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Chapter 1 
General introduction 

 
1-1 Substrate oxidation by metal-oxo/oxyl complexes in nature 

High-valent metal-oxo species are very important as reactive species in substrate oxidation by natural 
enzymes. For example, heme-containing oxygenation enzymes, cytochrome P450s (CytP450s), generate 
high-valent iron(IV)-oxo porphyrin π-radical cation species, so-called “Compound I”, by reductive 
activation of molecular oxygen by the heme-iron center.1 Compound I in the CytP450 catalysis has a thiolate 
ligand derived from a cysteine residue at the trans position of the oxo ligand. The reaction cycle starts from 
formation of a high-spin iron(III) complex from the “Resting state” involving a low-spin iron(III) complex 
by capture of a substrate into the hydrophobic pocket near the active site, followed by removal of the 
axially-ligated water molecule (Figure 1-1). Then, 1e–-reduction of the high-spin iron(III) center proceeds to 
form an iron(II) species, owing to the positive shift of the reduction potential for the iron(III) center due to 
the release of the aqua ligand. The iron(II) complex formed reductively activates dioxygen to form an 
iron(III)-superoxo complex. The iron(III)-superoxo species converts into an iron(III)-hydroperoxo species by 
1e–/1H+ proton-coupled electron-transfer (PCET) reduction. Finally, the reactive species, Compound I, is 
formed through O-O bond heterolysis of the hydroperoxo ligand to release a water molecule. Compound I 
oxidizes a variety of organic substrates, captured in the pocket, and turns into the starting low-spin 
iron(III)-aqua complex to complete the catalytic cycle (Figure 1-1). 
 

 

Figure 1-1. The catalytic cycle of substrate oxidation by cytochrome P450.1 
 

On the other hand, non-heme-type high-valent iron(IV)-oxo species are also found in oxidation 
enzymes.2 For example, α-ketoglutarate-dependent taurine dioxygenase (TauD), which catalyze selective 
hydroxylation of taurine at the α-position, has been widely investigated.3 The reaction mechanism of TauD 
is described in Figure 1-2; the resting iron(II) species reacts with dioxygen to afford an iron(III)-superoxo 
species, and the distal oxygen atom of the superoxo ligand, not coordinating to the iron(III) center, reacts 
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with the bidentate α-ketoglutalate ligand to form a bicycllic complex. Then, an iron(IV)-oxo complex is 
formed through O-O bond homolysis, followed by decarboxylation of the α-ketoglutalato ligand. This 
reactive iron(IV)-oxo species obtained can abstract a hydrogen atom from taurine as a substrate and 
oxygenate it through an oxygen-rebound mechanism. The catalytic cycle is completed after  
 

 

Figure 1-2. A proposed catalytic cycle of taurine hydroxylation by TauD.3 
 
dissociation of the hydroxylated taurine and succinic acid, affording α-ketoglutalate and taurine molecules 
into the catalytic center. 

As a non-heme iron enzyme, soluble methanemonooxygenase (sMMO) is also widely known by the 
fact that it includes a bis(µ-oxo)-diiron(IV) species, which is called as “Compound Q”, as the active oxidant 
and can oxidize extremely stable methane to afford methanol with molecular oxygen as an oxidant under 
mild conditions (Figure 3).4 In MMOHOX as the resting state, the diiron center binds to four carboxylates of 
amino-acid residues, two imidazoles, and one water molecule, and the two iron centers are bridged by two 
hydroxo and one carboxylate ligands (Figure 1-3(b, left)). The MMOHOX is reduced to form MMOHRed, 
which reacts with molecular oxygen to afford a diiron(III) species bridged by a peroxide ligand, so-called  
 

 
Figure 1-3. (a) Catalytic cycle of methane hydroxylation by sMMO.4 (b) Crystal structures of the diiron 
centers in MMOHox (Protein data bank (PDB) ID: 1MTY, left) and MMOHred (PDB ID: 1FYZ, right).4d, 4e  
 
“Compound P”. In sMMO, compound P reacts with a proton to promote the O-O bond homolysis and afford 
“Compound Q”. In a density functional theory (DFT) study, the electronic structure of compound Q has been 
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proposed as not a diiron(IV) bis-µ-oxo species but an electronically equivalent iron(III)-iron(IV) 
mixed-valent species, bridged by one oxyl (O•) and one oxo ligands (Figure 1-4).5 

 

 
Figure 1-4. Schematic molecular orbitals of compound Q and the transition state of the hydrogen abstraction 
from methane, and formation of a radical intermediate, obtained by DFT calculations.5 The orbital energies 
are not drawn to scale and are only intended to show the qualitative pattern. 
 

Monomeric copper-oxyl species have been also proposed as reactive intermediates in substrate 
oxidation reactions, catalyzed by copper-containing enzymes such as dopamine β-monooxygenase (DβM),6 
peptidylglycine α-hydroxylating monooxygenase (PHM),7 lytic polysaccharide monooxygenases (LPMOs),8 
on the basis of theoretical studies. For example, LPMOs utilize molecular oxygen and an electron donor to 
catalyze oxidative cleavage of insoluble polysaccharides.8 The active site of LPMO (Figure 1-5(a)) contains 
a mononuclear copper center ligated by two histidine residues. The reactive species for C-H oxidation is 
considered to  be  a  Cu I I -O• species ,  not  Cu I I -O 2

• –  one,  based on theoret ical  s tudies . 8  
 

 

Figure 1-5. (a) Hydrogen-bonding network around the HO• radical in an intermediate (1IC1 in (a)) formed in 
LPMO active site. (b) Relative energies calculated by QM/MM methods (UB3LYP/B2, kcal/mol) for the 
reaction profile of the CuI-H2O2 intermediate formed in LPMO in the presence of polysaccharide.10 
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It is known that the LPMO catalysis can be activated also with use of hydrogen peroxide as an oxidant in the 
presence of sub-stoichiometric amount of an external reductant.9 The CuI-H2O2 adduct in LPMO has a 
singlet ground state, and it undergoes homolytic O-O bond cleavage to form a CuII-OH species and HO• 
radical with an activation barrier of 5.8 kcal/mol (Figure 1-5(b)).10 The HO• radical is fixed by strong 
hydrogen bonding with His147 (1.78 Å) and a water molecule (1.82 Å) (Figure 1-5(a)) and weak hydrogen 
bonding with Gln162 is also proposed (1.94 Å). Two possible pathways are considered for the substrate 
oxidation in LPMO: hydrogen-atom transfer (HAT) from the anomeric carbon of an adjacent sugar molecule 
by the trapped HO• radical (1TS2 in Figure 1-5(a)), and HAT from CuII-OH to HO• to afford CuII-O• species 
as the reactive species for hydrogen atom abstraction form the anomeric carbon (1TS3 in Figure 1-5(a)).10 
The former pathway has a relatively large activation barrier compared to the latter pathway by 4.9 kcal/mol. 
It is suggested that the relatively lower activation barrier is derived from the fixation of the HO• radical by 
hydrogen bonding as mentioned above to direct the oxygen-centered radical in HO• to a C-H bond of the C4 
position of a substrate (Figure 1-5(a)). Furthermore, this hydrogen-bonding network is assumed to prevent 
the HO• radical from moving outside from the hydrophobic site around the reaction center. The CuII-O• 
formed has a high spin density of 0.83 on the O atom and a long Cu-O bond of 1.89 Å, compared to those of 
other Cu-O bonds, which are estimated to be ca. 1.72 Å based on DFT calculations.11 Reflecting the strong 
radical character of the CuII-O• species, HAT from the C4 position of the sugar requires to overcome a small 
activation barrier of only 5.5 kcal/mol. This result suggests that the CuII-O• is a highly reactive species for 
C-H activation. 

As mentioned above, M-O• species, that has a terminal oxygen-centered radical bound to a metal 
center with a single bond, has been considered as a putative reactive species in substrate oxidation by natural 
enzymes. 
 
1-2 Model complexes for metalloenzymes performing substrate oxidations 

There have been a number of reports for substrate oxidation by model complexes inspired by 
biological substrate oxidation.2, 12 For example, iron-porphyrin complexes have been reported as model 
complexes of heme-containing oxidation enzymes.13 Groves and co-workers have investigated olefin and 
cylcloalkane oxidation reactions by an iron(IV)-oxo porphyrin-π-radical cation species, formed by reactions 
of the corresponding iron(III)-porphyrin complexes with iodosylbenzene or m-chloroperbenzoic acid as 
oxidants, in organic solvent (Figure 1-6).14 The model complexes exhibited versatile and unique reactivity 
toward oxidation of organic substrates to afford the corresponding oxygenated products. 
 

 
Figure 1-6. Substrate oxidation by a synthetic model of compound I, formed in CH2Cl2/MeOH = 4:1 (v/v) at 
–78 ºC.14c  
 

Groves and Nam surveyed oxidation of styrene and ethylbenzene derivatives by iron(IV)-oxo 
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ligand, in CH2Cl2 at –80 ºC.14, 15 In the kinetic analysis on oxidation of styrene derivatives, Hammett plots 
were provided for the second-order rate constants to discuss the electronic effects of substituents on styrene 
derivatives. The plots have showed a slope (ρ) of –0.9 for the reactions by the FeIV=O complex having Cl– as 
an axial ligand at the trans position of the oxo ligand, whereas a slope of –1.8 for those having 
trifluoromethanesulfonate (OTf–) as an axial ligand (Figure 1-7(b)).15 This indicates that the electronic 
effects of substituents on styrene derivatives for styrene epoxidation were smaller in the case of the Cl– 
ligand as an axial ligand, compared to the case using OTf– as the axial ligand due to the trans influence of 
the axial ligands (Figure 1-7(b)).15 In a literature reported by Gross and Nimri, the axial-ligand effect was 
explained by destabilization of the FeIV=O bond due to a strongly σ-donating axial ligand.16 As exemplified 
by this example, axial ligands at the trans position of oxo ligands strongly influence the reactivity of 
iron(IV)-oxo porphyrin-π-radical cation species toward olefin epoxidation. 
 

 

Figure 1-7. (a) Epoxidation of styrene derivatives by [FeIV(O)(X)(TPP-F20
•+)]2+ (X = OTf or Cl) (b) 

Hammett plots for relative second-order rate constants (kX/kH) for epoxidation of styrene derivatives (Y = 
OCH3, CH3, t-Bu, H, Cl, CF3) by [FeIV(O)(X)(TPP-F20

•+)]2+ (dashed line: X = OTf–, solid line: X = Cl–).15 
 

Nam and co-workers have also reported catalytic hydroxylation of ethylbenzene with an in-situ 
generated iron(IV)-oxo porphyrin π-radical cation complex under various reaction conditions.15 In the study, 
hydroxylation of ethylbenzene by [FeIV(O)(X)(TPP-F20

•+)]2+ (X = MeCN or Cl) afforded different product 
distributions; phenylethanol was obtained upon using [FeIV(O)(Cl)(TPP-F20

•+)]2+, whereas ethylbenzoquinone 
was obtained upon using [FeIV(O)(X)(TPP-F20

•+)]2+ (X = MeCN or –OTf). This result indicates that the 
regio-selectivity in ethylbenzene hydroxylation by [FeIV(O)(X)(TPP-F20

•+)]2+ depends on its axial ligands, “X” 
(Figure 1-8); however, rational explanation for this regio-selectivity was not provided.15 
 

 

Figure 1-8. Regio-selectivity by axial ligands in ethylbenzene oxidation by [FeIV(O)(X)(TPP-F20
•+)]2+.15 

 
Model compounds for iron(IV)-oxo reactive intermediates in non-heme iron enzymes have been also 

reported;2 for example, Que and co-workers reported a non-heme iron(IV)-oxo complex bearing a 
pentadentate pyridylamine ligand, [FeIV(O)(N4Py)]2+ (Figure 1-9, left), which can oxidize aliphatic alkanes 
such as cyclohexane or 2,3-dimethylbutane at room temperature (Figure 1-9).17 [FeIV(O)(N4Py)]2+ showed 
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remarkable reactivity in hydroxylation of C-H bonds of cyclohexane having a BDE value of 99.3 kcal/mol. 
In addition, plots of logarithm of the second-order rate constants (k2) for C-H oxidation of various substrates 
by [FeIV(O)(N4Py)]2+ against bond-dissociation energy (BDE) values of the substrates showed linear 
correlation (Figure 1-9, right). This indicates the oxidation of substrates proceeds through hydrogen-atom 
abstraction in a common pathway.17 

 

 
Figure 1-9. Substrate oxidation by [FeIV(O)(N4Py)]2+ as a model complex for iron(IV)-oxo species in 
non-heme iron enzymes (left) and logarithm plots of 2nd-order rate constants in substrate oxidation by 
[FeIV(O)(N4Py)]2+ (black filled circles) against their BDE values (right).17 
 

Furthermore, Que, Nam, and their co-workers reported the effects of σ-donating ability of axial 
ligands at the trans position of the oxo ligand in an iron(IV)-oxo complex, having tetramethylcyclam (= 
1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane), on the reaction rates for dihydroanthracene 
oxidation in MeCN (Figure 1-10).18 In this study, MeCN, CF3COO–, N3

–, and a thiolate derivative (RS–) 
were employed as the axial ligands; the reactivity of the iron(IV)-oxo complexes increased in this order. The 
RS– is known to exert strong σ-donation, and compound I in the CytP450s also has this-type thiolate ligand 
as the axial ligand. The tendency revealed by Nam and co-workers indicates that the σ-donation of axial 
ligands at the trans position to the oxo ligand increases the reactivity not only of iron(IV)-oxo porphyrin 
π-radical cation complexes but also of non-heme iron(IV)-oxo species. 
 

 

Figure 1-10. Axial-ligand tuning of the reactivity of [FeIV(O)(TMC)(X)]n+ (n = 1 for X = N3
–, CF3COO–, n = 

2 for X = NCMe) in dihydroanthracene (DHA) oxidation.18 
 

As exemplified by the high-valent metal-oxo species described above, the reactivity of metal-oxo 
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oxidation of highly inert substrates such as benzene and methane. 
 
1-3 Importance of metal-oxyl species in benzene oxidation 

Benzene is one of the most stable compounds against oxidative decomposition, since the bond 
dissociation energy of C-H bonds in benzene is 111 kcal/mol,19 which is even larger than that of methane 
(105 kcal/mol). In addition, benzene has a significantly high oxidation potential (+2.46 V vs SCE),20 which 
prevents benzene from undergoing 1e–-oxidation. However, there have been a lot of reports about 
metal-oxygen species that can oxidize benzene at ambient temperature (See below). 
 
1-3-1 Copper-oxyl species for catalytic benzene hydroxylation 

 Kodera and coworkers have recently reported selective hydroxylation of benzene catalyzed by a 
dicopper(II) complex, having an ethylene-bridged polypyridyl ligand, [Cu2(µ-OH)(6-hpa)](ClO4)3 (6-hpa = 
1,2-bis(2-(bis(2-pyridylmethyl)aminomethyl)-6-pyridyl)ethane) (Cu2(6-hpa)), with H2O2 as a sacrificial 
oxidant (Figure 1-11).21 The main product from the reaction was identified as phenol based on gas 
chromatography and 1H NMR spectroscopic analysis. A time profile of the phenol production catalyzed by 
Cu2(6-hpa) revealed the highest turnover frequency (TOF) of 1010 h–1 and the highest turnover number 
(TON) of 12,000 after 40 h, compared to other homogeneous catalysts with H2O2 as an oxidant.22 Upon 
using a 1:1 mixture of C6H6 and C6D6 as a substrate, kinetic isotope effect (KIE) was determined as 1.04, 
which indicates that C-H bond cleavage of benzene is not involved in the rate-limiting step. In addition, the 
active species of benzene hydroxylation obtained from Cu2(6-hpa) is probably not a hydroxyl radical (•OH), 
since KIE values reported for Fenton-type reactions are in the range of 1.7 – 1.8.23 
 

 

Figure 1-11. A proposed mechanism of H2O2 activation by [CuII
2(µ-OH)(6-hpa)]3+ (Cu2(6-hpa)) and its 

benzene hydroxylation.21 
 

In the case of nitrobenzene, toluene or phenol used as substrates, initial TOFs are in the order as 
follows: phenol ~ toluene >> nitrobenzene. This indicates that higher electron density of the aromatic ring in 
the substrate gives a higher initial TOF value. Therefore, the reactive species formed from the catalyst should 
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catalyst have an electrophilic radical character, i.e. a copper-bound oxyl radical. 
Upon addition of 1 equiv of H2O2 to Cu2(6-hpa) in MeCN containing Et3N (5.0 equiv) at –40 ºC, an 

end-on trans-peroxodicopper(II) complex (Cu2O2) was obtained (Figure 1-11, middle). On the other hand, 
upon addition of an excess amount of H2O2 to Cu2(6-hpa), the Cu2O2 complex rapidly reacted to afford 
bis(hydroperoxo-copper(II)) complex ((CuO2H)2, Figure 1-11). The two intermediates, Cu2O2 and 
(CuO2H)2, have been characterized by resonance Raman spectroscopy, where Cu2O2 and (CuO2H)2 showed 
Raman bands at 821 and 846 cm–1, respectively. These bands were isotopically shifted by 43 and 53 cm–1, 
respectively, with addition of H2

18O2. These Raman bands are assigned to the O-O stretching bands of the 
peroxo or hydroperoxo ligands, on the basis of the Raman shifts for those reported so far.24 Since the reaction 
rate of this conversion process of Cu2O2 showed saturation behavior against the H2O2 concentration, a 
pre-equilibrium process should be operative involving the Cu2O2 complex and H2O2.21 Kodera and 
coworkers have argued reaction pathways based on DFT calculations; however, any direct evidences have 
not been provided to support the formation of CuII-O• or CuII-OO• species. In the reaction mechanism, it is 
proposed that the (CuO2H)2 complex releases a H2O molecule reversibly and the hydrogen bonding of the 
H2O molecule with an oxyl ligand bound to the CuII center stabilizes the CuII-oxyl and peroxyl species 
(Figure 1-11). 

Catalytic benzene hydroxylation reactions to afford phenol have been also reported by Pérez and 
co-workers, using CuI(TpX)(NCMe) complexes (TpX = hydrotrispyrazolylborate derivatives) as catalysts and 
H2O2 as an oxidant in MeCN.25 The CuI catalysts react with H2O2 to generate monomeric CuII-O• species, 
probably through the O-O bond heterolysis of H2O2 (Figure 1-12). The catalytic systems have provided 
phenol with 92% selectivity and benzoquinone in 8% yield. The KIE value of the benzene hydroxylation was 
determined to be 1.12 ± 0.01 with use of an equimolar mixture of C6H6 and C6D6 as a substrate. The KIE 
value is also out of the range (1.7 – 1.8) of those reported for Fenton-type hydroxylation of benzene.23 In this 
case, the formation of bis-aryl derivatives derived from homo-coupling of aryl radicals as one of typical 
products was not observed. Furthermore, the benzene conversion into phenol is not significantly affected 
even in the presence of radical-trapping reagents such as CCl4 or CBrCl3, and chloro- or bromobenzene were 
obtained in very low yields (ca. 0.5%). These results indicate that the main pathway in the benzene 
hydroxylation reaction should not involve generation of phenyl radicals.26 In addition, electronic substituent 
effects on the benzene ring have been surveyed for the benzene hydroxylation and negative slopes were 
observed in the Hammett plots: ρ = –0.75 for Cu(Tp*,Br)(NCMe) and –1.1 for Cu(TpBr3)(NCMe). The 
negative slopes indicate electrophilic character of the Cu-O• complexes as the reactive species.27 

 

 
Figure 1-12. Schematic representation of benzene oxidation to phenol, catalyzed by CuI(TpX)(NCMe).25 
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As described above, metal-oxyl species are highly important for oxidation of extremely inert aromatic 
compounds through an electrophilic attack mechanism under mild conditions. Therefore, formation of 
metal-oxyl species is one of promising strategies to develop efficient catalytic oxidation of organic substrates, 
which should be hard to be functionalized by traditional metal-oxo complexes under mild conditions. 
 
1-3-2 “Oxo wall” between group 8 and 9 elements in the periodic table 

In high-valent metal-oxo species, a double or triple bond is formed between the metal center and 
oxygen atom, where the π electrons of the oxide anion form a π bond with a vacant dπ orbital of the metal 
ion.28 As previously described by Gray and Winkler, there is a wall between group 8 and 9 transition metal in 
periodic table named as “oxo wall”, which divides whether multiple bond can be formed or not between a 
metal center and the oxo ligand (Figure 1-13).29, 30 In light of the concept, the earlier elements than group 8 in 
the +IV state can form double or triple bonds with the oxo ligand. On the other hand, the later elements than  
 

 
Figure 1-13. “Oxo wall” between group 8 and 9 elements in the periodic table (left) and resonance structures 
of metal-oxo and metal-oxyl species (right).29 
 
the group 9 in the +IV state cannot form multiple bonds with an oxo ligand to afford metal-oxyl (M-O•) 
complexes, due to the occupation of the π* orbitals of the metal center.31 It is considered as one of resonance 
structures of a metal-oxo complex. 

As described above, copper lies on the right side of the “oxo wall”, and thus copper cannot form 
multiple bonds with a terminal oxido ligand. In contrast to Cu-oxyl complexes, metal(IV)-oxo species 
consisting of a metal ion in the left side of the “oxo wall” (e.g. iron, ruthenium, osmium, …) are predicted 
not to oxidize benzene molecules, since in general they can not form metal-oxyl species. 
 
1-3-3 Iron-oxyl species for arene hydroxylation 

Cytochrome P450s are known to oxidize a benzene molecule catalytically at ambient temperature.32 
Due to the chemical inertness of benzene, cytochrome P450s can not oxidize a benzene molecule through  
 

 
Figure 1-14. An alterative mechanism in benzene hydroxylation by iron(IV)-oxyl species through the NIH 
shift.34 
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hydrogen-atom abstraction as observed in their alkane oxidation nor through a 1e– oxidation processes. 
These assumptions are also suggested by the small isotope effects (0.95 – 1.27), determined for oxidation of 
deuterium-labeled chlorobenzene derivatives by cytochrome P450s.33 As an alternative mechanism of 
benzene hydroxylation, non-concerted addition of an iron(IV)-oxyl species to the aromatic ring is proposed 
for the reaction catalyzed by an ammonia monooxygenase of Nitrosomonas europaea, one of 
heme-containing enzymes, on the basis of “NIH shift” (NIH = National Institutes of Health) (Figure 1-14).34 
The NIH shift is one of a migration reaction observed at the para-position of a substituent in a benzene ring 
(see Figure 1-14); a deuterium shifted from the para position of the substituent “R” to the meta position in 
intermediates formed by electrophilic addition of the iron(IV)-oxo complex. 

An iron(III)-oxyl species have been also proposed as an intermediate for oxidation of aromatics 
catalyzed by (4-hydroxyphenyl)pyruvate dioxygenase (HPPD).35 HPPD is an (α-keto acid)-dependent 
mononuclear non-heme iron enzyme, which oxidizes (4-hydroxyphenyl)pyruvate as a substrate. HPPD 
oxidizes the substrate through an electrophilic attack mechanism of iron(IV)-oxo intermediates, which 
results in a hydroxylated product of aromatics, homogentisate (HG) (Figure 1-15(a)). In the reaction 
mechanism proposed on the basis of the theoretical studies, elongation of the Fe-O bond of the iron(IV)-oxo 
intermediate occurs in the transition state to form the corresponding iron(III)-oxyl species. The first step in 
the hydroxylation of aromatics by the iron(IV)-oxo species is proposed as the attack of the iron(IV)-oxo 
intermediate on the aromatic ring to form a σ-complex (Figure 1-15(a)) and this process proceeds with a 
Gibbs free energy change (ΔG) of +5 kcal/mol and the activation energy (Ea) of +16 kcal/mol. The Fe-O 
bond is elongated in the reaction process from 1.65 Å in R-1 to 1.74 Å in TS-1 (Figure 1-15(a)). At the 
transition state, not only elongation of the Fe-O bond but also loss of the d-orbital character in the α-LUMO 
orbital were observed; as a result of the latter, all the α-spin electron of the LUMO is localized in the iron 
center (Figure 1-15(b)). This indicates that the iron(IV) center is reduced to the high-spin FeIII state, 

 

 
Figure 1-15. (a) Schematic representation of decarboxylative formation of non-heme iron(IV)-oxo species, 
followed by electrophilic attack by an iron(IV)-oxo intermediate to the benzene ring, resulting in HG 
production. (b) The α-LUMO orbitals of R-1, TS-1 and P-1(2/5) in electrophilic attack of the iron(IV)-oxo 
intermediate to an aromatic ring as shown in Figure 1-15(a).35 
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and simultaneously, the α-LUMO has distribution at the terminal oxygen (p-orbital in O) with 48% 
occupancy. A hole generated at the oxygen p-orbital allows us to elucidate the ligand as the oxyl ligand, 
formed by oxidation of the oxo ligand. As mentioned above, the Fe-O bond elongation resulted in the 
formation of iron(III)-oxyl species in the transition state of electrophilic attack of the iron(IV)-oxo species. 
Thus, iron-oxyl species have been considered as a reactive species of benzene hydroxylation, which inspired 
the author to form metal-oxyl species with earlier transition-metal elements than group 8. 
 
1-3-4 Strategies to generate “highly reactive” M-O• species with group 8 elements 

There have been strategies known for generation of M-O• species with earlier transition metal 
elements than group 8. For example, Soper and co-workers reported utilization of a redox-active moiety in 
an auxiliary ligand to generate M-O• species.36 In their work, strategies to obtain metal-oxyl species have 
been considered to obtain single-electron occupancy in a metal-oxo π*-symmetry anti-bonding orbital29, 31 or 
to remove an electron from a metal-oxo π-bonding orbital.36 The latter is applied by Soper and co-workers to 
a novel five-coordinate rhenium(VI)-oxo complex, bearing 2,4-di-tert-butyl-6-(phenylamido)phenolate 
([apPh]2–) and 2,4-di-tert-butyl-6-(phenylamido)semiquinolate ([isqPh]–) as the 1e–-oxidized species of [apPh]2– 
(Figure 1-16).36 The unique properties of ReVI(O)(apPh)(isqPh)Cl (ReVI(O)) is derived from 
symmetry-allowed mixing of a Re-O π bond with an orbital of the semiquinone-type ligand, [isqPh]•–. The 
mixing of a Re-O π bond gives an oxyl radical character of the oxo ligand. Intramolecular charge transfer at 
closed-shell oxo ligands is a new strategy for formation of metal-oxyl species, showing unique reactivity 
with a lower activation barrier. 

The qualitative π-orbital interactions in ReVI(O) are shown in Figure 1-17. As shown in Figure 1-17(a), 
the metal-based unpaired electron (d1) does not satisfy single-electron occupancy of a metal-oxo π* 
antibonding orbital due to orthogonality of the dxy orbital to the Re-Ooxo π-bonding orbital. However, the 
[isqPh]•– ligand at the trans position to the oxo ligand has its unpaired electron in a π-symmetry orbital, which 
overlaps with the dxz orbital of the Re center and contributes to overlap with the Re-O π bonds (Figure 
1-17(b)). Such symmetry-allowed mixing of the [isqPh]•– ligand with a Re-O π bond provides an overlapping 
of the [isqPh]•– singly-occupied molecular orbital with the Re-Ooxo π-bonding orbital. These mixing of a 
π-orbital of [isqPh]•– and Re-Ooxo π-bonding orbitals causes decrease of the bond order for the Re-Ooxo bond  
 

 
Figure 1-16. The reaction of a ReVI-oxo species (ReVI(O)) with trityl radical.36 
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from 3.0 to 2.5. However, the oxidation potentials of [apPh]2– and O2– imply that intramolecular ET from O2– 
to [isqPh]•– has a large energy barrier, and thus, it is not appropriate to describe the electronic structure of 
ReVI(O) at the ground-state as ReVI(O•)(apPh)2Cl, which absolutely has an oxyl radical ligand.36 Contribution 
of the oxyl radical character to the electronic structure of ReVI(O) was reflected on the very slow reaction 
with the trityl radical, Ph3C•, to afford Ph3COH and a deoxygenated metal complex at 25 ºC. Two possible 
reaction mechanisms were proposed for formation of the alkoxide complex (ReV-OCPh3 in Figure 1-16): i.e., 
initial outer-sphere ET as the first step to give ReV(O), and direct Ph3C• addition to ReVI(O) to give 
ReV-OCPh3. However, the former mechanism was concluded as unlikely, because the 1e–-reduced product 
of ReVI(O), [ReV(O)(apPh)(isqPh)Cl]– (ReV(O)), performs rapid formation of a bis(µ-oxo) dimer, ReV

2(µ-O)2- 
(apPh)2(isqPh)2 (ReV

2(µ-O)2), which cannot react with Ph3C+ to give Ph3COH. Thus, the latter mechanism 
seems more reasonable. It is noteworthy that all of the closed-shell rhenium-oxo complexes, reported so far 
 

 

Figure 1-17. Schematic descriptions of qualitative π-orbital interactions in ReVI(O).36 
 
including complexes capable of oxo transfer reactions to other substrates, have been inert to Ph3C•.37, 38 
Consequently, ReVI(O) unprecedentedly reacted with Ph3C•, in spite of the fact that ReVI(O) was neither a 
strong oxidant nor a ground-state oxyl radical. In addition, the reduction potential is lower by ca. 550 mV 
than that of ferrocenium, and thus ReVI(O) cannot oxidize even PPh3 through ET. 

Tanaka and co-workers also reported formation and crystallization of RuII-O• complexes, having 
redox-active quinone ligands, by deprotonation from aqua ligands of the corresponding RuIII complexes.39 
The details of their works are described in the introductory part of Chapter 3 in this thesis. 

