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Redox Systems Under Nano-Space Control

Supramolecular chemistry has permitted a variety of conceptually novel ar-
tificial systems in various fields. Quite recently, the dynamic behavior is re-
quired by using the properties of these systems. From these points of view,
the construction of functionalized redox systems under nano-space control
appears to be essential for efficient electron and/or hole transfer in pio-
neering organic synthesis and nanostructured materials. For this purpose,
coordination-induced, metal-assembled, self-assembled, and molecular chain-
induced highly regulated spaces in a nano level play an important role through
fusion of techniques in modern chemistry including supramolecular and bio-
inspired chemistry. This book consist of three parts: redox systems via d,7n-
conjugation, coordination control, and molecular chain control, mainly dealing
with the precise synthesis of m-conjugated and d,m-conjugated systems, metal-
lohosts, metal clusters, self-assembled monolayers and antibody systems, and
their application. Furthermore, the recent progress of rotaxanes and catenanes,
dendrimers, and star-shaped polymers is also described as important part of
this book. These systems are expected to achieve the dynamic redox functions
for highly selective and versatile electron-transfer reactions and functional-
ized nano-device materials. For future investigation, their functions should be
more beautiful. In this sense, I hope that this book will deepen the readers’
background and widen the scope of nanoscience.
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Chapter 1

Conjugated Complexes with Quinonediimine Derivatives

TosHIYUKI MORIUCHI - TOSHIKAZU HIrRAO

Department of Applied Chemistry, Graduate School of Engineering, Osaka University,
Yamada-oka, Suita, Osaka 565-0871, Japan

Summary An architecturally controlled formation of conjugated complexes with redox-
active m-conjugated quinonediimine (qd) ligands by regulation of the coordination mode is
described in this chapter. The qd moiety also serves as a redox-active rr-conjugated bridging
spacer for the construction of redox-active conjugated complexes. Incorporated metals play
an important role as a metallic dopant to form a multiredox and multimetallic system.
Conjugated complexes provide redox-switching systems based on redox properties of the
qd spacer.

Abbreviations

bpy 2,2'-Bipyridine

CD Circular dichroism

Cp Cyclopentadienyl

DABCO 1,4-Diazabicyclo[2.2.2]octane

DMF  N,N-Dimethylformamide

DMSO Dimethyl sulfoxide

en Ethylenediamine

EPR Electron paramagnetic resonance

ESI-MS Electrospray ionization mass spectrometry

ET Electron transfer

Et Ethyl

Fc Ferrocene

FT-IR  Fourier transform infrared spectrometry
ICD Induced circular dichroism

L Liter(s)

Me Methyl

mol Mole(s)

NMR  Nuclear magnetic resonance
NOE Nuclear Overhauser effect
OAc Acetate

pd 1,4-Phenylenediamine
pda Phenylenediamide dianion
Ph Phenyl

POT  poly(o-toluidine)
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qd Quinonediimine

sq Semiquinonediimine radical anion
THF  Tetrahydrofuran

tpy 2,2":6/,2"-Terpyridine

UV-vis Ultraviolet-visible

1.1
Introduction

m-Conjugated polymers have attracted much attention in their application to
electrical materials depending on their electrical properties [1]. The func-
tion of m-conjugated polymers is expected to be modified dramatically by
the incorporation of metallic centers into the polymers [2,3]. The conju-
gated polymeric complexes, in which transition metals are incorporated in
the main chain, have been focused as one approach [3]. The interest in
these conjugated polymeric complexes has been concerned mainly with the
nature of interactions between the metal centers through a m-conjugated
chain. Polyanilines are a promising electrically conducting m-conjugated
polymer with chemical stability. Polyanilines exist in three different dis-
crete redox forms, which include the fully reduced leucoemeraldine base
form, the semioxidized emeraldine one, and the fully oxidized pernigrani-
line one [1b]. Two nitrogen atoms of the quinonediimine (qd) moiety of
the emeraldine base form have been revealed to be capable of participat-
ing in the complexation to afford novel conjugated complexes [2c-i]. Mul-
ticoordination permits the construction of multiredox systems with elec-
tronic communication between metals through the m-conjugated spacer. The
polymer complex can effectively serve as an oxidation catalyst [2c-e, 2g],
in which the qd moiety is considered to contribute to a reversible re-
dox process in the catalytic cycle of a transition metal. A d,m-conjugated
cluster-type catalytic system is considered to be constructed for the first
time. The qd moieties are reduced to semiquinonediimine radical anions
(sq) and phenylenediamide dianions (pda), both of which possess bind-
ing capability to metals. The combination of this redox behavior and com-
plexation with transition metals is expected to provide an efficient re-
dox system. 1,2-Benzoquinonediimines have received extensive interest as
aredox-active ligand in this context [4]. However, transition-metal complexes
with 1,4-benzoquinonediimine have been investigated in only a few cases,
and the coordination behavior of 1,4-benzoquinonediimine has hitherto re-
mained unexplored [5]. 1,4-Benzoquinonediimines are present as a mixture
of anti and syn isomers. The regulation of the coordination mode of the
qd moiety is a promising approach to an architecturally controlled forma-
tion of redox-active conjugated polymeric or macrocyclic complexes with
1,4-benzoquinonediimines.
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This chapter sketches an outline of conjugated complexes with redox-active
n-conjugated qd derivatives, including redox properties and structures of the
conjugated complexes.

1.2
Architecturally Controlled Formation of Conjugated Complexes
with 1,4-Benzoquinonediimines

The formation of conjugated complexes is demonstrated by the use of a redox-
active m-conjugated molecule, N,N’-bis(4’-dimethylaminophenyl)-1,4-benz-
oquinonediimine (L') [6], which is a model molecule of polyaniline. The
complexation with a palladium complex bearing a tridentate ligand, which has
one open coordination site, is considered to give a bimetallic conjugated com-
plex. In this context, the palladium(II) complex [(L?)Pd(MeCN)] (1) bearing
one interchangeable coordination site is prepared by treatment of Pd(OAc),
with the N-heterocyclic tridentate podand ligand, N,N’-bis(2-phenylethyl)-
2,6-pyridinedicarboxamide (L2H,) [7]. The X-ray crystal structure of 1 [8]
indicates that the open coordination site is occupied by an ancillary ace-
tonitrile (Fig. 1.1) [9]. The macrocyclic tetramer [{(L?)Pd}4] (2) is obtained
quantitatively by removal of a labile acetonitrile ligand (Scheme 1.1) [10]. The
coordination of the amide oxygen atom to the palladium center is observed
in the X-ray crystal structure (Fig. 1.2). Interestingly, treatment of 2 with
acetonitrile leads to the reversible formation of 1.

Fig. 1.1. Molecular structure of 1 (hydrogen atoms omitted for clarity)
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Fig.1.2. (a) Molecular structure of 2 (phenylethyl moieties and hydrogen atoms omitted for
clarity). (b) Space-filling representation of molecular structure of 2 (phenylethyl moieties

and hydrogen atoms omitted for clarity)

The reaction of L! with two equimolar amounts of the palladium(IT) com-
plex 1 leads to the formation of the 1:2 conjugated homobimetallic palla-
dium(IT) complex [(L?)Pd(L')Pd(L?)] (3, Scheme 1.2) [11]. The X-ray crystal
structure of the C,-symmetrical 1:2 complex 3anti reveals that the two [(L?)Pd]
units are bridged by the qd moiety of L! with a Pd-Pd separation of 8.17 A,
as depicted in Fig. 1.3. The steric interaction between the hydrogen atoms at
C(32) and at C(38) causes the phenylene ring of L! to rotate away from the

orientation parallel to the qd moiety.
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a b

Fig.1.3. (a) Top view and (b) side view of the molecular structure of 3anti (hydrogen atoms
are omitted for clarity)

Variable-temperature ' H NMR studies of the conjugated complex 3 indicate
interesting molecular dynamics in solution. As the temperature is lowered, the
peaks of the syn isomer 3syn appear and increase gradually. The conjugated
complex 3 prefers an anti configuration at temperatures above 220K and,
conversely, the syn configuration at below this temperature. The conjugated
complex 3 in dichloromethane shows three separate redox waves (Ej/, = —1.49,
—0.85, and 0.20 V vs. Fc/Fc") (Fig. 1.4). The waves at —1.49 and —0.85V are
assigned to the successive one-electron reduction of the qd moiety to give the
corresponding reduced species. This result is in sharp contrast to the redox
behavior of L! in dichloromethane, in which an irreversible reduction wave
is observed at —1.67 V. Generally, the generated radical anion appears to be
unstable, although this depends on the availability of a proton source [12]. In

32+

Fig. 1.4. Cyclic voltammo-
gram of 3 (1.0 x 107> M)
in dichloromethane (0.1 M
nBuyNClOy) at a glassy
carbon-working electrode I I I I I ‘
with scan rate = 100 mV/s 16 1.2 08 -04 0.0 0.4
under Ar V vs Fc/Fc*
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the case of reduction of the complex 3, the added electrons are considered to
be delocalized over the Pd'-qd d-n* system. Compared with the uncomplexed
one, the complexed qd becomes stabilized as an electron sink. Accordingly,
the redox properties of the qd moiety are modulated by complexation with the
palladium complex 1, affording a multiredox system. The most positive anodic
peak with twice the height (E;/; = 0.20 V) is attributable to the one-electron
oxidation process of the two terminal dimethylamino groups. A substantial
positive shift of this oxidation wave compared with the free qd L! (E1; =
—0.08 V) is consistent with the coordination of L! to palladium. Redox behavior
of the conjugated complex 3 is depicted schematically in Scheme 1.3. The ESR
measurement indicates that the unpaired electron is located mostly on the qd
moiety, although some delocalization onto the metal is revealed by the weak
satellite lines due to °>Pd coupling.

On the other hand, treatment of L! with [PdCl,(MeCN),] having two coor-
dination sites in acetonitrile leads to the formation of the conjugated polymeric
complex 4, in which the palladium centers are incorporated in the main chain
(Scheme 1.2) [13]. In 4, both syn and anti isomers of the qd moieties are likely
to be present.

To regulate the coordination mode of the qd moiety, a metal-directed
strategy for the construction of metallomacrocycles is embarked upon using
[PA(NO3)2(en)], which has cis binding sites as a “metal clip”. The conjugated
trimetallic macrocycle [{Pd(en)(L!)}3](NOs)s (5) is obtained quantitatively
by treating L! with an equimolar amount of [Pd(NO3),(en)] (Scheme 1.2) [13].
The X-ray crystal structure of 5 confirms a trimetallic macrocyclic skeleton and
the coordination of both qd nitrogen atoms to the palladium centers in the syn
configuration with a Pd-Pd distance of 7.68 A (Fig. 1.5). The noteworthy struc-
tural feature is that the qd planes are inclined about 28° to the plane defined by
the six nitrogen atoms of the qd moieties (Fig. 1.6). An open cavity possessing
different faces is formed with the cone conformation. This inclination of the qd
planes is probably due to the coordination of the nitrogen atoms to the palla-
dium centers. Another remarkable feature of the structure is the orientation of
the phenylene rings of L! in a face-to-face arrangement at a distance of about
3.5 A at each corner of the triangle, which suggests a - stacking interaction.
Macrocycle 5 accommodates two methanol molecules at the top and bottom
of the cavity, which permits the encapsulation of 1,2-dimethoxybenzene as
a guest molecule.

In recent years there has been increased interest in chiral induction of
polyanilines because of their potential use in diverse areas such as surface-
modified electrodes, molecular recognition, and chiral separation [14]. Chiral
polyaniline is formed by a chiral acid dopant [15]. The use of chiral complexes
induces chirality to the m-conjugated backbone of polyaniline, giving the cor-
responding chiral d,m-conjugated complexes. Complexation of L! with two
equimolar amounts of chiral palladium(II) complexes, [((S,S)-L3)Pd(MeCN)]
((S,8)-6) and [((R,R)-L?*)Pd(MeCN)] ((R,R)-6), yields the chiral 1:2 con-
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Fig. 1.5. (a) Molecular structure of 5 (hydrogen atoms and NO3 ions omitted for clarity).
(b) Space-filling representation of molecular structure of 5 (hydrogen atoms and NO3 ions
omitted for clarity). Two methanol molecules are located at the top and bottom of the cavity
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Fig. 1.6. Schematic representation of 5

jugated palladium(II) complex [((S,S)-L>)PA(LYHPA((S,S)-L*)] ((S,5)-7) or
[((R,R)-L?)PA(L))PA((R,R)-L?)] ((R,R)-7), respectively (Scheme 1.4) [16]. Al-
though variable-temperature 'H NMR studies of the conjugated complex
(8,8)-7 indicate the existence of syn and anti isomers in solution, the mir-
ror image relationship of the CD signals around CT band (600 to 900 nm) of
the qd moiety is observed between (S,S)-7 and (R,R)-7 in dichloromethane, as
shown in Fig. 1.7. This induced CD (ICD) is not observed in the case of 6. These
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Fig. 1.7. CD spectra 6.0
of 6 (1.0 x 107* M) " (R,R)-6 (R,R)-7
and 7 (0.5 x 1074 M) in 40 | it
dichloromethane
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results suggest that chirality of the qd moiety appears to be induced through
chiral complexation.

The X-ray crystal structure of the C,-symmetrical 1:2 complex (R,R)-7syn
reveals that the two [(L?)Pd] units are bridged by the qd moiety of L! with
a Pd-Pd separation 7.59 A, as depicted in Fig. 1.8. Each phenylene ring of L
has an opposite dihedral angle of 47.3° with respect to the qd plane, causing
a propeller twist of 75.6° between the planes of the two phenylene rings. The
chirality of the podand moieties of [(L?)Pd] is considered to induce a propeller
twist of the m-conjugated molecular chain.

The chiral conjugated polymer complex [POT-((S,S)-L3Pd)] ((S,S)-8) is
obtained by the treatment of the emeraldine base of poly(o-toluidine) (POT)
in THF with (S,5)-6 (Scheme 1.4) [16]. The UV-vis spectrum of (§,S)-8 in
THF shows a broad absorption around 500 to 900 nm, which is probably due

Fig. 1.8. a Top and b side views of molecular structure of (R,R)-7syn (hydrogen atoms
omitted for clarity)
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Fig. 1.9. CD spectra
(top) of 8 and UV-vis
spectra (bottom) of
(8,5)-8 and POT in THF
(1.3 x 1073 M)
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to a low-energy charge-transfer transition with significant contribution from
palladium (Fig. 1.9). Furthermore, the mirror image relationship of the ICD
signal around 500 to 850 nm is observed with (R,R)-8 (Fig. 1.9), supporting the
chirality induction in the case of POT. The random twist conformation of POT
might be transformed into a helical conformation with a predominant screw
sense through complexation.

The redox properties of pd and coordination ability of the corresponding
oxidized qd permit the in situ oxidative complexation of pd with the palla-
dium(IT) complex 1 to form the conjugated bimetallic complex [(L?)Pd(qd)
Pd(L?)] (9) (Scheme 1.5) [10]. In the 'H NMR spectrum of the conjugated
complex 9, two sets of peaks based on syn and anti qd isomers are observed
in DMSO-dg. The cyclic voltammogram of the conjugated complex 9 in DMSO
exhibits two separate redox waves at Ej, = —1.52V and —0.78 V vs. Fc/Fc*
assignable to the successive one-electron reduction of the qd moiety. The X-ray
crystal structure of 9anti revealed that the two [(L!)Pd] units are bridged by
the qd spacer (Fig. 1.10). Each benzene ring of the podand moiety of [(L!)Pd]
is oriented in a near face-to-face arrangement at a distance of ca. 3.8 A with
the benzene ring of another [(LYHPd] to form a pseudomacrocycle.

A conjugated complex containing an [M"*(qd)M"™*] unit may, in prin-
ciple, be converted to two other valence isomers, [M"**D*(sq)M"*] and
M+ D*(pda)M"+ D+], that differ only in the electron distribution between
the qd moiety and metals. This valence isomerization is considered to de-
pend on the redox properties of both components. Vanadium compounds can
exist in a variety of oxidation states and generally convert between the states
via a one-electron redox process [17]. Vanadium compounds in low oxida-
tion states can serve as one-electron reductants, as exemplified by the redox
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Fig. 1.10. (a) Molecular structure of 9anti (hydrogen atoms omitted for clarity). (b) Space-
filling representation of molecular structure of 9anti (hydrogen atoms omitted for clarity)

process of V(III) to V(IV). The m-conjugated molecule L! and POT undergo
complexation with VCl; together with redox reaction, affording the conjugated
complexes 10 and 11, respectively. The complexation proceeds via reduction of
the qd moiety with oxidation of V(III) to V(IV), in which the vanadium species
is considered to play an important role in both complexation and reduction
processes (Scheme 1.6) [18]. The cyclic voltammogram of L! exhibits only one
redox couple (Ej/» = —0.08 V) corresponding to the two one-electron-transfer
processes of the two terminal dimethylamino groups in DMF. The addition
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of a 2 molar equiv of VCl; to the solution of L! leads to the appearance of
new redox couples (Ej/; = —0.19 and 0.01 V). The redox couple at —0.19 V is
considered to be attributable to the vanadium-bound reduced qd moiety. The
plausible redox processes are shown in Scheme 1.7.

13
Redox-Switching Properties of Conjugated Complexes
with 1,4-Benzoquinonediimines

Bimetallic complexes composed of m-conjugated bridging spacers and termi-
nal redox-active transition metals have received much attention as functional
materials with focus on the electronic communication through a 7-conjugated
spacer [19]. However, redox-switching systems for such transition metals
have been investigated in only a few cases [20]. The introduction of termi-
nal redox-active ferrocenyl units into a 1,4-phenylenediamine (pd) bridging
spacer provides a novel redox-switching system for electronic communica-
tion through the m-conjugated bridging spacer [21]. The pd derivative Lfe d
bearing terminal ferrocenyl units is synthesized by the Pd,(dba)s;/(+)-BINAP-
catalyzed amination of 4-bromophenylferrocene with pd (Scheme 1.8). The
X-ray crystal structure of L‘rle 4 reveals a twist conformation of the pd moi-

ety as shown in Fig. 1.11. The pd derivative L?e 4 s readily oxidized with

PhIO to give the qd derivative L}
(Scheme 1.8).

The pd derivative L4 od exhibits four one-electron redox waves (E;, = —0.13,
—0.03,0.16, and 0.49 Vvs Fc/Fc") in dichloromethane. The waves at —0.13 and
—0.03 V are assigned to the successive one-electron oxidation of the ferro-
cenyl moieties. It should be noted that electronic communication between the
ferrocenyl moieties is observed through the pd bridging spacer. The extent
of the ferrocene-ferrocene interaction is estimated from the wave splitting,
AEj;; = 0.10V. The corresponding equilibrium constant (K.) for the com-
proportionation reaction ([Fc-Fc] + [Fc*-Fc*] = 2[Fc*-Fc]) is 49. The waves
at 0.16 and 0.49V are assigned to one-electron oxidation processes of the
pd moiety. This result is in sharp contrast to the redox behavior of L? in
dichloromethane, in which the redox of the qd moiety and ferrocenyl ones
is observed as an irreversible reduction wave at —1.66 V and simultaneous
one-electron redox wave at 0.005 V, respectively. In the case of the oxidized
form LY, electronic communication between the terminal ferrocenyl moieties
is suppressed. These results indicate that a redox switching of the electronic
communication through the redox-active pd bridging spacer is achieved in
this system. Such communication is not observed with the m-conjugated qd
molecule L° [22].

Complexation of LY with the palladium(II) complex 1 leads to the for-
mation of the 1:2 conjugated palladium(II) complex [(LZ)Pd(Léx)Pd(LZ)] (12)

« as syn and anti (1:1 ratio) qd isomers
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Fig. 1.11. Molecular structure of L} ; (hydrogen atoms omitted for clarity)
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(Scheme 1.9) [21]. The X-ray crystal structure of 12 reveals that the two [(L!)Pd]
units are bridged by the qd spacer to form the 1:2 complex 12antiin an anti con-
figuration as shown in Fig. 1.12. In the case of 12, no electronic communication
is observed between the terminal ferrocenyl moieties.

The ruthenium(II) complex 13,4 bearing N,N’-bis(4-aminophenyl)-1,4-
phenylenediamine moieties can be chemically oxidized to the corresponding
qd derivative 130x (Scheme 1.10) [23], while the oxidized form 134 is reduced
to the reduced form 13,4 with NH,NH, - H,O0. In the emission spectrum of
13,4 excited at 477 nm, almost complete quenching is observed in acetonitrile.
An efficient photoinduced electron transfer is likely to operate in complex
13,4, where the reduced form of the m-conjugated pendant groups serves as
an electron donor. Use of the oxidized form 134 also results in a quenched
spectrum upon excitation at 477 nm. Taking the reported electron-transfer
mechanism of complexes bearing a viologen or benzoquinone moiety into
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A
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N
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Scheme 1.9. 12anti
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Fig.1.12. Molecular structure of 12anti (phenylethyl moieties and hydrogen atoms omitted
for clarity)
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account [24], this result might be explained by electron transfer in a direction
opposite to that of 13,4 or energy transfer.

Although polynuclear bipyridyl ruthenium(II) complexes linked by a bridg-
ing spacer have been investigated electrochemically and photophysically to
provide electronic and photoactive devices [19a, 25], only a few cases have
focused on redox-active bridging spacers [26]. In combination with a redox-
active pd function, such complexes afford a novel redox-active donor-acceptor
system. The dinuclear ruthenium(II) complex 14 exhibits a redox-switchable
photoinduced electron-transfer system as observed in the ruthenium com-
plex 13 (Scheme 1.11) [27]. In the emission spectrum of 14,4 excited at 450 nm
in dichloromethane, almost complete quenching is observed. The quenching
of 14,4 is probably attributed to the photoinduced electron transfer from
the pd moiety to the bpy-Ru moieties, wherein the pd moiety serves as an
electron donor. The emission is also quenched in the case of the oxidized
form 144.

Photoirradiation of (acetonitrile)(2,2'-bipyridine)(2,2":6’,2"-terpyridine)
ruthenium(II)hexafluorophosphate [Ru(tpy)(bpy)(CH3CN)](PFs), in the
presence of pd leads to the formation of the conjugated ruthenium(II)
complex [(tpy)(bpy)Ru(pd)Ru(tpy)(bpy)](PFs)4 (15r4) in a one-pot reaction
(Scheme 1.12) [28]. The X-ray crystal structure of 15,4 reveals that the two

4PFg

1 4red

NHoNH,oH,O || Pb(OAc)s

Scheme 1.11.
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(0.5 equiv.)

Scheme 1.12.
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[(tpy)(bpy)Ru] units are bridged by the pd spacer to form the C,-symmetrical
1:2 complex 15.¢q in an anti configuration, in which the qd bridging spacer
is sandwiched between two tpy moieties of each [(tpy)(bpy)Ru] unit through
m—m interaction (Fig. 1.13). The redox switching of the emission properties of
15is also possible. The reduced form 15,4 shows the emission at 605 nm in ace-
tonitrile. In contrast, almost complete quenching is observed in the emission

spectrum of the oxidized form 15.

Photoinduced electron transfer is observed with the porphyrin bearing
four dimensionally orientated redox-active m-conjugated phenylenediamine

\QJ\.

N1 @\ggvg

Fig. 1.13. Molecular structure of 15,4 (hydrogen atoms omitted for clarity)
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strands. Electron transfer in an opposite direction might be possible by ox-
idation of the phenylenediamine moieties. Treatment of the zinc porphyrin
16 with 0.5 molar equiv of a bidentate ligand, 1,4-diazabicyclo[2.2.2]octane
(DABCO), affords the sandwich dimer complex 17, in which the zinc porphyrin
moieties are surrounded by 7-conjugated pendant groups (Scheme 1.13) [29].
The connection of the zinc porphyrin 18 with a m-conjugated bridging ligand,
4,4 -bipyridine, gives the sandwich dimer complex 19 (Scheme 1.14) [30].

Scheme 1.13.
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(0.5 equiv)

Scheme 1.14.

14
Conclusion

m-Conjugated qd derivatives are recognized as a m-conjugated bridging lig-
and based on the coordination ability of the qd nitrogen atoms. Another
advantage depends on their redox properties. The qd moieties are reduced
to semiquinonediimine radical anions (sq) and phenylenediamide dianions
(pda), both of which also possess the ability to bind to metals. The combina-
tion of this redox behavior and complexation with transition metals provides
an efficient redox system. The formation of conjugated complexes with redox-
active m-conjugated qd derivatives is controlled by the coordination mode of
the qd moiety. Incorporated metals play an important role as metallic dopants,
and the complexed qd becomes stabilized as an electron sink. Furthermore, chi-
rality induction to the m-conjugated backbone of polyaniline is performed by
the complexation with chiral complexes, affording the chiral d,m-conjugated
complexes. Another noteworthy feature of the conjugated complexes is the
redox-switching properties based on the redox control of the qd spacer. The
conjugated complexes composed of the redox-active conjugated qd ligands are
envisioned to provide not only functional electronic materials but also redox
catalysts.
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Chapter 2

Realizing the Ultimate Amplification
in Conducting Polymer Sensors:
Isolated Nanoscopic Pathways

TiMoTHY M. SWAGER

Department of Chemistry, Massachusetts Institute of Technology, Cambridge, MA 01239,
USA

Summary The ability of electronic polymers (molecular wires) to amplify sensory signals
has been well documented in both optical and electrical transduction schemes. For optical
(fluorescent) sensors a continous film with facile three-dimensional transport is optimal. In
resistivity-based sensors the ultimate gain is realized when the carriers are constrained to
nanoscopic pathways. In this architecture the carriers are forced to traverse barriers that are
erected as a result of molecular recognition events. Without restricted nanoscopic pathways
the carriers can simply go around the barrier, and although the resistivity will be increased,
the full potential of the gain is not realized. In this chapter, I briefly describe systems that
fulfill the desired restrictions in carrier transport and present analysis that supports the
assertion that chemoresitive materials with isolated pathways offer great potential for the
creation of ultrasensitive sensors.

Abbrevations

CP  Conducting polymer
PPE Poly(phenylene ethynylene)
AFM Atomic force microscope

Ppy Poly(pyrrole)
C-Py Canopied poly(pyrrole)

2.1
Dimensionality in Molecular-Wire Sensors

Nanomaterials have been at the heart of most recent sensor innovations. The
enhancements offered by nanomaterials are multifaceted and can be as sim-
ple as producing a larger surface-to-volume ratio and as complex as creat-
ing molecular electronic circuitry. Some years ago my group demonstrated
sensory-response amplification using molecular wires [1]. The concepts are
universal and applied to sensors that functioned in either resistive or emissive
modes. This chapter will focus largely on resistive systems wherein the molec-
ular wire is a conducting polymer (CP). As illustrated in Fig. 2.1, the conceptual
inspiration is to create a device wherein charge passes through a molecular wire
comprised of repeating units that are effectively variable resistors. Recognition
elements attached to these repeating units are designed to give an increase in
resistance upon binding of the target analyte. If all of the repeating units of
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Fig. 2.1. Conceptual illus- Facile Conduction
tration of a molecular-wire o
sensor. In an analyte-free
enviornment the wire’s re-
ceptors are vacant and the
wire has a very low resis-
tance. Upon binding a target
analyte, a local activation
barrier is erected and trans-
port of the carriers (in this
case radical cations) through
the point of analyte binding
becomes a highly activated
(resistive) process. Ideally the
wire’s resistance increases to
a point where it is rendered
insulating by a single binding
event

the wire are competent analyte binding sites, then we expect to see a response
that reflects the additivity of the association constants of all of the receptors in
the wire. In other words, if we have 10° receptors wired in series each having
a binding constant of 10°, we would expect to see a sensory response with an
effective association constant of 10!°. Antibodies can provide this level of asso-
ciation constant; however, in this case the association is effectively irreversible
and the response is a function of the exposure time to the analyte. Therefore
a system working in a nonequilibrium (irreversible mode) is properly called
a dosimetric sensor. To use such a system for continuous monitoring of an
analyte’s concentration, the system must be subjected to other periodic reset
events (i.e., antibody denaturing).

A difficulty with demonstrating molecular-wire sensors, which is often
a point of contention in molecular electronic-device claims, is that it is ex-
tremely difficult to make verifiable contacts to single molecules. Even if one
achieves a stable contact with the electrode, the prospects for mass production
of reliable devices is a daunting challenge. Furthermore, whenever a single
molecule or CP is examined, it will necessarily display stocastic behavior be-
cause its individual environment is dynamic and randomly fluctuating [2].
As a result of these inherent problems, we chose to initially demonstrate the
intrinsic amplifying ability of molecular wires by making use of the ability of
semiconductive electronic polymers to transport optically generated excita-
tions (excitons). In this way we could determine amplification within a dilute
solution of noninteracting molecular wires. Given that we measure the re-
sponse of a large number of individual molecules, we will not observe stocastic
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effects. Furthermore the input and output signals are photons, and therefore
the above mentioned difficulties of electrode contacts are mitigated.

There are many differences between an optical molecular-wire demonstra-
tion and the electrical device conceputalized in Fig. 2.1. One obvious difference
is that the excitons in the optical system can undergo spontaneous emission,
which leads to a finite lifetime of the carriers. A second, less appreciated, as-
pect is that excitons in a structurally homogenous electronic polymer do not
display a directional predispostion and wander aimlessly in a random-walk
process. In other words, the exciton does not systematically sample each re-
ceptor in turn, and the detection of the analyte requires a chance encounter.
In solution, the governing physics of this process yields limited amplifica-
tion, and we determined that excitations can visit approximately 140 polymer
repeating units in poly(phenylene ethynylenes) (PPEs) [3]. This significant,
but limited, amplification is due to the fact that undirected one-dimensional
diffusion (electronic polymer in solution) is extremely inefficient and to sam-
ple 140 repeating units in a one-dimensional random walk, the system has
to make 1407 energy jumps [4]. Hence in an isolated photonic molecular
wire the excitons revisit the same units many times. Fortunately, the situa-
tion is greatly improved in thin films (Fig. 2.2), wherein the random-walk
statistics of diffusion allow for the excitons to visit far more receptors. Exci-
ton diffusion is also facilitated in thin films by facile dipolar energy transfer
between polymer segments. We have extablished the role of dimensionality
in precisely constructed thin films and observed an increase in the exciton
energy transfer efficiency upon transitioning from two dimensions to three
dimensions [5]. Although the precise numbers are difficult to determine, the
amplification in thin films likely exceeds 10* and has enabled unique sen-
sors to be constructed. In particular, these designs have been used to create
the most sensitive explosives sensors ever produced, which rival the detec-
tion limits displayed by trained canines [6]. To summarize, molecular-wire
amplification in a fluorescent mode requires the maximal freedom for ex-

C()]'I‘]I.I&dl(_d Polymer Film

Analyte
Quencher or
Emissive Trap

Increases in Diffusion Path Length Enhance Sensitivity

Fig. 2.2. Schematic representation showing exciton diffusion in a thin film. The diffusion
path length determines the number of analyte binding sites an exciton can visit. Longer
path lengths are enhanced in 3D films
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citon diffusion that is achieved in a three-dimensional continuous material
(Fig. 2.2). However, in the molecular-wire-resistivity schemes an external volt-
age provides a vectorial (directional) movement of the charge in one direction
(Fig. 2.1).

2.2
Analyte-Triggered Barrier Creation in Conducting Polymers

The resistive sensory scheme shown in Fig. 2.1 requires that an analyte binding
event create an impediment to charge transport. An example of such a designed
system and its sensory response to sodium ions is given in Fig. 2.3. The molec-
ular wire in this case is based upon polythiophene, and the electrochemically
injected carriers are cationic [7]. The polymer is designed to be highly specific
to sodium ions, and the binding thereof creates the desired energy barrier
shown in Fig. 2.1 by a combination of three effects. In the bound form the
lone pairs of the phenolic crown-ether oxygens are coordinated to the sodium
ions, which reduces their ability to stabilize proximate cationic carriers (either
a cation radical or dication). In addition to lone-pair effects (delocalization),
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Fig.2.3. The polymer shown on the left ceases to conduct in the presence of sodium ions due
to the formation of large barriers to electrical transport (see text). The in situ conductance
(which is proportional to the drain current) shows the polymer to be a good conductor
when doped by applying a potential above 0.4 V in the absence of sodium ions. The polymer
effectively becomes an insulator in the presence of a solution that is half millimolar in
sodium ions
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the positive charge of the sodium ion will have repulsive electrostatic interac-
tions with the cationic carriers. To further block carrier transport, the binding
of the specific alkali metal ions to polymers of this type introduces a large
dihedral angle between the planes of the two thiophene rings that are part
of the crown-ether macrocycle [8]. The combination of these three effects is
profound, and the electrical chemosensor response is shown in Fig. 2.3 [7].
The data shown in Fig. 2.3 are obtained from a microelectrochemical transistor
device that effectively measures the conductance (271) in situ as a function
of doping level (number of carriers). The doping level is a function of applied
electrochemical potential (vs. Ag/Ag™) applied to two individually addressable
contact electrodes interconnected by the polymer to form a circuit. At low
applied potentials there are no carriers and the polymer is an insulator (no
drain current), and at higher potentials carriers are oxidatively injected and the
conductance increases. The conductance hysteresis in the absence of sodium
ions is due to structural relaxations in the polymer that occur with doping.
Upon the addition of sodium ions the conductance drops dramatically and the
resultant current is that of the polymer’s cyclic voltammogram. This Faradaic
current is always present as an artifact of the measurement but is typically
obscured by the large conductance. The fact that the polymer is virtualy an
insulator in the presence of sodium ions allows for this contribution to the
electrical behavior to be readily observed.

In spite of the large resistivity increase (conductance decrease) of the CP in
Fig. 2.3, as well as systems from our laboratory [9-11], the responses represent
onlyafraction of the potential sensitivity. The reason for this limited response is
that the CPs are deposited in a continuous film over the electrodes and virtually
allow for an infinite number of carrier paths between the electrodes. As shown
in Fig. 2.4 the analyte-induced barriers can only effectively impede the carrier
transport by forcing them into less direct alternate routes between the cathode

Conducting Polymer Film Analyte Induced Barriers

Fig. 2.4. Schematic representation of analyte-induced impediments to carrier (in this case
cation radicals or polarons) transport through a continiuos film of a CP. An increase in the
resistance (€2) is observed due to the longer path necessary for the carrier to travel from
one electrode to the other
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and anode. This elongated carrier path length will increase the resistance
(resistance scales linearly with distance), but only with a large number of
bound analytes will the material cease to conduct as in Fig. 2.3.

2.3
Isolated Nanoscopic Pathways

Given that a continuous film of a CP is not the optimal morphology for creat-
ing the ulimate resistive molecular-wire sensors and stringing single molecular
wires between electrodes is presently impractial, my group’s efforts have been
focused on creating structures that offer an intermediate situation. Our scheme
is to create networks of nanoscopically structured molecular wires wherein the
carriers are restricted from essentially an infinite number of pathways in a con-
tinuous film to a finite number of nanoscopic pathways. Differential resistance
measurements can be made with sub-ppm resolution with inexpensive elec-
tronics, and in principle we could achieve facile single molecule dection with
systems having millions of parallel independent (insulated) pathways. In the
remainder of this chapter, I will detail promising methods that can be used
to create architectures capable of producing sensory devices having insulated
nanoscopic electrical-conduction pathways.

24
Langmuir-Blodgett Approaches to Nanofibrils

One method we have used to create the required architectures involves a com-
bination of self-assembly and mechanical methods to organize electronic
polymers into aligned nanofibril assemblies. This approach builds on Weg-
ner’s pioneering work on the assembly of polymers into aligned films using
the Langmuir-Blodgett technique [12]. In those studies it was demonstrated
that polymers dispersed at the air-water interface could be transfered to give
aligned polymer films on solid substrates by the Langmuir-Blodgett method.
The polymer requirements were that they have a high density of sidechains that
cylindrically enshroud the polymer’s backone and an anisotropic shape persis-
tent structure. The high density of side chains prevents strong intermolecular
interactions between the rigid unsaturated polymer backbones, which allows
the anisotropic macromolecules to dynamically reorientaate in the presence
of a flow field. Wegner termed polymers having these properties hairy rods,
and the monolayer at the air-water interface is a two-dimensional nematic
liquid crystal provided that the polymers have a sufficiently high aspect ratio.
The prototypical hairy-rod systems were shish-kebab polymers based upon
octa-sidechain phthalocyanine repeating units and polyphenylenes with two
side chains per unit [12]. A key feature of both of these hydrophobic systems is
that they do not have a planar boardlike structure (hence the rod designation),
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which often creates strong interpolymer cofacial 7r-electron interactions.! Such
strong associations create rigid films at the air-water interface and chain align-
ment cannot be achieved by flow fields. This design element is very restrictive
and effectively rules out highly conductive CPs with planar conformations and
extended delocalization.

To expand the scope to more delocalized electronic polymers that can be
assembled into two-dimensional liquid crystals at the air-water interface and
to gain further control over the film structures, we began experiments on PPEs
with surfactant characteristics [13-15]. Depending upon the regiochemical
disposition of the hydrophobic and hydrophilic groups, two different orga-
nizations are possible (Fig. 2.5). The edge-on structure promotes the strong
cofacial m-aggregates discussed above, and, in analogy with the parameters
originally given by Wegner, this system does not align in flow fields. To obtain
a phase wherein the polymers are ordered with their aromatic planes paral-
lel to the air-water interface, monomers having symmetric para subsituted
rings were used and alternating copolymers of hydrophobic and hydrophilic
side-chain monomers were synthesized. We refer to this as the face-on orga-
nization due to the orientation of the aromatic rings to the interface (Fig. 2.5).
In the face-on phase the interpolymer interactions are very weak and are
only due to edge-to-edge associations. Face-on structures therefore produce
two-dimensional liquid crystalline monolayers.

A large number of polymers have been investigated and demonstrate the
generality of these designs [14]. We find that with mechanical annealing (re-
peated compression and expansion of the monolayer) the polymers at the
air-water interface display alignment with their long axes perpendicular to the
direction of compression (Fig. 2.6). With this prealignment higher anisotropy
is obtained after transfer to a glass slide by the Langmuir-Blodgett method.

Edge-on : ] : I[]

Face-on L 4

¢ 4

Fig. 2.5. Two different organizations of conjugated polymers at the air-water interface.
The edge-on structure gives strong interpolymer interactions and surface crystallites that
lack the ability to be oriented by mechanical forces. The face-on structures are true two-
dimensional liquid crystals that may be readily aligned by flow fields

! Note that polyphenylenes containing substituents are extremely nonplanar polymers
with very limited conjugation.
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Fig. 2.6. Two-dimensional liquid crystalline films of surfactant CPs can be oriented by re-
peated mechanical annealing (compresssion and expansion) prior to dip-coating an aligned
film on a glass slide. The dipping creates the bulk of the alignment due to the flow field
associated with the transfer

Tranfer of aligned CP films to glass slides or silicon wafers with a natu-
ral oxide coating by the Langmuir-Blodget method produces thin films with
high optical anisotropy. If the silicon wafer is untreated thereby presenting po-
lar Si-OH groups, then the hydrophilic side chains (generally ethylene oxide
groups) bind tighly to the substrate and the films faithfully give a nanoscopi-
cally smooth conformal monolayer on the starting substrate. However in the
event that the wafer is treated with ((i-Pr)3Si),NH to render it hydrophobic
then the films undergo a structural reorgnization to minimize their surface en-
ergy [15]. The driving force for this transformation is the high surface energy
resulting from the hydrophobic chains interacting weakly with the nonpolar
surface and the polar ethylene oxide chains being forced to interface with air.
Removal of the film from bulk water creates a high-energy state with uncom-
pensated dipoles. The polymers then roll up into nanofibrils and thereby place
the polar ethylene oxide moieties in their core. An example of this type of
process is shown for a poly(phenylene ethynylene) in Fig. 2.7. The nanofibrils
have their hydrophobic chains organized outward and the surface has a hy-
drophobic (high contact angle) nature. As can be determined by atomic force
microscopy these fibers are globally aligned over the entire macroscopic sub-
strate, and optical measuremtents reveal that the polymer chains retain their
alignment after the surface reconstrution. In Fig. 2.7 we show AFM data for
a PPE containing a crown-ether macrocycle as its polar enity. The macrocycles
serve as a buttress to prevent strong interpolymer interactions that often give
rise to reduced fluorescence quantum yields. These macrocycles are, however,
not a requirement for the structural reoganization [14].

This Langmuir-Blodgett method affords an excellent route for producing
large area arrays of nanofibers and effectively limits the number of pathways
that charge carriers can use to traverse a film. However, there are multiple
polymers in each nanofibril, which can still allow for limited carrier transport
around a barrier erected by analyte binding.
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Fig.2.7. (Top) PPE structure and general model for surface reconstruction by viewing along
a projection perpendicular to the aligned polymer chain. The weak anchoring between the
hydrophobic surface (R groups) allows for the polymers to fold into nanofibrils to allow
for the assembly of the polar groups. (Bottom left) AFM image large area and smaller area
(tapping mode, scan size 200 nm, set-point 1.265 V, scan rate 2.001 Hz) of aligned nanofibrils
of the PPE shown. Note from the larger area AFM that the nanofibrils are homogenously
aligned in the direction of the dipping

2.5
Molecular Scaffolds for the Isolation of Molecular Wires

Conceptually the ultimate mechanism for creating restricted pathways in
CPs is to isolate individual wires through molecularly designed insulation.
We have approached the challenge of making insulated molecular wires by
using three-dimensional molecular scaffolds assembled about a CP’s back-
bone.

One appoach involves applying the assembly methods pioneered by Sauvage
for the formation of metal-assembled rotaxanes [16]. The metallorotaxane
structural motif that can be used to create a three-dimensionally defined struc-
ture that can isolate CPs and also introduce electronically active (redox) metal
centers in precise spatial geometries. Our approach to these types of isolated
CPs involved an interplay of directed template-assembly and sequential elec-
trochemical polymerizations as shown in Scheme 2.1 [17]. An electropolymer-
izable rotaxane structure is quantitatively assembled using a metal template.
This structure is specially designed such that the blue thread is twice as long
as the red monomer and the tetrahedral coordination geometry about the
metal centers ensures that the blue and red units are aligned in a parallel
fashion. The red portion of the rotaxane structure is very electron-rich with
ethylene dioxythiophene groups and a central dialkoxy phenyl group. These
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M = Cu*, Zn?*
Ladder Polymer Structure
Creates Insulated Molecular Wire

Scheme 2.1.

types of monomers are known to polymerize at low potentials to give highly
conductive polymers (0 22 10-100 S/cm). The blue threading polymer has un-
subsituted thiophenes and an electron-withdrawing bipyridyl core, and hence
this molecule only oxidatively polymerizes at higher potentials. The result-
ing blue CP is less interesting and only becomes a very modest conductor
(o0 ~ 0.001 S/cm) when doped at high potentials.

Due to the different oxidation characteristics of the red and blue moieties
of the rotaxane shown in Scheme 2.1, it is possible to squentially oxidatively
polymerize the different thiophene monomers. In Step 1 the potential is cycled
between —0.2V and 0.8V vs. Fc/Fc*, the red polymer, which is selectively
polymerized. The irreversible charge passed is associated with removal of two
electrons followed by C-C bond formation and the release of two protons
for each thiophene-thiophene linkage. Integration of the irreversible current
gives a faithful accounting of the amount of polymer deposited as an insoluble
film on the electrode. This result can be further validated by comparisons
of the reversible electroactivity of deposited polymers containing copper ions
relative to those containing zinc ions. The charge associated with the reversible
Cu*!/Cu*? redox wave in the deposited films can also be used to quantify the
immobilized CP. As expected, the amount of additional electroactivity is in
agreement with the amount of polymer calculated from the irreversible charge
associated with polymerization.
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Once the prepolymer has been deposited, the electrode is transferred to
a fresh monomer-free electrolyte and the blue polymer is then polymerized in
step 2 by cycling the potential between —0.2 V and 1.3 V vs. Fc/Fc*. The amount
of irreversible charge passed in step 2 is the same as that passed for the red
monomer in step 1, thereby indicating that the polymerization has reached at
least 95% completion and that the ladder structure as drawn in Scheme 2.1 is
a proper representation of the resultant polymer structure. A computationally
optimized three-demensional model of an oligomer is shown in Fig. 2.8.

The resultant CP has a very novel rotaxane ladder structure where at lower
potentials the central red polymer can be doped to a highly conductive state,
while the blue polymers are completely insulating. The CP’s structure prevents
direct interactions between neighboring red polymers, and we estimate that
they are separated by at least 10 A. For charge to be effectively transported
between conductive red polymers at low potentials, while the blue polymer
is insulating, an additional transport mechanism is needed as revealed in
Fig. 2.9. At intermediate potentials, where only the red polymer is doped, the
zinc complex displays low conductivity, whereas the copper analog is highly
conductive. As shown schematically, the copper’s electroactivity creates a path-
way for charge transport between the highly conducting red polymers, and, as
expected, the conductivity peak at ~ 0.2V vs. Fc/Fc* is coincident with the
Cu*!/Cu*? couple. At high potentials (> 0.4 V vs. Fc/Fc*) the blue polymers of
both the zinc- and copper-based materials are oxidized (doped) and thereby
provide a conductive pathway between the red polymers. In effect the insu-
lation becomes conducting and the molecular wires are interconnected. It is
noteworthy that the bulk conductivity of the ladder CP at an applied poten-
tial of 0.8 V (both blue and red polymers oxidized and conducting) exceeds
the intrinsic conductivity of the blue polymer by a factor of 10%. This reflects
the fact that the majority of the carriers’ conduction path is provided by the
more conductive red polymer and carriers need only pass through the less
conductive blue polymer occasionally and for short distances to get between
red polymers.

Conductor

Fig.2.8. Space-fillingrepresentations of the rotaxaneladder polymer metallated with copper.
The structure shown is a computationally optimized structure of an undoped octamer
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Interpolymer Electron Transfer is Slow Cu'?+* Contributes to the Conductivity
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Fig.2.9. Cyclic voltammograms and conductivity profiles as a function of applied potential
of ladder polymers metallated with zinc and copper. The zinc material only has high
conductivity when the blue polymer is oxidized over 0.5 V, whereas the copper-containing
polymer shows conductivity mediated by the Cu*!/Cu™? redox couple

An advantage of the architecture of the ladder polymer is that if a limited
number of copper ions is inserted, then the system can be placed at the percola-
tion threshold and a molecular-wire response will be realized. The percolation
threshold refers to a case where there are just enough copper ions to create
a continuous facilitated conduction path between two electrodes. Below that
threshold there are no pathways and above it there are many. Hence analytes
that bind copper ions and prevent their self-exchange redox conduction ef-
fectively remove conduction pathways and give the amplification promised
by Fig. 2.1. Studies in our laboratory have shown that these systems have an
extreme sensitivity to anions, such as fluoride, which apparently bind to the
copper ions and disrupt their reversible electrochemical activity. This sensi-
tivity reflects the molecular-wire principles described here.

Fused polycyclic ring systems can also be used to control the distance be-
tween the conjugated backbones of CPs. We intially introducted this concept
for the design of fluorescence sensory polymers and demonstrated that fu-
sion of triptycene residues containing [2.2.2] bicyclic ring systems provided
responses with size-exclusion behavior. Specifically, molecules over a specific
size were found to be excluded from the material and give a limited sensory
response [18,19]. In an effort to extend these design concepts to produce in-
sulated molecular wires with similar abilities to discriminate based upon size,
we have designed and synthesized canopied-polypyrrole (C-PPy) [20]. The
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C-PPy monomer (Fig. 2.10) is designed to have orient pendant phenyl rings
directly over the polymer’s backbone. The [2.2.1] bicyclic ring system is struc-
turally rigid and ensures that the phenyl rings must be positioned as shown in
Fig. 2.10.

The C-PPy displays a number of features that reveal the conjugated back-
bones to be relatively isolated (insulated) from each other. C-PPy’s optimal

Fig. 2.10. X-ray crystal structure (right) of the C-PPy monomer and a computationally
minimized structure of a tetramer (left). Notice that phenyl rings are placed above the
polypyrroles conjugated backbone

Scheme 2.2.
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conductivity of 40 S/cm is lower than polypyrrole’s (PPy), which can be as
high as 10> S/cm. In contrast to PPy it displays a well-defined maximum con-
ductivity at partial oxidation, and a combination of optical and electron spin
resonance studies indicate that the conduction is afforded by polarons (radical
cations) rather than bipolarons (dications) that are responsible for carrying
the majority of the current in conducting PPy. Polarons are often unstable
beyond low levels of doping in CPs due to condensation to form bipolarons. It
has been suggested that these species are generally interchain species and can
be considered m-dimers of radical cations [21]. We have shown that steric bulk
can favor the formation of polarons over bipolarons [22,23], and hence the
behavior of the C-PPy is consistent with a polymer that cannot achieve strong
interchain electronic interactions.

The interstitial space and lack of interpolymer interactions endow our C-PPy
with excellent sensory properties. To examine this behavior, we have examined
the response of this material to added base relative to the response of PPy.
It is known that in its oxidized form PPy can be made to be an insulating

Canopied-Polypyrrole
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Fig. 2.11. Electrochemical response (red) and conductivity response (blue) of C-PPy (top)
and PPy (bottom) upon exposure to pyridine and trifluoroacetic acid. As indicated in
Scheme 2.2 with oxidation, the N-H groups in both polymers become acidic, and for C-PPy
the electroactivity and conductivity are completely absent after exposure to pyridine. Note
that C-PPy responses are completly restored with acid treatment and the conductivity trace
even has the same shape. PPy, on the other hand, has alimited response, and the conductivity
and electroactivity never recover even with continued cycling in acidic media
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material due to deprotonation of the nitrogens as shown in Scheme 2.2. PPy
never responds fully and is highly irreversible, whereas the C-PPy displays
a complete and reversible response both in conductivity and resistivity, as
shown in Fig. 2.11.

The lack of reversibility of PPy to acid and base cycling is likely due to
complex conformational changes that are induced by the combination of elec-
trochemical cycling and the acid base reactivity. Polymer films are nonequi-
librium systems, and it appears that even gentle deprotonation/protonation
events give significant adverse effects to the behavior of PPy. We speculate that
strong interchain interactions can produce physical crosslinks that prevent the
polymers from returning to their synthesized conformations. In the case of
C-PPy there are no prospects for the strong interchain interactions associated
with cofacial m-m bonding between neighboring polymer chains. As a result,
C-PPy is able to respond in a completely reversible fashion. The excellent be-
havior of this system is further revealed in that it also displays a reversible pH
response in aqueous solutions [23]. The response in this case clearly reflects the
molecular-wire nature that has been determined by statistical mechanics [24].

