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Bipyridine: The Most Widely Used Ligand. A Review of Molecules Comprising
at Least Two 2,2'-Bipyridine Units
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. Introduction

The purpose of the present review is to present the
diverse variety of molecules comprising at least two
2,2'-bipyridine units in the form of an exhaustive
database. Rather than concentrate on a particular
class of application, the aim here is to provide an
overall view on the most explored chelate system in
coordination chemistry. The intended audience is, on
one side, researchers already active in the area and,
on the other, those who might be newcomers to it.
This review will hopefully be useful to readers in
verifying whether a targeted ligand has been previ-
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ously prepared and in finding the relevant literature
associated with its synthesis. Since the 2,2'-bipyri-
dine unit has been used in a variety of approaches
dealing with structural coordination chemistry and/
or functional systems based on 2,2'-bipyridine metal
complexes, an article dealing with the organic syn-
thetic strategies employed to prepare the ligand
system, the synthetic approaches to form their metal
complexes, and physical properties of metals chelated
by 2,2'-bipyridine ligands would have been too broad
a theme for a single review. Therefore, in the present
contribution, we mainly focus on structural as well
as synthetic features. However, when feasible, we do
also indicate the functional context guiding the
design of the ligand systems reported.

Since its discovery at the end of nineteenth cen-
tury,! the bipyridine ligand has been used extensively
in the complexation of metal ions. It is possible to
distinguish (Scheme 1) the symmetrical isomers of
bypridine (2,2', 3,3', and 4,4") from the asymmetrical
ones (2,3, 2,4, and 3,4"), and of these, only the 2,3'-
and the 3,3'-bipyridines are found to be naturally
abundant in certain varieties of tobacco.>™*

The 2,2'-bipyridine ligand has been extensively
used as a metal chelating ligand due to its robust
redox stability and ease of functionalization. In
contrast to other ligands, such as catechol, which is
dianionic, and derivatives of the acetylacetonate ion,
which are monoanionic, 2,2'-bipyridine is a neutral
ligand. It thus forms charged complexes with metal
cations, and this property has been exploited in the
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design and synthesis of metal—bipyridine complexes.
Here the various major classes and syntheses of
molecules are summarized comprising at least two
2,2'-bipyridine units (units that cannot be classified
as higher oligopyridines such as terpyridines, quater-
pyridines, quinquepyridines, etc.), which are con-
nected in different positions around the aromatic ring
(3, 4, 5, and 6) by covalent bonds. Molecules contain-
ing metal—coordination interactions (such as fer-
rocene-based ligands containing bipyridine) are in-
cluded here only if the bipyridine moieties are
attached to the molecule following the creation of the
coordination bonds that hold the molecule together
(polymeric metal complex networks containing bipy-
ridine® are therefore not included here).
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Ligands containing two or more 2,2'-bipyridine
units can in principle be used as bridges to intercon-
nect metal centers in a well-defined spatial arrange-
ment. The uses of such ligands as precursors for
helical assembly,® chiral molecular recognition,’8
luminescent devices,®! and other applications in
photonics and optoelectronics'*'? and electrochemis-
try®® have been reviewed elsewhere. The classes of
molecules containing two or more 2,2'-bipyridine
units can be categorized as (a) molecules having units
connected in positions 3 and 3', (b) nonmacrocyclic
molecules having units connected in positions 4 and
4', (c) macrocyclic molecules having units connected
in positions 4 and 4', (d) nonmacrocyclic molecules
having units connected in positions 4,4' and 5,5, (e)
nonmacrocyclic molecules having units connected in
positions 5 and 5', (f) macrocyclic molecules having
units connected in positions 5 and 5, (g) nonmacro-
cyclic molecules having units connected in positions
6 and 6', (h) macrocyclic molecules having units
connected in positions 6 and 6', (i) asymmetrically
connected units, and (j) polymers containing 2,2'-
bipyridine. Tables containing illustrations of the
ligands are labeled according to their corresponding
category.

l. Ligands with 2,2'-Bipyridine Connected in
Positions 3 and 3'

Ligand 1a'*~1” was obtained in three steps from 1,
10-phenanthroline, by oxidation of the latter with
KMnO, to give 4,5-diazafluorenone, which subse-
guently dimerizes to give 1a (Table 1).16 The subse-
guent dehydrogenation of 1a yields 2a,® which has
also been obtained via a reductive coupling strategy.'’
Ligand 5,5'-bis(1,10-phenanthroline) 3a has been
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Table 1 (Continued)
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Number Reference Number Reference
| |
H 3C4,4_O P Ac l-? ~* Ha
28a l 37 3la 37
HsC ? o) oac 0% \? CHa
29a ¥ 32a 37
30a 37 33a 37
Number Ligand Reference Number Ligand Reference

34a 38

35a 38

36a 39

37a 40

synthesized by two successive Skraup reactions for
the purpose of forming a compound with chelating
ability for Fe(I1) and Cu(l).'® Dimers 4a,'+1° 5a,%° and
6a%?2 have been obtained by starting from 9-diazo-
4,5-diazafluorene, and compounds 7a?° and 8a?! have
been synthesized by starting from 2-diazo-1,1,3,3-
tetramethyl-7,8-diazacyclopenta[1]phenanthrene. The
reduction of 5-nitro-1,10-phenanthroline by NaBH,
drives to the formation of 5,5'-azo-1,10-phenanthro-
line 9a (among other byproducts).?® The ligand bis-
(1,20-phenanthroline) 10a has been synthesized by
starting from 5-amino-1,10-phenanthroline and form-
aldehyde, and its interactions with DNA have been
investigated.?* Lehn and co-workers prepared a tri-
nuclear Ru—Pd—Ru complex?® by utilizing ligand
11a, which is a larger homologue of ligand 12a.
Ligand 11a has been synthesized in the form of its
mononuclear complex with Ru(ll), by reacting 11,-
12-diamino-dipyrido[3,2-a:2',3'-c]phenazine with the
complex [Ru(phen),(phen-5,6-dione)]>*.2> Macrocycle
12a can be synthesized by two different methods: the
condensation of 5,6-dione-1,10-phenanthroline with
5,6-diamino-1,10-phenanthroline and the reaction of
5,6-dione-1,10-phenanthroline with MeCO,NH,. The
luminescence properties and X-ray crystallographic
structure of the dinuclear complex of 12a with Ru-

(1) have been investigated.?6~28 The same ligand has
been used to construct a Ru(ll)-based coordination
polymer.?” Ligand 13a has been synthesized by
following the same type of reaction as for 11a, i.e., a
condensation of the complex [Ru(phen or bipy).(phen-
5,6-dione)])?>" with 3,3',4,4'-tetraamino-biphenyl, and
a large association constant of the binuclear Ru(ll)
complex of ligand 13a to DNA has been reported.?®

Ligands 14a—16a have been obtained by the
condensation of 4,5-diazafluoren-9-one with various
diamines. Because of sp? hybridization of the bridging
nitrogen atom, protons in the two pyridines compris-
ing each bipyridine unit are nonequivalent, and this
is manifested in shifts in their proton NMR behav-
ior.3° The binuclear ruthenium complexes of ligands
14a—16a have been reported and give rise to metal-
to-ligand charge transfer absorptions and intraligand
transitions in the ultraviolet spectrum, as well as to
a short-lived emission.3!

Ligands 17a—19a represent larger homologues of
11a and 12a. Although attempts to synthesize 17a
starting from 5,6-diamino-1,10-phenanthroline and
tetraketopyrene in a manner analogous to 12a were
not successful due to solubility problems, an alterna-
tive synthetic route was used that involved successive
functionalization of precursor complexes. Thus reac-
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tion of 6-amino-5-nitro-1,10-phenanthroline, which
was obtained by nucleophilic amination of 5-nitro-
1,10-phenanthroline, with Ru(bipy).Cl,-H,0 gave the
corresponding amino—nitro complex in high yield,
which was subsequently reduced by hydrazine hy-
drate over Pd/C to yield a diamino-containing ruthe-
nium—bipyridine complex. Condensation of this com-
plex with tetraketopyrene yielded 17a.%? Ligand 17a
provided the first example of supramolecular dimer-
ization of a binuclear metallic complex maintained
only by 7—ux stacking interactions; however, electro-
chemical and spectroscopic studies of the binuclear
complex have shown that the various parts of this
dimer remain noninteracting, despite the extended
aromaticity of the complexed bridging ligand dimer.33
Ligands 18a and 19a were prepared as their diru-
thenium complexes by coupling benzoyl-substituted
phenazine units with corresponding diamines.®* The
anthraquinone spacer in 19a was shown to efficiently
guench emission processes relative to ligand 18a.%*

Dimer 20a of 7,8-diazaphencyclone has been used
as a source of 1,10-phenanthroline, in order to
stereoselectively attach the latter over a rigid “mol-
rac”-type system.®® In complexing the phenanthroline
of this “molrac” system by Ru[(bipy).(CF3SOs3),]?™,
diads are obtained which can be studied for their
intramolecular charge transfer processes. The heat-
ing of 20a to a temperature of 100 °C drives isomer-
ization to 21a.%® Ligand 20a and 9-diazo-4,5-diaza-
fluorene have also been used as phenanthroline
sources to synthesize a “molrac”-type system contain-
ing two 1,10-phenanthroline units in ligands 22a,
23a, 24a, 25a, and 26a.%%37 Alternatively 6,7-diaza-
phencyclone can be used as a phenanthroline source
to produce ligands 27a—33a in Diels—Alder-based
reaction involving ring-strained alkenes.”

Ligands 34a and 35a are linear oligobipyridines
and were synthesized from 3,3'-diamino-2,2'-bipyri-
dine for NMR and circular dichroism-based investi-
gations of intramolecular hydrogen bonding.3® The
coronand 36a has been synthesized by reacting the
cesium salt of 3,3'-dicarboxy-2,2'-bipyridine with a
dichloro derivative of poly(ethylene glycol).®® Finally
the disk 37a,%° which belongs to the same family of
ligands as 11a—12a and 17a, has been synthesized
by reacting 5,6-dione-1,10-phenanthroline with hexa-
aminobenzene.

lll. Ligands with 2,2'-Bipyridine Connected in
Positions 4 and 4'

