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ABSTRACT

A metal-free sequential dual oxidative amination of C(sp3)�H bonds under ambient conditions was the first developed, affording imidazo[1,5-a]-
pyridines in good to excellent yields. The reaction was involved in two oxidative C�N couplings and one oxidative dehydrogenation process with
six hydrogen atoms removed.

Imidazo[1,5-a]pyridines have drawn much attention for
their potential photophysical and biological activities.1

However, only a few synthetic routes are available for
these compounds so far.2 The process of these reported
methods mainly relied on traditional Vilsmeier-type cycli-
zations of N-2-pyridylmethylamides. Therefore, develop-
ing more practical and efficient synthetic approaches for
imidazo[1,5-a] pyridines is highly desirable.

Transition-metal-catalyzed intermolecular or intramo-
lecular direct oxidative aminations of the C(sp3)�H bond
have emerged as important methods for C�N bond forma-
tions because of economical advantages over the present
procedures by employing prefunctionalized substrates.3�5

However, using expensive transition metals and the substate
scope limited their applications in organic synthesis. Re-
cently, Chang6 and Muniz7 have, respectively, developed
interesting metal-free benzylic and allylic C�H aminations
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with sulfonamides in the presence of stoichiometric hyperva-
lent iodine(III) reagents. However, large amounts of iodo-
benzeneweregeneratedaswaste, and the substrates remained
limited to sulfonamides in the absence of transition metal.
Therefore, the development of an efficient, and environmen-
tally friendly catalytic system for oxidativeC(sp3)�Hamina-
tion with primary amine remains challenging.
Recently, our group8 and other groups9 have developed

iodine-catalyzed intramolecular and intermolecular oxda-
tive C(sp3)�H amination for the synthesis of heterocycles.
As a continuous study on this field, we hypothesized that
multisubstituted imidazo[1,5-a]pyridine could be synthe-
sized from ethyl 2-(pyridin-2-yl)acetate and benzylamine
via iodine-catalyzed C(sp3)�H aminations. The reaction
was involved in two oxidative C�N couplings and one
oxidative dehydrogenation processwith six hydrogen atoms
removed (Scheme 1). The reaction could be carried out
under metal-free conditions with only water and tert-butyl
alcohol aswaste.To thebest of ourknowledge, this protocol
has been not reported to date.
Initially, we began our studywith the reaction of 1 equiv

of ethyl 2-(pyridin-2-yl)acetate (1a) and 2 equiv of benzyl-
amine (2a) in the presence of 3 equiv of tert-butyl hydro-
peroxide (TBHP, 70% in aqueous) as the oxidant and
1 equiv of molecular iodine as the catalyst. When the
reactionmixture was stirred in 1mL ofN,N-dimethylforma-
mide (DMF) in air at room temperature for 12 h, ethyl
3-phenylimidazo[1,5-a]pyridine-1-carboxylate (3aa) was ob-
tained in 85% isolated yield (Table 1, entry 1). In the absence

of iodine, no desired 3aa was detected, which indicated that
iodine was essential to this reaction (Table 1, entry 2). When
various iodine reagents were used,N-iodosuccinimide (NIS)
gave 3aa in the highest yield (Table 1, entries 3�6). Among
the examination of various oxidants, such as di-tert-butyl
peroxide (DTBP), potassium peroxydisulfate (K2S2O8), and
oxygen, TBHP gave 3aa in the highest yield (Table 1, entries
7�9). In the absence of extra oxidant (or only in air), only
10% of 3aa was detected (Table 1, entry 10). Moreover,
various solvents were also examined, and DMA proved to
be the best choice (Table 1, entries 11�16). In addition, the
amount ofNISwas also optimized.Reducing the amount of
NIS to 50 or 20 mol % decreased the yield of 3aa (Table 1,
entries 17 and 18). Therefore, the optimal conditions are
those described in entry11.
Under the optimal reaction conditions, we investigated

the substrate scope of oxidative C�N coupling. First, when
various aromatic benzylamines (2a�k) were employed in
this reaction, the corresponding products (3aa�ak) could
be obtained in 80�99% yields (Table 2, entries 1�11). It is
noted that benzylamines bearing electron-donating groups
(4-Me or 4-OMe) gave the desired products in higher yields
than electron-withdrawing groups (4-CF3 or 4-Cl) on the
phenyl ring (Table 2, entries 5, 7, 8, and 11). However, no
steric hindrance was observed in the reaction. For example,
benzylamines bearing a p-methyl or p-chlorophenol group
on the phenyl ring, respectively, gave the corresponding
products in the same yields as that of benzylamine bearing
an o-methyl or o-chlorophenol group (Table 2, entries 5, 6,
8, and 10). Moreover, ring-fused (2l) and heterocyclic

Scheme 1. Initial Hypothesis Pathway for Dual Oxidative
C(sp3)�H Aminations

Table 1. Optimization of Reaction Conditionsa

entry XI oxidant solvent yieldb (%)

