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  Pref ace   

 Oxidation and reduction reactions play important roles in biological systems, as 
exemplifi ed by photosynthesis or metabolism. An effi cient electron transfer mecha-
nism operates in these redox processes. From these points of view, bio-inspired chem-
istry permits the construction of conceptually new artifi cial molecular catalysts and 
electrical materials for electron transfer, the function of which might be beyond the 
biological systems. A variety of strategies have been investigated for this purpose. 
A promising approach depends on how to develop synthetic reactions through elec-
tron transfer, how to construct functionalized redox systems, or how to design chiral-
ity-organized redox spaces. A combination of these approaches is allowed to provide 
effi cient artifi cial systems for redox reactions. Our focus in this book is mainly on 
such redox systems. The book consists of three parts, depending on the research done 
in our group, which cover various pioneering fi elds in synthetic organic chemistry, 
materials synthetic chemistry, and bioorganometallic chemistry. 

 For future investigation, their reactions, systems, and spaces should be more 
beautiful. I hope that this book will deepen the readers’ background and widen the 
scope of science, so that they will fi nd a new approach in bio-inspired chemistry. 

 This work was done by postdoctoral researchers and students in our laboratory, 
whose names are cited in the references.  

  Osaka, Japan     Toshikazu     Hirao    
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    Chapter 1   
 Introduction 

             Toshikazu     Hirao    

    Abstract     The concept of this book is described in the introduction. Fuctionalized 
redox systems are essential in effi cient redox reactions and materials. From this 
point of view, redox reactions via electron transfer, π-, d, π-, and d, nonplanar 
π-conjugated systems, and chirality-organized spaces are developed. A combination 
of them will permit novel bio-inspired chemistry.     

  Oxidative and reductive transformations are mostly induced by transition metals or 
organic compounds like coenzymes with various oxidation states. Chemoselective 
reactions are mostly controlled by their redox potentials. Since the coordination 
interaction between transition metals and ligands participates in the redox pro-
cesses, ligand design is important in attaining their utility. A great deal of progress 
has been made in designing coordinated complexes to induce organic reactions via 
electron transfer. 

 Versatile synthetic methods for oxidative or reductive transformations depending 
on the redox properties of metals or heteroatoms are described in Chap.   2    . The tau-
tomerism of dialkyl phosphonate between P(III) and P(V) species can be used in a 
variety of synthetic transformations. 

 Through one-electron oxidation with transition metals involving either inner- or 
outer sphere electron transfer can generate radical species. This reaction proceeds 
through a radical cation intermediate. Likewise, a radical anion can be generated 
through one-electron reduction. The complementary nature of these processes could 
be profi tably exploited for organic synthesis, but little work has been reported in these 
selective catalytic transformations. Effi cient regulation of the electron- transfer pro-
cess allows the catalytic generation of radical species under redox potential control. 

 There is an increasing demand for catalytic reduction reactions involving low- 
valent transition metals, and this has led to investigations into the redox chemistry 
of species such as titanium(II or III), vanadium(II) and samarium(II). Low-valent 
vanadiums and titaniums contribute to reductive transformations as observed in 
nitrogenase. In addition to the catalytic reduction of organic halides, the construc-
tion of effi cient catalytic systems for synthetically important catalytic pinacol 

        T.   Hirao      (*) 
  Department of Applied Chemistry ,  Graduate School of Engineering, 
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 coupling reaction is achieved. Samarium(II) compounds can be also used for reduc-
tion reactions. 

 A higher oxidation state of transition metals and their oxides is able to induce 
oxidative transformations. Furthermore, metal peroxides obtained from the reaction 
of metal oxides with hydrogen peroxide or alkyl peroxides serve as versatile oxidants 
in selective reactions. Using Lewis acidity with one-electron oxidation capability of 
oxovanadium(V) compounds, oxidative transformations of carbonyl compounds 
are performed. Organic substituents of main-group organometallic compounds are 
coupled by treatment with oxovanadium(V) compounds to give ligand coupling prod-
ucts. Such oxidative cross-coupling of organometallic nucleophiles is considered to 
be a complementary method for the conventional nucleophile- electrophile coupling. 
Bio-inspired (haloperoxidase-like) and environmentally harmonic vanadium-catalyzed 
halogenation is attained under molecular oxygen to give halogenated compounds, the 
function of which is beyond the enzyme. 

 In Chap.   3    , redox-active π-conjugated systems allow us to construct a variety of 
potential redox catalysts and electronic materials. A coenzyme PQQ possessing the 
π-conjugated pyrroloquinoline quinone function, serves as a catalyst or mediator in 
redox reactions under molecular oxygen. 

 To extend the quinone chemistry, polyanilines and quinonediimines as π-conjugated 
polymers or molecules are studied to serve as organic catalysts for proton-conjugated 
electron transfer. Dimension of π-conjugated systems is controlled by use of a 
porphyrin or its zinc complex as a molecular scaffold to permit photorefractive 
electron transfer. 

 To widen their scopes in coordination chemistry, the hybrid d,π-conjugated 
systems composed of redox-active π-conjugated compounds and transition metals 
are constructed, affording the potential fi eld refl ected by both redox properties. 
The design of the conjugated complexes with π-conjugated polyanilines and quin-
onediimines as a redox-active ligand is described here, where the redox-active 
ligands contribute to the redox reactions. Chirality induction of the π-conjugated 
chain is attained by chiral complexation or hydrogen bonding. 

 The d,π-conjugated complex is reduced to small and well-dispersed nanoparticles. 
In oxidative reaction induced by a hybrid system of transition metal nanoparticles 
and polyanilines, the latters    are found to serve as a redox-active mediator. 

 Another strategy depends on the introduction of π-conjugated group to imidova-
nadium moiety. In such a sense, imidovanadium compounds bearing the π-conjugated 
substituents at the  N -position are synthesized and characterized. 

 Fullerenes and carbon nanotubes are typical nonplanar π-conjugated compounds, 
which provide unique π- and d,π-conjugated systems. Bowl-shaped π-conjugated 
“sumanene”, which possesses a partial C 3v  symmetric structure of fullerene, is syn-
thesized for the fi rst time. X-ray single crystal structural analysis reveals its colum-
nar stacking. n-Type electron transportation ability comparable to C 60  is exhibited. 
Bowl-to-bowl inversion behavior is mentioned as a sumanene function. Short 
synthesis of more highly-strained π-extended π bowls with hemifullerene skeletons 
is achieved utilizing bowl-shaped sumanene. 

T. Hirao

http://dx.doi.org/10.1007/978-4-431-55306-9_3


3

 The unique π-conjugated moieties are permitted to be coordinated to metals, 
to give d, nonplanar π-conjugated systems. The concave or convex π-bent surface is 
demonstrated to serve as a ligand to give the corresponding d,π-conjugated bowl 
complex. Chiral complexation and the bowl-to-bowl inversion dynamics of such a 
complex are investigated. 

 Bioorganometallic chemistry, which is focused on in Chap.   4    , is considered to be 
a new research fi eld, allowing the development of medicinary chemistry, probe 
chemistry, and bio-inspired chemistry. Ferrocene-peptide bioconjugates provide a 
variety of secondary structures in peptide-like systems. 1,1′-Disubstituted ferrocene- 
dipeptide bioconjugates are designed to obtain peptidomimetic basis for protein 
folding through interchain hydrogen bonding and to construct the chirality- organized 
structures. This architectural control of the dimensional structures utilizing mini-
mum-sized peptide chains with chiral centers and hydrogen bonding sites provides a 
versatile approach to artifi cial highly ordered systems. Crystal engineering in bioor-
ganometallic chemistry is also discussed. The monosubstituted ferrocene- dipeptide 
bioconjugates form highly ordered molecular assemblies in solid states. 

 Chirality organization of amino acid and dipeptide bearing the organic scaffolds, 
2,6-pyridinedicarboxamide and urea scaffold, respectively, and polypeptide is also 
described here. 

 The redox-active ferrocene bearing a long alkylene chain is aggregated along the 
backbone of double helical DNA to afford the redox-active (outer) and hydrophobic 
(inner) spheres. Nucleobases are used to organize a variety of bioorganometallic 
compounds. The controlled molecular arrangement of organometallic moieties 
through programming self-assembly of nucleobases is attained. 

 A description of the focus of the book consists of functionalized redox systems. 
Rationale for organization of the book is presented since effi cient redox reactions, 
redox systems, and organized redox spaces are essential to realize the enzyme-like 
artifi cial redox systems.   

1 Introduction

http://dx.doi.org/10.1007/978-4-431-55306-9_4
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    Chapter 2   
 Synthetic Methods for Redox Reactions 
Using Phosphorus, Vanadium and Samarium 
Compounds 

             Toshikazu     Hirao     ,     Toshiyuki     Moriuchi     ,     Toru     Amaya     ,     Akiya     Ogawa     , 
and     Akihiro     Nomoto    

    Abstract     The tautomerism of dialkyl phosphonate between P(III) and P(V) species 
is applied to a variety of synthetic transformations, including reductive dehalogena-
tion and palladium-catalyzed phophonation. Low-valent vanadiums contribute to 
reductive transformations as observed in catalytic reduction of organic halides. 
Catalytic pinacol coupling reaction is induced by vanadiums or titaniums in the 
presence of a chlorosilane and a co-reductant zinc. Use of the heterobimetallic cata-
lyst permits the selective cross-coupling. Samarium(II) compounds are also used for 
the reduction reactions. Using Lewis acidity with one-electron oxidation capability 
of oxovanadium(V) compounds, oxidative transformations of carbonyl compounds 
are developed. Silyl enol ethers and boron enolates undergo selective oxidative cou-
pling. Organic substituents of main-group organometallic compounds are coupled 
by oxidation with oxovanadium(V) compounds to give ligand coupling products. 
Bio-inspired and environmentally harmonic vanadium-catalyzed halogenation is 
attained in the presence of halide anion and Lewis or Brønsted acid under molecular 
oxygen to give halogenated compounds.  

  Keywords     Aryl phosphonate   •   Ate complex   •   Boron enolate   •   Brønsted acid   • 
  Carbon–phosphorus bond formation   •   Cross coupling   •   Dehalogenation   •   Dinuclear 
complex   •   Electron transfer   •   Hirao reaction   •   Hirao reduction   •   Lewis acid   •   Ligand 
coupling   •   Main-group organometallics   •   Molecular oxygen   •   One-electron oxida-
tion   •   Organotin   •   Organozirconium   •   Oxidative bromination   •   Palladium catalyst   
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•   Phophonate   •   Pinacol coupling   •   Reductive deconjugation   •   Ring-opening oxidation   
•   Silyl enol ether   •   Silyl ketene acetal   •   Tautomerism   •   Vanadium bromoperoxidase   
•   Vanadium catalyst   •   Vinyl phosphonate  

  Abbreviations 

   acac    Acetylacetonate   
  2-BPEPA     N , N ′-Bis[2-(2-pyridyl)ethyl]-2,6-pyridinedicarboxamide   
  BIPA     N , N ′-Bis[2-(4-imidazolyl)ethyl]-2.6-pyridinedicarboxamide   
  CAN    Cerium(IV) ammonium nitrate   
  DIPHOS    1,2-Bis(diphenylphosphino)ethane   
  DME    1,2-Dimethoxyethane   
  Et    Ethyl   
  HMPA    Hexamethylphosphoramide   
  L    Liter(s)   
  Me    Methyl   
  MeCN    Acetonitrile   
  mol    Mole(s)   
  Ph    Phenyl   
  PTS•H 2 O     p -Toluenesulfonic acid monohydrate   
  TBS     tert -Butyldimethylsilyl   
  TFA    Trifl uoroacetic acid   
  THF    Tetrahydrofuran   
  VBrPO    Vanadium bromoperoxidase   

2.1           Reductive Transformations of Organic Halides 
with Phosphonate 

    Toshikazu     Hirao    

 Dialkyl phosphonate ( 1 ) is known to be present in tautomerism with dialkyl phosphite 
( 2 ). Although the phosphonate form mainly exists under neutral conditions, the 
equilibrium to phosphite is observed under basic conditions. The interconversion 
between P(V) and P(III) species shown in Scheme  2.1  is considered to contribute to 
the redox processes. In this section, the dehalogenation reaction depending on the 
tautomerism is described.  

HP(OR)2

O

HOP(OR)2

1 2

  Scheme 2.1    Tautomerism of dialkyl phosphonate       
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Br

Br

+
Br

H

Et3N
HP(OEt)2

O

3 4

  Scheme 2.2    Reductive debromination of gem-dibromocyclopropanes 3       

Br

BrR

H
+ HP(OEt)2

H

BrR

HO
5 6

Et3N

  Scheme 2.3    Reductive debromination of gem-dibromoalkenes 5       

 The transformations of  gem -dihalocyclopropanes are synthetically useful because 
the cyclopropanes are readily prepared by the addition of dihalocarbene to olefi ns. In 
most of dehalogenation reactions to monohalocyclopropanes, the reagents are lim-
ited to metallic reductants such as organotin hydride, lithium aluminum hydride, 
sodium borohydride, Grignard reagent, and zinc-copper couple [ 1 – 9 ]. A versatile 
method for the reduction of  gem -dibromocyclopropanes  3  with an organic reductant 
is achieved by use of diethyl phosphonate (commercially named diethyl phosphite) 
and triethylamine to give the monobromocyclopropanes  4  (Scheme  2.2 ) [ 10 ].  

 This reduction method can be extended to the reductive conversion of  gem  - 
dibromoalkenes  4  into monobromoalkenes  5  (Hirao reduction [ 11 – 13 ]) as shown in 
Scheme  2.3 , which makes this method more synthetically useful.  

 Starting from  gem -bromochlorocyclopropanes  7 , the corresponding chlorocyclo-
propanes  8  are prepared without formation of bromocyclopropanes (Scheme  2.4 ) 
[ 14 ]. One of the chlorine atoms of the trichloromethane derivatives  9  is reduced to 
give the dichloromethane ones  10 . Furthermore, methyl α-bromocinnamate is 

Cl

Br

+
Cl

H
HP(OEt)2

O

+RCCl3 RCHCl2HP(OEt)2

O

+Br CCH2Br
O

HP(OEt)2

O

Br CCH3

O

+PhCHBrCH2Br PhCH=CH2HP(OEt)2
O

7 8

9 10

11

12

Et3N

Et3N

Et3N

Et3N

  Scheme 2.4    Reductive debromination of various halides       
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Br
O

(CH2)n
HP(OEt)2

O

O

(CH2)n
+

Et3N

  Scheme 2.5    Reductive deconjugation of α-bromo-α,β-unsaturated ketones       

CH=C
OEt

OSiMe3
R t-BuOK

CHBr3

CH=CR Et3N

HP(OEt)2

O
R COOEt

O

OSiMe3
Br

OO

O

:CBr2

O

Et3N

HP(OEt)2

O

Br

COOEt
13 14 15

  Scheme 2.6    Reductive deconjugation of α-bromo-α,β-unsaturated esters and lactones       

allowed to be reduced into methyl cinnamate, which is in contrast with Michael 
addition of diethyl phosphonate to methyl cinnamate. α-Bromo ketone  11  also 
undergoes the debromination. (1,2-Dibromoethyl)benzene ( 12 ) is reduced to sty-
rene. The attack of diethyl phosphonate or its anion on the bromine or chlorine atom 
is considered to be an initial step in these reduction reactions.  

 The reaction of α-bromo-α,β-unsaturated ketones with diethyl phosphonate and 
triethylamine affords β,γ-unsaturated ketones selectively (Scheme  2.5 ) [ 15 ]. This 
process comprises reduction of the bromide and deconjugation of an olefi nic moi-
ety. α-Bromo-α,β-unsaturated carbonyl compounds are readily prepared by treat-
ment of l,l-dibromo-2-siloxycyclopropanes with diethyl phosphonate. This fi nding 
makes it possible to prepare β,γ-unsaturated ketones from l,l-dibromo-2-siloxycy-
clopropanes in one pot. As one of the plausible reaction paths, the α-bromo-β,γ-
unsaturated ketone, arising from the intervention of the dienol, is subjected to 
debromination with diethyl phosphonate and triethylamine to give the β,γ-
unsaturated ketone.  

 The highly stereoselective synthesis of β,γ-unsaturated esters or lactones, being 
accompanied by one-carbon homologation of starting saturated esters or lactones, is 
also permitted (Scheme  2.6 ) [ 16 ]. The α-bromo-α,β-unsaturated ester  14 , easily pre-
pared by the addition of dibromocarbene to the silyl ketene acetal  13 , is treated with 
dialkyl phosphonate and triethylamine to afford the β,γ-unsaturated ester  15 . A variety 
of α-bromo-α,β-unsaturated esters are allowed to undergo reductive deconjugation. 
Another interesting feature is the high stereoselectivity of the present transfor-
mation; for example, a mixture of ethyl ( E )- and ( Z )-2-bromo-2-hexenoates is 
consumed in the same rate, giving ethyl (E)-3-hexenoate exclusively.  

 The present process provides a synthetically useful route for the stereoselective 
introduction of a carbon–carbon double bond β,γ to the carbonyl group together with 
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one-carbon homologation. A synthetic route to (±)-11-hydroxy- trans -8-dodecenoic 
acid, a precursor of (±)-recifeiolide [ 17 ], from the commercially available 
10-undecenoic acid is achieved by using the present methodology as a key step 
(Scheme  2.7 ). This process is also applied to the synthesis of (±)-pyrenophorin 
(Scheme  2.8 ) [ 16 ].    

COOBu-t COOBu-t

O
cat. PdCl2
cat. CuCl
H2O, DMF, O2

COOBu-t

OSiMe3
TMSCl
Et3N, DMF

CHBr3
t-BuOK

COOBu-t

Br

O
Et3N

HP(OEt)2

O
COOBu-t

O

NaBH4

COOBu-t

OH

TMSCl
NaI
pyridine

COOH

OH

O O

(±)-recifeiolide

  Scheme 2.7    Synthesis of recifeiolide       

O
1) MCPBA
2) LDA, TMSCl
3) CHBr3, t-BuOK

O
O

Br

Et3N

HP(OEt)2

O
O

O

KOH

MeOH-H2O

OH

COOH

O

O

O

O

DEAD
PPh3

O

O

O

O

O

OMCPBA

O

O

O

O

O

O

O

O

LDA
OHHO OO

(±)-pyrenophorin

  Scheme 2.8    Synthesis of pyrenophorin       
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2.2     Carbon–Phosphorus Bond Formation 

    Toshikazu     Hirao    

 Cyclopropylphosphonates are known as another class of less readily obtainable 
compounds due to the diffi culty of nucleophilic displacement on a cyclopropane 
ring. A novel reductive phosphonation of  gem -dibromocyclopropanes  16  is achieved 
by treatment with triethyl phosphite and water or diethyl phosphonate as shown in 
Scheme  2.9 , giving the corresponding diethyl cyclopropylphosphonates  17  [ 18 ].  

H2O or

Br

Br
R3

R1

R2

+
Et3N

P(OEt)3

H

P(OEt)2
R3

R1

R2

O

HP(OEt)2
O

16 17

  Scheme 2.9    Synthesis of cyclopropylphosphonates 17       

Br
Br

- BrP(OEt)2
O

Br
:

- Br-

P(OEt)3
P(OEt)3 P(OEt)2

H

O

18 19

20

  Scheme 2.10    A reaction route to cyclorpopylphosphonate       

 The reaction path to the cyclopropylphosphonate might be postulated as depicted 
in Scheme  2.10  [ 19 ]. The  gem -dibromocyclopropane undergoes debromination 
with diethyl phosphonate and triethylamine, giving the carbanion  18 . Protonation 
with diethyl phosphonate or water leads to the monobromocyclopropane, which is 
consistent with reduction with diethyl phosphonate and triethylamine [ 10 ]. 
Elimination of Br −  from results in the generation of the cyclopropylidene  19 . Prior 
to ring cleavage into the allene, is assumed to interact with triethyl phosphite to 
afford the ylide  20 . It is conceivable that the degradation completes the route to the 
cyclopropylphosphonate  17 .  

 Treatment of the  gem -dibromocyclopropane with triethyl phosphite, diisopropyl 
phosphonate, and triethylamine results in the formation of the diethyl cyclopro-
pylphosphonate  17  exclusively (Scheme  2.11 ). The formation of the diisopropyl 
cyclopropylphosphonate is not detected. The reverse combination of triisopropyl 
phosphite and diethyl phosphonate leads to the exclusive formation of the diisopro-
pyl cyclopropylphosphonate  21 . Thus-obtained cyclopropylphosphonates undergo 
addition reaction with aldehydes [ 20 ].  
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 A plausible formation path for dialkyl arylphosphonates is as follows. 
Palladium(0) species undergoes oxidative addition with aryl bromide to give the 
arylpalladium species, which reacts with dialkyl phosphite or phosphonate to give 
dialkyl arylphosphonate. 

 In addition to the above-mentioned carbon–phosphorus bond formation, the 
reaction of dienes with nucleophiles is also catalyzed by a palladium complex. 

+ Et3NP(OPr-i )3

H

P(OPr-i)2
R3

R1

R2

O

Br

Br
R3

R1

R2

HP(OEt)2
O

Br

Br
R3

R1

R2
+ P(OEt)3

H

P(OEt)2
R3

R1

R2

O

Et3N

HP(OPr-i)2
O

17

21

  Scheme 2.11    Cross reaction for the synthesis of cyclopropylphosphonates 17 and 21       

ArX HP(OR)2
O

+
cat. Pd(PPh3)4, Et3N

X = I, Br

ArP(OR)2
O

22

  Scheme 2.12    Palladium-catalyzed synthesis of arylphosphonates 22       

HP(OR4)2

O

+
cat. Pd(PPh3)4, Et3N

Br

R3R1

R2 P(OR4)2

R3R1

R2

O
23

  Scheme 2.13    Palladium-catalyzed synthesis of vinylphosphonates 23       

 Arbuzov and Michaelis-Becker reactions provide facile and versatile procedures 
for the formation of carbon–phosphorus bonds. These methods, however, are not 
applicable to the formation of  sp  2  hybridized carbon–phosphorus bonds. Only few 
methods have been reported for the syntheses of arylphosphonates and vinylphospho-
nates. Direct reaction of aryl or vinyl halides with trialkyl phosphite in the presence of 
nickel halide requires severe reaction conditions [ 21 ,  22 ], and the stereochemistry of 
vinylphosphonates has not been clarifi ed. Synthesis of dialkyl arylphosphonates  22  
[ 23 ,  24 ] is achieved by the palladium-catalyzed reaction (Scheme  2.12 ), which is 
called by “Hirao reaction”. The stereoselective synthesis of dialkyl vinylphosphonates 
 23  [ 24 – 26 ] is similarly accomplished by this method (Scheme  2.13 ). A variety of 
modifi ed procedures have been developed recently [ 27 – 37 ].   
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HP(OR)2

O

+
cat. Pd(PPh3)4, DIPHOS

P(OR)2

O
24

  Scheme 2.14    Palladium-catalyzed phosphonation of isoprene       

Br

Br

Br

R1 R1

R2 R2

H

R3 R3
O

cat. VCl3, Zn

P(OEt)3 or HP(OEt)2

  Scheme 2.15    Vanadium-catalyzed debromination of gem-dibromocyclopropanes       

Isoprene is treated with diethyl phosphonate in the presence of a catalytic 
amount of tetrakis(triphenylphosphine)palladium and 1,2-bis(diphenylphosphino)
ethane (DIPHOS) to give diethyl 3-methyl-2-butenylphosphonate ( 24 ) selectively 
(Scheme  2.14 ) [ 24 ]. This protocol is used in various carbon–phosphorus bond 
forming reactions [ 38 – 42 ].   

2.3     Vanadium-Induced Reductive Transformations 

    Toshikazu     Hirao    

 Vanadium can exist in various oxidation states ranging from −3 to +5 and gener-
ally converts between states via one-electron redox processes. These properties 
permit the development of a wide range of organic reactions by controlling the 
redox potentials of vanadium compounds [ 43 ]. This control can be achieved by 
selecting the substituents or ligands on vanadium compounds and solvent. In 
general, more positive potentials are obtained through electron-withdrawing 
interactions with the vanadium while electron-donating interactions lead to more 
negative potentials. Furthermore, the redox cycles should be constructed to be 
reversible and/or catalytic. Thus far, only a few catalytic homogeneous processes 
have been reported. 

 This section primarily surveys reduction reactions with synthetic potential, which 
utilize vanadium compounds in low oxidation states to serve as versatile one- electron 
reductants for the generation of radical intermediates, but their synthetic utility in 
this respect has been limited. The effi ciency of the one-electron transfer system 
depends on the redox potential of both the vanadium compounds and radicophiles. 

 A low-valent vanadium species with diethyl phosphonate or triethyl phosphite is 
effective for the stereoselective reduction of  gem -dibromocyclopropanes to the cor-
responding monobromocyclopropanes (Scheme  2.15 ) [ 44 ,  45 ]. The less hindered 
bromine atom is reduced almost exclusively. The catalytic reaction proceeds with 
a higher stereoselectivity in the presence of zinc as a stoichiometric co-reductant. 
The presence of diethyl phosphonate or triethyl phosphite as a hydrogen source is 
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also essential to the reduction reaction. CpV(CO) 4  gives the higher stereoselectivity. 
A reversible redox cycle involving a low-valent vanadium species formed in situ 
operates with zinc. An ionic mechanism does not probably work in this case because 
triethyl phosphite produces the vanadium-containing reductant system with equal 
ease. The radical formed via one-electron reduction is considered to be converted to 
the monobromocyclopropane. The requirement for diethyl phosphonate or triethyl 
phosphite as a key component of the reductant system suggests that the coordination 
of the phosphorus raises the reduction capability. The complexation appears to 
increase the steric bulkiness of the reductant, which is thus compelled to attack the 
less-hindered bromine atom selectively. Furthermore, diethyl phosphonate is 
assumed to serve as a hydrogen source, possibly within the coordination sphere.  

 Diethyl phosphonate/low-valent vanadium and diethyl phosphonate/triethylamine 
[ 10 ] are two complementary reducing agents that operate probably by one- electron 
reduction and ionic mechanisms, respectively. 

 Reductive transformations are also achieved by using other low-valent metals, 
which permits the functionalization of  gem -dihalocyclopropanes. For example, use of 
Ni(CO) 4  as a reductant leads to reductive cabonylation of  gem  - dibromocyclopropanes 
via nickel enolates [ 46 – 50 ]. 

 A catalytic reductive cyclization of olefi nic iodoethers  25  is performed by use 
of cat. Cp 2 TiCl 2  in the presence of Mn and Me 3 SiCl (Scheme  2.16 ). This protocol 
provides a selective method for the synthesis of multi-substituted tetrahydrofurans 
 26  [ 51 ].  

R5 R5

R4

R3

R2R1

R6

R4R6

R3

R2
R1 O

I

O

25 26

cat. Cp2TiCl2, Mn, Me3SiCl

  Scheme 2.16    Vanadium-catalyzed reductive cyclization of olefi nic iodoethers 25       

R + CBrCl3 R

Br
cat. VCl2

cat. VCl2

OH
+ CBrCl3 O

27

28

Cl3C

Cl3C

  Scheme 2.17    Vanadium-catalyzed radical-chain addition reaction       

 Vanadium(II) chloride catalyzes the radical-chain addition of bromotrichloro-
methane to terminal olefi ns such as allyl acetate, allyl phenyl ether, and vinyl ace-
tate, to regioselectively form the corresponding adduct  27  [ 52 ]. Hydroxy olefi ns 
undergo the addition and subsequent cyclization to give oxacycloalkanes  28  
(Scheme  2.17 ).   
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2.4      Vanadium-Catalyzed Reductive Coupling 

    Toshikazu   Hirao       and     Toru     Amaya    

 The reductive dimerization of carbonyl compounds is a useful synthetic method for 
forming vicinally functionalized carbon–carbon bonds. One-electron transfer from 
a metal to a carbonyl group generates the corresponding anion radical, which can 
dimerize to give 1,2-diol. For the stoichiometric reductive dimerization, low-valent 
metals such as aluminum amalgam, zinc, titanium, vanadium, and samarium have 
been employed conveniently. For example, the pinacol coupling reaction using 
TiCl 3 /Zn-Cu or [V 2 Cl 3 (THF) 6 ] 2 [Zn 2 Cl 6 ] has been developed successfully for the 
synthesis of paclitaxel    or C 2 -symmetrical HIV protease inhibitors, respectively [ 53 ,  54 ]. 
To synthesize such compounds, the stereochemistry should be controlled [ 55 – 58 ]. 
Furthermore, a catalytic system is to be constructed. The ternary system consisting 
of a vanadium catalyst, a chlorosilane, and a stoichiometric co-reductant provides a 
catalytic protocol for the pinacol coupling. A vanadium catalyst is essential although 
the combination of Zn and Me 3 SiCl allows the reductive dimerization of aldehydes. 
The low-valent vanadium species mediating the electron transfer is generated in 
situ, and a reversible redox cycle is formed in the presence of Zn as a stoichiometric 
co-reductant and a chlorosilane as an additive (Scheme  2.18 ).  

