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Abstract: Factors responsible for the folding of aromatic oligoamides with backbones rigidified by local
three-center H-bonds were investigated. The stability of the three-center H-bonds was quantified by the
half-lives of amide proton—deuterium exchange reactions, which show that the three-center H-bonds were
largely intact at room temperature in the oligomer examined. This result is consistent with our current and
previous 2D NMR studies. The overall helical conformation of nonamer 1 was found by variable-temperature
NOESY studies to be dynamic. As temperature rose, the end-to-end NOEs rapidly disappeared, while the
amide side chain NOEs were still readily detectable, corresponding to the “breath” and stretching of the
helix by slightly twisting the local H-bonded rings. Based on the simple repetition of the same structural
motif and local conformational preference, undecamer 2 was found to fold into well-defined helical
conformation. The predictability of the folding of these backbone-rigidified aromatic oligoamides was
demonstrated by a simple modeling method using structural parameters from oligomers with known crystal
structures. The reliability and generality of the modeling methods were shown by the excellent agreement
between the modeled structures corresponding to 1 and 2 and data from NOESY studies.

Introduction operative action of noncovalent forces, have also resulted in

well-defined conformation?’

We?t and other® recently described backbone-rigidified
aromatic oligomers that fold into helical conformations. One
class of the helical foldamers developed by us involve aromatic
oligoamides whose backbones are rigidified by a novel set of
three-center intramolecular H-bonds consisting of the S(5) and
S(6) type2 hydrogen-bonded rings. The localized three-center
H-bonds, combined with rigid aromatic rings, lead to preferred,

e., “locked” local conformations. The combination of these
preferred local conformations results in an overall rigidified,
crescent backbone for the corresponding oligomers. The rigidi-

Many unnatural oligomers that fold into well-defined second-
ary structures have been reported since the pioneering work of
Gellman and Seebach ghpeptides:? Among reported ex-
amples, foldamers adopting various helical conformations have
attracted the most attentidn® Helical foldamers include
B-peptides’;® y-peptide&1° 6-peptidesi-*2 and peptoid oligo-
mers!3 pyridine—pyrimidine oligomers and helical polyhet-
erocyclic strands? helicates'® oxapeptided® N,N'-linked oli-
goureas; and solvent-dependent helical oligo(phenylene
ethynylenes}2 Other foldamers involving unnatural backbones
were also describe¥.In addition to folded oligomers, related
systems based on the combination of inter- and intramolecular (13) (a) Patch, J. A.; Barron, A. B. Am. Chem. So@003 125, 12092. (b)
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fied backbone forces an oligomer of a sufficient length to adopt
a helical conformation containing a large, hydrophilic interior

cavity. Our previous results revealed that the helical conforma-
tion was present both in solution and in solid state. The folded

structing large nanostructures, it is necessary to understand the
stability of their folded conformations. For example, although
we previously found that the three-center H-bonds were
stabilized by positive cooperativity, it is still not clear how these

structures were independent of the nature of the side chainsthree-center H-bonds, which play the critical role of defining

carried by the corresponding oligomers. Despite their rigidity,
the folded conformations of these oligoamides are effected by
reversible intramolecular H-bonding interactions. These oligo-

the local conformational preference, would differ in their
stabilities when placed in different locations along the backbone
of a folded oligomer. What is the effect of temperature change

mers are therefore true foldamers that should undergo dynamicon the overall folded conformation of an oligomer? Another

exchange between folded and partially folded (or even unfolded)

concern about these oligomers is related to their H-bond-

states as environmental factors such as temperature and solventgidified backbones. Is it possible that in long oligomers, the

change. To use these backbone-rigidified folding oligomers as
reliable, shape-persistent molecular building blocks for con-
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Moore, J. SOrg. Lett.2004 6, 469. (e) Oh, K.; Jeong, K. S.; Moore, J. S.
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steric hindrance becomes so severe that some of the backbone-
rigidifying intramolecular H-bonded rings will be broken,
leading to interruption of the H-bonded crescent and helical
conformations? Finally, since long oligomers are constructed
by simple repetition of the same structural motif and local
conformational preference, is it possible to accurately predict
the folded conformations of long oligomers based on structural
data from their shorter homologues?