2.6
Summary and Future Prospects

We are at the early stages in the development of molecular-wire-based sensors.
The potential is great, but so are the challenges for the design of robust and
selective sensory responses. It is my hope that this chapter has illuminated
for the reader the role of dimensionality and structure in the design of these
materials. Many new ways of realizing the amazing sensitivity gains possible
with molecular wires await the creative inventor. The future is very exciting
with important applications that can improve humankind’s security, health,
and environment.
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Chapter 3

Metal-Containing 77-Conjugated Materials

MicHAEL O. WOLF

Department of Chemistry, University of British Columbia, Vancouver, BC, V6T 1Z1,
Canada

Summary m-conjugated polymers and oligomers, materials with an extended m-system
along the backbone, may be coupled to metal complexes to give hybrid materials with
new properties. Phosphines are used as ligands for the attachment of transition metal
centers to conjugated backbones, with a variety of coordination modes observed, depend-
ing on the available coordination sites at the metal and the position of the phosphine
substituent. Several examples are discussed, including a system that may be chemically
switched between coordination modes. In some cases, supramolecular interactions such as
m-stacking maylead to control of charge mobilities and other properties in metal-substituted
oligomers. Chemical and electrochemical routes to metal nanoparticle-containing conju-
gated materials are summarized, along with the conductivity and optical properties of
these hybrid materials. Applications of these classes of materials in chemical sensors, poly-
mer light-emitting devices, electrocatalysts, cathode materials, and as photoconductors are
discussed.

Abbreviations

CP Conjugated polymer

€ Extinction coefficient

Eipn Half-wave oxidation or reduction potential
FET Field-effect transistor

Amax Maximum absorption or emission wavelength
NP Nanoparticle

oT Oligothiophene

PC Phosphine, carbon coordination

PS Phosphine, sulfur coordination

PLED  Polymer light-emitting device

PTh Polythiophene

PT; 5-Diphenylphosphino-2,2":5',2”-terthiophene

PT3P 5,5”-Bis(diphenylphosphino)-2,2':5",2” -terthiophene
sh shoulder

UV-vis  Ultraviolet-visible
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3.1
Introduction

3.1.1
mt-Conjugated Materials

m-conjugated polymers (CPs) and oligomers are materials with an extended
m-system along the backbone. The materials possess many remarkable proper-
ties, including high charge carrier mobilities, electrical conductivities (doped),
electrochromism, and electroluminescence [1]. These properties have been
taken advantage of in exploration of potential applications including in chem-
ical sensors, light-emitting devices, and field-effect transistors. Many efforts
have been devoted to synthesizing new conjugated polymers and oligomers in
an effort to increase their processibility, optimize the desirable properties, and
explore new properties. In Fig. 3.1 are shown examples of some of the CPs that
have been prepared and studied.

Coupling m-conjugated materials to metal complexes gives hybrid materi-
als in which the properties of the metal complex may be coupled to those of
the conjugated backbone [2]. For example, these materials could be used in
energy-harvesting devices such as solar cells or polymer-based light-emitting
devices, where high charge carrier mobilities of the conjugated material may
be combined with either the light-absorbing or emitting metal groups, giving
improved device performance [3,4]. In addition to an electronic role, metal
complexes may also be used to geometrically orient m-conjugated materials in
specific three-dimensional arrangments in the solid state. Careful considera-
tion of the electronic interactions and excited states is necessary for the design
of functional materials of this type.

H

poly(phenylene- polythiophene (PTh) polypyrrole (PPy)
vinylene) (PPV)

ft o O
Fig. 3.1. Examples of . n

conjugated polymers polyacetylene (PA) polyaniline (PAn)

3.1.2
Nanomaterials

Nanomaterials and their applications are of intense current interest. The new
optoelectronic, chemical, and mechanical properties that occur in nanoscale
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materials lead to many possible uses in fields such as electronics, nonlinear
optics, coatings, and sensors [5]. Metallic nanoparticles (NPs) show properties
differing from the bulk materials as a consequence of quantum effects [6,7].
Synthetic methods have been devised to prepare these NPs in stable form,
usually using a surface-stabilizing group to give soluble, relatively stable ma-
terials. Numerous studies have focused on studying the properties of these
nanomaterials and effectively exploiting these properties. Hybrid nanocom-
posites in which metallic nanoparticles are embedded in a m-conjugated
material are of interest because the electronic, optical, and chemical be-
havior of the two materials may be modified by the presence of the other
component.

3.2
Metal-Complex-Containing Conjugated Materials

3.2.1
Preparation

Coupling metal complexes to m-conjugated backbones may be accomplished
using a variety of approaches. Metal-containing monomers may be synthesized

Fig. 3.2. Some metal-containing conjugated polymers
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and subsequently polymerized, or, alternatively, metals may be coupled to an
already polymerized m-conjugated backbone. The first method requires the
metal complex to be stable under the polymerization conditions and has been
used more commonly, while the latter method requires an efficient metallation
reaction to give good yields of the metallized polymer. Figure 3.2 shows some
examples of polymers prepared using these techniques [8-12].

Phosphines are useful as ligands for the attachment of transition metal
centers to conjugated backbones. Our group has devoted efforts toward using

Br PPh,
s. J\ s 1. BuLi,-15°C s/ \___s
S
\_/ s \_/ 2. PhyPCl, 25°C \ \/
3. HCl (aq) 1
s. [ \__s_ 1 Buli-78% s N\ _s__pph,
/s S Ph,PCl, 25 °C /s
3. HCl (aq) 2(PT)
Ci2Has I Ci2Has 1. 2 eqNEt, CyoHgs PhoP CyoHos
0.01 eq Pd (OA:
BN AN A APAOAL T\ s N s AN
s \/ s \/ S 2pnpH S N\ s N/ s
CH3CN
85°C s

Fig. 3.3. Synthesis of diphenylphosphino-substituted terthiophenes

Lnl\\ll
PPh, Ph,P—ML,
s !/ \__s
W S \J
n
a b
Ph,p~Mbn

\
L) s Si}
c n

Fig. 3.4. Examples of possible coordination modes for metal complexes tethered to PTh:
a monodentate (P), b bidentate (P, S), and ¢ bidentate (P, C)
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phosphine groups to attach metal complexes to oligothiophenes, and these
groups have been selected as they may be readily synthesized and polymerized
chemically or electrochemically. Diphenylphosphino groups can be attached
via reaction of an oligothienyl anion with PPh,Cl or Pd-catalyzed coupling of
a halo(oligothiophene) to PR, H (Fig. 3.3) [13,14].

Transition metals may complex to phosphine-substituted oligothiophenes
in a variety of coordination modes, depending both on the available coor-
dination sites at the metal and the position of the phosphine substituent
(Fig. 3.4). These include monodentate phosphine coordination (P), biden-
tate phosphine-thiophene sulfur (P, S), and bidentate phosphine-thiophene
carbon (P, C) modes. Examples of these are shown in Fig. 3.4. Coordination in
an 1 fashion to an oligothiophene has also been observed [15].

3.2.2
Properties

The electronic properties of hybrid metal-complex-containing conjugated ma-
terials may be assessed using a number of tools. Commonly, electrochemi-
cal and spectroscopic (absorption, time-resolved, and steady-state emission)
methods are used in combination to develop an understanding of the elec-
tronic structure. The oligomers 4 and 5 shown in Scheme 3.1 can be reversibly
switched from the P, S to P, C modes and vice versa via reaction with acid or
base [14, 16]. The effect of these two coordination modes on the oligomers
is interesting, as shown by the data in Table 3.1. The thienyl rings are more
highly conjugated due to increased coplanarity of adjacent rings in the more
electron-rich P, C coordination mode. This results in large decreases in the
oxidation and reduction potentials of the thienyl chain, as well as a red shift in
the thienyl m — 7* absorption.

The three-dimensional organization of conjugated oligomers in the solid
state is interesting as features such as m-m stacking are relevant to achieving
the high charge carrier mobilities required for applications such as FETs [17].

Scheme 3.1. Reversible switching of coordination mode in Ru complexes 4 and 5
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Table 3.1. Electrochemical, UV-vis, and luminescence spectral data for 4 and 5

Compound Ej/30x +0.01V Ej/ppeq £0.01V UV-vis Apax, NM Luminescence
[(e£0.01 x 10 M'em™]  Amax, nm

4 +1.48 (RuV)  —1.28 (bpy”~) 280 (3.79 x 10%) -
320 (sh) (1.83 x 10%)
393 (1.80 x 10%)

5 +0.57 (Ru) - —1.53 (bpy?~) 295 (4.63 x 10%) 754
347 (2.00 x 10%)
+1.11 (PTY*) —1.78 (bpy”/?") 456 (1.84 x 10%)

617 (sh) (2.25 x 10%)

The effect of alkyl groups on the solid-state structure and charge mobilities
has been examined [18]; however, the use of metal complexes to organize
oligothiophenes in the solid state is still new. Many of the principles relevant
to two- and three-dimensional organization of conjugated oligomers may be
found in the work of Stang and Fujita [19, 20]. The complex PdCl,(PT3) ex-
hibits intermolecular 7-7r interactions (3.65-A interplanar distance between
inner thiophene rings) in the solid state (Fig. 3.5a), [21], while (PT3P)Au,Cl,
forms dimers resulting from two aurophilic interactions between monomers
(Fig. 3.5b) [22]. This area of research is too young to determine whether
these supramolecular interactions will allow control of charge mobilities
and other properties; however, more structural investigations are clearly
warranted.

Fig. 3.5. a Solid-state packing diagram of PdCl,(PT3);. b Structure of (PT3P)Au,Cl,.
[Adapted with permission from Inorg. Chem. 44 (2005) 620]
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3.3
Metal-Nanoparticle-Containing Conjugated Materials

3.3.1
Preparation

Chemical and electrochemical routes to metal-nanoparticle-containing conju-
gated materials have been pursued. Chemical approaches generally follow one
of two approaches: a one-pot synthesis where the monomer or polymer acts
as reductant, or chemical polymerization around prepared NPs. Advincula’s
group has demonstrated a one-pot synthesis using functionalized terthio-
phenes as a reductant for HAuCly solutions [23,24]. This approach gives 6- to
100-nm-diameter NPs. Related approaches have also been used to give Pd and
Pt NPs [25].

Electrochemical routes have been used to impregnate conducting polymers
with metal NPs via reduction of metal salts at electrodes coated with polymer
films [26,27]. AuNPs have also been tethered to a monomer containing an elec-
tropolymerizable functional group and copolymerized to give a NP-containing
film [28]. Oligothiophene-capped Au NPs have also been electropolymerized
to give NP-containing films (Fig. 3.6) [29].
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Fig.3.6. Preparation of AuNP-containing conducting films. [Adapted with permission from
Chem. Mater (2004) 16:2712]

3.3.2
Properties

The electronic and optical properties of conjugated polymer-metal nanopar-
ticle composites are of interest. The m-conjugation between NPs can act as
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a molecular wire and possibly enhance the coupling between particles, result-
ing in greater conductivity and changes in the optical properties.

The conductivity of Au NPs linked by 6, shown in Fig. 3.7, was found
to be three orders of magnitude greater than for unlinked particles, and the
activation energy for tunneling is lower for the 6-linked particles [30]. Similarly,
the oligothiophene-linked Au NPs shown in Fig. 3.6 are several orders of
magnitude more conductive than the unlinked particles [29]. Comparison of
particles linked by bis-thiols containing either a conjugated phenyl group (7)
or a nonconjugated cyclohexyl group (8) (Fig. 3.7) showed that the phenyl-
containing linked NPs were more conductive, had lower activation energies,
and showed metallic behavior in plots of conductivity as a function of 1/T [31].

The surface plasmon absorption of metal NPs, observed for NPs smaller
than the wavelength of incident light, occurs in the visible region of the
spectrum (520-530 nm) for particles 5-50 nm in diameter [32]. This ab-
sorption is very environment sensitive, and the band has been shown
to red-shift when NPs are passivated with conjugated polymers such as
poly(3,4-ethylenedioxythiophene) [33]. This shift was attributed to overlap
in the wave functions associated with the NP surface and the polymer. In
the cross-linked NP film shown in Fig. 3.6 a broad absorption in the near-IR
spectral region appears upon electrodeposition, possibly due to overlap of the
linker molecular orbitals and the metal wave functions [29].

NaS NaS

s S A N\__s_ ¢ s=( s=(
S HN NH HN NH
DARW Yaad ~ ) Y, ~ - i

NaS NaS
6 7 8

Fig.3.7. Structures of NP linkers 6, 7, and 8

34
Applications

Research in metal-containing conjugated polymers is still at an early stage;
nonetheless, these materials are being explored for several potential appli-
cations. Chemical sensors where the metal acts as a binding site for small
molecule analytes are one such application. Swager has demonstrated an ex-
ample of this where NO binding to a Co-containing polymer (Fig. 3.8) gives
rise to a conductivity change [34]. Other applications that have been proposed
include in polymer light-emitting devices (PLEDs) and as photoconductors.
Applications for conjugated polymer-metal nanoparticle composities in-
clude in electrocatalysis [35], as cathode materials [36], and in PLEDs [37].
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Fig.3.8. A Co-containing polymer used in a resistivity-based NO sensor

In PLEDs containing metal nanoshells triplet excitons are preferentially
quenched, resulting in reduced formation of singlet oxygen, which reacts with
the polymer to give traps. This results in improved stability and higher quan-
tum efficiencies due to improved charge injection.

3.5
Conclusions

Research in conjugated polymers containing metal complexes or nanoparticles
has advanced substantially in the last few years. The study of the electronic and
optical properties of these hybrid materials is still in its infancy; however, it is
clear that metal groups directly bonded to the thienyl backbone may be used
to alter the electronics and coplanarity of the thienyl rings. A more detailed
understanding of the photophysical properties of these materials will be needed
for applications of metal-containing conjugated materials in energy-harvesting
and light-emitting devices. Electrodeposited metal nanoparticle films may be
used in thin-film sensors, supported electrocalysis, or in batteries. Developing
these and other applications is an exciting possiblity for the future of this
research area.
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Summary Recentinnovations in the field of carbon-rich organometallic ruthenium systems
at the frontier of materials science are presented. Redox-active ruthenium compounds are
used for the synthesis of bimetallic complexes as models for conductive molecular wires
including diynyl, bis-allenylidene bridges, and original odd-numbered carbon chains via
innovative C-C bond coupling reactions. These systems also appear as building blocks
to connect two carbon-rich chains and to mediate electron transfer processes between
functionalities at the end of these chains. These models constitute new keys to reach func-
tionalized materials composed of transition metals and carbon-rich chains and bridges in
conjugated oligomers or star molecules.

Abbreviations

Bu  Butyl

Cat  Catalyst

CV  Cyclic voltametry

DBU 1,8-Diazabicyclo[5.4.0lundec-7-ene
DFT Density functional theory

dppe 1,2-Bis(diphenylphosphino)ethane
dppm Bis(diphenylphosphino)methane
ESR  Electron spin resonance

Me  Methyl

MM Molecular mechanical

Nu  Nucleophile

QM  Quantum mechanical

Ph  Phenyl

i-Pr  Isopropyl

SCE Saturated calomel electrode

Tf  Trifouromethanesulfonyl

THF Tetrahydrofuran

v Volt
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4.1
Introduction

Nanometer-scale devices, as the possible next-generation devices of electron-
ics, have recently experienced worldwide attention and rapid development [1].
In this field, coordination complexes with m-conjugated bridges have gained
importance in the building of supramolecular architectures [2,3], polymers [4],
wires [3,5-21], dyes [22], and material with magnetic [5b,23] or nonlinear op-
tical [24] properties. Their rich redox chemistry and the unique or unusual
structural and electronic features of each redox state are often the source of
these applications [7,25].

Of particular interest are organometallic molecular wires with C,H, carbon-
rich bridges connected with ¢ metal-carbon bonds [5,8-21] to perform the
simplest function of molecular electronics, i.e., to mediate electron transfer
(Scheme 4.1).
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Scheme 4.1.

Several studies point out the fact that mixed valence forms of various
bimetallic complexes are unstable when the bridge is too long [5a,11a].
Therefore, carbon-rich trans-ditopic structures [26-31] constitute an interest-
ing alternative to simple metal-capped carbon chains, allowing connectivity
to other components (Scheme 4.1). However, several metals in rod-shaped
organometallic compounds containing two unsaturated chains disrupt the
m-conjugation between two carbon-rich chains [31].

Ruthenium allenylidene and acetylide metal complexes have attracted in-
terest as building units toward original carbon-rich architectures [8,14-17,32]
related to materials science [24a,e,33] due to their rigidity and one-dimensional
nature, and as bridges for electronic communication between a metal site and
a remote functionality [22d]. In addition, metal allenylidenes are now cur-
rently leading to useful applications in the field of homogeneous catalysis [34],
as catalytic precursors especially for alkene metathesis [35, 36], and selec-
tive propargylation [37]. Our group has been involved in the building of new
carbon-rich mono- and polymetallic complexes using the stable redox-active
trans-[CIRu(dppe),]* system [38]. Organometallic complexes generated from
this fragment are attractive building blocks for several reasons: the systems
display reversible redox behavior and the chloride can be easily substituted
with another carbon-rich chain, a valuable property for obtaining extended
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systems. Thus, the ruthenium-containing terminal alkynes and diynes have the
potential to build polymetallic rodlike oligomers, with stable redox systems
separated by carbon-rich bridges. Rigid and flexible triynes and their acti-
vation processes offer access to star organometallics with multiple identical
ruthenium units.

The purpose of this review is to present recent innovations achieved by
the Rennes group in the field of carbon-rich ruthenium complexes and to
show that the redox-active carbon-rich ruthenium systems with vinylidenes
and allenylidene-to-acetylide linkages are valuable building blocks for access
to long one-dimensional nanoscaled organometallics and to mediate original
electron transfer processes. The ruthenium building blocks with their basic
chemical and electrochemical properties will be discussed first, followed by
apresentation of bimetallic and oligomeric models with unusual, stable topolo-
gies of type bis-allenylidene, bis-acetylide, and bis-carbyne conjugated bridges,
with their properties highly dependent on the nature of the bridging ligand.
The possibility of using the ruthenium center as an electron relay will be de-
scribed in a bis-allenylidene with efficient electronic communication between
the two carbon-rich chains. Finally, the building of tris-ruthenium complexes
from triynes will show that the rigid or flexible tripodal carbon-rich bridge
inhibits communication between the ruthenium units.

4.2
Ruthenium Allenylidene and Acetylide Building Blocks: Basic Properties

4.2.1
Synthetic Routes

Several routes have been opened leading to ruthenium cumulenic complexes
trans-[Cl(dppe),Ru(=C),R;R;]* or acetylide complexes trans-[Cl(dppe),Ru-
(C=C),-R] [16,27], following our initial work on the less stable RuCl,(dppm),
system [38].

Among cumulene complexes [M](=C),RiR;], allenylidene compounds
(n = 3) constitute the most extensive family [39a,c]. Their most general
method of access is based on the reaction of 2-propyn-1-ol derivatives with a 16-
electron metal center [40]. Several complexes starting from RuCl,(dppe), or
from the 16-electron species [(dppe),RuCl][X] (X = PF¢, BF4, or CF3S03) [27a]
(Scheme 4.2) were prepared. It is worth noting that tertiary allenylidenes are
more stable than secondary allenylidenes.

Ruthenium acetylide complexes were obtained either by deprotonation
of vinylidene intermediates resulting from the n?-coordination of a ter-
minal alkyne on the 16-electron complex (Scheme 4.3) [27b] or by the
classical reaction of lithium acetylide with a metal halide complex cis-
[RuCl(dppe)2] [16]. The latter method is used mainly to obtain air-stable
poly-ynyl complexes.
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Scheme 4.2.

A major advantage of these ruthenium systems is the possible substitution
of the second chlorine atom in neutral alkynyl complexes to introduce a second
unsaturated carbon chain in the trans position [16,27a,b]. The best results to
give access to mixed alkynyl allenylidene 4 and bis-alkynyl complexes 5 were
obtained using the strategy depicted in Scheme 4.4, starting from the corre-
sponding vinylidene precursor in the presence of a base, a noncoordinating
salt, and a propargylic alcohol or a terminal alkyne. Symmetric acetylides can
also be obtained in one step from the RuCl,(dppe), precursor as exemplified
with bis-polyynes 6 and 7 (Scheme 4.4) [16].

The reactivity of metal allenylidene complexes is of special interest in a fun-
damental viewpoint, but also for the future building of nanoscaled architec-
tures [39]. This reactivity is highly dependent on the electron richness of
the metal moiety: electrophilic ruthenium complexes lead to highly reactive
allenylidenes with electrophilic C, and Cy centers, while the Cg atom is a nu-
cleophilic site. For example, they easily add alcohol to give a-, -unsaturated
alkoxy carbenes [39¢,41,42]. With bulky and electron-releasing ligands such
as dppe, their reactivity involves the y-carbon atom with charged nucleophiles
only [27a,43] (Scheme 4.5).

The synthesis of Fischer-type carbyne complexes has always been a labori-
ous process [44-49]. Actually, ruthenium carbynes are very scarce [35,46-48]
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unlike their osmium analogs [49], despite their interest as catalyst in olefin
metathesis [47¢,48b]. Synthetic routes usually involve the conversion of co-
ordinated carbenes such as vinylidenes [47] and allenylidenes [48]. We re-
cently reported the amphoteric properties of ruthenium allenylidenes contain-
ing a y-methyl group to provide alkenyl carbyne ruthenium species without
decoordination of any ligand (Scheme 4.6) [50]. Thus, 1b,g were easily de-
protonated on the é carbon by action of a base to give the alkenylacetylide
complexes 10b or 10g, a reaction that constitutes another route to ruthe-
nium acetylide complexes. The addition of an excess of HBF4 to 1b,g led
to the alkenylcarbyne complexes 11b,g, and no rearrangement into an in-
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Scheme 4.5.
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denylidene complex was observed. In addition, UV-vis spectra show a signif-
icant 60-nm shift of the metal-to-ligand charge transfer band (MLCT) from
Amax = 482nm for 1g to Ajax = 426 nm for 11g as a consequence of the
conjugation change.

4.2.2
Redox Properties

4.2.2.1
Oxidation of Ruthenium Metal Acetylides:
Stable Ru''/Ru'"! Systems and a New Route to Allenylidene Metal Complexes

The first oxidation of ruthenium acetylides could be viewed as essentially
involving the two Rul'//Ru' couples, but with a rising chain character as
the length increases [51-53]. For example, cyclic voltammetry (CV) shows
that the trans-[Cl(dppe),Ru-C=C-CHPh;] (8a), trans-[Cl(dppe),Ru-C=C-
CH(CH3);] (8b), and trans-[Cl(dppe)Ru-C=C-CH3] (8c) complexes undergo
first a well-defined one-electron reversible oxidation on the CV scale (Table 4.1,
Scheme 4.7) [54]. All complexes give a second irreversible oxidation at much
higher potential attributed to the Ru'//Ru!" system.

We observed that the stability of the first cationic radical is highly influenced
by the nature of R. Stable cationic radicals were formed when R = CH3, H. By
contrast, chemical oxidation of 8a gave a mixture of the corresponding allenyli-
dene 1a and vinylidene 9 (Scheme 4.8). Oxidation of the same complex with

thP"_;PPhg R ) Ph2F<_;PPh2 .
CI-RuAlC=C-G-H  ——= CI-Ru—C=C-C—H
PhoR_PPhy R PhoR_PPh, R
8a: R=Ph
8b: R =Me
Scheme 4.7. 8c:R=H

Table 4.1. Electrochemical data for acetylides and allenylidenes

Complex E3 P Epa ox2® Exep®
[Cl(dppe),Ru-C=C-CHPh;,](8a) 0.02 1.07
[Cl(dppe),Ru-C=C-CH(CHs3),](8b)  —0.07 1.03
[Cl(dppe),Ru-C=C-CH3](8c¢) —0.07 0.99
[Cl(dppe)2Ru=C=C=CPh;,]PF¢ (1a) 0.99¢ -1.03
[Cl(dppe),Ru=C=C=CMe,|PFs (1b) -1.27°

*Measures were performed in CH,Cl, using BusNPFg 0.1 M, v = 100 mV s™!. 2Redox pro-
cesses are quasireversible AE, ~ 60 mV, I¢/I, ~ 1. Redox potentials are reported in V vs.
ferrocene. PPeak potential of irreversible processes. “AEp, ~ 75 mV, Ipc/Ipa < 1
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an excess of oxidant, in the presence of pyridine, led quantitatively to 1a by
trapping the released proton to avoid the formation of 9. This oxidation reac-
tion of an alkynyl-ruthenium with a hydrogen atom on a y-carbon constitutes
a novel route to allenylidene metal complexes, especially when propargylic
alcohols are not available, and appeared to be valuable for the construction of
a molecular-wire model (vide supra).

The neutral acetylide radical trans-[Cl(dppe);Ru-C=C-C*Ph;,] resulting
from the y-proton elimination was proposed as an intermediate that is further
oxidized to give the stable allenylidene 1a on the basis of ESR spectroscopy
(vide supra) [43]. With the phenyl groups, the radical is highly stabilized over
the rings, and proton elimination is preferred.

4.2.2.2
Reduction of Metal Allenylidenes:
Access to Stable “Organic” Radicals and a Route to Acetylides

Stimulated by the fact that radical species have been recently proposed as in-
termediates in metathesis [55], and by their potential as building blocks for
conductive molecular wires we studied the reduction of allenylidene com-
plexes (Table 4.1) [43]. At 293 K, ESR experiments of the first reduced form
of complex 1b evidenced a poorly resolved quintet (g = 2.0097, ap = 3.0 G)
in a characteristic region for organic radicals, showing the hyperfine coupling
with the four phosphorus nuclei (Fig. 4.1a). The reduced form of 1a generated
an intense and persistent complex signal (g = 2.0042) owing to the coupling
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Fig.4.1. ESR spectra resulting from reduction of trans-[Cl(dppe),Ru=C=C=CPh;]PF; (1a),
g = 2.0042 (a) and (b) [Cl(dppe),Ru=C=C=CMe; ]PFs, g = 2.0097 (1b)

of the unpaired electron with the four phosphorus nuclei on the one hand
and further coupling with phenyl hydrogen atoms of the carbon-rich chain
(Fig. 4.1b) on the other.

Addition of Ph3SnH to the radical led to the formation of neutral acetylide
compounds 8a and 8b, demonstrating that radical trapping only occurs at
the end of the carbon skeleton (Scheme 4.9). These data added to IR studies
indicate the organic nature of the radicals and illustrate that significant radical
stabilization on the cumulene chain takes place at the trisubstituted carbon
atom. These results are consistent with other allenylidene systems [52a-c,56]
and can be generalized to longer cumulenes as identical results were obtained
with trans-[Cl(dppe),Ru=C=C=C=C=CPh;]PFs [43].

DFT calculations have been performed on the [CI(PH3)4RuC,H;]*, CI(PH3),4
RuC,H;, and [CI(PH3)4RuC,H;]” (n = 1-8) series and are in agreement
with all our experimental data [57]. The distribution of the atomic net
charges and the localization of the HOMOs and LUMOs indicate that the
[CI(PH3)4RuC,H,]" complexes are subject to nucleophilic attack at odd
C atoms, except in the case of C(1). They are also subject to electrophilic
attack at the even C sites, except for the CH, end of the chain. The one-
electron reduction of the [Cl(PH3)4RuC,H;]* compounds leads to neutral
species containing linear C,H, chains, with the exception of the n = 2 com-

“1*tPFg”

PhoP PPh PhoF  PPh PhoP  PPh
o 2 o 2 2 o 2 R
A2 R [(CsHs)Co) T P\ T2 R phgsnH RN
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Scheme 4.9.
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plex, which is bent at C(1). These CI(PH3)4RuC,H, compounds are better
described as 18-electron Rull metal sites bonded to the reduced (C,H;)~
ligand than as 19-electron Ru' centers. These findings are also in agree-
ment with theoretical studies on ruthenium dppm systems [56c] and on
other analogous allenylidenes [(n°-CsHs)(CO)(PPhs;)Ru=C=C=CH,]* and
[(r]5 -CoH7)(PPh3),Ru=C=C=CH,]", in particular suggesting that the LUMO
is strongly located on the cumulenic ligand [53].

4.3
Bimetallic Complexes from the Ru(dppe), System

The previous properties displayed by the ruthenium allenylidene and alkynyl
complexes were used for the profit of controlled building of bimetallic com-
pounds bridged by carbon-rich bridges. Since most bimetallic systems led to
oxidizable acetylides L,MC,ML, or polyenes L,M(CH)ML,, [21], the search
for new m-conjugated bridges between two reversible, reducible metal com-
plexes was attempted to create original binuclear allenylidene compounds [17].
These investigations led us to discover two novel methodologies of C-C bond
formation giving a new class of carbon-rich homobimetallic complexes with
seven conjugated carbons between remote metals and a charge highly delo-
calized over the extended conjugated structure [15]. A bis-acetylide was also
obtained from a terminal triyne [16] in order to compare the Ru(dppe); system
with other systems [9-13].

4.3.1
A Binuclear Bis-Acetylide Ruthenium Complex

Eglinton or Hay coupling is the method of choice to obtain bimetallic com-
plexes from terminal polyynes by coupling of the terminal carbon atoms [5].
If this method could not lead to a bimetallic complex with the diyne trans-
[Cl(dppe)2Ru-(C=C),-H] (3a), the triyne trans-[Cl(dppe),Ru-(C=C)3-H] (3b)
in the presence of copper(II) provided the RuC;;Ru (11) analog with 12 carbon
atoms between the metallic centers (Scheme 4.10) [16].

Complex RuCj;Ru 11 displays characteristics very similar to those of the
homonuclear complexes of comparable length (Fe, Pt, Re) [10,11a,58]. In-

[\ [\ /N
PhoP,  PPhy PhoRy  PPhy PhoP.  PPhy
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CI-RU-C=C-C=C—C=C—H ~p 1y ppy O fli C=C-C=C-C=C-C=C-C=C-C=C-Ri-Cl
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Scheme 4.10.
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deed, two oxidation waves are observed at lower potential than that of trans-
[Cl(dppe),Ru-(C=C),-H] (3a) (E° = 0.130 V vs. ferrocene), attributed to the
two Ru!'/Ru'"! oxidations in a first approximation, and thus to successive for-
mations of the cationic species RuCij;Ru* (E; = —0.05V) and the dicationic
species Ru*CjpRu™ (ES = 0.18 V, AE° = 230 mV). When two identical redox
centers are isolated from each other in the same molecule, the potentials E;
and E, would be expected to be not only identical or of close values but also
very close to the potential of a mononuclear model. Thus the CV data evidence
asubstantial coupling between the two remote metal endsin 11, i.e., the efficient
conjugated path between two equal redox moieties makes the processes easier
than for the mononuclear model by stabilization of the electrons along the sys-
tem. Furthermore, in contrast to the reported redox data on similar or shorter
complexes, these processes are fully reversible. This phenomenon is accredited
to the electronic and steric protections of the chain by the dppe ligands.

4.3.2
Bis-Allenylidene Bridges Linking Two Ruthenium Complexes

Bis-propargylic alcohols separated by a conjugated linker are possible carbon-
rich unsaturated bridge precursors for access to bimetallic complexes. The
synthesis and electrochemical study of new stable bimetallic complexes such as
trans-[Cl(dppe),Ru=C=C=CPh-p-CsH4-CPh=C=C=Ru(dppe),Cl](OTf), (14)
(Scheme 4.11) containing two identical metal moieties with a bis-allenylidene
bridge were obtained via the double activation of propargylic alcohols 12a—f
with the 16 electron species [CIRu(dppe),)]OTf [17]. For stability reasons,
tertiary allenylidenes were targeted, and connecting groups [T] such as oligo-
thiophene, arene, or triple bond were employed. It is worth noting that, except
for a very recent report [19], only two conjugated bis-allenylidene systems have
been reported since our pioneering work [59], but without redox studies [60].

Electrochemical studies show that the mono-allenylidene species undergo
one-electron reduction and the bis-allenylidenes two one-electron reductions
(Fig. 4.2a, Table 4.2). The behavior of the conjugated bis-allenylidenes shows
two interesting features: (1) the two reversible processes are easily distin-
guishable (AE° > 180 mV) and (2) a significant anodic shift of both reduc-
tion potentials indicates that the reductions are thermodynamically favored
with respect to the mononuclear analog. No such anodic shift is observed
in the nonconjugated complexes 14b in which the allenylidene moieties are
in a meta orientation on the phenyl linker. This indicates the efficient con-
nection of the allenylidene moieties through the highly conjugated bridges
and, more specifically, the considerable stabilization of the reduced forms by
resonance.

By analogy with allenylidenes such as trans-[Cl(dppe),Ru=C=C=CPh;]PF,
(1a) these reductions can be ascribed to two successive reductions of the
carbon-rich ligand. This was verified for 14a. For example, the first reduced
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Fig. 4.2. a Cyclic voltammetry for monoallenylidene 13a (...) and bis-allenylidene 14a ()
complexes. b ESR spectra resulting from the monoreduction of 14a (g = 2,0244)

species led to an ESR signal at room temperature (g = 2.0244) with shoul-
ders attributed to the coupling of the free electron with the ®Ru and *!Ru
isotopes of both remote ruthenium atoms (Fig. 4.2b). This result suggests
that the radical is highly centered on the organic bridge and stabilized by
delocalization along the carbon bridge between the ruthenium centers. The
second reduction led to a diamagnetic molecule with characteristics con-
sistent with a bis-acetylide trans-[Cl(dppe),Ru-C=C-CPh-4-CsH4-CPh-C=C-
Ru(dppe),Cl] (15), which evidences a second reduction of the ligand. Hence,
it is likely that all the electrons issued from reduction processes reside in an
orbital with a significant carbon-rich ligand character but also with a nonneg-
ligible metal contribution [51].
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Table 4.2. Electrochemical data for 13 and 14

Ccv
ES AE, E3 AE, ES—ES K.
[V] [mV] V] [mV] [mV]
13a —-0.910 60
14a —0.500 60 —0.680 60 180 1.0 x 103
13b —-0.910 60
14b —0.877 60 -1.056 60 180 1.0 x 10°
13¢ —-1.000 66
14c —0.439 66 —-0.749 90 310 1.5x10°
13d -1.012 60
14d —0.434 66 —0.746 90 320 2.2x10°
13e -1.027 60
14e —0.427 66 —0.760 69 330 3.2x10°
13f —0.805 60
14f —0.285 60 —0.645 60 360 1.0x10°

*Sample, 1 mM; BuyNPFq (0.1 M) in CH,Clp; v = 100 mV s™; potentials are reported in V
vs. ferrocene as an internal standard. Reversible redox processes

According to common belief, the difference of electrochemical half-wave po-
tential reflects the strengths of interactions between the allenylidene moieties.
There are, however, various additional factors contributing to a stabilization
of symmetrical mono- and bireduced complexes [5a]. We observed that the
separation between the two processes (AE°) also depends on the nature of
the transmitter. A AE° value of 180 mV (K. = 1.0 x 10°) is observed with the
nonconjugated system 14b. Surprisingly, the conjugated p-phenyl linker (14a)
displays the same value. Therefore, this phenomenon is principally attributed
to structural rearrangement, solvatation, or electrostatic interactions. With
complexes 14c-f, AE° is noticeably higher, and this significant increase is as-
cribed to an additional contribution due to the resonance interaction between
the allenylidene moieties through the linkers. Thus, in addition to the highest
anodic shift, the less aromatic linkers with the shorter pathway display the
higher potential differences between the reduction processes in the following
order: triple bond > thiophene & bithiophene ~ terthiophene > phenyl. The
above study demonstrates that these molecules constitute interesting building
blocks for the construction of more complex redox-active edifices.

These carbon-rich bridged complexes show an interesting reactivity pattern.
As monometallic allenylidenes, they can be either protonated or deprotonated
if hydrogen atoms are present on the §-carbon atoms. The same concept of
reversible deprotonation/protonation was then applied to the binuclear com-
plex 16 [50]. It was reversibly deprotonated into the conjugated binuclear
complex 16, and the addition of an excess of HBF,4 to 16 led to its complete
double protonation to provide the first bis-alkenylcarbyne ruthenium complex
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19 (Scheme 4.12). This double protonation of 16 (Ayax = 589 nm) resulted in
a red shift of the MLCT band (19: Apax = 496 nm), illustrating again the in-
fluence of the nature of the bridge on the properties of the complexes [50].
However, whereas complex 19 is stable at room temperature in the presence
of an excess of a strong acid, it is very acidic and easily deprotonated by
a solvent.

433
C; Bridged Binuclear Ruthenium Complexes

If a variety of bimetallic complexes allowing the exchange of electrons through
an even-numbered carbon-rich bridge such as L,MC ML, or L,M(CH),ML,
have been reported [3,5-21], only a limited number of complexes with an
odd-numbered linear or cyclic carbon bridge linking the two metal moieties
was described [61-63]. The most general process affords rigid four-membered
cyclic bridges with a delocalized C3 path between metals via the regioselective
[2 + 2] cycloaddition between the C=C bond of a vinylidene [M]=C=CHR
and the C,=Cg bond of a metal acetylide [M]-C=C-R (Scheme 4.13) [61].
The C4-Cp bond was generally the most activated, and when the reaction
was applied to an allenylidene [M=C=C=CR;R;] complex [61b] or a diyne
[M-C=C-C=C-R] complex [61c], a similar C3 conjugated path was formed with
an exocyclic double or triple bond, inhibiting access to higher odd-numbered
carbon-rich bridges.

During our investigation on bimetallic systems, we obtained novel classes
of carbon-rich homobimetallic complexes via two new C-C bond-formation
methodologies. The first one provides a carbon-rich homobimetallic complex
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Scheme 4.13. Ry
[M]=C—=C]
Ro
+
[M]-C=C—Rj

with seven conjugated carbons, including an annelated CgH3z bridge [15a],
while the second leads to W-shaped complexes [15b].

This first method of access consists in a radical promoted coupling re-
action occurring on the C,=Cs bond of a 1,3-diynylmetal derivative. More
specifically, chemical oxidation of trans-[Cl(dppe),Ru-(C=C),-H] (3a) or
trans-[Cl(dppe),Ru-(C=C),-SiMes] (2b) with ferricinium hexafluorophos-
phate leads to the annelated bimetallic complex 20 via a cycloaddition of
the terminal Cy=Cs triple bonds (Scheme 4.14). The spectroscopic and RX
data evidence a structure intermediate between those of the two mesomeric
forms sketched in Scheme 4.14 [15a].

The unprecedented regioselectivity observed for the cyclic addition is ex-
plained by the steric hindrance of the C,=Cg bond in the diyne complexes.
It is anticipated that despite the unfavorable potential, the reaction is initi-
ated by an electron transfer between the ferricinium cation and 3a or 2b,
generating an electrophilic metallacumulene radical intermediate. This ox-
idized form should correspond to Ru®-C=C-C=CH <> Ru*=C=C=C=C*H
with a significant contribution of the cumulenic form that can react with an-
other molecule of acetylide, before incorporation of hydrogen atoms from
the medium (Scheme 4.14). In the case of 2b, desilylation occurs during the
process.

As highly reactive metallacumulene [Ru]=C=C=C=CR; intermediates [64]
are probably involved in the formation of 20, we attempted to react the metal
diyne systems with other preformed cumulenic species, such as ruthenium
allenylidenes. This led us to the second carbon-carbon coupling reaction. The
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cationic allenylidene complexes 21a-c were allowed to react with the diynyl
compound 3ain a metal-assisted C-C forming reaction to generate 22a—c [15b].
These complexes were also obtained when the reaction was performed with
the protected diynyl 2b. The X-ray structure of 22a established the delocalized
nature of the products (Scheme 4.15).

A probable mechanism for this reaction is based on the fact that ruthenium
allenylidenes with a ~-CH;R; group on Cy are easily deprotonated into stable
ruthenium acetylides. This mechanism is depicted on Scheme 4.15 for 22b. The
first step consists in a proton transfer from 21b to the nucleophilic carbon Cs
of 3a to form an unstable butatrienylidene complex [A] and the acetylide 23b.
A further fast addition of the nucleophilic Cs of 23b on the electrophilic site C,,
of [A] leads to the intermediate [B]. The formation of 22b would then result
from an allylic hydrogen transfer.

These four new bimetallic compounds can be oxidized and reduced by
contrast with the previous bimetallic complexes 11 and 14 (Table 4.3). They
show a reversible one-electron oxidation wave followed by an almost reversible
or irreversible second oxidation wave. To a first approximation, these two
oxidation steps could be viewed as essentially involving the two Ru!l/Ru'!!
couples. The large separation of the redox processes (AE° = 650 mV, K. =
exp(AE°F/RT) = 1.50 x 10! for 22b) establishes that all the monooxidized
species are stable in solution with respect to disproportionation (mixed valence
species) [5a,65] and supports the idea that the mixed valence (MV) forms of
all of these complexes enjoy considerable stabilization due to delocalization.
They also undergo a well-defined one-electron reduction process attributable
to the reduction of the unsaturated carbon chain. This attribution is supported
by ESR spectroscopy and by the fact that the reduction potential is highly
influenced by the introduction of the phenyl group. All complexes are harder
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Table 4.3. Cyclic voltammetry and UV-vis data for complexes 20 and 22a-c

Electrochemistry? UV-Vis
E2, (V)P Ey (V)P E3, (V) Amax [nm]
(e[mol™! Lem™1]f)
20 -1.48 0.42 0.91¢ 633 (141 000)
22a -1.38 0.31 0.99¢ 710 (127 600)
22b -1.24 0.32 0.974 746 (98 000)
22¢ -1.25 0.23 1.06¢ 764 (109 000)
24 -1.170 0.140 - 764 (63 000)
25 -1.240 0.120 - 782 (84000)

2 Sample, 1 mM; BuyNPF¢ (0.1 M) in CH,Clp; v = 100 mV s~ potentials are reported
in V vs. ferrocene as an internal standard. PReversible redox processes AE, ~ 60mV,

Ipc/Ipa & 1. “Peak potential of an irreversible process. dpartially reversible peak AE, ~
100 mV, Ipe/Ipa < 1. °AE, ~ 80 mV. {In CH,Cl

to oxidize than a neutral acetylide complex such as 3a (E° = 0.130V vs.
ferrocene), easier to oxidize than a cationic allenylidene complex such as
trans-[CIRu(dppe),=C=C=CPh;]PF¢ (1a), and also harder to reduce than the
latter. These observations are all consistent with a highly delocalized structure
giving a formal half-positive charge on each ruthenium. Each complex displays
a strong absorption band with A,,,x values highly influenced by the nature of
the bridge. For example, the band presents a batochromic shift from 20 to 22a
that displays a more effective conjugated path. The nature of the transition
might be attributed to admixing of some charge transfer character of the
acetylide and of the allenylidene moieties. In all cases the absorption bands
are very broad, certainly including several transitions.

Finally, 22a-c can be compared to the more localized bimetallic 24 and
trimetallic 25 mixed acetylide-allenylidene complexes [23]. These complexes
can be considered as bis-ruthenium species with a delocalized bridge allowing
nine carbon atoms to connect a metal acetylide and one or two metal allenyli-
denes. They both show a one-electron ligand-centered reduction wave, and 24
displays a one-electron oxidation wave while 25 is oxidized twice at the same
potential (two-electron wave) showing the lack of interaction between the two
metal acetylides in an oxidation process. The reduction and oxidation poten-
tials are (1) more favorable than those of 20 and 22 and (2) closer to those of the
monometallic species 1a and 3a. Hence, as observed for the bis-allenylidenes,
the aromatic cycle in the delocalized pathway and the slightly longer bridge lead
to a decrease in the electronic coupling between the redox centers. The UV-vis
spectra also present very high A« values with a large € attributed to admixing
of some charge transfer character of the acetylide to the allenylidene moieties.

All these studies led us to obtain new families of carbon-rich bimetallic
complexes with novel alternative topologies of great interest for the build-
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ing of nanoscaled molecular wires. The bis-allenylidene species along with
unique annelated and W-shaped C; bridge arrangements are obtained under
very mild conditions and display remarkable stabilities. The general trends
observed with polymetallic bis-acetylides prevail with those species: (1) the
existence of electronic communication between the metallic centers through
the linker in a reduction or in an oxidation process if they are conjugated and
(2) the influence of the structural nature of the bridge and of the efficiency
of the delocalized path on the electronic properties of the complexes. These
observations support the necessity of tuning a general system to find the best
physical properties.
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Scheme 4.16.
4.4

Connection of Two Carbon-Rich Chains with the Ruthenium System

Several studies indicate that mixed valence forms of various long bimetallic
complexes are not chemically stable, owing to a higher reactivity of these forms
in intra/interchain reactions or reactions with the solvent [5a,11a]. Therefore,
the extension of a naked chain is not suitable to obtain long conductive molec-
ular wires. An interesting alternative consists in the building of oligomeric
systems in which metal centers connect carbon-rich chains as depicted in
Scheme 4.17. The chain length can be accurately chosen in order to retain the
metal protection, and connection of the systems to surfaces such as electrodes
can also be further performed.

Much attention has been directed to the preparation of rod-shaped organo-
metallic compounds containing two unsaturated chains [26-31]. However,
many metals such as Pt, Pd, Hg, or Cu have been found to be mostly insulators
as they disrupt the m-conjugation between two acetylide chains [31, 66]. By
contrast, a trans-bis(alkynyl) ruthenium system increases communication be-
tween two ferrocene units in an oxidation process [27¢,d,28a]. Indeed, for 26,
in which two ferrocene units are connected via a ruthenium atom, the second
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ferrocene oxidation occurs 200 mV after the first one. The difference is only
100 mV in the molecule without the metal 27 (Scheme 4.18) [27c].

To confirm the efficiency of the ruthenium system to act as an electron
transmitter, our aim was to demonstrate that, in a reduction process, an elec-
tron can be delocalized on two carbon-rich chains in a trans arrangement.
As the reduction of allenylidene complexes occurs on the carbon chain, an
innovative solution to prove this communication was to study the reduction of
a bis-allenylidene metal moiety R,C=C=C=[Ru]**=C=C=CR,.

An initial attempt consisted in the activation of a bis-diyne 28 complex with
a leaving group at Cs to provide the violet symmetric bis-alkenylallenylidene
ruthenium complex trans-[(dppm);Ru(=C=C=C(OMe)(CH=CPh;)),](BF4)
(29) viamethanol addition to the metallacumulene intermediate (Scheme 4.19).
However, spectroscopic studies and the crystal structure show that 29 has
a strong bis-alkynyl character.

The successful preparation of the first real bis-allenylidene metal com-
plex trans-[Ph,C=C=C=Ru=C=C=CPh,(dppe),]** (312*) was achieved with
an alternative method based on the chemical oxidation of [(dppe),Ru-C=C-
CHPh;]PF; (8a) (vide infra). The allenylidene-acetylide trans-Ph,C=C=C=
(dppe),Ru-C=C-CHPh;,]PFs (30) (E° = 0.82 vs. ferrocene) was oxidized with

/N
PhoR,  PPh,
@ccmmc@ @CC%C©
@ Ph,P Pth @ @ @
26 27
Scheme 4.18.
/\
PhoR PPh,
(Me3Si0)Ph,C=C~C=C-Ru—~C=C~C=CPh,(OSiMes)
thP\/’Pth
28
HBF4.EtgolMeOH
/\ A 2BF,
PhoR. PPh H
MeO, 2 2 >:CPh2 e PPeR PPhe P
:<CCCRu:C:CC - %bccm%:cc\\
Ph,C OMe Ph,C OMe
Ph,R PPh 2 PPh
2 \/ 2 29 Pth\/ 2 +

Scheme 4.19.



4 Redox Active Architectures and Carbon-Rich Ruthenium Complexes 73

Ce!Y ammonium nitrate to induce the elimination of the y proton that provided
the bis-allenylidene complex 312* (Scheme 4.20) [28]. The spectroscopic fea-
tures of this complex are characteristic of allenylidene ligands and two hydrid
transfers on the Cy atoms to form 32 confirmed the structure. Furthermore,
full QM(DFT)/MM geometry optimizations led to a similar structure with
consistent allenylidene bond lengths.

Two reversible one-electron reduction waves were observed at Ef = —0.30 V
and E5 = —0.93V vs. ferrocene. The singly reduced species was generated
in situ with the addition of decamethylferrocene (E° = —0.59 vs. ferrocene).
Quenching of this radical 31" with Ph3SnH at the C; carbon atom supports
the partial localization of the single electron on the trisubstituted carbon
atoms. The ESR quintet observed for 312* with g = 1.9972, and a coupling
constant of 13.5G due to the coupling of the single electron with the four
equivalent phosphorus atoms, suggest its localization closer to the metal than
in the reduced ruthenium monoallenylidene. In addition, IR studies of 31"
show the vanishing of the allenylidene band and the formation of a new broad
absorption at 1751 cm™L, which is not consistent with the reduction of only
one chain. Furthermore, QM(DFT)/MM calculations show that in the reduced
state, 317 is symmetric with identical spin densities on the two C, and the
two Cy carbon atoms (Fig. 4.3). Thus, all of these results are consistent with
a novel radical with one unpaired electron equally delocalized over both trans
carbon-rich chains linked by the ruthenium atom. This last point demonstrates
the potential of ruthenium systems to mediate electron conduction, which is
a key requirement for molecular wires.
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Fig. 4.3. Geometry of re-
duced bis-allenylidene 31*
(QM(DFT)/MM), bond
lengths (A) (left chain) and
spin density (right chain)

4.5
Trimetallic and Oligomeric Metal Complexes with Carbon-Rich Bridges

Conjugated organic polymers are currently used as organic light-emitting
diodes (OLED) as they offer useful mechanical and processability proper-
ties. They have been produced by combination of dibromoaryl and terminal
diyne derivatives using palladium-catalyzed Sonogashira reactions, and high-
throughput screenings have revealed the most active combinations leading to
efficient light-emitting polymers [67]. Similar approaches could be used for
the production of carbon-rich metal oligomers in the search for new redox
systems as illustrated in Scheme 4.21.

The rigid unit 1,4-diethylnylbenzene has been used as a bridge for building
homometallic polymers (Pd, Pt or Ni) [68] and heterobimetallic Ru/Pd and
Fe/Nioligomers [69]. This rigid diynyl unit was first used to bridge two identical
ruthenium moieties in 33 and ferrocenyl stable units in 34 as models [66]
(Scheme 4.22).

Heterotrimetallic complexes Ru-Pd-Ru 35 and Fe-Pd-Fe 36 containing the
same carbon-rich bridge were built using copper(I) catalyst for the activation
of the terminal alkyne bond of organometallic alkynes 37 and 38 in the reaction
with PdCl,(PBus); as shown in Scheme 4.23. The cyclic voltammetry of these
carbon-rich complexes 33-38 gave useful information on the role of the bridge
between metals (Table 4.4) [66].

The complex 33 showed two reversible waves corresponding to the sys-
tems Ru(III)/Ru(II) and Ru(III)/Ru(III), and its first oxidation is much easier
than the mononuclear related complex 37 (E° = 0.49 V). The E° value differ-
ence clearly shows the bridge communication ability in 33. By contrast the

— A = H + X—M—X H (: A = M}Ln

Scheme 4.21.
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bis-ferrocenyl derivative 34 shows only one oxidation wave not significantly
different from that of the monoferrocenyl derivative 38. The Fe-Pd-Fe com-
plex 36 behaves similarly to 34. Thus, the diynyl bridge needs to be directly
connected to the metal to show communication ability.

In the Ru-Pd-Ru complex 35 only one reversible wave (E° = 0.33 Vscg)
was observed for the oxidation of the two Ru sites (Ru(III)/Ru(II)), along with
two irreversible waves for the Ru(IV)/Ru(III) and Pd(III)/Pd(II) oxidations. By
comparison with 33, the redox properties of 35 show that, surprisingly, the Pd
unit inhibits the communication between the two ruthenium ends.

