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Photochemical control of molecules has provided chemists with the ability to establish high spatiotemporal
control of chemical configuration and activity. Herein, we report UVC‐454, UVA‐454, and Spiro‐CL as pho-
toactivatable chemiluminescence compounds. UVC‐454 and UVA‐454 are protected with ortho‐nitrobenzyl
protecting groups that provide irreversible photochemical uncaging of the chemiluminophore species through
UV light irradiation. UVC‐454 and UVA‐454 can be selectively activated based on uncaging wavelength, and
demonstrate ability to be photoactivated in water. Spiro‐CL is a novel chemiluminescent spiropyran that can
reversibly interconvert from its stable spiropyran form to a metastable merocyanine form through UV or visible
light irradiation, respectively. Further, this compound exhibits chemiluminescence in its open form upon irra-
diation with UV light in DMSO.
Light and chemistry have a uniquely intertwined relationship,
where light can be used to enact and enable control of chemical phe-
nomena [1]. Photoswitches are one such class of molecules that can be
precisely manipulated by light [2]. Light interacts with photoswitch
structures by inducing reversible photochemical isomerization or bond
formation/cleavage to metastable intermediates [3]. Rhodopsin is one
such naturally occurring photoswitch that enables vision in animals
[4] and photosynthesis for some archaea [5]. Furthermore, syntheti-
cally devised photoswitches such as azobenzenes and stilbenes have
been implemented for controlling both structure and expression of
biomacromolecules [6–8]. Spiropyrans are another type of photo-
switch that has unique properties as compared to others in its class
[9]. The spiropyran converts from a relatively non‐polar, non‐
fluorescent spiropyran (SP) form to an open merocyanine (MC) chro-
mophore, coinciding with a large shift in the molecule’s polarity in
zwitterionic form. While the MC chromophore shows higher absor-
bance than the closed SP form, it exhibits moderate fluorescence in
polar solvents and is virtually non‐fluorescent in water. However,
encapsulation [10] or incorporation into polymers [11–13], nanodots
[14], and thin films [15] has granted major improvements in fluores-
cence efficiency. Spiropyrans have been largely implemented for
dynamic fluorescence due to increased fluorescence quantum yield
that arises from conformational restraint and minimization of
solvent‐based quenching, as well as innate thermochromic [16], aci-
dochromic [17], solvatochromic [18], electrochromic, [19] and
mechanochromic [12,20,21] properties.

Light can also initiate irreversible photochemical processes. Photo-
labile protecting groups (PPGs) are an established method to cage
compound activity through covalent attachment of a photolabile
group, allowing for buildup of the substrate in regions of interest
and high spatiotemporal control for the release of a substrate through
photochemical bond cleavage. Development of photoremovable
groups has been of particular interest over the last half century, and
its study has garnered a diverse array of new PPGs exhibiting a wide
range of uncaging mechanisms, uncaging wavelengths, and functional
group compatibility. Some PPGs include phenacyl [22–24], nitroaryl
[25–29], coumarinyl [30,31], BODIPY [32–37], and cyanine [38]
derivatives. Of this class, ortho‐nitrobenzyl protecting groups exhibit
uncaging capability in both the UV and NIR regions through single
and two photon [28,29] mechanisms, respectively, and have been
implemented in a wide range of applications, including natural pro-
duct synthesis [39,40], caged ATP [41], RNA [42], DNA [42], and pep-
tide [43] synthesis, prodrug release [44–46], and others.

Activity‐based sensing (ABS) relies on the use of caged lumino-
phores that are uncaged based on selective cleavage of protecting
groups to obtain a readout [47]. Common ABS detection techniques
use optical readouts including absorption, NMR, optoacoustic
[48–50], fluorescence [51–53], and chemiluminescence‐based agents
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[54]. Chemiluminescence provides many advantages over other opti-
cal reporters, including high turn‐on and increased depth penetration,
while obviating the need for external excitation [55]. Specifically, 1,2‐
dioxetanes have been established as critical chemiluminescence‐based
ABS reporter substrates, as they provide a facile and functional means
of caging luminescent emission through protection of the dioxetane
phenol with a reactive handle. Subsequent interaction with the analyte
of interest will uncage the dioxetane phenol, initiating an electron
exchange luminescence (CIEEL) process to generate photonic emission
[56–60]. This strategy has been used for activity‐based detection and
quantification of various substrates [61–71].

