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Designing hybrid foldamers: the effect on the peptide conformational bias of
b- versus a- and c-linear residues in alternation with (1R,2S)-2-aminocyclo-
butane-1-carboxylic acid†‡
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Several oligomers constructed with (1R,2S)-2-aminocyclobutane-1-carboxylic acid and glycine,
b-alanine, and g-amino butyric acid (GABA), respectively, joined in alternation have been synthesized
and studied by means of NMR and CD experiments as well as with computational calculations. Results
account for the spacer length effect on folding and show that conformational preference for these
hybrid peptides can be tuned from b-sheet-like folding for those containing a C2 or C4 linear segment to
a helical folding for those with a C3 spacer between cyclobutane residues. The introduction of cyclic
spacers between these residues does not modify the extended ribbon-type structure previously
manifested in poly(cis-cyclobutane) b-oligomers.

Introduction

There is a growing interest in the design and use of bioinspired
oligomers with well-defined conformational propensities, called
foldamers. Their applications in the fields of protein-protein inter-
actions, drug-discovery or self-assembling materials make these
compounds relevant. Unnatural amino acids when incorporated
in peptidomimetics offer manifold and broad possibilities to
fold in several motifs mainly named helices, sheets and turns.1

Among the most frequent oligomers used, a-, b, and g-peptides
currently differ in their folding preferences and, in addition, b-
peptides usually need a shorter number of residues than a- and
g-oligomers to arrange in a helical folding.2 Moreover, the use
of carbocyclic amino acids confers rigidity to the corresponding
oligomers thus determining their conformational bias in solution.
Therefore, small rings3 as well as bridged systems4 have been
included into conformationally constrained peptides with well-
defined secondary structures in solution.

Combination of different types of cyclic or linear amino acids in
heterogeneous backbones to afford hybrid peptides offers unique
possibilities of folding.5 For instance, some a,b-,6 b,g-,7 and a,b,g-
peptides8 adopt a-helix-like conformations which often are more
stable than those of the analogous a-peptides probably because
of the preorganized b or g residues employed. Other a,b-peptides
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form b-sheets in aqueous solution.9 In addition, some designed
amphiphilic a,b-peptides self assemble giving highly stable pleated
sheets.10 Moreover, replacement of a-amino acids with b-residues
have resulted in a,b-peptides with interesting biological activities
as anti-HIV agents,11 or as integrin ligands, which are involved in
the control of several disorders.12

Some time ago, we reported on a 14-helix-like folding adopted
by a tetrapeptide built with achiral b-alanine and (R,S)-2-
aminocyclobutane-1-carboxylic acid joined in alternation.13 This
behaviour clearly differs from the analogous b-tetrapeptide made
exclusively with the cyclobutane residues,14 which displays a
ribbon-type extended conformation as well as its homologous
hexamer and octamer (Fig. 1).15 We wanted to investigate the
influence of the number of residues on the conformational
propensity shown by that mixed b,b-tetramer as well as by the
length of the achiral linear residue included.

For this reason, we have synthesized and studied tetra-, hexa-,
and octamers constituted of 1 : 1 (R,S)-cyclobutane residues and
glycine, b-alanine, and g-aminobutyric acid (GABA), respectively,
used as spacers between the cyclic building blocks. NMR, CD
and computational calculation results are reported in this paper
and show a similar conformational bias for these a,b- and b,g-
oligomers which folds giving b-sheet-like structures, whereas b,b-
peptides prefer to arrange in a helical folding. The introduction of
cyclic moieties between cyclobutane residues has also been inves-
tigated and it does not modify the extended secondary structure
previously manifested by poly(cis-cyclobutane) b-oligomers.

