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This account covers the current status of pyridine metallation
with alkyllithium/lithium aminoalkoxide reagents and fol-
lows a previous review focusing on pioneering works on the
nBuLi/LiDMAE reagent. An updated overview of the scope
of metallation with this superbase is presented, together with

the development of new reagents and synthetic applications
based on selective lithiation methodology.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Thanks to their unique electronic and coordinating prop-
erties, pyridine-based compounds are among the most im-
portant heterocycles involved in a wide spectrum of applica-
tions such as pharmaceutical, coordination and supra-
molecular chemistry, catalysis and energy transfer processes
(luminescence, photovoltaics). These multiple applications
call for the availability of even more sophisticated com-
pounds with easily tuneable properties for screening pur-
poses. The use of pyridine organometallics offers an attract-
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ive and promising route to these compounds. In this con-
text, regioselective lithiation has attracted much attention
during the past decades because it offers fast access to nu-
merous functional compounds. Besides halogen—lithium ex-
change with bromo- or iodopyridines, which has proven to
be an efficient process,['3! deprotonative lithiation from the
pyridine parent compounds also represents a straightfor-
ward route to functional derivatives. Unfortunately, the m-
deficiency of pyridines has long limited the scope of this
latter reaction, due to nucleophilic attack on the azome-
thine bond by alkyllithiums. To overcome this side-reaction
and to promote lithiation, alternatives such as the use of
sterically hindered LDAM1 or LTMPI!%!4l have been pro-
posed. Unfortunately, equilibrated reactions were observed,
implying trapping of lithiopyridines in situ.l'>] As a conse-
quence, efforts have been devoted to turning nucleophilic
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alkyllithium compounds into metallating agents by increas-
ing their basicity/nucleophilicity ratio, with a particular fo-
cus on the most common and easy to handle nBuLi. One
way to increase this ratio would be to enhance the basicity
through association with lithium-chelating diamines such as
TMEDA or chiral diamines (see A in Figure 1).['%!7] or to
employ the superbase known as LICKOR (#BuLi/fBuOK)
developed by Schlosser et al.l'®!°1 and Lochman et al.,[?%2%]
which contains potassium alkoxide as a highly electron-rich
complexing agent (B in Figure 1). This family of bimetallic
reagents has proven to be powerful in the aliphatic, aro-
matic and heteroaromatic series.’>?>4 More recently, a new
class of superbases based on association between alkyllith-
iums and lithium aminoalkoxides has emerged, designed
with the goals of enhancing the basicity by complexation
and of inhibiting nucleophilicity through the formation of
sterically hindered aggregates (C, Figure 1).[2>2

chiral or achiral
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Figure 1. Various concepts for nBuLi activation in deprotonation
reactions.

The most popular reagent, named nBuLi/LIDMAE
[LIDMAE = Me,N(CH,),OLi], effected unprecedented
clean o-metallations of pyridine derivatives instead of the
usual nucleophilic additions encountered with nBuLi or the
ortho-directed lithiations promoted by dialkylamides
(Scheme 1).127]

(\IU LDA or LTMP
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N™ "FG  THF '\

. @ nBULi/LIDMAE I\

Li i > > >
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Scheme 1. Selectivities of lithiation of 2-substituted pyridine.

The incorporation of the chiral lithium aminoalkoxide
LiPM [LiPM = Li(N-methylpyrrolidine)methoxide] allowed
the enantioselective addition of pyridyllithium to aldehydes
(Scheme 2).1281 This process was unprecedented because the
same reagent performed chemo-, regio- and enantioselective
functionalization, leading to chiral pyridylcarbinols in a
one-pot fashion.

Following a previous review focused on pioneering works
on nBuLi/LIDMAE,?”] the current account summarizes the
progress made on structural knowledge of the reagent, me-
4200
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Scheme 2. Regio- and enantiocontrol through the use of nBuLi/
LiPM.

tallation of pyridine derivatives with it and the development
of new congeners, as well as the synthetic usefulness of this
methodology.

Preparative and Structural Aspects

The RLi/ROLI reagents are easily prepared by mixing an
alkyllithium (2 equiv.) with the amino alcohol (1 equiv.) at
0 °C in an apolar noncoordinating solvent. Obviously, the
structures depicted in Scheme 3 are oversimplified if the
strong propensities of alkyllithiums to form mixed aggre-
gates are taken into account.

Me

OH N nBuLi (2 equiv.) nBu N~ e nBU, N
hexane N Nl
or e Lic, Lis,
NMe, 0°C (o] N
(1 equiv.) BuLi-LiDMAE BuLi-LiPM

Scheme 3. Preparation of nBuLi/ROLIi reagents.

Such aggregation states have recently been established for
nBuLi/LiPM aggregates on the basis of DFT calculations
at the B3LYP/6-31G(d) level. It was found that a hexameric
form (3:3) was the major species in hexane, whereas in THF
a tetramer (2:2) was mainly present (Figure 2).[>]

Figure 2. Computed aggregation states of nBuLi/LiPM. Hexamer
(nBuLi/LiPM); in hexane (left) and tetramer (nBuLi/LiPM),-
(THF), in THF (right). Hydrogen atoms have been omitted for
clarity.