In this paper, we first describe a method for quantifying the
stability of the local three-center H-bonds based on the deter-
mination of the half-lives of amide proterdeuterium exchange.
We then investigate the effect of temperature changes on the
folded helical conformation of nonamer (9-mdr) To probe
the effect of chain length on folded conformations, we synthe-
sized and characterized undecamer (11-n2erfResults from
extensive NMR studies suggest that this longer oligomer still
adopts H-bond enforced, helical conformations. Finally, we have
developed a modeling method for predicting the folded struc-
tures of oligomerslb and 2b based on data from the crystal
structures of short oligoamides. The reliability of the modeled
structures was shown by their excellent agreement with results
from two-dimensional (2D) nuclear Overhauser enhancement
spectroscopy (NOESY) studies.

GHs  CHg

[o} (o} R?
E--o
§
R® R® o o
6 6 g 1 R' = R® = -(CH,CH,0)3CH3,
e .. o N R? = -(CH);CO,CH,CH;
l!l | 1,1a-b: T = O.chy
T T ° T Eij’;:i“%u CH,0)3CH
5 o = R7=~(CH,CH0)3CH3

R!=R%= R*=-CHj4

R® R R
(|) . O):I:':L" o-CHs
'i' ¢ R
N‘T 5 20k T [} Q,CHQ
o) vaB-0: 1 = o N~H‘\ 2 & 2a: R =-(CH,CH;0);CHg, R® = -CHy
2a We Or 2b: R =R?=-CH,

Results and Discussion

Synthesis.The synthesis of nonamér was reported by us
before?ld Nonamerl was synthesized on the basis of the same
procedures for synthesizinta and other similar 9-mers. The
symmetrical 11-meR, consisting of a central isophthalic acid
residue and two identical oligoamide “arms”, was synthesized
on the basis of a convergent route by coupling the corresponding
4,6-disubstituted isophthaloyl chlorides with the amino-
terminated pentamer (Scheme 1a). Hexa@eewas similarly
prepared by acylating the amino-terminated pentamer with
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@ oo
0 ' o
cl ca * N —_—
HoN A
? Q

Me R
2:R= -CH3; -(CH2CI‘I20)3CH3; -(CH2)3C02C2H5

repeat coupling
Ojij[“/ O:(j[“/ H2/Pd -C & hydrogenatlon i

-2
O-T

‘“ Z-T

(b)

Me

2-methoxybenzoyl chloride. The amino oligoamides were indicated in Figure 1. Consistent with the greatly enhanced
synthesized by stepwise (C-to-N) coupling of the corresponding stability of its corresponding three-center H-bond, dinger
monomer building blocks on the basis of acid chloride chemistry showed a much longer half-life of amide-HD exchange than
(Scheme 1b). The yield of each amide formation step ranged dimers3a and 3b, each containing only two-center H-bonds.
from 72 to 87%. Except for the first aniline residue, the other Dimer 3a, with a six-membered H-bonded ring, was found to
monomers were incorporated via nitrobenzoic acid chlorides. be slightly more resistant toward-HD exchange thaBb with
The resulting nitro-terminated oligoamide intermediates were a five-membered H-bonded ring. The amide protonslaf
hydrogenated (Pd/C) into the corresponding amino-terminated showed half-lives of HD exchange that were comparable or
analogues, which were then subjected to the next coupling step.much longer than that a8, indicating that all of the amide
Hydrogenation of the nitro-terminated oligoamides was usually protons inlawere involved in strong three-center H-bonding.
carried out at 4655 °C under pressure (4 Pa) in chloroform/ The existence of three-center H-bonds suggests that each of the
ethanol (2:1) for 4 h. amide linkages in 9-meta was rigidified, enforcing a confor-
Amide Proton—Deuterium Exchange. Previous NOESY mational preference that results in a tapelike, helical backbone.
studies on our folding aromatic oligoamides clearly demon- The half-lives of H-D exchange also provided a convenient
strated the presence and persistence of the three-center H-bondsomparison on the relative stabilities of the individual three-
that played the critical role in enforcing the local conformational center H-bonds. For example, amide protbof 1a was found
preference on the repeating structural motfshTo quanti- to exchange more easily than the other amide protons, indicating
tatively measure the stability of these three-center H-bonds, that the corresponding amide group was the weak point along
H—D exchange experiments were performed on the previously the backbone of this 9-mer. This is consistent with both the
characterized nonamer (9-mé&g?'9and dimers3, 3a, and3b.21e crystal structure of a similar 9-mer previously determined by
The half-lives of H-D exchange for the amide protons are us and the results from theoretical calculations on an oligomer

