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The functionalization of heteroaromatic compounds has
received much attention from synthetic chemists because
heteroaromatic cores are ubiquitously found in pharmaceut-
icals, biologically active compounds, and functional materi-
als.[1] The transition-metal-catalyzed cross-coupling reaction
of heteroaryl halides or organometallic compounds is a
powerful and reliable strategy to obtain functionalized
heteroaromatic compounds.[2] On the other hand, recent
advances in the metal-mediated C�H functionalization pro-
vide a complementary and potentially more efficient method-
ology to heteroaromatic compounds, because additional
preactivation steps, such as the halogenation or stoichiometric
metalation of the parent heterocycles, to prepare the coupling
reagents can be avoided. Direct arylation, alkenylation, and
alkynylation have been widely explored.[3] However, the
alkylation reaction is relatively challenging,[4, 5] despite the
fact that alkyl chains attached to aromatic nuclei are known to
generally enhance lipophilicity and solubility, and to tune the
aromatic p-stacking and p-conjugation of the corresponding
oligomers and polymers. In particular, direct introduction of
secondary alkyl side chains into heteroarenes remains elusive,
probably because of the difficulty in controlling an undesired
b-H elimination of an alkyl metal intermediate. A few
successful examples with alkyl halides are still restricted in
substrate scope to cyclic frameworks, such as cyclohexane and
cyclopentane.[4b,g,6] A metal-catalyzed C�H insertion
approach with alkenes,[7] and a copper-catalyzed alkylation
with N-tosylhydrazones, which has very recently been
reported by Wang and co-workers (see below),[8] appear to
be good alternatives, however, these processes are limited to
activated systems, thus only enabling benzylation and allyla-
tion. Therefore, further developments for more general
alkylation methodologies are strongly desired. Herein, we
report nickel- and cobalt-based catalysts for the direct
alkylation of azoles with N-tosylhydrazones. The catalytic
systems are compatible with various unactivated secondary
alkyl groups, including cyclic and even more challenging
acyclic alkyl groups.

Our working hypothesis is inspired by our previous
success in the nickel-catalyzed direct alkylation of azoles
with primary alkyl halides[4f] and recent developments in the
use of N-tosylhydrazones in cross-coupling reactions
(Scheme 1).[9] An initial base-assisted direct nickelation of a
heteroarene[10] provides a heteroaryl nickel species A. On the

other hand, the N-tosylhydrazone is converted in situ to the
corresponding diazo compound B with concomitant elimina-
tion of the Ts group by the action of a base. Subsequent
decomposition of B by interaction with A[11] and 1,2 migration
of the heteroaryl group from Ni to the a carbon center afford
an alkyl nickel intermediate C. If protonation or ligand
exchange with the C�H bond of the starting heteroarene
occurred much faster than the conceivable b-H elimination,
the desired heterocycles, which bear the secondary alkyl side
chain, would be obtained. In accordance with the above-
mentioned assumption, our study commenced with benzox-
azole (1a) and N-tosylhydrazone 2a, which was derived from
cyclohexanone as the model substrate (Table 1). In an early
experiment, treatment of 1a with 2a in the presence of
LiOtBu and a NiCl2/1,10-phenanthroline (phen) catalyst in
1,4-dioxane at 100 8C gave 2-cyclohexylbenzoxazole (3aa) in
45% yield (determined by GC analysis; Table 1, entry 1).
With this intriguing result in hand, we investigated other first
transition elements. While the use of FeCl3 instead of NiCl2

was detrimental (Table 1, entry 2), CoCl2 catalyzed the
reaction with moderate efficiency (entry 3). In the course of
this study, Wang and co-workers reported a relevant CuI-
catalyzed coupling of azoles with N-tosylhydrazones on the
basis of a similar concept.[8] However, they reported only
formation of benzylated and allylated products. Indeed, under
copper-based conditions, only a trace amount of 3aa was
detected (Table 1, entry 4).[12] After additional evaluations of
nickel salts, ligands, and reaction stoichiometry (Table 1,
entries 5–12), a combination of NiBr2 and phen, and a 2:1

Scheme 1. Working hypothesis. HetAr = heteroaryl, Ts = p-toluenesul-
fonyl.