Results and discussion

1. Synthesis of hybrid peptides

Convergent synthetic routes allowed us the easy and efficient
preparation of the desired oligomers. The general strategy is
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Fig. 1 14-Helical folding with a b,b-tetrapeptide consisting of two
cyclobutane and two b-alanine residues joined in alternation in con-
trast with the extended ribbon-type conformation adopted by another
b,b-tetrapeptide built with cyclobutane residues. The arrow and dashed
lines, respectively, indicate the intramolecular hydrogen bonds responsible
for these secondary structures.

illustrated in Scheme 1. Previously described N-Cbz-(1R,2S)-2-
aminocyclobutane-1-carboxylic acid, 1,13 was reacted with O-Me-
protected glycine, b-alanine, and GABA ammonium salts, 2–4,
respectively, in the presence of DIPEA and using PyBOP as
coupling agent. In this way, hybrid dipeptides 5,16 6,13 and 716

were obtained in 80–90% yield under milder conditions and with
better yield than those previously described. The new ammonium
triflates 8–10 were quantitatively prepared by submitting 5–7
to hydrogenation of N-Cbz protection under 6–7 atmospheres
pressure by using 10% Pd(OH)2 as a catalyst and in the presence
of TFA, at room temperature. Protonation of the amino function
prevented the cyclobutane ring-opening which was previously
observed in similar compounds.17,18 Following an alternative route,
mild saponification of the ester function in 5–7 afforded free
acids 11–13 in nearly quantitative yields. Subsequent coupling
of the amines with the corresponding carboxylic acids afforded
hybrid tetrapeptides 14–16, respectively, in 55–60% yield. These
compounds were selectively deprotected to provide amines 17–19
and carboxylic acids 20–22, respectively, which were used in the
synthesis of hexamers 23–24 and octamers 25–27 (Chart 1) by
iterative segment condensation following similar procedures than
those described above for tetrapeptides 14–16.

Scheme 1 Reagents and conditions: (a) DIPEA, PyBOP, CH2Cl2, rt,
1.5 h (80–90%); (b) H2 (6–7 atm), 10% Pd(OH)2/C, TFA, rt (quantitative);
(c) 0.25 M NaOH, 1 : 1 THF-H2O, 0 ◦C, 3 h (93–96%); (d) DIPEA,
FDPP, 20 : 1 CH2Cl2-DMF, rt, overnight (55–60%); (e) H2 (7–8 atm), 10%
Pd(OH)2/C, MeOH, rt (quantitative); (f) 0.25 M NaOH, 1 : 1 THF-H2O,
0 ◦C to rt, (80–94%).

During our structural studies (vide infra), in order to establish
the participation of the terminal carbonyl oxygen in the secondary
structure observed for 16, it seemed convenient to prepare com-
pound 29 (Scheme 2). Therefore, carboxylic acid 1 was condensed
with hexylamine giving an amide that, after hydrogenation of
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Chart 1 Structures of hexa- and octamers synthesized and studied in this
work.

Scheme 2 Reagents and conditions (a) PyBOP, DIPEA, CH2Cl2, rt,
1.5 h (78%); (b) H2, Pd(OH)2/C, TFA (quantitative); (c) HATU, DIPEA,
CH2Cl2-DMF, rt, overnight (40%).

benzyl carbamate, afforded compound 28. This product was
coupled with acid 13 in the presence of HATU to provide 29
in 40% yield.

With the aim to verify if the incorporation of a cyclic spacer
could influence the formation of six-membered hydrogen-bonds
inducing extended arrangements in cyclobutane b-homopeptides
as shown in Fig. 1, related compounds 33 and 35 were synthesized
(Scheme 3). Adduct 30 was prepared by photochemical cycload-
dition of 1,2-dichloroethylene (isomeric mixture) to maleic anhy-
dride. Zn reduction followed by hydrolysis afforded cyclobutene-
1,2-dicarboxylic acid, 31. Double condensation of this compound
with 2 mol of amino acid 3213 in the presence of DIPEA and FDPP
in DMF afforded 33 in 20% yield. The low yield is mainly due
to the easy electrocyclic ring-opening of the cyclobutene moiety.
Similarly, coupling of 31 with cyclobutane b-dipeptide 3417 (2 mol)
provided 35.