As shown in 2D NMR experiments (°Li-'H corre-
lations),3% the structures of the aggregates were strongly
dependent upon the natures of the aminoalkoxides, espe-
cially with regard to steric effects. In the case of nBuLi/
LiDMAE, cross-peaks were observed between the lithium
signals and protons of both nBuLi and LiDMAE, indicat-
ing a highly aggregated state (Figure 3, top). In contrast,
when LIDMAE was replaced by iPr,N(CH,),OLi, with a
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more hindered nitrogen atom, the aminoalkoxide chain pro-
tons were found to correlate only with one lithium peak
and nBuLi, with the remaining signals indicating a strong
influence of nitrogen coordination on the formation of ag-
gregates (Figure 3, bottom). This aggregation step was
found to be critical for the reaction outcome. Indeed, the
nBuLi/iPr,N(CH,),OLi combination was found to give ex-
clusively nucleophilic addition on treatment with 2-meth-
oxypyridine, whereas nBuLi/LIDMAE induced C-6-metal-
lation in up to 90% yield.[>>20]
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Figure 3. °Li-'"H 2D NMR (600 MHz) at —80 °C for nBuLi/LiD-
MAE (top) and nBuLi/iPr,N(CH,),OLi (bottom).

A feature common to all metallations with these reagents
was the strong solvent dependence of the chemoselectivity.
While the regioselective C-6-lithiation was maintained in
noncoordinating solvents such as hexane, toluene or cu-
mene, switching to THF, Et,O [a notable amount of metal-
lation (40%) could be obtained in this solvent, however] or

dioxane promoted nucleophilic addition instead of metalla-
tion.[23-27]
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Lithiation of Halopyridines and
Functionalization

Lithiation of Chloropyridines

Chloropyridines are compounds of particular interest be-
cause the preservation of the C—Cl bond offers a potential
source of further functionalization through SyAr or orga-
nometallic couplings. The chlorine atom in 2-chloropyr-
idine was known to direct metallation at C-3 with LDA as
basic reagent,3! 33 whereas nBuLi or nBuLi/TMEDA es-
sentially afforded addition products.?* Metallation with
nBuLi/LIDMAE at —78 °C resulted in regioselective lithi-
ation at C-6, with tolerance of the C—Cl bond and no nucle-
ophilic addition onto the azomethine bond of pyridine.[*]
The reaction was successfully extended to 3- and 4-chloro-
pyridines,® which on treatment with LDA usually give the
kinetic C-4- and C-3-lithiated products, respectively.?”! The
chemo- and regioselectivities were maintained, leading to a
range of functional chloropyridines (Scheme 4).

1) nBuLi/LiDMAE (3 equiv.)
X hexane; -78°C; 1 h =z R
=1
| o — A
N 2) E* (4 equiv.); THF
—78°C;1h 45-95%

E =D, MeS, SiMe3 Me, CHO, tBuCH(OH)
MeEtC(OH), CHO, PhCO, SnBu3, CI, Br, |

Scheme 4. Lithiation of chloropyridines with nBuLi/LIDMAE.

Remarkable progress in this reaction was recently made
with use of a new combination of Me;SiCH,Li
(TMSCH,Li) and LIDMAE in a 2:1 ratio.’® This reagent
was prepared as described in Scheme 5 with 3 equiv. of
TMSCH,Li and 1equiv. of DMAE. The metallation of
chloropyridines could be performed under noncryogenic
conditions (0 °C) with a smaller amount of base and conse-
quently a smaller amount of electrophilic reagent, due to
a lower nucleophilicity than the nBuLi/LIDMAE reagent
(Scheme 5).

Cl 1) TMSCH,LI/LIDMAE (2:1)
K/l hexane, 0 °C, 1-2 h
) -
N

2) electrophile (1.1 equiv.)

THF, =78 °C
Cl Cl cl cl
Z/- 2. Z 2/
N J\ X B\ X J\ X J\
N SMe N CHO N COPh N CH(OH)Ph
2-Cl, 92% 2-Cl, 81% 2-Cl, 95% 2-Cl, 80%
3-Cl, 85% 3-Cl, 55% 3-Cl, 65% 3-Cl, 70%
4-Cl, 85% 4-Cl, 54% 4-Cl, 70% 4-Cl, 80%

Scheme 5. Lithiation of chloropyridines with TMSCH,Li/LiD-
MAE.

A nice illustration of the lower nucleophilicity of
TMSCH,Li/LiDMAE was found on treatment of lithiopyr-
idine with diethylcarbamoyl chloride (Scheme 6). With
4201
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nBuLi/LIDMAE the reaction afforded a butyl ketone rather
than the dipyridyl ketone formed with TMSCH,Li/
LiDMAE.

