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ABSTRACT

Three new bis(cyclobutane) �-dipeptides have been synthesized from appropriate derivatives of cis- and trans-2-aminocyclobutane-1-carboxylic
acid, respectively. The predominance of eight-membered hydrogen-bonded rings has been manifested for (trans,trans)- and (trans,cis)-�-
dipeptides while the formation of six-membered rings is preferred for the (cis,trans)- �-dipeptide similarly to the previously described
(cis,cis)-diastereomer.

�-Peptides offer unique possibilities to fold, prompted by
the formation of intramolecular hydrogen bonds leading to
helices, strands, or sheets as the most usual conformations.
These defined secondary structures are often responsible for
the biological activities found in oligomers containing
�-amino acid residues.1 Sometimes, secondary structures
coexist with substructures resulting from interresidual hy-
drogen-bonds between NH(i) and CO(i + 1), (i) and (i + 1)
being two consecutive residues in the peptide backbone. This
confers high rigidity on these oligomers.1 For this reason,

the investigation of hydrogen-bonding in small peptides is
crucial to understand complex conformations in larger
oligomers.

Carbocycle1 and heterocycle2 �2,3-disubstituted �-peptides
are particularly prone to adopt well-defined conformations
in solution. However, besides several examples on 12- and
14-helical-foldings,1,3 there are only a few instances on eight-
helices.4-7 An eight-membered ring with hydrogen-bonding
between next neighbors has been described as the charac-
teristic secondary structural motif in �-oligopeptides consist-
ing of 1-(aminomethyl)-cyclopropanecarboxylic acid. These
hydrogen-bonded rings arrange in a ribbon-type secondary
structure in solution.5 Moreover, the formation of consecutive
eight-membered hydrogen-bonded ring helices (8-helix) has
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been described for oxanorbornene �-peptides,6 and for
peptides derived from nucleoside �-amino acids.7 In the last
two cases, a conformationally constrained ring and �2,3-trans-
stereochemistry is a common structural feature which ac-
counts for the propensity to fold into a 8-helix.

We have recently described the formation of intraresidue
hydrogen bonds affording cis-fused [4.2.0]octane structural
units in �-dipeptides made up by monomers derived from
cis-2-aminocyclobutane-1-carboxylic acid.8 One example of
these �-dipeptides is compound (cis,cis)-9 in Scheme 1. This
substructure is retained in a related tetramer, which adopts
a strand-mimicking secondary structure in solution.9

In this Letter we report on our preliminary results on the
synthesis and structural study of a new family of cyclobutane
�-dipeptides. They consist of two monomers of trans
stereochemistry, (trans,trans)-8, or one cis- and one trans-
monomer, (cis,trans)-7 and (trans,cis)-4 (Scheme 1). The
secondary structures of these compounds in solution have
been investigated and compared with (cis,cis)-9.8 The
combined results from NMR experiments and theoretical
calculations show the predominance of an 8- over a
6-membered hydrogen-bonded structure for diastereomers 4
and 8.

Compounds 4, 7, and 8 were synthesized as described in
Scheme 1. Trans-derivative 1 was prepared by epimerization
of the cis-isomer as previously described in the literature.10

Monoprotected cis-intermediates 3 and 6 had been already
prepared in our laboratory.8,11 Removal of the N-Boc
protection in 1 under treatment with TFA and triethylsilane
afforded amine 5 in 89% yield. Amine 5 was coupled with
acid 6 in the presence of N-(3-dimethylaminopropyl)-N′-
ethylcarbodiimide (EDAC) as a dehydrating agent and
hydroxybenzotriazole (HOBt) as a catalyst providing 7 in
44% yield. Similarly, acid 2 was reacted with amine 5 to
give 8 in 42% yield. Alternatively, saponification of the
methyl ester in 1 with diluted NaOH provided acid 2 in 95%
yield. Subsequent coupling of acid 2 with amine 3 in the
presence of pentafluorophenyl diphenylphosphinate (FDPP)
afforded 4 in 90% yield showing the efficiency of FDPP in
peptide coupling reactions.

The three new �-dipeptides 4, 7, and 8 were fully
characterized and their secondary structures in solution were
investigated by using experimental techniques and molecular
modeling (see the Supporting Information). The most
relevant features are listed in Table 1 where one can observe
that the same trends are followed by 4 and 8. Thus, a
complete set of standard 1D and 2D NMR experiments was
done for each �-dipeptide. The high-resolution 1H NMR
spectra in CDCl3 for 4 and 8 exhibit a high deshielded
chemical shift (8.28-8.47 ppm) for the NH10 proton (com-
pare with the 5.90 ppm value found for 7). That suggests
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Scheme 1. Synthesis of �-Dipeptides 4, 7, and 8. Structure of Peptide 9
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that the NH10 proton is implied in a strong hydrogen-bond
in those �-dipeptides.

Some additional NMR experiments were performed to rule
out the possibility of N-H hydrogen-bonds to solvent and
to exclude the existence of intermolecular aggregates Thus,
the chemical shift of NH10 was not concentration dependent
in a range of 60-5 mM in CDCl3. Moreover, when
methanol-d4 was added to both concentrate and dilute
respective solutions of 4 and 8, in the concentrate sample,
the NH4 signal rapidly disappeared while the NH10 signal
remained. Analogous behaviors were found in the dilute
sample. These results pointed out the involvement of NH10

in an intramolecular hydrogen bonding. 1D selective NOE-
SY(EXSY) experiments also led to the same conclusion (see
Figures S21-S24 in the Supporting Information for details).

