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ABSTRACT: Monodisperse oligo(ethy1ene glyco1)s (OEG) have been prepared by stepwise synthesis coupled 
with preparative size-exclusion chromatography (SEC). Complex formation between a-cyclodextrin (a-CD) 
and the oligo(ethy1ene glyco1)s was studied. a-CD was found to form complexes with tetrakis(ethy1ene glycol) 
(TEG) and larger oligo(ethy1ene glyco1)s. The yields of the complexes increase with an increase in the degree 
of polymerization. Eicosakis(ethy1ene glycol) and larger oligo(ethy1ene glyco1)s formed complexes with a-CD 
almost quantitatively. The 'H NMR spectra of the complexes show that the stoichiometry of the complexes 
is 2:l (two ethylene glycol units and one a-CD) when the degree of polymerization is higher than 6. The 
stoichiometry of the complexes of a-CD with tetrakis(ethy1ene glycol) and pentakis(ethy1ene glycol) (PEG) 
is 2:l (CD:OEG). The X-ray powder patterns of the a-CD-OEG complex show that a-CDs form channels. 
The 13C CP/MAS NMR spectra of the complexes suggest that an OEG chain is included in the channel formed 
by a-CDs. j3-CD did not form complexes with any OEG. Cyclic oligomers of ethylene glycol (crown ethers, 
15-crown-5, and 18-crown-6) did not form complexes with a-CD, except for 12-crown-4 which gave complexes 
with a-CD in low yield. The modes of the complexes are discussed. 

Introduction 
Cyclodextrins (CDs) are cyclic molecules consisting of 

six to eight glucose units linked bya-1,4-glycosidic linkages. 
They are called a-, 8-, and y-cyclodextrins with six, seven, 
and eight glucose units, respectively, and are known to 
form inclusion complexes with various low molecular 
weight compounds.' Since the discovery of cyclodextrins, 
there have been many reports on complex formation of 
cyclodextrins with small molecules and ionse2 The X-ray 
diffraction studies of the complexes show that guest 
molecules are included in the cavities of cycl~dextrins.~ 

Recently, we found that a-CD formed complexes with 
poly(oxyethy1ene) (POE) of various molecular weights to 
give stoichiometric compounds in high yields in the 
crystalline state.4 8-CD did not form complexes with POE. 
However, p-CD formed complexes with poly(propy1ene 
glycol) (PPG),5 although a-CD did not form complexes 
with PPG. Previously, we used commercially available 
poly(oxyethy1ene)s which are polydisperse. Therefore, the 
complexes obtained were polydisperse and heterogeneous. 
We also found that a-CD did not form complexes with low 
molecular weight analogues, such as ethylene glycol and 
bis(ethy1ene glycol). In order to make clear the chain- 
length selectivity and obtain pure monodisperse com- 
plexes, we prepared monodisperse oligo(ethy1ene glyco1)s 
and studied the interactions between a-CD and the pure 
oligo(ethy1ene g1ycol)s. We also studied the complex 
formation between a-CD and cyclic oligomers of ethylene 
glycol (crown ethers) to test the shape selectivity and the 
effects of the end groups on the complex formation. 

This paper describes the preparation and properties of 
the inclusion complexes of monodisperse oligo(ethy1ene 
glyco1)s with a-CD in detail, and the modes of the 
complexation are discussed. 

Previously, we6* and Wenz et al.6" prepared polyrotax- 
anes in which many a-CDs are threaded on a polymer 
chain. Rotaxanes containing a single cyclodextrin have 
also been reported.' Bodanov et al. reported on the 
inclusion complexes between poly(oxyethy1ene) and urea.s 
Shen and Gibson reported on the preparation of polyro- 
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Scheme 1 
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taxanes consisting of crown ethers and  polymer^.^ After 
submission of this paper, molecular nanotube aggregates 
of cyclodextrins by diphenylhexatrienes have been re- 
ported.I0 

Results and Discussion 
Synthesis of Monodisperse Oligo(ethy1ene glyco1)s. 

Oligo(ethy1ene glyco1)s HO(-CH&H20),-) OH (n = 8, 
12,18,20,28,36,44) were prepared by stepwise reactions 
starting from cup-tetrakis(ethy1ene glycol) ditosylate and 
the monosodium tosylate using Bomer's method'' as shown 
in Scheme 1. The products were purified by preparative 
size-exclusion chromatography (SEC) repeatedly. Bomer 
et al. reported that it took 50 days to obtain nonakis- 
(ethylene glycol) from tris(ethy1ene glycol). Marshall et 
al. used tetrahydrofuran (THF) as the solvent instead of 
glycol and reported that the nonakis(ethy1ene glycol) was 
obtained in 30% yield in 4-5 days.'& Teo et  al. reported 
that the pentadecakis(ethy1ene glycol) was obtained in 
84% yield in 2 weeks using THF as the solvent.12b We 
obtained dodecakis(ethy1ene glycol) from tetrakis(ethy1ene 
glycol) using THF in 82% in 3 days by raising the reaction 
temperature to 45 OC. 

