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ABSTRACT: An efficient and general protocol for the
ortho-alkylation of pyridines via C�H addition to olefins has
been developed, using cationic half-sandwich rare-earth
catalysts, which provides an atom-economical method for
the synthesis of alkylated pyridine derivatives. A wide range
of pyridine and olefin substrates including α-olefins, sty-
renes, and conjugated dienes are compatible with the
catalysts.

Pyridine moieties are among the most important heterocyclic
structural motifs and exist widely in a large number of natural

products, pharmaceuticals, ligands, and functional materials.1

Therefore, the development of efficient, atom-economical pro-
cesses for the synthesis of pyridine-containing compounds through
direct C�H functionalization of pyridine has received intensive
attention.2�6 Among possible approaches to the functionaliza-
tion of pyridines, catalytic C�H bond addition to olefins is the
most atom-economical way for the synthesis of alkylated pyridine
derivatives. However, direct C�Halkylation of pyridines hasmet
with limited success to date, partly because of the low activity of
pyridyl species and easy β-H elimination of transition metal alkyl
species.

Pioneering work reported in 1989 by Jordan and co-workers
showed that cationic zirconium metallocenes, which are active
olefin polymerization catalysts, could effect the catalytic C�H
addition of α-picoline to propylene in the presence of H2.

7

Recently, Bergman and Ellman reported that Rh(I)�phosphine
complexes could catalyze the ortho-alkylation of pyridines at high
temperatures (165 �C).8 Nakao and Hiyama found that, in the
presence of Lewis acids, N-heterocyclic carbene nickel com-
plexes catalyzed the alkylation of pyridines with unprecedented
C-4-selectivity.9 Inmost of these reactions, aliphatic alkenes were
applicable, but styrenes and conjugated dienes seemed not suitable
for the catalytic transformation.10

Various rare-earth alkyl complexes have been reported pre-
viously to undergo ortho-metalation of pyridine through C�H
bond activation.11 However, reports on the insertion of olefins
into a rare-earth pyridyl bond remain scarce.11d,f Teuben and co-
workers reported in 1994 that yttrium metallocene complexes
catalyzed the ethylation of pyridine under high temperature
(110 �C) and high ethylene pressure (40 bar).11d This is the
only precedent of rare-earth-catalyzed alkylation of pyridine.
Unfortunately, this catalyst was active only for ethylene, whereas
the insertion of a higher olefin was much slower and could not be
achieved catalytically.

We recently demonstrated that cationic half-sandwich rare-earth
alkyl complexes can serve as excellent catalysts for the polymerization

and copolymerization of a variety of olefins.12,13 However, the
use of the cationic rare-earth alkyls in the C�H addition of
pyridines to olefins has remained unexplored to date.14 Herein,
we report the first highly efficient, ortho-selective C�H addition
of pyridines to olefins catalyzed by cationic half-sandwich rare-
earth alkyl complexes. The selectivity and functional group toler-
ance of the present rare-earth catalysts are complementary to
those of late transition metal catalysts. A wide range of pyridine
and olefin substrates, including α-olefins, styrenes, and conju-
gated dienes, are applicable to afford a new family of function-
alized pyridine derivatives.

On the basis of catalyst screening for the reaction ofα-picoline
with norbornene (see Supporting Information, Table S1), we
first chose the combinationof thehalf-sandwich scandiumbis(benzyl)
complex (C5Me5)Sc(CH2C6H4NMe2-o)2

13e and B(C6F5)3 as
catalyst to examine the ethylation of various pyridine derivatives.
Some representative results are summarized in Table 1. The
o-C�H ethylation of α-picoline took place easily under 3 atm of
ethylene at 70 �C to give 2-methyl-6-ethylpyridine (3aa) almost
quantitatively (entry 1). Ethylene polymerization did not take
place until α-picoline was completely consumed. Ethylation of
2-ethylpyridine and 2-isopropylpyridine also took place selec-
tively (entries 2 and 3), while reaction of the bulkier 2-tert-butyl-
pyridine with ethylene yielded a mixture of oligomers under the
same conditions, possibly owing to the steric hindrance of the
t-Bu group, which could retard the abstraction of hydrogen from
2-t-Bu-pyridine by a 2-t-Bu-pyridylethyl�Sc species and thus lead
to continuous insertion of ethylene into the pyridylethyl�Sc bond.
However, when the yttriumcomplex (C5Me5)Y(CH2C6H4NMe2-o)2
was used in place of the Sc analogue, the ethylation reaction of
2-t-Bu-pyridine took place selectively and quantitatively (entry 4),
probably because the larger Y ion in the pyridylethyl yttrium
intermediate could promote more efficiently the coordination
and subsequent deprotonation of 2-t-Bu-pyridine rather than the
insertion of another molecule of ethylene.

Tetrahydroquinoline (1e), 2,3-cyclopentenopyridine (1f),
quinoline (1g), and 2-phenylpyridine (1h) could also be o-ethy-
lated selectively by the scandium catalyst (Table 1, entries 5�8).
It is noteworthy that the ethylation of 2-phenylpyridine took
place selectively at the ortho position of the pyridine unit (rather
than the phenyl group) (entry 8), in contrast with late transition
metal-catalyzed reactions, in which the pyridine unit usually
serves as a directing group to lead the C�H activation taking
place at the phenyl ring.15 Remarkably, 2-bromopyridine (1i)
and 2-iodopyridine (1j) could also undergo selective C�H
ethylation to give the corresponding Br- and I-containing
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ethylpyridine derivatives (entries 9, 10); no dehalogenation was
observed.

