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ABSTRACT 
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The topic of this thesis is aromatic oligoamide foldamers. The literary review of 
the thesis discusses the general features of foldamers and their design and then 
focuses on the specific examples of aromatic oligoamide foldamers. 

The experimental part of the thesis discusses the design and preparation 
of a family of aromatic oligoamide foldamers that can adopt a helical 
conformation. The folding is directed by intramolecular hydrogen bonding and 
stabilized by intramolecular aromatic interactions. The focus of the thesis is the 
analysis of the solid state conformations of ten foldamer analogues. The 
analysis is based on forty different crystal structures which are determined 
using single crystal X-ray diffraction. In selected cases the solution behavior of 
the compounds is analyzed using NMR spectroscopy, and the conformations 
are compared to DFT calculations. 

Three types of aromatic oligoamide foldamers were synthesized: a 
benzene foldamer and its sulfonamide analogue, where two of the amide bonds 
were replaced by a sulfonamide bond, and a series of pyridine foldamers. The 
benzene foldamer, while able to fold in a fairly open helical conformation, was 
found to have high flexibility that hinders the design of consistently folding 
molecules. DFT calculations showed that the sulfonamide foldamer could fold 
in a highly folded helical conformation, but the folding was not observed 
experimentally. 

Pyridine foldamers have a central 2,6-pyridine core unit that is planar and 
directs the adjacent amide N-H groups towards the inner face of the folded 
conformation. The first pyridine foldamer, the analogue of the benzene 
foldamer, showed improved folding predictability and solubility. The other 
pyridine foldamers are asymmetric analogues designed to study the effect of 
the different electron density donating properties, as well as, the presence, size 
and bulkiness of the substituent to the folding properties of the compounds. 
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1 REVIEW OF THE LITERATURE 

1.1 Introduction 

Within nature proteins serve a variety of functions despite the limited number 
of building blocks they are composed of and interactions they can employ. They 
carry out sophisticated functions, like catalysis or selective binding, with high 
efficiency and often with stereospecificity in complex intra- and intercellular 
circumstances. The vast abilities of the biological molecules represent a huge 
potential for chemists to learn and adapt them for chemical applications.  

Foldamers are synthetic oligomers and polymers are designed to mimic 
the structure and interactions of biopolymers, and fold into well-defined 
conformations.1 Foldamer-type molecules have vast potential in the 
pharmaceutical industry, for example as potential transporters for drugs and 
other bioactive molecules2 and as complex drug molecules with the ability to 
participate in protein-protein interactions3. They also have potential as organic 
catalysts4 with high efficiency and specificity, and as allosteric controls and 
biomimetic receptors5 and sensors6, antimicrobial polymers7 or other materials8. 
While proteins have many advantages over synthetic molecules the intrinsic 
nature of synthetic foldamers can also give them beneficial properties, such as 
better endurance for temperature, pH and salt concentrations, the possibility to 
function in organic solvents, modifiability of the size of the molecule and 
extracellular stability.  
Foldamers are typically divided in two broad categories. Aliphatic foldamers 
are composed of aliphatic monomers, often peptidomimetics, such as -
peptides, whereas aromatic foldamers are composed of aromatic monomer 
units. An interesting class of foldamers are aromatic oligoamides,9 which 
contain both primary and secondary rigid and predictable structures, provided 
by both the aromatic rings and the amide bond. Planar aromatic rings provide a 
fixed position and directionality for possible substituents. They also have the 
potential to affect the conformation and secondary structure of the foldamer 
through steric effects and π stacking interactions both in solution and in the 
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solid state. Equally important for the predictability and folding of aromatic 
oligoamides are the amide bonds. Due to the partial double bond nature of the 
carbonyl C-N bond the amide bond is also planar and rigid and the energy 
barrier for flipping the bond is higher than for a single bond, which increases 
the stability of a folded conformation. The most important feature of the amide 
bond, however, is the presence of both the hydrogen bond donor and acceptor 
moieties. The hydrogen bonding motifs are fairly predictable and strong 
enough to significantly stabilize the secondary structure of the foldamer. 

1.2 Foldamer concepts 

1.2.1 Synthesis 

In foldamer synthesis there are seemingly as many methods as there are 
chemists, but only a few principles have emerged that are found throughout the 
field. The synthesis routes are often designed to be repetitive and as simple as 
possible with unified purification methods (Figure 1). Usually one unit is 
attached at a time, which allows for the variation of the attached units and easy 
access to the reaction intermediates, as the attached units are usually either 
commercially available or their immediate derivatives. The yields of the 
reactions are also improved and the handling of the reactants is simplified due 
to better solubility of the smaller units. 

 

Figure 1. A Schematic example of a repeatable foldamer synthesis that utilizes protection 
groups. The protection group is presented in orange and the foldamer units are green. T-
units are terminal units meant to cap the foldamer. 

The synthesis of the amide, or peptide, bond has a long history. The first 
synthetic methods were published over 100 years ago.10 Since then new 
methods have been developed to serve different synthetic needs. The most 
important directions for the foldamer field have been the solid-phase peptide 
synthesis (SPPS)11 and chemical ligation,12,13 which were developed from the 
earlier synthetic inventions, such as utilization of different coupling methods, 
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for example acid chlorides10,14 and carbodiimides,15 and protective groups16–19 in 
peptide synthesis. Small -peptides and α/-peptide hybrids are usually 
prepared either using Fmoc SPPS or Boc solution phase methods.10 

The methods for the synthesis of the aromatic oligoamides vary greatly. 
Especially smaller aromatic oligoamides have been prepared using many 
different protecting groups, activating reagents and/or acid chlorides. The units 
have been attached one at a time or as dimers or even trimers. The methods 
often depend on the properties of the individual target compound and on the 
preferences of the chemist. However, some systematic methodology has been 
used. Huc et al.20 have used acid chlorides for the sake of efficiency and the lack 
of hybridization, and Boc-protection instead of the Cbz-protection due to the 
ease of the deprotection. The synthesis route was intended to be repetitive and 
to suit the properties of the product foldamers that fold better which leads to 
steric hindrance that lowers the reaction yields when larger units are used. 
Kilbinger et al.21 employed a solid state method and PMB and Fmoc-protection 
in the preparation of oligobenzamide foldamers. 

The methods for the synthesis of foldamer backbones without the amide 
bond follow the same general principles. Tanatani et al.22, for example, prepared 
aromatic oligourea foldamers from nitroanilines and aromatic isocyanates in 
repetitive coupling cycles. In another non-amide type example Lehn et al.23 
prepared naphthyridine foldamers through a modulated process using 
repeated condensation and acid hydrolysis steps. 

1.2.2 Folding interactions 

Important general features for the foldamer folding are the predictability of the 
folding motif, the ability to unfold and change conformation and the continuity 
of the folding effect or effects to allow the production of stable oligomeric 
structures. In foldamers this is achieved through a variety of interactions, the 
most common of which is hydrogen bonding.24,25 However, aromatic 
interactions,22,26–29 solvophobic forces,30 metal coordination31,32 and so called 
conformational preferences26,27 have also been used.  

Hydrogen bonds are prevalent in biological systems and their formation 
and breaking based on the changes of environment or biological signals is the 
basis of many crucial biological processes. Their stability and directionality 
allow the design and use of reliable hydrogen bond synthons that strongly 
direct the folding of oligomers. The use of hydrogen bond synthons can be 
complicated, however, due to the interference of additional hydrogen bond 
acceptors or donors that may disrupt the formation of the desired hydrogen 
bond synthon. Also, the hydrogen bonding properties of solvents have to be 
taken into account as many solvents can hinder or alter the folding of a 
compound.  

The most common hydrogen bonding group used in the foldamer design 
is the amide bond. The amide bond, or peptide bond in proteins, has both 
hydrogen bond donor and acceptor groups which makes it a versatile tool for 
the design of a hydrogen bond network. The bond between the nitrogen and 
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the carbonyl carbon of the amide bond has a double bond character which 
brings planarity and rigidity to the bond and causes a significant energy barrier 
for bond flipping, which stabilizes the folded structure. Other hydrogen 
bonding groups used in foldamers are the urea bond, which has two hydrogen 
bond donors for every hydrogen bond acceptor33 and the sulfonamide bond, 
which somewhat resembles the amide bond, but the geometry of the bond is 
very different.34 The sulfonamide bond has two hydrogen bond acceptors, 
which are weaker than the amide carbonyl oxygen, and the N-H proton, which 
is more acidic than the amide N-H making it a more powerful hydrogen bond 
donor. Other hydrogen bond contributing groups used in conjunction with the 
previously discussed groups in foldamers include, for example, pyridine, 
pyrimidine and isobutoxy groups. 

Aromatic interactions are also important for folding, as they have some 
directionality and rigidity, which, with proper positioning, can be used to 
induce folding. The utilization of solvophobic effects requires careful 
positioning of hydrophobic and hydrophilic groups to support the desired 
folding. Metal coordination induced folding is typically caused by the 
wrapping of the foldamer backbone around a metal atom. Conformational 
preferences are an example of a variety of methods available for a researcher to 
design a foldamer. For example, Lehn et al.26 used the preference of nitrogen 
containing aromatic rings, like pyridine and pyrimidine, to form the 
conformations where the nitrogen atoms are not close to each other in order to 
produce helical folding which is additionally stabilized by aromatic interactions. 

1.2.3 Foldamer secondary structure 

The secondary structure of foldamers is based on the same principles as the 
secondary structure of proteins. The most common secondary folding motif in 
both foldamers and proteins is a helix.35 A helix is either right or left-handed 
and a preference for either form is often decided based on the chirality of the 
folding molecule. Other biological folding motifs mimicked in foldamer 
research are a sheet28,29 and some beta turns36 which are important, for example, 
in the stacking of the sheets and as receptor counterparts. The secondary 
structure of foldamers is not limited to the biological motifs and several other 
motifs have emerged that are based on the properties of the foldamer units or a 
specific non-biological shape. These motifs are rigid linear strands37 that can 
sometimes be curved, zigzag shapes38 and different helical capsule motifs39,40 
that are held together by weak interactions. 
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1.3 Aromatic oligoamide foldamers 

1.3.1 2,6-Pyridine foldamers 

Oligoamide foldamers composed solely of 2,6-pyridines have been prepared by 
Lehn et al.41–45 and Huc et al.20,46–49 (Scheme 1). The length of the foldamers 
varies from three to fifteen aromatic units and they are separated by amide 
bonds with alternating directionality. The ends of the molecules often contain 
various aliphatic, aromatic or amine groups. In many cases all or half of the 
pyridine rings are substituted at 4-position with various substituents. 
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Scheme 1. Examples of the structure and synthesis of 2,6-pyridine foldamers through a) a 
modular42 and b) stepwise approach.20 

The most common synthesis method for 2,6-pyridine foldamers is a 
modular approach,41,42,47 but a stepwise approach20 or a combination using 
elements from both approaches49 can also be employed. For example, Lehn et 
al.42 used a modular approach where smaller components were combined with 
larger components which were further combined with foldamers (Scheme 1a). 
When designing larger foldamers (up to 2.7 kDa) Huc et al.20 used a stepwise 
addition of small units (Scheme 1b). In this method steric hindrance produced 
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by the folding of the larger foldamers was mitigated and the method proved to 
be an easy way to create larger foldamers by adding small units to the 
previously prepared foldamers. The amide linkage was made through the 
attachment of lithium amine salts to esters or by using acid chlorides and 
protected amines. Several protection groups for amine were tested (Fmoc, Cbz 
and Boc). In the longest foldamers the Boc group was found to be the most 
promising. In a combination method Huc et al.49 first prepared pyridine 
oligomers of different lengths by adding a single unit in a repetitive reaction 
cycle and then combining these oligomers to produce the final foldamers. 

The crystal structures indicate that in the solid state the 2,6-pyridine 
foldamers prefer helical single or multi-stranded structures (Figures 2 and 3, 
Scheme 2). The aromatic rings and amide bonds and conjugation of π-orbitals 
throughout the molecules limit the conformational freedom of the foldamers. 
The folding is mainly directed by intramolecular hydrogen bonding between 
consecutive units, but there are also favorable π-stacking interactions. The 
intramolecular hydrogen bonds are located inside the molecule shielding them 
from the surrounding environment. The adoption of the helical conformation 
through conformational restraints, hydrogen bonding between the consecutive 
units and stacking interactions allows the foldamers to breathe and extend with 
minimal distortion of the hydrogen bond network. All foldamers of this type 
have hollow cavities within the molecule, which often are filled with water 
molecules that are strongly hydrogen-bonded to the surrounding helices 
(Figures 2 and 3). 

 

Figure 2. Examples of single stranded crystal structures of the 2,6-pyridine foldamers. a) 
An eleven ring foldamer 6 with two water molecules in the foldamer cavity42 and b) seven 
ring foldamer 7 with methanol and water in the foldamer cavity.46 Non-contact hydrogen 
atoms have been removed for clarity. 
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Figure 3. Examples of double-stranded crystal structures of the 2,6-pyridine foldamers. a) 
A seven ring foldamer 8 in a double helix with water and nitrobenzene in the foldamer 
cavity;41,43 and b) a thirteen ring foldamer 5e forming a double helix with water and 
methanol molecules in the foldamer cavity.20 Non-contact hydrogen atoms were removed 
for clarity. 

The solution state properties of the foldamers were studied using 
NMR20,41–43,46. The results show that the helical shape of the foldamers is 
maintained in the solution and double helix assemblies are also present. The 
monomer and dimeric states are continuously in a slow exchange. The 
supporting MD simulations suggest that both monomer and double helix 
species are stable in solution.42,43 

In several cases the pyridine-2,6-diamine rings of the foldamers were 
additionally protonated using triflic acid,44,45,47,48 which led to the foldamer 
adopting an undulating structure instead of the helix (Figure 4). NMR data 
indicates that this form is also found in solution.  
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The induction of chirality in the foldamer design was introduced either 
externally by using a chiral solvent, or internally through the addition of a 
chiral fragment to a foldamer.45,47 CD spectroscopy measurements in chiral 
solvents and for the foldamers with a chiral substituent or a group at the center 
of the molecule showed that the handedness of the helix can be directed.  

 

Figure 4. An example of the undulating structure of the protonated 2,6-pyridine foldamer 
9.44,45 

1.3.2 Anthranilamide foldamers 

Hamilton et al.50–52 have prepared anthranilamide foldamers with two basic 
structural types, linear and helical (Scheme 2). The synthesis of the linear strand 
foldamers follows a stepwise approach where the anthranilamide strands are 
synthesized from 2-nitrobenzoyl chloride and methyl anthranilates (Scheme 2a). 
After the initial reaction the nitro group of the product is reduced to an amine 
and the reaction is repeated. The helicity is introduced to the structure by a 
pyridine-based turn unit. These foldamers are synthesized in a modular 
approach from the shorter linear strands in one or two major steps (Scheme 2b-
c). The anthranilamide foldamers are easily functionalizable to their aromatic 
rings with only a small effect on their conformational behavior. 
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Scheme 2. Examples of the molecular structure and the synthesis of anthranilamide 
foldamers. a) A stepwise synthesis of linear strand foldamers,51 and a modular synthesis of 
helical foldamers b) with one turn,50,51 and c) two turns52. 

The linear strand foldamers 10a-c vary in size from two to four aromatic 
rings. NMR data indicates that the linear conformation, seen in a crystal 
structure of a shorter molecule (Figure 5a), remains constant in all foldamers of 
this type and even the substituents attached to either one or both ends of the 
molecule or to the phenyl rings did not alter the linear conformation. 

The longer, helical foldamers 11-13 adopt different helical conformation 
types depending on the length and composition of the molecule (Figures 5b-c 
and 6a-b). The pyridine-2,6-dicarboxamide N-oxide anthranilamide foldamer 11 
crystallizes in a relatively open helical conformation with intramolecular 
hydrogen bonding and a stable planar structure with a 120° angle between the 
phenyl amide bonds (Figure 5b). The 2,6-pyridine anthranilamide foldamer 12 
has similar properties, but the hydrogen bonds are in a wider, roughly 110° 
angle and the foldamer adopts a compact helical conformation (Figure 5c). 
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Figure 5. Examples of the crystal structures of anthranilamide foldamers. a) A prototype of 
a linear strand sheet structure (14);51 b) a pyridine-2,6-N-oxide anthranilamide foldamer 11 
in an open helical conformation;50,51 c) a 2,6-pyridine anthranilamide foldamer 12 in a 
helical conformation.50,51 Non-amide hydrogen atoms have been removed for clarity. 

Longer nine aromatic rings containing foldamer 13 having 4,6-dimethoxy-
1,3-diaminobenzene anthranilamide forms intramolecular hydrogen bonds 
between the amino and methoxy groups pointing outside of the molecule, 
which causes similar planar effect as with the pyridine turn units. Foldamer 13 
crystallizes in two different helical conformations (Figure 6a-b); a more compact 
conformer with two helical parts, one of which is right-handed and the other 
left-handed (Figure 6a), and the other conformer with same-handed parts and a 
more open end of the molecule (Figure 6b). Solution state data indicates that the 
helical conformations of foldamers 11-13 are retained in solution and that the 
longer foldamer 13 is present in various populations of both helical 
conformations (Scheme 2c, Figure 6a-b). 
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Figure 6. Crystal structures of a 2,6-pyridine-4,6-dimethoxy anthranilamide foldamer 1352 a) 
in a compact helical conformation and b) in an open-ended helical conformation. Non-
amide hydrogen atoms have been removed for clarity. 

1.3.3 Quinoline foldamers 

Quinoline based foldamers and quinoline-pyridine hybrid foldamers have been 
widely studied by Huc et al.39,40,53–77 (Scheme 3). The principle behind the 
quinoline foldamers is the predictability of the rigid structure. The folding is a 
result of intramolecular hydrogen bonding between the consecutive units, 
which can be predicted based on the behavior of the shorter strands. The 
quinoline unit was designed to produce relative sharp turns in the helical 
structure by placing the substitutes of the amide bond at a roughly 60° angle to 
each other. This allows for efficient folding without the need for specific turn 
units. The amide bonds face towards the inside of the molecule shielding them 
from solvent molecules and filling the inner part of the molecular fold. 
Synthetic modifications have also been made to the quinoline sequence by 
introducing 2,6-pyridine based units, or by modifying the quinoline unit itself. 
For example, a container39,40,59 or a multi stranded helix71–74 have been made 
and the flexibility and the reactivity of the foldamer increased to allow the 
synthesis of larger molecules64. 
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Scheme 3. Examples of quinoline and quinoline-pyridine hybrid foldamers: a) a quinoline 
foldamer 1553,54, b) a quinoline-pyridine hybrid 1664  and c) fluoroquinoline foldamer 1771. 

1.3.3.1 Synthesis of quinoline foldamers 

The principal synthesis of the quinoline foldamers is modular53,54, and the 
focus has been on increasing the foldamer size in as few steps as possible 
(Scheme 4). The basic quinoline unit 15a is repetitively coupled with amide 
bonds after the reduction of the nitro group and turning the ester group to an 
acid chloride. The process works well for the foldamers containing up to eight 
quinoline units (15c-h), though the reaction time and/or temperature has to be 
increased in the reduction and saponification steps of the reaction. Even then 
the yield of the small scale reaction of the eight unit foldamer 15h remained 
very low (<10%). Adding a small two unit precursor to the eight unit foldamer 
produced good yields suggesting that adding a smaller unit in a stepwise 
fashion is favorable with the larger foldamers. This method also provides the 
added benefit of the selective addition of different units to the foldamer 
sequence.  

The quinoline based and quinoline-pyridine hybrids are synthesized by 
combining oligomeric sequences composed of a single unit, or in few cases a 
sequence composed of several different units, into a foldamer using the 
modular method. Several different types of foldamers have been synthesized 
from modified quinoline units, such as 8-fluoroquinoline71, naphthyridine72 and 
pyridoquinoline73 or their combinations74. Examples of quinoline-pyridine 
hybrids39,40,59,64 include foldamer capsules39,40,59,77 and quinoline-
aminomethylpyridine hybrid foldamers64. The synthesis of the quinoline-
aminomethylpyridine hybrid foldamers was similar to the modular method 
discussed above, but because the aliphatic parts of the pyridine units were more 
reactive than the quinolines larger foldamers, even up to 40 units in length, 
could be prepared.64 
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Scheme 4.  Example of the modular synthesis method of quinoline foldamers.54 

Another method for the preparation of the quinoline foldamers 18a-c is a 
modification of the solid phase synthesis66 used for preparing peptides and 
aliphatic foldamers (Scheme 5).10 Wang resin is used as a solid support, and 
Fmoc protected amines and small acid chloride units are used for coupling.66 
The yields for the reactions vary, and the increase in length proved to be a 
problem as the molecules folded around each other slowing down the reaction 
rate and lowering the yield. A lower foldamer density on the resin, and the use 
of microwave radiation sped up the process and improved the yield. 

 

Scheme 5. Example of the synthesis of quinoline foldamers 18a-c using the solid phase 
synthesis method.66 

1.3.3.2 Structure of quinoline foldamers 

The basic quinoline foldamers (15a-j) produce a tight single-handed helix 
without solvents at the center of the foldamer (Figure 7a). The quinoline units 
form hydrogen bonds to neighboring quinoline units forming a helix, which is 
also stabilized by numerous aromatic interactions between the different 
quinoline units. The largest foldamers of this type, up to 40 units, are quinoline-
pyridine hybrid foldamers 16a-d. The folding was designed to utilize the higher 
flexibility and rotational freedom of the pyridine units while maintaining a 
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stable and tight helical folding motif conveyed by the quinoline units (Figure 
7b). The pyridine units have the same curvature as the quinolines and the atoms 
forming the inner rim of the helix are the same (Scheme 3b).  

 

Figure 7. Examples of quinoline and quinoline hybrid foldamers: a) an eight unit quinoline 
foldamer 15h53, b) a 20 unit pyridine-quinoline hybrid 16c64 and c) an eight unit fluoride 
modified quinoline double strand 17b71. Non-contact hydrogen atoms have been removed 
for clarity. 

Foldamers composed of fluoroquinoline monomers71 (17) are a 
modification of the quinoline foldamers that were designed to produce a wider 
helix with an intramolecular cavity. The fluoroquinoline foldamers produced 
double and even quadruple stranded helices (Figure 7c). Hollow parallel and 
antiparallel double helices were also prepared using naphthyridine units.72 
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Quinoline-pyridoquinoline hybrids were prepared in order to create a foldamer 
with a pyridoquinoline double helical segment in the middle of the molecule, 
and single stranded quinoline helices at the end to increase the size of the 
helical cavity.73 

The handedness of the longer quinoline foldamers was monitored with 
NMR measurements, and it was found to change very slowly.55–57,69,70 The 
change took from hours to days, or even longer. Chirality and also specificity 
for a certain handedness of the foldamer helix could be induced by adding a 
chiral group to the end of the foldamer.57 The handedness of a foldamer could 
also be switched by attaching a group that induces mutual steric exclusion on 
the two halves of the foldamer in the middle of the foldamer.56 

 

1.3.3.3 Applications of quinoline foldamers 

Quinoline-pyridine hybrids have been used as molecular capsules consisting of 
one (19)39,59,77 or two strands (20 and 21)40 depending on the foldamer. So-called 
molecular apple peel 19 (Figure 8a, Scheme 6a) is a loosely cohesive 
unimolecular container with a polar interior cavity.39,59 The size of the cavity 
varies roughly from 20 to 70 Å3 depending on the length of the foldamer. The 
smallest cavity was able to bind water molecule while the larger could 
accommodate larger guests like methanol. 
The smaller two-stranded capsule 20 consists of a single strand cap with only a 
small non-solvent accessible cavity and a larger double-stranded cavity at the 
other end (Figure 8b, Scheme 6b).40 The larger two-stranded capsule 21 has an 
additional four unit quinoline cap at the end of the molecule that has no cavity 
(Figure 8c, Scheme 6c). The smaller double-stranded capsule could contain up 
to two DMSO molecules inside the cavity while the larger capsule could bind 
even a 1,10-decanediol molecule. Yet another example of capsular applications 
are quinoline-pyridine-naphthyridine foldamers with a pyridine-pyridazine-
pyridine center, which were designed to capture a chiral target non-
permanently inside a single-stranded helical capsule.77 The encapsulation of 
guest molecules from the surrounding solvent has potential applications in 
catalysis and molecular recognition, as well as in protection from degradation 
of the guest by its surroundings. 
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Scheme 6. Examples of quinoline-pyridine foldamer capsules: a) an apple peel capsule 
forming foldamer 1939,59, b) a pyridine-fluoroquinoline capsule forming foldamer 2040, and 
c) a quinoline-pyridine-fluoroquinoline capsule forming foldamer 2140. 

 

Figure 8. Examples of quinoline-pyridine foldamer capsules: a) a single-stranded apple 
peel capsule (19) with two water molecules inside the cavity39,59, b) a double-stranded 
pyridine-fluoroquinoline capsule (20) with two DMSO molecules inside the cavity40, and c) 
a double-stranded quinoline-pyridine-fluoroquinoline capsule (21) with two water 
molecules and a 1,10-decanediol molecules inside the cavity40. Non-contact hydrogen 
atoms have been removed for clarity. 
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Many potential applications also lie in the biological functions, and with 
this in mind the water solubility of the quinoline and quinoline hybrid 
foldamers have been enhanced in two different ways.60,62 Amphipathic 
quinoline helices have isobutoxy chains as a hydrophobic side and 
aminopropoxy groups as a hydrophilic side.60 The solubility was improved, but 
complete water solubility was not achieved. Amino and diamino containing 
functional groups, however, increased the water solubility.62,74 Water soluble 
foldamers with charged side chains, usually  an amino based, bind to DNA G-
quadruplexes that are suspected to have a function in gene expression.63,67,68 
Another biological application is quinoline based foldamers of varying types 
and strength with proteinogenic side chains, which have shown potential for 
protein-foldamer interactions.75,76 A study has also been carried out on larger 
molecules combining several helical segments linked by a spacer unit to create 
protein-like foldamers.61 

The quinoline foldamers have also been used as a helical bridge between 
an electron donor and an acceptor in a photoinduced charge transfer reaction.65 
The well-established conformation of the quinoline foldamers allows the precise 
positioning of the chromophores. The results show low attenuation factors, but 
the exact mechanism for the electron transfer is still unclear. 

1.3.4 Phenanthroline foldamers 

Foldamers composed of alternating phenanthroline and o-phenylenediamine 
units, with alternating amide bond directionality were prepared by modular 
approach from monomer, dimer, trimer or tetramer units attached to a 
phenylene mono or diamine unit (Figure 9).78 Both phenanthroline and o-
phenylenediamine monomers were chosen in the design process due to the 60° 
angle they define, which induces the adoption of a helical conformation 
stabilized by intramolecular hydrogen bonds and aromatic interactions. In 
addition, two iso-butoxy groups were added to the phenanthroline to increase 
the solubility of the foldamers. Later, the group of phenanthroline based 
foldamers was expanded to chiral oligoamides and foldamer based super 
secondary structures where two foldamers were attached to an aromatic 
linker.79,80 
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Figure 9. a) Phenanthroline foldamers 22a-d and b) the crystal structure of a four unit 
phenanthroline foldamer 22d.78 Non-contact hydrogen atoms have been removed for 
clarity.sc 

1.3.5 Benzene foldamers 

Benzene oligoamide foldamers composed of various substituted benzene units 
can be roughly divided into three categories based on the shape of the folding; 
helical, linear and zig-zag. The folding is based on the position and rigidity of 
the aromatic bonds, and the intramolecular hydrogen bonding between the 
benzene substituents and the amide N-H hydrogens. The helical foldamers 
adopt mostly planar conformations with continuous unidirectional turn in the 
fold that results in the overlap of the oligomer units. The linear foldamers adopt 
a planar, linear and relatively rigid conformation, whereas the zig-zag 
foldamers are planar and rigid, but adopt a conformation with sharp turns. 

1.3.5.1 Helical foldamers 

Helical foldamers by Gong et al.81–86 (Scheme 7) and Li et al.87–93 (Scheme 8) can 
adopt crescent and helical shapes and they all have a cavity at the center of the 
helix. The size and shape of the cavity, as well as the solubility of the foldamer 
can be altered with different building units, such as para-substituted benzene 
derivatives, and by varying the length of the foldamer. The folding is based on 
the position and rigidity of the aromatic bonds, and on the three-center 
intramolecular hydrogen bonding between hydrogen bond acceptors attached 
to the benzene unit and the amide N-H hydrogens. The hydrogen bond 
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acceptors are usually alkoxy groups, but foldamers with fluoride acceptors 
were also prepared to test if covalently-bound fluoride atoms were strong 
enough hydrogen bond acceptors to form a helical conformation in a suitably 
designed aryl oligoamide backbone.87 Three centered hydrogen bonds can point 
either outside or inside the helix interior, but in all cases they enforce both 
planarity and a continuous turn in the foldamer. The hydrogen bonds are 
always only to the neighboring units which makes the conformation of 
foldamers easier to predict. Intramolecular aromatic interactions are also found 
in overlapping parts of the helical foldamer structures and they contribute to 
the overall stability of the conformation. Seven units or more are required to 
form a helical turn, more if both para and meta-units are used. 

 

Scheme 7. Example structures of helical foldamers by Gong et al.: a) unidirectional 
foldamer 23,86  b) bidirectional foldamer with a dicarboxamide center unit and meta 
substituted aromatic units 24,85 c) bidirectional foldamers with diamine center unit and 
meta substituted aromatic units 25,85 d) bidirectional foldamers with diamine center unit 
and both meta and para substituted aromatic units 2685 and e) bidirectional foldamers with 
a dicarboxamide center unit and both meta and para substituted aromatic units 2783. The 
arrows indicate the direction of the amide bonds. 
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Scheme 8. Example structures of helical foldamers by Li et al.: a) unidirectional helical 
foldamer 2889, b) helical dialkoxy foldamer 2988 and c) helical fluoride foldamer 3087. The 
arrows indicate the direction of the amide bonds (c). 