Based on these trimetallic models 35 and 36, mixed metal oligomers could
be produced from organometallic diynes on catalytic conditions. Thus the
ruthenium diyne 39 (E° = +0.45V vs. SCE) and PdCl,(PBu}), were reacted
with Cu(I) catalyst in the presence of amine, and the rigid rod oligomer 40
(Mw = 15100, n = 10) was obtained (Scheme 4.24) [69]. The cyclic voltam-
metry of 40 showed only one reversible Ru(III)/Ru(II) wave (E° = +0.36
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vs. SCE) indicating that the palladium unit, as in model 35, inhibits com-
munication between the carbon-rich chains. Similarly, the ferrocene con-
taining diyne 41 reacted with PdCl,(PBuj); and Cu(I) catalyst to give the
dark orange oligomer 42 (My = 26000; n = 28) (Scheme 4.25) [69]. The
diyne 41 and Ni(C=CH),(PBu}); afforded the dark red mixed Fe/Ni oligomer

Table 4.4. Cyclic voltammetry data for complexes 33-38

Complex®? ES, (V) AE° (mV) Egepa (V)
[Ru]-C=CC¢H4C=C-[Ru] (33) 0.15 80 1.6°
0.51 80

[Ru]-C=CC¢H4C=C-H (37) 0.49 90 1.38¢
[Pd](-C=CC¢H4C=C-[Ru],) (35) 0.33 110 1.14¢

1.38¢
[Fc]-C=CC¢H4C=C-[Fc] (34) 0.56 160
[Fc]-C=CCgH4C=CH (38) 0.58 120
[Pd](-C=CC¢H4C=C-[Fc]), (36) 0.55 110 1.424

2Sample, 1 mM; BuyNPF¢ (0.1 M) in CH,Cl,; v = 100 mV s7L potentials are reported in V
vs. SCE with ferrocene as an internal standard. ® Abbreviations: [Ru] = CIRu(dppe),; [Pd]
= Pd(P"Bus),. “Peak potential of an irreversible process (Ru'V/Ru'™l). dpeak potential of an
irreversible process (Pd'/Pd™). ¢Irreversible oxidations (Ru'V/Ru'f and pd"/pd™)

NEtH, r.t.

thP\ PPh, thp\ PPh, PBus
< > U _ < > y _Culcat. Cul cat. - RLJ — < > 7*Pd>>n
PhoR” PPh2 n PdCly(PBug), PhoR’ Pth PBu
84% (n =10)
Scheme 4.24.
— = N
= =
n PdCly(PBU"3), Fe '\DBua
NEtH ; rt. = O = P
Cul cat (1M mol) PBug
n H S
Fe 42 97%,n=28
(o? S =—H
41
NEt,H ; reflux
Cul cat (1M mol
(PBU"g)oNi—~=—=—H}, e
— Fe PBUs
== = Pd}
PBua

43 91%, n=30

Scheme 4.25.
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43 (Mw = 27000, n = 30). Oligomers 42 and 43 with higher molecular weight
than 40 are more flexible due to the rotating ferrocene moieties leading to
zigzag-shape oligomers.

This study suggests that the building of communicating metal-containing
oligomers should be better achieved by insertion of only Ru(dppe), units in
the carbon-rich systems.

4.6
Star Organometallic-Containing Multiple Identical Metal Sites

Star molecules constitute simple models for the production of multisite cat-
alysts or stable redox systems. The latter have potential for applications as
electron storage systems [70] or as modified electrodes [71]. The former al-
lows recovery of catalysts and access to both polyfunctional molecules and star
oligomers.

On the basis of known activation processes of terminal alkynes with
16-electron metal intermediates [38,72], triynes containing a rigid core were
first used for the access to star organometallics containing three identical
stable or mixed redox systems [32a]. Thus the triyne 1,3,5-(HC=C-C¢Hy-
C=C-)3CsH3 44 reacts with RuCly(dppe), to give a trisvinylidene ruthe-
nium complex 45. Complex 45 is easily deprotonated into a trisalkynyl ruthe-
nium compound 46 or used for the activation of ferrocenylacetylene to give
complex 47 containing three identical Ru sites and three identical Fe sites
(Scheme 4.26).

A cyclic voltammetry study of star organometallics 45-47 reveals that in
each molecule the three ruthenium moieties are oxidized at the same poten-
tial for (V vs. ferrocene): +0.72 V for 45, +0.02 V for 46, and —0.28 V (Fe) and

~)3+3PFg [Ru]
‘/[Ru]
NEtg
or
44 NEts / KPFg I
.
RuCly(dppe)o
[RU]\
I ,i{ [Ru]
45 [Ru] = Ru(dppe)oCl  [Ru] 46 [Ru] = Ru(dppe)Cl
47 [Ru] = Ru((dppe)e——=—~=>
Fe
=

Scheme 4.26.
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+0.30 V (Ru) for 47. Thus the carbon-rich C3y bridge does not allow significant
communication between the three ruthenium centers and the three ferrocenyl
groups. The vinylidene ligand is an electron withdrawing group in 45 with
respect to tris-alkynyl bridge in 46. The comparison of 46 and 47 with model
compounds trans-Ru(CC-R),(dppe), (R = Ph, Fc) indicates that in 47 the first
oxidation is due to that of the three ferrocenyl groups that are thus electron
enriched by the carbon-rich tris-ruthenium tripodal bridge [32a]. The elec-
tron donation of the ruthenium moieties is reflected in their higher oxidation
potential in 47 as compared to 46. Thus the organometallic star 47 can behave
as an electron reservoir offering six electrons three by three.

The activation of tritopic terminal polyynes was explored in order to gen-
erate multiple identical catalyst sites. Indeed vinylidene- and allenylidene-
ruthenium complexes have been used as catalyst precursors [34]. Triynes with
nonrigid cores were activated by suitable ruthenium complexes. Thus, the
triyne 48 was transformed into tris-vinylidene-ruthenium complexes 49 and
50 (Scheme 4.27) [32b]. By activation of the trispropargyl alcohol molecule 51
the new tris-allenylidene-ruthenium complexes 52 and 53 were selectively pro-
duced (Scheme 4.28) [32b].

These cationic tris-ruthenium complexes 49-50 and 52-53, although they do
not possess stable redox systems, contain identical ruthenium sites presenting
potential as multiple catalysts with identical catalytic sites to promote alkene
metathesis or ROMP polymerisation, thus offering route to star functional
molecules and star polymers.

)

3 [RuCl(dppe)2]BF4
or 3/2 [RuClx(p-cymene)]o / 6 PCys o)

[
O
H
/ O O
Z 48 O\ H
\ H

u
49 @ = RuCl(dppe)s, BF4 U
TCVS
_Cl
50 ( Ru =Ru
| >l
PCy3

Scheme 4.27.
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4.7
Conclusion

The above results show that controlled activation of carbon-rich molecules by
suitable metal complexesled to formation of a wide range of ruthenium systems
with potential for material science. Indeed, these ruthenium compounds are
attractive precursors for the synthesis of bimetallic complexes as models for
redox active molecular wires, i.e., bis-acetylides, bis-allenylidenes, or mixed
acetylide-allenylidene ligands, with properties highly dependent on the nature
of the chain. Furthermore, the preparation of a monometallic bis-allenylidene
and its reduction showed the possibility of electronic communication between
two carbon-rich chains through a ruthenium atom, which is a crucial issue for
the development of extended molecular wires. Owing to the potential ability of
these systems for chloride substitution with an acetylide or a cumulenic chain,
they appear to be interesting building blocks for the construction of long one-
dimensional nanoscaled organometallic networks to mediate electron transfer
processes, i.e., metal-containing unsaturated oligomers and polymers, and for
the building of star carbon-rich compounds with potential for enabling access
to multiple identical redox systems or catalyst precursors.
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Summary Molecular wires incorporating four oligopyridylamine ligands and a metal atom
chain have been synthesized. The structures show that the metal atom chain is in a linear
arrangement and is helically wrapped by four ligands. The metal atom chain may adopt
a symmetrical or unsymmetrical arrangement depending on the crystallization environ-
ment, the nature of the metal ions, the oxidation states of the complexes, and the nature
of the axial ligands. The strength of metal-metal interactions in the neutral form of linear
multinuclear metal compounds is in the order Cr > Co > Ni. Upon oxidation of the com-
plexes, the chromium and nickel complexes exhibit significant changes in the metal-metal
interactions while the cobalt analogs show slight changes. Electrochemical studies show
that these complexes have rich redox properties. Some of the complexes have more than two
stable oxidation states. The oxidation of nickel and chromium complexes becomes easier
as the number of metal atoms in the metal chains increases. The first oxidation potential
increases with an increasing atomic number for the first-row transition metals. STM studies
of multinuclear metal string complexes show significant differences in the conductivity of
the oxidized and neutral forms. This scenario provides a paradigm for the use of molecular
electronics such as molecular switches, molecular wires, and storage devices.

Abbreviations

bpyan The dianion of 2,7-bis(2-pyridylamino)naphthyridine
depa The anion of di(2-(4-ethylpyridyl))amine

dpa The anion of di(2-pyridyl)amine

Fc Ferrocenyl

Hdpa Dipyridylamine

Hytpda Tripyridyldiamine
Hsteptra  Tetrapyridyatriamine
Hypeptea  Pentapyridyltetraamine
Hsheppea Hexapyridylpentaamine
H¢hpphea Heptapyridylhexaamine
H;ocphpa Octapyridylheptaamine
Hgnopoca Nonapyridyloctaamine
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Hodepnoa Decapyridylnonaamine
Hjounpdea Undecapyridyldecaamine
Hjjdopuna Dodecapyridylundecaamine
Hjtrpdoa Tridecapyridyldodecaamine

N3Br Bromodipyridylamine

Ny Dipyridyldiamine

N4Br Bromodipyridyldiamine

Ns Dipyridyltriamine

N7Br Bromotetrapyridyltriamine

NgBr Bromotetrapyridyltetraamine

NoBr Bromopentapyridyltetraamine
peptea Tetraanion of pentapyridyltetraamine
pyan Anion of 2-(2-pyridylamino)naphthyridine
STM Scanning tunneling microscopy
teptra Trianion of tetrapyridyltriamine

tpda Dianion of tripyridyldiamine

5.1

Introduction

The studies on organic molecules used for molecular wires have attracted
much attention. Several new classes of organic molecular wires have been con-
structed [1-10]. In contrast, the development of inorganic molecular wires
has lagged [11-14]. Our approach to inorganic molecular wires is the use of
oligopyridylamines for the construction of linear multinuclear complexes. The
complexes consist of a linear metal atom chain supported by four oligopyridy-
lamido ligands. It has been shown that di-(2-pyridyl)amine can stabilize linear
trinuclear coordination complexes of various first-row and second-row transi-
tion metals. The first examples of the trinuclear copper and nickel complexes
bridged by di-a-pyridylamido ligand were reported in 1990-1991 [15-17].
In 1994 we reported the first unsymmetrical structure of a tricobalt com-
plex [Cos(dpa)sCl;] (dpa = the anion of di(2-pyridyl)amine), in which the
central cobalt ion forms a metal-metal bond with one of the two terminal
cobalt ions and leaves the other terminal cobalt ion isolated [18]. Three years
later, the symmetrical structure of this complex was discovered by Cotton
et al. [19]. Further work by the same group confirmed that both symmetri-
cal and unsymmetrical structures could exist [20-26]. Similar to the tricobalt
system, the trichromium complexes also display both symmetrical and un-
symmetrical structures [27-30]. To see how metal-metal interactions behave
in a linear chain of metal atoms, we set out to design and synthesize a se-
ries of oligopyridylamine ligands and their corresponding complexes. In the
past decade, we have successfully synthesized numerous trimetal complexes
[M3(dpa)sX;] (M = Cr, Co, Ni, Cu, Rh, and Ru, X = axial ligands) [18,31],
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pentametal complexes [M5(tpda)sX,] (M = Cr, Co, Ni, and Ru, tpda = di-
anion of tripyridyldiamine) [32-36], heptametal complexes [M7(teptra)sX;]
(M = Cr, Co, and Nij, teptra = trianion of tetrapyridyltriamine) [37,38], and
nonametal complex [Mg(peptea)sX,] (M = Cr and Ni, peptea = tetraanion
of pentapyridyltetraamine) [39,40], along with various multinuclear systems
supported by modified ligands.

In this chapter, we will discuss the synthesis of oligopyridylamine and
naphthyridine-containing ligands, along with the preparation, structures, and
physical properties of their complexes. The strong metal-metal interactions
observed in some of these linear multinuclear complexes indicate that the
linear metal chain may provide a conductive pathway for electrons, i.e., they
may find use in the application as molecular wires. The complexes bearing
thiocyanate axial ligands have been self-assembled on metal substrate for the
STM studies of their conductive behavior. These results will also be described.

5.2
Synthesis of Oligopyridylamine Ligands

The ligands used in our laboratory for the construction of linear multin-
uclear complexes are of precise length and constitution. The structures of
these oligopyridylamine ligands synthesized are outlined in Scheme 5.1. The
synthesis of the shorter ligands such as Hdpa and Hjtpda is straightforward.
For example, Hdpa was synthesized by the amination reaction of commercially
available 2-bromopyridine with 2-aminopyridine in the presence of strong base
tert-BuOK. By employing a procedure similar to that used with Hdpa, H,tpda
was synthesized by reacting 2,6-diaminopyridine with 2-chloropyridine. For
ligands having seven or more than seven nitrogen atoms, the amination was un-
successful under the conditions similar to those for Hdpa or H,tpda. Recently,

Hdpa = dipyridylamine

Htpda = tripyridyldiamine

Hateptra = tetrapyridyatriamine
Hspeptea = pentapyridyltetraamine
Hsheppea = hexapyridylpentaamine
Hghpphea = heptapyridylhexaamine
H;ocphpa = octapyridylheptaamine
Hgnopoca = nonapyridyloctaamine
Hgdepnoa = decapyridylnonaamine
Higunpdea = undecapyridyldecaamine
H;idopuna = dodecapyridylundecaamine
H,strpdoa = tridecapyridyldodecaamine

333333333333
L 1 1 1 1 A [}
= 2O~ WN=0O

-0

Scheme 5.1. Structures of oligopyridylamine ligands
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Scheme 5.2. Building blocks for synthesis of oligopyridylamine ligands

Buchwald et al. have developed a facial means for cross-coupling amination by
the reaction of the corresponding aryl halide and aryl amine in the presence
of palladium catalyst and the appropriate phosphine ligand [41-43]. Using
Buchwald’s conditions, a series of oligo-a-aminopyridines were successfully
synthesized.

The key building blocks used for the synthesis of these oligo-a-aminopyri-
dines are shown in Scheme 5.2. N3Br was synthesized by treating 2-aminopyri-
dine with 2,6-dibromopyridine [44]. The reaction between 2,6-diaminopyri-
dine with 2-chloropyridine gave the building block Ny along with tripyridyl-
diamine as the byproduct. However, the yield of the byproduct can be sup-
pressed when excess 2,6-diaminopyridine is used. Building block N5 was
prepared from 2,6-diaminopyridine catalyzed by hydrochloride. The bifunc-
tional N4Br building block was prepared by amination of 2,6-diaminopyridine
and 2,6-dibromopyridine using NaNH, as the base. Using the appropriate
building blocks, the preparation of short ligands can be achieved by a one-
step reaction. For example, the Pd-catalyzed coupling reaction between N3Br
and Ny gave tetrapyridyltriamine (Hsteptra), and coupling of one equivalent
of 2,6-diaminopyridine to two equivalents of N3Br afforded pentapyridylte-
traamine (Hypeptea) in the presence of palladium catalyst. In contrast, the
synthesis of long ligands is time consuming and laborious. As an exam-
ple, Scheme 5.3 depicts the synthetic routes for three long-chained ligands
nonapyridyloctaamine (Hgnopoca), decapyridylnonaamine (Hodepnoa), and
undecapyridyldecaamine (Hjpunpdea) [45]. The starting material N4Br was
coupled to N3Br using typical Buckwald’s conditions to give intermediate N;Br
which was then dicoupled to 2,6-diaminopyridine under similar conditions to
afford Hgnopoca. The ligand Hodepnoa was synthesized by self-coupling of
N4Br followed by reaction with 2-bromopyridine to form NgBr. The reaction of
NoBr with one equivalent of 2,6-diaminopyridine afforded Nj,, which was then
coupled to N7Br and NgBr to give Hodepnoa and Hjpunpdea, respectively. The
cross-coupling amination step leading to Hodepnoa or Hjpunpdea has low
yield when commonly used solvents are employed as the media. However,
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the reaction proceeds with good yield when pyridine is used as the solvent
due to its high solvating ability. Using an approach similar to that shown in
Scheme 5.3, we have successfully synthesized the long ligand that contains up
to 25 nitrogen atoms, although the solubility of long ligands is moderately low
in most organic solvents and their purification is tedious.

To fine-tune the properties of the multinuclear complexes, some new ligands
with naphthyridyl and/or phenyl groups have been synthesized in our labo-
ratory. Their structures are shown in Scheme 5.4. Likewise, these new ligands
can be prepared under Buchwald’s amination conditions.

5.3
Dimerization by Self-Complementary Hydrogen Bonding

It should be noted that this new class of ligands contains complementary donor
and acceptor units that can undergo self-dimerization by hydrogen bonding
interactions [46].

Z
2 SN N —_—
g/n

Figure 5.1 shows the crystal structure of an oligopyridylamine in the dimeric
form. The structure adopts a spiral conformation with six pairs of N-H-:----N
hydrogen bonds. The N-H.----N distances vary in a range of 3.02 to 3.12 A,
suggesting strong intermolecular hydrogen-bond interactions. The ligands
dimerize not only in the solid state but also in solution. The formation of

S
I _J/n

Fig.5.1. Crystal structure of dimeric form of oligopyridylamine
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the hydrogen-bonded dimers is confirmed by 'H NMR and UV-vis studies.
The dimerization constant increases as the number of hydrogen-bonded pairs
increases. For example, the ligands with two and ten pairs of N-H ... N hy-
drogen bonds have dimerization constants in the orders of 1072 and 10* M1,
respectively. Thermodynamic studies suggest that about 54% of the enthalpy
gain from dimerization interactions would be sacrificed to compensate for the
entropic free-energy loss.

54
Complexation of Oligopyridylamine Ligands

Oligopyridylamines have two types of nitrogen atoms, i.e., the pyridyl nitro-
gens and the amido nitrogens, which provide binding capability with metal
ions. The possible complexation of these oligopyridylamines can be catago-
rized into three types, syn-syn, syn-anti, and anti-anti [47-50].

FAR S F 4
SNTSNTN AN AN
L B Y L
syn-syn anti-anti syn-anti

5.5
Mono- and Dinuculear Complexes

Numerous all-syn and all-anti forms of complexes have been synthesized
in our laboratory. Figure 5.2 shows the structures of [Fe(Hztpda)z]2+ and
[Cu(Hsteptra)]** with the ligands in an all-anti conformation [51]. The
mononuclear complex [Fe(H;tpda);]Cl, was synthesized by treating iron(II)
chloride with two equivalents of Hytpda in methanol. In the structure of
[Fe(H,tpda)]?*, the three pyridyl groups of each Hytpda ligand are essen-
tially planar and the pyridyl rings are twisted with a dihedral angle of 38°
between the neighboring pyridyls. The Fe-N distances range from 1.981 to
2.005 A. Under similar conditions, [Cu(Hsteptra)](ClO4), was synthesized by
reacting Cu(ClO4);, and one equivalent of Hsteptra ligand in acetonitrile. The
four pyridyl groups of the Hzteptra ligand are planar, and the dihedral angles
between the neighboring pyridyl rings are 25.3°, 15.0°, and 20.4°, respectively.
Whenlongligands having more than eight pyridyl groups are used, it is possible
to construct their dinuclear complexes. As an example, Fig. 5.3 shows the struc-
tures of the dication of two dinuclear complexes [Niy(Hjounpdea)](ClO4)4 and
[Cuz(Hjounpdea)](ClO4)4, which were prepared by reacting Hjpunpdea with
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Fig. 5.2. Crystal structures of [Fe(H,tpda)]?* (left) and [Cu(Hsteptra)]?t (right) with lig-
ands in all-anti conformation

2.1 equivalents of Ni(ClO4); and Cu(ClOy),, respectively [45]. In the struc-
ture of [Nip(Hjpunpdea)]**, the ligand helically wraps the two nickel ions. The
six-coordinated nickel ion adopts an octahedral arrangement, whereas the five-
coordinated nickel ion has a distorted square pyramid geometry. The Ni ... Ni
distance is 5.900 A. The structure of [Cuz(Hlounpdea)]‘pr also exhibits a helical
arrangement with two four-coordinated copper ions. Both copper ions have
distorted square planar geometry, and the distance between these two cop-
per ions is 7.420 A. As some dinickel and dicopper complexes promote urease
and oxygenase reactions, respectively [52, 53], our dinuclear complexes may
find use in the catalytic reactions. Considering the helical arrangement of the
complexes, they may also be used in molecular recognition.

5.6
Structures of Linear Multinuclear Nickel Complexes

In addition to the all-anti complexes, all-syn form complexes of these oligopy-
ridylamines have been synthesized. In general conditions, the ligand is reacted
with the stoichiometric amount of the metal salt in the presence of tert-BuOK
using refluxing naphthalene as the solvent. In the past decade, numerous linear
multinuclear metal complexes have been prepared. The longest multinuclear
metal complex of oligopyridylamines with a crystal structure is the nonanickel
complex [Nig(peptea)4Cl,] [40]. Figure 5.4 shows the side view and the view
along the Nig axis of its crystal structure. The structure of this complex con-
sists of a linear chain of nine nickel atoms that are supported by four peptea*”
ligands, with two chloride ions in the axial positions. As can be seen from the
end view, the peptea®™ ligands helically wrap the linear metal chain with an
overall twist angle of about 180° from one pyridyl end to the other pyridyl end
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Fig.5.3. Crystal structures of [Niy(Hjounpdea)]** and [Cu,(Hjounpdea)]**

due to the steric crowding in the pyridyl hydrogens. Similar to the nonanickel
system, all the neutral molecules of the tri-, penta-, and heptanickel complexes
adopt a symmetrical form with a linear metal atom chain.

Figure 5.5 shows the comparisons of Ni-Ni and Ni-N distances for these
multinickel complexes. Though the Ni-Ni distances are short, there is no bond
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Cif2)

Fig.5.4. Side view (top) and end view (bottom) of crystal structure of [Nig(peptea),Cl;]

between the nickel ions. Generally, the terminal Ni-Ni distances are longer
than the inner ones in these complexes. The outermost nickel ions have Ni-N
lengths of about 2.1 A, which are longer by about 0.2 A than the internal
ones. These results indicate that the terminal nickel ions are in a high-spin
state and the internal ones in a low-spin state, which are in accordance with
the magnetic measurements and qualitative M.O. calculation. The antiferro-
magnetic coupling constants of the magnetic moments on the terminal nickel
ions are —99, —8.3, —3.8, and —1.7 cm™! for [Ni3(dpa)4Cl,], [Nis(tpda)4Cl,],
[Niy(teptra)4Cly], and [Nig(peptea)4Cl, ], respectively [40].

As mentioned, there is no metal-metal bonding between the neighboring
nickel ions in the neutral forms of these multinickel complexes. In contrast,
the molecules show a partial Ni-Ni bond in their oxidized forms. In 2002, Cot-
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Fig.5.5. Comparisons of Ni-Ni and Ni-N distances for tri-, penta-, hepta-, and nonanickel
complexes

ton et al. reported the oxidation of [Niz(dpa)4Cl,] to [Nisz(dpa)4(PFs),](PFe)
by the use of AgPFs and the crystal structure of [Niz(dpa)4(PFes)2](PFs) [54].
The trinickel core is symmetrical with two PF; anions as the axial ligand and
the positive charge is compensated by another PF; anion. The most striking
feature of the structure is the short Ni-Ni distance of 2.283 A, which is shorter
by about 0.15 A than that in the neutral molecule [Niz(dpa)4Cl,]. The elec-
tronic structure of the one-electron oxidation complex has been significantly
changed. Instead of two terminal nickel ions being in a high-spin state in the
neutral molecule, there is only one unpaired electron delocalized over the
trinickel unit in the oxidized form.

At the time Cotton et al’s work on the oxidized trinickel complex was re-
ported, we had synthesized the one-electron oxidation counterparts of the pen-
tanickel complexes [35]. The reaction of [Nis(tpda)4Cl,] with excess AgBF4 and
AgCF350;3 afforded [Nis (tpda)4(H,0)(BF4)](BF4), and [Nis (tpda)4(CF3SO3)2]
(CF3S03), respectively. Figure 5.6 shows the crystal structure of [Nis(tpda),
(CF3S03)2] (CF3S03). The most striking feature of their structures is the
unsymmetrical Nis chain. The unsymmetrical Ni-Ni bond distances in
[Nis(tpda)s(CF3803),](CF3S03) are 2.358(2), 2.276(2), 2.245(2), and
2.304(2) A. Compared to the Ni-Ni bond lengths in [Nis(tpda)4Cl,], both
the internal and external Ni-Ni bond distances in the oxidized compounds are
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Fig.5.6. Crystal structure of [Nis(tpda)4(CF3503),](CF3503)

shorter by 0.04-0.08 A. The significant differences between the two terminal
nickel ions can also be viewed from the different metal-ligand bond distances
of 2.059(7) and 2.338(8) A for Ni(1)-O(1) and Ni(5)-0(4), respectively. Un-
like the case of compound [Ni5(tpda)4Cl,] where the Ni-N distances for the
terminal Ni ions are considerably longer than those for the internal Ni ions,
the average Ni-N distances in [Nis(tpda)4(CF35S03),](CF3S03) are 2.081(10),
1.874(10), 1.904(9), 1.885(11), and 1.908(9) A for Ni(1), Ni(2), Ni(3), Ni(4), and
Ni(5), respectively. These results indicate that Ni(1) is in a high-spin state while
the other four Ni ions are in a low-spin state, and the one-electron oxidation
occurs at the terminal Ni(5) ion.

Theoretical calculations show that there are no metal-metal bonds in the
neutral molecules of the pentanickel complexes and the bond order for Co-Co
in neutral pentacobalt complexes is estimated to be 0.5 [36]. Comparing
[Ni5(tpda)4(CF3SO3)2](CF3SO3) to [Ni5(tpda)4C12] and [C05(tpda)4C12], the
Ni-Nibond distances are in between the corresponding metal-metal distances
in [Ni5(tpda)4Cl,] and [Cos(tpda)4Cl,] (Fig. 5.7). We believe that considerable
unsymmetrical Ni-Ni bonding interactions, especially on the Ni(5) site, exist
in the oxidized pentanickel complexes. The magnetic data suggest that the
terminal Ni(1) ion with § = 1 is antiferromagnetically coupled with the ter-
minal Ni(5) ion with § = 1/2 or the remaining Nis unit with a delocalized
unpaired electron. The coupling constants of the antiferromagnetic interac-
tions in the pentanickel core are estimated to be —555 and —318 cm™! for
[Nis(tpda)4(H,0)(BF4)](BF4), and [Nis(tpda)4(CF3503),](CF3503), respec-
tively, which are much higher than those for [Nis(tpda)4Cl,] (-8.3 cm™!) and
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Fig. 5.7. Comparisons of metal-metal bond distances in [Nis(tpda)4Cl,], [Cos(tpda)sClz],
and [Ni5(tpda)4(CF3SO3)2](CF3SO3)

[Niz(dpa)4Cla] (=99 cm™l), indicating strong metal-metal interactions in these
oxidized complexes. The magnetic results are in agreement with the X-ray crys-
tal structural analyses.

Using a procedure similar to that for the electron oxidation pentanickel com-
plexes, the one-electron oxidation heptanickel complexes, [Niy(teptra)s(OH)
(NO3)](NO3) and [Niy(teptra)s(OH)(H,0)](CF3503),, were prepared by re-
acting [Niy(teptra)4Cl,] with excess AgNO3 and AgCF3SOs3, respectively. The
structure of [Niy(teptra)s(OH)(NO3)](NO3) shows that the Ni-Ni distances
are 2.242(2), 2.278(2), and 2.360(3) A for the innermost, intermediate, and
terminal Ni-Ni bonds, respectively. The average Niiermina-N bond distance
of 2.098(12) A is about 0.20 A longer than the average Nijyerna-N one. One
might expect a decrease in the Ni-Ni bond distances upon one-electron oxida-
tion. However, the innermost average Ni-Ni bond distances of 2.242(2) A for
[Niy(teptra)4(OH)(NO3)](NOs3) and 2.248(2) A for [Niy(teptra)4(OH)(H,0)]
(CF3803); are slightly longer by 0.02 to 0.03 A when compared to those in
[Niy(teptra)4Cly]. The average Ni-Ni and Ni-N bond distances in [Ni;(teptra)4
(OH)(NO3)](NOs3) and [Niz(teptra)s(OH)(H20)](CF3S03), are not signifi-
cantly different from those in [Niy(teptra)4Cl,]. It is difficult to describe the
electronic configurations for the nickel atoms in [Niy(teptra)s(OH)(NO3)]
(NOs) and [Niy(teptra)4s(OH)(H,0)](CF3S03); on the basis of crystal data
alone. However, one-electron oxidation on one of the terminal nickel atoms,
which will result in a spin-state change from high spin to low spin, can be ruled
out since significant changes on the Ni-Niand Ni-N bond lengths for the termi-
nal nickel atoms are not found. Based on the measured pi ¢ value of 4.69 B.M.
for [Niy(teptra)4s(OH)(NO3)](NO3) at 300 K, there should be five unpaired
electrons, two on each terminal Ni(II) ion and one on the internal pentanickel
unit. Thus the electronic configuration of [Niy(teptra),(OH)(NO3)](NOs) is
best described as the terminal nickel ions in a high-spin state and the in-
ternal pentanickel unit, which carries an unpaired electron, in a low-spin
state.
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5.7
Structures of Linear Multinuclear Cobalt Complexes

It has been found that trinuclear cobalt complexes exhibit both symmetrical
and unsymmetrical structures depending on the nature of the axial ligands,
the crystal environment, and the oxidation states [18-26]. We reported the
first unsymmetrical structure of a tricobalt complex [Cos(dpa)4Cl;], in which
the cobalt ions group up to form a Co; unit and an isolated Co(II) ion [18].
As shown in Fig. 5.8, the short and long Co-Co distances are 2.290(3) and
2.472(3) A, respectively. The average Co-N distances in the Co, unit are 1.96 A
for the pyridyl nitrogen and 1.90 A for the amido nitrogen. The average Co-N
distance of 2.121 A for the isolated cobalt ion is considerably longer than
those in the Co, unit. The long Co-N distance for the isolated cobalt ion
is partly compensated by the stronger Co-Cl interaction. Shortly after our
report, the symmetrical structure of this complex was discovered by Cotton et
al. [10]. Further work by the same group confirmed that both symmetrical and
unsymmetrical structures can exist. In the symmetrical structure, the Co-Co
bond distances range from 2.25 to 2.32 A from one compound to another
depending on the crystallization conditions and the nature of axial ligands.
The metal-metal distances are shorter in the symmetrical tricobalt system
than in the trinickel analogs, indicating that a partial metal-metal bond exists
in the Cos unit. The Co-N distances for the pyridyl nitrogens are in the range
1.95-2.03 A, and those for the amido nitrogen are in the range 1.89-1.91 i
The magnetic measurements show that both symmetrical and unsymmetrical
tricobalt complexes exhibit spin crossover behavior.

Unlike the case of [Cos(dpa)4Cl,], wherein both unsymmetrical and sym-
metrical structures can exist, the five cobalt atoms in pentacobalt complexes
can only exist in a symmetrical arrangement [36]. The crystal structures of the
neutral pentacobalt complexes with only the axial ligands being different have
a great deal in common. In the complexes, two types of Co—Co bond distances
are observed. The average internal Co-Co lengths are in the range 2.22-2.24 A,
whereas the external bond distances are in the range 2.27-2.29 A. All the Co-N
lengths vary in the range 1.90-1.99 A. The shorter metal-metal bond distances
as compared to those in the pentanickel complexes suggest Co-Co interactions
in the Cos core. Theoretical calculations show that the bond order delocalized
over the Cos unit is two and there is an unpaired electron in the HOMO.
Magnetic studies indicate that the molecules are paramagnetic and there is
an unpaired electron in the Cos core. As the tricobalt complexes exhibit spin
crossover, the behavior of spin crossover is not observed in the pentacobalt
system.

The structure of the oxidized tricobalt complex [Cosz(dpa)sCl,](BF4) is
essentially symmetrical with a linear Cos chain [23]. The Co-Co distances
are 2.3168(8) and 2.3289(8) A, which are slightly longer than in the neutral
molecules. This can be ascribed to the larger positive-charge repulsion between
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Fig. 5.8. Comparisons of Co-Co and Co-N bond distances in unsymmetrical and symmet-
rical forms of [Co3(dpa)4Cl,], and in [Cos(tpda)4Cl,]

the cobalt ions upon oxidation. As expected for a metal cation with more
positive charge, the average terminal Co-N distance of 1.977 A and the average
central Co-N distance of 1.869 A are shorter by 0.011 and 0.028 A, respectively,
relative to that of the neutral counterpart. The most significant change in bond
distances of the oxidized molecule is found in the Co-Cl distance, which is
about 0.15 A shorter than that in [Cos(dpa)4Clz]. The significant decrease in
the Co-Cl distance is consistent with the theoretical calculation, which suggests
that the singly occupied HOMO of [Co3(dpa)4Cl;] is of Co-Co nonbonding
and Co-Cl antibonding character. Similar to the neutral molecule, the oxidized
form also exhibits spin crossover behavior.

One might expect that some of the interatomic bond distances would be
shorter as the neutral pentacobalt compounds are oxidized. However, the Co-N
distances for all cobalt atoms remain essentially unchanged upon one-electron
oxidation [36]. Moreover, all of the Co-Co bond lengths are slightly longer (by
about 0.01-0.02 A) than those in the neutral analogs. As discussed in the case
of the tricobalt system, the average Co-Cl (X = axial ligand) bond distance in
the one-electron oxidation speciesis 0.15 A shorter than that of the neutral one.
Similar to the case of the tricobalt compounds, theoretical calculations for the
pentacobalt complexes reveal that the singly occupied HOMO also character-
izes metal-metal nonbonding and metal-ligand antibonding. A large decrease
in Co-Cl bond distances is expected upon removal of an electron from the neu-
tral molecule. However, the average Co-Cl bond distance of 2.412(3) A is only
slightly shorter (by 0.033 A) than that in the neutral compound. Most likely,
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the electron is removed not from the singly occupied HOMO (o nonbonding)
but from the HOMO-1 (6-nonbonding) to form a paramagnetic complex with
S = 1, which is in accordance with the measured p.¢ value of 3.18 B.M. for
[Cos(tpda)4C12](ClO4) at 300 K.

5.8
Structures of Linear Multinuclear Chromium Complexes

In 1997, Cotton et al. reported the structure of the first trichromium complex
[Cr3(dpa)4Cl,] with alinear Cr3 chain in a symmetrical arrangement [27]. The
Cr-Cr distance is 2.365(1) A.In subsequent work on the trichromium com-
plexes, they found that both symmetrical and unsymmetrical Crs chains exist
for complexes with identical axial ligands while only unsymmetrical arrange-
ment is observed for complexes with different ligands in the axial positions.
For the unsymmetrical structure, the Cr3 chain consists of a diamagnetic
quadruply bonded Cr; unit and an isolated Cr(II) ion. In 2004, the same
group reinvestigated their previously reported structures of [Cr3(dpa)sCl;]
that crystallize in various solvents [30]. They found that the Cr; unit has one
short Cr-Cr distance ranging from 2.227 to 2.254 A and a longer one in the
range 2.469-2.483 A. It should be mentioned that the structure of the ethyl-
substituted [Cr3(depa)s4Cly] (depa = anion of di(4-ethylpyridyl)amine) has
a symmetrical Crs core with a Cr-Cr distance of 2.3780(5) A. Our work on
the trichromium complex [Cr3(dpa)4(NCS),] shows that the Cr; unit is sym-
metrical, while Cotton’s group described the structure for the same complex
as unsymmetrical. Though conclusive evidence for the exact structure has not
been obtained, the symmetrical structure of [Cr3(dpa)4(NCS);] is consistent
with our STM studies, as will be discussed later on [55].

As compared to trinickel and tricobalt complexes, the unsymmetrical struc-
ture of trichromium complexes has a shortest M-M distance ascribed to the
quadruple bond of the Cr; unit and the symmetrical form shows an inter-
mediate M-M distance. Similar to the case of trichromium complexes, we
found that the neutral pentachromium complexes [Crs(tpda)sX,] (X = Cl or
NCS) have a symmetrical Crs core while others described the structure as
unsymmetrical with alternating short and long Cr-Cr distances [34]. In the
symmetrical structure of [Crs(tpda)4Cl, ], two types of Cr-Cr distance are ob-
served, with the outer one being 2.284(1) A and the inner one 2.2405(8) A.
The Cr-N distances are 2.119(3), 2.021, and 2.050 A for the terminal Cr-Npy,
terminal Cr-N,mido, and central Cr-Nyy, respectively. The Cr-Cr and Cr-N
distances do not significantly change when the axial ligands are replaced by
thiocyanate ions. The M.O. calculation shows that pentachromium complexes
have an electronic configuration of 07031} m562,62,6%, niz( dxz)":z( dyz)> SUggest-
ing that there are two unpaired electrons delocalized over the Crs unit, and
a total bond order of six is delocalized over the five chromium ions. The mea-
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sured e value of 4.0 B.M. is larger than the expected spin-only value (2.82
B.M.), and this can be ascribed to the orbital contribution of m-nonbonding
orbitals. In the unsymmetrical structure of [Crs(tpda)4Cl;] reported by Cot-
ton et al., the Cr5 unit has alternating Cr-Cr distances of 2.587(7), 1.901(6),
2.587(6),2.031(6), and 2.604(5) A. The short Cr-Cr distances correspond to the
quadruply bonded Cr-Cr units and there is no metal-metal bonding between
the chromium ions with the long metal.----metal interatomic distances.

Simply based on the results of trichromium and pentachromium complexes
without any structural evidence for the heptachromium complexes, Cotton
et al. predict that the neutral heptachromium analogs should be unsymmet-
rical with alternating long and short Cr-Cr bond distances [56]. However,
our work on the heptachromium complexes shows that the neutral molecule
[Crs(teptra)4Cly] adopts a symmetrical structure with three types of Cr-Cr
bond lengths [37]. The average Cr-Cr distances are 2.286(2), 2.243(2), and
2.213(2)A corresponding to the terminal, intermediate, and outermost Cr-Cr
bonds, respectively. The comparisons of Cr-Cr and Cr-N distances for tri-,
penta-, and heptachromium complexes are given in Fig. 5.9.

To date, all the oxidized forms of tri-, penta-, and heptachromium complexes
have been found to be unsymmetrical whether the axial ligands are identical
or different. Numerous one-electron oxidation trichromium complexes of the
type [Crz(dpa)4Cl2](X) (X = counter anion) have been structurally charac-
terized [30]. In the structures, two of three chromium ions group up to form
a quadruple Cr-Cr bond with bond distances varying in the range 2.01-2.12 A.

~N N P R N S 7~
| [2.033(2) J2.121(2)

C| mm Cr e G s (G w1
2.365(1)

~N N N N N N N i N N 7~
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Cl==Cr Cr Cr Cr Cr = C|
2.284(1) 2.2405(8)

\N/\N/\N/\N/\N/\N/\N/
| | | J2.025(6) |2.051(7) J2.026(7) [2.113(8)

Cl==Cr Cr Cr Cr Cr Cr Cr = ]|
2.286(2) 2.243(2) 2.213(2)

Fig. 5.9. Comparison of Cr-Cr and Cr-N distances for tri-, penta-, and heptachromium
complexes
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The long Cr-----Cr distances range from 2.47 to 2.56 A. For one-electron ox-
idation complexes with different ligands occupying the axial positions, the
difference between the long and short Cr-Cr distances is quite large. The short
Cr-Cr length lies within the range 1.90-2.07 A and the long ones range from
2.48 t0 2.58 A. The electronic configuration of these oxidized complexes is de-
scribed as the quadruply bonded Cr; unit being diamagnetic and the isolated
Cr"D being paramagnetic (S = 3/2).

In ourlaboratory, the one- and two-electron oxidation pentachromium com-
plexes have been synthesized by reacting the neutral complex [Cr5(dpa)4Cl;]
with two and ten equivalents of silver salts, respectively. Under similar con-
ditions, the one-and two-electron oxidation heptachromium complexes have
also been obtained. Some selected bond distances for the oxidized complexes
are given in Table 5.1. In the structures of these oxidized complexes, one of
the terminal chromium ions is isolated and the other chromium ions pair
up to form Cr; units. Again, the alternating long and short Cr-Cr distances
are observed. The long Cr-----Cr distances vary in the range 2.377-2.596 A,
and the short Cr-Cr distances lie within the range of a quadruple Cr-Cr
bond. It should be mentioned that the Cr(2)-Cr(3) distance of 1.8377(14) A
in [Crs(tpda)4(BF4)(F)](BF4) is comparable to the supershort Cr-Cr distances
(<1.90 A). The first electron removed from the neutral molecules definitely
occurs at the isolated chromium ion to form a high-spin Cr'™ ion (S = 3/2),
while the exact oxidation center is unclear as the second electron is re-
moved.

Table 5.1. Selected bond distances for oxidized penta- and heptachromium complexes

1 2 3 4
Cr(1)-X 1.840(4) 1.809(4) 1.887(6) 1.871(5)
Cr(50r 7)-Y 1.931(4) 2.184(4) 1.923(6) 1.937(5)
Cr(1)-Cr(2) 2.487(2) 2.5963(14) 2.377(5) 2.455(2)
Cr(2)-Cr(3) 1.969(2) 1.8377(14) 1.948(10) 1.996(2)
Cr(3)-Cr(4) 2.419(2) 2.5719(14) 2.462(10) 2.402(2)
Cr(4)-Cr(5) 2.138(2) 1.9614(14) 1.963(10) 2.007(2)
Cr(5)-Cr(6) 2.454(10) 2.395(2)
Cr(6)-Cr(7) 2.220(6) 2.143(2)
Cr(1)-N 2.070(7) 2.059(6) 2.068(8) 2.053(7)
Cr(2)-N 2.004(6) 2.007(6) 2.004(9) 2.007(7)
Cr(3)-N 2.034(6) 2.037(5) 2.056(9) 2.042(7)
Cr(4)-N 1.992(6) 1.993(6) 2.019(9) 2.011(7)
Cr(5)-N 2.079(6) 2.080(6) 2.055(9) 2.037(7)
Cr(6)-N 2.010(10) 1.999(7)
Cr(7)-N 2.069(9) 2.073(8)

1 = [Crs5(tpda)4F,](BFy), 2 = [Crs(tpda)4(BF4)(F)](BF,), 3 = [Cry(teptra)4F,](BEy),
4 = [Cry(teptra)4F;](BF4),; X and Y are the axial ligands
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5.9
Structures of Triruthenium and Trirhodium Complexes

The structures of [Ruz(dpa)sCly] and [Rhi(dpa)4Cl,] are symmetrical with
delocalized metal-metal bond distances of 2.2537(5) A for the Ru-Ru bond
and 2.3920(5) A for the Rh-Rh bond, respectively [31]. Table 5.2 lists the
structural comparison of symmetrical trinuclear metal complexes. Accord-
ing to M.O. analysis, there is an overall bond order of three delocalized
over the Rus unit and the overall bond order is 1.5 for the Rhs unit.
The Ru-Ru bond distance of 2.2537(5) A is slightly shorter than that of
[Ruy(OAc)4Cl] - 2H,0 [57], 2.267(1) A, which has a bond order of 2.5 and
that of [Ruz(OAc)4(thf),] [58] is 2.261(3) A, which has a bond order of 2.0.
The Rh-Rh bond distance of 2.3920(5) is comparable to that of the dinuclear
complex [Rh;(0Ac)4(H,0),] [59], 2.3855(5) A, which has a bond order of 1.0.
It should be mentioned that the Rus unit deviates slightly from linearity with
ZRu(1)-Ru(2)-Ru(3) of 171.17(4)° and ZRu(2)-Ru(3)-Cl of 174.10(8)°.

Recently, we successfully synthesized the one- and two-electron oxida-
tion triruthenium complexes [Rusz(dpa)4Cly](BF4) and [Rus(dpa)sF2](BF4)2
by reacting [Rus(dpa)4Cl,] with ferrocenium tetraflouroborate and AgBF,,
respectively. In the structure of [Rus(dpa)sCly](BF4), the Rus unit is essen-
tially symmetrical. The Ru-N distances lie in the range 2.04-2.12 A, which are
comparable with those of [Ruz(dpa)4Cl,]. The average Ru-Ru bond length is
2.291 A, which is slightly longer (by 0.035 A) than that of the neutral analog
[Rus(dpa)4Cl;]. The lengthening of the Ru-Ru bond may be ascribed to the
stronger repulsion between the ruthenium ions in the Ruj" unit. The most
striking feature is that the average Ru-Cl distance exhibits a significant change
from 2.574 to 2.466 A as an electron is removed from the neutral compound
[Rus(dpa)4Cly]. The significant change in the Ru-Cl distances is consistent with
the metal-metal nonbonding and metal-axial ligand antibonding character of
the HOMO. It is noteworthy that the Rus unit is not in a linear arrangement
(£ZRu(1)-Ru(2)-Ru(3) = 166.66(3)°). The reason for the nonlinearity of the
Ru;z unit remains unclear. Table 5.3 gives a comparison of bond distances and
angles of these neutral and oxidized triruthenium complexes.

Table5.2. Structural comparison of symmetrical trinuclear metal complexes [M3(dpa)4Cl;]
(M = Cr(II), Co(II), Ni(II), Cu(II), Ru(II), and Rh(II))

Cr Co Ni Cu Ru Rh
M-Cl 2561(4)  2.520(2)  2.325(3)  2.465(1)  2.596(2)  2.586(1)
M-M 2.365(1)  2.3178(9) 2.443(1)  2471(1)  2.2537(5)  2.3920(5)
M-Npy 2.121(2)  1.997(3)  2.10(1) 2.05(2) 2.11(4) 2.08(1)
M-Namido  2.033(2)  1.907(3)  1.89(1) 1.96(2) 2.07(3) 2.01(1)
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Table 5.3. Selected bond distances (A) and angles (°) for [Rus(dpa)sCL](BF4) (5),
[Rus(dpa)4F2](BF4)2 (6), and [Rus(dpa)4Cl,] (7)

5 6 7
Ru(1)-X? 2.4656(13) 1.884(4) 2.596(2)
Ru(3)-X 2.4656(13) 1.918(3) 2.596(2)
Ru(1)-Ru(2) 2.2939(6) 2.2727(6) 2.2537(5)
Ru(2)-Ru(3) 2.2882(6) 2.2694(6) 2.2537(5)
Ru(1)-N 2.108(4) 2.086(5) 2.108(6)
Ru(2)-N 2.041(5) 2.033(5) 2.066(6)
Ru(3)-N 2.118(5) 2.093(5) 2.108(6)
Z/Ru(1)-Ru(2)-Ru(3) 166.66(3) 179.35(3) 171.15(4)

2X = axial ligands

5.10
Complexes of Modified Ligands

Some multinuclear metal complexes of naphthyridine-modified ligands have
been synthesized and structurally characterized in our laboratory. Figure 5.10
shows the structures of the dications of the hexanickel and hexacobalt com-
plexes. All the metal ions in these complexes have an oxidation state of two. In
the structure of [Nié(bpyan)4(NCS)2]2+ [60], the Nig core adopts a symmet-
rical arrangement with distances of 2.403(1), 2.314(1), and 2.295(1) A for the
outermost, intermediate, and inner Ni-Ni separations, respectively. The Ni-Ni
distances are comparable to those observed in tri-, penta-, hepta-, and nona-
nickel complexes. The Ni-Npy distance is 2.11(2), which is longer by 0.20 A than
Ni-Namido and Ni-Ny,pp, distances, suggesting that the terminal Ni(II) ions are
in a high-spin state and the internal ones in a low-spin state. The structure
of [C06(bpyan)4(NCS)2]2+ is essentially symmetrical [61]. There are two sets
of Co-Co distances: the average terminal distance being 2.294(2) A and the
internal ones being 2.251 A. These Co-Co distances are slightly shorter (by
0.01-0.02 A) than the corresponding Co-Co distances in the pentacobalt com-
plex [Cos(tpda)4(NCS),]. The average Co-N distances are 1.984(10), 1.911(10),
and 1.927(10) A for Co-Npy, Co-Namido, and Co-Npgpp, respectively, which are
shorter by 0.01-0.02 A than those in the pentacobalt analog.

We have also synthesized the tetranickel complex of the pyridylaminonaph-
thyridine ligand. The crystal consists of two types of molecules: one with the
four ligands orienting in the same direction and the other one with three of
the four ligands orienting in one direction and the other in the opposite direc-
tion. Figure 5.11 shows the structure of [Nig(pyan)s(NCS),]** with the four
ligands positioned in the same direction. The separation between metal ions
are 2.4177(16), 2.3335(16), and 2.4044(17) A for Ni(1)-Ni(2), Ni(2)-Ni(3), and
Ni(3)-Ni(4), respectively. The Ni-N distances of 1.911(7) and 1.885(7) A for
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ci73) M25)

Fig. 5.10. Crystal structures of [Nig(bpyan)s(NCS);]?" (top) and [Cos(bpyan)s(NCS),]**
(bottom)

the internal nickel ions are shorter by about 0.2 A than those for the terminal
nickel ions, indicative of the terminal Ni(II) being in a high-spin state and the
internal Ni(II) in a low-spin state.

