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Abstract 

The synthesis and characterization of folding aromatic oligoamides with reduced 

constraint, ion-pair associations and solvent-mediated folding of aromatic oligoureas, and 

oligoamides with unique conformational variations involving simple structural inversion are 

presented in this thesis. 

Chapter 1 is a review of the foldamer field defining structural features of peptides that are 

desired for replication by artificial building blocks. Foldamers are characterized as either 

peptidomimetic or abiotic based on intrinsic properties of the building blocks utilized. Each 

section of peptidomimetic and abiotic foldamers demonstrates the systematic design and 

characterization utilized for each system, including highlights of progressive developments 

within the field. This leads into the early development of helical aromatic oligoamides, 

developed by Gong and coworkers, incorporating rotation restricting three-center hydrogen 

bonds imbedded in the backbone. Overall, providing the relationship between our helical 

aromatic oligoamides and their place in the foldamer field. 

Chapter 2 presents modifications in the design of robust aromatic oligoamides to 

incorporate reduced hydrogen bonding constraint within the backbone. This increased flexibility 

was to improve protein-like folding behavior for these previously robust oligoamides. Flexibility 

was designed by removing aromatic side chains adjacent to the benzene residues allowing only 

5-membered ring (two-center) hydrogen bonding to remain. Two variations of oligoamides were 

synthesized involving alternating constraint consisting of interchanging three- and two-center 

hydrogen bonding along the aromatic backbone, and reduced constraint with only 2-center 

hydrogen bonding. Folding potentials are presented utilizing a combination of circular 

dichroism, 1D/ 2D NMR experiments, thermal denaturation and titration experiments in varying 

solvent conditions. 

Chapter 3 begins with an overview of past aromatic oligourea design and cationic 

recognition of uncyclized and cyclized aromatic tetraureas. Anionic recognition of halides with 

ureas observed in literature was confirmed by concentration-dependent 1H-NMR experiments for 

aromatic urea dimers, similar in structure to elongated oligourea sequences. Anions were also 

observed to associate with oligourea trimers with similar affinities compared to their 

iii 



 

 

        

           

        

           

        

       

          

         

       

          

       

        

           

         

      

     

      

          

         

        

         

        

      

         

 

 

 

 

  

tetraethylammonium salt counterions, not previously observed for the dimers. Cation binding 

within the cavity of these trimers was confirmed by 2D NMR experiments. Correlations between 

2D NMR spectra and results from concentration-dependent 1H-NMR experiments led to the 

conclusion of positive cooperative association between anion and cation pairs with oligourea 

trimer hosts. The conformational preference of longer aromatic oligoureas, incorporating five-

membered hydrogen bonding constraining the urea-linkage, was determined to favor a trans-

trans conformation based on urea-linkage bond rotations that were computationally derived in 

collaboration with Professor Eva Zurek and Daniel Miller. Longer oligoureas were confirmed to 

also to bind tetraethyl- and tetrabutylammonium cations by 2D NMR experiments. Folding and 

chain-length dependence of these longer oligoureas were characterized by circular dichroism and 

1H-NMR, confirming solvent-dependent folding and aggregation. Finally an aromatic oligourea 

9mer was confirmed to favor a helical structure stabilized by dimethylformamide. 

Chapter 4 presents two aromatic oligoamides with a simple inversion between their αβ 

and βα-amino acid spacers which caused the individual conformational identity to differ 

dramatically, preventing these complementary strands to associate. A qualitative examination 

compared differences in structural properties by 1H-NMR concentration-dependent, titration-

dependent and temperature-dependent experiments. It was concluded that the oligoamide 

involving the αβ spacer preferred to fold upon itself, generating a stable β-turn which was 

confirmed by 2D NMR. The oligoamide incorporating a βα spacer self-dimerized with 

significant conformational interconversion, requiring the oligoamide to be examined at cryogenic 

temperatures to derive a specific conformation. In collaboration with Professor Eva Zurek and 

Daniel Miller, conformations derived from NOEs observed by 2D NMR experiments were 

examined computationally. A favored model paired with atomic distances calculated from 

optimized NOEs concluded the refinement of a specific conformation regarding this oligoamide. 
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mixing time of 50 ms. 
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Pg. 106 Figure SI-2-27 Partial 2D NOESY spectrum of 0.5 mM oligoamide 3 in a mixed 

solvent consisting of 50% MeCN-d3 and 50% THF-d8 at 25 °C, collected with a 

mixing time of 50 ms. 

Pg. 106 Figure SI-2-28 Proton spectrum of 0.5 mM oligoamide 3 in mixed solvent 

consisting of 70% CD3OD, 21% CCl4, and 9% CDCl3 at 25 °C. 

Pg. 107 Figure SI-2-29 2D gCOSY of 0.5 mM oligoamide 3 in mixed solvent consisting of 

70% CD3OD, 21% CCl4, and 9% CDCl3 at 25 °C. 

Pg. 108 Figure SI-2-30 Proton spectrum of 0.5 mM oligoamide 3 in mixed solvent 

consisting of 15% DMF-d7 and 85% CDCl3 at 25 °C. 

Pg. 109 Figure SI-2-31 Partial 2D NOESY partial spectrum of 0.5 mM oligoamide 3 in 

mixed solvent consisting of 15% DMF-d7 and 85% CDCl3 at 25 °Cwith a mixing 

time of 200 ms. 

Pg. 110 Figure SI-2-32 Proton spectrum of 1 mM oligoamide 3 in mixed solvent consisting 

of 5% CD3OD, 66.5% CCl4, and 28.5% CDCl3 at 25 °C. 

Pg. 111 Figure SI-2-33 Partial 2D gCOSY spectrum of 1 mM oligoamide 3 in mixed 

solvent consisting of 5% CD3OD, 66.5% CCl4, and 28.5% CDCl3 at 25 °C. 

Pg. 112 Figure SI-2-34 Partial 2D NOESY spectrum of 1 mM oligoamide 3 in mixed 

solvent consisting of 5% CD3OD, 66.5% CCl4, and 28.5% CDCl3 at 25 °Cwith a 

mixing time of 200 ms. 

Pg. 113 Figure SI-2-35 Partial 2D NOESY spectrum of 1 mM oligoamide 3 in mixed 

solvent consisting of 5% CD3OD, 66.5% CCl4, and 28.5% CDCl3 at 25 °Cwith a 

mixing time of 200 ms. 

Pg. 114 Figure SI-2-36 Proton spectrum of 0.5 mM oligoamide 3 in mixed solvent 

consisting of 5% DMSO-d6 and CCl4 at 25 °C. 

Pg. 115 Figure SI-2-37 2D gCOSY spectrum of 0.5 mM oligoamide 3 in mixed solvent 

consisting of 5% DMSO-d6 and CCl4 at 25 °C. 

Pg. 116 Figure SI-2-38 2D NOESY spectrum of 0.5 mM oligoamide 3 in mixed solvent 

consisting of 5% DMSO-d6 and CCl4 at 25 °C. 

Chapter 3: pages 118-183 

Pg. 120 Figure 3-1 (a) ROEs observed for crescent oligourea 2 (500 MHz, 10 mM, 25 °C, 

mixing time 0.3 s), molecular structures of a (b) oligotetraurea 3 and (c) tetraurea 

macrocycle 4. 

Pg. 121 Figure 3-2 Overlaid MALDI-TOF spectra of (a) 3 (b) 4 with mixed with LiBPh4 (1 

eq.), NaBPh4 (1 eq.), and KBPh4 (1 eq.). 

Pg. 123 Figure 3-3 Hydrogen labeled structure of compound 6 (a) including crystal 

structures (b) 6a and (c) 6b of two known polymorphs. 

Pg. 125 Figure 3-4 1H-NMR dilution studies of compound 6 in CDCl3 (a) 1H-NMR stacked 
-spectrum in the presence of no guest, and (b) in the presence of TEA+I-, TEA+Cl , or 

TEA+Ac- independently. 
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Pg. 128 Figure 3-5 (a) Structure of dimer 7 and (b) plot of NH chemical shift of a 1:1 

equivalence of host 7 and guest TEA-Ac vs. concentration in CDCl3. 

Pg. 130 Figure 3-6 (a) Structure of oligourea trimer 8, and (b) partial 1H-NMR spectra (6.0-

10.0 ppm) of 3 mM trimer 8 and 0-15 equivalents of TEA-Ac in CDCl3 (500 MHz, 

25 °C). The dashed lines trace chemical shifting of two urea NH signals. 

Pg. 131 Figure 3-7 1H-NMR dilution plots of (a) compound 8 urea NH chemical shifts vs. 

concentrations mixed with 1 equivalence of TEA-Ac (red), TEA-Cl (blue), and 

TEA-I (green). (b) Chemical shift of methylene protons of TEA+ in the presences of 

1 equivalent of compound 8 vs. concentration. 

Pg. 135 -Figure 3-8 ESI-MS spectra of trimer 8 (a) without the presence of TEA+Cl in 
-positive ion mode, (b) with 1 equivalence of TEA+Cl in positive ion mode, and (c) 

-with 1 equivalence of TEA+Cl in negative ion mode. 

Pg. 137 Figure 3-9 (a) Structural assignment of 8. (b) Full 2D ROESY spectrum of 8 (5 

mM) in CDCl3 (500 MHz, 25 °C, mixing time: 0.3 s). 

Pg. 139 Figure 3-10 (a) Structural assignment of 8. (b) Full 2D ROESY spectrum of 1:1 

mixture of 8 with TEA-Ac (5 mM) in CDCl3 (500 MHz, 25 °C, mixing time: 0.3 s). 

Pg. 140 Figure 3-11 (a) Partial ROESY spectrum of a 1:1 mixture 8 with TEA+Ac- (5 mM) 

in CDCl3 (500 MHz, 25 °C, mixing time: 0.3 s). (b) Structural binding model of a 

1:1 host/ cation interaction based on ROEs detected between trimer 8 and TEA+Ac-. 

Pg. 141 Figure 3-12 (a) Partial ROESY spectrum of the side chain to aromatic region of the 

1:1 mixture (5 mM) of 8 and TEA+Ac- in CDCl3 (500 MHz, 25 °C, mixing time: 0.3 

s). (b) Partial ROESY spectrum of trimer 8 (5 mM) in CDCl3 (500 MHz, 25 °C, 

mixing time: 0.3 s). (c) Partial ROESY spectrum of the aromatic region for the 1:1 

mixture (5 mM) of 8 and TEA+Ac- in CDCl3 (500 MHz, 25 °C, mixing time: 0.3 s). 

(d) Partial ROESY spectrum of trimer 8 (5 mM) in CDCl3 (500 MHz, 25 °C, mixing 

time: 0.3 s). 

Pg. 143 Figure 3-13 (a) Labeled structure of trimer 8 and n-Bu4N+Ac- and (b) gCOSY 

spectrum of 1:1 mixture of trimer 8 with n-Bu4N+Ac- in CDCl3 (500 MHz, 3 mM, 

25 °C). 

Pg. 144 Figure 3-14 Partial ROESY spectrum of the side chain to aromatic region of the 1:1 

mixture (3 mM) of 8 and n-Bu4N+Ac- in CDCl3 (500 MHz, 25 °C, mixing time: 0.3 

s). 

Pg. 146 Figure 3-15 (a) Labled structure of pentamer 9 and TEA+Ac-. (b) gCOSY spectrum 

of 1:1 mixture of pentamer 9 with TEA+Ac- in CDCl3 (500 MHz, 5 mM, 25 °C), and 

(c) Partial 2D ROESY spectrum of the side chain to aromatic regions (500 MHz, 5 

mM, 25 °C, mixing time: 0.3 s). 

Pg. 148 Figure 3-16 Energy of rotational conformers of 6 vs. angle of rotation (every 20 

degrees) for (a) rotation about the carbonyl carbon – urea nitrogen bond (α), and (b) 

rotation about the urea nitrogen – aromatic carbon bond (β). 
Pg. 151 Figure 3-17 Crystal structure of compounds (a) 6c, (b) 7a complexed with DMSO, 
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and (c) 8a complexed with water. All hydrogens were omitted for clarity except 

those of the urea, and H-bonding shown by dashed lines. 

Pg. 152 Figure 3-18 A 3D model of the folded conformation of an extended aromatic 

oligourea heptamer, derived from bond lengths and angles of the crystal structures 

of 7a and 8a. All hydrogens were omitted for clarity except those of the urea, and H-

bonding shown by dashed lines. 

Pg. 153 Figure 3-19 (a) Structure of compounds 8-14, (b) CD spectra of aromatic oligoureas 

9 to 14 in DMF at 20 °C with a concentration of 20 µM for 9 and all others at 12 

µM. 

Pg. 154 Figure 3-20 UV-Vis spectra of aromatic oligoureas 9 to 12 in DMF at 20 °C with a 

concentration of 20 µM for 9 and all others at 12 µM. 

Pg. 155 Figure 3-21 Variable concentration of (a) CD, (b) linear plot of positive CD peaks 

at 320 nm vs. concentration and (c) UV-Vis of 15mer 14 in DMF at 20 °C. 

Pg. 156 Figure 3-22 Variable temperature of (a) CD and (b) linear plot of positive CD peaks 

at 320 nm vs. temperature of 15mer 14 in DMF at 20 °C. 

Pg. 157 Figure 3-23 Variable chain length of 50 µM oligoureas 9-14 in CHCl3 at 20 °C (cell 

path-length 2 mm) observed in (a) CD spectra, and (b) UV-Vis spectra. 

Pg. 158 Figure 3-24 Variable solvent dependence of 10 µM 9mer 11 at 20 °C (cell path-

length 1 cm) spectra observed for (a) CD, and (b) UV-Vis. 

Pg. 159 Figure 3-25 (a) CD spectra of 9mer 11 (11 µM) in CCl4 with increasing percent (by 

volume) of CHCl3, and (b) CD intensity of 11 at 310 nm vs CHCl3 ratio percent (by 

volume) in CCl4. (c) CD spectra of varying concentrations of 11 in CHCl3/CCl4 

(10/90, v/v) at 20 °C, and (d) 9 µM at various temperature. 

Pg. 161 Figure 3-26 (a) CD spectra of 15mer 14 (9 µM) in CCl4 with increasing percent (by 

volume) of CHCl3, and (b) CD intensity of 14 at 320 nm vs CHCl3 ratio percent (by 

volume) in CCl4. (c) CD spectra of varying concentrations of 14 in CHCl3/CCl4 

(10/90, v/v) at 20 °C, and (d) 8.5 µM at various temperature. 

Pg. 163 Figure 3-27 (a) Labeled structure of 15mer 14, and (b) partial 1H NMR spectra of 

14 at 1 mM in CDCl3 with increasing percent (by volume) of CCl4 at 25 °C. 

Pg. 164 Figure 3-28 Parital 1H NMR spectra of 15mer 14 in DMF-d7 at 25 °Cwith varying 

concentrations. 

Pg. 166 Figure 3-29 (a) Stacked partial 1H NMR spectra of 7b to 15 in DMF-d7 at 0.5 mM, 

and (b) chemical shifts of urea NH-1, external aromatic H2 and central external 

aromatic H4 of 7b to 15 vs. chain-length. 

Pg. 167 Figure 3-30 Partial 1H NMR spectrum of 9mer 11 at 5 mM in DMF (0 °C, 500 

MHz), and (insert) generically labeled structure of 11. 

Pg. 168 Figure 3-31 Partial COSY spectrum of 9mer 11 at 5 mM in DMF (0 °C, 500 MHz, 

pw 11). 

Pg. 170 Figure 3-32 Full 2D NOESY spectrum of 9mer 11 at 5 mM in DMF (0 °C, 500 

MHz, pw 11, mix: 300 ms). 
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Pg. 172 Figure 3-33 Partial 2D NOESY spectra of 11 at 5 mM in DMF-d7 in proton regions 

(a) A - sidechain to backbone, (b) B - urea to external aromatic, and (c) C - urea/ 

internal aromatics to urea/ internal aromatics (0 °C, 500 MHz, pw 11, mix: 300 ms). 

Pg. 173 Figure 3-34 Parital 1H NMR spectra of 9mer 11 in DMF-d7 at 5 mM between 0- 60 

°C (500 MHz), chemical shifting of urea protons are outlined by dashed red lines. 

Pg. 174 Figure 3-35 Partial 1H NMR spectrum of 9mer 11 at 5 mM in DMF (35 °C, 500 

MHz). 

Pg. 175 Figure 3-36 Partial COSY spectrum of 9mer 11 at 5 mM in DMF within the region 

(a) 3.8 to 7.4 ppm, and (b) 6.5 to 9.4 ppm (35 °C, 500 MHz, pw 7.75). 

Pg. 176 Figure 3-37 Full 2D NOESY spectrum of 9mer 11 at 5 mM in DMF (35 °C, 500 

MHz, pw 7.75, mix: 300 ms). 

Pg. 177 Figure 3-38 Partial 2D NOESY spectrum of 9mer 11 at 5 mM in DMF-d7 of region 

A (35 °C, 500 MHz, pw 7.75, mix: 300 ms). 

Pg. 178 Figure 3-39 Partial 2D NOESY spectrum of 9mer 11 at 5 mM in DMF-d7 of region 

B (35 °C, 500 MHz, pw 7.75, mix: 300 ms). 

Pg. 180 Figure 3-40 (a) Sequence specific labeling of 11, and (b) partial 2D NOESY 

spectrum of 9mer 11 at 5 mM in DMF-d7 (35 °C, 500 MHz, pw 7.75, mix: 300 ms). 

Pg. 181 Figure 3-41 Partial 2D NOESY spectrum of 9mer 11 at 5 mM in DMF-d7 

demonstrating NOEs between internal aromatic and urea protons, with urea-proton 

pairings represented by black-boxes below 1H NMR spectrum of the f2 dimension 

(35 °C, 500 MHz, pw 7.75, mix: 300 ms). 

Pg. 182 Figure 3-42 Partial 2D NOESY spectrum of 9mer 11 at 5 mM in DMF-d7 

demonstrating NOEs between internal aromatic protons (35 °C, 500 MHz, pw 7.75, 

mix: 300 ms). 

Chapter 3 Supplementary Information: pages 184-233 

Pg. 185 Figure SI-3-1 (a) Labeled structure of dimer 6 and (b) partial 1H NMR stacked 

spectra of dimer 6 dilution study in CDCl3 from 80 mM to 0.625 mM (25 °C, 500 

MHz). 

Pg. 186 Figure SI-3-2 Partial 1H NMR stacked spectra of dimer 6 dilution study in CDCl3 

from 80 mM to 0.625 mM (25 °C, 500 MHz). 

Pg. 187 Figure SI-3-3 (a) Labeled structure of dimer 6 and TEA+Ac- including (b) partial 1H 

NMR stacked spectra of 1:1 dimer 6 and TEA+Ac- dilution study in CDCl3 from 80 

mM to 0.625 mM (25 °C, 500 MHz). 

Pg. 188 Figure SI-3-4 Partial 1H NMR stacked spectra of 1:1 dimer 6 and TEA+Ac- dilution 

study in CDCl3 from 80 mM to 0.625 mM (25 °C, 500 MHz). 

Pg. 189 -Figure SI-3-5 (a) Labeled structure of dimer 6 and TEA+Cl including (b) partial 1H 
-NMR stacked spectra of 1:1 dimer 6 and TEA+Cl dilution study in CDCl3 from 80 

mM to 0.625 mM (25 °C, 500 MHz). 

Pg. 190 -Figure SI-3-6 Partial 1H NMR stacked spectra of 1:1 dimer 6 and TEA+Cl dilution 

study in CDCl3 from 80 mM to 0.625 mM (25 °C, 500 MHz). 
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Pg. 191 Figure SI-3-7 (a) Labeled structure of dimer 6 and TEA+I- including (b) partial 1H 

NMR stacked spectra of 1:1 dimer 6 and TEA+I- dilution study in CDCl3 from 10 

mM to 0.05 mM (25 °C, 500 MHz). 

Pg. 192 Figure SI-3-8 Partial 1H NMR stacked spectra of 1:1 dimer 6 and TEA+I- dilution 

study in CDCl3 from 10 mM to 0.05 mM (25 °C, 500 MHz). 

Pg. 193 -Figure SI-3-9 (a) Labeled structure of dimer 6 and TBA+Cl including (b) partial 1H 
-NMR stacked spectra of 1:1 dimer 6 and TBA+Cl dilution study in CDCl3 from 80 

mM to 0.01 mM (25 °C, 500 MHz). 

Pg. 194 -Figure SI-3-10 (a) Labeled structure of dimer 6 and TBA+Cl including (b) partial 
-1H NMR stacked spectra of 1:1 dimer 6 and TBA+Cl dilution study in CDCl3 from 

80 mM to 0.01 mM (25 °C, 500 MHz). 

Pg. 195 Figure SI-3-11 (a) Labeled structure of TEA+Ac- including (b) partial 1H NMR 

stacked spectra of TEA+Ac- dilution study in CDCl3 from 80 mM to 0.05 mM (25 

°C, 500 MHz). 

Pg. 196 Figure SI-3-12 (a) Labeled structure of dimer 7 and TEA+Ac- including (b) partial 
1H NMR stacked spectra of 1:1 dimer 7 and TEA+Ac- dilution study in CDCl3 from 

20 mM to 0.05 mM (25 °C, 500 MHz). 

Pg. 197 Figure SI-3-13 Partial 1H NMR stacked spectra of 1:1 dimer 7 and TEA+Ac-

dilution study in CDCl3 from 20 mM to 0.05 mM (25 °C, 500 MHz). 

Pg. 198 Figure SI-3-14 (a) Labeled structure of trimer 8 and (b) partial 1H NMR stacked 

spectra of trimer 8 dilution study in CDCl3 from 20 mM to 0.05 mM (25 °C, 500 

MHz). 

Pg. 199 Figure SI-3-15 (a) Labeled structure of trimer 8 and (b) partial 1H NMR stacked 

spectra of trimer 8 dilution study in CDCl3 from 20 mM to 0.05 mM (25 °C, 500 

MHz). 

Pg. 200 Figure SI-3-16 (a) Labeled structure of trimer 8 and TEA+Ac- including (b) partial 
1H NMR stacked spectra of 1:1 trimer 8 and TEA+Ac- dilution study in CDCl3 from 

10 mM to 0.05 mM (25 °C, 500 MHz). 

Pg. 201 Figure SI-3-17 Partial 1H NMR stacked spectra of 1:1 trimer 8 and TEA+Ac-

dilution study in CDCl3 from 10 mM to 0.05 mM (25 °C, 500 MHz). 

Pg. 202 -Figure SI-3-18 (a) Labeled structure of trimer 8 and TEA+Cl including (b) partial 
-1H NMR stacked spectra of 1:1 trimer 8 and TEA+Cl dilution study in CDCl3 from 

10 mM to 0.01 mM (25 °C, 500 MHz). 

Pg. 203 -Figure SI-3-19 Partial 1H NMR stacked spectra of 1:1 trimer 8 and TEA+Cl

dilution study in CDCl3 from 10 mM to 0.01 mM (25 °C, 500 MHz). 

Pg. 204 Figure SI-3-20 (a) Labeled structure of trimer 8 and TEA+I- including (b) partial 1H 

NMR stacked spectra of 1:1 trimer 8 and TEA+I- dilution study in CDCl3 from 10 

mM to 0.05 mM (25 °C, 500 MHz). 

Pg. 205 Figure SI-3-21 Partial 1H NMR stacked spectra of 1:1 trimer 8 and TEA+I- dilution 

study in CDCl3 from 10 mM to 0.05 mM (25 °C, 500 MHz). 
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Pg. 206 Figure SI-3-22 (a) Labeled structure of trimer 8 and 1 eq. of TEA+Ac-, including (b) 
1H NMR stacked spectra of oligourea trimer 8 with 1 eq. of TEA+Ac- in CDCl3 from 

-50 °C to 25 °C(500 MHz, 5 mM). 

Pg. 207 Figure SI-3-23 (a) Labeled structure of trimer 8, including (b) 2D ROESY spectrum 

of oligourea trimer 8 in CDCl3 (500 MHz, 5 mM, 25 °C, mix: 300 ms). 

Pg. 208 Figure SI-3-24 (a) Labeled structure of trimer 8 and 1 eq. of TEA+Ac-, including (b) 

2D ROESY spectrum of oligourea trimer 8 with 1 eq. of TEA+Ac- in CDCl3 (500 

MHz, 5 mM, 25 °C, mix: 300 ms). 

Pg. 209 Figure SI-3-25 Partial 2D ROESY spectrum of oligourea trimer 8 with 1 eq. of 

TEA+Ac- in CDCl3 (500 MHz, 5 mM, 25 °C, mix: 300 ms). 

Pg. 210 Figure SI-3-26 (a) Labeled structure of trimer 8 and 1 eq. of TEA+Ac-, including (b) 

partial 2D ROESY spectrum of oligourea trimer 8 with 1 eq. of TEA+Ac- in CDCl3 

(500 MHz, 5 mM, 25 °C, mix: 300 ms). 

Pg. 211 Figure SI-3-27 Partial 2D ROESY spectrum of oligourea trimer 8 with 1 eq. of 

TEA+Ac- in CDCl3 (500 MHz, 5 mM, 25 °C, mix: 300 ms). 

Pg. 211 Figure SI-3-28 Partial gCOSY spectrum of oligourea trimer 8 with 1 eq. of 

TEA+Ac- in CDCl3 (500 MHz, 5 mM, 25 °C). 

Pg. 212 -Figure SI-3-29 (a) Labeled structure of trimer 8 and 1 eq. of TEA+Cl , including (b) 
-2D ROESY spectrum of oligourea trimer 8 with 1 eq. of TEA+Cl in CDCl3 (500 

MHz, 5 mM, 25 °C, mix: 300 ms). 

Pg. 213 Figure SI-3-30 Partial 2D ROESY spectrum of oligourea trimer 8 with 1 eq. of 
-TEA+Cl in CDCl3 (500 MHz, 5 mM, 25 °C, mix: 300 ms). 

Pg. 214 Figure SI-3-31 (a) Labeled structure of trimer 8 and 1 eq. of TBA+Ac-, including 

(b) 1H NMR spectrum of oligourea trimer 8 with 1 eq. of TBA+Ac- in CDCl3 (500 

MHz, 5 mM, 25 °C, mix: 300 ms). 

Pg. 215 Figure SI-3-32 Partial gCOSY spectrum of oligourea trimer 8 with 1 eq. of 

TBA+Ac- in CDCl3 (500 MHz, 5 mM, 25 °C). 

Pg. 215 Figure SI-3-33 Partial 2D ROESY spectrum of oligourea trimer 8 with 1 eq. of 

TBA+Ac- in CDCl3 (500 MHz, 5 mM, 25 °C, mix: 300 ms). 

Pg. 216 Figure SI-3-34 Proton labeling of pentamer 9. 

Pg. 217 Figure SI-3-35 H1-NMR of oligourea pentamer 9 at 5 mM in CDCl3 (25 °C, 500 

MHz). 

Pg. 218 Figure SI-3-36 gCOSY of oligourea pentamer 9 at 5 mM in CDCl3 (25 °C, 500 

MHz, pw 8.5). 

Pg. 219 Figure SI-3-37 Partial gCOSY of oligourea pentamer 9 at 5 mM in CDCl3 (25 °C, 

500 MHz, pw 8.5). 

Pg. 220 Figure SI-3-38 2D ROESY spectrum of oligourea pentamer 9 at 5 mM in CDCl3 

(25 °C, 500 MHz, pw 8.5, 500 ms). 

Pg. 221 Figure SI-3-39 Partial 2D ROESY spectrum of oligourea pentamer 9 at 5 mM in 

CDCl3 (25 °C, 500 MHz, pw 8.5, 500 ms). 
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Pg. 222 Figure SI-3-40 Partial 2D ROESY spectrum of oligourea pentamer 9 at 5 mM in 

CDCl3 (25 °C, 500 MHz, pw 8.5, 500 ms). 

Pg. 222 Figure SI-3-41 Proton labeling of oligourea nonamer 11. 

Pg. 223 Figure SI-3-42 H1-NMR of oligourea nonamer 11 at 5 mM in DMF-d7 (0 °C, 500 

MHz). 

Pg. 224 Figure SI-3-43 gCOSY spectrum of oligourea nonamer 11 at 5 mM in DMF-d7 (0 

°C, 500 MHz, pw 11). 

Pg. 225 Figure SI-3-44 2D NOESY spectrum of oligourea nonamer 11 at 5 mM in DMF-d7 

(0 °C, 500 MHz, pw 11, 300 ms). 

Pg. 226 Figure SI-3-45 Extended labeling of oligoamide nonamer 11. 

Pg. 226 Figure SI-3-46 1H-NMR spectrum of oligourea nonamer 11 at 5 mM in DMF-d7 

(35 °C, 500 MHz). 

Pg. 227 Figure SI-3-47 Partial 1H-NMR spectrum of oligourea nonamer 11 at 5 mM in 

DMF-d7 (35 °C, 500 MHz). 

Pg. 228 Figure SI-3-48 gCOSY spectrum of oligourea nonamer 11 at 5 mM in DMF-d7 (35 

°C, 500 MHz, pw 7.75). 

Pg. 229 Figure SI-3-49 2D NOESY spectrum of oligourea nonamer 11 at 5 mM in DMF-d7 

(35 °C, 500 MHz, pw 7.75, 300 ms). 

Pg. 230 Figure SI-3-50 Partial 2D NOESY spectrum of oligourea nonamer 11 at 5 mM in 

DMF-d7 (35 °C, 500 MHz, pw 7.75, 300 ms). 

Pg. 231 Figure SI-3-51 2D NOESY spectrum of oligourea nonamer 11 at 5 mM in DMF-d7 

with 5% CD3OD(0 °C, 500 MHz, pw 7.75, 300 ms). 

Pg. 232 Figure SI-3-52 Partial 2D NOESY spectrum of oligourea nonamer 11 at 5 mM in 

DMF-d7 with 5% CD3OD (0 °C, 500 MHz, pw 7.75, 300 ms). 

Chapter 4: pages 234-293 

Pg. 236 Figure 4-1 Generic benzene residues (1-3) incorporated in the backbone of 

oligoamide duplexes, including expected H-bonding donor and acceptor properties. 

Pg. 237 Figure 4-2 Structural representation of short duplexes involving ADAD (4) and 

DDAA (5) H-bonding sites. 

Pg. 238 Figure 4-3 (a) Oligoamide 6 and 7 single strands and complementary heteroduplex 

6·7. (b) Self-complementary duplex of oligoamide 6·6 and (c) self-complementary 

duplex of oligoamide 7·7, including attractive H-bonds (dashed line) and repulsion 

between either two carbonyl oxygens or two amide hydrogens (double headed 

arrow). 

Pg. 240 Figure 4-4 (a) Oligoamides 8, 9 and 10. (b) Illustration of complementary duplex 

8·9, and self-complementary duplex 10·10. 

Pg. 243 Figure 4-5 (a) Structure of complementary strands 11 and 12 with each residue 

label based on the number of inter-linkage carbons. (b) Expected conformation upon 

dimerization of complementary strands 11 and 12 with hashed red lines defining 

intermolecular H-bonding. 
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Pg. 245 Figure 4-6 Labeled protons of oligoamides 11 and 12. 

Pg. 246 Figure 4-7 Partial 1H NMR spectra of (a) 11 aromatic and amide region, (b) 11 

methylene region, (c) 12 aromatic and amide region, and (d) 12 methylene region (5 

mM, CDCl3, 25 °C, 500 MHz). 

Pg. 248 Figure 4-8 (a) Temperature dependent partial 1H NMR stacked spectra of 5 mM 13 

in CDCl3, and (b) representation of 13 temperature dependent association/ 

dissociation. 

Pg. 249 Figure 4-9 (a) Partial 1H NMR temperature dependent stacked spectra of 5 mM 11 

in CDCl3, and (b) reference structure of 11. 

Pg. 251 Figure 4-10 (a) Partial 1H NMR temperature dependent stacked spectra of 5 mM 12 

in CDCl3, and (b) reference structure of 12. 

Pg. 254 Figure 4-11 (a) Partial spectrum 1H-NMR denaturation study of 11 from 0 - 15% 

DMSO-d6 in CDCl3 (5 mM, 500 MHz, 25 °C, ref. to TMS), including (b) labeled 

11. 

Pg. 255 Figure 4-12 (a) Partial spectrum 1H-NMR denaturation study of 12 from 0 - 15% 

DMSO-d6 in CDCl3 (5 mM, 500 MHz, 25 °C, ref. to TMS), including (b) labeled 

12. 

Pg. 257 Figure 4-13 (a) Partial spectrum 1H-NMR denaturation study of 11 from 0 - 15% 

DMSO-d6 in CDCl3 (5 mM, 500 MHz, 25 °C, ref. to TMS), and (b) reference 

structure to 11. 

Pg. 258 Figure 4-14 (a) Partial spectrum 1H-NMR denaturation study of 12 from 0 - 15% 

DMSO-d6 in CDCl3 (5 mM, 500 MHz, 25 °C, ref. to TMS), and (b) reference 

structure to 12. 

Pg. 260 Figure 4-15 (a) Partial spectrum 1H-NMR concentration study of 11 from 25-0.1 

mM in CDCl3 (5 mM, 500 MHz, 25 °C, ref. to CHCl3), including (b) reference 

structure 11. (c) Partial spectrum 1H-NMR concentration study of 11 from 25-0.1 

mM in CDCl3 (5 mM, 500 MHz, 25 °C, ref. to CHCl3), including (d) reference 

structure 12. 

Pg. 262 Figure 4-16 Partial 2D NOESY spectra observed of 11 at 5 mM in CDCl3 between 

(a) internal aromatics f/ f’ and amides a/d, (b) end-to-end methylenes m/l, and (c) 

internal aromatic f and f’, including (d) a simplified structural representation (25 °C, 

500 MHz, mix: 500 ms). 

Pg. 263 Figure 4-17 Partial 2D NOESY spectra observed of 11 at 5 mM in CDCl3 between 

(a) amides d and c, (b) amide c and residue 3 methylene i, and (c) amide d and 

residue 3 methylene i, including (d) a simplified structural representation (25 °C, 

500 MHz, mix: 500 ms). 

Pg. 265 Figure 4-18 Structural assignment of observed 11 NOEs from (a) a linear strand to 

(b) a folded strand then into (c) a working model. 

Pg. 266 Figure 4-19 Cryogenic temperature study of 12 (5 mM, 400 MHz, CDCl3, ref. to 

CHCl3). 
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Pg. 267 Figure 4-20 Partial 2D NOESY spectra of 12 at -45 °C in CDCl3 demonstrating 

NOEs between (a) mid-linker residues 2 and 3 to aromatic units with (b) simplified 

representation of NOEs, and (c) amide to aromatics including (d) correlated NOEs 

represented by a simplified structure (5 mM, 400 MHz, 500 ms). 

Pg. 269 Figure 4-21 Stacked 1H NMR spectra of 11, 12, and 14 at 5 mM in CDCl3 with 

corresponding labeled structures (25 °C, 500 MHz). 

Pg. 270 Figure 4-22 Stacked 1H NMR spectra of 11, 12, and 14 methylene region at 5 mM 

in CDCl3 with corresponding labeled structures (25 °C, 500 MHz). 

Pg. 271 Figure 4-23 Cryogenic temperature spectra of 14 (5 mM, 400 MHz, CDCl3, ref. to 

CHCl3). 

Pg. 272 Figure 4-24 Cryogenic temperature spectra of 12 (5 mM, 400 MHz, CDCl3, ref. to 

CHCl3). 

Pg. 274 Figure 4-25 Partial 2D NOESY spectra observed of 14 at 5 mM in CDCl3 regions 

between (a) aromatics and aromatics, (b) amides and aromatics, and (c) amide d’’ 
and amides, including (d) a simplified structural representation (-45 °C, 400 MHz, 

mix: 500 ms). 

Pg. 276 Figure 4-26 Partial 2D NOESY spectra observed of 12’ at 5 mM in CDCl3 regions 

between (a) methylenes and methylenes, (b) methylenes k’’ and methylenes l’’, and 

(c) amides and methylenes, including (d) a simplified structural representation (-45 

°C, 400 MHz, mix: 500 ms). 

Pg. 277 Figure 4-27 (a) Structural assignment of NOEs observed for 12’ at -45 °C in CDCl3 

and (b) implied structural contributions involving bond rotation and bifurcated H-

bond. 

Pg. 278 Figure 4-28 Simplified 11 and 12 models for computational analysis including 

labels in the same order as those used for 1D/ 2D NMR spectral assignments. 

Pg. 279 Figure 4-29 Geometries generated for 11 comparing revPBE-D3 and B3LYP-D3 

software packages between the cis and trans conformations of amide c. 

Pg. 280 Figure 4-30 Initial folded optimized conformations A and B of 12/14, with a red 

circle included to define the region of the missing H-bond. 

Pg. 281 Figure 4-31 (a) Conformation C of 12/14 based on observed NOEs defined by red 

arrows, with optimized geometries of the (b) side and (c) top views including a red 

circle defining the bifurcated H-bond. 

Pg. 282 Figure 4-32 (a) Working dimer model of 12/14 conformation C with red arrows 

defining intermolecular NOEs observed for 14 and red-dashed lines representing 

intermolecular H-bonding. (b) Optimized conformation C dimer with red circle 

demonstrating lack of H-bonding. 

Pg. 284 Figure 4-33 (a) Optimized inter-twined conformation of 12 with one strand 

highlighted for clarity, including (b) a simplified model of the inter-twined 

conformation of 12. 

Pg. 286 Figure 4-34 NOE buildup of various proton unnormalized integrations of (a) 11 
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between mixing times 75- 280 ms, (b) 11 between mixing times 20- 800 ms (5 mM, 

500 MHz, CDCl3, 25 °C). (c) 12 between mixing times 20- 640 ms, and (d) 12 of 

NOEs between protons k and i between mixing times 20- 640 ms (5 mM, CDCl3, 

400 MHz, -45 °C). 

Pg. 287 Figure 4-35 Partial NOESY spectra of 14 at 5 mM in CDCl3 within the region 

between (a) methylenes to aromatics/ amides, and (b) aromatics/ amides to 

aromatics/ amides (160 ms, 400 MHz, -45 °C). 

Pg. 291 Figure 4-36 Simplified representation of conformational identity confirmed for 11 

and 12 in relation to inversion of central α and β residues (H-bonding omitted). 

Chapter 4 Supplementary Information: pages 293-364 

Pg. 303 Figure SI-4-1 (a) Labeled structure of 11 including (b) 1H NMR spectrum of 11 in 

CDCl3 (5 mM, 500 MHz, 25 °C). 

Pg. 304 Figure SI-4-2 (a) Partial labeled 1H NMR spectrum of 11 in CDCl3 in (a) 6.0-10.5 

ppm and (b) 2.0-5.0 ppm (5 mM, 500 MHz, 25 °C). 

Pg. 305 Figure SI-4-3 1H NMR spectrum of 11 in 85% CDCl3 / 15% DMSO-d6 (5 mM, 500 

MHz, 25 °C). 

Pg. 306 Figure SI-4-4 (a) Partial labeled 1H NMR spectrum of 11 in 85% CDCl3 /15% 

DMSO-d6 in (a) 6.0-10.5 ppm and (b) 2.0-5.0 ppm (5 mM, 500 MHz, 25 °C). 

Pg. 307 Figure SI-4-5 (a) Labeled structure of 1 including (b) 1H NMR spectra of 1 in 

CDCl3 from 0 °C to 45 °C (5 mM, 500 MHz). 

Pg. 308 Figure SI-4-6 (a) 1H NMR spectra of 11 in CDCl3 from 0 °C to 45 °C, including (b) 

partial spectrum (5 mM, 500 MHz). 

Pg. 309 Figure SI-4-7 Partial 1H NMR spectra of 11 in CDCl3 from 0 °C to 45 °C (5 mM, 

500 MHz). 

Pg. 310 Figure SI-4-8 1H NMR spectra of 11 dilution study in CDCl3 from 25 mM to 0.1 

mM (25 °C, 500 MHz). 

Pg. 311 Figure SI-4-9 Partial 1H NMR spectra of 11 dilution study in CDCl3 from 25 mM to 

0.1 mM (a) 6.0-10.2 ppm and (b) 2.0- 4.5 ppm (25 °C, 500 MHz). 

Pg. 312 Figure SI-4-10 1H NMR spectra of 11 denaturation study in CDCl3 with increasing 

concentration of 1-15% DMSO-d6 25 (5 mM, 25 °C, 500 MHz). 

Pg. 313 Figure SI-4-11 Partial 1H NMR spectra of 11 denaturation study in CDCl3 with 

increasing concentration of 1-15% DMSO-d6 25 (a) 6.0-10.2 ppm and (b) 2.0- 4.5 

ppm (5 mM, 25 °C, 500 MHz). 

Pg. 314 Figure SI-4-12 Labeled structure of 12 including (b) 1H NMR spectrum of 12 in 

CDCl3 (5 mM, 500 MHz, 25 °C). 

Pg. 315 Figure SI-4-13 Partial labeled 1H NMR spectrum of 12 in CDCl3 in (a) 6.0-10.5 

ppm and (b) 2.0-5.0 ppm (5 mM, 500 MHz, 25 °C). 

Pg. 316 Figure SI-4-14 1H NMR spectrum of 12 in 85% CDCl3 / 15% DMSO-d6 (5 mM, 

500 MHz, 25 °C). 

Pg. 317 Figure SI-4-15 Partial labeled 1H NMR spectrum of 12 in 85% CDCl3 /15% 
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DMSO-d6 in (a) 6.0-10.5 ppm and (b) 2.3-4.5 ppm (5 mM, 500 MHz, 25 °C). 

Pg. 318 Figure SI-4-16 1H NMR spectra of 12 in CDCl3 from 0 °C to 45 °C (5 mM, 500 

MHz). 

Pg. 319 Figure SI-4-17 Partial 1H NMR spectra of 12 in CDCl3 from 0 °C to 45 °C (a) 6.0-

11 ppm and (b) 2.0-4.0 ppm (5 mM, 500 MHz). 

Pg. 320 Figure SI-4-18 Cryogenic 1H NMR spectra of 12 in CDCl3 from -45 °C to 25 °C(a) 

(5 mM, 400 MHz). 

Pg. 320 Figure SI-4-19 1H NMR spectra of 12 dilution study in CDCl3 from 25 mM to 0.1 

mM (25 °C, 500 MHz). 

Pg. 321 Figure SI-4-20 Partial 1H NMR spectra of 12 dilution study in CDCl3 from 25 mM 

to 0.1 mM (a) 6.0-11.0 ppm and (b) 2.1- 5.0 ppm (25 °C, 500 MHz). 

Pg. 322 Figure SI-4-21 1H NMR spectra of 12 denaturation study in CDCl3 with increasing 

concentration of 1-15% DMSO-d6 25 (5 mM, 25 °C, 500 MHz). 

Pg. 323 Figure SI-4-22 Partial 1H NMR spectra of 12 denaturation study in CDCl3 with 

increasing concentration of 1-15% DMSO-d6 25 (a) 6.0-11.0 ppm and (b) 2.0- 5.0 

ppm (5 mM, 25 °C, 500 MHz). 

Pg. 324 Figure SI-4-23 (a) gCOSY spectrum of 12 in CDCl3, including (b) 2D NOESY 

spectrum of 12 (5 mM, -45 °C, 400 MHz, NOESY mixing time 500 ms). 

Pg. 325 Figure SI-4-24 Partial 2D NOESY spectra of 12 at -45 °C in CDCl3 (a) amides to 

methylene protons and (b) aromatic to aromatic protons (5 mM, 400 MHz, 400 ms). 

Pg. 326 Figure SI-4-25 Partial 2D NOESY spectra of 12 at -45 °C in CDCl3 (a) amides to 

aromatic protons and (b) amide to amide protons (5 mM, 400 MHz, 400 ms). 

Pg. 327 Figure SI-4-26 (a) Labeled structure of 14 including (b) 1H NMR spectrum of 11 in 

CDCl3 (5 mM, 500 MHz, 25 °C) 

Pg. 328 Figure SI-4-27 Partially labeled 1H NMR spectrum of 14 in CDCl3 in (a) 6.0-11.0 

ppm and (b) 2.0-5.0 ppm (5 mM, 500 MHz, 25 °C). 

Pg. 329 Figure SI-4-28 (a) Labeled structure of 14 including (b) 1H NMR spectrum of 14 in 

CDCl3 (5 mM, 500 MHz, -45 °C) 

Pg. 330 Figure SI-4-29 (a) Partial labeled 1H NMR spectrum of 14 in CDCl3 in (a) 5.8-11.0 

ppm and (b) 2.2-5.0 ppm (5 mM, 500 MHz, 25 °C). 

Pg. 331 Figure SI-4-30 Partial 2D NOESY spectra of 14 at -45 °C in CDCl3 (a) methylene 

to aromatic protons and (b) methylene to methylene protons (5 mM, 400 MHz, 500 

ms). 

Pg. 332 Figure SI-4-31 Partial 2D NOESY spectra of 14 at -45 °C in CDCl3 (a) methylene 

to methylene protons and (b) methylene to methylene protons (5 mM, 400 MHz, 

500 ms). 

Pg. 333 Figure SI-4-32 Partial 2D NOESY spectra of 14 at -45 °C in CDCl3 (a) amide d to 
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methylene protons and (b) amide to methylene protons (5 mM, 400 MHz, 500 ms). 

Pg. 334 Figure SI-4-33 Partial 2D NOESY spectra of 14 at -45 °C in CDCl3 (a) amides to 

aromatic protons and (b) amide to aromatic protons with increased resolution (5 

mM, 400 MHz, 500 ms). 

Pg. 337 Figure SI-4-34 (a) Labeled structure of 11 including (b) 2D NOESY spectrum of 11 

at 25 °Cin CDCl3 (5 mM, 400 MHz, 160 ms). 

Pg. 338 Figure SI-4-35 Partial 2D NOESY spectrum of 11 at 25 °Cin CDCl3 (5 mM, 400 

MHz, 160 ms). Red labeled peaks pertain to NOEs previously observed for longer 

mixing times. 

Pg. 339 Figure SI-4-36 Partial 2D NOESY spectra of 11 at 25 °Cin CDCl3 (a) within the 

amide/aromatic to amide/aromatic proton region and (b) within amide/aromatic to 

methylene proton region (5 mM, 400 MHz, 160 ms). Red labeled peaks pertain to 

NOEs previously observed for longer mixing times. 

Pg. 340 Figure SI-4-37 (a) Labeled structure of 14 including (b) 2D NOESY spectrum of 14 

at -45 °C in CDCl3 (5 mM, 400 MHz, 160 ms). 

Pg. 341 Figure SI-4-38 Partial 2D NOESY spectrum of 14 at -45 °C in CDCl3 (5 mM, 400 

MHz, 160 ms). 

Pg. 342 Figure SI-4-39 Partial 2D NOESY spectra of 11 at 25 °Cin CDCl3 (a) within the 

amide/aromatic to methylene proton region and (b) within amide/aromatic to 

amide/aromatic proton region (5 mM, 400 MHz, 160 ms). Red labeled peaks pertain 

to NOEs previously observed for longer mixing times. 

Pg. 344 Figure SI-4-40 The folded 11 structural model optimized with DFT-D3. Simplified 

computational structures are found in Figure 4-26. 

Pg. 345 Figure SI-4-41 The folded 11 structural model optimized with DFT and no 

Grimme3 dispersion correction. 

Pg. 346 Figure SI-4-42 The unfolded 11 structural model optimized with DFT-D3. 

Pg. 346 Figure SI-4-43 The unfolded 12 structural model optimized with DFT-D3. 

Pg. 347 Figure SI-4-44 The folded 12 structural model, Conformation B, optimized with 

DFT-D3. Note that this structure was observed upon flattening of Conformation A 

observed in Figure 4-28. 

Pg. 348 Figure SI-4-45 The π-stacked 12 structural model, conformation C optimized with 

DFT-D3. 

Pg. 349 Figure SI-4-46 The π-stacked 12 dimer, Conformation C, structural model 

optimized with DFT-D3. 

Pg. 350 Figure SI-4-47 The inter-twined 12 dimer structural model optimized with DFT-

D3. 

