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Preface

Over the past century, synthetic organic chemists have relied more and more on
the presence of heteroatoms to realize the ultimate end-goal of their synthetic
quest. With the growing importance of metal centers in the supportive infra-
structure, it became obvious that the family of N-heteraromatics has become an
integral component of this arena. Thus, as our synthetic objectives rely increasingly
on pyridine ingredients in these supra(macro)molecular puzzles, we decided that
an overview of the syntheses of the parent and substituted 2,2":6”,2"-terpyridines
was in order to lay the foundation for future synthetic endeavors on this interesting
group of heterocycles. The use of terpyridine to construct specific, stable, metal
complexes will be demonstrated, and their unique properties and assemblies
hopefully will inspire others to build on this interesting subunit and to incorporate
it as a novel mode of structural connectivity. Although terpyridine was introduced
to the synthetic world as early as 1931, it was only after its combination with
supramolecular chemistry that its importance was duly realized. Then, its
introduction into polymeric assemblies introduced important catalytic properties
further emphasizing its importance, expanding new synthetic and nanoscale
frontiers. We have attempted to compile the key examples to assist future
researchers in this arena. However, although there are many excellent examples
in the literature, space constraints have meant that only a limited number of
these could be referred to, and we therefore apologize in advance to the authors
of research papers that have not been cited.

The authors, as always, would be most grateful to be made aware of any errors
which may have crept into the manuscript in spite of the proof-reading that was
conducted by many of our acquaintances and colleagues. We also thank spouses,
relatives, and friends for their patience and assistance during the completion of
this work.

Eindhoven and Akron, January 2006 George R. Newkome
Harald Hofmeier
Ulrich S. Schubert
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1
Introduction

Since 1987, when J.-M. Lehn, C. J. Pedersen, and D. ]J. Cram were honored with
the Nobel prize for their results in selective host-guest chemistry [1-3], supra-
molecular chemistry has become a well-known concept and a major field in
today’s research community. This concept has been delineated [4] by Lehn:
“Supramolecular chemistry may be defined as ‘chemistry beyond the molecule’,
bearing on the organized entities of higher complexity that result from the
association of two or more chemical species held together by intermolecular
forces.” Self-recognition and self-assembly processes represent the basic opera-
tional components underpinning supramolecular chemistry, in which inter-
actions are mainly non-covalent in nature (e.g., van der Waals, hydrogen-
bonding, ionic, or coordinative interactions); thus, these interactions are weaker
and usually reversible when compared to traditional covalent bonds. Nature
presents the ultimate benchmarks for the design of artificial supramolecular
processes. Inter- and intramolecular non-covalent interactions are of major
importance for most biological processes, such as highly selective catalytic
reactions and information storage [5]; different non-covalent interactions are
present in proteins, giving them their specific structures. DNA represents one
of the most famous natural examples, where self-recognition of the comple-
mentary base pairs by hydrogen bonding leads to the self-assembly of the double
helix. Starting with the development and design of crown ethers, spherands, and
cryptands, modern supramolecular chemistry represents the creation of well-
defined structures by self-assembly processes [6] (similar to Nature’s well-known
systems [7]).

One of the most important interactions used in supramolecular chemistry is
metal-ligand coordination. In this arena, chelate complexes derived from N-hetero-
aromatic ligands, largely based on 2,2’-bipyridine and 2,2":6”,2"-terpyridine
(Figure 1.1), have become an ever-expanding synthetic and structural frontier.

Bipyridine has been known since 1888 when F. Blau first synthesized a
bipyridine-iron complex [8]. One year later, it was again Blau who synthesized
and analyzed bipyridine by dry distillation of copper picolinate [9]. Since this parent
molecule consists of two identical parts, no directed coupling procedure is required
for its construction. Therefore, unsubstituted and symmetrically substituted, in
particular 4,4-functionalized, bipyridines are readily accessible in good yields by
simple coupling procedures. Apart from this, bipyridine metal complexes [10] (in
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2 | 1 Introduction

Figure 1.1 Structures of 2,2"-bipyridine and 2,2:6",2"-terpyridine.

particular ruthenium complexes) have very interesting photochemical properties
making them ideal candidates for solar energy conversion [11].

The chemistry of 2,2":6",2"-terpyridines (designated as simply terpyridine or
tpy; its other structural isomers are duly noted and will not be considered further
here) is much younger than that of 2,2"-bipyridines. In the early 1930s, terpyridine
was isolated for the first time by Morgan and Burstall [12, 13], who heated (340 °C)
pyridine with anhydrous FeCl; in an autoclave (50 atm) for 36 h; the parent
terpyridine was isolated along with a myriad of other N-containing products. It
was subsequently discovered that the addition of Fe(II) ions to a solution of
terpyridine compounds gave rise to a purple color giving the first indication of
metal complex formation. Since this pioneering work was performed, the
chemistry of terpyridine remained merely a curiosity for nearly 60 years, at which
point its unique properties were incorporated into the construction of supra-
molecular assemblies. The number of publications dealing with terpyridine has
risen sharply as shown in the histogram (Figure 1.2) — a trend that is predicted to
continue, since it is a pivotal structural component in newly engineered constructs
based on metallo-polymers and crystal engineering.

The terpyridine molecule contains three nitrogen atoms and can therefore act
as a tridentate ligand [14, 15]. It has been extensively studied as an outstanding
complexing ligand for a wide range of transition metal ions. The ever-expanding
potential applications are the result of advances in the design and synthesis of
tailored terpyridine derivatives. The well-known characteristics of terpyridine metal
complexes are their special redox and photophysical properties, which greatly
depend on the electronic influence of the substituents. Therefore, terpyridine
complexes may be used in photochemistry for the design of luminescent devices
[16] or as sensitizers for light-to-electricity conversion [17, 18]. Ditopic terpyridinyl
units may form polymetallic species that can be used to prepare luminescent or
electrochemical sensors [19, 20]. In clinical chemistry and biochemistry, functio-
nalized terpyridines have found a wide range of potential applications [21], from
colorimetric metal determination [22, 23] to DNA binding agents [24-26] and
anti-tumor research [27-29].

Terpyridines have also been utilized for catalytic purposes [30, 31] and in
asymmetric catalysis [32]. Another interesting application regarding novel
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Figure 1.2 Histogram of the number of publications containing the term
“terpyridine” using SciFinder (search performed 10.05.2005).

supramolecular architectures is the formation of “mixed complexes”, where two
differently functionalized terpyridine ligands are coordinated to a single transition
metal ion [33-35]. One of the most promising fields for new terpyridine com-
pounds is their unique application in supramolecular chemistry [36]. In this
context, the formation of supramolecular terpyridine containing dendrimers
[4, 37-41] can be pointed out. Layer-by-layer self-assembly of extended terpyridine
complexes on graphite surfaces forms grid-like supramolecular structures [42—
45]. Self-assembly of terpyridine compounds on gold [46], CdS [47] or TiO, [48], as
well as surface functionalization with specially functionalized terpyridine ligands
[49], should also be mentioned in this context. Terpyridines, incorporated in
macromolecules, enable well-defined supramolecular polymer architectures to
be formed, opening up the opportunity of “switching” within physical and chemical
properties of materials [34, 35, 50-55].

In view of the notable importance of 2,2":6",2"-terpyridine ligands and their
metal complexes in the current research, we herein focus on architectures
containing this ligand and the corresponding metal complexes. Therefore, this
book is divided into topics featuring different architectures and concepts containing
terpyridine metal complexes.

Chapter 2 summarizes the known synthetic strategies leading to different
terpyridines. Since 4’-substituted terpyridine currently represents the most valuable
family of derivatives, emphasis is directed toward the routes to its synthesis.

Chapter 3 describes the preparation and properties of terpyridine metal
complexes. Emphasis will be on bisterpyridine-Ru(II) complexes and their optical

3
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properties as well as related dyads and triads. Other metal(IT) complexes could
potentially act as “molecular switches”, thus opening up avenues to the construc-
tion of nano-devices.

Chapter 4 features various supramolecular aggregates composed of terpyridine-
metal subunits, ranging from grids to cyclic structures; moreover, special
complexes, where terpyridine complexes are combined with fullerenes or bio-
chemical groups, are described.

Chapter 5 presents polymeric architectures containing terpyridine systems with
various architectures, ranging from side-chain-functionalized polymers via main-
chain metallopolymers to biopolymers.

Chapter 6 addresses metallodendrimers, micelles, and resins, representing
approaches to nanoreactors and immobilized novel catalysts.

Chapter 7 describes catalysis using surface-modified terpyridine metal com-
plexes, opening up potential utilitarian applications, such as assemblies and layers
capable of behaving as photoactive materials for use in organic solar cells and
LEDs.
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2
Syntheses of Functionalized 2,2":6’,2”-Terpyridines

2.1
Introduction

In view of the wide range of research and potential utilitarian applications of
2,2":6’,2"-terpyridines, an easily accessible “pool” of different functionalized
building blocks is mandated. Therefore, highly efficient routes to these ligands
are as essential as their well-defined derivatization at every ring position. Functional
groups may be introduced directly during their construction or by various substi-
tution interconversions. While publications concerning the chemistry of terpyri-
dine complexes continued to increase, comparatively few preparations of functiona-
lized 2,2":6,2"-terpyridine ligand derivatives have been reported as yet. In 1997,
Cargill-Thompson [1] reviewed the historical syntheses of the simple terpyridine
ligands, and in 2003 Fallahpour [2] reviewed the 4'-substituted terpyridines. In this
chapter, both innovative new synthetic strategies and an up-to-date overview of
the classical approaches leading to new 2,2":6”,2"-terpyridine derivatives will be
presented. The new developments in the preparation of chiral terpyridines [3-6]
and ditopic terpyridine containing ligands [7-14] can be found elsewhere.

2.2
Basic Synthetic Strategies

The two basic synthetic approaches to terpyridines are by either central ring-
assembly or coupling methodologies. Ring assembly is still the most prevalent
strategy, but because of their multiplicity and efficiency, modern Pd-catalyzed,
cross-coupling procedures have recently become seriously competitive and may
surpass the traditional ring-closure processes.

2.2.1
Ring Assembly

Over the last couple of decades, various new terpyridine ring-assembly strategies
have been developed; Scheme 2.1 displays these frequently used routes. The most
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Scheme 2.1 Ring-assembly methods to terpyridines:
(a) and (b) Kréhnke reaction, (c) Potts methodology, (d) Jameson methodology.

common ring assembly of terpyridines is still the well-known Kréhnke conden-
sation (Route a), which initially involves synthesis of N-heteropyridinium salts,
e.g., I, then subsequent ammonia condensation with an enone II [15, 16]. Other
important methods are the initial construction of 1,5-diketones IIT and subsequent
ring closure with an appropriate N-source (Route b) [17-19], o-oxoketene dithio-
acetal methodology (Route ¢) [16], and the Jameson method by condensation of
an N,N-dimethylaminoenone with 2-acetylpyridinenolate (Route d) [20].

The major disadvantage of these methods is that the final condensation step
usually yields tarry crude by-products that require special efforts to isolate and
purify the desired terpyridine.

High yield conversions with good product purities were obtained by a four-step
procedure starting from the commercially available 2,6-diacetylpyridine (IV), which
was subsequently converted to the 2,6-bis(N-cyclohexylacetimidoyl)pyridine (V),
derived from a multistep procedure, by reaction with cyclohexylamine (Scheme 2.2)
[21]. Cyclization of V with Si-protected 3-bromopropylamines VI afforded the
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Scheme 2.2 Terpyridine synthesis from 2,6-diacetylpyridine.

tetrahydropyridines VII, which, after chlorination, gave the tetrachloro adducts
VIII, then onto the desired terpyridines IX with a respectable (73-93%) overall
yield from V.

An effective and simple two-step Krohnke-type [15] synthesis of polysubstituted
symmetric terpyridines from 2,6-diacetylpyridine (IV) has been described by Sasaki
et al. [22] (Scheme 2.3), in which bispyridinium iodide X, obtained (85%) from
IV, was subsequently reacted with various o,B-unsaturated aldehydes XI at 80 °C
for 4 h in formamide in the presence of ammonium acetate to give in variable
yields the different symmetric terpyridines XII.

A novel 4-functionalized 2,6-diacetylpyridine XV, the key intermediate for the
Krohnke methodology [15], was prepared from 4’-hydroxy-2,6-pyridinedicarboxylic
acid XIII (Scheme 2.4) [23], by initial esterification to give diethyl 4-chloropyridine-
2,6-dicarboxylate, which yielded the corresponding diacid; subsequent conversion
to the 2,6-bis(chlorocarbonyl)-4-ethoxypyridine (XIV) was accomplished. The

R1/Y\

M pyndme KH/Q\IHM NH4OAc

v

Xi

Scheme 2.3 Sasaki-type Kréhnke reaction on 2,6-diacetylpyridine.
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OH R R
- o O
H O OH R2 O R?
N N N
0 o} 0 0 0 0

Xl XIv Xv
R'=OEtor Cl
R?=OHorCl

Scheme 2.4 Synthetic approach to functionalized 2,6-diacetylpyridines,
as intermediates for the preparation of terpyridines.

reaction with 2,2-dimethyl-1,3-dioxan-4,6-dione followed by hydrolysis with
aqueous acetic acid resulted in the formation (36%) of 4-ethoxy-2,6-diacetylpyridine
(XV). Subsequent Krohnke-type procedures afforded the desired 4’-substituted
terpyridine derivatives.

Recently, the Krohnke method has also been modified to yield terpyridines under
solventless conditions; thus, grinding the starting materials with solid NaOH
leads to the quantitative formation of the diketone within 20 min [24-26]. Besides
the fast and facile reaction procedures, the environmental friendliness (no solvents
are used) is a main advantage of this useful modification.

222
Cross-Coupling Procedures

In the last few years, appropriate methodologies for the construction of functio-
nalized terpyridines were based on directed cross-coupling procedures. Traditional
examples, such as the cross-coupling of organosulfur compounds [27] or lithio-
pyridines with CuCl, [28], have the disadvantage that they generally result in overall
poor conversions. Modern Pd(0)-catalyzed coupling reactions combine the desired
efficiency and simplicity with controllable substitution possibilities. Suzuki [29],
Negishi [30], and Stille couplings [31] are all based on a Pd(0)/Pd(II) catalytic
cycle. Particularly, the Stille cross-coupling has become a popular route to
terpyridines, because of its (a) universal building block principle, (b) multi-gram
product accessibility, and (c) well-directed functionalization at almost every desired
position (Scheme 2.5) [32-35]. 2,2":6",2"-Terpyridines, functionalized at the central

R1
R1
R% Pd(PPhy)
3/4 2 2
/@ /@ or Pd(PPhy),Cl, 1 O R
- N
X© N X MesSn™ N toluene, reflux
XV Xvil
X = Cl, Br, |

Scheme 2.5 Stille-coupling 2-trimethylstannylpyridines and 2,6-dihalopyridines.
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R1 5 R1
R2  Pd(PPha),

or Pd(PPh3).Cl> 5
@ JOREEL N ©
MesSn N SnMes Br toluene, reflux N

XVl XIX

Scheme 2.6 Stille-coupling of bis(trimethylstannyl)pyridines and 2-bromopyridines.

and/or terminal pyridine rings, can be obtained utilizing appropriate 2,6-dihalo-
pyridines XVI as central building blocks, which can be reacted with 2-trialkyl-
stannylpyridines XVII and Pd(0) catalysts in toluene for at least 24 h.

Terpyridine synthesis via the Stille procedure can be conducted by utilizing
2,6-bis(trimethylstannyl)pyridines XVIII as a central ring, and coupling them
with the corresponding 2-bromopyridines XIX (Scheme 2.6) [36, 37].

Other Pd-catalyzed cross-coupling procedures have not yet been used for the
synthesis of terpyridines themselves, but seem to be appropriate methods; for
instance, Negishi cross-coupling was used for the synthesis of terpyridine-related
compounds [38] and related 2,2’-bipyridines [39] in excellent yields.

23
Synthesis of 2,2":6',2"-Terpyridine Derivatives

Terpyridines may be functionalized at both the central and the terminal rings;
therefore, the desired groups must be incorporated into the initial substituted
starting compounds via ring-assembly or coupling procedures. In this overview,
the terpyridine derivatives are organized by their ring-substitution positions.

2.3.1
4’-Substituted-2,2":6",2"-Terpyridinoxy Derivatives

4"-Terpyridinoxy derivatives represent a dominant substitution pattern because
of their convenient accessibility via (a) nucleophilic aromatic substitution of 4™-halo-
terpyridines by any primary alcohols and analogs or (b) Sy2-type nucleophilic
substitution of the alcoholates of 4’-hydroxyterpyridines (the “enol” tautomer of
the 4-terpyridone). An overview of the routes is presented in Scheme 2.7. A large
variety of functional terpyridinoxy derivatives have been originated from these
methods (Table 2.1).

Sampath et al. [40] and Schubert et al. [41, 42] reported a number of linear
4’-terpyridinyl-ethers with terminal hydroxy- (1a—e), carboxy- (1f~g) (see also [43]),
tert-butoxy- (1h), thio- (1i) and amino-groups (1j—k). These ethers were prepared
in high (~60-90%) yields from 4’-chloroterpyridine with an alcohol and a
suspension of base (KOH or NaH) in polar non-protic solvent (DMSO or DMF).
The same route was utilized to synthesize 4’-(3-phenylpropoxy)terpyridine (1) [44].

1
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Table 2.1 4’-Terpyridinoxy derivatives.

No./Lit. R No./Lit. R
1a [40] (CH,),0H 1j [40] (CH,),NH,
1b [40,41] (CH,),OH 1k [41,42] (CH,)sNH,
1c[40,41] (CH,);OH 11[44] (CH,),Ph
1d [40] (CH,);OH 1m [45] N-O-
1e [40] (CH,)1,0H 1n[46,47] —C=CH
H10B10
1f[40,43] (CH,);CO,H 10 [47] (CH2)n

1g[41,42] (CH,);CO,H 1p [14]
R’ =H, CH;CO; R! = nothing
or (CH,),0.
00~
1h [41] (CH,),0Bu 1q[14]

N/(CHz)so-
1i[41,42] (CH,)SH 1r [41, 49]

I
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Table 2.1 (continued)

No./Lit. R No./Lit. R

S8

0 o
1s[8] [ j 1w [48] —\—@—\

e

NH HN
1t[9] [ j 1x [48] /\<(|)

N HN

[

1u [50] 1y (CH,),NCO

~

1v [48] N

0]
acetone
—_—

/\
O O NaH
N THF

Scheme 2.7 Synthetic approach to terpyridinoxy derivatives via the
chloroterpyridine and pyridine routes.
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The reaction of 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl (HO-TEMPO) with
4’-chloroterpyridine afforded the 4’-O-TEMPO-derivative 1m, which represents a
convenient spin-labeled terpyridine [45].

By treatment of 4-terpyridone with K,CO, in DMF, followed by the addition of
functionalized bromides and tosylates, various 4’-terpyridinoxy derivatives were
obtained in high yields [48]. Among the examples are 10-bromodecyloxy, allyloxy,
oxiranylmethoxy, 1-cyanopropyloxy, 4-vinylbenzyloxy, 2-[1-methoxyethoxy]ethoxy,
and 2,7-bis[2-(2-oxyethoxy)ethoxylnaphthalene [51] groups.

Constable et al. [46, 47] reported the reaction of terpyridin-4’(1’-H)-one with
3-bromoprop-1-yne to give (56%) the alkyne-functionalized terpyridine ligand 1n,
which was subsequently treated with B;,H,, in acetonitrile; however, only poor
yields of the desired carbaborane-derivative 1o (n=1) were reported [47]. An
analogous carbaborane 1o (n = 3) was, however, prepared by treatment of
4’-hydroxyterpyridine with 1-(3-iodopropyl)-closo-1,2-carbaborane in the presence
of potassium carbonate. Lithiated carbaborane cages (protection of the second
CH group with SiMe,'Bu to prevent bis-lithiation) could also be reacted with chloro-
terpyridine, resulting in a directly linked carbaborane in an improved yield (36%
over 2 reaction steps). In order to probe molecular recognition events by
functionalization of biomolecules with metal-binding sites, Constable and
Mundwiler [14] have also presented a new class of terpyridines possessing a sugar
moiety. Glucosides have been attached directly or with a spacer-linkage (ethylene
glycol) to 4’-hydroxyterpyridine by the use of o-bromo- or a-bromoethyl-glucose
and their tetraacetyl-protected derivatives. The sugar-functionalized terpyridines
1p were isolated in 27% (directly linked) and 68% yield (linked via ethylene glycol
spacer), respectively [14]. Furthermore, a protected galactose derivative attached
to the terpyridine unit at the 6-position of the sugar afforded (52%) 1q.

Schubert et al. [49] investigated the special electronic properties associated
with the novel ether-coupled examples, such as the fullerene-functionalized
4’-terpyridine 1r, which was prepared (47%) by the reaction of 1k with a chloro-
carbonylfullerene. Fullerenes play an important role in the development of organic
photophysical devices; thus, complex ligands such as 1r could find applications
as novel donor-acceptor arrays in organic solar cells.

Attachment of aza-crown macrocycles to the 4’-position of terpyridines was
postulated to have important uses as luminescent or electrochemical sensors [52]
and as di- or multi-topic terpyridine ligands [8, 9]. Thus, Ward et al. [8] described
the preparation of 4’-substituted and 4’-(phenyl)-substituted terpyridines (see
Section 2.2) with aza-18-crown-6-groups (1s) that were prepared (55%) by treatment
of 4’-bromoterpyridine with aza-18-crown-6. Also, Martinez-Manez et al. [9]
reported a similar system by the reaction of 4’-(bromomethyl)terpyridine (see
Section 2.3.3, 3bb) with cyclam, which generated (50%) the functionalized 1,4,8,11-
tetraazacyclotetradecane derivative 1t.

The 4’-terpyridinoxynorbornene (1u) was prepared (61%) from 4’-chloroter-
pyridine and 5-norbornene-2-methanol via the Williamson ether synthesis [50].
Utilizing the nucleophilic substitution of the alcoholate of 4’-hydroxyterpyridine
and functionalized bromides/tosylates (“pyridone-route”), other polymerizable
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groups were easily introduced [48], such as allyl (1v) and vinylbenzyloxy (1w)
groups. Moreover, epoxide (1x) could be successfully connected to a terpyridine.
The amine 1k (see above) could be converted into an isocyanate group using di-
tert-butyltricarbonate (“tri-carb’). The resulting 1y represents a powerful building
block for further functionalization, especially regarding supramolecular polymers.

By reacting linear aliphatic diols and thiols with chloroterpyridine, bis-ter-
pyridines, separated by an alkyl spacer, were obtained [53].

A new approach to terpyridinoxy moieties has taken advantage of the Mitsunobu
reaction; for example, terpyridone was reacted with alcohols in the presence of
triphenylphosphine and diisopropylazodicarboxylate [54]. Because this methodo-
logy is very mild (ca. 2-3 hours at 25 °C), even sensitive or complicated functional
groups, such as alkynes or nucleosides, can be introduced.

2.3.2
4’-Aryl-Substituted 2,2":6",2"-Terpyridines

4’-Arylterpyridines can be easily prepared by central ring assembly. One example
is a modified Krohnke reaction by treating 2-acetylpyridine with benzaldehyde
and NaH (Scheme 2.8 and Table 2.2) [55, 56].

A series of 2,5-disubstituted 4’-arylterpyridines was prepared by Colbran et al.
[57, 58] starting from 4’-(2,5-dimethoxyphenyl)terpyridine (2a, see also [59]), which
was deprotected with hydrobromic acid to afford the hydroquinonyl ligand. The
following conversions were conducted on bis[(2,5-dihydroxyphenyl)terpyri-
dine]Ru(PF),, which, when treated with either benzoyl chloride, propanoyl
chloride, or benzyl chloride, generated the corresponding benzoyl ester, propanoyl
ester or benzyl ether derivatives.

Lo et al. [60] described the formation of a 4’-(4-aminophenyl)terpyridine (2b),
via reduction [61] of the corresponding NO, substituent by treatment with
hydrazine monohydrate and palladium on charcoal (see also [60, 62]). In the [4’-
(4-aminophenyl)terpyridine]Ir(IlI) (PF¢); complex, the amino-function was
transformed into an isothiocyanate group (2c) by the reaction with CSCl, in
presence of CaCO; in acetone. 4’-[4-(2,3,4,5-Tetramethylcyclopenta-1,3-dien-1-
yl)phenyljterpyridine was prepared by Siemeling et al. [63] in order to generate
the corresponding ferrocene 2d by lithiation followed by treatment with FeCl,.
The formation of boronic acid-functionalized 4’-arylterpyridines, e.g., 2e, was

Scheme 2.8 Synthesis of aryl-substituted terpyridines.
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Table 2.2 4’-Aryl substituted terpyridines.

No./Lit. R No./Lit. R

OR'
2a[57] RO 2j [68] PO(OEt),-p

R’ = CH,, H, C(O)Ph, C(O)Et, CH,Ph

2b [60] CeH,-NH,p 2k [68] PO,H-p
Br
Br
2¢ [60] CeH,NCS-p 21[69]
Me
CN
—p-Ph CN
2d [63] 2m [69]
—p-Ph Me
/o
2e [64] -PPh—8( 2n [70] CH,0C(0)CH,p
o}
/o
2f[64] -p—Ph—B\ :>< 20 [70] CH,OH-p
o}

— =X
2g[64]  B(OH), 20146, 711 & _ cH,0H, H, TMS
2h[65] Fyp 2q[61,72] p-OH
2i[66,67] ‘Bup 21 [72] O(CH,),COR"p

n=3,5,7,10; R"=Et, H
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Table 2.2 (continued)

No./Lit. R No./Lit. R
N
O(CH,)sCO,R'- m/o <\
2s [72] R' = Et, H 2w [73] NN HN

(OCH3)14

2 [75-77) 2x [74]

2u [8] [ j 2y [74]

2v[9] [ j 2z [78] R=F, OR, OH
) -

carried out by Aspley and Williams [64], in which bis(pinacolato)diboron was
reacted with 4’-(4-bromophenyl)terpyridine. The analogous neopentyl ester 2f was
obtained by treatment of bromophenylterpyridine with bis(neopentyl-glyco-
lato)diboron (as shown in Section 2.3.3 for ligand 3w); 2f was hydrolyzed to the
boronic acid derivative 2g.

4’-(4-Fluorophenyl)terpyridine (2h) was prepared by a two-step ring closure with
2-acetylpyridine and 4-fluorobenzaldehyde as the starting materials (step 1: 29%,
step 2: 64%) [65]. 4’-(4-Tert-butylphenyl)terpyridine (2i), prepared by Constable et
al. as an oligopyridine with enhanced solubility properties [66, 67], was synthesized
by the same method as that described for 2h, starting with 2-acetylpyridine and
4-tert-butylbenzaldehyde (step 1: 40%, step 2: 73%).

Jing et al. [68] reported on the synthesis (87%) of 4-(terpyridin-4’-ylphenyl)-
phosphonic acid (2k) by the saponification of the 4’-[p-PO(OEt),-phenyljterpyridine
(2j) with HCI (see also [79]). The 4’-(2-methyl-4,5-dicyanophenyl)terpyridine (2m)
was synthesized in a seven-step synthesis [69] via the bromo-functionalized
terpyridine precursor 2I, followed by the Rosenmund-von Braun reaction.

Br
/\
O _—
S
A
Br
Br
o
o] 0. N
S
-
Br
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4’-[4-(Bromomethyl)phenylJterpyridine was transformed into the hydroxymethyl
analog 20 [70]; since direct substitution of the bromo-group was impractical, an
indirect pathway via initial acetolysis with acetic acid and sodium acetate generated
(85%) 4'-[4-(acetoxymethyl)phenylterpyridine (2n), which was subsequently
saponified (65%) to form the desired product 20 [70]. 4’-Arylterpyridines,
functionalized in the para position with different alkyne substituents, were
described by Constable et al. [46], in which different alkynes [HC=CCH,OH,
HC=CH, HC=C(TMS)] were coupled with 4’-(4-bromophenyl)terpyridine in the
presence of [PdCL,(PPh;),], Cul, and NEt; to afford (52-78%) 2p [46, 71]. The
angular monomer, 1,2-bis(terpyridin-4-ylethynyl)benzene, was prepared (41%) by
the reaction of 1,2-diethynylbenzene with 4’-(trifluoromethanesulfonyloxy)ter-
pyridine via Pd-catalyzed cross-coupling conditions using [C,H;),P]Pd(0) in basic
solvent [80].

Ether substituents have also played an important role for 4’-aryl-substituted
terpyridines because of their easy accessibility via substitution and condensation
procedures. Hanabusa et al. [72] reported the synthesis of a series of 4’-(4-carboxy-
phenyl)terpyridines, in which 4’-[p-, m-, and o-carboxyphenyl-pentyloxy]terpyridines
(2r-s) were obtained from the corresponding 4-, 3-, and 2-hydroxy-derivatives 2q
[61, 72] with 6-bromohexanoate (and homologs) or by using a modification of the
Krohnke method. Pikramenou et al. [75-77] investigated the creation of long-
lived charge-separated states by the attachment of cyclodextrin receptors onto
terpyridine ligands that can coordinate metal ions. Protection of all but one hydroxyl
group of the B-cyclodextrin cups by methylation and subsequent reaction with
4’-[4-(bromomethyl)phenyljterpyridine in THF in the presence of NaH yielded
(71%) the desired 4’-cyclodextrin-functionalized terpyridine 2t.

Similar to the synthesis described in Section 2.3.1, macrocycles (1s-t) were also
attached to 4’-aryl-substituted terpyridines; for example, Ward et al. [8] described
the preparation of 4’-phenyl-substituted terpyridines with aza-18-crown-6 groups
2u, and Martinez-Manez et al. [9] reported similar systems functionalized with
1,4,8,11-tetraazacyclotetradecane 2v. Complexation of Cu(Il) ions into the cavity
of cyclam resulted in a quenching of the luminescence of the Ru(II) complex of
the terpyridine moiety, making this system interesting as a “sensor” for heavy
metal ions.

The 4’-[p-(1,4,7-triazacyclonon-1-ylmethyl)phenyljterpyridine (2w) has been
prepared (83%) by Moore et al. [73] by conversion of 4’-[4-(bromomethyl)phenyl]ter-
pyridine with a “capped” 1,4,7-triazacyclononane in THF.

Jones et al. [74] prepared dibromothiophene-functionalized terpyridine lumi-
nescent receptor sites; for example, 4’-[4-(2,5-dibromothiophen-3-yl-methoxy-
methyl)phenyljterpyridine (2x) was synthesized (60%) from (2,5-dibromothiophen-
3-yl)methanol and 4’-[4-(bromomethyl)phenyljterpyridine in the presence of NaH.
4/-[4-[2-(2,5-Dibromothiophen-3-yl)vinyl|phenyl]terpyridine (2y) was also prepared
(80%) from the same bromomethyl derivative with triethylphosphite and 2,5-
dibromothiophene-3-carbaldehyde.

A Krohnke reaction with pentafluorobenzaldehyde led to the corresponding
pentafluorinated phenylterpyridine 2z [78]. The para-fluoro derivative could be
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replaced by alkoxy-groups and subsequently hydrolyzed to the alcohol, which could
be used as precursor for further functionalization.

233
Other 4’-Functionalized 2,2":6”2"-Terpyridines

Phosphine-functionalized terpyridine entities are known to complex many
different transition metal ions and to bind strongly to certain semiconductors
[81]. The simplest example of this series is the 4’-(diphenylphosphino)terpyridine
(3a), which was obtained by the treatment of 4’-chloroterpyridine with Li(PPh,)
in THF (Table 2.3) [82].

Diethyl terpyridine-4’-phosphonate (3b, see also [83]) was prepared from 4’-
bromoterpyridine by treatment with HPO,Et, in the presence of Pd(PPhs), [84, 85].
The 4’-CH,P(O)Ph,-functionalized terpyridine 3c was synthesized from 4’-methyl-
terpyridine with LDA and PPh,Cl, then oxidized using NalIO,. A double Wittig-
Horner coupling then led to carotene-substituted terpyridine ligands [85]. 4’-[ Bis(di-
phenylphosphanylmethyl)terpyridine (3e) was obtained by treatment of 3d (pre-
pared by the same method from 4’-methylterpyridine) with LDA and Ph,PCl [86].

4’-(Phthalimidopropylsulfanyl)terpyridine (3f) and the 4’-[2-(1,3-dioxolan-2-
yl)ethylsulfonyl] compound 3g were synthesized from acetylpyridine, CS,, and
the corresponding alkyl halides by Sampath et al. [40]. Subsequently, the cyclic
protective groups were converted into several 4’-alkylsulfanyl derivatives with
amino (3h), hydroxy (3i), halo (3j), and aldehyde (3k) groups. 4’-Alkyl-based
functional groups (3l-p) were introduced by initial deprotonation of 4’-methyl-
terpyridine, followed by treatment with the corresponding alkyl halide. Maskus
and Abrufia [87] demonstrated the synthesis of 5-(terpyridin-4’-yl)pentane-1-thiol
(3r) via consecutive treatment of the corresponding 5-chloropentyl derivative 3q,
obtained from 4’-methylterpyridine after deprotonation and conversion with
1-bromo-4-chlorobutane and NaOH, then dilute sulfuric acid.

