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Abstract: New classes of o/y- and f/y-hybrid peptides have been synthesized with novel 12/10- and 11/
13-mixed helical patterns, respectively. The a/y-peptides were derived from the dipeptide repeats with
alternating arrays of L-Ala and y-Caa, (C-linked carbo-y-amino acid from b-mannose), which generated a
new 12/10-mixed helix, for the first time, without a $-amino acid. The f/y-peptides made from an alternating
arrangement of $-Caay (C-linked carbo-$-amino acid) and y-Caa) (C-linked carbo-y-amino acid from
D-xylose), on the other hand, resulted in an unprecedented 11/13-helix. The secondary structures in these
peptides have been ascertained from detailed NMR studies, and CD spectroscopy and molecular dynamics
investigations provided additional support for the structures derived.

Introduction left-handed 10/12-helices. Further, we have shown in a recent
studyf thato/-hybrid peptides with heterodimer motif repeats
generate unprecedented 9/11-mixed helices, despite having a
different backbone geometry. The 9/11-mixed helices are quite
of secondary structural diversifyoffer richness in design with ~ "OPUSt aénd were observed in oligomers as short as a tripeptide
desirable properties in the unnatural oligomers. The thrust to (0-/-®)-° The theoretical studies reported by Wu ef aind

mimic essential features of the proteins has led to the discoveryHOfmann etafindicated the mixed helices to be_ energetically
of a large variety of secondary structures in the oligomeric 1€ MOst favored secondary structures/ipeptides. More
scaffolds derived fronfi-, y-, andd-amino acids, falling in the recently, via theoretical calculations (ab initio), Hofmann &t al
domain of “foldamers® S-Peptides, the oligomers gtamino have explored th_e possibility Qf forming a variety of hglices in
acids (-aa), display numerous helices, in addition to turns and /7~ @ndB/y-peptides, from which they concluded that, in apolar

f-sheets. 10/12-Helices, with 10- and 12-membered inter-twined solvents, the 10/12- or 12/10-mixed helix is the most favored
H-bonded pseudo-rings with different H-bonded directionalities, helical structure i/y-peptides, while fo/y-peptides, because

are unique tg3-peptides. All such mixed helices reported so ©f the expansion of the H-bonded rings, the lowest energy
far contain a motif with g3-aa dipeptide repeat. Seebach et structure is a 11/13- or 13/11-helix. However, from single-crystal

al. 2 in their design, used alternatifj- and/®-amino acids to ~ X"7ay studies, Balaram et &have shown that the/y-peptides
realize a 12/10-helix, while Kessler et%afenerated the 12/ ~ Prepared from Aib-Gpn exist as a 12-helix. Inspired by these
10-helix with the dimer repeat gf-aa andj-hGly template.  [ndings, we report the synthesis ofy-peptidesl—5 (Figure

Our group utilized dipeptide repeats derived from epimeric

Diverse functions carried out by protelnare attributed to
their compact three-dimensional structures. Modifications of the
peptide backbone with new motifs, while expanding the domain
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Figure 2. Structures of peptide®—8 (lines with single arrow, H-bonding;
lines with double arrows, critical NOES).

(A) and the newy-Cagy (9),*3 while 6—8 (Scheme 2) were
synthesized fronf-Caay) (22)*4 andy-Caay (23)*° by standard
peptide coupling methods (EDCI/HOBt and DIPEA) in solution
phase.

Accordingly, y-Cag)-OMe (9, Scheme 1), on exposure to
CRCOOH in CHCI,, was converted into the saltl, which
on condensation with aci@l2 in the presence of EDCI/HOBt
and DIPEA in CHCI, afforded the dipeptidé3. Ester13, on
base-mediated hydrolysis (4 N NaOH), was converted into the
corresponding acidl4, which on further peptide coupling
furnished the tripeptidé. Acid 10, obtained by base hydrolysis
from 9, was coupled withl5 to give the dipeptidel7, which
on exposure to GJEOOH in CHCI, afforded19. The saltl9

Figure 1. Structures of peptides—5 (lines with single arrow, H-bonding;
lines with double arrows, critical NOES).

1; from L-Ala andy-Cagqy, a C-linked carbg+amino acid of
D-mannose), as the first motif devoid offaamino acid for a
12/10-mixed helix, andb/y-peptides6—8 (Figure 2; from
p-Caay andy-Cagqy), C-linked carbgs- andy-amino acids of
D-xylose), with an unprecedented 11/13-mixed helix, and their

extensive NMR. CD. and MD studies. was then coupled with acitl (prepared by base hydrolysis of
T esterl) in the presence of EDCI/HOBt and DIPEA in GEl,
Results and Discussion to afford the pentapeptid® which on hydrolysis with base (4

N NaOH) and peptide coupling of ac&d with salt19 furnished
heptapeptid&. Further coupling of acid8with salt19 afforded
the tetrapeptidd. Similarly, base-meditated hydrolysis4fave
the acid21, which on further coupling with amin&9 furnished
the hexapeptidé.

The ply-peptides6—8 (Figure 2), having a N-terminus
[-Caagy), were prepared by adopting the above procedure. Thus,

Synthesis of Peptides +8. The3-Caa and/-Caa monomers
are designed on the basis of the C-(ribofuranoside)-linked
glycine moiety present in nikkomyciri$,which are peptide
nucleoside antibiotics. From our earlier studies onfh@aa-
derived peptidés® and the mass spectral fragmentation of the
B-Caa-derived dipeptidéd, it was amply evident that the

carbohydrate side chain and the stereochemistry at the amine ) o~ i
bearing stereocenter, indeed, control the conformations in the € €Ster group id2 (Scheme 2) was saponified wi¢ N NaOH

peptides. The rigidity differences in th&“and “R’ epimeric to give acid25, which on coupling with26 (prepared by the
Caa residues play a crucial role in defining the helical €xPosure o23to CRCOOH) gave dipeptid@7. Base hydroly-
conformations, making them the preferred choice in the presentSIS Of ester27 and coupling of the resulting ac2d with the

designs. Peptide$—5 (Scheme 1) were prepared framAla

(13) See Supporting Information.
(14) Sharma, G. V. M.; Goverdhan Reddy, V.; Subahsh Chander, A.; Ravinder

(11) Barrett, A. G.; Lebold, SJ. Org. Chem1991, 56, 4875-4884. Reddy, K.Tetrahedron: Asymmetr002 13, 21-24.

(12) Srikanth, R.; Nagi Reddy, P.; Narsimha, R.; Srinivas, R.; Sharma, G. V. (15) Sharma, G. V. M.; Jayaprakash, P.; Narsimulu, K.; Ravi Sankar, A.;
M.; Ravinder Reddy, K.; Radha Krishna, P.Mass Spectron2004 39, Ravinder Reddy, K.; Radha Krishna, P.; Kunwar, A. Ahgew. Chem.,
1068-1074. Int. Ed. 2006 45, 2944-2947.
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Scheme 1. Synthesis of a/y-Peptides 1—52

NHBoc
BOCHNL’(OCH3 H;CO A AP\ WOCH;
o 0

0_0
A [L-Ala] 7§ 9 [y-Caag)]
— Boc-y-Caa;)-OH
10 R
Boc-y-Caag-OMe —— H-y-Caa)-OMe.CF3CO,H ————— Boc-L-Ala-y-Caa-OMe
b Boc-L-Ala-OH
9 11 12 13
a i.c,
—— Boc-L-Ala-y-Caag-OH » Boc-L-Ala-y-Caa)-L-Ala-OR
H-L-Ala-OMe.CF4CO,H (15)
14 1R=Me;16R=H
L}
—2 » Boc-y-Caagy-L-Ala-OH
18
C
Boc-y-Caa()-OH —>I5 Boc-y-Caay-L-Ala-OMe — H-y-Caa) L-Ala-OMe.CF;CO,H
10 17 b 19
i.c, 16 ¢
————— Boc-[L-Ala-y-Caa),-L-Ala-OR. ——— 3
2R=Me;20R=H 19
a
i.c, 19 c

18 — > Boc-[y-Cag(y-L-Ala],-OR ——> 5
4R=Me;21R=H 19

a

a Reagents and conditions: (a) aqueduN NaOH, MeOH, OC to room temperature, 2 h; (b) @EOOH, dry CHCly, 2 h; (c) HOBt (1.2 equiv), EDCI
(1.2 equiv), DIPEA (2 equiv), dry C}Cl,, 0 °C to room temperature, 4 h.

Scheme 2. Synthesis of (/y-Peptides 6—82

O  NHBoc NHBoc
.0 H;CO O\ .10
H, Hte)
5CO 0 ., )(

22 [B-Caayy] 23 [y-Caagy)]

b
—» H-p-Caayy-OMe.CF3CO.H

24
[

a
Boc-B-Caay-OMe —> Boc-B-Caa,-OH Boc-B-Caay)-y-Caay-OMe
2 25 Ha-Caay-OMe.CF,COH »

26

b
— H-p-Caa(y-y-Caay-OMe.CF;CO,H
28

b
a C
27 ——— Boc-B-Caayy-y-Caagy-OH T Boc-B-Caayy-Caag-B-Caagy-OMe

29 30

c
H-B-Caay-y-Caay-B-Caar,-OMe.CF;CO,H T Boc-[B-Caay)y-Caaglo-B-Caa-OMe
31 7
¢ b c
29Ts> Boc-[B-Caay-y-Caay|-OMe ——— H-[B-Caay-y-Caayl,-OMe.CF3COH —»29 8
6 32

a2 Reagents and conditions: (a) aqueduN NaOH, MeOH, 0C to room temperature, 2 h; (b) @EOOH, dry CHCIy, 2 h; (c) HOBt (1.2 equiv), EDCI
(1.2 equiv), DIPEA (2 equiv), dry CkCl, 0 °C to room temperature, 4 h.

salt 24 (obtained from22 by exposure to CJ£OO0H) gave Conformational Analysis

tripeptide30. Acid-mediated Boc-group deprotection3d gave

the salt31, which on coupling with acic®9 afforded penta- Recent theoretical studies by Hofmann e? ah a/y- and

peptide7. Bly-hybrid peptides indicate that, while a variety of helices in
Likewise, the peptide$ and 8 (Scheme 2) were prepared o/y-peptides resemble structures structurally those derived from

using the dipeptide acid and amine s&®sand28, respectively. p-dipeptide repeatgi/y-hybrid peptides demonstrate structural

Accordingly,29, on coupling with28, afforded the tetrapeptide  similarities with those obtainable with tripeptide repeats derived

6, which on exposure to GEOOH gave the amine sal2. from a-amino acids. The classification described by Hofmann’s

Further coupling of32 with acid 29 afforded hexapeptid8. group shows that the mixed helices obtained from these hybrid

J. AM. CHEM. SOC. = VOL. 128, NO. 45, 2006 14659
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peptides differ in subtle ways, depending upon how the H-bonds e e
in the forward and the backward directions are formed.c#pf e //‘/‘ I
peptides, when the amide proton of theresidue is involved R /// —
in a 10-membered H-bond and the amide proton ofytiz@nino ® £ / o2
acid participates in 12-membered H-bond, the helix is referred goo] o

to as a 10/12-helix. On the other hand, when the 10- and 12- % or] Y
membered rings involve the amide protons of the and Ei_gj /./'/
o-residues respectively, the secondary structure is denoted as a © 5o

12/10-helix. Likewise, iB/y-peptides, the mixed helix is termed 52] /

as an 11/13-helix when the amide protons of fhe and Y
y-residues take part in 11- and 13-membered H-bonds, respec- VOL.of DMSO-d, added (uL)
tively, whereas, if the H-bonding pattern involves the participa- 849