Figure 1 shows the GPC charta of the monodisperse 
OEGs separated from the reaction mixtures. OEGs with 
the degree of polymerization of 8, 12, 18, 20, and 28 are 
pure, and those of 36 and 44 are almost pure samples. 

Complex Formation between Monodisperse OEG 
and a-CD. Previously, we found that a-cyclodextrin forms 
complexes with poly(oxyethy1ene) to give crystalline 
compounds in high yields, although a-CD did not form 
complexes with the low molecular weight analogs, such as 
ethylene glycol and bis(ethy1ene glycol). In order to make 
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Figure 1. GPC charta of the monodisperse OEG separated from 
the reaction mixtures of stepwise synthesis followed by the 
preparative GPC. n is the degree of polymerization. 
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Figure 2. Yields of the complexes of a-CD with OEG as a function 
of the degree of polymerization of OEG. 

clear a minimum PEG length required for the formation 
of stable cyclodextrin complexes and the effects of chain 
length on the formation of the complexes, we have studied 
interactions between a-CD and the monodisperse OEGs. 

We found that a-CD forms complexes with OEG in a 
crystalline state when the degree of polymerization is 
higher than 3. When saturated aqueous solutions of a-CD 
were added to OEG or aqueous solutions of OEG at room 
temperature, the solution became turbid and complexes 
were formed as crystalline precipitates. The complexes 
were isolated by filtration or centrifugation, washed with 
water, and dried. Figure 2 shows the yields of the 
complexes of a-CD with OEG as a function of the degree 
of polymerization of OEG. The yields are calculated on 
the bases of 2:l (ethylene glycol unika-CD) stoichiometry 
which will be discussed in the next section when the degree 
of polymerization is over 6. a-CD did not form complexes 
with ethylene glyco1,la bis(ethy1ene glycol) , and tris- 
(ethylene glycol). a-CD formed complexes with TEG and 
larger OEG. The yields increase sharply with an increase 

Figure 3. Yields of a-CD-OEG complexes as a function of added 
DEG. 

in the degree of polymerization from 5 to 12. The 
complexes were obtained almost quantitatively with 
eicosakis(ethy1ene glycol) and larger OEG. 8-CD did not 
form complexes with any OEG. 

Stoichiometries of the Complexes. The complex 
formation of a-CD with dodecakis(ethy1ene glycol) (DEG) 
was studied quantitatively. Figure 3 shows the plots of 
the amount of the complexes obtained as a function of 
DEG added. The amounts of the complex formed 
increased with an increase in DEG added to the aqueous 
solution of a-CD and approach tosaturation. These results 
indicate that the complex formation is stoichiometric. The 
saturation values show that more than 80% of the a-CD 
was consumed by complex formation with DEG. The 
initial slope and the amount of OEG at the saturation 
suggest that two ethylene glycol units (CHZCHZO)~ were 
bound in each a-CD cavity. The continuous-variation plots 
for the complex formation of a-CD with DEG show that 
the maximum was reached at the molar ratio of 0.33 (a- 
CD fraction) , which suggests that a-CD forms a complex 
with a 2:l ratio. The stoichiometries were confirmed by 
the lH NMR spectrum. Figure 4 shows the lH NMR 
spectrum of the complex of DEG with a-CD. It  should be 
noted that the stoichiometries of the complexes are 2:l 
even if a-CD and DEG are treated each other in any ratio. 
The length of two ethylene glycol units corresponds to the 
depth of the cavity of a-CD. Figure 5 shows the lH NMR 
spectrum of the complexes of a-CD with TEG and PEG. 
The stoichiometries of the complexes of a-CD with TEG 
and PEG are both 2:l (CD:OEG). 

Properties of the Complexes. The complexes of a-CD 
with OEG of degree of polymerization lower than 8 are 
soluble in water. The complexes of a-CD with OEG of 
degree of polymerization higher than 12 can be dissolved 
in water by heating. The solubilities of the complexes of 
OEG with CD in water are less than those of the complexes 
of CD with PEG (polydisperse) of corresponding average 
molecular weight, indicating that crystallinity of the 
complexes of CD with pure OEG is higher than that of the 
complexes of CD with polydisperse PEG. The addition 
of an excess amount of propanol to the suspension of the 
complex resulted in solubilization of the complex. OEG 
might be replaced by the low molecular weight guest. The 
formation of the complex is reversible, and complexes are 
in equilibrium between the complex and its component. 
The addition of urea results in solubilization of the 
complexes. The results indicate that hydrogen bonding 
plays an important role in forming the complexes between 
OEG and a-CD. Preliminary results on the microcalo- 



4840 Harada et al. Macromolecules, Vol. 27, No. 16, 1994 

HOD r 

a /  PPM 
5.0 4.6 4.2 3.8 3.4 

Figure 4. 2 7 0 - m ~  1H NMR spectra of the complex of DEG 
with a-CD (a) and a-CD (b) in DzO. 

