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Herein, we report a chiral guest’s triggered spring-like contraction and extension motions coupled with
unidirectional twisting in a novel flexible and 'nano-size’ achiral trizinc(i)porphyrin trimer host upon step-
wise formation of 1:1, 1:2, and 1:4 host—guest supramolecular complexes based on the stoichiometry
of the diamine guests for the first time. During these processes, porphyrin CD responses have been
induced, inverted, and amplified, and reduced, respectively, in a single molecular framework due to the
change in the interporphyrin interactions and helicity. Also, the sign of the CD couplets is just the
opposite between R and S substrates which suggests that the chirality is dictated solely by the
stereographic projection of the chiral center. Interestingly, the long-range electronic communications
between the three porphyrin rings generate trisignate CD signals that provide further information about
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Introduction

Supramolecular chirality is an intriguing phenomenon widely
observed in natural systems, including the DNA double helix,
the secondary-a-helix structure of proteins and tropocollagen
triple helix, and plays a vital role in the evolution of life, genetic
information storage and replication, and transmembrane
transport.'® In artificial systems, supramolecular chirality
provides a tremendous platform to construct and explore highly
complex architectures for various applications.*** Among
numerous macromolecular or supramolecular systems, helical
molecules are of significant interest not only because of their
topological structures®° but also for their fascinating spring-
like contraction-extension motions emulating muscle-like
functions or mechanical motions.**"** Several synthetic helical
molecules such as oligomers and foldamers have been reported
to exhibit such motions triggered by ion binding or by changing
pH, solvent, or temperature.”*** Some of them also undergo
unidirectional twisting during contraction and extension,
a feature commonly observed in biological systems.”>** In
contrast to intrinsically helical molecules, inducing helicity in
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an achiral molecule and achieving spring-like motions is much
more challenging but vital for fabricating nanoscale mechanical
machines.

Porphyrin-based chromophores are highly attractive for
investigating the induction and amplification of supramolecular
chirality due to their unique spectral and physicochemical
properties.>**” In particular, dimeric and oligomeric porphyrin
frameworks are of great interest due to their high
sensitivity towards through-space interchromophoric electronic
communication, even over relatively large distances.**** When
the interacting porphyrin rings are associated with a chiral
substrate, the coupling transitions can be detected by CD
spectroscopy in the porphyrin spectral region.**° Guest
stoichiometry-controlled helicity induction and amplification/
inversion in a metalloporphyrin dimer with bifunctional guests
are well established and known to occur via stepwise 1: 1 and 1:
2 host-guest complexation mechanisms.**** However, such
a behaviour in a flexible porphyrin trimer rendering
unidirectional spring-like motions has not been reported yet.

Herein, we report helicity induction, control, and spring-like
contraction and extension motions in a novel ‘nano-size’ achiral
trizinc(ur) porphyrin trimer (1) host upon gradual addition of
chiral diamines as substrates (Scheme 1). A clear rationalization
of helicity induction and spring-like motions is demonstrated
by stepwise induction, amplification, and reduction of the
circular dichroism (CD) signal upon formation of 1:1,1: 2, and
1:4 host-guest complexes, respectively. X-ray structures of
1-(CHDA(g g))» and 1-(CHDAw ), exhibited the origin of
chirality induction upon coordination of the CHDA r) leading
to the contraction and expansion of 1, respectively, with
unidirectional twisting. The exciton coupling between the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1

neighbouring and distant porphyrin rings in the host-guest
complexes cumulatively originates from the trisignate CD
couplet in the porphyrinic Soret band region. This work may
pave the way for developing future nanoscale devices that can
incorporate unidirectional twisting.

Results and discussion

In order to develop a host for chiral guest encapsulation, we first
prepared 2-(2-(porphyrin-5-yl)phenoxy)benzaldehyde (A) from
2,2"-oxydibenzaldehyde and 3-ethyl-4-methylpyrrole following
the reported procedure.> Afterward, the reaction of A and 2,2
((2,6-difluorophenyl)methylene)bis(pyrrole) in the presence of
a catalytic amount of TFA formed a freebase porphyrin trimer,
which upon zinc metalation using Zn(OAc), converted to 1
(Scheme 1A; for a detailed synthesis procedure, see the ESIT).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(A) Synthetic outline of the trizinc(i)porphyrin trimer host (1) and (B) host—guest complexation between 1 and chiral guests (L).