A number of reports have been delivered on catalytic and stoichiometric substrate oxidation by 
high-valent Ru-oxo complexes formed through proton-coupled electron transfer (PCET)40 oxidation of lower 
valent Ru-aqua complexes,41 and several reports have been published for Ru-oxo formation through 
oxygen-atom transfer (OAT) with peroxides,42 pyridine-N-oxides,43 and iodosylarenes as oxidants.44 In 
addition, as electronically equivalent species to Run+-oxo complexes, Ru(n–1)+-oxyl (n ≥ 3) complexes have 
been also considered as highly important reactive species in oxidation reactions.45 For example, Kojima and 
co-workers reported a series of RuIII complexes, having tris(2-pyridylmethyl)amine derivatives, and their 
catalytic reactivity toward cyclohexane oxidation with mCPBA as a terminal oxidant (Figure 1-18).46 The 
report has described the catalytic reaction mechanism of alkane oxidation by RuIII-TPACOOEt, having 
electron-withdrawing ethoxycarbonyl (COOEt) groups at the 4-positions of two pyridine rings of the TPA 
ligand (Figure 1-18), as a catalyst with use of mCPBA as an oxidant. The complex shows redox potentials at 
–0.05 V (RuII/RuIII) and +1.53 V (RuIII/RuIV) vs Fc/Fc+, which indicates that the electron density at the 
ruthenium center decreased compared to that of ruthenium(III) complex having the unsubstituted TPA ligand 
by introduction of strongly electron-withdrawing substituents on the pyridine rings. A KIE value for 

(a)� (b)�
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cyclohexanol (CyOH) formation catalyzed by RuIII-TPACOOEt was determined to be 4.3 based on the 
product ratio in catalytic oxidation of 1:1 mixture of cyclohexane and cyclohexane-d12. This KIE value is 
comparable to those of hydrogen-atom abstraction by free radicals (5.6 – 6.3),47 which indicates a strong 
radical character of the reactive species.48 In the time-course of product formation in the catalytic 
cyclohexane oxidation by RuIII-TPACOOEt, no induction period was observed. In the isotope-labeling  
 

 

Figure 1-18. Structures of the catalyst, RuIII-TPACOOEt (left), and a proposed reaction mechanism of 
catalytic hydroxylation of cyclohexane by RuIII-TPACOOEt as a catalyst and mCPBA as a sacrificial oxidant 
(right).46 
 
experiment in the presence of H2

18O, 100% 18O incorporation to CyOH was observed. These results indicate 
that the reaction of RuIII-TPACOOEt with mCPBA in acetonitrile affords a Ru-oxo species as a reactive 
species toward cyclohexane oxidation and this reactive species was characterized by resonance Raman 
spectroscopy. A Raman band derived from the Ru-O stretching vibration was observed at 752 cm–1 in the 
presence of H2

16O, which completely shifted to 708 cm–1 in the presence of H2
18O. This value of 752 cm–1 

was relatively low compared to those reported for RuIV=O or RuV=O complexes, indicating a weaker Ru-O 
bond in the reactive species. Such high reactivity with the KIE value of 4.3, the feasible quantitative isotopic 
exchange of RuIV=O species, and the lower energy of the Ru-O stretching vibration suggest RuIII-O• 
character of the RuIV=O intermediate, which is probably derived from intramolecular electron transfer from 
the O2– ligand to the ruthenium(IV) center due to the high redox potential of the Ru(III)/Ru(IV) redox couple 
for RuIII-TPACOOEt. 

Methodologies for formation of reactive metal-oxyl species with earlier metal elements than group 8 
have been also suggested by using 3d-transition metal elements. McGrady and co-workers have reported a 
theoretical study on electronic structures of a manganese-porphyrin complex, [MnV(Porp)(O)(OH)] (Porp = 
phorphinato), in the singlet, triplet, and quintet spin states. They have also described potential energy 
surfaces of dimethylsulfide oxidation by [MnV(Porp)(O)(OH)] in various spin states (Figure 1-19).49 The 
most stable structure of [MnV(Porp)(O)(OH)] at the ground state was in the triplet ground state, having spin 
densities on the Mn center by +3.04, on O by –0.89, and on the Porp ligand by –0.27, and the Mn-O bond 
length was estimated to be 1.78 Å. On the basis of the spin-density map of [MnV(Porp)(O)(OH)] (Figure 
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1-19(a) bottom), the electronic structure of [MnV(Porp)(O)(OH)] can be described as [MnIV(Porp)- 
(O•)(OH)]. In addition, the triplet state showed the very small activation barrier of the dimethylsulfide 
oxidation in the potential energy surfaces, compared to those in the quintet or singlet states (Figure 1-19(b)). 
These results indicate that the Mn(IV)-O• complex, having a long M-Ooxo bond, is the most reactive state  
 

 
Figure 1-19. (a) Structure of [MnV(Porp)(O)(OH)] and its spin density map in the triplet spin state (3R). (b) 
DFT-calculated potential energy surfaces of dimethylsulfide oxidation by [MnV(Porp)(O)(OH)] in the singlet 
(1R), triplet (3R) and quintet (5R) states.49 
 
among other spin states in the dimethylsulfide oxidation. 

On the basis of the theoretical analysis as mentioned above, a highly reactive Mn(IV)-O• complex can 
be generated with strongly σ-donating O2– or –OH ligands as axial ligands at the trans position of the oxo 
ligands to elongate the M-Ooxo bond.49, 50 Therefore, Groves and co-workers synthesized and characterized 
trans-dioxo manganese-porphyrin complex, [MnV(O)2(TPFPP)]– (TPFPP = 5,10,15,20-tetrakis(pentafluoro- 
phenyl)porphyrinato), and investigated the reactivity toward oxidation of olefins.51 Contrary to the 
expectation, [Mn(O)2(TPFPP)]– was not reactive toward oxidation of olefins, whereas [MnV(O)- 
(TPFPP)(OH2)], generated by addition of trifluoroacetic acid, performed an instantaneous oxidation reaction 
with cyclooctene even at –70 ºC (Figure 1-20).51 They rationalized the low reactivity of [MnV(O)2(TPFPP)]– 
toward oxidation of organic substrates relative to [MnV(O)(TPFPP)(OH2)] based on negative net charge and 
lower reduction potential of [MnV(O)2(TPFPP)]– species compared to [MnV(O)(TPFPP)(OH2)].51 Therefore, 
to generate reactive metal-oxyl species toward oxidation of relatively inert substrates, introduction of 
electronically neutral and strongly σ-donating ligands at the trans position of the oxo ligand is necessary to 
achieve no or less negative shifts of the reduction potential for the metal-oxyl complexes. As one of the 
candidates for the ligands satisfying the criteria, the author of this thesis has focused on N-heterocyclic 
carbene (NHC) ligands. 
 

 
Figure 1-20. Relationships between axial ligands and reactivity in olefin epoxidation by Mn-O complexes (n 
= +1 for X = OH2, n = 0 for X = O2–).51 
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1-4 Properties of N-heterocyclic carbene (NHC) 
1-4-1 Fundamentals of NHC 

In principle, a carbene has only six electrons on its C atom and a carbene is an octet-rule-unsatisfied 
species, consisting of an electronically unsaturated sp2-carbon.52 Carbenes are categorized into two groups, 
defined by the spin states of the carbene carbon atoms. One is so-called “triplet carbene”, in which the 
carbene carbon and its two neighboring atoms are fixed to linear arrangement by two sterically bulky 
substituents on the neighboring atoms, and the carbene carbon has the two unpaired electrons in two 
p-orbitals (Figure 1-21).53 The other is so-called “singlet carbene”, which shows a bent arrangement, having 
a lone pair of two electrons in the sp2-carbene-carbon (Figure 1-21).53 
 

 
Figure 1-21. An Energy diagram of atomic orbitals on a carbene carbon.53 

 
The latter singlet carbenes can be further classified by neighboring atoms. The carbenes, having two 

hetero atoms such as N, O or F adjacent to the carbene carbons, are referred as “Fischer-type” carbenes and 
the hetero atoms exhibit electrophilicity and π-donating ability to the carbene carbons and thus the carbene 
carbons also show electrophilicity.54 On the other hand, carbenes, having no neighboring hetero atoms 
adjacent to the carbene carbon, are called as “Schlock-type” carbenes, which show nucleophilicity.55 A 
Fischer-type carbenes have all 6 electrons in the sp2 orbital of the carbene carbon and form strong interaction 
with a low-valent metal center in its metal complexes.54 In contrast, a Schlock-type carbene has 5 electrons 
in the sp2 orbital and 1 electron in the p orbital of the carbene carbon and exert strong interaction with 
high-valent metal center in its metal complexes.55 However, Schlock-type metal-carbene complexes are 
highly unstable due to its electron-poor character, and thus investigation of the catalytic reactivity is 
generally difficult.55a 

In 1991, Arduengo and co-workers successfully synthesized a stable metal-free carbene and 
determined the X-ray crystal structure for the first time.56 The carbene reported by Arduengo is a singlet 
carbene, named as “N-heterocyclic carbene (NHC)”, and the NHC can be generated by deprotonation from 
the 2-position of an imidazolium cation, having highly bulky adamantyl groups on the nitrogen atoms, with 
sodium hydride as a strong base (Figure 1-22).56 Since then, properties and reactivity of metal complexes 
having stable carbene ligands have been widely investigated.53 There are two reasons proposed for  
 

 
Figure 1-22. A formation of free-base N-heterocyclic carbene (NHC).56 
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stabilization of the singlet state in the electronic structure of the NHC by Bertrand:53 First, the cyclic 
structure including the carbene carbon makes the N-C-N bond angle of the imidazole ring narrower resulting 
bent rearrangement, which causes a larger energy gap between the σ- and π-orbital of the carbene carbon 
(Figure 1-21); second, the σ-electron-withdrawing nature of the neighboring nitrogen atomslowers the 
energy level of σ-orbitals formed between the carbene carbon and the neighboring atoms, whereas 
π-electron-donating nature of the neighboring nitrogen atoms destabilizes the π-orbitals between the carbene 
carbon and the neighboring atoms. These factors play a role to stabilize the singlet state. The neighboring 
nitrogen atoms exhibit σ-electron-withdrawing and π-electron-donating abilities to the carbene carbon, 
which makes the σ-orbital between C and N atoms stable (inductive effects) and the π-orbital unstable 
(mesomeric effects).53 The σ-electron-withdrawing substituents inductively stabilize the σ nonbonding 
orbital by increasing its s character and leave the pπ orbital intact. The σ-pπ gap is increased and the singlet 
state is favored (Figure 1-23(a)). On the other hand, the energy of the vacant pπ orbital is increased by 
interaction with the substituent’s lone pairs. Since the σ-orbital remains intact, the σ-pπ gap should be 
increased (Figure 1-23(b)). Accordingly, energy gap between the σ- and π-orbitals is enlarged (Figure 1-23). 
 

 

Figure 1-23. NHC behaves as a singlet carbene due to increase of the σ-pπ gap by inductive effects (a) and 
mesomeric effects (b) of the neighboring nitrogen atoms.53 
 

Generally, NHC as ligands in metal complexes are known to show strong σ-donation to the metal 
center, which not only makes the metal center electron-rich, but also makes the ligand at the trans position of 
the NHC ligand highly labile.57 These tendencies are confirmed by the research on palladium- and 
platinum-NHC complexes.57, 58 In addition, the octet-rule-unsatisfied and electronically unsaturated carbene 
carbon can accept π-back donation from the metal center with the vacant p-orbital. However, since the 
vacant p-orbital on the carbene carbon in NHC is stabilized by π-electron-donation from lone pairs of the 
neighboring nitrogen atoms, π-back donation from the metal center is weakened compared to that of 
conventional carbene ligands.59 A theoretical analysis revealed that π-back donation occupied at least 10% of 
the whole metal-NHC interaction.60 In addition, there are other experimental evidences of the existence of 
the π-back donation from the metal center to the NHC ligand.61, 62 For example, Bielawski and co-workers 
investigated the chemical shifts of 1H NMR signals for the protons on an olefin ligand at the trans position of 
the NHC ligand in a rhodium(I) complex, whose NHC ligand has substituents on 4,5-positions of the 
imidazole ring (Figure 1-24).61 As a result, the introduction of a stronger electron-withdrawing substituent on 
the NHC ligand caused down-field shifts of the 1H NMR signals of the olefin ligands. This result indicates 
that the substituents on the NHC ligand can regulate the σ-donating ability of the carbene carbon to 
manipulate the electron density at a metal center. Substituent effects of the NHC ligands have also been 
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investigated on the vibration frequencies of the C-O bonds in RhI-CO complexes, which have the CO ligand 
at the trans position of NHC ligands. Likewise, introduction of stronger electron-withdrawing substituents 
on the NHC ligands makes the stretching vibration energy of a C-O bond in the CO ligand higher. This result 
indicates decrease of π-back donation from the RhI center to the CO ligand and resultant strengthening of the 
C-O bond by introducing stronger electron-withdrawing substituents on NHC ligands. These results indicate 
that NHC ligands show π-accepting ability from metal centers, and in particular, accept π-back donation 
more strongly from the RhI center upon introduction of electron-withdrawing substituents on the NHC 
ligands.61 

 

 

Figure 1-24. Structures of RhI-NHC complexes (a) and schematic descriptions of dominant resonance 
contributions for the complexes having CN groups (b).61 
 

Additionally, Nolan and co-workers conducted several NMR spectroscopic analyses for platinum(II) 
complexes, having different π-conjugating NHC ligands.62 The 13C NMR signal of the carbene carbon 
shifted to the upper field in benzene-d6 in the use of π-conjugated NHC ligands, whereas the 195Pt NMR 
signal in a Pt complex, having a π-conjugated NHC ligand, shifted to the lower field compared to that in a Pt 
complex having saturated NHC ligands in CD2Cl2.62 This indicates that electron density on the platinum 
center decreased, whereas that on the carbene carbon increased in the π-conjugated NHC ligand. On the 
basis of these results and theoretical analysis, it is suggested that NHC ligands show π-accepting ability.59–62 

Furthermore, electrochemical properties of iron(II) complexes, having bis-NHC or NHC-pyridine 
ligands, have been studied (Figure 1-25);63 interestingly, redox potentials of the FeII/FeIII redox couples 
showed difference by ca. 60 mV between the two iron(II) complexes. This small difference in the redox 
potentials indicates that the NHC ligands in the iron(II) complexes not only exhibit stronger σ-donation to 
the iron(II) center but also accept larger π-electrons from iron(II) center, comparable to the pyridine ligand.63 

As mentioned above, NHCs have attracted much attention from the researchers as ligands of metal 
complexes, since NHCs show both strong σ-donating and π-accepting abilities upon coordination, and also 
exert strong trans influence to the ligands at the trans position. Based on these properties, a lot of reports 
have been provided on catalytic activity of metal-NHC complexes (See below). 

 

Figure 1-25. FeII-NHC complexes and their redox potentials in CH2Cl2.63 
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1-4-2 Catalytic reactions by Ru-NHC complexes 
Among a lot of catalysts having NHC ligands, 4d transition metal complexes have been utilized by 

virtue of their durability in catalysis derived from its large crystal-field splitting of 4d transition metal 
complexes, compared to that of 3d transition-metal complexes.64 Grubbs and co-workers discovered a highly 
reactive ruthenium catalyst, having an NHC ligand and an alkylidene ligand, to perform olefin metathesis 
(Figure 1-26).65 This ruthenium complex, named as 2nd-generation Grubbs catalyst, has attracted remarkable 
attention because of its significant improvement of the catalytic activity toward olefin metathesis and high 
stability against oxidation, moisture and heat, compared to the 1st-generation Grubbs catalyst having a 
phosphine ligand instead of the NHC ligand.66 
 

 
Figure 1-26. Comparison of the reactivity between the two catalysts (5 mol%) for a ring-closing olefin 
metathesis at 45 ºC.65 
 

Llobet and co-workers reported regio-selective epoxidation of olefin derivatives in CH2Cl2 using a 
Ru(II)-aqua complex, having a rigid tridentate NHC ligand, as a catalyst (Figure 1-27).67 The Ru(III) 
complex obtained by oxidation of the Ru(II) complex showed dispropotionation into the corresponding 
Ru(II) and Ru(IV) species, because of strong σ-donating and π-accepting ability of the NHC ligand, the 
former of which stabilizes the Ru(IV) species and the latter stabilizes the Ru(II) species. Generally, when 
unstable radical intermediates are formed by 1e–-oxidation of organic substrates, radical coupling proceeds 
as an undesired side reaction.68 In contrast, this ruthenium-NHC complex shows 2e–-redox process 
(RuII/RuIV) in one step through the disproportionation, which suppresses the side reaction derived from 
radical intermediates to lower the regio-selectivity.67 As the results, regio-selective epoxidation of olefins 
were successfully achieved with this Ru-NHC catalyst, whereas cis,trans-isomerization occurred through 
rotation of the C-C single bond, if radical intermediates would be formed. 

 

 
Figure 1-27. A regio-selective olefin epoxidation catalyzed by a Ru-NHC complex.66 

 
In addition, catalytic dehydrogenative oxidation of alcohols has been reported to afford carboxylic 

acids by a RuII-NHC catalysts in basic water under air (Figure 1-28).69 In spite of the fact that NHC ligands 
have comparable σ-donating ability to electron-rich trialkyl phosphine ligands, the RuII-NHC complexes can 
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be used as catalysts even under air in water, whereas the electron-rich trialkyl phosphine ligands itself and 
their RuII complexes cannot be used under air due to their air-sensitivity.70, 71 

As mentioned above, ruthenium complexes having NHC ligands have showed unique and effective 
catalytic reactivity not only in organic solvent but also in water. 

 

Figure 1-28. Catalytic dehydrogenative oxidation of alcohols to carboxylic acids by a RuII-NHC catalyst.69 
 
1-4-3 Catalytic reactions by Pd-NHC complexes 

Palladium catalysts have been widely investigated for C-C and C-heteroatom coupling so far.72 In 
particular, a lot of palladium-NHC complexes have been reported to perform catalytic transformations of 
aryl halides, more efficiently than palladium complexes having traditional phosphine ligands.73 Recently, 
palladium-NHC catalysts have been employed for various cross-coupling reactions including Heck 
reaction,74 Suzuki-Miyaura cross-coupling,75 Sonogashira coupling,76 Tsuji-Trost reaction,77 and Hiyama 
reaction,78 and the reactions have been performed even in water.79 Advantages of NHC ligands in catalysis of 
palladium complexes are originated from the following properties: NHC complexes exhibit high durability 
under oxidative and acidic conditions, and NHC ligands have a strong σ-donating ability to the metal center  
 

 

Figure 1-29. Aqueous Suzuki-Miyaura reaction of aryl chloride and phenylboronic acid using Pd-NHC 
catalysts.80 
 
and π-accepting ability from the metal center. These properties make it possible to stabilize both low-valent 
Pd(0) and high-valent Pd(IV) centers. For example, Peris and co-workers have reported palladium catalysts, 
having sulfonate-functionalized-NHC ligands, utilized for Suzuki-Miyaura cross-coupling reactions in water 
(Figure 1-29).80 Even upon using relatively inert aryl chlorides as substrates, the palladium-NHC catalysts 
catalyze the catalytic cross-coupling reaction in water with yield up to 85% and the maximum turnover 
number (TON) reached to 37,000.80 

Strassner et al. have reported that palladium(II) complexes having bis(NHC) chelating ligands perform 
catalytic oxidation of methane or propane into the corresponding alcohol derivatives (esters) under strong 
acidic conditions.81 Similar oxidation reactions of methane were pioneered by Periana with a platinum 
complex as a catalyst;82 however, it is noteworthy that analogous platinum complexes immediately 
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decompose into platinum black in trifluoroacetic acid (CF3COOH), whereas Pd-bis(NHC) complexes afford 
yellow transparent solutions in CF3COOH and exhibit no decomposition even after 20 h. Therefore, 
Pd-bis(NHC) complexes having two bromide ligands can perform catalytic conversion of methane into 
methanol derivatives in TFA (Figure 1-30); however, Sheldon’s83 and Periana’s systems82 did not show any  
catalytic activity toward methane oxidation under the same conditions. 
 

 

Figure 1-30. Catalytic conversion of methane to methanol derivative in trifluoroacetic acid.81 
 

As mentioned above, palladium-NHC complexes have performed various catalytic reactions such as 
cross-coupling reactions and C-H activation of methane by virtue of the oxidative and acidic durability. 
 
1-5 Purpose of this research 

In this thesis, the author of this thesis has investigated the redox and structural properties of ruthenium 
complexes having pincer-type tridentate NHC ligands. On the basis of the redox and structural properties, a 
novel methodology to stabilize RuIII-O• species by using NHC-chelate ligands has been provided, and the 
formation and characterization of the species have been successfully made using various spectroscopic 
methods. The catalytic reactivity of the RuIII-O• complex in oxidation of organic substrates in water has been 
also revealed. Based on the strong radical character, the RuIII-O• species has been applied to catalytic 
oxidative cracking of benzene rings to afford formic and carboxylic acids as useful products in water under 
mild conditions. It should be noted that formic acid formed can be used as a H2 source in a one-pot treatment 
by simple pH adjustment. In addition, a Pd-NHC complex, having the NHC chelate ligand, also has been 
applied to catalysis for oxidative cracking of halogenated benzene derivatives under mild conditions to 
afford carboxylic acids such as formic acid by using a cheaper oxidant in water. In the reactions, the NHC 
ligand plays an indispensable role in stabilization of Pd intermediates formed from the Pd complex during 
the reaction to provide mechanistic insights. 
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Chapter 2 
Redox properties of ruthenium(II) complexes having two N-heterocyclic carbene moieties 

 
2-1 Introduction 

Transition-metal complexes bearing N-heterocyclic carbene (NHC) ligands have been widely studied 
for several decades.1 In particular, 4d transition metals are capable of forming highly stable coordination 
bonds with NHC ligands and they have been applied to construction of catalytic systems.2 Among them, RuII 
and RuIII complexes having NHC ligands have been used to catalysis such as substrate oxidation (Figure 
2-1(a)3 and water oxidation (Figure 2-1(b)).4 They also have gathered much attention to the  
 

 

Figure 2-1. Ru-NHC catalysts for substrate oxidation (a)3a and water oxidation (b).4a 
 
photochemical properties;5 for example, the strong coordination of an NHC ligand to a central RuII atom 
allowed us to elongate the lifetime of the excited state related to the emission, compared to its polypyridyl  
 

 

Figure 2-2. A Ru-NHC complex exhibiting a long life-time of the excited state related to the emission.5 
 
analogs (Figure 2-2).5 Although plenty of reports on Ru-NHC complexes have been delivered, the effects of 
NHC ligands on the electronic structures of Ru-NHC complexes have been scarcely reported.6 In this chapter, 
the author has successfully synthesized and characterized two novel RuII complexes, which have 
2,2’-bipyridyl (bpy) and a pincer-type tridentate ligand with two NHC moieties as the ancillary ligands. The 
pincer-type ligand coordinates to the central RuII atom in the meridional manner. In the RuII complexes, 
intramolecular CH/π interaction is formed between the iPr groups of the NHC moieties and the bpy ligand to 
fix the two NHC moieties in different circumstances each other. 
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2-2 Synthesis and characterization of [RuII(C^Py^C)(bpy)(L)](PF6)n 
Syntheses of [RuII(C^Py^C)(bpy)(MeCN)]2+ (1) and [RuIICl(C^Py^C)(bpy)]+ (2) [C^Py^C = 

2,6-bis(3-isopropylimidazol-2-ylidene)pyridine] are shown in Figure 2-3. Complexes 1 and 2 were obtained 
by refluxing the solution of in-situ generated [AgI(C^Py^C)] complex and [RuIICl2(bpy)(dmso)2] in MeCN 
for 1 and CH2Cl2 for 2 in the dark. 

 

Figure 2-3. Synthesis of [RuII(C^Py^C)(bpy)(L)]n+ (1: L = MeCN, n = 2. 2: L = Cl, n = 1). 
 

Characterization of 1 and 2 was performed with 1H NMR spectroscopy (Figure 2-4(a), (b)), 
ESI-TOF-MS spectrometry (Figure 2-4(c), (d)), elemental analysis, and X-ray crystallography. In the 1H 
NMR spectra in acetonitrile-d3, characteristic four doublets were observed in the range of 0.5 – 1.4 ppm for 
both 1 and 2. This indicates that all methyl groups are in different magnetic environments due to inhibition 
of rotation around the terminal isopropyl groups (see below). In the ESI-TOF-MS spectra, MS peaks derived 
from [1 – MeCN + F–]+ for 1 and [2]+ for 2 were observed at m/z = 600.18 (sim.: 600.20) and 616.15 (sim.: 
616.15), respectively. 
 

 

Figure 2-4. 1H NMR spectra of 1 (a) and 2 (b) in acetonitrile-d3. ESI-TOF-MS spectra of 1 (c) and 2 (d). 
 
2-3 Structural analysis in solid and solution states of [RuII(C^Py^C)(bpy)(L)](PF6)n 

The crystal structures of 1·(PF6)2 and 2·PF6 (Figure 2-5) clearly reveal that the coordination manner of 
the C^Py^C ligands is meridional (Figure 2-5). Selected bond lengths and bond angles around the ruthenium 
centers of 1 and 2 are summarized in Table 2-1. The bond lengths of Ru-N8(CH3CN) in 1·(PF6)2 and Ru-Cl 
in 2 are 2.041(2) and 2.4348(6) Å, respectively. These values are within the range of the corresponding bond 
lengths observed in other RuII complexes having an acetonitrile molecule (2.03–2.44 Å)7 or a chloride ion 
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(2.39–2.52 Å)8 as a ligand. In addition, the bond lengths between the central RuII atom and NHC carbons 
(Ru–C11 and Ru–C1)  
 

 
Figure 2-5. Oak-ridge thermal ellipsoid plots (ORTEP) drawings of 1 (a) and 2 (b). 
 
in 1·(PF6)2 are 2.093(2) and 2.097(2) Å, respectively, and those in 2·PF6 are 2.0824(19) and 2.1149(19) Å, 
respectively. These values are longer than those of Ru–C bonds (1.98–2.00 Å) observed in other RuII–NHC 
complexes.3d,9 This indicates the strong trans influences exerted by strong σ donating NHC ligands that are 
positioned mutually at the trans positions.10 
 
Table 2-1. Selected bond lengths (Å) and angles (º) of the crystal structures for 1·(PF6)2 and 2·PF6 
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Ru�

C1�

N3�
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 1·(PF6)2 2·PF6 

Bond length, Å 

Ru-X 2.041(2) (X = N8) 2.4348(5) (X = Cl) 

Ru-C1 2.097(2) 2.1149(19) 

Ru-C11 2.093(2) 2.0824(19) 

Ru-N3 2.149(2) 2.1604(16) 

Ru-N6 2.0511(19) 2.0202(16) 

Ru-N7 2.053(2) 2.0490(16) 

Bond angle, º 

C1-Ru-C11  173.42(9) 172.35(7) 

C11-Ru-N3 87.78(8) 86.81(7) 

C1-Ru-N3 86.00(8) 86.08(7) 

C11-Ru-X 91.67(8) (X = N8) 88.90(5) (X = Cl) 

C1-Ru-X 86.20(8) (X = N8) 88.63(5) (X = Cl) 

C11-Ru-N7 96.29(9) 97.27(7) 

C1-Ru-N7 90.13(8) 90.10(7) 

C11-Ru-N6 90.00(8) 87.58(7) 

C1-Ru-N6 92.74(8) 95.92(7) 

N6-Ru-N7 78.50(8) 78.73(6) 
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The 1H NMR spectra of 1 and 2 in acetonitrile-d3 (Figure 2-2(a) and (b)) exhibited complicated spectral 
patterns derived from the structures of 1 and 2 despite of their meridional coordination arrangements 
mentioned above. This indicates that complexes 1 and 2 show C1 symmetry due to non-flexibility of the 
NHC ligand twisted at the CH2 linkers. The 1H NMR signals, assigned to the protons at the 6-position of the 
pyridine moieties in the bpy ligand close to the axial ligands, were observed at 9.3 ppm for 1 and 10.0 ppm 
for 2. The large down-field shift of the 1H NMR signal in 2 compared to that of 1 indicates that there is 
hydrogen-bonding interaction between the proton at the 6-position of the bpy ligand and the chloro ligand in  
 

 
Figure 2-6. (a) ORTEP drawing of 2 and three selected distances with the tendency of changes of 1H-NMR 
chemical shifts shown in parentheses. ORTEP drawings of 2 (b) and 1 (c) to highlight the bpy ligands. 
 
2 (Figure 2-6).3d 1H NMR signals of the methylene moieties showing two AB quartets were observed in the 
range from 4.8 to 5.6 ppm for 1. These chemical shifts were comparable to those of RuII complexes having  

 
Figure 2-7. Three possible structural isomers of 2. 
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two similar bis-NHC ligands.11 The 1H NMR spectrum of 2 showed an AB quartet and two AX doublets in 
the range from 4.9 to 7.0 ppm for the methylene moieties. The large downfield shift of one of the AX 
doublets for 2 due to the methylene protons should be derived from intramolecular hydrogen bonding 
between the chloro ligand and one methylene proton as shown in Figure 2-6. 

