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ABSTRACT: A novel type of chiral layered supramolecular
copolymer with high molecular weight has been assembled
from a hydrogen bonded C4-symmetric zinc porphyrin
hexamer and chiral C;-symmetric pyridine hexadentate
linkers driven by multivalent zinc porphyrin—pyridine co-
ordination. UV—vis, circular dichroism, and static light
scattering experiments revealed that the formation of the
layered supramolecular copolymers is at first dynami-
cally controlled and then becomes thermodynamically
controlled.

In the past decade, great effort has been devoted to the con-
struction of supramolecular polymers because of their unique
structures and potential applications,"* and hydrogen bonding,>
solvophobicity,* metal—ligand coordination,® and donor—
acceptor interactions® have been utilized as the driving forces.
The formation of supramolecular polymers with high molecular
weight, especially in dilute solution, requires the introduction of
highly stable binding motifs into the monomers. However, the
development of such highly stable binding motifs has been a great
challenge because of the weakness of the noncovalent forces.” A
straightforward strategy is to introduce multiple simple binding
modes into one rationally designed monomer to utilize their
binding multivalency.*” This strategy has been perfectly prac-
ticed by nature in the assembly of the DNA double helix but
rarely exploited for the creation of stable supramolecular (co)-
polymers,'® especially those with hierarchical control of the
chirality."" Herein we describe the error-correction formation
of a new type of highly stable chiral supramolecular (A)s—B
copolymer from a hydrogen bonded Cs-symmetric zinc porphy-
rin hexamer and pyridine-derived chiral hexadentate linkers
based on multivalent Zn—N coordination.

It has been established that the heterocyclic unit of 1'> forms
a hydrogen-bonded Cy-symmetric hexamer (Scheme 1)."> We
envisioned that C5-symmetric chiral hexadentate linkers 2 might
bind the hexamer (1)s by alternately forming three N—Zn
coordination bonds in an induced-fit manner'* to generate a
layered chiral supramolecular copolymer. The chiral tridentate
linker 3 was first prepared to test whether it would combine with
hexamer (1)4 to form selectively the sandwich-styled complex
3-(1)6*3. Their binding properties were first investigated in
toluene using UV—vis spectroscopy. Adding 0.33 equiv of (R)-3,
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corresponding to 1.0 equiv of pyridine, to a 28 M solution of 1
led to the exclusive formation of the hexamer,'*"? causing red
shifts of 6.5 and 14 nm in the Soret and Q bands, respectively, of
the porphyrin unit of 1 (Figure 1). In contrast, adding the same
amount of (R)-3 to control 4 caused only a small red shifts
(~0.5 nm) in the two bands (Figure S13 in the Supporting
Information). Titration of 1 with (R)-3 produced well-defined
isosbestic points for the absorption of 1 (Figure 1), implying the
formation of a single supramolecular entity. The Job’s plot
confirmed a 3:1 stoichiometry (Figure 1). The apparent associa-
tion constant (K,soc) for the complex of the zinc porphyrin of
1 and the single pyridine of (R)-3 was determined to be 3.4 x
10" M, which is 4415 times higher than that of the complex of
4 and the single pyridine of (R)-3 (7.7 x 10° M™"). Two-
dimensional diffusion-ordered 'H NMR (DOSY) experiments
for 1 and the 1/(R)-3 (1:0.33) mixture ([1] =4.8 mM) in CDCl;4
gave rise to diffusion coefficients (D) of 6.1 X 10~° and 4.5 x
10~7 m*/s, respectively. The value for the mixture was notably
lower than that for 1, supporting the formation of the complex
3+ (1)s" 3 of increased size. The average masses of the samples of 1
and the 1/(R)-3 (1:0.33) mixture in toluene were further deter-
mined by vapor pressure osmometry (VPO) to be 7700 and
10000 u, respectively, which are also close to the calculated values
of hexamer (1)4 (7698 u) and complex 3+ (1)s+3 (9500 u).

The circular dichroism (CD) spectra of 1 in toluene in the
presence of (R)- and (S)-3 displayed mirror-symmetric bisignate
induced circular dichroism (ICD) signals with the positive and
negative extrema at 425 and 433 nm, respectively (Figure 2). The
intercept with the x axis (429 nm) matched the maximum in the
UV—vis spectrum (430 nm). The mixture of (R)- or (S)-3 with
4 (1:3) did not exhibit any CD signals in the 300—500 nm region.
Thus, these ICD signals should be attributed to the orderly
through-space exciton coupling of the porphyrin unit of 1
induced by 3 in the sandwich-styled chiral complex. Diluting
the solution of 1 and (R)-3 (1:0.33) from 42 to 6.2 uM (referring
to 1) did not lead to an observable decrease in the molar
absorption of the ICD signals (Figure S14), and raising the
temperature from 10 to 60 °C caused only a slight weakening of
the ICD signals (Figure S15), both confirming the high stability
of this multivalency-driven chiral complex.

