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2,2'-Bipyridines are among the most widely used classes of chelating ligands that have found
applications in the fields of coordination chemistry, supra-, nano- and macromolecular chemistry,
analytical and photochemistry, but also in asymmetric synthesis and natural product chemistry.
Hence, there is a huge demand for efficient synthetic approaches to functionalized derivatives.

Modern cross-coupling procedures have been proven to be particularly effective in this context.

This critical review will give an overview about the advances made so far focussing mainly on
cross-coupling reactions with tin, zinc and boron compounds for the achievement of interesting,

versatile and unusual substitution patterns (156 references).
1. Introduction

2,2-Bipyridines establish a class of chelating heterocyclic
ligands that can account for one of the most impressive records
when it comes to the versatility of application.! The areas of
occurrence and application are extremely widespread. This can
be explained by the ability of 2,2'-bipyridines to form stable
complexes with a large number of metal ions of different size and
charge. Furthermore the bipyridine core offers a myriad of
possibilities in terms of modification by different substitution
patterns which led to its manifold use as attractive building
blocks in supra-, nano- and macromolecular chemistry,>™ as

¢ Leibniz-Institut fiir Katalyse e. V. an der Universitiit Rostock
(LIKAT), Albert-Einstein-Str. 29a, D-18059 Rostock, Germany.
E-mail: marko.hapke@catalysis.de; URL: http:|/www.catalysis.de

b Carl von Ossietzky-University of Oldenburg, Institute for Pure and
Applied Chemistry, Technical Chemistry, P.O. Box 2503, D-26111
Oldenburg, Germany

¢ Kekulé-Institute of Organic Chemistry and Biochemistry, University
of Bonn, Gerhard-Domagk-Str. 1, D-53121 Bonn, Germany.
E-mail: arne.luetzen@uni-bonn.de; Fax: +49 228 739608,
Tel: 49 228 737533

well as, in the areas of analytical and photochemistry.® The latter
actually gains momentum in the light of the search for alter-
native sources of energy such as the conversion of sunlight.®
Furthermore, bipyridines are still in the focus as a class of chiral
ligands for asymmetric transformations,”® while they can also
act as achiral ligands in some fascinating, unusual reactions.” '
Finally, even some natural products are descending from the
bipyridine core, such as caerulomycins,'*'> collismycins,'® and
camptothecin and its derivatives that are an important class of
topoisomerase inhibitors.'” Also, streptonigrin and lavenda-
mycin contain the bipyridine biaryl system as the backbone of
their structurally interesting molecular scaffold.'®

Given the large number of applications it does not come as a
surprise that an immense demand of differently substituted
derivatives and selective transformations to synthesise or mod-
ify them came along. Gratifyingly, Newkome, Schubert et al.
have recently very nicely compiled the synthetic progress made
towards the synthesis of 2,2'-bipyridine derivatives since the last
review of the matter in the early 1980s." The general possibi-
lities for synthesising symmetrically or non-symmetrically func-
tionalised 2,2’-bipyridines are visualised in Scheme 1.
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Scheme 1 Overview on the general possibilities for synthesising functionalised 2,2’-bipyridines.

For symmetrical 2,2’-bipyridines, the synthetic approaches
are in the predominant number of cases modifications of the
existing bipyridine core structures or homo-coupling reactions
of suitable pyridine precursor molecules.

For non-symmetrically substituted 2,2'-bipyridines the synthetic
approach is comparatively more complicated. Krohnke was the
first to report a systematical synthetic procedure that circumvents
the stepwise and more or less unselective approach, to monofunc-
tionalise only one of the two pyridine moieties of the bipyridine.”

Despite all advances in synthetic procedures accomplished in
recent decades, these protocols could not keep up with the ever-
growing demand for non-symmetrically functionalised 2,2’-bi-
pyridines as building blocks for the many purposes mentioned at
the beginning. Thus, the problem prevailed to selectively address
a specific substitution pattern without the need of multistep total
synthesis and based on rational design. A general approach to
address these problems was finally found in the area of cross-
coupling reactions that were initially focused on the general
difficulty to prepare biaryls under moderate conditions and that
could be considered to be a rather alchemical field in its very
beginning.?'>* However, in the last three decades the transition
metal-catalysed cross-coupling reactions have evolved into a
truly mature methodology. Hence, these reactions are broadly
used and became a prominent member of the bipyridine che-
mists’ toolbox. Nevertheless, some adventures are yet to be
discovered. In our critical review we will focus on the recent
progress in cross-coupling chemistry with organotin, organozinc
and organoborane reagents for the flexible access to a number of
very interesting 2,2'-bipyridine building blocks.

2. Synthesis of 2,2'-bipyridines by cross-coupling
reactions

2.1 General considerations

The hour of birth for the modern cross-coupling chemistry was
the discovery of the Ullmann reaction more than a century

ago.?* It is not so long ago since the synthesis of biaryls was at
some stage routinely done by an Ullmann homo-coupling
reaction, which included also the postmodification of the
homo-coupled product to finally assemble the non-symmetrical
biaryl. This limitation of the ancestor reaction was overcome
by the evolution of cross-coupling protocols.>>?® The most
prominent cross-coupling reactions include the Stille, Negishi,
Suzuki-Miyaura, Kumada and Hiyama coupling reaction.
They have all found application in the synthesis and functio-
nalisation of heteroaromatic compounds as well as in the
preparation of 2,2'-bipyridines, however to a very different
extent.?”? More precisely, only the first three of them have
seen more or less successful or broad use. The general reaction
diagram is presented in Scheme 2.
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l\\ NT TT™MG R.— N=\R?
Ay Pd or Ni catalyst &\_N/ \_ 7/

N

X = leaving group, in most cases halides or triflate
TMG = transmetallating group

Stille coupling (TMG = e.g. SnMe;, SnBus)

Negishi coupling (TMG = ZnCl, ZnBr)

Suzuki-Miyaura coupling (TMG = e.g. Bpin, B(OR),, BR,, BF;K)
Kumada coupling (TMG = MgClI, MgBr)

Hiyama coupling (TMG = e.g. SiR3, Si(OR)3)

Scheme 2  Overview on the cross-coupling approaches for 2,2’-bipyri-
dines.

There are two main problems associated with the synthesis
of the 2,2’-bipyridine core by cross-coupling reactions: (a) the
coordination ability of the product can have adverse effects on
the catalytic cycle, and (b) the synthesis of the pyridyl deriva-
tive, especially with the appropriate transmetallating group
(TMG) can be problematic. The first “problem” is connected
to a normally desired property of 2,2'-bipyridines as a
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coordinating unit, that forms stable transition metal com-
plexes with a large number of transition metal ions.’*? In
the catalytic cycle the formation of the bipyridine product
introduces a chelating ligand into the reaction system that can
compete with the substrate for the catalyst metal, thus block-
ing it from further catalytic activity. The second problem is
connected to the exposed position of the TMG substituent
being in the a-position to the electronegative pyridine ring
nitrogen, which comes along with an inherently higher reac-
tivity at this position. While this is in general a highly desired
feature, it can cause problems in the preparation of the
organometallic coupling reagent, as we will exemplify later
when discussing the Suzuki-Miyaura coupling reaction.

