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The kinetically controlled amplification of asymmetry experienced
in the co-assembly of chiral tribiphenylaminetricarboxamides (S)-1
and (R)-1 is investigated. The formation of metastable monomeric
species through intramolecular H-bonds retards the efficient
amplification of asymmetry due to a chain-capper effect.

Amplification of asymmetry is the phenomenon by which
enantioenriched entities are attained for the action of a chiral
initiator."”” This effect was extensively investigated by Green
et al. in polyisocyanates that adopt enantioenriched, helical
structures in Sergeants-and-Soldiers (SaS) or Majority Rules
(MRs) experiments.® In the former, mixtures of achiral and
chiral congeners are mixed and the final helical outcome is
dictated by the chiral partner. In the latter, two different
enantiomers of the same system are mixed at different ratio,
the final helical sense being conditioned by the component
added in excess.”® Based on these studies, a number of
examples on amplification of asymmetry has been described
for supramolecular polymers.”®> Merocyanines,® naphthalene
bisimides,” perylene bisimides,® or other n-conjugated systems®
are scaffolds utilized to achieve helical supramolecular poly-
mers. In addition, C;-symmetric platforms represent archetypal
examples to investigate the amplification of asymmetry in
supramolecular polymers.'®"® Importantly, the amplification
of asymmetry in these systems has been primarily studied under
thermodynamic control. Much less is known, however, about
amplification of asymmetry under kinetic control. To the best of our
knowledge, the kinetic traps formed by merocyanines,® carbonyl-
bridged triarylamines,"* and barbituric-based derivatives'> have
been demonstrated to yield different aggregates depending on the
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experimental conditions. Thus, the scarce number of molecular
platforms exhibiting amplification of asymmetry under kinetic
control makes necessary the development of new systems to gain
further understanding of this phenomenon.

Herein, we report on the kinetically controlled amplification of
asymmetry of Cs;-symmetric trisbiphenylamine-tricarboxamides
($)-1 and (R)-1 (Fig. 1a). Unlike the previous report on these
structures,'® circular dichroism (CD) measurements reveal a coop-
erative supramolecular polymerization mechanism yielding only
one type of aggregated species with fibrillar morphology. The
flexible ethylene linker in (S)-1 and (R)-1 together with the
presence of both benzamide and benzoester groups allow the
formation of an intramolecularly H-bonded pseudocycle
(Fig. 1a). The resulting metastable monomers (M*) retard the
amplification of asymmetry in the corresponding MRs experi-
ments performed by mixing (S)-1 and (R)-1 due to a chain-
capper effect by which the M* species block temporally the
growth of the columnar aggregates (Fig. 1c)."” Thus, only 24 h
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Fig. 1 (a) Chemical structures of the trisbiphenylamine-tricarboxamides
(S)-1 and (R)-1 and the formation of the H-bonded pseudocycle; (b) CD
spectra of (S)-1 and (R)-1 (MCH, ¢t = 20 uM; 20 °C); (c) Schematic
illustration of the chain-capper effect exerted by M* in the MRs
experiments.
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after preparing the mixture of both enantiomers, it is possible
to achieve homochiral mixtures at values of the enantiomeric
excess (ee) of ~0.30. These results contribute to shed light on
the intricate processes related with chirality in supramolecular
polymers.

The target compounds (S)-1 and (R)-1 have been prepared by
following a modified procedure to that previously reported for
(S)-1 (see, ESIT)."® In this case, tris(4-bromophenyl)amine was
reacted with 4-methoxycarbonylphenylboronic acid in a Suzuki
cross-coupling reaction, and the resulting triester was hydro-
lysed in basic medium to yield the corresponding tricarboxylic
acid 4."® A further reaction of 4 with the corresponding
2-aminoethyl 3,4,5-trialkoxybenzoate (S)- or (R)-5'° yielded
(8)-1 or (R)1 in good yields (Scheme S1, ESIT). All the compounds
were characterized by the habitual spectroscopic techniques
(ESIY).

In our previous report, the supramolecular polymerization
of (S)-1 was investigated by UV-Vis measurements in methylcyclo-
hexane (MCH), revealing an isodesmic mechanism.*'® This
finding was highly unexpected since the vast majority of supra-
molecular polymers assembled by the synergy of H-bonding and
n-stacking interactions, including the achiral congener of (S)-1
and (R)-1,"° are governed by a cooperative mechanism.”** This is
the case of (S)-1 and (R)-1 that self-assemble through H-bonding
interactions between the amide functional groups and the n-stacking
of the aromatic moieties, demonstrated by the corresponding
variable-temperature (VT) and concentration "H NMR experiments
(Fig. S1 and S2, ESIY).

