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2-Aminoisobutyric acid (Aib) is a prominent achiral amino acid known for its helical building properties,
generating left- and right-handed helices without any preference. We here report an investigation on
several short chain poly(Aib)s synthesized by ring opening polymerization (ROP) of Aib-N-carboxy-anhy-
drides (Aib-NCA) with structurally different chiral amines acting as both, initiator and chiral induction
agent. To achieve the desired structures with a degree of polymerization of 10 up to 20 repeating units,
different synthetic techniques such as solution and interfacial polymerization have been used leading to
improved purity and precise end group control of the resulting polymers as confirmed by MALDI-ToF-MS
and *H-NMR spectroscopy. By adding a chiral center at the C-terminus of the polymer chain we can
control the direction of the screw sense, since the polymers are adopting the chirality of the initiator fol-
lowing the sergeant-and-soldier principle. Circular-Dichroism (CD) spectroscopy measurements revealed
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an exceptionally good chiral induction by the investigated initiators. Furthermore, variation of the solvent
from hexafluoroisopropanol (HFIP) to water resulted in a significant change of CD signals, featuring a sur-
prising aggregation of the poly(amino acids) into globular aggregates in water in the range of 50 to
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Introduction

Biological systems can intrinsically self-assemble into helically
ordered structures by virtue of hydrogen bonding," hydro-
phobic interactions,> and van der Waals forces® to execute the
essential functions for continuation of vitality.* The helix is a
largely encountered self-assembled motif in nature, structu-
rally forming a-helices and 3, helices in proteins,® or super
helices in DNA.” Chirality, a unique characteristic of living
systems, potentially emerging as either left- or right-handed
helical conformations from molecular to macroscopic dimen-
sions, has an outstanding impact to self assemble into higher-
order structures.®® As biological systems possess predominant
one-handed helicity as a chiral structure, one key step in order
to mimic nature is well-defined control over the helical screw-
sense. So far various synthetic helical chiral systems have been
created by means of sergeant-and-soldier'® and domino prin-
ciples, such as poly(acetylene)s,"" poly(phenylacetylene)s,'?
poly(phenyl isocyanide)s,”® polyisocyanates,'* polymethacry-
lates,"® poly(carbodiimide)s'® and polyisocyanides."”
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200 nm, which accounts for changes in chiral induction.

a-Aminoisobutyric acid (Aib), an achiral non-proteinogenic
amino acid, is already known as a helix promoter on account
of its steric constraints that are induced by its geminal
dimethyl group,'® and has been already intensively investi-
gated to induce helicity in peptides.®'°** In addition, supra-
molecular chiral assemblies can result not only from chiral
monomers, but also directly from achiral monomers by virtue
of chiral initiators®® like chiral amino acids,*"** catalyst
systems,'*'*¢ solvents®®>® or additives® by helix-sense-selec-
tive polymerization.>® As achiral molecules exhibit neither a
left- nor right-handed helicity preference due to a low inver-
sion energy barrier, appropiate strategies for induction and
transfer of chirality are fundamental to develop chiral helical
polymer materials. Aib octamers are building 3, helices with
such a low inversion energy barrier that the helical confor-
mation interconverts rapidly in solution.*'?? It is already
described in literature that by influence of a chiral amino acid
at the N-** or C-terminus®*®> of an Aib-chain either left- or
right-handed helices can be induced.* The handedness of the
Aib-chain is then defined by the conformation of the p-turn at
the end of the 3, helix,>® which in turn can be controlled
most effectively by hydrogen bonds.®> This enables screw
sense control of the Aib-chains®® not only via chiral groups at
the Aib-chain end, but also by interactions with ligands,**””
the solvent***® and via pH effects.’® Chiral information then
proceeds through the Aib-chain by induction of a certain screw
sense®” up to a chain length of 20 monomers.*® This interesting
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feature of Aib polymers could be used to mimic signaltransmis-
sion in biological systems as part of membran proteins.*”*%*!

Ring opening polymerizations (ROP) has been successfully
applied for the preparation of helical structures from chiral
N-carboxyanhydride (NCA) monomers. Recently, we have
reported the successfull helix-sense-selective polymerization of
achiral Aib-NCA monomers by using chiral amino acid methyl
ester initiatiors.”> However the influence of different chiral
initiators in a broder context, for example those with largely
distant chiral entities or those sterically crowded and without
aditional hydrogen bonding groups has not been reported yet.

