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Chapter 5 
Towards Membrane-Active Aromatic 
Oligoamide Macrocycles 

 

 

 

 

In this chapter an approach towards the synthesis of new oligoamide macrocycles 
will be discussed. Two types of macrocycles were prepared containing carbazole or 
carbazole-phenanthrene building blocks. The properties of the carbazole intermediate were 
studied with cryo-TEM as well as by electrophysiological methods. Surprisingly, the 
carbazole molecule showed interesting aggregation behavior upon addition to water or 
buffer solutions. The formation of disk-like structures or rod-like structures could be 
observed. Electrophysiological methods revealed that these structures had significant effects 
on the stability of bilayers.* 

 

 

 

 

 

 

 

 

 

 

 

*This chapter will be published in part in: Halža E., Stuart M. C. A., Kocer A., Feringa B. L., 
manuscript in preparation 
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Chapter 5 

 

5.1    Introduction 

Proteins, peptides and secondary metabolites can form naturally occurring 
membrane channels and pores with vivid biological action.1 Transport of ions, small 
molecules and in some cases even water2 would not be possible without channels and 
pores present in lipid membranes of each living cell.  

Taking inspiration from nature, the creation of functional artificial channels is 
a major challenge in modern organic chemistry. In the past decades, a number of 
successful ion channel/pore systems3 have been made, based on different principles4 
(for more details, see chapter 1). This allowed us to understand biological ion 
transport and furthermore apply this knowledge to build functional ion sensors, ion-
selective electrodes and antimicrobials.5  

The simplest strategy for building artificial channels/pores is a biomimetic 
approach, where naturally occurring motifs from proteins6 antimicrobial peptides7 and 
natural products8 are modified in order to obtain new systems with desirable 
properties. Completely artificial systems (synthetically prepared from small organic 
molecules) were developed subsequently, inspired by ion receptors9 and sensors10 
applying knowledge about hydrogen-bond donors,11 ion pairing motifs7, 8a, b, c, d, 11i, 12, 
catechol structures13 and anion- interactions.14 

Here, a synthetic approach to a new class of cyclic structures based on 
carbazole and phenanthrene molecules will be discussed as well as the membrane 
activity of the carbazole molecules used as building blocks. 

5.1.1. Synthetic ion channels 

In general, artificial channels/pores are synthesized according to “designed 
structures” (Fig. 1) and subsequently the activity is checked. Matile and co-workers 
recently classified all actual artificial ion channels/pores according to the principles 
involved in building functional pores.5c, e  

The most simple structure comprised a unimolecular macromolecule (Fig. 1, 
A) spanning the whole length of the lipid bilayer. For that, a macromolecule is needed 
of which the active structure is at least 25 – 40 Å long to be able to penetrate the 
whole length of lipid bilayer. This “design” requires only a single molecule which is 
able to form a desired channel. 
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 A natural example and inspiration for the design of biomimetic system can be 
found in the -helix of poly-L-glutamine (poly, n=37, length=30 Å).15 Highly stable, 
cation-selective ion channels of poly-L-glutamine were observed. Single-channel 
conductance suggest a small inner diameter (g=17pS in 1M CsCl) which is in 
agreement with the small inner diameter of an unimolecular -helix (1.5 Å, Fig. 2). 
The concept of a helical structure, based on the modification of  or -helical scaffold, 
was used in many other studies16 as well as other strategies (for additional information, 
see chapter 1). 

  

 Most of the successful artificial channels/pores are based on supramolecular 
strategies used at the start of the design process. Single subunits are synthesized and 
the whole assembly is self-assembled in a lipid bilayer using non-covalent interactions 
in supramolecular complexes. In this case more than one molecule is required to build 

Fig. 1 Design strategies in the field of synthetic ion channels and pores includes unimolecular 
approach (A), barrel-stave (B), barrel hoop (C), barrel-rosette (D)  and micellar supramolecules 
(E). Adopted from ref 5c. 

Fig. 2 The -helix of polyglutamine as a representative example of a possible biomimetic design in 
the field of synthetic ion channel/pores. Adopted from ref 5c.
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the active channel/pore. Three categories based on cylindrical arrangements can be 
distinguished depending on the position and orientation of the subunits. The barrel-
stave model (Fig. 1, B) is characterized by a linear orientation of the subunits 
(monomers) in the lipid bilayer.17 On the other hand, the barrel-hoop model18 (Fig. 1, 
C) requires cyclic monomers which are self-organizing in the lipid bilayer by stacking 
of the subunits. The barrel-rosette structure (Fig. 1, D) can be seen as an intermediate 
between barrel-stave and barrel-hoop models in which the barrel-stave supramolecular 
structure contains fragmented staves or the barrel-hoop supramolecular structure 
contains fractioned hoops.5c 

 Micellar pores (Fig. 1, E) are most complex and the least understood pores 
which are formed by many natural toxins and -helical peptides.19 It was proposed 
that during diffusion and/or field driven translocation of peptides from one leaflet of 
the bilayer to another, “toroidal” pores are forming and these pores are causing lipid 
flip/flop similar to those formed in the bilayer as a response to stress and pressure.20 
Detergents can be taken as one of the examples of micellar pores causing large lipid 
area transformation into mixed, reversed, disk/tubular micelles driven by very complex 
mechanisms including interfacial carpets.19, 21  

 

5.1.2. Aromatic oligomers; a new class of membrane active compounds 

In nature, most of the important chemical processes (catalysis, specific 
binding, directed flow) are controlled by large molecules with specific compact 
conformations which are thermodynamically and kinetically stable. This is possible 
due to the precise three-dimensional arrangement of functional groups. Modern 
supramolecular chemistry allows to design and build such systems based on the 
knowledge from nature, including hierarchical organization of conformation 
(secondary structure vs. tertiary structure), cooperativity in higher-order structure and 
sequence heterogeneity.22 The -peptide back-bone, a prerequisite for folding of the 
peptides and secondary structure formation can be replaced with other motifs and the 
resulting structures are still able to form secondary structures as was shown previously 
in a few examples.23 Aromatic oligoureas24 are following the same principles as 
oligoamides, because the urea group is characterized by its rigidity, planarity and 
hydrogen-bond capability just as the peptide bond.  

