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Folding Patterns in a Family of Oligoamide Foldamers

Minna Kortelainen,” Aku Suhonen,® Andrea Hamza,* Imre Pépai,*®' Elisa Nauha,®
Sanna Yliniemels-Sipari,” Maija Nissinen,*™ and Petri M. Pihko*™

(Abstract: A series of small, unsymmetrical pyridine-2,6-dicar-
boxylamide oligoamide foldamers with varying lengths and
substituents at the end groups were synthetized to study
their conformational properties and folding patterns. The
@-type folding pattern resembled the oxyanion-hole motifs
of enzymes, but several alternative folding patterns could
also be characterized. Computational studies revealed sever-
al alternative conformers of nearly equal stability. These fold-
ing patterns differed from each other in their intramolecular
hydrogen-bonding patterns and aryl-aryl interactions. In the

solid state, the foldamers adopted either the globular\
@-type fold or the more extended S-type conformers, which
were very similar to those foldamers obtained computation-
ally. In some cases, the same foldamer molecule could even
crystallize into two different folding patterns, thus confirm-
ing that the different folding patterns are very close in
energy in spite of their completely different shapes. Finally,
the best match for the observed NOE interactions in the
liquid state was a conformation that matched the computa-
tionally characterized helix-type fold. D

Introduction

The oxyanion hole is perhaps one of the most studied motifs
in the active sites of enzymes."? Oxyanion holes stabilize
high-energy intermediates and transition states that bear neg-
atively charged oxygen atoms in enzymatic reactions that in-
volve tetrahedral intermediates (e.g., hydrolytic cleavage reac-
tions of (thio)esters and amides) and reactions that involve
enolate intermediates.”’ In both cases, a charge builds up on
the carbonyl oxygen atom on the way to a negatively charged
intermediate, such as a tetrahedral intermediate or an enolate
ion.?

In the realm of small-molecule catalysis, hydrogen-bond
donors, such as (thio)urea and squaramide functionalities,
could be viewed as analogues of the oxyanion holes.®! These
functionalities are relatively rigid and flat two-point hydrogen-
bond donors. In contrast, the oxyanion holes in enzymes are
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three-dimensional, with two, or even three, hydrogen-bond
donors that stabilize the charge at the oxyanion. The hydro-
gen-bond donors that comprise the oxyanion hole are separat-
ed by rotatable bonds of the amino acids. As such, mimicking
the hydrogen-bond donor patterns of oxyanion holes with
simple peptides might be extremely challenging due to the
flexibility of the peptide backbone. However, peptide-type fol-
damers™ that bear more rigid subunits® might offer better
possibilities for folding into oxyanion-hole-type conformations.
A variety of rigid aromatic oligomers composed of, for exam-
ple, pyridine-2,6-carboxamide,” anthranilamide,” quinoline,®
quinoxalene,”” and other aryl-amide monomers,"” have been
studied since the 1990s. Still, only scattered examples of non-
peptidic structures in which amide or ester carbonyl groups
act as multiple hydrogen-bond acceptors have previously been
described,"” and foldamers that bear oxyanion-hole-type struc-
tures have not been systematically studied at all. In the previ-
ous examples of oligomers, the emphasis was placed on con-
trol of the folding properties, governed mainly by the repeat-
ing hydrogen-bond patterns®'” and aromatic interactions,
which were adjusted by varying the functionalization of the ar-
omatic rings."™ In many cases, the foldamers also contained
an interior cavity of varying size at the center of the fold in-
stead of a tight fold stabilized by multiple interactions.?*®
Herein, we show that simple unsymmetrical pyridine-2,6-di-
carboxylamide-derived oligoamides can adopt several alterna-
tive conformers (folding patterns, or in short folds) of nearly
equal stability. Importantly, one of these conformers, observed
in both the solid and liquid states, has two or even three NH
groups hydrogen bonded to the terminal amide carbonyl
group, thus closely resembling an oxyanion-hole motif. Al-
though the amide carbonyl group is not an oxyanion in the
classical Lewis sense, it is important to note that the oxygen
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atom of the amide carbonyl unit already bears a substantial
charge; that is, the net atomic charge (Q(O)) in N-methylaceta-
mide is —0.65, whereas the corresponding value for S-methyl-
thioacetate enolate is —0.77."? In other words, the amide
group can be viewed at least as a crude mimic of the enolate
anion."” As such, the search for foldamers that can stabilize
oxyanions might well start with systems that bear an amide
group that is intramolecularly hydrogen bonded through its
carbonyl oxygen atom to multiple hydrogen-bond donors.

The point of departure of the present study was the single-
crystal X-ray structure previously described by three of us,"™ in
which one of the amide carbonyl groups is hydrogen bonded
to three other amide NH groups (Figure 1). The structure of

3: R = p-CNPh 5:R=Me
4: R = p-OMePh 6: R =iPr
7:R=tBu

Figure 1. Structure of foldamer 1"* and schematic presentation of unsym-

metrical derivatives 2-7. The solvated EtOH molecule and non-hydrogen-
bonding hydrogen atoms have been omitted for clarity from the X-ray struc-
ture (top).

1 raised hopes that similar motifs could be used as triple hy-
drogen-bonding oxyanion-hole motifs,*® but the stability and
possibility of alternate conformers that were energetically as
favorable have remained open questions. To address these
questions, we embarked on a more comprehensive study of
a family of foldamers, including the original foldamer 1. By
using a combination of computational and X-ray crystallo-
graphic studies, we show that 1 and related asymmetric fol-
damers 2-7 indeed adopt structures similar to the original
structure of 1, but alternate folds that are close in energy in
the gas phase can also be experimentally characterized.
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Results and Discussion

The present study involved the synthesis of unsymmetrical
oligopeptide foldamers 2-7, conformational analysis of the fol-
damers by means of computational studies, and structural
characterization by X-ray crystallography and solution-phase
NMR spectroscopic measurements.

Synthesis of unsymmetrical foldamers

For the synthesis of unsymmetrical foldamers 2-7, monofunc-
tionalized versions of the core building blocks pyridine-2,6-di-
carboxylic acid and 1,2-diaminobenzene 8 were required (see
Scheme 1). Monoprotected pyridine-2,6-dicarboxylic acid 14
was readily prepared by using the method developed by
Schmuck and Machon."¥ Monoacylation of 8 could be ach-
ieved directly with HOBt/EDC coupling, but better results were
obtained for aliphatic carboxylic acids when 2-nitroaniline 11
was used as a starting material (alternative 1, Scheme 1), fol-
lowed by reduction of the resulting nitroanilide 12. Standard
HOBt/EDC coupling reactions could be used to assemble the
oligoamide framework from 14 and 10 in two steps
(Scheme 1).

Six different unsymmetrical foldamers were synthesized. The
simplest foldamer 2 possessed only three amide linkages in-
stead of four (Figure 1). Others were variants of 1 (R=Ph) with
different side chains, namely, two different aryl rings (R=p-NC-
Ph (3) and p-OMe-Ph (4)) and three different aliphatic side
chains (R=Me (5), R=iPr (6), or R=tBu (7)) to probe the elec-
tronic and steric effects of the folding process.

Computational studies

A computational analysis for a set of foldamers was performed
with the main aim of identifying the nature of the stabilizing
interactions that govern the conformational distribution of
these compounds. An extensive conformational search was
carried out by using a combination of MM and DFT methods.
Geometry optimizations, vibrational analysis, and an estimation
of the solvent effects were carried out at the wB97X-D/6-
311G(d,p) level of theory; however, the electronic energies
were further refined by additional single-point-energy calcula-
tions with the extended 6-311 + + G(3df,3pd) basis set. The rel-
ative stabilities were analyzed in terms of gas-phase Gibbs free
energies. Further details of the applied methodology are pro-
vided in the Computational Approach section.

Three different conformers (folds) could be computationally
identified for the simplest truncated foldamer 2. The optimized
structures and their relative stabilities are shown in Figure 2.
For the clarity of further discussion, the identified folds were
classified as follows:

1) The fold in which the outer carbonyl group serves as a hy-
drogen-bond acceptor, that is, a focal point around which
the rest of the structure folds, is called the @-fold.

