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Introduction

Chiral molecular photoswitches are a dynamic class of stimuli-
responsive chromophores availing two or more isomeric states
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[2.2]Paracyclophane—-dicyanorhodanine
conjugates as planar chiral molecular
photoswitches

Parag Das, Cole D. Stearns, lon Ghiviriga, tukasz Dobrzycki 2 and
Ronald K. Castellano (2 *

(Chir)optical molecular photoswitches have garnered significant attention for their applications in asym-
metric synthesis, supramolecular chemistry, and the materials sciences. The planar chirality and associated
photophysical and chiroptical properties of [2.2]paracyclophane ([2.2]pCp) derivatives have been long
appreciated. Even so, chiral photoswitches incorporating the [2.2]pCp framework remain largely unex-
plored. Dicyanorhodanine (RCN), conjugated with oligothiophenes and pyrroles, has been recently shown
as a highly competent photoisomerizable scaffold. The current work introduces a novel photoswitch
system combining an electron-rich [2.2]pCp moiety with an electron-deficient RCN unit, as a planar chiral
“push—pull” architecture. Single crystal X-ray study reveals the Z configuration for the as-synthesized
RCN-pCp conjugate; upon visible light irradiation well-controlled and reversible Z/E photoisomerization
is observed to achieve a photostationary state distribution (PSD) up to 40/60 (Z/E). The model chromo-
phores exhibit negative solvatochromism across solvents of different polarity. Engineering the “push—pull”
electronic structure by introducing an electron-donating methoxy group influences the photophysical
properties and the photo- and thermal isomerization behavior. An enantioenriched planar chiral photo-
switch based on the RCN-pCp scaffold is also introduced, that displays a reversible chiroptical response
as evaluated by circular dichroism (CD) spectroscopy as a consequence of Z/E photoisomerization.
Ground-state (DFT) and excited-state (TD-DFT) calculations correlate well with the experimental geome-
tries and the spectral (UV-vis and CD) characteristics, respectively. We are optimistic that the reported
planar chiral [2.2]pCp-based photoswitches will facilitate the design of next-generation photoresponsive
organic functional materials.
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Popular small-molecule
hemithioindigoes,'*'® hydrazones,
have shown versatile applications
molecular machines, and supramolecular chemistry.

photoswitchable scaffolds
1718 and arylazopyrazoles

in materials science,
21-23

with distinct chiroptical properties."™ Reversibly interchange-
able chiral optical signals, such as electronic circular dichro-
ism (ECD) and circularly polarized luminescence (CPL), offer
promising applications across many scientific disciplines
including chiral sensing,” asymmetric synthesis,” liquid-crys-
talline materials,”” information storage,® supramolecular
chemistry,”™" and so on. “Chiroptical photoswitches” have
been efficiently designed by integrating chiral elements with
photoresponsive components, to reversibly control the axial,
planar, or helical chirality of the systems using a non-invasive
stimulus, light, with a high spatiotemporal resolution.">**
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Importantly, in recent years, developing chiral photoswitches
has become an intriguing pursuit through careful design
based on photoisomerizable units like hemi(phospho)
indigos,>**® diarylethenes,>®?” overcrowded alkenes,>®>°
azobenzenes,”™*" etc. Dube and co-workers reported axially
chiral hemiindigo photoswitches with reversible chiroptical
signals (Fig. 1a).>* A diarylethene-derived chiral photoswitch
was designed by Ubukata, et al., showing helicity interconver-
sion between a binaphthyl state and a helicenoid skeleton
(Fig. 1b).>”

[2.2]Paracyclophane ([2.2]pCp)***® is a compact, tunable,
and practical three-dimensional (3D) scaffold with well
described physicochemical and stereoelectronic properties
owing to its “transannular through-space” and “through-bond”
interactions.***> Functionalized [2.2]pCp architectures show
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a) Axially chiral hemiindigo photoswitch
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Fig. 1 Previous reports: (a) axially chiral hemiindigo photoswitches?* by
Dube, et al, (b) a binaphthyl-helicene-based chiral photoswitch®” by
Ubukata, et al., and (c) planar chiral azobenzenophanes by Tamaoki,
et al.>* (d) This work introduces a planar chiral [2.2]pCp structure conju-
gated with the RCN unit as an efficient photoisomerizable scaffold.

attractive features in supramolecular self-assembly,***” fluo-
rescent dyes,*® and organic functional materials.>® [2.2]pCps
with specific substitution patterns exhibit planar chirality due
to the hindered rotation of their aryl moieties,*® and possess
attractive spectroscopic properties,*’ leading to broad opto-
electronic applications.*>™**

Although structure-property relationships of [2.2]pCp
derivatives have been widely reported,*® controlling their chir-
optical properties reversibly using an external stimulus has
been scarcely studied.*®>*” Noteworthy examples in this context
include macrocyclic oligoazobenzenophanes*® and perylene
bisimide (PBI) cyclophane®® derivatives, the photophysical pro-
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perties of which can be modulated through the trans/cis photo-
isomerization of the azobenzene moiety. Moreover, the
induced planar chirality of twisted azo dopants has attracted
considerable interest in the field of cholesteric liquid crystals
(LC);>° one example includes a planar chiral azobenzenophane
developed by Tamaoki, et al., achieving phototunable reflec-
tion colors in nematic liquid crystals (Fig. 1c).”*