[*] T. Yao, Dr. K. Hirano, Prof. Dr. T. Satoh, Prof. Dr. M. Miura
Department of Applied Chemistry, Faculty of Engineering
Osaka University, Suita, Osaka 565-0871 (Japan)
E-mail: k_hirano@chem.eng.osaka-u.ac.jp

miura@chem.eng.osaka-u.ac.jp

[**] This work was partly supported by Grants-in-Aid from the Ministry
of Education, Culture, Sports, Science, and Technology (Japan).
K.H. acknowledges the Kansai Research Foundation for the
Promotion of Science.

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201106825.

Angewandte
Chemie

775Angew. Chem. Int. Ed. 2012, 51, 775 –779 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://dx.doi.org/10.1002/anie.201106825


ratio of 1a and 2a were found to be optimal, and 3aa was
isolated in 84% yield (entry 9). Although a [Ni(cod)2]/phen
catalyst system provided a comparable result (Table 1,
entry 10), we employed NiBr2 for the following experiments,
owing to it being less expensive and exhibiting a higher bench
stability.

We performed the direct alkylation of 1 a with N-
tosylhydrazones that bear various unactivated alkyl substitu-
ents by using the NiBr2/phen catalyst system (Scheme 2). In
addition to 2a with the simple cyclohexane skeleton, N-
tosylhydrazones 2 that bear heteroatom-containing six-mem-
bered rings, that is, pyran and piperidine, directly coupled
with 1a to furnish 3ab and 3ac in 68 % and 69% yields,
respectively. The reaction with a tBu-substituted cyclohexane
system resulted in the formation of 3ad with moderate
diastereoselectivity. On the other hand, the reaction with an
N-tosylhydrazone that was prepared from cycloheptanone
was somewhat less efficient (3ae). Notably, the nickel
catalysis could also be applied to acyclic systems; 5-nonyl,
2-hexyl, and homobenzyl substitution patterns were compat-
ible, and the corresponding alkylated azoles 3 af–ah were
formed in good yields. The cyclopropane-containing hydra-
zone underwent the direct coupling without conceivable ring
opening (3ai). Moreover, the introduction of a sterically
demanding neopentyl-type alkyl group was possible (3aj).
The hydrazone that was derived from acetophenone, and
which Wang and co-workers reported to be highly reactive,[8]

participated in the reaction, albeit with moderate efficiency
(3ak). The primary alkylation was also achieved in the case of
the hydrazone of 1-octanal (3al). Functional-group tolerance
was also good with regard to the benzoxazole moiety; methyl-
, phenyl-, and chloro-substituted benzoxazoles participated in
the direct alkylation with 2a to produce the corresponding 2-
cyclohexylbenzoxazoles (3ba–da) in synthetically useful
levels.

We next attempted to apply the reaction to other 1,3-
azoles and immediately found that the above-mentioned
nickel catalysis was not suitable for the direct alkylation of 5-
aryloxazoles. For example, the coupling of 5-phenyloxazole
(4a) with 2a was sluggish, and the expected product 5 aa was
detected in only 1% yield (determined by GC analysis,
Table 2, entry 1). Thus, more optimization studies were
carried out. Elevation of the temperature or change of the
base into more basic NaOtBu had no positive effect on the
yield (Table 2, entries 2 and 3). An investigations into the
stoichiometry of the reaction resulted in no improvement
(Table 2, entry 4). In these unsuccessful cases, about half the
amount of starting material 4a was recovered, and 2a was
converted to an unidentified mixture, which contained a trace
amount of 1,2-dicyclohexylidenehydrazine. We then turned
our attention to other transition metals, on the basis of data
shown in Table 1. Pleasingly, CoCl2 was found to improve the
yield to 42% (Table 2, entry 5),[13] whereas FeCl3 was
ineffective (entry 6). Among some cobalt salts, ligands, and
bases that were tested (Table 2, entries 7–12), a CoBr2/phen
system with LiOtBu gave the best result and produced 5aa in
71% yield of isolated product (Table 2, entry 8).[14]

