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Abstract: Whilst energetic and kinetic aspects of folding
processes are meanwhile well understood for natural
biomacromolecules, the folding dynamics in so far
studied artificial foldamer counterparts remain largely
unexplored. This is due to the low energy barriers
between their conformational isomers that make the
dynamic processes undetectable with conventional
methods such as UV/Vis absorption, fluorescence, and
NMR spectroscopy, making such processes ‘invisible’.
Here we present an asymmetric perylene bisimide dimer
(bis-PBI 1) that possesses conformational chirality in its
folded state. Owing to the large interconversion barrier
(>116 kImol ™), four stereoisomers could be separated
and isolated. Since the interconversion between these
stereoisomers requires the foldamer to first open and
then to re-fold, the transformation of one stereoisomer
into others allowed us to ‘visualize’ the dynamics of
folding with time and determine its lifetimes and the
energetic barriers associated with the folding process.
Supported by quantum chemical calculations, we identi-
fied the open structure to be only a fleetingly metastable
state of higher energy. Our experimental observation of
the kinetics associated with the molecular dynamics in
the PBI foldamer advances the fundamental under-
standing of folding in synthetic foldamers and paves the
way for the design of smart functional materials. )
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Introduction

The organization of n-conjugated molecules into defined n-
stacked structures via self-assembly and folding affords
intriguing and specific functions, which are essential to
create advanced materials for various applications.!"! How-
ever, for the creation of such advanced functional materials,
in particular if involving stimuli-responsiveness, the path-
ways leading to the supramolecular structures and the
dynamics of possible transitions in complex supramolecular
systems must be better understood.’”) Consequently, the
study of self-organization processes via self-assembly path-
ways has received increasing attention over the past
decades®! for dyes and functional n-systems as these
molecules not only offer interesting properties in
optoelectronics™ and photovoltaics® but also facilitate the
spectroscopic investigation of structural behaviors due to
their intriguing optical properties. Interestingly, however,
the depth of such studies with regard to folding processes
has been far less explored.”

One promising chromophore for such studies is the
perylene bis(dicarboximide) (PBI), renowned for its photo-
thermal robustness, high tinctorial strength, and pronounced
n—n-stacking properties.”®” In the last two decades, n—m-
stacking of PBIs has been intensively studied both with
regard to the preferential packing arrangements and the
concomitant (photo-)functional properties® and, as a result,
it has even been possible to create outstanding materials for
organic electronics, photovoltaics, batteries and capacitors
based on PBIs.’*! Recently, PBI dyes were also already
covalently connected with several linkers to form PBI
foldamers that are dynamic and show stimuli-responsive
folding (e.g. solvent, temperature, light, and additive).'” n—
n-stacking of PBI units in such foldamers does not depend
on a high concentration as thermodynamic driving force to
trigger self-assembly, making them next-generation mole-
cules for stimuli-responsive and adaptive materials.""! How-
ever, despite of an improved understanding of dye—dye
interactions, especially for the PBI family, we are far from
fully comprehending the complex molecular dynamics in
such foldamers due to the complex interplay of kinetics and
thermodynamics.'” Accordingly, in previous research, sev-
eral foldamers were approximated to a two-state model—an
open and closed form—to allow for a simple thermodynamic
treatment." Thus, although multiple conformations were
likely to co-exist, low kinetic barrier and fast interconversion
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at equilibrium made the identification of such conformers in
PBI foldamers until now ‘invisible’ to conventional spectro-
scopic measurements such as UV/Vis absorption, NMR, and
fluorescence spectroscopy.[!%:1314]

Our continued interest in PBI aggregates and covalently
connected PBI oligomers led us now to design a showcase
example based on an asymmetric PBI folda-dimer (bis-
PBI 1, Figure 1a) that can fold into multiple conformers and
exhibits intriguing axial/conformational chirality. As we will
show in the following, owing to the kinetic stability of
multiple conformers, diastereomers and enantiomers could
be isolated for bis-PBI1 by high performance liquid
chromatography on a chiral stationary phase (in the
following called chiral HPLC). Thereafter, a time-dependent
investigation of the isolated conformers by chiral HPLC
showed the dynamics of opening and re-folding of bis-PBI 1
which is otherwise ‘invisible’ at equilibrium. Thus, our work
reveals the ‘invisible’ folding dynamics in foldamer bis-
PBI 1. Herein, a potential energy landscape for the folding
process developed from experimental rate constants and
theoretical calculations revealed that an open state is only a
fleetingly metastable state. These insights obtained for bis-
PBI1 should be useful in the design of next generation
adaptive materials.
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Results and Discussion
Design and Synthesis of the Dimer