®
Y
1

tion of the amide proton of the-residue in the 11-membered
ring and that of theg-residue in the 13-membered ring, the helix
is referred to as a 13/11-helix. ?)
o/y-Peptides. In the TH NMR spectrum of the trimen
(Figure 1) in CDC4,13 the Ala(3) amide resonance @NH =
7.36 ppm indicated its participation in H-bonding, which was
further confirmed by solvent titration studi€AONH = 0.55
ppm), as shown in Figure 3. FerCaa(2),2Iny-c,n = 8.8 Hz
suggests C(G)N—Cy—Cp (¢,) ~ 120, while the3Jcsy—cyn
values of 8.8 and 5.1 Hz indicate the preponderance of a
structure with N-Cy—Cf—Ca. (01,) &~ —60° or 18C°. Though

the presence of strongo®1(1)/NH(2) allowed us to fix N-Co.— oK
C(O)-N (yo) =~ 120 for the Ala(l) residue, additional oo M,
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information, in the form of the characteristic nuclear Overhauser (B) Ere FTI—r—3 1
effects (NOEs), @H(1)/NH(3) and G'H(2)/NH(3), was not oE o e
sufficient to fully characterize the structure. Even though many S {od — e Ane
of these features are the critical signatures of 12/10- and 11/9- LR -~
mixed helices, to ascertain more definitive information on the 5 §§ /./'/":.—NH.s
secondary structure of, the larger peptide® and 3 were 5o P N
investigated. s2] « . . , , ,
In the pentapeptid@ (Figure 1), NH(2), NH(3), and NH(5) T Vol_(;fO(I;MSC;-sssaddfg (uL)250 300
resonances appeared at low fiefiNH > 7 ppm), while small 824
values of AONH < 0.24 ppm in the solvent titration studies o R
(Figure 3) confirm their involvement in H-bondingIyn—con e ./""/. e
= 6.0 Hz for Ala(3) suggests a preponderance of a single @) T /-fi ——y
structure with constrained C(©N—C—C(O) (¢.), Whereas the oo ;/ —e— N2
corresponding values for Ala(1) and Ala(5) of about 7 Hz may & 64 —v—NH4
either arise from a single predominant conformation or be due é 00] .
to fraying in the termini, resulting in the averaging due to 5 2] o
structures with several values @f. Strong @H(1)/NH(2) and 2 o )
CoaH(3)/NH(4) NOEs further suggest, ~ 120 for the Ala(1) o / ' . . ' .
and Ala(3) residues. Fop-Caa(2) andy-Caa(4) residues, ° % 10 10 200 20 300
3Jnn-cyn value of 9.0 and 9.5 Hz, respectively, suggest ihat Vol.of DMSG-d, added (uL)
~ 120, and theéJcsu—c,n values of 9.4 and 5.5 Hz for-Caa(4) Eg —
indicate a propensity of structures with, ~ —60° or 18C. 78 Q‘j:@—!
Due to spectral overlap, it was not possible to get individual (5) T 7%7"“‘
chemical shifts and most of the coupling constants involving S0 — v
CaH and @3H protons ofy-Caa. However, assuming that only G oo e
staggered conformations are preferred aboutCZ, NOE £ o2 .
correlations @H(2)/NH(3), NH(2)/NH(3), G’H(4)/NH(5), and G 589 o
NH(4)/NH(5) were found to support conformations with only 549 /_/' 4+ NHE
01, =~ —60°, Cy—Cp—Ca—C(0O) (U2y) ~ 60°, and G—Co— B T s o e A
C(O)—N (y,) = —12C. Such structures are also consistent with T Vol_;: EMSC;-SZE addzeo; (uL)m 300

strong C3H/@H, C4H/CGSH, and NH/C4H intra-residue NOEs

: ) . e i Figure 3. Solvent titration studies of peptidds-5.
involving sugar ring protons. The distinctive NOEs (Figure 4),

CaH(1)/NH(3), NH(2)/NH(3), GH(3)/NH(5), and NH(4)/
(16) Sfolvent tii;ation studiesfwere Icarried out bfy ?]equentigllly addin”g L;]p to 50% NH(5), along with the dihedral angles and H-bonding informa-
of DMSO-ds to 600uL of CDCl; solutions of the peptides. Small changes 4 i i i
in amide preoton ch/femical shifef(s(éNH) have beeF;\ 5sed as an indicat?on tion deduced gbove, provide comp_ell!ng e\_”dence for the
for H-bonding. presence of a right-handed 12/10-helix involving NH{8pc

14660 J. AM. CHEM. SOC. = VOL. 128, NO. 45, 2006
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3 6.7 3
& 704 &/ 60x10° |
= A -
m E ppm i 2
ppm ., = 4 E 40x10° | T
8.1 E 2 ) i
l E S 0 g 20x10° |
3 &0
8‘2 7\\\‘\H\‘H\\‘HH‘HH‘HH‘HH‘HH‘HH‘\H 8.1 % 0
4.5 4.3 4.0 8.1 7.4 6.7 3
«——&/ppm 5/ppm 20x10° - . .
Figure 4. ROESY spectrum o2. (A) NOEs GxH(1)/NH(3) and @H(3)/
NH(5) are marked as 1 and 2, respectively. (B) NOEs NH(2)/NH3 and 193 200 220 240 250
NH(4)/NH(5) are marked as 3 and 4, respectively. wavelength (nm)

CO, NH(2)-CO(3), and NH(5)-CO(2) H-bonds corresponding 794" & CD spectra of peptides—5.

to a 12/10/12-helical configuration. For NH(4NH = 6.80 . . .
_ . 27 peptide2 and GxH(2)/NH(4) and @H(4)/NH(6) in5, with very
ppm andAONH = 0.79 ppm in the solvent itration studiés low intensities. This implies that a 12/10-helix exists in methanol

reflect fraying of the peptide at the C-terminus, probably with . . . . .
. . with very low propensity. These observations are consistent with
a small population of molecules having the expected H-bond . S . . .
the suggestion of destabilization of mixed helices in polar

between NH(4) and CO(5). Nondescript value$af—cqn for
the terminal Ala residues also support this observation. Stron solvents?
bp ' 9 The CD spectr# of 1-5 (Figure 5) in MeOH (0.2 mM),

evidence for the propagation of the 12/10-helix was also with a prominent maximum at 203 nm and an extended talil

observed i3, and unequivocal evidence for a 12/10/12/10/12 with a broad peak centered around 220 nm, support the presence

H-bonding configuration was derived from the déta. of a secondary structure. These signatures resemblance those
The study was further extended to the tetrapepddand of the right-handed 12/10-mixed heR%

h i ith - he N-terminus. F . . o
exapeptidé, with y-Caa at the N-terminus. For bothrands, In the restrained molecular dynamics (MD) studies (Figure

though several amide protons show their involvement in A . ; .
H-bonding as deduced fromMNH and the solvent titration 6), constraints were denved_ from the vqlume mte_gral_s obtained
studies (Figure 3), the first, second, and next-to-last amidefmm the ROE_SY spectra using a two-spin apprommatlon. Panels
protons do not seem to have significant populations of such A and B of Figure 6 show the 2_0 lowest energy superimposed
structures of3 and 5, respectively. The root-mean-square

H-bonds. The valuélyn-c,+ > 9.0 Hz is consistent with, ~ -
. - : deviations (rmsd’s) of the backbone and the heavy atoms3 for
12C°. For4, with onl tinct H-b ton, th . . .
0. Ford, with only one distinc onded amide proton, the are 0.66 and 0.89 A (Figure 6A), respectively, while the

evidence for nucleation of a helical structure is provided by . ;
CaH(2)/NH(4), NHE)NH(4), GH(L/NH(2), and GH(3)/ corresponding values f are 0.45 and 0.58 A (_Flgure 6B_).

: 3 N The average values of the dihedral angles (excluding the residues
NH(4) NOE correlations. Fo5, *Inu-can &~ 6 Hz for Ala(2) in the C- and N-termini) ir — 694 3° — 1344
and Ala(4) (at 250.5 K), which supports the presence of a single ::_:l € —-1%%1 éoer;nlnz I_5azri¢a5°_g o 101’;'/)‘30_ d
dominant conformation about-NCa.. Strong @H(2)/NH(3) —,—(,)IOZHE 30 h' s _th ’ 2()1/.— | 5’ an_qé);
and GxH(4)/NH(5) NOEs further suggest, ~ 120 for these j_: 1° 140+ 4\:\’ 1e3:gisg°efgr5rispz?ngglivﬁuesd(_mfmj:
residues. The NOE correlationsiB(2)/NH(4), QxH()NH(). 1° 'I:he obser\’/ed dihed’ral angles’agree v’e‘:;/rl well with the
NH(S)/NH(®), NHE)NH(), GHS)NH(), and GHEY corresponding values of 62—151°, —129, 51°, —96°, and

NH(6), in addition to the information on dihedral angles and . .

H-bonds, support a 12/10-helix. FurthéNH = 6.89 ppm and EZ(;; for F:"e Sec"t”‘: rggsrt] favored ti]Z/lg.'f?e“.X (Igft-harf1|de(3) n

AONH = 0.70 ppm for NH(5) imply the presence of a sizable offmanstrecent study, however, Ih€y difier In sign, retiecting
the difference in the handedness of the helical structures.

population of structures with involvement of the amide proton . . .
in a 10-membered H-bond, indicating a putative 12/10/12/10 A comparative study on the 12/10-helices derived from the
H-bonding pattern irs ' o/y-hybrid peptides in the present work and those observed in
Fory-Caa, the valu&le_can > 9 Hz impliesy1(y)(CyH— B-peptideg® has been made and is depicted in Fig};re 7. The
’ N . AT 12/10-helix in thea/y-peptides has a pitch of6.2 A, with
Cy—C(4)—C(4)H)~ 180 for all the peptides, which is similar . ; . . .
y—CA-CAH) pep ~2.8 residues/turn and &2.2 A rise/residue, which differs

to earlier observations? The sugar ring couplings 88c1n-
~ 0 Hz, 3eorcan ~ 5.9 Hz agnd?’JCj C4Hp% 396 Hilgrgz?n slightly from the pitch of~5.7 A, 2.7 residues/turn, and 2.1 A
i " ' ' 5 ' rise/residue for the 12/10-helix jf-peptides.

conformity with the?T3 sugar pucker for the furanose ring. i X i i
Further, the NMR studiéon peptide€ and5 were carried Bly-Peptides.We have mvest@at:gli three oligomets; 8
out in methanol to understand the stability of the helices in a (Figure 2), from this class of moleculéSin the 3/y-tetrapeptide
6, two amide resonances appearé&tH > 7 ppm. Solvent

polar solvent. The NHD exchange studies carried out in = = o8 (Fi ”
CD;OD show that all the amide protons exchange fully within titration studie$® (Figure 8) show that, excluding NH(2), the
other amide resonances shift 5Y0.52 ppm, confirming their

2 h, thereby ruling out their involvement in intramolecular SRR ) ) 3
H-bonding. Similarly, changes in amide proton chemical shift participation in hydr_oge” bond|_ng. For bgthresidues;Inu-csm
> 9.3 Hz, suggesting an antiperiplanap) arrangement for

with respect to temperatureA§/AT), having a magnitude ) N
greater than 9 ppb/K, for all the amides in these peptides support:€S€ Protons, which corresponds to -€R-CA—Ca. (¢y) ~
the above observation. It is, however, worth mentioning that +29- Among thef-residues, the information on-NCA—Co.—

studies in_ CQOH found some of the distinct signatures_ of a (17) Of the two isomers observed in peptidess, the results pertaining to the
12/10-helix, like NOEs @H(1)/NH(3) and @H(3)/NH(5) in major isomer are presented (minor isomer population was less than 10%).
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Figure 6. Stereoviews of(A) peptide3 and (B) peptide5. Sugars are
replaced with methyl groups after calculations.

