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The discovery of receptors using templated synthesis enables the selection of strong receptors 

from complex mixtures. In this contribution we describe a study of the condensation of D-

Biotin and formaldehyde in acidic water. We have discovered that halide anions template the 

formation of a single isomer of a 6+6 macrocycle. The macrocycle (Biotin[6]uril) is water-

soluble, chiral and binds halide anions (iodide, bromide and chloride) with selectivity for 

iodide in water, and it can be isolated on a gram scale in a one-pot reaction in 63 % yield.  

 

Introduction 

Templated synthesis is an attractive strategy for the 
preparation of complex receptors for supramolecular 
chemistry.1 There is a profound difference between the 
complexity of the known naturally occurring systems that 
employ templated synthesis and the artificial systems that have 
been developed.2,3 The difficulty in de novo design of high-
affinity  receptors in water has inspired the implementation of 
thermodynamic templating for the selection and synthesis of 
receptors. This idea has gained popularity in recent years in 
particular through the selection-based supramolecular 
methodology of dynamic combinatorial chemistry.4 By 
connecting building blocks via reversible chemical bonds and 
allowing these to self-assemble in the presence of the template 
strong receptors for the given template are preferentially 
synthesised.5 

The curcurbit[n]uril series of macrocycles has gained 
significant popularity in the past years due to their ability to 
form strong host-guest complexes with a wide range of cationic 
guest molecules in water (Figure 1a).6 Hemicucurbit[n]uril 
macrocycles (Figure 1b) have been explored and they tend to 
bind anions rather than cations.7 The syntheses of 
cucurbit[n]urils and hemicucurbit[n]urils are acid mediated 
condensation reactions between a cyclic N,N’-dialkylurea and 
formaldehyde. 

 

 

Figure 1. a: Synthesis of cucurbit[n]uril by condensation of glycoluril and 

formaldehyde. b: Synthesis of hemicucurbit[n]uril by condensation of ethylene 

urea and formaldehyde. c: Synthesis of Biotin[6]uril (2) by condensation of D-

Biotin and formaldehyde. 

Results and discussion 

The resemblance between the structure of the starting ureas 
for the synthesis of cucurbit[n]urils and hemicucurbit[n]urils 
and the structure of D-Biotin (1) inspired us to study the 
macrocyclisation reaction between D-Biotin and formaldehyde 
(Figure 1c). D-Biotin possesses a cyclic five-membered N,N’-
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dialkylurea that enables the oligomerisation reaction to form 
structures of the hemicucurbit[n]uril type. D-Biotin is known to 
from strong supramolecular complexes in water with the class 
of proteins called Avidins,8 it has three chiral centers and the 
carboxylic acid functionality gives solubility in water. 

The acid-mediated reaction between D-Biotin and 
formaldehyde in semi-concentrated hydrochloric acid at 60 °C 
resulted in the selective formation of a 6+6 macrocycle 
(Biotin[6]uril, 2, Figure 1a).9 In this macrocycle the six D-Biotin 
units are connected through six methylene bridges. After 
optimisation of the reaction conditions in hydrochloric acid 
with respect to reaction times, temperature, and acid 
concentration, the product was isolated in 48 %. We suspected 
that the choice of acid was important for the outcome of the 
reaction. Similar to aqueous HCl, the use of aqueous HBr and 
HI gave rise to the 6+6 macrocycle as the main product after 2 
days of reaction at 60 °C (Figure 2), whereas the use of sulfuric 
acid and otherwise similar reaction conditions resulted in the 
formation of a mixture of smaller non-cyclic oligomers. When 
chloride, bromide, or iodide salts were added to the sulfuric 
acid reaction mixture, the hexameric structure was again 
observed as the main product suggesting that a templating 
effect from the halide anions was the driving force for hexamer 
formation (Figure 2). Using further optimized reaction 
conditions (3.5 M H2SO4 containing 5 M NaBr) 2 could be 
isolated in 63 % yield on a multigram scale. 
 

  

 

 

 

 

 

 

Figure 2. HPLC chromatograms. Extracted ion chromatograms from LC/MS 

analyses of oligomers both cyclic and linear using different reaction mixtures. I) 

7 M HCl (the use of HBr and HI gave similar results), II) 3.5 M H2SO4, III) 3.5 M 

H2SO4 + 7 M NaCl, IV), 3.5 M H2SO4 + 7 M NaBr V) isolated Biotin[6]uril (2). The 

peak at 5 minutes corresponds to 2, all other peaks are smaller linear or cyclic 

products. 