In this work, we report a systematic investigation on induc-
tion of molecular chirality into supramolecular assemblies by
interfacial and solution state ROP of Aib-NCA with different
structured (R)- and (S)-enantiomeric chiral amine initiators.
Herein we demonstrate how defined chirality of a molecule
can be transferred to a supramolecular self assembly and how
a single-handed helix screw sense preference can be amplified
through the polypeptide chain. In addition, the ROP of NCA
monomers enables us to prepare well defined synthetic poly-
peptides on a large scale without complicated time consuming
procedures, focusing on both solution and interfacial polymer-
ization strategies, thus presenting an alternative method to the
solid phase synthesis via a peptide synthesiser.>* Even though
the polymerization in homogeneous medium is amost widely
applied methodology, also polymerization in suspension
phase has been reported.***”*® Herein, we also address the
influence of the solvent on the formation of the helices when
differnt initiators are used, revealing a pronounced assembly
of the helices in aqueous solvents.

Experimental part
Materials

The chiral amines were purchased from Sigma-Aldrich and
were used without further purification. Hexafluoroisoropanol
(HFIP) was purchased from Carbolution Chemicals.
Triphosgene and 2-aminoisobutyric acid were purchased from
ABCR. All solvents were dried prior to use. DMF, dioxane and
acetonitrile were passed through a solvent purifying system.
Heptane and hexane were dried over sodium and benzophe-
none and were freshly distilled under nitrogen atmosphere
prior to use. Ethyl acetate was dried over P,Os. Deuterated
chloroform (CDCl;-d) and deuterated DMSO (DMSO-d¢) were
purchased from Chemotrade; deuterated 1,1,1,3,3,3-hexa-
fluoro-2-propanol (HFIP-d,) from Armar.

Methods

Nuclear magnetic resonance (NMR) spectra were recorded on a
Varian Gemini 400 NMR spectrometer (400 or 500 MHz) at
27 °C while using deuterated solvents as lock and the residual
solvent signal as internal reference. All chemical shifts are
given in ppm and all coupling constants in Hz. For interpret-
ation of NMR-data MestReNova software (Version 11.0.0.17609)
was used.

This journal is © The Royal Society of Chemistry 2021
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CD Spectroscopy was performed on a JASCO J-1500 with a
PTC-510 cell holder. Samples were measured in a 1 mm
cuvette (c = 0.2 mg mL™") or 10 mm cuvette (c = 0.02 mg
mL™") at a wavelength range from 185 nm to 260 nm with a
scanning speed of 100 nm min~' with 20 accumulations.
Baseline subtraction of the corresponding solvent has been
conducted to obtain the corrected spectra. The samples were
dissolved either in HFIP or in a water-HFIP mixture
(water : HFIP ratio 95 to 5 v/v). For the dissolution of polymers
in water-HFIP mixture the polymer was firstly dissolved in
HFIP as a stock solution and was then added to water in a 95
to 5 ratio. Measurements in pure water were not possible due
to the poor solubility of the prepared polymers in water. Data
analysis was performed by Spectra Analysis and the secondary
structure content was estimated by CD multivariate SSE
program of JASCO Spectra Manager™ and the online tool
BestSel.

Matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-ToF MS) was performed on a
Bruker Autoflex III system (Bruker Daltonics) using a nitrogen
laser operating at a wavelength of 4 = 337 nm in reflection
mode. The used matrix: analyte : salt ratio was 100:10:1 and
1 pL of the mixture was spotted on the MALDI target. The
polymer samples were either dissolved or suspended in HFIP
or DMF with a concentration of 10 mg mL™" and dithranol was
used as matrix adjusting a concentration of 20 mg mL™" in
THF, while KTFA was used as salt with a concentration of 5 mg
mL ™" in THF. Data evaluation was carried out via flexAnalysis
software (3.4) and simulation of the isotopic pattern was per-
formed by Data Analysis software (version 4.0).

Transmission Electron microscopy (TEM) was performed
on a electron microscope EM 900 from Zeiss with an accelera-
tion voltage of 80 kv. A 5 uL diluted sample (Cpolymer = 0.2 Or
0.02 mg mL ™" in water/HFIP mixture 95 to 5 v/v) was dropped
on Formvar/Carbon film coated Cu grids and incubated for
three minutes. The grids were blotted and gently washed with
double distilled water minimum three times for one minute.
Then, the grids were incubated with negative stain uranyl
acetate (1% w/v) for one minute and blotted until completely
dry. The dried grids were further dried 24 hours on filter paper
before performing TEM.

Dynamic light scattering (DLS) measurements were per-
formed on a DLS 802 by Viscotek in a 1.5 mL quartz cuvette
with a polymer concentration of 0.2 mg mL™" in HFIP and
water/HFIP mixture.

