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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 10 

benzene variant and six 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 15 

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 20 

not as stable and rigid as the 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 25 

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 30 

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 
 35 
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CIF files of the crystal structures and notes on the crystallographic data. 
Hydrogen bonding parameters of the structures. Solvent table for 
crystallizations of 2. Lettering used in the NMR assignment. Assigned 1H 
and 13C spectra and 2D COSY, HMBC and HMQC spectra of compounds 
2 and 3. 1H and 13C spectra of compound 1. NOESY spectra of compound 45 

3 in THF-d8 and acetone-d6. TGA-DTA graphs of compound 2 and 3-
form II (MeCN) slurry of the pyridine variant 3. CCDC reference 
numbers 885902-885911 See DOI: 10.1039/b000000x/ 

groups are also preorganized to stabilize the negatively charged 
intermediate, which in addition decreases the entropic energy cost 50 

of the reaction.4 Examples of this catalytic effect include serine-
protease5 and triglyceride hydrolysis by cutinase6.  
 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 55 

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 arrangements. This 
phenomenon is called polymorphism, which has many 
implications in, for example, industrial applications but which 60 

also has academic importance.7 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 65 

example, their usability in commercial formulations and 
applications.8 
 Foldamers are an interesting group of synthetic oligomers 
which imitate some of the properties of biological 
macromolecules, such as peptides, proteins or DNA.9,10 Because 70 

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 π-stacking, between the key functional groups 75 

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  
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Scheme 1 The reaction scheme for the preparation of oligoamides 2 and 3 
showing the amide bond numbering. 

foldamers composed of five aromatic rings, which differ in their 
structure by containing, either a phenyl (2) or a pyridine moiety 5 

(3) as the central aromatic ring (Scheme 1). Amide bonds, which 
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 10 

acids.10,12-16 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 15 

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 20 

composed mainly of substituted quinoline monomers and 
napthpyridine 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, 25 

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 multitude 30 

of different conformational polymorphic forms and crystal 
packing patterns, including a strongly folded proto-helical 
conformation. 

Experimental 

Materials and methods 35 

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 40 

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 45 

instrument. ATR-IR spectra were measured with a Bruker Tensor 
27 spectrometer. TG-DTA measurements were performed 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 Kα1-50 

radiation (1.5406 Å). A 2θ-angle range of 3-35º and step time of 
75 s were used with a step resolution of 0.016º. 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 55 

Nonius KappaCCD diffractometer at a temperature of 173 K 
using a Bruker AXS APEX II CCD-detector and graphite-
monochromated CuKα-radiation (λ=1.54178 Å). The structures 
were solved with direct methods and refined using Fourier 
techniques with the SHELX-97 software package.27 Absorption 60 

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 65 

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 70 

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 ºC prior to use. Dichloromethane was 75 

dried by distilling it over CaCl2 and stored over Linde type 3Å 
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 
80 

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 85 

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. 149-151ºC; 1H NMR 90 

(ESI†) (500 MHz, DMSO-d6, 30ºC): 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) 95 

ppm; 13C NMR (ESI†) (126 MHz, DMSO-d6, 30ºC): δ = 116.1, 
116.2, 123.3, 126.4, 127.6, 128.2, 131.2, 134.6, 143.0, 165.2 
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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 

5 

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 an 
hour. The solution was heated to reflux and isophthaloyl 
dichloride or 2,6-pyridinedicarbonyl dichloride (0.71 mmol) 10 

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 15 

precipitated from the mixture as a white solid. The precipitate 
was filtered out and washed with water. Second precipitate was 
collected from the filtrate after addition of water, and washed 
with water. Combined precipitates were dried under vacuum. The 
product was a white solid, which contains appr. 1 molecule of 20 

THF for every molecule of 2 (according to NMR and TG 
analysis), yield 80% mp. 253-254 ºC; 1H NMR (ESI†) (500 MHz, 
DMSO-d6, 30ºC): δ = 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 25 

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, 30ºC): δ 
= 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 (d’), 131.4 (e’), 131.7 (a), 134.2 
(c’), 134.6 (h’), 164.9 (l’), 165.4 (k’) ppm; MS (ESI-TOF) m/z: 30 

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. 

Pyridine variant 3 

Synthesis was done according to the general procedure using 2,6-35 

pyridinedicarbonyl dichloride as a reagent. After reflux 
tetrahydrofuran was evaporated leaving a yellow-green 
precipitate. The precipitate was recrystallized from ethyl acetate 
as a white solid with a yield of 68 %. mp. 251-253ºC; 1H NMR 
(ESI†) (500 MHz, DMSO-d6, 30ºC): δ = 7.21 (t, 3JHH =7.9 Hz, 40 

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, 30ºC): δ = 125.0 (g), 125.5 (e), 125.6 (f), 125.7 (d), 127.5 (c), 45 

128.0 (b), 130.7 (d’), 131.1 (e’), 131.5 (a), 134.0 (c’), 140.3 (h), 
148.2 (g’), 161.2 (j’), 165.9 (i’) 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 50 

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), 55 

tetrahydrofuran (THF) and toluene. In addition, compound 3 was 
crystallized from ethanol. Amount 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 60 

μl) 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. 65 

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 70 

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 75 

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 80 

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 85 

were not measured for 2 because of its poor solubility. 

