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Herein, we unveiled a regio- and diastereoselective synthesis of cyclobutylated phenothiazines, a unique
class of structural congeners of phenothiazines via visible-light-irradiated intermolecular [2 + 2]-
cycloaddition reaction, from readily available naphthoquinones, 2-aminothiophenols, and styrenes, either
in a two-step or three-component coupling process. By varying substitutions in all three coupling
partners, a library of cyclobutylated phenothiazines, including late-stage derivatization with five
commercial drugs, has been realized with up to 97% isolated yield. In contrast to the reported pathways,
the developed [2 + 2]-photocycloaddition seems to proceed via a ‘photoinduced-electron-transfer’
(PET) mechanism, which is well corroborated with the experimental observations, Rehm-Weller
equation, and computation studies. Delightfully, a wavelength-gated reversibility of the [2 + 2]-
photocycloaddition reaction has been accomplished on the synthesized cyclobutylated phenothiazines.
By monitoring the rate of the cycloreversion reactions for different derivatives, a structure—activity
relationship has also been achieved. Interestingly, this phenomenon was further replicated inside living

cells, which leads to turn-on emission and is applied for photoresponsive cell imaging. This marks the
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Accepted 4th December 2024 first report of a light-triggered [2 + 2]-cycloreversion phenomenon occurring inside a live cell, leading to

cell imaging. Moreover, the synthesized drug derivatives were utilized for synchronous cell imaging as
well as drug delivery through the developed [2 + 2]-photocycloreversion process, which demonstrated
the potential applicability of this class of molecules.
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available drugs, e.g., chlorpromazine, fluphenazine, methylene
blue, etc. (Fig. 1a).* Since the pioneering discovery of pheno-

Introduction

Facile synthesis of strained carbocyclic motifs, especially
cyclobutane scaffolds, has garnered substantial interest in the
past few decades for their use as valuable intermediate and
molecular building blocks for synthesizing various natural
products and pharmaceuticals." Cyclobutanes, being the
second most strained monocyclic alkanes in terms of total
strain and strain per carbon atom,”> can undergo facile ring
expansion or fragmentation, producing the desired or active
molecular structure. On the other hand, phenothiazines are
very well known to be a valuable core in several commercially
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thiazine in 1883 by Bernthsen, numerous derivatives of it have
been synthesized to date and widely acknowledged for their
remarkable bioactivity as well as extensive applications.*
Phenothiazine drugs not only have revolutionized the realm of
psychiatric medicines® but also exhibit significant contributions
as antihistamines and antiemetics.® Due to this, the WHO has
enlisted three phenothiazine drugs as essential medicines.”

In recent years, photocatalysis has increasingly become
a valuable and potent technique for constructing diverse
molecular assemblies that were previously challenging using
conventional methods.® The greener, environmentally benign,
and milder approach of this method facilitates the rapid
construction of intricate molecular frameworks with reduced
side products, thereby enhancing atom and step economy. In
this context, various research groups across the world are
utilizing photo-irradiated strategies for carbon-carbon,® and
carbon-heteroatom' bond formation to access valuable mole-
cules. Recently, the trend for monitoring a light-induced
chemical reaction at the cellular level has gained significant
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a. Importance of phenothiazine & cyclobutane cores
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b. Our approach on synthesis of angular phenothiazines
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Fig.1 (a) Importance of phenothiazine and cyclobutane cores; (b) our
approach for synthesizing cyclobutylated phenothiazines via the light-
irradiated pathway; (c) wavelength-gated [2 + 2] cycloreversion of the
synthesized cyclobutylated phenothiazines inside live cells, utilized for
cell imaging and drug delivery.

attention as this provides an appropriate insight into drug
delivery and the mode of action of molecules for biological
applications.™ In this context, the cellular localization of a light-
mediated chemical phenomenon is an attractive approach to
manipulate and study subcellular events with high spatiotem-
poral resolution.

Our group is actively engaged in the development of orga-
nochalcogen (chalcogens = S, Se, and Te) chemistry, mainly
accessing newer methodologies, preparing novel molecular
architectures, and exploring their catalytic applications.”

In the last few years, we also have embarked on the light-
driven construction of biologically relevant value-added mole-
cules,” where very recently C-H-acylation, -amination, and
-alkylation of naphthoquinones have been achieved by utilizing
alcohols,*** amines,**? and even alkanes.