A. Nonmacrocyclic 2,2'-Bipyridine Molecules
Connected in Positions 4 and 4'

Derivatives of 2,2'-bipyridine that bear functional
groups in the 4 and 4' positions have been shown to
complex metals in square-planar, tetrahedral, and
octahedral coordination geometries. Approximately
two decades ago, several investigators observed that
the lowest energy excited state of several Ru(ll) and
Os(I11) (octahedral coordination) complexes had suf-
ficiently long lifetimes in solution to allow for energy
transfer processes to occur. It was furthermore
reported that Ru(ll) and Os(Il) polypyridine com-
plexes were suitable reagents for energy and electron
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transfer processes due to their reversible redox
behavior. Since then, investigators have prepared
multimetallic systems in order to further elucidate
the above-mentioned processes. One method of syn-
thesizing such systems is to covalently link two or
more 2,2'-bipyridines in positions 4 and 4' (or simi-
larly in positions 5 and 5') by a bridge, which can be
either saturated or unsaturated. The first compound
1b (Table 2) prepared along these lines comprised a
dimethylene bridge and was originally synthesized
by Elliott and co-workers with an oxidative addition
reaction, by reacting the monolithium derivative of
4,4'-dimethyl-2,2'-bipyridine with 1,2-dibromoethane,
which served as the oxidant in the reaction scheme.*!
Furue and co-workers later synthesized the same
compound 1b by alternatively reacting the mono-
lithium derivative of 4,4'-dimethyl-2,2'-bipyridine
with 4-bromomethyl-4-methyl-2,2'-bipyridine.*> Com-
pounds possessing bridges (CH,)s 2b,* (CHy)4 3b,*3
(CHz)s 4b,44 (CH2)7 5b,45 (CH2)10 6b46, and (CH2)12
7b* have all been synthesized by reacting 1 equiv of
the monolithium derivative of 4,4'-dimethyl-2,2'-
bipyridine with the corresponding dibromo deriva-
tive. Elliot and co-workers have also synthesized
bis(4-(4'-methyl-2,2'-bipyridyl)methyl)ether 8b and
bis(4-(4'-methyl-2,2'-bipyridyl)methyl)sulfide 9b.#” Us-
ing a similar synthetic approach, ligand 10b, 1,3-bis-
(4'-methyl-2,2'-bipyridin-4-yl)-2-propanol, was syn-
thesized by reacting the monolithium derivative of
4,4'-dimethyl-2,2'-bipyridine with ethyl formate with
an overall yield of 20%.48

By performing a Wittig condensation between (4-
(4'-methyl-2,2'-bipyridyl)methyl)triphenylphos-
phonium bromide and 4-formyl-4'-methyl-2,2'-bipy-
ridine, Meyer and co-workers synthesized trans-1,2-
bis(4-methyl-2,2'-bipyridin-4-yl)ethylene 11b.*° A
Wittig condensation was also used in the synthesis
of 1,4-bis(4'-methyl-2,2'-bipyridin-4-yl)buta-1,3-diene
12b.5° The butadiene ligand was subsequently trans-
formed via a Diels—Alder addition using diethyl
fumarate to give the diester product 13b.5° Hydroly-
sis of the latter with KOH followed by a double
decarboxylation yielded ligand 1,4-bis(4'-methyl-2,2'-
bipyridin-4-yl)benzene 14b.5° Both ligands 14b and
15b have the potential to serve as rigid bridging
ligands for redox and photoactive applications. Ligand
16b was independently synthesized by the groups of
Beer®! and Schmehl,*? and both reacted the mono-
lithium derivative of 4,4'-dimethyl-2,2'-bipyridine
with terephthaldehyde in their synthetic procedure
to first produce the diol 17b, which was dehydrated
to 16b. Ligand 18b was synthesized by reacting the
monolithium derivative of 4,4'-dimethyl-2,2'-bipyri-
dine with o,a’-dibromo-p-xylene,** and it has been
used in investigating energy transfer processes be-
tween different metal centers.53

Elliott investigated the photoinduced electronic
transfer properties of the different Ru(ll) dinuclear
complexes of various bipyridine ligands that are
connected by bridges in which the number of con-
nections remained fixed but where the steric envi-
ronment varied (ligands 19b, 20b, 21b, 22b, 23b,
24b).5* The nucleophilic substitution of the mono-
lithium derivative of 4,4'-dimethyl-2,2'-bipyridine on
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Table 2
Number Functional Groups Reference Number m Functional Groups Reference
1b A R, =CH; 41,42 =)
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Table 2 (Continued)
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Number Functional Groups Reference Number m Functional Groups Reference
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57b R;=H 70
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56b R =R,-H 69 R; = CH,
R; = COOH
58b R;=R;=CH; 71
s R;=H
—
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R;=H

1,4-cyclohexanedione gives a mixture of cis 23b and
trans 24b conformations of 1,4-bis((4'-methyl-2,2'-
bipyridin-4-yl)methyl)cyclohexane-1,4-diol. Dehydra-
tion of this diol mixture with sulfuric acid in acetic
acid gives a mixture of different dienes containing
bis((4'-methyl-2,2'-bipyridin-4-yl)methyl)cyclohexa-
1,4-diene 19b.5* Rearomatization of this diene with
5% Pd/C finally yields a,a’-bis(4’-methyl-2,2'-bipyri-
din-4-yl)-p-xylene 20b.>* The cis 21b and trans 22b
derivatives were obtained upon hydrogenation of the
diene mixture.>

By grafting two fragments of 4-formyl-4-methyl-
2,2'-bipyridine onto 3,3'-diamino-N-methyl-dipropyl-
amine and 1,8-diaminooctane, ligands 25b and 26b,
respectively, were synthesized, and the dinuclear
Ru(ll) complexes of these ligands have been studied
as potential candidates for double intercalation with
DNA. %6 Ligand 27b was synthesized by reacting 2
equiv of the monolithium derivative of 4,4'-dimethyl-
2,2'-bipyridine with 1 equiv of bis(hydroxymethyl)-
2,2'-bipyridine methylsulfonate.>® The unsaturated

homologue 28b,%° which possesses two trans double
bonds, was synthesized from the addition of 2 equiv
of 4-((diphenylphosphinoyl)methyl)-4'-methyl-2,2'-bi-
pyridine (synthesized from the monolithium deriva-
tive of 4,4'-dimethyl-2,2'-bipyridine and chlorodi-
phenylphosphane) with 1 equiv of 6,6'-diformyl-2,2'-
bipyridine. Similarly structured ligands 29b and 30b,
comprising a 2,2'-bipyridine-type bridge connected in
positions 4 and 4', have been synthesized by Beer and
co-workers.5* Upon adding 2 equiv of the mono-
lithium derivative of 4,4'-dimethyl-2,2'-bipyridine to
1 equiv of 4,4'-diformyl-2,2'-bipyridine, the diol 29b
was obtained, which upon dehydration yielded ligand
30b. Using the same reaction sequence, compounds
31b and 32b, possessing bridges of the coronand type,
have also been synthesized, and their Ru(ll) com-
plexes have been prepared.5!

An elegant method of grafting a porphyrin between
two 2,2'-bipyridines has been developed by Therien.
In this synthesis, the monolithium derivative of 4,4'-
dimethyl-2,2'-bipyridine was transformed into an
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organotin derivative with tributyltin chloride.>® A
coupling reaction of this derivative with 5,15-di-
bromo-10,20-diphenylporphyrin was performed to
give ligand 33b.%6

The dinuclear Ru(l1) complex of 34b, possessing a
conjugated pentene-type spacer, has been reported
to show an electronic coupling following excitation,
despite the relatively large distance between the
metals in this case.>” This ligand was synthesized
using a Wittig reaction between 4-((diphenylphos-
phinoyl)methyl)-4'-methyl-2,2'-bipyridine and 2,7-
diformyl-2,4,6-octatriene.5” The Ru(ll), Rh(ll), and
Os(11) complexes of ligands 35b, 36b, 37b, 38b, and
39b have been synthesized, and the stability con-
stants of the reversible complexes have been mea-
sured with different halogen anions and H,PO, .58
These constants have been shown to vary signifi-
cantly depending on the nature of the spacer.5®
Bridges of the ethyne type 40b and diethyne type 41b
have been grafted between two 2,2'-bipyridines.>® The
synthesis begins from 4-bromo-2,2'-bipyridine and
consists of grafting the trimethylsilylacetylene in the
presence of [Pd(PPh3),4] and n-PrNH,. Upon repeating
the same reaction sequence following deprotection of
the TMS moiety with a weak base (K,CO3; or KF),
the compound 40b possessing an ethyne-type bridge
is obtained. Compound 41b, which has a diethyne-
type bridge, is prepared by a coupling reaction
between two identical molecules (CuCl, TMEDA, and
0O,). The reaction of 4-ethynyl-2,2'-bipyridine with
trans-[Pt(PBu";),Cl,] using a Cul catalyst and HNi-
Pr, as base leads to the organometallic compound
42b.%° Beer et al. have grafted 2 equiv of 4-chloro-
carbonyl-2,2'-bipyridine on a diamine derivative of
calix-[4]-arene in synthesizing 43b for anion recogni-
tion applications.®* Ligand 44b, which has shown
application potential as a molecular switch, requires
that an azo-type bridge connect two 2,2'-bipyridines
and was synthesized by reductive coupling starting
from 4-nitro-2,2'-bipyridyl-1-oxide using NaBH, and
Pd—C.%2 Imine 45b has been synthesized by the
stoichiometric addition of 4,4'-diamino-2,2'-bipyridine
to glyoxal and has been used as a model compound
in reference to polymeric ligands prepared via the
same synthetic condensation sequence.®® Ligand 46b
has been obtained by an oxidative addition on the
C—Br bond of 47b over [PtMe,(tbusbpy)] (tbusbpy:
4.,4'-di(tert-butyl)-2,2'-bipyridine); 46b and 47b serve
as starting compounds for the step-by-step synthesis
of organometallic dendrimers.®* The silane-containing
bridging ligands 48b8%> and 49b®% have been synthe-
sized by our group, by reacting the monolithium
derivative of 4,4'-dimethyl-2,2'-bipyridine with cor-
responding silyl derivatives. The binuclear Ru(ll)
complex of calix-[4]-arene 50b is an anion binding
element that possesses selectivity for the H,PO,~
anion.?” Ligand 51b was synthesized by amide for-
mation between dimethyldibenzidinium dichloride,
which was synthesized from benzidine via a protec-
tion/alkylation/deprotection strategy, and 4'-methyl-
2,2'-bipyridine-4-carboxylic acid using bromotripyr-
rolidinophosphonium hexafluorophosphate as the
coupling reagent.®® Dimethyldibenzidinium dichloride
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was also used to synthesize ligand 52b via coupling
with 4-bromomethyl-4'-methyl-2,2'-bipyridine using
cesium carbonate, in an attempt to prepare a ligand
with a greater redox potential relative to 51b.% For
the same purpose, ligand 53b was synthesized by
substitution of N,N’-dimethyl-benzidine by 4-bro-
momethyl-4'-methyl-2,2'-bipyridine followed by amide
formation via coupling with 4'-methyl-2,2'-bipyridine-
4-carboxylic acid.®® Several compounds have been
synthesized using precursors containing two py-
ridines already connected by a bridge and by adding
bipyridines by continuation to produce ligands 15b,
54b, 55b, and 56b.%° A similar approach was followed
by Rehberg and Kronke in the synthesis of 57b,
which was made in several steps via two Michael
addition reactions followed by a double dehydration.
Compounds 58b and 59b were obtained by an oxida-
tive addition starting from the monolithium deriva-
tive of 4,4'-dimethyl-2,2'-bipyridine and an oxidizing
agent such as either Bry, I, or 1,2-dibromoethane,
and their electronic absorption and emission proper-
ties have been investigated.”

