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Oligomers of cis-p-norbornene amino acid: Formation of f-strand
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The oligomers of constrained cis-exo-f-norbornene amino acid
were synthesised and characterised by extensive NMR, CD, IR
and MD studies. The results showed the formation of both
right and left handed consecutive 6-membered hydrogen-
bonded strands for [2S,3R] and |[2R,3S] enantiomers,
respectively.

Analogous to the proteins that consist of o-peptides, certain
p-peptide oligomers, exhibit an impressive range of structural
diversity such as helices, strands, sheets and turns.! Tt has been
evident from earlier studies by several researchers, including our
group, that the type of secondary structural conformation can be
controlled by a choice of the amino acid residue and its
stereochemistry.>* The fundamental structural element in proteins
is the f-strand, which is known to be conformationally suitable for
specific recognition by biomolecular receptors such as proteolytic
enzymes, major histocompatibility complex (MHC) proteins and
transferases. In the light of these findings, synthesis of f-strand
mimetics consisting of unnatural constrained fS-amino acid
residues would be of considerble interest in foldamer chemistry.
However in a recent review, Loughlin et al 4 have reported that
there are relatively few studies on isolated f-strand mimetics
compared to those on f-sheets (formed upon pairing of strands),
suggesting an immense need and scope for generic rigid scaffolds
that exhibit strand-forming propensities.

The present work focuses in this direction and reports the
design, synthesis and characterization of stereo-specific oligomers
of bicyclic exo-cis-fi-amino acids derived from norbornadiene.

Tuning the conformational space of the f-residues, represented
by the dihedral angles @, 6 and ¥ (convention of Balaram),’
provides a variety of folding possibilities. Recently we have shown
that the homo and hetero oligomers based on bicyclic cis-FSAA
residues with gauche-conformation around “0”, form short and
stable right-handed 14-helices.® In pursuance of conformationally
rigid motifs that promote strand-like structures upon oligomeriza-
tion, we have carried out preliminary molecular mechanics
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calculations on various stereo isomers of norbornadiene derived
amino acid oligomers. The norbornene amino acid, particularly
the endo-residue, has been exploited by a few groups as turn
inducing monomer in a hetero peptide chain.¥® However,
oligomerisation of this monomer (exo in the present context) has
never been explored. Herein, to the best of our knowledge, we
report for the first time the oligomerisation of cis-exo-norborn-5-
ene amino acid residues.

The synthesis of both the possible cis enantiomers viz. cis-exo-3
[2S,3R] and 4 [2R3S] for oligomerization and their further
characterization has been carried out by following the classical
resolution technique of the (+)N-Boc amino acid 2. This has been
obtained in multi gram quantities from norbornadiene 1 on [2 + 2]
cycloaddition with chlorosulfonyl isocyanate followed by reduc-
tion with Na,SOs and esterification which furnished the amino
acid hydrochloride as the methyl ester. Boc protection (TEA,
Boc,O) and ester hydrolysis has yielded the (4 )acid 2, which is
ready for resolution.” The commercially available phenyl ethyla-
mine (both R and S isomers) turned out to be the best source of
chirality for resolution (Scheme 1).f The oligomerization of the
resolved [2S,3R] and [2R,3S] enantiomers has been achieved
independently following the conventional peptidation as described
previously, which is expected to show opposite sense handedness.
These peptides were characterised in detail by using NMR, IR,
CD, and MD techniques.

Information on the preferred conformation of the homo-
oligomers in solution was obtained in structure-supporting solvents
(CDCl; and DMSO-dg) by 1D and 2D NMR techniques. The
chemical shifts of the NH’s remained constant when diluted from
10 mM to ~0.5 mM suggesting the absence of aggregation. Large
values (>8.3 Hz) of *Jnpcpn (@ = ~ —1359) in 5-10
corresponded to an antiperiplanar arrangement between these
protons and also indicated the presence of a secondary structure in
solution.® In all these peptides the observed coupling constant
SJcmfch (>8 Hz) clearly demonstrated the presence of
predominantly cis-conformation around Co-CB(f) ~ +10° for
each residue, which promotes strand-like conformation. It may be
noted that the “¢” in the present case is comparable to that
observed earlier for 14-helix,®> whereas the “6” deviates from the
gauche conformation. The ROESY data of 5-10 revealed several
medium and long-range backbone NOE’s between NH;-CBH; , 1,
and NH;~CBH; - ; (Fig. 1), which are distinctive for the strand-like
structures.® For dimer 5 the only possible NOE’s are NH;—~CfH,
and NH,-CBH;, which were clearly observed. For tetramer 6, all
the possible six NH;-CPBH; , ; and NH;-CBH; _ | cross peaks
(Fig. 1) were observed, which confirm the strand-like secondary
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Fig. 1 ROESY expansion for 6 showing the six backbone NH;-CBH; , ;
and NH;-CBH; _ | NOE’s.

