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Impact of Molecular Size and Shape on the Supramolecular
Co-Assembly of Chiral Tricarboxamides: A Comparative Study

Yeray Dorca*,” Roberto Sanchez-Naya,® Jesus Cerda*,™ Joaquin Calbo,” Juan Aragé,”
Rafael Gdmez,® Enrique Orti,*®™ and Luis Sdnchez*®

/Abstract: A comparative investigation of the chiral amplifi-
cation features of a series of three families of C;-symmetric
tricarboxamides, 1,3,5-triphenylbenzenetricarboxamides
(TPBASs), benzenetricarboxamides (BTAs) and oligo(phenylene
ethynylene) tricarboxamides (OPE-TAs), is here reported. As
previously observed for BTAs and OPE-TAs, a similar dichroic
response is obtained for TPBAs decorated with one, two or
three chiral side chains bearing stereogenic centers, thus
confirming the efficient transfer of point chirality to the
supramolecular helical aggregates. Unlike BTAs and OPE-TAs,
the chiral amplification ability of TPBAs in majority rules ex-

periments shows a negligible dependence on the number of\
chiral centers per monomeric unit, and stands the largest
among the series of tricarboxamides. Detailed experimental
and theoretical studies demonstrate that the rotation angle
between the TPBA units in the helical stack is intermediate
to that observed for BTAs and OPE-TAs. This feature strongly
conditions the steric interactions between vicinal molecules
in the stack and the final chiral amplification outcome. Fur-
thermore, theoretical calculations show that achiral side
chains favor the interdigitation of the helical aggregates and
thereby the formation of bundle superstructures. )

Introduction

Chiral amplification, a natural phenomenon by which enan-
tioenriched compounds are generated by the action of a chiral
bias, is a topic of broad interest in life sciences.” The seminal
reports of Green and co-workers on the chiral amplification ex-
perienced by achiral polyisocyanates upon the addition of a
minute amount of a chiral congener, termed as “sergeants-
and-soldiers” (SaS) experiments,” or upon mixing unequal
amounts of two enantioenriched polyisocyanates, known as
“majority rules” (MRs) experiments,” paved the way to the ap-
plication of macromolecules and supramolecular systems in
asymmetric catalysis,” chiral recognition®™ and circularly polar-
ized luminescence (CPL) emitting materials.””’ To elucidate the
principles governing the chiral amplification phenomenon,
supramolecular polymers, that is, macromolecular species con-
stituted by the interaction of self-assembling units by noncova-
lent forces, constitute an excellent benchmark to construct hel-
ical aggregates.” Scaffolds like merocyanines,® naphthalene
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bisimides,”” perylene bisimides,"” or other m-conjugated sys-
tems'""! exemplify the variety of moieties investigated for pro-
cesses of transfer and amplification of chirality. C;-symmetric
systems like triarylamines are especially relevant in the investi-
gation of chiral amplification, because they readily self-assem-
ble into helical aggregates'? and, in addition, constitute out-
standing platforms to expand the knowledge about kinetically
controlled supramolecular polymerizations.'?

