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Abstract: This article describes novel conformationally ordered a/f-hybrid peptides consisting of repeating
L-proline-anthranilic acid building blocks. These oligomers adopt a compact, right-handed helical architecture
determined by the intrinsic conformational preferences of the individual amino acid residues. The striking
feature of these oligomers is their ability to display an unusual periodic pseudo S-turn network of nine-
membered hydrogen-bonded rings formed in the forward direction of the sequence by 1—2 amino acid
interactions both in solid-state and in solution. Conformational investigations of several of these oligomers
by single-crystal X-ray diffraction, solution-state NMR, and ab initio MO theory suggest that the characteristic
steric and dihedral angle restraints exerted by proline are essential for stabilizing the unusual pseudo -turn
network found in these oligomers. Replacing proline by the conformationally flexible analogue alanine (Ala)
or by the conformationally more constrained o-amino isobutyric acid (Aib) had an adverse effect on the
stabilization of this structural architecture. These findings increase the potential to design novel secondary
structure elements profiting from the steric and dihedral angle constraints of the amino acid constituents
and help to augment the conformational space available for synthetic oligomer design with diverse backbone

structures.

Introduction

In the course of mimicking nature’s mystifying events, the
bottom-up approach involving the design and synthesis of non-
natural oligomers with well-defined conformations has attained
an extensive impact in diverse fields of research.'” These
unnatural oligomers are able to mimic many secondary structural
elements of native peptides and proteins, such as helices,’
sheets,® turns,” etc., by secondary interactions, especially
hydrogen bonding.® Recently, attempts to mimic more complex
tertiary and quaternary structures of the biomachineries with
non-natural analogues have yielded fruitful results, albeit to a
limited extent, which would increase our understanding about
the intrinsic relationship between sequence, conformation, and
functions of biomacromolecules.’

The role of steric and conformational bias of individual amino
acids in dictating the structural architecture of biomacromol-
ecules has long been a subject of intense research interest.® The
pioneer research of G. N. Ramachandran highlighted the
importance of dihedral angle constraints of the a-amino acids
[N=C* (¢) and C*—CO ()] in correlating their secondary
structural preferences in polypeptides and proteins.” The
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distribution of the ¢, 1 angles of a-amino acids, as given by
the Ramachandran plot, provides a rational basis for describing
all stereochemically possible structures of polypeptides.®'°
Whereas the sterically least demanding a-amino acid glycine

(1) (a) Hecht, S.; Huc, 1. Foldamers: Structure, Properties and Applica-
tions; Eds.; Wiley-VCH: Weinheim, Germany, 2007. (b) Gellman,
S. H. Acc. Chem. Res. 1998, 31, 173-180. (¢) Kirshenbaum, K.;
Zuckermann, R. N.; Dill, K. A. Curr. Opin. Struct. Biol. 1999, 9, 530—
535. (d) Stigers, K. D.; Soth, M. J.; Nowick, J. S. Curr. Opin. Chem.
Biol. 1999, 3, 714-723. (e) Smith, M. D.; Fleet, G. W. J. J. Peptide
Sci. 1999, 5, 425-441. (f) Hill, D. J.; Mio, M. J.; Prince, R. B.; Hughes,
T. S.; Moore, J. S. Chem. Rev. 2001, 101, 3893-4011. (g) Cheng,
R. P.; Gellman, S. H.; DeGrado, W. F. Chem. Rev. 2001, 101, 3219—
3232. (h) Cubberley, M. S.; Iverson, B. L. Curr. Opin. Chem. Biol.
2001, 5, 650-653. (i) Martinek, T. A.; Filop, F. Eur. J. Biochem.
2003, 270, 3657-3666. (j) Seebach, D.; Beck, A. K.; Bierbaum, D. J.
Chem. Biodiversity 2004, 1, 1111-1239. (k) Roy, R. S.; Balaram, P.
J. Peptide Res. 2004, 63, 279-289. (1) Sanford, A. R.; Yamato, K.;
Yang, X.; Yuan, L.; Han, Y.; Gong, B. Eur. J. Biochem. 2004, 271,
1416-1425. (m) Licini, G.; Prins, L. J.; Scrimin, P. Eur. J. Org. Chem.
2005, 969-977. (n) Li, Z.-T.; Hou, J.-Li.; Li, C.; Yi, H.-P. Chem.
Asian J. 2006, 1, 766-778. (o) Bautista, A. D.; Craig, C. J.; Harker,
E. A.; Schepartz, A. Curr. Opin. Chem. Biol. 2007, 11, 685-692. (p)
Goodmaan, C. M.; Choi, S.; Shandler, S.; DeGrado, W. F. Nat. Chem.
Biol. 2007, 3, 252-262. (q) Li, Z.-T.; Hou, J.-H.; Li, C. Acc. Chem.
Res. 2008, 41, 1343-1353. (r) Gong, B. Acc. Chem. Res. 2008, 41,
1376-1386. (s) Horne, W. S.; Gellman, S. H. Acc. Chem. Res. 2008,
41, 1399-1408. (t) Schafmeister, C. E.; Brown, Z. Z.; Gupta, S. Acc.
Chem. Res. 2008, 41, 1387-1398. (u) Li, X.; Wu, Yun-Dong.; Yang,
D. Acc. Chem. Res. 2008, 41, 1428-1438. (v) Nowick, J. S. Acc. Chem.
Res. 2008, 41, 1319-1330. (w) Seebach, D.; Gardiner, J. Acc. Chem.
Res. 2008, 41, 1366—1375.
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is a welcome candidate in all four quadrants of the Ramachan-
dran plot and occurs in various secondary structure elements,
as suggested from its flexible dihedral angle tolerance,'' the
distinctive cyclic structure imparts proline an exceptional

(2) For recent articles, see: (a) Gademann, K.; Ernst, M.; Hoyer, D.;
Seebach, D. Angew Chem., Int. Ed. 1999, 38, 1223-1226. (b) Liu,
D.; DeGrado, W. F. J. Am. Chem. Soc. 2001, 123, 7553-7559. (c)
Tanatani, A.; Mio, M. J.; Moore, J. S. J. Am. Chem. Soc. 2001, 123,
1792-1793. (d) Tew, G. N.; Liu, D.; Chen, B.; Doerksen, R. J.; Kaplan,
J.; Carroll, P. J.; Klein, M. L.; DeGrado, W. F. Proc. Natl. Acad. Sci.
U.S.A. 2002, 99, 5110-5114. (e) Ernst, J. T.; Becerril, J.; Park, H. S.;
Yin, H.; Hamilton, A. D. Angew. Chem., Int. Ed. 2003, 42, 535-539.
(f) Levins, C. G.; Schafmeister, C. E. J. Am. Chem. Soc. 2003, 125,
4703-4704. (g) Epand, R. F.; Raguse, T. L.; Gellman, S. H.; Epand,
R. M. Biochemistry 2004, 43, 9527-9535. (h) Inouye, M.; Waki, M.;
Abe, H. J. Am. Chem. Soc. 2004, 126, 2022-2027. (i) Heemstra, J. M.;
Moore, J. S. J. Am. Chem. Soc. 2004, 126, 1648-1649. (j) Choi., S.;
Clements, D. J.; Pophristic, V.; Ivanov, I.; Vemparala, S.; Bennett,
J. S.; Klein, M. L.; Winkler, J. D.; DeGrado, W. F. Angew. Chem.,
Int. Ed. 2005, 44, 6685-6689. (k) Fillon, Y. A.; Anderson, J. P.;
Chmielewski, J. J. Am. Chem. Soc. 2005, 127, 11798-11803. (1)
Dolain, C.; Zhan, C.; Léger, J.-M.; Daniels, L.; Huc, 1. J. Am. Chem.
Soc. 2005, 127, 2400-2401. (m) Angelo, N. G.; Arora, P. S. J. Am.
Chem. Soc. 2005, 127, 17134-17135. (n) Zhang, F.; Bai, S.; Yap,
G. P. A,; Tarwade, V.; Fox, J. M. J. Am. Chem. Soc. 2005, 127, 10590—
10599. (o) Khan, A.; Kaiser, C.; Hecht, S. Angew. Chem., Int. Ed.
2006, 45, 1878-1881. (p) Nicoll, A. J.; Miller, D. J.; Futterer, K.;
Ravelli, R.; Allemannn, R. K. J. Am. Chem. Soc. 2006, 128, 9187—
9193. (q) Yi, H. P.; Wu, J.; Diang, K.-L.; Jiang, X.-K.; Li, Z.-T. J.
Org. Chem. 2007, 72, 870-877.

(3) (a) For helical synthetic oligomers, see: Seebach, D.; Overhand, M.;

Kuehnle, F. N. M.; Martinoni, B.; Oberer, L.; Hommel, U.; Widmer,

H. Helv. Chim. Acta 1996, 79, 913-941. (b) Nelson, J. C.; Saven,

J. G.; Moore, J. S.; Wolynes, P. G. Science 1997, 277, 1793-1796.

(c) Appella, D. H.; Christianson, L. A.; Klein, D. A.; Richards, M. A.;

Powell, D. R.; Gellman, S. H. J. Am. Chem. Soc. 1999, 121, 7574—

7581. (d) Jiang, H.; Léger, J.-M.; Huc, 1. J. Am. Chem. Soc. 2003,

125, 3448-3449. (e) van Gorp, J. J.; Vekemans, J. A. J. M.; Meijer,

E. W. Chem. Commun. 2004, 60-61. (f) Yuan, L.; Zeng, H.; Yamato,

K.; Sanford, A. R.; Feng, W.; Atreya, H. S.; Sukumaran, D. K

Szyperski, T.; Gong, B. J. Am. Chem. Soc. 2004, 126, 16528-16537.

(g) Claridge, T. D. W.; Long, D. D.; Baker, C. M.; Odell, B.; Grant,

G. H.; Edwards, A. A.; Tranter, G. E.; Fleet, G. W. J.; Smith, M. D.

J. Org. Chem. 2005, 70, 2082-2090. (h) Violette, A.; Averlant-Petit.,

M. C.; Semetey, V.; Hemmerlin, C.; Casimir, R.; Graff, R.; Marraud,

M.; Briand, J.-P.; Rognan, D.; Guichard, G. J. Am. Chem. Soc. 2005,

127, 2156-2164. (i) Zhao, Y.; Zhong, Z. J. Am. Chem. Soc. 2005,

127, 17894-17901. (j) Menegazzo, 1.; Fries, A.; Mammi, S.; Galeazzi,

R.; Martelli, G.; Orena, M.; Rinaldi, S. Chem. Commun. 2006, 4915—

4917. (k) Goto, H.; Katagiri, H.; Furusho, Y.; Yashima, E. J. Am.

Chem. Soc. 2006, 128, 7176-7178. (1) Vasudev, P. G.; Ananda, K.;

Chatterjee, S.; Aravinda, S.; Shamala, N.; Balaram, P. J. Am. Chem.

Soc. 2007, 129, 4039-4048. (m) Ousaka, N.; Sato, T.; Kuruda, R.