CO (6p) for the first residue could be easily derived from small
values of bottJcan-csn (~5 Hz), which is consistent withg
A~ 60°. This information, along with the &H(1)/NH(1) and
CaH(1)/NH(2) NOEs, permits us to assignBpro-r(1) as
having stronger NOEs with NH(1) and NH(2) compared to
CaHpro-g(1). Further, the observation of NH(1)/NH(2) and
C4H(1)/NH(2) NOE correlations suggests g-8Ca—CO—N
(yp) value in the vicinity of 0. Similar observations of NOEs
CaH(3)/NH(3), CaH(3)/NH(4), NH(3)/NH(4), and C4H(3)/
NH(4), involving the third and the fourth residues, permit
stereospecific assignment of protons ai(&) and are consistent
with 6g ~ 60°, yp ~ 0°.

For they-residues®Jun—c,n = 8.2 and 9.6 Hz for the second

Figure 7. Stereoview of the overlay of the 12/10-mixed helices of peptide
3 (a/y-peptide is indicated with ball-and-stick model) agpdpeptide
(hexapeptide off-hGly residues with N- and C-termini having acetyl and
amide groups, respectivel{dIn 3, sugars are replaced with methyl groups
after calculations.
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Figure 8. Solvent titration studies of peptidés-8.

coupling pattern could be deciphered only for a fewHCand
CBH protons. The stereospecific assignments f8H@rotons
could be made on the basis of the couplings and NOEs. The
3Jcpr—cyn values,<5.0 and>9.0 Hz, imply thatf;, ~ —60°

and fourth residues, respectively, suggesting a preponderancer 18C, such that one of the £H protons isap whereas the

of ap arrangement of NH and+@, corresponding to a value
of around 120 for ¢,. Due to spectral overlap, the detailed

14662 J. AM. CHEM. SOC. = VOL. 128, NO. 45, 2006
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Figure 9. ROESY spectrum 06. (A) NOE CyH(2)/NH(4) is marked as
1. (B) NOEs NH(1)/NH(2) and NH(3)/NH(4) are marked as 2 and 3, 194 210 230 250
tively.
respectively wavelength (nm)

and the NH and C4H of the sugar ring helped us to assign them gye 10, D spectra of peptides—8.

as PHpro-Rr), confirming 81y ~ —60°. Stereospecific assign-

ments for @H protons in they-residues were possible only A

for CaH(2) protons. One of the @H protons resonated at
2.30, with3Jcan-cpn = 4.9 and 9.1 Hz, whereas the other one
appeared ab 2.25, with3Jcan-csn = 5.2 and 6.9 Hz. These
values arise from structures with predominatély ~ 60° and
permit assigning @Hro-r) ato 2.30. Additionally, observation
of NOEs between NH(3) and both thenB8(2) and G/H(2)
protons is consistent only witél,, ~ 60° andy, ~ —12C.

A characteristic medium-range NOE (Figure 9)yH{2)/
NH(4), similar to that observed in 9/11- and 10/12-helices,
strongly supports mixed helical structure with a 13-membered
NH(4)—CO(1) H-bond. We also observed the NH(1)/NH(2) and
NH(3)/NH(4) NOEs, similar to those for the 10/12-helix
discussed above, suggesting the presence of 11-membere:
NH(1)—CO(2) and NH(3)»CO(4) H-bonds. These consider-
ations provide compelling evidence for a hitherto not reported
11/13-helix, with an 11/13/11 H-bonded arrangemen.in

For the pentapeptidé, NMR data support a structure very
similar to that for6. The low-field chemical shifts of the amide
protons and solvent titration studies show that NH(1), NH(3),
and NH(4) are H-bonded. Additionally, from largéun—csn
and3Jnn-cyn values,gg andg, are inferred to be around 120
Comprehensive information ofy, 01,, and6,, similar to that
for 6, from the couplings and the NOEs has been obtained and
is discussed in the Supporting Informati&riThe data provide
adequate support for a 11/13-mixed helix with an 11/13/11
H-bonding pattern irv.

In hexapeptide3, extensive exchange peaks in the TOCSY/
ROESY spectra preclude a detailed structural analysis. However,
in the major isomer, all amides, excluding NH(2), participate
in H-bonding (Figure 8). Additionally3Jyn-cs+ in 5-Caa and
3JnH—cyH in y-Caa, with large values, support a structure similar
to those of6 and 7. Details on other couplings were rather
difficult to obtain due to the broadening and dominance of the

F

B

Figure 11. Stereoviews of (A) peptidé and (B) peptide/. Sugars are
replaced with methyl groups after calculations.

exchange between the two rotamers. However, some of the NOE

details, like G’H(2)/NH(4), CyH(4)/NH(6), NH(1)/NH(2), and
NH(3)/NH(4), provide additional evidence for the underlying
structure. Observation of a CD spectrum very similar to that of
6 (Figure 10) further confirms the presence of an extended 11/
13-helical structure foB.

Sugar Couplings3Jc1H_CZH ~ 3.8 HZ,SJCZH_CQ,H ~ 0 Hz, and
3Jcan-can ~ 3.2 Hz, for bothB-Caa andy-Caa correspond to
the sugar puckefT,, which is similar to the earlier observa-
tions>® For S-residuesJcsn-can ~ 9 Hz, corresponding to
x1(B)(CAH—CL—C4—C4H) ~ 18C in all the oligomers. For
the second residuéJc,n—can ~ 2.8 Hz suggestgl(y)(CAH—
CB—C4—C4H) ~ |60°|.

Further, considerable destabilization of the helical structure
is indicated by the weak signatures of the helices from the NOE
data of7 in CDsOH.13 These observations are consistent with
the conclusions of Hofmann et &bn the stability of the mixed
helices in polar solvents.

For 6—8, the CD spectra are shown in the Figure 10. The
basic features are very similar to those observed forottye
peptidesl—5.

Figure 11 shows the 20 lowest energy superimposed structures
of 6 and7 from the MD studies. The rmsd’s of the backbone
and the heavy atoms f& (Figure 11A) are 0.41 and 0.61 A,
whereas for7 (Figure 11B) the corresponding values are 0.49
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and 0.92 A. The average values of the dihedral angles (excluding1249, 1168, 1040 cr; H NMR (CDCk, 303 K, 500 MHz)$ 4.90

residues at the C- and N-termini) Gnare¢s = 142+ 4°, 65 = (s, 1H, GH), 4.67 (dd, 1HJ = 3.7, 5.9 Hz, GH), 4.54 (d,J = 5.9 Hz,
66+ 2°, yp=—10+4° ¢, = 121+ 2°, 01, = —81 £ 2°, 0, CoH), 3.97 (m, 1H, GH), 3.90 (m, 1H, GH), 3.31 (s, 3H, OMe), 2.47
= 58+ 2°, andy, = —101 4+ 3°, while those for7 are¢; = (m, 2H, GH), 2.01 (m, 1H, GH), 1.89 (m, 1H, GH), 1.45 (s, 9H,

— o o . _ A Boc), 1.45 (s, 3H, Ch), 1.28 (s, 3H, Me)33C NMR (CDCh, 75 MHz)
1_4E8i4i’3€ﬂ0 ?éiﬁﬁ d 8_i_61’0‘gyi 40123i 3t’. 61( 624.6,26.0,28.4,30.7, 49.4, 54.6, 79.5, 79.8, 80.3, 85.0, 106.7, 112.7,
— 1 O2y = 4’ andy, = =4, TeSPECUVelY. 1555 178.1; HRMS (ESImz calcd for GiHaNOg (M + H)
These values agree with those for the higher energy ¥%/13  5-c" 001 tound 376.1967.

helix reporteql by Hofmanp et 8IThe helical_ parameters for Boc--Ala-y-Caag-OMe (13). A solution of9 (0.53 g, 1.34 mmol)
the 11/13-helix are-2.7 residues/turny2.2 A rise/residue, and and TFA (1 mL) in CHCl, (5 mL) was stirred at room temperature

pitch~ 5.9 A. for 2 h. After completion of the reaction, solvent was evaporated under
A comparison of the positioning and directionalities of the reduced pressure. The resultingyHzaa)-OMe-CFRCOOH (11) was

carbohydrate side chains indicates that, in tie-hybrid dried under high vacuum and used as such without any further

peptides, the methyl group ofAla is placed in the equatorial  purification.

position, whereas the backbong-©C4 (of the sugar ring) bond A solution of12 (0.21 g, 1.12 mmol), HOBt (0.18 g, 1.34 mmol),

is placed along the helix axis, while, for tiféy-peptides, the and EDCI (0.25 g, 1.34 mmol) in Gigl, (10 mL) was stirred at 0C

side chains at thé-residues are appended axially, whereas those Under a N atmosphere for 15 min, treated sequentially vithand
in the y-residues take an equatorial orientation DIPEA (0.3 mL, 2.24 mmol), and stirred for 8 h. The reaction mixture

was quenched at 8C with saturated NECI solution (10 mL). After
Conclusions 10 min, the reaction mixture was diluted with CHC10 mL) and then
washed wih 1 N HCI (10 mL), water (10 mL), aqueous saturated
The present study reports the synthesis and conformationalNaHCGQ; solution (10 mL), and brine (10 mL). The organic layer was
analysis of hybricw/y- andg/y-peptides. It presents (a) a new  dried (NaSQy) and evaporated, and the residue was purified by column
12/10-mixed helix motif ino/y-peptide without g-amino acid chromatography (silica gel, 60% ethyl acetate in petroleum ether) to
and (b) a hitherto unknown 11/13-mixed helix in t|5éy- afford 13(0.44 g, 87%) as a white solid: mp 889 °C; [o]p = +40.9
peptides. Further, our new design gives the first experimental (C 0-4 CHCH); IR (KBr) v 3353, 3325, 2987, 2926, 2881, 1740, 1668,
proof to Hofmann'd recent predictions of the secondary 1541, 1453, 1320, 1250, 1205, 1168, 1105, 1086 crH NMR
structures ina/y- and B/y-peptides. Since the mixed peptide (CDCl, 303 K, 500 MHz)d 6.24 (d, 1H.J = 8.7 Hz, NH-2), 5.03 (br
domain has been dominated Bypeptides, whereas-peptides s, 1H, NH-1), 4.87 (s, 1H, 1), 4.66 (dd, 1HJ = 3.6, 6.2 Hz, GH),
) . . L 4.53 (d, 1H,J = 6.2 Hz, GH), 4.29 (m, 1H, GH), 4.11 (m, 1H, GH),
do n_ot dlsp_lay stable_m|xe_d helices, the avallablllty_of suc_h novel 54, (dd, 1HJ = 3.6, 7.5 Hz, GH), 3.66 (s, 3H, COOMe), 3.29 (s,
motifs, which combine higher homologues @famino acids, 3H, OMe), 2.40 (m, 2H, H), 2.10 (m, 1H, GH), 1.88 (m, 1H, GH),
not only considerably enhances the repertoire of designs andy 46 (s, 3H, Me), 1.44 (s, 9H, Boc), 1.35 @= 7.0 Hz, CH), 1.28
secondary structures in the foldamer domain but also may allow (s, 3H, Me);13C NMR (CDCk, 75 MHz) 6 18.1, 24.8, 26.1, 26.8, 28.3,

for generation of new materials. 30.5, 48.7, 50.4, 51.5, 54.6, 79.8, 80.3, 85.1, 106.8, 112.8, 155.5, 172.4,
_ . 173.9; HRMS (ESI)m/z calcd for GiHaN,Og (M* + H) 461.2499,
Experimental Section found 461.2462.
NMR spectra (1D and 2D experiments) for peptides8 were Boc-_L-AIa-y-Caaﬂ)-OH (14). As described for the synthesis w,_
obtained at 500 and 600 MHZH) and at 75 and 150 MHZ!{C). a solution 0f13(0.15 g, 0.33 mmol) gav4 (0.14 g, 96%) as a white