)2.7 hrs
3
7.0 hrs o) y o-CHs

E O
ROZ= 220 0 _@ CHs _ 17 min.
RO H—N l_{‘l O== b OR &~

H3C ; CHj 0 oCHs
©:O_N’H“ CH 3a
CgH17 \
co 9 min
R= -(CHQCH20)3CH3 HaC* ~©\N’,T| O‘CH:E
1a N‘@
(0]
3b

Figure 1. Half-lives of amide protordeuterium exchange based on 1D NMR experiments (500 MHz, €DRISO-d;/D,0 = 2:19:19).
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(a) (b) 500
400
G
e — 300
” >
Ca —
o) aﬂ
" N\—0(CHzCHo0)2CH;z 5 2004
1 :
= 100-
....... 0 T T T T
fa 0 5 10 15 20 25
CHg(OCHzCH2):0 1 [R! = (CH,CH0):CH;, R? = -CHACHACO,CAH;] Temperature (OC)

Figure 2. (a) Two identical end-to-end NOEs (red arrows)ldbllowed by variable-temperature NOESY experiments (2 mM in GD&M0 MHz; mixing
time, 140-500 ms). (b) The results show a rapid decrease in the intensity of the end-to-end NOEs as temperature rises.

involving a central isophthalic acid resid&¥. The ability to is that lye..o1 Will be affected by temperature-dependent
follow the strength of an individual three-center H-bond should conformational changes that cause the-M#l distance to
also facilitate studies on the inermolecular stacking interaction change. As temperature rises, it is expected that the helical

of these folding aromatic oligoamides. conformation ofl will become increasingly dynamic, due to
Variable-Temperature 2D NMR (NOESY) Experiments. the temperature-dependent changes associated with the torsional
The effect of temperature on the folded conformationl efas angles of each of the numerous amideyl single bonds.

investigated by variable-temperature NOESY experiments. The Correspondingly, the average distance between the protons Me
end methyl group (Me) serves as a convenient spectroscopicand bl will also fluctuate more rapidly at higher temperatures.
label for assigning the 2D NMR spectra. Results from our As a result]ye...n1 Will decrease rapidly and the ratiQe...o1/lo
previous studies on similar symmetrical nonamers indicated thatwill reflect the corresponding conformational dynamics. Indeed,
the two identical NOE contacts between the protons of the end results from NOESY experiments (500 MHz, in CRLCI
methyl group and aromatic proton bl could serve as a direct indicated that the NOEs between protons Me and b1 diminished
indicator for the corresponding helical conformatfétindeed, rapidly as temperature rose from 0 to 2¢. This end-to-end
an obvious NOE between protons of Me and proton bl was (Me---b1) contact disappeared completely when temperature
observed in the NOESY spectrumb{Figure 2a). To examine  rose above 30C. As shown in Figure 2b, the ratlge...,1/lo at
the dynamic nature of the folded conformation bf the 21 °C is less than 10% of that at @. Considering that the
temperature-dependent changes of the intensity of-{de measured intensity df at 21°C is still 78% of that measured
contact were followed. at 0 °C, the decrease of the intensity bfie...n1 at elevated
Due to the influence of factors such as temperature and temperatures was very dramatic and indicated the dynamic
mixing time on the NOE intensities (integrated volumes) of a nature of the helical conformation &f which is equivalent to
specific contact, NOEs measured at different temperaturesan increase in the average distance between the protons and
cannot be directly compared. To correlate the changes of NOEreflects the “breath” and elongation of the helix.
intensities with conformational mobility or flexibility, the The temperature-dependent conformational flexibilityl o
average intensityl§) of the NOEs between protons Me and their further confirmed by examining the NOEs between amide
neighboring aromatic protons al and a2 was chosen as theprotonsa andc with their adjacent ether side chains. Two sets

internal standard: of NOEs associated with protamor ¢ were monitored: one
set (s() are those between the amide proton and the methyl or
| = Ivie--a1 1 Ive a2 o-methylene protons of the side chains involved in the six-

