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ABSTRACT

A variety of spirocyclic heterocycles have been constructed by a double-alkylation and reductive cyclization approach utilizing R-heteroatom
nitriles as trianion synthons. The method provides access to heteroatom-substituted spirocycles in a variety of ring sizes that are found in natural
products and are important in pharmaceutical lead development and optimization.

Spirocyclic frameworks are important motifs found in
natural products and in medicinal lead compounds. These
complex structures have a well-defined three-dimensional
spatial arrangement that exhibit specificity of action with
biological receptors and enzymes.1 Spirocycic frameworks
have been the target of several syntheticmethods2 aimed at
the construction of structurally diverse natural and non-
natural molecules. Described herein is a general strategy
for the construction of spiro-heterocycles based on a
reductive cyclization process.3

Efficient construction of spirocyclic heterocycles is
important in the synthesis of natural products4 and

pharmaceutical targets (Figure 1).5 The assembly of carbo-
cyclic6,7 and, especially, heterocyclic8 frameworks by dou-
ble alkylation of R-heteronitriles is an underdeveloped
transformation. Nitrile anions are competent nucleophiles
that have been applied to the formation of complex mole-
cules using nitrile anion alkylation methodology.9 Based
on the double alkylation/reductive cyclization strategy
we developed for the lepadiformine alkaloids,7 we set out
to extend thismethod to the synthesis of diverse spirocyclic
heterocycles.
Synthesis of a variety of spirocyclic frameworks begins

with double alkylation of a bis-electrophile (6) with the
appropriate nitrile partner (e.g., 5). Subsequent deprotec-
tion with TBAF and phosphorylation with diethyl chloro-
phosphate and N-methylimidazole10 generated the cyano
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phosphate intermediate (8). Reductive decyanation with
cyclization afforded spirotetrahydrofurans 9a�e (Table 1).
The double alkylation led to good yields of cyclobutaneni-
trile 7a, cyclopentanenitrile 7b, and cyclohexanenitrile 7c

(entries 1�3). The tetrahydropyranyl adduct 7dwas readily
accessed fromthedoublealkylationwith2,20-dibromodiethyl
ether (entry 4). Synthesis of the ketal cyclohexanenitrile
7e was achieved in moderate yield using protected 1,5-
dibromopentan-3-one 6e (entry 5). The deprotection and
phosphorylation steps were efficient in all cases. The reduc-
tive decyanation generates an intermediate tertiary alkyl-
lithium reagent that cyclizes with displacement of the
phosphate. The reductive cyclization in all cases proceeded
with very good yield. For the volatile products 9a and 9b,
the yields were estimated byGCMS analysis with an internal
standard. Attempts to isolate 9a from residual THF were
unsuccessful as the boiling point and polarity are too similar.
In a similar fashion, the use of aminonitrile 10 provided

spiropyrrolidines 13a�g (Table 2). The cyclobutane nitrile
11a was obtained in a modest yield from the double-
alkylation step. The double alkylation reactions to produce
unsubstituted cyclopentane 11b and cyclohexanenitrile 11c
were more efficient (entries 2 and 3). Double alkylation
with 1,6-dibromohexane gave a mixture of the desired
cycloheptanenitrile 11g, and an alkylation�elimination
product in an overall 18% yield and was not investigated
further. As above, the THP�aminonitrile product 11d

was isolated in good yield using dielectrophile 6d. Use of
protected 1,5-dibromopentan-2-one 6f (entry 7) resulted in
a moderate yield due to concomitant formation of a bis-
alkylated aminonitrile byproduct (19% yield). The reduc-
tive lithiation and cyclization of the N-Boc aminonitriles
were all effective, but yields were more varied than in the
spirotetrahydrofuran examples in Table 1. Construction
of the aliphatic spiropyrrolidines proceeded in moderate to
good yield irrespective of the carbocyclic ring size. Cycliza-
tion to provide unsymmetrically substituted spirocycle 13f
also proceeded in moderate yield. In the case of 12e, the
reductive cyclization proceeded in an unexpectedly low