Foldamers or oligomers are examples where the peptide bond is still crucial for 
adopting well-defined conformations in solution and this type of structure has 
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attracted major interest in the past 10 years.25 Poly(-amino acid) or poly(-amino 
acid) back-bone structures were the most simple examples of such  artificial systems at 
the beginning of the newly emerging field of foldamers.22 Introduction of aromatic 
oligoamide foldamers brought new opportunities. 26 In view of the fact that the 
peptide back-bone shows free rotation, an additional set of interaction has to be 
introduced in order to stabilize the structure and minimize the conformational 
freedom. Intramolecular H-bonds can act as a glue for a system and brings additional 
stability into the desired structure (Fig. 3).27, 28 In this type of system, the number and 
orientation of the subunits can provide different final structures with discrete 
properties. When the length of the chain is increasing and further stabilization by 
intramolecular hydrogen bond is in place, the oligomer is forced to adopt a helical 
conformation (Fig. 3, middle). 

 

If an amide bond is formed between two aromatic moieties containing acid 
and amine functional groups in m-positions (Fig. 3, left), small cavities are obtained. 
Depending on the length of the oligomer, small cyclic or long helical structures can be 
observed, which can act as a lipid bilayer penetrating molecule (Fig. 3, right). On the 
other hand, when a combination of m- and p- substituted aromatic subunits is used, 
larger cavity can be formed.27 

 

5.2. Cyclic oligomers as a new entry into conducting transmembrane pores. 

5.2.1. Cyclic oligomers based on backbone-rigidified oligomers. 

Macrocycles, so widely spread in the nature29 (erythromycin, chlorophyll, 
vancomycin), with various biological functions,30 have attracted organic chemist’s 

Fig. 3 Oligoamides with crescent backbone (left). The intramolecular hydrogen bonds minimize the 
conformational freedom of the backbones. Additionally, a cavity is formed with a diameter of about
10 Å in the macrocycle (middle) and in a helix (right). Adopted from ref 27. 
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attention for a long time and have been a source on inspiration to mimic nature and 
design artificial systems. Different synthetic approaches have been used to accomplish 
this challenge,31, 32 but low yields of the final products of the chemical synthesis were 
common drawbacks of the particular method. Development of a one-step, 
multicomponent cyclization reaction would be attractive, because in principle it offers 
a simple and fast method to obtain the desired product. Also easy availability of simple 
starting building blocks would be a major advantage. Reversible covalent bond 
formation is a promising alternative and this strategy was successfully used in 
combinatorial self-replication systems.33 Gong and co-workers developed a simple and 
highly efficient method for formation of shape-persistent macrocycles which are 
supported by three-center intramolecular hydrogen bonds.34 Starting with very simple 
building blocks containing acid or amine residues, a one-pot reaction results in the 
formation of macrocycles with defined number of subunits (Fig. 4).  

 

The presence of intramolecular hydrogen bonds helps to rigidify the structure 
and consequently forms the hexameric cyclic structure in high yield (69 %). It was 
suggested that the formation of the hexameric cyclic structure is much faster than the 
formation of higher oligomers which is supported by reorganization of the uncyclized 
molecule.34 The resulting hexameric macrocycle showed membrane activity in a 
POPC/PC (80/20) bilayer, suggesting channel formation based on intermolecular 
stacking interactions.35 

 

 

Fig. 4 Reaction of the diacid chloride with diamine resulting in the formation of the macrocycle
supported by three-center intramolecular hydrogen bond. 
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5.2.2. Oligoamides based on a carbazole building block. 

In our study, we decided to use a simple carbazole molecule for formation of 
macrocyclic structures through amide bonds. We anticipated that, if we would be able 
to form a macrocycle structure out of the simple carbazole intermediates, it would be 
possible to form higher-ordered structures due to the - interactions between two 
macrocycle units. On the other hand, hydrogen bonding can significantly influence 
the higher-ordered structure formation. Introduction of alkyl chains at the nitrogen of 
the carbazole can improve solubility of the molecule in organic solvents (Fig. 5). 

 

 The 3 and 6 positions of the amino and carboxyl groups in the carbazole 
building blocks were chosen as the best positions for formation of the macrocycles. 
Also a phenanthrene molecule, containing two carboxyl groups at the 3 and 6 
positions was used, because of the structural similarity with the carbazole molecule. 

 

5.2.3. Synthesis of carbazole and phenanthrene building blocks 

In order to prepare carbazole building blocks containing amino group or 
carboxyl groups, two synthetic strategies were followed based on the same starting 
material (carbazole 5.1, Scheme 1). In the synthesis of 9-tetradecyl-9H-carbazole-3,6-
diamine 5.4, carbazole 5.1 was first treated with sodium nitrite in the presence of 
acetic acid and nitric acid according to a literature procedure.36 Two isomeric 
dinitrocarbazoles (3,6- and 3,8- isomers) were formed during the reaction, which were 
easily separated by dissolving the crude reaction mixture in ethanolic solution of 

Fig. 5 Proposed reaction between N-alkyl diamine carbazole and N-alkyl carbazole dicarboxylic 
acid or phenanthrerene dicarboxylic acid in order to prepare macrocycles with four carbazole or two
carbazole and two phenanthrene subunits in the cycle. 
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sodium hydroxide. Only 3, 6-dinitrocarbazole 5.2 is soluble in this solution and the 
other isomer is a precipitate and can be removed by filtration. After acidification of the 
ethanolic solution of sodium hydroxide containing 3,6-ditritrocarbazole 5.2 with 
conc. HCl, the desired product 5.2 precipitated and was readily separated by 
filtration.36 Attachment of the C14-alkyl chain was performed in DMF in the presence 
of potassium carbonate as a base. The final product 5.4 was obtained by catalytic 
hydrogenation of the dinitrocarbazole 5.3 using Pd/C in the presence of acetic acid. 

