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Abstract: We have synthesized a series of y-aminoxy acids, including unsubstituted and y*-Ph-, y*-alkyl-,
and y34-cyclohexyl-substituted systems. Coupling of these monomers to oligomers can be realized using
EDCI/HOBLt (or HOAL) as the coupling agent. y—Aminoxy peptides can form 10-membered-ring intramo-
lecular hydrogen bonds—so-called “y N—O turns"—between adjacent residues, the extent of which is
controlled by the nature of the side chain of each y-aminoxy acid residue, increasing from the unsubstituted
y-aminoxy peptide to the y*-alkyl aminoxy peptides to the y*-phenyl- and y3#-cyclohexyl-substituted aminoxy
peptides. The presence of two consecutive homochiral 10-membered-ring intramolecular hydrogen bonds
leads to the formation of a novel helical structure. Theoretical studies on a series of model peptides rationalize
very well the experimentally observed conformational features of these y-aminoxy peptides.

Introduction Chart 1

Peptidomimetic foldamers? such as3-peptidesi=> y-pep- a O\/COOH p p
tides®6 5-peptides,® and aminoxy peptide;1! attract much ~ HN" COOH HaN" el CooH HzN’O\Y/\a/COOH
attention because of their unusual conformations and interesting a-amino acid o—aminoxy acid B-aminoxy acid y-aminoxy acid
bioactivities!>~1%In a search for new peptidomimetic foldamers,
we found that aminoxy peptides can feature strong intramo- . o COOH HN-Q  y—COOH
lecular hydrogen bonds between adjacent residues (Chart 1) Y\/ d

For example, peptides consistingeceBminoxy acids can poSsess  y_aminoxy acid
eight-membered-ring intramolecular hydrogen bordd&NE-O

turnsft%and peptides consisting Gfaminoxy acids can possess form helical structures consisting of consecutive-® turns
nine-membered-ring intramolecular hydrogen bon@isNO (1.8 and 1.3 helices, respectively). Peptides containingmi-
turns)19.17Oligomers of homochirak- or S-aminoxy acids can ~ Nnoxy acids are also good receptors for anions because of the
acidity of their aminoxy amide protoi&1°A compound derived

¥ *—cyclohexyl aminoxy acid

the U}inersittjy of Ht?tng fgng- 4 Technol from ana-aminoxy acid has been used as an effective chemical
ong Kong University of Science and Technology. . . . . 1L
(1) Geliman, S. HAcc. Chem. Re<.998 31, 173-180. shift reagent for measuring the values of ee of carboxyllc atids;
(2) Ehll, 2{)8'; M)Io'slvlségé;gﬂce’ R. B.; Hughes, T. S.; Moore, J.Gem. another compound derived from anaminoxy acid can form
3) Cﬁ’éng‘ Fl{_ p_l; Gellman, S. H.: DeGrado, W.Ghem. Re. 2001 101 chloride channels to mediate chloride ion transportation across
3219-3232. cell membranes! To enrich the category of aminoxy peptides
(4) Seebach, D.; Matthews, J. Chem. Commuril997, 2015-2022. h ili f oth . . f | |
(5) Seebach, D.; Beck, A. K.; Bierbaum, D.Chem. Biodiers.2004 1, 1111 and to test the ability of other aminoxy peptides to form local
1239, intramolecular hydrogen bonds, we sought to synthesiami-
(6) Woll, M. G.; Lai, J. R.; Guzei, I. A,; Taylor, S. J. C.; Smith, M. E. B,; K Y 9 . ’ 9 R y .
Gellman, S. HJ. Am. Chem. So@001 123 11077-11078. noxy acid-based peptides and explore their conformational
) fzafdfgeééf{igﬁé Liang, G. B.; Gellman, S. Bl. Am. Chem. Sod999 properties (Chart 1). Previously, we reported tfaPh aminoxy
(8) Wipf, P.; Xiao, J. B.Org. Lett. 2005 7, 103-106. peptides can form turn and helix structures incorporating 10-
(9) Yang, D.; Ng, F. F.; Li, Z. J.; Wu, Y. D.; Chan, K. W. K.; Wang, D. P. _ri H 22
Am. Chem. od 996 116 9794-0795, membered-ring intramolecular hydrogen t_)onplsle_o turns)._
(10) Yang D.; Zhang, Y. H.; Zhu, N. YJ. Am. Chem. So2002 124, 9966 Here we report the syntheses of a seriegy-@minoxy acid
9967 ; ; i ; _Ph. 14 _ 3,4
(11) Li. X Yang, D.Chem. Commur2006 3367-3379. peptides-including unsubstituted aned-Ph-,y4-alkyl-, andy
(12) Patch J. A.; Barron, A. ECurr. Opin. Chem. Biol2002 6, 872-877.
(13) Sanford, A. R.; Gong, BCurr. Org. Chem2003 7, 1649-1659. (18) Yang, D.; Li, X.; Sha, Y.; Wu, Y. DChem. Eur. J2005 11, 3005-3009.
(14) Kritzer, J. A.; Stephens, O. M.; Guarracino, D. A.; Reznik, S. K.; Schepartz, (19) Yang, D.; Qu, J.; Li, W.; Zhang, Y. H.; Ren, Y.; Wang, D. P.; Wu, Y. D.
A. Bioorg. Med. Chem2005 13, 11-16. J. Am. Chem. So@002 124, 12410-12411.
(15) Goodman, C. M.; Choi, S.; Shandler, S.; Degrado, WN&. Chem. Biol. (20) Yang, D.; Li, X.; Fan, Y. F.; Zhang, D. Wl.. Am. Chem. So2005 127,
2007, 3, 252-262. 7996-7997.