Chemical shifts are reported i scale with respect to internal ~ Solid: mp 69-72°C; [o]p = +44.6 €0.25, CHCY); IR (KBr) » 3331,
tetramethylsilane reference. IR spectra were recorded with an FT-IR 2983, 2936, 1709, 1527, 1453, 1374, 1252, 1165, 1093;citd NMR
spectrometer between 400 and 4000t KBr pallets. Melting points ~ (CDCl, 303 K, 500 MHz)0 6.60 (d, 1H,J = 9.3 Hz, NH-2), 5.34 (br
were determined in open capillaries and were not corrected. s, 1H, NH-1), 4.87 (s, 1H, £1), 4.65 (dd, 1HJ = 3.5, 5.9 Hz, GH),
The CD spectra were obtained with a Jasco J-810 spectropolarimeter.A“54 (d, 1H,J=5.9 Hz, GH), 4.38 (m, 1H, GH), 4.21 (m, 1H, CH),
Rectangular fused quartz cells of 0.02 cm path length were used, with 3-91 (dd, 1HJ = 3.5, 7.9 Hz, GH), 3.27 (s, 3H, OMe), 2.41 (m, 2H,
the sample as a 200 mM solution in methanol. The binomial method CaH). 2.08 (M, 1H, GH), 1.89 (m, 1H, GH), 1.47 (s, 3H, Me), 1.45
was used for smoothing the spectra. The values are expressed in term&S: 9H, Boc), 1.35 (d) = 6.8 Hz, CH), 1.28 (s, 3H, Me);*C NMR
of [6], the total molar ellipticity (deg cfdmol2). (CDCl,, 75 MHz) 6 18.7, 24.9, 26.1, 26.6, 28.3, 30.8, 48.9, 50.2, 54.5,

Restrained molecular dynamics (MD) studies were carried out using 79.6, 80.1, 80.7, 85.2, }06'9' 112.9, 155.8, 173.1; HRMS (B#&1)
the INSIGHT-Il Discovet® module on an SGI workstation. The  Ccalcd for GoHaeN2Oo (M™ + H) 447.2342, found 447.2336.
constraints were derived from the volume integrals obtained from the ~ B0C+-Ala-y-Caay-L-Ala-OMe (1). According to the procedure
ROESY spectra using a two-spin approximation and the reference described forl3, a mixture of14 (0.2 g, 0.45 mmol), HOBt (0.06 g,
distance of 1.8 A for the geminal protons. The upper and lower bounds 0-> mmol), and EDCI (0.09 g, 0.5 mmol) in GEl, (15 mL) was stirred
of the distance constraints were obtained by enhancing and reducing®t 0 °C for 15 min and then treated witt5 (0.07 g, 0.5 mmol) and

the derived distance by 10%. DIPEA (0.1 mL, 0.9 mmol) under a Natmosphere for 8 h. Workup
Boc-y-Caay-OH (10). A cooled (0°C) solution of9 (0.7 g, 1.8 and pur?fication by column chromatography (silica gel, _80% gthyl
mmol) in methanol (10 mL) was treated with aqueoti N NaOH acetate in petroleum ether) afford&d0.17 g, 71%) as a white solid:

solution (2 mL) and stirred at room temperature. After 2 h, methanol MP 94~97°C; [a]o = +39.1 €0.55, CHCY); IR (KBr) » 3365, 3274,
was removed. The pH was adjusted to@with aqueos 1 N HCl 3076, 2986, 2041, 1739, 1708, 1661, 1560, 1514, 1454, 1369, 1298,

solution at 0°C, and the solution was extracted with ethyl acetate (2 1250, 1210, 1111, 1065, 1014, 973, 761, 695, 651 'citH NMR

x 10 mL). The organic layer was dried (}80;) and concentrated o~ (CDCh, 303 K, 500 MHz)0 7.36 (d, 1H,J = 6.5 Hz, NH-3), 6.62 (d,

give 10 (0.65 g, 96%) as a white solid: mp 780 °C; [o]p = +56.7 1H,J = 8.8 Hz, NH'Z)'_5'09 (d, 1HJ = 7.3 Hz, NH-1), 4.86 (s, 1H,

(c0.25, CHCH); IR (KBr) v 3364, 2980, 2934, 1712, 1514, 1451, 1371, CiH-2), 4.69 (dd, 1H) = 3.5, 5.8 Hz, GH-2), 4.53 (m, 1H, CH-3),
452 (d, 1H,J = 5.8 Hz, GH-2), 4.34 (m, 1H, GH-2), 4.11 (m, 1H,

(18) Discover, Version 2.98; Biosym Molecular Simulations: SanDiego, CA, H-Alal), 3.85 (dd, 1HJ = 3.5, 8.6 Hz, GH-2), 3.75 (s, 3H, COOMe),
1995. 3.29 (s, 3H, OMe), 2.22 (m, 1H,8-2), 2.16 (m, 1H, @H-2), 1.90
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(m, 2H, GH-2), 1.47 (d, 1H) = 7.0 Hz, CH-3), 1.37 (d, 1HJ = 7.0
Hz, CH-1), 1.45 (s, 3H, Me), 1.44 (s, 9H, Boc), 1.28 (s, 3H, M&R,
NMR (CDCl, 75 MHz) 6 17.4, 18.0, 24.7, 26.0, 26.2, 28.2, 29.7, 32.0,

3.4, 9.4 Hz, GH-2), 4.68 (dd, 1HJ = 3.4, 5.7 Hz, GH-4), 4.53 (d,
1H,J = 5.7 Hz, GH-4), 4.52 (d,1H]) = 5.7 Hz, GH-2), 4.49 (m, 1H,
CoH-5), 4.43 (m, 1H, GH-4), 4.33 (m, 1H, GH-2), 4.26 (m, 1H, GH-

48.1, 48.5,50.4,52.3,54.4,79.7, 80.1, 81.0, 85.0, 107.0, 112.7, 173.2,3), 4.19 (m, 1H, GH-1), 3.74 (s, 3H, COOMe), 3.34 (s, 3H, OMe),

156.0, 173.3; HRMS (ESIz calcd for GaHaN3O1o (MT + H)
532.2870, found 532.2886.

Boc-+-Ala-y-Cagy)-L-Ala-OH (16). As described for the synthesis
of 10, a solution ofl (0.17 g, 0.32 mmol) gavé6 (0.15 g, 94%) as a
white solid: mp 78-81 °C; [a]p = +11.9 € 0.25, CHCY}); IR (KBr)

v 3448, 2924, 2358, 1630, 1216, 1018, 761, 670%AH NMR (CDCl,
303 K, 500 MHz)6 7.08 (br s, 1H, NH-3), 6.47 (d, 1H, = 9.0 Hz,
NH-2), 5.24 (br s, 1H, NH-1), 4.86 (s, 1H.,8-2), 4.65 (dd, 1H,) =
3.5, 6.0 Hz, GH-2), 4.54 (d, 1HJ = 6.0 Hz, GH-2), 4.46 (m, 1H,
H-Ala-3), 4.33 (m, 1H, CH-2), 4.10 (m, 1H, H-Ala-1), 3.87 (dd, 1H,
J= 3.5, 8.3 Hz, GH-2), 3.28 (s, 3H, OMe), 2.36 (t, 1H,= 7.2 Hz
CyH-2), 2.28 (dd, 1H,) = 4.7, 7.2 Hz, GH-2), 2.08 (m, 1H, GH 2),
1.92 (m, 1H, GH-2), 1.46 (d, 1HJ = 7.2 Hz, CH-3), 1.46 (s, 3H,
Me), 1.44 (s, 9H, Boc), 1.35 (d, 1H,= 7.1 Hz, CH-1), 1.29 (s, 3H,
Me), 1.26 (s, 3H, Me)*C NMR (CDCk, 150 MHz) 6 14.2, 22.7,

24.7, 26.0, 28.2, 29.0, 29.3, 29.4, 29.4, 29.6, 29.7, 31.1, 32.0, 33.5,

33.6, 84.9, 96.0, 106.6, 112.8, 177.8; HRMS (E8Ig calcd for
Ca3HaoN3010 (M + H) 518.2713, found 518.2700.
Boc-y-Casgy-L-Ala-OMe (17). According to the procedure described
for 13, a mixture 0f10(0.60 g, 1.62 mmol), HOBt (0.24 g, 1.78 mmol),
and EDCI (0.34 g, 1.78 mmol) in Gi&l, (20 mL) was stirred at 0C
for 15 min and then treated with5 (0.27 g, 1.94 mmol) and DIPEA
(0.4 mL, 3.24 mmol) under a Natmosphere for 8 h. Workup and
purification by column chromatography (silica gel, 60% ethyl acetate
in petroleum ether) furnishedl7 (0.64 g, 86%) as a white solid: mp
82—85 °C; [a]p = +29.5 € 0.95, CHC}Y); IR (KBr) v 3320, 2980,
2993, 1744, 1701, 1658, 1533, 1454, 1371, 1210, 1167, 1056;cm
IH NMR (CDCls, 303 K, 500 MHz)d 6.74 (br s, 1H, NH-2), 4.89 (s,
1H, GH), 4.84 (br s, 1H, NH-1), 4.66 (dd,= 3.6, 6.0 Hz, GH), 4.57
(m, 1H, GH), 4.53 (d, 1HJ = 6.0 Hz, GH), 3.95 (m, 1H, GH), 3.84
(m, 1H, GH), 3.74 (s, 3H, COOMe), 3.30 (s, 3H, OMe), 2.33 (m, 2H,
CyH), 2.01 (m, 1H, GH), 1.85 (m, 1H, GH), 1.45 (s, 9H, Boc), 1.45
(s, 3H, Me), 1.43 (d, 3HJ = 7.3 Hz, CH), 1.28 (s, 3H, Me):C
NMR (CDCl;, 75 MHz) 6 18.2, 24.5, 25.9, 28.4, 29.0, 32.8, 48.1, 52.3,

3.29 (s, 3H, OMe), 2.23 (m, 1H,8-4), 2.21 (m, 1H, GH-2), 2.17

(M, 2H, G¢H-2, 4), 1.89-1.88 (m, 4H, GH-2, 4), 1.45 (s, 3H, Me),
1.44 (s, 9H, Boc), 1.42 (s, 3H, Me), 1.41 (d, 1Hs= 7.5 Hz, CH-3),

1.38 (d, 1H,J = 7.3 Hz, CH-5), 1.37 (d, 1H,J = 7.3 Hz, CH-1),

1.29 (s, 6H, 2 Me)23C NMR (CDCk, 75 MHz) ¢ 14.1, 16.9, 17.0,
18.1, 22.7, 24.9, 26.0, 26.1, 28.3, 29.7, 31.8, 48.3, 48.4, 50.1, 50.6,
52.3,54.2,54.4,79.5, 79.6, 80.1, 80.6, 81.5, 81.8, 85.2, 106.8, 107.0,
112.6,156.1, 173.5,173.8, 174.3, 174.7, 175.2; HRMS (Efdtalcd

for CagHeeNsO16 (MT + H) 860.4504, found 860.4489H NMR
(CDsOH, 298 K, 500 MHz)6 8.28 (d, 1H,J = 6.8 Hz, NH-5), 8.16

(d, 1H,J = 5.9 Hz, NH-3), 7.98 (d, 2HJ = 9.2 Hz, NH-2, 4), 6.72 (d,
1H,J= 6.4 Hz, NH-1), 4.77 (s, 2H, {i-2, 4), 4.73 (dd, 2H) = 3.3,

5.9 Hz, GH-2, 4), 453 (d, 2HJ = 5.7 Hz, GH-2), 4.37 (m, 1H,
C,H-5), 4.24 (m, 1H, GH-2, 4), 4.22 (m, 1H, @H-3), 4.08 (m, 1H,
C,H-1), 3.83-3.86 (dd, 2H,J = 3.3, 9.3 Hz, GH-2, 4), 3.69 (s, 3H,
COOMe), 3.28 (s, 3H, OMe), 3.27 (s, 3H, OMe), 2.29 (m, 4HHE,
4),2.05 (m, 2H, gH-2, 4), 1.63 (m, 2H, gH-2, 4), 1.43 (s, 9H, Boc),
1.42 (s, 3H, Me), 1.41 (s, 3H, Me), 1.36 (d, 2H= 7.4 Hz, CH-3,

5), 1.33 (d, 1HJ = 6.9 Hz, CH-1), 1.28 (s, 6H, 2 Me).