A key challenge for in vivo chemiluminescence imaging is attaining
good spatiotemporal control of the luminescent signal for localization
and maximizing total luminescent output. Utilization of photocaged
chemiluminescent compounds can ultimately circumvent this issue
by localizing chemiluminescence signal to the point of illumination.
Herein, we report the use of both irreversible and reversible photoini-
tiated uncaging of 1,2‐dioxetane chemiluminophores as a fundamental
step towards this goal. We synthesized ortho‐nitrobenzyl protected
dioxetanes UVC‐454 and UVA‐454 that can be irradiated by UVC
(254 nm) and UVA (365 nm) light, respectively to emit luminescence
at 454 nm. We also report the first chemiluminescent spiropyran com-
pound Spiro‐CL that undergoes reversible opening to its MC form
under UV light, and exhibits chemiluminescence in DMSO (Scheme 1).
1. Material and methods

1.1. Synthetic procedures

General synthetic materials and methods. All reactions were per-
formed in dried glassware under an atmosphere of dry N2. Silica gel
P60 (SiliCycle) was used for column chromatography and SiliCycle
60 F254 silica gel (precoated sheets, 0.25 mm thick) was used for ana-
lytical thin layer chromatography. Plates were visualized by fluores-
cence quenching under UV light. Other reagents were purchased
from Sigma‐Aldrich (St. Louis, MO), Alfa Aesar (Ward Hill, MA),
EMD Millipore (Billerica, MA), Oakwood Chemical (West Columbia,
SC), Beantown Chemical (Hudson, NH), and Cayman Chemical (Ann
Arbor, MI) and used without further purification. 1H NMR for com-
pounds and 13C NMR for compounds were collected on a Bruker
400 MHz or a JEOL 500 MHz spectrometer in the Department of
Chemistry at Southern Methodist University. 1H and 13C NMR spectra
for characterization of new compounds and monitoring reactions were
collected in CDCl3 (Cambridge Isotope Laboratories, Cambridge, MA).
All chemical shifts are reported in the standard notation of parts per
Scheme 1. Design of photoactivatable

2

million using the peak of residual proton signals of the deuterated sol-
vent as an internal reference. Coupling constant units are in Hertz
(Hz). Splitting patterns are indicated as follows: br, broad; s, singlet;
d, doublet; t, triplet; q, quartet; m, multiplet; dd, doublet of doublets;
dt, doublet of triplets. Low resolution mass spectrometry was per-
formed on an Advion ExpressionL CMS (ESI source) at Southern
Methodist University. High resolution mass spectroscopy was per-
formed on a Shimadzu IT‐TOF (ESI source) at the Shimadzu Center
for Advanced Analytical Chemistry at the University of Texas,
Arlington.

(1r,3r,5R,7S)‐2‐((4‐chloro‐3‐((2‐nitrobenzyl)oxy)phenyl)(meth
oxy)methylene)adamantane (2). To an oven‐dried 50 mL roundbot-
tom flask, 5‐(((1r, 3r, 5R, 7S)‐adamantan‐2‐ylidene) (methoxy)
methyl)‐2‐chlorophenol [72] (441 mg, 1.45 mmol, 1.0 equiv) and
24 mL anhydrous THF were added and cooled to 0 °C. Diethylazodicar-
boxylate (0.54 mL, 3.48 mmol, 2.4 equiv) was added. Triphenyl phos-
phine (663 mg, 1.74 mmol, 1.2 equiv) was dissolved in 3 mL
anhydrous THF was added dropwise over 5 min. The reaction was stir-
red for 2 hr until completion as determined by TLC. The crude contents
were washed with saturated NH4Cl, extracted with 3 × 25 mL EtOAc,
dried with Na2SO4, filtered, and concentrated under vacuum. Column
chromatography (1% EtOAc/Hexanes) yielded 2 (307 mg, 0.70 mmol,
48%). 1H NMR δ 8.23 (d, 1H, J = 7.6 Hz), 8.09 (d, 1H, J = 7.6 Hz)
7.74 (t, 1H, J = 7.6 Hz), 7.52 (t, 1H, J = 7.6 Hz), 7.39 (d, 1H,
J = 8.0 Hz), 6.98 (s, 1H), 6.93 (m, 1H), 5.59 (s, 2H), 3.30 (s, 3H),
2.25 (s, 1H), 1.76–1.99 (m, 11H). 13C NMR (100 MHz, CDCl3) δ
153.2, 142.4, 135.5, 134.3, 133.6, 132.9, 130.0, 128.4, 128.4,
125.1, 123.1, 121.9, 114.5, 67.5, 39.1, 39.0, 37.1, 32.4, 30.3, 28.2.
LRMS for C25H26ClNO4 [M + H]+ found 440.2.

