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Circularly Polarized Luminescence of Thiophene-Bridged
Macrocyclic pseudo-meta [2.2]Paracyclophanes

Charlotte Kress*,” Eric Sidler*,” Payton Downey,"” Patrick Zwick, Olaf Fuhr,”

Dieter Fenske,™ Stefan Bernhard, and Marcel Mayor*!

Chiral organic molecules possessing high quantum yields,
circular dichroism, and circularly polarized luminescence values
have great potential as optically active materials for future
applications. Recently, the identification of a promising class of
inherently chiral compounds was reported, namely macrocyclic
1,3-butadiyne-linked pseudo-meta[2.2]paracyclophanes, display-
ing high circular dichroism and related g, values albeit modest
quantum yields. Increasing the quantum yields in an attempt to

Introduction

Since the discovery of [2.2]paracyclophane (PCP) by Brown and
Farthing in 1949,"" this unique building block has found its way
in numerous research fields including optoelectronics, molec-
ular electronics and conjugated polymers.? PCPs are highly
strained cyclophanes where two phenylenes are bridged by
two ethylene linkers. The face-to-face oriented benzene units
are slightly rotated with respect to each other and their planar
distance of about 3.1 A results in strong n-r interaction.*¥ The
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get bright circularly polarized light emitters, the high-yielding
heterocyclization of those 1,3-butadiyne bridges resulting in
macrocyclic 2,5-thienyls-linked pseudo-meta
[2.2]paracyclophanes is herein described. The chiroptical prop-
erties of both, the previously reported 1,3-butadiyne, and the
novel 2,5-thienyl bridged macrocycles of various sizes, are
experimentally recorded, and theoretically described using
density-functional theory.

functionalization of PCPs was a breakthrough and allowed their
introduction in more complex molecular architectures resulting
in various novel 3D materials.?’ Especially the four pseudo
disubstitution patterns®™ have caught the attention of molecular
engineers due to their different geometries and in some cases
even inherent chirality. Three of the pseudo-substituted PCP
units, namely pseudo-ortho,®” pseudo-meta®” and pseudo-
para"® were recently embedded in macrocyclic structures,
equipping the respective molecules with exemplary chiroptics —
a highly sought after property in optoelectronic materials.
Besides different geometries, the PCP substitution patterns also
display substantial differences in the electronic structure and
electronic coupling through the 3D building block. For pseudo-
meta PCPs constructive quantum interference was hypothesized
theoretically""” and corroborated experimentally,” suggesting
the building block to be a valuable subunit for conjugated
materials. This led us to our recent work of thoroughly
conjugated macrocycles incorporating several pseudo-meta
PCPs interlinked by 1,3-butadiyne units.”! The reported library
(Ry)a-2n, where n represents the number of PCP subunits
(Figure 1a), displayed unprecedented circular dichroism (CD)
intensities and was synthetically accessible in high yields thanks
to the predefined angle of the pseudo-meta PCP subunit. The
large absorption dissymmetry factors g, (Where g,,,=A&/€) of
0.021 for (R,),-2, now urged the investigation of their circularly
polarized luminescence (CPL) properties, particularly given the
recently reported correlation of |g,,| =0.94%|g.,| for planar
chiral cyclophanes"? (where g,,,=2(l,—Ig)/(l,+1z) and I is the
CPL intensity). Simultaneously, we aimed at improving the
molecular structure to enhance photostability, quantum yield
and chiroptical properties to render them more desirable
towards future applications." In recent literature reports, the
transformation of 1,3-butadiynes to 2,5-thienyls has led to a
concurrent increase of quantum yield and photostability given
the reduced number of photoreactive alkynes."*'>'® Herein, we
thus show the synthesis and characterization of the hetero-
cyclized library (R,),-1, and investigate and compare the

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 1. Comparison of our previous (a) and current work (a and b, underlined by blue colored background) highlighting the main (chir)optical properties of

the molecules.

promising CPL properties of both libraries (R.),1, and (R,).2,
(Figure 1b). We thereby set our focus on the trimeric, tetrameric
and pentameric macrocycles (R,);-23 (R,)4-24 and (R,)s-2s. The
library of thienyl-linked macrocycles (R;),-1, was not extended
to the hexameric structure, as our previous study already
showed a significant drop in Cotton effect intensity in the CD
experiment. The enantiopure synthesis of the 1,3-butadiyne-
linked macrocycles allowed us to work in an enantiopure
fashion, not requiring additional chiral separation techniques.
Both the synthesis and spectroscopic analysis were performed
for each enantiomer, but for simplicity reasons the discussion of
the synthesis and optical properties will be limited to the (R,)-
enantiomer.