Padilla-Tosta et al. [88] reported the preparation of 4’-(2-ferrocenyl-2-hydroxy-
ethyl)terpyridine (3s), which was obtained (80%) by addition of ferrocene-
carbaldehyde to 4-methylterpyridine in the presence of LDA. Dehydration of the
product yielded (25%) the corresponding 4’-(ferrocenylvinyl)terpyridine (3t, see
also [97-99)).

Khatyr and Ziessel [89] reported 3u, possessing terpyridines substituted with
I-tyrosine fragments, from the optically active r-tyrosyl moieties possessing an
iodo-functionality, which can be cross-coupled with 4’-ethynylterpyridine [100] in
the presence of Pd(PPhy),Cl, (R = H: 42%, R = COPh: 49%). 4'-Ethynylterpyridines
are very versatile building blocks that can be readily synthesized by cross-coupling
of alkynes with 4’-bromoterpyridines (Scheme 2.9). Treatment of 4’-(trifluoro-
methylsulfonyl)oxyterpyridine [101] with phenylacetylene in the presence of
Pd(PPh,), in THF containing diisopropylamine at 95 °C for 16 h gave (74%) the
desired 4’-phenylethynylterpyridine [102]. The 4’-monoethynyl-bisterpyridine-
Ru(II) complex has been efficiently coupled with diverse aryl iodides to generate
extended systems [103].

19



20

2 Syntheses of Functionalized 2,2":6',2"-Terpyridines

Table 2.3 Other 4’-functionalized 2,2":6’,2"-terpyridines.

No./Lit. R No./Lit. R
3a[82) PPh, 3k [40] S(CH,),CHO
3b [84] PO;Et, 31[40] (CH,);CHO
3¢ [85] CH,P(0)Ph, 3m [40] (CH,),CH,0H
3d [85] CH,PPh, 3n [40] (CH,),CH,Br
0]
\
3e [85] CH(PPh,), 30 [40] S—(CHz)s—N
(0]
(0]
3£ [40] S—(CHz)s—N 3p [40] (CH,);CH,NH,
/
(0]
O
3g[40] S*(CH2)34< j 3q[87) (CH,)sCl
O
3h [40] S(CH,);NH, 3r [87] (CH,)sSH
Fe
3i [40] S(CH,),OH 35 [88] W
HO
3j [40] S(CH,),Cl 3t[88] Fe




Table 2.3 (continued)

2.3 Synthesis of 2,2':6',2"-Terpyridine Derivatives

No./Lit. R No./Lit. R
3u [89] - o 3bb[9,88] CH,Br
H NH
L-tyrosine-fragments, R’ = H,
COPh.
O
/ /
3v [64] — 3cc [90]
O O
~
3w[91,92] CO,C.H, 3dd [90]
\_o
3x[62] NO, 3ee [90, 93] / |
S
RS
3y [62] NH, 3£ [90]
\_s
‘<<;[R
R'
32 (94 N 3gg(o5] AT OR=R=H
z[94] 3 88[%] 2 X-0;R=NO;R =H
3.X=0;R=Br;R'=H
4. X=NH;R=R'=H
5.X=S;R=Br;R'=H
6.X=S;R=Br;R' =Br
7.X =S; R = piperidine; R1 = Br
3aa [9] CH,OH 3hh [96] SnBus
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Scheme 2.9 Pd-catalyzed cross-coupling to ethynyl-terpyridines.

The use of these alkyne couplings is straightforward and opens up interesting
avenues to various polytopic terpyridine ligands that can be used in the construc-
tion of supramolecular assemblies. Because of the extended conjugation systems,
these compounds are characterized by outstanding optical properties such as room
temperature luminescence of the corresponding ruthenium complexes. Further-
more, they have notable potential as “nanowires.” A large variety of these
compounds have been prepared in the laboratory of Ziessel, who reviewed this
topic in 1999 [104]. This coupling procedure is very versatile and allows the
construction of diverse mono- and bis-terpyridines containing extended conjugated
alkyne units.

Aspley and Williams [64] synthesized 4’-boronate ester-substituted terpyridine
ligands utilizing the Pd-catalyzed Miyaura [29] cross-coupling reaction; thus, ligand
3v was prepared (69%) from 4’-bromoterpyridine, bis(neopentylglycolato)diboron,
KOAc, and [1,1”-bis(diphenylphosphino)ferrocene]PdCl, [Pd(dppf),Cl,]. Butyl
terpyridine-4'-carboxylate (3w) was obtained (76%) by Pd-catalyzed carboalkoxy-
lation of 4-[(trifluoromethylsulfonyl)oxyJterpyridine [101] with CO in n-BuOH
and Bu,N [91, 92].

Fallahpour et al. [62] conveniently introduced nitro and amino groups into the
4’-position of the terpyridine ligands via the Stille reaction; for example, 2,6-
dibromo-4-nitropyridine, which was obtained from 2,6-dibromopyridine- N-oxide,
was coupled with 2-tributylstannylpyridine to afford (68%) 4’-nitroterpyridine (3x).
Reduction of 3x with hydrazine hydrate in the presence of palladium on charcoal
resulted (76%) in the formation of 4’-aminoterpyridine (3y); whereas, 4’-azido-
terpyridine (3z) was obtained (70%) by conversion of the 4’-nitroterpyridine (3x)
with NaN; in DMF [94].

4’-(Hydroxymethyl)terpyridine (3aa) was synthesized by Martinez-Mafiez et al.
[9, 88] by the reduction of 4’-formylterpyridine [16] with NaBH, in THF in 85%
yield. Subsequent reaction of 3aa with CBr, and triphenylphosphane in CH,Cl,
yielded (40%) 4’-(bromomethyl)terpyridine (3bb).

2-Furyl- (3cc), 3-furyl- (3dd), 2-thienyl- (3ee) and 3-thienyl- (3ff) moieties were
attached to the 4’-position of 2,2:6”,2”- as well as other terpyridine structures [90]
by treatment of 2- or 3-furaldehyde, or 2- or 3-formylthiophene, respectively, with
2-acetylpyridine in the presence of KOH in a methanol/water mixture. The
obtained intermediates were converted (57-78%) to the corresponding terpyridines
utilizing a modified Krohnke synthesis. Constable et al. [93] reported the one-pot
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Scheme 2.10 Synthesis of multitopic terpyridines by reaction of amines
with 4’-chloroterpyridine.
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ring closure of two equivalents of 2-acetylpyridine and 2-thiophenecarbaldehyde
via the intermediate diketone affording (40%) 4’-(2-thienyl)terpyridine (3ee).
A relatively new contribution describing the partially solventless synthesis of
terpyridines, functionalized with furanes, thiophenes, and pyrroles (3gg), has been
described by Cave et al. [24-26], in which the first step of the Krohnke reaction
was performed solventlessly using Al,O;, and the second one was executed in the
traditional fashion [95].

The thermally induced [4+2] cycloaddition of 3,5-bis(2-pyridyl)-1,2,4-triazine and
tributyl(ethynyl)tin allowed the regioselective introduction of a tributylstannyl
group yielding (73%) 4’-(tributylstannyl)terpyridine (3hh) [96]. As described in
Sections 2.3.4 and 2.3.5, this method also enables the tributylstannyl functionali-
zation of the terminal rings.

By reaction of 4’-chloroterpyridine with aromatic amines, various new ter-
pyridines, including a tetrakisterpyridine, could be obtained (Scheme 2.10) by a
nucleophilic aromatic substitution, in a manner comparable to the preparation
of ethers [105]. No solvent was required, and the reaction was performed by simply
heating the components.

Table 2.4 Terminally substituted 2,2":6,2”-terpyridines (unsymmetrical).

Rl N O R2

N
No./Lit. R R?
4a [106] 6-Br 6"-CH,
~
4b [106] 6"-CH,
o]
~ R+S
—
4c[108] 6"-H
o}
- R+S
4d [109] 6-Ph 6"-H
4e[109] 6-Ph + 4-Ph 6"-H
4£[96] 4-SnBu, 4" H

4g96] 4-Bror 4.1 4"H
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A pair of enantiomeric 6-norbornenyl-6”-methylterpyridines (4b) was prepared
(58%) by Constable et al. [106] via the reaction of 6-bromo-6"-methylterpyridine
(4a) synthesized via Krohnke methodology with the sodium salts of (1S)-(-) or
(1R)-(+)-borneol (Table 2.4). A similar method was used to prepare the chiral
monosubstituted 6-(norbornenyl)terpyridines (4c) from 6-bromoterpyridine [107,
108]. The same group reported on the preparation of 6-phenyl- (4d; 66%) and 4,6-
diphenyl-(4e; 71%) terpyridines utilizing Kréhnke methodology [109].

By the use of the appropriate tailor-made 1,2,4-triazines, Sauer et al. [96]
synthesized 4-(tributylstannyl)terpyridine (4f) in a [4+2] cycloaddition with
tributyl(ethynyl)tin in 54% yield. Subsequently, the tributylstannyl group could
be converted into a bromo or iodo group with Br, or I, at —60 °C yielding (69 and
61%) the corresponding terpyridines 4g, respectively.

235
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The synthesis of 6,6”-dimethylterpyridine [18] (5a) was improved (43%) by using
a Stille-type cross-coupling of 2,6-dibromopyridine and 2-tributylstannyl-6-
methylpyridine (Table 2.5) [35].

Constable et al. [109] used a Krohnke ring-closure with different Mannich salts
to yield (63%) 5a. These authors also utilized the same method for the preparation
of 6,6”-diphenylterpyridine (5b) with a Mannich salt and N-phenacylpyridinium
bromide in 56% yield. Ring-closure of the bis-chalcone of 2,6-diacetylpyridine
and N-phenacyl- or methyl-pyridinium bromide resulted in the analogous 4,4”-
substituted 5c¢ (71%) and 5d (61%). El-Ghayoury and Ziessel [91, 92] described
the preparation of 6,6”-di-(n-butoxycarbonyl)terpyridine (5e) from 6,6”-dibromo-
terpyridine, CO, and Pd(PPh;),Cl, in n-BuOH and n-Bu;N in 50% yield. Reduction
of 5e with NaBH, afforded (88%) 6,6”-bis-(hydroxymethyl)terpyridine (5f).
Subsequent oxidation of 5f with oxalyl chloride and DMSO in dichloromethane
yielded (86%) 6,6”-diformylterpyridine (5g). Benniston [110] published the
preparation of 6,6”-bis[4-(hydroxymethyl)phenyljterpyridine (5h) by ring formation.

Galaup, Picard et al. [114] introduced terminal functionality by means of the
bis-N,N"-oxide, which afforded the 6,6”-dinitrile (5s) under Reissert-Henze reaction
conditions [115]. Subsequent conversion of 5s to the corresponding acid (5t), ester
(5u), or hydroxymethyl group (5f) to the desired bromomethyl (5v) functionality
followed a traditional pattern. Displacement of the labile bromo groups with a
protected triamine created an 18-membered hexaazamacrocycle incorporating the
2,2:6’,2"-terpyridine moiety.

Sauvage et al. [39] described the Stille cross-coupling to improve (67%) the
synthesis of 5,5”-dimethylterpyridine (5i) [116] by coupling 2-trimethylstannyl-5-
methylpyridine and 2-bromo-5-methylpyridine. Schubert et al. [112] utilized 2-tri-
butylstannyl-5-methylpyridine and 2-bromo-5-methylpyridine to enhance the yield
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Table 2.5 Terminally substituted 2,2":6,2"-terpyridines (symmetric).

N
No. R No. R
5a[35,109]  6,6"-CH, 51[110,111]  3,3"-p-C¢H,-CH,
5b [109] 6,6"-Ph 5m [113] ;’l z}ggg gggli H. OMe
5¢ [109] 4,4"-Ph/6,6"-Ph 5n[22] 5,5"-CH=CHN(CH,),
5d [109] 4,4"-CH,/6,6"-Ph 50 [22] 5,5"-CHO
44"R'[5,5"-CH,
5e (91,92 6,6"-CO,C,H, 5p [22] R’ = Ph, CHO, CH=CHN(CH,),,
CH,OH, CO,CH;, CH,, H.
5£[91, 92] 6,6"-CH,0H 5q[96] 44"-SnBu,
5¢[91,92] 6,6"-CHO 51 [96] 44" Br; 4471
5h [110] 6,6"p-CsH-CH,OH | 5s[114] 6,6"-CN
5i[39,112)  5,5"-Me 5t[114] 6,6"-COOH
5§ [112] 5,5"-CH,Br 5u[114] 6,6"-COOMe
5k [35] 4,4"-CH, Sv[114] 6,6"-CH,Br

(90%) of the same product. Subsequent bromination with NBS and AIBN in CCl,
gave (30%) 5,5”-di(bromomethyl)terpyridine (5j). Schubert et al. [35] also described
the synthesis of 4,4”-dimethylterpyridine (5k) via Stille-type cross coupling in 52%
yield.

The uniquely hindered 3,3”-positions were also functionalized by Benniston et
al. [110, 111] in order to introduce functionality from the “back” of the chelator;
thus, 3,3”-di(4-p-tolyl)terpyridine (5j) was obtained via a 6-step synthesis including
coupling and ring-closure reactions.

Mikel and Potvin [113] described the synthesis of different 4,4”,6,6"-tetra-
substituted terpyridines 5m. For example, 4,4”-diphenyl-6,6”-di[4-(ethoxycarbo-
nyl)phenyljterpyridine was obtained (80%) from a double Krohnke reaction; the
4,6,4”,6"-tetraphenylterpyridine (98%) and 4,4”-diphenyl-6,6”-di-(4-methoxy-
phenyl)terpyridine (90%) were also prepared in a similar manner. Starting from
5,5”-dimethylterpyridine, Sasaki et al. [22] described the synthesis of 5,5”-di[(N,N'-
dimethylamino)methylidene]terpyridine (5n) and 5,5”-diformylterpyridine (50).
The authors utilized tert-butoxy-bis(dimethylamino)methane (Bredereck’s reagent)
to form (47%) 5n by heating 5,5”-dimethylterpyridine in DMF for several days.
The formyl derivative 50 was then obtained (51%) by oxidation of 5n with NalO,.
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By the use of 4,4”,5,5"-tetramethylterpyridine, which was obtained — as well as
4,4”-diphenyl-5,5”-dimethylterpyridine — via the Kréhnke procedure [2], the same
authors synthesized the following terpyridines, summarized as 5p: 4,4”-diformyl-
5,5”-dimethylterpyridine by oxidation of 4,4”,5,5”-tetramethylterpyridine with
H,SeO; (42%) and 4,4”-bis[(N,N-dimethylamino)methylidene]-5,5”-dimethylter-
pyridine by conversion with Bredereck’s reagent in 67% yield. Furthermore, the
4,4”-diformylated terpyridine could be reduced with NaBH, in order to obtain the
corresponding hydroxymethyl compound (77% yield).

As described in Section 2.3.4, Sauer et al. [96] prepared (47%) 4,4”-bis-(tributyl-
stannyl)terpyridine (5q) from 2,6-bis(1,2,4-triazin-3-yl)pyridine and tributyl(ethy-
nyl)tin. By subsequent treatment of 5q with Br, or I,, the corresponding bromo
and iodo compounds 5r in 79 and 53% yield, respectively, were formed.

2.3.6
Uniform All-Ring Substituted 2,2:6”,2”-Terpyridines

A symmetrically functionalized terpyridine possessing one chloro moiety per ring
(6b) was prepared by Cummings et al. [117] (Table 2.6).

Starting from 4,4’,4”-trinitroterpyridine-N-oxide (6a) and excess of chlorine in
glacial acetic acid, 6b was obtained (70%), following a method described earlier
by Case [118]. The 4,4",4"-, 4,5,5”-, and 4’,6,6"-trimethylterpyridines 6c-e (for 6c,
see also [119]) were also synthesized (50-60%) using Stille-type cross-coupling
between the corresponding methyl-2-tributylstannylpyridines and 2,6-dibromo-

Table 2.6 Uniform all-ring substituted terpyridines.

R

R N O R

No. R

6a[117, 118] 4,4',4"-NO,— N-oxide
6b[117, 118] 4,4',4"-Cl

6¢[33, 119] 4,4'4"-CH,

6d [33] 4',5,5"-CH;

Ge [33] 4',6,6"-CH;

6£120] 4,4',4"-(5-nonyl)
6g[110] 4,4',4"-Ph

6h [121, 122] 4,4' 4"-tert-butyl
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4-methylpyridine [33]. 4,4",4”-Tris(5-nonyl)terpyridine (6f) was obtained via the
Pd-catalyzed coupling of 4-(5-nonyl)pyridine [120, 123]. Krohnke condensation
was similarly used to synthesize 4,4’,4”-trisphenylterpyridine (6g) [110].

2.3.7
Multifunctional 2,2":6’,2"-Terpyridines with Variable Substituents

Terpyridines bearing different functional groups at the 4’-position and on the
outer pyridine rings have recently expanded the versatility within the terpyridine
family (Table 2.7).

Fallahpour et al. [23, 124] treated 4-ethoxy-2,6-diacetylpyridine with paraform-
aldehyde and dimethylamine in DMF to yield (71%) a Mannich salt as pink crystals,
which with N-(methylacetyl)pyridinium chloride in ethanol readily resulted (56%)
in the formation of 4’-ethoxy-6,6”-dimethylterpyridine (7a); subsequently, similar
Krohnke preparations gave 7b-7d. The ethyl ether of 7b was cleaved in pyridine
and HCl to generate (50%) 4’-hydroxy-5,5"-dimethylterpyridine (7e).

Stille cross-coupling of 4-ethoxycarbonyl-2,6-dibromopyridine and 6-methyl-2-
tributylstannylpyridine was used to synthesize (44%) 4’-ethoxycarbonyl-6,6"-
dimethylterpyridine (7f) [34, 114]. Subsequently, the methyl groups were converted
(27%) to bromomethyl groups (7g) via NBS bromination in benzene. In the same
manner, the 4-carboxy- [35, 125] or (m)ethoxycarbonyl [35, 125]-5,5"-dimethyl-
2,2":6’,2"-terpyridines (7h) have been prepared in ca. 60% yield. Bromination of
the ring methyl groups resulted in the formation of the corresponding 4’
(m)ethoxycarbonyl-5,5”-di(bromomethyl)terpyridine (7i) in 10 and 70% yields,
respectively. Substitution of the bromo groups by acetate groups with NaOAc in
acetic acid gave (70%) 4’-ethoxycarbonyl-5,5”-di(acetoxymethyl)terpyridine (7j)
[35, 126]. Reduction of the 4’-ester group of 7h with NaBH, in methanol yielded
(85%) the 5,5”-dimethyl-4’-(hydroxymethyl)terpyridine (7k) [35, 126], which could
be protected with TBDMS-CI in pyridine to give (85%) ether 71.

Schliiter et al. [37] prepared various 4’-functionalized terpyridines with bromo
or chloro groups at the terminal 5,5”-positions utilizing Stille cross-coupling
conditions, for example, 2-trimethylstannyl-5-chloro- (or bromo-) pyridine and
2,6-dibromopyridines functionalized in the 4-position with CH,0CH,; or CH,O-
MEM (MEM = methoxyethoxymethoxy). These authors further synthesized the
terpyridine 7m (65%), 7n (14%), and 7o (26%). Fallahpour et al. [62] prepared
4’-nitro-5,5”-dimethylterpyridine (7p) utilizing the Stille conditions with 2,6-
dibromo-4-nitropyridine and 5-methyl-2-tributylstannylpyridine in 64% yield. The
nitro group was reduced (69%) to the amino moieties in the presence of palladium
on charcoal and hydrazine hydrate to give 7q. The reaction of the nitro derivative
7p with NaN; in DMF afforded (72%) 4’-azido-5,5”-dimethylterpyridine (7r) [94].
Fallahpour et al. have also prepared the related monomethyl derivatives [62]. For
example, 4"-nitro-5-methylterpyridine (7s) was obtained via Stille coupling of 2,6-
dibromo-4-nitropyridine and 5-methyl-2-tributylstannylpyridine. The nitro group
was converted to the corresponding amino function (7t) by reduction over Pd/C
or to an azido group (7u) by treatment of the nitro derivative with NaN; in DMF
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Table 2.7 Multifunctional terpyridines with variable substituents.

R1
R2 Q R?

N
No. R' R?
7a (23, 124] OCH,CH, 6,6"-CH,
7b [23, 124] OCH,CH, 5,5"-CH,
7c (23, 124] OCH,CH, 44"-CH,
7d [23, 124] OCH,CH, i:i::}‘f_ﬁ&ene
7e 23, 124] OH 5,5"-CH,
7f[34] CO,CH,CH, 6,6"-CH,
7g [34] CO,CH,CH, 6,6"-CH,Br
7h [34, 35 Egjgﬁféﬁzcm or 5,5"-CH,
71 [35, 126] ggiggz ((3);13 5,5"-CH,Br
7§ [35, 126] CO,CH,CH, 5,5"-CH,0Ac
7k [35, 126] CH,OH 5,5"-CH,
7135, 126] CH,OTBDMS 5,5"-CH,
7m [37] CH,OCH,, 5,5"-Cl
7n [37) CH,OCH,, 5,5"-Br
70 [37] CH,O-MEM 5,5"-Br
7p [62] NO, 5,5"-CH,
7q[62] NH, 5,5"-CH,
7r [94] N, 5,5"-CH,
75 [62] NO, 5-CH,
7t [62) NH, 5-CH,
7u [94] N, 5-CH,
7v [91] p-toluene 6,6"-COOC,H,
7w [114] Me 6,6"-CH,0H
7x [114] Me 6,6"-CH,0CH,COOMe
7y [114] Me(N-O) 6,6"-CH,0CH,COOMe
72 [114] CH,Br 6,6"-CH,0CH,COOMe
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[94]. El-Ghayoury and Ziessel [91] et al. prepared (52%) 4’-(4-methylphenyl)-6,6"-
di(n-butoxycarbonyl)terpyridine (7v) from the corresponding 6,6”-dibromo
derivative [17] in the presence of Pd(PPh,)Cl,, CO, and Bu;N in n-butanol.

Beley et al. [127] reported the five-step synthesis of 3’,4’-di(carboxy)terpyridine,
shown to be an extremely powerful extractor of iron traces (ppm), from 2-acetyl-
pyridine and furfural, when this acid was treated with POCI;/PCl; and then
methanol to afford the diester (28%) along with the interesting 4-chloro-3",4"-
di(methoxycarbonyl)terpyridine.

Galaup, Picard et al. [114] introduced terminal functionality as well as either a
4-ethoxycarbonyl or a -CH,CH,COOMe moiety via an initial Stille-type cross-
coupling procedure with ethyl 2,6-dichloro-4-pyridinecarboxylate with 2-methyl-
6-(tributylstannyl)pyridine [128] to generate the 4’-ethoxycarbonyl-6,6”-dimethyl-
terpyridine (7f), which was reduced to the 4’-hydroxymethyl derivative (7w).
Protection of the hydroxy moiety (7w) was conducted by treatment with methyl
o-bromoacetate; subsequent conversion of 7y to 7z followed a traditional sequence:
conversion to the bis-N-oxide via treatment with 3-chloroperbenzoic acid, then
rearrangement by perfluoroacetic anhydride, and finally nucleophilic substitution
with LiBr.

The novel synthesis of highly (symmetrically) substituted terpyridines via a
triazine intermediate has recently appeared; initially 2,6-diformylpyridine is
condensed with two equivalents of an isonitrosoacetophenone hydrazone to afford
(52%) the 2,6-bis[6-(4-aryl)-1,2,4-triazin-3-yl-4-oxide]pyridine, which, on treatment
with acetone cyanohydrin and triethylamine under reflux, generated (55%) the
key intermediate 2,6-bis[5-cyano-6-(aryl)-1,2,4-triazin-3-yl|pyridine, whose con-
version (90%) to 5,5”-bis(aryl)-6,6”-dicyanoterpyridine was accomplished via
heating in the presence of bicycle[2.2.1]hepta-2,5-diene in toluene [129].

2.4
Summary and Outlook

The large number of interesting applications of functionalized 2,2":6’,2"-ter-
pyridines capable of metal ion coordination has expanded their versatility in the
fields of supramolecular and macromolecular chemistry as well as electro-
chemistry. Modern ring-assembly and cross-coupling procedures enable the well-
directed introduction of different functionalities into almost every position of the
terpyridine ring system. Nevertheless, the overall molecular diversity of these
terpyridine derivatives is still comparatively small, since the methods for their
construction are only compatible with a few less-reactive functional groups.
Therefore, subsequent functional group conversions have to be carried out to
enhance the “pool” of terpyridine ligands. Particularly in the field of multifunctional
terpyridines, further progress is required to introduce different highly reactive
groups into one molecule. This could allow the incorporation of the chelating
ligands into more complex architectures and would open avenues to novel
materials in the fields of supramolecular, polymer, or surface chemistry.
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3
Chemistry and Properties of Terpyridine Metal Complexes”

3.1
Introduction

In this chapter, an overview of the latest achievements in the field of mononuclear
terpyridine complexes is presented. The emphases are directed toward ruthe-
nium(II) complexes and their optical properties with a special focus on their
properties (e.g., redox properties, luminescence, etc.). Potential applications in
optical nano-devices, molecular storage units, molecular switches [1], or solar
cells are presented. The related, extended-supramolecular architectures, e.g., dyads,
triads, and cyclic structures, will be presented in Chapter 4.

3.2
Synthetic Strategies

3.2.1
Metal Complexes

Bisterpyridine metal complexes of the type [M(tpy),(X),] (X = e.g. Cl", ClO;, PF)
have been known for a long time [2—4]. A major structural characteristic of these
complexes is the strength of their metal-ligand coordinative connectivity. With
many transition metal ions in low oxidation states, a bis-complex is formed with a
pseudo-octahedral coordination at the metal center. The inherent stability of this
type of complex can be explained by the strong metal-ligand (d-n*) back-donation
as well as dynamic chelate effect.

Depending on the specific metal ion, complexes can show different stabilities,
as expressed in the stability constants (K values), where K; represents the mono-
complex (1: 1) and K, the bis-complex (2 : 1) [5]. It can be concluded from the K
values that Fe(II) complexes are more stable then the corresponding Mn(II) and
Cd(II) complexes (Table 3.1).

*

Parts of this chapter are reproduced from Chem. Soc. Rev. 2004, 33, 373-399 by permission of
The Royal Society of Chemistry.

Modern Terpyridine Chemistry. U. S. Schubert, H. Hofmeier, G. R. Newkome
Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-31475-X
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Table 3.1 Stability constants of [Ru(tpy),]** complexes measured in water [5].

Metal ion log K; log K, log 3,

Mn? 4.4

Fe?* 7.1 13.8 20.9

Co? 8.4 9.9 18.3

Ni%* 10.7 11.1 21.8
6.0

Zn® 6.7 (6] 5.2[6]

Cd* 5.1

Table 3.2 Thermal stability (temperature of 5% weight loss in °C) of terpyridine
ligands and metal complexes [7].

Terpyridine ligands Bisterpyridine complexes
H 5,5"-dimethyl Mn?* Hg* Co* Zn**
225 245 315 336 371 390

Terpyridine ligands, as well as their corresponding metal complexes, were also
investigated regarding their thermal stability utilizing thermogravimetric analysis
(TGA). Compared to the free ligand, the metal complexes revealed a significant
increase in thermal stability, as concluded from the temperature of onset of a 5%
weight loss (Table 3.2) [7].

The common geometry of these bisterpyridine complexes is a distorted octa-
hedral geometry, the usual coordination for transition metal ions being hexa-
coordinate. The distorted octahedral coordination geometry has been determined
in detail by a single-crystal X-ray structure analysis of [Ru(tpy),(PF¢),] - 2 MeCN
[8]. Figure 3.1 shows the crystal structure of a typical [Ru(tpy),]** complex [9].

Figure 3.1 Crystal structure of a typical [Ru(tpy),]** complex [9].
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In order to obtain [Ru(tpy),]** complexes, the ligand is treated with the specific
metal ion [e.g., Zn(II), Co(II), Cu(II), Ni(II), Fe(II)]ina 2 : 1 (ligand : metal) ratio
(Scheme 3.1a). The complexes are purified in a simple two-step procedure:
(1) exchange of the counterions and (2) subsequent recrystallization. Addition of
metal salts to a mixture of two different terpyridines leads to a statistical mixture
of homo- and hetero-complexes. In order to prepare exclusively the asymmetric
complexes, a directed strategy, where the two ligands are introduced in a two-step
process (Scheme 3.1b) has to be used. Suitable metals for this strategy are generally
Ru(III) and Os(III) (as well as Co(III) and Rh(III) [10]) in which the metal(III)
1: 1-complex is isolated and subsequently reduced in situ (details are given below
in Section 3.2.1.1). Strongly electron-withdrawing substituents, e.g., 4-cyano-tpy,
have been noted to present problems in the construction of the desired [Ru(tpy),]**
complexes; recently however, the heteroleptic and homoleptic Ru(II) complexes
have been reported [11].

The UV-vis spectra of terpyridine metal complexes show a bathochromic shift
of the ligand-centered (LC) absorption bands for all metal complexes (Figure 3.2).
In the case of the Fe(II) and Ru(II) complexes, a characteristic metal-ligand-charge-
transfer (MLCT) band can be observed. This absorption lies in the visible region
and is responsible for the intense color [purple for Fe(II) and red for Ru(II)]. For
Fe(Il) complexes, a distinct metal-centered band can be detected; whereas for
Ru(Il), only a shoulder was detected.

MALDI-TOF mass spectrometry is a well-suited tool for the analysis of
bisterpyridine metal complexes [12]. Compared to other mass spectrometry

.o 2 s{c}a

c
b.—[ —-I—[a\—m . C)—I:
cl

Scheme 3.1 Schematic representation of the formation of symmetrical (a)
or unsymmetrical (b) bisterpyridine complexes.
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Figure 3.2 UV-vis spectra of [M(tpy),]** complexes [Zn(ll), Co(ll), Fe(ll), and Ru(ll)]
compared to the free ligand (in MeCN).

techniques, MALDI-TOF MS is very soft, thus allowing the ionization and detection
of terpyridine complexes. The complex cation can be detected without ligand
fragmentation. Usually complexes without counterions as well as ion pairs with
one PFy ion and sometimes with both counterions can be detected, in which the
cation (without counterions) shows the highest intensity. In addition, matrix
adducts could be observed for bisterpyridine metal complexes but are rare for the
Ru(Il) complexes. Furthermore, adducts of the cations from the dopant salt (Na*
or K) can also be detected; however, at higher laser intensity, fragmentation of
the complex cation occurred. The degree-of-fragmentation is dependent on the
applied laser energy and thus allows an estimation of the complex’s binding
strength [12]. All species are singly, positively charged. This phenomenon can be
explained by a plume of charged particles emitted in the desorption process that
also contains electrons. Subsequently, a partial neutralization occurs from which
the singly charged species survives the longest; therefore, only these ions were
detected (the surviving more highly charged species have such a low intensity
that they generally are not observable) [13, 14]. A typical MALDI-TOF MS is shown
in Figure 3.3, also the comparison of the observed isotopic distribution pattern
(left insert) with that of the simulation (right insert) revealed an excellent
correlation.

The "H NMR spectra for the ligand and related bis-complex show a characteristic
shift for the 6,6”-proton signals. The cause of this behavior is inherent in the
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Figure 3.3 MALDI-TOF MS of an asymmetric [Ru(tpy) (tpy’)]** complex
including a simulation (right insert) of the isotopic pattern (see [9]).

configuration within the complex, in that the ligands are perpendicular to each
other; thus, the 6,6”-protons in the bis-complex are located above the ring plane of
the aromatic ring of the adjacent ligand, causing the observed upfield shift of
these unique protons. Also the signals for the other protons reveal less dramatic
shifts when compared to the free ligand. As well as the influence of the metal-
ligand bond, the chemical environment is also different, in that the free ligand’s
nitrogen atoms possess an anti orientation in the crystal structures but in the
complexes orientation must be syn for N-coordination (Figure 3.4).

Cobalt complexes show an interesting feature in that, despite their inherent
paramagnetism, the "H NMR spectrum appears typically well resolved and the
chemical shifts are influenced by the paramagnetic character of the Co(II) core.
Due to hyperfine interaction of the unpaired Co(II) electrons with the ligand
protons, a shift to low field was observed, and the signals were still sufficiently
sharp for proton integration [15]. In that these Co(II) complexes can be either
high-spin or low-spin, Constable et al. reported that the spin state of the Co(II)
center can be distinguished by the chemical shifts of the NMR signals [16]. The
lowest resonance in low-spin complexes can be found at ca. 100 ppm; however, it
can be detected at ca. 250 ppm for high-spin complexes. Note that there are
exceptions, such as bromoterpyridine, where the ligand field is weakened by the
substituent [17, 18]. Figure 3.5 shows a typical '"H NMR spectrum of a low-spin
cobalt complex [19].
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Figure 3.4 'H-NMR spectrum (a) of terpyridine and [Ru(tpy),(PF¢),] (in CD;CN);
(b) the critical steric interactions are depicted in the models.

