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Oligothiophene-proline hybrids were synthesized via click-re-

action showing intriguing self-assembly behavior in aqueous 

environment by forming chiral superstructures, whose helici-

ty is controlled by the configuration of the amino acid moiety. 10 

 

 Poly- (PT) and oligothiophenes (OTs)[1,2] have gained immen-

se interest in the field of organic electronics and find versatile ap-

plication as organic light emitting diodes (OLEDs), organic field 

effect transistors (OFETs),[3] and organic solar cells (OSCs).[4] As 15 

the performance of the electronic devices depend directly on the 

self-organization of the active material in the bulk, chiral PT and 

OTs were reported as promising scaffolds for the construction of 

functional nano-architectures.[5-9] A more recent approach combi-

nes various π-conjugated segments with biological motifs such as 20 

peptides[10-18] or carbohydrates [19,20], most of them in a symmetric 

A-B-A structure, capable to interact via a broad variety of non-

covalent forces such as π−π, van-der-Waals, dipole-dipole, and 

hydrogen bond interactions. The resulting nano-structures were 

reported to follow the secondary structure motifs of the incorpo-25 

rated biosegments, e.g., α-helices or β-sheets.[21,22] Our approach 

to avoid the often tedious synthesis and isolation of larger pepti-

des consists of introducing a single amino acid such as enantio-

merically pure (2R,4R) or (2S,4S) 4-azidoproline into the hybrid 

resulting in novel non-symmetrical A-B structures. Mild and re-30 

gioselective Cu(I)-catalyzed 1,3-dipolar cycloaddition (“click”-

reaction)[23,24] was employed for the biofunctionalization[25] of a 

quaterthiophene. Furthermore, the terminal alkylation of the OT 

should preserve solubility of the hybrids in organic solvents and 

prevent oxidation of the conjugated backbone. The physical and 35 

self-assembling properties of the asymmetric and chiral oligo-

thiophene hybrids will be addressed. 

 Synthesis of azido-(2R,4R)-proline 4R[17] started from com-

mercially available (2R,4R)-hydroxyproline 1 (Scheme 1). Esteri-

fication of the amino acid in methanol and subsequent protection 40 

of the secondary amine with tert-butyloxycarbonyl(BOC)-anhy-

dride afforded hydroxyproline derivative 2. Activation of the hy-

droxyl group was carried out via a mild Mitsunobu reaction of 

proline 2 with methane sulfonic acid. After SN2 reaction with so-

dium azide the BOC-protected, azido-functionalized (2R,4R)- 45 
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Scheme1: Synthesis of the azido-functionalized-(2R,4R) proline a) (i) 
SOCl2 (2 eq), MeOH, 0°C to reflux (ii) BOC2O (1 eq), KHCO3 (2.2 eq), 

H2O, dioxane, RT; b)  (iii) CH3SO3H (1.2 eq), PPh3 (1.8), DIAD (2 eq), 55 

NEt3 (0.4), toluene, 0°C to 70°C; (iv) NaN3 (5 eq), DMF, 80°C; c) NaOH 
(2.1 eq), H2O, CH3OH, THF, RT. 

 

ester 3 was isolated. Subsequent saponification under basic con-

ditions afforded the free amino acid 4R[18] (Scheme 1) with retai-60 

ned stereochemistry in 98 % yield. The hexyl-terminated quater-

thiophene scaffold 7 was synthesized via Stille cross-coupling 

reaction of stannylated 5-hexylbithiophene 5 and brominated bi-

thiophene 6 in 86% yield in the presence of Pd(PPh3)4.
[28,29] The 

quaterthiophenic aldehyde 8 was prepared by subsequent formy-65 

lation of 7 in 70% yield. Subsequently, aldehyde 8 was converted 

to ethynylated quaterthiophene 9 via Ohira-Bestmann-reaction 

with dimethyl(2-oxopropyl-phosphonate) and azidotosylate under 

basic conditions.[30] The new alkynylated building block 9 was 

afforded in a satisfying yield of 70 % (Scheme 2). 70 

Scheme2: a) Pd(PPh3)4, DMF; b) POCl3, DMF, dichloroethane; c) NaH, 

THF, 0 °C, dimethyl(2-oxopropyl-phosphonate), azidotosylate, K2CO3, 

MeOH/THF.  
 75 

 The ethynylated hexyl-quaterthiophene unit 9 was reacted with 

the two azidoproline enantiomers, (2R,4R)-4R and commercially 

available (2S,4S)-4S in regioselective Cu(I)-catalyzed click-reac-

tions. Quaterthiophene (2R,4R)-proline hybrid 10R and enantio-

meric  (2S,4S)-hybrid 10S were afforded in 90% and 89% yield, 80 

respectively (Scheme 3).  

