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ABSTRACT: A new family of β-lactams is described that
enables anionic ring-opening polymerization (AROP) to prepare
nylon-3 materials bearing diverse appended functionality,
including carboxylic acid, thiol, hydroxyl, and secondary amine
groups. Nylon-3 copolymers generated with the new β-lactams
are shown to display distinctive self-assembly behavior and
biological properties.

The manifold properties of poly-α-peptides arise from the
various functional groups that occur in amino acid side

chains.1 Nylon-3 polymers are poly-β-peptides, and their
inherent similarity to proteins at the backbone level raises the
possibility that these materials could display interesting bio-
logical activities. The exploration of this prospect was initially
hindered by limitations in side chain functionality (mostly
hydrocarbons in early examples). Nylon-3 chains are generated
by anionic ring-opening polymerization (AROP) of β-lactams;
however, the most efficient source of β-lactam precursors,
cycloaddition of chlorosulfonylisocyanate (CSI) and an alkene,
often fails when polar groups are appended to the alkene.2

Recently we have developed β-lactams (e.g., 1 and 2) that bear a
protected primary amino group in a side chain and enable the
preparation of cationic nylon-3 polymers.3 This synthetic
advance allowed us to identify nylon-3 cationic/hydrophobic
copolymers that display a variety of interesting biological
activities.4 However, the range of functional groups that can be
incorporated into nylon-3 polymers via CSI-derived precursors
remains limited. Here we expand the accessible side chain
functionality to include carboxylic acids, thiols, hydroxyls, and
secondary amines, and we show that the resulting copolymers
can display a variety of interesting behaviors.
We sought a concise strategy that would be compatible with

diverse side chain groups, so that a variety of β-lactams could be
accessed in gram-scale quantities. To this end, we examined the
acylation of the primary amino groups of β-lactams 3 and 4,
which are generated via deprotection of 1 and 2 (Chart 1).
Previously we had shown that these primary amine groups can be
Boc-protected to generate 5 and 6, which are compatible with the
AROP reaction.
In new work, we found that readily available carboxylic acids

can be used for the conversion of amines 3 and 4 into
β-lactams 7−12, which bear protected carboxylic acid, diol, thiol,
or secondary amine groups. These acylations give useful yields of
the desired β-lactams in one-pot operations from 1 or 2.
Each of the new β-lactams proved to be compatible with the

AROP conditions (treatment with LiN[Si(CH3)3]2 and an
acylating agent, the latter for in situ co-initiator generation3b),

but their reactivities were variable. The side-chain protecting
groups could be removed under acidic conditions after
polymerization. Access to these unique building blocks enabled
us to explore the impact of side chain functionality on nylon-3
copolymer properties.
β-Lactam 8 homo- or copolymerizes smoothly in tetrahy-

drofuran, and the initial products can be converted to water-
soluble polyanions after the tert-butyl ester groups are removed
(see SI, pp S21−23). Previously, nylon-3 polymers with side-
chain carboxylic acid groups were generated from the polymer-
ization of glutamate-derived N-carboxyanhydrides,5 but thorough
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Chart 1. Structures of β-Lactams 1−12
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characterization of these materials was impeded by their limited
solubility prior to deprotection.
Copolymerization of β-lactam 8 with 5 or 6 leads, after

deprotection, to zwitterionic nylon-3 materials (Chart 2).6

These random copolymers (P8-r-6) (Mn = 3000−10 000,
Mw/Mn = 1.1−1.2 for the protected polymers) are soluble in
aqueous buffers from pH = 1 to pH = 14. Different behavior was
observed for a diblock copolymer formed by 8 and 6. A protected
precursor to P8-b-6 (Mn = 10 400,Mw/Mn = 1.14), containing a
block of ca. 20 units derived from 8 and a block of ca. 25 units
derived from 6, was synthesized through a previously described
approach.3b Treatment of the protected copolymer with
trifluoroacetic acid generated the corresponding zwitterionic
diblock copolymer. Polymer P8-b-6 is fully soluble in aqueous
buffer solution at low pH or at high pH, but solutions near
neutral pH are turbid (Figure S1, SI).
We explored the self-assembly behavior of acid−base block