1) TMSCH,LI/LIDMAE (2:1) pZ %
7 hexane, 0°C, 1 h < | - |
< > CI”°N N~ ~CI
N™ "Cl ) CICONEt, (1.1 equiv.) 0
THF, =78 °C 80%
1) nBuLi-LiDMAE (3 equiv.)
Z | hexane, 0 °C, 1h Z |
> > X Bu
N Cl Cl N
2) CICONEt, (3 equiv.) 0
THF, =78 °C
65%

Scheme 6. Comparison of the nucleophilicities of nBuLi and
TMSCH,Li.

This clearly indicated that nBuLi attacked the intermedi-
ate amide function and TMSCH,Li did not. In this case
the latter reagent was found to be less nucleophilic than the
pyridyllithium.

Lithiation of Fluoropyridines

Fluoropyridines are also important substrates because
fluorine is far more electronegative than chlorine, inducing
dramatic changes in the reactivity of the pyridine ring. The
consequences are strong increases in the electrophilicity®#
and proton acidities, especially for those ortho to fluorine,
so major changes in chemo- and regioselectivity can be ex-
pected. These electronic properties have also made the in-
troduction of fluorine into heterocyclic structures of great
interest for pharmaceutical purposes, due to the isosteric
characters of fluorine and hydrogen.

The lithiation of fluoropyridines needs very low tempera-
tures in order to avoid degradation and rapid isomeriza-
tions of lithio intermediates. 2-Fluoropyridine has been li-
thiated successfully at C-6 by treatment with nBuLi/LiPM
and nBuLi/LIDMAE. The temperature had to be main-
tained at —100 °C to avoid substrate degradation.?8! The li-
thiation of 3-fluoropyridine has also been studied. The C-2
lithiation of this substrate was less easily directed because
the proton at C-4 was also highly activated by the fluorine
group. This necessitated thorough control of temperature
and use of the appropriate lithiating agent.[>3°401 With
TMSCH,LiI/LIiDMAE (2:1), however, noncryogenic lithi-
ation could be performed successfully with fluoropyridines
(Scheme 7). The reagent was found to be fully tolerant of
the C-F bond even at 0 °C. Interestingly, the metallation
occurred only when LIDMAE was present in the reagent.[®]
The reaction was extended to 3-fluoropyridine, which was
lithiated exclusively at C-2. In this case TMSCH,Li and
LiDMAE had to be used in a 1:1 ratio to control the re-
gioselectivity (Scheme 8).
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1) nBuLi/LiPM (3 equiv.)

hexane, =100 °C, 1 h | N
> NP
2) PhCHO, THF, =78 °C
OH
4%
1)TMSCH,Li (1-2 equiv.)
| A hexane, 0 °C, 1 h
P — 7 starting material, 99%
F™ N 2) MeSSMe (1.1 equiv.)
THF, -78 °C
1) TMSCH,Li/LIDMAE (2:1) =
hexane, 0 °C, 1 h |
> SN FG

2) MeSSMe or PhCHO
or PCONMe;, (1.1-1.5 equiv.) FG = SMe. 69%

THF, =78 °C FG = CH(OH)Ph, 65%
FG = COPh, 62%

Scheme 7. Lithiation of 2-fluoropyridine.

1) TMSCH,LI/LIDMAE (2:1)

= F hexane, 0°C,1h =z F
NS | N |
N 2) MeSSMe or PhCHO N FG
or PhCONMe; (1.1-1.5 equiv.)

FG = SMe, 87%
FG = CH(OH)Ph, 91%
FG = COPh, 82%

THF, -78 °C

Scheme 8. Lithiation of 3-fluoropyridine.

Cross-Couplings of Functionalised Chloropyridines

The selective C-2-lithiations of chloro- and fluoropyr-
idines allowed the preparation of synthetically useful com-
pounds for preparation of reactive bi(het)aryl compounds.
The tin derivative shown in Scheme 9 was successfully en-
gaged in Stille cross-couplings.*!

| A (Het)ArX; Pd(PPh3), (5%) | N

7 <

BusSN” N” Cl e reflu: 12 h Ar(Het)” N”

60% 60% 53%

65% 80%

Scheme 9. Synthesis of chlorinated polyheterocycles.

A recent development has been the first use of (halo-
genopyridyl)silanes, easily prepared by our lithiation/si-
lylation sequences, as activated precursors in Hiyama cross-
couplings (Scheme 10).4!1 During this study it was found
that (chloro- and fluoropyridyl)trimethylsilanes efficiently
afforded a range of bi(het)aryl compounds under milder
conditions than with other coupling methods. Polarization
of the C-Si bond by the electron-withdrawing halogen sub-
stituents probably allowed the couplings to occur, because
2-(trimethylsilyl)pyridine failed to react under the same
conditions.[*!]

Eur. J. Org. Chem. 2009, 4199-4209
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PACly(PPhy), (5%)
X PPh; (10%), Cul (1 equiv.)
(/ TBAF (2 equiv.)
SlMe3 (Het)ArX
DME, r.t., 12h
X X X
X N S YA
f/ OMe (\{ oM ({ (/
2 N S N N
N
F Ac
3-Cl, 40% 3-Cl, 55% 3-Cl, 88% 3-Cl, 80%
4-C1,57% 4-Cl, 77% 4-C1,95% 4-C1, 45%
X X
E
VA S S X
CA_. O LG ®
X >
N NN F7ON N
N~ s OMe OMe
3-C1L, 65% 3-C1,78% 64% 75%
4-CL, 85% 4-C1, 40%

Scheme 10. Hiyama cross-coupling of pyridyltrimethylsilanes.