2) The fold in which the hydrogen-bond formed between an
inner carbonyl group and the adjacent amide NH unit en-
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Synthesis of the side chains:
a) EtsN, DCM O@ a:R=Ph d:R=Me
NHZ _ 2h69% A b: R = p-CNPh e R=Pr
@[ ¢: R = p-OMePh f.R=tBu
NH2 NH,
10a
Alternative 1:
b) General procedure OYR OYR Alternative 2:
NH, A, B or C for the synthesis ¢) Pd/C, Hy, d) HOBt, EDC,
©: j\ of nitroamides 12¢-12f. @:NH EtOH @NH EtN, THF @NHZ o
+ T — —_— -——— +
NO, R™ "Cl 12¢:20h, 55 %, C NO, 10c:55h, 68 % NH, 10b:19h, 48 % nH, HOOOR
:gd:g:,%«zxi 2 10d:3h, 96 % 2 2
1 9c-f e: o h, o, 12cf 10e:6h, 96 % 10b-f 8 13b
12f:6 h, 81 %, B 10f: 2.5 h, 94%
Coupling steps for the truncated foldamer 2: 9)10a
N e) HOBt, EDC, HOBt, EDC,
Ho | OMe + NH, 2 6-lutidine, DMF E‘aN THF
N T 2n4as% ©/ T22h95% ©/
o o)
14 15 L R1=
16:R'=
f) LIOH, MeOH 17 R'= H
1h, 100 % hE 3:R=p-CNPh 5:R=Me
4: R = p-OMePh 6:R=/P
Coupling steps for the other foldamers: poNe 7' R= /tBru
o j) 10b-f
[ HOBt EDC HOB, EDC,
HO NN OMe + NH _EtN.THF _EtN.THF
o) o) @[ T21h89% 319h 94 %
NH, 4:20h,30%
1s R'= 5:20 h, 90 %
14 10a i) LIOH, MeOH 19 R'= 6 18h 77 % foldamers 3-7
1h, 95 % 7:18h, 99 %

Scheme 1. Synthesis of unsymmetrical foldamers 2-7 (see the Experimental Secti
HOBt = 1-hydroxybenzotriazole.

2@ (0.0)

2-S (5.4)

Figure 2. Optimized structures of the conformers identified computationally
for foldamer 2. The relative stabilities are shown in parenthesis (in kcal

mol ™). Intramolecular hydrogen bonds are indicated by dotted lines and ar-
omatic interactions are highlighted by blue arrows. The CH hydrogen atoms
have been omitted for clarity. Note: hydrogen bonds to the pyridine nitro-
gen atoms have been omitted for clarity in all the structures.

forces a turn that results in an S-shaped molecule is called
the S-fold.

3) The remaining conformer is referred to as an h-fold based
on its helical shape.

Conformer 2-@ is predicted to be the most stable form,
which is clearly separated from the other two forms in free
energy. This structure is stabilized by a double hydrogen bond.

Chem. Eur. J. 2015, 21, 9493 - 9504 www.chemeurj.org

9495

on for details). EDC = N'-(3-dimethylaminopropyl)-N-ethylcarbodiimide,

The van der Waals contact between the terminal phenyl
groups is also apparent, but the aromatic rings are somewhat
displaced from the optimal parallel arrangement. No hydrogen
bonds are present in structure 2-h, which lies 4.2 kcal mol™
above 2-@ in free energy. This structure is stabilized by aro-
matic-stacking interactions. In the third structure (2-S), only
a single hydrogen bond that involves one of the inner carbon-
yl groups provides intramolecular stabilization. Conformer 2-S
is computed to be at 5.4 kcalmol™ in free energy.

For the symmetrical foldamer 1, four different low-lying con-
formers that feature multiple hydrogen bonds and aromatic in-
teractions could be identified (Figure 3). The structures of 1-S,
1-@, and 1-@’ are analogous to 2-@ in the central hydrogen-
bonding pattern, but 1-S has a turn as a result of a terminal
hydrogen bond. The two @ conformers (1-@ and 1-@’) have
very similar folded shapes, but they differ in the number of hy-
drogen bonds (i.e., three and two, respectively) and also in the
orientation of the terminal phenyl groups. Conformer 1-h can
be derived from 2-h. Calculations predict 1-S to be the most
favored form; however, the other conformers are at the most
1.3 kcalmol ™" less stable. Aryl-aryl interactions seem to provide
additional stabilization in all these structures (highlighted in
Figure 3). In conformer 1-h, both terminal phenyl groups are
involved in an aromatic-stacking interaction that results in
a compact helix structure that lies only 0.4 kcalmol™' above 1-
S. Unlike in structure 2-h, hydrogen-bonding interactions can
also be identified in conformer 1-h. An additional conformer
with two turns that lead to a W-shape structure could also be
located on the potential-energy surface (1-W in Figure 3). This
conformer is far less stable than the other forms, which is relat-
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1@ (13)

1-W (9.0)

Figure 3. Optimized structures of the conformers identified computationally
for foldamer 1 and an NCI plot generated for structure 1h. Characteristic
van der Waals contacts are represented by the green regions. An applied
cutoff for the gradient is 0.3 au.

ed to the absence of oxyanion-type hydrogen-bonding and ar-
omatic-stacking interactions in 1-W.

Thus, these computational results confirm that the confor-
mational distribution of oligoamides 1 and 2 is primarily gov-
erned by N—H--O type hydrogen bonds, but these results also
point to stabilizing effects due intramolecular van der Waals
contacts between the aromatic rings. For an illustration of
these latter noncovalent interactions (NCls), we generated a re-
duced gradient (RDG) isosurface plot for structure 1-h by using
the method developed by Yang and co-workers.™'" The NCI
plot depicted in Figure 3 indeed displays broad contact areas
between the interacting aryl groups.

The strength and the balance of these noncovalent forces
can be notably altered by introducing various substituents at
the para position of the terminal phenyl group, as exemplified
by foldamers 3 and 4. The conformers of molecules 3 and 4
were derived from the conformers of the symmetrical foldamer
1, and these conformers were all subjected to geometry opti-
mization. Each conformer of 1 gives rise to a pair of folds that
differ in the position of the substitution. Thus, additional label-
ing to distinguish the two types of unsymmetrical conformer is
introduced: labels S;, @,, @', , and h, refer to conformers in
which the carbonyl oxygen atom adjacent to the substituted
phenyl end serves as the central hydrogen-bond acceptor,
whereas S,, @,, @,, and h, correspond to conformers in which
the hydrogen-bond acceptor is next to the unsubstituted
phenyl group. The relative stabilities of these two conformers
may vary appreciably, as shown by the relative Gibbs free ener-
gies of various conformers for foldamers 1, 3, and 4 in Table 1.
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Table 1. Relative stabilities of various forms of foldamers 1, 3, and 4.

Conformers Foldamer 1 Foldamer 3 Foldamer 4
S 0.0 0.0 (S,) 0.0 (S,)
25 (S) 1.6 (S,)
@ 13 34 (@,) 2.5 (@)
_[b] 34 (@2)
@' 1.3 0.7 (@) 24 (@)
33 (@) 24 (@)
h 04 0.2 (hy) 0.9 (h,)
1.4 (hy) 1.2 (hy)

[a] Reported data are relative Gibbs free energies (in kcalmol™") with re-
spect to the most stable conformer. [b] Only a single structure could be
identified computationally in this particular case (optimization converged
to conformer 3 h for the other structural variant).