Synthetic procedure

Synthesis of Aib-NCA monomer

Aib-NCA was synthesized according to our previously pub-
lished procedure.*?

Synthesis of Aib polypeptides via ROP in solution state

In a typical procedure for a solution state ROP of Aib-NCA, the
Aib-NCA (M, = 129.11 Da, [NCA,] = 1 mol L™, 2 mol L™" or

Polym. Chem., 2021,12, 6252-6262 | 6253
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0.77 mol L") was dissolved in 1 mL solvent of either dimethyl-
formamide, dioxane or acetonitrile in a Schlenk tube. To this
solution, initiator was added with an Eppendorf pipette
directly under a counter flow of nitrogen. The solution was
stirred under an atmosphere of dry nitrogen at RT or heated to
80 °C or 40 °C in an oil bath. The reaction mixture was stirred
overnight at 80 °C (or 2 days at 40 °C or 4 days at RT) and com-
pleteness of reaction was checked by FTIR spectroscopy. The
purification of the polymer was performed by dialysis of the
resulting polymer suspension in acetone for 2 days. The poly-
mers were dried under vacuum.

Synthesis of Aib polypeptides via ROP via interfacial/
suspension

Interfacial ROP of Aib-NCA was conducted according to pre-
viously published procedures with minor changes.**™*” Aib-
NCA was added to the Schlenk flask as a finely ground powder
and was suspended in dry heptane or hexane (caip-nca =
1 mmol mL™"). Following addition of the liquid initiator by an
Eppendorf pipette the suspension was heated to 40 °C and
stirred at this temperature for two days under an atmosphere
of dry nitrogen. The mixture was concentrated to dryness and
washed with acetonitrile for several times to remove unreacted
monomer. The resulting polymer was dried under vacuum.

Results and discussion

Synthesis of poly(Aib)s via ROP with chiral amines as
initiators and characterization by MALDI-ToF MS

First, the Aib-NCA monomer (Scheme 1b) was synthesized
from Aib (Scheme 1a) according to our previously published
procedure.*? The resulting Aib-NCA was obtained in 60% yield
with high purity after several recrystallization steps. The struc-
ture of Aib-NCA monomer was confirmed by 'H- and *C-NMR
(see ESI, Fig. S17).

(@) o (c) Chiral amines: NH,
HoN /_Q
? OH l @fo
NH,
Aib (R)~(-)-sec-Butylamine (R1) (1R,2R)-1-Amino-2-benzyloxycyclopentane (R4)
(S)-(+)-sec-Butylamine (S1) (18,28)-1-Amino-2-benzyloxycyclopentane (S4)
NH,
Triphosgene NHz 2
® 0= _o
(R)-(-)-1-Cyclohexylethylamine (R2)  (R)-(-)-1,2,3 4-Tetrahydro-1-naphthylamine (R5)
NH (S)-(+)-1-Cyclohexylethylamine (S2)  (S)-(+)-1,2,3,4-Tetrahydro-1-naphthylamine (S5)
NH,
Aib-NCA
NH,
Solution Interfacial (R)-(+)-0-1-Methylbenylamine (R3)  (1R.2R,3R 5)-(-)-Isopinocampheylamine (R6)
(S)-(-)-a-1 (s3 (1 38,5R)-(+) i ine (S6)

ROP with
chiral amine

e

(+)-Bis[(R)-1-phenylethylJamine (R7)
(-)-Bis[(S)-1-phenylethylJamine (S7)

Scheme 1 (a) Aib NCA synthesis by Leuchs’ method. (b) Ring opening
polymerization of Aib NCA via chiral amines in either solution or inter-
facial (suspension or solid) phase. (c) Enantiomeric chiral amine
initiators. Chiral centers are marked as a blue dot.
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Polypeptides from Aib-NCA were either prepared via inter-
facial ROP in nonpolar solvents such as heptane or hexane in
which both, the monomer and the resulting polypeptide are
not soluble,”*™” or via conventional solution ROP in DMEF,
ACN or 1,4 dioxane. To investigate the effect of the structure
and location of a chiral centre on transfer and amplification of
molecular chirality according to the sergeants-and-soldiers
principle, enantiomeric primary and secondary chiral amine
pairs which additionally differ in steric crowding, the number
of chiral centres and the chiral centre distance to the amine
functional group were incorporated into the polypeptides. The
used R/S enantiomerically pure initiators for ROP (R1-R7 and
$1-87) are shown in Scheme 1c.

