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Cyclodextrin-Containing Polymers.
1. Preparation of Polymers
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ABSTRACT: The synthesis of polymers containing cyclodextrin residues on the side chain is described. Four mono-
functional monomers, acryloyl-a-cyclodextrin (a-CD-A), acryloyl-8-cyclodextrin (8-CD-A), N-acrylyl-6-aminoca-
proyl-a-cyclodextrin (¢-CD-NAC), and N-acrylyl-6-aminocaproyl-3-cyclodextrin (8-CD-NAC), were prepared by
the reaction of m-nitrophenyl acrylate or its derivative and cyclodextrin. Acryloyl and N -acrylyl-6-aminocaproyl
groups were found to be attached at one of the secondary hydroxyl groups of cyclodextrin. These monomers were po-
lymerized in high yields except a-CD-A by a radical initiator to give water soluble polymers, which were purified by
gel chromatography or dialysis. These monomers were also copolymerized with other water soluble monomers to give

water soluble copolymers.

Cyclodextrins (cycloamyloses which are cyclic a-1,4-
linked D-glucose oligomers!) display various characteristic
chemical and physical properties? due to their cyclic nature
when compared to the flexible open-chain analogues. The
most specific property is their ability to form inclusion com-
plexes in aqueous solution? as well as in the crystalline state.
The inclusion properties of cyclodextrins have been studied
extensively to clarify the nature of the cavity, i.e., the driving
forced for binding and the binding specificity. Cyclodextrins
have also been studied as an enzyme model,? the results having
disclosed the substrate specificities in the binding step as well
as in the catalytic step based on the size of their hydrophobic
cavities.

In order to obtain polymers equipped with substrate spec-
ificity caused by inclusion, it seems advantageous to study the
behavior of cyclodextrins when incorporated into a polymer
as a definite structural unit. In this paper we wish to report
the preparation of cyclodextrin-containing polymers. To ob-
tain linear polymers, it is necessary to prepare monovinyl
derivatives of cyclodextrin. Since cyclodextrin has many
primary and secondary hydroxyl groups, we used Bender’s
acylation technique,5f in which the reaction proceeds by way
of inclusion and the acylation occurs selectively at one of the
secondary hydroxyl groups under mild conditions.

Results and Discussion

Preparation of Monomers. Cyclodextrin-containing
monomers were newly synthesized by the reactions shown in
Scheme I. The main feature of this synthesis is the reaction
of m-nitrophenyl esters and cyclodextrins. This procedure,
first found by Bender et al.,’f was used because this reaction
proceeds by way of inclusion, which would permit selective
transesterification of cyclodextrin at one of the secondary
hydroxyl groups under mild conditions, minimize multi-
functional products, and suppress thermal polymerization.

In a typical synthesis, cyclodextrin was allowed to react with
an equimolecular amount of m-nitrophenyl ester in carbonate
buffer, pH 11, at room temperature for 5 min. The product was

purified by gel chromatography on a Sephadex G-15 column’
and, if necessary, was subjected to ultrafiltration using an
Amicon UM-05 UF-membrane to remove sodium chloride.
In the case of 3-cyclodextrin monomers, final purification was
carried out by a Sephadex G-15 column (2.5 X 200 cm). Elu-
tion diagrams were obtained by following cyclodextrin and
monomer concentrations as shown in Figure 1. Small amounts
of multifunctional products with higher extinction coefficients
were eluted at the beginning of the main fraction. The extent
of the reaction was limited by solubilities of the reactants to
about 40% and the yield of the pure monomer was about 20%.
All monomers except a«-CD-A were chromatographically pure,
giving satisfactory results in the elemental analysis as mo-
nofunctional products. «-CD-A was found to contain a small

Scheme I
Acryloyl cyclodextrin (CD-A)

‘NP
CH,=CHCOCl = CH,=CHCO,

NO,

CH,=CHC0,—((D)

N-Acrylyl-6-aminocaproylcyclodextrin (CD-NAC)

NH(CH,)sCOH
CH,=CHCOCI 22 OH o — CHCONH(CH,);COH

m-NP
v CH2=CHCONH(CH2)5C02<<C:>2

NO,

> CH,=CHCONH(CH,),C0,—(E)
m-NP = m-nitrophenol;

= «- or (-cyclodextrin (mol wt 973 or 1135)
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Figure 1, Purification of «-CD-NAC by gel chromatography on Se-
phadex G-15 column (2.5 X 90 cm). Fractions of 5 ml of effluent were
collected: (@) absorbance at 200 nm, which indicates the «-CD-NAC
concentration; (O) absorbance at 480 nm in the phenol-sulfuric acid
method, which indicates total sugar content. The broken line shows
the difference of two curves, which corresponds to the unreacted a-CD
concentration. The fractions indicated by the shaded area, which
corresponds to pure a-CD-NAC, were collected.

amount of «-CD as detected by paper chromatography and
jiodine test. Results of the monomer characterization are
summarized in Table 1.