I 5 4:5 4 3.5 ppn 

(a) and with PEG (b). 

rimetry for complex formation between three a-CDs and 
hexakis(ethy1ene glycol) show that the complexation 
process is highly exothermic, -117.4 kJ/mol, indicating 
strong hydrogen-bond formation between neighboring 
a-CDs in the complex. 
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Figure 6. X-ray diffraction patterns of a-CD complexes. a-CD- 
DEG (a), a-CD-valeric acid (b), and a-Cbpropionic acid (c). 

The inclusion complexes are thermally stable. The 
decomposition points of the complexes are a little higher 
than that of each component. The complexes of a-CD 
with DEG decompose above 300 OC, although a-CD melts 
and decomposes below 300 OC. DEG stabilized a-CD. 

Binding Mode of the complex. Figure 6 shows the 
X-ray powder patterns of the complex of a-CD with DEG 
and with other low molecular weight compounds. The 
X-ray powder pattern of a-CD-DEG complex shows that 
the complex ie crystalline. There are no amorphous 
patterns, which could be observed in the freeze-dried 
sample of a-CD and the complexes of a-CD with high 
molecular weight poly(ethy1ene glycol). The patterns are 
similar to those of the complex of a-CD with valeric acid 
or octanol, which have been reported to have extended 
column structure,14 and different from those of a-CD and 
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Table 1. Yields (W) for the Complex Formation of Linear 
and Cyclic Oligo(ethy1ene glycol) with a-CD* 

number of -CH&H20- 

PPM 
" 1 . , 1 1 1 . / , , , l , l i l , , , 1 , . , 1 , , 1 , 1 1 1 1 , 1 1 1 , , 1 1 , , , 1 , , . , , , , , , 1 , , , /  
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Figure 7. 19C CPIMAS NMR spectra of a-CD, (a) that of the 
a-CD-HEG (OEG(6)) complex (b), that of a-CD-DEG (OEG- 
(12)) (c), and that of the a-CD-OEG(20) complex (d). 

the complexes with small molecules, such as acetic acid 
and propanol, which have a cage structure. These results 
indicate that the complexes of a-CD and OEG have channel 
type structure and not "cage" type structure. 

Molecular model studies show that OEG chains are able 
to penetrate a-CD cavities, while the poly(propy1ene glycol) 
chain cannot pass through the a-CD cavity due to the 
steric hindrance. These views are in accordance with our 
results that a-CD formed complexes with OEG but not 
with poly(propy1ene glycol). 8-CD did not form complexes 
with any OEG. An OEG chain is too thin to fit in a j3-CD 
cavity. However, j3-CD forms complexes with poly- 
(propylene glycol) as we reported previously in a paper.6 
Model studies also show that the single cavity of a-CD 
(depth 6.7 A) accommodates two ethylene glycol units (6.6 
A) when ethylene glycol units assume planar zigzag 
conformation. 

The complexes between a-CD and OEG have been 
examined in the solid state by W-CP/MAS-NMR spec- 
troscopy, and representative spectra are shown in Figure 
7. a-CD assumes a less symmetrical conformation in the 
crystal when it does not include a guest in the cavity. In 
this case, the spectrum shows the fine splitting of the C-1 
and C-4 lines from each of the six a-(l-l)-linked glucose 
residues. Especially C-1 and C-4 adjacent to a confor- 
mationally strained glycosidic linkage are observed a t  79.5 
and 100 ppm, re~pective1y.l~ On the other hand, in the 
spectrum of the a-CD-OEG complex the peaks a t  79.5 
and 100 ppm disappeared. Each carbon of glucose can be 
observed in a single peak. These results indicate that a-CD 
adopts a symmetrical conformation and each glucose unit 
of CD is in a similar environment and an OEG chain is 
included in a tunnel. We can observe systematic changes 
in the peaks around 70-75 ppm in the spectra. The peak 
at  72 ppm became broad and the peak at 74 ppm became 
sharp as the chain length of OEG increased. We cannot 
explain this phenomenon right now. 