3
—10.5

4
—-11.0

5
—-9.0

residue 1 2
AOSIAT (ppb/K) -11.0 -11.0

Boc-[L-Ala-y-Cagy].-L-Ala-OH (20). As described for the synthesis
of 10, a solution of2 (0.1 g, 0.12 mmol) gav0 (0.09 g, 94%) as a
white solid: mp 99-102°C; [a]p = +45.3 € 0.3, CHC}); IR (KBr)
v 3447, 2924, 2854, 2362, 1739, 1630, 1536, 1379, 1236, 1026, cm
'H NMR (CDCls, 303 K, 500 MHz)6 7.54 (br s, 1H, NH-3), 7.23 (d,
1H,J = 7.9 Hz, NH-5), 7.11 (br s, 1H, NH-2), 6.65 (br s, 1H, NH-4),
5.35 (br s, 1H, NH-1), 4.86 (s, 2H,.8-2, 4), 4.68 (dd, 1HJ) = 3.7,
5.9 Hz, GH-4), 4.64 (dd, 1HJ = 3.4, 5.9 Hz, GH-2), 4.54 (d, 1HJ
= 5.9 Hz, GH-4), 4.53 (d, 1HJ = 5.9 Hz, GH-4), 4.39 (m, 1H,
C,H-4), 4.33 (m, 1H, GH-3), 4.31 (m, 1H, GH-2), 4.20 (m, 1H, GH-
1), 3.86 (dd, 1HJ = 3.5, 8.5 Hz, GH-2), 3.82 (dd, 1HJ = 3.6, 8.7
Hz, CGH-4), 3.29 (s, 3H, OMe), 3.28 (s, 3H, OMe), 2.34 (m, 2HH=

54.6, 79.3, 79.9, 80.5, 85.0, 106.7, 112.6, 156.3, 172.3, 173.5; HRMS 4), 2.26 (m, 2H, GH-2), 2.08 (m, 2H, GH), 1.86 (M, 2H, GH), 1.45

(ESI)mvz calcd for GiHaN,Og (M™ + H) 461.2499, found 461.2487.
Boc-y-Caay)-L-Ala-OH (18). As described for the synthesis b0,
a solution 0f17 (0.25 g, 0.52 mmol) gav&8 (0.23 g, 95%) as a white
solid: mp 68-71°C; [a]po = +16.4 £ 0.15, CHC)); IR (KBr) v 3323,
2981, 2935, 1697, 1657, 1532, 1454, 1371, 1211, 1106, 1049;cm
IH NMR (CDCls, 303 K, 500 MHz)d 6.83 (s, 1H, NH-2), 4.95 (br s,
1H, NH-1), 4.90 (s, 1H, &), 4.65 (dd, 1HJ = 3.8, 5.9 Hz, GH),
4.53 (d, 1HJ = 5.9 Hz, GH), 4.49 (dd, 1H, GH), 3.95 (m, 1H, GH),
3.83 (m, 1H, GH), 3.31 (s, 3H, OMe), 2.38 (m, 2H,.8), 1.97 (m,
1H, GH), 1.86 (m, 1H, GH), 1.48 (d, 3H,J = 6.9 Hz, CH;), 1.46 (s,
3H, Me), 1.44 (s, 9H, Boc), 1.28 (s, 3H, MéFC NMR (CDCk, 75
MHz) 6 17.8, 24.5, 26.0, 28.4, 29.7, 32.6, 48.6, 49.3, 54.6, 79.8, 79.8,
85.0, 106.7, 112.9, 156.7, 173.7, 175.3; HRMS (B8 calcd for
C21H35N209 (MJr + H) 4472342, found 447.2334.
Boc-[L-Ala-y-Caag].-L-Ala-OMe (2). According to the procedure
described forl3, a mixture of16 (0.15 g, 0.3 mmol), HOBt (0.04 g,
0.33 mmol), and EDCI (0.06 g, 0.33 mmol) in @€, (15 mL) was
stirred at 0°C for 15 min and then treated wit® (0.16 g, 0.35 mmol)
and DIPEA (0.8 mL, 0.6 mmol) under aIdtmosphere for 8 h. Workup
and purification by column chromatography (silica gel, 1.9% GHCI
in MeOH) afforded2 (0.18 g, 73%) as a white solid: mp 16406
°C; [ap = +124.8 € 0.3, CHC}); IR (KBr) v 3317, 3083, 2984. 2935,

(s, 6H, Me), 1.44 (s, 9H, Boc), 1.43 (d, 1B= 7.0 Hz, CH-5), 1.39

(d, 1H,J = 7.2 Hz, CH-3), 1.36 (d, 1HJ = 7.0 Hz, CH-1), 1.29 (s,

3H, Me), 1.26 (s, 3H, Me)**C NMR (CDCk, 298 K, 150 MHz)6

14.1, 16.9, 17.4, 18.4, 22.7, 24.6, 24.7, 24.8, 26.0, 28.3, 29.1, 29.3,
29.4, 29.5, 29.6, 29.7, 31.8, 32.0, 33.8, 48.5, 48.6, 49.7, 50.3, 54.4,
54.5,79.3,79.5, 79.6, 80.2, 81.4, 81.6, 85.0, 85.1, 96.1, 106.6, 106.7,
106.9, 112.6, 112.7, 112.7, 115.3, 120.3, 129.5, 156.1, 173.7, 174.3,
174.6, 175.4, 177.51; HRMS (ES#Yz calcd for GgHeaNsO16 (M +

H) 846.4348, found 846.4308.

Boc-[L-Ala-y-Caag)]s-L-Ala-OMe (3). According to the procedure
described forl3, a mixture of20 (0.07 g, 0.08 mmol), HOBt (0.04 g,
0.09 mmol), and EDCI (0.02 g, 0.09 mmol) in @&, (8 mL) was
stirred at 0°C for 15 min and then treated witt9 (0.05 g, 0.1 mmol)
and DIPEA (0.2 mL, 0.17 mmol) under a;Mtmosphere for 8 h.
Workup and purification by column chromatography (silica gel, 2.6%
MeOH in CHCE) furnished3 (0.06 g, 63%) as a white solid: mp 111
113°C; [a]p = +26.7 € 0.3, CHC}); IR (KBr) v 3420, 3086, 2925,
2854, 1742, 1650, 1552, 1458, 1376, 1263, 1209, 1167, 1097, 965,
879, 693, 514 cm; 'H NMR (CDCls, 303 K, 500 MHz)¢ 8.57 (d,
1H,J = 6.1 Hz, NH-5), 8.23 (d, 1H) = 6.0 Hz, NH-7), 8.03 (d, H,
J=6.0 Hz, NH-3), 7.76 (d, 1H) = 9.2 Hz, NH-4), 7.64 (d, 1H] =
9.2 Hz, NH-2), 6.90 (d, 1HJ = 9.6 Hz, NH-6), 5.21 (d, 1HJ = 6.5

1653, 1542, 1453, 1375, 1212, 1166, 1093, 1021, 964, 857, 761, 670,Hz, NH-1), 4.86 (s, 1H, @4-4), 4.85 (s, 2H, H-2, 6), 4.70 (dd, 1H,

514 cnt; *H NMR (CDCls, 303 K, 500 MHz)6 8.10 (d, 1H,J = 7.4
Hz, NH-5), 7.93 (d, 1H,) = 6.0 Hz, NH-3), 7.38 (d, 1HJ = 9.0 Hz,
NH-2), 6.80 (d, 1H,J = 9.5 Hz, NH-4), 5.12 (d, 1HJ = 7.7 Hz,
NH-1), 4.86 (s, 1H, GH-4), 4.85 (s, 1H, gH-2), 4.70 (dd, 1HJ =

J = 3.5, 5.9 Hz, GH-6), 4.69 (dd, 2HJ = 3.6, 5.9 Hz, GH-2, 4),
4.53 (d, 2H,J = 5.9 Hz, GH-4, 6), 4.50 (d, 1H,) = 5.8 Hz, GH-2),
4.49 (m, 1H, GH-7), 4.41 (m, 1H, GH-4), 4.40 (m, 1H, GH-6), 4.38
(m, 1H, GH-3), 4.35 (M, 1H, GH-2), 4.27 (m, 1H, GH-5), 4.25 (m,
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1H, C,H-1), 3.85 (dd, 1H,) = 3.6, 9.4 Hz, GH-2), 3.82 (dd, 1HJ =
3.5, 9.5 Hz, GH-6), 3.80 (dd, 1H,) = 3.5, 9.5 Hz, GH-4), 3.74 (s,
3H, COOMe), 3.35 (s, 3H, OMe), 3.32 (s, 3H, OMe), 3.29 (s, 3H,
OMe), 2.24 (m, 1H, @H-2), 2.23 (m, 1H, GH-6), 2.21 (m, 1H, GH-
4),2.19 (m, 1H, GH-2), 2.18 (m, 1H, GH-4), 2.15 (m, 1H, GH-6),
1.91-1.85 (m, 6H, GH-2, 4, 6), 1.45 (s, 3H, Me), 1.44 (s, 9H, Boc),
1.42 (s, 6H, 2 Me), 1.40 (d, 1H,= 6.9 Hz, CH-3), 1.37 (d, 1HJ =

7.0 Hz, CH-1), 1.36 (d, 2H,J = 7.0 Hz, CH-5, 7), 1.29 (s, 9H, 3
Me); 1*C NMR (CDClk, 75 MHz) 6 16.9, 18.3, 22.7, 24.9, 25.0, 25.3,

Hz, GH-5), 3.74 (s, 3H, COOMe), 3.31 (s, 3H, OMe), 3.30 (s, 3H,
OMe), 3.28 (s, 3H, OMe), 2.33 (m, 1H,B8-1), 2.25 (m, 1H, GH-5),

2.23 (m, 1H, GH-3), 2.12 (m, 1H, @H-3), 2.11 (m, 1H, QH-5),

1.96 (m, 1H, GH-1), 1.8%-180 (m, 6H, GH-3, 5), 1.45 (s, 9H, Boc),
1.44 (s, 6H, 2 Me), 1.40 (d, 1H,= 7.0 Hz, CH-2), 1.38 (d, 2HJ =

7.0 Hz, CH-4, 6), 1.28 (s, 3H, Me), 1.27 (s, 3H, Me), 1.26 (s, 3H,
Me), 1.20 (s, 3H, Me)**C NMR (CDCk, 75 MHz) 6 17.0, 17.7, 24.5,
24.9, 26.0, 26.1, 28.5, 29.7, 31.7, 32.6, 48.3, 49.2, 50.1, 52.3, 54.2,
54.3,54.6,79.5, 79.6, 79.8, 81.7, 85.0, 85.2, 85.3, 106.6, 106.8, 107.0,

25.4, 25.6, 25.9, 26.0, 26.1, 28.3, 29.1, 29.7, 31.6, 31.7, 48.0, 48.3,112.6, 173.0, 173.5, 173.8, 175.3; HRMS (ESHz calcd for
50.2, 50.5, 52.3, 54.3, 54.4, 79.5, 79.7, 80.1, 81.8, 82.0, 85.1, 85.2,Cs;HgsNeO21 (M* + H) 1117.5767, found 1117.5809H NMR
106.8, 107.0, 112.5, 112.6, 173.6, 174.0, 174.2, 174.3, 175.4; HRMS (CD3;OH, 303 K, 500 MHz)6 8.24 (d, 1H,J = 6.8 Hz, NH-6), 8.13

(ESI) m/z calcd for GsHooN;O2, (Mt + H) 1188.6138, found
1188.6145.

