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ABSTRACT: The relatively hydrophobic monomer N-methacryloyl-11-aminoundecanoic acid (1) was
incorporated as a guest into the cavity of S-cyclodextrin (5-CD) as a host, yielding the water-soluble
monomer N-methacryloyl-11-aminoundecanoic acid/f-CD pseudorotaxane (2). This pseudorotaxane was
polymerized radically in an aqueous medium by use of the water soluble azoinitiator 2,2'-azobis(N,N'-
dimethylenisobutyramidine). The obtained poly(N-methacryloyl-11-aminoundecanoic acid) (3) was in-
soluble in water because of a nearly quantitative unthreading of the cyclodextrin during the polymeri-
zation. It was found that the precipitation polymerization of N-methacryloyl-11-aminoundecanoic acid/
f-CD pseudorotaxane in water occurred much faster compared to the polymerization of the uncomplexed
N-methacryloyl-11-aminoundecanoic acid in a homogeneous DMSO/water solution (4/1 v/v) under similar

conditions.

Introduction

Cyclodextrins are well-known to form inclusion pseu-
dorotaxanes with suitable organic molecules in a key—
lock type geometry.! Accordingly, they may be used, for
example, as a catalyst in organic syntheses.2~4 During
the last few years, some interest has been focused on
threading cyclodextrins onto different kinds of linear
polymers to carry out the formation of main chain
polyrotaxanes.>=® In this connection, we have succeeded
in synthesizing a series of new side-chain polyrotaxanes,
containing noncovalently anchored cyclodextrins, via
polymer analogous condensations of corresponding semi-
rotaxanes onto functionalized comblike polymers.10-13

Very recently*15 we described the syntheses of 2,6-
(di-O-methyl)-S-cyclodextrin-complexes from hydropho-
bic monomers and their polymerization behavior in
water.16-19 Until now, however, only methylated cyclo-
dextrin was used as a host molecule for methacrylic
monomers because of its excellent solubility in organic
solvents and in water. In this paper we wish to report
on the synthesis of a new pseudorotaxane type based
on the relatively hydrophobic N-methacryloyl-11-ami-
noundecanoic acid as a guest monomer and unmodified
p-cyclodextrin as the host component. The paper also
deals with the polymerization behavior of this pseu-
dorotaxane in an aqueous medium.

Results and Discussion

The water soluble N-methacryloyl-11-aminounde-
canoic acid/f-CD complex (2) was obtained from solution
(Scheme 1). 5-CD was dissolved in water at 65 °C, and
then the crystalline powder of N-methacryloyl-11-ami-
noundecanoic acid (1) was added at once. The resultant
suspension was stirred until a clear solution was
formed, and then the water was evaporated. The
structure of this complex was proved by use of standard
methods. For example, in thin-layer chromatography
the R¢ values for the complex 2 (R¢(ethyl acetate) = 0)
and the guest 1 (Rs(ethyl acetate) = 0.43) were signifi-
cantly different. The comparison of the 'H NMR spectra
of 1 and 2 showed that some of the signals of the guest
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Scheme 1. Preparation and Polymerization of the
Pseudorotaxane 2
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in the complex 2 are influenced due to guest—host
interactions. Additionally, the FT-IR spectra of the
complexed (2) and uncomplexed guest molecule (1)
showed that the carbonyl bands of the complexed
monomer are shifted significantly to higher frequencies
from 1708 to 1712 cm™? (acid group) and from 1537 to
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Figure 1. Correlated regions of the 2D NOESY spectrum of
pseudorotaxane 2 in D,O at room temperature.