 The physical properties of the enantiomeric oligothiophene 

proline hybrids 10S and 10R were investigated using cyclic volta-

mmetry (CV), UV-Vis, fluorescence and circular dichroism (CD) 

spectroscopy. Self-assembly and the resulting suprastructures 85 

were investigated by dynamic light scattering (DLS), powder X-

ray diffraction (XRD), and transmission electron spectroscopy 

(TEM). 
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Scheme 3 Synthesis of oligothiophene (2S,4S)-hybrid 10S and (2R,4R)-

hybrid 10R via click-reaction a) Cu(I)[CH3CN]4]PF6, Cu(0), THF/DCM. 

 5 

 Firstly, the redox behavior of π-conjugated biohybrids 10 was 

determined by CV measurements (Fig. S1). Typical first and se-

cond reversible oxidations were found at E°ox1 = 0.39 V and E°ox2 

= 0.69 V vs. Fc/Fc+, characteristic for the formation of stable qua-

terthiophene radical cations and dications, whereas no signals 10 

were found in the reductive regime. Accordingly, we can assert 

that the redox activity of the oligothiophene is preserved in the 

enantiomeric hybrids. 

    Secondly, the photophysical properties of compounds 10R and 

10S were analyzed in THF as good solvent, in which they mole-15 

cularly dissolve. Because both enantiomers showed equivalent 

optical properties (Fig. S2) we will mostly report on results obtai-

ned for (2S,4S)-hybrid 10S. The absorption spectrum of 10S in 

THF showed a broad unstructured band with a maximum at 416 

nm, which corresponds to the π−π* transition of the quarterthio-20 

phene moiety (Fig. 1). The emission spectrum of 10S showed a 

band with a maximum at 474 nm and a vibronic fine structure, 

which well correlates with a stronger quinoidal character of the 

oligothiophene backbone in the excited state.  
 25 
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Figure 1: Normalized UV-Vis absorption and emission spectra of 10S 

measured in THF (dashed line) and 10% THF-90% water (solid line).  
 

 In order to induce the self-aggregation of proline-functionali-30 

zed hybrid 10S, titration of a pure THF solution with water was 

carried out. Upon titration a blue-shift of the absorption band was 

observed reaching a maximum (∆λ=53 nm) at a ratio of 1:9 THF/ 

H2O. The evident asymmetry of the absorption band with the 

strong blue-shifted component at λmax=363 nm accounts for the 35 

formation of H-type aggregates in the solvent mixture. The cha-

racteristics of this type of aggregates involves the parallel align-

ment of the transition dipoles responsible for the observed elec-

tronic transition which corresponds in our case to the π−π* transi-

tion of the oligothiophene backbone. Accordingly, the weak ab-40 

sorption band at ~470 nm corresponds to the forbidden Davydov 

component (antiparallel alignment of the transition dipoles). 

Upon titration, the fluorescence spectra revealed a successive ba-

thocromic shift from 474 nm to 504 nm (Fig. 1) and concomi-

tantly a strong quenching (~70%) of the emission band (Fig. S3). 45 

Therefore, the formation of aggregates in the presence of water 

was assessed.   

 In order to analyze the nature of the self-assembled aggregates 

formed by both enantiomeric oligothiophene-proline hybrids 10R 

and 10S in the THF/H2O solvent mixture, CD spectroscopy was 50 

carried out. With increasing water content, a bisignate Cotton ef-

fect for each of the hybrids 10R and 10S appeared which reached 

its maximum of intensity in 1:9 THF/H2O (Fig. 2, bottom). 
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Figure 2 Absorption spectrum of (2S,4S)-hybrid 10S in 1:9 THF/H2O 

(black line) including Gaussian deconvolution for the π−π* transition, 
(grey curves), top. CD spectra of (2S,4S)- hybrid 10S (solid line) and 

(2R,4R)-hybrid 10R (dashed line) in 1:9 THF/H2O, bottom. 60 

 

 As expected for the enantiomeric proline hybrids 10R and 10S 

(Fig. 2 bottom) mirror-image CD spectra were obtained. (2S,4S)- 

hybrid 10S showed an intense exciton-coupled signal with nega-

tive first and positive second Cotton effect at 365 nm (-108 65 

mdeg) and 337 nm (45 mdeg) which is indicative for the presen-

ce of chiral aggregates, in which π-π interacting conjugated back-

bones arrange in a left-handed helical way.[19] The correlation be-

tween the zero-crossing of the bisignated bands (350 and 354 nm 

for 10R and 10S, respectively) and the maximum of the Gaussian 70 

curve deconvoluted from the absorption spectra in the solvent 

mixture (358 nm in the case of 10S; Fig. 2, top) evidences the ex-

citon coupled character of the transition. Accordingly, (2R,4R)-

enantiomer 10R showed a positive couplet at 370 nm, (94 mdeg) 

and at 339 nm (-55 mdeg), corresponding to a right-handed heli-75 

cal arrangement of the chromophoric segments. CD spectra for 

both enantiomeric hybrids showed a second set of weaker CD 

signals in the region of 240-300 nm associated with the perpendi-

cular excitation of thiophene and triazole units.  