Copper(Il) ions allow the preparation of a special type of complex; thus, by
using equimolar amounts of terpyridine and bipyridine, complexes containing
both ligands can be obtained in one step [20, 21]. A two-step reaction also gave
this type of complex [21], and the asymmetric complexes can be obtained in nearly
quantitative yields. Helical trinuclear complexes could be synthesized by assem-
bling a tristerpyridine ligand and a trisbipyridine ligand with Cu(II) ions [22]. The
crystal data for the copper complexes revealed a pentacoordinated metal center of
square-pyramidal geometry in which the sixth position is occupied by a loosely
coordinated PF; counterion (Figure 3.6). A family of acetylide- and carbine-
ruthenium complexes possessing both the terpyridine and bipyridine ligands has
appeared; emission studies have shown some to be non-emissive while others
produced an emission at diminished temperatures, which were assigned as
d_(Ru(IT) — * (polypyridine) *MLCT in nature [23]. Other related Ru(II) complexes
have recently appeared and were supported by X-ray analysis: [Ru(MeCN)(phen-
anthroline)(tpy)(PFy),] [24], [Ru(tpy)(acac)<(4-hydroxy-3-methylbutynyl)phenyl-
cyanamide>] [25], [Ru(typ)(2,6-bis(2-naphthyridyl)pyridine) (PF),] [26], [Ru(tpy)<1-
[6-(2,2"-bipyridinyl)]-1-(2-pyridinylethanol>(ClO,),] [27], and [Ru(tpy)(3-amino-6-
(3,5-dimethylpyrazol-1-yl)-1,2,4,5-tetrazine) (Cl)] [28].
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Figure 3.6 Schematic representation of the synthesis of bipyridine-
terpyridine Cu(ll) complexes; X-ray structure of such a typical complex.
(Reprinted with permission from [29]).

3.2.1.1 Ruthenium Complexes
Complexation of terpyridine ligands with an Ru(II) center can be conducted in a
simple two-step sequence (Scheme 3.2). The Ru(IIl) intermediate is generally
isolated but not characterized, then simply reacted in the next step with a second
equivalent of the same or different terpyridine under reductive conditions to afford
the desired symmetric or asymmetric Ru(Il) complex, respectively [3].

In the first step, RuCl; - nH,0 is added to either a methanolic or an ethanolic
solution of the first terpyridine ligand. The resulting mono complex is generally
insoluble and, in most cases, can be simply filtered; since it is paramagnetic,
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Scheme 3.2 Synthetic strategy toward asymmetric [Ru(tpy) (tpy’)]** complexes [3, 30].

typical NMR characterization cannot be conducted. This intermediate is sub-
sequently suspended with the second ligand in methanol containing N-ethyl-
morpholine [31] and refluxed for 1-4 h. The solvent can also act as a reducing
agent for the Ru(III) — Ru(II) conversion. Alternatively, an equimolar amount of
AgBF, can be added to the initial Ru(III) complex in DMF or acetone to remove
chloride ions [30]. The vacant coordination sites are then occupied by the weakly
binding solvent molecules, affording an activated species that is soluble, unlike
the original [Ru(tpy)(Cl);] complex. This intermediate is reacted without isolation
with the second terpyridine (after filtration of the AgCl precipitate) to lead to the
desired [Ru(tpy),]*" complex; yields are typically in the range 50-90%. Although
this is a directed method, the formation of a statistical mixture of hetero- and
homo-complexes has been reported [32], but this is atypical behavior and was not
explained by the authors.

One of the mildest procedures for the preparation of [Ru(tpy),]*" complexes
[33] utilizes [Ru(tpy)(DMSO)(Cl),] [34]. Some functionalized terpyridines possess-
ing structurally sensitive groups, e.g., ethynyl, can only be introduced by means
of this mild reagent. The structure of the precursor was confirmed by X-ray analysis.
Another (somewhat unusual) method was presented by Greene et al., who
demonstrated that microwave-assisted heating gave the desired product in yields
up to 94% within one minute [35].

Symmetric terpyridine complexes can be obtained by the RuCl;-N-ethylmorpho-
line method, either in a two-step reaction by applying the same ligand twice or in
a one-pot reaction. The availability [36] of [Ru(DMSO),(Cl),] should also be
considered. Another method described by Rehahn starts from RuCl;, which is
dechlorinated with AgBF, in acetone [37]. The resulting [Ru(Me,CO)¢]** complex
possessing the weakly bound solvent ligands is subsequently subjected to the
terpyridine ligands under reductive conditions.

It should be noted that the [Ru(tpy),]** center can be reduced by electro-
crystallization, resulting in neutral complexes. The crystal structures of both
[Ru(tpy),]** and [Ru(tpy),]° complexes have been accomplished showing indeed
that the latter neutral ruthenium complex does not possess external counter-ions
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[38]. The observed species actually exists as an Ru(II) complex, but is coordinated
to two terpyridine radical anions.

Photophysical Properties

Absorption, as well as emission spectra, revealed that a metal-ligand charge transfer
takes place in these [Ru(tpy),]*" complexes. As opposed to bipyridine complexes,
where a phosphorescence phenomenon can be observed over a wide temperature
range, no emission is detected at ambient temperature in the case of terpyridines
because of a non-radiative transition of the excited triplet metal-to-ligand charge-
transfer (*MLCT) state by a triplet metal-centered (*MC) state to the ground state
(see, e.g., [2]). At low temperatures, however, this path becomes less efficient, and
luminescence can thus be observed [39-41]. For a sufficient observation of the
emission properties, the material can be “dissolved” in a rigid glass at 77 K [42].

2.5x10° 7 increasing
temperature

2.0x10°

1.5x10°

1.0x10°

Emission Intensity

5.0x10°

0.0+
600 650 700 750
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Figure 3.7 Top: structure of the [Ru(tpy) (4’-PhC=C-tpy]*" complex and temperature

dependent emission spectra (room temperature to 80 K), bottom: its energy level diagram.
(Reprinted with permission from [43], © 2004 American Chemical Society).
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Photophysical properties can, however, be fine tuned by the introduction of a
donor, an acceptor, or both, leading to room-temperature luminescent [Ru(tpy),]
complexes. Another method to improve the luminescence lifetime and quantum
efficiency involves the attachment of aromatic groups. One of the first examples
is represented by 4-(p-tolyl)terpyridine; an extension of this approach by connecting
aromatic rings to the terpyridine moiety leads to 4,4’,4”-triphenylterpyridine, which
revealed further improved optical properties. For more detailed information on
these kinds of systems, the reader is referred to a detailed review by Balzani,
Sauvage et al. [2].

The influence of delocalization was studied in detail on a mono(phenylethynyl)-
bisterpyridine Ru(II) complex [43]. The luminescence of this room-temperature
luminescent complex increases significantly at lower temperatures (Figure 3.7).
A comparison with the non-luminescent unfunctionalized [Ru(tpy),]** complex
led to the conclusion that delocalization reduces the electron-vibrational coupling
to the metal-centered state (responsible for radiationless deactivation).

A very different approach to the preparation of ambient-temperature lumi-
nescent ruthenium complexes is the entrapment of these materials in zeolite
cages [44]. The zeolite-induced destabilization of the ligand-field (LF) state results
in a strongly enhanced room-temperature emission of the [Ru(tpy),]*" complex.
A feature article by Armaroli highlights these photophysical processes in various
metallo-supramolecular compounds, including energy and electron transfer
processes [45].

3.2.1.2 Other Luminescent Metal Complexes

Iridium(III) ions were found to show an enhanced luminescence behavior when
compared to their Ru(II) analogues [46, 47]. Lifetimes above 1 ps could be obtained,
which were assigned to be predominantly ligand-centered n-m* phosphorescence
emissions [the metal-centered (MC) and metal-ligand-charge-transfer (MLCT)
levels are at higher energies] [48]. Furthermore, asymmetric complexes could be
synthesized in a similar fashion to that of the Ru(II) complexes: IrCl; - hydrate
was treated with a terpyridine ligand to afford the Ir(III)-mono-complex. This
intermediate was subjected to the second ligand without changing the oxidation
state of the metal center, but under harsher reaction conditions (diethylene glycol
at 200 °C). Among the examples are complexes containing both a tolyl and a
pyridinyl group; the latter was subsequently converted into a N-methylpyridinium
moiety. The luminescence of these complexes was quenched in the presence of
chloride ions, making such systems interesting sensors [49]. A recent contribution
from Williams et al. describes bis(4’-biphenylterpyridine) iridium complexes, which
exhibit intense long-lived emission due to the added aromatic ring conjugation.
This explanation was confirmed by a comparison to analogous complexes of
4’-mesitylterpyridine, where conjugation is completely hindered because of steric
repulsion [50]. Recently, a series of N-phenylbenzamide-substituted [Ir(tpy),]*"
complexes have appeared [51] and have been shown to possess *CT emission
properties causing a low-energy shift of the main absorption bands when compared

to [Ir(tpy),]’".
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Iridium complexes bearing porphyrins and cyclodextrins will be described in a
later section. For a recent review on such iridium-systems, see also [52].

Osmium complexes of terpyridines are also luminescent at room temperature.
The radiationless deactivation is less efficient because of a higher energy gap
between the triplet MLCT state and the triplet MC state: the *MLCT level of Os(II)
complexes lies at a lower energy than Ru(II), since (a) Os(II) is easier to oxidize
and (b) the *MC state lies at higher energy, the ligand field of Os(II) being stronger
than that of Ru(II). Osmium complexes, especially in dyads with ruthenium
complexes, will be considered later. (Asymmetric complexes can be synthesized
in a manner analogous to their Ru(Il) counterparts but not without statistical
ligand scrambling — there are, however, gentle methods available to make the
unsymmetrical Os(II) complexes [53].) Another metal ion, leading to luminescent
species, is that of platinum [54], which forms [Pt(tpy)(Cl)]" type complexes [55].
Whereas the parent complex is non-luminescent at room temperature, com-
plexes of 4’-substituted terpyridines or different co-ligands are emitters. The
DNA-binding properties [56-58] of these Pt-complexes make them interesting
sensors in biochemistry [59, 60]. Chromium(III) complexes [Cr(ttpy),(ClO,);] and
[Cr(Brphtpy),(ClO,);], where ttpy = 4’-(p-tolyl)terpyridine and Brphtyp = 4’-(p-
bromophenyl)terpyridine [61], have been prepared, characterized, and shown to
be moderate binders of calf thymus DNA; the influence of DNA on the emission
of these complexes has been described [62].

33
Mononuclear Bisterpyridine Ruthenium Complexes

Considerable work has already been done in the field of terpyridine complexation,
mostly on mononuclear terpyridine complexes, especially regarding the fine-tuning
of their optical properties or their use as precursors for the construction of
supramolecular architectures.

Carboxy groups (Figure 3.8) play an important role as substituents on terpyridine
ligands because of their potential use as surface anchoring groups or potential
internal counterions. For example when [Ru(tpy),]*" complexes are attached to
TiO,, which has been widely used in solar cell applications [63], novel solar cells
are possible.

The electropolymerizable thienyl group has also been introduced (Figure 3.8a)
into a terpyridine complex [64, 67]; the {{[RuLL'|[PF], (L = 4’-(3-thienyl)terpyridine;
L’ = 4’-carboxyterpyridine)} complex was prepared by two different synthetic
pathways. The first involved a protected carboxylic acid moiety during complexation
followed by hydrolysis, since direct complexation with the free carboxylic acid
resulted in a very low yield. The second approach was based on the oxidation of a
furan ring to generate the carboxyl moiety and was shown to be a superior
approach; thus, 4’-(2-furyl)terpyridine was reacted with 4’-(3-thienyl)terpyridine
ruthenium trichloride [68, 69], followed by permanganate oxidation under basic
conditions, affording the desired carboxy product.
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Ar 2PFS b
Figure 3.8 Carboxy-functionalized [Ru(tpy),]** complexes [64-66].

Carboxy groups have also been introduced into the 4-position of terpyridines
(Figure 3.8b) [65]. Because of their spatial orientation, they can easily coordinate
to methyl viologen [4,4-bis(methylpyridinium)] by ionic interactions, giving rise
to a photoinduced electron transfer.

In order to increase the electron injection efficiency and to reduce the chance
of complex desorption from a TiO, surface, asymmetric [Ru(tpy)(tpy’)]** complexes
possessing vicinal carboxylic acids were developed (Figure 3.8¢c) [66]. Because
complexation of the free diacid resulted in the loss of one carboxylic group
(decarboxylation), initial esterification was necessary. After saponification, the
resulting complexes demonstrated room-temperature luminescence and efficient
sensitization of nanocrystalline TiO, films, with conversion yields (incident photon
to current efficiency, IPCE) of up to 70%.

A new versatile preparation of boron-functionalized terpyridines and their
corresponding metal complexes has been reported [70]. In the following example,
4’-(4-bromophenyl)terpyridine [61] was functionalized with boronate groups by a
Pd-catalyzed Miyaura cross-coupling, resulting in the first example of a boronate-
functionalized terpyridine (Scheme 3.3). Subsequent hydrolysis of this inter-
mediate led to the free boronic acid. The ligand, bearing the boronic ester, was
successfully complexed with Ru(II); while the corresponding free acid disintegrated
under these reaction conditions because of the destabilized boron bond. Interest-
ingly, the boronation could also be performed on a preformed Ru(Il) complex.
The resulting boronate complexes were useful starting materials for further
reactions involving the boronate group (e.g. Suzuki-Miyaura cross-couplings).
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Br

HO/B\OH

Scheme 3.3 Synthesis of boronate [Ru(tpy),]** complexes [70].
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Scheme 3.4 Synthesis of a terpyridine sulfonate [71].

Electron-withdrawing groups in the terpyridine 4’-position have been shown to
afford room-temperature luminescent Ru(II) complexes [31]. Since 4’-chloro-
terpyridine revealed a weak luminescence, and in order to obtain a more efficient
complex, a 4-methylsulfone group was introduced via a 4’-(methylthio)terpyridine
(Scheme 3.4) [71], which was prepared according to the Potts procedure [72] and
then oxidized with a peracid to afford the desired sulfone.

Another acceptor moiety that has recently been reported [73] is that of a
triphenylpyridinium group; however, because of the steric demands of the aromatic
rings, substitution-extended conjugation is not possible, since molecular rotation
is inhibited (Figure 3.9a). In spite of the lack of conjugation between the terpyridine

Figure 3.9 (a) Triphenylpyridinium- [74] and (b) viologen- [75] functionalized terpyridine ligands.

51



52

3 Chemistry and Properties of Terpyridine Metal Complexes

and triphenylpyridinium moiety, an enhanced room-temperature luminescence
was still observed [74]. This behavior was ascribed to a through-bond electronic
substituent effect originating from the directly connected electron-withdrawing
group. In the elongated case, where the unit is separated by a para-phenyl spacer,
the formation of photoinduced electron-transfer (PET) processes with the
formation of charge-separated (CS) states is possible.

Another novel example, in which the pyridinium moiety was connected to a
terpyridine, is shown in Figure 3.9b. In this case, 1-methyl-1"-[4-(2,2":6’,2"-
terpyridin-4-yl)benzyl]-4,4"-bipyridinium was used to prepare the corresponding
2: l-osmium complex, in which the characteristic osmium luminescence was
efficiently quenched by the viologen moiety. The quenching probably involves an
intramolecular electron transfer [75].

Besides the introduction of electron-withdrawing groups [11], the extension of
the ligand’s conjugated n-system by one or more (hetero)aromatic rings was also
a promising approach (Figure 3.10).

One strategy toward such systems is by the attachment of (hetero)aromatic
rings. In the case shown in Figure 3.10a, a pyrimidine moiety was introduced
into the 4’-position of a terpyridine [76]; further substitution of that initial
pyrimidine at its 4-position with a second pyrimidine, phenyl, or pentafluorophenyl
groups extended the conjugated n-system. This structural elongation led to an
increased gap between the metal-centered and MLCT states, resulting in room-
temperature (lifetime up to 200 ns) luminescence. Other examples of luminescent
ruthenium complexes include complexes involving (2-aryl) [79]- or 2-(4’-pyridyl)-
4,6-bis-(2’-pyridyl)-1,3,5-triazine. These bis(2’-pyrimidyl)-1,3,5-triazines can be
considered as “heteroterpyridines” (nitrogen atoms in the 3,3’,5",3”-positions);
many are capable of possessing room-temperature luminescence (Figure 3.10b)
[77]. These complexes show luminescence due to a coplanar arrangement of the
aromatic rings, when N-heteroatoms are present in the ortho position (Figure 3.11).

In view of the repulsion of the ortho-hydrogen atoms (Figure 3.11), the phenyl
rings directly attached to a terpyridine are not coplanar. Similar [Ru(tpy),]**
complexes derived from 4’-pyridyl- and 4’-pyrimidyl-functionalized terpyridines,
and N-heteroterpyridines have been prepared and characterized (Figure 3.10c)
[78]; however, despite the similarity to the previously described systems, these
authors reported that these complexes are non-luminescent.

An interesting feature of 2,4,6-tris(2-pyrimidyl)-1,3,5-triazine is that it is actually
composed of three terpyridine subunits; the reported complex thus contains two
vacant complexing units. This architectural feature makes this system interesting
for the construction of extended supramolecular assemblies as will be described
later.

Besides simple (hetero)aromatic attachments, fused-aromatic hydrocarbons have
been introduced into terpyridines, in which the corresponding ruthenium
complexes showed room-temperature luminescence. Among the notable examples
is the 4’-(9-anthryl)terpyridine (An-tpy), which has been complexed to form [Ru(An-
tpy),]** and [Fe(An-tpy),]** complexes [80]. In a later report, this ruthenium
complex was reported as having no luminescence, since excitation of the complex
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Figure 3.11 Comparison of the conformations of phenyl- and
pyrimidine-substituted terpyridines.
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Figure 3.12 [Ru(tpy)z]z+ complexes, containing

(a) 9-anthryl- [82],

(b) pyrene-1-ylethynyl- [83], or

(c) 4-ethyl-5-pyren-1-ylethynylthiophen-2-ylethynyl- [84] extended aromatic functions.

can cause the formation of the triplet excited state of anthracene, which is lower
in energy than the *MLCT of [Ru(tpy),]*" and is non-emissive [81]. The species
[Os(An-tpy),]** and [Zn(An-tpy),]** were also made [81]; the Os complex was
luminescent. Other examples include the introduction of 1-pyrenyl moieties
(Figure 3.12) [82]. Recently, ethynylpyrene units have also been introduced in the
5,5”-positions of a terpyridine [83]. Moreover, pyrene moieties have been linked
by means of a (bis-ethynyl)thiophene bridge to the terpyridine [84]. Recently, a
series of [Ru(tpy),]*" and [Os(tpy),]** complexes possessing bithienyl, quaterthienyl,
or hexathienyl moieties have been prepared and shown to form rod-like polymers
[85]; the dc conductivity of the metal-based redox couple is 2 orders of magnitude
greater than that of a comparable non-conjugated system.

The initial ligand to the complex shown in Figure 3.12¢ is luminescent at room
temperature due to an efficient population of an intramolecular charge transfer
excited state; however, addition of Zn(Il) ions resulted in quenching of the
emission, making such systems interesting metal ion “sensors”. Furthermore,
alkyne cross-coupling reactions have been used to obtain fluorene-functionalized
terpyridine bis-complexes [86], in which fluorene units were coupled to terpyridines
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Figure 3.13 Fluorene-functionalized [Ru(tpy),]*" complexes [86].

directly or via phenylene-ethynylyne or thiophenylethynylyne connectors applying
Kréhnke synthesis and Sonogashira coupling reactions. The Ru(II) complexes,
formed from these ligands (Figure 3.13) are non-luminescent despite the attached
conjugated groups, whereas the corresponding Zn(II) complexes are highly
luminous.

A rather new concept for elongating the luminescence of [Ru(tpy),]** complexes
was described as the “multichromophore approach”. Organic chromophores with
suitable triplet states (long-lived because their deactivation is forbidden), which
are close to the *MLCT state, could act as “storage” for the excitation energy,
resulting in prolonged lifetimes of these states [87]. Pyrimidine-substituted
terpyridines with extended m* orbitals were used as ligands to which anthracene
moieties were connected as organic chromophores (Figure 3.14). This effect could
also be shown when the “storage” unit was not directly connected to the ligand
involved with the MLCT excited state [88]; however, when anthracene was
connected to a [Ru(tpy),]** complex (without pyrimidine unit), the triplet energy
was quenched by the anthracene moiety.

As well as the photophysical properties originating from this delocalization
phenomena, the intermolecular interactions of such compounds were also found
to be of interest. Extended aromatic systems are known to give rise to n—n
interactions, which could be relatively strong for large molecules. Such n-stacking
could be exploited for the 3-dimensional arrangement of terpyridine complexes
(Figure 3.15).

The Alcock group reported the synthesis of 4’-biphenyl-functionalized ter-
pyridines as well as the preparation of their corresponding bis-complexes using a
variety of metal ions [89]. Furthermore, a ruthenium bis-complex with one biphenyl-
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Figure 3.14 Anthracene- and pyrimidinyl-[Ru(tpy),]*" complexes [87, 88].

Figure 3.15 m-Stacking of 4’-(4-biphenyl)-substituted [Ru(tpy),]** complexes [89].
(Reproduced by permission of The Royal Society of Chemistry).
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Figure 3.16 Schematic representation and crystal structure of terpyridines
with H-bonding groups that assemble to a grid-like superstructure.
(Reprinted with permission from [90]).

terpyridine and one unfunctionalized terpyridine was synthesized. nt-Stacking
interactions between the biphenyl and pyridinyl rings were observed in the crystal
structure resulting in aggregation of the complexes in the solid state. Depending
on the metal ion, different structures were found: for cobalt, ruthenium, nickel,
and copper, biphenylene-biphenylene interactions led to linear rod-like arrays;
whereas for complexes of zinc and cadmium, biphenylene-pyridyl interactions led
to two-dimensional sheets. Moreover, ruthenium, zinc, and cadmium complexes
showed room temperature luminescence both in the solid state and in solution.
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Another non-covalent interaction, which has been used in the chemistry of
terpyridine complexes, is H-bonding; in one particular example, two “hetero-
terpyridines”, containing amino-pyrimidine and amino-pyrazine moieties, were
synthesized and subsequently shown to form double H-bonding arrays [90]. The
solid-state structures did indeed reveal the formation of extended grid-like
structures through molecular recognition (Figure 3.16).

While PF; counterions of a cobalt bis-complex resulted in the complete saturation
of the H-bonds, the corresponding BF, counterions led to partially broken
networks. With zinc triflate, only half of the bonds are formed, leading to a chain-
like assembly. An explanation for these events is that each has a different packing
within the crystal lattice relative to the size of respective counterions. These
complexes could be considered as a prototype for the generation of novel organized
arrays of terpyridine complexes through sequential self-assembly processes.
Another example of a combination of bis-terpyridine ruthenium complexes and
H-bonding interactions was based on the ureidopyrimidinone quadruple H-bond-
ing unit, which afforded supramolecular dimers in apolar solvents [9].

Numerous differently functionalized terpyridine analogs, where the pyridine
rings have been replaced by either quinoline [91] or phenanthroline moieties,
have been used to form symmetric as well as asymmetric complexes [92]. Besides
functional groups, connected by 6-bonds in various positions, fused-phenyl rings
were also introduced (Figure 3.17). Among the species described, was a “ter-
pyridine” consisting of a pyridylphenanthroline combination. Moreover, cyclo-
metalated species have been prepared [92] in which one N-atom was replaced by
carbon, resulting in a formal Ru-C bond. Some of these complexes also showed
long MLCT excited-state lifetimes (70-106 ns) at room temperature.

With a view to developing applications in solar cells or artificial photosynthesis,
photosensitizer-electron acceptor systems have been prepared by appending a
naphthalenediimide moiety to the terpyridine (e.g., an aminoterpyridine with the
naphthaleneanhydride) and subsequent conversion to the desired ruthenium
complexes. Unsubstituted terpyridine as well as 4’-p-tolyl-terpyridine have been
installed as the second ligand; the acceptor unit has been attached in a rigid fashion
via either a phenylene group or an additional saturated carbon atom (Figure 3.18a)
[93, 94]. However, unlike the corresponding bipyridine complexes, no electron
transfer processes were detected in the case of the terpyridine complexes; this
was thought to be a result of the short lifetime of the excited state of the [Ru(tpy),]**
complex.

Oligo(p-phenylenevinylene) (OPV) continues to be of special interest because
of its outstanding optical properties. Furthermore, it is known to act as a donor
in an efficient photoinduced electron transfer, which is of interest for solar cell
applications. In combination with fullerene compounds acting as acceptors, the
photochemically generated charges could be separated and drained with suitable
compounds. In order to improve this system, two OPV units bearing terpyridine
ligands (synthesized by a Pd-catalyzed cross-coupling reaction) have been
converted to an [Ru(tpy),)*" complex (Figure 3.18b) [95]. Near steady-state
photoinduced absorption experiments did indeed reveal a charge-separated
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CH30

Figure 3.18 Naphthalenediimide- [93] and oligo(p-phenylenevinylene)- [95]
substituted [Ru(tpy),]*" complexes.
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Figure 3.19 Conjugated thiol [Ru(tpy),]** complex [96].

state, which was dependent on solvent polarity. In further experiments, the OPV
donor has been coupled directly to a fullerene by terpyridine-ruthenium comple-
xation.

Ruthenium complexes containing fully conjugated ligands terminated with thiol
groups (5,5"-terpyridine substitution) have been obtained by cross-coupling of
the corresponding alkynes. The resulting compounds were subsequently immo-
bilized on gold surfaces (Figure 3.19). Self-assembled monolayers of single
molecules have been imaged using scanning tunneling microscopy [96]. The
delocalized phenyleneethynyl moiety could act as molecular wire, opening avenues
into molecular electronics. The molecular inclusion of 1’,1”-bis(terpyridinyl)bi-
ferrocene centers has also been recently suggested as a method to perturb the
electronic properties of the spacer unit [97].

There are numerous examples where terpyridines were combined with tridentate
terpyridine analogs (Figure 3.20). In the case of bis-triazole-pyridine, for example,
different isomers are possible, because this ligand possesses different sets of
nitrogen atoms that can coordinate the ruthenium ion [98]. Compared to
[Ru(tpy),]**, the luminescence lifetime of the these systems showed a 300-fold
increase, which was explained by a rise of the energy of the *MC level (in contrast
to the previously described examples, where the *MLCT state was actually lowered).
Furthermore, 5-phenyl-bis-triazole- and bis-tetrazole-pyridines have been reported;
the triazole rings are N-bonded 6 electron ligands in these complexes and
reprotonation resulted in quenching of the emission [99]. The accessible and
related 2,6-bis(alkylimidazolium-3-yl)pyridine salts have been readily converted
to the “pincer-type” (1 : 1) [Ru(cnc)(CO)(Br),] and (2 : 2) [Ru(cnc),(PFy),] complexes,
where cnc = 2,6-bis(butylimidazol-2-ylidene)pyridine, which was fully characterized
[100]. The incorporation of the easily prepared 2,6-bis(1’-methylbenzimida-
zolyl)pyridine has been shown to offer a route to polymers with interesting optical
properties [101]. Treatment of [Ru(ng-cot)(dmfm),], where cot = 1,3,5-cycloocta-
triene and dmfm = dimethyl fumarate, with terpyridine in refluxing acetone under
nitrogen gave (36%) a mixture of stereoisomers of [Ru(dmfm),(tpy)], which is the
first example of an isolable mononuclear zerovalent ruthenium terpyridine
complex. Similarly, treatment of [Ru(n,-cot) (dmfm),] with 2,6-bis[(4.S)-(-)-isopropyl-
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Figure 3.20 Different coordination isomers of the complex [Ru(tpy) (bis-triazole pyridine)] [98].

2-oxazolin-2-yl|pyridine (i-Pr-Pybox) afforded the corresponding [Ru(dmfm),(i-P1-
Pybox)] in good yields [102].

Attempts have been made to prepare liquid crystals containing metal complexes
in order to obtain mesophases in which the characteristic properties of such
complexes are incorporated. One approach to achieving this goal consisted of an
amphiphilic terpyridine Ru(II) complex possessing an alkyl chain, e.g., C;qHj;
and C;;Hg;, which could act as a surfactant [103]. For the complex containing the
shorter chain, lyotropic mesomorphism was found in water, while similar behavior
was detected for the longer-chain complex in ethylene glycol.

Recently, a new series of MRI contrast agents were synthesized [104] by the
attachment of polyaminocarboxylate diethylene-N,N,N”,N"-tetraacetate (DTTA)
[105] to the 4’-position of terpyridine, followed by assembly with Fe(II) and addition
of GA(III) to afford the desired [Fe(tpy-DTTA),Gd,(H,0),]; the Ru(Il) complex
was also constructed. Both of these complexes were shown [104] to possess a
“remarkably” high relaxivity (r, = 15.7 and 15.6 mM ™" s™' respectively).

34
Chiral Complexes

First attempts to introduce chirality into terpyridine metal architectures were
undertaken by Abrufa et al.; these structures were multinuclear helicates and are
discussed in the next chapter. A simple mononuclear system was described [106]
in which chirality was introduced by a 2,2-bis[2-(4(S)- or 4(R)-phenyl-1,3-oxazoli-
nyl)]propane that was coordinated with unfunctionalized terpyridine to an oxo-
ruthenium(IV) complex.

Von Zelewsky et al. cleverly utilized a chiral “dipineno”-(5,6:5”,6”)-fused 2,2:6",2"-
terpyridine ligand as well as the analogous (4,5:4”,5”)-fused derivatives [32]. Here,
the chirality was introduced by the fusion of a chiral pinene moiety onto the side
terpyridine rings (Figure 3.21). The ligands were synthesized enantiomerically
pure. Circular dichroism (CD) investigations showed that the resulting complexes
are helically distorted in a chiral fashion. These and other pinene-functionalized
terpyridines have been evaluated as potential stereoselective catalysts [107].

61
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Figure 3.21 Chiral [Ru(tpy),]** complexes with fused pinene units [32].

Furthermore, attempts were undertaken to introduce chirality into side groups
which are connected only via one 6-bond rather than single fusion. Besides the
examples of 6,6”-substituted terpyridines (Figure 3.22a,b) [107], Constable et al.
[108] reported a 4’-bornylterpyridine (Figure 3.22c).

Chiral [Ru(tpy),]*" as well as [Co(tpy),]** complexes were synthesized using
ligands of this type; however, transfer of chiral information to the complex core
was minimal. Schubert et al. prepared 4-[3,4,5-tris(3,7-dimethyloctyloxy)phenyl-
ethynyljterpyridine via a Pd-mediated alkyne cross-coupling [109, 110]; the distance
between the chiral groups and the terpyridine is larger than in the above described
systems. The CD spectroscopy of its [Ru(tpy),]** complex in an apolar solvent
(i-e., dodecane) revealed notable chirality, suggesting that the transfer of chirality
into the complex was by aggregation (Figure 3.23). In solvents where complete
dissolution of the complex was possible, no CD effect was found.

Recently, Constable et al. constructed a bis-ligand, 2,7-di[terpyridinoxy-bis(ethy-
leneoxy)|naphthalene. When this was treated with Fe(Il) salts, macrocyclization
occurred, affording a new ditopic complex possessing both enantiomeric forms,
as shown by single-crystal X-ray structure [111].

a b c
Figure 3.22 Connecting a chiral unit via a single bond [107, 108].
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Figure 3.23 Structure of the [Ru(tpy),]*" complex bearing chiral side groups
and CD spectra in chloroform and dodecane, respectively [109].
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4
Metallo-Supramolecular Terpyridine Architectures”

4.1
Introduction

In the preceding chapter, the synthesis and characterization of terpyridine metal
complexes were described. The initial focus was on simple bisterpyridine ruthe-
nium “[Ru(tpy),(X),]” complexes and the tuning of their optical properties;
however, compounds containing terpyridines and terpyridine analogs can be used
to obtain even more complicated architectures. Thus, by designing tailored ligands,
a structural control of the resulting architecture is possible.

This chapter describes recent developments in supramolecular chemistry of
[M(tpy),(X),] complexes within a single structure. The synthesis and characteristics
of extended-supramolecular aggregates, e.g., grid structures, will be considered.
It will also be shown how the size of macrocycles possessing one or more
bisterpyridine metal complex centers can be controlled by the initial polyligand.
Furthermore, complexes containing fullerenes, biomolecules, and other exotic
building blocks will be presented.

4.2
Dyads and Triads

Many systems containing two or more [M(tpy),(X),] units, linked by different
spacers, have been synthesized (Figure 4.1). Both homo-dyads (same metal ions)
and hetero-dyads (different metal ions) are well known. A variety of such
compounds and their properties were reviewed by Sauvage et al. [1] in 1994 and
more recently in a couple of tutorial reviews [2, 3].

In general, if an [Ru(tpy),]** complex is connected by means of a continuous
unsaturated linkage to a similar [Os(tpy),]** complex, excitation of the Ru(II) unit
can result in energy transfer from Ru to Os. Because of such energy transfer

*

Parts of this chapter are reproduced from Chem. Soc. Rev. 2004, 33, 373-399 by permission of
The Royal Society of Chemistry.
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Figure 4.1 Schematic representation of a dyad.

processes (as well as electron transfer processes), these complex arrays constitute
interesting examples of potential “molecular wires”. Since many dyads were
synthesized using rigid bis-terpyridine ligands, the resulting complexes have rod-
like structures. Representative examples are shown in Figure 4.2. Various
heterometallic polyads of bipyridine and terpyridine complexes have been
presented in a review by Barigelletti et al. [4].