Results and Discussion
Synthesis and Characterization

We envisioned to introduce the sulfur heteroatom via literature-
known heterocyclization procedures starting from the 1,3-
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butadiyne derivatives (R,),-2,. The trimeric macrocycle (R;);-2;
was the first structure that was subjected to the heterocycliza-
tion reaction (Scheme 1a). Unfortunately, employing standard
literature conditions,"'® no product could be isolated and also
no corresponding mass signal was observed using matrix-
assisted laser desorption/ionization mass spectrometry (MALDI-
MS). However, we observed full consumption of the starting
compound and conversion to a baseline spot on the thin-layer
chromatography (TLC) experiment. Attempts at optimizing the
reaction outcome by varying the employed conditions were
unsuccessful (see Table S1 in Supporting Information). Since the
formation of a 2,5-thienyl generally leads to a contraction in
comparison to the 1,3-butadiyne unit, we hypothesized that the
trimeric macrocycle is of a too narrow dimension, leading to
steric clashes of the ethylene bridges in the center of the ring
structure. We assume that the sulfide ion does undergo
addition to the 1,3-butadiyne but does not convert to the
thiophene unit, which would explain the formation of a polar
baseline spot on the TLC. Our efforts to form the thiophene
moieties by increasing the temperature (up to 140°C) were,
however, unsuccessful.
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Scheme 1. Synthesis towards (R,);-13, (R,)s-14 and (R,)s-15. The synthesis of
the other enantiomers is not depicted here and can be found in the
Supporting Information.

The outcome of the heterocyclization reaction on the
tetrameric structure (R,),-2, was much more satisfactory. After a
few optimization steps, (R,),;-1, was accessible in 99%, when
using sodium sulfide nonahydrate and catalytic amounts of
copper iodide in DMF at 90°C (Scheme 1b). (R,)s-25 underwent
heterocyclization under the same conditions to yield (R)s-15 in

80%. The other enantiomers (S,),-1, and (S,)s-15 were synthe-
sized in similar yields of 92% and 77 % starting from (S,),-2, and
(Sp)52s, respectively, demonstrating the reproducibility of the
synthetic protocol.

The successfully synthesized structures (R.),-1, and (R,)s-1s
were fully characterized by high-resolution-(HR)-MS analysis
and state of the art two-dimensional nuclear magnetic
resonance (NMR) spectroscopy, allowing assignment of all
signals. In the "H-NMR spectra shown in Figure 2, the formation
of the thiophene can be readily identified by the emergence of
a singlet in the aromatic region, which is downfield shifted by
0.11 ppm for (R,)s-15 compared to (R,),-1,. This difference in
chemical shift can be attributed to a deshielding of the
thiophene proton by the ring current of the adjacent PCP-
phenylene, which is more pronounced in the pentameric
structure due to a smaller ring strain and thus shorter inter-ring
distance. The same reasoning could potentially be applied to
proton 1, which, however, shows the complete opposite
behavior with an upfield shift of 0.13 ppm for (R,)s-15; compared
to (R))s-1,. In this case, the effect of the strain-release on the
PCP core and thus on the face-to-face stacking possibly
counteracts the effect of the vicinity of the adjacent n-system.
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Similarly, the macrocyclic ring strain likely explains the upfield
shift of 0.13 ppm for proton 3 in (R,),-1, compared to (R,),-1s. In
the tetrameric structure, proton 3 tends to hover on top of the
thiophene moiety, leading to a shielding by the diatropic ring
current of the thiophene unit. The mentioned effects have only
a minor influence on the chemical shift of proton 2, explained
by the larger distance to the thiophene ring.