Table 1 shows the results of complex formation between 
a-CD and cyclic oligomers of ethylene glycol together with 

2 3 4 5 6 I 8  12 
linear 0 0 2 9 30 56 64 76 
cyclic 21 9 0  0 

5 Complexes formed at 25 "C. 

a - a-CD 

Figure 8. Proposed structure of the a-CD-OEG complex. 

those of linear OEG for comparison. It is interesting that 
the yields of the complexes of a-CD with cyclic OEG 
decreased with an increase in the size of the guest, and 
those of the complexes of a-CD with linear OEG increased 
with an increase in the chain length. Dioxane gave 
complexes witha-CDinamoderateyield (21%),andsmall 
crown ether, 12-crown-4, gave complexes in low yield (9 76 ). 
The stoichiometries of these complexes are 2:l (cyclic ether: 
a-CD). Large crown ethers, 15-crown-5 and 18-crown-6, 
did not form complexes with a-CD a t  all. These results 
indicate that these crown ethers are too large to fit in the 
a-CD cavity and a-CDs are not able to penetrate the chain 
due to the absence of the chain ends. 

Figure 8 shows a proposed structure of the complex of 
OEG with a-CD. The inclusion complex formation of OEG 
in a a-CD channel is entropically unfavorable. However, 
formation of the complexes is thought to be promoted by 
hydrogen-bond formation between cyclodextrins. There- 
fore, head-to-head and tail-to-tail arrangement is thought 
to be the most probable structure. 

In conclusion, a-cyclodextrin forms complexes with 
oligo(ethy1ene glycol) to give crystalline complexes, al- 
though &CD did not form complexes with OEG. 

Experimental Section 
Materials. a-Cyclodextrin and 8-cyclodextrin were obtained 

from Nakarai Tesque Inc. and used after drying under vacuum 
with Pz0~. Ethylene glycol and bis(ethy1ene glycol) were obtained 
from Nakarai Tesque Inc. Tris(ethy1ene glycol) and tetrakis- 
(ethylene glycol) were purchased from Tokyo Kasei Inc. Penta- 
kis(ethy1ene glycol), hexakis(ethy1ene glycol), and heptakis(eth- 
ylene glycol) were purchased from Aldrich Chemicals. p- 
Toluenesulfonyl chloride and sodium were obtained from Nakarai 
Tesque Inc. Pyridine and methanol (Nakarai Tesque Inc.) were 
stirred over CaHz, heated with reflux, and then fractionally 
distilled under a nitrogen atmosphere and stored over a type 4A 
molecular sieve. Tetrahydrofuran (THE Nakarai Tesaque Inc.) 
was stirred over CaHz, refluxed, and then fractionally distilled 
and stored over sodium wire under a nitrogen atomsphere. DzO 
and CDClB used as solvent in the NMR measurements were 
obtained from Aldrich. 

Preparation ofOligo(ethyleneglyco1). Tetrakis(ethylene 
glycol) Ditosylate (TEG-Ts2). Tetrakis(ethy1ene glycol) (13.86 
g, 0.173 mol), which had been previously dried in vacuum with 
PzOa, was dissolved in dry pyridine (38 mL). p-Toluenesulfonyl 
chloride (36 g) was added to this solution, and the mixture was 
stirred under anitrogen atmosphere at  0 "C for 4 h. The resultant 
mixture was added to ice-water (800 mL) with vigorous stirring, 
and the mixture was extracted with dichloromethane (4 X 200 
mL). The dichloromethane solution was washed successively 
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a-CD-OEG(5) (PEG): yield 9.2%; mp (dec) 300-305 "C; 1H 

C(3)H of a-CD), 3.85 (m, 12H, C(6)H of a-CD), 3.81 (m, 6H, 
C(5)H of a-CD), 3.69 (m, 10H, CH2 of OEG), 3.61 (m, 6H, C(2)H 

6 104.04 (C(1) of a-CD), 83.86 (C(4) of a-CD), 75.96 (C(3) of 

(CH2 of OEG), 63.05 (C(6) of a-CD); IR (KCl, cm-l) 3386 (vs, 
V O H ) ,  2923 (9, V C H ) ,  1153, 1078, 1030 (VS, YCO), 571. Anal. Calcd 
for C~2H1~20~4H20: C, 43.66; H, 6.70. Found: C, 43.63; H, 6.66. 

a-CD-OEG(6): yield 30%; mp (dec) 300-305 "C; lH NMR 

of a-CD), 3.85 (m, 12H, C(6)H of a-CD), 3.81 (m, 6H, C(5)H of 
a-CD), 3.69 (m, 8H, CH2 of OEG), 3.61 (m, 6H, C(2)H of a-CD), 

