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ABSTRACT 

 

In order to investigate the potential of cyclodextrins for the preparation of block-like 

substituted polysaccharides, we submitted mixtures of heptakis[2,3,6-tri-O-methyl]-β-

cyclodextrin (Me21-β-CD, 1) and heptakis[2,3,6-tri-O-methyl-d3]-β-cyclodextrin ((Me-d3)21-

β-CD, 2) to cationic ring-opening polymerisation (CROP). Reactions were performed with 

BF3·OEt2, methyl triflate (MeOTf), and Et3OSbCl6. Products were compared with respect to 

their degree of polymerisation (DP) and the average block length (BL). Highest DP was 

observed with BF3·OEt2, while Et3OSbCl6 was the most active initiator. Average block length 

decreased from 14 in the early stage of product formation to about 2 due to competing chain 

transfer reaction. 1H NMR spectroscopy, GLC, GLC-MS, ESI-MS and MALDI-TOF-MS 

were applied for detailed investigations of side reactions. During incubation with BF3·OEt2, a  

stereroisomeric β-CD with one β-glucosidic linkage (Me21-β-CD6α1β, 3a, (Me-d3)21-β-

CD6α1β, 3b) is formed as an intermediate, while linear Me21- and (Me-d3)21-maltoheptaose 

(4a/b) was detected in the early stage of the reaction promoted by MeOTf. In the case of 

Et3OSbCl6, both intermediates (3a/b, 4a/b) can be observed during the lag phase of 

polymerisation, but to a very low degree. End group analysis by GLC reveals that some alkyl 

exchange occurs at position 3 and 6 in the presence of Et3OSbCl6, and that polymerisation is 

also initiated by protons. Copolymerisation of heptakis[2,3,6-tri-O-benzyl]-β-cyclodextrin 

(Bn21-β-CD, 5) and Me21-β-CD (1) and subsequent debenzylation yielded a polymer of only 
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1,4-glcp-Me3- and 1,4-glcp-residues. Reactivity of Bn21-β-CD was significantly lower than of 

Me21-β-CD, resulting in higher average block length of 1,4-glcp-Me3-units. 

* Corresponding author. E-mail: p.mischnick@tu-bs.de, Tel.: +49-531-391-7201, Fax: +49-

531-391-7230 
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INTRODUCTION 

 

Starch and cellulose derivatives are usually produced by polymer analogous reactions. The 

resulting substitution pattern is determined by the relative reactivities of the various hydroxyl 

groups, by the accessibility of the glucosyl units in the supramolecular structures of cellulose 

microfibrils and starch granules in heterogeneous reactions, and by the influence of primary 

substitution on both reactivity on a molecular and a topochemical level [Mischnick et al. 

2000]. However, many properties of glucan derivatives are mediated by co-operative weak 

interactions. Gelation occurs by the formation of ionic, hydrophilic or hydrophobic junction 

zones. Also biofunctionality as anti-adhesive properties of special cellulose sulfates against 

Plasmodium falciparum-infected erythrocytes might be related to the co-operative effect of 

clustered sulfate groups [Andrews et al. 2005]. From natural polysaccharides as 

galactomannans and alginates it is well known that the location of galactosyl residues along 

the linear 1,4-β-mannan back bone, or the pattern of generation of L-guluronic acids in the 

former 1,4-β-D-mannuronate of alginates strongly influence cold-water solubility, thickening 

properties, and gel strength. Therefore, several efforts have been made to produce starch and 
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cellulose derivatives with non-random substitution patterns. By regioselective protection of 

the primary OH or preferred reversible 2,6-di-O-substitution, uniformly 2,3- or mainly 3-O-

substituted cellulose derivatives as well as the inverse patterns have been synthesised [Kondo 

1991, Kondo and Gray 1993, Koschella et al. 2001, Petzold et al. 2003, Schaller and Heinze 

2005]. Due to the neighbouring effect of the α-glycosidic oxygen, starch can be selectively 

2-O-substituted without any protecting groups [Dicke et al. 2005, Gonera et al. 2002]. 

Uncommon more blocky patterns on the polymer level are obtained by heterogeneous 

reactions in polar aprotic solvents with pulverised sodium hydroxide, on which the 

polysaccharide is adsorbed [Liebert and Heinze 1998, Mischnick and Kühn 1996]. Cellulose 

with a clustered sulfate pattern has been synthesised from cellulose triacetate after selective 

deacetylation of 2- and 3-positions of neighboured glucosyl units with diaminoalkanes 

[Philipp et al.1995, Gohdes and Mischnick 1998]. Topochemical selectivity in 

carboxymethylation has been achieved by mild activation of only the amorphous domains of 

cellulose fibrils [Mann et al. 1998]. In contrast to these polymer analogous reactions, de-novo 

synthesis of regioselectively methylated 1,4-β-D-glucans by polymerisation of  appropriately 

substituted 1,2,4-ortho-pivalates has been reported by the group of Nakatsubo [Nakatsubo et 

al. 1996, Kamitakahara et al. 1996, Karakawa et al. 2002]. However, although less complex 

copolymers of only two types of monomer patterns should be available by this procedure, no 

blocky structure can be expected. Suzuki et al. used permethylated cyclodextrins (CD) as 

macromonomers for cationic ring-opening polymerisation (CROP) [Suzuki et al. 2001, 

Suzuki and Shimazaki 2003, Suzuki et al. 2004]. We developed a concept for the synthesis of 

block-copolymers from differently substituted or protected cyclodextrins. In our model 

studies with permethylated (Me21-β-CD, 1) and perdeuteromethylated β-CDs ((Me-d3)21-β-

CD, 2) we obtained the desired products with average block length of 14, which fast 

decreased due to interfering chain transfer reactions [Adden et al. 2004]. To get more insight 
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into the mechanism and side reactions of cyclodextrin polymerisation, we performed some 

mechanistic studies under the influence of various Lewis acids.  

