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ABSTRACT: Linear polyethylenimine (L-PEI), a standard for
nonviral gene delivery, is usually prepared by hydrolysis from
poly(2-oxazoline)s. Lately, anionic polymerization of sulfona-
mide-activated aziridines had been reported as an alternative
pathway toward well-defined L-PEI and linear polyamines.
However, desulfonylation of the poly(sulfonyl aziridine)s typically
relied on harsh conditions (acid, microwave) or used a toxic
solvent (e.g., hexamethylphosphoramide). In addition, the drastic
change of polarity requires solvents, which keep poly(sulfonyl
aziridine)s as well as L-PEI in solution, and only a limited number
of strategies were reported. Herein, we prepared 1-(4-cyanobenzenesulfonyl) 2-methyl-aziridine (1) as a monomer for the
anionic ring-opening polymerization. It was polymerized to well-defined and linear poly(sulfonyl aziridine)s. The 4-
cyanobenzenesulfonyl-activating groups were removed under mild conditions to linear polypropylenimine (L-PPI). Using
dodecanethiol and diazabicyclo-undecene (DBU) allowed ≥98% desulfonylation and a reliable purification toward polyamines
with high purity and avoiding main-chain scission. This method represents a fast approach in comparison to previous methods
used for postpolymerization desulfonylation and produces linear well-defined polyamines. The high control over molecular
weight and dispersities achieved by living anionic polymerization are the key advantages of our strategy, especially if used for
biomedical applications, in which molecular weight might correlate with toxicity. The synthesized polypropylenimine was
further tested as a cell-transfection agent and proved, with 16.1% transfection efficiency of the cationic nanoparticles, to be an
alternative to L-PEI obtained from the 2-oxazoline route. This general strategy will allow the preparation of complex
macromolecular architectures containing polyamine segments, which were not accessible before.

Linear polyamines, especially polyethylen- or propyleni-
mine, would be ideal building blocks for macromolecular

architectures for pH-responsive or metal-chelating (nano)-
materials. However, to date, only a very limited number of
polymers with well-defined polyamine segments have been
reported.1 Living anionic polymerization (LAP) is the superior
method when it comes to the synthesis of well-defined
polymers with low dispersity and complex architectures. In
direct analogy to the oxy-anionic ring-opening polymerization
of epoxides, LAP of sulfonyl-activated aziridines gives access to
well-defined linear poly(sulfonyl aziridine)s, where N-sub-
stituted nitrogen is part of the polymer backbone.2 However,
the free polyamines are only obtained, after removal of the
sulfonamides under typically harsh conditions, which poten-
tially resulted in the scission of the main chain and incomplete
desulfonylation or by using toxic solvents, such as hexame-
thylphosphoramide (HMPA).3

LAP of sulfonyl aziridines stands out from oxy- and
carbanionic polymerization by its unique tolerance against
water and other protic additives due to the low nucleophilicity
of the growing chain end.4 Polymerization of sulfonyl

aziridines was also achieved by organo-catalyzed polymer-
ization with a variety of superbases5 and carbenes, recently.6−8

The electron-withdrawing effect of the activating N-substituent
directly correlates to the propagation rate coefficient and
allowed the design of sequence-controlled gradient copolymers
by competitive copolymerization of different aziridines in a
one-pot synthesis.9,10 Sulfonyl aziridines copolymerized with
ethylene oxide gave access to amphiphilic block copolymers by
a fast one-pot polymerization procedure, due to highly
different propagation rates.11 Those amphiphilic block
copolymers were used as emulsifiers and for the preparation
of multiblock copolymers. A similar protocol for a one-step
synthesis was more recently established by Rupar and co-
workers, to access block copolymers from sulfonyl-activated
azetidines and aziridines.12 Block polyamines with defined N−
N distances of 2 or 3 CH2 groups were prepared. Other block
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copolymers of aziridines with styrene13 or lactide6 were also
prepared recently, relying on sequential monomer addition.
Even though poly(sulfonyl aziridine)s could be beneficial