The unidirectional foldamers with all amide bonds in the same direction 
were synthesized by a step-wise method from aromatic acid chlorides that have 
nitro groups at the meta-position in respect to acid chloride functionality 
(Scheme 9a).82,89 The same method was also used for the precursor oligoamides 
of the bidirectional foldamers with a dicarboxamide center unit. Bidirectionality 
was achieved by attaching the oligoamides to an aromatic diamine or diacid 
chloride center in a modular reaction step (Scheme 9b).83–85 The synthesis of the 
helical foldamers with alternating amide bond directionality is also modular.87–

93 The foldamers are prepared by the coupling of trimer or dimer units and 
diacid chloride or diacid unit. Due to the increasing difficulty of synthesis as the 
length and steric hindrance of the foldamers increased Gong et al.86 devised a 
synthesis method where the folding is disrupted temporarily by replacing the 
N-H hydrogens of the amide bonds by a protecting group, 2,4 DMB (Scheme 9c). 
The studies showed that if too many DMB replacements are used the synthesis 
is again hindered, this time by crowded conformations caused by the large 
DMB group. The reaction rates are the highest when one DMB group is used 
per 3-5 amide bonds. The solubility of the foldamer precursors with the DMB 
was also improved. 
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Scheme 9. Example synthesis methods for helical foldamers: a) a unidirectional foldamer 
23,82 b) a bidirectional foldamer with dicarboxamide center unit 24,83–85 and c) DMB-
protected dimer86. 

The meta-linked foldamers, such as foldamers 23-25 and 28-30 (Scheme 7a-
c and 8) have smaller cavities, up to 9 Å diameter, whereas the foldamers with 
both meta- and para-units 26-27 (Scheme 7d-e) can have a cavity with a diameter 
of over 30 Å. The inner surfaces of the cavities have different properties 
depending on the hydrogen bond motif of the folding. The foldamers where the 
hydrogen bonds are on the outer groove of the helix have many carbonyl 
groups at the inner edge of the foldamer, while those with the hydrogen 
bonding inside the foldamer have many hydrogen bond donor groups (N-H) 
and alkoxy or fluoride acceptors at the inner face of the foldamers. Crystal 
structures of the foldamers were not obtained, but the hydrogen bonding motif 
is similar to compounds 31 and 32 (Figure 10). 

Potential applications for these foldamers are ammonium ion89, and alkali 
metal cation91 binding and the effect of the binding on the reactivity of alkaline 
hydroxides. In addition foldamers with length of up to seven units were used to 
bind saccharides.88 The fluoride containing foldamers were observed to bind 
dialkylammonium ions and form supramolecular networks by binding to 
fullerenes90. Fluoride-containing foldamers were also used as a starting material 
for dipodal molecules which stack into vesicular structures.92 Unidirectional 
foldamers have been used as polymer cross-linkers to modulate the thermal 
and mechanical properties of polymers.93 
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Figure 10. Examples of three-unit helical foldamers and their hydrogen bonding motifs. a) 
a unidirectional helical foldamer 3191 and b) a fluoride foldamer 3287 with alternating 
amide bond directionality. Non-contact hydrogen atoms have been removed for clarity. 

1.3.5.2 Linear foldamers 

The linear foldamers have been studied by groups of DeGrado (33)94, Hamilton 
(34 and 36)95–98, Li (37)99,100 and Wilson (35)101,102 (Scheme 10). Linear foldamers 
have usually unidirectional amide bonds, but examples of alternating amide 
bond directionality are also acknowledged.99,100 Linear foldamers are prepared 
from para- or meta-substituted aromatic units by a stepwise process, except for 
the alternating directionality foldamers which are prepared by a modular 
process. Both processes are very similar to the one described in the previous 
chapter. Solution based syntheses are commonly used, but solid state methods 
have also been applied.94,101,102 In the solid state method the foldamer precursor 
is attached to a solid resin and coupling and deprotection steps are repeated 
until the foldamer reaches the desired size after which the foldamer is cleaved 
from the resin. 
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Scheme 10. Examples of structures of linear foldamers. a) meta-Substituted thiafoldamer 33 
with alternating directionality,94 b) alkoxy substituted unidirectional foldamers 34-
35,97,101,102 c) 2,5-pyridine analogue of the alkoxy substituted unidirectional foldamer 3697 
and d) dialkoxy foldamer 37 with alternating directionality.99 

The para- or meta-substitution and hydrogen bonding force the foldamers 
to adopt a planar, linear and relatively rigid conformation. Three-center 
hydrogen bonding is the most common motif, but the specifics of the bonding 
differ. Alkoxy group oxygens are the most common hydrogen bond acceptors, 
but a thia sulfur was also used as an acceptor.94 The foldamers always form at 
least one S(5) motif hydrogen bond between the amide N-H and the alkoxy or 
thia group (Figure 11). In addition to linear benzene based foldamers Hamilton 
et al.95–98 have also prepared 2,5-pyridine analogues 36, which have an extra 
intramolecular hydrogen bond from the amide bond N-H to the pyridine 
nitrogen. 

Foldamer 33 has meta-substituted units similarly to compound 36 instead 
of the more common para-units (Figure 11a) which cause the foldamers to have 
small zig-zag turns between the units. Foldamers 34-36 have a slight curve 
induced by the hydrogen bonding on the same side of the foldamer, which is 
especially seen in the pyridine foldamer 34 (Figure 11c-e). Foldamer 37 is nearly 
linear due to three-center hydrogen bonding on alternate sides of the foldamer 
and the para-substitution of the units similar to compound 39 (Figure 11d). 

Potential applications of linear foldamers include low molecular weight α-
helix and double α-helix analogues that could interact with protein surfaces.94–

98,101,102 A five unit linear foldamer backbone functionalized by cholesterol at the 
ends of the foldamer was found to produce liquid crystals.100 
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Figure 11. Examples of linear foldamers. a) A three-unit thia-compound 38,37 b) a three-unit 
mono alkoxy foldamer 35e,102 c) a three-unit mono alkoxy foldamer 34f,103 d) a three-unit 
dialkoxy foldamer 3999 and e) a four-unit 2,5-pyridine foldamer 36f97. Non-contact 
hydrogen atoms have been removed for clarity. 

1.3.5.3 Zig-zag foldamers 

The zig-zag foldamers 40 are planar and rigid like the linear foldamers, but 
adopt a conformation which has sharp turns. Their hydrogen bonding is an 
adaptation of the linear foldamer three-center hydrogen bonding motif as the 
hydrogen bonding pattern combines two three-center motifs (Figure 12). The 
conformation of zig-zag foldamers is planar and relatively rigid and the turns 
correspond to the meta-substitution of the amide bond comprising groups.104 
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The stable conformation of the zig-zag foldamers was used to preorganize 
complementary amido and ureido recognition units to create foldamer 
duplexes.105,106 

               

 

Figure 12. a) An example of a zig-zag foldamer 40 and b) a five unit zig-zag foldamer 
39b.104 Non-contact hydrogen atoms have been removed for clarity. 

The synthesis of the zig-zag foldamers is modular.104 The synthesis route 
is very similar to the modular methods discussed earlier. The foldamers are 
prepared from dimer, trimer or even tetramer units attached to a mono or 
diacid chloride or diacid units or oligomers to form the foldamers (Scheme 11). 
The coupling is done either with an amide bond coupling agent or with acid 
chlorides. 

 

Scheme 11. Example of the modular synthesis method used to prepare a nine-unit zig-zag 
foldamer 40d.104 



34 
 

2 EXPERIMENTAL 

2.1 Aims and background of the work 

The purpose of the work was the synthesis and structural study of a new 
aromatic oligoamide foldamer backbone. The starting points of the study were 
the benzene (41) and pyridine (43) foldamers, of which the pyridine foldamer 43 
was found to adopt a protohelical conformation, which was later designated as 
the @-conformation. In order to deepen the understanding of the folding 
process and the stability of the fold a sulfonamide analogue 42 of the benzene 
foldamer and a series of asymmetrical analogues of the pyridine foldamer (44-
50) were synthesized and characterized (Scheme 12). 

The main tool in the structural studies was single crystal X-ray diffraction 
which provides detailed structural information in the solid state. The solid state 
studies were complemented in selected cases by powder X-ray diffraction 
studies, as well as by IR- spectroscopy and thermogravimetric methods. The 
crystal structures were used as the starting conformations in the DFT 
calculations and in the analysis of the solution state conformational data. The 
solution state information was obtained by NMR spectroscopic methods, 
including the characterization of the secondary structure of foldamer 46 by 
NOESY NMR, where the spatial correlations of protons could be measured. 
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Scheme 12. Molecular structures of the foldamers presented in the thesis. 
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2.2 Synthesis of aromatic oligoamide foldamers 

2.2.1 Symmetric benzene, pyridine and sulfonamide foldamersI,III 

The symmetric benzene, pyridine and sulfonamide foldamers were synthesized 
by an acylation reaction between acid chlorides or acid sulfonyl chlorides and 
primary amines (Scheme 13). 

Benzene foldamer 41 was originally synthesized in the master’s thesis 
project of M.Sc. Jussi Ollikka.107 The yield of the reaction was not satisfactory 
and a new method was devised and later published in paper I.I The pyridine 43 
and sulfonamide 42 foldamers were synthesized as analogues of the benzene 
foldamer 41 using variations of the new method.I,III 

The original method differed from the published method mainly in the 
route taken to get to the final product. In the original route o-phenylenediamine 
was coupled to isophthaloyl chloride and the intermediate product 51 was then 
coupled to benzoyl chloride to afford the benzene foldamer 41. In the new 
method the benzoyl chloride was first coupled with o-phenylenediamine and 
only after that with isophthaloyl chloride (Scheme 13). This route proved not 
only to have far better yields, but the intermediate product 52a could also be 
used in the preparation of foldamers 42 and 43 and as an intermediate product 
of the asymmetric foldamers 44-50. 

 

Scheme 13. Synthesis of symmetric foldamers 41-43 and the intermediate 52a.I,III 

2.2.2 Asymmetric pyridine foldamersII,IV 

Similar approaches were used in the synthesis of the asymmetric foldamers 44-
50 (Scheme 14a). Acylation reaction with acid chlorides was used in the 
synthesis of intermediates 52c-f for foldamers 45-48.II Nitrated intermediates 
53c-f were synthesized first and then reduced to amines 52c-f using Pd/C and 
H2 because in the reaction with the diamine a disubstituted by-product would 
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form and lower the yield. In the case of the intermediate 52b for cyanofoldamer 
44 the amide bond was formed with an amide bond crosslinker (EDC). The 
intermediate products were then coupled to an intermediate 53 in the case of 
foldamers 44-48II and 50IV or intermediate 55 in the case of foldamer 49II using 
EDC coupling (Scheme 14b). 

 

Scheme 14. An example of the synthesis of asymmetric foldamers 44-50 and their 
intermediates (52b-f, 53c-f, and 54-55).II,IV 

2.3 Structural studies of benzene foldamer 41I 

Three crystal structures were obtained of the benzene foldamer 41 (Figure 13).I 
Two were DMSO solvates and one was an unsolvated structure which was  
crystallized from DMF. In all structures the foldamer forms two intramolecular 
hydrogen bonds (S(7) motif) and the crystal packing motif is a double chain 
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( 24 ) where each foldamer molecule forms four intermolecular hydrogen 
bonds to two neighboring foldamer molecules. In one of the DMSO solvates 
(Figure 13c) an additional hydrogen bond forms to a DMSO solvent molecule.  

 

Figure 13. Molecular conformations and crystal packing motifs of the benzene foldamer 41.I 
a) Unsolvated form I with a slightly folded conformation, b) DMSO solvate I with an open, 
almost linear conformation and with no hydrogen bonds with the DMSO molecules and c) 
DMSO solvate II with more compact, but still relatively open conformation. One of the 
intramolecular hydrogen bonds (green) is weak due to the intermolecular hydrogen bond 
with DMSO. Non-contact hydrogen atoms were removed for clarity. 

Despite the similarity of hydrogen bonding, the conformations of the 
foldamer are different in all structures.I The unsolvated form I (Figure 13a) 
adopts a conformation that is closest to the @-conformation seen in the pyridine 
foldamers (Figure 14), but in this case only one of the inner amide bond N-H 
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hydrogens points inside the fold and only one hydrogen bond is formed per 
hydrogen bond acceptor. In the DMSO solvates (Figure 13b-c), the benzene 
foldamer 41 is in a more open conformation. In the DMSO solvate I (Figure 13b) 
the intramolecular hydrogen bonds are both formed to the inner amide bond 
C=O groups. Due to this the foldamer molecules adopt a more linear 
conformation. In the DMSO solvate II an intermolecular hydrogen bond to the 
DMSO solvent stabilizes an intermediate conformation between the “almost 
folded” form I and nearly linear conformation of solvate I where one of the 
intramolecular hydrogen bonds (S(7) motif, green in Figure 13c) becomes much 
weaker (Figure 13c).  

 

Figure 14. Overlay structure of the almost folded conformation of the benzene foldamer 41 
form I (green) and pyridine foldamer 43 form I in the @-conformation (orange).I Non-
contact hydrogen atoms were removed for clarity. 

PXRD patterns indicate that the benzene foldamer 41 has several other 
solvate crystal forms where the molecular conformation and/or the crystal 
packing form differ from the obtained XRD structures.I Compared to the 
pyridine foldamer 43, the lack of a stabilizing pyridine core unit hydrogen bond 
(S(5) motif), makes the benzene foldamer 41 more flexible and its secondary 
structure more difficult to predict. Therefore the benzene foldamer 41 is not as 
suitable as a starting point towards more complex foldamers. Another 
drawback is the relatively low solubility of the benzene foldamer 41 even to 
solvents like DMSO, which would only become more difficult if the size of the 
molecule was increased without the addition of functional groups that would 
improve the solubility of the foldamer. 

2.4 Structural studies of sulfonamide foldamer 42III 

Sulfonamide foldamer 42 was prepared as an analogue to the benzene foldamer 
41.III The sulfonamide bond is an interesting bond often used in the 
pharmaceutical industry.108 The properties of the sulfonamide group resemble 
an amide bond in some respects, but geometry and hydrogen bonding are 
different due to sp3 sulfur which replaces the sp2 carbon in the bond. The 
difference in the OSN and OCN angles, 106° and 120°, respectively, leads to a 
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significant difference in the orientation of the bond and also, therefore, in the 
conformation of the molecule. Although the sulfonamide group has an extra 
hydrogen bond acceptor compared to the amide group, the tendency to act as a 
hydrogen bond acceptor is lower. This is due to the presence of the second 
oxygen in the sulfonamide group, which leads to smaller negative dipole 
moments in the oxygen atoms. 

The folding preferences of the sulfonamide foldamer 42 were studied 
using XRD and DFT calculations.III As a result two conformations were 
identified experimentally and a third additional conformation was identified 
from the DFT calculations. One of the solid state conformations obtained either 
from DCE or THF is unfolded and forms only two weak intramolecular 
hydrogen bonds (Figure 15a, S(5) motif). The other folded conformation is 
obtained either from ethyl acetate or acetonitrile and, in addition to the two 
weak hydrogen bonds (S(5) motif), it forms an intramolecular hydrogen bond 
(Figure 15b, S(13) motif). The foldamer in the unfolded conformation packs into 
double chains ( 20  motif) with the molecules in a head-to-tail arrangement. 
The foldamers in a folded conformation pack are in sheet-like assemblies where 
chains (C(7) motif) are connected to one another by two intermolecular 
hydrogen bonds that form a ring structure ( 16  motif, Figure 15b). 

 

Figure 15. Conformations and crystal packing motifs of the sulfonamide foldamer 42. a) An 
unfolded conformation and b) a folded conformation.III Non-contact hydrogen atoms were 
removed for clarity. 

A clear reason for two different solid state conformations could not be 
identified. The environmental conditions (temperature, moisture, crystallization 
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vessel) were as identical as possible and the physical and chemical properties of 
the solvents do not show a clear trend. This, together with DFT calculations, 
suggests that the conformations are close in energy. The folded conformation 
retains its fold in the DFT calculations; it is therefore likely that this form is also 
found in solution (Figure 16c).III Based on the DFT calculations the unfolded 
conformation, on the other hand, does not seem to be as stable.  In the 
calculations the unfolded conformation tends to adopt a more folded 
conformation with two intramolecular hydrogen bonds (Figure 16a). This more 
folded conformation seems to be more stable in the gas state and unfolds into 
an efficient and stable crystal packing structure stabilized by intermolecular 
hydrogen bonds in the solid state. Evidence for this conformational change 
could be seen when a system of two molecules were calculated. It was found 
that one of the molecules changed to a more folded conformation, but the other 
one remained in an unfolded conformation (Figure 16b). This indicates that, 
once formed, the dimer is able to direct the formation of an intermolecular 
hydrogen bond network. 

The third conformer found in the DFT calculations has four intramolecular 
hydrogen bonds, which makes it lower in energy than the experimentally found 
conformers (Figure 16d).III However, large energy barriers of rotation of the 
bulky aromatic side chains likely prevent the formation of the conformation 
experimentally. Also the role of solvents as competing hydrogen bond formers 
can hinder the adoption of the conformer. 
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Figure 16. Calculated conformers of the sulfonamide foldamer 42.III a) A folded 
conformation adopted from the experimentally found unfolded conformation, b) a folded 
conformation that is nearly identical with the experimentally found folded conformer, c) an 
optimized dimeric pair, where one of the molecules stays roughly at the starting 
conformation and the other adopts a more folded conformation and d) a strongly folded 
conformation found only in the DFT calculations. Non-contact hydrogen atoms were 
removed for clarity. 

A NOESY spectra of compound 42 was measured in acetone-d6, but no 
evidence supporting any particular conformation was found.III VT-NMR 
measurements did not show any clear evidence of interconversion from one 
conformation to another either, although broadening of some peaks was 
detected. These results suggest that the conformation in solution may yet be 
different from those found in the solid state or DFT calculations and that the 
environmental factors contribute to the choice of conformation in an 
unpredictable way. Nevertheless, neither of the solid state conformers of the 
sulfonamide foldamer 42 is in a desired folded, protohelical conformation, 
which together with the unpredictability of the conformers make the 
sulfonamide bond a challenging component when planning and preparing 
foldamers. 
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2.5 The conformational properties of pyridine foldamers 43-

50I,II,IV 

The symmetric pyridine foldamer 43 was originally prepared as an analogue of 
the benzene foldamer 41.I In the molecule the central m-substituted phenyl ring 
was replaced by a pyridine. This change had been used in many previous 
studies with good results.50–52 Indeed, the foldamer was found to fold in a stable, 
tightly folded, protohelical conformation with predictable behavior. In addition 
to the pyridine foldamer 43 seven asymmetric analogues (44-50) were prepared 
in order to study the folding ability of the pyridine foldamers (43-50) in greater 
detail.II,IV 

In general the predictability and stability of the pyridine foldamer 
conformations originate from two structural properties (Scheme 15). One is the 
o-disubstituted side unit which forces a sharp and rigid turn in the foldamer 
backbone and increases its ability to form π-stacking interactions. The other 
important structural feature is the pyridine core where two weak 
intramolecular hydrogen bonds are formed to the N-H groups of the amide 
bonds closest to the pyridine nitrogen atom (S(5) motif). This enforces a roughly 
planar geometry to the core in almost all cases and creates a position where two 
hydrogen bond donors are very close to each other. 

 

Scheme 15. Pyridine foldamer units, pyridine core (left) and o-disubstituted side unit (right) 

The most interesting aspect of the pyridine foldamer 43, however, is the 
three simultaneous intramolecular hydrogen bonds to the same hydrogen bond 
acceptor instead of a fold with two S(7) motif intramolecular hydrogen bonds as 
seen with the benzene foldamer 41. These hydrogen bonds not only gave the 
pyridine foldamer 43 a tightly folded protohelical conformation—an interesting 
property for the preparation of new foldamers—but the conformation 
resembles an active site found in some enzymes, called the oxyanion hole 
(Scheme 16).109,110 The oxyanion hole is a fold in an enzyme where several 
hydrogen bond donor groups are forced into close proximity by the secondary 
structure of an enzyme. In this position several intermolecular hydrogen bonds 
or ion-dipole bonds can form to a single ion or a hydrogen bond acceptor, 
which enables the catalysis of reactions that involve tetrahedral intermediates, 
such as hydrolytic cleavage of esters, thioesters and amides, and reactions that 
involve enolate intermediates. The oxyanion hole structure lowers the reaction 
energy and stabilizes high-energy reaction intermediates because of hydrogen 
and ion-dipole bonds. 
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Scheme 16. A schematic structure of an oxyanion hole (left) and foldamer 43 in the @-
conformation resembling an oxyanion hole motif (right). 

2.5.1 Pyridine foldamer analoguesI,II,IV 

Due to the resemblance between the pyridine foldamer 43 and the oxyanion 
hole the stability of the @-conformation was tested by preparing a series of 
asymmetric foldamers. In foldamers 44 and 45 (Scheme 12) a terminal phenyl 
group of the foldamer is para-substituted with either a cyano or a methoxy 
group, respectively. The cyano group was attached to withdraw electron 
density from the carbonyl oxygen closest to it and thus make it a weaker 
hydrogen bond acceptor. The methoxy group, on the other hand, was attached 
to increase the electron density. With foldamers 46-48 one of the terminal 
phenyl rings was replaced by an aliphatic group (Scheme 12). This change 
served two purposes: The aliphatic group increases the electron density of the 
nearest C=O group and the variance of the size of the group affects the steric 
hindrance on the secondary structure of the foldamer. The shorter foldamers 49 
and 50 were synthesized to see if only three amide bonds are sufficient to cause 
an @-conformation and what the effect of a terminal amine group on folding is. 

 The eight different variants of pyridine foldamer (Scheme 12) produced 
33 different crystal structures (Table 1), as both solvates and polymorphic forms. 
Despite the eight slightly different compounds and a great variety of different 
crystal structures only two major conformation types were discovered; one in a 
tight protohelical @-conformation with several intramolecular hydrogen bonds 
to a single hydrogen bond acceptor and a more open, S-shaped conformation. 
Foldamers 44, 47 and 49 were found to adopt both @- and S-conformations 
whereas foldamers 43 and 50 crystallized exclusively in the @-conformation and 
foldamers 46 and 48 only in the S-conformation. No crystal structures were 
obtained for foldamer 45. 
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Table 1. Pyridine foldamer 43-44 and 46-50 crystal structures, their conformations, crystal 
packing and crystallization solvents.I,II,IV 

Structure Packing motif Crystallization 
solvent 

Structure Packing motif Crystallization 
solvent 

43@-Form I 14  EtOAc 46S1-Form I 32  Acetone 
43@-Form II 46 , 2 39  DMSO-d6 

(43:TBA-
F•3H2O, 5:1) 

46S1-Form II 32  EtOAc 

43@-acetone C(7) Acetone-d6 
(43:TBA-Cl 3:1) 

46S1-Diox 32  1,4-diox 

43@-DMA C(7) DMA 46S1-DMSO D DMSO 
43@-DMF C(7) DMF 47@’2-Form I 23  EtOAc 
43@’-DMSO C(11) DMSO 47S1-Form II 14  Toluene 
43@-DMSO-
H2O 

C(7), 5  DMSO-d6 
(43:TBA-
F•3H2O, 1:4) 

48S2-Form I C(11) Acetone 

43@-EtOAc C(11) EtOAc 48S2-Diox C(11) 1,4-diox 
43@-EtOH C(16) EtOH 49@-Form I C(11) Acetone 
43@-MeCN C(7) MeCN 49@-Form II C(7) DMA 
43@-MeOH C(16) MeOH 49S-DCM-1 2 10  DCM 
43@-toluene C(11) Toluene 49S-DCM-2 2 10  DCM 
44@2-Form I C(7) MeCN 49@-DMA D DMA/1,4-diox 
44S1-CHCl3 14  CHCl3 49@-S-DMF 14 , 2 10  DMF 
44S1-DMA 14  DMA 49S-MeCN 2 10  MeCN 
44S1-EtOAc 14  EtOAc 50@-Form I 16  MeCN 
44S1-THF 14  THF    
 

 
Both conformers have variants depending on the amount of hydrogen 

bonds and which amide moieties form intramolecular bonds (Scheme 17). In the 
@-conformation the molecule is tightly folded around the pyridine core and 
three intramolecular hydrogen bonds (S(7), S(13) and S(16) motif) are formed to 
a single hydrogen bond acceptor (Scheme 17). If only two intramolecular 
hydrogen bonds (S(7) and S(13) motif) form the conformation is denoted as @’. 
In the case of asymmetric foldamers 44-48 the conformations are further 
divided into two categories depending on which end of the molecule acts as a 
hydrogen bond acceptor for the pyridine core amide bonds. Category 2 is used 
when C=O of the unsubstituted phenyl end of the molecule acts as a hydrogen 
bond acceptor. The sigmoidal S-conformation is stabilized by two 
intramolecular hydrogen bonds from the pyridine core N-H groups to a 
hydrogen bond acceptor (S(7) and S(13) motif) and a hydrogen bond from an 
outer amide N-H to a pyridine core C=O group (S(7) motif). Two weak 
hydrogen bonds to the pyridine ring nitrogen atom further stabilize the 
conformation. With foldamer 49 an S-conformation, however, forms through 
intermolecular hydrogen bonding and the intramolecular hydrogen bonds to 
the amide bonds around the pyridine and (S(7) and S(13) motif) are replaced by 
intermolecular bonds to another foldamer 49 molecule ( 10  motif). DFT-
calculations on foldamers 43-46 and 48-49 also suggest a helical conformation 
with a different intramolecular hydrogen bonding network (S(7) and S(16) motif) 
where the pyridine-amide core unit is non-planar and only one intramolecular 
hydrogen bond is formed per hydrogen bond acceptor (Scheme 17). 
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Scheme 17. Schematic presentation and denotations of the @-, S- and h-conformations.II 
The subscript describes which of the outer carbonyl groups acts as a hydrogen bond 
acceptor. In the @-conformation the apostrophe is used if only two intramolecular 
hydrogen bonds to the same hydrogen bond acceptor are formed. 

2.5.2 Conformers and crystal packing of individual compounds 

2.5.2.1 Pyridine foldamer 43I,II,IV 

The pyridine foldamer 43 was found to have an impressive ability to produce 
good quality crystals. Altogether 12 crystal structures were obtained, two of 
which are polymorphs, and ten are solvates (Table 1).I,IV In all crystal structures 
foldamer 43 was found to adopt the @-conformation or a conformation very 
close to the @-conformation (Figure 17). In addition to the intramolecular 
hydrogen bonds the conformation is in all cases stabilized by t-shaped π-
stacking interactions between the outer and inner phenyl rings. The slightly 
different conformations were observed in the structures of DMSO solvate and 
the polymorphic form II. A DMSO solvate of foldamer 43 is found in the @’-
conformation where the S(16) motif intramolecular hydrogen bond is not 
formed. Instead an intermolecular hydrogen bond is formed to the DMSO 
solvent molecule (Figure 17b). This suggests that the S(16) motif bond is the 
weakest of the intramolecular hydrogen bonds. In the polymorphic form II one 
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molecule out of three in the asymmetric unit adopts a more open conformation 
which, nevertheless, closely resembles the @-conformation (Figure 17c).  The 
more open conformer has only one moderately strong intramolecular hydrogen 
bond, S(7), and three weaker bonds, an S(7) bond and two S(5) bonds to the 
pyridine nitrogen. 

 

Figure 17. Pyridine foldamer 43 a) in the @-conformation, b) in the @’-conformation and c) 
in a more open conformation resembling the @-conformation.I,IV 

NMR and DFT studies were done to shed light on the solution state 
conformations of the pyridine foldamer 43.I,II The NOESY spectra measured for 
the pyridine foldamer 43 in THF-d8 and acetone-d6 suggests 

 that the compound is folded in solution, though the conformation can be 
either @-, S- or helical (Figure 18). The DFT results suggest that the S-
conformation would be the most energetically favorable followed by a helical 
conformation, which was unseen experimentally, and the least favorable would 
be the @- and @’-conformations with equal energies (Figure 18). Gibbs free 
energies of the conformations relative to the most stable conformation, however, 
were 0.0 (S), 0.4 (helix) and 1.3 kcal·mol-1 (@ and @’), i.e. the conformers are very 
close in energy, which suggests that in solution many conformers are likely 
present and their ratio varies based on the solution conditions. DFT calculations 
indicate stabilization by intramolecular parallel displaced π-stacking 
interactions, whereas they are t-shaped in the crystal structures indicating the 
difference caused by crystal packing effects. 
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Figure 18. a) An overlay of the calculated @-conformation (blue) and the @-conformation of 
foldamer 43 from an acetone solvate (orange), b) the calculated S-conformation of foldamer 
43, c) an overlay of the calculated @’-conformation (blue) and the @’-conformation of 
foldamer 43 from a DMSO solvate (orange) and d) the calculated h-conformation of 
foldamer 43.I,II,IV Non-contact hydrogen atoms were removed for clarity. 

The pyridine foldamer 43 crystallizes in five different crystal packing 
motifs with some variation due to solvent molecules (Figure 19).I,IV Chain-like 
packing is the most common as ten out of the twelve crystal structures exhibit it. 
The two polymorphic forms pack in ring assemblies. The pyridine foldamer 43 
in the @-conformation has three unused hydrogen bond acceptors and one free 
hydrogen bond donor. This allows for three chain motifs (C(7), C(11) and C(16), 
Figure 19b-d), with C(7) motif chains being the most popular. All chains are 
also solvates suggesting that the chain motifs are not very efficient and solvent 
accessible spaces are left in the crystal lattice. The ring packing of form I is 
defined by a relatively simple 14  motif (Figure 19a), while form II adopts a 
more complex structure composed of six molecules that form three rings 
( 46 	and	two	 39  motifs). In this structure one of the pyridine foldamers 
43 deviates from the @-conformation to allow the packing structure (Figure 19e). 
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Figure 19. Pyridine foldamer 43 a) form I ring structure, b) a C(7) motif chain from a DMA 
solvate, c) a C(11) motif chain from an EtOAc solvate, d) a C(16) motif chain from an EtOH 
solvate and e) form II ring structure.I,IV Non-contact hydrogen atoms were removed for 
clarity. 