In this regard, we hypothesized whether we could make
a unique conjuncture between the two structurally valuable
cores: sulfur-heterocycle phenothiazine and cyclobutane, via
a mild and sustainable light-driven protocol. The aim behind
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this hypothesis was to utilize this unique conjuncture for
further cellular applications, as our laboratory is focused on
synthesizing various small molecule fluorophores and utilizing
them as markers for the bio-imaging of live cells.™ Although
phenothiazines are widely explored, their structural congener
angular phenothiazines are underexplored despite their re-
ported bioactivity.*®

To our delight, at first, we successfully synthesized the
angular phenothiazine 1 utilizing a visible-light-irradiated
method by oxidative dehydrogenative coupling of C-H and S-
H bonds of 1,4-quinones and aminothiophenols using aerial
oxygen as an oxidant (Fig. 1b, eqn (i)). Finally, the synthesized
angular phenothiazines 1, upon light irradiated [2 + 2]
cycloaddition with styrenes, provided the desired cyclo-
butylated phenothiazines 2 (Fig. 1b, eqn (ii)) with excellent
regio- & diastereoselectivity. A ‘photoinduced electron transfer’
(PET) mechanism has been proposed for the cycloaddition
reaction, which is well corroborated with experimental obser-
vations as well as Density Functional Theory (DFT) studies.
Later, we established a wavelength-gated reversibility in the
synthesized cyclobutylated phenothiazines based on the
subsequent photophysical studies and HPLC analysis. Further,
this wavelength-gated photocycloreversion phenomenon was
utilized for turn-on emission-mediated photoresponsive cell
imaging and drug delivery for the first time (Fig. 1c).

Results and discussion

Initially, we sought to synthesize the angular phenothiazine 1a
through a conventional heating method using 1,4-naph-
thoquinone and 2-aminothiophenol via dehydrogenative
oxidative coupling. We conducted the reactions using oxidants,
namely, Cu(OAc), and atmospheric oxygen, in the presence of
solvents like DMSO and DMF. However, the desired trans-
formation could not be achieved even by using conventional
coupling between 2-bromo-1,4-naphthoquinone and 2-amino-
thiophenol. Next, by recognizing the exceptional reactivity of
quinones under light-irradiated conditions,"**“'* we sought to
utilize the same in our quest to realize the angular phenothia-
zine 1a.

Gratifyingly, under blue-light-irradiation (An.x = 457 nm),
the reaction of 1,4-naphthoquinone and 2-aminothiophenol
yielded the angular phenothiazine 1a in 40% yield in acetone
under the aerial atmosphere.

Better yields (51 and 55%) of 1a were realized in acetonitrile
and methanol, keeping the light source unaltered (Scheme 1a,
eqn (i)). 2-Amino-4-(trifluoromethyl)benzenethiol was also
reacted smoothly with 1,4-naphthoquinone to enable
trifluoromethyl-substituted angular phenothiazine 1ac (see ESI,
Page S67). The coupling of 1,4-anthraquinone with 2-amino-
thiophenol occurred sluggishly to afford the respective angular
phenothiazine 1ad and was used further without any charac-
terization (see ESI, Page S71). The a,B-unsaturated double bond
was tri-substituted in both 1ac and 1ad. To achieve a tetra-
substituted derivative, 2-methylnaphthalene-1,4-dione was
coupled with 2-aminobenzenethiol to afford 1ae (see ESI, Page

S71).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a. Stepwise two- component coupling
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Scheme 1 Synthesis of the cyclobutylated phenothiazine 2a: (a)
stepwise two-component coupling (egn (i) and (ii)); (b) three-
component coupling.

Fig. 2 Single crystal X-ray structure of cyclobutylated phenothiazine
2a (CCDC no. 2332714).

The intermolecular [2 + 2] photocycloaddition between 1a
and styrene yielded the desired cyclobutylated phenothiazine 2a
in 96% isolated yield (Scheme 1a, eqn (ii)). Observing similar
light-irradiated conditions for both steps, we were curious
whether the cyclobutylated phenothiazine 2a could be achieved
via a three-component coupling. Realizing that an oxidative
dehydrogenative coupling was occurring between 1,4-naph-
thoquinone and 2-aminothiophenol in the first step, we
perceived that some reactive oxygen species might be generated
in the reaction mixture as side products, which might impede
the second step. Therefore, to facilitate the second step, we
planned to quench the in situ generated species by introducing

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a catalytic amount of MnO, along with molecular sieves.
Pleasingly, the desired cycloadduct 2a was obtained in 50%
yield from a three-component coupling process (Scheme 1b).