Pg. 351 Figure SI-4-48 The inter-twined 12 dimer structural model optimized with DFT and 

no Grimme3 dispersion correction. Note, that aromatic rings are not compact and 

are interacting through van der Waals forces herein. 
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Chapter 1. Introduction of Peptidomimetic and Abiotic Foldamers 

Proteins have retained an extraordinary fascination by scientists due to their diverse range 

of function and vast variety of amino acid sequences resulting in folding of three-dimensional 

(3D) conformations. This fascination has driven scientists to study how to duplicate and directly 

control all aspects of these systems for advances in the manipulation of molecular structures and 

corresponding applications.1 While duplicating and controlling natural systems remains a remote 

goal,2 the design of artificial systems mimicking protein structure and function has gained 

increasing momentum in recent decades. One such effort involves the development of 

supramolecular and peptidomimetic chemistry by designing molecules called foldamers, 

composed of non-natural oligomers that fold into defined conformations.1,3-9 

The design of foldamers gains inspirations from the folding of biomacromolecules such 

as DNA and proteins. The discovery of the double helical structure of DNA by Watson and 

Crick10,11 demonstrated one of the first visual representations that scientists could begin to 

comprehend and interact with complicated natural systems . The DNA double helix is almost 

explicitly observed as a standard for “stably” folded conformations for many systems that have 

been developed throughout the decades.12,13 Before the initial discovery of DNA, structures of 

proteins were also being examined due to the advancement of X-ray crystallography.14,15 This 

verified the importance of folded (3D) structures and their relation to functionality.11,15,16 

Advancement in understanding the folding of proteins led to the separation of several different 

structural levels including quaternary, tertiary, secondary, and primary structures of proteins. 

Quaternary structures referred to the association or assembly of two or more protein molecules.11 

A tertiary structure is formed from the folding of a single protein molecule that consists of 

1 

https://molecules.11


 

 

           

         

            

        

           

          

        

           

       

           

 

           

 

          

          

        

           

              

            

             

          

            

         

spatially arranged secondary structures that interact with one another. Secondary structures are 

composed of stable recurring peptide sequences, which mainly include α-helices, β-sheets, or β-

turns. Primary structures relate to the sequences of amino acids, of which 20 occur naturally.15,16 

Advancements in understanding compositions of polynucleotides not only represented a major 

step forward in modern biology, but for chemists it provided a pivotal demonstration in the 

formation of these very large but well defined natural structures. This enabled scientists to work 

from primary to secondary structures then to higher ordered structures, encouraging the 

possibility of eventually designing structures that mimic the fascinating conformations of 

biomacromolecules. By elucidating rules involving conformational restrictions, the duplication 

of the higher ordered protein structures could be realized and eventually utilized in a variety of 

applications.9 

1.1. Foundation of Structural Control: Examination of Protein Structure and Basic 

Stabilizing Factors 

The early identification of protein structures enabled the discrimination of quaternary to 

primary structures. However, further understanding involving factors behind the folding of 

proteins was lacking. For primary sequences, amino acids are covalently linked through amide 

bonds resulting in rotational restraints contorting the conformation which can be demonstrated in 

the form of Ramachandran plots. Phi (φ) is the rotational position of the nitrogen to α-carbon 

bond, while psi (ψ) is the rotational position of α-carbon to carbonyl bond. These rotational 

restraints are, in part, caused by the planar conformation of the amide bond due to a double-bond 

characteristic between the nitrogen and carbonyl carbon. Another impacting factor on rotational 

restraint spawns from sterical restrictions involving varying sizes of side chains (R-groups) 

attached to the α-carbon, and differing polarities of these R-groups. Another major factor for 
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rotational restrictions is the chirality of the α-carbons of the amino acid residues, which can be 

either D or L, but is almost always observed in the L configuration within living organisms.16 

These rotational restrictions enforce conformational patterns pertaining to secondary structures 

includingα-helices, β-sheets or β-turns. 

Further examination of protein secondary structures allowed for verification in which 

bond angles are preferable for each secondary structure. The impact of these stable secondary 

structures can be observed in the overall size of folded globular proteins like human serum 

albumin. This protein consists of 585 residues in its folded conformation with the size of 100 x 

60 Å, compared to a linear chain length of ~2047 Å assuming ~ 3.5 Å per residue.11 The folding 

of proteins results in 3D structures with biological functions such as catalysis, transport, and 

many others that would otherwise be inaccessible with the linear polypeptide chains.15,17-22 

1.1.1. Examination of α-Helices, β-Sheets and β-Turns 

Stability of folded protein conformations was found to be dependent on a variety of 

intermolecular forces that operate on the secondary structural level and beyond.11,23 Among the 

common secondary structures, the α-helix has been the most observed in nature. It is important to 

note that while amino acids are made up of D/L racemates, the same chirality is required 

amongst amino acids a part of the helix otherwise the α-helical conformation cannot propagate 

due to confliction within the overall structure retaining left or right handed symmetry. The 

structure of a α-helix is wrapped around an imaginary axis imposing a helical turn consisting of 

an average of approximately 3.6 amino acids but can be significantly modified upon changing 

from a α-amino acid to a β-, γ- or δ-amino acid residue as shown unnatural foldamers developed 

in recent decades.24-26 Formation of these secondary structures is greatly enforced by hydrogen 

bonds between amide linkages of amino acid residues. As depicted by Cox and Nelson there are 

3 
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effectively 5 constraints related to the stability of a helix: 1) electrostatic repulsion/ attraction 

between adjacent units, 2) bulkiness of adjacent amino acid side chains (i.e., R-groups), 3) 

interactions of side chains, 4) occurrence of proline and glycine units, and 5) interactions of 

amino acids at the end of the segment.11,27 

β-Sheets are the next most common secondary structure relating to two different motifs. 

The antiparallel motif involves the alignment of the amino-carboxyl termini of the peptide 

strands in opposite directions, while the parallel β-sheet involves peptide strands that are all 

aligned in the same direction of the respective amino-carboxyl termini. Simplification of this 

characterization can be observed in the alignment of amides between strands, where parallel 

strands fully align amide bonds while antiparallel strands retaining flipping of amide groups. β-

Sheets are important for many biological functions such as protein channels for the transport of 

ions and molecules, which are highly involved in β-barrels.11,28-30 The axial distance between the 

adjacent residues of antiparallel sheets is 3.5 Å, which gives two amino acid residues for each 

repeating unit, and 7-Å pitch.  For parallel β-sheets, the hydrogen bonds between N-H•••O=C are 

slightly distorted, which results in a pitch of ~6.5 Å. The size of the side chains is also important 

due to sterical constraints. Larger sterical constraints lead to stabilizing antiparallel β-sheets 

while smaller steric side chains favor parallel ones. 

The third most common secondary structure is the β-turn which requires 4 amino acids in 

sequence (Figure 1-1). Hairpins retain a β-turn in the backbone but also involve longer extended 

segments called β-strands that are hydrogen bonded and extend farther from the turn.11 β-Turns 

link successive α-helices but mostly β-strands, leading to folded structures such as the overall 

globular shape of many proteins. Despite the small number of amino acid units required, a wide 

variety of conformations have been observed for these turns, the most common of these are Type 
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I and Type II which differ through the mirrored direction of the central amide position between 

units 2 and 3.11,15 These turns are characterized by four units based on the amino acids involved, 

specifically from the amino to carboxyl end. Units 2 and 3 are directly responsible for the 

stability of the overall conformation through torsional restrictions and enable identification of 

motif type. Methods of identifying β-turns involve Ramachandran plots engaging the dihedral 

positions of the central amide.31-33 Dissection of these structures has continuously utilized data 

based on protein crystal structures to verify sequences, their type and positional impact.34,35 

Majority of β-turns are found at the surface due to water hydrogen bonding at the central amide 

position between units 2 and 3, which further stabilizes the conformation.11,31,36 

Figure 1-1 Generic structure of β-turn labeled by residue from the –C=O to –N terminal. 

While the secondary structures provide the basic structural units for the further folding of 

proteins, intermolecular forces make up the majority of net stabilization. These non-covalent 

forces are individually weak by nature but the sheer number of them play a significant role due 
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to their cooperative action. A variety of intermolecular forces such as hydrogen bonding (H-

bonding), van der Waals repulsion, London dispersion forces and solvation all play important 

roles.11,37,38 However, in all observed secondary structures, both biological and artificial ones, the 

H-bond is uniformly the most important intermolecular force to be observed.39,40 

Isolated hydrogen bonds, which persist in solvents of low polarity such as chloroform, 

are interrupted in water due to strong competition from water molecules that provide 

innumerable hydrogen bond donors and acceptors.11 The dependence of H-bond stability on 

solvent polarity allows the tuning of H-bonding strength by varying the nature of solvents.41-43 

Biomacromolecules such as proteins are known to be amphiphilic since the variety of amino acid 

side chains retaining hydrophilic charged components or hydrophobic alkyl chains. The 

positional displacement of hydrophilic groups naturally occur at the surface of proteins due to 

favorable solvent-protein hydrogen bonding, while hydrophobic groups naturally favor internal 

positions packed away from solvent interaction which can be explained using the Kyte and 

Doolittle hydrophobicity scale as shown in Figure 1-2a.38 This packing disables water from fully 

bypassing the surface of the protein allowing to H-bonding to be prevalent within the backbone 

of the structure and typically less at the surface. In fact, in aqueous environments, hydrophobic 

interaction provides the major driving force for stabilizing the folded conformations of proteins, 

which also facilitates H-bonding interactions by burying hydrogen bond pairs inside the 

hydrophobic interiors of proteins.38 Solvent interactions are broken down into two forms, as 

shown in Figure 1-2b, depicting solvent-solute and solute-solute interactions.37 Solvent-solute 

interactions can be expected dominate at the surface of a protein while solute-solute interactions 

are closer associated with hydrophobic packing. What further encourages hydrophobic and 
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hydrophilic packing, besides solvent interactions, are attractive London dispersion forces and 

electrostatic repulsions depicted by Figure 1-2c.11,37 

Figure 1-2 (a) Kyte & Doolittle hydrophobicity scale of amino acids with yellow acting as the 

most hydrophobic and blue the most hydrophilic.38 (b) Simplified representation of solvent 

interactions. (c) Simplified representation of electrostatic repulsion, instantaneous dipole and 

induced dipolar interactions.37 Reproduced from Ref. 37 and 38 with permission from Nature and 

Physical Biology respectively. 

1.2. Replacing Nature’s Blocks: The Beginning of Foldamers 

Within the last 20 years, foldamers have been one of the latest engagements of structural 

control and development of biomimetic chemistry. The definition of a foldamer is “any oligomer 

with a strong tendency to adopt a specific compact conformation,” and was first coined by 

Gellman in 1997.44 Interestingly, many pre-classification examples of foldamers had been 
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observed.45-49 Due to the variety of building blocks that can be utilized, two major classes of 

foldamers can be separated: peptidomimetic and abiological foldamers. Natural foldamers 

always retain building blocks that are comprised of the generic amino acid backbone. Extending 

the basic residues by including β-, γ- or D-amino acids,  at times incorporating α-amino acids 

results in peptidomimetic foldamers with a variety of conformation and functions.3,9 Abiological 

foldamers, on the other hand, utilize basic residues and backbones that do not bear similarity to 

amino acids and peptides, and mostly focus on residues derived from aromatic rings. Despite the 

difference in residues utilized, both systems can be regarded as protein mimetics due to their 

those observed in proteins.1,3,4,9,28,50,51 conformations or functions that mimic 

1.2.1. Early Examples of Peptidomimetic Foldamers 

The earliest systems termed foldamers involved largely peptidomimetic foldamers which 

derived their design principles based on those from protein sequences and secondary structural 

motifs. The design of these foldamers are based on demonstrated principles of protein folding, 

especially the formation of protein secondary structures. Early peptidomimetic foldamers 

generally utilize the same pathway for development, starting with sequence then structure 

followed by function.52 Building blocks for sequence development primarily focus on basic bond 

restrictions derived from observations with proteins and the inclusion of hydrogen bonds that 

drive the formation of secondary motifs.53-55 Inclusion of unnatural segments required significant 

modeling and experimental efforts to verify if secondary structural motifs still persisted. Once 

structural motifs had been validated, engagement of structure to function, comparability to 

natural peptides, enhancement of stability and exploration of functions are followed. The initial 

systems developed by Gellman, and Seebach followed this general design and involved the 

incorporation β-amino acid residues, followed soon by γ-amino acid residues (Figure 1-3).56-58 
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2 

Figure 1-3 (a) Initial α/β-oligoamide 1 derived by Seebach in 1996, including (b) 3D 

conformation.59 (c) Initial hexamer 2 of trans-2-aminocyclohexanecarboxylic acid (trans-

ACHC) developed by Gellman in 1996, including (d) 3D conformation.54 Reproduced from 

Ref.59 and with permission from the Royal Society of Chemistry and American Chemical 

Society respectively. 

1.2.2. Development of β-Peptides from α-Peptide Counterparts 

As a proof-of-concept, Seebach and coworkers developed β-peptides in 1996 to observe 

if these oligomers would still retain the capacity to fold into secondary structural motifs.47,53 

Compared to natural peptides, incorporating an extra methylene group into the basic residues of 

β-peptides increases the flexibility of the oligomer due to the additional bond rotation freedom 

between the α- and β-carbons. Bond rotation reduces the overall stability of folded 

conformations. To account for this a number of groups have adopted strategies for restricting 
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bond rotation as a form of reducing entropic destabilization thus encouraging the formation of 

(Figure 1-4).54,56,60-64 helical structures 

Figure 1-4 Comparison of α- and β-peptides demonstrating differences in pitch and cavity 

sizes.53 Reproduced from Ref. 53 with permission from the Royal Society of Chemistry. 

β-Peptides demonstrated interesting proteolytic behavior in comparison to their α-peptide 

counterparts. Seebach and coworkers demonstrated that β-peptides were significantly more 

resistant to proteolytic cleavage while α-peptide sequence duplicates were easily cleaved.57 The 

resistance of beta-peptides, like other artificial foldamers, to enzymatic cleavage is because the 

65backbones of such oligomers are incompatible to natural enzymes. In vivo experiments were 
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also conducted comparing the metabolic half-lives of α- vs. β-peptides concluding that α-

peptides were metabolized in minutes comparted to β-peptides which retained a half-life as long 

as 10 hrs in specific cases.65 Taking one step further, an additional -CH2- was added to generate 

γ-peptides which also demonstrated unique folding behavior including resistance to cleavage 

from proteases.58,66 

1.2.3. Incorporation of β-amino Acids and Their Assembly into Quaternary Bundles 

In addition to Seebach’s system, Gellman and coworkers also have one of the best known 

systems of β-peptides capable of folding into helical conformations based on restricting bond 

rotation.54,67 These foldamers utilized backbone-cyclized β-amino acid residues to limit bond 

rotation, leading to helices with greatly enhanced stabilities. A combination of X-ray 

crystallography and NMR spectroscopy allowed for the determination of structures in the solid 

and liquid state.50 This enabled exploration of the specific impact β-amino acid residues may 

have, including hybrid oligomers that  incorporate  both α- and β-amino acid residues such as 

oligopeptide 3 shown in Figure 1-5.68 
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Figure 1-5 (a) Oligoamide 3 utilized for sequential and conformational analysis. (b) 

Nomenclature of residues utilized by Gellman and coworkers.52 Reproduced from Ref. 52 with 

permission from the American Chemistry Society. 
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After demonstrating the validity of their design of β-peptides, Gellman and co-workers 

then modified the backbones of their unnatural peptides by incorporating α-amino acid residues, 

which gave a 1:1 combination of α:β sequences (Figure 1-5a).68-70 This was based on a simple 

question on whether these hybrid sequences would still fold into defined secondary structures. 

Their initial building blocks trans-2-aminocyclopentanecarboxylic acid (S,S)-ACPC or trans-2-

aminocyclohexanecarboxylic acid (S,S)-ACHC were then mixed with either L- or D-α-amino 

acid residues in alternating patterns to afford hybrid α/β-peptides. It was observed that hybrid 

peptides that incorporated the natural L-amino acid residues adopted helical conformations, as 

demonstrated by NOEs observed within oligomer 3 dissolved in methanol.68 Utilizing a sequence 

with varying α-amino acid residues alternating with β-amino acid residues allowed for NOEs to 

be observed between protons of non-adjacent residues, providing conclusive evidence of 

folding.68 Overall this work demonstrated a new method of characterizing these unnatural 

sequences and chirality preference of β-amino acids and their adjacent residues. 

The α/β hybrid sequences developed by Gellman and cowokers adopted a vairety of 

folding patterns, as demonstrated in Figure 1-6.52 An interconverting folding pattern for oligomer 

3 could be observed in relation to C=O --- HN hydrogen bonding i i+3 and i i+4, verified 

respectivily to form 11- and 14/15- helices.69,71 Interconversion between different conformations 

is an interesting and extraordinary ability of foldamers reminiscent of natural α-helices (need ref 

interconversion of natural helices). A crystalographic analysis of oligomers 4-6 examined 

varying the amount of methyl side chains substituted at the α-C of the terminal groups to observe 

how steric interactions  impacted the helice (Figure 1-6b). It was known based on previous 

understanding of α-peptides that terminal groups played a significant role in the stability of the 

helice.52 Thus the comparison of oligomers 4-6 would verfiy if this trend was still retain for β-
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peptides as well. It was demonstrated that 4 and 6 prefer 11- and 14/15-helical secondary 

structures, respectively; however, oligomer 5 predominately favors an 11-helical conformation 

except for the N-terminal Boc carbonyl, which is part of a 14-membered hydrogen-bonded ring. 

The different conformations of 4 and 6 revealed the impact of terminal sequence and sterical 

substitutions on the folding of these oligomers. The mixed conformational preference of 6 

demonstrates the impact of amino acid sequence on conformational preference and the way 

interconversion can potentially be enforced or prevented. Further validation of the 

interconverting nature of 6 was shown by 2D NMR of an extended 15-mer dissolved in 

methanol, which indicated a conformational bias for the 14/15-helix rather than the 11-helix.70,72 

It should be noted that bifurcated hydrogen bonds in which each hydrogen atom is bonded to  

two hydrogen bond acceptors, were not observed for 6, demonstrating no intermediate 

interconversion structures were observed in the solid state.52 
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Figure 1-6 (a) Structural composition of compounds 4-6 including (b) crystal structures 

depicting H-bonding behavior. (c) Observed helice patterns of α/β-peptides.52 Reproduced from 

Ref. 52 with permission from the American Chemical Society. 

After detailing α/β hybrid peptides, Gellman and coworkers further explored the 

influence of amino acid sequences on folding patterns by examining α/β-peptides consisting of 

2:1 and 1:2 α/β-peptides 7 and 8 (Figure 1-7a). Crystallographic evidence supported to C=O ---

HN hydrogen bonding of the i i+3 helix formation for both sequences, this 

interestingobservation demonstrated the impact of the intrinsic flexible behaviour of β-amino 

acid residues in increaseing the control over expanded length of the net helix and internal cavity 

size (Figure 1-7b).73 
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8 

Figure 1-7 (a) ααβ-peptide 7 and (b) an αββ-peptide 8, including crystal structures of α/β-

peptides composed of (c) an ααβ-repeat and (d) a αββ-peptide.52 Reproduced from Ref. 52 with 

permission from the American Chemical Society. 

The advancement in creating artificial secondary structural motifs that involved primarily 

α-helices enabled various groups such as those of DeGrado, Gellman, et al. to begin mimicking 

functions.17,19,74-77 Simple quaternary the higher-level structures of proteins to carry out different 

structures composed of several α-helices were designed to examine the possibility of forming 

bundles. A review written in 2008 by Horne and  Gellman outlined the primary requirements for 

driving the formation of helix bundles based on hydrophobic interactions.52 Oligomers consisting 

of repeating heptapeptide abcdefg sequences in which residues a and d carry hydrophobic side 

chains that present a “hydrophobic stripe” observed with naturally α-helix bundles.78 This 

hydrophobic strip was designated to provide the primary driving force for self-assembly of the 

designed helices based on packing of hydrophobic side chains in the core of the helix bundle. 

This system represented the beginning steps of designing tertiary and quaternary structures of 

foldamers, with potential biomedical applications such as treating genetic disorders based on 

disrupting unfavorable protein-protein interactions (PPIs). 
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Figure 1-8 (a) Amino acid sequences of oligomers 9 and 10, (b) heptad helical pattern, (c) 

simplified structural representation with α- mino acid segments depicted yellow and β-amino 

acid segments depicted blue, that are incor ted into quaternary structures involving (d) 

trimeric and (e) tetrameric bundles.52 Reproduced from Ref. 52 with permission from the 

American Chemical Society. 

1.2.4. Effects of γ-Amino Acids in α/γ-Peptides 

Heterogeneous backbones were further developed by incorporating α/γ-residues, to 

further examine the modifiability of peptide sequences and the folding behavior of the resultant 

hybrid peptides. Gellman and coworkers designed a α/γ-hybrid peptide consisting of 1:1 α and γ-

amino acid residues. This hybrid peptide, with α-amino acid residues and residues based on II, 

i.e., the (S, S, S)-γ-amino acid residue shown in Figure 1-9a, fold into a 12/10-helix.79 This γ-

amino acid building block was then modified to give a (R, S, S) residue. Hybrid peptides 

incorporating this residue demonstrated a unique behavior of switching the previous 

unidirectional hydrogen bonded network, typically aligning the H-bond from C==O to NH along 

the N-terminal to C-terminal, as shown in Figure 1-9a and b.80 These new residues result in the 

alternation of hydrogen bonds validating two unique behaviors. The first involving the 
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demonstration of directional related strength of hydrogen bonding interactions, the second is one 

of the first cases of solvent assisted folding. Crystallization of hexamer 11 under slightly 

different conditions led to the observation of two crystal forms as shown in Figure 1-9c. The first 

structure reveals a 12/10-helix, retaining two 12-atom hydrogen bonds (2.85/ 2.86 Å) and one 

10-atom hydrogen bond (3.02 Å), with a potential second 10-atom hydrogen bond (4.09 Å) at the 

C-terminal. The second crystal structure also formed a 12/10 helical conformation, but the 10-

atom hydrogen bond at the C-terminal was replaced with an interpolated water molecule between 

the C=O and N-H groups. This is not a new phenomenon since interpolations have been 

observed in proteins.81-84 . However, Gellman and coworkers clearly stated the high frequency 

that interpolation occurred in this series of α/γ peptides.85 In correlation with NOEs observed for 

other structures within this series, it was later found that γ residue C=O (i)  α residue H-N 

(i+3) were superior to the opposite directionality of the α residue C=O (i)  γ residue H-N (i-1) 

hydrogen bonds, thus providing the ability to not only control the directionality, but also the 

strength of H-bonding within a folded motif. 
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Figure 1-9 (a) Comparison of γ-amino acids with varying stereochemistry and structural 

isomers. (b) Directionality of H-bonding from N-terminal to C==O-terminal (red) and inverted 

directionality (blue) of γ-amino acids. (c) Structure of hexamer 11 with crystal structures of 
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80hexamers 11a and 11b. Reproduced from Ref. 80 with permission from the American 

Chemical Society. 

1.2.5. Effects of Terminal Helix Stabilization of α-Peptides 

A major factor defining the stability of α-helicies is the interactions at the terminal ends. 

This factor was utilized by Arora and coworkers to realize higher folding stability of αααβ-

helices over their α-peptide counterparts (Figure 1-10a-c).27 To enhance the interaction at the 

termini, a hydrogen bond was replaced with an alkene linkage hydrogen bond surrogate (HBS) 

based on olefin metathesis using Grubb’s catalyst. The CD of the HBS derivatives were observed 

to retain the same signature as the original α-helix, showing that the HBS derivatives should 

retain the same helical conformation. Furthermore, the CD spectra of the HBS derivatives 

indicate a better defined signal including stronger molar elliptical strength, implying better 

defined conformations (Figure 1-10d). Helical conformations were derived from MD simulations 

that incorporated internuclear distances of hydrogen atoms from 2D NMR studies (Figure 1-

10e). The stability of αααβ HBS was found to have the strongest H-bonding and highly stable 

helical conformation based on deuterium exchange studies. The slower the exchange of a 

hydrogen-bonded proton, , the stronger the corresponding hydrogen bond, since the amide 

protons in the αααβ HBS helix are shielded form solvents when involved in backbone H-bonding 

interaction. Overall this work demonstrated that covalently linking a terminal end increasing the 

helical preference of the modified helices as compared to the original unmodified oligopeptide. 
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Figure 1-10 (a) Structural comparison of Arora and coworkers’ terminal cyclized HBS α-helix 

and natural α-helix consisting of the same sequence, including (b) potential 13-atom and 14-atom 

H-bonds. (c) Specific helical conformation in correlation to a favored H-bonding patterned. (d) 

CD spectra of various helices compared to the standard natural α-helix. (e) NMR-derived 

molecular dynamic conformations of HBS-helices consisting of the lowest 20 steps.27 

Reproduced from Ref. 27 with permission from the American Chemical Society. 

1.3. Incorporation of Aromatic Residues into Abiological Foldamers 

Abiological foldamers based on residues that bear no similarity to natural amino acids 

have also been created. Different from peptidomimetic foldamers, abiological foldamers are 

based on building blocks that do not involve α-, β-, γ-, and other amino acids, but still rely on the 

folding of oligomeric strands into defined conformations. Aromatic rings are most often used for 
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the development of these systems, which generally combine with azo,86-88 alkyne,89-91 or amide 

linkages.92-94 However, aliphatic systems have also been developed utilizing urea linkages, which 

act as a fusion of the two systems of foldamers due to structural designs that can be related to 

peptides.60,61,95,96 The lack of structural similarity of many building blocks used for constructing 

abiological foldamers to natural amino acids initially hindered the development of new systems. 

This is due to the inability of designing structures based on available databases of previously 

characterized conformations like those available from protein databases.23,34-36 Regardless, this 

difficult has provided opportunities for many to develop unique systems involving novel 

designs, resulting in the discovery of folded structures with high stability, novel self-assembling 

behavior and new functions. 

1.3.1. Design of Abiological Foldamers 

Despite the disadvantage of many examples, several requirements for successful designs 

of abiological foldamers have been summarized by Huc: 1) predictability of folding, 2) ease of 

synthesis, 3) stability of folded motifs, and 4) tunability.92 The predictability of folding relies on 

potential bonding linkages, intramolecular non-covalent interactions, and/or other means to 

stabilize a specific conformation. The ability to achieve a defined, stable conformation for the 

designed oligomers is often the key to present a proof-of-concept for developing new systems. 

The ease of synthesis of building blocks is critically important, since building blocks that are 

difficult to synthesize will increase the overall cost of the oligomers starting at the early stage of 

the synthesis. The stability of the folded conformations of new systems is also very important, 

since without the ability to maintain a reliable folding pattern, a system with largely unfolded 

(random) conformations would not qualify as a foldamer. Another important consideration when 

designing a foldamer system is tunability, which enables the system to evolve and to be equipped 
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with a variety of potential functions that could find various uses. With the development of 

foldamers over the past 20+ years, a number of excellent reviews detailing a host of systems 

have been published, facilitating the design of new systems and their practical 

applications.3,12,13,92 

1.3.2. Bending Planarity with Aromatic Abiological Foldamers 

Hamilton and coworkers have developed foldamers and examined their potential to 

interfere with protein-protein interactions (PPIs).97 Previous work presented in Figure 1-11a 

typically involved a variety of H-bonded networks that effectively reduce bond rotation, 

resulting in a helical or curved motifs loosely comparable to peptidic secondary structures.63,98,99 

Utilizing a similar design previously described by Gong et al.,100 Hamilton and coworkers 

enforced two 6-membered H-bonds to effectively form a bifurcated H-bond inducing an overall 

serpentine pattern (Figure 1-11). Due to the chiral characteristic of the methylene that is part of 

the bifurcated hydrogen-bonded rings, the molecule can effectively transfer between a cis and 

trans state. Co-planarity is a major component of this structural design, where aromatic rings 

effectively prevent any unwanted bending that would be observable in, for example, a 

cyclohexane ring. Through the adoption of the bifurcated H-bond, a bend of 110° was observed 

at the methylene position (Figure 1-11b). Crystal structure of dimer 12 in the cis form was also 

observed engaging a similar motif to that of a β-turn, fulfilling the requirement of foldamers for 

adopting a specific compact conformation. Further examination of the strength of this new type 

of bifurcated H-bond demonstrated by the carbonyl-6-membered side indicated that such a 

bifurcated motif was considerably stronger than its individual two-centered, 6-membered H-

bond. This was presented by 1H NMR mixed solvent studies of 13-15 which led to amide protons 

with various H-bonding interactions (Figure 1-11c)to downfield shift with increasing volume of 
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polar solvent that competes for H-bonding.39,101 

Figure 1-11 (a) Comparisons utilized by Hamilton and coworkers to develop serpentine 

foldamers. (b) Crystal structure of dimer 12, and (c) amide chemical shift dependency on solvent 

of both H-bonded and non-bonded trimers 13-15.102 Reproduced from Ref. 102 with permission 

from the American Chemical Society. 

1.3.3. Incorporating Enantioselective Catalytic Capability into Oligourea Peptides 

Mimicking the enantioselective catalysis of enzymes has been an important objective in 

foldamer chemistry, as demonstrated by Pihko and coworkers.40,77 A β-hairpin- like structure was 

developed that demonstrated enantioselective catalytic ability on the Mannich reaction. This 

hairpin- like structure involved a thiourea that is intramolecularly H-bonded to another urea group 

while restricted rotation around an aryl-ether bond serves to lock the conformation (Figure 1-

12a). This structure was validated by observed NOEs in benzene-d6 between protons around the 

aryl-ether and those of end-group. A malonate surrogate was complexed to the catalyst to 
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demonstrate the stability of the folded motif. The crystal structures of 16c were also observed to 

retain the folded conformation, as observed in Figure 1-12b. This foldamer even demonstrated 

the potential to act as an anion (chloride) receptor 16c·HCl, but the thiourea-urea hydrogen bond 

was dissociated upon binding to the chloride ion turning the folded motif into an undesired 

conformation reducing catalytic function. The folded structure of 16a and 16b, consisting of a 

small chiral substitution, used in a 10% mol equivalence also displayed a significant 

enhancement of catalytic ability for reactants 18a-d. This folded conformation also provides 

enantioselective enforcement, as observed in Figure 1-12c. 

Figure 1-12. (a) Comparison of catalysts 16a with and without a complexed malonate surrogate 

(hfacac) salt, (b) crystal structure of a cooperate mode of 16c·hfacac and an undesired anion 
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receptor 16c·HCl. (c) Mannich reaction curves forming 18a-d utilizing catalysts 16a, 16b, 17a 

and 17b at 30 °C.77 Reproduced from Ref. 77 with permission from the American Chemical 

Society. 

Other research groups have built off the system developed by Pihko et al. by 

demonstrating that similar designs can also be utilized for catalytic behavior.103 Early work by 

the group of Guichard developed an oligourea foldameric system based on oligourea 

peptidomimetics, which targeted structural design and demonstrated conformational preference 

(Figure 1-13a).104,105 Guichard’s initial design compared potential folding behavior to previously 

described γ-peptide systems due to high structural similarity and torsional constraints between 

the two systems (Figure 1-13b).106,107 Vigorous 2D NMR (ROESY) characterization verified a 

helical motif for heptamer 19a.103 This helix was stabilized largely by H-bonding, with a strong 

preference for the urea moieties to be involved in 12/14-membered hydrogen bonded rings. 

Through further examination of bond lengths and angles involving N-H groups that engage in H-

bonding, it was suggested that 14-memebered H-bonded rings were favored over the 12-

membered. These oligourea foldamers are structurally similar to γ-peptides, with a pitch of 5.1 Å 

with a 2.5 residue/turn and 5.0 Å with a 2.5 residue/ turn, respectively, and monomers with 

similar structural characteristics that result in folding into remarkably similar motifs. Oligoureas 

19a-e, with variable chain lengths, were examined by electronic circular dichroism (ECD) to 

probe the effect terminal thioureas had on helical stability (Figure 1-13c).75 An interesting 

conformational change was observed of dimer 19e and tetramer 19d oligoureas and the longer 

oligomer favoring a different helical motif from the shorter analog. Enhanced ECD intensity 

observed with longer oligomers indicated enhanced helical stability and corroborated the length-

dependence observed by NMR.108 
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Figure 1-13. (a) Representation of H-bonding pattern observed on previously reported 

oligoureas.103 (b) Sequence and length of oligoureas 19b-e (urea) and 19c-e (thiourea), including 

(c) ECD spectra of 19a-e.75 Reproduced from Ref. 75 with permission from the American 

Chemical Society. 

With the folding preference demonstrated above, Guichard et al. further examined the 

potential catalytic functionality of these oligoureas with and without a terminal thiourea which 

incorporated significant structural similarities with the system developed by Pihko et al. (Figure 

1-14). The design of this system was tuned to mimic three characteristics of enzymes: 1) the 

ability to cooperatively bind substrates, 2) stabilized conformations with relation to charge 

transition states and intermediates, and 3) minimize entropic cost of transition state binding.75 

Enzymatic binding generally occurs in corroboration with preorganization of amino acids 

developing a pocket based on folding of the polypeptide backbone.17, 76 Examining crystal 

structures of oligomers 19b and 20b presented two unique binding sites that were preorganized 

based on folding.109,110 Furthermore, it was clear that the macro-dipole of the system lead to 

25 

https://backbone.17
https://binding.75
https://19a-e.75


 

 

           

           

         

          

   

 

        

        

          

        

    

           

          

            

            

enhanced stabilization of the helix based on ECD of Figure 1-13c. Based on significant catalytic 

testing various oligourea lengths, excellent catalytic promotion of Michael reactions with 

enantioselectivity was observed with exceptionally low (1/10000) catalyst to substrate ratios.75 

Overall these foldamers were effectively customized to act as critical chiral components of 

synergistic catalytic systems. 

Figure 1-14 (a) Comparison of the preorganized organocatalysts developed by Guichard and 

coworkers. (b) Heptamer oligo(thio)ureas 19a and 20a developed, including crystal structures 

comparing (c) urea 19b and (d) thiourea hexamers 20b conformations.75 Reproduced from Ref. 

75 with permission from the American Chemical Society. 

1.3.4. Dipole Stabilization of Triazole Foldamers 

Dipolar effects in conjunction with torsional strain have also been sought to generate β-

sheet mimics. Arora et al. generated a triazole-based foldamer to verify the potential biomimetic 

behavior of these oligomers (Figure 1-15a).111 The utilization of triazoles arose from the “drug-

like” character of the triazole moieties.112,113 Dipeptides bearing triazole rings, which have an 
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immense dipole of ~5 Debye that could potentially inducing torsional strain, have been described 

in the literature.114 Several conformations were expected from two points of rotation and 

potential dipolar interaction as shown in Figure 1-15b. It was calculated that the anti-

conformation was favored by 4 kcal/ mol over the syn, a difference enabling the formation of a 

specific conformation. 2D NMR experiments were used to demonstrate the formation of a 

structure having a β-sheet like conformation. Distances calculated for this structure were 

compared to a tetraalanine β-strand, which further validated the corresponding oligomer as a β-

sheet mimic with a strong zig-zag motif (Figure 1-15c and d). It is expected that the unique 

surface of the triazole β-strand could be effective for targeting protein pockets and surface 

interactions.34,111 

Figure 1-15 (a) Simplified triazole backbone 21a and b utilized by Arora and coworkers. (b) Syn 

and anti-conformations defined by dipole-dipole interactions between triazole dimers. (c) Partial 

ROESY spectrum of triazole 21b (insert), including (d) zig-zag conformation (top) and linear β-

tetraalanine (bottom).111 Reproduced from Ref. 111 with permission from the American 

Chemical Society. 
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1.3.5. Combinatorial Chemistry and the Development of Molecular Capsules 

One of the most studied non-peptidic foldamers systems was developed by Huc and 

coworkers. Incorporating a combinatorial chemistry approach into foldamer designs enabled the 

rapid development of a variety of motifs, the most interesting being molecular capsules.115-118 A 

library of building blocks was developed with unique rigidity endowed by bifurcated H-bonds 

that involve two protons bonded to one H-bond acceptor and assisted by additional protonation 

(Figure 1-16a and b).92,119,120 that enforces folded conformations. Inspired by the critical role 

played by the amino acid sequences on protein folding, it was demonstrated that by sequence-

specifically incorporating planar building blocks with different linkage angles into the designed 

oligomers, the sizes of cavities generated by the folding of these oligomers could be controlled to 

capsules (Figure 1-16c and d).119,121,122 The overall structural design is easily afford molecular 

simplifies to grouping of building blocks acting as caps, cleft and cavity that is utilized as 

binding/recognition site. By modifying the sequence of incorporating different building blocks, 

the resultant oligomers undergo intercalation, forming double helices containing a large 

cavity.123 Interestingly, asymmetric capsules are sensitive to chiral induction upon binding guests 

such as tartaric acid due to the dynamic nature of inversion of the helices.124-126 Selective binding 

of D-tartaric acid inside the capsules of the right-handed helix has also been demonstrated. This 

presents functionality and tunability of these cavities that are able to bind a variety of sugars and 

amino acids selectively.127,128 

28 



 

 

 

           

         

          

          

    

           

          

          

          

           

            

         

             

Figure 1-16 (a) Representation of conformational preference inducing helical behavior and (b) 

and array of building blocks previously developed by Dr. Huc and coworkers. (c) Sequence 

characterization with (d) capsule representations involving a variety of secondary conformations 

and guests.118 Reproduced from Ref. 118 with permission from the American Chemical Society. 

1.4. Foldamers Created by the Gong Group 

Several years after Gellman first coined the term foldamers, Gong and co-workers began 

developing a new class of aromatic oligoamides that adopted stably folded conformations.129,130 

The utilization of the structurally rigid aromatic units linked through amide bonds classified 

these systems as aromatic oligoamides due to their oligomeric nature. To form secondary 

structures, the introduction of amide linkages allowed for the potential to form inter- and 

intramolecular H-bonds that would later allow not only the formation of helices, but also sheets 

referred to as molecular duplexes. The development of this system provided the conceptual basis 

for the subsequent development of a host of aromatic oligoamide foldamers by the Gong group 
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and several other groups.131 These aromatic foldamers are featured by predictable folding 

behavior and ready structural tunability based on readily available building blocks. 

1.4.1. Development and Characterization of Intramolecular Hydrogen Bonding 

Intramolecular H-bonding was incorporated into the design of aromatic oligoamides to 

enforce the formation of helical structures. Initially designed amides had two aromatic units with 

methoxy side chains adjacent to the amide group attached, to act as H-bond acceptors.42,43,101 Ab 

initio calculations were performed on planar conformers (Figure 1-17) that had a bifurcated 

hydrogen bond composed of a 5- and a 6-membered hydrogen-bonded ring (amide 26), a single 

5-membered H-bonded ring (amide 26a), a single 6-membered H-bonded ring (amide 26b), and 

finally a unit with no intramolecular H-bond (amide 26c).101 Structures 26a, 26b and 26c have 

relative energies of 11, 14 and 27 kcal/mol, respectively, relative to 26 as “zero.” Interestingly, 

crystal structures of 26 verified O•••H distances of 1.87 Å for S(6) and 2.14 Å for S(5) that are 

inconsistent with the values obtained computationally.. Nevertheless, the greatly enhanced 

stability of the bifurcated H-bond in amide 26 due to the strong cooperative interaction between 

the two two-center H-bond components had proved to result in a highly favorable and reliable 

basic folding motif that was soon adopted in the designs of many other aromatic foldamers. 

Figure 1-17 (a) Structural representation of the intramolecular 3-center (bifurcated) H-bond and, 

(b) planar conformational isomers of amide 2 generated from rotating around the two aryl-amide 

single bonds with the energies of the optimized conformers shown (kcal/mol).101,130 
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To verify the structural integrity of the bifurcated hydrogen bond in solution, structures 

26-29 were examined with NMR in CDCl3 and DMSO-d6 (Figure 1-16 and Table 1-1).101 Due to 

its high polarity and ability to act as a H-bonding acceptor, DMSO was chosen as a solvent that 

may interfere and compete with the intramolecular three-center H-bond, while in CHCl3, a 

solvent of moderate polarity, the three-center H-bond should persist. The involvement of the 

amide proton in H-bonding is indicated by the downfield shift of the amide proton resonance. 

Indeed, the downfield shifts of the amide proton signals were found to follow the trend of 26 >27 

> 28 > 29, with the amide 1 having the three-center H-bond showing the largest downfield shift 

in CDCl3. More importantly the 6- and 5-membered H-bonded rings of 26 seemed to act in a 

cooperative fashion, which accounted for the extraordinary stability of such a three-center H-

bond that rigidifies the overall structure by enforcing coplanarity on the two aromatic rings and 

curvature on the backbone of analogous oligoamides. In DMSO-d6, the 1H resonance of amide 

26 showed only a very small shift. In contrast, the amide proton resonances of amides 27-29 

exhibited significant downfield shifts in DMSO-d6 as compared to their positions in CDCl3. 

These observations suggest that the three-center H-bond of 26 persisted in solvents of both low 

and high polarity by being well shielded from solvent molecules. In addition, non-H-bonding 

methoxy units were removed to give compounds 27’-29’, results based on which indicated that 

the electronic nature (electron density, ring current etc.) did not have a significant influence on 

intramolecular H-bonding.101 
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Table 1-1 1H-NMR chemical shifts and IR stretching frequencies of amide protons of isomers 

10126-29. 

29 28 27 26 27' 28' 29'

δ(CDCl3) 7.63 8.49 9.61 10.61 9.83 8.56 7.78

(0.00) (0.86) (1.98) (2.98) (2.20) (0.93) (0.15)

δ([D3]DMSO) 9.97 9.27 9.98 10.68 10.12 9.43 10.25

(0.00) (-0.70) (-0.01) (0.71) (0.15) (-0.54) (0.28)

Δδ 2.34 0.78 0.37 0.07 0.29 0.87 2.47

ν 3442 3433 3373 3340 3367 3426 3437

(0) (-9) (-69) (-102) (-75) (-16) (-5)

Figure 1-18 Isomers and analogs of amide 26 engaging in various extent of H-bonding 

interactions.101 
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1.4.2. Folding of Aromatic Oligoamides Enforced by Highly Favorable Intramolecular 

Hydrogen Bonding 

With the demonstrated reliability of the bifurcated H-bonds, Gong et al. extended the 

length of their aromatic oligoamides to observe if planarity was conserved with longer 

oligomers. Single crystals of trimers and tetramers (not shown), grown in DMF by slow cooling, 

allowed the determination of the solid-state structures of these oligoamides, demonstrating that 

backbones of these oligomers remained planar and curved, with all carbonyl oxygens pointed 

towards the center of each crescent. The obtained results ruled out the likely complication of 

potential steric/electrostatic interferences between the carbonyl oxygens, which could distort the 

planarity of the backbone. The solution structure of tetramer 30a was examined by 2D (NOESY) 

1H-NMR in CDCl3, which revealed NOEs between the protons of the amide groups and those 

attached to the α- and β-carbons of the (Figure 1-19a and b).132,133 The observed NOEs would 

only be possible for a conformation in which the bifurcated H-bonding motif persisted, 

suggesting that the same conformation observed in the solid state also prevailed in solution, and 

the folded conformation was not interrupted in solution. It was then hypothesized that if longer 

oligomers of this series placed their two ends into close proximity, the resultant would be in the 

formation of helical conformations. Based on structural parameters extracted from the crystal 

structures of the short crescent oligoamides, it was expected that it would take ~6.5 units to 

generate a full turn. By comparing the NOEs between protons at the two ends of a nonamer 31, 

which consists of two identical tetrameric (30b) halves connected by a central diacid unit, with 

NOEs observed elucidated that a helix formed in solution (Figure 1-19c-e). In CDCl3, nonamer 

31 (2 mM) and tetramer 30b (4 mM) solutions were examined with a 2D NMR (NOESY, 500 

MHz). Consistent with their H-bond rigidified conformations, both oligomers produced 

33 



 

            

          

           

           

            

              

                

         

           

          

           

       

characteristic NOEs between protons of the backbone amide groups and their adjacent side 

chains depicting retainment of coplanarity through the bifurcated H-bond along the backbone. A 

helical conformation of nonamer 31 was confirmed upon examination of NOEs involving 

terminal-methyl and internal aromatic b1, as well as, amides a/b. The NOEs would only be 

present when the two termini were placed in close proximity, which was clearly not observed of 

tetramer 30b. Crystal structure of 26b further supported the formation of a helix but led to the 

observation that the helix was not symmetrical. This deviation arose from only one side of the 

central benzene (isophthalamide) 6-membered H-bond, retaining a twisted dihedral angle of 51° 

between the central and adjacent benzene ring. Another twist of ~21° was observed between one 

terminal-benzene and adjacent benzene unit. Twisting of the backbone suggests there is 

significant torsional strain but is not enough to unfold the helical motif, even in solution, 

depicting the backbone rigidifying strength introduced by bifurcated H-bonding. 
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Figure 1-19 (a) Structure of crescent-shaped aromatic oligoamide 30a displayed with important 

NOEs indicated. (b) Partial NOESY spectrum of 30a demonstrating amide to side chain NOEs 

(800 MHz, mixing time: 300 ms, CDCl3).130 (c) Helical structure of oligoamide 31 with 

intramolecular NOEs indicated. Comparison of (d) partial NOESY of nonamer 31 demonstrating 

end-to-end NOEs (DMSO-d6/ CDCl3 [1/1(vol/ vol)], 2 mM, 283 K, mixing time: 500 ms) and (e) 

partial NOESY of a tetramer 30b (precursor to 31, not shown) (DMSO-d6/ CDCl3 [1/1(vol/ vol)], 

4 mM, 283 K, mixing time: 500 ms).133 

1.4.3. Tuning the Cavity Size of Helical Aromatic Oligoamides 

Tunability was introduced to aromatic oligoamide helical motifs after Gong and 

coworkers sought to increase the cavity size.133 Previous building blocks utilized meta (m)-

linkages, in order to engage an expanded cavity aromatic para (p)- linkages were incorporated 

within the backbone. The internal cavity of (m,m,m) linkages was found to be ~10 Å from 
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previously published crystal structures. Significant widening of the cavity was observable after 

adding p-linked residues with sequences of (m,p,m) and (m,p,p) consisting of approximated 

cavity sizes, ~25 and ~50 Å respectively based on models (Figure 1-20a). To verify widening, a 

sequence of interconverting p/m-linkages comprised of 15 (partial-turn), and 21 (full-turn) 

residues were synthesized. From 2D NOESY (750 MHz) only the 21-mer 32 retained end-to-end 

NOEs between the terminal methyl hydrogens and adjacent amide hydrogens concluding these 

new oligoamides were still of a helical nature (Figure 1-20b and c). Especially since these NOEs 

were not observable for the 15mer. With a cavity size of 30 Å, 21-mer 32 verified the tunability 

of cavity size increasing potential functionality as molecular channels in the future.134,135 

Figure 1-20 (a) Aromatic oligoamide helices incorporating either an (m,m,m), (m,p,m) or (m,p,p) 

residue sequences including approximate cavity sizes. (b) Partial NOESY spectra of an (m,p) 

backbone 21-mer 32 demonstrating an end-to-end NOE including (c) a structural 

representation.94 
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1.4.4. The Unfolding of Robust Aromatic Oligoamides 

Curiously these systems, while retaining secondary helical structure and tunability, failed 

to demonstrate an unfolded state to further define observation of a preference in folding.  Gong 

and coworkers sought to develop a simple method for proving this “unfolded” state (Figure 1-

21a).136 By switching the amide proton with an acid-labile 2,4-dimethoxybenzyl (DMB) group 

removed the bifurcated hydrogen bond required for enforcing the planarity of the backbone 

(Figure 1-21b). Interestingly, a dimer (34) and pentamer (35) with DMB protected amides were 

crystalized demonstrating a complete loss in the helical nature observed of previous systems 

(Figure 1-21c and d).94,101,130,133 Cleavage of DMB groups within a 13-mer led to reformation 

the bifurcated H-bonds upon protonation and the helical conformation confirmed by 2D 

NOESY.136 Formation of the unfolded state and preferred folding upon cleavage of DMB clearly 

demonstrates unfolded clearly is not in rapid equilibrium or favored in anyway, and helical 

folding is incredibly robust. 
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Figure 1-21 (a) Simplified structural representation of unfolding of a rigid backbone utilizing 

DMB. (b) Simplified structural representation of NH substitution with DMB including unfolded 

crystal structures of (c) dimer 34 and (d) pentamer 35 with substituted DMB.136 

1.4.5. Hydrogen Bonding Strength and Material Properties of Helices 

The materialistic nature of these heilcies was observed of nonamer 31 through 2D 

NOESY experiments at variable temperatures (Figure 1-22a and b).  NOEs of the terminal 

methyl group with amide proton b, an NOE only observable for  helical conformations, led to 

the observation of significant depreciation of NOE intensity upon increasing temeprature. The 

NOE intensity reduction was consistent with increasing distance between the two hydrogens 

involved. This increasing distance was helical expansion and presented a spring-like behavior 
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with temperature, in the absence of observable unfolding that could only be partially depicted by 

full destruction of terminal NOEs. In correlation to such robust nature of the helices, clearly 

prefering expansion rather than unfolding, deuterium exchange studies of the bifurcated 

hydrogen bonds of nonamer 31 were carried out. These exchanges depicted variable strenghts of 

amides along the backbone. The cooperative nature of the bifurcated H-bond was confirmed with 

an exchange time of 12.7 hrs that was significantly longer than the 5 or 6-membered H-bonds 

which retained individual exchange times of 9 and 17 min, respectively (Figure 1-22c).137 

Central amides, adjacent to the isophthalamide moiety, retained the shortest bifurcated H-bond 

exchange times of only 9 hrs, inherently rendering them the weakest hydrogen bonds; however, 

strength of bifurcated H-bonds remained 33 hrs along the rest of the backbone until the terminal 

amides which were not observed to exchange. In conclusion, the stability of H-bonding along the 

backbone can be quantified through exchange times, which presents that the stability of each H-

bond is not the same. The cause of these differences likely stems from torsional strain placed on 

each linkage along the backbone. 