materials for several applications, in which hydrophobicity or
high thermal resistance might be beneficial, to date they are
mainly considered as intermediates to polyamines after
removal of the sulfonyl groups. Linear polyethylenimines (L-
PEIs) of well-defined size and dispersity are important for
nonviral gene transfection.14 L-PEI is also used in applications
such as antifouling coatings,15 chelation,16 or for CO2
capture.17,18 However, only a limited number of synthetic
strategies give access to L-PEI: the cationic ROP (CROP) of
aziridines only provides branched polymers, and probably the
most common pathway toward L-PEI is the acidic or basic
hydrolysis of poly(2-oxazoline)s.19−22 The synthesis of poly(2-
oxazoline)s was developed more than 50 years ago and was
continuously improved.23,24 Today, CROP of 2-oxazolines can
be conducted as living cationic polymerization, providing well-
defined polymers with low dispersities.25−27 Other methods
are rare, and one to be mentioned is the mild acidic hydrolysis
of poly(N-pyranyl ethylenimine)s.28 However, as the CROP
suffered from chain transfer and termination reactions, this
strategy was not further continued.
Herein, we developed a strategy based on living anionic

ROP to linear polyamines. LAP avoids termination reactions
and gives access to complex polymer architectures. Several
monomer classes are polymerized by LAP, and aziridines might
be a powerful addition to the monomer set for additional
complex structures. Sulfonyl aziridines gave access to poly-
amines by different desulfonylation strategies.3,29,30 However,
the need for toxic solvents or harsh reaction conditions (e.g.,
highly acidic, microwave,29 or lithium metal in HMPA30) made
this strategy less attractive compared to the oxazoline route.
Additionally, chain scission had been reported, and the workup
procedures reduced yields in some cases.
Sulfonamides, however, have adjustable stability depending

on their substitution pattern, which can be utilized to tailor
desulfonylation conditions.31 While tosyl groups need strong
acids or reducing conditions to be removed from the polymer,
desulfonylation of nitrophenylsulfonyl groups had been
removed under much milder conditions, recently.32 However,
the purity and yield of the obtained L-PEI were lower
compared to L-PEI from poly(2-oxazoline)s. Further, the
nitrophenylsulfonyl-activated monomer proved to be highly
reactive, and spontaneous polymerization was reported.32

Here, we present the synthesis and polymerization of the
activated sulfonyl aziridine (1) (Scheme 1). The monomer 1
was prepared by the reaction of 2-methyl-aziridine with 4-
cyanobenzenesulfonyl chloride and purified crystallization
from tert-butyl methyl ether. The monomer was obtained as

a white powder with a 93% yield and was bench-stable over
several weeks without polymerization.
The 1H NMR spectrum of 1 revealed the typical resonance

pattern for a 2-substituted sulfonyl aziridine with resonances
from 3.53 ppm (m), 2.24 ppm (d), and 1.34 ppm (d) (Figure
S1). In the 13C NMR spectrum, the resonances of the ring
carbons were detected at 36.8 and 35.6 ppm, respectively,
indicating a stronger electron-withdrawing effect of the
cyanobenzenesulfonyl group compared to other sulfonyl
aziridines (Figure S2, note: the tosyl-substituted analogue
exhibited 13C NMR resonances at higher field (ca. 35.9, 34.7
ppm)).33 ESI mass spectrometry proved the successful
preparation of 1 with a single mass peak for the protonated
monomer at 223.1 Da (MH+, Figure S3). For the polymer-
ization of 1, the monomer was freshly recrystallized and
dissolved in DMF at 50 °C, and the initiator solution was
added. The polymers were purified by precipitation from the
crude reaction mixture into cold methanol or diethyl ether
with yields of 68−96%. Polymers with degrees of polymer-
ization (DP) from 25 to 200 repeating units, Mn = 6300−
44 700 g mol−1 were synthesized with narrow to moderate
molecular weight distributions (Đ = 1.15−1.43, Figure 1 and

Table 1). The increased molar mass dispersities with an
increasing degree of polymerization might be caused by
decreased solubility of the polymers as we had encountered for
previous poly(sulfonyl aziridine)s. 1H NMR spectroscopy
proved the successful formation of the polymer, with typical
resonances for poly(sulfonyl aziridine)s (cf. Figure 2 and labels
in the spectra).