(16) Yang, D.; Qu, J.; Li, B.; Ng, F. F.; Wang, X. C.; Cheung, K. K.; Wang, D.  (21) Li, X.; Shen, B.; Yao, X. Q.; Yang, Dl. Am. Chem. So2007, 129, 7264~
P.; Wu, Y. D.J. Am. Chem. Sod999 121, 589-590. 7265.

a7) Yang D Zhang, Y. H.; Li, B.; Zhang, D. W.; Chan, J. C. Y.; Zhu, N. Y.;  (22) Chen F.; Zhu, N. Y.; Yang, DJ. Am. Chem. So2004 126, 15980~
Luo, 5. W.; Wu, Y. D.J. Am. Chem. S0@004 126, 6956-6966. 15981.
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aConditions: (a) DIAD, PP§) PhthN-OH, THF, 1 h, 66% vyield; (b) Nal@Q RuG,;, CHsCN/H,O/EtOAc (15:10:3), 4 h, 80% vyield.
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aConditions: (a)t-BuOH, DCC, DMAP, 12 h, ChCl,, 89% vield: (b) )-DIP—CI, THF, —25 °C, 12 h, 95% yield, 97% ee; (c) PhthMOH, PPh,
DEAD, THF, 1 h, 80% yield.
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cyclohexyl-substituted systemand our detailed conformational ~ Scheme 42
studies of those peptides using both experimental and theoretical O O

0
b B
approaches. A~coon— > )WOt'B” o OB
8 9 0 10 0

Results and Discussion

Synthesis of y-Aminoxy Peptides. Scheme 1 presents a o)
retrosynthetic analysis of g*-aminoxy acid monomer. Gener- —° . @N—OMOt_BU
ally, the ONH, and COOH groups of the aminoxy amide
monomer are protected as phthalimidoxy dad-butyl ester
groups, respectively, which are readily removed using hydrazine aConditions: (ax-BuOH, DCC, DMAP, CHCly, 12 h, 46% vyield; (b)
hydrate and trifluoroacetic acid, respectivéyThe phthalimi- Baker's yeast, sucrose, water, 3 d, 20% yield; (c) PhtM, PPh, DEAD,
doxy group of the monomer can be readily introduced through THF 1 1 78% yield, 99% ee.
a Mitsunobu reactiolt between they-hydroxy ester and Scheme 5 @
N-hydroxyphthalimide (PhthNOH), with inversion of the o o] OH
configuration at the carbon atom. Previously, in syntheses of \)J\ 2, \)J\/WOFBU _b \)\/YO‘-BU
f-aminoxy acids, we encountered the problemugf-elimina- 12 13 O 14 O
tion when attempting to introduce phthalimidoxy groups onto
p-hydroxy esters; avoiding this problem required a long 0
synthetic rout&> For syntheses of-aminoxy acids, no such — @N—OM&_BU
problem should be encountered, and a relatively short synthetic
route can be envisioned. Furthermore, optical actiNes/droxy
esters can be prepared through asymmetric reductigrketo aConditions: (a) (i) LDA, THF,—78 to —20 °C, 1 h; (ii) tert-butyl
esters. o—bromoacetate;-78 °C to room temp, 12 h, 42% yield,; (_b) NaBHIHF/
We synthesized the unsubstituteéminoxy acid monomer H20, 1 i (c) PhthN-OH, PPR, DEAD, THF, 1 h, 56% yield, two steps.
3 from 1,4-butanedioll (Scheme 2). The Mitsunobu reaction
of 1 with PhthN-OH afforde® in 66% yield. The oxidation of
2 with NalO,, catalyzed by Ru@ gave they-aminoxy acid
monomer3 in 80% yield.
y*Aminoxy acids present a side chain at the C-4 position.
We synthesized the/*-Ph aminoxy acid monome¥ from
3-benzoylpropionic acid4) according to the method outlined
in Scheme 3. The carboxylic acid groupoivas first protected

asy-ketotert-butyl esters, reduction of which using+)-DIP—

CI26 gave the optically activg-hydroxy este6 in 95% yield
and 97% ee. The Mitsunobu reaction ®fwith PhthN-OH
resulted in inversion of configuration at thecarbon atom,
affording chiraly-aminoxy acid monomer in 80% yield.

For the synthesis of alkyl substituted chigahydroxy esters,
the DIP-CI reduction method was not applicable because it
requires the presence of a phenyl group omthesto group to

(23) Yang, D.; Li, B.; Ng, F. F.; Yan, Y. L.; Qu, J.; Wu, Y. @. Org. Chem. achieve a high e#® Instead, we chose baker's yeast as a
2001 66, 7303-7312.

(24) Mitsunobu, OSynthesis981 1—-28.

(25) Yang, D.; Zhang, Y. H.; Li, B.; Zhang, D. Wl. Org. Chem2004 69, (26) Ramachandran, P. V.; Pitre, S.; Brown, H.JX.Org. Chem2002 67,
7577-7581. 5315-5319.
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Scheme 6 @

Ot- Bu Ot-Bu
~ o
Ot-Bu
o

aConditions: (a) (i) LDA, THF,—78 to—20°C, 1 h; (ii) tert-butyl a—bromoacetate;-78 °C to room temp, 12 h, 80% yield; (b) Baker's yeast, sucrose,
water, 3 d, 26% yield; (c) PhthNOH, PPh, DEAD, THF, 1 h, 40% yield, 98% ee.
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N

21, 40% overall yield
aConditions: (a) EDCI, HOAt, isobutylamine, G8ly; (b) NH2NH,, MeOH/CHCly; (c) EDCI, HOAY, isobutyric acid, CbCl..