In the dawn of cross-coupling reactions being utilised in
bipyridine chemistry the first examples used transmetallation
reagents derived from 2-pyridyllithium or magnesium re-
agents. These reagents in general exhibit a high reactivity,
which limits the number of possible functional groups at-
tached to the substrates. However, the obtained yields of
coupled product either for the copper-catalysed coupling of
2-lithiopyridines 1a and 1b** or the Ni(dppp)Cl,-catalysed
coupling of 2-pyridylmagnesium chloride 3** were rather low
(Scheme 3). To overcome the functionality tolerance pro-
blems, Knochel and co-workers have established protocols
for the magnesation of functionalised aryl and heteroaryl
halides at low temperatures with Grignard reagents and sub-
sequent palladium-catalysed nucleophilic substitution with a
second aryl halide.®® While this approach is very useful
especially for acceptor-substituted aryl compounds, it has only
been exemplified with a limited number of pyridines so far, but
might be an interesting possibility in the future.*® However,
only a few synthetic studies on the synthesis of non-symmetrical
bipyridines other than connected in the 2- and 2’-position with
aryl-Grignard reagents under palladium or nickel catalysis
have been reported.’’>° Therefore, no general procedure via
Kumada-type couplings has been reported for the synthesis of
2,2'-bipyridines up to date.

| A
P . Br
| AN N1b Li — N—
P 0.5 equiv. CuCly, N\ 7\ /
Br™ "N” L 0,, THF, -90 °C N
1a 2 (23%)
(+ 2,2-bipyridine (5))
| A
—
| AN N4 Br — N—
¥ Ni(dppp)Cl, N\ 7\ 7/
N”  "MgCl THF,0°C N
3 5 (13%)

Scheme 3 Early examples for the synthesis of 2,2’-bipyridines 2 and 5
by cross-coupling reactions.

The Hiyama coupling is very rare in bipyridine chemistry
and only one single example related to the preparation of
2,2/-bipyridines has been reported just recently.** The application

of siloxane-based aryl-aryl couplings with the focus on hetero-
aromatic systems including some non-2,2’'-bipyridine com-
pounds has been compiled recently in detail.*! Organosilanes
combine some advantages that other transmetallation reagents
do not possess in this combination. They are in many cases
easy to prepare, stable reagents and not as toxic as their
homologous organotin compounds. However, because of the
absence of polarisation of the C-Si bond, they either need
activated silicon moieties or the use of additives such as
fluoride to activate the silicon as a leaving group by hyper-
coordination.

Although some pyridyl silanes or siloxanes are already
known,*** Gros and co-workers evaluated the use of the
simple trimethylsilyl (TMS) group for this purposes, using
TBAF as the fluoride source, that provides the necessary
hypercoordination for efficient transmetallation.*® They reacted
two different chloro-2-pyridyltrimethylsilanes 6 with 2-bromo-
pyridine (4) under palladium catalysis at room temperature in
DMF and obtained the chloro-substituted 2.,2’-bipyridines 7a
and 7b in good to very good yield (Scheme 4). The addition of
copper(1) iodide was found to be crucial under these conditions
as its absence led to considerable homo-coupling of the aryl
halide in several other cases. It was assumed that the copper
compound is responsible for the efficient transmetallation by
forming a 2-pyridylcopper species.

e @
s o

7a (65%) 7b (85%)

Scheme 4 Synthesis of chloro-substituted 2,2’-bipyridines 7 by the
Hiyama cross-coupling reaction.

The 2-position to the pyridyl nitrogen is also considered to
be important for a successful transmetallation, because the
adjacent nitrogen atom can coordinate the palladium metal,
therefore leading to a complex where all the groups are located
in an ideal position to achieve the transmetallation. This
“complex-induced proximity effect” (CIPE) was already uti-
lised in a number of cases with 2-pyridylsilyl groups.***°
Thus, although the Hiyama coupling has not found applica-
tion in the convergent synthesis of more complex molecules
containing the bipyridine fragment yet, it certainly has the
potential for future application.

An intriguing reaction was recently reported by Suzuki and
co-workers, in which hydrogen was acting as the leaving
group. They found a dinuclear ruthenium complex which is
active in the dehydrogenative coupling of 4-substituted pyr-
idines, yielding symmetrical bipyridines. While the reaction
runs at high temperature and the yields are more or less
mediocre, this approach fascinates by its only byproduct being
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hydrogen and the avoidance of any other reagents, pointing
out the potential of future cross-coupling reactions with
hydrogen as the leaving group.*’

2.2 The Stille reaction in the synthesis of 2,2'-bipyridines

Aside from the rather exotic cross-coupling examples men-
tioned so far, the Stille cross-coupling reaction definitely
belongs to the workhorses not only in general cross-coupling
chemistry but also in the coupling of pyridines.*® The review of
Newkome, Schubert et al. accounted a large number of
examples that were reported.'

The reaction offers the advantage, that the required stannyl
pyridines can easily be prepared in relatively large amounts
from bromo-, iodo- and even chloropyridines as well as from
non-functionalised pyridines and are quite air- and moisture-
stable and storable compounds. The coupling process itself
accepts a large number of functional groups and is also
compatible with other cross-coupling reactions. In recent years
a number of efficient catalyst systems for the Stille reaction have
emerged, including the coupling with normally unreactive
chloroarenes.**® The major drawbacks are the high toxicity
of the utilised stannyl reagents and the problematic removal of
the tin byproducts from the desired coupling products.

TfO N
OMe | ~
2
= tBUOCHN R
=~ | * R?
N SnMe;
OMe R
8
Rd
9a-c

Pd(PPhs)s, LiCl, Cu,Brs,
dioxane, A, 24 h; then NH4,OH

9a/10a: R' = H, R? = OCONEt,, R® = R* = OMe; yield 10a: 68%
9bM0b: R' = H, R2= OCH,Ph, R® = R* = OMe; yield 10b: 64%
9¢/0c: R'=Me, R2=R%=R*=H; yield 10¢c: 82%

Scheme 5 Synthesis of the 2,2'-bipyridine backbones 10a—¢ by the
Stille reaction in synthetic investigations towards Streptonigrin
analogues.

An early example which employed classic Stille cross-coupling
methodology in preparing bipyridine-related adducts was
described by Godard et al. for the preparation of Streptonigrin
and Lavendamycin analogues 10a—c.>' They convergently pre-
pared two different pyridine and quinoline derivatives to be

coupled in a late step of the overall sequence (Scheme 5). In their
investigation the authors were able to show that both, 2-pyridyl
triflates 9a—c as well as 2-pyridyl chlorides can be coupled with
stannane 8, although the triflates gave better yields (64-82%
compared to 50% obtained with the respective chlorides). They
used standard conditions for the Stille coupling with Pd(PPhj3),
as the catalyst and LiCl and Cu,Br; as frequently used addi-
tives.>? In the case of the 2-pyridyl chloride rather harsh condi-
tions (refluxing toluene for 48 h) had to be applied. Another
example stemming from the synthesis of non-symmetrical
quaterpyridines was reported by Zoltewicz and Cruskie, where
they synthesised the bipyridine cores from 2-stannylpyridine and
a 2-pyridyl chloride with yields reaching up to 58% with the
Pd(PPh;), catalyst.>>>*

A first systematic investigation into the synthesis of sub-
stituted 2,2’-bipyridines and terpyridines including large scale
preparations by the Stille approach was undertaken by
Schubert et al. nearly a decade ago (Scheme 6).>>°° They used
2-aminopicolines (11) as starting materials to synthesise the
2-bromopicolines (12) using the Sandmeyer reaction. Sub-
sequent lithiation and quenching with nBusSnCl furnished
the 2-stannylpyridines 13. From the combination of 12 or 4
and 13 using the standard catalyst Pd(PPh;s), in toluene and
temperatures around 100 °C a number of differently mono-
and dimethyl-substituted bipyridines 14 and 15 can be
obtained in mostly good to very good yields, as is exemplified
for the compounds 14a—c and 15. Further functionalisations
such as silylations and brominations of the methyl substituent
have also been reported.