5.11
Electrochemical Properties of the Complexes

It has long been known that dinuclear metal complexes exhibit rich redox
chemistry and some of them have two stable oxidation states [62,63]. Remark-
able richness in the electrochemical reactions of these multinuclear metal
complexes can be expected. Intuitively, their electrochemical properties will
strongly depend on the type and the number of the metal ions. The elec-
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Fig.5.11. Structure of [Nig(pyan),(NCS),]** with three of the four ligands orienting in the
same direction and the other in the opposite direction

trochemistry of these complexes was investigated by cyclic voltammetry. The
electrochemical data are listed in Table 5.4. All the ligands show irreversible
electrochemical oxidation reactions, and the first oxidative peak potential
Ep(ox1) shifts negatively as the ligand becomes longer. The electrochemical
data reported in Table 5.4 for the metal complexes illustrate several general
trends. First, the first oxidation potential increases with an increase in the
atomic number for the first-row transition metals. For example, in the series of
trinuclear complexes the first oxidations occur at +0.18, +0.43, and +1.05 V for
[Cr3(dpa)4Cl1], [Cos(dpa)4Cl,], and [Niz(dpa)4Cl,], respectively. This trend is
also observed in the penta- and heptanuclear systems. Comparison of the data
for the multinickel complexes in Table 5.4 illustrates a second trend: the longer
the string complex, the lower the oxidation potential. From the viewpoint of
M.O., thisis because the HOMO energy increases as the number of metal ions in
the linear chain increases. In the multinickel series, the first oxidation occurs
at +1.05, +0.65, +0.18, and —0.12 V for the [Ni3(dpa)4Cl;], [Nis(tpda)4+Cl;],
[Niy(teptra)4Cly], and [Nig(peptea)sCly], respectively. The effect of the axial
ligands reflects on the redox potentials. As shown in Table 5.4, the nature of
the ligands shows a slight influence on their electrochemical behavior and
the stability of the oxidized species. As an example, Fig. 5.12 shows the cyclic
voltammograms of pentacobalt complexes with a variety of axial ligands. All
these complexes exhibit two reversible redox couples at about E1/, = +0.35 and
+0.85 V, respectively [36]. Both electrochemical reactions involve one electron
transfer as ascertained by spectroelectrochemistry. For [Cos(tpda)4Cl,], an-
other two oxidative waves at potentials of about +1.25 and +1.40 V, which are
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Table 5.4. Selected redox potentials for multinuclear metal complexes®

Compounds Oxidation Reduction
4th 3rd 2nd 1st 1st 2nd

Hdpa +1.40*

Hytpda +1.03*

Hsteptra +0.95*

[Crg(dpa)4Clz] +1.75* +0.95 +0.18

[Crs(tpda)sCl;] +1.25* +0.63 +0.29 -1.30

[Cry(teptra),Cl] +1.30%  +0.94 +0.48 +0.27

[Cos(dpa)4Cly] +1.60*  +1.34 +0.43 —0.85*

[Cos(dpa)4(NCS);] +0.52

[Cos(tpda)4Cl,] +1.34 +1.21 +0.86 +0.34 —0.55*

[Cos(tpda)4(NCS),] +0.88 +0.38 -0.53

[Cos(tpda)4(N3)2] +1.16 +0.82 +0.33 -0.54

[Cos(tpda)4(CN)2] +0.19 +0.73 +0.27 —0.66

[Ni3(dpa)4Cly] +1.63*  +1.05 -1.15%  —1.30*

[Nis(tpda),Cl,] +1.37 +1.25 +0.65

[Nis(tpda)4(NCS),] +1.20%*  +0.68

[Ni7(teptra)4Cl,] +0.73*  +0.18

[Ni7(teptra)4(NCS)2] +1.02* +0.79* +0.17 -0.95

[Nig(peptea),Cly] +0.66 —-0.12

[Nig(peptea)s4(NCS):] +0.77 —0.06

[Rusz(dpa )4Cl,] +1.41 +0.80 +0.01

2 Cyclic voltammetry was performed in CH,Cl, with 0.1 M n-BuyNClO4 using Pt as the
working electrode. Potentials are reported vs. Ag/AgCl (sat'd) and referenced to the fer-
rocene/ferrocenium (Fc/Fc*) couple that occurs at E1/, = +0.54 V vs. Ag/AgCl (sat'd)

* irreversible reaction

well resolved using differential pulse techniques, are observed and each step
involves one-electron abstraction as judged by the peak current maximum.
The first reduction near —0.50 V is reversible for [Cos(tpda)4(NCS),] and ir-
reversible for [Cos(tpda)4Cly], [Cos(tpda)4(N3),], and [Cos(tpda)s(CN),]. It
should be noted that the cyclic voltammogram of [Cos(tpda)s(CN);] shows
a small reduction peak near —0.35 V upon the first reduction.

As shown in Fig. 5.13, this peak progressively increases as the potential
is scanned in cycles between 0.00 and —0.92V, indicating that an absorbed
species forms when [Cos(tpda)4(CN),] is electrochemically reduced. The in-
soluble film exhibits four newly developed redox couples at —0.36, +0.47, +0.84,
and +1.18 V. Most likely, the electrochemical reduction reaction leading to
[Cos(tpda)s(CN),]™ is followed by the dissociation of one of the cyanide
ligands to form an intermediate [Cos(tpda)4CN], and subsequent reactions
with [Cos(tpda)s(CN),] afford the insoluble polymer {-(Cos(tpda)sCN),-}
or dimer {NCCos(tpda)sCNCos(tpda)4CN} film. To see the stability of the
film, the applied potentials consecutively scan 20 cycles between +1.33 and
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Fig. 5.12. Cyclic voltammograms of linear pen-
tanuclear string complexes in CH,Cl, containing
0.1 M TBAP. Compounds [Cos(tpda)s(NCS),] (a);
[Cos(tpda)sCla]  (b); [Cos(tpda)s(N3)2]  (c);
[Cos(tpda)s(CN),] (d)
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—0.92 V for the film adsorbed on the electrode surface. The peak currents
slightly decrease, suggesting the decomposition of the film. However, the peak
currents remain unchanged when the potentials consecutively scan between
+1.05 and —0.75 V (Fig. 5.13¢). The insoluble film is electrochemically robust
and exhibits three well-resolved, reversible redox couples. These electrochem-

Fig.5.13. Cyclic voltammograms in CH,Cl, contain-
ing 0.1 M TBAP at 0.10 Vs~ using a glassy car-
bon electrode. a 20 consecutive cycles between 0V
and —0.92 V in 1.0 mM [Cos(tpda)4(CN),] solution.
b First cycle between +1.33 V and —0.92 V for insolu-
ble film adsorbed on electrode surface. ¢ 10 consecu-
tive cycles between +1.05 Vand —0.75 V for insoluble
film adsorbed on electrode surface

| 1 | | | |
+15  +10  +05 0 05 -10

EIV (vs.Ag/AgCl)
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ical characteristics suggest that this insoluble material is well suited for the use
of multibit storage devices.

The electrochemical reactions of these complexes have also been investi-
gated by coupled thin-layer spectroelectrochemical technique, which is espe-
cially useful for evaluating the electrochemical reaction center and the number
of electron transfers and provides definitive information about the electro-
chemical reactions [64]. As an example, Fig. 5.14 shows a spectral changes of
[Cos(tpda)4Cl,] at applied potentials from +0.18 to +0.44 V in CH,Cl, con-
taining 0.1 M TBAP. There are clear isosbestic points during the electrolysis
process, indicating that no intermediates are produced during the oxidation
reaction. The resulting spectrum is similar to that of the one-electron oxida-
tion products of [Cos(tpda)4Cl,], obtained by chemical method, suggesting
that the oxidation is a metal-centered reaction. Based on the spectral changes
of [Cos(tpda)4Cl,] at various applied potentials, the number of electrons trans-
ferred is calculated to be one.

An electrochemical process involving the oxidation of the neutral multi-
nuclear metal complex is often accompanied by the appearance of a new
broad band in the near-IR region, which may be ascribed to the intervalence
charge transfer. Figure 5.15 shows the spectral changes for the electrochem-
ical oxidation reactions of [Ni3(dpa)4Cl;] and [Nis(tpda)4Cl,], and Fig. 5.16
shows the changes for [Ni;(teptra)4Cl,] and [Nig(peptea)4Cl,] at various ap-
plied potentials. As can be seen, a new broad band in the near-IR region
corresponding to the intervalence charge transfer evolves during the electro-
chemical oxidation process. In general, the broad band in the near-IR region
undergoes bathochromic shift as the number of metal ions in the metal chain
increases.

As was mentioned, some of the multinuclear metal complexes may find
application in molecular wires. To be considered as molecular wires, the

350
1.61308 377
th

Absorbance

Wavelength / nm

Fig.5.14. Spectral changes for first oxidation of [Cos(tpda)4Cl,] in CH,Cl, with 0.1 M TBAP
at various applied potentials from +0.18 to +0.44 V
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Fig. 5.15. Spectral changes for first oxidation of [Niz(dpa)4Cl,] (top) and [Nis(tpda)4Cl;]
(bottom) in CH,Cl, with 0.1 M TBAP at various applied potentials from +0.23 to +1.05V
for [Niz(dpa)4Cl,] and from +0.20 to +0.76 V for [Nis(tpda)4Cl,]

molecules must be able to provide a pathway for electrons. A convenient way to
evaluate the electron conduction capability is to look at the electronic commu-
nication between the redox-active termini bonded to the ends of a molecular
wire. Our studies on the triruthenium complexes show that there is an over-
all bond order of three over the Ruz unit. Thus, the triruthenium complex
is a suitable candidate used for a molecular wire. We have synthesized the
triruthenium complex [Rus(dpa)4(CCFc);] with two ferrocenylacetylide axial
ligands [65].

The electronic communication between the two ferrocenyl units can be
studied using electrochemical techniques. As shown in Fig. 5.17, the cyclic
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Fe

—Ru Ru—Ru——

voltammagram of compound [Rus(dpa)4(CCFc);] displays three reversible re-
dox couples. The unresolved waves at potentials between +0.30 and +0.60 V
for the two consecutive redox processes correspond to the ferrocenyl units.
The Rusz-centered ([Ruz]”*/[Ruz]®") redox reaction occurs at E1/5 = +0.76 V,
which is comparable to those of analogs [Rus(dpa)4(CCAr),] (E1/2 = +0.63-
+0.70 V). The stepwise one-electron oxidations instead of a two-electron ox-
idation are indicative of electronic coupling between the two iron centers,
suggesting that the bridge may provide a passive path for electrons. These
reversible waves for the ferrocenyl units are resolved using a differential-
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Fig. 5.16. Spectral changes for first oxidation of [Nis(teptra)sCly] (top) and
[Nig(peptea)4Cl;] (bottom) in CH,Cl, with 0.1 M TBAP at various applied potentials from
+0.00 to +0.30 V for [Niy(teptra)4Cl,] and from —0.35 to 4+0.00 V for [Nig(peptea)sCl;]
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Fig. 5.17. Cyclic voltammogram (top) and differential pulse voltammogram (bottom) of
[Ruz(dpa)4(CCFc),] in CH,Cl, with 0.1 M TBAP

pulse technique. The comproportionation constant K. is calculated to be about
33 [66]. This is larger than the corresponding tricobalt complex (K. = 16)
in which the Cosz unit is unsymmetrical, and an overall bond order of 1.5
over the Cos unit is estimated [67]. As compared to the diruthenium com-
plex with ferrocenylacetylide axial ligands [68], the electronic coupling of
our system is weaker due to the longer Fe-Fe distance (ca. 16.3 A). This
complex can be classified as a weakly coupled (class II) mixed-valence sys-
tem and is comparable to the a, w-dipyridylpolyene molybdenum complex
[Mo(4,4'-NCsH4(CH=CH)4H4C5N)Mo] and the polyyne rhenium complex
[ReC16Re] [69,70].

5.12
Scanning Tunneling Microscopy Studies

Structural analysis and magnetic measurements show that the strength of
metal-metal interactions of these multinuclear metal string complexes is in
the order Cr > Co > Ni. The complexes with strong metal-metal interactions
may show good electrical conductivity. In some of the multinuclear metal com-
plexes, the structures exhibit significant changes upon oxidation. For example,
the neutral complex of trichromium complex is symmetrical with a bond
order of 1.5 between adjacent chromium ions, whereas upon one-electron ox-
idation the Cr3 unit is comprised of a Cr-Cr quadruple bond and an isolated
chromium ion at the end. The penta- and heptachromium complexes also ex-
hibit a behavior similar to that observed in the trichromium system. Therefore,
an on/off-switch-like behavior associated with the neutral oxidized states of
the complexes can be expected. To test the possible use of these complexes
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in molecular electronics such as molecular conducting wires and molecular
switches, scanning tunneling microscopy (STM) studies of these molecules
have been carried out [55]. Using STM techniques, the molecules can be indi-
vidually imaged and addressed as shown in Fig. 5.18.

Figure 5.19 shows typical STM images of [Niz(dpa)4(NCS)2], [Cos(dpa)s
(NCS)2], and [Cr3(dpa)4(NCS)2] molecules inserted into the self-assembled
monolayer (SAM) of dodecanethiolate on gold [55]. The STM measurements
showing the heights of the protrusions for [Niz(dpa)4(NCS);], [Cos(dpa)s
(NCS);], and [Cr3(dpa)4(NCS),] embedded within dodecanethiolate SAM are
7.8+1.0,9.84+0.6,and 12.84+0.7 A, respectively, suggesting that the tunneling
current increases with increasing metal-metal interactions in these multin-
uclear complexes. The heights for the pentacobalt and the pentachromium
complexes are 2.9 and 5.5 A higher than that of the pentanickel complex
(11.3 £ 0.3 A) when the molecules are embedded within the dodecanethio-
late SAM. The results are consistent with the trend observed in that of the
trimetal system.

To further probe the effect of metal-metal interactions on the conducting
properties, the one-electron oxidation complexes are also inserted into the do-
decanthiolate SAM for the STM studies. As expected, the oxidized pentanickel
complex exhibits better conductivity than the neutral analog. The protrusions
are, remarkably, raised 2.6 A, from 11.34 0.3 to 13.9 4 0.4 A. In the case of the
pentacobalt complex, the height of the protrusions is 13.2 0.4 A, which drops
slightly as compared to the neutral one. The height for the pentachromium
complex exhibits a considerable decrease from 16.8 + 1.2 to 13.6 = 0.8 A upon
oxidation.

STM tip

—
3.8 A STMtip trajectory
. .

Fig.5.18. Protocol for inserting [Ni3(dpa)4(NCS),] molecular wires into a hexadecanethio-
late self-assemble monolayer. Relative conductance was measured by a STM tip
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Fig. 5.19. STM images of [Niz(dpa)s(NCS);] (a), [Cos(dpa)s(NCS);] (b), and
[Cr3(dpa)4(NCS),] (c) embedded within dodecanethiolate SAMs

5.13
Summary

Enormous progress has been made in synthesizing oligopyridylamine and
modified ligands and in constructing molecular wires with a linear metal
atom chain supported by ligands. These complexes exhibit interesting physical
properties and provide us with the chance to better understand metal-metal
interactions in the linear metal atom chain. We have shown that the neutral and
oxidized forms of the multichromium complexes exhibit significant differences
in their structures, the strength of metal-metal interactions, and the electronic
configuration. The oxidized multinickel complexes have a partial metal-metal
bond in the metal atom chain, whereas the neutral molecules do not show
a metal-metal bond between the neighboring nickel ions. In the multicobalt
system, slight changes in the metal-metal distances are observed.

Since current downsizing of silicon-based chips will reach its physical lim-
its, an alternative approach needs to be found. Our multinuclear metal string
complexes with a linear metal chain in a defined length have been shown to be
electron conducting. This type of molecules may be used as molecular wires.
Based on structural analysis and STM studies, it is possible to make molecu-
lar switches using these molecules. Figure 5.20 shows the design of molecular
switches in which [Cr5(tpda)4(NCS),] or [Nis(tpda)4(NCS),] molecules are po-
sitioned between two gold electrodes. The Crs unit of the neutral molecule may
provide a conductive path for electrons, and the conductivity of the Crs unit is
expected to decrease upon oxidation due to weak or no metal-metal interac-
tions between the chromium ions with long distances. The molecular switches
made by these multinuclear complexes will function in an electrochemically
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Fig. 5.20. [Crs(tpda)s4(NCS);]-based (top) ~ ~ =
and [Nis(tpda)s(NCS);]-based (bottom) (@NQNQL
molecular switches Au | f—scn-timtometmiimti-nes—] (AU ON
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controllable fashion. The multinickel complexes are expected to work in a sim-
ilar way. In contrast to the chromium system, the oxidized form of multinickel
complexes will have better conductivity since it shows stronger Ni-Ni inter-
actions as compared to the neutral form. In the case of the multicobalt com-
plexes, neither neutral nor oxidized complexes show significant differences in
the metal-metal interactions, and they exhibit comparable conductivity. Thus,
the multicobalt complexes may be used as conducting wires, but they are not
suited for use as molecular switches. Significant progress in nanotechnology
has allowed us to address a single molecule, but there is still a long way to go
before molecule-based electronics becomes practical. The next key step is to
find methods of integrating these molecules into electronic devices.
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Chapter 6

Multielectron Redox Catalysts
in Metal-Assembled Macromolecular Systems

TAKANE IMAOKA - KIMIHISA YAMAMOTO

Keio University, Faculty of Science and Technology, Department of Chemistry, 3-14-1
Hiyoshi, Kohoku-ku, Yokohama 223-8522, Japan

Summary Multielectron redox catalysis of small molecules has been researched as an am-
bitious objective, because it relates to chemical processes involved in the life reactions and
is important for industrial applications. This review focuses on the multielectron transfer
reaction facilitated by redox-assembled systems in macromolecular architectures. Recent
advancesin constructing a nano-redox system based on precise assembly of metal complexes
in dendritic macromolecules are shown in particular.

Abbreviations

ET Electron transfer
DPA Dendritic phenylazomethine

6.1
Introduction

Reduction and oxidation (redox) reactions are some of the most important
chemical processes in the biological molecular conversion system. In many
cases, aredox reaction prefers to proceed as a multielectron transfer (multi-ET)
rather than a single-electron transfer (Single-ET) due to the stability of the
resulting products. Actually, the biological reductions of small molecules such
as 03, N3, and CO; occur via the multielectron pathway without generating an
unstable radical anion. However, in artificial systems, single-electron products
are often observed or control the entire reaction process without appearing as
a product. The difference is caused by the function of the biological enzymes
and artificial catalysts.

In general, the main role of catalysts is to stabilize this intermediate species
of chemical reactions. The reaction kinetics are accelerated by the stabilization
effect because it results in a lower activation energy for the entire reaction
process. It is enough to facilitate most chemical reactions with a practically
available rate constant, but another role would be required when the direct
electron transfer to/from the redox reagent or electrode surfaceis very slow. The
second role of redox catalysts is mediation of the electron exchange between
each substrate and reagent.
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Scheme 6.1. Energy diagram of O, and CO, multielectron reduction, heat of formation
(kJ/mol), and theoretical redox potential (V vs. NHE)

Conventional metal complexes having one redox center can mediate only
a Single-ET process, while biological enzymes with multicored metallopro-
teins can promote a multi-ET process at the same time. The catalytic sys-
tem with a mononuclear metal complex inevitably produces unstable radical
species through the reaction. The chemical potentials of radical ions are very
high for small molecules. For example, the heat of formation and theoretical
redox potentials of CO, and O, are shown in Scheme 6.1. The differences be-
tween the required redox potential for a single or multielectron reduction are
2.14V (COy) and 1.79 V (O3), respectively. Therefore, an exceptionally strong
coordination energy of radical anions to the catalysts are needed to lower the
activation energy of a single-electron pathway to the level of a multielectron
pathway. In short, multielectron redox catalysts are practically feasible for
promoting such reductions by applying a relatively low overpotential.

This review focuses on the methodology to fabricate multielectron redox
systems by assembling redox centers around a catalytic center using a macro-
molecular architecture.

6.2
Multielectron Redox Systems

In principle, the one-step multi-ET is favorable for many organic or inorganic
molecules with covalent bonds. As mentioned above, small molecules are one
of the most typical examples. The driving forces, which accelerate the multi-
ET, is a combination of proton binding [1-3], formation of a new bond [4, 5],
or a structural transformation [6-12]. However, most multielectron reactions
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Scheme 6.2. Kinetic schemes of single-ET and multi-ET system for catalytic reduction of
substrate

do not readily proceed except for a few examples. A key aspect of the mul-
tielectron reaction is the kinetic control. If the kinetics was the ideal rate,
the reaction would proceed at the redox potential of the multielectron path-
way. Traction, which pulls the first endothermic single-electron process, is the
second exothermic process.

For example [13], the two-electron reduction of NAD* leads to NADH
through NAD® connected to flavin, which is a two-electron mediator. The re-
quired overpotential to form the intermediate radical (NAD®) is 0.7 V higher
than that of the NADH formation, but, in practice, no overpotential is needed.
In this system, the reaction should proceed as a multi-ET system. When the
intrinsic electron exchange among the catalytic redox centers is very fast (close
to the adiabatic limit), the entire electron transfer kinetics via the radical for-
mation will be a practically available rate (>10' s7!) even when the production
of the transition radical species is very hard. The close proximity of the redox
centers (within 6 Angstrom) among flavin-NAD plays the very essential role of
accelerating the entire reaction by the exothermic second ET. The fast kinetic
of the second ET (k;) results in a rate-limiting step by the first ET (k;). Although
the first ET is strongly endothermic, the rate constant is relatively fast when
the electron mediator (Cat) is close to the substrate [13].

In contrast, if the electron mediator has only one electron, at least two
mediators are required to start the multielectron reaction. Therefore, the oxi-
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dized catalyst (Cat) should be exchanged by another catalyst (Cat™) before the
second ET. The recomplexation (k) should be the rate-limiting step of the
second ET process because it is usually a second-order reaction. As a result, the
entire reaction becomes a two-step process producing unstable radical species
as the intermediate. The two-step reaction is very slow because the radical
formation equilibrium constant (k;/k_;) under a low applied overpotential is
small. This means that a radical formation pathway with a very fast electron
exchange rate can be regarded as well as a multielectron pathway. In other
words, a one-electron reduced/oxidized species is regarded not as an interme-
diate state but as a transition state through the multielectron pathway. Based
on this idea, the designed strategy for an efficient multielectron redox reaction
is to construct the redox-assembled system in a very narrow space.

6.3
Multinuclear Complexes as Redox Catalysts

The redox potential of the mediating catalysts must be similar to that of the
substrates. For reduction, if the potential of the catalysts was much more
negative, the actually required negative potential would be higher than that
required in the theoretical prediction. In contrast, if the potential was more

Covalent dimer

CNRu(NH3)s2*

CNRU(NH3)52+

meso-tri-ruthenated porphyrin lon-pair dimer

Fig.6.1. Structures of multinuclear metalloporphyrins for O, four-electron reduction



6 Multielectron Redox Catalysts in Metal-Assembled Macromolecular Systems 123

positive, the electron relay will not work. For the catalytic reduction of O,
a metalloporphyrin complex such as cobalt or iron is usually employed. Their
redox potential, corresponding to the redox between the di- and trivalence
states, is located in the region at 0.5V vs. NHE. It is close to the theoretical
redox potential of the two-electron O, reduction to hydrogen peroxide (H,0;),
so that the main product of the catalytic reduction would be H,0, using the
mononuclear porphyrin complex. The role of the mononuclear catalyst is only
to decrease the activation energy of the O} *® radical formation.

The first strategy, aimed at facile multielectron processes, was to construct
a multinuclear cofacial porphyrin complex [14]. The multiplying process by
covalent bonding [15, 16], p-oxo bridge [17], ionic interaction [18], and self-
assembly [19, 20], was successfully applied to the four-electron reduction of
O, producing water (Fig. 6.1). The triruthenated cobalt porphyrin [21] also
catalyzed the four-electron reduction. The complex has a four-metal center in
which the redox potentials are close to each other.

6.4
Macromolecule-Metal Complexes

The multielectron process can be developed by concentrating the redox ac-
tive center in the polymer matrix. We have reported the efficient produc-
tion of H,O from O, via a four-electron reduction process using redox ac-
tive polyaniline derivatives [22,23] (Fig. 6.2). During the reduction process,
the key point is the matching of the redox potential for both the multielec-
tron mediator (polyaniline) and catalytic center (cobalt porphyrin). The gap
in the redox potentials between each redox center prevents a fast succes-
sive electron injection into the catalytic center. A similar multielectron re-
action using the macromolecule-metal architecture was also successful for
the O, reduction by concentrating the redox centers in a matrix such as
Nafion [24, 25]. However, most of the macromolecule-metal complexes cat-
alyze the O, reduction at a potential more negative than the theoretical po-
tential of the H,0, formation. This fact cannot completely rule out the quasi-

Poly-aniline

JngCFﬁC F2CF2 )
o)

\ Nafion
CF»

{ONOROY GFCFs s
- Y e
CFoCF280; (M O

Fig.6.2. Polymer matrices for multi-ET reduction of O,
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multi-ET mechanism involving two successive electron reductions via H,O;
formation.

6.5
Metal lon Assembly on Dendritic Macromolecules

Metalloproteins [26] as biological catalysts have a well-defined structure of
metal-organic (polypeptide) hybrids. A critical difference between the met-
alloproteins and conventional macromolecule-metal complexes [27] is the
structural unity in the complexation. The structure of the macromolecular
complexes by linear polymers cannot be predicted in advance. Previous re-
search showed that a further precise hybridizing method is required in order
to facilitate the fast electron exchange between the assembled metal complexes
and a catalytic center.

The next step in the efficient multi-ET catalysis is to construct a finely
defined metal-organic hybrid in the macromolecule with a single molecular
weight and structure. For a scaffold of the metal-assembled nanocompos-
ite, dendritic macromolecules (dendrimer) [28,29] bearing multicoordination
sites on the branching units are used because of their structural unity. Sev-
eral dendrimers, which can assemble metal ions, have been reported [30-34].
The phenylazomethine dendrimer (DPA) in particular showed a layer-by-layer
stepwise complexation [35,36] with various metal ions from the core to the
periphery (A — D in Fig. 6.3), whereas the other dendrimer complex could
define the number and position of the metal ion. The stepwise complexation
can be determined by the UV-vis titration method, transmission electron mi-
croscope (TEM), and electrochemical approach [37]. This unique property
originates from repeating electronic donation of the phenylazomethine unit

S5
. % O ¢ ‘
o |§ - ° .} (, A0
P - ' N \ ‘ §\N @ @ ,:‘
}l |.} {. { D C B A ‘e B lC -
?_N N @) , / 14
B A
7 .’x ‘\‘ O DPA G4 Cot_)rdin_ation Site

(Imine nitrogen)

Fig. 6.3. Structures of phenylazomethine dendrimers with a p-phenylene (DPA G4) and
p-substituted phenyl group (Half-DPA-X G4) as the core
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to the focal point. The electronic negativity on inner units is amplified layer
to layer because the inner coordination sites are affected much more by outer
electron donating groups. Thus, the basicity of the inner imine nitrogen groups
are enhanced.

The complexation behavior of the half-DPA clearly shows that the stepwise
metal assembly depends on the electronic factor of the dendritic phenylazome-
thine (DPA) structure [38]. Similar spectral changes in the UV-vis absorption
were also observed with the half-DPA G4. Not only the SnCl, complexation, but
protonation with trifluoroacetic acid also occurred from the core-side imines.
The coordination constants (Ky) of the protons to imines could be separately
estimated for each layer of the dendrimer by a theoretical analysis of the isos-
bestic points of the UV-vis spectral change. The Ky values of each imine in
the different layers (A~D) for various generation numbers of the dendrimer
(Fig. 6.4) strongly indicate that the basicity of the imine units close to the core
are enhanced. The coordination constants of SnCl, to the inner imines are
two orders of magnitude higher than that to the neighboring outer imines.
However, if the core is substituted by a strong electron withdrawing unit (CF3),
the basicity gradient is disordered. As a result, the complexation behavior is
different from the nonsubstituted dendrimers.

The stepwise metal assembly can be applied to dendrimers having various
functional core units [39-41] because it is based on the electronic property of

logKx
o~

3

Generation
A

B C
(Core) D
Layer

number (n)
(Terminal)

Fig. 6.4. Experimentally obtained constant for the protonation by trifluoroacetic acid to
each imine site (A~D) of the half-DPA with various generation numbers [38]
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the dendritic structure itself. Furthermore, a variety of metallic cations such
as Fe3*, Au?*, and so on are also available for precise hybridization. The den-
dritic phenylazomethine-substituted porphyrins [39] have a structure similar
to that of the heme-containing metalloproteins. For example, cytochrome ¢
oxidase [42,43], known to catalyze the four-electron O, reduction, has a Cu
complex close to the heme center. The additional metal complex plays a syner-
getic role as an electron mediator and O, binding site [44,45]. The porphyrin
cored dendrimer also assembles a metal ion in a stepwise fashion [39]. The
UV-vis spectrum changes during titration by SnCl, are shown in Fig. 6.5. Four
isosbestic points were observed in turn by adding equimolar amounts of SnCl,
to the dendrimer solution as well as to the previous phenylazomethine den-
drimer [35,36]. The number of coordination sites (imines) in the different
layers agreed with the number of required equivalents for each shift in the
isosbestic points. This means that a precise hybridization between metal ions
and a macromolecular architecture is available around a functional porphyrin
core. In this dendrimer, a metal ion is also assembled from the core-side imines,
as shown in Scheme 6.3.

The observed shift in the isosbestic points toward the shorter wavelength
region was stepwise. This fact represents a very large difference in the coor-
dination constants between the neighboring imines in different layers. From
a theoretical point of view, the required gradient of the coordination constants
is two orders of magnitude per layer (Fig. 6.6a). If the gradient were smaller,
the shift in the isosbestic point should be continuous (Fig. 6.6b).

The metal-assembling dendrimer with a porphyrin complex is expected
to be used as a multielectron catalyst. In practice, the lanthanide metal ion

4SnClz i 8SnCl: 42 -\\\

0 L] L]

. °@ e, <\° -/>-/]
N \N, No—e

16SnCl2

45
<«

:“ 32SnClz
b
) <«
Coordination Site
(Imine nitrogen)
Porphyrin-G4 Dendrimer ® = SnCh

Scheme 6.3. Schematic representation of stepwise complexation to phenylazomethine den-
drimer (generation 4) with metalloporphyrin core
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Fig. 6.5. a UV-vis spectra changes in the stepwise addition of SnCl, to the 2.5 pM phenyla-
zomethine dendrimer (generation 4) with a cobalt porphyrin core. b Absorption changes
vs. equivalents ratio of added SnCl,. ¢ Enlargement of isosbestic points

(La** = Y%, Tb>*, Er’*, Nd**) assembling phenylazomethine dendrimer with
a cobalt porphyrin core acts as an excellent catalyst for the CO; electrochemical
reduction. Cobalt tetraphenylporphyrin (CoTPP) in the zero valent state is
known as a CO; reduction catalyst [46]. In the cyclic voltammogram of CoTPP,
areductive current response by CO; was observed at the potential of the Co(0)
formation (—1.8 V vs. NHE). It corresponds to a redox-mediated catalytic CO,
reduction. The theoretical redox potential of the CO, multielectron reduction is

3701 - 3707 _
a b
368 Ka =101 M - 368 -
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Fig. 6.6. Calculated shift in isosbestic points for arbitrarily selected values of each coordi-
nation constant (Kj : Ky of intime A ~ Ky : Ky of intime D) based on equilibrium theory
assuming the same experimental condition of Fig. 6.5
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much higher than the observed reduction potential; thus the overpotential for
the CO; reduction is very high. It is explained by a single-electron mechanism,
which corresponds to the reduction via a single-ET process, once the CO,
radical anion is generated as the intermediate. In contrast, as shown in Fig. 6.7,
the metal (Tb**)-assembling cobalt porphyrin dendrimer showed a catalytic
response toward the CO, reduction at the potential of the Co(I) formation
(=0.7V vs. NHE), 1.1V higher than that of Co(0). The mechanism of the
reduction by the metal-assembling dendrimer cannot be explained by the
single-electron process. The theoretical redox potential of the CO; one-electron
reduction (—1.97 V vs. NHE) is 1.3 V lower than the observed redox potential.
If the reduction proceeds via a one-electron process, the required stabilization
energy of CO,* should be 125 kJ/mol. This is unlikely for the CO,-Co(I)
binding energy [47,48] because an exceptionally high coordination constant
(K = 102! M !) is required.

The result is easier to understand as a multi-ET reaction. Phenylazomethine
complexes with Tb3* can act as an electron mediator to the cobalt porphyrin
core. The electron-exchanging kinetics between the core and metal complexes
should be very fast due to their close proximity. The dropping overpotential
(1.3V) can be distributed as a contribution to the stabilization energy and
thermal activation energy. Moreover, the metal ion concentrated in the den-
drimer may also coordinate to the oxygen terminal of CO,, thus stabilizing the
activation energy [49].
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Fig.6.7. aCyclic voltammograms of0.5 mM CoTPP and 0.5 mM CoP-DPA (G2) with (50 mM)
Tb(OTf); in argon or CO,-saturated DMF solution. b CO, concentration dependence of
plateau current for CoP-DPA-Tb>*
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6.6
Conclusion

A multi-ET catalyst, contributing the biological molecular conversions, has
been a difficult target from a synthetic approach because it requires a very
close proximity of the metal complexes. The most important requirement
for the multi-ET catalysts is the fabrication of a nanosized redox-assembling
structure with a designed flexibility. We have developed a macromolecule-
metal hybridization technique. A novel method using the phenylazomethine
dendrimer architecture as the framework of the metal ion assembly can provide
us with a well-defined hybrid structure. The goal - ingenious hybrid structure
in metalloproteins - is still not easy, but the method using the dendrimer
should be an important tool for the precise hybridization of metals and organic
macromolecules. Since the metal-assembling property does not depend on
a specific dendrimer core or choice of the metallic elements, a variety of
multi-ET system including catalysts and molecular electronic devices could be
applied.
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7.1
Introduction

Nanosized molecules having plural redox active sites, and thus showing multi-
ple redox processes, are interesting and attractive not only from the viewpoint
of pure science but also for their use in electronic devices [1]. However, single
molecules usually have a limited degree of multiplicity. For example, although
fullerenes Cgp and Cy¢ exhibit six reversible single-electron reductions, these
processes are spread over a large and extremely negative potential window
(—0.98 V to —3.26 V vs. Fc/Fc*) [2]. A few examples of multinuclear complexes
having redox-active ligands that possess a large number of redox processes are
known [3-5]. Balzani and coworkers reported 26 successive redox processes
for a hexanuclear ruthenium complex with bridging polypyridyl ligands, but
their redox processes are highly overlapped [3]. Recently, Lehn and coworkers
reporteda [2 x 2] grid-type Coll complex that can be electrochemically reduced
by 11 electrons in ten well-resolved reversible steps [4]. Metal-assembled com-
plexes with redox-active metal centers and their oligomers should be useful
for making multiredox systems.

In this chapter, we report the design, syntheses, and electrochemical proper-
ties of a pyrazine-bridged triruthenium cluster trimer and tetramer that show
well-separated multistep one-electron redox waves [6]. The triruthenium clus-
ters that we used are a class of oxocentered triruthenium clusters bridged
by six acetate ligands with the general formulae [RusO(CH3CO;)6(L)3]" and
[RuzO(CH3CO,)6(CO)(L),]. In general, the ancillary ligand L is a neutral mon-
odentate ligand such as a pyridine derivative, triphenylphosphine, isocyanide,
and/or a solvent molecule. In the isolated state, [RusO(CH3CO;)s(L)3]* with-
out a carbonyl or isocyanide ligand formally has three Ru(III) centers and
an overall charge of +1 (RuI3H’HI’IH), whereas [Ru3O(CH3CO;)6(CO)(L);] for-
mally contains one Ru(II) and two Ru(IIl) centers and thus has an over-
all charge of 0 (Rugn’m’n). The noncarbonyl cluster [RusO(CH3CO;)6(L)3]"
has, in addition to four reversible cluster-based single-electron redox waves
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from +3 (Ru; ) to =1 (Ruy ) state, a quasireversible ligand-based one-
electron wave at the most negative potentials. On the other hand, the carbonyl
cluster [RuzO(CH3C0O,)6(CO)(L)2] shows four reversible single-electron re-
dox waves from a +2 (RuIVIH IH) to a —2 (possibly RuII 1L H) state in a nor-
mally accessible potential region [7, 8]. In addition, the redox potentials of
the carbonyl Rus complexes are 300 to 500 mV more positive than those of
corresponding waves of the noncarbonyl Ruz complexes, and the redox po-
tential of Ruz complexes strongly depends on the basicity, or pK,, of the
ancillary ligand L. For example, redox potentials shift toward negative po-
tential by 200-500 mV upon changing L from 4-cyanopyridine (pK, = 1.7)
to 4-dimethylaminopyridine (9.7) [8e]. Moreover, oligomers of Ruz clusters
are easily obtained when a linear didentate bridging ligand such as pyrazine
(pz) [8¢,9,10] or 4,4'-bipyridine [8¢,10,11] is used and each Ruz unit in the
oligomers maintains a redox-potential-controllable ligand site. Thus, we can
control the redox potential of the Rus cluster oligomers by choosing the ap-
propriate ligands, L and/or CO, for each Rus cluster unit. Using these unique
properties, we designed the pyrazine-bridged Rus trimer 1 and tetramer 2 that
show multiple one-electron redox waves. The molecular structures of 1 and 2
are shown in Fig. 7.1.

To reduce the complexity of chemical formulae, we have abbreviated the
pyrazine-bridged Rus oligomers such that the ancillary ligand set, excluding
the bridging pyrazine, for each Rus unit is in parentheses and hyphens rep-
resent the bridging pyrazines, e.g., the trimer [{RuzO(CH3CO,)s(L!)(L?)}-
(p-pz)-{Ru3O(CH3C0,)s(L?) }-(p-pz)-{RusO(CH3CO,)s(L*)(L>)}] is abbre-
viated as [(L!,L?)-(L?)-(L*L°)]. When the oxidation state of Ru or the lig-
and set in an oligomer unit must be shown, abbreviations such as RuIII 1Ll
or {Rus(L!,L?)}, in which p3-oxo, six acetate ligands, and pyrazine hgand
are omitted, are used. In this study, pyridine and 4-dimethyaminopyridine
are used as ancillary ligands L and are abbreviated as py and dmap, respec-
tively. Meyer and coworkers reported a similar pyrazine-bridged Rus trimer
[(py,py)-(CO)-(py,py)]**, in which the onset of bandlike electronic properties
was observed [9b]. However, oligomers 1 and 2 are the first examples of this
type that have well- separated multiple one-electron redox waves.
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Fig.7.1. Molecular structures of Rusz trimer 1 and Ruj tetramer 2
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7.2
Syntheses of Oligomers 1 and 2

The objective of this study is to prepare Rus-based compounds that show
many reversible well-separated one-electron redox waves. To accomplish this,
the selection of the ancillary ligands and their location within the oligomer,
i.e., arrangement of the Rus cluster units with appropriate ancillary ligand sets
in the oligomers, is extremely important. The syntheses of oligomers 1 and 2
were easily carried out using a “complexes as metal and complexes as ligand”
strategy [12], as shown in Schemes 7.1 and 7.2.

The coordinated solvent molecules in the Rus complexes (“complex as
metal”) were easily replaced by those containing pyrazine with a free donor
nitrogen atom (“complex as ligand”). This strategy worked nicely for cou-
pling Rus unit(s) one at a time to the growing oligomers via a p-pz ligand.
Compounds 1 and 2 were obtained as PF; salts in relatively good yields. De-
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tailed synthetic methods and characterization of these compounds have been
reported elsewhere [6].

7.3
Redox Behavior of 1 and 2

In 1 and 2, all the Ru; units in the oligomers have different ancillary ligand sets
and thus each unit should have different redox potentials. In actual fact, such
redox behavior has been observed in the cyclic voltammograms of 1 and 2 in
acetonitrile (Figs. 7.2 and 7.3).

The cyclic voltammogram of 1 in acetonitrile shows 11 reversible redox
waves involving 12 electrons overall (Fig. 7.2, Table 7.1).

Each wave is a single-electron process and is well separated from the
other waves except for two waves at Ej; = ca. 1.4 and 0.70 V, where
two single-electron processes overlap. All of the redox waves can be eas-
ily assigned by comparing the Rus monomers bearing the same ligand set
([RugII’IH’HO(CH3C02)6(CO)(py)(pz)] (corresponding to unit A in Fig. 7.2):
Ey = 1.23,0.58,—0.83, —1.64; [Ruj """ O(CH;3C0,)6(CO)(pz)2] (correspond-

unitA  wnitB  unitC 1Ry, VLI
Ru, ML
\Iﬂg?“%: » = Ry, ML
> %ﬁui;u: m X S ;ui m Ry, xi
@ &%/ m A ,H'J./@ 6%/1 @ — Ru_;"'”‘“ il

- 0=,
e

I 20 pA
mnit C = i : “
unit A o —
mit B O .
| | | |
1.0 0.0 -1.0 -2.0
E /V vs SSCE

Fig.7.2. Cyclic voltammogram and redox wave assignments of Rus trimer 1. The oxidation
state of each unit is shown in the differently grayed regions
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Table 7.1. Electrochemical data for Rus trimer 1in 0.1 M [(n-C4Hg)4N]PFs-CH;3;CN

Redox wave

ii
iii
iv

vi
vii
viii
ix
X
Xi

Assignment

(IV,IILII1)/(IIL 1L, ITT) in unit B
(IV,IILIII)/(IIL 1L M) in unit A
(IV,IILII)/(IILIILIII) in unit C

E1/2 ® V vs. SSCE (ne) ®

1.44 (1e)
1.36 (le)
1.07 (le)

(IIL,IILIIT)/(IILIILID) in unit B and A 0.70 (2e)

(IILIILIIT)/(IILIILID) in unit C
(IILIIL,IN)/(IILILII) in unit B
(IILIILIT)/(IILILID) in unit A
(IILIILIT)/(IILILID) in unit C
(IILILIT)/(ILILII) in unit B ©
(IILILID/(ILILII) in unit A ©
(IILILIT)/(ILILII) in unit C €

0.09 (1e)

—0.50 (1e)
—0.76 (1e)
—1.16 (1e)
—1.46 (1e)
—1.84(le)
—2.07 (1e)

2 E1/2s are determined from the differential pulse voltammetry

b
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ol

o U"‘u@,,? @

ne = number of electrons exchanged
¢ See text for the Ruj>
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Fig.7.3. Cyclic voltammogram and redox wave assignments of Rus tetramer 2. The oxidation
state of each unit is shown in the differently grayed regions
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ing to unitB): Ey/; = 1.37,0.70,-0.65,—1.30; [Rug """ O(CH3CO,)s(py)2(pz)]*
(corresponding to unit C): Ej2 = 0.96, —0.03, —1.17, —1.74 V). In assign-
ing the waves based on the comparison with the component Ruz monomers,
two important points were considered: (1) the electron-donating ability of
the bridging pyrazine is much lower than that of the coordinated monoden-
tate pyrazine, and (2) in the negative potential region, electronic interaction
through the bridging pyrazine between adjacent Rus units makes the difference
in redox potentials of each unit larger [8c,9a,10]. The redox wave assignments
are shown in Fig. 7.2. On going from the most positive potential to the most

negative potential, the successive waves were assigned to (Rugv’m’m/RuI3H’HI’III ),

(Rugn,m,m /Ru;II,III,II)’ (RuI3H’IH’H /Rugn,u,u), and (Rugn,n,n /Ru131’H’H) processes in
each cluster unit, where the reduction of the cluster units occurred in the or-
der B to A to C for each redox couple (Fig. 7.2). Waves ix-xi were tentatively
assigned to the (Ru;H’H’H/Ru?’H’H) processes (Fig. 7.2 and Table 7.1). However,
they might beligand-based redox waves (see below). The cyclic voltammogram
of 2 in acetonitrile consists of 14 reversible step waves involving 15 electrons
in all (Fig. 7.3, Table 7.2).

Except for the wave at 0.70 V, which corresponds to two overlapping
single-electron redox processes, all of the waves involve single-electron pro-
cesses and are well separated. Tetramer 2 was designed in such a way
that a {Ruj "> (dmap,dmap)} unit is linked to the right-hand side of

trimer 1 to give [RLI;H’HI’H (Co’py)_RuISH,IH,H(CO)_Rugll,HI,HI (py)_Rugll,HI,HI

Table 7.2. Electrochemical Data for Ruj tetramer 2 in 0.1 M [(n-C4Hg)4N]PFs-CH3CN

Redox wave Assignment Ey2* V vs SSCE (ne)®
i (IV;IILIID)/(ITLIILIII) in unit B 1.44 (1e)
i (IV,IILIID)/(IIL,IIL ITT) in unit A 1.36 (1e)
iii (IV,IILIID/(IILIILIIT) in unit C 1.15 (1e)
iv (IV;IILIID)/(IILIILIIT) in unit D 0.93 (le)
v (IILIILIN)/(IILILID) in unit Band A 0.70 (2e)
vi (IILIILIIT)/(IILIILII) in unit C 0.19 (le)
vii (IILIILIIT)/(IILIILID) in unit D ~0.06 (1e)
viii (IILIIL,IT)/(IILILII) in unit B —0.50 (1e)
ix (IILIILIT)/(IILILII) in unit A —0.75 (1e)
x (IILIILIT)/(IILILIT) in unit C ~1.08 (1e)
xi (IILIILIT)/(IILILII) in unit D —1.32(1e)
xii (IILILID/(ILILID) in unit B © —1.50 (1e)
xiii (IILILIT)/(ILILII) in unit A € —1.83 (1e)
Xiv (IILILIT)/(ILILII) in unit C € ~1.99 (1e)

2E1/2s are determined from the differential pulse voltammetry

be = number of electrons exchanged
“See text for Ru;I’H’II state
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(dmap,dmap)]?*. The strong electron-donating dmap ligands cause the re-
dox waves from the {Rus(dmap,dmap)} unit to shift toward more neg-
ative potentials and thus these waves do not overlap with other waves
(Fig. 7.3). Redox wave assignment of 2 was made in the following manner.
Cyclic voltammogram pattern of 2 can be understood as a sum of CVs of
trimer 1 and the Ruz monomer [RuzO(CH3CO;)¢(dmap),(pz)]* added to
trimer 1 (unit D, Fig. 7.3). As is seen in Fig. 7.3, the redox potentials of the
(RuISV’HI’HI/RuI3H’HI’IH/Rugn’m’n/Rugn’H’H/Ru;I’H’H) couples for unit D appear at
more negative potentials than than those of units A, B, and C. Note that a wave
corresponding to the Rugn’H’H/Ru?’H’H process of unit D is at a potential more
negative than the accessible potential window and thus does not appear in the
CV. On going from the most positive potential to the most negative poten-
tial, the reduction of the cluster units occurs in the order B to A to C to D
for each redox couple (Fig. 7.3). Waves xii-xiv are tentatively assigned to the
(RuéII’II’H/Ru?’H’H) processes (Fig. 7.3 and Table 7.2). However, these might be
ligand-based redox waves (see below). As mentioned above, the assignments
to the (Ru;H’H’H/RugI’H’H) processes in 1 and 2 are tentative. A redox wave based
likely on the bridging pyrazine is often observed in these potential regions;
in actual fact, Meyer and coworkers assigned the wave that corresponds to
our tentative assignment to the (RuéH’H’H/Ru?’H’H) process to a ligand-based
process for similar Rus complexes [8c]. There is a possibility that the waves
observed at potentials more negative than —1.45 V are due to reduction to an
electronic state created by mixing of the reduced states of pyrazine and Rus
cluster core. This study deals with compounds showing multistep one-electron
redox waves and not the detailed assignments for the observed waves. There-
fore, waves observed at extremely negative potentials are tentatively assigned

to the (Ru;II’II’II/Ru;I’H’H) processes in this paper.

7.4
Conclusion

We synthesized triruthenium cluster oligomers which showed well-separated
multistep one-electron redox waves. It has been accomplished by assembling
cluster units with different redox potentials. To the best of our knowledge, the
present compounds show the largest number of well-characterized and well-
separated single-electron redox processes reported thus far. As an extension of
this sudy, we are now making dendrimers comprised of the present Rus clusters.
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Chapter 8

Molecular Architecture
of Redox-Active Multilayered Metal Complexes
Based on Surface Coordination Chemistry

MAsA-AKI HAGA

Department of Applied Chemistry, Faculty of Science and Engineering, Chuo University,
1-13-27 Kasuga, Bunkyo-ku,Tokyo 112-8551, Japan

Summary Our recent research on multilayered architectures based on redox-active metal
complexes and DNA nanowiring of molecular dots consisting of complexes with intercalat-
ing moiety is reviewed. The combination of self-assembly and successive metal coordination
leads to novel well-defined nanostructures and functions on surfaces. To keep the vertical
orientation from the surface normal, new bi- and tetrapod anchoring ligands with two
and four phosphonate groups (LP and XP) have been introduced. Layer-by-layer fabrica-
tion of mono- and dinuclear metal complexes with these ligands on the surface made it
possible to control the multilayering on the surface, resulting in a vectorial electron flow
through potential gradients on the molecular scale. The electron transfer behaviors on the
multilayer films will be discussed in detail. DNA nanowiring by point-to-point capture on
a surface-immobilized metal complex on a mica surface is also described.

Abbreviations

ITO Indium-tin oxide

SAM Self-assembled monolayer

tpy 2,2":6',2” -Terpyridine

AFM Atomic force microscope

tpy-ph-tpy 4,4'-(1,4-Phenylene)-bis-2,2":6/,2"-terpyridine

XPS X-ray photoelectron spectroscopy phen 1,10-phenanthroline
STEM Scanning transmission electron microscope

vbpy 4-Methyl-4-vinyl-2,2'-bipyridine

Mebimpy 2,6-Bis(1-methylbenzimidazol-2-yl)pyridine
BimpyH, 2,6-Bis(l-benzimidazol-2-yl)pyridine

8.1
Introduction

Nanometer-sized molecular systems on surfaces are being widely explored in
order to overcome the fabrication limit of silicon-based devices. The fabrica-
tion of well-defined nanometer-sized structures on a solid surface is one of the
most challenging areas of research in nanoscience [1]. The top-down method
based on photolithography in silicon technology allows for the downsizing of
gate size to access several tens of nanometers; however, this miniaturization
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method is approaching its theoretical limit of ca. 50 nm. To overcome this prob-
lem, much effort has been devoted to developoing a bottom-up method based
on the self-assembly of molecular units on a surface in order to bridge the gap
between micrometer and nanometer in the fabrication size [2-5]. The assem-
bly of discrete molecular units affords two- and three-dimensional topological
structures through various combinations of molecular units with different ge-
ometries [6-9]. However, the inorganic-organic frameworks on surfaces have
not been throughly studied. Since the coordination bond between metal ions
and organic ligands has directionality and saturation, surface coordination
chemistry has the potential to construct well-defined surface nanostructures
from solution. As a self-assembled monolayer (SAM) on solid surfaces organic
thiol is immobilized on a gold surface to form a solidlike structure on the sur-
face. Similarly, a phosphonate group is attached as a SAM film on an indium-tin
oxide (ITO) or mica surface. The SAM films on a solid surface ensure surface
functionalities such as wettability, redox activity, photochemical responses,
etc. However, complicated functions are not incorporated in monolayer films
because of the low integration of functional molecular units [10]. On the other
hand, the use of multilayer films on a surface overcomes this drawback by
the incorporation of a variety of functional molecular units in each layer. For
the fabrication of multilayer films on a surface, various interactions between
molecular units have been employed, i.e., electrostatic interaction, hydrogen-
bonding interaction, and coordination bond [11,12]. In particular, the combi-
nation of a SAM monolayer film and the coordination bond leads to the desired
extended nanoframeworks, maintaining the functionalities of each molecular
unit. In this review, we focus on our approach to the layer-by-layer fabrication
of redox-active metal complexes with the help of coordination bonds. Incorpo-
ration of redox-active molecular units within multilayer films makes it possible
to create an appropriate potential gradient for vectorial electron transfer [13].