The establishment of structure-function rules in the field of
chiral amplification is a complex process that requires a thor-
ough understanding of the thermodynamic equilibrium afford-
ing enantioenriched samples. This requisite is fulfilled by a
large variety of supramolecular polymers that are formed fol-
lowing isodesmic or (anti)cooperative mechanisms and can be
easily characterized by their corresponding thermodynamic pa-
rameters."” In this regard, the different mathematical models
utilized for deriving those thermodynamic parameters allows
calculating the corresponding nucleation (AH,) and elongation
(AH,) enthalpies, the entropy (AS), the nucleation (K,) and
elongation (K,) binding constants, and the cooperativity factor
(0), defined as the quotient K,/K.™ However, both SaS and
MRs experiments imply the mixture of two components and,
therefore, are examples of supramolecular co-assembly."® Con-
sequently, additional thermodynamic parameters, associated to
this supramolecular copolymerization must be taken into ac-
count. In particular, the mismatch penalty (MMP) should be
considered when studying the supramolecular copolymeriza-
tion of two different enantiomers. The MMP parameter quanti-
fies the stability decrease of the mixture due to the incorpora-
tion of a chiral monomer into an aggregate of its unpreferred
helicity in comparison to the separated components."”'® The
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balance between MMP and the enthalpy gain experienced by
the system upon the formation of the corresponding supra-
molecular polymer bias the final helical outcome of the co-as-
sembly. Importantly, despite the interest in elucidating the en-
ergetic parameters to design efficient chiral co-assemblies and
the large number of supramolecular polymers exhibiting chiral
amplification, very few reports quantify the helical reversal
penalty (HRP) and/or MMP parameters."”'¥ Indeed, examples
in which self-assembling units with similar shape and identical
noncovalent forces operating in the supramolecular copoly-
merization are compared in terms of chiral amplification are
very scarce. In fact, to the best of our knowledge, this compa-
rative study has only been developed for 1,3,5-benzenetricar-
boxamides (BTAs) and oligo(phenylene ethynylene) tricarbox-
amides (OPE-TAs) (Figure 1).2% In that study, experimental evi-
dence and theoretical calculations demonstrated that the abili-
ty of OPE-TAs to induce chiral amplification is lower than that
reported for comparatively smaller BTAs. Furthermore, the
effect that temperature has on chiral amplification is found to
work in opposite directions in these two self-assembling sys-
tems. Whilst in BTAs a slight increase in temperature favors
chiral amplification, the opposite effect is observed for OPE-
TAs.2

In an attempt to broaden the scope of previous studies and
to elaborate a more accurate structure-function relationship in
chiral supramolecular co-assemblies, we report herein a de-
tailed mechanistic study on the chiral amplification experi-
enced by 1,3,5-triphenylbenzenetricarboxamides (TPBAs) en-
dowed with a variable number of chiral side chains (com-
pounds 1-2 in Figure 1a). TBPAs have a molecular size inter-
mediate between that of BTAs and OPE-TAs (Figure 1b). In a
previous work, the hierarchy of asymmetry elements operating
in the formation of right- or left-handed helical supramolecular
polymers by the Cs-symmetric achiral 3 as well as chiral 1a
and 2a TPBAs was thoroughly investigated.?”
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Figure 1. a) Chemical structure of TPBAs 1-3. b) Schematic illustration of the
size and chiral amplification ability of TPBAs in comparison to previously re-
ported BTAs and OPE-TAs.
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In the present work, only MRs experiments have been per-
formed due to the strong tendency of TPBAs decorated with
achiral side chains to bundle into thick fibers.?" This prevents
the completion of reliable SaS experiments because the circu-
lar dichroism (CD) response is strongly contaminated by linear
dichroism (LD).”? A complete set of thermodynamic parame-
ters has been derived for all the new self-assembling TPBAs 1-
2 by applying the equilibrium (EQ) model for one-component
systems.®® Utilizing this set of parameters, the MMP (AH,,,)
parameter for the mixtures of two enantiomers has been esti-
mated at different temperatures. The thermodynamic analysis
shows that MMP remains practically unaltered by modifying
the number of stereogenic centers per monomeric unit. This
behavior contrasts with that reported for both BTAs and OPE-
TAs (Figure 1b). In the former, the smaller the number of ste-
reogenic centers per monomeric unit, the larger the chiral am-
plification ability."®< In the latter, the trend is the opposite,
and decreasing the number of stereogenic centers per mono-
meric unit leads to a smaller chiral amplification.”” In addition,
we have also demonstrated that temperature exerts a weak in-
fluence on the chiral amplification ability of the reported
TPBAs. Theoretical calculations show that the rotation angle
between the TPBA units in a helical stack, which strongly con-
ditions the final chiral amplification outcome for TPBAs, is in-
termediate between that observed for BTAs and OPE-TAs. The
results presented in this manuscript confirm the strong de-
pendence of the chiral amplification ability of self-assembling
units on structural factors, like shape and size, and contribute
to establish a clear structure-function relationship in chiral
supramolecular co-polymers.

Results and Discussion
Synthesis and supramolecular polymerization in solution.

The asymmetric TPBAs 1b,c and 2b,c were readily prepared in
a four-step synthetic protocol involving the amidation of com-
mercially available 4-carboxyphenylboronic acid with the corre-
sponding chiral or achiral amines to yield the 4-(alkylcarba-
moyl)phenyl boronic acids 4. These boronic acids were stoi-
chiometrically reacted with 1,3,5-tribromobenzene in a Suzuki
cross-coupling reaction to afford the monoamides 5 that, upon
a final Suzuki cross-coupling reaction, yielded the final asym-
metric tricarboxamides 1b,c and 2b,c (Scheme S1). All the new
reported compounds were fully characterized by NMR and
FTIR spectroscopy as well as by high-resolution mass spec-
trometry (see the Supporting Information).