The Aib-NCA monomer underwent ROP either in nonpolar
solvents like heptane/hexane or in polar solvents such as DMF/
1,4-dioxane/ACN. Effects of temperature, monomer concen-
tration, phase state and solvent polarity on the degree of
polymerization (n), the molecular weight (M,) and eventual
side reactions were examined with primary and secondary
amine initiation systems (see Table 1).

First, the effect of temperature (80 °C, 40 °C, RT) in the
same solvent (DMF), as well as the effect of monomer concen-
tration (1 or 2 mol L") while keeping the temperature and the
solvent constant (40 °C, DMF) on ROP initiated by R1 were
investigated. The monomer to initiator ratio (M/I) was kept
constant to 15. Besides, the influence of the phase state of the
polymerization medium (suspension state in hexane, heptane;
solution state in DMF, dioxane, ACN) were also investigated for
all initiators (R1-7 and $1-7). Steric hindrance, structure and
primary/secondary amine characteristics were determined by a
variety of enantiomeric pair of initiators as shown in
Scheme 1.

The conclusive effects of a variety of factors on ROP are pre-
sented in Table 1. All obtained polymers were analysed by
MALDI-ToF MS to identify the chemical composition, chain
length and molecular weight. SEC could not be applied to
determine molecular weight and dispersity index due to the
low solubility of the obtained polypeptides in all possible sol-
vents for GPC, even in DMF.

In order to understand the effects of temperature and
monomer concentration on ROP of Aib-NCA, DMF was used as
the solvent. The poly(Aib)s R1-1, R1-4 and R1-5 were obtained
at 80 °C, 40 °C and RT respectively. To investigate effects of
solvent polarity on polymerization, DMF was changed to the
more polar solvent ACN while keeping the rest of the con-
ditions unchanged (T = 40 °C & Cyonomer = 2 mol L™, see
polymer R1-6). The full MALDI-ToF-MS spectrums of the poly-
mers R1-1, R1-4, R1-5 and R1-6 can be seen in Fig. 1.
MALDI-ToF MS analyses revealed that at lower temperatures
(at 80 °C — 40 °C — RT, for R1-1, R1-4 and R1-5 respectively),
polymers with lower molecular weights are obtained (M rr =
924 Da, (m/z M, + K" = 962) for R1-5, Fig. 1), (Mp, 40 oc = 1008
Da, (m/z My, + K* = 1047) for R1-4, Fig. 1), (M, 50 oc = 1094 Da,
(m/z M, + K" = 1132) for R1-1, Fig. 1). Side reactions in the
polymerizations where DMF is used as the solvent were
detected by MALDI-ToF-MS analysis. It is proved that high

49,50
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Table 1 ROP of Aib-NCA initiated by various chiral amine initiators 1-7 under different reaction conditions

Polymerization T Chonomer Sample Yield MALDI-TOF-MS M, (Da) &
Entry Initiator method® Solvent M/I (°C) M) code (%) Min-Max n°
1 R1 Solution DMF 15 80 2 R1-1 34 1094 Da (n = 12) & 9-16
2 R1 40 R1-2 30 1008 Da (1 = 11) & 9-22
3 51 80 S1-3 33 1009 Da (n =11) & 9-17
4 R1 40 1 R1-4 15 1008 Da (n = 11) & 9-17
5 R1 RT 2 R1-5 19 923 Da (n = 10) & 8-18
6 R1 ACN 15 40 2 *R1-6 23 1008 Da (n = 11) & 9-25
7 51 40 *$1-7 38 1093 Da (n =12) & 10-16
8 R1 Interfacial Hexane 15 40 1 R1-8 6 923 Da (n = 10) & 8-17
9 R1 Heptane 40 40 1 R1-9 31 1094 Da (n = 12) & 7-22
10 51 51-10 15 1162 Da (7 = 13) & 9-17
11 R2 Solution DMF 15 80 2 R2-11 31 1233 Da (n=13) & 11-16
12 R2 0.77 R2-12 34 1318 Da (n=14) & 11-17
13 52 2 *$2-13 62 1318 Da (n = 14) & 10-19
14 R2 Dioxane 40 40 2 *R2-14 35 1318 Da (n = 14) & 12-26
15 R2 Interfacial Heptane 40 40 1 R2-15 54 1233 Da (n=13) & 10-22
16 S3 Solution DMF 15 80 2 *$3-16 77 1142 Da (n = 12) & 9-15
17 R3 Dioxane 40 40 *R3-17 52 1312 Da(n=14) & 11-24
18 R3 Interfacial Heptane 40 40 1 R3-18 59 1142 Da (n = 12) & 9-25
19 54 $4-19 36 1337 Da (n=14) & 11-17
20 R4 R4-20 31 1297 Da (n = 14) & 9-24
21 54 Solution Dioxane 40 40 2 *$4-21 64 1382 Da (n = 14) & 10-19
22 R4 *R4-22 53 1552 Da (n=16) & 11-23
23 R5 *R5-23 51 1253 Da (n=13) & 11-27
24 S5 DMF 15 80 2 *8§5-24 72 1338 Da (n = 14) & 12-17
25 R5 Interfacial Heptane 40 40 1 R5-25 48 1253 Da (n=13) & 9-24
26 R6 R6-26 18 1428 Da (1 = 15) & 11-25
27 S6 Solution DMF 15 80 2 *$6-27 48 1344 Da (n=14) & 11-21
28 R6 Dioxane 40 40 *R6-28 55 1344 Da (n = 14) & 12-21
29 S7 DMF 15 80 S§7-29 33 1246 Da (n = 12) & 8-19
30 R7 ACN 20 40 0.77 R7-30 n.q? —
31 R7 Interfacial Heptane 20 40 0.77 R7-31 42 1246 Da (n =12) & 8-18

