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Synthesis of 2,2�-Bipyridines: Versatile Building Blocks for Sexy Architectures
and Functional Nanomaterials

George R. Newkome,*[a] Anil K. Patri,[b] Elisabeth Holder,[c] and Ulrich S. Schubert*[c]
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The latest synthetic strategies to prepare 2,2�-bipyridine and
its mono-substituted, symmetrical and unsymmetrical 3,3�-,
4,4�-, 5,5�-, and 6,6�-disubstituted derivatives are critically
discussed and evaluated. Different coupling procedures to
achieve new symmetrical and unsymmetrical functionalized
2,2�-bipyridines, such as Stille-type, Negishi-type, and Su-

1 Introduction

2,2�-Bipyridine (1) (Figure 1) was first synthesized more
than 110 years ago by Fritz Blau, who simply dry-distilled
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zuki-type cross-coupling reactions are discussed in detail.
Moreover, condensation procedures that allow further vari-
ations are presented. The application of functional group
transformations for access to additional groups is examined.
( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

the copper salt of picolinic acid.[1] Since then, the prep-
aration of this parent bidentate ligand has been improved
dramatically using different synthetic strategies. Moreover,
starting in the area of analytical chemistry, an impressive
development utilizing bipyridines, as building blocks in
supramolecular and macromolecular chemistry as well as
nanoscience has been observed [2,2�-bipyridines can also be
found in natural products like caerulomycins or
collismycins[2�4] (Figure 2)]. However, the corresponding
synthetic progress has been scattered over a large variety of
journals in very different spheres, which significantly ham-
pers the further application of the ligand. Although the
field has been reviewed several times,[5�7] the last compre-
hensive review (including the extensive historical refer-
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Figure 1. Synthetic strategies towards 2,2�-bipyridine (1)

Figure 2. Exemplified caerulomycins and collismycins

ences)[7] on bipyridines dates back to the mid 1980s. There-
fore, in view of its critical role in supramolecular chemistry
an updated overview on substituted and functionalized de-
rivatives is timely for the efficient further development of
bipyridine-containing systems (for a recent review concern-
ing macromolecules, see ref.[8]). This review highlights the
synthetic efforts published after 1985 as well as a few earlier
relevant references on mono- and symmetrical disubstituted
2,2�-bipyridines. A review concerning the chiral bipyridine
derivatives and their use in asymmetric homogeneous ca-
talysis has just appeared.[9] We herein critique various im-
proved as well as modern synthetic methodologies for the
preparation of these bidentate ligands. The tables of substi-
tuted bipyridine derivatives give easy access to timely pre-
parative procedures. A summary of the metal complexes is
beyond the scope of this investigation; a comprehensive his-
torical survey, possessing nearly 11000 references, has ap-
peared[10,11] and other appropriate reviews on that subject
should be considered.[12�15]

Besides the well-known supramolecular applications,
some very selected examples about recently published high-
lights for new applications of 2,2-bipyridines should be
mentioned. De Cola et al. described dinuclear [Ru(bpy)3

2�]
systems where phenylene units were used as the connecting
backbone (Figure 3).[16] These dinuclear ruthenium units
(triplet emitter and electron-transfer mediator) were mixed
together with polyphenylenevinylene (PPV) in order to con-
struct a simple efficient electron-transfer device. The usual
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Figure 3. De Cola’s red-green emissive device

red emission of the ruthenium dyes is observed. While re-
versing the device (reverse bias), the lowest excited singlet
state of the polymer host is populated with subsequent em-
ission of green light. Moreover, material science has been
strongly moving forward on the field of nanomaterials
through nanotubes and nanoparticles. Very recently, Pan-
huis et al. described amino-functionalized multiwalled car-
bon nanotubes, which could be connected via a modified
[Ru(bpy)3

2�] complex.[17]

Several synthetic strategies (Figure 1) have been devised
over the years to improve the formation of bipyridine de-
rivatives. The most widely used method is the metal-cata-
lyzed coupling of pyridine, substituted pyridines, or 2-halo-
pyridines to form the desired 2,2�-bipyridines; Ni and Pd/C
catalysts have been extensively utilized. Several improve-
ments to the Ni-catalyzed homocoupling of aryl halides led
to better yields of bipyridines under milder conditions than
the traditional Ullmann coupling.[18] Recently, the utiliz-
ation of directed cross-coupling procedures, such as Stille-
type[19,20] and Negishi-type[21] has been described in several
cases allowing a high-yield synthesis of symmetrically as
well as unsymmetrically substituted and functionalized
bipyridines.[22�27] Extrusion procedures involving organ-
ophosphorus[28] and -sulfur compounds[29,30] were investi-
gated to prepare simple bipyridines. Ring assembly with the
Kröhnke procedure[5] is useful, in particular to synthesize
monosubstituted bipyridines; whereas, condensation be-
tween aldehydes and amines by a ring-assembly method-
ology has also given rise to bipyridines.[31] The different
routes will be discussed in the following paragraphs fol-
lowed by an overview of accessible mono- and disubstituted
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bipyridines as well as important functional group trans-
formations.[32,33]

2 Cyclization Reactions

Various routes have been developed wherein one of the
pyridine rings is formed directly from simpler entities.
Using Kröhnke’s method,[5] 2,2�-bipyridines can be pre-
pared by the reaction of pyridinium salt with an unsatu-
rated ketone.

In general, a generic bromomethyl ketone reacts with
pyridine to yield the corresponding pyridinium salt
(Scheme 1, a). The unsaturated ketone can be obtained by
condensation of an aldehyde and 2-acetylpyridine. Treat-
ment of pyridinium salt with the unsaturated ketone
yielded, by a Michael addition, the 1,5-diketone intermedi-
ate, which cyclizes in the presence of the NH4OAc to result
in the 2,2�-bipyridine derivatives (Scheme 1, a). Another
Kröhnke method was the reaction of the pyridacylpyridin-
ium salt, in which the methylene hydrogen atoms are more
acidic than those in the previous procedure, with an α,β-
unsaturated ketone to produce the 2,2�-bipyridine derivative
(Scheme 1, b).[5]

Scheme 1. Kröhnke’s ring-assembly methodology

Alternate routes for the formation of bipyridines by the
ring-assembly methodology have been developed, e.g. the
condensation of 2-(aminomethyl)pyridine with acetalde-
hyde or acetylene in the presence of a silicon/alumina cata-
lyst at 450 °C, or the reaction of 2-cyanopyridine with
acetylene at 120 °C in the presence of a cobalt catalyst in
95% yield (Scheme 2).[34] Further co-cyclotrimerization util-
izing Co catalysts and Kröhnke procedures can also be

Scheme 2. Ring assembly by condensation
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found in section 5.1. Improved cyclisation procedures can
be found in section 5 where synthetic examples are dis-
cussed in detail.

3 Unusual Coupling Methods

3.1 Extrusion Procedure Involving Organophosphorus
Reagents

While investigating P-macrocycles, the first synthetically
useful expulsion (cheletropic) reaction from bis(2-pyridyl)-
phosphane P-oxides to form a new (hetero)aryl�
(hetero)aryl bond was utilized by Newkome et al.[28] to con-
struct macrocycles with bipyridine from 2-halopyridine pre-
cursors.

As shown in Scheme 3, the bipyridines were prepared
from the 2-bromo or -chloro derivatives by treatment with
PhPLi2; oxidation of the resulting phosphane with H2O2

afforded the P-oxide, which with EtONa in toluene at 100
°C resulted in the desired extrusion. The mechanism of this
P-expulsion was further investigated indicating an intramol-
ecular pathway. Such contractions are to be expected when
the atom(s) between the two electron-poor heteroaromatic
compounds possess(es) enhanced positive character, similar
to the loss of the central carbonyl moiety of 1,2,3-tricar-
bonyl systems. Thus, bis(2-pyridyl) ketone under basic con-
ditions generated the desired bipyridine through this type
of expulsion.[28] Uchida and Oae further investigated this
reaction[35�37] when tris(2-pyridyl)phosphane P-oxide was
treated with an organolithium or an organometallic re-
agent: 2,2�-bipyridyl derivatives were the major products in
the ligand coupling reactions on the phosphorus atom, that
occurred during the reactions of phosphonium salts and
phosphane oxides with nucleophiles under neutral or acidic
conditions. Thus, phosphonium salts and phosphane ox-
ides, bearing at least two 2-pyridyl or substituted 2-pyridyl
groups, gave the corresponding 2,2�-bipyridine upon treat-
ment with acid (diluted HCl) or neutral solvents in 26�87%
yields.[35] These reactions were considered to proceed via
pentacoordinate P-intermediates by nucleophilic attack on
the phosphorus atom. A similar coupling was postulated
to occur by the nucleophilic attack on a positively charged
phosphorus atom bearing 2-pyridyl groups.[37] Treatment of
tris(2-pyridyl)phosphane with excess chlorine followed by

Scheme 3. Extrusion of organophosphorus reagents and proposed
mechanism for phosphorus extrusion
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treatment with dilute HCl led to the formation of 1 in
51% yield.

3.2 Ligand Coupling Involving Organosulfur Compounds

Along with the investigation of coupling processes involv-
ing P-oxides, Furukawa and Oae studied the formation of
biaryls from a σ-sulfurane upon nucleophilic attack of or-
ganometallic species.[30] They prepared 2,2�-bipyridine de-
rivatives from a σ-sulfurane intermediate, which was
formed in moderate yields by treatment of methyl 2-pyridyl
sulfoxide with Grignard reagents (Scheme 4).[29] The
mechanism proposed involves the initial ligand exchange
between 2-pyridyl and phenyl Grignard compounds to form
methyl phenyl sulfoxide and 2-pyridylmagnesium bromide,
which immediately attacks the sulfinyl sulfur atom of the
starting sulfoxide to generate the σ-sulfurane intermediate
(Scheme 4). The ligand coupling within the σ-sulfurane re-
sults in 2,2�-bipyridine (1).

Scheme 4. Ligand coupling with Grignard reagent

Later Furukawa et al. reported the conversion of phenyl
pyridyl sulfoxide to monosubstituted bipyridine derivatives
by regioselective lithiation, substitution with electrophiles,
and cross-coupling reactions with Grignard reagent in over-
all � 75% yields (Scheme 5).[38]

Scheme 5. Cross-coupling with Grignard reagent; E � a) Me3SiCl;
b) PhCHO; c) PhCOMe; d) PhSSPh; Y � a) SiMe3; b) CH(OH)Ph;
c) PhCH(OH)Me; d) SPh

In 1990, Oae et al. (Scheme 6)[39] prepared monosubsti-
tuted and symmetrical and unsymmetrical 6,6�-disubsti-
tuted 2,2�-bipyridines starting from 2-(alkylsulfinyl)pyrid-
ines by treatment with methylmagnesium bromide or 2-pyr-
idyllithium in moderate to high yields; this procedure was
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also extended to prepare larger functionalized oligopyrid-
ines.[39,40]

Scheme 6. Reaction of (alkylsulfinyl)pyridines

4 Metal-Catalyzed Coupling Procedures

4.1 Homo-Coupling of Pyridine

Most of the earlier work in the preparation of 2,2�-bipyri-
dine and its derivatives used coupling procedures with di-
verse metal catalysis.[7] Applications of coupling routes to
biaryl formation have been developed amongst others no-
tably by Badger and Sasse,[41�43] who used the Raney nickel
catalyst[44] to prepare 2,2�-bipyridine as well as its sym-
metrically disubstituted derivatives (Scheme 7). A key ad-
vantage of this coupling procedure is that the unchanged
starting material can be easily recovered and recycled. In
these simple procedures, the major disadvantage is that the
conversion is generally poor for each synthetic cycle. To
exemplify this process, 2,2�-bipyridine was prepared by sim-
ply heating neat pyridine in the presence of active W7
Raney nickel catalyst.[41] Traces of an insoluble orga-
nonickel compound were also reported, as a side product;
its subsequent pyrolysis gave 2,2�-bipyridine. 4-Methylpyri-
dine was coupled with degassed Raney nickel to yield 11%
of 4,4�-dimethyl-2,2�-bipyridine;[45,46] whereas, the conver-
sion using 10% Pd/C gave only 2�3% yield.[47,48]

Scheme 7. Coupling of pyridines

Under similar thermal conditions, in the presence of
Raney nickel[49] or 10% Pd/C,[48] coupling of 3-methylpyri-
dine gave 5,5�-dimethyl-2,2�-bipyridine in 15 or 0.5% yield,
respectively. Although Raney nickel is marginally effective
for these primitive thermal reactions, Rh/C was found to be
ineffective and failed to generate the coupled products from
either pyridine or 3-methylpyridine.[50] However, ethyl nico-
tinate with 10% Pd/C under elevated temperatures (120 °C
at 16 Torr) gave the desired coupled product (35%).[51] Al-
though varying yields have been reported, enhanced conver-
sions were derived by using freshly distilled pyridine deriva-
tive, aqueous-free catalysts, and elevated reaction tempera-
tures. When 10% Pd/C was used as catalyst under reduced
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pressure, 4,4�-diacetyl-, 5,5�-diacetyl-, 5,5�-bis(ethoxycar-
bonyl)-, 5,5�-dicyano-, and 5,5�-dimethyl-2,2�-bipyridines
were successfully generated from the corresponding precur-
sors.[52,53] Further coupling procedures can be found in sec-
tion 5 where synthetic examples are discussed in detail.