A new family of siderophore, which includes com-
pounds 60b and 61b (Table 3), has been synthesized
by Collet and co-workers by starting from the tris-
amine derivative of cyclotriveratrylene and 4-formyl-
4-methyl-2,2'-bipyridine or starting from the trime-
sylate derivative of cyclotriveratrylene and the acid
4-carboxyl-4'-methylcarboxylate-2,2'-bipyridine.”? Their
iron complexes have been synthesized, and X-ray
diffraction has been used to study the spin states
coexisting in the iron-complexed ligands.” As with
ligands 46b and 47b, 62b can also be used for the
construction of organometallic dendrimers.%* Ligand
63b was synthesized from 4,4'-dimethyl-2,2'-bipyri-
dine and 1,1,1-tris(4-bromomethylphenyl)ethane us-
ing diisopropylamine/n-butyllithium as coupling re-
agents.” Its hemicage Ru(l1) complex exhibited longer
excited-state lifetimes and higher emission quantum
yields than corresponding model complexes, which
were attributed to a decrease in the rate of nonra-
diative decay via vibrational deactivation in the more
rigid complexes.” Ligand 64b comprises a tetra-
nuclear Ru(l1) complex of calix-[4]-arene which, like
ligand 50b, has been used as an anion binding
element that possesses selectivity for the H,PO,~
anion.®” Ligand 65b was synthesized using 4-bipy-
ridylbenzylaldehyde, which was prepared using a
modified Hantzsch pyridine synthesis, by reaction
with pyrrole following classic Adler porphyrin syn-
thesis, although reported yields were low with this
method.”® By treating 65b with zinc acetate in an
acetic acid—water mixture, 66b was obtained.” Analy-
sis of metal quenching of Cu(l1)-bound 66b was used
to illustrate that the presence of multiple metal ion
binding sites can be a significant factor in the
concentration dependence of metal ion quenching.”
Ligand 67b was synthesized starting from 39,42-bis-
(benzyloxy)calix[6]arene, which was converted to the
tetracyano and tetramino analogues by treatment
with bromoacetonitrile and reduction with diborane,
respectively. The tetraamine was quenched with 4
equiv of 2,2'-bipyridine-4-carbonyl chloride to afford
67b in 55% yield.”® Further treatment of ligand 67b
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Table 3
Number m Functional Groups Reference Number m Functional Groups Reference
S .
'\
60b R=CH; 2 62b O R=CH; 64
OO

63b O R=CH; 74

61b R = CO,CH; 72

Number

Functional Groups Reference

Number

Functional Groups Reference

64b H , R=H 67

65b R=Hand M =H, 75

R =H and M = Zn(I)

66b 75

67b R=H 76

68b R = COOC,H;s 77

with cis-A-[Ru(bpy).(DMSO)CI]PF; led to the forma-
tion of a complex retaining sterochemistry and show-
ing a strong molar circular dichroism spectrum, in
comparison with a racemate-treated 67b, which had
an inactive spectrum.”® The related 68b, which is

based on resorcinarene chemistry, was synthesized
using similar coupling chemistry to 67b. Ligand 68b
was used to bind chloride, acetate, and benzoate
anions and showed a particular preference for car-
boxylate anions.””
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B. 2,2'-Bipyridine Macrocycles Connected in
Positions 4 and 4'

By connecting two 2,2'-bipyridines in positions 4
and 4' by different bridges, macrocycles having
coordination sites directed toward the exterior of the
macrocycle (exoditopic coordination sites) are formed.
Most of these ligands have been synthesized so as to
make exonuclear complexes with transition metals
(from groups VIII, IX, and X). Complexes with
transition metals from group VIII have been inves-
tigated in particular because of their photoinduced
electron transfer behavior, which may be potentially
useful for applications dealing with the transforma-
tion and storage of solar energy.® 12

Durr et al. have synthesized the heterocyclic coro-
nand 1c (Table 4), which possesses bridges based on
poly(ethylene glycol), by reacting the dicesium salt
of the acid 4,4'-dicarboxylate-2,2'-bipyridine with
dibromopentaethyleneglycol in DMF with an overall
yield of 3%.7® On a related approach, Beer and co-
workers have synthesized macrocycles 2c, 3c, and 4c,
which serve as novel chromophores for multielec-
tronic photoredox processes in the form of their
polynuclear complexes.>* Macrocycles 2c, 3c, and 4c,

which all have double bonds, result from the dehy-
dration of the corresponding tetraalcohols with phos-
phoric acid. Macrocycles 5c, 6c, and 7c have been
synthesized by a one-pot synthesis in four steps, by
reacting 1 equiv of lithium diisopropylamide with
4,4'-dimethyl-2,2'-bipyridine, followed by the addition
of Y/, equiv of the appropriate aldehyde, 1 equiv of
LDA, and finally another ¥/, equiv of aldehyde.5* The
Schiff base 8c is obtained by reacting 4,4'-diformyl-
2,2'-bipyridine and triethylenetriamine in CH3CN
and is reduced by the action of NaBH, in methanol
to give ligand 9c¢.” The resulting cyclophane has been
used to investigate mononucleotide (in its monophos-
phate form) complexation within the cavity of the
cycle.” Macrocycle 10c, synthesized in the form of
its dinuclear Ru(ll) complex, shows pronounced
recognition for chloride anion relative to H,PO,~
anion.®% The synthesis was accomplished in several
steps starting by condensing 4,4'-bis(chlorocarbonyl)-
2,2'-bipyridine with a tert-butoxycarbonyl monopro-
tected ethylenediamine followed by Ru(bipy).Cl,-
2H,0 complexation. The complex thus obtained is
deprotected in acidic media and condensed with the
Ru(ll) complex of bis(chlorocarbonyl)-2,2'-bipyri-
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dine.®% Cyclophane 11c was synthesized starting from
bis(bromomethyl)-2,2'-bipyridine, which was synthe-
sized from 4,4'-dimethyl-2,2'-bipyridine via oxidation
with chromium(VI) oxide in concentrated H,SOy,
esterification in MeOH and H,SO,, reduction to the
diol with NaBH, in EtOH, and finally bromination
in 48% hydrobromic acid.®! High dilution conditions
were then used to react the bis(bromomethyl)-2,2'-
bipyridine with 4,4'-bipyridine in two steps to give
the target compound 11c in 25% yield.?! Beer et al.
synthesized ligands 12c—15c for use in selective
anion recognition by equimolar addition of corre-
sponding bis(acid chloride) and diamine in the pres-
ence of triethylamine base. These ligands show
selective complexes with CI-, H,PO,~, and OAc™
anions depending on ligand topology and receptor
cavity size.® In our laboratory, we have synthesized
the macrocycles 16¢c—28c. Many of these exo-ligands
have been used as building blocks for the construction
of unidimensional coordination polymers®-8 and
were synthesized via the monolithium derivative of
4,4'-dimethyl-2,2'-bipyridine. Ligand 17c was syn-
thesized by the dehydrogenation of 16c, and its Os-
(1) homobinuclear diastereomeric complexes were
prepared, separated, and characterized by single-
crystal X-ray diffraction, cyclic voltammetry, and
absorption spectroscopy, which showed the presence
of weak metal-metal interactions in this case.®*
During the course of synthesizing ligands 16c—24c,
we have also been successful in isolating the partially
oxidized compound 25c,% the tritopic homologue
compound 26¢,%> and the four 2,2'-bipyridine unit
homologues of the type 27c® and 28c.%¢

The first synthesis of a tritopic polypyridine ligand
was performed by Bossmann and Durr in 1992, using
a templated single-step synthesis from Ru(ll) com-
plexes of hexacesium-bipyridine-tris-dicarboxylate
and the a,w-oligo-glycol-dichlorides under high dilu-
tion conditions to yield ligands 29c and 30c.®8 The
Ru(ll)-coronates of these ligands were prepared and
demonstrated bimolecular electron transfer and rela-
tively high photostabilities.®® The bis[2]catenane 31c
incorporating 2,2'-bipyridine ligands was synthesized
using a donor/acceptor template-directed synthesis
and was used to make a mechanically interlocked
coordination polymer bridged with Ag(l) ions.8°

Cryptand 32c, possessing coordination sites di-
rected to both the exterior and interior, has been
synthesized by a (2 + 3) tripodal-type condensation,
by reacting 3 equiv of 4,4'-diformyl-2,2'-bipyridine
with 2 equiv of tris(2-aminoethylamine) in dry ac-
etonitrile with an overall yield of 70%.%° The Schiff
base 32c can be reduced by NaBH, to give cryptand
33c.%0

IV. Ligands with 2,2"-Bipyridine Connected in
Positions 4,4 and 5,5’

The group of von Zelewsky has conceived “chi-
ragen” (chirality generator) ligands for the design and
synthesis of molecular assembly-based structures
possessing a predetermined chirality. This has proven
especially useful for complexes with transition metals
having an octahedral coordination geometry and
containing more than one bipyridine in a cisoid

Kaes et al.

Table 5

Number Reference

1d o 90

90

92

90

90

7d 93

95

9d 95

10d 95

11d 92

Number Reference

12d 94

13d 96

14d 97

configuration. To synthesize enantiomerically pure
Ru(Il) complexes, von Zelewsky and co-workers have
prepared different ligands, which serve as a basis for
the synthesis of polynuclear assemblies. Compound
1d (Table 5) was obtained by an oxidative addition,
by reacting the monolithium derivative of (—)-[4,5]-
pinene-bipyridine with 1,.°° Ligands 2d and 3d are
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obtained by reacting the monolithium derivative of
(—)-[4,5]-pinene-bipyridine with HCOOEt or Me,-
SiCl,.%° The CD spectra of ligands 1d, 2d, and 3d in
solution have allowed conformational information to
be elucidated.®® By preparing the same monolithium
derivative and by reacting it with 1,3-dibromopro-
pane, 1,4-dibromobutane, 1,5-dibromopentane, and
1,6-dibromohexane, compounds 4d,%? 5d,° 6d,%° and
7d,% respectively, which have saturated aliphatic
chains of different length as spacers, have been
synthesized. Many of these ligands have been re-
ported to form stereoselective complexes with metals
in which the helical chirality of the resulting complex
is completely predetermined by the ligand.®?%* “Chi-
ragen” molecules 8d, 9d, and 10d, having xylene-
based spacers connected in different positions, have
also been synthesized.% In an attempt to increase the
number of coordination sites, bis(bromomethyl)-2,2'-
bipyridine has been used as a bridge that joins two
pinene-bipyridine units in 11d, which allows, in
principle, the synthesis of a trinuclear species.®? The
“superchiragen” molecule 12d°* has been synthesized
by following procedures similar to those reported for
ligand 1d. Ligand 13d, which is the endomacrocycle
equivalent of 10d, forms circular helicates upon
assembly with Ag(l) ions.® In changing the spacer
bridge of this endo ligand from phenyl to naphthyl
in 14d, a polymeric infinite helix (of predetermined
helicity) with Ag(l) ions is obtained, thus highlighting
the importance of (among others) zz-stacking interac-
tions in the supramolecular assembly process.®”

