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(R,R)-Acec*®P homopeptides form helical structures with
slight control of the helical screw sense to the right-handed

form. The chiral acetal moieties in (R,R)-Acgc*BP

able in the peptide state.

are change-

Introduction

The precise control of the secondary structure in peptides
and proteins is one of the most challenging assignments for
bioorganic, peptide, and medicinal chemists. o,a-Disubsti-
tuted o-amino acids (dAAs) are particularly promising can-
didates for this purpose because of their characteristic sec-
ondary structural preferences, such as B turns," 3;, heli-
ces,”l and extended planar Cs conformations.l®! Therefore,
much effort has been concentrated on the design of new
dAAs™ and the conformational analysis of their oligopep-
tides. We recently reported that chiral cyclic dAAs bearing
only side-chain chiral centers could control the helical screw
sense of their oligopeptides.’! a-Helices and 3, helices in
natural proteins almost always adopt a right-handed (P)
helical screw sense owing to the chiral centers at the a-posi-
tion of L-a-amino acids. Thus, chiral centers not only at the
a-position but also in the side chain of amino acids could
contribute to the regulation of the helical screw sense of
peptides. In the present study, we designed a chiral acetal
dAA  {(2R,3R)-8-amino-1,4-dioxo-2,3-dimethylspiro[4.5]-
decane-8-carboxylic acid, (R,R)-Acec*BP}, which possesses
two chiral centers that are remote from the a-position, and
achieved conformational analysis of its homopeptides. A
feature of the dAA designed here is that the acetal moiety
in the side chain is changeable. We also demonstrated the
synthesis of other chiral acetal dAAs and the facile conver-
sion of the chiral acetal moieties in the (R,R)-Acec*BP pept-
ide.
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Results and Discussion

Chiral acetal dAAs were synthesized from cyclohexane-
1,4-dione monoethylene acetal (1; Scheme 1). Monoeth-
ylene acetal 1 was converted into hydantoin 2 by the Buch-
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Scheme 1. Synthesis of chiral acetal dAAs and their peptides.
Yields are based on recovered materials. Reagents and conditions:
(a) KCN, (NH,4),COs; (b) Boc,O; (c) 1. LiOH-H,O; 2. HCI; 3
CbzCl; 4. MeOH, HCI; 5. AcOH; (d) (R,R)-butane-2,3-diol, chlo-
rotrimethylsilane (TMSCI), TMSOTY; (e) NaOH; (f) H,, Pd/C;
(g) (R,R)-cyclohexane-1,2-diol, TMSCI, trimethylsilyl trifluoro-
methanesulfonate (TMSOTY); (h) (S,S)-pentane-2,4-diol, TMSCI,
TMSOTT; (i) 6, 1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide
hydrochloride (EDC-HCI), hydroxybenzotriazole (HOBt); (j) 1.
NaOH; 2. 7, 1,1,3,3-tetramethyluronium hexafluorophosphate
(HBTU), HOB; (k) 1. H,, Pd/C; 2. 6, HATU, HOAt.
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erer-Bergs procedure, followed by tert-butoxycarbonyl
(Boc) protection to give di-Boc-hydantoin 3. After alkaline
hydrolysis of di-Boc-hydantoin 3, carboxybenzyl (Cbz) pro-
tection and subsequent methyl esterification afforded a mix-
ture of Cbz-Acec*“C-OMe (4) and acetal-4. The direct alka-
line hydrolysis of hydantoin was performed by the treat-
ment of 2 at 150 °C in a sealed tube without di-Boc-hydan-
toin 3. Deprotection of the acetal moiety in acetal-4 was
completed by acidic hydrolysis to give carbonyl dAA 4 in a
yield of 34% (based on 3). The acetalization of 4 with
(R,R)-butane-2,3-diol, (R,R)-cyclohexane-1,2-diol, and
(S,S)-pentane-2,4-diol afforded chiral acetal dAAs (R,R)-
Acec?BP (5, 97%), (R,R)-Acec*“™P (8, 30%), and (S,S)-
Acec?®P (9, 81%), respectively. The hydrolysis of 5 under
alkaline conditions gave the C-terminal-free Cbz-(R,R)-
Acec*BP-OH (6, 91%), and the hydrogenolysis of 5 resulted
in the N-terminal-free H-(R,R)-Acsc*BP-OMe (7, >99%).
(R,R)-Acec*BP dipeptide 10 was synthesized from 6 and 7
by solution-phase methods. (R,R)-Acec*BP tripeptide 11
was synthesized from the dipeptide acid and 7. The (R,R)-
Acec*®P homopeptides Cbz-[(R,R)-Acec*BP],-OMe [n = 4
(12), 5 (13), 6 (14), 7 (15), 8 (16)] were prepared by the
coupling of the N-terminal-free oligomers and N-protected
6 by using O-(7-azabenzotriazol-1-yl)-1,1,3,3-tetrameth-
yluronium hexafluorophosphate (HATU) and 1-hydroxy-7-
azabenzotriazole (HOAt) as coupling reagents. We demon-
strated that the acetal moieties in the peptide were change-
able (Scheme 2). Briefly, the treatment of (R, R)-Acec*BP di-
peptide 10 with trifluoroacetic acid resulted in acetal depro-
tection to give dipeptide 17, which possesses carbonyl func-
tions. The re-acetalization of 17 by using (S,S)-pentane-2,4-
diol afforded dipeptide Cbz-[(S,S)-Acsc**P],-OMe (18) in a
yield of 47%.
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Scheme 2. Conversion of the chiral acetal moiety of the dipeptide.
Yields are based on recovered materials. Reagents and conditions:
(a) trifluoroacetic  acid;  (b) (S,S)-pentane-2,4-diol, TMSCI,
TMSOTT.