The regiochemistry and spatial arrangement of 2a were
assigned by its single crystal XRD analysis (Fig. 2), which
revealed that a strong intramolecular -7 stacking interaction
(3.765 A) is present between the phenyl rings of styrene and
benzothiazine. This intramolecular ©-7 stacking seems to be
responsible for the excellent regio- and diastereoselectivity of
the cycloadducts.

Substrate scopes

Next, we proceeded to the substrate scope variations (Scheme
2). To our delight, o-, m- and p-halogenated, alkylated, alkoxy-
lated, arylated, and disubstituted styrenes underwent the [2 + 2]-
photocycloaddition reaction very smoothly to afford the corre-
sponding cyclobutylated phenothiazines 2a-2v with excellent
yields (82-97%). The 97% isolated yield of the cyclobutylated
phenothiazine 2a on gram-scale synthesis demonstrated the
practical applicability of the developed protocol. The a- and
trans-B-methylated styrenes provided moderate yields of 2w and
2x, probably due to increased steric crowding around the reac-
tive double bond (54% and 58%). A 30% yield of the desired
cycloadduct 2y was obtained with ¢rans-stilbene, while cis-stil-
bene led to only a trace amount of product 2z. The electron-
deficient 2- and 4-vinyl pyridines also exhibited only traces of
their respective products 2aa and 2ab. Noteworthily, styrenes
with electron-withdrawing substituents were unreactive toward
the photocycloaddition reaction. Next, we varied the angular
phenothiazine counterpart by taking trifluoromethyl-
substituted angular phenothiazine 1ac and 1,4-anthraquinone
coupled angular phenothiazine 1ad (Scheme 2b and c). Both of
them reacted smoothly with styrene to afford the corresponding
cyclobutylated phenothiazines 2ac and 2ad in 90% and 69%
yields, respectively.

Thereafter, we proceed to investigate the scope of the
developed [2 + 2] photocycloaddition reaction with tri- and tet-
rasubstituted double bond-containing precursors (Scheme 2d).
When the tetrasubstituted phenothiazine 1ae was reacted with
styrene, it produced the corresponding cycloadduct 2ae only in
low yield (20%), presumably due to increased steric hindrance
around the double bonds. We then explored the tri- and tetra-
substituted double bond containing styrenes in the photo-
cycloaddition reaction. (Cyclopropylidenemethyl)benzene and
2-methyl-1H-indene provided the corresponding cycloadducts
2af and 2ag with moderate (50%) and low (15%) yields,
respectively. However, trisubstituted styrenes with increased
steric crowding around the double bond provided only traces of
the corresponding products 2ah, 2ai, and 2aj. The tetrasub-
stituted styrenes did not participate in the cycloaddition reac-
tion at all. Alleviation of ring strain in the cyclopropyl ring upon
[2 + 2] photocycloaddition in the case of 2af might facilitate the
reaction to provide comparatively better yield (50% vs. 20%-
trace).

Moving forward, we proceed with the post-synthetic modi-
fication of our synthesized cyclobutylated phenothiazine 2a

Chem. Sci., 2025, 16, 709-720 | 71
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Scheme 2 Substrate scopes for the cycloaddition reaction [angular
phenothiazine (1.0 equiv., 200 mg), styrene (3 equiv.), acetone (3 mL), 6
hl. °NMR yield, °gram scale synthesis [1a (1.0 g, 3.8 mmol), 2a (1.3 mL,
11.4 mmol), acetone (10 mL), 6 h], “traces of the product were char-
acterized by mass spectrometry, “reaction time 12 h.

(Scheme 3a). Upon reduction with NaBH,, 2a gets reduced to
phenothiazin-8-ol 2ak, which upon oxidation with m-CPBA
results in the sulfoxide 2al with good yields. Lastly, we pondered
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upon the possibility of combining the cyclobutylated pheno-
thiazine 2a with commercially available drug molecules
(Scheme 3b). By following the reported procedures,'” 4-chlor-
omethyl styrene was coupled with five commercial drugs,
namely, ibuprofen, flurbiprofen, gemfibrozil, clofibric acid, and
fenbufen, to afford the corresponding drug-coupled styrenes.
To our delight, these drug-coupled styrenes reacted
smoothly with the synthesized angular phenothiazine 1a under
the developed [2 + 2] photocycloaddition reaction conditions,
providing the late-stage functionalization of cyclobutylated
phenothiazine (2am-2aq) in moderate to good (50-72%) yields.