V. Ligands with 2,2'-Bipyridine Connected in
Positions 5 and 5'

A. Nonmacrocyclic 2,2'-Bipyridine Molecules
Connected in Positions 5 and 5’

The dimethylene bridge of ligand le (Table 6)
results from an oxidative addition of the monolithium
derivative of 5,5'-dimethyl-2,2'-bipyridine.”* The fluo-
rescence emission of 1e, which shows an intense
fluorescence in contrast to the corresponding 2,2'-
bipyridine, was suggested to be favored by the linking
of the two bipyridines in le to thus provide for the
possibility of interaction between one electronically
excited part of the molecule with the other part of
the molecule in the ground state. Similar fluorescence
behavior was observed for ligands 58b and 59b."*
Compound 2e was obtained by an oxidative addition
starting from 3,3'-ethylene dipyridine using a pal-
ladium—carbon catalyst.®® By heating the sodium salt
of 5-sulfonyl-2,2'-bipyridine to a temperature of 500°
C under a nitrogen flow, ligand 3e is obtained, which
can be oxidized by K,Cr,O7 to obtain compound 4e.%°
Ligand 5e has been synthesized by reacting 2 equiv
of 5-bromomethyl-5'-methyl-2,2'-bipyridine with 1
equiv of N,N’'-dimethylethylenediamine in CH3CN
using K,COs as the base, and 5e has been shown to
coordinate chloride and bromide anionic guests,
which has been investigated using NMR spectros-
copy.t% The reaction of the monolithium derivative
of 5,5'-dimethyl-2,2'-bipyridine with diiodomethane
leads to 6e possessing a trimethylene bridge, and the
complexation of this ligand with two Fe(ll) atoms has
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been reported to lead to a mesohelicate.' Ligand bis-
(2,2'-bipyridin-5-yl)ethyne 7e has been synthesized
by reacting 5-bromo-2,2'-bipyridine with 5-ethynyl-
2,2'-bipyridine in the presence of diisopropylamine
and [Pd(PPhs)4].1%2 The related bis(2,2'-bipyridin-5yl)-
butadiyne 8e has been synthesized by the oxidative
addition of 5-ethynyl-2,2'-bipyridine in the presence
of CuCl as a rigid and preorganized ditopic ligand.10?
The reaction of the monolithium derivative of 5,5'-
dimethyl-2,2'-bipyridine with 5,5'-bis(bromomethyl)-
2,2'-bipyridine leads to ligand 9e, and the latter in
the presence of either Ni(ll) or Fe(ll), depending on
the experimental conditions, gives a triple trinuclear
propeller or a circular pentanuclear helix.1% Like-
wise, a similar synthetic coupling procedure was used
in the synthesis of ligands 10e and 11e.551%* Ligand
10e has been reported to form flattened tetrahedra
with Ag(l) and Cu(ll) ions.104

Ligand 12e, which is based on a combination of the
cation complexing [2,2] macrocycle and two 2,2'-
bipyridine units, has been synthesized by the reaction
of 5-bromomethyl-2,2'-bipyridine on the crown ether
and in the presence of base; however, it showed
relatively poor alkali and alkaline earth metal cation
extraction capability.1% Ligand 13e was also synthe-
sized by alkylation using the same reagent.’%® Other
macrocycles containing an amide linkage 14e—17e
were synthesized by the condensation of 2 equiv of
5-chlorocarbonyl-2,2'-bipyridine and the correspond-
ing amine-containing crown ether. Titration and
electrochemical data from Ru(ll) complexes of these
ligands suggest that both the crown ether portion and
the bipyridine portion of the metal-bound ligand can
cooperatively enhance the strength of chloride anion
complexation.0”

Ligands 18e through 20e were synthesized from
the corresponding dibrominated aromatic compound
(benzene, naphthalene, and anthracene) with 5-ethy-
nyl-2,2'-bipyridine in n-PrNH,, which served as a
general base and solvent, and [Pd°(PPhs)4] as cata-
lyst, for energy transfer studies using well-defined,
rigid molecular architectures.'®® In an attempt to
design a system for the transfer of energy or electrons
along a single preferred direction and over relatively
long distances, Vogtle et al. synthesized the rigid
alkyne 21e.1% This ligand has been synthesized via
bis-alkene (E,E) 22e, which is obtained using a
Wadsworth—Emmons reaction. The bromination of
the alkene gives the tetrabromo derivative 23e, and
the dehydrobromination of the latter in the presence
of an excess of KOH gives the desired diyne 21e. The
Ru(ll) and Os(11) complexes of 22e have been inves-
tigated, and each unit displays an independent
absorption spectrum and electrochemical properties,
regardless of the presence of a second metal attached
to the ligand. In the case of the mixed metal complex,
guenching of Ru-based luminescence intensity by
energy transfer to the Os-based unit has been re-
ported.’’® Adamantane-based ligands 24e and 25e
were synthesized by coupling a bipyridine phospho-
nate ester with adamantanedicarboxaldehyde and
biadamantanecarboxaldehyde, respectively. Com-
plexes containing Ru(ll) and Os(Il) metal ions with
these ligands were also prepared. As in the case of
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ligand 22e described above, each unit on the ligand
displayed its own absorption spectrum and electro-
chemical properties, and in the mixed metal units
containing Ru(l1) and Os(l1), electronic energy trans-
fer was reported to occur.'*! The substitution of bis-
(bromomethyl)-2,2'-bipyridine by 5-hydroxymethyl-
5'-methyl-2,2'-bipyridine in the presence of base gives
ligand 26e.}'?2 The condensation of 5-ethynyl-2,2'-
bipyridine with 5,5'-dibromo-2,2'-bipyridine gives
ligand 27e.113 In constructing molecules that have
anion recognition capability, Beer et al. have syn-
thesized ligands 28e and 29e.'** Ligand 28e is
obtained by treating 4,4'-bipyridine with 2 equiv of
5-bromomethyl-2,2'-bipyridine. Ligand 29e is ob-
tained by a grafting approach in which two 4,4'-
bipyridines are attached to 5,5'-bis(bromomethyl)-
2,2'-bipyridine followed by the addition of 2 equiv of
5-bromomethyl-2,2'-bipyridine.’** Ligand 30e, syn-
thesized from 5-carboxy-2,2'-bipyridine, 1,1'-carbon-
yldiimidazole, and 1,3-diaminopropane, has been
reported to autoassemble in the presence of Fe(ll) to
a dinuclear triple propeller.t®> With the goal of
constructing molecular structures to transfer energy
via photochemical processes, Belser et al. have syn-
thesized ligand 31e by condensing the acid chloride
of 2,2'-bipyridine with a diamine derivative of an-
thracene.!1®

Wasielewski and co-workers synthesized pseudo-
conjugated polymers containing chelating ligands
that were based on model compounds 32e, 33e, and
34e.'17 Ligand 35e was also synthesized by investi-
gators in the field of bipyridine-containing polymers

as a model compound for comparing photophysical
characteristics.**® Ligands 36e, 37e, and 38e, which
have been synthesized in several steps by solid-phase
peptide synthesis, serve as sensors for the detection
of metallic ions.''® These peptide-based complexing
agents have been reported to have special fluorescent
properties that supposedly result from photoinduced
electronic transfer, which is dependent on the pres-
ence or absence of metals, with the anthracene group
playing the role of acceptor and the dimethoxyben-
zene that of donor. In the absence of metallic ions
there are almost no interactions between the chro-
mophores, probably due to the large distance between
acceptor and donor. In this case, a possible role of
the metallic ion may be to reduce the distance
between donor sites and the acceptors by fixing the
conformation of the ligand as a result of complex-
ation.1%®

In an attempt to synthesize a metalloprotein
mimic, a Japanese group has synthesized a derivative
of gramicidine containing two units of 2,2'-bipyridine
39e.%29 On the basis of the 8 structure of gramicidin,
the two 2,2'-bipyridines in the mimic are predisposed
with one facing the other, thus allowing an efficient
complexation of transition metals such as Co(ll), Ni-
(11, Cu(ll), and zZn(ll). Ligands 40e and 4le were
obtained by peptide coupling procedures using dicy-
clohexylcarbodiimide as the coupling agent, and Zn-
(11 binding to 40e was shown to quench fluorescence
emission.?!

Macrocycle 42e (Table 7) has been synthesized by
reacting 3 equiv of 5-bromomethyl-2,2'-bipyridine
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with 1,4,7-triazacyclononane,’®®> and it has been
reported to be a strong chelate for Ru(I1).12? A similar
synthetic procedure was used to synthesize 43e,
which was used as an Fe(ll) chelate, and a Eu(l1l)
complex of the same ligand has been reported to show
a high luminescence quantum yield.*?3124 Another
ligand of this type, 44e, has been synthesized by
reacting the monolithium derivative of 5,5 -dimethy!l-
2,2'-bipyridine with 1,3,5-tri(bromomethyl)benzene.
This ligand with its three bipyridine arms has been
reported to complex a metal in an octahedral coor-
dination geometry.'?> The Ru(ll) and Os(ll) com-

plexes of tripodal ligands 45e—51e have been syn-
thesized so that their electrochemical and lumines-
cence properties could be investigated.?6127 In this
case it was observed that the efficiency of energy
transfer decreases by increasing the size of the spacer
between the 2,2'-bipyridine units. Another tripodal
ligand of the bipyridine type, 52e, is reported to gel
in toluene by establishing a network of hydrogen
bonds (one molecule is supposedly capable of main-
taining up to 8000 molecules of toluene within such
an organogel).’?® The other part of this ligand com-
plexes Fe(ll) with an enhanced stability constant.
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Table 8 Table 9

Number Ligand Notes Reference

b ; Vi
7 137
67 SN_Q 7NN
Number R R Ry R, Reference o = _

59¢ Ry = Ry = Ra= Ry = \ /N ) 131 7 N_¢ N\ 7 N_¢ N\
-=-0 _ N= VERRN =N _
68e >
=N = N N: N
Ri=R4= —R.—OH 7N NI \_</j\>_<:\> 139
60e HR N R NIV W Pe=fo= 131 =/ \= = =
—N — o] B
Ry=Rs= — e
sl 1=Rg -4 \ / N\ J Rz—Ha—__O N— 134 /N\
e} = Z
N
N T
= — x
Ry=R4= O 69e¢ 7\
-4 \ 7/ N/  ReRe - Q NN L -/ 123
62¢ --0 NO 134 ¢y —
/ = \ 7
—N — —/
Ry=Ra= N
63e RN VA W/ R,=R,=OH 135
=N — /\/YO\ Q
R4=R4= S Ro=R3= --0O ¢
64de -4 \_/ / 15) 136 53"
.
=N — NN 70e \Olq " ﬂ MI** = (none)
=Ry= Ro=Ra=-- H Ik 140
se g\ /NS O .
Tle . fg MI** = Bu 140
Ry=Ry=R = o 72 ﬁ ! 4 =T
66e 1=Re=Re= N/ N/ Ri=OCH,CILCH; 136 ¢ o M- 140

However, homologue 53e does not present this tol-
uene-gelation phenomenon.'?® Tripodal ligands 54e
and 55e, containing both soft sites (comprising bi- T3¢
pyridine units) and hard sites (comprising salicyla-
mide units), have been investigated as redox molec-
ular switches.’?® Ligands 56e, 57e, and 58e were
synthesized to investigate the effects of bipyridyl and