0 2 membered H-bonded rings (Figure 3a), and the otherigg) (

are those between the amide hydrogen and the methyl or

Since the average distances between the Me protons and protons-methylene protons of the chains involved in the five-
al and a2 are fixed in the covalent structure, any observedmembered H-bonded rings (Figure 3b). The temperature-
changes ofg from NMR experiments carried out in the same dependent trend revealed by the amide greside chain
solvent should be due to experimental conditions, such ascontacts is consistent with that of the end-to-end contact: the
temperature and mixing times. Thus, any NQFE rieasured relative NOE intensitiesI{lp) dropped as temperature rose,
simultaneously withg should be subjected to the same influence suggesting that the helical conformation became increasingly
of experimental conditions. Comparing the ratip measured dynamic as temperature rose. However, compared to the end-
at various temperatures and mixing times should provide a moreto-end NOE [ye-..n1), the localized amideside chain NOEs
accurate indicator for any conformation-dependent changes in(lse) andlse) decreased much more slowly. For example, at
. 30°C, Iss)andlsg could still be clearly detected, whilge..b1

If the distance between protons Me and b1 were unaffected completely disappeared. It is also noticeable tbgfdecreased
by temperature, the ratidwe..p1i/lo would remain largely more slowly thanlss), suggesting the S(5) ring is the weaker
unchanged as temperature varies. A much more likely scenarioof the two two-center components in a three-center H-bond.
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Figure 3. Temperature-dependent changes of the relative intensities of the NOEs between amide proton a or ¢ and the protons on its neighboring side
chains.

Thus, the temperature-dependent changes of the measurednd the strong intermolecular aromatic stacking interactions of
I/l values were fully consistent with the H-bond-enforced, 2 due to its large aromatic surfaces.

helical conformation of nonamér. the end-to-end (Me-b1) (2) Two-Dimensional'H NMR Spectroscopy (NOESY).
contact was affected by the accumulative effect of conforma- The conformation of 11-me2 was characterized by NOESY
tional Changes that resulted from all of the local H-bonded rings studies. The presence of the three-center H-bonds a|0ng the
and was thus the most sensitive. At elevated temperatures, theyackbone of2 should be revealed by three NOE contacts
less stable S(5) type intramolecularly hydrogen bonded rings petween each of the amide protons and the protons on its
were twisted more easily than the more stable S(6) type rings. adjacent side chains. The three NOEs include one with the
As temperature kept rising, the-NPh bond, as part of the S(5)  methoxy and two with theo{ and/3) methylene groups (Figure
ring, was the first to rotate freely, which should eventually lead 5). Although the methoxy an®-methylene!H NMR signals
to a completely random coil conformation of nonartieGiven cannot be clearly assigned due to the overlap of signals, three
the fact that, as temperature riseS, the end-to-end NOE disap-of the five amide proton NMR Signa]s &f are We||_reso|ved'
pears much more rapidly than the amide preteitle chain  which should lead to well-separated NOE cross-peaks in the
contacts, the helical structure bprobably breathes and extends 2D spectrum. Figure 5 shows the partial NOESY spectrum
such as a spring as the H-bonded rings distort. corresponding to the amidalkoxy side chain NOEs df. For
Characterization of 11-mer 2.To probe whether an oligomer  the well-resolved amide protons a, b, and e, the expected NOEs
longer than nonamers can still fold into a helical structure, we were clearly detected. Each of protons b and e exhibited three

designed and synthesized 11-n2er well-separated cross-peaks with the QCGiid OCH regions.

(1) One-Dimensional'H NMR Spectroscopy.The assign- Proton a showed two cross-peaks, one of which corresponded
ments of the 10H NMR spectrum o2 and hexameRa were to a single NOE and the other should corresponded to two NOEs
aided by the COSY and NOESY spectra of these two oligomers. On the basis of its intensity. The signals of protons b and d,
Figure 4 shows that the partial 1D NMR spectra2odnd 2a which are placed in very similar environments, partially