Bromine-Lithium Exchange in Dibromopyridines

Dibromopyridines are versatile heterocyclic compounds.
Their unique reactivity has been nicely exploited in synthe-
ses both of ligandsi*>#! and of bioactive molecules.*¥ De-
pending on the positions of the bromines on the pyridine
ring, selective functionalizations can be achieved. In this
context, halogen-lithium exchange has received much atten-
tion, especially with 2,3- and 2,5-dibromopyridines, and ef-
ficient methodologies to control the exchange regioselectiv-
ity have been developed (Scheme 11). With nBuLi, control
over regioselectivity necessitates low temperatures (—78 or
—~100 °C) and diluted media to avoid isomerizations.[*3401 In
addition to the potential isomerization of lithiated species,
the formation of pyridyne through elimination of lithium
bromide can also occur with 2,3-dibromopyridine if the re-
action is performed under noncryogenic conditions
(Scheme 12).

nBuLi in THF B Li
7 .
—78 or —100 °C Br N~ exclusively
N Br
| —
Br N »
nBuLi in toluene | e Br
—_—
(dilute medium) Li N/ mainly
=50 or =78 °C

Scheme 11. Isomerization in lithiation of 2,5-dibromopyridine.

z
—LiBr ~ |
B B / N
r - r
| A RLi | X T — LiBr
< ~ )

N” "Br N7 L T~ o H
THF ||

—

N Br

Scheme 12. Isomerization and pyridyne formation in 2,3-dibro-
mopyridine.
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A search for new reagents capable of promoting selective
bromine-lithium exchange in these substrates under easily
applicable conditions was therefore necessary. The solution
was found in the use of TMSCH,Li/LiDMAE (2:1) in tolu-
ene. With this reagent the exchange was accomplished
cleanly at 0 °C in a short time (0.5 h) with both the sub-
strates and without any degradation (Table 1).471 Further-
more, LIDMAE acted as a stabilizing agent for the 2-li-
thiointermediates, thus avoiding isomerizations into the
more stable species. Interestingly, no formation of pyridine,
as assessed by furan trapping experiments, was detected in
reactions with 2,3-dibromopyridine.l?]

Table 1. Base effects in bromine-lithium exchange in dibromopyr-
idines.

1) Base
toluene, 0 °C X S Br
ﬁ - C
2) MeOH Br™ N N
—78 °C
Substrate Base 2-Br-pyr- 3-Br-pyr-
idine idine
2,5-Bry-pyr-nBuLi/LIDMAE degradation
idine
TMSCH,Li 29% 38%
TMSCH,Li/LIDMAE 4% 95%
(2:1)
2,3-Bry-pyr-nBuLi/LIDMAE degradation
idine
TMSCH,Li 20% 80%
TMSCH,Li/LIDMAE - >98%
(2:1)

These unprecedented reactivities were explained in terms
of coordination of 2-lithiopyridine by lithium aminoalk-
oxide combined with a fast deprotonation at 0°C by
TMSCH,Li (Scheme 13).

Br

TMSCH,Li/ j\\

\j LiDMAE _
~Ny--Li” N
/[ /N \ L

Scheme 13. Proposed stabilisation of 2-lithio-bromopyridines by
LiDMAE.

The clean lithiation process allowed the preparation of a
range of bromopyridine derivatives in good yields. Note
also that the amount of electrophile used is very low, thanks
to the weak nucleophilicity of TMSCH,Li (Scheme 14).

A2

58-79%

Br 1) TMSCH,Li/LiDMAE (2:1)
toluene, 0 °C, 0.5 h

2) Electrophile
(1.5 equiv.), =78 °C

E = MeS, Me3Si, BuzSn, Cl, I, PhCO,
tBuCO, PhCH(OH), o-anisylCH(OH)

Scheme 14. Selective synthesis of functional bromopyridines.
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Lithiation of Picolines and Lutidines

In our quest for selective functionalization of compounds
with retention of reactive substituents we have investigated
the selective ring lithiation of picolines and lutidines. The
retention of the acidic side chains might provide new routes
to useful heterocyclic building blocks, because these methyl
groups might subsequently be transformable into aldehydes
or carboxylic acids or could be subjected to olefination to
prepare conjugated molecules or might be selectively
metallated.*8! Because of the higher acidity of the methyl
group,*’! these compounds were metallated only at their
methyl groups when LDA or LTMP were used.’®! With
nBuLi/LIDMAE, however, the metallation of 3- or 4-pico-
line was exclusively directed towards the pyridine ring, leav-
ing the methyl group unaffected (Scheme 15).°!1 The lithia-
tion occurred at C-2, although 3-picoline additionally
underwent an unprecedented para-lithiation, due to the ste-
ric effect of the methyl group.l>?