141

hydroxamate ion binding groups for the development N(GHone —/ x=
of molecular redox switches.2*® Treatment of ligands Ny GOy
56e and 57e with Fe(ll) and ascorbic acid resulted _/ o L
in the oxidation of the metal to Fe(lll), which could \_s '/*(O
be reversed back to Fe(ll) using ammonium persul-
fate; in contrast, however, the intermolecular ion 74e T XWN‘() 141
translocation involving 58e and a similar tris-hy- 60 @ N
droxamate-containing ligand failed to occur under ok, y V=
identical conditions, suggesting the necessity of an i K(CHZ)H_/ Ww,
intralrg)olecular redox process in 56e and 57e in this \\N, and
case. =

Based on calix-[4]-arene-type spacers, podands 59e LA Cyf}jw
and 60e have been synthesized'®! for the purpose of Y=/w<o

forming lanthanide complexes, and their lumines-
cence behavior has been investigated (Table 8).132 The
bipyridine N,N'-dioxide analogue of 60e has also been
prepared along with its Eu(l1l) complex.*** Ligand
61le, which has been synthesized by starting from
intermediate 62e, has been reported to function as a
redox switch that possesses two hard complexation
sites (hydroxamate) and two soft complexation sites
(bipyridine).*** In the presence of a hard metallic ion
such as Fe(l11), the two sites of the hydroxamate-type
bind the metal ion and the two bipyridine units are
divergent. Upon reducing Fe(l11) to Fe(ll), the ligand
supposedly rearranges, thus allowing the complex-

75e 88
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ation of the Fe(ll) by the bipyridines while the hard
sites remain divergent. In complexing Ru(ll) by two
bipyridines of the calix-[4]-arene derivative 63e, a
luminescent complexing agent has been reported,
which shows intensity variation as a function of
pH.1¥5 Depending on whether the phenolic units of
the free calix-[4]-arene are protonated or not, a
photoinduced intramolecular electron transfer or a
restoration of the Ru(ll) trisbipyridyl luminescence
units is reported to be observed in this case.'®
Ligands 64e and 65e were prepared by treating 63e
with ethyl 4-bromobutyrate and N-(3-bromopropyl)-
pyrrole, respectively, and NaH in DMF. Solid lan-
thanide complexes of 64e and 65e could not be
isolated in this study, and this was explained by the
steric effect of the appended substituents in forcing
the chelating bipyridine units apart.'®¢ Ligand 66e
was synthesized starting from propoxycalix-[4]-arene
by reaction with NaH and 5-bromomethyl-5-methyl-
2,2'-bipyridine, and its Eu(lll), Tb(l11), and Gd(III)
complexes have been prepared.t36

Baret et al. synthesized the chiragen-based ligand
67e (Table 9) in an attempt to prepare enantiopure
triple helicates. The key synthetic step in the syn-
thesis of 67e relies on a Kronke-type reaction be-
tween (—)-myrtenal and a pyridinium salt interme-
diate that originates from 2-acetyl-5-alkoxycar-
bonylpyridine.*3” The stereospecific self-assembly of
a binuclear Fe(l1) triple helicate using 67e has been
reported.'®® Ligand 68e, which was synthesized by
coupling 5-bromomethyl-2,2'-bipyridine and 1,4,8,11-
tetraazacyclotetradecane under basic conditions, was
used as a sensor in its Ru(ll) complexed form. It was
used to extract stability constants and rate data for
macrocyclic complexation of Cu(ll) and Ni(ll) via
fluorimetric titration.'®® The macrocyclic polyamine
69e was synthesized in a manner similar to 43e,
starting from 5-(bromomethyl)-5'-methyl-2,2'-bipyri-
dine, and it has been characterized by mass spec-
trometry, UV spectroscopy, and *H NMR.'?® Ligands
70e through 72e possess a 3-cyclodextrin scaffold for
the organization of six bipyridine moieties. These
ligands are synthesized in a one-pot procedure (82%
yield) based on a phosphinimine approach, which
uses the reactants heptakis-[6-azido]-3-cyclodextrin
and an excess of 5-aminomethylene-5'-methyl-2,2'-
bypridine in the presence of triphenyl phosphane.'#°
The catenane 73e, synthesized from amide 74e by
Vogtle and co-workers, possesses 2,2'-bipyridine groups
bearing sulfonamide functions, which act to block the
free rotation of one of the two macrocycles.'*! The
bipyridines have been grafted on the catenane by
reacting 5-bromomethyl-2,2'-bipyridine with selec-
tively deprotonated sulfonamide functions. Finally,
ligand 75e belongs to the same family as ligands 29c
and 30c, and it shows high photostability of its Ru-
(1) complex.88

B. 2,2'-Bipyridine Macrocycles Connected in
Positions 5 and 5'

Ligand 1f (Table 10) is in the cryptand family of
calix-[4]-barrelands, which has been so named be-
cause of its arrangement in the form of a barrel.'3!
The macrobicycles 2f and 3f result from a 2 + 3

Kaes et al.

condensation between the tris(2-amino-ethyl)amine
and 5,5'-diformyl-2,2'-bipyridine.*? The binuclear bis-
Cu(l) and trinuclear-Ag(l) complexes of ligand 2f
were prepared, their *H NMR behavior was investi-
gated, and the crystal structure of the Ag(l) complex
of 2f was determined.*? The tris(bipyridine) macro-
bicyclic ligand 3f allows for the endo-complexation
of three Ag(l) ions and has been published jointly by
different investigators.*> Macrobicycle 4f has been
obtained by three 2,2'-bipyridine assemblage units
connected in positions 5 and 5 and two spacer
benzene units substituted in positions 1, 3, and 5.1%¢
This macrobicycle has been reported to bind Fe(ll)
in the center of the cage with an extraordinarily high
stability constant for a ligand of such large size.?¢
Other macrobicycles of even greater size such as 5f,
6f, 7f, and 8f that possess a conical cavity have been
synthesized for the complexation of organic mol-
ecules.t3144 The calix-[4]-barreland 9f constitutes
another member of the same family as 1f.13! Finally,
the reaction of the meso-tetra(a,o,a,0-0-aminophe-
nyl)porphyrin with 5,5'-diformyl-2,2'-bipyridine leads
to the bis-porphyrin 10f which after reduction gives
the octaamine compound 11f.2%5 It is interesting to
note that the preparation of this sandwich compound
does not require high dilution reaction conditions,
due to the preorganization of the building blocks and
their intermediates.

VI. Ligands with 2,2'-Bipyridine Connected in
Positions 6 and 6'

A. Nonmacrocyclic 2,2'-Bipyridine Molecules
Connected in Positions 6 and 6’

Ligand 1g™ (Table 11) as well as its derivatives
having methyl groups either in positions 4 and 4' or
in positions 5 and 5' and no methyl substituents 2g*46
were obtained by oxidative addition starting from the
corresponding monolithium derivatives. The product
bis(2,2'-bipyridyl)ethylene 3g has been reported by
performing a Wittig—Horner reaction.’*’ Ligand 4g
was synthesized from monomer bipyridine units
bearing amine and aldehyde functional groups, and
it was used to form helicates using Ag(l) and Cu(l)
with the potential for displaying self-generation and
self-replication processes based on the reversibility
of the imine bond.*® Ligands 5g'% through 9963
containing lateral oligopyridine arms have been
synthesized by reacting derivatives of (bromomethyl)-
or (chloromethyl)-bipyridines with crown ethers in
the presence of a base, and the *H NMR behavior of
Cu(l) complexes with some of these ligands has been
investigated. Liquid membrane transport experi-
ments have revealed that the double-armed crown
ethers can exhibit superior cation binding capability
relative to the corresponding lariat ethers in these
ligand systems.'% Ligands 10g, 11g, and 12g have
been synthesized in a similar manner and formed
complexes with Cu(l) in organic solvents,*® and 11g
and 12g were shown to selectively extract Zn(Il) from
solution.4®

Ligands 13g—17g have been reported to provide
double recognition of Ag(l) and Cu(l) cations using
the combined binding capability of the pseudo-thia-
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Table 10
Number Reference
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Table 11
Number m Functional Groups Reference Number m Functional Groups Reference
1g . R, =CH, 71 17g R, =CH; 150
S R;=R;=H R;=H
Ry=
2g Ri=R;=R;=H 146 ~<:>—o—
3g hY R, =CH; 147
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4g TN R; = CH; 148
Ry=R;=H
5g R, = CH,0CH; 105 18¢ R, = CH, 151
R =R, =H Ry =Ry~ H
N
68 . (\o 0'3 R;=CH; 163
L{i N R,=R;=H
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) (\S/_\SIX ]
9% 7t ﬁ;' R,=R,=R;=H 163
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O
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o R3 = SCH;
14g - R, =CH; 150
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R,=H L P
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I O
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R;=R;=H
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Number Functional Groups Reference Number Functional Groups Reference
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crown and bipyridine.’® In this system, Cu(l) is
bound to the bipyridine moieties to give the corre-
sponding pseudo-thiacrowns, and Ag(l) is taken into
the thiacrown ring selectively and in a manner
showing positive allostery using Cu(l) as an effector
for certain ligands in this series.’® Ligand 18g was
synthesized in 49% yield by treating pentaethylene
glycol with the corresponding bromide compound
containing two bipyridines linked via an oxa bridge,
and its helical tetrahedral adducts with Cu(l) have
been reported, which do not racemize at room tem-
perature, supposedly due to the greater degree of
complexation afforded by the four bipyridine moieties
present.’®! Similar complexation behavior has also
been investigated for ligands 19g—21g, which contain
chiral auxilaries attached to the polyether.'>> The Cu-
(1) complex of 21g has been reported to exist as a
mixture of two inert diastereomers at room temper-
ature.®?

Linking two bipyridines with a 1,3-phenylene
spacer results in ligands 22g and 23g, which spon-
taneously self-assemble into double helicates upon
treatment with Cu(l), Ag(l), Co(ll), and Ni(ll) ions.>3
The biphenyl homologues of these ligands, 24g and
259, were also prepared and formed double-helical
structures with a range of transition-metal cations
in which the observed intermetallic separation dis-
tance within the helix increased relative to 22g and
239.'% It is interesting to note that in the helicate
structures obtained with ligands 22g9—25g, 7n—x
stacking interactions do not appear to be of impor-
tance in the stabilization of the structures, which is
in contrast to linear oligobipyridine systems where
these interactions have been shown to be significant
(vide supra).’® The disulfide 26g was synthesized
from 6-(2-aminophenyl)-2,2'-bipridine by converting
the amine to a thiol, and its Cu(l) and Ag(l) com-
plexes were obtained, in which the ligand imposes a
relatively rigid pseudo-tetrahedral geometry about
the metal centers.'%®

In addition to the proven capability of oligopyridine
compounds to act as ligands for soft metals, com-

pounds that increase their hard metal binding ability
have also been synthesized. Harding and co-workers
have incorporated significant steric limitations that
act to control the assemblage of binuclear homochiral
and heterochiral complexes of the [Zn,L,]*" type with
the bis-bipyridine series comprising 27g,'%¢ 28g,"
and 299.%5" They report ligand 299 to selectively give
the heterochiral complex, ligand 28g to give ap-
proximately 60% helicate, and ligand 279 to give 48%
helicate with zZn(ll) in deuterated chloroform solu-
tion.'%¢ These results have been explained by the
steric requirements of the bridges, since in the
helicate structures, the bridges are positioned closer
together than in the nonhelicate structures, and
consequently this arrangement is disfavored with
bridges that are sterically demanding.'® The Zn(ll)
complexes of ligands 28g, 30g,'%® and 31g'%® were
synthesized, and the effect of the substitution pattern
of the naphthalene spacer was investigated. It was
found that 28g and 31g formed [2 + 2] complexes,
and 30g formed a [1 + 1] complex in this case.'%®
Ligands 32g, 339, and 349 containing ester linkages
have been obtained by reacting different acid chlo-
rides with 6-hydroxymethyl-6'-methyl-2,2'-bipyridine,
and they form selective mononuclear complexes in
the presence of Ag(l) and Cu(l).1%° By introducing a
chiral bridge between the oligopyridines as in com-
pounds 35g—42g, Siegel and co-workers were able
to enantioselectively synthesize a Cu(l)-containing
helicate structure.'® It is interesting to note that the
chiral integrity reported in these helicate complexes
suggests that stereochemical information may be
transmitted over distances of up to 1 nm along a
molecular scaffold (as observed in these structures).