correspond to the range containing the amide and aromaticoverlapped. Correspondingly, three intense NOE cross-peaks
signals. The presence of sharp signals in both spectra isfor b and d were detected. The intensity of these NOE peaks,
consistent with the well-defined and stable conformations Py comparing to those of the well-resolved protons b and e,
adopted by these two oligomers. Althougtand 2a have the suggested that each of these three cross-peaks corresponded to
same residues that are connected in the same order, comparefivo overlapped NOEs, consistent with the overlap of the b and
to those oRa, which can be regarded as halffthe’H NMR d signals. Thus, the observed NOEs between each of the amide
signals of2 are more widely dispersed. For example, the signals Protons of2 and its neighboring protons on the two adjacent
of the five interior aromatic protons o, Hal to Hfl, are side chains are fully consistent with the presence of the three-
Comp|ete|y resolved. This confirms that adopts a folded centered H-bonds that rlgldlfled the amide groups, which in turn
conformation that places its amide and aromatic protons in should lead to an overall curved and helical conformatio®. of
microenvironments different from those2a. Most of the amide While the presence of strong NOEs between the amide
and aromatic signals of shifted to upfield positions as protons and those of their neighboring side chains provided
compared to those ofa, which may be due to both the direct evidence for a H-bond rigidified backbone2pthe most
intramolecularly overlapped (or stacked) residues (see below)conclusive evidence for the adoption of a helical conformation
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Figure 4. One-dimensionalH NMR spectra (600 MHz spectrometer equipped with a cryogenic probe, 0.30 mM in 15:8%/DME}d;, 278 K) of (a)
nonamer2 and (b) hexame@a

by 2 would be the presence of NOEs between protons on remotetermini of 2, which clearly indicated a folded helical conforma-
residues. The above variable-temperature NOESY experimentstion that brought the otherwise remote ends into close proximity.
on nonamet indicated that, to detect any end-to-end (remote)  Computer Modeling. We previously determined the crystal
NOEs, the NOESY experiments need to be carried out at low structures of a number of crescent oligoamides from difner
temperatures. Therefore, the same experimental conditions,up to 9-mer9 (Figure 7a@%@h The crystal structures of these
which involved room temperature, used to detect the amide oligomers provided several sets of parameters, such as bond
side chain NOEs (Figure 5) were not suitable for studying NOEs lengths, bond angles, dihedral angles, and internuclear distances
between remote protons @ The NOESY experiments were  that can serve as structural constraints. On the basis of these
then carried out on a 600 MHz NMR spectrometer &C5 In parameters, we decided to develop a simple modeling method
the resultant NOESY spectrum, the amide and end methyl (Me) that may be generally applicable to the prediction of the folded
protons of2 were followed to reveal NOEs between nonadjacent structures of other homologous oligoamides. Such a modeling
protons. These protons were chosen because their signalsnethod would be particularly helpful in predicting the folded
appeared at positions that were well-separated from those ofstructures of long oligomers that are otherwise difficult to
other protons in the 1D NMR spectrum@fAs shown in Figure  characterize by high-resolution methods such as 2D NMR or
6, three sets of NOEs were clearly detected Zorone set X-ray crystallography due to signal overlap or the difficulty of
between amide protons a and b, another between a and aromatigrowing single crystals. Among the numerous parameters that
proton c2, and the third between the protons of the end methyl can be chosen, the distances between the extekigg) and

(Me) group and amide proton d. In contrast, similar NOESY interior (dinterior) aromatic carbons of two neighboring meta-
study on the reference compou®d which can be regarded as linked benzene rings were tested as distance constraints (Figure
half of 2, failed to reveal any of the NOEs between the 7b). Restraining these two distances in a modeled structure is a
corresponding protons. Therefore, these NOEs revealed in thedirect reflection of the rigidifying effect of the localized three-
NOESY spectra o2 were the result of the approach of the two center H-bonds, which lead to crescent, tapelike backbones.
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Figure 5. Amide proton-side chain NOEs revealed by the NOESY spectrun2 600 MHz; 0.3 mM in 15:85 CDGIDMF-d7; 298 K; mixing time,
0.4 s).

Specifically, by measuring the two distances based on the Table 1. Comparison of Internuclear Distances and the Intensities
crystal structures of oligomeis—9, average values of 7.812  of the Corresponding Remote NOEs

and 5.384 A were found fotexierior aNd Ginterior, respectively. internuclear contact

Similar to the calculation of protein structures based on NOE Me---Hd Ha---Hb  Hae--He2
data, “randomly"_ folded, H-bond-rigidified starting helical 7 Gistance A) 5.513 (av) 1843 4398
structures were first generated for 9-nfdy and 11-mer2b, 4.437 (shortest)

respectively, on the basis of the default structural parameters NOE intensity (integrated vol) ~ 311.3 760.3  1122.0

provided by the modeling program ChemBats3D. These two "¢lative NOE intensity 1.0 24 36

