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Abstract: The Lewis acid-catalyzed conjugate addi-
tion of 2-alkylazaarenes to methylenemalononitriles
through sp3 C�H bond functionalization has been
developed, which provides an efficient and reliable
method for incorporation of the nitrile group into
the heterocycles.
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Transition metal-catalyzed direct C�H functionaliza-
tions have experienced substantial progress and are
considered as highly efficient strategies in synthetic
organic chemisty for constructing new C�C or C�X
(X=N, O) bonds.[1] Among them, the highly atom-ef-
ficient direct additions of C�H bonds to carbon-
carbon multiple bonds or C=X bonds are extremely
promising in synthetic organic chemistry to realize
valuable and enviromentally benign organic transfor-
mations.[2] Functionalized pyridines and related azaar-
enes are important heteroarenes that play increasing-
ly important roles in natural compounds synthesis and
drug discovery.[3] As a result, a tremendous research
effort has been directed to the area of the design of
mild, general, and efficient methods for direct C�H
functionalization of the pyridine and azaarene cores.[4]

The inherent p-electron-deficient nature of pyridine
and related azaarene rings results in a low reactivity
for the heterocyclic rings, but allows the correspond-
ing benzylic position of the 2-alkyl-substituted azaar-
enes to act as potentially good carbon nucleophiles
due to the fact that the equilibrium between the 2-
alk ACHTUNGTRENNUNGylazaarene A and its enamine counterpart B could
be easily shifted once the acidity of the benzylic
proton had been enhanced by a suitable metal cata-
lyst (Scheme 1).[5] Guided by this concept, we recently

reported the palladium- and Lewis acid-catalyzed
benzylic addition of 2-alkylazaarenes to N-sulfonyl-ACHTUNGTRENNUNGimines via direct sp3 C�H bond activation, which
have been extented by other groups.[6] To further ex-
plore the strategy of facile activation of the sp3 C�H
bond, we therefore developed a new conjugate addi-
tion reaction via C�H functionalization. Herein, we
report an efficient Lewis acid-catalyzed conjugate ad-
dition of sp3 C�H bonds to substituted methylenema-
lononitriles under neutral conditions.[7]

The nitrile moiety is a versatile functional group
which can be selectively converted into amines,
amides or carboxyl groups under different reaction
conditions.[8] Thus, incorporation of nitrile groups into
heterocyclic frameworks will be useful in the synthesis
of some biologically interesting compounds.[9] Methyl-
enemalononitriles are highly reactive electrophiles
and are widely utilized as nitrile group sources for
constructing some valuable building blocks via cata-
lytic conjugate addition reactions.[10] However, to the
best of our knowledge, the direct conjugate addition
of the hard nucleophiles (the pKa of conjugate acids is
more than 25)[11] to methylenemalononitriles via C�H
functionalization under neutral conditions has never
been explored. Inspired by our prevoius results and
other work,[6] we envisaged that the in situ formed
active metal enamide species C would act as good nu-

Scheme 1. Strategy for the addition of 2-substituted azaar-
enes to methylenemalononitriles.
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cleophiles to react with methylenemalononitriles
under proper reaction conditions affording the corre-
sponding nitrile functionalized heterocycles
(Scheme 1).

To test this possibility, we initiated our study by
using 2,6-lutidine 1a and 2-benzylidenemalononitrile
2a as substrates for pursuing the optimal conditions
for this reaction. A variety of Lewis acids were
screened as catalyst on the basis of our previous re-
sults. To our delight, in the preliminary trials of using
5 mol% of Zn ACHTUNGTRENNUNG(OTf)2 as catalyst, the desired conjugate
addition reaction proceeded readily at 120 8C in diox-
ane to give the desired product 3aa in 72% yield
(Table 1, entry 1). Subsequently, a wide range of sol-
vents with different polarity were screened and we
found that the reaction performed better in more
polar solvents. For example, a 70% yield of 3aa was
attained when DMF was used as solvent, better than
that in MCPE (Table 1, entry 3 vs. 7). Various Lewis
acid catalysts were evaluated in dioxane, which gave
the addition product 3aa in varying yields (Table 1,
entries 9–20, 34–76% yields). Different counteranions
of the metal can also influence the yields. Metal salts
with OTf as conteranion could afford better yields
(Table 1, entry 1 vs. 9, and 12 vs. 13). In view of these
results, we selected YbACHTUNGTRENNUNG(OTf)3 which exhibited good
catalytic activities in this transformation (Table 1,
entry 20, 76% yield) as Lewis acid catalyst for further