Figure 1-22. (a) Intensity changes of terminal NOEs based on  variable temperature of nonmer 

31 and (b) structural representation with observed NOEs. (c) Half-lives of various backbone 

amides exhanged with deuterium of helix 31 and reference molecules 26-28. 
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1.4.6. Conclusions of Early Work by Gong and Coworkers 

The advent of the three center H-bond developed by Gong and coworkers has 

demonstrated unique structural ability to enforce backbone planarity. Additionally, through m-

linked building blocks introduces curvature that, after elongation, engages a helical motif upon 

sterical repulsion between terminal ends. Cleavage DMB groups attached to amides instead of 

hydrogens demonstrated unfolded conformations, otherwise inaccessible after introduction of 

bifurcated H-bonds within the backbone, enforcing the classification the system as foldamers 

meeting the definition previously explained by Gellman. Other notable work by Gong and 

workers is their continued development of molecular duplexes, mimics of anti-parallel β-

sheets,41,100,129,138-147 and macrocycles that demonstrate strong tubular aggregation functionalized 

into membrane transports.21,94,135,148-154 
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Chapter 2. Varying the Flexibility of Aromatic Oligoamide Foldamers 

The robust nature of the 3-center H-bonds consisting of cooperative 5- and 6-membered 

two-center H-bonds that connect adjacent benzene residues, restricts free rotation around the 

aryl-amide single bonds and results in a planar oligoamide backbone. Such a basic folding, 

motif, along with the curvature introduced by meta-linked benzene residues, results in planar and 

curved backbone that adopt either crescent or helical conformation depending on oligomer 

length.1-5 These foldamers were demonstrated through previous studies that confirmed the 

existence of stably folded confirmations. The critical role of the three-center H-bonds in 

enforcing the folding of such oligoamides was verified by creating unfolded states upon 

replacing amide hydrogens with the acid-cleavable DMB groups. The crystal structures of 

resultant oligomers were found to be devoid of helical nature.6 Upon removing DMB groups, the 

amide groups regain their ability to form intermolecular H-bonds, which resulted in the 

reformation of the folding structures. That the unfolded state of such oligoamides could only be 

observed based on intensive synthetic modification showed the inherently extraordinary 

robustness of the folded conformations. This robust behavior introduces unique structural 

integrity but at the same, also limits our ability to control the folding and unfolding of the 

oligomers, i.e., our system lacks the typical reversible folding behavior observed with natural 

and other peptidomimetic foldamers.7-10 To achieve reversible folding behavior, oligoamides 

with reduced backbone rigidity were designed by removing one of the two two-center H-bond 

components, along the backbone, which allows half of the aryl-amide bonds to rotate and thus 

enhances the flexibility of the resultant oligoamides, leading to reversible folding behavior 

typically observed with proteins. 
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2.1. Initial Development of Aromatic Oligoamides with Alternating Constrained 

Backbones 

With the goal of reducing the rigidity of our originally adopted aromatic oligoamide 

backbone, the bifurcated H-bond was modified to incorporate flexibility within the backbone. 

The bifurcated H-bond, first adopted by the Gong group, is comprised of a 5- and 6-membered 

intramolecularly H-bonded ring. Based on deuterium exchange studies, the 6-membered H-bond 

was more stable than the 5-membered H-bond as shown by an exchange time of 17 min and 9 

min, respectively.10 Flexibility was introduced into the backbone by removing the 5-membered 

H-bond in structure X, resulting in the less-constrained structure Y. This less-constrained 

structure allows free rotation along the amide-aryl single bond between the amide-nitrogen and 

aromatic-carbon, as demonstrated by Figure 2-1. 

Figure 2-1 Comparison of a constrained compound X incorporating a bifurcated H-bond that 

restricts free rotation around the amide-aryl single bonds vs. a less constrained structure Y 

incorporating a 6-memebered H-bond and allowing one of the two single bonds flanking an 

amide group to  rotate. 

The replacement of bifurcated H-bonds with less constrained 6-membered H-bonds 

introduces a variety of potential sequences that could be utilized as demonstrated by Figure 2-2. 

47 

https://respectively.10


 

 

         

      

     

           

           

         

         

          

           

           

         

            

           

          

         

  

 

            

   

Varying flexibility led to three classifications of oligoamides: constrained backbones retained 

full incorporation of bifurcated H-bonding, alternating constrained backbones containing amide 

linkages that engage in alternating bifurcated and 6-membered H-bonding, respectively, and 

partially constrained backbones with amide linkages that only engage in 6-membered H-

bonding. This classification of flexibility along the oligoamide backbone directly relates to the 

expected folding potential, with oligoamides having constrained backbones retaining the highest 

folding propensity and partially constrained backbones the lowest. This stability is directly 

correlated with the incorporation of amide linkages that are only involved in 6-membered H-

bonding interactions, which increases the extent of free rotation between the amide-aryl C-N 

bonds, and reduces the overall potential of folding. The folding of aromatic oligoamides with 

these partially constrained backbones is hypothesized to be driven by aromatic stacking between 

the aromatic units for oligomers with more than 7 residues, which allow intramolecular stacking 

to occur. This stacking driven folding spawns from the observation of macrocycles previously 

developed by the Gong group, which are known to be driven by intermolecular non-covalent 

interactions, a strategy adopted by Moore et al.2,11-17 to realize the folding of aromatic 

oligoalkyne oligomers. 

Figure 2-2 Structural comparison of aromatic oligoamides with amide linkages engaging in 

constrained bifurcated H-bonding (constrained backbone), alternating constrained bifurcated H-
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bonds and partially constrained 6-member H-bonding (alternating constrained backbone), and 

partially constrained 6-member H-bonding (partially constrained backbone) interactions. 

Building blocks utilized by Gong and coworkers engage many depictions of a functional 

foldamer system also described by Huc.18 Specifically the constrained foldamers retained 

predictability of folding, defined folding pattern and structural tunability, but did not offer 

synthesis that could result in high yields. For example, the yield for a constrained 13mers was 

often 3.7% due to significant sterical hindrance at the termini of the stably folded oligoamide, 

which hampers amide coupling.6,10,19 Two synthetic methods were examined for solving this 

problem, as demonstrated in Figure 2-3. Method A involved a chain growth synthesis utilizing a 

central diacid residue for linking two 6mer halves into a 13mer. This was originally the preferred 

method for previously synthesized constrained foldamers. Alternatively, method B incorporated 

a 5mer diacid to act as a central unit that is connected with two tetramer segments. This was 

expected to reduce sterical hindrance by involving precursors shorter that 6 units, which was 

expected to improve yields and reduce the total number of coupling steps. 

Figure 2-3 (a) Previous procedure for developing constrained oligomers, (b) current procedure 

for developing partially constrained oligomers. 

In order to utilize circular dichroism (CD) to assess folding by observing Cotton effect 

that arises due to biased handedness of the folded oligomers chiral groups based on (S)-

phenylethylamine ((S)-PEA) were introduced in the termini of an oligomer. Incorporating this 

chiral group into the oligoamide was expected to bias the left- or right-handedness of the 
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helix.20,21 To increase solubility, side chains containing an ethylene glycol unit was adopted. 

Based on the commercially available 2-nitrosalicylic acid, monomeric residues enforcing 6-

membered H-bonding motifs retained a methoxy group adjacent to the carbonyl group as the side 

chain is designed (Figure 2-4). Based on method B (Figure 2-4), pentamer 1 was converted to a 

diacid chloride and reacted with two equivalents of amino-terminated tetramer 2, which upon 

mixing with 3 equivalents of trimethylamine (TEA) in DCM, formed 13mer 3 in 20% yields, a 

significant improvement over previous methods. Additional synthetic details can be found in the 

supplementary information (Section2.5). 

1

2

3

Method B

Figure 2-4 Final step of Method B producing final target 13mer 3. 

After purification and validation by 1H-NMR and MALDI (2.5 Chapter 2 Supporting 

Information), 13mer 3 was examined by CD in various organic solvents. This was to rapidly 

probe the folding conformation driven by solvent effects, observed from preliminary results 

demonstrated in Figure 2-5. If 3 was to fold into a well-defined helix, a Cotton effect was 

expected, in comparison to reported CD results.20,22-29 A positive Cotton effect would be 

demonstrated by a crest observed at longer wavelengths and a trough at shorter wavelengths 

typically indicating a right handed helix,20,30 if the electronic transition moment is parallel to the 

magnetic displacement moment. Staggered and sharp peaks may be observed in DMF, acetone, 
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DMSO, THF, and toluene but this was due to improper scanning past UV solvent cut-offs. No 

effective cotton effect can be observed in acetone, while in DMF, DMSO, THF, DCM, and 

CHCl3 a weak negative Cotton effect can be observed. This Cotton effect is maximized in 

dioxane and MeCN depicting that folding is the strongest in these two solvents. Interestingly, the 

Cotton effects observed in MeOH, EA, toluene, and CCl4 were a non-uniform and positive, and 

were vastly different in comparison to those in dioxane or MeCN. This conformational change 

was unclear in terms of specific structural representation or state, but clearly demonstrated a 

solvent-dependent change in conformational preference. 

a b 

c d 

e f 
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k l 

i j 

g h 

Figure 2-5 Molar ellipticity of CD signals of 3 (8 µM) observed in various solvents between 250 

– 400 nm in (a) acetone, (b) DMF, (c) DMSO, (d) THF, (e) DCM, (f) CHCl3, (g) dioxane, (h) 

acetonitrile at 16 µM, (i) MeOH, (j) ethyl acetate, (k) CCl4 and (l) toluene. 

Due to the variance in Cotton effect, it was hypothesized that the non-uniform positive 

Cotton effect observed in MeOH, ethyl acetate, CCl4 and toluene could be due to aggregation. 

Therefore a dilution study was carried out in ethyl acetate from 24 to 0.05 μM (Figure 2-6). 

Plotting the elliptical absorbance maxima at 332.9 nm vs. concentration demonstrated a linear 
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trend suggesting the absence of aggregation. It was expected that dilution disrupting aggregation 

would give rise to a non-linear trend. The Beer-Lambert law specifies in UV/Vis that A=εbc 

where A is absorbance, ε is the extinction coefficient, b is the path length and c is concentration. 

Upon dilution ε and b are held constant, since the molecular state should remain the same 

resulting in no change in the extinction coefficient and the path length is dependent on the 

cuvette which is also constant throughout the experiment. The only change during dilution 

should be concentration. With ε and b held constant any changes in c should directly relate to A 

thus when plotting absorbance vs. concentration, should result in linear plot. If there is a change 

in states, such as disrupting aggregation, then the extinction coefficient is due to change. 

Previous linearity between absorbance and concentration is disrupted due to variation in the 

extinction coefficient with reduced concentration and changes in molecular states. Initially the 

observed linear trend appeared to have been due to the lack of an aggregated state, but upon 

further examination it could also be due to the aggregate signal dropping below detection limit. 

Other systems have also showed aggregation at µM concentrations, for example, a system 

designed by Mullen and coworkers involved a dilution study that was carried out from 170 mM 

to 1 µM by 1H-NMR.31 
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  a b 

Figure 2-6 Dilution of oligoamide 13mer 3 in EA including (a) CD spectra with decreasing 

concentration, and (b) absorbance at 332.9 nm plotted against concentration. 

Although the role of aggregation over molecularly dissolved states remained to be 

elucidated, the thermal stability was examined. Temperature studies were carried out with the 

expectation that unfolding, of molecularly dissolved states, or dissociative behavior of 

aggregates would be observable. In the case of unfolding a reduction of intensity would be due to 

destabilization (unfolding) of the presumably folded helical conformation, giving rise to 

observable Cotton effect. The boiling point of the solvents used contained the upper temperature 

limit to 55 °C in EA and 60 °C in CCl4 (Figure 2-7). Interestingly, at 16 μM in EA, CD signal 

only slightly weakened, providing evidence for a stable molecular state. The stability of this 

molecular state was further probed at 8 μM in CCl4, starting at 15 to 60 °C, during which the 

same trend was again observed. Due to the lack of a complete signal disappearance, the 

conformational preference pertaining to the unnatural Cotton effect could still not be as 

attributed to either aggregate or single molecule, but demonstrated an interesting thermal 

stability for the species that gave the CD signal. 
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c d 

a b 

Figure 2-7 Stacked CD spectra of 13mer 3 (16 μM) including (a) spectra with increasing 

temperature in EA and (b) change in molar elliptical intensity at 335 nm, (c) molar elliptical 

spectra with increasing temperature in CCl4 at 8 μM and (d) change in molar elliptical 

absorbance at 321 nm. 

Due to the lack of intensity reduction in EA and CCl4, studies in mixed solvents were 

carried out with the expectation that a depreciation of signal would occur upon adding a solvent 

in which no CD signal was detected. Observation of complete disappearance of CD signal is 

important in assessing the reversibility of folding, which in this case would be caused by change 

in solvent and/or temperature. If the folding of an oligomer shows thermal dependence, it would 

not only suggest the relevance to the folding of biomacromolecules, but also provides a control 

on the conformation of such an oligomer. To simplify interpretation, a mixed solvent of 30% 

CHCl3/70% CCl4 was utilized for studies with varying temperature that would lead to changed 
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CD signals indicating both folded and unfolded states. The obtained results are presented in 

Figure 2-8. This specific mixed solvent was chosen based on a previous study (SI) that 13mer 3 

dissolved in this solvent exhibited the strongest CD intensity that, showed a sigmoidal 

correlation with increasing temperature before reaching zero. It was expected that the adding 

CHCl3 into CCl4 destabilized the folded conformation since the CD signal first weakened and 

then disappeared upon adding increasing amounts of CHCl3 into CCl4. Another advantage of 

utilizing this system was the even sinusoidal shape of the Cotton effect with that previously 

observed in CCl4 (Figure 2-5). The variable-temperature CD study carried out in CCl4 solution 

was repeated in 3:7 CHCl3/CCl4, which lead to the observation of a sigmoidal depreciation of 

signal in correlation to variable temperature. This system revealed a temperature-dependent 

stability of the folded conformation of 3 that is reminiscent of the folding of biomacromolecules, 

with a melting temperature at ~44 °C. 

a b 

Figure 2-8 Temperature study of partially rigid 13mer 3 (8 μM) in a mixed solvent of 30% 

CHCl3/70% CCl4 including (a) CD spectra with increasing temperature, (b) change in molar 

ellipticity observed at 321 nm. 

After observing the thermal sensitivity of 13mer 3 in a 30 % CHCl3/ 70% CCl4 solution, 

it became increasingly clear that the folding events for these partially rigid oligoamides were 

56 



 

 

          

       

          

         

            

            

            

    

           

           

           

    

 

            

     

          

           

       

solvent dependent. To gain more insight into the difference in the conformational preferences 

observed in CCl4 and MeOH, a study was conducted utilizing a mixed solvent containing both. 

The obtained results are shown in Figure 2-9a. Instead of directly switching from one 

conformational preference to another, which could indicate a reinforcement of one conformation 

over others, the CD signals disappeared in solvents with 20-50% MeOH and then reappeared in 

solvents with more than 50% MeOH. This demonstrates that a complete change in 

conformational state involves one of three possible factors: 1) an aggregated state to a folded 

conformation, 2) a folded conformation to a different folded conformation, or 3) an aggregated 

state to a different aggregated state. The effect of increasing proportion of CHCl3 in MeOH 

(Figure 2-9b) demonstrate enhancement of well defined Cotton effects, indicating that the signal 

observed in MeOH was from the folded conformation of discrete molecular species, which falls 

into possibility 1 or 2 outlined above. 

Figure 2-9 Molar ellipticity observed for 13mer 3 (16 µM) in (a) MeOH in CCl4 (0-100%), and 

(b) CHCl3 in MeOH (0-30 %). 

2.1.1. Folding of Partially Rigid Aromatic Oligoamides examined with 2D 1H-NMR 

Studying folded conformation utilizing NMR techniques has been common among the 

foldamer community to validate folding and to establish structure-function characteristics. NMR 
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is capable of examining different nuclei, but sensitivity is highly dependent on the abundance of 

specific nuclei. With a natural abundance of 99.98%, proton is the most commonly utilized 

nucleus in NMR. Shielding and deshielding effects allow for the identification of protons in 

different local environments and thus different types of functional groups based on 1H 

resonances. Assignment of the peaks in 1H-NMR spectra becomes especially tedious when 

significant shift and overlap between similar protons occur. To build a structural representation 

based on 2D NMR techniques, the protons of 13mer 3, are labeled as shown in Figure 2-10. 

Figure 2-10 Proton labeling along the backbone of oligoamide 13mer 3. 

Unfortunately, ambiguity in peak assignment can be a common problem for structural 

characterization based on 1H NMR. It is often useful to collect COSY spectra that rely on 

through-bond interactions to observe adjacent protons.  Due to COSY being unable to observe 

through-space correlations, NOESY experiments are also run. These through-space interactions, 

called NOEs, can be observed by NOESY techniques due to the detection of cross relaxation 
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induced by electronic polarization between two electrons. Electronic polarization is induced 

when two electrons come into proximity, causing perturbations in the relaxation of the individual 

nuclei. COSY peaks are also observable in a NOESY spectrum. Peaks observable in both COSY 

and NOESY spectra are ignored, leaving out peaks from through-bond interactions to focus on 

those from through-space. 

While CD allows the characterization of conformational preference, unfortunately, this 

technique does not depict fine structural details. The demonstration of weak/no folding in CHCl3 

observed with the CD spectra implied that it’s unlikely to observe a folded conformation with 

NOESY spectra. In this case, the structural details of what to expect for an unfolded state are 

more likely to be observed. Initially, aromatic protons of the partially constrained sub-unit, 

shown by the inset of Figure 2-11, were able to be quickly verified by COSY cross-peaks (Figure 

2-11).  It was interesting to observe the significant chemical shift difference between aromatic 

hydrogens c and d, with respective chemical shifts of ~8.6 and ~7.0 ppm. This is likely due to 

electron-withdrawing effect since proton c is para to an amide carbonyl group causing 

deshielding and downfield shift. Proton d is meta to the same carbonyl group and ortho to a 

shielding methoxy side chain. This causes a slight upfield shift, which overall induces significant 

splitting to these adjacent hydrogens. 
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Figure 2-11 (a) Partial gCOSY spectrum of 13mer 3 in CDCl3 (500 MHz, 25 °C, 1 mM), (b) 

partial structure representing unconstrained unit COSY peaks observed between hydrogens c and 

d, including (c) partial structure representing a constrained unit depicting hydrogens g and f. 

Further characterization by NOESY was necessary to determine the folding of 13mer 3 in 

CHCl3. Previous identification of proton groupings based on COSY enabled direct comparison to 

the NOESY spectrum (Figure 2-12). With this comparison all peaks related to interactions 

between hydrogens c and d can be left out, due to these peaks being adjacent to each other and 

do not reflect the observation of through space interactions. Cross peaks between amide 

hydrogens b and internal aromatic hydrogens e/g are not observed in the COSY spectrum and 

can be attributed to through-space interactions. If these peaks were observed in a NOESY 
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spectrum, it would demonstrate that the backbone is unfolded, and/or significantly favors the 

unfolded state. Favoring an unfolded state could be related to a potential rapid exchange between 

the folded and unfolded motifs, which can be demonstrated by NOEs between these two states. 

Specifically NOEs between amide b and aromatics c and e would be an observable indicator for 

both folded and unfolded states. A folded motif would give rise to NOEs between external 

aromatic c and amide b, based on the inset in Figure 2-11 placing these hydrogens into close 

proximity. Demonstrated in Figure 2-12, only NOEs between amides b and internal aromatic e 

are observed, presenting a that 13mer 3 is unfolded in CDCl3. Originally reported constrained 

13mers by our group folded strongly in CHCl3,1,10,32 but the current alternating constrained 

structure did not exhibit any noticeable extent of folding based on its 2D-NOESY 

spectrum(Figure 2-12). This was due to the incorporation of partially constrained units to the 

backbone of this oligomer, resulting in unfolded conformation that gives NOE between amide 

proton b and aromatic proton e. 

Figure 2-12 (a) Partial NOESY spectrum of 13mer 3 (500 MHz, 25 °C, 50 ms mixing time, 0.5 

mM) in CDCl3 including corresponding 1H-NMR spectrum aligned on left and top. (b) Partial 

gCOSY spectra of 13mer 3 under the same conditions. 

61 



 

 

              

       

              

           

           

         

           

           

         

      

       

         

           

            

          

            

           

           

          

           

     

           

           

With the identification of an unfolded state for 3 in CHCl3, it was interesting to probe if a 

folded motif could be observed in different solvents. Thus solvents such as CCl4, ethyl acetate, 

MeOH, or MeCN in which 3 exhibit CD signals were screened with NMR for information 

indicating the folded of this oligomer. However, in all of these solvents, except for ethyl acetate, 

oligomer 3 demonstrated poor solubility in the mM concentration range and thus were unsuitable 

for the intended NMR experiments. Ethyl acetate retained the best solubility but, as a deuterated 

solvent, is an incredibly expensive. To work around this issue mixed solvent solutions were 

again utilized to further characterize the folding of 3. This proved especially tedious because all 

mixed solvent solutions utilized for previous CD studies had proved ineffective at mM 

concentrations required for NMR experiments due to limited solubility. Eventually a tri-

component mixed solvent with 70 % CD3OD, 21% CCl4, and 9% CDCl3 was utilized, in which 

oligomer 3 demonstrated a reasonable solubility (1 mM) suitable for NMR measurements while 

still showing CD signal. This tri-component solvent was developed based on the melting curve 

of 3 measured in a mixed solvent containing CCl4 and CHCl3, as shown in Figure 2-8, that was 

utilized as the basis. Methanol was added to this two-component solvent because the CD 

spectrum of oligomer 3 in methanol retained a stronger symmetry between the crest and trough 

of a positive Cotton effect that indicates a helical conformation. Increasing the proportion of 

methanol to 10% (by volume) in 30% CHCl3/70% CCl4 initially resulted in the significant 

weakening of CD signal. However, when the mixed solvent contained 70% MeOH (21% CCl4 

and 9% CHCl3), the CD signal reappeared with a strong resemblance to the Cotton effect given 

by a helically folded conformation (Figure 2-13c). 

Solubility observed in a tri-solvent mixture consisting of 70% CD3OD, 21% CCl4, and 

9% CDCl3 showed the greatest potential of observing a folded motif based on what indicated by 

62 



 

 

            

           

             

       

           

          

         

          

          

          

            

               

              

            

              

              

                

            

            

         

           

           

       

CD spectrum. All peaks can be assigned with the help of a gCOSY spectrum that verifies the 

chemical shifts of the protons. Unfortunately all amide protons underwent quick exchange with 

the presence of 70% CD3OD in the mixed solvent and thus were invisible. A solvent system 

utilizing 70:21:9 MeOH/ CCl4/ CDCl3, to prevent exchange, was found to retain poor solubility 

caused by larger trace amounts of water in comparison to CD3OD. This significantly hindered 

the characterization of folded conformation utilizing amide proton b. Previous assessments on 

the folding of rigid aromatic oligoamides with NOESY relied on detecting NOEs between 

bifurcated H-bonds and the protons of methyl groups that are strategically placed at the two 

termini of an oligomer and those at non-adjacent, remote locations. These NOEs were similarly 

targeted for the partially rigid oligoamide 3. While no satisfactory NOE was observed with the 

protons of the methyl group on the terminal PEA residue, which would support the helical 

folding of 3, there were other NOE cross peaks between the external aromatic protons c and d 

with various protons of the glycol side chains. This would only be possible if the protons on 

glycol side chains and those of adjacent aromatic units were placed in close proximity, as shown 

in Figure 2-13b. NOEs between the protons of a side chain and aromatic proton d should be 

much weaker than the NOEs between the protons of the same side chain and aromatic proton c, 

because the larger distance between proton d and those of the side chain. However, this was not 

observed, suggesting that protons c and d are about the same distance from those of the side 

chains. This led to the possibility that these protons could be utilized in place of amide proton b 

to indicate the presence of a folded conformation. Interestingly, weak NOEs between protons of 

the side chain and those of aromatic protons e, indicating an unfolded conformation. This 

observation on an unfolded state implies a dynamic nature of a reversible folding-unfolding 

process which in this case is mainly solvent-dependent. 
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a b 

c 

Figure 2-13 (a) NOESY spectrum (500 MHz, 1 mM, mixing time = 200 ms, 25°C) of 

oligoamide 3 in mixed solvent consisting of 70% CD3OD, 21% CCl4, and 9% CDCl3, including 

(b) the corresponding NOE contacts between aromatic proton c and side chain (sc) protons. (c) 

The CD spectra of 3 (8 µM) in a mixed solvent of CHCl3, CCl4, and MeOH ranging from 0 -

100% MeOH with an initial solution of 30% CHCl3 and 70% CCl4. 

2.1.2. Conclusions on the Folding Behavior of Aromatic Oligoamides Having Alternating 

H-Bond-Constrained and Partially Constrained Amide Linkages 

It can be concluded that the incorporation of a 6-membered H-bond in place of a three-

center H-bond consisting of cooperative 5 and 6-membered H-bonded rings introducing a 

partially constrained amide unit. An oligoamides backbone having such partially constrained 

amide units is still able to fold into a helical motif but the folding becomes highly sensitive to 

solvent. The driving force for the folding of such an oligoamide is drastically different from its 

counterpart with fully constrained amide units. It is hypothesized that folding is driven by 

solvophobic effect resulted from the large proportion of methanol in the mixed solvent required 

for the observation of folding by 2D-NMR. Methanol, as a poor solvent for the oligoamide 
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backbone, drives the “collapse” of the backbone to minimize the unfavorable interaction. For an 

oligoamide consisting of meta-linked benzene residues, a helical conformation is one that allows 

the backbone to avoid solvent (methanol) molecules to the maximum extent. CD spectra show 

that only in polar solvents such as MeCN, MeOH and dioxane, in which oligoamide like 3 gives 

well dispersed NMR peaks that imply the absence of aggregates, could clear Cotton effects be 

observed, suggesting that the observed CD signals are not due to aggregation but more likely 

resulted from helically folded oligoamide molecules, although aggregation could not be 

completely ruled out. Broad CD bands without features typical of helical conformation are 

observed in solvents like toluene, CCl4 and EA, which are likely due to aggregation. Another, 

less compelling, evidence of aggregation is from the preparation of NMR solvents involving EA 

or CCl4, which often led to gelation of the solvent in the NMR tube after cooling from heat 

treatment. 

It is interesting that in highly polar solvents DMSO and DMF, oligoamide 3 gave almost 

no CD signals. These solvents could compete for H-bonding interaction and interrupt the 

bifurcated and 6-membered H-bonds along the backbone; they could also solvate both the 

aromatic residues and the amide linkages and abolish any possibility of solvophobically driven 

folding. Even though folded conformation can be observed with the partially rigid 13mer 3, the 

folding process is highly sensitive to the nature of solvents and unfolding can happen easily by 

either adding a “good” solvent for the oligoamide backbone or by raising temperature. . Future 

work would be directed at understanding the details about the influence of electrostatic 

repulsion/attraction between adjacent aromatic units, effect of side chains and interactions of 

terminal groups with other remote segments of the backbone upon folding. 
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2.2. Early Advancement in the Design of Partially constrained Foldamers 

Early foldamers developed by our group were demonstrated to be extraordinarily robust 

which was directly correlated with the bifurcated H-bond consisting of cooperative 5- and 6-

membered H-bonding rings. These constrained systems had proved to be so robust that even 

elevated temperature or highly polar solvents had negligible effects in causing unfolding. In 

contrast, most peptidomimetic foldamers demonstrated solvent-dependent folding or unfolding. 

To enhance the tunability of the folded structure and also the reversibility of the folding process, 

which are observable for many peptidomimetic foldamers, a partially constrained amide unit was 

designed and incorporated into the oligoamide backbone. Varying the proportion of such 

partially constrained amide units in an oligoamide, as shown in Figure 2-2, enabled the 

generation of oligoamides with tunable folding stability. Specifically, investigating these 

oligoamides with backbones of different ratios of constrained and partially constrained amide 

units should result in the oligoamide foldamers with systematically tunable stability. An 

additional advantage of oligoamide foldamers with backbones of enhanced flexibility is that, 

folding- imposed steric hindrance that frustrated the preparation of long oligoamides with fully 

constrained backbone is no long a problem. 

The design of building blocks can significantly improve overall synthetic efficiencies for 

desired oligomer targets. This is one of the most desired factors to consider with basic building 

blocks, and is especially important for future industrial applications. The route for synthesizing 

the building block of the original fully constrained oligoamides is shown in Figure 2-14a, which 

includes a three-step process to generate building blocks 4d with a total yield of ~61%. The 

synthetic route for preparing the building block for the partially constrained oligoamides relies 

on two steps with an overall yield of ~79% (Figure 2-14b). Starting from the commercially 
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available 5-nitrosalicylic acid, the route involves two additional steps to prepare the alkylated 

ester 5c. . A subtle benefit of the design of building block 5c is that one side chain needs to be 

incorporated.. 

Figure 2-14 Synthetic routes for preparing (a) building blocks 4d and (b) building blocks 5c 

with corresponding yields shown. 

Having simplified building blocks was not the only reason for developing partially 

constrained oligoamides. The very poor yields for fully constrained 13mers first synthesized in 

2005 led to the method shown in Scheme 2-1a, which resulted in improved synthetic efficiency 

with a yield of 36.9%. In 2006 the synthesis of these oligoamides was again examined by 

replacing amide hydrogens with the acid-sensitive 2, 4-dimethoxybenzyl (DMB) group, which 

interrupted the intramolecular three-center (bifurcated) H-bonds and led to unfolded 

conformation. Coupling a monomer diacid chloride with two equivalents of a 6mer with some of 

its amide hydrogens replaced with the DMB group led to the generation of the 13mer with yields 

as high as 72%. Coupling backbone-constrained 6mer, i.e., the one without DMB groups and 

retained bifurcated H-bonding, led to a much lower yield of 3.7%. These efforts made on 

improving the synthetic efficiencies of oligoamides has not been thoroughly addressed, although 
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increasing synthetic yields is a continuous goal for ongoing synthetic efforts. With steric 

hindrance playing a pivotal role in synthesizing constrained 13mers, it was expected that 

aromatic oligoamides with all its amide units being partially constrained would result in 

improved yields due to the free rotation around amide-aryl bonds that allow unfolding, which 

thus overcomes steric hindrance. Based on the same amide coupling chemistry as previously 

described, partially constrained aromatic oligoamides were generated in collaboration with Rui 

Liu, a previous member of the Gong lab. These oligomers were obtained in yields of 53%, 47%, 

27% corresponding to oligomer length of 7, 11, and 13 residues, respectively. This represented a 

huge improvement over the 3.7% yield observed with fully constrained aromatic oligoamides 

prepared in 2006, which nevertheless still showed the effect of oligomer length on yields. The 

improved yields are due to the enhanced flexibility of the oligoamide backbones, which allowed 

unfolded conformation that facilitated the coupling of various segments. 
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12a, 12b, or 12c
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Scheme 2-1 Synthetic methodology for (a) a fully constrained 13mer 7 reported in 2005, (b) in 

depth synthetic analysis of 9mers 9 and 10 with and without DMB replacing amide hydrogens, 

and (c) current methodology for generating partially constrained aromatic oligoamide 7mer, 

11mer and 15mer 13a-c. 
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Following improved synthetic efficiencies, the next step is to investigate the folding of 

these partially constrained oligoamides. Early studies on the folding of fully constrained 

oligoamides was mainly performed with 2D NMR spectroscopy. However, CD is a useful 

alternative that allows rapid conformational determination, although CD cannot provide specific 

structural information. Solvent-dependent folding was examined in a variety solvents: DMF, 

DMSO, acetone, EA, THF, CHCl3, DCM, 1, 2-dichloroethane, CCl4 and 2, 2, 2-trifluoroethanol. 

A clear length-dependence was observed. For example, 7mer 13a and 11mer 13b did not give 

any CD signal in any solvent although the two oligomers are capable of folding into a full turn or 

almost two turns, respectively. In contrast, CD signals were observable for 15mer 13c, which can 

adopt a helical conformation of two and a half turns, in CCl4 and ethyl acetate (Figure 2-15). 

Notably, ethyl acetate as a polar solvent, is completely different from the nonpolar CCl4. 

However, in the two solvents 15mer 13c gave the same positive Cotton effect with a crest at 323 

nm and a trough at 273 nm. Polar solvent such as 2, 2, 2-trifluoroethanol, commonly used to 

stabilize the folded conformation of peptides, failed to lead to observable CD for 13c, 

demonstrating that the driving force for the folding of 13c is different as compared to that for 

natural peptides. Dilution studies were carried out to verify potential aggregation in CCl4 and 

ethyl acetate. Linear correlations were observed for the elliptical maxima at 323 nm in CCl4 and 

313 nm in EA, demonstrating that intensity change was due to change in concentration instead of 

conformational or aggregation involvement. 
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Figure 2-15 CD spectra of 13c recorded at different concentrations in (a) carbon tetrachloride 

and (b) ethyl acetate including: (inset a) plot of linear correlation at 323 nm vs concentration and 

(inset b) plot of linear correlation at 313 nm vs concentration. 

Further analysis of spectra of compound 13c introduced an interesting concept involving 

terminal-group recognition where chirality is transferred through the S-PEA termini and 

translated into the backbone, enforcing a specific helical handedness. End group recognition is 

known to be a fundamental force for controlling handedness in helical peptides. To probe this 

interaction involving helices of aromatic oligoamides, the termini were replaced with R-PEA 

where it was expected that this would lead to inversion of the helix handedness (Figure 2-16). It 

was observed, following the same conditions previously utilized, that inversion was induced 

terminally for compound 14 at 8 µM in CCl4. This enforced these partially constrained aromatic 

oligoamides retained folded conformations and relation to similar inversion characteristics of 

natural peptides. 
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Figure 2-16 (a) The CD spectrum of unconstrained 13-mer 14 with R-phenylethylamine termini 

demonstrating negative cotton effect in CCl4 with a concentration of 8 µM. (b) Structure of 14. 

Lastly, temperature experiments of compound 13c were carried out to characterized 

potential denaturation. CD spectra of increasing temperature in CCl4 and ethyl acetate 

demonstrated no variation in observed cotton effect besides that of reducing intensity. Plots of 

maxima 323 nm (CCl4) and 313 nm (ethyl acetate) demonstrate a reversed sigmoidal curve 

(Figure 2-17), comparable to the unfolding of peptides involving well-defined folded 

conformations. Thus loss of CD intensity can be intrinsically related to the loss of helical 

conformations and relatability to unfolding of compound 13c. Folding stabilities between these 

solvents were compared through “melting temperatures” which demonstrated which point the 

folded and unfolded populations were approximately equal. Melting temperatures CCl4 and EA 

were determined from the sigmoidal plots observed in Figure 2-17, retaining values of ~38 and 

15 °C respectively. The weaker temperature resistance observed in EA in comparison to CCl4, 

suggests that perhaps the intermolecular forces serving to enforce stability act in a cooperative 

fashion and are stronger in CCl4 than EA. 
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Figure 2-17 Elliptical plots of temperature studies carried out for oligoamide 13c in (a) CCl4 (1.6 

µM) at 323 nm, and (b) EA (3.2 µM) at 313 nm. 

2.3. Conclusions and Future Direction of Tuning the Folding Stability of Aromatic 

Oligoamides 

In conclusion, CD studies have been an effective method for examining solvent effects 

pertaining to folding of aromatic oligoamides with partially constrained backbones. The CD 

spectra of 3, 13c and 14 retain signals in the range of 260-360 nm, corresponded to the UV-Vis 

absorption range of the benzene units engaging direct observation of backbone interactions. This 

observation allowed verification of the folded conformation in EA and CCl4 within this 

wavelength range for partially constrained aromatic oligoamides 13c and 14 (Figure 2-15 and 

Figure 2-16). Inversion of chirality imposed by the terminal PEA groups from S to R, 13c and 14, 

led to the observation of inverted Cotton effect (Figure 2-16). This inversion indicated the 

handedness of the helix was also inverted, verifying the role of the chiral terminal group in 

biasing the handedness of the helix. In solvents which a folded state was observed, temperature-

dependent CD spectra revealed the weakening and eventual disappearance of CD signals that 

was attributed to the unfolding of the helical conformation. The observed temperature-dependent 
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folding-unfolding behavior closely resembles that of biomacromolecules. Due to structural 

limitations imposed by the meta-linked benzene residues, the folded conformation was expected 

to be the same as that of previously characterized, fully constrained aromatic oligoamides. The 

melting temperatures of oligomer 3 in CCl4 is higher than that in EA, implying that the stability 

of the folded conformation is directly related to solvation/solvent polarity. 

Compared to our previously developed aromatic oligoamides that have fully constrained 

backbone, the current design involves replacing a highly robust bifurcated H-bond with a two-

centered, six-membered H-bonded ring, which allows one of the two amide-aryl bonds flanking 

an amide moiety to freely rotate, resulting in a partially constrained oligoamide backbone. Such a 

backbone, with its flexibility, loses significant folding stability observed with its fully 

constrained counterparts. Because of the flexibility of the backbone, the folding of an oligoamide 

has to rely on intramolecular stacking between its non-adjacent aromatic and amide residues, 

which further depends on solvation/solvent polarity. 

Folding of alternating constrained aromatic oligoamides was found to be significantly 

more stable than their partially constrained counterparts based on solvent, temperature and 

denaturation studies leading to observable signal. In comparison, partially constrained 

oligoamides 13c CD signals were only observable in CCl4 and EA while the alternating 

unconstrained series, such as 3, exhibited CD signals in a variety of solvents (Figure 2-5). 

Oligoamides like 3, with some partially constrained amide units, retained high thermal stability 

as shown the nearly unchanged intensities of their CD signals upon heating to 50 °C in CCl4 

(Figure 2-7). In contrast oligomer 13c in the same solvent, with all amide linkages partially 

constrained, demonstrated a melting temperature of 38 °C (Figure 2-17). These stability 

differences correlate to the expectation that the folded conformations of aromatic oligoamides 
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with a greater number of partially constrained amide linkages would be less stable than those of 

their more constrained counterparts. The different stabilities of the folded structures can be 

further characterized by examining denaturation caused by “denaturing” solvents, solvents that 

do not give rise to CD signal, or by raising temperature which can be monitored with changed 

intensities of CD signals. Intensities of CD signals were plotted vs the proportions of the 

“denaturing” solvent or temperature revealed sigmoidal-shaped curves indicating cooperative 

folding-unfolding processes (Figures 2-8, 2-9, and 2-17). 

Two non-cooperative states exist for the alternating constrained oligoamide 3. This was 

exposed by variations in the shape of the Cotton effects within CD spectra containing CCl4 and 

increasing proportions of MeOH (Figure 2-9a, and 2-13c). One of these non-cooperative states of 

oligoamide 3 in 70% CD3OD/ 21% CCl4/ 9% CDCl3 was observed to retain a folded 

conformation demonstrated by 2D-NMR experiments (Figure 2-13). Unfortunately the other 

non-cooperative state observed by CD signal for the oligoamide 3 in CCl4 (Figure 2-5), matching 

that of oligoamide 13c (Figure 2-13), was unable to be structurally confirmed by NMR due to 

limited solubility at mM concentration. CD dilution studies carried out on oligoamides 3 and 13c 

supports that aggregation does not exist within the μM detection limit of CD measurements 

(Figure 2-6 and 2-15), but further characterization is required by 1D NMR titration experiments. 

These experiments would begin with 100% CDCl3 and increase by 10% increments to observe if 

aggregation is a major factor of insolubility at mM concentration. 

Future development enhancing the tunability of partially constrained and alternating 

constrained oligoamides would be refocused towards structure activity relationship studies 

involving the partially constrained series. Structure activity relationships would target 

modifications made at the termini to observe if folding stability could be enhanced through the 
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incorporation of three-center hydrogen bonds at these positions. To ensure a specific helical 

handedness is favored, addition of chirality would occur at the central di-acid linking position for 

all oligomers as a control for helical enforcement. Side-chains will also be targeted to enhance 

folding stabilities. Alternating chiral alkyl and non-chiral glycol side chains will be observed in 

comparison to full incorporation of glycol side chains to observe if solvent effects can be 

modified to further increase folding stability. 

2.4. Chapter 2 Supplementary Information 

All reactions were conducted with oven-dried glassware under argon or atmosphere. All 

chemicals were purchased from Acros, Aldrich, or Fischer Scientific and used as received unless 

otherwise specified. Analytical thin layer chromatography (TLC) were performed using Analtech 

Uniplate silica gel plates detected by UV light. Column chromatography utilized Silicycle 

SiliaFlash F60 silica gel. All solvents were removed by rotatory evaporation, unless specified 

otherwise. 

CD spectra were recorded using a Jasco J-815 CD Spectrometer equipped with a Jasco 

MPTC-490S/ 15 temperature controller. Experimental parameters a wavelength range of 400 – 

260 nm at a rate of 50 nm/ min. Stock solutions were prepared using either spectroscopic grade 

CDCl3 (2 mM) or ultrapure CCl4 (2 mM), and allowed to sit overnight before use. Samples were 

added to a 3 mL quartz cuvette within 10 min of dilution and vigorous shaking, and the CD 

spectrum was recorded unless otherwise noted. Spectra were analyzed with Microsoft Office 

Professional Plus Excel 2013, after being converted using Jasco Spectra Manager Version 2. 

Variable temperatures were recorded from 15 – 60 °C and were allowed to equilibrate over 5 

minutes before recording, unless otherwise noted. 
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1H NMR spectra were collected with Varian INOVA 500 (500 MHz), Varian INOVA 

400 (400 MHz) and Varian Gemini 300 (300 MHz) spectrometers at 25 °Cunless otherwise 

noted. Either the sample’s solvent or tetramethylsilane (TMS) was used as an internal standard. 

All chemical shifts were reported with reference to the internal standard. Electrospray ionization 

mass spectra (ESI-MS) were collected on a Thermo Finnegan LCQ Advantage MS spectrometer. 

MALDI spectra were collected with a Bruker Biflex IV matrix assisted laser 

desorption/ionization time of flight (MALDI-TOF) mass spectrometer using a matrix of α-cyano-

4-hydroxycinnamic acid (1 mg/ mL) dissolved in CDCl3. 

2.4.1. Synthesis of Reduced Constraint Aromatic Oligoamides 

*Full synthesis and characterization detailed in supplementary information of Aromatic 

oligoamides with increased backbone flexibility: improved synthetic efficiencies, solvent-

dependent folding and cooperative conformational transition for unconstrained S-

phenylethylamine 13-mer.1 

Scheme SI-2-1 Synthetic method for preparing glycol side chain. 
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Synthesis of 2-(2-(isopentyloxy)ethoxy)ethan-1-ol (SI-2-2): Diethylene glycol (71 g, 0.67 mol) 

was added to 700 mL of anh. THF and was cooled to 0 °C. Sodium hydride (13.3 g, 0.55 mol) 

was added in 2.5 g increments every 10 min until the last addition of 3.3 g. The solution was 

stirred for 1 hr, then isoamyl bromide (52 g, 0.34 mol) was added dropwise with an addition 

funnel over 2 hrs. The solution was heated to 60 °C overnight. Solvent was evaporated after 

vacuum filtration. The crude (95 g, 54 %) was used directly in the next step. 

Synthesis of 2-(2-(isopentyloxy)ethoxy)ethyl 4-methylbenzenesulfonate (SI-2-3): 

Crude (95 g) from the previous step was dissolved in a solution of 500 mL of DCM and TEA 

(60g, 0.593 mol). Next tosyl chloride (72 g, 0.377 mol) was added portion-wise into solution 

which stirred overnight. The solution was vacuum filtered and the solution was evaporated. 

Column chromatography (15:1- 5:1 hexane/ EA) yielded a clear oil (60 g, 34 %). 

5a 5b 5c

Conc. H2SO4, MeOH K2CO3, DMF, TsOR

MeOH/THF, NaOH

5c SI-2-4

1)H2/Pd/C, MeOH/ DCM, 5c

2) EDC/ HOBt, SI-2-4, 5c’

5cSI-2-4 SI-2-5

Scheme SI-2-2 Synthetic preparation of aromatic oligoamide dimer with reduced constraint. 

Synthesis of 5-nitro methyl salicylate (5b): 5-nitro salicylic acid (50 g, 0.273 mol) was 

dissolved in 1 L of methanol and 35 mL of conc. Sulfuric acid was added dropwise. Next the 

solution was brought to reflux for 3 days. The solution was allowed to cool to room temperature 
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to crystalize. The crystals were collected by vacuum filtration and the mother liquor was 

rotovaped down and crystalized again in acetone/ hexane. The light yellow crystals were 

combined and crystalized again resulting in light yellow crystals (37.7 g, 70 %). 

Synthesis of methyl 2-(2-(2-(isopentyloxy)ethoxy)ethoxy)-5-nitrobenzoate (5c): 

5-nitro methyl salicylcate (15.65g, 0.0795 mol, 1 eq) was added to 400 mL of DMF. Next 

potassium carbonate ( 65.8g, 0.4767 mol, 6 eq) was added in three portions and the solution was 

stirred for 30 min. 2-(2-(isopentyloxy)ethoxy)ethyl 4-methylbenzenesulfonate SI-2-3 (27.57g, 

0.0834 mol, 1.05 eq) was added and the solution was heated to 110 °C for 2 days. After cooling 

the solution was vacuum filtered and DMF was evaporated off. The crude was dissolved in EA 

(50 mL) and washed with dH2O (1x 100 mL) then 5 % KHCO3 (3 x 50 mL). EA was evaporated 

and the crude underwent column chromatography (15:1 – 5:1 hexane EA) in which a yellow oil 

was collected. 

Synthesis of 2-(2-(2-(isopentyloxy)ethoxy)ethoxy)-5-nitrobenzoic acid (SI-2-4): 

Compound 5c (7.7 g, 0.0217 mol) was added to a solution of 70 mL methanol. Lithium 

hydroxide (1.56 g, 0.065 mol) was added to a separate solution of 65 mL dH2O and 65 mL 

methanol, and this solution was added slowly to compound 5c. After 6 hours the solvent was 

evaporated and redissolved in EA (50 mL) and washed with dH2O (1 x 50mL), 5 % KHCO3 (1 x 

50 mL), then 1 M HCl (1X 50 mL). EA was evaporated to leave a yellow oil (5.93g, 80%). 