Scheme 72

Scheme 82

(0]
d .
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23, 33% overall yield
@Q N@ . @ Y\)L JQITINS W I
25, 47% overall yield
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i oS e
_ a,
oAy, 8 M WA M
o Et
15 27, 47% overall yield
H
Q;fo ° N\o
N 19 N H
ke cd I # " ab 0 N
ij/\'(Ot—Bu ©/\V(N o)
o O \O 29, 30% overall yield
aConditions: (a) NHNH,, MeOH/CHCly; (b) EDCI, HOBE, isobutyric acid, CkCly; (¢) TFA, CHCly; (d) EDCI, HOBt, cyclohexylamine, CiCl,.

biocatalyst because it is a common microorganism for the of 14 with PhthN-OH affordedL5 in 60% yield. Reduction of

asymmetric reduction of carbonyl compourids. 13 with baker’s yeast gave the chirpthydroxy esterl4 and

We synthesized thg*Me aminoxy acid monomet1 from the chiral monomef5, but the ee ofl5 was a disappointing
4-oxopentanoic aci@ (Scheme 4). The carboxylic group 8f 55%. Therefore, we used NaBHo reducel3 to 14, and
was protected in the form of theketotert-butyl esterd, which employed the racemic sample of th&Et aminoxy amide for
we reduced using baker’s yeast to afford the chjrdlydroxy our conformational studies.

esterl0in 20% yield. The relatively low yield of this step was We synthesized the chirgh®4-cyclohexyl aminoxy acid
probably due to the incompatibility @fBu group with baker’'s monomerl9 from cyclohexanone (Scheme 6). Cyclohexanone
yeast or the poor solubility of substrage The Mitsunobu (16) was first deprotonated using LDA and then reacted with
reaction ofL0with PhthN-OH yielded the*-Me aminoxy acid tert-butyl a-bromoacetate to afford theketo esterl7in 80%
monomerllin 78% yield and 99% ee. yield. Asymmetric reduction af 7 using baker’s yeast gave the
We synthesized thg4-Et aminoxy acid monomer following  optically activey-hydroxy esterl8 in 26% yield?® After a
the route illustrated in Scheme 5. Butanone was first deproto- Mitsunobu reaction, the final chiral produt® was obtained in
nated using LDA and then reacted witrt-butyl o-bromoac- 40% yield and 98% ee.
etate to afford the/-keto esterl3, reduction of which using Following our previously reported proto@éfor o-aminoxy
NaBH,; gave they-hydroxy esterl4. The Mitsunobu reaction  peptide synthesis using EDCI/HOBLt (or HOAL) as the coupling

(27) Ema, T.; Sugiyama, Y.; Fukumoto, M.; Moriya, H.; Cui, J. N.; Sakai, T.; (28) Ganaha, M.; Funabiki, Y.; Motoki, M.; Yamauchi, S.; Kinoshita,Bfosci.
Utaka, M.J. Org. Chem1998 63, 4996-5000. Biotechnol. Biochem1998 62, 181-184.
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31, 16% overall yield
aConditions: (a) TFA, CKCly; (b) EDCI, HOBE, isobutylamine, CKCly; (c) NHNH2, MeOH, CHCIy; (d) EDCI, HOBt, CHCl,.

Scheme 102 relatively large chemical shift changes in both thé NMR
o o 0 o 0 . spectroscopic dilutionAd = 0.70-1.37 ppm) and DMS@@s
@N‘ONoz.Bu &b j)k” \r\)LOt-Bu — additiop Ao = 1.66-2.30 ppm) studies, suggesting 'Fhat no
Y 5 strong intramolecular hydrogen bonds were formed using these
" protons. Similarly, the chemical shift of the Nigroton of21
7 0 at 0.78 mM was located quite far upfield (6.20 ppm), with
@N—ONNO L relatively large chemical shift changes in both thé NMR
o H spectroscopic dilutionX6 = 0.56 ppm) and DMSQ@k addition
u (Ao = 0.91 ppm) studies, again suggesting that this proton was
not involved in any strong intramolecular hydrogen bonds.

[e] (@] [e]
_d %N'ONN’OY\/MNQ The chemical shifts of the Ndprotons of23, 25, 27, 29, 31,
H H H

and33 and the NH proton of33 were located rather downfield

33, 17% overall yield (7.05, 6.45, 6.39, 7.02, 10.57, 10.43, and 6.90 ppm, respectively)
2 Conditions: (a) NENH;, MeOH, CHCl5; (b) EDCI, HOBY, isobutyric and underwent relatively small changes in thé NMR
acid, CHCl; (c) TFA, CHCl;; (d) EDCI, HOB, CHCl2. spectroscopic dilutiond < 0.4 ppm) and DMSQs addition

(A6 < 0.9 ppm) studies, revealing that these amide protons were

agent, we coupled the monomes7, 11, 15 and19 to form parts of 10-membered-ring intramolecular hydrogen bonds

the diamides21 (Scheme 7)23, 25, 27, and 29 (Scheme 8) bet &0 and N that isy N—O t W
and the triamide81 (Scheme 9) an@3 (Scheme 10). Below, emween ' and NH.., groups, that sy urns. we

di detailed f i | studi tth noted that the chemical shifts of the Migrotons in25 (6.45
we discuss our detailed contormational studies of tese qom'ppm) and27 (6.39 ppm) were located less downfield than those
pounds; we have previously communicated some conformational;

studies of21, 23, and31 (Chart 2)22 in 23 (7.05 ppm) and9 (7.02 ppm), suggesting that the HH

