)

< «lQVS

/IDA
UNIVERSIDADE CQMQSMELENSC‘A‘N}EHNAC.ONAL

DE SANTIAGO Cent_erfor_ Research_
DE COMPOSTELA on Biological Chemistry and

Molecular Materials

SC

Poly(phenylacetylene) Amines: A General Route to Water-
Soluble Helical Polyamines

Esteban Suarez-Picado, Emilio Quifioa, Ricardo Riguera, Félix Freire

Accepted Manuscript

This is the Accepted Manuscript version of a Published Work that appeared in final form in
Chemistry of Materials, Copyright © 2018 American Chemical Society after peer review and
technical edityng by the publisher. To access the final edited and published work see: https://
pubs.acs.org/doi/10.1021/acs.chemmater.8b03238

How to cite:

Sudrez-Picado, E., Quifiod, E., Riguera, R., & Freire, F. (2018). Poly(phenylacetylene) Amines: A
General Route to Water-Soluble Helical Polyamines. Chemistry Of Materials, 30(19), 6908-6914.
doi: 10.1021/acs.chemmater.8b03238

Copyright information:

© 2018 American Chemical Society



Poly(phenylacetylene) amines: A general route to water soluble hel-

ical polyamines

Esteban Sudrez-Picado, Emilio Quifo4, Ricardo Riguera* and Félix Freire.*

Centro Singular de investigacién en Quimica Bioldxica e Materiais Moleculares (CiQUS) and Departamento de Quimica
Organica, Universidade de Santiago de Compostela, E-15782 Santiago de Compostela, Spain.

Supporting Information Placeholder

ABSTRACT: Polyphenylacetylenes bearing prim- and sec-
amine groups are barely known due to their poisoning
activity towards the polymerization catalyst. Herein we
prepare 11 different amino polymers in high yields by
direct polymerization of their corresponding ammonium
salts in water using [Rh(cod),] *BF4 as catalyst. They are
stable, water soluble, and show a helical structure that
responds to external stimuli (polarity, pH and metal
ions) acting on the pendants. The location of the amino
group in the pendant is shown to be critical for the heli-
cal response to protonation.

INTRODUCTION

Poly(phenylacetylene)s'® (PPAs) are a family of dynamic
helical polymers !> where the helical sense,'**° elonga-
tion of the helical scaffold?! or even both,?** can be
tuned by the action of different external stimuli such as
temperature, polarity of the solvent, chiral additives or
metals among others. This property makes these materi-
als very interesting in sensing,*** chiral separations® or
asymmetric synthesis,?””-* fields where the helical scaffold
and its characterization, are vital.

In helical polymers, the typical structure elucidation
techniques used for proteins or foldamers do not work
due to the presence of a monomer-repeating unit along
the polymer chain. Thus, to obtain information about
the different structural parameters of the helices, several
research groups have worked during the last decade on
different structural techniques. Pioneering works made
use of AFM and X-Ray,®** and were described by
Yashima's and Percec’s groups. Those efforts were fol-
lowed by the introduction of NMR* and DSC* tech-
niques by Tabata’s and Aoki s laboratories that provided
additional structural information on these materials.
Quite recently, our group has demonstrated that a com-
bination of theoretical and experimental CD and VCD

studies provides reliable information about the different
helical senses adopted by the PPAs.**3¢ Therefore, the
combined use of those different techniques allow us to
obtain a good approximation to the secondary structure
of PPAs even when they are constituted by an equilibri-
um mixture of different helices.”

Hence, PPAs could be great candidates to mimic helical
biomolecules and their interactions. Nevertheless, the
lipophilic character of most of these polymers and the
difficulties to prepare water soluble PPAs have always
represented an obvious limitation.

In the literature there are only a few examples dealing
with water soluble PPAs.***' The main problem is that
the typical Rh(I) catalyst gets poisoned in the presence of
polar groups such as primary amines.**** A protec-
tion/deprotection approach has been used*®* but in
addition to the obvious increase in the number of syn-
thetic steps, it is not easy to find experimental conditions
for the total disappearance of the protecting groups
without affecting the integrity of the polymer.