 

The synthesis of the 9-tetradecyl-9H-carbazole-3,6-dicarboxylic acid 5.7 
started with the reaction of carbazole 5.1 with 1-bromo-n-tetradecane in acetone in 
the presence of sodium hydroxide and phase transfer catalyst tetra-n-butylammonium 
bromide (Bu4NBr). The bromination reaction of carbazole 5.5 with N-
bromosuccinimide (NBS) in chloroform gave 3,6-dibromocarbazole 5.6 which was 
transform into the diacid 5.7 by a lithium-halogen exchange reaction and subsequent 
reaction with solid carbon dioxide at -70oC in THF. 

Two different strategies were used in the preparation of 4,4’-
dimethylstilbenedicarboxylate 5.12 as an intermediate in the synthesis of 
phenanthrene-3,6-dicarboxylic acid 5.14. In the first one, methyl 4-formylbenzoate 
5.8 was reacting with methyl 4-methylbenzoate 5.9 in DMSO in the presence of 
potassium tert-butoxide (t-BuOK) as a base. Subsequently, the diacid was methylated 
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Scheme 1 Synthetic strategies for preparation of 9-tetradecyl-9H-carbazole-3,6-diamine 5.4 and
9-tetradecyl-9H-carbazole-3,6-dicarboxylic acid 5.7. 
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with an excess of diazomethane in dry ether.37 The second approach was based on the 
Wittig reaction between the triphenylphosphonium bromide salt of methyl 4-
bromothylbenzoate 5.1038 and methyl 4-formylbenzoate 5.8.38  

 

In both reactions the formed stilbene molecule 5.12 was cyclized into the 
phenanthrene molecule 5.13 by irradiating a toluene solution containing iodine with 
a high pressure mercury lamp (max = 365 nm) while a stream of oxygen was passed 
through the reaction mixture. By using sodium hydroxide in ethanol/THF, the 
dimethyl phenanthrene-3,6-dicarboxylate 5.13 was deprotected and the desired 3,6-
phenanthrene dicarboxylic acid molecule 5.14 was obtained. 

 

5.2.4. Synthesis of macrocycle molecules. 

For the preparation of the macrocycle molecules, a proper strategy has to be 
chosen in order to be able to prepare the desired product in good yield and the desired 
ratio of building blocks in the cyclic structure. For the reaction of the carbazole-3,6-
diamine 5.4 and carbazole-3,6-dicarboxylic acid 5.7 or phenanthrene-3,6-dicarboxylic 
acid 5.14, the methodology reported by Gong and co-workers34 was adopted. It is 
based on the reaction of the amine 5.4 and acyl chloride of acid 5.7 or 5.14 in the 
presence of triethyl amine (Et3N) as a base at low temperature for the first 5 hours and 
following by heating at reflux for 48h (Scheme 3). 
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Scheme 2 Synthetic routes towards the formation of 3.6-phenanthrene dicarboxylic acid 5.14. 
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In the first step, diacids are converted into the corresponding acyl chlorides by 
heating at reflux with thionyl chloride (SOCl2). After the evaporation of the excess of 
the SOCl2, the crude products were dissolved in dry CH2Cl2 and this mixture was 
slowly added to the solution of diamine and Et3N in dry CH2Cl2 at -20oC. After 5h 
the temperature of the solution was allowed to reach room temperature and the 
solution was subsequently heated at reflux for 48h. After that period, acetyl chloride 
was added followed by methanol to quench unreacted starting materials. The crude 
reaction mixture was examined by MALDI-TOF spectrometry to analyze the formed 
products. 

5.2.5. MALDI-TOF analysis of crude reactions. 

MALDI-TOF analysis of the crude reaction mixture of the reaction between 
carbazole-dicarboxylic acid 5.7 (C) and carbazole-diamine 5.4, (C, C-C macrocycle) 
revealed the presence of three major peaks in the area between 800 and 1800 m/z. 
Exact mass calculations indicated that  molecular structures could be assigned to each 
peak in the spectra (Fig. 6). To our surprise, the peak at 1617 m/z belongs to the 
tetrameric macrocycle C-C (C108H143N8O4, 1617.1311, Scheme 3) containing only 
carbazole building blocks linked by amide bonds. Two other compounds with 
mass/charge ratio at 1259 m/z and 868 m/z correspond to the trimer and dimer (linear 
molecules containing three or two carbazole molecule respectively), respectively. No 
further higher oligomeric structures were found in the spectra. To be able to separate 
each structure, preparative thin layer chromatography (silica gel) was used as an 
isolation technique. It was possible to isolate the C-C macrocycle by this method in 
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pure form in 0.5 % yield (for MALDI-TOF analysis of separated macrocycle, see 
experimental part). 

 

MALDI-TOF analysis of the crude reaction mixture obtained from carbazole-
diamine 5.4 (C) and phenanthrene-dicarboxylic acid 5.14 (P, C-P macrocycles) 

revealed again the presence of three major products in the area between 1040 to 2520 

Fig. 6 MALDI-TOF spectrum of crude reaction mixture between carbazole-3,6-diamine 5.4 and 
carbazole-3,6-dicarboxylic acid 5.7.  