- I protons in25 and 27 formed weaker intramolecular hydrogen
1] %?ra -
TWO. .H NMR spectro_scoplc methods, dilut . nd DMSO bonds than did those @3 and29. This situation arose because
ds addition3930 are applied to probe the formation of intramo-

lecular hydrogen bonds in the oligomers jeaminoxy acids one of the driving forces for the formation of a 10-membered-

- . . - ring intramolecular hydrogen bond is the gauche orientation of
(Chart 2). ThéH NMR dilution stud_y is to monitor the (_:hemlcal the G—O bond relative to the &C; bond. For23, the pheny
shift changes of amide protons with respect to peptide concen-

. e . group at they position favors an anti orientation relative to the
tration, and théH NMR DMSO-ds addition study is to follow Ca—C; bond, which results in a gauche orientation of the-O

the chemical shift changes of amide protons with respect to the bond relative to the G-Cs bond. For29, the cyclohexane ring
c?ntep(;c of D'\tASOI\?GHa?%eld' [()iattr?e]:(l)-ir thRNDMMRSgTjUOZS'?dy has already restricted the, €0 bond to be positioned gauche
o' amide proton ot 5-an s addition to the G—Cs bond. For25 and 27, however, the alkyl

studies of amide protons Nbf 23 and N of 31 are not substituent at the position is relatively small; it cannot control

presented here because the chemical shift values of these proton\§ery well the gauche orientation of the-€0 bond relative to
overlapped with the chemical shift values of phenyl protons in the G,—C; bond and, thus, weaker 10-membered-ring intramo-

these molecules. . . )
. . . . lecular hyd bond t BB and 27 relative to th
Table 1 summarizes the chemical shifts of the amide protons ;;:r?(; zg rogen bonds exis an refative fo those in

of 21, 23, 25, 27, 29, 31, and33 and their chemical shift changes he chemical shift of th . | d furth
(Figure 1) in*H NMR spectroscopic dilution and DMS@s The chemical shift of the Nkproton in33was located further

addition studies at room temperature. The chemical shifts of downfield_(G.QO ppm) than that _Of the Nhproton in25 (6.45
the N-oxy amide protons Nklof these compounds at 0.78 mM ppm), which indicates that the intramolecular hydrogen bond

were located considerably upfield (7:88.62 ppm), with in 33 is stronger than that i@5, suggesting that the intramo-
y up ( ppm) lecular hydrogen bond of the Nhproton was strengthened after

(29) Haque, T. S.; Little, J. C.; Gellman, S. B. Am. Chem. S0d.994 116, elongation of the peptide chain from the diamig® to the
4105-4106. P . ; ; :

(30) Copeland, G. T.; Jarvo, E. R.; Miller, S.10.0rg. Chem1998 63, 6784 triamide33; that is, the formation of consecutive 10-membered-
6785. ring intramolecular hydrogen bonds is a cooperative process.

746 J. AM. CHEM. SOC. = VOL. 130, NO. 2, 2008
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Chart 2. TH NMR Spectroscopic Studies of y—Aminoxy Peptides

N,O\/\)I\N/\I/ \HLN/O\:’(\)LN \HLN,OT(\)LN
Ha Hp He ppe. Hb Ha o . he
21 23 25

Ha
o) 0 /O o, Hy
oy o} ' N
T }
Ho g Fo S
29

27
O ‘\“‘ O ‘\“‘ O O"_‘\\\\\ O"--‘\\“‘ O /O
N'O\.'I‘\/\)J\N’O\."'\/\)J\N/Y \(mN’O\rﬂ‘/\)\N’o\[‘(\)kN
Ha F:’I';“\___—Hb E;h“\‘____rHc Ha . Hp . He
31 T 33
(ng/e )1 fghe(rjnicgl ?hiﬂS_ (6{:}:) rx?l\r)lchz Cshemtical Shift gqatngeS(d_l | For compound®3, 25, 27, and29, we observed three main
(o) miae Protons In pectroscopic Diluton (diu. . . . .
andNBMSO-dG Addition (DMSO) Studies of Peptides 21, 23, 25, sets of peaks, which we aSS|gn(_ad to the stretching frequencies
27, 29, 31, and 33 at 25 °C of the non-hydrogen-bonded amide N@428, 3430, 3429, and
NH, (ppm) NH, (ppm) NH, (ppm) 3420 cnl), non-hydrogen-bondel-oxy amide NH (3388,
ASt ASt ASt ASt At Ao 3392, 3391, and 3386 crt), and hydrogen-bonded amide HH
6% (diu) (DMSO) 52 (dilu) (DMSO) 6% (dilu) (DMSO) (3324, 3320, 3322, and 3316 Cﬁ) bonds, respectively. The
21 862 1.06 166 620 056 091 presence of major hydrogen-bonded amideg,ldRd minor non-
23 794 082 215 7.05 02 d hydrogen-bonded amide NHands in23 and29 indicates that
25 845 081 187 645 039 082 they adopt extensive 10-membered ring intramolecular hydrogen
27 848 070 175 639 038 0.86 bond f i Th lativel ller hvd bonded
29 837 083 196 702 039 073 ond conformations. The relatively smaller hydrogen-bonde
31 7.81 107 230 1057 0.2 0.34 and the relatively larger non-hydrogen-bonded amidg béihds

33 833 1.37 210 1043 033 035 690 025 032 in25and27 compared with those i@3 and 29, suggest that
agd: Amide NH proton’s chemical shift obtained from thel NMR '.[he tendency o5 and 27 to eXpene.nce. 10-membered-ring
spectrum of the indicated compound at a concentration of 0.78 mM in intramolecular hydrogen bond formation is weaker than that of
CDCls. P The value ofA¢ in the dilution studies was calculated using the 23 and 29. In addition, the relatively larger hydrogen-bonded

equationAd = dnn (100 mM) — Onn (0.78 mM). € The value ofAd in the . .