2 Vred

2 Vox

2 R-CHO Zn(II)

Zn
HO OH

R R

2Me3SiCl

  Scheme 2.18    A catalytic cycle for the vansdium-catalyzed pinacol coupling reaction       

RHO

R OH

2 R-CHO
2) Workup

1) cat. Cp 2VCl2 / R'3SiCl / Zn

29

  Scheme 2.19    Vanadium-catalyzed diatereoselective pinacol coupling reaction       

 Cp 2 VCl 2 -catalyzed reaction of secondary aliphatic aldehydes in THF leads to 
the highly diastereoselective formation of the  dl -1,2-diols  29  (Scheme  2.19 ) [ 59 ,  60 ]. 
The diastereoselectivity also depends on chlorosilanes: PhMe 2 SiCl is superior to 
Me 3 SiCl. Cp 2 TiCl 2  can be similarly employed as a catalyst [ 61 ]. The reaction in DME 
gives the 1,3-dioxolanes  30  via the pinacol coupling and acetalization (Scheme  2.20 ) 
[ 62 ]. A catalytic VOCl 3 /Me 3 SiCl/Al system works well in the  dl  -selective pinacol 
coupling of benzaldehydes [ 63 ]. Fürstner has independently developed a similar cata-
lytic method for the McMurry coupling of the oxoamide to the indoles in the presence 
of a catalytic amount of TiCl 3 , Zn, and a chlorosilane [ 64 ].   
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 In the absence of a chlorosilane, a catalytic reaction does not proceed. Silylation is 
assumed to liberate the catalyst from the alkoxide intermediate. The  Lewis-acidic- like 
interaction of a chlorosilane with a carbonyl oxygen is suggested to facilitate the elec-
tron transfer to the carbonyl group, generating the stabilized silyloxyalkyl radical for 
dimerization. The diastereoselectivity depends on the substituent of chlorosilanes, 
which implies its steric effect in the coupling step. Based on these observations, a 
variety of modifi ed catalytic systems have been investigated for the diastereoselective 
carbon–carbon bond formation [ 45 ]. A catalytic system for the enantioselective 
pinacol coupling is also achieved by a titanium or chromium catalyst with a chiral 
ligand [ 65 – 69 ]. 

 This method is applied to the selective intramolecular coupling reaction of the 
1,5-diketone  31  (Scheme  2.21 ) [ 59 ].  

O O

R R

R

3 R-CHO
cat. Cp2VCl2 / R'3SiCl / Zn

30

  Scheme 2.20    Vanadium-catalyzed synthesis of dioxolanes 30       

Ph Ph

O O OSiMe3Me3SiO

PhPh
cat. Cp2VCl2 / Me3SiCl / Zn

syn : anti = 91 : 9
31

  Scheme 2.21    Vanadium-catalyzed intramolecular pinacol coupling reaction of 31       

OAc

AcO Ph

Phcat. VOCl3 / Ac2O / Zn

dl : meso = 80 : 20

PhCHO

32

  Scheme 2.22    Vanadium-catalyzed pinacol coupling reaction in the presence of Ac2O       

ArCHO
0.2-0.33 equiv VCl3

3 equiv Zn or Al,H2O HO OH

Ar Ar

  Scheme 2.23    Vanadium-catalyzed pinacol coupling reaction in water       

 Ac 2 O or AcCl can be utilized instead of a chlorosilane in the VOCl 3 -catalyzed 
pinacol coupling reaction of aromatic aldehyde to give the diacetate  32  
(Scheme  2.22 ) [ 70 ]. As mentioned above, a low-valent vanadium catalyst appears 
to be generated in situ.  

 It should be noted that the reaction in water does not require the coexistence 
of a chlorosilane as an additive, probably since a proton source is available in this 
catalytic system (Scheme  2.23 ) [ 71 ].  
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 The Cp 2 VCl 2 /R 3 SiCl/Zn catalytic system can be also applicable to the reductive 
coupling of aldimine (Scheme  2.24 ) [ 72 ].  meso -Diamine  33  is obtained as a major 
product. The diastereoselectivity depends on the substituents on both the nitrogen 
and silane atoms. The allyl or benzyl group on the nitrogen atom is advantageous 
for  meso  selection.  

2 Ar-CH=N-R
1) cat. Cp2VCl2 / R'3SiCl / Zn

2) Workup

ArRNH

Ar HNR
33

  Scheme 2.24    Vanadium-catalyzed pinacol coupling reaction of aldimines       

H

O OH

Cl

α-Me / β-Me = 77 : 23

1) cat. Cp2VCl2 / Me3SiCl / Zn

2) Workup
34 35

  Scheme 2.25    Vanadium-catalyzed cyclization reaction of unsaturated aldehyde 34       

ArCH C
CN

CN Ar

NC NH2

CN

CN

Ar

2VCl2, Me3SiCl, Zncat. Cp

36 37

  Scheme 2.26    Vanadium-catalyzed cyclodimerization reaction of 36       

CN
O

NC

R Ar
2TiCl2, Me3SiCl, Zncat. Cp

Imidazole

R Ar

OH

NC NH2

38 39

  Scheme 2.27    Titanium-catalyzed reductive cyclization reaction of 38       

 The above-mentioned catalytic system is of synthetic potential. The reaction of 
the δ,ε-unsaturated aldehyde  34  with cat. Cp 2 VCl 2 /Me 3 SiCl/Zn is conducted in THF 
to afford the cyclic alcohol  35  with excellent diastereoselectivity (Scheme  2.25 ) 
[ 59 ], probably through 5- exo -cyclization of the radical anion intermediate, followed 
by chlorination.  

 Arylidene malononitrile  36  undergoes diastereoselective catalytic cyclodimerization 
to  37  in the presence of chlorotrimethylsilane as shown in Scheme  2.26  [ 73 ].  

 This method is extended to the Cp 2 TiCl 2 -catalyzed reductive cyclization of the 
ketonitrile  38 , giving the 2-amino-3-cyano-2-cyclopenten-1-ol ( 39 ) with high  trans  
selectivity (up to 94 %  trans ) (Scheme  2.27 ) [ 74 ].  

 TiCl 4 -Zn is found to induce reductive acylation of ketones with acylsilanes  40  
although a stoichiometric amount of low-valent titanium species is required 
(Scheme  2.28 ) [ 75 ].  
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  Scheme 2.28    Titanium-induced redutive acylation reaction       
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41

  Scheme 2.29    Titanium-catalyzed cross-pinacol coupling reaction in the presence of the 
bis-biphenol ligand 41       

 For a cross-pinacol coupling, the three-dimensionally arranged bis-biphenol 
ligand  41  on a hexaarylbenzene scaffold for a dinuclear complex is designed and 
synthesized. The titanium-induced stoichiometric cross-pinacol coupling reaction is 
conducted using this ligand with Zn as a co-reductant to give the corresponding 1,2- 
diol (Scheme  2.29 ), where the effect of dinuclear catalyst on the cross-selectivity is 
clearly exhibited by comparing to the control experiment using 2,2′-biphenol 
instead of the bis-biphenol ligand  41  [ 76 ].  

 As an advanced version of the three-dimensionally arranged bis-biphenol ligand, the 
dinuclear dihemisalen complex  42  on the hexaarylbenzene scaffold is designed and 
synthesized [ 77 ,  78 ]. Model study for homo-pinacol coupling using  mononuclear cata-
lyst indicates the clear difference in the reactivity on aliphatic aldehyde between Ti(IV)- 
and V(V)-hemisalen complexes. Ti(IV)-hemisalen complex catalyzes the pinacol 
coupling reaction of aliphatic aldehydes, but V(V)-hemisalen complex does not. 
The hetero dinuclear dihemisalen complex with V(V) and Ti(IV) induces the catalytic 
intermolecular cross-pinacol coupling reaction between aliphatic and aromatic aldehydes 
in the presence of Me 3 SiCl and Zn (Scheme  2.30 ) [ 78 ]. This is accounted for by 
the individual activation of two aldehydes by vanadium and titanium species, which are 
placed through a suitable space on the rigid scaffold.   
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  Scheme 2.30    Cross-pinacol coupling reaction catalyzed by the hetero dinuclear dihemisalen 
complex 42       

2.5     Samarium-Induced Reductive Transformations 

    Akiya     Ogawa     and     Akihiro     Nomoto    

 Samarium has various oxidation states: divalent species act as reducing agents, 
whereas trivalent species act as Lewis acids. In particular, SmI 2  as a representative 
divalent rare earth species is well-known to be a mild one-electron reducing 
reagent, which is soluble in organic solvents such as tetrahydrofuran (THF). It has 
been widely employed in organic synthesis, since Kagan developed a convenient 
preparation method of SmI 2  from samarium metal and 1,2-diiodoethane 
(Scheme  2.31 ) [ 79 ,  80 ]. The redox potential of SmI 2  is as follows: (Sm 3+ /
Sm 2+ ) = −1.55 V in water [ 81 ], (SmI 2  + /SmI 2 ) = −1.41 V in THF [ 82 ,  83 ]. SmI 2  itself 
can reduce several functional groups [ 80 ] such as aldehydes, ketones, alkyl bro-
mides, alkyl iodides, α,β- unsaturated carbonyl compounds, epoxides, and sulfoxides. 
However, the co- presence of additives such as hexamethylphosphoramide (HMPA) 
[ 84 ], acid [ 85 ,  86 ], base [ 87 ], water [ 88 ,  89 ], and other metals [ 90 ,  91 ] dramatically 

Sm
THF

ICH2CH2I SmI2 CH2=CH2

  Scheme 2.31    Preparation method of SmI 2  from samarium metal and 1,2-diiodoethane       

 

 

T. Hirao et al.



19

enhances the reducing ability of SmI 2 . Recently, we have developed two activation 
methods of SmI 2 : one is photoirradiated activation and the other is activation by the 
combination with Sm metal. This section describes the synthetic advance using 
these SmI 2 -  h ν    and SmI 2 -Sm systems.  

 The wavelengths of maximum absorption of SmI 2  in THF are observed at 565 and 
617 nm based on transitions from 4f 6  to 4f 5 5d 1  [ 92 ]. Therefore, visible light- 
irradiation to the THF solution of SmI 2  is a promising approach to enhance the 
reducing ability of SmI 2 . In fact, irradiation with the light of wavelength over 
500 nm or between 560 and 800 nm promotes reduction of dodecyl chloride to give 
dodecane effi ciently. In contrast, the reduction does not take place upon irradiation 
with near UV light (300–420 nm) or the light of wavelength greater than 700 nm. 
The reduction of organic chlorides with SmI 2  alone is diffi cult in the dark 
(Scheme  2.32 ) [ 93 ,  94 ]. These results clearly indicate that irradiation with the light 
of wavelength between 560 and 700 nm activates SmI 2  and enhances the reducing 
ability of SmI 2  without addition of any additives.  

SmI2-hν

hν 300-420 nm

> 500 nm

560-800 nm

> 700 nm

dark

trace

91%

66%

trace

0

nC12H25Cl
THF,40 °C

nC12H26

  Scheme 2.32    Reducing ability of SmI 2  upon visible light-irradiation       
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  Scheme 2.33    SmI2-induced Barbier reaction upon photoirradiation       

 SmI 2 -induced Barbier reaction also takes place upon photoirradiation 
(Scheme  2.33 ) [ 93 ]. When  o -chlorophenyl allyl ether ( 43 ) is reduced in the presence 
of diethyl ketone with SmI 2  upon photoirradiation, a cyclic ether is produced in 
72 % yield. Most probably, the cyclic ether is formed by 5- exo  cyclization of the aryl 
radical followed by reduction with SmI 2  and the subsequent addition of alkylsamarium 
species to diethyl ketone.  
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  Scheme 2.34    Reaction of primary alkyl halides with CO       
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  Scheme 2.35    Photoinduced reduction of group 16 heteroatom compounds       
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  Scheme 2.36    SmI2-induced reductive coupling of organochlorosilanes       

 This procedure is expected to be applied to a novel carbonylation by reduction of 
alkyl chlorides with SmI 2  in the presence of carbon monoxide [ 93 ]. Primary alkyl 
halides are allowed to react with SmI 2  upon photoirradiation under an atmosphere of 
CO to produce the corresponding unsymmetrical ketones in moderate yields 
(Scheme  2.34 ). In contrast, no reductive carbonylation takes place at all in the dark.  

 Not only alkyl halides but also group 16 heteroatom compounds are reduced with 
SmI 2  upon photoirradiation. This SmI 2 - hν  system is extremely effective for the reduc-
tion of organic selenides. On the other hand, the photoinduced reduction of sulfi des 
with SmI 2  does not proceed at all, while dodecane is obtained in 38 % yield by the 
photoinduced reduction of dodecyl phenyl telluride with SmI 2  (Scheme  2.35 ) [ 95 ].  

 Since SmI 2 -induced reduction systems are found to be useful for the C–Cl bond 
reduction as mentioned above, the reduction of Si–Cl bond by using the SmI 2  systems is 
studied. In general, the most frequently used method for the reductive coupling of 
organochlorosilanes is Wurtz-type coupling with alkali metals which have ignition qual-
ity and explosibility. SmI 2 -induced reductive coupling of organochlorosilanes takes 
place under mild conditions with safety, and successfully leads to Si–Si bond formation 
under mild conditions [ 96 ,  97 ]. Substituted aromatic chlorosilanes  44  undergo reductive 
dimerization to give the corresponding disilanes  45  in good to excellent yields using a 
SmI 2 /Sm system in refl uxing DME (84 °C) for 12–14 h in the dark. On the other hand, 
photoinduced reductive coupling of them with SmI 2 /Sm in refl uxing DME also affords 
the corresponding disilanes in high yields in a shorter time (3–7 h) (Scheme  2.36 ). It is 
remarkable that the vinyl group is unaffected under these reaction conditions.  
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 These reductive coupling methods are applied to the synthesis of Si-polymers such 
as poly(phenylmethyl)silane and poly( p -disilanylenephenylene). When the reductive 
polymerization of dichloromethylphenylsilane with SmI 2 /Sm is performed in the dark, 
the poly(methylphenyl)silane  46  is obtained in moderate yield. The molecular weight 
of the obtained polymer is 1,450, and the molecular weight distribution is 2.6. Reductive 
polymerization of the chlorosilane also takes place using SmI 2 /Sm upon photoirradia-
tion. Compared with the polymer synthesized in the dark, the molecular weight of the 
polymer synthesized under photoirradiation is higher and the molecular distribution is 
narrower (Scheme  2.37 ). 1,4-Bis(dimetylchlorosilyl)benzene ( 47 ) undergoes reduc-
tive coupling to give the corresponding σ-π conjugated disilane polymer  48  both in 
the dark and upon photoirradiation (Scheme  2.38 ).   

PhMeSiCl2 Si

Ph

Me

Mn

SmI2/Sm

DME, reflux, 24 h n

dark

hν (> 435 nm)

yield Mw/Mn

42%

11%
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3682

2.6

1.7

46

  Scheme 2.37    Synthesis of Si-polymers       
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  Scheme 2.38    Synthesis of σ-π conjugated polymer       
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  Scheme 2.39    Sm metal-induced reductive coupling of acetophenone in the presence of Me3SiCl       

 In the Sect.  2.4 , the vanadium-catalyzed reductive coupling of carbonyl compounds 
is described. This section also deals with the pinacol coupling using Sm reagent and 
chlorosilane. 

 Sm metal-induced reductive coupling of acetophenone in THF with sonication in 
the presence of Me 3 SiCl leads to the corresponding  vic -diol  49  in a high yield with 
moderate diastereoselectivity (Scheme  2.39 ). The yield of the  vic -diol is lower with-
out sonication. In the absence of Me 3 SiCl, both yield and diastereoselectivity 
decrease dramatically [ 98 ].  
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  Scheme 2.40    Reductive coupling of benzaldehyde       
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  Scheme 2.41    Reductive coupling of aliphatic carbonyl compound       

 To expand the versatility of the pinacol coupling using Sm reagents, the pinacol 
coupling using the SmI 2 /Sm system is next studied (A. Yoshimura, A. Nomoto, 
T. Saeki, A. Ogawa, unpublished results). The reductive coupling of a number of 
carbonyl compounds such as both aromatic and aliphatic ones takes place using 
SmI 2 /Sm system in the presence of Me 3 SiCl. For example, the coupling of benzal-
dehyde proceeds to give the corresponding  vic -diol  50  in a high yield using the 
SmI 2 /Sm system in the presence of Me 3 SiCl for 10 min at room temperature 
(Scheme  2.40 ). Moreover, SmI 2 /Sm/Me 3 SiCl works well in the reductive coupling 
of aliphatic carbonyl compounds such as cyclohexanecarboxaldehyde, providing 
 dl -selective coupling product  51  selectively (Scheme  2.41 ).    

2.6     Oxovanadium(V)-Induced Oxidative Transformations 
of Olefi nic and Carbonyl Compounds 

    Toshikazu     Hirao    

 The synthetic scope of oxidation reactions can be broadened by exploiting the ver-
satility of vanadium compounds as an oxidant. Vanadium compounds in high oxida-
tion states are capable of inducing oxidative transformations. Pentavalent vanadium 
compounds are generally considered to be one-electron oxidants depending on the 
V(V)-V(IV) couple. The redox potential of this couple increases with acidity, so the 
reactions are usually carried out in acidic aqueous media. One-electron oxidation is 
also possible with the V(IV)-V(III) couple (E 0 , 0.38 V), but the V(V)-V(III) couple (E 0 , 
0.68 V) is less useful for organic oxidation. The oxo functionality of oxovanadium 
compounds participates in a number of oxo-transfer reactions. Vanadium peroxides can 
cause either oxygenation or epoxidation. Vanadium compounds can also activate 
molecular oxygen for oxygenation reactions. A variety of oxidative transformations 
with vanadium oxidants have been developed in organic solvent. Especially, oxida-
tion of alcohols, phenols and halide ions, epoxidation, and oxygenation of sulfi des, 
hydrocarbons and arenes have been investigated to provide useful synthetic tools. 
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  Scheme 2.42    Oxovanadium-catalyzed oxidation with molecular oxygen in the presence BIPA       
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  Scheme 2.43    Iron- or cobalt-catalyzed oxidation with molecular oxygen in the presence of BIPA 
or 2-BPEPA       

 The VO(OEt)Cl 2 -catalyzed reaction of styrenes with molecular oxygen in the 
presence of a co-reductant such as PhSiH 3  results in oxidation–reduction and oxida-
tive bond cleavage of styrenes (Scheme  2.42 ) [ 99 ]. Coordination of the  N -heterocyclic 
multidentate ligand, the 2,6-pyridinedicarboxamide of histamine (BIPA), increases 
the relative yield of the latter product. The Mn(OAc) 2 -catalyzed oxidation of 
α-methylstyrene in the presence of BIPA under molecular oxygen selectively leads 
to 2-phenyl-2-propanol via oxidation-reduction. BIPA is also useful as a ligand in 
the Mn(OAc) 2 -catalyzed epoxidation of α-methylstyrene with PhIO.  

 Effi ciency of the oxygenation catalysts largely depends on the coordination inter-
action with the  N -heterocyclic moieties of podand ligands [ 100 – 102 ]. The catalytic 
epoxidation reaction of olefi ns with molecular oxygen is achieved by the  utilization 
of FeCl 2  and BIPA. The pyridyl substituted podand ligand, 2-BPEPA shown in 
Scheme  2.43  is useful in the Co(OAc) 2 -catalyzed oxygenation of phenols to the 
corresponding  p - and  o -quinones under molecular oxygen. Two 2-BPEPA is linked 
by the fl exible spacer to lead the formation of the bimetallic nickel complex [ 103 ].  
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 VO(OR)Cl 2  is a Lewis acid which is capable of performing one-electron oxidation, 
permitting oxidative transformation of carbonyl compounds. Cyclic ketone undergoes 
catalytic ring-opening oxygenation in the presence of an alkanol under molecular 
oxygen to give the keto ester  52  or diester  53 , depending on the α-substituent 
(Scheme  2.44 ) [ 104 ]. Oxygenation accompanies the introduction of an alkoxy 
group. The regioselective bond cleavage is observed between the more substituted 
α-carbon and the carbonyl carbon.  

R'
O

(CH2)n

MeC(CH2)nCOOR

O

ROOC(CH2)nCOOR

R' = Me

R' = H

VO(OR)Cl2

O2, ROH
52

53

  Scheme 2.44    Oxovanadium-catalyzed ring-opening oxygenation reaction       
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  Scheme 2.45    Oxovanadium-induced oxidaion of 2-cyclohexenones       

 This oxygenation reaction proceeds under milder conditions as compared to 
conventional methods. Despite the lower reactivities, VO(OR) 3  and VO(acac) 2  can 
be employed as an oxidant, although a stoichiometric amount is required in each 
case. Use of α,β-unsaturated ketones leads the different reaction routes. 
2-Cyclohexen-1- ones  54  undergo dehydrogenative aromatization to give the aryl 
alkyl ethers  55  [ 105 ]. More than 2 equiv. of VO(OR)Cl 2  are required to complete 
the reaction, since the oxovanadium(V) compound is a one-electron oxidant. 
Isophorone is also oxidatively aromatized to the aryl ether  56  with the migration of 
the methyl group (Scheme  2.45 ).  

 An oxovanadium species generated from VO(OR)Cl 2  and AgOTf or Me 3 SiOTf 
induces the aromatization more effectively under the milder conditions than 
VO(OR)Cl 2  alone [ 106 ], probably due to the in situ generation of an oxovanadium 
trifl ate species. 

 An oxo or alkoxy group is introduced at the allylic position of 2-cyclopentenones 
depending on their substitution pattern, as shown in Scheme  2.46  [ 107 ]. Similarly, 
1-acetyl-1-cyclohexene undergoes allylic oxidation to give 1-acetyl-3-ethoxy-1- 
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  Scheme 2.46    Oxovanadium-induced allylic oxidation of α,β-unasaturated ketones       

cyclohexene and 3-ethoxyacetophenone. The latter reaction is accompanied by 
dehydrogenative aromatization. β-Ionone is also oxygenated at the allylic position to 
give the dione  57 . One-electron oxidation of the dienolate intermediate is assumed 
to be a key step in these transformations.  

 The treatment of cyclobutanone with VO(OR)Cl 2 , in the presence of an olefi n 
bearing an electron-withdrawing group, results in tandem oxidative ring opening 
and addition to an olefi n to give the corresponding coupled adduct  58  [ 108 ]. This 
reaction is facilitated by the addition of CuCl 2  as a co-catalyst. In the absence of an 
olefi n, cyclobutanone undergoes chlorination to the alkyl 4-chlorobutyrate, while 
the addition of bromotrichloromethane leads to 4-bromobutyrate (Scheme  2.47 ). 
These reactions might proceed through the radical intermediate  60 , which is generated 
by ring-opening and one-electron oxidation of the alkoxide adduct  59 .  
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  Scheme 2.47    Oxovanadium-induced ring-opening oxidation of cyclobutanone       

 

 

2 Synthetic Methods for Redox Reactions Using Phosphorus, Vanadium…



26

O

2) VO(OEt)Cl2

Cl
R

O
1) RLi, LiCl

O

2) VO(OEt)Cl2

1) RLi, LiCl

O

R

61

62

  Scheme 2.48    Oxovanadium-induced ring-opening oxidation via nucleophilic addition of RLi to 
cyclobutanones       
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  Scheme 2.49    Vanadium-induced ring-opening oxidation via nucleophilic addition of silyl enol 
ether to cyclobutanone       
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  Scheme 2.50    Oxovanadium-induced ring-opening oxidation of 2,2-dichloro-3-cyclobuten-1-ones       

 The treatment of cyclobutanone with alkyllithium followed by VO(OEt)Cl 2  leads to 
the alkoxide intermediate, which undergo oxidative ring opening to the γ-chloro ketone 
 61  or the olefi nic ketone  62 . Additional one-electron oxidation of the radical intermedi-
ate affords a cationic species, which is then deprotonated to give  62  (Scheme  2.48 ).  

 The nucleophilic addition of cyclobutanone with silyl enol ether is facilitated by 
Lewis acidic VO(OEt)Cl 2 . The following ring-opening oxidation leads to the 
6-chloro-1,3-diketone  63  and 2-tetrahydrofurylidene ketone  64  [ 109 ]. Adding lith-
ium chloride facilitates the formation of the former product. Use of alkyl-substituted 
silyl enol ether leads to the cyclobutanol  65 . This product is not oxidized only with 
VO(OEt)Cl 2  under the reaction conditions, but undergoes ring-opening oxidation by 
treatment with VO(OEt)Cl 2  and Me 3 SiOTf (Scheme  2.49 ).  

 2,2-Dichloro-3-cyclobuten-1-ones are similarly oxidized with VO(OR)Cl 2  to 
give alkyl 2,4,4-trichloro-3-butenoates, regioselectively (Scheme  2.50 ) [ 110 ].  
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  Scheme 2.51    Oxovanadium-induced ring-opening oxidation of 1,1,3,3-tetramethyl cyclobutan-
2,4-dione       
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  Scheme 2.52    Oxovanadium-induced ring-opening oxidation of diketene       
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  Scheme 2.53    Oxovanadium-induced oxidative mono- and diallylation reaction of 1,3-dicarbonyl 
compounds       

 VO(OEt)Cl 2 -induced oxidative ring cleavage of 1,1,3,3-tetramethylcyclobutane- 2,
4-dione affords 4-chloro-3-oxo-2,2,4-trimethylpentanoate and 3-oxo-2,2,4-
trimethyl- 4-pentenoate (Scheme  2.51 ) [ 111 ]  

 The VO(OR)Cl 2 -induced ring-opening cycloaddition of diketene with styrenes 
leads to the 4,5-dihydofurans  66  [ 112 ]. The oxidation of diketene with VO(OR)Cl 2  
generates a radical intermediate  67 , which then adds to olefi n, followed by one- 
electron oxidation to the corresponding cation, to give the dihydrofuran  66  
(Scheme  2.52 ). A similar transformation was reported in the metal-induced radical 
cyclization of ethyl acetoacetate [ 113 – 115 ].  

 The oxidative mono- or diallylation of 1,3-dicarbonyl compounds by allylic 
silanes proceeds in the presence of VO(OEt)Cl 2  as shown in Scheme  2.53  [ 116 ]. 
The 1,3-dicarbonyl compounds formally act as electrophiles in this oxidative carbon–
carbon bond forming reaction.  

 The oxidative decarboxylation of amino acids is performed by VO(OEt)Cl 2  
[ 117 ]. For example, 2-phenylglycine undergoes decarboxylative dehydrogenation, 
followed by oxidative esterifi cation, to give ethyl benzoate as a major product 
(Scheme  2.54 ).  
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  Scheme 2.54    Oxovanadium-induced oxidarion of 2-phenylglysine       
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  Scheme 2.55    Oxovanadium-induced oxidation of 2-bromo-2-phenylacetic acid via ammonium 
formation       
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  Scheme 2.56    Oxidative nucleophilic addition reaction of organovanadiums       

 This protocol is also applied to the oxidation of 2-bromo-2-phenylacetic acid via 
the formation of the corresponding ammonium salt  67  with allylamine as shown in 
Scheme  2.55 .  

electron transfer
-e- R-ML

R-ML

transmetallation

M'L'
R-M'L'

  Scheme 2.57    Plausible paths in the reaction of main-group organometallic compounds with a 
metallic oxidant       

 Organovanadium compounds exhibit unique reactivities based on the redox 
characteristics of vanadium. The organovanadium compounds generated in situ 
couple chemoselectively with acid chlorides or allyl halides [ 118 ]. The reaction 
with aldehydes gives coupled ketones possibly through oxidative nucleophilic addition 
(Scheme  2.56 ) [ 119 ,  120 ].   

2.7     Oxovanadium(V)-Induced or -Catalyzed Oxidative 
Transformations of Main-Group Organometallic 
Compounds 

    Toshikazu     Hirao     and     Toru     Amaya    

 Reaction of main-group organometallic compounds with a metallic oxidant is 
considered to proceed via transmetallation. Another reaction path lies in the redox 
interaction between them, affording the radical species (Scheme  2.57 ). These reac-
tions are considered to provide a new route to reactive intermediates in oxidative 
transformations.  
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    Oxidative Transformation of Organosilicon Compounds 

 Silyl enol ethers as electron-rich olefi ns are susceptible to one-electron oxidation by 
metallic oxidants [ 121 – 123 ]. The chemoselectivity in the oxidative transformations 
is controlled by the redox potentials of the reactants. VO(OEt)Cl 2  induces chemose-
lective homo- or cross-coupling of silyl enol ethers as shown in Scheme  2.58  to give 
the 1,4-diketones via regioselective carbon–carbon bond formation [ 124 ]. The more 
highly substituted the silyl enol ethers  68  are, the more readily they are oxidized. 
The silyl ketene acetals  73  are also readily oxidized and undergo cross-coupling 
with silyl enol ethers  69  to give the γ-keto esters  74  (Scheme  2.59 ).   

O
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R1 R2
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R1 R2

O

68 69 70

71 72

  Scheme 2.58    Oxovanadium-induced oxidative cross-coupling reaction of silyl enol ethers 68 and 69       
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  Scheme 2.59    Oxovanadium-induced oxidative cross-coupling reaction of silyl enol ethers 69 with 
silyl ketene acetals 73       

 One-electron oxidation of the silyl enol ether  68  with oxovanadium(V) species 
affords the radical cation  71 , which is then desilylated to the radical  72 . The radical  72  
intermolecularly adds to another equivalent of the silyl enol ether  69 , giving the 
addition adduct, which is again oxidized by the oxovanadium(V) species to form 
the cation. Then, this cation undergoes desilylation to give the 1,4-diketone  70 . 