“Solution polymerization was conducted in homogeneous medium whereas interfacial polymerization was conducted in the suspended phase.
b Determined via the chain length (1) of the highest intensity in MALDI-TOF. Chain length distribution. ?Yield is not quantitative.

MALDI-TOF-MS analysis could not be accomplished.

temperature triggers formation of backbiting side products
during polymerization in DMF. In the MALDI-ToF MS spectra
of R1-1 (Fig. 1), m/z = 1132 represents the desired poly(Aib)
chain bearing an amine end group and sec-butylamine at the
C-terminus (see structure II-I in Scheme 2). However, end
group analysis of the R1-1 by MALDI-ToF MS (see Fig. 1) also
indicates that there is an uncontrolled formation of the poly
(Aib) with aldehyde end groups (see structure II-II in
Scheme 2), in which the peaks at m/z = 1145 and m/z = 1161
correspond to the Na'-/K'-ions of the aldehyde terminated
poly(Aib)s, resulting from a side reaction with DMF. Changing
the polymerization medium to the more polar ACN has a high
impact on obtaining pure polymers possessing controlled end
groups (see R1-6 in Fig. 1). The investigations show that by
using lower temperatures and changing the solvent we were
able to reduce side reactions. Moreover, basicity and steric hin-
drance of the amines were investigated by using different
chiral amines (see Scheme 1c) as initiators for the ROP.
MALDI-ToF MS revealed that under the same reaction-con-
ditions, the results vary between different sterically hindered
amines. The secondary amine 7 is less basic than primary
amines, in turn leading to numerous side reactions during the
ROP (see Fig. 2). MALDI-ToF MS revealed the occurrence of

This journal is © The Royal Society of Chemistry 2021

side reactions beside the Normal Amine Mechanism (NAM),
because of the lower nucleophilicity of the chiral amine
initiator 7 which leads to an abstraction of the hydrogen atom
from N-carboxyanhydride (see Scheme 2). The nucleophilicity
of the resulting activated NCA ring is sufficient to induce the
polymerization by attacking the carbonyl group resulting in a
polymerization according to the Activated Monomer
Mechanism® (AMM structure III and IV in Scheme 2). In
Fig. 2 the MALDI-ToF MS of $7-29 and §3-16 are displayed
which are polymerized under the same conditions but the
resulting polymers show different purity. $3-16 is a pure
polymer with the desired end group (structure II-I, Scheme 2)
showing no side reactions in contrast to §7-29, which displays
aquite a number of side peaks in the MALDI-ToF MS. The
peaks at m/z = 1285 and m/z = 1269 are representing the
desired polymer (structure II-I, Scheme 2) resulting from the
NAM reaction, but the peaks at m/z = 1274 could be assigned
to a polymer initiated by an activated NCA-ring (structure IV-I,
Scheme 2) following the AMM. Furthermore, a side product
represented by peaks at m/z = 1231 and m/z = 1247 could be
assigned to structure V-I which is obtained after an AMM of
Aib-NCA followed by an attack of water at the remaining NCA
ring. These results of MALDI-ToF MS indicate a coexistence of

Polym. Chem., 202,12, 6252-6262 | 6255
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Fig. 1 (a) MALDI-ToF-MS spectra of polymer R1-1. (b) MALDI-TOF-MS spectra of polymer R1-4. (c) MALDI-ToF-MS spectra of polymer R1-5. (d)

MALDI-ToF-MS spectra of polymer R1-6 (see Table 1 for detailed polymerization conditions).