All new compounds were fully characterized by their physical
constants and spectroscopic data (see the Experimental section
and the ESI‡).

Scheme 3 Reagents and conditions: (a) hn (quartz), CH3CN, -35 ◦C,
4 h (quantitative); (b) Ac2O, Zn, toluene, 85 ◦C, 24 h (50%); (c) 2 : 1
acetone-water, rt, overnight (quantitative); (d) DIPEA, FDPP, DMF, rt,
overnight (20%).

2. Structural studies

CD spectra were recorded for 0.5 mM methanol solutions of
all hybrid peptides which exhibited negative peaks. Peaks at
223 nm were found for tetramer 15 and octamer 26 in the b-
alanine series. This excellent concordance allowed us to assume
a helical conformational preference for octamer 26 in view of
previous results. For tetramer 15, a 14-helical folding stabilized
by hydrogen bonding interaction between NH(1) and CO(3) had
been described, on the basis of NMR experiments and theoretical
calculations.13

An accurate coincidence in the CD signatures was also observed
for tetra-, hexa- and octamers in glycine and GABA series,
respectively, showing that both linear residues induce a similar
preferred conformation in solution (Fig. 2). According to the
literature, the presence in the spectrum of negative peaks at 217–
219 nm would suggest a b-sheet-like structure.19 This motif is also
in accordance with the NMR structures obtained (vide infra).

CDCl3 is a solvent that has been successfully used in the NMR
conformational analysis of related cyclobutane peptides.13,14,15,17,20

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 861–868 | 863
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Fig. 2 CD spectra of 0.5 mM methanol solutions of hybrids of
b-cyclobutane amino acids and glycine, b-alanine and GABA, respectively.

Nevertheless, hexamers 23 and 24 as well as octamers 25–27 (Chart
1) were insoluble in CDCl3 and their 1H and 13C NMR spectra
were recorded in DMSO-d6 solutions only for characterization
purposes (see ESI‡). Thus, a detailed structural study was carried
out on a,b- and b,g-tetrapeptides 14 and 16, respectively. b,b-
Tetrapeptide 15 had been previously studied.13 Conclusions were
extended to the corresponding hexa- and octapeptides in each
series according to CD results.

NMR spectra of 14 and 16 allowed us to assign all protons
and carbon atoms (see the ESI‡). Specifically, 2D 1H-1H ROESY
experiments permitted intra- and inter-residue ROE contacts to be
established. Some of these contacts and H–H coupling constants
led us to secure a trans stereochemistry for all amide bonds
in the major conformer for each peptide. In the NH region
of the 1H NMR spectrum, additional signals were observed,
which could be attributed to minor conformers. Selective TOCSY
experiments permitted the specific signals for each residue to
be seen, while temperature coefficients, self-diffusion and MeOD
exchange experiments gave an idea of the fixation and, therefore,
of the involvement of each NH proton in hydrogen bonds. For
14, results strongly supported the formation of an anti-parallel
b-sheet-type folding, facing each other the two glycine residues
(see ESI‡). Tetrapeptide 16 was less rigid because of the higher
flexibility of the GABA linear segments. To verify if the terminal
CO31 participated in the hydrogen bonding involved in a b-sheet
formation (NH16-OC31) or, on the contrary, the terminal GABA
segment was conformationally random we synthesized and studied
pseudopeptide 29 (Scheme 2).

When hexyl group was introduced instead of the GABA residue,
all protons became less unshielded, indicating a loss of secondary
structure (rigidity). However, not all NH protons moved in the
same proportion (Fig. 3). That is indicative of loss of ordered
structure in only a part of the molecule. Concretely, NH27 proton
was the most shifted one, so it has mostly lost its hydrogen
bond, presumably formed with the chemically removed CO31.