Dicyanorhodanine, abbreviated as RCN,** is an electron-
deficient heterocycle, and an integral component of donor-
acceptor-type organic photovoltaic (OPV) materials.>® Although
the electron-acceptor RCN unit is more popular for construct-
ing n-conjugated oligomeric organic materials, our group has
showcased its proficiency in designing photoisomerizable
small-molecules.”*>®> RCN-functionalized oligothiophenes, for
example, can undergo Z/E photoisomerization in solution;>*®
in the context of thin films, significant changes in opto-
electronic properties attributed to the different solid-state mor-
phologies of the Z and E isomers results.”” More recently, we
have introduced RCN-pyrrole conjugates as quantitative photo-
switches in solution and thin films, and highlighted the role
of hydrogen-bonding interactions crucial for their effective
photoisomerization and isomeric bistability.>®

Through-space charge transfer across the paracyclophane
n-decks is facile, similar to a n-conjugated linker of the same
length.’® As a result, its electronic properties resemble a
benzene excimer and provide electron-rich activity similar to
thiophene.®"®* Considering previously reported photoisomeri-
zation of RCN-functionalized (hetero)aromatic scaffolds, the
electronic contribution of [2.2]pCp can be investigated in the
context of small-molecule photoswitches when appended with
the electron-deficient RCN unit. This molecular design would
enable accessing a novel planar chiral “push-pull” type
charge-transfer chromophore, suitable for Z/E photoisomeriza-
tion. Moreover, [2.2]pCp-functionalized =n-conjugated “push-
pull” oligomers and polymers have been extensively studied
for the development of organic nonlinear optical
materials,”*®> and the “push-pull” characteristic is highly
advantageous also for improving photoisomerization
efficiency.’*®” Alongside tuning the optical properties of the
RCN-pCp structures, reversibly controlling the chiral signals
would be highly desirable and appealing for materials chem-
istry and optical cryptography.®®®°

Herein, we report the design, synthesis, and Z/E photoi-
somerization behavior of planar chiral [2.2]pCp-RCN conju-
gates and have evaluated their phototunable (chir)optical pro-
perties (Fig. 1d). All the racemic and enantioenriched “as-syn-
thesized” compounds feature the Z stereochemistry about the
exocyclic olefin bond that conjugates the RCN to the chiral
pCp unit, as confirmed from single crystal X-ray analysis and
2D-NMR spectroscopy. Well-controlled reversible Z/E photoi-
somerization is obtained for all three racemic model com-
pounds using selective visible-light photoirradiation (4;, = 404,
454, and 523 nm). "H NMR studies show 57%-60% Z — E
photoconversion, and near quantitative (92%-98%) E — Z
photoreversion. The photophysical properties of the chromo-
phores have been evaluated in different polarity solvents, and
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a hypsochromic shift but well-behaved reversible photoisome-
rization has been observed in more polar ones. The introduc-
tion of an electron-donating methoxy group (-OMe) provides a
stronger push-pull character and red-shifts the absorption
profile, also leading to excellent photostability over ten photo-
switching cycles. One prepared enantioenriched chiral pCp
photoswitch shows a similar extent of photoisomerization to
its racemic analog, and the chiroptical signal obtained for the
pure Z isomer can be reversibly weakened and amplified using
visible-light excitation. We believe these in-depth solution
photoisomerization studies, accompanied by comprehensive
theoretical investigations, of the planar chiral RCN-pCp
scaffolds will pave the way for their usage as highly functional
chiroptical materials in the future.

Results and discussion
Design and synthesis

Considering the planar chirality of the cyclophane scaffold,
preparation of RCN-pCp photoswitches from racemic precur-
sors provides four possible stereoisomers: (Rp)-Z, (Rp)-E, (Sp)-Z,
and (Sp)-E (Fig. 2). R, and S, enantiomers result from the
planar chirality induced by mono-substitution of the RCN unit
at the [2.2]pCp scaffold, while Z and E geometric isomers can
be assigned based on the substituents at the exocyclic olefin
bond. While the (R, or Sp) Z and (R, or S;,) E geometric photoi-
somers can be interconverted using selective wavelength
irradiation, the parent chirality of each compound cannot be
interchanged (i.e., R, — Sp, or S, — Ry).
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Fig. 2 Stereoisomerism of the RCN—pCp conjugates including R, and
S, enantiomers, and Z and E configurational photoisomers.
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We first synthesized three racemic model RCN-pCp com-
pounds to evaluate the photoisomerization behavior of such
planar chiral chromophores. Among them, compounds (+)-1-Z
and (+)-2-Z represent the simplest RCN-pCp analogs, differing
only in the length of the alkyl chain attached to the RCN unit.
The presence of an octyl chain in compound (+)-1-Z enhances
its solubility across a wide range of solvents. In contrast, com-
pound (+)-2-Z, containing a shorter ethyl group, has been pri-
marily designed for crystallization purposes. RCN units 4 and
6 were synthesized using multi-component Knoevenagel con-
densation reactions,”®’° and the racemic aldehyde ()-5 was
obtained through Rieche formylation of the commercially
available [2.2]pCp precursor (Schemes S1 and S2).”* The alde-
hyde was subsequently condensed with the appropriate RCN
units to afford the final photoswitches (+)-1-Z and (%)-2-Z
(Schemes 1 and S1, S2).