Similar to the 1,3-butadiyne-linked library (R,),-2,, the
ethylene bridge protons in (R,),-1, have split up to four
individual multiplet signals, which show significant chemical
shift differences as compared to terminal acetylene (R,)-S1. The
downfield shift of inner proton H, of (R,),-1, can be attributed
to the spatial vicinity to the aromatic thiophene moiety and its
ring current. This effect is less pronounced for inner proton H,,
which possesses a larger distance to the thiophene unit.
Comparable to the 1,3-butadiyne-linked macrocycles (R;).2,,
the chemical shift differences of the outer protons H, and H,
are less striking due to the larger distance to the linker unit.
Generally, the ethylene bridge protons tend to shift towards the
signals of the free acetylene starting material (R,)-S1 upon
enlarging the ring size, nicely reflecting the release of strain.
Overall, the "H-NMR spectrum does not indicate any global
aromaticity or antiaromaticity around the macrocyclic circum-
ference.

The structure of (S,),-1, was corroborated by x-ray crystal-
lography. Single crystals were obtained by diffusion of
isopropanol vapors into a solution of (S,),-1, in toluene. The
adopted shape of the molecule in the solid state resembles a
square with near identical distances of 5.36 to 5.39 A between
the pseudo-meta carbons of adjacent PCPs (Figure 3). This is
considerably shorter (1.1-1.3 A) than the distance in the solid-
state of the previously reported 1,3-butadiyne-linked tetramer
(Sp)a=24, reflecting the aforementioned contraction upon hetero-
cyclization. It is noticeable that the pseudo-meta substitution
position of the PCP shows a larger angle towards the inside of
the macrocyclic structure (122°-124°) compared to the outside
(117°-119°). This was unexpected for a square shape and
indicates that the thiophenes span an arch, resulting in an
overall rather cyclic structure. The sulfur atoms of all thiophenes
are pointing towards the inside of the macrocycle and the inner
angle was measured to be between 93° and 95°. The angle is
sharper than what we would expect for a regular pentagon
(108°). From all three single molecule views it is possible to see
that the thiophenes adopt different rotational positions in
respect to the PCPs, resulting in significantly different torsion
angles ranging from 20° to 58°. This indicates rotational
flexibility of the thiophenes in the macrocyclic structure, most
likely hindering efficient overall conjugation.”” Regarding the
3D structure, a steepness of 22.6° between the PCP units can be
measured, which is larger than for the 1,3-butadiyne-linked
tetramer (R,),-2, being coherent with the smaller overall ring
size.

The unit cell of the crystal structure contains 4 enantiopure
molecules, which are displaced laterally and in depth. From the
top view as well as from the unit cell, it is possible to see that a
PCP unit is placed on top of the cavity of a neighboring
macrocycle, such that two thiophenes are oriented face-to-face
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Figure 2. 'H-NMR spectra (500 MHz, CDCl,, 298 K) comparison of starting materials (R,),-2, and (R,)s-25 (a), free acetylene macrocyclization precursor (R,)-S1 (b)
and thiophene-linked (R,),-14 and (R,)s-1s (c).
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Figure 3. Oak Ridge Thermal Ellipsoid Plots (ORTEP) of the solid-state structure of (S,),-1,. Single molecules as well as the packing is shown from different
sides, while hydrogen atoms, the second position of a sulfur atom and solvent molecules (toluene) are omitted for clarity. The thermal ellipsoids are plotted
on a 50% probability.
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to each other. The packing does not allow to fill the cavity of
(S))4-1, (diameter of about 7 R) with solvent molecules. While
no intermolecular n-n stacking is observed, the rather short
distance (<3 A) of the outer ethylene bridge protons to the
neighboring PCP phenylene indicates a favorable CH-x inter-
action. From the side view, the lateral displacement and
spatially tight and interlocked packing gets apparent.