2.5.2.2 Cyano foldamer 44 and methoxy foldamer 45II,IV 

The cyano foldamer 44 and methoxy foldamer 45 are near analogues of the 
pyridine foldamer 43 with the only difference being a cyano group (44) or a 
methoxy group (45) at para position at the other end of the molecule. The cyano 
group withdraws electron density from the closest carbonyl oxygen thus 
making it a weaker hydrogen bond acceptor, which should lead to the 
preference of the @2- and S2-conformations. In the case of the methoxy group 
the effect is the opposite, and the @1- and S1-conformations would be more 
favorable. In the solid state, however, @2- and S1-conformers were obtained for 
the cyano foldamer 44, whereas no crystal structures were obtained for the 
methoxy foldamer 45. 
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Five cyano foldamer 44 crystal structures were determined, one of which 
is unsolvated (Figure 20a) with an @2-conformation, and four nearly 
isomorphous solvates in an S1-conformation (Figure 20, Table 1).II,IV The @2-
conformation (Form I) packs in a C(7) motif chain common to the @-
conformation structures. The solvates in the S1-conformation pack in parallel 
displaced pairs ( 14  motif, Figure 20). The solvent molecules are always 
located near the cup shaped areas of the stacked pairs and, depending on the 
size and shape of the solvent, a small void can remain in the cup. 

 

Figure 20. Cyano foldamer 44 conformations and packing. a) @2-conformation and C(7) 
motif packing of unsolvated form I and b) S1-conformation and 14  motif packing of an 
EtOAc solvate. Non-contact hydrogen atoms were removed for clarity. 

In DTF calculations cyano foldamer 44 prefers the S2-conformation though 
@’2- and h1-conformations were very close in energy (0.7 and 0.2 kcal·mol-1 were 
higher in energy, respectively, Figure 21a and 21d-e).II The @2- and S1-
conformations (Figure 21b) found experimentally were also relatively close in 
energy (3.4 and 2.5 kcal·mol-1 were higher in energy, respectively). The 
calculated S2-conformer fulfills the original assumption of the effect of the 
electron-withdrawing cyano group. In its solid state, however, the efficiency of 
the crystal packing as well as other steric reasons may be the reason for the 
opposing S1-conformer.  

In DFT calculations the @1-, S1 and h2-conformers of the methoxy foldamer 
38 were lower in energy than the opposite conformations.II The S1-conformer 
was the most favorable in energy, but the h2-conformer was only 0.9 and the @2-
conformer 2.5 kcal·mol-1 higher in energy (Figure 21c and 21f). 

Based on the DFT calculations the design strategy for the foldamers seems 
sound. In both cases the foldamers favor the S-conformation over the @-
conformation in the DFT calculations. This is likely due to the para-position 
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groups. In the solid state other factors, such as crystal packing, have an effect on 
the conformational preferences of the foldamers, at least in the case of the cyano 
foldamer 44. 

 

Figure 21. DTF optimized conformations of foldamers 44 and 45.II a) S2-conformation of 
foldamer 44 b) an overlay of the DFT optimized S1-conformation (blue) and the S1-
conformation of foldamer 44 from an EtOAc solvate (orange), c) S1-conformation of 
foldamer 45, d) the h1-conformation of foldamer 44, e) the @’-conformation of foldamer 44 
and f) the h2-conformation of foldamer 45. Non-contact hydrogen atoms were removed for 
clarity. 

2.5.2.3 Aliphatic foldamers 46-48II,IV 

Three foldamers with increasing sizes of aliphatic groups at one end of the 
molecule were prepared (46-48). The aliphatic group makes the C=O group 
closest to it a more potent hydrogen bond acceptor, and presumably directs the 
foldamers towards type 1 conformations. The different sizes of the groups offer 
information on the effect of the substituent bulkiness on the conformation 
adopted. The groups are also non-planar and unable to form π-stacking 
interactions, which is a marked difference compared to foldamers with mainly 
aromatic groups. 

The crystallizations of the acetyl foldamer 46 produced two polymorphic 
forms and two solvates (Table 1). In all structures the conformation was S1 
(Figure 22a). Although type 1 folding was expected, the prevalence of the S-
conformation was rather surprising. Acetyl foldamer 46 packs in three crystal 
structures as stacked pairs ( 32  motif), which seems to be a fairly efficient 
packing motif (Figure 22b). The only exception to the packing is the DMSO 
solvate where the acetyl foldamer 46 forms an intermolecular hydrogen bond 
with the DMSO molecule instead of stacked pairs (Figure 22c). 
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Figure 22. Acetyl foldamer 46. a) S1-conformation, b) 32  motif packing of unsolvated 
form I and c) D motif packing of the DMSO solvate. Non-contact hydrogen atoms were 
removed for clarity. 

The isopropyl foldamer 47 crystallized only as two polymorphic forms 
with different conformations. In form I the isopropyl foldamer 47 adopts a @’2-
conformation and in form II an S1-conformation (Figure 23, Table 1). The reason 
behind the @’2-conformation over the presumably more favorable @1’-
conformation or a @1-conformation are not clear. Form I packs in double chains 
where the amide bond near the isopropyl group is involved in two 
intermolecular hydrogen bonds ( 23  motif). This is likely an efficient 
packing motif and could, at least in part, explain the @’2-conformation. The 
bulky isopropyl group may prevent the formation of the S(16) motif 
intramolecular hydrogen bond, whereas the electron-donating properties of the 
aliphatic group still increase hydrogen bond acceptor properties and facilitate 
the formation of stabilizing intermolecular hydrogen bonds. T-shaped π-
stacking interactions (Figure 23a) could not form in the type 1 conformation 
either. In form II the isopropyl foldamer 47 is in the expected S1-conformation 
and packs in parallel displaced pairs very similar to the cyano foldamer 44 
solvates ( 14  motif). The structure even has a void (26 Å3) in the area where 
the cyano foldamer 44 would have had the solvent molecule. 
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Figure 23. The conformations and crystal packing of isopropyl foldamer 47. a) @’2-
conformation and 23  motif packing of form I and b) S1-conformation and 14  motif 
packing form II and 26 Å3 structural voids (orange). Non-contact hydrogen atoms were 
removed for clarity. 

The crystallizations of the tert-butyl foldamer 48 produced two crystal 
structures, an unsolvated form and a 1,4-dioxane solvate (Table 1). In both 
structures foldamer 48 adopts an S2-conformation, which is not observed in any 
other foldamer (Figure 24a). The conformation is likely a result of considerable 
steric hindrance caused by the tert-butyl group, with additional stabilization 
from a t-shaped π-stacking interaction between the outer phenyl ring and the 
phenyl ring closest to the tert-butyl group. The packing of the tert-butyl 
foldamer 48 is equally unique, for S-conformers, as in both structures the 
foldamer packs in chains (C(11) motif, Figure 24b) because of the bulky tert-
butyl group. 



53 
 

 

Figure 24. tert-Butyl foldamer 48 a) S2-conformation and b) C(11) motif packing of 
unsolvated form I. Non-contact hydrogen atoms were removed for clarity. 

In the DFT calculations of foldamer 46 the S2-conformation had the lowest 
energy (Figure 25a).II The S1-conformation, also seen in the crystal structures, 
had an energy difference of 2.0 kcal·mol-1 (Figure 25b). DFT calculations were 
not done on foldamer 47, but as with the acetyl foldamer 46 the DFT 
calculations for tert-butyl foldamer 48 suggest that the S2-conformation is the 
most favorable conformation in the gas phase (Figure 25c). As with the other 
foldamers most of the other @-, S- and h-conformations are only 1-2 kcal·mol-1 
higher in energy for both foldamers 46 and 48. The reason why S2-conformers 
are more favorable in DFT optimized structures can be explained by the 
intramolecular parallel displaced π-stacking interaction seen in the DFT 
optimized conformations between the outer phenyl ring of the foldamer and 
the phenyl ring closest to the aliphatic group in the S2-conformations. 

 

 

Figure 25. a) The calculated S2-conformation of foldamer 46, b) an overlay of the calculated 
S1-conformation (blue) and the S1-conformation of foldamer 46 from unsolvated form I 
(orange) and c) an overlay of the calculated S2-conformation (blue) and the S2-conformation 
of foldamer 48 from unsolvated form I (orange). Non-contact hydrogen atoms were 
removed for clarity. 

The secondary structure of the acetyl foldamer 46 was also studied in the 
solution state using NOESY and NOE NMR techniques.II The acetyl foldamer 46 
was chosen for the solution state studies because of its good solubility, 
improved by the small aliphatic group, and the methyl group which is easily 
distinguishable in the NMR spectra. The NOESY spectra suggested that the 
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acetyl foldamer 46 is folded, but specific conformation could not be inferred. 
Three diagnostic NOE-spectra measured by irradiating the outer amide bond 
N-H protons and methyl protons gave more information and suggested that in 
CDCl3 solution and in the NMR timescale the molecule alternates between @-, 
h-, and S-conformations. Neither @- nor S-conformation could account for all 
the peaks, and the best correspondence to the data was found when the h1-
conformation DFT structure was compared to the data (Figure 26). 

 

Figure 26. NOE NMR-spectra measured of the acetyl foldamer 46. The schematic 
representation is the acetyl foldamer 46 in the h1-conformation that matches best with the 
NOE-data. The arrows mark some selected NOE-interactions. 

Some trends can be seen in the conformations of the solid state structures 
and the DFT optimized conformations. The presence of the aliphatic group 
leads foldamers 46 and 47 to favor the S1-conformation, whereas the @’2- and S2-
conformations of foldamers 47 and 48, respectively, suggest that other factors 
are also important.  The increasing size of the aliphatic group shows a much 
clearer trend. Foldamers 46 and 47 can adopt the more sterically hindered S1-
conformation, while foldamer 47 is unable to fold even to the more open @2-
conformation and foldamer 48 can only fold to the least hindered S2-
conformation. The DFT calculations show the importance of the π-stacking 
interactions that cause the S2-conformers to be lower in energy despite the 
hydrogen bond acceptor improving effect of the aliphatic group.  
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2.5.2.4 Truncated foldamers 49 and 50II,IV 

Truncated foldamers 49 and 50 are shorter analogues of the pyridine foldamer 
49 with only three amide bonds and thus also fewer hydrogen bond donors and 
correspondingly only four aromatic rings. Foldamer 50 has an amino 
substituent at the ortho position of the phenyl ring at the truncated end of the 
molecule. 

 

Figure 27. Solid state conformations and crystal packing structures of foldamer 49 a) @-
conformation (form I), b) C(11) motif chain (form I), c) S-conformation (MeCN solvate), d) 
2 10  motif pair (seed crystallization DCM  solvate), e) C(7) motif chain (form II) and f) 

14  motif pair (DMF solvate). Non-contact hydrogen atoms were removed for clarity. 

Seven crystal structures were obtained for foldamer 49; two unsolvated 
polymorphs, and five solvates (Table 1). The foldamer was found in both @- 
and S-conformations (Figure 27a and 27c); both conformations are even 
simultaneously present in the structure of the DMF solvate (Figure 28). The 
unsolvated structures crystallize in @-conformation, but with different crystal 
packing. In form I the molecules pack in C(11) motif chains while in form II the 
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foldamers pack with the other possible, C(7), chain motif (Figure 27b and 27e). 
Interestingly, the crystal structure of form I is non-centrosymmetric and the 
molecules pack in a one-handed helical superstructure throughout the crystal. 
In the DMF solvate where both @- and S-conformations are present the @-
conformers pack in 14  motif pairs (Figure 25f), while the S-conformer packs 
in 2 10  motif pairs. The pair motif is likely crucial to the stability of the S-
conformation as the molecule lacks the fourth amide bond and cannot form the 
intramolecular hydrogen bonds with the C=O groups around the pyridine core. 
Instead, the hydrogen bonds are intermolecular to another foldamer molecule 
(Figure 27c). This pair motif is present in all S-conformation structures of 
foldamer 49. 

 

Figure 28. Foldamer 49 DMF solvate crystal structure with both @- and S-conformations in 
a single crystal structure. Non-contact hydrogen atoms were removed for clarity. 

The crystallization behavior of foldamer 50 is very different from foldamer 
49. Foldamer 50 produced crystals from many solvents (MeCN, DMF, MeOH, 
EtOAc and acetone), but the result was always the same unsolvated form where 
foldamer 50 is in an @-conformation and packed in double chains ( 16  motif, 
Figure 29). Surprisingly, the amino group does not participate in the 
intramolecular hydrogen bonding. Instead an intermolecular hydrogen bond is 
formed to carbonyl oxygen of the adjacent foldamer ( 16  motif) which 
directs the crystal packing to a double chain. 



57 
 

 

Figure 29. Foldamer 44 a) @-conformation and b) 16  motif double chain. Non-contact 
hydrogen atoms were removed for clarity. 

In DFT calculations the @-conformation of foldamer 49 was found to 
clearly have the lowest energy in the gas phase as the energies of h- and S-
conformations were 4.2 and 5.4 kcal·mol-1 higher, respectively, (Figure 30).II The 
energy barrier between the forms is higher than in the other foldamers. The 
clear difference can be explained by the intramolecular hydrogen bonding 
differences of the conformations: The @-conformation has two hydrogen bonds 
and additionally two weak hydrogen bonds to the pyridine core, while the S-
conformation has only one hydrogen bond and the h-conformation has none. 
Additionally parallel displaced π-stacking interactions were observed only with 
@-conformation. 

 

Figure 30. a) An overlay of the calculated @-conformation (blue) and the @-conformation of 
foldamer 49 taken from form I (orange), b) an overlay of the calculated S-conformation 
(blue) and the S-conformation of foldamer 49 taken from a MeCN solvate (orange) and c) 
the calculated h-conformation of foldamer 49. Non-contact hydrogen atoms were removed 
for clarity. 

The presence of the @-conformation for both foldamers 49 and 50 suggests 
that the third hydrogen bond (S(16) motif) is not crucial for the @-conformation. 
The @’-conformation structures seen with foldamers 43 and 47 also support this 
notion. In fact, DTF calculations of foldamer 49 suggest that the S-conformation 
is more affected by the lack of the fourth bond as the foldamer lacks the 
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necessary fourth hydrogen bond acceptor for the pyridine core hydrogen bonds. 
The same may not be true for foldamer 50 as the amine group is in the position 
to be able to provide the hydrogen bond donor for the signature S(7) motif bond 
of the S-conformation. The difference in the amount of different types of crystal 
structures between the foldamers is also interesting. The stability of the double 
chain of foldamer 50 could be a reason why only one particular conformation 
and crystal structure are seen. 



59 
 

3 SUMMARY AND CONCLUSIONS 

Ten aromatic oligoamide foldamers were prepared and their structural 
properties were studied experimentally in solid and solution state, and by DFT 
calculations. Forty crystal structures were determined and the structures 
provided a good understanding of the conformational behavior of the 
compounds with complementary information from the interpretation of the 
DFT and solution state data. 

Eight of the foldamers are classified as pyridine foldamers based on their 
central pyridine core unit. The pyridine core was found to be useful as its 
properties and behavior remained almost constant in the majority of crystal 
structures. The pyridine core brings two hydrogen bond donors close to each 
other and enables folding through relatively powerful intramolecular hydrogen 
bonding. The most prominent example of the strength of the resulting fold is 
the proto-helical @-conformation. In the @-conformation three intramolecular 
hydrogen bonds are formed to one hydrogen bond acceptor. This motif also has 
potential as a starting point for longer helical foldamers with a width far 
smaller than most of the previous aromatic foldamers and without the solvent 
filled central cavity seen in most similar examples. The small width of the 
foldamers is fairly close to the width of the average amino acid α-helix 
indicating, for example, a potential as protein mimics in protein-protein 
recognition processes. The @-conformation also shows, through its resemblance 
with the oxyanion hole, the potential of these type of foldamers as 
organocatalysts or at least as good analogues in the study of the active sites of 
enzymes. 

The two other types of foldamers, benzene foldamer 41 and sulfonamide 
foldamer 42, proved to be interesting molecules with more flexibility than 
pyridine foldamers. The flexibility makes them difficult to use as foldamer 
prototypes, though they did provide interesting information on the hydrogen 
bonding behavior of aromatic oligoamide foldamers without a pyridine core 
and with sulfonamide bonds. The benzene foldamer 41 favors more open, even 
linear, conformation where only one intramolecular hydrogen bond is formed 
to a hydrogen bond acceptor. With sulfonamide foldamer 42 the sharp turns 
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caused by the sulfonamide group seem to discourage helical folding of the 
molecule, though an interesting, well folded, conformation was found in the 
DFT calculations. 

In addition to the valuable structural information obtained from this type 
of aromatic oligoamide foldamers, useful preparation and characterization 
methods of aromatic foldamers were obtained. This information creates a solid 
foundation for future projects aiming at more advanced foldamers with 
properties, for example, as supramolecular hosts, and eventually in useful 
applications such as organocatalysts, receptors or bioactive compounds. 
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The crystal structures and molecular conformations of two foldamer-type oligoamides were analyzed.

One polymorphic form and seven solvates were found for N1,N3-bis(2-benzamidophenyl)benzene-1,3-

dicarboxamide (the benzene variant), and two polymorphic forms and six solvates for N2,N6-bis(2-

benzamidophenyl)pyridine-2,6-dicarboxamide (the pyridine variant). Three crystal structures of the

benzene variant and seven structures of the pyridine variant were solved using single crystal X-ray

diffraction. The crystal structures showed that the different modes of intramolecular hydrogen

bonding strongly affect the conformation and folding of the molecules, which is most evidently seen

with the strongly folded helical structure of the pyridine variant. NOESY experiments suggest that the

intramolecular hydrogen bonding is stable enough to retain a folded or partially folded conformation

even in solution.

Introduction

Hydrogen bonding has been actively studied and discussed for

almost a century and its relevance to the organization of

molecules cannot be overestimated.1 While hydrogen bonds are

not as stable and rigid as covalent bonds, they still are a

significant stabilizing force that results in a preferred molecular

conformation in the solid state and even in solution. Hydrogen

bonds are often used as key elements in crystal engineering

because they are well understood and often predictable.2 Their

stabilizing effect usually causes the compounds to possess as

many hydrogen bonds as possible and their directionality shapes

the overall structure further by affecting the crystal packing.

Multiple hydrogen bonding has even been observed to cause

catalytic properties in some enzymes.3 For example, hydrogen

bonds can stabilize a negatively charged oxygen atom of the

tetrahedral or enolate intermediate formed in many biological

reactions, thus decreasing the enthalpic energy cost of the

reaction. In these enzymes the hydrogen bond donor groups are

also preorganized to stabilize the negatively charged intermedi-

ate, which in addition decreases the entropic energy cost of the

reaction.4 Examples of this catalytic effect include serine

proteases5 and triglyceride hydrolysis by cutinase.6

The crystal form of a compound, on the other hand, is decided

by a multitude of different factors including the properties of the

compound, the crystallization conditions, such as temperature

and solvent, and by the interactions the compounds are able to

form. Therefore, the same compound can crystallize in many

different molecular conformations and crystal packing arrange-

ments. This phenomenon is called polymorphism, which has

many implications in, for example, industrial applications but

which also has academic importance.7 An equally important

phenomenon in solid-state chemistry is the formation of multi-

component crystals that are composed of two or more

components, i.e. the formation of solvates and co-crystals, which

change the physical and chemical properties of the compounds

and affect, for example, their usability in commercial formula-

tions and applications.8

Foldamers are an interesting group of synthetic oligomers

which imitate some of the properties of biological macromole-

cules, such as peptides, proteins or DNA.9,10 Because of these

properties they can be used, for example, as biomimetic

catalysts11 or receptors,12 or as models of protein folding.13

The folding properties can be adjusted by designing the

oligomers in such a way that weak intramolecular interactions,

e.g. hydrogen bonds and p-stacking, between the key functional

groups spontaneously direct the oligomer into a folded

conformation.

In order to study the differences in the folding caused by subtle

changes in the molecular structure, we designed two potential

foldamers composed of five aromatic rings, which differ in their

structure by containing either a phenyl (2) or a pyridine moiety

(3) as the central aromatic ring (Scheme 1). Amide bonds, which
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connect the aromatic rings of these two molecules and can act

both as hydrogen bond acceptors and donors, are a common

feature of foldamers because of their structural similarity to the

peptide bond in biological molecules composed of amino

acids.10,12–25 It was anticipated that intramolecular hydrogen

bonds could be formed between the two amide groups on both

sides of the central aromatic ring, which would ultimately lead to

folding like in similar oligoanthranilamides that have previously

been shown to fold into intramolecular hydrogen bond stabilized

helices both in solution and in the solid state.15,16 Aromatic

oligoamides composed of pyridine-2,6-dicarboxamide and

N,N-pyridine-2,6-formamide monomers have been prepared

and analyzed by Lehn et al.17,18 and Huc et al.19,20 Huc

et al.21–24 have also extensively studied aromatic oligoamide

foldamers composed mainly of substituted quinoline monomers

and naphthyridine monomers.25

In this paper we discuss the effects of weak intra- and

intermolecular interactions on the molecular conformation, the

folding properties, the crystal packing and the solvate formation,

through a comprehensive solid-state structural analysis of two

foldamer-type oligoamides. The analysis of these molecules

offers insight which can help to design larger peptidomimetic

foldamers with predictable secondary structures and properties.

Both investigated compounds are capable of adopting a multi-

tude of different conformational polymorphic forms and crystal

packing patterns, including a strongly folded proto-helical

conformation.

Experimental

Materials and methods

All starting materials were commercially available and used as

such unless otherwise noted. Analytical grade solvents and

Millipore water were used for crystallizations and slurries. NMR

spectra were measured with a Bruker Avance DRX 500

spectrometer and the chemical shifts were calibrated to the

residual proton and carbon resonance of the deuterated solvent.

Melting points were measured in open capillaries using a Stuart

Scientific SMP3 melting point apparatus and are uncorrected.

ESI-TOF mass spectra were measured with a LCT Micromass

spectrometer. Elemental analyses were done with a Vario EL III

instrument. ATR-IR spectra were measured with a Bruker

Tensor 27 spectrometer. TG-DTA measurements were per-

formed with a Perkin Elmer STA600 simultaneous thermal

analyzer.

Powder X-ray diffraction data was collected on a PANalytical

X’Pert PRO MPD diffractometer in reflection mode with Cu-

Ka1 radiation (1.5406 Å). A 2h angle range of 3–35u and step

time of 75 s were used with a step resolution of 0.016u. Powder

X-ray diffraction samples were pressed to a zero background

silicon plate. The figures were drawn with X’Pert Highscore

Plus.26 Single crystal X-ray diffraction data was collected with a

Bruker Nonius KappaCCD diffractometer at a temperature of

173 K using a Bruker AXS APEX II CCD detector and graphite-

monochromated Cu-Ka-radiation (l = 1.54178 Å). The struc-

tures were solved with direct methods and refined using Fourier

techniques with the SHELX-97 software package.27 Absorption

correction was performed with Denzo-SMN 1997.28 All non-

hydrogen atoms were refined anisotropically, except for the

disordered toluene solvent in structure 3-toluene, and the

hydrogen atoms were placed in the idealized positions except

for the N–H hydrogen atoms that were found from the electron

density map, and included in the structure factor calculations.

Details of the crystal data and the refinement are presented in

Tables 1 and 2 and in the ESI.{ The crystal structures were

analyzed by calculating packing coefficients29 and fingerprint

plots.30 The graph set symbols31 for hydrogen bonding were

assigned and used to compare the bonding between the two

molecules and the different crystal structures.

Synthesis

All syntheses were carried out under N2 atmosphere. The

glassware was dried at 120 uC prior to use. Dichloromethane was

dried by distilling it over CaCl2 and stored over Linde type 3 Å

molecular sieves under nitrogen gas. Tetrahydrofuran was dried

using sodium wire. Compound 1 was prepared by a slightly

modified literature procedure with an improved yield.32

N-Benzoyl-2-aminoaniline 132

O-Phenylenediamine (8.97 g; 83.1 mmol) was dissolved in dry

dichloromethane (350 ml). Triethylamine (3.0 ml; 21.6 mmol)

was added to the solution and the solution was heated to reflux

with stirring. Benzoyl chloride (2.16 g; 20.7 mmol) dissolved in

dry dichloromethane (200 ml) was added dropwise to the

solution. The solution was allowed to reflux for two hours.

The product was separated by column chromatography with a

silica column, using an ethyl acetate–hexane (1 : 1) mixture as an

eluent. Recrystallization from ethyl acetate–hexane afforded the

product as a white solid, yield. 3.57 g (81%). mp. 149–151 uC; 1H

NMR (ESI{) (500 MHz, DMSO-d6, 30 uC): d = 4.87 (s, 2H; i),

6.60 (td, 3JHH = 1.2 Hz, 3JHH = 7.6 Hz, 1H; g), 6.79 (dd, 3JHH =

1.3 Hz, 3JHH = 8.1 Hz, 1H; e), 6.97 (td, 3JHH = 1.2 Hz, 3JHH =

7.6 Hz, 1H; f), 7.18 (d, 3JHH = 7.7 Hz, 1H; d), 7.51 (t, 3JHH = 7.4

Hz, 2H; b), 7.55–7.60 (m, 1H; a), 7.98 (d, 3JHH = 7.4 Hz, 2H; c),

9.63 (s, 1H; h) ppm; 13C NMR (ESI{) (126 MHz, DMSO-d6,

30 uC): d = 116.1, 116.2, 123.3, 126.4, 127.6, 128.2, 131.2, 134.6,

Scheme 1 The reaction scheme for the preparation of oligoamides 2 and

3 showing the amide bond numbering.
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143.0, 165.2 ppm; MS (ESI-TOF) m/z: 235.08 [M + Na+];

Elemental analysis calcd (%) for C13H12N2O: C 73.6, H 5.7, N

13.2; found C 73.8, H 5.6, N 13.3.

General procedure for the preparation of the benzene and pyridine

variants 2 and 3

N-Benzoyl-2-aminoaniline 1 (0.30 g; 1.42 mmol) was dissolved in

dry tetrahydrofuran (25 ml). Triethylamine (0.2 ml; 1.44 mmol)

was added and the mixture was stirred at room temperature for

one hour. The solution was heated to reflux and isophthaloyl

dichloride or 2,6-pyridinedicarbonyl dichloride (0.71 mmol)

dissolved in dry tetrahydrofuran (15 ml) was added dropwise

to the mixture. The solution was refluxed for two hours.

Benzene variant 2

Synthesis was done according to the general procedure using

isophthaloyl dichloride as a reagent. After reaction the product

precipitated from the mixture as a white solid. The precipitate

was filtered out and washed with water. A second precipitate was

collected from the filtrate after addition of water, and was

washed with water. Combined precipitates were dried under

vacuum. The product was a white solid, which contains approx.

1 molecule of THF for every molecule of 2 (according to NMR

and TG analysis), yield 80%. mp. 253–254 uC; 1H NMR (ESI{)

(500 MHz, DMSO-d6, 30 uC): d = 7.29–7.42 (m, 4H, f and g),

7.47 (t, 3JHH = 7.5 Hz, 4H; b), 7.55 (tt, 3JHH = 1.4 Hz, 3JHH =

7.4 Hz, 2H; a), 7.64–7.73 (m, 5H; d, e and i), 7.93–7.96 (m, 4H;

c), 8.13 (dd, 3JHH = 1.7 Hz, 3JHH = 7.7 Hz, 2H; h), 8.55 (s, 1H; j),

10.00 (s, 2H; k/l), 10.22 (s, 2H; k/l) ppm; 13C NMR (ESI{)

(126 MHz, DMSO-d6, 30 uC): d = 125.5 (f/g), 125.6 (f/g), 125.8

(d, e), 127.0 (j), 127.4 (c), 128.4 (b), 128.8 (i), 130.5 (h), 131.0 (d9),

131.4 (e9), 131.7 (a), 134.2 (c9), 134.6 (h9), 164.9 (l9), 165.4 (k9)

ppm; MS (ESI-TOF) m/z: 577.14 [M + Na+]; Elemental analysis

calcd (%) for C34H26N4O4 0.5(C4H8O): C 73.2, H 5.1, N 9.5;

found C 73.3, H 5.1, N 9.3.