Fig. 7 MALDI-TOF spectrum of the crude reaction mixture of the reaction between carbazole-3,6-
diamine 5.4 and phenanthrene-3,6-dicarboxylic acid 5.14. 
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m/z. The tetrameric macrocycle C-P (C84H90N6O4, 1247.7024, Scheme 3), 
containing two carbazole and two phenanthrene building blocks, was observed at 
1247 m/z and also at 1269 m/z which can be assigned to tetramer plus a sodium ion. 
Molecular ions at 1100 (1123, M+Na) belong to the trimer.  

Surprisingly, the hexameric structure was also observed at 1894 (+Na). The 
identity of the C-P macrocycle was also confirmed by matching the isotope 
distribution of its molecular mass peak with the computer simulated one (Fig. 9).  

The purification of the C-P macrocycle was performed by thin layer 
chromatography (silica gel) and yielded 10 mg (2.5%) of a sample containing the 
desired C-P compound. Further analysis of the MALDI-TOF spectra of the isolated 
C-P macrocycle revealed still the presence of a large amount of unreacted carbazole 
molecule 5.15 (Fig. 8).  

 

The acetyl protected amine 5.15 is the result of the reaction between 
carbazole molecule 5.4 and acetyl chloride. In order to further purify the macrocycle 
several thin layer chromatography separations were performed but we did not 

Fig. 9 Isotope distribution of the M+ ions from MALDI-TOF (left) and computer simulation (right) 
of C-P macrocycle. 

N
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N
H
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5.15

Fig. 8 The molecule 5.15 present in separated macrocycle C-P after thin layer chromatography. 
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succeeded to the obtain macrocycle in pure form. On the other hand, compound 5.15 
showed interesting behavior when tested in pure form. The mixture of the C-P 
macrocycle together with compound 5.15 as well as pure carbazole molecule 5.15 was 
examined separately by various techniques. 

 

5.2.6. Electrophysiological measurements 

To further investigate if compound 5.15 or the mixture of C-P macrocycle 
with 5.15 have any channel activity, electrophysiology measurements were performed 
and the black lipid membrane technique39 was used as a fast and suitable method. The 
two chambers of the black lipid bilayer device (Teflon) were filled with 4 ml of 
aqueous buffer solution (10 mM Tris and 1.5 M NaCl, pH=7.4) and a mixture of C-
P macrocycle with 5.15 was added to the cis site of the device while the buffer 
solution was stirred by a magnetic stirring bar (for details of setup of the instrument 
and experiment; see chapter 1). A voltage was applied (70 mV) and changes in the 
current were followed in time (Fig. 10, A). An opaque solution (particles formed) was 
formed and pore-like activity could be observed. Particles generated in solution 
(opaque solution) mainly formed defined defects in the lipid bilayer with the unitary 
conductance40 of 0.287 nS. Multiples of the same unitary conductance (Fig. 10, A, 
enlarged area) indicates the presence of particles with a defined size in the buffer 
solution. If the particles would be randomly sized, the conductances would be also 
random. After this observation, pure compound 5.15 (this compound was prepared 
separately, for detailed information, see experimental part) was tested. When 5.15 was 
applied into the chamber filled with buffer (10 mM Tris, 1.5 M NaCl, pH = 7.4) the 
particle formation was also observed. Upon application of the voltage (80 mV), defects 
with the same conductance as for C-P/5.15 mixture were observed (Fig. 10, B). This 
result indicates that the signal observed for the mixture (C-P/5.15) is due to the 
presence of compound 5.15.  

From the observed unitary conductance, the pore size can be estimated 
applying the Hille’s equation,41 which gives the relationship between the pore size and 
conductance. If we assume, that the pore is a uniform cylinder of diameter r and 
length l, in the buffer solution of resistivity, the resistance RC through the channel is 

defined as: RC = 
22 r

r
l










  .  
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Fig. 10 Electrophysiology measurement by a black lipid membrane of the C-P/5.15 mixture (A,
70mV) and molecule 5.15 (B, 80 mV) in buffer solution (10 mM Tris, 1.5 M NaCl, pH=7.4).
The lipid bilayer was formed by painting an 150 m opening in PTFE (Teflon) cup with
PC/DOPS (20 mg/ml, 80/20, PC-phosphocholines, DOPS-dioleoyl-phospho-L-serine) lipids. 
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Since the conductance G is the inverse value of RC, for the diameter of the 

pore the following formula can be applied: d = 











G

lG





 4

42

2

.42 

The resistivity of the buffer solution (10 mM Tris, 1.5 M NaCl, pH=7.4) was 
measured to be 0.0823 Ω∙m. If we would take the length of the lipid bilayer to be 4 
nm43, the pore size will be 3.5 Å when the conductance is 0.287 nS. 

To further investigate the nature of the particles (aggregates) formed in buffer 
solution upon addition of the C-P/5.15 mixture or pure 5.15 molecules, the cryo-
TEM (cryo-transmission electron microscopy) technique was used. 

 

5.2.7. Cryo-TEM studies. 

During electrophysiological studies it was observed that after additions of the 
C-P/5.15 mixture (4.7 M) or pure molecule 5.15 (4 M) to water (buffer solution), 
opaque solutions were formed. Further increase of concentration (above 10 M) led to 
the formation of small aggregates which were visible by the naked eye. To further 
investigate this aggregation, cryo-TEM (cryo-transmission electron microscopy) 
images were made after the addition of methanol solution of the C-P/5.15 mixture 
(Fig. 11) or pure molecule 5.15 (Fig. 12) to water (25 M, for preparation, see 
experimental part). 

Fig. 11 Cryo-TEM images of mixture of C-P/5.15 mixture (250 M, left, bar represents 100 nm)
in water. The square represents enlargement of the area (right, bar represents 100 nm). The arrows
(right) are pointing to the tubular structures represented by black thin lines. 
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As it can be seen from the cryo-TEM images (Fig. 11, left), long tubular 
structures and disc like structures were observed. After further magnification smaller 
structures within large tubular bundles can be seen. When cryo-TEM images of 
molecule 5.15 (Fig. 12) were made, long bundles of tubules were also observed.  

