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Predicting the Helical Sense of Poly(phenylacetylene)s from their
Electron Circular Dichroism Spectra

Berta Fernandez,*® Rafael Rodriguez,™ Antonio Rizzo," Emilio Quifioa," Ricardo ®land
Félix Freire*"

Abstract: The calculated ECD spectrum (time-dependent density ~ This problem can sometime by differential scanning
functional  theory TD-DFT) for small oligomers of calorimetry (DSC)," where c-c PPAs present different
polyphenylacetylenes (PPAs) show a very good match with the  thermograms, but ence of peaks
experimental spectra of the PPA polymers, particularly with the first ~ associated to the pe ene transitions, or
Cotton band associated to the helical sense of the internal polyenic  just the poor definitj
backbone. This has been proven with a series of PPAs  assignment unrelia
representative of cis-cisoidal, cis-transoidal, compressed and  Theoretical and i i nal circular dichroism
stretched polyene backbones, with identical or opposite  spectra (VCDX y minimization together
internal/external rotational senses and allows the prediction of the  with ECD s i the time-dependent Self
helical sense of the internal helix of a PPA directly from its CD  Consistent Fiel Zerner's Intermediate Neglect of
spectra. INDO/S) method— have also been
e the secondary structure of some
PPAs.

As for PPAs, the only paPer on this topic is by Kaneko et al. that
centered their study on the CD bands due to the pendants and
t to those fl the polyene forming the backbone,® probably
to the plex structure of these polymers, made by two

The structural determination of helical polymers such as
poly(phenylacetylene)s (PPAs)"? and particularly their helical
sense, is a challenge with important consequences in many
fields like those related to the development of new chiral
materials.

Experimental methods like electron circular dichroism (ECD), X-
ray diffraction (XRD), or Atomic Force Microscopy (AFM) provide
wide information on their structure, but do not deter
completely the helical sense of these polymers, which are
by two coaxial helices —internal helix described by the polyene
backbone and external helix described by the pendant
I For instance, CD studies provide information
presence of a helical structure in the polyenic chain
actual helical sense. For its part, images obtain
show the helical sense of the external helix, bu
very dependent on the nature of the polymer a
preparation, and in fact it is not always possible to pri
crystals or a self-assembly monolayer to visualize its h
structure.

Moreover, the two coaxial helices of a PPA can rotate eith

igure 1. Polymers under study: p-poly-1, m-poly-1, o-poly-1 [anilide
connection, (S)-MPA)], and p-poly-2, m-poly-2 [benzamide connection, (S)-
PGME].

angle between conjugated double bo, i Herein, we describe the correlation between the ECD sign of the
vinylic region (first Cotton effect) of a helical PPA with the helical
sense of the internal helix described by the polyene backbone.
rotate in opposite directions.? This finding is based on the coincidence between the
gathered from AFM ( experimental ECD spectra of a series of PPAs with well-known
compatible with the t in the internal helix  helical structures with the theoretically calculated ECD spectra
for small oligomers.

We will show here how time-dependent DFT (TD-DFT)
calculations can be used to reproduce the ECD spectra of
[a]  Rafael Rodriguez, Prof. Em uifioa, Prof. Ricardo Riguera and several PPAs, possessing different left-handed, right-handed,
Prof. Félix Freire compressed and stretched helical structures. As model
compounds for this study we used two series of PPAs, namely
the p-, m- and o-ethynylanilides of (S)-a-methoxy-a-phenylacetic
acid" (MPA) and the p- and m-ethynylbenzamides of (S)-
phenylglycine methyl ester (PGME) [i.e., p-poly-1, m-poly-1, o-

cisoidal (c-c) PPAs internal and extern
same direction, in a cis-transoidal (c-t) po

leaving the structure

b . .
(0] poly-1, p-poly-2 and m-poly-2 respectively (Fig. 1).1'%*"" These
ompostela. 15782 Santiago de polymers were selected because their secondary structure is

Compostela (Spain). well known (AFM, SEM, CD, UV, Raman, NMR, X-ray and DSC)

[c]  Prof. Antonio Rizzo Fernandez o and cover a wide range of helical backbone possibilities [c-c, c-t,
Instituto per i Processi Chimico-Fisici (IPCF). Consiglio Nazionale . . .
delle Ricerche (CNR). Area della Ricerca di Pisa. 1-56124 Pisa compressed and elongated backbones, identical or opposite
(Italy) internal (i) and external (e) helical senses].