Me Me

A X
| _ 1) nBULi/LIDMAE (3 equiv.) | _

N hexane; 0 °C; 1 h N E

68-90%
2) electrophile (3.5 equiv.)

- Me THF 78°C; 1h Xy Me
P L.

N E N

! 0,
E =D, MesSi, MeS, PhCO, BUCH(OH), 0 07

MeEtC(OH), Cl, Br, |, BuzSn

Scheme 15. Lithiation of picolines with nBuLi/LiDMAE.

Me
Me 1) nBuLi/LIDMAE (3 equiv.) X Me
- Ve hexane, 0°C, 1h ibid. |
P BN 2
N 2) electrophile (4 equiv.)
THF, 78 °Ctort, 1h E'=E2=Cl 75%
Me Me E'=Cl, E? = COPh, 70%
| - Me ibid. PhCO. A -Me
A — I
Cl N Cl Cl N Cl
0,
75% 60%
1) nBULI/LIDMAE (3 equiv.) Me Me
Me A~ M€ hexane, 0°C, 1 h ibid. Z |
| - R X
N E" N7 TE?
N 2) electrophile (4 equiv.)
-78°C;1h 82-93%
E'=D, By, CI, MeS
2 _
Br E“ = Cl, Br, SMe
Me A\ Me ibid. Z | Me
! SN
N
Cl Cl c

65%

Scheme 16. Synthesis of polyfunctional pyridines by sequential li-
thiations.
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By the same methodology it was possible to perform
monolithiations and sequential lithiations of lutidines to
afford new reactive heterocyclic building blocks
(Scheme 16).151:331

The iterative lithiation of 3-picoline was recently ex-
ploited in our group for the synthesis of ferrocenoisoquinol-
ines (Scheme 17).54

1) nBuLi/LiDMAE

X then C,Clg X
| |
N 2)nBuli/LibMAE €17 N Br
then CBry 50%
|o =
P N
Negishi BUOK. DMF
- D : 9 g
p— {
coupling Q N Y 64% @

- al

Scheme 17. Synthesis of ferrocenoisoquinolines by sequential li-
thiation of 3-picoline.

Picoline-based polyheterocycles have been prepared by
cross-coupling of the above tin derivatives. A one-pot li-
thiation—stannylation—coupling sequence was developed on
this occasion (Scheme 18).15]

1) nBuLi/LiDMAE
| A Me hexane; 0 °C; 1 h

() et oy
P ®

2) CISnBus BuzgSn™ °N

PACIy(PPhs), (5%)
PPhs (10%)

HetX (2 equiv.), xylene

THF; -78°C; 1 h reflux 12 h
\ NN/
TN Nwe Y Yo (3 e
N= N= =N N= =N N=
70% 52% 60%

N= N=

50%

7 Nl N me
=N N=

Br
50%

N
/\ /\M
el

73%

46%

Scheme 18. Lithiation/stannylation/coupling sequence.

Lithiation of Anisylpyridines

Pyridylphenols are key structures for biologically active
molecules (e.g., adrenergic receptor ligands),’® metal Ii-
gands for asymmetric synthesis®” or building blocks for
supramolecular architectures.”® They are generally pre-
pared from halogenated heterocycles by Pd-catalysed Su-
zukil®® or Ni-catalysed Corriu-Kumada-Tamaol®*-¢% cross-
couplings followed by a demethylation step. We have devel-
oped an efficient methodology for the functionalisation of
anisylpyridines by treatment with the nBuLi/LIDMAE su-
perbase, which effected the first selective directed pyridine

Eur. J. Org. Chem. 2009, 4199-4209
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lithiation of these compounds o to nitrogen, leading to an
array of new functional compounds (Scheme 19).[6!1 No
ortho-directing effects of the methoxy groups resulting in
metallation of the anisole rings were observed.

nBuLi/LIDMAE (3 equiv.)

N (ﬁ toluene, —40 or 0 °C MeO AN O
MeO— -+, » MeO—T
< L 2 N
\/ N then electrophile (3.2 equiv.) l\/ N E

THF, =78 °C
7N\ 720 /2 SR/ 2R /RN
_,. N= _,. =N .|_ —
MeO E MeO OMe E
0-OMe, 50-82% 0-OMe, 50-84% 0-OMe, 6583%
m-OMe, 74-78% m-OMe, 70% m-OMe, 80%
p-OMe, 75-90% p-OMe, 75% p-OMe, 70%

E =D, Cl, Br, I, SMe, PPh,, COPh, CH(OH)Ph, MeCH(OH)Et
Scheme 19. Lithiation of anisylpyridines.

The usefulness of the methodology for the synthesis of
functional pyridylphenols was illustrated with chlorinated
compounds, which are useful precursors for further intro-
duction of diversity. After demethylation the phenols were
engaged in cyclisations under basic conditions to afford
chlorinated benzofuropyridines (Scheme 20).1!]

nBuLi/LIDMAE

toluene, 0 °C
Z | — > ibid Z ]
\N OMe  then CyClg cl \N cl OMe
THF, -78 °C
90%
BBI‘37 CH2C]2 a
—_— |

S

then K,CO; cl N~ O
70%

Scheme 20. Synthesis of benzofuropyridines.