Table 2 Crystal data and collection parameters for the pyridine variant (3)

3-form I 3-DMF 3-EtOAca 3-EtOHa 3-DMSO

Formula C33H25N5O4 C33H25N5O4?C3H7NO C33H25N5O4?0.5C4H8O2 C33H25N5O4?C2H6O C33H25N5O4?C2H6OS
M/g mol21 555.58 628,68 599.63 601.65 633.71
Crystal system Triclinic Monoclinic Monoclinic Monoclinic Monoclinic
Space group P1̄ P21/c P21/c P21/c P21/c
a/Å 10.5379(7) 14.0456(7) 12.4871(5) 13.2559(4) 9.7193(5)
b/Å 11.5380(7) 19.2718(8) 16.7357(7) 16.6185(6) 18.6564(8)
c/Å 12.1818(7) 11.4694(5) 14.7175(7) 16.8199(6) 17.5185(8)
a (u) 78.559(3) 90 90 90 90
b (u) 74.708(3) 94.781(2) 90.296(2) 126.354(2) 92.741(2)
c (u) 77.753(4) 90 90 90 90
V/Å3 1380.2(2) 3093.8(2) 3070.1(2) 2984.1(2) 3172.9(3)
Z 2 4 4 4 4
rc/g cm23 1.337 1.350 1.202 1.339 1.327
Meas. reflns 6344 8937 8295 8338 9190
Indep. reflns 4582 5250 4991 5123 5306
Rint 0.0826 0.0725 0.0529 0.0533 0.0700
R1 [I . 2s(I)] 0.0603 0.0575 0.0535 0.0551 0.0527
wR2 [I . 2s(I)] 0.1393 0.1253 0.1242 0.1231 0.1109
GooF 1.041 1.047 0.981 1.028 1.022
a Information on the isomorphous solvate structures is presented in the ESI.{

Table 1 Crystal data and collection parameters for the benzene variant (2)

2-form I 2-DMSO I 2-DMSO II

Formula C34H26N4O4 C34H26N4O4?C2H6OS C34H26N4O4?C2H6OS
M/g mol21 554.59 632.72 632.72
Crystal system Monoclinic Triclinic Triclinic
Space group C2/c P1̄ P1̄
a/Å 39.6877(1) 8.8462(1 8.8810(4)
b/Å 8.3626(1) 9.6181(1) 14.2224(7)
c/Å 16.6713(1) 18.7208(1) 14.3149(6)
a (u) 90 84.621(1) 114.149(2)
b (u) 97.187(1) 85.074(1) 97.447(2)
c (u) 90 81.720(1) 100.481(4)
V/Å3 5489.6(1) 1565.1(1) 1579.8(1)
Z 8 2 2
rc/g cm23 1.342 1.343 1.330
Meas. reflns 7913 6466 8159
Indep. reflns 4653 4997 5350
Rint 0.0813 0.0913 0.0582
R1 [I . 2s(I)] 0.0559 0.0677 0.0506
wR2 [I . 2s(I)] 0.1242 0.1413 0.1180
GooF 1.018 1.030 1.046
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Pyridine variant 3

Synthesis was done according to the general procedure using 2,6-

pyridinedicarbonyl dichloride as a reagent. After reflux, tetra-

hydrofuran was evaporated leaving a yellow-green precipitate.

The precipitate was recrystallized from ethyl acetate as a white

solid with a yield of 68%. mp. 251–253 uC; 1H NMR (ESI{)

(500 MHz, DMSO-d6, 30 uC): d = 7.21 (t, 3JHH = 7.9 Hz, 4H; b),

7.31–7.37 (m, 4H; f), 7.43 (tt, 3JHH = 1.2 Hz, 3JHH = 7.4 Hz, 2H;

a), 7.63–7.71 (m, 4H; d, e), 7.75 (dd, 3JHH = 1.2 Hz, 3JHH = 7.1

Hz, 4H; c), 8.27–8.31 (m, 1H; h), 8.36–8.38 (m, 2H; g), 10.19 (s,

2H; i), 10.99 (s, 2H; j) ppm; 13C NMR (ESI{) (126 MHz,

DMSO-d6, 30 uC): d = 125.0 (g), 125.5 (e), 125.6 (f), 125.7 (d),

127.5 (c), 128.0 (b), 130.7 (d9), 131.1 (e9), 131.5 (a), 134.0 (c9),

140.3 (h), 148.2 (g9), 161.2 (j9), 165.9 (i9) ppm; MS (ESI-TOF) m/

z: 578.16 [M + Na+]; Elemental analysis calcd (%) for

C33H25N5O4: C 71.3, H 4.5,N 12.6; found C 71.2, H 4.4, N 12.7.

Crystallizations

The benzene and pyridine variants, 2 and 3, were crystallized in

acetone, acetonitrile (MeCN), chloroform, 1,2-dichloroethane

(DCE), dichloromethane (DCM), dimethylacetamide (DMA),

dimethylformamide (DMF), dimethyl sulfoxide (DMSO), 1,4-

dioxane, ethyl acetate (EtOAc), methanol (MeOH), tetrahydro-

furan (THF) and toluene. In addition, compound 3 was

crystallized from ethanol. Amounts of 3–50 mg of compounds

2 and 3 and 0.4–6 ml of solvent were used in the crystallization

experiments. Due to the low solubility of compound 2 in most

organic solvents, a small drop of DMA, DMF or DMSO (20–

40 ml) were added to many solutions of 2; in these cases the

results of the crystallizations are referred to as solution mixtures

in the text. Heating and stirring were used to help the dissolving

process. After the compounds had dissolved, the solutions were

allowed to evaporate at room temperature until crystals formed.

Slurries

Slurries of the oligoamides 2 and 3 were made by stirring 10–50 mg

of the compound in 2–4 ml of solvent (MeCN, DCM, EtOAc or

THF; in addition, EtOH was used for compound 2 and toluene for

compound 3) for two weeks at room temperature. After two weeks

the mixtures were allowed to dry in open vessels.

Results and discussion

Synthesis and NMR

Compounds 2 and 3 were synthesized in two steps from acyl

halides and substituted anilines using a nucleophilic substitution

reaction with good to excellent yields (Scheme 1). In addition to
1H and 13C NMR spectroscopy, compounds 2 and 3 were

characterized using 2D NMR spectroscopic techniques (COSY,

HMQC and HMBC; see ESI for details{). The conformational

properties of 3 in solution were studied with NOESY.{ The

NOESY spectra measured both in acetone-d6 and in THF-d8,

showed correlations between the inner amide group peak (amide

groups 2 and 3, Scheme 1) and an aromatic hydrogen peak of the

outer phenyl rings. This indicates that oligoamide 3 is at least

partially folded when dissolved in these solvents. NOESY

spectra were not measured for 2 because of its poor solubility.

Crystal forms of the benzene variant 2

Three single crystal structures were obtained for the oligoamide

2, namely, an unsolvated 2-form I (crystallized from DMF), and

two DMSO solvates (2-DMSO I and 2-DMSO II), which were

crystallized from DMSO–EtOAc and neat DMSO, respectively

(Fig. 1, Table 1). Hydrogen bonding parameters for the

structures can be found in the ESI.{
Structure 2-form I has two intramolecular hydrogen bonds

with an S(7) motif. One of the hydrogen bonds is formed

between an inward bent inner CLO (Scheme 1, amides 2 and 3)

and an outer N–H (amides 1 and 4), and the other bond between

an outer CLO (1 or 4) and an inner N–H (2 or 3). These

hydrogen bonds cause the molecule to adopt a loosely folded

structure (Fig. 1a). Adjacent molecules connect to each other

with hydrogen bonds between a carbonyl oxygen and an amide

hydrogen (an R2
2(14) motif), which are available for the

intermolecular hydrogen bonds, forming a chain structure

(Fig. 1a). The molecular chains are connected by weak hydrogen

bonds, van der Waals forces and parallel displaced p-stacking

interactions between two of the 1,2-substituted phenyl rings.

The 2-DMSO I solvate has two intramolecular hydrogen

bonds with an S(7) motif similarly to 2-form I, but both of these

bonds are formed between the inner CLO groups (2 and 3) and

the outer N–H groups (1 and 4). Therefore, the molecule has a

more open conformation than 2-form I (Fig. 1b and Fig. 2).

Also, the crystal packing into chains of molecules is similar in

comparison to 2-form I, with two hydrogen bonds in an R2
2(14)

motif (Fig. 1b). Interestingly, although DMSO is a powerful

hydrogen bond acceptor it does not form any significant

hydrogen bonds in this structure. It is only connected to other

molecules with van der Waals interactions and weak hydrogen

bonds and located in the structural cavities between the chains of

molecules.

The 2-DMSO II solvate has similar intramolecular hydrogen

bonds S(7) between the inner CLO groups (2 and 3) and the outer

N–H groups (1 and 4), as does the 2-DMSO I solvate (Fig. 1c).

However, unlike in the 2-DMSO I solvate and 2-form I, both of

the inner CLO groups (2 and 3) are facing inwards to the

molecule and form a curved conformation instead of an open or

a folded one. Again, molecules connect to each other with two

hydrogen bonds forming an R2
2(14) motif. The unexpected

curved molecular conformation, where both of the inner CLO

groups (2 and 3) are facing inwards, may in fact be caused by the

DMSO that stabilizes the curved structure by forming a

hydrogen bond into an amide hydrogen with a D motif. In both

of the 2-DMSO I and 2-DMSO II solvates, the closest DMSO

molecule to the benzene variant 2 is located near the central

benzene ring. This may prevent tighter folding and cause more

open molecular conformations.

The reason for the two different DMSO solvates is likely due

to the presence of EtOAc in the crystallization of 2-DMSO I.

Since the DMSO does not form strong hydrogen bonds to the

oligoamide in 2-DMSO I, as it does in 2-DMSO II, it is probable

that the crystallization starts as an EtOAc solvate and later on

the EtOAc molecules are forced out of the crystal and replaced

by DMSO.

The packing efficiency of the three forms was compared using

fingerprint plots of the structures (Fig. 1). The fingerprint plots
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are relatively similar because all forms have four hydrogen bonds

with the neighbouring molecules of 2 and two intramolecular

hydrogen bonds. The intermolecular hydrogen bonds are

represented by the two long spikes in the fingerprint plot

(marked by N–H…O in Fig. 1). The ‘‘wings’’ on the sides of the

fingerprint plots represent the C–H…p interactions and the short

spike represents the short H–H contacts.

The aromatic interactions play an important role in the crystal

packing because the chains of the molecules in all three

structures are connected by the interactions between the

aromatic hydrogen atoms of a molecule in one chain and the

aromatic carbons in the other chains, along with the weak

hydrogen bonds between the carbonyl oxygens and the aromatic

hydrogens. The packing coefficients suggest that the 2-DMSO I

solvate is the best packed of the three, but the differences are

relatively small (2-form I: 0.722, 2-DMSO I: 0.724 and 2-DMSO

II: 0.717). This suggests that the efficiency of the different

packing patterns is almost equal.

In addition to the single crystal studies, powder X-ray

diffraction revealed five crystal forms for the oligoamide 2.

Crystallization of 2 from DCE, EtOH, MeCN and MeOH and

slurries from MeCN and EtOH were identified to produce 2-

form I by PXRD (Fig. 3). However, crystals suitable for single

crystal X-ray diffraction were not obtained. Crystallizations

from EtOAc–DMSO, DCM and THF, and slurries from DCM

and THF produced solvates, which are isomorphous with the

Fig. 1 The molecular conformation (left), the crystal packing (middle) and the fingerprint plot (right) of the benzene variant 2 showing (a) 2-form I,

(b) 2-DMSO solvate I and (c) 2-DMSO solvate II. Non-hydrogen bonding hydrogen atoms and solvent disorder (2-DMSO I) have been omitted for

clarity.

Fig. 2 The overlaid structures of 2-form I (green) and 2-DMSO I

solvate (yellow) of the benzene variant 2. Non-contact hydrogen atoms

have been omitted for clarity.
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structure 2-DMSO I based on their PXRD patterns (Fig. 3). In

addition, crystals obtained from crystallization from EtOAc, and

crystallizations from solvent mixtures of DMF with chloroform,

EtOAc, THF and toluene; from solvent mixtures of DMA with

EtOH, MeOH and MeCN; and a slurry from EtOAc were

assigned into a third isomorphous group of oligoamide 2

solvates based on their PXRD patterns (ESI{). PXRD patterns

of DMF and DMA with other solvents were so similar that most

likely the crystals from these experiments are the same as the 2-

DMSO I solvate. Meaning that they are either DMF or DMA

solvates, which have a different structure than if they would have

been formed from crystallizations with just DMA or DMF. TG

analysis performed on the MeCN, EtOAc and THF slurries

support the results of the PXRD studies. Slurries other than

MeCN are solvates. The samples were also analyzed using ATR-

IR spectroscopy, but the different forms could not be

unambiguously identified likely due to the simultaneous presence

of the different crystalline forms and the solvents in the samples.

The recurring chain structure observed in the crystal structures

of 2 may explain both the low solubility of the compound, as well

as the strong tendency of 2 to form isomorphous solvates readily

with many different solvents. Solvent layers form between and

around the chains.

Crystal forms of the pyridine variant 3

Seven single crystal structures were obtained for the pyridine

variant 3 (Table 2, Fig. 4, ESI{). One of the structures is a

loosely packed unsolvated 3-form I and the six others are

solvates: isomorphous 3-MeOH and 3-EtOH solvates, isomor-

phous 3-EtOAc and 3-toluene solvates, 3-DMF solvate and 3-

DMSO solvate. Hydrogen bonding parameters for the structures

can be found in the ESI.{

The single crystal structure of 3-form I was obtained from the

slow evaporation crystallizations from EtOAc and MeCN

solutions. The 3-form I has three intramolecular hydrogen

bonds that are all formed between the same outer CLO groups (1

or 4) and three of the N–H groups with S(7), S(13) and S(16)

motifs (Fig. 4a). This causes the molecule to adopt a strongly

folded structure. There are also two hydrogen bonds between the

nitrogen of the pyridine ring and the inner N–H (2 and 3)

hydrogen atoms with an S(5) motif that stabilize the folded

conformation. The crystal packing of 3-form I is composed of

molecule pairs held together by two hydrogen bonds between the

carbonyl and the amide groups with an R2
2(14) motif (Fig. 4a).

There are also indigenous 33 Å3 voids in the structure. The voids

found in the structure are either evidence of inefficient packing,

or an indication of a possible solvate formation before the

formation of 3-form I.

The 3-DMF solvate structure has the same five intramolecular

hydrogen bonds that cause a similar strongly folded structure as

in 3-form I (Fig. 4b). The molecules pack into chains connected

via CLO…N–H hydrogen bonds with a C(7) motif. The DMF

solvent does not form any medium or strong hydrogen bonds

with the other molecules. PXRD studies also indicate that the

DMF solvate of the pyridine variant 3 has five isomorphous

solvates (acetone, 1,4-dioxane, DMA, pyridine and THF), but

only DMF produced crystals suitable for single crystal XRD

measurement.

The ethyl acetate solvate was at first discovered during the

recrystallization phase of the synthesis when the crude product

was dissolved in hot EtOAc and cooled in a refrigerator. The

structure has one EtOAc molecule for every two molecules of the

pyridine variant 3. The molecular conformation is again similar

to the 3-form I and the DMF solvate, but the packing is slightly

different. The molecules form a chain with a C(11) motif

(Fig. 4c). The ethyl acetate solvate has an isomorphous toluene

solvate formed from evaporation crystallization from toluene.

The isomorphous solvates 3-MeOH and 3-EtOH have a

similar molecular conformation as the 3-DMF, 3-EtOAc and 3-

toluene solvates and 3-form I. The molecules pack into chains of

molecules with a C(16) motif (Fig. 4d). The solvent is hydrogen

bonded to one of the inner CLO groups (2 or 3) with a D motif.

The 3-MeOH and 3-EtOH solvates have identical structural

features apart from solvent disorder, which is observed with the

smaller MeOH, but not with EtOH.

The 3-DMSO solvate crystallized overnight from a sample

where the pyridine variant 3 was dissolved in DMSO by heating

the sample. It has a slightly different molecular conformation

than the other forms crystallized from the pyridine variant 3

(Fig. 4e). The solvate has two S(5) hydrogen bonds, one S(7) and

one S(13) hydrogen bond, but the S(16) hydrogen bond is not

formed. Instead a hydrogen bond is formed with the DMSO

molecule with a D motif (Fig. 4e). The molecules of the pyridine

variant 3 form chains with a C(11) motif, but the conformation

of the molecules in the chain differs from the C(11) motif chain

formed in the 3-EtOAc and 3-toluene solvates. The chain of

molecules formed by the 3-DMSO solvate is more consistent in

shape than the other C(11) chain (Fig. 4c and 4e).

Nothing certain can be said about the possible hydrogen

bonding between the pyridine variant 3 and EtOAc because the

solvent molecule had to be removed from the final refinement of

Fig. 3 The measured and the calculated PXRD patterns of the

polymorphic and the solvate forms of the benzene variant 2. Notes on

the upper left corners of patterns indicate the solvent or solvents used in

the experiment.
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Fig. 4 The molecular conformation (left), packing (middle) and fingerprint plot (right) of the pyridine variant 3 showing (a) 3-form I, (b) the 3-DMF

solvate, (c) the 3-EtOAc solvate, (d) the 3-EtOH solvate and (e) the 3-DMSO solvate. Non-contact hydrogen atoms, form I benzene ring disorder and

DMF solvate solvent disorder have been omitted for clarity.
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the 3-EtOAc solvate structure by SQUEEZE due to severe

disorder. Most likely the 3-EtOAc solvate does not form any

hydrogen bonds because it has no hydrogen bond donor groups

and the molecules of the pyridine variant 3 are in a molecular

conformation where only one hydrogen donor group is facing

outside the molecule. In addition, this same donor group is

already forming a hydrogen bond with the neighboring pyridine

variant 3 molecule (Fig. 4c). Also, based on the isomorphous 3-

toluene solvate, which possesses the same molecular ratio,

conformation and structure as the 3-EtOAc solvate, it seems

that the role of the solvent is again merely to fill the interstice

between the chains. The same applies to the 3-DMF solvate. In

the 3-DMSO solvate the molecular conformation is changed and

a hydrogen bond is formed between the solvate and the pyridine

variant 3 molecule (Fig. 4e). This is most likely due to the fast

crystallization process and the powerful hydrogen bond forming

tendencies of DMSO.

As the molecular conformations in all the crystal structures,

aside from the DMSO solvate, are so similar, the differences

between these structures clearly stem from the differences in the

crystal packing and the hydrogen bonding. The packing

coefficient of the 3-DMF solvate is the highest (C(k) = 0.735)

followed by the 3-MeOH and 3-EtOH solvates (0.731 and 0.732,

respectively), 3-form I (0.712), DMSO solvate (0.709) and the 3-

toluene and 3-EtOAc solvates (0.701 and 0.699). The differences

in the stability and the packing efficiency between 3-form I and

the 3-EtOAc solvate predicted by their packing coefficients are

confirmed by the experimental observations. The 3-EtOAc

solvate only forms when a fast change in the temperature of

the solvent causes a fast crystallization. When the temperature

changes more slowly, the crystallization from EtOAc produces 3-

form I. The lower packing efficiency of the 3-DMSO solvate

indicated by its packing coefficient is also most likely the result

of its fast crystallization. The difference between the packing

efficiency of 3-form I and the 3-EtOH, 3-MeOH and 3-DMF

solvates is also understandable because the crystal structures

show that 3-form I has voids in its structure that are not found in

these solvate structures.

The fingerprint plots of the structures also demonstrate the

differences (Fig. 4). Compared to 3-form I, the 3-DMSO, 3-

MeOH and 3-EtOH solvates have an extra intermolecular

hydrogen bond to the solvent molecule. The fingerprint plots

of the solvates also have clearly defined ‘‘wings’’ caused by the

C–H…p interactions that connect the different molecular chains.

While these interactions are relatively weak alone, together they

can have a significant effect on the stability of the crystal

structure. The 3-form I has a well defined center spike caused by

the short C–H…H–C distances between the molecular pairs.

These short distances between the aromatic hydrogen atoms can

make the structure more unstable, but at the same time are too

weak to affect the overall molecular conformation caused by the

intramolecular hydrogen bonds, or break the hydrogen bonds

that form the molecular pairs. The molecular pairs and the

chains of molecules formed in the structures are connected by

weak hydrogen bonds, van der Waals interactions and parallel

displaced and T-shaped p-stacking.

In addition to the single crystal structures, the pyridine variant

3 has also at least one other polymorphic form (3-form II) that

was found using PXRD, TGA-DTA and ATR-IR measurements

(Fig. 5 and 6). The IR spectra of 3-form II is easily

distinguishable from the spectra of 3-form I by its carbonyl

peak at 1675 cm21. Unlike 3-form II, the carbonyl peak of 3-

form I is split between a stronger and a weaker peak, at 1687

cm21 and 1673 cm21. The splitting is caused by one carbonyl

oxygen that is more strongly hydrogen bonded than the other

three, whereas the single carbonyl peak of 3-form II indicates

Fig. 5 The measured and the calculated PXRD patterns of the

polymorphic and the solvate forms of the pyridine variant 3.

Fig. 6 IR spectra of the polymorphic forms of the pyridine variant 3.
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that all of its carbonyl groups are in a more similar environment.

3-form II is formed from evaporation crystallizations from DCM

and MeCN. TGA-DTA measurement confirmed that the 3-form

II is indeed a polymorph and not a solvate (ESI{).

Structural comparison of the compounds

The differences in the molecular conformations and the crystal

structures of the benzene and pyridine variant are significant

despite the very small difference in their molecular structure

(Fig. 7). The exchange of the central phenyl ring to a pyridine

ring causes a drastic change from a relatively loose molecular

conformation to a more folded structure with a unique hydrogen

bond pattern of five intramolecular hydrogen bonds, three of

which are to the same carbonyl group. The benzene variant 2, on

the other hand, has only two intramolecular hydrogen bonds.

The hydrogen bonds of the benzene variant 2 are more evenly

distributed resulting in a structure that has no unused hydrogen

bond donors or acceptors. Whereas the pyridine variant 3,

because of its many hydrogen bonds to single carbonyl oxygen,

has two unused strong hydrogen bond acceptors (Fig. 7).

Because of the different intramolecular hydrogen bond patterns

the chains of molecules of the benzene variant 2 are held together

by two intermolecular hydrogen bonds for each molecule and the

chains of the pyridine variant 3 only by one.

Conclusions

Two new potential oligoamide foldamers, the benzene and the

pyridine variants, were prepared and their solid-state structures

were analyzed using various crystallographic and spectroscopic

methods. For the benzene variant 2 four crystal forms, either

polymorphs or solvates, were found and three structures were

solved using single crystal X-ray diffraction. All the crystal

structures of the benzene variant 2 consist of molecular chains

formed by two intermolecular hydrogen bonds, where all the

hydrogen bond acceptor and donor groups in the molecule are in

efficient use.

For the pyridine variant 3 eight different polymorphs or

solvates were found and the single crystal structures of seven of

these were solved. Six of the forms are solvates: the 3-DMSO

solvate and the isomorphous 3-MeOH and 3-EtOH solvates, in

which the solvent forms a hydrogen bond with the pyridine

variant 3; the isomorphous 3-EtOAc and 3-toluene solvates; and

the 3-DMF solvate, in which the solvent does not hydrogen bond

with the pyridine variant, but interacts with compound 3

molecules by van der Waals interactions and possibly weak

hydrogen bonds.

The molecular conformation of the pyridine variant 3 in all

crystal structures (except in the 3-DMSO solvate) consists of a

unique hydrogen bonding pattern, where three of the N–H groups

of each molecule form hydrogen bonds to the same carbonyl

group. This leaves two unused hydrogen bond acceptors, which

makes the pyridine variant 3 a good candidate for further co-

crystallization experiments with compounds that have strong

hydrogen bond donor groups. In addition, this type of multiple

hydrogen bonding to a single carbonyl oxygen also indicates a

possible catalytic effect on the carbonyl group of the compound.
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&Conformation Analysis

Folding Patterns in a Family of Oligoamide Foldamers

Minna Kortelainen,[a] Aku Suhonen,[a] Andrea Hamza,[b] Imre P�pai,*[b] Elisa Nauha,[a]

Sanna Yliniemel�-Sipari,[a] Maija Nissinen,*[a] and Petri M. Pihko*[a]

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

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

Introduction

The oxyanion hole is perhaps one of the most studied motifs
in the active sites of enzymes.[1, 2] Oxyanion holes stabilize
high-energy intermediates and transition states that bear neg-
atively charged oxygen atoms in enzymatic reactions that in-
volve tetrahedral intermediates (e.g. , hydrolytic cleavage reac-
tions of (thio)esters and amides) and reactions that involve
enolate intermediates.[2] In both cases, a charge builds up on
the carbonyl oxygen atom on the way to a negatively charged
intermediate, such as a tetrahedral intermediate or an enolate
ion.[2]

In the realm of small-molecule catalysis, hydrogen-bond
donors, such as (thio)urea and squaramide functionalities,
could be viewed as analogues of the oxyanion holes.[3] These
functionalities are relatively rigid and flat two-point hydrogen-
bond donors. In contrast, the oxyanion holes in enzymes are

three-dimensional, with two, or even three, hydrogen-bond
donors that stabilize the charge at the oxyanion. The hydro-
gen-bond donors that comprise the oxyanion hole are separat-
ed by rotatable bonds of the amino acids. As such, mimicking
the hydrogen-bond donor patterns of oxyanion holes with
simple peptides might be extremely challenging due to the
flexibility of the peptide backbone. However, peptide-type fol-
damers[4] that bear more rigid subunits[5] might offer better
possibilities for folding into oxyanion-hole-type conformations.
A variety of rigid aromatic oligomers composed of, for exam-
ple, pyridine-2,6-carboxamide,[6] anthranilamide,[7] quinoline,[8]

quinoxalene,[9] and other aryl–amide monomers,[10] have been
studied since the 1990s. Still, only scattered examples of non-
peptidic structures in which amide or ester carbonyl groups
act as multiple hydrogen-bond acceptors have previously been
described,[11] and foldamers that bear oxyanion-hole-type struc-
tures have not been systematically studied at all. In the previ-
ous examples of oligomers, the emphasis was placed on con-
trol of the folding properties, governed mainly by the repeat-
ing hydrogen-bond patterns[5–10] and aromatic interactions,
which were adjusted by varying the functionalization of the ar-
omatic rings.[10a] In many cases, the foldamers also contained
an interior cavity of varying size at the center of the fold in-
stead of a tight fold stabilized by multiple interactions.[5c–e]

Herein, we show that simple unsymmetrical pyridine-2,6-di-
carboxylamide-derived oligoamides can adopt several alterna-
tive conformers (folding patterns, or in short folds) of nearly
equal stability. Importantly, one of these conformers, observed
in both the solid and liquid states, has two or even three NH
groups hydrogen bonded to the terminal amide carbonyl
group, thus closely resembling an oxyanion-hole motif. Al-
though the amide carbonyl group is not an oxyanion in the
classical Lewis sense, it is important to note that the oxygen
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atom of the amide carbonyl unit already bears a substantial
charge; that is, the net atomic charge (Q(O)) in N-methylaceta-
mide is ¢0.65, whereas the corresponding value for S-methyl-
thioacetate enolate is ¢0.77.[12] In other words, the amide
group can be viewed at least as a crude mimic of the enolate
anion.[12] As such, the search for foldamers that can stabilize
oxyanions might well start with systems that bear an amide
group that is intramolecularly hydrogen bonded through its
carbonyl oxygen atom to multiple hydrogen-bond donors.

The point of departure of the present study was the single-
crystal X-ray structure previously described by three of us,[13] in
which one of the amide carbonyl groups is hydrogen bonded
to three other amide NH groups (Figure 1). The structure of

1 raised hopes that similar motifs could be used as triple hy-
drogen-bonding oxyanion-hole motifs,[3b] but the stability and
possibility of alternate conformers that were energetically as
favorable have remained open questions. To address these
questions, we embarked on a more comprehensive study of
a family of foldamers, including the original foldamer 1. By
using a combination of computational and X-ray crystallo-
graphic studies, we show that 1 and related asymmetric fol-
damers 2–7 indeed adopt structures similar to the original
structure of 1, but alternate folds that are close in energy in
the gas phase can also be experimentally characterized.

Results and Discussion

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

Synthesis of unsymmetrical foldamers

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

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

Computational studies

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

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

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

2) The fold in which the hydrogen-bond formed between an
inner carbonyl group and the adjacent amide NH unit en-

Figure 1. Structure of foldamer 1[13] and schematic presentation of unsym-
metrical derivatives 2–7. The solvated EtOH molecule and non-hydrogen-
bonding hydrogen atoms have been omitted for clarity from the X-ray struc-
ture (top).
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forces a turn that results in an S-shaped molecule is called
the S-fold.

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

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

The van der Waals contact between the terminal phenyl
groups is also apparent, but the aromatic rings are somewhat
displaced from the optimal parallel arrangement. No hydrogen
bonds are present in structure 2-h, which lies 4.2 kcal mol¢1

above 2-@ in free energy. This structure is stabilized by aro-
matic-stacking interactions. In the third structure (2-S), only
a single hydrogen bond that involves one of the inner carbon-
yl groups provides intramolecular stabilization. Conformer 2-S
is computed to be at 5.4 kcal mol¢1 in free energy.

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

Scheme 1. Synthesis of unsymmetrical foldamers 2–7 (see the Experimental Section for details). EDC = N’-(3-dimethylaminopropyl)-N-ethylcarbodiimide,
HOBt = 1-hydroxybenzotriazole.

Figure 2. Optimized structures of the conformers identified computationally
for foldamer 2. The relative stabilities are shown in parenthesis (in kcal
mol¢1). Intramolecular hydrogen bonds are indicated by dotted lines and ar-
omatic interactions are highlighted by blue arrows. The CH hydrogen atoms
have been omitted for clarity. Note: hydrogen bonds to the pyridine nitro-
gen atoms have been omitted for clarity in all the structures.
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ed to the absence of oxyanion-type hydrogen-bonding and ar-
omatic-stacking interactions in 1-W.

Thus, these computational results confirm that the confor-
mational distribution of oligoamides 1 and 2 is primarily gov-
erned by N¢H···O type hydrogen bonds, but these results also
point to stabilizing effects due intramolecular van der Waals
contacts between the aromatic rings. For an illustration of
these latter noncovalent interactions (NCIs), we generated a re-
duced gradient (RDG) isosurface plot for structure 1-h by using
the method developed by Yang and co-workers.[15, 16] The NCI
plot depicted in Figure 3 indeed displays broad contact areas
between the interacting aryl groups.

The strength and the balance of these noncovalent forces
can be notably altered by introducing various substituents at
the para position of the terminal phenyl group, as exemplified
by foldamers 3 and 4. The conformers of molecules 3 and 4
were derived from the conformers of the symmetrical foldamer
1, and these conformers were all subjected to geometry opti-
mization. Each conformer of 1 gives rise to a pair of folds that
differ in the position of the substitution. Thus, additional label-
ing to distinguish the two types of unsymmetrical conformer is
introduced: labels S1, @1, @’1 , and h1 refer to conformers in
which the carbonyl oxygen atom adjacent to the substituted
phenyl end serves as the central hydrogen-bond acceptor,
whereas S2, @2, @’2, and h2 correspond to conformers in which
the hydrogen-bond acceptor is next to the unsubstituted
phenyl group. The relative stabilities of these two conformers
may vary appreciably, as shown by the relative Gibbs free ener-
gies of various conformers for foldamers 1, 3, and 4 in Table 1.