Scheme 1. Anionic Ring-Opening Polymerization of 1-(4-
Cyanobenzenesulfonyl) 2-Methyl Aziridine (1)

Figure 1. SEC elugrams of Poly1−Poly5 (in DMF, RI detection).

Table 1. Molar Mass Characterization of Different Polymers
Based on Monomer 1

# DP Mn/g mol−1 Mn/g mol−1 Đ

Poly1 200d 44 700d 8600b 1.43b

Poly2 90a 20 500a 6500b 1.14b

Poly3 79a 17 500a 5200b 1.18b

Poly4 42a 9300a 3500b 1.15b

Poly5 30d 6300d 1900b 1.12b

PPI-1 215a 12 400a 17 800c 1.22c

PPI-2 83a 5000a 12 100c 1.29c

PPI-5 30d 1800d 5.600c 1.16c

aDetermined via 1H NMR. bDetermined via SEC (DMF vs PEO
standards). cDetermined via SEC in hexafluoroisopropanol (HFIP).
dTheoretical value.
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The polyamines were released by a mild desulfonylation via
a nucleophilic attack to the electron-deficient 4-cyanophenyl-
sulfonyl group by a thiolate forming a Meisenheimer complex
(Scheme 2). Desulfonylation was performed in DMF with a 5-
fold excess of 1-dodecanethiol and DBU as a base (note: the
cyanobenzenesulfonyl groups can be removed directly after the
polymerization by adding DBU and the thiol or after workup
of the intermediate poly(sulfonyl aziridine)).
Linear polypropylenimine (L-PPI) was isolated after the

addition of ethyl acetate to the crude mixture and extraction
with water. L-PPI was obtained after subsequent dialysis and
lyophilization with ca. 40% yield. As the desulfonylation
occurred under very mild conditions, also the SEC traces of the
linear PPIs exhibited narrow molar mass dispersities,
comparable to the starting materials. In addition, the
fluorescent initiator remained intact (Scheme 2A), proving
the possibility to install further functionalities at the α-position
of the polymer chain end. The PPIs (1, 2, and 5) are eluted at
earlier elution volumes compared to the precursors Poly1,
Poly2, and Poly3 (compare SEC in HFIP, Figures S4 and S5),
which is probably related to a larger hydrodynamic radius than
the precursor polymer in HFIP. The desulfonylation was
reproducible also for high molar mass PPIs (Table 1, PPI-1),
indicating that during the process chain scission was avoided.
The purified L-PPI was analyzed by 1H NMR (Figures 2 and

S6) and 13C NMR spectroscopy (Figure S7) proving that a

high to quantitative desulfonylation of at least 98% was
achieved. Similar values are reported for the hydrolysis of
commercially available L-PEI from poly(2-oxazoline)s with
92−93% hydrolysis.27 Laboratory-produced L-PEI from poly-
(2-oxazoline)s with 99% to quantitative hydrolysis efficiency
for L-PEI was reported,27 similar to the herein reported L-PPI
from poly(sulfonyl aziridine)s. MALDI ToF MS of PPI-2
(Figure S8) underlines the effective desulfonylation. All the
main signals in the spectrum were attributed to PPI,
confirming the removal of the cyanobenzenesulfonyl groups
and showing only the repeating unit of propyleneimine (with
57.1 g mol−1). Other peaks for molar masses referring to the
partly deprotected polymer were not detected. Compared to
the results of SEC and 1H NMR, the MALDI ToF MS analysis
underestimated the mass of the polymer, and only smaller
fractions of polyamine were detected, which is probably due to
mass discrimination effects. It was reported that the multiple
charges on polyamines resulted in complexation to impurities
during the sample preparation and adhesion to the metal
substrate, thus reducing the resolution of mass spectra.34