J. Am. Chem. Soc. 2008, 130, 463-365.

For sheet-like synthetic oligomers, see: (a) Krauthduser, S.; Chris-

tianson, L. A.; Powell, D. R.; Gellman, S. H. J. Am. Chem. Soc. 1997,

119, 11719-11720. (b) Seebach, D.; Abele, S.; Gademann, K.; Jaun,

B. Angew. Chem., Int. Ed. 1999, 38, 1595-1597. (c) Gong, B.; Yan,

Y.; Zeng, H.; Skrzypczak-Jankunn, E.; Kim, Y. W.; Zhu, J.; Ickes,

H. J. Am. Chem. Soc. 1999, 121, 5607-5608. (d) Nowick, J. S. Acc.

Chem. Res. 1999, 32, 287-296. (e) Woll, M. G.; Lai, J. R.; Guzei,

1. A.; Taylor, S. J. C.; Smith, M. E. B.; Gellman, S. H. J. Am. Chem.

Soc. 2001, 723, 11077-11078. (f) Kendhale, A.; Gonnade, R.;

Rajamohanan, P. R.; Sanjayan, G. J. Chem. Commun. 2006, 2756—

2758. (g) Baruah, P. K.; Sreedevi, N. K.; Majumdar, B.; Pasricha, R.;

Poddar, P.; Gonnade, R.; Ravindranathan, S.; Sanjayan, G. J. Chem.

Commun. 2008, 712-714.

(5) (a) For synthetic oligomers featuring turn conformations, see: Chung,
Y. J.; Christianson, L. A.; Stanger, H. E.; Powell, D. R.; Gellman,
S. H. J. Am. Chem. Soc. 1998, 120, 10555-10556. (b) Yang, D.; Li,
B.; Ng, F.-F.; Yan, Y.-L.; Qu, J.; Wu, Y.-D. J. Org. Chem. 2001, 66,
7303-7312. (c) Chen, F.; Zhu, N.-Y.; Yang, D. J. Am. Chem. Soc.
2004, 126, 15980-15981. (d) Salaun, A.; Potel, M.; Roisnel, T.; Gall,
P.; Le Grel, P. J. Org. Chem. 2005, 70, 6499-6502. (¢) Baruah, P. K.;
Sreedevi, N. K.; Gonnade, R.; Ravindranathan, S.; Damodaran, K.;
Hofmann, H.-J.; Sanjayan, G. J. J. Org. Chem. 2007, 72, 636-639.
(f) Srinivas, D.; Gonnade, R.; Ravindranathan, S.; Sanjayan, G. J. J.
Org. Chem. 2007, 72, 7022-7025. (g) Chen, F.; Song, K.-S.; Wu,
Y.-D.; Yang, D. J. Am. Chem. Soc. 2008, 130, 743-755.
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conformational rigidity with a restricted N—C*® torsion angle ¢
of about —60° allowing it to seek spaces in the “turn” regions
of proteins.'? Although it is possible to predict the conformation
of polypeptides to a reasonable degree of accuracy'® based on
the well-documented conformational bias of the o.-amino acids
using advanced computational tools, the lack of adequate
knowledge about the conformational propensities of the vast
pool of unnatural amino acids makes comparable procedures
troublesome.'* This is particularly true in the case of hybrid
oligomers containing natural and unnatural amino acid residues,
wherein the overall conformation is often unpredictable.*

In this article, we describe synthetic hybrid oligomers
containing sequentially repeating L-proline (Pro) and anthranilic
acid (Ant) residues, which belong to the general category of
o/B-hybrid peptides.'>~'® The investigation of a/S-,">*® o/y-,
and f3/y-'>¢ hybrid peptides and hetero y- peptides'>® led to the
discovery of various ordered secondary structures, the latter class
showing interesting nine-helical structure as confirmed by
extensive NMR studies. Some of the o/3-hybrid peptides have
been shown to possess biological activity.'® Influenced by the
rigid aromatic backbone, homo oligomers of anthranilic acid
form extended sheet-like structures, as disclosed by Hamilton’s
group.'® Now, it might be interesting to study the mutual
influence of the conformational constraints of two different
amino acid constituents, L-proline and anthranilic acid, on the
secondary structure formation in repeating dimer units, which
could generate completely novel secondary structure elements.
This might augment the conformational space available for
synthetic oligomer design by taking profit from the steric and
dihedral angle constraints of the individual amino acid residues.
Furthermore, the enormous possibility of incorporating func-
tional side chains on the Ant and Pro residues®® would render
their structural modification easy which may enable modulating

(6) (a) Owing to its directionality and specificity, the H-bond plays an
important role in stabilizing the secondary structures. See: Tanatani,
A.; Kagechika, H.; Azumaya, I.; Fukutomi, R.; Ito, Y.; Yamaguchi,
K.; Shudo, K. Tetrahedron Lett. 1997, 38, 4425-4428. (b) Berl, V.;
Huc, I.; Khoury, R.; Krische, M. J.; Lehn, J.-M. Nature 2000, 407,
720-723. (c) Yang, X.; Martinovic, S.; Smith, R. D.; Gong, B. J. Am.
Chem. Soc. 2003, 125, 9932-9933. (d) Pol, S. D.; Zorn, C.; Klein,
C. D.; Zerbe, O.; Reiser, O. Angew. Chem., Int. Ed. 2004, 43, 511—
514. (e) Hunter, C. A.; Spitaleri, A.; Tomas Chem. Commun. 2005,
3691-3693. (f) Sharma, G. V. M.; Jadhav, V. B.; Ramakrishna,
K. V. S.; Jayaprakash, P.; Narsimulu, K.; Subash, V.; Kunwar, A. C.
J. Am. Chem. Soc. 2006, 128, 14657-14668.

(7) (a) Qui, J. X.; Petersson, E. J.; Matthews, E. E.; Schepartz, A. J. Am.
Chem. Soc. 2006, 128, 11338-11339. (b) Sharma, G. V. M.; Subash,
V.; Narsimulu, K.; Sankar, A. R.; Kunwar, A. C. Angew. Chem., Int.
Ed. 2006, 45, 8207-8210. (c) Horne, W. S.; Price, J. L.; Keck, J. L.;
Gellman, S. H. J. Am. Chem. Soc. 2007, 129, 4178-4180. (d) Price,
J. L.; Horne, W. S.; Gellman, S. H. J. Am. Chem. Soc. 2007, 129,
6376-6377. (e) Khakshoor, O.; Demeler, B.; Nowick, J. S. J. Am.
Chem. Soc. 2007, 129, 5558-55609. (f) Petersson, E. J.; Schepartz, A.
J. Am. Chem. Soc. 2008, 130, 821-823.

(8) (a) Chou, P. Y.; Fasman, G. D. Adv. Enzymol. Relat. Areas Mol. Biol.
1978, 47, 45-148. (b) Fasman, G. D. Prediction of Protein Structure
and the Principles of Protein Conformation; Plenum: New York, 1989;
pp 317—358. (c) Ackers, G. K.; Smith, F. R. Annu. Rev. Biochem.
1985, 54, 597-629. (d) Liu, W.; Chou, K. C. Protein Eng. 1999, 12,
1041-1050. (e) Chatterjee, B.; Saha, I.; Raghothama, S.; Aravinda,
S.; Rai, R.; Shamala, N.; Balaram, P. Chem.—Eur. J. 2008, 14, 6192—
6204. (f) Yoder, N. C.; Kumar, K. Chem. Soc. Rev. 2002, 31, 335—
341. (g) Engel, D. E.; DeGrado, W. E. J. Mol. Biol. 2004, 337, 1195—
1205. (h) Tomasini, C.; Luppi, G.; Monari, M. J. Am. Chem. Soc.
2006, 128, 2410-2420.

(9) Ramachandran, G. N.; Ramakrishnan, C.; Sasisekharan, V. J. Mol
Biol. 1963, 7, 95-99.

(10) (a) Ramakrishnan, C.; Ramachandran, G. N. Biophys. J. 1965, 5, 909—
933. (b) Ramachandran, G. N.; Sasisekharan, V. Adv. Protein Chem.
1968, 23, 283-437.
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their structural features for possible applications involving
protein recognition.”’

Results and Discussion

Synthesis. The Pro-Ant oligomers 2, 3 were assembled
starting from the BOC-Pro-Ant-OMe building block 1a. Efforts
to synthesize the reverse sequence [(Ant-Pro),] employing the
“reversed building blocks” as the starting point did not succeed
since Ant-Pro esters were highly vulnerable to cyclization
yielding cycloanthranilylproline,?* apparently due to the closer
positioning of the amino and ester termini of the building block.
However, introduction of Ant at the N-terminal could be
undertaken at a later stage as demonstrated in the case of 2e.
Thus, starting from the dipeptide Boc-Pro-Ant-OMe 1la, we
obtained the higher oligomers 2 and 3 following a “segment
doubling strategy” (Scheme 1).?*> Coupling of dipeptide acid
1b and the corresponding amine hydrochloride 1¢, using TBTU
(O-(benzotriazol-1-yl)-N,N,N',N'-tetramethyluronium tetrafluo-
roborate) as a coupling agent and DIEA (N,N-diisopropylethy-
lamine) as the base, afforded the tetrapeptide 2a in 78% yield

(11) (a) Neurath, H. J. Am. Chem. Soc. 1943, 65, 2039-2041. (b) Matthews,
B. W.; Nicholson, H.; Becktel, W. J. Proc. Natl. Acad. Sci. U.S.A.
1987, 84, 6663-6667. (c) Hecht, M. H.; Sturtevant, J. M.; Sauer, R. T.
Proteins: Struct., Funct., Genet. 1986, I, 43—46. (d) Imanaka, T.;
Shibazaki, M.; Takagi, M. Nature. 1986, 324, 695-697. (e) Ganter,
C.; Pliickthun, A. Biochemistry 1990, 29. (f) Chakrabarlty, A.;
Schellman, J. A.; Baldwin, R. L. Narure 1991, 351, 586-588. (g) Li,
S. C.; Deber, C. M. Int. J. Pept. Protein Res. 1992, 40, 243-248. (h)
Yan, B. X.; Sun, Y. Q. J. Biol. Chem. 1997, 272, 3190-3194. (i)
Gunasekaran, K.; Nagarajaram, H. A.; Ramakrishnan, C.; Balaram,
P. J. Mol. Biol. 1998, 215, 915-930. (j) Ohnishi, S.; Kamikubo, H.;
Onitsuka, M.; Kataoka, M.; Shortle, D. J. Am. Chem. Soc. 2006, 128,
16338-16344. (k) Horng, J. C.; Kotch, F. W.; Raines, R. T. Protein
Sci. 2007, 16, 208-215.

(12) (a) Lewis, P. N.; Momany, F. A.; Scheraga, H. A. Biochim. Biophys.
Acta 1973, 303, 211-229. (b) Smith, J. A.; Pease, L. G. CRC Crit.
Rewv. Biochem. 1980, 8, 315-399. (¢) Wilmot, C. M.; Thornton, J. M.
J. Mol. Biol. 1988, 203, 221-232. (d) Deber, C. M.; Glibowicka, M.;
Woolley, G. A. Biopolymers 1990, 29, 149—157. (e) Hutchinson, E. G.;
Thornton, J. M. Protein Sci. 1994, 3, 2207-2216.

(13) (a) Ishikawa, K.; Yue, K.; Dill, K. A. Protein Sci. 1999, 8, 716-721.
(b) Kuo-Chen, C. Anal. Biochem. 2000, 286, 1-16. (c) Kaur, H.;
Raghava, G. P. S. Proteins: Struct., Funct., Bioinf. 2004, 55, 83-90.
(d) Wang, Y.; Xue, Zhidong; Xu, J. Proteins: Struct., Funct., Bioinf.
2006, 65, 49-54. (e) Snow, C. D.; Sorin, E. J.; Rhee, Y. M.; Pande,
V. S. Annu. Rev. Biophys. Biomol. Struct. 2005, 34, 43-69. (f) Qiu,
J.; Liang, R.; Zou, X.; Mo, J. Talanta 2003, 61, 285-293. (g) Yang,
J.; Dong, X.-C.; Leng, Y. J. Theor. Biol. 2006, 240, 374-384.