For instance, the preferred conformer for foldamer 3 is 3-S,,
with a cyano group on the phenyl ring that does not take part
in the aryl-aryl interaction (Figure 4). The alternative folding
pattern (i.e., 3-S;) with a cyano group at the opposite terminus
yields a less stable structure by 2.5 kcalmol™'. On the other
hand, the order of relative stabilities of these two conformers
is reversed for foldamer 4, and these stabilities differ by
1.6 kcalmol™ (4-S, is shown in Figure 4). The observed varia-
tions in the relative stabilities of these conformers can be asso-
ciated with the electronic properties of the CN and OMe sub-
stituents, which strengthen or weaken the hydrogen-bonding
interactions in the proximity of the substituents and likely
affect the nature of the aromatic interactions as well. Similar
effects are also expected for the other classes of fold. Interest-
ingly, the @,-type conformer of foldamer 3 is spontaneously
transformed into conformer 3-h; upon geometry optimization,
and its structural counterpart (i.e., 3-@,) is predicted to be rela-
tively high in free energy (at 3.4 kcalmol™).

Computational studies were carried out for foldamers 5 and
7 with methyl and tert-butyl groups replacing one of the ter-
minal phenyl groups in foldamer 1, respectively. The geometry
optimizations indeed yielded structures analogous to
1 (Figure 4). The conformers of unsymmetrical foldamers 5 and
7 can be classified into the same categories as introduced
above. Thus, the fold labels S,, @,, @', and h, refer to conform-
ers in which the carbonyl group next to the Ph—R replace-
ment is involved in the central hydrogen-bonding interaction,
and S,, @, @,, and h, refer to folds in which the hydrogen-
bond acceptor is next to the unsubstituted phenyl group.

The computational data also reveal that the S, conformers
are the most stable forms of these foldamers, but the other
folds are typically higher in free energy by only 1-2 kcalmol™
(Table 2). On the basis of the electron-donating nature of the
Me and tBu alkyl groups, particular stabilization for conformers
with these groups next to the central hydrogen-bonding pat-
tern is expected. This outcome is indeed the case for @-con-
formers (the @, forms are favored). However, the computation-
al studies predict the S, and @', variants to be more favorable
for the S and @ folds (Figure 4). These results suggest that the
electronic-stabilization effects are counterbalanced by the loss
of the aromatic interactions upon the Ph—R replacement. The

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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3-S, 4-S,

7-8, (0.0)

7-@,(13)

7-h, (3.1)

Figure 4. Most stable conformers of foldamers 3-5 and 7.

Table 2. Relative stabilities of various forms of foldamers 1, 5, and 7.

Conformers Foldamer 1 Foldamer 5 Foldamer 7
S 0.0 0.0 (S,) 0.0 (S,)
2.0 (Sy) 1.2(S,)
@ 13 2.1 (@) 1.1 (@,)
27 (@,) 1.8 (@,)
@ 13 1.1 (@) 13 (@)
22 (@) 15 (@)
h 0.4 1.3 (hy) 2.3 (hy)
2.2 (h,) 3.1 (hy)

[a] Reported data are relative Gibbs free energies (in kcalmol™") with re-
spect to the most stable conformer.
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relative stabilities of the less favored conformers of 5 and 7
vary only slightly with respect to those of the original symmet-
rical molecule and stay within a narrow energy range relative
to the most stable forms.

Solid-state conformations

Single-crystal structures were obtained for all the foldamers,
except for the methoxyphenyl derivative 4. For foldamers 2, 3,
and 6, both structures with the @ and S conformers were ob-
tained equally by crystallization under various conditions
(Table3 and Figure 5). Although computational studies

Table 3. Conformers of foldamers 1-7 in the XRD structures.”

Foldamer @ Conformation S Conformation

1 1-@,-EtOH -

2 2-@-Form | 2-S-MeCN
2-@-S-DMF

3 3-@,-Form | 3-S,-EtOAC

4 _ _

5 - 5-S,-Form |

6 6-@,-Form | 6-S,-Form Il

7 - 7-S,-Form |

[a] Forms | and Il denote polymorphic crystal forms and a solvent mole-

cule indicates a solvate structure.

showed only a slight difference in stability toward the h con-
formation, the latter was not observed in the solid state. Typi-
cally, the @ conformer was obtained in unsolvated structures
with no solvent included in the crystal lattice, whereas the S
conformer was observed both in the solvates and unsolvated
structures, with a preference for the solvates.

The solid-state conformers are very similar to those conform-
ers identified computationally. This finding can be visually as-
sessed from the overlay structures (Figure 5a,e, and j), in
which the computationally derived and X-ray structures display
closely related geometries and hydrogen-bonding patterns.!'”
Similar to the computed structures, the @ conformers are each
stabilized by two or three hydrogen bonds to the C=0 group
of the outer phenyl ring. The S conformers are always stabi-
lized by an intramolecular hydrogen bond between an outer
NH group and an inner C=0 group. Additionally, two intramo-
lecular hydrogen bonds to a C=0 group of the outer phenyl
ring contribute to the stability of the S fold, except for the
truncated foldamer 2, in which such hydrogen bonding is not
possible. The biggest difference in the computational and crys-
tal structures is seen in the aryl-aryl interactions of the @ con-
formers, which played a significant role in the computational
structures. In the solid state, however, intramolecular aryl-aryl
interactions, although present, are not as significant (see the
overlay in Figure 5a,j for examples).

In general, the folds observed in the solid state are slightly
looser relative to those folds obtained computationally. This
situation could either be related to crystal-packing forces or

9497 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. First row: a) An overlay structure of the calculated @ conformation (blue; see Figure 3) and the @ conformation in the XRD structure of an EtOH sol-
vate of foldamer 1 (orange, from reference [6a]), b) XRD structure of foldamer 2 in the @ conformation (2-@-Form 1), ) XRD structure of foldamer 3 in the @,
conformation (3-@,-Form I). Second row: d) XRD structure of foldamer 2 in the S conformation (2-S-MeCN), e) an overlay structure of the calculated S-confor-
mation (2-S, blue; see Figure 2) and the XRD structure of foldamer 2 in the S conformation (2-S-MeCN, orange), and f) XRD structure of foldamer 3 in the S,
conformation (3- S,-EtOAc).Third row: XRD structures of g) foldamer 5 in the S, conformation (5-S,-Form I), h) foldamer 6 in the S, conformation (6-S,-Form II).
Fourth row: i) foldamer 6 in the @ conformation (6-@’,-Form 1), and j) an overlay structure of the calculated S, conformation (7-S,, blue; Figure 2) and XRD
structure of foldamer 7 in the S, conformation (7-S,-Form |, orange), k) crystal-packing structure of foldamer 6 in the @', conformation (6-@',-Form I). The in-
tramolecular hydrogen bonds are presented in red and the intermolecular hydrogen bonds in blue. The non-amide hydrogen atoms and hydrogen bonds to
the pyridine nitrogen atoms have been omitted for clarity.

the present computational method may slightly overestimate In the solid-state structures obtained so far, foldamer
the strength of the aryl-aryl interactions. In analogy with the 1 always adopted the standard @ conformer (Figure 5)."% The
computationally identified structures, two different types of S aromatic interactions described in the calculations are also
conformer could also be characterized in the solid state, seen in the solid-state structure of 1, but the relative positions
whereas the @ conformers were always of the @, type. of the interacting aryl groups are different (i.e., the distances
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of the centroids are fairly long; see Figure 5a and the Support-
ing Information).

The truncated foldamer 2, a special case among the series
due to its diminished hydrogen-bonding possibilities, can still
adopt both @ and S conformations in the solid state (Figure 5),
although calculations indicate a preference for the @ confor-
mation. In the calculated structure, the orientation of the end
aryl groups is slightly displaced parallel, whereas the orienta-
tion in the solid state is T-shaped.""

Interestingly, foldamer 2 was the only foldamer that crystal-
lized with both the @ and S conformer appearing within the
same crystal structure. This scenario suggests that foldamer 2
is likely to populate both conformations in a solution in signifi-
cant proportions.

