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ABSTRACT 

2-Hydroxyethyl- and 2-hydroxypropyl-cyclomaltoheptaoses (HE-PCD and 
HP+CD) with various molar degrees of substitution have been investigated by the 
reductive-cleavage method and methylation analysis. As expected for alkali- 
catalysed etherifications, mainly HO-2 was substituted. 

INTRODUCr’ION 

Cyclomalto-oligosaccharides (cyclodextrins, CDs), especialy pCD (cyclo- 
maltoheptaose), are not very soluble in water due’ to the strong hydrogen bond 
between HO-2 and O-3. Solubility in water, as required for biomedical applica- 
tions, can be achieved by hydroxyalkylation. The products of such derivatization 
processes must be thoroughly characterised. 

Hydroxyalkylated CDs are also good model compounds for the analysis of 
the corresponding derivatives of starch and cellulose. The mixtures of degradation 
products are less complex, because there are no terminal or branched glucose 
residues. 

The molar degree of substitution (m.d.s.) can be calculated on the basis of 
n.m.r. data2r3 or by cleavage of the substituent with hydriodic4 or hydrobromic acid5 
and identification of the products. Pitha et al6 determined m.d.s. values for HP-CD 
by plasma desorption-m.s. However, they could not differentiate substituents at 
positions 2,3, and 6, and assumed that HO-6 would be the most reactive as found 
for HE-celluloses5,7 and HP-guars. 

The patterns of substitution of hydroxyalkyl-starches and -celluloses have 
been investigated by acid hydrolysis and separation of the resulting glucose 
derivatives after trimethylsilylation or by methylation analysis5,7J2. Usually, HO-2 
was found to possess the highest reactivity. However, at higher concentrations of 
alkali during the reaction with the alkylene oxide, HO-6 was the most reactive. 

We have applied the reductive-cleavage method13-15 to 0-(Zhydroxy-3- 
phenoxypropyl)starch16 and also to characterise CD derivativesi7, and now report 
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Fig. 2. Gas chromatograms of the mixtures of degradation products of HPCD 0.9 obtained by (a) 
reductive-cleavage and (b) methylation analysis. G.1.c. conditions as in Fig. 1. O-3 HP are the kumbers 
of hydroxypropyl residues per glucosyl residue. 

cleaved to anhydroglucitols, using trimethylsilyl methanesulfonate-boron tri- 
fluoride etherate and triethylsilane, and then acetylated (reductive-cleavage15). 
Whereas HE groups are stable under reductive-cleavage conditions, HP groups 
may be cleaved due to the greater stability of the [Me$OMe]+ ion, which can be 
formed after cleavage. When 5 equiv. of triethylsilane and the catalyst mixture 
were applied for 24 h at room temperature, loss of substituents did not occur. 
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The mixtures of products from (a) and (b) were analysed by g.1.c. (Figs. 1 

and 2) and g.l.c.-m.s. Two stereoisomers are formed when a hydroxyl group in a 

glucose residue reacts with propylene oxide. Only peak broadening was observed 

for the diastereoisomeric HP-glucitol ethers, and most of the diastereoisomeric 

anhydroglucitol derivatives were separated only partially. 

Mass spectra. - The number of substituents in the products of degradation 

can be deduced from the c.i.-mass spectra on the basis of the increase of 44 mass 

units for every HE group and 58 mass units for an HP group, respectively. The 

position of substitution can be deduced from the e.i.-mass spectra. The fragmenta- 

tion of the glucitol ethers follows the pathways outlined for partially methylated 

alditol acetateGo and has been discussed for their 2-hydroxyethyl derivativeG. A 
small proportion of a fourth monosubstituted HP derivative was found, which had 

the same mass spectrum as 2-0-HP-glucitol. Presumably, this product was the O- 

(2-hydroxy-l-methylethyl) isomer formed by attack of the sugar anion on C-2 of 

the propylene oxide. 

Ions of low m/z values characteristic for the substitution pattern of O-acetyl- 

ated 1,5-anhydro-tri-0-methyl-D-alditols have been discussed*l but, for deuterium- 

labelled methylated anhydroalditols, the origin of fragments becomes more 

ambiguous with decreasing m/z values**. The fragments Al and A2 (Table I), 

resulting from consecutive losses of the exocyclic residue and elimination of R30H, 

are diagnostic for positional isomersz3. In investigations of the products of 

reductive-cleavage of modified starches*6,*4~25 and CDs”, characteristic increased 

m/z values were found for some of the higher fragments when a methyl group was 

replaced by another alkyl substituent in a certain position. Selected fragments of 

4-O-acetyl-1,5-anhydro-2,3,6-tri-O-methyl-~-glucitol and the corresponding 

fragments of the HE- and HP-derivatives are listed in Table I. The primary 

fragmentation step for most of these fragments is the cleavage of the exocyclic 

residue (-+ Al). However, the &O-substituted derivatives can be recognised easily 

from their molecular mass (from c.i.-m.s.), the S fragment ions, and the ions Bl’ 

and B2’. 