Control experiments for mechanistic understanding

After synthesizing a library of cyclobutylated phenothiazines,
we turned our focus on gaining insights into the mechanism of
the reaction by performing some control experiments (Scheme
4). To understand whether the reaction is proceeding via
a concerted pathway or via a stepwise mechanism, we have
performed radical trapping/quenching experiments. In the
presence of the radical trapper TEMPO, not only was the yield of
the desired product decreased, but three TEMPO adducts were
also realized through the mass spectrometry analysis (Scheme
4a). Also, radical scavenger TBHP led to a decrement in the yield
to 19% of the product (Scheme 4b). These experiments indi-
cated that our photocycloaddition is proceeding via a stepwise
pathway involving radical intermediates. Next, we performed
the photocycloaddition in the presence of triplet state
quenchers 9,10-phenanthrenequinone and ferrocene having
triplet energies >60 kcal mol ' (styrene has a triplet energy of
~60 keal mol %), which lowered the yield of the cyclobutylated
phenothiazine to 22% and 15%, respectively, indicated that the
reaction might proceeds via a triplet excited state (Scheme 4c).

PET process verified using the Rehm-Weller equation

For the Rehm-Weller equation, the excited state redox potential
of 1a and ground state oxidation potential of styrene were ob-
tained from cyclic voltammetry, absorption, and emission
studies (see ESI, Pages S38 and S391). The more positive,
excited-state redox potential Ej¢ (4)1)54 value of angular
phenothiazine 1a (+1.765 V) in comparison to the one-electron
oxidation potential value of styrene [ES5(D) = +1.1 V] strongly
suggested that angular phenothiazine 1a, in its excited state, is
capable of oxidizing the styrene. Further, the corresponding
negative AGygy value (—64.16 k] mol ") strongly suggested the
feasibility of a photoinduced electron transfer (PET) process.

DFT computation

To gain further insight into the plausible mechanism of the [2 +
2] photocycloaddition, we have studied the molecular orbitals of
excited state phenothiazine I (see ESI, Fig. S12 and Page S517)
and styrene (see ESI, Fig. S11 and Page S517). The calculated
energy difference between the SOMO of excited state pheno-
thiazine I and the HOMO of styrene is +6.11 kcal mol . This
indicated a feasible condition for electron transfer from styrene
to excited state phenothiazine I under the blue-LED irradiation
condition.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a. Post-synthetic modifications ———————————
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Scheme 3 (a) Post-synthetic modifications, and (b) late-stage drug
derivatization of the cycloadduct 2a; ?Na,EosinY (10 mol%) was added.

Photophysical investigations

Next, we turned our attention toward the photophysical inves-
tigations of synthesized molecules (see ESI, Fig. S5 and Page
S3171). The synthesized angular phenothiazine 1a exhibited
distinct absorption at 470, 364, and 310 nm. However, the
cyclobutylated phenothiazine 2a provides a featureless broad
absorption spectrum ranging from almost 322 nm to 455 nm

8-

Q 457 nm

N TEMPO
S +

O‘ | Acetone, rt

air, 6 h

[o]

1a 2a

(22% for 3 equiv. of TEMPO)
(6% for 5 equiv. of TEMPO)

a. Radical trapping experiment

Calcd m/z [M+H]* 421.1944
Observed 421.1928

View Article Online

Chemical Science

with an absorbance maximum at 348 nm. Compared to the
initial precursor of phenothiazines, namely, 1,4-naph-
thoquinone (A,,.x = 330 nm), the absorption maxima of both
the angular phenothiazine 1a and cyclobutylated phenothiazine
2a were red-shifted; where, in the case of 1a, the red-shift is
more prominent. Moreover, the angular phenothiazine 1a
shows significant emissive properties in comparison to 1,4-
naphthoquinone and cyclobutylated phenothiazine 2a.

Kinetic experiment of the [2 + 2] photocycloaddition reaction

To understand the kinetics of the photocycloaddition reaction,
the blue light irradiated (Ana.x = 457 nm) reaction mixture of
angular phenothiazine 1a and styrene was studied by UV-visible
spectroscopy at different time intervals (Fig. 3). The absorption
spectrum of the reaction mixture suggests that the angular
phenothiazine 1a and styrene precursors were nearly consumed
after 360 minutes, as the maximum absorption at 470 nm cor-
responding to precursor 1a gets saturated (Fig. 3a and b). This
indicated that the reaction was completed within 360 minutes.
A similar trend was also observed in emission spectra (see ESI,
Fig. S8 and Page S357).