structures, with all of their side groups being methyl, correspond  agaced on the modeled structure 2. ® Erom the NOESY spectrum
to the backbones of oligomefdsand 2 described above. The  of 2.
three helical structures were constrained by setting all of the
exterior and dincerior With the corresponding average values. The also indicates that one of the three Me protons was 4.16 A away
constrained structures were then optimized (MM3 force filed) from amide proton b and the other two Me protons were 5.5
using the software Cache 3.2, which led to energy-minimized and 5.8 A away from proton b. This suggest that an NOE may
structures as shown in Figure 8. All three computed structures be detected between protons Me and b1. This NOE, in addition
exhibit a helical pitch between 3.5 and 3.6 A, an interior cavity to the Me--b1 contact, was indeed found in the NOESY
of ~10 A across, and about seven residues for a helical turn. spectrum of a previously characterized nonamer that differs from
These results were consistent with the crystal structure of 9-merl only in its side groups® All other nonadjacent groups of
9 and thus supported the validity of this modeling method. protons in the modeled structure 1 were found to be too far
The reliability of the modeling method was verified by away for any NOEs to be detected, which was also consistent
comparing the modeled helical structureldfand2b with the with results from NOESY studies ohand other nonamers.
experimentally determined remote NOEs foand 2. The intensities of the three remote NOEs observed for 11-
For 9-merl and other 9-mers with the same backbones, an mer 2 showed excellent correlation with the corresponding
NOE contact between the end methyl (Me) and the second internuclear distances revealed by the modeled structuzb.of
interior aromatic proton b1 have been consistently observed in As shown in Table 1, among the three NOEs, the strongest is
their NOESY spectra. This Mebl contact provides direct that between protons a and c2, consistent with which is the
evidence for a helical conformation adopted byn solution internuclear distance between the two protons that was found
and, at the same time, suggests that the protons of the end methylo be the shortest on the basis of the modeled structugb;of
groups and the two protons b1 are brought into close proximity the weakest NOE and the longest (average)Hidistance are
by the folded structure. Indeed, in the modeled structurkbof found for proton Me and d; and the NOE and-H#H distance
the protons Me and bl were found to be the closest amongfor protons a and b lies in the middle. The e average
others, with a shortest distance of 3.8 A and an average of 4.6distance of 5.513 A suggests that there should be no detectable
A. Thus, protons Me and bl were in close proximity for an NOE between these protons. However, the modeled structure
NOE to be readily detected. In addition, the modeled structure of 2b shows that one of the three methyl protons can be as
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Figure 6. Long-range NOEs revealed by the NOESY spectr& ¢¢00 MHz; 0.30 mM in 15:85 CDGIDMF-d7; 278 K; mixing time, 400 ms). The
corresponding NOEs were not detected in the NOESY spectruda ofcorded under the same conditions.

close as 4.437 A away from proton d. Due to the free rotation to our backbone-rigidified oligoamides but also to other systems
of the methyt-aryl bond, each of the three methyl protons can of backbone-rigidified foldamers.
lie transiently within distances<5 A) from proton d that allow

the detection of the NOE, which led to the detection of the weak Conclusions

NOE detected. Thus, the modeled, folded structure2lof In this paper, the persistence of the three-center H-bonds that
reflected and explained the observed remote NOEZ& father play the critical role in maintaining the overall folded conforma-
accurately. tion of the aromatic oligoamides developed by us has been

The above comparison between the remote NOEs anddemonstrated by amide+HD exchange. This method not only
modeled internuclear distances clearly showed the reliability serves to quantify the strength of the three-center H-bonds but
of this simple modeling method. We believe it was the well- also provides a convenient measurement of the relative stability
defined, repetitive backbone structures of our crescent oligo- of individual three-center H-bonds located at different positions
amides that allowed the success modeling of their conformations.along the backbone of an oligomer. The reliability of the three-
The constrained structure of an oligomer based on the averagecenter H-bonds leads to well-defined, stably folded, and yet
internuclear distances obtained from the crystal structures of dynamic oligoamide backbones as revealed by 2D NMR. The
short oligomers should represent the average of a series offact that NOEs between an amide proton and those of its
dynamic conformations of the corresponding oligomer. Such adjacent side chains can be detected even at elevated temperature
an averaged conformation is in fact the one measured by NMR support the persistence of the three-center H-bonds. Compared
in solution. Thus, the modeled structure should be particularly to amide-side chain NOEs, the much more rapid disappearance
useful for the explanation or prediction of structural data of end-to-end NOEs at elevated temperatures suggests that the
obtained from 2D NMR experiments, as already being demon- distortion of the H-bonded rings associated with each amide
strated above. By extracting structural parameters from the group allows the helical structure of the nonamer to extend and
crystal structures of short oligomers, the concept as illustrated breathe like a spring. The numerous remote NOEs detected in
by this simple modeling method should be applicable not only the NOESY spectrum of the undecamer demonstrates that longer
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Figure 8. Energy-minimized structures of (a) 9-mHbp and (b) 11-meb. The protons that are involved in remote NOE contacts revealed by the NOESY
spectra ofl and2 are indicated in green. Except for the indicated and amide protons, all other protons are removed for clarity. The structures were optimized
by restraining the distancedxerior and dinterior USiNg their corresponding average values obtained from oligomers with known crystal structures (see
Figure 8).