 

The diameter of a single tube-like structure was estimated to be around 4 nm. 
The hydrophobic interactions of the alkyl chains might further stabilize the aggregate 
structure and also can bring tubules together to form larger aggregates as visible in the 
cryo-TEM images (Fig. 11, right). 

 

5.2.8. Discussion 

New oligoamide macrocycles based on carbazole (C-C) and carbazole 
phenanthrene molecules (C-P) were prepared and confirmed by MALDI-TOF 
analysis and isotope distribution analysis. Unfortunately, only a small amount could 
be prepared and no successful method was found to isolate pure C-P compound from 
the reaction mixture. On the other hand, pure carbazole bis-amide molecule 5.15, 
which was present in majority in the mixture with the C-P macrocycle has the ability 
to form disc-like structures as well as rod-like structures (Fig. 11, 12). When tested for 
bilayer activity with the black lipid technique, defined defects activity with unitary 

Fig. 12 Cryo-TEM images of compound 5.15 (250 M, left, bar represents 100 nm) in water.
The square represents enlargement of the area (right, bar represents 25 nm).  
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conductance could be observed for both, the C-P/5.15 mixture and for molecule 
5.15. From this observation, we concluded that defined defects behavior in the case of 
C-P mixture is related only to the 5.15 molecule as can be seen from Fig. 10. The 
defined formation of defects by compound 5.15 can be related to the formation of 
tubular structures which are formed in the lipid bilayer. By analyzing the results from 
black lipid membrane technique, the diameter of the opening in the membrane and 
conductance of these openings could be estimated (G = 0.287 nS with a pore diameter 
3.5 Å). The mechanism of the tubular structure formation (hydrogen bonding or  -  
stacking) is still under the investigation. 

 

5.3. Experimental part 

5.3.1. General information 

For general information on the synthesis and characterization of compounds, see 
chapter 2. 

5.3.2. Synthesis of carbazole and phenanthrene precursors. 

3, 6 – Dinitrocarbazole (5.2).36 A suspension of carbazole 5.1 (41.8 g, 0.25 mol, 
Sigma) in glacial acetic acid (300 ml) was treated during one 
hour with NaNO2 (17.3 g, 0.25 mol) while stirred at 30 – 40 
oC. After another 2 h 65% HNO3 (37 ml, 51 g, 1.5 mol) mixed 
with a weight equivalent of glacial acetic acid (49 ml, 51 g, 0.85 

mol) were added dropwise over 1 h and the mixture was stirred at 40oC overnight. 
The reaction mixture was then held at 50 oC for 1.5 h, at 65oC for 1.5 h and at 95oC 
for 2 h. After cooling to room temperature the precipitate was filtered, washed with 
cold glacial acetic acid and finally with water. The crude yellow powder was dried in 
an oven at 140 oC. Separation of isomeric dinitrocarbazoles: 16 g of crude product from 
the nitration reaction was dissolved in alcoholic potassium hydroxide (42 g of KOH in 
700 ml of EtOH). The red precipitate was filtered off and the red solution was 
collected and acidified with conc. HCl (to pH = 3). A yellow precipitate of 5.2 was 
obtained by filtration, washed with water (to dissolve KCl) and dried in an oven at 
140 oC. Pure product 5.2 (8 g, 25%) was obtained as yellow powder. 
1H NMR (DMSO, 400 MHz): δ 12.13 (s, NH), 9.46 (s, 2H), 8.37 (d, J = 10.4 Hz, 
2H), 7.78 (d, J = 12.4 Hz, 2H). 
13C NMR (DMSO, 100 MHz) δ 144.92, 142.16, 123.26, 122.79, 118.01, 109.81 
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HRMS (ESI): cald. for C12H7N3O4Na, 280.03288, found 280.0318 (M+Na) 

3, 6-Dinitro-9-tetradecyl-9H-carbazole (5.3). 3, 6-dinitrocarbazole 5.2 (4.7 g, 
18.32 mmol) was dissolved in DMF and 1-bromo-n-tetradecane 
(10.16 g, 36.64 mmol) and dry K2CO3 (25.0 g, 0.18 mol) were 
added at once. The yellow solution turned intensively red. The 
reaction mixture was stirred at 110 oC overnight. The yellow 

solution was poured into water and the precipitate was filtered, dissolved in CHCl3 
and washed with a sat. aqueous solution of NaCl. The organic layer was dried over 
Na2SO4 and the solvent was evaporated. Pure product 5.3 (5.8 g, 70%) was obtained 
as yellow powder after crystallization from EtOAc/hexane. 
1H NMR (CDCl3, 300MHz): δ 9.07 (d, J = 2.1 Hz, 2H), 8.48 (dd, J1 = 9 Hz, J2 = 1.8 
Hz, 2H), 7.56 (d, J = 9.3 Hz, 2H), 4.41 (t, J = 7.2 Hz, 2H), 1.93 (m, 2H), 1.31 (m, 
22H), 0.87 (t, J = 6Hz, 3H). 
13C NMR (CDCl3, 75 MHz): δ 151.24, 144.92, 142.16, 123.26, 122.79, 118.01, 
109.81, 52.25, 44.48, 41.03, 32.15, 29.87, 29.80, 29.74, 29.66, 29.58, 29.50, 29.16, 
27.42, 22.93, 18.67. 

HRMS (EI) cald. for C26H35N3O4, 453.2628, found 453.2623. 