Surprisingly, NH16 proton did not shift too much compared
to NH27. Assuming that a b-sheet type structure was present,
we were expecting so because the interaction NH16-OC31 is
removed by introducing the hexyl group. Neither NH21 nor NH10

protons shifted too much (compared with NH27), indicating they
preserve most of the hydrogen bond character they had prior to
the introduction of the hexyl moiety and, therefore, preserving
the 6-membered rings. Nevertheless, these experimental results
were explained by computational calculations (vide infra), which
showed that the most stable conformation presents a stable intra-
residue hydrogen bond between NH27-OC31.

To assess the feasibility of these b-sheet arrangements, data
from NMR experiments were used in computational calculations
to establish the structure of the predominant conformers for 14 and
16. Thus, ROE values were used to define distances and J coupling
values were used to extract dihedral angles applying a Karplus-
type equation.21 A MMFF conformational search was done with
the NMR restrictions and including the effect of chloroform as
solvent (see computational details in the Experimental section).
The resultant structures selected were grouped into families and
the most stable structure (lowest energy) in each family was
optimized at the B3LYP22/6-31G(d) level of calculation. The
energies of the computed structures were examined in terms of
DG and, finally, the most stable structure was selected (see ESI for
details‡).

In the case of a,b-peptides 14, 23 and 25, the ability of
glycine to fold into b-sheets competed with the propensity
of poly(cis-cyclobutane) b-peptides to form intra-residue six-
membered hydrogen-bonded rings. Thus, from computational
calculations for tetrapeptide 14, four structures emerged within
DG◦ values differing in less 2.5 kcal mol-1 (Fig. 4).

The most stable calculated conformer is consistent with the
presence of hydrogen bonds between NH16–OC27, NH25–OC18 and
a bifurcated one between CO15 and NH10/NH19. A capped-sticks
representation of this structure is provided in Fig. 5a. It fully agrees
with the NMR data and represents an anti-parallel b-sheet-type
folding, the two glycine residues facing each other and having the
cyclobutane residue as a loop at the junction. However, b-sheet is
not perfectly extended due to a tension induced by the formation
of the NH18–OC15 inter-residue hydrogen bond, which affords an
extra fold to the peptide

For b,g-tetrapeptide 16, the most stable calculated conformer
presents hydrogen bonds between NH10–OC15, NH27–OC31 and a
bifurcated one between CO26 and NH16/NH21 (Fig. 5b). Thus,
the b-sheet arrangement is disrupted by the formation of the
intra-residue NH27–OC31 bond. This interaction is in accordance
with NMR observations when comparing 16 with 29 (Fig. 3).
Nevertheless, the expected inter-residue NH16-OC31 is found in
the second most stable structure with relative DG◦ 1.9 kcal mol-1

higher (Fig. 6).
The intra-residue NH10–OC15 bond in 14 and 16 and NH21–

OC26 bonding in 16 resemble those observed in the cyclobutane
monomer and in the poly(cis-cyclobutane) b-peptides,15 and, prob-
ably, the resultant NMR structure displays an average between
this bonding and the inter–residue interactions with the linear
segments.

To realize if this motif is perturbed by the intercalation of cyclic
moieties, the prevalent conformations of pseudopeptides 33 and
35 (Scheme 3) were investigated.

864 | Org. Biomol. Chem., 2012, 10, 861–868 This journal is © The Royal Society of Chemistry 2012
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Fig. 3 Comparison of the NH region in the 600 MHz 1H NMR spectra in CDCl3 of compounds 16 (blue) and 29 (red).

For 33, 1D selective TOCSY experiments show the same pattern
for both cyclobutane residues (Fig. 7). This fact and NOE contacts
suggested the formation of two similar six-membered hydrogen-
bonded rings as in the isolated monomers.

We then investigated the possible hydrogen bonding between
NH protons and the extra carbonyl oxygen in the cyclobutene
moiety, which would afford seven-membered rings. The estimated
distance extracted from NOE contacts for H8–H11 and H12–H15 is
1.67 Å (see Scheme 3 for atom numeration), which fits nicely to
the value 1.65 Å calculated by assuming the formation of two six-
membered rings. On the contrary, calculations considering one six-
and one seven-membered ring afforded a distance of 1.25 Å in clear
discrepancy with the experimental value (see ESI for details‡).