4.2 Homo-Coupling of 2-Halopyridines

Homo-coupling of 2-halopyridines is currently the de-
sired method for the high-yield preparation of symmetrical
2,2�-bipyridine derivatives. The classic Ullmann reaction[18]

has been used to generate 3,3�-dimethyl-2,2�-bipyridine by
coupling 2-bromo-3-methylpyridine in high-boiling sol-
vents, e.g. p-cymene (ca. 177 °C) utilizing Cu powder.[54]

The basic disadvantages of this method are the drastic ex-
perimental conditions and normally low conversions, even
though the unchanged reagents can be readily recovered
and recycled. An improvement was achieved when phase-
transfer conditions were utilized,[55] e.g., 2-bromo-6-pico-
line with 5% Pd/C afforded pure 6,6�-dimethyl-2,2�-bipyri-
dine in 50�68% yield (Scheme 8).[56,57] This reaction can
also be performed in a multi-hundred-gram scale.

Scheme 8. Coupling of halopyridines utilizing phase-transfer cata-
lysts

The Ni-catalyzed homocoupling of aryl halides[58�60] has
received considerable attention. These reactions can be con-
ducted in the presence of diverse functional groups, e.g., an
aldehyde or ketone, resulting in good yields (� 75%) and
under milder conditions relative to the Ullmann reac-
tion.[61,62] Because of the wide applicability of such coup-
ling procedures, numerous improvements have been re-
ported. Thus, 2-bromo-6-methylpyridine was treated with
a stoichiometric amount of degassed Raney nickel[63,64] in
refluxing toluene (dried) to afford (6,6�-dimethyl-2,2�-bi-
pyridine-N,N�)nickel() dibromide, which on hydrolysis
gave the free bidentate ligand (65%). Starting from 2-
chloro-x-trifluoromethylpyridine (x � 4, 5, or 6), Chan et
al. prepared[65] x,x-bis(trifluoromethyl)-2,2�-bipyridine by
an Ni-or Pd-catalyzed homocoupling reaction. Tiecco et
al.[61] have used the in situ generation of Ni(PPh3)4 derived
from NiCl2, triphenylphosphane, and zinc dust in DMF
with substituted 2-halopyridines (X � Br or Cl) at 50 °C
affording the 2,2�-bipyridines in 68�86% yield; the 3,3�-di-
hydroxy-,[66,67] 3,3�-dimethoxy-,[68] and 4,4�-ditolyl-2,2�-bi-
pyridine[69] derivatives have been similarly prepared. An-
other improved procedure by Iyoda and co-workers[62] util-
ized Et4NI, which allows the Ni-catalyzed reaction to be
conducted in THF, acetonitrile or acetone. This coupling
procedure is also applicable to substituted halopyridines in
which 0.3 equiv. of [NiBr2(PPh3)2] in the presence of excess
zinc, (as the reducing metal) and Et4NI, which has a re-
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markable effect on the transformation,[62] are used. The iod-
ide ion has been shown to accelerate these Ni-catalyzed
coupling reactions.[70] Thus, 2,2�-bipyridine was obtained
(Scheme 9) from 2-bromo- and 2-chloropyridine in 72 and
60% yield, respectively, when an equimolar amount of
Et4NI was used, but in only 3% yield with 10 mol % of
Et4NI. Recently, Kira et al.[71] coupled silyl group contain-
ing bromopyridines to generate 5,5�-disilylbipyridines using
the described method. Methyl 2-chloronicotinate and 2-
chloro-6-methoxypyridine gave the corresponding bipyri-
dines in 53 and 90% yields,[71] respectively. Zhang and Bres-
low[72] coupled 5-amino-N-benzylidene-2-chloropyridine to
result in the corresponding product using this technique.

Scheme 9. Coupling of halopyridines using nickel catalysts

2,2�-Bipyridine derivatives were also prepared from the
appropriate 2-halopyridine in 1,2-dimethoxyethane (DME)
using tert-BuONa/NiCRA/PPh3 [NiCRA � Nickel-con-
taining Complex Reducing Agent];[73,74] in this way, unsub-
stituted, 5,5�-bis(trifluoromethyl)-, 6,6�-dimethyl-, and 6,6�-
dimethoxy-2,2�-bipyridines were formed in 70�80% from
2-bromo-, 2-chloro-5-(trifluoromethyl)-, 2-bromo-6-
methyl-, and 2-bromo-6-methoxypyridine, respectively.
NiCRA is also useful to couple quinolines in 65�90%
yield.[74]

Lemaire et al.[75] introduced a catalytic alternative to the
Ullmann reaction. 2,2�-Bipyridines and their symmetrical
5,5�-dimethyl derivatives were prepared in very high yields
(� 90%) by using Pd(OAc)2 as the catalyst with nBu4NBr
and a base (trialkylamine) in 2-propanol. Using K2CO3 as
base, Chujo et al.[76] obtained a 70% yield of the 5,5�-di-
methyl homocoupling product. Further coupling pro-
cedures can be found in section 5 where synthetic examples
are discussed in detail.

4.3 Cross-Coupling of 2-Halopyridines

In the last few years a very successful development of
directed cross-coupling methods for the synthesis of 2,2�-
bipyridines was observed, motivated by the need for unsym-
metrically substituted and functionalized ligands. Former
approaches used the cross-coupling of lithiated pyridines re-
sulting in functionalized bipyridines (Scheme 10, a, 23%
yield),[77] the Ni-catalyzed coupling of Grignard reagents
(Scheme 10, b, 13% yield)[78] or the coupling of pyridine N-
oxides (Scheme 10, c, 29% yield).[79] These methods are also
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rather restricted in the functionalities that can be tolerated
(see also section 3.2 for the pyridyl sulfoxide approach).

Scheme 10. Traditional cross-coupling methods

Recently, Fraser et al. reported[24] an efficient synthesis
of 4-, 5-, and 6-methyl-2,2�-bipyridine by a Negishi cross-
coupling strategy.[21] In a one-pot synthesis, lithium/halogen
exchange was effected by treatment of 2-bromopyridine
with tert-butyllithium followed by Li � Zn transmetall-
ation (Scheme 11). Subsequent addition of (methyl)pyridyl
triflate and in situ generated Pd(PPh3)4 yielded 93�98% of
the desired methyl-2,2�-bipyridines. Due to the halogen/lith-
ium exchange, this reaction is restricted to bromo- or iodo-
functionalized pyridines. The required 2-(trifluoromethyl-
sulfonyl)oxypyridines can be prepared in very high yields by
treating the corresponding 2-hydroxypyridines with triflic
anhydride. Siegel et al.[25] used a similar procedure by coup-
ling two halopyridines by means of different substituted or-
ganozinc precursors to form an array of new heteroaryl
compounds.

Scheme 11. Negishi-type cross-coupling procedures

The second now widely used methodology for the prep-
aration of bipyridines is the Stille-type cross-coupling pro-
cedure utilizing organotin compounds and palladium cata-
lysts. The first example was published in 1986 by Yamam-
oto et al. in which (trimethylstannyl)pyridine was cross-cou-
pled with bromopyridines in the presence of a catalytic
amount of Pd[P(PPh3)4] to afford 2,2�-bipyridine (77%)
(Scheme 12).[80] Later, this method was used for the prep-
aration of symmetrical and unsymmetrical methyl-substi-
tuted bipyridines,[23,81] bromo-, trimethyltin-, nitro-, ester-,
and hydroxymethyl-functionalized bipyridines.[72,82�86] This
method presently offers the most general approach towards
functionalized bipyridines. Different functional groups are
compatible with this coupling procedure, such as protected
esters and hydroxy groups. The required organotin func-
tionality (trimethyltin or tributyltin) can be introduced
starting from 2-bromo-, -chloro- as well as -iodopyridine
derivatives. The halogen � tin exchange can be utilized
using organolithium derivatives (e.g. n-butyllithium) or the
reaction with sodium/stannanes or hexamethylbis(stan-
nane). Further coupling procedures can be found in chapter
5 where synthetic examples are discussed in detail.
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Scheme 12. Stille-type cross-coupling of halopyridines

5 Examples of Substituted Bipyridines
5.1 Monosubstituted Bipyridines

Monosubstituted bipyridines can be easily prepared by
the traditional Kröhnke procedure, directed cross-coupling
of halopyridine derivatives utilizing Negishi-type or Stille-
type, monosubstitution on bipyridine or by ligand-coupling
methodologies like Suzuki-type[87] reactions. Most func-
tionalizations on bipyridine start from the methyl precursor,
which can be oxidized, brominated or halogenated, lithiated
and modified under diverse conditions. These mono-
functionalized precursors attract increasing interest as
building blocks in supramolecular and macromolecular
chemistry as well as nanoscience. As an alternative, the
selective monofunctionalization of disubstituted bipyridines
is discussed below.

Several valuable unsymmetrical phenyl-derivatized 2,2�-
bipyridines have been introduced by Neve et al.[88�91] by
applying a classical Kröhnke protocol using the appropriate
enone and N-(phenylacyl)pyridinium bromide in the pres-
ence of a large excess of ammonium acetate (Scheme 13).
These 2,2�-bipyridines contain one phenyl substituent in the
6-position and a p-substituted phenyl ligand in the 4-posi-
tion. The functionalities vary from methyl-, chloro-,
hydroxy- to carboxylic acid moieties. The same synthetic
procedure opens new entries to phenyl-derivatized terpyrid-
ines.

Scheme 13. 2,2�-Bipyridines containing one phenyl substituent in
6-position and a derivatized phenyl ligand in 4-position
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The most general preparation of monomethyl-substituted

2,2�-bipyridines can be realized with the application of Neg-
ishi-type couplings of the corresponding bromopyridines
with pyridinyl triflates (Scheme 14, a, see also chapter 4.3).
In this way, the 4-, 5-, and 6-methylbipyridines could be
obtained in 98, 94, and 93% yields, respectively.[24] Alterna-
tively, the Stille-type cross-coupling can be utilized
(Scheme 14, b, see also 4.3). In this case, the 4-, 5- and 6-
methylbipyridines can be obtained in 56, 64, and 75%
yields, respectively.[23] Using Stille-type chemistry and or-
ganotin derivatives, 6-bromo- and 6-tributylorganotin and
6-trimethylorganotin substituted bipyridines have been pre-
pared, mostly as intermediates in the synthesis of more
complex ligand systems, e.g. leading to [n � n] grid-like sys-
tems.[83,84]

Scheme 14. Preparation of monomethyl-substituted bipyridines: a)
Negishi-type; b) Stille-type

Polin et al. have reported the synthesis of interesting ethy-
nyl-substituted bipyridines. Using the Kröhnke procedure,
5-methyl-2,2�-bipyridine was prepared in 72% yield by tre-
ating 2-acetylpyridine with iodine and pyridine affording
the pyridinium salt, which was then treated with methacrol-
ein and NH4OAc (Scheme 15).[48] Attempted oxidation of
the heteroaryl methyl group to the corresponding aldehyde
using SeO2 failed; however, treatment with NBS under free-
radical conditions gave the bromomethyl derivative (43%).
Reaction with hexamethylenetetraamine and subsequent

Scheme 15. Preparation of ethynylbipyridines
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hydrolysis with boiling AcOH afforded the desired aldehyde
(50%). The formyl � ethynyl conversion was effected by
bromination (CBr4/PPh3/Et3N) in order to generate the ge-
minal dibromide in 50% yield, which upon treatment with
nBuLi and hydrolysis resulted in the corresponding 5-ethy-
nyl-2,2�-bipyridine (44%). Ziessel et al. also prepared the 5-
ethynyl-2,2�-bipyridine by Pd-catalyzed coupling of (tri-
methylsilyl)acetylene with 5-bromo-2,2�-bipyridine in the
presence of CuI and subsequent deprotection with KF in
methanol (overall yield of 64%).[92]

Using a modified cross-coupling procedure, Panetta et al.
reported the synthesis of 4-, 5-, and 6-disulfide-func-
tionalized 2,2�-bipyridines and their ruthenium complexes
(Scheme 16).[93] Thus, methyl 6-chloropyridine-2-car-
boxylate was coupled with 2-(trimethylstannyl)pyridine to
afford methyl 2,2�-bipyridine-6-carboxylate, which was then
reduced with LiAlH4. Esterification with 3,3�-dithiodipro-
panoic acid afforded the bis(bipyridinyl) disulfide diester in
18% yield. The related 4- and 5-substituted esters were pre-
pared in a similar way in 23 and 7% yields, respectively.