To examine the scope of olefin substrates, 2-ethylpyridine was
then used to react with various olefins (Table 2). The o-C�H
addition of 2-ethylpyridine to norbornene took place smoothly
in the presence of 2 mol % of the Sc catalyst to afford the
corresponding alkylation product 3bb quantitatively (entry 1). In
the case of dicyclopentadiene (2c), the reaction took place
selectively at the norbornene unit, leaving the cyclopentene unit
unchanged.16 Two regioisomer products (3bc and 3bc0) due to
the asymmetry of the norbornene unit in dicyclopentadiene were
obtained in a ca. 2:1 ratio (entry 2). In the alkylation with
α-olefins such as 1-hexene and 1-octene, branched isomer
products were obtained exclusively (entries 3 and 4), in contrast
with late transition metal-catalyzed reactions, which always gave
the linear isomers as a predominant product. 8a,9

The scandium catalyst showed rather poor activity for the
reaction of 2-ethylpyridine with styrene, although it was ex-
tremely active for the polymerization of styrene in the absence of
a pyridine compound.13k However, the larger yttrium catalyst,
though less active for the polymerization of styrene,13a showed
excellent catalytic activity for o-alkylation of 2-ethylpyridine with
styrene to give selectively the corresponding linear product (Table 2,
entry 5). This reaction is also in contrast with the Ni-catalyzed

alkylation of pyridine with styrene, in which the branched isomer
was formed as a major product and C�C bond formation took
place at the C-4 position of pyridine.9 Alkyl-, fluoro-, chloro-, and
methoxy-substituted styrenes are also compatible with the yttrium
catalyst to afford selectively the corresponding linear alkylation
products (entries 6�10). To the best of our knowledge, this is
the first example of catalytic o-selective alkylation of a pyridine
compound with styrenes.10

The yttrium catalyst is also suitable for C�H addition of
2-ethylpyridine to 1,3-cyclohexadiene to afford the correspond-
ing allylated pyridine product 3bl (entry 11). In the case of
isoprene, both mono- and double-insertion products were ob-
tained, even when an equimolar amount of isoprene was used
(entry 12). These reactions represent the first example of catalytic
C�H addition of a pyridine compound to a conjugated diene.10

Table 1. Catalytic C�H Addition of Pyridine Derivatives to
Ethylenea

aReactions were carried out with 1 mmol of pyridine in 3 mL of toluene
under 3 atm of ethylene, unless otherwise noted. b Isolated yield. cYield
obtained by converting the product to its hydrochloride salt. dC5Me5Y-
(CH2C6H4NMe2-o)2 was used.

e 0.5 mmol of pyridine 1f, 4% catalyst.
f 0.5 mmol of quinoline 1g, 8% catalyst.

Table 2. Catalytic C�H Addition of 2-Ethylpyridine to
Various Olefinsa

aReactions were carried out with 0.5 mmol of pyridine and 1 mmol of
an olefin in 2 mL of toluene, unless otherwise noted. b Isolated yield.
c 1 mmol pyridine, 1.5 mmol olefin and 2% catalyst. d 1 mL toluene and
1 mL olefin. e 3bc/3bc0 = 2:1, determined by 1H NMR. f 3bm/3bm0 =
1.2:1, determined by 1HNMR. A small amount of 3,4-isoprene insertion
products was also observed.
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Similar to Zr catalysts,7a no alkylation was observed in the
reaction of pyridine with ethylene and styrene, probably because
of the formation of a relatively stable pyridine-coordinated metal
species. However, the reaction between pyridine and norbornene
took place smoothly in the presence of scandium catalyst
(Scheme 1). Double o-alkylation of pyridine could also be
achieved after most of the pyridine was consumed, but no dialkyla-
tion product was observed at the early stage. If the reaction was
quenched after the first 27 h, the monoalkylation product 3kb
was isolated in 79% yield. Further alkylation of the monoalkyla-
tion product took place rapidly to afford the dialkylation product
3kbb in 99% isolated yield in ca. 3 h (Scheme 1).

The reaction of a 1:1 mixture of pyridine and pyridine-d5 with
norbornene and the reaction of 2-D-pyridine with norbornene
showed significant kinetic isotope effects (kH/kD = 4.9 and 4.0,
respectively, Scheme 2), suggesting that C�H bond activation
(deprotonation) could be involved in the rate-determining step
of the present catalytic reaction.

On the basis of the observations described above and reported
previously,7,11d,f,13a,h,i,m a possible mechanism for the present
catalytic alkylation of pyridines can be proposed as shown in
Scheme 3. Coordination of a pyridine compound 1 to the metal
center of the cationic alkyl species A, generated from its neutral
dialkyl precursor and an activator such as B(C6F5)3, would
promote o-C�H activation (deprotonation) of 1 to give pyridyl
species B.17 The 2,1-insertion of a 1-alkene into the me-
tal�pyridyl bond in B would be sterically favored to afford C,
which on subsequent deprotonation of another molecule of
pyridine 1 should yield the branched alkylation product 3 and
regenerate B. In the case of styrene, 1,2-insertion would be
preferred because of possible formation of a stable benzallylic
species such as D, which after protonation with a pyridine
compound should give the linear alkylation product 30.

In summary, we have demonstrated that half-sandwich rare-
earth dialkyl complexes such as (C5Me5)Ln(CH2C6H4NMe2-o)2
(Ln = Sc, Y) in combination with an activator such as B(C6F5)3 can
serve as an excellent catalyst for ortho-selective C�H addition of

pyridines to a variety of olefins such as 1-alkenes, styrenes, and 1,3-
conjugated dienes to afford straightforwardly a series of alkylated
pyridine derivatives in an atom-economical way. The present rare-
earth catalysts are complementary to late transitionmetal catalysts in
terms of selectivity, functional group tolerance, and substrate scope.
Further studies on rare-earth-catalyzed C�H functionalizations
with other substrates are in progress.
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