exploration. Longer reaction times can afford higher
yields of 3aa (Table 1, entry 21, 82% yield). Thus, the
optimized reaction conditions were to use 5 mol% of
Yb ACHTUNGTRENNUNG(OTf)3·X H2O in dioxane at 120 8C for 24 h. In the
absence of catalyst, the desired product 3aa was not
detected (Table 1, entry 22).

To test the scope of the reaction, a series of substi-
tuted methylenemalononitriles were investigated
under the optimized conditions. As shown in Table 2,
most of the substrates examined here provided the
corresponding adduct in good to excellent yields. An
array of functionality was tolerated under these con-
ditions including alkyl, ether and halide groups. Obvi-
ously, the electronic nature of the substrate 2 has a sig-
nificant influence on the reactivity for this transfor-
mation so that the reaction rate was accelerated by an
electron-withdrawing group on the phenyl ring re-
gardless of its ortho-, meta-, or para-position on the
aromatic ring (Table 2, entries 2–8, 89–99% yields).
Particularly, the 2-(4-fluorobenzylidene)malononitrile
2b showed outstanding reactivity to give the corre-
sponding product 3ab in up to 99% yield. 2-(Naphtha-
len-2-ylmethylene)malononitrile could also be suc-
cessfully transformed into the desired product 3ai in
70% yield at 140 8C for 48 h. In contrast, a lower reac-

Table 1. Optimization of the reaction conditions.[a]

Entry Catalyst Solvent Time [h] Yield [%][b]

1 ZnACHTUNGTRENNUNG(OTf)2 dioxane 18 72
2 ZnACHTUNGTRENNUNG(OTf)2 CH2Cl2 18 26
3 ZnACHTUNGTRENNUNG(OTf)2 MCPE 18 58
4 ZnACHTUNGTRENNUNG(OTf)2 PhCH3 18 60
5 ZnACHTUNGTRENNUNG(OTf)2 THF 18 57
6 ZnACHTUNGTRENNUNG(OTf)2 C2H5CN 18 60
7 ZnACHTUNGTRENNUNG(OTf)2 DMF 18 70
8 ZnACHTUNGTRENNUNG(OTf)2 iPrOH 18 62
9 ZnCl2 dioxane 18 48
10 FeCl3 dioxane 18 70
11 Fe ACHTUNGTRENNUNG(OAc)2 dioxane 18 34
12 Cu ACHTUNGTRENNUNG(OTf)2 dioxane 18 69
13 CuBr2 dioxane 18 42
14 AgOTf dioxane 18 52
15 Sc ACHTUNGTRENNUNG(OTf)3 dioxane 18 71
16 Pd ACHTUNGTRENNUNG(OAc)2 dioxane 18 36
17 Y ACHTUNGTRENNUNG(OTf)3·X H2O dioxane 18 72
18 Bi ACHTUNGTRENNUNG(OTf)3·X H2O dioxane 18 75
19 Eu ACHTUNGTRENNUNG(OTf)3·X H2O dioxane 18 56
20 YbACHTUNGTRENNUNG(OTf)3·X H2O dioxane 18 76
21 YbACHTUNGTRENNUNG(OTf)3·X H2O dioxane 24 82
22 – dioxane 24 trace

[a] Reaction conditions: 1a (0.75 mmol), 2a (0.30 mmol),
metal catalyst (5 mol%), solvent (1.5 mL), 120 8C for 18–
24 h.

[b] Isolated yield.