Scheme 16. Synthesis of 6-disulfide-functionalized bipyridines

Additional monosubstituted derivatives have been pre-
pared by direct electrophilic substitution of the bipyridine.
For example, bromination of bipyridine with HBr/Br2 gave
(46%) 5-bromo-2,2�-bipyridine[94] and sulfonation with
concd. H2SO4 resulted (50%) in 2,2�-bipyridine-5-sulfonic
acid.[47] Treatment of tris(2-pyridyl)phosphane with bro-
mine or chlorine in methanol gave the corresponding 5-
halobipyridines.[37]

Using a modified Negishi cross-coupling procedure,
Lützen et al.[26] obtained 5-monosubstituted 2,2�-bipyri-
dines in high yields. Addition of 2-bromopyridine to a
tBuLi solution in THF forms the lithiated derivative and,
in a second step, ZnCl2 was added to build the respective
organozinc derivatives. Cross-coupling reactions were per-
formed and catalyzed by Pd2dba3 CHCl3 with the respective
monoderivatized chloropyridine (Scheme 17). The observed
yields greatly depend on the functional group on the chloro-
pyridine but can reach 90%.

5-Nitrobipyridine was prepared in 76% yield by the cross-
coupling between 2-(trimethylstannyl)pyridine and 2-
chloro-5-nitropyridine catalyzed by [Pd(PPh3)2Cl2]; its sub-
sequent NaBH4 reduction catalyzed by 10% Pd/C gave 5-
amino-2,2�-bipyridine in 98% yield.[72]
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Scheme 17. Modified Negishi cross-coupling procedure

Alkylbipyridines were also prepared starting with the oxi-
dation of (S)-2-(1-alkylbenzyl)pyridine with 3-chloroper-
benzoic acid yielding the corresponding N-oxide, which was
treated with dimethyl sulfate, followed by aqueous KCN to
give the nitrile isolated in 58% yield. The co-cyclotrimeriz-
ation of the latter compound with acetylene and a cobalt
catalyst yielded the respective alkylbipyridine in 80%
yield.[95,96]

5.2 Disubstituted Bipyridines

Most symmetrical disubstituted derivatives have been
prepared by homocoupling of substituted pyridine or halo-
pyridine precursors. Oxidations of methylbipyridines gener-
ate the corresponding carboxylic acids, which, on esterifi-
cation and subsequent traditional transformations, gave rise
to various functional groups. Another way to functionalize
the methyl group is by free radical halogenation, followed
by substitution or halogen/metal exchange, and the sub-
sequent treatment with an appropriate electrophile.[31,32] In
addition, the Boekelheide arrangement (see section 6)[97] as
well as the preparation of tert-butyl derivatives with sub-
sequent treatment with electrophiles can be utilized (see sec-
tion 6).[98] The unsymmetrical bipyridines have been pre-
pared by the heterocoupling of different pyridine precursors
or from symmetrical disubstituted precursors by selective
conversions, thus taking advantage of equilibrium or solu-
bility properties. Ziessel et al. built unsymmetrically substi-
tuted bipyridines by using the Kröhnke condensation.[33] At
present, disubstituted derivatives represent the most im-

Table 1. 3,3�-Disubstituted 2,2�-bipyridines

R1 R2 Starting material Reagent Ref.

CH3 CH3 2-bromo-3-methylpyridine Cu [54]

OH OH 2-bromo-3-hydroxypyridine Zn/Ni0/Ph3P [66,67,103,104]

OCH3 OCH3 2-bromo-3-methoxypyridine NiCl2/Ph3P/Zn [61,103,104]

OCH3 OCH3 2-stannylated pyridines, 2-halopyridine Pd(PPh3)4
[27]

OCH3 OCH3 alkoxy-2-iodopyridine ZnCl2/ Pd(PPh3)4
[27]

CO2H CO2H 1,10-phenanthroline KMnO4
[99]

CO2CH3 CO2CH3 methyl 2-chloronicotinate NiBr2(PPh3)2/Zn [62]

CO2H CO2CH3 1,10-phenanthroline-5,6-quinone MCPBA/MeOH [102]
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portant class of bipyridines used in supramolecular and
macromolecular chemistry.

5.2.1 3,3�-Disubstituted 2,2�-Bipyridines (Table 1)

There are only a few 3,3�-disubstituted 2,2�-bipyridines
known largely due to the steric hindrance of the substitu-
ents resulting in a twisted, noncoplanar conformation of
the 3,3�-bipyridines, which cannot be used for tetrahedral
or octahedral coordination. The simplest route to 3,3�-di-
substituted 2,2�-bipyridine is through the corresponding di-
carboxylic acid, which was prepared in 69% yield,[99] by the
oxidation[100] of the readily available 1,10-phenanthroline
via the dione intermediate with aqueous KMnO4; diaza-
fluorenone (20%)[101] and dione (11%)[99] were obtained as
major byproducts (Scheme 18). The 3,3�-diester was pre-
pared either by the coupling of methyl 2-chloronicotinate[62]

or by perbenzoic acid oxidation of 1,10-phenanthroline-5,6-
quinone.[102] Furthermore, 3,3�-dimethyl-2,2�-bipyridine
can be prepared in 19% yield by homocoupling of 2-bromo-
3-methylpyridine with Cu powder in p-cymene at 200 °C.[54]

3,3�-Dihydroxy-[66�68,103] and 3,3�-dimethoxy-2,2�-bipyri-
dine[27,61,68,103] were prepared by coupling the correspond-
ing 2-bromopyridines with Ni/Ph3P/Zn catalysis. The alky-
lation in the 6,6�-position of the 3,3�-diols was recently de-
scribed by Grabowska et al.[104]

Scheme 18. Oxidation of 1,10-phenantroline

5.2.2 4,4�-Disubstituted 2,2�-Bipyridines (Table 2)

Using 4,4�-dimethyl-2,2�-bipyridine as starting material,
Fraser et al. synthesized[98] halomethyl derivatives in very
high overall yields (93�96%) as shown in Scheme 19. Tra-
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Table 2. 4,4�-Disubstituted 2,2�-bipyridines

R1 R2 Starting material Reagent Ref.

CH3 CH3 4-methylpyridine 10% Pd/C [47,48]

Raney nickel [45]

C9H19 C9H19 4,4�-dimethyl-2,2�-bipyridine LDA/1-bromooctane [45]

(CH2)10�12,14,18CH3 (CH2) 10�12,14,18CH3 4,4�-dimethyl-2,2�-bipyridine LDA, TMSCl, RBr, CsF [98,108]

CH3 CH2CH2OCH3 4,4�-dimethyl-2,2�-bipyridine LDA, ClCH2OCH3
[117]

CH3 CH�CH2 4,4�-dimethyl-2,2�-bipyridine 2 steps [117]

CH�CH2 CH�CH2 4,4�-dimethyl-2,2�-bipyridine 5 steps [116]

C�CH H 4-bromo-2,2�-bipyridine HC�CSi(CH3)3, Pd(PPh3)2Cl2, [92]

CuI, KF, MeOH/THF
C�CH C�CH 4,4�-dibromo-2,2�-bipyridine HC�CSi(CH3)3,Pd(Ph3)2Cl2, [110,111]

CuI, (iPr)2NH, K2CO3
CH2CH2Ph CH2CH2Ph 4,4�-dimethyl-2,2�-bipyridine NaNH2, PhCH2Cl [109]

LDA, TMSCl, PhCH2Br, CsF [98]

PhCH3 PhCH3 2-bromo-4-p-tolylpyridine Ni(PPh3)2Cl2, PPh3, Zn [69]

PhOH, PhMe, PhCl PhOH, PhMe, PhCl butane-2,3-dione, 4-methoxybenzaldehyde piperidine [32]

or 4-chlorobenzaldehyde,
1-pyridiniopropan-2-one bromide

ammonium acetate [32]

PhMe PhMe 4,4�-dibromo-2,2�-bipyridine, Pd(PPh3)4
[32,87]

4-methoxyphenylboronic acid
Br H 4-nitro-2,2�-bipyridyl N-oxide AcBr, PBr3

[48]

Br Br 4,4�-dinitro-2,2�-bipyridine N,N�-dioxide AcBr, PBr3
[110]

CH3 CH2Br 4-methyl-4�-(hydroxymethyl)-2,2�-bipyridine HBr [148]

CH3 CH2CH2Br [148]

CH3 (CH2)nBr (n � 3�7) 4,4�-dimethyl-2,2�-bipyridine � dibromoalkane LDA [149]

PhCH2Br PhCH2Br 4,4�-bis(p-tolyl)2,2�-bipyridine NBS [69]

CH2Br CH2Br 4,4�-bis[(trimethylsilyl)methyl]-2,2�-bipyridine BrF2CCF2Br/CsF [98]

C4H8Br C4H8Br 4,4�-dimethyl-2,2�-bipyridine 3-steps [69]

CH3 CH2CH2Cl [148]

CH2Cl CH2Cl 4,4�-bis[(trimethylsilyl)methyl]-2,2�-bipyridine Cl3CCCl3/CsF [98]

CH2TMS CH2TMS 4,4�-dimethyl-2,2�-bipyridine LDA, TMSCl [98]

CF3 CF3 2-chloro-4-(trifluoromethyl)pyridine Ni(Ph3P)2Cl2/Zn/Et4NI [65]

CH2I CH2I 4,4�-bis(chloromethyl)-2,2�-bipyridine NaI [98]

(Ru complex)
CH3 (CH2)3OH 4,4�-dimethyl-2,2�-bipyridine LDA, ethylene oxide [149]

CH3 CH2OH 4,4�-dimethyl-2,2�-bipyridine Ac2O, NaOH/H2O [148]

CH3 (CH2)4OH corresponding aldehyde NaBH4
[148]

CH2OH CH2OH corresponding diester NaBH4
[112,116]

C4H8OH C4H8OH 4,4�-dimethyl-2,2�-bipyridine LDA, Br(CH2)3OTHP, H� [69]

OH OH 4,4�-dimethoxy-2,2�-bipyridine pyridinium chloride [103]

OCH3 OCH3 2-chloro-4-methoxypyridine NiCl2, PPh3, Zn [103]

SCH3 SCH3 4,4�-dichloro-2,2�-bipyridine NaSCH3
[47]

SCH2CH3 SCH2CH3 4,4�-dichloro-2,2�-bipyridine KSH, CH3CH2I [47]

CH3 CHO corresponding alcohol MnO2
[148]

4,4�-dimethyl-2,2�-bipyridine SeO2
[48,113]

CH3 (CH2)3CHO [148]

CHO CHO corresponding diol MnO2
[112]

corresponding diol SeO2
[116]

4,4�-dienamine-2,2�-bipyridine NaIO4
[115]

CH3 CN 4-methyl-2,2�-bipyridine-4�-carboxaldehyde NH2OH. HCl, [118]

CH3 CH2CH2CN 4,4�-dimethyl-2,2�-bipyridine ClCH2CN [98]

CN CN 2,2�-bipyridine-4,4�-biscarboxamide POCl3 [46]

CH3 CH2CO2H 4,4�-dimethyl-2,2�-bipyridine nBuLi/CO2
[148]

CH3 (CH2)3CO2H corresponding aldehyde KMnO4
[148]

CO2H CO2H 4,4�-dimethyl-2,2�-bipyridine KMnO4
[47,113,116]

CrO3, H2SO4
[112]

K2Cr2O7, H2SO4
[114]

CO2H, CO2Cl, CO2H, CO2Cl, 4,4�-dimethyl-2,2�-bipyridine KMnO4, SOCl2, [123]

CO2NHS CO2NHS N-hydroxysuccinimide
SO3H SO3H 2,2�-bipyridine 5 steps [47]

CH3 COCl 4�-methyl-2,2�-bipyridine-4-carboxylic acid. SOCl2 [120]

COCl CO2CH2CH3 4�-ethoxycarbonyl-2,2�-bipyridine-4-carboxylic acid SOCl2 [120]

H CO2CH3 methyl 2-chloropyridine-4-carboxylate 2-(trimethylstannyl)pyridine, [93]

(PPh3)PdCl2
CH3 CH2CO2CH3 corresponding acid CH3OH-BF3

[148]

CO2H CO2CH3 dimethyl ester KOH [113]

CO2CH3 CO2CH3 2,2�-bipyridine-4,4�-dicarboxylic acid CH3OH/H� [112,116]

CH3 (CH2)4NH2 4,4�-dimethyl-2,2�-bipyridine 4 steps [148]

CH3 CH�NOH 4-formyl-4�-methyl-2,2�-bipyridine oxime NH2OH·HCl [148]

CH3 CH2NH2 4-(bromomethyl)-4�-methyl-2,2�-bipyridine 10% Pd/C, H2, [119,148]

potassium phthalimide
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Scheme 19. Fraser’s preparation of halomethyl derivatives

ditionally, 4,4�-di(halomethyl) derivatives are prepared from
the corresponding methylbipyridines by free-radical hal-
ogenation[49,55,64,105] and are normally isolated in poor
yields (10�40%) due, in part, to polyhalogenation.[105] The
respective TMS derivative was prepared by deprotonation
of 4,4�-dimethyl-2,2�-bipyridine with 2 equiv. of LDA, fol-
lowed by trapping the resulting dianion with TMSCl.[106]