 

RESULTS AND DISCUSSION 

 

In our preliminary model studies on cationic ring-opening polymerisation of cyclodextrin 

derivatives we succeeded in obtaining multiblock-copolymers with differently substituted 

anhydro glucosyl units (AGU). We now investigated the mechanism of the reaction in more 

detail, comparing the Lewis acids BF3·OEt2, MeOTf and Et3OSbCl6 as initiators. To exclude 

undesired effects by traces of impurities and humidity, we first improved the purification of 

the cyclodextrin derivatives and the handling of the polymerisation procedure. Thus, the 

equivalents of Lewis acid required to start polymerisation could be reduced from 0.6 - 0.75 to 

0.1 - 0.2 per CD. 

 

Characterisation of products  

 

Average Block Length (BL) 

Disaccharides obtained from random methanolysis of the polymeric product are analysed by 

ESI-MS [Adden et al. 2004]. Dimers show three different signals of sodium adducts: m/z 463 

for the disaccharide of two 2,3,6-tri-O-methylated glucosyl units, m/z 472 for the mixed dimer 

containing one perdeuteromethylated glucose, and m/z 481 representing two glucosyl units 

with CD3 residues. The uniform disaccharides present the block structures, while the mixed 

dimers are representative for the transition points. From the ratio of homogeneous and 

heterogeneous dimers the average block length BL can be calculated.  

 

           1
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As long as a CD ring is only cleaved once and transferred to a propagating end as an intact 

macromer, the average block length should be 2nAGU (nAGU = number of AGU/CD, i.e. 7 for 

β-CD) for the products from an equimolar mixture of two macromonomers with identical 

reactivity. As previously described competing chain transfer reactions take place causing a 

decrease of the average block length (Figure 1). The average block length decreased from 

2nAGU in the early stage of the reaction to  2 - 4 representing a random distribution of 

monomers as can be seen in Figure 2 for the polymerisation in presence of 0.2 equiv. 

BF3·OEt2, MeOTf and Et3OSbCl6. The time of complete consumption of CD is marked with 

arrows. With respect to the rate of polymerisation and chain transfer reaction, the initiators 

can be arranged in the following order: Et3OSbCl6 > MeOTf ≈ BF3·OEt2.  

 

Degree of polymerisation (DP) 

DP was deduced from the amount of non-reducing terminal glucosyl units, which were 

determined after labelling by perethylation, methanolysis and acetylation by means of GLC. 

Table 1 shows the DP calculated from the ratio of 4-O-Et- (and 4-O-Me- if observed) to 4-O-

Ac-D-glucitols of several polymers isolated after complete consumption of CDs. With respect 

to the final DP, initiators can be arranged in the following order: BF3·OEt2 > Et3OSbCl6 > 

MeOTf. In the presence of BF3·OEt2 the DP corresponded to the theoretical value for a living 

polymerisation (DPtheor. = nAGU/equiv. initiator), whereas the DP obtained from reactions with 

Et3OSbCl6 and in particular with MeOTf was significantly lower. MALDI mass spectra of the 

polymers showed a high polydispersity (Figure 3a), which, in addition with the observation of 

chain transfer reactions, clearly indicate that CROP of CD derivatives does not proceed in a 

1
)]472/.([*5.0

)]481/.([))(4,1( 33 +=−−−
zmInt
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living manner. Further side reactions have been investigated by means of 1H NMR 

spectroscopy, ESI-MS, MALDI-MS and end group analysis. 

 

Mechanistic studies 

 

1H NMR spectroscopic studies of the course of polymerisation 

In preliminary investigations of Suzuki [Suzuki et al. 2001] and our laboratory [Adden et al. 

2004], a lag phase of the polymerisation reaction has been observed. This has also been 

reported for CROP of simple acetals as 1,3-dioxolane. [Yamashita et al. 1968] and 1,3,5-

trioxane [Kern and Jaacks 1960] and has been shown to depend on Lewis acid, its 

concentration, presence of co-initiators and solvent polarity. To find out what happens during 

this induction period, we followed the course of the reaction by 1H NMR spectroscopy. 

Chemical shifts, coupling constants and assignments of all signals of interest are listed in 

Table 2. As has been reported, disappearance of α-H1 of CDs and occurrence of α,β-H1 of 

the polymer can be evaluated [Suzuki et al. 2001, Adden et al. 2004]. 

To elucidate additional minor signals observed during the reaction, we recorded 1H NMR 

spectra from the homopolymerisation of equimolar mixtures of (Me-d3)21-β-CD (2) and 

different initiators in dichloromethane-d2 in regular intervals. Figure 4a shows the 

1H NMR spectrum for BF3·OEt2 after 12 min.. During the early stage of the reaction seven 

doublets of equal intensity are observed in the region of H1-signals (Table 2). Coupling 

constants of 3.5 – 3.8 Hz indicate α-configuration of all linkages with the exception of the 

doublet at δ 4.64 which refers to a β-H1 due to its larger coupling constant of 7 Hz. In 

accordance with literature data this set of doublets was assigned to a methylated β-CD 

stereoisomer bearing one β-glucosidic linkage ((Me-d3)21-β-CD6α1β, 3b) [Kikuzawa et al. 