HBr, Br,, nBuli, -78 °C,
X NaNO, nBusanI
Met —>Me— Me—
P
N NH Sn(nBu)s
1"
120r4
Pd(PPh3)y,
toluene, A
N—
Me /= =\R
NI\ /
14 (R= Me)or15(R H)
examples: Me
— N— — N—
Me Me
\ W \_ 7 \_7/
14a (87%) 14b (80%)
— N— — N—

Me Me
W\ \_ /4

Me  14c (72%) 15 (64%)

Scheme 6 Synthesis of methyl-substituted 2,2’-bipyridines by the
Stille cross-coupling reaction after Schubert et al.

The full potential of the Stille reaction in the synthesis of
functionalised 2,2’-bipyridines has been demonstrated in re-
cent years.'” Some formerly unmentioned and new examples
should be shortly discussed, that show advances and the
broadness of the method. An exceptional example is the
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16 R = alkyl 18b: R = nBu; yield: 89%
18¢: R = nHex; yield: 72%
— [cat] — N=
Br f ————— > Br Br
\ N/ (Bu)sSn-Sn(nBu)s \ N/ N\ /
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BrOSn(nBu)s 4[
\ N

[cat] : PA(PPha)s, m-xylene, 120-130 °C, 12 h -3 d

Scheme 7 Synthesis of 2,2'-bipyridines 18a—c and 19 brominated in
S-positions via Stille cross-coupling reaction.

synthesis of halogenated 2,2’-bipyridines, that are excellent
precursor molecules for further transformations. Their syn-
thesis was for a long time left to chemistry under rather harsh
conditions or multistep reactions.’’

Michl and co-workers presented a cross-coupling approach
for 2,2’-bipyridines brominated in the 5- and 5,5'-position,
which also included the synthesis of several other derivatives
(Scheme 7). Using the standard palladium catalyst, the
reaction proceeded smoothly, in good yields and nearly with-
out formation of homo-coupling products in the case of the
non-symmetrical bipyridines 18. As a general feature for
palladium-catalysed cross-coupling reactions with pyridines
the halides in 2- or 6-position to the ring nitrogen are always
more reactive towards oxidative addition to the transition
metal center compared to the same halide at other ring
positions due to the electron-withdrawing effect of the nitro-
gen, thus inducing a high regioselectivity. The homo-coupling
procedure for the synthesis of 19 was developed from initial
observations in the preparation of the non-symmetrical
2,2'-bipyridines 18, where small amounts of 19 were identified
as side-product. The optimised conditions (without formation
of major side products) were found to be 50 mol% of hexa-n-
butyldistannane together with the Pd(0) catalyst. The cross-
coupling reaction is certainly preceded by an intermediate
catalytic stannylation reaction.

The Stille coupling approach has very recently also been
utilised for the synthesis of the 4,4’-dibrominated congener of
19. In the work published by Cid and co-workers they
modified the traditional multi-step synthesis, and in compar-
ison developed a new approach including the use of hexa-
methyldistannane for the preparation of the 4,4’-dibromo- (21a)
and 4,4'-dichloro-2,2’-bipyridine (21b) (Scheme 8).* The
in situ coupling reaction using the distannane was very smooth
for the 2,4-dichloropyridine (20b), showing high halogen-
selectivity for the 2-position and giving only traces of side
products. This is more difficult for the corresponding dibromo-
pyridine 20a, where problems with the regioselectivity of the
coupling were observed. These problems were suspected to
be caused by the high reaction temperature, that blurred the
reactivity differences between the 2- and 4-position.

However, the isolation of the 2-stannylpyridine intermediate
and subsequent reaction with the dibromopyridine gave the
4,4'-dibromo-2,2'-bipyridine (21a) in satisfying yield. In addi-
tion the reactivity of 21a was investigated and the possibility of
a selective Suzuki-Miyaura coupling to 22 was demonstrated
as only one of the two equal bromo substituents was found to
react (Scheme 8, lower part).

X
X
[cat.] — N=
_ >
N/ X Me3Sn-SnMe3 \ N/ \ 7/
20a X =Br X
20b X =Cl 21a X = Br: up to 45%

X 21b X = Cl: 70%
L SnMe; 41

N

N
isolated for X = Br (65%)

for 20a [cat.] : Pd(PPhg),, Cul, 100 °C
for 20b [cat.] : Pd(PPh3),, 130 °C

Pd(PPhs),, TIOH,
THF, 25°C

(HO)ZBWOH

Scheme 8 Synthesis of 4,4’-dihalogenated 2,2’-bipyridines 21a,21b by
the Stille coupling approach and further functionalisation.

21a

,f/ \\ lithiation- ."/ \E lithiation- // \‘:
quenching quenching
N sequence N sequence N
_ = EEE——
X X T
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N N Cl Cl N Cl
23 24 26
Stille Stille
coupling coupling
O O
N N
_ N— — N=—
/
\_ 7\ 4 \ 7N /
25 (65%) Cl 27 (70%)

conditions for the lithiation-quenching sequence:
BuLi-LiDMAE (3 equiv), toluene, -78 °C, 1 h, then C,Clg, toluene,
-78°C, 1h
conditions for the Stille coupling:
2-PySn(nBu)s (1.1 equiv), PdCly(PPhsz)2 (10 mol-%), PPhg (20 mol-%),
xylene, reflux, 24 h
Scheme 9 Combination of a selective chlorination/Stille coupling
approach.

The preparation of some monofunctionalised examples
have been accounted for the Stille coupling recently. These
reactions combine either the advances of modern other func-
tionalisation reactions or the application of advanced catalyst

2786 | Chem. Soc. Rev., 2008, 37, 2782-2797

This journal is © The Royal Society of Chemistry 2008



systems with the Stille reaction. The selective lithiation of a
pyridine containing an electron-donating pyrrole nucleus in
the 4-position (23) was investigated by Gros and Fort et al.
and they were able to selectively functionalise the pyridine ring
in the 2-position using the nBuLi-Me,N(CH,),OLi reagent
(BuLi-LiDMAE) to afford chloropyridine 24, which was then
coupled to yield the bipyridine compound 25 (Scheme 9).%°
This lithiation-electrophilic quenching approach can provide
rapid access into pyridine precursor molecules with different
functionalities, avoiding multi-step procedures and can even
be employed to prepare 2,6-dichloropyridine 26 which could
also be demonstrated to be a versatile building block for the
assembly of substituted bipyridines such as 27. The yields for
the Stille coupling under standard conditions were between
65-70% and in case of the dichloropyridine only monofunc-
tionalisation was observed without significant formation of
the possible terpyridine. Here, the competitive inhibition of
further reactions by complexation with the formed bipyridine
is presumed to be responsible for this selectivity.

Me
® ®
o P + ~
0] N Cl nBusSn N
o}
\.-\\{ 28 29 (1.1 equiv)
R
R Pd,dbas (5 mol%), P(tBu)s,

(10 mol%), CsF, dioxane,
reflux, 24 h

R=Me : 72%
R=Ph : 83%

Scheme 10 Stille cross-coupling reaction in the synthesis of chiral
2,2'-bipyridine ligand 30.