As in the case of the previously reported C;-symmetric
TPBAs,”" and also the referable BTAs and OPE-TAs,”® 'H NMR
and FTIR experiments demonstrate that the self-assembly of
the new asymmetric TPBAs 1 and 2 proceeds through the for-
mation of a triple array of H-bonding interactions between the
amide functional groups and the m-stacking of the triphenyl-
benzene (TPB) moieties. Thus, concentration-dependent
'H NMR spectra show the downfield shift of the signal due to
the N—H protons and the concomitant shield of the aromatic
resonances upon increasing the concentration (Figures S1 and
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S2). The operation of N—H--O=C H-bonds between the amides
is confirmed by the N—H and amide | stretching vibrational
bands. These bands are observed at 3304 and 1633 cm™', re-
spectively, in a mixture of methylcyclohexane (MCH) and 1,2-
dichloroethane (DCE) 95:5,% and shift to higher wavenumbers
(3452 and 1653 cm™) in chloroform due to the disassembly in
this good solvent (Figure S3).*” The formation of face-to-face
aggregates by the m-stacking of the aromatic TPB units is cor-
roborated by the intensity drop experienced by the broad
band at 270 nm observed in the UV/Vis spectra upon cooling
(Figure 54).1°

The presence of stereogenic centers at the peripheral side
chains results in an efficient transfer of point chirality from
those peripheral chains to the supramolecular chirality involv-
ing the aromatic TPB core. This transfer is evidenced by the
clear bisignated Cotton effect that diluted solutions of
TPBAs 1b and 2b exhibit in a 95:5 MCH/DCE mixture at total
concentration (¢;) of 10 um (Figure 2a), diagnostic of the for-
mation of helical structures. The CD spectra of 1b and 2b,
bearing S- and R-stereogenic centers, respectively, present
mirror-image intense bands at 280 and 259 nm and a zero-
crossing point at 270 nm. These features coincide with those
previously reported for the C;-symmetric TPBAs 1a and 2a,"
and demonstrate the generation of helices of opposite hand-
edness, P-type for 1b and M-type for 2b.* The dichroic pat-
tern is completely cancelled upon increasing the temperature

(Figure 2a), which has been employed to determine the supra-
molecular polymerization mechanism and, by applying the
one-component equilibrium (EQ) model," to derive all the
thermodynamic parameters associated to the self-assembly of
TPBAs. Plotting the degree of aggregation, «, versus tempera-
ture yields non-sigmoidal curves characteristic of cooperative
supramolecular polymerizations (Figure 2b and Figure S5).'"
By applying the one-component EQ model, AH,, AH,, AS, K,
K,, and the cooperativity factor o were estimated and the re-
spective values are collected in Table 1. The enthalpy and en-
tropy values are comparable to those registered previously for
Cs-symmetric 1a and 2a (Table 1) but lower than those derived
for both BTAs and OPE-TAs. However, the cooperativity factor
o is very similar for all the C;-symmetric systems.['8¢2:21]
Interestingly, the dichroic features of TPBs 1c and 2c¢, en-
dowed with two achiral and one chiral side chains, differ from
those obtained for 1b and 2b in the same experimental condi-
tions. Freshly prepared solutions of 1¢ and 2c¢ (MCH/DCE 95:5,
¢;=10 um) display bisignate CD spectra with maxima at 237
and 274 nm and a weaker band at 304 nm, with two zero-
crossing points at 260 and 295 nm (Figure S6a). The corre-
sponding LD spectra for these solutions showed the presence
of a broad band centered around 260 nm (Figure S6b). There-
fore, the dissimilar CD spectra of 1c and 2c¢ in comparison to
TPBAs 1a, 1b, 2a, and 2b is justified by the contamination of
the CD spectra by the LD effect in the former.”? To circumvent
this problem, we applied a heating/cooling (h/c) cycle (heating
up the solutions of 1c and 2c¢ to 80°C and cooling them