We studied the preferred secondary structure of the
homopeptides in CDCl; solution by FTIR absorption spec-
troscopy (Figure 1). The IR spectra of Cbz-[(R,R)-
Acec*BP],-OMe (n = 1-8) showed weak bands in the 3420
3440 cm™! region [free (solvated) peptide NH groups] and
strong bands in the 3320-3380 cm™' region (intramolecu-
larly H-bonded peptide NH groups). The low-frequency
band observed at 3380 cm ! in tripeptide 11 shifted to a
lower wavelength of 3350 cm™! in octapeptide 16, and its
intensity steadily increased with elongation of the peptide
length. These results are very similar to those of Ac,c
homopeptides, which adopt a helical secondary structure in
7680
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solution.l’ It should be noted that we observed a shoulder
band at 3415 cm™! for the dipeptide to octapeptide (10-16).
The homooligopeptides based on o-hydroxymethylserine
with an acetal group were reported to prefer B-bend/3(-
helical structures and showed intramolecular H bonds
(3410-3415 cm™! in the FTIR spectra) between the peptide
NH groups and the ethereal oxygen atoms of the side
chain.® Thus, the peptide NH groups in homopeptides 10—
16 may partly form weak H bonds with the ethereal oxygen
atoms of the acetal moieties.

8mer (16)
7mer (15)
6mer (14)
5mer (13
4mer (12
3mer (11
2mer (10
(5)

Abs.

3400
wavenumbers (cm-1)

3300
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Figure 1. IR absorption spectra of Cbz-[(R,R)-Acsc*BP],,-OMe [m
=1(5), 2 (10), 3 (11), 4 (12), 5 (13), 6 (14), 7 (15), 8 (16)] in CDCl,
solution. Peptide concentration: 3.0 mm.

The ROESY 'H NMR spectrum of hexapeptide 14
showed a complete series of sequential dy n cross-peaks of
NOEs from the N-terminal NH(1) to the C-terminal NH(6)
group (Figure S1). These correlations are characteristic of
a helical secondary structure.”’ '"H NMR experiments were
also performed with the addition of dimethyl sulfoxide
(DMSO) or free-radical 2,2,6,6-tetramethyl-1-piperidinyl-
oxy (TEMPO; Figure S2). Free NH groups without intra-
molecular H bonds are affected by the addition of DMSO
or TEMPO.I'Y In the case of hexapeptide 14, the NH(1)
signal was very sensitive. The two NH groups [NH(1) and
NH(2)] in the 3;y-helical peptides were usually free (sol-
vated), and their signals were sensitive. Therefore, hexa-
peptide 14 may adopt a helical secondary structure in
CDClj; solution, whereas the NH(2) group may not be com-
pletely free of H bonding, which is consistent with the re-
sults of the FTIR measurements.