This symmetrical bis(TMS) intermediate of 4,4�-dimethyl-
2,2�-bipyridine was then treated with CsF and (CF2Br)2 or
(CCl3)2 in dry DMF as solvent to give 94�97% of the halo-
methyl derivatives with chloro and bromo functionalities.
Treatment of the symmetrical bis(TMS) intermediate with
benzaldehyde produced 99% of the diol derivative. This
methodology was extended to the reaction of the symmetri-
cal bis(TMS) intermediate with alkyl halides resulting in the
formation of dialkylated bipyridines. Moreover, an im-
proved approach to obtain diols was reported recently.[107]

Perfluoroalkylated bipyridines could be obtained in 40%
yield by treating 4,4�-dimethylbipyridine with LDA and ad-
ding the respective perfluoroiodine.[106]

In order to introduce long alkyl chains, Smith et al.[108]

deprotonated 4,4�-dimethyl-2,2�-bipyridine by the use of
LDA in THF. Subsequently, the resulting dilithiobipyrid-
ines were treated with the respective alkyl bromides to yield
the corresponding products in 56�88% yield.[108] Alkylphe-
nyl chains were obtained in 14% yield by addition of the
respective chloroalkylbenzenes to 4,4�-dimethylbipyri-
dine.[109]

Suffert and Ziessel prepared 4,4�-ethynyl-2,2�-bipyridines
by treating the corresponding 4,4�-dibromo-2,2�-bipyridine
with trimethylsilylacetylene using [Pd(PPh3)2Cl2] as cata-
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lyst, CuI as reducing agent, and diisopropylamine as base
(Scheme 20).[110] Deprotection of the respective silyl deriva-
tives was effected by treatment with aqueous K2CO3; this
method was utilized to prepare new polypyridine building
blocks with ethynyl substitution at different positions. 4,4�-
Ethynyl-substituted 2,2�-bipyridines are also of interest as
building block forming sexipyridines.[111]

Scheme 20. Ethynyl-substituted bipyridines

Kocian et al. have synthesized 4,4�-diformyl-2,2�-bipyri-
dine in four steps starting from 4,4�-dimethyl-2,2�-bipyri-
dine in 34% overall yield (Figure 4).[112] Thus, 4,4�-di-
methyl-2,2�-bipyridine was oxidized to the diacid with CrO3

in sulfuric acid (90%), KMnO4
[47,113] or K2Cr2O7

[114] (94%
yield). In acidic MeOH, the diacid gave the dimethyl ester
derivative, which was then reduced in 72% yield with
NaBH4 to the corresponding 4,4�-diol derivative. This diol
was oxidized with MnO2 in dioxane to the 4,4�-dialdehyde
in 60% yield; using a modified Bedereck’s reagent gave the
formyl derivative in 52�71%.[115] Finally, the dinitrile de-
rivative was prepared[46] in 88% yield from the correspond-
ing dicarboxamide upon treatment with POCl3. Zelewsky et
al. used the Wittig reaction with Ph3PMeBr to convert the
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4,4�-dialdehyde into 4,4�-divinyl-2,2�-bipyridine in 54%
yield.[116,117] The carboxaldehyde moiety can also be con-
verted into the nitrile functionality in 80% yield by the
treatment with hydroxylamine hydrochloride.[118] (Amino-
methyl)bipyridine was synthesized from (bromomethyl)bi-
pyridine and potassium phthalimide followed by hydrazino-
lysis in 90% yield.[119] Carboxy groups afforded after treat-
ment with SOCl2 quantitative yields of the corresponding
acyl chlorides.[120]

Figure 4. 4,4�-Disubstituted 2,2�-bipyridines

Nolte et al.[121�123] synthesized 2,2�-bipyridines with am-
ino-reactive 4,4�-(N-hydroxysuccinimide esters), which rep-
resent very versatile building blocks for supramolecular and
macromolecular chemistry. 4,4�-Dimethyl-2,2�-bipyridine
was converted into the diacid in 75% by using KMnO4 as
the oxidant. After chlorination with SOCl2, N-hydroxysuc-
cinimide was added in the presence of Et3N to form the
respective esters in 54% (Scheme 21).

Scheme 21. 2,2�-Bipyridines with amino-reactive 4,4�-(N-hydroxy-
succinimide esters)

Suzuki-type reactions[87] using bromo-2,2�-bipyridines
and phenylboronic acid derivatives under phase reaction
conditions with [Pd(PPh3)]4 as a cross-coupling catalyst and
addition of Na2CO3 as base yielded (75%) the correspond-
ing 4-(methoxyphenyl)-2,2�-bipyridine (Scheme 22).[31]

Constable et al. described the synthesis of similar com-
pounds by Stille-type reactions but obtained only 18% yield
utilizing this method.[32] Using a Kröhnke protocol, the 4-
(methoxyphenyl)-2,2�-bipyridine was formed in 35%
yield.[32] The respective alcohol functionalities were pre-
pared in 97% yield by treating the latter with pyridinium
chloride.
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Scheme 22. Suzuki-type reactions using bromo-2,2�-bipyridines
and phenylboronic acid derivatives

5.2.3 5,5�-Disubstituted 2,2�-Bipyridines (Table 3)

5,5�-Dimethyl-2,2�-bipyridine was prepared by coupling
of 3-picoline with Raney Ni[49] (15% yield) or Pd/C (0.5%
yield) (Figure 5).[48] Treatment of 2,2�-bipyridine with HBr/
Br2 afforded 5,5�-dibromo-2,2�-bipyridine,[94,124] which was
converted into the 5,5�-ethynyl-substituted bipyridine[110,124]

in 76% yield with (trimethylsilyl)acetylene catalyzed by
[Pd(PPh3)2Cl2] and CuI, followed by deprotection with
K2CO3 (91% yield). 5,5�-Bis(bromomethyl)-2,2�-bipyridine
was prepared by free radical bromination of 5,5�-dimethyl-
2,2�-bipyridine with NBS (74[125] and 36%[49]). Whittle de-
scribed[126] various symmetrically 5,5�-disubstituted-2,2�-bi-
pyridines; thus, 5,5�-dimethyl-2,2�-bipyridine was oxidized
with KMnO4 to the respective 5,5�-diacid. Reaction with
SOCl2 afforded 5,5�-bis(chlorocarbonyl)-2,2�-bipyridine,
which upon condensation with 2-methoxyethylamine, n-bu-
tylamine, and n-dodecylamine gave the respective 2,2�-bi-
pyridine-5,5�-diamides in yields of 61�85%. 5,5�-
Bis(chlorocarbonyl)-2,2�-bipyridine also serves as a potent
linking molecular host for amino acids in basic methanol.
The amino acid moiety could induce stereoselectivity.[127]

Subsequently, the acid was converted with EtOH and sulf-
uric acid into the 5,5�-diethyl ester. Alternatively, this com-
pound was also prepared by direct coupling of ethyl nicot-
inate with 10% Pd/C.[51]

Figure 5. 5,5�-Disubstituted 2,2�-bipyridines

The 5,5�-diester was converted into the 5,5�-diol by Li-
AlH4 reduction or to the dicarboxamide derivative by treat-
ment with ammonia in a 1:1 mixture of EtOH and ethylene
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Table 3. 5,5�-Disubstituted 2,2�-bipyridines

R1 R2 Starting material Reagent Ref.

CH3 H 2-acetylpyridine I2, methacrolein, NH4OAc [48]

CH3 CH3 3-picoline Raney nickel [49]

Pd/C [48]

C�CH H 5-(2,2-dibromovinyl)-2,2�-bipyridine nBuLi [48]

5-bromo-2,2�-bipyridine HC�CSi(CH3)3, Pd(PPh3)2Cl2, [92,110]

CuI, KF, MeOH
C�CH C�CH 5,5�-dibromo-2,2�-bipyridine HC�CSi(CH3)3, Pd(PPh3)2Cl2, [92,110]

CuI, KF, MeOH.
C�CSi(CH3)3 C�CSi(CH3)3 5,5�-dibromo-2,2�-bipyridine HC�CSi(CH3)3, Pd(PPh3)2Cl2, CuI [110]

SiMe3, Si2Me5 SiMe3, Si2Me5 2,5-dibromopyridine, BuLi, Ni0 catalyst, Et4NI [71]

corresponding silyl chloride
CH3 CH2Br 5,5�-dimethyl-2,2�-bipyridine LDA, TMSCl, (CBrF2)2

[22]

CH2Br H 5-methyl-2,2�-bipyridine NBS [48]

CH2Br CH2Br 5,5�-dimethyl-2,2�-bipyridine NBS [49,125]

CF3 CF3 2-chloro-5-(trifluoromethyl)pyridine Ni(PPh3)2Cl2/Zn/Et4NI or [65]

5% Pd/C tBuONa-NiCRA PPh3
[73]

Br H 2,2�-bipyridine HBr, Br2, OH� [94]

(pyridyl)3P Br2/MeOH [37]

Br Br 2,2�-bipyridine HBr, Br2, OH� [94,124]

Cl H (pyridyl)3P Cl2/MeOH [37]

CH(CH3)OH COCH3 5,5�-diacetyl-2,2�-bipyridine NaBH4
[133]

CH(CH3)OTBDMS COCH3 5-acetyl-5�-(1-hydroxyethyl)- TBDMS-Cl [133]

2,2�-bipyridine
SH SH 2,2�-bipyridine-5,5�-bis(thioacetate) NH3

[129]

CHO H 5-bromomethyl-2,2�-bipyridine Methenamine, AcOH [48]

COCH3 COCH3 3-acetylpyridine 10% Pd/C [133]

CN CN 2,2�-bipyridine-5,5�-dicarboxamide POCl3 [46]

H SO3H 2,2�-bipyridine H2SO4
[47]

SO3H SO3H 2,2�-bipyridine H2SO4
[47]

H CO2CH3 methyl 2-chloropyridine-5-carboxylate 2-Trimethylstannylpyridine, [93]

(PPh3)PdCl2
CO2Et CO2Et ethyl nicotinate 10% Pd/C [51,127]

SCOCH3 H 2,2�-bipyridine-5-ethyldithiocarbonate KOH, CH3COCl [72]

SCOCH3 SCOCH3 2,2�-bipyridine-5,5�-bis(ethyldithiocarbonate) KOH, CH3COCl [72]

SC(S)OEt H 5-amino-2,2�-bipyridine NaNO2/H�, KSC(S)OEt [72]

SC(S)OEt SC(S)OEt 5,5�-diamino-2,2�-bipyridine NaNO2/H�, KSC(S)OEt [72]

NH2 CO2H 5�-[(ethoxycarbonyl)amino]-2,2�- EtOH, NaOH [51]

bipyridine-5-carboxylate
NH2 CO2Me nitro precursor Pd/C [131]

NH2 CO2Et 5�-amino-2,2�-bipyridine-5-carboxylic acid EtOH, H2SO4
[51]

NO2 CO2Me 2-(trimethylstannyl)-5-nitropyridine LiCl, Pd(PPh3)4
[131]

NHCO2Et CO2Et ethyl 5�-carbazido-2,2�-bipyridine- EtOH, Xylene [51]

5-carboxylate
CON3 CO2Et 5-(ethoxycarbonyl)-5�-carbohydrazido- HCl/NaNO2

[51]

2,2�-bipyridine
CONHNH2 CO2Et diethyl 2,2�-bipyridine-5,5�-dicarboxylate NH2NH2

[51]

CONHNH2 CONHNH2 diethyl 2,2�-bipyridine-5,5�-dicarboxylate NH2NH2
[51]

NH2 H 5-nitro-2,2�-bipyridine 10% Pd/C [72]

NH3Cl NH3Cl 5-amino-N-benzylidene-2-chloropyridine Steps [72]

CH2NEt2 CH2NEt2 5,5�-bis(bromomethyl)-2,2�-bipyridine Et2NH/K2CO3
[130]

CH2NMePh CH2NMePh 5,5�-bis(bromomethyl)-2,2�-bipyridine PhNHCH3/K2CO3
[130]

CH2N(CH2CH2OH)2 CH2N(CH2CH2OH)2 5,5�-bis(bromomethyl)-2,2�-bipyridine (CH2CH2OH)2NH/K2CO3
[130]

N�CHPh N�CHPh 5-amino-N-benzylidene-2-chloropyridine NiBr2(PPh3)2, Zn/Et4NI [72]

NO2 H 2-(trimethylstannyl)pyridine, 2-chloro- Pd(PPh3)2Cl2 [72]

5-nitropyridine
NO2 NO2 2-bromo-5-nitropyridine Pd(OAc)2/nBu4NBr [75]

glycol in a sealed tube at 90 °C. Interestingly, the sole use
of EtOH resulted in the formation of the monocarboxamide
as the major product.[126] The 5,5�-diamide derivative was
dehydrated using P2O5 to generate the corresponding 5,5�-
dinitrile (59%), which was previously prepared by coupling
3-cyanopyridine with 10% Pd/C in a meager 7% yield. The

 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org Eur. J. Org. Chem. 2004, 235�254246

conversion of the 5,5�-diamide to the 5,5�-diamine deriva-
tive by the Hoffmann rearrangement was reported to be
unsuccessful;[126] however, the diamine can be prepared by
reduction of the corresponding dinitro derivative albeit in
poor yield (9%). An improved procedure utilized the 5,5�-
diethyl ester, which with hydrazine hydrate in EtOH gave
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the 5,5�-dicarbohydrazide in 62% yield.[51,126] Treatment of
this dicarbohydrazide with HCl/NaNO2 yielded the 5,5�-di-
carbazide, which underwent a Curtius rearrangement[128] on
heating in an EtOH/xylene mixture to result in the respect-
ive bis(ethoxycarbonylamine). Subsequent hydrolysis to the
corresponding 5,5�-diamine was accomplished both in
either acidic or basic media. Moreover, reaction with Ac2O
gave the respective bis(acetamide). The bis(dimethylamino)-
2,2�-bipyridine was also prepared starting from 5,5�-diam-
ino-2,2�-bipyridine by treatment with formaldehyde and
formic acid in 92% yield. Finally, 5,5�-diamino-2,2�-bipyri-
dine was converted into 5,5�-dibromo-2,2�-bipyridine on
treatment with NaNO2 and hydrobromic acid.