the NAM and AMM during the polymerization of Aib with the
secondary amine 7, thus leading to an uncontrolled polymeriz-
ation. By changing the polymerization conditions similar to
those of the primary amines, it was not possible to obtain a
pure polymer, allowing the conclusion that the nucleophilicity
of the secondary amine 7 is not sufficient for fast initiation. In
case of solution polymerization, precipitation of the formed
polymer could be observed. This leads to the limitation of the
chain length and in some cases side reactions were taking
place. To improve the end group control and purity of our poly-
mers we probed interfacial ROP of Aib-NCA by suspending a
fine crystalline powder of Aib-NCA in heptane by constant stir-
ring. The Aib-NCA is not soluble in heptane but the initiator
is. In this mode a polymerization takes place through an
initiation at the interface of the solution and the Aib-NCA
crystal surface. In Fig. 2 the MALDI-ToF MS of R3-17 and
R3-18 are displayed showing particularly good end group

6256 | Polym. Chem., 2021,12, 6252-6262

control and the desired structures II-I. The chain length for
interfacial polymerization R1-17 is slightly higher when com-
pared to solution polymerization, but the yield was often low. To
sum up, in the ROP of Aib-NCA, the results indicate that decreas-
ing the polymerization temperature from 80 to 40 °C reduces
side reactions, being fully eliminated upon a solvent change to
ACN or heptane. During solution phase polymerization of Aib, a
precipitation of the resulting polymer was observed in DMEF,
dioxane and ACN, which probably limited the obtainable chain
lengths. Interfacial polymerization leads to polymers with com-
parable good purity and slightly enhanced chain lengths, being
a promising candidate for further investigations.

CD investigations of poly(Aib)s

Circular Dichroism (CD) spectroscopy is a fast and selective
method to determine the secondary structure of poly(amino
acids) and the conformation of the peptide in different sol-

This journal is © The Royal Society of Chemistry 2021
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Scheme 2 Polymerization of Aib-NCA according to the Normal Amine
Mechanism (NAM) and the Activated Monomer Mechanism (AMM) with
possible end groups X from side reactions.

vents. CD spectroscopy measures the difference of the absorp-
tion of right- and left-handed light through the sample, which
makes it the perfect tool to analyze the handedness of a screw
sense, because secondary structures that adopt opposite hand-
edness will absorb circular polarized light in opposite
amounts, leading to a mirroring effect of the CD spectra. It is
known that poly(Aib) adopts a 3;, helix without a preferred
screw sense, resulting in no detectable CD signal.>” By using a
chiral group at the C-terminus of the chain we expected chiral
induction into the polymer chain. If the chiral induction® fol-
lowing the sergeant-and-soldier principle is successful, then
the detection of a CD signal should be possible and by chan-
ging the chirality of the group at the C-terminus the exact
opposite CD spectra should be obtained,*>*>** a fact already
reported in literature for chiral groups with hydrogen bonding
groups, which can control the helicity of the Aib-chain. Herein
the first p-turn is defined through hydrogen bonding with the
chiral center then leading to a chiral induction. The expected
CD spectra of a 34, helix or an alpha helix are difficult to dis-
criminate, as both are showing a strong maximum at 190 nm
and only the intensity difference between the minima at 1 =
208 and 222 nm can be used as a hint to discriminate
34756 By detection and analysis of the CD signals we sys-
tematically investigated the chiral induction of structurally
different chiral amines on the poly(Aib) chain in various solvents.

CD investigations are conducted in HFIP and a water/HFIP
mixture in a ratio of 95 to 5 (v/v) to investigate the secondary
structure formation of poly(Aib) and the chiral induction in
different solvents. The resulting CD spectra are presented in
Fig. 3, where polymers initiated by either (S)-, or (R)-initiators

them.
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showed the respective inverted helices. The CD spectra in
Fig. 3a, b, d and f are displaying very similar results, featuring
a very good mirroring effect of the spectra depending on the
chirality of the initiator. The intensity of the signals is quite
low in HFIP but even though there probably is a chiral induc-
tion happening in this solvent. The small intensity indicates
that the chiral induction is not strong in HFIP. In HFIP there
is only a small maximum at 190 nm and a minimum around
220 nm detectable as can be seen best in the case of R2-14 in
Fig. 3b. In water/HFIP mixture the CD signals are more intense
with a well-defined shape with two maxima at around 190 and
208 nm and two minima at 200 nm and between 220 and
230 nm. By changing the chirality of the chiral amine at the
C-terminus of the polymer chain, the exact opposite CD
spectra was obtained.