In compound (%)-3-Z, an electron-donating (EDG) methoxy
(-OMe) group is installed at the para-position of the RCN unit
to strengthen the “push-pull” character and influence the
photochromism.>® Aldehyde (2)-9 was synthesized in three
steps from (x)-5, using hydroxylation, methylation, and formy-
lation reactions (Scheme $3).”> A Knoevenagel condensation
between 6 and (+)-9 yields compound (*)-3-Z (Schemes 1 and
S3). All the target RCN-pCp compounds were obtained in the
Z configuration as the only detectable isomer from the syn-
thesis. The E isomer was obtained post-irradiation as a Z/E
mixture in solution and could be purified using silica column
chromatography. Due to very similar R¢ values of the Z and E
isomers by Thin Layer Chromatography (TLC), only 94% E
isomer could be obtained as a 94/6 (E/Z) mixture for com-
pound (#)-1 (Fig. S54) which was used for detailed structural
characterization (vide infra).

CN
NS (pY”
R(N‘\e oHCH
o}
4 (Rq=CgHy7)
6 (Rq = C3Hs)

(¥)-5(Rz=H)
(£)-9 (R, = OMe)

NH4OAC, AcOH
100 °C, overnight

(i)-1 -Z (R1 = C8H17, R2 = H), 37%
(2)-2-Z (Rq = C,Hs, Ry = H), 52%
(2)-3-Z (Rq = C3Hs, R, = OMe), 79%

Scheme 1 Synthesis of racemic target molecules (+)-1-Z—(+)-3-Z.
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Full synthetic schemes and characterization details for the
racemic target molecules (+)-1-(+)-3 and related intermediates are
provided in the SI (Schemes S1-S3 and Fig. S1-S10, S15-524).

Stereochemical determination

The stereochemistry of the exocyclic olefin bond of the as-syn-
thesized isomers was determined from single crystal X-ray ana-
lysis of compound (+)-3-Z (pages S77-S81). Interestingly, the
structure is disordered and contains both the Z and E isomer
sharing the same site due to possible co-crystallization
(Fig. S98-5100). The as-synthesized isomer Z is the major com-
ponent (Fig. S101) of the crystal with occupancy exceeding
95% and the remaining ca. 5% is the E isomer (Fig. $102) pre-
sumably formed upon photoirradiation during the crystalliza-
tion process under laboratory conditions. In the crystal struc-
ture of (1)-3-Z, the main component, i.e., the Z isomer, adopts
a slightly twisted geometry (Fig. 3a and b), with deviation from
planarity defined by the dihedral angles S$19-C18-C17-C1
(6.33°) and S1-C14-C24-C25 (-179.1°). The long-range
packing of the major component of the crystal displays a head-
to-tail slip-stack arrangement (Fig. 3c). The n-stacked head-to-
tail dimers of two Z monomers present in the solid state might
persist in solution, governed by weak association. We have
observed minimal deshielding (A§ = 0.04 ppm) of the olefinic
and aromatic protons upon increasing the temperature (25 —
90 °C, in tetrachloroethane-d,), still potentially consistent with
n—w interactions (Fig. S76 and S77).

A comprehensive 2D-NMR spectroscopic investigation (in
acetone-dg) was performed using (+)-1-Z and (+)-1-E (94%) for
additional structural confirmation of the Z and E isomers
(Fig. S27-S48). Heteronuclear 2D correlation techniques like
HSQC and HMBC, along with homonuclear 1D correlation

$19-C18-C17-CA1
Dihedral = 6.33°

C22-C18-C17-C1
Dihedral = -179.1°

Fig. 3 Presentation of the major component of (+)-3-Z — isomer Z. (a)
Thermal ellipsoid plot at 50% probability level, face-on view. (b) Edge-on
view. (c) Long-range packing in the solid state (CCDC number:
2480804).
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spectroscopic studies such as NOESY and TOCSY, were applied
for the full characterization of the isomers (Fig. S27). In-phase/
antiphase gradient-selected heteronuclear single- and mul-
tiple-bond correlation (IPAP-gHSMBC) spectroscopy (Fig. S48)
of (+)-1-Z and (+)-1-E (94%) indicates the three-bond hetero-
nuclear coupling (**]) between the RCN carbonyl carbon (C22)
and the isomerizable olefin proton (H17) is larger for the E
isomer (**Jczs-1117 = 11.9 Hz) compared to the Z (*3Jcps 1y =
6.05 Hz), which is in agreement with our previous reports for
RCN-thiophene®* and RCN-pyrrole systems.”® "H NMR studies
(in chloroform-d) reveal that the olefin proton (H17) attached
to the isomerizable C=C bond is considerably deshielded for
the Z isomer (6 = 8.01 ppm) compared to E (§ = 7.34 ppm),
owing to its proximity to the electron-withdrawing carbonyl
group of the RCN unit in the Z configuration (Fig. S3 and S4).

