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Computational prediction and experimental verification of pyridine-based

helical oligoamides containing four repeating units per helical turnw
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Aided by high level ab initio computational modeling, we

successfully designed and experimentally proved a new set of

backbone-rigidified pyridine-based folding oligoamides that

require approximately four repeating units to form a helical turn.

A highly effective means to restrict the conformational

freedom of diverse folding backbones explores the uses of

hydrogen bonding (H-bonding) forces of varying types. The

robustness, predictability and directionality of H-bonds have

allowed a reliable creation of diverse helically folded unnatural

backbones.1,2 Compared to the H-bonded helically folded

aliphatic foldamers, H-bonded aromatic helical foldamers

have remained much less studied and their backbone diversity

has been mostly limited to the examples reported by Hamilton

et al.,2a–c Lehn et al.,2d–f Gong et al.,2g–k Zimmerman et al.,2l

Huc et al.,2m–p Li et al.,2q–t and others.2u–w

We have recently reported a series of folding molecules with

their repeating units represented by pentamer 1a and hexamer

1b (Fig. 1a) and with their folded structures enforced by

internally placed continuous H-bonding networks.3a–e

Examining these folding molecules by both solid state and

solution studies reveals an intrinsic unusual peculiarity requiring

five identical repeating units to form either a macrocycle3a–c or a

helical turn,3d,e which has been rarely observed before by others

among unnatural foldamers. We postulated that by replacing

the methoxy benzene units in 1a or 1b with the pyridine units

the same peculiar requirement shall still remain in pyridine-

containing aromatic foldamers such as 1c–1e (Fig. 1b). More

specifically, the internally H-bonded pyridine oligomers 1c–1e

containing no end groups (i.e., ester, nitro, etc.) should adopt a

planar conformation rather than a helical geometry provided

that pyridine nitrogen atoms and amide protons are able to form

stabilizing intramolecular H-bonds to constrain the aromatic

backbone.

Using the density functional theory at the level of B3LYP/

6-311+G(2d,p), our calculations on dimer 1f with different

conformations and on dimers 1j–1l reveal 1f to be perfectly

planar (ESIw) and the most stable (Fig. 1c). The high stability

of 1f primarily derives from the two stabilizing cooperative

Fig. 1 (a) Methoxybenzene-based pentamer 1a and hexamer 1b,3d,e

(b) pyridine-derived oligoamides 1c–1e, (c) pyridine dimers used for

ab initio computational modelling and (d) their computationally

optimized geometries at the B3LYP/6-31G* level. Values in parentheses

shown in (c) are the relative energies in kcal mol�1 computated at the

level of B3LYP/6-311+G(2d,p) and normalized against the most stable

conformer 1f.
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intramolecular H-bonds worth of B10.92–12.23 kcal mol�1.

The unfavorable repulsive forces between oxygens and nitrogens

deduced by comparing the relative energies of 1g–1i with 1j–1l

further increase the stability of 1f by B4.81–5.42 kcal mol�1.

Prompted by the high strength of intramolecular H-bonds

in 1f, higher oligomers 1c–1e were subjected to the theoretical

scrutinies at the B3LYP/6-31G* level (Fig. 1d). While trimer

1c and tetramer 1d both are crescent-shaped as expected,

pentamer 1e surprisingly takes up a helical structure. A closer

look into 1c–1e shows that each pyridine-based repeating unit

corresponds to a 841 turn in the helix, and therefore, rather

than five residues per helical turn as in 1a and 1b,3d,e only 4.3

residues are required to furnish a helical turn.

We were perplexed by this seemingly contradictory finding

and intrigued to find out if this can be experimentally verified

or not. For this purpose, pyridine oligoamides from dimer 2 to

pentamer 5 were made (Fig. 2)w with an overall yield of B1%

for 5 after 12 steps, and they were then subjected to study

using X-ray crystallography and 2D NOESY spectroscopy.