Lithiation of Aminopyridines and Related
Compounds

C-2-Lithiation of DMAP and 4-PPY

(Dialkylamino)pyridines display unique electronic prop-
erties due to the delocalization of their external nitrogens’
lone pairs through the n-deficient pyridine rings, greatly in-
creasing the electron density at their pyridine nitrogens. The
consequence is a significantly enhanced nucleophilicity of
the pyridine nitrogen, which has been extensively exploited.
The most popular congener is certainly 4-(dimethylamino)-
pyridine (4-DMAP), which has been found to be highly ef-
ficient as an organocatalyst for acylation reactions.[62-64
Current developments in the field of (dialkylamino)pyr-
idines, especially in asymmetric organocatalysis,[®>%° call
for the elaboration of even more sophisticated analogues.
As a consequence, the incorporation of functional groups
on the pyridine ring has been the focus of much attention.
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We achieved an unprecedented direct lithiation with the
nBuLi/LiDMAE reagent (Scheme 21)®71 This new process
avoids the need for the conventional activation-regenera-
tion sequence, as well as the formation of disubstituted de-
rivatives encountered in the Lewis-acid-assisted lithiation
procedures described in the literature.[®!

\N/ \N/

1) nBULi/LiDMAE (2 equiv.)
e hexane, 0°C, 1 h I
| - |
2) electrophile (2.5 equiv.)

E
N hexane, =78 °C, 1.5 h N

65-94%
E =D, Cl, Br, I, PPhy, COPh, SnBus

Scheme 21. C-2 lithiation of 4-DMAP with nBuLi/LiDMAE.

The availability of tin and halogenated derivatives al-
lowed the preparation of new ligands (Scheme 22).[67]

NN X \N\
(L) L)
N N N N

PdCl,(PPh3), (5%) 72% 85%

\N/
m PPh; (10%), xylene -
N” “snBu, HetX )\ oY b
reflux, 12 h X X A XY ~A

60%

Scheme 22. Synthesis of DMAP-based polyheterocycles.

This methodology was also applied successfully to 4-pyr-
rolidinopyridine (4-PPY) (Scheme 23).[6°]

N nBULi/LIDMAE, N . N
. hexane,0°C,1h ibid. /
| i S X=Cl X, |
\N then electrophile, N X = cl N Cl

hexane, —78 °C

Cl, 75% 90%

Br, 62%

X =
X =
X = SnBus, 87%

Scheme 23. Lithation of 4-PPY.

Lithiation of Pyrrolopyridines

4-(1 H-1-Pyrrolyl)pyridine has interesting applications as
an electron-releasing ligand.’” In our hands, treatment
with nBuLi, rBuLi or nBuLi/TMEDA only resulted in nu-
cleophilic addition on the pyridine ring, whereas after treat-
ment with LDA or LTMP the compound was fully reco-
vered. On the other hand, treatment with LICKOR led to
metallation o to the pyrrole nitrogen and at C-3 of the pyr-
idine ring, in agreement with the selectivity observed with
phenylpyrrole (Scheme 24).71 The nucleophilic addition
product was also present in notable amounts in the mixture.
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SMe

(/ \5 Bu
N nBULiBUOK (1 equiv.) 20%

fj THF, =78 °C, 1 h. . ﬂ\ ﬂ\
< then MeSSMe (1.5 equiv.) N~ “SMe SMe

N THF, =78 °C \
' N N SMe

| ~ | o

N N

22% 7%

Scheme 24. Reaction of 4-pyrrolopyridine in the presence of
LICKOR.

In contrast, use of nBuLi/LIDMAE at low temperature
(-78 °C) effected a clean lithiation of the pyridine ring, al-
lowing the introduction of substituents potentially reactive
for further functionalization reactions and ligand synthe-
sis.l’?l The preparation of some 2,6-disubstituted derivatives
through an iterative lithiation was achieved with substrates
bearing base-tolerant substituents (Scheme 25).

I\ / \
o 0

i) nBULi/LIDMAE,

toluene, -78 °C, 1 h | A i, ii) | X
—_— <~ —_— =
ii) electrophile, N™ "FG FG™ 'N° 'FG

toluene, —78 °C

60-85%

FG = SMe, 95%

FG= D, SMe C|, BI', SI‘IBU3, Pth EG = Cl. 86%

Scheme 25. C-2 lithiation of 4-pyrrolopyridine with nBuLi/LiD-
MAE.

The obtained 4-PPY and 4-pyrrolopyridine derivatives
were next involved in cross-couplings leading to new bipyr-
idine and terpyridine ligands (Scheme 26  and
Scheme 27),1¢%721 the ruthenium complexes of which dis-
played interesting electronic properties further exploited in
dye solar cells.[3]

2-PyrSnBusz (1.1 equiv.), R
PdACIy(PPh3); (5%),
PPh3 (10%), =
3 (10%) 7/ \ »
xylene, Ar, reflux, 18 h =N N
R
41-65%
AN
| o
N el
NiCly6H,0 (1.1 equiv), R R
PPh3 (4.4 equiv.), -
/_\ »
Zn (1.1 equiv.), DMF, N N
50°C, 1.5 h 45-70%

r=( V. U\
N N
Scheme 26. Synthesis of pyrrole- and pyrrolidine-based bipyridines.
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i) 2-PySnBu3 (2.2 equiv.),
PdCly(PPhg3)2/PPhg
xylene, reflux, 24 h

ii) ibid.

