, we compute more properties such as anisotropic factor and

          Poisson’s ratio. The computed properties are compared with the available theoreti-
            cal and experimental results. The results found herein will pave way to recommend

     new metals in elevated temperature applications.

       2. Theoretical calculations by density functional theory (DFT)

      2.1 Crystal structure of transition metal-Ru alloys

          Ru-based intermetallic alloys exist in different crystal structure phases such as
  A15, DOc, DO0

c  tP16, L12            , and B2. However, in this chapter we will focus on A15
        Ru-based alloys as illustrated in . The XFigure 1 3          Ru (X = Sc, Ti, V, Cr, Mn, Fe, Co,

                Ni, Cu and Zn) crystallizes in a cubic A15 type with a space group Pm-3 N (number
             223) and a theoretical lattice constant of 4.63 Å [14]. Moreover, this cubic phase

    possess a prototype of Cr3           Si. The A15 phases are described as a series of intermetal-
     lic compounds with a formula A3            B; where A is a transitional metal and B can be any

     element. In the case of X3           Ru, Ru and X represent the A and B respectively. The
          proposed study seeks to model the properties of 3d transition metal-Ru
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         intermetallic systems for A15 phase, using density functional theory techniques.
         The density functional theory enables determination of many ground state

           properties of material systems with sufficient accuracy, and is widely used in
     characterizing the properties of new materials.

   2.2 Quantum mechanical techniques

              In material science, the energy of a system is needed in order to evaluate the
           properties of a material. Numerically, this is obtained by solving the Schrödinger

  wave equation [15].

   H Eψ ¼ ψ (1)

                where H is the Hamiltonian operator, E is the energy of the particle and is theψ

            wavefunction is the particle ’s wavefunction. Hamiltonian H in Eq. (1) for a system
          of many interacting particles (electrons and nucleus) can be expressed as

H ele nuc  ¼ T ele  þ T nuc  þ V ele nuc  þ V ele ele  þ V nuc nuc (2)

 where T ele  and T nuc          are the kinetic energy operators of the electrons and nuclei
 respectively, Vnuc-nuc, V ele-ele  and Vele-nuc       are potential energy operators of the ele-

            nuc, ele-ele and nuc-nuc, respectively, due to Coulomb interactions. Eq. (2) can be
           solved analytically for few atoms, however, for very large number of atoms

  (N 10 23             ) it is intractable to solve; hence, a number of approximations are needed
            to find its exact solution. The first approximation in solving the Schrödinger equa-

           tion for a many-body interacting system is called the Born and Oppenheimer
          approximation [15]. This approximation decouples the electron motion from that of

             heavier ions, setting the kinetic energy operator of the nuclei to zero, while the
         potential energy operator becomes a constant. The Born and Oppenheimer

       approximation reduces the complexity of Eq. (2) to

 Figure 1.
          Ball and stick illustration of A15 crystal structure phase of X3          Ru alloys. Gray balls represent X = Sc, Ti, V, Cr,

            Mn, Fe, Co, Ni, Cu and Zn- atoms; green balls represent Ru- atoms.
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Hele nuc  ¼ T ele  þ V ele nuc  þ V ele ele (3)

         To solve the Eq. (3), the last two terms: Vele-ele  and Vele-nuc    must be known. Quantum
          mechanical techniques, such as the density functional theory and the Hatree-Fock

            approximation aim to obtain accurate ground state energy of a material system com-
            prising of electrons and nucleus. Thereafter, other properties related to the total energy

                of the system can be easily determined. In order to achieve this aim, the exact forms of
                 the terms on the right hand side (RHS) of Eq. (3) must be known. All the terms are

          known excep t the exch ange correlatio n ener gy of i nteracting elect rons that rem ains
      unknown. The density functional theory accounts for the electron exchange correlation

(Exc            ) effect for many interacting particle system. However, the Hatree-Fock has diffi-
          culties in predicting the properties of metallic and magnetic systems accurately.

