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Abstract Supramolecular chirogenesis represents an effective way to
induce chirality at the supramolecular level. For the previous host-guest
chirogenic systems, metal-ligand coordination, hydrogen bonding, -t
stacking and hydrophobic interactions have been mainly employed as
the non-covalent driving forces. In this study, Pt(Il)--Pt(Il) metal-metal
interactions have been engineered to induce supramolecular chiro-
genesis, by forming non-covalent clipping structures between chiral
platinum receptors and achiral platinum guests together. This results in
the emergence of Cotton effects in the metal-metal-to-ligand charge
transfer region, ascribed to chirality transfer from trans-1,2-diamide
cyclohexane unit on chiral receptors to Pt(ll)—Pt(ll) non-covalent
interacting sites. Supramolecular chirogenesis can be further trans-
ferred from organic to aqueous solutions, with higher resistance to
concentration and temperature variations in the latter medium. Overall,
the current study provides new avenues toward supramolecular chirality
systems with tailored properties.

Key words chirality, host-guest recognition, metallotweezers, Pt(ll)-
Pt(ll) metal-metal interactions, supramolecular chemistry

Introduction

Expression of chirality at the supramolecular level is
ubiquitous in nature (e.g., the right-handed double helix of
DNA), which stimulates the development of artificial
supramolecular chirality systems.! Up to now, supramolecu-
lar chirogenesis has been regarded as an effective way to
achieve this goal?> which takes place between achiral
synthetic receptors and chiral guests (or vice versa) via
non-covalent host-guest recognition. The pioneering re-
search in this field was performed by Inoue, Borovkov and co-
workers: Upon non-covalent complexation between achiral
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zinc porphyrin tweezers and chiral amines, circular dichroism
(CD) signals were induced in the porphyrin’s Soret band
region. Later on, a variety of synthetic receptors including
molecular tweezers,* macrocycles,’ cages,® foldamers,” and
helical polymers® have been utilized for chirogenesis upon
complexing the complementary guests. To guarantee specific
host-guest complexation in supramolecular chirogenic
processes, metal-ligand coordination, hydrogen bonding,
m-1t stacking, and hydrophobic interactions have been
employed individually or conjointly as the non-covalent
driving forces. Despite the progresses achieved, new non-
covalent forces with effective chirogenic capabilities are
required for the further advancement in this field.