 Preliminary XRD experiments on crystalline powders of (2R, 80 

4R)-hybrid 10R revealed three prominent diffraction peaks cor-

responding to d spacings of 0.45, 0.39, and 0.32 nm at the wide 

angle region (Fig. S4). Taking into account the wedge shape of 

the molecule (see Fig. 3, right), we ascribe the first reflection to 

the alignment of the most prominent proline heads and the other 85 

two reflections to the π−π stacking interaction distances of the 

thiophene backbones.[32] From the available data, we conclude 

that the chirality of the proline moiety is transferred to the helical 

organization of the quaterthiophene backbone in the aggregates.  

    In order to get insight into the stability and nature of the obser-90 

ved aggregates, temperature-dependent CD and UV-Vis investi-

gations were carried out. Aggregates formed by both hybrids we-

re stable until 60 °C. The temperature-dependent UV-vis spectra 

showed no influence, neither in intensity nor in the energy of the 

absorption maxima (Fig. S5, left). With increasing temperature 95 

no decrease of the magnitude of the bisignate CD signals for both 

enantiomeric hybrids 10R and 10S was detected (Fig. S5, right). 
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These results account for the extraordinary stability of the aggre-

gates in the solvent mixture.  

 Investigations on the aggregates in the solid state were perfor-

med by using TEM. In the TEM micrographs, the presence of cir-

cularly shaped aggregates was detected (Fig. 3). Two borderline 5 

dimensions have been analyzed: the large aggregates evidence a 

well-defined perimeter with a reflecting halo and strong contrast 

inside, which is indicative of a vesicle structure (Fig. 3, left). The 

size of the vesicles ranges from 0.5 to 1.7 µm diameter. The small 

structures (diameters between 25 to 75 nm) were randomly distri-10 

buted in the micrographs and showed as well a brighter contrast 

inside (Fig. 3, middle). No evidence of intermediate aggregates 

was found. We attribute the inner contrast in the big vesicles to 

the enclosure of the solvent water in the structures.  
 15 

 
Figure 3 TEM micrographs left (9 x 9 µm2, top and 2 x 2 µm2, bottom) 

obtained from drop-casting of a 1:9 THF/H2O solution of hybrid 10S. 

Proposed model for the aggregates of 10S, right: (a) π−π interacting en-
semble formation, (b) vesicles and (c) unimolecular vesicles formation.  20 

 

 In addition, DLS measurements were taken from hybrid 10S in 

THF/water 1:9 showing two different values for the averaged hy-

drodynamic diameter of the aggregates (Fig. S6). Particles of 21 

nm and 70 nm in diameter were detected which is in good agree-25 

ment with the size of the small features observed in the TEM 

micrographs. Scarcely bigger aggregates (175 nm and ~ 0.4 µm) 

were also determined.  

 The vesicle formation can be rationalized by taking the amphi-

philic character of the oligothiophene-proline hybrids 10R and 30 

10S into account. In the THF/H2O solution, the molecules tend to 

aggregate leaving the hydrophilic proline part facing towards the 

water. In accordance with the results of the blue-shifted absorp-

tion band (H-aggregates) a slightly tilted face-to-face arrange-

ment of the oligothiophene backbones is suggested (Fig. 3, right, 35 

(a)). As the CD results showed, the chirality of the proline moiety 

is transferred to the stacks of π−π interacting oligothiophene 

backbones leading to the formation of large chiral ensembles 

(Fig. 3, right, (a)). Thus, in the THF/H2O solution, the molecules 

will preferentially form a stable bilayer structure with an all hyd-40 

rophilic surface (Fig. 3, right, (b)). The molecular wedge shape, 

which is essential to form vesicles, most probably originates from 

the bulky dimension of the proline part compared to the flat rod-

like structure of the alkylated oligothiophene backbone. The bila-

yer of the vesicles expresses as well the left-handed chirality of 45 

the molecular ensemble. The small structures could be interpreted 

as small vesicles formed by unimolecular walls (Fig. 3, right, (c)), 

which are as well chiral. In the solvent mixture, the THF might 

act as surfactant to stabilize the small vesicles and to overcome 

the entropic factor. The strong intermolecular interaction and the 50 

stabilization of the vesicles in the two borderline dimensions ex-

plain the observed high stability of the aggregates with tempera-

ture.   

 In conclusion, on the basis of our rational structural design, a-

symmetric oligothiophene-proline hybrids were synthesized. The 55 

hybrids revealed strong self-organizing behaviour in solution and 

in the solid state. It is demonstrated that a single amino acid with 

two stereocenters can induce a defined helical organization of the 

conjugated backbones, which is preserved in the nano- and mic-

rometer-sized aggregates. The redox activity of the oligothiophe-60 

ne unit in the enantiomeric hybrids is fully preserved which al-

lows for further application in electronic devices. In addition, L-

proline and its derivatives are widely used as highly effective and 

selective molecular catalysts; therefore, nanometer sized self-as-

semblies of proline-functionalized oligothiophene hybrids in so-65 

lution or on surfaces offer versatile possibilities for the generation 

of tailored catalytic microenvironments. 
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