Supporting information for this article is given via a link at the end of
the document.



Finally, we will also show, with examples taken from the
literature, that application of this correlation allows a reliable
assignment of the P; or M sense of a PPA directly from its
ECD signature.

The results obtained are summarized next, with the PPAs
grouped according to their aromatic substitution pattern. For the
sake of simplicity, only full discussion for p-substituted is
described here, while m- and o-substituted PPAs together with
complete details on the computational approach, can be found in
the SI.

p-Poly-1 is composed by an equilibrium mixture of helices, with
the two helical senses (P and M) coexisting in solution."” Our
group previously reported a good approximation to its secondary
structure based on X-ray, DSC, NMR, Raman and AFM . This
experimentally supported structure was further refined through
Molecular Mechanics, (MMFF94)'"? carried out on an oligomer
of p-poly-1 (n= 28, monomer repeating units), folded into the P
and the M helix.

As a result, two refined helical structures were obtained: one
with the polyene backbone adopting a c-c configuration, w=
+75°, and a right-handed internal helix [i.e., P] and another one,
possessing the same helical scaffold (c-c, w1= -75°) but opposite
internal helical sense [i.e., Mg].

Interestingly, when the polyene is left-handed (M helix, w= -
75°), the pendant groups adopt an antiperiplanar (ap)
conformation between the carbonyl and the methoxy groups (Fig.
2b), while in the right-handed Py helical oligomer (w¢= +75°)
pendants adopt a synperiplanar conformation (sp) (Fig. 2b).
In the two cases, the internal and the external coaxial hélices,
rotate in the same direction [P)/P; and M)/M;] and sh

Next, the ECD spectra of the two P and M
calculated.

First, DFT(rCAM-B3LYP)/3-21G calculations w
the M helix of an n= 12 oligomer, that was bui
dihedral angles shown in Fig. 3c as input and placi
pendant groups in ap conformation. A range of values betwee
10° and 40° was used in the calculations for ws.

The ECD spectrum calculated in this way for the oligomer
poly-1 is shown in Fig. 3b together wi
of the polymer. The comparison shows
in the signs of the bands of the first Cotton
the helical structure.

For a better match of the CD,
built from the calculgted
Gaussian band shape
Also, in order to av

energy,'¥ the
f the first Cotton

between the experimental
ed (oligomer) first Cotton
y structure that best

(polymer p-poly-
band, we found
reproduces the expe
+36° (s
that the secondary structure which
partial coincidence, while other
structures with different ws s provide helices that do not
reproduce the experimental ECD (see Sl).
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Similar studies using the B3LYP functional [DFT(B3LYP)/3-21G]
showed worse agreement between experimental and calculated
ECD spectra, and they were not f considered (See SI).

DFT(rCAM-B3LYP)/3-21G ECD studi also carried out for
the oligomer chain of p-poly-1 with nded P helix
(dihedral angles shown in Fig. 3f an
conformation), showing a
spectra of p-poly-1 (Fig. 3e).

a) PPA Dihedral An

syn Conformation

re 2. (a)£dihedral angles of a poly(phenylacetylene) involved in a
| structure. Main conformers at the pendant group for (b) MPA and (c)

moieties.

n the oligomers of p-poly-1 revealed that the CD
polymer is well reproduced by calculations on the
oligomer, and that the positive CD band at the vinylic region of
p-poly-1 corresponds to the right P sense of the polyene while
theyeft handed sense is associated to the negative CD band.

e carried out the same study on p-poly-2: this polymer
ins the p-ethynylbenzamide of the (S)-phenylglycine methyl
r as pendant, and differs from p-poly-1 essentially in the
nnecting mode between the pendant and the backbone (a
enzamide in p-poly-2 and an anilide in p-poly-1, Fig. 2b,c).l"®""
As before, experimental data (AFM, DSC, NMR, Raman, X-Ray)
were refined by MMFF94 on an oligomer affording a c-t (M)
left-handed helix with w4= -155°, with the internal and external
helices rotating in opposite directions [i.e., Pey/M;] and two
residues per turn that allow further stabilization of the helical
scaffold by hydrogen bonds between the n™ and (n+2)" amides,
in full agreement with the experimentally known structure of the
polymer.