 The selective carbon–silicon bond cleavage is of synthetic potential. Oxidative 
carbon–silicon bond cleavage is similarly achieved through oxovanadium(V)-
induced one-electron oxidation. The carbon–silicon bond of the dihydrofuran, 
which is obtained by the VO(OR)Cl 2 -induced cyclization of diketene with 
α-trimethylsilylstyrene is oxidatively cleaved by using VO(OEt)Cl 2 -Me 3 SiOTf, to 
give the furan [ 125 ]. 
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  Scheme 2.60    Oxovanadium-induced oxidative coupling reaction of cinnamyltrimethylsilane       
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  Scheme 2.61    Oxovanadium-induced oxidative cross-coupling reaction of silyl enol ethers and 
allylic silanes       
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  Scheme 2.62    Oxovanadium-induced oxidation of benzylic silanes with allylic silanes or silyl 
enol ethers       

 Desilylative coupling of cinnamyltrimethylsilane results in 3,6-diphenyl-
1,5-hexadiene as shown in Scheme  2.60 . The cross-coupling reaction of silyl enol 
ethers and allylic silanes proceeds chemoselectively to give γ,δ-unsaturated ketones, 
in which the oxovanadium(V) oxidatively desilylates the more readily oxidizable 
organosilicon compound [ 126 ]. Their redox potentials determine whether they will 
act as a radical generator or acceptor. These redox potentials can be predicted from 
calculated ionization potentials. VO(OR)Cl 2  is a versatile oxidant, which can 
induce chemoselective coupling via the oxidative desilylation of a variety of 
organosilicon compounds under controlled conditions, as shown in Scheme  2.61 .   

 Benzylic silane bearing an electron-donating group at the  ortho - or  para -position 
similarly undergo the oxidative desilylation. The electron-donating group lowers 
the ionization potential, thus activating it for desilylation. The desilylation reaction 
is applied to intermolecular regioselective coupling between substituted benzylic 
silane and allylic silane or silyl enol ether (Scheme  2.62 ) [ 127 ].  
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  Scheme 2.63    Oxovanadium-induced oxidative cross-coupling reaction of benzylic silanes with 
β-trimethylsilylstyrene       
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  Scheme 2.64    Oxovanadium-induced oxidation of benzylic tins       

 The β-stabilizing effect of the trimethylsilyl group is a key factor in controlling 
the regiochemistry of the carbon–carbon bond formation. Benzyltrimethylsilanes 
react with β-trimethylsilylstyrene, but not with α-trimethylsilylstyrene 
(Scheme  2.63 ).  

 These oxidative desilylation reactions mentioned here provide a versatile method 
for intermolecular carbon–carbon bond formation, in which the organosilicon 
compounds formally act as an electrophile (umpolung).  

    Oxidative Transformation of Organotin Compounds 

 Allylic and benzylic tins are known to undergo more facile oxidation than the corre-
sponding silicon compounds, and are converted to the alcohols or their derivatives by 
a metallic oxidant such as Mn(IV), Ce(IV), Tl(III), or Fe(III) [ 128 – 132 ]. The reaction 
of benzyltributyltins with VO(OCH 2 CF 3 )Cl 2  in  t -BuOH under molecular oxygen 
leads to the aldehydes (ketones) and the carboxylic acids (Scheme  2.64 ) [ 133 ,  134 ]. 
The susceptibility to the oxidation depends on the substituent on the arene ring. 
VO(OCH 2 CF 3 )Cl 2  and VO(OPr- i ) 2 Cl are superior to a weaker oxidant such as 
VO(acac) 2 , VO(OPr- i ) 3 , or VO(OEt) 3 . Furthermore, the catalytic reaction proceeds 
with VO(OCH 2 CF 3 )Cl 2 .  

 Cyclopropyl-1-phenylmethyltributyltin is oxidized to the cyclopropyl ketone 
 75  as a major product (Scheme  2.65 ). As for ring-opened compounds, neither the 
aldehyde nor the carboxylic acid is detected, although only a small amount of 
the chloride is obtained, suggesting that the electron-transfer mechanism is not 
involved. Although benzyltins undergo more facile oxidation than benzylsilanes, 
the cyclopropyl ketone may be derived by transmetallation [ 134 ].   
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  Scheme 2.65    Oxovanadium-induced oxidation of cyclopropyl-1-phenylmethyltributyltin       
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  Scheme 2.66    Oxovanadium-induced oxidative ligand coupling reaction of organoaluminums 77       

    Oxidative Transformation of Organoaluminum Compounds 

 The transition-metal-catalyzed cross-coupling reactions of main-group organometallic 
compounds with organic halides provide versatile synthetic tools in organic synthe-
sis. The reaction pattern lies in the coupling between an electrophile and a nucleo-
phile. As mentioned above, the transmetallation and/or electronic interaction can 
widen the reactivities of main-group organometallic compounds. One-electron oxi-
dation of d o -transition metal compounds such as titanocene, zirconocene, and plati-
num compound with a metallic oxidant permits synthetically versatile transformations 
via organometallic cation radical species as key intermediates. In these reactions, 
selective coupling is achieved between two ligands on the transition metal, providing 
a useful method for carbon–carbon bond formation. From this point of view, the 
usage of main-group organometallics is limited due to their restricted redox proper-
ties. Oxidation of organoaluminum compounds usually affords alcohols, but the 
selective carbon–carbon bond formation of organic substituents on aluminum has not 
been investigated. 

 Treatment of the aryldiethylaluminums, obtained from aryllithiums  76  and 
 diethylaluminum chloride, with VO(OEt)Cl 2  results in ethylation to give ethylarenes  78  
(Scheme  2.66 ) [ 135 ]. This method is applied to a wide variety of arylaluminums  77  
bearing an electron-donating group, permitting the selective ligand coupling of the 
organic substituents on aluminum.  

 The ate complexes  80  can be similarly employed in the coupling of organic 
substituents on aluminum. The addition of 1-alkynyllithium to the 1-alkenylalu-
minum  79 , followed by treatment with VO(OEt)Cl 2 , leads to the  trans -enyne  81  via 
chemoselective and stereoselective bond formation between  sp  and  sp  2  carbons 
(Scheme  2.67 ) [ 136 ].  

 

 

T. Hirao et al.



33

R

R'

LiR'
R

R

AlBui
2

R

AlBui
2

R'

Bui
2AlH

hydroalumination

VO(OEt)Cl2

79

80
81

  Scheme 2.67    Oxovanadium-induced oxidative ligand coupling reaction of organoaluminum ate 
complexes 80 (between alkenyl and alkynyl carbons)       
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  Scheme 2.68    Oxovanadium-induced oxidative ligand coupling reaction of organoaluminum ate 
complexes 83 (between aryl and alkynyl carbons)       

 The ate complex  83  derived from the aryl-substituted aluminum  82  and 
1- alkynyllithium also undergoes the selective ligand coupling to give the aryl-1- 
alkynyl coupling product  84  (Scheme  2.68 ).  

 Although the reaction mechanism is ambiguous, coordination of oxovanadium(V) 
species to organoaluminums is considered to promote electron transfer or trans-
metallation for the oxidative ligand coupling. This transformation is the fi rst example 
for the formal reductive elimination on aluminum.  

    Oxidative Transformation of Organoboron Compounds 

 The organoboron compound  85 , prepared from dicyclohexylborane and phenylacet-
ylene or acetylenecarboxylic ester, is oxidized with VO(OEt)Cl 2  to give the ( E )-
ethenylcyclohexane  86  chemoselectively without the formation of dicyclohexyl and 
1,4-butadiene derivative (Scheme  2.69 ) [ 137 ]. A cross-over reaction indicates that 
the coupling reaction occurs mostly in an intramolecular fashion.  
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  Scheme 2.69    Oxovanadium-induced oxidative ligand coupling reaction of organoborons 85       
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  Scheme 2.70    Oxovanadium-induced oxidative ligand coupling reaction of organoborates 88       

 The ate complexes  88  of the organoborons  87  shown in Scheme  2.70  undergo 
more facile oxidation with VO(OEt)Cl 2 , as observed in the aluminum ate complexes. 
The organic groups are differentiated in the coupling reaction. Although small 
amounts of the  Z  isomer is obtained in the case of the BuLi-derived ate complex, 
use of the organoborate derived from CsF improves the stereoselectivity, giving the 
 E  isomer exclusively.  
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  Scheme 2.71    A catlytic cycle for the ligand coupling reaction of aryltriphenylborates       

 Alkenyltrialkylborates are known to be oxidized to alkylated alkenes with I 2  or 
BrCN [ 138 ]. Biaryl formation also occurs by photochemical, electrochemical, 
and chemical oxidation, for example with Ir(IV), of tetraarylborates [ 139 – 141 ]. 
The oxovanadium(V)-induced ligand coupling provides another promising method 
for the carbon–carbon bond formation on boron. 

 Catalytic oxidative ligand coupling of the organoborates is achieved by VO(OEt)Cl 2  
under molecular oxygen, affording a versatile method for the chemoselective synthe-
sis of symmetrical or unsymmetrical biaryls (Scheme  2.71 ) [ 142 ]. The reduced 
oxovanadium species is reoxidized in situ under molecular oxygen. This intramo-
lecular oxidative ligand coupling is extended to the selective aryl-alkynyl coupling 
(Scheme  2.72 ) [ 143 ].   
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  Scheme 2.72    Oxovanadium-induced oxidative ligand coupling reaction of organoborates 
(between aryl and alkynyl carbons)       
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  Scheme 2.73    Oxovanadium-induced oxidative coupling reaction of boron enolates 89       

 Oxovanadium(V)-induced oxidative coupling of boron enolates  89  provides the 
corresponding 2,3-disubstituted 1,4-diketone  90  in a good yield (Scheme  2.73 ) 
[ 144 ]. High  dl -selectivity is attained when the reaction is performed with ( Z )-boron 
enolates and VO(OPr- i ) 2 Cl at −30 °C.   

    Oxidative Transformation of Organozinc Compounds 

 Organozinc compounds tolerate a broad range of functional groups. Cross-coupling 
reactions between organozinc reagents and electrophiles such as organic halides 
are catalyzed by transition metal complexes. However, examples for the selective 
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cross- coupling of two ligands of organozinc compounds are limited to a few cases, 
which include 1,2-migration of zincate carbenoids and intramolecular coupling of 
organozinc compounds by organocopper reagents [ 145 – 147 ]. 

 The organozinc compound  91 , prepared in situ by transmetallation of methylzinc 
chloride with the aryllithium, is oxidized with Cp 2 FePF 6 , to give the homo-coupled 
biaryl selectively (Scheme  2.74 ). AgBF 4  serves as an oxidant to give the desired 
cross-coupling product, probably via one-electron oxidation process. Using 
VO(OEt)Cl 2  instead of AgBF 4 , the cross-coupling reaction proceeds in preference 
to the homo-coupling reaction [ 148 ]. The higher selectivity for the cross-coupling 
is observed with VO(OEt)Cl 2  than with VO(OPr- i )Cl 2  or VO(OPr- i ) 2 Cl.  
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  Scheme 2.74    Oxidative ligand coupling reaction of organozinc 91       
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  Scheme 2.75    Oxovanadium-induced oxidative ligand coupling reaction of organozincs       
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  Scheme 2.76    Oxovanadium-induced oxidative ligand coupling reaction of organozincates       

 The coupling reaction of organozinc compounds bearing an  o -methoxy,  o  -phenyl, 
or  o -methylthio group on the arene ring proceeds smoothly. The alkyl( o -
cyano   substituted aryl)zinc exhibits a lower reactivity, although organoaluminum 
compounds bearing an electron-withdrawing substituent do not undergo oxidative 
coupling under the similar conditions. Alkyl and 1-alkynyl groups can couple with 
the aryl group (Scheme  2.75 ).  

 Triorganozincates are oxidized with VO(OEt)Cl 2  more smoothly to give the 
cross-coupling compounds  92  as shown in Scheme  2.76  [ 148 ].  

 When the conversion to the zinc ate complex is not complete, the homo-coupling prod-
uct derived from the oxovanadium(V)-induced oxidation of aryllithium is accompanied 
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  Scheme 2.77    Oxovanadium-induced oxidative ligand coupling reaction of organozincates  93  
generated from aryl iodides and R3ZnLi       
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  Scheme 2.78    Oxovanadium-induced oxidative ligand coupling reaction of organozincates  95  generated 
from aryl bromides and R4ZnLi       
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  Scheme 2.79    Oxovanadium-induced oxidative ligand coupling reaction of organozincates derived 
from 96       

[ 136 ]. Such a reaction is avoided by the preparation of the ate complex through 
iodine-zinc exchange. Arylzincate  93 , obtained from R 3 ZnL [ 149 ] and aryl iodide, 
is oxidized to give the cross-coupling product  94  exclusively (Scheme  2.77 ) [ 148 ].  

 The organozincates, prepared from Me 4 ZnLi 2  and various bromoarenes [ 149 ], 
undergo similar oxidative coupling with VO(OEt)Cl 2  to give the methylarene 
(Scheme  2.78 ) [ 150 ]. Thus, the coupling between  sp  2  carbon (aryl group) and  sp  3  
 carbon  (methyl group) of aryltrimethylzincates is achieved chemoselectively.  

 The above-mentioned method is applied to the selective carbon–carbon bond forma-
tion between  sp  3  carbons [ 150 ]. A bromine-zinc exchange reaction of the  gem -dibromo-
cyclopropane  96  selectively occurs at the position  cis  to the phenyl group by treatment 
with Me 4 ZnLi 2  [ 151 ]. The reaction of the thus-obtained zincate  97  with VO(OEt)Cl 2  
leads to the stereoselective formation of 1-bromo-1-methyl-2- phenylcyclopropane ( 98 ). 
On the other hand, when the reaction mixture is warmed up to 0 °C, followed by treat-
ment with VO(OEt)Cl 2 , dimethylation at the gem-positions takes place to give the 
dimethylcyclopropane ( 100 ) via the organozinc  99  as shown in Scheme  2.79 )  
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  Scheme 2.80    Vicinal dialkylation via conjugate addition and ligand coupling       
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  Scheme 2.81    Oxovanadium-induced vicinal dialkylation of cyclic α,β-unsaturated carbonyl 
compounds with dialkylzincs       
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  Scheme 2.82    Oxovanadium-induced vicinal dialkylation of 2-cyclohexenone with triethylalumi-
num or triethylborane       
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  Scheme 2.83    Oxovanadium-induced vicinal dialkylation of cyclic α,β-unsaturated carbonyl 
compounds with R3ZnLi       

 Dialkylzinc reagents (R 2 Zn) are known as a mild nucleophile in the presence of 
an additional promoter such as a Lewis acid. The properties of oxovanadium(V) 
compounds as a Lewis acid and one-electron oxidant permit vicinal dialkylation at 
both the α and β positions of cyclic α,β-unsaturated carbonyl compounds with dial-
kylzinc reagents via conjugate addition and ligand coupling (Scheme  2.80 ) [ 152 ]. 
For example, the reaction of 2-cyclohexenone with dimethylzinc in the presence of 
VO(OEt)Cl 2  affords 2,3-dimethylcyclohexanone (Scheme  2.81 ). Use of a stronger 
Lewis acid, VO(OEt)Cl 2  > VO(OPr- i )Cl 2  > VO(OPr- i ) 2 Cl, gives a better result.   

 This method is applied to vicinal alkylation with triethylaluminum or triethylborane 
as shown in Scheme  2.82  [ 152 ], but the similar oxidative dialkylation is not observed 
with organocuprate reagents.  

 Contrary to dialkylzincs, lithium trialkylzincates (R 3 ZnLi) is nucleophilic enough 
for conjugate addition without the aid of a Lewis acid. The conjugate addition adduct 
with R 2 R′ZnLi is then treated with VO(OEt)Cl 2,  leading to vicinal dialkylation as 
shown in Scheme  2.83 . It is noteworthy that introduction of alkyl groups is differ-
entiated regioselectively. For example, use of BuMe 2 ZnLi leads to regioselective 
formation of 3-butyl-2-methylcycloalkanone.   
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  Scheme 2.84    Vanadium-induced oxidative coupling reaction of organozirconocenes 101 and 103       

    Oxidative Transformation of Organozirconium Compounds 

 The oxidation reaction of ( E )-1-alkenylchlorozirconocenes  101  with VO(OPr- i ) 2 Cl 
results in the stereoselective homo-coupling product, the ( E , E )-diene  102  
(Scheme  2.84 ) [ 153 ]. ( E )-1-Alkenyl-1-alkynylzirconocenes  103  undergo the 
oxovanadium(V)-induced ligand coupling of the organic substituents on zirconium 
to give the ( E )-enynes  104  stereoselectively.  

 As mentioned above, the ligand coupling reaction of main-group organometallic 
compounds provides a versatile method foe carbon–carbon bond formation of 
nucleophiles, which is a complementary strategy of nucleophile–electrophile cou-
pling reaction.   

2.8     Oxovanadium(V)-Catalyzed Halogenation 

    Toshikazu     Hirao     and     Toshiyuki     Moriuchi    

 The bromination reaction of organic compounds is regarded as one of the most fun-
damental reactions in organic synthesis, providing important precursors for various 
transformations. Conventional bromination reaction requires toxic and hazardous 
elemental bromine. An alternative environmentally friendly method is to be devel-
oped. Considerable efforts have been focused on developing a practical bromination 
method by using a bromide ion as a bromide source instead of bromine [ 154 ,  155 ]. 
In these methods, the bromination reaction proceeds by utilizing generation of a 
bromonium-like species which is generated by two-electron oxidation of a bromide ion. 
Hydrogen peroxide [ 156 ], oxone ®  [ 157 ], cerium(IV) ammonium nitrate (CAN) 
[ 158 ], sodium periiodate [ 159 ], lead tetraacetate [ 160 ], and Selectfl uor ®  [ 161 ] 
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  Scheme 2.85    Development of practical methods for bromination       
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  Scheme 2.86    Oxidative bromination reaction of 1,3,5-trimethoxybenzene with hydrogen peroxide       

have been demonstrated to serve as an oxidant, inducing oxidative bromination of 
alkenes and alkynes in the presence of bromide salts such as alkali metal bromide or 
Bu 4 NBr (Scheme  2.85a ).  

 Vanadium bromoperoxidase (VBrPO) [ 162 – 165 ], which is a naturally occurring 
enzyme found in marine algae, catalyzes two-electron oxidation of the bromide ion 
in the presence of H 2 O 2 , affording a bromonium cation-like species. The catalytic 
bromination of organic compounds has been demonstrated by using VBrPO 
[ 164 – 168 ]. Much attention has been paid to the oxidative bromination reaction 
induced by mimicking of the catalytic activity of VBrPO (Scheme  2.85b ) [ 167 , 
 169 – 182 ]. An environmentally friendly catalytic oxidative bromination of arenes, 
alkenes, and alkynes in aqueous media is demonstrated under relatively mild condi-
tions by using a commercially available inexpensive NH 4 VO 3  catalyst combined 
with H 2 O 2 , HBr, and KBr (Scheme  2.86 ) [ 183 ]. Dodecyltrimethylammonium bro-
mide serves as an effi cient surfactant to facilitate the NH 4 VO 3 -catalyzed oxidative 
bromination in aqueous media.  
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 From an environmental point of view, molecular oxygen is regarded as the best 
candidate for oxidants. Some oxidative bromination reactions with molecular oxy-
gen as a terminal oxidant in place of a strong oxidant have been reported, providing 
the more advanced catalytic systems rather than the enzyme (Scheme  2.85c ) [ 184 , 
 185 ]. The combination of the redox properties of a vanadium catalyst and molecular 
oxygen is performed to provide an environmentally benign catalytic system in oxi-
dative bromination. The oxidative bromination reaction of 1,3,5-trimethoxybenzene 
with 5 mol% of NH 4 VO 3 , 300 mol% of Bu 4 NBr, and 300 mol% of trifl uoroacetic 
acid (TFA) in 1,4-dioxane with molecular oxygen at 80 °C proceeds to give the 
formation of the monobromination product in 80 % isolated yield (Scheme  2.87 ) 
[ 186 ]. The use of  p -toluenesulfonic acid monohydrate (PTS · H 2 O) in place of 
TFA results in the lower yield of the monobromination product (62 % NMR yield). 
The similar catalytic activity is observed with NaVO 3  as compared with the ammo-
nium counterpart. V 2 O 5  is found to be less effective than NH 4 VO 3 . VO(acac) 2  and 
VOSO 4  work similarly as observed with NH 4 VO 3 . WO 3 , which is known to catalyze 
the oxidative bromination with H 2 O 2  [ 44 ], does not serve as a catalyst. No promis-
ing results are observed with the oxo metal complexes including TiO(acac) 2 , 
MoO 2 (acac) 2 , and MnO 2 . Acetonitrile, dimethylformamide, acetic acid, and dime-
thoxyethane are less effective than 1,4-dioxane. The oxidative bromination reaction of 
1,3,5-trimethoxybenzene proceeds well, even under air, in the presence of 600 mol% 
of Bu 4 NBr and TFA to give the bromination compound in 70 % yield. The catalytic 
activity depends on the amounts of the bromide source and acid. The oxidative bromi-
nation reaction in the presence of 900 mol% of the bromide source and acid leads to 
the dibromide with the concomitant monobromo compound (Scheme  2.88 ). The pres-
ence of acid and molecular oxygen is essential for an  effi cient catalytic oxidative 
bromination reaction.   

NH4VO3
Bu4NBr
CF3COOH

1,4-dioxane, O2, 80 °C, 18 h MeO

OMe

MeO OMe

OMe

OMe

Br
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300 mol%
300 mol%

80%
(isolated yield)

  Scheme 2.87    Oxidative bromination reaction of 1,3,5-trimethoxybenzene with molecular oxygen       
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  Scheme 2.88    Oxidative bromination reaction of 1,3,5-trimethoxybenzene in the presence of 900 
mol% of the bromide source and acid       
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 This catalytic system can be applied to the oxidative bromination reaction of a 
variety of arenes, alkenes, and alkynes [ 186 ]. The oxidative bromination reaction 
of the phenol derivatives, such as 2,6-xylenol and resorcinol, leads to the monobro-
minated compounds regioselectively. The oxidative bromination reaction of 
α-methylstyrene in the presence of 5 mol% NH 4 VO 3 , 900 mol% Bu 4 NBr, and 
900 mol% TFA in 1,4-dioxane at 80 °C affords only the bromohydrin in 60 % 
yield. On the other hand, the dibromide (33 %) and the bromohydrin (62 %) are 
obtained in the case of α-methylstyrene by using 1 mol% of NH 4 VO 3  and 200 mol% 
of PTS · H 2 O and Bu 4 NBr in acetonitrile. The oxidative bromination reaction of 
 trans -β-methylstyrene affords the  erythro -dibromide (59 %) and 2-bromo-1-phen-
ylpropan-1-ol (18 %), wherein 2-bromo-1- phenylpropan-1-one (15 %) is also 
obtained. In the case of  cis -β-methylstyrene, the  threo -dibromide (51 %) together 
with small amounts of the  erythro  isomer (9 %), 2-bromo-1-phenylpropan-1-ol 
(17 %), and 2-bromo-1-phenylpropan-1-one (11 %) are produced. The oxidative 
bromination reaction of allylbenzene and 1-decene proceeds well to give the dibro-
mides in 94 % and 97 % yields, respectively (5 mol% NH 4 VO 3 , 900 mol% Bu 4 NBr, 
and 900 mol% TFA in 1,4-dioxane at 80 °C). Starting from 5-hexene-1-ol, the 
dibromide is obtained in a 94 % yield, with the hydroxy group intact under the 
similar reaction conditions. The oxidative bromination reaction of 1-phenylpro-
pyne and 1,4-dimethoxy-2-butyne affords only the  trans -1,2- dibromoalkenes in 
98 % and 77 % yields, respectively. 

 The catalyst loading can be successfully reduced to 0.01 mol% in the gram-scale 
reaction of α-methylstyrene as shown in Scheme  2.89 , indicating an extremely high 
effi ciency of the catalyst [ 186 ].  
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  Scheme 2.89    Gram-scale catalytic oxidative bromination reaction of α-methylstyrene       
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  Scheme 2.90    Oxidative bromination reaction of 1,3,5-trimethoxybenzene in the presence of 120 
mol% of Bu4NBr, and 120 mol% of AlCl3       

 Use of a Lewis acid in place of a Brønsted acid is expected to provide the 
more practical bromination reaction system as follows: (1) Expanding of the sub-
strate adaptability. (2) Improvement of effi ciency by controlling the Lewis acidity. 
(3) Enantioselective bromination induced by a chiral Lewis acid. The catalytic 
bromination reaction of 1,3,5-trimethoxybenzene in the presence of 5 mol% of 
NH 4 VO 3 , 120 mol% of Bu 4 NBr, and 120 mol% of AlCl 3  as a Lewis acid in 
1,4-dioxane at 80 °C for 18 h with molecular oxygen proceeds well to afford the 
monobromide (Scheme  2.90 ) [ 187 ,  188 ]. FeCl 3 , CoCl 2 , and ZnCl 2  are less or not 
effective as a Lewis acid. When CuCl 2  or BF 3 •OEt 2  is employed instead of AlCl 3 , 
the bromination product is obtained in a lower yield. In the presence of 300 mol% 
of Bu 4 NBr and 300 mol% of AlCl 3 , the dibromination product, 2,4-dibromo-1,3,5- 
trimethoxybenzene, is obtained in a quantitative yield. Use of 300 mol% of TFA in 
place of AlCl 3  leads to the formation of only 80 % of the monobromide, indicating 
that AlCl 3  exhibits the higher effi ciency than TFA.  

 The catalytic bromination reaction of 2,6-dimethylphenol in the presence of 
5 mol% of NH 4 VO 3 , 120 mol% of Bu 4 NBr, and 120 mol% of AlCl 3  as a Lewis acid 
in 1,4-dioxane at 80 °C for 18 h proceeds to give 4-bromo-2,6-dimethylphenol in 
95 % yield without the formation of the benzyl bromide. Starting from 
3- hydroxyphenol, monobromination product, 4-bromo-3-hydroxyphenol, or dibro-
mination product, 4,6-dibromo-3-hydroxyphenol, are obtained in a high yield in the 
presence of 120 or 300 mol% of AlCl 3  and Bu 4 NBr, respectively. 1-Decene and 
allylbenzene are converted to the corresponding dibromide. Both aromatic and ali-
phatic alkynes undergo the selective  vic -dibromination to afford the corresponding 
 trans -dibromides, suggesting the involvement of a bromonium cation-like species 
as an intermediate for  anti -bromination. 

 AlBr 3  is expected to serve as both a bromide source and a Lewis acid. Actually, 
the oxidative bromination reaction of 1,3,5-trimethoxybenzene with 5 mol% of 
NH 4 VO 3  and 120 mol% of AlBr 3  with molecular oxygen leads to the quantitative 
formation of the dibromide (Scheme  2.91 ) [ 188 ]. Furthermore, the monobromide is 
selectively obtained in a high yield by using 50 mol% amount of AlBr 3 . These results 
indicate that two bromides of AlBr 3  are employed as a bromide source. The high 
reactivity is observed in ether even at room temperature although 1,4-dioxane 
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requires heating for the bromination reaction. The vanadium catalyst and molecular 
oxygen are essential for the oxidative bromination.  

 The results of the bromination reaction by using NH 4 VO 3  catalyst and AlBr 3  with 
molecular oxygen either in 1,4-dioxane at 80 °C (method A) or in ether at room 
temperature (method B) are shown in Table  2.1  [ 188 ]. In both conditions, the oxida-
tive bromination of phenol derivative proceeds well to afford the mono- or dibro-
mide in a high yield by selecting appropriate conditions (entries 1–6). A simple 
aromatic compound like anisole is converted to the monobromide (entry 7). Starting 
from 4- halophenols, the corresponding bromination products are obtained (entries 
8–9). The oxidative bromination of phenol derivatives with the formyl or methoxy-
carbonyl group leads to the formation of the corresponding monobromide, wherein 
the further oxidation of the aldehyde moiety or decomposition of the ester moiety is 
not observed (entries 10–11). In the bromination reaction of TBS-protected  o -cre-
sol, the TBS group is survived to give only the brominated product (entry 12). The 
oxidative bromination reaction of alkenes and alkynes affords the corresponding 
dibromides by using NH 4 VO 3  catalyst together with AlBr 3  (method C), although the 
presence of 120 mol% Bu 4 NBr is required. The bromination reaction of 1-decene 
proceeds well to give the dibromide quantitatively (entry 13). The selective  vic  -
dibromination of allylbenzene is observed to give 1,2-dibromo-3-phenylpropane, 
without formation of the benzylbromide (entry 14). The aromatic and aliphatic 
alkynes such as 1-phenylpropyne and 1,4-dimethoxy-2-butyne undergo the selective 
 anti -dibromination by using method C to give the corresponding  trans  -dibromides 
in high yields (entries 15–16).