copolymer P8-b-6. In one experiment, P8-b-6 was dissolved in
pH 12 buffer, a condition that should cause the side-chain
carboxyl groups derived from 8 to be completely ionized and the
side-chain amino groups derived from 6 to be uncharged and
potentially hydrophobic. This polymer solution was incubated
with both a hydrophobic fluorescent dye, Nile red (NR), and a
hydrophilic fluorescent dye, 5(6)-carboxyfluorescein (CF), and
then dried on a glass slide. Fluorescence microscopy revealed the
formation of microspheres (Figure 1). These assemblies could be
observed in both the red channel (NR visualized; Figure 1a) and
the green channel (CF visualized; Figure 1b). The overlay of the
two images (Figure 1c,d) shows that yellow regions (due to
combination of red and green colors) are located in the center of
each microsphere, while the periphery is green. This observation
suggests that the more hydrophobic block (from 6) may reside
closer to the center and themore hydrophilic block (from 8) may
reside closer to the surface. Considering the relatively short chain
length of P8-b-6 (ca. 45 β-amino acid units), we speculate that
these rather large microspheres might result from a hollow
vesicle-type structure (see Figure S2, SI). A clearer under-
standing of the underlying assembly process will require further
study. Implementing a comparable procedure with a pH 2
solution polymer P8-b-6 produced large irregular structures
rather than the regular microspheres seen at pH 12.

The new β-lactams described here allowed us to evaluate the
use of polar but uncharged side chains to confer water solubility.
Nonionic amphiphilic polymers have recently been shown to
display useful solubilizing behavior with intrinsic membrane
proteins.7 β-Lactam 9 leads, after polymerization and depro-
tection, to a subunit with two hydroxyl groups in each side chain;
this building block is considerably easier to prepare than is a
β-lactam we have previously described that generates a different
type of dihydroxyl subunit.3a After removal of the cyclic
acetal protecting group, a nylon-3 random copolymer (P9-r-13)
(Chart 3;Mn = 5800,Mw/Mn = 1.07 for the protected polymer)

generated from 9 and cyclohexyl β-lactam 13 was readily soluble
in water regardless of the pH.
Nylon-3 polymers containing side-chain thiol groups could be

used for postpolymerization modification or for polymer chain
cross-linking.8 Previously we have been able to place a single thiol
group at one terminus of a nylon-3 chain,4d,9 and we anticipated
that β-lactam 10 or 11 would enable us to incorporate multiple
thiol groups along the polymeric backbone. These β-lactams
displayed little tendency toward homopolymerization, perhaps
because of the bulky trityl protecting group. However, in small
proportions each could be copolymerized with a more reactive

Chart 2. Structures of P8-r-6 and P8-b-6

Figure 1. Fluorescent microscopic (nonconfocal) images of assemblies
formed by polymer P8-b-6 at pH 12 (1 mg/mL) after staining with NR
and CF followed by drying on a glass surface (see text for details). (a)
Assemblies viewed in the red channel (NR). (b) Assemblies viewed in
the green channel (CF). (c) Overlay of images from a and b. (d) Overlay
at higher magnification.

Chart 3. Structures of β-Lactam 13 and Polymer P9-r-13
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β-lactam (e.g., 5) to yield nylon-3 random copolymers
containing up to 20% of subunits bearing a side-chain thiol
(see SI, p S26). This level of incorporation is sufficient for many
conjugation or cross-linking applications.
β-Lactam 12 is a precursor to nylon-3 materials bearing

secondary amine groups in side chains. Our previous work has
revealed a variety of potentially valuable biological activities for
cationic nylon-3 copolymers.4 To date these efforts have relied
exclusively on examples containing primary amino groups
(derived from 1 and 2), but recent reports involving other
polymer classes suggest that the degree of nitrogen substitution
can influence biological activities of polycations.10 It is therefore
important to compare the properties of nylon-3 copolymers
bearing primary versus secondary amino groups. The polymers
generated from β-lactams 5 and 12 are not perfectly analogous;
therefore, we prepared β-lactam 14 from Boc-protected β-lactam
5 (Chart 4). To broaden the comparison of nylon-3 polyamines,

