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Abstract: The catalytic C¢H addition of pyridines to al-
lenes has been achieved for the first time by using a half-
sandwich scandium catalyst, thus constituting a straight-
forward and atom-economical route for the synthesis of
alkenylated pyridine derivatives. The reaction proceeded
regio- and stereoselectively, affording a new family of alke-
nylated pyridine compounds which are otherwise difficult
to synthesize. A cationic Sc-h2-pyridyl species was isolated
and confirmed to be a key catalyst species in this transfor-
mation.

Pyridine units are among the most important heterocyclic
structural motifs, existing widely in many natural products,
pharmaceuticals, ligands and functional materials.[1] The devel-
opment of efficient protocols for the synthesis of pyridine de-
rivatives has therefore received much current interest.[2, 3] So
far, extensive studies on the C¢H alkylation of pyridines with
alkenes have been carried out as the most atom-economical
method for the synthesis of alkylated pyridine derivatives.[2] In
contrast, studies on the synthesis of alkenylated pyridine deriv-
atives by C¢H functionalization of pyridines have remained
very limited despite recent progress.[3] It was previously report-
ed that the C¢H addition of pyridines to alkynes catalyzed by
late transition metal catalysts such as ruthenium[3a] and nick-
el[3b, c] could give the corresponding alkenylated pyridine deriv-
atives, but this transformation suffered from poor regioselectiv-
ity when internal alkynes having two similar substituents were
used as substrates. The palladium-catalyzed oxidative coupling
of pyridines with alkenes was also reported to afford the alke-
nylated products,[3d] while this reaction is suitable only for al-
kenes having electron-withdrawing groups. The search for new
protocols for the efficient, selective synthesis of alkenylated
pyridine compounds is therefore of much interest and impor-
tance.

In principle, the catalytic C¢H addition of pyridines to a C=C
double bond of allenes[4] could serve as an efficient and atom-
economical route for the synthesis of alkenylated pyridine de-
rivatives. However, such catalytic C¢H alkenylation of a pyridine

compound with an allene unit has not been reported previous-
ly, although a large number of examples of allene insertion
into aromatic C¢H bonds are known.[5] The addition of a zirco-
nium pyridyl species formed by pyridine C¢H bond activation
to 1,2-propadiene was reported previously, but the catalytic C¢
H alkenylation of a pyridine compound with an allene by a zir-
conium complex seemed difficult.[6] We recently found that cat-
ionic half-sandwich rare-earth alkyls could serve as efficient
catalysts for the C¢H alkylation of aromatic compounds such
as pyridines[2f, j] and anisoles[7] with various alkenes. In most
cases, the selectivity and functional group tolerance of the
rare-earth catalysts are different from those of late transition
metal catalysts. Encouraged by these results, we examined the
use of rare-earth catalysts for pyridine C¢H functionalization
with allenes. Herein, we report, for the first time, the catalytic
C¢H addition of pyridines to allenes by a scandium catalyst.
This transformation is highly regio- and stereoselective, leading
to formation of a new family of alkenylated pyridine deriva-
tives which are otherwise difficult to synthesize. A cationic Sc-
h2-pyridyl complex was confirmed to be the true active catalyst
species, thus offering important information for understanding
the reaction mechanism.

On the basis of the screening of several different rare-earth
catalysts (see Supporting Information, Table S1), we chose the
combination of the half-sandwich scandium 1 (Scheme 1) and
[Ph3C][B(C6F5)4] as a catalyst to examine the reactions of various
pyridine derivatives (3) with cyclohexylallene (4 a).

Some representative results are summarized in Table 1. In
the presence of 1 (5 mol %) and [Ph3C][B(C6F5)4] (5 mol %) in
toluene at 70 8C, the reaction proceeded regio- and stereose-
lectively, affording the corresponding branched alkenylation
product 5 through the addition of the pyridyl unit to the
middle carbon atom and the addition of a hydrogen atom to
the terminal carbon atom of the allene unit in an E-selective
fashion.[8] A broad range of substituted pyridines such as 2-pi-