(14) (a) Daura, X.; Gademann, K.; Schafer, H.; Jaun, B.; Seebach, D.; van
Gunsteren, W. F. J. Am. Chem. Soc. 2001, 123, 2393-2404. (b)
Giinther, R.; Hofmann, H.-J. J. Am. Chem. Soc. 2001, 123, 247-255.
(c) Baldauf, C.; Giinther, R.; Hofmann, H.-J. Angew. Chem., Int. Ed.
2004, 43, 1594-1597. (d) Baldauf, C.; Giinther, R.; Hofmann, H.-J.
J. Org. Chem. 2004, 69, 6214. (e) Norgren, A. S.; Arvidsson, P. 1.
Org. Biomol. Chem. 2005, 3, 1359-1361. (f) Baldauf, C.; Giinther,
R.; Hofmann, H.-J. J. Org. Chem. 2005, 70, 5351-5361. (g) Baldauf,
C.; Giinther, R.; Hofmann, H.-J. J. Org. Chem. 2006, 71, 1200-1208.

(15) (a) Sharma, G. V. M.; Nagendar, P.; Jayaprakash, P.; Radha Krishna,
P.; Ramakrishna, K. V. S.; Kunwar, A. C. Angew. Chem., Int. Ed.
2005, 44, 5878-5882. (b) Srinivasulu, G.; Kiran Kumar, S.; Sharma,
G. V. M.; Kunwar, A. C. J. Org. Chem. 2006, 71, 8395-8400. (c)
Sharma, G. V. M.; Jadhav, V. B.; Ramakrishna, K. V. S.; Jayaprakash,
P.; Narsimulu, K.; Subash, V.; Kunwar, A. C. J. Am. Chem. Soc. 2006,
128, 14657-14668. (d) Sharma, G. V. M.; Jayaprakash, P.; Narsimulu,
K.; Ravi Sankar, A.; Ravinder Reddy, K.; Radha Krishna, P
Ramakrishna, K. V. S.; Kunwar, A. C. Angew. Chem., Int. Ed. 2006,
118, 3010-3013.

(16) (a) Hayen, A.; Schmitt, M. A.; Ngassa, F. N.; Thomasson, K. A.;
Gellman, S. H. Angew. Chem., Int. Ed. 2004, 43, 505-510. (b) De;
Pol, S.; Zorn, C.; Klein, C. D.; Zerbe, O.; Reiser, O. Angew. Chem.,
Int. Ed. 2004, 43, 511-514. (c¢) Baldauf, C.; Giinther, R.; Hofmann,
H.-J. Biopolymers 2006, 84, 408-413. (d) Angelici, G.; Luppi, G.;
Kaptein, B.; Broxterman, Q. B.; Hofmann, H.-J.; Tomasini, C. Eur.
J. Org. Chem. 2007, 2713-2721.

after chromatographic purification. Similarly, the octapeptide
3a was prepared by coupling the tetrapeptide acid 2b with the
corresponding amine hydrochloride 2¢. To have an oligomer
with Ant at the N-terminal, amine hydrochloride 2¢ was coupled
with Boc-Ant-OH to furnish the pentapeptide 2e. The pivaloyl
substituted analogues were made by reacting the corresponding
free amines with excess pivaloyl chloride in the presence of
triethyl amine as a base.

Crystal Structure Investigations. Extensive efforts to crystal-
lize the oligomers resulted in crystals of 2b. Analysis of the
X-ray diffraction data revealed the presence of an unusual nine-
membered hydrogen-bonded ring connecting the amide NH (N2)
of the Ant2 residue and the carbonyl (O5) of the Pro3 residue
(Figure 1). Despite formal similarity, there are striking differ-
ences between this pseudo S-turn and the 5-turns found in native
peptides. Whereas 3-turns consisting of 10-membered hydrogen-
bonded rings are formed in the backward direction of the
sequence between the amino acids (i + 3) and i (4—1
interaction),>** the C9 turn in 2b is closed by hydrogen bonding
in the forward direction within the dipeptide unit (1—2
interaction). Reverse f-turns realized via four amino acids are
characterized by the ¢, ¥ dihedral angles of the two central
amino acid residues in the turn region (i + 1) and (i + 2).***
The two amino acids Ant and L-Pro forming the C9 turn in 2b
have the following dihedral angles: ¢a,0 = —166°, 6 = 3°,
PYanz = —102° and ¢p,o3 = —64°, Ppo3 = +170°, respectively,
wherein the Pro dihedral angles are typical of the poly proline
II semiextended conformation.?*>

Surprisingly, the formation of a C9 turn in 2b was at the
cost of the S(6)-type*’ six-membered ring H-bonding (N2...04,

(17) (a) Schmitt, M. A.; Choi, S. H.; Guzei, I. A.; Gellman, S. H. J. Am.
Chem. Soc. 2005, 127, 13130-13131. (b) Schmitt, M. A.; Choi, S. H.;
Guzei, I. A.; Gellman, S. H. J. Am. Chem. Soc. 2006, 128, 4538—
4539. (¢) Choi, S. H.; Guzei, . A.; Gellman, S. H. J. Am. Chem. Soc.
2007, 129, 13780-13781. (d) Choi, S. H.; Guzei, I. A.; Spencer, L. C.;
Gellman, S. H. J. Am. Chem. Soc. 2008, 130, 6544—6550. (e) Seebach,
D.; Jaun, B.; Sebesta, R.; Mathad, R. I.; Floegel, O.; Limbach, M.;
Sellner, H.; Cottens, S. Helv. Chim. Acta 2006, 89, 1801-1825.

(18) (a) Schmitt, M. A.; Weisblum, B.; Gellman, S. H. J. Am. Chem. Soc.
2004, 126, 6848-6849. (b) Seebach, D.; Rueping, M.; Arvidsson, P. 1;
Kimmerlin, T.; Micuch, P.; Noti, C.; Langenegger, D.; Hoyer, D. Helv.
Chim. Acta 2001, 84, 3503-3510. (c) Arvidsson, P. I.; Ryder, N. S.;
Weiss, H. M.; Hook, D. F.; Escalante, J.; Seebach, D. Chem.
Biodiversity 2005, 2, 401-420. (d) Horne, W. S.; Boersma, M. D.;
Windsor, M. A.; Gellman, S. H. Angew. Chem., Int. Ed. 2008, 47,
2853-2856.

(19) Hamuro, Y.; Geib, S. J.; Hamilton, A. D. J. Am. Chem. Soc. 1996,
118, 7529-7541.

(20) (a) Magaard, V. W.; Sanchez, R, M.; Bean, J. W.; Moore, M. L.
Tetrahedron Lett. 1993, 34, 381-384. (b) Sharma, R.; Lubell, W. D.
J. Org. Chem. 1996, 61, 7244-7245. (c) Karoya, P.; Chassaing, G.
Tetrahedron Lett. 1997, 38, 85-88. (d) Ramana Rao, M. H. V.; Pinyol,
E.; Lubell, W. D. J. Org. Chem. 2007, 72, 736-743.

(21) (a) Kiritzer, J. A.; Lear, J. D.; Hodson, M. E.; Schepartz, A. J. Am.
Chem. Soc. 2004, 126, 9468-9469. (b) Sadowsky, J. D.; Schmitt,
M. A.; Lee, H.-S.; Umezawa, N.; Wang, S.; Tomita, Y.; Gellman,
S. H. J. Am. Chem. Soc. 2005, 127, 11966-11968. (c) Tang, H.;
Doerksen, R. J.; Jones, T. V.; Klein, M. L.; Tew, G. N. Chem. Biol.
2006, 13, 427-435.

(22) (a) Feigel, M.; Lugert, G.; Manero, J.; Bremer, M. Z. Naturforsch.
1990, 45b, 258-266. (b) Neidle, S.; Webster, G. D.; Jones, J. B.;
Thurston, D. E. Acta. Crystallogr, Sect. C 1991, 47, 2678-2680. (c)
Moroder, L.; Lutz, J.; Grams, F.; Rudolph-Boehner, S.; Oesapay, G.;
Goodman, M.; Kolbeck, W. Biopolymers 1996, 38, 295-300. (d) Clark,
R. L.; Carter, K. C.; Mullen, A. B.; Coxon, G. D.; Owusu-Dapaah,
G.; McFarlane, E.; Thi, M. D. D.; Grant, M. H.; Tettey, J. N. A.;
Mackay, S. P. Bioorg. Med. Chem. Lett. 2007, 17, 624-627.

(23) Wender, P. A.; Jessop, T. C.; Pattabiraman, K.; Pelkey, E. T.; Van
Deusen, C. L. Org. Lett. 2001, 3, 3229-3232.

(24) (a) Mac Arthur, M, W.; Thornton, J. M. J. Mol. Biol. 1991, 218, 397—
412. (b) Hurley, J. H.; Mason, D. A.; Matthews, B. W. Biopolymers
1992, 32, 1443-1446.
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Scheme 1. Synthesis of Oligomers 2 and 3%
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Figure 1. Crystal structure of 2b.?® (a) Crystal structure in ball and stick
representation (without zert-butyl group). (b) Annotated structure (selected
region) in tube representation. Hydrogens, other than at the hydrogen
bonding sites, have been omitted for clarity.

Figure 1b) which is, otherwise, almost always observed in
N-acyl anthranilamides.'*® Apparently, the steric clash between
the Ant2 aryl ring and the five-membered proline ring
(Pr03),29rnarked by a double headed arrow in Figure 1b, enforces
the H-bonding sites (Ant2 amide NH and Pro3 amide CO) to
come closer together resulting in the formation of a stronger
hydrogen bond in the C9 turn. The H-bond geometry of the C9
turn is characterized by the bond distances d(N...0) = 2.9 A
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and d(H...0) = 2.1 A, the bond angle (N—H...O) = 168°, and
the torsion angle (N—H...0=C) = —150°. A consequence of
this interaction is the weakening of the S(6)-type*’ hydrogen
bonding in Ant2'®*® (N2...04) as documented by the H-bond
distances d(N...0) = 3.1 A and d(H...0) = 2.7 A, the bond
angle (N—H...O) = 112°, and the torsion angle (N—H...0=C)
= 84°. In contrast, the C-terminal Ant4 residue in 2b exhibits
the perfect geometry for S(6)-type®” hydrogen bonding with the
bond distances d(N...O) = 2.6 A and d(H...0) = 1.9 A, the
bond angle (N—H...O) = 138°, and the hydrogen bond torsion
angle (N—H...O=C) = 5° usually found in N-acylated
anthranilamides.'®*® It is noteworthy that the close proximity
of the Ant2 amide NH and the Pro3 carbonyl groups, docu-
mented by a distance of d(N2..05) = 2.9 A in the crystal
structure of 2b, explains why Ant-Pro-esters (free amines) show

(25) (a) Crawford, J. L.; Lipscomb, W. N.; Schellman, C. G. Proc. Natl.
Acad. Sci. U.S.A. 1973, 70, 538-542. (b) Rose, G. D.; Gierasch, L. M.;
Smith, J. A. Adv. Protein Chem. 1985, 37, 4334-4344. (c) Richardson,
1. S. Adv. Protein Chem. 1981, 34, 167-399. (d) Ball, J. B.; Andrews,
P. R.; Alewood, P. F.; Hughes, R. A. FEBS Lett. 1990, 273, 15-18.
(e) Mohle, K.; Gufmann, M.; Hofmann, H.-J. J. Comput. Chem. 1997,
18, 1415-1430.

(26) Crystal structure was solved by direct method and refined by full matrix
least squares on F for all data using SHELXTL software (Ver. 6.14,
Bruker-AXS, 2003). The hydrogen atom of hydroxy group was located
on the difference map and refined isotropically. Other hydrogen atoms
were refined in the riding mode. CIF files are available in the
Supporting Information.