Tang and coworkers gave a step forward to surpass this
problem by using [Rh(nbd)Cl],, [Rh(cod)Cl]. and
Rh*(nbd)-[CsHsB (CsHs)s] as catalyst to polymerize phe-
nylacetylenes (PAs) bearing carboxylic acid or alcohol
groups.”* On the other hand, in case of phenylacety-
lenes bearing amino groups as polar groups, Yashima
and coworkers were able to prepare PPAs based on ter-
tiary amines,”>? but unfortunately, no conditions were
found for an effective polymerization of phenylacety-
lenes bearing primary and secondary amino groups.
Only very low or moderate yields have been reported for
this family of PPAs. #2444

In this paper, we will show that an effective, rapid, high
yield and stereoregular polymerization of phenylacety-
lenes (PAs) bearing prim- and sec-amine groups can be
carried out in water with [Rh(cod).] *BF4" as catalyst,
using the most elemental way of protection for amino
groups: its protonated form.



This protocol allows the preparation of a large variety of
PPAs bearing primary or secondary amino groups so far
inaccessible. In addition, along this manuscript their
stability, helical properties and response to some external
stimuli will be also described.

RESULTS AND DISCUSSION

Polymer synthesis. A library of phenylacetylene amines
1-11 (Figure la) was used for these studies. Monomers
1-7 were prepared by coupling 4-ethynylaniline 11 with
the carboxylic group of aminoacids Gly (1), Ala (2), Val
(3), Leu (4), Ile (5), Phe (6) and Pro (7). Monomers 8-10
were obtained by coupling the carboxylic group of 4-
ethynylbenzoic acids with the methyl esters of Dap (8),
Orn (9) and Lys (10). Moreover, ethynylaniline 11 was
also incorporated to the collection (see SI for details).
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Figure 1. (a) Structure of monomers 1-11. (b) Polymeriza-
tion conditions of phenylacetylenes bearing primary
amines. (c) CD spectra of [poly-(2-10)-H*] in water (pH =
4.5). [amino-PPA]=0.5 mg/mL

To carry out the polymerization, the monomers were
dissolved in water, protonated by addition of 1 equiv. of
HCI, and then, [Rh (cod).] *BF4 was added as catalyst
(Figure 1b). The conversion of monomers 1-11 into
polymers, poly-(1-11)-(H*), occurs in high yields (60-
90%, Table 1), producing stereoregular PPAs with a high
cis content of double bonds as determined by 'H-NMR
(vinyl proton: 5.6-5.8 ppm) and Raman spectroscopy
(see Figures S31-541).

When the polymerization reaction was carried out on
the free amines 1-11 (without previous protonation), no
evidence of poly-(1-11) was observed (See Table S3).
Amino-PPA properties. [poly(1-11)-H*] PPAs showed a
good solubility in water (up to 40 mg/mL). Moreover,
those PPAs bearing chiral amino pendant groups [poly-
(2-10)] presented a CD band indicative of a preferential
helical sense (Figure 1c).

Table 1. Polymerization of monomers 1-11 in water*

no. catalyst yield Mw’ Mw/Mn®
1 [Rh(cod)] BE4/HCI 73 79700 2.83
2 [Rh(cod),] 'BF4/HCI 81 177000 2.36
3 [Rh (cod).] "BF4/HCl 76 111300 3.55
4  [Rh(cod),] 'BF4/HCI 85 217200 3.0
5 [Rh (cod).] 'BF4/HCl 78 163200 2.91
6  [Rh(cod),] 'BF4/HCI 80 119700 1.65
7 [Rh(cod),] BF4/HCI 88 149400 2.38
8  [Rh(cod),] BF4/HCI 70 138200 1.78
9 [Rh(cod),] 'BF4/HCI 65 145000 2.08
10 [Rh (cod):] 'BF4/HCI 61 176500 1.53
11 [Rh(cod)] BE4/HCI 59 5779 121

1 equiv of HCI was added to the monomer solution to
obtain the ammoniun salt. Polymerizations were carried
out in water at room temperature for 36h, [M], = 0.5 M,
[cat] = 0.05 M. ® Determined by SEC in a water solution of
[NaNO;] = 0.05 M.