Three possible structural isomers can be considered for 1 and 2: one meridional and two facial isomers 
(Figure 2-7). Since 1 and 2 should be in the C1 symmetry as indicated by the 1H NMR spectra, one of the 
facial isomers in the Cs symmetry can be excluded. In addition, the hydrogen bonding between the chloro 
ligand and the proton at the 6-position of the bpy ligand in 2, as mentioned above, should not be observed in 
the other facial isomer. The features observed in the 1H NMR spectra indicate that the C^Py^C coordinates 
to the central RuII atom in the meridional manner in both 1 and 2, as confirmed by the X-ray crystallography. 
In the crystal structures, the bpy ligand in both 1 and 2 was strongly distorted due to the steric repulsion of 
one of the isopropyl moieties bound to the NHC ligand (Figure 2-6(b), (c)). The distance between C17 and 
the centroid of the pyridine ring containing N7 atom was ca. 3.7 Å, which was in the range of 2.9–3.8 Å that 
CH/π interaction can be formed.12 This interaction suggests shielding of the proton by the ring current to 
afford large upfield shifts (~ 2 ppm) of the 1H NMR signals, assigned to protons bound to the methine 
carbons based on two-dimensional NMR measurements (Figures 2-8). 1H-1H COSY measurements allowed 
us to observe obvious cross peaks for the methylene protons in the left (including C1 atom in Figure 2-6) and 
right arms (including C11 atom in Figure 2-6) of complexes 1 and 2, which helped to assign the 
desymmetrized 1H NMR signals. However, complete assignments of the 1H NMR signals were impossible 
only by 1H-1H COSY measurements, since 1H NMR signals of the imidazole moieties cannot be 
distinguished. Therefore, nuclear Overhauser effect (NOE) of 1 in acetonitrile-d3 was investigated to assign 
the desymmetrized 1H NMR signals (Figure 2-9). In the NOE measurements, an NOE was observed between 
1H NMR signals for one of the terminal methyl groups in the NHC imidazole rings, appearing at δ 0.71 ppm, 
and for the proton at the 5-position of the imidazole ring, appearing at δ 7.06 ppm (Figure 2-9(a)). Another 
NOE correlation was observed between 1H NMR signals for the proton at the 4-position of the imidazole 
ring, appearing at δ 7.44 ppm, and for the bridging methylene proton, appearing at δ 5.41 ppm (Figure 
2-9(b)). 1H NMR signals for the bridging methylene  

 

 
Figure 2-8. 1H-1H COSY of 1 (a) and 2 (b) in acetonitrile-d3. 
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Figure 2-9. Differential NOE measurements on complex 1 in acetonitrile-d3 at 298 K with irradiation at 0.7 
ppm (a), 7.4 ppm (b), and 5.4 ppm (c). Red spectra indicate the spectrum without irradiation. Blue spectra 
indicate the spectrum with irradiation. Green spectra indicate the differential spectra (blue – red).   
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proton, appearing at δ 5.41 ppm and for the proton at the 3-position of the pyridyl ring, appearing at δ 7.68 
ppm also showed NOE correlation (Figure 2-9(c)). The schematic representations of these NOE 
measurements were shown in the right side of Figure 2-9. In addition, variable-temperature 1H NMR 
measurements in the range from 298 to 348 K were conducted for 1; as a result, the 1H NMR signals did not 
show any significant change of chemical shifts and the symmetry-broken 1H NMR signals of 1 maintained in 
the temperature range (Figure 2-10). This indicates that the CH/π interaction assists the stabilization of the 
distorted conformation of the C^Py^C ligand in 1 and the two NHC moieties do not flip to show the 
seesaw-like motion that makes the two NHC moieties equivalent in the NMR time scale.13 

 

Figure 2-10. Variable temperature 1H NMR spectra of 1·(PF6)2 (2.0 mM) measured at 348 K (a), 338 K (b), 
328 K (c), 318 K (d), 308 K (e), and 298 K (f) in acetonitrile-d3. No spectral change was observed in the 
temperature range as indicated by dashed lines.  



 32 

2-4 Photochemical properties of [RuII(C^Py^C)(bpy)(L)](PF6)n 
In the UV/Vis spectra of 1 and 2 in acetonitrile, characteristic absorption bands were observed at 483 and 
537 nm, respectively. On the basis of the TD-DFT calculations (Figure 2-11), these absorption bands are 
assigned to metal-to-ligand charge transfer (MLCT) bands (dπ of RuII to π* of bpy). These wavelength 
values were larger (ca. 30 nm) compared to those for other related RuII complexes having bpy ligands.14 

 

 

Figure 2-11. UV-Vis spectra of 1·(PF6)2 (a, red) and 2·(PF6) (a, blue) in acetonitrile and UV-Vis spectra of 
1·(PF6)2 (b) and 2·(PF6) (c) and calculated oscillator strengths (blue sticks) obtained by the TD-DFT 
calculations at the B3LYP/SDD level of theory. 
 

The emission and excitation spectra of 1 and 2 were measured in argon-purged butyronitrile at 77 K 
(Figure 2-12(a), (b)). The emission bands assigned to the phosphorescence from the 3MLCT excited states of 
1 and 2 were observed at 608 and 732 nm, respectively. Phosphorescence derived from the 3MLCT excited 
state of 1 was partially quenched in an O2-saturated butyronitrile solution measured at room temperature 
(Figure 2-12(c)). The quantum yields of the emissions of 1 and 2 were determined to be 0.41 and 1.5 × 10–3, 
respectively, based on relative intensities to the reported quantum yield (Φ = 0.35) for [RuII(bpy)3]2+ in 
MeOH : EtOH = 1 : 4 (v/v) glass at 77 K.15  

To compare the quantum yields of phosphorescence for 1 and 2 with those reported for other 
RuII-polypyridyl complexes, the phosphorescence measurements were also conducted at room temperature 
(Table 2-2). As a result, the phosphorescence quantum yields of 1 and 2 were determined as shown in Table 
2-2. These values fall in the range of those reported for other RuII complexes. This lowering of the quantum 
yield for the phosphorescence of 2 can be explained by decreasing the lifetime of the 3MLCT excited state by 
thermal transition to a metal-centered triplet excited state (3MC); this is probably due to narrowing the 
ligand-field splitting in 2, since the chloro ligand acts as a π donor to elevate the energy level of the dπ 
orbital in contrast to the acetonitrile ligand in 1, which undergoes π-back bonding to lower that of the dπ 
orbital and to enlarge the splitting. Consequently, thermal transition from the 3MLCT excited state to the 
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3MC excited state occurs easily in 2. The effects of axial ligands on the photophysical properties of the RuII 
complexes have been also reported for RuII-porphyrin complexes.21 
 

 

Figure 2-12. (a) Excitation (solid line) and emission spectra (dashed line) of 1 in the butyronitrile glass 
measured at 77 K under Ar: [1] = 0.1 mM, λexc: 486 nm, λobs for the excitation spectrum: 608 nm. (b) 
Excitation (solid line) and emission spectra (dashed line) of 2 in butyronitrile measured at 77 K under Ar: [2] 
= 0.1 mM, λexc = 544 nm, λobs for the excitation spectrum: 732 nm. (c) Emission spectra of 1·(PF6)2 in 
butyronitrile measured at RT under Ar (red) and O2 (blue). [1] = 0.1 mM, λexc: 486 nm. 
 
Table 2-2. Summary of quantum yields for emission of 1, 2, and ruthenium(II)-polypyridyl complexes in 
acetonitrile at RT. 
Compound Quantum yield (Φ) Reference 
1·(PF6)2 7.0 × 10–4 a This work 
2·PF6 <0.0001 a This work 
[Ru(bpy)3]2+ 0.062 16 
[Ru(tpy)2]2+ 5 × 10–6 17 
[Ru(tpy)(bpy)(NCMe)]2+ 4.5 × 10–4 18 

 

0.30 19 

 

3.4 × 10–4 20 

a Quantum yields of 1·(PF6)2 and 2·PF6 were determined with relative intensities to that for 
[RuII(bpy)3](PF6)2 as a standard (Φ = 0.062 in MeCN, 25 ºC).17 tpy = 2,2’;6’,2”-terpyridine. bpy = 
2,2’-bipyridine.  
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2-5 Redox properties of [RuII(C^Py^C)(bpy)(L)](PF6)n 
Redox behavior of 1·(PF6)2 and 2·PF6 in acetonitrile solutions was investigated by cyclic and 

differential-pulse voltammetries at room temperature (Figure 2-13). The cyclic voltammograms (CVs) 
showed reversible redox waves at  E1 / 2  = +1.01 and –1.49 V vs SCE for 1·(PF6)2 and  

 

Figure 2-13. Cyclic and differential-pulse voltammograms (CV and DPV) of 1·(PF6)2 (red) and 2·(PF6) 
(blue) in acetonitrile at RT. [1] or [2] = 1.0 mM. Electrolyte: 0.1 M [(n-Bu)4N](PF6). WE: Pt disk. CE: Pt 
wire. RE: Ag/AgCl. Scan rate for CV: 100 mV/s. 

 

Figure 2-14. UV-Vis spectral changes upon addition of [RuIII(bpy)3]3+ to 1 (a) and 2 (b) at RT. [1] and [2]: 
0.10 mM. Solvent: acetonitrile. Inset shows the absorbance change at the selected wavelength against 
concentration of [RuIII(bpy)3]3+ added as an oxidant. (c) Overlaid UV-Vis spectra of 1 (0.1 mM, black) and 2 
(0.1 mM, blue) upon addition of 1 equiv of [RuIII(bpy)3](ClO4)3 to give 3 and 4, respectively, and of 
[RuII(bpy)3](PF6)2 (0.1 mM, red) in acetonitrile at RT. The absorption bands around 450 nm for 3 and 4 were 
assigned to the MLCT transition of [RuII(bpy)3]2+ produced by the oxidation reactions. 
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Figure 2-15. UV-Vis spectra (black line) of 1·(PF6)2 (a) and 2·PF6 (b) in acetonitrile upon addition of 1 
equiv of [RuIII(bpy)3](ClO4)3 at RT and the calculated oscillator strengths (blue sticks) of 3 (a) and 4 (b) 
obtained by the TD-DFT calculations at the B3LYP/SDD level of theory. 
 
E1/2 = +0.62 and –1.52 V vs SCE for 2·(PF6). These potentials were relatively lower than those of other 
related RuII complexes having neutral polypyridyl ligands or alkylamine ligands.22 In particular, redox 
potentials of 1 and 2 were lower than RuII complexes having terpyridyl-like conjugated NHC ligands.6 This 
indicates that the σ-donating ability of the NHC moieties in C^Py^C ligand is stronger than the π-conjugated 
analog,6 and the strong σ-donating ability of the NHC moieties in the C^Py^C ligand makes the central RuII 
atom more electron-rich. Therefore, the RuII atom can be oxidized more easily than the π-conjugated 
counterparts.6 Upon addition of [RuIII(bpy)3](ClO4)3 (E1/2 = +1.29 V vs SCE)23 to acetonitrile solutions of 1 
and 2, the absorption bands at 483 nm for 1 and 537 nm for 2 decreased and instead a new obvious 
absorption bands at 711 nm for 1 and 600 nm for 2 arose with an isosbestic point at 363 and 478 nm for 1 
and 497 and 577 nm for 2, respectively (Figure 2-14). The absorption increase around 450 nm was derived 
from the formation of [RuII(bpy)3]2+, which matched to the absorption band of [RuII(bpy)3](PF6)2. The 
changes were completed by addition of 1 equiv of [RuIII(bpy)3](ClO4)3; the solution color changed from 
orange to green for 1 in the formation of the 1e–-oxidized species (3) and from pink to red for 2 in that of the 
1e–-oxidized species (4). Based on the TD-DFT calculations, the absorption band of 1e–-oxidized 1 at 711 
nm was assigned to the ligand-to-metal charge transfer (LMCT) transition from the NHC ligand, having an 
isopropyl group forming the CH/π interaction with the pyridine ring containing N7 atom, to the central RuIII 
ion in 3 (Figure 2-15). 

The 1H NMR spectra of 3 and 4 showed relatively broad signals in the range of –74 to +60 ppm and –
40 to +20 ppm, respectively, reflecting the paramagnetic characters of 3 and 4 (Figure 2-16).24 On the other 
hand, in the diamagnetic region, only 1H NMR signals derived from [RuII(bpy)3]2+, formed through the 
reduction of [RuIII(bpy)3]3+ as the oxidant, were observed. This indicates that electron-transfer oxidation of 1 
or 2 by [RuIII(bpy)3]3+ proceeded. 
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Figure 2-16. 1H NMR spectra of 1 in paramagnetic region (a) and the diamagnetic region (b) upon addition 
of 1 equiv of [RuIII(bpy)3](ClO4)3 at RT in acetonitrile-d3. 1H NMR spectra of 2 in the paramagnetic (c) and 
diamagnetic regions (d) upon addition of 1 equiv of [RuIII(bpy)3](ClO4)3 at RT in acetonitrile-d3. 

 
The electron paramagnetic resonance (EPR) spectra recorded in acetonitrile at 5 K exhibited rhombic 

EPR signals25 with g1 = 2.782, g2 = 2.315 and g3 = 1.980 for 3, and g1 = 2.984, g2 = 2.116 and g3 = 1.758 for 
4 (Figure 2-17). The root mean squares of the g values, <g> (= ((|g1|2 + |g2|2 + |g3|2)/3)1/2), were calculated to 
be 2.382 and 2.343, respectively, which were comparable to typical <g> values for RuIII complexes (S = 1/2), 
ca. 2.3.26 Thus, the products of the first oxidation processes of 1 and 2 should be [RuIII(C^Py^C)(bpy)- 
(NCMe)]3+ (3) and [RuIIICl(C^Py^C)(bpy)]2+ (4), respectively. 

 

 

Figure 2-17. Experimental EPR spectra (black) and their simulations (red) for 1e–-oxidized species of 1 (a) 
and 2 (b) measured at 5 K in helium-purged acetonitrile. [1] or [2] = 1 mM, MW power: 5.024 mW, MW 
frequency: 9.398 GHz, Mod. frequency: 100.00 kHz, Mod. amplitude: 12.00 G. 1 equiv. of 
[RuIII(bpy)3](ClO4)3 was used as the oxidant for 1 e– oxidation. 
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Figure 2-18. HOMO (a) and LUMO (b) orbitals of 1, HOMO (c) and LUMO (d) orbitals of 2, and Mulliken 
spin-density maps (blue and green meshs) of 3 (e) and 4 (f), calculated at the UB3LYP/SDD level of theory. 
 

DFT-optimized structures of complexes 1 and 2 under vacuum were calculated and shown in Figure 
2-18. The highest occupied molecular orbital (HOMO) of 1 mainly delocalized on the central RuII atom and 
also on the NHC ring forming CH/π interaction with the pyridine ring. In contrast, that of 2 delocalized on 
the RuII atom, Cl ligand, and NHC rings. The lowest unoccupied molecular orbital (LUMO) of both of 1 and 
2 located on the bpy ligands. These results indicate that the first oxidation of 1 and 2 should occur at the RuII 
center and the first reduction of them should proceed at the bpy ligand. In addition, the spin-density maps of 
3 and 4 were obtained based on their DFT-optimized structures, and the unpaired electrons mainly located on 
the Ru center and NHC moiety in both 3 and 4. The spin density on the Ru center was calculated to be 0.88 
for 3 and 0.86 for 4. Therefore, almost of all the unpaired electron localized on the Ru center, allowing us to 
conclude that the first oxidation should occur at the RuII center to afford formally RuIII complexes. These 
results are consistent with the results of EPR measurements (Figure 2-17). 
 
2-6 Conclusions 

Novel two RuII complexes with pincer-type C^Py^C ligands were successfully synthesized and 
characterized on the basis of crystallographic and spectroscopic analyses. The methylene-bridged NHC 
ligand (C^Py^C) coordinated in a meridional manner and highly distorted. The coordination arrangement 
was maintained even in solution, where the intramolecular CH/π interaction between the iPr group of the 
NHC moieties and the bpy ligand probably assists the fixation of the distorted structure of the C^Py^C 
ligand. NHC ligands had a strong σ-donating ability to central RuII ions compared to pyridine or alkylamine 
ligands, which resulted in lowering oxidation potential of the RuII/RuIII redox couple. In addition, these two 
RuII complexes were oxidized by using 1e–-oxidant in acetonitrile to afford the corresponding RuIII 
complexes, which were revealed by 1H NMR and EPR spectroscopic analyses and DFT calculations. 
 

2-7 Experimental section 
General. 

NMR measurements were performed on a Bruker Avance 400 spectrometer (working frequency for 
1H: 400.0 MHz, for 13C: 100.0 MHz). Valuable-temperature NMR spectral measurements were conducted 
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with a valved-NMR tube, purchased from TCI chemicals. ESI-TOF-MS spectra were obtained on a JEOL 
JMS-T100CS mass spectrometer. UV-Vis absorption spectra were measured on a Shimadzu UV-2450 
spectrophotometer and an Agilent 8453 photodiode-array spectrophotometer at room temperature. Cyclic 
and differential pulse voltammograms were recorded on a BAS Electrochemical Analyzer Model 660A. ESR 
spectroscopy was performed on a Bruker EMXPlus9.5/2.7 spectrometer. Simulations of the EPR spectra 
were conducted using “Hyperfine” (http://wizard.chem.saga-u.ac.jp/program/hyperfine.html) as a simulation 
program. Emission and excitation spectra were measured on a HORIBA FluoroMax-4 spectrofluorometer. 
 
Materials. 

All synthetic procedures were performed under Ar atmosphere. [RuIICl2(bpy)(dmso)2] (bpy = 
2,2’-bipyridyl, dmso = dimethylsulfoxide) was synthesized from [RuIICl2(dmso)4] according to the literature 
method.27 C^Py^C28 and [RuIICl2(dmso)4]29 were synthesized according to the literature procedure. 
RuIIICl3·nH2O was purchased from Furuya Metal Co. Ltd. and Ag2O was purchased from Wako Pure 
Chemical Industries, Ltd.. All solvents used for the syntheses were dried over CaH2 or magnesium powder 
and distilled before use. 
 
Synthesis. 
[RuII(C^Py^C)(bpy)(MeCN)(PF6)2 (1·(PF6)2). 

A suspension of [RuIICl2(bpy)(dmso)2] (153 mg, 315 µmol) in MeCN (10 mL) was degassed with 
freeze-pump-thaw cycles (3 times). Then, the solution of in-situ-generated [Ag(C^Py^C)]+ (330 µmol) in 
CH2Cl2 (2 mL) was added.30 The suspension was refluxed for 24 h in the dark, and the white precipitate was 
filtered off on a Celite pad. The filtrate was evaporated to dryness under reduced pressure. To the obtained 
dark-red solid, MeOH (100 mL) was added to form gray precipitate, which was filtered off with use of a 
Celite pad. A saturated solution of NH4PF6 in MeOH (30 mL) was added to the filtrate, and the solution was 
concentrated to a small volume under reduced pressure. A few drops of distilled water were added to the 
solution, and then, the resulting brown precipitate formed was collected with filtration and washed with Et2O. 
The brown solid was dried under vacuum and the crude solid was purified by column chromatography on 
alumina using MeCN as an eluent. The solvent of the collected orange solution was evaporated, and the 
crude product was recrystallized from MeCN/Et2O. Red solid (156 mg, 171 µmol, 47% yield) of the title 
compound was obtained. 1H NMR (CD3CN): δ 9.32 (dd, J = 5.6, 0.8 Hz, 1H, a-Py-H), 8.32 (dd, J = 8.3, 0.8 
Hz, 1H, d-Py-H), 8.31 (m, 2H, c-Py-H, 1-Py-H), 8.25 (dd, J = 7.3, 1.2 Hz, 1H, h-Py-H), 7.91 (m, 2H, e-Py-H, 
f-Py-H), 7.73 (d, J = 7.8 Hz, 1H, 2’-Py-H), 7.68 (d, J = 7.6 Hz, 1H, 
2-Py-H), 7.63 (td, J = 6.6, 1.5 Hz, 1H, b-Py-H), 7.44 (d, J = 1.8 Hz, 1H, 
4-Im-H), 7.18 (m, 2H, 4’-Im-H, g-Ph-H), 7.10 (d, J = 1.8 Hz, 1H, 
5’-Im-H), 7.06 (d, J = 1.8 Hz, 1H, 5-Im-H), 5.63 (ABq, J = 16 Hz, 1H, 
3α-CH), 5.41 (ABq, J = 16 Hz, 1H, 3β-CH), 5.12 (ABq, J = 16 Hz, 1H, 
3β’-CH), 4.81 (ABq, J = 16 Hz, 1H, 3α’-CH), 4.33 (sept, J = 6.6 Hz, 1H, 
7’-CH3), 2.45 (s, 3H, 8-CH3), 2.1 (sept, J = 6.6 Hz, 1H, 7-CH), 1.32 (d, J 
= 6.8 Hz, 3H, 6’-CH3), 0.71 (d, J = 7.1 Hz, 3H, 6-CH3), 0.54 (d, J = 6.8 
Hz, 3H, 6’-CH3), 0.30 (d, J = 7.1 Hz, 3H, 6-CH3). 13C NMR (CD3CN): δ 
182.02, 180.25, 161.34, 160.20, 159.31, 155.34, 154.81, 139.87, 137.40, 
137.05, 131.92, 127.85, 127.15, 126.69, 126.09, 124.76, 124.58, 124.11, 123.47, 55.73, 55.31, 51.31, 49.82, 
23.59, 23.20, 21.91, 5.58. Anal. Calcd. for C29H35N7ORu·2PF6·0.25C2H3N· 0.25C4H10O: H 4.21, C 41.51, N 
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12.29. Found: H 4.03, C 41.71, N 12.48. UV-Vis: λmax [nm] = 363, 482. ESI-TOF-MS: m/z = 600.18 (calcd. 
for [M – MeCN + F–]+ : 600.20). 
 

[RuIICl(C^Py^C)(bpy)](PF6) (2·PF6). A suspension of [RuIICl2(bpy)(dmso)2] (372 mg, 769 µmol) in 
CH2Cl2 (50 mL) was degassed with freeze-pump-thaw cycles (3 times), and the solution of in-situ generated 
[Ag(C^Py^C)]+ (771 µmol) in CH2Cl2 (50 mL) was added. The solution was refluxed for 24 h in the dark 
and the resulting white precipitate was filtered off with a Celite pad, and the solvent of the filtrate was 
evaporated under reduced pressure. The obtained dark-red solid was added to acetone (100 mL) and the gray 
precipitate was filtered off on a Celite pad. A saturated solution of NH4PF6 in acetone (20 mL) was added to 
the reaction mixture and the mixture was dried up under reduced pressure. Distilled water was added to the 
residue, the resulting brown precipitate was filtered, and washed with Et2O and dried under vacuum. Finally, 
the crude solid was purified by column chromatography on alumina using acetone as an eluent. The solvent 
of the collected red-purple solution was evaporated. The crude product was recrystallized from acetone/Et2O 
and red-purple solid (112 mg 147 µmol, 17% yield) of the title compound was obtained. 1H NMR (CD3CN): 
δ 9.97 (d, J = 5.1 Hz, 1H, a-Py-H), 8.22 (d, J = 8.4 Hz, 1H, d-Py-H), 8.12 (d, J = 8.1 Hz, 1H, h-Py-H), 7.92 
(m, 3H, c-Py-H, 1-Py-H, e-Py-H), 7.70 (td, J = 8.2, 1.2 Hz, 1H, 
f-Py-H), 7.64 (d, J = 7.6 Hz, 1H, 2’-Py-H), 7.63 (d, J = 7.6 Hz, 1H, 
2-Py-H), 7.55 (dt, J = 6.7, 1.3 Hz, b-Py-H), 7.34 (d, J = 1.8 Hz, 
4-Im-H), 7.08 (d, J = 1.8 Hz, 1H, 4’-Im-H), 6.96 (m, 4H, 3α-CH, 
5-Im-H, 5’-Im-H, g-Py-H), 5.15 (AXd, J = 16 Hz, 1H, 3β-CH), 
5.05 (ABq, J = 16 Hz, 1H, 3β’-CH), 4.93 (sept, J = 6.6 Hz, 1H, 
7’-CH), 4.86 (ABq, J = 16 Hz, 1H, 3α’-CH), 2.1 (sept, J = 6.6 Hz, 
1H, 7-CH), 1.25 (d, J = 7.1 Hz, 3H, 6’-CH3), 0.68 (d, J = 6.8 Hz, 
3H, 6-CH3), 0.44 (d, J = 7.1 Hz, 3H, 6’-CH3), 0.28 (d, J = 6.8 Hz, 
3H, 6-CH3). 13C NMR (CD3CN): δ 185.27, 183.54, 162.56, 161.04, 
160.83, 160.24, 155.47, 155.45, 138.43, 134.88, 134.06, 126.88, 125.73, 125.63, 125.03, 123.87, 123.67, 
123.44, 70.04, 56.21, 55.68, 55.29, 50.54, 49.26, 30.64, 29.57, 23.35, 23.05, 21.95,15.37. Anal. Calcd. for 
C29H33N7ClPF6Ru·0.25C3H6O: H 4.48, C 46.07, N 12.64. Found: H 4.51, C 46.04, N 12.35. UV-Vis: λmax 
[nm] = 397, 537. ESI-TOF-MS: m/z = 616.20 (calcd. for [M]+:616.15). 
 
X-ray crystallography. 

Single crystals of 1·(PF6)2 and 2·PF6, suitable for X-ray crystallography, were obtained by 
recrystallization with a vapor diffusion of Et2O into the MeCN solution of 1·(PF6)2, with that of Et2O into 
the solution of 2·PF6 in acetone, respectively. The crystals were mounted using a mounting loop. All 
diffraction data were collected on a Bruker APEXII diffractometer at 120 K with a graphite monochromated 
Mo Kα radiation source (λ = 0.71073 Å) by the 2θ scan. All structure refinements were performed using the 
Yadokari-XG crystallographic software package.31 The structures were solved by a direct method using 
SIR9732 and SHELX97.32 Crystallographic data for 1·(PF6)2 and 2·PF6 are summarized in Table 2-3. 
CCDC-1830565 (1·(PF6)2) and 1830567 (2·PF6) include supplementary crystallographic data, which are 
available free of charge from the Cambridge Crystallographic Data Center through 
www.ccdc.cam.ac.uk/data_request/cif. 
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Table 2-3. Crystallographic data for 1·(PF6)2, 2·PF6 

Compound 1·(PF6)2 2·PF6 

MW 930.70 761.11 

Formula C32H36F12N8.50P2Ru C29H33ClF6N7PRu 

Crystal system Monoclinic Monoclinic 

Space group C2/c P21/c 

a, Å 38.881(6) 8.7113(13) 

b, Å 10.6280(16) 15.727(2) 

c, Å 18.620(3) 22.211(3) 

α, º 90 90 

β, º 93.546(2) 92.2910(19) 

γ, º 90 90 

V, Å3 7680(2) 3040.6(8) 

Z 8 4 

R1 0.0359 0.0270 

wR2 0.0897 0.0613 

GOF 1.031 1.040 

 
DFT calculations. 

Global minima on the potential energy surfaces were searched for obtaining optimized structures by 
using the restricted or unrestricted B3LYP method.33 To reproduce the absorption and emission spectra, 
TD-DFT calculations34 were performed on the basis of the optimized structures. For the all of atoms, we 
used the SDD basis sets.35 The Gaussian 09 program package36 was used for all DFT calculations. 
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Chapter 3 
A ruthenium(III)-oxyl complex bearing strong radical character 

 
3-1 Introduction 

High-valent metal-oxo complexes are an important class of compounds, because they are found as 
reactive intermediates in oxidation by metalloenzymes and synthetic oxidation reactions.1, 2  

Among metal-oxo (Mn+=O) complexes, RuIV=O complexes have been a category of the most 
intensively investigated, owing to the high performance in catalytic oxidation reactions not only of organic 
substrates but also of water.3–6 RuIV=O complexes are formed through proton-coupled electron-transfer 
(PCET) oxidation of the corresponding RuII-aqua complexes and they also oxidize C-H bonds of substrates 
through a PCET mechanism.6, 7 
 

 

Figure 3-1. Catalytic substrate oxidation through a PCET oxidation mechanism by RuII-aqua complexes.6 
 
In studies on the metal-oxo complexes, a very important question is whether a double bond is formed 

between the metal center and the oxo ligand or if the oxo ligand has a radical character in a metal-oxyl 
(M(n-1)+-O•) electronic structure.8, 9 The radical character of the oxo ligand is crucial to evaluate the reactivity 
in hydrogen-atom abstraction from a substrate.9, 10 In light of the “oxo-wall”, which resides between Groups 
8 and 9 on the periodic table as proposed and elucidated by Gray and co-workers,8b an octahedral d4 RuIV or 
d3 RuV ion should have an oxo ligand connected by a double bond, in other words, RuIV=O or RuV=O species 
are generally stable than electronically equivalent RuIII-oxyl (RuIII-O•) or RuIV-oxyl (RuIV-O•) species as the 
corresponding resonance forms, respectively. Despite plenty of studies on the properties and reactivity of 
Run+=O complexes,11 Ru(n–1)+-O• complexes have yet to be well characterized and elucidated on the 
reactivity in oxidation catalysis.12 

Recently, radical characters of terminal oxo ligand have been considered in RuV=O species for water 
oxidation catalyst on the basis of theoretical studies.13 Pushkar and co-workers reported the experimental 
evidence of a radicaloid character of RuV=O intermediates in a diruthenium complex, [4,5]4+ (Figure 3-2), 
based on the EPR measurements in 17O-enriched water.14 [4,5]4+ also has been considered as a reactive 
intermediate in water oxidation by the “blue dimer” catalyst.15 The EPR spectrum of [4,5]4+ in H2

16O showed 
an EPR signal derived from the S = 1/2 spin state with the g-tensors of gxx = 2.03, gyy = 1.98, and gzz = 1.87. 
The simulated EPR spectrum clarified the Ru hyperfine splitting (hfs) of Ayy = 40 ± 5 G and Azz = 25 ± 5 G, 
reflecting the isotopic composition for 99, 101Ru (I = 5/2). The A values were consistent with the reported 
apparent 99, 101Ru hfs (A = ~40 G).16 In 50 – 60% 17O-enriched water, the [4,5]4+ intermediate has terminal 
Ru-O groups labeled with 17O atoms, whereas the bridging oxygen is not exchangeable under the reaction 
conditions. An EPR spectrum for [4,5]4+ in H2

17O was extracted by subtracting the contribution of 
[3,4]4+-prime, and the spectrum showed a significant broadening of the EPR signals and hfs due to the 17O 
nuclei (I = 5/2) was clearly observed on the low field side of the signal at g ~ 2.1 with a splitting of 60 G. 
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These experiments showed a high spin density on the oxygen in the d3 RuV=O moiety of the [4,5]4+ 
intermediate, which was considered as a reactive species of the water oxidation. 
 

