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Abstract—Here we report the synthesis of a cis-dipeptide mimic N-Boc-Phe-[COCN4]-Gly-OBn, 7, containing the non-
hydrolysable �-keto tetrazole isostere and an unusual 2,5-disubstituted �-keto tetrazole-based peptidomimetic, 8. The incorpora-
tion of the novel cis-amide bond isostere was achieved via direct alkylation of a precursor five-substituted (1H)-tetrazole. The
assignment of the resulting 1,5- and 2,5-tetrazoyl regiomers was based on the first reported X-ray structure analysis of an �-keto
tetrazole, compound 8. © 2001 Elsevier Science Ltd. All rights reserved.

We have embarked on a program to develop a range of
novel conformationally restricted amide bond isosteres
that incorporate a 1,5-disubstituted tetrazole.1 The tet-
razole ring has been shown to be an excellent mimic of
the cis-amide bond, and as such, this structural motif
can be used to pre-organise the amide bonds of pep-
tides, enzyme substrates and inhibitors into a cis-con-
formation.2 We have now extended this work with the
design and preparation of a novel conformationally
restricted �-keto tetrazole isostere [COCN4], 1, that
combines the conformational restriction of a 1,5-disub-
stituted tetrazole ring with the potency of a non-
hydrolysable �-keto amide isostere [COCONH], 2. The
�-keto amide functionality (e.g. 2) has found wide-
spread application as an isosteric replacement in
reversible inhibitors of the proteinase family of
enzymes. Amino acid derived �-keto amides have been
incorporated into inhibitors of �-chymotrypsin,3 cal-
pain,4 cathepsin B,5 pepsin6 and HIV protease.7 The
potency of the �-keto amide isostere has been
attributed to formation of a stabilised tetrahedral
adduct between the electrophilic carbonyl of the
isostere and catalytic residues of the proteolytic
enzyme.8 As an extension of this work, some simple
alpha-keto heterocycles have also been shown to inhibit
serine proteases.9 The �-keto tetrazole isostere, 1, is an
important addition to the amide bond analogues avail-
able to peptidomimetic chemists for incorporation into
enzyme inhibitors and conformational probes.

By far the most common route used to prepare �-keto
amide isosteres of type 2 is by oxidation of a precursor
�-hydroxy amino acid. In our earlier work,1 we synthe-
sised a tetrazole-based dipeptide mimic containing an
�-keto tetrazole isostere from a precursor dipeptide
containing an N-terminal �-acetoxy �-amino acid. The
amide linkage was then converted into the required
tetrazole on reaction with phosphorous pentachloride
and hydrazoic acid. The free hydroxyl group was then
revealed and finally oxidised to the �-keto substituent.
We now report a more expedient route to �-keto tetra-
zole-based dipeptide mimics.

It is known that five-substituted (1H)-tetrazoles can be
directly alkylated to yield 1,5-disubstituted and 2,5-dis-
ubstituted tetrazoles.10,11 However, difficulties are often
encountered when assigning the regiochemistry of the
resulting tetrazoyl products due to similar chemical
shifts between the 1,5- and 2,5-regioisomers. We postu-
lated that direct alkylation of a suitable (1H)-tetrazole
could be used for the preparation of the �-keto tetra-
zole isostere, 1. Using this approach we have success-
fully synthesised both the cis-dipeptide mimic
N-Boc-Phe-[COCN4]-Gly-OBn, (7), which contains an
�-keto tetrazole isostere and the unusual 2,5-disubsti-* Corresponding authors.
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tuted tetrazoyl peptidomimetic, 8. Additionally, we
have been able to unequivocally assign the regioisomers
by NMR analysis and by solving a unique X-ray analy-
sis of the 2,5-disubstitiuted tetrazoyl product, 8.

The key steps in the synthesis of 7 and 8 involved
adding a C-terminal glycine residue by direct alkylation
of the tetrazole ring of 4 followed by oxidation of the
free hydroxyl group (Scheme 1). Tetrazole 4 was pre-
pared from the N-Boc-protected tetrazole, 3, itself pre-
pared in two steps according to the method of Satoh et
al.12 (49% overall yield) from commercially available
N-Boc-phenylalanine. A catalytic hydrogenation of the
N-Boc-protected tetrazole, 3, resulted in removal of the
benzyl methylether tetrazole protecting group, as
required, but also in reduction of the �-carbonyl group
(Scheme 1). Upon work-up, the reaction gave a mixture
of epimeric �-hydroxy (1H)-tetrazoles, 4a and 4b, in
90% yield, which was used without further purifica-
tion.13 Alkylation of the �-hydroxy (1H)-tetrazoles, 4a
and 4b, with benzyl bromoacetate in the presence of
N,N-diisoproplyethylamine (DIPEA) gave the epimeric
1,5-disubstituted tetrazoyl products, 5a and 5b, and
also the 2,5-disubstituted tetrazoyl products, 6a and 6b.
The products were purified, but not separated, by flash
column chromatography to give the regiomeric tetra-
zoles, 5 and 6, as a mixture in 60% yield.14 The �-
hydroxy tetrazoles, 5 and 6 were then oxidised, as a
mixture, with a solution of TEMPO,15 to give the
regiomeric �-keto tetrazoles, 7 and 8 (3:4 by 1H NMR).
The tetrazoles, 7 and 8, were separated by flash column
chromatography, the less polar 1,5-disubstituted tetra-
zole, 7, eluting prior to the 2,5-disubstituted tetrazole,
8. The tetrazoles were obtained in 30 and 40% yields,
respectively.16