oligomers also fold predictably into helical conformation in MHz). Tetramethylsilane (TMS) or deuterated solvent DM&Qvas
solution. Finally, predictability of the folded conformations of used as the internal standard fof NMR. Chemical shifts are reported
agreement between the modeled structures and results frony@lues are reported in hertz. MALDI-TOF MS spectra were recorded
NOESY studies. The modeling method should be particularly O & Bruker Biflex IV MS spectrometer with dithranol as a matrix.

; . s Electrospray ionization (ESI) mass spectra were obtained by Themo
useful for future design of long oligomers that are difficult to

h terize b thod h NMR and X rstall Finnigan LCQ Advantage mass spectrometer.
characterize by methods such as and A-ray crytstallog- — \5namer 1. This oligomer was obtained in 51% on the basis of the

raphy. The modeling method described here should be generally, e procedures reported by us before for preparing nonsasét

applicable to the prediction of folded structures of other iy NMR (500 MHz, 285 K, DMFek): ¢ 10.38 (s, 2H), 10.36 (s, 2H),
backbone-rigidified oligomers when the crystal structures of 10.17 (s, 2H), 9.93 (s, 2H), 9.39 (s, 2H), 9.33 (s, 2H), 9.23 (s, 2H),

short oligmers are known. 9.00 (s, 2H), 8.40 (s, 2H), 7.00 (s, 2H), 6.95 (s, 1H), 6.93 (s, 2H), 6.89
Exoerimental Secti (s, 2H), 6.80 (dJ = 8.5 Hz, 2H), 6.59 (dJ = 8.0 Hz, 2H), 4.44 (,
Xperimental Section 4H), 4.39 (m, 8H), 4.13 (s, 6H), 4.12 (t, 4H), 4.08 (s, 6H), 4.04 (s,

General Methods.All reactions were performed under argon. All ~ 6H), 4.02 (s, 6H), 3.90 (m, 8H), 3.78 (t, 4H), 3:28.60 (m, side
chemicals were obtained from commercial suppliers and were used aschains), 3.14, 3.13, 3.10 (s, s, s, 18H), 2.5Q¢ 7.5 Hz, 4H), 2.17
received unless otherwise noted. £ was dried over Cajd Unless (q, 4H), 2.06 (s, 6H). MALDI-TOF MSwz. Calcd for GadH170NsOu6-
otherwise specified, all solvents were removed with a rotary vacuum Na (M + Na*): 2554.11. Found: 2554.5.
evaporator. Analytical thin-layer chromatography (TLC) was conducted ~ Undecamer 2.This oligomer was synthesized by coupling 4,6-
on Analtech Uniplate silica gel plates with detection by UV light. NMR  dimethoxyisophthaloyl choridé with the corresponding amino-pen-
analyses were carried out on a Varian INOVA 500 spectrometer (500 tamer that was prepared by stepwise (C-to-N) coupling of the
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corresponding monomer building blocks based on acid chloride
chemistry. Specifically, 4,6-dimethoxyisophthaloyl choride, obtained
from 4,6-dimethoxyisophthalic acid (24.0 mg, 0.106 mmol) and oxalyl
chloride (0.134 g, 1.06 mmol) in dry GBI, (5 mL), was added
dropwise at room temperature to the £Hy (20 mL) solution of the
amino-pentamer (320 mg, 0.22 mmol). The mixture was stirred
overnight. The reaction mixture was worked up by using column
chromatography (silica gel, CHZEtAc/MeOH = 5:2:3), which
afforded 0.15 g of faint-yellow solid (42.4%). Preparative TLC
separation (CHGIEtAc/MeOH = 10:2:4) gave a pure yellow crystal
suitable for analysistH NMR (500 MHz, 273 K, 20/80 DMSQls—
CDClg): 6 10.37 (s, 2H), 10.10 (s, 2H), 10.08 (s, 2H), 9.92 (s, 2H),
9.98 (s, 2H), 9.29 (s, 2H), 9.25 (s, 2H), 9.14 (s, 2H), 9.03 (s, 1H), 8.98
(s, 2H), 8.48 (s, 2H), 6.606.73 (m, 8H), 6.66 (s, 1H), 6.59 (s, 2H),
6.53 (s, 2H), 3.244.38 (m, side chains), 2.26 (s, 6H). MALDI TOF
MS m/z. Calcd for GsgH220N100s0Na (M + Nat): 3240.43. Found:
3240.3.