 

Figure 3-2. Structures of [4,5]4+ (left), [3,4]4+ (center) and [3,4]4+-prime (right).14 
 

Tanaka and co-workers have reported the first example of metal-bound oxyl radical species, RuII-oxyl 
(RuII-O•) complexes, formed from ruthenium complexes having polypyridyl and semiquinonato ligands, 
[RuIII(tpy)(4ClSQ)(OH2)]2+ (RuIII

ClSQ-OH2, trpy = 2,2’:6’,2”-terpyridyl, 4ClSQ = 4-chloro-1,2-benzo- 
semiquinonato) and [RuIII(tpy)(DBSQ)(OH2)] (RuIII

DBSQ-OH2, DBSQ = 3,5-di-tert-1,2-benzo- 
semiquinonato) (Figure 3-3).17 Upon addition of a strong base such as KOtBu into a CH2Cl2 solution of 
RuIII

ClSQ-OH2 or RuIII
DBSQ-OH2, UV-Vis spectral changes due to the deprotonation from the aqua ligand of 

the corresponding RuIII-OH2 complexes have been observed. Based on EPR, resonance Raman, and X-ray 
photoelectron spectroscopic analyses, the deprotonated products have been revealed to be [RuII(trpy)- 
(DBSQ)(O•–)] (RuII

DBSQ-O•–) and [RuII(trpy)(4ClSQ)(O•–)] (RuII
ClSQ-O•–). The RuII-O• complexes can be 

reversibly protonated with addition of 2.0 eq of HClO4 to recover the corresponding RuIII-OH2 complexes.14 
The RuII-O• species, RuII

DBSQ-O•–, has been reported to be quite stable enough to form single crystals 
suitable for X-ray crystallography. In the crystal structure of RuII

DBSQ-O•–, the Ru-O• bond length was 
2.043(7) Å, indicating a single-bond character of the Ru-O bond.17a A reaction of RuII

DBSQ-O•– with a 
spin-trapping reagent, 5,5-dimethyl-1-pyrroline N-oxide (DMPO), affords a spin adduct showing an EPR 
signal with hyperfine splitting derived from N and H nuclei at g = 2.006 at 193 K in CH2Cl2. This result 
supports the strong radical character of the RuII-O• complex.17 

 

 
Figure 3-3. Deprotonation of RuIII-OH2 complexes to generate corresponding RuII-O• species.17 
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Reactivity of RuII-O•– species in substrate oxidation has been compared with RuII-O•– species formed 
by oxidation of a dinuclear complex, [RuII

2(OH)2(Q)(btpyan)]2+ (Q = 3,6-di-tert-butyl-1,2-bezoquinone, 
btpyan = 1,8-bis(2,2’:6’,2”-terpyridyl)anthracene, Ru2Q), and a mononuclear complex, [RuII(OH2)(Q)- 
(Ph-terpy)]2+ (Ph-terpy = 4’-phenyl-2,2’:6’,2”-terpyridyl, RuQ).18 Reactive species can be formed from both 
complexes with Ag+ ion as a mild oxidant and KOtBu as a base, as shown in Figure 3-4. Ru2Q oxidized 
1,3-cyclohexadiene and 1,2-dihydronaphthalene completely within one minute to afford benzene and 
naphthalene, whereas RuQ oxidized these substrates in low yields. On the other hand, Ru2Q cannot oxidize 
9,10-dihydroanthracene (DHA) at all, whereas RuQ shows relatively high reactivity in the DHA oxidation to 
afford anthracene in 42% yield. Low reactivity of Ru2Q toward oxidation of DHA can be explained by the 
steric hindrance upon the approach of the substrate to the oxo group.18 As mentioned above, there are several 
reports on ruthenium-bound oxyl species in water oxidation and substrate oxidation. However, a “reactive” 
Ru(n–1)+-O• species toward oxidation of organic substrates have never been reported yet. 

 

 

Figure 3-4. Oxidation of hydrocarbons by di- and mononuclear ruthenium-quinone complexes (Ru2Q, RuQ) 
in the presence of AgClO4 and KOtBu.18 
 

On the other hand, Solomon and co-workers reported elongation of an Fe-O bond in the transition 
state of benzene-ring hydroxylation to form an FeIII-O• species (details are shown in Chapter 1.3.3).19 This 
work has indicated that oxidation of aromatics with lower activation barriers probably requires formation of 
M-O• species as the reactive intemediates and elongation of M-O bonds by trans influence of auxiliary 
ligands should be effective for the purpose. Therefore, introduction of strong σ-donating ligands at the trans 
position of the oxo ligand is required to elongate M-O bonds to afford M-O• species.20 To exert strong trans 
influence to metal-oxygen bonds, N-heterocyclic carbene (NHC) ligands is a promising candidate, since the 
pyridine ligand at the trans position of an NHC ligand in a palladium-NHC complex was reported to be 
labile due to its trans influence.21 

In this chapter, the author describes the formation and characterization of a RuIII-O• complex with use 
of a tridentate ligand (H-BPIm),22 including an NHC moiety as an auxiliary ligand, which exerts strong 
σ-donation and trans influence. Is also described the reactivity of the RuIII-O• complex in oxidation of 
organic substrates in acidic water. 
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3-2 Synthesis and characterization of [RuII(BPIm)(bpy)(L)]n+ (L = Cl, n = 1 (5); L = OH2, n = 2 (6)) 
Syntheses of [RuIICl(BPIm)(bpy)]+ (5) and [RuII(BPIm)(bpy)(OH2)]2+ (6) (BPIm = 

1,3-bis(2-pyridylmethyl)imidazole-2-ylidene, bpy = 2,2”-bipyridyl) are described in Figure 3-5. 5·Cl was 
synthesized by refluxing of a CH2Cl2 solution of in-situ generated [AgI(BPIm)]+ and [RuIICl2(bpy)(dmso)2] 
in the dark. 6·(ClO4)2 was formed by dissociation of the chloro ligand from 5·Cl with 2 equiv of silver(I) 
trifluoromethanesulfonate in water, followed by exchanging the counter anion with perchlorate ion. 
Characterization of 5 and 6 was conducted with 1H NMR spectroscopy (Figure 3-6(a), (b)), ESI-TOF-MS 
spectrometry (Figure 3-6(c), (d)), elemental analysis, and X-ray crystallography (Figure 3-7). 1H NMR 
spectra of 5·Cl in methanol-d4 and 6·(ClO4)2 in D2O showed distinctive signals and the signal patterns 
reflected the Cs symmetry. Additionally, the methylene protons were observed as an AB quartet at 5.37 and 
5.00 ppm for 5 and 5.25 and 5.07 ppm for 6, respectively. This indicates that the BPIm ligand is coordinated 
to the RuII center with the facial manner both in 5 and 6. The ESI-TOF-MS spectra of 5·Cl and 6·(ClO4)2 in 
MeOH exhibited a monocationic peak cluster at m/z = 542.99 and a dicationic peak cluster at m/z = 254.01, 
respectively, which were well matched with the simulation for [5]+ and [6 – OH2]2+ (Figure 3-6). 

 

 

Figure 3-5. Synthetic procedure of 5·Cl, 6·(OTf)2, 6·(ClO4)2 and 7·(ClO4)3. 

 

Figure 3-6. 1H NMR spectra of 5·Cl in methanol-d4 (a) and 6·(ClO4)2 in D2O (b). ESI-TOF-MS spectra of 
5·Cl in acetone (c) and 6·(ClO4)2 in methanol (d). 
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The crystal structures of 5·Cl (Figure 3-7(a)) and 6·(ClO4)2 (Figures 3-7(b)) indicate that the 
coordination manner of the BPIm ligand is not meridional but facial, which is consistent with the 1H NMR 
spectra (Figure 3-6). Due to the facial coordination, the BPIm ligand exhibited structural distortion. For 
example, the bond angles around the methylene carbons of the NHC-pincer ligands became wider than 
normal 109.5°: ∠N2-C6-C5 = 112.8(4)° for 5·Cl and 112.6(3)° for 6·(ClO4)2, and ∠N3-C10-C11 = 
110.5(4)° for 5·Cl and 111.5(3)° for 6·(ClO4)2, respectively. Additionally, the methylene protons were  
 

 
Figure 3-7. ORTEP drawings of 5·Cl, 6·(ClO4)2. with 50% thermal ellipsoids. Counter anions and hydrogen 
atoms except for an aqua ligand were omitted for clarity. 
 
distorted from the least-square plane of the imidazole ring of the NHC-pincer ligand: the distance of C6 from 
the imidazole plane was 0.234 Å for 5·Cl and 0.261 Å for 6·(ClO4)2 and that of C10 was 0.254 Å for 5·Cl 
and 0.308 Å for 6·(ClO4)2, respectively. The reason why the BPIm ligand takes the facial coordination in 
spite of the disadvantage of the severe distortion is π-acceptability of the NHC ligand.23 As a result of the 
facial coordination, the ligand at the trans-position of the π-donating axial ligand, a chloro ligand for 5 and 
an aqua ligand for 6, is the π-accepting NHC moiety, and thus, the electronic requirement controls the facial 
configuration. The strong trans-influence of the NHC ligand21 is also clearly reflected on the crystal 
structures of 5. The bond distance of Ru-Cl in 5 is 2.5250(12) Å, which is longer than those of other 
complexes: 2.39 – 2.41 Å for Ru-Cl complexes, having a pyridine ligand at the trans-position of the Cl 
ligand,24 2.42 – 2.44 Å for ones having an anionic phenyl ligand,25 and 2.469(2) Å for one having an NHC 
ligand.26 In contrast, the trans-influence of the NHC ligand is not obvious in the crystal structure of 
6·(ClO4)2, because the aqua ligand forms hydrogen bonds with the counter anions or solvent molecules of 
crystallization and the hydrogen bonds affect the bond lengths between Ru and O significantly. In fact, the  
 

 

Figure 3-8. ORTEP drawings for crystal structures of 6·(ClO4)2 (a) and 6·(OTf)2 (b). 
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Ru-O bond length of 6 is strongly dependent on the counter anion: 2.119(3) Å for 6·(ClO4)2 and 2.1953(10) 
Å for 6·(OTf)2, the latter of which contains a hydrogen-bonded water molecule of crystallization (Figure 
3-8). 

The redox behavior of 6·(ClO4)2 in an aqueous solution was investigated by cyclic and square-wave 
voltammetries (CV and SWV, respectively) at room temperature. At pH 2.5, which was controlled with 
addition of HClO4 to the aqueous solution of 6·(ClO4)2, the CV showed a reversible redox wave at +0.86 V 
vs NHE and a broad irreversible oxidation wave at +1.6 V vs NHE (Figure 3-9(a)). In the Pourbaix diagram, 
the potential of the first redox process showed no dependence on the solution pH (Figure 3-9(b)), whereas  

 

Figure 3-9. (a) Cyclic and square-wave voltammograms (CV and SWV) of 6·(ClO4)2 in water (pH 2.5). 0.9 
mM 6, electrolyte: 0.1 M KNO3, working electrode: glassy carbon, counter electrode: Pt wire, reference 
electrode: Ag/AgCl, scan rate for CV: 100 mV/s. The pH of the sample solution was controlled by addition 
of HClO4. (b) Pourbaix diagram of 6 in pH-controlled H2SO4 aq. The oxidation potentials of 6 were 
determined by square-wave voltammetry. Conditions: 1.0 mM 6, working electrode: glassy carbon, counter 
electrode: Pt wire, reference electrode: Ag/AgCl, temperature: 277 K. 
 
the potential of the second oxidation step was lowered as the solution pH increased, with a slope of –108 
mV/pH in the acidic region, indicating that the first redox step should be a 1e– process and the second 
oxidation should be a 1e–/2H+ process. Therefore, the first wave was assigned to the oxidation of 6 to form 
[RuIII(BPIm)(bpy)(OH2)]3+ (7) (Figure 3-5). The assignment was confirmed by a UV-Vis titration experiment 
of 6 with (NH4)2[CeIV(NO3)6] (CAN) (Figure 3-9(a)), 1H NMR and EPR spectroscopies, and single-crystal 
X-ray crystallography (see below). 
 
3-3 Synthesis and characterization of [RuIII(BPIm)(bpy)(OH2)](ClO4)3 (7·(ClO4)3) 

Upon addition of CAN to an aqueous solution of 6·(ClO4)2, whose pH was set to 0.6 with addition of 
nitric acid, the absorption band at 490 nm decreased and instead a new absorption band at 627 nm arose with 
an isosbestic point at 547 nm, as shown in Figure 3-10(a). The change was saturated by addition of 1 equiv 
of CAN; the solution color changed from orange to blue. The absorption band at 627 nm was assigned to the 
LMCT transition from the NHC ligand to the RuIII center in 7 using TD-DFT calculations (Figure 3-10(b)). 

The 1H NMR spectrum of 7 showed relatively broad signals in the range from –25 to 20 ppm, 
reflecting the paramagnetic character of 7 (Figure 3-11(a)). The EPR spectrum of 7 in water at 5 K exhibited  
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Figure 3-10. (a) UV-Vis spectral titration of 6·(ClO4)2 with CAN (0–1 equiv) in HNO3 aq (pH 0.6) at 277 K. 
(b) Calculated oscillator strengths by TD-DFT methods and observed spectrum of 7 (black trace). (c) 
Calculated molecular orbitals (113B, 115B, 119B) for 7. TD-DFT calculations were performed at the 
UB3LYP/SDD (Ru) and D95** (C, H, N, O) level of theory. 
 

 
Figure 3-11. (a) 1H NMR spectrum of 6·(ClO4)2 in an acidic D2O solution (pD 1.0) upon addition of 1 equiv 
of CAN. (b) An EPR spectrum of 7 in water at 5 K. MW power: 10 mW, MW frequency: 9.394 GHz, mod. 
frequency: 100 kHz, mod. amplitude: 6.00 G. The root-mean square of g-values was determined to be 2.177. 
 
Table 3-1. Selected bond lengths (Å) and angles (°) of the crystal structures for 5·Cl, 6·(ClO4)2, 6·(OTf)2 
and 7·(ClO4)3. 
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a signal at g//=2.419 and g⊥=1.586 (Figure 3-11(b)). Thus, the root mean square of g-values, <g>, was 
determined to be 2.177, which was a typical <g> value for RuIII complexes (S = 1/2): approximately 2.2.27 

Single crystals of 7•(ClO4)3 were obtained as the monohydrate form by recrystallization from an 
aqueous HClO4 solution of the complex at 255 K. In the crystal structure of 7·(ClO4)3 (Figure 3-12), three 
perchlorate ions were included as counter anions. In the crystal, the water molecule of crystallization formed 
hydrogen bonding with the aqua ligand with the O•••O distance of 2.606 Å. The bond length between the Ru 
center and the oxygen atom of the aqua ligand was shortened in 7·(ClO4)3 (2.099(4) Å) as compared to that 
in 6·(ClO4)2 (2.119(3) Å), reflecting the increase in the valence number of the Ru center from +2 to +3 
(Table 3-1). 
 

 
Figure 3-12. ORTEP drawing of 7·(ClO4)3 with 50% thermal ellipsoid. Three ClO4

– ions were omitted for 
clarity. 
 

 

Figure 3-13. (a) Schematic representation of PCET oxidation of 7 to afford 8. (b) UV-Vis spectral titration 
of 7·(ClO4)2 with CAN (1–9 equiv) in HNO3 aq (pH 0.6) at 277 K.  
 
3-4 Formation and characterization of [RuIII(O•)(BPIm)(bpy)]2+ (8) 

Further addition of CAN to the aqueous solution of 7 induced decrease of the absorption band at 627 
nm with an isosbestic point at 495 nm. The absorbance change was completed with addition of over 7 equiv 
of CAN (Figure 3-13(b), inset). This can be ascribed to the high second-oxidation potential of 6 at +1.6 V vs 
NHE, which is comparable to the reduction potential of CAN in an acidic aqueous solution (+1.61 V vs 
NHE);28 thus, due to the electron-transfer equilibrium between 7 and CAN, the oxidation of 7 with CAN to 
give complex 8 requires addition of excess CAN to complete the reaction. According to the Pourbaix 
diagram of 6 (Figure 3-9), the oxidation of 7 to afford 8 should be a 1e–/2H+ process. 1H NMR spectral 
titration of 7 with CAN exhibited signals ascribable to a different paramagnetic species from 7 (Figure 
3-14(a)) in a wider range of –35 to 30 ppm as compared to those of 7 (S = 1/2), suggesting that complex 8 
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should be in the S = 1 spin state. The S = 1 spin state was also confirmed by EPR spectroscopy to observe 
spin-forbidden (Δms = ±2) transition at g = 4.31 (Figure 3-14(b)).  
 

 

Figure 3-14. (a) 1H NMR spectrum of 6·(ClO4)2 in an acidic D2O solution (pD 1.0) upon addition of 10 
equiv of CAN. (b) An EPR spectrum of 8 in water at 5 K. MW power: 10 mW, MW frequency: 9.394 GHz, 
mod. frequency: 100 kHz, mod. amplitude: 6.00 G. 
 

Further characterization of 8 was performed with ESI-TOF-MS spectrometry and resonance-Raman 
(rR) spectroscopy. The ESI-TOF-MS spectrum of 8, which was derived from the oxidation of 6 by CAN in 
H2

16O and diluted with CH3CN, showed a peak cluster of a divalent cation at m/z = 262.01, which was 
assigned to [Ru(16O)(BPIm)(bpy)]2+ (calcd. 262.04); with use of H2

18O as the solvent in place of H2
16O, the 

peak cluster shifted to m/z = 263.02 by substitution of 16O with 18O (Figure 3-15).  
 

 
Figure 3-15. ESI-TOF-MS spectra of 8 and their simulations in the positive mode. 2.3 equiv of CAN was 
used for generating 8 from 6·(ClO4)2 in 200 µL of H2

16O (top) or H2
18O (bottom), and then diluted by 

addition of 1 mL of MeCN or a MeCN-H2
18O mixed solvent (49:1, v/v), respectively. Orifice voltage: 30 V. 

 
The rR spectrum of 8 in an acidic aqueous solution (pH 4.0) at 276 K exhibited a Raman scattering 

derived from the Ru-O bond a 732 cm–1; the use of H2
18O caused a low-energy shift of the signal to 696 cm–1 

(Figure 3-16). The isotope shift (Δν) was 36 cm–1, which was consistent with the theoretical value (Δνcalc = 
36 cm–1). The energy value of the stretching band of the Ru-O bond was significantly lower than those of 
RuIV=O bonds reported to date (ν = 780–833 cm–1).6, 11 Additionally, the experimental value is close to that 
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obtained from the DFT calculations on the RuIII-O• structure of 8 in the triplet state (ν = 767 cm–1; Figure 
3-17(a)). Single-point energy calculations were performed on the open-shell triplet, open-shell singlet, and 
closed-shell singlet states for the DFT-optimized structures of 8, which showed that the triplet state was 
more stable by 7.3 kcal mol–1 than the singlet states (Figure 3-17(b)). The bond order of the RuIII-O• bond 
was also estimated to be 1.3 by DFT calculations (Figure 3-18). Therefore, the electronic structure of 8 can 
be assigned to the triplet RuIII-O• state, rather than a RuIV=O state. 
 

 

Figure 3-16. rR spectra of 8 in H2
16O (red) and in H2

18O (blue) at 276 K and the differential spectrum (black). 
Excitation wavelength: 441.6 nm. 
 

 

Figure 3-17. (a) A DFT-optimized structure of the RuIII-O• state of 8 (S = 1) calculated by UB3LYP as a 
functional, SDD (Ru) and D95** (C, H, N, O) as basis sets. The bond order of the Ru-O bond was 
determined to be 1.3 and the Ru-O bond length was estimated to be 1.801 Å. Other bond lengths around the 
ruthenium center: Ru-N1, 2.211 Å; Ru-N2, 2.211 Å; Ru-N3, 2.101 Å; Ru-N4, 2.101 Å; Ru-C, 2.155 Å. (b) 
Single-point calculations on the energy of the open-shell triplet, open-shell singlet, and closed-shell singlet 
states for the DFT-optimized structure of 8, calculated at the B3LYP/SDD(Ru) and D95** (C, H, N, O) level 
of theory. 
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Figure 3-18. Selected molecular orbitals of 8 corresponding to the bonding and antibonding orbitals of the 
Ru-O bond. Values in parentheses are the Mayer bond-order contribution from the corresponding MOs. The 
DFT calculations were performed at the UB3LYP/SDD(Ru) and D95**(C, H, N, O) level of theory. The 
overall bond order was calculated to be 1.3 as follows: [(0.77 (σ-bonding orbitals) + {0.93 (π-bonding 
orbitals) – 0.88 (π-antibonding orbitals)} + 0.38 (α80 ~ α110 and β80 ~ β110 orbitals contribution to the 
bond order except the orbitals depicted above) + 0.10 (others))]. 
 

The oxidation state of the Ru center in 8 was elucidated using X-ray absorption near-edge structure 
(XANES) spectroscopy. The XANES spectra of 6, 7, and 8 at the Ru-K edge are shown in Figures 3-19. 

 
Figure 3-19. (a) X-ray absorption spectra of 6 (blue), 7 (green) and 8 (red) at the Ru-K edge. (b) Expanded 
plots in the near-edge region. The spectra of 6 and 7 were recorded by a transmission method with sample 
pellets of 6·(ClO4)2 and 7·(ClO4)3 diluted with boron nitride powder in a 1:36 molar ratio. The spectrum of 8 
was recorded by a fluorescence method. The details of sample preparation were described in Experimental 
section. 
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The energy at the half-height (Ehh) was gradually shifted to the higher region in the order of 6 < 7 < 8; 
22120.6 eV for 6, 22122.1 eV for 7, and 22122.6 eV for 8. Comparing the Ehh values between 6 and 7, the 
shift width is 1.5 eV and thus the increase of the valence number of the Ru center from +2 to +3 is 
adequately confirmed.10c In contrast, the shift width of the Ehh value from 7 to 8 is only 0.5 eV, and thus, the 
valence number of the Ru center in 8 should be close to +3, not to +4. Extended X-ray absorption fine 
structure (EXAFS) analysis on the aqueous solution of 8 allowed us to estimate the Ru-O bond of 8 to be 
1.77(1) Å (Figure 3-20). Although the bond length is in the range of RuIV=O bonds reported so far, it should 
be noted that the Ru-O bond distances in Ru-oxo complexes show no clear relationship with the oxidation 
states of the Ru centers.11 Thus, in light of spectroscopic data and results of DFT calculations, we concluded 
that the electronic structure of 8 should be described as a RuIII-O• complex, rather than a RuIV=O complex. 
 
 

 
Figure 3-20. The k3-weighted EXAFS spectrum of the Ru-K edge of 8 in an acidic aqueous solution at 223 
K (a) and the corresponding Fourier transform (b). The experimental data are shown with a solid black line 
in (a) and with filled black circles in (b). The fitting curves to the data are shown with red lines in (a) and (b). 
The Hanning windows were shown with a blue dashed line in (a) and (b). The fitting analysis of the EXAFS 
data was performed on the basis of the DFT-optimized structure of 8. The fitting parameters are as follows: 
Coordination number: 6, Debye-Waller factor: 0.00020(15) Å2, R-factor: 0.0120. The bond lengths obtained 
by the fitting analysis were Ru-N: 2.17(1) Å (× 2), Ru-N: 2.06(1) Å (× 2), Ru-C: 2.12(1) Å (× 1), and Ru-O: 
1.77(1) Å (× 1). 
 
3-5 Catalytic reactivity for substrate oxidation by 8 as reactive species 

Catalytic reactivity of 6 in oxidation of organic substrates was examined using CAN as a sacrificial 
oxidant in acidic water (pH 0.6) at 278 K. The yields of oxidation products after stirring for 24 h were 
determined by 1H NMR spectroscopy (Tables 3-2).29,30 In the case of oxidation of 2-propanol and 
cyclohexanol, the 2e– oxidation proceeded to give acetone and cyclohexanone in 96% and 82% yields, 
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respectively (entries 1 and 2). 4-Nitrobenzyl alcohol was also oxidized to 4-nitrobenzaldehyde (entry 3).31 
Sodium ethylbenzene sulfonate underwent 4e– oxidation to afford the corresponding acetophenone derivative 
with a relatively low yield (entry 4). It should be noted that benzaldehyde and the derivative were also 
oxidized to give the corresponding benzoic acids (entries 5 and 6); however, benzaldehyde and the 
derivatives are generally difficult to be oxidized with RuIV=O complexes.6,32 This indicates the higher 
reactivity of the electronically equivalent RuIII-O• species 8 as the active species in C-H oxidation than 
RuIV=O species. Terminal and internal alkenes gave the corresponding diols, which should be derived from 
cleavage of the corresponding epoxides as the primary products under the strongly acidic conditions (entries 
7 and 8). 
 
Table 3-2. Summary of product yields and turnover numbers of the catalytic oxidation reactions with 6.a 
Entry Substrate Product Yield, % Efficiency, % b TON c Conversion, % 

1 
  

96 87 230 96 

2 
  

82 76 206 97 

3 d 
  

28 e 25 69 – f 

4 
  

33 60 75 33 

5 
  

42 39 102 42 g 

6 
  

37 34 69 38 

7 
 

 
63 58 116 

75 
 

11 20 28 

 
1 3 3 

8 
  

11 : 4 h 10 : 3 27 : 8 48 

a Conditions: 0.14 mM 6, 75 mM CAN, 34 mM substrate. b Efficiency = ([product] × n / [CAN]); n denotes 
the number of electron removed from the substrate to obtain the product. c TON = [Product]/[Catalyst]. d The 
reaction time was 1 h. e As a byproduct, 4-nitro-benzoic acid was also obtained in 5% yield. f The conversion 
could not be correctly calculated due to the insolubility of the substrate. g The amounts of the products and 
the remaining substrate were determined with 1H NMR spectra of the reaction mixture in D2O (pD ~ 1), 
which was diluted with the same volume of acetonitrile-d3 after oxidation reaction to completely dissolve 
DSS as the internal standard. h Product ratio of cis:trans diols. 
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Table 3-3. Summary of the catalytic oxidation reactions of substrates with use of CeIV(SO4)2 in the presence 
of 6 as a catalyst at 278 K under air for 24 h.a 

Entry Substrate Product Yield, % Efficiency, %b TON c Conversion, % 

1 
  

82 73 192 82 

2 
  

24 44 58 24 

3 
  

70 63 166 70 

4 
 

 
19 17 45 

40 
 

12 22 29 

 
3 9 8 

5 
  

0 : 45 0 : 41 0 : 111 84[d] 

a Conditions: 0.14 mM 6, 75 mM CeIV(SO4)2, 34 mM substrate. b Efficiency = ([product] × n / [CAN]); n 
denotes the number of electron removed from the substrate to obtain the product. c TON = 
[Product]/[Catalyst]. d Product ratio of cis:trans diols. 
 
To gain mechanistic insights into the oxidation process of benzaldehyde, kinetic studies were performed. The 
catalytic oxidations of benzaldehyde were performed in D2O (pD ~ 1) in the presence of CAN (0.31 M) and 
various concentration of 6·(ClO4)2 (0.014–0.28 mM) at 283 K. The progress of the reaction was monitored 
by the 1H NMR spectroscopy (Figure 3-21(a), (b)). The initial rates, v0 (M s–1), were determined on the basis 
of the slope of time-course of benzoic acid formation. The observed dependence of v0 on the concentration of 
6 allowed us to determine the rate constant of the catalysis, kcat

H, to be 1.2 M–1 s–1 (Figure 3-21(c), red). The 
kinetic isotope effect (KIE) was also examined using deuteratedbenzaldehyde, PhCDO, as a substrate under 
the same catalytic conditions (Figure 3-21(b)). The kcat

D value was also determined to be 0.15 M–1 s–1 (Figure 
3-21(c), blue). Thus, the KIE value (kcat

H/kcat
D) was 8.0, indicating that hydrogen atom abstraction from the 

formyl group is involved in the rate-determining step of the benzaldehyde oxidation reaction. A Hammett 
plot was provided by using other four benzaldehyde derivatives having various substituents at the para 
position to demonstrate that there was no dependence of the initial rate on the substituents (ρ = –0.07; Figure 
3-22). Such large KIE and small ρ values have also been observed in galactose oxidase34 and its model 
complex,35 in which a phenoxyl radical bound to a copper center is responsible for the substrate oxidation.36 
The results indicate that any polarized transition state, which has been suggested for the benzaldehyde 
oxidation with a RuIV=O complex (ρ = –0.65),37 is not involved in the hydrogen-atom-abstraction process by 
8 and the oxidation of benzaldehyde does not proceed through a nucleophilic pathway. In the present 
catalytic reactions, benzaldehyde derivatives are oxidized through a pure hydrogen-atom-transfer mechanism. 
Therefore, we conclude that the RuIII-O• complex (8) bears a strong oxyl radical character. 
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Table 3-4. Summary of the control experiments of the catalytic oxidation reactions of substrates with use of 
CAN in D2O (pD ~ 1) in the absence of the catalyst, 6 at 278 K. a 

Entry Substrate Product Efficiency, % b 

1 
  

11 

2 
  

10 

3 
  

4 

4 
 

none N. A. 

5 
 

none N. A. 

6 
 

none N. A. 

7 
 

 
6 

 
88 

8 c 
 

none N. A. 

a Conditions: 75 mM CAN, 34 mM substrate. time: 24 h. b Efficiency (%) = 100[([product] × n / [CAN])]; n 
denotes the number of electron removed from the substrate to obtain the product. c Reaction time: 22 h. 
 