The 5,5�-diamine hydrochloride was prepared by coup-
ling 5-amino-N-benzylidene-2-chloropyridine (obtained by
the reduction of 2-chloro-5-nitropyridine and subsequent
protection of the 5-amino-2-chloropyridine with benzal-
dehyde) in the presence of NiII/Zn catalyst, followed by de-
protection with 1  HCl (Scheme 23).[72] Conversion of the
5,5�-diamine hydrochloride to the corresponding bis(dia-
zonium) salt was followed by treatment with potassium
ethyl xanthate to yield the corresponding diethyl 2,2�-bi-
pyridine-5,5�-dixanthate. The latter compound could be
transformed into the respective bis(thioacetate) by treat-
ment with ethanolic KOH and acetyl chloride. Finally, a
complete deprotection afforded the corresponding dianion
of the 5,5�-thiol derivative.[129] Grigg et al. introduced a
general procedure to synthesize 5,5�-bis(aminoalkyl)-2,2�-
bipyridines utilizing the respective 5,5�-bis(bromomethyl)-
2,2�-bipyridine and the respective amines in benzene con-
taining potassium carbonate.[130]

Scheme 23. Preparation of 2,2�-bipyridine-5,5�-dithiol: i) Fe/
NH4Cl, MeOH, H2O, room temp.; ii) PhCHO, MgSO4, Et3N,
CH2Cl2, room temp., 24 h; iii) [NiBr2(PPh3)2], Zn/Et4N�I�/THF,
50�80 °C, 20 h; iv) 1  HCl, reflux; v) 1. NaNO2/H3O�, 2.
KSC(S)OEt, H2O, 65�70 °C; vi) 1. 20% KOH/EtOH, reflux, 2.
CH3COCl, 0�5 °C; vii) NH3/MeOH, room temp., 1 h

Kira et al.[71] reported the synthesis of 5,5�-disilyl-substi-
tuted-2,2�-bipyridines by cross-coupling (bromosilyl)pyrid-
ines utilizing an in situ generated Ni0 catalyst in the pres-
ence of Et4NI and freshly activated zinc. Depending on the
silyl ligand, utilized yields up to 55% were observed.
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The methyl 5�-amino-2,2�-bipyridine-5-carboxylate was
prepared[131] by Stille coupling[20,132] of methyl 2-(trifluoro-
methylsulfonyl)pyridine-5-carboxylate and 2-trimethyltin-5-
nitropyridine (Scheme 24). Methyl 2-(trifluoromethylsul-
fonyl)pyridine-5-carboxylate was synthesized in 72% yield
by methylation of 2-hydroxypyridine-5-carboxylic acid with
(trimethylsilyl)diazomethane and subsequent treatment
with N-phenyltrifluoromethanesulfonamide. Refluxing 2-
bromo-5-nitropyridine with Sn2Me6 in benzene for 6 h gave
the desired tin derivative. The Stille coupling of methyl 2-
(trifluoromethylsulfonyl)pyridine-5-carboxylate and the tin
derivative utilized LiCl and Pd(PPh3)4 in dioxane afforded
methyl 5�-nitro-2,2�-bipyridine-5-carboxylate (73%), which
was reduced by catalytic hydrogenation with Pd/C in EtOH
to give methyl 5�-amino-2,2�-bipyridine-5-carboxylate
(89%). The 5-acetyl-5�-(1-hydroxyethyl)-2,2�-bipyridine was
achieved by reduction of the 5,5�-diacetyl-2,2�-bipyridine,
synthesized by coupling of 3-acetylpyridine, with sodium
borohydride in 44% yield.[52,133]

Scheme 24. Cross-coupling strategy for unsymmetrical 2,2�-bipyri-
dines

The synthesis of 5,5�-dinitrobipyridine was improved by
Lemaire et al. using a catalytic alternative to the Ullmann
reaction.[75] The respective bromo-nitropyridines were cou-
pled by using Pd(OAc)2 to afford the 5,5�-dinitrobipyridine
in 20% yield. 2,2�-Bipyridines and their symmetrical 5,5�-
dimethyl derivatives were prepared in very high yields (�
90%) by utilizing the same procedure using K2CO3, as base,
in DMF/water mixtures.

Taking advantage of the solubility differences of syn-
thetic intermediates offers a tremendous opportunity to
selectively direct multiple reactions on a specific polyfunc-
tional level. To demonstrate this concept, unsymmetrical
5,5�-disubstituted 2,2�-bipyridines were prepared;[51] thus,
starting from diethyl 2,2�-bipyridine-5,5�-dicarboxylate, the
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exclusive formation of the respective monocarbohydrazide
was achieved in 85% yield using 1.5 equiv. of hydrazine hy-
drate and adjusting the polarity of the solvent system with
an EtOH/toluene mixture (Scheme 25). The monocarbohy-
drazide, which precipitated under these tailored conditions,
was converted in 95% into the corresponding 5,5�-carbazide
upon treatment with NaNO2 in concentrated HCl. The
Curtius rearrangement of the monocarbazide was achieved
upon refluxing in xylene/ethanol to afford the (ethoxycar-
bonyl)amine derivative (82%), which was hydrolyzed to give
5�-amino-2,2�-bipyridine-5-carboxylic acid hydrochloride in
89% yield. In order to enhance the solubility characteristics,
the amino acid was subjected to Fischer esterification con-
ditions affording 70% of the non-zwitterionic ethyl 5�-am-
ino-2,2�-bipyridine-5-carboxylate.

Scheme 25. Unsymmetrical 5,5�-disubstituted 2,2�-bipyridines

Another example of the application of limited solubilities
was shown by Schubert et al., in which 5,5�-dimethylbipyri-
dine, synthesized in a convenient and straightforward way
utilizing the Stille-type coupling procedure in 86% yield,
was selectively monofunctionalized (Scheme 26).[22,134] Re-
action of the starting material with LDA at low tempera-
tures resulted in an exclusive monolithiated intermediate,
which was trapped with TMSCl. Reaction with C2Br2F4

and CsF afforded the 5�-bromomethyl-5-methyl-2,2�-bipyri-
dine in 99% yield.[22]
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Scheme 26. Straightforward Stille-type coupling procedure

5.2.4 6,6�-Disubstituted 2,2�-Bipyridines (Table 4)

6,6�-Dimethyl-2,2�-bipyridine (Figure 6) was typically ob-
tained by coupling 2-bromo-6-methylpyridine with Pd/
C,[55�57,135] Raney nickel,[63,64] or tert-BuONa/NiCRA/
PPh3,[73] as described previously. 6,6�-Divinyl-2,2�-bipyri-
dine was prepared by a Wittig reaction, using methyltri-
phenylphosphonium bromide and the corresponding 6,6�-
dialdehyde, which was generated by SeO2 oxidation of 6,6�-
dimethyl-2,2�-bipyridine in refluxing acetic acid.[135]

Figure 6. 6,6�-Disubstituted 2,2�-bipyridines

Free-radical bromination of 6,6�-dimethyl-2,2�-bipyridine
using NBS afforded 6,6�-bis(bromomethyl)-2,2�-bipyri-
dine[56,57,64] in poor yields as well as other polybrominated
materials.[136] 6,6�-Dibromo-2,2�-bipyridine was synthesized
in 72% yield[137] by air oxidation of bis(6-bromo-2-pyridin-
yl)cuprate, obtained by Br � Li exchange of 2,6-dibromo-
pyridine, followed by Li � Cu transmetallation, and sub-
sequent quenching. The use of 2,6-dibromopyridine has
some disadvantages such as high cost, immense net molecu-
lar weight loss, large-scale lithiations, and potentially haz-
ardous coupling procedures. To circumvent at least some of
these problems the cheap and commercially available 2,6-
dichloropyridine can be easily transformed into the corre-
sponding diiodo derivative in 73% yield.[55] 6,6�-Difunc-
tionalized bipyridines have been derived from 6,6�-di-
bromo-2,2�-bipyridine by a Br � Li exchange, followed by
addition of suitable electrophiles, (e.g. N,N-dimethylforma-
mide), to give the respective dialdehyde.[55] Halomethyl de-
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Table 4. 6,6�-Disubstituted 2,2�-bipyridines

R1 R2 Starting material Reagent Ref.

CH3 CH3 2-bromo-6-methylpyridine tBuONa-NiCRA-PPh3
[73]

Pd/C [55�57]

Raney nickel [63,64]

CH3 2-methylsulfinylpyridine 6-Methyl-2-pyridyllithium [39]

CH2CH3 H [96]

CH�CH2 CH�CH2 6,6�-diformyl-2,2�-bipyridine BuLi, CH3PPh3Br [135]

C�CH C�CH 6,6�-dibromo-2,2�-bipyridine 2 steps [110]

chiral diterpene chiral diterpene corresponding chiral 2-chloropyridine (PPh3)2NiCl2, triphenylphosphane, Zn [142]

C�CSi(CH3)3 C�CSi(CH3)3 6,6�-dibromo-2,2�-bipyridine HC�CSi(CH3)3, Pd(PPh3)2Cl2, [110]

CuI, (iPr)2NH
CH2Br CH3 6-hydroxymethyl-6�-methyl-2,2�-bipyridine PBr3

[146]

CH2Br CH2Br 6,6�-dimethyl-2,2�-bipyridine NBS [56,64,136]

CH2Cl H 6-methyl-2,2�-bipyridine NCS [55]

CH2Cl CH2Cl 6,6�-dimethyl-2,2�-bipyridine NCS [55]

LDA, TMSCl, (CFCl2)2
[106]

6,6�-bis(hydroxymethyl)-2,2�-bipyridine SOCl2 [55]

CF3 CF3 2-chloro-6-trifluoromethylpyridine Ni(PPh3)2Cl2/Zn/Et4NI or Pd/C [65]

Br CH3 6-methyl-2-ethylsulfinylpyridine 6-bromo-2-pyridyllithium [39]

Cl CH3 6,6�-dichloro-2,2�-bipyridine NaSMe [47]

Br H 2,2�-bipyridine-2-methylsulfinylpyridine 3-steps 6-bromo-2-pyridyllithium [39,40]

Br Br 2,6-dibromopyridine nBuLi, CuBr [137]

Br OC6H13 6,6�-dibromo-2,2�-bipyridine n-C6H13OH/KOH [141]

CH2OTBS H 2-ethylsulfinylpyridine reagent 2-Pyridyllithium [39]

CH2Cl CH2OH 6,6�-bis(hydroxymethyl)-2,2�-bipyridine [145]

CH2OH CH2OH 6,6�-bis(acetoxymethyl)-2,2�-bipyridine K2CO3
[55]

CH2OAc CH2OAc 6,6�-dimethyl-2,2�-bipyridine N,N�-dioxide Ac2O [55]

OCH3 OCH3 2-chloro-6-methoxypyridine tBuONa-NiCRA-PPh3 NiCl2, [73,74]

PPh3, Zn [61]

OC6H13 OC6H13 6,6�-dibromo-2,2�-bipyridine n-C6H13OH/KOH [141]

OR OR MEC-31, ROH [141]

(R � Me, Et, Pr, Bu, Hex)
manisyl manisyl 4-methoxy-2,6-dimethylbromobenzene, ZnCl2 [25]

halopyridine
CH(OH)CH3 CH(OH)CH3 7-methyltriazolopyridine H2SO4

[143]

CH(OAc)CH3 CH(OAc)CH3 7-methyltriazolopyridine HOAc [143]

CHOCH3 CHOCH3 7-methyltriazolopyridine SeO2, xylene [143]

SEt H 6-ethylthio-2-ethylsulfinylpyridine 2-Pyridyllithium [39]

CHO CHO 6,6�-dimethyl-2,2�-bipyridine SeO2
[135]

6,6�-bis(bromomethyl)-2,2�-bipyridine DMSO [64]