= = b)mo{ down to 20°C) before recording the CD spectra. The applica-
——2b,25°C tion of the h/c cycle cancels the LD contamination, and clean

20 el bisignate CD spectra, with intense bands at 280 and 259 nm
and a zero-crossing point at 270 nm, identical to those regis-

g E tered for 1a, 1b, 2a, and 2b, are observed (Figures S6¢c and
s == S S6d). The contamination of the CD spectra with the LD effect
° ° has also consequences in the derivation of the thermodynamic
20 0,25 parameters. Thus, to achieve cooling curves suitable to apply
the EQ model, a rapid cooling (8 Kmin™') is needed. This rapid

- cooling results in a smaller number of data and, consequently,

W 2% . (r:m) 300 | 340 i 0 - in a less accurate fitting, as indicated by the plots of a vs. tem-

T(K)

Figure 2. a) CD spectra of TPBs 1b and 2b (MCH/DCE, 95:5). b) Plot of the
variation of the degree of aggregation, «, versus temperature for 1b at dif-
ferent concentrations (MCH/DCE, 95:5; cooling rate 1 Kmin~"). The red lines
depict the fitting to the one-component EQ model.

perature (Figure S7) and the significantly different values infer-
red for the thermodynamic parameters (Table 1). The contami-
nation of the CD response by LD can be accounted for by con-
sidering the strong tendency of TPBAs to efficiently interdigi-
tate by van der Waals interactions between the achiral side

Table 1. Thermodynamic parameters derived for the supramolecular polymerization of compounds 1a-c and 2a-c (MCH/DCE, 95:5).

1a" 2a™ 1b 2b 1c 2¢c
AH, [KJmol™] —58.8+0.7 —58.1+0.9 —59.9+0.3 —66.9+1.1 —842+12 —87.9+1.0
AS UK "mol ™ —84+2 —82+2 —77+1 —111+1 —166=+5 —179+6
AH, [kJmol™"] —33+4 —32+6 —28.1+14 —29+42 —152+1.1 —203+1.3
o 3.0x10°° 2.33x10° 1.2x10°° 6.8x10°° 22x1073 25%107*
K, [Lmol~']®! 8.4x10° 8.2x10° 9.2x10° 8.7x10° 1.2x10° 1.1x10°
K, [Lmol~"® 2.5 1.9 1.1 5.9 27x10° 2.7x10?

[a] The equilibrium constants for elongation and dimerization, K, and K,, and the cooperativity factor o (=K,/K,) are calculated at 293 K. [b] Data extracted
from ref. [21], shown for comparison.
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chains, as recently reported for 3.?" In the case of 1c and 2c,
the presence of two achiral side chains favors this bundling
effect that results in the formation of larger aggregates (see
below) and in the appearance of the LD contribution.

Chiral amplification in asymmetric TPBAs: MRs experiments.

As stated before, SaS experiments were discarded to evaluate
the influence of the number of stereogenic centers per mono-
meric unit on the chiral amplification ability of asymmetric
TPBAs 1b, 2b, 1¢, and 2c. The strong tendency of the achiral
TPBA 3 to bundle impedes an accurate determination of the
CD response when mixing with its chiral congeners owing to
the strong contamination by the LD effect.?" Therefore, we
have evaluated the chiral amplification ability of TPBAs by per-
forming MRs experiments. Our previous report on C;-symmet-
ric chiral 1a and 2a demonstrated that in the co-assembly of
these two chiral compounds, only a 22% of enantiomeric
excess (ee) is enough to achieve homochiral mixtures, the
MMP being of only 1.0 kimol'.2" This MMP value is a half of
that reported for BTAs (2.1 kJmol™)"™¥ and OPE-TAs
(2.0 k) mol™").l'%-420 |mportantly, the values reported for BTAs,
and also for OPE-TAs, were obtained for solutions with ¢;=
10 um but those reported for symmetric TBPAs 1a and 2a
were registered at ¢;=25 pum. To homogenize all the experi-
mental data in a useful way to perform a comparative study,
MRs experiments with 1a and 2a were conducted also at ¢;=
10 uM. In good analogy to the previous MRs study, the derived
MMP parameter for 10 um solutions at 20°C is 1.4 kimol™
(Table 2).