2005]. BF3·OEt2 can act directly as an initiator in polymerisations or after reaction with a co-
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initiator as water, alcohol or a halogenated hydrocarbon. These substances can be already 

present as impurities or, if not, are added in small amounts. Reaction of BF3·OEt2 with the co-

initiator generates the active species, i.e. H+[BF3OR]-. Well known is for example the 

polymerisation of isobutene with BF3·OEt2, which only proceeds in the presence of trace 

amounts of water or alcohol [Evans et al. 1950]. If CROP of cyclodextrin derivatives requires 

the presence of a co-initiator, the attack of H+ and subsequent ring opening will lead to the 

formation of an oligomeric carboxonium ion with [BF3OR]- as the counter ion and 4-OH at 

the non-reducing end. In the case of BF3 as the initiating species, an intramolecular ion pair 

will be formed, retaining its cyclic structure. Back reaction of this reversible process proceeds 

via preferred formation of a β-glucosidic linkage until an equilibrium is reached. A schematic 

illustration of the initiating steps expected for various types of Lewis acids is given in 

Figure 1. From the formation of 3 we concluded that in the case of the BF3·OEt2-promoted 

CROP, activation preferably occurs without co-initiator. BF3-promoted polymerisation of 

cyclic acetals without any co-initiator has been reported for polar solvents like nitrobenzene 

or dichloroethane [Higashimura et al. 1965, Kern et al. 1961, Kern and Jaacks 1960]. 

In contrast to BF3, the transfer of R+ (e.g. CH3
+, C2H5

+, H+) to the glycosidic oxygen results in 

an intermolecular ion pair of the oligomeric carboxonium ion and a negative counter ion. In 

case of MeOTf, further stabilisation of the carboxonium ion is possible by the recombination 

of an ion pair resulting in a covalent ester as has been described for THF and ethyl triflate 

[Kobayashi et al. 1974, Matyjaszewski et al. 1974]. In agreement with these considerations, 

no signals for (Me-d3)21-β-CD6α1β (3b) were observed in the mixture with MeOTf. Here, a 

doublet at δ 5.51 and a multiplet at δ 5.43-5.49 with relative intensities of 1:5 can be assigned 

to the non-reducing terminal and the internal glucosyl residues of non-cyclic (Me-d3)21-

maltoheptaose (4b) (Figure 4b). The anomeric protons are likely to give two doublets at 

δ 4.55 (β-H1) and δ 5.25 (α-H1) which are in good agreement with data from literature for 

Me21-maltoheptaose [Kikuzawa et al. 2005], with the exception of the H1-(O)H-coupling, 
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which is missing in our case. However, methyl glucosides or 1-triflates can be excluded due 

to deviating chemical shifts. MALDI-MS of the quenched and purified products also showed 

exclusive formation of Me21-maltoheptaose with 1-OH at the reducing end and 4-OH at the 

non-reducing end and no polymerisation in the early stage of the reaction. In the presence of 

Et3OSbCl6, both intermediates, (Me-d3)21-β-CD6α1β (3b) and (Me-d3)21-maltoheptaose (4b), 

are observed, but to a much smaller extent (Figure 4c).  

In further NMR spectroscopic investigations, the quantitative composition of the reaction 

mixture from the copolymerisation of the permethylated β-cyclodextrins 1 and 2 in presence 

of 0.2 equiv. initiator was monitored after quenching. All calculations are referred to the 

distribution of all assigned anomeric protons and expressed as Mol % AGU. The time-

dependent formation of 3a/b and 4a/b is shown in Figure 5. To take the lag phase of 

polymerisation into account, the principal course expected during the induction period has 

been completed by dashed lines. In the presence of BF3·OEt2, permethylated β-CD6α1βs (3a/b) 

pass through a maximum. The highest amount determined was 17.3 % after 41 h. At this time 

29.4 % of the CDs were still left. After 66 h, the educts 1 and 2 as well as Me21-β-CD6α1β 

(3a/b) were completely converted into the polymer. To find out whether the polymerisation 

proceeds via the stereoisomeric cyclodextrin derivative 3a/b as the more reactive intermediate 

or whether the isomerisation of 1 and 2 is an independent process, is the objective of further 

investigations. With MeOTf, β-H1 from polymer and thus the polymerisation product was 

only detected when the intermediately formed Me21-maltoheptaose 4a/b had passed its 

maximum of 12.8 % after 23 h. As a result of subsequent reaction, 4a/b has completely 

disappeared after 47 h. At this time 9.4 % of the CDs are still observed. Et3OSbCl6 promoted 

rapid polymerisation after a short induction time. CDs were completely consumed after 3 h. 

Formation of Me21-β-CD6α1β (3a/b) and Me21-maltoheptaose (4a/b) are not observed in this 

experiment due to the fast polymerisation and their low amount. The proportion of β-
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configurated glucosidic linkages equilibrates during the course of the reaction to 

approximately 21 % for BF3·OEt2 and MeOTf, and to 30 % for Et3OSbCl6.  

