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A helical structure is one of the most significant structural motifs

in living system. In the last two decades, chemists have synthesized

various kinds of well-defined artificial helical oligomers (so-called
“foldamers™a=—) and polymer¥f that mimic biological structures.
The biological helices predominantly adopt a particular helical screw

sense (right- or left-handed) in response to the chiral monomer units

such asL-a-amino acids and-sugars. If a helical molecule is
composed of only achiral units, it adopts left- and right-handed
helices equally in symmetry-conserving media with interconversion

between the enantiomers. The rate of interconversion usually

depends on chain-lengthsolvents?®® and guest molecules which
may be present in the solutiddThese artificial helical molecules
sometime exhibit slow interconversion of enantiomeric conforfners
and even retain the helix sense for a long period of fitmecontrast,
peptide backbones based aramino acid residues which exhibit

such slow inversion have never been developed despite their
importance in biological systems, because such peptide design is

more restricted than that of the artificial backbone.
Herein, we report a novel finding that a single side-chain
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crosslinking stabilizes the entire structure and decelerates helix- Figure 1. Side (left) and top (right) views of the structuresRif andcP1

inversion of a dynamically optically inactive;@helical peptidé
which is composed of only achiral “@etrasubsitutechi-amino
acids® The 3-helix®® is characterized by three amino acids per
turn and the intramolecular hydrogen bonds between resi(te

O) andi + 3 (NH). The side-chain crosslinking of residuandi

+ 3 in 310-helix has been investigated for the case of ring-closing
metathesi® and salt®® and lactam-bridge formatiorsd We have

presumed that such a crosslinking stabilizes the structure and

interrupts the helix reversal, if an appropriate bridging moiety is
choser.

An octapeptide with the sequence Chz-A#pi(Boc)-Aib,-Api-
(Boc)-Aib,-OMe (Cbz= benzyloxycarbonyl; Aib= a-aminoisobu-
tyric acid; Api(Boc)= 1-Boc-piperidine-4-amino-4-carboxyric acid,;
Boc = tert-butoxycarbonyl; OMe= methoxy) P1) was designed.
Short oligopeptides containing Aib residues are known to promote
the 3o-helices strongly, ¢ and achiral Api residue possessing the
functional group at the side-chain is also known to stabilize the
helical structuréb8 Starting from Chz-Api(Boc)-OH2we prepared
the achiral octapeptidB1 by activating the amino acid carboxyl
group with HOAt (7-aza-1-hydroxy-1,2,3-benzotriazole)/HATU
(HOAt uronium salt derivativé)in dry methylene chloride in the
presence ofN,N-diisopropylethylamine (for details of the peptide

in the crystals. (FocP1, one of the two crystallographically independent
molecules, molecule A, is shown) Only the right-handed helices are shown.
Hydrogen atoms and cocrystallized solvent molecules are omitted for clarify.
Dotted lines represent intramolecular hydrogen bonds.

Scheme 1.
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Synthesis of Side-Chain Crosslinked Peptide cP1
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i andi + 3 positions. The side-chain crosslinked peptiziel, was
prepared by the activated ester method in a dilute solution (Scheme
1).10
Figure 1 shows X-ray crystal structures of pepti®dsandcPl
In the crystal ofcP1, two crystallographically independent mol-
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synthesis and characterization, see Supporting Information). Our€cules (molecules A and B) are contained in the asymmetric unit,

modeling study indicates thatphenylenediacetic acid is one of
the most suitable and relatively rigid bridging moieties for the

each with similar molecular conformation (Figures S1, S2). Peptides
P1 and cP1 take a regular @-helix for residues +7 with a

crosslinking between the side-chains of Api residues at the residueConsecutive-type Ilj3-turn but an opposite chirality for the last

