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A B S T R A C T   

Three different cyclodextrin acids, 6A,6D-di-O-(prop-2-carboxy-1,3-dienyl)-α-cyclodextrin (1), 6-deoxy-β-cyclo-
dextrin-6-carboxylic acid (2), 6-deoxy-β-cyclodextrin-6-ethylenecarboxylic acid (3), were prepared and attached 
to amino PEGA resin as amides using coupling conditions with COMU and NEM. Host-guest binding to the resins 
was studied by fluorescence microscopy using 8-anilinoaphtalene-1-sulfonic acid (ANS) as guest, and was found 
to follow the equation IF = IFmax*[ANS]/([ANS] + Kd) where F, Fmax and Kd are the fluorescence, maximum 
fluorescence and Kd the dissociation constant for the ANS-cyclodextrin complex, respectively. Kd was 4.4, 2.4 and 
4.9 × 10− 4 M for the three resins. Competitive inhibition of ANS binding was performed with 1-adamantanyl-
amine and octyl β-D-glucoside with the latter being selective for the α-cyclodextrin as expected.   

Oil and gas production is associated with the production of waste 
water (formation and injection) which requires environmentally 
appropriate handling. The waste water is contaminated with harmful, 
frequently carcinogenic chemicals either as remnants from the crude oil 
itself or with other added chemicals. Most of the residual oil is removed 
by a separation step (e. g. in hydrocyclones) or by adding other reactive 
chemicals, but even with such processes in place, remnants are still left 
behind. While such remnants may be present in the waste water at 
concentrations below current threshold values, the increase in demands 
for environmental protection will continuously lead to lower future 
thresholds. Techniques that can remove pollutants from our waste water 
without leaving harmful traces of aromatic contaminants behind are 
therefore valuable. 

Cyclodextrins are cyclic oligosaccharides consisting of 6 to 8 α-D- 
glucopyranoside units that are known for their useful ability to bind 
small lipophilic molecules in their central cavity thereby complexing 
lipophilic compounds in an aqueous phase.1 Cyclodextrins have been 
used successfully to remove organic pollutants from waste or food (i.e. 
cholesterol) either by precipitation2 or by incorporating the cyclodextrin 
in a polymer.3,4 

In this work we investigate if cyclodextrin acids that are readily 
available5,6 could be combined with the polyethyleneglycol poly-
acrylamide resin (PEGA)7 to give biocompatible, water-swelling poly-
mers that could remove organic pollutants from water. Cyclodextrins 
have recently been attached to PEGA through a disulphide linkage,8 

while in the present case amide coupling was required. We present here 
the preparation of three different materials and show that they can bind 
a small aromatic compound in their cavity. 

The PEGA resin is available with a functional amino group suited for 
facile amide bond formation, perfect for the immobilization of cyclo-
dextrins derivatized with a carboxylic acid attachment group. The 
bridged cyclodextrin acid 16 was considered as optimal for this purpose 
because the bridge should prevent possible threading of the cyclodextrin 
on polyethylene glycol. The carboxylic acid was rigidly positioned at a 
distance minimizing potential lactone formation to sugar alcohols dur-
ing coupling to the resin and symmetry prevented stereochemical issues. 
The compound was prepared as outlined in Fig. 1 essentially following 
previously reported protocols:6 The cyclodextrin was perbenzylated 
with benzyl chloride and sodium hydride and then treated with diiso-
butyl aluminium hydride (DIBAL) to selectively remove two opposing 
benzyl groups i.e. releasing two alcohols. Reaction of the diol 4 with 
methallyl dichloride and sodium hydride gave a diether bridge in 
compound 5 (Fig. 1). Subsequent hydroboration of the double bond in 4 
provided the primary alcohol that in Dess-Martin oxidation was con-
verted to aldehyde, giving compound 6. Pinnick oxidation and removal 
of the benzyl groups using hydrogenolysis catalysed by palladium on 
carbon gave 1. 

Compound 1 was then attached to PEGA resin containing either the 
inherent functional amino group or a Gly-HMBA ester linker, used as a 
control for monitoring successful coupling (Fig. 2). Coupling of 1 to Gly- 
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HMBA-PEGA was performed using COMU in DMF and N-ethylmorpho-
line as base in a 1:1 stoichiometric ratio. After washing of the resin it was 
treated with sodium hydroxide to cleave the glycine amidated with 1 
(1a; Mw = 1113) off the resin. The amide 1a in the neutralized eluate 
from the resin was analyzed by LC - mass spectroscopy. In parallel, the 
washings from the coupling of 1 to PEGA using identical coupling 
conditions (resin-NH2 / CD-acid 1:1) was analysed by NMR and MS 
showing no presence of unreacted 1. These experiments showed with a 
high degree of confidence that the coupling of 1 to the resin was very 
efficient and provided the intended affinity resin. 