Synthesis of Dimer (SI-2-5): Compound 5c (3.39 g, 0.0095 mol) was dissolved in 80 mL DCM 

with ~50 mg of 10% Pd/ C and then 80 mL methanol. This solution was hydrogenated for one 
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hour. During this time Compound SI-2-4 (3.10 g, 0.0091 mol) was added to 50 mL DCM. Next 

EDC (2.12 g, 0.01365 mol) was added and the solution was stirred for 10 min before adding 

HOBt with 20% H2O (01.77 g, 0.0109 mol). This solution stirred for 30 minutes. The 

hydrogenated solution was vacuum filtered, evaporated and redissolved in DCM then added to 

compound 5c’ and stirred at room temperature overnight. Then the solution was washed with sat. 

sodium bicarbonate (2 x 50 mL) then dried with sodium sulfate. Column chromatography (10:1 – 

2:1) hexane/ EA led to the collection of a cream colored solid (4.28 g, 72 %). 

SI-2-6 SI-2-7

SI-2-8
SI-2-9

14SI-2-9

EDC/HOBt, DCM, SI-2-6

R-Phenylethylamine

1) H2/Pd/C, SI-2-7

2) EDC, HOBt, DCM, SI-2-6

1) H2/Pd/C, SI-2-8

2) EDC, HOBt, DCM, SI-2-6

1) H2/Pd/C, SI-2-8

2) HBTU, DIEA, DCM, 

SI-2-8’, ML-1

Scheme SI-2-3 Synthetic preparation of reduced constraint aromatic oligoamide. 

Synthesis of Dimer Acid (SI-2-6): 

Compound SI-2-5 was dissolved in 60 mL of tetrahydrofuran and 30 mL of 2M sodium 

hydroxide which was vigorously stirred for 5 days. Solvent was evaporated under pressure and 

20 mL of 3M hydrochloric acid was added. The crude was dissolved in 50 mL DCM and washed 

with dH2O (2 x 25 mL) and sat. sodium bicarbonate (1 x 20 mL) then 1 M hydrochloric acid (1 x 

100 mL) then once more with dH2O (1 x 120 mL). 
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Synthesis of Dimer with Endgroup (SI-2-7): 

Same procedure as dimer SI-2-5. Purified by precipitation from EA/ hexane solution twice 

yielded white solid (0.65 g, 56%) 

Synthesis of tetramer (SI-2-8): 

Same procedure as dimer SI-2-5, yielded white solid (0.56 g, 75 %). 

Synthesis of hexamer (SI-2-9): 

Compound SI-2-7 (0.56 g, 0.430 mmol) was hydrogenated under standard conditions for 2 hr. 

Compound SI-2-6 (0.273 g, 0.430 mmol) was dissolved in 20 mL DCM and thionyl chloride 

(0.205 g, 1.72 mmol) with a drop of DMF was stirred for 2 hr. The fresh amine solution was 

vacuum filtered, the solvent evaporated, and redissolved in 20 mL DCM with TEA (0.217 g, 

2.15 mmol). The fresh acid chloride was evaporated and dissolved in 2 mL DCM and added 

dropwise to the solution of fresh amine and the reaction was stirred overnight at room 

temperature. The next day the sample was evaporated and chromatography (100:1 – 60:1 CDCl3/ 

EA) and crude was purified through liquid- liquid diffusion using CDCl3/ hexane solution. 

Afterwards the crude was precipitated three times from EA/ hexane solution yielding white solid 

(0.478 g, 59 % yield). 1H NMR (500 MHz, CDCl3) δ 10.40 – 10.24 (m, 3H), 10.05 (s, 1H), 9.20 

(s, 1H), 8.54 – 8.32 (m, 5H), 8.05 (m, 4H), 7.50 – 7.23 (m, 5H), 7.16 (d, J = 9.1 Hz, 1H), 7.08 

(dd, J = 19.0, 8.8 Hz, 3H), 6.98 (d, J = 8.8 Hz, 1H), 5.44 – 5.33 (m, 1H), 4.53 (s, 2H), 4.42 (s, 

5H), 4.29 (d, J = 3.9 Hz, 2H), 4.07 (t, J = 22.0 Hz, 6H), 3.89 (dd, J = 29.1, 25.3 Hz, 7H), 3.67 – 
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3.31 (m, 15H), 1.64 (m, 10H), 1.47 (dd, J = 13.5, 6.5 Hz, 2H), 1.43 – 1.17 (m, 9H), 0.86 (m, J = 

16.0, 8.2 Hz, 26H). 

Synthesis of Flexible (R) 13-mer (14): 

Compound ML-1 was dissolved in 20 mL DCM along with HBTU (0.0147 g, 0.039 mmol) and 

DIEA (3.6 mg, 0.028mmol). Compound SI-2-9 was hydrogenated under standard conditions for 

3 hrs after which was vacuum filtered, solvent evaporated, then redissolved in 5 mL DCM which 

was added dropwise to solution containing ML-1. This reaction was run overnight at room 

temperature. Solvent was evaporated and chromatography (100:1 – 30:1 CDCl3/ methanol) led to 

product that was washed with EA/ hexane to produce a white solid. 

MS (MALDI-TOF) m/z, calcd C232H332N14O52 peak found 4172 (M+Na+). 

2.4.2. Synthesis of Alternating Constrained Aromatic Oligoamides 

5b
SI-2-11

4c SI-2-10

SI-2-12

SI-2-12SI-2-10

K2CO3, DMF, TsOR

K2CO3, DMS, Acetone

1) H2/Pd/C, SI-2-10

2) EDC, HOBt, DCM, SI-2-12

SI-2-13

MeOH, NaOH

Scheme SI-2-4 Synthetic preparation of alternating constraint aromatic oligoamide dimer. 
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Synthesis of methyl 2,4-bis(2-(2-(isopentyloxy)ethoxy)ethoxy)-5-nitrobenzoate (SI-2-10): 

Methyl 2,4-dihydroxy-5-nitrobenzoate (6.7 g, 0.0314 mol) and carbonate (23.9 g, 0.1728 mol) 

were added to 250 mL of DMF which was stirred for 30 min. Then SI-2-3 (21.8 g, 0.0660 mol) 

was added and the solution was heated at 80 °C for 5 days. The solution was then vacuum 

filtered and DMF was evaporated. The crude was dissolved in 300 mL DCM and washed with 

dH2O (1 x 150 mL) and 1 M HCl (1 x 150 mL). Column chromatography (10:1 – 5:1 hexane/ 

EA) resolved a yellow oil (5.7 g, 34.2 %). 1H NMR (300 MHz, CDCl3) δ 8.55 (s, 1H), 6.74 (s, 

1H), 4.42 – 4.23 (m, 4H), 4.04 – 3.91 (m, 4H), 3.87 (s, 3H), 3.82 – 3.55 (m, 12H), 3.48 (dd, J = 

12.6, 6.8 Hz, 5H), 1.68 (o, J = 6.5 Hz, 2H), 1.59 – 1.41 (quin, J= 6.5 Hz, 5H), 0.89 (d, J = 6.3 

Hz, 12H). 13C NMR (75 MHz, CDCl3) δ 163.90, 163.55, 157.31, 131.98, 130.93, 111.98, 99.36, 

77.61, 77.18, 76.76, 72.44, 71.05, 70.35, 69.86, 69.21, 61.61, 51.91, 38.29, 24.95, 22.52. MS 

(ESI-MS) m/z, Calcd for C26H43NO10 peak found 529 (M+Na+) 

Synthesis of methyl 2-methoxy-5-nitrobenzoate (SI-2-11): 

5-nitro methyl salicylate (10 g, 0.0507 mol) was added to 250 mL acetone and potassium 

carbonate (28 g, 0.2030 mol) was added in two portions. After stirring for 30 min dimethyl 

sulfate (DMS, 7.67g, 5.7 mL, 0.0608 mol) was added dropwise and the solution was heated to 

reflux for 1 day. Hexane was added until precipitate formed and solid was collected via vacuum 

filtration. The precipitate was crystalized twice in acetone/ hexane solution generating white 

crystals (10.66 g, 99.6 % yield). 
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Synthesis of 2-methoxy-5-nitrobenzoic acid (SI-2-12): 

Methyl 2-methoxy-5-nitrobenzoate (6.8 g, 0.032 mol) was added to 100 mL methanol. Next 35 

mL of 2 M sodium hydroxide was added and the solution was heated to 60 °C for 2 hr. After 

cooling to room temperature, 50 mL of 3 M hydrochloric acid was added to the solution and 

precipitate was vacuum filtered and washed with dH2O (2X 100 mL) leaving white solid (5.4 g, 

85 %). 

Synthesis of methyl 2, 4-bis (2-(2-(isopentyloxy) ethoxy) ethoxy)-5-(2-methoxy-5-

nitrobenzamido) benzoate (SI-2-13): 

Compound SI-2-10 (1.1 g, 0.056 mol was hydrogenated under standard conditions for 1.5 hr. 

Compound SI-2-12 (2.7 g, 0.051 mol)was dissolved in 50 mL DCM. and EDC (1.3 g, 0.0084 

mol) was added to the solution, then stirred for 5 min before adding HOBt (0.834 g, 0.0062 mol). 

Compound SI-2-10 was then vacuum filtered and all solvent was evaporated, then redissolved in 

DCM and added dropwise to compound SI-2-10. 1H NMR (300 MHz, CDCl3):  δ 10.04 (s, 1H), 

9.04 (s, 2H), 8.13 (dd, J = 9.2, 3.0 Hz, 1H), 7.01 (d, J = 9.2 Hz, 1H), 6.50 (s, 1H), 4.32 – 4.06 

(m, 9H), 3.99 – 3.87 (m, 7H), 3.78 (dd, J = 6.0, 3.6 Hz, 2H), 3.70 (dd, J = 5.9, 3.4 Hz, 2H), 3.66 

– 3.56 (m, 4H), 3.47 (dt, J = 17.6, 6.9 Hz, 4H), 1.80 – 1.57 (m, 2H), 1.46 (m, 4H), 1.26 (t, J = 7.2 

Hz, 3H), 0.88 (dd, J = 12.7, 6.3 Hz, 11H). 13C NMR (75 MHz, CDCl3) δ 170.99, 165.60, 161.46, 

160.01, 156.41, 151.54, 141.63, 128.01, 123.25, 122.27, 121.36, 112.43, 111.94, 98.75, 77.52, 

77.09, 76.67, 70.96, 70.60, 70.23 – 69.44, 69.21, 68.19, 60.28, 57.08, 51.64, 38.37, 25.00, 22.56, 

20.96, 14.13. MS (ESI-MS) m/z, calcd for C34H50N2O12 found 701 (M+Na+). 
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SI-2-13

MeOH/THF, NaOH

SI-2-14

SI-2-14 SI-2-15

SI-2-16SI-2-15

1) H2/Pd/C, SI-2-15

2) EDC, HOBt, DCM, SI-2-14

EDC/HOBt, DCM

Scheme SI-2-5 Synthetic preparation of alternating constraint aromatic oligoamide tetramer. 

Synthesis of 2,4-bis(2-(2-(isopentyloxy)ethoxy)ethoxy)-5-(2-methoxy-5-

nitrobenzamido)benzoic acid  (SI-2-14): 

Compound SI-2-13 (0.5 g, 0.74 mmol) was dissolved in 20 mL THF then 2 mL of 2M sodium 

hydroxide was added slowly. Methanol (~5 mL) was added to solubilize THF and dH2O. This 

solution was heated to 60 °C for 8 hrs. The solution was acidified with 3 M HCl and precipitated 

was collected by vacuum filtration and washed with dH2O (2 x 50 mL) resulting in light yellow 

solid (0.45 g, 91 %). 1H NMR (300 MHz, CDCl3):  δ 10.70 (s, 1H), 9.96 (s, 1H), 9.01 (s, 1H), 

8.87 (d, J = 3.0 Hz, 1H), 8.10 (dd, J = 9.1, 3.0 Hz, 1H), 6.96 (d, J = 9.2 Hz, 1H), 6.40 (s, 1H), 

4.34 – 4.28 (m, 2H), 4.19 (s, 5H), 4.09 – 4.03 (m, 2H), 3.88 – 3.81 (m, 2H), 3.76 (dd, J = 5.9, 3.4 

Hz, 2H), 3.70 (dd, J = 6.0, 3.3 Hz, 2H), 3.62 (dd, J = 5.8, 3.4 Hz, 4H), 3.48 (q, J = 7.1 Hz, 5H), 

1.75 – 1.57 (m, 2H), 1.46 (dq, J = 9.3, 6.9 Hz, 4H), 0.88 (dd, J = 8.0, 6.7 Hz, 12H). 13C NMR (75 

MHz, CDCl3) δ 163.90, 163.55, 157.31, 131.98, 130.93, 111.98, 99.36, 77.61, 77.18, 76.76, 

72.44 , 71.05, 70.35, 69.86, 69.21, 61.61, 51.91, 38.29, 24.95, 22.52. MS (ESI-MS) m/z, Calcd 

for C33H48N2O12 peak found 687 (M+Na+) 
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Synthesis of (S)-2,4-bis(2-(2-(isopentyloxy)ethoxy)ethoxy)-5-(2-methoxy-5-nitrobenzamido)-

N-(1-phenylethyl)benzamide (SI-2-15): 

Compound SI-2-14 (1.8 g, 0.0027 mol) was added to 30 mL DCM, then EDC (0.66, 0.0043 mol) 

and HOBt (0.42 g, 0.0031 mol) were added separately with 5 min of stirring before each 

addition. Next s-phenylethylamine (0.40 mL, 0.0031 mol) was added and the solution was stirred 

at room temperature overnight. This solution was transferred to a separatory funnel and washed 

with 1 M HCl (1 x 50 mL) then 5 % potassium bicarbonate (1 x 50 mL). The organic layer was 

dried with sodium sulfate and was evaporated. The crude was then precipitated in EA hexane and 

centrifuged resulting in yellow solid (0.99 g, 48 %).1H NMR (300 MHz, CDCl3): δ 9.88 (s, 1H), 

9.02 (d, J = 9.2 Hz, 1H), 8.84 (d, J = 2.7 Hz, 1H), 8.24 (d, J = 7.8 Hz, 1H), 7.97 (dd, J = 9.1, 2.5 

Hz, 1H), 7.45 (d, J = 8.0 Hz, 1H), 7.36 (t, J = 7.5 Hz, 2H), 7.27 (dd, J = 12.9, 6.0 Hz, 1H), 6.80 

(d, J = 9.1 Hz, 1H), 6.25 (s, 1H), 5.35 (d, J = 7.0 Hz, 1H), 4.28 – 3.27 (br, 22H), 1.73 – 1.54 (m, 

5H), 1.44 (dd, J = 13.8, 6.9 Hz, 4H), 0.87 (dd, J = 6.6, 3.0 Hz, 12H). 13C NMR (75 MHz, 

CDCcl3) δ 163.71, 161.56, 159.49, 153.34, 150.86, 144.57, 141.11, 128.44, 127.61, 126.93, 

126.24, 123.42, 121.94, 113.82, 112.06, 96.18, 70.55, 69.95, 69.25, 68.41, 68.13, 57.15, 48.92, 

38.37, 25.02, 22.57. MS (ESI-MS) mz, calcd C41H57N3O11found 768 (M+), 790 (M+Na+). 

Synthesis of (S)-N-(3-((2,4-bis(2-(2-(isopentyloxy)ethoxy)ethoxy)-5-((1-

phenylethyl)carbamoyl)phenyl)carbamoyl)-4-methoxyphenyl)-2,4-bis(2-(2-

(isopentyloxy)ethoxy)ethoxy)-5-(2-methoxy-5-nitrobenzamido)benzamide (SI-2-16 = 2): 

Compound SI-2-15 was hydrogenated for 1.5 hrs, at the same time compound SI-2-14 was 

dissolved in 30 mL DCM. Next EDC (0.07 g, 0.45 mmol) and HOBt (0.045, 0.33 mmol) were 
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added separately with 5 min stirring in between. Compound SI-2-15 after hydrogenated was 

vacuum filtered and solvent evaporated then redissolved in DCM and added dropwise to 

compound SI-2-14. This was stirred for 2 days then washed with dH2O (1 x 50 mL) and sat. 

potassium carbonate (1 x 50 mL). Crude was dried with sodium sulfate and solvent was 

evaporated followed by precipitated in hexane/ EA solution. 1H NMR (300 MHz, CDCl3): 1H 

NMR (300 MHz, cdcl3) δ 10.25 (s, 1H), 10.01 (d, J = 12.9 Hz, 2H), 9.28 (d, J = 8.0 Hz, 2H), 

9.01 (s, 1H), 8.29 (d, J = 7.7 Hz, 2H), 8.09 (d, J = 11.4 Hz, 2H), 7.46 (d, J = 7.2 Hz, 2H), 7.36 (t, 

J = 7.2 Hz, 1H), 7.27 (q, J = 6.2 Hz, 1H), 6.96 (dd, J = 14.7, 9.2 Hz, 1H), 6.48 (s, 1H), 6.34 (s, 

1H), 5.49 – 5.30 (m, 1H), 4.42 – 3.27 (br, 33H), 1.78 – 1.19 (m, 11H), 0.97 – 0.66 (br, 16H). 13C 

NMR (75 MHz, CDCl3) δ 163.96, 162.70, 161.71, 159.72, 153.61 – 153.11, 151.33, 151.04, 

144.46, 141.32, 133.01, 128.17, 126.87, 126.23, 125.14, 123.92, 123.49, 122.66, 122.36 – 

121.66, 114.36, 113.69, 112.08, 96.77, 70.83, 70.62 – 69.04, 68.98, 68.40, 57.30, 56.27, 48.80, 

38.36, 24.98, 22.54. 
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SI-2-17

SI-2-17 SI-2-18

ML-1 ML-1’

SOCl2, DCM
1) H2/Pd/C, SI-2-13

2) TEA, DCM

MeOH/THF, NaOH

Scheme SI-2-6 Synthetic preparation of diacid aromatic oligoamide pentamer. 
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SI-2-18

SI-2-19

SI-2-20

1) H2/Pd/C, SI-2-15

2) C2O2Cl2, DCM, DMF (cat.), SI-2-18 

3) TEA, DCM, SI-2-18’, SI-2-15’

1) H2/Pd/C, SI-2-16

2) SOCl2,  DCM,  SI-2-18 

3) TEA, DCM, SI-2-18’, SI-2-16’

Scheme SI-2-7 Preparation of alternating constrained aromatic oligoamide 13mer. 

Synthesis of Pentamer diester (SI-2-17): 

4,6-bis(octyloxy)isophthalic acid (0.160 g, 0.378 mmol) was added to 20 mL of DCM and oxalyl 

chloride (0.107 g, 0.832 mmol) was added  with a drop of DMF then stirred for 1 hr. Separately 

dimer SI-2-13 (0.500 g, 0.738 mmol) was hydrogenated for 1 hr then vacuum filtered and 

solvent evaporated. The fresh amine was redissolved in DCM with TEA (0.191 g, 1.89 mmol). 

Solution of 4,6-bis(octyloxy)isophthalic was evaporated and redissolved in DCM then added 

dropwise to the fresh amine solution which stirred overnight at room temperature. Afterwards the 

solvent was evaporated and column chromatography (100:1 – 20:1 chlroform/ methanol) leading 

to white solid (300 mg, 47 %).1H NMR (300 MHz, CDCl3): δ 10.26 (s, 2H), 9.54 (s, 2H), 9.07 (s, 
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2H), 8.80 (s, 2H), 8.08 (d, J = 7.8 Hz, 2H), 7.90 (s, 2H), 7.26 (s, 2H), 6.87 (d, J = 8.8 Hz, 2H), 

6.48 (s, 2H), 6.19 (s, 2H), 4.25 – 3.22 (m, 41H), 2.57 (s, 2H), 1.80 (s, 4H), 1.66 – 1.02 (m, 26H), 

0.86 – 0.64 (m, 20H). 13C NMR (75 MHz, CDCl3) δ 165.83, 161.81, 161.72, 159.95, 155.82, 

153.43, 151.63, 136.67, 132.67, 124.41, 123.05, 122.55, 122.34, 121.57, 114.05, 112.42, 112.14, 

98.94, 96.42, 70.90, 70.62, 70.06, 69.97, 69.78, 69.72, 69.65, 69.25, 68.23, 56.30, 51.52, 38.35, 

38.32, 31.70, 29.30, 29.25, 29.00, 26.05, 24.96, 22.57, 22.54, 13.99. MS (ESI-MS) m/z, calcd 

C92H138N4O24 found 1684 (M+), 1707 (M+Na+). 

Synthesis of Pentamer diacid (SI-2-18 = 1): 

Compound SI-2-17 (0.3 g, 0.18 mmol) was dissolved in 10 mL THF and 0.72 mL of 2 M sodium 

hydroxide, then the solution was heated to 60 °C for 5 hrs. After acidification solid precipitate 

was gravity filtered and washed with dH2O (1 x 10 mL) then dried in the oven overnight yielding 

white solid (0.2 g, 68 %). MS (ESI-MS) m/z, calcd C90H134N4O24 peak found 1656 (M+), 1678 

(M+Na+) 

Synthesis of nonamer (SI-2-19): 

Compound SI-2-15 (0.0742 g, 0.098 mmol) was hydrogenated under standard conditions for 1 

hr. SI-2-18 (0.080 g, 0.049 mmol) was dissolved in 10 mL DCM and oxalyl chloride (0.0134 g, 

0.11 mmol) was added with 50 µL DMF then stirred for 1 hr. Fresh amine of SI-2-15’ was 

vacuum filtered and evaporated under pressure, then redissolved in 15 mL DCM with TEA 

(0.0195g, 0.19 mmol). Fresh acid chloride of SI-2-18’ was evaporated under pressure then 

redissolved in DCM and added dropwise to the amine solution which was stirred overnight at 

room temperature. Next the reaction was washed with dH2O (1 x 50 mL) and dried with sodium 
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sulfate. Column chromatography (100:1 – 20:1 CDCl3/ methanol) led to crude which was 

precipitated from EA/ hexane yielding a white solid (30 mg, 20 %). 

MS (MALDI-TOF) m/z, calcd for C172H248N10O40 peak found 3118 (M+Na+). 

Synthesis of 13-mer (SI-2-20 = 3): 

Compound SI-2-16 (0.1.02 g, 0.073 mmol) was hydrogenated under standard conditions for 1 hr. 

Compound SI-2-18 (0.06 g, 0.036 mmol) was dissolved in 10 mL DCM and thionyl chloride 

(0.0345 g, 0.29 mmol) was added with 50 µL DMF then stirred for 1 hr. Fresh amine of SI-2-16’ 

was vacuum filtered and evaporated under pressure, then redissolved in 15 mL DCM with TEA 

(0.0146g, 0.15 mmol). Fresh acid chloride of SI-2-18’ was evaporated under pressure then 

redissolved in DCM and added dropwise to the amine solution which was stirred overnight at 

room temperature. Next the reaction was washed with dH2O (1 x 50 mL) and dried with sodium 

sulfate. Column chromatography (100:1 – 20:1 CDCl3/ methanol) led to crude which was 

precipitated from EA/ hexane several times yielding a white solid (35 mg, 22 %). 1H NMR (400 

MHz, cdcl3) δ 10.38 – 10.16 (m, 6H), 10.08 (s, 2H), 9.76 (s, 2H), 9.46 (d, J = 13.3 Hz, 4H), 9.31 

(s, 2H), 9.03 (s, 1H), 8.75 (d, J = 7.7 Hz, 2H), 8.57 (dd, J = 14.8, 8.7 Hz, 4H), 8.32 (d, J = 7.1 

Hz, 2H), 8.03 (s, 2H), 7.82 (d, J = 14.2 Hz, 4H), 7.45 (d, J = 7.3 Hz, 4H), 7.35 (t, J = 7.4 Hz, 

4H), 7.12 (d, J = 8.8 Hz, 2H), 7.08 – 6.98 (m, 2H), 6.94 (d, J = 8.6 Hz, 2H), 6.72 (s, 2H), 6.59 (s, 

2H), 6.52 (s, 2H), 5.47 – 5.34 (m, 2H), 4.52 (s, 4H), 4.36 – 3.25 (br, 80H), 2.01 (s, 4H), 1.75 – 

1.14 (br, 44H), 0.82 (dd, J = 38.6, 6.0 Hz, 40H). MS (MALDI-TOF) m/z, calcd C238H344N14O58 

peak found 4352 (M+Na+). 
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2.4.3. Circular Dichroism Experimental Data 

Firstly a blank spectrum is collected for solvent, or mixed solvent, utilized. Following 

this 13-mer 3 was added from a 2 mM stock solution in increments of 10 µL. The cuvette was 

then shaken vigorously to ensure full and homogenous mixing, then rescanned. Blank spectrum 

are manually subtracted from spectrum with added sample in excel. 

Figure SI-2-1 Molar ellipticity observed for 8 µM oligoamide 3 in mixed solution of EA and 

CCl4 within the wavelength range 260 -400 nm. 
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Figure SI-2-2 Molar ellipticity observed for 16 µM oligoamide 3 in mixed solution of CCl4 and 

CHCl3 ranging from 50 -100% CCl4 within the wavelength range 260 -400 nm. 

Figure SI-2-3 Molar ellipticity observed for 16 µM oligoamide 3 in mixed solution of MeCN 

and THF ranging from 90 -100% MeCN within the wavelength range 260 -400 nm. 
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Figure SI-2-4 Molar ellipticity observed for 16 µM oligoamide 3 in mixed solution of CCl4 and 

DMSO ranging from 0 -9% DMSO within the wavelength range 260 -400 nm. 

Figure SI-2-5 Molar ellipticity observed for 16 µM oligoamide 3 in mixed solution of CCl4 and 

DMF ranging from 0 -12% DMF within the wavelength range 260 -400 nm. 
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Figure SI-2-6 Molar ellipticity observed for 16 µM oligoamide 3 in mixed solution of CDCl3 

and DMF ranging from 0 -10% DMF within the wavelength range 260 -400 nm. 

Figure SI-2-7 Molar ellipticity observed for 16 µM oligoamide 3 in mixed solution of CCl4 and 

MeOH ranging in concentration from 0 -100% MeOH within the wavelength range 260 -400 nm. 
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Figure SI-2-8 Molar ellipticity observed for 16 µM oligoamide 3 in mixed solution of MeOH 

and CHCl3, increasing in v/v of CHCl3 from 0 -30 % within the wavelength range 260 -400 nm. 

Figure SI-2-9 Molar ellipticity observed for 8 µM oligoamide 3 in mixed solution of CHCl3, 

CCl4, and MeOH ranging in concentration from 0 -100 % MeOH with an initial stationary 

volume of 30% CHCl3 and 70% CCl4, within the wavelength range 260 -400 nm. 
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Figure SI-2-10 Proton NMR of 1 mM oligoamide 3 in CDCl3 at 25 °C. 

Figure SI-2-11 2D gCOSY of 1 mM oligoamide 3 in CDCl3 at 25 °C. 
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Figure SI-2-12 Partial 2D gCOSY of 1 mM oligoamide 3 in CDCl3 at 25 °C. 

Figure SI-2-13 Partial NOESY 2D NMR of 1 mM oligoamide 3 in CDCl3 at 25 °C, with a 

mixing time of 50 ms. 
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Figure SI-2-14 Partial NOESY 2D NMR of 1 mM oligoamide 3 in CDCl3 at 25 °C, with a 

mixing time of 50 ms. 

Figure SI-2-15 Proton NMR of 0.5 mM oligoamide 3 in CDCl3 at 10 °C. 
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Figure SI-2-16 Partial 2D gCOSY spectrum of 0.5 mM oligoamide 3 in CDCl3 at 10 °C. 

Figure SI-2-17 2D NOESY spectrum of 0.5 mM oligoamide 3 in CDCl3 at 10 °C, collected with 

a mixing time of 50 ms. 
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Figure SI-2-18 Partial 2D NOESY of 0.5 mM oligoamide 3 in CDCl3 at 10 °C, collected with a 

mixing time of 50 ms. 

Figure SI-2-19 Proton NMR of 0.5 mM oligoamide 3 in DMSO-d6 at 25 °C. 
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Figure SI-2-20 2D gCOSY spectrum of 0.5 mM oligoamide 3 in DMSO-d6 at 25 °C. 

Figure SI-2-21 Partial 2D gCOSY of 0.5 mM oligoamide 3 in DMSO-d6 at 25 °C. 
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Figure SI-2-22 Partial 2D NOESY spectrum of 0.5 mM oligoamide 3 in DMSO-d6 at 25 °C, 

with a mixing time of 50 ms. 

Figure SI-2-23 Partial 2D NOESY of 0.5 mM oligoamide 3 in DMSO-d6 at 25 °C, with a 

mixing time of 50 ms. 
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Figure SI-2-24 Proton spectrum of 0.5 mM oligoamide 3 in a mixed solvent consisting of 50% 

MeCN-d3 and 50% THF-d8 at 25 °C. 

Figure SI-2-25 Partial 2D gCOSY of 0.5 mM oligoamide 3 in a mixed solvent consisting of 

50% MeCN-d3 and 50% THF-d8 at 25 °C. 
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Figure SI-2-26 Partial 2D NOESY spectrum of 0.5 mM oligoamide 3 in a mixed solvent 

consisting of 50% MeCN-d3 and 50% THF-d8 at 25 °C, collected with a mixing time of 50 ms. 
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Figure SI-2-27 Partial 2D NOESY spectrum of 0.5 mM oligoamide 3 in a mixed solvent 

consisting of 50% MeCN-d3 and 50% THF-d8 at 25 °C, collected with a mixing time of 50 ms. 

Figure SI-2-28 Proton spectrum of 0.5 mM oligoamide 3 in mixed solvent consisting of 70% 

CD3OD, 21% CCl4, and 9% CDCl3 at 25 °C. 
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Figure SI-2-29 2D gCOSY of 0.5 mM oligoamide 3 in mixed solvent consisting of 70% 

CD3OD, 21% CCl4, and 9% CDCl3 at 25 °C. 
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Figure SI-2-30 Proton spectrum of 0.5 mM oligoamide 3 in mixed solvent consisting of 15% 

DMF-d7 and 85% CDCl3 at 25 °C. 
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Figure SI-2-31 Partial 2D NOESY partial spectrum of 0.5 mM oligoamide 3 in mixed solvent 

consisting of 15% DMF-d7 and 85% CDCl3 at 25 °Cwith a mixing time of 200 ms. 

**extremely high noise to signal, lack of expected contacts between (c, d), weak NOEs involving 

amide protons and side chain observable. 

*sc = side chain 

109 



 

 

 

            

     

 

Figure SI-2-32 Proton spectrum of 1 mM oligoamide 3 in mixed solvent consisting of 5% 

CD3OD, 66.5% CCl4, and 28.5% CDCl3 at 25 °C. 
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Figure SI-2-33 Partial 2D gCOSY spectrum of 1 mM oligoamide 3 in mixed solvent consisting 

of 5% CD3OD, 66.5% CCl4, and 28.5% CDCl3 at 25 °C. 
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Figure SI-2-34 Partial 2D NOESY spectrum of 1 mM oligoamide 3 in mixed solvent consisting 

of 5% CD3OD, 66.5% CCl4, and 28.5% CDCl3 at 25 °Cwith a mixing time of 200 ms. 
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Figure SI-2-35 Partial 2D NOESY spectrum of 1 mM oligoamide 3 in mixed solvent consisting 

of 5% CD3OD, 66.5% CCl4, and 28.5% CDCl3 at 25 °Cwith a mixing time of 200 ms. 
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Figure SI-2-36 Proton spectrum of 0.5 mM oligoamide 3 in mixed solvent consisting of 5% 

DMSO-d6 and CCl4 at 25 °C. 
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Figure SI-2-37 2D gCOSY spectrum of 0.5 mM oligoamide 3 in mixed solvent consisting of 5% 

DMSO-d6 and CCl4 at 25 °C. 
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Figure SI-2-38 2D NOESY spectrum of 0.5 mM oligoamide 3 in mixed solvent consisting of 

5% DMSO-d6 and CCl4 at 25 °C. *sc - side chain CCl4 
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Chapter 3. Aromatic Oligoureas as Ion-Pair Binders and Helical Foldamers 

The demonstrated effectiveness of three-center, H-bond in constraining amide-linkages 

along the backbone of aromatic oligoamides results in curved planar backbone that serves as the 

basis for the enforced folding of aromatic oligoamides.1-3 With increased oligomer length, the 

curvature introduced by meta-connected aromatic residues leads to a crescent conformation for 

oligomers shorter than 6.5 residues and helical conformations for those longer than 6.5 

residues.4,5 These helices contain hydrophilic, electrostatically negative cavities that are 

decorated by multiple inward-pointing amide oxygen atoms.6,7 The cavity of an oligoamide 

consisting of meta-linked benzene residues has a fixed diameter of ~8.5 Å, which cannot be 

minimized because it is defined by the curvature of the backbone. To construct helical foldamers 

with cavities of different, e.g., smaller diameters, alternative backbones with varied curvatures 

need to be considered. 

In comparison to systems that have been previously demonstrated by Meijer,8,9 Cuccia,10-

12 Pihko,13,14 and Guichard,15-18 the incorporation of urea-linkages into the backbones of aromatic 

oligoureas allows a variety of functions from structural constraint enforcing folding to molecular 

recognition for enhancing catalytic efficiency and stereoselective behavior. Thus it was 

hypothesized that N, N’-disubstituted urea-linkages would be a suitable replacement for the 

secondary amide-linkages used in the design of our aromatic oligoamide foldamers.19 Following 

the same line of restricting flexibility of oligoamide backbones, intramolecular H-bonds 

involving the urea hydrogens were introduced by substituting carbonyl groups on the benzene 

rings to adjacently flank the urea-linkages (Scheme 3-1, left). The H-bonded urea linkage could 

adopt two conformations, one being trans-trans and the other being trans-cis. The trans-trans 

conformation was favored by ~4.06 kcal/mol than the trans-cis conformation, based on ab initio 
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calculations (Scheme 3-1).19 Thus aromatic oligoureas residues involving a trans-trans 

conformation were expected to lead to a curved backbone. 

1
(trans-trans, 0 kcal/mol) (trans-cis, 4.06 kcal/mol)

Scheme 3-1 Structural motifs available to the urea-linkage stabilized by 6-membered H-bonds.19 

3.1. Previous Work on Oligoureas by the Gong Group 

Although conformational preference of H-bond rigidified urea-linkages incorporated in 

aromatic backbones were crescent, like the shorter oligoamides, it had yet to be observed. To 

examine that curvature was retained, a trimeric oligourea 2 was examined by ROESY 2D-NMR 

with observed ROEs displayed by Figure 3-1a. It was expected that the trans-trans conformation 

would lead to internal aromatic ROEs which were within 5 Å based on basic modeling. These 

ROEs would not be observable for the trans-cis conformation due to twisting and dislocation of 

aromatic protons. Interestingly, ROEs between the internal aromatic protons were observed 

within the cavity demonstrating that the trans-trans conformation was preferred in CDCl3. 

Further validation of the trans-trans conformation was exhibited by ROEs between urea protons, 

which also would not have been observable in the trans-cis conformation. Rigidification of 6-

membered urea H-bonding was demonstrated by ROEs between urea and sidechain methylene 

protons (Figure 3-1a). Resonances of urea protons in the 1H-NMR spectrum were found between 

10.8- 11.3 ppm. Average resonance chemical shifts for urea protons are typically 7 ppm in 

CDCl3 demonstrating that these urea protons retain significant downfield shifting, typical for 
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strong hydrogen bonding.3 The internal cavity was determined to be ~5 Å by molecular 

mechanic (MM2) calculations which was significantly smaller in comparison to the ~9 Å cavity 

size of the meta-linked aromatic oligoamides. With urea carbonyls still pointing towards the 

core, a negatively polarized cavity was still retained which was expected to potentially bind 

positively charged ions. The polarization of the cavity could be tuned through uncyclized 

oligourea 3 or cyclized oligourea 4, presented in Figure 3-1b and c, which retained 3 and 4 

carbonyls in the cavity respectively. 

2 3

4

Figure 3-1 (a) ROEs observed for crescent oligourea 2 (500 MHz, 10 mM, 25 °C, mixing time 

200.3 s), molecular structures of a (b) oligotetraurea 3 and (c) tetraurea macrocycle 4. 

The negatively charged nature of this compact cavity was speculated to retain the 

capacity for binding various metal cations, to which cationic recognition was probed through 

simple MALDI-TOF experiments. Two structures involving an oligotetraurea 3 and a cyclized 

tetraurea macrocycle 4 were probed to examine the effect an enclosed cavity had regarding 

selective binding of common metals such as Li+, Na+, and K+. These metals were paired with the 

counter anion tetraphenylborate, which acted as a spectator ion due to sterical hindrance 

preventing potential interaction with the positively polarized urea hydrogens. It was observed 
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that the open cavity oligotetraurea 3 did not retain specificity for either Na+ or K+, but the 

enclosed cavity of the tetraurea macrocycle 4 demonstrated significant selectivity for K+ over 

Na+. Neither compound demonstrated any interaction with Li+, as shown in Figure 3-2. The 

difference in the number of carbonyls present within the cavities of 3 and 4, in combination with 

the conformational flexibility of 3 which could accommodate larger solvation shells of cations, 

rationalized this variation in selectivity.21 These early results clearly demonstrate that aromatic 

oligoureas were capable of ionic recognition, and further exploration could lead to advances in 

molecular recognition of this developing foldameric system. 

a b

Figure 3-2 Overlaid MALDI-TOF spectra of (a) 3 (b) 4 with mixed with LiBPh4 (1 eq.), NaBPh4 

(1 eq.), and KBPh4 (1 eq.).20 

With early oligoureas 3 and 4 demonstrating the ability of cationic recognition, it was 

questioned whether urea linkers were capable of anionic binding, since urea groups have often 

been used in literature for binding anions,22-26 Unfortunately, oligoureas incorporating the 6-

membered H-bonding had significantly reduced yields longer than tetramers.20,27 The cause of 

these low yields was expected to be due to the withdrawing effect of the adjacent side chain 
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carbonyls leading to the deactivated nature of precursor amines, in addition to sterical repulsion 

by the side chain carbonyl lone pairs. Replacing this carbonyl to ether-oxy side chains, increased 

the donating effect to amines substituted on the same benzene residue.27 This activation was 

expected to enable greater yields for further elongation of these oligourea foldamers. This side 

chain replacement also led to a switch between 6-membered to potentially weaker 5-membered 

H-bonding with the urea-linkages, as shown in Scheme 3-2. Tetraurea macrocycles have been 

synthesized with the incorporation of 5-membered H-bonding ureas, demonstrating that despite 

this weaker H-bonding curvature is still be retained.27 

a b

1 5

Scheme 3-2 Variation of oligoureas incorporating (a) acetate side chains with a carbonyl 

inducing 6-membered H-bond, and (b) ether-oxy side chains inducing 5-membered H-bonding.28 

3.2. Anion by Short Aromatic Oligoureas 

Previously 1H-NMR was utilized to confirm the trans-trans conformation of structure 2 

but this was not the case for 5-memebred H-bond oligourea 5.20,27 Two polymorphic crystals, 

previously reported of simplified structure 6 depicted the trans-trans conformation was still 

favored despite weaker H-bonding (Figure 3-3).29 Interestingly, each polymorph also included 

intermolecular H-bonding between the urea-carbonyl of one molecule and both urea-hydrogens 
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of the next, as depicted in Figure 3a and b. The first polymorph 6a, as shown in Figure 3-3b, 

engages in partial stacking between the aromatic rings of separate molecules. Twisting is 

observed of urea hydrogens which seems to be in relation to this stacking in-turn forcing the 

aromatic rings of the same molecule to become almost perpendicular to relieve sterical 

constraint. The secondary polymorph 6b, as shown in Figure 3-3c., retains significantly more 

planarity across the urea-linkage as compared to previous. This is due to sterical constraint being 

relieved by the perpendicular nature between the two intermolecularly H-bonding molecules. 

The inclusion of the intermolecular H-bond reintroduces a constrained H-bond network, leading 

to the enhanced stabilization of the trans-trans motif, but also demonstrates the unique anionic 

recognition behavior of urea-hydrogens. 

Figure 3-3 Hydrogen labeled structure of compound 6 (a) including crystal structures (b) 6a and 

(c) 6b of two known polymorphs.28 

In order to confirm anionic recognition behavior of the ureas, previously demonstrated by 

Fabrizzi et al., a series of dilution studies were performed with 1:1 equivalence of compound 6 

and a variety of tetraethylammonium (TEA+) salts paired with iodide (I-), chloride (Cl-) and 

acetate (Ac-), presented in Figure 3-4a.23,24,30,31 The TEA+ cation was utilized because of higher 
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solubility in organic solvents as compared to other salts such as potassium iodide. With the lack 

of a negatively polarized cavity within compound 6, TEA+ was not expected to bind leaving it to 

act as a spectator ion. Self-association was expected based on the crystal polymorphs 6a and 6b 

indicating that could potentially inhibit host-guest recognition. 

To characterize the host-host binding in solution, a concentration-dependent 1H-NMR 

study of host 6 with no guest was explored from 80 to 0.625 mM (Figure 3-4). Upfield shifting 

of urea protons NH demonstrated weakening of this self-association upon dilution to 20 mM, 

negligible chemical shift was observed for lower concentrations. This led to the conclusion that 

only trace self-association remained below 20 mM.  With the demonstration that self-association 

was negligible by 1H-NMR below 20 mM. Host-guest interactions were probed by more 

concentration-dependent studies starting at 20 mM and including a 1:1 ratio of host 6 with TEA+ 

-paired with I-, Cl and Ac- salts respectively. Acetate salts were required to be dried due to strong 

hydroscopic nature, which would result in weakening of observable binding caused by the 

competitive interaction of water with the urea. It was expected that the acetate salt would retain 

the strongest binding, followed by chloride then iodide based on previous observations in 

literature.22,23 This variation in binding strength stems from stronger H-bonding interaction 

-involving Ac- and Cl and modest H-bonding of I-. This H-bonding potential is partially due to 

the 1s-2p overlap that can related to oxygen and chlorine, but iodine retains significantly worse 

overlap with hydrogen between 4p-1s orbitals which significantly weakens interactions. 
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a

b

Figure 3-4 1H-NMR dilution studies of compound 6 in CDCl3 (a) 1H-NMR stacked spectrum in 

-the presence of no guest, and (b) in the presence of TEA+I-, TEA+Cl , or TEA+Ac-

independently.28 
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Concentration-dependent 1H-NMR studies examining the binding of anions to host 6 

were conducted from 20 mM to 0.05 mM. It was observed that Ac- retained the strongest binding 

with urea due to a 1.145 ppm chemical shift of NH, followed by a 0.264 ppm upfield shift 

-involving Cl (Figure 3-4b). TEA+I- retained poor solubility in CDCl3 until 10 mM, a sign that 

there was low to no interaction between host and guest, limiting dilution studies between 10 mM 

to 0.05 mM. A negligible 0.042 ppm upfield shift by NH was observed for I-. Association 

constants based on nonlinear regression analysis of host 6 with various anions yielded 25 M-1 for 

-Ac- (red), Ka < 1 M-1 for Cl (blue) and no observable association for I- (green). It was concluded 

that the cation did not bind to host 6 due to lack of observable chemical shift of internal-aromatic 

protons adjacent to the carbonyl and methyl/methylene (CH3/CH2) protons of the cation TEA+. 

Overall the weak association of these anions with compound 6 is contradictory to strong 

that have been previously reported.22,25,26,32,33 It was reasoned that this reduced associations 

anionic association of the urea moiety was due to adjacent methoxy units involved in H-bonding. 

These methoxy units retain strong electron-donation that increases the electron density of ureas 

substituted within the same benzene residue. This increases electron density within the ring and 

effectively reduces the acidic nature of the urea hydrogens. More importantly, the negative 

electro-static nature of the methoxy and electron lone-pairs surrounding the ether-oxygen serve 

to repulse approaching anions. 

With an observable trend binding various anions with simplified host 6, a dimeric 

building block 7, utilized for tetraurea macrocycles, was replaced as host to compare the binding 

of anions. Dimer 7 retained nitro groups substituted on the benzene ring meta to the urea-linkage 

126 



 

 

            

             

         

          

               

            

             

            

            

            

             

           

            

              

             

              

      

         

            

        

and para to the ether-oxy side chain. The withdrawing effect of the nitro group was to reduce the 

effective electron donation within the benzene and increase the acidity of urea hydrogens. 

A 1H-NMR dilution study was performed for a 1:1 mixture of compound 7 and TEA+Ac-

in CDCl3 examining the concentration range between 1 mM and 0.05 mM (Figure 3-5). Utilizing 

the same linear regression fitting used for compound 6, a Ka of 923 M-1 was observed for the 

binding of Ac- by compound 7. This demonstrated a binding of acetate 37 times stronger for 

dimer 7 than 6. This enhanced binding was attributed to the electronic nature of the aromatic ring 

which was significantly modified by the additional p-RO- side chain and m-nitro group 

substituted in relation to the NH of the urea-linkage. The o/ p side chains, in relation to the 

substituted position of ureas on the aromatic residues, are known electron donators which cause 

an increase in electron density of the urea NH reducing the potential to bind anions, as 

demonstrated previously by compound 6. The addition of the nitro groups in 7 retain an 

extremely strong electron-withdrawing nature leading to reduction in electron density of the urea 

NH. This reduction of in electron density increases the acidity of urea hydrogens enhancing the 

binding affinity of Ac-. The demonstration enhanced binding of Ac- by dimers 6 and 7 clearly 

represents the direct influence the electronic nature of the benzene ring has on anionic binding. 

Also, the electron-withdrawing nature of m-positioned nitro groups, in relation to urea-linkages, 

significantly overwhelms the electron-donating behavior of the two o/p-OR groups substituted 

around the aromatic ring. These nitro groups dominantly influence the acidic nature of the urea 

hydrogens based on binding affinities observed by dimers 6 and 7. 
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a b

7

Figure 3-5 (a) Structure of dimer 7 and (b) plot of NH chemical shift of a 1:1 equivalence of 

28host 7 and guest TEA-Ac vs. concentration in CDCl3. 

3.3. Examination of Anionic Recognition of Trimeric Aromatic Oligoureas 

Increased anionic binding observed between oligourea dimers 6 and 7 led to the 

formation of trimer 8, generated in collaboration with Ting Hu of Beijing Normal University 

(Figure 3-6a). The purpose of this trimer was to explore the binding potential of longer 

oligoureas Two side chains were utilized for individualized function of each residue. Glycol side 

chains were utilized to increase solubility of the backbone in a larger variety of solvents due to 

the length, H-bonding accepting and dual hydrophobic/hydrophilic nature of the ether chains. 

Alkyl sidechains were also incorporated, S-methylbutanol, to introduce chirality and engage 

favored helical handedness for longer sequences. Chirality induction within the backbone 

enabled circular dichroism (CD) experiments to be carried out for longer sequences in 

collaboration with 2D-NMR techniques to examine folding. The addition of another unit, from a 

dimer to trimer, increases the potential guest binding positions, introducing the ability to bind 

two anionic guests to each host. To verify this, an equivalence study was completed in CDCl3 

starting with a 3 mM solution of host 8 (Figure 3-6b). The salt TEA-Ac was introduced from 0-
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15 equivalence demonstrating a significant chemical shift of urea hydrogens after 1 eq. Initially 

at low equivalences of TEA-Ac the urea hydrogens were in the same environment and share the 

same chemical shift; however, after 0.4 equivalence was added a separation became more 

pronounced with increasing equivalence. This demonstrated either (a) there seemed to be a semi-

selective behavior in which specific urea-linkage was interacting with the anion, or (b) both urea-

linkages interact equally with anions, and through influence of sidechain steric and/or electronic 

influence with the benzene, caused individual protons a part of each urea-linkage to split 

individually. The latter seemed to be the most likely due to symmetry of trimer 8 and a lack of 

electronic difference between each urea-linkage. Interestingly, a clear trend can be observed with 

significant chemical shift of the two urea NH signals after 1 eq. of TEA- Ac. This equivalence 

was utilized for further dilution studies because a 1:1 host/guest involving relatively acidic 

protons could potentially engage in binding interaction as well as deprotonation, with the later 

clearly being observed upon addition of 10-15 eq. of TEA-Ac. Thus it was expected that 

significant shifting of urea protons of host 8 with higher than 1 eq. of TEA-Ac, was due to 

increasing rates of deprotonation/ reprotonation, reducing electron density around the urea 

protons causing downfield shifting, with eventual full deprotonation at higher equivalences. 