   2.3 Density functional theory

         The density functional theory minimizes the difficulty in strong electron-nuclei
           and electron–electron interactions in many body systems (Eq.(2)) by mapping it onto

             the single particle moving in an effective potential [16]. This effective potential is not
           explicitly known, but can be approximated to accurately predict the solid-state prop-

                erties. The basic idea of the DFT is that any property of a system of many interacting
             particles can be expressed as a functional of the ground state electron density (r).ρ

     E E r¼ ρ ð Þ½  (4)

          DFT is established from the Hohenberg-Kohn theory [16], which expresses a
          one-to-one correspondence between the electron density (r) of a many electronρ –

       electron interacting system and the external potential Vext    imposed by the nucleus.
            Thus, the accurate ground state wave function is obtained from the external poten-

            tial expression due to a correct ground state electron density. Therefore, the mini-
     mum energy can be expressed as:

  E rρ ð Þ½  ¼ T ele  ρ rð Þ½  þ F HK  ρ rð Þ½  þ V ext   ρ rð Þ½  (5)

 where, F HK           [ (r)] is the universal functional of the electron density due toρ

  kinetic energy Tele     [ (r)] and potential interactions Vρ  ele ele–
   . The universal functional

            is called the Hohenberg-Kohn density functional and can be expressed in terms of
          the interaction from the electron-exchange and correlation and Hatree potential VH

      due to classical electrostatic interactions [17] as:

FHK  ρ rð Þ½  ¼ T ele  ρ rð Þ½  þ

ð
 ρ r 0ð Þ

  r r 0j j
dr0  þ V xc   ρ rð Þ½  (6)

            where, the first term is the kinetic energy of the non-interacting electron sys-
       tem, second term is the Hatree potential V H       and the third term is the exchange-

     correlation potential due to electron-nuclei interactions.
       Now the total energy can be written as:

  E rρ ð Þ½  ¼ T ele  ρ rð Þ½  þ

ð
 ρ r 0ð Þ

  r r 0j j
dr 0  þ V xc  ρ rð Þ½  þ V ext   ρ rð Þ½  (7)

             where, the last two terms are external potentials that are split into two categories
         namely: classical and non-classical energies due to the nuclei V ext   (r) and exchange-

  correlation effects Vxc (r).

4

      Ruthenium - An Element Loved by Researchers



     Eq. (7) can be written as:

H KS ψ i ¼ 
ℏ

2

2me
∇

2 þ

ð
 ρ r 0ð Þ

  r r 0j j
dr0  þ V ext rð Þ þ V xc rð Þ

 
ψ i rð Þ ¼ εi ψ i  rð Þ (8)

          Eq. (8) is called the Kohn-Sham energy equation for non-interacting particles.
          The Kohn-Sham equation substitutes the many body interacting particle into a

           single independent particle equation as a functional of the ground state charge
  density, where ψi          is the single particle Kohn-Sham wave function. The ground state

      density can be then be described as:

 ρ rð Þ ¼
XN

i¼1

ψ ij j 2 (9)

    whilst the exchange-correlation potential, V xc       (r) is given by the functional deriv-
              ative of the ground state total energy with respect to the ground state charge density:

V xc rð Þ ¼
δE xc  ρ rð Þ½ 

 δρ rð Þ
(10)

    2.4 Approximations to exchange-correlation functional

            While the DFT is in principle an accurate theory describing ground state inter-
          actions in a many-particle system, in practice, approximations are needed to

          describe the electronic exchange correlation term in the Kohn-Sham Eq. (8).
            Therefore, the application of DFT depends on the accuracy and reliability of the

      approximations to the exchange correlation potential, Vxc    . Consequently, a large
         number of exchange-correlation functionals, including the LDA, GGA, and other

            hybrid functional have been developed in order to obtain a numerical solution to
       the Kohn-Sham equations, as illustrated in .Figure 2

   2.4.1 Local density approximation

         The simplest approximation to the exchange-correlation term in the Kohn-Sham
           equations is the Local Density Approximation (LDA) [15]. LDA assumes the density

 Figure 2.
      Kohn-sham-DFT equation and its methods of implementation.
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           of homogeneous electron gas with a slowly varying electron density gradient, for
      the exchange correlation functional, expressed as [16].

E LDA
xc ρ½  ¼

ð
 ρ rð Þ εxc   ρ rð Þð Þ dr (11)

 where εxc          is the exchange-correlation energy per electron in a homogenous elec-
               tron gas. One of the limitations of the LDA approximation is that it does not account

           for in homogeneities in electron density resulting in overestimation of bonding ener-
           gies in both molecular and solid systems. Then Local spin density approximation

              (LSDA) [15, 17, 18] improves Eq. (11) by including the effect of spin density, where
              the charge density is the total summation of spin up densities.α and down β

ELSDA
XC ρ½  ¼

ð
 ρ rð Þ εxc ρα rð Þ , ρ β rð Þ

 
 dr (12)