To gain further insight into the structural characteristics of
the RCN-pCp compounds, we performed detailed ground-state
(DFT) geometry optimization and energy calculations at the
B3LYP/6-31+G(d) level of theory. To estimate the effect of
solvent, supplemental calculations were performed using the
IEFPCM solvent cavity reaction field.”>”* Both the Z and E
isomers can adopt two distinct conformations based on the
position of the olefin proton (H17) with respect to its nearest
bridge. The “conformer A” (C,) contains the olefin proton
pointing towards the nearest ethylene bridge, whereas “confor-
mer B” (Cg) has the same proton pointing away from the
bridged atoms. The C, of the Z and E isomers is nearly planar
(Fig. S89 and S91); however, the Cg adopts a highly twisted
geometry (Fig. S90 and S92). The steric clash between the
bridge protons of the top deck of the cyclophane unit and the
sulfur atom (S19) of RCN in the Z isomer (and the carbonyl
group of RCN in the E isomer) leads to distortion in Cg, which
is considerably reduced in C4. As a result, for compound (+)-2,
2-Z-C, is thermodynamically most stable, and 5.47 kcal mol™*
(calculated in gas-phase) lower in energy than 2-E-C,
(Fig. S89). The twisted structures 2-Z-Cy and 2-E-Cy (Fig. S90)
are 2.11 and 7.30 kcal mol™" higher in energy than the most
stable conformer (2-Z-C,), respectively. Solvent-corrected calcu-
lations (IEFPCM, chloroform) also present the 2-Z-C, confor-
mer as thermodynamically more stable than 2-E-C, by
5.38 kcal mol™' (Fig. S97). Similarly, for compound (%)-3,
3-Z-C, is thermodynamically most stable, and 5.10 kcal mol™*
(calculated in gas-phase) lower in energy than 3-E-C, (Fig. 4
and S91). This DFT analysis is well supported by experimental
X-ray data as the single crystal of compound (+)-3-Z also con-
firms C, as the “as-synthesized” conformer.

NMR photoisomerization studies

The photoisomerization reactions of the RCN-pCp conjugates
were monitored by "H NMR spectroscopy (15 mM, chloroform-
d) using selective irradiation sources (Fig. S53). For compound
(#)1, Z - E isomerization (Fig. S55) was evaluated at 404 nm
excitation, and the photostationary state distribution (PSD)
was observed as 43/57 ((+)-1-Z/(x)-1-E). The metastable E
isomer can revert to the Z isomer upon 454 nm irradiation
with a photostationary state (PSS) ratio of 92/8 ((+)-1-Z/()-1-E).

Org. Chem. Front,, 2026, 13, 764-776 | 767
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a)

S19-C18-C17-CA1
Dihedral = -1.2° 3-Z-C,

(rel. E = 0.00 kcal/mol)
C22-C18-C17-C1

Dihedral = -178.0°

b) 3-E-C, ¢
(rel. E = 5.10 kcal/mol)

S19-C18-C17-C1
Dihedral = -177.6°

C22-C18-C17-C1
Dihedral = 0.6°

Fig. 4 Optimized lowest energy conformers (DFT, B3LYP/6-31+G(d)) of
(@) (+)-3-Z (face-on view) and (b) (+)-3-E (face-on view), as modeled in
conformation A (C,) where the olefin proton (H17, marked in red) is
pointing towards the bridge. The relative energy (rel. E) of the confor-
mers has been denoted in parentheses.

Using a 371 nm UV lamp (Fig. S56), a similar extent of Z — E
isomerization was obtained ((+)-1-Z/()-1-E = 42/58). The photo-
isomerization behavior of compound (+)-1 was also studied in
different polarity solvents (toluene and acetonitrile). In non-

View Article Online
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polar toluene-dg, PSDs ((%)-1-Z/(+)-1-E) of 47/53 and 95/5 were
obtained for Z — E (4j;; = 404 nm) and of E — Z isomerization
(Airr = 454 nm), respectively (Fig. S57). In a polar solvent like
acetonitrile-d;, selective excitation at 404 nm (Z — E isomeriza-
tion) and 454 nm (E — Z isomerization) yields PSDs ((+)-1-Z/
(#)-1-E) of 43/57 and 87/13, respectively (Fig. S58).

Although solvent polarity can dictate different mechanistic
photo-induced pathways opposed to double-bond isomeriza-
tion,”” excitingly, only well-controlled reversible Z/E photoi-
somerization was observed in all three solvents (toluene,
chloroform, and acetonitrile) for this RCN-pCp conjugate
(#)-1. The subtle differences noted in the PSDs in different sol-
vents suggest a negligible influence of solvation on the photoi-
somerization process.