Starting with a dyad possessing directly connected terpyridines (Figure 4.2a),
various types of spacers have been introduced. Intensive work has been performed
on a wide range of conjugated spacers of different lengths and compositions;
thus, allowing the photophysical properties of the corresponding bis-complexes
to be fine-tuned.

The groups of A. Harrimann and R. Ziessel have been working for some time
on the construction of photoactive wires on the molecular scale [8-16]. In 1996,
they reported “stiff” ditopic ligands and oligomers (Figure 4.2¢) derived from
terpyridines bridged by alkyne spacers comprising one to four ethynyl moieties
[8]. These polyalkynyl chains allow very fast electron exchange between photoactive
terminals, thus prolonging the triplet lifetimes by a factor of 3000, when compared
to the unsubstituted [Ru(tpy),]** complex.

In certain cases, the alkyne bridge undergoes reductive electropolymerization
to generate molecular films, which contain metal centers dispersed throughout
their conjugated backbone. A major drawback of these rigid bridged systems is
that their solubility decreases significantly with the increasing number of acetylene
units. To circumvent this problem, Ziessel et al. devised bis(terpyridine) ligands
bearing ethynylene-phenylene spacers with solubilizing groups in the 2,5-positions
(Figure 4.2d) [6, 13], in which, with increasing repeat units, the lowest energy
absorption in these compounds is shifted towards lower energy. The same
correlation was demonstrated for the emission; for n = 1, the emission wavelength
was 434 nm, whereas for n = 5, it was shifted to 472 nm. This behavior showed
that, with increasing number of these repeat units, the electronic communication
along the molecular axis can be improved.

Reviews of these alkyne-linked dyads [5] and phenylene-linked complexes [1]
have appeared. For the p-phenylene-bridged dyads (with n =0-2), it has been
shown that conjugation enhanced the luminescence lifetime [7]; however, the
phenylene-bridged system showed less luminescence than the directly linked
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M =Ru, Os

Figure 4.2 Dyads linked by p-phenylene and/or ethynyl moieties [1, 5-7].
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——|2+

a X =Y = CgHsMe, n=0
b X =Y = CgH,Me, n=1
c X =Y = CsHsMe, n=2
d X=80:Me, Y =H, n=0
e X =80,Me, Y =H, n=1
f X =80,Me, Y =C¢HMe, n=1

Figure 4.3 p-Phenylene-linked dyads with donor and acceptor groups [1].

counterparts as a result of the lack of complete delocalization due to the non-
planar conformation of the phenyl ring.

Homometallic Ru(II) complexes, as well as Ru(II)-Os(II) dyads, have been
prepared using bridging ligands. Synthesis of these systems was performed by
first complexing a single coordinating site with a ruthenium fragment, followed
by treatment with an osmium precursor as the second step. Such one-dimensional
molecular arrays have been prepared and studied in detail by the groups of Sauvage,
Barigelletti, and Balzani [17-21]. Energy transfer from the Ru(II) center to that of
Os(II) could be observed in the products, even over the extended distance of two
phenylene groups.

Further adjustment and fine tuning of the optical properties of this dyad could
be achieved by introducing donor or acceptor groups onto the terminal ligands
(Figure 4.3) [22]. Electrochemical experiments revealed both metal-metal and
ligand-ligand interactions, whereas photophysical studies showed a very efficient
energy transfer mechanism, which is most likely based on an electron exchange
mechanism.

The architectures of these bis-complexes connected by ethynyl groups are
interesting due to their enhanced photophysical characteristics. Because of an
enhanced delocalization of the electrons in such systems, the triplet energy state
is lowered, resulting in efficient luminescence at room temperature.

In a different experiment, Rh(III) was introduced into an analogous series of
phenylene-bridged binuclear complexes [23]. When compared to the Ru(II)-Os(II)
system, energy transfer from Rh(III) to Ru(II) could be observed, whereas electron
transfer from Ru(II) to Rh(III) was found in the case of a direct linkage. Analogous
dyads have been prepared using Ru(II) and Co(III) complexes [24], in which
electron transfer from Ru(II) to Co(III) was detected.
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Figure 4.4 Dyads linked by various aromatic groups [25, 26].

In order to study the effect of different central aromatic units on the photo-
physical properties of these dyads, a 1,4-naphthaleno moiety was introduced into
the backbone of the bridging ligand, which was subsequently converted into the
ruthenium dyad (Figure 4.4) [25]. Compared to the analogous phenylene-linked
dyad, the triplet lifetime is prolonged. Recently, a 1,6-pyreno moiety (Figure 4.4b)
that connected an [Ru(tpy),]** complex with an [Ru(bpy);]** complex has been
reported [26].

Since the dyads containing the naphthalene-ethyne sequence revealed good
photophysical properties, the concept has been extended to other elongated
conjugated systems composed of 2 or 4 naphthylethynyl units, which were
prepared by Sonogashira coupling reactions of [Ru(tpy),]** complexes bearing
one ethynyl group and suitable naphthylethynyl precursors [27]. These compounds,
which show room-temperature luminescence, represented another step toward a
better understanding of the principles underlining molecular wires (Figure 4.5).

In the dyads discussed so far, rigidity in the spacer is maintained by conjugated
systems, such as aromatic or alkyne connections. In order to investigate the effect
of conjugation on photophysical and electrochemical properties of these rod-like
dinuclear complexes, a saturated bicyclic hydrocarbon was introduced into the
linker unit of a Ru(II)-Os(II) dyad (Figure 4.6) [17]. In this system, the electronic
interactions were completely decoupled but yet the structural rigidity was
maintained. The central bicyclo[2.2.2]octane acts as an insulator, preventing the
electronic communication between the metal centers. Therefore, the electro-
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Figure 4.6 Ruthenium-osmium dyad containing an insulating bicyclo[2.2.2]octane connecter [17].

chemistry of such a dyad resembled that of their isolated parent complexes. At
room temperature in solution, no energy transfer was found! The lifetime of the
Ru-based moiety (t = 1.1 ns) is too short to allow energy or electron transfer; where-
as atlow temperatures (77 K) in a rigid matrix, the triplet lifetime was long enough
(t=10.5 ps) to allow an energy transfer with a rate constant of 4.4 x 10°s™". As
expected, no electron transfer was detected due to the isolating linker.

The electronic coupling/decoupling of the metal centers in these dyads could
be controlled by the degree-of-conjugation of the central biphenyl linker, which
was structurally locked by the length of the bridging “strap” (Figure 4.7) [28, 29].
The synthesis and photophysical characteristics of a related linear terpyridine-
based trinuclear Ru(I1)-Os(II) array, composed of two [Ru(tpy),]** termini con-
nected by means of an alkoxy-strapped biphenylene units to a central [Os(tpy),]**
core, have been described [30].
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Figure 4.7 Control of the dyad communication as a factor of the connecting cyclic “strap” [28].

Dyads containing heteroaromatics (bipyridine, phenanthroline, 2,2"-bipyrimi-
dine, as well as ferrocene [31-33]) in the linker have also been reported; however,
their preparation by reacting the bis-terpyridine ligand with terpyridine-ruthe-
nium(III) fragments was unsuccessful [34]. An electroactive luminescent switch
prepared from [Ru(tpy’)(tpy”)]**, where tpy’ is a hydroquinone-moiety and tpy” is
a 4’-phenylethynyl fragment has recently appeared [35]. To circumvent this
assembly problem, the compounds were prepared by Pd-catalyzed cross-coupling
of preformed complexes of 4’-bromoterpyridine with the corresponding diethynyl
species [36] (Scheme 4.1).

Bisterpyridinyl transition metal oligomers with up to three metal centers have
been reported by Colbran etal. [37]. Coupling the aniline group in the heteroleptic
[Ru(4’-(4-H,NC¢H,)tpy),]** [38] complex with 4’-(4-chlorocarboxyphenyl)ter-
pyridine yielded an amido-linked binucleating ligand with a coordinated and a
non-coordinated terpyridine domain (Scheme 4.2). Using this ligand, dimers were
readily accessible. These authors used Co(II), Fe(Il), and Ru(II) ions to connect
the ligands. The application of NMR was of particular interest for the Ru(II)-
Co(II)-Ru(Il) triad, in which the paramagnetic ion leads to a downfield shift of
the signals of the terpyridine hydrogens by ca. 15 to 90 ppm (Knight shift, see
also Chapter 3).

On the way to molecular devices, a specific dyad was designed that could act as
a T{junction relay (molecular switch) [39]. Thus, a spiropyran moiety that is incor-
porated into the linker unit underwent a light-activated ring-opening to the mero-
cyanine form and then thermally recyclized. In the closed form, the delocalized
bridge could act as a “molecular wire” (it is known that the MLCT state involves
the LUMO, which spans across both terminals), whereas, in the merocyanine
form, the alternative pathway to the side group is opened (Scheme 4.3).

All multinuclear complexes herein reported were composed of 4’-functionalized
terpyridines giving rise to rod-like complex arrays. In contrast to these approaches,
the bridging ligand depicted in Figure 4.8 consists of three terpyridines, which
are linked in the 4- and 4”-positions [40]. Different structures are, therefore,
accessible [41]. Compared to the tris-ligands described before, in this particular
case, individual terpyridine moieties are linked in the 5- and 5”-positions by ethyl
and ethylene groups, respectively. Trinuclear Ru(II) complexes with unfunctiona-
lized terpyridine revealed luminescence at room temperature for the ethylene-
linked complex and no emission for the alkyl-spacer-separated triad.
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Scheme 4.1 Preparation of a dyad with a bipyrimidine linker
(the same protocol was applied to an analogous phenanthroline system) [34].

Scheme 4.2 Linear molecules with three metal centers prepared by Colbran and Storrier [37].
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Scheme 4.3 Dyad containing a spiropyrane that can act as a molecular switch
(T-junction relay) and schematic representation of the switching process [39].

Figure 4.8 Ligand for a 5,5”-linked triad [41].
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Figure 4.9 Schematic representation and crystal structure of the Ru(ll)-Pt(Il) dyad.
(Reprinted with permission from [45]).

In view of the possibility of anticancer reagents (terpyridine platinum complexes
[42, 43] and also certain ruthenium species [44] showed anti-carcinoma activity),
a flexible Ru(II)-Pt(II) dyad was designed (Figure 4.9) [45]. The crystal structure
revealed a stacking of the mono-terpyridine Pt(II) units, in which the two platinum
centers paired off, as shown by the short interatomic distance.

Closely related to the chiral terpyridine systems presented earlier, chiral
multinuclear complexes have also been reported by Abrufia et al. in which two
“dipineno”-(5,6:5”,6”)-fused 2,2":6’,2"-terpyridine ligands were linked in the
4’-position by a biphenyl moiety (Figure 4.10a) [46]. A slightly different approach
consisted of either the dipineno-groups or a p-xylene linker (Figure 4.10b). Both
ligand systems were used to obtain dinuclear Ru(II) complexes and coordination
polymers that exhibit room-temperature luminescence due to the aromatic
connector. The ligands were also applied in the preparation of Fe(II) coordination
polymers (see also Chapter 5) [47, 48].
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Figure 4.10 Chiral Ru(ll)-Ru(ll) dyads [46].

4.2.1
Switchable Dyads and Triads

Multinuclear [M(tpy),]*" complexes, especially those capable of energy and/or
electron transfer, are promising materials for the future in optical nano-devices
or solar cell applications. In the field of devices, molecular switches whereby
electrochemical or optical activities can be switched simply and reversibly, are of
special importance.

The mono-[Ru(tpy),]*" complex with an appended free ligand (separated by zero
to two phenylene rings as described above) can not only be complexed, but can
also possess other interesting properties, e.g., upon protonation of the free
terpyridine moiety, luminescence properties can be modulated in a reversible
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Scheme 4.4 Luminescence switching by protonation of a free terpyridine moiety [49].

manner. Thus, after protonation initiated by a pH change, the non-luminescent
complex became luminescent, giving access to a form of “switchable” lumines-
cence (Scheme 4.4) [49]. Moreover, complexes of this type can be further extended
through complexation by addition of different metal ions, i.e. Fe(II) or Zn(II), to
result in ABA-triads (Scheme 4.5). The almost non-luminescent [Ru(tpy),]*"
chromophore, functionalized with a free terpyridine fragment, was complexed
with Zn(II) ions, leading to a luminescent rod-like complex array revealing a
luminescence enhancement factor (EF) larger than 10 [22]. Because of the
reversible, relatively weakly coordinated zinc complex, this system also gives rise
to “switchable” emitters.

Non-luminescent

Zn2+

L.uminescent

Scheme 4.5 Switching of luminescence by complexation with Zn(ll) ions [22].
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A different approach to tunable metal complex arrays includes the incorporation
of a different complexing moiety, such as bipyridine, within the bridging ligand.
One of the first examples was the dyad, bridged by a 2,2"-bipyridine-5,5’-diethynyl
group [5, 12], in which the bridging ligand was complexed with various metal
ions. By this method, the luminescence properties of the parent complex can be
tuned; therefore, weakly binding ions caused an increase in the luminescence of
the [Ru(tpy),]*" units, whereas strong binders like Ag* or Hg*" decreased the
luminescence. The rationale for this behavior was attributed to the reducibility of
these bridging metal centers making a photoinduced electron transfer possible,
which, in turn, resulted in luminescence quenching. When the nitrogen atoms
were methylated to afford a viologen-moiety, luminescence quenching through
electron transfer processes resulted [5, 12].

Loiseau et al. [50] recently reported a dyad in which the [Ru(tpy),]*" termini
were directly attached to a bridging bipyridine moiety (see Figure 4.11). An
enhancement of luminescence was found when the bipyridine was protonated
by addition of acids as well as after complexation with Zn(II). Utilizing cyclic
voltammetry, it was found that the electronic interaction between peripheral
chromophores was enhanced by zinc coordination. Other related expanded
bidentate 2,2"-bipyridine ligands linked to one or two terpyridine units have been
synthesized and converted to the [Ru(bpy);]** complexes by treatment with
[Ru(bpy),(CD),] [51]

A promising approach towards switchable luminescent chromophores was
demonstrated by the azo-linked Ru(Il)-Os(II) dyads [52]; the related [Ru(tpy),]**
and [Os(tpy),]** homo-complexes were also synthesized (Scheme 4.6). In these
systems, energy transfer can be switched/triggered by a redox reaction. In its
neutral state, the azo-group quenches the luminescence of both Ru(II) and Os(II);
however, reduction of the azo-linker afforded a luminescent homodinuclear Os(II)
complex at room temperature and the corresponding homodinuclear Ru(II)
complex showed luminescence at 77 K. In the heterodinuclear complex, an energy
transfer from Ru(II) to Os(II) occurred, resulting in a strong osmium luminescence
(Scheme 4.6a).

— — 14+

-3

Figure 4.11 Switchable dyad containing a central bipyridine fragment in the bridging ligand [50].
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Scheme 4.6 Luminescence switching by reduction of azo-bridged Ru(ll)-Os(ll) dyads [52, 53].
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By attaching a coumarin group, the efficiency could be further improved [53],
i.e. energy transfer from the coumarin via the Ru(II) complex to Os(II) was
observed (Scheme 4.6b). While the simple [Ru(tpy),]**-azo-[Os(tpy),]*" dyad
revealed an energy transfer of 40%, the coumarin-[Ru(tpy),]**-azo-[Os(tpy),]*" triad
showed an efficiency of more than 70%. Redox-stimulated switching could be
performed efficiently. Besides phenyl and pyridinyl groups, other heteroaromatic
groups have also been introduced into multinuclear complex arrays of which a
prominent example of dyads and triads is the “family” possessing thiophene(s)
(Figure 4.12).

Besides model mononuclear complexes bearing one or two thiophenes, dyads
and triads with Ru(II) were prepared successfully [54, 55]. While the mononuclear
complexes already showed an enhanced emission, the multinuclear complexes
revealed a luminescence very similar to that of the bipyridine Ru(II) complexes.
This behavior can be explained by the stabilization of a cluster of luminescent
*MLCT levels in the array by intermetal electronic communication of the complex
units leading to a higher energy gap and hence to a lower probability of non-
radiative deactivation.

Consequently, this approach has been extended to dyads and triads where the
Ru(II) complexes were combined with those of Os(I) in order to study energy
transfer and electron transfer processes [56]. The mixed complexes were also
luminescent and Ru(II) — Os(II) energy transfer was observed. As a result,
luminescence was enhanced when compared to the homometallic complexes; a
five-fold enhancement was also found for the related Ru(II)-Os(II)-Ru(II) triad.

The well-known chemistry of coupling alkynes to terpyridine has also been
applied to attach terpyridine moieties to thiophenes [57]. In this way, systems
where the terpyridine and thiophene moieties are separated by an alkyne were
generated. Homometallic ruthenium dyads as well as an ABA-triad [Ru(II)-Zn(II)-
Ru(II)] were prepared. The thiophene unit was found to act as an insulator, thus
preventing full delocalization. An enhanced luminescence was found when
compared with that of either the uncomplexed parent compounds or phenylene
analogs due to an improved stabilization of the triplet state. The thiophene-linked
multinuclear complexes may eventually lead to applications such as molecular
wires or light-harvesting devices.

Another step toward molecular wires was described recently using bis-ter-
pyridinyl ligands [58, 59] separated by spacers with up to five ethynyl-thiophenyl
units (Figure 4.13) [60]. Compared to the dyads with a single thiophene unit, the
extended complexes showed weaker luminescence, probably due to a decreased
electronic communication of the [Ru(tpy),]** complexes or to an interplay of the
close-lying excited levels.

Bipyridine ruthenium(II) complexes have also been employed, in a dyad with
[Os(tpy),]** complexes, as a photosensitizer for enhanced luminescence [61].
Construction of the [Ru(tpy),]*"(=)-[Ru(tpy),]** and [Os(tpy),]**-(=)-[Ru(bpy)s]**
as well as the novel photoactive properties of these hybrid complexes have been
reported [15]. This system has been made switchable by the introduction of an
aminodipyrido[3,2-a:2’,3’-c]phenazine moiety as a linker (Figure 4.14a). The

83
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Figure 4.12 Thiophene-bridged dyads and triads [54].
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Figure 413 Structure (molecular modeling) of a dyad bridged with five
di-3,4-substituted thiopheneethynyl units.
(Reprinted with permission from [60], © 2004 American Chemical Society).

—4+
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1 R = direct bond
_ 2 R= CH.CH,
L 1 3PFs 3 R= CH-=CH

Figure 4.14 [Ru(phen) (bpy),** -R-[Os(tpy),]** (a) [61] and
[Re(phen) (py) (CO)5]" -R-[Os(tpy) (bpy) (py)]"* (b) dyads [62].

osmium emission could even be increased by the application of 4,4’-diphenyl-
2,2’-bipyridine instead of single bipyridine. “Switching” was easily performed
simply by protonation of the connecting unit. The energy transfer system,
containing an osmium center as the receiving unit, was extended to a “hetero”
system consisting of a novel [Os(tpy) (bpy) (py)]** complex (Figure 4.14b) to which
a [Re(phen)(py)(CO);]"* complex was connected via an ethylene and a vinylene
group; an efficient energy transfer was observed [62].
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4.3
Supramolecular Assemblies

Thus far, the oligonuclear complexes that have been considered possessed two
separated bisterpyridine metal complexes linked by spacers of various types and
lengths. Another possibility for constructing extended complex architectures is
when two or more terpyridine motives are combined with shared nitrogen atoms
(Figure 4.15).

Because these types of ligands have fixed, well-defined geometries, they have
been used as building blocks for the construction of extended supramolecular
architectures. One ligand example is tetra-2-pyridyl-1,4-pyrazine (tppz), which can
best be envisioned as two fused terpyridines sharing the central aromatic ring.
Such an orientation, with its rigid composition, leads to the construction of rod-
like structures (Figure 4.16a) [1]; whereas, the monometallic compounds and the
spacer-separated polyads show luminescence. The multimetallic complexes do
not emit at room temperature because of metal-metal interaction.

Figure 4.15 Building blocks for supramolecular architectures.
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Pyrazine ligands have also been used to synthesize mixed Ru(II)/Rh(III)
complexes (Figure 4.16b) [63], in which the monometallic tppz-tpy Ru(II) complex
was treated with RhCl;. In that the rhodium complex is known to be an electron
acceptor, quenching of luminescence occurred with 80% efficiency via an electron

transfer process.

a.M=M=Ru
b.M=M"=0s
c.M=Ru,M'=0s

Figure 4.16 Complexes derived from the pyrazine ligand [1, 63].
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4.3.1
Grids and Racks

The pyrazine ligand (Figure 4.15a) is composed of two fused terpyridines, pointing
in opposite directions, allowing the formation of rod-like assemblies. The pyridine
rings can also be combined with pyrimidine rings, resulting in ligand systems
with fused terpyridine subunits (Figure 4.15b) pointing in the same direction.
Two different kinds of assemblies can be obtained from these ligands, namely
“grids” and “racks”. In its free uncomplexed form, the molecule has a helical
shape [64, 65], because only this form allows the favored trans-conformation of
the nitrogen atoms; therefore, the ligand has to unfold to form complexes.

This type of ligand was first reported by Lehn et al. in 1995 and was prepared by
means of a Stille-type cross-coupling of 6-stannylated bipyridine with 4,6-
dichloropyrimidines [66]. Besides the unsubstituted ligand, a ligand with a central
9-anthryl substituent incorporated in the 5-position of the pyrimidine ring has
been synthesized (Figure 4.17a). Di- and trinuclear rack-like structures (Figure
4.17b and c) were achieved by end-capping the terpyridine subunits with
[Ru(tpy)(Cl);] under reductive conditions.

Crystal structure analysis revealed that the ligand axis is bent because of the
less-than-perfect octahedral geometry for each complex center. This bend was
reduced in the case of the anthracene-containing complexes because of the steric
repulsion between this central aryl moiety and juxtaposed terpyridine units
(Figure 4.18); the anthryl group is sandwiched between the neighboring ter-
pyridines. This example illustrates an internal substitution pattern; the terminal
substitution has been demonstrated [67] in an attempt to address the generation
of Borromean rings (see below).

Figure 417 Substituted ligand and related rack-like complexes [66].
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Figure 4.18 Distorted geometry of rack-like complexes and its reduction
by a bulky substituent in the 5-position of the pyrimidine ring.

The green coloration for these complexes was explained by the nature of the
bridging ligands and metal-metal interactions. UV-vis spectroscopy showed three
MLCT absorption bands due to splitting of the n* level. Different substituents,
such as methyl and phenyl groups, have been introduced into the 5-position of
the pyrimidine leading to different bending angles for the bridging ligand and
convergence angles of the terpyridines; a simple methyl group was found to be
the ideal option to align the geometry [68]. In that same publication, mononuclear
complexes with only one bridging ligand coordinated to the metal ion were
reported; however, the synthesis was more challenging because of activation of
the second donor site after initial coordination.

Photophysical experiments revealed an emission originating from the anthra-
cene-containing rack complex in the infrared region [69]. Comparison of the
luminescence spectra and lifetimes with those of the luminescence properties of
the subunits showed that, in these supramolecular species, excitation energy flows
with unitary efficiency to the lowest excited state regardless of which chromophoric
subunit was excited. Luminescence could be observed at room temperature as
well as at low temperatures in a rigid matrix, and the absorption as well as
luminescence properties could be fine-tuned by changing the substituent at the
pyrimidine ring. Energy transfer from the central complexes to the peripheral
ones could also be observed [70].

The first examples of grid-like assemblies ([2 x 2] grid; Scheme 4.7a), based on
bipyridine subunits complexed by Ag(I) or Cu(l) ions, were reported in 1992
by Youinou et al. [71] In 1994, Lehn et al. [72] devised the larger [3 x 3] grid
(Scheme 4.7b). Most of the work up to now on these architectures has been
performed in the Lehn laboratories.

The first publications on grids from trisdentate ligands appeared in 1997 [64,
65]. Through addition of an equimolar amount of hexacoordinating metal ions to
biscoordinating ligands, analogous coordination arrays are obtained by self-
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Scheme 4.7 [2 x 2] (a) and [3 x 3] (b) grid-like complexes as well as the
Schubert ligand (c) [64, 65].

assembly. Supramolecular grids have also been synthesized by Schubert et al.
[73] using 4,6-bis(5”-methyl-2”,2"-bipyridin-6"-yl)-2-phenylpyrimidine (Scheme
4.7¢), which was synthesized using a Stille-type coupling in a two-step procedure
from 2,6-bis(trimethyltin)pyridine (via a stannylated bipyridine) and 4,6-dichloro-
2-phenylpyrimidine. This ligand has been prepared by an improved procedure in
which sodium stannane was applied, avoiding the original problematic lithiation
step. This polyligand, when treated with Co(OAc),, assembled into a [2 x 2] grid,
which was successfully detected in an unfragmented form by MALDI-TOF-MS
[74]. An antiferromagnetic spin coupling could be found in the cobalt grid [75]. In
the case of Fe(II) grids, a spin-crossover from high to low spin could be triggered
by temperature, pressure, and light [76].

In order to extend the grid-like structures, the synthetic approach was expanded
from biscoordinating to triscoordinating ligands, which gives entrance to the larger
[3 x 3] grids (Scheme 4.8) [77]. Depending on the particular ligand, metal ion(s),
and reaction conditions, different grid architectures were formed. The tristerdentate
ligand composed of three terpyridine subunits was shown to form either the
complete [3 x 3] or incomplete [3 x 2] grids. Zn(BF,), with ligand a (Scheme 4.8)
and Hg(II) triflate with ligand b lead to [3 x 3] structures, whereas the other ligands
or metal ions, such as Co(Il), formed incomplete [3 x 2] grids. Crystal structure
analysis of this [3 x 2] grid revealed the central non-coordinating complex moieties
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[3x3] 23]

Scheme 4.8 [3 x 3] and [2 x 3] grids (a: R=R"=H, b: R=H, R"=SnPr,
c: R=Me, R"=H, d: R=Ph, R"=H). (Reprinted with permission from [77]).

to be in a transoid conformation, which is more stable than the cisoid one because
of steric hindrance of the ligands as well as influence of the metal ions and/or
counterions used. Pb(II) ions were found to be the most suitable metal ions for
the assembly of extended grid structures because their larger size causes less
ligand distortion.

Using this metal, Lehn et al. have generated some very large structures [78]; for
example, the tetracoordinating ligand was assembled into [4 x 4] grids with Pb(II)
ions. By simply adjusting the stoichiometry, different structures could be obtained,
as shown in Figure 4.19 [79]. The complete [4 x 4] grid was converted into a double-
cross-shaped structure via a double-T shaped [2 x 2] grid structure through addition
of lead triflate to a solution of the ligand.

Besides X-ray structure analyses, NMR has been shown to be a suitable tool for
the investigation of such complexes. The structure of the [4 x 4] grid has been
determined by *’Pb NMR (Figure 4.20), which revealed four different metal
centers; moreover, the existence of all types of grids up to the [4 x 4] systems has
been shown by electrospray MS [80].
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Figure 419 Grid structures from a tetracoordinating ligand [78, 79].
(Reprinted with permission from [79], © 2003 American Chemical Society).

Apart from the homometallic grids, which are self-assembled from stoichio-
metric amounts of ligands and metal ions, attempts have also been undertaken
to prepare heterometallic grid structures. These reactions need to be performed
in a stepwise manner. Initially, one complexation site of the biscoordinating ligand
was converted to an Ru(Il) complex (which is chiral) [81]; then, either Fe(II) or
Co(Il) ions were added, resulting in self-assembly to a grid-like complex (Scheme
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Figure 4.20 27ph NMR spectra from the grid complexes shown in Figure 4.19 (in MeCN).
(Reprinted with permission from [79], © 2003 American Chemical Society).
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Scheme 4.9 Hetero-metallic grid complex based on the ligand shown [81].

4.9). The homo- and hetero-nuclear [2 x 2] grids containing Ru(II), Os(II), and
Fe(II) subunits as well as their mononuclear Ru(II) and Os(II) precursors have
been synthesized and their redox and luminescence properties then evaluated
[82]. Recently, the reaction of 6-(2-pyridinyl)-4-[6-(2-pyridinyl)-2-pyridyl)|pyrimidine
with Ni(II), Co(II), Fe(Il), Zn(II), and Cu(Il) nitrates in a 1: 1 ratio afforded the
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Scheme 4.10 Two-step self-assembly to a “hypergrid” by H-bonding [84].

self-assembled tetranuclear [2 x 2] grids in which the nitrate ion was encapsulated,
as supported by X-ray crystal structures [83].

In an extension of the self-assembly principle, a two-level self-organization can
be achieved by the use of two different ligands that bear complementary H-bonding
units at the periphery (Scheme 4.10) [84]. These compounds were converted to
highly organized grid-like complexes [“grid-of-grids”] by mixing stoichiometric
amounts of each complex [85].

Complexes composed of different metal centers could be assembled in this
fashion, giving rise to a novel chessboard-like motif. Another approach consisted
of introducing pyridine rings in the 4’-position of the terpyridine subunits [86].
The free ligand, as well as the resulting grid complexes, could be assembled on
graphite surfaces. Weak CH-N H-bonding interactions were also postulated by
Lehn etal. based on STM observations and comparisons with molecular modeling
results.

Besides racks and grids, other architectures are also conceivable. When Pb(II)
ions were added to a mixture of tris-2,4,6-(2-pyrimidyl)-1,3,5-triazine (ligands
consisting of two or three fused terpyridine moieties), self-assembly took place,
resulting in cylindrical cage-like complexes constructed of either 6 or 9 metal
centers, respectively (Scheme 4.11) [87]. In this case, 36 (complex a) or 54 (com-
plex b) coordination bonds between 11 (a) or 15 (b) components, respectively, are
formed in one reaction step, demonstrating the power and selectiveness of the
self-assembly process.
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Scheme 4.11 Cylindrical complex array from the ligands shown.
(Reprinted with permission from [87]).
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Figure 4.21 Phenanthroline-based bis-coordinating ligands [88].

The concept of multiple chelators has been continued by the synthesis of
phenanthroline-based systems [88]. Bis-tridentate “Lehn-type” ligands as well as
molecules in which the chelating moieties are pointing in opposite directions
were prepared (Figure 4.21). All the corresponding mono- and dimetallic bis“ter-
pyridine” Ru(II) complexes could be prepared, except for the pincer-shaped
ligand ¢, in which the dinuclear complex was not accessible because of steric
hindrance. The crystal structure of the rack-like dinuclear bisterpyridine Ru(II)
complex was demonstrated to be very similar to the rack structures of bis(bi-
pyridinyl)pyridazines [89].

Ligands of the structure shown in Figure 4.21b possessing the central pyrazine
ring connected to peripheral phenanthroline moieties were able to form supra-
molecular assemblies consisting of four ligands and four metal ions. Unlike the
“Lehn-type” grids, these structures possess a D,-symmetry and are therefore chiral
[90]. Whereas the unsubstituted ligand (Scheme 4.12a) formed a racemic mixture

Scheme 4.12 Formation of chiral “grid”-like assemblies [90].
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Figure 4.22 Bis-coordinating ligand, bearing chiral groups [91].

of supramolecular structures, the self-assembly could be directed in a stereo-
selective fashion by attaching chiral pinene groups onto the terminal pyridine
rings (Scheme 4.12b). A series of differently substituted ligands was prepared to
evaluate the chiral nature of the assembly process (Figure 4.22) [91].

432
Helicates

A series of oligopyridines was prepared by Abrufia et al. (Scheme 4.13b) [92], in
which 4’,4”"”-bis(methylthio)-4",4""-bis(n-propylthio)septipyridine was treated with
Cu(IT) or Co(II) salts to generate double helices involving two ligand moieties
and two metal ions. A mixture of Cu(II)/Cu(I) (1 : 2) led to a trinuclear helix with
Cu(II) ions being tetracoordinated (bipyridine motif on the ligand). With Cu(I)
ions only, a tetranuclear complex was formed (the final pyridine rings act as
monodentate ligands). With an analogous hexaterpyridine, an oxidative switching
between a trinuclear and a dinuclear species was shown to be possible (Scheme
4.13a) [93].

In these complexes, the ligand strands act as double terpyridine units, leaving
two pyridines uncoordinated. The same research group reported the preparation
of 6,6”-diphenyl-4,4"-bis(alkylthio)-2,2":6",2"-terpyridines, which formed helical
complexes with Cu(I) ions [94]. In this case, the terpyridine serves as a bis- and
mono-dentate ligand; with Cu(II) ions, a regular terpyridine complex was formed.

Trinuclear helicates (Figure 4.23) could be obtained by the self-assembly of one
tris-terpyridine and one tris-bipyridine ligand together with three Cu(II) ions
through formation of pentacoordinated [Cu(tpy) (bpy)]** complexes (see Chapter 3)
[95].

97
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a: Cu(lly
b: Co(ll)
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Scheme 4.13 Helical aggregates from oligoterpyridine complexes [93, 94].
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Figure 4.23 Self-assembly to a trinuclear helicate via formation of [Cu(tpy) (bpy)]** complexes [95].