T Japan Science and Technology Agency.
*The University of Tokyo.
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residue. The partial reversal is usually observed in helical peptides

which contain Aib residue at the C-termintisAll the piperidine

rings have the amino group in an axial orientation, and the urethane
J. AM. CHEM. SOC. 2008, 130, 463—465 = 463
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Figure 2. Variable temperaturéH NMR (500 MHz) spectra (7.81.8 ppm) ofP1 (left) andcP1 (right) in CDCk; [peptide]= 3.5 mM. Red and blue circles
indicate protons of piperidine rings areiCH,—Ph—CH,—, respectively. The full region spectra are provided in Figure S6.
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: 57 - o of B-methyl protons is shown for clarity.
| P RN I NI SR S | I I S N SRR P
40 0 10 20 30 40 50 60 10 0 10 20 30 40 50 60
Temperature (°C) Temperature (°C) H,0 |DMSO
at20 °C Vo

Figure 3. Plots of the NH chemical shifts in tHé1 NMR spectra (Figure

2) as a function of temperature in CQGor P1 (left) andcP1 (right). U
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i ) ) 0f 0.371 and 0.333 A, for molecule A and B, respectively (averaged

Figure 4. Methyl regions of variable temperatuld NMR spectra ofP1 |¢l/|| torsion angles (degree) 8L andcP1are 53/31 and 55/30

(left) and cP1 (right), which are shown in Figure S6. . o ’
respectively). The results of least-square superpositioning of the
molecular structures are shown in Figures-S2, and the backbone

or amide carbonyl orientations of the two side-chains are opposite torsion angles and hydrogen-bonding parameters are summarized

direction to each other. A recent report shows that side-chain in Tables S+S6.

crosslinking gives rise to slightly disturbing regularity to the héfix. Solution conformations oP1 andcP1were determined byH

In contrastcP1exhibits high regularity of @-helix except for the NMR technique, and additionally by computational analy4is.
last residue, and the structure is very similar to tha® dfwith the NMR experiments were performed to confirm a helix type-{8r
root-mean-square deviations for the backbone atorRd ehdcP1 a-helix) in CDCk solutions. The signals of urethane NH and another
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signal are located at relatively higher field (below 6.6 ppm) than ature (10 °C, Figure 4). These data obviously indicate that the
other NH proton signals (above 7.2 ppm) for both peptides (Figure single side-chain crosslinking increased the stability of the entire

2). These two protons are assigned to N(1)H and N@)iHdeed, peptide structure and slowed the helix inversion.

N(1)H and N(2)H signals of both peptides show slightly bigger In summary, we have demonstrated the first example that side-
temperature coefficients-6.7, —3.8 forP1, and—7.9,—4.2 ppb/ chain crosslinking of andi + 3 residues not only stabilizes the
°C for cP1, as shown in red in Figure 3) than othersl(3 to—2.2 structure without disruption of the helix regularity but also
ppbPC)(shown in black, Figure 3). These results suggest lack of decelerates the enantiomerization in the dynamically optically
intramolecular H-bonding for the two proto#&!® The energy inactive 3¢-helical peptide. This is one of the stiffest helical
calculations also support theghelical structures in both peptidés. peptidesi216 which is composed of only the strongly helix-

It is also known that side-chain crosslinking of residuesidi + promoting C-tetrasubstitutedx-amino acids with a side-chain

3 in the peptide helix promotes theghelical structure and crosslinking. The sequence -Api-AitA\pi- bridged with p-phe-
destabilizes am-helix.6¢d nylenediacetic acid may serve as a key structural unit for the design

The proton signals of the piperidine rings®f are broadened, of optically active peptides composed of only achiral building blocks
suggesting that a chaichair interconversion or (and) urethane and/or a variety of peptides with enhanced structural rigidity.
COTN(CZ%ZE)Z pond rzoltafttlon Ihs relatively slow on thel, Nhl\/llR tlf]me Supporting Information Available: Synthetic procedure, charac-
scale at (Figure 2 left). These resonances are slightly sharper terization, spectroscopic data, and crystallographic data in CIF format.

at_higher temperatl_Jres and much broader at lower temperatu_resrhis material is available free of charge via the Internet at http://pubs.
(Figure 2). Interestingly, all the protons except for the aromatic acs.org.