Therefore for all dilution studies involving the oligourea trimers were carried out with a 1:1 

host/guest equivalence. 
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a

b

Figure 3-6 (a) Structure of oligourea trimer 8, and (b) partial 1H-NMR spectra (6.0-10.0 ppm) of 

3 mM trimer 8 and 0-15 equivalents of TEA-Ac in CDCl3 (500 MHz, 25 °C). The dashed lines 

trace chemical shifting of two urea NH signals.28 

Binding constants for various anions were examined with host 8 utilizing a 1:1 

equivalence of host-to-guest ratio to reduce deprotonation of urea protons. It was expected that 

-anions would retain strengths in the order of Ac- > Cl > I- based on early results with both 

dimers 6 and 7. Upon dilution in the presence of 1 eq. of each TEA+ salt, urea protons would 

start to separate and at lower concentrationsmerge into a single peak representing a reduction of 

binding affinity with concentration. Separation of urea proton peaks is expectedly caused by 

unequal binding interaction of protons within the same linkage. This is due to a difference in 

electronic effects caused by the electronic nature of the aromatic ring and side chains. This 

separation is clearly not caused by selective anionic binding of one urea linkage, as a whole; else 

in the most extreme case of one urea linkage completely binding an anion while the other is 

completely free would yield two drastically different peak separations with a negligible 

difference in the chemical shift of the free urea linkage vs. a plot, similar that shown in Figure 3-

7a, of the bound urea linkage. 
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Upon dilution solution of 1:1 mixtures of oligourea trimer 8 and TEA+-A- (A=Ac, Cl, or 

I) in CDCl3 starting from 10 to 0.05 mM (Figure 3-7a). Two downfield urea NH shifts of 8 was 

observed to be 1.231 ad 1.105 ppm with TEA-Ac, 0.834 and 0.682 ppm with TEA-Cl, and 0.499 

and 0.328 ppm with TEA-I. Association constants were determined utilizing nonlinear regression 

analysis of the NH chemical shift values of 8 resulting in 220 M-1, 120 M-1 , and 56 M-1 for the 

binding of acetate, chloride, and iodide with urea hydrogens of 8. These association constants 

match the trends previously observed for anionic binding involving urea hydrogens of compound 

-6, as well as demonstrate an increase in binding strength. Interestingly binding of Ac with trimer 

8 is 3x lower than that of dimer 7, likely due to the electronic withdrawing effect of the nitro 

exposed to only half the urea-linkage in trimer 8 vs. the whole urea-linkage of dimer 7. 

Conclusion of the comparison of trimer 8 and dimer 7 leads to the hypothesis that longer 

linkages, it is a strong potential that anions could be directed to bind to terminal urea-linkages 

rather than mid-chain urea-linkages due to terminal nitro groups. 

a b

Figure 3-7 1H-NMR dilution plots of (a) compound 8 urea NH chemical shifts vs. concentrations 

mixed with 1 equivalence of TEA-Ac (red), TEA-Cl (blue), and TEA-I (green). (b) Chemical 
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shift of methylene protons of TEA+ in the presences of 1 equivalent of compound 8 vs. 

concentration.28 

Previous examination of TEA+ methylene protons (Figure 3-7b), upon dilution with 

compounds 6 and 7, demonstrated negligible change, ~-0.06 and -0.003 ppm, in chemical shifts 

resulting in the conclusion that the cation did not associate with either of these dimers. Upon 

examination of dilution studies, from 10 to 0.05 mM, involving a 1:1 host 8 with guest TEA-A 

demonstrated significant upfield shifting of TEA+ methylene protons, not previously observed. 

Within this concentration range, TEA+ methylene protons shifted for -0.233 ppm, -0.174 ppm, 

-and -0.093 ppm for TEA+Ac-, TEA+Cl , and TEA+I- respectively. These chemical shifts 

suggested that the TEA+ was potentially interacting with host 8. It was expected that the TEA+ 

was binding within the cavity based on previous cation binding studies of early oligotetraureas 

and tetraurea macrocycles. The pore of trimer 8 retains significantly less encapsulation than 

tetramer 3, involving less carbonyls within the cavity inducing a weaker negatively polarized 

cavity. Trimer 8 does not retain a full turn of ~4 units; therefore, it was expected that if the cation 

was binding to the cavity it would not do so strongly. The concentration-dependent chemical 

shifts of the methylene protons of the TEA+ in a 1:1 solution with 8 in CDCl3 was fit to a 1:1 

-binding mode. Association constants of the cation TEA+ with host 8 for salts TEA+Ac-, TEA+Cl , 

and TEA+I- were found to be 251 M-1, 132 M-1 , and 82 M-1 , respectively. 

It was interesting that association constants observed for the anions and cations were 

found to be very similar. The binding of Ac- and TEA+ with host 8 was found to be 220 M-1 and 

251 M-1 , chloride and cation were 120 M-1 and 132 M-1 , and iodide and cation were 56 M-1 and 

82 M-1 . These strong similarities between the binding of cation and various anion pairings with 

host 8 suggested that these ions bind cooperatively. Compared to the low binding of various 
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anions with 6, a drastic increase could be observed in anionic binding to trimer 8. In conjunction 

with cation binding to trimer 8, and the negligible binding of cation to dimer 6, indicated this 

cooperativity reinforced the binding of corresponding anions to trimer 8, especially comparing 

the binding of iodine. However, it should also be noted that the exceptionally strong anionic 

binding of acetate to 7 reasons that the electronic behavior of the conjunctive benzenes also plays 

a strong role on the acidity of the urea-linkages and their ability to binding anions. While the 

cation always binds stronger than the anion for the various salt pairings with trimer 8, the anion 

binding regardless of the negligible binding of the cation for dimers 6 and 7, it can be reasoned 

that binding of TEA+ is strongly dependent on the anionic binding of the urea which likely 

transfers polarization inducing the carbonyl to become slightly more negatively charged. This 

polarization transfer then makes the binding pocket more accessible to TEA+ which then 

prevents depolarization to stabilize the slightly greater positive charge observed by the urea 

hydrogens induced by the anion binding, thus reinforcing cooperative binding of the anion/ 

cation pairs. 

3.4. Ion-Pair Binding with Oligourea Trimer 8 

While it was speculated based on chemical shifts observed for the TEA+ methylene that 

the cation was binding with trimer 8, expected to occur within cavity, further studies were 

carried out to verify binding of these anion/ cation pairs. ESI-MS can be utilized in two modes, a 

positive mode which will observe positively charged ions and a negative mode which observes 

negatively charge ions. Since ESI is a soft mass spectrometry technique, the full molecular 

weight instead of a fragmented weight can be observed, including solvent clustering or 

association between two molecules. ESI-MS was carried out with a 1:1 mixture of trimer 8 and 

-TEA+Cl in both positive and negative ion mode. An initial ESI-MS spectrum was observed for 
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trimer 8, labeled M, leading to the observation of an (M+H+) and a (M+Na+) peak (Figure 3-8a). 

Charged species involving a proton or sodium ion in ESI-MS positive mode are often observed, 

but an (M+TEA+) can be observed in Figure 3-8b, demonstrating that TEA+ does bind. More 

importantly in the same spectra a (M++KCl) can be observed resulting in the conclusion that 

chloride bound to trimer 8 can be stabilized by K+, since KCl counterion pair is uncommon in 

ESI-MS. Trimer 8 affinity for the chloride ion can be observed in ESI-MS negative demonstrated 

in Figure 3-8c. Based on observations in both ESI-MS positive and negative ion modes it can be 

concluded that both cation (TEA+) and anion (Cl-) have an affinity for trimer 8. 
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a

b

c

-Figure 3-8 ESI-MS spectra of trimer 8 (a) without the presence of TEA+Cl in positive ion mode, 

(b) with 1 equivalence of TEA+Cl in positive ion mode, and (c) with 1 equivalence of TEA+Cl 

in negative ion mode.28 

3.5. 2D NMR Examination of TEA+ Interactions with Aromatic Oligoureas 

After 1D 1H-NMR dilution studies in CDCl3 and ESI-MS in both positive and negative 

ion mode demonstrating ion pair associations it was questioned whether further structural details 
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could be elucidated by 2D-NMR (ROESY) techniques. Crudely based on molecular weight, 

1016 MW, it was reasoned that ROESY experiments would be preferential due to approximate 

NOE intensity vs. molecular correlation crossing the zero-point threshold, crudely expected for 

compounds between 1000-2000 MW, from positive NOE to negative NOE. This zero-point 

crossover does not occur for ROEs which stay in the positive regime regardless of molecular 

correlation. A short mixing time of 300 ms was used to ensure a lack of spin diffusion that can 

occur with longer mixing times due to oversaturation of ROEs. A labeled compound is included, 

Figure 3-9a, with a clear 2D ROESY spectrum that was collected, presented in Figure 3-9b. Due 

to weak signals observed between urea protons and the side chain protons it would seem that 

trimer 8 retains H-bonding with adjacent RO groups. ROEs between internal aromatic proton b 

and external aromatic proton c demonstrate either through-bond, across the aromatic ring, or 

could also be a demonstration of twisting of the aromatic rings causing these protons to become 

close enough in space to interact with one another. Through-bond correlations and/or twisting 

could also be the cause of ROEs observed between the internal aromatics a/b with urea protons 

NH1/ NH2. Overall this spectrum was provided as reference to demonstrate a lack of interactions 

observed within the cavity. 
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b

Figure 3-9 (a) Structural assignment of 8. (b) Full 2D ROESY spectrum of 8 (5 mM) in CDCl3 

(500 MHz, 25 °C, mixing time: 0.3 s).28 

With the collection of a reference spectrum without the addition of TEA+Ac- it was clear 

that there were few interactions within the internal cavity beside small sidechain interactions that 
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could be due to intermolecular interactions or significant twisting of trimer 8. Another 2D 

ROESY experiment was run under identical conditions but with the addition of a 1:1 mixture of 

timer 8 and TEA+Ac-, displayed in Figure 3-10, with labeled structures of trimer 8 and TEA+Ac-. 

Interestingly, ROEs between sidechains and ureas were no longer observable, as well as those of 

internal aromatic protons a/b with ureas NH1/ NH2. Even potential twisting between benzene 

residues involving internal aromatic proton b to external aromatic proton c were no longer 

observable. Although these peaks were no longer observable, significant interactions became 

apparent between the TEA+ cation protons 1/2 and internal aromatics protons a/b, demonstrated 

by the boxed signals in Figure 3-10b. 
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a

b

Figure 3-10 (a) Structural assignment of 8. (b) Full 2D ROESY spectrum of 1:1 mixture of 8 

with TEA-Ac (5 mM) in CDCl3 (500 MHz, 25 °C, mixing time: 0.3 s). 

Looking more closely at the boxed spectral area, a clear representation of interactions 

between internal aromatics a and b with the methyl and methylene protons of the TEA+, 

presented in Figure 3-11a. A binding model invoving a 1:1 interaction between the ion pair 

TEA+Ac- with trimer 8 displays the expected coformation of this complex (Figure 3-11b). The 
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acetate ion is indescriminately represented on the right urea linkage, although there is no 

selectivity between individual urea-linkages towards the anion. The cation is nested neatly in the 

cavity with pink arrows representing observed ROEs. The electrostatic nature of the four inward 

pointing oxygen atoms enables the binding of the cation, with the positiviely charge nitrogen 

sitting securly in the middle. Interestingly, this demonstrate that the trimer does retain a trans-

trans conformatin within the folded crescent confomation. 

a

b

Figure 3-11 (a) Partial ROESY spectrum of a 1:1 mixture 8 with TEA+Ac- (5 mM) in CDCl3 

(500 MHz, 25 °C, mixing time: 0.3 s). (b) Structural binding model of a 1:1 host/ cation 

interaction based on ROEs detected between trimer 8 and TEA+Ac-.28 

Comparison of partial ROESY spectra involving side chain to aromatic regions, 

demonstrates a clear difference between trimer 8 mixed with and without 1 equivalence of 

TEA+Ac-, as presented in Figure 3-12a and 3-12b. It was expected that ROEs between internal 

aromatic protons and urea NH protons were due to the flipping between the trans-trans and 

trans-cis conformation of the urea-linkage. ROEs between internal aromatics and urea NH 

protons observed of trimer 8 in the absence of TEA+, Figure 3-12d, are not observed in the 

presence of TEA+, Figure 3-12c. This implies that without the cation the overall structure does 
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not maintain the folded crescent motif and the cation reinforces folding by electrostatically 

aligning oxygens towards the cavity. 

a b

c d

Figure 3-12 (a) Partial ROESY spectrum of the side chain to aromatic region of the 1:1 mixture 

(5 mM) of 8 and TEA+Ac- in CDCl3 (500 MHz, 25 °C, mixing time: 0.3 s). (b) Partial ROESY 

spectrum of trimer 8 (5 mM) in CDCl3 (500 MHz, 25 °C, mixing time: 0.3 s). (c) Partial ROESY 

spectrum of the aromatic region for the 1:1 mixture (5 mM) of 8 and TEA+Ac- in CDCl3 (500 

MHz, 25 °C, mixing time: 0.3 s). (d) Partial ROESY spectrum of trimer 8 (5 mM) in CDCl3 (500 

MHz, 25 °C, mixing time: 0.3 s). 
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It was then questioned whether the cation would still bind to the cavity if longer side 

chains were utilized instead of ethyl groups. Therefore instead of using a TEA+, side chains were 

replaced with n-Bu4N+ effectively doubling the length (Figure 3-13a). This elongated cation was 

added in a 1:1 mixture with trimer 8, but due to significant overlap 1H resonance peaks were 

difficult to specifically label, thus a COSY spectrum was collected. Due to the through-bond 

electron interactions allowing signals to arise for protons adjacent to each other, the side chains 

of the cation were able to be clearly determined, marked by boxes in Figure 3-13b. 
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a

b

Figure 3-13 (a) Labeled structure of trimer 8 and n-Bu4N+Ac- and (b) gCOSY spectrum of 1:1 

mixture of trimer 8 with n-Bu4N+Ac- in CDCl3 (500 MHz, 3 mM, 25 °C). 

With the verification of n-Bu4N+ protons within the side chain region (0.0 to 4.5 ppm) 

another ROESY was run with identical conditions except with a concentration of 3 mM instead 

of 5 mM since minimal difference in signal-to-noise was observed in 1H-NMR spectra. It was 

evident that n-Bu4N+ clearly still bound within the cavity due to ROEs between cation protons 1-

4 and internal aromatics a/b (Figure 3-14). It was unexpected that all cation protons retained 
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observable ROEs because the elongated chain length was expected to increase the distance of 

protons 3 and 4 beyond the observable range. Due to the clear strength in ROEs between the two 

inner most cation methylenes, 1 and 2, with inner aromatic protons c indicate a similar mode of 

binding, much like the model in Figure 3-11b for the inner cation. There was a distinct drop-off 

in terms of intensity between protons 3 and 4 with inner aromatic protons c which may represent 

an inductive effect may induce an acidic nature in protons 1 and 2 that increases their interaction 

with oxygens within the cavity, and thus reduces the distance with internal aromatics. 

Figure 3-14 Partial ROESY spectrum of the side chain to aromatic region of the 1:1 mixture (3 

mM) of 8 and n-Bu4N+Ac- in CDCl3 (500 MHz, 25 °C, mixing time: 0.3 s). 

With the demonstration of longer side chains of the cation n-Bu4N+Ac- all retaining 

ROEs with internal aromatic protons a and b, oligoureas of increased length were expected to 

still bind the cation. With this expectation in mind, an oligourea pentamer, received from Ting 

Hu of Beijing Normal University, was examined by 2D NMR (ROESY) in the presence of 1 eq. 
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TEA+Ac- to demonstrate cation binding (Figure 3-15). To increase the clarity of which peaks 

belonged to the cation, COSY spectra were again utilized and cation protons 1 and 2 were easily 

discernable in Figure 3-15b. As expected ROEs between the internal aromatic protons a-c and 

cation protons 1 and 2 indicating that the cation did still bind to the cavity (Figure 3-15c). 

Furthermore, these ROEs also serve to demonstrate that the pentamer must be folded and takes 

on a helical conformation since it surpasses 4 units required to form a macrocycle. Early 

oligoureas developed by our group demonstrated four units were required for stable planar 

macrocycles, and so to surpass that unit length would cause significant sterical strain between 

terminal groups forcing the molecule into a helix as previously observed of elongated 

oligoamides. 
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a

b c

9

Figure 3-15 (a) Labled structure of pentamer 9 and TEA+Ac-. (b) gCOSY spectrum of 1:1 

mixture of pentamer 9 with TEA+Ac- in CDCl3 (500 MHz, 5 mM, 25 °C), and (c) Partial 2D 

ROESY spectrum of the side chain to aromatic regions (500 MHz, 5 mM, 25 °C, mixing time: 

0.3 s). 

3.6. Helical Folding of Extended Oligoureas 

After the examining the binding potential of various organic salts, i.e. TEA+/ n-Bu4N+ 

paired with either chloride, iodide, or acetate, extending the length of the short oligourea trimers 

became of significant interest. Earlier it was demonstrated that an oligourea pentamer was also 

capable of binding a TEA+ cation within the cavity, with all internal aromatic protons 

demonstrating ROE interaction with the cation. This would only have been possible if all 

carbonyls were pointed inwards to support the binding of the charged organic cation, thus 
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enforcing a helical conformation. Unfortunately further examination was required to determine, 

not only if a folded conformation existed without the presence of the cation, but also, if this 

aromatic oligourea retained solvent dependent behavior, which is known to have a strong 

influence based on previously developed aromatic oligoamides.34 

Rotation diagrams of bonds surrounding the urea were provided in collaboration with 

Daniel Miller, working under the under the guidance of Dr. Eva Zurek, to examine basic stability 

of the 5-membered H-bonding between urea-hydrogens and methoxy-oxygens. A small urea 

dimer, N, N’-bis(o-methoxyphenyl)urea, was utilized in order to increase accuracy for observing 

bond rotations and also reduce calculation time, which is known to exponentially increase with 

each atom (basic computation ref needed). A common hybrid density functional (B3LYP) was 

used for geometry optimizations starting with conformational isomer C as the initial starting 

point designated 0 °. With the optimized starting structure C, atoms surrounding the dihedral 

angle of the rotating bond were frozen, depicted to be the N-C-N-C for the α-bond rotation and 

C-N-C-C ofthe β-bond rotation as demonstrated in Figure 3-16. After freezing atoms involved in 

the dihedral angle, a second geometry optimization was run after each 20 ° rotation until a full 

360 ° rotation was completed. Final energy values were converted from electron volts (eV) to 

kcal/ mol with initial (0 °, conformer C) rotational energies subtracted from each rotated 

structure plotted vs. bond rotation to give diagrams as shown in Figure 3-16. 
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Figure 3-16 Energy of rotational conformers of 6 vs. angle of rotation (every 20 degrees) for (a) 

rotation about the carbonyl carbon – urea nitrogen bond (α), and (b) rotation about the urea 

nitrogen – aromatic carbon bond (β).34 

Initially the stability of the trans-trans, conformer C, vs. the trans-cis, conformer C’, was 

examined to verify if a folded structure, potentially observed through the trans-trans motif, 

would be stable enough to form upon elongation. Based on observation of the energy wells of 

Figure 3-16a, only C retained 2.03 kcal/mole more stability than C’, demonstrating a rather weak 

preference between these two conformations; however, upon further examination of the steep 

8.34 kcal/mol rotational barrier, peaked at 80 ° and again symmetrically at 280 °, rotation 

between C and C’ rotamers is inhibited, favoring the trans-trans motif of conformer C. It is also 

interesting to note, that stability of C was 2.03 kcal/mol lower than the previous 6-membered H-

bonded aromatic oligoureas which demonstrated bond rotation energies of 4.06 kcal/ mol. 
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It was known based on previously developed aromatic oligoamides that 5-membered H-

bonds are significantly weaker than 6-membered H-bonds. To ensure full stability of conformer 

C, bond rotation around dihedral angle β was examined, as shown in Figure 3-16b. Rotation 

about the urea-N and aryl-C bond inherently breaks the H-bond between the urea hydrogen and 

the methoxy oxygen. Dissociation of H-bonding was observed to occur between 90-120 ° and 

symmetrically 270-240 ° with an energy change of 1.05 kcal/mol, and full dissociation apparent 

at 120/ 240 ° at ~6 kcal/mol, which is known to be an average stabilization energy of H-bonding. 

Further examination revealed a steep 5.04 kcal/mol ascent which can be observed between 140-

180 °, peaking at 180 ° with a total energy increase of 12.06 kcal/mol representing conformer 

C’’.  This 5.04 kcal/mole increase is likely due to increasing sterical strain between lone pairs of 

the urea-carbonyl and aromatic-methoxy side chain , which are placed in close proximity in C’’. 

Overall based on the computational demonstration between the trans-trans conformation 

C and trans-cis conformation C’ of Figure 3-16a, not only is conformation C 2.03 kcal/mol more 

stable than C’ but a rotational barrier of 8.34 kcal/mol exists to prevent rotational exchange 

between these conformers. In addition, the 5-membered H-bonding between the urea-hydrogen 

and methoxy-oxygen retains ~ 6 kcal/mol stability between C and C’’, with an additional 5.04 

kcal/mol repulsion energy that significantly increases after the dissociation of H-bonding, 

demonstrating full rotation about β is not possible, as shown in Figure 3-16b. Thus, it was 

expected that elongation of the aromatic oligoamides would yield folded conformations based on 

the stability of C. 

To further support the computational results, crystal structures obtained for compound 7a 

and 8a were observed to support C, with both crystals grown under different conditions (Figure 

3-17). Compound 7a was grown from slow evaporation of DMSO/ DCM (3/7, v/v), while 8a 
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was also grown from slow evaporation in MeOH/ CHCl3 (8/2, v/v). Compound C, crystal 

structure 6c reported from literature,29 clearly represents the expected trans-trans isomer 

observed from computational results. Interestingly, further stabilization can be observed of the 

trans-trans conformation through the bifurcated H-bond network in oligourea 7a with even 

binding of a polar DMSO oxygen with urea-hydrogens. This clearly represents a unique solvent-

mediated conformational stabilization that could potentially be utilized later for structural 

enforcement. Crystal structure of trimer 8a, previously utilized for ion pair association 

experiments, proved that water was also capable of complexing with the urea-linkages but only 

on one of the two linkage sites. Further examination of this crystal structure shows an interesting 

bend in the glycol side chain of the central aromatic unit, supporting that H-bonding between the 

water-hydrogens and the glycol-oxygens is also occurring. This indicates that side chains can 

also be tuned in order to increase the binding of various anions, while beyond the scope of this 

study, instills background for future studies in tuning molecular recognition for a variety of other 

organic molecules. 

150 



 

 

 

            

          

    

            

          

            

             

        

              

         

          

     

Figure 3-17 Crystal structure of compounds (a) 6c, (b) 7a complexed with DMSO, and (c) 8a 

complexed with water. All hydrogens were omitted for clarity except those of the urea, and H-

bonding shown by dashed lines.34 

From the crystal structures a 3D model was derived based on the H-bonding distances 

and dihedral angles for an extended aromatic oligourea heptamer (Figure 3-18). The model 

consists of the expected helical folding conformation upon elongation of early trimeric and 

tetrameric oligoureas longer than lengths required for a full turn. The cavity size of this model 

was measured to be ~ 5.5 Å, which is significantly smaller compared to aromatic oligoamides 

with the smallest cavity size of ~8.5 Å across and typically required at least 6.5 units for a full 

turn. This cylindrical sub-nanometer cavity paired with polarization induced by all carbonyls 

pointed inward offers a unique structure for potential future work leading to the discovery of 

unknown properties and functions of mass-transport. 
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Figure 3-18 A 3D model of the folded conformation of an extended aromatic oligourea 

heptamer, derived from bond lengths and angles of the crystal structures of 7a and 8a. All 

hydrogens were omitted for clarity except those of the urea, and H-bonding shown by dashed 

lines.34 

Synthetic work was completed by Ting Hu of Beijing Normal University, a graduate 

student who also collaborated with us on a number of CD experiments. With the 3D model 

forming a folded helical conformation, it was expected that circular dichroism (CD) would yield 

a cotton effect based on spectra previously observed for oligoamides. Due to crystal structures 

demonstrating that solvent with high polarity and high affinity to H-bond were capable of 

binding to the urea hydrogens forming a bifurcated H-bond network, DMF was utilized for initial 

CD examinations (Figure 3-19). This solvent was known to retain good solubility of previous 

oligoamides. Aromatic oligoureas between 5 and 15 units, 9 to 14 were observed in DMF at 20 

°C. Due to low intensity of 5mer 9, a higher concentration of 20 µM was utilized while 7mer to 

15mer (10 to 14) were observed at 12 µM. Increase in ellipticity (mdeg) was observed in 

correlation to increase in chain length demonstrating a positive cooperativity. This positive 

cooperativity specifically defines that longer oligoureas enforce stronger folding, useful for 

developing single molecular channels of defined structures. 
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a b

8: m=1, n=0

9: m=1, n=1

10: m=1, n=2

11: m=1, n=3

12: m=1, n=4

13: m=1, n=5

14: m=1, n=6

8-14:

R1 = S1; R2 = S2

9

10

11

12

13

14

Figure 3-19 (a) Structure of compounds 8-14, (b) CD spectra of aromatic oligoureas 9 to 14 in 

DMF at 20 °C with a concentration of 20 µM for 9 and all others at 12 µM.34 

Due to CD being an absorptive technique, UV-vis was also examined for varying chain 

lengths. Through close examination of the maxima for each absorption band, a slight red shift 

can be observed between the 5mer and 7mer, compounds 9 and 10 respectively, indicative of a π-

stacking (Figure 3-20).35 This slight red shifting is not observed for chain-lengths past that of the 

7mer, potentially the maximum observable π-overlap is achieved with ~1 ¾ turns, and 

furthermore could be one of the defining reasons for increased elliptical intensity. Unfortunately 

the reason for increased elliptical intensity could be also due to increased absorbance 

demonstrated in Figure 3-20 for longer chain lengths. With longer chains retaining a higher 

efficiency to absorb light could effectively increase the observable elliptical intensity by CD.36 
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Figure 3-20 UV-Vis spectra of aromatic oligoureas 9 to 12 in DMF at 20 °C with a 

concentration of 20 µM for 9 and all others at 12 µM.34 

Variable concentrations were examined of the longest aromatic oligourea 15mer 14 in 

DMF at 20 °C by CD and UV-Vis, demonstrated in Figure 3-21, to observe if aggregation played 

a significant role. Potentially aggregative behavior could influence the signal observed by CD 

and to demonstrate single-molecular folding the longest oligourea, which should retain the 

strongest aggregation behavior, was diluted in DMF. Both stacked spectra of CD and UV-Vis 

alike demonstrate a clear reduction of signal intensity in correlation to concentration. A linear 

plot comparing the CD intensity of the positive band at 320 nm vs. concentration, Figure 3-21b, 

reveals a linear correlation; verifying that aggregation did not play a role in the observed CD 

ellipticity. 
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Figure 3-21 Variable concentration of (a) CD, (b) linear plot of positive CD peaks at 320 nm vs. 

concentration and (c) UV-Vis of 15mer 14 in DMF at 20 °C.34 

Temperature studies of 15mer 14 between -5 and 65 °C in DMF were carried out in order 

to observe the stability of observed folding, presented in Figure 3-22a. Starting at -5 °C, 15mer 

14 exceeds double the intensity observed at room temperature, insinuating the expectation that 

upon cooling the helix becomes more compact. Compaction involves a reduction in distance 

between the aromatic rings which then would increase the excimer/exciton coupled energy 

known to intensify with shorter distances between interacting units. Plotting the elliptical peak 

maxima at 320 nm versus temperature exposes a non-linear plot demonstrating a reduction of the 

cotton effect intensity with temperature. Overall this represents that stability of the folded 

conformation is enhanced at lower temperatures, but is still retained, albeit weaker, at higher 

temperatures above 60 °C. 
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a b

Figure 3-22 Variable temperature of (a) CD and (b) linear plot of positive CD peaks at 320 nm 

vs. temperature of 15mer 14 in DMF at 20 °C.34 

Following studies in DMF, chain length dependence was repeated in CHCl3 to observe 

potential variance in solvent (Figure 3-23). It was expected based on crystal structures and 

previous studies that polar H-bonding acceptors enforced the folded conformation, and with 

CHCl3 being non-polar with little to no H-bonding interactions it was unclear if folding would 

still be observable by CD. Interestingly, CHCl3 did not yield any cotton effects, observed by CD 

spectra in Figure 3-23a. In correlation to the CD, the UV spectra demonstrated a clear increase in 

absorbance as expected with an increase in aromatic units; although, a slight red-shift is no 

longer observable between the 5mer 9 and 7mer 10. This may potentially be due to unit 

concentration which is at least 4x higher in CHCl3 than previously used in DMF. 
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Figure 3-23 Variable chain length of 50 µM oligoureas 9-14 in CHCl3 at 20 °C (cell path-length 

2 mm) observed in (a) CD spectra, and (b) UV-Vis spectra.34 

Following the observation of the lack of folding in CHCl3, 9mer 11 was examined in 

different solvents. Specifically 9mer 11 was utilized due to its folded conformation retaining 2 

full turns and cotton effect observed by CD spectra in DMF. Several solvents, DMF, Toluene, 

MeOH, THF, and CCl4 were examined with 10 µM of 11 at 20 °C, as shown in Figure 3-24a. It 

was expected that polar solvents with the ability to accept H-bonding would drive folding and 

thus cotton effect would be observable, but in the case of MeOH, folding was not observed. This 

may likely be due to added donation ability of the alcohol moiety, preventing full H-bonding of 

MeOH with urea-hydrogens. If accepting H-bonding was only the only requirement for 

stabilizing the folded motif and not the addition of polarity, then THF would also be expected to 

yield cotton effect due to its H-bonding acceptor and non-polar behavior; however, THF did not 

yield a cotton effect and thus potential folding was not observed. It was of intense interest that 

while Toluene and CCl4 were capable of demonstrating signal by CD it did not match that 

previously observed in DMF. In Toluene or CCl4 a strong trough can be observed at 307 nm with 

a potential peak at 328 nm, representing a negative cotton effect. This opposite signal was 
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hypothesized to be due to aggregation due to increased π-stacking and/or van der Waal 

interactions expected in solvents Toluene and CCl4, respectively. 

Figure 3-24 Variable solvent dependence of 10 µM 9mer 11 at 20 °C (cell path-length 1 cm) 

spectra observed for (a) CD, and (b) UV-Vis.34 

In an attempt to further examine the behavior of 11 in CCl4 several studies were carried 

out. Utilizing a mixed solvent study, it was expected that by adding increasing amounts of CHCl3 

to a solvent which retained cotton effect would lead to the loss of the chiral state causing signal 

to be reduced, a method previously utilized in examining aromatic oligoamides by CD. This 

would demonstrate the stability by either unfolding the helical conformation or disrupting 

aggregates, since little/no signal was previously observed in CHCl3. It was found upon 

increasing the volume of CHCl3 in CCl4 that signal of 11 led to a sigmoidal curve revealing a 

cooperative nature between CCl4 solvent behavior and 11 (Figure 3-25a and b). A dilution study 

followed, utilizing 10% CHCl3 in CCl4 as the solvent since there was not a significant distortion 

of the original CD signal in pure CCl4 (Figure 3-25c). Interestingly there was a linear reduction 

of CD intensity in correlation to concentration, which was expected to demonstrate a lack of 

aggregation. Furthermore a temperature study between -5 to 65°C was carried out in the same 

solvent (Figure 3-25d). This effectively demonstrated the same behavior observed in DMF with 
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colder temperatures enhancing CD signal and higher temperatures reducing intensity but not 

completely alleviating the observed signal. Overall, these studies did not elucidate the causation 

for the CD signal variance between DMF and CCl4. 

a b

dc

Figure 3-25 (a) CD spectra of 9mer 11 (11 µM) in CCl4 with increasing percent (by volume) of 

CHCl3, and (b) CD intensity of 11 at 310 nm vs CHCl3 ratio percent (by volume) in CCl4. (c) CD 

spectra of varying concentrations of 11 in CHCl3/CCl4 (10/90, v/v) at 20 °C, and (d) 9 µM at 

various temperature.34 

With the lack of understanding from the solvent-dependent CD signal difference of the 

9mer 11 between DMF and CCl4, 15mer 14 was then examined in CCl4 to compare if chain-

length was a factor in the observed signal (Figure 3-26a and b). Remarkably in CCl4, 15mer 14 
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retained the same cotton effect observed in DMF except with a signal over 100x stronger! 

Increasing percents, by volume, of CHCl3 were added to CCl4 leading to a sigmoidal plot when 

the 320 nm maixma was plotted vs. percent CHCl3. In comparson to the 9mer 11 a sharper slope 

can be observed between 20-40%, representing a narrowing percentage range of CHCl3 required 

to dissipate the folded/ aggregated state. A dilution study in 10% CHCl3 in CCl4 , Figure 3-26c, 

again demonstrates a linear correlation between CD intensity and concentration revealing that 

aggregation may not be a contributing factor to signal intensity. Finally, a temperature study was 

carried out between -5 to 65 °C demonstrating the same trend (Figure 3-26d), except with higher 

intensity then that observed for 9mer 11. Thus, while increase in chain-length from a 9mer to 

15mer likely leads to a shift from a negative to positive cotton effect in CCl4, the cause of this 

difference in signals of 9mer in DMF and CCl4 were not able to be elucidated. 
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a b

dc

Figure 3-26 (a) CD spectra of 15mer 14 (9 µM) in CCl4 with increasing percent (by volume) of 

CHCl3, and (b) CD intensity of 14 at 320 nm vs CHCl3 ratio percent (by volume) in CCl4. (c) CD 

spectra of varying concentrations of 14 in CHCl3/CCl4 (10/90, v/v) at 20 °C, and (d) 8.5 µM at 

various temperature.34 

With the lack of clarity from further CD experiments to reveal reasoning behind the 

inversion of cotton effect between the 9 and 15mers, and the variation of signals observed of the 

9mer between DMF and CCl4, new experiments were explored. The 15mer 14 was utilized in a 

1H-NMR mixed solvent study starting with 100% CDCl3 with increasing percentages, by 

volume, of CCl4 to observe if peak shift or broadening occurred. The starting solvent was CDCl3 

instead of CCl4 for two reasons: 1) CCl4 lacks a lock signal by 1H NMR which is required for 
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shimming the sample, and 2) the 15mer did not retain enough solubility at 1 mM for a spectrum 

to be obtained in pure CCl4. At 100% CDCl3 sharp signals can be defined, but upon increasing to 

50% CCl4 these 1H resonance signals clearly broaden to the point where many peaks are no 

longer observable (Figure 3-27). This demonstrates that CCl4, upon increasing to higher volume 

percentages, leads to aggregation of the 15mer 14. In relation to dilution studies run at µM 

concentration, it is still highly probable that aggregation is a strong factor for the CD signals 

observed in CCl4. Furthermore, with aggregation relevant at µM concentrations, previous 

dilution spectra collected do not relate to non-aggregated species unless compared to 1H NMR 

spectra with either mixed solvent or dilution studies carried out in correlation. Linear plots of the 

CD dilution studies of the 9mer and 15mer in 10% CHCl3/ CCl4, potentially demonstrate that 

these aggregates retain a defined size/length dependence with concentration based on these linear 

correlations; otherwise linear correlations should not be observable unless another model can be 

developed. 
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14: m:1; n:6

a

b

Figure 3-27 (a) Labeled structure of 15mer 14, and (b) partial 1H NMR spectra of 14 at 1 mM in 

CDCl3 with increasing percent (by volume) of CCl4 at 25 °C.34 

With the demonstration of the 15mer 14 retaining aggregation with increasing amounts of 

CCl4 in CDCl3, it was required that 14 was also examined in DMF at mM concentrations to 

ensure aggregation was not occurring within this solvent as well. A dilution study was completed 

in DMF-d7 between 10 to 0.5 mM of 14 at 25 °C(Figure 3-28). All peaks retained sharp 

characteristics with broadening observed of urea protons within the range of 7.9 to 8.3 ppm. 

Internal aromatic protons, between 8.45 to 8.55 ppm, and external aromatic protons, between 6.7 
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to 7.0 ppm, lacked broadening supporting that aggregation was not observed in DMF. The lack 

of chemical shift also demonstrated that within this concentration range, that only one 

conformation was observed. In correlation to CD, this demonstrates that cotton effect observed 

in DMF was not in relation to aggregates retaining defined chiral structure but was due to a 

single molecular folded state. It is interesting to note that despite retaining aggregates in CCl4, 

the intense increase of elliptical intensity could be correlated to unique excimer/exciton coupling 

within aggregates, where exciton coupling is known to drastically increase signal intensity. 

Figure 3-28 Parital 1H NMR spectra of 15mer 14 in DMF-d7 at 25 °Cwith varying 

concentrations.34 
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To further validate folded stability observed by CD in DMF of aromatic oligoureas, a 

chain-length dependent study by 1H NMR at 0.5 mM in DMF-d7 was explored starting from 

dimer 7b, tetramer 15 to 15mer 14, as demonstrated by Figure 3-29a. Short units were able to be 

utilized in this study to demonstrate the effect of a full turn on chemical shift, since a planar 

conformation is known to be retained due to bifurcated H-bonding of the ureas incorporating 

polar H-bonding accepting solvent, previously demonstrated by crystal structures. A chiral 

conformational prefference was expected in DMF for longer oligomers due to clear cotton effect 

free of the pressence of aggregates, enforcing the cotton effect observed to be that of a folded 

helical conformation. 

Following signal NH-1 a strong upfield shift can be observed from 9.9 ppm of dimer 7b 

to ~8.5 ppm of 5mer 9, where the position stays constant with longer oligomers (Figure 3-29a). 

This lack of change represents that protons are within similar environments. This is also the case 

for terminal urea-linkages of the helical conformation due to the chemical environment not 

changing after a full turn. This trend is also observable for terminal external aromatic H2 which 

also experiences no change in chemical environment past a full turn expected for 5mer 9. 

Commonly, chemical shifts of protons within <7 Å of an aromatic ring undergo an upfield shift 

(ref31) as observed of urea NH-1, and in correlation to terminal external aromatic protons H2 

demonstrate the effect of aromatic stacking (ref32). Plots of these trends are clearly represented 

within Figure 3-29b. Interestingly, central external aromatic H4 represent a different trend than 

NH-1 or H2, that matches similar to what was previously observed by CD between 5mer 9 to 

15mer 14, where folding is stabilized/ enhanced after 9mer 11. Thus in correlation of chain-

length dependence observed in CD, H4 by 1H NMR represents the stability/effiency of folding 

with increasing chain-length. 
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Figure 3-29 (a) Stacked partial 1H NMR spectra of 7b to 15 in DMF-d7 at 0.5 mM, and (b) 

chemical shifts of urea NH-1, external aromatic H2 and central external aromatic H4 of 7b to 15 

vs. chain-length.34 

Following the chain-length dependence study in DMF by 1H NMR, a structural 

determination study utilizing 2D (NOESY) NMR was run to verify the folded conformation in 

liquid state of these oligoureas. The 9mer 11 was targeted due to the lack of significant overlap 

of proton peaks for longer oligomers in DMF. In correlation to temperature studies of this 

compound by CD, it was known that cold temperatures would enhace the folded conformation 

due to intensifying elliptical intensity with lower temperatures. The 1H NMR concentration study 

of the 15mer 14 in DMF demonstrated that aggregation was not apparent even up to 10 mM, so 

in order to observe strong signals with a reduced number of scans, 5 mM was utilized for the 2D 

NMR experiments. An initial 1H NMR spectra was obtained at 0 °C, demostrated by a labeled 

partial spectrum and displayed in Figure 3-30. A generically labeled structure, as shown in the 

insert of Figure 3-30, was utilized since specific structural details were not yet obtained to 

confirm specific 1H resonances with protons of aromatic oligourea 11. 
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Figure 3-30 Partial 1H NMR spectrum of 9mer 11 at 5 mM in DMF (0 °C, 500 MHz), and 

(insert) generically labeled structure of 11. 

The target spectrum of the structural determination was going to be obtained through a 

2D NOESY technique, a COSY spectrum was obtained to verify if peaks in the NOESY 

spectrum belonged to through-space or through-bond inteactions. Specifically COSY spectra are 

utilized for peak assignment validation, since COSY peaks arise due to through-bond coupling of 

protons with other adjacent protons. Peaks observed from the diagonal, peaks along a line from 

the lower left to upper right, are not of significance since they consist of the same proton 

between the f1 and f2 dimensions. Symmetrical peaks within the upper and lower portions of the 
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diagonal correlate to interactions between structurally adjacent protons. In the upper right corner 

of the spectra, partial view of side chain interactions can be observed; however the backbone 

retains more significance in overall conformational prefference and so becomes the main focus. 

Various peaks like those labeled artifact* sometimes occur potentially due to cross-coupling or 

impurities, it is likely that this peak is an artifact due to a minor impurity exposed by the lack of 

alignment with either 1H NMR peaks f or g. Although rare, peaks arising between protons 

multiple bonds away can also occur like those between external aromatic protons f and a with 

side chain protons (sc). 

Figure 3-31 Partial COSY spectrum of 9mer 11 at 5 mM in DMF (0 °C, 500 MHz, pw 11). 
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In sequence after the collection of a COSY spectrum, a 2D NOESY spectrum with a 

mixing time of 300 ms was obtained at 0 °C demonstrated by Figure 3-32. The intensity of this 

spectrum has been enhanced to clearly present observable signals of NOEs arising between 

protons. A large mixed-phased line that spands across the spectrum can be observed starting ~ 1 

ppm which is caused by significant T1 noise due to an oversaturation of signal at this position. 

Software can be utilized to run either a symmetrization or a T1 noise reduction to cosmetically 

aleviate this oversaturation; however, this T1 noise is generally not an issue since it does not 

impact areas of interest within the spectra and resides outside the scope of the experiment and 

remains largely ignored. The area of the spectrum of interest has been outlined and labeled 

sections A, B, and C. Typically area A represents proton-proton interactions between side chains 

and backbone protons, area B is between urea and external aromatic protons, followed by area C 

which involves urea and internal aromatic proton interactions.. 
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A 
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C 

Figure 3-32 Full 2D NOESY spectrum of 9mer 11 at 5 mM in DMF (0 °C, 500 MHz, pw 11, 

mix: 300 ms). 

Each region, A-C, is segregated and enlarged in Figure 3-33 for clarity. Within region A, 

significant NOEs can be observed between side chain and urea-protons, represented by boxed 

areas of g and g’ with sc, highlighting that the urea hydrogens must be pointed away from the 

cavity and still involved with H-bonding despite being in a strongly polar solvent like DMF 

(Figure 3-33a). The same side chain protons can be observed to be interacting with external 

aromatic protons f, a and d further supporting that observed side chain NOEs are those adjacent 

to the aromatic rings. Region B retains rather ambigiuos peak assigment due to overlap between 

urea g and internal aromatic c and b protons increasing difficulty in refining specifically which 

of three protons is interacting with external aromatic protons d (Figure 3-33b). Interestingly, 
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NOEs between terminal ring aromatics e and f were also observed. Due to the lack of 

aggregation, position of the external and internal aromatic protons, including position of the 

terminal rings residing at opposite ends of the helix which are not close in space. This defines 

that the signal observed between protons f and e are likely through-bond correlations. This 

observation leads to further reasoning that protons c and d may also retain through-bond 

correlations as well, further complicating interpretation. Interestingly, NOEs between external 

aromatic protons d and urea protons g’ validate that a helical structure must form, since thise 

signals must arise between stacked rings rather than adjacent. Region C unfortunately does not 

yeild any interpretable data due to significant overlap and lack of specificity of peaks within this 

region (Figure 3-33c). Overall, based on interactions oberserved in regions A and B a folded 

structure can be inferred to form; however, peak overlap significantly hinders specific 

assignment of 1H resonances and overall conformational verification resulting in required further 

experimentation. 
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a

b c

Figure 3-33 Partial 2D NOESY spectra of 11 at 5 mM in DMF-d7 in proton regions (a) A -

sidechain to backbone, (b) B - urea to external aromatic, and (c) C - urea/ internal aromatics to 

urea/ internal aromatics (0 °C, 500 MHz, pw 11, mix: 300 ms). 

Due to overlap resulting in a lack of 1H NMR peak assignments, details of the specific 

structure were unable to be identified resulting in the need for further experiments. In order to 

improve peak separation a temperature experiment was carried out on 5 mM sample of 11 

between 0 and 60 °C, observed in Figure 3-34. Significant shifting can be observed of urea 

protons with the most shifting by terminal urea protons g, as well as, sharpening of signal at 

higher temperatures. Interestingly, internal aromatics also show slight upfield shifting and 

significant sharpening representing a clear change within the cavity of the helix likely due to 
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expansion between units with increased temperatures. Only slight sharpening of line-widths were 

observed for internal aromatics f, a and d demonstrating that the despite being heated to 60 °C in 

DMF the folded conformation was largely retained. More importantly, urea protons g shift 

significantly far enough for clear observation of protons b and c within 30-50 °C potentially 

enabling the specific labeling of peaks resultig in a definitive structure. Thus, 35 °C was chosen 

for further 2D NOESY experiments since this temperature was the mid-point of urea protons 

shifts and potentially would not introduce significant energy distrubance of NOEs as much as 60 

°C. 

Figure 3-34 Parital 1H NMR spectra of 9mer 11 in DMF-d7 at 5 mM between 0- 60 °C (500 

MHz), chemical shifting of urea protons are outlined by dashed red lines. 
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A closer examination of 9mer 11 in DMF at 35 °C displayed in Figure 3-35 demonstrates 

a drastic difference in signal quality as compared to the spectrum at 0 °C in Figure 3-32. Generic 

labeleing of peak positions was again utilized until further peak assignments could be verfied 

along the backbone. The reduced line-widths and increased peak separation strongly supported 

the expectation that a full strucutral refinement was capable of being completed. 

Figure 3-35 Partial 1H NMR spectrum of 9mer 11 at 5 mM in DMF (35 °C, 500 MHz). 

Upon heating to 35 °C, new peaks emerged within the COSY spectra representing 

refinement that was not originally possible at 0 °C. As shown in Figure 3-36a, peaks were 

observed between side chain protons with external aromatics a and f, which were also observable 

at 0 °C, now included new peaks between side chain protons and external aromatic d protons 

with increased resolution. This increased clarity and separation enabled crude determination of 

which external aromatics belonged to the terminal, central, or mid positions along the backbone. 

Figure 3-36b also retained more peaks than the original spectrum at 0 °C demonstrating signals 
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arising between protons e and f, as well as, c and d which corresponded to same ring cross 

correlations between internal and external aromatics. This enabled the correlation between 

internal and external aromatic protons with specific rings, but did not specify position of each 

ring along the backbone. Fortunately this still increased structural details previously unknown. 

Figure 3-36 Partial COSY spectrum of 9mer 11 at 5 mM in DMF within the region (a) 3.8 to 7.4 

ppm, and (b) 6.5 to 9.4 ppm (35 °C, 500 MHz, pw 7.75). 

Initially the 2D NOESY spectrum collected at 35 °C did not demonstrate significant 

NOEs, demonstrated by Figure 3-37. Increased T1 noise could be observed across the diagonal 

of the spectrum, depicted by the vertical mixed phase lines across the diagonal and those that 

cross the whole vertical spectrum around 3.5 ppm. It is interesting to note that many NOEs 

within the sidechain region were originally negative phase (depicted as blue) while within the 

current spectrum represent significant positive phase (depicted as red). This is due to increased 

molecular mobility with faster movement at high temperatures and slow movement at low 

temperatures. This results in a similar relation to the correlation time tc, with short and long tc 

175 



 

 

       

           

 

             

  

        

          

           

           

            

         

           

           

values resulting in positive and negative NOEs, respectively. Enhanced resolution was collected 

upon symmetrization and increased scaling of intensity of peaks within regions A, B and C. 

Figure 3-37 Full 2D NOESY spectrum of 9mer 11 at 5 mM in DMF (35 °C, 500 MHz, pw 7.75, 

mix: 300 ms). 