   Moreover, this catalytic oxidative bromination using cat. NH 4 VO 3 /AlBr 3 /O 2  sys-
tem can be applied to the α-bromination of ketones (Table  2.2 ) [ 188 ]. The bromina-
tion reaction of β-keto esters such as ethyl benzoylacetate occurs to give mono- or 
dibromination products depending on the amount of AlBr 3  (entries 1 and 2). 
Substitution at α-position leads to the formation of the monobromination product 
(entry 3). 4′-Methoxyacetophenone is converted to the monobromide together with 
the dibromide. Bromination reaction of 4′-chloroacetophenone affords the mono-
bromide as a major product (entry 4). The trihalo compound is obtained from 
3-chloro-4′-fl uoropropiophenone (entry 5).

   Moreover, a gram-scale practical reaction is successfully performed to give the 
bromination product in a high yield, as exemplifi ed by the monobromination of 
4- t -butylphenol to the monobromide in 94 % isolated yield (Scheme  2.92 ) [ 188 ].      

NH4VO3
AlBr3

1,4-dioxane, O2, 80 °C, 4 h MeO

OMe

MeO OMe

OMe

OMe

Br5 mol%
120 mol%

quant.
(isolated yield)

Br

  Scheme 2.91    Oxidative bromination reaction of 1,3,5-trimethoxybenzene in the presence of 120 
mol% of AlBr3       
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   Table 2.1    Oxidative bromination of arenes, alkenes, and alkynes by using cat. NH 4 VO 3 /AlBr 3 /O 2  
system      

 Entry  Substrate  Condition a,b   Product, isolated yield (%) 

 1 
 2 

      

 A, 60, 8 
 B, 60, 18 

      

 94 
 95 

 3 

      

 A, 60, 8 

      

 98 

 4 

      

 B, 110, 18 

      

 99 

 5 
      

 A, 40, 8 

      

 80 

 6  A, 80, 8 

      

 66 

 7 
      

 A, 120, 8 

      

 96 

 8 

      

 A, 120, 8 

      

 95 

 9 

      

 B, 110, 18 

      

 97 

 10 

      

 A, 60, 8 

      

 86 c  

 11 

      

 A, 110, 18 

      

 Quant. 

 12 
      

 B, 120, 18 

      

 Quant. 

 13        C, 120, 18 
      

 99 d,e  
   

 14 
      

 C, 120, 18 
      

 93 d,e  

 15 

      

 C, 120, 18 

      

 98 d  

 16 
      

 C, 120, 18 

      

 97 d  

   a Method, amount of AlBr 3  (mol%), time (h) 
  b Method A: 0.50 mmol of substrate, 5 mol% NH 4 VO 3 , AlBr 3 , 1.5 mL of 1,4-dioxane, under atmo-
spheric oxygen, 80 °C. Method B: 0.50 mmol of substrate, 5 mol% NH 4 VO 3 , AlBr 3 , 1.5 mL of 
ether, under atmospheric oxygen, rt. Method C: 0.50 mmol of substrate, 5 mol% NH 4 VO 3 , 
120 mol% AlBr 3 , 1.5 mL of MeCN, under atmospheric oxygen, 80 °C 
  c Together with 3-bromosalicylaldehde (11 %) 
  d 120 mol% Bu 4 NBr was used as an additive 
  e Reaction was conducted at 50 °C  
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    Chapter 3   
 π-Conjugated Systems with Coenzyme PQQ, 
Polyanilines or Quinonediimines, 
and Sumanene 

             Toshikazu     Hirao     ,     Toshiyuki     Moriuchi     , and     Toru     Amaya    

    Abstract     Coenzyme PQQ serves as a catalyst or mediator in redox reactions under 
molecular oxygen. Polyanilines and quinonediimines are found to serve as redox- 
active organo catalysts for proton-conjugated electron transfer. The hybrid d,π- 
conjugated systems composed of transition metals and π-conjugated compounds as 
redox-active ligands are constructed and applied to the catalytic oxidation reaction. 
Chirality induction of the π-conjugated chain is attained through chiral complex-
ation. The d,π-conjugated complex is reduced to small and well-dispersed nanopar-
ticles. Oxidative reactions are induced by transition metal nanoparticles and 
polyanilines as a redox-active mediator. Imidovanadium compounds bearing the 
π-conjugated substituents at the N-position are characterized. 

 Bowl-shaped π-conjugated “sumanene” is synthesized for the fi rst time. X-ray 
single crystal structural and conductivity analyses reveal its columnar stacking with 
n-type electron transportation ability. Bowl-to-bowl inversion behavior and genera-
tion of benzylic anions are studied. Short synthesis of extended π bowls is achieved 
utilizing bowl-shaped sumanene. The concave or convex π-bent surface is demon-
strated to serve as a ligand to give the corresponding d,π-conjugated bowl complex 
selectively.  

  Keywords     (Arylimido)vanadium(V)   •   Alkoxido bridging   •   Bowl-to-bowl 
inversion·TRMC   •   Chirality induction   •   CH-π interaction   •   Concave-bound complex   
•   Conformational change   •   Conjugated complex   •   Cross-dehydrogenative coupling   
•   Dehydrogenative oxidation   •   Electronic communication   •   Emission properties   • 
  Highly-ordered molecular arrangement   •   Imido bridging   •   Ligand exchange Au NPs   • 
  Metallocene   •   NGCs   •   Orthoquinone   •   Palladium-catalyzed oxidation reaction   •   Pd NPs   
•   Phenylenediamine   •   Polar crystal   •   Polyaniline   •   Porphyrin   •   Proton-coupled elec-
tron transfer   •   Quinonediimine   •   Redox mediator   •   Redox-active ligand   •   Redox-active 
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organocatalyst   •   Redox-switching   •   Self-assembly   •   Sumanene   •   Sumanenyl anion   • 
  Three-dimensionally oriented π-electronic system   •   Vanadium(V) hydrazido complex   
•   V–N Multiple bond   •   Zirconocene   •   π Bowl   •   π Conjugation   •   π-Bowl complex   • 
  π-Conjugated ligand  

  Abbreviations 

   AFM    Atomic force microscope   
  BN    Binaphthyl   
  bpy    2,2′-Bipyridine   
  BuLi    Butyllithium   
  CD    Circular dichroism   
  Cp    Cyclopentadienyl   
  Cp*    1,2,3,4,5-Pentamethylcyclopentadienyl   
  CTAB    Cetyltrimethylammonium bromide   
  DA    Diamine   
  DABCO    1,4-Diazabicyclo[2.2.2]octane   
  DDQ    2,3-Dichloro-5,6-dicyano-p-benzoquinone   
  DMH     N , N -dimethylhydrazine   
  en    Ethylenediamine   
  EXSY    Exchange spectroscopy   
  Fc    Ferrocene   
  ICD    Induced circular dichroism   
    i  Pr    Isopropyl   
   K  c     Equilibrium constant   
  Me    Methyl   
  MeCN    Acetonitrile   
  NGCs    Nitrogen-doped graphitic carbons   
  NMR    Nuclear magnetic resonance   
  NOE    Nuclear Overhauser effect   
  OAc    Acetate   
  OEt    Ethoxide   
  O  i  Pr    Isopropoxide   
  PD    Phenylenediamine   
  Ph    Phenyl   
  PMAS    Poly(2-methoxyaniline-5-sulfonic acid)   
  POT    Poly( o -toluidine)   
  ppm    Parts per million   
  PQQ    Pyrroloquinoline quinone   
  PQQTME    Trimethyl 4,5-dihydro-4,5-dioxo-l H -pyrrolo[2,3- f ]quinoline-2,7,

9-tricarboxylate   
  QD    Quinonediimine   
  SQ    Semiquinonediimine radical anion   
  TEA    Triethanolamine   
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  THF    Tetrahydrofuran   
  TPP    Tetraphenylporphyrin   
  tpy    2,2′:6′,2″-Terpyridine   
  TRMC    Time-resolved microwave conductivity   
  UV–vis    Ultraviolet–visible   

3.1           Redox Systems with Coenzyme PQQ 

    Toshikazu     Hirao    

 PQQ (Fig.  3.1 ) is a coenzyme of alcohol dehydrogenase, methanol dehydrogenase, 
aldehyde dehydrogenase, glucose dehydrogenase, amine oxidase, etc [ 1 ,  2 ]. 
A model catalytic system for PQQ-containing enzymes is disclosed in a micelle- 
enhanced dehydrogenation reaction of amines and amino acids in the presence of 
CTAB under molecular oxygen (Scheme  3.1 ) [ 3 ,  4 ]. A quinone function of PQQ 
appears to play an important role as a redox-active organocatalyst.   

N

HN

O

O

HOOC

HOOC

COOH

PQQ

  Fig. 3.1    Chemical structure of PQQ       

R2

R1

NH2

cat. PQQ, O2

CTAB, H2O R2

R1

O

  Scheme 3.1       Dehydrogenative oxidation with PQQ under molecular oxygen       

 A combination of PQQ derivatives with transition metals leads to form the effi -
cient redox systems. Dropwise addition of terminal olefi n to the solution of PdCl 2  
(0.1 molar equiv.), trimethyl ester of PQQ, (PQQTME, 0.1 molar equiv.) and H 2 O 
in DMF under molecular oxygen results in the formation of 2-alkanone (Scheme  3.2 ). 
It should be noted that PQQTME constitutes a catalytic redox cycle. The orthoqui-
none function appears to reoxidize the reduced palladium species generated in situ. 
Use of 1,7- or 1,10-phenanthrolinequinone gives a poor result maybe due to the 
coordination of palladium(II) species towards the pyridine moiety opposite to the 
quinone group [ 5 ]. Mediation of  p -benzoquinone in the palladium-catalyzed oxida-
tion reactions has been reported to require electrochemical or cobalt porphyrin cata-
lyzed oxidation of the quinol [ 6 – 8 ]. The above- mentioned results provide an 
example for effi cient redox systems of coenzyme derivatives with transition metals, 
which is demonstrated to be synthetically useful.  
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  Fig. 3.2    Chemical structures of quinone oxygen-coordinated palladium complexes  2  and  3  with 
anthraquinone ligands bearing  N- heterocyclic coordination sites       
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  Scheme 3.2    The Wacker reaction mediated by PQQTME       
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  Scheme 3.3    Palladium-catalyzed oxidation of 1 in the presence of PQQTME       
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  Scheme 3.4    Reversible redox interconversion       

 This kind of the redox system is applied to the palladium(II)-induced regioselec-
tive ring-opening oxidation reaction of the α,β-epoxysilane  1  (Scheme  3.3 ) [ 9 ].  

 Furthermore, the reversible redox interconversion of PQQTME is performed by 
using two different oxidation states of vanadium compounds, VCl 2  and VO(OEt) 3 , 
the processes of which are monitored by UV–vis spectroscopy (Scheme  3.4 ) [ 9 ].  

 In this sense, quinone oxygen-coordinated palladium complexes  2  and  3  with 
anthraquinone ligands bearing  N- heterocyclic coordination sites are synthesized 
and characterized (Fig.  3.2 ) [ 10 ].  
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 A variety of model systems for P-450 have been developed to elucidate the 
mechanism and provide a useful method for oxygenation reactions. Oxygen sources 
are molecular oxygen, hydrogen peroxide,  t -butyl hydroperoxide, iodosylbenzene, 
sodium hypochlorite and so on, depending on the systems. Orthoquinones effec-
tively mediate the MnTPPCl-catalyzed epoxidation reaction of olefi ns with hydro-
gen peroxide (Scheme  3.5 ) [ 11 ]. This might be due to the addition-adduct formation 
of the orthoquinone moiety with hydrogen peroxide. Under the conditions, ortho-
quinones are protected against their self-oxidation, and are considered to work as a 
redox mediator to generate an effi cient oxidant.   

R R'

cat. MnTPPCl, cat.PQQTME, H2O2

R R'

O

  Scheme 3.5    MnTPPCl-catalyzed epoxidation with H2O2 in the presence of PQQTME       

3.2       Redox Function of Polyanilines or Quinonediimines 

    Toshikazu     Hirao     and     Toru     Amaya    

    Synthetic Catalytic System 

 π-Conjugated polymers and oligomers have attracted much attention in the applica-
tion to electronic materials depending on their electronic properties [ 12 – 16 ]. 
Polyaniline is one of the promising conducting π-conjugated polymers with redox 
properties and chemical stability. Polyanilines have been extensively studied 
because of their unique redox properties as well as numerous potential use in a wide 
range of applications in a variety of fi elds. Polyanilines are present in three different 
redox forms, which include a fully reduced leucoemeraldine base form, a semioxi-
dized emeraldine one, and a fully oxidized pernigraniline one as shown in 
Scheme  3.6 . The redox processes between them depend on protonic acid doping 
because the reduction of emeraldine base requires proton-coupled electron transfer 
to stabilize a reduced anionic species. The leucoemeraldine base is oxidizable with 
molecular oxygen [ 17 ].  

 These properties are envisaged to permit the construction of a catalytic system 
for oxidation reaction. Actually, polyanilines are demonstrated to serve as synthetic 
metal catalysts under molecular oxygen in the dehydrogenative oxidation of ben-
zylamines, 2-phenylglycine, and 2,6-di- t -butylphenol (Scheme  3.7 ) [ 18 – 20 ]. 
Similar organo catalysis is also achieved with polypyrroles and the quinonediimine 
oligomer derivatives [ 21 ]. The activity of these catalysts depends on protonic acid 
doping.  
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  Scheme 3.6    Three representative oxidation states of polyaniline       
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  Scheme 3.7    Aerobic oxidation reaction mediated by redox-active π-conjugated polymer       
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  Scheme 3.8    N,N’-Diphenyl- p -benzoquinonediimine-induced oxidative coupling of aryl- and vinyl-
magnesium reagents       

  p -Benzoquinonediimine compounds can accept two electrons.  N , N ′-Diphenyl-p - 
benzoquinonediimine effi ciently induces the oxidative homo-coupling of various aryl- 
and vinylmagnesium reagents, where the expected side reactions such as 1,2- or 
1,4-addition reaction are suppressed (Scheme  3.8 ) [ 22 ].  N , N ′-Diphenyl-p -benzoquinone-
diimine is transformed to the reduced benzenoid form after the reaction.   
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    Synthetic Metal-Transition Metal Catalytic System 

 Effi cient redox processes of transition metals are essential to develop functionalized 
materials and catalysts. Coordination interaction with ligands is able to control the 
redox processes, If ligands are redox-active, a combination of both redox properties 
is considered to provide a multi-redox system as exemplifi ed by Scheme  3.9 . 
The redox interaction between transition metals and redox sites of ligands appears 
to operate through coordination. If the redox site is not coordinated directly, the 
redox interaction is also permitted through bond or space. An effi cient redox func-
tion is likely to be realized in both cases. π-Conjugated polymers and molecules, 
which possess redox-active properties and coordination sites, are allowed to serve 
as redox-active ligands to afford the d,π-conjugated complexes.  

[ π-conjugated polymer – metal ]red

substrate

oxidation product

[ π-conjugated polymer – metal ]ox

metal = Cu(II), Fe(III)

O2

  Scheme 3.10    The cooperative catalysis with π-conjugated polymer and transition metal for aerobic 
oxidation reaction       

M Lox ox

M L
red ox

M Lox red

M L
red red

  Scheme 3.9    Multi-redox system consisting of redox-active transition metal and redox-active ligand       

 The copper(II) complex with polyaniline exhibits a higher catalytic capability for 
the dehydrogenation of cinnamyl alcohol into cinnamaldehyde [ 18 ,  20 ]. The coop-
erative catalysis of both components is achieved. Iron(III) chloride is similarly 
employed instead of copper(II) chloride. The catalytic system is applicable to the 
decarboxylative dehydrogenation of mandelic acid to benzaldehyde. In these oxida-
tion reactions, a complex catalyst consisting of polyaniline and metal salt forms a 
reversible redox cycle under molecular oxygen (Scheme  3.10 ). The copper salt 
appears to play a role as a metallic dopant, which is monitored spectroscopically.   

 

 

3 π-Conjugated Systems with Coenzyme PQQ, Polyanilines or Quinonediimines…



58

    Redox-Active Ligand in Metal-Catalyzed Reaction 

 The redox interaction between metals and redox-active ligands is considered to con-
tribute to a smooth redox process of transition-metal-catalyzed oxidation reactions. 
The Wacker oxidation reaction of a terminal olefi n proceeds catalytically only in the 
presence of a catalytic amount of polyaniline derivative as a co-catalyst in acetonitrile- 
water under molecular oxygen as shown in Scheme  3.11  [ 23 ]. Polypyrroles can be 
employed similarly [ 24 ]. The catalysis is not observed in the absence of the 
π-conjugated polymer, indicating that the π-conjugated polymer mediates in the cata-
lytic cycle. The redox processes of the π-conjugated polymer are monitored by 
UV–vis spectra, supporting that π-conjugated polymers behave as a redox-active 
ligand in the palladium(II)-catalyzed oxidation reaction under molecular oxygen [ 25 ].   

[Pd– redox-active ligand]ox

[Pd – redox-active ligand]red

redox-active ligand = polyanilines, polypyrroles

R , H2O

R

O

O2

  Scheme 3.11    The Wacker oxidation reaction using palladium(II)-redox-active ligand hybrid catalyst       
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  Scheme 3.12    Oxidation of phenylenediamine 4 bearing a thiadiazole unit to the quinonediimine 5       

    Functionalization of Polyanilines and Oligoanilines 

 The strategy to control redox properties depends on design of aniline unit and self- 
doping. The reduced phenylenediamine  4 , which is synthesized by the palladium- 
catalyzed amination, is oxidized to the quinonediimine  5  [ 26 ,  27 ]. An alternating 
sequence of the donor-acceptor units of  4  permits low band-gap. Bidentate com-
plexation is likely to be allowed with the quinonediimine  5  bearing a thiadiazole 
unit (Scheme  3.12 ), both of which serve as coordination sites [ 28 ].  

 A covalently attached acid moiety to the polyaniline backbone can dope itself 
without an external dopant. A self-doped conducting polyaniline bearing phos-
phonic acid, poly(2-methoxyaniline-5-phosphonic acid) (PMAP) is designed and 
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synthesized (Scheme  3.13 ) [ 29 ]. The phosphonate moiety is introduced via a 
Pd-catalysed coupling, as mentioned in Sect. 2.2   . The monomer, 2-methoxyaniline- 
5-phosphonic acid, is oxidatively polymerized to provide PMAP. The practical syn-
thetic procedure is developed [ 30 ]. The pyridinium salt of the thus-obtained PMAP 
is water-soluble and its fi lm exhibits conductivity. Monoethyl ester derivative of 
PMAP is also synthesized [ 31 ].   
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  Scheme 3.13    Synthesis of a self-doped conducting polyaniline, PMAP       

    Three-Dimensional π-Electronic System 

 Regulated orientation of π-conjugated molecular chains is a challenging issue. Use 
of a molecular scaffold is considered to permit the design of such a system. The 
perpendicularly regulated orientation of π-conjugated molecular chains are allowed 
to provide three-dimensionally oriented π-electronic system  6  (Fig.  3.3 ).  

 This kind of orientation is achieved with the  p-t -butylcalix[4]arene  7  bearing 
four redox-active phenylenediamine pendant groups on the lower rim [ 32 ]. The 
reversible redox transformation of the pendant group is observed chemically 
(Scheme  3.14 ).  
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 The π-conjugated compounds  8  (αααα:  8a  and αβαβ:  8b ) are constructed by the 
introduction of four phenylenediamine pendant strands to the  meso -positions of the 
atropisomeric porphyrin scaffolds (Fig.  3.4 ) [ 33 ]. In the fl uorescence emission 
spectra, the emission from the porphyrin moiety is almost completely quenched in 
both atropisomers. This process is more effi cient than that of the porphyrin bearing 
one pendant group, suggesting the interchain interaction of  8  [ 34 ].  
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O
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  Scheme 3.14    The reversible redox transformation of the phenylenediamine pendant group on p-t-
butylcalix[4]arene       
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  Fig. 3.3    The design of three-dimensionally oriented π-electronic system  6        
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 The zinc complex of  8c  and  8d  is treated with a bidentate ligand, DABCO, to 
form the sandwich dimer complex  9  (Scheme  3.15 ). Thus-obtained complex  9  is 
considered to be a unique redox system, which is composed of the electron acceptor 
moiety surrounded by the donor π-conjugated pendant groups [ 35 ].  
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  Scheme 3.15    Sandwich dimer complex 9 formed by coordination directed assembly of 8c and 8d       

 The porphyrins bearing three-dimensionally oriented terthiophene pendant 
strands  10a–c  are also designed and synthesized (Fig.  3.5 ) [ 36 ]. The signifi cant 
quenching is again observed in their fl uorescence emission spectroscopy.  

 Hybrids  11a  and  11b  consisting of zinc porphyrin and oligoaniline with a pyri-
dine moiety at the terminal of the chain are designed (Fig.  3.6 ). This design allows 
the Zn(II)-directed self-assembly, giving polymeric, and/or oligomeric nanowire 
structures [ 37 ]. Their emission intensity is smaller than that of zinc tetraphenylpor-
phyrin. The assembly on the Au nanoparticles’ (NPs’) surface is also demonstrated.  

 The porphyrins  11c  and  11d  bearing two three-dimensionally regulated oligoani-
line chains with terminal pyridyl groups are also designed and synthesized. The 
self-assembled branched polymer complexes by introducing Zn(II) to the porphy-
rins are formed in solution, which undergo drop casting on the surface of mica to 
result in dome-like nanostructures (Fig.  3.6 ) [ 38 ]. The similar signifi cant quenching 
as mentioned above is observed in the fl uorescence emission spectroscopy.     

Redox Interaction between Polyanilines and Transition Metals 

 To develop the redox catalyst system in water, a redox mediator is investigated 
using a water soluble polyaniline, poly(2-methoxyaniline-5-sulfonic acid) (PMAS). 
The redox interaction between PMAS (half ox) and V(IV) readily occurs to produce 
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  Fig. 3.5    Porphyrins bearing terthiophene pendant strands  10a–c        

the PMAS(red) and V(V) species in an aqueous solution. Notably, molecular  oxygen 
reoxidizes PMAS(red) to form the catalytic redox cycle (Scheme  3.16 ) [ 39 ]. Graph 
in Scheme  3.16  shows increasing of V(V) with time in the presence of PMAS 
(10 mol%) under air (molecular oxygen). This redox interaction is effectively 
observed in basic conditions rather than in acidic ones.  

 Polyaniline (emeraldine salt) is known to possess mainly two conformations. 
One is an extended coil conformation and another is a compact coil conformation. 
Generally, the former shows the higher conductivity than the latter. The conforma-
tional change of PMAS (half ox) from extended coil to compact coil conformation 
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  Fig. 3.6    Zinc porphyrins bearing oligoaniline with a pyridine moiety at the terminal of the chain. 
AFM image of the self-assembled branched polymer complex       

is induced by a catalytic amount of Cu(II) under air (Scheme  3.17 ) [ 40 ]. This con-
formational change is likely to depend on the partial scission of π conjugation of the 
main chain due to partial oxidation by Cu(II). Reverse conformational change is 
performed by the addition of reductant N 2 H 4 ·H 2 O under air (Scheme  3.17 ) [ 40 ].    
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  Scheme 3.16    Aerobic oxidation of V(IV) mediated by PMAS       

  Scheme 3.17    Conformational change of PMAS (half ox)       
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3.3       Hybrid Systems Consisting of Polyanilines or 
Quinonediimines and Transition Metals 

     Toshikazu     Hirao     and     Toshiyuki     Moriuchi    

 The neutral emeraldine base of polyaniline is composed of the phenylenediamine 
(PD) moiety as a reduced form and the quinonediimine (QD) moiety as an oxidized 
form. Polyanilines has coordination properties of two nitrogen atoms of the QD moi-
ety. The functional properties of π-conjugated polymers are envisioned to be modi-
fi ed dramatically by incorporation of metal centers into the polymers [ 41 – 49 ]. 
π-Conjugated polymers and molecules, which have redox-active and coordination 
properties, are allowed to serve as redox-active ligands to give the d,π-conjugated 
complexes. Depending on the number and geometry of the coordination sites, the 
systems with a variety of regulated structures can be constructed as shown in Fig.  3.7 . 
The multi-nuclear complexes are obtained by multi-coordination of the π-conjugated 
polymers. In the case of both metals and ligands having two coordination sites, these 
components array alternatively to give the corresponding polymer complexes. 
Depending on their coordination geometries, a cyclic skeleton structure is also 
allowed to be formed. In this section, the conjugated complexes with redox- active 
π-conjugated polyanilines and 1,4-benzoquinonediimines.  

 The complexation of the emeraldine base form of poly( o -toluidine) (POT) with 
palladium(II) compounds is performed in an organic solvent to give the conjugated 
polymer complexes. Two nitrogen atoms of the QD moiety of the emeraldine base 
form of POT are capable of participating in the complexation with the palladium(II) 
complex [ L   1   Pd(MeCN) ] [ 50 ,  51 ] bearing one interchangeable coordination site, 
which is obtained by treatment of the  N -heterocyclic tridentate ligand,  N , N ′-bis(2- 
phenylethyl)-2,6-pyridinedicarboxamide ( L   1   H   2  ) [ 52 ,  53 ] with Pd(OAc) 2 , to afford the 
single-strand conjugated complex  12  (Scheme  3.18 ). In contrast, the complexation 

  Fig. 3.7    Controlled design of the conjugated complexes with redox-active π-conjugated ligands       
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  Scheme 3.19    Controlled formation of 14, 15, or 16 with L2       

with Pd(OAc) 2  or PdCl 2 (MeCN) 2 , which have two coordination sites, leads to the 
formation of the cross-linked conjugated complex  13  (Scheme  3.18 ) [ 54 ]. Poly(3-
heptylpyrrole) is demonstrated to serve as an effi cient π-conjugated polymer ligand 
to afford the similar conjugated complex with PdCl 2 (MeCN) 2 . An organic light 
emitting diode device with the thus-obtained conjugated complex fi lm as a hole 
injection layer exhibits the higher effi ciency than a device with the conventional 
copper phthalocyanine hole injection layer [ 55 ].  

 The conjugated polymer complexes composed of polyanilines or polypyrroles 
are performed to afford the redox systems depending on their structures and redox 
properties. As mentioned in the Sect.  3.2 , the complexation with copper salts can 
affect the redox properties of polyanilines to form the reversible redox cycle [ 17 ]. 
The conjugated polymer complex can serve as an oxidation catalyst [ 18 ,  20 ,  23 ,  24 ], 
wherein the coordination of the QD moiety might play an important role in a revers-
ible redox processes of the complexes. Polyanilines or polypyrroles are effectively 
employed as a redox-active ligand in the Wacker reaction as mentioned in Sect.  3.2 . 

 The complexation behavior of the redox-active π-conjugated molecule,  N , N ′-
bis(4′-dimethylaminophenyl)-1,4-benzoquinonediimine (L 2 ) [ 56 ], as a model mole-
cule of polyanilines gives the further insight into the coordination and redox properties 
of the QD moieties. The complexation of L 2  with two equimolar amounts of the 
palladium(II) complex [ L   1   Pd(MeCN) ] affords the 1:2 conjugated homobimetallic 
palladium(II) complex [(L 1 )Pd(L 2 )Pd(L 1 )] ( 14 ) as shown in Scheme  3.19  [ 57 ]. 
Variable temperature  1 H NMR studies of the conjugated complex  14  show that the 
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 syn  confi guration is enthalpically more favorable than the  anti  confi guration in 
CD 2 Cl 2 , but entropically less favorable. The crystal structure of  14  anti  reveals that the 
two [L 1 Pd] units are bridged by the QD moiety of L 2  in  anti  confi guration (Fig.  3.8 ). 
The redox properties of the QD moiety are modulated by complexation with the 
palladium(II) complex [ L   1   Pd(MeCN) ]. The conjugated complex  14  in dichloro-
methane shows the successive one-electron reduction of the QD moiety to afford the 
corresponding reduced species. On the contrary, L 2  shows an irreversible reduction 
wave. Compared with the uncomplexed QD, the complexed QD might be stabilized 
as an electron sink.   

 The conjugated polymeric complex  15 , in which palladium centers are incorpo-
rated in the main chain, is obtained by the complexation of L 2  with [PdCl 2 (MeCN) 2 ] 
having two interchangeable coordination sites in acetonitrile (Scheme  3.19 ) [ 58 ]. 

 A metal-directed assembly to regulate the coordination mode of the QD moiety is 
a convenient approach to the construction of metallomacrocycle. The conjugated tri-
nuclear macrocycle [{Pd(en)(L 2 )} 3 ](NO 3 ) 6  ( 16 ) is formed quantitatively by the reac-
tion of L 2  with an equimolar amount of [Pd(NO 3 ) 2 (en)], which has  cis  binding sites as 
a “metal clip” (Scheme  3.19 ) [ 58 ]. The crystal structure of  16  confi rms a trimetallic 
macrocyclic skelton and the coordination of both QD nitrogen atoms to the palladium 
centers in the  syn  confi guration as depicted in Fig.  3.9 . The interesting structural fea-
ture is the orientation of the phenylene rings of L 2  in a face-to-face arrangement with 
a distance of about 3.5 Å at each corner of the triangle, which indicates a π–π interac-
tion. The conjugated trinuclear macrocycle  16  forms an open cavity possessing differ-
ent faces with the cone conformation, resulting in the accommodation of two methanol 
molecules at the top and bottom of the cavity. A preliminary experiment on guest 
binding in D 2 O reveals that the association  constant for 1,2-dimethoxybenzene is 
calculated as 4.0 × 10 3  M −1  from  1 H NMR spectroscopy.  