Crystals of oligomers 2–5 suitable for X-ray structure

determination were obtained by slow evaporation or diffusion

methods at room temperature. The top and side views of the

determined crystal structures (Fig. 2) demonstrate that with

the increasing addition of pyridine-based building blocks into

the aromatic backbone, the elongated backbone becomes

increasingly curved in one direction. This is a result of the

stabilizing forces from the progressively lengthened intramolecular

H-bonding network that comprises up to nine intramolecular

H-bonds (pyridine N� � �H of amide groups = 2.101–2.394 Å).

While shorter oligomers 2 and 3a adopt a crescent formation,

tetramer 4 starts to become helically shaped due to the steric

hindrance from the end ester and Cbz groups, and pentamer 5 is

clearly helically folded whereby the two end pyridine rings almost

can be superimposed over each other (Fig. 2e). In 5, each

repeating unit in average corresponds to an B841 turn and so

4.3 such units are needed to furnish a helical turn, remarkably

identical to the computationally determined value. For

comparison, helical turns in some well-known H-bonded

aromatic folding helices with a homogeneous backbone have

been reported to contain B2.5 residues,2m,w B4 residues,2p

between 4–5 residues,2k 5 residues,3d,e and between 6–6.5

residues.2g,h On the other hand, most aliphatic helices contain

less than four repeating units per helical turn.1l Of further

interest to note is the aliphatic p-helices containing 4.3 residues

per helical turn.1l The ability to fine-tune the helicity parameters

should enable us to systematically and precisely control the 3D

spatial orientation of the exterior side chains for functional

diversification of helically folded aromatic foldamers.2q,s,t,4

A 2DNOESY study was employed to examine if the crescent-

shaped or helical conformations seen in oligomers 3b, 4 and 5 in

solid states also persist in solution. Given that the NOE contacts

seldom become detectable if the inter-atomic distance is over

5 Å. The experimentally observed NOE contacts therefore

would provide evidence for the distance between two interacting

protons and accordingly the conformations in solution.

As revealed from the crystal structure of 3a, the inter-atomic

distances between adjacent amide protons, and between the

end ester and Cbz groups are of 3.35 Å to 3.50 Å, an indication

of a possibility to observe NOE contacts among them. The 1H

NMR signal overlaps due to the repetitive nature of 3b were

overcome by performing the NOESY study at 263 K. At this

temperature, amide proton d was well separated from the

aromatic protons, permitting us to confidently analyze the

NOE patterns. The observation of (1) the expected NOE

cross-peaks between proton c and b or d and (2) the end-to-

end NOE contacts between end methoxy protons a and Cbz

protons g or h provides the convincing evidence for the folded

crescent-shaped structure of 3b in solution (Fig. 3a). Addi-

tionally, in 3b, the NOE intensities among amide protons b, c

and d (distances = 3.40 and 3.50 Å) were stronger than that

between protons d and g (4.16 Å, Fig. 3a). This comparison

provides further evidence on the existence of intramolecular

Fig. 2 Top and side views of crystal structures of (a) dimer 2, (b) trimer 3a, (c) tetramer 4I, (d) tetramer 4II, and (e) pentamer 5. Tetramer 4 exists

in two different conformations in the solid state that are designated as 4I where theN-terminal benzene ring is roughly coplanar with other pyridine

rings and 4II where the N-terminal benzene ring is roughly perpendicular to other pyridine rings. It can be seen that the backbone becomes

increasingly curved from dimer 2 to pentamer 5 and about 4.3 repeating units are required to make up one helical turn in pentamer 5.
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H-bonds that restrict the conformational freedom of amide

bonds. If one of the amide bonds in 3b is flexibly allowed to

flip to the other side by 1801, the distance between this flipped

amide proton and its neighboring amide protons will become

larger than 5 Å, a distance that allows the observation of either

much weakened NOEs or no NOEs at all.

Similar to 3b and consistent with the inter-atomic distances

from 2.83 to 3.77 Å found in tetramer 4 (Fig. 3b),wNOE cross-

peaks between amide protons b and c, and between d and e

were observed, suggesting the close proximity of these amide

protons in space and the folded conformation for tetramer 4.