The acyl substitution was reported to occur at secondary
hydroxyl groups by the study of the reactivity of partially
protected cyclodextrins.®f However, there was no direct evi-
dence for the substitution position. 13C NMR8 was studied and
the spectra in Figure 2 clearly show that the acylation had
occurred at C-2 and C-3 positions at almost the same ratio in
the cases of 3-CD-A and 3-CD-NAC, at the C-3 position se-
lectively in the case of a-CD-A, and at mostly C-3 but in part
C-2 for a-CD-NAC. The changes of the chemical shift due to
the acyl substitution on a glucose ring were reasonable;3® in
the case of 3-CD monomer two peaks for the acrylyl carbons
attached at C-2 and C-3 positions were clearly observed. The
difference of the substitution positions between a-CD and
3-CD might relfect tightness of inclusion® of m-nitrophenyl
esters, i.e., a-CD might bind the substrate more tightly than
3-CD, thereby “freezing” the esters in favorable positions for
the selective acylation at the C-3 hydroxyl group.

Polymerization. The monomers were polymerized in
aqueous methanol solutions using 2,2'-azobis(isobutyronitrile)

Macromolecules

as an initiator at 60 °C for 20-43 h. All the polymerization in
H;0-MeOH (1:1) proceeded in homogeneous solution and
gave water soluble polymers in 59-82% yields except ¢-CD-A,
which gave a poor conversion of 8%. The low conversion of
a-CD-A might be due to the position of the acryloyl group,
which was attached at the C-3 hydroxyl group. In 95% MeOH
the polymers were precipitated as the polymerization pro-
ceeded. a-CD-A and 3-CD-A were copolymerized with other
water soluble monomers, such as acrylamide, acrylic acid, and
vinyl pyrrolidone, to give water soluble polymers in high
yields. The results of the polymerization are shown in Tables
IT and III.

The polymers were purified by gel chromatography on Se-
phadex G-15. The polymers were eluted at the void volume
and were completely separated from unreacted monomer and
initiator as shown in Figure 3. Purification by dialysis was also
effective. The polymers obtained were characterized by the
infrared spectra, ultraviolet spectra, and elemental analysis.
The ir and uv spectra clearly indicated the disappearance of
vinyl groups.

To estimate the molecular size of the poly-8-CD-A, a GPC
study of the polymer solution was carried out on Sephadex
G-50 (fractionation range of dextran, 500-10 000), G-100
(1 000-100 000), and Biogel P-2 (200-2 600), P-10 (5 000-
17 000). In the case of Sephadex G-50 and Biogel P-2, the
polymer was completely excluded from these gel phases. In
the case of Biogel P-10 most of the polymer was also eluted at
the void volume but some tailing was observed. The polymer
showed a wide distribution curve in the case of Sephadex
G-100. From these results the molecular weight of poly-8-
CD-A was estimated to be 10¢-105. The molecular weight was
also estimated by a vapor pressure osmometer to be 104,

When these polymers were hydrolyzed in aqueous alkali,
cyclodextrins were detected by GPC on Sephadex G-15° and
TLC.1° We did not prove the polyvinyl structure but it was
reasonably supposed from the following evidence: the mo-
nomers copolymerize with acrylic acid and with acrylamide
with nearly comparable relative reactivities and N-meth-
acryloyl-D-glucosamine was similarly known to undergo vinyl
polymerization.!!

Experimental Section

Cyclodextrins were obtained from Hayashibara Biochemical
Laboratory Inc. 8-Cyclodextrin was recrystallized from water and
dried in vacuo at 80 °C for 24 h. a-Cyclodextrin was recrystallized first
from 50% 1-propanol-water and then from water and was dried in
vacuo. Their purities were checked by elemental analysis, optical
rotation and TLC.1?

m-Nitrophenyl acrylate!l? was prepared by adding 10 g of acrylyl
chloride dropwise to a solution of 5 g of potassium hydroxide and 7
g of m-nitrophenol in 500 ml of water at 0 °C. It was recrystallized
from ether, mp 34 °C (yield 70%).