The linear PPI-5 was used to study cellular transfection
efficiency. The gene-loaded cationic PPI-5 nanoparticles
(abbreviated as PPI5-DNA-NPs below) were obtained by
means of electrostatic attraction between the anionic plasmid
DNA and the cationic PPI. Figure S9 shows the representative
size distribution profiles and zeta potentials of the nano-
particles. The particle size and polydispersity index of PPI5-
DNA-NPs (N/P = 40) were 89 nm and 0.206, respectively,
demonstrating a relatively narrow particle size distribution. In
addition, as N/P increased, the surface charges with zeta
potentials changed from −20.8 to 24.5 mV were measured.
The results of agarose gel electrophoresis (Figure S10) proved
that PPI5-DNA-NPs bind with DNA to various degrees with
different N/P ratio in the complex. There was decreasing free

Figure 2. Desulfonylation of Poly2: (A) SEC traces of polypropy-
lenimines PPI-1 (black), PPI-2 (red), and PPI-5 (orange) in HFIP.
(B) Overlay of the 1H NMR spectra of Poly2 (in CD2Cl2) and PPI-2
(in D2O). *Residues of aromatic signals.

Scheme 2. (A) Desulfonylation of Poly1 to Linear PPI (the
Photo Shows the Fluorescence of the PPI in Water (2 mg/
mL, 266 nm)) and (B) Mechanism of Desulfonylation by
Nucleophilic Addition of the Thiolate via a Meisenheimer
Intermediate, Followed by the Release of Sulfur Dioxide,
Thioether, and the Polyamine
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DNA present in the lane with the increase of the ratio of PPI5/
DNA. When the N/P of NPs reached 20:1 or above, almost all
DNA was combined with NPs without free DNA bands in the
visible lane. Detection of the expression of EGFP was carried
out using an inverted fluorescent microscope (Figure S12) and
flow cytometry (Figure 3). The results underlined that PPI5-
DNA-NPs successfully transferred plasmid DNA into 293T
cells, and the transfection efficiency can reach 16.1% when the
N/P of PPI5-DNA-NPs is 50:1 (Figure 3). To the best of our
knowledge, this is the first example for a gene transfection
conducted with a polyamine, prepared from poly(sulfonyl
aziridine)s.
In summary, we presented a novel activated sulfonyl

aziridine, 1, a monomer for the anionic ring-opening
polymerization. Similar to other monomers of the family of
sulfonyl aziridines, well-defined linear poly(sulfonyl aziridine)s
were obtained by ROP. In contrast to previously reported
highly activated aziridines, 1 was bench stable and did not
undergo spontaneous polymerization. More importantly, mild
desulfonylation via a nucleophilic aromatic substitution
removed the 4-cyanobenzenesulfonyl groups almost quantita-
tively, and linear polypropylenimines were obtained. We
believe this strategy is to date the fastest and mildest pathway
to well-defined linear polyamines. The reaction conditions
avoid very low or high temperatures, harsh reaction conditions,
and toxic solvents (such as HMPA) and exhibit an easy
workup procedure, to access linear polyamines by anionic ring-
opening polymerization, which further allows the combination
with other anionic polymerization techniques for macro-
molecular architectures. We further demonstrated the
successful application of PPI as a cell transfection agent; the

cationic L-PPI can bind DNA through electrostatic attraction,
and the gene vectors PPI5-DNA-NPs were used successfully to
transfer the reporter gene EGFP to 293T cells, leading to gene
expression and subsequent protein synthesis. We believe this
general strategy will broaden the synthetic toolbox for the
preparation of complex macromolecular architectures contain-
ing well-defined polyamine segments.
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Figure 3. GFP expression levels after transfection using lipofectamine and PPI5-DNA-NPs (N:P = 20:1, 30:1, 40:1, 50:1).
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