For pseudotetrapeptide 35, 1D selective TOCSY experiments
showed two different pairs of NH-cyclobutane residues. In each
pair, the two involved moieties were not completely distinguish-
able due to the presence of signal overlapping in most of the
cyclobutane signals. This result jointly with the strong inter-
residue NOE contacts observed between Ha(i) and NH(i+1)/(i-1)

protons suggest the secondary structure depicted in Fig. 8, which
is very similar to that of the b-tetrapeptide exclusively made with
cyclobutane residues shown in Fig. 1.

Conclusions

We have synthesized and studied new hybrid a,b- b,b- and
b,g-peptides consisting of chiral cyclobutane cyclic residues
and glycine, b-alanine, and GABA, respectively, joined alter-
nately. The intercalation of C2–C4 linear residues with (R,S)-2-
aminocyclobutane-1-carboxylic acid in hybrid peptides modifies
the secondary structure observed in this cyclic monomer and in
homo poly(cis-cyclobutane) b-peptides. This involves the forma-
tion of intra-residue six-membered hydrogen bonds resulting in an
extended ribbon-type conformation. This strong bonding is only
locally disrupted by the incorporation of cyclic spacers, like in
pseudopeptides 33 and 35. On the contrary, the hybrid foldamers
with linear segments allow conformational-bias tuning to b-sheet-
like or helix-type motifs depending on the length of the spacer

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 861–868 | 865
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Fig. 4 Structures and relative DG◦ values for the most stable conformers
of a,b-tetrapeptide 14.

Fig. 5 Capped sticks representation of the calculated preferred conforma-
tion for (a) a,b-tetrapeptide 14 and (b) b,g-tetrapeptide 16. The hydrogens
are omitted for clarity except for amide and carbamate protons.

between the cyclic residues. The new conformations result from
the production of inter-residue NH–OC interactions, which often
are in rapid equilibrium with the intra-residue ones affording the
so-called bifurcated hydrogen bonds. So, the propensity to helical
folding previously reported in the literature6 for other hybrid a,b-
peptides switches to the formation of b-sheet-like structures due to
the local flatness imposed by the cis-cyclobutane residues. In fact,
neighbouring side-chain juxtapositions in the 14-helix are similar
to those encountered in a b-sheet.

CD and NMR spectroscopy suggested structures for b,g-
peptides similar to those of a,b-peptides. For GABA derivatives,
NMR technique evidences the concurring presence of other related
conformers, which can be explained by the higher flexibility of the
C4-fragment.

Fig. 6 Structures and relative DG◦ values for the most stable conformers
of b,g-tetrapeptide 16.

Fig. 7 1D selective TOCSY NMR experiments used for product charac-
terization of pseudodipeptide 33. TOCSY mixing time was set to 60 ms
in all the experiments. Experiments were performed at 298 K in CDCl3

(600 MHz). (a) 1H-NMR for visual comparison purposes. (b) NH15

selective TOCSY. (c) NH8 selective TOCSY.

The case of b-alanine seems to be special and the C3-alternate
fragment affords appropriate scenario for a genuine helical folding.

These results are relevant in the design of foldamers with well-
defined and predictable conformations which currently are the
object of active investigation in view of some possible applications
in different fields.