 Chirality induction into polyanilines and oligomers have drawn much attention 
due to their potential use in diverse areas such as surface modifi ed electrodes, 
molecular recognition, and chiral separation [ 59 ]. The complexation of the emeraldine 

  Fig. 3.8    ( a ) A  top view  and ( b ) a  side view  of the crystal structure of  14  anti  (hydrogen atoms are 
omitted for clarity)       
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base form of POT with the chiral palladium(II) complex [( S , S )-L 3 Pd(MeCN)] 
induces chirality into a π-conjugated backbone of POT, affording the corresponding 
optically active conjugated polymer complex  (  S  ,  S  )-17  (Scheme  3.20 ) [ 60 ,  61 ]. 
The CD spectrum of  (  S  ,  S  )-17  exhibits an induced circular dichroism (ICD) at the 

  Fig. 3.9    ( a ) The crystal structure of  16  (hydrogen atoms and NO 3  –  ions are omitted for clarity). ( b ) 
Space-fi lling representation of the molecular structure of  16  (hydrogen atoms and NO 3  –  ions are 
omitted for clarity). Two methanol molecules are located at the  top  and  bottom  of the cavity       
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  Scheme 3.20    Formation of optically active conjugated polymer complexes       

 

 

3 π-Conjugated Systems with Coenzyme PQQ, Polyanilines or Quinonediimines…



70

  Fig. 3.10    CD spectra ( top ) of  (  S  ,  S  )-17  and  (  R  ,  R  )-17 , and UV–vis spectra ( bottom ) of  (  S  ,  S  )-17  and 
POT in THF (1.3 × 10 −3  M)       

absorbance region of the π-conjugated moiety at around 500–800 nm (Fig.  3.10 ). 
The mirror imaged ICD signal at around 500–800 nm is observed in the CD 
spectrum of the conjugated polymer complex  (  R  ,  R  )-17  (Fig.  3.10 ), supporting the 
chirality induction into a π-conjugated backbone of POT. The helical conformation 
with a predominant screw sense might be formed through chirality-induced 
complexation.   

 The chiral complexation behavior of L 2  affords further insights into the chirality 
induction of π-conjugated backbones. The treatment of L 2  with two equimolar 
amounts of chiral palladium(II) complex [( S , S )-L 3 Pd(MeCN)] or [( R , R )-
L 3 Pd(MeCN)] affords the chiral 1:2 conjugated homobimetallic palladium(II) 
complex  (  S  ,  S  )-18  or  (  R  ,  R  )-18 , respectively (Scheme  3.21 ) [ 60 ,  61 ]. The mirror 
image relationship of the CD signals at around a low-energy charge-transfer transi-
tion with signifi cant contribution from palladium (600–900 nm) of the QD moiety 
is obtained between  (  S  ,  S  )-18  and  (  R  ,  R  )-18 , suggesting the chirality induction into 
the π-conjugated backbone of the QD moiety through chirality-induced complex-
ation. The crystal structure of  (  R  ,  R  )-18  syn  shows that the two [(L 3 )Pd] units are 
bridged by the QD moiety of L 2  as shown in Fig.  3.11 . Each phenylene ring of L 2  
has an opposite dihedral angle with respect to the QD plane, resulting in a propeller 
twist between the planes of the two phenylene rings. The chirality of the podand 
moieties of [(L 3 )Pd] is likely to induce a propeller twist of the π-conjugated molec-
ular chain.   

 In principle, a conjugated complex containing an [M n+ (QD)M n+ ] unit might be 
converted to two other valence isomers, [M (n+1)+ (SQ)M n+ ] (SQ = semiquinonedii-
mine radical anion) or [M (n+1)+ (PD)M (n+1)+ ], which differ only in the electron distri-
bution between the QD moiety and metals. This valence isomerization depends on 
the redox properties of both components. Vanadium compounds can exist in a variety 
of oxidation states and generally convert between the redox states via a one- electron 
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redox process [ 62 ]. The complexation of π-conjugated molecule L 2  or POT with 
VCl 3  proceeds together with redox reaction, affording the conjugated complexes  19  
or  20 , respectively, wherein reduction of the QD moiety occurs with oxidation of 
V(III) to V(IV). The vanadium species is considered to play an important role in 
both complexation and reduction processes (Scheme  3.22 ) [ 63 ].  
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  Scheme 3.21    Formation of optically active conjugated complexes       

  Fig. 3.11    ( a ) A  top view  and ( b ) a  side view  of the molecular structure of  (  R  ,  R  )-18  syn  (hydrogen 
atoms are omitted for clarity)       
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 The in-situ oxidative complexation of PD with the palladium(II) complex 
 L   1   Pd(MeCN)  lead to the formation of the 1:2 conjugated homobimetallic 
palladium(II) complex  21  (Scheme  3.23 ) [ 51 ]. The cyclic voltammogram of  21  
shows two separate redox waves assignable to the successive one-electron reduction 
of the QD moiety. The crystal structure of  21  anti  shows that the two [(L 1 )Pd] units 
are bridged by the QD spacer as depicted in Fig.  3.12 .   

N

N N

O O

Pd

L1Pd(MeCN)

N
C
Me

N

N

N

O

O
Pd

21anti

21syn

N N

N

N

N

O

O
Pd

HH

H2N NH2

PhIO (3.0 equiv.)

(0.5 equiv.)

+ N

O

O

Pd
N

N
N

N
O

O

Pd

H

H
N

N

N

  Scheme 3.23    Oxidative complexation of PD with L1Pd(MeCN) to form 21       

19

VCl3

N N N N
Me

a b

Me Me

Me

N N N N

Me

Me Me

Me

VCl3

N N N N

Me

Me Me

Me

N N N N

Me

Me Me

Me

V(III)

V(IV)

V(IV) V(IV)

20

VCl3

N N
H
N

N N
H
N

VCl3

N N
H
N

N N
H
N

V(III)

V(IV)

V(IV) V(IV)

H
N

H
N

H
N

H
N

n

POT

n

n

n

Me Me Me Me

Me Me Me Me

Me Me Me Me

Me Me Me Me

L2

  Scheme 3.22    Complexation behavior of (a) L2 and (b) POT with VCl3       

 

 

T. Hirao et al.



73

 Bimetallic complexes composed of π-conjugated bridging spacers have gained 
growing interest as functional materials, in which electronic communication through 
a π-conjugated spacer is focused on [ 41 – 44 ]. Regulation of functional properties 
depending on the redox states for such transition metals have been investigated in 
only few cases [ 64 – 66 ]. The redox-active PD derivative L 3  red  is synthesized by the 
introduction of the terminal redox-active ferrocenyl groups into PD bridging spacer 
(Scheme  3.24 ) [ 67 ,  68 ]. The crystal structure of L 3  red  shows a twist conformation of the 
PD moiety as depicted in Fig.  3.13 . The QD derivative L 3  ox  as  syn  and  anti  (1:1 ratio) 
QD isomers is readily obtained by the oxidation of the PD derivative L 3  red  with PhIO 
(Scheme  3.24 ). The oxidized forms L 3  ox  can be reduced again to L 3  red  with hydrazine 
monohydrate. The regulation of the electronic communication is performed by 
changing the redox states of the bridging spacer. The redox-active PD derivative L 3  red  
exhibits the successive one-electron oxidation processes of the ferrocene moieties, 
suggesting the electronic communication between the terminal ferrocenyl moieties 

  Fig. 3.12    ( a ) The molecular structure of  21  anti  (hydrogen atoms are omitted for clarity). ( b ) Space-
fi lling representation of the molecular structure of  21  anti  (hydrogen atoms are omitted for clarity)       
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through the PD bridging spacer. The corresponding equilibrium constant ( K  c ) for the 
comproportionation reaction ([Fc–Fc] + [Fc + –Fc + ] = 2[Fc + –Fc]) is calculated as 49. 
Such electronic communication between the terminal ferrocenyl moieties is not 
observed in the case of the oxidized form L 3  ox .   

 Complexation of L 3  ox  with the palladium(II) complex [ L   1   Pd(MeCN) ] affords 
the 1:2 conjugated homobimetallic palladium(II) complex [(L 1 )Pd(L 3  ox )Pd(L 1 )] ( 22 ) 
[ 67 ]. The crystal structure of  22  anti  reveals that the two [(L 1 )Pd] units are bridged 
by the QD spacer to form the 1:2 complex in  anti  confi guration (Fig.  3.14 ).  

 The photo active ruthenium complex is used as a redox catalyst [ 69 ]. The redox 
interconversion between the ruthenium(II) complex  23   red   bearing PD moieties and 
 23   ox   bearing QD moieties is demonstrated as shown in Scheme  3.25  [ 70 ]. In the 
emission spectrum of  23   red  , almost complete quenching is observed. An effi cient 
photoinduced electron transfer is likely to be operated in  23   red  , wherein the PD 
moieties serve an electron donor. The oxidized form  23   ox   also showed a quenched 
spectrum probably due to the electron transfer in a direction opposite to that of  23   red   
or energy transfer. As observed in the ruthenium complex  23 , Almost complete 
quenching is also observed in both bimetallic ruthenium(II) complexes  24   red   and  24   ox   
composed of PD or QD bridging spacer, respectively (Scheme  3.26 ) [ 71 ].   
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  Fig. 3.15    The crystal structure of  25   red   (hydrogen atoms are omitted for clarity)       

 Photo irradiation of (acetonitrile)(2,2′-bipyridine)(2,2′:6′,2″-terpyridine)ruthe-
nium (II) hexafl uorophosphate, [Ru(tpy)(bpy)(CH 3 CN)](PF 6 ) 2 , in the presence of 
PD leads to the formation of the conjugated ruthenium(II) complex  25   red   in a one- 
pot reaction (Scheme  3.27 ) [ 72 ]. The crystal structure of  25   red   confi rms that the two 
[(tpy)(bpy)Ru] units are bridged by the PD spacer to form the  C  2 -symmetrical 1:2 
complex in  anti  confi guration as shown in Fig.  3.15 . The redox interconversion 
between the reduced form  25   red   and the oxidized form  25   ox   is possible (Scheme  3.27 ). 
Changing the redox states of the redox-active π-conjugated spacer permits the 
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modulation of the emission properties of  25 . The reduced form  25   red   exhibits the 
 emission at 605 nm in acetonitrile. On the contrary, almost complete quenching is 
observed in the emission spectrum of the oxidized form  25   ox  .    

3.4     Hybrid Systems Consisting of Polyanilines or 
Quinonediimines and Transition Metal Nanoparticles 

    Toshikazu     Hirao     and     Toru     Amaya    

 As described in the Sect.  3.3 , transition metals are conjugated with π-conjugated 
polymer like polyanilines. The transition metals can be extended to the transition 
metal nanoparticles (NPs). The resulting hybrids of metal NPs and polyanilines are 
expected to be of their potential applicability as electronic devices, chemical 
 sensors, and catalysts. The NPs with small size and high surface-to-bulk ratio 
exhibit advantages compared with the bulk materials in the catalytic applications 
[ 73 ]. Therefore, the smaller and well-dispersed NPs are desired. 

 Pd NPs are known to catalyze various reactions [ 74 ]. Furthermore, their catalytic 
activity is often superior to that of mononuclear Pd complexes [ 74 ]. Polyaniline/Pd 
NPs are investigated in this context. They are prepared by simple reduction of Pd(II) 
in the presence of polyaniline (Scheme  3.28 ). [ 75 ] As a result of optimization for 
reductants such as hydroquinone, EtOH, ascorbic acid, or NaBH 4 , the procedure 
using NaBH 4  in the presence of PdCl 2  and polyaniline (emeraldine base) with 1/10 
ratio is revealed to provide well-dispersed and small Pd particles (2–6 nm, average 
diameter = 3.4 nm, see TEM image in Scheme  3.28 ) [ 75 ].  
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  Scheme 3.28    Synthesis of polyaniline/Pd NPs by reduction with NaBH4       
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 To prepare the smaller particles, Pd(II) is preorganized on polyaniline, and reduced 
with NaBH 4 . The preorganized Pd(II) complexes are already described in the Sect.  3.3 . 
Preparation of the smaller Pd NPs is achieved by this procedure (average diame-
ter = 2.4 nm, see TEM image in Scheme  3.29 ), where each particle is independent 
despite the high Pd density (16 wt %) [ 76 ]. The thus-obtained polyaniline/Pd NPs 
catalyze the oxidative dimerization of 2,6-di- t -butylphenol under molecular oxygen 
to give the corresponding diphenoquinone in a good yield (Scheme  3.30 ) [ 76 ].   
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  Scheme 3.29    Synthesis of polyaniline/Pd NPs by reduction of polyaniline/Pd(II) complex with 
NaBH4       
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  Scheme 3.30    Oxidative coupling of 2,6-di-t-butylphenol using polyaniline/Pd NPs under molecular 
oxygen       

 The preparation method using reductant causes partial or complete reduction 
of redox-active polyaniline, whose redox state signifi cantly contributes to the 
 electronic, coordinating, and catalytic properties. Ligand exchange approach as 
a reductant- less method is investigated to preserve the redox-state of polyaniline. 
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  Scheme 3.31    Synthesis of polyaniline/Pd NPs via ligand exchange       
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  Scheme 3.32    Synthesis of polyaniline/iron oxide NPs       

The small and well-dispersed starch/Pd NPs (average diameter = 2.3 nm) are fi rst 
 prepared by reduction of Pd(OAc) 2  with NaBH 4  in the presence of starch, followed 
by neutralization with 1 M HCl (Scheme  3.31 ) [ 77 ]. The ligand (here, it is starch) 
of the Pd NPs is exchanged for polyaniline by simple mixing in THF/H 2 O. Starch is 
removed by washing with H 2 O. The redox state of the polyaniline (emeraldine base) 
is maintained before and after the reaction. The size of the thus-obtained polyani-
line/Pd NPs is distributed in a range of diameter 2–7 nm (average diameter = 3.0 nm), 
showing a little growth of the particles during the ligand exchange reaction 
(Scheme  3.31 ) [ 77 ]. Thus-developed ligand exchange procedure is applied to the 
preparation of polyaniline/Pt NPs [ 78 ].  

 Hybrid of iron oxide NPs and polyaniline are also prepared by the thermal reac-
tion of Fe(acac) 3  in the presence of polyaniline (Scheme  3.32 ) [ 79 ]. The particle size 
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is distributed in a range of diameter 3–9 nm as shown in the TEM image (Scheme  3.32 ). 
The hybrid catalyzes the oxidative dimerization of 2,6-di- t -butylphenol  under 
molecular oxygen to give the corresponding diphenoquinone.  

 In the catalytic reaction using metal NPs, polymer works as a stabilizer of metal 
NPs to avoid aggregation. Given the function of redox activity to the polymer, it is 
considered to mediate the transfer of electrons and/or protons in a metal-NPs cata-
lyzed redox reaction system. PMAS/Au NPs are such a catalyst for aerobic oxida-
tion. PMAS/Au NPs are prepared according to Scheme  3.33 . PMAS is treated with 
N 2 H 4 ·H 2 O, then NaAuCl 4  is added to the reaction mixture to give PMAS (half ox)/
Au NPs (average diameter = 7.9 nm) [ 80 ]. The thus-obtained PMAS/Au NPs effi -
ciently catalyze the oxidation of alcohol in pH 9.0 aqueous buffer solution under 
molecular oxygen (Scheme  3.34 ) [ 80 ]. Following the reaction using by UV–vis– NIR 
spectroscopy reveals the redox mediating effect of PMAS. Proposed catalytic cycles 
are shown in Scheme  3.34 . Recycle use of this catalyst up to four times is demon-
strated without loss of the activity. Concerning the scope of the substrate, secondary 
alcohols are transformed to the corresponding ketones in good yields. Primary alco-
hols are less reactive, but over oxidation to the corresponding carboxylic acid or ester 
is observed. The reaction under basic conditions improves the conversion.   

 PMAS (half ox)/Au NPs also catalyze the dehydrogenative oxidation of cyclic sec-
ondary amines such as 2-substituted indoline derivatives in aqueous solution under 
molecular oxygen (Scheme  3.35 ), where the redox mediating effect is demonstrated by 
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  Scheme 3.33    Synthesis of PMAS/Au NPs       
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monitoring UV–vis–NIR spectra of the reaction mixture [ 81 ]. The dehydrogenative 
aerobic oxidation of acyclic secondary amines takes place to give the corresponding 
imines. Notably, hydrolysis of the imines is almost inhibited even though the reaction 
is conducted in the complete aqueous solution (Scheme  3.35 ) [ 82 ]. Oxidation of ter-
tiary amines in the presence of carbon nucleophiles induces the cross-dehydrogenative 
coupling via the iminium cations. However, the diffi culty of this cross-dehydrogenative 
coupling is much raised if the reaction is conducted in the presence of water, because 
water can attack to the iminium cationic intermediate and the further oxidation leads 
to the lactam. PMAS (half ox)/Au NPs catalytic system allows the selective cross-
dehydrogenative coupling of  N -phenyltetra hydroisoquinoline with carbon nucleo-
philes such as dimethyl malonate, ethyl acetoacetate, and nitromethane in complete 
aqueous solution under molecular oxygen (Scheme  3.35 ) [ 83 ].   
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  Scheme 3.34    Aerobic oxidation of alcohols using PMAS/Au NPs       
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3.5     Chemistry of π-Conjugated Imidovanadiums 

    Toshikazu     Hirao     and     Toshiyuki     Moriuchi    

 The imido ligand coordinates to metals through a metal-nitrogen multiple bond [ 84 ], 
wherein the imido ligand can serve as an ancillary or supporting ligand. The imido 
ligand is a particularly suitable ligand for stabilization of transition metal complexes 
in high oxidation states through extensive ligand-to-metal π donation [ 85 ,  86 ]. The 
(imido)vanadium(V) complexes have gained growing interest because of their poten-
tial application as catalysts ([ 87 ,  88 ], and references therein). Introduction of a sub-
stituent onto the imido ligands is expected to infl uence the structural and electronic 
properties of a vanadium center through π conjugation. From these points of view, the 
design of the imido ligands is considered to be one of key factors in the development 
of effi cient catalysts. The substituent effect of the aryl moiety of the imido ligands 
has been reported only spectroscopically and theoretically [ 89 ]. The control of the 
structurally defi ned molecular arrangements in a solid state is an area of current inter-
est as crystal engineering [ 90 ,  91 ]. Architectural design of molecular self-organiza-
tion is of importance for the development of functional materials [ 92 ,  93 ]. The 
utilization of the metal-directed assembly is regarded as a convenient strategy to con-
struct the organized nanostructures [ 94 – 100 ]. This section describes the structural 
tuning and the self-assembling properties of (arylimido)vanadium(V) compounds. 

 The (arylimido)vanadium(V) triisopropoxides [( p -RC 6 H 4 N)V(O  i  Pr) 3 ] ( 26a : R = 
NMe 2 ,  27a : R = OMe,  28a : R = H,  29a : R = Br,  30a : R = CN) are prepared by the reac-
tion of VO(O  i  Pr) 3  with the corresponding  para -substituted aryl isocyanates (Fig.  3.16 ).  

 The crystal structure of  26a  bearing the electron-donating dimethylamino group 
reveals the  μ -isopropoxido-bridged dimeric structure with the V(1)-N(1) distance 
of 1.678(3) Å and the nearly linear V(1)-N(1)-C(1) angle of 174.3(3)°, suggesting 
the greater participation of an  sp -hybridized character in the nitrogen of the imido 
bond (Fig.  3.17a ) [ 101 ]. Each vanadium atom is coordinated in a trigonal-bipyra-
midal geometry ( τ  5  = 0.95) [ 102 ] with the imido and bridging isopropoxido ligands 
in the apical positions. The crystal structures of  27a  bearing the electron-donating 
methoxy group and the non-substituted complex  28a  are also characterized by the 
 μ -isopropoxido-bridged dimeric structures (Fig.  3.17b, c ). The (arylimido)
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  Fig. 3.16    Chemical structures of the (arylimido)vanadium(V) triisopropoxides  26a – 30a ,  29b , 
and  31 – 32        
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vanadium(V) triisopropoxide  30a  bearing the electron- withdrawing cyano group 
shows the  μ -isopropoxido-bridged dimeric structure with the V(1)-N(1) distance of 
1.674(2) Å and the nearly linear V(1)-N(1)-C(1) angle of 178.6(2)° (Fig.  3.17d ). 
Linearity of the imido angle increases as compared with  26a , probably due to the 
contribution of π-conjugation.  

 The self-association depends on the characteristics of the V–N imido bond, 
which is controlled by the difference in π conjugation of the  p -substituent on the 
benzene ring. The recrystallization of the (arylimido)vanadium(V) complex 
[( p -BrC 6 H 4 N)V(O  i  Pr) 3 ] ( 29a ), which is initially formed by the reaction of 
4- bromophenylisocyanate with VO(O  i  Pr) 3 , leads to the formation of the  μ  -imido-
brigded dinuclear vanadium(IV) complex [V( μ -N- p -C 6 H 4 Br)(O  i  Pr) 2 ] 2  ( 29b ). The 
lone pair on the nitrogen atom is likely to coordinate to the vanadium center to 
afford the cyclodivanadazene  29b . The single-crystal X-ray structure determination 
of  29b  reveals a dinuclear structure with two imido ligands bridging two V(O  i  Pr) 2  
moieties as depicted in Fig.  3.17e  [ 101 ]. The geometry at the vanadium center is 
coordinated in a distorted tetrahedral geometry. 

 As observed in the (arylimido)vanadium(V) triisopropoxides, the crystal struc-
ture of the (phenylimido)vanadium(V) ethoxydichloride [(C 6 H 5 N)V(OEt)Cl 2 ] ( 31 ) 
reveals the  μ -ethoxido-bridged dimeric structure with the V(1)-N(1) distance of 
1.6554(14) Å and the nearly linear C(1)-N(1)-V(1) angle of 173.46(13)°, in which 
each vanadium atom is coordinated in a trigonal-bipyramidal geometry by bridging 
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the ethoxido group in an apical position as shown in Fig.  3.18a  [ 103 ]. The 
 μ -ethoxido-bridged dimeric structure with the V(1)-N(1) distance of 1.661(3) Å and 
the nearly linear V(1)-N(1)-C(1) angle of 169.5(2)° is also observed in the crystal 
structure of [( p -BrC 6 H 4 N)V(OEt)Cl 2 ] ( 32 ) bearing the bromo group on the benzene 
ring (Fig.  3.18b ) [ 22 ]. The imido angle is almost 4° bent as compared with  31 , 
indicating the less contribution of the  sp -hybridized character with the imido nitro-
gen of  32 . The bromo group might weaken the  sp -hybridized character probably 
due to the conjugation of the electron-withdrawing group.  

 Generally, (imido)vanadium(V) complexes have been prepared by the reaction 
of (oxido)vanadium(V) complexes with the corresponding isocyanates. However, 
there are some limitations preventing the preparation of functional (imido)
vanadium(V) complexes because the isocyanates are not necessarily available 
through an easily accessible synthetic method. (Arylimido)vanadium(V) triisopro-
poxides can be prepared in one-pot from aniline derivatives by using NaH as a base 
[ 104 ]. This one-pot synthesis permits the use of a wide range of commercial avail-
able aromatic amines in the straightforward synthesis of a variety of (arylimido)
vanadium(V) triiso propoxides. For example, the binuclear (arylimido)vanadium(V) 
triisopropoxide [(  i  PrO) 3 V(N- p -Ph-N)V(O  i  Pr) 3 ] ( 33 ) is obtained by the reaction of 
1,4-phenylenediamine with VO(O  i  Pr) 3  (2.4 equiv.) in the presence of NaH 
(2.4 equiv.) (Fig.  3.19 ). The crystal structure of  33  reveals that the V-N-Ph-N-V core 
is almost linear with the V(1)-N(1) distance of 1.678(2) Å and the V(1)-N(1)-C(1) 
angle of 177.8(1)° probably due to the conjugation. As expected, the  μ -isopropoxido-
bridging  permits the one-dimensional linear polymeric structure in the crystal packing 
as shown in Fig.  3.20a  [ 101 ]. The bimetallic complex [(  i  PrO) 3 V(N- m -C 6 H 4 N)

V1

Cl1 O1

N1

N1*V1*

O1*
C1

Cl2

Cl1*

Cl2*

V1

Cl1 O1

N1

N1*V1*

O1*C1

Cl2

Cl1*

Cl2*

Br1

Br1*

a b
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V(O  i  Pr) 3 ] ( 34 ) exhibits the one-dimensional zigzag polymeric structure through 
 μ -isopropoxido-bridging (Fig.  3.20b ) [ 101 ].   

 The crystal structure of the trinuclear (arylimido)vanadium(V) triisopropoxide 
[N[(- p -Ph-N)V(O  i  Pr) 3 ] 3 ] ( 35 ), which is prepared by one-pot synthesis from tris(4- 
aminophenyl)amine, is characterized by a tridendritic centrosymmetric structural 
motif with a distorted pyramidal geometry at the central nitrogen as shown in 
Fig.  3.21a  [ 104 ]. The imido structure with the V(1)-N(1) distance of 1.657(3) Å and 
the nearly linear V(1)-N(1)-C(1) angle of 173.3(2)° based on the higher participa-
tion of an  sp -hybridized character in the nitrogen of the imido bond. Two mirror 
imaged molecules exist in the asymmetric unit, in which the triphenylamine moi-
eties of these molecules adopt a mirror imaged propeller twist conformation. These 
molecules pack in a face-to-face manner to form a “gear pair”-like dimeric structure 
through six intermolecular CH-π interactions between the aryl moieties in the crystal 
packing as depicted in Fig.  3.21b, c .  
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  Fig. 3.20    A portion of a layer containing the one-dimensional linear polymeric structure of ( a )  33  
and ( b ) the one-dimensional zigzag polymeric structure of  34  through  μ -isopropoxido-bridging in 
the crystal packings       

  Fig. 3.21    ( a ) Crystal structure of  35 , ( b ) a  top view , and ( c ) a  side view  of a “gear pair” like 
dimeric structure of  35  through six intermolecular CH-π interactions       
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 The utilization of an axially chiral binaphthyl skeleton is expected to induce a 
helically ordered molecular assembly. The axially chiral binuclear (arylimido)
vanadium(V) triisopropoxide [(  i  PrO) 3 V(N-( R )-1,1′-BN-N)V(O  i  Pr) 3 ] ( 36 ) is pre-
pared by the reaction of ( R )-(+)-binaphthyl-2,2′-diamine with 250 mol% of 
VO(O  i  Pr) 3  in the presence of 240 mol% of NaH [ 104 ]. As a result of the CH-π 
interaction between the hydrogen atom on the methine carbon atom and the 
π-electrons of the naphthalene ring, the binaphthyl moiety adopts in a conformation 
with a dihedral angle of 78.99(9)° between the naphthalene planes in the crystal 
structure of  36  (Fig.  3.22a, b ). The bent imido structures with the V(1)-N(1)-C(1) 
angles of 161.7(3), 167.8(3), 167.0(4), and 168.0(4)° are observed probably due to 
the CH-π interaction and steric hindrance. A left-handed helically ordered molecu-
lar arrangement is created through the intermolecular CH-π interaction in the crystal 
packing of the axially chiral binuclear complex  36  as depicted in Fig.  3.22c, d . The 
positive Cotton effect at 326 and the negative Cotton effect at 421 nm around the 
absorbance region of the (imido)vanadium(V) triisopropoxide moieties supports 
the axially chiral structure in the circular dichroism spectrum of  36 .  

 (Alkylimido)vanadium(V) triisopropoxides are also synthesized by one-step 
method. The reaction of (1 R ,2 R )-1,2-cyclohexanediamine with an equal amount of 
VO(O  i  Pr) 3  affords the chiral mononuclear complex [(1 R ,2 R )-(2-NH 2 - c -C 6 H 10 N)

  Fig. 3.22    ( a ) A  top view , ( b ) a  side view  of the molecular structure of  36 , ( c ) space-fi lling repre-
sentations of the  top view  of the crystal packing of  36  (isopropoxy groups are omitted for clarity), 
and ( d ) the  side view  of a portion of a layer containing the helically ordered molecular assembly 
through CH-π interaction in the crystal packing of  36  (isopropoxy groups are omitted for clarity)       
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V(O  i  Pr) 3 ]  37 ( R  ,  R ) with an unreacted amino group [ 105 ]. The single-crystal X-ray 
structure determination of  37 ( R  ,  R ) reveals that the cyclohexane moiety has a chair 
conformation with the chiral mononuclear structure, in which the amino group and 
imidovanadium moiety are in the equatorial positions as shown in Fig.  3.23a . 
A one-dimensional polymeric zigzag arrangement is created through intermolecular 
coordination interaction of the amino group to the vanadium metal center in a crys-
tal packing (Fig.  3.23b ). As observed in the dimerized structure of (arylimido)
vanadium(V) alkoxides in a solid state, the geometry at the vanadium center is a 
trigonal-bipyramidal geometry ( τ  5  = 0.96) with the imido nitrogen N(1) and amino 
nitrogen N(2*) in the apical positions.  