To attain this objective, organoplatinum(Il) complexes
represent an ideal type of supramolecular building blocks.®
Thanks to the square planar geometry, these compounds
show strong tendency to stack with each other in solution
and solid states, potentially accompanied by Pt(II)-Pt(II)
orbital overlapping between the neighbouring molecules.
The so-called Pt(II)-Pt(Il) metal-metal interactions'® result
in 5d,? orbital reorganization into low-lying d; and high-
lying d- orbitals for the Pt atoms. Further interplay with the
ligands leads to the emergence of metal-metal-to-ligand
charge transfer (MMLCT) transitions, which commonly
located in low-energy visible/NIR region for the absorbance
and emission signals. By taking advantage of these
fascinating properties, Yam’s group has developed label-
free sensing techniques toward enzymes and other
biologically active molecules, by modulating the strength
of Pt(II)-Pt(Il) metal-metal interactions with obvious
MMLCT spectroscopic changes before/after addition of the
analytes.!! Chi’'s group has developed high-performance
near-infrared organic light-emitting diodes on the basis of
MMLCT emission signals in the aggregated state.'? We
envisage that, when Pt(II)--Pt(II) metal-metal interactions
are introduced into non-covalent host-guest systems, it
facilitates supramolecular chirogenesis in the low-energy
MMLCT absorption region. Such unique properties would be
especially promising for applications in chiroptical switches
and optoelectronic devices.
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Recently, our research group has constructed organo-
platinum(II)-based supramolecular chirogenic systems via
the non-covalent “clipping” effect.’® Specifically, achiral
tweezer receptor and chiral (R or S)-pinene-substituted
platinum(II) guests have been designed to recognize with
each other. The resulting host-guest complexes induced
Cotton effects, which were driven by Pt(II)--Pt(Il) metal-
metal and donor-acceptor m-m stacking interactions. To
prove the versatility of the “clipping” strategy, herein a
vice versa design has been proposed, which contains the
chiral Pt(II) receptors (SS)-1 [or (RR)-1] and achiral guest 2
(Scheme 1). Upon mixing the two compounds together in
chloroform, two-fold metal-metal interactions are involved
in the non-covalent complexation structures. This results in
chirality transfer from the trans-1,2-diamide cyclohexane
unit on (SS)-1 [or (RR)-1] to the non-covalent Pt(II)—Pt(II)
interacting sites, thus enabling supramolecular chirogenesis
in the low-energy MMLCT region. Moreover, the chirogenic
behaviours can be transferred from organic to aqueous
media, by employing 3 (Scheme 1) as the complementary
guest instead of 2. The current study opens up new avenues
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Scheme 1 (a) Chemical structures of chiral Pt(Il) receptors (SS)-1,
(RR)-1, achiral guests 2 and 3, as well as the control compound 4. In the
chemical structures of (SS)-1, (RR)-1 and 4, the counteranions are
tetrafluoroborate (BF,—). (b) Schematic representation for noncovalent
complexation between chiral receptors (SS)-1 [or (RR)-1] and achiral
guests 2 (or 3), which give rise to supramolecular chirogenesis
engineered by Pt(ll)---Pt(ll) metal-metal interactions.
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toward supramolecular chirogenesis via the elaborate
manipulation of non-covalent driving forces.

Results and Discussion
Synthesis and Spectroscopy of (SS)-1 and (RR)-1

The designed compounds (SS)-1 and (RR)-1 were
synthesized via copper(I)-catalyzed coupling reactions
between chloroplatinum(Il) terpyridine and the corre-
sponding bis-acetylene intermediates (Scheme S1).!%13
The proposed structures were characterized via 'H, '3C
NMR and ESI-MS spectra (Figures $16-S25). In the 'H NMR
spectrum of (5§5)-1 (¢ = 2.00 mM in chloroform), the amide
resonances located at 6.86 ppm, while the terpyridine
protons Hq_4 appeared at 9.10, 7.60, 8.73 and 8.84 ppm,
respectively (Figure S1). These aromatic resonances exhib-
ited slight changes upon varying the concentration of (S5)-1
from 0.50 to 10.0 mM (6 for protons Hy: from 9.11 to
9.06 ppm, Figure S1), denoting weak self-association
tendency of (SS)-1 (Figure S1).

For UV-Vis spectrum of (SS)-1(c = 2 x 10> M in CHCl3,
298 K, Figure 1a), an intense UV absorbance appeared
between 255 and 365 nm (¢ = 7.73 x 10* L mol ' cm ™! at
286 nm), while a broad absorption band existed between
365 and 490 nm (¢ = 9.21x 10> L mol ™! cm~! at 410 nm).
With reference to previous literatures,'® the former band is
assigned to the intra-ligand (IL) transitions, while the latter
band belongs to the admixture of m(C=CR)—m*(‘Bustpy)
LLCT (ligand-to-ligand charge transfer) and dm(Pt)—m*
("‘Bustpy) MLCT (metal-to-ligand charge transfer) transi-
tions. For the emission signals of MLCT/LLCT bands, they
were centred at 600 nm upon light excitation at 450 nm
(Figure S4). An obvious Cotton effect was observed in the IL
absorption region of (SS)-1 (Figure 1b), with a positive
maximum at 301 nm (As = +57.7 L mol™! cm™!, g = +-
9.88 x 10~%) and a negative one at 275 nm (As = —32.3 L
mol~! cm™!, g = —4.58 x 10~%). The Cotton effect in the
MLCT/LLCT region was very weak at2 x 107> M (Figure 1b),
which strengthened upon increasing the concentration to
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Figure 1 (a) UV-Vis absorption and (b) CD spectra (CHCl3, 0.02 mM) of
compounds (RR)-1 (black lines), (5S)-1 (red lines) and 2 (blue lines).