The dimer bis-PBI 1 (Figure 1a) was synthesized as per our
recently reported multistep procedure using regioisomeri-
cally pure 1,7-di(4-tert-butylphenoxy)perylene tetraester as
the starting compound (Scheme S1).!""! Following the strat-
egy developed by Matile and co-workers, the two PBI units
in the dimer are covalently connected through an ortho-
methyl-phenyl linker that orients the dimer into an ordered
foldamer."" Herein, the 1,7-bay-positions of each PBI unit
were substituted with 4-tert-butylphenoxy groups. This 1,7-
functionalization induces asymmetry for the rotationally n-
stacked PBI dimer leading to two diastereomers, i.e.
(cisoid)-1 and (transoid)-1 (Figure 1a). However, due to the
presence of ortho-methyl-phenyl linker, additional possible
stereoisomers can be envisaged as shown in Figure 1b, due
to the axial chirality of linker to the PBI bay-substituents
(Figure 1c&d).
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Figure 1. a) Molecular structure of bis-PBI 1 and b) molecular model of the four diastereomers/enantiomers of bis-PBI 1 {(S,c)-1 (top left), (S,t)-1
(top right), (R,c)-1 (bottom left) and (R,t)-1 (bottom right)} in closed n-stacked structures. c) Front view of molecular model of (R,c)-1 shown with
axial chiral priority and d) a schematic representation of the axial chiral R alignment from PBI scaffold to linker in (R,c)-1. Cbz: benzyloxycarbonyl.
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Separation and Identification of Stereoisomers

After purification of bis-PBI1 with silica-gel column
chromatography followed by size exclusion chromatography
and gel permeation chromatography, the 'H NMR spectrum
obtained at 295 K in CD,Cl, showed two sets of independent
signals in a one-to-one ratio. This was especially visible for
the splitting of singlet and doublet signals located at ca. 4.8
and 4.3 ppm, respectively, originating from the aliphatic
protons of the benzyloxycarbonyl (Cbz) and benzylamino
groups (Figure 2, see the spectra of ref-PBI and bis-PBI 1).
This observation indicated the presence of two species,
which are in slow exchange at the NMR time scale even at
398 K (Figure S2). Therefore, a sufficiently large barrier
between the two species regarding separation was antici-
pated. Thus, with the help of chiral HPLC, we isolated four
different species after multiple cycles (Figure 3). Two sets of
isolated species matched the independent signals observed
in the '"H NMR (diastereomers, Figure 2) and other two sets
of species showed identical '"H NMR signals (enantiomers,
Figure 2). Further, circular dichroism (CD) spectroscopy of
all four species confirmed that two out of four species are
diastereomers (cisoid and transoid) while the remaining
species are enantiomers (R and S) of bis-PBI 1 (Figure 4b).
Comparison of experimental and time-dependent density
functional theory (TDDFT) calculated CD signals (Fig-
ure 4b & S11 & S12) were used to assign the diastereomers
(cisoid or transoid) and enantiomers (R or S) to the isolated
species. At room temperature, these stereoisomers were
found to be reasonably stable and showed very slow decay
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Figure 3. Analytical HPLC of bis-PBI 1 as received from synthesis
(dashed line, black) as well as the separated diastereomers, (S,c)-1
(blue), (5,%)-1 (green), (R,c)-1 (red) and (R,t)-1 (orange) on a chiral
stationary phase (eluent: n-hexane/EtOAc=3/2, v/v%); flow rate:

1.0 mL min~"; temperature: 295 K; pressure: 1.20 MPa; detector: UV/
Vis detector (Ao, =510 nm).

over several days. Therefore, the single crystal of rac-
(cisoid)-1, suitable for X-ray diffraction, could be obtained
by slow diffusion of n-hexane into the solution of rac-
(cisoid)-1 in toluene. The obtained X-ray crystal structure
further confirmed the structure of cisoid diastereomer (Fig-
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Figure 2. Excerpts of '"H NMR (400 MHz, CD,Cl,) spectra from top to bottom of ref-PBI, bis-PBI 1 as received from synthesis as well as the
separated stereoisomers, (S,¢)-1, (R,c)-1, (5,t)-1 and (R,t)-1 at 295 K with the assignment of the significant proton signals and an inset of the

molecular structure of ref-PBI.
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Figure 4. a) UV/Vis absorption (ref-PBl—black dotted line—with
doubled extinction coefficient, c=2.5x10"° M) and b) CD spectra of
(5,¢)-1 (blue, c=9.7x10"° M), (5,#)-1 (green, c=>5.6x10"° M), (R,¢)-1
(red, c=9.2x10"° M), and (R,t)-1 (orange, c=6.3x10"° M) in CHCl; at
293 K.

ure S8a), whereby the two cisoid enantiomers could also be
seen as packed in an alternate manner through n—n stacking
(Figure S8c). Thus, the four different species isolated are
identified as (R)-(cisoid)-1 ((R,c)-1), (S)-(cisoid)-1 ((S,c)-1),
(8)-(transoid)-1 ((S,£)-1), and (R)-(transoid)-1 ((R,t)-1) (Fig-
ure 1b).