To evaluate the influence of the chiral content per mono-
meric unit on the ability to induce chiral amplification, we per-
formed MRs experiments by mixing TPBAs 1b and 2b, endow-
ed with two (S) and two (R) stereogenic centers, respectively,
and TPBAs 1c¢ and 2¢, endowed with one (S) or (R) stereogenic
center, respectively. In all these experiments, a nonlinear varia-
tion of the dichroic response is observed upon increasing the
ee, which is a clear indication of an efficient chiral amplification
(Figures 3 and Figure S8).

As previously described for BTAs and OPE-TAs,"®<% de-
creasing the number of stereogenic centers per monomeric
unit in TPBAs also produces a slight decrease of the dichroic
response (Figure 3). However, unlike that reported for BTAs
and OPE-TAs,""®<2% the ability to induce chiral amplification is
found to be practically identical for chiral TPBAs decorated
with three (1a and 2a), two (1b and 2b), or one (1c and 2¢)

Table 2. Mismatch penalty (MMP, in kJmol™") derived from fitting the
MRs data.”

Ta+2a 1b+2b 1c+2c

(35+3R) (254-2R) (15+1R)
MMP 20°C 1.4+0.1 1.3+0.1 1.6+0.1
MMP 30°C 1.8+£0.1 1.4+0.1 1.6+0.1
MMP 40°C 23+0.3 2.1+0.1 3.1+0.2

[a] All the experiments were performed in MCH/DCE 95:5 at ¢;=10 pum.
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stereogenic centers per monomeric unit. In the three TPBA de-
rivatives, an ee of ~20% is enough to achieve homochira-
I1a+2a, 1b+2b, or 1c+2c mixtures (Figure 3). This result
contrasts with those previously reported for C;-symmetric tri-
carboxamides in which ee values of 35% and 48% were re-
spectively required for BTAs and OPE-TAs bearing three stereo-
genic centers to achieve complete amplified states.'®<? The
lower ee required to achieve homochiral mixtures in TPBAs in
comparison to BTAs and OPE-TAs is justified by the smaller
MMP. In addition, for the TPBA systems described herein, the
number of stereogenic centers in each self-assembling unit
exerts a negligible influence on the chiral amplification ability.
This behavior differs from that observed for BTAs, in which the
larger the number of stereogenic centers per monomeric unit,
the lower the ability for chiral amplification,"®< and also from
that exhibited by OPE-TAs, in which the larger the number of
stereogenic centers per monomeric unit, the larger the ability
for chiral amplification.””

To provide a quantitative analysis of the energetics support-
ing the chiral amplification in TPBAs, the non-linear variation
of the dichroic signal upon modifying the ee was fitted to the
two-components EQ model, which allows deriving the MMP
(Figure 59)."*® The MMP parameter estimated at 20°C for the
investigated mixtures of chiral TPBAs1 and 2 lies around
1.5 kymol™" regardless the number of stereogenic centers per
monomeric unit (Table 2). The negligible variation of the MMP
value obtained in TPBAs contrasts with that described for
BTAs, for which the MMP value at 20°C decreases from 2.1 to
1.0 kimol™" upon decreasing the number of stereogenic cen-
ters per monomeric unit."®< The trend observed for TPBAs is
also different to that described for OPE-TAs, for which the
MMP increases from 2.0 to 5.4 kJmol™' at 20°C upon decreas-
ing the number of stereogenic centers.”” On the other hand,
the low MMP values inferred for TPBAs indicate that the stabili-
ty of the homochiral mixture of the two enantiomers, due to
the incorporation of the enantiomer to the helical aggregate
of its unpreferred helicity, is only slightly reduced in compari-
son to that of the separated components.'®