8.2
Fabrication of Multilayer Nanoarchitectures
by Surface Coordination Chemistry

8.2.1
Layer-by-Layer Assembly on Solid Surfaces

Self-assembled monolayers have changed surface properties and additionally
have added a new element of functionality to surfaces [10]. For example,
surfaces become hydrophobic when a long alkyl silanol is attached on the
glass slide. Even the molecules are densely packed because, in a self-assembled
monolayer, the molecular density is too low to collect the photons in photoelec-
trochemical devices. On the other hand, multilayer films have a high molecular
density, which can generate complex functionalities within layers. To fabricate
a multilayer film on a surface, electrostatic interaction between anionic and
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cationic polyelectrolytes is commonly used as an alternating layer-by-layer
method [14]. In the case of polymer electrolytes, the boundary between two
layers is not well defined and each polymer component is sometimes entan-
gled. Alternatively, the coordination bond between metal ions and anchored
ligand is available for building up the layered or extended structures on the
surface. As anchoring groups to solid surfaces, alkylsilanol, thiol, disulfide, and
phosphonate are generally used, depending on the solid substrate, while ter-
pyridine, carboxylate, phosphonate, and isocyanide groups are used as metal
ion binding sites [15]. One of the advantages of using a coordination bond on
the surface is to give directionality to the layering process, which is defined
by both linker ligands and the coordination geometry around the metal ions.
Therefore, the strategy for this “bottom-up” synthesis based on coordination
bonding has the potential to afford versatile molecular architectures by the
selection of molecular units [12,16-20]. Starting from the metal complex unit
with both anchoring group and linker group, the immobilization of the molec-
ular unit on the solid surface creates the first layer and then the metal ion
binds the terminal linker group onto the first layer. Further, the second layer
can be formed simply by the immersion of the solid surface into the solution
of the metal complex module. By repeating this immersion manipulation, the
fabrication of a well-defined layer-by-layer film on the solid substrate can be
achieved, as shown in Scheme 8.1.

Complex Layer C
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Scheme 8.1. Fabrication of layer-by-layer growth of complex units by surface coordination
chemistry on solid substrate
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8.2.2
Molecular Design of Anchoring Groups
for Control of Molecular Orientation on Surfaces

To make a well-defined multilayer film using a coordination bond, the molec-
ular orientation, molecular arrangement, and molecular packing of the first
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layer are important factors on the solid surface. For example, the closed-
packed alkyl chains of thiolates are usually tilted ~26-28° from the surface
normal in the case of an alkanethiol self-assembled monolayer on an Au(111)
surface [10,21]. However, if the molecular packing is low, the molecular ori-
entation becomes random since the simple alkyl chains are flexible. In order
to control the molecular orientation on the surface, the molecular design of
multipoint anchoring compounds is available, as shown in Scheme 8.2.

Rigid tripod-COOH or -SH surface-binding groups having a tetrahedral
core such as tetraphenylmethane or 1,3,5,7-tetraphenyladamantane provide
a stable, three-point attachment to a solid surface [11,22-27]. This type of
multipoint anchoring ligand is suitable for fixing the molecular orientation on
the surface. In particular, the photochemical multicomponent system, consist-
ing of the electron sensitizer, donor, and acceptors, plays an important role in
interfacial electron transfer reactions on surfaces [28-30]. Recently, we syn-
thesized novel bi- and tetrapod anchoring ligands (LP and XP, respectively)
based on 2,6-bis(benzimidazol-2-yl)pyridine having two or four phosphonate
groups and their redox-active Ru/Os complexes (Scheme 8.3) [13,20,31]. In
the Ru complex with XP ligand, [Ru(XP)(tpy)]?*, the X-ray crystal structure
reveals that two mesityl groups are perpendicular to the 2,6-bis(benzimidazol-
2-yl)pyridine plane and the rotation of the methylene group attached to the
phosphonate is sterically hindered. Considering both the X-ray structure and
the molecular modeling, the four legs of the phosphonate are directed to the
metal oxide surface such as tin-doped indium oxide (ITO) or silicon oxide,
and the auxiliary rigid linker moiety is oriented perpendicular to the surface
normal. Recent advances in surface treatment allow us to obtain a relatively
flat ITO surface as supplied, which makes it possible to obtain the molecu-
lar images on the ITO surfaces. Figure 8.1 shows AFM images of dinuclear
[Ruy (XP),(tpy-ph-tpy)] complexes immobilized on a flat ITO substrate. The
surface concentration of the complex on the ITO substrate was controlled by
the concentration of the metal complex in the solution. At low concentrations
of the metal complex, scattered dots with an average height of ~4 nm were

R
| R=COOH,SH POZH

Scheme 8.2. Examples of tripod anchoring ligands
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Scheme8.3. Novel bi- and tetrapod anchoring ligands (LP and XP) and proposed molecular
orientation based on both X-ray structure of Ru-XP complex and molecular modeling

observed; at higher concentrations the entire surface was covered by a closely
packed monolayer. In the case of a mononuclear Ru complex, [Ru(XP),], a sim-
ilar morphology was observed except that the height of the dots was ~ 1.6 nm.
Molecular modeling indicates that the heights for mono- and dinuclear com-
plexes are consistent with those expected for the vertical orientation from the
surface normal.

Bis-tridentate coordination environments around an octahedral metal cen-
ter ideally have a C,y symmetry, and two tridentate ligands are arranged in the
opposite direction. Therefore, the layer-by-layer growing method can be ap-
plied to Ru/Os complexes with phosphonate groups. As shown in Scheme 8.1,
the alternate immersion of the ITO electrode into each solution of a com-
plex module ([M(L);] or [M,(L),(tpy-ph-tpy)]) and metal ion (Zr** or Zn*")
can form the multilayer structure on the ITO substrate: at first, the metal ion
can be coordinated to the phosphonate groups on the first layer consisting
of [M(L)2] and [Mz(L),(tpy-ph-tpy)] (M = Ru(II) or Os(II), L = LP or XP),
and then the second layer is formed by the binding of a metal complex mod-
ule onto the metal ion (Zr** or Zn?*). The multilayer formation on an ITO
substrate was monitored in our experiments by the UV spectra. For the mul-
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Fig. 8.1. AFM image of dinuclear [Ru,(XP),(tpy-ph-tpy)] complexes immobilized on flat
ITO substrate and chemical structure of complex

tilayering experiments of the mono- and dinuclear complex, the plots of the
absorbance of the MLCT band around 500 nm vs. number of layers reveals the
linear relationship in all cases. Furthermore, the STEM images and the depth
profile of XPS data were supported by the multilayer structure. Therefore, the
metal-complex-based multilayers can be constructed by the combination of
redox-active Ru/Os complexes and Zr** or Zn?* ions. The multilayer forma-
tion between organic phosphonate and metal ion such as Zr** or Hf** was
originally developed by Mallouk et al. on a variety of surfaces via sequential
adsorption of metal ion and bis(phosphonic acids) from aqueous solution.

8.2.3
Molecular Design of Redox-Active Metal Complex Units
for the Control of Energy Levels on Surfaces

The oxidation potentials of metal complexes are changed by the selection of
heterocyclic ligands and substituents on the ligands, i.e., in some cases the
oxidation potential can be predicted by Lever’s ligand electrochemical param-
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eters [32]. Further, the substitution of metal ions from Ru to Os in [M(L),],
where M = Ru, Os, and L = heterocyclic ligands, induces the 0.3 ~ 0.5 V neg-
ative potential shift. The M(II/III) oxidation potentials of the [M;(XP),(tpy-
ph-tpy)] complexes are +0.93V and +0.64 V as a two-electron process for
M = Ru and Os, respectively. The judicious selection of ligand in complex
modules can tune the redox potential, which allows us to control the di-
rection of vectorial electron flow by arranging the redox potentials of the
modular units properly. Proton-coupled electron transfer reactions also in-
duce the potential shift of redox species in the complexes. For example, the
Ru complexes having bis(benzimidazolyl)pyridine (bimpyH,) show a proton-
coupled electron transfer reaction [33,34]. Scheme 8.4 shows a typical square
scheme of [Ru(Mebimpy)(bimpyH;)]?*, in which the oxidation potential of
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[Ru(Mebimpy)(bimpsz)]ZJr in a CH3CN/Britton-Robinson buffer (1:1 v/v) is
shifted from +0.64 V vs. SCE to 0.14 V upon deprotonation [33]. The deproto-
nation of the benzimidazole N-H groups induces a large energy perturbation
in the complex. Therefore, the Ru complex units having a bimpyH, ligand
have the potential for molecular switch, since proton transfer reaction can act
as an external stimulus. We have also found that the metal-metal interaction
in dinuclear complexes can be tuned by the deprotonation/deprotonation on
bridging benzimidazole ligands and that intramolecular electron transfer can
be triggered by the protonation/deprotonation in tetranuclear mixed-valence
Ru/Os complexes containing (2-benzimidazolyl)pyridine derivatives [35-38].
The concept of proton-induced switch can be applied to the molecular sysytem
on a surface by a judicious molecular design. When a multilayer consisting of
metal complex modules is immobilized on a solid surface and one of the layers
can respond to the outer perturbation such as proton dissociation or photoex-
citation, as shown in Scheme 8.5, this surface can possess a molecular switching

property.

Arrangement of layers

Ru-LH Ru-L
[0:03 03039:> |0303IOsOslIT

Deprotonation from
Ru-LH layer

............. TALN — e ¥

Os-Os 0s-0s Ru-LH 0s-Os O0s-08 Ru-L

Scheme 8.5. Proton-induced molecular switch in multilayer films and energetics upon de-
protonation

8.3
Chemical Functions of Redox-Active Multilayered Complexes on Surface

8.3.1
Electron Transfer Events in Multilayer Nanostructures

The layer-by-layer growth of redox-active [Ru(XP),] and [M;(XP),(tpy-ph-
tpy)] units (M = Ru or Os), which possess phosphonate groups at opposite ends
of the unit, leads to a multilayer structure with the assistance of Zr(IV') or Zn(II)
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ions on the ITO substrate. Cyclic voltammetry of the [Ru(XP),] monolayer
immobilized on an ITO electrode exhibits the Ru(II/III) oxidation process
at +0.65V vs. Ag/AgCl. Similarly, the [Ru,(XP),(tpy-ph-tpy)] monolayer on
an ITO electrode shows one two-electron process at +0.93 V vs. Ag/AgCl.
The surface coverages for [Ru(XP),] and [Ru,(XP),(tpy-ph-tpy)] monolayer
films are 5.60 x 107! and 5.54 x 107! mol/cm?, respectively, which strongly
suggests that the molecules are in a closely packed and self-sustained vertical
orientation on the ITO surface. By increasing the number of layers with the
Zr(IV) ion as a glue, the anodic peak current increases linearly up to 14 layers
for [Ru(XP),] and 8 layers for dinuclear [Ru,(XP),(tpy-ph-tpy)]. Above these
layers, the increasing rate on the peak current is gradually decreased since
the current in the multilayer film might be governed by the rate of electron
hopping or electron exchange between the layers. The electron transfer reaction
of [Fe(CN)g]*~ through immobilized multilayer films on an ITO electrode was
examined. For the electron transfer reaction between a modified ITO electrode
and [Fe(CN)¢]*" in solution, the electron mediation through the immobilized
Ru units in the multilayer film was observed in the case of two or more layers.

8.3.2
Combinatorial Approach to Electrochemical Molecular Devices
in a Multilayer Nanostructure on Surfaces

One of the advantages of layer-by-layer growth is that a combinatorial approach
can be used for the fabrication of a multilayer nanostructure by selecting the
different molecular modules as a layered unit. Since Ru and Os complexes
can tune their oxidation potentials by the selection of ligands, the different
ordering of Ru/Os layers from the surface will lead to a different potential
distribution or gradient in a controlled manner on the nanometer scale. By
changing the order of molecular units with different redox potentials on the
surface, any potential sequences that might lead to a molecular rectifier or
electron transfer cascade system can be constructed. The modification of elec-
trode surfaces has been pursued for along time in the field of electrochemistry.
In particular, electrochemical polymerization of redox-active monomers such
as [Ru(phen),(vbpy)]?* on an electrode was studied thoroughly by Murray
and other researchers in the 1980s and 1990s [39, 40]. Bilayer and multilayer
structures based on different combinations of redox-active Ru/Os complex
polymers were also constructed in which rectification and electron hopping
within these redox-active polymers were studied. The film thickness of poly-
mers was roughly of submicron order, but it is hard to control. In contrast, the
“bottom-up” approach using a self-assembled monolayer on the surface makes
it possible to construct well-defined molecular films on the nanometer scale.
When the coordination site or metal binding site is provided as a terminal
group in the self-assembled monolayer, the metal coordination, followed by
the ligation of the bridging ligand, can make the second layer. The successive
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alternate binding between metal ion and bridging ligand can form the multilay-
ered structure, and any molecular components using bridging head groups can
be bound at any position of the multilayers. Furthermore, the “complexes-as-
ligands” and/or “complexes-as-metals” strategy, which is used for the synthesis
of polynuclear or dendritic metal complexes in a homogeneous solution, can
be applied to the multilayer formation on a surface.

By using a variety of molecular units with different redox potentials such as
[M(XP),] and [M3(XP),(tpy-ph-tpy )] complexes (M = Ru or Os), we can make
various types of order and combination of the modular units, which leads to
a different potential sequence in the multilayered structure. Figure 8.2 shows
two differernt structures in three-layered films and their expected potential
sequences on the surface.

In the Marcus normal region, the rate of electron transfer will be fast if
the free energy change AG increases, while in the inverted region the rate of
electron transfer decreases with an increase in the driving force. Therefore,
the persistent potential gradient leads to a preferential electron flow from the
outer layer to the electrode or vice versa (Fig. 8.2). Figure 8.2 also shows cyclic
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voltammograms of three layered films with different structures, in which the
direction of current flow can be determined by the potential gradient between
the inner-layer potentials and outer-layer ones. The rectification effect was
obviously observed for the ratio of anodic vs. cathodic peak current in the
top layer, i.e., the anodic peak current was mainly observed in the case of
a [Ru(XP);] complex as the top layer, while the cathodic peak current was
observed in the case of a [Ruz(XP),(tpy-ph-tpy)] complex as the bottom layer,
as shown in Fig. 8.2.

Consequently, the judicious selection of the molecular units makes it pos-
sible to construct the various multilayer structures with potential application
for molecular electronic devices such as nonlinear optical materials, electro-
luminescent devices, and photovoltaic devices.

8.3.3
Surface DNA Trapping by Immobilized Metal Complexes
with Intercalator Moiety Toward Nanowiring

Developing a new fabrication method for nanowiring between two molec-
ular terminals is a challenge. For this purpose, DNA is an attractive mate-
rial as it uses a wire scaffold of predetermined length [41-43]. We have pre-
pared a series of rod-shaped Ru complexes having both naphthalene-1,4:5,8-
bis(dicarboximide) (ndi) or acridine as a DNA intercalating group and phos-
phonate as an anchoring group [44]. These Ru complexes can interact with
a double-stranded DNA line through both intercalation and electrostatic in-
teraction between anionic DNA and a cationic Ru complex. Therefore, the
molecular dots comprising the Ru complex on the electrode surface can be
considered as a molecular terminal, which can capture a double-stranded
DNA molecule from solution and form the nanowire (Scheme 8.6). We found
that two handling methods could be used on the present Ru complexes to get
the molecular dots on the mica surface: (1) a gentle rinsing of the densely
covered mica surface of the Ru complex with ammonia solution (pH 11) for
several minutes and (2) the immobilization on the mica surface by use of the
immersing solution with low concentration of the Ru complex (<1 pM). Once
the Ru complex was immobilized on the surface as a “molecular dot”, A DNA
was captured by the dots in a point-to-point manner by a meniscus transfer
method. AFM measurements indicated that both clear lines of DNA and molec-
ular dots of the Ru complex were easily discriminated, as shown in Fig. 8.3.
The molecular height of each DNA line is ~ 2.0 nm, and the characteristics
were connected in a point-to-point manner associated with sharp break points.
Once captured by the immobilized Ru complex, these lines of DNA were not
removed by simply rinsing them with water. As a controlled experiment, DNA
was expanded on a bare mica surface by the meniscus transfer method, after
which a clear AFM image of DNA lines was observed; however, these DNA
lines were easily washed away from the bare mica surface by water, which is
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Scheme 8.6. Schematic of DNA nanowiring between two Ru complex terminals

asharp contrast to the result above. By controlling the hooking-up points of the
DNA, the nanowiring between two terminals can be achieved on an Au/SiO;
prepatterned surface. This captured DNA acts as a metallization template for
DNA-based nanowires. The combination of electron transfer ability and DNA
intercalation for immobilized rod-shaped Ru complexes would make it possi-
ble to generate a new application for DNA sensing or for the materials science
of DNA as a wire or scaffold for applications in molecular electronics [41].

Fig. 8.3. AFM image of point-to-point DNA trapping
by surface-immobilized Ru complexes on mica surface
(image: 1.25 pm x 1.25 pm). The central bending line is
hooked up by DNA to the immobilized Ru complex
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8.4
Conclusion

Controlled layer-by-layer assembly by surface coordination chemistry will
open new avenues in the fabrication of inorganic-organic hybrid multilayer
systems on surfaces. Since self-assembly at a surface followed by surface
metal coordination provides the flexibility to hook up electronically active
molecules between nanometer-scale contacts, this bottom-up method will
contribute to future materials science with wide-ranging applications such
as sensors, molecular switches, photochemical energy conversion, and molec-
ular devices [45].
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Abbreviations

DNA Deoxyribonucleic acid

EPR Electron paramagnetic resonance
CD Circular dichroism

Ala Alanine

Met Methionine

NMR  Nuclear magnetic resonance

COSY  Correlation spectroscopy

NOESY 2-D Nuclear Overhauser effect spectroscopy
ESI-TOF Electrospray ionization-time-of-flight

9.1
Introduction

Biological macromolecules such as nucleic acids and proteins have a structural
basis for programmed arrangement of the molecular building blocks into pre-
designed geometries. Such bottom-up strategies in biological systems have
prompted us to develop functional supermolecules from small chemical com-
ponents through self-assembly processes. In this regard, metals are known as
key components of self-assembled molecular architectures with discrete struc-
tures and spaces as well as metal-based chemical and physical properties. In
particular, the incorporation of metals into biomolecular scaffolds is currently
attracting increasing attention.

This chapter covers our recent approaches to precise programming of metal
arrays templated by artificial DNA and cyclic peptides.



156 K. Tanaka - T. Okada - M. Shionoya

9.2
DNA-Directed Metal Arrays

9.2.1
Metal-Mediated Base Pairing in DNA

In natural DNA duplexes formed from two strands of poly- or oligonucleotides,
hydrogen-bonded base pairs, which are attached nearly perpendicularly to
the helix axis, are arranged in direct stacked contact. Among a variety of ap-
proaches to DNA-based supramolecular architectures, the strategy of replacing
natural base pairs by predesigned artificial base pairs possessing a distinctive
shape, size, and function is, in particular, expected to provide a general method
of molecular arrangement within the DNA [1-3]. For instance, when the in-
corporated nucleobases have the ability to bind to metal ions, metal-mediated
base pairs would be formed and aligned along the helix axis. In addition, the
use of more than two kinds of metal-ligand-type nucleobases would allow
heterogeneous metal arrays in a programmable manner.

Metal ions incorporated in this way would (1) affect thermal and thermody-
namic stability of high-order structures of DNA such as duplex, triplex, and so
on, (2) allow one-dimensional metal arrays with unique functions based on the
metal sequence, and (3) assemble DNA molecules through metal coordinative
linking to form two- or three-dimensional DNA networks.
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Fig.9.1. Examples of metal-mediated base pairs using artificial nucleosides
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As a novel approach to the construction of metallo-DNA, we recently re-
ported the first Pd**-mediated base pairing by means of a metal-ligand-type
nucleoside having a phenylenediamine base [4]. Since then, we have exploited
alternative base pairing modes such as B**-induced base paring with cate-
chol [5], Pd*"-mediated base pairing with 2-aminophenol [6], Ag™-assisted
base pairing with pyridine [7], and Cu?*-mediated base pairing with hydroxy-
pyridone [8] (Fig. 9.1). Other groups have also reported a few examples of
metal-mediated base pairing based on the same design concept [9-13]. Among
these base pairs, those in a square-planar or a linear coordination geometry
were expected to substitute for a flat, hydrogen-bonded natural base pair.

9.2.2
Single-Site Incorporation of a Metal-Mediated Base Pair into DNA

Incorporation of phosphoramidite derivatives of artificial nucleosides into
oligonucleotides can be performed with standard protocols using a DNA syn-
thesizer. The first example of single-site incorporation of a metal-mediated base
pair into oligonucleotides was reported by Schultz and Romesberg et al. [9]
using a base pair with a pyridine-2,6-dicarboxylate nucleobase as a planar tri-
dentate ligand and a pyridine nucleobase as the complementary single donor
ligand. For instance, a 15-mer DNA duplex having a base pair in the middle was
significantly stabilized by Cu?* ions due to the formation of a square-planar
Cu?* complex with the paired ligand bases inside the duplex. The stability was
comparable to that of a duplex containing a natural A-T base pair instead of
the Cu?*-mediated base pair.

Recently, we have independently reported the single-site incorporation of
an Ag*-mediated base pair and an Ag*-mediated base triplet into a DNA
duplex and a DNA triplex, respectively, by introducing a monodentate pyridine
nucleobase in the middle of each strand [7]. For example, a 21-mer DNA duplex,
d(5’-T19PT10-3") - d(3'-A19PA}0-5'), containing a pyridine nucleobase (P) in the
middle of the sequence was significantly stabilized in the presence of Ag* ions,
as shown in the thermal denaturation experiments, due to the formation of
positively charged P-Ag*-P base pairing in a linear coordination geometry
(Fig. 9.2). This Ag*-dependent thermal stabilization of duplex was only slight
in a reference DNA duplex, d(5'-T5;-3") - d(3'-A31-5"). It is to be noted that the
P-Ag*-P base pairing occurs only inside the DNA in the range of micromolar
concentrations in aqueous media at neutral pH. The complexation of pyridine
bases with Ag™ in the artificial DNA should be reinforced by surrounding base
pairs that are hydrogen-bonded and stacked in the hydrophobic environment
within the duplex. Moreover, this Ag*-mediated base pairing is specific because
the addition of other metal ions such as Cu?*, Ni**, Pd**, and Hg?* showed
almost no significant effects on the thermal stabilization of the duplex.

Such Ag*-induced thermal stabilization was also observed with a DNA
triplex, d(3’-T19PT1g-5") - d(5'-A1gPA19-3") - d(5'-T19PT19-3') [7] (Fig. 9.3). In
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Fig. 9.2. Ag*-mediated

DYiA duplos formation 5'-TTTTTTTTTTPTTTTTTTTTT-3"
with pyridine nucleo- 3'-AAAARAAAAAPARNANAAARAA-5'
bases

3 =-TTITE I T T T TPT TP T TET T I -5
5'-AAAAAAAARAPAAAAAARAAAA-3'
5 TTTTT TR T PETPTTTT T ET -3

Fig. 9.3. Ag*-mediated
DNA triplex formation
with pyridine nucleo-

bases
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this case, this stabilization effect is believed to be due to the formation of
an Ag*-mediated base triplet in which the three pyridine nitrogen donors
coordinate to an Ag" ion in the center of the triplex.

Along this line, a hydroxypyridone nucleobase as a flat bidentate ligand was
incorporated into a 15-mer nucleotide DNA duplex, d(5'-CACATTAHTGTTG
TA-3') - d(3’-GTGTAATHACAACAT-5') [8] (Fig. 9.4). In the presence of equimo-
lar Cu?* ions, a neutral Cu?*-mediated base pair of hydroxypyridone nucleo-
bases (H-Cu?*-H) was quantitatively formed within the DNA, and the artificial
duplex showed a higher thermal stability compared with a natural oligodu-
plex, d(5'-CACATTAATGTTGTA-3') - d(3-GTGTAATTACAACAT-5'), in which
the H-H base pair was replaced by an A-T base pair. In addition, EPR and
CD spectra of the metallo-DNA suggested that a radical site was formed on
the Cu?* center within the right-handed duplex structure. This strategy was
further developed for the controlled alignment of metallobase pairs along the
helix axis of DNA.

5'-CACATTAHTGTTGTA-3"'
3'-GTGTAATHACAACAT-5'

Fig. 9.4. Cu’"-mediated
DNA duplex formation
with hydroxypyridone
nucleobases

9.23
Discrete Self-Assembled Metal Arrays in DNA

DNA is a promising molecule that could act as a ligand for one-dimensional
metal arrays when the nucleobases are replaced by ligand bases. That is, the
multisite incorporation of metallobase pairs within DNA into direct stacked
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contact could lead to the construction of metal strings in DNA, in which metal
ions are lined up along the helix axis in a controlled manner.

Recently, we reported the synthesis of a series of oligonucleotides, d(5'-
GH,C-3') (n = 1-5), possessing one to five hydroxypyridone nucleobases
(H) [14]. Detailed photometric titration experiments with Cu?* revealed
that these oligonucleotides quantitatevly produced right-handed double he-
lices of the oligonucleotides, nCu®*-d(5-GH,C-3'), (n = 1-5), through
Cu?*-mediated base pairing (H-Cu?*-H) (Fig. 9.5). In these metallo-DNA,
the Cu?" ions incorporated into each complex are aligned along the helix
axes inside the duplexes with a Cu>*-Cu?* distance of approximately 3.7 A,
as determined by EPR studies. The Cu?* ions are coupled with one another
through unpaired d electrons to form magnetic chains. The electron spins on
adjacent Cu®* centers couple in a ferromagnetic fashion with accumulating
Cu®* ions attaining the highest spin state, as expected from a lineup of Cu?*
ions. A proposed right-handed and double-stranded structure is drawn with
a pentanuclear Cu?* array inside the DNA (Fig. 9.6).

Our next goal is to incorporate increasing numbers of metal ions into DNA
and to provide a general tool for heterogeneous metal arrays using DNA tem-
plates possessing more than two differentkinds of artificial nucleobases aligned
in a programmable manner.

d(5-GHc-3")
d(5-GHHC-3")
d(5-GHHHC-3))
d(5-GHHHHC-3')
d(5-GHHHHHC-3')

5 x Cu?*

Fig. 9.5. Cu®*-mediated DNA
duplex formation from two ar-
tificial oligonucleotide strands
bearing one to five hydroxypyri-
done nucleobases
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Fig. 9.6. A plausible structure of pentanuclear
Cu?* complexes within DNA

9.3
Peptide-Directed Metal Arrays

9.3.1
Design Concept

Cyclic peptides have been used extensively for ion recognition [15-18], ion
channels [19, 20], metal arrays [21-23], and other applications directed to-
wards metal-dependent functions [24-26]. These molecular functions depend
largely on the number and sequence of their amino-acid constituents. Incorpo-
ration of metal binding sites at appropriate positions of the cyclic framework
would provide a novel tool for supramolecular construction of discrete metal-
assembled complexes in a designable manner.

The previous results with metallo-DNA prompted us to begin investigating
heterogeneous metal assembly using a cyclic hexapeptide with metal coordi-
nation sites both at amino-acid side chains and the amide carbonyl groups
arranged on the cyclic framework. A cyclic hexapeptide having a repeating
L-Ala-L-Met sequence, cyclo(L-Ala-L-Met)s (L), was first designed so as to
have metal binding sites both at the thioether groups for softer metals (outer
circle in pale grey) and the amide carbonyl groups for harder metals (inner
circle in black) (Fig. 9.7). The roundly arranged carbonyl groups of cyclic
hexapeptides are known to preferentially bind to alkali or alkaline earth ions
as a tridentate ligand. The cyclic hexapeptide (L) bearing two different types
of metal binding sites was found to quantitatively and highly selectively form
a tetranuclear complex with three Ag* ions and one Ca* ion in a capsulelike
dimeric structure [27].
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Fig.9.7. Cyclic hexapep-

tide, cyclo(r-Ala-L-
Met); (L)
é 1

L : cyclo(L-Ala-L-Met),

9.3.2
Heterogeneous Metal Arrays Using Cyclic Peptides

The cyclic hexapeptide (L) with three thioether and three amide carbonyl
groups were expected to bind heterogeneously to two different metal ions pos-
sibly in a dimeric structure of the peptides. Interactions of the cyclic hexapep-
tide with metal ions were first examined by ' H NMR titration study using Ag*
and Ca®" in combination. As a result, when the ratio of L/Ag"/Ca?* reached
2:3:1,the spectrum of L completely changed to another set of signals, indicating
the coordination of the thioether groups to Ag* ions and the conformational
changes of the cyclic framework upon Ca®* binding. It should be noted that the
coexistence of three Ag* ions and one Ca?* ion is essential for the complexation.
Ultimately, the complex formed in solution was determined to be [Ag;CaL,]>*
by the ESI-TOF mass spectrum of the solution (L/Ag*/Ca?* =2:3:1). These data
clearly indicate the quantitative dimeric complexation accompanying simulta-
neous encapsulation of three Ag* ions and one Ca®* ion between the two cyclic
peptides (Fig. 9.8). In addition, 'H-'H COSY and NOESY studies successfully
determined the head-to-tail stacking of the two cyclic peptides, although there
are three possible orientations (head-to-head, tail-to-tail, or head-to-tail) in
the stacked structure since both ring faces of each cyclic peptide are different
from each other due to their asymmetric centers.

A more detailed structure of the complex was clarified by X-ray crystal
analysis. We obtained single crystals from a solution of L/Ag*/Ca®* = 2:3:1,

Fig. 9.8. Formation of a tetranu- S~
clear complex, [Ag;Cal,]*",

from cyclo(L-Ala-L-Met)s (L),

three Ag* ions, and one Ca?* ion L [AgaCaL]>*
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which have proven to be a result of heterogeneous crystallization presumably
due to its lower solubility and crystal packing. The analytical data revealed that
the resulting complex is a Ca**-linked dimer of AgzCaL3*, [(AgsCaL,),Ca]'?*
(Fig. 9.9). In the partial structure corresponding to AgzCaL3" in the complex,
the central Ca®* ion is coordinated by the six carbonyl oxygen atoms of the
two cyclic peptides in a slightly distorted octahedral geometry, and each Ag*
ion is put between the two sulfur atoms to form a linear complex. As seen in
solution, the two cyclic peptides face each other in a head-to-tail orientation
with the aid of three Ag* ions and one Ca?* ion. Without any support of Ag*
coordination, the Ca?* binding to the main chain of cyclic hexapeptides is
known to be relatively weak. Thus it appears that the Ca?* binding is largely
reinforced by the coordination of three Ag* ions outside the cyclic framework.

Fig. 9.9. X-ray structure of [(AgsCaL;),Ca]'?*; a a top view and b a Side view

9.3.3
Metal lon Selectivity in Supramolecular Complexation

The selectivity of the Ca?* binding is quite high, especially compared with
Mg?*. The encapsulation selectivity for the Ag*-mediated dimer formation was
examined by 'H NMR and ESI-TOF mass experiments using monovalent alkali,
divalent alkaline earth, and trivalent lanthanide ions, instead of Ca2* (Fig.9.10).
Only divalent Sr?* and Ba?* ions were found to induce the dimer formation
when excess amounts of these ions were used. However, no complexation was
observed under the same conditions with Mg2+, alkaline metal ions, or La3*
ion with an ionic radius similar to Ca?* and Na*. The encapsulation of metal
ions in the central cavity of the dimer was thus highly dependent on the size,
charge, and solvation of metal ions.



164 K. Tanaka - T. Okada - M. Shionoya

Fig. 9.10. Effects of various ions on
dimer complexation. [L] =2 mM, [Ag*] 100F
=3 mM, [Metal ion] = 1 mM in acetone-
de¢/CD30D (5:1) at 293 K. Alkaline met-
als include Li*, Na*, K*, Rb*, and Cs*
(nd: not detected)
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In summary, quantitative, heterogeneous metal assembly was accomplished
using a predesigned cyclic hexapeptide as a template. Peptides with a prede-
termined number and sequence of metal coordination sites would provide
template-directed arrays of metal-containing nanometer-scaled devices.

9.4
Conclusion

In this study, we demonstrate that biopolymers such as DNA and peptides
can be precisely redesigned and reconstructed as templates for homogeneous
or even heterogeneous assembly of metal ions in a programmable manner by
chemically modiyfing their building blocks. This bottom-up strategy based on
biorelated molecules would generate not only a new structural motif for metal
clusters in the biomolecules but also a metal-triggered information-transfer
system.
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Chapter 10

Metal-Incorporated Hosts for Cooperative
and Responsive Recognition to External Stimulus

TATSUYA NABESHIMA - SHIGEHISA AKINE

Department of Chemistry, University of Tsukuba, Tsukuba, Ibaraki 305-8571, Japan

Summary Cooperative and responsive recognition of molecules and ions play very impor-
tant roles to regulate molecular functions in biological as well as artificial systems. Incorpo-
ration of metal ions into artificial hosts is a very useful way to construct multi-recognition
molecules with multi-functionality including characteristic properties due to their redox ac-
tivity, etc. In this review we discuss mainly pseudomacrocycles and oligo-salamo (salamo:
1,2-bis(salicylideneaminooxy)ethane) compounds for heteronuclear multi-metallo-hosts
as a cooperative functional system. Recognition behaviors of the pseudomacrocycles and
oligo-salamo systems and regulation of the binding affinity responding to external stimuli
such as metal ions and electrons are demonstrated.

Abbreviations

BAPTA Bis(o-aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid
K, Association constant

salamo 1,2-Bis(salicylideneaminooxy)ethane

salbn  N,N’-disalicylidene-1,4-butanediamine

salen  N,N’-disalicylideneethylenediamine

saloph N,N’-disalicylidene-o-phenylenediamine

saltn ~ N,N’-disalicylidene-1,3-propanediamine

10.1
Introduction

Cooperative and responsive recognition of molecules and ions plays very im-
portant roles in the regulation of enzymatic activity and material balances
in biological systems [1]. Allostery is one of the most well-known regula-
tion phenomena in living cells. Thus, much attention has been focused on
artificial allosteric systems [2-6]. The first event of allostery is recognition
of an effector (molecules and ions) to cause a conformational change in
the host. This structural change eventually induces conformational change
in a binding site for substrates. Consequently, artificial allosteric hosts are
applicable to intelligent molecules such as logic gates, sophisticated molec-
ular catalysts, molecular devices, etc. Incorporation of metal ions into ar-
tificial hosts should be a very useful way to construct multifunctional and
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multirecognition molecules. In addition, the metal center provides various
coordination structures that depend on the valency and properties of ligat-
ing moieties. One of the most important characteristics of the metal cen-
ters is redox activity because redox reactions usually regulate not only the
structure of metallohosts but also their functions. This is a significant ad-
vantage of metallohosts over metal-free hosts, because both chemical reac-
tions and electrochemical methods are available to regulate functions. Since
electronic and magnetic fields may well modulate properties of metallo-
hosts, metallosystems can be used in responsive functional metalloassem-
blies such as metalloliquid crystals. In this review we discuss mainly pseudo-
macrocycles and oligosalamo (salamo: 1,2-bis(salicylideneaminooxy)ethane)
compounds for heteronuclear multimetallohosts as cooperative functional
systems.

10.2
Pseudomacrocycles for Cooperative Molecular Functional Systems

Pseudomacrocycles are obtained from linear precursors and metal ions [7-9].
The linear precursors contain ligating moieties at the termini of the chains.
Coordinate bonding plays an important role in maintaining the cyclic structure
of the pseudomacrocyclic compounds. These matallohosts have been used as
allosteric hosts because the dynamic structural change from a linear form to
a cyclic one is very effective for changing the recognition ability of the hosts
due to a macrocyclic effect. Heavy metal ions were often chosen as effectors
because various structures of heavy metal complexes are available.

Recently, we synthesized a pseudocryptand that exhibited positive and neg-
ative allosteric effects on the recognition of alkali metal ions [10]. Tripodand 1
having a 2,2-bipyridine moiety at the three termini reacted with a Fe(II) ion
to give the corresponding pseudocryptand 1-Fe(II) (Scheme 10.1). X-ray crys-
tallographic analysis revealed that the three polyether chains were assembled
in a helical fashion (Fig. 10.1). Binding constants for alkali metal ions were
determined by 'H NMR spectroscopy. The tripodand 1 captures Na* most

Binding site for
alkali metal cations and
,+" amino acid derivatives
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M =Fe' Ru"
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Pseudocryptand

Scheme 10.1. Pseudocryptands as metalloreceptors
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Fig. 10.1. Crystal structures of pseudocryptand 1-Fe and its Cs* complex

strongly and Cs* most weakly among alkali metal ions. In contrast, 1-Fe(II)
showed the highest and lowest affinities to Cs* and Na*, respectively. Upon
complexation with Fe(II), the K, value for Cs* increased by a factor of 39 (pos-
itive allostery) and for the affinity to Na* decreased considerably (negative
allostery). A similar change in selectivity was also observed in ion transport
through a liquid membrane. The molecular structure of 1-Fe(II)Cs* deter-
mined by X-ray crystallography indicated that a CH-m interaction contributed
to the stabilization of the Cs* complex (Fig. 10.1). Consequently, this inter-
action favors the formation of the ternary complex 1-Fe(II)Cs*. Furthermore,
the CH-m contact disfavors shrinking of 1-Fe(II) to prevent complexation with
smaller sized guests such as Na* and K* because conformational change nec-
essary for the effective coordination of 1-Fe(II) to the cations is prohibited.
Interestingly, 1-Fe(II) is elongated and twisted upon complexation with Cs*.
Thus, 1-Fe(II) is considered a molecular spring responsive to a Cs* ion as an
external stimulus. The redox response of ion recognition of 1-Fe(II) should
be interesting. However, the addition of Cs* did not considerably change the
redox potentials of the Fe(II) moiety. The pseudocryptand 1-Fe(II) also works
as an amino-acid binder (T. Nabeshima et al. unpubl. data). The K, value of
ammonium salts of amino-acid methyl esters decreased upon the complexa-
tion of 1 with a Fe(II) ion. Although 1 binds to phenethyl amine hydrochloride,
1-Fe(II) shows no affinity to the ammonium guest. 1-Fe(II), therefore, has an
extremely high amino-acid selectivity over the corresponding ammonium salt.
Since methyl phenylpropionate is not bound by 1-Fe(II), cooperative interac-
tions of the ammonium and ester moieties with the metallohost were strongly
suggested. Ruthenium pseudocryptand was obtained by the reaction of 1 with
RuCl3-3H,0 (T. Nabeshima et al. unpubl. data). As seen in 1-Fe(II), 1-Ru(II)
shows Cs™ selectivity. Photochemical properties of 1-Ru(II) may be applied to
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fluorescent ion sensors and photoinduced electron transfer systems between
1-Ru(II) and a cationic guest.

The framework of a pseudocryptand is also useful for anion receptors
(T. Nabeshima et al. unpubl. data). Each chain of tripodand 2 bears a urea
moiety and a 2,2’-bipyridine unit at the end. Quantitative complexation of 2
with Fe(II) gives the corresponding pseudocryptand 2-Fe(II) as in the case of 1.
2-Fe(II) captures Cl™ ions very selectively (Fig. 10.2). The binding strength
is well regulated electrochemically. Changes in the redox potentials in the
presence of Cl~ clearly indicate that 2-Fe(II) has a much higher affinity to Cl~
than the host 2-Fe(I).

Multistep regulation of anion recognition was successfully performed using
cationic guests. We designed calix[4]arene derivative 3 according to the strategy
shown in Scheme 10.2 [11-15]. To the calixarene framework were introduced
two ester groups and two polyether chains containing a urea moiety and a 2,2’-
bipyridine unit at the ends of the chains. The polyether moieties and ester
groups provide one binding site for alkali metal ions. The bipyridine units as
another binding site for cations were expected to bind soft metal ions and to
afford a macrocyclic structure on the calix[4]arene lower rim. The urea units
should interact with anionic guests through hydrogen bonding. We imagined
that the cations bound in the two binding sites enhance the anion affinity due
to electrostatic interactions. In addition, formation of the pseudomacrocyclic
structure may be favorable for anion recognition because the two urea moieties
are assembled. As we expected, 3 recognizes Na* and Ag* simultaneously and
quantitatively and captures an anionic guest. The increase in the K, reaches
factors of 1500 and 2000 for NO3 and CF3S03, respectively, in the presence of
both Na* and Ag*, compared to the free 3.

Fig. 10.2. Pseudocrypand 2-Fe(II)-Cl~ complex
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Scheme 10.2. Stepwise regulation of anion binding

Formation of coordinate bonding can be utilized to divide a recognition site
into two small sites [16]. This would provide one of the most useful ways of regu-
lating recognition ability because the size-fit principle is a very important factor
in achieving large host-guest interactions. Macrocyclic hosts 4 bearing two Pd
pincer complexes would be good candidates for the metal-assisted partitioning
of a recognition site (Scheme 10.3). 'H NMR spectroscopy indicated that 4b
quantitatively binds to a bidentate ligand such as pyrazine and 4,4’-bipyridine
to give the corresponding 1:1 complexes. Pyrazine divides the cavity of 4b
into two small binding sites, but 4,4’-bipyridine would close the cavity because
the long ligand stretches the cavity upon the complexation in a bridged way.
The pincer moieties probably show a redox response to change the structure
and functions of the pincer hosts 4. Furthermore, the pincer moieties are also
expected to exhibit catalytic activities for various organic reactions.

Flexible metaliohost Long bidentate guest e
for multiple recognition -(/_0 \‘1 . : Is ?
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Bridging recognition

Scheme 10.3. Recognition of bidentate guest
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10.3
Oligo(N,0,-Chelate) Macrocycles

10.3.1
Design of Macrocyclic Oligo(N,0,-Chelate) Ligands and Metallohosts

N,0; tetradentate ligand is a useful building block for metallosupramolecules
containing redox-active metal centers. Representative examples for the N,O,
ligands are salen and saloph, etc. These ligands (H,L in Scheme 10.4) form
stable chelate complexes [MLX,,], where M is a d-block transition metal (Mn,
Fe, Co, Ni, Cu, Zn, etc.) and X is a solvent molecule or counter anion. One
important property of the complex [MLX,] is their coordination ability with
respect to another metal M’ including alkali metals [17], alkaline earth [18],
rare earth [19,20], and d-block transition metals [21] due to the phenolate
oxygen atoms.

Such dinuclear complexes are also obtained from a cyclic bis(N,0;)
ligand known as a “compartmental ligand” [22]. However, larger macro-
cyclic oligo(N,0,-chelate) ligands are effective in tuning guest recogni-
tion via the metalation of N,O; sites. Macrocycles consisting of salen and

/H\ Py
= =N_XoN= =N Xy N=
i v
M\ /M\
OH HO
[MLX] M
Hysalen: R = (CHy):

Hisaltn: R= (E}Hj); homo- or heterodinuclear

Hpsalbn: R = (CHa)g complex

Hssaloph: R = 6-CgH,
Hysalamo: R = O(CH,),0

Scheme 10.4. Metal complexes of salen-type ligands as a ligand for another metal

M (3 eq)

Tuning of
Og recognition site Qg site

R = OCH,CH,0,CH,CH,,0-CgH,, etc.

Scheme 10.5. Design of tris(N,0;) chelates for tuning guest recognition
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oligo(ethyleneoxy) chains have been reported [23,24]. The compounds were
prepared only in the presence of a template ion and isolated as a complex
with the template. Thus, we design a rigid macrocyclic oligo(N,O;-chelate)
that is expected to be synthesized without a template (Scheme 10.5). The lig-
ands have three N,O, chelate moieties as well as an Og site similar to that of
crown ether. The guest-binding strength in the central O¢ cavity is expected
to increase when the N, O, chelate moieties are metalated because metal com-
plexes of a salen-type chelate have a higher coordination ability than their free
forms. Furthermore, ion recognition can be regulated stepwise if multistep
redox processes modulate the oxidation state of the metals in oligometallic
complexes.

10.3.2
Synthesis and Structure of Tris(N,0,-Chelate) Macrocycles

A 30-membered macrocyclic tris(H,saloph) 5a was synthesized from a dialde-
hyde and a diamine in 91% yield without using template ions [25]. Hydrogen
bonds between the hydroxyl groups and imine nitrogens of salicylaldimine
moieties were observed in solution and in the crystalline state. In addition, we
obtained its water complex, in which a water molecule was incorporated in the
cavity similar to 18-crown-6 via hydrogen bonds (Fig. 10.3). Alkoxy deriva-
tives 5b—d have higher solubility in organic solvents than 5a. As we expected,
5 binds alkali, alkaline earth metals, or transition metals. Thus, the cavity of
the macrocycles has affinity not only to hydrogen-bond donors but also to
metal cations.

A 42-membered macrocycle 6 was also prepared in high yield (77%) in
asimilar manner [26]. In the crystal structure, six dimethyl sulfoxide molecules
were bound to the macrocycle via S—O- - -H-O hydrogen bonds (Fig. 10.4).
The results imply that the macrocycle recognized a larger organic guest via
multiple hydrogen bonds.
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5c: R =0-nCygHy7
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Fig. 10.3. Crystal structure of tris(N,O;) macrocycles 5a (a) and its water complex (b)
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Fig.10.4. Crystal structure of 42-membered tris(N,0O,) macrocycle 6. Six dimethyl sulfoxide
molecules bound to the macrocycle are also shown

These macrocyclic imines can be converted to metallohosts by the reaction
with 3 equiv of M(OAc), (M = Cu, Zn, Ni). Guest recognition by the free and
metalated macrocyclic imines is in progress.

10.4
Acyclic Oligo(N,0,-Chelate) Ligands

10.4.1
Design of Acyclic Oligo(N,0,-Chelate) Ligands

We have already shown that conformational change from an acyclic structure
to a cyclic one (pseudomacrocycle) is effective in regulating ion recognition.
A rigid C-shaped structure, in which oxygen atoms are arranged in a cyclic
fashion, is produced from flexible bis(N, 0O, )-chelate ligands. We expected that
this C-shaped host would also provide an alternative strategy to control ion-
recognition ability (Scheme 10.6). Besides the fixation effect, metalation of the
chelate moiety enhances the guest-recognition ability of the central Og site as
discussed in the previous section.

/N""M-O
“N-R-N “N-R-N M (2 eq) O - OMe
-R- -R- eq FETS :
MeO OH _-.. HO OH _-.. HO OMe - [ e
\ / 0 “---~ OMe
= 4 ~0
N,O, chelate site N—M
b Ny

R = OCH,CH,0,CH.CH,,0-CgH,, ete.

Scheme 10.6. Regulation of ion recognition by metalation of bis(N,0;) chelate
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As N, 0, moieties of the bis(N,0;)-chelate molecule, we use salamo chelate
(R = OCH;CH;0), an oxime analog of salen. The salamo ligand is sufficiently
more stable than imine analogs (salen, saltn, or saloph) to resist the recom-
bination of C=N bonds [27]. Although the metal complexes of various kinds
of salen-type imine ligands have been extensively investigated, there was no
report on the corresponding oxime ligand, salamo, until our report on its syn-
thesis in 2001 [28]. We also reported the first example of the complexation of
the parent salamo ligand with metal ions.

10.4.2
Complexes of a New N,0,-Chelate Ligand, Salamo

Complexation of Hjsalamo and H;(3-MeOsalamo) with copper(II) acetate
gives tetracoordinate mononuclear complexes [Cu(salamo)] and [Cu(3-MeO
salamo)], respectively (Fig. 10.5) [28]. The two complexes show quasire-
versible redox waves, and the reduction potentials appear in a more pos-

Salamo complexes (R = H)

| [Ni(salamo),(OAc)(EtOH),]

3-MeOsalamo complexes (R = OMe)

Pa,
L.__\
J” N N
/a—.\ /« -—./ 1
{ y= N )

[Cu{3-MeOsalamo)] [Zn5(3-MeOsalamo),y(OAC),]

Fig. 10.5. Metal complexes of salamo and 3-MeOsalamo ligands
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itive region than the corresponding salen complexes. Complexation be-
tween the salamo ligands and zinc(II) acetate affords trinuclear complexes
[Zn3L;(0Ac);] in a highly cooperative fashion (Fig. 10.5) [29]. Such high co-
operativity was not observed when salen and salbn ligands were used. Com-
plexation of salamo and 3-MeOsalamo with cobalt(II) gave similar trinuclear
complexes, whose crystal structures are very similar to those of the corre-
sponding zinc(II) complexes. Upon addition of nickel(II) acetate, salamo lig-
and also gave a trinuclear nickel(II) complex, whereas a mononuclear com-
plex was obtained from the 3-MeOsalamo ligand (Fig. 10.5) [30]. All the
nickel atoms in the trinuclear and mononuclear complexes have an octahe-
dral geometry.

10.4.3
Synthesis, Structure, and Properties of Acyclic Oligo(N,0,-Chelate) Ligands

We investigated the metalation of two salamo moieties of the bis(N,0;) lig-
and 7. Unexpectedly, complexation of the bis(salamo) ligand with zinc(II)
acetate resulted in the quantitative and cooperative formation of [LZn3]**
(H4L = 7) (Scheme 10.7) instead of the dinuclear complex [31]. The central Og
site was also metalated with zinc(II) simultaneously. In the crystal structure,
only two oxygen atoms of the Og site coordinated to the central zinc(II) ion.
Hence, a larger metal ion suitable for the Og cavity was expected to replace the
central zinc(II) ion.

As expected, the trinuclear complex [LZn3]* strongly binds a rare earth(III)
ion (Sc**, Y**, lanthanide®*). During this process a free zinc(II) ion is selec-
tively liberated and a helical heterotrinuclear complex [LZnaM]3* (M = rare
earth metal) is formed (Scheme 10.8) [31]. Among alkaline earth metals, only
Ca?* is strongly bound to the metallohost [LZn3]?* [32]. The Ca?*/Mg?* se-
lectivity is 10°, which is comparable to those of excellent Ca?* receptors or
sensors such as BAPTA. On the other hand, the metallohost has a very weak
affinity to alkali metal ions (Na*, K*, Rb*, Cs*). These results suggest that the

]2+

§ § %
/N H:)j© @ fN@O
OH Onte 0,® O-pie —
OH ot o oM
N Hj’/\@ complexation “N@ &
OK/O,N\ OK,CSN\
7 (= Hyl) [LZng**

Scheme 10.7. Cooperative formation of trinuclear zinc(II) complexes [LZn3]?*



10 Metal-Incorporated Hosts 177

0 o
o N7 Q N~
Mo () Medo
o, s O”®\O\M9 _
O‘\C O,Me - o" _ ,O,Me —
= 0. selective = (8]
N transmetalation N
0 Nz (@) N
0] 0]
[LZna** [LZn,M]

Scheme 10.8. Guest recognition by selective exchange of the central zinc(II) ion
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guest charge is a significant factor for the cation-binding ability of [LZn;
Moreover, the size-fit principle is important for this ion recognition.
Site-selective transmetalation is also applicable for a new synthetic strategy
for 3d-4f heteromultimetallic complexes. A number of reports deal with the
ferromagnetic interaction between Cu-Gd in [LCuGd]-type complexes where
L is a salen-type N0, chelate [33-35]. A Cu,Gd complex is also obtained
from the bis(salamo) ligand 7, and the magnetic interaction between Cu-Gd
is ferromagnetic [36]. This strongly suggests that the copper ions in the N,O,
sites electronically affect magnetic properties of metal ions in the central Og
site. This is also supported by the difference in reduction potentials of Cu'!/Cu!
in the N, O; sites depending on the guest ion bound in the central O¢ cavity.

