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Abstract

A two-step process is described for the union of aromatic imines, conjugated alkynes and aldehydes
that results in a stereoselective synthesis of highly substituted piperidines. This synthetic process has
been made possible by defining a unique regioselective functionalization of conjugated alkynes that
establishes a suitably functionalized substrate for subsequent heterocycle-forming cationic
annulation. Given the flexibility of the coupling process, heterocycles can be accessed through a
process that establishes up to four stereogenic centers and four fused rings.

Substituted piperidines are structural motifs found in a variety of natural products and small
molecules of biomedical relevance.1 Despite the significant advances made that define
chemical methods suitable for the construction of this heterocyclic core, the stereocontrolled
preparation of highly substituted piperidines remains a challenge in chemical synthesis.2 Of
the many methods available, cationic annulation of suitably functionalized amines with
aldehydes (via Pictet-Spengler or aza-Prins cyclization) has long been recognized as a useful
pathway to a subset of functionalized piperidines.3, 4 Aside from problems associated with the
control of these cationic annulation reactions, preparation of complex unsaturated amine
substrates suitable for these heterocycle-forming processes can be cumbersome. Here, we
describe a bimolecular bond construction for the selective union of conjugated alkynes with
imines as a means to establish appropriate functionality for subsequent stereoselective cationic
annulation. Specifically, the process described defines a two-step three-component coupling
reaction between conjugated alkynes, imines and aldehydes for the stereoselective synthesis
of piperidines containing up to four stereogenic centers and four fused rings.

From the outset we sought a bimolecular alkyne–imine coupling that would enable the
synthesis of allylic amines well suited for cationic annulation (1 → 2, and 2 + 3 → 4; Figure
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1). With this goal in mind, we were aware of the numerous methods available for the metal
catalyzed reductive coupling of conjugated alkynes with carbonyl electrophiles. Unfortunately,
the selectivity of these coupling reactions is uniformly dictated by the presence of π-
conjugation and delivers an isomeric product to that required for the heterocycle synthesis of
interest here (2 vs. 5; Figure 1).5

Recently, we have defined a Ti-mediated alkyne–imine coupling reaction for the synthesis of
allylic amines and γ-lactams where a tethered alkoxide directs regioselective functionalization
of an internal alkyne and overrides the influence of simple non-bonded steric interactions.6
The knowledge gleaned from this study served as a guiding principle for the design of the first
step of the heterocycle synthesis described here. While targeting a bond construction that, as
in our previous studies, would require stoichiometric quantities of Ti(Oi-Pr)4, the potential of
such a process in complex heterocycle synthesis and the inability to generate the desired
substitution in 2 with available catalytic methods drove our investigation of this chemistry.

As illustrated in Figure 2, alkoxide-directed C–C bond formation provides an exceptionally
powerful means to deliver the unique regioisomer required here, where C–C bond formation
occurs α-to the conjugated π-system; in opposition to that expected from the electronic effects
that dictate the regiochemical course of related reductive coupling reactions.5 The selective
production of 6–12 highlights the effectiveness of this reductive coupling reaction with a
variety of aromatic and heteroaromatic conjugated alkynes. While demonstrating the
compatibility of the coupling reaction with electron rich aromatics, aromatic halides,
thiophenes, furans, pyrroles and indoles, these reactions provided single regioisomers of
coupled products in 52–66% yield.

The successful formation of 13–16 demonstrates that this metal-mediated coupling process is
equally effective with enyne containing substrates. Here, high regioselectivity is possible in a
chemoselective coupling process, where no evidence was found for the functionalization of
the conjugated alkene of the starting enyne.

