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ABSTRACT

By choosing the right substituents either highly functionalized unusual four-membered ring amino acids or the isomeric pipecolic acid derivatives
are obtained in enantiomerically pure form. Starting material is a linear allene-containing amino acid that has been resolved via biocatalysis.

Heteroannulation processes involving unsaturated functional-
ity and Pd catalysis have been extensively studied over the
past decade.1 Beside the use of olefins and acetylenes as the

electrophilic partners, allenes in particular have attracted the
attention of organic chemists in recent years.2,3 In all of these
examples the heteronucleophile attacks one of the sp2-carbon
atoms of the allene.4 Recently, unprecedented alternative
behavior was reported by our group, where a lactam nitrogen
atomswith a two-carbon tether between the allene and the
nitrogen atoms reacted at the sp carbon atom of the allene
to form five-membered ring enamides.5,6 In conjunction with
this work and similar Pd-catalyzed reactions of acetylenic
amino acids in our group,7 we wish to present cyclizations
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of the linear â-aminoallenes4 (R ) H, CO2Me; P )
protecting group), where the allene and the amine are also
separated by a two-carbon tether (Scheme 1).

In this case, four- and six-membered ring amines and
amino acids are obtained with high selectivity.8 Interestingly,
attempts of the group of Yamamoto to cyclize such an
unsubstitutedâ-aminoallene (viz., 4, R ) H, P) Ts) failed,
resulting in the isomerized diene product.9 Very recently,
the group of Kang presented a single example of the
cyclization of this unsubstituted aminoallene, where in a
moderate yield both the four- and six-membered heterocycle
were obtained in a 2:1 ratio. The latter example, however,
is rather limited in terms of selectivity, substitution pattern,
and yield.10 Our method, on the other hand, holdssin
addition to the selective formation of four- and six-membered
ringssa promising potential for introduction of various R1

substituents and thus arrive at unique enantiopure amino acid
derivatives.

The starting aminoallenes were synthesized as follows. The
unsubstitutedâ-aminoallene4 (R ) P ) H) was obtained
via a literature procedure, involving a Crabbe´ reaction of
3-butyn-1-ol and conversion of the resulting alcohol into the

amine.11 The enantiomerically pure allene-containing amino
acid 8 was prepared via an enzymatic resolution of the
corresponding racemic amide7 (Scheme 2).12

The latter compound was synthesized via (i) alkylation of
the glycine-derived ketimine513 with 4-bromo-1,2-butadiene
(prepared from 2,3-butadienol14 with Br2PPh3 and imidazole),
(ii) acid hydrolysis of the ketimine to give6, and (iii) reaction
with aqueous ammonia affording the amino acid amide7.15

Subjection to the enzymatic resolution conditions (aminopep-
tidase produced byPseudomonas putidaATCC 12633,16 pH
8.5, 37°C, 60 h)17 and separation of the resulting acid and
amide15 provided the (S)-acid 8 in 44% yield and 82% ee
after purification by ion exchange chromatography.18 The
(R)-amide7 was hydrolyzed by subjection to a nonspecific
amidase produced byRhodococcus erythropolisNCIB
1154019 to afford (R)-8 in 35% yield (two steps) and>98%
ee.20

Functionalization to the cyclization precursors proceeded
by using standard methodology leading to the desired
precursors9-10 and 21-24 in good yields and without
detectable racemization. The cyclization results for the
unsubstituted aminoallenes9 and10 are shown in Table 1.
Application of the cyclization conditions (10 mol % Pd-
(PPh3)4, 5 equiv of K2CO3, and 5 equiv of R1X, DMF, 80
°C)2f onto allene9 (entry 1) led in 30 min to complete
conversion, affording a 67:33 ratio of the four- and six-
membered rings16a and b, respectively, which is in line
with the result of Kang.10 Upon prolonged reaction times,
this ratio changed in favor of the six-membered ring (entry
2).21 Use of the pyridine-derived iodide13 gave a similar
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result, with the six-membered ring being the major isomer
(entry 3). In contrast, reactions with the vinyl triflates14
and15 led to pleasing results. The azetidine18awas formed
selectively by using triflate14 (entry 4), while reaction with
triflate 15 gave a selectivity of 95:5 in favor of the four-
membered ring19a(entry 5). On the other hand, subjection
of aminoallene10sprotected with the more easily removable
p-nitrobenzenesulfonyl (Ns) groupsto these reaction condi-
tions provided the tetrahydropyridine20bselectively in 55%
yield (entry 6).