After this encouragement the study was extended to the β-cyclo-
dextrin derivatives 2 and 3 as these acids were synthetically more easy 
available than 1 and consequently could produce less expensive affinity 
resins. The cyclodextrin building blocks were made as outlined in Fig. 3. 
β-Cyclodextrin was perbenzylated with BnCl and sodium hydride and 
monodebenzylated with DIBAL giving 7 having only one accessible 
alcohol group. The monodebenzylation is lower yielding than the A,D- 
didebenzyltion, but can nevertheless be performed in 40–50% yield. 
Oxidation of this alcohol first with Dess-Martin periodinane and then 
Pinnick oxidation followed by removal of benzyl groups gave the acid 2. 

The longer linker in 3 was obtained by stopping the oxidation at the 
aldehyde stage and subjecting that to Wittig conditions with triphenyl-
phosphonium benzylcarboxymethylen to give 8. Treatment of this 
compound with hydrogen and palladium catalyst gave hydrogenation 
and hydrogenolysis leading to 3 in a good yield. Acids 2 and 3 were 

Fig. 1. Synthesis of cyclodextrin acid 1.  

Fig. 2. Coupling to PEGA resin and the cyclodextrin ligand ANS.  

Fig. 3. Synthesis of β-cyclodextrin acids 2 and 3.  

Fig. 4. Fluorescent microscopy (ex. 350/50, em. 438/24) of PEGA-1, − 2, and 
− 3 with an increasing concentration of ANS, resulting in more fluorescent 
resin beads. 

Fig. 5. Change in fluorescence intensity of beads of a) PEGA-1, b) PEGA-2, and 
c) PEGA-3 versus the concentration of substrate concentration. The data were 
fitted and the binding curves are shown in grey. 
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coupled to the PEGA resin in the same manner as 1 using COMU (Fig. 2). 
The binding properties of the new resins were analysed using 8-ani-

linonaphtalene-1-sulfonic acid (ANS, Fig. 2) as ligand for the cyclo-
dextrin as it is known that ANS increases in fluorescence when bound in 
the cyclodextrin cavity.9 

Indeed, measurements performed on a fluorescence microscope on 
resin beads soaked in increasing concentration of ANS showed an in-
crease fluorescence intensity (Fig. 4), as expected for a typical binding 
behaviour, as the fluorescence intensity IF is proportional to the amount 
of ANS bound to the resin. 

IF/IFmax (where IFmax is the maximum intensity) must be equal to the 
ratio of RA/Ro where RA is the amount of ANS bound to resin and Ro is 
the total amount of cyclodextrin binding sites. Since Ro = R + RA and Kd 
= R*[ANS]/RA (where R is unfilled cyclodextrin sites) we see that IF/ 
IFmax = RA/Ro = RA/(R + RA) = RA/((RA*Kd/[ANS]) + RA) = 1/((Kd/ 
[ANS]) + 1) = [ANS]/(Kd + [ANS]). By plotting the change in back-
ground corrected fluorescent intensities versus the concentration of 
added ANS substrate (Fig. 5) and fitting10 the data to IF/IFmax = [ANS]/ 
(Kd + [ANS]), it was possible to determine the dissociation constants for 
the three resins to ANS, which are listed in Table 1.11,12 The three 

dissociation constants were between 2 and 5 × 10–4 M, which is some-
what higher affinity than the binding of ANS to native or methylated 
cyclodextrins, but nevertheless in the typical range of affinity for 
cyclodextrin binding of many aromatic guests.9,13 

To see if the binding was reversible, we also did competition ex-
periments using two other guests: adamantan1-yl ammonium chloride 
(Ada) and oct-1-yl β-D-glucopyranoside (Glyoct), were added to the 
fluorescent beads containing ANS (Fig. 6). In solution Ada is a strong 
ligand to β-cyclodextrin while Glyoct is a potent selective binder to-
wards α-cyclodextrin.13 By adding the competing guest (5 mM) to the 
cyclodextrin-functionalised resins and ANS (1.2 mM) a loss in fluores-
cent intensity was observed in all cases (Fig. 7). With Ada this was 
reduced completely for PEGA-1 and 2 while it was reduced to 55% for 
PEGA-3. With Glyoct the fluorescence was reduced to 0% for PEGA-1, to 
50% for PEGA-2 and only to 91% for PEGA-3. Some of the aforemen-
tioned selectivity was observed as Glyoct was more selective towards the 
α-cyclodextrin material, PEGA-1. Additionally the data show that PEGA- 
3 binds the two inhibitors with less affinity. 

We have shown that unprotected cyclodextrin acids can be coupled 
to the environmentally friendly and biocompatible PEGA resin and still 
function as supramolecular hosts being able to bind different guests with 
good affinity. Fluorescence microscopy using ANS as fluorescent guest 
was shown to be a useful methodology to analyze CD-binding. Binding 
inhibition studies indicated that the prepared affinity resins has different 
guest preferences depending on the attached cyclodextrin. 
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