Acryloyl-8-cyclodextrin (8-CD-A). 3-Cyclodextrin (2.0 g, 1.75

Table I
Cyclodextrin-Containing Monomers
Spectral data
Ir (KBr)
Uv (H20)

Monomer Ry value® [«]?5D,? deg ve—c, cm™1 yo=—0, cm™! Amax, M €
«a-CD-A 0.35 +145 1635 1725 197 9 350
a-CD-NAC 0.56 +131 1625 1660, 1725 200 13 000
8-CD-A 0.36 +159 1635 1725 198 12 000
B8-CD-NAC 0.48 +149 1620 1660, 1725 200 13 000

¢ Descending paper chromatography. Solvent, n-BuOH-DMF-H,0 in 2:1:1 (v/v/v). Ry for «-CD = 0.26, Ry for 3-CD = 0.20. ®¢
= 1 g/dl in water, [«]25D for «-CD = +150°, [«]?5D for 3-CD = +162°.
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Figure 2. Carbon-13 NMR spectra of cyclodextrin-containing monomer in Dy0. D, external dioxane. (a) -CD-A (101 M), 140 000 accumulations

(b) 8-CD-A (5 X 10—2 M), 131 000 accumulations.
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mmol) was dissolved in 120 ml of carbonate buffer, pH 11, and was
mixed all at once with 4 ml of acetonitrile solution of m-nitrophenyl
acrylate (0.338 g, 1.75 mmol). The reaction mixture was shaken vig-
orously for 5 min, brought to pH 3 with dilute HCI and cooled in an
ice bath. The unreacted acrylate crystallized out and was filtered off.
The resulting filtrate was subjected to gel chromatography on a Se-
phadex G-15 column (5 X 100 cm) with water to leave m-nitrophenol
in the column. The eluate containing monomer, unreacted 3-CD, and
sodium chloride were subjected to ultrafiltration using an Amicon
UM-05 UF-membrane to remove sodium chloride. Then the resulting
residue was subjected to gel chromatography on Sephadex G-15 (2.5
X 200 cm) to obtain pure acryloyl-3-cyclodextrin (3-CD-A). Elution
was followed by measuring the cyclodextrin concentration using the
phenol-sulfuric acid method!3 and the monomer concentration from
the absorbance at 200 nm. Small amounts of multifunctional products
with higher extinction coefficients were eluted with the beginning of
the main fraction. The extent of the reaction was about 40% and the
yield of the pure monomer was about 15%. Anal. Caled for C45H79036:
C, 45.46; H, 6.10. Found: C, 45.45; H, 6.10.
Acryloyl-a-cyclodextrin (a-CD-A) was prepared from a-cy-
clodextrin and m-nitrophenyl acrylate by a procedure similar to that
described for 3-CD-A. «-CD-A was completely separated from m-
nitrophenol and sodium chloride by gel chromatography on Sephadex

Assignmenrt

8 R = CH,aCHCO,-
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n=§

b R, R= CH=CHCO,
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G-15. The ultrafiltration process was unnecessary. The conversion
was about 40% and the yield was about 20%. Anal. Calcd for
CapHg2031: C, 45.61; H, 6.09. Found: C, 44.79; H, 6.04.
N-Acrylyl-6-aminocaproic acid (NAC)!* was prepared by
adding dropwise 4.5 g of acrylyl chloride and 10 ml of 20% NaOH
aqueous solution simultaneously to a solution of 6.55 g (0.05 mol) of
6-aminocaproic acid and 2 g of NaOH in 20 ml of water at 0 °C and
then acidified by 1 N HCL. The precipitate was filtered and recrys-
tallized from acetone-ether: mp 96-98 °C, yield 80%.
m-Nitrophenyl N-Acrylyl-6-aminocaproate. N-Acrylyl-6-
aminocaproic acid (3.7 g, 0.02 mol) and m-nitrophenol (3.0 g, 0.022
mol) were dissolved in 100 ml of dry ethyl acetate. The mixture was
cooled to 0 °C and dicyclohexylcarbodiimide (DCC)!5 (4,12 g, 0.02
mol) was added. The mixture was kept at 0 °C for 30 min and then
at room temperature overnight. Dicyclohexylurea was removed by
filtration, and the solvent was evaporated under reduced pressure.
The resulting solid was recrystallized twice from acetone-ether: mp
70-72 °C, yield 72%. Anal. Caled for C15H,505Ns: C, 58.82; H, 5.92;
N, 9.15. Found: C, 58.88; H, 6.13; N, 9.20.
N-Acrylyl-6-aminocaproyl-8-cyclodextrin (8-CD-NAC) was
prepared from $-cyclodextrin and m-nitrophenyl N-acrylyl-6-ami-
nocaproate by a procedure similar to that described for 8-CD-A.16 The
final purification was carried out by gel chromatography on Sephadex
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Table I1
Polymerization of a-CD-A and a-CD-NAC®?
Mol ratio of
No. Monomer Comonomer a-CD-A:comonomer Solvent Time, h Yield, % M,b
1 a-CD-NAC 95% MeOH 24 59 8 000
2 a-CD-NAC MeOH-H-0 43 75 10 000
3 a-CD-A MeOH-H:0 24 8
4 a-CD-A Acrylamide 1:2.5 95% MeOH 24 80
5 a-CD-A Acrylic acid 1:9 MeOH-H,0 24 63
6 «-CD-A N-Vinyl Pyrrolidone 1:5 MeOH-H-0 24 11
@ AIBN, 60°. ® VPO method at 37°.
Table III
Polymerization of 3-CD-A and 8-CD-NAC*
Mol ratio of _
No. Monomer Comonomer B3-CD-A:comonomer Solvent Time, h Yield, % Myt
1 B8-CD-NAC MeOH 20 77
2 8-CD-NAC MeOH-H;0 24 79
3 B8-CD-A MeOH-H0 24 82 10 000
4 8-CD-A Acrylamide 1:5.3 MeOH-H,0 24 90
5 3-CD-A Acrylic acid 1:6.7 MeOH-H-0 20 80
a AIBN, 60°. ® VPO method at 37°.
L T T T i T - were recorded in a Varian Associates, Model XL 100, spectrometer
80 oo 4 operated in the puls-Foulier transform mode.
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Figure 3. Purification of poly-3-CD-NAC by gel chromatography
on Sephadex G-15 (2.5 X 90 cm). Fractions of 10 ml of effluent were
collected: (O) weight after freeze drying; (@) absorbance at 230
nm.
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Apparatus. Ultraviolet spectroscopic measurements were made
using a Hitachi Spectrophotometer, Model 124, Infrared spectra were
measured as KBr disks using a Hitachi, EDI-2 Spectrometer. Optical
rotations were measured in a JASCO polarimeter. 13C NMR spectra