(27) For the application of graph notation to hydrogen bonding motifs, see:
Etter, M. C. Acc. Chem. Res. 1990, 23, 120-126.
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a high tendency to undergo cyclization yielding cycloanthra-
nilylproline.*?

Conformational Investigation of Oligomers 2 and 3 in
Solution. To investigate the solution-state conformation, we
performed a detailed NMR study of the oligomers in solution
(CDClI3/CD,Cl,, 500 MHz). The oligomers 2 and 3 were readily
soluble in nonpolar organic solvents (>100 mM in CDCl;) at
ambient temperature suggesting that the polar hydrogen-bonding
groups are strongly solvent-shielded, preventing the formation
of polymeric aggregates.>® Inspection of the 'H spectra of the
N-BOC oligomers 2a,f and 3a (Supporting Information (SI),
pp S20, S23, and S26, respectively) revealed cis—trans isomer-
ization at the N-terminal carbamate carbonyls, a well-known
feature in polypeptides with an N-terminal Pro residue,’’
presumably caused by the free rotation of the amide bond
connecting the pyrrolidine ring and the ‘BOC group. However,
the cis—trans isomerism could be effectively arrested by capping
their N-terminal Pro residues with a pivaloyl group (Piv),* as
demonstrated in the case of the tetrapeptide 2d, hexapeptide
2g, and the octapeptide 3b. The pivaloyl N-capped oligomers
show a single set of sharp signals in their 'H spectra (SI, pp
S21, S23, and S26, respectively). The cis—trans isomerism could
also be effectively arrested by the introduction of an Ant residue
at the N-terminal, as demonstrated in the case of 2e, which gives
rise to a well-dispersed single set of sharp signals in its NMR
spectrum (SI, p S21). The (1—2)-type nine-membered-ring
pseudo f-turn, as observed in the solid-state structure of 2b,
was unambiguously confirmed in the solution state as well by
the observed characteristic dipolar couplings (NOEs) from the
2D NOESY NMR spectrum of 2e (Figure 2).

Analysis of the crystal structure of 2b suggested that the most
characteristic NOE to support the (1—2)-type nine-membered
hydrogen-bonded turn conformation would be a diagnostic long-
range inter-residual dipolar coupling between aH of Prol and
the aromatic protons of Ant4 (Prol-aH vs Ant4-C24H, see
Figure S26 on page, S81 in the SI). Although these residues
are separated by two amino acids, the peculiar nine-membered
ring pseudo S-turn conformation requires the peptide backbone
to fold back significantly resulting in the short distance, as
evident from the crystal structure of 2b [distance d(alH—C24H)
=2.47 A, see Figure S26 on p S81 in the SI]. The analysis of
the 2D NOESY data of 2e indeed revealed the existence of an

(28) (a) Kawamoto, T.; Hammes, B. S.; Haggerty, B.; Yap, G. P. A;
Rheingold, A. L.; Borovik, A. S. J. Am. Chem. Soc. 1996, 118, 285—
286. (b) Hamuro, Y.; Geib, S. J.; Hamilton, A. D. J. Am. Chem. Soc.
1997, 119, 10587-10593. (c) Huang, B.; Parquette, J. R. J. Am. Chem.
Soc. 2001, 123, 2689-2690.

(29) (a) It is known that trans-Xaa-Pro peptide bonds cause steric
interactions between the pyrrolidine ring d-position and the preceding
residue. For a relevant reference, see: Mikhailov, D.; Daragan, V. A ;
Mayo, K. H. Biophys. J. 1995, 68, 1540-1550.

(30) (a) Compounds having solvent-exposed acidic protons usually show
poor solubility in organic solvents due to the aggregation phenomenon.
For instance, see: Mathias, J. P.; Simanek, E. E.; Whitesides, G. M.
J. Am. Chem. Soc. 1994, 116, 4326-4340. (b) Damodaran, K.;
Sanjayan, G. J.; Rajamohanan, P. R.; Ganapathy, S.; Ganesh, K. N.
Org. Lett. 2001, 3, 1921-1924.

(31) (a) Brandts, J. F.; Halvorson, H. R.; Brennan, M. Biochemistry 1975,
14,4953-4963. (b) Fischer, S.; Dunbrack, R. L. J.; Karplus, M. J. Am.
Chem. Soc. 1994, 116, 11931-11937. (c) Keller, M.; Sager, C.; Dumy,
P.; Schutkowski, M.; Fischer, G. S.; Mutter, M. J. Am. Chem. Soc.
1998, 120, 2714-2720. (d) Fisher, G. Chem. Soc. Rev. 2000, 29, 119—
127. (e) Wedemeyer, W. J.; Welker, E.; Scheraga, H. A. Biochemistry
2002, 41, 14637-14644. (f) Andreotti, A. H. Biochemistry 2003, 42,
9515-9524. (g) Dugave, C.; Demange, L. Chem. Rev. 2003, 103,
2475-2532. (h) Nelson, C. J.; Santos-Rosa, H.; Kouzarides, Cell 2006,
905-916. (i) Lu, K. P.; Finn, G.; Lee, T. H.; Nicholson, L. K. Nat.
Chem. Biol. 2007, 3, 619-629.

inter-residual NOE between oH of Pro2 residue and C31 Ar—H
of the Ant5 residue (Figure 2b) suggesting the prevalence of a
pseudo fS-turn structure involving Ant3 and Pro4 residues. The
oH of Pro2 is found to have NOE with the amide NH of Antl
(Figure 2b). Long-range inter-residual NOEs were also observed
between the S-protons of Pro2 and C31 Ar—H of the Ant5
residue (Figure 2d). Further expansion of the Figure 2d in
various modes and comparison with its 2D COSY clearly
confirm that it is the 8° 1H (of the Pro2 residue) that gives long-
range dipolar coupling with the C31 Ar—H (2D excerpts in the
SI, p S77, Figure S20). It is noteworthy that the observed strong
NOEs between Pro a-H and the amide NH of the subsequent
Ant residues (at1H vs NH2, o2H vs NH3, Figure 2a) are clearly
indicating their proximity, which was again revealed in the
crystal structure of 2b. Other selected inter-residual NOEs are
between the Pro f3-protons and the amide NHs of the subsequent
Ant residues (B1H vs NH2, S2H vs NH3, Figure 2¢) and
between the Pro d-protons and the amide NHs of the preceding
Ant residues (01H vs NH1, 62H vs NH2, Figure 2e). The Pro
O-protons also showed dipolar coupling to their respective
preceding aromatic protons (0 1H vs C4H, 62H vs C16H, Figure
2f), since the folded conformation required their closer position-
ing, as indicated by the crystal structure of 2b. Since 2e lacks
a preceding Pro residue at the N-terminal, the diagnostic long-
range NOE required for confirming the C9 turn at the N-terminal
(Pro a-H vs Ar—H; both separated by two residues) could not
be observed, and therefore, the conformation of 2e at the
N-terminal involving Antl and Pro2 could not be ascertained.
Analogous dipolar coupling patterns were observed in the
oligomers 2a and 3a wherein the N-terminal was capped with
the ‘BOC group (Figures S21 and S23, pp S78 and S79 in the
SI) suggesting similar conformational features for these oligo-
mers in the solution state, although rotamer formation was
observed in these oligomers because of the N-terminal “free”
Pro residues, as discussed above.>' Tt is noteworthy that the
pivaloyl N-capped oligomers, the tetrapeptide 2d, and the
hexapeptide 2g displayed sharp signals in their 'H spectra, and
the diagnostic inter-residual long-range NOE essential for
supporting the folded conformation, as previously discussed
(Pro—o-H vs Ar—H separated by two residues), was clearly
evident in their 2D NOESY spectra (SI, p S80, Figures S24,
S25, respectively). Thus, this study also supports the utility of
the pivaloyl group® in arresting the cis—trans isomerization of
N-terminal Pro residues containing carbamate protecting groups.

Solvent titration and dilution experiments are particularly
useful for differentiating the nature of hydrogen bonding
interactions (inter vs intra) in the solution state, wherein
intermolecular hydrogen bonding interactions (solvent exposed
NHs) are relatively more vulnerable to environmental effects.”
Intramolecular hydrogen bonding interactions, on the contrary,
are usually little affected by the environmental effects such as
solvent dilution and solvent polarity, since the protons involved
in such interactions are solvent shielded.** Further experimental
support for the prevalence of intramolecular hydrogen bonding
interactions in oligomers 2a, 2e, and 3a came from DMSO
titration and CDCl; dilution studies of the oligomers (Figure 3).

Notably, all the amide NHs of the oligomers showed
negligible shifts (A0 NH: <0.15 ppm) when solutions of 2a,

(32) (a) For leading references, see: Gellman, S. H.; Dado, G.; Liang, G. B.;
Adams, B. J. Am. Chem. Soc. 1991, 113, 1164—-1173. (b) Dado, G.;
Gellman, S. H. J. Am. Chem. Soc. 1993, 115, 4228-4245. (c) Sharma,
G. V. M.; Manohar, V.; Dutta, S. K.; Subash, V.; Kunwar, A. C. J.
Org. Chem. 2008, 73, 3689-3698.
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Figure 2. Selected NOE extracts from the 2D NOESY data of 2e (CDCl;/CD,Cl,, 500 MHz). (a) aH vs NH region (CDCls); (b) aH vs Ar—H region
(CD,Cly); (c) fH vs NH region (CDCls); (d) SH vs Ar—H region (CD,Cl,); (e) OH vs N—H region (CD,Cl,); (f) 0H vs Ar—H region (CDCl3). Note: For
improved spectral dispersion in the aryl region, NMR studies were performed in CD,Cl,.

2e, and 3a in CDCl; were titrated gradually with DMSO-dg (5
uL on each addition). The same trend was also observed in a
solvent dilution study, as demonstrated in the case of the
pentapeptide 2e showing a marginal shift of Ad (NH) < 0.1
ppm. Thus, the results from the solvent titration and dilution
studies further support the intramolecular hydrogen bonding
interactions in the oligomers 2e and 3a. An analogous trend
was also observed in the dilution (SI, pp S44, S48) and titration
(ST, pp S45, S49) studies on the Piv-substituted oligomers 2d
and 2g. Further proof of involvement of the Ant amide NHs in
intramolecular hydrogen bonding interactions came from vari-
able temperature studies (SI, pp S55, S56) and H/D exchange
experiments (SI, pp S57). Whereas the amide NH chemical shifts
of the Piv-tetrapeptide 2d showed negligible chemical shift
difference upon varying the temperature from 268 — 323 K
(AS/IAT = —4 ppb/ deg K), nearly complete H/D exchange
could be observed for 2d in methanol-ds in 720 min (12 h),
further confirming that the amide NHs are clearly involved in
intramolecular hydrogen bonding interactions.

Circular dichroism (CD) spectra provide characteristic sig-
nature for the conformational features of ordered chiral oligo-
mers. The Pro-Ant oligomers 2a, 2f, and 3a featuring a Pro
residue at the N-terminal displayed maxima at around 200 nm,
zero crossing at 206 nm and minima at 219 nm. A strong Cotton
effect was also observed (second minima) around 262 nm owing
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to the backbone aromatic groups/aromatic electronic transitions
in the oligomers. The pentapeptide 2e featuring an Ant residue
at the N-terminal (in contrast to other oligomers featuring Pro
at the N-terminal) showed a maxima at 205 nm and minima at
224 nm, slightly different from others in the series.