 

Investigation of the polymeric product 

In organic chemistry trialkyloxonium salts (Meerwein salts) are widely used as alkylating 

agents for functional groups such as hydroxyl, thiol and hemiacetal groups. As already 

described by Meerwein, dialkylethers undergo alkyl exchange with trialkyloxonium salts. For 

instance, Me3OBF4 can be synthesised from Me2O and Et3OBF4 [Meerwein 1965]. In order to 

investigate Et3OSbCl6-promoted CROP with respect to alkyl exchange reactions, partially 

alkylated alditol acetates derived from the polymer were analysed by GLC and GLC-MS. 

Table 3 summarises the results for three polymers obtained from equimolar mixtures of 

permethylated and perdeuteromethylated α-, β-, and γ-CDs in the presence of 0.3 equiv. 

Et3OSbCl6. Methyl-ethyl exchange was found to occur to an extent of 2.0 – 2.3 % at position 

O-6, and to 0.5 – 0.6 % at position O-3, while position O-2 remained unaffected. The latter 

exhibits the lowest basicity due the neighboured anomeric centre, and therefore only weakly 

interacts with the Lewis acid. The mixed trialkyloxonium ions formed (Et3-nMenO+) seem to 

be more capable of promoting CROP compared to Et3O+. This might be due to a better fit 

with the CD since the Lewis acid must be included into the CD like a guest because the 

glycosidic oxygen directs into the cavity [Suzuki et al. 2001]. Thus, 0.8 - 1.0 % of all AGUs 

carry a 4-O-Me group, while only 0.2 – 0.3 % are ethylated at O-4. The DP calculated from 

the ratio of (4-O-Et + 4-O-Me) to the 4-O-Ac-D-glucitols, should be in agreement with the 

results obtained after perethylation prior to hydrolysis described above (Table 1), if initiation 

exclusively occurs by transfer of a Me+ or Et+. However, the DP calculated from the products 

obtained after ethylation of the non-reducing terminal glucosyl residue was much lower, 

indicating that most of the non-reducing end groups had a free 4-OH. This means that 

polymerisation and chain transfer reactions are preferably promoted by H+. The origin of H+ 



10 

is not yet clearly understood. Suzuki et al. postulate deprotonation of C-2 of the carboxonium 

ion (Figure 6) [Suzuki et al. 2001], a side reaction, which also terminates chain growth.  

Figure 3b shows the enlarged region of DP 5 of the MALDI-TOF mass spectrum obtained 

from the reaction of equimolar mixtures of 1 and 2 with 0.3 equiv. Et3OSbCl6 after 4 h (BL = 

2.9). Four overlapping sets of signals can be assigned to products with free reducing and non-

reducing ends (pattern I, m/z 1061-1106), the corresponding anhydro compounds (II, 

m/z 1043-1088), methyl glucosides (III, m/z 1075-1120) and deuteromethyl glucosides (IV, 

m/z 1078-1123). Each pattern consists of 6 signals with Δ9 due to the mass difference 

between methylated and deuteromethylated AGUs. Methylation and deuteromethylation at the 

anomeric carbon (III and IV) was proved by ESI-MS/collision induced dissociation (CID) of 

the corresponding di- and trisaccharides in the polymeric raw product. ESI-MS/CID spectra of 

2,3,6-O-methylated methyl maltoside obtained from partial methanolysis of 1 with its 

diagnostically valuable Y1 fragment (m/z 259) and the daughter mass spectrum of the 

corresponding disaccharide of the raw product after polymerisation with 0.3 equiv. Et3OSbCl6 

are depicted in Figure 7. Absence of ring cleavage fragments and the exclusive occurrence of 

the Y1-fragment clearly indicate the formation of methyl glucosides during polymerisation. 

ESI-MS/CID mass spectra of anhydro compounds with a DP of 3 unexpectedly showed a 

dominating Y2-fragment at m/z 449, which reveals that in contrast to the suggested 

elimination in Figure 6, water was not lost at the reducing end. Formation of Z-fragments by 

O4-C4-cleavage, yielding the mirror image of the Y-fragment, would be in agreement with 

the glucal structure shown in Figure 6, but is very unlikely. Formation of cyclic structures can 

also be excluded. Therefore, formation of methyl glucosides as well as anhydro compounds 

will be objectives of further investigations. Polymerisations with BF3·OEt2 and MeOTf 

showed polymers with 4-OH and 1-OH besides small amounts of anhydro compounds in 

MALDI-MS.  
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Copolymerisation of Me21-β-CD (1) and heptakis[2,3,6-tri-O-benzyl]-β-cyclodextrin 

(Bn21-β-CD, 5) 

 

As mentioned in the introduction, our concept of CD polymerisation is directed to the 

synthesis of multi-block copolymers with e.g. hydrophobic and hydrophilic sequences. In the 

next step, following our model studies with chemically uniform CDs, the isotopically labelled 

(Me-d3)21-β-CD is substituted by a reversibly protected CD. Differences in reactivities shall 

be compensated by variation of CD-size (α, β, γ). We started with perbenzylated and 

peracetylated β-CD, but the electronically deactivated Ac21-β-CD did not react. When 

equimolar mixtures of Me21-β-CD (1) and Bn21-β-CD (5) were polymerised using 0.3 equiv. 

of MeOTf, BF3·OEt2, or Et3OSbCl6, respectively, a 1,4-glcp-Me3/1,4-glcp-Bn3-copolymer 

was obtained, which was transformed into the corresponding 1,4-glcp-Me3/1,4-glcp-

copolymer by debenzylation. For characterisation, average block length was determined by 

ESI-MS after debenzylation, perdeuteromethylation and partial methanolysis. Transformation 

of the 1,4-glcp-Me3/1,4-glcp-Bn3-copolymer into the 1,4-glcp-Me3/1,4-glcp-(Me-d3)3-

copolymer was necessary to ensure random degradation. Independently of the initiator, Bn21-

β-CD (5) is less reactive than 1 in spite of the activation of the glycosidic bond by the 

electron-rich benzyl groups. This means that the accessibility of the glycosidic oxygen in the 

cavity is sterically hindered for the propagating carboxonium ion by the bulky substituents. 