As expected, the @, conformer is observed in the unsolvated
crystal structure of foldamer 3 due to the electron-withdrawing
cyano substituent (Figure 5). The aryl-aryl interactions within
the @, conformer of 3 are very weak (Figure 5c). Although the
computations predict that the S, fold is more stable for 3 than
S, (Table 1), the S, conformer appears to be more accessible in
the solid state (Table 3, entry 3) possibly because of the effect
of the solvent in the crystal lattice; that is, two molecules of
foldamer 3 adopt the S, fold and form a pair with a void big
enough for partial solvent inclusion. This particular crystal form
seems to be very stable because altogether four isomorphous
solvate structures (in EtOAc, THF, CHCl;, and DMA) have been
obtained so far."®

Acetyl foldamer 5 also seems to prefer the S, fold in the
solid state exclusively (Figure 5), even in the unsolvated form,
although the computational studies again predicted that the
S, conformer is slightly more stable (see Table 2 and Figure 4).
However, the energy difference in the computational results
was relatively small (2 kcalmol™), thus indicating that these
conformations are almost equally stable and that environmen-
tal factors during the crystallization may drive the conforma-
tion to either fold.

Isopropyl foldamer 6 crystallized as two unsolvated poly-
morphs, one with a loose @', conformer and one that adopted
an S, conformer (Figure 5). In contrast to the other @ conform-
ers, the @', conformer of 6 has only two intramolecular hydro-
gen bonds to a central hydrogen-bond acceptor. The third hy-
drogen bond from the outer amide group makes an intermo-
lecular hydrogen bond to the adjacent molecule of 6. This in-
teraction may be because of a more efficient crystal-packing
mode or because of the relatively large size of the isopropyl
group, which prohibits tighter folding due to steric hindrance
with one of the inner benzene rings. Aromatic interactions are
also observed, but the distances are also fairly long in this case
(Figure 5i). In the polymorphic structure of foldamer 6 with an
S, conformer, there is no significant steric hindrance and the
electron-rich carbonyl oxygen atom near the isopropyl group
can form the two intramolecular hydrogen bonds.

The tert-butyl foldamer 7 was the only foldamer that crystal-
lized with an S, conformer (Figure 5), which is in agreement
with the computational studies. The crystal packing of this
structure consists of molecular chains, and the large tert-butyl
group fits better at the outer edge of the molecule in the S,
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conformer in this packing structure, whereas the large tert-
butyl group in the inner part of the molecule in the S, confor-
mer would hinder the formation of the intramolecular hydro-
gen-bonding network that is important to the stability of the
packing structure.

In conclusion, the foldamers generally adopt solid-state con-
formers that are remarkably similar to those obtained in the
computational studies. Interestingly, many of the foldamers
(i.e., 2, 3, and 6) crystallized in both @- and S-folded conform-
ers, thus indicating that it is likely that both of these conform-
ers are also present in solution and that the environment
during the crystallization affects which conformer is formed in
the solid state.

Solution-state studies (NMR)

For the solution-state studies, foldamer 5 was selected as
a probing compound due to its good solubility in CDCl; and
clear "H NMR spectrum with a well-separated CH; singlet from
the aromatic and the N—H signals. Foldamers 1-4 only have
good solubility in solvents with good hydrogen-bond donation
(such as DMF or DMSO), and these solvents might disrupt the
intramolecular hydrogen bonds of some of the folds.

The 2D NOESY and 1D NOE experiments of 5 in CDCl; clearly
showed that the methyl protons correlate to all four N—H sig-
nals, whereas no correlation between the N—H groups and the
pyridine ring was observed (see the Supporting Information
for details). This finding indicates that a conformer in which all
the N—H groups face inside the folded molecule, most likely an
@ or h conformer, is populated in solution. In the S conformer,
one of the N—H groups is too far from the methyl group to
display a correlation with the CH; group.

NOE interactions show the best match of the computational-
ly derived h conformer with a nonplanar arrangement of the
three central aryl groups (Figure 6) because most of the corre-
lations match well, and even the distances for the N—H—
methyl group are in the correct order based on the observed
NOE interactions (Table 4). These results indicate that, at least
in CDCl;, the acetyl foldamer seems to favor the h-like confor-
mer or there is constant conformational variation in solution
between the @, S, and other conformers, and that the aver-
aged structure, on the NMR timescale, matches best with the
h-like conformer. Such a conformational variation would

Figure 6. Schematic representation of the acetyl foldamer 5 in the h confor-
mation. Key diagnostic NOE interactions from the acetyl CH; group (solid
arrows) and from the acetamide N—H group (dashed arrows) are shown.
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Table 4. Calculated key diagnostic NOE distances of 5 and experimental
NOE enhancement.

NOE C—H-+H-N/H5C NOE enhancement
interaction [A]® [%]

1 4628 0.08

2 4.606 0.08¢

3 4.758 0.05¢

4 4,635 0.05¢

5 3.208 0.95!

6 3.979 0.95'"

7 4610 0.52

[a] h conformer; see Figure 4. [b] The shortest distance to a Me hydrogen
atom has been used when measuring the distances [c] See Figure 6 for
labeling of the NOE interactions. [d]-[f] Same peaks.

enable the crystallization of the acetyl foldamer 5 in the S,
conformation.

Conclusion

We have described herein the folding patterns of seven differ-
ent oligoamide foldamers based on a 2,6-pyridinedicarboxa-
mide core. In spite of seemingly minute variations in their
structures, these foldamers have exhibited a remarkable variety
in their folding patterns, as seen in the computationally de-
rived gas-phase structures and in the solid-phase structures
obtained by X-ray crystallography studies. Two major folds
were identified in the gas and solid phases, the compact @
fold, which resembles an oxyanion-hole motif, and the more
extended S fold. Both of these folds were characterized by
three intramolecular hydrogen bonds. For some foldamers,
both the @- and S-folded conformers could be characterized in
the solid state, thus providing experimental confirmation that
these conformers are close in energy. The computationally de-
rived energies of these two folds were also within 1-2 kcal
mol™" for most of the foldamers. A third h fold, a helix, was
characterized in the computational studies and was a likely al-
ternative in solution for foldamer 5 with an N-acetyl terminus.
Computational studies indicated that both hydrogen bonds
and dispersion interactions (aryl-aryl or aryl-alkyl) are responsi-
ble for the stability of these folds. However, the aryl-aryl inter-
actions in the crystal structures appear to be less significant,
thus causing slightly looser conformers.

The fact that these conformationally very distinct folds are
computationally so close in energy suggests that these foldam-
ers could be used as conformational switches because they
can readily attain at least two stable states. Studies toward un-
derstanding the dynamics of the folding and the effects of fur-
ther substitution are in progress.

Experimental Section

All the reactions were carried out in an argon atmosphere in oven-
dried glassware, except for the hydrolytic reactions. When needed,
nonaqueous reagents were transferred under argon by syringe or
cannula and dried prior to use. Dichloromethane, THF, and toluene
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were obtained by passing deoxygenated solvents through activat-
ed alumina columns (MBraun SPS-800 Series solvent purification
system). MeOH, DMF, and pyridine were distilled and placed over
molecular sieves (4 A). The EtOH used in reduction reactions with
Pd/C was placed over molecular sieves (4 A). Other solvents and re-
agents were used as obtained from the supplier. Analytical TLC
was performed on Merck silica gel 60 F,s, (230-400 mesh) plates
and analyzed with UV light and staining by heating with vanillin
solution (vanillin (2.4 g), conc. H,SO, (2mL), conc. CH;COOH
(1.2 mL), absolute EtOH (100 mL)), anisaldehyde solution (anisalde-
hyde (2.8 mL), conc. H,SO, (2 mL), conc. CH;COOH (1.2 mL), abso-
lute EtOH (100 mL)), or ninhydrin solution (ninhydrin (200 mg), ab-
solute EtOH (95 mL), 10% CH;COOH (5 mL)). For chromatography
on silica gel, the flash chromatography technique was used with
Merck silica gel 60 (230-400 mesh) and p.a. grade solvents.

The 'H and "*C NMR spectra were recorded in CDCl; or [DJDMSO
on Bruker Avance 500 or 250 spectrometers. The chemical shifts
are reported in ppm relative to CHCl; or [Ds]DMSO (6 =7.26 and
2.50 ppm, respectively) for the '"H NMR spectra and to CHCl, or
[DsIDMSO (8 =77.16 and 39.52 ppm, respectively) for the *C NMR
spectra. High-resolution mass-spectrometric data were measured
on a MicroMass LCT spectrometer and the IR spectra were record-
ed on Bruker Tensor 27 FTIR spectrometer. Melting points (mp)
were determined in open capillaries on a Stuart Scientific Melting
Point Apparatus SMP3.