In competition with the favoured elimination of R30H (-+ A2) is the loss of 

HOAc (= R40H) to give A3, because acids are more easily eliminated than 

alcohols. The 2-O-HE derivatives give almost all of the selected fragment ions 

increased by the mass of substituent due to the relative stability of the 2-substituent. 

A4 consists of two isomers that contain only R2 or only R3, respectively. Because 

elimination is preferred from C-3, only a few fragment ions of the 3-substituted 

anhydroglucitols are increased. Thus, in addition to A4’, the primary fragment Al 

[unsubstituted m/z 203) has m/z 247 (HE) or 261 (HP), and, after consecutive loss 

of HOAc, A3 (unsubstituted m/z 143) has m/z 187 (HE) or 201 (HP)]. For di- 

substituted derivatives, the m/z values are observed as listed for 2,3- and 2,6-disub- 

stituted (HE,HP) derivatives. For the 2,2’-disubstituted products, originating from 

the reaction of a HE substituent with ethylene oxide, increases in m/z of 2 x 44 

mass units are found. Additionally, there are some fragment ions originating from 
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TABLE II 

DISTRIBUTION OF SUBSTITUEN’I-S IN HYDROXYETHYLCYCLOMALTOHEPTAOSES (HE-/?CD) ORTAINED BY 

REDUCTIVE CLEAVAGE (A) AND STANDARD METHYLATIQN ANALYSIS (B) 
.__.- 

Position 

substituted 
HE-PCD 0.6 HE-PCD I.0 HE-PCD 1.6 

- 

A B A B A B 
___ - 

(??lol%) 

- 58.7 59.3 41.9 

2 22.7 21.4 27.9 
3 6.1 6.3 5.9 
6 3.6 3.8 5.0 

2,3 
3,3’ 

3,6 
226 
2,2’ 
6,6’ 

4.2 
x0.9 

1.5 
1.3 

4.4 
0.6 
0.4 
1.5 
1.3 
0.2 

7.4 
21.6 

3.3 
3.6 

2,3,6 
2,2’,3 
3,3’,6 
3.3’ ,3” 
2,2’,6 
2,6,6’ 
3,6,6’ 
2,2’,2” 

20.9 0.3 
X0.5 

1.3 
1.0 

20.8 

2,2’,3,3’ + 
2,3,3’,6 
2,3,6,6’ 
2,2’,3,6(6,6’) 
22’2”3+ 
2:6,k,;i” 
2,2’ ,2”,6 
2 2’ 2’ 2”’ > , > 

20.3 

Unsubstituted 

CMonosubstituted 
CDisubstituted 
XTrisubstituted 
ZTetrasubstituted 
ZPentasubstituted 

58.7 59.3 
32.4 31.5 

7.9 8.4 
0.9 0.8 

41.9 43.8 

38.8 36.4 
15.9 16.3 
3.1 3.3 
0.3 0.2 

43.8 26.3 

25.0 23.9 
6.2 4.3 
5.2 6.4 

7.5 
1.2 

0.8 
3.3 
3.1 
0.4 

8.0 
22.8 

7.0 
7.3 

0.9 
1.6 

20.2 

0.4 
0.2 

1.5 
z9.1 

20.2 1.D 

Cl.6 

26.3 26.2 

34.6 33.7 
25.3 25.3 
10.6 11.1 

2.6 3.2 

0.5 0.5 

26.2 

22.6 
4.5 
6.6 

8.5 
1.7 
1.2 
6.2 
6.6 
I.1 

2.2 
4.6 
0.4 
0.1 
I.9 
1.1 
0.2 

0.6 

1.2 

0.3 
0.5 

x0.5 

0.4 

0.3 

M.d.s. 0.51 0.51 0.81 0.80 1.30 1.33 
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TABLE III 

DISTRIBUTION OF SUBSTITUENTS IN HYDROXYPROPYLCYCLOMALTOHEFTAOSES (HP&D) OBTAINED BY 

REDUCTIVE CLEAVAGE (A) AND STANDARD METHYLATION ANALYSIS (B) 

Position 
substituted 

HP-PCD 0.6 HP-/ED 0.9 

A B A B 

(mol%) 