As long as Bn21-β-CD (5) was not completely consumed, the copolymer showed a higher 1,4-

glcp-Me3 content and thus a higher average block length of these units (Figure 8). Block 

length of 1,4-glcp-Bn3 kept almost constant, likely due to similar rate of chain transfer and 

conversion of Bn21-β-CD (5). Equal block length of 2 in the case of MeOTf and 5 for 

Et3OSbCl6 was reached after complete conversion of both types of macromonomers. In case 

of BF3·OEt2, even after 137 h some benzylated CD was left. DP was determined by GLC after 
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hydrolysis, reduction and acetylation of the perdeuteromethylated polymer bearing 4-O-(Me-

d3) in addition to alkyl groups introduced in the initiation step at the non-reducing end. 

Results are shown in Table 4. DP turns out to be lower compared to those obtained from 

copolymerisation of 1 and 2. Our current work is directed to the improvement of selectivity 

with respect to competing polymerisation and chain degradation reactions and therefore of DP 

and block length.  

 

EXPERIMENTAL 

 

General 

 

All solvents and reagents were purchased from the following companies: Fisher Scientific, 

Fluka Chemie GmbH, Merck, Carl Roth GmbH & Co, J. T. Baker and Acros Organics. They 

were of highest purity available, solvents were of HPLC grade. β-Cyclodextrin was a gift of 

W. A. König, University of Hamburg. For purification, Sephadex LH 20 and silica gel 60 

(63-200 µm, Merck) were used. Cyano cartridges (Bakerbond spe Cyano 3 mL, 500 mg 

adsorbens, 40 µm, 60 Å) were used for the separation of remaining 1 and 2 from the 

polymeric product. TLC was performed with silica gel 60 on aluminium foils, 20 cm x 20 cm, 

from Merck. 

 

Synthesis 

 

Heptakis[2,3,6-tri-O-methyl]-β-cyclodextrin (1) and heptakis[2,3,6-tri-O-methyl-d3]-β-

cyclodextrin (2) 

Permethylation and perdeuteromethylation of β-CD was carried out with NaOH and CH3I (  

1) or CH3I-d3  (  2) according to Ciucanu and Kerek [1984] as previously described [Adden 
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et al. 2004]. Further purification was achieved by column chromatography on Sephadex LH 

20 with methanol/dichloromethane (2:1 v/v). 1H NMR spectroscopic data were in agreement 

with the literature [Johnson and Shankland 1985]. 

 

Heptakis[2,3,6-tri-O-benzyl]-β-cyclodextrin [5] 

Benzylation of β-CD was carried out by a modified method according to Sato et al. [1990]. β-

CD (1.0684 g, 0.94 mmol) was dissolved in DMSO (17 mL). NaH (2.667 g, 111.1 mmol, 

5.3 equiv./OH) was added at 0 °C. After stirring for 1 h at r.t. benzyl bromide (12 mL; 101 

mmol, 4.8 equiv./OH) was added at 0 °C. The viscous solution was stirred overnight at r.t.. 

After 18 h additional benzyl bromide (6.5 mL, 54.5 mmol) was added. Benzylation was 

carried out for a total of 3 d at room temperature. The solution was cooled down to 0 °C, and 

the reaction was quenched by addition of methanol and water. Afterwards the solution was 

extracted three times with diethylether. The combined organic phases were washed four times 

with water and dried over Na2SO4. Subsequent purification was carried out by column 

chromatography on silica gel with petrolether/ethyl acetate (6:1 or 3:1, v/v) for two times. 

Yield: 41.5 %, TLC (petrolether/ethyl acetate, 3:1, v/v): Rf = 0.57. 1H NMR spectroscopic 

data were in agreement with literature [Lecourt et al. 2004]. 

 

Polymerisation 

All vessels used for polymerisation were dried with a heat gun in high vacuum. Equimolar 

amounts of the respective CD derivatives were weighted into a 1 mL screw cap vial and dried 

at 70 °C in high vacuum for at least 10 h. CDs were dissolved in an appropriate volume of 

CH2Cl2 in order to reach a total concentration of 0.1 M after addition of a 0.1 M solution of 

the initiator in CH2Cl2. For polymerisation of equimolar amounts of Me21-β-CD (1) and (Me-

d3)21-β-CD (2) with 0.3 equiv. Initiator, the typical procedure was as follows: 1 (29 mg, 0.02 

mmol) and 2 (30 mg, 0.02 mmol) were dissolved in 280 µL dichloromethane. 120 µL 0.1 M 
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initiator solution was added to give 400 µL of a 0.1 M CD-solution containing 0.3 equiv. 

initiator. The entire solution was transferred using a 500 µL gas tight syringe and divided into 

glas ampoules (ca. 200  µL), and sealed with a bunsen burner. The ampullae were prepared 

from pasteur-pipettes (length: 145 mm). All polymerisations were carried out at r.t.. In regular 

intervals one ampulla was opened and the reaction quenched with 1 mL of saturated NaHCO3 

solution. The aqueous solution was extracted three times with CH2Cl2, the organic phases 

were combined, washed with water and dried over Na2SO4. The solvent was removed in a 

stream of nitrogen.  