The ESI mass spectrum of 1 revealed a peak centred at m/z
2073.5229 corresponding to [1 + H]"; the isotopic distribution
pattern of experimental mass is also nicely correlated with the
theoretical pattern (Fig. S1%). The formation of 1 was further
characterized by NMR spectroscopy (Fig. S2-S4%) and X-ray
structural (for crystallization conditions, see the ESI}) analysis
(Fig. 1A and S5}).”® Due to the flexible nature of diphenylether
linkers, 1 is stabilized in a ladder-like conformation with
a Zni---Zn2/Zn2---Zn3 distance of 8.40 A and a Znl---Zn3
distance of 16.81 A (Tables S1 and S27).

The structure of 1-(CHDAz)), has been unveiled by single
crystal X-ray crystallography® (Fig. 1B and S6t) which showed
that the complex crystallizes in a triclinic crystal system with P1
chiral space group. The molecular structure showed that all
three porphyrins are oriented in a cofacial fashion and that the
two molecules of CHDAg g) are encapsulated inside the cavities
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(A) Molecular structure of 1. Bond lengths (A) Zn1---Zn2/Zn2---Zn3, 8.40 and Zn1---Zn3, 16.81. (B) Molecular structure of 1-(CHDAg r)2.

Bond lengths (A) and dihedral angles (deg) Zn1---Zn2, 6.46; Zn2---Zn3, 5.88; Zn1---Zn3, 12.34; Zn1-N1L, 2.156(4); Zn2-N2L, 3.521(4); Zn2-N3L,
2.193(4); Zn3-N4L, 2.191(4); Zn1-C33-C83-Zn2, 44.09; Zn2-C83A-C33A-Zn3, —42.91. (C) Molecular structure of 1-(CHDArg)s. Bond
lengths (A) and dihedral angles (deg): Zn1---Zn2/Zn2---Zn3, 8.63; Zn1---Zn3, 17.25; Zn1-N1L/Zn3-N7L, 2.183(12); Zn2-N3L/Zn2-N5L, 2.397(14);

Zn1-C33-C83-7Zn2, 74.69; Zn2-C83A-C33A-Zn3, —74.69.

of 1 via Zn-N coordination bonds. Overall, the complex attains
a clockwise helical structure in which the dihedral angle
between the first and second porphyrins (¢;, Zn1-C33-C83-
Zn2) is 44.09°, and that between the second and third
porphyrins (¢,, Zn2-C83A-C33A-Zn3) is —42.91°. The non-
bonding distances of Zn1---Zn2 and Zn2---Zn3 are 6.46 and
5.88 A, respectively, and the Zn1---Zn3 distance is 12.34 A. The
comparison of the non-bonding Zn---Zn distances of 1 and
1-(CHDAz g)), clearly shows the contraction of the structure
upon encapsulation of two molecules of CHDA g).

Dark red crystals of 1-(CHDA(g)s are also grown for X-ray
structural analysis.”” The complex crystallizes in a triclinic
crystal system with P1 space group (Fig. 1C and S7t). From the
crystal structure, it can be seen that one molecule of CHDA g
coordinates to each zinc centre of the terminal porphyrins and
two molecules of CHDA g bind to the zinc centre of the central
porphyrin through the -NH, binding site. Thus, the two terminal
Zn(u) centres adopt five-coordinate square pyramidal geometry,
and the central Zn(u) centre adopts six-coordinate octahedral
geometry. Zn(u)porphyrins generally prefer to form five-
coordinated  states; however, the presence of four
electron-withdrawing chloro groups in the central Zn(u)porphyrin
enables it to attain the six-coordination state.*® Interestingly,
1-(CHDA r)s stabilizes in an extended clockwise helical struc-
ture in which porphyrin rings are away from each other because of
the repulsion between four CHDA ) molecules. The dihedral
angles ¢, and ¢, are 74.69° and —74.69°, respectively. The Zn1---
Zn2/Zn2---Zn3 non-bonding distance is 8.63 A and the Zn1---Zn3
distance is 17.25 A, indicating the extension of the structure
compared to the 1:2 host-guest complex.