In addition to the number of stereogenic centers located on
the peripheral side chains of the self-assembling units, temper-
ature also plays a pivotal role in the chiral amplification ability
of tricarboxamides. Thus, increasing the temperature results in
an increase of the ability of BTAs, quantified by a smaller MMP
(from 2.0 kimol™" at 20°C to 1.5 kJmol™" at 40°C, for the BTA
with three stereogenic centers)."® In contrast, high tempera-
tures increase the MMP value in OPE-TAs (between 2.0 kJmol™
at 20°C to 3.3 kJmol™' at 40°C, for the OPE-TA with three ste-
reogenic centers) and make more difficult the chiral amplifica-
tion.”” The influence of temperature to achieve homochiral
mixtures from TPBAs 1 and 2 was also evaluated. Similarly to
OPE-TAs, increasing the temperature to 30 or 40°C results in a
smaller dichroic response for both the pristine chiral compo-
nents and the mixtures of enantiomers compared to 20°C (Fig-
ure S8). However, the chiral amplification ability exhibited by
TPBAs 1-2 remains nearly unaltered upon this temperature in-
crease (Figure 3). Indeed, the application of the two-compo-
nents EQ model to the MRs experiments performed with mix-
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Figure 3. Changes in CD intensity (black squares: 1 =280 nm, red squares: =259 m) as a function of ee upon adding the enantiomers with (S) stereocenters
to a solution of the corresponding (R) enantiomer (MCH/DCE, 95:5, ¢;=10 um) at 20°C (a—c), 30 °C (d-f) and 40°C (g-i). ee=1.0 corresponds to pure (S) enan-
tiomers and ee=—1.0 corresponds to pure (R) enantiomers. The red curves correspond to a sigmoidal fitting to guide the eye.

tures of 1 and 2 at 30/40°C yields MMP values slightly higher
than those derived from experiments at 20 °C (Table 2).

The comparison of the cooling curves obtained for the pris-
tine chiral components with those of the mixtures at different
ee ratios were previously used in BTAs and OPE-TAs to get a
better understanding of the influence of temperature on chiral
amplification.® <2 Figure S10 shows the cooling curves re-
corded for pure enantiomers of TPBAs 1 and 2 together with
those registered for mixtures of these tricarboxamides at two
different ee ratios. In the case of TPBAs, all the samples, pure
enantiomers and mixtures, present a gradual decrease of the
dichroic response upon increasing the temperature until reach-
ing the elongation temperature T.. At this T, the dichroic re-
sponse is cancelled due to the disassembly of the helical col-
umnar stacks into the constitutive monomeric units. This be-
havior is similar to that observed for OPE-TAs @ and contrasts
with that reported for BTAs, for which the dichroic response in-
creases with temperature and full homochirality is afforded
more easily at higher temperatures.['®<2"

Chem. Eur. J. 2020, 26, 14700 - 14707 www.chemeurj.org

14704

Theoretical calculations

To shed light on the chiral amplification ability of TPBAs and to
rationalize the differences found for these tricarboxamides in
comparison to BTAs and OPE-TAs, the supramolecular aggre-
gates formed by TPBAs 1-2 were theoretically investigated.
First, the geometries of the symmetric 2a and the asymmetric
2b and 2c¢, respectively endowed with three, two, and one
chiral chains bearing R-stereogenic groups, were optimized at
the density functional theory (DFT) level using the B3LYP func-
tional,”” the 6-31G** basis set,””™ and the Grimme’s dispersion
correction D3.2% Similarly to the C;-symmetric TPBAs previously
studied,®” the 2a-c monomeric units exhibit a propeller-like
geometry, in which the phenyl rings of the TPB core are twist-
ed by ~~37° (Figure S11). This disposition favors the helical ar-
rangement of the monomeric units by the formation of a triple
array of H-bonding interactions between the amide functional
groups and the m-stacking of the aromatic TPB moieties.

The optimized monomeric units of 2a-c were taken to build
up P- and M-type helical supramolecular stacks of 20 mono-
meric units that were fully optimized at the cost-effective
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GFN2-xTB level®” (see the Supporting Information for full com-
putational details). From the optimized helical aggregates, the
central dodecamer was extracted to avoid terminal effects and
its energy was recalculated in a single-point calculation to get
comparable energies. Calculations confirmed the anti-clockwise
M-type helical handedness as the preferred arrangement for
TPBAs 2a-c (Figure 4). For all the three molecules, the most
stable oligomer corresponds to the left-handed assembly in
which the chiral aliphatic chains in vicinal molecules along the
stack are in an eclipsed disposition (Figures S12 and S13). This
disposition is found to be 16.5 (2a), 6.3 (2b) and 1.3 kJmol™'
(2c), per monomeric unit, more stable than the respective
lowest-energy P-type helix (Figure S14). Parallel results are ex-
pected for compounds 1a-c bearing S-stereogenic centers, for
which a clockwise or right-handed P-type helical arrangement
is preferred.