   2.4.2 Generalized gradient approximation

        The generalized gradient approximation (GGA) functional is an improvement
             over the LDA, which takes into account the gradient of the electron density ∇ρj j as

       well as their magnitude at each point r.
              Therefore, the total energy can be expressed as a functional of the gradient of the

 density as

EGGA
XC ρ½  ¼

ð
 ρ rð Þ εxc    ρ rð Þ , ∇ρ rð Þj j  ð Þ dr (13)

           Inclusion of the information on the electron density spatial variation in GGA
           results in greater flexibility in describing real materials. However, GGA is inade-

           quate in describing the properties of strongly correlated material systems, such as
            transition metals and magnetic systems. In order to improve the accuracy of GGA,

             an additional term called the Hubbard U parameter is used to treat the delocalised“ ”

          and localized orbitals with strong on-site coulomb interactions. The Hubbard U
            parameter is usually obtained semi empirically, but can also be extracted from ab

           initio calculations, although both methods do not permit transferability of U across
               compounds. The GGA + U functional will be used in this study owing to its accuracy

         and relatively minimal computational cost compared to non-local hybrid func-
      tionals such as B3LYP, HSE03 and Sx-LDA.

     2.5 Numerical solution of Kohn-sham equation

           To solve the Kohn-Sham single particle equation, the electron wave function ψ i

           for the orbitals must be known. The Kohn-Sham equations are solved iteratively
        within a self-consistent field, where an initial density ρ 1     (r) is guessed to obtain“ ”

          the starting wavefunctions. These variables are then used to build Kohn-Sham
      Hamiltonian of which an improved density ρ2     (r) is obtained. The wavefunctions

         continues to obtain better approximations to the electron density ρ  3 … … N  rð Þ, until
        self-consistency is reached, as illustrated in [19].Figure 3

  2.6 Mechanical properties

            Mechanical stability is a measure of material ’s strength, and is used to charac-
            terize the structural stability and deformation of a system under external load [18].
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          Material’s mechanical stability is defined in terms of elastic constants Cij  , Bulk
           Modulus ( ), Shear Modulus ( ), YoungB G ’s modulus ( ) and elastic anisotropy (A),E

            from which other properties such as hardness and ductility can be determined. In
             this study, the calculated elastic constants will be used to initially outline the general

     mechanical stability of each A15 X3       Ru structures based on the Born mechanical
             stability criteria [19]. In addition, the elastic constants can be used to measure the

          tensile, shear strength of materials, and provide important information on the
         bonding characteristics between the adjacent crystal atoms and the long-ranged

     elastic interaction between various dislocations [20].

  2.6.1 Bulk modulus

            Bulk Modulus ( ) is a measure of the materialB ’s resistance to uniform compres-
             sion. A high value of bulk modulus B indicates that a material resists compression,

              while a low bulk modulus imply that a material may be easily compressed. For cubic
     crystal structures, is defined asB

  B B¼ H ¼
BV  þ B R

2

 
(14)

where

  B B¼ R  ¼ B V ¼
C11  þ 2C12

3  (15)

 Figure 3.
        Schematic representation of the SCF method used in DFT.
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 with BR, B V  and B = B H         being the Bulk modulus for Reuss, Voigt and Hill
 approximations [21].

  2.6.2 Shear modulus

              The shear modulus ( ) of a material describes its response to shear stress, and isG
             a measure of a material’s stiffness. For cubic structures, can be expressed as:G

  G G¼ H ¼
GV  þ G R

2

 
(16)

  where the GR  and GV       are the Reuss and Voigt bounds [22],
with

GV ¼
C 11   C12  þ 3C44

5

 
(17)

and

GR ¼
 5 C 11   C 12ð Þ C44ð Þ

4C44   þ 3 C11   C 12ð Þð Þ


(18)

  2.6.3 Young s modulus’

           Young’s modulus (E) describes the material ’s strain response to uniaxial stress in
          the direction of this stress, and it can be written as:

 E ¼
9BH GH

3B H  þ G H

 
(19)

  2.6.4 Elastic anisotropy

           Anisotropic behavior is very important in engineering science as well as crystal
            physics due to its high relation with micro-cracks in materials. In calculating elastic

          anisotropy, more information about a material will result such as micro-cracks,
        phase transformation, precipitation and dislocation dynamics [23]. The elastic

          anisotropy (A) assist to distinguish the micro-cracks in different materials [24 26]–

            and can be understood by calculating the anisotropic factor ( ) for cubic structuresA
 as follows:

 A ¼
2C 44  þ C12

C11

 
(20)

 2.6.5 Ductility

            Ductility is the ability of a material to undergo plastic deformation before rap-
           ture. It is an important property for material engineering design. An empirical

           relation linking materials ductility and its elastic moduli (B/G) was proposed by
            Pugh [27], in which the critical value separating ductile and brittle materials is

              around 1.75; if B/G 1.75, the material is ductile, otherwise it is brittle. Another>

            classification rule was given by Frantsevich et al. [28] to distinguish brittleness and
   ductility by Poisson ’s ratio:
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 υ ¼
3BH   2G H

2 3BH  þ G Hð Þð Þ

 
(21)

            The critical value for Poisson ’s ratio is 1/3. For brittle materials, the Poisson’s
    ratio is less than 1/3.

 2.7 Density

           Density is a vital tool used to characterize light/heavy weight materials. The
           weight of a material plays an essential role especially in rotating components.

             Therefore, it will be of interest to evaluate the density of the proposed X 3  Ru alloys
         for lightweight (high temperature) structural applications. Density will be calcu-

     lated from the Eq. (22) below:

ρ cal ¼
MW  ∗ N

  Vol A∗ 0

 
(22)

         where is the volume of the unit cell,Vol MW      is the average molecular weight of
              the elements in the unit cell, is the total number of atoms andN A0  is the

   Avogadro’s number (6.022 X1023).

   2.8 Melting point temperature

            The melting point is the temperature at which a material changes from the
               solid to the liquid state. In other words, the vapor pressure of the solid and the

           liquid are equal at its melting point temperature. The melting temperature (Tm) of
            a material depends on its mechanical properties, and it follows a linear relationship

           with its elastic constants [29 32]. For cubic systems, the melting point temperature– 

  is given by:

Tm   ¼ þ553K
591K

Mbar

 
 ∗ C 11  Mbarð Þ  300 (23)K

  2.9 Computational details

           The Cambridge Serial Total Energy Package (CASTEP) code [33] based on DFT
         was employed to examine the behavior of cubic A15 X 3        Ru (X = Sc, Ti, V, Cr, Mn,

             Fe, Co, Cu, Ni and Zn) compounds. The calculations were carried out with plane
        wave pseudo-potentials [34] built within the generalized gradient approximation

           (GGA) to represent the valence core interactions. In the present calculations, the
             GGA + Hubbard U [35, 36] model for A15 compounds are used for electron elec-–

             tron interaction. The wave functions are expanded in the plane waves up to a
           kinetic energy cutoff of 800 eV, while well converged 15 15 15 k-point sampling 

             by Monkhorst-Pack [37] was used for integration over the Brillouin zone for all the
          A15 structures. This plane-wave energy cut-off value is convenient for electronic

           band structures and density of states. The equilibrium lattice parameters have been
          computed by minimizing the geometry of the crystal using the well-converged

             k-points allowing the total energy and forces to converge to less than 1 meV/atom
             and 0.03 eV/Å. For the elastic constants, the stress strain method was applied on all–

     A15 with cubic symmetry of C11 , C12  and C 44      elastic constants. The Voigt, Reuss and
              Hill average has been applied for bulk (B), shear (G) and Young (E) s modulus [38].‘
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   3. Results and discussion

      3.1 Structural parameters and heats of formation

           Ruthenium based transition metal alloys belong to the family of A15 X3  Z struc-
             tures which consist of X atoms that occupy six equivalent positions in c-site (0.25,

                 0, 0.5) and Z atoms that occupy bcc positions (0, 0, 0), as illustrated by inFigure 1
 section 2.1.

           Table 1 indicates the calculated lattice constants, heats of formation and mag-
    netic moments of A15 X3                Ru alloys (X = Sc, Ti, V, Cr, Mn, Fe, Co, Cu, Ni, Zn). It can

   be seen in X3              Ru alloys that consist of transition metal atoms in the middle of the 3d
              series have lower lattice constants compared to those early or late in the series, in

             consistent with the trends of atomic radii of transition metal atoms across the 3d
      series. The computed lattice constants for Cr 3     Ru (5.59 Å) and Ni 3   Ru (4.84 Å)

         structures are comparable with those obtained from other theoretical investigations
Cr3             Ru (4.61 Å, 4.623 Å and 4.62 Å) [14, 39, 40] and Ni 3    Ru (4.57 Å) [39],

           confirming the accuracy of our results. The slight deviations between our calculated
             lattice constants and previous theoretical data can be attributed to the use of differ-

             ent plane wave cutoff energies and k-points grid. In this paper we have applied
               deeper energy cutoff (800 eV) and k-points grid of 15 x 15 x 15 compared to

      previous calculations. The heat of formation ΔHf      was calculated using Eq. (24) for
   all the structures as:

ΔH f ¼
E X 3Ruð Þ  aE

g
Ru   bE

g
X

  a bþ

 
(24)

 Where E(X3        Ru) is the total energy of the system,E
g
Ru  and E

g
X    are the energies of

              each individual metal species in their ground states, a and b are the number of
                  atoms for individual metals and X = Sc, Ti, V, Cr, Mn, Fe, Co, Cu, Ni and Zn. A

  negative value HΔ f        indicates stability while the positive value of HΔ f  shows insta-
     bility. It was found that Mn 3         Ru have negative heats of formation, indicating that the

          alloy is thermodynamic stable. This result indicates a possibility of synthesizing
Mn3          Ru experimentally due to the existence of the A15 Cr 3    Ru phase [41]. Other

  System Lattice constant
(Å)

 Heat of
formation
(eV/atom)

  Magnetic Moment (μB/
atom)

Density
  ρ ¼ g=cm3

X-Ru
 bond length

(Å)

Sc3      Ru 5.51 1.09 0.01 4.48 3.081

Ti3      Ru 5.15 0.88 0.27 5.94 2.88

V3      Ru 5.15 0.79 0.03 6.16 2.881

Cr3      Ru 5.59 0.89 0.22 4.88 3.126

Mn3      Ru 5.37 -0.64 2.59 5.72 2.999

Fe3      Ru 4.9 1.34 1.58 7.57 2.741

Co3      Ru 4.9 1.41 1.7 7.85 2.738

Ni3      Ru 4.84 2.11 1 8.13 2.704

Cu3      Ru 4.97 1.12 0.4 7.89 2.779

Zn3      Ru 5.24 1.02 0.01 6.86 2.929

 Table 1.
    Calculated lattice constants of X3                    Ru (X = Cr, Sc, Ti, V, Mn, Fe, Cu, Ni, Co and Zn) unit cell as well as the

            heats of formation, magnetic moment, density and the X-Ru bond-length of A15 structures.
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   structures such as Sc 3  Ru, Ti 3  Ru, V3  Ru, Cr3  Ru, Fe 3  Ru, Co3  Ru, Ni 3  Ru, Cu 3  Ru and
Zn3           Ru have positive heats of formation indicating that they are thermodynamically

           unstable, hence synthesis may be difficult. However, it has been suggested previ-
             ously [14, 42, 43] that doping lowers the heats of formation in some materials,

            which may make it possible to synthesize some of these structures. Importantly, we
            find a strong direct correlation between the heats of formation of the X3  Ru alloys

         and their magnetic moments, with higher magnetic moments corresponding to
             more stable alloys, as illustrated in . This can be attributed to strongFigure 4

         metallic bonding in transition metals arising from the delocalized electrons.
           Similarly the larger atomic radii difference between the Ru atom and transition

             metal atoms results in crystal strain which has a positive impact on the overall
             magnetic moment, as summarized in The density of an alloy plays anTable 2.

            important role in determining its use in lightweight applications, such as the aero-
           space industry. We have therefore, evaluated the density of the proposed X3 Ru

         alloys for lightweight (high temperature) structural applications. From Table 1, we
  note that X3           Ru alloys with small lattice constants have higher densities and the

             results are consistent with Eq. (22). However, the density of the most stable alloy
Mn3   Ru (5.72 g cm= 3        ), is slightly lower than that of L1 2 Ni3   Al (6.14 g cm= 3  ) [44],

           which is commonly used in the aerospace industry. Therefore, the application of
         these alloys with high densities may be limited. Whereas, Mn 3     Ru may be a possible

       candidate for aerospace application due to lower density.