6034 | Chem. Sci, 2023, 14, 6032-6038

The formation of the 1:1 host-guest complex in solution
was confirmed from its "H NMR spectrum which showed a large
upfield shift of the chiral guest protons as the guest emerges in
the porphyrin ring current (Fig. S8}). For example, the
CHDA(zz) protons in 1-CHDAr) resonated at —0.24 (H),
—1.78, —1.94 (H,), —2.05 (H;), —3.83, —3.94 (H,), —5.13 (H;) and
—5.78, —7.49 (NH,) ppm. H,, H,; and NH, protons were split in
1-:CHDA(z ) due to their being in close vicinity to the two
different porphyrin rings. The identical 5, 15 meso protons of
the porphyrin ring (once the substrate binds to the Zn centre)
were split into two resonances and shifted to 10.16 and
9.89 ppm, due to the stereospecific twisting of the porphyrin
rings in the host-guest complexes. In the 1:2 complex
1-(CHDA(g g))2, a slight downfield shift of guest protons was
observed as compared to 1-CHDA x) (Fig. S8-S11f). A similar
shift of the guest protons was also observed with other
substrates as well (Fig. S12). In contrast, the addition of 1.0 M
equivalent of cyclohexylamine to 1 produced a 1:1 host-guest
complex that results in smaller upfield shifts of guest protons
due to the monotopic binding of the guest (Fig. S81). Moreover,
ESI mass spectrometry of 1 with 100 eq. of CHDA g revealed
peaks at m/z 2187.5136 and 2301.6658, respectively, which were
assigned to [1:-CHDAgg + H]" and [1-(CHDAgg), + H]
(Fig. S13%), confirming the formation of 1:1 and 1:2 host-
guest complexes.

Host-guest complexation between 1 and chiral diamines
(Scheme 1B and Fig. 2A) in solution state was also investigated by
UV-vis spectroscopy. Upon addition of a chiral diamine guest to
a dichloromethane solution of 1, three stepwise UV-visible
spectral changes were observed depending on the concentration

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) Schematic representation of the formationof 1:1, 1: 2 and 1: 4 host—guest complexes between 1 and CHDA g). CD and UV spectral

changes (in CH,Cl, at 295 K) of 1 (at 3 x 10~° M) upon addition of CH DAr g) as the host—guest molar ratio changes from (B)1: 0to 1: 50, (C) 1: 50
to 1:500 and (D) 1:500 to 1:4000. Calculated (cal) and observed (obs) CD spectra (E) of 1-CHDARg g (brown, cal), 1-CHDAs 5) (green, cal),
1.CHDARgR (blue, obs) and 1-CHDAs ) (red, obs); (F) 1-(CHDARrR)2 (brown, cal), 1-(CHDAs ). (green, cal), 1-(CHDARrR), (blue, obs) and
1-(CHDAs 5)2 (red, obs); and (G) 1-(CHDARr r)4 (brown, cal), 1-(CHDAs,s))4 (green, cal), 1-(CHDARr r))4 (blue, obs) and 1-(CHDAs,s))4 (red, obs).

of the guest molecule. For instance, the addition of CHDAg g
from 0 to 50 equivalents to the dichloromethane solution of 1
resulted in, at first, a large red-shift of the Soret (from 407 to 419
nm), shoulder (from 423 to 436 nm) and Q bands (from 536 to 547
and 572 to 583 nm) along with a decrease in the Soret band
intensity (Fig. 2B) due to the formation of a 1:1 sandwich
complex, 1-CHDA g). In the second step, upon further addition
of CHDA z) from 50 to 500 equivalents, more red-shift of the
Soret (from 419 to 421 nm) and Q bands (from 547 to 549 and 583
to 584 nm) was observed accompanied by an increase in the Soret
band intensity due to the conversion of 1:CHDARg) to a 1:2
sandwich complex, 1-(CHDAg ), (Fig. 2C). In the third step,
upon the addition of CHDA g from 500 to 4000 equivalents to
1-(CHDA r)>, the UV-visible spectra changed again! The Soret
(421 to 420 nm) and shoulder bands (436 to 435 nm) were shifted
slightly to a lower wavelength (Fig. 2D). After that, no further
shifting of the Soret band was observed upon the addition of
excess CHDA(g ), indicating the formation of a 1 : 4 open complex,
1~(CHDA(R,R))4 at 4000 eq. Similar UV-vis spectral changes of 1
were also observed with other substrates as well (Fig. S14%).
Moreover, the emission band of 1 decreases upon the addition of
the CHDA ) guest (Fig. S15%).