Optical and Structural Characterization of Stereoisomers

Once we isolated and identified all four stereoisomers of
bis-PBI 1, optical properties were investigated by UV/Vis
absorption, CD, fluorescence, and circularly polarized
luminescence (CPL) spectroscopy in CHCIl; at 293K
(Figures 4 & S13). All four conformers of bis-PBI 1 showed
very similar UV/Vis absorption and fluorescence spectra
indicating the negligible effect of stereoisomerism on the
excitonic coupling in the foldamers. On comparison of
UV/Vis absorption spectra of bis-PBI 1 with monomeric ref-
PBI (Figure 2), a clear reversal in the A,y/A,, ratio (0.9 for
bis-PBI1 and 1.5 for ref-PBI) could be identified (Fig-
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ure 4a). Such a reversal of A;y/A,; ratio from monomeric
ref-PBI is a hallmark of excitonic coupling in PBIs!"” which
thereby confirms the H-typel'™ folded state for all four
stereoisomers of bis-PBI 1. Additionally, the density func-
tional theory (DFT) optimized structure of the folded bis-
PBI 1 matched an expected H-type coupled structure (Fig-
ure S20) confirming that bis-PBI 1 exists as a folded state in
solution. The enantiomers of (cisoid)-1 ((R,c)-1 & (S,c)-1)
and (transoid)-1 ((S,f)-1 & (R,f)-1) showed mirror image CD
and CPL signals as expected for enantiomers (Figures 4 &
S13). However, the diastereomers (cisoid)-1 and (transoid)-1
showed modest differences in the spectroscopic signatures.
CD spectroscopy of diastereomers showed that the molar
extinction of (transoid)-1 is 25 % more pronounced at the
maximum compared to the (cisoid)-1 (Figure 4b). The
excitonic Cotton effect observed in the CD spectra further
indicates the excitonically coupled nature of the folded
conformation of the stereoisomers of bis-PBI 1. The spectral
shape and sign of the Cotton effect are in good agreement
with TDDFT calculations (Figures S11 & S12). Further,
TDDFT calculations indicate that the helical orientation of
the two PBI scaffolds in bis-PBI1 (providing excitonic
chirality) determines the intensity and sign of the CD signal
(Figure S21, for further information see SI). CPL spectra are
noisy and broad but still revealed a slight difference among
the diastereomers in line with CD spectra. From CD and
CPL spectroscopy of diastereomers, g,,, and g, values were
both calculated to be +£0.001 at the maxima (Figure S14)
which is comparable to related chiral PBIs.!"!

Spectroscopic and Theoretical Investigation of Folding
Dynamics of bis-PBI 1

Steady state spectroscopic characterization of all four stereo-
isomers of bis-PBI1 prompted us to understand the
dynamics of folding by time and temperature dependent
spectroscopic investigations. Upon heating bis-PBI1 (as
equilibrated mixture of all stereoisomers) in tetrachloro-
ethane (TCE) to 353 K and in benzonitrile (BN) to 328 K,
we observed only small thermochromic changes (Fig-
ure S10). If the foldamer bis-PBI 1 exist in open form at
higher temperature, a clear increase in the A,y /A, ratio
should have been visible upon increasing the temperature.
However, consistent to the reports of several PBI foldamer
systems,#*'%1 no equilibrium between an open and a closed
conformation was observed for bis-PBI 1. Nevertheless, if
the open structure is only a transition state or a fleetingly
metastable state, a continuous and dynamic opening and
folding would be possible in these foldamers. However, even
if such an opening and re-folding dynamic exist, it would be
‘invisible’ at equilibrium. Only a far-from-equilibrium sys-
tem can make the folding dynamics ‘visible’ using spectro-
scopic measurements. Here, the separation and isolation of
the stereoisomers provided us the opportunity to ‘visualize’
the opening and re-folding dynamics in bis-PBI 1.