The sterically constrained ligand 43g was synthe-
sized, and its Cu(l) and Cu(ll) complexes were
characterized by X-ray diffraction.6* Amide-contain-
ing polyether 44g was synthesized from 6-[[(chloro-
carbonyl)oxy]methyl]-6'-methyl-2,2'-bipyridine and
o-[(piperazinylcarbonyl)oxy]-w-(piperazinylcarbonyl)-
poly(oxytetramethylene) containing 28 oxytetram-
ethylene repeat units and was reported to form
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double-stranded helices with Cu(l) ions.*%? By react-
ing 6-bromomethyl-6'-methyl-2,2'-bipyridine with 4,4'-
bipyridine in CH3CN, Beer and co-workers have
isolated the viologen 459g.'%* The compound 46g
comprising three 2,2'-bipyridine units and an unsat-
urated bridge has been synthesized by using Wittig—
Horner condensation procedures.'®* The correspond-
ing saturated bridging ligand 479 has been prepared
from ligand 46g by a four-step reaction sequence
starting from commercially available compounds.
Ligand 47g has been reported to selectively form a
trinuclear double propeller in the presence Cu(l), and
469 has been reported to give a mixture of several
products under the same experimental conditions.64
More recently, the Ni(ll) and Fe(ll) complexes of
ligand 489 were obtained, in which the metal cation
adopts a distorted octahedral coordination environ-
ment only to the 5,5'-disubstituted bipyridine moiety
at the bridge, with the 6-monosubstituted bipyridine
sidearms unbound in these cases.'®® Ligand 49g
belongs to the same family as 4g, and its helicates
with Ag(l) have also been investigated.'*® The chiral
tris(bipyridine) 50g has been synthesized and was
reported to give a trinuclear helicate structure.166.167
Ligand 51g forms heterotopic helicates via a process
of autoassembly.1%® Phenanthroline-bridged 52g was
prepared by reacting 1 equiv of the dilithium salt of
2,9-bis(hydroxymethyl)-1,10-phenanthroline with 2
equiv of 6-bromomethyl-6'-methyl-2,2'-bypridine.6°
Its complexes with Cu(l), Ag(l), and Zn(ll) cations
were shown to self-assemble into double-stranded
helicates, with the Zn(ll) helicate being the first
trinuclear double-stranded zinc helicate.’®® Ligand
53g was synthesized in three steps from 6-bromo-6'-
methyl-2,2'-bipyridine in the presence of Zn(ll) and
o-dimethoxybenzene, and it assembles into a chiral
and helical metallomacrocyle.’”® Ligand 54g incor-
porates several functional features that coordinate
Cu(l) and has been reported to assemble into large
(external diameter of 28 A and cavity diameter 11
A) nanocyclic architectures comprising four ligand
molecules and nine Cu(l) ions in nearly quantitative
yield.*™* Ligands 55¢, 569, and 57g were synthesized
from 6-(bromomethyl)-6'-methyl-4,4'-bis(4-methox-
yphenyl)-2,2'-bipyridine, which was obtained by bro-
minating 6,6'-dimethyl-4,4'-bis(4-methoxyphenyl)-
2,2'-bipyridine with N-bromosuccinimide, and the
corresponding oligoethylene glycol using sodium hy-
dride in refluxing THF, in a fashion similar to that
reported for ligands 18g—21g.15172 Similar synthetic
procedures were used in the synthesis of ligands 589
and 599.172 An interesting observation is the reported
K* ion binding selectivity of Cu(l)-bound ligand 579,
which supposedly is a result of both pseudo-crown
ring size and electrostatic repulsion between the
bound Cu(l) and K* metal cations.'”? The synthesis
of ligands 60g,102 61g,59102173 629 59102 and 639,17
comprising ethynyl, diethynyl, and tetraethynyl
bridges, has been described for the same bridges in
positions 4 and 4' and in positions 5 and 5'. Ligands
64g'7> and 65976 were prepared by the stoichiometric
reaction of 6-(hydroxymethyl)-2,2'-bipyridine and
6-aminomethyl-2,2'-bipyridine, respectively, with chlo-
rocarbonylferrocene, and were both characterized
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using cyclic voltammetry. Ligand 64g has been
reported to form a mixed tetranuclear helicate with
Cu(l) ions, which has been characterized by X-ray
diffraction,’” and ligand 65g has been reported to
form a complex with H,PO,4~ by utilizing the amide
protons in a hydrogen bonding arrangement between
host and guest.'’® Ligand 66g has been reported to
form a double propeller via self-assembly in the
presence of potassium, and its complexes with KT,
Cu(lIl), Gd(111), and TI* have been synthesized.1"".178
The combination of coordination and electrostatic
interactions afforded by 66g in the binding of metal
ions is similar to the binding afforded by boroc-
ryptand systems.'”® The oligo-(2,2'-bipyridyl)pyra-
zines 67g and 68g have been prepared through the
intermediate compounds 69g and 70g, and their
crystal structures were studied using single-crystal
X-ray diffraction.’® Ligand 67g results from the
reaction of 1,2-diaminoethane with 69g followed by
treatment with chloroaniline, and ligand 68g is
obtained by reacting o-phenylenediamine with ligand
69g. Beer and co-workers have synthesized ligands
71g and 72g with the spacer groups p-toluene-
sulfonamide and N,N',N"-tritosyldiethylenetriamine,
respectively.163 These two ligands form monometallic
complexes in the presence of Ag(l) cation. Ligand 73g,
which contains two 2,2'-bipyridines connected by a
diphenylmethane-type spacer, can act either as a
N,N’'-bidentate donor or as a C,N,N'-tridentate donor,
which leads to a metallocycle.’® These have been
complexed with Ru(ll), and two coordination modes
have been observed in these complexes. The synthesis
of tris(bipyridine) 74g connected by ethynyl-type
bridges in positions 4,4' and 5,5' on 2,2'-bipyridine
has been described above (vide supra).1%?

In the linear oligopyridine series comprising oxy-
(bismethylene) bridges, compound 75g*#? is the small-
est ligand. The Cu(l) complex of 75g was character-
ized by NMR and X-ray diffraction and was one of
the first examples of double-stranded helix formation
with bipyridines, in which two molecular strands
wrap around two Cu(l) ions and thus hold the
structure together.1® Ligands 769,'8? 779g,8? 78g,'*
and 79g'* serve as intermediates in the synthesis
of higher homologues (tri-, tetra-, and penta-bipyri-
dine subunit-containing ligands). Treatment of 80g
with oxalyl chloride in the prescence of NEt; yields
ligand 819, which was synthesized as an intermedi-
ate for the synthesis of unsymmetrical higher oligo-
bipyridines.'®® The synthesis of ligand 82g was
performed by reacting 6-(hydroxymethyl)-6'-methyl-
2,2'-bipyridine, which is available via a N-oxidation
route, with 6'-(bromomethyl)-6-(4"-tert-butyloxytet-
ramethylenoxymethyl)-2,2'-bipyridine.'® Ligand 83g
was synthesized from 829 in 94% yield by treatment
with 4 N HCI in dioxane under reflux, for the same
purpose of unsymmetrical higher oligobipyridine
synthesis as for 81g.'% Amide and ester functions
were introduced onto ligands 84g and 85g in an
attempt to organize functional groups within the
double helical structure already known from unsub-
stituted 759.1%¢ The polymer 86g is also synthesized
from 80g and has been reported to form a dinuclear
helicate complex in the presence of Cu(l) cation.
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The tris(bipyridines) 87g and 88g are intermedi-
ates in the synthesis of compounds 39g and 41g.16°
Ligand 89g forms helicates in the presence of Cu(l)
or Ag(l) cations.’®3187 |_jgand 90g is synthesized by
treating 77g with 6-(4"-tert-butyloxytetramethylene-
oxymethyl)-6'-(hydroxymethyl)-2,2'-bipyridine, which
is also a precursor for the synthesis of ligand 829.8
Most of ligands 84g—112g (with the exception of
864, 879,160 889,150 and 90g'8®) were first synthe-
sized by Lehn and co-workers by employing varia-
tions on Williamson condensation between a dibromo-
bipyridine-containing compound and a corresponding
diol. These ligands provide a basis for demonstrating

selectivity, cooperativity, and self-recognition in su-
pramolecular helicate formation.166.167.184,187=190 Thejr
use in the synthesis and design of helicates has been
reviewed.'%?

The unsymmetrical ionophore 113g (Table 12)
belongs to the same ligand family as 579g. Its Cu(l)
complex has been studied using NMR for the purpose
of investigating the possibility of molecular chirality
as a function of temperature.’®® Ligand 1149 is an
extension of the concepts introduced in ligands 59—
89, and it was shown to preferentially bind Cu(ll)
and zZn(Il) to Ba(ll) (reverse selectivity to ligand
80).1% By heating 6-cyano-2,2'-bipyridine with NaH
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under an inert atmosphere, tris(2,2'-bipyridyl)pyra-
zine 115gq is obtained.'®? The compound tetrakis(2,2'-
bipyridyl)pyrazine 116g has been prepared by heat-
ing compound 70g in the presence of an excess of
ammonium acetate.’® The tris(6-(2,2'-bipyridyl))-
phosphine 117g is synthesized by mixing 6-bromo-
2,2'-bipyridine with n-BuLi followed by the addition
of PCl3.1% Other polybipyridine ligands that are
based on acyclic polyamine derivatives such as
ligands 118g, 1199, and 120g or macrocycles such
as ligands 121g, 122g, and 123g have also been
reported, and their polynuclear metal complexes with
Re(ll), Fe(11), and Re(bpy)(CO)sCl have been synthe-
SiZEd.194'195