Scheme 1. Half-sandwich scandium dialkyl complexes with different cyclo-
pentadienyl (Cp) ligands.
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coline, 2-isopropylpyridine, 2,3-lutidine, 2,4-lutidine, and ring-
fused pyridine derivatives are suitable substrates for this cata-
lytic transformation.[9] Remarkably, the chloro-, bromo- and
iodo-substituents in the pyridine substrates survived the cata-
lytic reaction conditions, leading to selective formation of the
C¢H alkenylation products without dehalogenation (5 e, 5 f, 5 i
and 5 j). 1-Methylisoquinoline and 3-methylisoquinoline were
also alkenylated selectively to give the expected products 5 n
and 5 o, respectively. In the case of 2-phenylpyridine, the steri-
cally demanding C5Me4(SiMe3)-ligated Sc catalyst 1 was less ef-
fective than the smaller C5H5-ligated analogue 2 for the forma-
tion of the expected product 5 h,[10] probably owning to the
steric repulsion between the C5Me4(SiMe3) ligand in 1 and the
phenyl ring in 4 h.[11]

Table 2 summarizes the reactions of 2-ethylpyridine with var-
ious allenes.[12] The allene substrates having linear, branched
and cyclic substituents all afforded the corresponding alkenyla-
tion products in a highly regio- and stereoselective fashion.
Siloxy groups such as OSi(iPr)3 (5 r and 5 s) are compatible with
the catalyst system.[13] The reaction of 2-ethylpyridine with trie-
thylsilylallene also took place regio- and stereoselectively, af-
fording the corresponding silylalkenylation product 5 x in 75 %
yield. In the case of allenes having a sterically demanding sub-
stituent, such as menthylallene and phenylallene, the smaller

catalyst 2 showed much better performance than 1 for the for-
mation of the expected alkenylation products (5 y and 5 z).[11]

The treatment of 2-ethylpyridine with a cholesteryl-substitut-
ed allene 4 aa (d.r. = 55:45) afforded the corresponding 2-pyri-
dylvinyl steroid compound in 92 % yield in a highly regio- and
stereoselective manner (Scheme 2),[14] demonstrating that the
present C¢H alkenylation reaction could be applied to the syn-
thesis of pyridine derivatives bearing naturally occurring struc-
tures.

The reaction of [D7]2-methylpyridine ([D7]3 b) and cyclohexy-
lallene afforded the C¢D addition product [D7]5 b, in which
99 % deuterium was incorporated at the methyl position
[Eq. (1)] . The reaction of a 1:1 mixture of 2-methylpyridine (3 b)

Table 1. Catalytic C¢H addition of various pyridines to cyclohexylallene.[a]

[a] General reaction conditions: 3 (0.4 mmol), 4 a (0.8 mmol, Cy = cyclo-
hexyl), 1 (5 mol %), [Ph3C][B(C6F5)4] (5 mol %), toluene (2.0 mL), 70 8C, iso-
lated yield. 1H NMR spectra of the crude products indicated that only the
E isomer was formed.

Table 2. Catalytic C¢H addition of 2-ethylpyridine to various allenes.[a]

[a] General reaction conditions: 3 a (0.4 mmol), 4 (0.8 mmol), 1 (5 mol %),
[Ph3C][B(C6F5)4] (5 mol %), toluene (2.0 mL), 70 8C, isolated yield. [b] TIP =

triisopropylsilyl. [c] 4 y : diastereomeric ratio (d.r.) = 60:40; 5 y : d.r. = 54:46.

Scheme 2. The C¢H addition of 2-ethylpyridine to cholesteryl allene. The rel-
ative stereochemistry of 5 aa was confirmed by an X-ray crystallographic
analysis (see the Supporting Information).
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and [D4]2-methylpyridine ([D4]3 b) with cyclohexylallene cata-
lyzed by 1/[Ph3C][B(C6F5)4] yielded a mixture of the C¢H and
C¢D alkenylation products 5 b and [D]5 b with a KIE (kinetic
isotope effect) value of 5.6 [Eq. (2)] , suggesting that C¢H bond
activation may be involved in the rate-determining step.[2j]

To gain more information on the active catalyst species and
mechanistic details, the stoichiometric reaction of 2-ethylpyri-
dine with a 1:1 reaction mixture of 1 and [Et3NH][BPh4] was
conducted in THF at 70 8C (Scheme 3).