1965, p 209; (b) F. R. Senti and S. R. Erlander, “Non-Stoichiometric
Compounds”, L. Mandelcorn, Ed., Academic Press, New York, N.Y., 1964,
p 588.

(3) (a) F. Cramer, W. Saenger, and H. Ch-Spatz, J. Am. Chem. Soc., 89, 14
(1967); (b) P. V. Demarco and A. L. Thakker, Chem. Commun., 2
(1970).

(4) (a) D. French, M. L. Levine, J. H. Pazur, and E. Norberg, J. Am. Chem.
Soc., 71, 353 (1949); (b) F. Cramer and F. M. Henglein, Chem. Ber., 90,
2561, 2572 (1957); (c) A. Hybl, R. E. Rundle, and D. E. Williams, J. Am.
Chem. Soc., 87, 2779 (1965); (d) K. Harata and H. Uedaira, Nature
(London), 253, 190 (1975).

(5) (a) E. A. Lewis and L. D. Hansen, J. Chem. Soc., Perkin Trans. 2, 3401
(1973); (b) K. Takeo and T. Kuge, Stdrke, 24, 331 (1972).

6) (a) D. W. Griffiths and M. L. Bender, Adv. Catal., 23, 209 (1973); (b) F.
Cramer and H. Hettler, Naturwissenschaften, 54,625 (1967); (¢) F. Cra-
mer and W. Kampe, J. Am. Chem. Soc., 87,1115 (1965); (d) N. Heinrich
and F. Cramer, ibid., 87, 1121 (1965); (e) R. L. VanEtten, J. F. Sebastian,
G. A. Clowes, and M. L. Bender, ibid., 89, 3242 (1967); (f) R. L. VanEitten,
G. A. Clowes, J. F. Sebastian, and M. L. Bender, ibid., 89, 3253 (1967); (g)
D. E. Tutt and M. A. Schwartz, ibid., 93, 767 (1971); (h) H. J. Brass and
M. L. Bender, ibid., 95, 5391 (1973); (i) R. M. Paton and E. T. Kaiser, ibid.,
92, 4273 (1970).

(7) R. Breslow and L. E. Overman, J. Am. Chem. Soc., 92, 1075 (1970).

(8) (a) P. Colson, H. J. Jennings, and I. C. P. Smith, J. Am. Chem. Soc., 96,
8081 (1974); (b) J. B. Stothers, “Carbon-13 NMR Spectroscopy”, Academic
Press, New York, N.Y., 1972, p 144.

(9) J. H. Carter and E. Y. Lee, Anal. Biochem., 39, 521 (1971).

(10) N. Wiedenhof, J. Chromatogr., 15, 100 (1964).

(11) Y. Iwakura, Y. Iwai, and K. Yagi, J. Polym. Sci., Part A-1, 6, 1625
(1968).

{12) E. G. Gaetjens and H. Morawetz, J. Am. Chem. Soc., 83, 1738 (1961).

(13) M. Dubois, K. A. Gilles, J. K. Hamilton, P. A. Rebers, and F. Smith, Anal.
Chem., 28, 350 (1956).

(14) H. Morawetz and W. R. Song, J. Am. Chem. Soc., 88, 5714 (1966).

(15) M. Bodansky and v. du. Vigneaud, J. Am. Chem. Soc., 81, 5688 (1959).

(16) M. Furue, A. Harada, and S. Nozakura, J. Polym. Sci., Polym. Lett. Ed.,
13, 357 (1975).



