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ABSTRACT

Alumino-heteroles are obtained fromsimple precursors in a fully chemo- and regioselectivemanner by ametalative cyclization. The carbon�aluminum
bond is still able to react further with several electrophiles, without the need of transmetalation. This synthetic route provides a novel entry to
heterocyclic organoaluminum reagents as well as a straightforward access to 3,4,5-trisubstituted isoxazoles and 1,3,4,5-tetrasubstituted pyrazoles.

The preparation of main-group aryl and heteroaryl
organometallics is a very active field, as these reagents
are key intermediates in diversity-oriented elaboration of
compounds for pharmaceutical andmaterial science appli-
cations.1 In this context, the preparation of aryl- or hetero-
cyclic organoaluminum reagents has gained a renewed in-
terest, due to their potential broad functional tolerance2

and the low cost and toxicity of alanes.3

A conventional preparative method for aromatic orga-
noaluminum compounds has been the transmetalation of
the corresponding lithium or magnesium derivatives with

various aluminum(III) sources,4 or in some cases trough

aluminum�tin or boron exchange reactions.5 However,

the transmetalation pathway, generally conducted at low

temperature from reactive organolithium reagents,6 gen-

erates salts as side products. These salts have been reported

to strongly affect the reactivity7 of the final organoalumi-

num reagent and the enantioselectivity of asymmetric pro-

cesses.8 This procedure is very often conducted in ethereal

solvents, known to strongly decrease the Lewis acidity of

organoaluminum reagents and, therefore, to affect their

reactivity. Finally, the potential functional group tolerance

of the carbon�aluminum bond cannot be exploited if
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organoaluminum reagents are prepared from the corre-

sponding lithiated or magnesiated derivatives.9

More recently, several alternative procedures, based on
directed metalation10 or oxidative insertion,2 have been
reported, leading to functionalized aromatic organoalumi-
num compounds. However, in most cases, these organo-
metallic reagents must be transmetalated before further
reaction. New alternative routes to aluminated hetero-
cycles are therefore desirable.
In our ongoing work in the field of organoaluminum

chemistry,11 we have reported the preparation of func-
tional aluminotriazoles by a copper catalyzed cycloaddi-
tion of organic azides and mixed aluminum acetylides.12

Herein, we report that aluminated heteroles can be pre-
pared by a tandem addition/intramolecular 5-endo-dig
metalative cyclization mechanism (Figure 1). This kind
of cyclization is well precedented for transition-metal-
catalyzed synthesis of various heterocycles,13 and it has
been shown that a stoichiometric amount of metalated
precursor can lead to metalated benzoheteroles in an
efficient manner.14 However, despite these examples,
such a pathway has never been used to prepare alumi-
nated heterocycles.

We first turned our attention to aluminated isoxazoles
synthesis. Isoxazole is indeed aprivileged structure encoun-
tered in numerous compounds with biological activities,

natural products, and functional materials.15 Further-
more, access to these structures from alkynyloxime using
catalytic16 or stoichiometric electrophilic activation17 is
well documented.

Cyclization product 2a was indeed obtained in 92%
yield, starting from compound 1 in the presence of 2 equiv
of trimethylaluminum (Scheme 1). However, only partial
(60%) deuterium incorporation was observed. This mod-
est deuterium incorporation can be explained by a compe-
titive in situ protonation of the aluminated intermediate.18

In order to avoid this troublesome side reaction, we de-
cided to generate the metalated precursor directly from
nitrile oxide 3. Although nitrile oxides are not considered
as electrophiles, complexation to aluminum reagents could
increase their electrophilicity and decrease their dipole re-
activity, as alreadynoticedbyKanemasaand co-workers.19

To our delight, 93% deuterated isoxazole 2awas obtained
with 2 equiv of dimethyl-phenylalkynylaluminum20 and
mesitylene carbonitrile oxide, after deuterolysis of the re-
actionmixture (Table 1, entry 1). The use of only 1 equiv of
aluminumacetylide led to the formationof alkynyl oxime 1
as a major reaction product (entry 2), showing that exter-
nal electrophilic assistance is required to trigger the cyc-
lization. Thus, addition of 1 equiv of AlMe3 after initial
reaction between nitrile oxide and aluminum acetylide re-
sulted in the clean formation of compound 2a in 76% iso-
lated yield (Table 1, entry 3). Interestingly, even a substo-
ichiometricamountofAlMe3canassist the reaction,although
20% are needed to achieve a correct conversion (entry 4).
All these experiments support a tandem addition/intra-

molecular 5-endo-dig metalative cyclization mechanism
(Scheme 2).21 Although the role of aluminum π-acidity
is well-known in carbo- and hydroalumination reactions,
and several examples have been reported showing that

Scheme 1. Metalative Cyclization of Oxime 1

Figure 1. General principle of metalated heterocycles synthesis
by a metalative cyclization process.
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aluminum derivatives can trigger a trans addition on a
triple bond,22 this intramolecular trans-hydroxyalumina-
tion is, to the best of our knowledge, unprecedented.