3,6-Diamino-9-tetradecyl-9H-carbazole (5.4). Dinitrocarbazole 5.3 (4 g, 8.82 
mmol) was dissolved in methanol (300 ml), glacial acetic acid 
(56 ml) and 10% Pd on activated carbon (800 mg) were added. 
A balloon containing hydrogen was attached and reaction 
mixture was stirred for 3 h at room temperature under a 

hydrogen atmosphere. The reaction mixture was filtered and volatiles were evaporated 
under reduce pressure. Pure product 5.4 (2 g, 58%) was obtained after crystallization 
from EtOAc as a grayish powder. 
1H NMR (400 MHz, CDCl3): δ 7.35 (d, J = 1.6 Hz, 2H), 7.16 (d, J = 8.4, 2H), 6.9 
(dd,  J1= 8.8 Hz, J2 = 2.4 Hz, 2H), 5.95 (s, NH2), 4.16 (t, J = 6.8 Hz, 2H), 1.80 (m, 
2H), 1.26 (m, 22H), 0.88 (t, J = 4.8 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 139.15, 137.50, 136.25, 123.12, 116.23, 109.40, 
107.14, 43.42, 32.16, 29.91, 29.88, 29.82, 29.75, 29.66, 29.59, 29.30, 27.55, 22.92, 
14.36. 

HRMS (EI) cald. for C26H39N3, 393.3144, found 393.3128. 
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9-Tetradecyl-9H-carbazole (5.5). Carbazole 5.1 (16.7 g, 0.1 mol) and the phase-
transfer catalyst tetrabutylammoniumbromide (0.15 g, 0.465 mmol) were dissolved in 

acetone (100 ml). Sodium hydroxide (6.4 g, 0.15 mol) was added 
followed by 1-bromotetradecane (32.2 g, 0.1 mol) and this reaction 
mixture was heated at reflux overnight. The solvent was removed under 
reduce pressure and water was added. A white solid was collected by 

filtration and washed with water. Pure product 5.5 (29 g, 80%) was obtained after 
crystallization from EtOH/H2O as a white solid. 
1H NMR (400 MHz, CDCl3): δ 8.13 (d, J = 7.6 Hz, 2H), 7.49 (t, J = 6.8 Hz, 2H), 
7.43 (d, J = 8 Hz, 2H), 7.25 (t, J = 7.6 Hz, 2H), 4.31 (t, J = 7.2 Hz, 2H), 1.89 (m, 
2H), 1.37 (m, 22H), 0.91 (t, J = 6.8 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 140.66, 125.79, 123.04, 120.56, 118.91, 110.13, 
108.88, 43.32, 32.19, 29.94, 29.91, 29.87, 29.83, 29.77, 29.68, 29.62, 29.22, 27.58, 
22.96, 14.39. 

HRMS (EI) cald. for C26H37N, 363.2926, found 363.2913. 

3,6-Dibromo-9-tetradecyl-9H-carbazole (5.6). N-n-tetradecyl-9H-carbazole 5.5 (5 
g, 13.7 mol) and N-bromosuccinimide (5.87 g, 33 mmol) were dissolved in a mixture 

of chloroform (50 ml) and acetic acid (41 ml) and the resulting 
reaction mixture  was stirred at room temperature under a N2 
atmosphere for 6 h. The solvent was evaporated under reduce 
pressure and the residue was poured into water. The product was 

extracted with CH2Cl2 (3 x 50 ml), the organic layers were collected, dried over 
Na2SO4 and the solvent was evaporated under reduced pressure. Pure product 5.6 
(6.63 g, 92%) was obtain as a white solid after purification by column 
chromatography on silica gel (Hexane/EtOAc). 
1H NMR (400 MHz, CDCl3): δ 8.1 (d, J = 2.4 Hz, 2H), 7.53 (dd, J1 = 8.8 Hz, J2 = 
2.4 Hz, 2H), 7.24 (d, J = 8.8 Hz, 2H), 4.19 (t, J = 7.2 Hz, 2H), 1.80 (m, 2H), 1.29 
(m, 22H), 0.89 (t, J = 6.8 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 139.49, 129.19, 123.62, 123.43, 112.13, 110.58, 
43.55, 32.17, 29.90, 29.88, 29.83, 29.78, 29.69, 29.61, 29.57, 29.07, 27.44, 26.97, 
22.95, 14.38. 

HRMS (EI, APCI) cald. for C26H36Br2N, 522.11886, found 522.11206 (M+H). 
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9-Tetradecyl-9H-carbazole-3,6-dicarboxylic acid (5.7). 3,6-dibromo-9-tetradecyl-
9H-carbazole 5.6 (2 g, 3.92 mmol) was dissolved under a 
nitrogen atmosphere in dry THF and n-BuLi (5.2 ml, 8.44 
mmol) was added at -75oC during 30 min. The reaction 
mixture was stirred for an additional 30 min and then solid 

carbon dioxide (excess) was added. The reaction mixture was warmed to room 
temperature and water was added. The aqueous layer was acidified with conc. HCl to 
pH = 2. The precipitate was filtered, washed with water, EtOAc and dried. Pure 
product 6.7 (1.5 g, 87%) was obtained as a white solid. 
1H NMR (400 MHz, DMSO): δ 8.85 (d, J = 1.6 Hz, 2H), 8.08 (dd, J1 = 8.8 Hz, J2 = 
2 Hz, 2H), 7.70 (d, J = 8.8 Hz, 2H), 4.43 (t, J = 6.8 Hz, 2H), 1.74 (m, 2H), 1.15 (m, 
22H), 0.79 (t, J = 7.2 Hz, 3H). 
13C NMR (DMSO): δ 168.47, 143.93, 128.30, 123.40, 122.81, 122.59, 110.20, 
43.41, 31.96, 29.66, 29.59, 29.50, 29.37, 29.08, 26.99, 22.76, 14.61. 