433
Rotaxanes and Catenanes

Rotaxanes of 4’-functionalized terpyridine have appeared in a recent publication
[96, 97] in which a cationic (dipyridinium)ethane system acts as an axle in a
supramolecular system with crown ethers. After the self-assembly process, the
system was eventually locked by end-capping the axle with a bulky end-group
(Figure 4.24). Unsubstituted 24-crown-8 as well as the dibenzo- and dinaphthyl-
analogs were employed. Iron(II) complexes of all ligands that were prepared
showed a significant red shift of the metal-ligand charge transfer absorption band
for the complexes containing the benzocrown ethers. The crystal structure of the
ligand revealed a n-interaction of the benzo-substituent of the crown ether with
the terpyridine moiety, causing a stabilization of the MLCT in the complex.

Figure 4.24 Schematic representation of a terpyridine, consisting of a
rotaxane assembly with a crown ether [96].
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Scheme 4.14 Rotaxanes and catenanes via the self-assembly of tetrahedral
phenanthroline followed by the formation of [Ru(tpy),]*" complexes [98, 99].
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Another example from this research group opened the way to rotaxanes as well
as catenanes (Scheme 4.14). Here, a 2,9-bisphenylphenanthroline was incorporated
into a crown ether ring structure by first generating a Cu(Il)-mono-terpyridine
complex (bis-complexes are not possible due to steric hindrance). The addition of
the terpyridine-phenanthroline-terpyridine strand can subsequently thread the
macrocyclic ring to form a bis-phenanthroline Cu(II) complex, which with
Ru(DMSO0),Cl, formed the desired catenane or with [Ru(tpy)]** fragments to yield
the rotaxane. In a final step, the copper ion was removed by addition of KCN to
give the free corresponding rotaxane or catenane [98]. The catenane can be
remetalated with Zn(IT) and Ag(I) ions. Photophysical investigations of all systems
revealed electron and energy transfer processes in these compounds with the

extended contracted

/\ = phenanthroline ® =Cu(l)
1 -temyridine O =Zn(ll)

Scheme 4.15 “Molecular muscle” by redox-switchable terpyridine-phenanthroline
complexes [100, 101].
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direction being dependent on the metal ion used. The ligand-centered lumines-
cence was quenched in the Zn(I), Ag(I), and free catenane cases; the opposite
effect took place for the Cu(II) catenane. This latter system could be of interest as
a potential “molecular switch” [99].

An extended molecule consisting of a phenanthroline moiety within a crown
ether-like ring structure, connected to another phenanthroline bound to a
terpyridine moiety (bearing a bulky end-group in the 5”-position) in the 5-position,
has been prepared and subsequently self-assembled with Cu(I) ions to form a
linked bis-rotaxane [100]. After exchanging Cu(I) for Zn(II), the coordination
switched from a tetracoordinated to pentacoordinated system involving the
terpyridine moiety (Scheme 4.15). The resulting reversible extension and con-
traction represented the first step toward novel applications such as artificial
muscles or molecular machines. More information focusing on molecular muscles
can be found in [101].

Figure 4.25 Two-ring structure (top) as a first step towards a “Borromean link” (bottom) [102].



4.3 Supramolecular Assemblies

Another possible system of interlocked macrocycles is the so-called “Borromean
link”, represented by three orthogonally interweaved rings, leading to an integral
molecular unit without catenation of two rings. The first step towards such systems
was performed by connecting two macrocycles via the formation of Ru(II)
complexes (Figure 4.25) [102]. The bipyridine ligands on one of the rings were
used as the template for the third ring.

434
Other Assemblies

A novel switchable ruthenium complex is represented by the “scorpionate” system
depicted in Scheme 4.16 [103]. A Ru(Il) complex was generated from a ligand
combination of 1,10-phenanthroline, terpyridine, and benzonitrile. The latter, in
turn, is able to coordinate to the Ru(II) metal center, in a “back-biting” manner.
The coordinated benzonitrile group can be reversibly replaced by water through
either thermal or photochemical induction.

A calix[4]arene possessing one face modified by appending four terpyridine
moieties has been prepared to act as a scaffold-like “pre-organizer” for supra-
molecular architectures (Figure 4.26) [104]. Complexation with Ni(II), Cu(II), or
Co(II) led to intramolecular macrocyclization incorporating two metal ions.

A wheel-like, self-assembled structure has been achieved using 6-carboxy-
terpyridine, which acts as a tetradentate ligand [105]. With a 2: 1 ratio of the
ligand to europium triflate, a mononuclear bis-complex was formed. Addition of
more europium ions resulted in self-assembly to the hexanuclear complex of wheel-
like structure, where the carboxylates act as bridging ligands between the subunits.
An octahedrally coordinated seventh europium ion lies in the center, uniquely
coordinating to all six complex units, in essence acting as an axle for this molecular
wheel (Scheme 4.17).

Terpyridines, functionalized with pyridine in the 6,6”-positions, led to “metallo-
supramolecular zippers” by the addition of metal-ions (Figure 4.27). The metal
ion was coordinated to both the terpyridine and pyridine; the two remaining
coordination sites are occupied by either MeCN or trifluorosulfonate ions [106].

—‘2® “\2@

0O

Scheme 4.16 Scorpionate terpyridine complex [103].

103



104| 4 Metallo-Supramolecular Terpyridine Architectures

Scheme 4.17 Synthesis and crystal
structure of a wheel-like europium
terpyridine complex.

(Reprinted with permission from [105],
© 2002 American Chemical Society).
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4.4
Cycles

Bis-terpyridine ligands with suitable spacers are able to form ring structures by
complexation with metal ions. Macrocycles, based on rigid bis-terpyridine ligands,
were the first reported examples. Whereas linear rigid systems form polymers,
ligand systems with an angle in the spacer group result in cyclic complexes.
Because of the given geometry, the size of the rings is in many cases predetermined.
Synthetically accessible linkers include the rigid ethynyl group, which has been
reviewed by Ziessel (Figure 4.28a) [5]. The 60° angle of the two ethynyl-terpyridines
[107], connected to the phenanthroline, favor a tricyclic structure; however, the
less stable tetracyclic analog was also formed. Recently, Newkome et al. prepared
the more compact triangular metallomacrocycle (Figure 4.28c) by a one-step
macrocyclization of 1,2-bis(terpyridine-4-yl-ethynyl)benzene with either FeCl, or
[Ru(DMSO),(Cl),)], or a step-wise process giving mixed metals [108].

In another example, the synthesis of box-like cycles has been reported [109].
The bis-terpyridine ligand was obtained by alkylation of the unique N-pyridinyl
locus of 4’-(4-pyridyl)terpyridine with 4,4"-bis(bromomethyl)biphenyl; subsequent
complexation with Fe(II) ions gave rise to a bicyclic compound (Figure 4.28b) as
the main product.

Large molecular squares were constructed based on palladium or rhenium
complexes in the corners and [Ru(tpy),]*" complexes as the sides (Scheme 4.18)
[110, 111]. 4’-(4-Pyridyl)terpyridine [112] complexes of iron, ruthenium, and
osmium were employed in a self-assembly reaction with BrRe(CO); or
(dppf) Pd(H,0),(OTf), [where dppf = 1,1"-bis(diphenylphosphino)ferrocene]. These
complexes act as corner points and possess square-planar coordination geometry
leading to molecular squares. Multi-electron redox processes were observed in
the assemblies, and luminescence was exclusively detected for the osmium-

Figure 4.27 Formation of a “zipper” by complexation of 6,6”-bis-pyridino-terpyridine.
(Reprinted with permission from [106], © 2004 American Chemical Society).
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Figure 4.28 Dimeric, trimeric, and tetrameric cycles from rigid bis-terpyridines [5, 108, 109].

containing square. Hydrogen-bonding and n-stacking interactions associated with
4’-(4-pyridinyl)-2,2":6’,2"-terpyridine have led to interesting zipper-like supra-
molecular structures, for example with Cd(II) [113].

An interesting macrocycle was presented by Newkome et al. [114-116]. A meta-
bis(terpyridinyl)benzene [117] ring was complexed with Fe(II) and Ru(II or III),
leading to a hexameric cycle. This geometry is favored because of the 120° angle
present in the ligand. Two approaches were used to obtain the ruthenium cycle
(Scheme 4.19). In a self-assembly process in which stoichiometric amounts of
free ligand were reacted with a di-Ru(III) complex of the same or different ligand
(route a), the hexamer was obtained. In the second approach (route b), the
macrocycle was constructed by a step-wise sequence via a “hemisphere” as the
intermediate.
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¢ M=Fe

Scheme 4.19 Hexameric macrocycle by Newkome et al. [114].
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Moreover, an analogous cycle was prepared by simply adding Fe(II) ions or
[Ru(DMSO),(Cl),] to the ligand, leading to exclusive formation of the hexameric
macrocycle. As well as standard techniques and cyclic voltammetry, TEM was
also used to prove the existence of the macrocycles. The utilization of this assembly
process has led to a new approach to nanofabrication, as shown in Scheme 4.20
[118].

So far, most macrocycles have been constructed from building blocks possessing
a rigid spacer, in which the direction of complexation is also predetermined by
the angle within the spacer group; therefore, macrocyclic assemblies were obtained
exclusively in well-defined sizes.

The formation of macrocyclic products from bis-terpyridine ligands linked by
flexible spacers is much more challenging, because these telechelics allow the
formation of different-sized rings as well as polymers. Despite these diffi-
culties, different flexible groups have been employed in the synthesis of rings.
Because of the inherent flexibility, a mixture of various rings and coordination
polymers were obtained in most cases. Therefore, low concentrations had to be
applied in order to push the ring-chain equilibrium to favor ring formation.
Furthermore, purification of the product by column chromatography mixture
was necessary.

Mononuclear macrocycles can only be formed if the spacer possesses (a) suffi-
cient flexibility and (b) appropriate length. In the following example (Figure 4.29a)
from Moore et al. [119], the terpyridines are linked in the 5-position: 1,3-
bis(2,2":6’,2"-terpyridinyl-5-ylmethylsulfanyl)propane and 1,4-bis(2,2":6",2"-ter-
pyridinyl-5-ylmethylsulfanyl)butane. The spacer length was predicted to be optimal
by molecular modeling; thus, upon the addition of Fe(II) or Ni(II) ions, an
intramolecular cyclization was realized and verified by X-ray structure analysis.
When adding the free ligand to a solution of the Fe(II) complex of unfunctionalized
terpyridine, ligand exchange was observed, resulting in the formation of macro-
cyclic complexes. This behavior can be explained by the chelate effect. In a similar
manner, three terpyridine moieties were connected to a cyclic triamine (Figure
4.29b) [120]; complexation with Eu(III) led to a room-temperature luminescent
bicyclic complex involving all terpyridine groups. In all of these cases, the
terpyridines were connected in the 5-position. Because of this, the connecting
points of the resulting complex are in close proximity; therefore, even short spacers
allow a successful complexation.

4’-Functionalized terpyridines, where the functionalities are on the opposite
faces of the octahedral complex, require much longer spacers or a special geometry.
The system (Figure 4.29¢) in which the terpyridine moieties are linked via
tri(ethylene glycol) spacers to a rigid, central 5,5"-bis(phenyl)bipyridine has been
synthesized by Constable et al. [121]. Flexible chains protrude at 120° angles from
the rod-like central unit; thus, the terpyridine groups are able to complex the
metal ions, allowing the formation of macrocycles (as confirmed by X-ray crystal
structure analysis). The bipyridine unit is accessible for further complexation in
order to construct extended supramolecular systems. In continuing experiments,
a macrocycle containing a 2,7-(diethylene glycol)-2,7-naphthalene linker, has been
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(Reprinted with permission from [118]).
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Figure 4.29 Mononuclear macrocycles of 5- and 4”-linked bis-terpyridines [119-123].

prepared (Figure 4.29d); the “handle” is conformationally locked in the cleft
between the terpyridine moieties, resulting in a chiral structure [122]. This hairpin
helicate was further expanded by the use of 2,2:6’,2":6”,2":6",2""’"-quinque-
pyridine [124] termini to generate double-helicates and trifold knots [125].
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Another mononuclear ring structure was obtained from a multifunctional
ligand (Figure 4.29¢). An extended polytopic ligand containing two terpyridine
moieties that were linked via azacrown ether moieties to a central phenanthroline
unit was complexed with Zn(II) ions to form the mononuclear complex [123]. In
a different experiment, the terpyridine end groups were complexed to [Ru(bpy),]**
fragments.

A recent report by Constable et al. described the synthesis of a family of
macrocycles [126]. The terpyridines were linked by flexible triethylene glycol chains
in the 4’-position; since the linker is too short for macrocyclization incorporating
a single metal center, only tri- and tetranuclear rings were obtained accompanied
by some polymeric material (Figure 4.30). To minimize the amount of polymeric
product, the reaction was conducted under dilute conditions in which a low (0.4
M) concentration was maintained; the products were isolated by column chromato-
graphy. The composition of these cyclic products was analyzed by ESI-MS;
furthermore, a shift of the '"H NMR signals of the terpyridine protons, when
compared to the corresponding polymer, was found and attributed to the different
chemical environment of the aromatic protons. Similar macrocycles, in this case
with hexyl-spacers linking the terpyridine moieties, were recently prepared [127].
The tri- and tetranuclear macrocycles were isolated and identified by MALDI-
TOF MS. A bisterpyridine with a hexadecyloxy spacer was also subjected to Fe(II)
ions, from which aggregates of up to [9 + 9], probably macrocycles, were detected
by MALDI-TOF MS, but the [2 + 2] macrocycle was shown to be the main product
[128]. Constable et al. further elucidated the formation of homo-[RuL,]* and
heteroleptic [RuLL’]* metallomacrocycles, where L represents different PEGs
possessing capped terpyridine moieties [129].

The first examples of metallodendritic spiranes (spirometallodendrimers) were
obtained in the group of Newkome [130] via incorporation of one terpyridine unit
within each dendritic quadrant of dendrimers derived from the pentaerythritol
core (Figure 4.31). These moieties were subsequently complexed with either Fe(II)
or Ru(II) ions, exclusively leading to intramolecular cyclization of the spiro type.

In arecent publication, a terpyridine within a pentaamine macrocycle (connected
at the 6,6”-positions) has been constructed (Figure 4.32) [131]. Because of the
geometry, with the metal-coordinating site pointing inside the ring, traditional
[M(tpy),]** complexes cannot be formed; however, hexa-coordinated metal
complexes are generated based on two ligands and two metal ions with an OH™
ion as a bridging ligand, leading to a dimeric structure, in which n—r stacking
interactions are present. Treatment of this bis-complex with acid showed that the
secondary amine groups were protonated first, followed by protonation of the
terpyridine nitrogens with strong acid.

In an analogous system, a crown ether ring was attached to terpyridine by means
of chiral pinene groups (Figure 4.32, bottom); amino acid derivatives were shown
to enantioselectively bind, as guests, to this macrocycle. The resulting fluorescence
quenching makes this macrocycle a useful sensor for host-guest binding [132].
Other ethereally bridged terpyridines have been reported, such as a 5,5”-bridged
terpyridine with a 34-membered ring encompassing a “bisphenol A” moiety [133].
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Figure 4.30 Flexible oligocycles by Constable et al. [126].
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Figure 431 Dendritic spirocycle [130].

Figure 4.32 Top: structure of the
terpyridine-azamacrocycle and crystal
structure of the Zn(Il) complex;
bottom: chiral crown ether terpyridine
macrocycle [132].

(Reprinted with permission from [131],
© 2004 American Chemical Society).
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4.5
Fullerene Terpyridine Complexes

Fullerenes are of special importance in contemporary chemistry because of their
photophysical and electrochemical properties [134, 135], thus leading to the
development of novel molecular electronics or light-harvesting devices. Most of
the current research into these particular kinds of potential solar cells include
fullerenes because of their electron-accepting properties. Therefore, the combi-
nation of fullerenes with [Ru(tpy),]** complexes has a special significance. The
pioneering work in this field was performed by Constable et al. and Diederich et
al. [136, 137]. Terpyridines, bearing a malonate group linked by oligo(ethylene
glycol)s, were prepared in two steps (Figure 4.33) utilizing a Bingel reaction of
brominated malonates with C, (loss of the bromine and addition to an unsaturated
fullerene bond) leading to the fullereno-terpyridines. In an alternative approach,
the terpyridine was directly attached to the fullerene by adding a brominated ethyl
terpyridinylacetate under Bingel conditions to Cg,. The functional ligands were
subsequently converted to the corresponding Ru(II) complexes by traditional
Ru(III)/(II) chemistry. In the case where the units are spatially close, a strong
interaction between the fullerene and the terpyridine complex was found by cyclic
voltammetry.

Figure 4.33 Fullerenes with appended [Ru(tpy),]** complexes [136, 137].
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Figure 4.34 Fullerene-[Ru(tpy),]** dyads and triads [138, 139].

The approach was continued by Schubert et al. [138]: a functionalized fullerene
(obtained in several steps, which included a Diels-Alder reaction) containing an
acid chloride was reacted with an aminoterpyridine, resulting in a terpyridinyl-
fullerene linked by an alkyl group. AB-dyads and ABA-triads were prepared by
complexing the ligand with an [Ru(tpy)(X);] complex or a second equivalent of
the functional ligand and RuCl; (Figure 4.34a and b).

Another molecular moiety that has been studied intensively in the context of
organic solar cells is the highly luminescent and electron-donating oligo(p-
phenylene vinylene) (OPV) that has already been covalently linked to fullerenes
[140]. Recently, the combination of these two units has been achieved via the
formation of a [Ru(tpy),]** complex leading to an ABC-triad (Figure 4.34c) [139].
Photoinduced absorption experiments revealed a lifetime of the charge-separated
state of less than 100 us (this is the time scale of the experiment — the actual
lifetime could not be determined). Energy transfer from the OPV to the fullerene
resulted in the quenching of the OPV luminescence.

Lietal. demonstrated the conversion of 4”-(p-tolyl)terpyridine to the correspond-
ing a-azidomethyl derivative [141]. The cycloaddition of this azide to the fullerene
resulted in a ring-opening of the fullerene cage [142, 143] (1,6-aza-bridged,
Scheme 4.21). Subsequent complexation with [Ru(ttpy),(Cl);], where ttpy = 4’-
(p-tolyl)terpyridine, led to the fullerene-[Ru(ttpy,]** complex dyad.
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complex array [144].
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A tetrafullerene adduct was successfully prepared by the treatment of tetra-
terpyridine core, based on pentaerythritol, with the terpyridine-containing fullerene
derivative (Figure 4.35) to give the four-directional complex with buckyballs in
the periphery [144].

4.6
Complexes Containing Biochemical Groups

An interesting approach to complexes containing biofunctionality is a combination
of terpyridine complex chromophores with biomolecules, which can subsequently
act as luminescent labels for biological processes. Furthermore, the capability of
electron transfer could potentially be of help in the of study electron transfer
processes in biological systems.

Ziessel et al. reported the synthesis of a terpyridine containing an 1-tyrosine
group (Figure 4.36) and the subsequent formation of the corresponding Ru(II)
complexes [145]. This combination was chosen for future studies of “Photosystem
I1” (in which water is oxidized to oxygen), a large membrane-bound protein system
in the photosynthetic reaction center of green plants. It could also help in the
construction of artificial water oxidation catalysts. An ethynyl group was chosen
as the linker, together with the Pd-catalyzed coupling of the iodide of the tyrosine
group with the 4’-triflate-terpyridine [146]. As well as the compound containing a
free phenolic group, a complex also bearing a protected group was prepared. While
a solution of the unprotected complex in MeCN showed luminescence even at
ambient temperature, it was quenched in a K,CO;-containing DMF solution,
indicating an electron transfer from the phenolic group of the tyrosine moiety by
photoexcitation in basic conditions, followed by back-electron-transfer. In the
corresponding protected compound, in which the phenol is blocked, no electron
transfer is possible, and, as a result, emission was observed.

Cyclodextrin “cups” (monosaccharides attached to terpyridines as well as the
corresponding complexes have been described in Chapter 2, Table 2.1, e.g., 1p
and 1q) were employed to build supramolecular systems consisting of a 4’-tolyl-
terpyridine ruthenium complex and a guest-binding moiety (Scheme 4.22) [147].

Figure 4.36 Terpyridines bearing an L-tyrosine group [145].
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Scheme 4.22 Cyclodextrin-functionalized [Ru(ttpy),]** complexes binding with
a [Os(4’-biphenyl-tpy) (tpy)]** guest, leading to an electron- transfer [147, 148].

All but one of the hydroxymethyl groups of the cyclodextrin were protected before
nucleophilic reaction with 4’-[p-(bromomethyl)phenyljterpyridine in a Williamson-
type ether coupling. This functionalized ligand was subsequently complexed with
either [Ru(tpy)(Cl);] or [Ru(ttpy)(Cl);], respectively, the latter being known to be a
room-temperature emitter. The final product may act as an optical sensor for the
hydrophobic binding of guests to the cyclodextrin, as shown by the addition of
anthraquinone-2-carboxylic acid. A quenching of the phosphorescence was
observed, resulting from an intermolecular electron transfer from the Ru(II)
complex to the quinone.

In further studies [also including a bis(cyclodextrin) complex], different quinone
guests were used leading to a luminescence quenching of different intensities
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depending on the quinone [148]. In another experiment, an [Os(biphenyl-
tpy)(tpy)]”* complex (biphenyl group as the guest) was added to the host system.
In the resulting Ru(II)-Os(II) dyad, an electron transfer from Ru(II) to Os(II)
could be observed after oxidation of the osmium center. An Ru(II)-Os(II) energy
transfer was, however, not detected because of the short lifetime of the ruthenium
emission (in accordance with covalent dyads linked by saturated spacers). This
energy transfer could be achieved by the use of long-lifetime complexes [149]. In
the present case, a [Ru(bpy);]** complex bearing cyclodextrins was synthesized
(Figure 4.37).

The binding of terpyridine metal complexes containing a guest-binding unit
(biphenyl or adamantyl) resulted in an energy transfer. Moreover, the direction of
the energy transfer could be reversed, depending on the metal center of the guest-

energy transfer

hv

energy transfer

Figure 4.37 Binding of terpyridine complexes of Os(ll) and Ir(lll) to a cyclodextrin-
functionalized [Ru(bpy),]** complex enabling energy- transfer processes [149].
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Figure 4.38 Glucose-functionalized terpyridine ligand [150].

complex; whereas Os(II) complexes lead to an energy-transfer from Ru(II) to Os(II)
(core to periphery), the direction is reversed by Ir(III) complexes, as guests. The
energy transfer from the three peripheral complexes to the Ru(II) core makes
such systems interesting potential light-harvesting devices.

The novelty of this host-guest system, compared to the ones previously described
(dyads), is that both donor and acceptor are being brought together spatially via
non-covalent interactions.

Besides cyclodextrin, the monosaccharide, glucose, was also attached to a
terpyridine ligand (Figure 4.38). This sugar unit was introduced via reaction of a
1-bromoethyl-functionalized glucose with a 4’-(p-hydroxytetrafluorophenyl)ter-
pyridine [150].

Various porphyrin [Ru(tpy),]*" complex conjugates, AB dyads, ABA, BAB, and
ABC triads have been constructed and investigated by Flamigni et al., in which
the Ru(II) center was shown to be a strong electron and energy acceptor, quenching
the porphyrin fluorescence [20, 151-154]. The porphyrin site has been studied in
both the free-base and the metalated form with either Zn(II) or Au(II) ions
(Figure 4.39). Zinc porphyrins with one or two [Ru(tpy),]*" and [Os(tpy),]**
complexes appended have been synthesized and their nonlinear optical properties
studied [155].

A photoinduced two-step electron- and energy-transfer could be observed. The
singlet excited state porphyrin is first quenched by the ruthenium component,
leading to an Ru(Il) complex localized triplet excited state (*MLCT) which, in
turn, transfers its triplet energy back to the porphyrin unit attached to it so as to
generate the porphyrin triplet excited state. These authors also utilized terpyridine
Ir(I1I) complexes within the porphyrin triad system, showing a multi-step electron
transfer from the free or Zn(II) complexed porphyrin via the Ir(III) complex to
the Au(III) complexed porphyrin [156, 157].

In a recent contribution, an [Ru(tpy),]** porphyrin dyad has been reported in
which the two parts were linked by a p-phenylene group, and a phenylethynyl
moiety was attached to the other side of the terpyridine ruthenium complex; such
a combination was shown to prolong the triplet lifetime of the ruthenium complex.
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a M=2Zn
b M=2H

Figure 4.39 Porphyrin — [M(tpy),]*" complexes [151-154].

This compound permitted a more detailed study of the energy-transfer processes
in the dyad [158].

Another approach in combining biochemistry with terpyridine supramolecular
chemistry is demonstrated by the coupling of biotin to 4"-aminoterpyridine by
means of the well-known isocyanate coupling reaction [159, 160]. As well as a
short alkyl spacer, a polymeric poly(ethylene glycol) chain has also been introduced
(Figure 4.40). Biotin is known to bind strongly to the protein avidin via multiple
H-bonding with a geometry comparable to a “lock and key” system.

A dinuclear iron carbonyl complex was attached to an [Ru(tpy),]”" complex,
mimicking the active site of iron-hydrogenase (Figure 4.41) [161, 162]. Irradiation
of this complex resulted in an electron-transfer, which could be utilized to produce
hydrogen.

]2
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Figure 4.41 [Ru(tpy),]**-iron carbonyl dyad [161, 162].

A connection of DNA fragments to terpyridine complexes has been reported in
which two complementary DNA sequences (20 base pairs) were connected via a
tri(ethylene glycol) to a terpyridine moiety, respectively, and subsequently the
corresponding symmetric Ru(II) complexes were prepared [163]. The mixing of
these two complexes resulted in long linear arrays through self-assembly, in which
the length could be adjusted by the molar ratios of the ligands within the mixture.
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5
New Functional Polymers Incorporating Terpyridine
Metal Complexes

5.1
Introduction

In today’s polymer and materials research, a melding of tailor-made macro-
molecules and traditional polymer chemistry has become an important feature of
supramolecular systems. Thus, using a relatively large “classical” polymer content
in the resulting supramolecular material, it has been possible to produce, on a
large scale, materials combining the new and interesting features and structures
of supramolecular species with the desired polymeric properties. Because of their
polymeric nature, these materials can be, for example, spin-coated to form thin
films or used in bulk, thus allowing technical processing via traditional polymer
engineering methodologies. By altering the proportion of polymer, the macroscopic
properties of the material can be dramatically changed, e.g., from rigid to elastic,
from hydrophobic to hydrophilic, or from liquid to solid.

In addition to the well-known H-bonding systems [1], metal-ligand coordination
is another important concept in supramolecular polymer chemistry. Chelate
complexes of polypyridines, especially bi- and terpyridines of transition metals,
have gained special attention recently because of their outstanding optical
properties (see also Chapter 3).

Scientists started in the early 1970s to insert bipyridine units into large
polyethylene glycolic macromolecules, (“crown ethers”), polymers, thin films, and
membranes. The chemistry of 2,2":6,2"-terpyridines is — relatively speaking —
much younger than that of their 2,2"-bipyridine counterparts. This also holds
true for terpyridine-containing polymers, of which the first example appeared
only recently [2]. This delayed inclusion is probably linked to the synthesis of
the key functionalized terpyridines, which generally requires comparatively more
steps than that of the 2,2"-bipyridine counterparts. Polymers containing bipyridine
and phenanthroline moieties will not be considered here, but overviews on
macromolecules bearing either phenanthrolines [3] or bipyridines [2, 4] are
available. Other reviews concerning metal-containing polymers are also available
3, 5-7].

In the first part of this chapter, macromolecules bearing terpyridine units in
the side chain will be discussed. These materials were the first terpyridine-
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containing polymers that were reported and were synthesized in a facile fashion
by polymerizing monomers that were functionalized with appropriate terpyridine
moieties. For a recent overview of dendronized polymers, Frauenrath [8] has
addressed the different basic strategies. In the second part, polymers with
terpyridine units in the main chain are described. By complexing mono- or bis-
functionalized prepolymers, various architectures (e.g., extended linear or block
copolymers) could be obtained [9]. Regarding biopolymer-terpyridine complexes,
the focus to date is predominantly on macrobiomolecules including terpyridine
complexes, which were covalently attached to enzymes, peptides or DNA/RNA.
The supramolecular chemistry of simple terpyridine complexes with biosystems,
such as DNA intercalators or ribozyme mimetics, has been considered in detail
elsewhere [10, 11].

5.2
Polymers with Terpyridine Units in the Side Chain

To the best of our knowledge, Potts and Usifer were the first, in 1988, to incorporate
the terpyridinyl unit into a polymer backbone [12] by (a) the free-radical homo-
polymerization of either 4- or 4’-vinylterpyridine or (b) the copolymerized 4’-vinyl-
terpyridine with styrene (Scheme 5.1). The resultant polymers were white powders
with molecular masses of up to 60 000 g mol™ (GPC with a polystyrene standard)
and polydispersity indices in a range of 2—44. The addition of metal ions to these
polymers generated an insoluble metallopolymer complex. The uncomplexed
polymers could be recovered by using hot, concentrated hydrochloric acid.
Although attempts to homopolymerize the corresponding vinylterpyridine metal
complexes failed, styrene copolymers were readily formed from both [Co(4-vinyl-
tpy) (tpy) (PF),] and [Ru(4’-vinyl-tpy),(PF,),] complexes [13].

AIBN
60°C

Scheme 5.1 The first reported terpyridine-containing polymers prepared
by free-radical polymerization of vinylterpyridines [12].
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Scheme 5.2 Copolymers with pendant terpyridine units in the side chain [14, 15].

Later in 1990 and 1992, Hanabusa et al. published [14, 15] an extended series
based on either 4’-[4-(2-acryloyloxyethoxy)phenyljterpyridine or 4’-(4-styryl)-
terpyridine as monomers for homo- and copolymerization (Scheme 5.2). In the
former, the copolymerization was conducted using styrene or methyl methacrylate,
producing an average molecular weight (GPC) of 6400 g mol™ for the styrene
copolymer and 15 000 g mol™ for the copolymer with methyl methacrylate. The
latter paper described the homopolymers of 4’-(4-styryl)terpyridine, and copoly-
mers with styrene, vinyl acetate, and acrylic acid. While these homopolymers
were insoluble, all three copolymers were, however, soluble, because of their low
terpyridine content (5%). In all cases, the corresponding metal complexes were
formed with CoCl,, FeCl,, NiCl,, and CuCl,.

Recently, Tew et al. prepared a random copolymer using a methyl methacrylate
that was functionalized with terpyridine, as the co-monomer (Figure 5.1, left)
[16]. Upon addition of Cu(Il) nitrate, an increase in viscosity was observed, which
did not, however, occur in the case of the related homopolymer. Even at low
concentrations of 4 mg mL™, a significant rise in viscosity was observed, which,
when compared to other non-covalent systems such as H-bonding, had not been
observed [17].

A very similar approach to such copolymers was recently published by Schubert
and Hofmeier in which the only difference was the spacer length between the 4’-
position of the terpyridine and the polymer backbone [19]. Detailed viscosity studies
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Figure 5.1 Left: Tew's methacrylate copolymer for metal complexation [16].
Right: Heller's Ru-coordinated polystyrene [18].

through stepwise addition of Fe(II) or Zn(II) ions were performed showing that
the viscosity dependence was based on terpyridine content as well as concentration,
thus providing evidence for the formation of large aggregates of different sizes
(Figure 5.2) [20].

Moreover, the type of metal ions can also play an important role; for example,
the addition of Zn(II) ions led to [Zn(R-tpy),]** cross-linked metallopolymers
possessing a lower viscosity. After an overtitration, the relative viscosity eventually
dropped because these Zn(II) complexes are reversible and can also form mono-
complexes, [Zn(R-tpy)(X),], in the presence of an excess of Zn(II) ions. At even
higher Zn(II) ion concentration, gel formation was observed due to the generation
of an extended network [21]. The terpyridine copolymer was then used to create a
more complex metallopolymer. With the traditional Ru(III)/Ru(II) method, graft
copolymers were synthesized in which additional [Ru(4’-PEG-tpy)(X)] possessing
an end-functionalized poly(ethylene glycol) chain could be attached to the
terpyridines located on the polymer backbone via [Ru(tpy),]** connectivity.
Additionally, an [Ru(4’-polylactide-tpy)(X);] and a non-polymeric [Ru(4’-R-tpy) (X),]
were used as grafting ligand complexes (Scheme 5.3). When comparing the
thermal properties of the grafted copolymers with the starting copolymer,
differential scanning calorimetry (DSC) measurements showed significant
differences, especially in the glass transition temperatures, thus demonstrating
the influence of the grafting process.

A different strategy toward side-chain, terpyridine-functionalized polymers
utilized commercial polymers; for example, Schubert et al. modified polyvinyl-
chloride (PVC) by an initial treatment with (2-mercaptophenyl)methanol to
introduce hydroxy groups, and then reaction with a terpyridine bearing an
isocyanate group (Scheme 5.4). The resulting terpyridine-modified polymer was
investigated regarding grafting with an oligo(ethylene glycol) and cross-linking
through addition of Fe(II) ions [22].
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Figure 5.2 Schematic overview of the cross-linking of terpyridine-containing PMMA
and viscosity plots of the stepwise addition of metal salts to the copolymer [20].