50%

50%

Scheme 27. Synthesis of pyrrole- and pyrrolidine-based terpyrid-
ines.

C-3 Lithiation of DMAP and 4-PPY

C-3 lithiation was challenging. Despite the higher acidity
of the H-3 proton it had never been directly lithiated, due
to the low propensity of the dialkylamino group to promote
ortho-lithiation. We showed for the first time, however, that
the TMSCH,Li/LIDMAE reagent promoted this reaction
(Scheme 28).74! In this case the metallation had to be per-
formed in a hexane/THF mixture to prevent aggregation
between the superbase and the pyridine nitrogen.

1) TMSCH,LI/LIDMAE (2:1)
> +
NZ  2)MeSSMe (1.2 equiv.) N7 > sMe N7
—-78°C,1.5h
in hexane 18% 18%
in hexane/THF - 85%

Scheme 28. Effect of THF on lithiation of 4-DMAP.

A range of functionalities have been introduced cleanly
at C-3 of DMAP and 4-PPY by use of this new methodol-
ogy (Scheme 29).I74

RAN,R R.N_R
1) TMSCH,LI/LIDMAE (2:1)
N hexane/THF, 0 °C, 1 h N F
| - [

N 2) electrophile (1.2 equiv.) N

-78°C,1.5h
52-83%

R = Me, —(CHyp)4—

E = Br, I, CHO, SnBus,
COPh, CH(OH)Ph

Scheme 29. Functionalization of DMAP and 4-PPY at C-3.

Interestingly, when the same reaction conditions were ap-

plied to 4-morpholinopyridine a ring contraction occurred
concomitantly with the C-3 lithiation, giving a straight-

forward route to functional N-pyridyloxazolidines
(Scheme 30).7%! Note that the use of nBuLi/LIDMAE with
such a substrate led to exclusive C-6 lithiation of the pyr-
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idine ring with preservation of the integrity of the morph-
oline ring.”®! A mechanism involving a ring-opening and a
classical exo-trig cyclization was postulated.

O 0
1) TMSCH,Li/LIDMAE (2:1), (
THF 0°C, 4h N)\CH3
E
electrophlle -78°C Z |
>
N
E = SMe, Cl, SnBuz, SiMe3
59-63%

Scheme 30. Synthesis of N-pyridyloxazolidines functionalised at C-
3.

Lithiation of Pyridylpiperazines

Pyridylpiperazines and their analogues are key units in a
wide range of relevant pharmacophores with a broad spec-
trum of activity.’”] Variation in the nature of and the substi-
tution on the (het)aryl ring on piperazine dramatically in-
fluences the intrinsic activity. The number of available sub-
stituted pyridylpiperazines remains limited, due to a lack of
efficient methodologies for introduction of diversity on the
pyridine ring. We showed that lithiation could be success-
fully achieved by use of nBuLi/LIDMAE. The reagent ef-
fected metallation of the pyridine even in the presence of
the strongly coordinating piperazine units (Scheme 31).[78]
The process was found to be sensitive to the metallation
temperature.

1) nBuLi/LIiDMAE

A o AN
| 1N N—=Trt toluene, T °C | 2N N—Trt
Z 2
N 2) electrophile, THF ~ FG~ 'N
-78°C
Trt
N

J @
NTNFG
TN

N FG

60-95%
(metallation at r.t.)

50-90%
(metallation at —78 °C)

65-95%
(metallation at 0 °C)

FG = Cl, Br, I, COPh, COfBu, tBuCH(OH)

Scheme 31. Lithiation of pyridylpiperazines at C-2 and temperature
effects.

Sequential lithiation proceeded as well, giving access to
disubstituted derivatives (Scheme 32).

(\N,Tﬁ
1) nBuLi/LIiDMAE
Z | N\) toluene, 0°C f\/I[N\)
N 2) electrophile, THF G SNTOR
-78 °C
53-78%
FG =Cl, Br, |, PhCO, tBuCH(OH)

Scheme 32. Synthesis of polyfunctional pyridylpiperazines.
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Another interesting and unprecedented reaction was the
lithiation of dipyridylpiperazines.” The difunctionaliza-

tion of symmetrical compounds occurred cleanly
(Scheme 33).
NN
— FG
1) nBuLi/LIDMAE
(—N toluene, 25 °C O
NN
J )
N 2) electrophlle THF
,N \ 78 FG SMe (79%), Cl (86%)
_ Br (95%), D( 0% D%>98)
N
7N

1) nBuLi/LIiDMAE

N
(__) toluene, 0 °C

2) electrophile, THF
—78°C FG

B aataty

_ FG = SMe (81%), 01(91%),
N Br (89%), D (78%, D%>98)

Scheme 33. One-pot dilithiation of dipyridylpiperazines.