For instance, the preferred conformer for foldamer 3 is 3-S2,
with a cyano group on the phenyl ring that does not take part
in the aryl–aryl interaction (Figure 4). The alternative folding
pattern (i.e. , 3-S1) with a cyano group at the opposite terminus
yields a less stable structure by 2.5 kcal mol¢1. On the other
hand, the order of relative stabilities of these two conformers
is reversed for foldamer 4, and these stabilities differ by
1.6 kcal mol¢1 (4-S1 is shown in Figure 4). The observed varia-
tions in the relative stabilities of these conformers can be asso-
ciated with the electronic properties of the CN and OMe sub-
stituents, which strengthen or weaken the hydrogen-bonding
interactions in the proximity of the substituents and likely
affect the nature of the aromatic interactions as well. Similar
effects are also expected for the other classes of fold. Interest-
ingly, the @1-type conformer of foldamer 3 is spontaneously
transformed into conformer 3-h1 upon geometry optimization,
and its structural counterpart (i.e. , 3-@2) is predicted to be rela-
tively high in free energy (at 3.4 kcal mol¢1).

Computational studies were carried out for foldamers 5 and
7 with methyl and tert-butyl groups replacing one of the ter-
minal phenyl groups in foldamer 1, respectively. The geometry
optimizations indeed yielded structures analogous to
1 (Figure 4). The conformers of unsymmetrical foldamers 5 and
7 can be classified into the same categories as introduced
above. Thus, the fold labels S1, @1, @’1, and h1 refer to conform-
ers in which the carbonyl group next to the Ph!R replace-
ment is involved in the central hydrogen-bonding interaction,
and S2, @2, @’2, and h2 refer to folds in which the hydrogen-
bond acceptor is next to the unsubstituted phenyl group.

The computational data also reveal that the S2 conformers
are the most stable forms of these foldamers, but the other
folds are typically higher in free energy by only 1–2 kcal mol¢1

(Table 2). On the basis of the electron-donating nature of the
Me and tBu alkyl groups, particular stabilization for conformers
with these groups next to the central hydrogen-bonding pat-
tern is expected. This outcome is indeed the case for @-con-
formers (the @1 forms are favored). However, the computation-
al studies predict the S2 and @’2 variants to be more favorable
for the S and @’ folds (Figure 4). These results suggest that the
electronic-stabilization effects are counterbalanced by the loss
of the aromatic interactions upon the Ph!R replacement. The

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

Table 1. Relative stabilities of various forms of foldamers 1, 3, and 4.[a]

Conformers Foldamer 1 Foldamer 3 Foldamer 4

S 0.0 0.0 (S2) 0.0 (S1)
2.5 (S1) 1.6 (S2)

@ 1.3 3.4 (@2) 2.5 (@1)
–[b] 3.4 (@2)

@’ 1.3 0.7 (@’2) 2.4 (@’2)
3.3 (@’1) 2.4 (@’1)

h 0.4 0.2 (h1) 0.9 (h2)
1.4 (h2) 1.2 (h1)

[a] Reported data are relative Gibbs free energies (in kcal mol¢1) with re-
spect to the most stable conformer. [b] Only a single structure could be
identified computationally in this particular case (optimization converged
to conformer 3 h for the other structural variant).
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relative stabilities of the less favored conformers of 5 and 7
vary only slightly with respect to those of the original symmet-
rical molecule and stay within a narrow energy range relative
to the most stable forms.

Solid-state conformations

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

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

The solid-state conformers are very similar to those conform-
ers identified computationally. This finding can be visually as-
sessed from the overlay structures (Figure 5 a, e, and j), in
which the computationally derived and X-ray structures display
closely related geometries and hydrogen-bonding patterns.[17]

Similar to the computed structures, the @ conformers are each
stabilized by two or three hydrogen bonds to the C=O group
of the outer phenyl ring. The S conformers are always stabi-
lized by an intramolecular hydrogen bond between an outer
NH group and an inner C=O group. Additionally, two intramo-
lecular hydrogen bonds to a C=O group of the outer phenyl
ring contribute to the stability of the S fold, except for the
truncated foldamer 2, in which such hydrogen bonding is not
possible. The biggest difference in the computational and crys-
tal structures is seen in the aryl–aryl interactions of the @ con-
formers, which played a significant role in the computational
structures. In the solid state, however, intramolecular aryl–aryl
interactions, although present, are not as significant (see the
overlay in Figure 5 a, j for examples).

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

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

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

Conformers Foldamer 1 Foldamer 5 Foldamer 7

S 0.0 0.0 (S2) 0.0 (S2)
2.0 (S1) 1.2 (S1)

@ 1.3 2.1 (@1) 1.1 (@1)
2.7 (@2) 1.8 (@2)

@’ 1.3 1.1 (@’2) 1.3 (@’2)
2.2 (@’1) 1.5 (@’1)

h 0.4 1.3 (h1) 2.3 (h2)
2.2 (h2) 3.1 (h1)

[a] Reported data are relative Gibbs free energies (in kcal mol¢1) with re-
spect to the most stable conformer.

Table 3. Conformers of foldamers 1–7 in the XRD structures.[a]

Foldamer @ Conformation S Conformation

1[13] 1-@2-EtOH –
2 2-@-Form I 2-S-MeCN

2-@-S-DMF
3 3-@2-Form I 3-S1-EtOAc
4 – –
5 – 5-S1-Form I
6 6-@2-Form I 6-S1-Form II
7 – 7-S2-Form I

[a] Forms I and II denote polymorphic crystal forms and a solvent mole-
cule indicates a solvate structure.
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the present computational method may slightly overestimate
the strength of the aryl–aryl interactions. In analogy with the
computationally identified structures, two different types of S
conformer could also be characterized in the solid state,
whereas the @ conformers were always of the @2 type.

In the solid-state structures obtained so far, foldamer
1 always adopted the standard @ conformer (Figure 5).[13] The
aromatic interactions described in the calculations are also
seen in the solid-state structure of 1, but the relative positions
of the interacting aryl groups are different (i.e. , the distances

Figure 5. First row: a) An overlay structure of the calculated @ conformation (blue; see Figure 3) and the @ conformation in the XRD structure of an EtOH sol-
vate of foldamer 1 (orange, from reference [6a]), b) XRD structure of foldamer 2 in the @ conformation (2-@-Form I), c) XRD structure of foldamer 3 in the @2

conformation (3-@2-Form I). Second row: d) XRD structure of foldamer 2 in the S conformation (2-S-MeCN), e) an overlay structure of the calculated S-confor-
mation (2-S, blue; see Figure 2) and the XRD structure of foldamer 2 in the S conformation (2-S-MeCN, orange), and f) XRD structure of foldamer 3 in the S1

conformation (3- S1-EtOAc).Third row: XRD structures of g) foldamer 5 in the S1 conformation (5-S1-Form I), h) foldamer 6 in the S1 conformation (6-S1-Form II).
Fourth row: i) foldamer 6 in the @ conformation (6-@’2-Form I), and j) an overlay structure of the calculated S2 conformation (7-S2, blue; Figure 2) and XRD
structure of foldamer 7 in the S2 conformation (7-S2-Form I, orange), k) crystal-packing structure of foldamer 6 in the @’2 conformation (6-@’2-Form I). The in-
tramolecular hydrogen bonds are presented in red and the intermolecular hydrogen bonds in blue. The non-amide hydrogen atoms and hydrogen bonds to
the pyridine nitrogen atoms have been omitted for clarity.
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of the centroids are fairly long; see Figure 5 a and the Support-
ing Information).

The truncated foldamer 2, a special case among the series
due to its diminished hydrogen-bonding possibilities, can still
adopt both @ and S conformations in the solid state (Figure 5),
although calculations indicate a preference for the @ confor-
mation. In the calculated structure, the orientation of the end
aryl groups is slightly displaced parallel, whereas the orienta-
tion in the solid state is T-shaped.[11]

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

As expected, the @2 conformer is observed in the unsolvated
crystal structure of foldamer 3 due to the electron-withdrawing
cyano substituent (Figure 5). The aryl–aryl interactions within
the @2 conformer of 3 are very weak (Figure 5 c). Although the
computations predict that the S2 fold is more stable for 3 than
S1 (Table 1), the S1 conformer appears to be more accessible in
the solid state (Table 3, entry 3) possibly because of the effect
of the solvent in the crystal lattice; that is, two molecules of
foldamer 3 adopt the S1 fold and form a pair with a void big
enough for partial solvent inclusion. This particular crystal form
seems to be very stable because altogether four isomorphous
solvate structures (in EtOAc, THF, CHCl3, and DMA) have been
obtained so far.[18]

Acetyl foldamer 5 also seems to prefer the S1 fold in the
solid state exclusively (Figure 5), even in the unsolvated form,
although the computational studies again predicted that the
S2 conformer is slightly more stable (see Table 2 and Figure 4).
However, the energy difference in the computational results
was relatively small (2 kcal mol¢1), thus indicating that these
conformations are almost equally stable and that environmen-
tal factors during the crystallization may drive the conforma-
tion to either fold.

Isopropyl foldamer 6 crystallized as two unsolvated poly-
morphs, one with a loose @’2 conformer and one that adopted
an S1 conformer (Figure 5). In contrast to the other @ conform-
ers, the @’2 conformer of 6 has only two intramolecular hydro-
gen bonds to a central hydrogen-bond acceptor. The third hy-
drogen bond from the outer amide group makes an intermo-
lecular hydrogen bond to the adjacent molecule of 6. This in-
teraction may be because of a more efficient crystal-packing
mode or because of the relatively large size of the isopropyl
group, which prohibits tighter folding due to steric hindrance
with one of the inner benzene rings. Aromatic interactions are
also observed, but the distances are also fairly long in this case
(Figure 5 i). In the polymorphic structure of foldamer 6 with an
S1 conformer, there is no significant steric hindrance and the
electron-rich carbonyl oxygen atom near the isopropyl group
can form the two intramolecular hydrogen bonds.

The tert-butyl foldamer 7 was the only foldamer that crystal-
lized with an S2 conformer (Figure 5), which is in agreement
with the computational studies. The crystal packing of this
structure consists of molecular chains, and the large tert-butyl
group fits better at the outer edge of the molecule in the S2

conformer in this packing structure, whereas the large tert-
butyl group in the inner part of the molecule in the S1 confor-
mer would hinder the formation of the intramolecular hydro-
gen-bonding network that is important to the stability of the
packing structure.

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

Solution-state studies (NMR)

For the solution-state studies, foldamer 5 was selected as
a probing compound due to its good solubility in CDCl3 and
clear 1H NMR spectrum with a well-separated CH3 singlet from
the aromatic and the N¢H signals. Foldamers 1–4 only have
good solubility in solvents with good hydrogen-bond donation
(such as DMF or DMSO), and these solvents might disrupt the
intramolecular hydrogen bonds of some of the folds.

The 2D NOESY and 1D NOE experiments of 5 in CDCl3 clearly
showed that the methyl protons correlate to all four N¢H sig-
nals, whereas no correlation between the N¢H groups and the
pyridine ring was observed (see the Supporting Information
for details). This finding indicates that a conformer in which all
the N¢H groups face inside the folded molecule, most likely an
@ or h conformer, is populated in solution. In the S conformer,
one of the N¢H groups is too far from the methyl group to
display a correlation with the CH3 group.

NOE interactions show the best match of the computational-
ly derived h conformer with a nonplanar arrangement of the
three central aryl groups (Figure 6) because most of the corre-
lations match well, and even the distances for the N¢H¢
methyl group are in the correct order based on the observed
NOE interactions (Table 4). These results indicate that, at least
in CDCl3, the acetyl foldamer seems to favor the h-like confor-
mer or there is constant conformational variation in solution
between the @, S, and other conformers, and that the aver-
aged structure, on the NMR timescale, matches best with the
h-like conformer. Such a conformational variation would

Figure 6. Schematic representation of the acetyl foldamer 5 in the h confor-
mation. Key diagnostic NOE interactions from the acetyl CH3 group (solid
arrows) and from the acetamide N¢H group (dashed arrows) are shown.
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enable the crystallization of the acetyl foldamer 5 in the S1

conformation.

Conclusion

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

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

Experimental Section

All the reactions were carried out in an argon atmosphere in oven-
dried glassware, except for the hydrolytic reactions. When needed,
nonaqueous reagents were transferred under argon by syringe or
cannula and dried prior to use. Dichloromethane, THF, and toluene

were obtained by passing deoxygenated solvents through activat-
ed alumina columns (MBraun SPS-800 Series solvent purification
system). MeOH, DMF, and pyridine were distilled and placed over
molecular sieves (4 æ). The EtOH used in reduction reactions with
Pd/C was placed over molecular sieves (4 æ). Other solvents and re-
agents were used as obtained from the supplier. Analytical TLC
was performed on Merck silica gel 60 F254 (230–400 mesh) plates
and analyzed with UV light and staining by heating with vanillin
solution (vanillin (2.4 g), conc. H2SO4 (2 mL), conc. CH3COOH
(1.2 mL), absolute EtOH (100 mL)), anisaldehyde solution (anisalde-
hyde (2.8 mL), conc. H2SO4 (2 mL), conc. CH3COOH (1.2 mL), abso-
lute EtOH (100 mL)), or ninhydrin solution (ninhydrin (200 mg), ab-
solute EtOH (95 mL), 10 % CH3COOH (5 mL)). For chromatography
on silica gel, the flash chromatography technique was used with
Merck silica gel 60 (230–400 mesh) and p.a. grade solvents.

The 1H and 13C NMR spectra were recorded in CDCl3 or [D6]DMSO
on Bruker Avance 500 or 250 spectrometers. The chemical shifts
are reported in ppm relative to CHCl3 or [D5]DMSO (d= 7.26 and
2.50 ppm, respectively) for the 1H NMR spectra and to CHCl3 or
[D5]DMSO (d= 77.16 and 39.52 ppm, respectively) for the 13C NMR
spectra. High-resolution mass-spectrometric data were measured
on a MicroMass LCT spectrometer and the IR spectra were record-
ed on Bruker Tensor 27 FTIR spectrometer. Melting points (mp)
were determined in open capillaries on a Stuart Scientific Melting
Point Apparatus SMP3.

N-(2-Aminophenyl)benzamide (10 a): Et3N (2.6 mL, 18 mmol, 100
mol %) was added dropwise to a stirred solution of ortho-phenyle-
nediamine (8 ; 4.00 g, 37 mmol, 200 mol %) in dichloromethane
(100 mL) at room temperature. The solution was heated to reflux
and benzoyl chloride (9 a ; 2.15 mL, 18 mmol, 100 mol %) in di-
chloromethane (80 mL) was added dropwise through a dropping
funnel over 90 min. The solution was heated to reflux for 2 h and
concentrated in vacuo. The residue was purified by flash chroma-
tography (hexane/EtOAc 1:1) to afford amide 10 a (2.71 g, 69 %) as
a white solid.

Rf (hexane/EtOAc 55:45) = 0.37; mp 149–151 8C; IR (film): ñ= 3401,
3269, 3059, 1642, 1602, 1577, 1525, 1499, 1450, 1315, 1290,
748 cm¢1; 1H NMR (500 MHz, [D6]DMSO): d= 9.64 (s, 1 H), 7.98 (d,
2 H, J = 7.3 Hz), 7.59–7.56 (m, 1 H), 7.53–7.50 (m, 2 H), 7.18 (d, 1 H,
J = 7.5 Hz), 6.97 (td, 1 H, J1 = 8.0, J2 = 1.5 Hz), 6.79 (dd, 1 H, J1 = 8.0,
J2 = 1.5 Hz), 6.60 (td, 1 H, J1 = 7. , J2 = 1.5 Hz), 4.88 ppm (s, 2 H);
13C NMR (125 MHz, [D6]DMSO): d= 165.3, 143.1, 134.6, 131.3, 128.2,
127.7, 126.6, 126.4, 123.3, 116.2, 116.1 ppm; HRMS (ESI +): m/z
calcd for [C13H12N2ONa]: 235.0847 [M + Na]+ ; found: 235.0843; D=
¢1.8 ppm (the NMR data is consistent with previous reports).[19]

General procedure for the nitro-amide preparation : Three differ-
ent reported procedures were used.[20–22] Procedure A:[20] Et3N
(130 mol %) was added to a stirred solution of ortho-nitroaniline
(11) in THF at room temperature. Acyl chloride 9 was added drop-
wise through a dropping funnel. The solution was stirred at room
temperature for 8 h and concentrated in vacuo. The residue was
purified by flash chromatography (hexane/EtOAc 8:2) to afford the
nitro-amide 12 e.

Procedure B:[21] Similar to procedure A, but a mixture of dichloro-
methane and pyridine (1:1) was used as a solvent, 4-dimethylami-
nopyridine (DMAP) was used (5 mol %) instead of Et3N, and the re-
action was carried out at 0 8C for 2 h, allowed to warm to room
temperature, and stirred for 4 h at room temperature. The solution
was washed with 1 m HCl (4 Õ 50 mL), saturated NaHCO3 (50 mL),
and brine (50 mL) and dried over Na2SO4, filtered, and concentrat-
ed in vacuo. The residue was purified by flash chromatography to
afford the nitro-amides 12 d and 12 f.

Table 4. Calculated key diagnostic NOE distances of 5[a] and experimental
NOE enhancement.

NOE
interaction

C¢H···H-N/H3C
[æ][b]

NOE enhancement
[%][c]

1 4.628 0.08[d]

2 4.606 0.08[d]

3 4.758 0.05[e]

4 4.635 0.05[e]

5 3.208 0.95[f]

6 3.979 0.95[f]

7 4.610 0.52

[a] h conformer; see Figure 4. [b] The shortest distance to a Me hydrogen
atom has been used when measuring the distances [c] See Figure 6 for
labeling of the NOE interactions. [d]–[f] Same peaks.
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Procedure C:[22] Similar to procedure A, but neat pyridine was used
as a solvent and Et3N was not used. The reaction time was 20 h.
The solution was concentrated in vacuo; dissolved in CHCl3 ;
washed with 1 m HCl (4 Õ 50 mL), water (2 Õ 50 mL), and brine
(50 mL); dried over Na2SO4 ; filtered; and concentrated in vacuo.
The residue was purified by flash chromatography (hexane/MtBE
1:1) to afford the nitro-amide 12 c.

N-(2-Nitrophenyl)pivalamide (12 e): Procedure A: Rf (hexane/
EtOAc 8:2) = 0.55; mp 42–44 8C; IR (film): ñ= 3371, 2963, 1704,
1607, 1582, 1494, 1332, 1265, 1136, 744, 672 cm¢1; 1H NMR
(500 MHz, CDCl3): d= 10.72 (br s, 1 H), 8.83 (dd, 1 H, J1 = 8.6, J2 =
1.3 Hz), 8.22 (dd, 1 H, J1 = 8.5, J2 = 1.6 Hz), 7.64 (dddd, 1 H, J1 = 8.6,
J2 = 7.2, J3 = 1.6, J4 = 0.4 Hz), 7.16 (ddd, 1 H, J1 = 8.5, J2 = 7.2, J3 =
1.3 Hz), 1.36 ppm (s, 9 H); 13C NMR (125 MHz, CDCl3): d= 178.0,
136.5, 136.1, 135.6, 125.9, 123.1, 122.3, 40.7, 27.6 ppm; HRMS
(ESI¢): m/z calcd for [C11H13N2O3]: 221.0926 [M¢H]¢ ; found:
221.0925; D=¢0.5 ppm.

General procedure for the nitro-amide reduction : This procedure
was adapted from a previous report.[22] Pd/C catalyst (5 %) was
added to a stirred solution of amide derivative 12 in absolute
EtOH under argon at room temperature. The reaction mixture was
placed under vacuum and the atmosphere was replaced with hy-
drogen. The reaction mixture was stirred for 3 h at room tempera-
ture, the solution was filtered through a pad of celite with EtOAc,
and the filtrate was concentrated in vacuo to afford amide 10.

N-(2-Aminophenyl)pivalamide (10 e): Rf (hexane/EtOAc 8:2) = 0.08;
mp 143–145 8C; IR (film): ñ= 3373 3232, 2952, 1652, 1617, 1497,
1457, 1224, 744 cm¢1; 1H NMR (500 MHz, [D6]DMSO): d= 8.73 (s,
1 H), 7.01 (dd, 1 H, J1 = 7.8, J2 = 1.2 Hz), 6.95–6.92 (m, 1 H), 6.75 (dd,
1 H, J1 = 8.0, J2 = 1.3 Hz), 6.57 (td, 1 H, J1 = 7.5, J2 = 1.3 Hz), 4.63 (s,
2 H), 1.24 ppm (s, 9 H); 13C NMR (125 MHz, [D6]DMSO): d= 176.6,
143.0, 126.7, 126.2, 123.8, 116.4, 116.1, 38.7, 27.5 ppm; HRMS
(ESI +): m/z calcd for [C11H17N2O]: 193.1335 [M + H]+ ; found:
193.1332; D=¢1.8 ppm.

Dimethylpyridine-2,6-dicarboxylate : The procedure was adapted
from a previous report.[14] Conc. H2SO4 (0.93 mL, 18 mmol,
35 mol %) was added dropwise to a stirred solution of pyridine-2,6-
dicarboxylic acid (8.36 g, 50 mmol, 100 mol %) in MeOH (50 mL) at
room temperature. The solution was heated to reflux for 48 h and
the reaction was quenched by the addition of sat. NaHCO3 (40 mL).
The mixture was concentrated in vacuo and the residue was re-dis-
solved in CHCl3 (50 mL). The product was washed with water (3 Õ
50 mL) and brine (50 mL), dried over Na2SO4, filtered, and concen-
trated in vacuo to afford the product (7.85 g, 80 %) as a white
solid.

Rf (hexane/EtOAc 8:2) = 0.67; mp 122–124 8C; IR (film): ñ= 3063,
2969, 1739, 1571, 1449, 1434, 1288, 1241, 994, 951, 755, 694 cm¢1;
1H NMR (500 MHz, CDCl3): d= 8.29 (d, 2 H, J = 7.8 Hz), 8.00 (dd, 1 H,
J1 = J2 = 7.8 Hz), 4.01 ppm (s, 6 H); 13C NMR (125 MHz, CDCl3): d=
165.2, 148.4, 138.4, 128.1, 53.3 ppm; HRMS (ESI +): m/z calcd for
[C9H9NO4Na]: 218.0421 [M + Na]+ ; found: 218.0429; D=¢3.9 ppm
(the NMR data is consistent with that reported previously).[23]

6-(Methoxycarbonyl)pyridine-2-carboxylic acid (14): The proce-
dure was adapted from a previous report.[14] KOH (1.11 g, 20 mmol,
100 mol %) was dissolved in the minimal amount of water (0.5 mL)
and was added to the cooled solution of dimethylpyridine-2,6-di-
carboxylate (3.87 g, 20 mmol, 100 mol %) in MeOH (100 mL) at 0 8C.
The solution was stirred at 0 8C for 2.5 h and warmed to room tem-
perature. The mixture was concentrated in vacuo, and the residue
was re-dissolved in water (80 mL) and washed with dichlorome-
thane (2 Õ 50 mL). The aqueous layer was acidified with 1 m HCl
(10 mL), and the product was extracted with EtOAc (4 Õ 50 mL).

The combined organic layers were washed with brine (70 mL),
dried over Na2SO4, filtered, and concentrated in vacuo to afford the
product 14 (2.67 g, 74 %) as a white solid.

The product could not be visualized by TLC analysis; mp 147–
149 8C; IR (film): ñ= 1724, 1698, 1325, 1306, 1264, 1154, 1141, 750,
648 cm¢1; 1H NMR (500 MHz, [D6]DMSO): d= 8.25–8.22 (m, 2 H),
8.17 (dd, 1 H, J1 = 7.9, J2 = 7.5 Hz), 3.92 ppm (s, 3 H); 13C NMR
(125 MHz, [D6]DMSO): d= 165.6, 164.7, 148.8, 147.6, 139.0, 127.8,
127.5, 52.6 ppm; HRMS (ESI¢): m/z calcd for [C8H6NO4]: 180.0297
[M¢H]¢ ; found: 180.0296; D=¢0.2 ppm (the NMR data is consis-
tent with that reported previously).[23]

Methyl-6-(phenylcarbamoyl) pyridine-2-carboxylate (16): Rf

(hexane/EtOAc 1:1) = 0.46; mp 95–96 8C; IR (film): ñ= 3487, 3447,
3253, 1721, 1678, 1598, 1532, 1495, 1433, 1327, 1300, 1238, 768,
735, 686 cm¢1; 1H NMR (500 MHz, [D6]DMSO): d= 10.38 (s, 1 H),
8.33–8.32 (m, 1 H), 8.26–8.22 (m, 2 H), 7.83 (d, 2 H, J = 8.5 Hz), 7.40–
7.37 (m, 2 H), 7.17–7.13 (m, 1 H), 3.96 ppm (s, 3 H); 13C NMR
(125 MHz, [D6]DMSO): d= 164.6, 161.9, 150.4, 146.5, 139.6, 137.9,
128.8, 127.4, 125.6, 124.2, 120.2, 52.8 ppm; HRMS (ESI +): m/z calcd
for [C14H12N2O3Na]: 279.0740 [M + Na]+ ; found: 279.0747; D=
2.5 ppm.

6-(Phenylcarbamoyl)pyridine-2-carboxylic acid (17): The proce-
dure was adapted from a previous report.[14] LiOH (0.41 g,
17.1 mmol, 200 mol %) was added to a stirred solution of carboxyl-
ate 16 (2.18 g, 8.5 mmol, 100 mol %) in MeOH (100 mL) at room
temperature. The mixture was stirred at room temperature for 1 h
and MeOH was removed in vacuo. The residue was dissolved in
water (100 mL) and acidified with 1 m HCl (30 mL). The product
was extracted with EtOAc (2 Õ 100 mL and 2 Õ 50 mL), and the com-
bined organic layers were dried over Na2SO4, filtered, and concen-
trated in vacuo to afford the product 17 (2.06 g, 100 %) as a white
solid.

The product could not be visualized by TLC analysis; mp 169–
172 8C; IR (film): ñ= 3330, 1698, 1664, 1600, 1535, 1445, 1322, 1242,
756, 686, 666, 644 cm¢1; 1H NMR (500 MHz, [D6]DMSO): 10.83 (s,
1 H), 8.39 (d, 1 H, J = 7.5 Hz), 8.32–8.25 (m, 2 H), 7.82 (d, 2 H, J =
8.1 Hz), 7.42 (t, 2 H, J = 7.8 Hz), 7.17 (t, 1 H, J = 7.4 Hz), 3.38 ppm
(br s, 1 H); 13C NMR (125 MHz, [D6]DMSO): d= 164.7, 161.4, 149.2,
146.1, 140.1, 137.9, 128.8, 127.0, 125.8, 124.4, 120.7 ppm; HRMS
(ESI¢): m/z calcd for [C13H9N2O3]: 241.0613 [M¢H]¢ ; found:
241.0611; D=¢1.0 ppm.

6-((2-benzamidophenyl)carbamoyl)pyridine-2-carboxylic acid
(19): N-(2-Aminophenyl)benzamide 10 a (2.02 g, 9.52 mmol,
100 mol %) and HOBt (1.29 g, 9.52 mmol, 100 mol %) were added
to a stirred solution of 6-(methoxycarbonyl)pyridine-2-carboxylic
acid (14 ; 1.72 g, 9.52 mmol, 100 mol %) in THF (100 mL) at room
temperature. The solution was cooled to 0 8C and stirred for
40 min. EDC (1.85 mL, 10.47 mmol, 110 mol %) and Et3N (1.46 mL,
10.47 mmol, 110 mol %) were added to the reaction mixture and
the solution was stirred for further 45 min at 0 8C. The solution was
warmed to room temperature, stirred for 20 h, and concentrated in
vacuo. The residue was dissolved in dichloromethane (80 mL),
washed with 1 m HCl (3 Õ 75 mL), sat. NaHCO3 (100 mL), and water
(80 mL) and dried over Na2SO4, filtered, and concentrated in vacuo
to afford the product 18 (3.16 g, 89 %) as a light-yellow solid. The
product included small amounts of impurities, but it was used
without further purification.

LiOH (0.11 g, 4.44 mmol, 200 mol %) was added to product 18
(0.83 g, 2.22 mmol, 100 mol %) in MeOH (40 mL) at room tempera-
ture. The formed suspension was stirred at room temperature for
1 h. The mixture was concentrated in vacuo and the residue was
dissolved in water (50 mL). The solution was acidified with 1 m HCl
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(10 mL) and the product was extracted with EtOAc (4 Õ 50 mL). The
combined organic layers were dried over Na2SO4, filtered, and con-
centrated in vacuo to afford product 19 (0.76 g, 95 %) as a white
solid.

The product could not be visualized by TLC analysis; mp 208–
210 8C; IR (film): ñ= 3270, 1753, 1673, 1645, 1601, 1519, 1484, 1452,
1339, 1317, 757, 742, 697, 678 cm¢1; 1H NMR (500 MHz, [D6]DMSO):
d= 10.74 (s, 1 H), 10.20 (s, 1 H), 8.40 (dd, 1 H, J1 = 7.3 Hz, J2 = 1.6 Hz),
8.30–8.24 (m, 2 H), 8.04–8.02 (m, 2 H), 7.98 (dd, 1 H, J1 = 8.0, J2 =
1.5 Hz), 7.63 (dd, 1 H, J1 = 7.9, J2 = 1.5 Hz), 7.60–7.57 (m, 1 H), 7.52–
7.49 (m, 1 H), 7.36 (td, 1 H, J1 = 7.7, J2 = 1.6 Hz), 7.31 ppm (td, 1 H,
J1 = 7.7, J2 = 1,6 Hz); 13C NMR (125 MHz, [D6]DMSO): d= 166.2, 165.0,
161.6, 149.2, 146.8, 140.1, 134.2, 131.74, 131.70, 130.4, 128.4, 127.9,
127.3, 126.7, 126.1, 125.5, 125.4, 124.4 ppm; HRMS (ESI¢): m/z calcd
for [C20H14N3O4]: 360.0984 [M¢H]¢ ; found: 360.0978; D=¢1.8 ppm.