Next, the rate of the [2 + 2] cycloaddition reaction was
monitored by the UV-visible absorption, which indicated that
the rate is linearly dependent on the concentration of angular
phenothiazine 1a and styrene. It follows first-order kinetics with
respect to both the reactants individually with a rate constant of
(6.6 + 0.4) x 107° min~" (Fig. 3c). Further, the reaction rate was
calculated from the respective rate constants for the initial 240
minutes of the reaction using the first-order rate law (see ESI,
Pages S32 and S337). The reaction rate for [2 + 2] cycloaddition
was observed as 0.26 uM min " for the initial 240 minutes of the
reaction.

Further, we have also investigated the dependency of the
photocycloaddition reaction rate on the incident light intensity.
For that, we conducted the reaction between angular pheno-
thiazine 1a and styrene under optimized reaction conditions, at

Calcd m/z [M]* 260.2009
Observed 260.2009

Calcd m/z [M+H]* 680.3880
Observed 680.3917

b. Radical scavenging experiment

» @
N 457 nm N
S + S
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(o]

Acetone, rt, air, 6 h o

1a 2a (19% with TBHP)

- /©
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S + K3 S
O‘ | 9,10-Phenanthrenequinone

c. Triplet-state quenching experiment

and Ferrocene
0 (3 equiv.) o
1a Acetone, rt, air, 6 h 2a (22% and 15%)

Scheme 4 Control experiments in the presence of (a) TEMPO, (b) TBHP, and (c) 9, 10-phenanthrenequinone and ferrocene.
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Fig. 3 Kinetic monitoring of the [2 + 2] cycloaddition reaction
between angular phenothiazine 1a and styrene: (a) time-dependent
absorption spectra of the [2 + 2] photocycloaddition at 900 Lx; (b)
change in the absorbance at 470 nm of angular phenothiazine 1a with
respect to time; (c) plot of Ln[1a] with respect to time for determining
the rate of reaction at 900 lx; (d) rate of the [2 + 2] cycloaddition
reaction at different incident light intensities (x). These studies were
performed at 80 uM concentration in acetonitrile.

Plausible PET mechanism
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Scheme 5 Plausible reaction mechanism of the [2 + 2] photo-
cycloaddition. The calculated relative Gibb's free energy of the reac-
tion (AG® in kcal mol™) was obtained at a DFT-B3LYP/6-311+G(d,p)/
CPCM(acetone) level of theory.

variable light intensities. The reactions were carried out up to
saturation and the rate of each reaction was monitored up to
240 minutes (Fig. 3d).

At the optimal light intensity of 900 Ix, the reaction rate was
at its maximum (0.26 uM min '), with a rate constant of (6.6 +
0.4) x 10> min~ " (see ESI, Page S33 and S347). As the incident
photon concentration decreased, the reaction rate also gradu-
ally declined. At 400 Ix, the rate was 0.12 pM min~ " with a rate
constant of (1.9 + 0.04) x 10 min ", and at 70 Ix, the rate was
0.097 uM min ' with a rate constant of (1.5 + 0.1) x
102 min~. These results are suggestive of the dependency of
rate law on the intensity of incident light.
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Proposed mechanism

Based on the above experimental observations and DFT
computation (see ESI, Pages S40-S607), we proposed a PET
mechanism for the cycloaddition reaction (Scheme 5). Upon
light irradiation, phenothiazine 1a gets excited to produce the
excited state phenothiazine I. The high oxidizing nature of the
excited state phenothiazine I could facilitate the single electron
transfer from styrene to the oxidizing excited state phenothia-
zine I to afford the radical-ion pair II. The electron transfer
from styrene to the excited state phenothiazine moiety seems to
be endergonic by 6.48 kcal mol " (0.28 eV). This is reasonably
a feasible condition for photo-induced electron transfer. In the
close proximity of the radical-ion pair II, the - stacking plays
its role and helps in the regioselective formation of a C-C bond
generating the 1,4-diradical III. This step is exergonic by —14.30
keal mol " which indicates the feasibility of this path. Finally,
the prompt radical recombination in III resulted in the desired
cycloadduct 2a with excellent regio and diastereoselectivity.

It is worth mentioning that the lower yield of the product in
nonpolar solvents (see ESI, Table 1,} entry 4), traces of product
formation with electron-deficient styrenes (2aa & 2ab), and the
nonreactivity of styrenes with electron-withdrawing substitu-
ents support this PET process.

From both the SOMOs of radical ion pair II, it can be seen
that one of the electrons is lying on the phenothiazine backbone
and the other electron is lying on the styrene backbone (Fig. 4).
Also from the electron density plot, we have observed that most
of the electron density is lying over the phenothiazine moiety
(see ESI, Fig. S13 and Page S527).