COCH3 COCH3
[143]

CO2H CO2H 6,6�-dimethyl-2,2�-bipyridine SeO2
[136]

H CO2CH3 methyl 2-chloropyridine-6-carboxylate 2-(trimethylstannyl)pyridine, [93]

(PPh3)2PdCl2
CN CN 2,2�-bipyridine MCPBA, (CH3)3SiCN, PhCOCl [136]

CH2NH2 CH2NH2 6,6�-dicyano-2,2�-bipyridine BH3·THF [56,136]

NH2 NH2 6,6�-dibromo-2,2�-bipyridine Liq. NH3
[141]

NH2 NHC12H25 6,6�-diamino-2,2�-bipyridine KOH, n-dodecyl bromide [141]

NHC12H25 NHC12H25 6,6�-diamino-2,2�-bipyridine NaH, n-dodecyl bromide [141]

rivatives are the starting material for the incorporation of
bipyridine into macrocycles[138] and can be prepared either
by free-radical halogenation[55] or by treating the corre-
sponding alcohols with thionyl halide.[139] Thus, the re-
duction of the 6,6�-dialdehyde gave the corresponding 6,6�-
bis(carbinol), which could also be prepared by treating
bis(N-oxide) with Ac2O to afford the corresponding bis(a-
cetate), followed by saponification with K2CO3 in EtOH.
Treatment of the bis(carbinol) with redistilled SOCl2[139]

yielded the bis(chloromethyl) derivative.[55] 6,6�-Diamino-
2,2�-bipyridine was synthesized from 6,6�-dibromo-2,2�-bi-
pyridine (see above-described procedure)[137] in three steps
by hydrazinolysis of the bromo functionalities in 95% yield.
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The resulting hydrazide groups were treated with HCl/
NaNO2 and yielded the bis(azide) (92%). Phase-transfer-
catalyzed reduction of the azide groups with NaBH4 af-
forded the diamino derivative (59%).[140,141]

The already described procedures of Siegel[25] and Con-
stable[31,32] afford access to 6,6�-disubstituted 2,2�-bipyri-
dines with new aromatic ligands. Recently, Kocovsky et
al.[142] presented a coupling procedure, which uses a
[(PPh3)2NiCl2] catalyst, triphenylphosphane, and zinc to
generate chiral diterpene-substituted 2,2�-bipyridines in
yields up to 90%. Thummel et al. described in a recently
published review chiral 2,2�-bipyridines, 1,10-phenanthrol-
ines, and 2,2�:6�,2��-terpyridines.[9]
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Triazolopyridines react upon treatment with lithium re-

agents at �70 °C to form a 7-lithio dimer intermediate,
which further gave rise to the 7,7�-bis(triazolo)pyridine
(50%). Simple triazolopyridines gave free pyridines when
treated with electrophiles, thus these 6�5 ring systems can
be used to produce 2,2�-bipyridines. Treatment of 7,7�-bis-
(triazolo)pyridine with aqueous sulfuric acid afforded a bis-
(alcohol) derivative in 90% yield. While treatment of the
dimer with hot glacial acid yielded a bis(acid) derivative in
70% yield and reaction with selenium dioxide in boiling xy-
lene gave the bis(aldehyde) derivative in 74% yield
(Scheme 27).[143]

Scheme 27. Triazolopyridines, source for 2,2�-bipyridines

Reaction of 6,6�-dimethyl-2,2�-bipyridine with 1 equiv. of
m-chloroperbenzoic acid gave the corresponding mono(N-
oxide), which, when refluxed in Ac2O, gave the monoacet-
ate, which was hydrolyzed, affording the corresponding
hydroxymethyl derivative.[55]

Newkome et al. described further selective derivatization
of the 6,6�-bis(hydroxymethyl)-2,2�-bipyridine (Scheme 28).
[144,145] The monolithiated intermediate could be selectively

Scheme 28. Selective derivatization of the 6,6�-bis(hydroxymethyl)-
2,2�-bipyridine
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precipitated under certain solvent/temperature/concen-
tration conditions. Subsequent treatment with methanesul-
fonyl chloride gave the 6�-hydroxymethyl-6-[(methylsulfon-
yl)methyl]-2,2�-bipyridine (65%). If the monolithium salt
was treated with LiBr, 6-bromomethyl-6�-hydroxymethyl-
2,2�-bipyridine was isolated in 88% yield. Moreover, oligo-
pyridines could be achieved by reaction of the bipyridine
monolithium salt with the bipyridine mesylate in 52%
yield.[144,145] The procedure of coupling 6-lithiomethyl-2,2�-
bipyridine with 5,5�-bis(bromomethyl)-2,2�-bipyridine af-
forded oligopyridines (40%).[146]

A general route to synthesize 6,6�-alkoxy-2,2�-bipyridines
was introduced by Shreeve et al. Reaction of MEC-31
[bis(N-fluoro)-2,2�-bipyridine tetrafluoroborate] with vari-
ous non-fluorinated alcohols at 60 °C forms the respective
6,6�-alkoxy-2,2�-bipyridines in yields of 88�95%.[147]

6 Transformations of Functionalized Groups

Meyer et al. have synthesized[148] side-chain derivatives
by functionalization of 4,4�-dimethyl-2,2�-bipyridine with n-
butyllithium (Figure 7). The resulting equilibrium mixture
of the respective mono- and dilithiated bipyridines was
treated with a variety of electrophiles. It should be noted
that less than 1 equiv. of n-butyllithium was used to mini-
mize polymetalation. Reaction of the 4-(lithiomethyl)-4�-
methylbipyridine with dry ice gave 4�-methyl-2,2�-bipyri-
dine-4-acetic acid (66%), which is stable at 25 °C but has
been shown to undergo facile decarboxylation upon warm-
ing.[148] This facile decarboxylation can be easily prevented
by esterification using a BF3·MeOH complex at 0 °C in
order to form the methyl ester. The monolithiated bipyri-
dine was also treated with 2-(2-bromoethyl)-1,3-dioxolane
to generate the respective dioxolane derivative, which on
acidic deprotection gave the 4-(3-formylpropyl)-4�-methyl-
2,2�-bipyridine. Moreover, the latter compound could be
transformed into different end groups by standard pro-
cedures. Oxidation of the aldehyde with KMnO4 gave the
corresponding carboxylic acid; whereas, reduction with
NaBH4 afforded the alcohol, which on further treatment
with HBr was converted into the bromobutyl derivative.
This lengthy route was reported to be of advantage for the
preparation of bromobutyl derivatives,[148] compared to the
treatment of the lithiated derivative of 4,4�-dimethyl-2,2�-
bipyridine with 1,3-dibromopropane,[149] since purification
was easier in the former. The two-step Gabriel synthesis[150]

with the bromobutyl derivative gave the corresponding bu-
tylamine (90%). Further amino derivatives were accessible
according to a Gabriel protocol utilizing potassium phthali-
mide, followed by hydrazinolysis in 90% yield.[119] Several
other bromination methods of the side chains or methyl
substituents of respective 2,2�-bipyridines were described by
Sullivan et al.,[151] Balzani et al.,[152] and Kamachi et
al.[153,154] by using N-bromosuccinimide or radical bromin-
ation applying different radical starters. Using the Boekel-
heide[97] rearrangement, 4,4�-dimethyl-2,2�-bipyridine was
treated with MCPBA to form the mono(N-oxide) (section
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5.2). Subsequent treatment with Ac2O, followed by a hy-
drolysis with ethanolic sodium hydroxide resulted in 41%
of 4-methyl-4�-hydroxymethyl-2,2�-bipyridine. Oxidation of
the latter with MnO2 gave the corresponding aldehyde
(58%), previously synthesized in 32% yield by the SeO2 oxi-
dation of 4,4�-dimethyl-2,2�-bipyridine.[48,113] 4�-Aminome-
thyl-4-methyl-2,2�-bipyridine dihydrochloride was prepared
(90%) by treatment of the aldehyde composition with
NH2OH·HCl and subsequent reduction (73%) of the oxime
with Pd/C. 4�-Hydroxymethyl-4-methyl-2,2�-bipyridine can
be easily transformed into the respective bromo derivative
in 92% yield by treatment with aqueous HBr.

Figure 7. Side-chain derivatives

In distance-dependency studies on electron-transfer rates
within tris(bipyridine)ruthenium() complexes, Mallouk et
al. prepared several bromoalkyl derivatives with alkyl spa-
cers from 4,4�-dimethyl-2,2�-bipyridine.[149] Thus, subjecting
4,4�-dimethyl-2,2�-bipyridine to ca. 1 equiv. of LiN(iPr)2,
followed by addition of ethylene oxide gave the 4-(3-
hydroxypropyl)-4�-methyl-2,2�-bipyridine (78%). Sub-
sequent treatment with HBr/acetic acid afforded the corre-
sponding mono(bromopropyl) derivative (55%). Other
bromoalkyl derivatives were directly prepared from 4,4�-di-
methyl-2,2�-bipyridine by this selective monolithiation, fol-
lowed by addition of dibromoalkanes in good yields
(79�87%).[149] Sauvage et al.[69] converted 4,4�-bis(lithiome-
thyl)-2,2�-bipyridine into the corresponding bis(bromoal-
kyl) derivative via the diol derivative by treatment with HBr.

Amino acids of 2,2�-bipyridine are available by further
derivatization of the bromomethyl derivative. Bowler et al.
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introduced a 2,2�-bipyridine amino acid synthesis[155] as
well as a further derivatization to create metalloamino
acids.[156] The respective bromobipyridine is coupled to N-
(diphenylmethylene)glycin-tert-butyl ester. According to
classical amino acid chemistry, the ligand was further deriv-
atized to a BOC-protected amino acid that could be used
as a chelating ligand in organometallic chemistry.

Using a high-pressure-promoted condensation with iso-
thiocyanates, Kotsuki et al.[157] generated the thiourea de-
rivatives in good yields. Starting with the 4-amino-2,2�-bi-
pyridine and phenyl isothiocyanate, the thiourea was iso-
lated in 68% yield. The reaction was performed in THF
applying 0.6 GPa (Scheme 29).

Scheme 29. High-pressure-promoted condensation

Ziessel et al.[158] reported a general way to form polypyri-
dine esters and their subsequent transformation to hydroxy
and aldehyde groups as well as a convenient way to insert
additional ester, hydroxy, and aldehyde functional groups
into 5,5�-dimethyl-2,2�-bipyridine (Scheme 30). Reaction of
6-bromo-5�-dibromomethyl-2,2�-bipyridine with n-propyl-
amine or n-decylamine and further conversion afforded 5�-
alkylaminomethyl-2,2�-bipyridine derivatives in 30�85%
yield.[159] Constable et al.[160] presented a Suzuki-type reac-

Scheme 30. Additional groups within 5,5�-dimethyl-2,2�-bipyridine
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tion to prepare a 5,5�-bis(hydroxyphenyl)-2,2�-bipyridine
from 5,5�-dibromo-2,2�-bipyridine[94] and 3-methoxyphe-
nylboronic acid. Stille-type conditions are also very valu-
able to synthesize new modified 2,2�-bipyridines (section
4.2). 2,2�-Bipyridylstannane[83] was coupled to the respec-
tive chlorides with Pd(PPh3)4 in good yields (42 and
60%).[161,162] Utilizing dichloropyrimidine[129] or tetrachlo-
ronaphthyridine[130] derivatives, as new building units for
grid-forming ligands could be obtained. 5-Bromomethyl-5�-
methyl-2,2�-bipyridine serves as the chelating portion in po-
dands as tripodal ligands; the reaction was conducted in
DMF utilizing Cs2CO3 in 30�83% yield.[163] Other oligobi-
pyridines of this type possessing a carboxylate and at least
one bromoethyl group are synthesized by Ulrich et al.[164]

As calixarenes are known to be good candidates for com-
plexing neutral or organic guests in their cavities, or, when
modified by incorporation of chelating arms, of various me-
tal species, new bifunctional calix[4]arenes were obtained in
90% yield by coupling 6-bromomethyl-6�-methyl-2,2�-bi-
pyridine and p-tert-butylcalix[4]arene utilizing BaO/
Ba(OH)2 in DMF.[165,166]

7 Conclusion

The growing interest in the field of supramolecular and
macromolecular chemistry as well as nanoscience has led to
the development of new strategies for the synthesis of vari-
ous 2,2�-bipyridine derivatives. The main synthetic efforts
were directed towards selective monofunctionalized and
symmetrical and unsymmetrical bis(functionalized) 2,2�-bi-
pyridine derivatives. Major synthetic success was made by
applying coupling procedures such as Stille-type, Negishi-
type, Suzuki-type reactions as well as using ring-assembling
reactions like the Kröhne-type condensations. These reac-
tions allow access to diverse 2,2�-bipyridines in high yields
and controlled reaction conditions. The new and very versa-
tile ‘‘library’’ of compounds presents the basis for a
straightforward design of innovative materials, which bridge
the organic/inorganic divide. The utility of this well-known
bidentate in various branches of chemistry is currently ex-
pressed in new applications for photo-induced electron- and
energy-transfer processes, dendrimer construction through
connectivity, branching and self-assembly of supramolecu-
lar systems, functional polymers, molecular recognition sys-
tems, and new catalytic species. Several interesting new
routes for bipyridine-containing nanodevices, nanoparticles,
and novel metallopolymers with new favorable character-
istics were described recently.[138,166�178]

Acknowledgments
The authors would like to thank the Dutch Polymer Institute
(DPI), the Fonds der Chemischen Industrie, the National Science
Foundation (DMR-0196231, DMR 99-01393), and the Office of
Naval Research (N00014-01-1-0856) as well as the Ohio Board of
Regents for financial support.