For compound (+)-2, Z — E photoisomerization was affected
using 404 nm (Fig. S59) and 371 nm (Fig. S60) LEDs to yield
PSS ratios ((1)-2-Z/(x)-2-E) of 43/57 and 42/58, respectively. A
92/8 ((%)-2-Z/(+)-2-E) mixture was obtained upon E — Z photoi-
somerization with 454 nm excitation (Fig. S59 and Table 1).
The very similar extent of photoisomerization for compounds
(#)-1-Z and (+)-2-Z reveals that the RCN alkyl chain has no
effect on the isomerization behavior.

Compound (+)-3 undergoes 60% Z — E conversion (Z/E =
40/60) upon 404 nm photoirradiation and near quantitative E
— Z photoisomerization (Z/E = 98/2) with 523 nm excitation
(Fig. 5, S61 and Table 1). Z — E photoisomerization was also
tested using 371 nm and 454 nm LEDs, resulting in PSDs
((#)-3-Z/(x)-3-E) of 47/53 and 56/44 (Fig. S62). Although the
inclusion of the -OMe group promotes a red-shifted absorp-
tion profile (vide infra) for compound (1)-3-Z, the extent of Z —
E photoisomerization (60%) does not differ significantly from
(#)-2-Z (57%) due to a similar difference in absorption maxima
(Admax = 18 nm) between the Z and E isomers (Table 1).
Interestingly, the rate of Z — E photoisomerization (15 mM,
chloroform-d) is slightly faster for compound (+)-3-Z (k = (8.16
+0.26) x 107* s71) versus (2)2-Z (k = (7.00 + 0.25) x 107* s71),
presumably given the electron-donating effect of the methoxy
substituent (Fig. S64-S66 and Table S1).”%””

UV-Vis photoisomerization studies

The photophysical properties of the racemic RCN-pCp conju-
gates were assessed by UV-vis spectroscopy. The absorption

Table 1 DFT-simulated and solution absorption and photoisomerization studies of model compounds (+)-2 and (+)-3

Gas-phase DFT studies®

Solution studies in chloroform

Relative energy
(keal mol™?)

Absorption
maximum (nm)

Absorption

maximum? (nm) Z|E composition (%/%) at the PSS®

Model compounds VA E VA E

V4 Z = E (Ajrr in nm) E — Z (A in nm)
(2)-2 0 5.47 357 375 416 43/57 (404) 92/8 (454)
(®)-3 0 5.10 371 389 450 40/60 (404) 98/2 (523)

“The calculated relative energies and absorption maxima are reported for the most stable conformer (C,) in the Z and E states. ” Only the Z
isomer is reported, as independent studies of the pure E isomer could not be performed in solution.  For each sample, the PSS ratios have been

reported based on three measurements (with an error of +1%).
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E—Z photoisomerization (A, : 523 nm)

(2)-3-Z/(£)-3-E : 98/2

Z—E photoisomerization (A, : 404 nm)
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Fig. 5 Solution *H NMR (15 mM, CDCls) photoisomerization studies of
compound (+)-3-Z: pure Z isomer (bottom, black spectrum); PSS
spectra obtained upon 404 nm irradiation (Z — E isomerization, pink
spectrum) and 523 nm irradiation (E — Z isomerization, green spectrum).

profile of compound (+)-1-Z (20 pM, chloroform) features a
primary absorption band at 416 nm (Fig. S78a), which can be
classified as a ©# — =* intramolecular charge transfer (ITC)
band,>* along with secondary transition bands in the lower
wavelength region (250-300 nm). While compound (+)-2-Z
shows a very similar absorption profile (1n.x = 416 nm) to
(¥)-1-Z, a 34 nm red-shift (4.x = 450 nm) is observed for com-
pound (+)-3-Z (Fig. 7a). As independent photophysical studies
of pure E isomers could not be performed, we used time-
dependent density functional theory (TD-DFT) to calculate the
UV-vis profiles of the isomers using a range-separated hybrid
functional (CAM-B3LYP) and double-{ basis set (cc-pVDZ),
which has proved adequate for RCN-functionalized donor-
acceptor type scaffolds.”® Detailed inspection of the frontier
molecular orbitals (FMOs) of compounds (+)-3-Z (Tables S4, S5
and Fig. S95) and (z)-3-E (Tables S6, S7 and Fig. S96) suggest
that the primary absorption band can be attributed to a
HOMO-LUMO transition (Fig. 6), and the secondary absorp-
tion band corresponds to multiple = — 7* transitions includ-
ing HOMO-3-LUMO+2 (for the Z isomer) and HOMO-6-
LUMO+1 (for the E isomer). The lower HOMO-LUMO energy
gap of the E isomer compared to its Z counterpart (Fig. 6),
comports with its additionally red-shifted absorption profile
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Fig. 6 Representations and energies of the frontier molecular orbitals
of the 3-Z and 3-E isomers (in conformation A) showing the HOMO-
LUMO transition.

