Published on 28 January 2022. Downloaded on 12/18/2025 7:50:41 PM.

ChemComm

W) Check for updates ‘

Cite this: Chem. Commun., 2022,
58, 2754

Received 9th December 2021,
Accepted 28th January 2022

Anakuthil Anoop
DOI: 10.1039/d1cc06950k

rsc.li/chemcomm

A phenothiazine-based photoremovable protecting group (PRPG)
for single and dual release of carboxylic acids was developed. The
change in the oxidation state of the sulfur atom of the phenothia-
zine PRPG resulted in singlet oxygen generation, rather than
photorelease. The difference in the photochemistry between
oxygen-free and oxygen-functionalized phenothiazine was investi-
gated and supported by DFT calculations.

Photoremovable protecting groups (PRPGs) are used to achieve
non-invasive spatiotemporal control over the release of biolo-
gically active molecules on exposure to light." For this reason,
PRPGs have gained considerable importance, particularly in
drug delivery systems (DDSs).>® At present, the applications of
PRPGs are no longer restricted to the release of a single
bioactive molecule of interest. PRPGs with dual release ability
have become more important than those with single release
ability in drug delivery as they reduce drug resistance,® ther-
apeutic doses,” and side effects. In the literature, a few PRPGs
for the dual release of active molecules are reported, including
carboline,’ carbazole,” o-nitrobenzyl,® and bimane® derivatives.
Hence, there is a real need to develop a fluorescent PRPG for
the dual release of the active molecules with moderate to high
photochemical quantum yield in the visible wavelength region.

Phenothiazine (PTZ) is an active component in push-pull
systems because of its strong electron-donating ability. The
literature shows that the photophysical properties and the
HOMO-LUMO energy levels of PTZ derivatives could be modu-
lated by having substituents at the nitrogen and the 3,7-positions
of the phenothiazine unit.’® PTZ and its derivatives are used in
various applications, from pharmacological to biological fields.
Phenothiazine derivatives have gained considerable importance
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among nitrogen-containing heterocyclic compounds, mainly
because of their attractive properties, such as (i) exhibition of
diverse biological activities," (ii) large Stokes shifts,'* (iii) flexible
functionalization on the parent skeleton, (iv) intramolecular
charge transfer (ICT)"® and (v) acting as a photoinitiator."*

Recently, Carlotti and co-workers reported an effective strat-
egy to tailor the photophysics of phenothiazine by utilizing
oxygen functionalization on PTZ based push-pull systems.'?
Using the above strategy, they demonstrated that oxidizing the
sulfur atom in the PTZ moiety leads to converting intra-
molecular charge transfer (PTZ derivatives) to a highly efficient
emission process (phenothiazine-oxide and dioxide deriva-
tives). In the case of oxygen-functionalized PTZ, the highly
fluorescent excited state gets populated due to planar intra-
molecular charge transfer (PICT). On the other hand, a twisted
intramolecular charge transfer (TICT) state is produced upon
photoexcitation of the oxygen-free PTZ derivatives, leading to
significant fluorescence quenching. They also showed that
phenothiazine-5-oxide and phenothiazine-5,5-dioxide acted as
weak electron donors relative to phenothiazine for a naphtha-
limide acceptor. The above exciting strategy of changing TICT
to PICT by modulating the electron-donating ability of the
phenothiazine chromophore on oxidizing the sulfur atom
prompted us to develop phenothiazine as a PRPG.

In this study, we developed for the first time phenothiazine
as a fluorescent PRPG for the single and dual release of
carboxylic acids and an anticancer drug (valproic acid) on
exposure to UV (4 > 365 nm) and visible light (A > 410 nm)
irradiation. Interestingly phenothiazine PRPG showed singlet
oxygen generation rather than photorelease on changing the
oxidation state of the sulfur atom (S(u) to S(1v)) of the thiazine
ring. The difference in the photochemistry between the oxygen-
free phenothiazine and oxygen-functionalized phenothiazine
PRPGs was investigated and supported by DFT calculations.

Single- and dual-arm phenothiazine based caged esters were
synthesized as shown in Scheme 1. First, commercially available
10H-phenothiazine was N-alkylated and used as a precursor for
synthesizing the single- and dual-arm (same and different) caged
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Scheme 1 Synthesis of single- and dual (same and different)-arm caged
esters and oxidized caged ester of phenothiazine. Reagents and condi-
tions: POCls (1.1 equiv.), DMF, 60 °C, 12 h; (ii) NaBH,4, MeOH, r.t., 3 h; (iii)
EDC (1 equiv.), RiCOOH (1 equiv.), DMAP, dry DCM, 3 h; (iv) m-CPBA,
CHCl,; (v) POCl3 (10 equiv.), DMF, chlorobenzene, 110 °C, 6 h; (vi) NaBH4,
MeOH, r.t., 3 h; (vii) EDC (3 equiv.), R,COOH (3 equiv.), DMAP, dry DCM,
3 h; (viii) m-CPBA, CHClp; (ix) H,O,, acetic acid; (x) EDC (1 equiv.),
RzCOOH (1 equiv.), DMAP, dry DCM, 30 min; (xi) EDC (1 equiv.), R4COOH
(1 equiv.), DMAP, dry DCM, 3 h.