© 2021. The Author(s). Organic Materials 2021, 3, 374-380



376

THIEME

(o] ELITMETCEIIM C. Wei et al.

1 x 1073 M (432 nm; Ae = +3.24 L mol~! cm™', Figure 5).
As expected, the enantiomer compound (RR)-1 displayed
the same absorption and mirror-imaged CD signals
(Figure 1a, b). The Cotton effects in (SS)-1 and (RR)-1 are
ascribed to intrinsic molecular chirality, as validated by
the maintenance of CD signals upon elevating the tempera-
ture (Figure S2).

Non-covalent Complexation between (SS)-[(RR)-1
and 2

Upon mixing (SS)-1 and the neutral Pt(Il) compound 2
together in CDCls, the aromatic 'H NMR resonances became
broadened and ill-defined, suggesting non-covalent com-
plexation between (SS)-1 and 2 (Figure S3). Absorption and
emission spectroscopies were further employed to charac-
terize the resulting non-covalent complexes. For 2 itself, the
IL absorption band located below 390 nm (Figure 1a), while
no emission signals were observed (Figure S4). For a 1:1
mixture of (§5)-1and 2 (c = 1 x 1073 M for each compound
in chloroform, 298 K), a new absorption band appeared in
the low-energy region (ranging between 510 and 660 nm,
€ =229 x 10> L mol~' cm™" at 560 nm, Figure 2a). In the
meantime, an emission band emerged in the near-infrared
region (Amax = 800 nm, Figure S4). According to the previous
literatures,!” these emergent spectroscopic signals are
characteristic for MMLCT transitions, suggesting the proxim-
ity of Pt(II) atoms upon (SS)-1/2 non-covalent complexation to
induce Pt(II)—Pt(I) metal-metal interactions.
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Figure 2 (a) UV-Vis spectra (CHCl5, 1 mM for each of the component)
of 2 (blue dash line), (SS)-1 (red dash line), (RR)-1 (black dash line),
complexes (5S)-1/2 (red solid line) and (RR)-1/2 (black solid line). (b)
Job’s plot of complex (SS)-1/2 on the basis of UV-Vis experiments.

Depending on dynamic light scattering (DLS) experi-
ments, no large-sized aggregates were formed for the
mixture of (5§5)-1 and 2 in chloroform (hydrodynamic
diameter: <6 nm, Figure S5b). The result suggests the
formation of a discrete supramolecular entity rather than
long-range-ordered nanostructures. Notably, George’s
group has previously reported that, when two m-conjugated

chromophores [such as naphthalene diimide and 1-cyano-
1,2-bis(phenyl)ethene] are attached to the trans-1,2-di-
amide cyclohexane scaffold, the resulting compounds tend
to form large-sized supramolecular polymers as driven by
intermolecular hydrogen bonding and m-m stacking inter-
actions.'® It should be mentioned that difference between
the current and George’s reported systems lies in the
solvents employed. As widely documented, aliphatic
solvents such as methylcyclohexane (employed in George’s
systems) are regarded as the “bad” solvents.'® They favour
hydrogen bonding and m-m stacking interactions, and
thereby trigger intermolecular packing to form long-
range-ordered nanostructures. In sharp contrast, herein
the chlorinated solvent is employed, which is well known as
the “good” solvent to prevent aggregation of m-conjugated
systems.