The helically folded geometry adopted by both tetramer 4 and

pentamer 5 is unambiguously confirmed by the end-to-end

NOE contacts seen between protons a and e or g for 4

(Fig. 3b), and between protons a4 and g for 5 (Fig. 3c). As a

result of extensive 1H NMR signal overlaps, all the other NOE

cross-peaks seen in 5 cannot be unambiguously assigned.w
In summary, we show that the high level ab initio models

enable us to rationally design and experimentally demonstrate

by both solution and solid state characterizations a new class

of helical aromatic foldamers, requiring B4.3 residues per

helical turn that closely mimics the helicity requirement by

p-helices. The availability of these diverse helical foldamers

should greatly facilitate the design of function-oriented

aromatic foldamers.2q,s,t,4

Financial support of this work to H.Z. by the NUS AcRF

Tier 1 grants (R-143-000-375-112 & R-143-000-398-112) and

SPORE (COY-15-EWI-RCFSA/N197-1) is acknowledged.

Notes and references

1 For some recent reviews onH-bonded foldamers, see: (a) S. H. Gellman,
Acc. Chem. Res., 1998, 31, 173; (b) B. Gong, Chem.–Eur. J., 2001, 7,
4336; (c) D. J. Hill, M. J. Mio, R. B. Prince, T. S. Hughes and
J. S. Moore, Chem. Rev., 2001, 101, 3893; (d) C. Schmuck, Angew.
Chem., Int. Ed., 2003, 42, 2448; (e) I. Huc, Eur. J. Org. Chem., 2004, 17;
(f) R. P. Cheng, Curr. Opin. Struct. Biol., 2004, 14, 512; (g) B. Gong,
Acc. Chem. Res., 2008, 41, 1376; (h) W. S. Horne and S. H. Gellman,
Acc. Chem. Res., 2008, 41, 1399; (i) X. Li, Y.-D. Wu and D. Yang, Acc.
Chem. Res., 2008, 41, 1428; (j) I. Saraogi and A. D. Hamilton, Chem.
Soc. Rev., 2009, 38, 1726; (k) X. Zhao and Z. T. Li, Chem. Commun.,
2010, 46, 1601; (l) P. G. Vasudev, S. Chatterjee, N. Shamala and
P. Balaram, Chem. Rev., 2011, 111, 657.