General procedure for the coupling reactions :[24] HOBt and the
amide derivative were added to a stirred solution of an asymmetric
pyridine carboxylic acid in THF at room temperature. The mixture
was cooled to 0 8C and stirred for 30 min. EDC and Et3N were
added to the reaction mixture and the solution was stirred for fur-
ther 30 min at 0 8C. The solution was warmed to room tempera-
ture, stirred overnight, and concentrated in vacuo. The residue was
dissolved in EtOAc, washed with several portions of 1 m HCl and fi-
nally with brine, dried over Na2SO4, filtered, and concentrated in
vacuo to afford the product.

N2-(2-Benzamidophenyl)-N6-phenylpyridine-2,6-dicarboxamide
(2): Prepared according to the general procedure for a coupling re-
action with carboxylic acid 17 (1.080 g, 4.46 mmol, 100 mol %) in
THF (20 mL), HOBt (0.603 g, 4.46 mmol, 100 mol %), amide 10 a
(0.947 g, 4.46 mmol, 100 mol %), EDC (0.84 mL, 4.73 mmol,
106 mol %), Et3N (0.66 mL, 4.73 mmol, 106 mol %), and THF (30 mL)
to yield the product (1.843 g, 95 %) as a white solid. Rf (hexane/
EtOAc 1:1) = 0.41; mp 229–232 8C; IR (film): ñ= 3316, 3232, 1677,
1660, 1645, 1597, 1528, 1445, 1312, 750, 706 cm¢1; 1H NMR
(500 MHz, [D6]DMSO): d= 11.14 (s, 1 H), 10.76 (s, 1 H), 10.34 (s, 1 H),
8.40 (td, 2 H, J1 = 7.7, J2 = 1.1 Hz), 8.31–8.28 (m, 1 H), 7.89–7.86 (m,
3 H), 7.77 (d, 2 H, J = 8.1 Hz), 7.64 (dd, 1 H, J1 = 7.8, J2 = 1.4 Hz), 7.45–
7.33 (m, 5 H), 7.27 (t, 2 H, J = 7.8 Hz), 7.18–7.15 ppm (m, 1 H);
13C NMR (125 MHz, [D6]DMSO): d= 166.4, 161.3, 148.6, 148.5, 140.1,
137.7, 134.0, 131.7, 131.0, 128.6, 128.2, 127.6, 125.94, 125.88, 125.6,
125.2, 125.1, 124.4, 121.0 ppm; HRMS (ESI +): m/z calcd for
[C26H20N4O3Na]: 459.1433 [M + Na]+ ; found: 459.1426; D=
¢1.6 ppm.

N2-(2-Benzamidophenyl)-N6-(2-(4-cyanobenzamido)phenyl)pyri-
dine-2,6-dicarboxamide (3): Prepared according to the general
procedure for a coupling reaction with carboxylic acid 19 (359 mg,
1.00 mmol, 100 mol %), amide 10 b (237 mg, 1.00 mmol,
100 mol %), HOBt (135 mg, 1.00 mmol, 100 mol %), EDC (0.19 mL,
1.10 mmol, 110 mol %), Et3N (0.15 mL, 1.10 mmol, 110 mol %), and
THF (50 mL) to yield the product (544 mg, 94 %) as a light-brown
solid. Rf (hexane/EtOAc 3:7) = 0.56; mp 252–254 8C; IR (film): ñ=
2230, 1667, 1599, 1515, 1480, 1441, 1306, 754 cm¢1; 1H NMR
(500 MHz, [D6]DMSO): d= 11.00 (s, 1 H), 10.85 (s, 1 H), 10.38 (s, 1 H),
10.29 (s, 1 H), 8.38–8.36 (m, 2 H), 8.30–8.27 (m, 1 H), 7.91 (d, 2 H, J =
8.4 Hz), 7.77–7.75 (m, 1 H), 7.72 (d, 2 H, J = 7.2 Hz), 7.65–7.63 (m,
2 H), 7.59 (d, 2 H, J = 8.5 Hz), 7.56–7.54 (m, 1 H), 7.45–7.42 (m, 1 H),
7.39–7.31 (m, 4 H), 7.22–7.19 ppm (m, 2 H); 13C NMR (125 MHz,
[D6]DMSO): d= 166.1, 164.5, 161.3, 161.1, 148.33, 148.29, 140.3,
138.2, 133.7, 131.9, 131.7, 131.1, 130.8, 130.7, 130.5, 128.3, 128.1,
127.7, 126.2, 126.0, 125.7, 125.6, 125.5, 125.2, 125.09, 125.06, 125.0,
118.1, 113.7 ppm; HRMS (ESI +): m/z calcd for [C34H24N6O4Na]:
603.1751 [M + Na]+ ; found: 603.1745; D=¢1.0 ppm.

N2-(2-Benzamidophenyl)-N6-(2-(4-methoxybenzamido)phenyl)-
pyridine-2,6-dicarboxamide (4): Prepared according to the gener-
al procedure for a coupling reaction with carboxylic acid 19
(183 mg, 0.51 mmol, 100 mol %), amide 10 c (136 mg, 0.56 mmol,
110 mol %), HOBt (83 mg, 0.56 mmol, 110 mol %), EDC (0.11 mL,
0.61 mmol, 120 mol %), Et3N (0.09 mL, 0.61 mmol, 120 mol %), and
THF (50 mL) to yield the product (90 mg, 30 %) as a white solid. Rf

(hexane/EtOAc 3:7) = 0.51; mp 172–174 8C; IR (film): ñ= 3345, 1698,
1682, 1648, 1633, 1605, 1509, 1439, 1307, 1258, 755 cm¢1; 1H NMR
(500 MHz, [D6]DMSO): d= 11.04 (s, 1 H), 10.98 (s, 1 H), 10.22 (s, 1 H),
10.11 (s, 1 H), 8.38–8.36 (m, 2 H), 8.30–8.27 (m, 1 H), 7.76 (dd, 2 H,
J1 = 8.2, J2 = 1.0 Hz), 7.73–7.71 (m, 4 H), 7.68–7.67 (m, 1 H), 7.62–7.61
(m, 1 H), 7.44–7.41 (m, 1 H), 7.37–7.32 (m, 4 H), 7.20 (t, 2 H, J =
7.8 Hz), 6.70 (d, 2 H, J = 8.9 Hz), 3.74 ppm (s, 3 H); 13C NMR
(125 MHz, [D6]DMSO): d= 166.0, 165.5, 161.9, 161.3, 161.2, 148.3,
148.2, 140.4, 134.0, 131.6, 131.10, 131.07, 130.8, 129.5, 128.1, 127.5,
125.9, 125.9, 125.8, 125.7, 125.6, 125.3, 125.11, 125.07, 113.3,
55.3 ppm; HRMS (ESI +): m/z calcd for [C34H27N5O5Na]: 608.1904
[M + Na]+ ; found: 608.1903; D=¢0.2 ppm.

N2-(2-Acetamidophenyl)-N6-(2-benzamidophenyl)pyridine-2,6-di-
carboxamide (5): Prepared according to the general procedure for
a coupling reaction with carboxylic acid 19 (479 mg, 1.33 mmol,
100 mol %), amide 10 d (230 mg, 1.53 mmol, 115 mol %), HOBt
(207 mg, 1.53 mmol, 115 mol %), EDC (0.30 mL, 1.66 mmol,
125 mol %), Et3N (0.23 mL, 1.66 mmol, 125 mol %), and THF (70 mL)
to yield the product (588 mg, 90 %) as a white solid. Rf (hexane/
EtOAc 2:8) = 0.55; mp 227–229 8C; IR (film): ñ= 3227, 3037, 1693,
1666, 1646, 1597, 1511, 1481, 1445, 1311, 754, 705 cm¢1; 1H NMR
(500 MHz, CDCl3): d= 11.25 (s, 1 H), 11.12 (s, 1 H), 9.65 (s, 1 H), 9.07
(s, 1 H), 8.47 (d, 1 H, J = 7.6 Hz), 8.43 (d, 1 H, J = 7.8 Hz), 8.11 (t, 1 H,
J = 7.8 Hz), 7.94 (d, 1 H, J = 7.5 Hz), 7.80 (d, 2 H, J = 7.5 Hz), 7.72–7.69
(m, 2 H), 7.40 (t, 1 H, J = 7.4 Hz), 7.28–7.24 (m, 3 H), 7.22–7.16 (m,
3 H), 7.08–7.05 (m, 1 H), 1.71 ppm (s, 3 H); 13C NMR (125 MHz,
CDCl3): d= 170.8, 166.4, 162.7, 161.7, 149.0, 148.4, 139.6, 133.8,
132.1, 131.1, 130.8, 130.2, 129.7, 128.7, 127.5, 126.66, 126.64,
126.33, 126.25, 125.9, 125.7, 125.53, 125.51, 125.1, 124.8, 23.4 ppm;
HRMS (ESI +): m/z calcd for [C28H23N5O4Na]: 516.1627 [M + Na]+ ;
found: 516.1642; D=¢3.0 ppm.

N2-(2-Benzamidophenyl)-N6-(2-isobutyramidophenyl)pyridine-
2,6-dicarboxamide (6): Prepared according to the general proce-
dure for a coupling reaction with carboxylic acid 19 (310 mg,
0.85 mmol, 100 mol %), amide 10 e (170 mg, 0.95 mmol,
110 mol %), HOBt (129 mg, 0.95 mmol, 110 mol %), EDC (0.19 mL,
1.05 mmol, 120 mol %), Et3N (0.15 mL, 1.05 mmol, 120 mol %), and
THF (50 mL) to yield the product (383 mg, 77 %) as a white solid. Rf

(hexane/EtOAc 3:7) = 0.50; mp 192–193 8C; IR (film): ñ= 1650, 1599,
1513, 1480, 1450, 1302, 750 cm¢1; 1H NMR (500 MHz, CDCl3): d=
11.06 (s, 1 H), 10.97 (s, 1 H), 9.54 (s, 1 H), 8.72 (s, 1 H), 8.46 (d, 1 H,
J = 7.7 Hz), 8.44 (d, 1 H, J = 7.8 Hz), 8.12 (t, 1 H, J = 7.8 Hz), 7.87 (dd,
1 H, J1 = 7.8, J2 = 1.6 Hz), 7.80–7.77 (m, 3 H), 7.59 (d, 1 H, J = 7.7 Hz),
7.34 (t, 1 H, J = 7.4 Hz), 7.20–7.10 (m, 5 H), 7.05–7.02 (m, 1 H), 2.40
(septet, 1 H, J = 6.9 Hz), 0.89 ppm (d, 1 H, J = 6.9 Hz); 13C NMR
(125 MHz, CDCl3): d= 177.6, 166.6, 162.1, 162.0, 148.7, 148.6, 139.7,
133.8, 132.0, 130.7, 130.4, 130.1, 128.7, 128.6, 127.6, 127.5, 126.6,
126.5, 126.1, 125.6, 125.53, 125.45, 125.2, 124.9, 36.1, 19.3 ppm;
HRMS (ESI +): m/z calcd for [C30H28N5O4]: 522.2135 [M + H]+ ; found:
544.1946; D=¢0.9 ppm.

N2-(2-Benzamidophenyl)-N6-(2-pivalamidophenyl)pyridine-2,6-di-
carboxamide (7): Prepared according to the general procedure for
a coupling reactions with carboxylic acid 19 (340 mg, 0.95 mmol,
100 mol %), amide 10 f (200 mg, 1.04 mmol, 110 mol %), HOBt
(141 mg, 1.04 mmol, 110 mol %), EDC (0.20 mL, 1.13 mmol,
120 mol %), Et3N (0.16 mL, 1.13 mmol, 120 mol %), and THF (50 mL)
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to yield the product (502 mg, 99 %) as a white solid. Rf (hexane/
EtOAc 1:1) = 0.37; mp 210–212 8C; IR (film): ñ= 1691, 1676, 1638,
1601, 1524, 1481, 756, 707 cm¢1; 1H NMR (500 MHz, [D6]DMSO): d=
11.04 (s, 1 H), 10.88 (s, 1 H), 10.20 (s, 1 H), 9.05 (s, 1 H), 8.41 (dd, 1 H,
J1 = 7.7, J2 = 1.2 Hz), 8.38 (dd, 1 H, J1 = 7.8, J2 = 1.2 Hz), 8.31 (dd, 1 H,
J1 = J2 = 7.8 Hz), 7.87 (dd, 1 H, J1 = 7.9, J2 = 1.5 Hz), 7.75 (dd, 2 H, J1 =
8.3, J2 = 1.2 Hz), 7.62 (dd, 1 H, J1 = 7.9, J2 = 1.3 Hz), 7.56 (dd, 1 H, J1 =
7.8, J2 = 1.7 Hz), 7.52 (dd, 1 H, J1 = 7.7, J2 = 1.7 Hz), 7.44–7.41 (m,
1 H), 7.37 (td, 1 H, J1 = 7.7, J2 = 1.6 Hz), 7.33–7.25 (m, 3 H), 7.22–7.19
(m, 2 H), 1.03 ppm (s, 9 H); 13C NMR (125 MHz, [D6]DMSO): d= 176.8,
166.1, 161.5, 161.3, 148.5, 148.1, 140.4, 133.8, 131.63, 131.62, 131.0,
130.9, 130.4, 128.1, 127.5, 126.00, 125.98, 125.9, 125.8, 125.6, 125.4,
125.3, 125.2, 125.1, 125.0, 38.8, 26.9 ppm; HRMS (ESI +): m/z calcd
for [C31H29N5O4Na]: 588.2111 [M + Na]+ ; found: 558.2117; D=
0.9 ppm.

Crystallographic analysis

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

Single-crystal X-ray diffraction data was collected on a Bruker
Nonius KappaCCD diffractometer at 173 K with a Bruker AXS APEX
II CCD detector and graphite-monochromated CuKa radiation (l=
1.54178 æ). The structures were solved by using direct methods
and refined by using Fourier techniques with the SHELX-97 soft-
ware package.[25] Multiscan absorption correction was applied to all
structures with Denzo-SMN 1997.[26] All the non-hydrogen atoms
were refined anisotropically. The hydrogen atoms were placed in
their idealized positions, except for the N¢H hydrogen atoms that
were found from the electron-density map and included in the
structure-factor calculations. Isotropic temperature factor of 1.2
was used to refine the hydrogen atoms. Details of the crystal data
and the refinement are presented in Tables 2 and 3 in the Support-
ing Information.

CCDC 1038215 (2-@-Form I), CCDC 1038216 (2-S-MeCN),
CCDC 1038217 (2-@-S-DMF), CCDC 1038218 (3-@2-Form I),
CCDC 1038219 (3-S1-EtOAc), CCDC 1038220 (5-S1-Form I),
CCDC 1038221 (6-@’2-Form I), CCDC 1038222 (6-S1-Form II), and
CCDC 1038223 (7-S2-Form I) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre through
www.ccdc.cam.ac.uk/data_request/cif.

Computational approach

The geometries of the stationary points were optimized by using
the density-functional theory (DFT) at the wB97X-D/6–311G(d,p)
level. Herein, wB97X-D denotes the long-range corrected hybrid
density functional with damped atom–atom dispersion corrections
developed by Chai and Head-Gordon.[27, 28] This functional is a very
promising DFT method[29] that yields reasonably accurate data for
general main-group thermochemistry, kinetics, and noncovalent in-
teractions (all of which are relevant to the present work). The initial
structures for the geometry optimizations were obtained from
a Monte Carlo conformational search by using the OPLS 2005
force fields as implemented in the MacroModel software.[30] The
preliminary conformational analysis involved a systematic search

and DFT potential-energy surface scans along specific dihedral
angles.

Normal coordinate analysis was carried out at the wB97X-D/6–
311G(d,p) level of theory for all the optimized structures. The re-
sults were utilized to verify the nature of the stationary points (i.e.
minima) and to estimate the zero-point energies and the thermal
and entropic contributions to the Gibbs free energies. For each lo-
cated structure, additional single-point energy calculations were
performed at the wB97X-D/6–311 + + G(3df,3pd) level to increase
the accuracy of the electronic-structure predictions. In all the DFT
calculations, the ultrafine integration grid was employed, as imple-
mented in the Gaussian09 package.[31]

The thermochemical data were obtained within the ideal-gas (i.e. ,
rigid rotor) harmonic-oscillator approximation for T = 298.15 K and
P = 1 atm. The solvation free energies (solvent = CHCl3) were esti-
mated at the wB97X-D/6–311G(d,p) level by using the integral-
equation-formalism variant of the polarizable-continuum model
(IEFPCM).[32] The atomic radii and nonelectrostatic terms in the
IEFPCM calculations were those introduced recently by Truhlar and
co-workers (SMD solvation model).[33]
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ABSTRACT: A disulfonamide compound with bulky aromatic
side chains was prepared, and its properties as a potential
building block for foldamers were evaluated. Two different
solvate crystal forms of the compound were identified and
compared to the structures of an analogous oligoamide and
related disulfonamides. The disulfonamide is unfolded in one of
the solvates, whereas in the other one, a loosely folded
conformer stabilized by an intramolecular hydrogen bond is
found. Density functional calculations indicated that the loosely
folded conformer is slightly more stable than its unfolded
isomer. The calculations also identified a third, more tightly
folded and more extensively hydrogen bonded, conformer that
is even lower in energy.

■ INTRODUCTION

The crystal form, the organization of molecules in a crystalline
solid, depends on the conformational, functional, and
interaction properties of the compound as well as on the
crystallization environment, such as temperature and solvent.
On the other hand, the crystal form affects the physical
properties of crystalline materials and provides information on
conformational preferences and the interplay of intra- and
intermolecular interactions as well as their role in the formation
of crystalline materials under varying conditions.1 Molecular
conformation is especially important in the case of synthetic
compounds that adopt structures mimicking those of biological
molecules, such as peptides and proteins. These biomimetic
molecular scaffolds, called foldamers, are composed of relatively
simple repeating structural units and have, to some extent,
predictable secondary structures stabilized by weak interactions
between nonadjacent units.2,3 In addition to being artificial
models for molecular folding,4 foldamers may express enzyme-
like functions such as receptor properties and catalysis.5

The most common bond type used in the construction of
foldamers is the amide bond.6,7 This is not only due to its
analogy to peptide bonds but also because of its predictable
hydrogen-bonding properties. Another interesting, yet rarely
used, bond type is the sulfonamide bond in which the sp2

carbon of an amide is replaced with an sp3 sulfur.8,9 This leads
to differences in the preferred orientation of the C−N and S−N
bonds and in the wideness of the OXN angles (120° and 106°
for X = C and X = S, respectively). Compared to amides,
sulfonamides have different possibilities for intra- and
intermolecular hydrogen bonding,10,11 which strongly affects
their conformational properties and, hence, the propensity of
sulfonamides to form polymorphs and co-crystals.12,13 In small

peptides, the amide-to-sulfonamide replacement has been
reported to lead to both striking differences as well as
surprising similarities in the folding patterns.8,14

Co-crystallization studies of sulfonamide compounds have
been conducted to improve their properties, such as solubility,
and to explore their potential as building blocks for new
molecular assemblies with improved pharmaceutical proper-
ties.15 Sulfonamides were the first clinically available anti-
bacterial agents,16 and they have been widely used in the design
of drug candidates.17,18 Another potential use for sulfonamide
compounds is (stereoselective) organocatalysis because of their
capacity to form fairly weak hydrogen bonds and their
increased acidity compared to the amide group.19,20

In our previous study, we focused on aromatic oligoamides as
potential foldamers and studied their conformational proper-
ties, polymorphism, and solvate formation.21,22 In order to
investigate the effect of amide-to-sulfonamide replacement on
molecular conformation and folding, we have now prepared a
sulfonamide analogue (2) of one of the previously synthesized
oligoamides (3).21 The structural properties of sulfonamide 2
were investigated in the solid state and in solution as well as by
performing density functional theory (DFT) calculations. The
results are compared and contrasted with the data of
oligoamide 3 as well as with that for other related
disulfonamides described in the literature.
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■ EXPERIMENTAL SECTION
Materials and Methods. All starting materials were commercially

available and used as such unless otherwise noted. Analytical grade
solvents and Millipore water were used for crystallizations. NMR
spectra were measured with a Bruker Avance DRX 500 spectrometer,
and chemical shifts were calibrated to the residual proton and carbon
resonances of the deuterated solvent. Melting points were measured in
open capillaries using a Stuart Scientific SMP3 melting point apparatus
and are uncorrected. ESI-TOF mass spectra were measured with a
LCT Micromass spectrometer. Elemental analyses were performed
with a Vario EL III instrument.
Syntheses. All syntheses were carried out under a N2 atmosphere.

The glassware was dried at 120 °C prior to use. Dichloromethane was
dried by distillation over CaCl2 and stored over Linde type 3 Å
molecular sieves under nitrogen gas. Compound 1 was prepared by a
published method,21 which is a slight modification of an earlier
literature procedure.23 Compound 2 was also prepared by a slightly
modified literature procedure.24

N-Benzoyl-2-aminoaniline 1. O-Phenylenediamine (8.97 g; 83.1
mmol) was dissolved in dry dichloromethane (350 mL). Triethyl-
amine (3.0 mL; 21.6 mmol) was added, and the solution was heated to
reflux with stirring. Benzoyl chloride (2.16 g; 20.7 mmol) dissolved in
dry dichloromethane (200 mL) was added dropwise to the solution.
The solution was allowed to reflux for 2 h. The product was separated
by column chromatography using a silica column and an ethyl
acetate−hexane (1:1) mixture as the eluent. Recrystallization from
ethyl acetate−hexane afforded the product as a white solid (yield, 3.57
g, 81%). mp. 149−151 °C; 1H NMR (500 MHz, DMSO-d6, 30 °C): δ
4.87 (s, 2H; i), 6.60 (td, 3JHH = 1.2 Hz, 3JHH = 7.6 Hz, 1H; g), 6.79
(dd, 3JHH = 1.3 Hz, 3JHH = 8.1 Hz, 1H; e), 6.97 (td, 3JHH = 1.2 Hz, 3JHH
= 7.6 Hz, 1H; f), 7.18 (d, 3JHH = 7.7 Hz, 1H; d), 7.51 (t, 3JHH = 7.4 Hz,
2H; b), 7.55−7.60 (m, 1H; a), 7.98 (d, 3JHH = 7.4 Hz, 2H; c), 9.63 (s,
1H; h) ppm; 13C NMR (126 MHz, DMSO-d6, 30 °C): δ 116.1, 116.2,
123.3, 126.4, 127.6, 128.2, 131.2, 134.6, 143.0, 165.2 ppm; MS (ESI-
TOF) m/z [M + Na]+ calcd for C13H12N2O, 212.25; found, 235.08;
Analysis calcd (%) for C13H12N2O: C, 73.6; H, 5.7; N, 13.2. Found: C,
73.8; H, 5.6; N, 13.3.
N1,N3-Bis(2-benzamidophenyl)benzene-1,3-disulfonamide

2. N-Benzoyl-2-aminoaniline 1 (0.471 g; 2.22 mmol) was dissolved in
pyridine (15 mL). The solution was stirred, and benzene-1,3-disulfonyl
chloride (0.307 g; 1.11 mmol) dissolved in pyridine (15 mL) was
added dropwise to the mixture. The solution was refluxed for 2 h, after
which the stirring was continued for 24 h. Two molar HCl was added
to the solution, and a precipitate formed; if the precipitate did not
form, then 6 M HCl solution was added. The precipitate was filtered
and washed with water. The precipitate was then dissolved in absolute
ethanol and concentrated. The concentrated product was dissolved in
ethanol, precipitated as a pink solid by adding water, and dried in
vacuum (yield, 0.37 g, 63%). mp. 213-216 °C; 1H NMR (500 MHz,
DMSO-d6, 30 °C): δ 6.90 (dd, 2H,

3JHH = 1.5 Hz, 3JHH = 8.1 Hz), 7.07
(td, 2H, 3JHH = 1.4 Hz, 3JHH = 7.8 Hz), 7.26 (td, 2H, 3JHH = 1.4 Hz,
3JHH = 7.8 Hz), 7.52−7.57 (m, 5H), 7.62 (tt, 2H, 3JHH = 1.5 Hz, 3JHH =
7.3 Hz), 7.76−7.80 (m, 4H), 7.81−7.84 (m, 4H), 8.00 (st, 1H, 3JHH =
1.8 Hz), 9.54 (s, 2H), 9.84 (s, 2H) ppm; 13C NMR (126 MHz,
DMSO-d6, 30 °C): δ 124.7 (d), 125.3 (g), 126.2 (e), 127.0 (f), 127.3
(c), 127.8 (e′), 128.5 (b), 130.6 (j), 130.8 (h), 131.8 (a), 133.2 (d′),
134.0 (c′), 140.3 (j), 165.1 (k′); HRMS (ESI+) m/z [M + Na]+ calcd
for [C32H26N4O6S2Na], 649.1191; found, 649.1186, Δ = −0.8 ppm.
Crystallizations. X-ray quality crystals were obtained from ethyl

acetate−hexane diffusion (EtOAc−Hex) and evaporation of acetoni-
trile (MeCN), 1,2-dichloroethane (DCE), or tetrahydrofuran (THF)
solutions. However, only preliminary structures could be obtained for
the MeCN and THF solvates (see Supporting Information for details).
In all evaporation crystallizations, 20 mg of compound 2 was dissolved
in 2−6 mL of the solvent. Heating and stirring were used to help the
dissolving process. After the compound had fully dissolved, slow
evaporation of the solvent was allowed at room temperature. In
diffusion crystallization, 2 mg of compound 2 was dissolved in 0.5 mL
of ethyl acetate and 2 mL of hexane was used as an antisolvent in a

closed container. The sample was left to crystallize at room
temperature.

X-ray Crystallography. Single crystal X-ray diffraction data was
collected with a Bruker Nonius KappaCCD diffractometer at 173 K
using a Bruker AXS APEX II CCD detector and graphite-
monochromated Cu Kα radiation (λ = 1.54178 Å). The structures
were solved with direct methods and refined using Fourier techniques
with the SHELX-97 software package.25 Absorption correction was
performed with Denzo-SMN 1997.26 All hydrogen atoms were placed
to their idealized positions except for the N−H hydrogens, which were
located from the electron density map and included in the structure
factor calculations. Electron density of severely disordered solvent
molecules in the EtOAc solvate structure was removed with the
SQUEEZE27 routine included in the PLATON28 program in the
WinGX package.29 Full details of the crystallographic data and
refinement are presented in Table 1 and in the Supporting
Information. Graph set symbols for hydrogen bonding were assigned
and used to compare the bonding between the different crystal
structures.30,31

Computational Details. All calculations were performed with the
Gaussian 0932 program package using the ωB97XD density func-
tional33 and Ahlrichs’ def2-TZVP basis sets.34 The chosen density
functional includes an empirical dispersion correction term which
allows for better treat hydrogen bonding and van der Waals
interactions than many conventional density functionals such as
B3LYP. The initial geometries of conformers of 2 were taken directly
from the single-crystal X-ray diffraction data. The global minimum
conformation, 2III, was obtained via potential energy surface scans in
which the torsion angles of the sulfonamide substituents were
systematically varied while keeping the other geometry parameters
frozen. These scans were performed using a lower level basis set. The
minima found were subjected to subsequent geometry optimizations
using the same functional and basis set as those used for 2I and 2II.
Gas-phase geometry optimizations were performed for all systems, and
the nature of the located minima was confirmed by performing a full
vibrational analysis. In addition to gas-phase calculations, a polarized
continuum solvent model (IEFPCM)35 was used to determine if the
bulk properties of the solvents (EtOAc and DCE) had a significant
influence on the energetic preference of different conformers of 2. The
energy values reported in the text are enthalpy differences obtained at
298 K and 1 atm.

Table 1. Crystallographic Data for Solvate 2I (EtOAc) and
Solvate 2II (DCE)

solvate 2I (EtOAc) solvate 2II (DCE)

formula C32H26N4O6S2 C32H26N4O6S2·C2H4Cl2
MW/g mol−1 626.69 725.64
crystal system monoclinic monoclinic
space group C2/c P21/c
a/Å 24.758(2) 13.1334(3)
b/Å 6.9874(5) 22.7870(6)
c/Å 21.0600(12) 11.6864(4)
β/deg 106.985(3) 104.874(10)
V/Å3 3484.3(4) 3380.2(2)
Z 4 4
ρcalc/g cm−3 1.195 1.426
meas. reflns 4899 11 132
ind. reflns 2984 5889
Rint 0.0449 0.0427
R1 [I > 2σ(I)] 0.0469 0.0449
wR2 [I > 2σ(I)] 0.1216 0.1104
GoF 1.050 1.015
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■ RESULTS AND DISCUSSION

The N1,N3-bis(2-benzamidophenyl)benzene-1,3-disulfonamide
(2) was synthesized in good yield by a nucleophilic substitution
reaction between N-benzoyl-2-aminoaniline (1) and benzene-
1,3-disulfonyl chloride (Scheme 1). The product was
characterized by 1H and 13C NMR spectroscopy including 2D
techniques (COSY, HMQC, HMBC, and NOESY; see
Supporting Information for details).