To elucidate the exact structural information of non-
covalent complexes, we resorted to DFT (density functional
theory) calculations. For the optimized geometry of (SS)-1/2
(Figure 3b), 2 is sandwiched between the two platinum
terpyridine pincers in (SS)-1, with the inter-planar distances
of 3.36 and 3.37 A, respectively. Notably, the two platinum
(I) terpyridine pincers on (SS)-1 are substantially
compressed upon sandwiching 2: the two platinum(II)
terpyridine pincers for (SS)-1 itself distort from each other
to form a V-shape structure (Pt-Pt distance:
17.7 A, Figure 3a). Upon encapsulating the complementary
guest, the two platinum(II) terpyridine pincers twist closely

Figure 3 The optimized geometries of (a) (SS)-1 and (b) (SS)-1/2 via
DFT computation.

© 2021. The Author(s). Organic Materials 2021, 3, 374-380
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[Pt-Pt distance on (SS)-1: 6.59 A], which facilitates the
generation of donor-acceptor m-stacking interactions to-
ward 2. More intriguingly, Pt?>*—Pt?>" distances between
two platinum(Il) terpyridine pincers on (55)-1 and 2 were
determined to be 3.42 and 3.34 A, with the Pt—Pt—Pt angle
of 153.6°. This unambiguously supports the presence of
two-fold Pt(II)—Pt(II) metal-metal interactions in (SS)-1/2.
Hence, (SS)-1 serves as the tweezer receptor and leads to the
formation of non-covalent clipping structure (SS)-1/2. We
rationalized that the enthalpy preference upon non-cova-
lent (SS)-1/2 complexation compensates for the loss of
conformational entropy in (SS)-1. The calculation result was
verified by means of UV-Vis Job’s plot experiments. As
shown in Figure 2b, the MMLCT absorbance intensity
reaches the maximum value at the equivalent ratio,
illustrating 1:1 binding stoichiometry between (SS)-1 and 2.

Binding Thermodynamics for Complexes (5S)-1/2
and (RR)-1]2

Non-covalent binding thermodynamics of complex (SS)-
1/2 was further acquired. With the progressive addition of 2
to (SS)-1, the MMLCT emission band increased for the
intensity, while the MLCT/LLCT emission band of (SS)-1
declined (Figure 4a). Treatment of the collected MLCT/LLCT
emission data at 600 nm with a nonlinear curve-fitting
equation provided the K, value of 1.35 x 10* M~ (+6%) for
complex (SS)-1/2 (Figure 4b). A comparable K, value was
obtained on the basis of 'TH NMR titration experiments
[Ka=1.20 x 10* M~! (+£14%), Figure S6]. In terms of
complex (RR)-1/2, the similar K, value was determined
to be 1.46 x 10* M~! (+5%) on the basis of emission
measurements (Figure S7).
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Figure 4 (a) Partial emission signal changes upon gradual addition of 2
into (SS)-1 (CHCl3, 0.20 mM). The arrows indicate the spectral change
upon increasing the amount of 2. (b) Intensity changes of emission
intensity at 600 nm, together with the non-linear curve fitting (red
line).

As previously reported by us,'® the tweezer receptor 4

(Scheme 1) with conformationally rigid spacer is also
capable of sandwiching guest 2 into its cavity. As compared

to that of complex (SS)-1/2, the binding affinity of complex
4/2 (K, = 7.00 x 10* M—")'®" is four times higher. Consid-
ering that both receptors 4 and (SS)-1 possess the same
platinum terpyridine pincers, it is apparent that the spacer
units on tweezer receptors exert crucial impact on the non-
covalent binding thermodynamics. In terms of (SS)-1, the
conformational twist for the trans-1,2-diamide cyclohexane
spacer brings extra entropy loss during the non-covalent
complexation process. Meanwhile, the two platinum
terpyridine pincers on (SS)-1 are not co-facial with each
other in complex (SS)-1/2. Accordingly, it gives rise to
weaker m-1t/Pt(II)—Pt(Il) complexation strengths when
comparing to those of complex 4/2.