With enhanced resolution after processing, demonstrated by Figure 3-38a and b, region A 

presented significant NOEs, some observed in the previous COSY spectra, between side chain 

protons and external aromatic protons increasing the validation of assignments along the 

backbone. Clearly proton a interacts with glycol sidechains, due to half the integration intensity 

compared to the other proton peaks within this region but also due to the significant splitting of 

the correlated sidechain peaks which signature to glycol methylene groups. The significant 

downfield shift of proton f, in relation to other external aromatics, must be due to the inductive/ 

deshielding nature of nitro groups marking this proton specifically as a part of the terminal-
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residue. Due to the deshielded nature of the terminal aromatic ring, even the alkyl side chain 

methylenes are shifted downfield, observed by NOEs between protons f and sc, further enforcing 

proton f to be of the terminal rings. Following this, external aromatic protons labeled d must be a 

part of rings between the central and terminal rings, due not only to the lack of separation 

between these peaks which depict a similar chemical environment but also the alkyl side chain 

NOEs with protons d. Furthermore, weak NOEs can be observed with several of the split urea 

protons and internal aromatic protons c. This depicts an expanded helix due to significantly 

weaker NOEs between sidechain and urea protons within the 35 °C spectra compared to previous 

0 °C spectra, in regards to distance as a major factor for NOE intensity. 

Figure 3-38 Partial 2D NOESY spectrum of 9mer 11 at 5 mM in DMF-d7 of region A (35 °C, 

500 MHz, pw 7.75, mix: 300 ms). 
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Region B led to new obersvations of NOEs, demonstrated by Figure 3-39. Particularly 

interactions between internal aromatic protons b and c with urea protons g’, rationalizing that 

many NOEs observed within the 0 °C, which were overlaped within this region, were likely due 

to the same interactions. Other new NOEs were those of ureas belonging to the same linkage, 

which were expected but due to overlap within the 0 °C spectra were unable to be identified. It 

was clear that both urea protons within the g region were apart of the same terminal-linkage, 

while NOEs labeled with an asterisk were paired withi linkages along the backbone. These urea 

pairings in conjunction with NOEs observed between side chain and urea protons enabled the 

identificaiton of specific rings along the backbone. 

Figure 3-39 Partial 2D NOESY spectrum of 9mer 11 at 5 mM in DMF-d7 of region B (35 °C, 

500 MHz, pw 7.75, mix: 300 ms). 
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With the recognition of the ability to sequence the backbone of 9mer 11 in DMF-d7, the 

generic structure was relabeled as shown in Figure 3-40a. Specific sequence labeling based on 

observed splitting of NOEs observed at 35 °C. With further examination of NOEs between side 

chain and urea protons, excluding g and g’ since the two were clearly apart of the same linkage, 

urea protons g1-6 were assigned. Pairing of g6 and g5 in Figure 3-39, labeled (g’, g’)* within the 

spectrum, were verified to be apart of the linkage closest to the central ring. Furthermore g6 was 

closest to the central ring due to stronger NOE intensity with correlated sidechain as compared to 

g5, demonstrated within the black-boxed NOEs. Alkyl side chain NOEs invloved with g1-4 were 

green-blocked, except for g3 which was overlaped with g5 and DMF solvent signal, represented 

urea-linkages between mid-sequence rings along the backbone. 
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Figure 3-40 (a) Sequence specific labeling of 11, and (b) partial 2D NOESY spectrum of 9mer 

11 at 5 mM in DMF-d7 (35 °C, 500 MHz, pw 7.75, mix: 300 ms). 

Pairings of urea-linkages were clearly defined by the green boxes within the spectrum of 

Figure 3-41. The horizontal alignment of peaks within these green boxes aligned NOEs of 

specific internal aromatic protons, displayed in the f1 dimension, with urea protons, displayed in 

the f2 dimension, spatially adjacent to each ring. The vertical alignment of peaks within these 

green box aligned NOEs of urea protons with internal aromatic protons adjacent to each linkage. 

Small black boxes were placed just below the f2 dimension spectrum to demonstrate previously 
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defined pairings of ureas within the same linkage. Interestingly these black-boxed urea pairings 

aligned with the newly derived green-boxes enabling verification of urea-linked hydrogen pairs 

with specific internal aromatics for full sequencing of backbone protons. Several internal 

aromatic protons can be observed to retain NOEs with four or more urea protons indicating π-

stacking, depicted by a black line for clarity. 

Figure 3-41 Partial 2D NOESY spectrum of 9mer 11 at 5 mM in DMF-d7 demonstrating NOEs 

between internal aromatic and urea protons, with urea-proton pairings represented by black-

boxes below 1H NMR spectrum of the f2 dimension (35 °C, 500 MHz, pw 7.75, mix: 300 ms). 

With full sequencing of protons along the backbone, determination of the helical motif 

became quick to identify. Two peaks defined the folding behavior of 9mer XX in DMF-d7 as 

demonstrated in Figure 3-42a, previously not observed at 0 °C. With exact labeling it was clear 
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that the terminal internal aromatic proton e retained NOEs between adjacent-ring internal 

aromatic c1 and also π-stacked central benzene internal aromatic b, as represented by Figure 3-

42b. An artifact signal can be identified due to missalignment with internal aromatic e as 

compared to other observable NOEs and was ignored. A model of the helical motif of 9mer 11 

clearly presents the monly conformation that would be observable for this structure to involve 

NOEs between e and c1, as well as, e and b overall representing not only sequencing of the 

backbone but also determination of a helical conformation for oligoureas in DMF, matching the 

computational structure. 

Figure 3-42 Partial 2D NOESY spectrum of 9mer 11 at 5 mM in DMF-d7 demonstrating NOEs 

between internal aromatic protons (35 °C, 500 MHz, pw 7.75, mix: 300 ms).34 

In summary, starting from trimer 8 that was initially designed as an ion-pair binder, 

results from studying aromatic oligoureas with five or more residues demonstrate that these 

oligomers fold into helical conformations. A positive cooperative nature in DMF between 

folding stability and oligomer length, along with solvent-dependent folding, is revealed by CD. 
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Soluble aggregates of these oligomers, observed in CCl4 and toluene, largely maintain the 

features that are expected of helical conformations, as indicated by CD signals (in CCl4) that 

show Cotton effects with oligomer length-dependent intensities and interestingly, inversion of 

sign C between 9mer 11 and 15mer 14. Based on results from CD studies in DMF, it was 

confirmed that for oligomer 14, the complete unfolding of the helical conformation was not 

possible even at temperature up to 60 °C. The obsereved reduction in the intensities of CD signal 

are very likely due to the expansion of the helix, a conclusion that is also supported by variable-

temperature 1H NMR experiments. Finally, it is possible to fully assign the 1H resonances of 

oligomers 11 in their 1H NMR spectra that give well dispersed signals at 35 °C in DMF, 

allowing 2D NOESY studies to be performed and confirm the formation of its(their) helically 

folded conformation(s). 

With defined helical conformations in the highly polar DMF, these aromatic olgioureas 

may also fold into helical conformation in water. The helical conformations of these oligoureas 

contain a hydrophilic, electrostatically negative cavity of ~5 Å across. Such a cavity has been 

found to bind a variety of cations, even those known to act as inhibitors for natural potassium 

channel, such as TEA+. These aromatic oligoureas differ from our aromatic oligoamide 

foldamers in their significantly smaller cavity that can facilitate support the binding or transport 

of small caions. Given their 5-Å diameter, the inner pores of long oligomers of this series might 

confine water molecules into single files typical seen in biological water channels and may thus 

facilitate efficient water transport. Further development on exploring the molecular recognition 

behavior of these oligoureas could potentially lead to hosts for small molecule, and the 

development of sensors or catalysts. As a novle class of void-containing foldamers, our aromatic 

oligoureas offer unique advantages in their structurally controlability anad tunability. 
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3.7. Chapter 3 Supplementary Information 

All synthesis procedures and sample preparation can be obtained from the 2016 

publication Aromatic Oligoureas as Hosts for Anions and Cations,28 and the 2017 publication 

34Helical Folding of meta-Connected Aromatic Oligoamides. 

1H NMR spectra were collected with Varian INOVA 500 (500 MHz), Varian INOVA 

400 (400 MHz) and Varian Gemini 300 (300 MHz) spectrometers at 25 °Cunless otherwise 

noted. All chemical shifts were referenced according to the deuterated solvent utilized. Binding 

study stacked spectra are normalized according to proton with the least shift for cosmetic 

averaging of spectra with no modification of referenced chemical shifts. 
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3.7.1. Oligourea Dimers (6, 7) and Trimer (8) Binding Data 

a

b

Figure SI-3-1 (a) Labeled structure of dimer 6 and (b) partial 1H NMR stacked spectra of dimer 

6 dilution study in CDCl3 from 80 mM to 0.625 mM (25 °C, 500 MHz). 
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Figure SI-3-2 Partial 1H NMR stacked spectra of dimer 6 dilution study in CDCl3 from 80 mM 

to 0.625 mM (25 °C, 500 MHz). 
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a

b

Figure SI-3-3 (a) Labeled structure of dimer 6 and TEA+Ac- including (b) partial 1H NMR 

stacked spectra of 1:1 dimer 6 and TEA+Ac- dilution study in CDCl3 from 80 mM to 0.625 mM 

(25 °C, 500 MHz). 
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Figure SI-3-4 Partial 1H NMR stacked spectra of 1:1 dimer 6 and TEA+Ac- dilution study in 

CDCl3 from 80 mM to 0.625 mM (25 °C, 500 MHz). 
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a

b

-Figure SI-3-5 (a) Labeled structure of dimer 6 and TEA+Cl including (b) partial 1H NMR 

-stacked spectra of 1:1 dimer 6 and TEA+Cl dilution study in CDCl3 from 80 mM to 0.625 mM 

(25 °C, 500 MHz). 
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-Figure SI-3-6 Partial 1H NMR stacked spectra of 1:1 dimer 6 and TEA+Cl dilution study in 

CDCl3 from 80 mM to 0.625 mM (25 °C, 500 MHz). 
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a

b

Figure SI-3-7 (a) Labeled structure of dimer 6 and TEA+I- including (b) partial 1H NMR stacked 

spectra of 1:1 dimer 6 and TEA+I- dilution study in CDCl3 from 10 mM to 0.05 mM (25 °C, 500 

MHz). 
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Figure SI-3-8 Partial 1H NMR stacked spectra of 1:1 dimer 6 and TEA+I- dilution study in 

CDCl3 from 10 mM to 0.05 mM (25 °C, 500 MHz). 
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a

b

-Figure SI-3-9 (a) Labeled structure of dimer 6 and TBA+Cl including (b) partial 1H NMR 

-stacked spectra of 1:1 dimer 6 and TBA+Cl dilution study in CDCl3 from 80 mM to 0.01 mM 

(25 °C, 500 MHz). 
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-Figure SI-3-10 (a) Labeled structure of dimer 6 and TBA+Cl including (b) partial 1H NMR 

-stacked spectra of 1:1 dimer 6 and TBA+Cl dilution study in CDCl3 from 80 mM to 0.01 mM 

(25 °C, 500 MHz). 
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a

b

Figure SI-3-11 (a) Labeled structure of TEA+Ac- including (b) partial 1H NMR stacked spectra 

of TEA+Ac- dilution study in CDCl3 from 80 mM to 0.05 mM (25 °C, 500 MHz). 
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a

b

Figure SI-3-12 (a) Labeled structure of dimer 7 and TEA+Ac- including (b) partial 1H NMR 

stacked spectra of 1:1 dimer 7 and TEA+Ac- dilution study in CDCl3 from 20 mM to 0.05 mM 

(25 °C, 500 MHz). 
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Figure SI-3-13 Partial 1H NMR stacked spectra of 1:1 dimer 7 and TEA+Ac- dilution study in 

CDCl3 from 20 mM to 0.05 mM (25 °C, 500 MHz). 
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a

b

Figure SI-3-14 (a) Labeled structure of trimer 8 and (b) partial 1H NMR stacked spectra of 

trimer 8 dilution study in CDCl3 from 20 mM to 0.05 mM (25 °C, 500 MHz). 
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Figure SI-3-15 (a) Labeled structure of trimer 8 and (b) partial 1H NMR stacked spectra of 

trimer 8 dilution study in CDCl3 from 20 mM to 0.05 mM (25 °C, 500 MHz). 
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a

b

Figure SI-3-16 (a) Labeled structure of trimer 8 and TEA+Ac- including (b) partial 1H NMR 

stacked spectra of 1:1 trimer 8 and TEA+Ac- dilution study in CDCl3 from 10 mM to 0.05 mM 

(25 °C, 500 MHz). 
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Figure SI-3-17 Partial 1H NMR stacked spectra of 1:1 trimer 8 and TEA+Ac- dilution study in 

CDCl3 from 10 mM to 0.05 mM (25 °C, 500 MHz). 
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a

b

-Figure SI-3-18 (a) Labeled structure of trimer 8 and TEA+Cl including (b) partial 1H NMR 

-stacked spectra of 1:1 trimer 8 and TEA+Cl dilution study in CDCl3 from 10 mM to 0.01 mM 

(25 °C, 500 MHz). 
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-Figure SI-3-19 Partial 1H NMR stacked spectra of 1:1 trimer 8 and TEA+Cl dilution study in 

CDCl3 from 10 mM to 0.01 mM (25 °C, 500 MHz). 
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a

b

Figure SI-3-20 (a) Labeled structure of trimer 8 and TEA+I- including (b) partial 1H NMR 

stacked spectra of 1:1 trimer 8 and TEA+I- dilution study in CDCl3 from 10 mM to 0.05 mM (25 

°C, 500 MHz). 
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Figure SI-3-21 Partial 1H NMR stacked spectra of 1:1 trimer 8 and TEA+I- dilution study in 

CDCl3 from 10 mM to 0.05 mM (25 °C, 500 MHz). 
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3.7.2. Oligourea 2D NMR Experimental Data 

a

b

Figure SI-3-22 (a) Labeled structure of trimer 8 and 1 eq. of TEA+Ac-, including (b) 1H NMR 

stacked spectra of oligourea trimer 8 with 1 eq. of TEA+Ac- in CDCl3 from -50 °C to 25 °C(500 

MHz, 5 mM). 
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a

b

Figure SI-3-23 (a) Labeled structure of trimer 8, including (b) 2D ROESY spectrum of 

oligourea trimer 8 in CDCl3 (500 MHz, 5 mM, 25 °C, mix: 300 ms). 
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a

b

Figure SI-3-24 (a) Labeled structure of trimer 8 and 1 eq. of TEA+Ac-, including (b) 2D ROESY 

spectrum of oligourea trimer 8 with 1 eq. of TEA+Ac- in CDCl3 (500 MHz, 5 mM, 25 °C, mix: 

300 ms). 
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Figure SI-3-25 Partial 2D ROESY spectrum of oligourea trimer 8 with 1 eq. of TEA+Ac- in 

CDCl3 (500 MHz, 5 mM, 25 °C, mix: 300 ms). 
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a

b

Figure SI-3-26 (a) Labeled structure of trimer 8 and 1 eq. of TEA+Ac-, including (b) partial 2D 

ROESY spectrum of oligourea trimer 8 with 1 eq. of TEA+Ac- in CDCl3 (500 MHz, 5 mM, 25 

°C, mix: 300 ms). 
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Figure SI-3-27 Partial 2D ROESY spectrum of oligourea trimer 8 with 1 eq. of TEA+Ac- in 

CDCl3 (500 MHz, 5 mM, 25 °C, mix: 300 ms). 

Figure SI-3-28 Partial gCOSY spectrum of oligourea trimer 8 with 1 eq. of TEA+Ac- in CDCl3 

(500 MHz, 5 mM, 25 °C). 
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a

b

-Figure SI-3-29 (a) Labeled structure of trimer 8 and 1 eq. of TEA+Cl , including (b) 2D ROESY 

-spectrum of oligourea trimer 8 with 1 eq. of TEA+Cl in CDCl3 (500 MHz, 5 mM, 25 °C, mix: 

300 ms). 
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-Figure SI-3-30 Partial 2D ROESY spectrum of oligourea trimer 8 with 1 eq. of TEA+Cl in 

CDCl3 (500 MHz, 5 mM, 25 °C, mix: 300 ms). 
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a

b

Figure SI-3-31 (a) Labeled structure of trimer 8 and 1 eq. of TBA+Ac-, including (b) 1H NMR 

spectrum of oligourea trimer 8 with 1 eq. of TBA+Ac- in CDCl3 (500 MHz, 5 mM, 25 °C, mix: 

300 ms). 
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Figure SI-3-32 Partial gCOSY spectrum of oligourea trimer 8 with 1 eq. of TBA+Ac- in CDCl3 

(500 MHz, 5 mM, 25 °C). 

Figure SI-3-33 Partial 2D ROESY spectrum of oligourea trimer 8 with 1 eq. of TBA+Ac- in 

CDCl3 (500 MHz, 5 mM, 25 °C, mix: 300 ms). 

215 



 

 

    

 

       

3.7.3. Extended Oligourea Experimental Data 

Figure SI-3-34 Proton labeling of pentamer 9. 
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           Figure SI-3-35 H1-NMR of oligourea pentamer 9 at 5 mM in CDCl3 (25 °C, 500 MHz). 
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             Figure SI-3-36 gCOSY of oligourea pentamer 9 at 5 mM in CDCl3 (25 °C, 500 MHz, pw 8.5). 
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Figure SI-3-37 Partial gCOSY of oligourea pentamer 9 at 5 mM in CDCl3 (25 °C, 500 MHz, pw 

8.5). 
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Figure SI-3-38 2D ROESY spectrum of oligourea pentamer 9 at 5 mM in CDCl3 (25 °C, 500 

MHz, pw 8.5, 500 ms). 

220 



 

 

 

              

 

Figure SI-3-39 Partial 2D ROESY spectrum of oligourea pentamer 9 at 5 mM in CDCl3 (25 °C, 

500 MHz, pw 8.5, 500 ms). 
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Figure SI-3-40 Partial 2D ROESY spectrum of oligourea pentamer 9 at 5 mM in CDCl3 (25 °C, 

500 MHz, pw 8.5, 500 ms). 

Figure SI-3-41 Proton labeling of oligourea nonamer 11. 
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Figure SI-3-42 H1-NMR of oligourea nonamer 11 at 5 mM in DMF-d7 (0 °C, 500 MHz). 
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Figure SI-3-43 gCOSY spectrum of oligourea nonamer 11 at 5 mM in DMF-d7 (0 °C, 500 MHz, 

pw 11). 
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Figure SI-3-44 2D NOESY spectrum of oligourea nonamer 11 at 5 mM in DMF-d7 (0 °C, 500 

MHz, pw 11, 300 ms). 

Table SI-3-1 Chemical shifts of urea and aromatic protons from temperature study displayed in 

Figure 3-34. 
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Figure SI-3-45 Extended labeling of oligoamide nonamer 11. 

Figure SI-3-46 1H-NMR spectrum of oligourea nonamer 11 at 5 mM in DMF-d7 (35 °C, 500 

MHz). 
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Figure SI-3-47 Partial 1H-NMR spectrum of oligourea nonamer 11 at 5 mM in DMF-d7 (35 °C, 

500 MHz). 
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Figure SI-3-48 gCOSY spectrum of oligourea nonamer 11 at 5 mM in DMF-d7 (35 °C, 500 

MHz, pw 7.75). 
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Figure SI-3-49 2D NOESY spectrum of oligourea nonamer 11 at 5 mM in DMF-d7 (35 °C, 500 

MHz, pw 7.75, 300 ms). 
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Figure SI-3-50 Partial 2D NOESY spectrum of oligourea nonamer 11 at 5 mM in DMF-d7 (35 

°C, 500 MHz, pw 7.75, 300 ms). 
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Figure SI-3-51 2D NOESY spectrum of oligourea nonamer 11 at 5 mM in DMF-d7 with 5% 

CD3OD(0 °C, 500 MHz, pw 7.75, 300 ms). 
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Figure SI-3-52 Partial 2D NOESY spectrum of oligourea nonamer 11 at 5 mM in DMF-d7 with 

5% CD3OD (0 °C, 500 MHz, pw 7.75, 300 ms).* *No observable peaks. 
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Chapter 4. Conformational Preferences of Short Duplexes 

The development of helical foldamers has been a large area of interest within the foldamer 

community, as demonstrated in chapter 1, but the formation of sheet-like complexes has also 

been of intense interest. Sheet-like behavior is highly desired to expose factors involved with 

peptide β-sheet structure and function. These sheet-like behaviors may lead to new treatments for 

diseases induced by protein-protein interactions involving β-sheet formation,1-6 development of 

effective peptide antibiotics,7-9 association induced folding found in DNA-binding.10,11 

Numerous systems have been developed modeling short peptide sheets capable of folding in 

solution,12-21 including there has also been unnatural templates linked to β–strands.22-24 Other 

systems focus on developing greater understanding of H-bonding donor (d) and acceptor 

interactions to probe high affinities of heterocycles, nucleobases, and unnatural amino acid 

peptide strands.25-28 The development of systems engaging in sheet-like formation will lead to 

greater advances and applications in chemistry, biochemistry, and material sciences. 

4.1. Early Development of Duplexes within the Gong Lab 

The early work of Dr. Gong and coworkers has also focused on development of these 

two types foldamers, oligoamide helices and duplexes. Development of helices has led to 

discoveries including the formation of macrocycles and channel forming aggregates. Helical 

formation is based on a continuous sequence of benzene residues paired with m-amide-linkages 

leading to planar curvature then helicity upon extending a 3-center H-bonded constrained 

backbone. One important focus is the continuous sequence of benzene residues which can be 

disrupted through the incorporation of spacers between each benzene residue. These spacers 

interrupt the constraining 3-center H-bonding leaving only 6-membered intramolecular H-

bonding. Interestingly this change in H-bonding changes the backbone from curved to linear, 
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exposing H-bonding donor (d) and acceptor (a) sites that can engage in intermolecular 

associations which will be further detailed later in this chapter. The intermolecular H-bonding 

between linear strands has enabled the development of sheet-like foldamers termed “Duplexes.” 

With the interest in developing abiotic foldamers with programmable strength and 

specificity oligoamide duplexes were developed. The simplest design strategy involved the H-

bonding donating/ accepting ability of amide-linkages within the backbone. The simplest H-bond 

acceptors and donors involved the amide O and H atoms. As depicted in Figure 4-1, there are 

three variations of acceptor/donor sites surrounding the backbone benzene residues.29 Another 

key factor in the design of these duplexes besides the A/D variations was the number of H-

bonding sites within a strand. If a duplex design involved an odd number of H-bonding sites then 

it was expected only complementary (or hetero) strands would associate, but if the design 

involved an even number then both complementary and self-complementary strands would 

associate.29 These variations between even and odd number H-bonding sites are based on proper 

overlap between different strands. Improper overlap causes repulsion and significantly 

disfavoring association and improving strand sequence specificity. A spacer is introduced 

between backbone benzene residues to introduce conformational flexibility which opens H-

bonding sites improving intermolecular associations. Glycine was utilized as a spacer between 

benzene residues because of structural simplicity and availability (Figure 4-2).29 Alkoxy groups, 

substituted adjacent to the amide-linkages within the benzene units, were also incorporated for 

the formation of favorable intramolecular 6-membered H-bonding. This intramolecular H-

bonding enabled pre-organization of the system facilitating dimerization. 
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1 2 3

A D D DA A

Figure 4-1 Generic benzene residues (1-3) incorporated in the backbone of oligoamide duplexes, 

including expected H-bonding donor and acceptor properties.29 

Oligoamides 4 and 5 were examined for their propensity to form self-complementary dimers 

based on preorganization of the backbone (Figure 4-2), which prevented the formation of 

polymer aggregates. In addition, variations between intermolecular H-bonding associations 

ADAD of oligoamide 4 and DDAA of oligoamide 5. Based on 1H-NMR studies self-

M-1 complementary nature was exposed for 4 and 5 including similar stabilities of (104 < Kdimer < 

M-1)105 in chloroform.29 This short study verified the ability for oligoamides 4 and 5 to form 

self-complementary dimers, but also that binding strengths were sequence-independent.30 
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4a R = (CH2)8CH3, R’ = CH2CH(CH3)2

4b R = CH3, R’ = CH3

5

4

Figure 4-2 Structural representation of short duplexes involving ADAD (4) and DDAA (5) H-

bonding sites.29 

Following the observations of oligoamides 4 and 5 involving quadruply H-bonded self-

associating duplexs, longer oligoamides 6 and 7 were examined for their propensity to form 

hetero-duplexes from complementary strands (Figure 4-3a). The formation of duplex 6·7 was 

confirmed by 2D NMR in CDCl3, but concentration-dependent experiments like those utilized 

for examining binding affinities for shorter duplexes involving oligoamides 4 and 5, did not lead 

29to observable binding affinities for duplex 6·7. This was expected to be due to values larger 

than the observable range by NMR. Isothermal calorimetry experiments of duplex 6·7 in CHCl3 

M-1 resulted in an association constant in the 109 range with error greater than 10%. Upon adding 

M-1 5% DMSO this binding affinity dropped significantly to (3.5 ± 1.3) x 106 , which was 100X 

29stronger than values observed of oligoamides 4 and 5. The self-association of oligoamides 6 

and 7 were also explored by 1H-NMR concentration dependent studies which yielded a 
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M-1 dimerization constant (4.4 ± 2.0) x 104 for oligoamide 7, while 6 was unable to be examined 

29due to insolubility in CHCl3. In conclusion, stable duplexes containing two different 

complementary strands could be designed. Furthermore, based on the 5 fold difference in 

dimerization constants of 6·7 and 7·7 indicate complementary strand pairing is more favorable 

than self-complementary strands resulting in tunable molecular recognition. 

6

7

Duplex 6·7

b

c

a

6·6

7·7

R = n-C8H17

R = n-C6H13

Figure 4-3 (a) Oligoamide 6 and 7 single strands and complementary heteroduplex 6·7. (b) Self-

complementary duplex of oligoamide 6·6 and (c) self-complementary duplex of oligoamide 7·7, 

including attractive H-bonds (dashed line) and repulsion between either two carbonyl oxygens or 

two amide hydrogens (double headed arrow). 

Another important conclusion from the examination of duplex 6·7 introduced the discovery that 

self-assembly of duplexes was a positively cooperative process. Comparisons of dimerization 
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constants of the doubly (Ka = 25 M-1 , -0.9 kcal/mol for each H-bond), quadruply (dimers of 4 

M-1 and 5, 104 < Ka < 105 , -1.4 to -1.7 kcal/mol for each H-bond), and 6 site (duplex 6·7¸ Ka = 

M-1 109 , -2 kcal/mol for each H-bond) H-bonded duplexes indicated that enhanced stability was 

not solely due to the additive effect of more H-bonds.29 Self-assembly progresses after the 

initiation of one or two H-bonds which is entropically unfavorable, but upon further H-bonding 

between the strands becomes more enthalpically favorable driving the formation of these 

duplexes. This positive cooperative process is the same process that drives the self-assembly of 

DNA, and is a desired process for the formation of self-assembling systems.31 

It was further questioned if duplexes could be designed to fold involving positive cooperative 

processes directing self-association due to the assembly behavior observed of duplexes parallel 

to formation of double-stranded DNA. A linear propyl spacer was introduced between quadruply 

H-bonded strands to mimic the bend of cyclohexane chair conformation upon self-association 

forming an 8 site H-bonded dimer.2 Oligoamides 8 and 9 were designed to form a heterodimer 

(complementary duplex) utilizing a DDAD/AADA sequence, while oligoamide 10 was expected 

to form a homodimer (self-complementary duplex) involving a DADA/ADAD sequence, as 

demonstrated in Figure 4-4. Structural design inhibited associations of the extended form of 

oligoamides 8 and 9 when mixed, favoring only the conformation demonstrated in Figure 4-4b. 

Interestingly the homodimer involving oligoamide 10 is capable of not only a folded structure, 

demonstrated in Figure 4-4c, but is also capable of forming homopolymeric aggregates in the 

extended form. 
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8 · 9
10 · 10

a

b c

A A AAD D DD

AA DD D DDD

AA A AD DA A

8

9

10

Figure 4-4 (a) Oligoamides 8, 9 and 10. (b) Illustration of complementary duplex 8·9, and self-

2complementary duplex 10·10. 

Association was initially probed by (1D) 1H-NMR experiments in CDCl3 for 1:1 mixtures 

2of 8 and 9. At 1mM resonance signals of aniline NH signals, expected to be involved in 

intermolecular H-bonding, were observed in the range of 9.5 -11 ppm demonstrating the 

association between these strands. Also solutions of oligoamide 10, 1 mM in CDCl3, retained a 
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single peak at 10.59 ppm significantly farther downfield compare to a half-strand precursor 

observed at 9.89 ppm, directly depicting enhanced H-bonding strength and indirectly indicating 

stronger association of 10 than the precursor. Titration experiments utilizing up to 20% DMSO-

d6 in CDCl3 did not lead to observable shifting of aniline NH signals for 1:1 mixture of 

oligoamides 8 and 9 at 1 mM, or those of oligoamide 10 at the same concentration, 

demonstrating the extraordinary strength of H-bonding involved.2 Association stabilities were 

further probed by a concentration-dependent study diluting a 1:1 mixture of 8 and 9 from 1 mM 

to 10 µM in CDCl3/ 10% DMSO-d6 solution.2 This dilution did not lead to observable shifting of 

aniline NH signals, further demonstrating the strength of H-bonding for these dimers in relation 

to early quadruply dimerized duplexes. 

The association of oligoamides 8 and 9 and self-association of oligoamide 10 was 

confirmed by inter-strand contacts observed by 2D NMR (NOESY).2 These results paired with 

1D 1H-NMR spectra for 1:1 mixture of oligoamides 8 and 9 and those of oligoamide 10, retained 

the same number of aniline NH resonances observed for 4-H-bonded duplexes. Assemblies, 

involving 8-H-bonded duplexes, matched the number of aniline NH signals expected for 4-H-

bonded duplexes indicating the two 4-H-bonded strands of oligoamides 8, 9 and 10 were 

indistinguishable from their assemblies. Relating increased H-bonding strengths of 8·9 and 10·10 

with cooperative assembly processes known for duplexes leads to the conclusion that the 

conformation of heterodimer 8·9 and homodimer 10·10 likely match those demonstrated in 

Figure 4-4b and c. The formation of homopolymers involving the extended form of oligoamide 

10 were not observed by vapor pressure osmometry (VPO) or ESI-MS but the homodimer was 

2observed, concluding the folded conformation of 10·10 is similar to 8·9. In conclusion, it was 

demonstrated that duplexes were capable of folding induced by positive cooperative processes 
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directing self-association, resembling folding behavior of DNA, with simple modifications to 

previous structural designs. 

4.2. Ambiguity in Associations between “Complementary” Strands 

Previous structural designs, presented above, targeted the modification of a spacer 

between two complementary strands leading to enhanced biomolecular association and folding 

behavior like that of DNA. It was questioned if the spacer, typically a glycine, between two 

benzene residues within a strand was extended and how this might impact the association, 

recognition, and folding behavior of these duplexes. Initially two complementary oligoamides 11 

and 12 were designed with the intent they would dimerize to form a complementary duplex 

(Figure 4-5). Unfortunately, early work involving characterizing mixtures of 11 and 12, 

completed by a group member of Chengdu Organic Chemistry Research Institute, did not lead to 

observable interaction between these two oligoamides. In collaboration with Yulong Zhong of 

the University of Buffalo, further structural characterization were carried out for oligoamides 11 

and 12. In this work, the individual associative and conformational preferences of oligoamides 

11and 12 will be addressed. 
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a

b

11

12

11

12
11

12

Figure 4-5 (a) Structure of complementary strands 11 and 12 with each residue label based on 

the number of inter-linkage carbons. (b) Expected conformation upon dimerization of 

complementary strands 11 and 12 with hashed red lines defining intermolecular H-bonding. 

The design of these oligoamides was relatively simple. Utilizing known duplex design 

methodologies, the target was to extend these strands between the benzene residues and still 

induce intermolecular H-bonding to form molecular zippers. Each strand included aromatic 

residues, labeled γ in respect to three carbons between amide linkages producing unnatural γ-

amino acids, are presented in blue and attached as terminal residues 1 and 4. These units, based 

on early work with duplexes are known to retain significant H-bonding inducing either self- or 

complementary associations between strand. Residues 2 and 3 introduce spacing, allowing linear 

strand formation instead of helical, known to occur when these γ residues are used in succession 

as represented by the helical oligoamides. Unlike the aromatic units used for helical oligoamides, 

these γ residues only retain 6-membered ring H-bonding on one side. This allows for adjacent α-

or β-amino acids to retain bond rotation allowing for favorable alignment of H-bonding. 

Residues labeled α-amino acids, shown in green, are known in foldamer literature to retain less 

flexibility than β-amino acids, shown in red, due to less bond rotation available. The purpose of 
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inverting the α/ β residues was to reduce self-association of the same strand due to poor overlap 

at the central amide position, and increase favorability to the complementary strand.  

Directionality is of each strand is depicted by a large arrow in Figure 4-5a from the CO-termini 

to the NH-termini, where anti-parallel nature can be observed within these strands presented in 

Figure 4-5b. Originally it was hypothesized that sequence γβαγ (11) would be complementary to 

γαβγ (12), as shown in Figure 4-3b, due to significant intermolecular H-bonding that was 

available. 

Since dimerization was not observed in previous work, our goal was to expose the 

individual conformational preference of oligoamides 11 and 12 to determine why the expected 

dimerization was not occurring. For association to not occur between complementary strands, it 

was hypothesized that self-association for each individual strand was more favorable than the 

formation of a duplex. Thus, each strand was examined for self-associative behavior. 

To begin, a set of proton labels were derived for 11 and 12 (Figure 4-6). Without a proper 

labeling system for 1H NMR spectra, these series become significantly more tasking to compare 

in terms of interpreting chemical shifting or 2D structural interpretation. Side chains and terminal 

protons past the α-carbon were ignored for simplicity since these protons do not impact the 

interpretation of the backbone. Labeling of 11 and 12 are predominately kept the same except for 

the placement of methylene j due to inversion of the α/ β residues, and prime (‘) is utilized for 12 

labeling to specify this molecule. 
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12

11

f ’1

Figure 4-6 Labeled protons of oligoamides 11 and 12. 

Two 1H NMR spectra were collected in order to observe chemical shifts of 11 and 12 in 

CDCl3, respectively (Figure 4-7). These two structures were extraordinarily different even 

though the only difference was the inversion of the central α/ β residues and it was expected that 

there would be virtually no difference. Starting with the overall comparison of the partial 11 and 

12 spectra to each other, 11 retained significantly sharper peaks than 12. Further examination of 

this revealed that methylene (i, j, k) and amide proton (c) involved with the central two residues 

of 12 retained the most broadening, while other peaks remained sharp. Due to the broadness, it 

was expected that 12 retained conformational exchange on the NMR time-scale. In contrast, 11 

retained a stable conformation since the methylenes nor amides retained visible broadening. 
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12

11

a b

c d

Figure 4-7 Partial 1H NMR spectra of (a) 11 aromatic and amide region, (b) 11 methylene 

region, (c) 12 aromatic and amide region, and (d) 12 methylene region (5 mM, CDCl3, 25 °C, 

500 MHz). 

Another notable difference between these compounds were the aromatic ring protons. 

These peaks in 12 were incredibly spread out compared to the refined positions of 11, implying 

that both aromatic rings of 11 were a part of the same environment. The aromatic rings in 12 

were clearly not held within the same chemical environment since there was extreme broadening 

for internal aromatic proton (f’) of one ring and external aromatic protons (h’1, g’1) of another. 

The difference in chemical shifts between comparable protons of 11 and 12 revealed an upfield 

shift over 1 ppm between (f) and (f’), and over 0.3 ppm shift between protons (g1, h1) and (g’1, 

h’1) demonstrating that 11 and 12 clearly did not retain the same conformation. Further support 

for these structures retaining significantly different conformations was validated by 11 (c) and 12 
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(c’) revealing a downfield shift over 1.5 ppm. This indicated that 12 (c’) was involved in H-

bonding while 11 (c) was not. Despite a small difference in sequence between 11 and 12, the 

initial 1H NMR spectra displayed strong support that each compound retained a significantly 

different conformation of which further details and experiments were required for elucidating the 

exact structure of each. 

With the expectation that 11 was more stable than 12, temperature dependent studies 

were carried out to explore the stability of 11 with reference to a shorter precursor 13 (Figure 4-

8). This precursor was known to weakly self-associate due to 2 H-bonds available upon ring-flip 

of one of the two molecules allowing for these H-bonds to align. As shown in Figure 4-6, amide 

a’ was involved in inter-molecular H-bonding, while b’ was involved with intramolecular H-

bonding. Amide a’ shifted by -0.746 ppm demonstrating dissociation of H-bonding with higher 

temperature, as depicted by Figure 4-6b. Amide b’ shifted by -0.193 ppm and did not fully 

dissociate with higher temperature. A simple trend can be observed to show that intermolecular 

H-bonding can be characterized by significant chemical shifting, while intramolecular H-bond by 

subtle chemical shifting. This trend was used to evaluate 11 in terms of local stability, and also 

partially examines the potential of 11 to be involved with inter- or intramolecular H-bonding. 
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ΔTa’

a’

b’

b’

a b

13

Figure 4-8 (a) Temperature dependent partial 1H NMR stacked spectra of 5 mM 13 in CDCl3, 

and (b) representation of 13 temperature dependent association/ dissociation. 

Following the temperature dependence of the short precursor 1 which demonstrated the 

impact of temperature on inter- and intramolecular H-bonds, another temperature study was 

completed focusing on 11 demonstrated by Figure 4-9. Focusing on resonance positions of 

amides a and d, farthest downfield between 9.35-9.9 ppm suggest associations involving strong 

H-bonding, likely to be intermolecular H-bonding in reference to amide NH a’ of 13. Between 

8.1-8.7 ppm amides b and e are involved in intramolecular H-bonding with the side chain and are 

not expected to shift much upon heating. Finally amide c, pertaining to the amide linkage 

between residues 2 and 3, was revealed around 7.2 ppm and is unknown as to whether this unit 

could partake in H-bonding. 
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n
h
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11

Figure 4-9 (a) Partial 1H NMR temperature dependent stacked spectra of 5 mM 11 in CDCl3, 

and (b) reference structure of 11. 

Starting with comparisons between amide a’ of 13 and a/d of 11, the peak positions at 0 

°C are vastly different. With these differences in peak positions between a-a’ of 1.016 ppm and 

d-a’ of 0.729 ppm a stronger H-bonding association can be depicted for 11 than 13. Stronger H-

bonds are known to retain shorter distances between the CO-oxygen and NH-hydrogen. This 

leads the hydrogen to experience stronger electron donation from the oxygen lone-pairs 

increasing the N-H bond distance and effectively deshielding resulting in the 1H resonance peak 

to shift downfield. Thus it could be said that H-bonding involving amide protons a/d in 11 retain 

stronger H-bonding than 13. Further comparisons between 13 and 11 based on chemical shifts 

with increasing temperature led to observations that amide a only shifted by -0.349 ppm, d 

shifted -0.229 ppm, and intermolecularly H-bonded amide a’ shifted -0.746 ppm. The chemical 

shifts of a/d are significantly closer in relation than those of amide b’, which retained a 

temperature dependent chemical shift of -0.193 ppm. Amides a/d retain larger shifting than b’ 

because of increased distances of the H-bond. This overall represents that a and d have not fully 
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dissociated. This observation does not denote whether a/d are inter- or intramolecularly H-

bonded but clearly presents that H-bonds involving these protons do not fully dissociate like a’ 

of 13, which may due to the difference in H-bonding strength. 

Amides b and e of 11 compared to 13 b’ demonstrate similar temperature dependent 

shifting of -0.111, -0.143, and -0.193 ppm respectively, as expected for amides involved in 6-

memebered intramolecular H-bonding. Since 13 b’ and 11 e are structurally the same, they both 

appear at 8.2 ppm while 11 b is downfield at 8.7 ppm. This rather large 0.5 ppm shift could 

likely be due to the torsional strain or steric effects imposed on amide b by the mid-linking 

residues 2 and 3, which would indicate that the conformation of these residues are capable of 

significantly distorting the electronic environment. Amide c does not appear to be involved in 

any H-bonding due to the peak position at 7.07 ppm; however, it still retains a temperature 

dependent shift of -0.238 ppm very similar to that of amide d. This strong similarity potentially 

demonstrates a related conformational distortion between these amides based on temperature, 

thus they may be distinctly correlated by conformational preference. 

In order to compare the differences in stabilities of each amide oligoamide 12 was 

subjected to the same methods utilized for temperature studies involving oligoamide 11 (Figure 

4-10). It was expected that if 11 and 12 retained the same conformation that the amides would 

show the same trend. Interestingly this was not the case and 12 was observed to retain vastly 

different chemical shifts than 11. Starting with amides a’/d’, peak positons were 9.902 and 

10.393 ppm while 11 amides a/d were 9.808 and 9.502 ppm. While amides 12 a’ and 11 were 

significantly comparable in strength, 12 d’ and 11 d varied by over 0.891 ppm. This drastic 

difference paired with d’ being significantly broader than implies that these amides are 

definitively not in the same chemical environment. It could also be observed that the temperature 
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dependent shifting of a’ was -0.097 ppm while d’ was -0.414 ppm, breaking trend that a’ and d’ 

were comparable, as observed by amides a and d of 11. Clearly amide a’ was not temperature 

sensitive which may imply a stronger association at this position than d’ which showed greater 

temperature sensitivity. Another possibility was that a’ was thermally shielded while d’ was not. 

Regardless, the difference in these supposedly similar protons implied that potentially half the 

molecule was engaging in different chemical environments, not observed in 11. 

a

b

l’

e’

n’1
h’1

n’1

d’ a’
m’f’k’ i’

c’

j’
b’

n’

h’
g’g'1

12

f’1

Figure 4-10 (a) Partial 1H NMR temperature dependent stacked spectra of 5 mM 12 in CDCl3, 

and (b) reference structure of 12. 

Next to be compared were 12 b’/e’ at 8.76 and 8.09 ppm which were found to be very 

similar to 11 b/e at 8.70 and 8.21 ppm. This was interesting due to the drastic difference of the 

previously compared amides a’/d’ and a/d. The lack of difference of b/e implied that these amide 

positions were not dependent on global conformation of the molecule, like a/d, but rather are 

more restricted by intramolecular H-bonding. Temperature dependent chemical shifts of b’/e’ 

were -0.096 and -0.057 ppm, which were extraordinarily similar to -0.097 ppm of a’. Since b’/e’ 
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were known to be due to intramolecular H-bonds and not thermally sensitive, it was 

hypothesized that amide a’ was conformationally locked, similar to b’/e’. 

Amide 12 c’ was in a drastically different position than 11 c with peaks observed at 8.90 

and 7.31 ppm, respectively. This difference of 1.79 ppm represented that 12 c’ was explicitly 

engaging in H-bonding while 11 c was not. Temperature dependent chemical shift of c’ was 

observed to be -0.423 ppm while c was -0.238 ppm. This indicated that the central amide 

position of 12 correlated to, or was involved in, segments of the compound where the chemical 

environment changed due to variations in temperature. In other words, the conformation of this 

segment changed with temperature. Adding the examination of broadness of c’ compared to c 

described a strong potential for c’ to be undergoing conformational exchange. Different 

conformations led to variation in 1H resonance position due to different chemical environments/ 

couplings. When these signals were observed, portion of the population existed at each 

conformation causing a broadened peak to be observed. Overall, the temperature summaries of 1, 

11, and 12 enables the validation that 11 and 12 are not in the same conformation, that 11 is 

more stable in the conformation it retains, and 12 is likely to be undergoing conformational 

exchange even at low temperatures. However, it is not known whether 11 or 12 exist as a 

monomeric state with intramolecular H-bonding, or as a dimer with intermolecular H-bonding. 

Following temperature studies, it was still questioned if 11 or 12 amides could be 

characterized as inter- or intramolecular H-bonds, and if a monomeric or dimeric state could be 

identified. To assist this characterization, DMSO-d6 was titrated by 1 % increments into a 

solution of 11 or 12 in CDCl3. Due to the strong polarity of DMSO, it is known to be capable of 

disrupting H-bonding, allowing for observations to be made regarding structural importance of 
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H-bonding. Slight chemical shifting (< 0.1 ppm) was expected to be due to solvent effects but 

any shifting greater than that was examined further for structural implications. 

Upon examining amides protons of 11 there appear to be limited shifting with the 

exception of c (Figure 4-11). The downfield shift, of 0.993 ppm, of amide c demonstrated that 

initially this amide was not incorporated with H-bonding. Upon addition of DMSO, started H-

bonding with the solvent causing a downfield shift. Interestingly, amide a seemed to retain an 

arcing behavior which implied H-bonding was in the process of being dissociated. Amide d also 

demonstrated dissociation and a downfield chemical shift, of 0.145 ppm, but lacked a significant 

change. The overall lack of shifting of amides a/d implied that these protons were not 

conformationaly shielded from the solvent and retain strong H-bonds, otherwise a chemical shift 

observed for c would have been observed. Evaluation of the aromatic protons demonstrated that 

these protons were all exposed to the solvent, since aromatic units, like f outlined in purple for 

clarity, lacked significant chemical shift. The constant sharpness of the aromatic peaks also 

served to present that there was no π-stacking occurring within the sample as well. 
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a

b

Figure 4-11 (a) Partial spectrum 1H-NMR denaturation study of 11 from 0 - 15% DMSO-d6 in 

CDCl3 (5 mM, 500 MHz, 25 °C, ref. to TMS), including (b) labeled 11. 

Following the DMSO titration of 11 which demonstrated little variation of peak position 

except for amide c which was confirmed to not retain H-bonding, 12 was examined for 

comparison to 11 (Figure 4-12). Immediately it was clear that 12 was drastically different from 

11, with significant chemical shifting throughout the spectrum. Amides a’ and d’, retained a 

chemical shift of 0.302 and -0.578 ppm respectively. The downfield shift of amide a’ represents 

increase in strength of H-bonding with the solvent, allowing for approximate H-bonding strength 

to be quantified in relation to DMSO. Comparing 12 a’ and 11 a, it was likely that a’ was 

involved in weaker H-bonding due to the larger downfield chemical shifting in the presence of 

DMSO. Interestingly d’ had a large -0.578 ppm chemical shift, suggesting that d’ was involved 

with a conformational preference, shielded from solvent and increased H-bonding strength in 

relation to a’. 
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a

b

f’1

Figure 4-12 (a) Partial spectrum 1H-NMR denaturation study of 12 from 0 - 15% DMSO-d6 in 

CDCl3 (5 mM, 500 MHz, 25 °C, ref. to TMS), including (b) labeled 12. 

Amide c’/d’ were observed to sharpen with increasing volume percentages of DMSO in 

solution causing a reduction in conformational exchange, and a dominant “unfolded” structure 

taking place. Unfolded in terms that without inter- or intramolecular H-bonding due to 

competition with DMSO, a secondary structure of any kind was not expected to form. 

Additionally, c’ also demonstrated a -1.045 ppm upfield shift due to dissociation of this strong 

H-bond. It was hypothesized that this was so strong, in relation to 11 c, due to this H-bond being 

shielded from solvent and the conformation forced it into a more favorable position inducing 

tighter H-bonding. Upon dissociation of other H-bonds more exposed to solvent, likely a’ and d’, 

the loss of conformation distorted this favorable position causing the compound to lose H-

bonding all H-bonding and become exposed to the solvent. True to their non-interactive nature, 

amides b’ and e’ of 12 do not shift significantly with increasing amounts of DMSO, much like b 

and e of 11 demonstrating again that these protons are not affected by the conformational 

preference of the backbone. 
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While b’ and e’ did not show significant conformational susceptibility, the aromatic rings 

of 12 displayed extraordinarily unique positions for aromatic hydrogens by 1H NMR. Originally 

g1, h1 and f of 11 showed almost no change in chemical shift with DMSO except for perhaps 

changes induced by increasing net solvent polarity. These aromatics for 12 g’1, h’1, and f’ all 

demonstrated significant shifting 0.258, 0.364, and 0.835 ppm respectfully. This was unnatural 

even for π-stacked aromatic rings. It is unknown as to what exactly caused the extreme shifting 

behavior of f’ but is extraordinarily likely that a significant amount of sterical stress is placed on 

this proton, perhaps more so than g’1 and h’1. Again this dramatic shifting supports the unique 

structures examined between 11 and 12, but the extreme aromatic and amide c’ shifting with 

increasing DMSO observed for 12 does not support a monomeric compound. Instead, H-bonding 

with amide c’ in a linear strand is far more likely in a dimeric complex than a monomeric, but it 

is unknown structural implications can be described for the highly shifted and broadened 

aromatic signals except for significant sterical interactions included with conformational 

exchange involving these protons. 