As the pure stereoisomers are not in thermodynamic
equilibrium, we analyzed the transformation of one of them
into other species. Thus, we monitored the decay of (S,c)-1
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over time at 373 K with a chiral HPLC (Figure 5a). At this
temperature pure (S,c)-1 transformed back to all four
stereoisomers  ((R,c)-14(S,c)-1+ (R,0)-1+(S,¢)-1) within
~5h, with a first order rate constant of k=2.44x107s™! in
BN (Figure 5b). The time-dependent transformation of pure
(R,c)-1 probed by chiral HPLC (Figure S15) also yielded a
similar rate constant (Figure S16c). Based on Eyring’s
equation, a stereoisomerization barrier of AG* =116 kJ mol™
was evaluated from both experiments. Since an opening and
further re-folding is required for pure (S,c)-1 to transform
into all stereoisomers (without bond breaking), the time-
dependent transformation of a single enantiomer into all
four stereoisomers of bis-PBI 1 unambiguously proved the
opening and closing of a foldamer which is at equilibrium
‘invisible’ to spectroscopic measurements. To get deeper
insights into the folding process, we went on to analyze the
rate of formation of individual species by deconvolution of
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Figure 5. a) Interconversion of (S,c)-1 from 0 h (blue) to 5.5 h (red) in
benzonitrile (BN) at 373 K by time-dependent analytical chiral HPLC
chromatography on a chiral stationary phase (eluent: n-hexane/
EtOAc=3/2, v/v%); flow rate: 1.0 mL min™"; temperature: 295 K;
pressure: 1.20 MPa; detector: UV/Vis detector (4,,,,=510 nm). b) The
plot of relative concentration of (S,c)-1 (symbol) versus time shows the
exponential fit for the transformation of (S,¢)-1 at 373 Kin BN from the
time-dependent analytical chiral HPLC experiment with the XY fit (red
line, see Supporting Information for more information).
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the composite time-dependent HPLC chromatogram (Fig-
ure S16) into individual peaks (Figure S17). During stereo-
isomerization of (S,c)-1, the formation of (transoid)-1 was
found to be faster than (R,c)-1 (Figure S17b&d). Vice versa,
during stereoisomerization of (R,c)-1, the formation of
(transoid)-1 was found to be faster than the respective
enantiomer (S,c)-1 (Figure S17a&c). This indicates that the
energetic barrier associated with the formation of (transoid)-
1 is smaller than that of the respective (cisoid)-1 enantiomer
during the stereoisomerization of (S,c)-1 or (R,c)-1. Here, it
is important to note that the rate of formation of (transoid)-
1 was evaluated as a combination of its enantiomers ((R,f)-1
+(8,6)-1) due to its close overlap in HPLC chromatogram
(Figure 3) that makes the deconvolution of (transoid)-1 into
(R,f)-1 and (S,)-1 unreliable. Thus, it is possible that the two
enantiomers of (transoid)-1 would form at different rates.
To clarify this and create the potential energy landscape of
the whole folding process, we performed theoretical calcu-
lations based on a combination of semiempirical and DFT
methods (see Supporting Information for more information
on the theoretical methods used).

Three bond rotations (C,,—Cye, N—C,,., and N-C,;,) as
shown in Figure 6a are involved in the opening and further
re-folding of foldamer bis-PBI 1. A potential energy surface-
(PES) scan along all three bond rotations from the folded
state shows that the lowest energy bond rotation among the
three is along the C,,—C,, bond (Figure S22 & S23). Such a
rotation along the C,—C,. bond allows the foldamer bis-
PBI1 to open. The open structure is a high energy
metastable state that would immediately decay to any of the
stereoisomers by folding (Figure S23). This re-folding of the
open state can proceed with a second rotation along any of
the three bonds (C,,—Cye, N-C,,, and N-C,;,) which then
determines the stereochemical fate of the re-folded state. As
the first bond rotation (Cy—C,e) to open the foldamer is
same for all four stereoisomers, a folding pathway that
connects the stereoisomers based on the second rotation
(N-C,,e or N-C,,;,) is shown in Figure 6b. For instance, if we
start from (S,c)-1, a first bond rotation along C,,—C,, allows
bis-PBI 1 to open, followed by a second bond rotation along
the N—C,,. bond, that folds it to (S,f)-1, while if the second
rotation is along the N-C,, bond, then (S,c)-1 transforms
into (R,f)-1. Evaluation of the energetic barrier associated
with each of the pathways was done by performing a PES
scan along the N-C,,, and N-C,, bonds at the open state
(Figures S24 & S25). PES scans showed that at the open
state, the bond rotation along N-C,,. is lower in energy than
along the N—C,;, bond. Thus, beginning from a folded state,
a C,,—C,, bond rotation to open bis-PBI 1 followed by a
second bond rotation along N—C,,. requires less activation
energy than a second bond rotation along N-C,,. If we
consider the same example as above, starting from (S,c)-1,
two consecutive bond rotations along C,,—C,,. +N-C,, leads
to the formation of (S,f)-1 which requires lower activation
energy (E,) than forming (R,)-1 by consecutive bond
rotations along C,,—C,e+N-Cy, (E; < Ea/). Finally, to
reach (R,c)-1 from (S,c)-1, two consecutive bond rotations
along C,—C,,.+N-C,, are required, corresponding to the
higher energetic barrier (Ea) Thus, quantum chemical