IR spectroscopy reinforces these findings. Two bands of
comparable intensity at about 3447 and 3280 cm-1 corre-
sponding to free and associated N-H stretching, respectively,
were observed in the spectra of 4 and 8 in dilute chloroform
solutions (ca. 5 mM).5

Analogously, the same reasoning applies to explain the
NH4 chemical-shift behavior. Thus, a more deshielded
position is found for the NH4 proton of 7 and 98 (5.25-5.44
ppm) with respect to the same proton in 4 and 8 (4.88-4.92
ppm). That indicates that the formation of the hydrogen bond
through NH4 is only present in �-dipeptides with 5,8-cis
stereochemistry.

Moreover, by means of 1D selective TOCSY experiments,
the isolated selection of NH10 and NH4 protons and posterior
magnetization transfer to the whole spin system permits the
editing of the 1H NMR spectrum of each residue into two
separated subspectra. Furthermore, the spatial disposition
between residues was disclosed by performing a 1D selective
NOE experiment on H10 in every case. Figure 1 shows, as
an example, the experiments performed on 8.

Interestingly, for all �-dipeptides herein studied, two
interresidue NOE contacts are observed between the NH10

proton and H5/H8 protons (Table 1). However, the strength
of the NOE observed clearly depends upon the adopted
spatial arrangement. In 4 and 8, strong interresidue NOE
contacts are observed between NH10 and H5 and weak ones
are detected between NH10 and H8 (Table 1).

Opposite results are obtained for 7, showing a weak
interresidue NOE contact between NH10 and H5 while a
stronger one is observed between NH10 and H8. A similar
result had been obtained for 9.8

Theoretical calculations at the B3LYP/6-31G (d) level of
theory nicely support these experimental data. Figure 2 shows
the calculated structures for the most stable conformers of 7
and 8.

For these structures, the calculated difference between the
1H NMR shifts of NH4 and NH10 compares fairly with the
experimental data as observed in Table 1. Moreover, the
electronic CD spectra calculated for these compounds (gas
phase) predict bands that are in qualitative agreement with
the experimental spectra in methanol (see the Supporting
Information).

Table 1 shows the interatomic distances between NH10

proton and H5/H8 calculated for the most stable conformers
of the four �-dipeptides considered, which are in very good
accordance with the observed NOE contacts (Figure 2).

Furthermore, the calculated CO3-NH10 distance for 4 and
8 (1.9 Å) is shorter than the calculated CO9-NH4 distance

Table 1. Significant Experimental NMR and Calculated Parameters for �-Dipeptides 4, 7-9

qualitative interresidue NOEs calcd distanceb

dipeptide
δa

NH10

δa

NH4

exptl δ
NH10-δ NH4

calcd δ
NH10-δ NH4 H10-H5 / H10-H8 H10-H5 H10-H8 calcd hydrogen-bond lengthb

(trans,cis)-4 8.28 4.88 3.40 3.81 strong / weak 2.53 2.96 CO3 - NH10 1.93
(trans,trans)-8 8.47 4.92 3.55 3.84 strong / weak 2.47 3.02 CO3 - NH10 1.93
(cis,trans)-7 5.90 5.25 0.65 0.69 weak / strong 4.51 2.23 CO9 - NH4 2.24
(cis,cis)-9 6.41c 5.44c 0.97c -- weakc / strongc 4.51c 2.23c CO9 - NH4 2.22c

a In ppm, from CDCl3 solutions. b In angstroms. c Reference 8.

Figure 1. (A) 1H NMR spectrum of 8 recorded at 500 MHz in
CDCl3. (B) Selective 1D TOCSY experiment selecting NH10 proton.
Magnetization is transferred to the whole spin system by using 60
ms mixing time. (C) Selective 1D TOCSY experiment selecting
NH4 proton. Magnetization is transferred to the whole spin system
by using 60 ms mixing time. (D) Selective 1D NOE experiment
on NH10 proton (NOE mixing time was set to 500 ms).
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for 7 and 9 (2.2 Å). These data suggest an eight-membered
hydrogen-bonding for �-dipeptides 4 and 8. The existence
of a six-membered hydrogen-bonded structure is predicted
for 7, similarly to the previously described 9.8

To summarize, from the combined results obtained by
means of experimental techniques and theoretical calcula-
tions, we can state the prevalent secondary structures for the
�-dipeptides studied. For 4 and 8, an eight-membered cycle
through a hydrogen bond between the NH10 proton and CO3

is established. Differently, in the 5,8-cis-�-dipetide 7, as well
as in 9,8 a six-membered hydrogen-bonded ring conformation
involving the NH4 proton and CO9 is favored.

Thus, in conclusion, we have reported herein on a novel
family of �-oligomers made, totally or in part, of (trans)-

2-aminocyclobutanecarboxylic acid residues. In these �-dipep-
tides, the presence of rigid cyclobutane rings together with
5,8-trans stereochemistry (�2,3-trans), through the constraints
it imposes on the torsions around C5-C8, accounts for the
formation of eight-membered hydrogen-bonded rings. This
structural motif prevails over six-membered rings, a char-
acteristic of the cis series.8,9

It is noteworthy that the cis/trans stereochemistry in the
N-Boc cyclobutane residue (5,8-relative configuration) gov-
erns the conformational bias of these �-dipeptides. Therefore,
the combined or alternative use of cyclobutane residues with
cis and trans stereochemistry, respectively, can be a good
tool for the design of secondary structures in small �-pep-
tides. In larger oligomers, this would give rise to helical
structures not accessible from carbocyclic cyclopentane and
cyclohexane derivatives.1 Active investigations are in progress
to confirm this hypothesis.
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Figure 2. Structures of 7 (A) and 8 (B) optimized at the B3LYP/
6-31G(d) level of calculation. Methyl hydrogen atoms have been
omitted for clarity.
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