DMSO-ds addition studies was calculated using the equation= dnn fand relatively smaller non'hydmgen'bond.ed gmldq) lehds
(9% DMSOds in CDCl) — dnn (CDCl3). 4 The signal overlapped with in 25 and 27, compared with those foR1, indicate that the
the aromatic protons after the addition of DMSO. tendency of25 and 27 to experience 10-membered-ring in-

tramolecular hydrogen bond formation is stronger than that of

IR Spectroscopic Studies ofy-Aminoxy Peptides. Data

from the N-H stretching region in IR spectra can provide o . .
g reg P P It is interesting to note that there were small bands in the

insight into the degree of hydrogen bond formation in nonpolar ion 3200-3300 Lin the IR p1 25 and27
solvents because the time scale of IR spectroscopic measure{/?/g'on ; h Em dm t eh spectLa_\ 0 f' ' an_ ) fth
ments is sufficiently short to distinguish clearly between the e assign these bands to the stretching frequencies of the

N—H stretchings of hydrogen-bonded and non-hydrogen-bondedydrogen-bonded Nigroups, which suggests the formation
states. According to our previous studies, the IR spectral Of €ight-membered-ring intramolecular hydrogen bonds between
absorption bands of the non-hydrogen-bonded amieélnd theN-oxy amide NHand C=0; groups in21, 25, and27 (Figure
N-oxy amide N-H bonds appear in the regions 3458400
and 3400-3340 cnt?, respectively, while the absorption bands ~ For the triamide$1 and33, we observed four bands (3441,
corresponding to the hydrogen-bonded amideHNand N-oxy 3387, 3325, and 3211 crhfor 31; 3428, 3394, 3300, and 3214
amide N-H bonds appear at wavenumbers less than 3370 andcm ™! for 33), which we assign to the stretching frequencies of
3250 cnTl, respectivelyt’ the non-hydrogen-bonded amide NE441 and 3428 cnt),
Figure 2 presents theN\H stretching regions of the FT-IR  the non-hydrogen-bondeid-oxy amide NH and NH, (3387
spectra of21, 23, 25, 27, 29, 31, and 33. The spectra were  and 3394 cm?), the hydrogen-bonded amide NkB325 and
recorded for these samples in dichloromethane at a concentratior3300 cnmt), and the hydrogen-bondedroxy amide NH and
(2 mM) at which intermolecular hydrogen bonding is unlikely NHb (3211 and 3214 cmt) bonds, respectively. The large
to occur. For21, we observed two major bands (3446 and 3392 hydrogen-bonded amide Nidands and the small non-hydrogen-
cml, assigned to the stretching frequencies of the non- bonded amide NEbands indicate that the NHgroups of23
hydrogen-bonded amide Nkand NH,; bonds) and two minor ~ and 29 exist mainly in 10-membered-ring intramolecular
bands (3338 and 3280 cry assigned to the stretchings of the hydrogen bond conformations. Considering that the, bitdups
hydrogen-bonded Niand NH, bonds). The presence of a minor  did not form intramolecular hydrogen bonds and that the, NH

intramolecular hydrogen-bonded amide band for the, Néhd groups formed intramolecular hydrogen bonds (according to the
of 21 indicates that the 10-membered-ring intramolecular results of outH NMR spectroscopy studies), the bands at 3387
hydrogen-bonded conformation did not predominate. and 3394 cm! can be assigned primarily to the signals of the

J. AM. CHEM. SOC. = VOL. 130, NO. 2, 2008 747
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Figure 1. (Left-hand column) Amide proton chemical shifts plotted as a function of the logarithm of the concentration of p2pt@&<5, 27, 29, 31,
and33in CDClz at room temperature; (right-hand column) amide proton chemical shifts plotted as a function of the amount odp&tfs@d to 5 mM
solutions of peptide®1, 23, 25, 27, 29, 31, and33 in CDCl; (0.5 mL) at room temperature.

non-hydrogen-bondetl-oxy amide NH groups and those at  of hydrogen-bonded NHgroups; thus, the existence of two
3325 and 3300 crit can be assigned primarily to the signals consecutive 10-membered-ring intramolecular hydrogen bonds
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Figure 2. N—H Stretching regions of the FT-IR spectra2i, 23, 25, 27, 29, 31, and33 (2 mM in CH,Cl,) at room temperature (after subtraction of the
spectrum of pure CkCly).
predominates for the conformations 81 and 33 in CH,Cl, overlapping signals, no 2D-NOESY spectra were recorded for
solution. 27, 31, and33. For 23, 25, and29, we detected obvious NOE

2D-NOESY Studies ofy-Aminoxy Peptides.We performed signals between fand they proton, but no such signal f@1.
2D-NOESY studies oR1, 23, 25, and29 in CDCl; to probe This finding suggests that the backbone28f25, and29 were
their conformations in solution (Figure 4). Because of their bent, while that of21 was not.
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Figure 3. Two possible intramolecular hydrogen bonds withipraminoxy
peptide.

CD Studies of y-Aminoxy Peptides. Circular dichroism

the secondary structures of natural pepti#e8 and unnatural
peptides such g&peptide$3+36 and aminoxy peptides:17:22.23.37
Figure 5 presents the CD spectra 28, 25, 29, 31, and 33
recorded at room temperature in 2,2,2-trifluoroethanol (TFE);

these CD signals have been normalized with respect to the

concentration and number of backbone-® turns of each
compound. In the CD spectrum 89, a strong absorption peak
appeared at 203 nm; its intensity was similar to that of the broad
peaks at ca. 210 nm in the spectra28fand31.22 In contrast,

for 25 and 33 we observed only weak broad peaks between
205 and 230 nm. The lower intensity of these two peaks is
probably due to the conformational flexibility @ and33, in
which the y*-Me group does not exert a strong influence on
the secondary structures.