CD spectroscopy also exhibited three distinct spectral
patterns at different concentration regions associated with 1-L,
1-(L), and 1-(L); complexes. Upon gradual addition of
CHDA(zz) from 0 to 50 equivalents to the dichloromethane
solution of 1, a negative CD couplet (Acy = —220 M~ cm™"
appeared due to the formation of 1-CHDAyg (Fig. 2B).

© 2023 The Author(s). Published by the Royal Society of Chemistry

Interestingly, a similar sign of the CD couplet was also observed
with the related diphenylether-bridged dizinc(u)porphyrin
dimer upon formation of a 1:1 sandwich complex with
CHDA( r), in which two porphyrin rings were oriented in an
anticlockwise direction to have a minimum host-guest steric
clash.” Upon further addition of the substrate from 50 to 500
equivalents, 1-CHDARz gets converted to 1-(CHDAwg g,
which displayed an enhanced trisignate CD signal (Acay =
+276 M~ ' em ™' Ay, is the amplitude between the first and
second CD bands) with ‘positive-negative-positive’ signs
(Fig. 2C). The trisignate CD signal of 1-(CHDA( ), and its
larger CD amplitude compared to 1-:CHDA g indicate that the
three porphyrin rings came closer to each other with a positive
helical twist, causing a strong intramolecular exciton coupling
between them.?>®® On the other hand, the addition of a chiral
monoamine, (R)-phenylethylamine (up to 500 equiv.), to
1-CHDA ) resulted in no change in the sign and intensity of
the CD couplet, which confirmed that the CD inversion and
amplification only take place when the chiral substrate binds in
a bidentate fashion (Fig. S16%). Upon further addition of the
CHDA z ) guest from 500 to 4000 equivalents to 1-(CHDAg g))2,
the CD signal gradually decreased to give a low intensity
trisignate CD signal (A, = +75 M cm’l) due to the formation
of 1-(CHDAgg)s (Fig. 2D). Similar observations but with
opposite CD responses were also obtained with the opposite
enantiomer of the substrate which demonstrates that the
chirality is dictated solely by the stereographic projection of the
chiral centre of the substrates (Fig. 2E-G).

Chem. Sci., 2023, 14, 6032-6038 | 6035
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Similar spring-like motions were also observed for 1 upon
interaction with the PPDA() and PPDA(k) guest by CD
spectroscopy (Fig. S17 and S18f). Table S3} summarizes the
experimental spectral parameters for all the complexes re-
ported here. To understand the helicity induction process, we
also performed CD spectroscopic studies with a dizinc(u)
nickel(u)porphyrin trimer (2), in which nickel was present in
the central porphyrin ring (Schemes S2 and S3}). The addition
of CHDA( ) or PPDA(s) from 0 to 1000 equivalents to the
dichloromethane solution of 2 resulted in only low-intensity
CD signals due to monotopic binding of the guests with the
host in both 1:1 and 1:2 complexes (Fig. $19%). Thus, the
binding of the chiral diamine to 1 in a bidentate fashion
induces helicity in both 1-L and 1-(L), complexes and is
responsible for intense bisignate and trisignate CD signals.
The binding constant between 1 and the chiral diamines (L)
was determined by a CD and UV-visible spectroscopic titration
method. For complexation between 1 and CHDA ), K1, K>, K3
and K, are found to be 1.8 £ 0.2 x 10° M™%, 9.5 + 0.2 x 10°
M 2.140.1 x 10°M 'and 1.5 £ 0.2 x 10> M " (Fig. S20%),
respectively. Similarly, binding constants were also calculated
for other complexes (Fig. $21-S231).