1 I2 TBHP DMF 85

2 none TBHP DMF nd

3 NIS TBHP DMF 99

4 Bu4NI TBHP DMF 31

5 KI TBHP DMF 49

6 PhI TBHP DMF nd

7 NIS DTBP DMF 6

8 NIS K2S2O8 DMF 13

9 NIS O2(1 atm) DMF 16

10 NIS none DMF 10

11 NIS TBHP DMA 99

12 NIS TBHP THF 31

13 NIS TBHP CH3CN 46

14 NIS TBHP EtOH 23

15 NIS TBHP H2O 58

16 NIS TBHP Tol. 21

17c NIS TBHP DMA 69

18d NIS TBHP DMA 28

aReaction conditions: 1a (0.3 mmol), 2a (0.6 mmol), XI (0.3 mmol),
oxidant (0.9mmol), solvent (1mL), rt, 12 h. b Isolated yield. c 0.5 equiv of
NIS was used. d 0.2 equiv of NIS was used.
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(2m and 2n) benzylamines also gave the corresponding
products in good yields (Table 2, entries 12�14).
Subsequently, various substrates 1b�h replacing1awere

also employed in this reaction, giving the desired products
3ba�ha in good yields (Scheme 2). For example, when R2

were various ester groups such as COOMe or COOtBu,
90% of 3ba and 85% of 3ca were obtained, respectively.
When R2 was a benzoyl group, the product 3da was
obtained in 80% yield. Similarly, substrates 1e or 1f also
gave the desired products 3ea or 3fa with 85% or 82%
yields, respectively. However, whenR2was a cyano group,
an unknown complex mixture was obtained. In addition,
ethyl 2-(quinolin-2-yl)acetate (1h) also gave 3ha with an
almost quantitive yield.
Recently, our group has also developed some novel

methods for the synthesis of heterocycles using amino acids
as nitrogen motifs via decarboxylative amination.10 There-
fore, we expected to use amino acids as nitrogen motifs
instead of benzylamines for the synthesis of imidazo[1,5-a]-
pyridines. To our delight, imidazo[1,5-a]pyridines could be
obtained in moderate yields from 1a and amino acids 4

under standard conditions (Scheme 3).
To gain insight into the mechanism, several control

experiments were carried out. First, 1a under standard
conditions in the absence of 2a did not produce the
expected iodo intermediate, suggesting that the reaction
does not proceed through an R-iodointermediate. When
the reaction of ethyl 2-(pyridin-2-yl)propanoate (1i) with 2a

was carried out under standard conditions, no amination

product was obtained because the existence of the methyl
group restrained the first amination process (Scheme 4a).
Furthermore, when the reaction of 1a with 1-phenylethana-
mine (2p) was carried out under standard conditions, a new
product 5ap was obtained in 53% yield. The reason for the
generation of 5ap is probably that the existence of a methyl
group in 1-phenylethanamine prevented the second amina-
tion process (Scheme 4b). Moreover, when stoichiometric
hypervalent iodine reagents, such asPhI(OAc)2 or IBX,were
employed instead of our catalytic system, no desired product
was obtained. This result indicated that the reaction pathway
may be not followed in catalysis involving in situ generated
hypervalent iodine (III or V) reagents (Scheme 4c). Final-
ly, radical trapping experiments were also carried out.

Table 2. Substrate Scope of Benzylaminesa

entry R1 product yieldb (%)

1 Ph (2a) 3aa 99

2 4-F-Ph (2b) 3ab 93

3 3-F-Ph (2c) 3ac 94

4 2-F-Ph (2d) 3ad 94

5 4-Cl-Ph (2e) 3ae 90

6 2-Cl-Ph (2f) 3af 90

7 4-CF3Ph (2g) 3ag 80

8 4-Me-Ph (2h) 3ah 96

9 3-Me-Ph (2i) 3ai 96

10 2-Me-Ph (2j) 3aj 95

11 4-OMe-Ph (2k) 3ak 92

12 1-naphthyl (2l) 3al 99

13 2-furyl (2m) 3am 70

14 2-thienyl (2n) 3an 81

15 2-pyridyl (2o) 3ao ndc

aReaction conditions: 1a (0.3 mmol), 2 (0.6 mmol), NIS (0.3 mmol),
oxidant (0.9 mmol), solvent (1 mL), rt, 12 h. b Isolated yield. cUnknown
complex mixture.

Scheme 2. Scope of Substrate 1a

aReaction conditions: 1 (0.3 mmol), 2a (0.6 mmol), NIS (0.3 mmol),
TBHP (70% aq, 0.9 mmol), DMA (1 mL), rt, 12 h. Isolated yields are
given.

Scheme 3. Synthesis of Imidazo[1,5-a]pyridine from Amino
Acids
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Weobserved that the reaction was obviously inhibited in the
presence of 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO)

or 2,6-di-tert-butyl-4-methylphenol (BHT) (Scheme 4d).
This observation implied that the reaction presumably un-
derwent a radical pathway.
On the basis of the results described above and in

previous reports,8,11�13 a plausible mechanism was pro-
posed (Scheme 5). Initially, 1a is presumably involved a
hydrogen abstraction from benzylic C�H bond to give a
carbon radical A, which generates a benzylic cation B via a
single-electron-transfer process in the presence of Iþ.6,12

The nucleophilic substitution of 2a to B provides an inter-
mediate C. A oxidative dehydrogenation in C gives inter-
mediate D. Finally, D provides the intermediate E via a
similar radical process to the first amination,which couldbe
further converted to 3aa by removing a hydrogen ion and
rearrangement.8,13 Overall, the I2�Iþ redox process8b,10a

plays a key role in the C�N bond formations by promoting
reductive cleavage of O�O bond in the peroxide and the
oxidation of the benzylic radical to a benzylic cation or the
N-bound carbon radical to an imine ion.
In summary, we have developed a metal-free sequential

dual oxidative amination of C(sp3)�Hbonds for the synthe-
sis of imidazo[1,5-a]pyridines under mild conditions. Nota-
bly, this novel protocol is distinguished by (1) the lack of any
expensive transition metals; (2) operational simplicity; (3)
room temperature; (4) the fact that an inert atmosphere or
dry solvents are not required; (5) a broad substrate scope;
and (6) the production of alcohol and water as the only
waste. Iodine-catalyzed oxidative C�H aminations for the
synthesis of other heterocycles are ongoing inour laboratory.
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