10.5
Conclusion

Conformational change and transformation of host frameworks by using coor-
dinate bonding work very efficiently to regulate molecular recognition. Since
these metal centers accept some oxidation states, a variety of redox activi-
ties such as redox response of molecular recognition and catalytic activity
are expected. Thus, we believe that these structural transformations by metal
coordination are applicable to many important and interesting developments,
e.g., modulation of structure and functions of large bioactive molecules such
as DNA and proteins because these molecules contain ligating moieties, an-
ionic, and/or cationic groups. The combination of self-assembly and the redox
control of functions will also open a new way to the construction of functional
nanosystems responding multiply to external factors, i.e., various ions and
molecules, photons, strength of electronic and magnetic fields, etc.

10.6
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Chapter 11

Synthesis of Poly(binaphthol)
via Controlled Oxidative Coupling

SHIGEKI HABAUE - BUNPEI HATANO

Department of Chemistry and Chemical Engineering, Faculty of Engineering, Yamagata
University, Yonezawa 992-8510, Japan

Summary Dinuclear metal complexe is one of the best candidates as a catalyst of the oxida-
tive coupling with high stereo-, regio-, and activity controls, because two redox sites are fixed
to simultaneously activate two phenolic substrates and smoothly promote a homolytic cou-
pling. In this chapter, the controlled oxidative coupling of 2-naphthols and polymerizations
with various dinuclear-type copper and oxovanadium complexes are reviewed.

Abbreviations

OoCP Oxidative coupling polymerization

DHN Dihydroxynaphthalene

PPOH  4-Phenoxyphenol

M, Number average molecular weight

My, Weight average molecular weight

TMEDA N,N,N',N’-tetramethylethylenediamine

HMBN  3,3'-Dihydroxy-2,2’-dimethoxy-1,1’-binaphthalene
(+)PMP  (+)-1-(2-Pyrrolidinylmethyl)pyrrolidine

(-)Sp (—)-Sparteine

(S)Phbox (S)-2,2'-Isopropylidenebis(4-phenyl-2-oxazoline)
BMX N,N’-bis(2-morpholinoethyl)-p-xylylenediamine

SEC Size exclusion chromatography
111
Introduction

1,1'-Bi-2-naphthol is one of the most important artificial chiral auxiliaries
and has been significantly used in asymmetric synthetic reactions and
chiral discriminations. Therefore, polymers including the binaphthol moi-
eties are very attractive as a functional chiral material, and numerous re-
ports can be found on their syntheses and applications [1,2]. In con-
trast, some attention is now being paid to the poly(binaphthol)s, such
as poly(2,6-dihydroxy-1,5-naphthylene) [3, 4] and poly(2,3-dihydroxy-1,4-
naphthylene) [5, 6] (Scheme 11.1). These polymers can be prepared by the
catalytic oxidative coupling polymerization (OCP) of the commercially avail-
able 2,6- or 2,3-dihydroxynaphthalene (2,6- or 2,3-DHN), respectively, and are
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Scheme 11.1.

unique because of their rigid main chain with continuous axial dissymmetry.
The structure of the “RRRR/SS§S§S and "RSRS" isomers are quite different
from each other. The former possesses a stable one-handed helical conforma-
tion, whereas in the latter, all the hydroxyl groups exist on one side of a plane
through the main chain shown in Scheme 11.2. Accordingly, the synthesis of
these poly(binaphthol)s is interesting from the viewpoint of developing novel
functional polymer materials.

The catalytic OCP of phenolic compounds is a very important industrial pro-
cess affording poly(2,6-dimethyl-1,4-phenylene oxide) (PPO), an amorphous
engineering plastic [7, 8]. However, it is generally very difficult to control
the coupling reaction between the generated phenoxy radical intermediates,
except for the 2,6-disubstituted phenols. On the other hand, asymmetric oxida-
tive coupling reactions of 2-naphthol derivatives with metal complexes, such as
Cu(I) [9-11], Ru(II) [12], and V(IV) [13-16], affording the 1,1’-bi-2-naphthol
skeleton, have been reported. For example, the copper(I) complex with a chiral
diamine gave several promising results for oxidative coupling, especially for
3-alkoxycarbonyl-2-naphthols (up to 94% ee) [11].

Further design of the catalyst system will realize a well-controlled oxidative
coupling, which is widely applicable to the polymerization as well as the cou-
pling reaction of various 2-naphthol derivatives. Oxidative coupling takes place
between two in situ generated metal complexes with 2-naphthol derivatives [9].
Accordingly, a significant acceleration of the reaction rate and enhancement
of the stereoselectivity should be expected when two redox sites are fixed
to simultaneously activate two substrates and smoothly promote a homolytic

HO HO OH HO OH HO OH OH

Scheme 11.2.
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coupling between these two intermediates, as shown in Scheme 11.3, that is, the
dinuclear metal complex is one of the best candidates as a catalyst of oxidative
coupling with higher stereo-, regio-, and activity controls.

11.2
Asymmetric Oxidative Coupling with Dinuclear Metal Complexes

Various optically active oxovanadium(IV) complexes, prepared from vanadyl
sulfate, aldehydes, and amino acids, for the asymmetric oxidative coupling of
2-naphthols have been reported [13-15]. These catalysts showed moderate to
good enantioselectivities while generally showing low activities often taking
more than several days to complete a reaction.

Dinuclear vanadium complexes 1 and 2 were developed by Gong et al.
(Scheme 11.4), and the oxidative coupling of 2-naphthol in CCly at 0 °C un-
der an O, atmosphere was carried out (Scheme 11.5) [17, 18]. Reaction with
complex 1 (10 mol %) for 6 d gave a coupling product in 93% yield with an
enantioselectivity of 83% ee (R). A higher selectivity (90% ee (R)) was ob-
served for the 7-d reaction with catalyst 2 (5 mol%), a structural analog of 1
having an achiral linkage, while the coupling with C;-symmetric model com-
plex 3 (10 mol %) resulted in a much lower yield and stereoselectivity (40%
yield, 57% ee (R)).

SBu 0] SBu 0 SBu 0

N N N
‘O N\v/o O N\v/O O N\v/O
(O 0~ 10 (0}
O (0]
O\I .0 O\I -0 (0]
/\ /\

O U~ Q
— 3
SBu o SBu e}

1 2
Scheme 11.4.
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A structurally very similar oxovanadium catalyst, 4, derived from (S)-tert-
leucine, was also reported by Sasai and coworkers (Scheme 11.6) [19]. The
catalyst 4 (5 mol %) promoted the coupling reaction of 2-naphthol in CH,Cl,
at 30 °C for 24 h under an O, atmosphere to give binaphthol in 83% yield
with 83% ee (S), whereas reaction with the mononuclear model catalyst 5,
prepared from an equimolar amount of VOSO4 with the corresponding ligand,
under the same conditions afforded (R)-isomer with 13% ee in 15% yield.
In addition, the rate constants for 4 and model 6 catalyzed coupling reaction
(temp. = 20°C, under air) were evaluated to be k4 = 0.1738 M 'h™! and
ks = 0.0036 M~ h™!, respectively. These results indicate that the dinuclear-
type catalyst is quite effective for both stereocontrol and rate enhancement
during asymmetric oxidative coupling reactions.

OH catalyst OO OH
2 O, or air ‘ O OH
Scheme 11.5.
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Dinuclear copper catalysts for asymmetric oxidative coupling were also re-
ported by Gao and coworkers [20]. Optically active Schiff-base and tetramino
dicopper complexes with a macrocyclic structure, such as 7 and 8, were pre-
pared (Scheme 11.7), and the coupling reaction of 2-naphthol was conducted
in the presence of a catalyst (10 mol %) in CCly at 0 °C for 7 d with molecular
oxygen as the oxidant. Coupling with the Schiff-base catalyst 7 resulted in
a yield of 80% and an enantioselectivity of 84% ee (S). A slight increase in the
ee value (88%, 85% yield) was observed when complex 8 was used as a catalyst.
In contrast, the control coupling reaction in the presence of complex 9 with one
metal center afforded a coupling product with a much lower enantioselectivity,
19% ee, suggesting that a rigid dinuclear copper structure is essential and plays
an important role in controlling the coupling stereochemistry.

11.3
Oxidative Coupling Polymerization of Phenols

The oxidative polymerization of 2,6-disubstituted phenols, where the o-posi-
tions are protected, provides a linear polymer consisting of 1,4-oxyphenylene
units. However, the OCP of the 2,6-unsubstituted phenols affording poly(1,4-
phenylene oxide)s was unsuccessful because of the difficult regiocontrol during
the phenoxy radical coupling reaction. Recently, a highly regioselective OCP of
phenol derivatives using tyrosinase model complexes, such as 10 and 11, was
attained by Higashimura et al. (Scheme 11.8) [21-23].

The OCP of 4-phenoxyphenol (PPOH) in the presence of a copper catalyst
(5 mol %) at 40 °C under a dioxygen atmosphere was performed. For instance,
polymerization with 11 in toluene for 19 h gave a methanol-insoluble polymer
in 89% yield [98% conv., number average molecular weight (M) = 1.2 x 10°,
weight average molecular weight (M,, = 4.7 x 10%)]. The regioselectivity was
estimated by analysis of the dimers generated during the initial polymerization
stage. The dimeric products 12 and 13 were formed based on the C-O coupling,
while the C-C coupling led to 14 and 15 (Scheme 11.9). Following 0.2 h of
polymerization, the dimers were obtained in 8% yield (9% conv.) with a ratio
of 12/13/14/15 = 93/7/0/0. None of the C-C coupling products was detected,

Ph PhH  Ph

._\ /iPI’
JN NN TN
I Ns Pr— N—Pr
o L7
Ph X3/ Ph ¢
Cu Cl,
1

Scheme 11.8. 10
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Scheme 11.9.

indicating that the polymerization should proceed in a highly regioselective
manner.

The OCP of PPOH with dicopper complex 16 in toluene/acetonitrile (4/1
(v/v)) at 40 °C was also conducted (Scheme 11.10) [24]. The PPOH conver-
sion reached 96% after 98 h of polymerization, and the methanol-insoluble
polymer was obtained in 73% yield (M, = 2.0 x 10°, My, = 3.5 x 10%). The
dimer ratio was determined to be 89/10/0/1 after polymerization for 0.2 h (16%
conv., 11% yield); therefore, the C-O coupling reaction should be selectively
promoted during polymerization. Although no significant difference in the re-
gioselectivity of the dimer formation (12/13/14/15 = 87/11/1/1) was observed
for the polymerization with the mononuclear model copper complex 17, the
methanol-insoluble polymer was not obtained in this polymerization system
(PPOH conv. = 16%).

K
O

N H N

- \ ‘\\\\\O///I/, /

I s N " o

\ N~
7~ N H N

16

Scheme 11.10.

11.4
Oxidative Coupling Polymerization of 2,3-Dihydroxynaphthalene

Recently, poly(2,6-DHN) was synthesized by the solid-state OCP with an ex-
cess amount of FeCls-6H,0 [3] or by the OCP with CuCl(OH)-N,N,N’,N’-
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tetramethylethylenediamine (TMEDA) in 2-methoxyethanol using 2,6-DHN
as the monomer (Scheme 11.11) [4]. For example, the latter polymerization
system at 25 °C for 3 h in air (catalyst: 10 mol %) gave a polymer in 98% yield
with an M, value of 3.1 x 10* (My/M, = 2.3).

On the other hand, the asymmetric OCP of 2,3-DHN with the CuCl-(+)-1-
(2-pyrrolidinylmethyl)pyrrolidine [(+)PMP] and CuCl,-(—)-sparteine [(—)Sp]
complexes (Scheme 11.12), which are well known as effective reagents for
the oxidative coupling reaction that produces the 1,1’-bi-2-naphthol deriva-
tives [9,25], could not produce a polymer [5,26], although the poly(2,3-DHN)
derivative was obtainable by the OCP with these conventional reagents using
3,3'-dihydroxy-2,2’-dimethoxy-1,1’-binaphthalene (HMBN) as the monomer
(Scheme 11.13) [26-29].

The asymmetric OCP of 2,3-DHN was successfully accomplished using
a novel catalyst system for the oxidative coupling, the complex of CuCl with
the bisoxazolines, such as (S)-2,2'-isopropylidenebis(4-phenyl-2-oxazoline)
[(S)Phbox] [5]. For instance, polymerization in THF at room temperature
for 24 h under an O; atmosphere afforded a methanol-insoluble polymer in

OH HO

O CuCI(OH)TMEDA O
n
W, § )

HO HO
2,6-DHN poly(2,6-DHN)

Scheme 11.11.

& A0 P}%@h

(+)PMP ()Sp (S)Phbox

Scheme 11.12.

HO MeO OMe OH HO MeO OMe OH
“ Cu-catalyst
HMBN poly(HMBN)

Scheme 11.13.
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30% vyield (M, = 1.1 x 104, My/M, = 2.6) after acetylation of the hydroxyl
groups, and the polymer was quantitatively obtained after 48 h of polymeriza-
tion (Scheme 11.14). The obtained polymer was rich in the S-configuration,
and the enantioselectivity was estimated to be 43% ee from the model reaction,
the coupling of 3-benzyloxy-2-naphthol, although the actual selectivity is not
clear at present.

Although typical diamines were not effective for producing a polymer,
atetraamine ligand, consisting of two ethylenediamine moieties attached to an
aromatic ring, N,N’-bis(2-morpholinoethyl)-p-xylylenediamine (BMX), was
synthesized (Scheme 11.15) and used as a dinuclear-type catalyst in combi-
nation with copper salts for the OCP of 2,3-DHN [6]. An unsuccessful result
was obtained for polymerization with the 2CuCl-BMX complex (Table 11.1,
entry 1). In marked contrast, a methanol-insoluble polymer was obtained in
good yields from the OCP with a 2CuCl,-BMX catalyst, where the mixed sol-
vent CH;Cl,-methanol was used to completely dissolve the complex (entries 2
and 3). The polymer yield and M, value for the polymerization performed
using CuCl, and BMX (1:1) were significantly reduced (entry 5). These results
indicate that the dinuclear-type copper(II) complex is effective for the OCP of
2,3-DHN (Scheme 11.16).

The complex comprised of CuCl, and m-BMX afforded a polymer with an
M, = 3.7 x 10% in 72% yield (entry 6) whose values were almost comparable
to those for polymerization with BMX. The tetraamine ligand bearing the
bisphenol A linkage 18 [30], however, showed a lower polymer productivity
(entry 7). In addition, the OCP with a typical diamine ligand, such as (-)Sp

HO OH AcO OAc

O Cu-catalyst acetylation O
L )
2,3-DHN poly(2,3-DHN’)

Scheme 11.14.

PON
4 ﬁQﬁW o <‘N’;’>
W,

{l—_(} BMX ( <\l—_o> m-BMX (o:) &NEtg 18 EtzNJ

Scheme 11.15.
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Table 11.1. OCP of 2,3-DHN with BMX based copper catalyst®

Entry Catalyst Solvent Yield M, x 1073
(%)° (MyW/Mp)©

1 2CuCl-BMX CH,Cl, 6 1.7 (=)

2 2CuCl,-BMX CH,Cl,-MeOH 74 3.8 (2.4)

3 2CuCl,-BMX CH,Cl,-MeOH4 63 4.4 (3.0)

4 2CuCl,-BMX MeOH 23 2.1(-)

5 CuCl,-BMX® CH,Cl,-MeOH 29 2.6 (1.3)

6 2CuCl,-m-BMX CH,Cl,-MeOH 72 3.7 (2.3)

7 2CuCl,-18 CH,Cl,-MeOH 52 3.0 (1.9)

8 CuCl,-(-)Sp CH,Cl,-MeOH 28 2.7 (1.5)

9 CuCl,-(+)PMP CH,Cl,-MeOH 0 -

2Conditions: [Cu]/[2,3-DHN] = 0.1, solvent: CH,Cl,/MeOH = 7/1 (v/v), time: 48 h,
temp.: room temperature, O, atmosphere

bMeOH-insoluble part of poly(2,3-DHN’)

“Determined by SEC (polystyrene standard)

4CH,Cl,/MeOH = 1/1 (v/v), [Cu]/[2,3-DHN] = 0.2

¢[CuCl,]/[BMX]/[2,3-DHN] = 0.1/0.1/1

\\\\\\

Scheme 11.16.

or (+)PMP, resulted in a much lower or no yield (entries 8 and 9). The ligand
structure significantly affected the catalyst activity.

The OCP of rac-HMBN with a dinuclear-type copper catalyst in CH,Cl,-
methanol (7/1 (v/v)) at room temperature was also examined (Scheme 11.13).
The 2CuCl-BMX complex produced a polymer with an M, of 3.3 x 10°
(Myw/Mp = 5.1) in 65% yield after acetylation of the hydroxyl groups, similar
to the results reported for the conventional Cu(I)-diamine reagents [26-29].
Polymerization with a copper(II) catalyst (2CuCl,-BMX), however, resulted in
a much lower yield (28%, M, = 2.3 x 103, My/M, = 1.4). Accordingly, the
monomer structure significantly affected the catalyst activity for polymeriza-
tion using a dinuclear-type Cu(II) catalyst system, and this may be due to
the stable 1:1 complex formation between 2CuCl,-BMX and HMBN during
polymerization.
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11.5
Conclusion

Dinuclear copper and oxovanadium complexes, in which the two redox sites
are precisely arranged, simultaneously caused the one-electron oxidation of
the redox active ligands, such as phenoxides and naphthoxides, and effectively
promoted a coupling reaction along with elimination of the reduced metals.
Further design of the dinuclear-type complex should provide a catalyst system
able to significantly control the stereochemistry during the oxidative coupling
reactions and produce a polymer with novel functions.
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Summary Switchable catenanes and rotaxanes, as well as a class of self-complexing donor-
acceptor cyclophanes, can generate molecular motions when appropriate redox conditions
are applied, thus turning them into functional nanoscale machines for a range of different
applications. The key to switching lies in the fact that the redox states of the molecular
components determine the vast preference of one (co-)conformation over all others. The
switching of these molecular machines has been investigated in considerable detail in solu-
tion using 'H NMR and UV-visible spectroscopic methods, as well as by cyclic voltammetry
and spectroelectrochemistry. Such machines have been demonstrated to switch in elec-
tronic devices, in the context of which molecular switch tunnel junctions and an 8 x 8
molecular memory have been constructed. The machines’ abilities to generate induced
molecular motions in closely packed Langmuir-Blodgett films have been established under
redox conditions. Mechanical devices have been constructed from these molecular ma-
chines by attachment to the surfaces of different substrates. In one example, switchable
[2]rotaxanes have been shown to function as molecular valves for regulating the release
of guest molecules embedded in porous silica materials. In another example, specially de-
signed molecular machines function as biomimetic molecular muscles that are capable of
bending an array of microscopic cantilever beams up and down under redox control. Such
examples suggest that their cooperative ability to generate nanoscale mechanical motions
when married with different substrates means that molecular machines can be utilized to
move objects around across length scales that reach up to, and possibly into, the world of
their macroscopic counterparts.

Abbreviations and Symbols

CBPQT** Cyclobis(paraquat-p-phenylene)

Ccv Cyclic voltammetry

DNP 1,5-Dioxynaphthalene

GSCC Ground state co-conformation
HQ Hydroquinone

LB Langmuir-Blodgett

MSCC  Metastable state co-conformation
NEMS  Nanoelectromechanical systems
NP Naphthalene

RAM Random access memory

SAM Self-assembled monolayer

SC Self-complexing
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SCE Saturated calomel electrode

TTF Tetrathiafulvalene

UC Uncomplexed

XPS X-Ray photoelectron spectroscopy
12.1

Introduction

Molecular machine refers to [1,2] a molecule that contains multiple mov-
able components whose locations and motions can be controlled by exter-
nal stimuli. The nanoscale size of such molecular machines renders them
small and efficient building blocks in the search for innovative applica-
tions in biological systems and materials science. An efficient molecular
machine requires reversible actions with speeds that are tunable in re-
sponse to a given stimulus and are associated with the subsequent genera-
tion of distinctive signals. Recent examples of such systems (Fig. 12.1) in-
clude switchable bistable [2]catenanes [3-14], bistable [2]rotaxanes [15-31],
and self-complexing bistable compounds [32-36]. The first two examples are
molecular systems with two ring components or one ring and one dumb-
bell component, respectively, that are interlocked with each other by me-
chanical bonds. The relative movements of the two rings in [2]catenanes
give rise to circumrotary motions, while, in the case of [2]rotaxanes, lin-
ear sliding motions can be generated from the relative movements be-
tween the ring and dumbbell components. In non-interlocked self-complexes,
a moveable arm is covalently attached to a ring component, from which
motions can be generated by controlling the arm to be in or out of the
cavity of the ring. In all cases, the relative locations (ring-to-ring, ring-
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Fig. 12.1. Switchable molecular machines. a Bistable [2]catenane. b Bistable [2]rotaxane.
¢ Covalently linked donor-acceptor macrocyle. S and §’ indicate external stimuli
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to-dumbbell, or ring-to-arm) are dictated by molecular recognition based
on a variety of noncovalent bonding interactions controlled by redox-active
7T systems.

Itis obvious from inspection of the graphical representations (Fig. 12.1) that,
in order to direct the ring movement in a controllable and reversible fashion,
one has to modulate the ring’s binding to the two recognition sites by swapping
the relative strengths of the sites. Among the different reported approaches to
controlling the molecular recognition of the two sites, redox processes have
been the most extensively used [37-42]. Such processes take account of not
only the input stimuli, but also the readout signals (e.g., relative mechanical
motions) that are necessary for the efficient operation of molecular machines.
By changing the redox state of the components of the molecular machine using
chemical [43-50], electrochemical [51-60] or photochemical [61-73] means,
the relative locations of the components can be changed accordingly and so
generate machinelike molecular motions.

During the past two decades, our group has developed [74] convenient
template-directed syntheses of redox-switchable [2]catenanes and [2]rotax-
anes. In such interlocking systems, the key component is usually a -accepting
tetracationic cyclophane, cyclobis(paraquat-p-phenylene) (CBPQT*"). A col-
lection of -donors, such as 1,5-dioxynaphthalene (DNP), 1,4-dihydroquinone
(HQ), and tetrathiafulvalene (TTF), has been incorporated into the other com-
ponent to serve as the recognition units to hold the CBPQT** ring in place.
Building on early successes, truly switchable and therefore bistable [2]cate-
nanes and [2]rotaxanes with two different 7t-donors in their molecular struc-
tures have been prepared. Some of them display an “all-or-nothing” pref-
erence for the CBPQT** ring, it being located on only one (e.g., TTF) of
the m-donors for all intents and purposes. The vastly different recognition
affinities of two different 7-donors toward the CBPQT*" ring are the basis
for such a preference. The excellent redox properties of the TTF unit pro-
vide a means of switching off its binding when it is oxidized to its mono-
or dicationic forms, thus enabling the movement of the CBPQT** ring to an
alternative recognition unit (e.g., DNP or HQ). On the other hand, molec-
ular recognition can be universally shut down by reduction of the two 7-
electron-deficient bipyridinium units in the CBPQT** rings. The combina-
tion of the redox control - oxidation of the TTF unit and reduction of the
CBPQT** ring - gives rise to the efficient operation of nanoscale molecular
machines.

In this chapter, we begin with examples of redox-switchable molecular ma-
chines in solution. Ultimately, it will be shown that they form the basis for the
successful application of these switchable molecular machines in electronic
devices. Appropriately designed systems have been demonstrated to do real
mechanical work by harnessing of the redox-activated movements in such
nanosized molecules. In all of these contexts the redox sites within the molec-
ular machines lead to controllable relative movements of components on the
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nanoscale, and for electronic devices they also provide orbital energy levels
that tune the conductance between high and low states.

12.2
Redox-Controllable Molecular Switches in Solution

12.2.1
Bistable [2]Catenanes

The [2]catenane 1:4PF¢ (Scheme 12.1), which has been prepared [7, 8] by
template-directed synthesis, is comprised of a CBPQT** ring and a macro-
cyclic polyether with two different m-electron-rich recognition sites, namely,
a DNP ring system and a TTF unit. The vastly different recognition in-
teractions between the CBPQT*' ring and the two m-donors gives rise to
a nearly “all-or-nothing distribution” of two possible translational isomers
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Scheme 12.1. A [2]catenane 1** that can be switched by both chemical and electrochemical
means
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with the CBPQT** ring selectively encircling the TTF unit. The X-ray crys-
tal structure of 1:4PFg reveals that the TTF unit resides inside the cavity
of the tetracationic cyclophane, an observation that is consistent with its
solution-state behavior as characterized by 'H NMR and UV-visible spec-
troscopy. The desirable all-on/off switch of the [2]catenane 1-4PFg in solu-
tion has been demonstrated by both chemical and electrochemical means.
When a positive potential is exerted on a MeCN solution of 1:4PF, the
TTF unit can be oxidized to the TTF* radical cation (at Ej/, 650 mV vs.
saturated calomel electrode, SCE) or indeed to the TTF?** dication (at E;,
720 mV vs. SCE), while the DNP unit remains strictly neutral. A charge-
charge repulsive force between the generated positive charge and the four
positive charges on the CBPQT** ring causes (Scheme 12.1) the macrocyclic
polyether to circumrotate and present its alternative recognition unit, viz.,
the DNP ring system, to the inner reaches of the cavity of the CBPQT** ring.
Upon reduction of the oxidized tetrathiafulvalene back to its neutral state,
the macrocyclic polyether circumrotates through the cavity of the tetraca-
tionic cyclophane to position itself once again around the neutral TTF unit,
thus returning the [2]catenane to its original state. The ability to generate
reversible, controllable redox-driven circumrotation motions in [2]catenanes
renders them the smallest nanomachines to date. They have many potential
applications.

12.2.2
Bistable [2]Rotaxanes

The preference of the CBPQT** ring to encircle the TTF unit rather than the
DNP ring system in the bistable [2]catenane led to the successful construction
of a collection of bistable [2]rotaxanes. A [2]rotaxane 2-4PFg has been synthe-
sized [30,48] with a CBPQT** ring encircling its dumbbell component incor-
porating TTF and DNP recognition sites (Scheme 12.2). Similar to the bistable
[2]catenane, an “all-or-nothing” situation is observed such that the ring is lo-
cated exclusively around the TTF unit in the ground state. The movement of the
CBPQT** ring from the TTF unit to the DNP ring system can be controlled by
changing the redox states of the TTF unit, as demonstrated by both UV-visible
and 'H NMR spectroscopies. When the TTF unit is oxidized chemically to the
TTF** form by Fe(ClO4)3, the CBPQT** ring moves a remarkable 1.9 nm along
the rigid p-terphenyl spacer from the TTF to the DNP recognition site. The
reduction of the TTF** dication back to its neutral state (TTF) switches the
unit back to being a strong m-donor-based recognition site, thus allowing the
CBPQT** ring to move back to its starting position - the ground state of the
[2]rotaxane. Complementary to the circumrotary motion observed in bistable
[2]catenanes, the linear sliding motion of the moveable CBPQT** ring along
the long axis enables us to generate nanoscale one-dimensional mechanical
movements.
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Scheme 12.2. Switching of [2]rotaxane 24*

12.2.3
Self-Complexing Molecular Switches

Self-complexing molecular switches [35,36] usually contains an arm compo-
nent, covalently linked to a macrocycle, with sufficient flexibility such that
the arm can be included inside the macrocycle’s cavity by virtue of stabilizing
noncovalent bonding interactions. In contrast with switchable [2]catenanes
and [2]rotaxanes, such compounds do not require a secondary recognition
unit for switching. Rather, the switching behavior is based on reversible move-
ment of the arm into and out of the macrocycle’s cavity in response to a redox
stimulus.

The self-complexing compound 3** (Scheme 12.3) was prepared with a TTF-
bearing arm covalently linked to a m-accepting CBPQT** ring. Just as in the
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Scheme 12.3. Switching of a self-complex 3**

case of the bistable [2]catenanes and [2]rotaxanes, molecular recognition be-
tween a TTF donor and a CBPQT** acceptor in the self-complexing compound
3% can be turned “off” by the oxidation of the TTF unit to its TTF* cation
radical or TTF?* dication and “on” by their reduction back to the neutral (TTF)
form. The switching process has been investigated by both chemical and elec-
trochemical means. For example, 'H NMR spectroscopy has been employed
(Fig. 12.2) to monitor the chemical redox cycle at 253 K in CD3COCD3 solution.
The 'H NMR spectrum of 3** (Fig. 12.2a) is characteristic of a self-complexing
(SC) conformation with averaged C, symmetry. A mixture of cis/trans iso-
mers, which are able to interconvert when irradiated by light, is observed
in a 2:3 ratio as a result of the substitution mode of the TTF unit. No res-
onances are detected for uncomplexed (UC) 3**. Upon addition of 2 equiv.
of tris(p-bromophenyl)aminium hexachloroantimonate into the CD3COCD3
solution of 3**, a much simpler spectrum (Fig. 12.2b) is observed, indicat-
ing that, upon oxidation, the TTF?* dication no longer resides inside the
CBPQT** cavity and its protons resonate at § = 9.83 ppm. The remainder of
the spectrum is commensurate with the UC-3** conformation having aver-
aged C,y symmetry. When Zn dust is added to the NMR tube, the original
spectrum (Fig. 12.2c) is regenerated, indicating a return to the SC-3*" con-
formation with the neutral TTF unit back inside the cavity of the CBPQT**
ring.
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Fig. 12.2. Partial 'H NMR spectra of 3** recorded in CD3;COCD; at 253 K before ox-
idation (a), after addition of 2 equiv. of tris(p-bromophenyl)aminium hexachloroanti-
monate (b), and after addition of Zn dust as a reductant (c)

The electrochemical switching behavior of 3** in MeCN is revealed by
cyclic voltammetry (CV). At a scan rate of 1000 mVs™!, the CV displays
(Fig. 12.3) only one two-electron anodic peak at +0.91V vs. SCE, together
with two single-electron cathodic peaks on the return sweep. The behav-
ior differs from that (Fig. 12.3) of the control 4, which displays two re-
versible, well-separated one-electron oxidation processes at +0.36 and +0.70 V
vs. SCE. The CV indicates that the TTF arm in SC-3*" undergoes oxida-
tive dethreading in concert with the direct production of the TTF** di-
cationic form - and that it rethreads following formation of the charge-
neutral TTF unit. Both chemical and electrochemical studies testify to the
redox-controllable switching ability of such self-complexing donor-acceptor
pairs, rendering them viable candidates for constructing nanoscale molecular
machinery.
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12.3
Application of Redox-Controllable Molecular Machines in Electronic Devices

Although early efforts were directed mainly at switchable catenanes and ro-
taxanes in the context of solution-phase mechanical processes, it has also been
demonstrated [10, 25] that the redox-controllable mechanical movements in
interlocked molecules can be stimulated electrically within the setting of solid-
state devices. Molecular switch tunnel junctions employing a crossbar architec-
ture have been fabricated utilizing redox-switchable mechanically interlocked
molecules as the key active components.

Early fabrication of such a crossbar device was based (Fig. 12.4) on the
switchable [2]catenane 1**. The switchable molecules were self-assembled
as a Langmuir monolayer at the air-water interface and then deposited on
a polysilicon electrode. A top electrode of Ti, followed by Al, was subse-
quently vapor-deposited on top of the molecular monolayer. High-quality,
closely packed films were produced from switchable [2]catenanes employing
a cosurfactant in the form of dimyristoylphosphatidyl anions (DMPA™) as the
counterions [10,12,24], which are essential for preventing the top Tilayer from
penetrating through the monolayer and thus causing a short circuit.

The molecular devices display switching between high and low conductance
states at different applied voltages. Each device is characterized by applying
a “write” voltage, V, and recording the “read” current, I. The remnant molecu-
lar signature (Fig. 12.4b) tracks the read current (y axis) as the writing voltage
(x axis) is cycled around a loop in 40-mV steps, from 0.0 V to +2.0 V, down to
—2.0 V, and back to 0.0 V. In order to record the read current, a read voltage of
+100 mV is applied in between each of the 40-mV pulses. For the [2]catenane-
based crossbar, a low current is recorded, corresponding to the OFF state of
the device, until the threshold voltage of +2 V is reached, whereupon a higher



202 Y. Liu- A.H. Flood - J.E. Stoddart

0] +N O N+
o ::\0 o
0=P—OH —

DMPA™ Counterion

o
o}

4]

o
@
@
)

o
I~
'S

(102 Amps)
Resistance at
+0.1V /108 Q

0.0 v v 2 T T T T
-2.0 -1.0 0 1.0 20 1 4 7 10

Voltage / V Read/Write Cycles

Fig.12.4. An electronic device based on the bistable [2]catenane 1** (a), remnant molecular
signature (b), and binary switching behavior (c) of the device

current is read, effectively switching the device into an ON state. The ON state
is maintained until the threshold voltage for switching the device back into
alow current or OFF state at —1 V is reached. The binary behavior is recorded
(Fig. 12.4¢) in a separate experiment by reading the current after the device
is alternately cycled between ON and OFF states by writing at the threshold
voltages. These data reveal that, in addition to the reversible voltage-gated
switching of the device ON and OFF more than ten times, the ON state is
metastable, displaying a temperature-dependent resetting of the device back
to the OFF state.

From the reversible electronically driven switching observed in devices in-
corporating the bistable [2]catenane 1** has emerged a simple logic circuit
and a random access memory (RAM) circuit [25] that were fabricated recently
by using a related amphiphilic bistable [2]rotaxane 4** (Scheme 12.4). Cross-
bar devices built around this [2]rotaxane have been investigated [25] for their
ability to switch. It was found that the devices displayed very similar behavior
to that of the bistable catenane-based ones in terms of remnant molecular
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signatures and the binary switching behavior of the devices. By contrast, con-
trol devices based on dumbbell components and non-redox-active molecules
did not display any switching behavior. First-principles computation has been
employed [75-77] to evaluate the physical basis of the measured conductance
difference between the ON and OFF states. The computational results confirm
that the ON and OFF states correspond to the co-conformations with the DNP
ring system and TTF unit encircled by the CBPQT** ring, respectively.

A 64-bit memory was constructed, comprised in total of 64 crossbars con-
taining a monolayer of bistable [2]rotaxane molecules. Fifty-six bits out of the
total operated, allowing the acronyms such as DARPA to be written successfully
into and read out of the chip in ASCII code. A feature of such a circuit is that the
metastabilities of the ON state in these molecular analogs display half-lives of
15 to 60 min, which are quite different from standard RAM where the memory
addresses need to be continually rewritten every tens of milliseconds.

For the redox-activated switching of the bistable [2]rotaxanes, a universal
nanoelectromechanical mechanism (Fig. 12.5) has been proposed [78-81]. An
electrochemically driven translation of the CBPQT** ring from the TTF unit to
the DNP ring systems forms a metastable state co-conformation (MSCC) that
is able to relax thermally back to the ground state co-conformation (GSCC).
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Fig. 12.5. Proposed nanoelectromechanical switching mechanism of bistable [2]rotaxanes

The free energy barriers for relaxation of the MSCC to the GSCC have been
unravelled in solution [80], in self-assembled monolayers [78], and in polymer
matrices [79] to be 16, 18, and 18 kcal mol ™!, respectively. These values corre-
late well with a barrier of 21 kcal mol™! observed in molecular switch tunnel
junction devices.

In an attempt to miniaturize molecular electronic devices, a semiconduct-
ing, single-walled carbon nanotube (SWNT) was incorporated [14] as the
bottom electrode in two-terminal molecular switch tunnel junctions. They
contain a molecular monolayer of a related switchable [2]catenane coated
noncovalently along the wall of SWNT. Such SWNT-based molecular devices
operate very much like the reported silicon-based ones.

124
Application of Redox-Controllable Molecular Machines in Mechanical Devices

The redox-switchable properties of bistable catenanes and bistable rotaxanes
in both solution and in electronic devices offer the potential for those molec-
ular switches to be incorporated into wholly mechanical devices, such as
actuators [82,83] and molecular valves [84-86], as the active components.
Nature provides some insight into how simple molecular components can
be organized to perform complex mechanical tasks. Taking a lesson from
biomolecular motors [87, 88], such as myosin and actin in muscle fiber, me-
chanical motions generated from functional molecular machines can be am-
plified and harnessed in nanoelectromechanical systems (NEMS) coopera-
tively through self-organization of the bistable molecules on surfaces. The
first verification of the redox-stimulated mechanical movements was demon-
strated in closely packed condensed phases of bistable rotaxanes on solid sub-
strates.
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12.4.1
Switching in Langmuir-Blodgett Film

A bistable rotaxane 6** (Fig. 12.6a) possessing regular redox-switching prop-
erties was synthesized with hydrophobic and hydrophilic stoppers installed
at both ends to introduce amphiphilicity. Such amphiphilicity in solution en-
ables the molecules to readily self-assemble [89] into Langmuir monolayers at
the air-water interface. These molecular monolayers were subsequently trans-
ferred to SiO, substrates for further investigation.

Langmuir isotherms of both the amphiphilic bistable [2]rotaxane 6** and
its dumbbell 7 were recorded in order to establish their ability to form stable
monolayers, as well as their capacity to switch in closely packed condensed
phases. A comparison of Langmuir layers prepared on neutral and oxidiz-
ing subphases provides insightful information on the switching behavior. Two
different isotherms for the [2]rotaxane 6*" were obtained (Fig. 12.6b) when
water or water premixed with the oxidant Fe(ClO4)3 was used as the subphase.
In general, the unoxidized [2]rotaxane 6*" molecules in the monolayer ap-
pear to occupy a smaller mean molecular area compared to the oxidized ones
at almost every pressure. By comparison, the dumbbell 7 was subjected to
the same set of experimental conditions. Only a negligible difference in the
Langumir isotherms was displayed before and after oxidation for this control.
Such behavior is in contrast to that of the amphiphilic, bistable rotaxane 6**
and supports the interpretation that the redox-driven mechanical movement
of the CBPQT** ring is the cause of the change observed in the rotaxane’s
isotherm.

X-Ray photoelectron spectroscopic (XPS) studies provided further evidence
for the movement of the CBPQT*" ring in the LB monolayers [89]. The intensity
of the photoemission from the 1s orbital on the nitrogen atoms in the CBPQT**
ring in the bistable [2]rotaxane 6** was recorded for both the unswitched and
switched LB monolayers transferred onto a SiO, substrate. An increase in the
relative intensity of the nitrogen signal was observed (Fig. 12.6¢c) when the
oxidant was added to the subphase. The intensity increase was calculated to
be equal to a 44% change in height with respect to the monolayers’ thickness.
The 3.7-nm movement of the CBPQT** ring upwards from the TTF unit to
the DNP ring system is believed to be the cause of the intensity change. By
contrast, the dumbbell 7 displayed no signal. Furthermore, an amphiphilic
bistable [2]rotaxane 8**, in which the order of the TTF unit and DNP ring
system were reversed with respect to the SiO; substrate, displayed consistent
spectroscopic changes.

In situ switching was performed in a closely packed LB monolayer trans-
ferred onto a SiO, substrate as an ultimate test of the mechanical movement
of the CBPQT** ring. A LB double layer of 8** was prepared such that a hy-
drophilic outer surface was accessible to the aqueous solution of the oxidant
Fe(ClO4)3, into which the LB double layer was immersed. An intensity in-
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Fig. 12.6. a Structural formulas and graphical representations of amphiphilic rotaxanes
6*" and 8**, and a dumbbell 7. b In situ Langmuir switching of the monolayers displays
changes in ¢ XPS spectra of LB monolayer of SiO, substrate that correlate with movement
of tetracationic cyclophane. d Mechanical movement of cyclophane in LB monolayer was
correlated with changes in XPS spectra

crease of the nitrogen signal was observed (Fig. 12.6d) following exposure to
the oxidizing conditions, an observation consistent with the CBPQT** ring’s
movement. This experiment indicates that, even when itis located in the closely
packed condensed phase of a monolayer, the CBPQT** ring in bistable [2]ro-
taxanes is still able to undergo mechanical movement following oxidation of
the TTF unit. The verification of relatively linear mechanical movements within
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switchable rotaxanes in condensed phases opens up a window for developing
switchable rotaxane-based NEMS devices.

12.4.2
Molecular Machines Functioning as Nanovalves

A supramolecular nanomachine has been demonstrated [86] to function as
a nanovalve that opens and closes the orifices to molecular-sized pores and
releases a small number of molecules on demand. The supramolecular valve
that has been used to open and close the nanocontainer is a pseudorotaxane
composed (Fig. 12.7a) of two components - a DNP-containing thread 9, which
is attached to the silica surface, and the moving part, the CBPQT** ring 10**,
which controls access to the interior of the nanopore. Operating the nanovalve
involves three steps: (1) filling the container, (2) closing the valve, and (3) open-
ing the valve to release the contents of the container on demand. The tubular
pores, which are approximately 2 nm wide, are filled (Fig. 12.7b) with stable
luminescent Ir(ppy)s molecules by allowing them to diffuse from solution into
the open pores. The orifices are then “closed” by pseudorotaxane formation.
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Fig. 12.7. a A DNP-containing thread 9. b A cyclophane 10**. ¢ Nanopores whose orifices
are covered with pseudorotaxanes formed between 9 and 10**. d Upon reduction, the 10**
bisradical dications are released and so allow the Ir(ppy); to escape
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An external reducing reagent (NaCNBH3) is used to reduce the CBPQT#* ring,
effecting dethreading of the pseudorotaxane so as to unlock the nanopores
and allowing the release of the dye as measured by following its luminescent
signal in the surrounding solution.

A switchable [2]rotaxane 114" (Scheme 12.5) was employed [84] in order to
obtain a nanovalve that is reversibly operational. The rotaxane was tethered
around the 2-nm pores of a silica framework (MCM-41) and was demonstrated
subsequently to be fully functional under redox conditions. Translocation of
the mobile CBPQT** ring brings it close to or away from the orifice of the
nanopores by redox reagents, thus controlling the closing and opening of
the nanovalve. The controlled positioning of the CBPQT** ring thus regu-
lates the capturing and subsequent release of guest dye molecules trapped
in the nanopores. Compared to the supramolecular system, activation of the
nanovalve is achieved by chemical oxidation-reduction cycles of the TTF unit
instead of destructive reduction of the CBPQT** ring and its diffusion away
into solution. The nanovalve with tethered bistable [2]rotaxanes, by contrast,
constitutes a reusable molecular valve.
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Scheme 12.5. Structural formula of a [2]rotaxane 11*" that functions as a molecular
nanovalve

12.4.3
Artificial Molecular Muscles

Expanding upon the reported switchable [2]rotaxanes, a prototype palin-
dromic [3]rotaxane 128* (Fig. 12.8) was created [82-84] according to a de-
sign that is reminiscent of a “molecular muscle” for the purpose of amplifying
and harnessing molecular mechanical motions. The design takes advantage of
well-established donor-acceptor recognition chemistry to control the localiza-
tion of its two CBPQT** rings on its two TTF units, as opposed to on its two
naphthalene (NP) ring systems. The location and thus the switching of the two
CBPQT** rings can be controlled to be on either the TTF or NP recognition
sites by (1) chemical oxidation and reduction cycles, as illustrated by 'H NMR
spectroscopy, and (2) electrochemical redox processes, as illustrated by CV
and UV-visible spectroelectrochemistry. The switching of interring distances
from 4.2 to 1.4 nm mimics the contraction and extension of skeletal muscle.
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e r——

1.4 nm

1212+

Fig. 12.8. Structural formula of prototypical molecular muscle 128+ and graphical repre-
sentation of its switching that generates contraction and extension motion

The reversible switching of 12%* in solution provides a model for its me-

chanical motion when it is attached to a surface. In order for a rotaxane-based
mechanical device to become an engineering reality, however, it is imperative
to self-organize these nanoscale machines at interfaces and to demonstrate
that the mechanical switching behavior exhibited in solution is preserved
when they are mounted on solid supports. In order to achieve this objective,
[3]rotaxane 13%* (Fig. 12.9a) with disulfide tethers covalently attached to the
two mobile CBPQT** rings was prepared for the purpose of self-assembling
it onto a gold surface. A gold-coated silicon cantilever array was then coated
with a SAM of 133" and placed in a transparent fluid cell (Fig. 12.9b). The
position of each cantilever beam was monitored by an optical lever method,
while aqueous Fe(ClO4)3; (oxidant) and ascorbic acid (reductant) solutions
were sequentially introduced into the fluid cell. Addition of the oxidant caused
the cantilever beams to bend upward by ca. 35 nm to an apparent saturation
point (Fig. 12.9¢, top series of traces). Entry of the reductant caused the beams
to bend back downward to their starting positions. This behavior was observed
for all four cantilever beams for 25 complete cycles (only 3 cycles were shown
here) with a noticeable decrease in the bending magnitude.
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Fig.12.9. a Structural formula of molecular muscle 13%* in a SAM on gold surface. b Control
dumbbell. ¢ Experimental data showing three cycles of upward and downward bending of
four cantilever beams coated with 138+ (top traces) and control dumbbell 14 (bottom traces)
upon injection of oxidant and reductant solutions

To establish that such a bending is not the result of mundane conforma-
tional changes and/or electrostatic changes associated with the oxidation of
the TTF unit in the dumbbell, a disulfide-containing control compound 14
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(Fig. 12.9¢), which lacks the mobile CBPQT** rings but contains recogni-
tion sites with the same relative geometries as are present in the [3]rotax-
ane, was synthesized and subjected to redox conditions identical to those
described for the bis-bistable [3]rotaxane-based device. Only the slightest of
movements of the control-coated cantilever array were observed following
sequential injections of the same oxidant and reductant (Fig. 12.9d, bot-
tom series of traces). The different device behavior suggests that the pres-
ence of the movable disulfide-tethered CBPQT** ring in the bis-bistable
[3]rotaxane are essential for the redox-controlled bending of the cantilever
beams.

These results correlate directly with the collective effect of molecular-scale
contractions and extensions of the interring distances in the disulfide-tethered
palindromic [3]rotaxane molecules. They support the hypothesis that the cu-
mulative nanoscale movements within surface-bound “molecular muscles”
can be harnessed to perform larger-scale mechanical work.

12.5
Conclusions

The construction of nanoscale molecular machines with controllable mechan-
ical movements has been achieved by incorporation of recognition sites with
distinctive yet different binding affinities to the central moveable part - a tetra-
cationic CBPQT** ring - in bistable catenanes and rotaxanes. It is the redox
properties of the recognition sites in those functional machines that enable the
precise control of the nanoscale movements. By changing the redox state of
the recognition sites, thermodynamic factors have been identified that make
it possible for the mechanical motions of molecular components to be con-
trolled precisely. Firstly, we have demonstrated that the stimulation of the
mechanical movements can be realized conveniently by chemical, electro-
chemical, or photochemical means in solution. Secondly, voltage-gated move-
ments of such machines in more confined media, from polymer electrolyte
matrixes [79] and, ultimately, to self-assembled monolyers [78] to solid-state
electronic devices [10, 14], lead to the vindication of their practical utility.
A universal nanomechanical mechanism has been unraveled for their redox-
activated performance. Finally, the potential of those nanoscale machines in
mechanical devices has been demonstrated by the actuation of microscale
cantilevers with a SAM of a specially designed molecular machine. In addi-
tion, the mechanical movements of bistable rotaxanes can be harnessed to
regulate the release of guest molecules from a nanoscale container. Based
on these early successes, future efforts will be directed from operating ma-
chines at the nanoscale to move other objects around across scales that reach
into the world of their macroscopic counterparts, thus bringing the real-
ization of molecular machines back to one of the original sources of their
inspiration.
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Summary The redox potential of the ferrocene moiety decreased when rotaxane had a crown
ether wheel that was free of the intercomponent interaction. It was assumed that the redox
reaction of the ferrocene moiety accompanied the transposition of the wheel component on
the axle. The reduction of ketone by the action of rotaxane bearing the dihydronicotinamide
group was also investigated. The activity of the dihydronicotinamide group was considerably
enhanced by the presence of the crown ether wheel. Furthermore, enantioselective reduction
was achieved using an optically active wheel component. The effect of rotaxane structure
and intercomponent interaction on the redox behavior are discussed.

Abbreviations

DB24C8 Dibenzo-24-crown-8 ether

TTF Tetrathiafulvalene

NMR  Nuclear magnetic resonance
NADH Nicotinamide adenine dinucleotide

13.1
Introduction

Rotaxane is a typical interlocked compound consisting of wheel and axle com-
ponents arranged spatially by mechanical bonding [1]. The axle component
threading into the macrocyclic wheel component has two bulky substituents
at the two termini that prevent dethreading from the wheel component.

The preparation of the rotaxanes requires special strategies to construct
the interlocked structure. The simplest technique is end-capping. The inclu-
sion complex of the wheel component with the axle component without the
bulky terminal substituent(s) is prepared before the termini of the axle com-
ponent are introduced to fix the interlocked structure. To prepare the inclusion
complex, denoted as pseudorotaxane, various attractive intermolecular inter-
actions have been utilized. One of the most versatile complex systems is the
combination of crown ether and secondary ammonium salt [2]. Using this
combination, a variety of components can be designed for the preparation of
rotaxanes, while the modification of the resulting rotaxanes is also an easy path
to new rotaxanes.
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The intermolecular interaction that is necessary to produce the pseudoro-
taxane complex often remains in rotaxane as a strong intercomponent inter-
action. Because of the unique structure of rotaxane, special features favorable
for its application to molecular devices and supramolecular materials are ex-
pected [3]. In the presence of the strong intercomponent interaction, however,
the structural features of the rotaxanes would be limited because the good com-
ponent mobility, which is the most noteworthy feature, is restricted. The control
of the intercomponent interaction has been investigated based on the prop-
erties of rotaxanes. In the case of the crown ether-secondary ammonium salt
system, the intercomponent interaction can be removed by acylative neutral-
ization of the ammonium moiety [4]. In the intercomponent-interaction-free
rotaxane, the wheel component can change its position on the axle component
without any change in the conformation, when the axle component is fixed.

Since all rotaxane components are situated very closely together, they
strongly affect each other. When a redox-active functional group is placed
on the axle of rotaxane, the redox behavior depends on the components’ rel-
ative positions, or how the wheel component surrounds the axle. Even in
intercomponent-interaction-free rotaxanes, the wheel component affects the
redox behavior, whereas the redox reaction can control the position of the
wheel component on the axle component in rotaxane.

X/-.__/X + O :X/-.__,X

axle component wheel component pseudorotaxane
: intermolecular
interaction
end -capping
rotaxane
chemical modification D
removal of intercomponent

interaction

intercomponent-interaction-free
rotaxane

Fig. 13.1. Preparation of rotaxane by end-capping
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13.2
Redox Behavior and Conformation of Ferrocene-End-Capped Rotaxane

Since in rotaxane the relative movements of a component against its counter-
part are similar to basic mechanical motions, much attention has been paid to
the construction and motion of rotaxane-based molecular machines [3]. The
redox reaction is one of the most promising methods of controlling molecular
motion via the control of the intercomponent interaction [5]. Stoddart et al.
pioneered the redox-reaction-induced transposition of a wheel component on
a counterpart axle [6]. In the reduced form, a viologen-based macrocycle is
placed on the benzidine or tetrathiafulvalene (TTF) moiety by the strong in-
tercomponent charge transfer (CT) interaction. By the one-electron oxidation
of the benzidine or TTF moiety, the CT interaction is lost, and the electrostatic
repulsion between the cations enforces the transposition. We designed a novel

-

O

YO )
NIZ
o }
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ms)
/
(@]
51_6

Fig. 13.2. (a) Stoddart’s redox-induced transposition systems based on CT interaction.
(b) Our ferrocene-based system



218 N.Kihara - T. Takata

ferrocene-containing rotaxane 1 with a crown ether wheel as the electron-rich
component that may interact with the ferrocenium cation [7].