With the modified CoBr2/phen catalyst in hand, the scope
and limitation of the reaction were examined for a variety of
azoles and N-tosylhydrazones 2 (Scheme 3). 5-Aryloxazoles

Table 1: Optimization studies for direct coupling of benzoxazole (1a)
with N-tosylhydrazone 2a.[a]

Entry M Ligand Yield [%][b]

1 NiCl2 phen 45
2 FeCl3 phen 1
3 CoCl2 phen 20
4 CuI phen trace
5 NiBr2·diglyme phen 50
6 NiF2 phen 9
7 [Ni(acac)2] phen 47
8[c] NiBr2·diglyme phen 68
9[c] NiBr2 phen 85 (84)
10[c] [Ni(cod)2] phen 73
11[c] NiBr2 bpy 63
12[c] NiBr2 bathophen 64

[a] Reaction conditions: M (0.050 mmol), ligand (0.050 mmol), LiOtBu
(1.5 mmol), 1a (0.50 mmol), 2a (0.60 mmol), 1,4-dioxane (3.0 mL),
100 8C, N2. [b] Yield determined by GC analysis. Yield of isolated product
given in parenthesis. [c] Reaction performed with 1a (1.0 mmol) and 2a
(0.50 mmol). acac = acetylacetonate, bpy =2,2’-bipyridine, batho-
phen= 4,7-diphenyl-1,10-phenanthroline, phen=1,10-phenanthroline.

Scheme 2. Nickel-catalyzed direct C�H alkylation of benzoxazoles 1
with N-tosylhydrazones 2. Reactions performed by using the condi-
tions described in Table 1. The yields are of the isolated products.
[a] The ratio of trans to cis isomers is given in parenthesis. See the
Supporting Information for the stereochemical assignment.
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with electron-withdrawing chloro, trifluoromethyl, and cyano
groups underwent the alkylation smoothly under standard
conditions (5ba–da), while the electron-donating methoxy
substituent required harsher conditions, including the use of
NaOtBu as the base (5ea). A naphthyl-substituted oxazole
also participated in the alkylation (5 fa). Moreover, amide
and olefin functions were compatible under these reaction
conditions (5ga–ha). With regard to N-tosylhydrazone com-
ponents, larger (cycloheptane) as well as smaller (cyclo-
pentane) ring systems were also tolerated (5ae and 5ak).
Notably, a combination of NaOtBu as the base and DMF as
the solvent was necessary to obtain 5am in a satisfactory
yield. As seen in the reaction of benzoxazoles 1 with the
nickel catalyst, the acyclic hydrazone could be employed in
the cobalt-promoted alkylation (5ag). In addition to 5-
aryloxazoles, unsubstituted oxazole and benzothiazole were
also suitable substrates. 2-(2-Nonyl)oxazole (5 in) as well as 2-
cyclohexyl- and 2-(2-hexyl)benzothiazole (6a and 6g, respec-
tively) were obtained in moderate to good yields.[15] On the
other hand, the alkylation with the hydrazone that was
prepared from acetophenone and 1-octanal remained unsuc-
cessful under cobalt-based catalysis (< 10% yield, data not
shown).

A pathway including the C�H insertion of heteroarenes
via metal carbenes derived from diazo compounds might be
an alternative to the scenario we envisioned (Scheme 1).[16] To
explore this possibility, we implemented the reactions with
one equivalent (with regard to N-tosylhydrazones) of LiOtBu
under both nickel and cobalt catalysis [Eqs. (1) and (2),
respectively].[8] In both cases, alkylated azoles were not
detected at all.[17] Furthermore, a stoichiometric reaction
(with regard to Ni) of semi-stabilized (1-diazoethyl)ben-
zene[18] with 1a resulted in no formation of 3ak [Eq. (3)].

These outcomes are inconsistent with the metal carbene
promoted C�H insertion. Moreover, the precedent C�H
insertion reactions with diazo compounds are restricted to
electron-rich arenes, such as indoles and pyrroles. Thus, the
insertion into the carbene species is not plausible. At present,
we consider that our postulated catalytic cycle can be
operative in both nickel- and cobalt-catalyzed processes.
While nickel- and cobalt-based catalyses might involve
similar mechanisms, their substrate scope is quite different;
the nickel complex is effective only for benzoxazoles, while
the cobalt complex catalyzes the reaction of 5-aryloxazoles
and benzothiazole. The reactivity differences between nickel
and cobalt catalysis might arise from their capacity for
1,2 migration of azole groups of the metal species. Further
efforts to clarify the detailed mechanism are ongoing.