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 6. a) Molecular model of bis-PBI 1 in open form and a zoomed in inset of the methyl-phenyl linker showcasing with arrows (black) the
possible three rotations C,,—C (I, green), N—C,, (Il, orange) and N—C,;, (Ill, red). b) Molecular models of (S,c)-1 (bottom right), (S,#)-1 (top

right), (R,c)-1 (top left) and (R,t)-1 (bottom left) in closed n-stacked structures with an inset of a proposed molecular model for the transition state

(TS) structure of the N-C,, rotation (TS 1, orange) and N—C,, rotation (TS 2, red), in addition with the respective enlarged linker benzyl-group,
and excerpts of molecular structures yvith the”CPhAZme (green) +N—C,,. (orange) or C,;,—C,, (green) +N—C,, (red) rotation highlighted for the
respective two activation energies (E, and E ) for interconversion. c) Qualitative energy landscape of the interconversion process for the four
stable conformations of bis-PBI 1 through a meta-stable state with rise of energy (black to grey) and molecular models of the calculated transition

states TS 1 (orange) and TS 2 (red).

calculations have shown that a pure enantiomer (S,c)-1
would transform to (S,¢)-1 faster than to (R,)-1 or (R,c)-1.
Experimental transformation of (S,c)-1 into stereoisomers
described earlier (see above) showed the formation of
(transoid)-1 to be faster than (R,c)-1. Now, in combination
with the calculated rotational barriers and the pathway as
described in Figure 6b, we can clarify that only one
enantiomer of (transoid)-1 forms quickly, which is (S,¢)-1.
The other enantiomer, (R,f)-1, requires a higher barrier (E,)
to form from (S,c)-1 and thus forms slowly. A qualitative
energy landscape was created from both theoretical and
experimental results (Figure 6¢). The transformation proc-

Angew. Chem. Int. Ed. 2025, 64, €202414069 (6 of 8)

esses described above, as well as the predicted transition
states that are visualized in this tent-like energy landscape,
showcase the fast transition through the first transition state
(TS 1) to switch bis-PBI1 from (cisoid)-1 to (transoid)-1
without changing its axial chirality, i.e. (S,c)-1 to (S,¢)-1, or
(Rc)-1 to (Ry)-1. Furthermore, the slower transition
through the second transition state (TS 2), to generate the
respective axial chiral counterparts, enables the foldamer to
switch between all four conformations through an open
metastable state.

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Conclusion

We reported here an asymmetric perylene bisimide fol-
damer that exists in four stable stereoisomers, i.e. two
diastereomers (cisoid/transoid) and their respective enan-
tiomers (R/S). Due to the high interconversion barrier (>
116 kJmol™"), we were able to successfully separate and
isolate all four stereoisomers. In solution, these isolated
pure stereoisomers are in kinetically trapped non-equili-
brium states, which decay into all four stereoisomers with
time to reach equilibrium. Supported by quantum chemical
calculations, we found that the interconversion of one
stereoisomer into another require the foldamer to open to a
fleetingly metastable state which then re-folds. Thus, the
transformation of one enantiomer into other stereoisomers
allowed us to observe and monitor the time-dependent
opening and re-folding process, which is otherwise ‘invisible’
in an equilibrated mixture.

We consider the observation of opening and re-folding
kinetics to be an important step toward an improved
understanding of folding dynamics in synthetic foldamers,
which is required to advance the design of new foldamer
architectures, and the next-generation stimuli responsive
and adaptive materials. In following studies on this or
similar systems, we may imagine an annealing strategy in
combination with a chiral catalyst to steer the observed
molecular dynamics and to create molecular motor systems.

Supporting Information

The data underlying this study is available in the Supporting
Information and in Zenodo, an open research repository, at
https://doi.org/10.5281/zenodo.12807801. A video is also
included in Zenodo to visualize the folding and refolding
processes in the presented foldamer.
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