 The use of  trans -1,4-cyclohexanediamine ( trans-c -C 6 H 10 DA) leads to the forma-
tion of the binuclear (alkylimido)vanadium(V) triisopropoxide  38  (Scheme  3.36 ) 
[ 105 ]. The single- crystal X-ray structure determination reveals that  38  has the vana-
dium metal centers in the equatorial positions of the cyclohexane ring as observed 
with  37 ( R  ,  R ) (Fig.  3.24a ). In the crystal packing, the dinuclear complex  38  shows a 
one- dimensional polymeric molecular arrangement through the  μ -isopropoxido-
bridging (Scheme  3.36  and Fig.  3.24b ). In the presence of an equal amount of 
 trans - c -C 6 H 10 DA, the dinuclear complex  38  forms the 1:1 complex  39  [ 105 ]. 

  Fig. 3.23    ( a ) The repeat unit and ( b ) a portion of polymeric molecular arrangement of  37(  R  ,  R  )        
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  Fig. 3.25    Chemical structures of the (arylimido)vanadium(V) triethanolaminates  26b – 30b        

  Fig. 3.24    ( a ) The repeat unit and ( b ) a portion of a one-dimensional polymeric molecular arrange-
ment of  38 . ( c ) A portion of a one-dimensional polymeric molecular arrangement of  39        

The crystal structure of  39  confi rms the coordination of   trans -c - C 6 H 10 DA   to the dinu-
clear complex  38 , affording a one-dimensional polymeric molecular arrangement as 
shown in Scheme  3.36  and Fig.  3.24c .   

 To clarify the substituent effect on the electronic environment of the vanadium 
centers, triethanolamine (TEA) is employed as a basal ligand to prevent the dimer-
ization [ 106 ,  107 ]. The ligand exchange reaction of the (arylimido)vanadium(V) 
triisopropoxides [( p -RC 6 H 4 N)V(O  i  Pr) 3 ] with TEA in CH 2 Cl 2  at room temperature 
affords the corresponding (arylimido)vanadium(V) triethanolaminates [( p -RC 6 H 4 N)
V(TEA)] ( 26b : R = NMe 2 ,  27b : R = OMe,  28b : R = H,  29b : R = Br,  30b : R = CN) 
(Fig.  3.25 ) [ 108 ].  51 V NMR measurements are demonstrated to clarify the substitu-
ent effect on the electronic environment of the vanadium centers. The  51 V chemical 
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shift of the non-substituted (phenylimido)vanadium(V) triethanolaminate  28b  is 
observed at −327 ppm. The  51 V chemical shifts are detected at the lower fi eld with 
increase of the electron-donating capability of the  para -substituents ( 26b : −224 ppm, 
 27b : −292 ppm) in the  51 V NMR spectra of the (arylimido)vanadium(V) triethanol-
aminates. On the contrary, the electron-withdrawing substituent, in which the nitrogen 
atom of the imido bond becomes more electronegative to increase  51 V nuclear 
shielding, induces the higher fi eld shift ( 29b : −328 ppm,  30b : −340 ppm). The vana-
dium nuclei is known to become increasingly shielded as the electronegativity of the 
ligand attached to the coordination center increases in the  51 V NMR spectra of d 0  
diamagnetic vanadium complexes [ 89 ].  

 The single-crystal X-ray structure determination of the (arylimido)vanadium(V) 
triethanolaminates elucidates the substituent effect on the imido structures [ 108 ]. 
The crystal structure of the non-substituted (phenylimido)vanadium(V) triethanol-
aminate  28b  shows the imido structure with the V(1)-N(1) distance of 1.686(2) Å 
and the bent V(1)-N(1)-C(1) angle of 166.7(2)° (Fig.  3.26c ). A monomeric structure 
with a pseudo-trigonal bipyramidal geometry at the metal center (τ = 0.99) is 
observed, wherein the vanadium atom is pulled out of the plane formed by 
 triethanolaminate oxygen atoms in the direction of the imido nitrogen. Linearity of 
the imido angle is increased (V(1)-N(1)-C(1), 172.8(2)°) in the case of the 
 (arylimido)vanadium(V) triethanolaminate  27b  with the electron-donating methoxy 
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group although the V(1)-N(1) distance of 1.688(2) Å is almost the same to the one 
observed with  28b  (Fig.  3.26b ). Furthermore, the (arylimido)vanadium(V) trietha-
nolaminate  26b  bearing the dimethylamino group, in which two independent 
 molecules exist in the asymmetric unit, shows the more straightened imido angle 
with the V(1)-N(1)-C(1) angles (179.0(3) and 178.8(2)°) and the V(1)-N(1)  distances 
(1.677(3) and 1.680(4) Å) (Fig.  3.26a ). On the contrary, the use of the bromo 
 substituent leads to the more bent imido bond ( 29b : V(1)-N(1)-C(1), 164.4(4)°; 
V(1)-N(1), 1.697(4) Å) as shown in Fig.  3.26d . The crystal structure of the (ary-
limido) vanadium(V) complex  30b  with the cyano group, in which two independent 
molecules exist in the asymmetric unit, is characterized by the near-linear V(1)-
N(1)-C(1) angles of 170.5(3) and 170.7(3)° with the V(1)-N(1) distances of 1.671(3) 
and 1.676(3) Å, probably due to the π-conjugation contribution (Fig.  3.26e ).  

 The twist angle  β  defi ned as the angle between the least-squares planes of 
the benzene ring and the C( ipso )-imido bond (Fig.  3.27 ), which is considered to 
correlate to the properties of the imido bond, is affected by the  para  substituent of 
the aryl moiety [ 108 ]. The (arylimido)vanadium(V) triethanolaminates with the 
π-conjugative electron-donating substituent shows an almost perpendicular twist 
angle  β  (43.11(9)° and 101.82(9)° for  26b ; 95.92(5)° for  27b ). However, nearly 
parallel twist angles  β  are observed in other (arylimido)vanadium(V) triethanolami-
nates (8.35(6)° for  28b ; 11.2(1)° for  29b ; 10.4(1)° for  30b ). The linear imido angle 
and the almost perpendicular twist angle  β  of the (arylimido)vanadium(V) trietha-
nolaminate with the π-conjugating electron-donating substituent indicate the greater 
participation of  sp  hybrid character in the nitrogen of the imido bond, wherein the 
lone pair of electrons in a nitrogen  p  orbital is likely to interact with the metal 
π-acceptor orbitals and aryl π orbitals (Fig.  3.28 ). In contrast, the bent imido bond 
and the nearly parallel twist angle  β  in the case of the (arylimido)vanadium(V) tri-
ethanolaminates bearing no π-conjugating electron-donating substituent might be 
due to the larger contribution of  sp  2  hybrid character in the nitrogen of the imido 
bond, wherein the fi lled imido π orbital seems to interact with the aryl π orbitals.   
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  Fig. 3.27    The twist angle  β  defi ned as the angle between the least squares planes of the benzene 
ring and the C( ipso )-imido bond       
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 Metal hydrazido compounds are of potential due to their intermediacy in 
 dinitrogen activation [ 109 – 113 ]. The vanadium(V) hydrazido complexes  40  and  41  
with tris(2-hydroxyphenyl)amine ligands are designed to reveal the infl uence of the 
coordination of the apical nitrogen and the substituent of the tris(2-hydroxyphenyl)
amine ligand on the vanadium center (Fig.  3.29 ) [ 114 ].  51 V NMR measurement is a 
powerful tool to clarify the substituent effect on the electronic environment of the 
vanadium species. The  51 V NMR spectrum of the non-substituted vanadium(V) 
dimethylhydrazido complex  40b  shows the  51 V chemical shift at 335 ppm. The  51 V 
chemical shift of  40a  with the electron-donating substituent is observed at 328 ppm. 
On the contrary, the electron-withdrawing substituent causes the  51 V chemical shift 
to the lower fi eld ( 40c : 381 ppm,  40d : 378 ppm). These results indicate that the 
substituent at the 3-position of the tris(2-hydroxyphenyl)amine ligand infl uences 
the electron density of the vanadium center directly. The vanadium(V) diphenylhy-
drazido complexes  41  ( 41a : 164 ppm,  41b : 178 ppm,  41c : 206 ppm,  41d : 209 ppm) 
show the similar substituent effect.  51 V chemical shifts of  41  are detected at the 
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  Fig. 3.29    Chemical structures of the vanadium(V) hydrazido complexes  40 – 41        
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higher fi eld compared to those of  40 . The electron-withdrawing diphenyl substituent, 
in which the nitrogen atom of the imido bond become more electronegative to 
increase  51 V nuclear shielding, is likely to cause the  51 V chemical shift to the higher 
fi eld. These results are consistent with those of the (arylimido)vanadium(V) com-
plexes reported [ 89 ].  

 The crystal structure of  40b , in which two independent molecules exist in the 
asymmetric unit, reveals the near-linear V(1)-N(2)-N(3) angles of 176.60(17) and 
173.11(16)° with the V(1)-N(2) distances of 1.6891(19) and 1.6837(19) Å, suggest-
ing the high participation of an  sp -hybridized character in the nitrogen of the V–N 
imido bond (Fig.  3.30a ) [ 114 ]. The vanadium centers are distorted trigonal bipyra-
midal geometries with the phenolate oxygen atoms in equatorial positions, wherein 
the vanadium atom is pulled out of the plane formed by the phenolate oxygen atoms 
in the direction of the hydrazido nitrogen. The V(1)-N(2) distances of  40b  with the 
coordination from apical nitrogen is longer than that of the vanadium(V) dimethyl-
hydrazido complex, [V(NNMe 2 )(OC 6 H 3   i  Pr 2 -2,6) 3 ], with tetrahedral geometry at 
vanadium center (V(1)-N(2), 1.653(3)) [ 115 ]. The electron donation from apical 
nitrogen N(2) to vanadium metal might be weaken to some extent.  

 Recrystallization of  40d  in the presence of  N , N -dimethylhydrazine affords 
the  N , N -dimethylhydrazine-bridged dinuclear vanadium(V) hydrazido complex 
 40d-DMH-40d . The single-crystal X-ray structure determination of  40d-DMH- 
40d   confi rms that two  40d  units are bridged by  N , N -dimethylhydrazine to form the 
2:1 complex in  anti -confi guration, wherein each vanadium center is a hexacoordi-
nate geometry (Fig.  3.30b ) [ 114 ]. This hydrazido complex  40d-DMH-40d  has the 
near-linear V(1)-N(2)-N(3) angles of 171.8(7) and 174.0(7)° with the V(1)-N(2) 
distances of 1.663(7) and 1.690(7) Å, respectively. 

 The structure of the vanadium(V) diphenylhydrazido complex  41b , in which 
two independent molecules exist in the asymmetric unit, is also characterized by a 
distorted trigonal bipyramidal geometry with phenolate oxygen atoms in equatorial 
positions as depicted in Fig.  3.30c  [ 114 ].  
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3.6      Synthesis and Structure of Molecular Bowl Sumanene 

    Toshikazu     Hirao     and     Toru     Amaya    

 Molecular bowl sumanene is a  C  3v  symmetric bowl-shaped π-conjugated molecule 
(the term “π bowls” is used for bowl-shaped π-conjugated molecules here, whereas 
they have been also called open geodesic polyarenes [ 116 ] or buckybowls [ 117 ].) 
[ 118 – 120 ], consisting of the alternating benzene rings and cyclopentadiene rings 
around the hub benzene ring (Scheme  3.37 ). The structure is one of the fragments 
for the structural motifs of fullerene C 60  or an end-cap of carbon nanotubes. The name 
 sumanene  is given after “suman” which means fl ower in Hindi and Sanskrit due to 
its shape, with the ring edges on the rim resembling petals, is reminiscent of a fl ower 
[ 121 ]. The accounts of sumanene chemistry are reported in [ 122 ,  123 ].  
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  Scheme 3.37    Synthesis of sumanene       
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 Attempts for the synthesis of sumanene based on the approaches from planar 
aromatic compounds have been failed, which is considered to be due to the strain of 
sumanene [ 121 ]. Construction of a three-dimensional framework followed by 
oxidative aromatization provides a solution [ 124 ]. The aromatization energy 
compensates a disadvantage of the strain. Scheme  3.37  shows the synthetic scheme. 
The synthesis commences with the trimerization of 2,5-norbornadiene. The trimer-
ization is conducted via the copper-mediated cyclization of (3-bromobicyclo[2.2.1]
hepta-2,5-dien-2-yl)potassium (or lithium) species or (3-bromobicyclo[2.2.1]hepta- 
2,5-dien-2-yl)tributylstannane. The resulting trimer  42  includes  syn - and  anti -
 isomers. The double bonds in  syn -isomer  42  syn  are formally exchanged each other 
by Ru-catalyzed tandem ring-opening metathesis and ring-closing metathesis 
reactions under an atmospheric pressure of ethylene to give hexahydrosumanene  43 . 
Its oxidative aromatization with DDQ results in sumanene. This is the fi rst report for 
the synthesis of sumanene [ 124 ]. 

 X-ray crystal structure of sumanene clearly shows the bowl-shaped structure 
(Fig.  3.31 ). The bowl depth defi ned as a distance between a plane of a hub benzene 
ring and a rim aromatic carbon is 1.11 Å [ 125 ]. Sumanene favors a stacking struc-
ture in a concave–convex fashion. Each layer of the column is stapled in a staggered 
fashion. Every column is oriented in the same direction giving polar crystals 
(Fig.  3.31 ) [ 125 ]. Solid state NMR is also studied [ 126 ].  

  Fig. 3.31    X-ray crystal structure and packing of sumanene       
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  Scheme 3.38    Stepwise generation of benzylic anions of sumanene       

 Anions can be stabilized at the benzylic positions. Treatment of sumanene with 
strong base generates the sumanenyl anions. Careful amount control of  t -BuLi to 
sumanene leads to the corresponding benzylic mono-, di-, and trianions  44 – 46 , 
selectively (Scheme  3.38 ) [ 125 ]. The trapping of trianion with Me 3 SiCl takes place 
from outside of the bowl (Scheme  3.38 ) [ 125 ].  

 Bowl-to-bowl inversion is one of the characteristic behaviors for some fl exible 
π bowls [ 127 ]. Activation energy of sumanene for the bowl-to-bowl inversion is 
indicated to be approximately 20 kcal mol −1  by variable temperature  1 H NMR 
experiments (Scheme  3.39 ) [ 124 ]. The 2D EXSY (exchange spectroscopy) experi-
ments of trideuteriosumanene also suggest the similar value for the activation 
energy [ 128 ]. This value is consistent with the estimate one using theoretical calcu-
lation [ 129 ]. Sumanenyl mono- and dianion show a little larger activation barrier 
(21.8 and 21.5 kcal mol −1  in THF- d  8 , respectively) for the bowl-to-bowl inversion 
relative to that of sumanene [ 128 ].   

ΔG‡ = ~20kcal/mol

solvent

  Scheme 3.39    Bowl-to-bowl inversion of sumanene       
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3.7     Function of Sumanene 

    Toshikazu     Hirao     and     Toru     Amaya    

 As described in the former section, the packing structure of sumanene crystal is 
columnar. Such stacking is considered to be effective for an anisotropic charge 
 carrier transportation, which is investigated by the time-resolved microwave con-
ductivity (TRMC) method [ 130 ]. This method allows one to evaluate the intrinsic 
intramolecular conductivity by minimizing the effect of impurity, defects, and 
 interfaces i.e., as compared to conventional methods such as time-of-fl ight and fi eld-
effect transistor because the nanometer-scale mobility of charge carriers generated 
by laser pulse irradiation is quantifi ed under oscillating microwave without elec-
trodes. The charge carrier mobility of a needle-like crystal of sumanene along the 
stacking axis is larger than that along the perpendicular direction to the stacking 
axis. The anisotropic difference of conductivity reaches 9.2 times. The mobility 
along the stacking axis is estimated to be >7.5 × 10 −1  cm 2  V −1  s −1  by TRMC method 
and photocurrent integration measurement, where the charge carrier is the electron 
(Fig.  3.32 ) [ 131 ].  

 Laser annealing of sumanene derivatives leads to carbon materials. The 
research on graphitic carbons is now one of the most active fi elds in materials 
chemistry [ 132 ]. Among graphitic carbons, nitrogen-doped graphitic carbons 
(NGCs) have attracted much interest due to their electrical and catalytic proper-
ties [ 133 ]. Laser annealing induces the transformation of sumanene derivatives  47  
or  48  bearing the imine moiety into NGC (Scheme  3.40 ) [ 134 ,  135 ]. Notably, the 
nitrogen/carbon ratios are almost retained in the resulting NGCs although most 
nitrogen atoms are generally known to get lost during the carbonization process 
when it is conducted above 600–800 °C. The conductivity (up to 4 S cm −1 ) of the 
NGCs is exhibited [ 134 ].   

  Fig. 3.32    Mobility of sumanene along stacking axis       
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3.8     Extended π-Conjugation of Sumanene 

    Toshikazu     Hirao     and     Toru     Amaya    

 Extension of the π conjugation at the benzylic position of sumanene is considered 
as the most effi cient method to synthesize the π-conjugation extended sumanenes. 
As described above, benzylic anions are available for derivatization. Condensation 
of the benzylic anions of sumanene with various aldehydes affords the correspond-
ing π-conjugation extended sumanenes  49  by using aqueous 30 % NaOH solution 
as a base (Scheme  3.41 ) [ 136 ]. The obtained products  49  have absorption in the 
longer wavelength region relative to sumanene.  

N

nitrogen-doped graphitic carbons(NGCs)

N N N N

or

laser

47

48

  Scheme 3.40    Laser-induced formation of NGCs from sumanene derivatives 47 and 48       
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 Naphthosumanenes  50–53 , having a more ring-fused structure, are synthesized. 
The synthetic scheme includes the following three steps: (1) bromination of the arene 
periphery, (2) introduction of 2-formylphenyl moiety by Suzuki-Miyaura cou pling, 
and (3) intramolecular condensation in the presence of base. Mono-, di-, and tri-
naphthosumanenes  50–53  are synthesized based on the strategy (Scheme  3.42 ) [ 137 ]. 
Bowl-to-bowl inversion of dideuteriomononaphthosumanene (32.2 kcal mol −1 ) is 
much slower than sumanene. The structural optimization of naphthosumanenes 
shows the deeper bowl structures [ 129 ,  137 ].  

 The synthesis of mono- and trioxosumanenes  54 – 55  is performed by oxidation 
of benzylic positions of sumanene (Scheme  3.43 ) [ 138 ]. Oxosumanenes  54 – 55  
have the extended π conjugation relative to sumanene. Imination of monooxo-
sumanene  54  leads to further π extension [ 134 ,  135 ]. Crystal structure of mono-
oxosumanene  54  shows the bowl-shaped structure and columnar packing 
(Fig.  3.33 ) [ 138 ]. In the reaction of trioxosumanene  55  with methylmagnesium 
bromide, it selectively attacks from outside of the bowl (Scheme  3.43 ).   

 Bisumanenyl  56 , the aryl-aryl coupled sumanene dimer, is synthesized via one- 
pot borylation and Suzuki-Miyaura coupling of bromosumanene (Scheme  3.44 ) 
[ 139 ]. Despite the inherent rich isomerism based on the relative bowl direction and 
bond rotation, the selective formation of one isomer is suggested by variable tem-
perature NMR experiments. The extension of π conjugation is shown from the 
absorption and emission spectra.  

R

R R

RCHO

30% aq.NaOH,
n-Bu4NBr

R  = Ph, 4-MeC6H4, 4-MeOC6H4, 4-ClC6H4, 4-CF3C6H4,

S S
S

S

,

49

  Scheme 3.41    Synthesis of π-conjugation extended sumanenes 49       
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  Scheme 3.42    Synthesis of naphthosumanenes 50–53       
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  Scheme 3.43    Synthesis of oxosumanenes 54 and 55, and their derivatization       

 Bisumanenylidene  57 , consisting of two sumanene components connected by a 
double bond, is synthesized by McMurry coupling of monooxosumanene  54  
(Scheme  3.45 ) [ 140 ]. The calculation and low temperature  1 H NMR experiments 
suggest that bisumanenylidene is likely to be dominantly present as a  C  2 h   symmetric 
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  Fig. 3.33    X-ray crystal structure and packing of monooxosumanene  54        

Br

toluene, microwave
irradiation, 120 °C, 3h

bis(pinacolato)diboron,
Pd(OAc)2, S-Phos,
K3PO4 aq.,

51%

56

  Scheme 3.44    Synthesis of bisumanenyl 56       

structure (the two bowls direct the opposite side each other) rather than a  C  2  
symmetric one (the two bowls direct the same side each other) (Scheme  3.45 ). The 
extension of π conjugation of bisumanenylidene is also shown from the absorption 
and emission spectra.   
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3.9     Coordination Chemistry of Sumanene 

    Toshikazu     Hirao     and     Toru     Amaya    

 In the coordination chemistry of π bowls, there is an intriguing issue on the prefer-
ence for metal binding to a concave surface versus a convex one. A convex binding 
has been found to be favorable so far, especially for corannulene [ 141 – 145 ]. 

 The selective synthesis of the concave-bound complex [CpFe(sumanene)]PF 6  is 
achieved by ligand exchange of ferrocene with sumanene (Scheme  3.46 ) [ 146 ,  147 ]. 
The structure is confi rmed in both solution and solid states. This is the fi rst report 
for the selective synthesis of concave-bound π-bowl complexes (Fig.  3.34 ). The 
curved concave π surface serves as an η 6  ligand. The selectivity of the complexation is 
theoretically discussed [ 148 ]. The redox properties of the complex are investigated 
through electrochemical study. The complex exhibits the Fe(II)/Fe(I) reduction, 
which displays features of partial chemical reversibility, coupled to the fragmentation 
of the corresponding Fe(I) species to ferrocene [ 149 ].   

Fe

PF6

Ferrocene, Al, AlCl3,
120 °C

then aq. NH4PF6

R

R = H or CH3

  Scheme 3.46    Synthesis of [RCpFe(sumanene)]PF6 (R = H or CH3)       

O

86%

Cp2TiCl2, Zn,

THF, Ar, 65 °C,
6 h

C2h symmetry C2 symmetry

Optimized structures [B3LYP/6-31G(d,p)]

5754

  Scheme 3.45    Synthesis of bisumanenylidene 57       
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  Fig. 3.34    Crystal structure of [CpFe(sumanene)]PF 6  (PF 6  ion is omitted for clarity)       

Fe

H

PF6

  Fig.  3.35    Chiral π-bowl complex       

 The methyl-substituted complex [CH 3 CpFe(sumanene)]PF 6  is also synthesized 
(Scheme  3.46 ) [ 150 ]. The complex shows the concave-binding of CH 3 CpFe. The  1 H 
NMR experiments suggest that the methyl group is directed out of the bowl with a 
restricted rotation. Iron atom dynamics of CH 3 CpFe ligated to a concave-face in 
sumanene is investigated using temperature-dependent Mössbauer effect spectros-
copy [ 151 ]. CH 3 CpFe in the sumanene complex is revealed to be bound more tightly 
than that in the corresponding fl uorene complex. 

 Synthesis of an Fe(II) complex of sumanene having a Cp ligand with chiral 
 s -butyl group attached is performed in a similar manner to the preparation of 
[CpFe(sumanene)]PF 6 . The complex also shows a concave-face selective coordina-
tion in solution, in which the rotation of the Cp ring is restricted. Magnetic and 
optical desymmetrization in the sumanene ligand is found in the complex (Fig.  3.35 ) 
[ 150 ]. This is the fi rst optical active complex with a π-bowl ligand.  

 [CpRu(sumanene)]PF 6  is synthesized in the similar manner to [CpFe(sumanene)]
PF 6 . However, the resulting complex is a mixture of concave- and convex-binding 
of CpRu, where concave-binding is much preferable. The dynamic isomerization 
via bowl-to-bowl inversion between them is observed in solution (Scheme  3.47 ) 
[ 152 ]. The preference can be accounted for by the thermodynamic stability.  
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 In π-bowl complexes, the metallocene-type complexes have been less studied so 
far despite their potential for catalyst application in addition to the unique structural 
properties. On the other hand, sumanenyl mono-, di- and trianions can be generated 
selectively by treatment with a strong base as shown in the Sect.  3.6  [ 125 ]. Such a 
cyclopentadienyl-like anion is considered to provide mono- and even multi-nuclear 
metallocene-type complexes. In this context, mono- and trinuclear sumanenyl 
 zirconocene complexes Cp(sumanenyl)ZrCl 2 , Cp*(sumanenyl)ZrCl 2 , and (C 21 H 9 )
[(Cp*)ZrCl 2 ] 3  are successfully synthesized (Scheme  3.48 ) [ 153 ]. In the mononu-
clear complexes, convex binding with disturbed η 5 -bonding is confi rmed in a solid 
state (Fig.  3.36 ) [ 153 ]. Figure  3.37  shows the DFT-optimized structure of the 
 tri- convex η 5 -binding complex (C, H, Cl: B3LYP/3-21G; Zr: B3LYP/LANL2DZ). 
As demonstrated in the trinuclear complex, the multi-benzylic anion of sumanenyl 
ligand offers a novel ligand for the multinuclear metallocenes.        
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  Scheme 3.48    Synthesis of mono- and trinuclear sumanenyl metallocenes       

  Scheme 3.47    Bowl-to-bowl inversion of [CpRu(sumanene)]PF6       
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    Chapter 4   
 Bioconjugates to Induce Chirality 
Organization 

             Toshikazu     Hirao     ,     Toshiyuki     Moriuchi     , and     Annika     Groß    

    Abstract     A variety of ferrocene-dipeptide conjugates as bioorganometallics are 
designed to induce chirality-organized structures of peptides, wherein the ferrocene 
serves as a reliable organometallic scaffold with a central reverse-turn unit. The intro-
duction of histidyl groups into the 2,6-pyridinedicarboxamide scaffold allows induc-
tion of the chiral helicity, creating the left- or right-handed helical assembly through 
continuous intermolecular hydrogen bonds in a solid state. Symmetrical introduction 
of two dipeptide chains into a urea molecular scaffold is performed to induce the 
formation of the chiral hydrogen-bonded duplex, wherein each hydrogen- bonded 
duplex is connected by continuous intermolecular hydrogen bonds to form a double 
helix-like arrangement. The chirality organization of polyaniline-unit molecules is 
achieved by the introduction of the amino acid moiety through intramolecular hydro-
gen bonds, which play an important role in the stabilization of the chirality-organized 
redox species. The luminescent properties depend on the redox state of the 
π-conjugated moiety of the phenylenediamine derivatives. The control of the emis-
sion properties of emissive compounds is performed by using ionic interaction of 
polypeptide, poly- L -lysine and poly- L -glutamic acid, as a polymeric scaffold. A gua-
nosine-based organometallic compounds serve as a reliable G-octamer scaffold via 
self-assembly, exhibiting a switchable emission based on metal-metal interaction.  

  Keywords     Amino acid   •   Aniline oligomer   •   Bioorganometallic chemistry   •   Chirality 
induction   •   Chirality organization   •   Crystal structure   •   Dipeptide   •   Emission proper-
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recognition   •   Molecular scaffold   •   Nucleobase   •   Palladium complex   •   Phenylenediamine   
•   Pincer complex   •   Platinum complex   •   Polyaniline   •   Polypeptide   •   Pyrene   •   Pyridine   
•   Quinonediimine   •   Redox-switching   •   Ruthenium complex   •   Secondary structure   
•   Self-assembly   •   Urea   •   π-Conjugated molecule   •   π–π Interaction  

  Abbreviations 

   A    Adenine   
  Ala    Alanine   
  bpy    2,2′-Bipyridine   
  C    Cytosine   
  CD    Circular dichroism   
  Cp    Cyclopentadienyl   
  dba    Dibenzylideneacetone   
  DDA    Didodecyldimethylammonium   
  DNA    Deoxyribonucleic acid   
  ESR    Electron spin resonance   
  Et    Ethyl   
  ET    Energy transfer   
  Fc    Ferrocene   
  G    Guanine   
  Glu    Glutamic acid   
  His    Histamine   
  ICD    Induced circular dichroism   
   K  a     Association constant   
  LLCT    Ligand-to-ligand charge transfer   
  Lys    Lysine   
  Me    Methyl   
  MeCN    Acetonitrile   
  MLCT    Metal-to-ligand charge transfer   
  MMLCT    Metal-metal-to-ligand charge transfer   
  OTf    Trifl uoromethanesulfonate   
  P(Glu)    Poly- L -glutamic acid   
  P(Lys)    Poly- L -lysine   
  PAA    Poly(allylamine hydrochloride)   
  Ph    Phenyl   
  ppy    2-Phenylpyridine   
  ppyFF    2-(2,4-Difl uorophenyl)pyridine   
  Pro    Proline   
  Py    Pyridine   
  T    Thymine   
  tpy    2,2′:6′,2″-Terpyridine   
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4.1            1,1′-Disubstituted Ferrocene-Peptide Bioconjugates 

    Toshikazu     Hirao    ,     Toshiyuki     Moriuchi    , and     Annika     Groß    

 Control of molecular self-assembly is of importance for the development of func-
tional materials [ 1 – 3 ]. Highly-organized molecular assemblies are created in pro-
teins to fulfi ll unique functions as observed in enzymes, receptors, etc. Hydrogen 
bonding is a key factor in regulating the aggregated structures and function of bio-
logical systems. Secondary structures of proteins such as  α -helices,  β -sheets, and 
 β - or  γ -turns play an important role in protein folding, which is mostly stabilized by 
hydrogen bond and hydrophobic interaction of side chains [ 4 ,  5 ]. Considerable 
efforts have been devoted to design secondary structure mimics composed of short 
peptides for fundamental insight into the factors affecting the protein folding and 
stability, and for rational design of pharmacologically useful compounds. Specifi c 
patterns of complementary intra- and intermolecular hydrogen bonds are formed in 
such secondary structures. Regulation of hydrogen bonding [ 6 ] has attracted much 
attention in the design of molecular assemblies by virtue of its directionality and 
specifi city [ 7 – 9 ]. The tunability and reversibility of hydrogen bond is also of funda-
mental importance in the physical properties of molecular assemblies. The utiliza-
tion of self-assembling properties of peptides, which possess hydrogen bonding 
sites and chiral centers, is considered to be a convenient approach to highly- 
organized molecular assemblies. 