Boc-[y-Caa-L-Ala],-OMe (4). According to the procedure de-
scribed forl3, a mixture of18(0.24 g, 0.54 mmol), HOBt (0.08 g, 0.6
mmol), and EDCI (0.11 g, 0.6 mmol) in GBI, (10 mL) was stirred
at 0°C for 15 min and then treated witt® (0.29 g, 0.65 mmol) and
DIPEA (0.1 mL, 1.08 mmol) under atNatmosphere for 8 h. Workup
and purification by column chromatography (silica gel, 3% MeOH in
CHCl;) gave4 (0.30 g, 72%) as a white solid: mp 11821 °C; [a]p
= +38.3 £ 0.25, CHC}); IR (KBr) v 3313, 2983, 2937, 1653, 1541,

(d, 1H,J = 5.8 Hz, NH-4), 8.10 (d, 1HJ = 5.4 Hz, NH-2), 8.01 (d,
1H, J = 9.3 Hz, NH-5), 7.92 (d, 1HJ = 9.5 Hz, NH-3), 6.49 (d, 1H,

J = 9.2 Hz, NH-1), 4.76-4.80 (m, 6H, GH, C:H-1, 3, 5), 4.53 (d,
2H,J = 5.9 Hz, GH-3, 5), 4.52 (d, 2H,) = 5.9 Hz, GH-1), 4.37 (m,
1H, G.H), 4.24 (m, 2H, CH-3, 5), 4.23 (M, 1H, GH-2), 4.22 (m, 1H,
CoH-4), 3.88 (m, 1H, GH-1), 3.82-3.86 (m, 3H, GH-1, 3, 5), 3.69

(s, 3H, COOMe), 3.29 (s, 3H, OMe), 3.28 (s, 3H, OMe), 3.27 (s, 3H,
OMe), 2.22-2.32 (m, 6H, GH-1, 3, 5), 2.02-2.11 (M, 2H, GH-3, 5),
1.94 (m, 1H, GH-1), 1.52-172 (m, 3H, GH-1, 3, 5), 1.44 (s, 9H,
Boc), 1.42 (s, 3H, Me), 1.41 (s, 9H, 3 Me), 1.36 (m, 3H, &4 5, 6),

1454, 1375, 1211, 1166, 1095, 1049, 1021, 964, 858, 771, 588, 5141.28 (s, 3H, Me).

cm % H NMR (CDCl, 303 K, 500 MHz)d 7.57 (d, 1H,J = 6.2 Hz,
NH-4), 6.88 (d, 1H,J = 5.9 Hz, NH-2), 6.69 (d, 1HJ = 9.0 Hz,
NH-3), 4.91 (d, 1HJ = 9.2 Hz, NH-1), 4.89 (s, 1H, (i-3), 4.86 (s,
1H, GiH-1), 4.68 (dd, 1H, = 3.5, 5.9 Hz, GH-3), 4.65 (dd, 1H] =
3.5, 5.9 Hz, GH-1), 4.53 (d, 1HJ = 5.9 Hz, GH-1), 4.52 (d, 1HJ
= 5.9 Hz, GH-3), 4.51 (m, 1H, GH-4), 4.35 (m, 1H, GH-3), 4.32
(m, 1H, GH-2), 3.94 (m, 1H, GH-1), 3.85 (dd, 1H,] = 3.5, 9.4 Hz,
C4H-3), 3.84 (dd, 1H,J = 3.5, 9.2 Hz, GH-1), 3.75 (s, 3H, COOMe),
3.30 (s, 3H, OMe), 3.29 (s, 3H, OMe), 2.33 (m, 1H,HE1), 2.24 (m,
1H, GH-3), 2.16 (m, 1H, GH-3), 1.98 (m, 1H, GH-1), 1.87-1.82
(M, 4H, GH-1, 3), 1.45 (s, 9H, Boc), 1.44 (s, 3H, Me), 1.43 (d, 1H,
= 7.0 Hz, CH-2), 1.41 (d, 1HJ = 7.5 Hz, CH-4), 1.28 (s, 3H, Me),
1.27 (s, 3H, Me), 1.26 (s, 3H, Me}3C NMR (CDCk, 75 MHz) 6

residue 1 2 3 4 5 6
AJIAT (ppb/K)  —-130 -11.3 -—-115 -9.0 -11.3 -9.0

Bocff-Caay-y-Caay-OMe (27). According to the procedure
described forl3, a mixture of25 (0.8 g, 2.13 mmol), HOBt (0.35 g,
2.6 mmol), and EDCI (0.49 g, 2.6 mmol) in GEl; (20 mL) was stirred
at 0 °C for 15 min and then treated with6 (0.8 g, 2.1 mmol) and
DIPEA (0.9 mL, 5.12 mmol) under afNatmosphere for 8 h. Workup
and purification by column chromatography (silica gel, 50% ethyl
acetate in petroleum ether) ga2@ (1.0 g, 74%) as a white solid: mp
113-117°C; [o]p = —137.5 € 0.45, CHC}); IR (KBr) v 3363, 2984,
2933, 1738, 1696, 1654, 1531, 1170, 1083, 1019, 856" ctil NMR

17.3, 17.6, 21.2, 24.5, 24.8, 25.9, 26.1, 26.5, 28.4, 30.7, 32.1, 32.7,(CDCl,;, 298 K, 600 MHz)d 6.17 (d, 1H,J = 8.9 Hz, NH-2), 5.99 (d,
48.1, 48.6, 49.7, 50.6, 52.3, 54.4, 54.5, 79.5, 79.6, 79.9, 80.1, 80.5,1H, J = 3.8 Hz, GH-2), 5.89 (d, 1HJ) = 3.9 Hz, GH-1), 5.75 (d, 1H,
81.3,85.0, 85.1, 106.7, 106.9, 112.6, 112.7, 156.4, 172.8, 173.3, 173.4, = 9.2 Hz, NH-1), 4.59 (d, 1H]J = 3.9 Hz, GH-1), 4.56 (d, 1HJ) =

174.5; HRMS (ESI)m/z calcd for GeHgiN4sO1s (MT + 1) 789.4133,
found 789.4117.

Boc-[y-Cagy-L-Ala]s-OMe (5). As described for the synthesis of
10, a solution o4 (0.19 g, 0.22 mmol) gave Bog{Caaqy-L-Ala],-OH
(21; 0.18 g, 97%) as a white solid: mp 18407 °C; [a]p = +20.9 €
0.25, CHCY); IR (KBr) v 3317, 2932, 1651, 1546, 1454, 1212, 1096,
1021, 960 cm?; HRMS (ESI)m/z calcd for GsHsgN4O15 (M™ + H)
775.3976, found 775.3976.

According to the procedure described 8, a mixture of21 (0.17
g, 0.22 mmol), HOBt (0.03 g, 0.24 mmol), and EDCI (0.05 g, 0.24
mmol) in CHCI; (15 mL) was stirred at 0C for 15 min and then
treated with19 (0.12 g, 0.26 mmol) and DIPEA (0.6 mL, 0.43 mmol)
under a N atmosphere for 8 h. Workup and purification by column
chromatography (silica gel, 3.4% MeOH in CHLafforded5 (0.13
g, 58%) as a white solid: mp 12831 °C; [a]p = +80.6 € 0.25,
CHCly); IR (KBr) v 3301, 2929, 2855, 1741, 1652, 1541, 1455, 1381,
1211, 1192, 1097, 1048, 986, 879, 668, 514 §tH NMR (CDCl; +
50 uL of DMSO-ds, 303 K, 500 MHz)4 8.02 (d, 1H,J = 6.2 Hz,
NH-4), 7.95 (d, 1H,J = 7.0 Hz, NH-6), 7.51 (d, 1HJ = 9.1 Hz,
NH-3), 7.30 (d, 1H,J = 5.3 Hz, NH-2), 7.13 (d, 1HJ = 9.4 Hz,
NH-5), 5.25 (d, 1HJ = 8.3 Hz, NH-1), 4.87 (s, 1H, {i-1), 4.83 (s,
2H, GH-3, 5), 4.69 (dd, 1HJ = 3.4, 5.9 Hz, GH-3), 4.67 (dd, 1H,
= 3.4,5.9 Hz, GH-5), 4.65 (dd, 1HJ = 3.5, 5.9 Hz, GH-3), 4.52 (d,
2H,J =5.9 Hz, GH-1, 3), 4.51 (d, 1HJ) = 5.8 Hz, GH-5), 4.48 (m,
1H, C,H-6), 4.43 (m, 1H, GH-5), 4.37 (m, 1H, GH-2), 4.30 (m, 1H,
C,H-3), 4.29 (m, 1H, CH-1), 4.27 (m, 1H, GH-4), 3.89 (m, 1H, GH-
1), 3.85 (dd, 1HJ = 3.4, 9.4 Hz, GH-3), 3.83 (dd, 1HJ = 3.5, 9.5
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3.8 Hz, GH-2), 4.33 (m, 1H, GH-2), 4.26 (m, 1H, GH-1), 4.17 (dd,
1H,J=3.2,9.0 Hz, GH-1), 4.14 (t, 1HJ = 3.5 Hz, CH-2), 3.85 (d,
1H,J= 3.2 Hz, GH-1), 3.74 (d, 1HJ = 3.5 Hz, GH-2), 3.67 (s, 3H,
COOMe), 3.41 (s, 3H, OMe), 3.38 (s, 3H, OMe), 2.40 (m, 2HHE
2), 2.38 (dd, 1HJ = 4.9, 13.9 Hz, GH-1), 2.35 (dd, 1HJ = 4.3 Hz,
13.9 Hz, G/H-1), 1.98-1.74 (m, 2H, GH-2), 1.49 (s, 3H, Me), 1.45
(s, 3H, Me), 1.44 (s, 9H, Boc), 1.31 (s, 3H, Me), 1.29 (s, 3H, M&);
NMR (CDCls, 150 MHz)6 26.1, 26.2, 26.6, 26.8, 28.4 (3), 29.6, 29.7,
30.1, 39.5, 46.3, 47.0, 51.6, 57.2, 57.7, 79.2, 80.3, 80.7, 81.2, 81.5,
83.5,85.4,104.7,111.1, 111.8, 155.8, 169.7, 173.8; HRMS (@B&I)
calcd for GoHoN2O3 (M* + H) 633.3234, found 633.3208.