    3.2 Electronic and magnetic properties

           The calculated magnetic moments and the stability of intermetallic alloys can be
          rationalized from their electronic properties [45]. presents the projectedFigure 5

      spin-polarized density of states (PDOS) of X3           Ru (X = Sc, Ti, V, Cr, Mn, Fe, Co, Ni,
                Cu and Zn) alloys. It can be seen that the spin up and spin down bands are

               symmetric in Sc, Ti, V, Cr, Cu and Zn systems, with no net spin polarization. This
               symmetric balance of the spin up and spin down bands leads to a cancelation of the

          magnetic moment associated with electronic spin, thus explaining the zero (or
           negligible) calculated magnetic moments ( ). On the other hand, the densityTable 1

               of states in Mn, Fe, Co and Ni are spin-polarized, which explains the origin of the
         non-zero calculated magnetic moments in these systems. The predicted magnetic

 Figure 4.
            A comparison of the calculated heats of formation (eV/atom) and magnetic moment (μ B   /atom) of X3 Ru

             (X = Sc, Ti, V, Cr, Mn, Fe, Ni, Co, Cu and Zn) alloys.
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           moments in these compounds could lead to novel applications such as spintronics
  and spin injections.

             The total density of states (DOS) can be used to investigate the atomic bonding
             character of Ru-based alloys [45]. It is clear that the bonding character mainly arises

              from the hybridization of X- and Ru- below the Fermi energy ( 4 to -1 eV).d d 
             Around the Fermi energy, from the spin up and down channels, the most visible

             feature is the presence of a valley known as the pseudo-gap, which indicates cova-
            lent bonding [46, 47] in these compounds. The pseudo-gap exist due to strong

             hybridization in X- and Ru- states and separates the bonding states from the anti-d d
           bonding states. The phase stability of intermetallic compounds is dependent on the

          location and magnitude of the DOS at the Fermi energy N(Ef    ) [48 50], with lower–

N(Ef             ) corresponding to a more stable phase [51]. The electronic properties can be
      related with the heats of formation, Mn 3        Ru structure have less density of states at

              the Fermi and therefore, it is most stable. This result explains the calculated heats of
   formation results of Mn3        Ru discussed in section 3.1 above, where Mn 3   Ru is ther-

          modynamically stable and this attributes to its lowest heats of formation.

  3.3 Elastic properties

          Elastic constants are parameters that express the mechanical behavior of the
           materials within the stress range that the materials exhibit elastic behavior. In

          science and technology, they are essential physical quantities to determine the
     mechanical properties. The elastic constants Cijs   of A15 X 3        Ru (X = Sc, Ti, V, Cr, Mn,

               Fe, Co, Ni, Cu and Zn) compounds are shown in . For the cubic XTable 3 3 Ru
          compounds, the condition of Born mechanical stability [52] follows the equations:

C44   > 0 C, 12   > 0 C, 11   C12   > 0 (25)

    The elastic constants of Cr 3        Ru satisfies the above formulae, whilst other struc-
       tures do not and this attributes to C44    < 0 Cand 12      > 0. For these elastic constants,

     the bigger the elastic constant C 11       is, the stronger the linear compression resistance

 Element Atomic
radii

(pm)

 Relative Ru-X
 atomic radii

(pm)

Magnetic
moments/

atom

 Relative Ru-X
magnetic

moment

Electronic
configuration

 No: of
unpaired

spin

  (Ru = 0.00μB /
atom)

      Sc 162 16 0.95 0.95 [Ar] 3d1 4s2 2

      Ti 147 31 2.09 2.09 [Ar] 3d2 4s2 1

      V 134 44 0.79 0.79 [Ar] 3d3 4s2 0

      Cr 128 50 4.93 4.93 [Ar] 3d5 4s1 2

      Mn 161 17 5 5 [Ar] 3d5 4s2 2

      Fe 156 22 2.64 2.64 [Ar] 3d6 4s2 3

      Co 152 26 1.68 1.68 [Ar] 3d7 4s2 4

      Ni 159 29 1.28 1.28 [Ar] 3d8 4s2 5

      Cu 145 33 0 0 [Ar] 3d 104s 1 3

      Zn 142 36 0 0 [Ar] 3d104s 2 3

 Table 2.
             The atomic radii, atomic radii difference, magnetic moments, electronic configuration and number of paired

           electrons of 3d transition metal from Sc-Zn bonded with central Ru atom.
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     along the X-axis direction [53]. Ti3        Ru has the strongest resistance to the compress-
         ibility among all the structures, due to the largest C11    (1061 GPa) value [54].