(Fig. 7a). This study further clarifies that the introduction of
the electron-donating methoxy (-OMe) group in (t)-3-Z pro-
motes a bathochromic shift in the absorption profile com-
pared to compound (+)-2-Z, due to a decrease in the HOMO-
LUMO energy gap (Tables S2 and S3).

Due to the excellent solubility of compound (*)-1-Z, we were
able to measure its absorption spectrum in different polarity
solvents (Fig. S78b). An almost identical absorption maximum
is observed in non-polar solvents like methylcyclohexane (Amax
=414 nm) and toluene (4.« = 417 nm), as compared to moder-
ately polar chloroform (An.x = 416 nm). However, a 14 nm
blue-shift is observed in a more polar solvent like acetonitrile
(Amax = 404 nm). Similarly, for compounds (1)-2-Z and ()-3-Z, a
hypsochromic shift is observed in acetonitrile compared to
chloroform and toluene (Fig. S79). Interestingly, the primary
absorption bands are structured in non-polar media, unlike in
the polar ones, possibly due to different solute-solvent inter-
actions. This phenomenon, along with the hypsochromic shift
in more polar media, is well-understood in push-pull type
oligomers.”®*° We also have observed evidence of possible n-x
interactions in solution, as reported by a variable temperature
(VT) UV-vis study (20 pM, tetrachloroethane) of compound
(+)-3-Z (Fig. S86a). Upon increasing the temperature from
25 °C to 90 °C, a characteristic blue-shift (Adp.x = 7 nm) is
observed, along with a decrease in the molar absorptivity. The
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Fig. 7 (a) Experimental (solid lines) UV-vis (20 pM, chloroform) profiles

of pure (+)-3-Z (red spectrum) and a (+)-3-Z/(+)-3-E mixture obtained
upon 404 nm photoirradiation (black spectrum); and gas phase
TD-DFT-predicted (dashed lines) absorption profiles of compounds
(+)-3-Z (red spectrum) and (+)-3-E (black spectrum). (b) UV-vis photo-
switching of compound (+)-3-Z (20 M, chloroform). The absorbance
change at 488 nm was monitored while alternating between 404 and
523 nm irradiation.

reversible change in the absorption profile (Fig. 86b) in
addition to the VT NMR findings (Fig. S76 and S77), possibly
correspond to the formation of n-stacked dimers in solution
consistent with the solid-state X-ray crystallographic results
(Fig. 3¢).3!

The Z/E photoisomerization was assessed in four different
solvents for compound (*)-1-Z using selective excitation at 371,
404, and 454 nm (Fig. S82 and S83). As monitored by UV-vis
spectroscopy, the Z — E isomerization follows a very similar
trend in all the solvents and is consistent with the NMR
results. There is a noticeable decrease in the molar absorptivity
of the primary (A = ~410 nm) and secondary (4 = ~300 nm)
absorption bands, accompanied by a slight red shift of the
absorption of the (t)-1-Z/(x)-1-E mixture compared to pure
(¥)-1-Z, as obtained upon photoirradiation at the PSS. Well-
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controlled Z — E photoisomerization (20 uM, chloroform) is
observed for compounds (+)-2 (Fig. S84a) and (+)-3 (Fig. 7a and
S84b) upon 371, 404, and 454 nm selective irradiation, which
follows a similar trend in the UV-vis profiles for the Z/E
mixture as compound (#)-1. The isomerization details
observed from UV-vis studies are in good agreement with the
NMR data.

The excited-state TD-DFT calculations reveal that the
absorption maximum (calculated in the gas-phase) of 2-Z-C, is
357 nm, while the maximum for 2-E-C, is at 375 nm
(Fig. S80a). The red-shifted absorption profiles (4. = 373 nm
for 2-Z-C, and 389 nm for 2-E-C,) observed using the IEFPCM
solvent model (Fig. S80b) are expected given the change in the
dielectric properties offered by the solvent versus the in-
vacuum conditions for the gas phase calculations.®

The 3-E-C, isomer boasts a more red-shifted absorption
maximum (4 = 389 nm) than 3-Z-C, (Amax = 371 nm). This
TD-DFT predicted trend (Admax = 18 nm; Fig. 7a, dashed lines)
matches perfectly with the experimentally observed UV-vis pro-
files (Admax = 5 nm; Fig. 7a, solid lines). To be noted, the
difference between the Z/E absorption profiles (Adpax = 18 nm)
remains constant even upon tuning the electronics of the pCp
core, and the small difference in the absorption spectra of Z
and E isomers could explain the incomplete photoisomeriza-
tion for these compounds. However, the electron-donating sub-
stituents could influence the mechanism of isomerization,”®*?
and this will be considered in future investigations.

The TD-DFT predicted UV-vis profiles as calculated for both
compounds (+)-2 and (+)-3 in the Cg are summarized in the SI
(Fig. S80, S81 and Tables S2, S3). Overall, the theoretical investi-
gation provides an in-depth understanding of the RCN-decorated
pCp molecules and aligns well with the experimental findings.