The CD spectra of the initiators with an aromatic group (3
and 5 see Fig. 3c and e) are showing a different shape and a
more pronounced intensity in HFIP. The polymers obtained by
ROP with the chiral amine 3 are characterized by a similar CD
spectrum in HFIP and water/HFIP mixture featuring a
maximum at 192 nm with a shoulder around 205 nm, however
in water/HFIP mixture there is an additional minimum at
225 nm. Polymers bearing the chiral amine 5 at the
C-terminus of the chain show an intense CD signal in HFIP
and in water/HFIP mixture. In HFIP a maximum at 186 nm
and a minimum at 220 nm was detected as well as two
shoulders at around 200 and 210 nm. The CD spectra of poly-
mers with the initiator 5 in water/HFIP mixture are similar to
the CD spectra of the remaining polymers with chiral amines
(1, 2, 4 and 6) at the C-terminus. The CD spectra of the pure
initiators were also measured to determine the influence of
the initiator on the CD spectra of the polymer. As seen in
Fig. 3c and e the initiators 3 and 5 are showing an absorption
in the far UV region. The aromatic groups of the initiators
have an influence on the CD spectra which probably alters the
form of the CD spectra. By mixing the (R)- and (S)-amine
initiated polymers the CD signals of these polymers were
eliminated leading to an almost straight line with a CD inten-
sity of zero.

Hydrogen bonds between the peptide groups play a crucial
role in building and stabilization of secondary structures.’”->
The alpha helix is stabilized by intramolecular hydrogen
bonds every four peptide groups and the 3,4 helix has hydro-
gen bonds every three peptide groups which leads to a prefer-
ence of a 3, helix above the alpha helix for short chains and
to a stabilization of helical structures in polar solvents.>>>%3°
As seen in the CD spectra the polymers are not forming a
regular alpha or 3;, helix with a typical two minima at 4 = 208
and 222 nm. In HFIP only small intensity signals are obtained
for most of the initiators (1, 2, 4 and 6). The CD signal looks
like a very weak helical signal indicating that poly(Aib) forms a
340 helix but due to a weak chiral induction the amounts of
right- and left-handed helices are nearly the same. The
initiators 3 and 5 show a different CD spectrum in HFIP
(Fig. 3c and e) with intense signals indicating a good chiral
induction. Polymer $3-16 shows a maximum at 193 nm and a
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Fig. 2 (a) MALDI-ToF-MS spectra of polymer S3—16. (b) MALDI-ToF-MS spectra of polymer S7—-29. (c) MALDI-ToF-MS spectra of polymer R3-17
and (d) MALDI-ToF-MS spectra of polymer R3—-18 (see Table 1 for detailed polymerization conditions).

shoulder around 205 nm but no signal in the region of 220 to
230 nm. This is a very uncommon feature and it is the only
polymer showing this form in the CD spectroscopy. The
polymer obtained by ROP with the initiator 5 also shows a
different CD spectrum in HFIP but a big influence of the aro-
matic group of the initiator has to be taken into account here.
Nevertheless, there is a clear minimum at 220 nm and a
shoulder like structure at 205 nm indicating a helical like
structure. A huge difference in the CD spectra between
measurements in HFIP and in water/HFIP mixture was
observed for all polymers. In all cases we obtain strong CD
signals indicating a good chiral induction and a similar form
of the CD spectrum for the initiators 1, 2 and 4 to 6 in water/
HFIP mixture. The minima between 220 and 230 nm com-
bined with the maxima at around 208 nm indicates a type III
beta-turn®® but the CD spectra below 4 = 200 nm are more
indicative of a distorted helix with a maximum at 4 = 195 to
200 nm and a minimum between 4 = 185 and 190 nm.**®" A
suggestion would be that chiral induction leads to the for-

6258 | Polym. Chem., 2021,12, 6252-6262

mation of type III beta-turn which can stack into a distorted
310 helix.?® Because of the poor solubility in water there are
only a few CD spectra of poly(Aib) in water in the literature,
which are in good agreement with our results, indicating a suc-
cessful chiral induction and 3;, helix formation in water.>* For
initiator 3 the difference between HFIP and water/HFIP
mixture is not so pronounced but there is a very characteristic
minimum at 225 nm that indicates a helical structure which
was not present in HFIP.