Experimental

Computational details

Conformational search on peptides 14 and 16 was carried out
with the restrictions deduced from NMR parameters. Thus, ROE
values were used to define three groups of distances: 3, 4 and
5 Å, respectively, for strong, medium and weak signals. A margin of
±0.5 Å was allowed for all distance restrictions. J coupling values
were used to extract dihedral angles applying Poulsen’s equation.21

A margin of ±20◦ was allowed for all of them. A mixed Monte-
Carlo23/Low-Mode24 Conformational Search was done using the
MMFF (Merck Molecular Force Field)25 force field implemented

866 | Org. Biomol. Chem., 2012, 10, 861–868 This journal is © The Royal Society of Chemistry 2012
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Fig. 8 NMR-suggested secondary structure for pseudotetrapeptide 35.
Red lines show hydrogen bonds and blue arrows indicate significant NOE
contacts.

in the Macromodel 9.8 program.26 The solvent effect was included
using the GB/SA27 method implemented in Macromodel with
chloroform as solvent. For each of the starting geometries, if the
number of structures computed within a 1 kcal mol-1 range was
too big, a second conformational search was carried out limiting
the margin of the angles to ±10◦. If the number of structures
obtained within 1 kcal mol-1 was too small, the conformers
within 2 kcal mol-1 were also considered. After the conformational
search was carried out, the selected structures within the defined
energy range were grouped into different families if necessary,
with the criteria of similar NH–CO interactions. The most stable
structure (lowest energy) of each of these families was optimized at
B3LYP22/6-31G(d) level of theory in gas phase with Gaussian09
package.28 To ensure that the calculated structure was a minimum,
a frequency calculation was also run. The energies of all the
computed structures were compared in terms of DG to find the
most stable conformer for each peptide (see ESI for results‡).

Synthetic procedures

The synthetic procedures used to prepare the different peptides
are illustrated by the synthesis of tetramer 14. Complete synthetic
description for each product and full characterization of all new
compounds is provided in ESI‡.

Dipeptide 5. DIPEA (3.6 mL, 21 mmol) and PyBOP (2.95 g,
5.7 mmol) were added to a solution of acid 113 (1.28 g, 5.14 mmol)
in anhydrous dichloromethane (20 mL). After five minutes stirring,
methyl glycine hydrochloride, 2, (0.71 g, 5.7 mmol) was added and
the mixture was stirred at room temperature for 1.5 h. The solvent
was removed in vacuo and the resulting solid purified by silica
gel chromatography using hexane-ethyl acetate (1 : 5) as eluent to
afford 5 (1.28 g, 78%) as a white solid. dH (250 MHz, CDCl3): 1.94

(m, 1H), 2.08 (m, 1H), 2.19–2.41 (complex signal, 2H), 3.28 (m,
1H), 3.73 (s, 3H), 3.84–4.05 (complex signal, 2H), 4.51 (quint, J =
8.5 Hz, 1H), 5.07 (broad s, 2H), 5.78 (broad s, 1H), 6.00 (broad
s, 1H), 7.27–7.38 (broad s, 5H). Spectroscopic data are consistent
with those reported in the literature.16

Ammonium triflate 8. TFA (0.07 mL, 0.93 mmol) was added
to a solution of dipeptide 5 (230 mg, 0.72 mmol) in EtOAc
(20 mL). The mixture was hydrogenated over 10% Pd(OH)2/C
(84 mg) at room temperature at 6–7 atm for 3 h. The catalyst was
removed by filtration through Celite R© and washed successively
with ethyl acetate and methanol. The filtrate was evaporated in
vacuo to provide 8 (216 mg, quantitative yield) as a yellow oil. This
compound was used in next step without further purification. dH

(250 MHz, MeOH-d4) 2.15–2.48 (complex signal, 4H), 3.43 (m,
1H), 3.71 (s, 3H), 3.96 (broad s, 2H), 4.00 (m, 1H); dC (62.5 MHz,
MeOH-d4) 22.5, 27.5, 42.5, 48.2, 53.6, 173.0, 176.0.