Bocf-Caay-y-Caan-OH (29). As described for the synthesis of
10, a solution of27 (0.8 g, 1.26 mmol) gave9 (0.7 g, 95%) as a
white solid: mp 106-105°C; [o]p = —161.4 € 0.3, CHC}); IR (KBr)

v 3359, 2924, 2852, 1695, 1654, 1533, 1375, 1168, 1082, 1018, 855;
H NMR (CDCl;, 298 K, 600 MHz)d 6.40 (d, 1H,J = 8.6 Hz, NH-
2),5.98 (d, 1HJ = 3.9 Hz, GH-2), 5.90 (d, 1H,J = 3.9 Hz, GH-1),

5.73 (d, 1HJ = 8.9 Hz, NH-1), 4.59 (d, 1H) = 3.9 Hz, GH-1), 4.57

(d, 1H,J = 3.8 Hz, GH-2), 4.33 (m, 1H, CH-2), 4.25 (m, 1H, GH-

1), 4.18 (dd, 1HJ = 3.3, 8.9 Hz, GH-1), 4.13 (t, 1H,J = 3.6 Hz,
C,H-2), 3.83 (d, 1H,J = 3.3 Hz, GH-1), 3.75 (d, 1H,J = 3.6 Hz,
CsH-2), 3.67 (s, 3H, COOMe), 3.41 (s, 3H, OMe), 3.39 (s, 3H, OMe),
2.46 (dd, 1HJ = 5.1, 13.9 Hz, GH-1), 2.44 (dd, 1HJ = 4.9, 13.9

Hz, CyH-1), 2.41 (m, 2H, GH-2), 1.95-1.84 (m, 2H, GH-2), 1.49

(s, 3H, Me), 1.45 (s, 3H, Me), 1.44 (s, 9H, Boc), 1.32 (s, 3H, Me),
1.30 (s, 3H, Me);**C NMR (CDCk, 150 MHz) 6 26.1, 26.2, 26.6,
26.8, 28.4 (3), 30.0, 30.9, 39.5, 47.0, 47.1, 57.3,57.8, 79.5, 80.2, 80.8,
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81.2,81.5, 83.6,85.2,104.7, 104.8, 111.3, 111.9, 156.0, 171.1, 175.7;26.9, 28.5, 28.8 (3), 29.7, 31.0, 32.1, 32.8, 36.0, 39.6, 40.1, 45.9, 46.4,

HRMS (ESI)m/z calcd for GgHa7N2013 (M* + H) 619.3078, found
619.3094.

Boc3-Caay-y-Caax-f-Caay-OMe (30). According to the pro-
cedure described fat3, a mixture of29 (0.3 g, 0.48 mmol), HOBt
(0.78 g, 0.58 mmol), and EDCI (0.11 g, 0.58 mmol) in £ (15
mL) was stirred at OC for 15 min and then treated wi? (0.18 g,
0.48 mmol) and DIPEA (0.16 mL, 0.96 mmol) under adimosphere
for 8 h. Workup and purification by column chromatography (silica
gel, 70% ethyl acetate in petroleum ether) affor86d0.3 g, 70%) as
a white solid: mp 102107 °C; [a]p = —84.4 € 0.35, CHC}); IR
(KBr) v 3364, 2984, 2932, 1693, 1654, 1534,1168, 1081,1020, 856;
IH NMR (CDCl, 298 K, 600 MHz)é 7.16 (d, 1H,J = 8.5 Hz, NH-

3), 6.26 (d, 1HJ = 8.5 Hz, NH-2), 5.98 (d, 1HJ = 3.9 Hz, GH-2),
5.91 (d, 1H,J = 3.9 Hz, GH-3), 5.90 (d, 1H,J = 3.9 Hz, GH-1),
5.81 (d, 1H,J = 9.3 Hz, NH-1), 4.59 (m, 1H, gH-3), 4.58 (d, 1H,J
= 3.9 Hz, GH-1), 4.57 (d, 1HJ = 3.9 Hz, GH-3), 4.56 (d, 1HJ =
3.9 Hz, GH-2), 4.37 (dd, 1HJ = 3.2, 8.0 Hz, GH-3), 4.33 (m, 1H,
C,H-2), 4.27 (m, 1H, GH-1), 4.16 (dd, 1H,J = 3.2, 9.5 Hz, GH-1),
4.14 (t, 1H,J = 3.6 Hz, GH-2), 3.81 (d, 1HJ = 3.2 Hz, GH-1), 3.79
(d, 1H,J = 3.6 Hz, GH-2), 3.68 (d, 1HJ = 3.2 Hz, GH-2), 3.66 (s,
3H, COOMe), 3.41 (s, 3H, OMe), 3.39 (s, 6H, OMe), 2.71 (dd, 3H,
=5.1,15.5 Hz, GH-3), 2.59 (dd, 1H,] = 6.2, 15.5 Hz, GH-3), 2.41
(dd, 1H,J = 4.8, 13.8 Hz, GH-1), 2.37 (dd, 1HJ = 4.6, 13.8 Hz,
CyH-1), 2.21 (M, 2H, GH-2), 1.90 (M, 1H, GH-2), 1.85 (M, 1H, GH-
2), 1.49 (s, 3H, Me), 1.48 (s, 3H, Me), 1.44 (s, 9H, Boc), 1.43 (s, 3H,
Me), 1.32 (s, 3H, Me), 1.31 (s, 3H, Me), 1.30 (s, 3H, MEE NMR

46,7, 47.9,51.6,57.2,57.4 (2), 57.6, 57.7, 77.2, 79.8, 80.5, 80.9, 81.5
(5), 83.6, 84.1 (2), 85.6, 104.6, 104.8 (3), 111.2, 111.5, 111.9, 170.1,
171.0, 171.9, 172.2 (2), HRMS (ES’WZ calcd for Q;3H101N5023 (MJr

+ Na) 1398.6530, found 1398.65524 NMR (CD;OH, 303 K, 500
MHz) 6 8.02 (d, 1H,J = 8.8 Hz, NH-5), 7.87 (d, 1HJ = 8.9 Hz,
NH-4), 7.68 (br s, 1H, NH-2), 7.67 (d, 1H,= 8.3 Hz, NH-3), 6.26
(d, 1H,J = 8.9 Hz, NH-1), 5.86-5.86 (m, 5H, GH-1, 2, 3, 4, 5),
4.64-4.69 (m, 5H, GH-1, 2, 3, 4, 5), 4.49 (m, 1H, &8i-5), 4.47 (m,
1H, GH-3), 4.32 (dd, 1HJ = 3.4, 9.0, GH-3), 4.29 (dd, 1HJ = 3.3,
9.0 Hz, GH-5), 4.22 (m, 1H, CH-2), 4.22 (m, 1H, GH-1), 4.21 (m,
1H, C,H-4), 4.20 (m, 1H, gH-1), 4.10 (dd, 1H,J = 3.4, 7.6 Hz, GH-

2), 4.08 (dd, 1HJ = 3.3, 8.7 Hz, GH-4), 3.78 (d, 1H,J = 3.4 Hz,
CsH-3), 3.74 (d, 2HJ = 3.4 Hz, GH-2, 3), 3.70 (d, 1HJ = 3.3 Hz,
C3H-5), 3.68 (d, 1HJ = 3.3 Hz, GH-4), 3.65 (s, 3H, COOMe), 3.40
(s, 6H, OMe), 3.39 (s, 6H, OMe), 3.38 (s, 3H, OMe), 2.62 (dd, dH,
=4.5,14.6 Hz, GHpro-r-5), 2.51 (dd, 1HJ) = 5.2, 14.6 Hz, GHpro-9-

5), 2.49 (m, 2H, GH-3), 2.44 (m, 2H, GH-1), 2.14-2.25 (m, 4H,
CyH-2, 4), 1.87 (m, 1H, gHpro-9-2), 1.80 (M, 1H, GHpro-sy4), 1.57
1.67 (m, 2H, GHpo-Rr-2, 4), 1.45 (s, 3H, Me), 1.44 (s, 3H, Me), 1.43
(s, 6H, Me), 1.42 (s, 3H, Me), 1.30 (s, 3H, Me), 1.29 (s, 9H, Boc),
1.29 (s, 6H, Me), 1.28 (s, 3H, Me).

residue 1 2 3
ASIAT (ppb/K)  —8.6  —10.6 —7.0

4 5
—10.3 —10.3

Boc-[f-Caax-y-Caay]-OMe (6). According to the procedure
described forl3, a mixture of29 (0.15 g, 0.23 mmol), HOBt (0.38 g,

(CDCls, 150 MHz) 6 26.2, 26.3, 26.6, 26.8, 26.9, 28.4 (3), 29.7, 31.1, (.28 mmol), and EDCI (0.53 g, 0.28 mmol) in @El, (10 mL) was

32.7, 36.0, 39.7, 45.9, 46.6, 47.1, 51.7, 57.3, 57.5, 57.7, 79.3, 79.7, stirred at O°C for 15 min and then treated wit7 (0.15 g, 0.23 mmol)
80.3,81.1,81.2,81.3,81.5,83.7,84.1,85.2, 104.7, 104.8, 104.9, 111.2and DIPEA (0.1 mL, 0.46 mmol) under a,Ntmosphere for 8 h.

111.6, 111.8, 156.0, 170.4, 171.8, 172.3; HRMS (E8Y calcd for
CuoHesN3018 (M + H) 876.4341, found 876.4344.
Boc-[f-Caayx)-y-Caay)]-fi-Caax-OMe (7). According to the pro-
cedure described fdt3, a mixture 0f29 (0.15 g, 0.24 mmol), HOBt
(0.39 g, 0.29 mmol), and EDCI (0.55 g, 0.28 mmol) in £ (10
mL) was stirred at OC for 15 min and then treated wi0 (0.21 g,
0.24 mmol) and DIPEA (0.08 mL, 0.48 mmol) under adimosphere
for 8 h. Workup and purification by column chromatography (silica
gel, 2.4% MeOH in CHG) furnished7 (0.15 g, 45%) as a white
solid: mp 115-120°C; [a]p = —163.05 ¢ 0.35, CHCY); IR (KBr) v
3423, 2984, 2931, 1658, 1533, 1167, 1080, 1022, 857-ctH NMR
(CDCls, 288 K, 600 MHz)6 7.43 (d, 1HJ = 9.3 Hz, NH-4), 7.22 (d,
1H,J = 8.5 Hz, NH-5), 7.09 (d, 1HJ = 9.4 Hz, NH-3), 6.42 (d, 1H,
J = 8.3 Hz, NH-2), 6.09 (d, 1HJ = 9.8 Hz, NH-1), 6.03 (d, 1H) =
3.8 Hz, GH-2), 5.90 (d, 2HJ = 3.8 Hz, GH-3, 5), 5.89 (d, 1HJ =
3.8 Hz, GH-1), 5.83 (d, 1HJ = 3.8 Hz, GH-4), 4.71 (d, 1HJ = 3.8
Hz, GH-1), 4.61 (m, 1H, GH-3), 4.59 (d, 2H,) = 3.8 Hz, GH-3, 4),
4.58 (m, 1H, GH-5), 4.58 (d, 2H,J = 3.8 Hz, GH-2, 5), 4.41 (dd,
1H,J = 3.2, 8.8 Hz, GH-5), 4.38 (dddd, 1HJ) = 3.7, 7.2, 9.3, 10.5
Hz, C,H-4), 4.33 (m, 1H, GH-1), 4.27 (dd, 1HJ = 2.6, 3.2 Hz, GH-
2), 4.23 (dddd, 1HJ = 2.6, 3.7, 8.3, 9.3 Hz, {1-2), 4.18 (dd, 1H,)
= 3.2, 9.9 Hz, GH-3), 4.06 (dd, 1HJ = 3.2, 7.8 Hz, GH-1), 4.05
(dd, 1H,J = 3.2, 8.0 Hz, GH-4), 3.96 (d, 1H,J = 3.2 Hz, GH-3),
3.83 (d, 1H,J = 3.2 Hz, GH-2), 3.71 (d, 1H,J = 3.2 Hz, GH-1),
3.67 (d, 1H,J = 3.2 Hz, GH-4), 3.66 (d, 1H,J = 3.2 Hz, GH-5),
3.65 (s, 3H, COOMe), 3.42 (s, 3H, OMe-2), 3.41 (s, 3H, OMe-3), 3.39
(s, 3H, OMe-4), 3.37 (s, 3H, OMe-5), 3.35 (s, 3H, OMe-1), 2.73 (dd,
1H,J = 5.4, 16.2 Hz, GHpo-r-5), 2.52 (dd, 1HJ = 5.0, 16.2 Hz,
CoHpro-9-5), 2.50 (dd, 1HJ = 3.9, 13.5 Hz, GHpro-r-3), 2.43 (dd,
1H,J = 5.4, 13.5 Hz, GHpro-9-3), 2.39 (dd, 1HJ = 4.9, 13.5 Hz,
CoHpro-r-1), 2.31 (M, 1H, GHpro-r-4), 2.28 (M, 3H, GH-2, CG,H
pro-9-4), 2.27 (M, 1H, GHpro-9-1), 2.04 (M, 1H, GHpo-9-2), 1.93
(m, 1H, GHpro-3-4), 1.75 (M, 1H, GHEo-r-2), 1.70 (m, 1H,
CsHpro-r4), 1.49 (s, 3H, Me), 1.48 (s, 6H, Me), 1.44 (s, 9H, Boc),
1.42 (s, 6H, Me), 1.31 (s, 6H, Me), 1.30 (s, 6H, Me), 1.24 (s, 3H, Me);
13C NMR (CDCk, 75 MHz) 6 26.1, 26.2, 26.4 (2), 26.6, 26.7, 26.8,