The Stille cross-coupling reaction was used as a synthetic
tool in several other reports published during the last years for
providing required 2,2’-bipyridine building blocks. Nearly all
of the investigations utilised the standard coupling conditions
with Pd(PPh;)4 or Pd(PPh3),Cl, as the catalyst and chloro- or
bromopyridines as the electrophilic coupling agent.®'~

In a recent work, however, the more electron-rich trialkyl-
phosphane PzBu; was used in combination with a Pd(0) source
and CsF as an additive.”® The use of this highly active catalyst
system was necessary since the reaction between the chloro-
pyridine 28 and 2-(tri-n-butylstannyl)pyridine (29) with Pd(PPhj),
was exceedingly slow even upon heating in benzene or toluene
under reflux (Scheme 10). Under these modified conditions the
yields for the product 30 of the cross-coupling reaction were as
high as 83%. The reactivity problems with 28 were also observed
in the nickel-catalysed homo-coupling reaction to make the
symmetrical ligand. However, the problem could be solved by
switching to the more reactive bromo derivative.

Other studies revealed that the Stille approach is not limited
to homogenous conditions but can also be applied to

solid-phase synthesis conditions.”! Furthermore, some reports
have also been published demonstrating the compatibility of
stannylpyridines in Negishi cross-coupling reactions and sub-
sequent Stille reaction to yield the projected 2,2'-bipyridines.”

2.3 The Negishi cross-coupling reaction as a versatile tool in
the synthesis of functionalised 2,2’-bipyridines

Like the Stille and the Suzuki-Miyaura reaction the Negishi
cross-coupling reaction has seen a large body of applications
since its discovery.”>7® Next to the use in biaryl couplings of
benzene derivatives and alkylations, alkenylations as well as
alkynylations of aryl halides and sulfonates, the Negishi
coupling is frequently used in heterocyclic chemistry.*®
Although, nowadays a number of organozinc compounds
are commercially available as solutions in THF, e.g.
2-pyridylzinc bromide and related compounds, it is usually
necessary or at least advisable to freshly prepare the required
organozinc reagents either from the appropriate heteroaryl
iodide or bromide by reaction with organolithium compounds
or Grignard reagents, followed by transmetallation with a zinc
salt, or by direct oxidative addition of the heteroaryl halide to
extremely fine-powdered zinc or Rieke zinc.”®”” This might
seem to be a disadvantage, compared to the Stille and Suzuki
coupling with in most cases stable organometallic precursors.
However, the Negishi coupling can compensate this seeming
disadvantage because the reaction combines the tolerance of a
large number of functional groups with a higher transmetalla-
tion activity, the latter being more comparable with that of the
Grignard reagents in the Kumada coupling. These observa-
tions can be attributed to the zinc—carbon bond containing a
higher portion of covalent bonding, leading to a higher
chemoselectivity compared to the Kumada coupling, but on
the other hand inorganic zinc salts are resulting from the
successful coupling, donating the (exothermic) driving force
for the reaction. In the catalytic cycle the transmetallation can
be rate-determining in cases where the oxidative addition is
fast. Furthermore, the addition of additives, which is necessary
for the Suzuki-Miyaura coupling, and in many cases also for
the Stille coupling, is not required for the Negishi coupling.
Unfortunately, much less detailed mechanistic information on
the transmetallation step of the Negishi coupling is known,
compared to the Stille or Suzuki coupling and preliminary
mechanistic studies have been published only recently.”®

X i A X
| — | +
~ ~ /

N Br N ZnCl Br N

4 31 32 OH
reaction conditions: L ii
i.: @) nBulLi, THF, -78 °C
b) ZnCl,, -78 °C to rt HO
ii.. PA(PPhg)4, 17 h, 1t
— N=—
/
\ /" \ 7
33 (56%)

Scheme 11 Early example for the synthesis of a 2,2’-bipyridine using
the Negishi reaction.
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A number of examples for the synthesis of bipyridines by
the Negishi protocol have already been compiled,'® while some
earlier examples have been unmentioned.””®> Two cases
should be exemplified here. One of the earliest examples for
a successful 2,2’-bipyridine synthesis following the Negishi
protocol was published by Bolm et al. (Scheme 11).”° They
prepared the 6-monosubstituted bipyridyl alcohol 33 from the
appropriate 2-bromopyridine 32 and 2-pyridylzinc chloride
(31) as coupling components. The reaction was run at room
temperature and furnished the desired bipyridine 33 with 56%
yield, which is slightly better than the comparable Stille
coupling, while the latter needed more drastic conditions
(95 °C, 29 h). The free hydroxyl group did not need protec-
tion, but a second equivalent of the organozinc reagent was
required.

In another synthetic study the bipyridine core of campto-
thecin precursor 36 has been synthesised by applying the
reaction with an organozinc reagent as the key step for
connecting the two heteroaromatic fragments in a remarkable
coupling reaction (Scheme 12).%?

Et OMOM a) Li-naphthalenide,

THF, -90 °C to -78 °C Et._OMOM
b) ZnCly, THF.
X 78°Ct025°C
| x
M F z
e Nl Me0” “N” “znCl
34 |
|\ CO,Me
~
N cl
25 PA(PPhs), (5 mol%),

THF, reflux

Et OMOM

Scheme 12 Synthesis of the bipyridine fragment of camptothecin
precursor 36 by the Negishi coupling.

In this transformation the preparation of the organozinc
reagents is particularly interesting, because it started from
2-pyridyl chloride 34 and was accomplished by using lithium
naphthalenide and subsequent transmetallation with ZnCl,. The
consecutive coupling with the chloroquinoline derivative 35
proceeded smoothly and furnished the product 36 in an excellent
yield of 81% using standard catalytic conditions. These two
examples already demonstrated that Negishi couplings usually
proceed smoothly even under relatively mild conditions.

A major improvement and the first systematic investigation
into the selective synthesis of functionalised 2,2’-bipyridines
by the Negishi protocol was carried out by the end of the 1990s
by Fraser and co-workers.5¢%7

In their investigation they first prepared 2-pyridyl triflates 38,
which were then reacted with Pd(PPhs), and organozinc reagent
31 in THF to furnish the monomethylated 2,2’-bipyridines 15

{ \ =
(4/5/6)~Met N | .
N” oH Br~ "N

- a) tBuLi, THF, -78 °C
le?O' pyridine l b) ZnCl,, -78 °C to rt

4/5/6M—‘\ |\
weerle : P

N OTf ClZn N
38 (90-95%) 31

7 mol% Pd,dbas,
28 mol% PPhs,
LiCl, reflux, 15 h

o0
(415/6)-Me” "=

a) LDA, THF, -78 °C, then TMSCI
b) Cl,C- CCIa (for CI) or BrF,C-CF,Br
(for Br), CsF, CH;CN

M with X = Br, CI
(4/5/6)-X-CHy "=

40 (yields >90%)

15: 5-Me (94%)
39a; 4-Me (98%)
39b: 6-Me (93%)

Scheme 13  Synthesis of functionalised 2,2'-bipyridines 15, 39 and 40
by Fraser and co-workers.

and 39 in excellent yields (Scheme 13). Subsequent functiona-
lisations of the methyl groups such as silylations and halodesi-
lylations led to further functionalised derivatives 40, again with
yields exceeding 90%. The authors already discovered that an
excess of ZnCl, and EDTA work-up to decomplex the bipyr-
idine products were necessary to furnish high isolated yields of
the 2,2'-bipyridines.