Recently, an example of a divergent approach to polymerizing [M(tpy),]**
complexes, which are functionalized on one side with a polymerizable group,
was reported (Figure 5.1, right) [18]. Hetero-[Ru(4’-CH ,=CH-tpy) (4-HOCH ,-tpy)|**
complexes were copolymerized with styrene using simple free-radical poly-
merization; the product precipitated as an orange solid, which had an M, (deter-
mined by GPC) of 5170 with a polydispersity index (PDI) of 1.62. The fact that no
dissociation was observed when it was passed through the GPC column also
demonstrated the stability of such hetero-[Ru(R-tpy)(R’-tpy)]** complexes. Through
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Scheme 5.3 Metallo-supramolecular grafting of a terpyridine-modified
copolymer by Ru(lll)/Ru(ll) chemistry.

possible further functionalization on the hydroxymethyl functionality of the
ligands, new possibilities for cross-linked or grafted systems become available.
These hetero- [Ru(R-tpy)(R"-tpy)]*" complexes especially offer interesting photo-
physical properties due to their significant room-temperature luminescence
resulting from the conjugation in the 4’-position of the terpyridine.

Cho et al. used the convergent approach to side chain functionalized Ru(II)
complexes [23], in which a conventional ABA tri-block copolymer was formed by
anionic polymerization to yield poly(CzMA-b-2VP-b-CzMA), where CzMA = 2-(N-
carbazolyl)ethyl methacrylate and 2VP = 2-vinylpyridine. The middle block, con-
sisting of 0-20 2VP units was then complexed with the mixed [Ru(tpy) (dmbpy)(Cl)],
where dmbpy = 4,4’-dimethyl-2,2"-bipyridine, generating the octahedral six-
coordinate Ru(Il) complex as the grafted species (Figure 5.3). Electro-luminescence
experiments were conducted on a polymer layer in a device capable of testing
polymers with different Ru(II) contents, leading to promising conclusions
regarding intra- and inter-molecular energy-transfer processes and thus demon-
strating the possibility of fine-tuning the Ru(II) complex content via controlled
polymerization techniques.

When considering the material's mechanical properties, the combination of
different cross-linking techniques will be of use in future coating technologies.
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Scheme 5.4 Modification of PVC with terpyridine [22].

Figure 5.3 Cho’s Ru-coordinated block copolymer [23].
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Scheme 5.5 Top: overview of the two-step covalent and supramolecular
cross-linking; bottom: synthesis of the terpolymer.
(Reprinted with permission from [24], © 2003 American Chemical Society).



5.2 Polymers with Terpyridine Units in the Side Chain

An attempt has been made to combine and individually address [M(tpy)(tpy’)]**
complexation and the UV-mediated polymerization of oxetanes [24]. Therefore,
an acrylate terpolymer was designed bearing a terpyridine as the metal-complexing
unit and an oxetane as a covalent cross-linking unit (Scheme 5.5). The terpolymer
obtained through radical copolymerization had an M, of 7400 g mol™" and an
average terpyridine content of 2.8 per polymer chain. It was shown that the addition
of FeCl, led to the typical MLCT absorption (purple coloring) of the [Fe(tpy)(tpy’)]**
complex. Upon subsequent reaction with AICL,, ring-opening and covalent cross-
linking of the oxetane groups occurred. The order of the cross-linking could also
be reversed, in which first a rubber-like material was obtained from the covalent
cross-linking by treatment with AICl;. Subsequent treatment of the cross-linked
polymer with a methanolic solution of FeCl, immediately resulted in a purple
coloration, indicating that additional coordinative cross-linking had occurred. This
demonstrated the feasibility of such [M(tpy)(tpy’)]** complexation as part of a multi-
step, cross-linking procedure, which might be of interest, for example, for smart
coatings with self-healing properties. Subsequently, this approach was extended
to terpolymers containing epoxide moieties [21]. In addition to analogous oxetane
studies, the cross-linking density through gel swelling studies was investigated.
The material, when subjected to Fe(Il) ions as well as AICl;, revealed a higher
degree-of-cross-linking than that in cases where only either covalent or supra-
molecular cross-links were present, which is consistent with both types of cross-
linking. However, the terpolymers containing epoxide or oxetane groups showed
minimal efficiency toward UV-initiated curing. This is probably caused by an
acid-base reaction of the photoinitiator with a terpyridine moiety. Therefore,
terpolymers were designed possessing either (a) (meth)acrylates for free-radical,
UV-curing or (b) hydroxy groups that could be thermally cured with isocyanates
[25].

In 1998, Kimura, Hanabusa, et al. introduced a fluorescing poly(p-phenylene-
vinylene) with pendant terpyridinyl groups, as a chemosensor for metal ions [26].
As shown in Scheme 5.6, polymerization was conducted by a Wittig-type reaction
of 2,5-bis(hexyloxy)benzene-1,4-dialdehyde and the terpyridinyl-phosphonium salt,
yielding a polymer with M., = 4000, as determined by GPC (polystyrene stand-
ard). The fluorescence of the polymer was investigated as a function of various
metal ions; at 524 nm, the fluorescence was completely quenched by Fe(II), Fe(III),

P(Ph)sBr

Scheme 5.6 Preparation of conjugated polymers by Wittig reaction for an
application as fluorescing chemosensors [26].
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P{o-MeCgHs)s
DMF, 100 °C, 24 h

Scheme 5.7 Light-emitting polymers with a pendant [Ru(4’-O-tpy) (tpy)]*" complex [27].

Ni(II), Cu(II), Cr(II), Mn(II), and Co(II). A blue shift in the emission spectrum
was shown for Pd(II), Sn(II), Al(III), and Ru(II).

A poly(p-phenylenevinylene) (L) with pendant [Ru(4’-RO-tpy)(tpy)]** and
[bipyridin-4-yl]-Ru(II) complexes has recently been synthesized by Chan et al.
[27]. In this synthesis, 1,4-divinylbenzene, 1,4-di(dodecanoxy)-2,5-diiodobenzene,
and an [Ru(4’-I-tpy)(tpy)]** complex were copolymerized in various ratios via a
Heck coupling procedure (Scheme 5.7). These polymers exhibited photo- and
electroluminescence at room temperature. Photocurrent measurements were
conducted on samples that were spin-coated onto an ITO surface at 490 nm,

demonstrating photoconductivities in the order of magnitude of 1072 Q™ cm™.

1 (I3H3 }I-|
bt m CHoNC 10CHoC—F OCNCH,
OCN H H 0 NCO
n

dibutyltindilaurate
THF, 50 <C, 70 h

n o)

Scheme 5.8 Copolymerization of bis(hydroxymethyl)terpyridine with a
bis-isocyanate-functionalized prepolymer.
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LEDs produced from these polymers exhibited a turn-on voltage of 5V with
rectification greater than 10° at 15 V and a maximum luminance of 360 cd/m”.

In a different approach, a 5,5”-bis(hydroxymethyl)terpyridine was reacted with
a commercially available bisisocyanate-functionalized prepolymer, resulting in an
AB multiblock copolymer (Scheme 5.8) [28]. Subsequent treatment of a solution
of the block copolymer with Co(OAc), in chloroform immediately revealed a red-
brown coloration. In contrast to the viscous free polymer, the complexed metallo-
product had rubber-like properties.

5.2.1
Polymers with Terpyridine Units in the Polymer Backbone

The combined properties of conventional polymers with those of [M(tpy)(tpy’)]**
complexes have become of increasing interest over the last few years. There are
mainly two different chemical approaches to introducing terpyridines and their
complexes into the backbone polymeric systems: (a) by functionalizing properly
modified polymers with terpyridine ligands or (b) by using a functionalized
terpyridine as an initiator (the convergent approach starting from uncomplexed
terpyridine). These main approaches also apply to corresponding bisterpyridine
metal complexes (divergent approach, in which metallopolymers are formed
starting from the complex). Having a functionalized polymer with free terpyridine
ligands and subsequently forming different combinations of bis-complexes with
different metals leads to a rich variety of possible new metallosuperstructures.
For a detailed insight into these strategies, the reader should see recent overviews
[2, 29, 30].

These polymeric terpyridine materials can be either monofunctionalized or of a
telechelic nature, possessing two or more terpyridines per chain. Having ter-
pyridine units at both ends of each chain allows access to linearly extended chains
containing metal “linkers”. Scheme 5.9 shows the concept of such a polymer.

In 1995, Constable discussed his own work exploring the concept of using
metallo-supramolecular principles to prepare oligomers and polymers with pre-
coded properties by coordination to metal ions [31].

Although the successful synthesis of a coordination polymer has not yet been
reported, the structures shown here give an impression of the true potential of
this strategy with respect to the incorporation of distinctive physical properties.
Some groups have investigated rigid rods during their research, addressing long-
distance interaction phenomena, such as electron and energy transfer or magnetic
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Scheme 5.9 Polymeric bisterpyridine-metal complex (charge and anions omitted).
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coupling of transition metal ions (see “dyads” and “triads” in an earlier chapter)
[32]. Although no polymers were formed, structures were obtained that could act
as very interesting building blocks for non-covalent polymers because of their
bisterpyridine functionalization.

5.2.2
Polymers from Rigid Organic Building Blocks

Mohwald, Kurth et al. used analytical ultracentrifugation for the characterization
of a coordinating polymer built of 1,4-bis(terpyridin-4"-yl)benzene (Scheme 5.10),
which was first introduced by Constable et al. [33], and treated it with Fe(II) ions
[34]. Applying the Svedberg formula, they determined a minimum molecular mass
of 14 900 g mol™, corresponding to 25 repeating units; however, this can only be
considered a rough estimate because of the uncertainty in the determination of
its partial specific volume v [35]. Interesting layer-by-layer self-assembly with
this polymer was conducted by Kurth et al. The resulting alternating monolayers
were investigated by X-ray reflectivity measurements, XPS, and surface plasmon
resonance spectroscopy [36]. A thickness of dried polymer films of 18 + 3 A was
determined, corresponding to a single layer (see also results utilizing isolated
terpyridine metal complexes) [37-41].

In a recent paper, Kurth et al. produced anisotropic thin-film materials of this
metallo-supramolecular polymer by electrostatic binding to the amphiphile
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Scheme 5.10 Linear metallo-supramolecular coordination polyelectrolytes
used for the formation of a superlattice by layer-by-layer self-assembly [36].
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dihexadecyl phosphate [42]. The resulting polyelectrolyte-amphiphile complex
formed a stable monolayer at the air-water interface that is readily transferred
and oriented on solid supports by the Langmuir-Blodgett technique. The average
thickness per layer was demonstrated to be 2.8 + 0.2 nm. The presented strategy
opens up a new route to materials with tailored structures and functions. Kurth
et al. have demonstrated simple methods for the fabrication of devices with
metallosupramolecular substrates [43—47]. Recently, they created a polyelectrolyte
by the reaction of Co(II) with a bisterpyridine ligand incorporating a bridging
metalloviologen unit; the fabrication of thin-multilayers via layer-by-layer self-
assembly generated an electrochromic film [44].

The same ligand has been used by Mohler et al. for the controlled stepwise self-
assembly of rigid rods [48]. Utilizing ruthenium chemistry, these authors built
up a well-defined linear oligomer consisting of seven metal centers (Scheme 5.11).
Electrospray mass spectrometry was applied to characterize a solution of the
heptanuclear complex in MeCN.

1) MeOH, D
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Scheme 5.11 Well-defined linear rods consisting of seven metal centers [48].
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Scheme 5.12 Novel aromatic polyimides for application as LEDs [49-51].

A series of poly(p-phenylenevinylene) polymers and aromatic polyimides
(Scheme 5.12) have been synthesized and characterized by Chan et al. [49-52].
To generate poly(p-phenylenevinylene)s, 1,4-divinylbenzene, 1,4-dibromo-2,5-
di(hexyloxy)benzene and [Ru(4-I-C4H,-tpy),]*" were coupled in different ratios
by Heck coupling procedures, resulting in polymers with the terpyridine complex
incorporated into the backbone [49]. By varying the monomer ratios, the macro-
scopic propetties, e.g., solubility, of the polymers changed. The polyimides were
copolymerized from an [Ru(4’-H,N-C,H,-tpy),(PF,),] complex with different
aromatic dianhydride monomers [50]. The electron and hole carrier mobilities of
the polyimides were demonstrated to be within an order of magnitude of
107 cm?V's™. Single-layered light-emitting diodes were produced with an exter-
nal quantum efficiency of 0.1% and a maximum luminescence of 120 cd m™.
Interestingly, Chan et al. in both cases used this rather traditional approach with
preformed complexes for polymerization only, not the coordinative polymerization
of bisnucleating ligands by addition of metal ions.

Up to now, the most extensive study of terpyridine-based metal coordination
polymers has been performed by Kelch and Rehahn in 1999 [53, 54]. To enhance
solubility, the rigid ligand was functionalized with two n-hexyl groups (Scheme



5.2 Polymers with Terpyridine Units in the Side Chain

5.13). From end-capping experiments combined with NMR investigations, the
degree-of-polymerization was demonstrated to be at least 30, corresponding to a
molecular weight of more than 36 000 g mol™. These high values obtained from
NMR were further supported by viscosity measurements. The intrinsic viscosity
[n] was determined to be ca. 300 mL g™, which is of the same order of magnitude
as the intrinsic viscosities observed for poly(p-phenylene)s. A strong polyelectrolyte
effect due to the charges in the backbone was also found for these polymers, but
could, however, be suppressed by performing the viscosity measurements in
solutions in which a screening salt was added.

In a more recent contribution, analogous rod-like [Ru(tpy),]** polymers were
prepared in which a heteroleptic complexation was used, where one of the ligands
does not consist of a terpyridine, but rather a 2-phenylbipyridine. In addition to
the 5 nitrogens, a carbanion completes the complexation at the Ru(II) center.
From 'H NMR end-group analysis, it was concluded that these Ru(II) complex
polymer chains have a DP > 20, which corresponds to the previous results
(Scheme 5.14) [55].

The above approaches utilizing long side chains to yield soluble rod-like non-
covalent polymers in solution have a notable drawback, i.e. they are derived from
rather complicated building blocks as well as coupling procedures.

Meijer et al. reported the synthesis of a rigid [Fe(tpy),]** polymer including
oligo(phenylene vinylene) (OPV) units (Figure 5.4, top) [56]. Because of this rigidity,
the formation of small macrocycles is unlikely, and the degree-of-polymerization
was estimated to be DP = 100 at the applied millimolar concentration derived
from kinetic data obtained from a UV/Vis titration experiment. Such metallo-
polymers containing Ru(II) as the metal center are of special photophysical interest
because of their fluorescence (even at room temperature) provided by the
conjugated system attached at the 4’-position.

Similar systems containing a chiral pinene moiety attached to the outer
terpyridine rings were reported by Barron et al. (Figure 5.4, bottom) [57]. Extensive
luminescence lifetime studies were conducted on these systems, demonstrating
that the length of the n-electron delocalization “box” governs the emission energy
at 77 K, where the luminescence lifetimes are not controlled by non-radiative
decay, in contrast to the room-temperature experiments.

A further example using the different approach of first synthesizing a 4’-functio-
nalized [Ru(tpy),]*" complex and subsequent polymerization of this complex to a
ruthenium complex polymer was reported [58] by Constable et al., in which
thiophene moieties, attached to the 4’-positions of the terpyridines in the Ru(Il)
complex, were electrochemically polymerized (Scheme 5.15). From semi-empirical
calculations (ZINDO/S), it was concluded that, because of the build-up of a positive
charge at the thienyl C5 position, that position is the favored one for coupling to
give a linear, rod-like Ru(II)-complex polymer. The authors did not determine the
degree-of-polymerization, but did, however, investigate the deep red film (100
nm thick) formed on the electrode surface using AFM and XPS (detection of
ruthenium 3ds;, and S 2p; ). Furthermore, the red shift of the MLCT-band from
498 to 521 nm matches the extended conjugation arising from the bithienyl spacer.
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Figure 5.4 Top: combination of an [Fe(tpy),]** complex and an oligo(phenylenevinylene)
unit [56]. Bottom: chiral [Ru(tpy),]*" complex polymer [57].

+15V

Scheme 5.15 Coupling of an [Ru(4’-thiophenyl-tpy),]** complex resulting in a
2,2"-bithienyl-linked polymer by electropolymerization [58].
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523
Polymers from Flexible Organic Building Blocks

In the previous section, supramolecular polymers from rigid precursors were
described and shown to possess rod-like structures. Since most polymers used
for industrial applications are flexible macromolecules, flexible linkers have been
introduced into the precursors for supramolecular polymers.

A series of bis-terpyridine-functionalized ligands as well as the corresponding
polymeric species have been reported by Colbran et. al. [59, 60]. Starting with 4’-
(4-aminophenyl)terpyridine, polymers were prepared by two different synthetic
routes: (a) coupling of two ligands with difunctional organic reagents, e.g., with
pyromellitic anhydride, terephthaloyl chloride, or adipoyl chloride, and then
treating the new binucleating ligands (Figure 5.5) with metal ions, or (b) pre-
forming monomeric complexes of the 4’-(4-aminophenyl)terpyridine followed by
treatment with these same difunctional organic reagents. In approach (b), the
polymerization was quenched and a molecular weight of 18 kDa, corresponding
to a degree-of-polymerization of 17, was calculated based on the number of end
groups. Similar results were obtained for the polymers resulting from approach (a).

Recently, there have been numerous different approaches in this direction,
mainly focusing on Fe(II) and Ru(II), as the “metal glue” for coordination
polymerization. Bisterpyridine complexes of these two metals possess very high

Figure 5.5 Organic ligands suitable for transition metal ion-based non-covalent
polymerization [59, 60].
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stability constants, and only in the case of Fe(II) is reversibility known to occur
upon heating [61]. Recently, Kimura et al. [62] reported a chiral example obtained
from twisted enantiomeric bridging ligands (Figure 5.6). The enantiomeric ligands,
consisting of a bis-terpyridine-functionalized chiral binaphthyl spacer, are
separately complexed with one equivalent of FeCl, in order to yield the enantio-
meric coordination polymers. Upon addition of up to one equivalent of FeCl,, a
nearly linear increase in UV/Vis absorption of the Metal-to-Ligand Charge-Transfer
(MLCT) band could be obtained. Moreover, circular dichroism (CD) spectroscopy
showed an increase in the MLCT band as well, suggesting a chiral induction to
the optically inactive [Fe(tpy),]** moiety and therefore superstructural chirality;
however, characterization of these novel polymeric or oligomeric species is,
needless to say, challenging, in that data concerning polydispersity index or ring-
chain equilibrium are difficult to obtain.

Abruia et al. reported the synthesis of bridging bis-terpyridine ligands which
possess inherent chirality [63]. Complexation with Fe(II) salts was studied in
solution with UV/Vis and CD spectroscopy in order to confirm the construction
of chiral metallo-assemblies. From the UV/Vis titration with Fe(BE,),, it was shown
that the isolated MLCT band increased in intensity up to an equivalent of 1:1,
but remained unchanged even after over-titration (Figure 5.7). This proves, as
reported by Kimura et al., that formation of saturated octahedral bis-complexes
can be confirmed by CD spectrometry with additional evidence for the formation
of an optically active compound upon complexation with Fe(II). ESI-MS measure-
ments showed that the polymeric assemblies undergo severe fragmentation under
these conditions; however, large fragments with up to 9 ligand-Fe(II) repeating
units were still observed.

Constable et al. recently reported the separation by column chromatography of
different fractions from their polymerization attempts using a bis-terpyridine-
tri(ethylene glycol) and FeCl,. There is evidence, according to electrospray mass
spectrometry and 'H NMR experiments, that the two main products formed are
3+3 and 4+4 macrocycles (see Section 4.4 “Cycles” in previous chapter) [64]. Only
a smaller fraction, which could not be eluted from the silica column, is believed
to be composed of large macrocycles or linear polymers. Similar observations
were made by Schubert et al. using hexane instead of tri(ethylene glycol) as the
spacer. In addition, it was shown in this latter case that it is possible to influence
macrocycle formation by applying heat to the mixture after performing the metallo-
polymerization at room temperature [65]. According to 'H NMR and MALDI-
TOF-MS results, numerous different components were observed. Analogous
results were obtained for a bis-terpyridine containing a hexadecyl spacer, where
species possessing up to 9 monomers could be detected by MALDI-TOF-MS.
This telechelic component showed good solubility, thus permitting a viscosimetric
titration with Fe(Il) ions; a significant rise in the solution viscosity indicated the
formation of extended polymers [66]. It is proposed that entropy-driven formation
of smaller cycles from large polymeric species occurs on exchange after heating,
which is comparable to Constable’s results. (Generally, exchange upon heating is
known to occur for [Fe(tpy),]* systems [61].) For another similar metallopolymer
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Figure 5.6 Top: chiral bridging ligands in which two terpyridine exo-ligands are
linked at 6- and 6"-positions by a chiral binaphthyl spacer. Bottom left: schematic
representation of the stereospecific assemblies of Fe(ll) and (R)- and (S)-chiral
bridging ligands. Bottom right: (a) effect of Fe(Il) concentration on the CD
spectra of the (R) enantiomer (0.1 mM) in CHCl;-MeOH at 20 °C: [Fe(Il)] =0,
0.02, 0.06, 0.1 mM. Arrows indicate the spectral change. (b) CD spectra of (R)-
and (S)-enantiomeric assemblies (0.1 mM) in the presence of Fe(ll) (0.1 mM).
(Reprinted with permission from [62], © 1999 American Chemical Society).

comprised of bis-terpyridine-di(ethylene glycol) and FeCl,, the reversibility was
investigated in a different way; decomplexation of the Fe(II)-polymer system could
be shown by addition of the competitive ligand HEEDTA [67].
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Figure 5.7 Top: chiral bridging ligand (-)-[ctpy-x-ctpy]; bottom: spectro-
photometric and CD-titration of (—)-[ctpy-x-ctpy] with Fe(BF,), (right).
(Reprinted with permission from [63], © 2001 American Chemical Society).

5.24
Polymers from Polymeric Building Blocks

In the previous sections, the construction of supramolecular polymers from well-
defined (monodisperse) organic building blocks was described; however, these
compounds were characterized by a high charge density, and, in general, their
mechanical properties were not particularly good. It has been a goal of many
researchers to combine the properties of known polymers with the features of
supramolecular entities. One route toward such materials is by polymeric
telechelics: terpyridine-functionalized polymers of fairly low molecular weight
can be used as building blocks for various polymeric superstructures such as
extended polymers or block and graft copolymers.

One of these approaches utilizes the facile nucleophilic aromatic substitution
of the readily available [68], but not cheap, 4’-chloroterpyridine, which can be
reacted very efficiently with different hydroxy- and thiol-terminated molecules in
the presence of KOH in DMSO to afford the corresponding oxo and thioethers in
high yields. As a first example an a-carboxy-w-hydroxy-functionalized poly(oxy-
tetramethylene) prepolymer was modified in this way with exactly one terpyridine
end unit (Scheme 5.16) [69, 70].
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+  HO(CHyCH0)76CH;CH,COOH

DMSO,
88% | KOH,
60°C
(CHaCHz0)76CH2CH,COOH

Scheme 5.16 Synthesis of an o, w-functionalized metal complexing polymer.

The same strategy was applied to the modification of other different commer-
cially available bisfunctionalized telechelics, based, e.g., on poly(oxytetramethylene)
and poly(ethylene oxide) prepolymers (Scheme 5.17) [71-73].

HO(CH>CH>CH,CH,0)H

KOH, DMSO
70°C, 24 h

Cl

H(OCH,CH),OH
KOH, DMSO.
70°C,24 h

Scheme 5.17 Different metal-complexing compounds.
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In all these cases, MALDI-TOF-MS was demonstrated to be a very powerful
tool for investigating the resulting modified macromolecules. As shown in
Figure 5.8, the complete bisfunctionalization of the poly(oxytetramethylene) with
an average molecular weight M, of 8000 Dalton can be easily proven by MALDI-
TOF-MS. The difference in molecular weights between prepolymer (top) and the
product (bottom) correlates with the complete reaction of two terpyridine units
for each prepolymer; in addition, NMR, UV, and GPC results are in good
agreement. This simple modification strategy can be easily expanded to other
polymeric systems, such as poly(styrene), poly(methacrylate), or poly(siloxane)s.

The addition of octahedrally coordinating transition metal ions to terpyridine-
modified prepolymers leads to a spontaneous self-assembly of two terpyridine
units and, therefore, to a polymerization (in principle, a polyaddition reaction)
(Scheme 5.18). Formation of these complexes can be reversed, e.g., by either
changing pH [74] or applying electrochemical [75] or thermal changes [40]. The
formation of terpyridine metal complexes and thus the non-covalent coordination

4
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Figure 5.8 MALDI-TOF mass spectra of the o, -bis(hydroxy)-

poly(ethylene oxide) gy, and the product o, w-bis(terpyridin-4"-yl)-

poly (ethylene oxide)goe (M, = 9375 g/mol); the difference in the

peak maxima resembles two terpyridine units.
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Scheme 5.18 Schematic representation of the non-covalent polymerization.

polymers can easily be monitored by various techniques, such as UV/vis spectro-
scopy, NMR, or titration microcalorimetry.

Such a system, consisting of a high-molecular-weight poly(ethylene oxide)
polymer end-capped with terpyridines, gave, upon addition of Fe(II) or Ni(II)
acetate, an extended polymer, which was confirmed by the increase in viscosity
(Figure 5.9) [76, 77); the relatively weakly coordinating Cd(II) ions were studied
analogously [78].

In order to investigate a variety of related polymers with different chain lengths,
Fe(II)-containing polymers were synthesized for the first time using a combi-
natorial approach [76, 77]. Extended metallopolymers were also derived from Ru(II)
ions. Solution viscosimetry suggested the appearance of high-molecular-weight
polymers of ca. 130 000 Dalton (13 repeat units). A polyelectrolyte effect was
present and could be eliminated by the addition of salt [79]. The material properties
are significantly different compared to the powdery telechelic in that the extended
supramolecular polymer possessed flexible, film-forming properties (Figure 5.10).

Another possibility for creating and investigating such systems is to first
functionalize only one chain end with terpyridine and then to use either the
directed or undirected coupling methods to obtain AA or AB and ABA block
copolymer systems (Figure 5.11). Directed coupling can be achieved by first
forming a mono-terpyridine metal complex; the most common metal for this
strategy utilizes Ru(IIl). Subsequent reduction of Ru(III) to Ru(II) in the presence
of a differently functionalized terpyridine leads to a heteroleptic complex. In
contrast, undirected couplings use the same ligand for bis-complexation with
bivalent metal salts. Looking at the AA homopolymer systems, this concept was
recently realized using poly(ethylene oxide) functionalized with one terpyridine,
which, upon complexation with various transition metal ions, gave water-soluble
polymers with double the mass of the starting polymer ligand including the metal
and counter ions [80]. These complexes were investigated with respect to their
pH sensitivity, when it was found that the Fe(II)-, Co(Il)-, Zn(II)- and Cd(II)-
containing polymers showed decomplexation at high and low pH (13 and 1,
respectively). Moreover, the Cu(Il) polymer complex dissociated after the solution
was keptatalow pH for a period of a few days; however, the metallo-homopolymers
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Figure 5.9 Top: synthesis of a metal-linked poly(ethylene glycol)s,.
Bottom: viscosity increase when adding Ni(ll), Co(ll), and Cd(ll) acetate [77].
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Figure 5.10 Photograph of a bis-terpyridine-functionalized poly(ethylene glycol)
and the corresponding Ru(ll) metallopolymer [79].

I ¢ -

AA-Block copolymer

I -1 ]

AB-Block copolymer

I & - I

ABA-Block copolymer

Figure 5.11 Schematic representation of AA-, AB- and ABA type
metallo-supramolecular block copolymer systems.

containing Ru(II) and Ni(II) connectivity showed complete insensitivity to pH
changes ranging from pH 0 to pH 14, even after several days. This showed that
the viability of the [M (tpy),]** linker was reversed by adjusting the pH in the case
of selective metal ions. Thus, the existence of new avenues for possible applications
of these systems as switchable “smart” materials should be noted. As for the
characterization of these systems using mass spectrometry, the unfragmented
bis-polymer complex as well as the fragmented free ligand could be detected only
in the cases of Co(II) and Ru(II), which are among the most stable [81]. Increasing
the laser intensity led to an increased ratio of free ligand/bis-polymer complex;
this is not unexpected because of the partial dissociation of the complex, which is
observed upon excitation.

Similar AA-type metallo-supramolecular block copolymers were recently
synthesized using 4’-(hydroxymethyl)terpyridines, as initiators for the controlled
coordinative ring-opening polymerization of lactides using aluminum alkoxide
[61, 82, 83]. Since biodegradable polymers are becoming more important, especially
in fields of tissue engineering and waste recycling, the development of new
materials in that direction seems appropriate. Using this approach, polylactides
end-capped with terpyridine were obtained with very narrow polydispersity.
Complexation with Fe(II) led to the AA-metallopolymer, which could be charac-
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terized by means of GPC and MALDI-TOF-MS. Furthermore, as noted above, the
stability of the Fe(II) complex is temperature dependent. Investigations concerning
the temperature sensitivity of Fe(II)/polylactide complex films showed dis-
appearance of the typical purple color at 160 °C; upon cooling the films, the color
returns. This example also illustrates the reversibility of such metallo-supra-
molecular structures.

Concerning AB or ABA type structures, their preparation required directed
coupling techniques. A well-known strategy for creating such hetero-complexes
is again the Ru(III)/Ru(II) coupling method (see Chapter 3). First, the dark brown
[Ru(4’-R-tpy)(Cl);] complex was formed by refluxing RuCl; in DMF with the
4’-functionalized terpyridine, and then this was treated with a different ligand
under reductive conditions (EtOH/N-ethylmorpholine), resulting in the formation
of the desired stable red Ru(II) hetero-complex. Applying this strategy to different
terpyridine end-capped polymers led to the hetero-Ru(II)-complex polymers
(Scheme 5.19) [84].The synthesis of terpyridine-terminated chain-transfer agents
produced specific macromolecular architectures by reversible-fragmentation chain-
transfer (RAFT) polymerization; Ru-connectivity of the blocks generated supra-
molecular diblock macromolecules [85].

Both of the described metallo-supramolecular block copolymers showed a single
peak when analyzed using GPC, indicating that no homopolymers were formed.
Such AB type structures combining two different polymer chains have up to now
only been accessible using living or controlled polymerization procedures. A library
of AB-copolymers with varying lengths of the A and B blocks and the study of
their morphology by AFM were recently reported (Figure 5.12) [86].

Scheme 5.19 Synthesized AB-type [Ru(tpy) (tpy’)]*" complexes combining
different polymer blocks [84].
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Figure 5.12 Schematic representation and AFM images of the block
copolymer library (upper number: molecular weight; lower numbers:
volume fraction block A/Ru-complex/block B; scale bar represents 100 nm).
(Reproduced with permission of The Royal Society of Chemistry).
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The same strategy has also been applied for ABA type systems; thus, a bis-
terpyridine end-capped poly(propylene oxide) telechelic was first complexed on
both ends with RuCl; and subsequently complexed symmetrically on both sides
with an appropriate 4’-functionalized terpyridine [68]. On the basis of MALDI-
TOF-MS analysis, the existence of each species was shown by weight averages of
the expected additional masses for each step of the functionalization. This route
opens up new avenues for creating ABA systems, allowing for a wide range of
combinations. It should be emphasized that the stability of these [Ru(tpy)(tpy’)]**-
connected polymers is very high, so for many applications these complexes will
not dissociate at the metal center.

In a recent publication, a powerful method for the preparation of mono- as well
as bis-terpyridine-functionalized polymers has been presented in which a nitroxide-
mediated controlled free-radical polymerization of styrene could be performed
with a terpyridine-functionalized nitroxide. Well-defined polymers with a narrow
polydispersity index were obtained [87]; moreover, the nitroxide-functionalized
active end of the polymer could be quenched with a terpyridine-functionalized
maleimide, resulting in a bis-terpyridine functionalized telechelic polymer
(Scheme 5.20).

Two examples of metallopolymeric structures containing other metal ions should
be mentioned. Perylene bis-imide dyes possessing two terpyridines gave rise to
polymerization upon addition of Zn(II) [88]. Comparison of "H NMR spectra
indicated the formation of polymeric structures, but since the stability of
[Zn(tpy),]** complexes is significantly lower than that of Ru(II) or Fe(II) [89], it
might prove difficult to find hard evidence for the formation of long rod-like chains.
Recently, Wiirthner et al. [90] prepared a series of related Zn(II) complexes and
reported the results of UV/vis, 'H NMR and isothermal titration calorimetry, and
determined the AH values; the average polymer length was ascertained by AFM
to be 15 repeat units, which correlated well with the NMR data suggesting >10
repeat units.

Recently, theoretical studies regarding [M(tpy),]*" polymers, including Monte
Carlo simulations, were performed. The conclusion of the authors is that only at
the stoichiometric point can high molecular weights be expected and that ring
formation plays a minor role except at very low concentrations [91].

