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Abstract—A new synthetic route to enantiomerically pure disubstituted derivatives of cyclic amino acids is reported. Key step of
this synthesis is an oxidative cleavage of azabicycloalkene precursors that are synthesized in enantiomerically pure form via
aza-Diels–Alder reaction. A range of different disubstituted pipecolic acid derivatives has been synthesized and their structure has
been evaluated by X-ray analysis. © 2002 Elsevier Science Ltd. All rights reserved.

�-Amino acids with a rigid backbone structure are
synthetically interesting targets because they can be
used as building blocks for the preparation of peptides
or peptidomimetic structures with biological activity.1

In particular, incorporation of cyclic amino acids based
on proline or pipecolic acid with well-defined structural
properties into peptides leads to useful model com-
pounds for studying peptide conformation and protein
folding.2 In addition, these substitutions often go along
with improved pharmacological profiles in pharmaco-
logically relevant peptides.3 Derivatives of proline and
pipecolic acid have been used as constrained analogues
of proteinogenic amino acids4 and as rigid modules to

constrain peptide conformation.5 In particular, 5-sub-
stituted prolines6 as well as 3,6-substituted pipecolic
acids7 have been demonstrated to serve as rigid ana-
logues of the cis- and trans-prolyl amide portion in
natural peptides and have been used as educts for the
synthesis of constrained dipeptide analogues.8 In addi-
tion, these compounds serve as valuable intermediates
in the synthesis of a range of different pyrollidine and
piperidine alkaloids for example of the indolizidine and
quinolizidine type.9

All these facts have contributed to the growing interest
in finding short and efficient stereoselective synthetic
routes to substituted cyclic amino acids. Efforts in this
direction have met with some success in the past and a
number of stereoselective routes to substituted
prolines10 and pipecolic acids11 have been developed.
However, most routes are multistep procedures and
general synthetic schemes suitable for 3,5-substituted
prolines and 3,6-substituted pipecolic acids are still
missing.

In the course of a project directed to the development
of rigid bioactive peptidomimetics, that should serve as
modular ligands for cancer specific receptors, we
became interested in highly functionalized derivatives of
proline and pipecolic acid of the general structure II
(Fig. 1) in enantiomerically pure form. Although some
multistep protocols to proline derivatives II (n=0) are
known,12 routes to the corresponding pipecolic acids II
(n=1) are extremely rare.11b

A general route to cyclic amino acids of type II would
be especially valuable if both residues R were easy to

Figure 1. Retrosynthetic analysis of cyclic amino acids II.
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convert into a range of different natural amino acid
side chains or other functionalities, thus offering a
route to constrained amino acid analogues and versatile
intermediates for natural product synthesis.

We envisioned azabicycloalkenes I as ideal precursors
for cyclic amino acids of type II. As depicted in Fig. 1
these bicyclic precursors I in turn should be easily
accessible via stereoselective aza-Diels–Alder reaction
of a cyclic dien and a chiral imine. This kind of
stereoselective aza-Diels–Alder reaction has been stud-
ied extensively in the past and was shown to yield
various nitrogen heterocycles in a highly stereoselective
way if chiral amines are used as the stereochemical
source of information.13 Oxidative cleavage of the dou-
ble bond in resulting azabicycloalkenes I should then
give the desired disubstituted amino acid derivatives II
with suitable functionalities right in place for further
manipulation.

Adopting a known protocol,14 we started with a one-
pot synthesis of azabicyclooctenes 1 according to
Scheme 1 from 1,3-cyclohexadiene and a chiral imine,
which was derived from (R)-phenylethylamine and
ethylglyoxylate. A mixture of exo-1 and endo-1 strongly
favoring the exo product was obtained in reasonable
yield. It should be noted that the reaction may be
performed on a large scale, thus offering a convenient
access to precursors of the general type I in Fig. 1. Both
isomers exo-1 and endo-1 are easily separated by
column chromatography on silica gel.