Here, it is worth noticing that the proposed PET process is in
contrast to the literature precedences, where the [2 + 2] photo-
cycloaddition between an enone and olefin is documented to
proceed via an ‘energy transfer’ (EnT) process between an
excited triplet-state enone and a ground-state olefin.*®

Wavelength-gated [2 + 2] photocycloreversion of
cyclobutylated phenothiazines

During these experiments, a color change was observed in
cyclobutylated phenothiazine 2a upon exposure to light. Before
exposure to any light irradiation, the colorless solution of 2a
provides only a featureless broad absorption spectrum span-
ning from 322 nm to 455 nm (Fig. 5A, and ESI Fig. S5 and Page

(b)

(@)

J““
9

‘@

Fig. 4 (a) SOMO and (b) SOMO+1, pictures of radical—ion pair II.
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Fig. 5 Wavelength-gated [2 + 2] cycloreversion of cyclobutylated
phenothiazine 2a (10 pM in acetonitrile) upon irradiation with a 405 nm
external laser source. (A) Spectroscopic analysis: (a) time-dependent
UV-vis absorption spectra of 2a; and (b) corresponding OD values at
various time intervals. (B) HPLC analysis: (c) time-dependent HPLC
analysis; and (d) concentration of 2a and 1a in the reaction mixture at
various time intervals.

S31t). However, upon being subjected to an external laser
source of 405 nm, the absorbance value of 2a gradually
increases beyond 455 nm and reveals well-defined vibronic
features (Amax = 470 nm). After 5 minutes of irradiation, the
spectra became saturated, and the final spectrum perfectly
mirrored the absorption spectrum of angular phenothiazine 1a.
This reshaping of absorption spectra indicated that upon light
exposure, the cyclobutylated phenothiazine 2a might be con-
verting back to the angular phenothiazine 1a via the [2 + 2]
photocycloreversion process. Also, irradiation on different
concentrations of cyclobutylated phenothiazine 2a resulted in
the complete conversion into angular phenothiazine 1a, which
indicated that the [2 + 2] photocycloreversion phenomenon is
concentration-independent (Fig. S26 and Page S69, ESIt).

To further authenticate this phenomenon, a high-
performance liquid chromatography (HPLC) experiment was
conducted at various time intervals (Fig. 5B). Initially, a solution
of cyclobutylated phenothiazine 2a was examined to establish
the peak retention time prior to any light exposure, revealing an
isolated peak at 10.4 min. Exposure to the external laser source
(405 nm) gave rise to two new peaks that precisely aligned with
angular phenothiazine 1a (9.8 min) and styrene (8.2 min). After
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5 minutes of light exposure, the intensified peaks of 1a and
styrene, whereas the reduced peak of 2a nearly to the baseline,
indicated the spectrum saturation (see ESI, Fig. S21, Pages S60
and S617). Eventually, this HPLC study authenticated that the [2
+ 2] photocycloreversion of the synthesized cyclobutylated
phenothiazine 2a precisely produced back its precursors,
namely, angular phenothiazine 1a and styrene, without forma-
tion of any side product.

Cell imaging and drug delivery by the developed wavelength-
gated [2 + 2] photocycloreversion

Having these experimental results, we were intrigued by the
prospect of replicating the developed light-triggered [2 + 2]
cycloreversion phenomenon within live cells, aiming for cell
imaging. To ascertain the feasibility of this process within
biological systems, a similar light-triggered [2 + 2] cyclo-
reversion reaction was performed in PBS (Fig. S27 and Page S69,
ESI¥).

To explore cell viability, we examined the cytotoxicity of both
the synthesized angular phenothiazine 1a and cyclobutylated
phenothiazine 2a probes using the MTT assay in live HeLa cells
(Fig. 6). The results showed that more than 80% of the cells
remained viable at 5 pM concentration of both probes, affirm-
ing their suitability for cell imaging. The green fluorescence
emitting from all over the cells upon treatment with angular
phenothiazine 1a indicated a good distribution of the probe
throughout the cytoplasm. In contrast, the cyclobutylated
phenothiazine 2a probe did not exhibit any significant fluo-
rescence in the green channel under normal conditions.