Optical properties

The (chir)optical data of tetrameric and pentameric structures
(Ro)a14 (Rp)s-15 (Rp)s-24 and (R,)s-25 are plotted in Figure 4 and
the main values are summarized in Table 1. The absorption
spectra of (R,),-1, and (R,)s-15 show one main broad peak with
a significant drop in extinction coefficient by a factor of 2.4 and
2.1, as compared to the 1,3-butadiyne-linked macrocycles (R,),-
2, and (R,)s2s, respectively. The absorption of (R,),-1, and (R,)s-
15 furthermore extends into a redshifted region up to 415 nm.
This bathochromic shift could be indicative of an increase in
conjugation. Considering the flexibility of the thiophenes
already in the solid-state, however, we assume the shift arises
due to the electron-donating and HOMO-stabilization effect of
the thiophenes.™ ¥ This is consistent with the observation of
an additional redshift of the absorption maximum when going
from the tetrameric (R)),-1, (331 nm) to pentameric (R,)s-1s
(340 nm) macrocycle. Such shifts within the same series of
compounds were not detected for the (R,),-2, library. The poor
vibronic fine structure resolution of the absorption transitions
in (Ry),-1, possibly also arises from the increased number of
degrees of freedom of the thiophenes compared to the 1,3-
butadyines, similar to previous reports.**!

The emission spectra of the thiophene derivatives are
significantly red shifted compared to the 1,3-butadiyne ones
resulting in a larger Stokes shift, being consistent with a higher
flexibility. For (R,),-1, and (R))s-15 one main broad emission
peak at 452 nm and 439 nm, respectively, can be observed,
while for both species a blue shifted shoulder arises (430 nm
and 425 nm). The shape and low vibronic resolution of the

spectra are in good agreement with the discussed absorption
spectra. The presence of a shoulder in the emission spectrum,
however, possibly indicates a more rigid structure in the excited
state than in the ground state. The quantum yields (@) for (R,),-
1, and (R,)s-15; were determined to be 155% and 14.7 %,
respectively, while the values for the (R,),-2, library are below
10% for all the compounds (Table 1). Overall, the values match
literature results and meet our primary goal to increase the
quantum yield of pseudo-meta-PCP macrocyclic structures with
the intention to move the application potential of such
structure into the focus of interest.

The CD spectra of (R,),-1, and (R,)s-15 show three main
Cotton bands at similar wavelengths (Figure 4b). The enantiom-
ers show the same response with opposite sign, resulting in
mirrored traces, indicative of absence in racemization during
the reaction conditions. The signal intensity of the thiophenes
is rather weak, reaching maximal values of —119 Lmol'ecm™'
(361 nm) for (R,),-1, and —195 Lmol'ecm ™' (368 nm) for (R,)s1s.
Both species have two additional main Cotton bands with lower
intensities and opposite signs as reported in Table 1. The CD
response of (R,)s-15 is slightly stronger compared to (R, 14
consistent with the increased extinction coefficient of (R,)s-15 in
the absorption spectrum. The Cotton effect intensities of the
thiophene derivatives are with a factor of seven significantly
lower than the one of the (R),2, library. Given that the
decrease in molar CD is much larger than in the absorption
spectrum, the g, values dropped to ~5x10° for both
compounds in the (R),-1, library. This possibly indicates a
smaller contribution of the magnetic transition dipole moment
for (R,),-1, or an unfavorable orientation of the magnetic in
relation to the electric transition dipole moment in the ground
state.”" Also, there is literature precedence of flexible molecules
showcasing decreased chiroptical properties, all being consis-
tent with our observations.”>*!

The CPL of the tetrameric and pentameric macrocyclic
structures is depicted in Figure 4d. The excess emission of
circularly polarized light accounted for 0.13% and 0.14% of the
total emission for (R,),-2, and (R,)s-25 respectively. To quantify
the amount of chiral light emission, g,,,, values were calculated