1541 cm~1 (amide group). The bands at 3049 and 1613
cm~1, which are assigned to the vinyl group of the guest,
could not be monitored in the spectra of the complex
because these signals overlap with the OH signals of
the S-cyclodextrin. For the same reason, a reasonable
shift of the characteristic absorption of the amide group
in the region of 3300—3350 cm~1 could not be detected.
For the investigation of the pseudorotaxane topology, a
2D NOESY spectrum (Figure 1) of pseudorotaxane 2
was measured in D,O. The NOESY spectrum showed
cross-peaks between the C3Cs cyclodextrin protons at
3.83—3.89 ppm and the protons of the methylene chain
at 1.28 ppm of the guest. These signals reflect interac-
tions between the intraannular protons of the cyclodex-
trin (C3Cs) and the methylene chain of the guest, which
only appear if the guest penetrates into the cavity of
the cyclodextrin. It is worthwhile to mention that cross-
peaks between the C,C4 cyclodextrin protons at 3.57—
3.71 ppm and the protons of the guest—methylene chain
at 1.28 ppm do not exist. This indicates that the
observed cross-peaks mentioned above are not the result
of interactions between the external Cg cyclodextrin
protons and the guest protons which are located at the
outside of the cylcodextrin. This also confirms the
formation of an inclusion complex. In addition to the
spectroscopic characterization, we have performed ther-
mal measurements by use of differential scanning
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calorimetry (DSC). Accordingly, the complex 2, a physi-
cal mixture of 1 and 5-CD (1/1 mol) and the pure -CD
were investigated. The results of these measurements
(all second heating) are illustrated in Figure 2. The
physical mixture of 1 and 5-CD shows an endothermic
melting point transition at 51 °C that can be assigned
to the melting of the phase-separated monomer 1. In
contrast to this, both, the pseudorotaxane 2 and the
pure $-CD do not show any endothermic transition in
this temperature range. This fact can be taken as a
further hint?° for the formation of an inclusion complex.

As an additional characteristic feature, it is interest-
ing to mention that the cyclodextrin component of the
pseudorotaxane 2 can be selectively degraded in the
presence of amyloglucosidase in aqueous medium yield-
ing the water-insoluble, uncomplexed monomer 1, which
precipitates.

The probability of homopolymerization of the pseu-
dorotaxane may be low due to the bulky cyclodextrin.
The external dimensions of the 5-CD are 1.53 nm in
diameter and 0.78 nm in length.?! The included guest
1is a long molecule with a maximum diameter of about
0.45 nm.22 It was found that despite the relatively huge
CD ring, pseudorotaxane 2 could be homopolymerized
very easily in water initiated with the water-soluble free
radical initiator 2,2'-azobis(N,N'-dimethyleneisobutyra-
midine).

It was observed that, immediately after the water
solution was heated, precipitation occurred. The pre-
cipitated product was determined by *H NMR spectros-
copy to be the homopolymer of 1, which contained only
a trace of cyclodextrin (4.9 mol %). The amount of
cyclodextrin in the polymer was determined by 'H NMR
spectroscopy. The ratio of the monomer unit in polymer
per cyclodextrin was calculated from the methylene
protons integral (2.0) at 2.17 ppm and the cyclodextrin
integral (1.47) at 3.1—3.7 ppm under consideration of
the number of protons which cause the signals. The
existence of some -CD residues can also be determined
by elemental analysis.

This means in general that unthreading of the ring
component must preferentially occur during the ap-
proach of the monomers to the growing radical end
groups. The yield of the polymer was around 93% after
24 h at 70 °C. The M, of 3 was > 630 kg/mol. In contrast
the polymerization of 1 under nearly the same condi-
tions in homogeneous DMSO/H,0 (4/1 vol.) solution did
not run very well. The 1H NMR spectrum of the isolated
product showed that only a small conversion to the
polymer (33%) was achieved. According to GPC mea-
surements also the molecular weight of the polymer (M,
> 200 kg/mol) is much lower compared to the value of
polymer obtained from the complex.