 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org Eur. J. Org. Chem. 2004, 235�254252

[1] F. Blau, Ber. Dtsch. Chem. Ges. 1888, 21, 1077�1078.
[2] F. Trecourt, B. Gervais, O. Mongin, C. Le Gal, F. Mongin, G.

Queguiner, J. Org. Chem. 1998, 63, 2892�2897.
[3] F. Mongin, F. Trecourt, B. Gervais, O. Mongin, G. Queguiner,

J. Org. Chem. 2002, 67, 3272�3276.
[4] M. Stadler, F. Bauch, T. Henkel, A. Muhlbauer, H. Muller, F.

Spaltmann, K. Weber, Arch. Pharm. 2001, 334, 143�147.
[5] F. Kröhnke, Synthesis 1976, 1�24.
[6] G. R. Newkome, The Reviews of Pyridine Chemistry �

1968�1982, John Wiley & Sons, New York, 1984.
[7] L. A. Summer, Adv. Heterocycl. Chem. 1984, 35, 281�374.
[8] U. S. Schubert, C. Eschbaumer, Angew. Chem. Int. Ed. 2002,

41, 2892�2926, Angew. Chem. 2002, 114, 3016�3050.
[9] G. Chelucci, R. P. Thummel, Chem. Rev. 2002, 102,

3129�3170.
[10] P. Tomasik, Z. Ratajewicz, Pyridine Metal Complexes, John

Wiley & Sons, New York, 1985.
[11] N. C. Fletcher, J. Chem. Soc., Perkin Trans. 1 2002, 1831�1842.
[12] J.-M. Lehn, Angew. Chem. Int. Ed. Engl. 1988, 27, 89�112,

Angew. Chem. 1988, 100, 91�116.
[13] C. Creutz, Comments Inorg. Chem. 1982, 1, 293�311.
[14] A. Juris, V. Balzani, F. Barigelletti, S. Campagna, P. Belser, A.

von Zelewsky, Coord. Chem. Rev. 1988, 84, 85�277.
[15] E. D. McKenzie, Coord. Chem. Rev. 1971, 6, 187�216.
[16] S. Welter, K. Brunner, J. W. Hofstraat, L. De Cola, Nature

2003, 421, 54�57.
[17] C. Kaes, A. Katz, M. W. Hosseini, Chem. Rev. 2000, 100,

3553�3590.
[18] P. E. Fanta, Synthesis 1974, 9�21.
[19] J. K. Stille, Angew. Chem. Int. Ed. Engl. 1986, 25, 508�523,

Angew. Chem. 1986, 98, 504�519.
[20] A. M. Echavarren, J. K. Stille, J. Am. Chem. Soc. 1987, 109,

5478�5486.
[21] E. Negishi, A. O. King, N. Okukado, J. Org. Chem. 1977, 42,

1821�1823.
[22] U. S. Schubert, C. Eschbaumer, G. Hochwimmer, Tetrahedron

Lett. 1998, 39, 8643�8644.
[23] U. S. Schubert, C. Eschbaumer, M. Heller, Org. Lett. 2000,

2, 3373�3376.
[24] S. A. Savage, A. P. Smith, C. L. Fraser, J. Org. Chem. 1998,

63, 10048�10051.
[25] J. C. Loren, J. S. Siegel, Angew. Chem. Int. Ed. 2001, 40,

754�757, Angew. Chem. 2001, 113, 776�779.
[26] A. Lützen, M. Hapke, Eur. J. Org. Chem. 2002, 2292�2297.
[27] F. Mongin, F. Trecourt, O. Mongin, G. Queguiner, Tetrahedron

2002, 58, 309�314.
[28] G. R. Newkome, D. C. Hager, J. Am. Chem. Soc. 1978, 100,

5567�5568.
[29] T. Kawai, N. Furukawa, Tetrahedron Lett. 1984, 25,

2549�2552.
[30] S. Oae, T. Takeda, S. Wakabayashi, Tetrahedron Lett. 1988,

29, 4445�4448.
[31] E. C. Constable, M. J. Hannon, P. Harverson, M. Neuburger,

D. R. Smith, V. F. Wanner, L. A. Whall, M. Zehnder, Poly-
hedron 2000, 19, 23�34.

[32] E. C. Constable, C. E. Housecroft, M. Neuburger, I. Poleschak,
M. Zehnder, Polyhedron 2003, 22, 93�108.

[33] L. Charbonniere, R. Ziessel, M. Guardigli, A. Roda, N. Sabba-
tini, M. Cesario, J. Am. Chem. Soc. 2001, 123, 2436�2437.

[34] H. Bonneman, R. Brinkmann, Synthesis 1975, 600�602.
[35] Y. Uchida, H. Kozawa, Tetrahedron Lett. 1989, 30, 6365�6368.
[36] Y. Uchida, K. Onoue, N. Tada, F. Nagao, Tetrahedron Lett.

1989, 30, 567�570.
[37] Y. Uchida, R. Kajita, Y. Kawasaki, S. Oae, Tetrahedron Lett.

1995, 36, 4077�4080.
[38] N. Furukawa, T. Shibutani, H. Fujihara, Tetrahedron Lett.

1989, 30, 7091�7094.
[39] J. Uenishi, T. Tanaka, S. Wakabayashi, S. Oae, Tetrahedron

Lett. 1990, 31, 4625�4628.
[40] E. C. Constable, S. M. Elder, J. Healy, D. A. Tocher, J. Chem.

Soc., Dalton Trans. 1990, 1669�1674.



Synthesis of 2,2�-Bipyridines MICROREVIEW
[41] G. M. Badger, W. H. F. Sasse, J. Chem. Soc. 1956, 616�620.
[42] W. H. F. Sasse, J. Chem. Soc. 1959, 3046�3049.
[43] W. H. F. Sasse, C. P. Whittle, J. Chem. Soc. 1961, 1347�1350.
[44] G. R. Newkome, C. D. Weis, Org. Prep. Proced. Int. 1996, 28,

485�488.
[45] V. Percec, B. Barboiu, H.-J. Kim, J. Am. Chem. Soc. 1998,

120, 305�316.
[46] P. N. W. Baxter, J. A. Connor, J. Organomet. Chem. 1988,

355, 193�196.
[47] S. Anderson, E. C. Constable, K. R. Seddon, J. E. Turp, J. E.

Baggott, M. J. Pilling, J. Chem. Soc., Dalton Trans. 1985,
2247�2262.

[48] J. Polin, E. Schmohel, V. Balzani, Synthesis 1998, 321�324.
[49] F. Ebmeyer, F. Vögtle, Chem. Ber. 1989, 122, 1725�1728.
[50] J. C. Carey, W. H. F. Sasse, Aust. J. Chem. 1986, 21, 207�216.
[51] G. R. Newkome, J. Gross, A. K. Patri, J. Org. Chem. 1997,

62, 3013�3014.
[52] S. Munavalli, M. Grätzel, Chem. Ind. 1987, 20, 722�724.
[53] H. R. Li, J. Lin, H. J. Zhang, H. C. Li, L. S. Fu, Q. G. Meng,

Chem. Commun. 2001, 1212�1213.
[54] K. Nakamaru, Bull. Chem. Soc. Jpn. 1982, 55, 2697�2705.
[55] G. R. Newkome, W. E. Puckett, G. E. Kiefer, V. K. Gupta, Y.

Xia, M. Coreil, M. A. Hackney, J. Org. Chem. 1982, 47,
4116�4120.

[56] Z. Wang, J. Reibenspies, R. J. Motekaitis, A. E. Martell, J.
Chem. Soc., Dalton Trans. 1995, 1511�1518.

[57] C. D. Eisenbach, A. Goeldel, M. Terskan-Reinold, U. S. Schu-
bert, Macromol. Chem. Phys. 1995, 196, 1077�1091.

[58] N. E. Leadbeater, S. M. Resouly, Tetrahedron Lett. 1999, 40,
4243�4246.

[59] P. W. Jolly, G. Wilke, The Organic Chemistry of Nickel, Aca-
demic Press, New York, 1975.

[60] P. W. Jolly, Nickel Catalyzed Coupling of Organic Halides and
Related Reactions, Pergamon Press, New York, 1982.

[61] M. Tiecco, L. Testaferri, M. Tingoli, D. Chianelli, M. Montan-
ucci, Synthesis 1984, 736�738.

[62] M. Iyoda, H. Otsuka, K. Sato, N. Nisato, M. Oda, Bull. Chem.
Soc. Jpn. 1990, 63, 80�87.

[63] T. Rode, E. Breitmaier, Synthesis 1987, 574�575.
[64] F. Vögtle, R. Hochberg, F. Kochendoerfer, P.-M. Windscheif,

M. Volkmann, M. Jansen, Chem. Ber. 1990, 123, 2181�2185.
[65] K. S. Chan, A. K. S. Tse, Synth. Commun. 1993, 23,

1929�1934.
[66] H. Langhals, S. Pust, Chem. Ber. 1985, 118, 4674�4681.
[67] C. Naumann, H. Langhals, Synthesis 1990, 279�281.
[68] E. V. Dehmlow, H.-J. Schulz, Liebigs Ann. Chem. 1987,

1123�1124.
[69] J.-C. Chambron, J.-P. Sauvage, Tetrahedron 1987, 43, 895�904.
[70] C. S. Chao, C. H. Cheng, C. T. Chang, J. Org. Chem. 1983,

48, 4904�4907.
[71] A. F. Stange, S. Tokura, M. Kira, J. Organomet. Chem. 2000,

612, 117�124.
[72] B. Zhang, R. Breslow, J. Am. Chem. Soc. 1997, 119,

1676�1681.
[73] Y. Fort, S. Becker, P. Caubère, Tetrahedron 1994, 50,

11893�11902.
[74] R. Vanderesse, M. Lourak, Y. Fort, P. Caubère, Tetrahedron

Lett. 1986, 27, 5483�5486.
[75] J. Hassan, V. Penalva, L. Lavenot, C. Gozzi, M. Lemaire,

Tetrahedron 1998, 54, 13793�13804.
[76] K. Naka, T. Uemura, Y. Chujo, J. Polym. Sci. Part A: Polym.

Chem. 2001, 39, 4083�4090.
[77] J. E. Parks, B. E. Wagner, R. H. Holm, J. Organomet. Chem.

1973, 56, 53�66.
[78] T. Tamao, S. Kodama, I. Nakajima, M. Kumada, A. Minato,

M. Sykora, Tetrahedron 1982, 38, 3347�3352.
[79] J. Hawiniwa, Y. Higuchi, Abstr. Pap. Am. Chem. Soc. 1973,

93, 144�148.
[80] Y. Yamamoto, Y. Azuma, H. Mitoh, Synthesis 1986, 564�565.
[81] U. S. Schubert, C. Eschbaumer, G. Hochwimmer, Synthesis

1999, 779�782.

Eur. J. Org. Chem. 2004, 235�254 www.eurjoc.org  2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 253

[82] D. J. Cárdenas, J.-P. Sauvage, Synlett 1996, 916�918.
[83] G. S. Hanan, U. S. Schubert, D. Volkmer, E. Rivière, J.-M.

Lehn, N. Kyritsakas, J. Fischer, Can. J. Chem. 1997, 75,
169�182.

[84] U. S. Schubert, C. Eschbaumer, Org. Lett. 1999, 1, 1027�1029.
[85] G. Ulrich, S. Bedel, C. Picard, P. Tisnes, Tetrahedron Lett.

2001, 42, 6113�6115.
[86] U. S. Schubert, C. H. Weidl, J. M. Lehn, Des. Monomers Polym.

1999, 2, 1�17.
[87] N. Miyaura, A. Suzuki, Chem. Rev. 1995, 95, 2457�2483.
[88] F. Neve, A. Crispini, F. Loiseau, S. Campagna, J. Chem. Soc.,

Dalton Trans. 2000, 1399�1401.
[89] F. Neve, A. Crispini, S. Serroni, F. Loiseau, S. Campagna, In-

org. Chem. 2001, 40, 1093�1101.
[90] F. Neve, A. Crispini, S. Campagna, S. Serroni, Inorg. Chem.

1999, 38, 2250�2258.
[91] F. Neve, M. Ghedini, O. Francescangeli, S. Campagna, Liq.

Cryst. 1998, 24, 673�680.
[92] V. Grosshenny, F. M. Romero, R. Ziessel, J. Org. Chem. 1997,

62, 1491�1500.
[93] C. A. Panetta, H. J. Kumpaty, N. E. Heimer, M. C. Leavy, C.