Next, to conduct the [2 + 2] cycloreversion experiment, HeLa
cells were pre-treated with cyclobutylated phenothiazine 2a for
15 minutes, and subsequent images were acquired. As expected,
the FITC channel does not show any fluorescence despite
healthy cells being visualized from the DIC images (Fig. 7a).
Surprisingly when cells in the same field of view (FOV) were
irradiated for 30 seconds with an external laser source (405 nm),
an intense green fluorescence was observed from all over the
cells (Fig. 7b). The intensity became more prominent after 1
minute of irradiation (Fig. 7c). The merged images displayed
how the cells glowed up after light irradiation. Therefore,
considering all the experimental outcomes, we postulated that
within the cellular environment as well, upon light-irradiation,

a b
@ 1004 [2a]
100 ICq = 13.5 M _
o ICs =11.9 ;M
R 75| ”_ ; 75 | F ) ’
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S 50 8 50 >
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Fig. 6 Cell viability assay in live Hela cells for (a) angular phenothia-
zine 1a and (b) cyclobutylated phenothiazine 2a probes, respectively.
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Fig. 7 Confocal laser scanning microscopy (CLSM) images of Hela
cells after treatment with 5 uM of cyclobutylated probe 2a upon irra-
diation without (upper panel: (a)) and with (middle and lower panel: (b)
and (c)) light. Scale bar = 10 pm.

1

the non-fluorescent cyclobutylated phenothiazine 2a undergoes
a [2 + 2] cycloreversion to generate fluorescent angular pheno-
thiazine 1a.

It is worth mentioning that, to the best of our knowledge,
this presents the first report of a light-triggered [2 + 2] photo-
cycloreversion reaction occurring inside a cell, resulting in
a remarkable turn-on emission that leads to photoresponsive
live cell imaging.

Further, the internalization pathway of the angular pheno-
thiazine 1a was investigated in order to understand how this
probe stains the cytoplasm. As depicted in Fig. S29 (Page S70,
ESI), when HeLa cells were incubated at a low temperature, the
fluorescence intensity coming from the cytoplasm was signifi-
cantly reduced. This result suggests that the angular pheno-
thiazine 1a probe might be penetrating the cells through an
energy-dependent pathway.

To gain deeper insight into a particular endocytosis pathway
involved in the internalization of 1a, several cellular uptake
assays were carried out in the presence of various inhibitors
such as chloroquine (CQ), chlorpromazine (CPZ), methyl-p-
cyclodextrin (MBCD), amiloride hydrochloride (AMR) and
cytochalasin-D (CyD). According to Fig. S29 and S30 (Pages S71,
ESI),T there is no substantial alteration in the fluorescence
intensity when cells were treated with CQ, CPZ, MBCD, AMR,
and CyD compared to the control group. This suggested that the
endocytosis pathway of the angular phenothiazine 1a is inde-
pendent of autophagic flux, clathrin, and lipid raft, as well as
micropinocytosis and phagocytosis through actin polymeriza-
tion. The corresponding fluorescence intensities were plotted to
better represent the effect of cellular internalization at a low
temperature and in the presence of different inhibitors
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(Fig. S30, ESIt). It is evident from Fig. S307 that cellular uptake
is majorly affected when the cells were kept at 4 °C for
incubation.

All these results implied that cellular uptake of the angular
phenothiazine 1a occurs through an energy-dependent
pathway. Encouraged by these results, we next proceeded to
investigate the structure-activity relationship of the synthesized
cyclobutylated phenothiazines in terms of the rates of their
cycloreversion reactions. Consequently, we have performed the
[2 + 2] photocycloreversion reaction of the synthesized cyclo-
adducts 2a-2af using the external laser source of 405 nm and
monitored the corresponding time-dependent UV-visible
absorption data (for a detailed discussion see ESI, Page S62-
S661). When ortho-, meta- and para-substituted cyclobutylated
phenothiazines were compared, a general trend was observed
that the ortho-substituted ones 2b, 2d, 2e, and 2f were exhibiting
the highest rates while the meta-substituted cycloadducts 21, 2n,
20, and 2p were the slowest. Para-substituted cycloadducts 2g,
2i, 2j, and 2k showed rates in between ortho- and meta-ones (see
ESI, Page S63t). Further, when the rates of the photo-
cycloreversion of all the synthesized cycloadducts were
compared, it was found that among all the cyclobutylated
phenothiazines, the ortho-methyl substituted cyclobutylated
phenothiazine 2e exhibited the highest rate (0.049 puM s 1),
whereas the trans-stilbene derived cycloadduct 2y provided the
slowest rate (0.016 uM s~ ). As can be seen from Fig. 8, the rate
of cycloreversion of 2e is three times higher in comparison to 2y.
Subsequently, we proceeded to explore the structure-activity
relationship within live HeLa cells and observed that in the case
of 2e, no signal was detected from the cells prior to light irra-
diation (Fig. 9a). However, after 1 minute of irradiation,
a significant enhancement in signal intensity was observed

(b) Time/aes

—20

Time/ sec

0.10

2
e
>

H
Absorbance
°
=
&

Absorbance
°
o
I

0.00 = 0.00
300 400 500 600 300 400 500 600

Wavelength/ nm Wavelength/ nm

(©) (d)

Compound 2e 2y
Slope/ 10°% 54404 1.740.1

008 R? (COD) 0.98 0.99

Absorbance
Abs. @ 470 nm

300 400 500 600 [ 50 100 150 200 250
Wavelength/ nm Irradiation time/ sec.