   The elastic constant C44          reflects the degree of shear resistance in the (100) plane
         and affects the hardness of solid materials indirectly [55]. Fe3     Ru has a larger C 44

             (137 GPa) suggesting a stronger ability to resist shear distortion in (100) plane. The
             elastic modulus such as (bulk modulus , shear modulus and YoungB G ’s modulus ),E

           Poisson s ratio , melting temperature Tm and anisotropic factor are used to‘ ʋ

 Figure 5.
      Partial density of states of binary X3                 Ru (X = Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu and Zn). The Fermi energy is

         taken as zero energy, indicated with the vertical dotted line.

13

         Computational Study of A15 Ru-Based Alloys for High-Temperature Structural Applications
 DOI: http://dx.doi.org/10.5772/ TexLi.9I 6578



         determine the mechanical properties. The elastic moduli of A15 X3      Ru (X = Sc, Ti, V,
               Cr, Mn, Fe, Co, Ni, Cu and Zn) structures are shown in . Bulk modulusTable 3

         reflects the incompressibility of solid materials. The stronger incompressibility in
          solid material correspond to larger bulk modulus. Under constant volume condi-

          tions, the shear modulus denotes the deformation resistance of solid materials,
            whilst the Young ’s modulus offers a measure of the stiffness of a solid.

 T h e F e 3           Ru st ructu re ind icate s lar ger bu lk (1060 GPa ), shea r (2 09 G Pa ) an d
            Young ’s mod ulus (672 GPa ) as sh ow n in an d the refore s hows s trongerTab le 3

           resis tance to comp ressibi lity, shea r def ormatio n a nd st iffne ss. It i s not ed t hat th e
X3                Ru ( X = Sc, V, Co, Ni, Cu and Zn) stru cture hav e neg ative sh ear mo dulus an d

         Young ’s mod ulus. Fur thermo re, C o ind icate s the sma llest neg ative shea r m odulus
     ( 991. 0 GPa ) and Yo ung ’s m od ulus (2 . 2 * 1 05    GPa) indi cating in st abili ty as soci-

           ated with pha se c hange. Th is ins tabil ity is a lso ob serve d in fer ro-elas tic phas e
           tran sf ormat ion [ 56]. The negat ive elas t ic m odulus is due to Lan dau th eory [57 ]

            when two loc al min ima form in a strain en ergy func tion. Bes ides, s olids with
            negati ve elasti c m odulus can be st abiliz ed with suff icien t con strai nt. The ratio o f B/

              G is lar ger than 1.75 a nd p redicts du ctile beha vior in a sol id mater ial [27]. Oth er-
            wise, it wil l exhi bit the britt le be havio r. Si milar trend is ex pecte d in Poi sson’s r ati o

              [28], whic h r ef ers to ducti le co mpoun ds no rmally wit h a larg e ( 0.3) and la stly,ʋ >

   posit ive Cauch y pres sure (C 1 1- C 1 2         ) [58, 59] sh ows that the giv en m ateria l is
          expec ted to be du ctile whil st n egative Ca uchy pres sure indic ates brit tlene ss a s

   shown in .Tabl e 3 
 The X3               Ru (X = Ti, Mn, Cr and Fe) structures are ductile due to B/G values

    greater than 1.75 whilst, Sc3  Ru, Co3  Ru, Ni 3  Ru, Cu 3   Ru and Zn 3     Ru are brittle. It is
  noted that Cr3            Ru (19.6) is more ductile indicated in and possess highTable 3

            fracture toughness. This is in agreement with the Poisson’s ratio and Cauchy pres-
        sure results discussed. A positive Cauchy pressure in Mn3     Ru (52 GPa) and Cr 3Ru

                (241 GPa) is observed with B/G ratio of 16 and 19.6 and Poisson’s ratio of (0.5 and
           0.5) indicating ductile characteristics. Similar trend of results are shown in A15

XNb3                (X = Al, Ge, Si, Sn, Pt and Ir) studies, and ductility can be attributed by
    positive Cauchy pressure [60, 61].