54.4 57.9 35.7 41.2 

2 24.4 23.3 29.7 27.1 
3 4.8 4.9 6.3 5.0 
6 5.6 4.9 7.1 6.5 

2,3 6.4 5.1 11.3 9.9 
226 3.6 2.6 5.8 6.0 
3.6 0.6 0.7 1.8 1.5 

2,3,6 (+2,2’,x) 0.2 0.6 2.3 2.2 

Unsubstituted 54.4 57.9 35.7 41.2 
ZMonosubstituted 34.8 33.1 43.1 39.2 
ZDisubstituted 10.6 8.4 18.9 17.4 
ZTrisubstituted 0.2 0.6 2.3 2.2 

M.d.s. 0.57 0.52 0.88 0.81 

the substituent: m/z 59 (Sl) from the HE substituent is the base peak of all 
derivatives, with the exception of those that are 6-substituted where m/z 43 (AC+) 
is the base peak. For x,x’-substitution, the intensity of m/z 103 (S2, 59 + 44) 
increases. For all HP-derivatives, the base peak is m/z 59 (S3) formed by (Y- 
cleavage of the substituent with the exception of the 2,3-HP- disubstituted anhydro- 
glucitol, where m/z 73 (Sl) is the base peak. The relative intensity of the ion S3 is 
not listed for HE-derivatives, because the ion m/z 45 also has other origins. 

Quantitative results. - The molar ratios of the components of the mixture of 
degradation products were obtained from the peak areas in g.1.c. after correction 
with molar response factors calculated by the e.c.r.-concept26. On-column injection 
was used to avoid diminution of the higher substituted less-volatile products. The 
compositions for three samples of HE-CD and two samples of HP-CD (m.d.s. 0.6- 
1.6) are summarized in Tables II and III. The results of methylation analysis and 
reductive cleavage agree for the HE-CDs, but the m.d.s. values calculated from 
reductive-cleavage data are higher for the samples of HP-CD than those found by 
methylation analysis. The distribution of the substituents is similar for HE-CDs 
and HP-CDs. As expected for such base-catalysed, kinetically controlled etherifica- 
tions, HO-2 was substituted preponderantly. Further reaction of the hydroxyalkyl 
residues with alkylene oxide up to 2,2’ ,2”,2”‘-substitution was observed for HE-CD, 
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but not for the HP-CDs (highest m.d.s., 0.9). Here,the primary HO of the 2-HE is 
more reactive than the secondary HO of the 2-HP substituent. Therefore, the 
m.d.s. values of the HP-CDs are identical with their d.s. values, whereas they are 
higher for the HE-CDs. The m.d.s. values calculated from the observed com- 
position are slightly lower than the average values, which also may deviate by 
-10%. With increasing m.d.s., highly substituted hydroxyalkyl ethers, which have 
a relatively high contribution to the m.d.s., can escape detection due to their 
decreasing amount distributed over an increasing number of possible isomers. 

Thus, reductive-cleavage is more simple and rapid than methylation analysis, 
but the 2-HP group is less stable under the former conditions. 

EXPERIMENTAL 

2-Hydroxyethyl- and 2-hydroxypropyl-cyclomaltoheptaoses were provided by 
Consortium fur Elektrochemische Industrie GmbH, Miinchen (F.R.G.). 

MethylationlR. - The pCD derivative (- 10 mg) was dried at 80” overnight, 
and a solution in dry dimethyl sulfoxide was treated with 6 equiv. of powdered 
NaOH and Me1 in a screw-cap vial for 5 h. The products were extracted with CHCl, 

and washed 5 times with water. 

Standard methylation analysis. - Methylated HE+CDs and HP-@CDs (--2 
mg) were hydrolysed with 2~ trifluoroacetic acid at 120” for 3 h in a screw-cap 
V-vial. After removal of the acid, the samples were reduced in 2M ammonia with 
NaBD, for 1 h at 60”. The solutions were acidified with acetic acid, and boric acid 
was removed as its methyl ester. Acetylation was carried out with acetic anhydride 
and pyridine. 

Reductive cleavage was carried out as describedt4J5,24. In order to avoid 
cleavage of HP-substituents, the mixture of trimethylsilyl mesylate and BF,+OEt, 
(5:l) must be used as the Lewis acid and >5 equiv. must be avoided. 

G.1.c. was performed on a Carlo Erba Fractovap 4160 instrument with an 
on-column injection system for quantitative analysis, a flame-ionization detector, 
and a Hewlett-Packard 3390 A integrator, or a Siemens Sichromat 2 instrument. 
G.l.c.-m.s. was performed with a Hewlett-Packard 5840 A-5985 A instrument 
(c.i., ammonia) and a Vacuum-Generators/70-250s instrument (ci.). 
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