These polymers showed high stability in comparison to
their lipophilic analogues,* remaining the CD spectra of
their solutions unaffected for at least one month. In addi-
tion, pH dependence experiments revealed that these
PPAs are very stable in water in a wide range of pH val-
ues (from 1 to 10, Figure 2 and Figure S48).



In general CD spectra of amino-PPAs is more intense in
acid media (pH 1-5), being reduced at neutral or basic
pH (7-10) (Figure 2a-b and Figure S48). This fact indi-
cates that the presence of ammonium cations in the pen-
dants stabilize a preferred helical structure, which gradu-
ally diminishes when the pH increases.
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Figure 2. pH-dependence studies in amino-PPAs bearing
the amino group directly linked (a,b) to the chiral center or
placed in a remote position (c,d) from the chiral center.
Effect of the amino group (e) directly linked to the chiral
center or (f) place in a remote position of a chiral PPA.

Moreover, these titration studies also revealed a direct
relationship between the location of the amino group in
the pendant and the effect of its protona-
tion/deprotonation on the helical backbone, as depicted
by its CD signature. It was found that those PPAs with
the amino group directly linked to the chiral center,
showed a high dependence, reaching a very ordered helix
under protonation — see Figure 2a for poly-2 and Figure
2b for poly-6 (see Figure S48)—. For their part, the PPAs
with the amino group at a remote position—poly-(8-10)
— showed a very low dependence with the pH (Figure 2¢
for poly-8 and 2d for poly-10, see Figure S48 for poly-9).

In addition to the different sensitivity towards pH
changes, we found that the intensity of the helical prefer-
ence in amino PPAs depends also on the position of the
amino group. Thus, at pH = 1, where the amino group
should be protonated (NHs*), the CD is stronger for
poly-3 and poly-4 —amino group directly linked to the
chiral center- than in poly-(8-10) — amino group placed
in a remote position respect to the chiral center— (Fig-
ure 2e). On the other hand, at pH = 9, when the amino
group is in its neutral form, the CD spectra show lower
intensity CD traces in all cases, being almost null for
those where the amino group is directly linked to the
chiral center. This fact indicates that in the absence of
cationic groups; all amino substituted PPAs have a low
helical preference (Figure 2f).

At this point, we reasoned that the helical sense induc-
tion observed in amino-PPAs after protonation could
occur via two possible mechanisms: 1.- electrostatic
repulsion between positive charges, or 2.- transmission
to the polyenic skeleton of the variations in the confor-
mational composition induced by changes on the
NH,/NH;* equilibrium.

In the first case, the presence of positively charged amino
groups should produce repulsions between pendants
along the polymer chain, which could favor the adoption
of a single handed helical structure. This mechanism is
similar to the one described by Kakuchi and coworkers
of PPAs bearing negatively charged pendant groups.®*>¢
On the other hand, the second mechanism correlates the
helical induction of the PPA with conformational chang-
es at the pendant group, concept that has been previously
demonstrated in other PPAs.'¢%

Studies to discern between these two mechanisms are
described below.

Dynamic behavior of amino-PPAs: stimuli-responsive
studies

In general, PPAs are well known to respond by changing
helical parameters (helical sense or elongation) to exter-
nal stimuli that produce variations on the conformation-
al composition of the pendants.!”>* Therefore, we decid-
ed to examine the stimuli-response behavior of chiral



amino-PPAs [poly-(2-10)-H'], using solvent polarity and
metal ions as external stimuli. Solvent polarity changes
and/or complexation with metal ions are expected to
alter the conformational composition around the amino
acid chiral center. These conformational changes are
transmitted to the helical skeleton as helix amplification,
helix inversion or changes in the elongation of the poly-
ene backbone.