We evaluated the reversibility of the Z/E photoisomerization
reactions by performing photoswitching studies with com-
pound ()-3-Z using alternating 404 and 523 nm irradiation
(Fig. 7b). Compound (+)-3-Z was irradiated in solution (20 pM,
chloroform) with a shorter wavelength light source (di, =
404 nm) to promote Z — E isomerization to obtain a PSS,
while exposing the PSS mixture to a longer wavelength of
irradiation (4;; = 523 nm) promoted E — Z isomerization until
a new PSS was reached. Excitingly, even after ten photoswitch-
ing cycles, almost no evidence of photodegradation was
observed (Fig. 7b). This excellent fatigue-resistant and facile
photoswitching performance using visible light excitation
bodes well for designing photoresponsive materials.

While the well-behaved photoisomerization in different sol-
vents and excellent photostability of these [2.2]pCp-based
analogs are encouraging, the strong absorbance in the visible
region for these systems might be attractive for optoelectronic
applications.

Synthesis of an enantioenriched chiral photoswitch

Following the well-behaved photoisomerization behavior of the
racemic chiral conjugated molecules, we were prompted to syn-
thesize a representative enantioenriched RCN-pCp conjugate
to evaluate its chiroptical properties. The synthesis of photo-
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switch (R,)-2-Z starts from the racemic-4-formyl-[2.2]paracyclo-
phane ((#)-5). The aldehyde was reacted with (S)-
(=)-a-phenylethylamine to form a mixture of imine diastereo-
mers, which, after three rounds of recrystallization, yielded
diastereopure (S,Rp)-10. The imine was subsequently hydro-
lyzed to enantioenriched aldehyde (Rp)-5 (ee = 82%) using a
silica plug (Schemes 2 and S4).* Finally, (R,)-5 was condensed
with the RCN unit 6 to synthesize enantioenriched (ee = 90%)
chiral photoswitch (Rp)-2-Z (Scheme 2). The optical purities of
compounds (Rp)-5 and (Rp)-2-Z were determined by High-
Performance Liquid Chromatography (HPLC) using a chiral
column (Fig. S49-S52). The detailed spectroscopic characteriz-
ation of the resolved intermediates and compound (R,)-2-Z is
available in the SI (Fig. S11-S14 and S25, $26).

Reversible photoisomerization and chiroptical properties

The Z/E photoisomerization of the enantioenriched (Rp)-2-Z
was monitored using NMR (15 mM, chloroform-d) and UV-vis
(20 uM, chloroform). The PSDs ((Rp)-2-Z/(Ry)-2-E) emerge as
43/57 (Z = E, Airr = 404 nm) and 92/8 (E - Z, A = 454 nm)
from the NMR studies (Fig. S63). A gradual decrease in absor-
bance is observed (4;,, = 404 nm), accompanied by a slight red
shift upon Z — E photoisomerization (Fig. 8a and S85). A very
similar extent of isomerization was observed for the enantio-
enriched molecule compared to its racemic analog, suggesting

TiCl,
CH3OCHCI2
DCM
0°Ctort,12h
99%
[2.2]pCp (#)-5
NH
2 tol 100 °C
. o uen7e2, !
(S)
Ph
N“'I\ PhJ ‘N
| |
S, Rp-10 S, Sp-10
1) Recrystallization
(in hexanes)
2) CH2C|2, S|02 (s)
6 ]
NH,4OAC, AcOH @
100°C,21h
(Rp)-2-Z 90% (R,)-5

Scheme 2 Synthesis of the enantioenriched target molecule (Rp)-2-Z.
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Fig. 8 Solution (20 uM, chloroform) (a) UV-vis and (b) circular dichro-
ism (CD) profiles of pure (Rp)-2-Z (black trace) and the (Rp)-2-Z/(R;)-2-E
mixture obtained upon 404 nm irradiation (Z — E isomerization, pink
trace) and 454 nm irradiation (E — Z isomerization, blue trace).

no influence of the optical purity of these planar chiral mole-
cules on their photoisomerization behavior.

Inspired by the chiroptical properties of [2.2]pCp
scaffolds,®'®® we measured the electronic circular dichroism
(ECD) spectrum of the planar chiral enantioenriched (R,)-2-Z
(20 uM, chloroform) and monitored the change upon Z/E
photoisomerization (Fig. 8b). For the pure Z isomer, a negative
response is observed at 401 nm (Ae = —19 M™" cm™") along
with a shoulder at 430 nm (Ae = —13 M~' em™"). In the shorter
wavelength region, several positive ECD-active bands are
observed at 270 nm (Ae = +6 M™" cm™") and 305-330 nm (Ae =
+12 M™' em™). Upon Z — E isomerization promoted by
404 nm irradiation, a distinct spectral change is observed
(Fig. 8b). The intensity of the band at 401 nm weakened (Ae =
—13 M~' em™), while that of the positive bands at 270 nm,
304 nm, and 335 nm also decreased. Interestingly, by switch-
ing the irradiation source to 454 nm (E — Z isomerization), the
ECD spectrum of the pure Z could be restored.