The Cs-symmetric chiral hexadentate linkers (R)- and (S)-2,
whose extended size is comparable to that of 3, were then
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Scheme 1. Schematic Representation of the Formation of
(A)s—B-Type Chiral Supramolecular Copolymers and a
Sandwich-Styled Eight-Component Complex from Cs-
Symmetric Hexamer (1) and Chiral Hexadentate Linker
2 or Tridentate Linker 3
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Figure 1. (left) UV—vis spectral changes of 1 (28 #M) in the presence
of (R)-3 (0—62 uM) in toluene at 25 °C. (right) Job’s plot demonstrat-
ing the 3:1 stoichiometry.

prepared. Two chiral pyridine-appended side chains were intro-
duced at the 3 and S positions of the three peripheral benzene
rings. Such an arrangement would favor the formation of copoly-
meric structures with (1) via a three-to-three binding pattern, as
shown by 3, but not the simple seven-component two-layer
complex (1)6-2 because of twisting of the biphenyl backbone."®

Adding (R)-2 to a solution of 1 in toluene caused a time-
dependent red shift of the Soret absorption band of the porphy-
rin unit of 1 (Figure 3). The band first rapidly shifted from 425 to
432 nm in about 1 min and then slowly shifted further to 433 nm,
reaching equilibrium after ~6 h. These results indicated that the
binding between 2 and hexamer (1) increased with time and
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Figure 2. (a) ICD spectra of 1 (45 uM) in the presence of (R)- and
(S)-2 (7.5 uM) and (R)- and (S)-3 (15 uM). (b) UV—vis spectra of 1
(28 uM) in the presence of (R)-2 (0—79 uM). The measurements were
performed in toluene after mixing for 10 h at 25 °C.
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Figure 3. (left) Time-dependent UV—vis spectra of 1 (28 uM) in
toluene at 25 °C after mixing with (R)-2 (4.7 uM). (right) Plot of the
absorption intensity change at 432 nm vs time.

probably underwent a conversion from being dynamically con-
trolled to being thermodynamically controlled. Thus, for the
quantitative evaluation of the binding stability, UV —vis titration
experiments were undertaken after the two samples were mixed
for 12 h to make sure that the binding equilibrium had been
reached (Figure S16). The resulting spectra also gave rise to well-
defined isosbestic points, and the apparent K, of the complex
between the zinc porphyrin unit of 1 and the single pyridine unit
of 2 was determined to be 3.0 x 10’ M.

The ICD spectra of 1 in toluene upon mixing with (R)-2 were
also time-dependent (Figure 4). Addition of 0.17 equiv of (R)-2,
corresponding to 1.0 equiv of pyridine, to a solution of 1 in
toluene first caused two negative ICD signals centered at 418
and 430 nm and two positive ICD signals centered at 426 and
435 nm. The signals reached maxima after ~4 min and then
weakened and vanished almost completely after 23 min. With the
elongation of time, the signals were exhibited again, but all
increased in the opposite directions and reached equilibrium
after ~6.5 h. Notably, the negative ICD signal at 435 nm was
substantially stronger than the other three. The ICD spectra of 1
upon mixing with 0.17 equiv of (S)-2 exhibited similar time-
dependence, with the final signals being mirror-symmetric to
those induced by (R)-2 (Figure 4 and Figure S17). Diluting the
solution of 1 and (R)- or (S)-2 (1:0.17) in toluene from 36 uM to
1.0 uM (referring to 1) and then mixing for 12 h did not cause a
distinct decrease in the molar absorption of the ICD signals
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Figure 4. (left) ICD spectra of 1 (45 #M) upon mixing with (R)-2
(7.5 uM) in toluene at 25 °C. (right) ICD intensities of 1 (45 uM) at
435.5 nm in the presence of (R)- and (S)-2 (7.5 uM) at different times.

(Figure S18), and raising the temperature from 10 to 60 °C also
induced no discernible reduction in the signals (Figure S19),
which again showed the high stability of the new layered supra-
molecular copolymers.