Thus, to perform these studies, PPAs poly-(2-10)-H*
were classified into two major groups attending to the
position of the amino group within the pendant: 1.-
PPAs bearing the amino group directly linked to the
chiral center [poly-(2-7)-H*] and 2.- PPAs with the ami-
no group placed at a remote position from chiral center
[poly-(8-10) -H"].

First, solvent effects analysis on amino PPAs were carried
out. Thus, [poly-(2-10)-H*'] were dissolved in MeOH
and DMSO. In most cases, the helical sense is not affect-
ed by changes in the solvent [poly-2-H*, poly-(5-6) H*
and poly-(8-10)-H*, see Figure 3b for poly-(5-6)-H* and
Figure S46 for the rest], which indicates that the helical
induction mechanism should be produced by repulsions
between positive charges (mechanism 1).

Nevertheless, in the special case of poly-3, poly-4, and
poly-7, a helical inversion was observed from the water
to the organic solvents (MeOH and DMSO) solutions
(Figure 3a for poly-(3-4) and Figure S46 for poly-7).
These results indicate that the helix inversion should be
produced due to a conformational change at the pendant
group (mechanism 2). Hence, in order to furhter eluci-
date the mechanisms of chiral induction in these poly-
mers, CD studies in different water/MeOH mixtures
were done (Figure 3c). These studies shown a gradual
and dependent change of the CD spectra with the wa-
ter/MeOH ratio, expected for equilibrium between two
conformers at the pendant (mechanism 2).

Conformational studies

First, the conformational composition for poly-(8-10)
was analyzed. Their chemical structures resemble those
previously reported for PPAs bearing methyl ester amino
acids,'®" which are known to have a preferred syn con-
formation between the amide and the ester group at the
pendant moiety in polar solvents such as DMSO or
MeOH (Figure 4a). When the CD spectra for [poly-(8-
10)-H*] in DMSO was compared to those obtained for
other PPAs bearing methyl ester amino acids, similar CD
spectra were observed indicating, therefore, the presence
of a major syn conformation in these polymers (Figure
4).
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Figure 3. Amino-PPAs showing a (a) helix inversion (poly-
3, poly-4), or (b) retention of the helical sense in water or
highly polar organic solvent (poly-5-6). ¢) CD studies of
poly-3 and poly-4 at different water/MeOH mixtures
(pH=4.5). [amino-PPA]=0.5 mg/mL

Thus, a preferred sp conformation (carbonyl and am-
monium group synperiplanar oriented) should be found
at the pendant group in polar organic solvents —MeOH
and DMSO— (Figure 4b), where the R group is pointing
backwards, opposite to the preferred syn conformer ob-
tained for [poly-(8-10)-H'] [opposite CD signatures for
[poly-(2-7)-H* and poly-(8-10)-H"].

For its part, poly-2-H* and poly-(5-6)-H* retain this sp
conformation as the preferred one in water (see Figure
4c for poly-2-H* and Figure S46 for the others), while
poly-(3-4)-H* and poly-7-H* suffer a conformational
change detected by helix inversion on their CD spectra
(see Figure 4c for poly-3-H* and Figure S46 for the rest).
Therefore, in these polymers a major ap conformation at
the pendant group —carbonyl and ammonium groups
antiperiplanar oriented— should be stabilized in water
(Figure 4b).