and amide protons ofP1 are quite different from those d?1l

(Figure 2). All the proton signals of piperidine rings o1 are References
very sharp and distributed over a wide Chemm"’_‘l'Sh'ft range (1) For reviews of foldamers: (a) Hill, D. J.; Mio, M. J.; Prince, R. B.; Hughes,
(assigned by 2D TOCSY spectrum at 2C, see Figure S8). g ﬁ MOOSEEHJ- gc(h;en:j- R?/'\/Z%)ﬁ' 101R38529(3;041011011(§%lcgf1%nz%2R.(F)’.;
_ . - PR . ellman, S. H.; DeGraado, . em. Re. . (C
Positions qnd half bandwidths of all protons_ on piperidine rings Foldamers: Structure, Properties and Applicatiocht, S. M., Huc,
are almost independent of temperatures ranging frdid to 50°C I., Eds.; Wiley-VCH: Weinheim, Germany, 2007. For reviews of helical
. : ; ; fyer ; : polymers: (d) Nakano, T.; Okamoto, ¥hem. Re. 2001, 101, 4013~
(Flgure_z right). Thus, the motion of the two piperidine rings is 4038. (e) Nolte, R. J. MChem. Soc. Re 1994 23 11-19. (f) Green,
constrained. Remarkably, both methylene protons©H,—CgHs— M. M.; Peterson, N. C.; Sato, T.; Teramoto, A.; Cook, R.; Lifson, S.
_ H idai i Sciencel995 268 1860-1866.
CH.— (around 3.6-3.8 ppm) in the bridging moiety show double (2) (a) Jiang, H.: Lger, J.-M.: Huc, 1.J. Am. Chem. S0@003 125, 3448
doublets. Moreover, N-terminal methylene protons of the Cbz group 3449. (b) Dolain, C.; Lger, J.-M.; Delsuc, N.; Gornitzka, H.; Huc, I.
; ; ; Proc. Natl. Acad. Sci. U.S.£2005 102 16146-16151.
(around 5'13_ ppm) also show d.lastere.otopl(? motif, glthoth they (3) Helical polymers that are composed of achiral building blocks. For
are placed distant from the bridging region (Figure 2 righf)hese example see; (a) Yashima, E.; Maeda, K.; OkamotoNéture 1999

itti i 399 449-451. (b) Tang, H.-Z.; Boyle, P. D.; Novak, B. M. Am. Chem.
splitting resonances are almost independent of temperature. These S06.2005 127, 21363143,

resu|tS indicate thatPl as a WhOIe eXhibitS SlOW heliX-inVerSiOn. (4) For examp|e see; (a) Humme|Y R..P.; Toni0|0’ C_; \]un%@ewl Chem.’
Further evidence of slower inversion@®lis seen in the region Int. Ed. Engl.1987 26, 1150-1152. (b) Kubasik, M.; Kotz, J.; Szabo,
. . . . 9 . C.; Furlong, T.; Stace, Biopolymers 2005 78, 87—95. (c) Inai, Y.;
of f-methyl protons of Aib residues, which are found in the region Komori, H.: Ousaka, NChem. Rec2007, 7, 191—202.
of 1.54-1.27 ppm (Figure 4). All thg-methyl protons otP1lare (5) (a) Karle, I. L.; Balaram, PBiochemistry199Q 29, 6747-6756. (b)
s . . L . Toniolo, C.; Benedetti, ETrends Biochem. Sc1991, 16, 350-353.
individually distinct. The left-right helicity interconversion ex- (6) (a) Boal. A. K.; Guryanov, |.; Moretto, A.: Crisma, M. Lanni, E. L.;
changes the chemical environment of thenethyl protonsgro-S gggggbg%; ((Bbr)u\b(bsk' R. I-TI.;SO’Léeary, D'ﬁ]'nﬁmé Cgemt.hsoQ$07H129
. . . : . . okum, T. S.; Bursavich, M. G.; Gauthier, T.; Hammer,
andpro-R) on each residue in the helical peptides (Figuré8)f R. P.; McLaughlin, M. L. Chem. Communi1998 1801-1802. (c)
the interconversion is sufficiently slow on the NMR time scale, gghiéegﬂgbzli.;(ga%aﬂp, K. Maltzmmei’., S-l:I F’eAggi%nhBiﬁpol)ll\;lﬂeré_Zocl)EA
P . , . chievano, E.; Bisello, A.; orev, M.; Bisol, A.;
th_esep_ro-S andpro—R ﬁ-met_hyl protons must pe distinguishable Mammi, S.; Peggion, EJ. Am. Chem. So@001, 123 2743-2751.
with different chemical shifts. Indeed, 12 signals @fmethyl (7) The bridged hexahelicene accelerates racemization; Meier, H.; Schwertel,
: . M.; Schollmeyer, DAngew. Chem., Int. EA.998 37, 2110-2113.
protc_:ns in the spectrum at 2C are observe_d (Figure ) Even (8) (&) Wysong, C. L Yokum, T. S.: Morales, G. A Gundry, R. L.
at higher temperatures of up to BC, 10 signals ofg-methyl McLaughlin, M. L.; Hammer, R. PJ. Org. Chem1996 61, 7650-7651.