 The research fi eld of bioorganometallic chemistry, which is a hybrid area between 
biology and organometallic chemistry, has gained growing interest. Conjugation of 
organometallic compounds with biomolecules such as amino acids, peptides, and 
nucleic acids is envisioned to provide novel systems depending on both properties. 
In these conjugates, the organometallic part can serve as a molecular scaffold, a 
chromophore, a sensitive probe, a biological marker, a redox-active site, a catalytic 
active site, etc. Considerable efforts have focused on designing bioorganometallic 
conjugates composed of organometallic compounds and biomolecules ([ 10 – 14 ], 
and references therein). Ferrocene (Fc), which is one of the most stable organome-
tallic compounds and the most useful one among metallocenes, has attracted much 
attention in their application to materials due to a reversible redox couple and two 
rotatory coplanar cyclopentadienyl (Cp) rings [ 15 ]. The inter-ring spacing of about 
3.3 Å is appropriate for hydrogen bonding interaction between introduced peptide 
strands on the two Cp rings as observed in  β -sheets. The utilization of a ferrocene 
unit as an organometallic scaffold with a central reverse-turn unit is considered 
to be one strategy to study the hydrogen bonding ability of introduced peptide 
strands. As a subgroup of ferrocene compounds, ferrocene-peptides have a 
variety of applications in medicinal chemistry. Ferrocene itself is a well known 
component in bioorganometallic chemistry due to its unique properties such as 
its exceptional stability, lipophilicity, redox properties and ease to functionalize. 
Therefore, several commercially available drugs have been functionalized with 
 ferrocene such as tamoxifen [ 16 ], chloroquine [ 17 ] and platensimycin [ 18 ]. 
Also ferrocene peptides have been tested for therapeutical applications mostly as 
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anticancer or anti-infective agents. To keep the peptides biological activity is also 
important for ferrocene functionalized antibacterial peptides. Multiresistant bacte-
ria becoming more and more widespread [ 19 ], therefore new compounds with 
unusual mode of action or targets are necessary. Ferrocene peptides might be inter-
esting candidates for this purpose, since ferrocene is envisioned to enhance and 
modify the specifi city and activity of the peptides [ 20 ]. Another important fi eld of 
ferrocene peptides is anticancer therapy. Ferrocene presents itself as an untoxic 
compound whereas its oxidized form ferrocifen showed already in the 1980th its 
antitumor activity [ 21 ]. Thereon, Neuse and coworkers connected the ferrocene 
moieties to water-soluble polymers and discovered that this ferrocene conjugates 
exhibit high antitumor activities against the human HeLa cervix epithelia carcinoma 
[ 22 ]. In this section, an outline of dipeptide- induced chirality organization by using 
ferrocene scaffolds is described. 

 Conformational enantiomers based on the torsional twist about the Cp(centroid)-
Fe-Cp(centroid) axis,  P - and  M -helical arrangements, are possible in the case of the 
1,1′-disubstituted ferrocene as depicted in Fig.  4.1  [ 15 ,  23 ]. Conformational enan-
tiomers can interconvert with ease due to the low barrier of Cp ring twisting. The 
introduction of peptides into a ferrocene scaffold is envisaged to induce conforma-
tional enantiomerization by restriction of the torsional twist through the formation 
of intramolecular interchain hydrogen bond. The single-crystal X-ray structure 
determination of the ferrocene-peptide bioconjugate  1  bearing the - L -Ala- L -Pro-OEt 
dipeptide chains confi rms the “Herrick” pattern of intramolecular interchain anti-
parallel  β -sheet-like hydrogen bonding between CO (Ala) and NH (Ala of another 
chain) of each dipeptide chain to induce the chirality-organized structure (Fig.  4.2a ) 
[ 24 – 26 ]. The ferrocenoyl moiety of  1  adopts the  P -helical arrangement. The crystal 
structure of the ferrocene-peptide bioconjugate  2  composed of the corresponding 
 D -dipeptide chains (- D -Ala- D -Pro-OEt) reveals the  M -helical arrangement of 
the  ferrocenoyl moiety (Fig.  4.2b ). The molecular structures of  1  and  2  are in a 
good mirror image relationship, indicating conformational enantiomers present. 

  Fig. 4.1    Enantiomorphous conformations of 1,1'-disubstituted ferrocene       
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As a result, the introduction of the chiral dipeptide chains into the ferrocene induces 
the chirality organization by restriction of the torsional twist through the formation 
of the intramolecular interchain hydrogen bonds [ 26 ].   

 Circular dichroism (CD) spectrometry is a powerful tool to determine an ordered 
structure in solution. The ferrocene-dipeptide bioconjugate  1  exhibites a positive 
Cotton effect at the absorbance region of the ferrocenoyl moiety (Fig.  4.3 ), which 
indicates the  P -helical arrangement of the ferrocenoyl moiety. The mirror image of 
the signals was obtained in the CD spectrum of  2 , indicating the  M -helical arrange-
ment of the ferrocenoyl moiety based on the chirality-organized structure through 
the intramolecular interchain hydrogen bonding [ 26 ].  

 The ferrocene-dipeptide bioconjugate  3  bearing dipeptide chains of the homochi-
ral sequence (- L -Ala- L -Pro-NH-2-Py) is characterized by the formation of the intra-
molecular interchain antiparallel  β -sheet-like hydrogen bond between CO (Ala) and 
NH (Ala of another chain) of each dipeptide chain to induce the chirality-organized 
structure (Fig.  4.4 ) [ 27 ]. Confi guration and sequence of amino acids are key factors 
for constructing chirality-organized bio-inspired systems. The crystal structure of the 
ferrocene-dipeptide bioconjugate  4  bearing dipeptide chains of the heterochiral 
sequence (- L -Ala- D -Pro-NH-2-Py) reveals the formation of the intramolecular inter-
chain antiparallel  β -sheet-like hydrogen bonds as observed in  1  to induce the chirality- 
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  Fig. 4.3    CD spectra of  1  and  2  in MeCN (1.0 × 10 −4  M)       
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organized structure (Fig.  4.5a ), in which the  P -helical arrangement of the ferrocenoyl 
moiety is formed [ 28 ,  29 ]. Also, NH adjacent to the pyridyl moiety participates in the 
intramolecular hydrogen bonding with CO adjacent to the ferrocene unit of the same 
dipeptide chain, creating a type II  β -turn-like structure in each dipeptide chain. The 
combination of the ferrocene scaffold as a central reverse-turn unit with the  L -Ala- D -
Pro hetrochiral dipeptide sequence permits the simultaneous formation of the artifi -
cially regulated antiparallel  β -sheet-like and type II  β -turn-like structures. The crystal 
structure of the ferrocene-peptide bioconjugate  5  composed of the  D -Ala- L -Pro-NH-
2-Py dipeptide chains confi rms the  M  helical arrangement of the ferrocenoyl moiety 
as shown in Fig.  4.5b . The  P -helical arrangement of the ferrocenoyl moiety appears 
to be controlled by the confi guration of the alanyl α-carbon atom [ 30 ,  31 ].   

 The crystal structure of the ferrocene-peptide bioconjugate  6  bearing dipeptide 
chains of the homochiral sequence (- L -Pro- L -Ala-NH-2-Py) is characterized by the 
formation of an inverse  γ -turn-like structure in each dipeptide chain through intra-
molecular hydrogen bonding between the NH adjacent to the pyridyl moiety and 
CO (Pro) of the same dipeptide chain, wherein the intramolecular interchain anti-
parallel  β -sheet-like hydrogen bonding between CO adjacent to the ferrocene unit 
and the NH of the Ala attached to the opposite dipeptide chain are also formed 
(Fig.  4.6a ) [ 32 ]. The conjugation of the ferrocene scaffold with the  L -Pro- L -Ala 
homochiral sequence permits the simultaneous formation of the artifi cial inverse 
 γ -turn-like and antiparallel  β -sheet-like structures. The diastereomeric dipeptide 
confi gurations induce different self-assembling properties. The intramolecular 
interchain antiparallel  β -sheet-like hydrogen bonds are formed between CO adja-
cent to the ferrocene unit and the NH of the Ala attached to the opposite dipeptide 
chain in the crystal structure of the ferrocene  7  bearing  L -Pro- D -Ala-NH-2-Py dipep-
tide chains as shown in Fig.  4.6b  [ 32 ].  
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 Utilization of self-assembling properties of amino acids as observed in proteins, 
which are organized into well-organized three-dimensional structures, is considered 
to be a useful strategy to the desired receptors for molecular recognition. In the 
ferrocene-peptide bioconjugate  8  bearing the - L -Ala- L -Pro-NH-2-PyMe dipeptide 
chains, the two amido pyridyl moieties as hydrogen bonding sites are well regulated 
for binding of dicarboxylic acids by the chirality organization through two intramo-
lecular hydrogen bonds (Scheme  4.1 ) [ 33 ,  34 ]. In fact, the ferrocene-peptide bio-
conjugate  8  forms a 1:1 complex with a series of dicarboxylic acids  9 , wherein a 
most highest association constant is observed with adipic acid ( 9c ,  K  a  = 2.1 × 10 4  M −1 , 
Scheme  4.1 ). The binding sites of  8  can discriminate the size of dicarboxylic acids. 
The chirality-organized binding sites of  8  is also capable of discriminating the 
chirality of guest molecules. Benzoyl- L -glutamic acid ( 9f ,  K  a  = 5.5 × 10 3  M −1 ) is 
bound approximately fi fteen times more tightly to  8  than benzoyl- D -glutamic acid 
( 9g ,  K  a  = 3.7 × 10 2  M −1 ).  

 The chirality-organized ferrocene-peptide bioconjugate  3  bearing dipeptide 
chains of the homochiral sequence (- L -Ala- L -Pro-NH-2-Py) through two intramo-
lecular interchain hydrogen bonds forms the 1:1  trans -palladium complex  10  with 
PdCl 2 (MeCN) 2  to stabilize the conformational regulation in both solution and solid 
states (Fig.  4.7 ) [ 27 ]. The single-crystal X-ray structure determination of  10  
 confi rms the pseudo-helical conformation through palladium coordination and chi-
rality organization based on the preservation of the intramolecular interchain hydro-
gen bonds (Fig.  4.7 ) [ 27 ].   
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4.2      Monosubstituted Ferrocene-Peptide Bioconjugates 

    Toshikazu     Hirao     and     Toshiyuki     Moriuchi    

 In the case of ferrocene-peptide bioconjugates bearing only one peptide chain, a 
network of intermolecular hydrogen bonds is expected to be formed in a solid state. 
In fact, the ferrocene-peptide bioconjugate  11  bearing one dipeptide chain of the 
homochiral sequence (- L -Ala- L -Pro-OEt) exhibits intermolecular hydrogen bonding 
between CO (Ala) and the NH of the Ala attached to another molecule, wherein two 
independent molecules exist in an asymmetric unit and are connected alternately to 
form an intermolecular hydrogen bonding network, creating a left-handed helically 
ordered molecular arrangement (Fig.  4.8a ) [ 25 ]. An antiparallel hydrogen bonding 
network is formed in a packing structure of the ferrocene-peptide bioconjugate  12  

NH

O

N

O

Me

N N

NH

O

N

O

Me

N N

Fe

H

H

O

O

Pd ClCl

Fc(-L-Ala-L-Pro-NH-2-Py)2−PdCl210

N1

N2

Fe

O2

O1

O3

N4
N3

Pd

Cl2

Cl1

  Fig. 4.7    Crystal structure of the 1:1  trans -palladium complex  10        

Fc(-L-Ala-L-Pro-2APyMe)2 8

H

NH

O

N

O

Me

N N
O

Me

(CH2)n

OO

O O

H

H

FeFe

H

H

NH

O

N

O

Me

N N
O

Me

NH

O

N

O

Me

N N
O

Me

(CH2)n
OH

OO

HO

NH

O

N

O

Me

N N

H

Me
O

+

9a: n = 2
9b: n = 3
9c: n = 4
9d: n = 6
9e: n = 8

HO

O O

OH

NH

O

Ph

9f

HO

O O

OH

NH

O

Ph

9g

  Scheme 4.1    Binding of dicarboxylic acid to the ferrocene-peptide bioconjugate  8        

 

 

4 Bioconjugates to Induce Chirality Organization



120

bearing one dipeptide chain of the homochiral sequence (- L -Ala- L -Pro-NH-2-Py), 
wherein each molecule is connected to two neighboring molecules by NH (Ala)/N 
(pyridine of another molecule) and NH (adjacent to pyridine unit of another 
molecule)/O (Ala) intermolecular hydrogen bonds (Fig.  4.9 ) [ 35 ]. In contrast, a left- 
handed helically ordered molecular arrangement through a network of intermolecu-
lar hydrogen bonds is created in the ferrocene-peptide bioconjugate  13  bearing one 
dipeptide chain of the heterochiral sequence (- L -Ala- D -Pro-NH-2-Py), as shown in 
Fig.  4.8b  [ 28 ]. An opposite helically ordered molecular assembly, a right-handed 
helically ordered molecular arrangement, is formed in the crystal packing of the 
ferrocene-peptide bioconjugate  14  bearing one dipeptide chain of the heterochiral 
sequence (- D -Ala- L -Pro-NH-2-Py) (Fig.  4.8c ) [ 28 ].   

 A type II  β -turn-like structure is created by an intramolecular hydrogen bonding 
between NH adjacent to the pyridyl moiety and CO adjacent to the ferrocene unit of 
the same dipeptide chain in the ferrocene-peptide bioconjugate  15  bearing one 
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dipeptide chain of the heterochiral sequence (- L -Ala- D -Pro-NH-4-Py) as depicted in 
Fig.  4.10  [ 36 ]. This chirality-organized structure is in sharp contrast to the crystal 
structure of the ferrocene-peptide bioconjugate  13  bearing one dipeptide chain of 
the heterochiral sequence (- L -Ala- D -Pro-NH-2-Py). The position of the pyridyl 
nitrogen plays an important role in the self-organization.  

 The 2:1  trans -palladium complex  16  is formed by the complexation of 
the ferrocene- peptide bioconjugate  12  bearing the one dipeptide chain of the 
homochiral sequence (- L -Ala- L -Pro-NH-2-Py) with 0.5 equiv. of PdCl 2 (MeCN) 2  [ 35 ]. 
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Two ferrocenoyl dipeptide strands of the palladium complex  16  are able to rotate 
with respect to each other about the palladium center by the ball-bearing motion of 
two pyridyl rings as shown in Scheme  4.2 . The rotational barrier of the two pyridyl 
rings in the palladium(II) complex  16  is calculated as 10.1 kcal mol −1 .  

 The ferrocene-peptide bioconjugate  13  bearing one dipeptide chain of the het-
erochiral sequence (- L -Ala- D -Pro-NH-2-Py) forms the 2:1  trans -palladium complex 
 17  [ 37 ]. The crystal structure of  17  reveals a pseudo-helical conformation through 
coordination to palladium and chirality organization through NH (Ala)/Cl, NH 
(adjacent to pyridine unit)/O (Ala), and NH (adjacent to pyridine unit of another 
molecule)/O (Ala) intramolecular hydrogen bonds as shown in Fig.  4.11 . The NH 
adjacent to the pyridyl moiety of one dipeptide chain forms the intramolecular 
hydrogen bond with CO (Ala) of the same dipeptide chain to nucleate a  γ -turn-like 
structure. This chirality-organized structure is in sharp contrast to the helically 
ordered molecular arrangement of  13 , in which intermolecular hydrogen bonds are 
formed instead of the intramolecular hydrogen bonds (Fig.  4.8b ) [ 28 ].  

 The ferrocene-peptide bioconjugate ferrocene  14  forms the 4:1 palladium com-
plex  18  with 0.25 equiv. of [Pd(MeCN) 4 ](BF 4 ) 2  [ 36 ]. The crystal structure of  18  
shows that the four chirality-organized ferrocene-dipeptide conjugates are assembled 
around a palladium center in the same direction to form a chiral pocket surrounded 
by the dipeptide chains, wherein one BF 4  −  counter anion is accommodated (Fig.  4.12 ).   
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4.3     Metal-Free Bioconjugates with Peptide and Amino Acid 

    Toshikazu     Hirao     and     Toshiyuki     Moriuchi    

 In the Sects.  4.1  and  4.2 , the introduction of dipeptide chains into a ferrocene unit 
as an organometallic scaffold with a central reverse-turn unit is demonstrated to 
permit chirality organization through the intramolecular interchain hydrogen bond-
ing. The 2,6-pyridinedicarboxamide scaffold has been exploited for a building block 
to create helices ([ 38 ], and references therein). Conjugation of chiral amino acid 
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with this scaffold can be designed to afford a chiral molecular arrangement [ 39 ]. 
The single-crystal X-ray structure determination of the 2,6-pyridinedicarboxamide 
 19  bearing the histidyl moieties (- L -His-OMe) shows a left-handed helical confor-
mation through chirality of the histidyl moieties and intramolecular hydrogen 
bonding between NH (amide) and N (pyridine) to give fi ve-membered hydrogen-
bonded rings as depicted in Fig.  4.13a  [ 40 ,  41 ]. On the contrary, a right-handed 
helical conformation is formed in the crystal structure of the 2,6-pyridinedicarbox-
amide  20  bearing the histidyl moieties (- D -His-OMe) derived from  D -histidine 
methyl ester (Fig.  4.13b ) [ 40 ]. The chiral helicity appears to be controlled by the 
confi guration of the histidyl α-carbon atoms. Noteworty interesting feature is that 
each molecule of  19  is connected through continuous intermolecular hydrogen 
bonds between imidazolyl moieties to give a left-handed helix ( M -form) as depicted 
in Fig.  4.13a . An opposite helically ordered molecular assembly, a right-handed 
helix ( P -form), is formed in the crystal packing of  20  (Fig.  4.13b ). The histidyl 
moieties of the pyridinedicarboxamide are likely to play an important role in creat-
ing the helical arrangement.  

 Combination of a urea functionality and peptide unit is expected to provide sta-
ble hydrogen-bonded molecular assemblies [ 42 – 45 ]. Among the numerous artifi cial 
self-assembling systems based on hydrogen bonding, formation of stable hydrogen- 
bonded molecular duplexes is one of the important targets of current research [ 46 – 53 ]. 
The crystal structure of the dipeptidyl urea  21  composed of two dipeptide chains 
(- L -Ala- L -Pro-NH-2-Py) reveals the formation of a hydrogen-bonded duplex 
through six intermolecular hydrogen bonds (Fig.  4.14a, b ) [ 54 ]. This hydrogen- 
bonded duplex adopts a right-handed helical conformation. Each hydrogen-bonded 
duplex is connected by continuous intermolecular hydrogen bonds to form a double 
helix-like arrangement as depicted in Fig.  4.14c . This hydrogen-bonded duplex 
shows a shuttle-like dynamic process based on the recombination of hydrogen 
bonds in a solution state as shown in Scheme  4.3  [ 54 ]. The activation energy of this 
process is obtained as 9.4 kcal/mol.   

 Two redox-active π-conjugated units, phenylenediamine as a reduced form and 
quinonediimine as an oxidized form, are present in polyanilines. The introduction of 
the amino acid groups into phenylenediamines or quinonediimines is considered to 
be a convenient strategy to induce chirality into a π-conjugated backbone of polyani-
lines, affording the hydrogen-bonded chiral polymers wherein redox-active species 
of polyanilines are expected to be stabilized by hydrogen bonding. The introduction 
of amino acid moieties,  L - or  D -Ala-OMe, into aniline oligomers is demonstrated to 
give chirality-organized aniline oligomers (Fig.  4.15 ), wherein the formation of 
intramolecular hydrogen bonds is performed to play an important role to regulate the 
aniline oligomer moieties conformationally [ 55 ]. The aniline oligomer  22-  L  shows 
an induced circular dichroism (ICD) at the absorbance region of the π-conjugated 
moiety (Fig.  4.16 ), indicating that the chirality induction of a π-conjugated back-
bone aniline oligomer is achieved by the chirality organization based on the intramo-
lecular hydrogen bonding. The mirror image of the CD signals observed with  22-  L  
is obtained in the CD spectrum of  22-  D , supporting a chiral molecular arrangement 
based on the chirality-organized structures via intramolecular hydrogen bonding. 
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The aniline oligomers  23-  L  and  -  D  also exhibit ICD based on the chirality-organized 
structures. The crystal structure of the aniline oligomer  24  bearing tetraethyl ester 
confi rms the formation of the intramolecular hydrogen bonds between the amino 
NH and carbonyl oxygen, resulting in an  anti - anti - anti -conformation  of the 
π-conjugated moieties as shown in Fig.  4.17a . A  syn - anti - syn  - conformation of the 
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  Fig. 4.16    CD spectra of  22  and  23  in CH 2 Cl 2  (5.0 × 10 −5  M)       
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π-conjugated moieties based on intramolecular hydrogen bonding is revealed by 
the single-crystal X-ray structure determination of the diethyl ester  25  (Fig.  4.17b ). 
The terminal π-conjugated moieties of  25  are not regulated because of the absence 
of the intramolecular hydrogen bonds in the terminal π-conjugated moieties, indicat-
ing that the formation of the intramolecular hydrogen bonds play an important role 
in the structural regulation of the π-conjugated moieties.    

 The introduction of the amino acid moieties into the phenylenediamine and qui-
nonediimine derivatives is also performed to induce chirality-organized structures 
and stabilize redox species by the formation of the intramolecular hydrogen bonds 
(Fig.  4.18 ) [ 56 ]. The phenylenediamine derivative  26red-  L  bearing the  L -Ala-OMe 
moieties exhibits an ICD at the absorbance region of the π-conjugated moiety in the 
CD spectrum (Fig.  4.19a ), indicating that the chirality induction of the π-conjugated 
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  Fig. 4.19    ( a ) The CD spectra of  26red-  L  and  26red-  D  in dichloromethane (1.0 × 10 −4  M) and ( b )    
emission spectra of  26red-  L  ( λ  ex  = 409 nm) and  26ox-  L  ( λ  ex  = 409 nm) in dichloromethane 
(1.0 × 10 −4  M) at 298 K under nitrogen atmosphere       
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backbone is achieved by the chirality organization through the formation of the 
intramolecular hydrogen bonding. The mirror image of the signals is observed in the 
CD spectrum of  26red-  D  (Fig.  4.19a ). This result indicates that the chirality- 
organized structure via intramolecular hydrogen bonding is formed even in  solution. 
The phenylenediamine derivative  26red-  L  is oxidized into the quinonediimine 
derivative  26ox-  L  by treatment with iodosobenzene as an oxidant. The quinonedii-
mine derivative  26ox-  L  also shows an ICD at the absorbance region of the 
π-conjugated moiety based on the chirality-organized structure through the intramo-
lecular  hydrogen bonding. The chirality organization of the phenylenediamine 
derivative  27red-  L  bearing the  L -Pro-OMe moieties is supported by the appearance 
of an ICD at the absorbance region of the π-conjugated moiety. The crystal structure 
of  26red-  L  reveals the formation of the intramolecular hydrogen bonds between the 
amino NH of the phenylenediamine moiety and the carbonyl oxygen, resulting in an 
 anti -conformation of the π-conjugated moiety as shown in Fig.  4.20a . The phenyl-
enediamine derivative  26red-  L  exhibits the sheet-like self-assembly through the 
intermolecular hydrogen bonding networks (Fig.  4.20c ). The crystal structure of 
 26red-  D  composed of the corresponding  D -amino acids (- D -Ala-OMe) is in a mirror 
image relationship with  26red-  L  (Fig.  4.20b, d ).    

O1

O2

N2

N1
C3

O3
N3

C23

C5

C25

O11

O12

O13

N13

N13O11

N2

N1

O1N3

O1O3

O2

N3

N1

N2

O11

O12

O13

N13

N1

N2

O1N3

O11 N13

a b

c d

  Fig. 4.20    Crystal structures of ( a )  26red-  L  and ( b )  26red-  D . A portion of a layer containing a 
sheet-like molecular arrangement through the intermolecular hydrogen bonding networks in the 
crystal packing of ( c )  26red-  L  and ( d )  26red-  D        

 

T. Hirao et al.



131

 The phenylenediamine derivative  26red-  L  exhibits two one-electron redox waves 
based on the successive one-electron oxidation processes of the phenylenediamine 
moiety to give the corresponding oxidized species. The quinonediimine derivative 
 26ox-  L  shows two one-electron redox waves assignable to the successive one- 
electron reduction processes of the quinonediimine moiety to give the correspond-
ing reduced species. The formation of intramolecular hydrogen bonds is considered 
to stabilize the generated reduced species. The chirality organization and the stabi-
lization of the phenylenediamine radical cation  26red-  L  and the semiquinonedii-
mine radical anion  26ox-  L  through the formation of intramolecular hydrogen bonds 
are confi rmed by the appearance of an ICD at the absorbance region of the 
π-conjugated moieties in the CD spectra and the observation of hyperfi ne coupling 
in the ESR spectra [ 56 ]. The control of luminescent properties is achieved by chang-
ing the redox state of the π-conjugated moiety of the phenylenediamine derivatives 
 26red-  L  and  27red-  L  [ 56 ,  57 ]. The reduced form  26red-  L  shows strong lumines- 
cence at 559 nm although weak luminescence is observed with the oxidized form 
 26ox-  L  as shown in Fig.  4.19b . 

 The introduction of the amino acid groups into the phenylenediamine derivatives 
at 2,3-positions results in a  syn -conformation of the π-conjugated moiety of the 
phenylenediamine derivatives (Fig.  4.21 ) [ 58 ]. The observation of an ICD at the 
absorbance region of the π-conjugated moiety in the CD spectra of the phenylene-
diamine derivatives  28red-  L  and  29red-  L  supports the chirality-organized structure. 
The crystal structure of  28red-  L  reveals the chirality-organized structure based on 
the formation of the intramolecular hydrogen bonds between the amino NH of the 
phenylenediamine moiety and the carbonyl oxygen of Pro to form a nonpeptidic 
reverse-turn 9-membered hydrogen-bonded ring, resulting in a  syn -conformation of 
the π-conjugated moiety (Fig.  4.22 ). Luminescent switching is also observed in the 
phenylenediamine derivatives  28red-  L  and  29red-  L .   

 Ferrocene-peptide-phenylenediamine conjugate  30red  is designed by the intro-
duction of ferrocene-peptide (Fc-CO- L -Ala- L -Pro-) conjugates into a π-conjugated 
phenylenediamine spacer [ 59 ]. The ferrocene-peptide-phenylenediamine conjugate 
 30red  is easily oxidized into the ferrocene-peptide-quinonediimine conjugate  30ox  
by treatment with lead(IV) acetate as shown in Fig.  4.23 . The redox switching of the 
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luminescent properties is performed by changing the redox states of the π-conjugated 
moiety. The reduced form  30red  exhibits luminescence at 593 nm although weak 
luminescence is observed with the oxidized form  30ox . The introduction of 
ferrocene- peptide conjugates (Fc-CO- L -Ala- L -Pro-) into the π-conjugated phenyl-
enediamine spacer is demonstrated to induce the self-aggregation of the π-conjugated 
moiety in solution, resulting in the chirality organization with a red shift of the 
maximum emission wavelength.   
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  Fig. 4.22    Crystal structure of  28red-  L        

  Fig. 4.23    Redox interconversion between  30red  and  30ox        
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4.4     Polypeptide or DNA-Induced Aggregates 

    Toshikazu     Hirao     and     Toshiyuki     Moriuchi    

 The utilization of polyelectrolytes has been recognized to be a convinient strategy 
for the assembly of opposite-charged functional groups along polyelectrolytes 
through electrostatic interaction ([ 60 – 65 ], and references therein). Square-planar d 8  
transition metal complexes possess the intriguing photophysical and photochemical 
properties. In particular, luminescent platinum(II) complexes with oligopyridine or 
cyclometalating ligands have attracted much attention because of their interesting 
luminescence properties based on metallophilic interaction through d Z  2 •••d Z  2  and/or 
π–π interactions [ 66 ,  67 ]. The anionic polyelectrolyte-induced aggregation to show 
metal–metal interaction and concomitant luminescence has been reported with 
platinum(II) complexes [ 63 – 65 ]. Highly-ordered structures are constructed to fulfi ll 
the specifi c function in biosystems as observed in the double helix of DNA or 
 α -helix and  β -sheet of peptides. The introduction of redox-active compounds into 
such highly-organized biomolecules is envisioned to provide new biomaterials or 
effi cient redox systems. 