 

Deprotection of 1,4-glcp-Me3/1,4-glcp-Bn3-copolymer 

Debenzylation was carried out by a slightly modified procedure according to Lecourt et al. 

[2003]. In a test tube 5 mg Pd/C were added to a solution of 5 mg copolymer in 400 µL THF. 

Debenzylation was carried out in a hydrogen atmosphere (30 bar) overnight. 150 µL water 

was added and debenzylation was continued for further 8 h. The suspension was diluted with 

1 mL methanol and filtered through a membrane filter (pore size 0.45 µm). The filter was 

washed three times with methanol. The solvent was removed in a stream of nitrogen. 

 

Characterisation 

 

In the case of remaining CDs the raw product was submitted to solid phase extraction prior to 

characterisation. Cyano-cartridges were conditioned with 3 mL chloroform and 3 mL 

hexane/chloroform (1:1, v/v). A solution of 2 mg raw product in 0.5 mL solvent mixture was 

applied to the cartridge, and the cyclodextrins were eluted with 6 mL hexane/chloroform (1:1 

v/v). Elution of the polymer was achieved with 6 mL chloroform. After removal of the solvent 

the polymer was obtained as a colourless film. In case of 1,4-glcp-Me3/1,4-glcp-Bn3-
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copolymers debenzylation and perdeuteromethylation were carried out prior to solid phase 

extraction.  

 

Gas liquid chromatography (GLC / GLC-MS) 

A Carlo Erba Instruments GC 6000 Vega Series 2 equipped with a Chrompac CPSIL8CB 

capillary column (25 m, i.d. 0.25 mm, film thickness 0.25 µm) with retention gap (1.5 m), and 

a FID, and a Merck Hitachi D-2500 Chromato-integrator was used. Carrier gas: H2 (80 psi). 

Temperature program: 60 °C for 1 min, first heating rate: 20 °C/min to 130 °C, second 

heating rate: 4 °C/min to 290 °C (hold: 30 min). For quantitative evaluation of the relative 

molar ratios peak areas were corrected by the ECR concept [Sweet et al. 1975]. 

For peak identification GLC-MS with a Agilent 6890 GC and a JEOL GCmate II bench top 

double-focusing magnetic sector mass spectrometer was applied. The GC was equipped with 

a HP-5 column (30m). A split injection port at 250 °C was used for sample application, and 

the split ratio was set at 5:1. Helium carrier gas was set to 1.5 mL/minute flow rate (constant 

flow mode). Transfer line was kept at 250 °C. The MS was operating in electron impact 

ionisation (EI) mode at 70eV with an ion source temperature of 180 °C. Low-resolution mass 

spectra were acquired at a resolving power of 650 (20 % height definition) and scanning from 

m/z 39 to m/z 650 at 1.0 s / scan with a 0.2 s inter-scan delay. 

 

Perdeuteromethylation/Perethylation 

1,4-glcp-Me3/1,4-glcp-copolymer was submitted to perdeuteromethylation according to 

Ciucanu and Kerek [1984]. About 2 - 5 mg of the polymer was deuteromethylated in 0.5 mL 

DMSO with 12 mg freshly pulverised NaOH and 40 µL CD3I whereof 20 µL was added after 

24 h. The reaction was stopped by adding 2 mL water. The suspension was extracted three 

times with 1 mL CH2Cl2. In order to remove residues of DMSO, the combined organic phases 
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were extracted five times with 2 mL of water. The organic phase was dried over Na2SO4 and 

evaporated to dryness. 

Perethylation of terminal 4-OH of 1,4-glcp-Me3 /1,4-glcp-(Me-d3)3-copolymers was 

performed with EtI instead of MeI-d3. 

 

Determination of non-reducing terminal groups 

After perdeuteromethylation or perethylation, respectively, 2 mg of the resulting copolymer 

was hydrolysed with 0.5 mL 2 M trifluoroacetic acid at 120 °C for 2 h. Trifluoroacetic acid 

was subsequently removed by codestillation with toluene at r.t.. Reduction was carried out 

with 0.5 mL of 0.25 M NaBD4 in 2 M NH3 at 60 °C for 2 h. Excess of NaBD4 was destroyed 

with acetic acid. The resulting boron acid was removed as its methyl ester in a stream of 

nitrogen. Finally, acetylation was carried out with 50 µL pyridine and 200 µL acetic 

anhydride at 90 °C for 2 h. Permethylated alditol acetates were isolated by liquid-liquid 

extraction between CH2Cl2/NaHCO3 (aq). Peaks were identified by GLC-MS.  