Theoretical Calculations. To further understand the con-
formational features of the unsubstitutgeaminoxy andy*-
Me-, y*Et-, y*-Ph-, andy®“cyclohexyl-substituted aminoxy
peptides, we performed theoretical calculations on the model
compounds34—39 (Figure 6) using the Gaussian 98 software
package® All of the geometries were fully optimized using the
B3LYP3496-31G (d, p) method followed by harmonic vibration

stability to that of 34a Conformer 34g with its extended
backbone, is less stable than those conformers that feature
intramolecular hydrogen bonds. Overall, the calculations predict
that compound4 can adopt both eight- and 10-membered-ring
hydrogen bond conformations, which would exist in equilibrium.
This finding is corroborated by the experimental results. For
example, in the IR spectrum of the unsubstitujedminoxy
peptide 21, the peaks appearing at 3392 and 3338 tm
correspond to the free aminoxy amide Nknd the 10-

Pmembered-ring hydrogen-bonded amideg\lidits, respectively,

whereas the signals at 3346 and 3280 trorrespond to the
free amide NH and the eight-membered-ring hydrogen-bonded
amide NH, units, respectively.

With a methyl group introduced to thecarbon atom in an
(9-configuration, model compoun®5 can adopt several
conformations; Figure 8 displays the six most stable of them.
Conformer35a, which is derived fronB4a, but with a shorter
hydrogen bond length and a better hydrogen bond angle, is the
most stable. Conformebb and35¢ which are derived from
34b and 34c respectively, are less stable than confori3&a
It is notable that whil&4b is less stable thaB4¢ 35bis more
stable thar85¢ presumably because the methyl group is gauche
to the N—O bond in35b (with a distance of 2.74 A between
one hydrogen atom on the methyl group and the aminoxy amide
proton), whereas it is gauche to thg-6Cz bond in35c (with
a distance of 2.47 A between one hydrogen atom on the methyl
group and the ¢ hydrogen atom). Obviously, the degree of
steric repulsion is stronger Bbcthan it is in35hb. Conformers
35d and35¢ with their eight-membered-ring hydrogen bonds,
and the extended conformed5f are also less stable than

frequency calculations to ensure that each structure was aconformer3sa Conformer35dis more stable thaB5ebecause

minimum. Energies were evaluated through NP28/6-31G

(d, p) calculations on the B3LYP/6-31G (d,p) geometries. The
effect of solvent was evaluated by the PCM model using the
B3LYP/6-31G (d, p) method. A dielectric constant of 8.93 was
set to model CHCI;, as solvent. The relative free energies of

the conformers were calculated with the MP2/6-31G (d, p)

energies plus the enthalpy and entropy corrections along with

the solvent energy corrections, as shown in eq 1.

AG = AE(MP2)+ [AE(B3LYP, solvent)—
AE(B3LYP)] + enthalpy correction- TAS (1)

Figure 7 displays the five most stable conformations of model
compound34. Ten-membered-ring hydrogen bonds are found
in conformers34a—c, of which 34ais the most stable (hydrogen
bond length: 2.00 A; hydrogen bond angle: 163.6onformers
34band34care less stable because of their unfavorable torsional
anglesg and ¢, respectively (see Table 2). Conform@4d,

the methyl group is aligned anti to the-)XD bond in35d, while

the C—H bond is eclipsed with the NO bond in 35e
Interestingly, the energy difference betwe®@ba and 35d is
larger than that betwee3daand34d, presumably because the
methyl group is gauche to the-ND bond in35a(with a distance

of 2.73 A between one hydrogen atom on the methyl group
and the amide hydrogen atom), whereas it is gauche tothe C
Cz bond in35d (with a distance of 2.29 A between one hydrogen
atom on the methyl group and the Bydrogen atom), resulting

in stronger steric repulsion i85d than in35a As a result, the
energy increase frorB4d to 35d is higher than that fron34a

to 35a These results suggest that ieMe aminoxy model
compound5 having the §)-configuration favors the left-handed
10-membered-ring hydrogen bond conformation, but because
the free energy difference between the dominant confo8bar
and conformeB5d is not large (0.7 kcal/mol), their intercon-
version is facile. Our experimental results for compo@d

having an eight-membered-ring hydrogen bond, has a similar indicate that the 10-membered-ring hydrogen bond is favored
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Figure 5. CD spectra of peptide?5 (0.1 mM in TFE) and23, 29, 31, and
33 (0.4 mM in TFE) at 25°C.
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Figure 6. Model y-aminoxy peptide84—39.

34b 1.4 (1.4) 34c 1.1(0.9)

34d 0.2 (0.0)

Figure 7. Calculated conformers of model compouddl The calculated
relative free energies (kcal/mol) in the gas phase and inGEGH(in
parentheses) and the—M---O hydrogen bond lengths and angles are
provided.

34e2.8 (1.4)

over the 8-membered-ring hydrogen bond (stronger signals at
3392 and 3320 cni than that at 3430 cnd).

