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Palladium(0)-Catalyzed Alkynyl and Allenyl Iminium Ion Cyclizations
Leading to 1,4-Disubstituted 1,2,3,6-Tetrahydropyridines**
Hirokazu Tsukamoto* and Yoshinori Kondo

Piperidines, aliphatic six-membered nitrogen-con-
taining heterocycles, are among the most promis-
ing therapeutic agents for a wide variety of
diseases, including Alzheimer�s disease and Par-
kinson�s disease.[1] The development of new and
efficient methods for the preparation of structur-
ally diverse piperidine derivatives is desired for the
drug-discovery process.[2] The introduction of a
variety of substituent groups into preformed
piperidine scaffolds is the conventional approach.
This method has been applied to the synthesis of
1,4-disubstituted 1,2,3,6-tetrahydropyridines 1,
which are biologically important unsaturated
piperidine derivatives[3] and useful synthetic inter-
mediates for the preparation of saturated deriva-
tives (Scheme 1). Synthetic routes to piperidines
can be divided into the following two classes:
1) the condensation of a 4-piperidinone 2 with an
organometallic reagent 3 (route A);[4] 2) the cross-
coupling of a halogen- or triflate-containing piper-
idine 4 with an organometallic reagent 5
(route B).[5,6] Although the latter route is superior to the
former in terms of its compatibility with a variety of func-
tional groups, the preparation of the starting triflate 4 for
route B requires regioselective deprotonation of a piperidi-
none 2 with a strong base,[5] a transformation that is not
appropriate for unsymmetrical or base-labile piperidinones.
Alternatively, the starting halide 4 can be prepared by a
6-endo-trig cyclization reaction of an alkynyl iminium ion 6
generated in situ from the parent secondary amine and
formaldehyde.[7,8] However, a single-step procedure for the
transformation of structurally simple acyclic precursors 6 into
tetrahydropyridines 1 with diverse substituents has never
been developed. Such a procedure would avoid the prepara-
tion of the cyclic intermediate 4 and make the overall process
atom economical. Herein, we describe two newly developed
three-component syntheses[9] of 1 based on a Pd0-catalyzed
“anti-Wacker”-type cyclization[10] of an alkynyl or allenyl

iminium ion 6 or 7 generated in situ with an organoboron
reagent 8. These single-step routes C andD involving carbon–
carbon bond formation at C4 and concomitant C5–C6–N1
and C3–C2–N1 bond formation, respectively, complement
each other.[11]

We first developed reaction conditions for the cyclization
of the terminal-alkyne-containing amine 9a[12] with the
concomitant introduction of a p-methoxyphenyl group at C4
(Table 1) on the basis of those for the related 6-exo-trig
cyclization of a 5-alkynal[10a] (Scheme 2). Upon heating at
50 8C in the presence of a slight excess of p-methoxyphenyl-
boronic acid (8A), aqueous formaldehyde,[13] and a catalytic
amount of [Pd(PPh3)4], 9a underwent arylative cyclization to
afford a single cyclized product 1aA. The yield of the product
is affected dramatically by the solvent; 1aAwas formed in the
highest yield in THF (Table 1, entries 1–5 versus entry 6). The
reaction conditions are applicable to cyclizations of 9a with
the electron-rich and neutral aryl boronic acids 8B–E
(Table 1, entries 7–10). The heteroaryl boronic acids 8F,G
also served as nucleophiles in this process, with the formation
of the cyclized products 1aF and 1aG in high yields (Table 1,
entries 11 and 12). Importantly, no reaction takes place in the
absence of the palladium catalyst.