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

  2-form I 2-DMSO I 2-DMSO II 
Formula C34H26N4O4 C34H26N4O4· C34H26N4O4· 
  C2H6OS C2H6OS 
M/gmol-1 554.59  632.72 632.72 
Crystal system monoclinic triclinic triclinic 
Space group C2/c P-1 P-1 
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) 
α/º 90 84.621(1) 114.149(2) 
β/º 97.187(1) 85.074(1) 97.447(2) 
γ/º 90 81.720(1) 100.481(4) 
V/Å3 5489.6(1) 1565.1(1) 1579.8(1) 
Z 8 2 2 
ρcalc/g cm-3 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> 2σ(I)] 0.0559 0.0677 0.0506 
wR2 [I> 2σ(I)] 0.1242 0.1413 0.1180 
GooF 1.018 1.030 1.046 
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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 removed for clarity. 

Crystal forms of the benzene variant 2 

Three single crystal structures were obtained for the oligoamide 5 

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. 10 

 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 C=O (Scheme 1, amides 2 and 3) and an 
outer N-H (amides 1 or 4), and the other bond between an outer 
C=O (1, 4) and an inner N-H (2, 3). These hydrogen bonds cause 15 

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 14  
motif), which are available for the intermolecular hydrogen 
bonds, forming a chain structure (Fig. 1a). The molecular chains 20 

are connected by weak hydrogen bonds, Van der Waals forces 
and parallel displaced π-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 the 2-form I, but both of these 25 

bonds are formed between the inner C=O groups (2, 3) and the 
outer N-H groups (1, 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 14  motif (Fig. 1b). 30 

Interestingly, although DMSO is a powerful hydrogen bond 

 
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 
removed for clarity. 35 
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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. 5 

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 10 

bonds S(7) between the inner C=O groups (2, 3) and the outer N-
H groups (1, 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 C=O groups (2, 3) are facing inwards of the molecule 
and forming a curved conformation instead of an open or a folded 15 

one. Again, molecules connect to each other with two hydrogen 
bonds forming an 14  motif. The unexpected curved 
molecular conformation, where both of the inner C=O groups (2, 
3) are facing inwards, may in fact be caused by the DMSO that 
stabilizes the curved structure by forming a hydrogen bond into 20 

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. 25 

 The reason for the two different DMSO solvates is likely the 
presence of EtOAc in the crystallization of the 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 30 

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 
are relatively similar because all forms have four hydrogen bonds 35 

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···π interactions and the short spike 40 

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 45 

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 50 

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 55 

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 structure 2-60 

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 65 

assigned into 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 similar to the 2-DMSO I 
solvate. Meaning that they are either DMF or DMA solvates, 70 

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-75 

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 reoccurring chain structure observed in the crystal 
structures of 2 may explain both the low solubility of the 80 

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 85 

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, isomorphous 3-
EtOAc and 3-toluene solvates, 3-DMF solvate and 3-DMSO 
solvate. Hydrogen bonding parameters for the structures can be 90 

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 C=O groups (1 or 4)  95 



 
 

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00–00  |  6 

 
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 removed for clarity. 

 5 
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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/gmol-1 555.58 628,68 599.63 601.65 633.71 
Crystal system triclinic monoclinic monoclinic monoclinic monoclinic 
Space group P-1 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) 
α/º 78.559(3) 90 90 90 90 
β/º 74.708(3) 94.781(2) 90.296(2) 126.354(2) 92.741(2) 
γ/º 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 
ρcalc/g cm-3 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> 2σ(I)] 0.0603 0.0575 0.0535 0.0551 0.0527 
wR2 [I> 2σ(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 ESI. 

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 5 

nitrogen of the pyridine ring and the inner N-H (2, 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 14  motif (Fig. 4a). There are also 10 

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 15 

hydrogen bonds that cause a similar strongly folded structure as 
in 3-form I (Fig. 4b). The molecules pack into chains connected 
via C=O···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 20 

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 25 

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. 30 

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 35 

molecules with a C(16) motif (Fig. 4d). The solvent is hydrogen 
bonded to one of the inner C=O groups (2, 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. 40 

 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 45 

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 50 

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 55 

solvent molecule had to be removed from the final refinement of 
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 60 

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, 65 

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 70 

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 75 

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)  
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Fig. 5 The measured and the calculated PXRD patterns of the 
polymorphic and the solvate forms of the pyridine variant 3. 

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 3-5 

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 10 

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 15 

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 20 

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···π interactions that connect the different molecular chains. 25 

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 30 

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 35 

hydrogen bonds, Van der Waals interactions and parallel 
displaced and T-shaped π-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 40 

(Fig. 5, Fig. 6). The IR spectra of 3-form II is easily 
distinguishable from the spectra of 3-form I by its carbonyl peak 
at 1675 cm-1. Unlike 3-form II, the carbonyl peak of 3-form I is 
split between a stronger and a weaker peak, at 1687 cm-1 and 
1673 cm-1. The splitting is caused by one carbonyl oxygen that is 45 

more strongly hydrogen bonded than the other three, whereas the 
single carbonyl peak of 3-form II indicates 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 50 

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 of the very small difference in their molecular structure 55 

(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 60 

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, 65 

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 H-bonds for each molecule and the chains of the 
pyridine variant 3 only by one. 70 

Fig. 6 IR-spectra of the polymorphic forms of the pyridine 
variant 3. 
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Fig. 7 Overlaid structures of the benzene variant 2 2-form I (green) and 

the pyridine variant 3 3-form I (yellow). The hydrogen bonds of the 
benzene variant are shown in blue and the bonds of the pyridine variant 
are shown in red. Non-contact hydrogen atoms have been removed for 5 

clarity. 

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 10 

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 15 

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 20 

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 25 

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 30 

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 35 

hydrogen bonding to a single carbonyl oxygen also indicates a 

possible catalytic effect on the carbonyl group of the compound. 
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