The solvent thus seems to play an important role in the
chirality transfer as well as in the different secondary structure
formations according to the chirality of the initiator, which
also might be due to an aggregation process®” of the polymers
taking place in the water/HFIP mixture as reported for other
Aib-copolymers aggregating in aqueous media.® Aggregation
was investigated by DLS and TEM (see Fig. 4), revealing the for-
mation of globular aggregates in the range of 50 to 200 nm.
Two potential mechanisms for the polymer aggregation can be
assumed: first aggregation® might be induced through inter-

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 CD Spectra (a—f) of poly(Aib) initiated with (R)- (dotted line) and (S)-amines (solid line) in water/HFIP mixture (blue) and HFIP (red) and the

pure chiral amines in water/HFIP mixture (green).

molecular hydrogen bonding leading to stereo complex
formation®*~®® and second it is known that HFIP aggregates in
water due to its fluorinated groups. As HFIP starts to aggregate
above 25% v/v HFIP,*” we can exclude this effect here since we
only use 5% v/v HFIP in our experiment. Thus we assume
that the aggregation is originating from the intermolecular
H-bonding. The aggregation seems to enhance the chiral
induction by the amines at the C-terminus, reminiscent of
poly(Aib) oligomers known to aggregate and build inter-
molecular hydrogen bonds between the helices in membrans.**®

By using a secondary structure analysis program (CD
Multivariate SSE from Jasco and online tool BestSel results
shown in the ESI Tables S1 and S27) we estimated the helicity
and other secondary structure parts from the CD spectra. The

This journal is © The Royal Society of Chemistry 2021

results of the CD multivariate SSE and BestSel program show
huge differences in the calculated secondary structure content.
The calculated helical content is much higher by CD
Multivariate SSE program then by the BestSel program, pre-
sumably because BestSel uses only the range between 200 and
250 nm to calculate the secondary structure content but the
signals which might indicate a distorted helix are below
200 nm. Thus the BestSel program calculates a helical content
of around 1% and a beta-turn content of 15% for all polymers.
The (R)- and (S)-initiated polymers show very similar calculated
secondary structure content by BestSel as expected by the very
good mirroring effects in the CD spectra but the calculations
with CD Multivariate SSE displays big differences between the
(R)- and (S)-initiated polymers. As the CD Multivariate SSE

Polym. Chem., 2021, 12, 6252-6262 | 6259
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Fig. 4 TEM measurement of R6—28 in water/HFIP mixture with a concentration of 0.2 mg mL™ (left side) and 0.02 mg mL™* (right side).

program is optimized for protein structures this might explain
the variations of (R)- and (S)-initiated polymers. Both programs
show a beta turn content of around 15 to 20% as suggested by
the form of the CD spectra between 200 and 260 nm.
Unfortunately, the calculated secondary structures are only an
estimation based on a database, which does not include 3,
helices so the values are different from reality.

Conclusions

In this work we present the successful synthesis of pure poly
(Aib)s bearing chiral amines at their C-terminus. We used
different polymerization conditions in solution as well as inter-
facial polymerization to obtain well defined Aib-polymers with
defined end groups as proven by MALDI-ToF MS and "H-NMR
spectroscopy. Native poly(Aib) is achiral and has no preferred
helical screw sense, but CD spectroscopy shows that our syn-
thesised polymers have a preferred screw sense depending on
the chirality of the affixed initiator group. The chirality of the
headgroup at the C-terminus is defining the screw sense by
chiral induction following the sergeant-and-soldier principle,
which then proceeds through the chain. By changing the chir-
ality of the initiator we are able to obtain the opposite handed-
ness of the chain leading to a mirroring effect in the CD
spectra. Furthermore, we found a strong solvent dependency
of this chiral induction. In pure HFIP only two initiators (3
and 5) were showing a strong CD signal, leading to the hypoth-
esis that chirality transfer is not sufficient in this solvent for
the remaining initiators (1, 2, 4 and 6), while in water/HFIP
mixture chiral induction is occurring in all cases leading to
strong CD signals. The chirality induction can only take place
via sterical reasons, as the used chiral amines do not have

6260 | Polym. Chem., 2021, 12, 6252-6262

hydrogen bonding groups to determine the first p-turn. This
influence on the Aib-chain is not pronounced in HFIP, but in
water/HFIP mixture the induction of a specific screw sense is
successful. This difference is due to an assembly process of
the polymer chains in water leading to globular aggregates in
the size of 50 to 200 nm. In these aggregates intermolecular
hydrogen bonding is highly possible and water further stabil-
izes the helical structure. Thus our work demonstrates that a
chiral induction can take place from an chiral amine without
any hydrogen bonding groups at the C-terminus of an Aib-
chain, depending strongly on the solvent and the aggregation
processes. The exact secondary structure of these aggregates as
well as the formation process via inter- and intramolecular
interactions is presently a starting point for further
investigations.
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