; (b) Hammarstim, L. G. J.; Gauthier, T. J.; Hammer, R. P.; McLaughlin,
protons are Clearly observed (Flgure 4)' . . M. L. J. Peptide Res2001, 58, 108-116 and references cited within.
In DMSO-ds, coalescence temperature of all the diastereotopic  (9) Carpino, L. A.J. Am. Chem. S0d.993 115, 4397-4398.
itti i i (10) See the Supporting Information.
splitting of cP1is above BOC,(Flgure 6). Thel v_alue of methylene . (11) For example see; (a) Shamala, N.; Nagaraj, R.; Balarath,Ghem. Soc.,
protons on the Cbz group is more susceptible to temperature in Chem. Commuri97§ 996-997. (b) Bavoso, A.; Benedetti, E.; Di Blasio,
DMSO-ds than in CDC} where it is almost constant. These data B.; Pavone, V., Pedone, C.; Toniolo, C.; Bonora, G.Rvoc. Natl. Acad.
. 6 ¢ . . Sci. U.S.A1986 83, 1988-1992. (c) Inai, Y.; Oshikawa, T.; Yamashita,
indicate that the rate of interconversion depends on the solvents M.; Tagawa, K.: Hirabayashi, TBiopolymers2003 70, 310~322.

(DMSO is a strong hydrogen-bond acceptor and thus destabilizes (12) Polese, A.; Formaggio, F.; Crisma, M.; Valle, G.; Toniolo, C.; Bonora,
. heli G. M.; Broxterman, Q. B.; Kamphuis, Chem. Eur. J1996 2, 1104
peptide helices). 1111 and references cited within.

As shown in Figure 1dP1, bottom right), the two amide bonds (13) The temperature coefficients of two NH protons could not be determined
because of the overlapping with aromatic resonances. dPdr the

of Api side_-chains aré tWiSt_ed antidOCkWiS? a'°”_9 the ”ght'ha“de_d temperature coefficients of all amide protons were determined in DMSO
helical axis, and the amide carbonyl orientations are opposite solution. Only two NH protons are clearly solvent exposure (Figure S7).
direction to each other as described above. On the basis of these (14) N fixed right-handed Cbz-{(a-Me)Valls-OtBu, methylene proton reso-

nances of the Cbz group show diastereotopic splitting. Toniolo, C.; Polese,
structural features, the slower interconversion may originate from A.; Formaggio, F.; Crisma, M.; Kamphuis, J. Am. Chem. S0d.996
cooperative restriction on the amide bonds, as simultaneous 180 (15) %,ﬁaaﬁg‘c‘éﬁﬁﬁam 12B-methyl groups in 6 Aib residues.

rotations of the two amide bonds of Api side chains are necessary (16) For example see: Augspurger, J. D.; Bindra, V. A.; Scherage, H. A.;
for the helix reversal. In contrast &1, the3-methyl proton peaks Kuki, A. Biochemistryl995 34, 2566-2576.

of P1did not show diastereotopic splitting, even at lower temper- JA077857H
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