37%yield to afford13e. Inmost instances, no side products
were observed or isolated in these reductive cyclization
reactions. In a few cases, reduced startingmaterial contain-
ing a terminal olefin was observed as a byproduct (e10%),
which was inseparable from the desired product by
chromatography.11

The reductive cyclizations developed to date all use 2.2
equiv of the lithium di-tert-butyl biphenylide (LiDBB),
which limits the practical scale of the reaction. We have
investigated the cyclization using catalytic di-tert-butylbi-
phenyl (DBB) and lithium metal.12 The source of lithium
metal was important with lithium powder proving more
efficient than lithium wire, sheet, or granules. Equation 1
shows an example on 1.23 g scale using 10 mol % of DBB
run at 0 �C, which proceeds in good yield. Using catalytic

Table 1. R-Oxonitrile Double Alkylation and Spirocyclization

aYield estimated by GCMS analysis using decane as an internal
standard. Isolated yield of 9b was 56%.

Figure 1. Spirocyclic rings in pharmaceutical targets.
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DBB and noncryogenic temperatures makes the cycliza-
tion step amenable to scale-up.

Spiropiperidine and azepinone frameworks are also
accessible by this method. Reaction of nitrile 14, which

contains one more methylene unit than nitrile 10, with
dibromide 6e resulted in alcohol 15 after double alkylation
and deprotection (Scheme 1). Formation of the phosphate
16a, followed by reductive cyclization generated the spir-
opiperidine 17 in moderate yield. The chloride 16b was
prepared from 15 to test the effect of the leaving group on
the spirocyclization. Reductive lithation of 16b led to the
formation of both the expected spiropiperidine 17 (29%)
and the unexpected spiroazepinone 18 in 43% yield.
Compound 18 arose by competitive lithiation of the alkyl
chloride and cyclization onto the nitrile. We have pre-
viously observed competitive lithation of alkyl chlorides
withN-benzyl aminonitriles,13 but not with themore easily
reduced N-Boc aminonitriles. Formation of azepinone 18
would be enhanced by using a more easily reduced halide
such as bromide. Spiropiperidines are available in moder-
ate yield using the reductive decyanation and cyclization
strategy.

Spiroacetals 13f and 17 both incorporate protected
secondary amines and ketones. Selective deprotection
by treatment of 13f with acetic acid in THF/H2O led to
removal of the 1,3-dioxolane protecting group to provide
the hydrated ketone 19 in 65% yield (Scheme 2). Acid-
mediated removal of the nitrogen Boc group of 18 with
TFA led to a 2:1 mixture of deprotected aminoacetal and
amine 20. Dilution of the crude mixture in THF and 1 M
HCl provided the ketoamine 20 in 56% yield. In simple
cases, acidic removal of the N-Boc group proceeded with-
out issue (i.e., 13d to 21). Further transformations of these
types of spirocycles to give valuable medicinally relevant
compounds have been reported.14,5b

Scheme 1. Cyclizations to Piperidines and Azipinones

Table 2. R-Aminonitrile Double Alkylation and Spirocyclizationa

aCycloheptane 11gwas isolated as a 1:1 mixture with an elimination
byproduct.
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We have presented a general strategy to construct spiro-
cyclic heterocycles. The key step is a reductive lithiation

and cyclization of a nitrile phosphate to form the spiro-
cyclic pyrrolidine, piperidine, or tetrahydrofuran ring.
The reactions were successful with different heteroatoms
and a number of ring sizes. This method will be useful
in natural products synthesis and in medicinal chemistry.
Weare continuing to explore the selectivity and scopeof this
strategy.

Acknowledgment. We thank NIGMS (GM43854) for
their support of this program and Vertex for a Vertex
Fellowship (MAP).

Supporting Information Available. Experimental pro-
cedures and 1H and 13C NMR spectra of all new com-
pounds. This material is available free of charge via the
Internet at http://pubs.acs.org.

Scheme 2. Deprotection of Spirocycles
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