NMR (DzO, 270 MHz) 6 5.03 (d, 6H, C(1)H of a-CD), 3.96 (t, 6H, 

of a-CD), 3.56 (t, 6H, C(4)H of (u-CD); 13C NMR (D20,67.8 MHz) 

a-CD), 74.68 (C(5) of a-CD), 74.34 (C(2) of a-CD), 72.13-72.33 

(DzO, 270 MHz) 6 5.03 (d, 6H, C(1)H of a-CD), 3.96 (t, 6H, C(3)H 

3.56 (t, 6H, C(4)H of a-CD); 13C NMR (DzO, 67.8 MHz) 6 103.92 
(C(1) of a-CD), 83.74 (C(4) of a-CD), 75.86 (C(3) of a-CD), 74.56 
(C(5) of a-CD), 74.24 (C(2) of a-CD), 72.01-72.23 (CH2 of OEG), 
62.95 (C(6) of a-CD); IR (KCl, cm-9 3386 (VS, YOH), 2921 (8, YCH), 
1153, 1078, 1028 (vs, V C O ) ,  573. Anal. Calcd for ClmHzw- 
09,-6H20: C, 43.55; H, 6.64. Found: C, 44.03; H, 6.56. 

a-CD-OEG(7): yield 56%; mp (dec) 300-305 "C; lH NMR 

of a-CD), 3.86 (m, 12H, C(6)H of a-CD), 3.81 (m, 6H, C(5)H of 
a-CD), 3.69 (m, 9H, CH2 of OEG), 3.61 (m, 6H, C(2)H of a-CD), 

(DzO, 270 MHz) 6 5.03 (d, 6H C(1)H of CY-CD), 3.96 (t, 6H, C(3)H 

3.57 (t, 6H, C(4)H of (Y-CD); 13C NMR (D~O~67.8 MHz) 6 103.91 
(C(1) of a-CD), 83.73 (C(4) of a-CD), 75.82 (C(3) of a-CD), 74.22 
(C(5) of a-CD), 74.36 (C(2) of a-CD), 72.00-72.21 (CH2 of OEG), 
62.94 (C(6) of a-CD); IR (KC1, cm-9 3386 (VS, YOH), 2923 (8, VCH), 
1153, 1077, 1029 (vs, YCO), 574. Anal. Calcd for C122H210- 
09~6H20:  C, 43.70; H, 6.67. Found C, 44.13; H, 6.67. 

a-CD-OEG(8): yield 64%; mp (dec) 300-305 "C; 'H NMR 

of a-CD), 3.86 (m, 12H, C(6)H of a-CD), 3.81 (m, 6H, C(5)H of 
a-CD), 3.69 (m, 8H, CH2 of OEG), 3.61 (m, 6H, C(2)H of a-CD), 

(DzO, 270MHz) 6 5.03 (d, 6H, C(1)H of a-CD), 3.96 (t, 6H, C(3)H 

3.57 (t, 6H, C(4)H of (u-CD); '3C NMR (DzO, 67.8 MHz) 6 104.08 
(C(1) of a-CD), 83.09 (C(4) of a-CD), 75.99 (C(3) of a-CD), 74.68 
(C(5) of a-CD), 74.36 (C(2) of a-CD), 72.25 (CH2 of OEG), 63.05 
C(6) of a-CD); IR (KC1, cm-9 3386 (VS, YOH), 2924 (9, V C H ) ,  1153, 
1078,1031 (vs, YCO), 575. Anal. Calcd for ClmH27,012s.8H20 C, 
43.62; H, 6.63. Found: C, 43.70, H, 6.63. 

a-CD-OEG(12): yield 76%; mp (dec) 300-305 "C, lH NMR 

of a-CD), 3.86 (m, 12H, C(6)H of a-CD), 3.81 (m, 6H, C(5)H of 
a-CD), 3.68 (m, 8H, CH2 of OEG), 3.61 (m, 6H, C(2)H of a-CD), 

(C(1) of a-Cd), 83.84 (C(4) of a-CD), 75.96 (C(3) of a-CD), 74.68 
(C(5) of a-CD), 74.34 (C(2) of a-CD), 72.25 (CH2 of OEG), 63.07 
(C(6) of a-CD); IR (KC1, cm-l) 3384 (VS, YOH), 2923 (9, YCH), 1152, 
1077, 1031 (vs, V C O ) ,  575. Anal. Calcd for C~H41001~3~12HzO: 
C, 43.68; H, 6.63. Found: C, 43.62; H, 6.72. 

a-CD-OEG(20): yield 85%; mp (dec) 300-305 "C; lH NMR 

of a-CD), 3.86 (m, 12H, C(6)H of a-CD), 3.81 (m, 6H, C(5)H of 
a-CD), 3.68 (s,8H, CH2 of OEG), 3.61 (m, 6H, C(2)H of a-CD), 