The calix-[4]-arene 124g (Table 13), obtained by
deprotection of 125g by trifluoroacetic acid, can act
as a molecular redox switch with its two hard
complexation sites (comprising hydroxamate) and
two soft complexation sites (comprising bipyridine).t34
Ligand 1269 has been synthesized, and its Eu(lll)
complex showed a high extinction coefficient and
luminescence quantum yield (15% reported).'®? The
related ligand 127g has been reported to extract
sodium picrate from the solid to a chloroform phase
containing the ligand.*®® In addition the Th(Il) com-
plex of 127g was reported to show intense metal
luminescence.'®® Introduction of a chiral substituent,
(S)-2-methylbutyl, close to the bipyridine coordina-
tion site in ligand 1289 via reaction of the calixarene
with (+)-(S)-1-bromo-2-methylbutane in the presence
of K,COs resulted in Cu(l) helicates possessing a 30%
induced enantiomeric excess.!’® The synthesis of
ligands 129g—133g as well as of ligand 134g has
been accomplished by the regioselective O-alkylation
of calix-[4]-arene, with the product depending on the
base used, and these ligands have been reported to
be Cu(l) and Cu(Il) complexing agents.?8-20 |_jgands
135g—138g were synthesized in order to obtain
luminescent complexes with Eu(ll) and Tbh(lll), by
alkylating the calixarene with 6-bromomethyl-2,2'-
bipyridine and a-chloro-N,N-diethylacetamide under
basic conditions.’®® Ligands 135g and 137g were
reported to sensitize Eu(ll) and Tb(Il) lumines-
cence.®® The calix-[4]-resorcinarene 139g in the form
of an “octopus” has been reported to simultaneously
complex eight molecules of CoCl,.20t

B. 2,2'-Bipyridine Macrocycles Connected in
Positions 6 and 6'

One of the first macrocycles connecting two 2,2'-
bipyridine units in positions 6 and 6' was ligand 1h
(Table 14), which was synthesized by using a zinc
templating effect in 1980. According to this proce-
dure, 6,6'-dichloro-2,2'-bipyridine was mixed with
(NH4)2—2ZnCl,4, and the crude product was demeta-
lated.?°? Several years later, the yield for the forma-
tion of macrocycle 1h was improved by reacting
6,6'-dichloro-2,2'-bipyridine with 6,6'-diamine-2,2'-
bipyridine in a sealed ampule heated at 230 °C, thus
making the 6,6'-dichloro-2,2'-bipyridine react with
gaseous ammonia solution under autogenous pres-
sure.?%® This macrocycle has been reported to exist
in both the imine and amine form, with the equilib-
rium between the two forms being sensitive to the
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nature of the solvent environment.?°? Ligand 2h has
served as a model compound and results from the
successive reaction of NaH and n-butyl iodide on cycle
1h.2%% Macrocycle 3h is synthesized by monoalkylat-
ing ligand 1h with n-hexyl bromide and NaOH as
base, and its tautomeric structure was investigated
and shown to be different in methanol and chloroform
solutions.?°®* Compound 4h was accidently obtained
during the preparation of N,N'-ditosyl-6,6'-bis(ami-
nomethyl)-2,2'-bipyridine, when 6,6'-dichloro-2,2'-bi-
pyridine was mixed with the monosodium salt of
toslyamide in absolute ethanol under reflux.?2®* The
detosylation of this ligand in concentrated H,SO,
leads to the macrocyclic diamine 5h,?** which has
served as a synthetic starting point for a large
number of other macrocycles, simplest among these
being 6h, which was synthesized by N-methylation
using CH,0 in HCO,H.?°> Macrocycles containing the
aza functional group 7h—11h have been studied as
a model of ion transport through liquid-phase mem-
branes and have been compared with other types of
functional groups.?°®¢ Macrocycle 10h is reported to
selectively complex Li™ and is synthesized in three
steps, starting with the treatment of a-cyanoaceta-
mide in DMF with NaH and the subsequent addition
of 6,6'-dibromo-2,2'-bipyridine. The dinitrile macro-
cycle thus obtained is then alkylated by n-butyl iodide
in the presence of NaH, leading to the monoalkylated
derivative 9h and the trans and cis derivatives, 7h
and 8h, respectively, which can be chromatographi-
cally separated.?’” By treating the mixture of isomers
with sulfuric acid at 70 °C, compound 10h is ob-
tained, which like ligand 11h can exist as one of two
tautomeric forms.?%¢ Ligand 12h was synthesized
starting from 6,6'-bis(chloromethyl)-2,2'-bipyridine
and results from a mixture of glycols generated in
situ via a fragmentation process.?’® The tetra-N-oxide
derivative of ligand 13h2% as well as the macrocycle
14h?1° have been synthesized for the purpose of
complexing lanthanides and for the investigation of
their fluorescence characteristics. Variable temper-
ature NMR-based investigations of 12h indicate a
restricted rotation of the amide bonds at ambient
temperature and suggest a fixed syn conformation
of this molecule in solution, in which the bipyridines
are in a “face-to-face” arrangement on the ligand.?!!
Ligands 15h,?*? 16h,2*® 17h,?*4 18h,** 19h,?'3 and
20h?3 have been synthesized by reacting the ap-
propriate halogenated derivatives with macrocycle 5h
in the presence of Na,CO3; or NEts (following the
addition of the halogenated derivative) in CH3;CN.
The macrocyclic polyamine 21h, which has been
characterized by single-crystal X-ray diffraction, has
been synthesized by reacting 6,6'-bis(chloromethyl)-
2,2'-bipyridine with the sodium salt of N,N'-ditosyl-
ethylene-diamine in DMF with an overall yield of
5%.2%4 Ligand 22h has been synthesized in two steps
by reacting the corresponding diacid chloride of 2,2'-
bipyridine with crown ethers in the presence of
NEt;.215

To provide additional experimental confirmation of
the strong fluorescence of the lithium complex of
ligand 10h, Ogawa and co-workers synthesized mac-
rocycle 23h?'% by condensing 6,6'-diamine-2,2'-bipy-
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ridine with 6,6'-bis(acid chloride)-2,2'-bipyridine.
Ligands 24h and 25h represent two in a family of
several macrocyclic receptors containing bipyridine
groups linked to two amino acids from the series
comprising proline and valine. Only the valine-based
macrocycles, which have the two pyridine rings

preorganized for binding, act to complex metals.?!”
The macrocycles were also shown to bind phenolic
hydroxyl groups via hydrogen bonding to the amide
groups of the bridging chain.?*” Macrocycles 26h and
27h,%8 which have been characterized by X-ray
crystallography, have been synthesized via four
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Table 14 (Continued)
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bipyridine and m-xylenebis(triphenylphosphonium)
bromide. The hydrogenation of intermediate 26h by
H,/Pd—C gives macrocycle 27h. Macrocycles 28h and
29h are intermediates that were synthesized enroute
to cyclosexipyridine.?*® In addition to the dimer
compound 30h, which has two bridging CH,—S—CH,
units, Newkome and co-workers have also isolated a
trimer derivative, which is not represented in the
tables.??° Ligand 31h containing thiol groups at the
two bridges has been synthesized by reacting the
1,3,4-thiadiazolium derivative with 3,6-dioxa-1,8-
diaminodiyloctane in DMF and in the presence of
NEt:.22! Using a [2 + 2] template condensation
between 6,6'-bis(aminomethyl)-2,2'-bipyridine with
2,6-diformyl-p-cresol in the presence of a lanthanide
acetate, Martell and co-workers synthesized ligand
32h, whose reduction leads to macrocycle 33h.222

The 2:2 macrocycle of crown ethers 34h, 35h, 36h,
37h, and 38h have been isolated and separated from
their 1:1 homologues, during the reaction of the
corresponding disodium salt of poly(ethylene glycol)
with 6,6'-dibromo-2,2'-bipyridine.??® Given that the
presence of a linked heteroatom in positions 6 and
6' on the bipyridine hinders metal complexation due
to steric considerations, Newkome and co-workers
synthesized macrocycles containing a methylene
group between the poly(ethylene glycol) chain and the
bipyridine, by reacting 6,6'-bis(chloromethyl)-2,2'-
bipyridine with the corresponding polyglycolates to
produce ligands 39h, 40h, 41h, and 42h.?°¢ Macro-
cycle 43h has been synthesized starting from the
macrocycle 28h by reaction with hydroxylamine in
acetic acid. Other cyclosexipyridines 44h and 45h
that contain substituents have been synthesized by
following Kréhnke cyclization procedures.??* High
yields in the syntheses of these macrocycles are
explained by a cation templating effect of Na* or
NH4+.224

A large number of macrobicyclic-type cryptand
ligands 46h—62h, which are capable of complexing
cations such as Li*, Na, as well as lanthanides, have
been synthesized by Lehn and co-workers. Here only
those cycles containing at least two bipyridine units
are included.??>22% All of these cryptands have been
synthesized by starting from the macrocycle 5h or a
derivative thereof. The macrotricyclic cylindrical
cryptand 63h, which has six bipyridines connected

1i 230

in positions 6 and 6', has been obtained as a second-
ary product during the synthesis of macrobicycle 47h,
by reacting 6,6'-dibromo-2,2'-bipyridine with 6,6'-
diamino-2,2'-bipyridine in a single step.??®

Finally, Newkome et al. synthesized the bipyridine-
containing crown-ether derivatives 64h—71h by di-
rect nucleophilic displacement, as in the case of 12h,
which is in the same ligand family.?%® Complexes with
Co(l1), Cu(ll), Zn(Il), and Pd(Il) have been reported
using these ligands.2%8

VII. Ligands with 2,2'-Bipyridine Connected in
Mixed Positions

Ligand 1i (Table 15) was synthesized by condens-
ing 6-bromomethyl-6'-methyl-2,2'-bipyridine with the
monolithium salt of 5,5'-dimethyl-2,2'-bipyridine ac-
cording to the same procedures as for ligand 9e. Its
Cu(l) and Cu(ll) double-stranded helical complexes
were characterized by X-ray crystallography and
were shown to have a distorted tetrahedral and
tetragonal pyramidal geometry, respectively, which
are significantly different from results obtained using
the related ligands 9e and 1g.2%°

VIII. Polymeric Ligands Containing 2,2'-Bipyridine
Units

There have been fewer reported polymeric ligands
with 2,2'-bipyridine than for the case of the oligobi-
pyridine ligands that are described above. Initial
attempts at preparing polymers with bipyridine
repeat units relied more upon postsynthetic im-
mobilization. That is to say, methods were found to
graft bipyridine-containing functionality onto an
existing polymer strand. Although this method can
have practical advantages over the direct copolym-
erization of a bipyridine monomer with other mono-
mers (such as overcoming the synthetic challenge of
polymerizing charged metal complexes of bipyridine),
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it often provides less control over the resulting spatial
distribution of bipyridine sites along a single polymer
strand.