Theoretical Studies. The difficulty in crystallizing the oligo-
mers prompted us to examine their conformation by ab initio
MO theory. Computational investigations employing ab initio
MO theory have considerably contributed to predict and to
understand the folding patterns in a wide variety of foldamer
structures.'*° 4233 The (1—2)-type nine-membered hydrogen-
bonded pseudo S-turn conformation found in the crystal structure
of 2b was supported by ab initio MO theory as well at the
Hartree—Fock (HF) and B3LYP approximation levels employ-
ing the 6—31G* basis set (Table S19 in SI, pp S82), which
justifies the application of these methods for the study of the
larger oligomer systems (structural details in Tables S20—S22
of the SI, pp S82, S83). The hexapeptide 2g displays two nine-
membered-ring pseudo S-turns assuming an overall right-handed
helical architecture, according to the theoretical studies (Figure
5, left). As seen in the crystal structure of 2b, the Ant residues
involved in the C9-turn formation are deprived of effective six-
membered ring H-bonding interaction because of the misalign-
ment of their H-bonding sites, although the C-terminal Ant
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Figure 3. DMSO-d; NMR titration/CDCl; dilution plots of the oligomers. (a) DMSO-dg titration plot of tetrapeptide 2a; (b) DMSO-d, titration plot of
pentapeptide 2e; (c) CDCl; dilution plot of pentapeptide 2e; (d) DMSO-d; titration plot of octapeptide 3a. Note: The assignments of the amide NHs should
be from the N-terminal of the peptides, according to the molecular structures given in Scheme 1. DMSO-d; (5 uL) was used for each addition in all titration
experiments. The initial concentration of the sample in CDCl; was 10 mM, and the total amount of DMSO-ds used was 8.3% of the total volume.
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Figure 4. Representative CD spectra of Pro-Ant oligomers: tetrapeptide
2a, pentapeptide 2e, hexapeptide 2f, and octapeptide 3a, in acetonitrile.
All spectra were recorded at 298 K with a concentration of 0.2 mM.

residue clearly retains such an interaction owing to the absence
of a successive Pro residue.

Figure 5. Structural architecture of oligomers 2g (left) and 3b (right)
displaying C9 helical turns at the HF/6-31G* level of ab initio MO theory.
Hydrogens, other than at the hydrogen bonding sites, have been omitted
for clarity.
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The conformational analysis on the octapeptide 3a containing
a N-terminal ‘BOC-Pro residue at the same approximation levels
provided two energetically nearly equivalent conformers, which
differ only by a cis or trans orientation of the N-terminal
carbamate carbonyls (Figure S29, SI p S84). In the gas phase,
the trans conformation is slightly favored, in an aqueous
environment the cis conformation (Tables S21 and S22 in the
SI p S83). The possibility of these conformational alternatives
was clearly shown in the NMR studies by the multiple signals
mainly arising from the N-terminal Pro residues. As already
mentioned, such conformational flipping could be effectively
circumvented by capping the N-terminal with a pivaloyl group®
as seen in 3b (Figure 5, right). Interestingly, the pentapeptide
2e containing a N-terminal BOC-Ant residue also displayed two
structural alternatives according to ab initio studies (Figure S28,
SI p 84).* The octapeptide 3b, having diagonally placed similar
residues in the right-handed helical framework, clearly replicates
the turn structures observed in the crystal structure of its shorter
analogue 2b. The averaged hydrogen bonding geometry of the
C9 pseudo f-turns in 3b is characterized by the bond distances
d(N...0) = 32 A and d(H...0) = 2.2 A, and the bond angle
(N—H...O) = 169°. These data are in fair agreement with the
crystal structure parameters of 2b given above and confirm the
reliability of the theoretical predictions.

A helix type with only nine-membered hydrogen-bonded
repeating rings arising from nearest-neighbor (1—2) interactions
was not found in o/f3-hybrid peptides until now. Nine-membered
hydrogen-bonded rings formed by 1—2 amino acid interaction
occur in mixed or -helices of o/3-hybrid peptides, where they
alternate with 11-membered hydrogen-bonded pseudocycles
resulting from 4—1 backward interactions.'® Mixed helices
are excluded in the present case due to the absence of the amide
hydrogen in the proline residue. Thus, only one hydrogen-
bonded ring type is possible. The alternative with only 11-
membered rings,'® is obviously prevented by the rigid planar
structure of the Ant residues. Hints for a turn with a 9-membered
ring in an o/f-hybrid peptide sequence were obtained in the
Seebach group.'”

Role of Pro in the C9 Turn Formation. To investigate the
role of the Pro residue in the C9 turn formation, we synthesized
the oligomers 4 and 5 featuring Ala and Aib residues as
substitutes of Pro (experimental details in SI). Whereas Ala is
a conformationally flexible analogue of Pro, Aib is considerably
constrained with a dihedral angle preference different from
proline. *° Interestingly, the crystal structure studies indicated
no C9 turn formation in the oligomers 4 and 5 containing the
Pro substitutes (Figure 6a,b). They revealed that the amide NHs

(33) (a) Wu, Y.-D.; Wang, D.-P. J. Am. Chem. Soc. 1998, 120, 13485—
13493. (b) Wu, Y.-D.; Wang, D.-P. J. Am. Chem. Soc. 1999, 121,
9352. (c) Zanuy, D.; Aleman, C.; Mufioz-Guerra, S. Int. J. Biol.
Macromolecules 1998, 23, 175. (d) Mohle, K.; Hofmann, H.-J. J. Pept.
Res. 1998, 51, 19. (e) Mohle, K.; Giinther, R.; Thormann, M.; Sewald,
N.; Hofmann, H.-J. Biopolymers 1999, 50, 167-184. (f) Giinther, R.;
Hofmann, H.-J. Helv. Chim. Acta 2002, 85, 2149-2168. (g) Baldauf,
C.; Giinther, R.; Hofmann, H.-J. Helv. Chim. Acta 2003, 86, 2573—
2588. (h) Beke, T.; Csizmadia, I. G.; Perczel, A. J. Comput. Chem.
2004, 25, 285. (i) Baldauf, C.; Giinther, R.; Hofmann, H.-J. Biopoly-
mers 2005, 80, 675-687. (j) Baldauf, C.; Giinther, R.; Hofmann, H.-
J. Phys. Biol. 2006, 3, S1—S9. (k) Buffeteau, T.; Ducasse, L.; Poniman,
L.; Delsuc., N.; Huc, 1. Chem. Commun. 2006, 2714-2716. (1)
Kendhale, A. M.; Gonnade, R.; Rajamohanan, P. R.; Hofmann, H.-J.;
Sanjayan, G. J. Chem. Comm. 2008, 2541-2543.

(34) An alternate closely related conformation with comparable energy is
possible for 2e, wherein the N-terminal Ant-Pro segment is devoid of
a C9 turn conformation but retains C9 turn in the middle region (pp
S84 in the Supporting Information).
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Figure 6. Crystal structures of the shorter analogues 4 (a), 5 (b), and 6 (c)
(right) along with their molecular structures (left). Hydrogens, other than
at the hydrogen bonding sites, have been omitted for clarity in the crystal
structures.

of the Antl residue are clearly involved in strong intramolecular
six-membered-ring hydrogen bonds with H-bond geometries for
Antl in 4 corresponding to bond distances d(N...O) = 2.7 A
and d(H...O) = 2.0 A and a bond angle (N—H...O) = 137°).
For Antl in 5, the bond distances are d(N...O) = 2.69 A and
d(H...0) = 2.0 A, and the bond angle is (N—H...O) = 135°. It
may be recalled that the S(6)-type interaction was weaker in
2b owing to the C9 turn, as evident from the H-bond geometry
with the distances d(N...0) = 3.1 A and d(H...0) = 2.7 A and
the bond angle (N—H...O) = 112°. The C-terminal Ant3 residues
in 4 and 5 keep also the geometries for S(6)-type intramolecular
H-bonding interactions and exhibit the bond distances d(N...O)
2.66 A and d(H...0) = 2.02 A and the bond angle (N—H...O)
= 130° for 4 and d(N...0) = 2.65 A and d(H..O) = 1.93 A
and the bond angle (N—H...O) = 139° in 5 in fair agreement
with the values in 2b given above. It becomes clear from the
crystal structures that the NH and CO groups of the central
amino acids in both 4 and 5 are pointing away from the
backbone. This facilitates their participation in intermolecular
hydrogen bonding (Figure S27, p S81 of SI). Comparison of

(35) (a) a-Amino isobutyric acid (Aib) is considerably conformationally
restricted, with an allowed conformation range largely lying in the
region ¢ = £60° and 1 = £30°; see: Prasad, B. V. V.; Sasisekharan,
V. Macromolecules 1979, 12, 1107-1110. (b) Prasad, B. V.V,
Balaram, P. CRC Crit. Rev. Biochem. 1984, 16, 307-348. (c) Karle,
1. L.; Balaram, P. Biochemistry 1990, 29, 6747-6756. (d) Balaram, P.
Curr. Opin. Struct. Biol. 1992, 2, 845-851. (e) Toniolo, C.; Crisma,
M.; Formaggio, F.; Peggion, C. Biopolymers 2002, 60, 396-419. (f)
Kaul, R.; Balaram, P. Bioorg. Med. Chem. 1999, 7, 105-117. (g)
Srinivas, D.; Gonnade, R.; Ravindranathan, S.; Sanjayan, G. J. J. Org.
Chem. 2007, 72, 7022-7025.
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the ¢, ¥ dihedral angles of the o-amino acid residues in 4, 5,
and 2b gives a realistic picture of the requirements for
appropriate dihedral angles of o-amino acid residues in the
formation of the C9 turn. The crystal structure data for the ¢,
Y dihedral angles of the Pro residue involved in the C9 turn
formation of 2b are ¢p,,; = —63° and YPp; = +169°. These
values differ considerably from the dihedral angles of the Ala
and Aib residues in 4 and 5, which are ¢, = —103°, Y, =
—=3°% and ¢ ap = —52°, Yap = —39°, respectively. The ¢, y
values for the Aib residue correspond to those in SIII-turns or
310-helices, which are preferred by this constrained a-amino
acid.*® These findings suggest that the dihedral angles ¢ and v
of the a-amino acids play a crucial role in the conformational
bias for the stabilization of the (1—2)-type pseudo [-turn
conformation with nine-membered rings.

Interestingly, the model peptide 6 having an Ant residue
preceding a Pro-Gly dipeptide, which is well-known for its
ability to induce SII-turns in peptides and proteins,?-° did not
show any folded conformation, which suggests that issues other
than steric and dihedral angles might also be involved in the
stabilization of the unusual (1—2)-type nine-membered-ring
pseudo B-turn conformation described herein.>’ As in 4 and 5,
Antl in 6 was found to be clearly involved in six-membered
H-bonding interactions. The corresponding bond distances are
d(N...0) = 2.79 A and d(H...0) = 2.13 A and the bond angle
is (N—H...O) = 133°). Furthermore, the carbonyl of Antl in 6
also participates in SII-turn formation (Figure 6¢).>*

Summary. In conclusion, o/f-hybrid peptides consisting of
L-Pro-Ant motifs adopt an unusual right-handed helical structural
architecture, displaying a pseudo $-turn conformations with nine-
membered hydrogen-bonded rings. The hydrogen bonds are formed
in the forward direction of the sequence by 1—2 amino acid
interactions. This structure is in stark contrast to the extended sheet
structure reported for oligo-anthranilamides.'® The intrinsic con-
formational bias of the individual amino acids Pro and Ant helps
the oligomer backbone to adopt the folded conformation. This
becomes evident by a comparison between the structure of the Pro-
Ant oligomers and some peptide analogues. The requirement of
Pro as a determining amino acid for the formation of such a
structural architecture suggests that steric and dihedral angle
constraints play a key role in the stabilization of the folded
conformation.” These findings help to design novel conforma-
tionally restricted structures taking profit from the steric and
dihedral angle constraints of the selected amino acids. This
increases the conformational space available for synthetic oligomer
design with diverse backbone structures. The ease of synthesis and
the simplicity of the backbone are attractive features of these hybrid
oligomers whose structural architecture could be modulated by
altering the chirality'>*° of the proline residues, which is a subject
of current investigations in these laboratories.