we prepared spiro-β-lactam 15 in two steps from a known
precursor.11 β-Lactams 14 and 15 readily participated in ROP to
generate nylon-3 homo- or copolymers (see SI, pp S27−29).
Several groups, including ours, have shown that synthetic

cationic polymers can function as antibacterial agents.4a,c,9,12 We
used new β-lactams introduced above to explore the impact of
the structure of the cationic subunit on the antibacterial activity
of nylon-3 copolymers.
Four hydrophobic−cationic random copolymers were pre-

pared from cyclohexyl β-lactam 13 and one of four amine-bearing

β-lactams, 5, 14, 12, or 15, respectively (Table 1). Each β-lactam
pair was copolymerized in 1:1 molar ratio; each resulting
copolymer was water-soluble after side-chain deprotection.
These polycations were compared in terms of their growth-
inhibitory activity toward a panel of bacteria, including species
that are Gram negative (Escherichia coli13) and Gram positive
(Bacillus subtilis,14 Enterococcus faecium,15 and Staphylococcus
aureus16). In addition, these copolymers were evaluated for
their ability to lyse human red blood cells (“hemolysis”). The
antibacterial effects of cationic peptides and polymers are
thought to arise from disruption of bacterial membranes, and
the most desirable agents are selective toward prokaryotic cells
relative to eukaryotic cells (as manifested by potent inhibition of
bacterial growth but low hemolytic activity).
Table 1 shows that these nylon-3 copolymers display

remarkable differences in biological activity profiles, despite
their chemical similarities. As previously reported,4a copolymer
P13-r-5 is very active against all four bacteria (low values for
minimum inhibitory concentration (MIC)) but also strongly
hemolytic (low value for minimum hemolytic concentration
(MHC)). The addition of a methyl group to the side chain amines
(P13-r-14) leads to a polycation that manifests pronounced
selectivity among bacteria (activity retained for B. subtilis and E.
faecium but lost for E. coli and S. aureus) and that displays
diminished hemolytic activity relative to P13-r-5. P13-r-12, which
presents a secondary amine on an extended side chain, displays a
different pattern of bacterial selectivity relative to P13-r-14, and
P13-r-12 displays very weak hemolytic activity. Copolymer P13-r-
15 is completely inactive against the bacteria and very weakly
hemolytic. The large difference in activity profile between P13-r-5
and P13-r-14 demonstrates that switching from primary to
secondary ammonium can strongly influence biological effects,
and the differences among P13-r-14, P13-r-12, and P13-r-15 reveal
unanticipated ways in which altering cationic subunit structure
while maintaining a secondary ammonium group can cause large
changes in activity.

Chart 4. Structures of β-Lactams 14 and 15

Table 1. Comparison of Biological Activities of Nylon-3 Polymers Containing Charged Primary Amine and Secondary Amine
Groupsa

MICb (μg/mL)

polymer E. coli B. subtilis S. aureus E. faecium MHCc (μg/mL)

P13-r-5 6.25d 1.56d 12.5d 6.25d 12.5d

P13-r-14 100 3.13 400 6.25 100
P13-r-12 25 6.25 >400 200 1600
P13-r-15 >400 >400 >400 >400 800
aAll polymers heterochiral, R = appropriate side chain from either monomer. bMIC = minimum inhibitory concentration. cMHC = minimum
hemolytic concentration. dData from ref 4a.
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Overall, we have shown that a class of easily prepared
β-lactams expands the set of peripheral functional groups
available for incorporation into nylon-3 materials. The
preliminary assessments reported here reveal that newly available
nylon-3 copolymers can display distinctive physical or biological
properties. Previous work4 has demonstrated several biological
functions for nylon-3 copolymers generated from a relatively
small set of β-lactams, and the new β-lactams reported here
should prove useful for optimizing established activities and
achieving new behaviors.
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