HRMS (EI) cald. for C28H37NO4, 451.2723, found 451.2716. 

N,N'-(9-Tetradecyl-9H-carbazole-3,6-diyl)diacetamide (5.15). The 
diaminocarbazole 5.4 (124 mg, 0.315 mmol) was dissolved in 
dry CH2Cl2 (10 ml) and triethylamine (0.11 ml, 0.788 mmol) 
was added at once. The resulting solution was cooled to 0oC 
and acetyl chloride (56 l, 0.788 mmol) was added dropwise 

over period of 5 min. The reaction mixture was allowed to warm to room temperature 
and volatiles were evaporated under reduced pressure. Pure product 5.15 (140 mg, 
93%) was observed as pink powder after column chromatography on silica applying n-
hexane/EtOAc as eluent. 
1H NMR (400 MHz, CD3OD):  8.25 (d, J = 2Hz, 2H), 7.50 (dd, J1 =8.8 Hz, J2 = 
2Hz, 2H), 7.39 (d, J = 8.8 Hz, 2H), 4.31 (t, J = 6.8 Hz, 2H), 2.17 (s, 6H), 1.82 (m, 
2H), 1.23 (m, 22H), 0.89 (t, J= 6Hz, 3H). 
13C NMR (100 MHz, CHCl3):  173.72, 138.32, 131.64, 122.63, 120.46, 113.44, 
108.85, 58.33, 44.00, 42.72, 32.13, 30.94, 30.87, 30.77, 30.76, 30.65, 30.63, 30.20, 
28.33, 23.93, 23.86, 21.05, 14.64. 

HRMS (ESI): calcd. for C30H44N3O2, 478. 34280, found 478.34029 (M+H). 

Elemental analysis calcd. for  C30H43N3O2, C (75.43), H (9.07), N (8.80); found C 
(75.01), H (9.07), N (8.45). 
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Dimethyl-p,p’-stilbenedicarboxylate (5.12). Method A37 Solid t-BuOK (3.3 g, 
29.25 mmol) was dissolved in DMSO/t-BuOH 
(80/20, 200 ml) and ethyl acetate (4,46 ml, 45.4 
mmol) was added. Methyl-p-toluate 5.9 (2.93 g, 

19.5 mmol) was added followed by dropwise addition of p-
carbomethoxybenzaldehyde 5.8 (3.2 g, 19.5 mmol) dissolved in DMSO/t-BuOH (20 
ml, 80/20). The reaction mixture was stirred under an atmosphere of nitrogen for 2h 
and subsequently poured into 300 ml of water and acidified with aq. HCl. The 
precipitate was filtered, washed with in 0.5M aq. NaOH (50 ml) and water to give 
diacid intermediate as a white powder which was used immediately in next reaction. 

The diacid (3.2 g, 111.93 mmol) from the previous reaction was dissolved in 
DMF/1,4-dioxane (4/5, 200 ml) and treated with an excess of diazomethane 
(diazomethane was prepared by treating 4 g (39 mmol) of nitrourea dissolved in dry 
Et2O (80 ml) with 50% aq. NaOH (3.8 g, 68.25 mmol in 11 ml H2O)). The product 
5.12 was isolated by the addition of water and treated with excess diazomethane in 
ether/1,4-dioxane (5/1, 120 ml). After the removal of the solvents, the product 5.12 
(0.6 g, 17%) was obtained as colorless needles after crystallization from CHCl3.  

Method B38 4-(Carboxymethyl)benzyltriphenylphosphonium bromide 5.11 (20 g, 
40.7 mmol), prepared from 4-(carboxymethyl)benzyl bromide 5.10 and 
triphenylphosphine in 72% yield38 was dissolved in MeOH/toluene (2/1, 100 ml) 
under nitrogen atmosphere and p-carbomethoxybenzaldehyde 5.8 (8 g, 29 mmol) was 
added. MeONa (25% solution in MeOH, 10 ml) was added dropwise in 15 min at 
room temperature and the mixture was heated at reflux for 30 min. The reaction 
mixture was cooled down, and kept at -15oC overnight. Pure colorless needles of 
product 5.12 (1.5 g, 15%) were isolated by filtration. 
1H NMR (CDCl3):  8.04 (d, J=8Hz, 4H), 7.58 (d, J = 8Hz, 4H), 7.23 (s, 2H), 3.93 
(s, 6H) 
13C NMR (CDCl3):  166.96, 141.38, 130.31, 130.24, 129.70, 126.82, 52.39. 

HRMS (ESI): calcd. for C18H17O4, 297.11214, found 297.11218, (M+H). 

Dimethyl phenanthrene-3,6-dicarboxylate (5.13). Dimethylstilbenedicarboxylate 
5.12 (2.4 g, 8.1 mmol) was dissolved in toluene and iodine 
(205 mg, 0.81 mmol) was added. The reaction mixture was 
irradiated with a high pressure Hg lamp for 24h while 
oxygen was slowly passed through the solution. The toluene 

was evaporated and the crude product was dissolved in small amount of 

MeOOC
COOMe

MeOOC COOMe
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dichloromethane and filtered through a small silica column. The dichloromethane was 
evaporated and pure product 5.13 (1.2 g, 40%) was obtained as a white needles after 
crystallization from CH2Cl2/MeOH.  
1H NMR (CDCl3):  9.47 (d, J=1.6Hz, 2H), 8.24 (dd, J1=1.2Hz, J2=7.2Hz, 2H), 
7.94 (d, J=8.4Hz, 2H), 7.85 (s, 2H), 4.06 (s, 6H). 
13C NMR (CDCl3):  167.17, 134.88, 130.02, 128.84, 128.77, 128.50, 127.06, 
125.22, 52.38. 

HRMS (ESI) calcd. for C18H15O4, 295.09649, found 295.09662, (M+H). 