 
Figure 3-21. Time-profiles of benzoic acid formation in catalytic oxidation of benzaldehyde (14 mM) (a) 
and benzaldehyde-d1 (b) in D2O (pD ~ 1) at 278 K in the presence of CAN (0.31 M) as a sacrificial oxidant 
and 6 as a catalyst. [6]: 0.28 (blue), 0.14 (green), 0.07 (red), and 0.014 mM (orange). (c) An overlaid plot of 
dependence of the initial rates on the catalyst concentration for oxidation of benzaldehyde (red) and 
benzaldehyde-d1 (blue) catalyzed by 6. The concentration of benzoic acid was calculated by integral values 
of the 1H NMR signal using DSS as an internal standard. 
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Figure 3-22. A Hammett plot of log(v0x) against σp for the oxidation of benzaldehyde derivatives in D2O (pD 
~ 1) under 283 K in the presence of 6 (0.15 mM) as a catalyst. v0x refers to the initial rate for the oxidation of 
a benzaldehyde derivative having a substituent X at the para position. Concentration of a benzoic acid 
derivative was determined by integration values of the 1H NMR signal for the o-H, based on an internal 
standard, DSS. The initial rates obtained, v0x, were 8.1 × 10–5 M min–1 for X = H (σp = 0.0), 6.3 × 10–5 M 
min–1 for X = Me (σp = –0.17), 1.1 × 10–4 M min–1 for X = F (σp = 0.06), 8.4 × 10–5 M min–1 for X = 
CONH2 (σp = 0.36), and 6.4 × 10–5 M min–1 for X = N+Me3 (σp = 0.82), respectively. The Hammett 
parameters were obtained from the literature.33 
 
3-6 Conclusions 

The formation and characterization of a RuIII-O• complex, electronically equivalent to the 
corresponding RuIV=O species, have been successfully achieved with use of a tridentate NHC ligand. The 
RuIII-O• complex exhibits high reactivity in catalytic oxidation of organic substrates, including benzaldehyde 
derivatives in the presence of a CeIV complex as a sacrificial oxidant. In addition, the oxidation reaction 
includes hydrogen-atom abstraction from the substrates in a pure radical manner as the rate-determining step. 
The strategy to elongate the metal-oxo bond by the strong trans influence of NHC ligands to reduce the 
π-bonding interaction between the metal center and the oxo ligand can provide a new category of metal-oxyl 
complexes with strong radical character toward efficient catalytic oxidation reactions of organic compounds. 
 
3-7 Experimental section 
General. 

NMR measurements were performed on a Bruker Avance 400 spectrometer (working frequencies for 
1H: 400.0 MHz, and for 13C: 100.0 MHz). DSS (= 3-(trimethylsilyl)-propanesulfonate sodium salt) was used 
as an internal standard for 1H NMR spectral measurements in D2O. ESI-TOF-MS spectra were obtained on a 
JEOL JMS-T100CS mass spectrometer. UV-Vis absorption spectra were measured on a Shimadzu UV-2450 
spectrophotometer and an Agilent 8453 photodiode-array spectrophotometer at 277 K. Cyclic and 
square-wave voltammograms were recorded on a BAS electrochemical analyzer model 660A. ESR 
spectroscopy was performed on a Bruker EMXPlus9.5/2.7 spectrometer. Gas chromatography was 
performed using a Shimadzu GC-2014 equipped with a thermal conductivity detector (TCD) and a capillary 
column packed with molecular sieves 5A. 
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Materials. 
All syntheses were performed under Ar atmosphere. H-BPIm was synthesized according to the 

literature procedure.22 [RuIICl2(bpy)(dmso)2] (bpy = 2,2’-bipyridyl, dmso = dimethylsulfoxide) was 
synthesized from [RuIICl2(dmso)4] according to the literature method.38 [RuIICl2(dmso)4] was synthesized 
from RuIIICl3·nH2O purchased from Furuya metal Co. Ag2O and NaClO4·H2O were purchased from Wako 
Co. All solvents used for the syntheses were dried over CaH2 and distilled before use. Benzaldehyde-d1 
(PhCDO) was synthesized according to the literature procedure.39 (NH4)2[CeIV(NO3)6] (CAN; Aldrich) and 
CeIV(SO4)2·4H2O (Wako Chemicals) were purchased and used without further purification. [Ag(BPIm)]+ was 
prepared according to the literature procedure.40 
 

Synthesis. 
[RuIICl(BPIm)(bpy)]Cl (5·Cl). A solution of [Ag(BPIm)]+ (0.74 mmol) in CH2Cl2 (30 mL) was prepared by 
mixing H-BPIm (211 mg, 0.74 mmol) and excess amount of Ag2O (223 mg, 0.96 mmol) in CH2Cl2 (30 mL) 
for 67 h under Ar in the dark and subsequent filtration to remove insoluble Ag2O. The solution was added to 
a degassed suspension of [RuIICl2(bpy)(dmso)2] (359 mg, 0.74 mmol) in CH2Cl2 (20 mL), whose degassing 
was done by three freeze-pump-thaw cycles. The mixture was refluxed for 24 h in the dark. After cooling to 
room temperature, a mixture of white and purple solids was filtered from the reaction mixture with a glass 
filter. The solids were washed with CH2Cl2 to remove CH2Cl2-soluble materials until the orange-red color of 
the filtrate disappeared. Then, the purple solid on the glass filter was extracted with acetone to remove the 
white solid from the solid mixture. The purple filtrate was evaporated to dryness under reduced pressure to 
obtain a purple solid of 5·Cl (161 mg, 0.28 mmol, 34% yield). 1H NMR (methanol-d4): δ 9.99 (d, J = 8.0 Hz, 
2H, Pypin-6), 8.36 (d, J = 8.0 Hz, 2H, Pybpy-6), 8.18 (dd, J = 5.6, 0.8 Hz, 2H, Pybpy-3), 8.00 (td, J = 7.6, 1.2 
Hz, 2H, Pypin-4), 7.95 (td, J = 7.8, 1.2 Hz, 2H, Pybpy-5), 7.73 (dd, J = 5.2, 0.8 Hz, 2H, Pypin-3), 7.58 (td, J = 
6.6, 1.2 Hz, 2H, Pypin-5), 7.39 (td, J = 6.6, 1.2 Hz, 2H, Pybpy-4), 7.26 (s, 2H, Im-4&Im-5), 5.37 (ABq, J = 16 
Hz, 2H, Py-CH2-Im), 5.00 (ABq, J = 16 Hz, 2H, Py-CH2-Im). 13C NMR (methanol-d4): δ 186.02, 160.94, 
158.85, 157.98, 154.04, 138.91, 137.32, 127.80, 126.61, 125.49, 123.83, 123.51, 55.27. ESI-TOF-MS 
(acetone): m/z = 542.99 (calcd. for [M – Cl]+: 543.06). Anal. Calcd. for C25H22N6Cl2Ru·2H2O: H 4.26, C 
48.87, N 13.68; Found: H 4.10, C 49.01, N 13.64. 
 
[RuII(BPIm)(bpy)(OH2)](ClO4)2 (6·(ClO4)2). A solution of AgOTf (693 mg, 2.69 mmol) in water (10 mL) 
was added to the suspension of 5·Cl (396 mg, 0.684 mmol) in water (10 mL), and then, the reaction mixture 
was heated at 60 °C for 10 h in the dark. The reaction mixture was filtered through a membrane filter by hot 
filtration. Then, the solution of NaClO4·H2O (2.000 g, 14.2 mmol) in water (5 mL) was added to the hot 
filtrate. The solution was kept in a refrigerator overnight to form orange-red precipitate. The precipitate was 
filtered with a membrane filter and washed with water. The red solid was dried under vacuum to obtain 
6·(ClO4)2 (384 mg, 0.53 mmol, 78% yield). 1H NMR (D2O): δ 9.42 (d, J = 5.6 Hz, 2H, Pypin-6), 8.29 (d, J = 
8.0 Hz, 2H, Pybpy-6), 8.15 (d, J = 6.0 Hz, 2H, Pybpy-3), 8.00 (t, J = 8.0 Hz, 4H, Pybpy-5 & Pypin-4), 7.70 (d, J = 
8.0 Hz, 2H, Pypin-3), 7.58 (t, J = 8.0 Hz, 2H, Pypin-5), 7.38 (t, J = 7.2 Hz, 2H, Pybpy-4), 7.13 (s, 2H, Im-4 & 
Im-5), 5.25 (ABq, J = 16 Hz, 2H, Im-CH2-Py), 5.07 (ABq, J = 16 Hz, 2H, Im-CH2-Py). ESI-TOF-MS 
(MeOH): m/z = 254.01 (calcd. for [M – OH2 – 2ClO4]2+: 254.05). UV-Vis (HNO3 aq, pH 0.6): λmax [nm] = 
353, 490. Anal. Calcd. for C25H24N6O9Cl2Ru·H2O: H 3.53, C 40.44, N 11.32; Found: H 3.43, C 40.27, N, 
11.24. 
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[RuIII(BPIm)(bpy)(OH2)](ClO4)3 (7·(ClO4)3). A suspension of CeIV(SO4)2·4H2O (13.46 mg, 33.3 µmol) in 
3 M HClO4 aq (0.5 mL) was added to a suspension of 6·(ClO4)2 (19.06 mg, 26.3 µmol) in 3 M HClO4 aq (2 
mL). After the solution color changed from red to deep blue, a solution of NaClO4·H2O (2.392 g, 17.0 mmol) 
in 3 M HClO4 aq (1 mL) was added to the blue solution. The reaction mixture was kept in a refrigerator 
overnight to form black crystals of 7·(ClO4)3 (2.44 mg, 3.0 µmol, 9% yield). 1H NMR (D2O): δ 19.41, 13.40, 
12.52, 8.56, –1.10, –11.52, –15.32, –21.56. UV-Vis (HNO3 aq, pH 0.6): λmax [nm] = 627. Anal. Calcd. for 
C25H24N6O13Cl3Ru·3H2O: H 3.44, C 34.20, N 9.57; Found: H 3.38, C 34.29, N 9.51. 
 
[RuIII(O•–)(BPIm)(bpy)]2+ (8). 1H NMR (D2O): δ 25.02, 22.35, 20.92, 20.15, 17.48, 16.25, –2.80, –17.88, –
25.22, –32.13. rR (H2

16O or H2
18O): ν [cm–1] = 732 (Ru-16O), 696 (Ru-18O). ESI-TOF-MS (MeCN): m/z = 

262.01 ([M(16O) – 2ClO4]2+), 263.02 ([M(18O) – 2ClO4]2+). 
 
X-ray crystallography. 

Single crystals of 5·Cl, 6·(ClO4)2, 6·(OTf)2·2H2O and 7·(ClO4)3·H2O, suitable for X-ray 
crystallography, were obtained by recrystallization with a vapor diffusion of AcOEt into the MeOH solution 
of 5·Cl, with that of AcOEt into the solution of 6·(ClO4)2 in EtOH : water = 2 : 1 (v/v) mixed solvent, with 
slow condensation of the solution of 6·(OTf)2 in a reaction mixture, and recrystallization from an HClO4 
solution of 7·(ClO4)3·H2O at 255 K, respectively. The crystals were mounted using a mounting loop. All 
diffraction data were collected on a Bruker APEXII diffractometer at 120 K with a graphite-monochromated  
 
Table 3-5. Crystallographic data for 5·Cl, 6·(ClO4)2, 6·(OTf)2·2H2O and 7·(ClO4)3·H2O 

Compound 5·Cl 6·(ClO4)2 6·(OTf)2·2H2O 7·(ClO4)3·H2O 

MW 578.45 724.47 859.74 841.94 

Formula C25H22Cl2N6Ru C25H24Cl2N6O9Ru 
C27H24F6N6O7RuS2 

·2H2O 

C25H24Cl3N6O13Ru 

·H2O 

Crystal system Monoclinic Monoclinic Monoclinic Triclinic 

Space group Pa P21/c P21/n P1 

a, Å 9.0685(16) 16.042(4) 12.2014(15) 10.872(5) 

b, Å 19.722(4) 10.410(3) 17.646(2) 11.488(5) 

c, Å 13.712(2) 17.014(4) 15.1836(19) 13.974(5) 

α, º 90 90 90 91.803(5) 

β, º 94.618(2) 92.196(12) 95.4380(10) 98.179(5) 

γ, º 90 90 90 90.053(5) 

V, Å3 2444.4(7) 2839.0(12) 3254.4(7) 1726.7(13) 

Z 4 4 4 2 

R1, % 2.72 4.44 2.26 6.23 

wR2, % 6.21 10.84 9.40 15.49 

GOF 1.031 1.074 0.890 1.056 
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Mo Kα radiation source (λ = 0.71073 Å) by the 2θ scan. All structure refinements were performed using the 
Yadokari-XG crystallographic software package.41 The structures were solved by a direct method using 
SIR97 and SHELX97.42 Crystallographic data for 5·Cl, 6·(ClO4)2, 6·(OTf)2·2H2O and 7·(ClO4)3·H2O are 
summarized in Table 3-5. 
 
Resonance Raman spectroscopy. 

The sample solution of 8 was prepared by the following procedure: Complex 6·(ClO4)2 (1.62 mg, 2.24 
µmol) was suspended into water (pH 3.99, 500 µL). Then, CAN (3.42 mg, 6.24 µmol) was added as a solid 
to the suspension to afford a dark-blue solution. Resonance Raman spectroscopic measurements were 
conducted on the dark-blue solution. An 18O-labeling experiment was made by the following procedure: 
Complex 6·(ClO4)2 (1.05 mg, 1.45 µmol) was suspended in H2

18O (300 µL) and CAN (2.41 mg, 4.40 µmol) 
was added to the suspension. The solution obtained was submitted to resonance Raman spectroscopic 
measurements. Resonance Raman scattering was made by excitation at 441.6 nm with a He-Cd laser 
(Kimmon Koha, IK5651R-G), dispersed by a single polychromator (Chromex, 500IS) and detected by a 
liquid-nitrogen-cooled CCD detector (Roper Scientific, Spec10:400B/LN). The resonance Raman 
measurements were carried out at 276 K using a spinning cell (outer diameter = 5 mm, wall thickness = 0.2 
mm) at 135º scattering geometry. 
 
X-ray absorption near edge structure (XANES) spectroscopy. 

XANES spectra at the Ru K-edge were collected on the superconducting wiggler beamline BL07 at 
SAGA Light Source.43 The X-rays were monochromated by a Si(220) double crystal monochromator and 
were focused by a rhodium coated bent cylindrical mirror. The intensity of the X-rays was monitored by an 
ionization chamber filled with a mixed gas of 50% nitrogen and 50% argon. The solid samples of 6·(ClO4)2 
and 7·(ClO4)3 were diluted with boron nitride (BN) powder in a 1 : 36 molar ratio, pressed by a hydraulic 
press to obtain sample pellets, and measured in transmission mode at room temperature. The intensity of 
transmitted X-rays from the sample was monitored by an ionization chamber filled with a mixed gas of 75% 
argon and 25% krypton. A solution sample of 8 was prepared by the following procedure; 6·(ClO4)2 (1.0 mg, 
1.4 µmol) was dissolved in HNO3 aq (pH 0.6, 1.4 mM) at 263 K, and CAN (7.8 mg, 14 µmol) was added to 
the solution of 6·(ClO4)2 and the mixture was stirred for 5 min at –10 °C. When the color of solution turned 
from blue to pale yellow, the XANES spectrum of 8 was recorded with a fluorescence mode using a silicon 
drift detector. During the measurements, the samples were kept at –25 °C under nitrogen atmosphere at 
ambient pressure. The energy calibration was performed for the XANES spectrum of 6·(ClO4)2 with use of 
Pd (24350 eV) and Rh foils (23220 eV). 
 
Extended X-ray absorption fine structure (EXAFS) analysis on 8. 

EXAFS spectrum at the Ru K-edge of 8 was collected at the beamline BL-NW10A of PF-AR in High 
Energy Accelerator Research Organization with an acidic solution of 8 in a fluorescent method using a 
21-element Ge solid-state array detector (CANBERRA, USA). The solution sample of 8 was prepared by the 
following procedure; 6·(ClO4)2 (2.0 mg, 2.8 µmol) was dissolved in HNO3 aq (2 mL, pH 0.6, 1.4 mM) at 
room temperature, and CAN (15 mg, 28 µmol) was added to the solution. When the color of the solution 
turned from blue to yellow, the solution was transferred to an Eppendorf tube, and frozen with liquid 
nitrogen. The frozen sample was mounted on a cryostat placed in front of the detector, and then, the cryostat 
was cooled to 223 K. k3-Weighted EXAFS function, k3χ(k), was extracted from the raw X-ray absorption 
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data of 8, which were obtained by using the ATHENA software.44 Fourier transform of the EXAFS function 
was performed in the k range of 3 – 13 Å–1 by using the Hanning window and its fitting to the theoretical 
curve calculated for the DFT-optimized structural model (Figure 3-17(a)) was carried out with use of the 
ARTEMIS software44 in the R range of 1.3 – 2.2 Å corresponding to the first shell. In this fitting, the 
amplitude and phase shift for all scattering paths were also calculated using FEFF6L software in the 
ARTEMIS software.45 
 
DFT calculations. 

Global minima on the potential energy surfaces using the B3LYP method.46 To estimate excited states 
TD-DFT calculations47 were performed using optimized structures. For the Ru atom, we used the SDD basis 
sets,48 and for the H, C, N, and O atoms, we used the D95** basis set.49 Vibration frequencies were 
systematically computed to ensure that on a potential energy surface each optimized geometry corresponds 
to a local minimum that has no imaginary frequency. The Gaussian 09 program package50 was used for all 
DFT calculations. 
 
Determination of rate constants (kcat) for the catalytic oxidation with 6. 

The 1H NMR signals of benzoic acid derivatives derived from oxidation of benzaldehyde derivatives 
were observed to monitor the reaction progress in D2O (pD ~ 1). The amounts of the benzoic acid derivatives 
were determined using DSS as an internal standard. Least-square linear fitting was conducted for the 
time-profile plots between 0 to ca. 40 min. The slope of the fitting line obtained was used as the initial rate 
of the benzaldehyde oxidation. The kcat

H value was determined by using Eq. 1 (Figure 3-21). 
 

v0 = kcat
H[Substrate][6]                  (Eq. 1) 

 
Pourbaix diagram of 6. 

To prepare the Pourbaix diagram of 6 (Figure 3-9), a pH-controlled H2SO4 aq was used as a solvent 
and the voltammograms at a different pH were measured by square-wave voltammetry with a different 
sample solution, whose pH was adjusted by addition of 0.1 M NaOH aq. The sample solution (1.0 mM) of 6 
was prepared by dissolving 6·(ClO4)2 (1.0 mg, 1.4 µmol) into a pH-controlled H2SO4 aq (1.4 mL) just before 
the measurements and kept cooled in an ice bath at 277 K. The voltammetric measurements were also 
performed at 277 K. 
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Chapter 4 
Catalytic oxidative cracking of benzene rings in water 

 
4-1 Introduction 

Benzene has been widely used not only as solvents for organic synthesis but also as starting materials 
for industrial production of aromatic compounds. Vapor concentration of benzene, however, is strictly 
restricted due to its high carcinogenicity and noxiousness.1, 2 Once discharged to the environment, benzene 
and the derivatives are difficult to be decomposed due to their high stability derived from its resonance 
stabilization and strong C-H and C-C bonds; therefore, cracking reactions of benzene rings require large 
thermal energy3–5 or strictly limited conditions.6, 7 For example, catalytic cracking reactions of benzene 
derivatives into C1 compounds using Pd catalysts,3 Fe oxide4 or microbes6, 7 have been reported; however, 
the products are CH4 or CO2, which are too stable to be used as starting materials for syntheses of useful 
chemicals and even known to exert strong greenhouse effects.8 Thus, the utility of the reactions reported so 
far is quite limited. It has been also demonstrated that the activation of benzene rings can be achieved at 
ambient temperature with reactive organic molecules9, 10 or transition-metal complexes (Figure 4-1).11, 12 
 

 
Figure 4-1. Examples of an organic molecule (top)9 and a transition-metal complex (bottom)11 that can 
activate benzene rings stoichiometrically at ambient temperature. 
 

These reactions, however, are limited to stoichiometric reactions and not applicable to catalytic 
reactions. Under the situation referred above, the development of efficient catalysts, capable of cracking 
benzene rings into useful C1 compounds at ambient temperature, should be strongly required for solving 
environmental issues derived from benzene derivatives and also for gaining industrial benefits. Catalytic 
oxidative cracking reactions of monosubstituted benzene derivatives at ambient temperature have been 
reported with use of ruthenium(VIII) tetraoxide (RuVIIIO4) as a reactive oxidant,13-15 formed in situ from a 
reaction between ruthenium(III) trichloride and sodium periodate (NaIO4), in water/organic solvents biphasic  
 

 
Figure 4-2. Catalytic oxidative cracking reactions of monosubstituted benzene derivatives by RuVIIIO4 as a 
reactive oxidant.13, 14 
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media (Figure 4-2).13, 14 
In the reported oxidative benzene cracking (OBC) reactions of mono-substituted benzene derivatives, 

the products have been the corresponding carboxylic acids having the substituents on the benzene rings of 
the substrates and the other five carbons were oxidized to CO2.13 Therefore, only one carbon among six of 
the benzene ring was available to produce a useful compound. A strategy to develop more useful OBC 
reactions can be attained on the basis of the fact that metal-bound oxygen-centered radical (metal-oxyl) 
species can react with benzene derivatives through addition of the oxyl radical to a double bond of the 
benzene derivative to afford phenol derivatives in high selectivity.16, 17 

 

 
Figure 4-3. Copper-bound oxygen-centered radical species that react with benzene derivatives.16, 17 
 

As described in Chapter 3, the author has achieved the formation and characterization of a 
ruthenium(III)-oxyl (RuIII-O•) complex bearing a single bond character between the Ru and O atoms and the 
application to catalytic oxidation of organic substrates in water.18 The RuIII-O• complex as the active species 
in the catalytic oxidation can be formed through proton-coupled electron transfer (PCET) oxidation of a 
ruthenium(II)-aqua complex, bearing a tridentate NHC ligand, [RuII(BPIm)(bpy)(OH2)]2+ (6) (Chapter 3 in 
this thesis), using (NH4)2[CeIV(NO3)6] (CAN) as a sacrificial oxidant in acidic water.18 Inspired by the 
oxidation reactions of benzene derivatives with the metal-oxyl species mentioned above,16, 17 the RuIII-O• 
species has been applied to OBC reactions in aqueous media. In this Chapter, the author describes catalytic 
conversion of benzene and the derivatives into carboxylic acids such as formic acid, which can serve as a 
hydrogen reservoir,19 by using the RuIII-O• complex as an active species and dihydrogen evolution from the 
reaction solution with use of a rhodium(III) catalyst.20 The kinetic studies revealed that the OBC reaction in 
this work proceeds through an electrophilic addition of RuIII-O• species on a benzene ring in the substrate 
followed by benzene-ring cleavage reaction to afford formic acid and carbon dioxide. 
 
4-2 Catalytic oxidative cracking of benzene rings (OBC) in acidic water 

An OBC reaction was performed at 283 K under Ar in D2O (pD 1.2, 1 mL) using CAN (75 mM) as a 
sacrificial oxidant and 6·(ClO4)2 (0.14 mM) as a catalyst, which was prepared according to the literature 
procedure.18 A substrate (1 mL) was added to the D2O solution of 6, followed by addition of CAN and the 
biphasic reaction mixture was stirred vigorously.21 The color of the mixture turned from yellow to pale 
red-brown in the course of the reaction time (24 h). The aqueous phase of the reaction mixture was analyzed 
spectroscopically to identify the products (Figure 4-4). In the 1H NMR spectrum of the reaction mixture, a 
signal assigned to 1HCOOH was observed at δ 8.29 ppm (Figure 4-4(a)) and a 13C NMR signal for 
H13COOH was observed at δ 168 ppm in the 1H-decoupled 13C NMR spectrum (Figure 4-4(b)). The two- 
dimensional heteronuclear single-quantum coherence (HSQC) spectrum of the reaction mixture exhibited a 
correlation cross peak between the 1H NMR signal at δ 8.29 ppm and the 13C NMR signal at δ 168 ppm 
(Figure 4-4(c)). 
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Figure 4-4. (a) 1H NMR spectra of the aqueous phase of the reaction mixture after it had been stirred for 24 
h in the presence (top; 0.14 mM) and absence (bottom) of catalyst 6. The reactions were performed at 283 K 
in D2O; the pH was set at pD 1.2, and the mixture included CAN (75 mM).21 (b) 13C NMR spectrum of the 
aqueous phase of the reaction mixture described above in the presence of 6 after the mixture had been stirred 
for 24 h. (c) HSQC spectrum of the aqueous phase of the reaction mixture in the presence of 6 after the 
mixture had been stirred for 24 h. 1H NMR, 13C NMR, and HSQC spectra were measured at 298 K. 
 

Thus, the main product of the OBC reaction of benzene, observed in the NMR spectra, was assigned to 
formic acid. The concentration of formic acid in the aqueous phase of the reaction mixture was determined 
by 1H NMR spectroscopy with use of DSS (= sodium 4,4-dimethyl-4-silapentane-sulfonate) as an internal 
standard, and the turnover number (TON) of the catalysis was determined to be 55 ± 5. This catalytic OBC 
reaction proceeded without any induction period as seen in the time profile of TON for the formic acid 
production measured at 283 K (Figure 4-5). This suggests that the active species in the OBC reaction is not 
decomposed products of the catalyst. In addition, the author examined a catalytic OBC reaction with the 
black precipitate, adhered on a stirrer chip after the OBC reaction, under the same conditions. As the result, 
formic acid was observed in the aqueous phase with very lower efficiency (4%) than that of 6 used as a  
 

 
Figure 4-5. (a) A time-profile of the turnover number (TON) for the formic acid production in the catalytic 
OBC reaction by 6 performed at 283 K. TON = [formic acid]/[6]. (b) A schematic representation for 
decomposition of the Ru(III)-oxyl complex under the reaction conditions. (c) Size distributions of 
nanoparticles based on the intensity% (top) and number% (bottom) observed in the DLS measurements for 
the aqueous phase of the catalytic OBC reaction. Irradiation wavelength for the DLS measurement: 532 nm, 
Temp.: 298 K, Solvent: D2O (pD 1.2). Nanoparticles having diameters of (3.8 ± 0.9) × 102 nm were observed. 
The OBC reaction was performed in the mixture of benzene (1 mL) and D2O (4 mL, pD 1.2), including 6 
(0.14 mM) and CAN (75 mM). 
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Figure 4-6. (a) GC chart of the gaseous phase in the experimental setup. (b) Schematic representation of the 
OBC reaction of benzene as a substrate. 
 
catalyst (30%). 

In the gas chromatogram of the gaseous phase of the reaction mixture, a peak derived from CO2 was 
observed at 7.3 min of the retention time (Figure 4-6(a)). Therefore, the overall reaction of catalytic OBC 
reaction can be described as shown in Figure 4-6(b). The amount of CO2 formed was determined by GC and 
the TON based on the amount of the catalyst was calculated to be 17 ± 6. Carbon monoxide and 
formaldehyde were not observed both in the gaseous or liquid phase (Figure 4-7). 
 

 
Figure 4-7. (a) Schematic representation for the reaction of formaldehyde with the Nash reagent to form 
yellow-colored DDL.22 The Nash reagent was prepared by mixing NH4OAc (15 g), acetic acid (300 µL), 
acetylacetone (200 µL) in distilled water (100 mL). (b) UV-Vis spectra of the Nash reagent (200 µL; black) 
and mixtures of the Nash reagent (200 µL) and an aqueous solution of formaldehyde (0.2 mM; blue), formic 
acid (0.4 M; green), or the reaction mixture obtained from the OBC reaction of benzene with 6 (0.14 mM) as 
the catalyst and CAN (75 mM) (red). (c) A GC chart of authentic carbon monoxide (red) and gaseous phase 
in the experimental setup (black). 
 

Other sacrificial oxidants were also used for these catalytic OBC reactions. Comparing the TON 
values and efficiencies, CeIV salts (CAN and CeIV(SO4)2) were relatively efficient for catalytic OBC reactions 
than other oxidants such as Oxone; in particular, CAN gave the best results (Table 4-1). Despite the fact that 
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the other oxidants, Oxone, and NaIO4, have higher reduction potentials, formic acid and CO2 were obtained 
in very low yields upon using the oxidants. 

 
Table 4-1. Effects of water-soluble oxidants on the TON of the OBC reaction using benzene as a substratea 
Entry Oxidant TON(HCOOH) Efficiency(HCOOH) TON(CO2) Efficiency(CO2) 
1 CAN (75 mM) 53 30 17 16 
2 CeIV(SO4)2·4H2O (75 mM)b 26 15 20 19 
3 Oxone® triple salt (75 mM) 1.1 <1 N. D. N. D. 
4 Na2S2O8 (38 mM) c 2 1 N. D. N. D. 
5 NaIO4 (38 mM) d N. D. N. D. 5 5 
Reduction potentials of the sacrificial oxidants in the table have been summarized in literature23, 24: Ered = 
+1.37 V (vs SCE) for CAN,23 +1.20 V for Ce IV(SO4)2·4H2O,23 +1.58 V for Oxone® (K2SO4·KHSO4· 
2KHSO5),23 +0.4 V for Na2S2O8,24 and +1.36 V for NaIO4.23 a Reaction conditions are as follows: [6] = 0.14 
mM, T = 283 K. Reaction time: 24 h. Benzene (1 mL) was used as the substrate. b H2SO4 in D2O (pD 1.0) 
was used as a solvent for increasing solubility of the cerium salt. c pD 1.4. Phenol was observed as the main 
product with the TON value of 16 and efficiency of 6. d pD of the reaction mixture was not adjusted. 
 

To produce formic acid from benzene, the theoretical equivalent number of the oxidant is calculated to 
be three molecules of the oxidant against one molecule of HCOOH based on the following chemical 
equation: 

C6H6 + 12H2O → 6HCOOH + 18H+ + 18e– 
On the other hand, to produce CO2 from benzene, 5e– removal from a benzene carbon per one molecule of 
CO2 is required in light of the following chemical equation: 

C6H6 + 12H2O → 6CO2 + 30H+ + 30e– 
Therefore, the efficiencies (Eff) of these oxidation processes can be calculated using the following equations: 

Eff for formic acid = 100[{([HCOOH] × 3)/[CeIV]}] 
Eff for CO2 = 100[{([CO2] × 5)/[CeIV]}] 

Thus, the efficiencies were determined to be (32 ± 2)% for formic acid and (16 ± 5)% for CO2. CO2 can be 
also produced by overoxidation of formic acid obtained. The stoichiometry of the OBC reaction was 
discussed in detail in the part of mechanistic investigation (see below). 
 