N-(2-Aminophenyl)benzamide (10a): Et;N (2.6 mL, 18 mmol, 100
mol %) was added dropwise to a stirred solution of ortho-phenyle-
nediamine (8; 4.00 g, 37 mmol, 200 mol%) in dichloromethane
(100 mL) at room temperature. The solution was heated to reflux
and benzoyl chloride (9a; 2.15 mL, 18 mmol, 100 mol%) in di-
chloromethane (80 mL) was added dropwise through a dropping
funnel over 90 min. The solution was heated to reflux for 2 h and
concentrated in vacuo. The residue was purified by flash chroma-
tography (hexane/EtOAc 1:1) to afford amide 10a (2.71 g, 69%) as
a white solid.

R¢ (hexane/EtOAc 55:45)=0.37; mp 149-151°C; IR (film): 7=3401,
3269, 3059, 1642, 1602, 1577, 1525, 1499, 1450, 1315, 1290,
748 cm™"; 'H NMR (500 MHz, [Dg]DMSO): 6=9.64 (s, 1H), 7.98 (d,
2H, J=7.3 Hz), 7.59-7.56 (m, 1H), 7.53-7.50 (m, 2H), 7.18 (d, 1H,
J=7.5Hz), 697 (td, 1H, J,=8.0, J,=1.5Hz), 6.79 (dd, 1H, J,=8.0,
J,=15Hz), 660 (td, 1H, J,=7., J,=1.5Hz), 488 ppm (s, 2H);
3C NMR (125 MHz, [DJDMSO): 6 =165.3, 143.1, 134.6, 131.3, 128.2,
127.7, 126.6, 126.4, 123.3, 116.2, 116.1 ppm; HRMS (ESI+): m/z
caled for [Cy3H;,N,ONa]: 235.0847 [M+ Nal]*; found: 235.0843; 4=
—1.8 ppm (the NMR data is consistent with previous reports).""”

General procedure for the nitro-amide preparation: Three differ-
ent reported procedures were used.”?*? Procedure A:?” Et,N
(130 mol%) was added to a stirred solution of ortho-nitroaniline
(11) in THF at room temperature. Acyl chloride 9 was added drop-
wise through a dropping funnel. The solution was stirred at room
temperature for 8 h and concentrated in vacuo. The residue was
purified by flash chromatography (hexane/EtOAc 8:2) to afford the
nitro-amide 12e.

Procedure B:*" Similar to procedure A, but a mixture of dichloro-
methane and pyridine (1:1) was used as a solvent, 4-dimethylami-
nopyridine (DMAP) was used (5 mol%) instead of Et;N, and the re-
action was carried out at 0°C for 2 h, allowed to warm to room
temperature, and stirred for 4 h at room temperature. The solution
was washed with 1m HCl (4x50 mL), saturated NaHCO; (50 mL),
and brine (50 mL) and dried over Na,SO,, filtered, and concentrat-
ed in vacuo. The residue was purified by flash chromatography to
afford the nitro-amides 12d and 12f.
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Procedure C:?? Similar to procedure A, but neat pyridine was used
as a solvent and Et;N was not used. The reaction time was 20 h.
The solution was concentrated in vacuo; dissolved in CHCl;;
washed with 1m HCl (4x50 mL), water (2x50 mL), and brine
(50 mL); dried over Na,SO,; filtered; and concentrated in vacuo.
The residue was purified by flash chromatography (hexane/MtBE
1:1) to afford the nitro-amide 12c.

N-(2-Nitrophenyl)pivalamide (12e): Procedure A: R; (hexane/
EtOAc 8:2)=0.55; mp 42-44°C; IR (film): 7=3371, 2963, 1704,
1607, 1582, 1494, 1332, 1265, 1136, 744, 672cm™'; 'HNMR
(500 MHz, CDCl;): 6=10.72 (brs, 1H), 8.83 (dd, 1H, J,=8.6, J,=
1.3 Hz), 822 (dd, 1H, J,=8.5, J,=1.6 Hz), 7.64 (dddd, 1H, J,=8.6,
J,=72, J;=16, J,=04Hz), 7.16 (ddd, 1H, J,=85, ,,=7.2, Jy=
13 Hz), 136 ppm (s, 9H); *CNMR (125 MHz, CDCL): 6=178.0,
136.5, 136.1, 135.6, 125.9, 123.1, 122.3, 40.7, 27.6 ppm; HRMS
(ESI"): m/z caled for [C;;Hi3N,051: 221.0926 [M—H]~; found:
221.0925; A=—0.5 ppm.

General procedure for the nitro-amide reduction: This procedure
was adapted from a previous report.”? Pd/C catalyst (5%) was
added to a stirred solution of amide derivative 12 in absolute
EtOH under argon at room temperature. The reaction mixture was
placed under vacuum and the atmosphere was replaced with hy-
drogen. The reaction mixture was stirred for 3 h at room tempera-
ture, the solution was filtered through a pad of celite with EtOAc,
and the filtrate was concentrated in vacuo to afford amide 10.

N-(2-Aminophenyl)pivalamide (10e): R; (hexane/EtOAc 8:2) =0.08;
mp 143-145°C; IR (film): 7=3373 3232, 2952, 1652, 1617, 1497,
1457, 1224, 744 cm™'; 'THNMR (500 MHz, [D;]DMSO): 6=8.73 (s,
1H), 7.01 (dd, 1H, J;=7.8, J,=1.2 Hz), 6.95-6.92 (m, 1H), 6.75 (dd,
1H, J;=80, J,=13Hz), 6,57 (td, 1H, J;=7.5, J,=13 Hz), 463 (s,
2H), 1.24 ppm (s, 9H); *CNMR (125 MHz, [DJDMSO): 6 =176.6,
143.0, 126.7, 126.2, 123.8, 116.4, 116.1, 38.7, 27.5 ppm; HRMS
(ESI+): m/z caled for [CyyH;N,Ol: 1931335 [M+H]*; found:
193.1332; 4=—-1.8 ppm.

Dimethylpyridine-2,6-dicarboxylate: The procedure was adapted
from a previous report"¥ Conc. H,S0, (0.93mL, 18 mmol,
35 mol %) was added dropwise to a stirred solution of pyridine-2,6-
dicarboxylic acid (8.36 g, 50 mmol, 100 mol%) in MeOH (50 mL) at
room temperature. The solution was heated to reflux for 48 h and
the reaction was quenched by the addition of sat. NaHCO; (40 mL).
The mixture was concentrated in vacuo and the residue was re-dis-
solved in CHCl; (50 mL). The product was washed with water (3x
50 mL) and brine (50 mL), dried over Na,SO,, filtered, and concen-
trated in vacuo to afford the product (7.85g, 80%) as a white
solid.

R: (hexane/EtOAc 8:2)=0.67; mp 122-124°C; IR (film): 7=3063,
2969, 1739, 1571, 1449, 1434, 1288, 1241, 994, 951, 755, 694 cm™;
'H NMR (500 MHz, CDCl,): 6=8.29 (d, 2H, J=7.8 Hz), 8.00 (dd, 1H,
J,=J,=7.8Hz), 401 ppm (s, 6H); *CNMR (125 MHz, CDCl,): 6=
165.2, 148.4, 138.4, 128.1, 53.3 ppm; HRMS (ESI+): m/z calcd for
[CsHgNO,Na]: 218.0421 [M+Na]*; found: 218.0429; A =—3.9 ppm
(the NMR data is consistent with that reported previously).m]

6-(Methoxycarbonyl)pyridine-2-carboxylic acid (14): The proce-
dure was adapted from a previous report.™ KOH (1.11 g, 20 mmol,
100 mol %) was dissolved in the minimal amount of water (0.5 mL)
and was added to the cooled solution of dimethylpyridine-2,6-di-
carboxylate (3.87 g, 20 mmol, 100 mol %) in MeOH (100 mL) at 0°C.
The solution was stirred at 0°C for 2.5 h and warmed to room tem-
perature. The mixture was concentrated in vacuo, and the residue
was re-dissolved in water (80 mL) and washed with dichlorome-
thane (2x50 mL). The aqueous layer was acidified with 1m HCl
(10 mL), and the product was extracted with EtOAc (4x50 mL).
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The combined organic layers were washed with brine (70 mL),
dried over Na,SO,, filtered, and concentrated in vacuo to afford the
product 14 (2.67 g, 74%) as a white solid.