Our initial interest in bipyridine chemistry came from the
requirement of functionalised 2,2’-bipyridines for the con-
struction of supramolecular entities by the self-assembly of
transition metal complexes.®®°! The required compound was
a 2,2'-bipyridine carrying either a halide or an alkynyl sub-
stituent in the 5-position. Our first approach started from a
published Stille coupling procedure to give 5-nitro-2,2’-bipyridine
(43) from commercially available 2-chloro-5-nitropyridine (41)
and 42, followed by reduction to the amine and Sandmeyer
reaction to give the required 5-iodo-2,2'-bipyridine.”*> Unfor-
tunately, this procedure did not work well in our hands. We
therefore investigated the Negishi coupling approach with
the same substrate, however, with unsatisfying results
(Scheme 14),°° even though Negishi e al. already reported
on the successful coupling with nitro arenes.”>%*

Despite these largely ineffective experiments, we decided to
investigate another approach to the required bipyridine build-
ing block based on the Negishi reaction. Our aim was also, to
evaluate the conditions for successful cross-couplings of py-
ridyl precursor molecules in terms of a modular concept for
the synthesis of functionalised 2,2’-bipyridines. Several points
should be addressed or needed to be kept in mind. In the
synthesis of the organozinc reagent, the use of two equivalents
of rBuLi proved to be essential to exclusively generate the
corresponding lithiopyridyl species. The excess of added ZnCl,
plays an important role not only for the transmetallation and
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PdCl,(PPhs), (5 mol%),
(5 mol%), or Pd(OAc),
THF, reflux (5 mol%) and

PPhs (12.5 mol%)

SN THF, reflux
| @
4 |
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N SnMe; P
N~ ~ZnCl
31
\
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7 N N_po, 7 NN o,
— - - N=
43 43
yields <45% (Lit.: 76%) yields: 20% for PdCI,(PPhs),
28% for Pd(OAc),/PPhs

Scheme 14  Stille and Negishi couplings with 2-chloro-5-nitropyridine
(41).

therefore coupling reaction but also for the coordination of the
resulting 2,2'-bipyridine to prevent it from coordinating to the
palladium catalyst, which could lead to catalyst poisoning.®>®
However, we also checked for the necessary catalyst amount
and did find out that catalyst loadings well below 3 mol% of
palladium gave lower yields.

With this knowledge in mind lower catalyst loadings when
turning to highly active catalytic systems should, in principle, be
possible. Finally, the nature of the functionalised pyridyl com-
pound used for coupling to the pyridylzinc species is vitally
important. The need e.g. to synthesise pyridyl triflates can
negatively influence the existence of other functional groups
at the pyridine ring or could interfere with their elaboration.
With the recent development of highly active catalyst systems
that are able to allow cross-coupling reactions with the formerly
often unreactive aryl chlorides under mild conditions, the
possibilities were remarkably broadened.”” We decided to take
advantage of these developments and use 2-pyridyl chlorides as
coupling reagents for the organozinc component. There are
several advantages: a significant number of the chloro com-
pounds is commercially available and they allow a wide array of
transformations at the pyridine ring system to be feasible
without getting involved, e.g. by substitution, because the
2-position of the pyridine ring can be rather prone especially
to nucleophilic substitution in case of the bromides and iodides.

It was quite convenient that at the time of our synthetic
considerations for bipyridine 45 Baxter had published a work,
where he described the synthesis of different ethynylated
pyridines.”® Especially the 2-chloro-5-({trimethylsilyl}ethynyl)-
pyridine (44) attracted our interest. Its synthesis is an excellent
example for the advantage of a chloro substituent in the
2-position.” After the preparation of 44 we turned our atten-
tion to the Negishi cross-coupling with this 2-pyridyl chloride
derivative.'”” As shown in Table 1 electron-rich trialkyl-
phosphane PrBu;'®! gave superior yields (entry 4) compared
to the standard catalyst PdCl,(PPhs), (entry 1), chelating
phosphanes such as dppf (46), or the biphenyl backbone-based
Buchwald ligand 47 (entries 1-3).1927104

Table 1 Initial screening experiments for the modified Negishi cross-
coupling reaction

1) tBuLi, THF, -78 °C
2) ZnCl,, -78 °C to 1t

3) [Pd], Tligand], N
X THF, reflux /
\ ' NSt/ N — tus
= TMS \— —
N
N Br /
4 X 45
| a4
o
Cl N

ligands:
{ > —pph,

Fe PBUs

@—PPhQ Bu,P

48 47

Entry [Pd], [ligand] Yield (%)

PACIy(PPhs), (8 mol% Pd) 44
Pdsdbay-CHCl; (8 mol% Pd), dppf (46) 7
Pdadbas CHCI, (3 mol% Pd), Bu2-biph)P (47)° s
szdba‘; CHCI; (3 mol% Pd) PtBu;

“ Here also 35% of the homo-coupling product 5,5'-bis[(trimethylsilyl)-
ethynyl]-2,2’-bipyridine (48) were isolated. ? The yield was exactly the
same regardless if 3 or 6 mol% of the phosphane were used.'%’

RSN SR

While in the beginning we used Pd,dbaz;-CHCI; and solu-
tions of PsBu; for the in situ generation of the actual catalyst,
this was replaced later by the more stable complex
Pd(PtBu;),]'*! and also the nowadays commercially available
and stable ligand precursor [HP7Bus]BF,.'% The Pd(0)/PtBus
catalytic system was therefore systematically investigated in
terms of the broadness and scope for the synthesis of six
5-monosubstituted 2,2’-bipyridines (yields ranging from
55-90%) and as much as eighteen differently disubstituted
examples (yields ranging from 50-85% and somewhat lower
yields if an additional deprotection step of the amino group
was done directly after the cross-coupling step without isolat-
ing the respective pyrrole) carrying a wide array of different
functional groups wuseful for subsequent manipula-
tions.!%107:108 Ap overview on the synthesised mono- and
difunctionalised 2,2’-bipyridines is presented in Scheme 15.
We evaluated a number of functionalised bromopyridines
suitable for the preparation of the organozinc compound,
especially with methyl, methoxy and the pyrrole-protected
amines. The coupling reaction also tolerates a wide range of
substituents in the substrate chloropyridines as coupling com-
ponents. Low or no yields, however, were observed with nitro,
free amino, boronic acid ester and thiophenyl substituents,
presumably because they interfere with the organozinc reagent
or the catalyst system.

However, we could solve the problem for the amino group
by transforming the free amine in high yields into the stable
dimethylpyrrole derivative that can easily and with, in most
cases, very good yields be deprotected to furnish the free amine
afterwards, e.g. the deprotection of 49 to 50 shown in
Scheme 16. Interestingly, the pyrrole function can act as a
chemical all-rounder, since it can be utilised as a precursor for
the introduction of other functional groups. A number of
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1) tBuLi, -78 °C

R/— 2)ZnCly, -78°Ctort R
<\<_>75r z <<_>72nCI

N

[Pd(PtBusz),] or
in situ preparation,
THF, reflux

CI—<N;/\>R
R._/— N

monosubstituted 2,2'-bipyridines (6 examples) ‘
p R
\ 7\ 4
R’ = OMe, Ph, CN, CO,Et, Me, —N;:l

disubstituted 2,2'-bipyridines (18 examples) ‘

R./— N
S0

N =R

R = Me, OMe, —N;;'

R' = OMe, C=CTMS, Ph, 5-MeOCgH., 3,5-Me,CgHs,

NH,, CFs, Me, —N=N—N<j ,—N=N-NEt; —N

Scheme 15 Overview of 5-monosubstituted and differentially
disubstituted 2,2’-bipyridines synthesised by the modified Negishi
cross-coupling reaction.

interesting subsequent transformations to variously functio-
nalised bipyridine building blocks such as 51-53 (Scheme 16)
have been achieved starting from the pyrrole/amino functio-
nalised 2,2’-bipyridines,'°*'°71% demonstrating the potential
of this cross-coupling methodology not only for the synthesis
of non-symmetrical diamino-2,2’-bipyridines.