The above CD results were consistent with the UV—vis
observations, further indicating that there existed two different
binding patterns between hexamer (1) and chiral 2 at different
assembling stages. The signal at 426 nm matched the Soret
absorption of the zinc porphyrin unit of 1. Similar signals, along
with an x-axis intercept (429 nm), were also displayed by the
sandwich-style complex 3+(1)4+3 (Figure 2). Thus, 1 and 2
formed similar layered supramolecular substructures that were
interlinked to generate the chiral supramolecular copolymer
[(1)¢2],. The strongest ICD signal at 435 nm originated from
the long-distance through-space exciton coupling of the porphy-
rin units of different hexamer (1) units,'® induced by chiral 2 in
an accumulative manner, which could occur only in the layered
supramolecular copolymers, as shown in Scheme 1. The distor-
tional signal at 430 nm might have resulted from the combination
of the two exciton couplets at 426 and 435 nm."” Since complex
3-(1)6*3 formed only a very weak shoulder peak of opposite
signals in the 410—420 nm region (Figure 2), the broad, strong
signal around 418 nm induced by chiral 2 might be ascribed
to the long-range exciton coupling of the heterocyclic cores of
hexamer (1)¢, providing further support for the formation of
the layered chiral supramolecular copolymer from 1 and 2. As
expected, mixtures of 1 and (R)-2 in polar methanol and DMSO
were CD-silent. In chloroform, the mixture displayed ICD signals
similar to those of the mixture of 1 and (R)-3 and were not time-
dependent (Figure S20). These results suggest that in chloro-
form, 1 and (R)-2 did not form long copolymers. Instead, they
might just form short layered co-oligomers with a binding pattern
similar to that between 1 and (R)-3.

Static light scattering (SLS) experiments revealed that the
scattered intensity of the mixture of 1 and 2 in toluene solution
was also time-dependent (Figure S left). The experiments were
carried out at two scattering angles (45° and 60°). For the first
series, the scattered intensity of a solution of pure 1 of the same
concentration was measured to be ~26 keps. Upon addition of
(R)-2, the scattered intensity increased graduallgr, reflecting an
increase in the degree of copolymerization,'® and reached
maximum after ~3 h. The scattered intensity measured at 60°
displayed a similar time-dependent increase. These results were
consistent with the above UV—vis and CD observations and also
implied that the dynamic optimization of the supramolecular
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Figure S. (left) Scattered intensity of the mixture of 1 (90 M) and (R)-
2 (15 uM) in toluene as a function of time. (right) SLS measurements
of the apparent molecular weight of the supramolecular copolymer
[(1)¢- (R)-2], at various concentrations of 1 in toluene at 25 °C.

chirality occurred simultaneously in the copolymers. SLS experi-
ments were further performed to evaluate the average molecular
weight of the supramolecular copolymers in toluene (Figure S
right),18 and a value of >4.2 x 10° g mol ! was obtained. This
value corresponded to a copolymerization degree of =459,
reflecting the high efficiency of the new multicovalency-driven
binding motif.

The UV—vis and CD spectra of the solution mixture of 1 and 3
did not display time-dependence. Thus, the remarkable time-
dependence of the ICD spectra of the mixture of 1 and 2 might
reflect the dynamic features of the coordination and chirality
matching during the formation of the chiral supramolecular
copolymers. The induced Cotton effects at the early stage should
be attributed to the formation of dynamically controlled chiral
supramolecular complexes or co-oligomers in which the hex-
americ cores of 1 are arranged in a less-ordered manner. This
process was entropically favored and reached a maximum in
~4 min. The SLS results showed that the resulting coaggregates
had relatively small sizes and could not combine to form long
copolymers. The following reversal and amplification of the ICD
signals indicated that these first-formed short supramolecular
structures were less stable and thus were transformed into more
stable, thermodynamically controlled chiral supramolecular co-
polymers in which the bonded zinc porphyrin hexamer sub-
structures were arranged in a more ordered way. This process
took several hours to complete because it required the decom-
position of the stable hexamer (1)s as well as the strong
cooperative Zn—N coordination bonds in the complexes.' In
addition, the chirality optimization and the chain increase of the
copolymers should occur simultaneously.

In conclusion, we have demonstrated that layered chiral
supramolecular copolymers of high molecular weight can be
constructed from a Cg-symmetric hydrogen-bonding-driven
hexamer and a C5-symmetric chiral hexadentate linker. The high
stability of the new supramolecular copolymers is endowed by
the multivalent or cooperative complexation between conven-
tional zinc porphyrin and pyridine units. The high stability of the
new binding pattern results in strong supramolecular chirality,
the formation of which occurs through self-optimization, which is
common in biological systems. One future work will point to the
design of chiral pyridine-attached heterocyclic derivatives. An
investigation of the assembly behavior of their mixtures with 1 at
varying molar ratios might reveal interesting new supramolecular
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chirality and/or self-sorting phenomena in this type of layered
supramolecular copolymers.
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