The product could not be visualized by TLC analysis; mp 147-
149°C; IR (film): 7=1724, 1698, 1325, 1306, 1264, 1154, 1141, 750,
648 cm™'; 'HNMR (500 MHz, [DJDMSO): 0 =8.25-8.22 (m, 2H),
8.17 (dd, 1H, J,=7.9, J,,=7.5Hz), 3.92ppm (s, 3H); *CNMR
(125 MHz, [D¢JDMSO): 6 =165.6, 164.7, 148.8, 147.6, 139.0, 127.8,
127.5, 52.6 ppm; HRMS (ESI"): m/z calcd for [CgHGNO,]: 180.0297
[M—H]~; found: 180.0296; 4=—0.2 ppm (the NMR data is consis-
tent with that reported previously).”*

Methyl-6-(phenylcarbamoyl) pyridine-2-carboxylate (16): R
(hexane/EtOAc 1:1)=0.46; mp 95-96°C; IR (film): 7=3487, 3447,
3253, 1721, 1678, 1598, 1532, 1495, 1433, 1327, 1300, 1238, 768,
735, 686 cm'; 'THNMR (500 MHz, [DJDMSO): 6=10.38 (s, 1H),
8.33-8.32 (m, 1H), 8.26-8.22 (m, 2H), 7.83 (d, 2H, J=8.5 Hz), 7.40-
737 (m, 2H), 7.17-7.13 (m, TH), 3.96 ppm (s, 3H); "*CNMR
(125 MHz, [D¢]DMSO): 6 =164.6, 161.9, 1504, 146.5, 139.6, 137.9,
128.8, 127.4, 125.6, 124.2, 120.2, 52.8 ppm; HRMS (ESI+): m/z calcd
for [Ci,H;;N,O3Nal: 279.0740 [M+Nal'; found: 279.0747; A=
2.5 ppm.

6-(Phenylcarbamoyl)pyridine-2-carboxylic acid (17): The proce-
dure was adapted from a previous report"¥ LIOH (0.41g,
17.1 mmol, 200 mol %) was added to a stirred solution of carboxyl-
ate 16 (2.18 g, 8.5 mmol, 100 mol%) in MeOH (100 mL) at room
temperature. The mixture was stirred at room temperature for 1 h
and MeOH was removed in vacuo. The residue was dissolved in
water (100 mL) and acidified with 1m HCl (30 mL). The product
was extracted with EtOAc (2x 100 mL and 2x50 mL), and the com-
bined organic layers were dried over Na,SO,, filtered, and concen-
trated in vacuo to afford the product 17 (2.06 g, 100%) as a white
solid.

The product could not be visualized by TLC analysis; mp 169-
172°C; IR (film): ¥=3330, 1698, 1664, 1600, 1535, 1445, 1322, 1242,
756, 686, 666, 644 cm™'; 'HNMR (500 MHz, [D,]DMSO): 10.83 (s,
1H), 839 (d, 1H, J=7.5Hz), 832-8.25 (m, 2H), 7.82 (d, 2H, J=
8.1Hz), 742 (t, 2H, J=7.8Hz), 7.17 (t, 1H, J=7.4Hz), 3.38 ppm
(brs, TH); *CNMR (125 MHz, [D;]DMSO): 6 =164.7, 161.4, 149.2,
146.1, 140.1, 137.9, 1288, 127.0, 125.8, 124.4, 120.7 ppm; HRMS

(ESI"): m/z caled for [Ci3HoN,Osl: 241.0613 [M—H]™; found:
241.0611; 4=—1.0 ppm.

6-((2-benzamidophenyl)carbamoyl)pyridine-2-carboxylic acid
(19):  N-(2-Aminophenyl)benzamide 10a (2.02g, 9.52 mmol,

100 mol%) and HOBt (1.29 g, 9.52 mmol, 100 mol%) were added
to a stirred solution of 6-(methoxycarbonyl)pyridine-2-carboxylic
acid (14; 1.72 g, 9.52 mmol, 100 mol%) in THF (100 mL) at room
temperature. The solution was cooled to 0°C and stirred for
40 min. EDC (1.85 mL, 10.47 mmol, 110 mol%) and Et;N (1.46 mL,
10.47 mmol, 110 mol%) were added to the reaction mixture and
the solution was stirred for further 45 min at 0°C. The solution was
warmed to room temperature, stirred for 20 h, and concentrated in
vacuo. The residue was dissolved in dichloromethane (80 mL),
washed with 1m HCl (3x75 mL), sat. NaHCO; (100 mL), and water
(80 mL) and dried over Na,SO,, filtered, and concentrated in vacuo
to afford the product 18 (3.16 g, 89%) as a light-yellow solid. The
product included small amounts of impurities, but it was used
without further purification.

LiOH (0.11 g, 4.44 mmol, 200 mol%) was added to product 18
(0.83 g, 2.22 mmol, 100 mol%) in MeOH (40 mL) at room tempera-
ture. The formed suspension was stirred at room temperature for
1 h. The mixture was concentrated in vacuo and the residue was
dissolved in water (50 mL). The solution was acidified with 1m HCI
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(10 mL) and the product was extracted with EtOAc (4x50 mL). The
combined organic layers were dried over Na,SO,, filtered, and con-
centrated in vacuo to afford product 19 (0.76 g, 95%) as a white
solid.

The product could not be visualized by TLC analysis; mp 208-
210°C; IR (film): 7=3270, 1753, 1673, 1645, 1601, 1519, 1484, 1452,
1339, 1317, 757, 742, 697, 678 cm™'; 'H NMR (500 MHz, [D]DMSO):
0=10.74 (s, 1H), 10.20 (s, 1H), 8.40 (dd, 1H, J;=7.3 Hz, J,=1.6 Hz),
8.30-8.24 (m, 2H), 8.04-8.02 (m, 2H), 7.98 (dd, 1H, J;=8.0, J,=
1.5Hz), 7.63 (dd, 1H, J;,=7.9, J,=1.5Hz), 7.60-7.57 (m, 1H), 7.52—
749 (m, 1H), 7.36 (td, 1H, J,=7.7, J,=1.6 Hz), 7.31 ppm (td, TH,
J,=7.7, 1,=1,6 Hz); *C NMR (125 MHz, [D;]DMSO): 6 =166.2, 165.0,
161.6, 149.2, 146.8, 140.1, 134.2, 131.74, 131.70, 130.4, 128.4, 127.9,
127.3, 126.7, 126.1, 125.5, 125.4, 124.4 ppm; HRMS (ESI™): m/z calcd
for [C,oH14N;0,]: 360.0984 [M—H]~; found: 360.0978; A=—1.8 ppm.

General procedure for the coupling reactions:* HOBt and the
amide derivative were added to a stirred solution of an asymmetric
pyridine carboxylic acid in THF at room temperature. The mixture
was cooled to 0°C and stirred for 30 min. EDC and Et;N were
added to the reaction mixture and the solution was stirred for fur-
ther 30 min at 0°C. The solution was warmed to room tempera-
ture, stirred overnight, and concentrated in vacuo. The residue was
dissolved in EtOAc, washed with several portions of 1m HCl and fi-
nally with brine, dried over Na,SO,, filtered, and concentrated in
vacuo to afford the product.