Hexamer 2a. This compound was obtained in 78% yield on the
basis of the similar procedures for preparing 11-r2dsy acylating
the corresponding amino-pentamer with anisoyl chlodAHENMR (500
MHz, 273 K, 20:80 DMSQdg/CDCL): ¢ 10.49 (s, 1H), 10.42 (s, 1H),
10.31 (s, 1H), 10.08 (s, 1H), 10.06 (s, 1H), 9.35 (s, 1H), 9.34 (s, 1H),
9.19 (s, 1H), 9.16 (s, 1H), 8.54 (s, 1H), 8.30 (d, 1H), 7.54 ¢ 8.5
Hz, 1H), 7.14 (tJ = 8.0 Hz, 1H), 7.11 (dJ = 8.0 Hz, 1H), 6.84 (m,
2H), 6.75 (s, 1H), 6.71 (s, 1H), 6.66 (s, 1H), 4-44.36 (m, 8H), 4.26
(t, 2H), 4.14 (s, s, 6), 4.12 (s, 3H), 4.07 (s, 3H), 4.04 (s, 3H), 3.98
4.00 (m, 8H), 3.94 (t, 2H), 3.443.77 (m, side chains), 2.35 (s, 3H).
ESI MS m/z. Calcd for GaH114NsOz0 (M + H)*: 1648.75. Found:
1649.0.

Two-Dimensional NMR Spectroscopy.NMR experiments were

analyzed with the program VNMR 6.1C. The 600 MHz machine is
equipped with a cryogenic probe. Temperatures in the probe of
spectrometers were calibrated with use of th¢ resonances of
methanol. {H,'H]-NOESY spectr#f of 1 were recorded at a 500 MHz

1H spectrometer frequency with a mixing timg,x, of 150-500 ms

and atT (sample) of—10, —5, 0, 15, and 2EC in CDCk, and from

200 to 54 ms and &k (sample) of—20,—-10, -5, 0, 10, and 22C in
DMF-d; for 14—20 h. The NOESY spectrum & was recorded at a
600 MHz H spectrometer frequency with a mixing time of 400 ms
for 8 h. Tmix at different temperature was scaled withlivherez,
represents the correlation time for the overall rotational tumbling
estimated as describétllt needs to be pointed out that these 2D NMR
measurements o would not be possible without the sensitivity
provided by the cryogenic probe which allows the spectra to be recorded
before the molecules precipitated out.

Amide H—D Exchange. Solutions ofla, 3, 3a, and 3b (2 mM)
were prepared by dissolving the compounds into 50% DM@
CDCl; (total volume: 0.95 mL) and the spectra were recorded at room
temperature as the reference spectra at 0. The H-D exchange
experiments were initiated by adding 0.05 mL of®into each of the
samples, which resulted in a solution in a mixed solvent of 5:47.5:
47.5 D,O/DMSO-ds/CDCls. The resultant spectra were then recorded
(500 MHz) at appropriate time intervals, based on which the time-
dependent peak areas of the amide protons were obtained and fitted
into the pseudo-first-order reaction rate equationlof-(l«)/(lo — l«)
= e, wherel,, |, andlo, correspond to the integrated area of the
corresponding proton dt=t, t = e, andt = 0; k is the decay rate
constant. The half-lifel; is related tok by Ty, = In 2/k. Thus, the
half-life T, was obtained by fitting the time-dependent peak areas into

recorded on Varian Inova 500 and 600 spectrometers, processed, andhe above equation If(— 1.)/(lo — l») = €] with the program
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