DFT(rCAM-B3LYP)/3-21G ECD calculations on a short and
representative oligomer (n= 12) built with the structural
parameters shown in Fig. 4c, produced a theoretical spectrum
that matched perfectly the experimental one obtained for p-poly-
2 once lambda values and intensities are rescaled (see Fig. 4b).
Therefore, the negative sign of the first Cotton band (380 nm,
corresponding to the HOMO->LUMO transition) of p-poly-2 is
associated to an M helix described by the polyene backbone.
The agreement between the theoretical and the experimental
ECD is better in the oligomer p-poly-2 than in p-poly-1. This is
probably related to the different
electrodonating/electrowithdrawing effects on the polyene of
anilide (p-poly-1) and benzamide (p-poly-2) linkages, being the



last one apparently better parameterized than the anilide

containing p-poly-1.
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Figure 3. 3D model of the p-poly-1 oligomer (n= 12) adoptj
helix and (d) a P)/Py, helix. Dihedral angles used to build
of p-poly-1. Comparison of the theoretical and experimental
and (e) helices of p-poly-1 after rescaling. External phenyl
displayed as space-filling models.

The next families of PPAs subjected
and ortho-substituted m-poly-1 [two
and stretched (c-t)], m-poly-2 [two heli
(c-t) and stretching degree B (c-t)] and
stretched, almost planar (c-t)] (Hig. 1).

study were the

sign of the first
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e (a) A
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Cotton effect for the vinylic region
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As a test of the re and scope of this correlation, we
applied it to some examples of PPAs taken from literature.
Fpr instance ng and coworkers described a PPA with the
zamide e L-Ala-OMe as pendant group (Fig. 8a)."! This
er has a c-t backbone (DSC) and an M external helix
. In a c-t scaffold, the external and internal helices should
opposite directions and therefore a P helical sense was
the internal helix. The polymer presents a positive
hich is in full agreement with our prediction (point
b above: itive Cotton band, P helical sense). Other PPAs
with amino acids as pendants were reported to display M
external helices and positive CD.I"™ Our DSC measurements on
thoye polymers revealed c-t backbones suggesting right-handed
helices (opposite to the external ones)¥ in full
'ement with the P helical senses predicted from the positive
spectra.
oreover, the application of this correlation allowed us to correct
the helical structure of a PPA bearing the anilide of Mosher’s
acid as pendant previously assigned erroneously!'® (see Sl for a
full description of this correction).
Special attention should be paid in c-c polymers because due to
their geometry, very small variations in w3 can lead to great
changes in wqand therefore to unexpected changes in the sign
of the first Cotton effect. In these cases, special care might be
necessary to assign the internal helical sense.
One example of this class is represented by a PPA bearing D-
Ala-ODec pendants®® that was shown (AFM) to have an M
external helix [i.e., M) in THF and a P [i.e., Pe)] in benzene.
The polymer was considered to possess a c-t structure, and
therefore, the internal helix in THF should rotate right-handed
[i.e., Pyl, while in benzene it should show a left-handed sense
[i.e., M;]. However, the experimental CD spectra showed a
negative band in THF and a positive one in benzene. This CD-
helical sense relationship is in apparent disagreement with our
calculations but one should bear in mind that a hypsochromic
shift in the UV takes place, suggesting that they could be in fact
c-c polyenes, where external and internal helices rotate in the
same sense.




In conclusion, in this paper we described a correlation between
the sign of the CD spectra and the helical sense of the internal
helix that allows the assignment of the helical sense directly
from the CD spectra of the polymer. This relationship is based
on the perfect match between calculated CD on short oligomers
and the experimental CD for polymers with different helical
scaffolds (2/1 and 3/1 helices, PIM senses, and internal/external
sense combinations), and was validated with examples taken
from the literature.
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