Supramolecular Chirogenesis for Complexes (SS)-1/2
and (RR)-1/2

Next, we performed CD spectroscopy for the non-
covalent clipping structures. When achiral guest 2 was
added into (SS)-1 (c =1 x 1072 M for each compound in
CHCl3, 298 K), CD intensity in the MCLT/LLCT region (below
490 nm) amplified when compared to that of (SS)-1
(Figure 5). The phenomenon is probably ascribed to the
prevention of free bond rotations upon (SS)-1/2 complexa-
tion. Simultaneously, an obvious Cotton effect emerged in
the MMLCT absorption region (between 490 and
650 nm, Figure 5), suggesting chirality transfer from
trans-1,2-diamide cyclohexane to the non-covalent Pt
(II)—Pt(Il) interacting sites. Unlike (SS)-1, the CD signals
of complex (SS)-1/2 were highly bisignated. In particular, the
negative maxima were located at 386 nm (A = —5.43 L
mol~! cm™!) and 495 nm (Ae = -5.22 L mol~! cm™!), while

204 ——(8S)1
--- (RR)-1

5 - ——(8S)1/2

o ¥ ‘ - -~ (RR)-1/2

{0}

§e)

=

A0

O

=204

500 600
Wavelength / nm

400 700
Figure 5 CD spectra (1.00 mM in chloroform) of (RR)-1 (black dash

line), (SS)-1 (black dash line), complexes (RR)-1/2 (red dash line) and
(SS)-1/2 (red solid line).
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the positive ones at 432 nm (Ae = +6.47 Lmol~' cm~!) and
560 nm (As = +1.40 L mol™! cm™!). Mirror-image CD
spectrum was observed for the enantiomer complex (RR)-
1/2 (Figure 5). Accordingly, supramolecular chirogenesis
occurred for complexes (55)-1/2 and (RR)-1/2 in the MMLCT
absorption region, which have been seldom encountered for
the previous Pt(Il)-based supramolecular systems.?°

Notably, no supramolecular chirogenesis took place for
both complexes (SS)-1/2 and (RR)-1/2 at the concentration
of 1 x 107* M (Figure S8). Considering that (SS)-1/2 [or
(RR)-1/2] are in dynamic equilibrium between complexed
and uncomplexed states, we resorted to mathematical
calculation to elucidate the concentration-dependent su-
pramolecular chirogenic behaviours. Briefly, when the
concentration reaches 1 x 1073 M1, 58.1% exists in the
complexed (SS)-1/2 form, which acts as the active species
toward supramolecular chirogenesis. In stark contrast, the
complexed species accounts for 20.7% upon decreasing the
concentration to 1 x 107* M~'. Hence, non-covalent
clipping between (SS)-1 and 2 is a prerequisite for
supramolecular chirogenic behaviors.

In addition, supramolecular chirogenesis is highly
temperature-dependent. For the 1,2-dichloroethane solu-
tion of (55)-1/2(c = 1 x 1073 M for each compound), the CD
intensity in the MMLCT region declined upon elevating the
temperature, and almost disappeared at 353 K (Figure S9a).
The resultant CD signal resembled that of the individual
compound (SS)-1. Break-up of supramolecular chirogenesis
is highly plausible, since non-covalent clipping structures
dissociated at high temperatures. Upon further cooling to
293 K, the Cotton effects in the MMLCT region fully restored
(Figure S9b), validating the reversibility of supramolecular
chirogenic signals.

Chiral Amplification for Complexes (SS)-1/3 and
(RR)-1/3 in Water

Water is a green and environmentally friendly medium,
which stimulates us to induce supramolecular chirogenesis
in aqueous solution. To guarantee sufficient water solubility
of the non-covalent clipping structures, poly(ethylene
glycol) (PEGyqg0) was further attached to the guest structure
(compound 3). Similar to that of 2, 3 was encapsulated into
the cavity of (SS)-1 in the chlorinated solvents. It was
accompanied by the emergence of MMLCT absorption and
CD signals at the concentration of 1 x 10~> M (Figure S10).
Depending on emission titration experiments (Figure S11),
the K value for the resulting complex (55)-1/3 in CHCI; was
determined to be 2.31 x 10* M~ (+ 11%). It is comparable
to that of (85)-1/2, illustrating the minor impact of the PEG
chain on the non-covalent complexation strength.