Rotaxane la was prepared as shown in Scheme 13.1. The secondary am-
monium salt 2 with a hydroxy group at the terminus was treated with fer-
rocenecarboxylic anhydride and a catalytic amount of tributylphosphane in
the presence of DB24C8 to afford 1la in 87% yield [8]. The X-ray crystallo-
graphic structure of la as a benzene adduct clearly confirmed its rotaxane
structure. Since there is a strong intercomponent hydrogen-bonding interac-
tion between the DB24C8 component and the ammonium group, the transpo-
sition of the crown ether component on the axle was not expected. Rotaxane la
was treated with excess triethylamine and acetic anhydride to convert it to the
corresponding nonionic rotaxane 3a [4] in which both components are free
of the hydrogen-bonding interaction. The X-ray crystallographic structure of
3a reveals that the weak intercomponent interaction became working after

0} O
2 _/ \)
DB24C8
ferrocenecarboxylic anhydride Q
cat. BugP, CHoCly, r.t,, 3 h 0 0 o
PFg

o 0
87% [/\N o
0 HQ/O}Q\/OAkIQ

Ac50, EtgN (0 0} 1a
0
CH3CN (o) o)
rt, 12h /[‘QL/O/U\Q
— ]
N O o/ Fe

77% AC Q ) @

Scheme 13.1.
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Fig. 13.3. ORTEP drawing of 1a-C¢Hg. Hydrogens, benzene, and PF¢ omitted for clarity

Fig. 13.4. ORTEP drawing of 3a. Hydrogens omitted for clarity
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the elimination of the strong hydrogen-bonding interaction. The crown ether
component was moved to the p-phenylene group, and a CH/m interaction be-
tween the y-methylene groups of the DB24C8 component and the p-phenylene
group occurred. The 'H NMR spectrum of 3a is shown in Fig. 13.5. The
considerable down-field shift of the p-phenylene group and the split of the y-

Cp

ro o Cp

[O (@] B PFs
{o ®04P a2 o ¥
NS
@ o N U o
KO O‘) d Fe
9] <
1a
o« B
d Cp Cp
a,b
NH cc
a !
8 7 6 5 4 opm 3

Fig. 13.5. '"H NMR spectra of (a) 1a (270 MHz, CDCl3) and (b) 3a (270 MHz, CDCl;).
Asterisk (*) denotes residual CHCI3 or CH,Cl,
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methylene protons in the DB24C8 component clearly indicate the occurrence
of a CH/m interaction even in the solution state. Since the CH/m interaction
is rather weak, the DB24C8 component is loosely bound to the p-phenylene
group.

Cyclic voltammetry analyses (vs. Ag/AgCl) of 1a and related compounds
were carried out in acetonitrile. The results are summarized in Table 13.1.
1a showed a slightly higher E;/, than benzyl ferrocenecarboxylate and model
compound 4 because of its cationic character. Due to the strong hydrogen-
bonding interaction between the DB24C8 component and the ammonium
group, the wheel component did not affect the ferrocene moiety of 1a. On
the other hand, nonionic rotaxane 3a showed an Ej/; approximately 80 mV
lower than that of 1a. The DB24C8 component in 3a stabilized the oxidized
state and reduced its Ej/,. Since the Ej/; of 4 did not change after the addition
of DB24CS8, it was concluded that the stabilization was induced by the crown
ether-ferrocenium cation interaction. Since this interaction is very weak, it
occurs only when the approach of the crown ether component to the ferrocene
moiety is structurally allowed, as in the rotaxane system driven by the very
weak attractive interaction.

To demonstrate the interaction between the wheel component and the fer-
rocene group, the electronic spectra of 3a, 4, and their oxidized states was mea-
sured. One-electron oxidation was carried out chemically with silver tetrafluo-

Table 13.1. Redox potentials of ferrocene-containing compounds?®
Ferrocene derivative Ey/p/mV

Benzyl ferrocenecarboxylate 331

ﬁ 335°
g
Fe
/\©\/ 33 5b,C

+ DB24C8
la 353
3a 271

ays. Ag/Ag* with glassy carbon electrode at 298 K in 0.1 mol/L tetrabutylammonium
perchlorate in acetonitrile (0.5 mmol/L).

bWith 0.1 mol/L tetraethylammonium perchlorate in acetonitrile (5 mmol/L).

€1 equivalent of DB24C8 was added to solution of 4.



222 N.Kihara - T. Takata

Q

O O OO

O
N e — il w OJX@_“
/ T - / v [
N o o Fe ether Fe
Ac Q )

3a 3a*
Amax 444 nm Amax 632 nm
.
ether A\©—|
Amax 444 nm Amax 629 nm

Scheme 13.2.

roborate in ether under an argon atmosphere. The absorption of 3a at 444 nm,
corresponding to the ferrocene moiety, disappeared after the oxidation, while
the absorption at 632 nm, which was assigned to the ferrocenium cation moi-
ety, appeared [9]. The reversible redox behavior of 3a was easily confirmed; the
electronic spectrum of the solution of 3a™ readily returned to that of 3a upon
exposure to air or water. The electronic spectrum of 4 was identical to that of
3a in the visible region. However, A,y of the ferrocenium cation of 4% was
observed at 629 nm. The redshift of the ferrocenium cation of 3a* as compared
to that of 4* suggests a stabilizing factor like the attractive interaction between
the crown ether and the ferrocenium cation. Since there is no perturbation
in the reduced state, it can be deduced that the ferrocene group attracted the
wheel component by the interaction induced by the one-electron oxidation.
To ensure the nature of the crown ether-ferrocenium cation interaction
and the transposition of the wheel component on the axle component, some
ferrocene derivatives with rotaxane structures were prepared and their E;/,
values measured. Rotaxanes 1b and 3b, containing dicyclohexano-24-crown-8
as the wheel component, were prepared to examine the effect of the electron-
rich benzene rings of DB24C8. Since the AE}/; value between 3b and 1b was
similar to that between 3a and 1a, the ferrocenium cation interacted with the
ether oxygen, but not with the electron-rich benzene ring. Rotaxanes 1¢, 1d, 3c,
and 3d having axles with longer spacers were prepared. The 'H NMR spectra
of 1d and 3d are shown in Fig. 13.6. The occurrence of a CH/m interaction
between the wheel and the axle in 3d is evident from the down-field shift of
the p-phenylene group and the split of the y-methylene groups in the DB24C8
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component and indicates that the DB24C8 wheel is located at the p-phenylene
group. The E;/; of 3¢ was approximately 65 mV lower than that of 1c, and
the E1/; of 3d was approximately 45 mV lower than that of 1d. A considerable
decrease in E1/, was observed even in 3d, which has a dodecamethylene spacer
between the p-phenylene, which is the “station” of the wheel component in
reduced form, and the ferrocene group. The large AE;,, cannot be explained
without the transposition of the wheel component on the axle that leads it
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Fig. 13.6. Redox potentials of ferrocene derivatives with rotaxane structure
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Asterisk (*) denotes the residual CHCl3

to interact with the ferrocenium cation. The rather small AE;/, for 3c and 3d
presumably result from the difference in the structures of the p-phenylene
moieties of the axles — dialkylbenzene for 3a and 3b, and alkylalkoxybenzene

for 3c and 3d.

At the present time, it is not clear whether the attractive interaction between
the DB24C8 component and the ferrocenium cation moiety is a simple ion-
dipole interaction or the electrostatic interaction that accompanies electron
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donation from the crown ether oxygen to the ferrocenium cation. However, it is
clear that the weak crown ether-ferrocenium cation interaction did not induce
the transposition when there was a strong intercomponent hydrogen-bonding
interaction between the wheel and the axle components. However, when the
wheel component was labile on the axle, the transposition occurred even by the
weak attractive intercomponent interaction induced by the redox reaction. As
a consequence, rotaxanes with a controllable weak intercomponent interaction,
such as 3, constitute an excellent scaffold for the construction of a sensitive
molecular device.

133
Reduction of Ketone by Rotaxane Bearing a Dihydronicotinamide Group

In many biological reduction reactions, NADH acts as the hydride source.
Since the reaction center of NADH is dihydronicotinamide, various biomimetic
reduction systems using dihydronicotinamide derivatives have been devel-
oped [10]. The general reaction mechanism of dihydronicotinamide reduction
of a carbonyl compound is illustrated in Scheme 13.3.

The reduction is carried out in the presence of a Lewis acid, which promotes
the reduction reaction through the coordination of the carbonyl groups of
both dihydronicotinamide and the substrate [11]. The electron density of
the carbonyl group of ketone decreases upon the coordination to the Lewis
acid to activate the ketone. In the Lewis acid-dihydronicotinamide-ketone
three-component complex, hydrideis transferred from dihydronicotinamide to
ketone with the assistance of the aromatization energy of dihydronicotinamide.
Since the aromatization energy of dihydronicotinamide is not very large, the
activation of the ketone by the Lewis acid is the key to effective reduction.
Therefore, much attention has been directed at the efficient formation of the
three-component complex. Although various metal salts have been examined
for use as the Lewis acid, magnesium ion is known to be the most effective
metal cation.

Kellogg’s asymmetric reduction of ketones is one of the most impressive
examples of dihydronicotinamide reduction [12] (Scheme 13.4). The magne-
sium ion is coordinated by chiral macrocycle 5 in which dihydronicotinamide
is included. Since the complex firmly fixes the carbonyl group of ketone in the
chiral environment, effective asymmetric reduction occurs.

When the dihydronicotinamide group is introduced onto the axle compo-
nent of rotaxane, the dihydronicotinamide group is placed under the strong
influence of the wheel component. When a crown ether is used as the wheel
component, the coordination of the Lewis acid to the crown ether may enhance
the reduction reaction.

Rotaxane 6 bearing dihydronicotinamide was prepared as shown in
Scheme 13.5. As in the preparation of 1, ammonium salt 2 was acylated by
3,5-dimethylbenzoic anhydride in the presence of DB24C8 to afford rotaxane 7
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in 92% yield. The acylative neutralization of 7 with nicotinoyl chloride followed
by treatment with benzyl chloride afforded intercomponent-interaction-free
rotaxane 8 (oxidized form) bearing the nicotinamide group in good yield [13].
The reduction of 8 was carried out using sodium hydrosulfite in a biphase
reaction system to give rotaxane 6 (reduced form) bearing the dihydronicoti-
namide group [14]. In the same manner, dihydronicotinamide derivative 9,
which has no wheel component, was prepared.

The reduction of methyl benzoylformate by 6 and 9 was investigated. The
results are summarized in Table 13.2. Magnesium perchlorate and scandium
triflate could promote the reaction when used as the Lewis acid. Rotaxane 6

cat. BugP, CHoClo, r.t., 3h

2 + DB24C8 + 3,5-dimethylbenzoic anhydride
92%

0o
( } PR 1) @COC"HC' ,EtgN
\ N

® O
CEELL O O
Qo o) o 100%

o O o O

\?/ ( B NapS04 \?/ ( )

O (@) Na,sCO: (0] O
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4 water-CHyClo 4
O O O (0]
(j/&o Q ) o) rt.,6h (E/&o Q ) (0]
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Scheme 13.5.
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gave methyl mandelate in better yield than did 9; in contrast, the addition
of DB24C8 to 9 decreased the yield. The rotaxane structure enhanced the
reactivity of the dihydronicotinamide moiety. It is inferred that the crown
ether wheel coordinated the magnesium ion to form the effective reaction field
for the reduction. This is supported by the solvent effect: when the reactions
were carried out in donative solvent such as acetonitrile, rotaxane 6 was more
effective than nonrotaxane 9. Meanwhile, when the reactions were carried
out in noncoordinative solvent such as dichloromethane, the difference in the
yields was very small. Therefore, the wheel component of 6 provided excellent
coordination circumstances for magnesium ion, and the reduction occurred
even in the highly coordinative solvent.

For the formation of chelate-type magnesium complex, it seems important
that the wheel crown ether is close to the dihydronicotinamide group but is free
from the axle component. Since the wheel component is captured on the axle
component, the wheel component can move to the appropriate position for
forming the ternary complex with low activation energy without any change
of the conformation. The change of the configuration during molecular recog-
nition, which is called “induced fit,” has been thought to be the key feature
of enzymes that are highly effective and selective natural catalysts. However,
effective molecular recognition with induced fit in an artificial receptor has
been unsuccessful because of the great loss of entropy. Rotaxane can provide

60r9 OH

0
coocH, _-ewisacd COOCH;
r.t., 48 h

CH50CO
6-Mg2*-ketone three-

component complex

Scheme 13.6.
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a novel type of reaction field where induced fit occurs with the minimum loss
of entropy.

The main problem with this reaction is the low yield of the alcohol. The long
reaction time decreased the yield. The mass spectra analysis of the reaction
mixture revealed that the reaction of magnesium alkoxide, formed during the
reduction, with 6 or 9 occurred simultaneously with the reduction. To suppress

Table 13.2. Reduction of methyl benzoylformate by 6 or 9°

Dihydronicotinamide Solvent Lewis Acid yield/%
6 Acetonitrile None 4
6 Acetonitrile Mg(ClOy4), 19
6 Acetonitrile Sc(OTf); 16
6 Dichloromethane Mg(ClO4), 12
6 AcetonitrileP Mg(ClOy4), 13
9 Acetonitrile Mg(ClOy), 11
9 Acetonitrile Sc(OTf); 9
9 Dichloromethane Mg(ClO4), 10
9 Acetonitrile® Mg(ClOy4), 8

20.04 mmol (calculated) of dihydronicotinamide was reacted with 0.4 mmol of methyl ben-
zoylformate in the presence of 0.04 mmol of Lewis acid in 1.0 mL of solvent at room tem-
perature for 48 h.

bReaction was carried out for 173 h.

€0.04 mmol of DB24C8 was added.
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Table 13.3. Effect of proton source®

o) OH
6 or 9, Mg(ClO,),, proton souce
OOCHjg > COOCHj5
r.t, 48 h

Dihydronicotinamide Proton source Yield/%
6 None 19
6 H,0 24
6 NH,4Cl 19
9 None 11
9 H,0 9
9 NH,4Cl 9

20.04 mmol (calculated) of dihydronicotinamide was reacted with 0.4 mmol of methyl ben-
zoylformate in the presence of 0.04 mmol of magnesium perchlorate and 0.04 mmol of
proton source in 1.0 mL of acetonitrile at room temperature for 48 h

the reaction of the alkoxide intermediate, the reduction reaction was carried
outin the presence of a proton source. The results are summarized in Table 13.3.

When 6 was used as the reductant, the addition of water increased the
yield, since the water hydrolyzed the alkoxide intermediate. However, when
9 was used as the reductant, the addition of water decreased the yield. The
formation of the ternary complex was suppressed in the case of 9, as reported
previously [15], because the coordination of water decreased the Lewis acidity
of the magnesium ion. In the case of 6, the crown ether wheel strongly coor-
dinated to the magnesium ion to avoid the effect of the Lewis basicity of the
water. This result clearly showed the effect of the rotaxane structure.

Furthermore, the asymmetric version of dihydronicotinamide reduction
in the rotaxane system was also investigated. Novel rotaxane 10, contain-
ing a chiral wheel crown ether, was prepared. When the reduction of methyl
benzoylformate was carried out, methyl madelate of 20% ee was obtained.
This result clearly indicates that the reaction occurs under the strong influ-
ence of the wheel component, and the rotaxane provides an effective asym-
metric reaction field through the cooperation of the wheel and the axle
components.

134
Conclusion

The authors have introduced two types of redox reactions based on the struc-
tural characteristics of rotaxanes in the present chapter. One is the redox
reaction of the ferrocene-end-capped rotaxane, where the redox potential of
the ferrocene moiety decreased when the rotaxane had a crown ether wheel
that was free of the intercomponent interaction. From the results obtained, it
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is suggested that the redox reaction of the ferrocene moiety accompanied the
transposition of the wheel component on the axle.

The other redox system involves the reduction of ketone by the action of
the rotaxane bearing the dihydronicotinamide group. It was concluded that
the activity of the dihydronicotinamide group was considerably enhanced
by the presence of the crown ether wheel. Furthermore, the enantioselective
reduction was achieved using the rotaxane possessing an optically active wheel
component.

These two examples reveal the significance of the nanometer-sized reaction
field on rotaxane of which components are linked by flexible mechanical con-
nection allowing to interact mutually. Since the components of rotaxane are
located closely, the change of redox state of a component sensitively affects the
other components. The relative configuration of components, intercomponent
interaction, coordination ability, and the shape of the reaction field are strongly
correlated to the redox behavior in the rotaxane system.
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CL  e-caprolactone

LA  Lactide

MMA Methyl methacrylate

tBMA Tert-butyl methacrylate

Tm  Melting temperature

Tg Glass transition temperature
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Introduction

One of the best ways to construct excellent redox systems with synthetic
polymers is to put a metal into a well-defined nanospace built by the poly-
mer chains, as suggested by the outstanding functions of natural macro-
molecules such as metalloproteins and enzymes. Synthetic metal-containing
polymers [1-3] have already been prepared by attaching metals to various poly-
mers via covalent linkage or coordination, although the nanoenvironments
around the metals have not been well arranged in comparison to the natural
ones. These synthetic metal-containing polymers, which are called polymer-
metal complexes, polymer-supported metal complexes, macromolecular metal
complexes, organometallic polymers, metallopolymers, etc. depending on the
situation, can be employed for many applications like catalysts, conductive
polymers, photochemical molecular devices, sensors, etc., whose functions
are influenced by the redox nature of the metals therein. To construct more
efficient systems, more precise arrangements of the polymer chains around
the redox-active metal sites are needed in some cases. Therefore, the use of an
architecturally controlled polymer along with an appropriate metal would
lead to novel functional materials based on well-constructed redox-active
sites.

Although the controlled structure of synthetic polymers is far inferior to
that of natural macromolecules, recent advances in polymer synthesis have
enabled the preparation of various architecturally or three-dimensionally con-
trolled polymers. Typical examples of these polymers include globular macro-
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molecules like dendrimers, hyperbranched polymers, and star or star-shaped
polymers (Fig. 14.1).

These branched polymers basically consist of a number of arm chains
radially attached to a central core moiety. Thus, they are sometimes called
“star-branched polymers”; star polymers consist of linear arm chains and
branched cores, whereas dendrimers and hyperbranched polymers have “tree-
like” branched chains. The degree of branching in these globular polymers
increases in the following order: star polymers, hyperbranched polymers, and
dendrimer. In addition to the difference in the degree of branching, they pos-
sess different spatial and segment densities as well. For example, on going
from the inside (core) to the outside (surface or periphery), the spatial and
segmental densities decrease in star polymers but increase in dendrimers,
which means that star polymers are denser inside with more free volumes for
arm chains around the periphery, whereas dendrimers contain some voids
near the core and a highly congested outer surface. Furthermore, star and
hyperbranched polymers are synthesized by polymerization reaction in one-
pot systems, whereas dendrimers require multistep condensation and other
reactions where separation and purification of intermediates are needed. The
former two polymers are much more accessible and more suitable for ap-
plications than the latter. However, the former are the mixtures of a series
of analogous macromolecules with similar but different molecular weights,
while the latter has basically a single molecular weight and the most regulated
structure among them.

Irrespective of such differences, all these have almost globular shapes that
have special nanospaces constructed by a number of arm chains. Therefore,
putting a metal into the inner or the outer nanospaces would give some excel-
lent redox functions to these polymers. There have been a relatively large num-
ber of original papers and excellent reviews concerning the metal-containing
dendrimers [4-9] in comparison to star and hyperbranched polymers. This
chapter is thus devoted to a review of the synthesis and the functions of the
metal-containing star and hyperbranched polymers.

e
S

Dendrimer Hyperbranched Star or Star-Shaped
Polymer Polymer

Fig. 14.1. Dendrimer, hyperbranched polymer, and star or star-shaped polymer
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14.2
Metal-Containing Star Polymers

The synthetic strategy of the metal-containing star polymers is based on the
combination of star polymer synthesis and the coordination chemistry of
metals. Among a variety of synthetic methods for star polymers, living poly-
merization is one of the best in terms of well-defined architectures of the
resulting star polymers (i.e., overall molecular weights, number and length of
arm chains per molecule). There are three general methods for the synthesis, as
illustrated in Scheme 14.1: (a) a living polymerization with a multifunctional
initiator, (b) a coupling reaction of linear living polymers with a multifunc-
tional coupling agent (terminator), and (c) a linking reaction of linear living
polymers with a divinyl compound (polymer linking method).

In principle, the star polymers prepared by methods (a) and (b) have pre-
determined numbers (f) of arms per molecule, but the f is relatively small
(mostly below 10) due to synthetic difficulties of the multifunctional initia-
tors and coupling agents. In contrast, the linking method (c) leads to star
polymers with a crosslinked microgel core and a large number of arms (f up
to several hundred), though f certainly involves a statistical distribution. All
three methods are also applicable for the synthesis of metal-containing star
polymers.

a Multifunctional Initiator Method *
*\q* Monomer YHJI#
/ )
* oo Living
Multifunctional Polymerization * *
Initiator

b Multifunctional Coupling Method

ooy Bt -

" Coupling Reaction

Living Polymer

¢ Linking Method

NNANANNK

NNANNNNY R

NNNNNNNK - -

NV VvV Vv —— NN

T Polymer Linking J_‘_\—"‘_\JJ
*

Living Polymer

Scheme 14.1. General synthetic methods for star polymers
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14.2.1
Metal-Containing Star Polymers with a Small and Well-Defined Number of Arms

Metal-containing star polymers with a small and well-defined number of arms
have been obtained by a metal-complex-based multifunctional initiator pos-
sessing plural initiating sites in its ligands [method (a) in Scheme 14.2]. An-
other method for a similar star polymer is to prepare the polymers with the
end-functional group that can subsequently become the ligand for the metal
complex [method (b)]. Both methods give metal-centered star polymers, where
the arm polymers are attached to the central metals via coordination. Fraser
et al. coined the former as the metalloinitiator or divergent synthesis while the
latter as the macrolignad chelation or convergent synthesis [10].

The first example of a metal-centered star polymer was reported by Chujo
and coworkers. They prepared the star polymers (1) based on the com-
plexation of bipyridyl-terminated poly(oxylethylene)s with ruthenium(II) ion
(Fig. 14.2) [11]. The end-functionalized linear polymer was derived from com-
mercially available poly(oxyethylene) monomethyl ether and 2,2"-bypyridine
and coordinated to Ru(II) to afford the ruthenium-centered three-arm star
polymers. They also prepared similar star polymers with three arms (2) from
diketone-terminal poly(oxyethylene) and Cr(III) [12] and with four arms (3)
from pyridine-terminal poly(oxylethylene) and Ru(II) [13]. The star polymers
with a Ru-core exhibited metal-to-ligand charge transfer absorption in the
visible region.

a Metalloinitiator Method *
* *
=3
*Q, | Monomer
M _Monomer W
* P
Q Living *
* Polymerization
Metalloinitiator

b Macroligand Chelation Method

s Ny pe

Scheme 14.2. General synthetic methods for metal-centered star polymers with a small and
well-defined number of arms

+  MX,
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Fig. 14.2. Metal-centered star polymers with poly(ethylene glycol) arms

Fraser’s group extensively prepared a series of metal-centered star poly-
mers by combiningliving polymerization techniques with coordination chem-
istry of bipyridyl groups onto metal ions [10, 14-22]. These star polymers
are varied in terms of not only central metals (Ru and Fe) but also arm
numbers (2, 3,4, and 6) and arm polymers [hydrophilic and hydrophobic
polyoxazolines, polystyrene, poly(methyl methacrylate), poly(e-caprolactone),
poly(lactide), block copolymers between them, their heteroarm polymers,
etc.]. There are two general methods for the synthesis: the metalloinitiator (di-
vergent synthesis) and macroligand chelation (convergent synthesis) methods.
In the former method, ligation of the bipyridylligands onto the metals was done
prior to the formation of the arm polymers, while theligation was conducted af-
ter the formation of the arm polymers in the latter. The living radical polymer-
ization and living ring-opening polymerization have permitted the synthesis
because they are compatible with the bipyridyl groups and/or the metals.

Fraser et al. first reported the iron-centered star polyoxazoline with six
arms (4) by living ring-opening polymerization of 2-ethyl-2-oxazoline initiated
with the metalloinitiator of Fe(II) coordinated with three ligands of (4,4'-
bromomethyl)-2,2’-bipyridine (Fig. 14.3) [14]. The star polymer solutions and
films showed violet, which was lost by addition of aqueous K;COs3 solution or
by heating to ~ 210 °C, respectively, due to the labile nature of the ligand for
iron. The violet color returns on addition of (NHy),Fe(SO4), to the solution
or by cooling the film. Similar iron-centered star polymers with oxazoline-
based block copolymer arms consisting of glassy-crystalline or hydrophilic-
hydrophobic combinations were prepared using 2-ethyl-, 2-phenyl-, and 2-
undecyl-2-oxazolines as monomers (5-8) [16]. The block copolymers showed
red-violet and Tg and Ty, values that correlate well with those observed for
the respective homopolymers. Biocompatible polyesters such as polylactide
[poly(LA)] and polycaprolactone [poly(CL)] (9-12) with an iron core were also
obtained by the hydroxy-functionalized initiator instead of the bromomethyl
group and exhibited similar thermochromic reversible bleaching [21].
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Fig. 14.3. Iron-centered star polymers with 6 arms

A series of ruthenium-centered star polymers (13-28) have been synthe-
sized not only by the metalloinitiator method but also by the macrolingand
chelation method (Fig. 14.4). In the former method, the researchers prepared
the multifunctional ruthenium-centered initiators and then employed them
for the copper- and nickel-catalyzed living radical polymerization of styrene,
methyl methacrylate (MMA), and tert-butyl methacrylate (tBMA) or for the
ring-opening polymerization of oxazoline and LA [15,17, 19, 20, 22]. These
orange polymers are luminescent and thus potentially suitable for sensor ap-
plications. Biocompatible poly(LA) and poly(acrylic acid), derived from the
hydrolysis of poly(tBMA), and their amphiphilic block copolymers were also
used as the arm polymers in conjunction with the luminescent ruthenium
tris(bipyridine) center to be applicable to drug delivery and imaging functions.
The macroligand chelation method was also employed for ruthenium-centered
star polymers with various arms including polystyrene, poly(MMA), poly(CL),
poly(LA), and poly(CL)-b-poly(LA) [10, 18,21]. The method has further per-
mitted the synthesis of heteroarmed star polymers (20, 21) by using solvent
polarity to control chain conformation and reactivity at the metal core [18].
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An europium-centered triarmed star poly(LA) (29) was prepared by
the macroligand chelation method between dibenzoylmethane-terminated
poly(LA)s and Eu(III)Cls (Fig. 14.5) [23]. The three-armed star polymer was
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Fig. 14.5. Europium-centered star polymers

further converted into a five-armed one (30) on addition of poly(CL)s possess-
ing the bypyridyl group in the middle of the chain. The resulting heteroarm
star polymers can be regarded as a kind of block copolymer [poly(LA) and
poly(CL)] with a luminescent europium complex at the block junction. The
film of the block copolymers underwent microphase separation due to the
incompatibility of poly(LA) and poly(CL) to result in the localization of the
metal at the microdomain boundary.

14.2.2
Metal-Containing Star Polymers
with a Large and Statistically Distributed Number of Arms

The third star polymer synthetic method (c) in Scheme 14.1, based on the
linking reaction of living polymer chains with divinyl compounds, can give
relatively large-sized star polymers with a large number of arm chains in
comparison with those obtained with the former two methods, although the
number of arms is statistically distributed. This method has thus been em-
ployed for putting a large number of metal ions or often metallic nanoparticles
into star polymers rather than one metal atom into strictly well-defined sites.

The first example was reported of a star-block copolymers prepared from the
linking reaction of poly(styrene)-block-poly(2-vinylpyridine) with ethylene
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glycol dimethacrylate in living anionic polymerization [24]. The inner poly(2-
vinylpyridine) segment can become a ligand for metal ions and a scaffold for
the preparation and stabilization of metallic nanoparticles, while the outer
polystyrene can help solubilize the metals in organic solvents and prevent
aggregation of the nanoparticles. Mixing the solution of the star polymers and
HAuCly e H,0 induced coordination of gold ions to the vinylpyridine-units to
give a yellowish colored solution (31a) (Fig. 14.6). Addition of a reducing agent,
NyHy, yielded a deep purple-red colored solution, attributed to the formation
of small gold nanoparticles (31b) (4-7 mm diameter). The gold nanoparticles
were stable for a long time without aggregation.
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Polymer ! D e Monomer in O Metal in O

¢} HAuUCl, (31a)
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35 VO% ° Dendrimer CdS Nanoparticle (35b)

Fig. 14.6. Metal-containing star polymers with microgel core
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A similar star block copolymer was synthesized by living radical block
copolymerization of styrene and 2-vinylpyridine followed by linking of the
block copolymers with divinylbenzene in the presence of styrene [25]. Fréchet
and Hawker introduced Pd(OAc), into the inner poly(2-vinylpyridine) seg-
ment and reduced the metal ions by ethanol at elevated temperature to form
palladium nanoparticles (32b) with diameters of 2-3 nm. The nanoparticles
stabilized by the star polymers possesed a sterically isolated internal na-
noenviroment in which a variety of reactions could take place. For example,
the palladium-catalyzed hydrogenation and Heck reaction were studied with
the Pd-containing star polymers, which showed moderate activity (Egs. 14.1
and 14.2). The star polymer permitted reaction in nonpolar solvents due to
a nonpolar polystyrene corona and facilitated catalyst removal and recycling
by simple precipitation of the star polymers.

@ + H, 32b, 36b <:> (14.1)

0O-nBu

O-nBu 351 w
0 N@Br + 0,N /0 (14.2)
2 / \O Bu;N 2

Eqs.14.1,14.2

Another star polymer containing ruthenium in its core was prepared by
RuCl,(PPh;3);-catalyzed living radical polymerization [26]. The strategy was
based on the direct encapsulation of the ruthenium catalyst during the linking
reaction of the living poly(MMA) chains with ethylene glycol dimethacrylate in
the presence of a phosphine-substituted styrenic monomer [CH,=CHPhPPh,].
The phosphine monomer was copolymerized with a divinyl compound upon
linking to be incorporated into the core where the ruthenium complexes were
captured via coordination to the phosphine monomer units. The star poly-
mers (33) had diameters of 10-20 nm and 20-30 arm chains on average, while
the diameter of the core was around 2-3 nm. The ruthenium-containing star
polymers catalyzed the oxidation reaction of alcohols into ketones and vice
versa with moderate activities (Eqs. 14.3 and 14.4). The effects of star polymer
sizes and the nature of the arm chains, hydrophobic or hydrophilic, on the
redox reactions were also investigated [27].

A carboxylate-functionalized star polymer with polystyrene arms was syn-
thesized by living radical polymerization and subsequently used as a scaf-
fold for the formation of PbS nanoparticles, which may be applied to the
optoelectronic materials [28]. Pb ion was loaded by refluxing the star poly-
mers in the presence of Pb(OAc);, and PbS nanoparticle (34b) with an av-
erage diameter of 3.0 nm was obtained by exposure of the star polymers
to a H,S atmosphere. Nanoparticle stabilization was also carried out by
a dendrimer-star polymer, prepared by grafting poly(ethylene glycol) arms
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OH 33 (0]
K,CO3/Acetone
K, C0O3/2-Propanol

Eqs. 14.3,14.4

onto a poly(amidoamine) dendrimer, which gave Au and CdS nanoparticles
(35) 1 to 6 nm in diameter [29].

14.3
Metal-Containing Hyperbranched Polymers

A hyperbranched polymer can be distinguished from a star polymer by the
presence of branching in the arm chains and is considered the intermediate
between a star polymer and a dendrimer in terms of degree of branching. The
structure of hyperbranched polymers is less perfect than that of dendrimers
and their size and number of arms and branching points are statistically
distributed similar to star polymers. They can be easily prepared by single-
step reactions, which may be beneficial for applications, in contrast to tedious
multistep synthesis of the dendrimers.

The first example of metal-containing hyperbranched polymers was re-
ported by Frey et al. [30], who has developed a convenient pathway to well-
defined hyperbranched poly(glycerol)s by the anionic polymerization of gly-
cidol under slow monomer addition conditions [31]. They used poly(glycerol)
and further esterified about 60% of the OH groups with palmitoyl chloride
(C15H3;COCI) to prepare the amphiphilic hyperbranched polymers, which
was then utilized as a scaffold for PA(II) ion. The captured palladium ions were
reduced by hydrogen to afford a palladium cluster (36b) 2 to 5 nm in diameter,
which was dependent on the size of the amphiphilic hyperbranched polymer.
The polymer-stabilized Pd colloids can be employed as the catalyst for the
hydrogenation of cyclohexene with moderate activity, and these encapsulated
catalysts can be separated easily by dialysis without significant loss of activity.

Another encapsulation of metal catalysts was done by noncovalent inter-
action of a sulfonated pincer platinum(II) complex with an amphiphilic hy-
perbranched polymer (37) [32]. The Pt-containing hyperbranched polymer
catalyzed double Michael addition reactions between ethyl cyanoacetate and
methyl vinyl ketone (Eq. 14.5). A similar hyperbranched polymer (38) with
covalently immobilized pincer platinum(II) catalysts was also prepared and
used for the same reaction [33]. Although the catalytic activity was gradu-
ally decreased in a specific order - nonimmobilized > covalently immobi-
lized > noncovalently-immobilized catalysts - the immobilized catalysts were
recovered in near quantitative yield by dialysis. An optically active hyper-
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branched poly(glycerol) was synthesized by anionic polymerization of a chiral
monomer, (—)- or (+)-glycidol, and was employed as chiral microenviron-
ments and as scaffolds for noncovalent and covalent immobilization of the
platinum(II) complexes [34]. The immobilized catalysts (39) showed mod-
erate activity in Michael additions between methyl vinyl ketone and ethyl
a-cyanopropionate (Eq. 14.6), although no enantiomeric excess was observed.
The researchers also synthesized a silane-based hyperbranched polymer with
covalently immobilized platinium(II) catalyst (40) and used it for aldol con-
densation (Eq. 14.7) between benzaldehyde and methyl isocyanoacetate [35].
The catalytic activity was comparable to that of the dendrimer-immobilized
platinum catalyst.
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Q 37,38 % R

M~ + NCTCo Bt —2 - W (14.5)

0 0
39

Az o+ NCJ\COZEt , W (14.6)

0 0 Ph  CO,Me

pp?N + NCTCO,Me : (14.7)
EtNiPr, O N

Eqs. 14.5-14.7

There are also other reports on the metal-containing hyperbranched
polymers by other researchers. A metal-containing hyperbranched polyami-
doamine with a structure and molecular weight similar to the fourth-
generation polyamidoamine dendrimer was employed for a scaffold for gold
nanoparticles [36]. The size of the nanoparticles was larger than those derived
from the fourth-generation dendrimer (4 vs. 2 nm) probably due to the open
structure of the former than the latter. An aramid-based hyperbranched poly-
mer was also used as a polymeric support for palladium(0) nanoparticles and
further employed as a hydrogenation catalyst [37]. Another metal-containing
hyperbranched polymer was synthesized from a monomer containing two
chlorotricarbonyl rhenium(I) bypyridine moieties and a stilbazole ligand via
the coordination reaction between the rhenium and the ligand in one single
step [38]. This polymer may be used as an optoelectronic device. A dendri-
raft polystyrene, a kind of hyperbranched polymer, was also hybridized with
ferrocenes to give a hyperbranched polymer with ferrocenyl units at the periph-
ery [39]. The electrochemical properties studied by cyclic voltammetry showed
that all ferrocenyl groups in dendrigrafts can participate to the redox cycles
while only a small fraction of ferrocene groups is active in linear polystyrene.

14.4
Concluding Remarks

Various metal-containing star and hyperbranched polymers have been syn-
thesized and employed as functional polymers based on the redox functions
of the metals in their specific nanospaces. Although their functions are still
limited and less prominent than those of the metal-containing dendrimers
due to their short history and less perfect three-dimensional structures, it is
expected that they will prove to be more accessible functional materials be-
cause of their less cumbersome synthetic procedures. Further developments
in metal-containing star and hyperbranched polymers can be anticipated in
terms of practical applications.
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Chapter 15

Electronic Properties of Helical Peptide Derivatives
at a Single Molecular Level

SHUNSAKU KiIMURA - KAzuyA KiTAGAWA - KAZUYUKI YANAGISAWA -
ToMOYUKI MORITA

Department of Material Chemistry, Graduate School of Engineering, Kyoto University,
Kyoto-Daigaku-Katsura, Nishikyo-ku, Kyoto 615-8510, Japan

Summary Electron transfer in helical peptide systems which were self-assembled on gold is
described in this chapter. Electron transfer mechanism for the long distance through helical
peptides is explained by the electron hopping between amide bonds. When naphthyl groups
were linearly arranged along the helix scaffold, the electron hopping between naphthyl
groups via anion radical was also observed. The aromatic linker between gold and the
peptide accelerated electron transfer in the molecular system, and an intervening redox
species in the helix also promoted electron transfer. The effects of helix dipole moment on
electron transfer are also discussed.

15.1
Molecular Electronics

In the field of microelectronics, the downsizing of electronic components and
their dense integration are making constant progress year by year to attain
faster operation, higher performance, lower price, lower power consump-
tion, etc. In the 1960s, Gordon Moore, one of the founders of Intel, predicted
that the number of transistors in an integrated circuit would double every
18-24 months [1, 2]. This prediction has become known as “Moore’s Law,’
and in fact, development in the semiconductor industry has followed this law
over the past 40 years, owing to many scientific and technological innova-
tions [3]. Now the feature size of the chip has decreased to below 100 nm.
Miniaturization of silicon-based semiconductor devices, which is essential for
supporting ongoing modern information technology, is, however, going to face
intrinsic problems such as the technical limitations of microfabrication using
photolithography and the basic principle of device operation. Conventional
photolithographic methods, on which microelectronics is based, are limited in
resolution due to optical diffraction. It is possible to achieve finer patterning
using advanced lithographic methods such as X-ray lithography and extreme
UV (EUV) lithography [4-6]. However, the high cost of these methods is eco-
nomically prohibitive. Another operational problem arises from the quantum
effects due to nanometer-sized devices. For example, in the case of field-effect
transistors (FETs), the gate electrode is insulated by an oxide layer from the
current channel. This oxide layer should also continue to decrease in thickness
if FETs continue to shrink. According to Moore’s Law, FETs should be equipped
with 1 nm thick insulating layer by 2012. At that time, quantum tunneling of
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a current across the oxide layer cannot be ruled out, meaning that it will no
longer insulate [7]. There is another problem related to interconnecting wires
to electrodes at such dimensions. It is therefore necessary to develop a new
approach to device fabrication to replace the current method of “top-down”
lithography.

The ultimate size of microelectronic circuit components will reach the
molecular or atomic scale. These single or groups of molecules should be
equipped with some useful function to become molecular-based devices. Fur-
ther, these molecular components should be integrated into circuits, probably
by means of a “bottom-up” method, because of the technical limitation of the
“top-down” method as described above. The study of electronic and assem-
bling properties of molecules is thus key for the emerging field of molecular
electronics.

Richard Feynman, the prominent physicist and visionary, was the first to
propose a concept of molecular electronics in his famous speech in 1959.! The
first example of a single molecular electronic device was proposed by Aviram
and Ratner in 1974 [8]. They suggested that individual molecules consisting of
a donor-bridge-acceptor (D-B-A) moiety would behave as molecular rectifiers
under an electrical bias between two electrodes. Since their proposal, various
molecules and nanostructured materials have been intensively examined as
electrical wires, diodes, switching components, etc.

Molecular electronics, in a broad sense, can be defined as technology
utilizing single molecules, small groups of molecules, carbon nanotubes,
or nanoscale metallic or semiconductor wires to perform electronic func-
tions [9-14]. Molecular electronic devices, which are believed to replace current
silicon-based semiconductor devices, should include wire, switch, memory,
and rectifier at the nanometer scale. The molecules should assume a well-
defined structure to elicit the electronic functions. Further, the molecules
should be self-organized to form specific structures through specific inter-
molecular interaction such as hydrogen bonding and van der Waals inter-
action [15,16]. Molecular recognition also plays an important role in the
formation of specific interconnections between component molecules. There
are several excellent reviews on the current state of knowledge of molecular
electronics [9-14,16-21].

15.2
Electron Transfer Through Molecules

Electron transfer through organic molecules should be the most basic pro-
cess for molecular electronics, and it has already been extensively explored

! Richard Feynman gave the speech entitled “There’s Plenty of Room at the Bottom”
on 29 December 1959 at the annual meeting of the American Physical Society at the
California Institute of Technology. The transcript of this speech has been made available
at http://www.zyvex.com/nanotech/feynman.html.
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to rationalize the electron transfer processes, for example, involved in pho-
tosynthesis and oxidative phosphorylation. Now electron transfer through
a single molecule can be measured directly by scanning probe methods,
and the electron transfer mechanism through single or small groups of
molecules inserted between two electrodes has become a highly controver-
sial topic.

Studies of electron transfer from a donor (D) to an acceptor (A) through
amolecular bridge (B) (D-B-A) system in solution have provided a rate of elec-
tron transfer between D to A [22,23]. A large number of experimental data have
been accumulated to relate electron transfer rates with molecular parameters.
Generally, the rate of electron transfer (kgr) decreases exponentially with the
distance between D and A, as shown by (15.1):

ket = ko exp(—fdpa), (15.1)

where ko, B, and dpa are the preexponential factor, the structure-dependent
attenuation factor, and the distance between D and A, respectively. The atten-
uation factor B is considered to represent the molecular ability for electron
transfer as medium.

A pioneering study of electron tunneling through molecular films between
two electrodes is Mann and Kuhn’s investigation [23]. They fabricated tunnel
junctions from multilayered Langmuir-Blodgett films of fatty acids and showed
that the junction conductance decreased exponentially with the number of
layers.

Scanning probe microscopy (SPM), including scanning tunneling mi-
croscopy and conducting probe atomic force microscopy, allows us to both
study imaging of an organic single molecule or a group of molecules on the
surface and evaluate their current-voltage characteristics at the same time. The
organic compounds that are subjected to these studies range widely from syn-
thetic compounds of alkanethiol and oligo(phenyleneethynylene)s to naturally
occurring molecules of DNA, etc. In the present article, we focus our atten-
tion on helical peptides, because nature uses helical peptides in the proteins
involved in electron transfer processes.

15.3
Electronic Properties of Helical Peptides

Helical peptides have two characteristic electronic properties: a large dipole
moment and a low attenuation factor. The dipole moment of helical peptides
increases with molecular length because of the additivity of the dipole moment
arising from the peptide units along the molecule. The dipole moment of
a-helical hexadecapeptide amounts to more than 50 debye with a molecular
chain length of 2.4 nm [24]. On the other hand, the attenuation factor of
a-helical peptides is reported to be 0.66 A~! [25], which is much smaller than
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that of alkyl chains. Notably, the electron transfer path, which was clarified
along the helical peptide, involves hydrogen bonds.

The large dipole moment of a-helical peptides should generate a large
electric field in the molecule. To evaluate the strength of the electric field, the
self-assembled monolayers (SAMs) of a-helical peptides were prepared on gold
with vertical alignment and the surface potentials measured (Fig. 15.1) [26].
When a-helical hexadecapeptides were immobilized on gold via the N termi-
nal, a negative surface potential of —120 mV was observed. The extension of
the molecular chain length from a 16-residue peptide to a 24-residue peptide
decreased the surface potential to —200 mV. Since the negative polar of the
dipole moment is exposed to the surface in these SAMs, the experimental data
of the helical peptides are qualitatively agreeable. This potential is applied on
the helical peptide SAM 4-nm thick, and the electric field across the SAM is
thus around 500 000 V/cm.

The small attenuation factor of helical peptides is favorable to a long-
distance electron transfer. In order to confirm the electron-mediating ability of
the a-helical peptide, the electron transfer rates along a-helical long peptides
carrying a redox group at the molecular terminal were analyzed. Two kinds
of helical peptides, one carrying a ferrocene unit at the N-terminal end and
a disulfide group at the C-terminal end and the other carrying the same at
opposite terminal ends, were synthesized (Fig. 15.2) [27]. The peptides formed
well-packed SAMs on gold. The electron transfer rates through the mono-
layer were examined by chronoamperometry. The oxidative current from the
ferrocene unit to gold was evaluated properly from the current-time curves,
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which were measured by changing the applied overpotentials. Standard rate
constants, obtained by extrapolation of the data to zero overpotential, were
0.68 57! for the FcL16ss SAM and 2.0s™! for the SSL16Fc SAM (Fig. 15.3).
Considering that the electron transfer occurred over a long distance (more
than 4 nm), the a-helical peptides possess a good ability to mediate electrons
through molecules.

154
Electron Transfer Mechanism over a Long Distance

Two distinct mechanisms of two extreme cases are involved in long-distance
electron transfer reactions in biological systems. One is an elastic superex-
change mechanism, where a direct molecule-mediated tunneling takes place
as an elastic tunnel process. In this mechanism, the electron transfer rate de-
creases exponentially with the distance between a pair of redox entities. The
other is an inelastic hopping mechanism, where electron tunneling is accom-
panied by energy dephasing at the boundary sites of the molecular terminals
as well as in the internal molecular units. In this mechanism, the molecular
conductance obeys the ohmic behavior with the molecular length.

In Sect. 15.3, the electron transfer rates of ferrocene-attached peptides
showed no significant dependence on the overpotential, suggesting that the
inelastic hopping mechanism should dominate over the elastic tunneling mech-
anism for electron transfer along the peptides. Further, theoretical calculations
based on the elastic tunneling mechanism, where an attenuation factor of 0.66
for the helical peptide is used, predict significantly lower electron transfer rates
than the experimentally obtained values. Taken together, the inelastic hopping
mechanism is the most plausible for electron transfer over a long distance
through helical peptides under a zero overpotential.

The electron transfer rate for the SSL16Fc SAM was three times greater
than that for the FcL16SS SAM (Fig. 15.3). The oxidative current from the
ferrocene moiety to gold in the SSL16Fc SAM flows in the same direction of
the dipole moment of the helical peptide. The dipole moment should cause
the difference in the electron transfer rates between the two kinds of peptide
SAMs. However, this difference was much smaller than what we had expected.
This discrepancy suggests there is another rate-determining step in electron
transfer, as discussed in the following section.

15.5
Effect of Linkers on Electron Transfer

Electron transfer at metal-molecule-metal junctions should be composed of
three steps: electron transfer at two interfaces, metal-molecule and molecule-
metal, and electron transfer through the molecule. To evaluate the electron
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transfer at the metal-molecule interface, the linker moiety of the alkyl chain
attached at the peptide end was replaced with a thiophenyl group (Fig. 15.4).
The phenyl group was expected to accelerate the electron transfer at the inter-
face due to the rich m electrons.

AcSL16Fcwas self-assembled on gold and subjected to chronoamperometry.
The standard rate constant from the data extrapolated to zero overpotential
was 29 s™1, which is 15 times faster than that of the SSL16Fc SAM (Fig. 15.3).
The introduction of the thiophenyl group was therefore successful in improving
the electron transfer.

The dipole moment of the a-helical peptide should generate a potential gra-
dient along the molecular axis, which may influence electron transfer through
the molecule. However, the effect of the dipole moment on the overall elec-
tron transfer in the metal-molecule-metal junction does not manifest directly
in the standard rate constants probably because of the slow process at the
metal-molecule interface.

What, then, is the rate-determining step in the electron transfer reaction
through the metal-molecule-metal junction? To get information on the rate-
determining step, a redox group was introduced into the middle of the a-helical
peptide (Fig. 15.4). The redox group was expected to mediate the electron trans-
fer reaction through the molecule to accelerate the transfer rate. Fc18FcL8SS
was self-assembled on gold, and the standard rate constant was determined by
chronoamperometry. A rate of 9.2 s~ was obtained, which was 14 times faster
than that of FcL16SS (Fig. 15.3). The chemical modification in the middle of
the molecule is therefore as effective as that in the linker moiety at the molec-
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Fig. 15.4. Molecular structures of FcL16SS, Fc18FcL8SS, SSL16Fc, and AcSL16Fc
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ular end. Taken together, the electron transfer process at the metal-molecule
junction happens to be as significant as that through the molecule in these
peptide systems.

15.6
Helical-Peptide Scaffold for Electron Hopping

Under a zero overpotential, an electron transfer reaction occurs in a helical
peptide according to the inelastic hopping mechanism. Probably, electrons
jump via amide bonds that are connected convalently and each other by hy-
drogen bonds. Using amide bonds as the hopping sites, however, may not be so
favorable for efficient electron transfer in terms of the large HOMO-LUMO gap
and the high potential energy of the LUMO level. A novel helical peptide was
designed where the helical peptide adopts a 31 helical structure and residues
carrying an aromatic group at the side chain appear at every third residue in
the primary sequence. This molecular design makes it possible to align the
aromatic groups straight along the helical molecule.

A nonapeptide composed of three repeats of naphthylalanine-Aib-Aib
(SSN3Fc) was synthesized (Fig. 15.5). The high content of Aib residue in the
sequence is known to induce a 3¢ helical structure. Indeed, the analogous
peptide in solution was shown to assume a 3;¢ helical conformation by NMR
measurements. Energy minimization, achieved by taking the 3 helical con-
formation as an initial state, was carried out to obtain information on the space
arrangement of the naphthyl groups along the 3;¢ helix. The three naphthyl
groups were spaced in a linear array along the helical axis with a face-to-face
orientation (Fig. 15.6a) [28]. The center-to-center distance between the naph-
thyl groups was around 6 A on average. This distance is longer than the critical
distance for excimer formation. The space arrangement of the naphthyl groups
was thus suitable for electron hopping without an energy-dissipating trap site.
Strictly speaking, the space arrangement of the three naphthyl groups ro-
tated slightly in an anticlockwise direction (Fig. 15.6b). This arrangement was
agreeable with the result of CD measurement of the analogous peptide in solu-
tion, which showed an exciton coupling at around 223 nm due to the rotating
arrangement of the three naphthyl groups in an anticlockwise direction.

SSN3Fc was self-assembled on gold with the help of BA3SS, which was ef-
fective in the vertical alignment of the helices, and the standard rate constant
was determined by chronoamperometry. A rate of 952 s™! was obtained, which
was nearly 500 times faster than that of SSL16Fc. The major reason for this en-
hancement is the shorter molecular length of SSN3FC compared with SSL16Fc.
To evaluate the effect of naphthyl groups aligned along SSN3Fc upon electron
transfer, SSA3Fc (Fig. 15.5), in which naphthylalanine residues of SSN3Fc were
replaced with Ala residues, was studied. SSA3Fc was self-assembled on gold
with the help of BA3SS, and the standard rate constant was determined by
chronoamperometry. A rate of 741 s™! was obtained, which was slightly slower
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Fig. 15.5. Molecular structures of 3¢ helical peptides carrying a redox group at molecular
terminal and reference compound

than that of SSN3Fc. The effect of naphthyl groups is therefore insignificant in
the present system.