 

Electrospray ionisation – mass spectrometry (ESI-MS) 

Mass spectra were recorded on an Esquire LC (Bruker Daltronics GmbH, Bremen, Germany) 

in positive mode. Nitrogen is used as drying gas (4 L/min, 300 °C) and as nebuliser gas 

(10 psi). The following Voltages were used: capillary -4500 V, end plate offset –500 V, 

capillary exit 120 V, skim 1 40 V and skim 2 10 V. For ESI MS/CID amplitude of 0.7 V for 

the fragmentation of trisaccharides and of 1.0 V for disaccharides, respectively, and isolation 

width of 4 m/z were applied. For partial methanolysis polymeric product (0.5 - 1 mg) was 

dissolved in 0.1 M methanolic HCl (0.5 mL) and stirred for 60 min. at 90 °C. After removing 

the methanolic HCl in a stream of nitrogen, the residue was dissolved in methanol to a 

concentration of ca. 0.1 mg/mL and introduced directly via a syringe at a flow of 150 µL/h. 
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MALDI-TOF-MS 

Positive ion matrix-assisted laser desorption/ionisation mass spectrometry (MALDI-MS) was 

carried out using an ULTRAFLEX time-of-flight (TOF/TOF) instrument (Bruker Daltonics, 

Bremen, Germany) equipped with delayed-extraction and reflectron systems and a N2 laser 

(337 nm) operating with 3 ns pulse width and 107-108 W/cm2 irradiance at the surface of 0.2 

mm2 spots. 1 µL of the samples containing equal volumes of oligosaccharide solution 

(~ 10 pmol/µL anhydro glucose units) and the ultraviolet-absorbing matrix (19 mg) α-cyano-

4-hydroxycinnamic acid in 400 µL acetonitrile and 600 µL 0.1 % (v/v) trifluoroacetic acid in 

H2O were spotted onto the stainless steel target and dried at room temperature (r.t.). Spectra 

were recorded at an acceleration voltage of 25 kV using the delayed extraction facility and the 

reflectron for enhanced resolution. 

 

1H NMR spectroscopy 

1H NMR spectra were recorded on a Bruker AMX 400 instrument (400 MHz). For the 

elucidation of minor signals, equimolar amounts of 2 and initiator in CH2Cl2-d2 were mixed 

(concentration: 0.1 M each) in a NMR-tube. Time course of the copolymerisation of 1 and 2 

with 0.2 equiv. initiator was monitored in CHCl3-d1 after quenching and extraction of the raw 

product after distinct reaction times. 

 

CONCLUSION 

 

The suitability of CROP for the preparation of multi-block copolymers was investigated using 

Me21-β-CD (1) and (Me-d3)21-β-CD (2) in the presence of BF3·OEt2, Et3OSbCl6 and MeOTf. 

Independently of the initiator, chain transfer reactions occur causing a decrease of the average 

block length. Formation of a stereroisomer of Me21-β-CD containing one β-glycosidic linkage 

(3a,b) suggests intramolecular ion pair formation in the presence of BF3·OEt2. In the case of 



18 

MeOTf intermolecular ion pair formation or esterification with the triflate anion leads to 

exclusive formation of non-cyclic Me21-maltoheptaose (4a,b) in the early stage of the 

reaction. Both intermediates disappear when polymerisation proceeds and might therefore be 

involved in the induction period. As a side reaction alkyl exchange has been observed with 

Et3OSbCl6. With respect to DP and rate of polymerisation, BF3·OEt2 has turned out to be the 

most suitable initiator, whereas MeOTf only yields products with low DP. Copolymerisation 

was also successful with Me21-β-CD and Bn21-β-CD, but low reactivity of the latter led to 

preferred consumption of Me21-β-CD and thus higher block length of 1,4-glcp-Me3-

sequences. After debenzylation, a copolymer with 1,4-glcp- and 1,4-glcp-Me3-sequences was 

obtained for the first time. Optimisation of this reaction is in progress. This is one step of our 

concept to prepare a wide variety of multi-block copolymers e.g. to study the correlation of 

the methylation pattern with thermoreversible gelation. 
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Table 1 

Average DP calculated from the non-reducing terminal glucosyl residues after ethylation of 

1,4-glcp-Me3/1,4-glcp-(Me-d3)3 copolymers. Copolymers were obtained from equimolar 

mixtures of 1 and 2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Initiator Equivalents/CD Time [h] DP 
0.1 90 11 

MeOTf 
0.3 90 7 
0.2 137 36 

BF3·OEt2 0.3 66 27 
0.1 22 17 

Et3OSbCl6 0.3 2 22 



24 

Table 2 

Diagnostically valuable 1H NMR spectroscopic data observed for an equimolar 

mixture of  2 and various initiators in dichloromethane-d2. Relative intensities of the signals 

are given within each set of signals 

 
δ Multiplicity J [Hz] Rel. int. Assignment 

5.10 d 3.6 - 2: α-H1 
5.55 m - 1 Polymer: α-H1 next to β-glc 
5.50 m - - Polymer: α-H1 next to α-glc 
4.32 m - 1 Polymer: β-H1 
5.51 d 3.7 1 3b: α-H1 
5.23 d 3.5 1 3b: α-H1 
5.21 d 3.8 1 3b: α-H1 
5.14 d 3.6 1 3b: α-H1 
5.04 d º 3.5 1 3b: α-H1 
5.03 d º 3.5 1 3b: α-H1 
4.64 d 7.0 1 3b: β-H1 
5.51 d 3.7 1 

5.43-5.49 m - 5 
  4b: α-H1 (non-reduding 

 4b: α-H1 and internal glc) 

5.25 d 3.5 4b: α-H1 (reducing glc) 
4.55 d 7.3 }    1 4b: β-H1 (reducing glc) 
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Table 3 