Acid 11. To an ice-cooled solution of dipeptide 5 (120 mg,
0.37 mmol) in a 1 : 2 mixture of THF– water (21 mL), a 0.25 M
NaOH (3.5 mL) was added. The mixture was stirred at 0 ◦C for
3 h. The mixture was washed with CH2Cl2 (1 ¥ 20 mL) before
being acidified to pH 2 with 2 M HCl. The aqueous layer was
extracted with EtOAc (3 ¥ 20 mL) and the organic layer was dried
over anhydrous MgSO4, filtered and evaporated under reduced
pressure to afford the corresponding carboxylic acid 11 (110 mg,
96%) as a white solid. This compound was used directly in next
step without further purification. Crystals, mp 124–128 ◦C (from
EtOAc). [a]D -44 (c 0.40, EtOAc). IR (ATR): n 3316, 2951, 1695,
1650, 1537 cm-1. dH (250 MHz, CDCl3) 1.90 (m, 1H), 2.10 (m, 1H),
2.15–2.35 (complex signal, 2H), 3.32 (m, 1H), 3.61–4.30 (complex
signal, 2H), 4.49 (quint, J = 8.5 Hz, 1H), 5.02 (d, J = 12.2 Hz,
1H), 5.08 (d, J = 12.2 Hz, 1H), 5.89 (d, J = 8.5 Hz, 1H), 6.35
(broad s, 1H), 7.27–7.41 (broad s, 5H); dC (62.5 MHz, CDCl3)
18.2, 29.1, 41.4, 46.3, 46.7, 66.9, 128.2, 128.3, 128.6, 136.6, 157.9,
171.4, 172.4; m/z (ESI): Found, 329.1115 [M + Na]+. Calcd. for
C15H18N2O5Na: 329.1108.

a,b-Tetrapeptide 14. DIPEA (0.4 mL, 2.3 mmol) and FDPP
(0.21 g, 0.55 mmol) were added to a solution of acid 11 (150
mg, 0.49 mmol) in a 20 : 1 mixture of anhydrous CH2Cl2–DMF
(21 mL). After five minutes stirring dipeptide ammonium salt
8 (147 mg, 0.49 mmol) was added and the mixture was stirred
at room temperature overnight. The solvent was removed under
reduced pressure and DMF lyophilized. The crude was dissolved
in EtOAc (20 mL) and the resulting solution was washed once
with saturated aqueous NaHCO3 (15 mL) and H2O (15 mL). The
organic layer was dried over anhydrous MgSO4, filtered and the
solvent removed under vacuum. The resulting residue was then
purified by Et2O washes, stirring and disaggregating the solid to
provide 14 (120 mg, 52%) as a white solid. Crystals, mp 175–
179 ◦C (from Et2O). [a]D -124 (c 0.29, CH2Cl2). nmax (ATR)/cm-1

3307, 3067, 2950, 1703, 1650, 1536; dH (600 MHz, CDCl3) 1.83–
1.93 (complex signal, 2H), 2.03 (m, 1H), 2.09 (m, 1H), 2.12–2.20
(complex signal, 3H), 2.31 (m, 1H), 3.19 (m, 1H), 3.28 (m, 1H),
3.67 (dd, J = 17 Hz, J = 4.8 Hz, 1H), 3.74 (s, 3H), 3.76 (dd, J =
18 Hz, J = 5.0 Hz, 1H), 4.01 (dd, J = 17 Hz, J = 6.0 Hz, 1H),
4.20 (dd, J = 18 Hz, J = 6.2 Hz, 1H), 4.49 (quint, J = 8.5 Hz, 1H),
4.67 (quint, J = 8.5 Hz, 1H), 5.01 (d, J = 12 Hz, 1H), 5.06 (d, J =
12 Hz, 1H), 6.28–6.35 (complex signal, 2H), 6.50 (broad s, 1H),

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 861–868 | 867
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7.15 (d, J = 8.5 Hz, 1H), 7.28–7.39 (complex signal, 5H); dC (150
MHz, CDCl3) 18.1, 18.4, 28.9, 29.6, 41.4, 43.1, 44.9, 45.6, 46.0,
46.7, 52.7, 66.7, 128.1, 128.2, 128.6, 136.5, 156.0, 169.3, 171.4,
173.2, 173.5; m/z (ESI): Found, 497.2007 [M + Na]+. Calcd. for
C23H30N4O7Na: 497.2007.
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