To verify the presence of this conformational equilibri-
um, and the most stable conformer in both, water and
polar organic solvents, complexation studies with metal
ions were carried out. Different metal perchlorate salts
such as AgClO,, KCIO,4, Co(ClOy); and Cu(ClO,),, were
used to chelate the carbonyl and amino group, which



stabilizes the sp conformation at the pendant. To per-
form these studies is necessary to take into account that
the pH of the solution will affect to the coordination of
the metal to the amino group. Thus, we decided to carry
out these experiments at different pH (pH = 1, 5 and 7).
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Figure 4. (a) Structure of PPA containing (L)-methyl ester
aminoacids and their CD spectra in DMSO (pH = 4.5). (b)
Conformational composition on chiral amino-PPAs. (c) CD
spectra of poly-2-H*, poly-3-H* and poly-8-H* in MeOH
and H,O (pH = 4.5). [amino-PPA]=0.5 mg/mL

As expected, no changes in the CD spectra were ob-
served at pH = 1 —all of the amino groups are protonat-
ed—, while at higher pH, (pH = 5, 7 or 10) changes on
the CD spectra were observed due to the chelation of the
metal with the amino groups. In the case of poly-2 and
poly-(5-8) a helix enhancement is observed due to the
further stabilization of the major sp conformer (Figure
5a for poly-2 and Figure $49), while a helix inversion is
observed for poly-(3-4) and poly-7 due to a conforma-
tional change at the pendant moiety from the ap to the sp
by chelation with the metal ions as inferred by IR spec-
troscopy (See Figure $49).

The dynamic behavior shown by poly-(3-4) and poly-7
through a helix inversion by adding metal ions or chang-
ing the solvent as external stimuli suggest us that this
conformational equilibrium could also be tuned by
changing the NH,/NH;" ratio.
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Figure 5. Interaction studies between (a) poly-2 and (b)
poly-4 with metal ions in water at pH = 7 by CD spectros-
copy. CD spectra for poly-3 and poly-4 at different pH in
(c) water and (d) MeOH, (e). Conformational composition
of amino-PPAs in basic and acidic media. [amino-PPA]=0.5
mg/mL

In fact, pH titration studies carried out in water and
described above, shown that the maximum helical pre-



ponderance is obtained at pH = 1, while a clear decrease
of the CD signal is produced when the pH increases
(Figure 5c). Unfortunately, these studies cannot be per-
formed at pH higher than 10 due to solubility problems,
making not possible to invert the helical sense of the
PPAs.

Nevertheless in MeOH, these polymers [poly-(3-4)] are
perfectly soluble in the pH range 1-11. As expected,
these PPAs suffer helix inversion at pH > 5, indicating
that at acidic pH, poly-(3-4) adopt a preferred sp con-
formation stabilized by a H-bond between the ammoni-
um and the carbonyl groups, while a preferred ap con-
formation is stabilized at pH > 5, when the amino group
is deprotonated (Figure 5d-e). Addition of metal ions in
this deprotonated form of the amino group of poly-(3-4)
confirm this conformation by producing a helix inver-
sion on the CD spectra (see SI).

CONCLUSIONS

In conclusion, a straightforward protocol to obtain wa-
ter-soluble primary/secondary amine containing helical
PPAs in high yield and with high cis content of the con-
jugated double bonds is presented. This procedure con-
sists on a slight variation of a previously reported
polymerization protocol***¢. This protocol does not re-
quire any protection/deprotection steps.

This procedure has been shown to work within a library
of 12 different amino-substituted phenylacetylenes.
These PAs bears the amino group at different positions
in the pendant, either directly linked to the chiral center
or in a remote position.

It was found that these polymers present a dynamic heli-
cal structure in solution, which can be tuned by the
NH./NHj;" ratio, solvent composition or the addition of
metal ions. It is important to note that the location of the
NH,/NH;" group in the pendant determines the mecha-
nism of the helical response. Thus, when the amino
group is directly connected to the chiral center, its pro-
tonation acts on the conformational equilibrium within
the pendant, and therefore determines the resulting heli-
cal sense. On the contrary when the amino group is lo-
cated in a remote position from the chiral center, its
protonation does not modify the conformation of the
pendant and therefore no helical changes are observed.

Overall, the easy preparation of the PPAs amines, their
helical structure and properties opens a new horizon on
their potential use in aqueous and biological media.
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