The fibrillar nature of the aggregates formed by (S)-1 and
(R)-1 in MCH, visualized by atomic force microscopy (AFM),
constitutes an additional counterintuitive proof for the isodes-
mic mechanism tentatively elucidated for (S)-1. AFM images of
MCH solutions of both (S)-1 and (R)-1 at a total concentration
(cr) of 10 uM show intertwined, long fibres of tenths of micro-
meters in length and typical heights of 4.5 nm (Fig. 2a, b,
Fig. S3 and S4, ESIt), suggesting a cooperative mechanism.
Compounds (S)-1 and (R)-1 form M- and P-type helical aggre-
gates, respectively, as shows the corresponding dichroic pattern
(Fig. 1b). Furthermore, the dichroic pattern observed for the
aggregated species of (S)-1 and (R)-1 is very rich with maxima
at 1 =233, 266, 315, 354, and 374 nm and isodichroic points at
A =336, 357 and 388 nm. The CD response contrasts with the
simple absorption pattern observed in the corresponding
UV-Vis spectra (Fig. S5, ESIT) and prompted us to reinvestigate
the supramolecular polymerization mechanism of these chiral
units in more detail. Interestingly, registering the variation of
the dichroic response by decreasing the temperature of diluted
solutions of (S)-1 and (R)-1 revealed non-sigmoidal cooling
curves that can be fitted to a cooperative mechanism by
applying the one-component equilibrium (EQ) model.>® This
fitting shed values for the enthalpy of elongation, AH, and the
nucleation penalty, AH,, of ~—150 and ~—15 kJ mol*,
respectively. The derived value of the entropy of elongation
(AS) is ~—400 JK mol " (Fig. 2c and Fig. S6 and Table S1, ESI¥).
The formation of kinetic traps resulting in a more complex
supramolecular polymerization could account for the

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 (a) Height AFM image of the fibrillar aggregates of (R)-1 in MCH
spin-coated onto mica as surface (ct = 10 uM); (b) Plot of the variation of
the dichroic signal of (S)-1 at A = 266 nm versus temperature, cooling at
1 K min~t. Red curves correspond to the fit to the EQ model. (c and d)
Changes in CD intensity at 4 = 267 nm as a function of ee upon mixing
(S)-1 and (R)-1 at different ratios (MCH, 293 K, ct = 20 uM) upon heating
and cooling the mixture (a) and upon 24 h (b). The red curves correspond
to a sigmoidal fit for guiding the eye.

discrepancy between the UV-Vis and CD measurements and
also for the appearance of unconventional amplification of
asymmetry processes.'*?1®

After deriving the thermodynamic parameters, we have
performed MRs experiments by mixing unequal amounts of
($)-1 and (R)-1 and keeping constant ¢y at 20 puM. Prior to
measure the CD spectra of the corresponding mixtures, we
heated them up at 363 K and subsequently cooled them down
to 293 K at a cooling rate of 1 K min~". Finally, the sample was
equilibrated at 293 K for 10 min. In these conditions, amplification
of asymmetry is attained only at large ees (~65%) (Fig. 3a and
Fig. S7a, ESI%).

To further investigate this effect, we have firstly registered
the kinetic evolution of the CD response. Thus, upon four
hours, the dichroic response experiences no changes, which
suggests the system is already under thermodynamic control
(Fig. S8, ESIY). Thus, aging the samples for 24 h at 293 K
drastically changes the amplification of asymmetry and a clear
non-linear variation of the dichroic response is observed even
at low ees, diagnostic of the achievement of a complete homo-
chiral mixture at ee values of ~30% (Fig. 3b and Fig. S7b, ESI¥).
This variation has been fitted to the two-component EQ model
to derive a mismatch penalty (MMP), the parameter that
quantifies the penalty experienced by the incorporation of an
enantiomer into a columnar aggregate of its unpreferred
helicity.”® A MMP value of —1.2 k] mol™" has been obtained
(Table S1 and Fig. S9, ESIT).
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Fig. 3 AFM images of a mixture of (S)-1 and (R)-1 at ee = 0.4 after 15 min
(@; 2 h (b), 4 h (c) and 24 h (d) upon preparing the mixture (MCH,
cr = 20 puM; 298 K).

To rationalize the kinetic effect observed in the MR experi-
ments, it is important to consider the chemical structure of
($)-1 and (R)-1. These tricarboxamides are endowed with both
benzamide and benzoester units linked by an ethylene spacer.
This molecular design allows the formation of an intramolecularly
H-bonded seven-membered pseudocycle which is responsible for
the appearance of a metastable monomeric species M*
(Fig. 1a)."**° The M* species has been detected by using different
spectroscopic techniques. Firstly, we have registered VI-'H NMR
experiments in CDCl; at ¢r = 1 mM. These spectra show no shift
for all the aromatic resonances, but the slight upfield shift of the
triplet corresponding to the amide protons upon increasing the
temperature is diagnostic of the rupture of the intramolecularly
H-bonded pseudocycle (Fig. 1a and Fig. 510, ESI{).2%? A definitive
proof for the formation of M* species has been attained by
registering FTIR spectra in solution. Thus, in MCH, the N-H
and Amide I stretching bands are observed at 3303 and 3304 and
1637 cm " for (S)-1 and (R)1, respectively, indicative of the
formation of intermolecular H-bonding interactions between the
amide functional groups (Fig. S11, ESIt). In chloroform, two
bands ascribable to the N-H stretching are observed at 3460
and 3406 cm . The former corresponds to free N-H amides
whilst the latter, together with the Amide I band that appears at
1663 cm ™, are accounted for the formation of the metastable
monomeric species M*.*'7?2