esters. To synthesize single-arm caged esters (4a-e), first PRPG 3
was obtained by Vilsmeier-Haack formylation of 1 with one
equivalent of POCl;, followed by NaBH, reduction. Then, ester-
ification of 3 with one equivalent of the corresponding
carboxylic or amino acids by EDC (1-ethyl-3-(3-dimethylamino-
propyl)carbodiimide) coupling generated the desired single-arm
caged esters (4a-e). For the synthesis of dual-arm (same) caged
esters (8a-c), PRPG 7 was obtained by Vilsmeier-Haack formyla-
tion of 1 with ten equivalents of POCl;, followed by NaBH,
reduction. Compound 7 was then esterified by EDC coupling
with three equivalents of the corresponding carboxylic or amino
acids to afford the final dual-arm (same) caged esters (8a-c).
Finally, dual-arm (different) caged esters (12a and 12b) were
synthesized, first by esterifying 7 with one equivalent of anisic
acid to obtain 11, and further treatment of 11 with toluic acid
(1.0 equiv.) and phenylacetic acid (1.0 equiv.), separately, afforded
dual-arm caged esters 12a and 12b.

The mono-oxidized phenothiazine (mono-OPTZ) caged ester
5a was synthesized by oxidizing compound 4a with m-CPBA
(meta-chloroperoxybenzoic acid). Similarly, the di-oxidized
phenothiazine (di-OPTZ) caged ester 10a was synthesized by
oxidizing compound 8a with m-CPBA to form 9a, and then
further oxidation of 9a with H,O, in the presence of acetic acid
afforded compound 10a. The products obtained in each
step were characterized by 'H NMR, *C NMR, and HRMS
(Fig. S1-S30, ESI).

The absorption and spectra of all the
phenothiazine-based caged esters (10> M) were recorded in
acetonitrile solution. The absorption spectra of single and dual-
arm caged esters 4a and 8a exhibited absorption maxima (4aps)
at 307 nm and 308 nm, respectively, which correspond to the
localized m—n* transitions (Fig. S31a, ESIT). On the other hand,
the absorption spectra of oxidized phenothiazine caged esters
5a (mono-OPTZ) and 10a (di-OPTZ) showed absorption maxima
at 340 and 335 nm, respectively, which correspond to the n-rn*
transitions.

In the emission spectrum, the emission maximum of single
(4a) and dual-arm (8a) caged esters were observed at 451
and 456 nm, respectively (Fig. 1a). We found that all
single- and dual-arm caged esters showed large Stokes shifts

emission
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Fig.1 Emission spectra of (a) single-arm (4a), single-arm mono-OPTZ
(5a), dual-arm (8a), dual-arm mono-OPTZ (9a) and dual-arm di-OPTZ
(10a) caged esters in CAN (107> M), and (b) single-arm (4a) and (c) mono-
OPTZ (5a) caged esters in different solvents (107> M).

(140 and 148 nm) and exhibited green fluorescence. On the
other hand, the emission spectra of oxidized phenothiazine
caged esters 5a (mono-OPTZ) and 10a (di-OPTZ) exhibited blue-
shifted emission maxima at 453 and 350 nm, respectively.

The solvent effects on the absorption and emission spectra
were investigated for single-arm caged ester 4a and mono-
oxidized caged ester 5a (mono-OPTZ). The effects of different
solvents on the absorption spectra of 4a and 5a were found to
be insignificant (Fig. S31b and c, ESIt), whereas we found a
pronounced solvent effect on the emission spectra of 4a and 5a.
It was observed that, in nonpolar solvents (benzene, hexane),
the fluorescence intensity of 4a was comparatively higher, with
an emission maximum at 427 nm, whereas in polar solvents
(e.g, acetonitrile, tetrahydrofuran, methanol, etc.), it exhibited
a comparatively lower fluorescence intensity along with a red-
shifted emission maximum in the range of 439-460 nm
(Fig. 1b). The above results indicate that the excited states of
caged esters are stabilized in polar solvents compared to their
ground states.