 
Figure 4-8. A photo (a) and the simplified cartoon (b) of the reaction equipment. This equipment was 
manufactured from an angled glass tube (purchased from Furukawa Riko Co.), equipped with a grease-less J. 
Young stopcock to endure high vacuum conditions. The apparatus shown in (a) was provided by the 
manufacturing branch of University of Tsukuba. The reaction conditions are shown below: [6] = 0.14 mM, 
[CAN] = 75 mM, T = 283 K. Time: 24 h. 
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The author has also conducted the OBC reaction of benzene in a benzene-saturated aqueous solution 
(~20 mM), not under biphasic conditions. As a result, formic acid and CO2 were obtained with TON values 
of 50 and 9, respectively; however, the accurate conversion of benzene could not be determined due to the 
high volatility of benzene. The details of the reaction setup for this experiment are shown in Figure 4-8. In 
addition, to improve the TON, the OBC reaction of benzene was performed with lower concentration of the 
catalyst 6 (0.1 µM) at a higher temperature (303 K) for a longer reaction time (48 h); as a result, the TON 
value for formic acid reached ~15300. 

To confirm the origin of formic acid, deuterium-labeled benzene-d6 was used as a substrate for the 
catalytic OBC reaction in H2O (pH 0.8). In the 2H NMR spectrum of the reaction mixture, a 2H NMR signal 
assigned to DCOOH was observed at δ 8.2 ppm (Figure 4-9). Thus, the observed formic acid was definitely 
derived from benzene as the substrate in the OBC reaction. 
 

 
Figure 4-9. (a) 2H NMR spectra of the reaction mixture for the OBC reaction of benzene-d6 in the presence 
of CAN (75 mM) and 6 (0.14 mM) at pH 0.8. (b) Schematic representation of the catalytic OBC reactions of 
benzene-d6 in H2O. 
 

 

Figure 4-10. (a) Schematic representation of the catalytic decomposition of formic acid to evolve 
dihydrogen after the catalytic OBC reaction. (b) Time profiles of dihydrogen evolution from the reaction 
mixture of the OBC reaction, whose pD was adjusted by adding aqueous NaOH as shown in the figure after 
the OBC reaction, at room temperature in the presence of a rhodium catalyst (3.1 mM). 
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The OBC reaction presented here is the first example affording formic acid as a product from benzene, 
in sharp contrast to other benzene oxidation reactions,13, 14 which do not afford formic acid but CO2 as a 
product as mentioned above. Furthermore, formic acid formed in the OBC reaction was efficiently converted 
to dihydrogen as a mixture of H2, HD, and D2 upon addition of a RhIII catalyst, [RhIII(Cp*)(bpy)(H2O)]2+ 
(Cp* = pentamethylcyclopentadienyl),25 to the reaction solution of OBC by adjusting the pH to 3.3 with 
addition of an aqueous NaOH solution (Figure 4-10). Thus, it should be emphasized that catalytic conversion 
of harmful benzene into useful formic acid as a H2 source19, 20, 25 has been accomplished efficiently at 
ambient temperature in this study. 
 
Table 4-2. Effects of reaction atmosphere on the OBC reaction of benzenea 
Atmosphere TON(HCOOH) Efficiency(HCOOH) TON(CO2) Efficiency(CO2) 
under Ar 53 30 17 16 
under air 55 31 12 13 
under O2 57 33 20 19 
a Reactions were performed under the same conditions21 except the atmosphere. 

 

Figure 4-11. (a) Schematic representation for the catalytic OBC reaction of benzene in H2
18O. (b) Total-ion 

chromatogram (TIC) chart, and mass chromatogram (MC) charts at m/z = 46 and 50 (left) of the reaction 
mixture in H2

16O and EI-MS spectrum (right) of the fraction eluted at the retention time of 1.76 min. (c) TIC 
chart and MC charts at m/z = 46 and 50 (left) of the reaction mixture in H2

18O and EI-MS spectrum (right) of 
the fraction eluted at the retention time of 1.68 min. Reaction conditions are as follows: [6] = 0.14 mM, 
[CAN] = 75 mM, T = 283 K. The reactions were conducted under air for 24 h. Parameters on GC-MS 
measurements are as follows: split mode (split ratio: 1/50); T(interface) = 240 ºC, T(detector) = 200 ºC. The 
temperature program was set as follows: 40 ºC (2 min) – 20 ºC/min – 200 ºC (5 min). SH-Rxi-5ms capillary 
column (30 meter) was employed and He was used as the career gas. 
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To assess the influence of dioxygen on the reaction, catalytic OBC reactions were performed under air, 
Ar, and O2. The results indicate that the atmosphere does not affect the TON values of formic acid 
production (Table 4-2), demonstrating that the OBC reaction catalyzed by 6 proceeds without the influence 
of dioxygen, which can participate in radical chain reactions. In addition, to confirm the origin of the oxygen 
atoms of formic acid obtained from the OBC reaction under air, 18O-labeled water (H2

18O) was used as a 
solvent. A peak was observed at m/z = 50 for HC18O18OH, not at m/z = 46 for HC16O16OH, in the GC–MS 
spectra (Figure 4-11). These results indicate that the origin of the oxygen atoms in formic acid obtained 
should be water as a solvent and the OBC reaction does not involve any free radical species that can react 
with dioxygen as intermediates. Other ruthenium(II)-aqua complexes and metal salts were also employed as 
catalysts for the OBC reactions in place of 6; however, they could not catalyze the OBC reactions so 
efficiently under the same conditions in comparison with 6 (Tables 4-3 and 4-4). These results indicate that 
the strong radical character of the RuIII-O• species formed from 6 as a catalyst (see Chapter 3)18 should be 
responsible for the OBC reactions. 
 
Table 4-3. Comparison of the catalytic reactivity in the OBC reaction of benzene among ruthenium 
complexes as catalystsa 
Catalyst TON(HCOOH) Efficiency(HCOOH)b 
6·2ClO4 55 32 
[RuII(PY5Me2)(OH2)](PF6)2

26 3 2 
[RuII(N4Py)(OH2)](PF6)2

27 18 10 
RuIIICl3·nH2O c 5 3 
RuIVO2 (1 mg dispersed) – 4 
none – <1 
a [catalyst] = 0.14 mM, [CAN] = 75 mM, T = 283 K. Time: 24 h. b [efficiency] = 100[([HCOOH] × 3 / 
[CAN])]. c The TON value was calculated assuming the number of hydrated water molecules as 3 (n = 3). 
 
Table 4-4. Catalytic OBC reactions of benzene catalyzed by various metal salts in D2Oa 
Catalyst TON(HCOOH) Efficiency(HCOOH) 
MnIICl2·6H2O 9 5 
FeIICl2·4H2O 3 2 
CoIICl2 4 2 
NiIICl2·6H2O 2 1 
CuIICl2·2H2O 4 2 
RuIIICl3·nH2O b 5 3 
RhIIICl2·nH2O b 3 1 
PdIICl2 4 2 
CrIII(ClO4)3·6H2O c 2 1 
a [catalyst] = 0.14 mM, [CAN] = 75 mM, solvent: D2O (pD 1.2), T = 283 K. Time: 24 h. Benzene (1 mL) 
was used as a substrate. b The TON values were calculated assuming the number of hydrated water 
molecules as 3. c Since CrIIICl3 was not soluble in water, the perchlorate salt was employed instead. 
 
4-3 Scope and limitation of the catalytic OBC reactions 

The OBC reaction catalyzed by 6 was also applied to other aromatic compounds as listed in Table 4-5. 
The OBC reaction can be applied not only to benzene derivatives that have electron-donating groups such as 
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Table 4-5. Catalytic OBC reactions of various benzene derivatives with 6 as the catalyst and CAN as the 
sacrificial oxidant in D2O at 283 K.  
Entry Substrate Product TON Efficiency b 

1 
 

Formic acid 53 30 

2 
 

Formic acid 
Acetic acid 

39 
20 

22 
11 

3 
 

Formic acid 
Propionic acid 
Acetic acid 
Phenylethanol 
Acetophenone 

28 
13 
5 
1 
3 

16 
7 
7 
<1 
2 

4 
 

Formic acid 
Chloroacetic acid 
Benzaldehyde 
Benzoic acid 

14 
2 
1 
6 

8 
1 
1 
7 

5 
 

Formic acid 8 4 

6 
 d 

Formic acid 
Benzoic acid 

38 
14 

21 
8 

7 
 

Formic acid 4 2 

8 
 

Formic acid 
Naphthoquinone 
Naphthoquinonediol 
Phthalic acid 

9 
14 
10 
17 

5 
11 
12 
38 

9 
 

Formic acid 6 3 

10 
 

Formic acid 
Acetic acid 

20 
27 

11 
14 

11 
 e 

Formic acid 3 2 

12 
 e 

Formic acid 
Acetic acid 

8 
6 

5 
3 

13 
 e 

Formic acid 
Acetic acid 

16 
38 

9 
21 

14 
 

Formic acid 
Acetic acid 

7 
5 

4 
3 

15 
 

Formic acid 
Acetic acid 

27 
54 

15 
30 

a The results of the control experiments in the absence of catalyst 6 are shown in the Table 4-6. As for the 
detailed reaction conditions, see ref. 21. b The values were based on the NMR yield determined with DSS as 
the internal standard. c Acetic acid was probably formed by C-C bond cleavage of pyruvic acid derived from 
cracking of acetophenone obtained by the C-H oxidation of ethylbenzene. d 10 mg of biphenyl was added. e 
[substrate] = 13 mM. 
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Table 4-6. Catalytic OBC reactions in the absence of catalyst 6. 
Entry Substrate Product Efficiency a 

1 
 

Formic acid <1 

2 
 

Formic acid 
Acetic acid 

<1 
<1 

3 
 

Formic acid 
Propionic acid 
Phenylethanol 
Acetophenone 

1 
<1 
3 
4 

4 
 

Formic acid 
Chloroacetic acid 
Benzoic acid 

<1 
<1 
3 

5 
 

Formic acid 1 

6 
 

Formic acid 
Biphenoquinone 

<1 
4 

7 
 

Formic acid 1 

8 
 

Formic acid 
Naphthoquinone 
Phthalic acid 

<1 
15 
<1 

9 
 

Formic acid <1 

10 
 

Formic acid 
Acetic acid 

3 
4 

11 
 b 

Formic acid <1 

12 
 c 

Formic acid 
Acetic acid 

<1 
<1 

13 
 d 

Formic acid 
Acetic acid 

2 
<1 

14 
 

Formic acid 
Acetic acid 

2 
<1 

15 
 

Formic acid 
Acetic acid 

2 
4 

a Efficiency (%) = 100[{([Product] × n) / [CAN]}]. n: the number of electrons (n = 2 for phenylethanol, n = 3 
for formic, acetic, propionic and monochloroacetic acids, n = 4 for benzoic acid, n = 6 for biphenoquinone 
and naphthoquinone, n = 8 for phthalic acid). b [substrate] = 17.7 mM. c [substrate] = 5.3 mM. d [substrate] = 
13.0 mM, T = 283 K, [CAN] = 75 mM. Time: 24 h. 
 
ethylbenzene and xylene, but also to those that have electron-withdrawing groups such as chloro- and 
nitrobenzenes. In addition, polyaromatic substrates such as naphthalene were also oxidized under the same 
conditions to afford formic acid as a product. When toluene was employed as a substrate under the same  
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Figure 4-12. 1H NMR spectrum of the reaction mixture for the OBC reaction of toluene in the presence of 
CAN (75 mM) and 6 (0.14 mM) at pD 1.2. 
 
conditions as mentioned above, the 1H NMR spectrum of the aqueous phase of the reaction mixture showed 
a signal assigned to acetic acid as a product at δ 2.09 ppm as well as that of formic acid (Figure 4-12). In the 
reaction of toluene-d8 as a substrate in distilled water, the signals assigned to DCOOH and CD3COOH were 
observed at δ 8.2 and 1.9 ppm, respectively, in the 2H NMR spectrum (Figure 4-13). Thus, the origin of the 
formic and acetic acids was explicitly confirmed to be toluene as the substrate. In contrast, oxidation 
reactions of toluene and the derivatives by ruthenium(IV)-oxo complexes generally afford benzyl alcohol, 
benzaldehyde, and benzoic acid as products of the C-H oxidation reactions at the methyl group.28, 29 This 
exemplifies the uniqueness of the OBC reaction by the RuIII–O• complex, in which oxidation of the aromatic 
ring primarily proceeds rather than the C-H oxidation at the benzylic position of toluene. The reactivity of 
the RuIII–O• complex was also found in the case of ethylbenzene as a substrate; formic and propionic acids 
were observed as the main products in the 1H NMR spectrum (Figure 4-14(a)) and high-performance liquid 
chromatography (HPLC) analysis (Figure 4-14(b)). In the case of benzyl chloride as a substrate, formic and 
chloroacetic acids were obtained as products (Figure 4-15(a)). Biphenyl employed as a substrate was 
oxidized to give formic and benzoic acids in this OBC system (Figure 4-15(b)). 
 

 

Figure 4-13. (a) 2H NMR spectra of the reaction mixture for the OBC reaction of toluene-d8 in the presence 
of CAN (75 mM) and 6 (0.14 mM) at pH 0.8. (b) Schematic representation of the catalytic OBC reactions of 
toluene-d8 in H2O. 
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Figure 4-14. (a) 1H NMR spectrum of the reaction mixture of the OBC reaction of ethylbenzene as a 
substrate in D2O. D: DSS, S: Substrate. (b) An HPLC chromatogram obtained for the aqueous phase of the 
OBC reaction of ethylbenzene catalyzed by 6. The injected sample was prepared by treatment of the reaction 
mixture with 0.2 mM bromothymol blue solution in 15 mM Na2HPO4 aq. Column: Shodex Rspak KC-G, 
KC-811. Eluent: 3 mM HClO4 aq. Column temp.: 60 ºC. Monitoring wavelength: 445 nm. Injected amount 
of the sample: 50 µL. 
 

 
Figure 4-15. 1H NMR spectra of reaction mixtures of the OBC reactions for benzyl chloride (a) and biphenyl 
(10 mg added, b). [6] = 0.14 mM, [CAN] = 75 mM, T = 283 K. Time: 24 h. D: DSS, S: Substrate. 
 
4-4 Mechanistic insights into the catalytic OBC reactions 

As mentioned in Chapter 3, the author has revealed that an acetophenone derivative was obtained in a 
33% yield (TON: 75) from the oxidation reaction of sodium p-ethylbenzenesulfonate as a substrate catalyzed 
by complex 6 (Figure 4-16(a)).18 The sharp contrast to the result using ethylbenzene as the substrate (see 
above) indicates that the C-H oxidation at the benzylic position proceeds primarily for the aromatic substrate 
having an electron-withdrawing group such as the sulfonate (-SO3

–) group on the aromatic ring rather than 
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the cracking of the benzene ring. The OBC reactions of other substrates having electron-withdrawing groups 
also resulted in low yields of formic acid as the product of the OBC reactions (Table 4-5; entries 5, 7, 9, 
11~15). Therefore, the OBC reaction is expected to proceed through an electrophilic attack on an aromatic 
ring, and thus, the electron-withdrawing substituents lower the reaction efficiencies in the aromatic ring 
oxidation. Further scrutiny was applied to the electronic effects of the substituents on the aromatic ring 
oxidation. The one-electron oxidation potentials of benzene (+2.48 V vs SCE)30 and chlorobenzene (+2.46 
V)30 are comparable. The TON values, however, based on the amount of formic acid obtained were largely 
different between these substrates; the TON value for the oxidation of chlorobenzene having the 
electron-withdrawing chloro substituent was apparently lower than that of benzene. The result indicates that 
the OBC reaction does not proceed through electron transfer from a substrate to the RuIII-O• complex, 
whereas Fujii and co-workers proposed an electron-transfer mechanism for an oxidation reaction of benzene 
with an iron(IV)-oxo complex having a porphyrin π-radical cation ligand.31 

Furthermore, the total efficiencies of the OBC reactions are dependent on the Hammett parameters (σ) 
of the substituents of the substrates (Figure 4-16). The σp values for the electron-donating substituents were 
employed as the Hammett parameters,32 whereas the σm values for the electron-withdrawing substituents 
were applied, because the OBC reactions were considered to proceed through the electrophilic mechanism as 
mentioned above. The total efficiencies were calculated by summations of yields of products, HCOOH, 
XCOOH (X = CH3, C6H5, or CF3), and CO2 (Figure 4-16);33 the values were divided by 3 in the case of 
substituents having an electron-donating substituent, and those were divided by 2 in the case of substituents 
having an electron-withdrawing substituent for normalization (see right panel of Figure 4-16(b)). Logarithm  
 

 

Figure 4-16. Reaction of ethylbenzene derivatives under the OBC conditions (a) and a Hammett plot of the 
efficiencies for the OBC reactions of benzene derivatives, C6H5X (b). In the Hammett plot, substituents of 
the substrates used are as follows: X = CH3 (a, σp = –0.17), C6H5 (b, σp = –0.01, normalized by division of 
total efficiency by n = 6), Cl (c, σp = +0.23), Br (d, σp = +0.23), COOH (e, σm = +0.37), CF3 (f, σm = +0.43). 
Conditions: [6] = 0.14 mM, [CAN] = 75 mM, [Substrate] = 1 mM (the concentration of substrates is not 
accurate due to their insolubility in water and thus cannot be controlled.), T = 283 K, reaction time = 24 h. 
Hammett parameters were obtained from ref. 32. 
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values of the normalized total efficiencies were plotted against the Hammett parameters (Figure 4-16(b)). A 
linear correlation was observed with a slope of –1.41, confirming that the OBC reactions proceed through 
electrophilic attack of the RuIII-O• complex as the active species18 to the aromatic rings. Negative ρ values 
have been also observed for benzene hydroxylation by high-valent iron-oxo complexes.34-36 

In the case of benzene or other benzene derivatives, having relatively low boiling points, used as 
substrates, the stoichiometry of the OBC reaction was difficult to determine due to the volatility and 
adsorption by rubber septums. The kinetics of the OBC reactions was also difficult to investigate due to the 
low solubility of the substrates in water. Thus, substituents such as the sulfonate group was introduced to the 
benzene ring to increase the boiling points and improve the solubility of the substrate in water; however, the 
reactivity of those substrates in the OBC reaction was decreased due to the electron-withdrawing nature of 
the substituent. Therefore, sodium m-xylene sulfonate (mXS) was employed as a nonvolatile substrate to 
calculate the conversion yields (Figure 4-17); the two electron-donating methyl groups of mXS are expected 
to suppress the negative effect of the electron-withdrawing sulfonate group on the reactivity. The conversion 
of mXS was determined to be 84%,37 and yields of formic and acetic acids, and CO2 were estimated to be 77, 
151, and 211%, respectively, based on mXS. This result indicates that all of the aromatic C-H bonds on the 
benzene ring are not involved in formic acid, but one of the three aromatic C-H bonds of mXS is involved in 
formic acid. In addition, the obtained formic acid was partially converted to CO2 by the RuIII-O• complex  

 

 

Figure 4-17. Schematic representation of the OBC reaction of mXS catalyzed by 6 in D2O. 
 

 
Figure 4-18. (a) Schematic representation of catalytic formic acid oxidation in D2O (pD 1.2) by 6 as a 
catalyst and CAN as a sacrificial oxidant. (b) GC charts of the gaseous phase in formic acid oxidation in the 
presence (black solid line) and absence (black dashed line) of catalyst 6 (0.14 mM). CAN (75 mM), formic 
acid (27 mM), T = 283 K, reaction time: 24 h. Conversion yields of formic acid were calculated to be 41% in 
the presence of 6 and 0% in the absence of 6 based on the 1H NMR spectra of the aqueous phases. 
 
under the reaction conditions, as confirmed by a separate experiment (Figure 4-18). To consider the product 
ratio mentioned above, one mXS molecule is assumed to afford one formic acid, two acetic acids and three 
CO2 molecules (Figure 4-17). On the basis of this assumption, the conversion and the product yields match 
well within the experimental errors. This is a very important clue for discussing the reaction mechanism (see 
below). 
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4-5 Kinetic analysis on the catalytic OBC reactions 
Kinetic analysis has been also performed on the OBC reaction using mXS as a substrate by 1H NMR 

spectroscopy (Figure 4-19). In particular, the author has investigated the dependence of the rate constants on 
the concentrations of the substrate and catalyst. Time-courses of the concentrations of formic and acetic 
acids in the initial stage of the reaction showed a linear correlation to determine the reaction rate (v0) (Figure 
4-19(a) and (b)). The dependence of the v0 values for acetic acid formation on the mXS concentration 
exhibited saturation behavior at higher concentrations, which was analyzed on the basis of the 
Michaelis-Menten equation (Figure 4-19(c)).38 The Michaelis constant, Km, and the Vmax value were 
determined to be 1.4 mM and 7.3 × 10–4 mM s–1, respectively. This small Km value indicates that there are 
relatively strong interactions between the substrate and the reactive species prior to the oxidation reaction. 
The dependence of the v0 value on the catalyst concentration was investigated to determine the catalytic rate 
constants (kcat) under the conditions, where the substrate concentration was high enough to show the 
saturation of the v0 value. As a result, kcatF for the formic acid formation and kcatA

H for the acetic acid 
formation in the OBC reaction of mXS were determined to be 1.5 × 10–3 and 4.2 × 10–3 s–1, respectively 
(Figure 4-19(d)).39 With deuterated mXS (mXS-d3) as a substrate, whose three protons on the aromatic ring 
were selectively labeled with deuterium, kcatA

D values for the obtained deuterated acetic acid were determined 
to be 4.1 × 10–3 s–1. Therefore, the kinetic isotope effect (KIE = kcatA

H/kcatA
D) was calculated to be 1.0 (Figure 

4-20). This indicates that hydrogen-atom transfer (HAT) from C-H bonds of the aromatic rings 
 

 

Figure 4-19. Time-profiles of formic acid (a) and acetic acid (b) formation in the catalytic oxidation of mXS 
(8.4 mM) in D2O (pD 1.2) at 283 K in the presence of CAN (75 mM) as a sacrificial oxidant and 6 as a 
catalyst, whose concentration was varied as 0.21 (purple), 0.14 (blue), 0.098 (green), 0.042 (orange), and 
0.014 mM (red). (c) Dependence of the initial rates (black filled circles) of acetic acid formation in OBC on 
the concentration of mXS and the fitting curve based on the Michaelis-Menten equation (red solid line). (d) 
Dependence of the initial rates of formic acid (black) and acetic acid (red) production on the catalyst 
concentration in the OBC reaction of mXS catalyzed by 6. 
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Figure 4-20. (a) Time-profiles of acetic acid formation in the OBC reaction of mXS-d3 (8.4 mM) in D2O (pD 
1.2) at 283 K in the presence of CAN (75 mM) as a sacrificial oxidant and 6 as a catalyst, whose 
concentration was varied as 0.21 (purple), 0.14 (blue), 0.098 (green), 0.042 (orange), and 0.014 (red) mM. 
The concentration of acetic acid was calculated on the basis of the integral values of the 1H NMR signal 
using DSS as an internal standard. (b) Dependence of the initial rates (red filled circles for mXS and blue 
filled circles for mXS-d3) of acetic acid formation in OBC on a lower range of concentrations of mXS and 
mXS-d3 and the fitting curves based on the second-order dependence (red and blue solid lines). Conditions: 
[mXS] = 8.5 mM or [mXS-d3] = 8.4 mM, [CAN] = 75 mM, T = 283 K. Concentrations of the products were 
determined by 1H NMR spectroscopy with DSS as an internal standard. 
 

 

Figure 4-21. (a) 1H NMR spectrum of the reaction solution of the phenol oxidation in the absence of 
catalysts: [CAN] = 75 mM, [phenol] = 21 mM. (b) 1H NMR spectrum of the reaction solution of phenol 
oxidation in the presence of catalyst 6: [6] = 0.14 mM, [CAN] = 75 mM, [phenol] = 21 mM. (c) 1H NMR 
spectrum in CDCl3 for brown precipitate obtained from the reaction of phenol with CAN in D2O.  
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to the RuIII-O• complex is not involved in the rate-limiting step of the OBC reactions. A similar KIE value 
(1.04) has been also reported by Kodera and co-workers for benzene oxidation that afforded phenol as the 
product.16 The obtained KIE value also suggests that the active species of the OBC reaction in this study is 
not the hydroxyl radical, because the KIE values of a Fenton-type benzene oxidation reaction reported so far, 
using hydroxyl radical as the active species and giving CO2 as the product, are in the range of 1.7 – 1.8.40, 41 
In the Fenton-type reaction, the rate-determining step is assumed to be the abstraction of hydrogen atom 
from aromatic C-H bonds by hydroxyl radical or deprotonation from C-H bonds of oxidized intermediates.41 
The assumption that HAT from the C-H bond of benzene does not occur in the present OBC reaction is 
consistent with the large bond-dissociation energy of the C-H bond of benzene (113 kcal mol–1).42 

In addition, as one of the possible candidates for intermediates derived from benzene in the course of 
the OBC reaction, phenol was subjected to the OBC reaction as a substrate (Figure 4-21), because there have 
been plenty of reports of benzene oxidation affording phenol as a product.16, 17, 43-45 In the phenol oxidation 
under the same conditions that were used for the OBC reactions, a complicated mixture of aromatic 
compounds was obtained as brown precipitate. Moreover, a rapid reaction of phenol with CAN proceeded 
even in the absence of 6 (Figure 4-21(a)), indicating that phenol can be excluded as an intermediate of the 
OBC reaction. To obtain further information about organic intermediates in the catalytic OBC reaction, 
time-dependent product analysis have been performed by 1H NMR measurements for the catalytic OBC 
reaction of benzene (Figure 4-22). A 1H NMR signal derived from 1,4-benzoquinone was observed at 6.9  
 

 
Figure 4-22. Time-course of the 1H NMR spectra of a catalytic OBC reaction mixture including benzene as 
a substrate in D2O. Conditions: [6] = 0.14 mM, [CAN] = 75 mM, T = 283 K. Reaction time: 100 (a), 70 (b), 
40 (c), and 10 min (d). 
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ppm in the time range of 1 – 3 h. To confirm whether 1,4-benzoquinone can be involved as an intermediate 
in the catalytic OBC reaction, catalytic oxidation of 1,4-benzoquinone was conducted using 6 as a catalyst; 
both formic acid and CO2 were obtained and the TON values were determined to be 39 and 52, respectively. 
1H NMR spectroscopic analysis of the OBC reaction mixture was also performed with lower concentration  
 
Table 4-7. Catalytic oxidation reactions of trans,trans-muconic acid 

Entry Catalyst 
TON (efficiency, %) a 
Formic acid CO2 

1 6 122 (68) 45 (8) 
2 None – (21) – (3) 
Reaction conditions: [6] = 0.14 mM (entry 1), [CAN] = 75 mM, T = 283 K. Reaction time: 24 h. 
Concentration of trans,trans-muconic acid was not able to be determined due to its low solubility in acidic 
water. a TON = [Product]/[6], Efficiency (%) = [{([Product] × n) / [CAN]}] (n = 3 for formic acid, n = 1 for 
CO2). 
 

 
Figure 4-23. Detection of muconic acid as a product. (a) 1H NMR spectrum of a reaction mixture of the 
catalytic OBC reaction of benzene in D2O (black) and that of authentic trans,trans-muconic acid in D2O 
(red), measured at 298 K. (b) HPLC charts of the reaction mixture after the catalytic OBC reaction of 
benzene in H2O (blue) and of authentic trans,trans-muconic acid in H2O (red), monitored at 265 nm. (c) 
ESI-TOF-MS spectrum of a fraction (retention time: 36 – 38 min), separated by HPLC and diluted with 
MeOH. Reaction conditions: [6] = 0.14 mM, [CAN] = 19 mM, T = 283 K. Reaction time: 40 min. The 
remaining oxidants were quenched by addition of excess sodium oxalate (22 mM) into the reaction mixture. 
The HPLC analyses were conducted at 40 ºC with a gradient program for the eluent (0 min; 100% HClO4 aq 
(pH 2.0), 30 min: 100 % distilled water). Flow rate: 1.0 mL/min. Pressure: 6.7 MPa. An orifice voltage in the 
ESI-TOF-MS measurements, operating in a negative mode, was regulated to be –105 V. 
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of CAN (19 mM) to suppress overoxidation of the organic intermediates. The reaction mixture was treated 
with an excess of sodium oxalate at the reaction time of 40 min to quench the remaining oxidants;46 1H NMR 
signals assigned to muconic acid were observed (Figure 4-23(a)). The products of the OBC reaction, which 
was also treated with an excess of sodium oxalate at a reaction time of 40 min, were separated by HPLC 
(Figure 4-23(b)). The ESI-TO-MS measurement of the HPLC fraction at a retention time of 36.4 min 
exhibited a MS peak derived from muconic acid at m/z = 140.99 (simulation for [M – H+]–: m/z = 141.02) 
(Figure 4-23(c)). In addition, catalytic oxidation of trans,trans-muconic acid also gave formic acid and CO2 
as products (Table 4-7), and formic acid and CO2 were obtained very fast through the oxidation with CAN 
even in the absence of 6. Because it is probably impossible to form muconic acid from 1,4-benzoquinone, 
1,4-benzoquinone and muconic acid should be formed through different pathways. 
 
4-6 A proposed mechanism of the catalytic OBC reaction 

On the basis of the product analysis and the kinetic studies mentioned above, a plausible mechanism 
for the OBC reaction catalyzed by 6 was proposed as shown in Figure 4-24. As the first step, the 
electrophilic addition of the RuIII-O• complex, which is formed from catalyst 6, to the benzene ring occurs to 
generate a radical-coordinated intermediate (step i in Figure 4-24). This step is reminiscent of the previously 
reported benzene oxidation with a Cu(II)-oxyl complex.16,17 The radical-bound intermediate releases a Ru(II) 
species that reproduces 6 in water and an arene oxide that can be in an equilibrium with oxepin (step ii).47 
Further oxidation of the arene oxide/oxepin mixture can afford E/Z-isomers of muconaldehyde as reported 
previously (step iii).48 The aldehydes can be easily oxidized into the E/Z isomers of muconic acid (step iv), 
which are further oxidized into formic acid and carbon dioxide (steps v and vi). In addition, oxidation of 
arene oxide can also form 1,4-benzoquinone through a pathway different from that giving muconic acid (step 
vii). Such direct conversion of arene oxide into 1,4-benzoquinone has been proposed previously.49 In the 
case of chloro- and bromobenzene, plausible products include chloro- and bromoformic acids (X = Cl or Br); 
however, the acids easily undergo nucleophilic attack of water molecules to decompose and afford CO2 (step 
viii). 
 