To study the influence of the ester substituent, the
enantiopure amino acid derivatives21-24 were subjected
to identical cyclization conditions (Table 2). Initially,21was

treated under similar conditions as9 for 4 h (entry 1),
resulting selectively in the pipecolic acid derivative25b in
78% yield. Closer examination of the conditions revealed
that with shorter reaction times a considerable amount of
the four-membered ring25a was formed as a singlecis-
isomer.

The best example is shown in entry 3: the reaction was
finished in 10 min, with25a being the major product.
Surprisingly, the reaction also proceeded at room tempera-
ture, but did not show any selectivity (entry 2). To improve
the ratio in favor of the four-membered ring, different
parameters (temperature, solvent, and reaction time) were
varied, resulting in a maximum selectivity of 88:12 (THF,
60 °C), albeit the yield was moderate (entry 4). Again,
interesting results were obtained by using the vinyl triflates
14 and 15. This led to fast reactions (finished in 10 min)
and excellent yields of the four-membered amino acids26a
and27a, with only a small degree of formation of the six-
membered rings (entries 5 and 6). The benzylated precursor
22 led in a clean reaction to the pipecolic ester28b (entry
7). This result is in accord with previous reports on
cyclizations of amines ontoπ-allylpalladium intermediates,
where also complete conversion into the thermodynamic
product was encountered.22 Introduction of a methyl car-
bamate (entry 8) or an amide function (entry 9) did not lead
to satisfactory results: the low yields did not encourage
further investigations into optimization of the product ratio.
Interestingly, the carbamate-functionalized azetidine ester29a
was the only product that gave crystals that could be
subjected to an X-ray structure determination. Thus, the
structure and absolute orientation of the substituents in the
azetidine were unambiguously established (Figure 1).23

An explanation for these results can be found by consider-
ing the different pathways that play a role (Scheme 3).
Initially, reaction of the allene with the in situ formed

(21) A similar ring expansion (from three- to five-membered rings) has
been reported previously: Fugami, K.; Morizawa, Y.; Oshima, K.; Nozaki,
H. Tetrahedron Lett. 1985, 26, 857.
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12.994(2),b ) 9.907(1),c ) 10.371(2) Å;â ) 111.36(1)°; V ) 1243.4(3)
Å3; Z ) 4, Dx ) 1.21 g cm-3; λ(Cu KR) ) 1.5418 Å,µ(Cu KR) ) 5.57
cm-1; F(000)) 488,-25°C. FinalR) 0.040 for 1064 observed reflections.
Crystallographic data (excluding structure factors) have been deposited with
the Cambridge Crystallographic Data Centre as supplementary publication
no. CCDC-114107.
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Figure 1. Crystal structure of29a.
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organopalladium(II) species will give rise to the more stable
syn-π-allylpalladium complex3,24 which viaπ-σ-π isomer-
ization can be converted to the more hinderedanti-isomer.25

The syn-isomer can only cyclize in a 4-exo-trig-fashion
to give the kinetic product1. The four-membered ring,
however, can under the influence of Pd(PPh3)4 undergo ring
opening to regenerate theπ-allylpalladium complex, which
eventually via the equilibrium with theanti-complex under
the reaction conditions can isomerize to the thermodynami-
cally more stable six-membered ring2.26 The rate of
isomerization will depend on the substituents P and R1. For
example, for R1 ) alkenyl, it is more difficult to form the
intermediate complex so that isomerization does not rapidly
occur and a relatively large amount of the four-membered
ring is formed. On the other hand, improving the leaving
group ability of the nitrogen (by going from Ts to Ns)
enhances the isomerization process in such a way that the
four-membered ring is no longer observed.

Thus, by changing different parameters either four- or six-
membered ring formation is observed resulting from attack
of the nitrogen onto one of the sp2-allene carbon atoms.
Remarkably, a slight substrate modificationsester reduction
followed by oxazolidinone formation (viz.,31, Scheme 4)s

results in attack of the nitrogen on the central sp allene carbon
atom under similar reaction conditions, providing the cor-
responding five-membered ring32.5b

In conclusion, we have shown that Pd-catalyzed cycliza-
tions ofâ-aminoallenes can selectively lead to four- or six-
membered nitrogen heterocycles without loss of optical
activity in high yields. In particular vinyl triflates show a
promising selectivity in the cyclization processes leading to
the four-membered rings. In addition, we have shown that
via conversion into the more restricted oxazolidinone ana-
logues, the corresponding five-membered rings are also
accessible in both the (R)- and (S)-conformation. The
mechanistic basis of this remarkable behavior is currently
under further investigation.
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