Conclusion

It can be concluded that synthesis of the poly(N-
methacryloyl-11-aminoundecanoic acid) (3) can be per-
formed in water as solvent via an unthreading process
without using any organic solvent or protective colloids.
Only the use of unmodified -CD as a complexing agent
for the monomer 1 is necessary to produce polymer in
high yield and relatively high molecular weights.

Experimental Section

Materials and Methods. The synthesis of N-methacryloyl-
11-aminoundecanoic acid (1) is described elsewhere.?®> Amy-
loglucosidase was obtained from Sigma; 1,4-o-pD-glucan-
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a N-methacryloyl-11-aminoundecanoic acid/(3-CD pseudorotaxane (2)
b N-methacryloyl-11-aminoundecanoic acid (1)/3-CD physical mixture (1/1 mol)
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Figure 2. Differential scanning calorimetry of 2 (a), mixture of 1 + 3-CD (1/1 mol) (b), and 3-CD (c) (second heating for all DSC

curves).

glucohydrolases in a mixture of glucose (1 M) in water was
used (type “Aspergillus niger” (EC 3.2.1.3); 30—60 U/mg).
Heptakis(-cyclodextrin) was obtained from Merck. 2,2'-Azo-
bis(N,N'-dimethyleneisobutyramidine) was obtained from Wako
Chemicals. If not mentioned otherwise, the materials were
used as received. Films for thin-layer chromatography (SiO;
with fluorescence indicator, 254 nm) were obtained from
Merck.

Instruments. *H NMR spectra and the 2D NOESY were
obtained at 400.1 MHz on a Bruker ARX 400 spectrometer.
FT-IR spectra of KBr pellets were recorded with a Nicolet
5SXB. Differential scanning calorimetry (DSC) (DSC7, Perkin-
Elmer) applied heating and cooling rates of 10 °C/min. Molar
masses of the polymers were measured by GPC (Waters,
UltraStyragel, eluent DMF). The column combination (105, 104,
103, 500, and 100 A was calibrated with polystyrene standards.

N-Methacryloyl-11-aminoundecanoic acid/s-Cyclodex-
trin Pseudorotaxane (2). A 1.00 g (0.88 mmol) sample of
fB-cyclodextrin was dissolved in 20 mL of water at 65 °C. To
the clear solution was added 0.237 g (0.88 mmol) of N-meth-
acryloyl-11-aminoundecanoic acid (1). The suspension was
stirred for 24 h at 65 °C. Then an optically clear solution was
obtained. The water was removed by evaporation, and the solid
product was dried for 24 h at 40 °C in a vacuum. Yield: 1.21
g (98%).

IH NMR (de-DMSO): 6 [ppm] = 5.60 (s, 1H, =CHy,), 5.27 (t,
1H, =CHy, J = 1.5 Hz), 3.07 (q, 2H, —CONHCH, J = 6.6 Hz),
2.16 (t, 2H, HOOCCH,, J = 7.4 Hz), 1.83 (s, 3H, —CHj), 1.47
(pt, 2H, HOOCCH,CH,, J = 7.1 Hz), 1.41(pt, 2H, —CONH-
CH,CH,, J = 6.8 Hz), 1.23 (s, 12H, —CONH(CHy)2(CH,)s(CH2)2-
COOH); cyclodextrin signals ¢ [ppm] 5.65 (s, 2H, OH, C2',
C3")0 [ppm] 4.82 (s, 1H, CH, C1'), 4.39 (s, 1H, OH, C6'), 3.69—
3.52 (m, 3H, C3', C%', C6'), 3.38—3.27 (m, 2H, CH, C2', C4").

FT-IR (KBr): ¥ [cm~1] = 3435 (von), 2926, 2855 (vcy), 1712
(Vco), 1542 (Vco), 950 (6CH)-

Anal. Calcd for [Cs7Hg7NOg3g]: C, 48.75; H, 6.96. Found: C,
48.45; H, 7.12.