Experimental Section

Single Crystal X-ray Crystallographic Studies. Crystal
Data. Data for the compounds 4—6 were collected at T = 293 K,

(36) (a) Levitt, M. Biochemistry 1978, 17, 4277-4285. (b) Brahmachari,
S. K.; Rapaka, R. S.; Bhatnagar, R. S.; Ananthanarayanan, V. S.
Biopolymers 1982, 21, 1107-1125. (c) Raghothyama, S. R.; Awasthi,
S. K.; Balaram, P. J. Chem. Soc., Perkin Trans. 2 1998, 137-143.

(37) Interestingly, a crystal structure of a small dipeptide Boc-Ant-D-Pro-
OMe shows only S(6)-type H-bond interaction; see: ref 22a.

(38) (a) Woolfson, D. N.; Williams, D. H. FEBS Lett. 1990, 277, 185—
188. (b) Chang, D.-K.; Cheng, S.-F.; Trivedi, V. D.; Lin, K.-L. J.
Struct. Biol. 1999, 128, 270-279. (c) Cordes, F. S.; Bright, J. N.;
Sansom, M. S. P. J. Mol. Biol. 2002, 323, 951-960.

on SMART APEX CCD Single Crystal X-ray diffractometer using
Mo Ko radiation (1 = 0.7107 A), crystal data of 2b were collected
at 120 K on a Bruker SMART CCD 6000 diffractometer using the
same radiation. The structures were solved by direct methods using
SHELXTL. All the data were corrected for Lorentz polarization
and absorption (except 2b) effects. SHELX-97 (ShelxTL) was used
for structure solution and full matrix least-squares refinement on
F?. Hydrogen atoms were included in the refinement in the riding
mode. The refinements were carried out using SHELXL-97.

Crystal Data for 2b. Prismatic crystals of 2b were obtained
from a mixture of methanol with PEG-200. A small piece (0.24 x
0.17 x 0.07 mm?®) of a large prism has been used for the data
collection. C,9H34N4O7, 0.5 H,O, M = 559.61, monoclinic, space
group P2y, a = 9.6923 (5) A, b = 9.4608 (4) A, ¢ = 15.6706 (7)
A, B=93.158(2)°, V = 1434.76 (12) A%, F(000) = 594, Z =2, D,
=1.295 mg m™3, u = 0.094 mm~' (Mo Ko, A = 0.71073 A), T
= 120(2) K. 17 934 reflections (1.30 < 6 < 29.0°) were collected
(w-scan, 0.3°/frame) yielding 4027 unique data (Rpere = 0.1064).
Final wR,(F?) = 0.0949 for all data (375 refined parameters),
conventional R(F) = 0.0411 for 5539 reflections with I > 20, GOF
= 0.960.

Crystal Data for 4. Single crystals of 4 were grown by slow
evaporation of the mixture of ethyl acetate and pet. ether. A
colorless needle of approximate size 0.41 x 0.28 x 0.08 mm® was
used for data collection. Multiscan acquisition. Total scans = 3,
total frames = 1271, Oscillation/frame —0.3°, exposure/frame =
15.0 s/frame, 0 range = 2.51° to 25.00°, completeness to 0 of 25.0°
is 99.9%. SADABS correction applied, Cy3HpsN,Os, M = 440.49.
Crystals belong to monoclinic, space group P2,/n, a = 15.219 (1)
A, b=9.4069(6) A, c = 16.268(1) A, = 101.440(1)°. V = 2282.6
(3) A3, Z=4, D, = 1.282 mg m~3, u(Mo Ky) = 0.092 mm™',
11 233 reflections measured, 4016 unique [/ > 20(/)], R value
0.0433, wR, = 0.1039.

Crystal Data for 5. Colorless plate crystals of the compound
were grown by slow evaporation of methanol. A crystal size of
0.52 x 0.20 x 0.17 mm? was used for data collection. Multiscan
data acquisition. Total scans = 4, total frames = 2199, Oscillation/
frame —0.3°, exposure/frame = 15.0 s/frame, 6 range = 2.39° to
25.00°, completeness to 6 of 25.0° is 100.0%. SADABS correction
applied, C,4HN306, M = 455.50. Crystals belong to orthorhombic,
space group Pna2,, a = 10.1637(6) A, b = 15.6505(8) A, ¢ =
15.0116(9) A, V=12387.9(2) A%, Z= 4, D, = 1.267 mg m 3, u(Mo
Ko) = 0.092 mm™!, 19 877 reflections measured, 4192 unique [/
> 20(D)], R value 0.0354, wR, = 0.0821.

Crystal Data for 6. Single crystals of the compound were grown
by slow evaporation of the solution mixture of methanol and DCM.
Colorless plate of approximate size 0.22 x 0.18 x 0.09 mm? was
used for data collection. Multiscan data acquisition. Total scans =
3, total frames = 1271, Oscillation/frame —0.3°, exposure/frame
= 15.0 s/frame, 6 range = 2.40° to 25.00°, completeness to 6 of
25.0° is 100.0%. SADABS correction applied, Coo0HysN,Os, M =
404.46. Crystals belong to the orthorhombic, space group Pbca, a
= 10.867 (1) A, b = 16.478 (3) A, c = 24.053 (2) A, V =4306.9
(10) A3, Z=8,D = 1.248 g cm™3, . = 0.091 mm™"', F(000)=
1728, 20 702 reflections measured, 3796 unique [/ > 20(/)], R =
0.0768. Rw = 0.1355.

CD Spectra. The CD spectra were obtained with a Jasco J-815
spectropolarimeter. Rectangular fused quartz cells of 0.1 cm path
length were used, with the sample as a 200 uM solution in
acetonitrile. The values are expressed in mean residue ellipticity
[0)/n (deg cm ™2 dmol ).

Quantum Chemical Calculations. Geometry optimizations of
various conformational alternatives of 2b,e,g and 3a,b were

(39) (a) Sharma, G. V. M.; Ravinder Reddy, K.; Radha Krishna, P.; Ravi
Sankar, A.; Narsimulu, K.; Kiran Kumar, S.; Jayaprakash, P.;
Jagannadh, B.; Kunwar, A. C. J. Am. Chem. Soc. 2003, 125, 13670-
13671. (b) Sharma, G. V. M.; Ravinder Reddy, K.; Radha Krishna,
P.; Ravi Sankar, A.; Jayaprakash, P.; Jagannadh, B.; Kunwar, A. C.
Angew. Chem., Int. Ed. 2004, 43, 3961-3965.
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performed at the HF/6—31G*, DFT/B3LYP/6—31G*, and PCM//
HF/6—31G* levels of ab initio MO theory employing the Gauss-
ian03 software package.*'The backbone torsion angles and total
energies of the preferred conformations are given in the Supporting
Information.

Experimental Procedures. tert-Butyl 2-(2-(methoxycarbon-
ylhphenylcarbamoyl)pyrrolidine-1-carboxylate 1a. A solution
containing Boc-proline (4 g, 18.6 mmol, 1 equiv) and Ant-OMe
(2.8 g, 18.6 mmol, 1 equiv) in dry acetonitrile (30 mL) was cooled
to 0 °C. TBTU (7.16 g, 22.4 mmol, 1.2 equiv) was added followed
by DIEA (4.8 mL, 27.8 mmol, and 1.5 equiv). The reaction mixture
was stirred at 0 °C for 10 min and at room temperature for 12 h.
The reaction mixture was stripped off the solvent under reduced
pressure, the residue was taken in dichloromethane and the organic
layer was washed sequentially with potassium hydrogen sulfate
solution, saturated sodium bicarbonate, and water. The organic layer
was dried over anhydrous Na,SO, and evaporated under reduced
pressure to get the crude product which on purification by column
chromatography (80:20 pet. ether/ethyl acetate, Ry 0.3) afforded
1a as a waxy liquid (5.8 g, 90%). [a]*p: —127.3° (¢ 0.11, CHCl,);
IR (CHCl3) v (cm™1): 3269, 2984, 2941, 2908, 2878, 1738, 1703,
1587, 1529, 1450, 1371, 1240, 1047; 'H (200 MHz, CDCl;) 6:
11.57 otamer (0.45H), 11.47,5amer (0.55H), 8.77—8.73 (d, J = 8.3 Hz,
1H), 8.03—8.0 (d, J = 7.58 Hz, 1H), 7.57—7.50 (t, J = 7.35 Hz,
1H), 7.12—=7.05 (t, J = 7.54 Hz, 1H), 4.44,0tamer (0.45H), 4.3 1 01amer
(0.55H), 3.89 (s, 3H), 3.68 (m, 2H), 2.18 (m, 2H), 1.91 (m, 2H),
1.49tamer (4H), 1.33,0tamer (SH); *C (100 MHz, CDCls) 6: 172.4,
168.2, 154.3, 141.2, 140.9, 134.6, 131.0, 130.7, 122.7, 120.3, 120.1,
115.3,80.3, 62.7, 62.1, 52.4, 52.1, 47.2, 46.8, 31.5, 30.5, 28.4, 28.2,
24.4,23.8; ESI Mass: 349.09 (M + H)™, 371.07 (M + Na)*, 387.05
(M + K)*. Anal. Calcd for C;sH,4,N,Os: C, 62.05; H, 6.94; N, 8.04.
Found: C, 62.20; H, 7.02; N, 7.92.

2-(1-(tert-Butoxycarbonyl)pyrrolidine-2-carboxamido)benzo-
ic Acid 1b. To a solution of 1la (2 g, 5.7 mmol, 1 equiv) in
methanol (15 mL) LiOH+-H,0 (0.49 g, 11.5 mmol, 2 equiv) in
water (6 mL) was added, and the reaction mixture was stirred
for 12 h. After complete consumption of the starting material,
the solvent was evaporated under reduced pressure, and the free
acid was liberated by treating with aq. potassium hydrogen
sulfate solution followed by extraction with dichloromethane (2
x 25 mL). The residue obtained after evaporation of the solvent
under reduced pressure was carried forward for the next reaction,
without further purification.