With a site-selective convergent coupling reaction in hand, we shifted our attention to exploring
the unique reactivity of the allylic amine products derived from this coupling process. As
anticipated based on well-precedented Pictet-Spengler chemistry,4e cationic annulation of
substrates containing conjugated aromatics defines a concise pathway to polysubstituted fused
bicyclic heterocycles (Figure 3). While the generation of 17 and 18 (via acid-promoted addition
to 1,3,5-trioxane in EtOH or CH3CN) demonstrates the basic reactivity profile of interest with
electron rich and heteroaromatic systems, the formation of 19–21 highlights that good levels
of stereocontrol are possible in convergent annulation with aldehydes. In all cases, high
selectivity for the formation of the 2,6-trans disubstituted piperidines was observed (dr ≥ 20:1).

Moving on, cationic annulation of the 1,3-diene-containing allylic amines (derived from
reductive cross-coupling of enynes with aromatic imines) provides a unique opportunity for
the rapid generation of complex heterocycles. Here, cationic annulation terminated by C–O
bond formation, defines a concise pathway to bi-, tri-and tetracyclic piperidines with typically
very high levels of stereoselection (Figure 4).7,8

Our preliminary investigation of this reaction pathway indicated that the stereochemical course
of the annulation reaction is complex. For example, cyclization of an enyne bearing a (Z)-
disubstituted alkene leads to the generation of a bicyclic product 22 with good levels of
stereoselection (dr = 12:1) while cyclization of a related isomeric enyne proceeds with very
low levels of stereoselection (i.e. 23 is derived from the (E)- disubstituted alkene and is
produced as a 1.6:1 mixture of stereoisomers). This observed lack of stereospecificity is
consistent with stepwise cyclization terminated by diastereoselective addition to an
intermediate allylic carbocation.9
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In an effort to enhance diastereoselection we examined the cyclization of enynes where the
alkene was constrained in a five membered ring. Perhaps due to the expected preference for
formation of a cis-fused saturated aza-indane over the trans-fused isomer, all cationic
annulation reactions with this subset of enynes proceeded with very high levels of
diastereoselection (24–26; dr ≥ 20:1 in all cases). As observed earlier in the annulation reactions
of substrates containing conjugated aromatics, in these more complex cyclization reactions,
stereoselection was observed for the formation of the central piperidine bearing 2,6-trans-
substitution (i.e. 25 and 26).

This regioselective reductive cross-coupling reaction between enynes and aromatic imines can
be rendered asymmetric. As depicted in Figure 5, use of a phenylglycine-modified aromatic
imine (28) leads to moderate stereoselection in the formation of the functionalized allylic
amines 29 (dr = 85:15) and 31 (dr = 75:25).10

In conclusion, we have described a two-step three-component coupling process for the
synthesis of stereodefined and highly substituted piperidines. Site-selective union of readily
available conjugated alkynes with aromatic imines provides a means of accessing allylic amine
products not readily available with other reductive cross-coupling methods (where C–C bond
formation occurs α-to the conjugated π-system). As a result of the unique selectivity of this
alkyne–imine cross-coupling reaction, subsequent cationic annulation with carbonyl
electrophiles defines a powerful pathway to highly substituted piperidines. The complex
annulation processes discovered are typically highly selective, generating up to four
stereogenic centers (dr is typically ≥ 20:1) and four fused rings. Due to the rapid access to
structural complexity afforded by this chemical process and ubiquitous presence of substituted
piperidines in natural products and small molecules of biomedical relevance, we anticipate that
this two-step three-component coupling process will be of great utility in chemical synthesis.
The ease of use, low cost, and unique reactivity profile of Ti(Oi-Pr)4 combine to define a
powerful system of increasing utility in defining unique and highly regioselective bond
constructions in organic chemistry.11, 12
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Figure 1.
Regioselective union of conjugated alkynes with imines for heterocycle synthesis.
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Figure 2.
Alkoxide-directed union of conjugated alkynes with imines.
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Figure 3.
Cationic annylation via Pictet-Spengler-like cyclization.
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Figure 4.
Cationic annulation via aza-Prins-initiated cyclization.
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Figure 5.
Preliminary studies in asymmetric synthesis.
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