One of the earliest reports of using a grafting
approach to attach bipyridine to an existing polysty-
rene polymer strand is ligand 1j (Table 16), which
was synthesized by Card and Neckers. Ring bromi-
nation and lithiation were used to covalently attach
bipyridine so that less than 25% of the phenyl
residues in a polystyrene—2% divinylbenzene poly-
mer were brominated. Conversion from brominated
phenyl residues to bipyridylphenyl residues occurred
in greater than 50% yield, resulting in polymers
containing one bipyridyl group for each seven to eight
polystyrene phenyl residues.?! Various metal com-
plexes of 1j were synthesized, and the palladium
acetate-bound 1j produced an active catalyst for the
hydrogenation of olefins at ambient temperature and
pressure.?3! Polyurea 2j was the first reported polar
bipyridine polymer, which was prepared from the
copolymerization of a Pd(I1) complex of 4,4'-diamino-
2,2'-bipyridine by reaction with toluenediisocyanate.
Following polymer synthesis, the Pd(11) was reduced
to Pd(0) with lithium aluminum hydride, and the
catalytic activity of the metal-containing 2j for olefin
hydrogenation was investigated.?*> Another approach
involved the attachment of the bipyridine via amide
linkage in polymer 3j to an already synthesized
p-aminostyrene/N-vinyl-pyrrolidone copolymer that
was prepared via free radical polymerization. The
bipyridine was attached using a mixed anhydride
method with ethyl chloroformate and 2,2'-bipyridine-
3,3'-dicarboxylic acid to create approximately 10%
molar substitution along the polymer backbone based
on the amount of Ru(Il) bound.?33 The luminescence
of the Ru(ll)-bound 3j and quenching of the excited
state with Fe(ll), Co(ll), and Cu(ll) was investi-
gated.?®® Meyer and co-workers have attached bipy-
ridine moieties via amide links in synthesizing 4j by
reacting 4'-methyl-2,2'-bipyridine-4-carboxylic acid in
the presence of Castro’s reagent on styrene-p-(ami-
nomethyl)styrene copolymers, which were obtained
by first converting styrene-p-(chloromethyl)styrene
copolymers into their phthalimide derivatives and
subsequently treating with hydrazine. Polymer 4j
was synthesized as a mixed Ru(ll) and Os(ll) com-
plex, and unreacted amino groups on the strand were
capped with acetic anhydride.?3* The metal-bound 4j
exhibits metal-to-ligand charge transfer absorptions
and emissions.?®** Meyer and co-workers also pre-
pared polymer 5j by derivatizing a polystyrene
prepared by living anionic polymerization in a man-
ner similar to that described above for 4j.235 The
incorporation of a Ru(ll) complex of 5j into a sol—
gel/polymer composite material helped overcome
stability issues of ion leaching to external solution
for various technological applications.?®¢ Yet another
approach to amide formation in bipyridine-containing
polymers was proposed in synthesizing polymers 6j—
12j by reacting 2,2'-bipyridine-5,5'-dicarboxylic acid
with various aromatic diamines in hexamethylphos-
phoramide containing lithium chloride. The phase
transition behaviors and Ru(ll) complexes of the
resulting polymers were investigated.?%’
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Polymer 13j was synthesized by reacting pyrom-
ellitic dianhydride with bipyridine in the presence of
ZnCl,, and its Fe(lll), Cr(l1l), Ni(ll), and Cu(ll)
complexes have been prepared.?3® Polymer 14j was
synthesized by free radical polymerization of 4-vinyl-
4'-methyl-2,2'-bipyridine in toluene using azobisisobu-
tyronitrile as initiator.?*® Polymers 15j and 16j were
obtained by condensing 4-chloromethyl-4'-methyl-
2,2'-bipyridine onto existing poly(vinyl alcohol) and
polyethyleneimine, respectively.?®® The attachment
of the same bipyridine diacid as in the case of 2j was
accomplished via an ester linkage in polymer 17j
using nucleophilic displacement chemistry on an
already synthesized polystyrene—polychloromethyl-
styrene copolymer, which was prepared by free-
radical polymerization.?*%241 The photophysics of the
resulting Ru(11)-bound 17j were investigated.?*® Other
investigators have started from the 4,4'-diacid and
reacted it in a poly(phosphoric acid) medium with 4,6-
diamino-1,3-benzenediol dihydrochloride, 2,5-diamino-
1,4-benzenediol dihydrochloride, and 2,5-diamino-1,4-
benzenedithiol dihydrochloride to produce polymers
18j, 19j, and 20j, respectively.?*> The same set of
reactions can be performed starting from the 5,5'-
diacid to produce polymers 21j, 22j, and 23j, respec-
tively.?*?2 The Ru(ll) complexes of these polymers have
also been synthesized. In addition, investigation of
the phase behavior indicated that the more rigid
main chains in 18j—20j gave rise to lyotropic liquid
crystal phases, whereas the more flexible main
chains of 21j—23j produced polymers that did not
show any anisotropy.?*? Polymer 24j was prepared
using nucleophilic displacement of Cl~ under basic
conditions on a styrene—chloromethylstyrene copoly-
mer. Mixed Ru(ll) and Os(I1) metal complexes were
synthesized along 24j, and energy transfer and
guenching experiments were performed in which the
anthryl groups acted as energy transfer relays in
providing a spatial link between the metal-bound
chromophores along the polymer backbone.?*1:243 Poly-
mers 25j through 28j were synthesized by incorpo-
rating mesogenic bipyridinediyl units into a liquid-
crystalline polyester using the PbO-promoted coupling
between an ester and an alcohol to drive the polym-
erization. The introduction of Fe(ll) and Cu(ll) into
the resulting copolymers was performed, and the
effect of the metal incorporation on the liquid crystal-
line polymer characteristics was investigated. Poly-
mers 25j and 26j containing up to a critical amount
of metal remained smectic, whereas 27j and 28j
showed the presence of a nematic mesophase.?**
Polymer 29j, like 17j and 24j, was synthesized using
nucleophilic displacement of chloride under basic
conditions by complexes containing 4-methyl-4'-(hy-
droxymethyl)-2,2'-bipyridine on an existing styrene—
chloromethylstyrene copolymer. Polymer complexes
with Ru(ll) and Os(ll) attached to the bipyridines of
29j were prepared, and energy transfer processes in
the resulting polymer system were investigated.?*®
The 2,2'-bipyridyl-branched 30j was synthesized from
the partially hydrolyzed poly(N-acetylethyleneimine)
(prepared using aqueous NaOH) by reacting 3-[4-(4'-
methyl-2,2'-bipyridyl)]propanoic acid in the presence
of dicyclohexylcarbodiimide, for the purpose of syn-
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thesizing polyoxazoline hydrogels prepared via metal
coordination in water.?46

One of the first examples of the direct copolymer-
ization of charged Ru(ll) bipyridine complexes using
the Heck coupling reaction was provided by Peng and
Yu in the synthesis of polymer 31j.24” Other polymers
such as 32j—35j have also been reported using the
Heck coupling reaction by the same authors.?*® In the
latter case, model reactions were investigated to
elucidate the structural defects caused by side reac-
tions of the Heck reaction. Eliminating the effect of
these side reactions was reported to enhance the
photorefractive response time of the polymer.?#8
Polymer 36j was synthesized by the condensation of
a diamine and dialdehyde using the same chemistry
as for ligand 45b, resulting in strands of approxi-
mately 20 repeat units. The Ru(ll) complexes of 36j
were synthesized and compared with that obtained
from model compound 45b.53 Polymers that contain
a Si o unit and a 2,2'-bipyridine & system in their
backbone have also been synthesized. Thus, poly-
(tetrapropyldisilanylene-2,2'-bipyridine-5,5"-diyl) 37j
and poly(dihexylsilylene-2,2'-bipyridine-5,5'-diyl) 38j
have been synthesized by dehalogenative coupling of
1,2-bis(2-bromo-5-pyridyl)tetrapropyldisilane and bis-
(2-bromo-5-pyridyl)dihexylsilane, respectively, using
a Ni(0) catalyst to produce strands of 11 000 and
9 000 molecular weights, respectively, for the two
polymers.?*® The ruthenium complexes of 37j and 38j
were also prepared and investigated for photocon-
ductivity that was suggested to be the result of
excitation in the bound Ru(ll)-ligand moiety.?*® A
diphenylsilylene polymer 39j containing main chain
acetylene and bipyridyl groups has been synthesized
by palladium-catalyzed cross-coupling of 6,6'-dibromo-
2,2'-bipyridine and diethynyldiphenylsilane, and its
Cu(l) complex has been synthesized by reaction with
Cu(ll) triflate followed by reduction with hydrazine
monohydrate.?® Wasielewski and co-workers syn-
thesized pseudo-conjugated polymers 40j through
43j, which contain chelating ligands that are based
on precursors 32e—34e. Upon complexing metals,
these polymers supposedly undergo a conformational
change, which permits the transformation of a par-
tially conjugated polymer to a totally or quasi-totally
conjugated one. These oligobipyridines in the non-

complexed state are reported to be not completely
conjugated, because the dihedral angle given between
pyridine planes is approximately 20°. However, upon
metal ion chelation, the conformation of the bipyri-
dine supposedly becomes planar, thus producing a
totally conjugated polymer.117:251 Polymers 44j and
45j were synthesized by the Heck reaction of 5,5'-
dibromo-2,2'-bipyridine and the corresponding 1,4-
diethynyl-2,5-dialkoxybenzene, to give strands with
a molecular weight of 23 350 for 44j and 13 460 for
45j. The polymers exhibited large fluorescence sig-
natures and were compared with model ligand 35e.118
The rigid-rod polymers 46j, 47j, and 48j were syn-
thesized by reacting 2,2'-bipyridine-5,5'-dicarbonyl
dichloride with 2,5-diamino-1,4-benzenedithiol, 4,6-
diamino-1,3-benzenediol, and 1,2,4,5-tetraaminopy-
ridine, respectively. Polymer 48j was reported to be
the first benzobisimidazole polymer without any
solubilizing pendants that exhibits lyotropic behav-
ior.22 Measurements of electrical conductivity gave
values of 107%° to 108 S/cm for the pristine polymers,
1075 to 10 S/cm for polymers complexed with
AgNOs, and 25 to 42 S/cm after reduction of the Ag-
(1) to Ag(0) using NaBH,.?%? Electrochemical polym-
erization was used to synthesize 49j, 50j, and 51j
from corresponding mono-bipyridine monomers.?53-2%5
Cyclic voltammetry was used to investigate the
electrochemistry of all polymers, and the metal in the
center of ligand 49j was exchanged with Mn(ll), Cu-
(1), Co(l1), Ni(11), and Zn(11).253

On the basis of model compounds 5h and 13h,
polymers 52j—59j were synthesized by treating the
corresponding bipyridine monomer (5h for 52j—55j
and 6,6'-bis(2-picolylaminomethyl)-2,2'-bipyridine for
56j—59j) with the corresponding diacid chloride
(terephthaloyl chloride for 52j and 56j and suberoyl
chloride for 53j and 57j) or diisocyanate (toluylene-
2,4-diisocyanate for 54j and 58j and 1,6-diisocyana-
tohexane for 55j and 59j). The influence of the
monomer composition on the degree of rigidity in the
copolymer was investigated, and it was concluded
that the polyureas possess a lower polymer degrada-
tion temperature than the corresponding polya-
mides.?%® It is interesting to note that the polyamide
56j forms stable 1:1 complexes with transition metals
Co(ll), Ni(Il), and Cu(ll), whereas the similar polya-
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mide 52j only forms a complex with Cu(ll), even in
the presence of excess amounts of Co(l1) and Ni(l1).211

IX. Conclusion

The exhaustive database of bipyridine-containing
molecules presented above summarizes the major
types of molecules comprising at least two 2,2'-
bipyridine units. Application statements on the uses
of these molecules have been provided, along with
their chemical structural and synthetic information.
It is our hope that this review will be useful to
investigators by providing insight into the types of
bipyridine-based systems that have already been
synthesized in this area.
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