Phenanthrene-3,6-dicarboxylic acid (5.14). Dimethyl phenanthrene-3,6-
dicarboxylate 5.13 (800 mg, 2.72 mmol) was dissolved in 
EtOH/THF (1/1, 40 ml) and aq. 1M NaOH (5.44 ml) was 
added dropwise. The reaction mixture was heated at reflux for 
12h, the solvents were evaporated and the residue was 

dissolved in water, acidified with diluted aq. HCl and the precipitate was collected by 
filtration, washed with water and dried. Pure product 5.14 (723 mg, quant.) was 
obtain as a white powder.  
1H NMR (DMSO):  9.13 (s, 2H), 7.96 (d, J=8.8Hz, 2H), 7.89 (s, 2H), 7.82 (d, 
J=8.8Hz, 2H). 
13C NMR (DMSO):  167.17, 134.88, 130.02, 128.84, 128.77, 128.50, 127.06, 
125.22 

HRMS (ESI): calcd. for C16H11O4, 267.0579, found 267.0565 (M+H). 

 

5.3.3. General procedure for macrocycle synthesis. 

 Diacid 5.7 or 5.14 (300 mg) were converted into the corresponding diacid 
chlorides by heating atreflux with thionyl chloride (5 ml) overnight. Excess solvent 
was evaporated under reduce pressure and the resulting slurry was coevaporated with 
toluene (3 x 20 ml). Crude diacid chloride was dissolved in dry CH2Cl2 (30 ml) and 
added dropwise into the solution of diamine 5.4 (1 eq.) and Et3N (2.2 eq.) in dry 
CH2Cl2 (50 ml) while cooling to -20oC within 1h. The reaction mixture was stirred 
until it gradually warmed up to room temperature and then was heated at reflux for 
48h. The reaction mixture was quenched by addition of acetyl chloride and methanol. 
Solvents were evaporated under reduced pressure. The products C-C (0.5%) and C-P 
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(2.2%) were observed after preparative thin layer chromatography using 
CHCl3/MeOH as mobile phase. The bands were carefully cut by scalpel and the 
mixtures were extracted by CHCl3/MeOH. Silica gel was filtered and the solvents 
were evaporated under reduce pressure. Each sample was examined by MALDI-TOF 
spectroscopy. 

 

5.3.4. MALDI-TOF mass spectra 

In both cases (C-C and C-P crude reaction mixture), MALDI-TOF mass 
spectra were measured in α-cyano-4-hydroxycinnamic acid matrix by the following 
procedure. Sample and matrix were dissolved in THF, plated on a 100 well plate and 
the solvent was evaporated. 

MALDI-TOF mass spectra of the C-C macrocycle and the separated band 
observed by thin layer chromatography. 

 

 

 

Fig. 13 MALDI-TOF spectrum of the crude reaction mixture of the reaction between carbazole-3,6-
diamine 5.4 and carbazole-3,6-dicarboxylic acid 5.7. 
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 MALDI-TOF mass spectrum of the C-P macrocycle and the separated band 
observed by thin layer chromatography. 

 

Fig. 14 A: MALDI-TOF spectrum of the separated band containing C-C macrocycle from the
reaction between carbazole-3,6-diamine 5.4 and carbazole-3,6-dicarboxylic acid 5.7. B:
Expanded part between m/z1537 and 1720. 

A 

B 

Fig. 15 MALDI-TOF spectrum of the crude reaction mixture of the reaction between carbazole-
3,6-diamine 5.4 and phenanthrene-3,6-dicarboxylic acid 5.14. 
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5.3.5. Cryo-TEM sample preparation 

A few microliters of a solution prepared by mixing 8 μl of a solution of the C-
P/5.15 mixture in methanol or pure 5.15 (250 M) with 200 μl of water were 
deposited on holey carbon-coated grids (Quantifoil 3.5/1, Quantifoil Micro Tools, 
Jena, Germany). After blotting the excess liquid, the grids were vitrified in liquid 
ethane and transferred to a Philips CM 120 and CM-12 cryo-electron microscope 
equipped with a Gatan model 626 cryo-stage, operating at 120 kV. Micrographs were 
recorded under low-dose conditions with a slow-scan CCD camera. 

 

5.3.6. Planar lipid bilayer (black lipid membrane) measurements. 

PC (L--phosphocholines, Avanti Polar Lipids) and DOPS (dioleoyl-sn-
glycero-3-phospho-L-serine, Avanti Polar Lipids) lipids at 20 mg/ml in chloroform 
were combined in an 80/20 (w/w) ratio mixture and dried under a stream of nitrogen 
for 15 min. The lipid mixture was then dispersed in n-decane at 20 mg/ml. This 
mixture was used to precoat a 150 μm hole in the side of a Delrin® cup (Warner 
Instruments, Hamden, CT) upon which a planar lipid bilayer membrane was formed 
at room temperature within a chamber having 4 ml of 10 mM Tris and 1.5 M aq. 
NaCl, pH=7.4 of both sides. Formation of the membrane was monitored by 
measuring membrane capacitance. The C-P macrocycle in methanol (3mg/ml) was 

Fig. 16 A: MALDI-TOF spectrum of the separated band containing C-P macrocycle from the
reaction between carbazole-3,6-diamine 5.4 and carbazole-3,6-dicarboxylic acid 5.7. B: Expanded
part between m/z 800 and 1600. Separated band contains a mixture of C-P macrocycle and
carbazole molecule 5.15 after separation by thin layer chromatography. 

A 
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added to the cis side of the chamber and the solution was stirred. A holding potential 
of +50 mV was applied and the channel responses were recorded. Channel activity was 
measured with respect to the trans (ground) side. Agars (2%, 20mg/ml) in 3M KCl 
salt bridges were used to transfer the signal. 
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