Methyl 2-(Pyrrolidine-2-carboxamido)benzoate, Hydrochlo-
ride Salt 1c. To an ice cold solution of 1a (2.2 g, 6.3 mmol) in
dry ether (10 mL) dry HCI gas was passed for 10 min. The solvent
was stripped off under reduced pressure, and the residue was
dried in KOH desiccator overnight. The crude product was used
for the next step without further purification.

tert-Butyl 2-(2-(2-(2-(methoxycarbonyl)phenylcarbamoyl)-
pyrrolidine-1-carbonyl) phenyl carbamoyl)pyrrolidine-1-car-
boxylate 2a. The acid 1b (1.6 g, 4.8 mmol, 1 equiv) was coupled
with amine 1c¢ (1.36 g, 4.8 mmol, 1 equiv) using TBTU (1.84 g,
5.7 mmol, 1.2 equiv) and DIEA (2 mL, 12 mmol, 2.5 equiv).
Workup, as described in the case of 1a, followed by column
chromatographic purification (eluent: pet. ether/ethyl acetate: 40:
60, R;0.6) yielded 2a (2.1 g, 78%); fluffy solid, mp: 68—70 °C,
[a]*°p: —130° (¢ 1, CHCl3); IR (CHCl3) v (em™') 3271, 3016,
2980, 1693, 1682, 1589, 1526, 1452, 1393, 1267, 1215, 1164,
1089; 'H (400 MHz, CDCls) 6: 11.57 (s, 1H), 9.93 (s, 1H), 8.75
(bs, 1H), 8.490tamer (0.5H), 8.4 1 otamer (0.5H), 8.03—8.01 (d, J =
6.91 Hz, 1H), 7.74 (d, J = 7.75 Hz, 1H), 7.55 (m, 1H), 7.43
(bs, 1H), 7.13—7.07 (m, 2H), 4.86 (m, 1H), 4.43,amer (0.5H),
4.2610tamer (0.5H), 3.92 (s, 3H), 3.83—3.79 (m, 1H), 3.63—3.33
(m, 3H), 2.46—2.39 (m, 2H), 2.21—-2.13 (m, 2H), 2.10—2.02
(m, 2H), 1.91—1.87 (m, 2H), 1.48samer (4H), 1.35:0amer (SH);
3C NMR (125 MHz, CDCl;) o: 171.6, 170.7, 169.7, 168.7,
154.0, 141.2, 136.7, 134.6, 134.3, 131.4, 130.8, 128.0, 122.7,
121.7, 120.4, 115.2, 79.9, 62.2, 61.5, 52.4, 50.5, 47.16 46.65,
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31.39 30.22, 30.01, 28.3, 25.4, 24.3, 23.8; ESI-MS m/z: 565.47,
(M+H)*, 587.46 (M + Na)*, 603.44 (M + K)*; Anal. Calcd
for C30H3cN4O7: C, 63.82.; H, 6.43.; N, 9.92. Found: C, 63.98.;
H, 6.46.; N, 9.82.

2-(1-(2-(1-(tert-Butoxycarbonyl)pyrrolidine-2-carboxamido)-
benzoyl)pyrrolidine-2-carboxamido)benzoic Acid 2b. Compound
2a (0.8 g, 1.4 mmol, 1 equiv) was subjected to ester hydrolysis
with 2 N LiOH solution in MeOH. The progress of the ester
hydrolysis was monitored by TLC. After the complete consump-
tion of ester (12 h), the solvent was evaporated under vacuum,
and the free acid was liberated by treating with aq. potassium
hydrogen sulfate solution followed by extraction with dichlo-
romethane (2 x 25 mL). The residue obtained after evaporation
of the solvent under vacuum was carried forward for the next
reaction. Crystals, suitable for single crystal analysis, could be
obtained by crystallizing a small amount of the residue from
methanol containing a few drops of PEG 200. Mp: 180—181
°C; IR (CHCl3) v (em™") 3211, 3015, 2980, 1686, 1589, 1526,
1452, 1398, 1296, 1217, 1163, 1088, 1045; ESI Mass: 551.05
M + H)*, 573.03 (M + Na)*, 589.0 M + K)*.

Methyl 2-(1-(2-(Pyrrolidine-2-carboxamido)benzoyl)pyrroli-
dine-2-carboxamido)benzoate 2c. The tetrapeptide 2a (1.1 g, 1.9
mmol) was subjected to N-BOC deprotection using DCM/TFA
(50%, 10 mL). After completion of the reaction (1 h), the reaction
mixture was stripped off the solvent, neutralized with saturated
sodium bicarbonate solution, and diluted with dichloromethane
(10 mL), and the product was repeatedly extracted into dichlo-
romethane (2 x 15 mL). The crude product, obtained after
evaporating the solvent under reduced pressure, was used for
the next step without further purification.

Methyl 2-(1-(2-(1-Pivaloylpyrrolidine-2-carboxamido)ben-
zoyl)pyrrolidine-2-carboxamido) Benzoate 2d. A solution con-
taining the tetrapeptide 2a (0.5 g, 0.8 mmol) in dichloromethane
(5 mL) was subjected to Boc deprotection using DCM/TFA
(50%, 2 mL). After completion of the reaction (1 h), the reaction
mixture was stripped off the solvent, neutralized with saturated
sodium bicarbonate solution, and diluted with dichloromethane
(10 mL), and the product was extracted into an organic layer (2
x 15 mL). The organic layer was dried over anhydrous sodium
sulfate, evaporated, and dried, and the residue obtained was taken
in dry dichloromethane (10 mL). The reaction mixture was
cooled to 0 °C, pivaloyl chloride (0.13 mL, 1 mmol, 1.2 equiv)
was added followed by Et;N (0.25 mL, 1.8 mmol, 2 equiv), and
the reaction mixture was allowed to stir at room temperature
for 4 h. The reaction mixture was diluted with more dichlo-
romethane (10 mL) and washed sequentially with potassium
hydrogen sulfate solution, sat. sodium bicarbonate solution, and
water. The organic layer was dried over anhydrous sodium
sulfate, and the crude product obtained on removal of solvent
under reduced pressure was subjected to column purification
(eluent 70% AcOEt/pet. ether, R;0.3) yielding 2d (0.43 g, 88%),
mp: 83—85 °C; [a]*p: —76.36 ° (¢ 0.55, CHCI;); IR (v) CHCl;
(cm™1) 3275, 3016, 1697, 1686, 1624, 1589, 1526, 1508, 1452,
1406, 1298, 1265, 1215, 1164, 1143, 1091; 'H (400 MHz,
CDCl3) 6: 11.57 (s, 1H), 9.74 (s, 1H), 8.75—8.73 (d, J = 8.51
Hz, 1H), 8.44—8.42 (d, J = 8.51 Hz, 1H), 8.06—8.03 (dd, J =
1.24 Hz, 8.11 Hz, 1H), 7.67—7.65 (d, J = 7.70 Hz, 1H),
7.56—7.52 (t, J = 7.84 Hz, 1H), 7.42—7.38 (t, J = 7.70 Hz,
1H), 7.12—=7.05 (m, 2H), 4.82—4.79 (m, 1H), 4.69—4.66 (m,
1H), 3.92 (s, 3H), 3.86—3.80 (m, 1H), 3.78—3.73 (m, 1H),
3.69—3.63 (m, 1H), 3.61—3.56 (m, 1H), 2.48—2.40 (m, 1H),
2.23—1.82 (m, 8H), 1.29 (s, 9H); 1*C NMR (100 MHz, CDCls)
0:177.5, 171.5,170.9, 169.5, 168.7, 141.2, 136.8, 134.5, 131.0,
130.8, 127.7, 124.1, 122.8, 122.7, 121.6, 120.3, 151.2, 63.5, 62.3,
52.4,50.4, 48.4, 40.0, 30.0, 27.4, 25.4; ESI MS: 549.36 (M +
H)*, 571.35 (M + Na)™, 587.32 (M + K)*. Elemental analyses
calculated for C30H3N4Og: C, 65.68; H, 6.61; N, 10.21. Found:
C, 65.90; H, 6.49; N, 10.05.
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Methyl 2-(1-(2-(1-(2-(tert-Butoxycarbonylamino)benzoyl)pyr-
rolidine-2-carboxamido)benzoyl) pyrrolidine-2-carboxamido)-
benzoate 2e. Boc-Ant-OH 8 (0.24 g, 1 mmol, 1 equiv) was coupled
with 2¢ (0.5 g, 1 mmol, 1 equiv) using TBTU (0.385 g, 1.2 mmol,
1.2 equiv) and DIEA (0.4 mL, 2.5 mmol, 2.5 equiv). Workup, as
described in the case of 1a, followed by column chromatographic
purification (eluent: pet. ether/ethyl acetate: 40:60, R, 0.6) yielded
the pentapeptide 2e (0.49 g, 72%); as a fluffy solid, mp: 116—118
°C; [0]*p: —108° (¢ 0.5, CHCl3); IR (CHCI3) v (cm™") 3273, 3018,
2995, 1724, 1686, 1624, 1589, 1522, 1452, 1412, 1393, 1298, 1267,
1248, 1219, 1092, 1047; 'H (400 MHz, CDCl3) 6: 11.55 (s, 1H),
10.15 (s, 1H), 8.75—8.73 (m, 2H), 8.52—8.49 (d, J = 8.04 Hz,
1H), 8.17—8.15 (d, J = 8.30 Hz, 1H), 8.04—8.02 (d, J = 6.96 Hz,
1H), 7.73—7.71 (d, J = 7.23 Hz, 1H), 7.66—7.64 (d, J = 7.50 Hz,
1H), 7.56—7.52 (m, 1H), 7.43—7.36 (m, 2H), 7.14—7.08 (m, 3H),
4.85—4.83 (m, 1H), 4.69—4.66 (m, 1H), 3.91 (s, 3H), 3.87—3.80
(m, 1H), 3.71—3.65 (m, 1H), 3.58—3.53 (m, 1H), 3.50—3.45 (m,
1H), 2.47—2.39 (m,1H), 2.37—2.30 (m,1H), 2.14—1.76 (m, 6H),
1.48 (s, 9H); '3C NMR (100 MHz, CDCl5) 6: 170.8, 170.6, 170.1,
169.6, 168.7, 153.1, 141.1, 137.6, 136.8, 134.6, 131.2, 130.9, 128.3,
127.7, 123.96, 123.1, 122.9, 122.8, 121.7, 121.4, 120.3, 120.1,
115.2, 80.1, 62.3, 61.9, 52.4, 50.7, 50.4, 30.0, 29.98, 28.3, 25.5,
25.4; ESI Mass: 684.16 M + H)*, 706.11 (M + Na)*, 722.07 (M
+ K)*. Anal. Caled for C3;H4 NsOg: C, 64.99; H, 6.04; N, 10.24.
Found: C, 65.10; H, 6.18; N, 10.16.

tert-Butyl 2-(2-(2-(2-(2-(2-(methoxycarbonyl)phenylcarbam-
oyl)pyrrolidine-1-carbonyl)phenylcarbamoyl)pyrrolidine-1-car-
bonyl)phenylcarbamoyl)pyrrolidine-1-carboxylate 2f. A solution
containing the tetrapeptide 2a (1.2 g, 2.1 mmol) in dichloromethane
(8 mL) was subjected to Boc deprotection using DCM/TFA (50%,
2 mL). After completion of the reaction (1 h), the reaction mixture
was stripped of the solvent, neutralized with saturated sodium
bicarbonate solution, and diluted with dichloromethane (10 mL),
and the product was extracted into the organic layer (2 x 15 mL).
The organic layer was dried over anhydrous sodium sulfate,
evaporated, and dried, and the residue obtained was taken in dry
acetonitrile (10 mL). The reaction mixture was cooled to 0 °C. To
this stirring solution, the acid 1b was added followed by HBTU
(1.2 g, 3.2 mmol, 1.5 equiv) and DIEA (0.76 mL, 4.2 mmol, 2
equiv). The reaction mixture was allowed to stir at room temperature
for 12 h. Workup as described in the case of tetrapeptide 2a and
purification of the crude product by column chromatographic
purification (eluent: 80% AcOEt/pet. ether, R;0.3) yielded 2f (1.24
g, 75%) as a fluffy compound; mp: 119—121 °C; [a]*’p: —85.71°
(c 1.4, CHCl3); IR (v) nujol (cm™"): 3264, 1687, 1625, 1586, 1520,
1456; 'H (400 MHz, CDCl3) 6: 11.54 (s, 1H), 10.07—10.02tamer
(1H), 9.90,0tamer (0.6H), 9.84,50amer (0.4H), 8.75—8.73 (d, J = 8.51
Hz, 1H), 8.47—8.26 (m, 2H), 8.06—8.04 (d, J = 7.96 Hz, 1H),
7.75=7.53 (m, 3H), 7.41 (b, 2H), 7.20—7.10 (m, 3H), 4.94 otmer
(0.55H), 4.87:otamer (0.45H), 4.76 (b, 1H), 4.43;0umer (0.45H),
4.27 rotamer (0.55 H), 3.93 (s, 3H), 3.87 (b, 1H), 3.69 (b, 1H), 3.55
(b, 3H), 3.34 (b, 1H), 2.45—2.36 (m, 2H), 2.25—1.8 (m, 10H),
1.46,00mer (3H), 1.3210me(6H); 3C NMR (100 MHz, CDCls) 6:
172.0, 171.9, 171.0, 170.8, 169.9, 169.6, 169.3, 169.0, 168.7, 155.0,
154.0, 141.1, 136.8, 136.4, 136.1, 135.9, 135.8, 134.5, 131.2, 130.9,
130.8, 127.95, 127.6, 127.5, 125.7, 124.95, 123.7, 123.6, 123.3,
122.9, 122.3, 122.1, 121.1, 120.8, 120.3, 115.2, 79.7, 62.1, 61.5,
61.4,61.1,52.4,50.6,50.0,47.1,46.7,31.4, 30.1, 29.9, 28 .4, 28.2,
25.4, 25.3, 24.3, 23.8; ESI MS 781.84 (M + H)", 803.84 (M +
Na)t, 819.82 (M + K)". Elemental analyses calculated for
CHygNgOo: C, 64.60; H, 6.20; N, 10.76. Found: C, 64.25; H, 6.37;
N, 11.02.