We measured the CD spectra of (R,R)-Acec*®P hexa-
peptide 14, heptapeptide 15, and octapeptide 16 in 2,2,2-
trifluoroethanol (TFE) solution (Figure 2). The negative
and positive maxima of three bands (192, 208, and 222 nm)
and the relative intensity of two bands (208 and 222 nm)
indicate the screw sense of helicity and the 3;(- or a-helical
structure of peptides, respectively.l''! The CD spectra of 14,
15, and 16 showed negative maxima at 215 and 230 nm and
a positive maximum at 205 nm (for 16 only), which suggests
that right-handed (P) helices might be slightly predomi-
nant. Interestingly, the intensities of maxima increased with
the elongation of peptide lengths. However, the intensities
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of these maxima were weak and shifted from the ideal val-
ues of the helix. These results may be attributed to the fact
that the secondary structures of 14, 15, and 16 were not
ideal helical structures in TFE solution, maybe because of
H bonds between the NH groups and the ethereal oxygen
atoms of the acetal moieties. Furthermore, the coexistence
of right-handed (P) and left-handed (M) helices may induce
a decrease in the intensities of the maxima. The CD spectra
of the homochiral octapeptide (S,S)-Acsc*OMe showed clear
positive maxima at 208 and 225 nm and a negative maxi-
mum at 200 nm, which indicates that its secondary structure
is a left-handed o helix. Compared to the (S,S)-AcscdOMe

A
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-5
190 210 230
wavelength (nm)

250 260

Figure 2. CD spectra of Cbz-[(R,R)-Acsc*tP],,-OMe [m = 6 (14), 7
(15), 8 (16)] in TFE solution. Peptide concentration: 0.3 mm.

e, S
M Y

Figure 3. Calculated minimum-energy conformation of (R,R)-
Acec*BP hexapeptide 14: (a, b) (P) 3;¢-helical structure and (c, d)
(M) 3yp-helical structure.
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homopeptides, it seems to be difficult for the (R,R)-Acsc*BP
homopeptides to control the helical screw sense.>P)

The conformational search calculation of hexapeptide 14
was performed by using the Monte Carlo multiple mini-
mum (MCMM) method of the MacroModel program (ver-
sion 9.1 Schrodinger, Inc.) with the AMBER* force field to
find several local minimum-energy conformations (Fig-
ure 3). The (P) 3jp-helical structure was produced as the
global minimum-energy conformation (0 kcal/mol), and the
(M) 39-helical structure was obtained as a local minimum-
energy conformation (+0.67 kcal/mol). The (P) 3;,-helical
structure was slightly more stable than the (M) 34-helical
structure, but the difference in energies between them was
not sufficient to control the helical screw sense.

Conclusions

We synthesized cyclic dAAs with a chiral acetal moiety.
The IR, '"H NMR, and CD spectra revealed that the (R,R)-
Acec*BP homopeptides formed helical structures with a
slight control of the helical screw sense to right-handed.
These findings imply that side-chain chiral centers at re-
mote positions from the o carbon atom can control the heli-
cal screw sense of their peptides. The acetal moieties in
(R,R)-Acec*BP were changeable in the peptide state. Thus,
we could control the helical screw sense of peptides to right-
handed or left-handed by changing the chirality of the
acetal moiety. This strategy can be applied not only to the
dAA peptides described here but also to other foldamers.
The use of a new helical peptide with an acetal moiety as a
chiral organocatalyst is being investigated by our group.

Experimental Section

The chiral acetal amino acids (R,R)-Acec*BP 5, (R,R)-Acec*“HP 8,
and (S,5)-Acsc*™ 9 were synthesized from cyclohexane-1,4-dione
monoethylene acetal (1). The syntheses of the (R,R)-Acec*BP
homopeptides were performed by solution-phase segment conden-
sation methods by using EDC-HCI and HOBt, HBTU and HOBt,
or HATU and HOAt, as coupling reagents. All compounds were
purified by column chromatography on silica gel.

Supporting Information (see footnote on the first page of this arti-
cle): Full experimental details.
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