CD spectroscopy was further performed for (S5)-1/3 in
water. In the MMLCT absorption region, the maximum
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Figure 6 (a) CD spectra (0.10 mM, 298 K) of (5S)-1/3 in methanol
(black solid line) and water (red solid line), together with (RR)-1/3 in
methanol (black dash line) and water (red dash line). (b) CD intensities
at 500 nm (1.00 mM) of complexes (SS)-1/3 and (RR)-1/3 at different
temperatures.

positive and negative CD signals appeared at 579 nm
(Ae = +2.40 L mol™' cm™') and 499 nm (Ae =-2.88 L
mol~! cm™!) for 1.00 x 10~2 M aqueous solution of (SS)-1/
3, respectively (Figure S12). Remarkably, supramolecular
chirogenic signals in water are more resistant to concentra-
tion variations, as reflected by the maintenance of Cotton
effects at a low concentration (1.0 x 10~ M, Figure 6a). It is
contrary to the aforementioned results in organic media,
which lost supramolecular chirality and displayed molecu-
lar chirality signals. The improved chirogenic phenomenon
originates from supramolecular assembly of (55)-1/3 in
water, because of phase segregation between hydrophobic
tweezer/guest complex and hydrophilic PEG,p99 chains
(Figure S13a). The conclusion was validated by means of DLS
measurements: the hydrodynamic diameters of (SS)-1/3
increased from 6 to 76 nm upon switching the solvent from
methanol to water (Figure S13b). According to transmission
electron microscopy (TEM) measurements, complex (SS)-1/
3 was prone to form nanoparticles with the averaged
diameter of 200 nm in water (Figure S13c). The larger
diameters in TEM could be ascribed to the existence of
molecule-surface interactions when depositing supramo-
lecular aggregates of (SS)-1/3 on the solid support.
Additional evidence for the assembly of (SS)-1/3 came
from solvent-dependent UV-Vis measurements, which
displayed an isosbestic point at 562 nm upon varying the
methanol/water volume ratio (from 10.0% to 38.3%,
Figure S14). Benefited from this, the supramolecular
chirogenic signals of (SS)-1/3 maintained at elevated
temperatures (at 495 nm: Ae = |2.21] L mol™! cm™! at
358 Kvs. |2.80| Lmol~! cm™! at 298 K; Figures 6b and S15).

Conclusions

In summary, herein supramolecular chirogenic systems
engineered by Pt(Il)--Pt(II) metal-metal interactions have
been successfully constructed. The key design principle is
non-covalent recognition between chiral receptors (SS)-1

© 2021. The Author(s). Organic Materials 2021, 3, 374-380
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[or (RR)-1] and achiral guest 2, giving rise to the formation of
clipping complexes (SS)-1/2 [or (RR)-1/2] with two-fold -1t
stacking and Pt(II)--Pt(II) metal-metal bonds. Cotton effects
emerged in the low-energy MMLCT region, thanks to
chirality transfer from the trans-1,2-diamide cyclohexane
unit on (SS)-1 [or (RR)-1] to the Pt(II)—Pt(II) interacting sites.
For complex (SS)-1/3, the attachment of a PEG2000 unit
enables supramolecular chirogenesis in water. More impor-
tantly, assembly of (55)-1/3 leads to the high resistance of
supramolecular chirogenic signals toward concentration
and temperature variations. Overall, with the elaborate
manipulation of non-covalent driving forces, the current
study provides new avenues toward supramolecular chiral
systems with tailored properties.
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