However, the n-n* transition due to the thiocarbonyl group
of the oxidized phenothiazine caged ester 5a shifted towards a
shorter wavelength (blue-shift) as the polarity of the solvent was
increased (Fig. 1c). The reason is that the non-bonding elec-
trons of oxygen interact strongly (hydrogen bonding) with the
hydrogen of polar protic solvents like EtOH, MeOH, EtOAc, etc.
Hence, the non-bonding electrons are easily promoted to m*,
increasing the energy gap between n-n*.*®

The absorption and emission maxima, Stokes shifts, and
fluorescence quantum yields of all the single-(4a-e) and dual-
arm caged esters (8a-c, 12a and b), mono-oxidized caged esters
(5a, 9a), and di-oxidized caged ester (10a) are summarized in
Table S1 (ESIt). The fluorescence quantum yields (®¢) of all the
caged esters in acetonitrile at room temperature were in the
range of 0.026 < @; < 0.038. The fluorescence quantum
yields of all the caged esters were calculated using 9,
10-diphenylanthracene as a standard (®; = 0.95 in ethanol)."”

Considering our main interest in studying the application of
phenothiazine as a PRPG, we irradiated all the caged esters
(1 x 10~* M) individually in ACN/H,O (1:1 v/v) using a 125 W
medium pressure Hg lamp at two different irradiation wave-
lengths (>365 and >410 nm). We found that the single- and
dual-arm (same and different) caged esters released the corres-
ponding carboxylic acids in high chemical (93-96%) and good
photochemical quantum (@, = 0.14-0.20) yields at 365 nm and
410 nm (Table 1). However, in the case of 410 nm, the caged
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Table1 Photochemical data of caged esters (4a—e, 5, 8a—c, 9a, 10a, and
12a and b) in ACN/H,O (1:1 v/v) solvent

>365 nm >410 nm
Caged % of Quantum % of Quantum
ester deprotection®  yield” (¢,)  deprotection®  yield? (&)
4a 95 0.205 80 0.152
4ab 94 0.202 78 0.148
4c 96 0.207 75 0.142
ad 93 0.200 77 0.146
4e 94 0.202 75 0.142
5a <5 — <5 —
8a 96 0.207 76 0.144
8b 95 0.205 74 0.140
8c 92 0.201 72 0.139
9a <5 — <5 —
10a <5 — <5 —
12a 95 0.205 74 0.140
12b 96 0.207 75 0.142

“ % of deprotection of the caged ester with respect to the initial
concentration after 30 min of irradiation time. ” Photochemical quan-
tum yield at 2 > 365 nm (error limit within +5%). © % of deprotectlon
of the caged ester with respect to initial concentration after 240 min of
irradiation time. ¢ Photochemical quantum yield at A > 410 nm (error
limit within £5%).

esters required a longer irradiation time to release their corres-
ponding carboxylic acids. The photochemical quantum yield
(®p) was calculated using potassium ferrioxalate as an
actinometer'® (see page 39 in the ESIf). Interestingly, we
observed insignificant photorelease for the oxidized phenothia-
zine 5a (mono-OPTZ) and 10a (di-OPTZ) caged esters.

The photorelease ability of single-arm caged ester 4a was
monitored by reverse-phase (RP) HPLC at different irradiation
intervals (Fig. 2a). The HPLC chromatogram showed a gradual
decrease of the peak corresponding to 4a at the retention time
(tr) 4.65 min, with an increase in irradiation time, indicating
the photodecomposition of caged ester 4a. In addition, we also
noted a gradual increase of two new peaks at tz 2.77 and
3.91 min, which correspond to released carboxylic acids, ie.,
p-anisic acid and the photoproduct 3, (10-ethyl-10H-
phenothiazin-3-yl)methanol, respectively. The corresponding
photoproduct (3) and released anisic acid were confirmed by
injecting authentic samples and isolation and characterization
using 'H NMR analysis (Fig. S32, ESIt). Furthermore, we
monitored the photorelease of our single-arm caged ester 4a

ZIXXE

4 5
Retention Time (tR)

Fig. 2 (a) HPLC profiles for the photolysis of the caged ester 4a
1 x 107* M) in ACN/H,O (1:1 v/v) at different intervals of time
(0-=30 min). Irradiation wavelength: 4 > 365 nm. (b) Change in the

fluorescence spectral profiles of 4a with increasing irradiation time
(excitation wavelength 310 nm).
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using fluorescence spectroscopy (Fig. 2b). Also, we monitored
the photorelease of dual-arm (same) caged ester 8a (1 x 10~ * M)
in ACN/H,0 (1:1 v/v) at 365 nm by "H NMR (Fig. $33, ESI{) and
HRMS (Fig. S34, ESIt) spectroscopy at different irradiation
times (0-30 min).