Enzymatically Catalyzed Degradation of 2. N-Meth-
acryloyl-11-aminoundecanoic acid/g-cyclodextrin pseudorotax-
ane (2), 0.51 g (0.36 mmol), was dissolved in 40 mL of water
containing 5 mL of the enzyme solution (Amyloglucosidase
from A. niger) at pH 5. This solution was stirred for 3 d at 40
°C, whereby the precipitation started after about /, h. After 3
d, cyclodextrin was degraded completely.

TLC: 1, R(ethyl acetate) = 0.43; 2, Re(ethyl acetate) = 0.

Poly(N-methacryloyl-11-aminoundecanoic acid) (3)
from Water. N-Methacryloyl-11-aminoundecanoic acid/f-cy-
clodextrin pseudorotaxane (2) 2.81 g (2 mmol) was dissolved
in 45 mL of water at 65 °C. The clear solution was flushed
with argon for 15 min, then 25 mg (0.1 mmol) 2,2'-azobis(N,N’-
dimethyleneisobutyramidine) was added, and the solution was
stirred for 24 h at 70 °C. The precipitated polymer was filtered
off, washed with water, and dried in a vacuum at 40 °C.
Yield: 0.50 g (93%).

1H NMR (de-DMSO): 6 [ppm] = 2.88 (2H, —CONHCH),),
2.17 (2H, HOOCCHy,), 1.48 (2H, HOOCCH,CH,), 1.36 (2H,
—CONHCH;CH,), 1.24 (12H, —CONH(CH2)2(CH2)s(CH2).-
COOH), 0.78 (3H, —CHg); cyclodextrin signals ¢ [ppm] 3.2—
3.7 (greatly widen).

FT-IR (KBr): # [cm™] = 3375 (vou), 2955, 2845 (vch), 1710
(vco), 1620, 1530 (vco), 1020.

Anal. Calcd for [015H27NO3]20_4/[C56H93035]: C, 6369, H,
9.58. Found: C, 63.05; H, 9.68.

SEC (polystyrene-standard, DMF): M,, = >950 kg/mol; M,
= >630 kg/mol; My/M, = 1.5

Poly(N-methacryloyl-11-aminoundecanoic acid) (3a)
from Water/DMSO Solution. N-Methacryloyl-11-amino-
undecanoic acid (1) 0.538 g (2 mmol) was dissolved in 19.2 mL
of DMSO and 4.8 mL of water. Then, 25 mg (0.1 mmol) of 2,2'-
azobis(N,N'-dimethyleneisobutyramidine) was added to the
solution, and after the solution was flushed with argon, it was
stirred for 24 h at 70 °C. The product was isolated by pouring
the solution into 400 mL of water. The precipitated product
was filtered off and dried at 40 °C in a vacuum. Yield: 0.48 g
(89%, contains unpolymerized monomer).

IH NMR (ds-DMSO): 6 [ppm] = 5.61 (s, 1H, =CH,,
monomer), 5.27 (t, 1H, =CH,, J = 1.4 Hz, monomer), 3.08 (q,
2H, —CONHCH_>, monomer), 2.90 (2H, —CONHCHy, polymer),
2.17 (2H, HOOCCH_, monomer + polymer), 1.84 (s, 3H, —CHj,
monomer), 1.50—1,36 (4H, HOOCCH,CH,, —CONHCH,CH,,
monomer + polymer), 1.24 (12H, —CONH(CH_)2(CH2)s(CH>).-
COOH, monomer + polymer), 0.78 (3H, —CHjs, polymer).

FT-IR (KBr): % [ecm~1] = 3300 (vnw), 2900, 2835 (vcn), 1694
(vco), 1640, 1603, 1520 (vco), 1208, 1180, 910.

Anal. Calcd for [Ci5H27NOgs],: C, 66.88; H, 10.10. Found:
C, 66.24; H, 9.50.

SEC (polystyrene standard, DMF): M,, = >650 kg/mol; M,
= >200 kg/mol; My/M,, = 3.3.
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