Upon examining the amides and aromatic units it was also important to observe if any 

changes occurred to the methylene protons within the linker residues 2 and 3. Starting with 11 

protons k of the α-residue and j/i of the β-residue it was hypothesized that these positions would 

be most susceptible to conformational changes (Figure 4-13). Since these protons did not retain 

strong withdrawing groups nearby it was extremely unlikely that this shifting was due to H-

bonding with DMSO in any way, suggesting that shifting was due to increased solvent 

interactions or partial conformational change. Protons j/i of the β-residue did not represent any 

chemical changes with increasing DMSO, but proton k of the α-residue shifted by -0.100 ppm. 

This demonstrated that regardless of increasing amounts of DMSO there was no significant 
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change with solvent interaction at the position of j/i perhaps because if there was conformational 

exchange there were no changes in torsional strain at this flexible position. At position k, there 

was some distortion implying that this was likely due to slight conformational changes, in 

regards to the lack of shifting by j/i. Overall, 11 retained a stable structure even with significant 

exposure to solvent interaction along the backbone and likely retains a favored conformation that 

is stable in the presence of DMSO. 

a

b

Figure 4-13 (a) Partial spectrum 1H-NMR denaturation study of 11 from 0 - 15% DMSO-d6 in 

CDCl3 (5 mM, 500 MHz, 25 °C, ref. to TMS), and (b) reference structure to 11. 

Due to the significant chemical shifting of 12 previously observed, it was expected that 

this trend would continue within the mid-linker for further observation of different 

conformations. A strong chemical shifting of proton i’ of the α- residue, by -0.485 ppm, was 

observed, as well as an increased peak visibility with increasing DMSO (Figure 4-14). In 

correlation to the lack of any visible shifting of protons j’/k’ within the β-residue, it would seem 
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that proton i’ was the only position that experienced torsional stress that was relieved upon 

addition of DMSO, causing all H-bonding to be lost. 

a

b

f’1

Figure 4-14 (a) Partial spectrum 1H-NMR denaturation study of 12 from 0 - 15% DMSO-d6 in 

CDCl3 (5 mM, 500 MHz, 25 °C, ref. to TMS), and (b) reference structure to 12. 

Overall in terms of the H-bond denaturation studies between 11 and 12, within the mid-

linker region consisting of residues 2 and 3, it would seem that the α-residue is sensitive to 

conformational change, which is useful for interpreting direct structural differences and solvent 

effects on the conformation of these different compounds. Clearly 11 and 12 retained different 

structures in CDCl3 after examining the results of this study. More importantly it was likely that 

11 retained a monomeric structure, due to the lack of H-bonding at amide c that could imply a 

dimer formation within a linear strand. 12 was expected to retain a duplex conformation, due to 

the strong nature of H-bonding at amide c and extraordinary interactions observed among 

aromatic protons g’1, h’1, and f’. Furthermore, the dimeric conformation of 12 was not expected 

to be stable and would likely be conformationally exchanging due to the broadened signals in 

CDCl3 that sharpen with increasing amounts of DMSO or raising temperature. With these 
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structural details, specific conformations start becoming more apparent, but conversely baffling 

at why a small inversion of the α/β residues of 11 and 12 would cause such drastic structural 

variations. To elucidate reasoning, further experimentation was required to completely defining 

the exact structure of each compound. 

To prelude detailed 2D NMR studies (NOESY, ROESY) a concentration study are 

always collected. This was to observe limitations at higher concentrations in case aggregation 

played an intrinsic role. Demonstrated by Figure 4-15a and c, concentration studies of 11 and 12 

present there is almost no shifting of peaks when reaching lower concentrations, except for 11 c. 

A clear sigmoidal shift can be observed, presenting that there is either a potential conformational 

change, which cannot be the case due to this peak being the only one observed to change. Or it is 

possible that the upfield shift of this peak at higher concentrations is caused by H-bonded 

aggregation at this position only. The latter is supported by DMSO denaturation studies 

presenting that this position must be exposed to solvent. In comparison, 12 presented almost no 

shifting of any peaks with reducing concentration in CDCl3 except for minute changes of 12 c’ 

and d’. Overall it seemed, that the conformational stability of 11 and 12 was independent of 

concentration and that based on these spectra 5 mM would be an effective concentration for 

further studies. 
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a

b

c

d
f’1

Figure 4-15 (a) Partial spectrum 1H-NMR concentration study of 11 from 25-0.1 mM in CDCl3 

(5 mM, 500 MHz, 25 °C, ref. to CHCl3), including (b) reference structure 11. (c) Partial 

spectrum 1H-NMR concentration study of 11 from 25-0.1 mM in CDCl3 (5 mM, 500 MHz, 25 

°C, ref. to CHCl3), including (d) reference structure 12. 

4.3. Structure Elucidation of a Monomeric Conformation by 2D NMR 

Upon collection of concentration and temperature studies of 11 and 12, structural 

characterization was carried out with the utilization of 2D NOESY and ROESY experiments. 

Utilizing previous data collected of 11 at 25 °C and at 5 mM, aggregation was not expected to 

play a significant role and 1H NMR peaks were well defined. The 2D NOESY spectrum 
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collected is displayed in partial spectra to clearly represent observed NOEs, as shown in Figure 

4-16. The peaks demonstrated in Figure 4-14a correlate to NOEs between internal aromatics f/ f1 

and amides a/d, which were expected to be involved in H-bonding. The red-labeled NOEs 

represent interactions between protons that could not be observed if 11 was in mono-linear 

strand, while black-labeled NOEs could still be observed due to close proximity regardless of 

conformation. In Figure 4-16b, end-to-end NOE can be clearly observed in reasonable intensity, 

demonstrating that either 11 folds in on itself to form a monomeric or an antiparallel 

intermolecular H-bonded dimer. In correlation to NOEs of Figure 4-16a, Figure 4-16c represents 

NOEs observed between the internal aromatics of each ring, further supporting the two 

previously described potential structures. The structural representation of these NOEs is 

displayed in Figure 4-16d for clarity. 
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(m, l)

(d, f)

(a, f1) (a, f)

(f, f1)

(d, f1)

f1
e

f

d
a

e
f1

g
1

f

ef1 g1
f

m

l
a b

c d

11

Figure 4-16 Partial 2D NOESY spectra observed of 11 at 5 mM in CDCl3 between (a) internal 

aromatics f/ f’ and amides a/d, (b) end-to-end methylenes m/l, and (c) internal aromatic f and f’, 

including (d) a simplified structural representation (25 °C, 500 MHz, mix: 500 ms). 

After examining NOEs involving protons around the end groups, it was useful to examine 

NOEs within engaging protons of residues 2 and 3. Figure 4-17a demonstrates observed peaks 

between amide d and amide c implying that 11 either takes on a twisted structure placing these 

two amides into proximity of each other, or there is a bend involving residues 2 and 3. The next 

spectrum, Figure 4-17b, demonstrates an NOE observed between amide c and methylene i of 

residue 3. An additional NOE, section 4.10 Chapter 4 Supplementary Information, demonstrates 

an interaction between amide c and methylene j of residue 3, again implying that there is either 

significant twisting or a there is a bend within 11. Figure 4-17c, demonstrates that 11 must retain 

a bent structure since an NOE can be observed between methylene i and amide d. In 
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summarization, the bent structure is most likely because amides c and d both retain NOE with 

not only each other but also with methylene i which is only possible if all three of these protons 

are in proximity and likely in plane with each other. Due to this proximity assignment a twisted 

structure would retain an NOE pattern of i-to-c and c-to-d forced by an alignment out of 

planarity. With the observation of d-to-i the twisted structure was no longer a potential 

conformation for 11. 

(i, d)

(d, c)

c

d
i

h c

d

i

(i, c)

a b

c d

Figure 4-17 Partial 2D NOESY spectra observed of 11 at 5 mM in CDCl3 between (a) amides d 

and c, (b) amide c and residue 3 methylene i, and (c) amide d and residue 3 methylene i, 

including (d) a simplified structural representation (25 °C, 500 MHz, mix: 500 ms). 

The assignment of NOEs between specific protons enabled conformational relations to be 

grouped allowing for an overall conformation to be identified. It is important to note that the 
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conformation of structures should be assigned from NOEs, not NOEs from conformations. This 

limits erroneous conformational assignments, since a potential unknown structures must be 

accounted for. Even if a solid-state crystal structure is known, it is important to keep this in mind 

due to countless interactions involved during solvation that could lead to changes in 

conformation regardless of how theoretically unlikely. All observed NOEs were overlaid on a 

linear structure of 11 to examine global distributions of NOEs represented by Figure 4-18a. The 

linear structure clearly involves NOEs that are too far in distance to be observed so another 

structure was refined allowing for a bend around residues 2 and 3, as well as H-bonding 

involving amides a and d. A bend was previously confirmed with NOEs of Figure 4-17, while H-

bonding involving amides a and d was confirmed based on 1D 1H NMR experiments. These two 

conformational properties in collaboration with each other support the 2D structure displayed in 

Figure 4-18b. Further support from this structure is displayed by the reasonable linear distances 

between protons engaging in the observed NOEs, with the exception of amide c to methylene i. 

Due to the strong reason for the folded strand, a 3D rendering of this structure was envisioned in 

Figure 4-18c. Clearly based on this 3D rendering amide c and methylene i are in close enough 

proximity to support this conformation, as do all of the other observed NOEs. Further support for 

this structure comes from the lack of any significant aromatic chemical shifting of previously 1D 

1H NMR experiments verifying that a π-stacked dimer does not form. It can be observed that 

central amide c is not in plane with the backbone and is significantly exposed to potential 

intermolecular H-bonding, which is also supported based on the concentration study for 11. 

Overall, based on all 1D and 2D NMR data collected, 11 retains a folded monomeric 

conformation mimicking the same structural identity as a secondary β-turn with exceptional 

stability! 
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a b c

Figure 4-18 Structural assignment of observed 11 NOEs from (a) a linear strand to (b) a folded 

strand then into (c) a working model. 

4.4. Filling in the Gaps to Confirm a Dimerized Conformation 

In previous 1H NMR experiments, 12 displayed significant variance in peak position for 

multiple protons, temperature susceptibility and solvation leading to the expectation that 12 does 

not retain the same conformation as 11, and to an unknown extent, confromational exchange. In 

order to collect useful data from 2D NMR experiments it was required that peaks retained 

definition/ sharpness, otherwise signal is often too weak to be detected. In order to increase peak 

sharpness, cryogenic NMR experiments were carried out in CDCl3 down to – 45 °C, 

demonstrated by Figure 4-19. As expected of a compound undergoing conformational exchange, 

upon excessive cooling the rate of exchange significantly slows allowing for a predominate 

conformation to be exposed leading to sharpening of peaks. This is demonstrated by the 

sharpening of amides d’ and c’, and internal aromatic f’. What was more interesting were 

methylenes within residues 2 and 3 began splitting lower than 0 °C! This can be clearly 

demonstrated by methylene i. Unfortunately due to broadening, 2D NMR techniques between 
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COSY and NOESY were required to re-validate peaks, especially between 2- 5.5 ppm for 

methylenes. 

d’ c’ f ’ i’

Figure 4-19 Cryogenic temperature study of 12 (5 mM, 400 MHz, CDCl3, ref. to CHCl3). 

A 2D NOESY spectrum of 12 was collected at -45 °C in CDCl3 in order to determine if a 

structure could be elucidated (Figure 4-20). Side chain methyl groups n’/ n’1 could be observed 

to split and were correlated to respective external aromatics h’/ h’1 respectively. Curiously there 

are an interestingly large number of peaks that differ greatly from those exposed by 11. 

Specifically NOEs between methylene i’ of residue 2 and internal aromatic f1’, methylene j’ of 

residue 3 and internal aromatic f’, and terminal methylene m’ to external aromatic g’1 

demonstrate 11 and 12 structurally do not retain the same conformation. These NOEs also 
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depicted an extraordinarily contorted conformation since a linear monomer or linear anti-parallel 

dimer structure could not match these proximities. Further support for a twisted conformation 

could be defined by Figure 20c, demonstrating weak NOEs between amide a to external g’1, f’1 

to amide c and b. The broad range of interactions along the backbone between f1’ from amide c, 

methylene i’ and amide b among other NOEs observed between other protons were unable to be 

grouped in a monomeric structure further implying the potential for dimeric conformation. 

Unfortunately, the overall alignment and lack of implicit NOEs prevented a defined 

conformation from being determined. 

a

b

c

d

12

12

Figure 4-20 Partial 2D NOESY spectra of 12 at -45 °C in CDCl3 demonstrating NOEs between 

(a) mid-linker residues 2 and 3 to aromatic units with (b) simplified representation of NOEs, and 
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(c) amide to aromatics including (d) correlated NOEs represented by a simplified structure (5 

mM, 400 MHz, 500 ms). 

Due to NOEs observed of external aromatic protons, i.e. g’1, it was questioned perhaps 

sterics played a substantial role in preventing compaction. Thus the side chains of 12 were 

replaced with methyls to reduce this sterical strain. To aide solubility, alkyl chains were added to 

the termini. A stacked spectra demonstrates the changes between 12 and 12’ in Figure 4-21. 

Astonishingly a large chemical shift of amide a’’ of 12 can be observed in correlation to 11 a and 

12 a’. This was likely due to increased sterical strain at the termini introduced by alky side 

chains, increasing the H-bonding distance for this amide which can also partially be observed for 

the opposite 12’ terminal amide e’’. In comparison of 12’ amides d’’ and c’’ to 12 d’ and c’ 

demonstrates a significant sharpening of peaks implying an increased conformational preference. 

Sharpening of previously broadened aromatic signals could be observed encouraging that an 

induced stabilization of a defined structure upon structural modification of 11 and 12. 

Verification that these two molecules shared the same conformational preference stemmed from 

the strong similarity peak position. 
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11

12

14

12

11

14

Figure 4-21 Stacked 1H NMR spectra of 11, 12, and 14 at 5 mM in CDCl3 with corresponding 

labeled structures (25 °C, 500 MHz). 

The methylene region was very important since this region has been demonstrated to be 

significantly influenced by conformational preference. Previously broadened side chain 

methylene doublets of n’/ n’1 of 12 demonstrated sharpening upon switching to methyls of n’’ 

and n’’1 of 14 due to the singlet nature, but the lack of significant shifting of peak position adds 

support to the retaining of 12 conformation (Figure 4-22). Both i’’ and j’’ retain the same 

broadness previously observed for 12 implying that the backbone strain described for 12 was 

also retained. A significant shifting can be observed for 12 m’ to 14 m’’. A cyano group 

incorporated in 12 was a strong withdrawing group causing downfield shifting of m’, and with 

the loss of this cyano group m’’ became shifted into a region similar to that of 11 m. Overall it 

was concluded that the distorted conformational nature of 12 was alleviated with the structural 

modification, and that the overall conformation of 12 is predominately retained within 14. 
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11

12

14

Figure 4-22 Stacked 1H NMR spectra of 11, 12, and 14 methylene region at 5 mM in CDCl3 

with corresponding labeled structures (25 °C, 500 MHz). 

Structural similarity can be observed by comparison to the slight chemical shifting of 

amides d’ and c’ of 12, almost no shifting was observed for d’’ or c’’ of 14 (Figure 4-23). 

Significant sharpening could be observed for d’’ and c’’ implying reduction in molecular motion 

at these internal H-bonding positions. As expected this sharpening occurs at the same 

temperature as 12. Overall, the aromatic region of 14 did not represent significant variance to 

trends previously presented by 12, depicting that 12 and 14 retained similar if not the same 

conformation. 
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5  C

-15  C

-25  C

-35  C

-45  C

d’’ a’’
c’’

b’’ g’’ e’’

f’’1

g’’1 f’’ h’’ h’’1

Figure 4-23 Cryogenic temperature spectra of 14 (5 mM, 400 MHz, CDCl3, ref. to CHCl3). 

The methylene region of 14 at -45 °C was observed to be significantly more defined than 

the broadened peaks of 12 (Figure 4-24). Since this region retained the greatest influence to 

verify the conformation of 12, refreshed the potential of elucidating the conformation through 

14. Each split methylene could be clearly resolved especially with the sharp singlet nature of the 

aromatic methyl sidechains alleviating previous ambiguity within the 12 spectra. Interestingly 

even 14 terminal methylene l’’ was observed to slightly split, demonstrating that at least one 

terminal position was conformationally locked, otherwise a broadened signal would have been 

expected with exchange between these positions, observed at -15 and -25 °C. The refined signal 

dispersity and intensity of 14 vs. 12 within the methylene region affirms that longer side chains 

substituted on aromatic rings of 12 did not allow packing within the central positions of the 
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backbone leading to destabilization in conformation. Oligoamide 14 retained greater 

conformational stability that 12. Due to enhanced signal dispersity and intensity of 14, it was 

expected that further structural details would be revealed upon examination by 2D NOESY 

experiments. 

5  C

-15  C

-25  C

-35  C

-45  C

i’’

i’’

j’’

n’’1n’’

l’’

j’’ k’’

k’’

m’’

Figure 4-24 Cryogenic temperature spectra of 12 (5 mM, 400 MHz, CDCl3, ref. to CHCl3). 

After observing strong similarities within the cryogenic temperature studies between 12 

and 14 a 2D NOESY spectrum was collected for 14 utilizing the same parameters as 12. Within 

the first partial spectrum within the aromatic region, an end-to-end NOE between external 

aromatic g’’ and amide e’’. Conversely in Figure 4-25, an NOE between external aromatic g’’1 

and amide a’’, also observed for 12, implies that overlapping aromatic rings, “ring flip,” is 

necessary for both of these NOEs to exist at the same time on a monomeric residue which would 
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be the only conformation enabling the proximity alignment for these external aromatics on 

separate rings to interact with terminal amides. This potential ring flip would result in significant 

twisting likely within residues 2 and 3 which retain all flexibility within the molecule, which 

aligned with the previous conclusion from 12 that the conformation should be highly contorted. 

It was expected with observation of end-to-end NOEs that bending should be observable within 

the mid-linker region. This was depicted by NOEs between amide d’’ with central amide c’’ and 

internal aromatic f’’, including the NOE between amide c’’ and f’’. The intensity of this NOE is 

significantly stronger than d’’ to f’’, implying that c’’ was significantly closer than d’’ to f’’. 

What was strange about this was the linear distance between c’’ and f’’, demonstrating that this 

NOE must not be from monomeric folding, but a dimeric. Ring flipping was further supported by 

NOE observed between amide d’’ and b’’. Since b’’ is locked within H-bonding it must be in the 

opposite direction compared to c’’ and f’’, which also retain NOE with amide d’’. With the three 

of these NOEs, and approximate intensities, enabled a crude triangulated position of d’’, which 

was positionally more favorable with a ring flip. This potential ring flip could have be one of the 

driving factors to why 12 was conformationally unstable since the large bulky side chains of 12 

could have interfered with ring-alignment and π-stacking. 
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a b

c d

Figure 4-25 Partial 2D NOESY spectra observed of 14 at 5 mM in CDCl3 regions between (a) 

aromatics and aromatics, (b) amides and aromatics, and (c) amide d’’ and amides, including (d) a 

simplified structural representation (-45 °C, 400 MHz, mix: 500 ms). 

Following the examination of the NOEs involving the aromatic region, the methylene 

residues were examined to elucidate more structural support. Unlike with 12, a significant 

amount of NOEs were observed among the methylenes due to the enhanced conformational 

stability and reduced broadness. Each methylene that split into individual peaks for each proton 

retained a characteristically strong NOE, which was utilized for validating and labeling these 

new peaks at -45 °C, as demonstrated in Figure 4-26a. An odd NOE was observed between n’’ 

and n’’1, which hypocritically implied in comparison to other NOEs, that the rings were likely 
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aligned or overlapped. The overwhelming majority of other peaks involved with enforcing an 

aromatic overlap, and the reduced proximity of n’’ and n’’1 were to the diagonal, significantly 

increased the chance of these NOEs being artificial. Overlap of the strong NOEs along the 

backbone along the diagonal of the spectra, implied that this NOE might not be real, and was 

partially ignored. Another end-to-end NOE was weakly observed between m’’ and l’’, but 

retained significantly weaker intensity as compared to the NOE observed between m and l of 11. 

As expected, d’’ also retained an NOE with i’’ in Figure 4-26c, further supporting the position of 

this amide closer to amides c’’ and b’’ than the internal aromatic f’’. Figure 4-26b demonstrated 

the strongest evidence by NOEs for the formation of a dimeric structure, with NOEs between the 

split methylenes of k’’ and terminal methylene l’’. Due to the placement of these protons it is 

impossible for these positions to come into proximity from any monomeric conformation due to 

structural rigidity imparted by the aromatic ring of the backbone. The intensity of these peaks 

also implies that these are relatively farther away than most protons, matching similar NOE 

intensity as c’’ to f’’1. 
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a b

c d

Figure 4-26 Partial 2D NOESY spectra observed of 12’ at 5 mM in CDCl3 regions between (a) 

methylenes and methylenes, (b) methylenes k’’ and methylenes l’’, and (c) amides and 

methylenes, including (d) a simplified structural representation (-45 °C, 400 MHz, mix: 500 ms). 

In order to obtain a clearer image regarding overall NOE conformational contributions, 

each NOE was overlaid on a linear structure observed in Figure 4-27a, as comparably 

demonstrated with 11. Unfortunately, a simplified structural model was not able to be developed 

but structural implications were able to be aligned. As demonstrated in Figure 4-27b, there are a 

significant number of rotatable bonds along the backbone, with a large majority surrounding the 

β-residue. It is expected that this unit is where the conformation bends or retains majority of the 

torsional strain. This is supported by the significant number of NOEs surrounding this residue, 

unlike the α-residue which sparsely retains several NOEs and is not depicted to retain bond 
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rotation. The lack of these NOEs is likely a result of linearity within this portion of the molecule, 

since 12/ 14 have an interesting access to a bifurcated H-bond, demonstrated in Figure 4-27b, 

that restricts bond rotation. This linearity from c’’ to a’’ also supports reasoning as to why the 

conformation of 11 is potentially inaccessible to 12 and 14 except through interconverting states. 

a b

Figure 4-27 (a) Structural assignment of NOEs observed for 14 at -45 °C in CDCl3 and (b) 

implied structural contributions involving bond rotation and bifurcated H-bond. 

Overall with the added data observed for 14 it can be concluded that a bifurcated H-bond 

forms within the backbone of 12 and 14 surrounding b’ and b’’ respectively. A potential ring-flip 

is also extraordinarily likely due to long range NOEs between g’’ to e’’ and g’’1 to a’’. It is 

highly likely that the β-methylenes of residue 3 are the position of a structural bend and retain a 

large amount of twisting/ torsional strain implied by the large number of NOEs surrounding this 

region. A dimeric conformation between two strands of 12/ 14 is far more likely due to NOEs 

between positionally unfavorable protons like c’’ to f’’ and k’’ to l’’. Finally, amides a’’, c’’ and 

d’’ are all expected to retain favorable H-bonded positions due to previous 1H NMR studies of 

12. Due to the structurally complicated nature of 12/ 14, a working model was unable to be 

developed. Despite this 14 was important for the enhanced clarity and elucidation of NOEs 

previously unobservable for 12. Despite not having a working model, a collaboration with Daniel 

Miller and Dr. Eva Zurek was sought to utilize known NOEs and structural details to visualize 

the conformation of 12/ 14. 
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4.5. Inclusion of Computational Chemistry to Elucidate the Dimerized Conformation 

Without a defined structure based on NOEs for 12/14 like that of 11, an alternative 

method of sorting potential structures began a collaboration with Daniel Miller and Dr. Eva 

Zurek in order to verify computationally potential conformations. To increase the efficiency of 

these calculations, atoms that were not significantly required were removed, leading to 

generalized models of 11 and 12 (Figure 4-28). Each model retained assignments based on those 

previously used for labeling NMR spectra to increase clarity when comparing NOEs vs 

computed conformations. Strong similarities between observed NOEs and computed 

conformations led to the validation of conformations pertaining to each oligoamide. 

12 - Model

11 - Model

Figure 4-28 Simplified 11 and 12 models for computational analysis including labels in the same 

order as those used for 1D/ 2D NMR spectral assignments. 
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In order to ensure the best software was being utilized for the geometry optimizations the 

working model of 11, previously developed from observed NOEs, was modified to form a cis 

and trans amide at amide c. Both cis and trans geometries, were optimized with B3LYP-D3 and 

revPBE-D3. In both cases the optimized trans conformation, demonstrated in Figure 4-29, was 

found to be more stable as expected. Interestingly, the difference in energy of the cis and trans 

conformations was found to be 1.78 kcal/mol for revPBE-D3 and 1.46 kcal/mol for B3LYP-D3, 

demonstrating that the former was more advantageous computationally. The connotation of D3 

represents a dispersion correction that was utilized for these optimizations, to account for 

unnatural van der Waals which prevented conformations from properly packing and reaching 

lower energies. 

Figure 4-29 Geometries generated for 11 comparing revPBE-D3 and B3LYP-D3 software 

packages between the cis and trans conformations of amide c. 

With the computational parameters in place, a variety of structures were compared 

starting with conformations A and B demonstrated in Figure 4-30. Conformation A was found to 
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retain an energy of -10002.32 kcal/mol while conformation B was found to be -9999.65 kcal/ 

mol. Originally these structures were based on the previous expected structure of 11, but while 

11 retained a flat geometry, as shown above in Figure 4-18, these both retained a bent geometry 

along the β-residue 3, expected based on NMR experiments. Conformation B, was an attempt to 

flatten the overall conformation, which demonstrated increase in energy by 2.67 kcal/mol. This 

demonstrated that planarity of the backbone was not favorable for 12 or 14. Unfortunately, a 

bifurcated H-bond around amide b was missing in both of these structures, which was expected 

based on observed NOEs.  

A B

Figure 4-30 Initial folded optimized conformations A and B of 12/14, with a red circle included 

to define the region of the missing H-bond. 

In light of this missing bifurcated H-bond a working model was developed based on 

NOEs observed for 14, as shown in Figure 4-31a. Conformation C was optimized from this 

working geometry, which unfortunately was found to retain an energy of -9994.03 kcal/ mol and 

8.29 kcal/ mol less stable than the conformation A. This was strange since conformation C 
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retained all NOEs observed for 14, which conformations A and B were unable to represent. All 

three of these conformations lacked was a dimeric structure that was expected based on a number 

of NOEs and could not be rendered based on a monomeric structure alone. Since both 

conformations A and B could not be aligned with many NOEs, a dimeric conformation was 

explored for conformation C of 12/14. 

b

ca

Figure 4-31 (a) Conformation C of 12/14 based on observed NOEs defined by red arrows, with 

optimized geometries of the (b) side and (c) top views including a red circle defining the 

bifurcated H-bond. 

Due to the significant number of NOEs observed to match with conformation C of 12, 

demonstrated in Figure 4-32, it was expected to be the most stable of all three conformations 

tested; however, it was found to be the least stable. Since conformations A and B did not allow 

for significant intermolecular H-bonding, conformation C was explored with a dimeric working 
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model demonstrating significant intermolecular H-bonding represented by red-dashed lines. This 

dimeric working model also demonstrated a large number of NOEs not previously observed by 

the monomeric conformation C, represented by red-arrows, and was utilized for computational 

geometry optimizations. This dimeric conformation was found to retain an energy of -20033.00 

kcal/ mol, when divided by two for each monomer was found to be -10016.5 kcal/ mole. This 

dimeric model of conformation C demonstrated a favorable conformation -14.18 kcal/ mol more 

favorable than conformation A per monomeric residue! Unfortunately, this model lacked H-

bonding at amide a, which was required to exist based on previous 1D 1H NMR experiments. 

a

b

Figure 4-32 (a) Working dimer model of 12/14 conformation C with red arrows defining 

intermolecular NOEs observed for 14 and red-dashed lines representing intermolecular H-

bonding. (b) Optimized conformation C dimer with red circle demonstrating lack of H-bonding. 

After the failure of several structures to fully match the structural requirements derived 

from 1D and 2D 1H NMR experiments, Dr. Gong designed a unique dimeric conformation based 

on previous observations demonstrated in Figure 4-33a. This model engaged an inter-twined 
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motif that after computational optimization retained a reduced energy of -20054.06 kcal/ mol, an 

astonishingly 10.56 kcal/ mol per residue more stable than the previous dimer! Since this was 

found to be the most stable conformation the NOEs observed for 14 was again compared to this 

structure, resulting in a strong comparison with no NOEs left unaccounted for. All 

intermolecular H-bonds were observed for amides a, d, and c. Even the bifurcated H-bond of b 

was found to be intact. Examination of the aromatic side chain positions implied that if longer/ 

bulkier groups were used then significant strain would be place on the conformation not allowing 

for packing between the strands. The position of the terminal side chains would not cause 

significant distortion since they are positioned away from the backbone and would allow internal 

packing. Overall, the intertwined conformation of 12 matched exactly what was expected based 

on observations. In order to further confirm this structure, bond lengths were required to be 

compared, but due to an estimated mixing time being utilized for 2D NOESY and ROESY 

experiments an NOE build-up experiment was required. 
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a b

Figure 4-33 (a) Optimized inter-twined conformation of 12 with one strand highlighted for 

clarity, including (b) a simplified model of the inter-twined conformation of 12. 

4.6. NOE Distance Calculations and Structural Confirmation of a Dimerized 

Oligoamide 

Mixing time build-up experiments first targeted 11 at 5 mM in CDCl3 at 25 °C, as shown 

in Figure 4-34a and b. It was expected that an increase in mixing time would lead to an increase 

in NOE intensity until signals reached saturation, after which would cause over-saturation and 

potentially increase in spin diffusion. Within Figure 4-34a, a variety of NOE intensities can be 

observed with each NOE impacted differently with mixing time. Overall it can be concluded that 

saturation was not yet reached within the range of 75- 280 ms. Upon expanding this range from 

20-800 ms a saturation can be observed around 300 ms. With the characterization of 11, mixing 

times for 12 was examined at -45 °C. Figure 4-34c demonstrates the NOE strength on opposite 
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sides of the diagonal since implicitly the two may not be of equal intensity, but increase accuracy 

of interpretation when both are accounted in peak validation. Initially NOEs between amide d to 

internal aromatic f1 and methylene k were explored between 20-640 ms. A saturation was 

observed to occur at 320 ms; however, due to the splitting of methylenes it was questioned if this 

splitting would play a significant role on the impact of mixing time with NOEs within the 

methylene region demonstrated by Figure 4-34d. Of the four NOEs observed, an interesting 

trend could be observed between NOEs of these split protons. The NOEs between protons k to i’ 

a saturation time can be observed to occur at 320 ms, while NOEs between k’ to i’ retain a 

saturation of 160 ms. Due to this difference, a short mixing time of 160 ms was utilized in order 

to retain the most accurate mixing time possible for 12. NOESY experiments of oligoamide 11 

were also conducted with this mixing time. 
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a b

c d

Figure 4-34 NOE buildup of various proton unnormalized integrations of (a) 11 between mixing 

times 75- 280 ms, (b) 11 between mixing times 20- 800 ms (5 mM, 500 MHz, CDCl3, 25 °C). (c) 

14 between mixing times 20- 640 ms, and (d) 14 of NOEs between protons k and i between 

mixing times 20- 640 ms (5 mM, CDCl3, 400 MHz, -45 °C). 

Results of the repeated NOESY experiment of 14 at - 45 °C with a shorter 160 mixing 

time is represented in Figure 4-35a and b. Red labeled NOEs are those that arise from specific 

conformations, rather than those that are simply close in space. A large number of 

conformational specific NOEs represents the validation of a large majority of peaks that were 

previously observed, allowing for further utilization in the determination of bond lengths. 
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a b

Figure 4-35 Partial NOESY spectra of 14 at 5 mM in CDCl3 within the region between (a) 

methylenes to aromatics/ amides, and (b) aromatics/ amides to aromatics/ amides (160 ms, 400 

MHz, -45 °C). 

To determine bond lengths based on NOEs, a reference length of 2.676 Å was applied 

from optimized models between protons d and k, which are adjacent in space but not bond. 

Equation 1 was utilized to determine the distance between protons involved in specific NOEs in 

the F2-F1 and F1-F2 dimensions representative of corresponding NOEs on opposite sides of the 

diagonal. 

1/6 )𝐼𝑟𝑒𝑓 (𝐷𝑝𝑒𝑎𝑘 −𝐷𝑎𝑣𝑔 Eq.1. ( ) Eq.2. % 𝑒𝑟𝑟𝑜𝑟 = | | 𝑥100% 𝐷 = 𝐷𝑟𝑒𝑓 𝐼𝑝𝑒𝑎𝑘 𝐷𝑎𝑣𝑔 

In Equation 1, D represents the distance between NOEs corresponding to a specific NOE, Dref is 

the distance calculated between protons d and k based on a computational model, Iref is the 

intensity of NOE corresponding to protons d and k, and Ipeak is the intensity of NOE of the 

variety of peaks observed in Figure 4-35. A percent error, demonstrated by Equation 2, was 

calculated for each NOE distance based on the average distance between the two corresponding 

NOEs on opposite sides of the diagonal to compare accuracy between various NOEs. As shown 
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in Table 4-1, distances were calculated for each NOE relating to specific conformational details, 

and were all found to be within a 5% error compared to the average distance for each peak.  

Table 4-1 Calculated distances for NOEs observed within oligoamide 14 2D NOESY spectra. 

NOE Peak F1 to F2 F2 to F1 Avg. Distance F1 to F2 (Å) % Error Distance F2 to F1 (Å) % Error Distance Avg. (Å)

(n, e) -17.26 -20.42 -18.84 3.43 0.65% 3.39 0.57% 3.41

(i‘, f1) -23.99 -22.02 -23.01 3.25 1.50% 3.35 1.51% 3.3

(i, f1) -36.47 -38.9 -37.69 3.03 0.26% 3.05 0.24% 3.04

(c, d) -31.04 -23.07 -27.06 3.11 3.05% 3.32 3.49% 3.21

(f, c) -43.62 -58.42 -51.02 2.94 1.82% 2.85 1.48% 3.89

(g1, a) -30.85 -39.54 -35.2 3.12 1.40% 3.04 1.16% 3.07

(f1, f) -10.24 -13.3 -11.77 3.75 1.52% 3.64 1.26% 3.69

Ref. (k, d) -76.89 -85.54 -80.72 2.68

Unnormalized Integrations

With the calculations of distances for the various NOEs based on the experimental data of 

14 collected, the average distance of each NOE was compared between each monomeric strand, 

labeled residue A and B, within the inter-twined dimeric conformation of 12. These comparisons 

between the experimental distances and the computational distances are displayed in Table 4-1. 

A percent error is displayed, displaying the difference between the computational distances vs. 

the experimental. Astonishingly each NOE was found to be within a 15% agreement, with 15% 

being representative of at most a 0.5 Å difference between observed and computationally derived 

H-to-H distances. With no peaks surpassing a 4 Å distance, all hydrogens expected to retain 

NOEs were still within the farthest detectable NOE distance of 5 Å. This high degree of 

comparability of structural distances between various protons paired with the number of NOEs 

demonstrates that the intertwined conformation must be the observed conformation of 12/ 14 in 

solution. 
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Table 4-2 Comparison of various experimental 14 NOE distances vs. computational structure 

distances derived from the inter-twined conformation of 12/14. 

Experimental

NOE peak Distance Avg. (Å) Residue A % Error A Residue B % Error B

(n, e) 3.41 3.38 0.77% 3.48 1.90%

(i‘, f1) 3.30 2.96 10.33% 2.88 12.72%

(i, f1) 3.04 2.9 4.48% 2.81 7.38%

(c, d) 3.21 2.99 6.94% 2.99 7.03%

(f, c) 2.89 2.92 1.09% 2.88 0.23%

(g1, a) 3.07 2.71 11.88% 2.69 12.63%

(f1, f) 3.69 3.38 8.50% 3.42 7.17%

Computed Structure

NOE distances were also calculated for 11 after collecting further NOESY spectra with 

160 ms mixing times, to keep experimental conditions comparable to 12/ 14. NOEs observed 

only added further support to the conformation previously determined to be the most stable, and 

due to molecular dynamic simulations (MD) on the optimized structure of 11 led to the 

demonstration that a π-stacked conformation was not obtainable like that of 12. This observation 

paired with no observable NOEs implicit to a dimeric conformation validate that 11 must be in a 

monomeric planar conformation. 

4.7. Conclusions 

Overall, the individual conformations of 11 and 12 were able to be determined through 

rigorous 1D and 2D NMR studies paired with computational analysis introducing several novel 

advances in the design of foldamers. The design of a small structural inversion, between 

oligoamide 11 and 12, involving central α and β positions between two rotationally restricted γ-

residues has led to the exposure of a dramatic conformational switch, represented by Figure 4-36 

for clarity. The conformation of oligoamide 11 requires only one strand and strongly mimics a β-

turn with enhanced stability at room and elevated temperatures, demonstrated by 1Dand 2D 
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NMR experiments. The inter-twined, double helix, conformation involving a dimerization of two 

oligoamide 12 strands, introduces a unique conformational flexibility unlike that previously 

observed of any duplex. These unnatural peptides retain tremendous room for growth. Further 

modifications of residues 2 and 3 incorporating a variety of α, β, and γ- amino acid mixtures, 

involving natural and unnatural residues, can be employed to tune local stability and H-bonding 

associations. It is expected that structural definitions derived from 11 and 12 will provide pivotal 

growth in the foldamer and biomimetic fields of chemistry. These structural designs and a highly 

stable β-turn present a new class of unnatural β-peptides that could eventually be utilized in 

systems incorporating functionality from catalysis,32-37 membrane transport,38-42 molecular 

recognition,43-48 and potentially the development of artificial tertiary peptidomimetics which 

have yet to be realized. 
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Figure 4-36 Simplified representation of conformational identity confirmed for 11 and 12 in 

relation to inversion of central α and β residues (H-bonding omitted). 
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4.9. Chapter 4 Supplementary Information 

Synthesis was completed by of a member of Chengdu Organic Chemistry Research 

Institute (COCRI) and Dr. Yulong Zhong of SUNY University at Buffalo. Oligoamides 11 and 

12 were supplied by the group member of COCRI, and oligoamide 14 was synthesized by Dr. 

Zhong following initial conformational characterization of 11 and 12 at SUNY University at 

Buffalo. 

1H NMR spectra were collected with Varian INOVA 500 (500 MHz), Varian INOVA 

400 (400 MHz) and Varian Gemini 300 (300 MHz) spectrometers at 25 °Cunless otherwise 

noted. Either the sample’s solvent or tetramethylsilane (TMS) was used as an internal standard. 

All chemical shifts were reported with reference to the internal standard. Electrospray ionization 

mass spectra (ESI-MS) were collected on a Thermo Finnegan LCQ Advantage MS spectrometer. 

Cryogenic experiments were carried out under the advisement of Dr. Dinesh Sukumaran on the 

400 MHz. The 400 MHz NMR was utilized for cryogenic experiments and was cooled using 

liquid nitrogen with N2 (g) utilized to prevent water from freezing in the air lines. 

All reactions were conducted with oven-dried glassware under argon or atmosphere. All 

chemicals were purchased from Acros, Aldrich, or Fischer Scientific and used as received unless 

otherwise specified. Analytical thin layer chromatography (TLC) were performed using Analtech 

Uniplate silica gel plates detected by UV light. Column chromatography utilized Silicycle 

SiliaFlash F60 silica gel. All solvents were removed by rotatory evaporation, unless specified 

otherwise. 
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4.9.1. Synthetic Methodology and Characterization 

SI-4-1 SI-4-2

SI-4-1

SI-4-3 SI-4-4

SI-4-5 SI-4-6

SI-4-7 SI-4-8 SI-4-9

SI-4-10 SI-4-11

D2’14 

 

 

 

    

 

     

 

      

       

 

Scheme SI-4-1 Synthetic preparation of oligoamide 14. 

Compound SI-4-1. To a vigorously stirred solution of 2-hydroxy-5-nitrobenzoic acid (40.0 g, 

0.22 mol) in acetone (200 mL), dimethyl sulfate (110.9 g, 0.88 mol) was added dropwise. The 
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reaction mixture was heated to reflux and stirred for 4 hrs. After cool down, the solution was pull 

into a large amount of water (2 L). The precipitate was filtrated, washes with water several times 

then dried in the oven to afford a white solid (35.7 g, 77%). 1H NMR (500 MHz, CDCl3) δ 8.66 

(d, J = 2.6 Hz, 1H), 8.34 (dd, J = 9.2, 2.7 Hz, 1H), 7.07 (d, J = 9.2 Hz, 1H), 4.01 (s, 3H), 3.91 (s, 

3H). 13C NMR (126 MHz, CDCl3) δ 164.43, 163.60, 140.57, 128.87, 127.72, 120.39, 112.04, 

56.82, 52.52. MS (ESI) m/z Calcd. for C9H9NO5: 211.2 (M+), Found: 212.3 (M + H+). 

Compound SI-4-2. A solution of SI-4-1 (5.0 g, 23.7 mmol) in DCM (50 mL) and MeOH (50 

mL) was hydrogenated in the presence of 10% Pd/C (250 mg) and conc. HCl (0.1 mL) at 5 MPa 

for 4 hrs at room temperature. Then the reaction mixture was filtered and concentrated in vacuo 

to give a grey solid (4.0 g, 93%). 1H NMR (500 MHz, DMSO) δ 10.14 (s, 3H), 7.62 (s, 1H), 

7.51 (d, J = 8.8 Hz, 1H), 7.22 (d, J = 8.9 Hz, 1H), 3.81 (s, 3H), 3.79 (s, 3H). 13C NMR (126 

MHz, DMSO) δ 165.70, 157.31, 128.01, 126.03, 125.05, 120.83, 114.39, 56.76, 52.64. MS (ESI) 

m/z Calcd. for C9H11NO3: 181.2 (M+), Found: 182.0 (M + H+). 

Compound SI-4-3. To a ice cooled 250 mL round bottom flask, SI-4-2 (3.5 g, 19.3 mmol), TEA 

(10 mL) and DCM (100 mL) was added. Then hexanoyl chloride (3.9 g, 29.0 mmol) in DCM (50 

mL) was added dropwise. After that the reaction was raised up to room temperature and reacted 

overnight. The reaction mixture was then concentrated in vacuo. Purification by flash column 
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chromatography (Hexane/ethyl acetate = 2/1) to afford a white solid (3.4 g, 64%). 1H NMR (500 

MHz, CDCl3) δ 7.83 (d, J = 2.1 Hz, 1H), 7.76 (dd, J = 8.9, 2.1 Hz, 1H), 7.68 (s, 1H), 6.90 (d, J = 

9.0 Hz, 1H), 3.84 (s, 6H), 2.32 (t, J = 7.5 Hz, 2H), 1.69 (t, J = 6.8 Hz, 2H), 1.32 (d, J = 3.2 Hz, 

4H), 0.88 (t, 3H). 13C NMR (126 MHz, cdcl3) δ 171.75, 166.22, 155.73, 130.90, 125.75, 123.46, 

119.77, 112.56, 56.25, 52.08, 37.39, 31.41, 25.30, 22.40, 13.90. MS (ESI) m/z Calcd. for 

C15H21NO4: 279.3 (M+), Found: 280.0 (M + H+). 

Compound SI-4-4. To a solution of SI-4-3 (3.0 g, 10.8 mmol) in methanol (25 mL) was added 

4M NaOH (10 mL). After all the starting materials disappeared, add 100 mL water and conc. 

HCl (10 mL) with vigorously stirring. The precipitate was filtrated, washed with water several 

times and dried in the oven to afford a white solid (2.3 g, 81%). 1H NMR (500 MHz, DMSO) δ 

12.58 (s, 1H), 9.81 (s, 1H), 7.89 (s, 1H), 7.69 (d, J = 8.8 Hz, 1H), 7.04 (d, J = 9.0 Hz, 1H), 3.76 

(s, 3H), 2.25 (t, J = 7.3 Hz, 2H), 1.58 (m, 2H), 1.28 (m, 4H), 0.86 (t, J = 6.6 Hz, 3H). 13C NMR 

(126 MHz, DMSO) δ 192.64, 171.43, 167.47, 154.33, 132.53, 124.21, 122.05, 121.35, 113.32, 

56.43, 36.68, 31.34, 25.26, 22.35, 14.31. MS (ESI) m/z Calcd. for C14H19NO4: 265.3 (M+), 

Found: 264.1 (M - H+). 

Compound SI-4-5. To a 100 mL round bottom flask, SI-4-4 (2.0 g, 7.5 mmol), methyl glycinate 

hydrochloride (0.94 g, 7.5 mmol) and DCM (40 mL) were added, following with DIEA (2.9 g, 
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22.5 mmol) and HBTU (3.4 g, 8.9 mmol). The reaction mixture was stirred for 12 h then was 

concentrated in vacuo. Purification by flash column chromatography (Chloroform/methanol = 

50/1) to afford a white solid (1.7 g, 69%). 1H NMR (500 MHz, CDCl3) δ 8.58 (m, 1H), 8.47 (s, 

1H), 8.20 (d, 1H), 7.91 (s, 1H), 6.92 (d, 1H), 4.24 (s, 2H), 3.94 (s, 3H), 3.76 (s, 3H), 2.33 (m, 

2H), 1.68 (m, 2H), 1.30 (s, 4H), 0.86 (m, 3H). 13C NMR (126 MHz, CDCl3) δ 171.93, 170.45, 

165.14, 153.96, 132.41, 125.58, 123.26, 120.44, 112.04, 56.30, 52.33, 41.91, 37.34, 31.43, 25.31, 

22.44, 13.91, 6.83. MS (ESI) m/z Calcd. for C17H24N2O5: 336.4 (M+), Found: 337.0 (M + H+). 

Compound SI-4-6. To a solution of SI-4-5 (1.5 g, 4.5 mmol) in methanol (15 mL) was added 

4M NaOH (5 mL). After all the starting materials disappeared, add 100 mL water and conc. HCl 

(5 mL) with vigorously stirring. The precipitate was filtrated, washed with water several times 

and dried in the oven to afford a white solid (1.1 g, 79%). 1H NMR (500 MHz, DMSO) δ 12.62 

(s, 1H), 9.86 (s, 1H), 8.55 (t, J = 5.2 Hz, 1H), 8.00 (s, 1H), 7.82 (dd, J = 8.8, 2.1 Hz, 1H), 7.10 

(d, J = 9.0 Hz, 1H), 3.97 (d, J = 5.4 Hz, 2H), 3.88 (s, 3H), 2.25 (t, J = 7.4 Hz, 2H), 1.57 (m, 2H), 

1.29 (m, 4H), 0.86 (t, J = 6.7 Hz, 3H). 13C NMR (126 MHz, DMSO) δ 171.68, 171.43, 164.87, 

153.49, 133.11, 123.99, 122.29, 121.74, 112.91, 56.65, 41.97, 36.68, 31.35, 25.28, 22.35, 14.32. 

MS (ESI) m/z Calcd. for C16H22N2O5: 322.4 (M+), Found: 323.0 (M + H+). 
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Compound SI-4-7. To a solution of SI-4-1 (5.0 g, 23.7 mmol) in methanol (50 mL) was added 

4M NaOH (25 mL). After all the starting materials disappeared, add 200 mL water and conc. 