Fig. 8 (a) Time-dependent UV-vis absorption spectra of 2e for pho-
tocycloreversion; (b) time-dependent UV-vis absorption spectra of 2y
for photocycloreversion; (c) comparison of the absorption spectra of
2e and 2y after 80 seconds of photoirradiation: 2e exhibited three
times higher absorbance than 2y; (d) comparison of the rates of [2 + 2]
photocycloreversion of 2e and 2y after 80 seconds of photo-
irradiation: rate of 2e was three times higher than that of 2y. These
studies were performed at 5 uM concentration in acetonitrile.
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Fig. 9 Confocal laser scanning microscopy (CLSM) images of Hela
cells after treatment with 5 uM of probe 2e upon without irradiation
(upper panel (a)) and with irradiation (lower panel (b)).

Fig. 10 Confocal laser scanning microscopy (CLSM) images of Hela
cells after treatment with 5 pM of probe 2y upon 1 min irradiation
(upper panel (a)) and 5 min irradiation (lower panel (b)).

throughout the cells, which was visible in the FITC channel
(Fig. 9b). On the other hand, when the cells were treated with 2y
and subjected to photo-irradiation, no distinguishable signal
was observed in the FITC channel after 1 minute of irradiation
(Fig. 10a).

Even after 5 minutes of irradiation, only a very weak emis-
sion signal was detected in the FITC channel (Fig. 10b), sug-
gesting that the stilbene-derived 2y undergoes cycloreversion at
a slower rate than ortho-methylated 2e and it takes a longer time
for cell imaging. Therefore, the cellular experimental observa-
tions were well corroborated with the corresponding spectro-
scopic evidence, demonstrating the structure-activity
relationship.

Encouraged by this, we were curious to explore whether both
cell imaging as well as drug delivery could be achieved, by
replicating the photocycloreversion phenomenon with drug-
coupled cyclobutylated phenothiazines (2am-2aq). Ibuprofen-
coupled cyclobutylated phenothiazine 2am was taken as the
representative probe, and its UV-visible absorption spectra

© 2025 The Author(s). Published by the Royal Society of Chemistry
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revealed that upon light irradiation, it undergoes similar [2 + 2]
cycloreversion (see ESI, Fig. S31 and Page S71%). Gratifyingly,
within the HeLa cell as well, the probe was enabled for light-
triggered cell imaging (see ESI, Fig. S32 and Page S72t), indi-
cating the release of the ibuprofen moiety inside the cell. The
further impact of the released drug is currently under
investigation.

Conclusions

In summary, a mild and sustainable visible light irradiated
protocol has been introduced to develop a new series of
distinctly regio- and diastereoselective cyclobutylated pheno-
thiazines from readily available naphthoquinones, 2-amino-
thiophenols, and styrenes either via a two-step or a one-pot-
three-component coupling pathway. The developed photo-
cycloaddition between the synthesized angular phenothiazines
and styrenes seems to proceed via a PET mechanism, based on
the substrate scope observations, experimental findings, and
computational studies. A wavelength-gated [2 + 2] photo-
cycloreversion was realized and elucidated by spectroscopic and
HPLC analyses. We could successfully replicate this photo-
cycloreversion phenomenon inside live cells, which leads to
turn-on emission and is utilized for photoresponsive live cell
imaging. Utilizing the synthesized drug-coupled cyclobutylated
phenothiazines, we have achieved photoresponsive synchro-
nous cell imaging and drug delivery, which could be further
extended to theranostic types of applications. Moreover, by
monitoring the photocycloreversion rates of various derivatives,
a structure-activity relationship was established and further
explored within live HeLa cells. To the best of our knowledge,
this presents the first instance of a [2 + 2] photocycloreversion
reaction occurring inside a cell, resulting in photoresponsive
live cell imaging and drug delivery. Therefore, the presented
work not only demonstrates its potential for exploring further
theranostic types of applications but also opens up new avenues
for developing innovative bio-probes.
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