With azabicyclooctenes 1 in hand, we tried an
ozonolytic cleavage of the double bond under standard
conditions to the bisaldehyde 2 according to Scheme 2.
Unfortunately we were not able to isolate bisaldehyde 2
using a standard flash chromatographic workup proce-
dure although TLC and NMR of the crude reaction
mixture indicated that 2 was formed. However, a rapid
workup yielded 2 in disappointingly low yield of 18%
after flash filtration over a silica gel plug. Suspecting
that the chemical instability of amino aldehyde 2 under
workup conditions did not allow its isolation in better
yields, we tried the ozonolysis of exo-1 with subsequent
reduction of the intermediate bisaldehyde 2 in one pot
with sodium borohydride next. As anticipated, this

Scheme 2. Synthesis of disubstituted pipecolic acid deriva-
tives. (i) Br2, PPh3, CH2Cl2, pyridine, 0°C; (ii) MesCl,
DIPEA, CH2Cl2, 0°C (compound 4b was isolated as its
hydrochloride salt).

procedure yielded pipecolic acid derivative 3 in good
yield after chromatographic workup. The relative stere-
ochemistry of substituents attached to the piperidine
ring was established by NOESY NMR and was found
to be not altered by the oxidation reaction. Finally, the
absolute stereochemistry was determined by X-ray crys-
tal structure analysis15 of dibromide 4a (Fig. 2) which
was prepared according to Scheme 2 from diol 3 with
triphenylphosphine bromide in good yield.

Diol 3, dibromide 4a and mesylate 4b may serve as
versatile precursors for a number of different 3,6-sym-
metrically substituted pipecolic acid derivatives by stan-
dard functional group transformations. The intrinsic

Figure 2. ORTEP plot of dibromide 4a (heteroatoms are
marked with element symbols and hydrogen atoms are omit-
ted for clarity).

Scheme 1. Aza-Diels–Alder protocol to azabicyclooctenes
exo-1 and endo-1.
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basicity of compound 4b, due to the internal tertiary
amine, caused initial problems with its work up
because of elimination of mesylate. However, these
problems were solved by isolating 4b as its hydro-
chloride salt.

Taking advantage of the vicinal aminoalcohol moiety
in diol 3, it can furthermore be derivatized selectively
at substituents in 3- or 6-position enlarging its syn-
thetic potential. Compound 3 was therefore debenzyl-
ated with hydrogen (balloon) and 5% palladium on
activated charcoal in ethanol for 24 h according to
Scheme 3 to give N-terminally deprotected pipecolic
acid 5 in quantitative yield. When treated with benz-
aldehyde in toluene (Dean–Stark conditions for 12 h),
selective protection of the 1,2-aminoalcohol moiety as
a benzylidene aminal in 616 was achieved in good
yield.

Protected pipecolic acid 6 was obtained in
diastereomerically pure form and the stereochemistry
at the aminal C assigned to be (R)-configuration
based on NOESY NMR experiments. Compound 6
may serve as a precursor for selective functionaliza-
tion at C3 and C6 of the piperidine ring, giving thus
access to a number of enantiomerically pure con-
strained amino acid derivatives.

In summary, we have developed an efficient protocol
for the stereoselective synthesis of polyfunctionalized
derivatives of pipecolic acid. Key steps of this synthe-
sis are an aza-Diels–Alder reaction of a chiral imine
and subsequent oxidative cleavage of the resulting
azabicycloalkene. It should be noted that this proto-
col may easily be expanded to the synthesis of proline
derivatives by using cyclopentadien instead of cyclo-
hexadien in the aza-Diels–Alder reaction. Further-
more, both enantiomers of the chiral educt, (R)- and
(S)-phenylethylamine, are commercially available at
low cost thus giving access to both enantiomers of
cyclic amino acid derivatives like 3 in only two steps.
We are currently using these highly functionalized
amino acids as building blocks for the synthesis of
conformationally constrained dipeptide mimics (results
of this work will be reported elsewhere), but they
may also serve as intermediates for natural product
synthesis.
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