 System C11 C 12 C 44     B G E B/G C 12-C 44  υ Tm  (K) A

       GPa GPa GPa GPa GPa GPa GPa GPa

Sc3            Ru 78 104 33 95 33 113 2.9 71 0.7 1014 2.2  

Ti3            Ru 1061 74 34 403 58 167 7 108 0.4 6824 0.01

V3            Ru 242 95 621 144 60 209 2.4 716 0.7 1983 4.70    

Cr3            Ru 336 245 4 275 14 40 19.6 241 0.5 2539 0.8

Mn3            Ru 145 48 4 80 5 14 16 52 0.5 1410 0.3

Fe3            Ru 1328 922 137 1060 209 672 5.1 1059 0.6 7295 0.5   

Co3       Ru 765 120 340 335 991 2.2x10   5      0.3 460 110 5074 0.70

Ni3            Ru 91 102 163 98 57 210 1.7 265 0.9 1091    2.50

Cu3            Ru 156 54 43 88 85 374 1.0 97 1.2 1475 0.20    

Zn3            Ru 79 40 19 53 47 198 1.1 59 1.1 1020 0.03   

 Table 3.
   Calculated elastic constants (Cij      ), Moduli (average B, G, EVRH        ), Poisson s ratio ( ), Shear moduli (C), the’ υ

        ratio of Bulk to Shear (B/G), Cauchy pressure (C 12-C 44    ), Melting temperature (T m    ) and elastic anisotropy
        (A). All elastic constants and Moduli are in GPa.
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   3.4 Melting temperatures (Tm     ) of A15 Ru-based alloys

        To assess the potential of high-temperature application of X 3   Ru structures, we
          have calculated their melting temperatures based on the elastic constants C ij,

           [30, 32] as presented in . It is evident that TiTable 3 3     Ru (6824 K) structure pos-
     sesses high melting point whereas Fe3         Ru ( 7295 K) has a low melting point. This

             attributes to the elastic constant C11 factor in these structures that leads to variation
       in melting temperatures. The calculated melting temperatures (Tm    ) of several stud-

 ied X 3        Ru are in the same range as Nb3      Al (2333 K) [1] and Ni3    Al (1668 K) [44]
        which are obtained experimentally and theoretically. The calculated Tm  of V 3Ru

  (1983 K), Cr 3    Ru (2539 K), Co3     Ru (5074 K) and Ti 3      Ru (6824) are greater than the
T m  of Ni 3   Al (1668 K).

  3.5 Elastic anisotropy

             If the anisotropic index A is close to 1 (unity) respectively, the solid materials
           are predicted to be isotropic. Otherwise, it will be anisotropic. The anisotropic

   factors (A) of X3                Ru (X = Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu and Zn) ranges from
          4.7 to 2.2 respectively. It is clear that all the X3          Ru (X = Sc, Ti, V, Cr, Mn, Fe, Co,

             Ni, Cu and Zn) values have deviated away from unity; thus, the structures are
anisotropic.

 4. Conclusion

         Using first principles density functional theory calculations, we have investi-
         gated the structural, electronic, magnetic and elastic properties of X 3     Ru (X = Sc, Ti,

               V, Cr, Fe, Co, Cu and Zn) binary alloys in search of potential materials for high
         temperature structural application. The negative heat of formation in Mn3  Ru has

          been observed, indicating that the system is thermodynamically stable compared to
  other studied X 3          Ru alloys that exhibited positive heats of formation. The total

            partial density of states show a strong overlap between the valence and conduction
  bands in Sc3  Ru, Ti 3  Ru, V 3  Ru, Cr 3  Ru Fe3  Ru, Cu3   Ru and Zn 3    Ru indicating that these

    systems are metallic, whilst X 3            Ru (X = Mn, Co and Ni) are found to be half-metallic.
 Furthermore, Cr3            Ru is known to exist experimentally, on the other hand, no exper-

         imental data has been reported on all the remaining X 3    Ru systems. The elastic
          constants and related mechanical parameters such as bulk modulus, shear modulus,

          Young’s modulus, B/G ratio and Poisson’s ratio, melting temperatures and anisot-
           ropy factor are calculated. According to the elastic stability criteria, all X3  Ru struc-

     tures are mechanically unstable except Cr3        Ru with highest B/G ratio of 19.6. The
       calculated anisotropic factor indicates that all the X3         Ru (X = Sc, Ti, V, Cr, Mn, Fe,

       Co, Ni, Cu and Zn) are anisotropic. Co3  Ru, Fe 3  Ru, Ni 3   Ru and Mn3  Ru possess
        magnetic moments of 1.70, 1.58, 0.97 and 2.59 uB    , respectively, while Sc3  Ru, Ti 3 Ru,

V3  Ru, Cu 3  Ru, Cr3   Ru and Zn3        Ru are non-magnetic. The results for stable Mn 3 Ru
          with high magnetic moment could pave way for experimental realization (synthe-

         sis) of this material. Finally, the thermodynamic stable alloy Mn 3    Ru is predicted to
         be a good candidate for high temperature and spintronic applications.
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