Optimized experimental conditions were then applied to
a varietyof dimethylaluminumalkynides bearing aromatic,
alkyl, chloroalkyl, and alkenyl groups (Table 2). In all the
cases, the 3,5-disubstitued 4-metalated isoxazoles were
obtainedasunique regioisomers,withmore than94%deu-
terium incorporation at the mechanistically expected 4-
position after deuterolysis.
Variation of the nitrile oxide part was then investigated.

As unhindered nitrile oxides are notoriously unstable,23

the formation of aluminated isoxazoles was attempted
starting from aromatic (Table 3, entries 1�4) or aliphatic
(Table 3, entry 5) hydroximoyl chlorides. Best results were
obtained using 1 equiv of trimethylaluminum, followed by
1 equiv of mixed acetylides, leading to the clean formation

of several metalated isoxazoles. Interestingly, not only
aromatic but also aliphatic substituted isoxazoles can be
obtained in a fully regioselectivemanner (Table 3, entry 5).

The reactivity of these new aluminated heterocycles
was explored (Scheme 3). Thus, compounds 5a and 5b

could be obtained by reaction with several N-halosucci-
nimides. Once again, mesitylene carbonitrile oxide proved
to be a valuable electrophile, leading to compound 5c in
65% yield. Introduction of a primary amide functional
group could also be realized using a reagent recently
proposed by Knochel for the functionalization of orga-
nozinc halides.24 Although aryl and/or heteroaryl orga-
noaluminum species are generally transmetalated before
further reaction, these last two examples clearly show
that a C�C bound formation from aluminated isoxa-
zoles can be performed without the help of any other
metal source.

Table 1. Optimization of the Reaction Conditions

entry

alane

(equiv)

additive

(equiv)

t

(h)

t

(�C) 2a/1

yield

(%)a

1 2 _ 4 20 1/0 63

2 1 _ 4 20 2/8 _b

3 1 AlMe3 (1) 1 50 1/0 76

4 1 AlMe3 (0.2) 4 50 1/0 68

5 1 AlMe3 (0.1) 4 50 1/1 _ b

a Isolated yield. b>99% conversion. Yield not determined.

Scheme 2. Proposed Mechanistic Pathway

Table 2. Scope of the Reaction: Alkyne

a Isolated yield.

Table 3. Scope of the Reaction: Oxime

entry R R’ compd yield (%)a

1 4-Cl-Ph Ph 4a 70

2 4-Cl-Ph nPr 4b 68

3 4-MeO-Ph nPr 4c 53

4 Ph nPr 4d 73

5 Ph(CH2)2 nPr 4e 74

a Isolated yield.

(22) Intermolecular reactions: (a)Asao,N.; Yoshikawa, E.;Yamamoto,
Y. J. Org. Chem. 1996, 61, 4874. Intramolecular reactions:(b) Asao, N.;
Sudo, T.; Yamamoto, Y. J. Org. Chem. 1996, 61, 7654.

(23) Grundmann, C.; Dean, J. M. J. Org. Chem. 1965, 30, 2809.
(24) Schade, M. A.; Manolikakes, G.; Knochel, P. Org. Lett. 2010,

12, 3648.
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Thus, this regioselective one-pot three-component reac-
tion is, to our opinion, a valuable alternative to the direct
cycloaddition of nitrile oxides with internal alkynes. This
reaction indeed generally suffers from low yield and regio-
selectivity unless appropriate alkynes, nitrile oxide precur-
sors, and/or subtle kinetically controlled reaction condi-
tions are chosen.25

Finally, extension of this metalative cyclization reaction
to the synthesis of aluminatedpyrazoles starting fromcom-
pound 6 was briefly investigated (Table 4). After experi-
mental conditionsoptimization,we found that anadditional
amount of 0.5 equiv of trimethylaluminumwas necessary to
achieve good conversion into the metalated pyrazole. Thus,
deuterated pyrazole (91%D) 7awas obtained in 75% yield
as a single regioisomer (Table 4, entry 1) . Chlorination
usingN-chlorosuccinimide (NCS) enabled the preparation
of chlorinated compounds 7b�e (Table 4, entries 2�5),
showing that aluminated trisubstituted pyrazoles can also
be prepared using a metalative cyclization reaction.

In conclusion, we have developed an access to poly-
substituted alumino-heteroles, based on a metalative
cyclization. The regioselectivity of this reaction, com-
bined with the reactivity of the final organoaluminum
compounds, enables a rapid and simple access to 3,4,5-
trisubstituted isoxazoles with three points of variation
introduced in the same operation. We have also shown
that this reaction can be extended to the preparation of
the corresponding 1,3,5-trisubstituted 4-aluminopyra-
zoles. More generally, this synthetic pathway provides
an alternative entry to complex heterocyclic organoalu-
minum reagents, with unexplored reactivity. We expect
the present strategy to be applicable to other heterocyclic
systems.
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a Isolated yield.
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