The conformations of compourg® can be derived from those
of compound35 by replacing one of the hydrogen atoms on
the C, methyl group with a methyl group. Figure 9 indicates
that the relative stabilities of the most stable conformers of
compound36 are similar to those of compourdb. One notable
change is that the calculated free energy difference bet@@an
and36dis ca. 0.1 kcal/mol in CEKLCl,, while the corresponding
energy difference betweebaand35dis ca. 0.7 kcal/mol. In
both36aand36d, the additional methyl group is aligned gauche
to the G—C, bond, but the distances between the closest
hydrogen atoms on the additional methyl group and on the C
atom are 2.29 A ir36a and 2.36 A in36d. Because of the
stronger repulsion iB6athan in36d, the free energy increase
from 35ato 36ais higher than that fron85d to 36d. These

Table 2. Torsional Angles of y—Aminoxy Peptides Optimized Using B3LYP/6-31G (d, p)

o o
90 oV 2
'zlz)J\N/ ° N/ K
H H
structure ¢ 6 @ P structure ] 17 P structure ¢ 7] 17 P

34a —169.3 62.2 68.5 —102.1 36b —159.0 573 —884 124.7 38c —-79.9 -—-523 163.0 —93.6
34b —163.7 61.6 —86.3 118.3 36¢ —73.7 —62.7 167.2 —88.0 38d —749 -50.1 71.4 —145.7
34c —-755 —61.4 167.1 —86.5 36d —69.5 —56.9 719 -—-1447 38e —159.3 57.3 —-57.3 167.6
34d —70.3 —55.9 73.0 —147.2 36e —116.4 595 -70.1 —71.4 39%a —161.9 62.3 69.7 —112.4
34e —179.9 -61.3 -—169.3 -—-147.7 36f —155.8 67.4 -—-171.7 -—178.7 —165.9 61.2 69.5 —104.2
35a —164.8 62.6 69.8 —106.3 37a —166.6 59.9 67.1 —105.6 39b —161.5 62.1 69.6 —110.9
35b —159.8 58.0 —885 123.5 37b —162.1 57.1 —88.2 122.5 —159.5 56.6 —89.3 121.1
35¢c —745 —62.1 166.7 —87.2 37c —74.4 —619 1671 —89.3 39c —161.4 62.6 70.6 —1129
35d —70.6 —555 725 -—146.3 37d —66.0 —59.6 70.9 -—142.6 —73.3 —615 165.1 —87.6
35e —117.7 60.4 —69.0 —-71.9 37e —158.5 65.8 —166.8 —171.2 39d —64.4 —58.3 68.1 —134.2
35f —156.8 66.6 —170.4 —175.8 38a —166.0 59.5 69.2 —109.4 —62.3 —58.1 75.0 —150.0
36a —161.3 63.4 70.7 —108.1 38b —166.9 62.7 —83.8 110.0
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35¢2.0(1.2)

35d 1.0 (0.7) 35¢2.6(2.5) 35£2.4(1.7)

Figure 8. Calculated conformers of model compouBisl The calculated relative free energies (kcal/mol) in the gas phase and,@IQkh parentheses)
and the N-H---O hydrogen bond lengths and angles are provided.

a,

36d 0.5(0.1) 36e2.4(1.6) 36f2.2(1.1)

Figure 9. Calculated conformers of model compouB@l The calculated relative free energies (kcal/mol) in the gas phase and,@IQfh parentheses)
and the N-H---O hydrogen bond lengths and angles are provided.

results nicely explain our experimental observation that com- conformation (minor), and the 8-membered-ring hydrogen bond
pound27 having the §)-configuration and an ethyl side chain is more favorable ir27 than it is in25 (stronger absorption at
adopts the left-handed 10-membered-ring hydrogen bond con-3241 cnt! for 27 than that for25).

formation (major) and the 8-membered-ring hydrogen bond Figure 10 displays the five most stable conformations of
model compound3?7, which has an R)-configuration and a
phenyl group at the* position. Conformei37ais the most

(31) Lyu, P. C,; Liff, M. I.; Marky, L. A.; Kallenbach, N. RSciencel990
250, 669-673.

(32) Oneil, K. T.; Degrado, W. FSciencel99Q 250, 646-651.

(33) Marqusee, S.; Robbins, V. H.; Baldwin, R.Rroc. Natl. Acad. Sci. U.S.A. (35) Raguse, T. L.; Lai, J. R.; Gellman, S. B. Am. Chem. SoQ003 125,

1989 86, 5286-5290. 5592-5593.
(34) Rueping, M.; Schreiber, J. V.; Lelais, G.; Jaun, B.; SeebacHel. Chim. (36) Wang, X. F.; Espinosa, J. F.; Gellman, SJHAmM. Chem. So200Q 122
Acta 2002 85, 2577-2593. 4821-4822.
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37a0.0 (0.0) 37b 1.7

(1.8) 37¢3.9(2.3)

37d2.1(1.7)

37e3.4(2.1)

Figure 10. Calculated conformers of model compousid The calculated relative free energies (kcal/mol) in the gas phase and.{Dlh parentheses)

and the N-H---O hydrogen bond lengths and angles are provided.

stable with its 10-membered-ring hydrogen bond (hydrogen
bond length: 1.99 A; hydrogen bond angle: 183.&onform-
ers37band37care relatively less stable. Conforn&fb suffers

presence of the rigid cyclohexyl ring. Conform&&cand38d
with their eight-membered-ring hydrogen bonds are less stable
than38abecause of their unfavorable torsional angend®.

from severe distortion because of an unfavorable torsional angleThe energy difference between the dominant confo38aiand

@ (—88.2). Conformer37cis much less stable th@Yabecause

of a combination of a bad torsional angfe(—74.4) and a
smaller angle between the phenyl ring and theG@Cbond (25.8

in 37¢ 39.9 in 37a), which leads to stronger steric repulsion
in 37cthan in37a Conformer37d with its eight-membered-
ring hydrogen bond is also much less stable tBdabecause

of the smaller angle between its phenyl ring and theGChond
(19.5 in 37d; 39.9 in 373). The energy difference between
the dominant conforme37aand the other conformers is at least
1.7 kcal/mol, significantly larger than those f85 and 36
because the phenyl ring is bulkier than either methyl or ethyl
groups. These results reveal that tifeaminoxy model com-
pound37 should strongly favor the 10-membered-ring hydrogen
bond conformeB7aand that the formation of the 10-membered-
ring hydrogen bond in model compouB3@ is more favorable
than that in model compounds and 36.