Photoirradiation of dual-arm (different) caged ester 12a for
20 min resulted in the release of two different carboxylic acids,
i.e., p-anisic acid and toluic acid, and the formation of photo-
product 7, which was monitored by HRMS spectroscopy
(Fig. S35, ESIt). HRMS analysis found that all the possible
intermediates (11, 7) for the stepwise mechanism were present
in the reaction mixture along with released carboxylic acids.

The hydrolytic stability of all the caged esters was also tested
by keeping them individually in the dark in acetonitrile : water
(1:1 v/v) for 30 days. We observed only 8-10% decomposition
of the caged esters (Table S2, ESIT).

Based on the literature,'® and photolysis quenching experi-
ments (Fig. S36, ESIt), we suggest a possible stepwise mecha-
nism for the photolysis of phenothiazine caged esters
(Scheme 2a). As a representative example, irradiation of dual-
arm (different) caged ester 12a using 2 >365 nm light in
aqueous ACN leads to its singlet excited state (S;), which then
undergoes heterolysis of the benzylic C-O bond to produce a
tight ion pair. The cation part reacts with the solvent to form
photoproduct 11, and the anion part abstracts a proton to form
the released carboxylic acid (p-anisic acid). The photoproduct
(11) formed in situ then absorbs light, and gets excited to its
singlet state and releases the second carboxylic acid (toluic
acid) along with the formation of the final photoproduct (7) by
following a similar mechanism like the first release.

On the other hand, mono-oxidized phenothiazine caged
ester (9a) gets excited to its singlet state upon irradiation. It
then undergoes ISC to its triplet excited state and transfers its
energy to molecular oxygen, resulting in the generation of
singlet oxygen (Scheme 2b).

TD-DFT calculations were carried out (for details, see page
no. 39-42 in the ESIY) to rationalize the difference in the
photochemistry between an oxygen-free phenothiazine caged
ester (4d) and its oxidized caged ester (mono-OPTZ of 4d).

We noticed that the electron density of the LUMO of the
mono-OPTZ of 4d has more distribution onto the thiocarbonyl
group, while the electron density of the LUMO of the
single-arm caged ester (4d) is dispersed towards the ester group
(Fig. S39 and S40, ESIf). Thus, mono-OPTZ of 4d exhibits a
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Scheme 2 (a) Possible photorelease mechanism of PTZ caged esters and
(b) mechanism for singlet oxygen generation of mono-OPTZ.
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Fig. 3 The energy levels of the singlet and triplet excited states of PTZ and
mono-OPTZ caged esters and the exciton decay process after
photoexcitation.

relatively larger overlap between the HOMO and LUMO, leading to
stronger oscillator strength (f) for the S-S, transition and a larger
AEgy (Table S3, ESIt). In the case of the single-arm caged ester
(4d), the energy gap between S; and the nearest lower energy
triplet state (T3) is considerably small (AEs;_r3 = 0.04 eV); thus,
this similar energy level leads to an effective RISC channel from T;
to S; (Fig. 3a).>° On the other hand, an ISC is expected to be
favorable from the S; state of the oxidized phenothiazine caged
ester of 4d to T; because the AEg; 13 gap is only 0.32 eV (Fig. 3b).
Thus, our computations support photocleavage from the singlet
excited state and singlet oxygen generation from the triplet excited
state. Also, we calculated the energy barriers for photorelease after
implementing solvation energies in the SMD model, which
are 11.36 kcal mol ' for single-arm caged ester 4d and
24.49 keal mol ™" for the mono-oxidized caged ester of 4d. The
lower barrier height (13.13 kcal mol ' lower) in the case of 4d
indicates a faster photorelease.

To support the photochemistry of oxidized phenothiazine
caged esters occurring from the triplet excited state, we checked
their singlet oxygen generation ability by performing DPBF
photodegradation. We observed that the decrease in the
absorption maximum of DPBF at 415 nm with an increase in
irradiation time indicated singlet oxygen generation by our
mono-oxidized phenothiazine caged ester (5a) and di-oxidized
phenothiazine caged ester (10a), respectively. The quantum
yields for singlet oxygen generation of 5a (mono-OPTZ) and
10a (di-OPTZ) were calculated as 0.28 and 0.24, respectively
(rose bengal was used as a reference with a @, of 0.53)*
(Fig. S37, ESIY).

In summary, we demonstrated phenothiazine as an efficient
PRPG for the single and dual (same and different) release of
carboxylic acids from the singlet excited state in the visible
wavelength region. The phenothiazine caged esters exhibited
green fluorescence with a large Stokes shift. Interestingly the
oxidized phenothiazine caged esters generated singlet oxygen
rather than photorelease due to the thiocarbonyl group result-
ing in efficient ISC to its triplet excited state, supported by DFT
calculations.

This journal is © The Royal Society of Chemistry 2022
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