The temperature effects observed for pyridylpiperazines
in Scheme 32 were exploited to control the mono- or dili-
thiation of asymmetrical derivatives (Scheme 34).

7 ] “3 GF
N Ny Ne. |
1) nBuLi/LIDMAE ) nBuLi/LIiDMAE

toluene —40°C [ j toluene 0°C [ ]
N 2) electrophile

2) electrophile
THF, -78 °C =z THF, -78 °C
=z | =
s ) SN I
GF™ N SNTFG

FG = CI (76%), Br (69%)

FG = CI (81%), Br (79%),
SMe (65%)

SMe (84%)

Scheme 34. Temperature-controlled mono-/dilithiation of dipyr-
idylpiperazines.

Selective Lithiation of (S)-Nicotine

(S)-Nicotine is a naturally abundant chiral alkaloid, ef-
ficient for the treatment of neurodegenerative diseases, but
with many side effects. This drawback has motivated the
synthesis of (S)-nicotine analogues with expected lower tox-
icity through lithiation of the pyridine ring. Recently Com-
ins and co-workers have successfully used the nBuLi/
LiDMAE reagent for this purpose. Regioselective function-
alization at C-2 was achieved® and subsequent lithiation
of the chlorinated substrate led to a range of 2,6-disubsti-
tuted derivatives in good yields (Scheme 35).81 This meth-
odology was also a key step in a synthesis of (.S)-brevicol-
line.82!

The TMSCH,Li or TMSCH,Li/LIDMAE reagents af-
forded a new selectivity by lithiating exclusively the C-4 po-
sition of (S)-nicotine (Scheme 36).183!
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D 1) nBuLi/LiDMAE

hexane, —20 °C

XN X
| 2) electrophile, =78 °C |
N
FG = Cl, Br, |, PhSiMe,, MeS, SnBuz 30-87%
1) NBULI/LIDMAE D
D hexane, -78 °C XN
| XN | _ |
. I 2)electrophile, =78 °c CI” "N~ “FG

FG = Cl, SMe, CHO, SnBus 42-72%

Scheme 35. Lithiation of (S)-nicotine with nBuLi/LIDMAE.

1) TMSCHjLi
loluene 20°C

oY

71-91%

N 2) electrophile, =78 °C

FG =Cl, |, SiMe3, SnBug, PhCO

Scheme 36. C-4-Lithiation of (S)-nicotine with TMSCH,Li.

Solid-Phase Lithiation of Pyridylpiperazine

Taking the biological interest of functional pyridylpiper-
azines into account we examined methodologies for the
preparation of libraries of such compounds. We showed
that nBuLi/LiDMAE could effect proper lithiation of poly-
mer-bound pyridylpiperazine with full tolerance of the
polystyrene support.®¥ The preparation of useful 6-substi-
tuted 2-pyridylpiperazines was achieved after subsequent
electrophilic quenching and cleavage with methyl chloro-
formate (Scheme 37).

N 1) nBuLi/LiDMAE N
toluener.t, 6 h
2) electrophile, THF, 0 °C

N N
h@ 3) CICOOMe, DCM, rt. N7 l
X 6N

69-93%

E =D, SMe, TMS, Cl, Br, I, tBuCH(OH), PhCO

Scheme 37. Lithiation of polymer-bound pyridylpiperazines.

The brominated derivatives prepared above were directly
subjected to Suzuki and Sonogashira cross-couplings on so-
lid phase, yielding new functional pyridylpiperazines with
good overall yields after cleavage (Scheme 38).18]
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1) RB(OH), (2 equiv.)
PdCly(PPhs), (5%),

N
0/ 10/
PPh; (20%), Cul (10%) 7\ N/\
] = \, NCO,Me
K,COs3 (2 equiv.), DMF
120°C,12h 41-50%
2) CICOOMe, DCM R = 2-naphthyl, 2-benzothienyl,
N rt. stryryl
& R
N \
2 1) PACI,(PPhs3); (5%), N
N | PPh; (10%), Cul (10%), /N N/\
X —
Br NCO,Me
=—R (1.5equiv.)

50-77%
R =Ph, nBu, SiMe3

EtsN, THF, reflux, 12 h

2) CICOOMe, DCM
rt

Scheme 38. Solid-phase cross-couplings of pyridylpiperazines.

Conclusions

This update of our first review on nBuLi/LIDMAE illus-
trates well the synthetic potential of this superbase as well
as improvements achieved by modification of the alkyllith-
ium part of the reagent. Both noncryogenic and more eco-
nomical deprotonations and bromine-lithium exchanges on
pyridine derivatives for the preparation of synthetically use-
ful pyridine organometallics are now available. Addition-
ally, new selectivities have been discovered, greatly enriching
the scope of metallations with the RLi/LIDMAE combina-
tions. The synthetic usefulness of the methodology has been
clearly demonstrated by the efficient preparation of new po-
tentially biologically active compounds and polypyridine li-
gands.
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