A cationic half-sandwich Sc-h2-pyridyl complex 6 a was iso-
lated in 90 % yield, which after recrystallization from THF/
hexane afforded single crystals suitable for X-ray diffraction
studies. It was revealed that complex 6 a is a separated ion-
pair complex, in which the Sc atom is bonded to one
C5Me4SiMe3, one pyridyl and two THF ligands, without direct
bonding interaction between the Sc atom and the borate
anion [BPh4]¢ (Figure 1).

The pyridyl unit is bonded to the Sc atom in an h2-(N,C)
fashion.[15] Kinetic studies on the transformation of 1 to 6 a re-
vealed the activation parameters of DH� = 22.85 kcal mol¢1 and
DS� =¢7.1 eu (see the Supporting Information). The relatively
small entropy of activation is in agreement with an intramolec-
ular process. The stoichiometric reactions of 1/[Et3NH][BPh4]
with 3 b and [D7]3 b gave a KIE value of 7.9 [Eq. (3)] , suggest-
ing again that C¢H activation is involved in the rate-determin-
ing step while the coordination of a pyridine unit to scandium
should be quick. Addition of 1 equiv of cyclohexylallene (4 a)

to a C6D5Cl solution of the pyridyl complex 6 a at either room
or higher temperatures (70 8C) did not give an isolable pure
product. Nevertheless, heating 6 a with a 1:1 mixture of 2-eth-
ylpyridine (3 a) and cyclohexylallene (4 a) at 70 8C in C6D5Cl af-
forded almost quantitatively the alkenylation product 5 a, with
6 a remaining unchanged (Scheme 3). The transformation of
3 a and 4 a to 5 a could be achieved catalytically in the pres-
ence of 6 a (5 mol %, 48 h, 70 8C; 75 % yield), demonstrating
that the isolated cationic Sc pyridyl complex 6 a could serve as
a catalyst for the present transformation despite the presence
of two coordinating THF ligands.[16]

On the basis of the experimental results described above,
a possible reaction mechanism for the present catalytic C¢H al-
kenylation of pyridines with allenes is proposed as shown in
Scheme 4. The sequential reaction of 1 with [Ph3C][B(C6F5)4]
and a pyridine compound 3 should generate a cationic scandi-
um pyridyl species such as A. The approach of an allene com-
pound 4 to A could take place through coordination of the
terminal C=C double bond to the Sc atom to afford B, in
which the substituent R’ in the allene unit should be directed
away from the pyridyl group to avoid steric repulsion. The ad-
dition of the pyridyl unit to the coordinated C=C double bond
would yield C, which on reaction with another molecule of
a pyridine compound 3 (C¢H deprotonation, D) could give the
alkenylated pyridine derivative 5 and regenerate A. Obviously,
the regio- and stereochemistry of the alkenylation product 5
should be governed by the coordination of the allene unit to
the metal center and the subsequent intramolecular migration
of the pyridyl group in B.

Scheme 3. Isolation and transformation of a cationic Sc-h2-pyridyl complex
6 a.

Figure 1. ORTEP drawing of the cationic part of 6 a with thermal ellipsoids
set at the 30 % probability level. Hydrogen atoms and the counter-anion
part [BPh4] were omitted for clarity. Selected bond lengths [æ] and angles
[8]: Sc1¢N1 2.142(2), Sc1¢C17 2.174(3) ; N1-Sc1-C17 36.38(9), N(1)-Sc(1)-O(1)
89.77(8), C(17)-Sc(1)-O(2) 96.10(10).
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In summary, we have demonstrated that cationic half-sand-
wich scandium alkyl species can serve as an excellent catalyst
for the C¢H addition of pyridines to various terminal allenes in
a regio- and stereoselective fashion, thus constituting the first
example of the catalytic C¢H addition of pyridines to allenes
as well as an atom-economical route for the synthesis of alke-
nylated pyridine derivatives. Functional groups such as halo-
gens and siloxy units and some naturally occurring moieties
are compatible with this catalyst system. This protocol can
yield a new family of alkenylated pyridine compounds which
were difficult to prepare previously. The isolation and reactivity
investigation of the cationic pyridyl complex 6 a together with
related kinetic studies have offered important information for
understanding the mechanistic details.
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