The electron-deficient aryl boronic acid 8H was found to
be much less effective in the [Pd(PPh3)4]-catalyzed cyclization
than electron-rich derivatives under the same reaction con-
ditions (Table 2, entry 1). Ligand screening revealed that
palladium ligated with PPh(c-C6H11)2 catalyzed effectively the
cyclization reaction of 9a with 8H (Table 2, entry 4). Fur-

Scheme 1. Retrosynthetic analysis of the 1,2,3,6-tetrahydropyridine structure 1.
Tf= trifluoromethanesulfonyl.
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thermore, the use of K2CO3 as a base resulted in an increase in
the yield of the product (Table 2, entry 5).[14] Arylative
cyclizations with unsubstituted 8E and aryl boronic acids

8I–L substituted with electron-withdrawing groups also
proceeded under the optimized conditions (Table 2,
entries 6–10), whereby the aromatic aldehyde in 8K survived
the reaction conditions (Table 2, entry 9). The cyclization
reaction also took place with the vinyl boronic acid 8M to
afford the 1,3-diene 1aM (Table 2, entry 11). Triethylborane
(8N), which has b hydrogen atoms, participated in this
process without undergoing competitive b-hydride elimina-
tion (Table 2, entry 12).

The 1-phenyl- and 1-methoxycarbonyl-substituted
3-butynylamines 9b–e also underwent efficient cyclization
reactions to provide 1,2,4-trisubstituted 1,2,3,6-tetrahydro-
pyridines (Table 3, entries 1–4). The presence of a secondary
alkyl substituent or a tertiary alkyl substituent on the nitrogen
atom retards the reaction, but good product yields are
maintained (Table 3, entries 2 and 3). Arylative cyclizations
of the ethynyl-substituted cyclohexylamine 9 f and the
piperidine 9g afforded the bicyclic piperidines 1 fA and
1gA, respectively (Table 3, entries 5 and 6). Unfortunately,
amines with internal alkyne functionalities do not undergo
cyclization to give 1,4,5-trisubstituted 1,2,3,6-tetrahydropyr-
idines under these conditions.[15]

The use of 2,3-butadienylamines 10[12] in place of 3-
butynylamines 9 offers an alternative route to tetrahydropyr-
idines 1 (Table 4). The three-component coupling reactions
with the allenyl amines 10 proceed in the presence of
[Pd(PPh3)4]

[10c] and complement route C in Scheme 1 as

Table 2: Cyclization of 9a with electron-deficient aryl and vinyl boronic
acids and trialkyl boranes.

Entry 8 PR3 t
[h]

1 Yield
[%]

1 p-Ac-C6H4-B(OH)2 (8H) PPh3
[a] 4 1aH 29

2 8H P(c-C6H11)3 4 1aH 19
3 8H PPh2(c-C6H11) 2 1aH 45
4 8H PPh(c-C6H11)2 2 1aH 66
5[b] 8H PPh(c-C6H11)2 1 1aH 80
6[b] C6H5-B(OH)2 (8E) PPh(c-C6H11)2 1 1aE 79
7[b] p-F-C6H4-B(OH)2 (8 I) PPh(c-C6H11)2 1 1aI 85
8[b] p-Cl-C6H4-B(OH)2 (8 J) PPh(c-C6H11)2 1 1aJ 85
9[b] p-CHO-C6H4-B(OH)2 (8K) PPh(c-C6H11)2 4 1aK 72
10[b] m-NO2-C6H4-B(OH)2 (8L) PPh(c-C6H11)2 1 1aL 69
11 (E)-Ph-CH=CH-B(OH)2 (8M) PPh(c-C6H11)2 1 1aM 85
12[c] Et3B (8N) PPh(c-C6H11)2 6 1aN 78

[a] The reaction was carried out with [Pd(PPh3)4] (2 mol%). [b] The
reaction was carried out with K2CO3. [c] The reaction was carried out with
1.5 equivalents of 8N at 65 8C.

Table 3: Arylative cyclization of 3-butynylamines 9b–g.[a]

Entry 9 8 t
[h]

1 Yield
[%]

1[b,c] 8H 1 72

2 8A 8 78

3 8A 8 76

4[d] 8A 12 67

5[d] 8A 12 64

6[b] 8A 24 64

[a] Reaction conditions: 8 (1.2 equiv), aqueous HCHO (37%; 1.5 equiv),
[Pd(PPh3)4] (2 mol%), THF, 50 8C. [b] The reaction was carried out with
[PdCp(h3-C3H5)] (3 mol%) and PPh(c-C6H11)2 (12 mol%) in place of
[Pd(PPh3)4] . [c] The reaction was carried out with K2CO3 (1.2 equiv).
[d] The reaction was carried out with 5 mol% of [Pd(PPh3)4] at 65 8C.
PMB= p-methoxybenzyl.