/ \ 7 \ functionalisation / \ y \
=N — —N —
HN g (84%) NH2 X B1x=1@33%) *

52: X = Br (49%)
53: X = NHAC (69%)

Scheme 16 Transformation of pyrrole-protected 2,2'-bipyridine 49.

The accessibility of the symmetrically substituted diamino
compounds by different methods has been investigated earlier

and especially nickel-catalysed homo-coupling reactions have
found application.”>!”® However, in many cases the free
amines such as 2-chloro-5-aminopyridine were coupled, but
the reaction proved to be troublesome.''® Therefore, we
decided to take advantage of the pyrrole-protected derivatives
and investigated the synthesis of 4,4’-, 5,5’- and 6,6’-diamino-
2,2'-bipyridine (60, 61 and 62), respectively (Scheme 17). The
homo-coupling reaction of easily available pyrrole-protected
2-chloro- (54 and 55) or 2-bromo-5-aminopyridine (56) using
the nickel catalyst NiCl,(PPhs), and elemental zinc as reducing
agent gave excellent >90% yield in each case.

The coupling reaction of the pyrrole-protected 2-chloro-5-
aminopyridine (55) was also investigated using the Pd(OAc),/
tBu,(2-biph)P catalyst system described for other homo-
coupling reactions and especially for an alkynyl-substituted
system.!'! However, the coupling yield for the synthesis of 58
did not exceed 58%.

54; 4-pyrolle: X = CI
55: 5-pyrolle: X = CI
56: 6-pyrolle: X = Br

NiClz(PPhg),, Zn powder, LiCl,
nBuyNI, THF, reflux

57: 4 4'-bis(pyrolle) (99%)
58: 5,5'-bis(pyrolle) (94%)
59: 6,6"-bis(pyrolle) (91%)

/

NN /— N=
‘Q—N/ \_‘}N N

=

NH,OH-HCI, NEt;, EtOH, H,0, heat

HN /= N—

Scheme 17 Synthesis of symmetrical diamino-2,2’-bipyridines 60—62
by homo-coupling of the protected derivatives.

60: 4,4'-diamino (94%)
61: 5,5'-diamino (77%)
62: 6,6'-diamino (46%)

Beside the use of the [Pd(0)]/PsBus-system, recent work by
Hanan et al. and also by us pointed out the potential of ““old-
fashioned” catalyst Pd(PPhs), for the use in Negishi cross-
coupling reactions between 2-pyridylzinc reagents such as 63
and 2-pyridyl chlorides and bromides.''*!!3 Although nowa-
days the [Pd(0)]/PtBu; complex is easily generated from stable
precursors or commercially available, the Pd(PPh3), complex
is still interesting in terms of its relatively low costs and easy
availability, especially for large scale applications.

Fang and Hanan first investigated the reactivity of 2-pyridyl
bromides with the organozinc reagents under Pd(PPh;), cat-
alysis at room temperature and found that the reactions were
completed within 24 h, yielding the appropriate 2,2’-bipyri-
dines 5, 15, 39a, 39b, 64 and 65 in good to excellent yields.!!?
They extended this study to 2-pyridyl chlorides, where they
disclosed the feasibility of the coupling reaction under elevated
temperatures and longer reaction times (Scheme 18). The
reactivity of the 2-pyridyl chlorides is expectedly higher when
the heteroaromatic ring systems carries electron-withdrawing
substituents. Therefore, reactions with chloropyridines
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Pd(PPhg),, THF,

QU - et O
+ Ty / /
x> > hd
N” “znBr X N) \ N N
63 X=Br,Cl 5, 15, 39, 64, 65
Examples:
— N— — N:\ — N—
/ e
N7 NN\ e NN\
CN
5 15 (5-Me) 64
94% (from X = Br) 87% (from X = Br) 85% (from X = Br)
87% (from X = CI) 39a (4-Me)
(GC yields) 70% (from X = Br)
39b (6-Me)

81% (from X = Br)

65
92% (from X = Cl)

Scheme 18 Synthetic work by Fang and Hanan towards the synthesis
of functionalised 2,2’-bipyridines with Pd(PPhs), as the catalyst.

carrying electron-donating groups were slow or appeared not
feasible with this catalyst.

Fang and Hanan were also able to synthesise the highly
desirable brominated 2,2'-bipyridines 18a and 2 from the
appropriate dibrominated pyridines, in most cases with the
formation of only insignificant or even without the formation
of the dicoupled product (Scheme 19). The reaction benefited
from the observation mentioned earlier, that the newly
formed bipyridine zinc salts precipitate and therefore were
removed from the reaction system.”®

The selective monofunctionalisation was used for the syn-
thesis of binding sites in ligands and metal complexes. In
particular the assembly of the bipyridine ligand by Negishi
cross-coupling reaction with a ruthenium complex bearing an
pyridyl bromide for the stepwise assembly of a hetero-
bimetallic complex is worth mentioning.''*

Pd(PPha),,
= | BT THF.rt 33h — N=
—_ Br
N 63 N\ 7\ /
Br N N
12 18a (73%)
Br
Pd(PPhg)s, \
% THF, rt, 24 h — =
B
~ | 63 N\ 7\ 7
Br N Br N
66 2 (73%)

(and 21% of the terpyridine)

Scheme 19  Selective synthesis of brominated 2,2'-bipyridines 18a and
2 by the Negishi reaction.

We acted on the suggestion of Hanan’s work and investi-
gated the use of Pd(PPhs), in coupling reactions with functio-
nalised 2-pyridyl chlorides and bromides. Our results showed
that Pd(PPh;), is an efficient catalyst for the highly selective
synthesis of mono- and difunctionalised 2,2'-bipyridines in

excellent yields accepting a wide variety of functional groups
(Scheme 20).""3 The strategy again included the preparation of
the organozinc reagents from the 2-bromopyridines and tBu-
Li/ZnCl, due to a high flexibility of the approach allowing
diverse pyridyl bromides as precursors. The excess of the zinc
reagents was varied in the range 1.1 to 1.5 equiv., however, this
had no influence on the yield of the cross-coupling reaction.

As already reported in the work of Fang and Hanan the
reactivity of the pyridyl bromides used as coupling partners is
much higher than that of the comparable chlorides and the
coupling reactions occurred smoothly at room temperature,
giving yields from 55% to quantitative. The corresponding
chlorides, however, required considerably higher tempera-
tures, such as e.g. refluxing THF to yield the bipyridine
products with 51-90% yield depending on the substitution
pattern. The development of this methodology revealed some
interesting results. In general, the yields for monosubstituted
2,2'-bipyridines were very good to excellent (see caption of
Scheme 20), especially for the sensitive ester 69 (monosubsti-
tuted bipyridines, entry 5). The yield for the 5-ethynylated
biypridine 45 (monosubstituted bipyridines, entry 1) is slightly
higher than in the previous examples (see Table 1). The
5-methyl-2,2’-bipyridine (15) was obtained quantitatively, still
exceeding the already excellent yield obtained when we used
PrBu; as ligand and significantly improving the yield com-
pared to the Stille coupling reaction (Scheme 6). The disub-
stituted bipyridines display again a great diversity of
functional groups, that can hardly be installed in another
effective manner in such a low number of steps. Subsequent
transformations can even increase this molecular versatility
casily.''?