In the SSN3Fc SAM, the dependence of the electron transfer rate on overpo-
tential was small. Further, the standard rate constant of SSN3Fc was calculated
to be 0.19 s™! using attenuation factors of 1.2 for methylene groups and 0.66
for the helical-peptide moiety. This calculation under the assumption of elas-
tic electron tunneling cannot explain the fast rate constant of the SSN3Fc
SAM. Therefore, the inelastic hopping mechanism is also applicable to the
SSN3Fc SAM.

There are several plausible reasons for the inefficiency of the naphthyl
alignment for electron hopping. However, the major reason should be the
spacing between the naphthyl groups, which is in contrast to successive
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Fig. 15.6. Side view (a) and top view (b) of the 31 helical peptide, Ac-(Nal-Aib-Aib)3;-OMe
(Nal and OMe represent 2-naphthylalanine and methyl ester, respectively)

amide bonds through helix by covalent bonds and hydrogen bonds. The
electron hopping via naphthyl groups should compete with that via amide
bonds in the SSN3FEc SAM, but the latter exceeds the former due to struc-
tural advantages. Then, if the electron transfer via amide bonds are neg-
ligible compared with that via naphthyl groups, the effect of the naphthyl
alignment on electron transfer could be evaluated. This thinking leads us to
check the photocurrent generation of the 3;¢ helical peptide carrying naphthyl
groups.



15 Electronic Properties of Helical Peptide Derivatives at a Single Molecular Level 259

15.7
Photocurrent Generation with Helical Peptides Carrying Naphthyl Groups

SSN3B (Fig. 15.7), in which the ferrocene unit of SSN3Fc was replaced with
benzyl ester, was self-assembled on gold, and photocurrent generation was
investigated by photoexcitation of the naphthyl groups in an aqueous solu-
tion containing triethanolamine as an electron donor [28]. Significant anodic
photocurrent generation was successfully observed on the SSN3B SAM in re-
sponse to photoirradiation. In contrast, the control SAM composed of SSA3B
(Fig. 15.7), in which three naphthylalanine residues of SSN3B were replaced
with Ala residues, did not show such a photoirradiation response. The SSN3B
SAM is thus a suitable molecular system for evaluating the effect of naphthyl
groups involved in the electron transfer path.

Two reference compounds, SSNA2B and SSA2NB (Fig. 15.7), in which one
naphthyl group was introduced in the molecule at the near and the distant end
to the disulfide group of the helices, respectively, were studied. Noticeably, the
SSNA2B SAM showed almost no photocurrent signal, but a weak photocur-
rent generation was observed in the SSA2NB SAM. The other possible reference
monolayer, where one naphthyl group waslocated at the middle site, was not ex-
amined. But the photocurrent can be roughly estimated to be between those of
SSNA2B and SSA2NB SAMs. The photocurrent of the SSN3B SAM is then atleast
twice as large as the sum of the photocurrents of these three reference SAMs. It
is therefore concluded that electron hopping among thee linearly spaced naph-
thyl groups effectively promotes photocurrent generation in the SSN3B SAM.
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Fig. 15.7. Molecular structures of 3¢ helical peptides for photocurrent generation
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A representative case of photocurrent generation with the SSN3B SAM is
as follows (Fig. 15.8). When the naphthyl group at the site nearest to the gold
is photoexcited, electron transfer from the excited naphthyl group to the gold
occurs to generate a radical cation. Then, the radical cation hops away from
the gold via the naphthyl groups and finally is quenched by electron donation
from triethanolamine in an aqueous solution. In addition, energy migration
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Fig. 15.8. Energy diagram for anodic photocurrent generation by SSN3B SAM
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among the naphthyl groups may promote photocurrent generation because the
distance between the neighboring naphthyl groups is shorter than the critical
distance between naphthyl groups for energy migration of the Forster type.
Thus, the photocurrent generation experiment revealed that thelinearly spaced
naphthyl groups along the helical axis effectively increase the photocurrent by
photosensitization and electron hopping between the naphthyl groups.

A precise analysis of the kinetics reveled that the photoexcited naphtyl
groups at the site nearest to the gold and in the middle were quenched im-
mediately by gold. On the other hand, the photoexcited naphtyl group near
the water phase could receive an electron from triethanolamine to generate
an anion radical. The electron of the anion radical should hop between the
naphtyl groups to reach to gold.

15.8
Conclusion

Helical peptides are shown to be unique electronic molecular elements because
of their large dipole moment and their electron-mediating ability. Further,
helical peptides can be utilized as a scaffold to arrange functional groups
regularly in space. Helical peptides are thus promising basic compounds for
the emerging field of molecular electronics. For example, two kinds of helical
peptides, both carrying their own photosensitizer at the terminal but with
opposite directions of dipole moment, were coassembled on gold. With the
mixed helical peptide SAM, the photocurrent direction was determined by the
dipole moment direction at a certain range of the applied potentials. Thus
helical peptides with photosensitizers act as molecular photodiodes, and the
photocurrent direction is switchable by choosing a wavelength to excite one of
the two photosensitizers [29].
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Chapter 16

Construction of Redox-Induced Systems
Using Antigen-Combining Sites of Antibodies
and Functionalization of Antibody Supramolecules

HiroYASU YAMAGUCHI - AKIRA HARADA

Department of Macromolecular Science, Graduate School of Science, Osaka University,
Toyonaka, Osaka 560-0043, Japan

Summary We have prepared monoclonal antibodies against water-soluble porphyrins or
viologen derivatives. The specific binding of monoclonal antibodies to porphyrins was found
to control photoinduced electron transfer from porphyrin to electron acceptor molecules.
One of the antibodies against a cationic porphyrin bound Fe-porphyrin strongly, and
the complex of Fe-porphyrin with the antibody showed peroxidase activity. We expanded
our study to include the construction of antibody supramolecules using their specific
molecular recognition to antigens. We constructed dendritic antibody supramolecules. An
amplification method of the detection signals for the target molecule in the biosensors
based on the surface plasmon resonance (SPR) was devised using the signal enhancement
in the supramolecular assembly of the antibody with multivalent antigens.
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P-TPP Phosphorus(V)-tetraphenylporphyrin
P-TPP(EG) (5,10,15,20-Tetraphenylporphinato)bis(2-hydroxyethoxy)phos-

phorus chloride
QCM Quartz crystal microbalance
SOD Superoxide dismutase
SPR Surface plasmon resonance
TCPP meso-Tetrakis(4-carboxyphenyl)porphyrin

TMPyP meso-Tetrakis-(4-N-methylpyridyl)porphyrin
Zn-TCPP  meso-Tetrakis(4-carboxyphenyl)porphyrin zinc complex

16.1
Introduction

The immune system’s ability to generate antibodies against virtually any
molecule of interest has resulted in the widespread use of antibodies not only
as diagnostic agents but also as catalysts in chemical laboratories and industry.
They are also used as probes for isolating and unraveling the structures of com-
plex biological molecules. Monoclonal antibodies have become increasingly
important and show great potential as new chemical materials. Pauling recog-
nized the similarity between enzymes and antibodies nearly 60 years ago [1].
While it has not been considered that antibodies catalyze reactions, Schultz [2]
and Lerner [3] found about 20 years ago that antibodies might possess intrinsic
catalytic activity through the unique sizes and shapes of their binding pockets.
We have focused our attention on the special behavior of antibodies, espe-
cially monoclonal antibodies, because they can recognize a larger and more
complex compound with higher specificity than can enzymes. Recently, with
the advent of cell technology [4], it has become possible to prepare individual
immunoglobulins that are called “monoclonal antibodies” in large amounts
and in homogeneous form.

In this paper, we have prepared monoclonal antibodies for porphyrins
or viologens to construct specific catalysts or supramolecular materials for
biosensing systems [5-10]. It is well known that porphyrins play an important
role as functional groups in a wide variety of biological systems. In nature,
there are a number of functional molecules that have porphyrin derivatives
as cofactors in their active sites or their reaction centers, for example, oxygen
carriers such as hemoglobin and myoglobin, redoxidase such as catalase and
peroxidase, electron transfer carriers, and cytochromes [11,12]. Special func-
tions of metalloporphyrins in those systems appear in an environment where
metalloporphyrin moieties are included in proteins [13]. In order to realize
the functions of porphyrins artificially, attempts have been made to mod-
ify hemoprotein complexes. A large number of artificial hemoprotein model
systems are being developed in an attempt to provide insights for structure-
activity relationships, understand the minimal requirements for function, and



16 Antibody Supamolecules 265

construct tailor-made molecules [14]. De novo designed hemoproteins have
provided keen insight into the fundamental governors of protein secondary
and tertiary structural specificity [15-18]. The use of proteins with greater
biological homology has facilitated the incorporation of hemes. A rearrange-
ment of the amino acid residues by the site-directed mutagenesis or a chemical
modification by the introduction of a functional group at the active residue on
the protein surface is also one of the engineering challenges in the functional-
ization of hemoprotein [19,20]. However, it seems to be difficult to construct
an artificial hemoprotein with a novel function by these methods because of
the disfavored conformational changes of polypeptides or the nonselective
reaction of chemicals on the surface of the protein. Recently, reconstruction
of hemoproteins has been carried out by the introduction of a functionalized
metalloporphyrin into naturally occurring hemoproteins to control chemical
reactivity or photochemical properties [21-24]. However, the use of natu-
rally occurring proteins might be limited due to the decrease of affinity of
the proteins for artificial porphyrins. One of the most convenient methods
of incorporating artificial porphyrins into protein matrices is thought to be
the preparation of monoclonal antibodies for porphyrins [25-34]. Strategies
that allow incorporation of cofactors into antibody-combining sites should
expand the scope of antibody catalysis. In chlorophyll, a number of porphyrin
molecules and electron acceptors are incorporated into a protein domain,
which plays an important role in the regulation of electron flow for the charge
separation in the photochemical system. There are many studies concerned
with electron transfer from porphyrins to covalently linked electron acceptors,
but there remain unsolved problems with respect to electron transfer. In or-
der to solve the problems, it is important to study the noncovalent electron
donor-acceptor system because the chromophores of the in vivo photosyn-
thetic reaction center are not linked covalently through spacer groups but
are simply held in space by the protein environment. Monoclonal antibodies,
which can bind both porphyrins and electron acceptor molecules, are most
appropriate for the study of noncovalent electron donor-acceptor systems. Vi-
ologens are well-known functional molecules that serve as electron acceptors,
although they are harmful [35,36]. Antiviologen antibodies [37-41] may be
expected to be useful not only as highly sensitive reagents of viologens but
also as functional materials to control electron transfer from electron donors
to viologens.

Figure 16.1 shows the structures of porphyrin and viologen molecules used
in this study as haptens. Monoclonal antibodies against tetracarboxyphenyl-
porphyrin, phosphorus(V) porphyrin with two axial ligands, water-soluble
cationic porphyrin, and a violegen derivative have been prepared. The elec-
tron transfer reaction from porphyrin molecules to electron acceptors can be
controlled by the binding of the antibodies to porphyrin molecules [5,6]. Per-
oxidase activity of Fe porphyrin-antibody complexes has been investigated [7].
The construction of supramolecular structures between antibodies and por-
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Phosphorus(V) porphyrin

HsC— NC/>—</:N (CHy)5COOCH

2CI~°

5-(4-Carboxyphenyl)-10,15,20- 4,4’ -Bipyridinium,
tris-(4-methylpyridyl) porphine 1-(carboxyphenyl)-1’-methyl-dichloride

Fig. 16.1. Structures of porphyrins and viologens used as haptens

phyrins or viologens has been studied, and their supramolecular formations
were applied to devise a highly sensitive biosensing system [8-10].

16.2
Photoinduced Electron Transfer from Porphyrins
to Electron Acceptor Molecules

Monoclonal antibodies (03-1 and 13-1) for meso-tetrakis(4-carboxyphenyl)
porphyrin (TCPP) were prepared [28] and their binding affinities to porphyrins
were studied [33]. Electron transfer from TCPP zinc complex (Zn-TCPP) to
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methyl viologen (MV?") in the presence of antibody 03-1 was compared with
that in the presence of another antibody 13-1.

16.2.1
Monoclonal Antibodies for meso-Tetrakis(4-carboxyphenyl)porphyrin (TCPP)

Antibodies 03-1 and 13-1 bound Zn-TCPP strongly with a dissociation con-
stant of 1077 M. The absorption spectra of TCPP in the presence of antibody
03-1 showed that the Soret band shifted to a longer wavelength by about 10 nm
(Fig. 16.2a). However, in the TCPP-antibody 13-1 system, no changes were ob-
served in the absorption spectra (Fig. 16.2b). Similar results were obtained in
Zn-TCPP-antibody complexes. Although Zn-TCPP in the presence of various
concentrations of the antibody showed an isosbestic point at 427 nm until the
molar ratio reached one-to-one, the spectra showed further increase in the
absorption at higher concentrations of the antibody. These results indicate the
existence of a higher-order association. Figure 16.3 shows emission spectra
of TCPP at a fixed concentration (2.5 x 1077 M) in the presence of various
amounts of the antibodies. In the TCPP-antibody 03-1 system, the spectra
showed an increase in the fluorescence bands. Such changes were not observed
in the TCPP-antibody 13-1 system. Figure 16.4a,b shows circular dichroism
(CD) spectra for TCPP and Zn-TCPP, respectively, in the presence of anti-
body 03-1. Both spectra showed very strong induced Cotton effects. In the
TCPP-antibody 03-1 system, the positive Cotton effects were observed at low
concentrations of the antibody until the molar ratio reached one-to-one. Then
the positive Cotton effects decreased with an increase in the antibody concen-
tration. When the molar ratio exceeded one-to-one, the positive induced CD
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Fig. 16.2. Absorption spectra of TCPP in presence of antibodies 03-1 (a) and 13-1 (b)
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Fig. 16.3. Fluorescence spectra of TCPP in presence of antibodies 03-1 (a) and 13-1 (b)

decreased, and finally negative induced CDs appeared. These results clearly
indicate the existence of at least two kinds of species in the complexes accord-
ing to the concentration of the antibody. On the other hand, the spectrum
of Zn-TCPP in the presence of antibody 03-1 showed sharp splitting at the
Soret bands where negative and positive bands were obtained in the longer
and shorter wavelength sides, respectively. These bands can be assigned to
an exciton coupling of the band. This result can be interpreted as indicating
that two Zn-TCPP molecules are close together in the combining site of the
antibody. It is suggested that a one-to-one complex is first formed between
antibody and porphyrin. Then, another antibody binds TCPP (or Zn-TCPP)
to form a two-to-one complex, which is composed of two antibodies and one
porphyrin.

The lifetimes of the excited states of TCPP are elongated on addition of
antibody 03-1 (Table 16.1). The lifetime of the singlet excited state of TCPP was
the longest in the presence of antibody 03-1 at a two-to-one molar ratio (two
antibody combining sites and one porphyrin). A similar elongation of lifetime
was observed in the triplet excited states of TCPP bound to antibody 03-1.
Although most of the catalytic antibodies have been limited to ground-state
reactions, this antibody 03-1 raised against TCPP was found to stabilize excited
states of porphyrins.

Figure 16.5 shows spectral changes upon titration of Zn-TCPP with MV2*
in the absence and presence of antibodies (03-1 and 13-1). When MV?* was
added to an aqueous solution of Zn-TCPP, the Soret band of Zn-TCPP decreased
and shifted toward a wavelength that was about 5 nm longer, indicating that
Zn-TCPP had interactions with MV?* in the ground state. This is probably due
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Fig. 16.4. CD spectra of TCPP (a) and Zn-TCPP (b) in presence of antibody 03-1

to the electrostatic interactions between anionic TCPP and cationic methyl
viologen molecules. In contrast, when MV?2* was added to an aqueous solution
of Zn-TCPP in the presence of twofold equivalent of antibody 03-1 to Zn-TCPP,
the Soret band did not shift at all and showed no hypochromicity. This result
indicates that there were no interactions between MV2* and Zn-TCPP incorpo-
rated into the combining site of antibody 03-1 in the ground state. This may be
due to the fact that the antibody prevents MV?* from contacting with Zn-TCPP.

Table 16.1. Lifetime of excited singlet (rs) and triplet (rr) states of TCPP in absence and
presence of antibodies

No antibodies Antibody 03-1 Antibody 13-1
15 (ns) 8.97 10.2 (1:1) @ 8.97 (1:1) @
12.1 (1:2) @ 8.97 (1:2) @
12.1(1:3) ® 8.97(1:3) 2
71 (ms) 0.34 2.7 0.26

2 [TCPP]:[Antibody-combining site]



270 H. Yamaguchi- A. Harada
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Upon excitation at the Soret band of Zn-TCPP (A = 427 nm), Zn-TCPP
emitted fluorescence, peaking at 610 and 660 nm. The fluorescence of Zn-TCPP
was quenched by MV?*. The emission spectra of Zn-TCPP in the presence
of twofold equivalent of antibody 03-1 to Zn-TCPP showed that addition of
MV?* resulted in a decrease in the intensity of emission, although the ground-
state interactions were negligible. Figure 16.6 shows Stern-Volmer plots for
quenching of the emission from the Soret band of Zn-TCPP by the addition
of MV?* in the absence and presence of antibodies. The plots for the Zn-
TCPP-MV?* system showed efficient fluorescence quenching. In contrast, the
fluorescence quenching was saturated at [MV2*] > 0.5 mM in the presence of
antibody 03-1, where the ratio I,/I was almost constant at 2.0. Considering
the result in Fig. 16.6, this saturation behavior indicates the electron transfer
from Zn-TCPP in the antibody to MV?" outside the antibody. The complex
formation of antibody 13-1 with Zn-TCPP was effective in the fluorescence
quenching of Zn-TCPP.
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Fig. 16.6. Stern-Volmer plots
for quenching of emission
from Soret band of Zn-TCPP by
addition of MV?* in absence (a)
and presence (b) of antibody
03-1 or 13-1 (¢)
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Although two monoclonal antibodies, 03-1 and 13-1, have the same affinity
to Zn-TCPP, the photochemical behavior of Zn-TCPP on addition of MV?2* in
the presence of antibody 13-1 was similar to that of Zn-TCPP in the absence of
antibodies. On the other hand, in the case of antibody 03-1, the electron trans-
fer from Zn-TCPP to MV?* was controlled by the complex formation between
antibody 03-1 and Zn-TCPP with a two-to-one ratio. When the Soret band of
Zn-TCPP in the combining site of antibody 03-1 for a 1:2 complex was contin-
uously irradiated in the presence of triethanolamine, the solution turned blue,
distinguishable from the color of Zn-TCPP-MV?* system without antibodies,
indicating that the methyl viologen radical cation was formed [42,43]. The
fluorescence quenching of Zn-TCPP in the combining site of antibody 03-1
by MV?* is suggested to be due to the result of a long-range photoinduced
electron transfer through the antibody-combining site.

The fluorescence decay of Zn-TCPP in the absence of the antibodies was ex-
pressed by a monoexponential curve with a lifetime of 1.8 ns, whereas addition
of twofold equivalent of antibody 03-1 to Zn-TCPP brought about an increase
in the lifetime to 2.5 ns. Addition of MV?* caused the shortening of the lifetime
to rs = 0.5 ns. The short-lived component of the decay curve is assignable to
the complex of Zn-TCPP with MV2*. In the presence of antibody 03-1 (2 molar
excess of Zn-TCPP), a biphasic decay curve was observed: 1, = 2.5 ns (72%)
and 75 = 0.5ns (28%) at [MV?*] = 5.0 x 107> M. The longer- and shorter-
lived components are assignable to Zn-TCPP incorporated into an antibody
and the complex with MV?*, respectively. Taking into account the negligible
contribution from donor-acceptor complexation at the ground state together
with the saturation behavior in the fluorescence quenching in the presence of
antibody 03-1, the rate constant (k) for the electron transfer from Zn-TCPP
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in the antibody-combining site to MV2* was estimated, using the equation
ket = (T[MV2+])_1 - (r[none])_l, to be 1.6 x 10° s7!, where Timv] and T[none] are
the fluorescence lifetimes of Zn-TCPP for a 1:2 Zn-TCPP-antibody complex in
the presence and absence of MV2*, respectively.

These results indicate that the photoinduced electron transfer from Zn-TCPP
to MV?* can be controlled by the incorporation of porphyrins into the antigen-
combining site of the antibodies. Figure 16.7 shows the proposed structure of
the complex of Zn-TCPP with antibody 03-1 or antibody 13-1 and the possible
positions of methyl viologen molecules approaching the complexes.

a  Antibody 03-1 b  Antibody 13-1

Combining

Combining i
site

site

Fig. 16.7. Schematic representation of complex of Zn-TCPP with antibodies and possible
positions of methyl viologen molecules approaching the complexes. a Antibody 03-1. b An-
tibody 13-1
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16.2.2
Photoinduced Electron Transfer from a Porphyrin
to an Electron Acceptor in an Antibody-Combining Site

It is more important to design an antibody-combining site that can accommo-
date not only metalloporphyrins but also organic substrates [44] or electron
acceptors. We succeeded in preparing antibodies capable of binding both a por-
phyrin and an electron acceptor molecule. Monoclonal antibodies were raised
against a porphyrin that was linked to an electron acceptor by a spacer. A mon-
oclonal antibody was then used to bind the porphyrin and the acceptor without
a formal covalent linkage.

Phosphorus(V)-tetraphenylporphyrin (P-TPP) in Fig. 16.1 was used as
a hapten. Phosphorus porphyrins are able to form stable axial bonds from the
central phosphorus atom. Water-stable, axial dialkoxy hypervalent phospho-
rus(V) porphyrins were synthesized by efficient substitution of axial chloride
ligands in dichlorophosphorus(V) tetraphenylporphyrin. Five monoclonal an-
tibodies were obtained by immunization of KLH-conjugated P-TPP to Balb/c
mice. One of these antibodies, 74D7A, bound antigen strongly (dissociation
constant Kg = 2.2 x 1077 M) but not TCPP, as shown by an enzyme-linked im-
munosorbent assay (ELISA) as well as by the absorption and emission spectra.
Table 16.2 shows the dissociation constants of the complexes between antibody
74D7A and benzoic acid or phthalic acid derivatives. Although the dissocia-
tion constant of the antibody with benzoic acid was 1.1 x 1072 M, that of the
antibody with terephthalic acid was 1.2 x 107> M. The affinity of the antibody
for terephthalic acid was about 1000-fold greater than that for benzoic acid.
The antibody showed an excellent specificity to part of the axial ligands.

Terephthalic acid and its ester derivatives act as an electron acceptor for
porphyrins. Fixation of terephthalic acid to the axis of porphyrin induces the
changes in photochemical properties of phosphorus(V) porphyrin. For ex-
ample, the lifetime of the singlet excited state of the antigen (the conjugate

Table 16.2. Dissociation constants of complexes between antibody 74D7A and benzoic acid
or phthalic acid derivatives

Substrates Kq(M)

HOOC—@ 1.1 x 1072
HOOG o- > 107!
m- 3.0 x 1072

COOH p- 1.2 x 107

HOOC_@—COOCH3 4.5 x 107°
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Table 16.3. Degree of fluorescence quenching of porphyrins on addition of terephthalic acid
or isophthalic acid in the presence of antibody 74D7A

Porphyrin Substrate (1 -1/1y) x 100 (%)?
P-TPP(EG) HOOC)-COOH 20
HOOC—Q 2
P-TPP(EG) COOH
5
HOOC-
TCPP QCOOH

Jy: Fluorescence intensity of P-TPP(EG) or TCPP in the presence of antibody 74D7A
(without substrates). I: Fluorescence intensity of the porphyrin in the presence of the
antibody and substrates

OOH
HooG{_) | {/)-COOH
O O
H COOH
P-TPP(EG) TCPP

of carrier protein with P-TPP was shorter than that of porphyrin P-TPP(EG)
(conjugate: 0.4 ns; P-TPP(EG): 4.4 ns in phosphate borate buffer-CH3CN). The
fluorescence quenching and the shortened excited-state lifetime of the con-
jugate were considered to be due to an intramolecular electron transfer be-
tween the porphyrin and the terephthaloyl moiety. When the complex between
P-TPP(EG) and antibody 74D7A is formed, it is expected that the antibody may
provide a space where acceptor molecules may enter. Table 16.3 shows the de-
gree of fluorescence quenching of porphyrins on addition of terephthalic acid
or isophthalic acid in the presence of the antibody. A 20% fluorescence quench-
ing of P-TPP(EG) in the presence of antibody 74D7A was observed on addition
of terephthalic acid. This degree of quenching on addition of terephthalic acid
is tenfold larger than that of added isophthalic acid. Under the same conditions
[P-TPP(EG) (8.0 x 1077 M)] and terephthalic acid (1.6 x 107° M)], the quench-
ing behavior was not observed in the absence of the antibody. The titration
experiments of fluorescence quenching of P-TPP(EG) with terephthalic acid
showed that terephthalic acid-antibody binding has a 1:1 molecular ratio.
The fluorescence decay of P-TPP(EG) in the presence of an antibody was
expressed by a monoexponential curve with a lifetime of 4.5 ns. Addition of
terephthalic acid shortened the lifetime to 0.3 ns. On the other hand, the life-
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Fig. 16.8. Schematic repre-
sentation of photoinduced
electron transfer from por-
phyrin to electron accep-
tor molecule in antigen-
combining site of antibodies

Acceptor
Molecule

time of P-TPP(EG) with terephthalic acid was 4.5 ns in the absence of antibody
74D7A. These results show that the electron transfer from porphyrin to an
electron-accepting molecule occurred in the antibody-combining site. Fig-
ure 16.8 shows a schematic representation of a donor-acceptor system in the
antibody-combining site.

16.3
Peroxidase Activity of Fe-Porphyrin-Antibody Complexes

It is well known that in nature, anionic porphyrin derivatives (dicarboxylic
compounds) are used as a cofactor in various functional proteins. However,
there are no cationic porphyrins in a naturally occurring system. Cationic por-
phyrins such as meso-tetrakis-(4-N-methylpyridyl)porphyrin (TMPyP) and
its related analogs are known to bind as well as cleave DNA [45]. They are
known to exhibit a marked anticancer activity with relatively low toxicity and
a highly superoxide dismutase (SOD) activity. It is suggested that they may
increase the concentration of H,O, in cancer cells [46].

We have prepared monoclonal antibodies for a cationic porphyrin (5-(4-
carboxyphenyl)-10,15,20-tris-(4-methylpyridyl)-porphine iodide (3MpylC)
and investigated the peroxidaselike activity of the complex between the an-
tibody and the corresponding iron porphyrin. The catalytic activity of the
antibody-porphyrin complex on the oxidation of pyrogallol was compared
with that of horseradish peroxidase (HRP).
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16.3.1
Preparation of Monoclonal Antibodies Against Cationic Porphyrins

The cationic porphyrin 3MPy1C was synthesized and coupled to keyhole limpet
hemocyanin (KLH) and bovine serum albumin (BSA) via activation of the car-
boxyl group in the porphyrin molecule using carbonyldiimidazole (CDI). The
conjugates KLH-3MPy1C and BSA-3MPy1C were purified by size exclusion
chromatography and used for an antigen for the immunization to mice and
enzyme-linked immunosorbent assays (ELISA), respectively. Balb/c mice were
immunized with KLH-3MPy1C in saline emulsified 1:1 in Freund’s complete
adjuvant four times at 2-week intervals. Three days after the final injection,
the spleen was taken from the mouse and the spleen cells were fused with
the SP 2/0 mouse myeloma cells. The hybridomas secreting antibodies for the
cationic porphyrin, 3MPy1C, were detected by ELISA. The hybridomas secret-
ing anti-3MPy1C antibodies were cloned two times by limiting dilution. Three
monoclonal antibodies (34A1F, 12E11G, and 83B5D) specific to 3MPy1C were
obtained, and their subclasses were found to be immunoglobulin M (IgM),
IgGy, and IgGy, respectively. One of these monoclonal antibodies, 12E11G, was
found to have the highest affinity for 3MPy1C and was used for further ex-
periments. The binding of monoclonal antibody 12E11G to metalloporphyrins
was investigated by ELISA. Monoclonal antibody 12E11G bound to the hapten
(3MPy1C) with a dissociation constant of 1.7 x 1078 M. The Soret band of
3MPy1C shifted to a longer wavelength (5nm) and the hypochromism was
observed by the addition of antibody 12E11G, indicating that porphyrin is
placed in the low-polar environment. Figure 16.9 shows the CD spectrum of
tetramethylpyridylporphyrin (TMPyP) bound to the antibody. Although por-
phyrin TMPyP itself showed no CD peak, the complex showed induced Cotton
effects on TMPyP in the region of the Soret band, suggesting that the porphyrin
molecule was incorporated into the chiral environment of the combining site
of the antibody. The split CD on TMPyP in the presence of the antibody was
ascribable to an exciton coupling of the band of porphyrins. This result can
be interpreted as indicating that two porphyrin molecules bound to the an-
tibodies were close together. It was suggested that the antibody bound one
porphyrin molecule and one-to-one complexes of the antibody with the por-
phyrin associated together to form a two-to-two complex. Figure 16.10 shows
Klotz plots for the binding of antibody 12E11G to cationic porphyrins bearing
the different numbers of charges in a molecule. The affinity of the antibody
to dicationic porphyrin (cis-2MPyP) was lower by about one order of magni-
tude over that to tri- and tetracationic porphyrins. It was suggested that more
than a half part of the porphyrin molecule might be incorporated into the
antibody-combining site. Although the antibody was elicited against free-base
porphyrin, the antibody bound not only to TMPyP but also to Fe-TMPyP. The
dissociation constants of antibody 12E11G with Fe-TMPyP were found to be
2.6 x 1077 M. The binding mode of antibody 12E11G to cationic porphyrins
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Fig. 16.11. Stern-Volmer plots for 357
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Fig. 16.12. Absorption (a,b) and fluorescence (c,d) spectral changes of cis-2MPyP by addi-
tion of Np~ in the absence (a, c) and presence (b, d) of the antibody
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was examined by the study of electron transfer from a series of cationic por-
phyrins to electron acceptors 1-naphthalenesulfonate (Np~) in the presence
of the antibody. Figure 16.11 shows Stern-Volmer plots for quenching of the
emission from the Soret band of TMPyP by Np~ in the absence and presence
of antibody 12E11G. It was indicated that TMPyP was incorporated into the
antibody with stoichiometric 1:1. Figure 16.12a shows the spectral changes
upon titration of cis-2MPyP with Np~ in the absence and presence of anti-
body 12E11G. When Np~ was added to an aqueous solution of cis-2MPyP, the
Soret band of cis-2MPyP decreased and shifted toward a longer wavelength,
indicating that c¢is-2MPyP had interactions with Np~ in the ground. This is
probably due to the electrostatic interactions between cationic porphyrin and
anionic Np~. In contrast, when Np~ was added to an aqueous solution of
cis-2MPyP in the presence of an equimolar amount of antibody 12E11G, the
Soret band did not shift at all and showed no hypochromicity (Fig. 16.12b).
Figure 16.12¢,d shows fluorescence spectral changes of cis-2MPyP by the addi-
tion of Np~ in the absence and presence of the antibody, respectively. Without

Antibody

cis-2MPyP

Fig. 16.13. Schematic representation of complex of antibody with cis-2MPyP and interac-
tions between cis-2MPyP and anionic electron acceptor (Np~) molecules
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antibody, the fluorescence intensity of cis-2MPyP decreased as well as TMPyP.
However, no fluorescence quenching was observed in the presence of the an-
tibody, indicating that there were no interactions between cis-2MPyP and
Np~. No electron transfer from cis-2MPyP to Np~ in the presence of antibody
12E11G suggested that at least two cationic moieties in cis-2MPyP were cov-
ered with the binding pocket of the antibody. Figure 16.13 shows the schematic
representation of the complex of cis-2MPyP with the antibody. Taking into
account dissociation constants of the complexes between the antibody and
a series of cationic porphyrins with the results of the photoinduced electron
transfer from cationic porphyrins to anionic electron acceptors, more than
ahalf part of porphyrin molecule was incorporated by the antibody-combining
site.

16.3.2
Peroxidase Activity of Antibody-Fe-TMPyP Complex

The catalytic effects of the complex of Fe-TMPyP with antibody 12E11G on
the oxidation of substrates, which are oxidized by horseradish peroxidase
(HRP), were investigated. The complex of antibody 12E11G with the cationic
iron porphyrin (0.5 pM) was dissolved in tris-acetate buffer (90 mM, pH 8.0)
and incubated for 2d at room temperature. Hydrogen peroxide (50 mM) was
then added, followed by a substrate. The changes of absorbance at Ap,x for
the oxidation product of each substrate were monitored. Results showed that
the Fe-TMPyP-antibody 12E11G complex had catalytic effects on catechol,
guaiacol, and pyrogallol. In particular, the complex markedly catalyzed the
oxidation of pyrogallol. Peroxidation catalyzed by the antibody-Fe-TMPyP
complex was faster than oxidation in the presence of Fe-TMPyP alone. Further
addition of the substrate caused a further catalytic reaction in the presence of
the antibody-Fe-TMPyP complex, indicating that the catalyst was still active.
On the second addition of pyrogallol and hydrogen peroxide to the solution
of the complex of the antibody with Fe-TMPyP, the catalytic oxidation reac-
tion was observed with 80% activity, compared with that on the first addition
of these substrates. On the other hand, the catalytic activity of Fe-TMPyP
alone disappeared. It was suggested that the porphyrin catalyst in the ab-
sence of the antibody would be destroyed by an excess amount of hydrogen
peroxide.

The complex of the antibody with Fe-TMPyP accelerated the oxidation
of smaller substrates such as catechol, guaiacol, and pyrogallol; however, it
had no effect on the oxidation of the substrates with a large molecular size
such as ABTS or o-dianisidine. The substrate specificity of the antibody-Fe-
TMPyP complex on the catalytic oxidation might be due to the limitation of
space around the active site by the binding of the antibody to the porphyrin
molecule. The complex of Fe-TMPyP with antibody 83B5D, which was also
obtained by the immunization of the 3MPy1C-conjugate, had no catalytic effect
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on the oxidation of pyrogallol and the other substrates. Antibody 12E11G was
suggested to have catalytic residues in its antigen-combining site and antibody
83B5D was thought to have no binding space for the substrates or no catalytic
residues.

Figure 16.14a shows a Lineweaver-Burk plot on the oxidation of pyrogallol
by the Fe-TMPyP-antibody complex. The concentration of hydrogen peroxide
was fixed and set as the same as that in the previous study [25]. From the
plot, the Michaelis constant K, and the catalytic constant k¢, values were
calculated. The K, value in the presence of Fe-TMPyP-antibody complex was
8.6 mM. The k¢ was 680 min~!, which was ca. eight times as high as that in
the absence of the antibody (83 min™!). We compared these kinetic parameters
with those catalyzed by the complex between Fe-tetracarboxyphenylporphyrin
(Fe-TCPP) and anti-TCPP antibody 03-1 [34]. The Ky, and kc, values of the
Fe-TCPP-antibody 03-1 complex on the oxidation of pyrogallol were 4.0 mM
and 50 min~!, respectively. The k¢, of the Fe-TMPyP-antibody 12E11G com-
plex was 13-fold higher than that of the Fe-TCPP-antibody 03-1 complex.
Although the Fe-TMPyP-antibody 12E11G complex was found to have lower
affinity for pyrogallol than the Fe-TCPP-antibody 03-1 complex by compari-
son of the Ky, the catalytic activity of the cationic porphyrin-antibody sys-
tem (kca/Km = 7.9 x 10* M~ min~!) was higher than that of the anionic
porphyrin-antibody system (1.2 x 10%). The increase of the catalytic activ-
ity of the Fe-TMPyP-antibody 12E11G complex was ascribable mainly to the
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Fig. 16.14. Lineweaver-Burk plots for oxidation of pyrogallol in the presence of complex of
antibody 12E11G with Fe-TMPyP (a) and HRP (b)



282 H. Yamaguchi- A. Harada

high reactivity of the cationic porphyrin itself and stabilization of Fe por-
phyrin by the binding of the antibody. Figure 16.14b shows a Lineweaver-Burk
plot in the oxidation of pyrogallol in the presence of HRP with 50 mM H,0,.
From the plot, the K, and k¢, values for HRP were estimated to be 0.8 mM
and 1750 min~!, respectively. The differences in ke, values of the Fe-TMPyP-
antibody complex and HRP are within a factor of three. Although the kca/Km
value was 2.2 x 105 M~! min~! for HRP, being 28 times higher than that of the
Fe-TMPyP-antibody complex, the Fe-TMPyP-antibody complex was highly
reactive (Table 16.4). The catalytic activity of HRP decreased at higher con-
centrations of H,O,; however, that of the antibody-porphyrin complex was
retained. Naturally occurring catalyst, HRP, catalyzes the oxidations of various
substrates, not only pyrogallol but also hydroquinone, catechol, resorcinol,
guaiacol, ABTS, and o-dianisidine. The reactions promoted by HRP are non-
specific. In contrast, the catalytic oxidation by the Fe-TMPyP-antibody com-
plex was selective for small molecular substrates such as catechol, guaiacol,
and pyrogallol.

Table 16.4. Kinetic parameters for oxidation of pyrogallol by Fe porphyrins in the absence
and presence of antibodies for porphyrins or HRP

Catalysts Km [mM] Keat [min~!] keat/Km [M~'min™!]
Fe-TMPyP 83

Fe-TMPyP-Ab.12E11G 8.6 680 7.9 x 10%

Fe-TCPP? 8.7

Fe-TCPP-Ab.03-1° 4.0 50 1.2 x 10*

HRP 0.81 1750 2.2 x 10°

2 Tetrakis-meso-(4-carboxyphenyl)porphyrin iron complex
b Monoclonal antibody elicited against TCPP

16.4
Dendritic Antibody Supramolecules

IgG is a basic type of antibody, consisting of two heavy peptide chains with a
molecular weight of about 50 000 and two light chains with a molecular weight
of about 25 000. There are two identical binding sites at the top of Fab fragments
of IgG that are bound by flexible hinges with a single constant stem (Fc). IgG
takes a Y or T shape. IgG is generated in a final stage of immunization, so it is
matured and highly selective. IgM has a pentameric structure of IgG and ten
antigen binding sites in a single molecule. The presence of ten antigen binding
sites enables IgM to bind tightly to antigens containing multiple identical
epitopes. However, IgM is generated in an initial stage of immunization, so it
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is unmatured and less specific for the antigen than IgG. In order to design an
antibody system with a high specificity and a high affinity, a combination of
the functions of both IgG and IgM seems to be important. We designed and
prepared dendritic antibody supramolecules, in which IgM is placed in a core
and many IgGs are bound around the IgM.

A monoclonal antibody (IgM) for cationic porphyrin was prepared using
3MPyl1C as a hapten. IgG specific for anionic porphyrin, TCPP, was prepared.
The cationic porphyrin 3MPyl1C was attached to the IgG via activation of
carboxylic acid in 3MPy1C using the condensation agent carbonyldiimidazole.
The IgG-cationic porphyrin conjugate was purified by column chromatography
using Sephadex G-150 to remove the porphyrins that did not react to the
antibody. The characteristic binding ability and specificity of IgG were found
to remain during the chemical modification of IgG with 3MPy1C. Scheme 16.1
shows the route for the construction of the dendritic supramolecules. When
IgM for 3MPy1C is treated with IgG covalently bound cationic porphyrin, IgM
binds the cationic porphyrin attached on the IgG to give a dendritic antibody
supramolecule “antibody dendrimer” (G1 in Scheme 16.1).

The binding property of the antibody dendrimer (G1) with a cationic or
anionic porphyrin was measured by ELISA. Figure 16.15a shows the binding
properties of IgG, IgM, and G1 with the cationic porphyrin, TMPyP. Although
IgG did not bind the cationic porphyrin and IgM bound the cationic porphyrin,
the dendrimer did not bind TMPyP. These results show that the cationic
porphyrin attached to IgG occupies the binding sites of IgM in the dendrimer;
thus there are no free binding sites against TMPyP on IgM. Figure 16.15b
shows the binding of IgG, IgM, and G1 to TCPP. The IgM used in this study
can bind both anionic and cationic porphyrins, due to the low specificity of
IgM against porphyrins. Both IgM and IgG bound TCPP, while G1 bound TCPP
more efficiently than IgM or IgG. The increase in affinity of G1 for the anionic
porphyrin indicates that many IgG molecules attach to the surface of the IgM
molecule.

The biosensor technique based on surface plasmon resonance (SPR) shows
that the antibody dendrimer has an advantage in its amplification of detection

Chemically
IgM Modified IgG

S G
Scheme 16.1. Preparation of
antibody dendrimers using
IgM and chemically modified

IgGs. Anideal structure of the
dendrimer is shown as G1 G1

Antigen (Hapten) of IgM
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Fig. 16.15. Binding affinities a For TMPyP b For TCPP
of IgG, IgM, and dendritic
supramolecule (G1) with
TMPyP (a) and those with
TCPP (b) estimated by ELISA

Absorbance (a.u.)
Absorbance (a.u.)
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signals for antigens. A solution of G1 was added to the sensor chip on which
TCPP was precoated by the coupling with hexamethylenediamine as a spacer.
The sensorgram for the binding of the antibody dendrimer to TCPP was
compared with that of IgG to TCPP as shown in Fig. 16.16. The signal intensity
increased by the injection of the antibody dendrimer was sufficiently larger
than that of simple addition of IgG. Taking into account the change of the
binding property of the antibody dendrimer for porphyrins with the increase in
the amount of bound antibody to the anionic porphyrin on the SPR biosensor,
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the antibody dendrimer had many IgG molecules successively bound to IgM
molecule.

The structural observation of the antibody dendrimer was carried out by
using atomic force microscopy (AFM) [47]. The sample surface was observed
under the suitable conditions that any damage caused by scanning the can-
tilever is minimized and that any nonspecific assembly among antibodies does
not occur [48]. Figure 16.17 shows AFM images of the dendrimer and starting
IgM. The image of the dendrimer was twice as large as that of starting IgM.
Some branches (IgGs) can be seen outside of the IgM core. Such an assembled
structure was not observed in a chemically modified IgG solution or an IgM
solution alone.

The characteristic features of the antibody dendrimer are that they (1) are
composed of proteins, (2) are large with a molecular weight of about 2 million,
(3) are composed of noncovalent bonds, and (4) bind antigens strongly with
high specificity. The antibody dendrimer will be used as functionalized mate-
rials for sensitive detection of many kinds of chemicals, for diagnosis and for
drug-delivery systems.

Fig. 16.17. AFM images

of IgM (a) and dendritic
antibody supramolecule
(b) on surface of graphite
plate a 100nm b 100 nm

16.5
Linear Antibody Supramolecules: Application for Novel Biosensing Method

An optical technique based on SPR [49] or a microgravimetric quartz-crystal-
microbalance (QCM) [50] technique is useful for measuring and characterizing
macromolecular interactions in the increasingly expanding area of biosensor
technology. In particular, SPR has great potential for macromolecular interac-
tion analysis in terms of sensitivity and signal translation. The use of biosen-
sors based on SPR has made it possible to determine kinetic parameters in real
time and without any labeling of biomacromolecules for detection. However,
the SPR response reflects a change in mass concentration at the detector sur-
face as molecules bind or dissociate; the specific sensing of substrates with low
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molecular weight is difficult. In such a case, functional molecules with a high
molecular weight such as antibodies have a great potential for amplification of
the response signals expressing a molecular recognition event. In this study,
methyl viologen was selected as one of the target molecules to be detected.
We prepared supramolecular antibody complexes and applied these complex
formations for a highly sensitive detection method. The complex formation
between antibodies (IgG) and divalent antigens (viologen dimer) was investi-
gated. The amplification of detection signals for methyl viologen by using the
antibody supramolecules on the biosensor techniques is discussed.

16.5.1
Antiviologen Antibodies

Monoclonal antibody 10D5 (IgG;) has been elicited for the viologen deriva-
tive 4,4’-bipyridinium 1-(carboxyphenyl)-1’-methyl-dichloride and was found
to bind this hapten with the dissociation constant Ky = 2.0 x 1077 M.
The dissociation constant between antibody 10D5 and methyl viologen was
also 2.0 x 1077 M. Antibody 10D5 recognized the bipyridinium moiety with
high specificity. The signal intensity on the SPR biosensor increased on the
addition of an aqueous solution of antibody 10D5 to the sensor chip on
which the viologen dimer-antibody complex was precoated. Figure 16.18
shows the sensorgram of the repeated injection of the aqueous viologen
dimer and antibody solutions. The signal intensity was enhanced by the
binding of antibody to the viologen dimer-antibody complex. The violo-
gen dimer molecule is considered to act as a connector between antibod-
ies. The same behavior was observed by ELISA measurements. The anti-
body was mixed to the aqueous solution of viologen dimer and the solu-
tion was deposited onto the ELISA plate that was coated with the hapten-
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BSA. The ELISA signal in the mixture of the antibody and viologen dimer
was higher than that in the absence of viologen dimer. It is suggested that
the phenomena observed in the SPR and ELISA measurements are ascrib-
able to the higher-order complex formation between antibodies and viologen
dimer.

16.5.2

Applications for Highly Sensitive Detection Method of Methyl Viologen
by Supramolecular Complex Formation Between Antibodies

and Divalent Antigens

We found that the supramolecular formation of antibodies and viologen dimer
effected an SPR signal enhancement of the biosensor. The additional binding
of the antibody to the viologen dimer-antibody complex gave a remarkable
increase in signal intensities. On the other hand, the addition of methyl violo-
gen (viologen monomer) instead of viologen dimer was expected to block the
antigen-binding sites and to inhibit the additional antibody binding. A small
amount of methyl viologen can be detected as a decrease in signal enhance-
ment due to the inhibition of the complex formation between viologen dimer
and antibody by methyl viologen, compared with the signal intensity of com-
plete supramolecular formation between the antibody and viologen dimer.
Scheme 16.2 shows the strategy for the amplification of detection signals
for methyl viologen based on the signal enhancement by the supramolecu-
lar formation between the antibody and viologen dimer using the biosen-
sor technique. This system includes a two-step procedure as follows. (i) The
aqueous solution of antiviologen antibody with methyl viologen is injected
into the sensor chip, whose surface is modified with the antibody-viologen
dimer complex, and then (ii) an antibody-viologen dimer (1:2) complex is

(i) (ii)

Lo
oo

! M'vf\(L ;Yo_o(y\e

Viologen dimer

Y

Antibody
10D5

5

Scheme 16.2. Schematic representation of the highly sensitive method for the detection of
methyl viologen based on the SPR biosensor technique
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added to the previous state. The changes in the signal intensities in the pres-
ence of methyl viologen are compared with those in the absence of methyl
viologen.

The amount of antibody immobilized to the sensor chip decreased as the
concentration of methyl viologen increased. To enlarge the difference in the
signal intensities in the presence of a small amount of methyl viologen, a so-
lution of the antibody-viologen dimer complex was added to the previous
state (i). Figure 16.19 shows the differences in the response signal intensities
(Io-I) between the complete supramolecular system in the absence of methyl
viologen (Ip) and that in the presence of various concentrations of methyl
viologen (I) at each step. The differences in signal intensities due to the bind-
ing of the additional antibody (0.9 pM) in the presence of methyl viologen
ranging the concentration from 0.2 to 1.1 pM was slight in step (i). How-
ever, further addition of viologen dimer and antibody solutions in step (ii)
caused a clear difference in the response signal intensities in the same con-
centration range of methyl viologen. The total changes in the signal intensities
were found to have a linear relationship against logarithm of the concentra-
tion of methyl viologen as shown in Fig. 16.19. The sensitivity in this system
was 140-fold larger than that in the simple addition of methyl viologen to
the antibody immobilized to the surface of the sensor chip. It is clear that
this system can be utilized for the quantitative detection of methyl violo-
gen. Amplification of methyl viologen sensing processes was realized by the
inhibition of complex formation between the antibody and viologen dimer-
antibody complex and signal enhancement due to the supramolecular for-
mation of the antibody and viologen dimer. The amount of methyl viologen
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Fig. 16.19. The differences in the SPR response signal intensities between the complete
supramolecular formation system in the absence of methyl viologen and that in the presence
of various concentrations of methyl viologen. The left colomn at each concentration of methyl
viologen in (a) shows the change in the signal intensity in the step (i) in Scheme 16.2, and
the right one is that in the step (ii). (b) The relationship between total changes in the signal
intensities of SPR response and the concentration of methyl viologen
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(My, = 257) was expressed as the amount of the antibody (M,, = 150000)
that could not form the supramolecules between the viologen dimer and the
antibody.

16.6
Conclusions

Photoinduced electron transfer from Zn-TCPP to an acceptor molecule (methyl
viologen) has been found to be controlled by the complex formation of mon-
oclonal antibodies with Zn-TCPP. Although there are no ground-state inter-
actions between Zn-TCPP and MV?* for a 2:1 complex of antibody 03-1 and
Zn-TCPP, the fluorescence of Zn-TCPP is quenched by the addition of MV?2+,
The Stern-Volmer plots and emission lifetime studies presented show that
there is a long-range electron transfer through antibody 03-1. One of the anti-
bodies elicited by an antigen containing both phosphorus(V) porphyrin and
terephthalic acid positioned axially shows high selectivity for both porphyrins
and axial parts. Moreover, the antibody was found to bind both the porphyrin
and terephthalic acid simultaneously and that the specific insertion of an elec-
tron acceptor into the antibody combining site makes it possible to facilitate
the electron transfer from the porphyrin to the acceptor molecule.

We have obtained monoclonal antibodies for a cationic porphyrin. One of
the antibodies, 12E11G, bound the cationic porphyrin selectively and formed
stable complexes with the porphyrins and metalloporphyrins. The complex
of antibody 12E11G with Fe-TMPyP was found to have catalytic activity for
the oxidation of catechol, guaiacol, and pyrogallol. The metalloporphyrin-
antibody complex was stable enough to show catalytic activity in the presence
of an excess amount of H,O,. The catalytic activity of the cationic porphyrin-
antibody complex for the oxidation of pyrogallol was higher than that of
the anionic porphyrin-antibody complex and active as a catalyst even under
the conditions where porphyrin alone or HRP should lose its catalytic ac-
tivity. The high durability against H,O, and the ability to generate H,O; of
antibodies were considered to be the cause of high catalytic activity on the
oxidation.

New antibody dendrimers were designed and prepared by the combination
of IgG and IgM, that is, using IgM as a core and IgG as branches. Many binding
sites of IgG were arranged radially on the surface of one object by noncovalent
bonds, and the resulting artificial antibodies bound antigens more selectively
than IgM and more strongly than IgG.

An amplification method of the detection signals for a target molecule has
been devised using the signal enhancement in the supramolecular assembly
of antiviologen antibodies and divalent antigens. Target substrate added to
the flow cell of SPR can be detected quantitatively by monitoring the total
amount of the antibody bound to the surface of the sensor chip. The sen-
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sitivity in this system was found to be two orders of magnitude larger than
that in the simple addition of target substrate to the antibody immobilized
to the surface of the sensor chip. This method can be potentially applied
for many compounds to be detected with a high sensitivity and specificity
using corresponding antibodies and dimers of the target molecule (divalent
antigen).
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