Workup and purification by column chromatography (silica gel, 2.3%
MeOH in CHCE) gave6 (0.14 g, 52%) as a white solid: mp 14045
°C; [a]p = —124.78 € 0.45, CHCY}); IR (KBr) v 3297, 2986, 2933,
1739, 1658, 1539, 1168, 1081, 1021, 855¢&mH NMR (CDCl;, 278
K, 600 MHz) 6 7.35 (d, 1H,J = 9.6 Hz, NH-4), 7.15 (d, 1H) = 9.4
Hz, NH-3), 6.43 (d, 1H,J = 8.2 Hz, NH-2), 6.07 (d, 1H) = 9.6 Hz,
NH-1), 6.02 (d, 1H,J = 3.8 Hz, GH-2), 5.90 (d, 1H,J = 3.8 Hz,
CH-3), 5.88 (d, 1H,J = 3.8 Hz, GH-1), 5.85 (d, 1H,J = 3.8 Hz,
CiH-4), 4.62 (d, 1H,J = 3.8 Hz, GH-4), 4.61 (d, 1H,J = 3.8 Hz,
CH-3), 4.59 (m, 1H, GH-3), 4.58 (d, 1HJ = 3.8 Hz, GH-3), 4.57
(d, 1H,J = 3.8 Hz, GH-1), 4.41 (dddd, 1HJ = 3.5, 7.8, 9.6, 10.7
Hz, CH-4), 4.32 (m, 1H, gH-1), 4.30 (dd, 1HJ = 2.8, 3.4 Hz, GH-
2), 4.21 (dd, 1HJ = 3.2, 10.0 Hz, GH-2), 4.19 (dddd, 1HJ = 2.6,
4.9, 8.2, 8.6 Hz, (H-2), 4.03 (dd, 1H,J) = 3.2, 10.1 Hz, GH-1), 4.01
(dd, 1H,J = 3.2, 8.0 Hz, GH-4), 3.98 (d, 1HJ = 3.2 Hz, GH-3),
3.83 (d, 1H,J = 3.4 Hz, GH-2), 3.75 (d, 1HJ = 3.2 Hz, GH-1),
3.66 (d, 1H,J = 3.2 Hz, GH-4), 3.65 (s, 3H, COOMe), 3.42 (s, 3H,
OMe-2), 3.40 (s, 6H, OMe-3, 4), 3.38 (s, 3H, OMe-1), 2.48 (m, 1H,
CouHpro-r-3), 2.44 (M, 1H, GHpro-r-4), 2.42 (M, 1H, CHpo-9-4),
2.41 (m, 1H, GHpro-9-3), 2.40 (dd, 1HJ = 5.0, 13.0 Hz, GHpro-R-
1), 2.30 (dddJ = 4.9, 9.1, 15.1 Hz, Hpro-r-2), 2.27 (dd, 1HJ =
4.6, 13.0 Hz, GH (po-9-1), 2.25 (ddd,J = 6.9, 6.9, 15.1 Hz, ¢(H
(pmfs)-Z), 2.02 (m, 1H, @H(pmfs)-Z), 1.84 (m, 1H, @H(pmfs)-4), 1.75
(m, 1H, GHpro-r-4), 1.74 (M, 1H, GHpro-r-2), 1.50 (s, 3H, Me),
1.48 (s, 3H, Me), 1.47 (s, 3H, Me), 1.45 (s, 9H, Boc), 1.43 (s, 3H,
Me), 1.32 (s, 3H, Me), 1.31 (s, 6H, Me), 1.28 (s, 1H, MEL NMR
(CDCls, 75 MHz) ¢ 26.1, 26.2, 26.3, 26.6, 26.7, 26.8, 27.7, 28.5 (3),
30.4, 30.8, 32.2, 39.6, 39.9, 46.0, 46.4, 47.4, 51.5, 57.2, 57.3, 57.5,
57.8, 79.9, 80.1, 80.6 (2), 81.3 (2), 81.4 (2), 81.5 (2), 81.6 (2), 83.6
(2), 84.2, 85.6, 104.6, 104.7, 104.9 (3), 111.2, 111.5, 111.9, 155.9,
170.1, 170.3,172.3 (2), 173.8; HRMS (E&t)z calcd for G,HgsN4O23
(M* + H) 1133.5604, found 1133.5562.
Boc-[-Caax-y-Caay]s-OMe (8). According to the procedure
described forl3, a mixture 0f29 (0.1 g, 0.16 mmol), HOBt (0.26 g,
0.19 mmol), and EDCI (0.37 g, 0.19 mmol) in @&, (10 mL) was
stirred at 0°C for 15 min and then treated with(0.18 g, 0.16 mmol)

J. AM. CHEM. SOC. = VOL. 128, NO. 45, 2006 14667



ARTICLES

Sharma et al.

and DIPEA (0.06 mL, 0.32 mmol) under a;Mdtmosphere for 8 h.

Workup and purification by column chromatography (silica gel, 4%

MeOH in CHCE) furnished8 (0.12 g, 44.9%) as a white solid: mp
160-165°C; [a]po = —50.33 €, 0.5, CHC}); IR (KBr) v 3297, 2985,
2931, 1660, 1541, 1378, 1168, 1081, 1022, 855%¢AH NMR (CDCls,
288 K, 600 MHz)o 7.68 (d, 1H,J = 8.6 Hz, NH-5), 7.40 (d, 1H) =

(m, 1H, G/H-6), 2.41 (m, 1H, GH-1), 2.38 (m, 1H, GH-3), 2.28 (m,
2H, GH, CyH-4), 2.27 (m, 2H, GH, CyH-2), 2.26 (m, 1H, GH-1),
2.03 (M, 1H, GH-2), 1.92 (m, 1H, GH-4), 1.83 (m, 1H, GH-6), 1.78
(m, 1H, GyH-6), 1.72 (m, 1H, GH-2), 1.68 (m, 1H, GH-4), 1.50 (s,

6H, Me), 1.46 (s, 9H, Boc), 1.4 (s, 3H, Me), 1.43 (s, 6H, Me), 1.31

(s, 3H, Me), 1.30 (s, 6H, Me), 1.29 (s, 3H, Me), 1.25 (s, 9H, Mé&j;

9.6 Hz, NH-6), 7.34 (d, 1HJ = 9.0 Hz, NH-4), 7.17 (d, 1H) = 9.2
Hz, NH-3), 6.39 (d, 1H,) = 8.2 Hz, NH-2), 6.03 (d, 1H) = 9.7 Hz,
NH-1), 6.02 (d, 1H,J = 3.8 Hz, GH-6), 5.90 (d, 1H,J = 3.8 Hz,
CiH-5), 5.88 (d, 2H,J = 3.8 Hz, GH-1, 3), 5.85 (d, 1H,J = 3.8 Hz,
CiH-4), 5.84 (d, 1HJ = 3.8 Hz, GH-2), 4.62 (d, 1H,J = 3.8 Hz,
CoH-2), 4.61 (d, 1HJ = 3.8 Hz, GH-4), 4.60 (d, 1H,J = 3.8 Hz,
C,H-5), 4.59 (d, 1H,J = 3.8 Hz, GH-1), 4.58 (M, 1H, GH-3), 4.56
(d, 2H,J = 3.8 Hz, GH-3, 6), 4.46 (m, 1H, GH-5), 4.35 (m, 1H,
C,H-6), 4.30 (m, 1H, GH-1), 4.28 (M, 1H, GH-4), 4.26 (M, 1H, GH-
5), 4.26 (dd, 1H,) = 2.6, 3.2 Hz, GH-2), 4.24 (m, 1H, GH-2), 4.16
(dd, 1H,J = 3.2, 9.9 Hz, GH-3), 4.08 (dd, 1H,) = 3.2, 7.8 Hz, GH-
4), 4.06 (dd, 1H, = 3.2, 8.0 Hz, GH-6), 4.05 (dd, 1HJ = 3.2, 9.6
Hz, CH-1), 3.93 (d, 1H,) = 3.2 Hz, GH-5), 3.88 (d, 1H,] = 3.2 Hz,
CsH-3), 3.83 (d, 1H,J = 3.2 Hz, GH-2), 3.71 (d, 1H,J = 3.2 Hz,
CsH-1), 3.68 (d, 1HJ = 3.2 Hz, GH-4), 3.65 (d, 1H,J = 3.2 Hz,
CsH-6), 3.65 (s, 3H, COOMe), 3.41 (s, 3H, OMe-1), 3.40 (s, 3H, OMe-
2), 3.39 (s, 3H, OMe-4), 3.38 (s, 6H, OMe-3, 6), 3.35 (s, 3H, OMe-5),
2.52 (m, 1H, GH-3), 2.50 (m, 1H, GH-6), 2.49 (m, 1H, GH-5), 2.43

NMR (CDCls, 150 MHz) 6 26.0, 26.1, 26.6 (4), 26.8, 28.4 (3), 29.7
(3), 30.3,30.9, 38.7, 39.6, 39.7, 40.0, 40.7, 45.4, 46.2, 46.3, 46.4, 46.5,
46.7, 47.2, 47.3, 47.4, 47.6, 51.6, 51.7, 57.1, 57.2, 57.3, 57.4, 57.5,
57.8, 57.9, 79.2, 79.7, 80.8, 81.1, 81.2, 81.3, 81.6, 83.1, 83.2, 83.3,
83.5, 83.8, 84.1, 84.2, 85.4, 96.0, 104.5, 104.6, 104.7, 104.8, 104.9,
111.1, 111.3, 111.4, 111.6, 111.9, 156.0, 170.0, 170.2, 170.5, 170.6,
170.7, 171.0, 172.2, 172.7, 173.9; HRMS (ESHjz calcd for
CrsH120N6Oss (M* + Na) 1655.7794, found 1655.7763.
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