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New type polyrotaxanes based on polyethyleneimine and a-cyclodextrin
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Functional polyrotaxanes of N-alkanoylpolyethyleneimine@
a-cyclodextrin type are synthesized by acylation of the
polypseudor otaxaneprecur sor, namely, apolyethylenimine@
a-cyclodextrin inclusion complex, with excess of carboxylic
acid anhydrides. In the course of the processing, a-cyclo-
dextrin moieties are also fully O-acylated. The introduction
of acyl moieties into polyethyleneimine backbone prevents
the expulsion of a-cyclodextrin rings from this backbone.
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Due to its successful transfection performance in vitro and
inherent ability to efficiently condense genetic materials,
polyethyleneimine (PEI), a commercially available gene
transfection reagent, can be regarded as a promising nonviral
vector. However, its low transfection efficiency in vivo, along
with high cytotoxicity, limits its further application in gene
therapy. In the meantime, polyrotaxane based on linear PEI and
a-cyclodextrin (a-CD) showed better transfection efficiency and
lower cytotoxicity.' Rotaxanes belong to supramolecular
compounds consisting of interlocked macrocycles threaded onto
backbone macromolecule.>*! Rotaxane synthesis is generally
not easy because of multistep procedures, labor-intensive
purification and low yields of the resulting compounds. Hence,
the search for high-yield and labor-saving methods for rotaxane
synthesis is an important problem of supramolecular chemistry.

A typical approach to polyrotaxanes is a preliminary synthesis
of polypseudorotaxanes based on a spontaneous formation of a
supramolecular inclusion complex between a linear polymer and
CD by simple mixing of aqueous solutions of components. Such
complexes are dynamic systems and exist in equilibrium with
the initial components in the solution. To avoid dethreading,
pseudorotaxane end groups are usually capped with bulky groups
or polymers. This article debates a new alternative way to prevent
dethreading of macrocycles by partial acylation of the PEI
backbone of polypseudorotaxane. Beyond that, the proposed
approach prevents the aggregation of CD moieties, thus making
the products water insolubile.?213

The starting linear PEI was synthesized as reproted!* by
comprising cationic ring opening polymerization of 2-ethyl-2-
oxazoline (Scheme 1, stage i). Methyl tosylate was used as a
polymerization initiator, and acetonitrile was used as a solvent.”
Keeping in mind that conventional heating hardly gives
macromolecular products,'>-17 the reaction was carried out under
microwave irradiation.®-20 Based on the static light scattering
data, the resulting poly(N-propionylethyleneimine) had an
average molecular weight M,, = 16000 D, i.e.,, had a degree of
polymerization of about 150-160 and, according to the GPC

T For the synthesis and characterization of polymers 1 and 2a-c, see
Online Supplementary Materials.
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data, the polydispersity coefficient M,,/M, was 1.12. The
subsequent acidic hydrolysis of intermediate poly(N-
propionylethyleneimine) afforded linear PEI (see Scheme 1,
stage ii).

It is known?! that the polypseudorotaxane formation highly
depends on the pH value (see Scheme 1, stage iii). No complex
formation was observed for the mixture of CD and PEI
homopolymer below pH9 due to energetically unfavorable
interaction between the cavities of CD molecules and the ionized
PEI chains. The polypseudorotaxane formation is closely related
to the protonation of secondary amine groups of PEI. In order to
synthesize the desired polypseudorotaxane 1, aqueous solutions
of PEI and CD were mixed, and the pH value was then adjusted
to 12 with 5M NaOH followed by subsequent sonification at
60 °C for 20 min. Under these highly basic conditions,
polypseudorotaxane partially precipitated that prevented
dethreading of the macrocycles. Large excess of carboxylic acid
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Scheme 1 Reagents and conditions: i, TsSOMe, MeCN, MW, 80 °C, 48 h;
ii, HCI, 100 °C, 12 h; iii, a-cyclodextrin, H,0, NaOH (pH 12), 60 °C,
sonication, 10 min; iv, (RCO),0, H,0, 3-5 °C, 1 h.
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anhydride (propionic, butyric or isobutyric added to the reaction
mixture caused acylation of amine groups of PEI (stage iv) to
produce polyrotaxanes 2a—c. This would arrange the sterical
hindrance along the polymer backbone and makes supramolecular
complex destruction impossible. Importantly, in the course of the
acylation, CD moieties also acquired acyl groups onto oxygen
atoms.

The structure of polyrotaxanes 2a—c was verified by NMR
spectroscopy. For instance, in the 'H NMR spectrum of rotaxane
propionyl-PEI@CD 2a, multiplets at 5.52-3.44 ppm can be
attributed to acetylated CD moieties, while signals of the acylated
PEI chain locate at 3.36 (CH,CH,N), 2.28 (CO-CH,—CH3) and
0.96 (CO-CH,~CH,). The 13C NMR spectrum contains signals
at 174.43 (COO), 173.78 (CON), 27.14 (CO-CH,—CH,3) and
9.45 (NCO-CH,—CHj,) assigned to propionyl groups along with
signals for the CD ring at 99.1 (CY), 73.7 (C%), 72.4 (C?), 72.3
(C®), 69.4 (C® and 63.4 (C5). The GPC data show that the
obtained samples are monomodal, which, combined with the
spectral data, confirms the polyrotaxane structures 2a—c.
Additionally, the 1D DOSY NMR spectrum confirms the equal
diffusion coefficient of all components in the supramolecular
structure. It is necessary to point out that according to *H NMR
data the threading density of macrocycles onto PEI backbone is
about one CD molecule per seven PEI monomeric unites.

In conclusion, the present method provides an expedient route
for polyrotaxane synthesis with an easy one-step high-yield
preparation of desired structures at low cost and with a potential
for large-scale manufacturing of polyrotaxanes.

This work was supported by Russian Science Foundation
(grant no. 22-23-00280).
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Supplementary data associated with this article can be found
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