The 1H NMR spectra of 2 in DMSO-d6 and acetone-d6 at
room temperature are consistent with a symmetric structure for
the molecular backbone, which indicates either the presence of
a single preferred conformer with a C2-symmetry axis or
multiple conformers undergoing rapid exchange on the NMR
time scale. Variable-temperature 1H NMR measurements in
acetone-d6 showed no significant splitting of the proton signals
when the temperature was gradually lowered to −80 °C, which
confirmed that a rapid exchange process is unlikely. A NOESY
NMR spectra of 2 in acetone-d6 indicated NOEs between the
protons of the terminal phenyl substituents and the hydrogen
atoms of the sulfonamide groups, but this information was
inconclusive for a detailed conformational determination.
Crystallographic Studies. Compound 2 was crystallized as

two solvates, the ethyl acetate solvate (EtOAc, solvate 2I) and
the dichloroethane solvate (DCE, solvate 2II), which differ by
the conformation of 2 (Figure 1). Two lower-quality
preliminary structures were also obtained: an acetonitrile
(MeCN) solvate that is isomorphous with EtOAc solvate 2I
and a tetrahydrofuran (THF) solvate that is isomorphous with
DCE solvate 2II (see Supporting Information for details). In
addition, powder diffraction data collected for the samples
obtained from ethanol and methanol crystallizations of 2
suggest the existence of a third currently unknown crystal form,
since the diffraction pattern bears very little resemblance to the
patterns calculated from the single-crystal X-ray structures of
solvates 2I and 2II (see Supporting Information for details).
In both conformers, the S−N bonds are roughly

perpendicular to the plane of the central aromatic ring, which
is typical to sulfonamides. In the structure of solvate 2I, the
conformation of 2 is unfolded and symmetrical, with the S−N
bonds oriented on opposite sides of the central ring, whereas
the conformation of 2 in solvate 2II is loosely folded and
asymmetric, with the S−N bonds on the same side of the
central ring (Figure 1). In analogous oligoamide 3, the C−N

bonds are on the same plane with the central aromatic ring, and
a loosely folded conformer is stabilized by two intramolecular
hydrogen bonds between neighboring amide groups (Figure
2).21

The conformer of solvate 2I is stabilized by two weak
intramolecular amide-to-sulfonamide N−H···N hydrogen
bonds (D···A 2.720(3) Å, ∠DHA 112(2)°) with no other
significant intramolecular interactions present. Thus, the
conformation in solvate 2I appears to be mostly influenced
by intermolecular interactions and packing effects instead of
strong intramolecular interactions. Accordingly, disulfonamide
2 forms two intermolecular N−H···OC hydrogen bonds (a
C(7) motif) involving the sulfonamide (donor) and amide
(acceptor) groups (D···A 2.793(3) Å, ∠DHA 171(3)°). The
hydrogen bonding connects the molecules into chains along the
crystallographic b-axis, giving rise to a double chain pattern
(C2

2(20) motif) with head-to-tail arrangement of molecules in

Scheme 1. Synthesis of Disulfonamide 2

Figure 1. Two conformers of disulfonamide compound 2 crystallized
from EtOAc (left, solvate 2I) and DCE (right, solvate 2II) shown as
stick (a) and space filling (b) representations. Crystal packing
highlighting intermolecular hydrogen bonding (c). Disordered solvent
molecules and non-amide/sulfonamide hydrogen atoms have been
removed for clarity.

Figure 2. Loosely folded conformation of oligoamide 3.21 Non-amide
hydrogen atoms have been removed for clarity.
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the chains (Figure 1). The individual chains exhibit offset π−π
stacking interactions between the outermost phenyl rings of
neighboring molecules of 2 (see Supporting Information for
details). The packing of 2 into parallel chains creates channels
that contain severely disordered solvent molecules. This kind of
disorder is expected, as there are no restricting interactions
between the solvent and the channel walls.
The conformation of 2 in solvate 2II reveals an intra-

molecular N−H···OC hydrogen bond between the sulfona-
mide (donor) and amide (acceptor) groups (D···A 2.774(3) Å,
∠DHA 158(3)°) that gives 2 a folded conformation (S(13)
motif). The crystal packing is dominated by intermolecular N−
H···OC hydrogen bonding (D···A 2.834(3) Å, ∠DHA
161(3)°) that results in the formation of molecular chains
along the crystallographic b-axis (C(16) motif). The chains are
further interconnected into sheet-like assemblies by two weak
N−H···OS hydrogen bonds (R2

2(16) motif) between the
sulfonamide groups (D···A 3.079(3) Å, ∠DHA 157(3)°). The
crystal packing of solvate 2II also reveals π−π stacking
interactions between the R2

2(16) bonded molecular pairs (see
Supporting Information for details). The disordered DCE
molecules are located in the solvent-accessible voids between
molecules of 2.
The primary hydrogen-bonding networks in solvates 2I and

2II can be rationalized with the tendency of 2 to maximize
interactions involving the amide carbonyls, since the amide
carbonyl oxygen is known to be a better hydrogen-bond
acceptor than the sulfonyl oxygen.11 Consequently, the sulfonyl
groups act as hydrogen-bond acceptors only between the
molecular chains in the structure of solvate 2II. This also means
that there are amide and sulfonamide NH groups in both
conformers of 2 that do not take part in the primary hydrogen-
bonding network.
The reasons why different solvents and crystallization

procedures lead to two different conformers of 2 are not
obvious. The environmental conditions (temperature, moisture,
and crystallization vessels) were kept as identical as possible for
all experiments, and there are no clear trends in the results in
relation to the physical and chemical properties of the solvents
used. It can be argued that DCE is a poor hydrogen-bond
acceptor compared to an amide carbonyl and therefore
compound 2 should form intramolecular hydrogen bonds
more willingly (solvate 2II) than when better hydrogen-bond
acceptors, such as EtOAc or MeCN, are used as solvent
(solvate 2I). However, the conformation of 2 in the THF
solvate contradicts with this interpretation, as the hydrogen-
bond acceptor properties of THF are more in line with those of
EtOAc and MeCN than with DCE, but, still, a folded,
isomorphous conformer to 2I was nevertheless obtained.36

Therefore, the likely explanation for two different conformers
of 2 is that conformers are very close in energy and the
interplay of inter- and intramolecular hydrogen bonding along
with intramolecular steric hindrance caused by the bulky phenyl
rings directs the organization of molecules to two different
structures during crystal nucleation.
Computational Studies. In order to obtain more insight

into the conformational features of 2, its potential energy
surface was analyzed with DFT by optimizing the structures of
the two conformers observed in the solid state at the ωB97XD/
def2-TZVPP level of theory.
The optimized structure of 2I is similar to the conformer in

solvate 2I with major changes only in the hydrogen-bonding
network. The weak N−H···N bonds observed in the crystal

structure are replaced by two strong intramolecular N−H···
OS hydrogen bonds (D···A 2.869 Å, ∠DHA 154.1°) that
result in a significantly more compact molecular geometry
(Figures 3a and 4a). This is expected, as the orientation of the

amide groups in the model system, a single molecule of 2, is not
fixed by intermolecular N−H···OC hydrogen bonds whose
formation is preferred in the solid state.
Unlike structure 2I, the optimized geometry of 2II is

practically identical to the conformer in solvate 2II (Figures 3b
and 4b). The calculations reproduce well the intramolecular
N−H···OC hydrogen bond (D···A 2.842 Å, ∠DHA 155.4°)
along with all other structural features of the molecular
backbone. Only the torsional angles of the terminal phenyl
groups are different, as the rotation of these groups is the most
affected by crystal packing, which is not taken into account in
calculations.
The computational results show that the conformer in

solvate 2I does not retain its crystal structure geometry without
explicitly taking into account intermolecular interactions. Thus,
the strong hydrogen bonding between neighboring molecules
in the solid state plays a role in determining the conformation
of the molecule. This was tested computationally by optimizing
a dimeric pair of 2I in the crystal structure geometry, in which
case the intermolecular N−H···OC hydrogen bonds kept the
“tailing” molecule rather rigidly in place, whereas the geometry
of the “heading” molecule changed from an open to a more
compact form due to the formation of intramolecular N−H···
OS interactions (Figures 3d and 4c). Since the conformer of
solvate 2II was accurately reproduced even with the simplest
possible model system, it seems that the folded conformer of 2,
once formed, can effectively guide the construction of a strong
hydrogen-bonding network around it.
The energies of model systems 2I and 2II can also be

compared for insight. If only intramolecular steric hindrance is
considered, then the conformation of 2I would be expected to

Figure 3. Optimized (ωB97XD/def2-TZVPP) structures of 2I (a), 2II
(b), and 2III (c) and a dimeric pair of 2I (d). Non-amide/sulfonamide
hydrogen atoms have been removed for clarity.
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be more favorable because of smaller repulsion between the
bulky side chains. However, the calculations indicate that
conformer 2II is lower in energy, although only by
approximately 7−11 kJ mol−1, depending on whether the
calculations were conducted in the gas phase or using a solvent
model. The energy difference between the two conformers can
be attributed to the strong intramolecular hydrogen bond in
2II. It is also possible to compare the energy of the tailing
monomer from the optimized dimeric pair of 2I, denoted 2I*,
with the optimized conformer 2II, as both of these structures
are very close to the geometries observed in the solid state
(Figure 4). This comparison reveals that 2I* is higher in energy
than 2II by 48 kJ mol−1 (approximately 35 kJ mol−1 for the
solvated system), which further supports the notion that
intermolecular interactions contribute much more to the
stability of 2I in the solid state than they do in the case of
2II. Consequently, there seems to be an energetic preference
toward structure 2II in the gas phase and in solution which is
then compensated by the external hydrogen-bonding network
in the solid state, giving 2I and 2II nearly equal energies, as
implied by the crystallization experiments. Unfortunately, the
presence of severely disordered (and different) solvent
molecules in the unit cells of solvates 2I and 2II prevents
meaningful comparisons using computational energies based on
unit cell data.
The potential energy surface of 2 is obviously complex with

many different possibilities for the relative orientation of the
side chains along with different secondary bonding interactions.
An exhaustive search through all alternatives is beyond the
scope of the present work. However, it was considered to be of
interest to scan through some possible conformations that
would maximize the intramolecular hydrogen bonding and
therefore the folding of 2. This led to the identification of
conformer 2III (Figures 3c and 4d) that has two N−H···OC
(D···A 2.714 Å, ∠DHA 141.4°) and two N−H···OS (D···A
3.066 Å, ∠DHA 157.6°) hydrogen bonds that collectively give
the molecule a symmetric S-shaped geometry. The terminal and
central aromatic rings in 2III adopt a mutually parallel
orientation, but the distance between the rings does not
indicate any significant π−π interactions.

Due to extensive intramolecular hydrogen bonding, con-
former 2III is 39 kJ mol−1 more stable than 2II (25 kJ mol−1

when using a solvent model). However, conformer 2III was
neither experimentally observed in the solid state nor could its
presence in solution be identified. This could potentially be
because of the presence of large energy barriers associated with
the rotation of the bulky side chains, preventing such a folded
structure from being adopted. Additionally, the hydrogen-
bonding network in conformer 2III is easily perturbed by
appropriate solvent molecules, which could prevent its
formation altogether.

Structural Comparisons. A search through the Cambridge
Structural Database yielded only three sulfonamides related to
2 that contain a benzene-1,3-disulfonamide core with aromatic
side chains (4−6; Figure 5).24,38,39 In 4 and 5, the S−N bonds
are oriented on the opposite sides of the central ring in a
manner similar to that in solvate 2I. The rigidity of the

Figure 4. Overlay figures37 of solvate conformer 2I and calculated conformer 2I (a), solvate conformer 2II and calculated conformer 2II (b), solvate
conformer 2I and an open conformer in the optimized dimeric pair of 2I (c), and solvate conformer 2II and calculated conformer 2III (d). Crystal
structure data and calculated structures are shown in green and yellow, respectively. Non-amide/sulfonamide hydrogen atoms have been removed for
clarity.

Figure 5. Molecular structures and conformations of disulfonamides
4−6.24,38,39 Non-amide/sulfonamide hydrogen atoms, solvent mole-
cules, and the disorder of the tert-butyl substituents have been
removed for clarity.
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molecules and the relative position of sulfonamide groups
prohibit the formation of any intramolecular N−H···OS
hydrogen bonds. Instead, the solid-state structures of 4 and 5
exhibit intermolecular hydrogen bonds between the sulfona-
mide groups, which in the case of 5 results in the formation of
molecular chains along the crystallographic a-axis.38 In the case
of 4, the intermolecular hydrogen-bonding network involves
one of the two carbonyl oxygen atoms on the aromatic side
chains in addition to the sulfonamide groups.24 Consequently,
the conformation adopted by 4 and 5 is likely to be caused by
favorable intermolecular hydrogen bonding and by steric
hindrance associated with the bulky side chains. DFT
calculations conducted for a single molecule of 5 predict a
conformer with both aromatic side chains on the same side of
the central ring to be lower in energy by 15 kJ mol−1 (see
Supporting Information Figure S4). This supports the view that
the conformation adopted by 5 in the solid state is strongly
influenced by favorable intermolecular hydrogen-bonding
interactions.
The conformation of compound 6 is similar to that of 2 in

solvate 2II. In this case, however, there is no intramolecular
hydrogen bond to explain the orientation of the aromatic side
chains on the same side of the central ring, but the
conformation can be rationalized by the bulky isopropyl
substituents, which direct the sulfonamide groups on the same
side of the central ring. DFT calculations conducted for the two
possible conformers of 6 indicate a small, 10 kJ mol−1, energetic
preference for the geometry observed in the solid state. In
agreement with these structural features, it has been shown that
the alkoxy-substituted diarylsulfonamide moiety in 6 is a
convergent structural unit that can be used to build larger
macrocyclic oligosulfonamides with predictable conforma-
tions.38

The Cambridge Structural Database was also searched for
molecules similar to the folded conformer 2III that was
identified by calculations. A closely related conformer has been
reported for compound 7 with a 4-methylphenol-2,5-
disulfonamide core (Figure 6).40 The conformational flexibility

of 7 can be ascribed to the methylene linkers between the
sulfonamide groups and the terminal pyridyl rings, which, in the
absence of significant steric strain, allow the molecule to adopt
a folded S-shaped geometry in the solid state. Further
stabilization for 7 is provided by intermolecular N−H···N
and O−H···N hydrogen bonds and offset π−π stacking
interactions that organize the molecules into parallel columns
along the crystallographic a-axis. DFT calculations for molecule
7 reproduce well the S-shaped geometry observed in the solid

state (see Supporting Information for details). This strongly
suggests that the folded conformation of the molecule is not
just a result of packing effects and favorable intermolecular
interactions in the solid state.

■ CONCLUSIONS

The folding of a disulfonamide compound 2 was studied both
experimentally and computationally, and the results were
compared to data reported for closely related oligoamide and
disulfonamides 3−7. Two significantly different conformers of
2 were observed in the solid state: one symmetrical and
unfolded and the other unsymmetrical and loosely folded.
Calculations at the density functional theory level showed that
the observed conformers are relatively close in energy, which
suggests that the adoption of a specific conformer during crystal
nucleation involves a delicate interplay of intra- and/or
intermolecular hydrogen bonding and steric hindrance caused
by the bulky side chains. The calculations also indicated a third
possible conformer of 2 with multiple intramolecular hydrogen
bonds, giving the molecule both an S-shaped geometry and
lower energy. The reason that this conformer was not observed
experimentally was tentatively attributed to the energy barriers
involved in the rotation of the side chains to adopt such a
folded conformation.
The results indicate that oligomers with both amide and

sulfonamide groups can easily assume at least two different
stable conformers without apparent environmental factors.
Thus, the controlled use of the sulfonamide bond as a
component in foldamers is challenging and possibly requires
synthetic modifications toward more flexible side chains or the
use of a pyridine core. In analogous oligoamides, these changes
have led to more folded structures and increased intramolecular
hydrogen bonding. However, both the number of interaction
sites in the sulfonamide derivative 2 and its ability to form
channel structures suggest that it could potentially be used as a
co-crystal host.
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2II; powder X-ray diffraction data of compound 2 (calculated
and measured); 1H, 13C, COSY, HMBC, and HMQC NMR
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information files are also available from the Cambridge
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Figure 6. Molecular structure and conformation of disulfonamide 7
related to 2III.40 Non-amide and non-hydroxide hydrogen atoms have
been removed for clarity.
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Conformational Properties and Folding Analysis of a Series of 
Seven Oligoamide Foldamers 

Aku Suhonen, Minna Kortelainen, Elisa Nauha, Sanna Yliniemelä‐Sipari, Petri M. Pihko and Maija 
Nissinen* 

33 crystal structures (11 unsolvated and 22 solvates) of a series of seven oligoamide foldamers were analysed. The crystal 

structures  revealed  that  despite  the  structural  and  environmental  differences  the  series  of  foldamers  prefer  only  two 

general  conformations,  a  protohelical @‐conformation  and  a  sigmoidal  S‐conformation. Both  conformations  have  also 

preferred crystal packing motifs and  solvate  forming  tendencies. Hydrogen bonding was  found  to be  the most decisive 

factor  in conformational preference, but steric properties, the type of the peripheral substituents, as well as solvent and 

aromatic interactions were also found to have an effect on the conformational details and crystal form. 

Introduction 

Foldamers  are  biomimetic  molecular  scaffolds  composed  of 

relatively simple repeating structural units, which makes their 

secondary  structure  somewhat  predictable.1,2  Foldamers  are 

generally considered as artificial models for molecular folding,
3
 

but  they  may  also  find  use  in  enzyme‐like  functions,  for 

example as biomimetic receptors
4
 and catalysts

5,6,7
. The most 

common  bond  type  in  foldamers  is  the  amide  bond  with 

directional and relatively stable hydrogen bonding properties. 

Hydrogen  bonding,  and  therefore  also  the molecular  folding 

and  crystal  packing  networks,  are  affected  by  the  electronic 

environment  created  by  the  nearby  functional  groups  with 

contribution  from  other  possible  weak  interactions, 

hydrophobic forces and close packing effects. 

Aromatic oligoamides present a promising  class of  foldamers 

because of  their structural  rigidity,  functionalization potential 

of  the aromatic  rings, and  the predictability of  the hydrogen 

bonding  properties  of  the  amide  bonds. Many  studies  have 

been conducted on the preparation, solution state folding and 

functionalization of a variety of aromatic amide foldamers; for 

example, helical and stranded pyridine‐2,6‐dicarboxamide and 

N,N‐pyridine‐2,6‐formamide  foldamers  by  Lehn  et  al.8,9  and 

Huc  et  al.,
10,11

  1‐3  stranded  helices  of  quinoline  and 

naphthyridine  foldamers  by  Huc  et  al.,
12,13,14,15,16

  and  helical 

and  linear  aromatic  oligoanthranilamides  by  Hamilton  et 

al.
17,18 

  Solution  state  studies on  the  folding  and  aggregation 

behaviour  of  foldamers  have mainly  been  done  using  NMR, 

and simulated with MD and DFT calculations. Single crystal X‐

ray diffraction studies have provided an  important model and 

often  a  starting  point  when  determining  the  solution  state 

conformations  of  the  foldamers.  An  in‐depth  understanding 

about  the  intermolecular  solid  state  interactions and packing 

effects affecting  the  folding and  conformational properties  is 

therefore  important  to  help  to  differentiate  the 

conformational properties originating from the high density of 

the  crystal  structures  from  the  universal  conformational 

features and properties of the foldamer. 

In  our  previous  studies,  we  investigated  the  conformational 

variance of a series of oligoamide foldamers by computational, 

single  crystal  X‐ray  diffraction  and  NMR  spectroscopic 

methods.19,20 The oligoamide  foldamers were able  to adopt a 

conformation – among other almost equally stable conformers 

– where three intramolecular hydrogen bonds are formed to a 

single  carbonyl  oxygen,  closely  resembling  an  oxyanion  hole 

motif  found  in  the  active  sites of  enzymes21.  In  enzymes,  an 

oxyanion hole motif  consists of  two or more hydrogen bond 

donors,  which  can  form  hydrogen  bonds  to  a  negatively 

charged  oxygen  atom  of  a  reaction  intermediate.  Multiple 

hydrogen  bonds  stabilize  the  intermediate  and  lower  the 

energy cost of the reaction.  Similar motifs can also arise when 

a  single  hydrogen  bond  acceptor,  such  as  amide  carbonyl, 

forms multiple  hydrogen  bonds  to  different  hydrogen  bond 

donors. The examples of non‐peptidic systems mimicking  this 

behaviour are  still  scarce, only a  few examples of amide and 

ester  carbonyls  acting  as  an  acceptor  for multiple  hydrogen 

bonds have been reported.
22,23

  

Our previous studies showed that relatively small alterations in 

chemical structure and crystallization conditions have an effect 

on the preferred folding patterns of oligoamides and that the 

calculated energy difference between the observed folding 

 
Scheme 1 Symmetrical oligoamide 1 and a series of asymmetric oligoamides 2‐8. 



 

 

patterns  is  very  small  (only  1‐2  kcal/mol  based  on  DFT 

calculations).
20
  In this paper we present a more detailed solid 

state  structural  study  of  a  series  of  seven  oligoamide 

foldamers  (Scheme  1)  summarizing  their  conformational 

features, polymorphism and solvate  formation, as well as  the 

variance  in  crystal  packing  caused  by  the  conformational 

preferences,  small  changes  in  their  chemical  structure  and 

crystallization conditions. 

Experimental 

Materials and Methods 

The oligoamide  foldamers 1,2 and 4‐8  (Scheme 1), as well as 

the  intermediate  products  were  prepared  according  to  the 

literature  procedures  reported  in  our  previous  papers.
19,20

 

Compound 3 is previously unpublished and prepared according 

to the procedure outlined by Gunnlaugsson et al.
24
 (Scheme 2). 

The starting materials were commercially available and used as 

such unless otherwise noted. The glassware was dried at 120°C 

prior  to  use. Dichloromethane was  dried  by  distilling  it  over 

CaCl2  and  stored  over  Linde  type  3  Å  sieves  under  nitrogen 

atmosphere.  Tetrahydrofurane  (THF) was  dried with MBraun 

solvent purification system. Triethylamine (Et3N) was stored on 

molecular  sieves  (3  Å)  and  under  nitrogen  atmosphere. 

Analytical  grade  solvents  and Millipore water were  used  for 

crystallizations. 

NMR  spectra  were  measured  with  Bruker  Avance  DRX  500 

spectrometer  and  the  chemical  shifts were  calibrated  to  the 

residual  proton  and  carbon  resonance  of  the  deuterated 

solvent. The melting point was measured  in an open capillary 

using  a  Stuart  SMP30  melting  point  apparatus  and  is 

uncorrected. An ESI‐TOF mass spectrum was measured with a 

LCT  Micromass  spectrometer.  Elemental  analysis  was  done 

with a Vario EL III instrument. 

 

Synthesis of N2-(2-aminophenyl)-N6-(2-benzamidophenyl)-
pyridine-2,6-dicarboxamide 3.24 The  synthesis  was  carried 

out under an argon atmosphere. O‐phenylenediamine 9 (1.20 

g;  11.13  mmol),  6‐((2‐benzamidophenyl)carbamoyl)picolinic 

acid 10 (1.00 g; 2.76 mmol) and hydroxybenzotriazole hydrate 

(HOBT)  (0.43  g;  2.82 mmol) were  dissolved  in  THF  (120 ml). 

The solution was cooled to 0°C, and Et3N (0.4 ml; 2.87 mmol) 

and 1‐ethyl‐3‐(3‐dimethylaminopropyl)carbodiimide (EDC) (0.5 

ml;  2.82  mmol)  were  added  to  the  solution.  The  cooled 

solution was  stirred  for an hour, allowed  to warm  to RT and 

stirred  overnight.  The  solution  was  concentrated  as  oil  and 

ethyl acetate (EtOAc) was added. This resulted in the product 3 

precipitating as a white solid, yield 0.85 g (68%). mp. 243‐245 

°C; 
1
H NMR (ESI†) (500 MHz, DMSO‐d6, 30 °C): δ = 4.92 (s, 2H; 

q), 6.61 (td, 3JHH = 1.4 Hz, 
3JHH = 7.6 Hz 1H; k), 6.83 (dd, 

3JHH = 

1.4 Hz, 3JHH = 8.0 Hz, 1H; m), 7.00 (dd, 3JHH = 1.4 Hz,
 3JHH = 7.9 

Hz, 1H; j), 7.03‐7.06 (m, 1H; l), 7.31‐7.37 (m, 4H; b,e), 7.49‐7.53 

(m, 1H; a), 7.66‐7.67 (m, 1H; d), 7.76‐7.78 (m, 1H; f), 781‐7.83 

(m, 2H; c), 8.28 (t, 
3
JHH = 7.7 Hz, 1H; h), 8.33‐8.35 (m, 1H; g/i), 

8.38‐8.40 (m, 1H; g/i), 10.20  (s, 1H; n), 10.44 (s, 1H; p), 11.14 

(s,  1H;  o),  13C  NMR  (ESI†)  (126 MHz,  DMSO‐d6,  30  °C):  δ  = 

116.05  (m/k),  116.19  (m/k),  122.15  (j’),  124.80  (g/i),  125.12 

(g/i), 125.70 d/e/f), 125.81 (d/e/f), 125.94 (d/e/f), 127.17 (j,l), 

127.59  (c),  128.34  (b),  130.63  (d’),  131.41  (f’),  131.74  (a), 

133.85 (c’), 139.95 (h), 143.83 (m’), 148.36 (g’/i’), 148.79 (g’/i’), 

161.66 (o’,p’), 166.01 (n’); MS (ESI‐TOF) m/z: 474.09 [M + Na
+
]; 

Elemental analysis  calcd  (%)  for C26H21N5O3: C 69.2, H 4.7, N 

15.5; found C 68.8, H 4.7, N 15.3. 

X‐Ray crystallography 

The crystal data and data collection parameters are presented 

in Table 1 and crystallization solvents in Table 2. The details of 

all crystallization experiments are reported in ESI. 

Single  crystal X‐ray diffraction data of  structures 2@‐Form  II, 

2@‐DMA, 2S‐DCM‐1, 2S‐DCM‐2, 4S1‐Form  II, 4S1‐diox 7S1‐THF 

and 7S1‐DMA were collected with a Bruker Nonius KappaCCD 

diffractometer using a Bruker AXS APEX  II CCD detector. The 

crystal  structures of  1@‐MeCN,  1@‐Form  II, 1@‐Ac  and  1@‐

DMSO‐H2O  were  measured  with  an  Agilent  Supernova 

Dualsource diffractometer using an Agilent Atlas CCD detector. 

 

  
Scheme 2 The reaction scheme for the synthesis of compound 3. 



 

 

Table 1. Crystal data and collection parameters 1. 

  1@‐Form II  1@‐DMA* 1@‐DMSO‐H2O  2@‐form II  2@‐DMA  2S‐DCM‐1 

Formula  3C33H25N5O4  C33H25N5O4• C33H25N5O4• C26H20N4O3 C26H20N4O3•  C26H20N4O3•
  C4H9NO C2D6OS•H2O C4H9NO  CH2Cl2
Crystallization solvent  DMSO‐d6  DMA DMSO‐d6 DMA DMA  DCM
M/gmol

‐1
  555.58  642.70 657.76 436.46 523.58  521.39

Crystal system  Triclinic  Monoclinic Monoclinic Orthorhombic Triclinic  Triclinic

Space group  P‐1  P21/c P21/c Pbca P‐1  P‐1
a/Å  13.0733(2)  14.34241(19) 14.5114(7) 10.9333(6) 8.1890(2)  8.9343(1)

b/Å  16.7932(3)  19.5568(2) 19.1956(7) 18.0540(11) 12.1939(3)  12.0833(1)

c/Å  19.0162(2)  11.34410(16) 11.3102(4) 21.5317(14) 14.5599(3)  13.1298(1)
α/º  91.0697(11)  90 90 90 68.849(2)  112.097(1)

β/º  94.1916(12)  94.0477(12) 97.975(4) 90 80.180(3)  93.024(1)

γ/º  103.0744(14)  90 90 90 86.555(3)  101.520(1)

V/Å
3
  4053.08  3173.98(7) 3120.0(2) 4250.1(4) 1336.1(1)  1263.1(3)

Z  6  4 4 8 2  2

ρcalc/g cm
‐3
  1.366  1.345 1.400 1.364 1.301  1.359

Meas. reflns  84317  35938 10673 6664 6464  5929

Indep. reflns  17003  7844 6291 3634 4349  4297

T/K  123  173 123 173 173  173
Radiation  CuKα  MoKα CuKα CuKα CuKα  CuKα

λ/Å  1.5418  0.7107 1.5418 1.54178 1.54178  1.54178

Monochromation  Mirror  Mirror Mirror Graphite Graphite  Graphite
Absorption correction  analytical  analytical analytical multi‐scan multi‐scan  multi‐scan

Abs. Corr. program  CrysalisPro
25
  CrysalisPro CrysalisPro Denzo‐SMN 1997

26
Denzo‐SMN 1997  Denzo‐SMN 1997

Refinement programs  SHELX‐2013,
27
 

ShelXle
28
 

SHELX‐2013, ShelXle SHELX‐2013, ShelXle SHELX‐97
27
  SHELX‐97  SHELX‐97 

Rint  0.0345  0.0224 0.0655 0.0578 0.0588  0.0863

R1 [I> 2σ(I)]  0.0425  0.0424 0.0610 0.0543 0.0512  0.0657

wR2 [I> 2σ(I)]  0.1137  0.0981 0.1416 0.1132 0.1195  0.1671

GooF  1.087  1.024 1.093 1.039 1.027  1.052

  2S‐DCM‐2  3@‐Form I 4S1‐Form II 4S1‐Diox 4S1‐DMSO  6S2‐Diox

Formula  C26H20N4O3•  C26H21N5O3 C28H23N5O4 C28H23N5O4• C28H23N5O4•  C31H29N5O4•
  0.5CH2Cl2  0.5C4H8O2 2C2H6SO  0.5C4H8O2

Crystallization solvent  DCM  MeCN EtOAc 1,4‐dioxane DMSO  1,4‐dioxane

M/gmol
‐1
  478.92  451.48 493.51 537.57 649.77  579.64

Crystal system  Triclinic  Triclinic Monoclinic Triclinic Triclinic  Triclinic
Space group  P‐1  P‐1 C2/c P‐1 P‐1  P‐1

a/Å  9.0133(1)  8.5193(3) 28.6348(11) 8.7193(2) 8.7246(5)  9.6881(6)

b/Å  11.9653(1)  9.8054(4) 8.6348(3) 13.1332(3) 13.2012(5)  10.6294(7)
c/Å  12.0000(1)  14.3709(4) 21.4506(10) 13.2791(5) 15.2754(5)  15.8346(9)

α/º  83.142(1)  74.437(3) 90 114.688(1) 97.888(3)  105.487(5)

β/º  81.233(1)  75.224(3) 94.284(2) 97.288(1) 105.934(4)  103.244(5)

γ/º  69.213(1)  78.208(3) 90 103.683(1) 104.062(4)  102.241(5)

V/
Å3
  1192.8(1)  1106.25(7) 4883.6(3) 1297.73(6) 1611.07(13)  1463.30(16)

Z  2  2 8 2 2  2
ρcalc/g cm

‐3
  1.333  1.355 1.342 1.376 1.339  1.316

Meas. reflns  5922  23956 6571 13017 11102  10347

Indep. reflns  4093  5460 4156 6647 7198  6610
T/K  173  173 173 173 173  173

Radiation  CuKα  MoKα CuKα MoKα MoKα  MoKα

λ/Å  1.54178  0.7107 1.54178 0.71073 0.7107  0.7107
Monochromation  Graphite  Mirror Graphite Graphite Mirror  Mirror

Absorption correction  multi‐scan  multi‐scan multi‐scan multi‐scan multi‐scan  multi‐scan

Abs. Corr. program  Denzo‐SMN 1997  CrysalisPro Denzo‐SMN 1997 Denzo‐SMN 1997 CrysalisPro  CrysalisPro
Refinement programs  SHELX‐97  SHELX‐2013, ShelXle SHELX‐97  SHELX‐97  SHELX‐2013, ShelXle  SHELX‐2013, 

ShelXle

Rint  0.0691  0.0265 0.0613 0.0700 0.0217  0.0222

R1 [I> 2σ(I)]  0.0582  0.0439 0.0518 0.0586 0.0516  0.0580

wR2 [I> 2σ(I)]  0.1498  0.1054 0.1129 0.1308 0.1138  0.0991

GooF  1.049  1.100 1.072 1.062 1.031  1.037

* Crystal data of the isomorphous solvate structures (acetone and acetonitrile solvates) are presented in the ESI. 