The HPLC chromatogram of the isolated compound 
showed a single peak and the mass spectrum of the peak 
corresponded to a 6+6 macrocycle. Due to the non-equivalence 
of the two urea nitrogen atoms in D-Biotin there are 9 different 
possible regioisomeric cyclic 6+6 hexamers (supporting 
information, Figure S11). Analysis by 1H-NMR and 13C-NMR 
spectroscopy revealed the exclusive formation of a single 
species. In the NMR spectra of 2 (Figure 3) only a single set of 

signals originating from D-Biotin was observed. However, two 
signals resulting from two different aminal methylene bridges 
were present (between 4 and 4.5 ppm), as confirmed in the 
HSQC spectrum. moieties were identical. The fact that there 
are two different methylene bridges, and that all six D-Biotin 
units are identical enable us to unambiguously assign the 
structure as the C3-symmetrical isomer (Figure 3). 

Elemental analysis of the product obtained when 
performing the macrocyclisaton reaction in 7 M HCl (analysis 
for H, C, N and Cl) showed that 2 had precipitated as an HCl 
adduct. To investigate if the chloride anion was also 
encapsulated in the cavity of 2 in solution the complexation was 
investigated using NMR spectroscopy in aqueous carbonate 
buffer (as carbonate did not interact with 2). A series of 1H-
NMR spectra were recorded at various concentrations of the 2-
chloride complex. Upon dilution the C-H proton signals in the 
1H-NMR spectrum of 2, which point towards the cavity in the 
crystal structure (see Figure 4) were shifted significantly 
upfield. This exchange process between the bound and the 
unbound states were fast on the NMR chemical shift time scale. 
This suggests that the chloride anion was indeed interacting 
with the cavity of 2 in solution. When additional NaCl was 
added to the solution the same signals shifted in the opposite 
direction (downfield). 

 

Figure 3. Characterisation of 2 by NMR spectroscopy. 
1
H-NMR spectrum of 2 in 

aqueous carbonate buffer with an external D
6
-DMSO standard (Signals denoted 

with * originates from the D
6
-DMSO). The signal for (a) is situated on the edge of 

the water signal. All signals were unambiguously identified using a combination 

of 
1
H-, 

13
C-, COSY-, HMBC-, HCCOSW-, HSQC- and 

1
D-TOCSY NMR 

spectroscopy (supporting material, Figures S2-S9). 

The Biotin[6]uril (2) was obtained chloride-free by 
treating the chloride inclusion complex with TlNO3 in alkaline 
solution followed by filtration and precipitation with sulfuric 
acid (the sulfate anion does not interact with the cavity of the 
macrocycle). The removal of the chloride anion was confirmed 
by dilution experiments, elemental analysis, and by obtaining 
the single crystal X-ray structure of the guest-free 2. The single 
crystal X-ray structure showed that the isolated product 
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contained a solvent molecule (ethanol) in the cavity (Figure 
4a,b).  

The structure of 2 has the D-Biotin units situated in an 
alternating manner, with the uriedo moieties pointing in 
opposite directions with respect to the C3 symmetry axis of the 
macrocycle. The macrocycle has six side chains terminated with 
carboxylic acid groups, and in the crystal structure three side 
chains point in each direction as compared to the equator of 
the macrocycle. Each D-Biotin moiety has a concave and a 
convex side, and in 2 all D-Biotin units have the convex side 
with the two CH groups (protons b and f, Figure 3) pointing 
into the centre of the macrocycle, giving an interior with twelve 
C-H groups.  

We also succeeded growing crystals of an iodide inclusion 
complex suitable for single crystal X-ray analysis by co-
crystalizing 2 with NaI. Analysis of the crystal structure showed 
2 with an iodide ion encapsulated in the cavity of the 
macrocycle and with the sodium ion sitting at the rim of the 
macrocycle coordinating to the carbonyl oxygen of one of the 
urea functionalities (Figure 4c,d). The iodide-CH distances are 
slightly shorter than the sum of the van der Waals distances 
(shortest H-I distance in the crystal structure is 3.032 Å). This 
indicates a favourable interaction. The circumference of the 
cavity (measured via the six urea and the six methylene 
moieties) changes only from 33.541 Å with EtOH in the cavity to 
33.693 Å with iodide in the cavity. The iodide thus fits well 
inside the cavity without altering the conformation 
significantly.  

 

Figure 4. Single crystal X-ray structures of 2. a and b: Side and top view of the 

crystal structure of 2 containing an ethanol molecule in the cavity. c and d: Side 

and top view of the crystal structure of 2 encapsulating an iodide ion in the 

cavity. Yellow: sulphur; Blue: nitrogen; Gray: carbon; Red: oxygen; Purple: 

iodide; Dark purple: sodium; Hydrogens atoms and disordered atoms are 

omitted for clarity. 