In the most stable M-dodecamers, the separation between
the monomeric units slightly depends on the nature of the
three appended side chains. The average intermolecular dis-
tance between the centroids of the TPB cores along the stack
is computed quite similar for 2a, 2b, and 2¢, with values of
3.4940.04, 3.4440.07, and 3.504+0.04 A, for three, two and,
one chiral chains, respectively. Rotation angles between vicinal
molecules along the stack are also calculated very similar upon
increasing the number of chiral chains, with average values of
26+2,26.7+1.7, and 26.4+ 1.2°, respectively. As a result, com-
parable H-bond interactions with distances of 1.87+0.08,
1.8840.08, and 1.85+0.05 A are obtained in the supramolec-
ular assemblies of 2a, 2b, and 2c, respectively. It should be
noted that the helical disorder is more significant in the deriva-
tive with only one chiral chain (2c), probably due to the
higher degree of packing freedom of the achiral side chains
(Figure 4). As discussed above, the TPB core displays a propel-
ler-like nonplanar geometry due to the rotation of the benza-
mide moieties out the plane of the central ring.”" This geome-
try weakens the interactions between vicinal monomers com-
pared to fully planar cores, and allows their slipping along the
stacking axis of polymerization leading to ill-defined helical
structures (see Figure S13). Indeed, the distance between the
centroids of the central benzene rings and the stacking axis
are in the range of 0.82-1.47 A for 2a and widens to 0.56-
1.76 A for 2c (Table S1). The tilting angle of the central ben-
zene rings with respect to the stacking axis also exhibits a
wider dispersion for 2c¢ (57-73°) than for 2a (57-63°). Chiral

Figure 4. Representation of the most-stable dodecamers (M-type) of com-
pounds 2a (a), 2b (b), and 2c (c). Hydrogen atoms are omitted for clarity.
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side chains therefore favor order in the resulting supramolec-
ular aggregate by reducing the flexibility of the alkyl chains,
and induce a unique helical orientation of the assembly
through discrete alkyl-alkyl interactions between the branch-
ing groups. The proximity of the stereogenic groups to the
central aromatic core forces a more rigid helical structure in 2a
and 2b compared to that optimized for 2 ¢ with more flexible
linear achiral chains.

Theoretical calculations were then performed to investigate
the chiral amplification ability of TPBAs in comparison to their
referable congeners BTAs and OPE-TAs. Theoretical simulations
of majority rules experiments were carried out by replacing
one central (R)-chiral TPBA in the left-handed M-helix stack of
the 20-mer by the corresponding “wrong” (S)-chiral TPBA. The
resulting 20-mer was fully optimized at the GFN2-xTB level,
and the central dodecamer was extracted and single-point re-
calculated (see the Supporting Information for full computa-
tional details). Theoretical calculations predict similar MMP
values of 0.63, 0.51, and 1.02 kimol™' for 2a, 2b, and 2c, re-
spectively. This energy penalty corresponds to the difference
between the total energy calculated for the central 12-mer in-
corporating one “wrong” (S)-chiral monomer and the energy of
the regular 12-(R)-mer divided by the number of monomers
(i.e., 12). Although slightly smaller, the theoretical MMP values
nicely agree with the experimental trends (Table 2). Therefore,
and in contrast to BTAs and OPE-TAs, TPBAs shows similar
MMP values irrespective of the number of chiral chains in the
monomer.

The mismatch penalty can be understood as the energy in-
crease provoked by the steric hindrance when a chiral mole-
cule is introduced in an aggregate of its unpreferred helicity.
The lower MMP values obtained for TPBAs compared to OPE-
TAs and BTAs may be explained from the lower steric hin-
drance between peripheral chiral chains due to longer (more
alleviated) intermolecular contacts (Figure 5). TPBAs present a
rotational angle of around 26° and the intermolecular contacts
are similar (i.e., comparable steric hindrance), independently of
the number of chiral aliphatic chains in the monomer, which
keeps the MMP mainly unaltered. OPE-TAs exhibit a smaller
torsion angle of ca. 18°2% and therefore the penalty exerted
by the steric hindrance is expected to be higher due to shorter
alkyl-alkyl contacts. This rationale is supported by the C—H--H—
C distances between side chains in adjacent molecules, with
shortest values around 3.35A for OPE-TAs and 4.25A for
TBPAs. Otherwise, BTAs present larger rotation angles of ca.