HCl (25 mL) with vigorously stirring. The precipitate was filtrated, washed with water several 

times and dried in the oven to afford a white solid (2.4 g, 52%). 1H NMR (500 MHz, DMSO) δ 

13.26 (s, 1H), 8.43 (d, J = 2.1 Hz, 1H), 8.35 (d, J = 9.1 Hz, 1H), 7.33 (d, J = 9.2 Hz, 1H), 3.95 (s, 

3H). 13C NMR (126 MHz, DMSO) δ 165.79, 163.48, 140.35, 128.96, 126.79, 121.95, 113.71, 

57.32. MS (ESI) m/z Calcd. for C8H7NO5: 197.1 (M+), Found: 196.0 (M - H+). 

Compound SI-4-8. To a 100 mL round bottom flask, SI-4-7 (2.2 g, 11.2 mmol), Hexylamine 

(1.7 g, 16.8 mmol) and DCM (40 mL) were added, following with DIEA (3.6 g, 28.0 mmol) and 

HBTU (5.1 g, 13.4 mmol). The reaction mixture was stirred for 12 h then was concentrated in 

vacuo. Purification by flash column chromatography (Hexane/ethyl acetate = 2/1) to afford a 

white solid (2.6 g, 82%). 1H NMR (500 MHz, CDCl3) δ 9.00 (d, J = 2.6 Hz, 1H), 8.26 (dd, J = 

9.0, 2.7 Hz, 1H), 7.62 (s, 1H), 7.07 (d, J = 9.1 Hz, 1H), 4.08 (s, 3H), 3.43 (m, 2H), 1.59 (dd, J = 

14.0, 7.0 Hz, 2H), 1.34 (m, 6H), 0.88 (m, 3H). 13C NMR (126 MHz, CDCl3) δ 162.79, 161.52, 

141.80, 128.17, 127.71, 122.85, 111.77, 56.98, 40.05, 31.42, 29.36, 26.68, 22.54, 13.97. MS 

(ESI) m/z Calcd. for C14H20N2O4: 280.3 (M+), Found: 281.1 (M + H+). 
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Compound SI-4-9. A solution of SI-4-8 (2.3 g, 8.2 mmol) in DCM (25 mL) and MeOH (25 mL) 

was hydrogenated in the presence of 10% Pd/C (150 mg) and conc. HCl (0.1 mL) at 5 MPa for 4 

hrs at room temperature. Then the reaction mixture was filtered and concentrated in vacuo to 

give a grey solid (1.9 g, 95%). 1H NMR (500 MHz, DMSO) δ 8.97 (s, 2H), 8.18 (s, 1H), 7.50 (s, 

1H), 7.21 (d, J = 7.7 Hz, 1H), 7.09 (d, J = 8.7 Hz, 1H), 3.83 (s, 3H), 3.24 (dd, J = 12.6, 6.3 Hz, 

2H), 1.48 (m, 2H), 1.27 (m, 6H), 0.85 (m, 3H). 13C NMR (126 MHz, DMSO) δ 164.56, 153.98, 

130.92, 124.33, 123.94, 122.41, 113.77, 56.83, 31.44, 29.47, 26.56, 22.53, 14.34. MS (ESI) m/z 

Calcd. for C14H22N2O2: 250.3 (M+), Found: 251.1 (M + H+). 

Compound SI-4-10. To a 100 mL round bottom flask, SI-4-9 (1.8 g, 7.2 mmol), 

Carbobenzyloxy-beta-alanine (1.6 g, 7.2 mmol) and DCM (40 mL) were added, following with 

DIEA (2.8 g, 21.6 mmol) and HBTU (3.3 g, 8.6 mmol). The reaction mixture was stirred for 12 h 

then was concentrated in vacuo. Purification by flash column chromatography 

(Chloroform/methanol = 50/1) to afford a white solid (1.8 g, 54%). 1H NMR (500 MHz, CDCl3) 

δ 9.09 (m, 1H), 8.14 (d, J = 7.7 Hz, 1H), 8.02 (s, 1H), 7.97 (s, 1H), 7.29 (m, 5H), 6.92 (d, J = 9.0 

Hz, 1H), 5.76 (s, 1H), 5.07 (s, 2H), 3.93 (s, 3H), 3.53 (m, 2H), 3.44 (m, 2H), 2.63 (s, 2H), 1.58 

(m, 2H), 1.34 (m, 6H), 0.89 (t, J = 6.4 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 170.29, 164.93, 

156.56, 153.73, 136.61, 132.31, 128.42, 127.92, 127.83, 125.03, 123.54, 121.58, 111.94, 66.53, 
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56.29, 39.96, 37.10, 36.55, 31.48, 29.38, 26.73, 22.58, 14.01. MS (ESI) m/z Calcd. for 

C25H33N3O5: 455.5 (M+), Found: 456.1 (M + H+). 

Compound SI-4-11. A solution of SI-4-10 (0.5 g, 1.1 mmol) in DCM (25 mL) and MeOH (25 

mL) was hydrogenated in the presence of 10% Pd/C (100 mg) and conc. HCl (1.0 mL) at 5 MPa 

for 24 hrs at room temperature. Then the reaction mixture was filtered and concentrated in vacuo 

to give a grey solid (328.8 mg, 93%). 1H NMR (500 MHz, DMSO) δ 10.38 (s, 1H), 8.20 (s, 3H), 

8.12 (s, 1H), 7.95 (s, 1H), 7.71 (d, J = 6.2 Hz, 1H), 7.04 (d, J = 7.4 Hz, 1H), 3.81 (m, 3H), 3.22 

(m, 2H), 3.03 (m, 2H), 2.75 (m, 2H), 1.46 (m, 2H), 1.24 (m, 6H), 0.83 (m, 3H). 13C NMR (126 

MHz, DMSO) δ 168.44, 164.95, 153.16, 132.58, 123.62, 123.30, 121.99, 112.68, 56.59, 35.41, 

33.51, 31.43, 29.47, 26.55, 22.52, 14.35. MS (ESI) m/z Calcd. for C17H27N3O3: 321.4 (M+), 

Found: 322.1 (M + H+). 

Compound 14. To a 100 mL round bottom flask, SI-4-6 (322.0 mg, 1.0 mmol), SI-4-11 (323 

mg, 1.0 mmol) and DCM (40 mL) were added, following with DIEA (387.0 mg, 3.0 mmol) and 

HBTU (454.8 mg, 1.2 mmol). The reaction mixture was stirred for 12 h then was concentrated in 

vacuo. Purification by flash column chromatography (chloroform/methanol = 30/1) to afford a 

white solid (281.4 g, 45%). 1H NMR (500 MHz, CDCl3) δ 10.22 (m, 1H), 9.00 (s, 1H), 8.94 (s, 

1H), 8.87 (s, 1H), 8.23 (d, J = 7.4 Hz, 1H), 7.95 (s, 1H), 7.90 (s, 1H), 7.67 (d, J = 7.4 Hz, 1H), 

301 



 

 

  

    

    

 

 

 

 

 

 

 

 

 

 

 

 

 

6.98 (s, 1H), 6.69 (d, J = 8.4 Hz, 1H), 6.26 (d, J = 8.3 Hz, 1H), 4.58 (s, 2H), 3.93 (s, 2H), 3.78 (s, 

2H), 3.63 (s, 2H), 3.43 (s, 2H), 2.71 (s, 2H), 2.50 (t, 2H), 1.82 (m, 2H), 1.58 (m, 2H), 1.36 (m, 

10H), 0.91 (m, 6H). 13C NMR (126 MHz, CDCl3) δ 171.96, 171.86, 169.44, 164.45, 163.66, 

153.55, 153.29, 132.59, 131.46, 126.49, 125.31, 123.00, 122.82, 119.78, 119.55, 110.49, 110.41, 

56.00, 55.91, 44.95, 40.11, 39.18, 37.62, 37.54, 31.50, 29.12, 26.83, 25.35, 22.58, 22.51, 14.01, 

13.99. HRMS (ESI): calcd for C33H48N5O7: 626.3548 (M + H+), found 626.3557 (M + H+). 
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4.9.2. 1H NMR Experimental Data of Monomeric Oligoamide 

a

b

Figure SI-4-1 (a) Labeled structure of 11 including (b) 1H NMR spectrum of 11 in CDCl3 (5 

mM, 500 MHz, 25 °C). 
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a

b

Figure SI-4-2 (a) Partial labeled 1H NMR spectrum of 11 in CDCl3 in (a) 6.0-10.5 ppm and (b) 

2.0-5.0 ppm (5 mM, 500 MHz, 25 °C). 
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Figure SI-4-3 1H NMR spectrum of 11 in 85% CDCl3 / 15% DMSO-d6 (5 mM, 500 MHz, 25 

°C). 
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a

b

Figure SI-4-4 (a) Partial labeled 1H NMR spectrum of 11 in 85% CDCl3 /15% DMSO-d6 in (a) 

6.0-10.5 ppm and (b) 2.0-5.0 ppm (5 mM, 500 MHz, 25 °C). 
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a

b

Figure SI-4-5 (a) Labeled structure of 13 including (b) 1H NMR spectra of 13 in CDCl3 from 0 

°C to 45 °C (5 mM, 500 MHz). 
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a

b

Figure SI-4-6 (a) 1H NMR spectra of 11 in CDCl3 from 0 °C to 45 °C, including (b) partial 

spectrum (5 mM, 500 MHz). 
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Figure SI-4-7 Partial 1H NMR spectra of 11 in CDCl3 from 0 °C to 45 °C (5 mM, 500 MHz). 
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Figure SI-4-8 1H NMR spectra of 11 dilution study in CDCl3 from 25 mM to 0.1 mM (25 °C, 

500 MHz). 

310 



 

 

 

              

    

a

b

Figure SI-4-9 Partial 1H NMR spectra of 11 dilution study in CDCl3 from 25 mM to 0.1 mM (a) 

6.0-10.2 ppm and (b) 2.0- 4.5 ppm (25 °C, 500 MHz). 
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Figure SI-4-10 1H NMR spectra of 11 denaturation study in CDCl3 with increasing 

concentration of 1-15% DMSO-d6 25 (5 mM, 25 °C, 500 MHz). 
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a

b

Figure SI-4-11 Partial 1H NMR spectra of 11 denaturation study in CDCl3 with increasing 

concentration of 1-15% DMSO-d6 25 (a) 6.0-10.2 ppm and (b) 2.0- 4.5 ppm (5 mM, 25 °C, 500 

MHz). 
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4.9.3. 1H NMR Experimental Data of Self-Dimerized Oligoamides 

a

b

Figure SI-4-12 Labeled structure of 12 including (b) 1H NMR spectrum of 12 in CDCl3 (5 mM, 

500 MHz, 25 °C). 
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a

b

Figure SI-4-13 Partial labeled 1H NMR spectrum of 12 in CDCl3 in (a) 6.0-10.5 ppm and (b) 

2.0-5.0 ppm (5 mM, 500 MHz, 25 °C). 
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Figure SI-4-14 1H NMR spectrum of 12 in 85% CDCl3 / 15% DMSO-d6 (5 mM, 500 MHz, 25 

°C). 
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a

b

Figure SI-4-15 Partial labeled 1H NMR spectrum of 12 in 85% CDCl3 /15% DMSO-d6 in (a) 

6.0-10.5 ppm and (b) 2.3-4.5 ppm (5 mM, 500 MHz, 25 °C). 
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Figure SI-4-16 1H NMR spectra of 12 in CDCl3 from 0 °C to 45 °C (5 mM, 500 MHz). 
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a

b

Figure SI-4-17 Partial 1H NMR spectra of 12 in CDCl3 from 0 °C to 45 °C (a) 6.0- 11 ppm and 

(b) 2.0-4.0 ppm (5 mM, 500 MHz). 
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Figure SI-4-18 Cryogenic 1H NMR spectra of 12 in CDCl3 from -45 °C to 25 °C(a) (5 mM, 400 

MHz). 

Figure SI-4-19 1H NMR spectra of 12 dilution study in CDCl3 from 25 mM to 0.1 mM (25 °C, 

500 MHz). 
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a

b

Figure SI-4-20 Partial 1H NMR spectra of 12 dilution study in CDCl3 from 25 mM to 0.1 mM 

(a) 6.0-11.0 ppm and (b) 2.1- 5.0 ppm (25 °C, 500 MHz). 
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Figure SI-4-21 1H NMR spectra of 12 denaturation study in CDCl3 with increasing 

concentration of 1-15% DMSO-d6 25 (5 mM, 25 °C, 500 MHz). 
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a

b

Figure SI-4-22 Partial 1H NMR spectra of 12 denaturation study in CDCl3 with increasing 

concentration of 1-15% DMSO-d6 25 (a) 6.0-11.0 ppm and (b) 2.0- 5.0 ppm (5 mM, 25 °C, 500 

MHz). 
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4.9.4. 2D NMR Experimental Data of Self-Dimerized Oligoamide 

a

b

Figure SI-4-23 (a) gCOSY spectrum of 12 in CDCl3, including (b) 2D NOESY spectrum of 12 

(5 mM, -45 °C, 400 MHz, NOESY mixing time 500 ms). 
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a

b

Figure SI-4-24 Partial 2D NOESY spectra of 12 at -45 °C in CDCl3 (a) amides to methylene 

protons and (b) aromatic to aromatic protons (5 mM, 400 MHz, 400 ms). 
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a

b

Figure SI-4-25 Partial 2D NOESY spectra of 12 at -45 °C in CDCl3 (a) amides to aromatic 

protons and (b) amide to amide protons (5 mM, 400 MHz, 400 ms). 
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4.9.5. 1H-NMR Experimental Data 

a

b

Figure SI-4-26 (a) Labeled structure of 14 including (b) 1H NMR spectrum of 11 in CDCl3 (5 

mM, 500 MHz, 25 °C) 
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a

b

Figure SI-4-27 Partially labeled 1H NMR spectrum of 14 in CDCl3 in (a) 6.0-11.0 ppm and (b) 

2.0-5.0 ppm (5 mM, 500 MHz, 25 °C). 
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Figure SI-4-28 (a) Labeled structure of 14 including (b) 1H NMR spectrum of 14 in CDCl3 (5 

mM, 500 MHz, -45 °C) 
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Figure SI-4-29 (a) Partial labeled 1H NMR spectrum of 14 in CDCl3 in (a) 5.8-11.0 ppm and (b) 

2.2-5.0 ppm (5 mM, 500 MHz, 25 °C). 

Labeling for 14 protons have been normalized (i’’ = i), methylene splitting has been labeled i/ i’. 
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Figure SI-4-30 Partial 2D NOESY spectra of 14 at -45 °C in CDCl3 (a) methylene to aromatic 

protons and (b) methylene to methylene protons (5 mM, 400 MHz, 500 ms). 

331 



 

 

 

              

      

Figure SI-4-31 Partial 2D NOESY spectra of 14 at -45 °C in CDCl3 (a) methylene to methylene 

protons and (b) methylene to methylene protons (5 mM, 400 MHz, 500 ms). 
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Figure SI-4-32 Partial 2D NOESY spectra of 14 at -45 °C in CDCl3 (a) amide d to methylene 

protons and (b) amide to methylene protons (5 mM, 400 MHz, 500 ms). 
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Figure SI-4-33 Partial 2D NOESY spectra of 14 at -45 °C in CDCl3 (a) amides to aromatic 

protons and (b) amide to aromatic protons with increased resolution (5 mM, 400 MHz, 500 ms). 
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4.9.6. 2D NOESY Mixing Time Experimental Data 

Table SI-4-1 NOE integrations of 11 between 50- 800 ms. 

Table SI-4-2 NOE integrations of 11 between 75- 280 ms. 
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Table SI-4-3 NOE integrations of 14 between 20- 640 ms. 
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a

b

Figure SI-4-34 (a) Labeled structure of 11 including (b) 2D NOESY spectrum of 11 at 25 °Cin 

CDCl3 (5 mM, 400 MHz, 160 ms). 
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Figure SI-4-35 Partial 2D NOESY spectrum of 11 at 25 °Cin CDCl3 (5 mM, 400 MHz, 160 ms). 

Red labeled peaks pertain to NOEs previously observed for longer mixing times. 
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a

b

Figure SI-4-36 Partial 2D NOESY spectra of 11 at 25 °Cin CDCl3 (a) within the amide/aromatic 

to amide/aromatic proton region and (b) within amide/aromatic to methylene proton region (5 

mM, 400 MHz, 160 ms). Red labeled peaks pertain to NOEs previously observed for longer 

mixing times. 
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b

Figure SI-4-37 (a) Labeled structure of 14 including (b) 2D NOESY spectrum of 14 at -45 °C in 

CDCl3 (5 mM, 400 MHz, 160 ms). 

340 



 

 

 

           

          

  

 

Figure SI-4-38 Partial 2D NOESY spectrum of 14 at -45 °C in CDCl3 (5 mM, 400 MHz, 160 

ms). Labeling for 14 protons have been normalized (i’’ = i), methylene splitting has been labeled 

i/ i’. 
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a

b

Figure SI-4-39 Partial 2D NOESY spectra of 11 at 25 °Cin CDCl3 (a) within the amide/aromatic 

to methylene proton region and (b) within amide/aromatic to amide/aromatic proton region (5 

mM, 400 MHz, 160 ms). Red labeled peaks pertain to NOEs previously observed for longer 
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mixing times. Labeling for 14 protons have been normalized (i’’ = i), methylene splitting has 

been labeled i/ i’. 

4.9.7. Computational Experimental Data 

The computations on the 11 and 12 models were performed with revPBE-D31,2, but crosschecked 

against B3LYP-D32-4 , using the ADF5-7 and VASP8,9 software packages. The test that was 

performed for B3LYP-D3 is shown in Section 2. The revPBE-D3 density functional and 

dispersion correction were chosen due to the ability to use revPBE-D3 efficiently for geometry 

optimizations within ADF and then also within VASP for molecular dynamics simulations. The 

triple-zeta with polarization functions (TZP) and plane-wave energy cutoff of 500 eV were used 

for the molecular and periodic plane-wave basis sets, respectively.10-12 The core electrons were 

fixed in the molecular calculations, while the PAW potentials13,14 treated the core states in the 

periodic molecular dynamics simulations. A gamma-centered Monkhorst-Pack15 K-point grid 

was used within the molecular dynamics simulations, where a unit cell size of 20 Å x 20 Å x 20 

Å, starting temperature of 230 K, and a time step of 0.5 femtoseconds was employed. NMR 

calculations were performed on D1, to act as a reference, and selected 12 models to determine if 

the chemical shifts found in experiment for 12 are in good agreement with 12 structures.16-18 
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4.9.8. Computationally Generated Oligoamides Structures 

Figure SI-4-40 The folded 11 structural model optimized with DFT-D3. Simplified 

computational structures are found in Figure 4-26. 
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Figure SI-4-41 The folded 11 structural model optimized with DFT and no Grimme3 dispersion 

correction. 
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Figure SI-4-42 The unfolded 11 structural model optimized with DFT-D3. 

Figure SI-4-43 The unfolded 12 structural model optimized with DFT-D3. 
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Figure SI-4-44 The folded 12 structural model, Conformation B, optimized with DFT-D3. Note 

that this structure was observed upon flattening of Conformation A observed in Figure 4-28. 
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Figure SI-4-45 The π-stacked 12 structural model, conformation C optimized with DFT-D3. 
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Figure SI-4-46 The π-stacked 12 dimer, Conformation C, structural model optimized with 

DFT-D3. 
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Figure SI-4-47 The inter-twined 12 dimer structural model optimized with DFT-D3. 

350 



 

 

 

 

 

         

         

     

 

 

 

 

 

Figure SI-4-48 The inter-twined 12 dimer structural model optimized with DFT and no 

Grimme3 dispersion correction. Note, that aromatic rings are not compact and are interacting 

through van der Waals forces herein. 
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4.9.9. Computational Output Coordinates (XYZ Format) 

Folded 11 Model: 

O 7.093196 11.314740 4.125055 C  5.965699 10.245356 9.634026 

O  4.927786 10.926149 13.659819 C  13.617574 12.746394 9.905504 

O  13.832930 11.451535 13.940875 C  11.391899 12.036075  9.212861 

O  8.940404 10.555466 12.577830 C  12.630394 12.667341 8.913994 

O  9.387528 10.967605 8.393785 C  10.233932 11.883183 8.257071 

O  4.577826 8.936365 7.396882 C  5.714912 9.406269 7.292074 

O 12.803570 13.167644 7.626547 C  14.077206 13.757531 7.307066 

N  7.541137 11.546569 14.074054 C  6.469024 9.213973 5.956990 

N  11.835394 11.160824 12.801406 C  7.933547 10.947855  4.953101 

N  6.394850 10.064376 8.292245 C  9.018192 12.764766 6.312668 

N  10.106720 12.826938 7.280140 C  9.242345 11.701012 5.189011 

N  7.751132 9.881548 5.809416 H  8.487917 9.698341 6.487451 

C  8.109883 12.704141 16.172481 H  9.540525 12.176006 4.246420 

C  12.916917 9.990280 16.196387 H  10.041948 11.016982 5.508038 

C  8.609877 11.810470 15.036306 H  8.924870 12.902797 16.883219 

C  11.934362 10.585847 15.180364 H  7.288889 12.220183 16.725293 

C  3.546818 10.829535 14.055255 H  12.394008 9.720511 17.126384 

C  12.646863 11.100437 13.918161 H  8.993411 10.856829 15.432559 

C  7.782320 10.910611 12.897263 H  11.420562 11.454911 15.625741 

C  5.240674 10.690246 12.326211 H  3.536782 11.012796 15.136211 

C  6.615514 10.694261 11.959916 H  13.708090 10.716009 16.425995 

C  4.263095 10.440499 11.350750 H  7.748023 13.668143 15.783604 

C  12.163331 11.646873 11.513896 H  11.149632 9.862846 14.908333 

C  13.393459 12.252604 11.195956 H  13.399508 9.088283 15.792443 

C  6.945658 10.464724 10.615674 H  6.573038 11.706247 14.340666 

C  4.612742 10.223956 10.013946 H  9.443392 12.287072 14.500274 

C  11.193592 11.523732 10.502019 H         3.146382  9.824356 13.848605 
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H  2.929596 11.588152 13.547862 H  14.281004 14.639307 7.935874 

H  10.860044 10.862314 12.908369 H  14.892290 13.024932 7.420384 

H  3.207645 10.416472 11.617407 H        10.896617  13.445732 7.118535 

H  14.164030 12.334570 11.956675 H  8.101187 12.525193 6.867431 

H  10.244411 11.037080 10.717948 H  5.812512 9.585197 5.160446 

H         7.999450  10.459888 10.340837 H  14.005697 14.064298 6.256895 

H  3.844579 10.029814 9.270073 H  6.569666 8.125833 5.824134 

H  14.582015 13.204194 9.692719 H 8.890734 13.763343 5.876999 

H  7.342827 10.393049 8.099065 

Unfolded 11 Model: C -4.394256  2.913281 -0.090797 

O  7.635013 2.968084 -0.907932 C -5.740258  2.302217 0.305005 

O -2.401965   -0.424619  1.115186 C -2.588622   -1.728119  1.697430 

O -1.711109  3.392517 -0.598727 C  4.010150 0.863322 0.008845 

O  4.243620 -0.252299  0.491207 C 5.137524 1.790573 -0.486613 

O  12.617819 2.868054 0.697802 C  8.854011 1.010674 -0.110398 

O        12.266246   -1.329430  1.177568 C  10.030167 1.913065 0.273860 

O  18.798318 -0.322769  1.994724 C  12.434075 1.641085 0.766574 

N  6.414719 1.169074 -0.211083 C  13.582367 0.689081 1.082236 

N -3.304586  1.978779 0.196554 C  13.512635 -0.718465  1.277345 

N  2.761967 1.407763 -0.152237 C 14.837927 1.301218 1.190144 

N  11.205403 1.086903 0.545154 C  16.011127 0.583815 1.472122 

N        17.223729  1.312766 1.549320 C  15.926403 -0.806212  1.661634 

C -2.010480  2.299015 -0.087469 C  14.682344 -1.439378  1.564076 

C -0.934064  1.272121 0.246216 C  12.191041 -2.750948  1.385076 

C -1.109397   -0.019391  0.816424 C  18.508725 0.860655 1.798269 

C  0.010876 -0.832544  1.056146 C 19.553696 1.990671 1.826164 

C  1.306131 -0.401012  0.749897 C  20.986713 1.450792 1.886599 

C 1.491129 0.873114 0.189031 C  7.594885 1.823485 -0.440843 

C  0.370918 1.681220 -0.052707 H  6.372475 0.243894 0.212106 
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H  9.116336 0.426973 -1.010057 H  5.014588 1.977645 -1.567994 

H  8.643852 0.287588 0.696490 H  10.250330 2.618960 -0.536504 

H  0.474417 2.678432 -0.488419 H  9.776863 2.521071 1.157904 

H -0.107830   -1.823263  1.491326 H  11.102249 0.086273 0.685162 

H  2.161192 -1.041829  0.945140 H  14.860035 2.383789 1.041836 

H -3.505645  1.073485 0.609778 H  14.645091 -2.516308  1.717399 

H -4.374051  3.166017 -1.162473 H  16.822914 -1.378777  1.881472 

H -4.212061  3.853636 0.453324 H  11.132492 -3.011249  1.265441 

H -5.932380  1.373467 -0.255585 H  12.523269 -3.024479  2.399494 

H -6.555351  3.006776 0.086957 H  12.789732 -3.296238 0.637656 

H -5.768099  2.071509 1.381762 H  17.127485 2.312811 1.398964 

H -2.072856   -1.808676  2.667655 H  19.339394 2.621857 2.706819 

H -2.235744   -2.521576  1.019534 H  19.414720 2.635241 0.940591 

H -3.669820   -1.830466    1.848413 H  21.114637 0.801412 2.763034 

H  2.733682 2.341763 -0.553570 H  21.707858 2.279257 1.944648 

H  5.073740 2.772429 0.012783 H 21.211303 0.848009 0.995356 

Folded 12 Monomer (Conformation B) N  5.687105 -0.571008  2.057245 

Model: 
C  9.730115 -2.611378  4.371529 

O  11.574338 -1.526706  2.537498 
C  9.289330 -1.525452  3.386171 

O  12.686596 2.249111 -2.824439 
C  10.410536 -1.127969  2.410731 

O  8.499678 2.585150 -2.335247 
C  14.116738 2.129407 -2.940740 

O  8.100703 4.800523 -6.023022 
C 12.762465 0.788032 -0.858109 

O 5.057733 0.034522 -5.680404 
C  12.112225 0.146155 0.202441 

O  7.243749 0.748252 1.035946 
C  10.723486 0.302977 0.365885 

O  4.426110 -2.306624  0.433174 
C  10.021542 1.095476 -0.557069 

N  9.977380 -0.281015  1.411255 
C  12.061452 1.592933 -1.767632 

N  10.316363 3.381544 -3.444054 
C  10.653226 1.751123 -1.622144 

N  8.555793 2.597592 -5.559446 
C 9.741582 2.590216 -2.484332 

N 6.107308 0.971022 -3.838313 
C  9.544300 4.392432 -4.151254 
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C  8.668659 3.941529 -5.336662 H  13.837507 0.648537 -0.957456 

C  7.578256 2.106956 -6.532374 H  8.948179 1.229165 -0.445625 

C  6.120987 2.164907 -6.008245 H  11.328192 3.347234 -3.542814 

C  5.708103 0.954635 -5.165750 H  8.850986 4.879986   -3.450140 

C  3.475622 -3.359820  0.188648 H  10.226889 5.157553 -4.541308 

C  4.782871 0.443141 4.134933 H  8.918420 1.961779 -4.854627 

C  6.005940 -0.151049  3.421897 H  7.849054 1.082355 -6.822546 

C  6.156415 0.319427 -1.496573 H  7.655448 2.753533 -7.415803 

C  5.714548 0.072282 -2.809795 H  5.985952 3.116385 -5.472058 

C  4.868231 -1.029633   -3.037301 H  5.437561 2.153799   -6.867092 

C  4.447584 -1.822129   -1.965852 H  6.696434 1.747893 -3.534858 

C  4.852102 -1.548357   -0.653041 H  3.251138 -3.788168  1.172714 

C  5.742476 -0.465353   -0.405236 H  2.550958 -2.965836   -0.262722 

C  6.286511 -0.055507  0.947103 H  3.904163 -4.139626   -0.460320 

H  10.611337 -2.282243  4.938490 H  3.958793 -0.286677  4.180050 

H  8.918711 -2.846097 5.076986 H  5.045774 0.722307 5.166722 

H  10.010443 -3.530422  3.838119 H  4.424351 1.339136 3.607602 

H  8.980311 -0.613756  3.924727 H  6.391274 -1.015728  3.986180 

H  8.409396 -1.847405  2.805664 H  6.813827 0.585804 3.348267 

H  8.986639 -0.015052  1.418682 H  4.929412 -1.233834  1.910057 

H  14.622915 2.517298 -2.042138 H  4.534131 -1.252591   -4.045301 

H  14.414855 1.083113   -3.113844 H  3.787415 -2.660749   -2.179573 

H  14.393972 2.736470 -3.810313 H 6.831115 1.151270 -1.297225 

H  12.670593 -0.470183  0.901687 
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π-Stacked 12 Monomer (Conformation C) C  7.030287 14.361263 6.307670 

Model: 
C         8.575588  14.484457 6.251733 

O  9.501697 9.190879 13.883547 
C  9.372471 13.026992 8.067122 

O  10.982886 12.779199 12.603061 
C  9.816396 11.634916 8.432635 

O  5.276664 10.621270  8.934793 
C  9.293596 10.463750 7.830160 

O  6.329929 15.371459 6.182768 
C  10.676950 11.507628 9.527049 

O  9.083956 13.871008 8.934671 
C  11.060238 10.247366 10.020115 

O  8.400693 10.635429 6.773626 
C        10.553030  9.089920 9.403731 

O  11.961522 7.997608 11.748822 
C  9.668528 9.206533 8.324424 

N  10.606684 11.634013 14.550771 
C  7.533561 9.521208 6.457997 

N  6.728038 12.112498 9.957417 
C  12.280992 9.176549 11.951597 

N  6.539094 13.092566 6.474789 
C  13.198082 9.585757 13.115434 

N  9.312914 13.318390 6.724171 
C  12.924456 8.767990 14.384361 

N  11.917294 10.233895 11.143237 
H 8.798326 12.907721 11.374247 

C  10.328510 11.930777 13.248667 
H  7.528843 8.203194 12.294703 

C  9.170322 11.198057 12.610773 
H  6.307843 9.476672 10.571182 

C  8.809480 9.850770 12.880074 
H  10.089349 10.870533 14.976807 

C  7.794031 9.245202 12.124567 
H  12.130799 13.020983 14.670596 

C  7.098534 9.956099 11.140916 
H  12.474042 11.486567 15.504193 

C  7.424302 11.299745 10.887659 
H 10.456287 13.626849 16.455238 

C  8.475970 11.892124 11.610262 
H  12.041816 13.266787 17.200790 

C  11.695539 12.244909 15.311412 
H  10.731825 12.061579 17.265797 

C        11.199218  12.836798 16.637703 
H  9.675690 7.307349 12.981045 

C  9.379109 7.754502 13.941283 
H  8.356718 7.450954 14.218538 

C  5.686814 11.777885 9.120813 
H  10.078754 7.431422 14.720887 

C  5.009132 12.963621 8.418819 
H 7.094213 13.058826 9.867646 

C  5.151326 12.873820 6.885326 
H  3.942687 12.898321 8.685224 

356 



 

 

  

  

  

  

          

  

  

  

  

  

         

  

  

  

  

  

  

  

             

 

 

  

 

 

 

         

         

    

 

 

 

         

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

         

         

         

     

 

 

         

H  5.389071 13.939359 8.756087 H 6.823146 9.906346 5.716822 

H  4.534833 13.643565 6.405275 H  6.989321 9.193633 7.356028 

H  4.826749 11.880899 6.544415 H  8.100621 8.687556 6.015987 

H  7.202743 12.350831 6.701257 H  12.113988 11.161641 11.515590 

H 8.868163 14.709858 5.217742 H  13.112764 10.664033 13.319626 

H  8.829248 15.347587 6.876948 H  14.230251 9.405888 12.768508 

H  9.463566 12.549662 6.077229 H  11.937885 9.026058 14.793128 

H  10.999310 12.416178 10.039295 H  13.689046 8.969054 15.148742 

H  9.263098 8.296970 7.883196 H 12.930139 7.695401 14.147875 

H  10.831330 8.112254 9.787661 

Unfolded 12 Model: C  15.860425 -0.498025  0.754843 

O  18.622169 0.475016 0.571537 C  15.720071 0.850713 1.126315 

O  12.320602 -1.628158   1.004875 C  14.443474 1.333156 1.454440 

O  11.995485 2.420374 2.149372 C  13.455313 -0.837523  1.038731 

O  8.640551 -1.045124  1.410817 C  13.299873 0.524403 1.421774 

O  3.810859 -1.772041  0.727352 C  12.008677 1.221451 1.810399 

O -0.389989  3.794296 -0.393678 C  9.593181 1.092438 2.113525 

O -2.542327  0.168542 0.061700 C  8.457886 0.075313 1.900149 

N  16.802737 1.763292 1.189532 C  5.992381 -0.211582  2.060260 

N  10.859979 0.486781 1.777513 C  5.459052 -0.005733  0.620080 

N  7.230044 0.526059 2.308990 C  4.042950 -0.577999  0.512561 

N  3.076838 0.365126 0.216273 C -3.230170   -1.082776  0.242746 

N -2.464661  2.878711 -0.221321 C -4.648590  4.010794 -0.191108 

C  20.490127 2.554892 0.905400 C -3.138141  4.167964 -0.382965 

C  18.993203 2.834602  1.071187 C  0.916621 1.401916 -0.017430 

C  18.144224 1.559192 0.916235 C  1.665481 0.230136 0.167790 

C  12.450547 -3.004984  0.608267 C  0.991530 -0.994013  0.307596 

C  14.732113 -1.324198  0.715138 C -0.407407   -1.013729  0.269061 
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C -1.154234  0.163205 0.095474 H  7.154808 1.493724 2.609082 

C -0.482687  1.408510 -0.054636 H  5.246229 0.123980 2.794617 

C -1.104379  2.786975 -0.241839 H 6.179959 -1.278722  2.224679 

H  20.689162 2.101740 -0.074931 H  6.113501 -0.547914   -0.077270 

H  21.067835 3.486581 0.994001 H  5.498883 1.065507 0.365443 

H  20.838218 1.847161 1.670565 H  3.411118 1.311945 0.067498 

H  18.648316 3.564087 0.316967 H -4.298490   -0.840715  0.196745 

H  18.785807 3.285819 2.057304 H -2.980620   -1.794903   -0.559996 

H 16.546148 2.707036 1.464386 H -2.995839   -1.528447  1.222918 

H  12.844052 -3.087987   -0.417680 H -4.880372  3.630171 0.816114 

H  13.101802 -3.558798  1.303610 H -5.149470  4.981735 -0.313955 

H  11.434558 -3.414043  0.648154 H -5.071722  3.314127 -0.932509 

H  16.841356 -0.889258  0.501439 H -2.717476  4.877811 0.345871 

H  14.867134 -2.364683  0.424164 H -2.909198  4.575825 -1.381192 

H 14.292273 2.373807 1.752411 H -3.009818  2.028285 -0.117021 

H  10.860719 -0.482977  1.465512 H  1.555587 -1.911492  0.450231 

H  9.593113 1.449488 3.157942 H -0.907721   -1.974057  0.380880 

H  9.410891 1.982394 1.484900 H  1.404930 2.373011 -0.132317 

π-Stacked 12 Dimer (Conformation C) O  22.309024 -6.983176   -5.742484 

Model: 
O  26.498324 -12.663246   -5.421035 

O  19.718712 -3.789183   -2.921408 
O  27.872434 -9.432878   -6.240464 

O  21.124978 -9.379277  0.516144 
O  20.059704 -5.403288  -10.715398 

O  23.865544 -9.433045   -2.650553 
O        25.281007   -5.270465   -6.069401 

O  23.685157 -6.127135  0.830871 
O  25.778969 -8.188708   -9.050925 

O  23.163379 -3.948257   -2.007190 
N  20.934442 -5.624680   -3.660617 

O  24.472203 -12.369890  2.706873 
N  22.825827 -10.775211   -1.134017 

O  26.407084 -7.578504   -2.000941 
N  23.472973 -3.924215   -4.290454 

O  21.719690 -9.583972   -8.966753 
N  24.673077 -6.142194   -1.659187 
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N        25.975964  -11.224858  1.379454 C 26.331281 -13.616962  1.738245 

N  20.757905 -7.666124   -7.266130 C  25.625039 -14.892335  2.209906 

N  25.182763 -10.875717   -4.735590 C  18.562253 -6.695945   -7.812973 

N  27.754063 -9.219396   -3.943831 C  21.672086 -10.385221  -10.155913 

N  26.234405 -7.273020   -6.572275 C  19.871065 -6.524838   -7.038760 

N  21.627699 -4.415733   -9.335816 C  21.924854 -7.821139   -6.595204 

C 20.475487 -4.329570   -3.737043 C  22.619889 -9.941239   -7.971713 

C  20.085614 -6.365500   -1.433112 C  22.719050 -9.082456   -6.841928 

C  20.155918 -7.315057   -0.402775 C  23.424008 -11.089764   -8.039958 

C  21.064944 -3.566977   -4.934257 C  23.607645 -9.435905   -5.822399 

C  20.302447 -9.238074  1.683275 C  24.295443 -11.435365   -6.997118 

C  23.270659 -13.142600   -0.622329 C  24.375164 -10.612560   -5.861321 

C 20.918444 -6.502212   -2.555897 C  26.205729 -11.785134   -4.600004 

C  21.042128 -8.403616   -0.467681 C  27.044022 -11.551171   -3.336326 

C  21.825593 -7.573328   -2.597616 C  28.211863 -10.572815   -3.643427 

C  21.913394 -8.530822   -1.583883 C  27.572281 -8.787246   -5.226173 

C  22.950942 -9.606853   -1.811142 C  26.981343 -7.368135   -5.329749 

C  23.759943 -11.882361   -1.339032 C  25.880952 -9.261443  -10.003782 

C 22.436955 -2.933984   -4.562289 C  19.423619 -3.379120   -9.507829 

C  22.658592 -5.665721  1.726508 C  20.381921 -4.505496   -9.931393 

C  23.710968 -4.385125   -3.029321 C  25.404065 -6.244610   -6.852036 

C  23.891328 -8.201970  2.107585 C  23.848569 -7.288722  -10.250192 

C  24.207606 -7.388451  1.006832 C  22.814144 -6.353151  -10.338739 

C  24.732935 -5.538778   -2.972987 C  24.740137 -7.291592   -9.163972 

C 24.458151 -9.470483  2.258907 C  24.594051 -6.323810   -8.129592 

C  25.121230 -7.859659  0.021407 C  22.664390 -5.389665   -9.328034 

C  25.462216 -7.169457   -1.284114 C  23.560874 -5.386137   -8.250976 

C  25.370333 -9.940566  1.300288 C  18.048370 -3.509280  -10.168587 

C  25.692570 -9.124878  0.206157 H  19.230543 -9.273483  1.428131 

C  25.485351 -12.359390  2.000690 H  20.359429 -2.766016   -5.196701 
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H  22.287994 -13.455189   -1.007353 H  25.379508 -14.820474  3.277661 

H  21.201803 -4.232468   -5.800219 H  18.041599 -7.614594   -7.501778 

H  19.397799 -5.525119   -1.372933 H  18.751513 -6.734148   -8.895995 

H  19.492508 -7.196432  0.452757 H  17.897424 -5.842688   -7.614031 

H  23.191912 -12.973245  0.462348 H  21.347813 -11.415725   -9.936652 

H  20.557476 -10.086494  2.329304 H  20.939074 -9.898974  -10.810560 

H  23.980537 -13.966599   -0.787046 H  20.571050 -8.294029   -8.043974 

H  22.173067 -10.806637   -0.355019 H  23.369732 -11.749395   -8.904913 

H  21.493748 -5.965903   -4.454129 H  19.682811 -6.439793   -5.958992 

H  20.522804 -8.298357  2.215739 H  20.384078 -5.603497   -7.353935 

H  22.495067 -7.675657   -3.447678 H  23.682780 -8.775748   -4.961859 

H  22.775748 -2.290904 -5.389219 H        22.652295  -10.406652  -10.659792 

H  22.314956 -2.314172   -3.663957 H  24.903948 -12.334476   -7.053734 

H  23.858114 -12.051118   -2.421273 H  24.948965 -10.307002   -3.913521 

H  23.965236 -4.382671   -5.067949 H  26.433748 -11.143441   -2.515394 

H  24.754014 -11.590455   -0.964966 H  27.460519 -12.521653   -3.030947 

H  21.791744 -6.343070  1.706950 H  28.889057 -10.532124   -2.775813 

H  22.361614 -4.684663  1.339509 H        28.773057  -10.939980   -4.512659 

H  23.947023 -5.795185   -1.031811 H  27.320405 -8.674900   -3.188834 

H  23.191178 -7.851547  2.863878 H  19.329642 -3.405388   -8.407481 

H  24.493117 -6.275509   -3.754030 H  24.964921 -9.870811  -10.002546 

H  24.190317 -10.098065  3.104510 H  26.342442 -7.140719   -4.470409 

H  23.044902 -5.564441  2.753575 H  26.724066 -9.870982   -9.659666 

H  26.567353 -13.677177  0.661267 H        26.361058   -8.028990   -7.245231 

H  26.376617 -9.472820   -0.570109 H  22.120028 -6.373684  -11.174322 

H  26.776490 -11.361652  0.769487 H  23.951797 -8.025489  -11.044964 

H  25.740441 -5.157497   -3.196881 H  23.452503 -4.663823   -7.440642 

H  27.294815 -13.489549  2.262073 H  21.738766 -3.668513   -8.656390 

H  24.682324 -15.035371  1.663321 H  17.583627 -4.467822   -9.901549 

H  26.266037 -15.770692  2.046618 H 19.889597 -2.409977   -9.756761 
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H  17.387923 -2.691300   -9.846557 H  27.813951 -6.643251   -5.313110 

H  26.084991 -8.874864  -11.015451 H 18.141968 -3.482421 -11.262541 

Inter-twined 12 Dimer Model: C  20.603951 -7.350248  0.705952 

O  22.525884 -17.186632  2.670867 C  28.784280 -14.198883  2.987854 

O  19.746201 -15.707231   -0.160216 C  11.571170 -13.927655  0.181076 

O  25.397112 -12.217552  0.057555 C  19.254014 -18.326665  0.566282 

O  17.237063 -9.847437  2.014469 C  23.642819 -17.719346 3.422341 

O  20.435854 -11.499960   -0.211388 C  20.539280 -16.232411  0.660426 

O  14.794213 -15.013723   -0.635165 C  23.793813 -13.753049  2.074570 

O  26.906629 -16.376946  2.378888 C  23.649722 -15.023051  2.636095 

O  19.011018 -17.775452   -2.890516 C  22.642848 -15.894226  2.188539 

O  22.479527 -14.356975   -2.594825 C  21.700951 -15.449384  1.215456 

O  22.596201 -18.525192   -2.003920 C  21.876848 -14.170855  0.666306 

O  12.923585 -10.713143  1.169987 C  22.931007 -13.339894  1.053461 

O  21.536210 -9.632169   -2.939551 C  24.297243 -11.649574   -0.118613 

O  18.037165 -13.037389   -2.936207 C  20.811465 -8.832096  0.388884 

O  17.868325 -8.841487   -2.632883 C  16.022198 -9.279073  2.558987 

N  20.370291 -17.517455  1.058889 C  19.519460 -10.923605  0.425695 

N  23.107559 -12.094573  0.383951 C  16.075529 -13.326591  1.470573 

N  19.623162 -9.610141  0.746622 C  16.129056 -12.019289  1.956898 

N  17.012702 -15.090444  0.024679 C  17.195993 -11.172094  1.614219 

N  26.203338 -15.081747  0.587901 C  18.280972 -11.676084  0.839024 

N  17.698793 -15.894088   -3.067151 C  18.193150 -12.991833  0.360225 

N  21.311276 -16.292626   -2.788954 C  17.087513 -13.802309  0.629222 

N  13.862908 -12.110808   -0.422437 C  15.908191 -15.580421   -0.613373 

N  22.857251 -11.510483   -2.801831 C  27.351187 -14.001175  2.465841 

N  19.240655 -11.117410   -3.055521 C  26.809299 -15.277188  1.810379 

C  19.413484 -19.786179  0.994240 C  22.554448 -19.919906   -1.662976 
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C  16.130772 -16.884051   -1.375499 H  28.826837 -15.087553  3.632654 

C  16.437745 -16.603276   -2.869728 H  20.401933 -7.195250  1.777823 

C  18.892734 -16.544242   -3.032260 H 21.506693 -6.779999  0.443497 

C  20.105100 -15.620365   -3.230653 H  19.761456 -6.939233  0.129561 

C  22.398725 -15.591971   -2.386445 H  10.979571 -14.702336  0.692714 

C  23.540115 -17.725630   -1.381415 H  10.886100 -13.319042   -0.428170 

C  23.476200 -16.323488   -1.617693 H  12.277317 -14.436903   -0.488556 

C  24.422520 -15.505349   -0.984572 H  24.361967 -15.345526  3.392524 

C        25.381947  -16.013092   -0.094462 H 24.597993 -13.095925  2.398477 

C  25.456437 -17.404121  0.098031 H  18.309508 -17.916230  0.962519 

C  24.543939 -18.244701   -0.548907 H  19.214356 -18.235994   -0.528591 

C  12.300094 -13.053220  1.219394 H  24.589929 -17.564656  2.883512 

C  13.050280 -11.837533  0.657519 H  23.698428 -17.257814  4.421276 

C  17.883041 -7.431799   -2.357596 H  23.435765 -18.790964  3.530800 

C        24.196037  -10.400369   -0.990074 H 21.195933 -13.846633   -0.114623 

C  24.083447 -10.781946   -2.489829 H  21.678676 -9.222858  0.948573 

C  21.670314 -10.869205   -2.974407 H  21.018988 -8.984410   -0.680021 

C  20.493695 -11.816394   -3.260017 H  15.163745 -9.478389  1.900158 

C  18.095887 -11.791969   -2.791558 H  15.822628 -9.675408  3.567438 

C  16.833877 -9.600372   -2.110302 H  16.209943 -8.200539  2.625105 

C        16.918942  -11.014597   -2.245336 H 15.233573 -13.970356  1.713847 

C  15.879532 -11.791613   -1.713804 H  15.305402 -11.653215  2.565774 

C  14.800496 -11.228212   -1.013615 H  18.991180 -13.365435   -0.273979 

C  14.713550 -9.827450   -0.920433 H  27.282690 -13.138977  1.786497 

C  15.721408 -9.029519   -1.472751 H  26.679875 -13.797525  3.317587 

H  19.446163 -19.880096  2.091555 H  23.457008 -20.444704   -2.016407 

H 18.564407 -20.379901  0.626503 H  22.447980 -20.060172   -0.574962 

H  20.336835 -20.218124  0.580055 H  21.671361 -20.318721   -2.175190 

H  29.486464 -14.347640  2.153705 H  15.201184 -17.466411   -1.306832 

H  29.112555 -13.321405  3.564151 H  16.959218 -17.471534   -0.959284 
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H  15.630108 -15.999464   -3.306129 

H  16.495583 -17.562430   -3.401741 

H  19.961141 -14.693016   -2.665449 

H  20.164775 -15.341644   -4.296620 

H  24.349416 -14.431373   -1.151834 

H  26.210166 -17.818427  0.760870 

H  24.624456 -19.318312   -0.386060 

H  11.594788 -12.642892  1.953747 

H  13.026329 -13.670539  1.773642 

H  17.054016 -6.915919   -2.868814 

H  17.826229 -7.238328   -1.273958 

H  18.840202 -7.068429   -2.748881 

H  25.116330 -9.818874   -0.839593 

H  23.327800 -9.782250   -0.725964 

H  24.939303 -11.408445   -2.776523 

H  24.098182 -9.860359   -3.087255 

H  20.552571 -12.686005   -2.595956 

H  20.583460 -12.193768   -4.292694 

H  15.966249 -12.873994   -1.802124 

H  13.873349 -9.370441   -0.406117 

H  15.627914 -7.947710   -1.390651 

H  21.024560 -17.894762  1.740802 

H  22.232195 -11.651393  0.063054 

H  18.869220 -9.190315  1.285750 

H  17.925380 -15.543328   -0.140673 

H  17.700921 -14.867975 -3.042571 

H  21.229840 -17.282298   -2.560415 

H  26.009895 -14.102522  0.348211 

H  22.851708 -12.533433   -2.720658 

H  19.293058 -10.114270   -2.883562 

H  14.073915 -13.103082   -0.574100 
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