 
Figure 4-24. A proposed mechanism of the OBC reaction by the RuIII-O• complex (X = CH3, C6H5, Cl, Br, 
COOH, or CF3). 
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4-7 Conclusions 
An efficient OBC reaction of benzene and its derivatives has been established for the first time to 

obtain formic and carboxylic acids as products, the latter of which have substituents originally on the 
aromatic rings, by suppressing overoxidation of the products. The obtained formic acid can be used as a 
dihydrogen source in aqueous media at low temperatures; actually, the author succeeded in forming H2 as a 
clean energy resource from the OBC reaction mixture using a RhIII catalyst with simple pH adjustment of the 
reaction solution.20 In addition, the author has revealed that substituent effects on the aromatic rings can 
switch the oxidation sites; i.e., the benzylic C-H moiety attached to an electron-deficient aromatic ring was 
oxidized through the C-H abstraction (see Chapter 3),18 whereas the C-C double bonds of the electron-rich 
aromatic rings were oxidatively cleaved. The clear selectivity of the aromatic-ring oxidations in the OBC 
reaction derives from the electrophilic and strong radical character of the RuIII-O• complex as the active 
species and the OBC reactions proceed through the electrophilic addition of the RuIII-O• complex to the 
aromatic ring. 
 
4-8 Experimental section 
General. 

NMR measurements were performed on Bruker Avance 400 and Avance III HD 400 spectrometers and 
JEOL JNM-ECS400 spectrometers. DSS (= 3-(trimethylsilyl)- propane-sulfonate sodium salt) was used as 
an internal standard for 1H NMR spectral measurements in D2O. Gas chromatography was performed using a 
Shimadzu GC-2014 equipped with a thermal conductivity detector (TCD) and a packed column with 
molecular sieves 5A or a packed column with activated carbon. ESI-TOF-MS spectra were obtained on a 
JEOL JMS-T100CS mass spectrometer. UV-Vis absorption spectra were measured on a Shimadzu UV-2450 
spectrophotometer. GC-MS measurements were performed using a Shimadzu GC-2010 Plus equipped with a 
Shimadzu GCMS-QP2020 and a Shimadzu SH-Rxi-5ms capillary column (30 meter, ID 0.25, DF 0.25). 
High-performance liquid column chromatography (HPLC) analyses were performed using an HPLC system, 
purchased from JASCO Co and composed of a column oven CO-4060 equipped with ODS column 
(Unifinepak C18, Model 04250-5M), a pump PU-4180, and a photo diode array detector MD-4010. Dynamic 
light scattering (DLS) measurements were conducted on an Otsuka Electronics Model FDLS-3000. 

RuIVO2 was purchased from Wako. Co. and RuIIICl3·nH2O was purchased from Furuya metal Co. 
[RuII(BPIm)(bpy)(OH2)](ClO4)2 (1; BPIm = 1,3-bis(2-pyridylmethyl)-imidazol-2-ylidene, bpy = 2,2’- 
bipyridyl) was synthesized according to the literature (Chapter 3).18 [RhIII(Cp*)(bpy)(OH2)](PF6)2 (Cp* = 
1,2,3,4,5-pentamethylcyclopentadienyl),50 [RuII(PY5Me2)(OH2)](PF6)2 (PY5Me2 = 2,6-bis[1,1-bis(2- 
pyridyl)ethyl]pyridine),26 and [RuII(N4Py)(OH2)](PF6)2 (N4Py = N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)- 
methylamine)27 were also synthesized according to the literature procedures. 
 
Synthesis. 
Sodium m-xylenesulfonate-d3 (mXS-d3). 

Synthesis of this compound was conducted by a modified method of deuteration of mesityrene,51 
followed by the solfonation. m-Xylene (1.5 mL, 12 mmol) was dispersed in a mixture of D2O (0.2 g) and 
D2SO4 (1.5 g) and stirred overnight at room temperature in a flame-shielded ampoule. Then, the reaction 
mixture was separated into three phases; the upper phase (1 mL) consisting of m-xylene derivative partially 
deuterated at the benzene ring but not sulfonated, the middle phase consisting of partially deuterated 
m-xylene-sulfonic acid, and the lower phase was the mixture of D2O and D2SO4 not used in the reaction. The  
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upper phase was collected and further reacted in D2O (0.2 g) and D2SO4 (1.5 g) overnight. After the reaction, 
similar separation into three phases was observed and the upper phase (0.5 mL) was obtained. The upper 
phase was reacted again in D2O (0.2 g) and D2SO4 (1.5 g) overnight. The reaction mixture was separated into 
two phases; the upper phase consisting of partially deuterated m-xylene-sulfonic acid, and the lower phase 
was the mixture of D2O and D2SO4 not used in the reaction. The upper phase was poured into distilled water 
(5 mL), and the solution was neutralized by addition of excess amount of NaOH aq and the solution pH was 
adjusted by adding H2SO4 aq to pH 7.6. The solvent was removed under reduced pressure and then dried 
under vacuum. White solid obtained was dispersed into EtOH (200 mL) and insoluble solids were filtered off. 
The volatiles in the filtrate were evaporated and the residue was dried under vacuum and white crystalline 
solid (486 mg, 2.3 mmol) was obtained in 19% yield. NMR spectra of mXS and mXS-d3 are shown in Figure 
4-25. 2H NMR: δ 7.72 (br s), 7.13 – 7.19 (br s). 1H NMR: δ 7.73 (s, 79% deuterium-labeled), 7.22 (s, 97% 
deuterium-labeled), 7.15 (s, 97% deuterium-labeled), 2.55 (s, 3H), 2.34 (s, 3H). 

 
Figure 4-25. (a) 2H NMR spectrum of mXS-d3 in H2O. (b) 1H NMR spectrum of mXS-d3 in D2O. (c) 1H 
NMR spectrum of mXS in D2O. 

 
Figure 4-26. Simple representation of the experimental setup for the OBC reactions. 
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General procedure for oxidative cracking of benzene derivatives. 
A sample vial (10 mL) shielded by a rubber septum was filled with a biphasic reaction mixture 

consisting of D2O solution (1 mL) of 6 (0.14 mM) and (NH4)2[CeIV(NO3)6] (CAN, 75 mM) as an aqueous 
layer, whose pD was set to be 1.2 by addition of acidic CAN, and 1 mL of a substrate as an organic layer. In 
most cases, the reactions were performed at 283 K in a water bath equipped with a temperature controller 
(COOL STIRRER SAC-900). A schematic representation of the reaction setup is shown in Figure 4-26. 
 
Kinetic analysis on the OBC reactions of sodium m-xylenesulfonate and its deuterated derivative (mXS 
and mXS-d3, respectively). 

The 1H NMR signals of formic and acetic acids derived from oxidation of mXS were monitored to 
follow the reaction progress in D2O (pD 1.2). The amounts of formic and acetic acids were determined using 
DSS as an internal standard. As for mXS-d3, only the formation of acetic acid was monitored, because formic 
acid derived from mXS-d3 was deuterated and insensitive 2H NMR spectroscopy did not allow us to quantify 
DCOOD in an appropriate period of reaction time for kinetic analysis. A linear least-squares fitting was 
conducted for the time profile of the product amounts observed in the range of 0 – 50 min and the slopes of 
the fitting lines obtained were used as the initial rates (v0) of mXS and mXS-d3 oxidation. The v0 values for 
formic and acetic acid formation were determined at various catalyst concentrations and the catalytic rate 
constants, kcatH and kcatD, were determined with eq 1. 

v0 = kcat[6]  (1) 
 
Determination of Km and Vmax values for the OBC reaction of mXS. 

The initial rates, v0, for the OBC reactions of mXS at various concentrations (1.1 – 18 mM) were 
obtained according to the procedure described above. The obtained v0 values were plotted versus the 
substrate concentration. The v0 values exhibited saturation behavior with respect to concentration (see Figure 
4-19(d)). On the basis of the Michaelis-Menten equation as described in eq 2, the Michaelis constant, Km, 
and the maximum rate in the system, Vmax, were determined by fitting analysis. 

v0 = (Vmax[mXS]) / (Km + [mXS])  (2) 
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Chapter 5 
Catalytic oxidative cracking of halogenated benzene derivatives 

by a palladium(II)-NHC complex in water 
 
5-1 Introduction 

Halogenated benzene derivatives (HBDs) have been widely utilized as solvents, insecticides, and 
synthetic intermediates in medicines and chemicals.1 In particular, polychlorinated biphenyls (PCBs) had 
been frequently employed since 1929 through the mid 1970 as dielectric materials, heat-transfer fluids in 
electrical apparatus owing to its high thermodynamic, chemical and biological durability.2 However, since 
1967, PCBs had been gradually recognized to be toxic and persistent pollutants for long time.2, 3 In spite of 
the fact that HBDs such as PCBs have serious toxicity, development of the degradation methods effective for 
HBDs including PCBs has been strongly required but extremely challenging,4 because combustion of highly 
stable HBDs should accompany formation of dioxins, showing much stronger toxicity than PCBs. Currently, 
chemical degradation processes of mono- or di-chlorobenzenes as model compounds of dioxins or PCBs 
have been developed using oxidation reactions.5, 6 However, these degradation processes of HBDs have 
required high thermal energy at least 200 ºC. To realize the degradation of HBDs under mild conditions, 
activation of Ar-Cl bonds by Pd0 or PdII complexes has been developed through an oxidative addition 
pathway.7 Additionally, there are reports on homogeneous activation reactions of Ar-Cl bonds conducted by 
using Pd complexes as catalysts in water as a non-toxic, non-flammable, and inexpensive solvent.8 However, 
since water is a strongly polar solvent, involvement of hydrophobic Pd0 species, which cannot keep the 
homogeneity due to low solubility in water, is not desirable for the homogeneous catalysis in water.9 
In order to provide catalytic systems workable in water, involvement of cationic high-valent palladium 
species as reactive species derived from PdII catalysts should be of interest and valuable,10 since the cationic 
high-valent palladium species exhibit good solubility in polar solvents such as water.11 There are several 
reports on functionalization of arenes using PdII catalysts as shown in Figure 5-1a-c to generate PdIV 
complexes as reactive species;12-14 however, these systems utilize harmful oxidants such as hyper-valent 
iodoarene12, 13 or fluorinating reagent14 as shown in Figure 5-1d and e. Thus, toward the oxidative 
degradation of harmful HBDs, inorganic and non-toxic oxidants such as Oxone® or Na2S2O8 should be better 
for formation of Pd(IV) complexes as reactive species. Oxone® (= KHSO4·K2SO4·2KHSO5, DuPont) has  
 

 
Figure 5-1. Schematic descriptions of structures of PdII catalysts for oxidative functionalization of arenes (a, 
b) with PhI(OAc)2 (d);12, 13 a PdII catalyst (c) for fluorination of arenes with a fluorinating reagent (e).14 
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been widely used as a cheaper and environmentally benign oxidant in aqueous media and is a stable triple 
salt under ambient conditions.15 Although HSO5

– ion itself is not stable, the triple salt is remarkably stable at 
room temperature and commercially available in large scale; the K+ and PPh4

+ salts of the HSO4
– ion are 

isolable as single crystals to determine the crystal structure.16 Sanford and co-workers used Oxone® as a 
sacrificial oxidant for catalytic conversion of aryl halide, having amide moieties as directing groups, to 
acetoxylated or methoxylated products by PdII(OAc)2 as a catalyst in acetic acid or methanol.17 In this case, 
the key intermediate of the functionalization has been suggested as an octahedral PdIV species (Figure 5-2). 
However, catalytic degradation of HBDs has yet to be reported using transition-metal catalysts and cheaper, 
environmentally benign oxidants in water. 
 

 
Figure 5-2. Catalytic functionalization of arenes by PdII(OAc)2/Oxone® system in acetic acid or methanol 
(left) and its key intermediate identified as PdIV species (right).17 
 

In Chapter 4, the author has described that a RuII-aqua complex, having an N-heterocyclic carbene 
(NHC) ligand, catalyzes oxidative cracking of benzene derivatives (OBC) with CeIV complexes as sacrificial 
oxidants to afford carboxylic acids such as formic acid under mild conditions.18 Chlorinated benzenes, 
however, have not been oxidized effectively under the conditions due to the electron-withdrawing nature of 
the chloro groups, since the unique catalytic OBC reactions rely on the electrophilicity of the RuIII-O• species 
as the active species derived from proton-coupled electron-transfer oxidation of the RuII-aqua catalyst. In 
addition, the sacrificial oxidant, CeIV salts (e.g. (NH4)2[CeIV(NO3)6] and CeIV(SO4)2) are not so practical in 
light of their high commercial prices. Therefore, it should be required to develop an appropriate catalytic 
system, which involves reactive intermediates showing high reactivity in oxidation of electron-deficient 
aromatic rings, with cheaper and more accessible oxidants than the CeIV complexes. 

Palladium catalysts having NHC ligands have been widely investigated for various purposes so far 
(see Chapter 1 of this thesis).19 NHC ligands have been used not only to enhance the catalytic activity20 but 
also to stabilize unique palladium-oxygen species.21 Pd-NHC complexes have been widely utilized as 
catalysts even in water.22 In this chapter, a palladium(II)-aqua complex, having a tridentate NHC ligand as a 
catalyst, has been employed toward catalytic OBC reactions of HBDs with Oxone® as a cheap sacrificial 
oxidant in water under mild conditions. In addition, mechanistic insights into the OBC reactions by the Pd –
NHC complex are gained on the basis of the product analysis and kinetic investigation. 
 
5-2 Synthesis and characterization of a palladium(II)-NHC complex 

A palladium(II) catalyst, [PdII(BPBIm)(OH2)](PF6)2 (9) (BPBIm = 1,3-bis(2-pyridylmethyl)-benz- 
imidazol-2-ylidene), was synthesized by mixing [PdIICl(BPBIm)](PF6)23 and 1.1 equiv. of silver(I) trifluoro- 
methanesulfonate in distilled water at 50 ºC in the dark (Figure 5-3). Characterization of complex 9 was 
conducted by 1H NMR and UV-Vis spectroscopies, ESI-TOF-MS spectrometry, elemental analysis, and 
X-ray crystallography. 

In a 1H NMR spectrum of 9 in D2O, seven 1H NMR signals based on the C2v symmetry of the complex  
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Figure 5-3. Synthesis of a PdII-aqua complex, 9·(PF6)2. 

 
were observed in the range of 4 ~ 9 ppm (Figure 5-4(a)). In an ESI-TOF-MS spectrum of 9 measured in 
acetone, a peak cluster derived from a divalent cation was clearly observed at m/z = 232.02 (sim. for [9 – 
OH2 + C3H6O]2+: m/z = 232.04) as a major peak cluster (Figure 5-4(b)). In the single-crystal X-ray 
crystallography of 9, the palladium complex showed C2 symmetry, which was not consistent with the 1H 
NMR spectroscopic analysis (Figure 5-4(c)). This inconsistency between the crystal structure and 1H NMR 
analysis can be explained by the seesaw-like fast flipping to exchange the positions of the left and right NHC 
nitrogen atoms (N2 and N3) above and below the equatorial plane of the square-planar PdII complex at room 
temperature in the NMR time scale. The bond lengths of Pd-C7 and Pd-O1 in 9 are 1.917(2) Å and 
2.1155(19) Å, respectively. The value of Pd-C bond length is within the range of the corresponding bond 
lengths observed in other PdII complexes, having an NHC ligand (1.90 – 2.05 Å),24 and the value of Pd-O1 
bond length is also within the range of corresponding bond lengths in literature (2.04 – 2.14 Å).25 
 

 

Figure 5-4. (a) 1H NMR spectrum of 9 in D2O. (b) ESI-TOF-MS spectrum of 9 measured in acetone. (c) 
ORTEP drawings of complex 9 with thermal ellipsoid of 50% probability. 
 
5-3 Catalytic OBC reactions of HBDs 

An OBC reaction was performed at room temperature under air using 9 as a catalyst as follows: 1 mL 
of o-dichlorobenzene was added to the D2O solution (pD 2.0, 1 mL) of 9 (0.1 mM), followed by addition of 
Oxone® (100 mM) and the biphasic reaction mixture was stirred vigorously. After 24 h, the aqueous phase of 
the reaction mixture was analyzed spectroscopically to identify the products (Figure 5-5). In the 1H NMR 
spectrum of the reaction mixture, a signal assignable to 1HCOOH was observed at δ 8.29 ppm (Figure 
5-5(a)) and a 13C NMR signal due to H13COOH was observed at δ 166 ppm in the 1H-decoupled 13C NMR 
spectrum (Figure 5-5(b)). The two-dimensional heteronuclear single quantum coherence (HSQC) spectrum 
of the reaction mixture exhibited a correlation cross peak between the 1H NMR signal at δ 8.29 ppm and the 
13C NMR one at δ 166 ppm (Figure 5-5(c)). Thus, the product, observable in the NMR spectra, of the OBC 
reaction of o-dichlorobenzene was assigned to formic acid. 
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Figure 5-5. (a) 1H NMR spectrum of the aqueous phase of the reaction mixture after stirring for 24 h in the 
presence of catalyst 9 (0.1 mM). The reactions were performed at 298 K in D2O, the pH was set at pD 2.0, 
and the mixture included Oxone® (100 mM). (b) 13C NMR spectrum of the aqueous phase of the reaction 
mixture, described above in the presence of 9 after stirring for 24 h. (c) HSQC spectrum of the aqueous 
phase of the reaction mixture in the presence of 9 after stirring for 24 h. 1H NMR, 13C NMR, and HSQC 
spectra were measured at 298 K. 
 

The concentration of formic acid in the aqueous phase of the reaction mixture was determined by 1H 
NMR spectroscopy with use of DSS (= sodium 4,4-dimethyl-4-silapentane-sulfonate) as an internal standard; 
the turnover number (TON) of the catalysis was determined to be 46. In the gas chromatogram (GC) of the 
gaseous phase of the sealed reaction vial, a peak derived from CO2 was observed at the retention time of 7.2 
min (Figure 5-6). The amount of CO2 formed was determined by GC and the TON based on the amount of 
the catalyst was calculated to be 39. Carbon monoxide was not observed in the gaseous phases.26  
 

 

Figure 5-6. (a) A GC chart of the gaseous phase in the sealed reaction vial. (b) Schematic representation of 
the OBC reaction of o-dichlorobenzene as a substrate. 
 

 
Figure 5-7. (a) 2H NMR spectra of the reaction mixture for the OBC reaction of o-dichlorobenzene-d4 in the 
presence of Oxone® (0.1 M) and 9 (0.1 mM) at pH 1.6. (b) Schematic representation of the catalytic OBC 
reactions of o-dichlorobenzene-d4 in H2O. 
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The efficiencies of the oxidation processes was calculated with the following equations: 100 × {([HCOOH] 
× 3)/([HSO5] × 2)} for formic acid, 100 × {([CO2] × 5)/([HSO5] × 2)} for CO2. Thus, the efficiencies were 
determined to be 3.4% for formic acid and 4.8% for CO2. In addition, to improve the TON, the author 
performed the OBC reaction of benzene with lower concentration of 9 (10 µM) and higher concentration of 
Oxone® (0.3 M) at higher temperature (323 K) and the TONs for formic acid and CO2 reached to 1560 and 
5050, respectively at the reaction time of 24 h. 

To confirm the origin of formic acid, deuterium-labeled o-dichlorobenzene-d4 was used as a substrate 
for the catalytic OBC reaction in H2O (pH 1.6). The 2H NMR spectroscopic analysis on the reaction mixture 
showed a 2H NMR signal assigned to DCOOH at δ 8.2 ppm (Figure 5-7(a)). Thus, we concluded that formic 
acid formed was definitely derived from benzene as the substrate in the OBC reaction. In addition, to 
confirm the origin of the oxygen atoms of formic acid obtained from the OBC reaction of o-dichlorobenzene 
under helium, 18O-labeled water (H2

18O) was used as a solvent, and peak clusters were observed at m/z = 50 
for HC18O18OH as well as at m/z = 46 for HC16O16OH in the GC-MS spectra (Figure 5-8). Thus, the oxygen 
atoms of formic acid obtained are derived from both of water as a solvent and HSO5

– as an oxidant. Since the 
oxygen atoms in HSO5

– have been reported not to undergo exchange with a water molecule,27 the 
observation of HC16O16OH even in the reaction in H2

18O indicates that the origin of the oxygen atoms are 
Oxone® as the oxidant. However, the author cannot determine the true origin of the oxygen atoms in 
HC18O18OH, because it should be possible that the reactive intermediates derived from 9 undergo rapid 
exchange of the oxygen atom with a water molecule during the reaction (see Figure 5-16(b)) or a water 
molecule is directly involved in the formation of oxidized intermediates derived from o-dichlorobenzene. 

Other sacrificial oxidants were also examined for these catalytic OBC reactions. Comparing the TON  
 

 

Figure 5-8. (a) Schematic representation for the catalytic OBC reaction of o-dichlorobenzene in H2
18O. (b) 

EI-MS spectra of the fraction eluted at the retention time of 1.5 min obtained from the reactions in H2
16O 

(left) and H2
18O (right). [9] = 0.10 mM, [Oxone®] = 100 mM, T = 298 K. The reactions were conducted 

under helium for 24 h. Parameters on GC-MS measurements are as follows: split mode (split ratio: 1/50), 
T(interface) = 240 ºC, T(detector) = 200 ºC. The temperature program was set as follows: 40 ºC (2 min) – 20 
ºC/min – 200 ºC (5 min). SH-Rxi-5ms capillary column (30 meter) was employed and helium was used as 
the career gas. 
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values and efficiencies, Oxone® was found to be most efficient for catalytic OBC reactions among other 
oxidants examined such as CAN mentioned in Chapter 3 (Entry 3 in Table 5-1). Despite the fact that the 
other oxidants, (NH4)2[CeIV(NO3)6] (CAN) and CeIV(SO4)2, also have high reduction potentials, formic acid 
was obtained in very low yields upon using these oxidants. This is because the reactive species is not formed 
from complex 9 with these electron-transfer oxidants due to its redox-innocent character of 9 (see below). 
Other palladium(II)-aqua complexes and metal salts were also employed as catalysts for the OBC reaction of 
o-dichlorobenzene in place of 9; palladium catalysts also catalyzed the OBC reactions under the same 
conditions, comparable to 9 (Tables 5-2). Among these palladium complexes, [PdII(tpy)(OH2)]2+ showed a 
relatively lower TON value. The results are probably derived from the ligand rigidity that inhibits structural 
changes of the PdII catalyst from square-planar PdII species to PdIII or PdIV species in a different geometry.28 
 
Table 5-1. Effects of oxidants on the TON of the OBC reaction using o-dichlorobenzene as a substratea 

Entry Oxidant TON(HCOOH) Efficiency(HCOOH) Ered (V vs SCE) 
1 Oxone® (100 mM) 46 3.4 +1.58 c 
2 CeIV(SO4)2·4H2O (100 mM)b N. D. N. D. +1.20 c 
3 CAN (400 mM) 5 0.4 +1.37 c 
4 Na2S2O8 (200 mM) 2 0.2 +0.4 d 

a Reaction conditions are as follows: [9] = 0.1 mM, T = 298 K. Time: 24 h. o-Dichlorobenzene (1 mL) was 
used as the substrate. b H2SO4 in D2O (pD 1.0) was used as a solvent for increasing solubility of the cerium 
salt. c ref. 29. d ref. 30. 
 
Table 5-2. Comparison of the catalytic performance in the OBC reaction of o-dichlorobenzene among 
palladium complexes, or palladium or nickel salts as catalysts a 
Catalyst TON(HCOOH) Efficiency(HCOOH)d 
9·(PF6)2 46 3.4 
PdII(bpy)(OH2)2 b 37 2.8 
PdII(tpy)(OH2) c 16 1.2 
PdIISO4 42 3.2 
NiIISO4·4H2O 
none 

7 
– 

0.5 
– 

a [catalyst] = 0.1 mM, [Oxone®] = 100 mM, T = 298 K. Time: 24 h. b ref. 31. c ref. 32. d [efficiency] = 
100[([HCOOH] × 3 / [Oxone®] × 4)]. bpy = 2,2’-bipyridyl. tpy = 2,2’;6’,2”-terpyridyl. 
 
5-4 Scope and limitation in the OBC reaction of benzene- and halogenated-benzene derivatives 

The OBC reaction catalyzed by 9 was also applied to other aromatic compounds as listed in Table 5-3. 
It is noteworthy that introduction of methyl groups as an electron-donating substituent decreased the TON 
values of formic acid as a product (entries 1 and 2 in Table 5-3), whereas that of chloro groups as an 
electron-withdrawing substituent increased the TONs (entries 3, 5, and 12 in Table 5-3). In comparison 
among chloro-substituted benzene derivatives, introduction of a sulfonate (SO3

–) group as an 
electron-withdrawing group decreased the TONs (entries 12 – 15 in Table 5-3), indicating electrophilic 
character of the reactive species (see below). However, benzene derivatives substituted by three or four 
chloro groups were not oxidized effectively, compared to the dichloro derivatives (entries 8, 9, 10, and 15 in 
Table 5-3), probably due to the poor solubility of the substrates in water.33 The TONs of formic acid were  
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Table 5-3. Catalytic OBC reactions of various benzene and HBDs with 9 as the catalyst and Oxone® as the 
sacrificial oxidant in D2O at 298 K. 
Entry Substrate Product TON b Efficiency c 

1  Formic acid 22 1.6 

2 
 

Formic acid 
Acetic acid 

10 
12 

0.8 
0.9 

3 
 

Formic acid 20 1.5 

4 
 

Formic acid 5 0.4 

5 
 

Formic acid 46 3.4 

6 
 

Formic acid 24 1.8 

7 
 

Formic acid 23 1.7 

8  Formic acid 5 0.4 

9 
 

Formic acid 12 0.9 

10  Formic acid 1 0.1 

11  (20 mM) Formic acid 7 0.6 

12  (10 mM) Formic acid 18 1.4 

13  (10 mM) d Formic acid 9 0.7 

14  (10 mM) d Formic acid 6 0.4 

15  (<10 mM) d Formic acid 3 0.2 

16 
d Formic acid 5 0.4 

17  d Formic acid 2 0.2 

18  d Formic acid 15 1.1 

19  d Formic acid 
Acetic acid 

17 
15 

1.3 
1.1 

a Solvent: D2O (pD 2.0), [9] = 0.1 mM, [Oxone®] = 0.1 M, T = 298 K. Time: 24 h under air. b TON = 
[Product]/[Catalyst]. c Efficiency (%) = 100 × {([Product] × n)/([Oxone®] × 4)}. n = number of electrons 
required to produce one molecule of the product. d under Ar. 
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Table 5-4. Catalytic OBC reactions of various benzene and HBDs in the absence of 9 as the catalyst and 
Oxone® as the sacrificial oxidant in D2O at 298 K.a 

Entry Substrate Product Efficiency b 

1 
 

Formic acid 0.07 

2 
 

Formic acid N. D. 

3 
 

Formic acid 0.06 

4 
 

Formic acid 0.06 

5 
 

Formic acid 0.11 

6 
 

Formic acid 0.06 

7 
 

Formic acid 0.07 

8 
 

Formic acid 0.03 

9 
 (10 mM) 

Formic acid N. D. 

10 
 (10 mM) 

Formic acid N. D. 

11 
 (10 mM) 

Formic acid N. D. 

12 
 (10 mM) 

Formic acid N. D. 

13 
 (<10 mM) 

Formic acid N. D. 

a Solvent: D2O (pD 2.0), [9] = 0 mM, [Oxone®] = 0.1 M, T = 298 K. Time: 24 h under air. b Efficiency (%) = 
100 × {([Product] × n)/([Oxone®] × 4)}. n = number of electrons required to produce one molecule of the 
product. 
 
not significantly affected by the position of the chloro groups on benzene rings (entries 13 and 14 in Table 
5-3). No effect of the substituted positions of chloro groups on the reaction rates was also observed in kinetic 
analysis described in Section 5-6 in this chapter. 

Substrates listed in Table 5-3 were oxidized with formation of negligible amounts of formic acid in the 
absence of 9 as a catalyst (Table 5-4). In addition, catalytic OBC reactions of substrates, having good leaving 
groups such as trifluromethanesulfonate and bromo groups, were conducted (entries 4 and 16 in Table 5-3). 
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Comparing the TON values of formic acid as a product, both phenyl triflate and bromobenzene were 
oxidized with TON values of 5 and 11, respectively, lower than that of chlorobenzene as a substrate. These 
results indicate that this catalytic OBC reaction has proceeded not through oxidative addition of the 
substrates to the PdII center, which involves formal PdII/PdIV redox processes. 