Some single examples for the synthesis of 2,2’-bipyridines
for different purposes utilising the Negishi cross-coupling
approach have been recorded during the last couple years
and should be cited here.!'>'"® The use of heterogeneous
catalysts and microwave heating in the Negishi coupling was
investigated very recently and interestingly found to proceed
within short reaction times.''> However, the investigation of
the functionalised 2,2’-bipyridines was limited to methyl sub-
stitution. Ley and co-workers reported a single example of a
microwave-assisted Negishi coupling using the Pd(PPhj),
catalyst furnishing a nitrile substituted 2,2’-bipyridine with
85% yield.'®

2.4 The Suzuki—-Miyaura reaction: a late comeback in
2,2'-bipyridine synthesis

The Suzuki—-Miyaura cross-coupling reaction can certainly be
considered the most widely used cross-coupling reaction in
synthetic organic chemistry. Like the other cross-coupling
reactions it has found widespread application also in hetero-
cyclic chemistry.*®12%12! Usually, one of the biggest advan-
tages is the ease of preparation and in many cases commercial
availability of a large number of boronic acids and esters, that
are usually shelf-stable compounds, insensitive to air and
moisture.'?> However, the synthetic utilisation for the joining
of two pyridine fragments in the synthesis of 2,2’-bipyridines
was scarce until very recently. Unfortunately, unlike for the
Stille, Negishi and even Hiyama coupling, where rather stable
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R R®
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1 Cl C=CTMS 45 90* 1 Cl H Me 4-MeOCgH, H 71 66
2 Br OMe 67 98* 2 Br H nheptyl Br H 72 85
3 Br Me 15 quant.* 3 Cl H C=CTMS| CO;Me H 73 70
=~ =~
4 Br —N;; 68 73* 4 Br —N; H H CO,Me 74 55
5 cl CO,Me 69 80 5 Cl Me H H Me 75 84
6 Cl 4-MeOCgHy| 70 76 8 Cl OMe H H —NED 76 88

Scheme 20 Synthesis of various non-symmetrical functionalised 2,2’-bipyridines using a Negishi reaction with Pd(PPhs), as the catalyst (*yields
were 83% (45), 72% (67), 90% (15), 72% (68) and 46% (71) when we employed PBuj as ligand).

organometallic 2-pyridyl derivatives are well known, this has
not been the case for the corresponding 2-pyridylboronic acids
(and their derivatives) required for the Suzuki-Miyaura reac-
tion for a long time. This is especially interesting in view of the
fact that the 3-pyridyl and 4-pyridyl boronic acids are well
known and even commercially available substances for quite
some time already.'20-123:124

= i =
| — \
>~ s
N Br N

B(OMe),
4 77 (83%)
reaction conditions:
it 1) nBuli, THF, -78 °C | Mo~ Me
2) B(OMe);, -78 °Ctort ii |
o]
ii: Pd(PPha),, anhyd. KOH, Br N
CeHg, Et;,NBr 78
— N—
M
N N\ /e
N
Me
79 (60%)

Scheme 21 Synthesis of the 2-pyridylboronate 77 and the subsequent
Suzuki-Miyaura coupling with the 2-pyridyl bromide 78.

This lack of suitable 2-pyridylboron compounds can be
traced back to the fact, that boryl substituents in a-position
to the nitrogen atom are rather susceptible to protodeboration,
especially under acidic and protic conditions.'? The earliest
example for the successful use of a stable 2-pyridylboronate in a
Suzuki-Miyaura coupling yielding a 2,2’-bipyridine core have

been reported from Diederich and co-workers in 1991.1%°

Interestingly, the synthesis of the sensitive dimethyl 2-pyridyl-
boronate 77 was not described in detail until five years later,
followed by the application in a cross-coupling reaction with 78
giving the disubstituted 2,2'-bipyridine 79 (Scheme 21).'?’
Until the turn of the millennium only few investigations into
the synthesis of 2-pyridylboron compounds have been re-
ported. Terashima et al. reported synthetic investigations on
dialkylpyridylboranes, including the diethyl(2-pyridyl)borane
(80).12%12% However, the yields of 80 and also some derivatives
turned out to be troublesome and they failed to react in cross-
coupling reactions with aryl halides, presumably due to the
formation of a very stable dimer even in solution.'*® Interest-
ingly, the situation is different for dialkyl-2-quinolylboranes,
where successful cross-coupling reactions have been observed
albeit with yields of the products rarely exceeding 50%.'!
However, the situation has strongly changed in recent years
and there are even quite a number of 2-pyridylboronic acid
derivatives commercially available from different suppliers
now.'* In 2000 a total synthesis of (4)-cytisine has been
reported, where the authors prepared a 2-pyridylboronate
in situ for a subsequent cross-coupling reaction with a
3-pyridyl bromide, yielding a 2,3’-bipyridine.!*® Since then
efforts have been made to prepare significantly more stable
2-pyridylboron precursor compounds that can be efficiently
used in cross-coupling reactions. A compilation of synthesised
compounds is displayed in Scheme 22. The pinacol boronates
such as 81 and 82 often exhibit superior stability compared to
the other dialkylboronates. Their synthesis has been
thoroughly examined by Rault and co-workers, who also
investigated their cross-coupling reaction with aryl bromides
and iodides."**'* The procedure is rather general and in-
cluded the reaction of the 2-lithiopyridines with B(OiPr); and
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Scheme 22 Overview of known 2-pyridylboron compounds 77 and
80-89.

subsequent transesterification with pinacol to furnish the
pinacol boronates 81 or 82 or hydrolysis to give the free
boronic acid analogs (e.g. 83, 84 or 85). Attempted synthesis
with the palladium-catalysed coupling of 2-pyridyl chlorides
with bis(pinacolato)diboron or the iridium-catalysed C-H
functionalisation with the same diboron reagent have not been
met with success.'**!*! However, the successful and selective
borylation of 2,2’-bipyridines in ortho-position to the nitrogen
via Ir-catalysed C—H functionalisation was observed.'*?

A palladium-catalysed in situ coupling method of 2-pyridyl
bromides with bis(pinacolato)diboron comparable to the one
discussed for the Stille coupling with hexaalkyl distannane (see
Scheme 7) has been described, yielding 2,2'-bipyridines pre-
sumably via the formation of 2-pyridylboronates.'*

The efficient synthetic access to the elusive 2-pyridylboronic
acids such as 83-85 has finally been evaluated by Matondo
et al., using tris(trimethylsilyl)borate for the quenching of the
organometallic 2-pyridyl compound (Scheme 23)."** While in
most cases a bromine-lithium exchange was preferred, they
made use of a bromine-magnesium exchange using the
Grignard reagent /PrMgCl. Two important features for the
success of the synthesis were noted: first, the application of
tris(trimethylsilyl)borate as the efficient quenching electro-
phile, and the second is the compliance of the work-up
conditions with a pH of 6 < pH < 7. A more acidic pH
promotes the protodeboration of the sensitive 2-pyridylboronic
acids. The pure boronic acids 83-85 were obtained in excellent
yields of 68—75%. This procedure was used to prepare amphi-

Synthesis:

®
Rq 0 MgBr | N
U L, AgOms {7
\

N Br N —OTMS
OTMS

B(OH),

Reaction conditions: I: /PrMgCl, 20 °C, 2h; Il: B(OTMS)3, 0 °C to rt, 24h;
IIl: HCI/H,0 (B<ph<7), 0°C to rt

(e oL, Ll

B(OH), B(OH), Me B(OH),
83 (70%) 84 (68%) 85 (75%)
Suzuki-Miyaura coupling:
Pd(PPhg)4, Na,COs4,
@\ toluene, EtOH, reflux — N=
P AR,
N~ “B(OH), | ~ N
83 7 5 (56%)
N Br
4