2 (a) Y. Hamuro, S. J. Geib and A. D. Hamilton, Angew. Chem., Int. Ed.
Engl., 1994, 33, 446; (b) Y. Hamuro, S. J. Geib and A. D. Hamilton,
J. Am. Chem. Soc., 1996, 118, 7529; (c) Y. Hamuro, S. J. Geib and
A. D. Hamilton, J. Am. Chem. Soc., 1997, 119, 10587; (d) V. Berl,
I. Huc, R. G. Khoury, M. J. Krische and J. M. Lehn,Nature, 2000, 407,
720; (e) V. Berl, I. Huc, R. Khoury and J.-M. Lehn, Chem.–Eur. J.,
2001, 7, 2810; (f) E. Kolomiets, V. Berl, I. Odriozola, A. M. Stadler,
N. Kyritsakas and J. M. Lehn, Chem. Commun., 2003, 2868; (g) J. Zhu,
R. D. Parra, H. Q. Zeng, E. Skrzypczak-Jankun, X. C. Zeng and
B. Gong, J. Am. Chem. Soc., 2000, 122, 4219; (h) B. Gong, H. Q. Zeng,
J. Zhu, L. H. Yuan, Y. H. Han, S. Z. Cheng, M. Furukawa,
R. D. Parra, A. Y. Kovalevsky, J. L. Mills, E. Skrzypczak-Jankun,
S. Martinovic, R. D. Smith, C. Zheng, T. Szyperski and X. C. Zeng,
Proc. Natl. Acad. Sci. U. S. A., 2002, 99, 11583; (i) L. H. Yuan,
H. Q. Zeng, K. Yamato, A. R. Sanford, W. Feng, H. S. Atreya,
D. K. Sukumaran, T. Szyperski and B. Gong, J. Am. Chem. Soc.,
2004, 126, 16528; (j) X. W. Yang, L. H. Yuan, K. Yamamoto,
A. L. Brown, W. Feng, M. Furukawa, X. C. Zeng and B. Gong,
J. Am. Chem. Soc., 2004, 126, 3148; (k) A. M. Zhang, Y. H. Han,
K. Yamato, X. C. Zeng and B. Gong, Org. Lett., 2006, 8, 803;
(l) P. S. Corbin, S. C. Zimmerman, P. A. Thiessen, N. A. Hawryluk
and T. J. Murray, J. Am. Chem. Soc., 2001, 123, 10475; (m) H. Jiang,
J.-M. Leger and I. Huc, J. Am. Chem. Soc., 2003, 125, 3448;
(n) C. Dolain, J. M. Leger, N. Delsuc, H. Gornitzka and I. Huc, Proc.
Natl. Acad. Sci. U. S. A., 2005, 102, 16146; (o) D. Haldar, H. Jiang,
J. M. Leger and I. Huc, Angew. Chem., Int. Ed., 2006, 45, 5483;
(p) Q. Gan, C. Y. Bao, B. Kauffmann, A. Grelard, J. F. Xiang,
S. H. Liu, I. Huc and H. Jiang, Angew. Chem., Int. Ed., 2008, 47,
1715; (q) J. L. Hou, X. B. Shao, G. J. Chen, Y. X. Zhou, X.K. Jiang and
Z. T. Li, J. Am. Chem. Soc., 2004, 126, 12386; (r) C. Li, S.-F. Ren,
J.-L. Hou, H.-P. Yi, S.-Z. Zhu, X.-K. Jiang and Z.-T. Li,Angew. Chem.,
Int. Ed., 2005, 44, 5725; (s) J.-L. Hou, H.-P. Yi, X.-B. Sha, C. Li,
Z.-Q. Wu, X.-K. Jian, L.-Z. Wu, C.-H. Tung and Z.-T. Li, Angew.
Chem., Int. Ed., 2006, 45, 796; (t) W. Cai, G. T. Wang, Y. X. Xu,
X. K. Jiang and Z. T. Li, J. Am. Chem. Soc., 2008, 130, 6936;
(u) J. J. van Gorp, J. A. J. M. Vekemans and E. W. Meijer, Chem.
Commun., 2004, 60; (v) D. Kanamori, T. A. Okamura, H. Yamamoto
and N. Ueyama, Angew. Chem., Int. Ed., 2005, 44, 969; (w) X. Li,
C. L. Zhan, Y. B. Wang and J. N. Yao, Chem. Commun., 2008, 2444.

3 (a) B. Qin, X. Y. Chen, X. Fang, Y. Y. Shu, Y. K. Yip, Y. Yan,
S. Y. Pan, W. Q. Ong, C. L. Ren, H. B. Su and H. Q. Zeng, Org.
Lett., 2008, 10, 5127; (b) B. Qin, C. L. Ren, R. J. Ye, C. Sun,
K. Chiad, X. Y. Chen, Z. Li, F. Xue, H. B. Su, G. A. Chass and
H. Q. Zeng, J. Am. Chem. Soc., 2010, 132, 9564; (c) B. Qin,
W. Q. Ong, R. J. Ye, Z. Y. Du, X. Y. Chen, Y. Yan, K. Zhang,
H. B. Su and H. Q. Zeng, Chem. Commun., 2011, 47, 5419;
(d) Y. Yan, B. Qin, Y. Y. Shu, X. Y. Chen, Y. K. Yip,
D. W. Zhang, H. B. Su and H. Q. Zeng, Org. Lett., 2009, 11,
1201; (e) Y. Yan, B. Qin, C. L. Ren, X. Y. Chen, Y. K. Yip,
R. J. Ye, D. W. Zhang, H. B. Su and H. Q. Zeng, J. Am. Chem. Soc.,
2010, 132, 5869.

4 (a) P. S. Shirude, E. R. Gillies, S. Ladame, F. Godde, K. Shin-Ya,
I. Huc and S. Balasubramanian, J. Am. Chem. Soc., 2007, 129,
11890; (b) I. Saraogi, C. D. Incarvito and A. D. Hamilton, Angew.
Chem., Int. Ed., 2008, 47, 9691.
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5 are shown to the right. The dotted arrow in (b) indicates a much

weaker NOE contact seen between protons b and c.
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