To scrutinize the electronic effects on the OBC reaction of chlorinated benzene derivatives, 
1-bromo-2-chlorobenzene and 3-methyl-1,2-dichlorobenzene were used as substrates under Ar (entries 17 – 
19 in Table 5-3). Despite the fact that all of these substrates have chlorobenzene moieties in the structures, 
substitution of a chloro group in o-dichlorobenzene with a bromo group significantly lowered the TON 
values of the products (entries 17 and 18 in Table 5-3). Since the Hammett parameter (σ) of the bromo group 
is very similar to that of the chloro group, the lower TON for the bromo derivative (entry 17 in Table 5-3) is 
not derived from the electronic effect of the bromo substituent. Thus, the bulkiness of the bromo group 
probably is assumed to have a negative impact for lowering the TON values of the products through steric 
hindrance.34 In contrast, introduction of methyl group in o-dichlorobenzene increased the TON values 
(entries 18 and 19 in Table 5-3). This result indicates that electron-rich chlorobenzenes are easily oxidized 
by the reactive species. On the basis of these observations, it is suggested that the catalytic OBC reaction, 
described in this chapter, proceeds through an electrophilic reaction of the reactive species at the ipso 
position of the chloro groups.35 It should be noted that the TON value of formic acid in entry 18 of Table 5-3 
was lower than that of entry 5. The difference strongly suggests that molecular oxygen in the atmosphere 
enhances the formation of formic acid, probably due to the involvement of radical intermediates derived 
from the substrates in the course of the OBC reaction.36 This is in sharp contrast to the OBC reaction by the 
RuIII-O• complex as described in Chapter 4, in which no influence of O2 has been observed on the TONs.18  
 
5-5 Mechanistic insights on the OBC reaction of dihalogenated benzenesulfonates 

On the basis of the observation that the OBC reactions are particularly enhanced by introduction of 
chloro groups, comparison of the degradation rates of HBDs, o-X2PhS (X = F, Cl, or Br), in the OBC 
reactions was conducted (Figure 5-9(a)). As the result, initial degradation rates were determined to be 0.5 ×  
 

 

Figure 5-9. (a) Schematic representation of degradation of sodium o-dihalogenated benzenesulfonates, 
o-X2PhS. (b) Comparison of the initial degradation rates of o-X2PhS. Conditions: [9] = 0.1 mM, [o-X2PhS] = 
10 mM, [Oxone®] = 0.1 M, T = 298 K, under air. Sodium acetate was used as an internal standard to 
determine the concentrations of o-X2PhS in the reaction mixtures. 
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10–3, 3.9 × 10–3, and 1.0 × 10–3 for X = F, Cl, and Br, respectively (Figure 5-9(b)). This tendency was not 
matched with their bond dissociation energies (BDE) of the C-X bonds (C-F: 125 kcal/mol, C-Cl: 95.5 
kcal/mol, and C-Br: 80.4 kcal/mol in ref. 37). These results also reflect that this catalytic OBC reaction 
proceeds not through oxidative addition involving formal PdII/PdIV redox couples as mentioned above. 

In the 19F NMR spectrum of the reaction mixture obtained from the OBC reaction of o-difluoro-  
 

 
Figure 5-10. (a) A 19F NMR signal derived from F– obtained from the OBC reaction of 
o-difluorobenzenesulfonate as a substrate. [9] = 0.1 mM, [Oxone®] = 0.1 M, T = 298 K, time: 48 h. (b) 
Schematic representation for dissociation of a halide group from substrate. 
 
benzenesulfonate, a 19F NMR signal derived from F– ion was observed at –165 ppm (Figure 5-10(a)).38 This 
indicates that this OBC reaction accompanies elimination of halide ions from benzene rings (Figure 5-10(b)). 

Kinetic analysis has been also performed on the OBC reaction using sodium 
o-dichlorobenzenesulfonate (o-Cl2PhS) as a substrate by 1H NMR spectroscopy (Figure 5-11). The rate 
constants were investigated particularly with regards to the dependence on the concentrations of the substrate, 
oxidant, and catalyst. On the basis of time-courses of the substrate concentration in the initial stage of the 
reaction, the initial reaction rates (v0) were determined (Figure 5-11). The dependence of the v0 values on the 
substrate concentration exhibited saturation at higher concentrations (Figure 5-11(a)), which was analyzed 
on the basis of the Michaelis-Menten equation (eq 1):39  

 
v = Vmax[S]/(Km + [S])      (1) 

 
where, v is a rate of product formation and [S] is a concentration of a substrate. The Michaelis constant, Km, 
and the maximum rate, Vmax, were determined to be (5.6 ± 2.5) mM and (7.0 ± 0.9) × 10–3 mM min–1, 
respectively. This small Km value indicates that there are relatively strong interactions between the substrate 
and the reactive species prior to the oxidation reaction. The dependence of the v0 value on the oxidant and 
catalyst concentration was investigated to determine the catalytic rate constants (kcat) under the conditions, 
where the substrate concentration was high enough to show the saturation of the v0 value. As a result, v0 
showed first-order dependence on the oxidant concentration as well as the catalyst concentration in the OBC 
reaction of o-Cl2PhS (Figure 5-11(b), (c)). Based on the linear relationships, kOxone and kcat were determined 
to be 6.5 × 10–5 min–1 and 5.6 × 10–2 min–1, respectively. On the basis of these observation, there should be a 
pre-equilibrium process between the reactive species and substrate and the rate-determining step in the 
presence of a large excess amount of substrate should be a reaction of the palladium complex and Oxone® to 
afford a reactive species. In addition, to clarify effects of the substitution positions of chloro groups on the 
initial rates of the OBC reactions, sodium p-dichlorobenzenesulfonate (p-Cl2PhS) was used as a substrate 
instead of o-Cl2PhS. As a result, the dependence of the v0 values on the substrate concentration also showed 
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saturation behavior at higher concentrations, which was also analyzed on the basis of the Michaelis-Menten 
equation (Figure 5-12). 
 

 

Figure 5-11. Dependence of the initial rates of degradation of o-Cl2PhS at 298 K in the OBC reaction, (a) on 
the concentration of o-Cl2PhS and the fitting curve based on the Michaelis-Menten equation (blue solid line), 
(b) on the concentration of Oxone®, and (c) on the concentration of 9. The concentrations of o-Cl2PhS were 
determined by 1H NMR spectral measurements using sodium acetate as an internal standard. 
 

The Michaelis constant, Km, and the Vmax value were determined to be (4.5 ± 2.3) mM and (7.7 ± 1.0) 
× 10–3 mM min–1, respectively. In comparison with the values of o-Cl2PhS, no significant differences were 
recognized. This indicates that the positions of the chloro substituents are not influential to the reaction 
mechanism. 

Furthermore, a dimethylated dichlorobenzene derivative, sodium p-dichloro-p-xylenesulfonate 
(p-Cl2XyS) was used for comparison of the initial rates of the degradation. The initial rate of degradation  

 

Figure 5-12. Overlaid plots for dependence of the initial rates of substrate degradation on the substrate 
concentrations: blue fitting curve and black-filled circles for p-Cl2PhS and red fitting curve and white circles 
for o-Cl2PhS. The fitting curves were provided based on the Michaelis-Menten equation (eq 1). 
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Figure 5-13. Comparison of the initial rates for degradation of p-Cl2XyS, p-Cl2PhS, and p-XyS. Solvent: 
D2O (pD 2.0), [9] = 0.1 mM, [Oxone®] = 0.1 M, [Substrate] = 3 mM, T = 298 K. Concentration changes of 
the substrates were determined by 1H NMR spectroscopy using sodium pivalate as an internal standard. 
 
of p-Cl2XyS was more than 3 times faster than that of p-Cl2PhS (Figure 5-13). This acceleration of the 
degradation was not observed in the case of sodium p-xylenesulfonate (p-XyS) as a substrate. These 
comparisons indicate that the catalytic OBC reaction of HBDs should be accelerated by introduction of both 
electron-donating substituents and chloro groups on the benzene ring. It is consistent with the comparison of 
catalytic reactivity as mentioned in Table 5-3 (entries 18 and 19). 
 
5-6 Formation and characterization of palladium-oxygen species 

To reveal the reaction mechanism of the catalytic OBC reactions of HBDs by 9 in water, reactive 
intermediates generated from the reaction of 9 with Oxone® has been investigated. First of all, 
electrochemical measurements of 9 were conducted in acidic water. Within the potential window under the  

 
Figure 5-14. CV and SWV of 9 in H2SO4 aq (pH 1.6). [9] = 1.0 mM. Electrolyte: 0.1 M Li2SO4, working 
electrode: glassy carbon, counter electrode: Pt wire, reference electrode: Ag/AgCl. Temperature: RT. 
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Figure 5-15. (a) 1H NMR spectra of 9 in D2O at 298 K. (b) 1H NMR spectrum 9 in D2O after 30 min of 
addition of 7 mol eq. of Oxone® at 278 K. 
 
conditions, no redox wave derived from 9 was observed (Figure 5-14). On the other hand, the reduction 
potential of Oxone® has been reported to be +1.58 V vs SCE.29 The electrochemical measurements indicate 
that Oxone® does not work as an electron-transfer oxidant, but probably as an oxo-transfer reagent in the 
OBC reactions. 

In the 1H NMR spectral analysis on the reaction of 9 with Oxone®, a spectral change upon addition of 
7 mol equiv of Oxone® ([HSO5

–]: 14 mM) was observed in the diamagnetic region at 278 K (Figure 5-15). 
For example, the characteristic AB quartet derived from the methylene bridges was observed at 5.9 ppm 
(Figure 5-15(b)), indicating that the symmetry of complex 9 changed from C2v to Cs symmetry. The 1H NMR 
signals in the aromatic region shifted to upper and lower fields; however, the chemical shifts were in the 
range of those reported in PdII complexes (9.4 – 7.0 ppm).23–25 This desymmetrized palladium complex 
observed in the 1H NMR spectral measurements is numbered as complex 10. 

In the ESI-TOF-MS measurement of the reaction mixture containing 9 and Oxone® after 2-min 
incubation, a peak cluster derived from a palladium complex was observed at m/z = 518.96 in 
acetonitrile/water = 4:1 (v/v) (Figure 5-16(a)). This peak cluster was assigned as [9 – OH2 + HSO5

–]+, which 
was confirmed by comparison to the simulation (m/z = 519.00). Therefore, the 1H NMR signals of 9 upon 
addition of 7 mol equiv Oxone® should be [PdII(BPBIm)(HSO5)]+ (10).40 In addition, a peak cluster for 
another palladium complex, formed by the reaction of 9 with Oxone® after 4-min incubation, was also 
observed at m/z = 421.04 (Figure 5-16(b)). This peak cluster was assigned as [Pd(BPBIm)(16O) – H+]+, which 
was confirmed by the simulation (m/z = 421.03). Furthermore, this peak cluster was shifted (m/z = 423.01) in 
acetonitrile/H2

18O instead of acetonitrile/H2
16O. Based on this observation, complex 10 releases an HSO4

– 
ion to afford complex 11, having an exchangeable terminal oxygen atom with water.41 

To explain the desymmetrized 1H NMR signals, DFT calculations of 10 were conducted at the 
RB3LYP/SDD level of theory. In the DFT-optimized structure of 10, an HSO5

– ligand was coordinated to 
the palladium center in a η2 manner involving the oxygen atom of the peroxide moiety and the oxygen atom 
of the S-O moiety (Figure 5-17). Therefore, the molecular environments were different above and below the 
equatorial plane of 10, which resulted in the desymmetrized 1H NMR signals (see above). The stretching 
vibration frequencies of the O-O bond in HSO5

– ligand were also calculated to be 1011 and 1035 cm–1.42 
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Figure 5-16. (a) ESI-TOF-MS spectrum of 9 upon addition of 7 equiv Oxone® in acetonitrile/water = 4 : 1 
(v/v), after 2-min incubation to form 10 and the simulated spectrum for [10]+ (blue). (b) ESI-TOF-MS 
spectra of 9 upon addition of 7 equiv Oxone® in acetonitrile/H2

16O = 4:1(v/v) (red), and in acetonitrile/H2
18O 

(blue), after 4-min incubation. The simulated spectrum for [Pd(BPBIm)(16O) – H+]+ is shown at the top 
(green). These samples were prepared as follows: 1 mM solution of 9 in 1 mL of H2SO4 aq (pH 1.6) or 200 
µL of H2

18O was added to 4.2 mg or 0.8 mg of Oxone®, respectively, at RT. Then, 200 µL of the reaction 
mixture was diluted with 800 µL of acetonitrile and colorless precipitates formed were removed by filtration 
before the measurements. 
 
 

 

Figure 5-17. DFT-optimized structure of 10 at RB3LYP/SDD level of theory. 
 
In the UV-vis spectral measurements, absorption bands of 9 decreased the absorbance around 280 nm and 
showed a new weak band at 360 nm upon addition of Oxone®. The newly observed absorption band at 360 
nm was assigned to metal-to-ligand charge-transfer (MLCT) transitions of 10 from the palladium(II) center 
to the HSO5

– ligand on the basis of the TD-DFT calculations of 10 (Figure 5-18). In addition, complex 10 
was characterized by resonance Raman (rR) spectroscopy with laser excitation at 355 nm, which was 
consistent with the MLCT band (Figure 5-19). In the rR spectrum, a Raman band derived from the stretching 
vibration of the O-O bond was observed at 1017 and 1040 cm–1. These values are consistent with those 
estimated by the DFT calculations. 
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Figure 5-18. (a) Time-course measurements of UV-vis spectra of 9 (1 mM) in D2O (pD 2.0) upon addition 
of 7 equiv of Oxone® measured at 0 s (black) and 200 s (blue) at 298 K. An isosbestic point was observed at 
λ = 327 nm. The optical path length of a cell used was 1 mm. Oscillator strengths are shown with blue lines, 
obtained by TD-DFT calculations of 10 at the RB3LYP/SDD level of theory. (b) Corresponding molecular 
orbitals (112, 115, and 117) related to the oscillators. 
 

 

Figure 5-19. Resonance Raman spectrum of complex 10, generated in situ from 9. [9] = 10 mM, [Oxone®] = 
70 mM, T = 276 K, solvent: H2SO4 aq (pH 1.6). Excitation wavelength: 355 nm. 
 

Further conversion of complex 10 was investigated spectroscopically at 278 K. Complex 10 did not 
show any further spectral change at least for 1 h. In contrast, at 298 K, spectral changes of 10 were observed 
around 350 nm in the UV-vis spectra, and the color of the solution changed from pale-yellow to yellow 
(Figure 5-20(a)). In the 1H NMR spectra, rapid decomposition of complex 10 was observed after 30 min to 
afford a complicated mixture at 298 K (Figure 5-20(b)). These observations imply that complex 11 formed 
from 10 underwent rapid decomposition at 298 K. 

However, complex 10 did not show any spectral change upon addition of p-Cl2XyS as a substrate at 
278 K (Figure 5-21). This indicates that complexes 10 and 11, derived from decomposition of 10, are not 
reactive species in the catalytic OBC reaction catalyzed by 9. Based on the fact that the catalytic OBC 
reactions of HBDs require a large excess amount of Oxone®, the true reactive species should not be complex 
11 itself, but a species obtained from further reaction of 11 with Oxone®. Unfortunately, such reactive 
species have yet to be detected by any spectroscopic measurements. 
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Figure 5-20. (a) UV-Vis spectral change of 10 in D2O (pD 2.0) at 298 K. No isosbestic point was observed 
in the course of the measurements. (b) 1H NMR spectra of complex 10 in D2O (pD 2.0) measured right after 
starting the reaction (red) and 30 min later (blue) at 298 K. Complex 10 was generated in situ according to 
the following procedure: Complex 9 (1 mM) in D2O (pD 2.0) was added to Oxone® (4.3 mg) at RT. The 
reaction mixture was transferred to an UV-cell (Optical path: 1 mm) for UV-vis spectroscopy or an NMR 
tube for 1H NMR spectroscopy at 298 K. 
 

 
Figure 5-21. 1H NMR spectrum of 10 (1 mM) in D2O (pD 2.0) (a) and that after addition of p-Cl2XyS (3 
mM, saturated) as a substrate (b) at 278 K. 
 
5-7 A proposed mechanism of the catalytic OBC reaction by 9 with Oxone®  

On the basis of the product analysis and the kinetic studies mentioned above, a plausible mechanism 
for the OBC reaction of o-dichlorobenzene catalyzed by 9 has been proposed as shown in Figure 5-22. In the 
first step, complex 9 reacts with Oxone® to afford complex 10. Then, complex 10 releases HSO4

– to afford 
complex 11. Further reaction of complex 11 and Oxone® affords the true reactive species named as “Pd-O” 
in Figure 5-22. The “Pd-O” exhibits a pre-equilibrium process to interact with o-dichlorobenzene, followed 
by electrophilic addition to substrates coupled with removal of a Cl– ion. Chlorobenzoquinone is formed as 
one of the intermediates, which was observed in the GC-MS spectral measurements of the reaction mixture 
(Figure 5-23). 
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Figure 5-22. A proposed mechanism of the OBC reaction catalyzed by 9. 
 

 

Figure 5-23. EI-MS spectrum of chlorobenzoquinone, observed at the retention time of 6.9 min in the GC 
chart for the reaction mixture of the catalytic OBC reaction of o-dichlorobenzene. 
 
5-8 Conclusions 

Catalytic OBC reactions of HBDs, which were not achieved even by RuIII-O• species described in 
Chapter 4, were successfully established to obtain formic acid and carbon dioxide under mild conditions. In 
addition, the author has revealed that introduction of electron-donating substituents on the aromatic rings of 
chlorobenzene derivatives can increase the rates of degradation of the substrates. Also, a palladium-HSO5 
complex (10) was characterized by several spectroscopic methods, although complex 10 and the PdIII-O• 
species (11) derived from 10 did not work as reactive species. In the catalytic cycle, the true reactive species, 
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formed by the reaction between the PdIII-O• species 11 and HSO5
–, should react with HBDs accompanying 

adduct formation between the reactive species and the substrate. The catalytic OBC reaction of HBDs, 
developed in this chapter, will provide a novel methodology for degradation of HBDs including PCBs to 
afford useful materials under mild conditions in water. 
 
5-9 Experimental section 
General. 

NMR measurements were performed on Bruker Avance 400 and Avance III HD 400 spectrometers and 
JEOL JNM-ECS400 spectrometers. DSS (= 3-(trimethylsilyl)-propane-sulfonate sodium salt) or sodium 
acetate was used as internal standards for 1H NMR spectral measurements in D2O. Gas chromatography was 
performed using a Shimadzu GC-2014 equipped with a thermal conductivity detector (TCD) and a packed 
column with molecular sieves 5A or a packed column with activated carbon. ESI-TOF-MS spectra were 
obtained on a JEOL JMS-T100CS mass spectrometer. UV-Vis absorption spectra were measured on an 
Agilent 8453 photodiode-array spectrophotometer. GC-MS measurements were performed using a Shimadzu 
GC-2010 Plus, equipped with a Shimadzu GCMS-QP2020 and a Shimadzu SH-Rxi-5ms capillary column 
(30 meter, ID 0.25, DF 0.25). 
 
Synthesis. 
[PdII(BPBIm)(OH2)](PF6)2 (9·(PF6)2). A solution of AgI(OTf) (102 mg, 396 µmol) in distilled water (5 mL) 
was added to the suspension of [PdIICl(BPBIm)](PF6) (200 mg, 341 µmol) in water (20 mL). Then, the 
reaction mixture was stirred and heated at 50 ºC overnight in the dark. After colorless precipitate was 
observed, the reaction mixture was filtered by membrane filter to remove the 
precipitate. Addition of an excess amount of saturated KPF6 aq (300 mg in 5 mL of 
water) to the filtrate resulted in formation of colorless or pale-yellow crystalline 
powder, and then the powder was filtered and washed by small amount of water. 
Finally, the powder was dried under vacuum. Pale-yellow powder (151 mg, 206 
µmol) of the title compound was obtained in 60% yield. 1H NMR (D2O, 278 K): δ 
8.98 (d, J = 8.0 Hz, Py-6, 2H), 8.22 (t, J = 8.0 Hz, Py-4, 2H), 7.97 (d, J = 7.1 Hz, 
Py-3, 2H), 7.87 (m, BIm-5 and -6, 2H), 7.69 (t, J = 8.0 Hz, Py-5, 2H), 7.55 (m, 
BIm-4 and -7, 2H), 5.87 (s, Py-CH2-Im, 4H). ESI-TOF-MS (Acetone): m/z = 232.02 (sim for [9 – OH2 + 
C3H6O]2+: m/z = 232.04). Anal. Calcd. for C19H18N4OPd·2PF6·0.5H2O: H 2.65, C 31.53, N 7.74; Found: H 
2.44, C 31.42, N 7.59. 
[PdII(HSO5)(BPBIm)]+ (10). A solution of 9 (1 mM) in D2O (1 mL, pD 2.0, controlled by conc. H2SO4) was 
added to the Oxone® (4.28 mg, 7.0 µmol) in an ice bath. Within 30 min, the 
color of solution gradually turned from colorless to pale-yellow. 1H NMR 
(D2O, 278 K): δ 9.26 (d, J = 5.6 Hz, Py-6, 2H), 8.10 (t, J = 7.7 Hz, Py-4, 2H), 
7.86 (d, J = 7.8 Hz, Py-3, 2H), 7.57 (t, J = 6.4 Hz, Py-5, 2H), 7.1 (m, BIm-4, 
-5, -6, and -7, 4H), 6.09 (ABq, J = 18 Hz, Py-CH2-Im, 2H), 5.7 (ABq, J = 18 
Hz, Py-CH2-Im, 2H). ESI-TOF-MS (MeCN/water): m/z = 518.96 (sim for [9 
– OH2 + HSO5

–]+: m/z = 519.00). 
 
General procedure for oxidative cracking of HBDs. 

A sample vial (10 mL) sealed by a rubber septum was filled with a biphasic reaction mixture 
consisting of a D2O solution (1 mL) of 9 (0.1 mM) and Oxone® (= KHSO4·K2SO4·2KHSO5, 100 mM) as an 
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aqueous layer, whose pD was adjusted to be 2.0 by addition of acidic Oxone®, and 1 mL of a substrate as an 
organic layer. In most cases, the reactions were performed at 298 K in a water bath equipped with a 
temperature controller (COOL STIRRER SAC-900). A schematic representation of the reaction setup is 
shown in Figure 5-24. 
 

 
Figure 5-24. Simple cartoon of the experimental setup used in this work. 

 
Kinetic analysis on the OBC reactions of sodium o-dichlorobenzenesulfonate (o-Cl2PhS). 

The 1H NMR signals of o-Cl2PhS were observed to monitor the reaction progress in D2O (pD 2.0). 
The amounts of o-Cl2PhS were determined using anhydrous sodium acetate as an internal standard. A linear 
least-squares fitting was conducted for the time profile of amounts of decaying substrates observed in the 
range of 0 – 360 min and the slopes of the fitting lines obtained were used as the initial rates (v0) of o-Cl2PhS 
oxidation. The v0 values for o-Cl2PhS degradation were determined at various catalyst and oxidant 
concentrations and the catalytic rate constants, kcat and kOxone, were determined with eqs 2 and 3. 

v0 = kcat[9]  (2) 
v0 = kOxone[Oxone®] (3) 

 
Determination of Km and Vmax values for the OBC reaction of o-Cl2PhS. 

The initial rates, v0, for the OBC reactions of o-Cl2PhS at various concentrations (4 – 30 mM) were 
obtained according to the procedure described above. The obtained v0 values were plotted versus the 
substrate concentrations. The v0 values exhibited saturation behavior with respect to the substrate 
concentration (see Figure 5-11(a)). On the basis of the Michaelis-Menten equation39 as described in eqs 1 
and 4, the Michaelis constant, Km, and the maximum rate in the system, Vmax, were determined by fitting 
analysis. 

v0 = (Vmax[o-Cl2PhS]) / (Km + [o-Cl2PhS])  (4) 
 
X-ray crystallography. 

Single crystals of 9·(PF6)2, suitable for X-ray crystallography, were obtained by recrystallization with 
slow condensation of an aqueous solution of 9·(PF6)2. One of the crystals was mounted using a mounting 
loop. All diffraction data were collected on a Bruker APEXII diffractometer at 120 K with a 
graphite-monochromated Mo Kα radiation source (λ = 0.71073 Å) by the 2θ scan. All structure refinements 
were performed using the Yadokari-XG crystallographic software package.43 The structures were solved by a 
direct method using SIR97 and SHELX97.44 Crystallographic data for 9·(PF6)2·H2O are summarized in 
Table 5-6. 
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Table 5-6. Crystallographic data for 9·(PF6)2·H2O 
Compound 9·(PF6)2 

MW 732.73 
Formula C19H18N4OPd·2PF6·H2O 

Crystal system Orthorhombic 
Space group Pbca 

a, Å 15.8888(16) 
b, Å 18.2937(18) 
c, Å 17.2587(17) 
α, º 90 
β, º 90 
γ, º 90 

V, Å3 5016.5(9) 
Z 8 

R1 0.0291 
wR2 0.1021 
GOF 0.966 

 
Resonance Raman spectroscopy. 

The sample solution of 10 was prepared by the following procedure; complex 9·(PF6)2 (7.41 mg, 10 
µmol) was suspended into water (pH 1.6, 1 mL), and Oxone® (42.9 mg, 70 µmol) was added to the 
suspension in ice bath. Resonance Raman spectroscopic measurements were conducted using the solution. 
Resonance Raman scattering was made by excitation at 355 nm with a He-Cd laser (Kimmon Koha, 
IK5651R-G), dispersed by a single polychromator (Chromex, 500IS) and detected by a 
liquid-nitrogen-cooled CCD detector (Roper Scientific, Spec10:400B/LN). The resonance Raman 
measurements were carried out at 276 K using a spinning cell (outer diameter = 5 mm, wall thickness = 0.2 
mm) at 135º scattering geometry. 
 
DFT calculations. 

The global minima on the potential energy surfaces were searched to optimize the structures by using 
the restricted or unrestricted B3LYP method.45 To reproduce the absorption and emission spectra, TD-DFT 
calculations46 were performed on the basis of the optimized structures. For all of the atoms, we used the SDD 
basis sets.47 The Gaussian 09 program package48 was used for all DFT calculations. 
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Concluding remarks 
 

In this research, the author has prepared and characterized 4d-transition-metal complexes having 
N-heterocyclic carbene (NHC) ligands to develop unique catalytic systems for providing useful reactions as 
effective methods to tackle environmental and energy issues, which should be solved by world-wide efforts 
in the future. Especially, the author has focused on the preparation and characterization of metal-oxyl 
complexes and the development of unique catalytic reactions in water based on the oxyl complexes as 
reactive species. 

In Chapter 2, the author has described synthesis and characterization of novel two RuII complexes with 
pincer-type tridentate ligands on the basis of crystallographic and spectroscopic analyses. The 
methylene-bridged NHC ligand coordinated in a meridional manner with large structural distortion, which is 
maintained even in solution in the temperature range of 298 – 348 K. In the complexes, intramolecular CH/π 
interaction between iPr groups of the NHC moieties and one of the pyridine rings in the bpy ligand assists 
the fixation of the distorted structure of the tridentate NHC ligand. The NHC ligands have been 
demonstrated to show a strong σ-donating ability to the RuII center, compared to pyridine or its π-conjugated 
analogs, lowering the oxidation potentials of the RuII/RuIII redox couples. These two RuII complexes can be 
oxidized by a 1e–-oxidant in acetonitrile to afford the corresponding RuIII complexes, which have been 
characterized by several spectroscopic analyses and theoretical studies. 

In Chapter 3, on the basis of the properties of NHC ligands in ruthenium complexes, the author has 
described successful formation and characterization of the first RuIII-oxyl (RuIII-O•) complex, which is 
electronically equivalent to the corresponding RuIV=O species, with use of a tridentate NHC ligand in acidic 
water. The strategy to elongate the metal-oxo bond by the strong trans influence of the NHC ligands to 
reduce the π-bonding interaction between the metal center and the oxo ligand allows the author to provide 
the RuIII-oxyl complex bearing strong radical character as a new category of reactive metal-oxygen species. 
The RuIII-O• complex exhibits high reactivity in catalytic oxidation of organic substrates, including 
benzaldehyde derivatives in the presence of a CeIV complex as a sacrificial oxidant in acidic water. In 
addition, the oxidation reaction includes hydrogen-atom abstraction from the substrate in a pure radical 
manner as the rate-determining step due to the strong radical character.  

In the research described in Chapter 4, the strong radical character of RuIII-O• species, as elucidated in 
Chapter 3 of this thesis, has been applied to an efficient catalytic oxidative cracking of benzene rings (OBC) 
of benzene and its derivatives for the first time. The OBC reaction has been demonstrated to afford formic 
acid and carboxylic acids as products, the latter of which inherit substituents originally attached to the 
aromatic rings. Formic acid is used as a dihydrogen source in water at low temperatures; actually, successful 
H2 evolution has been achieved from the OBC reaction mixture using a RhIII catalyst with simple pH 
adjustment of the reaction solution. In addition, substituent effects on the aromatic rings switched the 
oxidation sites; i.e., the benzylic C-H moiety attached to an electron-deficient aromatic ring is oxidized 
through C-H abstraction, whereas the C=C bonds of the electron-rich aromatic rings are oxidatively cleaved 
in the OBC reaction. The clear selectivity of the aromatic-ring oxidations in the OBC reaction derives from 
the electrophilic and strong radical character of the RuIII-O• complex as the active species, and the OBC 
reactions proceed through the electrophilic addition of the RuIII-O• complex to the aromatic ring. 

In the work described in Chapter 5, halogenated benzene derivatives, which have not been oxidized 
effectively by RuIII-O• species developed in Chapters 3 and 4, have been catalytically oxidized by a 
palladium complex having a tridentate NHC ligand with the use of Oxone® as a cheaper sacrificial oxidant 
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than CeIV salts used for the reactions mentioned in Chapters 3 and 4. In particular, chlorinated benzene 
derivatives can be effectively oxidized compared to brominated or fluorinated one. Introduction of 
electron-donating substituents to the chlorinated benzenes promotes the reaction, whereas bulky bromo 
substituents decelerate the reaction, indicating that the reaction proceeds through electrophilic addition of 
reactive species to the ipso position of the chloro groups on the aromatic rings. The kinetic analysis on the 
reactions has revealed a pre-equilibrium process between the reactive species and substrates. Although the 
reactive species in the system have yet to be clarified, precursors formed from the reaction of the PdII catalyst 
with Oxone® have been characterized as PdII-HSO5 and PdIII-O• species. 

Throughout this research, the author has provided a break-through in metal-oxo chemistry using 
strongly σ-donating NHC ligands, as represented by a rule-breaking RuIII-O• complex, and also has 
developed unique catalytic oxidations in water, which are in sharp contrast to those performed by 
conventional RuIV=O complexes. Consequently, this work has provided useful conversion of harmful and 
inert pollutants to useful materials such as formic acid as a hydrogen reservoir using metal-oxyl complexes 
as reactive intermediates and deeper mechanistic insights into the reaction. Therefore, the RuIII-O• complex 
and a probable PdIII-O• species presented in this thesis should be recognized as important species in 
oxidation chemistry from viewpoints of not only academic interests in basic research but also world-wide 
efforts to solve energy and environmental problems in the future. Hopefully, my research will pave a reliable 
way to the establishment of a sustainable society and improvement of our lives through the selective and 
oxidative conversion of persistent pollutants in environments into useful energy sources under mild 
conditions. 
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