 

 

  7S1‐CHCl3  7S1‐DMA*

Formula  C35H25N6O4•  C35H25N6O4•
  CHCl3  C4H9ON

Crystallization solvent  CHCl3  DMA
M/gmol

‐1
  699.96  667.71

Crystal system  Monoclinic  Monoclinic

Space group  P21/n  P21/n
a/Å  12.3983(2)  12.1856(5)

b/Å  19.7518(3)  20.3897(8)

c/Å  14.0691(2)  13.7195(5)

α/º  90  90

β/º  99.8562(16)  95.426(3)

γ/º  90  90
V/Å

3
  3394.52(10)  3393.5(2)

Z  4  4

ρcalc/g cm
‐3
  1.370  1.307

Meas. reflns  13725  9461

Indep. reflns  7694  5424

T/K  173  173
Radiation  MoKα  CuKα

λ/Å  0.7107  1.54178

Monochromation  Mirror  Graphite
Absorption correction  multi‐scan  multi‐scan

Abs. Corr. program  CrysalisPro  Denzo‐SMN 1997

Refinement programs  SHELX‐2013, ShelXle  SHELX‐97
Rint  0.0161  0.0877

R1 [I> 2σ(I)]  0.0501  0.0703

wR2 [I> 2σ(I)]  0.1198  0.1653
GooF  1.024  1.021

* Crystal data of the isomorphous THF solvate is presented in the ESI. 

The crystal structures of 1@‐DMA, 3@‐Form I, 4S1‐DMSO, 6S2‐

Diox and 7S1‐CHCl3 were measured with an Agilent Supernova 

diffractometer  using  an  Agilent  Eos  CCD  detector.  The 

structures were solved with direct methods and refined using 

Fourier  techniques.  All  non‐hydrogen  atoms  were  refined 

anisotropically  and  the  hydrogen  atoms  were  placed  in 

idealized  positions  except  for  N‐H  and  H2O  hydrogen  atoms 

which were found from the electron density map, and included 

in the structure  factor calculations. Details of  the crystal data 

and the refinement are presented in Table 1 and ESI. 

The crystal structures were analysed by calculating the packing 

coefficients.29  Graph  set  symbols30,31  for  hydrogen  bonding 

were  assigned  and  used  to  compare  the  hydrogen  bonding 

between the different crystal structures. 

Structures 2@‐Form I, 2S‐MeCN, 2@‐S‐DMF, 4S1‐Form I, 5@’2‐

Form  I,  5S1‐Form  II,  6S2‐Form  I,  7@2‐Form  I  and  7S1‐EtOAc 

included  in  the  discussion  were  published  in  our  previous 

paper20 and their details can be found there or free of charge 

from  the  Cambridge  Crystallographic  Data  Centre  via 

www.ccdc.cam.ac.uk/data  request/cif,  CCDC‐1038215‐

1038223. 

Results and Discussion 

Folding patterns 

The  protohelical  @‐conformation  originally  found  with 

compound  119  provided  an  inspiration  for  the  synthesis  and 

folding studies of seven asymmetric analogues 2‐8
20
  (Scheme 

1) with  different  hydrogen  properties  and  electron  donating 

and withdrawing end  groups.  Foldamers  2  and 3  are  shorter 

and  lack  one  amide  group  at  one  end  of  the  molecule. 

Foldamer 3, however, has an amine group capable of hydrogen 

bonding at the ortho‐position of the short end. The methyl (4), 

isopropyl  (5)  and  tert‐butyl  (6)  groups  increase  the  electron 

density at the adjacent C=O group and show  increasing steric 

hindrance,  which  affects  their  molecular  conformation. 

Foldamers 7 and 8 have five aromatic rings connected by four 

amide  bonds  like  foldamer  1  but  also  an  electron  density 

withdrawing  cyano  group  (7)  or,  electron  density  donating

 
Scheme 3 Schematic representation of denotations of @ and S conformations. Subscripts describe which of the available carbonyls groups act as a hydrogen bond donor. With the 

smallest foldamers 2 and 3 only one type of @ conformation is possible and S conformer may also form via intermolecular hydrogen bonding. 
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Table 2. Crystal packing, packing coefficients and crystallizations solvents of the crystal structures of 1‐7. 

Structure:  Packing motif:  Packing coefficient: Coefficient Δ: Crystallization solvent:

1@‐Form I
19
 

1@‐Form II 

1@‐Ac 

1@‐DMA 
1@‐DMF

19
 

1@‐DMSO
19
 

1@‐DMSO‐H2O 

1@‐EtOAc
19
 

1@‐EtOH
19
 

1@‐MeCN 
1@‐MeOH

19
 

1@‐toluene
19
 

14  
46 , 2 39  

C(7) 

C(7) 
C(7) 

C(11) 

C(7), 5  

C(11) 

C(16) 

C(7) 
C(16) 

C(11) 

0.7116 
0.7270 

0.7312 

0.7374 
0.7351 

0.7091 

0.7459 

0.6988 

0.7306 

0.7238 
0.7317 

0.7011

0.034330 
0.018985 

0.014780 

0.008502 
0.010803 

0.036808 

0 

0.047159 

0.015293 

0.022152 
0.014228 

0.044861

EtOAc or MeCN 
DMSO‐d6, 1:TBA‐F 3H2O (5:1) 

Acetone‐d6, 1:TBA‐Cl (3:1) 

DMA 
DMF 

DMSO 

DMSO‐d6, 1:TBA‐F 3H2O (1:4) 

EtOAc 

EtOH 

MeCN 
MeOH 

Toluene

 
2@‐Form I

20
 

2@‐Form II 

2S‐DCM‐1 
2S‐DCM‐2 

2@‐DMA 

2@‐S‐DMF
20
 

2S‐MeCN
20
 

 
C(11) 

C(7) 

2 10  
2 10  

D 

14 , 2 10  
2 10  

 
0.7121 

0.7308 

0.6982 
0.6984 

0.7220 

0.7200 
0.7145

 
0.018715 

0 

0.032628 
0.032443 

0.008799 

0.010860 
0.016341

 
Acetone 

DMA 

DCM 
DCM 

DMA 

DMF 
MeCN

 

3@‐Form I 

 

16  

 

0.7224

 

0

 

MeCN, DMF, MeOH, EtOAc or Ac

 

4S1‐Form I
20
 

4S1‐Form II 
4S1‐Diox 

4S1‐DMSO 

 

32  

32  
32  

D 

 

0.7106 

0.7146 
0.7393 

0.7189

 

0.028646 

0.024712 
0 

0.020415

 

Acetone 

EtOAc 
1,4‐Dioxane 

DMSO

 

5@’2‐Form I
20
 

5S1‐Form II
20
 

 

2
2 23  

14  

 

0.7254 

0.699

 

0 

0.025490

 

EtOAc 

Toluene

 
6S2‐Form I

20
 

6S2‐Diox 

 
C(11) 

C(11)) 

 
0.7151 

0.7235

 
0.008387 

0

 
Acetone 

1,4‐Dioxane

 
7@2‐Form I

20
 

7S1‐CHCl3 

7S1‐DMA 
7S1‐EtOAc

20
 

7S1‐THF 

 
C(7) 

14  

14  
14  

14  

 
0.7253 

0.6811 

0.7096 
0.7135 

0.6911

 
0 

0.044256 

0.015744 
0.011822 

0.034294

 
MeCN 

CHCl3 

DMA 
EtOAc 

THF

 

methoxy group (8) attached to the para position at one end of 

the molecule. 

Foldamers 1‐7 fold into two distinct conformations, denoted as 

the @‐ and S‐conformation according to our previous article
20
 

(Scheme 3). Foldamers 2, 5 and 7 were  found  to adopt both 

conformations,  whereas  foldamers  1  and  3  crystallized 

exclusively in the @‐conformation and foldamers 4 and 6 only 

in the S‐conformation. No crystal structures could be obtained 

for foldamer 8 despite several attempts in various solvents.  In 

the @‐conformation  the  oligoamide  folds  tightly  around  the 

pyridine core and forms two or three intramolecular hydrogen 

bonds  to  the  same  carboxyl  oxygen  (S(7),  S(13)  and  S(16) 

motifs).  In  the  conformational  notation  the  number  of 

hydrogen  bonds  is  specified  by  an  apostrophe,  which 

designates  that only  two  intramolecular hydrogen bonds  are 

formed although three are possible. 

In  the  S‐conformation  the  molecule  has  a  sigmoidal  shape. 

One  intramolecular  hydrogen  bond  is  formed  from  an  outer 

amide N‐H to an  inner amide C=O group (S(7) motif) and two 

intramolecular hydrogen bonds are  formed between  the N‐H 

groups next to pyridine, and the other outer amide bond C=O 

group (S(7) and S(13) motifs). Additionally, in all structures two 

weak  intramolecular  hydrogen  bonds  form  from  the  central 

pyridine  ring  nitrogen  to  the  inner  amide  bond  N‐H  groups 

(S(5) motif). Both S‐ and @‐conformers are  further divided  in 

categories 1 or 2 depending on which end of the molecule acts 

as a hydrogen bond acceptor to the pyridine core amide bonds 

(Scheme 3). 

The main reason behind the popularity of the proto‐helical @‐

conformation  and  the  sigmoidal  S‐conformation  is  the 

potential  to  form  several  simultaneous  intramolecular 

hydrogen  bonds,  which  stabilize  the  conformers  almost 

equally as evidenced by DFT calculations
20
 and the prevalence 

of both conformers in crystal structures. The steric effects are 

likely  to  contribute  to  the  conformation as well, especially  in 

the  case  of  foldamers  5  and  6 with  bulkier  aliphatic  groups, 

which  lead  to  a  slight  preference  of  more  open  and  less 

compact S‐conformer to minimize the steric strain. 

 



 

 

 
Figure  1. Variance  in @‐conformation of  foldamer 1  a) @‐conformation  (1@‐DMSO‐H2O), b) @’‐conformation  (1@’‐DMSO)20  and  c) open @‐like  conformation  (1@‐Form  II). 

Examples of  foldamer 1  crystal packing d)  a  chain packing  structure  (C(7) motif, 1@‐DMA), e)  a pair  ring  structure  ( 14 motif 1@‐Form  I) and  f)  six molecule double  ring 

structure ( 46 2 39  motif, 1@‐Form II). 

The  effect  of  intramolecular  aromatic  interactions  on  the 

conformational  properties  is  surprisingly  small:  although DFT 

calculations  indicated  stabilising  aryl‐aryl  interactions,  none 

are  seen  in  the  S‐conformer  structures, and only one or  two 

weak T‐stacking interactions are present and contribute to the 

stabilities of the @‐conformers. 

Structural analysis of individual compounds 

Foldamer 1 

Foldamer  1  proved  to  be  a  very  versatile  source  of  good 

quality crystals. Altogether 12 different crystal structures have 

been  obtained  for  foldamer  1:  two  polymorphs  (previously 

published 1@‐Form  I
19
 and 1@‐Form  II) and ten solvates with 

varying  types  of  solvents,  six  of  which  are  published 

previously19. The versatility of crystal formation was observed 

as nearly  identical  crystallization  conditions produced  several 

different  crystal  forms.  For  example,  the  crystallization 

experiments  from  DMSO  solutions  have  produced  three 

different crystal forms: unsolvated form  II, DMSO/H2O solvate 

and  a  DMSO  solvate19.  Ethyl  acetate  and  acetonitrile 

crystallizations  produced  both  1@‐Form  I,  and  respective 

solvates.  However,  some  tendency  to  favour  certain  crystal 

forms according to solvent size and type was observed: DMF, 

DMA,  acetonitrile  and  acetone  solvates  are  isomorphous,  as 

are also ethanol and methanol solvates and ethyl acetate and 

toluene solvates. The common theme in all crystal structures is 

still  the  tendency  to  strongly  favour  the  @‐conformation 

(Table  2,  Figure  1a)  with  only  a  slight  variation  of 

conformational  details:  all  other  structures  produce  identical 

@‐fold except for 1@‐Form II and 1@‐DMSO. In 1@‐Form II 



 

 

 
Figure 2. Crystal packing of foldamer 2. a) Chain structure of 2@‐Form I (C(11) motif), 

b)  Chain  structure  of  2@‐Form  II  (C(7) motif)  and  c)  S‐conformation  pair  structure 

(2 10  motif, 2@‐DCM‐1). 

the asymmetric unit contains three molecules, one of which is 

not in a perfect @‐conformation, but  instead found in a more 

open conformation, which nevertheless closely resembles the 

@‐conformation  (Figure  1c).  This  conformer  has  fewer  and 

weaker  hydrogen  bonds  and  a  different  intramolecular 

hydrogen bond network  (two S(7) motifs and S(5) motif). The 

@‐conformer of foldamer 1 in the DMSO solvate19 is classified 

as an @’‐conformation  (Figure 1b) as a  slight  twisting of  the 

amide  bond  at  the  other  end  of  the molecule  prohibits  the 

formation  of  a  third  hydrogen  bond.  Instead,  the  hydrogen 

bond is formed to a DMSO solvent molecule. 

The  crystal  packing  of  the  solvate  structures  of  foldamer  1 

favour  chain‐like  motifs  typical  for  most  @‐conformation 

structures, whereas  two  polymorphic  forms,  1@‐Form  I  and 

1@‐Form  II, adopt a ring  like packing motif.  In 1@‐Form  I the 

packing is based on pairs ( 14  motif) and in 1@‐Form II as 

a  triple  ring  formed by  six molecules  (see  Table 2,  Figure 1e 

and ESI, 2 39 , 46  motif). 
 

Foldamer 2 

The  lack  of  the  fourth  amide  bond  of  foldamer  2  does  not 

hinder the folding of the molecule and foldamer 2 crystallizes 

equally  in  @‐  and  S‐conformations.  A  fast  overnight 

crystallization from DMF produced even a structure with both 

conformers present in the same crystal (Table 2). This indicates 

that,  as  suggested  by DFT  calculations,
20
  the  conformers  are 

indeed  close  in  energy  and during  the  crystal nucleation  the 

molecule  is able  to adopt both conformers depending on  the 

conditions and the most favourable interactions.  

Of seven obtained crystal structures five are solvates and two 

polymorphs, both of which are  in the @‐conformation (Figure 

2a and 2b).  In solvates both conformers are obtained and no 

clear  solvent  dependent  pattern  of  which  conformer 

crystallizes out  is  seen. As with  foldamer 1  the  same  solvent 

may  produce  different  crystal  structures:  form  II  and  DMA 

solvate are both obtained from DMA solutions and two slightly 

different  solvate  types  were  obtained  from  DCM 

crystallizations (see ESI). 

The  crystal  packing  follows  the  general  trends  to  each 

conformer, as @‐conformers pack  into  chains  (Figure 2a and 

2b)  and  S‐conformers  as pairs. Notably,  although  the  folding 

and  adopted  conformation  is  generally  attributed  to 

intramolecular  hydrogen  bonding,  the  shortest  oligoamide 

foldamer 2 adopts the S‐conformer because of  intermolecular 

hydrogen  bonding  to  an  adjacent  molecule,  forming  a  pair 

(Scheme 3, Figure 2c). 
 

Foldamer 3 

Despite  the  close  structural  and  chemical  resemblance  of 

foldamer 3  to  foldamer 2  its  crystallization modes were  very 

different.  Although many  solvents were  used  and  numerous 

crystallization attempts done, foldamer 3 always crystallized as 

the  same  unsolvated  @‐conformation  structure  (Table  1, 

Figure  3).  The  conformation  closely  resembles  the  @‐

conformation  of  foldamer  2  and  the  additional  amine  group 

does  not  participate  in  intramolecular  bonding.  Instead,  the 

amine  group  is  involved  in  forming  a  double  chain  crystal 

packing  motif,  which  is  likely  very  stable  due  to  multiple 

hydrogen bonds and also the reason why only one crystal form 

is observed. 

 
Figure 3. Crystal packing of foldamer 3. Two ring motifs form a double chain. 



 

 

 

Figure 4. a) Stacked pair  ( 32  motif)  in 4S1‐Form  I, b)  foldamer 5  in @’2 conformation  (5@’2‐Form  I), c)  foldamer 6  in  the S2 conformation  (6S2‐Form  I), d) unpaired DMSO 

solvate 4S1‐DMSO (D motif), e) crystal packing of foldamer 5‐Form II structure ( 14  motif) showing non‐solvent accessible voids, and f) chain‐like crystal packing of foldamer 6 

in 6S2‐Form I (C(11) motif). 

Foldamer 4 

Foldamer 4 was exclusively found in the S1‐conformation both 

as polymorphs (4S1‐Form I and 4S1‐Form II) and as two solvates 

(with DMSO and dioxane; Table 2). The  result  is surprising as 

the CH3 group is small and provides only little steric hindrance 

for  folding  into an @‐conformation. The prevalence of  type 1 

interactions (Scheme 3) can be rationalized by the fact that the 

methyl  group  at  the  acetyl  moiety  slightly  increases  the 

electron density of the closest C=O group thus making it more 

favourable as a hydrogen bond acceptor. 

The  crystal packing of  foldamer 4  is defined by  stacked pairs 

(Figure 4a), where the small CH3‐groups are efficiently nestled 

inside  the  dimer  stabilized  by  two  intermolecular  hydrogen 

bonds  ( 32 .  The  only  example  of  an  unpaired  packing 

motif  was  seen  with  a  DMSO  solvate  (4S1‐DMSO),  where 

DMSO as a strong hydrogen bond acceptor  forms a hydrogen 

bond  to  the  foldamer  (D  motif)  thus  prohibiting  the 

intermolecular  hydrogen  bonding  network  essential  for  the 

stacked pairs (Figure 4d). 
 

Foldamer 5 

Like foldamer 4, foldamers 5 and 6 also have electron donating 

aliphatic groups with  increasing size and bulkiness at one end 

of  the molecule.  Foldamer  5 was  the  other  foldamer  of  the 

series, which  did  not  crystallize  as  solvates,  but  only  as  two 

polymorphic forms, one in an @´2‐conformation and the other 

in an S1‐conformation (Figure 4b and 4e). The steric hindrance 

of the  larger alkyl group affects the details of both structures. 

The  @‐conformer  is  stabilized  by  only  two  intramolecular 

hydrogen bonds and the alkyl end is slightly turned away from 

the fold interior. A double chain crystal packing motif ( 2
2 23  

motif,  see  ESI)  contributes  also  to  the  stability  of  the @’2‐

conformation. In the structure of 5S1‐Form II stacked pairs are 

not  possible  because  of  the  size  of  the  isopropyl  group. 

Instead,  the  foldamer molecules pack  into parallel, displaced 

pairs ( 14  motif). The structure contains small, non‐solvent 

accessible  voids  (26  Å
3
)  and  the  packing  coefficient  is much 

smaller in comparison with the polymorphic forms of foldamer 

4  and  that  of  5@´2‐Form  I  (Table  2),  which  suggests  a  less 

efficient packing. 
 

Foldamer 6 

The  crystallization  experiments  of  foldamer  6  produced  only 

one  solvate  and  one  unsolvated  structure,  both  in  the  S2‐

conformation, which is not observed with any other foldamer. 

The  tert‐butyl  group  causes  considerable  steric  hindrance  to 

the  folding  and  is  likely  the  main  reason  for  the  S2‐

conformation (Table 2, Figure 4c and 4f). Exceptionally for the 

S‐conformation,  the  foldamers pack  into chains  (C(11) motif). 

The  reasons behind  the unusual packing motif  are not  clear, 

but they could relate to the bulkiness of the tert‐butyl group, 

as well as to the unique S2‐conformer. 
 

Foldamer 7 

Compared with the original foldamer 1, foldamer 7 has a cyano 

substituent at the other end of the molecule, which withdraws 

the  electron  density  from  the  phenyl  ring  and  the  closest 

carbonyl group. Therefore, one could assume that @2‐ and S2‐

conformations were  favoured,  but  the  crystallization  studies 

yielded only one unsolvated structure in the @2‐conformation 

and  four  solvates  in  the  S1‐conformation,  two  of  which  are 

isomorphous (THF and DMA). Although the p‐cyanophenyl ring 

is large and bulky, the planar shape and possibility for aromatic 

interactions  stabilise  the  @‐conformation  and  alleviate  the 

steric  hindrance.  As  typical,  the @‐conformation  packs  into 

chains and  the S1‐conformers as parallel, displaced pairs with 

solvent  accessible  voids,  where  the  solvent  molecules  are 

located  in  all  structures.  The  S1‐conformation  and  parallel 

stacked pair motif are probably due  to  steric  reasons  caused 

by the size of the p‐cyanophenyl group: parallel displaced pairs 



 

 

or stacked pairs could not form  in S1‐conformation due to the 

size of the cyanophenyl groups. 

 
Figure 5. Conformations and crystal packing of foldamer 7 a) 7@2‐Form I, b) 7S1‐EtOAc, 

c)  chain  structure  of  7@2‐Form  I  (C(7)  motif)  and  d)  pair  structure  of  7S1‐EtOAc  

( 14  motif). 

Foldamer 8 

Foldamer  8  is  structurally  very  similar  to  foldamers  1  and  7, 

but  its  solubility  is  much  lower  compared  with  the  other 

foldamers.  The  methoxy  group  was  designed  to  donate 

electron density  to  the carbonyl oxygen closest  to  it, but  this 

small  alteration  in  the  structure  caused  such  changes  in  the 

properties  of  the  molecule  that  no  crystal  structures  were 

obtained of foldamer 8, which demonstrates how potent these 

small changes can be.  

General trends in crystal packing and crystallization 

General  trends  in  the  crystal  packing  show  that  the  @‐

conformer  enables  more  efficient  crystal  packing,  as  the 

packing coefficients of the @‐conformers are generally higher 

than  the  packing  coefficients  of  the  S‐conformers  (Table  2). 

This  could  relate  to  a  looser  and more  open  form  of  the  S‐

conformer, which together with the packing motif preferences 

may more easily lead to voids in the crystal structures. 

The  crystal  packing  of  foldamers  in  the  @‐conformation 

favours  the  formation  of  continuous  chains  or  discrete  rings 

via hydrogen bonding (Figures 1‐5, table 2). Hydrogen bonding 

to  chains  likely  gives more  stability  to  the  protocrystal  and 

allows  an  easy  addition of  foldamer molecules  to  the  crystal 

phase  during  the  crystal  formation.  There  are  also  several 

intermolecular π‐stacking  interactions  in an average structure 

that contribute to the stability of the packing. 

S‐conformers tend to favour a pairwise crystal packing (Figures 

2  and  4‐5,  table  2).  The  S‐conformation  allows  for  efficient 

intermolecular  pairing  interactions  thus  creating  a  block‐like 

unity  that  packs  efficiently,  but  hinders  the  formation  of 

hydrogen  bonded  chains  like  those  in  the  @‐conformation 

structures. Two  types of paired structures were  identified  for 

the S‐conformer structures; a  stacked pair seen with  the  two 

smallest S‐conformation foldamers 2 and 4 (Figure 2c and 4a) 

and  a  parallel  displaced  pair  seen  with  foldamers  5  and  7 

(Figure 4d and 5e).  In  the  stacked pair  the molecules are on 

top  of  each  other whereas  in  the  parallel  displaced  pair  the 

molecules are only partially stacked. The parallel displaced pair 

allows enough space for the larger substituents, but also leads 

to a void near the pair (Figure 4d and ESI). The size of the void 

depends  on  the  substituents:  in  the  case  foldamer  7 with  a 

large  aromatic  ring  the  void  is  solvent  accessible,  but  in  the 

case of  the  foldamer 5 with a  smaller  substituent  the void  is 

non‐solvent accessible (26 Å
3
).
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The  effect  of  the  solvent  and other  crystallization  conditions 

on  the  preferred  conformations  or  crystal  forms  is  fairly 

difficult  to  evaluate.  Foldamers  1  and  2  showed  remarkable 

crystallization  tendencies  in  various  solvents  producing  a 

variety  of  structures,  both  unsolvated  polymorphs  and 

solvates.  This  indicates  great  potential  also  as  co‐crystal 

formers and  small molecule or  ion hosts. Foldamer 3, on  the 

other hand, had a surprisingly uniform crystallization behavior 

as  it  repeatedly produced only one crystal  form  regardless of 

the  solvent  used.  The  other  four  foldamers  have  produced 

almost equally unsolvated and solvated forms, but the crystal 

formation is not as easy as with foldamers 1 and 2. 

Conclusions 

Altogether  33  structures  for  a  series  of  seven  oligoamide 

foldamers  were  crystallized  and  analyzed.  The  compounds 

were  found  to  fold  in  two distinct  conformations with  some 

variance  in  their  intramolecular  hydrogen  bonding  patterns. 

The nuances of  the  conformations were affected not only by 

hydrogen bonding but also by steric hindrance and variance in 

the  electronic  environment  caused  by  the  substituents.  The 

effects  of  these  substituents  were  the  most  visible  for 

foldamer 8, which did not  crystallize at all. Nearly analogous 

foldamers 1 and 7, both of which had much better  solubility 

than  foldamer 8, produced  readily good quality  crystals  from 

many different solvents. Although aromatic  interactions were 

predicted  to  have  effect  on  the  conformation  stability  in 

previous DFT calculations, their effect in crystal structures was 

not as obvious. 

Two  of  the  foldamers  (1  and  3)  fold  exclusively  to  a 

protohelical @‐conformation, and two (4 and 6) exclusively to 

an  S‐conformation.  For  the  other  three  (2,  5  and  7)  both 

conformers  were  observed  with  no  clear  pattern  on  the 

conformational  preferences  depending  on  crystallization 

conditions,  such  as  solvent.  This  indicates  that  the 



 

 

conformations are close in energy, as previous DFT calculations 

suggested, and that in solution both forms are likely present. 

The  crystal  packing  patterns  vary  depending  on  the 

conformation:  the  @‐conformers  favor  chains  while  the  S‐

conformers  tend  to  form pairs. However, some exceptions  to 

these  patterns,  caused  by  the  interference  of  hydrogen 

bonding  solvents,  are  seen.  The  crystal  packing  is  mostly 

determined  by  intermolecular  hydrogen  bonding  and  the 

overall shape of the conformer. 

The  tendency  to  form  solvates  varied.  Foldamer  2  forms 

several  solvates,  mostly  in  the  S‐conformation;  while  the 

nearly  identical  foldamer  3  did  not  form  any  solvates  and 

repeatedly produced the same crystal form despite the solvent 

used.  In  general,  the  S‐conformers  are  more  likely  to  form 

solvates,  whereas  solvates  and  unsolvated  structures  are 

equally  seen  with  @‐conformation.  This  trend  can  be 

rationalized by  inspecting  the packing  coefficients, which  are 

larger  with  @‐conformation  structures  indicating  denser 

packing without voids. 

Oligoamide foldamers have proven to be a very fruitful source 

of crystallographic  information, as they, despite their size and 

flexibility,  relatively  easily  produce  good  quality  crystals  in 

varying  conditions  and  provide  information  on  the  subtle 

structural and environmental changes on  the outcome of  the 

solid state structures. Our future goal is to concentrate on the 

co‐crystal and complex formation of the most versatile crystal 

formers,  foldamers 1 and 2, and, on  the other hand, explore 

the  uniform  crystallization  behavior  of  foldamer  3  and 

compare  it with the conformational behavior  in solution. This 

will  clarify  the  reasons behind  the  crystal packing motifs and 

provide  new  insights  for  crystal  engineering  and  crystal 

structure prediction. 
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