structure. The observed strong intensity NH-CBH NOE’s within
the residue, and medium intensity NOE’s between consecutive
modules CBH; - ;—-NHj, could be translated into distance intervals
of 2.0-3.0 A and 3.0-5.0 A, respectively. Furthermore, the inter-
residue NOE’s between H,—H, also support the derived structure.
For tetramer 6, two inter-residue H,—H, NOE’s are possible, viz.,
between the first to third residue (2.69-2.50 ppm) and the second
to fourth residue (2.71-2.52 ppm), which are unambiguosly
assigned as shown in Fig. 2. In fact, intra-residue H,~-H; NOE’s
are also possible. However, such intra-residue NOE’s are expected
to be weak as the corresponding distance is about 4.3 A, which has

8 n=I; 9, n=2; 10, n=3
2.40 Q
Ppm 2,554

2.704

2.85

Fig. 2 ROESY expansion for 6 showing the two possible interresidue
H;-H4 NOE’s.

been estimated from the minimum-energy structures. Hence the
observed strong NOE cross-peaks are predominantly due to
the proximities of inter-residue H;—H, protons that belong to the
alternate residues, and the corresponding average distance is
estimated to be about 2.65 A. Despite some unacceptable overlaps
of cross-peaks for hexamer 7, this peptide has also exhibited
similar conformational behaviour.t The intensity ratio (R) of
cross-peaks NH;-CoH; _ | to NH;~CBH; can also yield clues about
the possible secondary structure. The estimated R for the
compounds 5-10, is ~5.2, which is in agreement with the
predominance of the six-strand conformation.®

The presence of specific intramolecular H-bonds in peptides
5-10 have been obtained by using the solvent dependence of the
amide NH chemical shifts in CDCl;-DMSO mixtures.T9 From
the observed NOE’s and the couplings, it is suggested that the
backbone of 5-10 forms a strand-like structure that is stabilized by
the intra-residue six-memberd H-bonds. The stability of the
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Fig. 3 'H NMR NH/ND exchange studies of 6 in methanol-d;.
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Fig. 4 Circular dichroism spectra of 5-10 in methanol showing the
handedness of oligomers.

Fig. 5 Superposition of the lowest energy structures of (a) left handed
(top view) and (b) right handed (top view) strands of 6 and 9, respectively;
(c) is the side view of 7.

structure is further checked in CD;OD. The shielding of the
hydrogen bonded NH-protons has been assessed by 'H NMR
NH/ND exchange measurements. The prolonged NH/ND
exchange beyond 24 h is indicative of a stable conformation and
intra-residue NH-CO hydrogen bonding in this solvent (Fig. 3).
The CD spectra that were recorded in CH3;OH at a concentration
of 0.5 mM have also shown features corresponding to strand or
sheet-like structure and further suggest right and left handed
conformations for 5-7 and 8-10, respectively (Fig. 4).

Furthermore, these observations are substantiated by FT-IR
studies (in CHCl;) exhibiting characteristic NH-stretching
(~3300 cm™ ') and amide-1 (~1653 cm ") bands that correspond
to the hydrogen bonded peptide residues.t'

The distance constraints obtained from the ROESY experiments
and the torsion angle restraints derived from the measured
coupling constants, are used in molecular dynamics (MD)
simulations following the Insight II(97.0)/Discoverl program.f
The superposition of several energy-minimized structures have
shown a well-defined backbone that corresponds to a strand
conformation (Fig. 5). For better clarity, the coloured version of
Fig. 5 is given in the supporting information.f

In summary, we have synthesized and carried out detailed
characterization of f-strand mimetics derived from the oligomeri-
zation of exo-norborn-5-ene amino acid residues. Further applica-
tions of these peptides in chemical biology programmes is currently
underway.
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