Scheme 23 Synthesis of 2-pyridylboronic acids and their use in the
synthesis of 2,2-bipyridines by Matondo et al.

philic 2-pyridylboronic acids bearing an alkoxy ligand in the
3-position.'* The same group examined the potential of
the prepared boronic acids such as 83 and 84 for the
Suzuki-Miyaura reaction with other pyridyl halides, as
exemplified for the synthesis of 2,2’-bipyridine (5) with 56%
yield using Pd(PPhs), as the catalyst (Scheme 23 below).'#¢

The derivatisation of free boronic acids, however, is still an
attractive goal for the provision of a reliable and stable source
of the crucial 2-pyridylboron fragment. The synthesis of the
diol-derivatives 81 and 82 revealed the stabilising influence of
the protection of the free hydroxy groups. An even better
stabilisation was found for the use of N-aryl or -alkyldiethanol-
amine as the “protecting group”.'?*> This diol affords the
dioxazaborocanes such as 86a, 86b and 87, possessing a ring
structure, where the nitrogen of the former diol can undergo
internal B« N dative bonding, leading to a tetracoordinated B
atom.'” These boron derivatives possess a higher stability
against deboration and are easier to purify. The first example
related to 2-pyridylboronates was reported by Hodgson and
Salingue in 2004."*® They prepared 86b on a large scale and
found it to be a rather stable compound. The published results
include a reactivity study with several aryl iodides and
bromides using Pd(OAc),/PPh;/Cul/K,CO;3 in THF as the
catalyst system. While for the iodides the yields can be as high
as 89%, for the bromides the presence of electron-withdrawing
groups are necessary to obtain high yields.

In a combined effort of stabilising the 2-pyridylboron frag-
ment and immobilisation for combinatorial chemistry pur-
poses, Gros et al. reported the first polystyrene-supported
2-pyridylboronate 87 (Scheme 24).'*° The investigations in-
cluded the optimisation of Suzuki-Miyaura cross-coupling
conditions for this system and the screening of a number of
different coupling substrates, namely aryl iodides and bro-
mides and interestingly the cross-coupling reaction with
2-pyridyl bromide (4) and 2,6-dichloropyridine (90). The yield
obtained for 2,2-bipyridine (5) was excellent 87%, which is
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Scheme 24 Preparation of solid-phase bound 2-pyridyldioxaza-
borocane 87 and its use in the synthesis of 2,2’-bipyridines.

better than in the example mentioned above (Scheme 23) and
for the so far unknown coupling with 2,6-dichloropyridine
(90), still a very good yield of 67% was observed for the
synthesis of the 6-chlorinated 2,2’-bipyridine 91, making this
approach promising for future applications.

[Pd], [ligand], Cul,
KoCO3, THF, reflux,

= N
\ /Oj 24 h - - M
e
SBey Me \ N/ N\ //

O\) “Ph - |
~ 15
86b N B [Pd] = Pd(OAC)y:
yield = 37%
MeO [Pd] = Pd,dbagsCHCls:
yield = 56%
[ligand] = O O
CyoP MeO
92

Scheme 25 Study on the synthesis of 5-methyl-2,2’-bipyridine (15) by
the Suzuki-Miyaura reaction of 86b.

We have also investigated the Suzuki—-Miyaura coupling of
77 and 86b with different 2-pyridyl bromides and iodides.'>°
Using boronate 77 we could in no case obtain any bipyridine
product using Pd(PPh;), as the catalyst with different additives
and solvents. Instead, nucleophilic substitution of the halide
with methoxide (originating obviously from the boronate) in
2-position was observed, especially with electron-withdrawing
substituted pyridines such as 2-chloro-5-nitropyridine (41).

We then turned our attention to the use of 86b for the
screening with different catalyst systems in cross-coupling
reactions. The use of Buchwald-type ligands such as 92 in
particular proved to be a promising starting point.'>"!>? This
approach furnished the desired functionalised 2,2’-bipyridine
15 in acceptable yield (Scheme 25).'>

A very recent study by Stevens and co-workers investigated
the preparation of 2,2’-bipyridine (5) and related diazines (e.g.
2 and 93) from 86b within a broader scope.'** The yields were

useful in general and the reaction required only 1.1 equivalents
of 86b relative to the haloazine instead of 2 equivalents applied
in earlier reports. The catalytic system is comparable to the
systems used in an earlier report,'* except that a different base
(K3POy4) was used (Scheme 26). These screening experiments
utilising bromides and chlorides demonstrated the general
feasibility of the Suzuki—-Miyaura coupling with modified
2-pyridyl boronates for the synthesis of 2,2’-bipyridines.

PdCl,(PPhs),, Cul,

K3PO,, DMF, 100 °C,
i = OO
/ /,

X \ N N\ R

\) “Ph R—Ik/

N 2,5,93
86b
O@ SO Uy IxY,
2 (54%) 5 (74%) 93 (64%)

Scheme 26 Approach to the synthesis of the 2,2'-bipyridines 2, 5 and
93 and substituted analogues by Stevens and co-workers using 86b.

Finally, the synthesis of saline 2-pyridylboronates 88 and 89
have been reported. Molander and Biolatto prepared potas-
sium trifluoroboronates such as 88, however, they reported
solubility problems and insufficient stability of the compound
and no successful cross-coupling experiments were re-
ported.!> A thorough study of the coupling of different
2-pyridylboron nucleophiles (such as 81, 83, 86b, 88 and 89
(X = H) was published very recently by Buchwald and
Billingsley.!>® They described the synthesis and successful
application of several isopropoxy boronates of the type 89
for cross-coupling reactions with aryl halides using [Pd,dbas]
and different phosphine oxides as suitable ligands, giving the
biaryls (however, no 2,2’-bipyridines) in mostly good to very
good yield. Several examples were reported, where diazines
were synthesised starting from 89 including two cases, in which
unfunctionalised 2,3’-bipyridine was obtained with 73% (from
3-pyridyl bromide) and 92% yield (from 3-pyridyl chloride).

3. Conclusions

The 2,2'-bipyridines have found numerous applications as
ligands in transition metal-coordination compounds in areas
such as catalysis, photochemistry, macromolecular chemistry,
supramolecular chemistry and nanosciences. Thus, there is a
still growing demand for efficient protocols that allow the
selective formation of highly functionalised derivatives. In this
review, we wanted to account the recent developments that
have been achieved concerning the use of modern cross-
coupling reactions for this purpose. While the Stille reaction
is an established and longstanding instrument in the toolbox
of bipyridine chemistry, especially the Negishi reaction and
only very recently also the Suzuki-Miyaura reaction have
evolved to similarly powerful tools. The Negishi cross-
coupling reaction allows the synthesis of a very broad
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spectrum of 2,2'-bipyridines carrying all kinds of functiona-
lised groups in different positions in an efficient and often
high-yielding manner. The systematic development of this
methodology makes it an attractive approach for the efficient
preparation of very different 2,2’-bipyridines. The remarkable
development of the Suzuki-Miyaura coupling especially in
terms of the discovery of stable 2-pyridylboron precursors
required for the evaluation of successful coupling strategies
can have a deep impact and will help to further improve this
approach towards reliable and broadly applicable synthetic
methods for the preparation of 2,2-bipyridines. Some poten-
tial in this aspect can also be expected from the cross-coupling of
stable organosilicon compounds of the 2-pyridyl fragment,
namely the Hiyama coupling, and also direct arylation reactions.
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