Scheme 2. Pd0-catalyzed alkylative cyclization of alkynyl and allenyl
aldehydes.

Table 1: Arylative cyclization of 9a with electron-rich aryl boronic acids.[a]

Entry 8 Solvent t
[h]

1 Yield
[%]

1 p-MeO-C6H4-B(OH)2 (8A) toluene 3 1aA 49
2 8A ClCH2CH2Cl 2 1aA 10
3 8A CH3CN 3 1aA 7
4 8A MeOH 8 1aA 66
5 8A DMF 4 1aA 33
6 8A THF 1 1aA 79
7 p-Me-C6H4-B(OH)2 (8B) THF 1 1aB 72
8 o-Me-C6H4-B(OH)2 (8C) THF 1 1aC 88
9 m-Me-C6H4-B(OH)2 (8D) THF 2 1aD 69
10 C6H5-B(OH)2 (8E) THF 2 1aE 71
11 2-thiophenyl boronic acid (8F) THF 1 1aF 87
12 3-thiophenyl boronic acid (8G) THF 1 1aG 83

[a] Bn=benzyl, DMF=N,N-dimethylformamide.
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follows: 1) In addition to aryl, vinyl, and alkyl groups
(Table 4, entries 1–4), alkynyl and boryl groups can be
introduced at C4 by using a slight excess of the terminal
alkyne in combination with a catalytic amount of CuI in the
first case and a diboron reagent in the second (Table 4,
entries 5 and 6); 2) 1,4,5-trisubstituted 1,2,3,6-tetrahydropyr-
idines can be obtained from 2-substituted 2,3-butadienyl-
amines (Table 4, entries 7 and 8); 3) regioisomers of the
products formed with the 3-butynylamines can be synthesized
(compare Table 4, entry 9 with Table 3, entry 1).

In summary, we have developed two efficient methods for
the synthesis of 1,4-disubstituted 1,2,3,6-tetrahydropyridines
from alkynyl or allenyl amines, formaldehyde, and organo-
boron reagents. The mild reaction conditions, broad func-
tional-group compatibility, excellent regioselectivity, and
ready availability of the reagents make this single-step
procedure both practical and suitable for combinatorial
synthesis. Symmetrical and unsymmetrical tetrahydropyri-
dines generated in these reactions may be potent drug
candidates and should be useful intermediates for the syn-
thesis of saturated piperidines. Studies to probe the mecha-

nism in detail and to expand the scope of the cyclization are
under way.
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nylamine with an organic halide to form both a carbon–carbon
bond at C5 and a C6–N1 bond. The products of the latter
reactions are often contaminated by the corresponding 2-alkenyl
azetidine and 2,3-dihydropyrrole as by-products: a) F. P. J. T.
Rutjes, K. C. M. F. Tjen, L. B. Wolf, W. F. J. Karstens, H. E.
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[12] Awide variety of starting materials 9 and 10 can be prepared by
two-component coupling reactions, that is, the nucleophilic

substitution of the methanesulfonate of a 3-butyn-1-ol or 2,3-
butadien-1-ol with a primary amine, or the reductive amination
of an aldehyde with a primary 3-butynylamine or 2,3-butadienyl-
amine.

[13] Paraformaldehyde is not suitable as a source of formaldinium
ion.

[14] We observed that the use of aryl boronic esters also leads to an
increase in product yields; thus, the acid moiety of electron-
deficient aryl boronic acids appears to hamper the reaction.

[15] In contrast to the cyclization developed by Overman and co-
workers,[7] neither alkynyl amines with internal alkyne groups
nor 4-pentynylamines undergo cyclization.
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