Geometry optimization of both clockwise and anticlockwise
conformers of 1-CHDA( ) was performed with the help of
density functional theory (DFT), in which the anticlockwise
conformation of 1-CHDA ) was found to be more stable than
the clockwise conformer by 10.8 kcal mol ™" (Fig. S24A}) due to
the preorganized projection of the NH, group in CHDA g).
TDDFT calculated CD spectra of the and
anticlockwise conformers of 1-CHDA z) were also calculated
separately (Fig. S24B7); the experimental CD spectrum matched
well with the calculated one using the anticlockwise conformer.
The DFT optimized structure of 1:(CHDAzzg), also matches
well with the X-ray structure with a much longer Zn2-N2
distance (Fig. 3A and S25%). The trisignate nature of the CD
spectrum of 1-(CHDA g z)), was reproduced nicely in the TDDFT
calculation (Fig. 3B). Molecular orbital calculations showed that
not only the +ve and —ve coupling interaction between distal
porphyrins (first-second and second-third) but also the +ve

clockwise

®
6 (mdeg)
i

-20
380

420
Wavelength (nm)

460

Fig. 3 (A) DFT-optimized structure of 1-(CHDARrg). bent arrows
represent the direction of interporphyrin twisting. (B) TDDFT-calculated
(blue line) and experimental (red line) CD spectra of 1-(CHDA g))2.
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interaction between proximal porphyrins (first-third) is
involved in the trisignate CD signal (Fig. S26 and S27, and Table
S5%). Although multisignate CD signals have been observed
earlier for porphyrin aggregates,"*® the origin of these bands
has seldom been reported.

Conclusions

In summary, the present work demonstrates unique chiral-
guest-regulated spring-like contraction and extension
motions coupled with unidirectional twisting in a flexible and
achiral ‘nano-size’ trizinc(u)porphyrin trimer host (1). The
work also rationalized the origin of chirality transfer from an
optically active diamine guest (L) to an achiral host 1 upon
step-wise formation of 1:1, 1:2 and 1:4 host-guest supra-
molecular complexes during which porphyrin CD responses
have been induced, inverted and amplified and also reduced in
a single molecular framework for the first time. Moreover, the
strong intramolecular exciton coupling between the three
porphyrin rings generates trisignate CD signals, which also
provide information about the distances and relative orienta-
tions of the porphyrin chromophores. These results provide
a design strategy for the development of novel ‘nano-size’
molecular machines with elastic motions for various
applications.
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Crystal data for 1, CCDC-2214044, triclinic, space group P1,
a = 11.2120(9) A, b = 13.3082(11) A, ¢ = 19.7177(15) A, a =
73.666(2)°, B = 84.633(2)°, ¥ = 68.645(2)°, V = 2629.4(4)
A®, Z = 1, Dc = 1.289 Mg per mm®, T = 100(2) K, no. of
reflections used = 9766, 0. = 25.498°, R; = 0.0712 (for I
>24(1)), R, (all data) = 0.1071, goodness of fit on F* = 1.057.
Crystal data for 1-(CHDA(zpg)),, CCDC-2214045, triclinic,
space group P1, a = 12.967(2) A, b = 14.683(2) A, ¢ =
17.866(3) A, a = 82.663(4)°, 8 = 72.777(4)°, v = 72.012(4)°,
V = 3087.6(8) A*, Z = 1, Dc = 1.241 Mg per mm®, T =
100(2) K, no. of reflections used = 22655, 00 = 25.50°, Ry
= 0.0452 (for I > 20(I)), wR, (all data) = 0.1086, goodness
of fit on F* = 1.007.

Crystal data for 1-(CHDA(zzg))s, CCDC-1849072, triclinic,
space group P1, a = 12.199(5) A, b = 14.356(5) A, ¢ =
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58 L. Favereau,
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21.640(5) A, o = 83.953(5)°, 8 = 86.895(5)°, v =66.880(5)°,
V = 3466(2) A®, Z = 2, Dc = 1.210 Mg per mm?®, T = 100(2)
K, no. of reflections used = 12311, 0.« = 25.10°, R, =
0.1591 (for I > 20(I)), wR, (all data) = 0.4507, goodness of
fit on F* =1.013.
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