(DzO, 270 MHz) 6 5.03 (d, 6H, C(1)H of a-CD), 3.96 (t, 6H, C(3)H 

3.57 (t, 6H, C(4)H of a-CD); "C NMR (DzO, 67.8 MHz) 6 104.41 

(DzO, 270 MHz, 6 5.03 (d, 6H, C(1)H of a-CD), 3.96 (t, 6H, C(3) 

3.56 (t, 6H, C(4)H of a-CD); '3C NMR (DzO, 67.8 MHz) 6 104.02 
(C(1) of a-CD), 83.84 (C(4) of a-CD), 75.96 (C(3) of a-CD), 74.66 
(C(5) of a-CD), 74.34 (C(2) of a-CD), 72.25 (CH2 of OEG), 63.05 
(C(6) of a-CD); IR (KCl, cm-l) 3384 (VS, YOH), 2923 (9, YCH), 1152, 
1077, 1031 (vs, V C O ) ,  571. Anal. Calcd for C ~ H ~ 2 0 3 2 ~ 2 0 H ~ O :  
C, 43.72; H, 6.62. Found: C, 43.96; H, 6.71. 

a-CD-OEG(28): yield 88%; mp (dec) 300-305 "C; 'H NMR 

of a-CD), 3.86 (m, 12H, C(6)H of a-CD), 3.81 (m, 6H, C(5)H of 
a-CD), 3.68 (s,8H, CH2 of OEG), 3.61 (m, 6H, C(2)H of a-CD), 

(DzO, 270 MHz) 6 5.03 (d, 6H, C(1)H of a-CD), 3.96 (t, 6H, C(3)H 

3.56 (t, 6H, C(4)H of (Y-CD); 13C NMR (DzO, 67.8 MHz) 6 104.02 
(C(1) of a-CD), 83.84 (C(4) of a-CD), 75.96 (C(3) of a-CD), 74.66 
(C(5) of a-CD), 74.34 (C(2) of a-CD), 72.25 (CH2 of OEG), 63.07 
(C(6) of a-CD); IR (KCl, cm-l) 3384 (VS, YOH), 2925 (6, YCH), 1154, 
1078, 1032 (vs, VCO), 573. Anal. Calcd for C~B~HBMOUB-~~HZO: 
C, 43.74; H, 6.62. Found: C, 43.33; H, 6.79. 

a-CD-OEG(36): yield 89%; mp (dec), 300-305 "C; 'H NMR 

of a-CD), 3.85 (m, 12H, C(6)H of a-CD), 3.81 (m, 6H, C(5)H of 
a-CD), 3.68 (s,8H, CH2 of OEG), 3.61 (m, 6H, C(2)H of a-CD), 

(D20,270 MHz) 6 5.03 (d, 6H, C(1)H of a-CD), 3.96 (t, 6H, C(3)H 

3.56 (t, 6H, C(4)H of (Y-CD); i3C NMR (DzO, 67.8 MHz) 6 103.91 
(C(1) of CAD), 83.71 (C(4) of a-CD), 75.82 (C(3) of a-CD), 74.53 

with hydrochloric acid (3 N, 2 X 250 mL), saturated aqueous 
ammonium chloride (2 X 250 A), and distilled water (4 X 250 
mL) and dried with Na2SO4. Distillation of the solution followed 
by rotary evaporation yielded a viscous oil which was subsequently 
driedcomplete1yinavacuumdesiccatorwithP2O5 (33.158,92%). 
The IR spectrum showed a band at 1160 cm-l (-CH&&I,S03-) 
and no bands at 3200-3600 cm-' (-OH). The lH NMR spectrum 
(CDCld showed resonances at 6 2.24 (-CH3), 3.55-4.16 (-CH2- 
CBO-), and 7.31-7.80 (Ar-H) with associated integration in 
accord with the expected structure. Anal. Calcd for C~HNOBSZ: 
C, 52.12; H, 6.00; S, 12.76. Found: C, 52.58; H, 6.02; S, 12.76. 

Oligo(ethyleneglyco1) (I). Dry methanol (23.3 g, 0.728 mol) 
was added to Na (1.844 g, 0.0819 mol) under dry Nz. The mixture 
was gently refluxed for 0.7 h and then cooled in ice-water. 
Tetrakidethylene glycol) (50.71 g, 0.261 mol) was poured into 
the vigorously stirred sodium methoxide solution at 0 "C. After 
the mixture was stirred at room temperature for 1 h, the methanol 
was distilled off in a stream of dry Nt. To the residual liquid was 
added a solution of TEG-Ts2 (20.9 g, 0.0416 mol) in dry THF 
(100 mL). The flask was shielded from light, and the mixture 
was stirred at 45 "C for 3 days. The white precipitate of sodium 
tosylate was filtered off. THF was removed with rotary 
evaporation, and a clear yellow liquid resulted. The crude product 
was separatedwithgel fiitration for at least 10 times. A Sephadex 
LH-2Ocolumn (120 X 2.2 cm) with methanol as the elution solvent 
was used. Oligo(ethy1ene glyco1)s were obtained as follows: A, 
0.09 g (n = 8); B, 18.5 g (n = 12); C, 1.90 g (n = 20); D, 0.55 g 
(n = 28). Total, 21.04 g, 92.7% recovery. GPC determination 
and FAB-MS spectra for these oligo(ethy1ene glyco1)s show each 
fraction is a monodisperse pure sample. 