Table 1. Comparison of the optical properties of the discussed derivatives (R,)s-14, (Rp)s-1s, (Rp)s-23, (Rp)a-24s (R)s-25 and (Ry)s2.
Comp. €1max Amax) hem (eXcitation) @ (excitation) Ag, (\) [Lmol'em™] Gaps N Al/l Jium
[Lmol'em™] [nm]
(Rp)4-1 4 44263 (331 nm) 430, 452 (335) 15.5% —-119 56 67 —0.0051 0.08 % 0.002
(335 nm) (361 nm) (303 nm) (240 nm) (381 nm)
(Ry)s~15 62824 (340 nm) 425, 439 (335) 14.7 % —195 (368 64 67 —0.0058 0.04% 0.002
(335 nm) mn) (300 nm) (240 nm) (383 nm)
(Ro)s-25 45911 (369 nm)®@ 385, 410 (330)” 0.3% —523 —220 —531 —0.019 0.05% 0.001
(335 nm) (376 nm)® (348 nm) (231 nm) (379 nm)
(Rp)4-24 106275 385, 410 (340)@ 23% —-1168 —344 —568 —0.021 0.13% 0.003
(370 nm) (335 nm) (377 nm)® (349 nm) (229 nm) (380 nm)
(Rp)5-25 134695 385, 410 (340) 8.8% —1247 —353 —586 —0.018 0.14% 0.003
(370 nm)™ (335 nm) (376 nm)® (349 nm) (230 nm) (380 nm)
(Ro)s~26 137382 385, 410 (340)@ 6.9% —1049 —372 —578 —0.014 0.09% 0.002
(370 nm)® (335 nm) (375 nm)® (348 nm) (230 nm) (379 nm)
[a] Values are reprinted from literature.”
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Figure 4. Optical and chiroptical properties of the tetrameric and pentameric structures of both libraries (R,),-1, and (R,),-2,, in CH,Cl,. The spectra for trimeric
and hexameric structures were omitted for clarity but can be found in the Supporting Information. a. Absorption. b. Emission. c. CD of the R enantiomer (solid
line) and the S enantiomer (dashed line). d. Scaled intensity difference of the CPL of the R enantiomer (solid line) and the S enantiomer (dashed line)
multiplied by a factor of 500. The collected datapoints are reported with symbols and joined with a line. e. g, of the R enantiomer. f. g, of the R
enantiomer.

[24] 25]

and are reported in Figure 4c. A constant g,,, value of 0.003  been observed for other paracyclophanes,*” polyfuranes,”” and
with an unexpected sign inversion at 370 nm was observed for  other compounds.”® The overlap of this sign change with the
both enantiomers of the (R,),-2, library. Such changes have  absorption spectrum could also be an indication that reflected,
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emitted light is autoabsorbed. The discussed bathochromic shift
observed for the emission maxima of the thiophene derivatives
was confirmed in the CPL measurements. As expected from the
CD spectra, a significant decrease in Al/l was observed for the
(Rp)a-1, library compared to the (R;),-2, one. The trend in CPL
intensity observed for the different cyclophane sizes within a
library was comparable, resulting in the emission of circularly
polarized light accounting for 0.04% and 0.08% of the light
emission for (R,),-1, and (R,)s-15 respectively. The calculated gy,
values remain constant at 0.002 across the wavelength of the
luminescence spectrum. Notably, as reported for the absorp-
tion, no vibrational substructure was present in thiophene
derivatives and the inversion of sign for g, values was not
observed either. The measured g, values are similar to
previously reported para-cyclophane derivatives and no ampli-
fication was observed by the circular arrangement of the
subunits.”?

Computational analysis

Time-dependent density-functional theory (TDDFT) calculations
were performed on (S)),-1, and (S)),-2, enantiomers. The
structures were geometry optimized from the crystal structure
as starting point using a B3PW91 functional with a 6-31G(d,p)
basis set.?**” Molecular orbital depictions of the HOMO and
LUMO are presented in Figure 5. Highly symmetric electronic
and nuclear structures were observed for (S)),-2, and (S,)s-25,
whereas (S,),-1, and (S,)s-15 show little symmetry. The lack of
symmetry in these thiophene structures are caused by signifi-
cant steric crowding that is absent in the 1,3-butadiyne
connections. This lack of symmetry causes the cyclophane units
to experience non-identical electronic environments in the
crowded thiophene-linked ring systems. These slight environ-

Energy (eV)
=-1-

—20

_al

-4

"

mental differences even out the vibrational features in the
luminescence spectrum that can be regarded as a composite of
the individual chromophoric unit’s light emission.