Scheme 5.20 Nitroxide-mediated controlled radical polymerization of styrene with
a terpyridine-containing initiator and end-functionalization with terpyridine [87].
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5.2.5
Other Systems

A different approach for generating polynuclear heterocyclic assemblies was
discovered for a dinuclear platinum derivative, with the terpyridine acting as a
new N,CAC,N bridging ligand [92]. Although only observed in the crystal structure,
the formation of infinite monodimensional organoplatinum chains through weak
Pt(I1)-Pt(I1) contacts (3.283 A) was demonstrated, with neighboring chains being
kept together by graphitic (interplanar distance 3.52(2) A) and van der Waals
interactions (Figure 5.13). The knowledge about the existence of such chains in
the crystal might provide helpful information for the utilization of these pheno-
mena in the build-up of ordered chains or 2-dimensional crystals on different
surfaces. Other related [Pt(R-tpy)(X)] complexes have appeared [93] and have been
shown to possess interesting absorption and emission properties as well as
assemblies.

In a new type of supramolecular polymer, [M(tpy),]** complexes were combined
with the quadruple H-bonding of ureidopyrimidinone (Figure 5.14) in the main
chain. The properties of the metal complexes (e.g., photophysical or electro-
chemical properties) can be combined with the characteristics of the H-bonding
moieties (e.g., reversibility and response to concentration, solvent, or temperature).

Ligands in which both supramolecular binding units were separated by a short
spacer have been reported in a recent communication [94]. Zinc(II) as well as
Fe(II) complexes were prepared and studied by UV-vis and NMR spectroscopy.
The formation of polymeric species could be shown by a viscosimetric titration.
The concept was extended to polymeric linkers in order to improve the properties
of the polymer. Concentration-dependent viscosimetry revealed an exponential
relationship of the viscosity with the concentration, a typical behavior for reversible
supramolecular polymers; moreover, temperature-dependent rheometry showed
high melt viscosities over a wide temperature range [95].

Figure 5.13 View of the crystal packing of dinuclear Pt(ll) terpyridines
showing the short Pt---Pt intermolecular interactions.
(Reprinted with permission from [92], © 2001 American Chemical Society).
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Figure 5.14 Top: compounds containing terpyridine and ureidopyrimidinone [94].
Bottom: schematic representation of a supramolecular polymer containing
both terpyridine metal complexes and quadruple H-bonding.

5.3
Biopolymers and Terpyridine Metal Complexes

Over the last two decades, there has been increasing interest in metal-chelating
ligands, which can act as DNA/RNA intercalators or as inhibitors for certain
enzymes, with the most prominent example being cisplatin [96, 97]. Terpyridines,
as ligands, can also lead to potent intercalators, e.g., it was shown that for
[Ru(tpy)(Cl);] adduct, the activity against L1210 leukemia cells is comparable with
that of cisplatin [98]. Since there are numerous reviews on the issue of investigating
different ligand systems, also including terpyridines for such purposes, the focus
will be only on covalently bonded systems. As far as the investigation of enzyme-
polymer hybrid systems is concerned, recent approaches made include metal-to-
ligand complexation using terpyridine ligands.

It has been shown that Ru(II) complexes of the type [Ru(tpy)(dppz)(MeCN)]*
(dppz = dipyrido[3,2-a:2’,3"-c]phenazine), which are tethered to an oligonucleotide
(ODN) strand (Scheme 5.21), can be specifically photolyzed to give a reactive aqua
derivative, which can then form a duplex with a DNA target 11mer [99]. This
duplex was found to be significantly more stable than the natural, non-Ru(II)
complex containing a DNA « DNA duplex.

Following the hybridization of the ODN with DNA, the nitrogen of a guanine
completes the octahedral coordination sphere of the mixed Ru(Il) complex;
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Scheme 5.21 Yields of the synthetic [Ru(tpy),]**-labeled oligonucleotide
conjugates and their target oligo-DNA [99].

however, because of the steric hindrance, these complexes are vulnerable to ligand
exchange with, for example, pyridine. Therefore, the reactivity and specificity of
the resulting aqua-Ru(II)-ODN conjugates can be controlled.

Another example of the useful incorporation of a terpyridine complex into an
oligonucleotide was shown by Bashkin et al. A 17-mer oligonucleotide probe
containing a terpyridine attached to a serinol, which can act as a building block in
DNA sequencing, was designed in order to target a 159-mer fragment of the HIV
gag gene messenger RNA (Scheme 5.22) [100].

Experiments showed that, upon complexation of the terpyridine probe with
Cu(II), the target mRNA was specifically cleaved after forming a duplex. Several
different 17-mer DNA probe sequences were prepared via automated DNA
synthesis with the serinol-terpyridine being included at a different position for
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5 "TIGGAGAA® AUUUAUAAAA'® GAUGGAUAAU?® CCUGGGAUUA®
AAUAAAAUAG* UAAGAAUGUAS® UAGCCCUACC®® CAGCAUUCUG™
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1c  CTACAXAGTCTCTAAAG 1d CTACATAGXCTCTAAAG
1e CTACATAGTCXCTAAAG

Scheme 5.22 Top: synthesis of the terpyridine-modified DNA building block.

Middle: target 159-mer fragment of the HIV gag gene mRNA with the 17-mer

recognition unit underlined.

Bottom: 17-mer DNA probes (1a—d) with X indicating the serinol-terpyridine residue [100].
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Scheme 5.23 Principle of the sandwich hybridization assay.
(Reprinted with permission from [101], © 1998 American Chemical Society).
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each probe. Gel electrophoresis proved, upon comparison with RNase T1 and
base hydrolysis, the specific cleavage of the mRNA according to the position of
the serinol-terpyridine in the probe.

An important application in this context is the use of terpyridine complexes as
fluorometric sensors. Solid supports bearing immobilized oligodeoxyribo-
nucleotide probes are useful tools in analyzing the base sequence of nucleic acids.
Hakala et al. reported a mixture of such particles, each with a given allele-specific
oligonucleotide and a reporter group for the specific binding of a fluorescent-
tagged target [101]. The fluorescent markers typically consist of covalently linked
Eu(III) complexes containing a terpyridine unit (Scheme 5.23).

The fluorescent target itself was made from an oligonucleotide hybrid in such
a way that a target oligonucleotide with a 16- or 12-nucleotide sequence at the
3’-terminus, which is complementary to the fluorescently tagged probe oligomer,
was first hybridized with a complementary sequence of the target oligonuceotide.
This resulting hybrid could then be attached to the corresponding particle-bound
mutation-specific probe (target), which had a complementary sequence to the
target sequence at the 5-terminus (8-16 nucleotides long) (Scheme 5.23). The
resulting sandwich type assay was then investigated by microfluorometry of the
single particles, which led to the observation of emissions that were linearly related
to the concentration of the target oligomer (over a range of 5 orders of magnitude).
The detection of such phenomena was possible because terpyridine-lanthanide
chelates have a long-lived fluorescence suitable for time-resolved measurements.
Furthermore, the difference between the wavelength of excitation and that of
emission is generally larger, and the emission bands obtained are generally narrow.
This is also an example which would fit into the last chapter of this book, because
the particles used here are uniformly sized (50 um) porous glycidyl methacrylate/
ethylene dimethacrylate beads. The described approach demonstrated the
feasibility of such single-particle systems for the use in multiparametric assays in
order to determine the base sequence of nucleic acids.

A recent contribution described the connection of DNA fragments to terpyridine
complexes [102]. Two complementary DNA sequences (20 base pairs) were
connected via a tri(ethylene glycol) to a terpyridine moiety, respectively, and
subsequently the corresponding symmetric Ru(II) complexes were prepared. The
mixing of these two complexes resulted in long linear arrays through self-assembly,
where the length could be adjusted by the molar ratios of the ligands in the mixture
(Scheme 5.24, top).

When an equimolar mixture of three [Fe(tpy)(tpy’)]*" complexes, each bearing
two different DNA fragments A,B’, B,C"and A’,C (separated from the homo dimers
through gel shift (PAGE)), was prepared, DNA-triangles were formed by self-
assembly (Scheme 5.24, bottom) [103].

The attachment of DNA sequences to the 6,6”-position of a terpyridine, resulting
in a hairpin-mimic (hairpin structures of DNA and RNA are common in nucleic
acids) has been reported. The terpyridine moiety could be complexed with various
metal ions (because of the geometry, only mono-complexes are possible), which
strongly influences the melting points of these species [104].
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Scheme 5.24 Polymers and triangular arrays of DNA fragments and
terpyridine complexes [102, 103].

Another application of metal complexes containing terpyridine as ligand is the
determination of electron transfer (ET) rates in Azurin from Pseudomonas
aeruginosa. This protein is widely studied as a model electron-transfer protein, in
particular with respect to the coordination of the copper ion [Cu(II) < Cu(I)].
Gray et al. studied ET transfer rates of Ru(Il)-modified azurins [Ru(tpy)(bpy/
phen)(His83)Az]** [105] and showed that the time constants for electron tunneling
[Cu(I) = Ru(III)] in crystals were roughly the same as those measured in solution,
indicating very similar protein structures in the two states.

As a means of combining catalytic activity of enzymes with metallo-supra-
molecular ordering, the first experiments with respect to functionalizing an
enzyme and a protein with a terpyridine unit have been conducted and, in the
case of the enzyme, tested for catalytic activity [106]. A maleimide-functionalized
terpyridine was reacted with free thiol groups from lipase B from Candida antarctica
or the free thiol groups of Bovine Serum Albumin, which were obtained after
reduction of exposed disulfide bonds. The functionalized biomolecules were then
coupled through bisterpyridine metal [Fe(II), Ru(II)] complexation, which was
followed by means of UV/Vis-spectroscopy. This approach represents a first step
toward the ability to order and aggregate such biomolecules in a specific manner.
Future experiments, such as the coupling of biomolecules to polymers, should
open up new possibilities for the development of bio-supramolecular structures.
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Recent work from Schubert et al. was directed toward sensor applications utiliz-
ing [M(tpy)(tpy’)]** complexation in combination with the well-known biotin-avidin
system [107, 108]. A terpyridine was functionalized with a biotin (vitamin H) unit
in the 4’-position with a short pentyl spacer as well as a long PEG spacer, opening
up possibilities of functionalization of surfaces with an activated layer of avidin.
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6
Functional 3-D Architectures Based on Terpyridine Complexes

6.1
Introduction

In the quest for new functional materials, supramolecular metallodendrimers,
micelles, and resins have played an ever-increasing role. Dendrimers [1-3]
represent a special class of macromolecules, which possess low polydispersity
(ideally monodisperse), nearly spherical topology, internal void regions for host-
guest chemistry, and unique tailorable surface characteristics. In particular, metal-
containing dendrimers are of intense current interest because of their potential
use as catalysts [4-9] or molecular carriers for catalysts and light-harvesting arrays
[10-14]. Generally, metallodendrimers can be divided into two general categories:
those having the metal encapsulated within the dendritic superstructure and those
having the metal located at or near the dendrimer surface. Since this monograph
is specifically directed toward terpyridine-metal-terpyridine connectivity, infor-
mation regarding metallodendrimers [15] with other than terpyridine connecting
units should be sought from other numerous reviews and monographs [7, 9-11,
16-25].

Whereas structurally perfect dendrimers are, in essence, precise unimolecular
micelles [26, 27], micelles, on the other hand, can be envisioned as an assembly
of polymers, and it is this superstructure that can be used for similar molecular
encapsulation applications [28-30]. Since micelles are reversible assemblies (in
contrast to dendrimers), they can be easily disassembled under diverse conditions.
Such aggregates have been utilized for innumerable applications, from detergents
to drug delivery. Polymeric micelles are in between hyperbranched (imperfect)
dendritic-like (branched) materials and micelles, which leads finally to functional
resins; all of these assemblies find applications in heterogeneous catalysis.

In the first section of this chapter, dendrimers bearing terpyridine units are
discussed, and specific nanostructures are considered. In 1993, the first dendrimer
was assembled via bisterpyridine-Ru(II) “[Ru(tpy),]**” connectivity when Newkome
etal. [31] utilized Constable’s 4’-chloroterpyridine [32] in the construction process.
The formation of appropriate dendrons with crucially located terpyridine moieties
was devised. Scheme 6.1 shows the procedure that generated the initial metallo-
dendritic superstructure via the metal-centered assembly process. This con-
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Scheme 6.1 (i) SOCI,, CH,Cl,, 45 °C, 13 h; (ii) Et;N, tris-tpy dendron (4 equiv.),
25 °C, 3 days; (i) N-ethylmorpholine, [Ru(4’-R-tpy) (Cl);] dendron (15 equiv.),
MeOH, reflux, 1.5 h.

struction technique, as noted in the previous chapters, permits precise step-wise
assembly, since each (macromolecular) component (core or dendron) can be full
characterized; then each [Ru(tpy),]** connection can be quantitatively ascertained
by NMR, in which the free ligand and complex possess distinctive chemical shifts.
This simple assembly process permits access to precise macromolecules, which
expands the resultant materials into the micron-level regime. Interestingly, the
presence of a single diamagnetic metal center accurately predicts the degree of
formation of the predicted superstructure.

The second part of this chapter describes polymeric micelles that are composed
of terpyridine-containing polymers in which less-than-perfect materials relative
to a dendrimer’s perfection are generated. By preparing amphiphilic block and
graft copolymers through terpyridine complexation, micelles can be obtained.
And in the last part, resins (e.g., polymeric microbeads) modified with terpyridine
units are discussed as well as the subsequent complexation, which encompasses
the micron scale.
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6.2
Dendrimers Containing Terpyridine Metal Complexes in the Dendrimer Core

Newkome et al. [33-35] utilized the incorporation of tpy-Ru(II)-tpy moiety to
connect two independently prepared and different dendrons, mimicking a lock
and key system; this was presented at the 1995 Centennial Anniversary Symposium
of Emil Fischer’s original “lock and key” concept in Birmingham, England. In
this example, the construction of the “key” used a long alkyl spacer between the
[Ru(4’-R-tpy)(Cl);] monocomplex and the 2nd generation dendron, and the “lock”
used a 3rd generation dendron bearing an internal free terpyridine ligand attached
to the central focal point. Thus, only a key possessing the Ru(III) site, which is
capable of in situ reduction to the “terpyridine-Ru(II)” locus, can be connected to
the internal lock (Scheme 6.2). A series of locks and keys permitted the evaluation
of the meaning of “inside a dendrimer”; the electrochemistry demonstrated the
internal (isolated) location of the [Ru(tpy),]** site; the coupling of the lower
generation components, in which this connection is “outside the dendrimer”
exhibited an obvious reversible cyclic voltammogram.

Also in 1995, Chow et al. (Figure 6.1) used [Fe(tpy),]** connectivity to create
the central metal core for a dendrimer based on the convergent mode of con-
struction. They reported the synthesis and characterization of metallodendrimers
using benzyl ether-based (Fréchet-type) dendritic building blocks possessing
propylene spacer moieties up to the 4th generation with an [Fe(tpy),]** central
core [36-39].

Recently, Chow et al. [40] described a series of homo- and heteroleptic benzyl
ether dendrimers with an [Ru(tpy),]** connectivity, which is central for the
assembly of symmetrical homoleptic complexes as well as related unsymmetrical
heteroleptic complexes (Figure 6.2). Cyclic voltammetry (CV) measurements were
conducted in order to investigate the influence of the polyethereal dendritic
fragments on the redox potentials of the [Ru(tpy),]** core as well as to investigate
the influence of the shape of the dendrimer on redox reversibility. No induction
effects were observed on the redox potentials of the electrochemically active unit
which could have arisen from the electron-rich polyethers. Also no preferred
orientation of the non-spherical different dendrimers towards the electrode could
be observed. The redox reversibility decrease was correlated with the size exclusion
chromatographic data of this metallodendrimer family.

Constable et al. [41] reported the synthesis of [Ru(tpy),]*" dendrimers of the
“Fréchet type”. First, second, and third generation dendrons were coupled to give
the corresponding [Co(tpy),]** and [Fe(tpy),]** complexes, which were also
characterized. Investigation of these structures possessing the metallo-core was
performed by X-ray analysis for the first-generation species; molecular modeling
studies were performed on the higher-generation species (Figure 6.3).

Kimura et al. [42] reported the use of [Ru(tpy),]*" connectivity to couple two
1,3,5-phenylene-based dendrons; the resultant dendrimer exhibited one oxidation
(Eyj, =+1.12 V vs SCE) and two reduction processes (E;, =-1.28 and -1.43 V vs
SCE). A large voltage difference between the current maximum of the reduction
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Scheme 6.2 A key and lock system utilizing [Ru (tpy),]** connectivity.
(Reprinted with permission from [33, 34]).

and oxidation wave (AE) indicated a slower electron transfer compared to the
non-dendritic complex.

Diederich et al. [43] have recently prepared a series of homo- and heteroleptic
[Ru(tpy),]*" complexes possessing hydrophilic and hydrophobic dendrons with
the goal of developing amphiphilic vectors for potential gene delivery. Because of
the step-wise mode of construction (Figure 6.4), dendrons can possess the same
or different degrees of lipophilic or hydrophilic character.
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(Reproduced with permission from [40], © 2001 Elsevier).
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Figure 6.3 Third-generation dendrimer by Constable et al. [41].
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Figure 6.4 Diederich et al.’s amphiphilic “vectors” for gene delivery.

Research on related star-like macromolecules with terpyridine metal complexes
in the outer sphere has been conducted by diverse groups [17, 31, 44-54]. In
1996, Constable et al. [48, 55] reported the formation of a star-like macromolecule
with 18 Ru(II) centers by reaction of hexakis(bromomethyl)benzene and six
dendrons, each containing three Ru complexes (Figure 6.5); the related tris-armed
relative was also reported [56]. A pentaerythritol-based metallodendrimer [50] was
also tested as a mediator for the electrochemical oxidation of methionine, cystine,
and As(III) [57]. In the evaluation of surfaces, Constable’s pentaerythritol-cored
metallodendrimer and a Dawson-type phosphotungstate, [P,W,50,,]° (P,W,q)
were coated on an electrode surface and shown to be “highly organized, bi-
functional catalytic systems with the stability needed for practical application[s]”
[58].

In 1996, Marvaud and Astruc [17] reported aromatic metallostars containing
hexa(terpyridine) branches with and without a central Fe(n’-CsHs)* core and a
[Ru(tpy),]*" surface.

Constable et al. [47] also published a “first generation” star-like system based on
pentaerythritol-bearing pendant [Ru(4’-(2-(tert-butyldimethylsilyl)-1,2-carba-
boranyl)-tpy)(tpy)]** complexes. MALDI-TOF-MS was demonstrated to be a very
useful tool for the characterization of this high-molecular-weight, octa-charged
system, revealing a signal at m/z = 3420 Dalton, which was assigned to the loss
of all 8 counterions. More recently, the pentaerythritol core was used for assembling
a novel 2nd generation hexadecanuclear metallo-supramolecular system [50].



6.3 Dendrimers Containing Bisterpyridine Complexes as Non-Core Connectors

Figure 6.5 A metallomer possessing 18 [Ru(tpy)2]2+ centers [47, 48].

6.3
Dendrimers Containing Bisterpyridine Complexes as Non-Core Connectors

Tailor-made isomeric metallodendrimers were synthesized by Newkome et al.
[52]. Both dendrimers shown in Figure 6.6 have identical molecular formulae
(Cs97HggoF4gNs5,0134PgRu,) and a molecular mass of 12 526 Dalton. By controlling
the design of the macromolecular architecture, the nanoscopic tetrahedral
geometry of methane was mimicked. While IR, UV, NMR, and MALDI-TOF-MS
experiments revealed very similar results, electrochemical studies indicated that
internal densities and void regions differed greatly. The voltammograms of the
two compounds are similar and exhibit two quasi-reversible waves at negative
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Figure 6.6 Isomeric metallodendrimers were designed by Newkome et al.
(Reprinted with permission from [52], © 1998 American Chemical Society).

potentials that correspond to redox processes on the two terpyridines. The E ,
values of the two waves of 1 (E; , =-1.923 V [AE, = 0.121]; -1.720 V [AE,, = 0.087])
are slightly more negative than those of 2 (E; , =-1.951 V [AE, = 0.097]; -1.751 V
[AE, = 0.093]). Since 2 exhibited increasing dendritic character at the surface of
the macromolecule, the additional difficulty of reducing the terpyridines of 2 was
postulated to be due to an increased inaccessibility to the electrode’s surface or
counterions [38, 59, 60]. In addition, the AEP values for the two waves of 2 and for
the most positive wave of 1 are similar to each other and smaller than the AE, for
the most negative wave of 1, thus indicating that the electron transfer rate for one
of the terpyridines in 1 is slower than that of the others [61].

Since all other published metallodendrimers utilized external counterions such
as CI', BF; or PF, in 1999, Newkome et al. [54, 62] introduced an overall neutral
metallodendrimer possessing four [Ru(tpy),]** linking sites. Eight internal
carboxylate groups (8 CO;) were introduced to counterbalance the 8+ charge of
these four [Ru(tpy),]** centers (Figure 6.7). After dialysis, the characterization was
conducted by MALDI-TOF-MS, UV}vis, CV, and NMR spectroscopy. Only one
signal for the internal acid carbonyl carbon group was detected.

In 1997, Newkome and He reported [51] the assembly of an infrastructure
possessing arms with double, linear [Ru(tpy),]** connections (Figure 6.8), thus
permitting the step-wise introduction of multiple functionality within the
metallodendrimer.

Newkome et al. [63] reported the creation of 1st and 2nd generation four-
directional dendrimers based on a pentaerythritol core with both the [Ru(tpy),]*"
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i (R = OBU, R' = (CH,),CONHC[CH,0(CH,),CO,Et],
R = OH, R' = (CH,),CONHC[CH,O(CH,),CO,E1],

i

(R = 0", R' = (CH,),CONHC[CH,O(CH,),CO,Et],

Figure 6.7 Overall neutral metallodendrimer using [Ru(tpy),]*" connectivity [62]:
(i) HCO,H, 6 h, 25 °C; (i) KOH, H,0/MeOH, dialysis, 24 h, 25 °C.

4
O\]/\
Figure 6.8 Schematic representation of a dendrimer based on double linear

[Ru(tpy),]** connections [51].
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Scheme 6.3 Metallodendrimer assembled with
[Ru(tpy),]** connectivity and bearing adamantane B-CD =
groups as well as the attachment of surface

cyclodextrin molecules.
(Reprinted with permission from [63], © 2004 American Chemical Society).
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connectivity and internal counterions but also bearing surface adamantane groups
capable of host-guest chemistry. The different metallodendrimers were sub-
sequently reacted with cyclodextrin, which formed complexes with the surface
adamantane termini leading to a supramolecular assembly (Scheme 6.3).
Introducing chirality as well as photoactive [Ru(tpy),]** complexes into the
dendritic sphere is of interest for the creation of macromolecules with new optical
properties. Lin et al. [64] functionalized Fréchet-type benzyl bromide dendrons
with a binaphthyl-terpyridine, which were subsequently complexed to tetra-
kis(2,2":6’,2"-terpyridin-4’-oxymethyl)methanes by applying Ru(III)/Ru(II) che-
mistry (Figure 6.9). CD spectroscopy revealed an enantiomerically pure compound.
It was found that the [Ru(tpy),]*" complexes quenched the fluorescence of the
binaphthyl as well as dimethoxybenzyl fluorophores, which was explained by the

OGn OGn Gn: n=1-3

Figure 6.9 Fréchet-type dendrons containing terpyridines which are connected
to the core with [Ru(tpy),]** centers [64].
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quenching of the *MLCT states by low-lying metal-centered states. It is believed
that the intersystem crossing from the m* bands of the peripheral fluorophore to
the *MLCT states is highly efficient, resulting in an emission of the m* system to
be quenched. Only for the highest generation dendrimer could a weak lumines-
cence be observed, supporting distance dependence of the quenching efficiency.
In a similar approach, these authors synthesized a metallodendrimer with the
same core structure but lacking the dimethoxybenzyl dendron arms [65]. The
circular dichroism (CD) spectra for both of these dendrimers showed three Cotton
effects and were very similar to the spectra of the bis-naphthyl ligands, thus showing
no sign of newly formed chirality.

Osawa et al. [66] have created a series of rigid dendritic nano-sized [Ru(tpy),]**
complexes based on a simple Pd-mediated, one-step coupling of polypyridine Ru
complexes; this procedure generated a family of cationic complexes with 6, 12,
and 18 peripheral [Ru(tpy),]** units with the largest possessing a diameter of 9
nm with 38 positive charges (Figure 6.10).

@ = Ni, Cu, Ru

_‘ 38

Figure 6.10 Rigid dendritic nano-sized [Ru(tpy),]*" complexes prepared by Osawa et al. [66].
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More complex heteroleptic supramolecular metallodendrimers were synthesized
by Newkome et al. [67]. They applied mixtures of differently functionalized [Ru(R-
tpy)(Cl);] dendrons with an octaterpyridinyl polyamide dendritic core in order to
achieve a combinatorial-type approach based on terpyridine-Ru(III)/Ru(Il)
chemistry (Scheme 6.4). Initially, the terpyridine-coated PPI dendrimer was
separately treated with each of the three [Ru(4’-R-tpy)(Cl);] compounds, which
led to dendrimers with different ethereal functions at the periphery. Subsequently,
mixtures of the three different [Ru(4’-R-tpy)(Cl);] ligands were reacted with the
terpyridine-coated dendrimer. Upon comparison of the *C NMR spectrum of
the different species, it could be shown that the three different functionalities
were successfully complexed to the dendritic core. Furthermore, the selective
hydrolysis of the peripheral tert-butyl esters as well as the selective debenzylation
of the benzyl ether functionalities of the other complexed ligand were demon-
strated. This combinatorial strategy combined with orthogonal decoupling

Ay N
T R )
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vie .?.\A, N " —_4— .:6‘ C’M“'H'G“Rn‘e)
-'p‘, (Y N e v '
8 (93 %) "
wh e N R
L@ o~~yNfo~*o~)
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8
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"Nl Motwe (A,
M
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] 3_. B

(90 -97%)

Scheme 6.4 Synthesis of polyamide terpyridine core homogeneous (top)
and heterogeneous (bottom) metallodendrimers [67].
(Reproduced with permission from [67], © 2003 Elsevier).
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techniques led to systems with latent or masked regions of reactivity that can be
accessed and addressed specifically at a desired time in generational construction.
Therefore, an advantageous flexibility between that of a completely directed
approach, whereby precise control over monomer attachment was maintained,
and that of random, uncontrolled mixed monomer attachment to reactants on
the surface was achieved. Differential scanning calorimetry and thermogravimetric
analysis on the family of metallodendrimers were used to ascertain their thermal
behavior, glass-transition temperatures, and decomposition kinetics and tempera-
tures; no synergy effects were determined for the heterogeneous series, which
was in contrast to the corresponding homogeneously coated materials [68].

6.4
Dendrimers Containing Bisterpyridine Complexes at the Surface

Constable et al. [49, 70-73] has shown that it is possible to build star-like molecules
possessing an [Fe(bpy)s]** or [Co(bpy);]** core and [Ru(tpy),]** complexes in the
outer sphere — a convergent-type approach by connecting three bipyridine-
functionalized arms through the formation of a trisbipyridine core. NMR
spectroscopy and MALDI-TOF-MS were used to characterize the metallostar. In
the case with an Fe(II) core, the most intensive peak in the MALDI-TOF-MS was
exhibited at m/z = 6330 Dalton, indicating the loss of 3 PF; counterions. For the
metallostar with Co(II) core, the loss of 2—4 counterions was detected.

Kimura et al. [44] reported the use of up to the 3rd generation, and Abrufia et
al. reported [45, 46, 53, 74] the use of up to the 4th generation poly(amidoamine)
[PAMAM] dendrimers, possessing an ethylenediamine core with surface
[Ru(tpy),]** moieties. The 4th generation dendrimer (Figure 6.11) contains 64
[Ru(tpy),]** complexes and thus 128 positive charges and 128 counterions. Both
groups used peptide coupling procedures for synthesis. Abrufia et al. demon-
strated that the interfacial reaction of (a) the terpyridine-pendant dendrimers and
a bridging ligand 1,4-bis[4,4”-bis(1,1-dimethylethyl)terpyridin-4’-yl]benzene
dissolved in CH,Cl, and (b) an aqueous solution of metal ions gave rise to ordered
films on highly oriented pyrolytic graphite. STM investigations of these films
demonstrated highly ordered hexagonal 2-D domains (in this case dend-8-tpy/
Fe™) [46].

Hong and Murfee [75-78] recently generated dendrimers up to the 3rd genera-
tion based on an octa(diphenylphosphino)-functionalized silsesquioxane core. The
3rd generation species was constructed from 8 dendrons, each possessing
4 terpyridine molecules, to which [Ru(tpy)(bpy),]** complexes capped the surface
ligands (Figure 6.12). The molecule thus had 64 positive charges atits outer sphere
and 64 hexafluorophosphate counterions. The dendrimer was characterized by
photophysical and electrochemical methods. Quantum yields were determined
to range from 2.1 x 107 to 1.1 x 10> depending on the dendrimer’s generation.
Ruthenium(II)-based excited-state lifetimes were 605, 890, and 880 ns, again
depending on the generation; the emission wavelength was 610 nm.
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Figure 6.11 The 4th generation of a dendrimer with pendant [M (tpy),
complexes (X) [45, 46]. (Reprinted with permission from [53],
© 1999 American Chemical Society).

Kim et al. [79] reported the synthesis and characterization of three generations
of carbosilanes possessing a surface of 4, 8, and 16 terpyridines, respectively (Figure
6.13). These dendrimers were also suitable for complexation to other terpyridines
using the traditional Ru(III)/Ru(Il) strategy. Characterization was carried out by
MALDI-TOF-MS, NMR, and UV/Vis absorption. Generally, dendritic carbosilanes
are of special interest because they are chemically inert and fluid at high molecular
weight at the higher generations. Therefore, the combination with [Ru(tpy),]**
complexes could lead to unique materials with special photophysical properties.
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Figure 6.12 Third generation dendrimer based on a silsesquioxane core [75-78].

Large polymeric systems or aggregates, such as micelles and cross-linked resin-
type structures, offer interesting alternatives to homogeneous, solution chemistry,
e.g., asymmetric catalytic reductions of carbonyl bonds [80] or different solid-
phase synthesis approaches demonstrated first in 1965 by Merrifield, who
anchored reagents to insoluble supports for purposes of solid-phase peptide
synthesis (SPPS) [81].
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Figure 6.13 3rd-Generation carbosilane metallodendrimer with surface
[Ru(tpy),]** moieties. (Reproducedwith permission from [79], © 2003 Elsevier).
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6.5
Micelles Composed of Terpyridine-Complex-Containing Polymers

Only Schubert et al. have so far reported any investigations into micellar aggregates
incorporating terpyridine complexes. Micelles were formed using the systems
reported above, which consist of a hydrophilic/hydrophobic block copolymer linked
by [Ru(tpy),]** complexation. As the first example, PS,,—~[Ru(tpy),]**~PEO,,
represents an amphiphilic block copolymer which was found to aggregate to
micelles in water (Figure 6.14) [82]. Concerning the stability of these micelles in
terms of [Ru(tpy),]** connectivity, they were found to be stable upon variation of
temperature (20-70 °C), ionic strength (pure water — 1 M NaCl) and pH (0-14);
however, there were significant influences concerning D,

In a different system including the soft poly(ethylene-co-butylene) core, as
opposed to the glassy PS core [83], the Ru(I1) complexes of the PEB,,,—[Ru(tpy),]* "~
PEO,,, could be opened by the addition of a competitive ligand, such as HEEDTA.
The solution turned from red to colorless, and DLS measurements confirmed
the existence of objects with Dy, = 13 nm, which were thought to be PEB cores
dispersed in water. Moreover, more complex systems using PS;,—~P2VP,,—
[Ru(tpy),]**~PEG,, block copolymers have also been prepared [84].

As well as linear block copolymers, amphiphilic graft copolymers based on a
terpyridine-functionalized poly(methyl methacrylate) and poly(ethylene glycol) side
chains were converted into spherical micelles. These showed higher polydispersity
than that of the block copolymer micelles [85].

in DMF in water

Figure 6.14 Top: schematic overview of the micelle formation.
Bottom: TEM image of the micelles.
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Scheme 6.5 Schematic representation of the synthesis of the
poly(ferrocenylsilane)-poly (ethylene glycol) block copolymer [86].

As well as spherical micelles, cylindrical micellar aggregates could also be
obtained from supramolecular block copolymers. Recently, the preparation of an
AB block copolymer consisting of a poly(ethylene glycol) and a poly(ferrocenyl-
silane) with a block ratio of 6: 1 was reported (Scheme 6.5). Applying similar
techniques, micelles were obtained; TEM (Figure 6.15) and AFM imaging revealed
rod-like cylindrical micellar aggregates [86].



6.6 Resins and Beads Modified with Terpyridine

Figure 6.15 TEM image of the cylindrical micelles.
(Reprinted with permission from [86]).

6.6
Resins and Beads Modified with Terpyridine

Up to now, limited reports on terpyridine-functionalized polymeric resins or beads
have appeared in the literature, at least in comparison with those possessing
functionalized bipyridines [87]. The main applications of such species lie in the
area of heterogeneous catalysis.