(1r,3r,5R,7S)‐2‐((4‐chloro‐3‐((4,5‐dimethoxy‐2‐nitrobenzyl)ox
y)phenyl)(methoxy)methylene)adamantane (3). To an oven‐dried
50 mL roundbottom flask, 5‐(((1r, 3r, 5R, 7S)‐adamantan‐2‐ylidene)
(methoxy) methyl)‐2‐chlorophenol [72] (158 mg, 0.52 mmol, 1.0
equiv) and 5 mL anhydrous THF were added and cooled to 0 °C.
Diethylazodicarboxylate (0.09 mL, 0.62 mmol, 1.2 equiv) was added.
Triphenyl phosphine (164 mg, 0.624 mmol, 1.2 equiv) dissolved in
1 mL anhydrous THF was added dropwise over 5 min. The reaction
was stirred for 2 hr until completion as determined by TLC. The crude
contents were washed with saturated NH4Cl, extracted with
3 × 25 mL EtOAc, dried with Na2SO4, filtered, and concentrated
under vacuum. Column chromatography (1–5% EtOAc/Hexanes)
yielded 3 (166 mg, 0.33 mmol, 64%). 1H NMR (400 MHz, CDCl3) δ
7.82 (s, 1H), 7.71 (s, 1H), 7.40 (d, 1H, J = 8.0 Hz), 7.06 (d, 1H,
J = 1.2 Hz), 6.93 (dd, 1H, J1 = 8.0 Hz, J2 = 1.2 Hz), 5.57 (s, 2H),
4.04 (s, 3H), 4.00 (s, 3H), 3.32 (s, 3H), 3.26 (s, 1H), 2.62 (s, 1H)
chemiluminescence compounds.
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1.79–2.00 (m, 11H). 13C NMR (100 MHz, CDCl3) δ 154.1, 153.2,
147.8, 142.4, 138.7, 135.7, 133.0, 129.8, 129.2, 123.1, 121.7,
114.6, 109.5, 107.9, 67.6, 56.5, 56.4, 39.1, 39.0, 37.1, 32.4, 30.3,
28.2. LRMS for C27H23ClNO6 [M + H]+ found 500.2.

(1r,3r,5r,7r)‐40‐(4‐chloro‐3‐((2‐nitrobenzyl)oxy)phenyl)‐40‐met
hoxyspiro[adamantane‐2,30‐[1,2]dioxetane] (UVC‐454). In a
2‐neck roundbottom flask, Compound 2 (50 mg, 0.12 mmol) was dis-
solved in 3 mL THF. Rose bengal (8 mg, 0.0082 mmol) was added.
Upon cooling to 0 °C, O2 was bubbled into the solution the solution
and the flask was irradiated under white light for 1 hr. Upon comple-
tion as determined by TLC, the crude was evaporated onto silica and
loaded for column chromatography in 5% EtOAc/Hexanes, yielding
UVC‐454 (4.4 mg, 0.008 mmol, 35%) as a mixture of diastereomers
1H NMR (500 MHz, CDCl3) δ 8.12 (d, 1H, J = 1.1 Hz), 7.92 (d, 1H,
J = 1.1 Hz), 7.63 (m, 2H) 7.40–7.45 (m, 4H), 5.54 (s, 2H), 3.12 (s,
3H), 2.93 (s, 1H), 1.71–1.91 (m, 12H). 13C NMR (125 MHz, CDCl3)
δ 146.8, 135.0, 134.1, 133.0, 130.3, 128.6, 125.1, 111.4, 95.4, 67.6,
49.9, 36.3, 34.7, 33.1, 31.6, 25.9, 25.8, 14.2. HRMS calcd for C25H26-
ClNO6 [M + Na]+ 494.1341, found 494.1854.