The structures of the regiomeric tetrazoles were
assigned on the basis of 1H and 13C NMR, and an
X-ray structure determination of 8. Based on previous
1H NMR studies of regiomeric tetrazoles,17 it would be
expected that the Gly-�-H2

1H resonance for the 1,5-

disubstituted tetrazole would appear further upfield
than the Gly-�-H2 signal of the 2,5-disubstituted tetra-
zole. 13C NMR studies of 1- and 2-methyltetrazoles
have shown that the methyl and CN4 carbon atoms of
the 1,5-disubstituted tetrazole are more shielded than
the corresponding carbon atoms of the 2,5-disubsti-
tuted tetrazoles.18 Based on these reported observa-
tions, and the structural determination of 8 (see
discussion below), the tetrazole that was eluted first was
designated the 1,5-disubstituted tetrazole, 7, since it
showed a Gly-�-H2

1H resonance at � 5.47, and Gly-�-
CH2 and CN4

13C resonances at � 50.11 and � 148.09,
respectively. The more polar tetrazole, 8, had a Gly-�-
H2

1H resonance at � 5.53, and Gly-�-CH2 and CN4
13C resonances at � 53.76, and � 161.15, respectively.
More evidence for the stereochemical assignment of the
tetrazoyl regiomers, 7 and 8, was obtained by a het-
eronuclear multiple bond correlation (HMBC) experi-
ment. Compounds 7 and 8 show similar HMBC
correlations, however, only the 1,5-disubstituted tetra-
zole, 7, showed a correlation between the Gly-�-H2

protons and the CN4 carbon centre.

Single crystals of the 2,5-disubstituted tetrazole, 8, were
grown from methanol by slow evaporation. The struc-
ture of 8 was confirmed by an X-ray structure determi-
nation at 173(2) K and was satisfactorily refined (Fig.
1).19 To our knowledge this is the first structural deter-

Figure 1. Crystal structure of the 2,5-disubstituted tetrazole,
N-Boc-Phe-[COCN4]-Gly-OBn, 8.

Scheme 1. (i) H2, 10% Pd/C, MeOH, rt, 24 h; (ii) DIPEA, BrCH2COOBn, CH2Cl2, rt, 24 h; (iii) TEMPO, KBr, NaOCl,
CH2Cl2/H2O, 0°C, 30 min.
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mination of an �-keto tetrazole-based peptidomimetic
and is the principle supporting data for the assignment
of the regiochemistry of the tetrazole products. In the
structure of 8 it is apparent that the tetrazole ring is
essentially planar with the ring torsion angles,
C5�N1�N2�N3, N1�N2�N3�N4, N2�N3�N4�C5,
N3�N4�C5�N1, N4�C5�N1�N2 being −0.3(4), 0.0(4),
0.3(4), −0.6(4) and 0.5(4)°, respectively. The tetrazole
ring of 8 showed a mean deviation from the plane of
0.002 A� . The bond lengths of the tetrazole ring are all
similar, with the C5�N1, N1�N2, N2�N3, N3�N4,
N4�C5, being, 1.345(4), 1.325(4), 1.351(3), 1.327(3),
and 1.352(4) A� , respectively. The �-keto carbonyl bond
sits in the same plane as the tetrazole ring, with the
O18�C17�C5�N4 and O18�C17�C5�N4 torsion angles
being −178.1(3) and −0.1 (5)°, respectively. The core
isostere [C17···C6] is essentially planar, with a mean
deviation from the plane of 0.013 A� . The C17�C5 and
N2�C6 bonds are offset by −10°. The phenylalanine
ring is essentially planar and sits in a flagpole position
over the tetrazole heterocycle.

In this letter we have presented a short route to some
new conformationally restricted peptidomimetics, the
design of which is based on novel �-keto 1,5- and
2,5-disubstituted tetrazole [COCN4] amide bond
isosteres. We have also unequivocally assigned struc-
tures to the resulting 1,5- and 2,5-disubstituted tetrazole
isomers, a problem that is often encountered in tetra-
zole-based chemistry, using a combination of NMR
and X-ray crystallography.
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