Yoo et al. [88] reported the reaction of functionalized poly(chloromethylstyrene-
co-divinylbenzene) (PCD) with a 4’-(4-hydroxyphenyl)terpyridine (Scheme 6.6).
The product was complexed with Fe(ClO,); to form the Fe(III)-terpyridine mono-
complexes. The formation of bis-complexes seemed unlikely in that the terpyridine
ligand was attached in a rather sterically confined, rigid manner. This material
was then used to catalyze the ring-opening of different epoxides with methanol
and water; almost quantitative conversions after short reaction times at room
temperature were demonstrated.

Buchmeiser et al. [89] also investigated the possibility of developing a polymer-
supported catalyst; in their case, heterogeneous Atom Transfer Radical Poly-
merization (ATRP) was utilized. However, the terpyridine-Cu(I) grafted PS-DVB
(2% cross-linking) did not lead to the isolation of any PS.

The loading of different metal-ions [Fe(II), Co(II), Cu(II), Ru(III) or Ni(II)] on
terpyridine-functionalized TentaGel (PS/PEO) microbeads (d = 20 um) was
investigated by Schubert et al. [90, 91] (Scheme 6.7 and Figure 6.16). UV/Vis
spectroscopic measurements of the suspensions of these beads led to the
characteristic absorption bands known from the free terpyridine metal complexes;
complexation also became apparent from the resultant coloration of the material.
Furthermore, the loadings of these beads could be investigated by AAS; loading
rates were found to be in accordance with quantitative mono- and bis-complexation
of the terpyridine on the microbeads. Application of Ru(III)/Ru(II) chemistry led
to the functionalization of the terpyridine moieties with an anthracene-functiona-
lized terpyridine.
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Scheme 6.6 Top: synthesis of polymer-supported poly(chloromethyl-
styrene-co-divinylbenzene) (PCD)-terpyridine-Fe (1) catalyst.

Bottom: hydrolysis of epoxides using PCD-terpyridine-Fe(lll) catalyst
in a mixture of acetone/H,O (8 : 2 v/v) at room temperature [88].

For the characterization of these terpyridines attached to solid polystyrene
supports, Heinze et al. [92] developed a new mass-spectrometric technique in
order to detect the attached terpyridine moieties. Cross-linked polystyrene was
first modified with a silyl-ether linker, and this was then reacted with 4’-(4-
hydroxyphenyl)terpyridine. Dry samples of the resulting material were ground
to a fine powder before introduction into the EI mass spectrometer. This method
led to the detection of fragments which could be distinguished from unbound
material.
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Scheme 6.7 Functionalization of TentaGel® microbeads with terpyridine moieties [90, 91].

—
20 um

-

Figure 6.16 Complexation of terpyridine-functionalized TentaGel® microbeads
with metal ions, including photograph of [Fe(tpy),]**-complexed beads (right) [90].
(Reprinted with permission from [91]).
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7
Surfaces Modified with Terpyridine Metal Complexes

7.1
Introduction

The fundamental understanding of molecular scale, ordered nanostructures on
various surfaces is a rapidly growing field, partly because of recent technical
advances [1, 2]. Also, terpyridine complexes play an ever-increasing role in the
area of functional applications, such as solar cell devices or electrode catalysis.
Furthermore, such easily detectable and multi-functional entities are critically
important in obtaining the desired level of deep-seated understanding of the self-
organization of organic or inorganic-organic hybrid materials on a variety of
surfaces.

For example, the creation of new functional materials was recently described in
which a bipyridine ruthenium complex was homogeneously dispersed in a
poly(phenylene vinylene) (PPV) derivative in order to act as an electroluminescent
entity for reversible switching between red and green emission [3]. It was
demonstrated that if a forward bias voltage was applied, the excited state of the
ruthenium complex was populated and the characteristic red emission was
observed, whereas, on reversing the bias, the lowest excited singlet state of the
polymer host was populated, with consequent emission of green light. This simple
example demonstrates the potential uses of such polypyridine-metal complexes
in combination with polymeric materials and surfaces.

7.2
Assemblies and Layers

Research into the molecular-level modification of surface properties has been
increasing ever since Binnig and Rohrer in the mid-1980s invented the pivotal
scanning-probe techniques, such as STM (scanning tunneling microscopy) or
AFM (atomic force microscopy); however, there is still much to learn in terms of
predesigning order and orientation of substances on a given surface. Metallo-
supramolecular structures especially add a whole range of possibilities, not least
because of possible interactions between the complexed metal and the metal

Modern Terpyridine Chemistry. U. S. Schubert, H. Hofmeier, G. R. Newkome
Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-31475-X
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Figure 7.1 Top: Structure of the terpyridine dendrimer (dend-8-tpy).
Bottom: Unfiltered images of dend-8-[Fe(tpy),** on HOPG:

(a) 550 x 550 nm, (b) 200 x 200 nm, (c) 304 x 304 nm, (d) 69 x 69 nm.
(Reprinted with permission from [5], © 1999 American Chemical Society).
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surface. Following the theme of this book, there has been growing interest in the
investigation of adsorbed ordered structures on surfaces containing [M(tpy),]**
complexes. For an overview of layer-by-layer self-assemblies containing terpyridine
complexes, the reader is referred to a review (see [4]).

Abrufia et al. recently described the synthesis of chiral and dendritic multi-
terpyridine molecules, which upon complexation with Fe(II) or Co(II) and
subsequent deposition on a surface, led to well-ordered 2-dimensional arrays [5].
In the case of a 2nd generation poly(amidoamine) (PAMAM) dendrimer termi-
nated with 4-terpyridinyl units, instead of the formation of thermodynamically
more stable 2-D arrays, chains that were stacked next to each other (“pearl necklace”
formation) were found by STM investigations on highly ordered pyrolytic graphite
(HOPG) (Figure 7.1).

Film deposition and complexation were conducted at the phase boundary
between a solution of the dendrimer in CH,Cl, and an aqueous solution of FeSO,
on the surface of a freshly cleaved HOPG substrate. The resulting STM images
showed a quasi-hexagonal structure in which the intermolecular distances are
equivalent in two directions, but different (longer) along the third. As mentioned
above, this was explained by the 2-D packing of strands held together by Fe(II)
complexation. It is believed that this is the kinetically favored product which would
form under these particular applied conditions. Further investigations of these
monolayers on HOPG using electrochemical methods, such as cyclic voltammetry
(CV) and double potential step chrono-amperometry (DPSCA), were also con-
ducted [6]. By comparing their formal potential (E*) value of +1.03 V vs sodium
saturated calomel electrode (SSCE) to that of free [Fe(tpy),]*" (E = +1.10 V vs
SSCE), CV experiments indicated that the immobilized species does indeed consist
of [Fe(tpy),]** complexes.

Furthermore, by conducting DPSCA measurements, charge propagation
dynamics could be studied. For redox-active films, charge propagation can be
described as a diffusion process characterized by an apparent diffusion coefficient
[7]. By applying the Cottrell equation, values of D, could be obtained for dend-8-
[Fe(tpy),** (5 = 2 x 10”7 cm?® s7!) and dend-8-[Co(tpy),]** (1.3 £ 0.2 x 10® cm? s7").
These results showed that the electron transfer rate for Fe”*/Fe** is more than
one order of magnitude faster than that of Co”*/Co’*.

A further system consisting of the enantiomeric [Fe(tpy),]** complex deposited
as a monomolecular film on HOPG was described by Abruia et al. [8]. As in the
case of the dendritic system mentioned above, CV measurements proved the
adsorption of a species containing [Fe(tpy),]**; the STM images of films derived
from each of the metal-enantiomeric ligand complexes showed mirror symmetric
structures. The angles of the features observed in relation to the direction of chain
propagation were found to be opposite for the two enantiomeric films (Figure 7.2).
These observations also match energy-minimized geometries derived from
molecular mechanics calculations in terms of structural angles as well as structural
length. These observations suggested that each of these entities visualized by
STM resembles the upper ligand in a chiral strand, which has no direct contact
with the surface. In agreement with the findings from the CD spectra described
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/

Fe(ll)/(+)-[ctpy-x-ctpy]: Mirror Fe(ll)/{-)-[ctpy-x-ctpy]:
M-Helix P-Helix

(+)-[ctpy-x-ctpy]

Fe(ll) [ ®

(+)-[ctpy-x-ctpy] —_— M-Helix

Figure 7.2 Top: High-resolution STM image of highly ordered metallo-
supramolecular arrays. Bottom: Energy-optimized structure (MM2)

of the (+)-enantiomer and a rendition of the helical structure formed by
this bridging ligand and Fe(ll).

(Reprinted with permission from [8], © 2001 American Chemical Society).

in Chapter 5, it became evident that films prepared from (+)-[ctpy-x-ctpy] form an
M helix and the films prepared from (+)-[ctpy-x-ctpy] form the enantiomeric P
helix.

In regards to surfaces other than HOPG, metals such as Pt(100) or Au(111) are
widely used as substrates for assembling and investigating monolayer structures.
Figgemeier and Constable et al. recently reported the self-assembly of a monolayer
of heterogeneous [Ru(tpy),]** or [Os(tpy),]** complexes [9], in which one is
unfunctionalized and the other possesses a 4’-(4-pyridinyl)terpyridine (Figure 7.3).

The electron lone pair from the uncomplexed pyridinyl nitrogen should enable
adsorption onto a platinum surface. Upon immersing platinum foils or electrodes
into an aqueous acetone solution of the complexes for 1 h, spontaneous formation
of an adsorbed monolayer was observed. After meticulous rinsing with the solvent,
STM as well as electrochemistry techniques were performed. The STM image
[Ru(Il) complex] showed formation of a hexagonal array with an average distance
between adjacent spots of 2.9 nm, while a spot with a radius of ca. 5.5 A indicated
a rather loose packing (surface coverage = 2.2 x 10" mol cm™). CV measurements
on both the Ru(II) and Os(II) complexes showed that the peak currents increased
linearly with the scan rate, as expected for monolayer formation on the platinum
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Figure 7.3 Top: Structural image of [M (tpy) (tpy-py)]**, M = Ru(ll), Os(ll).

Middle: peak current density as a function of scan rate for a monolayer

of [M(tpy) (tpy-py) (PF¢),] on a platinum microelectrode.

Bottom: 14 x 45 nm STM image of a monolayer of [M (tpy) (tpy-py) (PF),] on Pt(100).
(Reprinted with permission from [9], © 2003 American Chemical Society).

electrode. Compared with the theoretical value of 90.6 mV for AE, ; , calculated
for a one-electron process, this value was much lower than the measured values
for either the Ru(II)- or Os(II)-complex monolayers of up to 160 mV. This also
indicated the formation of a loosely packed monolayer. Comparing the saturation
surface coverage derived from the charge under the oxidation and reduction peaks,
a value of 2.5 (+ 0.2) x 10! mol cm™ was obtained, which is in good agreement
with the STM surface coverage of 2.2 x 107! mol cm™, as noted above.
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Since thiols or disulfides are known to be active precursors for such sulfur-gold
bonding, the immobilization of ordered [M(tpy),]*" complexes on gold surfaces
via the well-known strong sulfur-gold interaction has been demonstrated. Otsuki
et al. designed an [Ru(tpy),]** complex, which is functionalized on each of the 5-
and 5”-positions with either 4-thiolphenylethenyl or 4-acetylthiophenylethenyl
substituents [10]. These ligands are fully conjugated, so that interaction between
the surface and the photo- and redox-active Ru(II) was theoretically possible;
however, when depositing the complexes on a Au(111) surface, little organization
was observed. CV measurements on a gold electrode that was treated with one of
these complexes showed that upon sweeping to a negative potential, only a broad
desorption peak at a higher voltage around —0.9 to —1.0 V vs Ag/AgCl was observed
contrasting with the sharper peak observed from a SAM (self-assembled mono-
layer) of octanethiol (-1.02 V).

Another approach with a more complex system was conducted by Kern and
Sauvage et al., in which they reported the deposition of a copper catenane on
Au(111). Their system comprised one catenane ring containing a terpyridine and
a phenanthroline (phen) moiety on the opposite side of the ring, the other ring
possessing a phenanthroline and an opposing disulfide moiety to be used for
surface binding (Scheme 7.1) [11].

The ambivalence of the coordination state of the copper center [Cu(I) <> Cu(II)]
has already been proven to be useful in similar systems, e.g., molecular motors
and muscles [12, 13]. Here, the investigation of both the Cu(I)- and the Cu(II)-
catenane by CV in solution revealed complementary behavior, showing that Cu(I)-
catenane adopted a tetracoordinated state whereas the Cu(Il)-catenane was
pentacoordinated. This indicated that both rings are rotating. Although these
observations could not be made for CV measurements on the gold surface, it was
shown that the complex was attached to the gold surface by initially opening the
disulfide followed by binding to the surface. Again, a difference between oxidation
and reduction peaks of less than 60 mV and no broadening of AE, was observed

Scheme 7.1 Top: Heteroleptic Co(l) catenane. Bottom: Schematic representation
of the adsorption process. (Reprinted with permission from [11]).
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when the potential sweep rate was increased. Additionally, polarization modulation-
infrared reflection absorption spectroscopy (PM-IRRAS) revealed information
about the relative orientations of the interlocked rings, which were both found to
be roughly perpendicular to the Au surface.

Apart from directly adsorbing molecules and layers of molecules on surfaces
and investigating, a recent example of polyelectrolyte multilayer formation should
be mentioned. Kurth et al. investigated alternating layers of poly(styrenesulfonate)
and a metallo-supramolecular coordination polyelectrolyte (Co-MEPE) on a
poly(ethylenimine) (PEI) modified quartz substrate (Figure 7.4) [14]. The layers
(PSS/Co-MEPE),, (n = 1-10) were characterized by UV/Vis spectroscopy, micro-
gravimetry, CV, and permeability and polarity measurements.

UV/Vis spectroscopy indicated that a linear increase for all of the complex bands
after each double layer addition was observed. Evidence for multilayer formation
was also found from CV data, which showed that the anodic and cathodic current
peaks rise proportionally to the square root of scan velocity. This was in contrast
to solution measurements, from which a linear rise was observed. Such behavior
is characteristic for layers of electrochemical sites, which possess a semi-infinite
electrochemical charge diffusion condition. It was further shown by comparative
CV measurements that a redox active probe ([Fe(CN)4* /[Fe(CN)s*) diffused
mostly radially through the layers, which was explained by the more hydrophobic
nature of the PSS/Co-MEPE compared to strong polyelectrolyte layers. The same
type of system was also investigated using Fe(II) as the metal center, which binds
more strongly than Co(II). Here, it was shown that the thicknesses of single films,
measured in air by surface plasmon spectroscopy, were 18 + 3 A for the coordina-
tion polyelectrolyte and 17 + 2 A for the PSS, respectively. Thickness measurements
at the water-substrate interface revealed a minimum thickness of 25 + 2 A for the
Fe(IT) coordination polyelectrolyte and 27 + 2 A for PSS, which can be explained
by water penetration of the films. Further examples of polyelectrolyte assembly
and terpyridines have been described elsewhere [4, 15-17].
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Figure 7.4 Left top: Metal-ion mediated self-assembly, which leads to a
coordination polyelectrolyte (Co-MEPE). Left bottom: Multilayer formation
by layer-by-layer self-assembly of positively charged Co-MEPE and negatively
charged PSS. Right: UV/Vis increase after each double-layer addition.
(Reproduced with permission from [14], © 2002 Elsevier).
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Figure 7.5 (a) Thiol-modified Co(ll) complexes and (b) their CV in 0.1 M
n-Bu,;NPFg/MeCN; (c) IV curves of a [Co(tpy-(CH,)s-SH),J*" at different gate
voltages (V,) from —0.4 V (red) to —1.0 V (black) with AV, =-0.15 V.

Upper inset: Topographic AFM image of the electrodes with gap (scale bar, 100 nm).
Lower inset: A schematic diagram of the device.

(d) Differential conductance against V showing temperature and magnetic field
dependence of the Kondo peak.

(Reprinted by permission from Macmillan Publishers Ltd, Nature [18], © 2002).
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Together, these examples demonstrated the increasing control that can be
obtained in constructing layered structures containing the [M (tpy),]** motif. Apart
from layer formation and stabilization, there is also an increasing interest in
controlling and using single molecules or strands of molecules for different
applications. In 2002, Park and Pasupathy et al. reported the use of thiol-
functionalized [M(tpy),]*" complexes, which were introduced into a gap in a 200
nm wide gold wire. The gap produced electromigration on ramping to large
voltages at cryogenic temperatures [18]. During this process, some of the
complexes, which were initially bound to the gold wire before breakage, migrated
to the 1-2 nm gap. Utilizing complexes with different thiol-to-thiol lengths showed
different physical effects on a molecular level (Figure 7.5).

For the “longer” complex, behavior corresponding to that of a molecular single-
electron transistor was observed, the gate being the degenerately doped Si
substrate. For the “shorter” complex, stronger coupling between the ion and the
electrons was observed, thus leading to Kondo-assisted tunneling, which can be
described as the formation of a bound state between a local spin in the Co(II)
center and the conduction electrons in the electrodes, leading to an enhancement
of conductance at low biases.

Gold nanoparticles were also modified with thiol-containing terpyridines
(Figure 7.6). An example, from 2002, showed the attachment of terpyridinyl thiols
(with butyl, octyl, and undecyl spacers) to gold nanoparticles [19]; subsequent
addition of Fe(II) ions led to aggregation of the nanoparticles. This concept was
further extended to the attachment of Ru(II) complexes bearing a ferrocene to the
surface of the gold nanoparticles [20].

Figure 7.6 Gold nanoparticles, functionalized with terpyridines and
ferrocenyl [Ru(tpy),]** complexes [19, 20].
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Gaub and Schubert et al. showed that it was possible to determine binding
strengths of [M(tpy),]*" complexes at the molecular level using single-molecule
force spectroscopy [21]. For this purpose, a poly(ethylene glycol) spacer with end-
caps of [Ru(4’-R-tpy)(Cl);]*" and carboxylic acid was attached to an amino
functionalized substrate (Figure 7.7). The same uncomplexed ligand was attached
to the tip of the AFM, and upon bringing it into close proximity to the surface,
an [Ru(tpy),]** complex was formed. Force extension curves were measured upon

Amino-functionalised
AFM tip

/k - Ruz.
[
Ru30
/

40 =

30—

20—

Counts

100 200 300 400
Rupture force [pN]

Figure 7.7 Left: Schematic drawing of the experimental set-up.
Right: Histogram of the bond rupture forces (pulling velocity = 118 nm s™).
(Reprinted with permission from [21]).
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Figure 7.8 Chemical structure of the dyad and proposed assembly to the
platinum surface by molecular modeling [22].
(Reprinted with permission from [22], © 2004 American Chemical Society).

pulling back the tip until the rupture occurred [the experiments were performed
under mild conditions in water/DMSO at room temperature to avoid any
breaking of the poly(ethylene glycol) chains]. This gave a binding force of around
95 pN for a single complex. The histogram of the bond rupture forces in
Figure 7.7 additionally showed weaker peaks at 171 and 253 pN that could be
attributed to the rupture of two or three parallel complexes, respectively, by
comparison to superimposed theoretical force versus extension curves. It should
be possible to expand this technique to similar systems, and this method
therefore represents an approach to the characterization of binding strengths of
such systems.

Constable et al. have reported trisbipyridine/bisterpyridine complexes com-
posed of homometallic Ru(II) and heterometallic Ru(II)/Os(II) dyads, which
were assembled as monolayers onto a platinum surface (Figure 7.8) [22]. It was
shown by fast-scan electrochemistry that these complexes showed a stronger
interaction within the monolayer and that the molecules are oriented in a tilted
fashion.
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7.3
Surface Catalysts

An important application of terpyridine complexes on surfaces that does not
necessarily depend on high ordering at the molecular level is that of electrocatalysis.
The first work in this direction, to the best of our knowledge, was presented by
Meyer et al. They transferred the use of Ru(IV)-containing complexes, as oxidants
for various organic substrates in solution, to the electrode surface, using an
Ru(IV)-bipyridine-poly-4-vinylpyridine [23]. The same research group bound
[Ru(tpy) (bpy(PO;H,),)(H,0)** to thin films of TiO, on glass by phosphonate
binding [24]. Upon oxidation with a Ce(IV) derivative, the formation of the
catalytically active glass/TiO,~Ru(IV)=0*" was observed. Test oxidations of
cyclohexene, benzyl alcohol, phenol, and trans-stilbene revealed a preferred
oxidation to the compound that did not exceed the 2-electron level, because the
surface binding of the oxidant prevented the formation of lower oxidation states
than Ru(II). The dominant product of the oxidation of cyclohexene, for example,
was the alcohol and not the ketone; whereas, in the case of trans-stilbene, the
epoxide was formed, demonstrating the possibility of limiting reductions to a
two-electron process through attaching an oxidant to a surface.

The first experiments using ruthenium as a reduction catalyst were performed
by Chardon-Noblat et al. using an [Ru(tpy)(CO)],, complex [25]. The exact structure
of this ruthenium-complex polymer is yet unknown, but, based on standard cha-
racterization techniques, the existence of metal-metal binding units was confirmed.
This material was obtained by electroreduction of isomers of [Ru(tpy)(CO)ClL,] on
the platinum or glassy carbon working electrode surface (Figure 7.9).

Electrocatalysis performed in pure water containing 0.1 M LiClO, at -1.30 V
versus Ag | AgCl on a carbon felt modified with [Ru(tpy)(CO)],, produced CO and
formate with 60 and 15% yield, respectively, after 20 Coulombs had been passed
through the solution; however, [Ru(tpy)(CO)], was shown to be less stable than
[Ru(bpy)(CO),], under identical experimental conditions. No significant difference
between films prepared from the trans- and those prepared from the cis-complexes
was observed.

Regarding the osmium group homolog, an application for the use of PVI-
[Os(dmebpy)(tpy)]**/** [PVI = poly(N-vinyl imidazole), dmebpy = 4,4’-dimethyl-
2,2"-bipyridine], as redox mediator in lacasse-modified electrodes, was recently

Figure 7.9 Structural formulae of the trans- (left) and cis- (right)
[Ru(tpy) (CO)Cl,] complexes [25].
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reported by Barton et al. [26]. Lacasses are polyphenol oxidase enzymes which
catalyze the oxidation of a variety of inorganic and aromatic compounds,
particularly phenols, with concomitant reduction of molecular oxygen to water.
For further detailed results, the reader should consult the literature [26].

Two examples of electrocatalytic reduction with other metals included in
[M(tpy),]** complexes, currently exist. Abrufa et al. found that electropolymerized
films of vinyl-terpyridine complexes of iron, nickel, and cobalt were effective
catalysts for CO, reduction as well as the two- and four-electron reduction of oxygen
[27]. These films were found to be quite robust to washing with different solvents
and to continuous potential cycling, the latter leading to less than 10% loss after
6 h. The catalytic activity observed for the films was higher than that for the free
complexes in solution. Films of [Ni(vinyl-tpy),(PF),] were found to catalyze both
two- and four-electron reduction of oxygen, which does not occur when using
[Ni(tpy),(PF,),] in homogeneous solution. The reason for these findings is believed
to lie in cooperativity effects between the metal centers, which are more closely
packed in films than they are in solution. Regarding the differences originating
from the use of different metals, Co exhibited the highest activity, probably because
it acts as a two-electron donor through Co(III/I) couples; this is not possible for
either iron or nickel.

In a similar approach, Elliott et al. used bis-terpyridine ligands, which, upon
complexation, resulted in oligomeric and/or polymeric materials [28]. The
polymerization was conducted directly on a glassy carbon electrode, resulting in
film-coated electrodes. In contrast to the results for [metal(vinyl-tpy),(PF),] films
described above, there was no improvement in electroreduction compared to the
free metallo-polymer in solution. The authors attributed this fact to the rigidity of
the latter system, which possibly does not allow a coordination site to open in
order to become catalytically active, which was observed for [Co(vinyl-tpy),(PF),]
films in MeCN. Upon reduction from Co(II) to Co(I), the terpyridine ligands are
partially and reversibly displaced by two MeCN molecules. The examples men-
tioned here demonstrate the feasibility of terpyridine complexes to act as redox-
active materials.

7.4
Photoactive Materials

Another major area of research incorporating terpyridine complex surface
interactions is that of interfacial photophysical processes, especially systems
concerning the conversion of solar light to energy. First examples include
photoelectrodes based on an electropolymerized molecular ruthenium dyad
reported by Collin et al. [29] in which polymer films incorporating a molecular
dyad of the type <V**-[Ru(Il)-(ptpy),]*"> (V = methylviologen, ptpy = 4’-phenyl-
terpyridine) (Figure 7.10, top) were described. Thin films were prepared by anodic
electropolymerization of the pyrrole groups on the ligand opposite to the ligand
containing the methylviologen on an indium tin oxide (ITO) electrode.
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Figure 7.10 Top: Donor-acceptor system DA with a pyrrole (anchor), an [Ru(tpy),]**
or [Os(tpy),]** complex (photochemical center), and a methylviologen (MV*, donor).
Bottom: Photocurrent response of an ITO/poly-(DA) modified electrode.

(Reprinted with permission from [29], © 1991 American Chemical Society).

Upon irradiation using visible light and in the presence of tris(ethanol)amine
(TEOA, irreversible electron donor), an anodic photocurrent was observed when
the electrode was potentiostatted to 0 V. The photoactive center was first excited
by visible light, upon which the charge-separated state with the methylviologen
was formed. Ruthenium(IIl) then irreversibly oxidized TEOA, and the photo-
current was produced by electron transfer into the polymer and to the electrode.
The steady-state photoresponse was moderately stable with time (loss of 19%
after 30 min) in accordance with the stability of the modified electrode (Figure 7.10,
bottom). The maximum steady-state current I, for different surface concentrations
I" was found to be 8 pA cm™ at T'= 6 x 10™"° mol cm™. These results are in good
agreement with results obtained for a comparable <V**-[Ru(bpy);]**> system,
except that the limiting value of I" was lower for the terpyridine case.

These results can be compared to the work conducted by Collin et al., where
copolymers containing monomers of [Ru(ttpy)]** (photoactive center) and
monomers of a viologen (electron acceptor) were used [30]. For this system, in
which the photoactive center and viologen are not directly covalently linked but
only through the polymer backbone, only a moderate maximum I of < 1.5 uA



7.4 Photoactive Materials

Figure 7.11 Bonhote’s electron donor-sensitizer dyads [32, 33].

cm™ was found, indicating that intramolecular photoelectron transfer was more
efficient than intermolecular transfer.

Another example of an electropolymerized system was shown by Hanabusa et
al. Using the same basic approach, an aniline-modified [Ru(tpy),]** complex was
electropolymerized via a reaction mechanism similar to the electropolymerization
of aniline [31]. The photocurrent response of this polymer film on an ITO electrode
in aqueous 0.1 M LiClO, solution containing 0.5 mmol of methylviologen (MV**)
and saturated with oxygen showed a maximum photocurrent of 1.9 uA cm™. The
sample was irradiated with a 300-W halogen lamp. Because of rapid oxidation of
MV*" with oxygen, the unfavorable reverse electron reaction was suppressed.

Further progress in this area was made by choosing nanocrystalline, semi-
conducting metal oxides, such as TiO, (anatase modification) on conducting glass,
as the electrode. Bonhote et al. investigated charge separation on a donor-sensitizer
system (Figure 7.11, top) [32, 33]. The observed charge separation was, however,
not found to be more efficient than that of a model sensitizer without the donor
system because of the very fast recombination reaction. For a similar system
(Figure 7.11, bottom) with a different spacer between donor and sensitizer, the
photoinduced charge separation was found to be more efficient, because the
electron in the excited state was localized more on the ligand bound to the
semiconductor surface.

More recently, Gritzel et al. synthesized the black dye [RuL(NCS);(HNEt;)]
(L = tpy), which exhibits a larger red shift in absorption than that of other
compounds from the [Ru(tpy),]** family (Figure 7.12) [34, 35]. A photovoltaic cell
consisting of an adsorbed monolayer on TiO, conducting glass in conjunction
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Figure 7.12 Top: Salt of the [Ru(4,4",4”-("O,C);-tpy) (SCN)3] panchromatic sensitizer.
Bottom: Its photocurrent action spectrum comparison with the spectra of the
[Ru(4,4’-("0,C),-bpy),(SCN),] analog and bare TiO, [34].
(Reprinted with permission from [35], © 2001 American Chemical Society).

with the redox electrolyte Lil/Lil; in propylene carbonate showed an incident
photon-to-current conversion efficiency (IPCE) of 80% over a broad region with a
photocurrent density of 20.5 mA cm ™. Under standard AM 1.5 sunlight (air mass
1.5 sunlight is the spectrum of sunlight that has been filtered by passing through
1.5 thicknesses of the earth’s atmosphere), an open circuit voltage of 0.72 V was
observed, which gave an overall conversion efficiency of over 10%.

This improved system was compared with a bipyridine analog, which had been
up to that point the best-performing charge-transfer sensitizer (~18 mA cm™).
Following that discovery, other research projects were conducted including
adsorption and crystallization studies [36] and investigations of interfacial electron-
transfer dynamics [37]. In an attempt to improve the molar extinction coefficient,
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Huang et al. investigated the analogous 4’-carboxyphenyl-substituted compound,
which, probably because of the absence of two carboxy groups on the outer rings,
showed a worse performance in a photovoltaic cell [38]. Sugihara and Arakawa et
al. tested another analogous compound, which incorporated a long alkyl chain on
the B-diketonato ligand [39]. Under similar conditions, the photocurrent action
spectrum showed behavior similar to that of the mother complex described above.
In accordance with the absorption spectra, the alkyl complex showed higher
incident photon-to-current efficiency (IPCE) values (in the 720-900 nm region)
than the parent. By comparing the photocurrents in the presence and absence of
deoxycholic acid, an indication that the long hydrocarbon chain prevented surface
aggregation of the sensitizer was found.

Apart from solar cell research, two other photophysically interesting examples
have been reported: (a) photodegradation of organic material and (b) organic light-
emitting devices (OLEDs). Lam et al. reported on the TiO, photodegration of CCl,
in aqueous medium (Figure 7.13) [40]. The [Ru(4’-(4-H,0;PC.H,)-tpy),(PFy),]
complex (Figure 7.13, top) was mixed with a suspension of indium tin oxide (ITO),
and, after filtration, drying, and grinding, the resulting powder was used for
degradation experiments. A 100-W tungsten lamp was used for photolysis in a
CCl-saturated aqueous solution containing potassium iodide as a reductant.
Figure 7.13 (bottom) shows the principle of the catalytic cycle. The rate of
degradation was found to obey a Langmuir-Hinshelwood rate law, which is
expected because only those CCl, molecules that are adsorbed onto the surface of
TiO, can be reduced.

adsorbed on TiQOz

CCl, _ Ru(ln*

p— Ru(lll)

conduction band ;/{\ -
‘CC':] + Cl III T|OE I HU{”)

CCl, + 2 CI" \ ;

|3
vakanca band

Figure 7.13 Top: The [Ru(4’-(4-H,05PCcH,)-tpy), (PF¢),] complex adsorbed on TiO,.
Bottom: Schematic representation of the visible light mediated photodegradation
of CCl, in aqueous medium [40].
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Elliott et al. investigated an electropolymerized [Ru(tpy),]° film, which was vapor
deposited onto an Alq;/TPD/ITO [Alq; = tris(8-hydroxyquinoline) Al(III) complex,
emissive and electron transport layer/TPD = triarylamine derivative, hole transport
material] substrate in order to create an electroluminescent device [41]. The
[Ru(tpy),]° film acts as a low-work-function electron-injecting contact and is of
special interest because it can be deposited by thermal evaporation, making it
easy to handle and to control. OLEDs were constructed using [Ru(tpy),]° as low-
work-function organic material (LWOM) and the architecture Ag/LWOM/
Alq;(400 A)/TPD(400 A)/ITO. Figure 7.14 shows the performance of such a device.
Upon reducing the barrier-to-hole injection between ITO and TPD by including
the conducting polymer interlayer poly(3,4-ethylenedioxythiophene)-polystyrene-
sulfonic acid (PEDOT-PSS), a significant improvement was observed. When more
current was used, more light was produced at a given voltage. The metal layer
covering the LWOM was also varied from Ag to Au, which has a very high work
function (5.2 eV). Devices with different metal layers showed comparable
performance, thus indicating that the nature of the metal contact was of secondary
importance to the underlying LWOM. This should allow for variation of the metal
contact, leading to devices which are, for example, more oxidation resistant and
which therefore lead to increased device lifetimes.

An example of a blue LED was shown recently by Che et al. [42] in which they
used a [Zn(tpy),)*" polymer spin-coated on ITO with the device structure, e.g.,
ITO/PEDOT:PSS/[Zn(tpy),]*"-polymer/Ca/Al. A peak maximum of 450 nm was
observed in the electroluminescence spectrum, with the blue EL intensity
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Figure 7.14 Performance of an OLED with an [Ru(tpy),]°/Ag cathode.
(Reprinted with permission from [41], © 2003 American Chemical Society).
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increasing with increasing bias voltage. This example again demonstrated the
versatility of these [M(tpy),]** complexes, leading to, in this case, encouraging
results for the search for a stable and intense blue light emission, which is currently
of particular interest for many photo-optical applications.
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