Oligo(ethy1ene glyco1)s (11). Dry methanol (1.58 g, 0.049 
mol) was added to Na (0.141 g, 6.13 X 10-3 mol) under dry Nz. 
The mixture was gently refluxed for 0.7 h and then cooled in 
ice-water. Dodecakis(ethy1ene glycol) (5.22 g, 9.55 X 10-3 mol) 
was poured into the sodium methoxide solution at 0 "C. After 
reaction with TEG-Ts2 (1.49 g, 2.96 X 10-3 mol) in THF at 45 "C 
for 3 days, the products were purified as described above. Oligo- 
(ethylene glyco1)e were obtained as follows: A, 0.140 g (n = 20); 
B, 1.384 g (n = 28); C, 0.430 g (n = 36); D, 0.128 g (n  = 44). Total 
2.082 g, 56% yield. 

The main product of the reaction between tetrakis(ethy1ene 
glycol) ditosylate and TEG monoanion is dodecakis(ethy1ene 
glycol) which is the trimer of TEG. The main product of the 
reaction between hexakis(ethy1ene glycol) ditosylate (HEG) and 
HEG anion is eicosakis(ethy1ene glycol). The main product of 
the reaction between tetrakis(ethy1ene glycol) ditosylate and 
dodecakis(ethy1ene glycol) anion is 28-mer. 

Measurements. GPC determination was carried out with a 
Tosoh CCP &8010 system (columns: G3000HXL and G2000- 
HXL). Mass spectra were recorded with a JEOL JMS SX-102 
mass spectrometer by the fast atom bombardment (FAB) method. 
1H NMR spectra were recorded at 270 MHz in CDCl, and D2O 
on a JEOL JNM GXS-270 spectrometer. Chemical shifts were 
referenced to the solvent values (6 7.26 for CHCl3 and 6 4.70 for 
HOD). Powder X-ray diffraction patterns were taken by using 
Cu Ka radiation with a Rigaku RAD-ROC diffractometer. 13C 
CP/MAS NMR spectra were measured on a JEOL EX-270 NMR 
spectrometer with a single contact line of 1 ms and spinning 
rates of 5.5 and 6.4 kHz. 

Preparation of Inclusion Complexes. Reaction of Oligo- 
(ethylene glycol) with a-Cyclodextrin. Oliio(ethy1ene glycol) 
(15 mg) was added to a saturated aqueous solution of a-CD (1 
mL) containing a-CD (145 mg). The product precipitated was 
collected by centrifugation or filtration and washed with water 
and dried. 

a-CD-OEG(4) (TEG): yield 1.5%; mp (dec) 300-305 "C; lH 

C(3)H of a-CD), 3.85 (m, 12H, C(6)H of a-CD), 3.81 (m, 6H, 
C(5)H of a-CD), 3.69 (m, 8H, CHa of OEG), 3.61 (m, 6H, C(2)H 

NMR (DaO, 270 MHz) u 5.03 (d, 6H, C(1)H of CY-CD), 3.96 (t, 6H, 

of a-CD), 3.56 (t, 6H, C(4)H of a-CD); '3C NMR (DzO, 67.8 MHz) 
6 103.96 (C(1) of a-CD), 83.76 (C(4) of a-CD), 75.86 (C(3) of 
CY-CD), 74.56 (C(5) of CY-CD), 74.24 (C(2) of a-CD), 72.03-72.24 
(CH2 of OEG), 62.97 (C(6) of a-CD); IR (KC1, cm-l) 3398 (vs, 
YOH),  2923 (8, VCH), 1154, 1078, 1027 (vs, vco), 573. Anal. Calcd 
for C ~ H l ~ O ~ . 4 H z 0 :  C, 43.44; H, 6.65. Found: C, 43.17; H, 6.75. 
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(C(6) of a-CD); IR (KCl, cm-9 3386 (WI, vod, 2925 (e, vcd, 1153, 
1078,1032 (w, YCO), 574. Anal. Calcd for C , ~ I ~ O S W ~ ~ H Z O  
C, 43.76; H, 6.62. Found C, 43.46; H, 6.65. 