 The redox-active ferrocenes bearing a long alkylene chain are aggregated along 
the backbone of anionic double helical DNA, providing a redox-active (outer) and 
hydrophobic (inner) spheres around the double helical core as shown in Fig.  4.24  
[ 68 ]. In this aggregation, the redox potential of the ferrocenly moiety shifted anodi-
cally, compared with the uncomplexed ferrocenes probably due to the hydrophobic 
 interaction between the long alkylene chains.  

 On the other hand, a design of luminescent gold(I) aggregates [ 69 – 72 ] based on 
the self-association properties through d 10 •••d 10  closed shell aurophilic bonding 
interaction [ 70 ,  72 – 76 ] has gained much attention. Poly(allylamine hydrochloride) 
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  Fig. 4.24    Schematic representation of DNA-induced aggregation of ferrocenes       
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(PAA) having positively charged side chains along the polymer backbone serves as 
a polymeric spatially aligned scaffold for the aggregation and self-association of 
negatively charged [Au(CN) 2 ] −  through the electrostatic interaction as shown in 
Fig.  4.25  [ 77 ]. The aggregation and self-association of [Au(CN) 2 ] −  around the back-
bone of positively charged PAA exhibits the unique luminescent properties 
(Fig.  4.26 ). The addition of 0.5 molar equivalents of PAA (based on the PAA unit) 
to an ultra-pure water 1.0 × 10 −3  M solution of K[Au(CN) 2 ] causes the appearance of 
the emission band at 484 nm. Such luminescence is not detected in the absence of 
PAA. Further addition of PAA (1–5 molar equivalents of PAA unit) results in a 
decrease of the emission intensity with a continuous blue shift of the emission band. 
Oligomerization of [Au(CN) 2 ] −  by increased concentration is known to cause the 
red-shift of the emission band [ 78 ,  79 ]. High loading of PAA is likely to induce the 
arrangement of [Au(CN) 2 ] −  separately along the backbone of positively charged 
PAA, which prevents the aggregation, and thus causes the blue shift of the emission 
band with decrease of the emission intensity. When PAA loading is lowered, the 
ratio of [Au(CN) 2 ] −  aggregates around the backbone of positively charged PAA is 
increased, resulting in a red shift of the emission band. A gradual blue shift of the 

  Fig. 4.25    Schematic representation of PAA-induced aggregation and self-association of [Au(CN) 2 ] −        
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excitation band by the continuous addition of PAA supports the PAA-induced 
 self- association and luminescence of [Au(CN) 2 ] − .   

 Poly- L -lysine ( P(Lys) ) exists in an  α -helical conformation at above pH 10.6 due 
to the reduced charge on the side chains at a pH above the p K a (10.5), and a random 
coil conformation at neutral pH due to repulsion between positively charged side 
chains. Above pH 10.6, increasing temperature leads to the transformation of an 
 α -helical conformation into a  β -sheet structure, which is stabilized by hydrophobic 
interaction between the side chains. The assembling and self-association of anionic 
[Au(CN) 2 ] −  spatially along cationic  β -sheeted  P(Lys)  through electrostatic interac-
tion is also demonstrated to form luminescent [Au(CN) 2 ] −  aggregates, wherein neg-
atively charged [Au(CN) 2 ] −  stabilizes the  β -sheet structure by suppressing repulsion 
between the positively charged side chains (Fig.  4.27 ) [ 80 ]. The excitation and 
emission spectra of K[Au(CN) 2 ] in the presence of  P(Lys)  are shown in Fig.  4.28 . 
The control of luminescence properties of [Au(CN) 2 ] −  aggregates is performed by 
changing the ratio of the Lys unit of  P(Lys) . Addition of 0.5–1 molar equivalents of 
the Lys unit of  P(Lys)  to the ultra-pure water solution of K[Au(CN) 2 ] results in a 
gradual increase of the emission intensity and a slightly blue shift of the emission 
band. Further addition of  P(Lys)  (1–5 molar equivalents of the Lys unit) leads to a 
decrease in the emission intensity with a continuous blue shift of the emission band.   

 Poly- L -glutamic acid ( P(Glu) ) is known to form an  α -helical structure at around 
pH 4.3 and a random coil conformation at a neutral pH due to repulsion between 
negatively charged side chains.  P(Glu)  bearing multiple negatively charged side 
chains is demonstrated to serve as a polymeric spatially aligned scaffold for the 
aggregation of positively charged platinum(II) complexes [Pt(tpy)C≡CR](OTf) 
(tpy = 2,2′,6′,2″-terpyridine; R=Ph ( PtH ), PhC 12 H 25 - p  ( PtC   12  )) through electrostatic 
interaction, resulting in tunable emission properties (Fig.  4.29 ) [ 81 ]. The addition of 
 P(Glu)  to a tris/HCl buffer (pH 7.6)/MeOH (v/v = 1/14) solution of the platinum(II) 
complex  PtH  causes the enhancement of the emission intensity based on the triplet 
metal-to-ligand charge transfer ( 3 MLCT)/the triplet ligand-to-ligand charge transfer 

  Fig. 4.26    Emission ( right ,  λ  ex  = 290 nm) and excitation ( left ) of K[Au(CN) 2 ] (1.0 × 10 −3  M) in 
ultra-pure water solution containing various amounts of PAA (0.5, 1.0, 2.0, and 5.0 × 10 −3  M PAA 
unit, respectively) at 298 K       
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  Fig. 4.27    Schematic representation of P(Lys)-induced aggregation and self-association of [Au(CN) 2 ] −        

  Fig. 4.28    Excitation ( left ) and emission ( right ) ( λ  ex  = 280 nm) of K[Au(CN) 2 ] (5.0 × 10 −3  M) in an 
ultra-pure water solution containing various amounts of P(Lys) (2.5, 5.0, 10.0, and 25.0 × 10 −3  M 
Lys unit, respectively) at 298 K       
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( 3 LLCT) as shown in Fig.  4.30a . Increasing the ratio of the Glu unit to  PtH  leads to 
gradual increase of the emission intensity.  PtH  is considered to be accommodated 
in a hydrophobic sphere of  P(Glu)  to avoid the solvent effect, wherein the  α -helical 
structure of  P(Glu)  is stabilized by suppressing repulsion between negatively 
charged side chains through the electrostatic interaction between the cationic 
platinum(II) complexes and negatively charged side chains of  P(Glu) . In the case of 
the platinum(II) complex  PtC   12  , gradual increase of the emission intensity based on 
the triplet metal-metal-to-ligand charge transfer ( 3 MMLCT) with concomitant 
decrease of the emission intensity based on the triplet metal-to-ligand charge trans-
fer ( 3 MLCT)/the triplet ligand-to-ligand charge transfer ( 3 LLCT) is observed as the 
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  Fig. 4.29    Schematic representation of the platinum(II) terpyridyl complexes with  P(Glu)        

  Fig. 4.30    ( a ) Emission spectra ( λ  ex  = 350 nm) of  PtH  (5.0 × 10 −5  M) in a tris/HCl buffer (pH 7.6)/
MeOH (v/v = 1/14) containing various amounts of  P(Glu)  (0.0, 0.5, 1.5, and 5.0 × 10 −4  M Glu unit, 
respectively) at 298 K and ( b ) Emission spectra ( λ  ex  = 350 nm) of  PtC   12   (5.0 × 10 −5  M) in a tris/HCl 
buffer (pH 7.6)/MeOH (v/v = 1/14) containing various amounts of  P(Glu)  (0.0, 0.5, 1.5, and 
5.0 × 10 −4  M Glu unit, respectively) at 298 K       
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amount of  P(Glu)  is increased (Fig.  4.30b ). This result indicates that the alkyl long 
chain of  PtC   12   is considered to play an important role in the aggregation of the 
platinum(II) terpyridyl moieties to exhibit Pt(II)-Pt(II) and π–π interactions.   

 The reaction of the sodium salt of  P(Glu)  with didodecyldimethylammonium 
(DDA) bromide affords  P(Glu)-DDA , which is indicated to form the  α -helical 
structure even in methanol [ 82 ].  P(Glu)-DDA  decorating hydrophobic sphere along 
the backbone of anionic helical  P(Glu)  is performed to serve as a polymeric spa-
tially aligned scaffold for the accommodation and aggregation of  PtC   12   (Fig.  4.31 ) 
[ 82 ]. The introduction of 0.2 molar equivalents of the platinum(II) complex  PtC   12   
into  P(Glu)-DDA  in methanol induces the aggregation of  PtC   12   to exhibit  3 MMLCT 
emission (Fig.  4.32a ), wherein the dodecyl moiety of the platinum(II) complex 
plays an important role in the aggregation of the platinum(II) terpyridyl moieties to 
induce Pt(II)-Pt(II) and π–π interactions. Such synergistic effect is not observed in 
the case of the platinum(II) complex  PtH , wherein the emission intensity based on 
 3 MLCT/ 3 LLCT is increased (Fig.  4.32b ).   

 Photo active iridium complexes are of potential in the organic EL device, which 
was also studied [ 83 – 86 ]. The introduction of the cationic luminescent iridium(III) 
complexes into negatively charged  P(Glu)  as a polymeric scaffold is allowed to 
perform the tuning of the emission properties in an aqueous media (Fig.  4.33 ) [ 87 ]. 
Increasing the ratio of the Glu unit of  P(Glu)  to the cationic cyclometalated 
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  Fig. 4.31    Schematic representation of the platinum(II) terpyridyl complexes with  P(Glu)-DDA        
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iridium(III) complex [Ir(ppy) 2 (bpy)]Cl ( Ir ) (where ppy = 2-phenylpyridine, 
bpy = 2,2′-bipyridine) or [Ir(ppyFF) 2 (bpy)]Cl ( Ir(F) ) (where ppyFF = 2-(2,4-difl uo-
rophenyl)pyridine) causes a gradual increase of the emission intensity and a slightly 
blue shift of the emission band as shown in Fig.  4.34a, b  [ 87 ]. The cyclometalated 
iridium(III) complexes are known to show the emission maximum with the lower 
energy and weaker emission in the more polar solvent than in the less polar water 
[ 88 ,  89 ]. High loading of  P(Glu)  might lead to the accommodation of the iridium(III) 
complex in a hydrophobic sphere of  P(Glu) , resulting in the increase of the emission 
intensity. The controlled conformational change (random coil– α -helical structure–
random coil) of  P(Glu)  is also observed by changing the raitio of  P(Glu)  and the 
iridium(III) complex. The introduction of the iridium(III) complex  Ir(F)  as an 
energy donor and the ruthenium(II) complex [Ru(bpy) 3 ]Cl 2  ( Ru ) as an energy acceptor 

  Fig. 4.32    ( a ) Emission spectra of  PtH ,  DDA-PtC   12   (5:1), and  P(Glu)-DDA-PtC   12   (5:5:1) in 
methanol ( PtC   12   unit: 5.0 × 10 −5  M) at 298 K and ( b ) Emission spectra of  PtH ,  DDA-PtH  (5:1), 
and  P(Glu)-DDA-PtH  (5:5:1) in methanol ( PtH  unit: 5.0 × 10 −5  M) at 298 K       
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into a hydrophobic sphere of  P(Glu)  is performed to induce an effi cient energy 
transfer (ET). In the emission spectrum of a 10:1:1 mixture of  P(Glu) ,  Ir(F) , and 
 Ru , the decrease of the characteristic emission at around at 500 nm from the excited 
state of  Ir(F)  is observed with concomitant increase of the emission intensity of  Ru  
at around 625 nm (Fig.  4.34c ) [ 87 ], indicating that an effi cient ET process from the 
excited state of  Ir(F)  to  Ru  is likely to occur in a hydrophobic sphere of  P(Glu) .   

 Highly-oraganized molecular arrangement of π-conjugated molecules has 
attracted much attention because of their potential applications as advanced molec-
ular materials based on defi ned functional properties [ 1 – 3 ]. Construction of struc-
turally defi ned molecular aggregates is of importance for the development of 
functional materials based on aggregation-induced properties. The introduction of 
pyrene derivatives into polypeptides through electrostatic interaction is performed 
to control the fl uorescence properties of pyrene derivatives (Fig.  4.35 ) [ 90 ].  P(Lys) -
induced fl uorescence arising from aggregated pyrenyl moieties is observed by the 
addition of  P(Lys)  to ultrapure water solution of 1-pyreneacetic acid sodium salt 
( Pyr(CH   2   COONa) ) although  Pyr(CH   2   COONa)  shows monomer fl uorescence 
(Fig.  4.36a ) [ 90 ]. A gradual increase of the fl uorescence intensity of the aggregates 
is induced by increasing the ratio of  P(Lys)  probably due to the aggregation of the 
pyrenyl moieties in a hydrophobic sphere of  P(Lys) . The tuning of the fl uorescence 
properties of 1-pyrenemethylamine hydrochloride ( Pyr(CH   2   NH   3   Cl) ) is also dem-
onstrated by using  P(Glu)  bearing multiple negatively charged side chains as a 
polymeric scaffold as shown in Fig.  4.36b  [ 90 ]. The architectural control of molecu-
lar aggregates using pre-organized biomolecules is considered to be a reliable strat-
egy to artifi cial highly-organized systems without complicated chemical synthesis. 
Also, the aggregation of opposite-charged pyrene derivatives around the backbone 
of polypeptides stabilizes the  α -helical structure by suppressing repulsive forces 
between the electrically charged side chains.    

  Fig. 4.34    ( a ) Emission spectra ( λ  ex  = 310 nm) of [Ir(ppy) 2 (bpy)]Cl ( Ir ) (5.0 × 10 −5  M) in water solu-
tion containing various amounts of  P(Glu)  (0, 0.5, 1.0, 2.5, and 5.0 × 10 −4  M Glu unit, respectively) 
at 298 K, ( b ) Emission spectra ( λ  ex  = 310 nm) of [Ir(ppyFF) 2 (bpy)]Cl ( Ir(F) ) (5.0 × 10 −5  M) in water 
solution containing various amounts of  P(Glu)  (0, 0.5, 1.0, 2.5, and 5.0 × 10 −4  M Glu unit, respec-
tively) at 298 K, and ( c ) Emission spectra ( λ  ex  = 290 nm) of a mixture of  P(Glu) , [Ir(ppyFF) 2 (bpy)]
Cl ( Ir(F) ), and [Ru(bpy) 3 ]Cl 2  ( Ru ) (2.0 × 10 −5  M  Ir(F)  and  Ru  unit) in water solution at 298 K       
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  Fig. 4.35    Schematic representation of ( a ) the introduction of negatively charged 1-pyreneacetate 
anion into  P(Lys)  and ( b ) the introduction of positively charged 1-pyrenemethylammonium cation 
into  P(Glu)        

  Fig. 4.36    ( a ) Emission spectra ( λ  ex  = 310 nm) of [Ir(ppy) 2 (bpy)]Cl ( Ir ) (5.0 × 10 −5  M) in water solution 
containing various amounts of  P(Glu)  (0, 0.5, 1.0, 2.5, and 5.0 × 10 −4  M Glu unit, respectively) at 298 K 
and ( b ) Emission spectra ( λ  ex  = 310 nm) of [Ir(ppyFF) 2 (bpy)]Cl ( Ir(F) ) (5.0 × 10 −5  M) in water solution 
containing various amounts of  P(Glu)  (0, 0.5, 1.0, 2.5, and 5.0 × 10 −4  M Glu unit, respectively) at 298 K       
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4.5     Organometallic Bioconjugates Bearing 
Nucleobase Moieties 

    Toshikazu     Hirao     and     Toshiyuki     Moriuchi    

 Highly-organized molecular assemblies are created in bio-systems to exhibit unique 
functions. The double helical DNA is created by A-T and G-C base pairs, which are 
controlled mainly by complementary hydrogen bonding, π-stacking interaction, and 
hydrophobic interaction [ 91 ,  92 ]. The utilization of self-assembling properties of 
nucleobases is considered to be a convenient approach to design well-defi ned 
molecular assemblies [ 93 – 99 ]. A variety of metal-modifi ed nucleobases have been 
designed to demonstrate the formation of highly-organized molecular assemblies 
through hydrogen bonds [ 95 ,  100 ,  101 ]. A combination of nucleobases with func-
tional organometallic compounds is envisioned to provide novel bioconjugates 
depending on both properties. The transition metal complexes with pincer ligands, 
which involve a direct metal-carbon σ bond, have been investigated and utilized as 
materials and catalysts [ 102 ,  103 ]. The NCN-pincer ligand  U6P  bearing the uracil 
moiety, which is easily synthesized by the reaction of 6-ethynyl-1-octyluracil with 
4-bromo-3,5-bis(dimethylaminomethyl)iodobenzene (Fig.  4.37 ) [ 104 ]. The crystal 
structure of  U6P  reveals the formation of a hydrogen-bonded dimer through inter-
molecular hydrogen bonds between the uracil moieties in the crystal packing, 
wherein each hydrogen-bonded dimer is connected through π–π interaction between 
the benzene moiety of the NCN-pincer ligand and the uracil moiety (Fig.  4.38a ).   
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  Fig. 4.37    Chemical structures of the NCN-pincer ligand  U6P  and the NCN-pincer palladium(II) 
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 The reaction of the NCN-pincer ligand  U6P  with Pd(dba) 2  affords the NCN- pincer 
palladium(II) complex  Pd-Br  bearing the 6-ethynyl-1-octyluracil moiety (Fig.  4.37 ) 
[ 105 ]. The cationic complex  Pd-MeCN  can be obtained by the treatment of  Pd-Br  
with AgOTf in acetonitrile (Fig.  4.37 ). The hydrogen-bonded dimer through inter-
molecular hydrogen bonds between the uracil moieties of two independent mole-
cules as observed in a wobble base pair is formed in the crystal packing. Each 
hydrogen-bonded dimer shows π–π interaction between the uracil moieties to form 
π-stacks in a crystal packing as shown in Fig.  4.38b . Recrystallization of  Pd-MeCN  
from chloroform/hexane/diethyl ether (not dried solvents) is allowed to form of the 
NCN-pincer palladium(II) complex  Pd-H   2   O , in which the ancillary acetonitrile of 
 Pd-MeCN  is displaced by water molecule (Fig.  4.37 ). In the case of  Pd-H   2   O , each 
hydrogen-bonded dimer is connected through intermolecular hydrogen bonding 
bridge between the coordinated water molecule and trifl ate anion. Furthermore, 
each hydrogen-bonded assemlies is stacked through π–π interaction (Fig.  4.38c ). 
On the contrary, the NCN-pincer palladium(II) complex  Pd-OTf  can be obtained by 
recrystallization of  Pd-MeCN  from dichloromethane/hexane/diethyl ether through 
removal of a labile acetonitrile ligand (Fig.  4.37 ). The intermolecular hydrogen 
bond between the uracil moiety and the trifl ate anion bound to the  palladium center 
is formed in the crystal structure of  Pd-OTf  as drawn in Fig.  4.38d . The NCN-
pincer palladium(II) complex  Pd-O   2   CCF   3  , which is obtained by the abstraction 
of the bromide ion from  Pd-Br  with AgO 2 CCF 3  (Fig.  4.37 ), shows the dimeric 
structure based on the formation of intermolecular hydrogen bonds between the 
uracil moieties (Fig.  4.38e ). 

 The bioorganometallic platinum(II) compounds  PtU6  and  PtU5  are prepared by 
the conjugation of the corresponding uracil derivative and the organoplatinum(II) 
compound [4-octyloxy-(C^N^N)PtCl] (Fig.  4.39 ) [ 106 ]. The crystal structure of 
 PtU6  reveals the formation of the dimeric structure through intermolecular hydro-
gen bonds between the uracil moieties of two independent molecules, wherein each 
hydrogen-bonded dimer is connected through Pt(II)-Pt(II) and π–π interactions as 
shown in Fig.  4.40 . The platinum(II) complex  PtU6  exhibits the emission band at 
around 720 nm, derived from the  3 MMLCT excited state resulting from Pt(II)-Pt(II) 
and π–π interactions. Synergistic effects of emission properties depend on the 
aggregation properties of the platinum(II) complexes. The platinum(II) complex 
 PtU5 , wherein the direction of hydrogen bonding sites of the uracil moieties is dif-
ferent from  PtU6 , shows the  3 MLCT and/or  3 LLCT emission.   

 The molecular scaffolds  ND  and  AD  composed of aromatic rigid frameworks, 
naphthalene and anthracene, respectively, having two 2,6-dihexamidopyridine moi-
eties as a complementary hydrogen bonding site for the uracil moiety are synthe-
sized to control the aggregate of the organoplatinum(II) complexes having uracil 
moieties as shown in Fig.  4.39 . The tuning of the emission properties of the 
organoplatinum(II) compounds is performed by changing the molecular scaffold, 
which depends on the regulation of the aggregated structures to induce the Pt(II)-
Pt(II) and π–π interactions [ 106 ].The platinum(II) complex  PtU6  exhibits a new 
emission band based on the  3 MMLCT excited state resulting from Pt(II)-Pt(II) and 
π–π interactions at around 730 nm with concomitant decrease of the  3 MLCT/ 3 LLCT 
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emission in the presence of the molecular scaffold  ND  as shown in Fig.  4.41c . The 
molecular scaffold  ND  is likely to induce the aggregation of  PtU6  through the com-
plementary hydrogen bonding and π–π interaction between the ligands in a solution 
state (Fig.  4.41a ). An interbase distance affects the Pt(II)-Pt(II) and π–π interactions 
in aggregated complexes. In comparison to the emission of the aggregation of PtU6 
with ND, the use of the molecular scaffold  AD  composed of anthracene causes the 
low intensity of the  3 MMLCT emission and the high intensity of the  3 MLCT emis-
sion (Fig.  4.41d ) probably due to the weak Pt(II)-Pt(II) and π–π interactions based 
on the longer interbase distance (Fig.  4.41b ).  

 Among natural nucleobases, the utilization of guanine (G) derivatives is a reli-
able strategy for the construction of highly-ordered molecular assemblis because 
they self-assemble into dimers, ribbons, G-octamers, G-hexadecamers and helices 
[ 94 ,  107 ]. A variety of guanosine derivatives have been reported to investigate the 
assembling properties [ 108 – 112 ]. The G-octamer is recognized as an attractive scaf-
fold, in which π-functional molecules can be covalently attached and stacked in a 
well-defi ned arrangement. A bioorganometallic guanosine-based Au(I) isonitrile 
complex  GAu(I)  is performed to serve as the reliable G-octamer scaffold via self- 
assembly, wherein the octamer is formed in the presence of KPF 6 , exhibiting a 
switchable emission based on Au(I)-Au(I) interaction as depicted in Fig.  4.42  [ 113 ].  

  Fig. 4.41    Schematic representation of the controlled aggregation of the bioorganometallic 
platinum(II) compound  PtU6  by using the molecular scaffold ( a )  ND  and ( b )  AD . ( c ) Emission 
spectra ( λ  ex  = 530 nm) of  PtU6  and  ND-PtU6  (1:2) in dichloromethane ([ ND ] = 0.5 × 10 −3  M, 
[ PtU6 ] = 1.0 × 10 −3  M) at 298 K and ( d ) emission spectra ( λ  ex  = 530 nm) of  PtU6  and  AD-PtU6  
(1:2) in dichloromethane ([ AD ] = 0.5 × 10 −3  M, [ PtU6 ] = 1.0 × 10 −3  M) at 298 K       
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 A bioorganometallic conjugate  GPhAuPPh   3   composed of the guanosine and 
alkynyl-Au(I)PPh 3  moiety is demonstrated to form the expected octamer in the 
presence of KPF 6  (Fig.  4.43 ) [ 114 ]. Thus-obtained G-octamer, however, shows no 
Au(I)-Au(I) interaction probably due to the bulky phosphine moiety to arrange the 
Au(I) moiety far away each other. On the contrary, a more closely stacked octamer 
is obtained in the presence of trivalent La(OTf) 3  than those in the presence of KPF 6 , 
leading to Au(I)-Au(I) interaction as depicted in Fig.  4.43  [ 114 ].  

 A bioorganometallic conjugate  GAu(III)  composed of the guanosine and cyclo-
metalated gold(III) moiety is performed to form the empty quartet, octamer, and poly-
meric columnar aggregate depending on the amount of KPF 6 , wherein the formation 
of the G-quarteruplex via self-assembly induces a π–π interaction (Fig.  4.44 ) [ 115 ].      

GAu(I)

KPF6

  Fig. 4.42    Formation of G-octamer of  GAu(I)  to induce Au(I)-Au(I) interaction upon addition of 
KPF 6        

GAu(I)PPh3

KPF6

La3+K+

La(OTf)3

  Fig. 4.43    Formation of G-octamer of  GAu(I)PPh   3   upon addition of KPF 6  or La(OTf) 3        
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    Chapter 5   
 Conclusions 

             Toshikazu     Hirao    

    Abstract     The summary and outlook of this book is described in the conclusion. 
Reduction and phosphonation with dialkyl phosphonate, vanadium-catalyzed or 
-induced dehalogenation, pinacol coupling, oxidative transformations of carbonyl 
compounds, ligand coupling, and oxidative halogenation are developed. For π, d, 
π-redox systems, coenzyme PQQ, polyanilines, and quinonediimines are used to 
achieve effi cient catalysts and materials. The redox-active ligands are demonstrated 
to be useful in organic synthesis. Sumanene is synthesized for the fi rst time, which 
is allowed to construct nonplanar π-conjugated systems and d, nonplanar 
π-conjugated ones. Chirality-organized spaces are developed by hybridization of 
organmetallic compounds and biomolecules like dipeptide, peptide, nucleobase, 
and DNA, which contributes to one of key researches in bioorganometallic chemistry. 
A combination of these fi elds will permit conceptionally new chemistry.     

  Redox reactions with synthetic potential have been developed by use of dialkyl 
phosphonate, early transition metals, and lanthanides. The Lewis acidic nature of 
metallic compounds is another key factor in their reactivities in addition to the redox 
properties. Controlling the metal-based redox systems leads to greater selectivities 
in their electron transfer reactions. Likewise, fi ne-tuning the ligands coordinated to 
metals results in more effi cient redox systems. These approaches yield a variety of 
fruitful redox reactions for organic synthesis as observed in the ligand coupling and 
haloperoxidase-inspired reactions. 

 The tautomerism of dialkyl phosphonate permits new synthetic protocols in 
dehalogenation and/or C–P bond formation. The multi-component system consist-
ing of a catalyst, a co-reductant, and an additive promoter cooperates with each 
other to achieve the catalytic reactions through effi cient one-electron reduction. In 
this system, the active catalyst is smoothly regenerated by redox interaction with the 
co-reductant. The selection of the co-reductant is important from this point of view. 
Furthermore, the oxidized form of the co-reductant should not interfere with, but 
assist the reduction reaction or at least, be tolerant under the conditions. Additive 
promoters, which are considered to contribute to the redox cycle, possibly facilitate 
the electron transfer and/or liberate the catalyst from the reaction adduct. 

        T.   Hirao      (*) 
  Department of Applied Chemistry ,  Graduate School of Engineering, Osaka University , 
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 Oxovanadium(V) compounds are potential Lewis acids with oxidation ability to 
induce one-electron oxidation reactions based on their characteristics. Oxidation 
capability and redox potential are effectively controlled by the substituent of 
oxovanadium(V) compounds. A catalytic system is allowed to be realized by the redox 
interaction with molecular oxygen. The oxidative ligand coupling proceeds via the 
intermetallic interaction between vanadium species and main-group organometallics. 

 These synthetic methods are expected to be promising as versatile synthetic 
tools. The reactions are complementary and useful to generate radical intermediates 
with the higher selectivity. The higher stereoselectivity is attained [ 1 – 2 ]. 

 Next, the effi cient redox systems are to be constructed to realize electron-transfer 
reactions as observed in biological systems. Based on the redox properties of 
π-conjugated systems, coenzyme PQQ and polyanilines are found to serve as a 
coenzyme catalyst and synthetic metal catalyst, respectively, that are organocata-
lysts for dehydrogenation reaction through proton-coupled electron transfer. Both 
compounds are able to be used as redox-active ligands, which contribute to the 
effi cient redox processes of transition metals or metal nanoparticles [ 3 ]. A variety of 
d,π- conjugated systems have been developed by using polyanilines and quinone-
diimines [ 4 ]. Such systems are likely to be of potential in organic synthesis and 
materials synthesis. 

 Another π-conjugated system depends on nonplanar π bowl, sumanene, which is 
a partial C 3 v   structure of C 60 . The π-bowl chemistry of sumanene has been developed 
together with derivatization of sumanene through use of the benzylic positions. 
Complexation with nonplanar π-conjugated plane leads to various coordination 
modes including selective concave and convex complexation. Thus-obtained com-
plexes are envisioned to exhibit unique reactivities due to coordination to nonplanar 
π  surface [ 5 ]. 

 The last challenging issue is how to construct the sterically regulated chiral space 
using biomolecules. Organometallic compounds are introduced to dipeptide, 
 peptide, nucleobase, and DNA to achieve steric regulation and self- assembly to 
afford the corresponding chiral spaces [ 6 ]. These systems are evaluated as potential 
catalysis and materials from the viewpoint of bioorganometallic chemistry. 

 In the future, a combination of the effi cient redox reactions, π-conjugated redox 
systems, and sterically regulated spaces will permit the more effi cient and selective 
redox catalysts and materials in artifi cial systems as observed in nature.    
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