Methyl 2-(1-(2-(1-(2-(1-Pivaloylpyrrolidine-2-carboxamido)-
benzoyl)pyrrolidine-2-carboxamido)benzoyl)pyrrolidine-2-car-
boxamido)benzoate 2g. A solution containing the hexapeptide 2f
(0.5 g, 0.6 mmol) in dichloromethane (5 mL) was subjected to Boc
deprotection using DCM/TFA (50%, 2 mL). After completion of
the reaction (1 h), the reaction mixture was stripped of the solvent,
neutralized with saturated sodium bicarbonate solution, diluted with

dichloromethane (10 mL), and the product was extracted into
organic layer (2 x 15 mL). The organic layer was dried over
anhydrous sodium sulfate, evaporated, and dried, and the residue
obtained was taken in dry dichloromethane (10 mL). The reaction
mixture was cooled to 0 °C, pivaloyl chloride (0.1 mL, 0.8 mmol,
1.3 equiv) was added followed by Et;N (0.17 mL, 1 mmol, 2 equiv),
and the reaction mixture was allowed to stir at room temperature
for 4 h. The reaction mixture was diluted with more dichlo-
romethane (10 mL) and washed sequentially with potassium
hydrogen sulfate solution, sat. sodium bicarbonate solution, and
water. The organic layer was dried over anhydrous sodium sulfate,
and the crude product obtained on the removal of solvent under
reduced pressure was subjected to column purification (eluent: 90%
AcOEt/pet. ether, R, 0.3) yielded 2g (0.37 g, 75%) mp: 110—112
°C; [a]®p: —60.47° (c 0.43, CHCl,); IR (v) CHCI; (cm™!): 3286,
3018, 2880, 1695, 1686, 1636, 1623, 1618, 1589, 1541, 1531, 1522,
1518, 1508, 1473, 1452, 1437, 1416, 1296, 1267, 1215, 1164, 1143,
1091, 1047; 'H (400 MHz, CDCl3) 6: 11.52 (s, 1H), 10.01 (s, 1H),
9.66 (s, 1H), 8.73—8.71 (d, J = 8.40 Hz, 1H), 8.27—8.22 (t, J =
8.67 Hz, 1H), 8.04—8.02 (d, J = 7.42 Hz, 1H), 7.66—7.65 (d, J =
7.42 Hz, 1H), 7.57—7.52 (m, 2H), 7.42—7.34 (m, 2H), 7.18—7.08
(m, 3H), 4.86—4.83 (t, / = 7.26 Hz, 1H), 4.79—4.76 (t, J = 6.39
Hz, 1H), 4.65—4.62 (m, 1H), 3.91 (s, 3H), 3.81—3.65 (m, 4H),
3.60—3.54 (m, 1H), 3.36—3.31 (m, 1H), 2.45—2.36 (m, 2H),
2.22—1.77 (m, 10 H), 1.25 (s, 9H); '*C NMR (100 MHz, CDCl;)
0:176.96, 171.8, 171.2, 171.9, 169.4, 169.2, 168.7, 141.1, 135.97,
135.7, 134.5, 130.8, 130.7, 130.5, 127.4, 126.1, 123.7, 123.6, 122.8,
122.6, 122.4, 120.3, 115.1, 63.0, 62.1, 61.6, 52.3, 50.1, 49.9, 48.5,
38.8,30.1, 30.0, 27.3, 25.3; ESI MS 765.43 (M + H)*, 782.47 (M
+ Na)*, 737.39 (M + K)*. Elemental analyses calculated for
C4HugNgOg: C, 65.95; H, 6.33; N, 10.99. Found: C, 66.24; H, 6.15;
N, 10.78.

tert-Butyl 2-(2-(2-(2-(2-(2-(2-(2-(Methoxycarbonyl)phenylcar-
bamoyl)pyrrolidine-1-carbonyl) phenylcarbamoyl)pyrrolidine-
1-carbonyl)phenylcarbamoyl)pyrrolidine-1-carbonyl)phenyl-
carbamoyl)pyrrolidine-1-carboxylate 3a. The acid 2b (0.6 g, 1.1
mmol, 1 equiv) was coupled with amine 2¢ (0.55 g, 1.1 mmol, 1
equiv) using TBTU (0.42 g, 1.3 mmol, 1.2 equiv) and DIEA (0.48
mL, 2.7 mmol, 2.5 equiv), and the reaction was allowed to proceed
for 12 h, at room temperature. Workup, as described in the case of
1a, followed by column chromatographic purification (eluent: ethyl
acetate/MeOH: 98:2, R;0.3), afforded 3a (0.73 g, 67%) as a fluffy
solid; mp: 145—146 °C; [a]**p: —60° (c 0.2, CHCI,); IR (CHCl3)
v (cm™") 3271, 3124, 3016, 2980, 1693, 1682, 1626, 1589, 1528,
1454, 1416, 1296, 1276, 1215, 1165, 1092; 'H (400 MHz, CDCI;)
d: 11.56 (s, 1H), 10.12 (s, 1H), 10.03 (s, 1H), 9.81,0pmer (0.8H),
9.730tamer (0.2H), 8.74 (d, J = 8.31 Hz, 1H), 8.51—8.35 (m, 3H),
8.07 (d, J = 7.71 Hz, 1H), 7.70—7.47 (m, 4H), 7.46—7.32 (m,
3H), 7.25—7.10 (m, 4H), 5.05—4.7 (m, 3H), 4.48,0tamer (0.2H),
4.30;0tamer(0.8H), 3.94 (s, 3H), 3.9—3.2 (m, 8H), 2.5—1.6 (m, 16H),
1.46,00mer (3H), 1.35,0mer (6H); 3C NMR (100 MHz, CDCl;) 6:
172.13, 171.5, 168.85, 168.8, 168.7, 154.1, 141.1, 136.7, 135.9,
134.7, 130.96, 130.92, 130.6, 127.2, 127.16, 127.1, 123.98, 123.9,
122.98, 122.9, 121.7, 121.6, 121.1, 120.9, 115.3, 62. 0, 61.97, 61.37,
61.1,50.31, 49.9, 47.2,46.7, 31.3, 30.19, 30.01, 29.7, 24.9, 25.43,
25.2, 23.9; ESI Mass: 998.04 (M + H)*, 1019.99 (M + Na)*,
1035.95 (M + K)+ Anal. Calcd for C54H6()N3011: C, 6505, H,
6.07.; N, 11.24. Found: C, 65.28.; H, 6.20.; N, 11.10.

Methyl 2-(1-(2-(1-(2-(1-(2-(1-Pivaloylpyrrolidine-2-carboxa-
mido)benzoyl) pyrrolidine-2-carboxamido)benzoyl)pyrrolidine-
2-carboxamido)benzoyl) pyrrolidine-2-carboxamido)benzoate
3b. A solution containing the octapeptide 3a (0.3 g, 0.3 mmol) in
dichloromethane (5 mL) was subjected to Boc deprotection using
DCM/TFA (50%, 2 mL). After completion of the reaction (1 h),
the reaction mixture was stripped of the solvent, neutralized with
saturated sodium bicarbonate solution, and diluted with dichlo-
romethane (10 mL), and the product was extracted into the organic
layer (2 x 15 mL). The organic layer was dried over anhydrous
sodium sulfate, evaporated, and dried, and the residue obtained was
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taken in dry dichloromethane (10 mL). The reaction mixture was
cooled to 0 °C, pivaloyl chloride (0.05 mL, 0.4 mmol, 1.3 equiv)
was added followed by Et;N (0.08 mL, 0.6 mmol, 2 equiv), and
the reaction mixture was allowed to stir at room temperature for
4 h. The reaction mixture was diluted with more dichloromethane
(10 mL) and washed sequentially with potassium hydrogen sulfate
solution, sat. sodium bicarbonate solution, and water. The organic
layer was dried over anhydrous sodium sulfate, and the crude
product obtained on the removal of solvent under reduced pressure
was subjected to column purification (eluent: AcOEt, R, 0.3) to
yield 3b (0.21 g, 72%) as a fluffy solid; mp: 147.9—149.6 °C;
[a]®p: —61.90° (c 0.42, CHCls); IR (v) CHCl; (cm™Y): 3020, 1684,
1619, 1528, 1407; 'H (400 MHz, CDCl;) 6: 11.58 (s, 1H), 10.07
(s, 1 h), 9.98 (s, 1H), 9.63 (s, 1H), 9.75—9.73 (d, J = 8.07 Hz,
1H), 8.39—8.34 (m, 2H), 8.25—8.23 (d, J = 8.08 Hz, 1H),
8.07—8.05 (d, J = 8.08 Hz, 1H), 7.65—7.63 (d, J/ = 7.41 Hz, 1H),
7.60—7.54 (m, 2H), 7.45—7.34 (m, 2H), 7.45—7.34 (m, 4H),
7.22—7.11 (m, 4H), 4.92—4.83 (m, 2H), 4.77—4.70 (m, 2H), 3.94
(s, 3H), 3.84—3.67 (m, SH), 3.58—3.53 (m, 1H), 3.42—3.32 (m,
2H), 2.46—2.36 (m, 3H), 2.19—1.7 (m, 13H), 1.27 (9H); *C NMR

(40) Crystallographic data of 2b and 4—6 have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publication
no. CCDC-687326, 679457, 679458, and 679456, respectively. Copies
of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK.

(41) Frisch, M. J., et al. Gaussian03, revision B.04; Gaussian Inc.:
Pittsburgh, PA, 2003.
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(100 MHz, CDCls) o: 176.8, 171.9, 171.5, 171.2, 170.9, 169.2,
169.2, 168.9, 168.8, 141.1, 136.1, 135.7, 135.4, 134.7, 130.9,
130.85, 130.45, 130.4, 127.5, 127.4, 127.0, 126.9, 126.1, 125.2,
124.2, 123.5, 123.5, 123.0, 122.5, 122.1, 121.7, 120.3, 115.2, 63.0,
62.2,61.6,61.2,52.5,50.1,49.8, 49.7, 48.6, 38.8, 30.2, 30.12, 30.1,
29.7, 27.4, 25.4, 25.3; ESI MS 981.85 (M + H)™, 1003.86 (M +
Na)t, 1019.89 (M + K)*. Elemental analyses calculated for
C4HyNgOg: C, 66.11; H, 6.16; N, 11.42. Found: C, 65.88; H, 11.27;
N, 6.53.
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