Some reports on supramolecular polymers describe the
participation of M* species in pathway complexity.>'>* We
have utilized common techniques to probe the formation of
different aggregated species [(1) thermal quenching; (2) slow
cooling, (3) registering heating and cooling curves and (4)
solvophobic quenching] with negative results.>* Thus, the CD
spectrum registered upon quenching a warm solution of (R)-1
into an ice bath coincides with that registered for the solution
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upon cooling at 1 K min~" (Fig. S12a, ESIt). Decreasing the
cooling rate to 0.2 K min~" displays similar UV-Vis or CD
cooling curves than those attained by cooling at 1 K min "
(Fig. S12b and S12c, ESIt). Finally, registering cooling and
heating curves shows no hysteresis (Fig. S12b and c, ESIY).
All these experimental results suggest that the M* species
do not efficiently interact with the species in their active
conformation, in which the intramolecular H-bonding inter-
action is not operative. In this scenario, we have investigated
the kinetic evolution of the formation of fibrillar structures in a
mixture of (S)-1 and (R)-1 at ee = 0.4 and ¢y =20 pM by AFM.
After 15 min of preparing the mixture following the above
mentioned procedure, only very short aggregates are observed.
Upon aging the mixture for two hours, the length of the fibers
grows until reaching a similar appearance than those visualized
for the homopolymers after four hours. Aging the mixture for
24 h results in no morphological changes since the system is
already under thermodynamic control (Fig. 1c, 3 and Fig. S13,
ESIt). These AFM images indicate that the M* species can act as
kinetic chain-cappers that impede the further growing of
the supramolecular homopolymers. The evolution of these
dormant species allows a more efficient co-assembly of both
enantiomers to afford homochiral aggregates.

Finally, and considering the MR experiments as an example
of supramolecular copolymerization,”® we have utilized the
copolymerization model and the thermodynamic parameters
collected in Table S1 (ESIt) to further investigate the co-
assembly of (S)-1 and (R)-1.2°’ The speciation plot shown in
Fig. 4a displays the evolution of the concentration of both
M- and P-type helical aggregates formed by (S)-1 and (R)-1 in
the MR experiment, (S)-1 being the major component. The
predicted ee = 0.33, coincident with the experimental findings,
is critical for observing drastic changes in the concentration of
all the involved species in the MR experiment. Both M- and
P-type helical supramolecular polymers formed by (S)-1 and
(R)-1 grow until reaching an ee value of 0.33. At this point, an
abrupt drop of all the helical species, except those formed by
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Fig. 4 Simulation of the copolymerization of (S)-1 and (R)-1 in the MR
experiment (MCH, ct = 20 pM, 293 K) showing (a) the equivalent polymer
and monomer concentrations and (b) the copolymer length. Legend
in Fig. 3a: free a = (8)-1 monomers; free b = (R)-1 monomers; A =
supramolecular polymer formed by (S)-1 and B = supramolecular polymer
formed by (R)-1; M and P indicate the handedness of the helical supra-
molecular polymer.

This journal is © The Royal Society of Chemistry 2021
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the enantiomer present in excess (that rapidly grows until
reaching an equivalent concentration of 20 uM), is observed
(Fig. 4a). This effect is also predicted for the length of the
aggregates, that undergoes a severe drop for the copolymer
exhibiting the helicity of the minor enantiomer, and a strong
growth for the copolymer with the handedness of the major
enantiomer (Fig. 4b) (see ESIT).

In summary, we have reported the kinetically controlled
amplification of asymmetry experienced by chiral trisbiphenyl-
amine-tricarboxamides (S)-1 and (R)-1. The intramolecularly
H-bonded monomeric species retards, through a chain-capper
effect, the efficient amplification of asymmetry that results in
homochiral mixtures upon 24 h. The simulation of the MR
process reveals the variation of the concentration of the different
monomeric and supramolecular helical entities at a calculated
value of ee = 0.33 that matches with the experimental value. The
results presented herein demonstrate the potential that the
synergy of experimental and theoretical models possesses to
investigate and clarify complex processes like amplification of
asymmetry in supramolecular polymers.
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