The binding properties of 2 towards the anions chloride, 
bromide and iodide were investigated in carbonate buffer 
(Figure 5). Analysis of the binding stochiometries using the 

continuous variation method (Job’s method) for all the three 
halides indicated 1:1 binding stoichiometries (see supporting 
material). The binding affinities were determined by titration 
experiments using 1H-NMR spectroscopy and Isothermal 
Titration Calorimetry (ITC). When analysing the data from the 
1H-NMR titrations it was convenient to monitor the chemical 
shift change of the C-H protons of the D-Biotin units (protons b 
and f in Figure 3), as these protons point towards the centre of 
the macrocyclic cavity, and experience a significant downfield 
shift upon halide binding. 

The binding strengths were in the order iodide > bromide 
> chloride, and we observed no binding to fluoride. The ITC 
data (Figure 5b) showed the same order of binding constants as 
observed by the NMR titrations (Table 1) and furthermore gave 
a full picture of the thermodynamics of the binding events. The 
binding of the three halides have an unfavorable entropic (∆S) 
contribution, but a favorable enthalpic (∆H) contribution. 

 

Figure 5. Binding studies between 2 and NaI. a: Change in the 
1
H-NMR spectra 

of 2 upon addition of NaI. b: Fitted and experimental data for the 
1
H-NMR 

titration between 2 and Iodide. c: Fitted and experimental data for the ITC 

titration between Biotin[6]uril and Iodide. [H] is Biotin[6]uril (2) and [G] is NaI. 

In order to examine the mode of formation, and thereby 
rationalize the high regioselectivity of the macrocyclisation 
reaction, we followed the progress of the reaction by LC/MS 
analysis. We performed a series of identical experiments in 7 M 
HCl at 60 °C (82 mM D-Biotin, 5 equiv. formaldehyde). The 
reactions were stopped after different reaction times by 
quenching with base. In the early stages of the reaction D-Biotin 
(1) and a linear dimer consisting of two D-Biotins connected by 
one formaldehyde-based methylene bridge (3, Figure 6) were 
the most abundant species. After 2-4 hours 2 began to form, 
and after 2-4 days it was the main product.  
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Table 1. Values for binding constants and thermodynamic data for the binding of 

iodide, bromide and chloride in water at pH 10.8 in carbonate buffer. These data 

were obtained using the Na
+
 salts. Using the K

+
 salts similar values were 

obtained, as were the data recorded at neutral pH. 

 Chloride[b] Bromide[b] Iodide[b] 

KNMR (20˚C) 59 M
-1

 5.4×10
2
 M

-1
 2.2×10

3
 M

-1
 

KITC (30˚C) 10 M
-1

 3.8×10
2
 M

-1
 1.5×10

3
 M

-1
 

∆H
[a]

 -51.6 KJˑmol
-1

 -36.9 KJˑmol
-1

 -43.8 KJˑmol
-1

 

∆S
[a]

 -150.8 Jˑmol
-1

ˑK
-

1
 

-72.2 Jˑmol
-1

ˑK
-

1
 

-83.2 Jˑmol
-1

ˑK
-1

 

    
[a] Values for ∆H and ∆S were measured by ITC. [b] The 1:1 stoichiometries of 

all complexes were confirmed by the continuous variation method (Job’s plot). 

The uncertainty on the data is less than 10%. 

 
This led us to the hypothesis that the hexamer was formed 

by a trimerization of the linear dimer 3 with three additional 
equivalents of formaldehyde (Figure 6). We found that the 
linear dimer (3) could be isolated by condensing two 
equivalents of D-Biotin and one equivalent of formaldehyde in 
dilute H2SO4. We only observe the linear dimer (3) where the 
nitrogen positioned on the unsubstituted side of the D-Biotin 
had reacted with the formaldehyde. When this dimer was 
subjected to the reaction conditions developed for the 
macrocyclisation reaction (7 M HCl, 5 equiv. formaldehyde), we 
also observe the formation of 2 in a similar yield. 

 

Figure 6. Following the reaction using LC/MS. a: Evolution of the reaction 

between D-Biotin and formaldehyde showing that only minor amounts of linear 

oligomers are detectable during the reaction. b: Synthesis of 2 from D-Biotin (1) 

and formaldehyde or from the D-Biotin dimer (3) and formaldehyde give similar 

yields. 

Conclusions 

To conclude we have discovered a 6+6 macrocyclic 
hexamer by condensation of D-Biotin and formaldehyde that is 
chiral, water soluble and binds halide anions in water. The 
addition of halide anions (chloride and bromide) to the 
reaction mixture in H2SO4 gave 63 % yield of the macrocycle. 
The selection of 2 is templated by halide anions and 
precipitation of the macrocycle-anion complex adds to the ease 
of isolation of Biotin[6]uril. 
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