Table 2. Substrate scope of methylenemalononitriles.[a]

Entry R Product Yield [%][b]

1 C6H5 3aa 82
2 4-FC6H4 3ab 99
3 4-ClC6H4 3ac 90
4 3-ClC6H4 3ad 96
5 4-BrC6H4 3ae 89
6 2-BrC6H4 3af 92
7 2,3-Cl2C6H3 3ag 96
8 2,4-Cl2C6H3 3ah 97
9[c] 1-naphthyl 3ai 70
10[c] 4-MeC6H4 3aj 57
11[c] 4-MeOC6H4 3ak 58
12[c] 2-MeOC6H4 3al 66
13[c] (E)-PhCH=CH 3am 22
14[c] t-Bu 3an 27

[a] Unless otherwise mentioned, the reaction was performed
by using: 1a (0.75 mmol), 2 (0.30 mmol),
YbACHTUNGTRENNUNG(OTf)3·X H2O (5 mol%), dioxane (1.5 mL), 120 8C for
24 h.

[b] Isolated yield.
[c] 140 8C for 48 h.
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tivity was observed in the case of substrates contain-
ing an electron-donating group on the phenyl ring of
the benzylidenemalononitrile and a higher tempera-
ture as well as a longer time were required to get
decent yields (Table 2, entries 10–12, 57–66% yields).
The cinnamaldehyde- and aliphatic aldehyde-derived
methylenemalononitriles (Table 2, entries 13 and 14)
were weaker electrophiles than their benzylidenema-
lononitrile counterparts, giving the corresponding
3am and 3an in 22% and 27% yields, respectively, at
140 8C for 48 h.

The scope of the substrate investigation was further
extended to a variety of 2-substituted azaarenes. The
results are shown in Table 3. To our delight, we found
that various substituted 2-methylpyridines could be
transformed to the desired products 3aa–3ka in mod-
erate to good yields (33–82% yield). For the 2,3-dime-
thylpyridine and 2-benzyl-5-methylpyridine, the reac-
tions selectively took place at the 2-benzylic position,
respectively, which may due to the higher relative

acidity of benzylic protons. This process was also suc-
cessfully applied to the synthesis of the quinolines
and quinoxaline-containing malononitriles, as sum-
marized in Table 3. For these azaarenes, modification
of the reaction conditions, including the reaction tem-
perature and reaction time, was required due to the
higher reactivity of these azaarenes.[12] Under the
modified reaction conditions, the nitrile group could
be successfully incorporated into the substituted qui-
naldines and 2-methylquinoxalines with good yields
via the Lewis acid-catalyzed C�H addition reactions.
Notably, quinaldines and 2-methylquinoxaline could
also react with 2-benzylidenemalononitrile 2a in the
absence of Lewis acid catalyst at higher temperature
affording the desired addition products in relative
lower yields, but higher activity was always observed
in the presence of Lewis acid catalyst. These results
demonstrated that the Lewis acid indeed played the
role of accelerating the reaction process. The struc-

Table 3. Substrate scope of azaarenes.[a]

[a] Unless otherwise mentioned, the reaction was performed by using: 1 (0.75 mmol), 2a
(0.30 mmol), YbACHTUNGTRENNUNG(OTf)3·X H2O (5 mol%), dioxane (1.5 mL), 120 8C for 24 h.

[b] For 36 h.
[c] 80 8C for 24 h.
[d] 120 8C for 3 h.
[e] 120 8C for 12 h.
[f] The dr value was determined by 1H NMR.
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ture of these products was further confirmed by X-ray
crystallographic analysis of product 3fa (Figure 1).[13]

In summary, we have successfully developed the
direct conjugate addition of 2-alkylazaarenes to meth-
ylenemalononitriles to afford heterocycle-containing
nitriles via C�H bond functionalization. The
Yb ACHTUNGTRENNUNG(OTf)3 was identified as an efficient Lewis acid
catalyst for this C�H functionalization reaction. This
protocol provides an efficient synthetically useful ap-
proach for transformation of azaarenes to valuable
medicinal heterocycles.

Experimental Section

Typical Procedure

Under argon, Yb ACHTUNGTRENNUNG(OTf)3·X H2O (9.3 mg, 5 mol%), 2,6-luti-
dine 1a (0.75 mmol), 2-benzylidenemalononitrile 2a
(0.30 mmol), and dry dioxane (1.5 mL) were added to the
screw cap vial. The mixture was kept stirring at 120 8C and
monitored by TLC, after 24 h, the solvent was evaporated
under reduced pressure and the residue was purified by
flash column chromatography on a silica gel to give the de-
sired product 3aa.
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