N?-(2-Benzamidophenyl)-N°-phenylpyridine-2,6-dicarboxamide

(2): Prepared according to the general procedure for a coupling re-
action with carboxylic acid 17 (1.080 g, 4.46 mmol, 100 mol%) in
THF (20 mL), HOBt (0.603 g, 4.46 mmol, 100 mol%), amide 10a
(0.947 g, 4.46 mmol, 100 mol%), EDC (0.84mL, 4.73 mmol,
106 mol %), Et;N (0.66 mL, 4.73 mmol, 106 mol %), and THF (30 mL)
to yield the product (1.843 g, 95%) as a white solid. R; (hexane/
EtOAc 1:1)=0.41; mp 229-232°C; IR (film): =3316, 3232, 1677,
1660, 1645, 1597, 1528, 1445, 1312, 750, 706 cm™'; 'H NMR
(500 MHz, [DgIDMSO): 6 =11.14 (s, 1H), 10.76 (s, 1H), 10.34 (s, TH),
8.40 (td, 2H, J;=7.7, J,=1.1 Hz), 8.31-8.28 (m, 1H), 7.89-7.86 (m,
3H), 7.77 (d, 2H, J=8.1 Hz), 7.64 (dd, 1H, J,=7.8, J,=1.4 Hz), 7.45-
733 (m, 5H), 7.27 (t, 2H, J=7.8Hz), 7.18-7.15 ppm (m, TH);
BCNMR (125 MHz, [D]DMSO): 6 =166.4, 161.3, 148.6, 148.5, 140.1,
137.7, 134.0, 131.7, 131.0, 128.6, 128.2, 127.6, 125.94, 125.88, 125.6,

125.2, 125.1, 124.4, 121.0 ppm; HRMS (ESI+): m/z calcd for
[CyHoN,OsNal:  459.1433  [M+Nal™; found: 459.1426; A=
—1.6 ppm.

N?-(2-Benzamidophenyl)-N°®-(2-(4-cyanobenzamido)phenyl)pyri-
dine-2,6-dicarboxamide (3): Prepared according to the general
procedure for a coupling reaction with carboxylic acid 19 (359 mg,
1.00 mmol, 100 mol%), amide 10b (237 mg, 1.00 mmol,
100 mol %), HOBt (135 mg, 1.00 mmol, 100 mol%), EDC (0.19 mL,
1.10 mmol, 110 mol %), Et;N (0.15 mL, 1.10 mmol, 110 mol%), and
THF (50 mL) to yield the product (544 mg, 94%) as a light-brown
solid. R; (hexane/EtOAc 3:7)=0.56; mp 252-254°C; IR (film): 7=
2230, 1667, 1599, 1515, 1480, 1441, 1306, 754cm™'; 'HNMR
(500 MHz, [Dg]DMSO): 6=11.00 (s, 1H), 10.85 (s, 1H), 10.38 (s, TH),
10.29 (s, TH), 8.38-8.36 (m, 2H), 8.30-8.27 (m, TH), 7.91 (d, 2H, J=
8.4 Hz), 7.77-7.75 (m, 1H), 7.72 (d, 2H, J=7.2 Hz), 7.65-7.63 (m,
2H), 7.59 (d, 2H, J=8.5Hz), 7.56-7.54 (m, TH), 7.45-7.42 (m, TH),
7.39-7.31 (m, 4H), 7.22-7.19 ppm (m, 2H); *CNMR (125 MHz,
[DgIDMSO): 6=166.1, 164.5, 161.3, 161.1, 148.33, 148.29, 140.3,
138.2, 133.7, 131.9, 131.7, 131.1, 130.8, 130.7, 130.5, 128.3, 128.1,
127.7, 126.2, 126.0, 125.7, 125.6, 125.5, 125.2, 125.09, 125.06, 125.0,
118.1, 113.7 ppm; HRMS (ESI+): m/z calcd for [Cs,H,,NgO,Nal:
603.1751 [M+Na]*; found: 603.1745; A=—1.0 ppm.
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N*-(2-Benzamidophenyl)-N°-(2-(4-methoxybenzamido)phenyl)-
pyridine-2,6-dicarboxamide (4): Prepared according to the gener-
al procedure for a coupling reaction with carboxylic acid 19
(183 mg, 0.51 mmol, 100 mol%), amide 10c (136 mg, 0.56 mmol,
110 mol %), HOBt (83 mg, 0.56 mmol, 110 mol%), EDC (0.11 mL,
0.61 mmol, 120 mol%), Et;N (0.09 mL, 0.61 mmol, 120 mol%), and
THF (50 mL) to yield the product (90 mg, 30%) as a white solid. R;
(hexane/EtOAc 3:7)=0.51; mp 172-174°C; IR (film): v=3345, 1698,
1682, 1648, 1633, 1605, 1509, 1439, 1307, 1258, 755 cm™'; 'H NMR
(500 MHz, [Dg]IDMSO): 6 =11.04 (s, 1H), 10.98 (s, 1H), 10.22 (s, TH),
10.11 (s, 1H), 8.38-8.36 (m, 2H), 8.30-8.27 (m, 1H), 7.76 (dd, 2H,
J,=8.2, J,=1.0Hz), 7.73-7.71 (m, 4H), 7.68-7.67 (m, 1H), 7.62-7.61
(m, 1H), 7.44-7.41 (m, 1H), 7.37-7.32 (m, 4H), 7.20 (t, 2H, J=
78Hz), 670 (d, 2H, J=89Hz), 3.74ppm (s, 3H); "CNMR
(125 MHz, [Dg]DMSO): 6 =166.0, 165.5, 161.9, 161.3, 161.2, 1483,
148.2, 140.4, 134.0, 131.6, 131.10, 131.07, 130.8, 129.5, 128.1, 127.5,
125.9, 1259, 125.8, 125.7, 125.6, 125.3, 125.11, 125.07, 113.3,
55.3 ppm; HRMS (ESI+): m/z calcd for [C;,H,,NsOsNal: 608.1904
[M+Nal*; found: 608.1903; A =—0.2 ppm.

N?-(2-Acetamidophenyl)-N°-(2-benzamidophenyl)pyridine-2,6-di-
carboxamide (5): Prepared according to the general procedure for
a coupling reaction with carboxylic acid 19 (479 mg, 1.33 mmol,
100 mol %), amide 10d (230 mg, 1.53 mmol, 115 mol%), HOBt
(207 mg, 1.53 mmol, 115mol%), EDC (0.30 mL, 1.66 mmol,
125 mol %), Et;N (0.23 mL, 1.66 mmol, 125 mol %), and THF (70 mL)
to yield the product (588 mg, 90%) as a white solid. R; (hexane/
EtOAc 2:8)=0.55; mp 227-229°C; IR (film): ¥=3227, 3037, 1693,
1666, 1646, 1597, 1511, 1481, 1445, 1311, 754, 705 cm™"; "H NMR
(500 MHz, CDCly): 6=11.25 (s, 1H), 11.12 (s, TH), 9.65 (s, 1H), 9.07
(s, TH), 847 (d, TH, J=7.6 Hz), 843 (d, TH, J=7.8 Hz), 8.11 (t, 1H,
J=7.8Hz),794 (d, 1H, J=7.5Hz), 7.80 (d, 2H, J=7.5 Hz), 7.72-7.69
(m, 2H), 740 (t, TH, J=7.4Hz), 7.28-7.24 (m, 3H), 7.22-7.16 (m,
3H), 7.08-7.05 (m, 1H), 1.71 ppm (s, 3H); *CNMR (125 MHz,
CDCly): 6=170.8, 166.4, 162.7, 161.7, 149.0, 148.4, 139.6, 133.8,
132.1, 131.1, 130.8, 130.2, 129.7, 128.7, 127.5, 126.66, 126.64,
126.33, 126.25, 125.9, 125.7, 125.53, 125.51, 125.1, 124.8, 23.4 ppm;
HRMS (ESI+): m/z caled for [CygH,sNsO,Nal: 516.1627 [M+Na]*;
found: 516.1642; 4= —3.0 ppm.