a-CDOEG(44): yield 89%; mp (dec) 300-305 OC; 'H NMR 

C(3)H of a-CD), 3.85 (m, 12H, C(6)H of (u-CD), 3.81 (m, 6H, 
C(5)H of a-CD), 3.68 (e, 8H, CHa of OEG), 3.61 (m, 6H, C(2)H 

(C(5) of a-CD), 74.21 (C(2) of a-CD), 72.12 (CH2 of OEG), 62.92 

(DsO, 270 MHz), 6 5.03 (d, 6H, C(1)H Of a-CD), 3.96 (t, 6H, 

of a-CD), 3.56 (t, 6H, C(4)H of a-CD); "C NMR (D20,67.8 MHz) 
6 104.08 (C(1) of (u-CD), 83.09 (C(4) of a-CD), 75.99 (C(3) of 
(u-CD), 74.68 (C(5) of a-CD), 74.36 (C(2) of a-CD), 72.25 (CH2 
of OEG), 63.05 (C(6) of a-CD); IR (KC1, cm-'1 3386 (WI, YOH),  2923 
(a, Y C H ) ,  1154,1078,1029 (WI, YCO), 573. Anal. Calcd for C d l w -  

References and Notes 

07&4H20: C, 43.76; H, 6.62. Found C, 43.37, H, 6.80. 

(1) (a) Szejtli, J. Cyclodextrins and Their Inclusion Complexes; 
Academiai Kiado: Budapeet, Hungary, 1982. Bender, M. L.; 
Komiyama, M. Cycbdextrin Chemistry; Springer-Verlag: Ber- 
lin, 1978. (c) Saenger, W. Angew. Chem., Znt. Ed. Engl. 1980, 
19,344. 

(2) (a) Cramer, F. Angew. Chem. 1966,68,115. (b) Harada, A. In 
Stereochemistry of Organometallic andznorganic Compounds; 
Zanello, P., Elsevier: Amsterdam, The Netherlands, 1994; p 
409. (c)  Colquhoun, H. M.; Stoddart, J. F.; Williams, D. J. 
Angew. Chem., Znt. Engl. 1986,25,487. 

Formation of a-CD-OEG Complexes 4543 

(3) Saenger, W. Jerusalem Symposium on Qwntum Chemistry 
and Biochemistry; Pullman, B., Ed.; D. Reidel Co.: Dordrecht, 
The Netherlands, 1976. 

(4) Harada, A.; Kamachi, M. Macromolecules 1995,26,5698. 
( 5 )  Harada, A.; Kamachi, M. J .  Chem. SOC., Chem. Commun. 1990, 

1322. 
(6) (a) Harada, A.; Li, J.; Kamachi, M. Nature 1992,366,325. (b) 

Wenz, G.; Keller, B. Angew. Chem., Znt. Ed. Engl. 1992,31,197. 
(7) (a) Ogino, H. J.  Am. Chem. SOC. 1981,103,1303. (b) Manka, 

J. S.; Lawrence, D. S.  J .  Am. Chem. SOC. 1990,112,2440. (c) 
Rao, T. V. S.; Lawrence, D. S.; J .  Am. Chem. SOC. 1990,112, 
3614. (d) Ishnii, R.; Kaifer, A. E. J .  Am. Chem. SOC. 1991,113, 
8188. (e) Wylie, R. S.; Macartney, D. H. J .  Am. Chem. SOC. 
1992,114,3138. 

(8) Bodanov, B. G.; Michailov, M.; Uzov, C. V.; Gavrailova, G. G. 
J .  Polym. Sci., Polym. Phys. 1994, 32, 387. 

(9) Shen, X.; Gibson, H. W. Macromolecules 1992,25,2068. 
(10) Li, G.; McGown, L. B. Science 1994,264,249. 
(11) Bomer, B.; Heitz, W.; Kern, J.  Chromutogr. 1970,53,51. 
(12) (a) Marshall, A.; Mobbs, R. H.; Booth, C. Eur. Polym. J .  1980, 

16,881. (b) Teo, H. H.; Mobbs, R. H.; Booth, C. Eur. Polym. 
J .  1982, 18, 541. 

(13) Harada, A,; Takahashi, S.  Chem. Lett. 1984,2089. 
(14) (a) McMullan, R. K.; Saenger, W.; Fay-, J.; Mootz, D. 

Carbohydr. Res. 1978,31,37. (b) Takao, K.; Kuge, T. Agr. Biol. 
Chem. 1970,34,17787. 

(15) Gidley, M. J.;Bociek, 5. M. J .  Am. Chem. SOC. 1988,110,3820. 