In conclusion, we have developed efficient catalytic
systems for the direct alkylation of azoles with N-tosylhy-
drazones. A nickel catalysis enables the introduction of
simple secondary alkyl groups into benzoxazole compounds,
whereas the alkylation of 5-aryloxazoles and benzothiazole
becomes possible by using a cobalt catalyst. These catalytic

Table 2: Optimization studies for direct coupling of 5-phenyloxazole
(4a) with N-tosylhydrazone 2a.[a]

Entry M Ligand Base T [8C] Yield [%][b]

1 NiBr2 phen LiOtBu 100 1
2 NiBr2 phen LiOtBu 150[c] 0
3 NiBr2 phen NaOtBu 100 2
4[d] NiBr2 phen LiOtBu 120 0
5[d] CoCl2 phen LiOtBu 120 42
6[d] FeCl3 phen LiOtBu 120 3
7[d] CoCl2 – LiOtBu 120 28
8[d] CoBr2 phen LiOtBu 120 80 (71)
9[d] CoBr2 phen NaOtBu 120 67
10[d] CoBr2 PPh3

[e] LiOtBu 120 29
11[d] CoI2 phen LiOtBu 120 57
12[d] [Co(acac)2] phen LiOtBu 120 57

[a] Reaction conditions: M (0.050 mmol), ligand (0.050 mmol), base
(1.5 mmol), 4a (1.0 mmol), 2a (0.50 mmol), 1,4-dioxane (3.0 mL), N2.
[b] Yield determined by GC analysis. Yield of isolated product given in
parenthesis. [c] Reaction performed in diglyme instead of 1,4-dioxane.
[d] Reaction performed with 4a (0.50 mmol), 2a (1.0 mmol), and LiOtBu
(2.0 mmol). [e] Reaction performed with PPh3 (0.10 mmol).

Scheme 3. Cobalt-catalyzed direct C�H alkylation of azoles with
N-tosylhydrazones 2. Reactions performed by using the conditions
described in Table 2. The yields are of the isolated products. [a] Reac-
tion performed with NaOtBu instead of LiOtBu. [b] Yield determined
by 1H NMR spectroscopy. [c] Reaction was performed with 2
(1.5 mmol), and with NaOtBu and DMF instead of LiOtBu and
1,4-dioxane, respectively.
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protocols could provide a concise access to azole cores that
bear unactivated secondary alkyl side chains, and that are thus
difficult to prepare by using the precedent C�H alkylation
methodologies. Further investigations focus on the elucida-
tion of the mechanism and the application to the stereose-
lective C�H alkylation.

Experimental Section
Nickel-catalyzed direct C�H alkylation of benzoxazole (1a) with
tosylhydrazone 2a (Table 1, entry 9): NiBr2 (10.9 mg, 0.050 mmol),
1,10-phenanthroline (9.0 mg, 0.050 mmol), and LiOtBu (120 mg,
1.5 mmol) were placed in a 20 mL two-necked reaction flask, which
was filled with nitrogen by using standard Schlenk techniques. 1,4-
Dioxane (2.0 mL) was added to the flask, and the suspension was
stirred for 10 min at ambient temperature. Tosylhydrazone 2a
(133 mg, 0.50 mmol) was added in one portion. Finally, a solution of
benzoxazole (1a, 119 mg, 1.0 mmol) in 1,4-dioxane (1.0 mL) was
added dropwise. The solution was stirred at 100 8C for 8 h. The
resulting mixture was quenched with water. The mixture was
extracted with n-hexane/ethyl acetate (20:1, v/v), and the combined
organic layer was dried over sodium sulfate. Concentration in vacuo
and subsequent silica gel column chromatography with n-hexane/
ethyl acetate (20:1, v/v) as eluent gave 2-cyclohexylbenzoxazole (3aa,
85 mg, 0.42 mmol) in 84% yield.
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