L. Hussey, J. Org. Chem. 1999, 64, 1015�1021.
[94] F. M. Romero, R. Ziessel, Tetrahedron Lett. 1995, 36,

6471�6474.
[95] C. Botteghi, G. Chelucci, G. Chessa, G. Delogu, S. Gladiali, F.

Soccolini, J. Organomet. Chem. 1986, 304, 217�225.
[96] M. A. Cinellu, G. Minghetti, M. V. Pinna, S. Stoccoro, A.

Zucca, M. Manassero, M. Sansoni, J. Chem. Soc., Dalton
Trans. 1998, 1735�1741.

[97] V. Boekelheide, W. J. Linn, J. Am. Chem. Soc. 1954, 76,
1286�1289.

[98] C. L. Fraser, N. R. Anastasi, J. J. S. Lamba, J. Org. Chem.
1997, 62, 9314�9317.

[99] P. N. W. Baxter, J. A. Connor, J. D. Wallis, D. C. Povey, A. K.
Powell, J. Chem. Soc., Perkin Trans. 1 1992, 1601�1606.

[100] P. N. W. Baxter, J. A. Connor, D. C. Povey, J. D. Wallis, J.
Chem. Soc., Chem. Commun. 1991, 1135�1137.

[101] I. F. Eckhard, L. A. Summer, Aust. J. Chem. 1973, 26,
2727�2728.

[102] J. Rebek Jr., T. Costello, R. Wattley, J. Am. Chem. Soc. 1985,
107, 7487�7493.

[103] E. V. Dehmlow, A. Sleegers, Liebigs Ann. Chem. 1992,
953�960.

[104] L. Kaczmarek, P. Borowicz, A. Grabowska, J. Photochem. Pho-
tobiol. A 2001, 138, 159�166.

[105] G. R. Newkome, G. E. Kiefer, Y.-J. Xia, V. K. Gupta, Synthesis
1984, 676�679.

[106] S. Quici, M. Cavazzini, S. Ceragioli, F. Montanari, G. Pozzi,
Tetrahedron Lett. 1999, 40, 3647�3650.

[107] A. P. Smith, P. S. Corbin, C. L. Fraser, Tetrahedron Lett. 2000,
41, 2787�2789.

[108] C. G. Griggs, D. J. H. Smith, J. Chem. Soc., Perkin Trans. 1
1982, 3041�3043.

[109] C. Campa, J. Camps, J. Font, P. D. March, J. Org. Chem. 1987,
52, 521�525.

[110] J. Suffert, R. Ziessel, Tetrahedron Lett. 1991, 32, 757�760.
[111] T. R. Kelly, Y.-J. Lee, R. J. Mears, J. Org. Chem. 1997, 62,

2774�2781.
[112] O. Kocian, R. J. Mortimer, P. D. Beer, Tetrahedron Lett. 1990,

31, 5069�5072.
[113] G. Veriot, J.-P. Dutasta, G. Matouzenko, A. Collect, Tetra-

hedron 1995, 51, 389�400.
[114] A. R. Oki, R. J. Morgan, Synth. Commun. 1995, 25,

4093�4098.
[115] P. Dupau, T. Renouard, H. Le Bozec, Tetrahedron Lett. 1996,

37, 7503�7506.
[116] L. D. Ciana, W. J. Dressick, A. V. Zelewsky, J. Heterocycl.

Chem. 1990, 27, 163�165.
[117] H. D. Abruña, A. I. Breikss, D. B. Collum, Inorg. Chem. 1985,

24, 987�988.



G. R. Newkome, A. K. Patri, E. Holder, U. S. SchubertMICROREVIEW
[118] J. P. Kirby, J. A. Roberts, D. G. Nocera, J. Am. Chem. Soc.

1997, 119, 9230�9236.
[119] K.-O. Hwang, T. Sasaki, J. Mater. Chem. 1998, 8, 2153�2156.
[120] P. D. Beer, S. W. Dent, G. S. Hobbs, T. J. Wear, Chem. Commun.

1997, 99�100.
[121] H. F. M. Nelissen, M. Kercher, L. De Cola, M. C. Feiters, R.

J. M. Nolte, Chem. Eur. J. 2002, 8, 5407�5414.
[122] H. F. M. Nelissen, A. F. J. Schut, M. C. Feiters, R. J. M. Nolte,

F. Venema, Chem. Commun. 2000, 577�578.
[123] H. F. M. Nelissen, M. C. Feiters, R. J. M. Nolte, J. Org. Chem.

2002, 67, 5901�5906.
[124] F. M. Romero, R. Ziessel, Tetrahedron Lett. 1994, 35,

9203�9206.
[125] Z. Peng, A. R. Gharavi, L. Yu, J. Am. Chem. Soc. 1997, 119,

4622�4632.
[126] C. P. Whittle, J. Heterocycl. Chem. 1977, 14, 191�194.
[127] S. G. Telfer, A. F. Williams, G. Bernardinelli, Chem. Commun.

2001, 1498�1499.
[128] D. V. Banthorpe, Rearrangements involving azido groups, Inter-

science Publishers, New York, 1971.
[129] R. Breslow, B. Zhang, J. Am. Chem. Soc. 1992, 114,

5882�5883.
[130] R. Grigg, W. D. J. A. Norbert, J. Chem. Soc., Chem. Commun.

1992, 1300�1302.
[131] A. Torrado, B. Imperiali, J. Org. Chem. 1996, 61, 8940�8948.
[132] O. Henze, U. Lehmann, A. D. Schlüter, Synthesis 1999,

683�683.
[133] F. Paolucci, M. Marcaccio, S. Roffia, G. Orlandi, F. Zerbetto,

M. Prato, M. Maggini, G. Scorrano, J. Am. Chem. Soc. 1995,
117, 6572�6580.

[134] M. Heller, U. S. Schubert, J. Org. Chem. 2002, 8269�8272.
[135] G. R. Newkome, G. E. Kiefer, N. Matsumura, W. E. Puckett,

J. Org. Chem. 1985, 50, 3807�3810.
[136] V.-M. Mukkala, M. Kwiatkowski, J. Kankare, H. Takalo, Helv.

Chim. Acta 1993, 76, 893�899.
[137] T. Garber, D. P. Rillema, Synth. Commun. 1990, 20,

1233�1239.
[138] G. R. Newkome, V. K. Gupta, J. D. Sauer, Macrocyclic Pyri-

dines, John Wiley and Sons, New York, 1984.
[139] A. I. Vogel, Textbook of Practical Organic Chemistry, Long-

man, Oxford, UK, 1994.
[140] J. P. Schneider, R. S. Topgi, J. W. Kelly, Syn. Commun. 1992,

22, 1033�1037.
[141] N. Kishii, K. Araki, S. Shiraishi, J. Chem. Soc., Dalton Trans.

1985, 373�378.
[142] A. V. Malkov, I. R. Baxendale, M. Bella, V. Langer, J. Fawcett,

D. R. Russell, D. J. Mansfield, M. Valko, P. Kocovsky, Or-
ganometallics 2001, 20, 673�690.

[143] G. Jones, M. A. Pitman, E. Lunt, D. J. Lythgoe, B. Abarca, R.
Ballesteros, M. Elmasnaouy, Tetrahedron 1997, 53, 8257�8268.

[144] C. D. Eisenbach, U. S. Schubert, G. R. Baker, G. R. Newkome,
J. Chem. Soc., Chem. Commun. 1995, 69�70.

[145] U. S. Schubert, J. L. Kersten, A. E. Pemp, C. D. Eisenbach, G.
R. Newkome, Eur. J. Org. Chem. 1998, 2573�2581.

[146] M.-H. Shu, W.-Y. Sun, C.-Y. Duan, Y.-J. Fu, W.-J. Zhang, W.-
X. Tang, J. Chem. Soc., Dalton Trans. 1999, 729�734.

[147] S. Manandhar, R. P. Singh, G. V. Eggers, J. M. Shreeve, J. Org.
Chem. 2002, 6415�6420.

[148] L. D. Ciana, I. Hamachi, T. J. Meyer, J. Org. Chem. 1989, 54,
1731�1735.

[149] E. H. Yonemoto, G. B. Saupe, R. H. Schmehl, S. M. Hubig,

 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org Eur. J. Org. Chem. 2004, 235�254254

R. L. Riley, B. L. Iverson, T. E. Mallouk, J. Am. Chem. Soc.
1994, 116, 4786�4795.

[150] D. Landini, F. Rolla, Synthesis 1976, 389�391.
[151] S. Gould, G. F. Strouse, T. J. Meyer, B. P. Sullivan, Inorg. Chem.

1991, 30, 2942�2949.
[152] R. Ballardini, V. Balzani, M. Clemente-Leon, A. Credi, M. T.

Gandolfi, E. Ishow, J. Perkins, J. F. Stoddart, H. R. Tseng, S.
Wenger, J. Am. Chem. Soc. 2002, 124, 12786�12795.

[153] M. Furue, M. Naiki, Y. Kanematsu, T. Kushida, M. Kamachi,
Coord. Chem. Rev. 1991, 111, 221�226.

[154] M. Furue, T. Yoshidzumi, S. Kinoshita, T. Kushida, S. Nozak-
ura, M. Kamachi, Bull. Chem. Soc. Jpn. 1991, 64, 1632�1640.

[155] K. J. Kise Jr., B. E. Bowler, Tetrahedron: Asymmetry 1998, 9,
3319�3324.

[156] K. J. Kise Jr., B. E. Bowler, Inorg. Chem. 2002, 41, 379�386.
[157] K. Kumamoto, Y. Misawa, S. Tokita, Y. Kubo, H. Kotsuki,

Tetrahedron Lett. 2002, 43, 1035�1038.
[158] A. El ghayoury, R. Ziessel, J. Org. Chem. 2000, 65, 7757�7763.
[159] N. Weibel, L. J. Charbonnière, R. F. Ziessel, J. Org. Chem.

2002, 7876�7879.
[160] C. B. Smith, E. C. Constable, C. E. Housecroft, B. M. Kariuki,

Chem. Commun. 2002, 2068�2069.
[161] P. D. Jones, T. E. Glass, Tetrahedron Lett. 2001, 42, 2265�2267.
[162] J. P. Plante, P. D. Jones, D. R. Powell, T. E. Glass, Chem. Com-

mun. 2003, 336�337.
[163] G. Ulrich, S. Bedel, C. Picard, Tetrahedron Lett. 2002,

8835�8837.
[164] S. Bedel, G. Ulrich, C. Picard, P. Tisnès, Synthesis 2002,

1564�1570.
[165] P. Engrand, J.-B. Regnouf-de-Vains, Tetrahedron Lett. 2002,

8863�8866.
[166] G. Ulrich, R. Ziessel, I. Manet, M. Guardigli, N. Sabbatini, F.

Fraternali, G. Wipff, Chem. Eur. J. 1997, 3, 1815�1822.
[167] J.-M. Lehn, Supramolecular Chemistry, Concepts and Perspec-

tives, VCH, Weinheim, 1995.
[168] M. Barboiu, J. Lehn, Proc. Natl. Acad. Sci. U. S. A. 2002,

99, 5201�5206.
[169] J. M. Lehn, Chem. Eur. J. 2000, 6, 2097�2102.
[170] F. Voegtle, M. Plevoets, M. Nieger, G. C. Azzellini, A. Credi,

L. De Cola, V. De Marchis, M. Venturi, V. Balzani, J. Am.
Chem. Soc. 1999, 121, 6290�6298.

[171] A. P. H. J. Schenning, C. Elissen-Román, J.-W. Weener, M. W.
P. L. Baars, S. J. van der Gaast, E. W. Meijer, J. Am. Chem.
Soc. 1998, 120, 8199�8208.

[172] A. R. A. Palmans, J. A. J. M. Vekemans, H. Kooijman, A. L.
Spek, E. W. Meijer, Chem. Commun. 1997, 2247�2248.

[173] V. Balzani, A. Credi, M. Venturi, Chem. Eur. J. 2002, 8,
5524�5532.

[174] R. Ziessel, Synthesis 1999, 11, 1839�1865.
[175] F. Vögtle, M. Plevoets, M. Nieger, G. C. Azzellini, A. Credi,

L. De Cola, V. De Marchis, M. Venturi, V. Balzani, J. Am.
Chem. Soc. 1999, 121, 6290�6298.

[176] M. Marcaccio, F. Paolucci, C. Paradisi, M. Carano, S. Roffia,
C. Fontanesi, L. J. Yellowlees, S. Serroni, S. Campagna, V. Bal-
zani, J. Electroanal. Chem. 2002, 532, 99�112.

[177] G. van Koten, D. M. Grove, Polym. Mater. Sci. Eng. 1995,
73, 228�229.

[178] P. Bhyrappa, J. K. Young, J. S. Moore, K. S. Suslick, J. Am.
Chem. Soc. 1996, 118, 5708�5711.

Received June 30, 2003
Early View Article

Published Online October 22, 2003