Gas chromatographic determination of the substitution pattern of three different polymers 

from equimolar mixtures of  I) Me18-α-CD/(Me-d3)18-α-CD after 6 h,  II) Me21-β-CD/(Me-

d3)21-β-CD after 4 h and III) Me24-γ-CD/(Me-d3)24-γ-CD after 4 h, each with 0.3 equivalents 

Et3OSbCl6 

 
Position  Mol %  

O-2 O-3 O-4 O-6 I II III 
Me Me glc Me 96.2 96.2 96.4 
Et Me glc Me - - - 
Me Et glc Me 0.5 0.6 0.5 
Me Me glc Et 2.3 2.0 2.1 
Me Me Me Me 0.9 1.0 0.8 
Me Me Et Me 0.2 0.2 0.3 

   DPcalc : 91 83 91 
 

 

 

 

 

Table 4 

Average DP calculated from the gas chromatographic determination of non-reducing terminal 

glucosyl residues after debenzylation and perdeuteromethylation of 1,4-glcp-Me3/1,4-glcp-

Bn3-copolymers. Copolymers were obtained from equimolar mixtures of 1 and 5. 

 Lewis Acid Equivalents Time [h] DP 
66 5 MeOTf 0.3 
98.5 6 
71 17 BF3·OEt2 0.3 

120 19 
21.5 9 Et3OSbCl6 0.3 
46 8 
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Figure 1 

Comparison of the initiation with a non-ionic initiator Y and a dissociating Lewis acid XY 

and schematic representation of the chain transfer reaction 
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Figure 2  

Time-dependent decrease of the average block length (BL) for different polymers obtained 

from equimolar mixtures of Me21-β-CD (1) and (Me-d3)-β-CD (2) in the presence of 0.2 

equiv. BF3·OEt2, MeOTf, and Et3OSbCl6, respectively. The time when complete consumption 

of the CDs was observed is marked with arrows. 
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Figure 3 

(a) MALDI mass spectrum of the polymer obtained from an equimolar mixture of Me21-β-CD 

(1) and (Me-d3)21-β-CD (2) in the presence of 0.3 equiv. Et3OSbCl6 after 22 h. 

(b) Enlarged region of DP5. Pattern I (m/z 1061.6-1106.9): pentamers with reducing and non-

reducing end, pattern II (m/z 1043.6-1088.8): anhydro compounds, pattern III (m/z 1075.6-

1120.8): methyl glucosides, pattern IV (m/z 1078.6-1123.8): deuteromethyl glucosides 

(pattern IV unmarked). Each pattern consists of 6 signals with Δ 9 due to the mass difference 

between 1,4-glcp-Me3- and 1,4-glcp-(Me-d3)3-units.

1000 1500 2000 2500 3000 3500 4000 4500 m/z 

DP 5 

DP 10 

DP 15 

DP 20 

I 

III  IV II 
 

II 
1043.6

II 
1052.6 

I / II 
1061.6 

I / II 
1070.7

III 
1075.6 

I / II 
1079.7 

III 
1084.7 

I / II  
1088 8

III 
1093.7 

I 
1097.8 

III 
1102.8 

III 
1111.8

III 
1120.8 

1040 1050 1060 1070 1080 1090 1100 1110 1120 1130 m/z

I 
1106.9

a 

b 



29 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

Figure 4 

1H NMR spectra (400 MHz) of a solution of (Me-d3)21-β-CD (2, c = 0.1 M) and 1 equiv. 

BF3·OEt2 after 50 min (a), 0.75 equiv. MeOTf after 4.5 h (b), and 0.1 equiv. Et3OSbCl6 after 

12 min (c) in dichloromethane-d2. White arrows mark H1-signals of (Me-d3)21-β-CD6α1β (3b) 

and black arrows those of α,β-(Me-d3)21-maltoheptaose (4b). Relative intensities within one 

set of signals are written above the arrows. (For data see Table 3)  
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Figure 5 

Amount of  β-linkages in the polymer and intensities of H1 signals of the educts Me21-β-

CD (1) and (Me-d3)21-β-CD (2), the intermediates Me21-β-CD6α1β (3a), (Me-d3)21-β-CD6α1β 

(3b), Me21-maltoheptaose (4a), (Me-d3)21-maltoheptaose (4b), and of  the polymer during 

the reaction of equimolar amounts of 1 and 2 in presence of 0.2 equiv. BF3·OEt2 (a), 

MeOTf (b), and Et3OSbCl6 (c). Amounts are calculated as Mol % AGU. Spectra were 

recorded after quenching and extraction of products. 
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Figure 6 

Elimination of a proton from C-2 of the carboxonium-ion 
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Figure 7 

ESI-MS/CID mass spectra of  (a) 2,3,6-O-methylated methyl maltoside (m/z 463) obtained 

from 1 after partial methanolysis and (b) the corresponding disaccharide m/z 463 from the 

raw product after polymerisation of equimolar amounts of 1 and 2 with 0.3 equiv. 

Et3OSbCl6 for 4 h. Amplitude: 0.8 V; m/z values are given for [M+Na]+. 
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Figure 8 

Time-dependence of the average block length (BL, left ordinate) and of the ratio of 1,4-

glcp-Bn3-units (% 1,4-glcp-Bn3, right ordinate) for 1,4-glcp-Me3/1,4-glcp-Bn3-copolymers 

obtained from equimolar mixtures of Me21-β-CD (1) and Bn21-β-CD (5) in the presence of 

0.3 equiv. BF3·OEt2 (a), MeOTf (b), and Et3OSbCl6 (c).  
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