Medium steric hindrance Lower steric hindrance

Higher steric hindrance

Figure 5. Schematic illustration of the steric hindrance effect exerted by the
chiral aliphatic chains of vicinal units in BTAs (a), TPBAs (b) and OPE-TAs (c).
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55°, with significantly longer chain-to-chain distances, in the
range of 5.8-6.5 A*” However, second neighbors in BTAs are
almost perfectly stacked, with distances between side chains
of around 4.0 A, slightly shorter than those calculated for
TPBAs. Intermolecular chain-to-chain contacts may therefore
explain the origin of the smaller mismatch penalties obtained
for TBPAs.

As stated above, the CD spectra of TPBAs 1c¢ and 2 ¢ exhibit
a strong contamination due to LD effects. In our previous
study on Gs-symmetric TPBAs, we investigated the bundling
effect favored by van der Waals interactions between the pe-
ripheral aliphatic chains of vicinal helical aggregates in achi-
ral 3 and fully chiral 1a/2a derivatives.”” Herein, we extend
the study of bundle formation to asymmetric TPBAs 2b and
2c. Figure 6 displays the bundles formed by two interdigitated
icosamers of these TPBAs, where the helical rotation axes of
the two columnar aggregates are mainly parallel. The structure
of the bundle was fully optimized at the molecular mechanics
level (see the Supporting Information for computational de-
tails).

For 2b, the two aggregates are separated by 31.5 A and
present an intercolumnar interaction energy (E..) Of
—126 kimol™". For 2c¢, the distance between the helices is
shorter (30.0 A) and the E,, is calculated to be significantly
larger (—276 kJmol™"). The bundle structures calculated for 2b
and 2c actually constitute intermediate situations between
that computed for fully chiral 2a (32.4 A, —98 kJmol™") and
achiral 3 (29.1 A, —373 kimol™") derivatives (Figure S16 and
Table S2). The larger helix-to-helix interaction energy and the
slightly shorter intercolumnar distance obtained along the
series 2a-2b-2c¢-3 can be justified by the smaller number of
branched, chiral side chains, which enhances a more efficient
bundling effect between the columnar aggregates. The values
obtained for 2b are indeed similar to those of 2a and signifi-
cantly different from those predicted for 2 c and achiral 3, thus
explaining the LD effects experimentally observed for the
latter.

Figure 6. Top and side views of the surface representation of the homochiral
helix-to-helix interaction of TPBAs 2b (a) and 2c (b). The distance between
the two column centers is indicated in the top view.
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Conclusions

Herein, we report on a detailed investigation of the chiral am-
plification ability exhibited by 1,3,5-triphenylbenzene-tricarbox-
amides (TPBAs) in comparison to the closely referable BTA and
OPE-TA tricarboxamides by doing majority rules experiments.
As previously observed for the latter, the decoration of TPBAs
with three, two or one chiral side chains bearing stereogenic
centers results in a similar dichroic response. This indicates
that only one chiral chain is enough to achieve an efficient
transfer of the point chirality embedded in the chains to the
supramolecular chirality associated to the formation of helical
aggregates. However, the chiral amplification ability of TPBAs
differs from that reported for BTAs and OPE-TAs. In BTAs, the
chiral amplification ability increases by decreasing the number
of stereogenic centers per monomeric unit, the trend being
opposite for OPE-TAs in which the larger the number of stereo-
genic centers, the lower the chiral amplification ability. In con-
trast, the chiral amplification of TPBAs exhibits almost no de-
pendence on the number of chiral centers per monomeric
unit, and stands the largest among the series of tricarboxa-
mides. Theoretical studies demonstrate that the rotation angle
between the TPBAs units in the helical stack is intermediate to
that observed for BTAs and OPE-TAs, and strongly conditions
the steric interactions between vicinal molecules in the stack
and the final chiral amplification outcome. Theoretical calcula-
tions furthermore show that achiral side chains favor the inter-
digitation of the helical aggregates and thereby the formation
of bundle superstructures, which justifies the experimentally
observed LD effect. The results presented in this work confirm
the strong dependence of the chiral amplification ability of
self-assembling units on structural factors, like shape and size,
and contribute to establish a clear structure-function relation-
ship in chiral supramolecular co-polymers.
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