The theoretical UV absorption and CD transitions were also
calculated and modeled with the following relationships:

. 2.175; 108 Zf’ exp [_ <%)2]

1 1 vV —V)\2
A£:2.296X10’390\/ﬁzvi R eXp[_< o )]

Where f, v; and R; are the oscillator strengths, energies and
rotary strengths of each transition. 0 was set to 0.4 eV to
simulate the broadening of the electronic transitions by
vibrations and rotations. The Python code for modeling CD and
UV-Vis spectra is included in the Supporting Information.

The 1,3-butadiyne derivatives, (S,),-2,, show a bathochromic
shift of 30 nm in the calculated UV absorption maxima when
compared to the experimentally observed results (see Fig-
ure S23 in the Supporting Information). A similar shift is also
seen for the simulated CD spectral maxima. Difficulties in
calculating butadiyne-containing compounds have been re-
ported in our prior work.®" Nonetheless, the three Cotton
bands as seen in Figure4 were replicated by the DFT
calculations with the correct signs, but exhibit a blue shift that
is not unusual for such calculations, especially for transitions in
the blue/UV region (see Figure 523).5% The modelling for the
electronic absorption and the CD is more accurate for the (S,),-
1, library (see Figure S23 in the Supporting Information). The
calculated CD spectra of the thiophene derivatives were weaker
compared to the 1,3-butadiyne ones and showed the three
cotton bands, with the initial band again predicting the sign of
the Cotton effect accurately for the selected chirality of the

o=2o0xI

O=cCcr

Figure 5. Calculated orbital energies and frontier orbital structures corresponding to (S,),-1, and (S,),-2,..
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input geometry, but the measured spectrum lacked the
bisignate circular dichroism effect present in the calculated
spectrum at 320 nm. The calculations correctly predict that the
measured signal is weaker than that of the parent 1,3-butadiyne
species, but underestimates the magnitude of the decrease.

Conclusions

The herein reported enantiopure heterocyclized tetrameric and
pentameric macrocycles (R,),-14/(Sp))s-1, and  (R)s-15/(S.)s-15
were synthesized in a single step from the previously reported
polygon-shaped structures. We could show that transforming a
1,3butadiyne unit to a 2,5thienyl leads to a desired increase of
the quantum vyield and a significant redshift in emission
wavelengths, presumably due to the donating effect of the
electron-rich thiophene moiety. Solid-state structure analysis
revealed a high flexibility of the thiophene units, also contribu-
ting to the much larger Stokes shift as compared to the 1,3
butadiyne-linked macrocycles. Concurrently, the CD and CPL
activity, which heavily depend on the molecular geometry,
dropped approximately by a factor of two and three for the
different ring sizes of the thienyl-linked structures. Notwith-
standing, the absorption and luminescence dissymmetry factors
Japs and g, are in the range of 107* and thus remain in the
region of average chiral small molecule fluorophores. Unexpect-
edly, the CPL experiment of the 1,3-butadiyne linked library
(Ry)s-2, revealed moderate g, values of 0.003, despite
displaying large g, values. The suggested correlation of | g, |
=0.94X | gs| is thus not applicable for this library of com-
pounds and we hope to shine light on this matter by
investigating the excited state structure and orientation of
transition dipole moments. Also, we aim at reducing the
flexibility of the thiophene units by covalently linking it to the
PCP phenylenes and introducing an electron-withdrawing unit
to retain the intense chiroptics along with the redshifted
absorption. We are optimistic that the sophisticated optimiza-
tion of the structure of pseudo-meta PCP macrocycles will make
exceptional CPL emitters accessible.

Supporting Information

In the Supporting Information, we cite the work by Oyler et al.
describing the setup used to record the CPL spectra.”® In the
description of the crystal structure in the Supporting Informa-
tion we furthermore reference to the work of Dolomanov et
al.® and of Sheldrick.>>*®

Deposition Number 2293691 ((S,),-1,) contains the supple-
mentary crystallographic data for this paper. These data are
provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access
Structures service.
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