N*-(2-Benzamidophenyl)-N°-(2-isobutyramidophenyl)pyridine-
2,6-dicarboxamide (6): Prepared according to the general proce-
dure for a coupling reaction with carboxylic acid 19 (310 mg,
0.85 mmol, 100 mol%), amide 10e (170mg, 0.95 mmol,
110 mol %), HOBt (129 mg, 0.95 mmol, 110 mol%), EDC (0.19 mL,
1.05 mmol, 120 mol%), Et;N (0.15 mL, 1.05 mmol, 120 mol%), and
THF (50 mL) to yield the product (383 mg, 77 %) as a white solid. R;
(hexane/EtOAc 3:7)=0.50; mp 192-193°C; IR (film): 7= 1650, 1599,
1513, 1480, 1450, 1302, 750 cm™'; "H NMR (500 MHz, CDCly): § =
11.06 (s, TH), 10.97 (s, 1H), 9.54 (s, 1H), 8.72 (s, 1H), 846 (d, TH,
J=7.7Hz), 844 (d, TH, J=7.8Hz), 8.12 (t, 1H, J=7.8 Hz), 7.87 (dd,
1H, J,=7.8, J,=1.6 Hz), 7.80-7.77 (m, 3H), 7.59 (d, 1H, J=7.7 Hz),
734 (t, 1H, J=7.4Hz), 7.20-7.10 (m, 5H), 7.05-7.02 (m, 1H), 2.40
(septet, TH, J=6.9Hz), 0.89 ppm (d, 1H, J=6.9Hz); “CNMR
(125 MHz, CDCly): 6=177.6, 166.6, 162.1, 162.0, 148.7, 148.6, 139.7,
133.8, 132.0, 130.7, 130.4, 130.1, 128.7, 128.6, 127.6, 127.5, 126.6,
126.5, 126.1, 125.6, 125.53, 125.45, 125.2, 124.9, 36.1, 19.3 ppm;
HRMS (ESI+): m/z caled for [C3yH,NsO,]: 522.2135 [M+H]"; found:
544.1946; A=—0.9 ppm.

N?-(2-Benzamidophenyl)-N°-(2-pivalamidophenyl)pyridine-2,6-di-
carboxamide (7): Prepared according to the general procedure for
a coupling reactions with carboxylic acid 19 (340 mg, 0.95 mmol,
100 mol%), amide 10f (200 mg, 1.04 mmol, 110 mol%), HOBt
(141 mg, 1.04 mmol, 110 mol%), EDC (0.20 mL, 1.13 mmol,
120 mol %), Et;N (0.16 mL, 1.13 mmol, 120 mol%), and THF (50 mL)

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

.@2 ChemPubSoc
x Europe

to yield the product (502 mg, 99%) as a white solid. R; (hexane/
EtOAc 1:1)=0.37; mp 210-212°C; IR (film): "=1691, 1676, 1638,
1601, 1524, 1481, 756, 707 cm™"; "H NMR (500 MHz, [D;]DMSO): 6 =
11.04 (s, 1H), 10.88 (s, 1H), 10.20 (s, TH), 9.05 (s, 1H), 8.41 (dd, TH,
Jy=7.7,J,=1.2Hz), 838 (dd, 1H, J,=7.8, J,=1.2 Hz), 831 (dd, TH,
Jy=J,=7.8Hz), 7.87 (dd, TH, J,=7.9, J,=1.5Hz), 7.75 (dd, 2H, J,=
8.3, J,=12Hz), 7.62 (dd, TH, J,=7.9, J,=1.3 Hz), 7.56 (dd, TH, J,=
7.8, J,=17Hz), 752 (dd, 1H, J,=7.7, ,=1.7 Hz), 7.44-7.41 (m,
1H), 7.37 (td, 1H, J;,=7.7, J,=1.6 Hz), 7.33-7.25 (m, 3H), 7.22-7.19
(m, 2H), 1.03 ppm (s, 9H); *C NMR (125 MHz, [D;]DMSO): 5 =176.8,
166.1, 161.5, 161.3, 148.5, 148.1, 140.4, 133.8, 131.63, 131.62, 131.0,
130.9, 1304, 128.1, 127.5, 126.00, 125.98, 125.9, 125.8, 125.6, 1254,
125.3, 125.2, 125.1, 125.0, 38.8, 26.9 ppm; HRMS (ESI+): m/z calcd
for [C3H,sNsO4Nal: 5882111 [M+Nal*; found: 558.2117; A=
0.9 ppm.

Crystallographic analysis

The compounds were dissolved in solvents of analytical purity (fol-
damer 2: acetone, MeCN/ dimethylacetamide (DMA), DMF; folda-
mer 3: MeCN, EtOAc; foldamer 5: acetone; foldamer 6: EtOAc, tol-
uene; foldamer 7: acetone; see the Supporting Information for de-
tails) and allowed to evaporate at room temperature until crystals
formed. Aliquots of 10-50 mg of the compounds and up to 6 mL
of the solvents were used in the crystallization experiments. Heat-
ing and stirring were used to help the dissolving process.

Single-crystal X-ray diffraction data was collected on a Bruker
Nonius KappaCCD diffractometer at 173 K with a Bruker AXS APEX
Il CCD detector and graphite-monochromated Cuy, radiation (1=
1.54178 A). The structures were solved by using direct methods
and refined by using Fourier techniques with the SHELX-97 soft-
ware package.” Multiscan absorption correction was applied to all
structures with Denzo-SMN 1997.%°" All the non-hydrogen atoms
were refined anisotropically. The hydrogen atoms were placed in
their idealized positions, except for the N—H hydrogen atoms that
were found from the electron-density map and included in the
structure-factor calculations. Isotropic temperature factor of 1.2
was used to refine the hydrogen atoms. Details of the crystal data
and the refinement are presented in Tables 2 and 3 in the Support-
ing Information.

CCDC 1038215 (2-@-Form 1), CCDC 1038216 (2-S-MeCN),
CCDC 1038217  (2-@-S-DMF), CCDC 1038218  (3-@,-Form ),
CCDC 1038219 (3-S,-EtOAC), CCDC 1038220 (5-S;,-Form ),

CCDC 1038221 (6-@',-Form I), CCDC 1038222 (6-S,-Form Il), and
CCDC 1038223 (7-S,-Form I) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre through
www.ccdc.cam.ac.uk/data_request/cif.

Computational approach

The geometries of the stationary points were optimized by using
the density-functional theory (DFT) at the ®wB97X-D/6-311G(d,p)
level. Herein, ®wB97X-D denotes the long-range corrected hybrid
density functional with damped atom-atom dispersion corrections
developed by Chai and Head-Gordon.””?® This functional is a very
promising DFT method™® that yields reasonably accurate data for
general main-group thermochemistry, kinetics, and noncovalent in-
teractions (all of which are relevant to the present work). The initial
structures for the geometry optimizations were obtained from
a Monte Carlo conformational search by using the OPLS 2005
force fields as implemented in the MacroModel software.’” The
preliminary conformational analysis involved a systematic search
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and DFT potential-energy surface scans along specific dihedral
angles.

Normal coordinate analysis was carried out at the wB97X-D/6-
311G(d,p) level of theory for all the optimized structures. The re-
sults were utilized to verify the nature of the stationary points (i.e.
minima) and to estimate the zero-point energies and the thermal
and entropic contributions to the Gibbs free energies. For each lo-
cated structure, additional single-point energy calculations were
performed at the wB97X-D/6-311+ + G(3df,3pd) level to increase
the accuracy of the electronic-structure predictions. In all the DFT
calculations, the ultrafine integration grid was employed, as imple-
mented in the Gaussian09 package.*"

The thermochemical data were obtained within the ideal-gas (i.e.,
rigid rotor) harmonic-oscillator approximation for T=298.15 K and
P=1 atm. The solvation free energies (solvent=CHCl;) were esti-
mated at the ®wB97X-D/6-311G(d,p) level by using the integral-
equation-formalism variant of the polarizable-continuum model
(IEFPCM).®? The atomic radii and nonelectrostatic terms in the
IEFPCM calculations were those introduced recently by Truhlar and
co-workers (SMD solvation model).>
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