The magnitude of the change in chiroptical response is not
large, which could be attributed to the incomplete photoisome-
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rization of the RCN-pCp molecule, and the large overlap of the
Z and E absorption profiles. We envision that tuning the isomer
structures with substantial spectral separation and quantitative
isomerization could facilitate more pronounced chiroptical
changes, a concept currently being investigated in our group
using the RCN-pCp scaffolds. However, considering the diverse
applications of the [2.2]pCp-based n-conjugated moieties in
supramolecular chemistry and organic materials, this light-
modulated reversible chiroptical property of the reported RCN-
pCp conjugates is exciting and would accentuate this scaffold as
a promising candidate for future applications.

The experimental CD profiles are supported by TD-DFT calcu-
lations (at the B3LYP/6-31+G(d) level of theory). A negative response
at 437 nm is obtained (Ae = —23 M ' cm™) for the Z isomer
(Fig. s88), which for the E isomer is observed at 457 nm (Ae = —19
M~ em™). Similar to the solution spectra, the positive bands in
the lower wavelength regions are less intense for the E isomer com-
pared to the Z. The consistency of the calculated and experimental
ECD characteristics confirm that the reversibility observed in solu-
tion is only due to the Z/E photoisomerization process.

Thermal isomerization studies

We investigated whether the metastable E isomer can ther-
mally relax back to the Z isomer in solution by "H NMR spec-
troscopy. Compound (+)-1-Z was first irradiated (4;,r = 404 nm)
to reach a PSS (#)-1-Z/(+)-1-E mixture in three different solvents
(toluene-dg, chloroform-d, and acetonitrile-d;). No noticeable E
— Z thermal isomerization was observed within 24 h at 25 °C
(Fig. S67-S69). As our previous work showed that RCN-based
small-molecules®® and related donor-acceptor-like structures®”
undergo faster thermal isomerization in more polar media, we
tested the thermal stability of the pCp structures ((z)-1-Z-(%)-3-
Z) in acetonitrile at 60 °C over 5 days (Fig. S70-S74).
Monitoring the Z/E PSS mixtures for compounds (+)-1-Z
(Fig. S70) and (+)-2-Z (Fig. S72), a thermal conversion (E — Z)
of 16% and 9.1% was achieved. Compound (+)-3-Z (Fig. S74)
undergoes the highest extent (28%) of thermal relaxation
(E — Z) under the same experimental conditions, which high-
lights that the electron-donating influence of the methoxy sub-
stituent could accelerate the olefin isomerization thermally
(Fig. $75).2% We have shown that even minor molecular engin-
eering can impact the thermal stability of these molecules.

Conclusions

We have designed and synthesized novel planar chiral photo-
switches based on [2.2]pCp-RCN conjugates. The as-syn-
thesized isomer exists in the Z configuration about the exocyc-
lic olefin bond, as confirmed by X-ray crystallography and com-
prehensive 2D-NMR spectroscopic studies. These conjugated
small molecules can undergo reversible Z/E photoisomeriza-
tion using visible and UV light irradiation efficiently. A PSD of
40/60 (Z/E) was obtained for compound (+)-3-Z upon Z — E iso-
merization, while near quantitative (98%) E — Z conversion
was achieved. The NMR and UV-vis isomerization results are
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complementary, with the UV-vis profiles showing negative solva-
tochromism for compound (+)-1-Z in different polarity solvents
(methylcyclohexane, toluene, chloroform, and acetonitrile).
Introduction of an electron-donating methoxy (-OMe) group red
shifts the absorption of (+)-3-Z to 450 nm and promotes excel-
lent photoswitching performance upon alternating 404 and
523 nm irradiation. The metastable E isomer could be purified
(up to 94%) and structurally characterized. Detailed DFT and
TD-DFT calculations correlate well with the experimental out-
comes; a very similar trend in UV-vis profiles is obtained for the
Z and E isomers in solution (chloroform) and gas-phase calcu-
lations. In-depth inspection of the frontier molecular orbitals
also provides insight into the spectroscopic transition.

Most interestingly, synthesis and characterization of
enantioenriched RCN-pCp (Rp)-2-Z has revealed that the
characteristic CD signal of the Z isomer could be modulated
with 404 nm irradiation, owing to Z — E isomerization, and
restored with exposure to a 454 nm LED (E — Z isomerization).
Simulated CD profiles from TD-DFT calculations also corrobo-
rate these findings. Reversible control of the optical and chir-
optical properties is highly encouraging and holds potential
for designing photoresponsive functional materials in the
future. Overall, this work presents the [2.2]pCp-RCN conju-
gates as novel planar chiral molecular photoswitches with
reversible chiroptical properties. Further molecular engineer-
ing to develop high-performing chiroptical switches based on
this chiral RCN-pCp structure is underway in our group.
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