Figure 11 displays the five most stable conformations of
model compoun@®8, in which the §-5 and §-y carbon atoms
are part of a cis-disubstituted cyclohexyl ring. Conforriga
is the most stable with its 10-membered-ring hydrogen bond.
Conformer 38b is relatively less stable because of severe
distortion of its torsional anglep (—83.%) caused by the

(37) Yang, D.; Li, W.; Qu, J.; Luo, S. W.; Wu, Y. OJ. Am. Chem. So2003
125 13018-13019.

(38) Frisch, M. J.; et al. Gaussian 98, revision A.11.3, Gaussian, Inc.: Pittsburgh,
PA, 2002.

(39) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.

(40) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785-789.

(41) Moller, C.; Plesset, M. S2hys. Re. 1934 46, 618-622.

(42) Frisch, M. J.; Headgordon, M.; Pople, J. @hem. Phys. Letfl99Q 166,
275-280.

(43) Frisch, M. J.; Headgordon, M.; Pople, J. @hem. Phys. Lettl990Q 166,
281—-289.

the other conformers is greater than 1.6 kcal/mol because the
cyclohexyl side chain is bulky and rigid; in addition, the other
conformers of38 suffer from 4more severe distortion than does
38a Therefore, the-aminoxy amide having a cis-disubstituted
cyclohexyl side chain at it§ andy positions is predicted to
strongly favor the 10-membered-ring intramolecular hydrogen
bond conformei38a

From our theoretical calculations of the model compounds
34—38, we conclude that thg*-aminoxy peptides can form 10-
membered-ring intramolecular hydrogen bongdN-O turns)
and that the extent of the hydrogen bond formation increases
from the unsubstituted,-aminoxy peptide to the/*-alkyl-
substituted aminoxy peptides to thé*cyclohexyl- andy*-
Ph-substituted aminoxy peptides.

Figure 12 displays the four most stable conformations of the
model compoun@®9. Conformer39ais the most stable with its
two contiguous left-handeg N—O turn units, akin to the most
stable conformeB5a Overall, 39a corresponds to a helical
structure, referred to as)eN—O helix. Interestingly, the lengths
of the hydrogen bond 9aare 1.90 and 1.95 A, with hydrogen
bond angles of 170.2 and 166.8espectively, which are better
than those o85a This finding indicates that the formation of
the two 10-membered-ring hydrogen bond8his a coopera-
tive process, in good agreement with the experimental observa-
tion that triamide33 forms stronger intramolecular hydrogen
bonds than does diamid@5. Conformers39b and39care less
stable tharB9a because of the presence of less-stab—0O
turn units (akin to that 085bin 39b and35cin 39¢) in addition
to oney N—O turn unit akin to that ir85a Conformer39d has
two contiguous eight-membered-ring hydrogen bond units (akin
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38d 1.9 (1.6) 38¢24(2.1)

Figure 11. Calculated conformers of model compous®l The calculated relative free energies (kcal/mol) in the gas phase and.{Dl g parentheses)
and the N-H---O hydrogen bond lengths and angles are provided.

39¢1.9(1.1) 39d23(3.1)

Figure 12. Calculated conformers of model compous@ The calculated relative free energies (kcal/mol) in the gas phase and.{Dl.Qkh parentheses)
and the N-H---O hydrogen bond lengths and angles are provided.

to that in 35d) of the same handedness. This structure is Conclusion

calculated to be much less stable than struc89a because

the torsional anglep (—64.4 and—62.3, respectively) i39d On the basis of experimental and theoretical findings for a
are deviated greatly from that 86d (—70.6°). These results  series ofy-aminoxy peptides, namely those containing unsub-
indicate that the$9-y*-aminoxy model peptid@9should favor ~ stituted andy*-Ph-, y%-alkyl-, and y*“-cyclohexyl-substituted

a helical structure formed from two left-handgdN—O turn aminoxy acid residues, we conclude thaaminoxy peptides
units akin to that in conforme35a can form 10-membered-ring intramolecular hydrogen bonds
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between adjacent residues, thatis\i—O turns. The extent of Acknowledgment. This study was supported by the Univer-
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of two consecutive homochiral 10-membered-ring intramole-
cular hydrogen bonds results in the formation of a novel
helical structure in which the formation of the consecutive
y N—O turns is a cooperative process. The experimental
studies and theoretical calculations gnN—O turns and

y N—O helices iny-aminoxy peptides have provided many
insights into the nature of folding gf-aminoxy peptides. The
understanding of the effect of the side chains on local confor-
mational features ofy-aminoxy peptides should stimulate
the design of new foldamers and their applications in drug
development. JA0772750

Supporting Information Available: Experimental details for
the preparation and characterization of compoune33;, HPLC
traces for the determination of the values of ee of compounds
6, 11, and19; 2D-NOESY spectra of peptideX3, 25, and29;
calculated relative energies of @afaminoxy peptides; calculated
energies and corrections of @laminoxy peptides; geometries
(Cartesian coordinates) of gh-aminoxy peptides optimized
using B3LYP/6-31 (d, p); complete ref 38. This material is
available free of charge via the Internet at http://pubs.acs.org.
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