(1r,3r,5r,7r)‐40‐(4‐chloro‐3‐((4,5‐dimethoxy‐2‐nitrobenzyl)ox
y)phenyl)‐40‐methoxyspiro[adamantane‐2,30‐[1,2]dioxetane]
(UVA‐454). In a 2‐neck roundbottom flask, Compound 3 (45 mg,
0.09 mmol) was dissolved in 3 mL THF. Rose bengal (12 mg,
0.012 mmol) was added. Upon cooling to 0 °C, O2 was bubbled into
the solution the solution and the flask was irradiated under white light
for 3 hr. Upon completion as determined by TLC, the crude was evap-
orated onto silica and loaded for column chromatography in 5%
EtOAc/Hexanes, yielding UVA‐454 (30 mg, 0.056 mmol, 63%). 1H
NMR (500 MHz, CDCl3) δ 7.73 (s, 1H), 7.52 (s, 1H), 7.40 (s, 1H),
7.19 (m, 2H), 3.93 (s, 3H), 3.91 (s, 3H), 3.15 (s, 3H), 2.93 (s, 1H),
1.61–1.93 (m, 12H). 13C NMR (125 MHz, CDCl3) δ 154.1, 147.9,
138.9, 135.3, 130.2, 128.5, 111.5, 109.5, 107.9, 95.4, 67.7, 56.5,
56.4, 53.5, 50.0, 36.3, 34.8, 33.2, 33.1, 32.3, 31.6, 31.5, 29.7, 26.0,
25.9. HRMS calcd for C27H30ClNO8 [M + Na]+ 554.1552, found
554.2159.

4‐(((1r,3r,5R,7S)‐adamantan‐2‐ylidene)(methoxy)methyl)‐3‐c
hloro‐2‐hydroxybenzaldehyde (4). [65] In an oven‐dried 3 mL pres-
sure flask, 3‐(((1r,3r,5R,7S)‐adamantan‐2‐ylidene)(methoxy)methyl)‐
2‐chloro‐6‐iodophenol [64] (600 mg, 1.39 mmol, 1 equiv), N‐
formylsaccharine (441 mg, 2.09 mmol, 1.5 equiv), Na2CO3 (221 mg,
2.09 mmol, 1.5 equiv), Pd(OAc)2 (9.4 mg, 0.042 mmol, 0.03 equiv),
and 1,4‐bis(diphenylphosphino)butane (26 mg, 0.062 mmol, 0.045
equiv) were added, and purged 3x with N2. 4 mL of anhydrous DMF
was added, followed by anhydrous triethylsilane (0.29 mL, 1.81 mmol,
1.3 equiv). The reaction was capped and pre‐stirred for 10 min, then
brought up to 80 °C and stirred for 16 hr. The reaction was taken off
heat and allowed to cool to RT, washed with saturated NH4Cl,
extracted with 3 × 25 mL EtOAc, dried with Na2SO4, filtered, and con-
centrated under vacuum. Column chromatography (10% EtOAc/Hex-
anes) yielded 4 (253 mg, 0.76 mmol, 76%) as a yellow solid. 1H
NMR (500 MHz, CDCl3) δ 11.63 (s, 1H), 9.90 (s, 1H), 7.48 (d, 1H,
J = 7.4 Hz), 6.97 (d, 1H, J = 7.4 Hz), 3.33 (s, 3H), 3.30 (s, 1H),
1.6–2.12 (m, 12H).

7‐(((1r,3r,5R,7S)‐adamantan‐2‐ylidene)(methoxy)methyl)‐8‐c
hloro‐10,30,30‐trimethylspiro[chromene‐2,20‐indoline] (5). In a 2‐
neck roundbottom flask, Compound 4 (32 mg, 0.097 mmol, 1.0 equiv)
and 1,3,3‐trimethyl‐2‐methyleneindoline (0.02 mL, 0.097 mmol, 1.0
equiv) were dissolved in 4 mL pure EtOH under nitrogen atmosphere.
The reaction was heated to 90 °C and refluxed for 5 hr. Upon comple-
tion as determined by TLC and ESI‐MS, the reaction was washed in
brine, extracted with 3 × 10 mL EtOAc, and concentrated under vac-
uum. Column chromatography (2% EtOAc/hexanes) yielded 5 (14 mg,
0.029 mmol, 30%). 1H NMR (400 MHz, CDCl3) δ 7.17 (t, 1H,
J = 7.2 Hz), 7.08 (d, 1H, J = 7.2 Hz), 6.95 (d, 1H, J = 7.6 Hz),
6.85 (m, 2H), 6.75 (d, 1H, J = 8.0 Hz), 6.55 (d, 1H, J = 7.6 Hz),
5.76 (d, 1H, J = 10.0 Hz), 3.15–3.32 (m, 6H), 2.77 (d, 3H,
3

J = 7.2 Hz), 2.20 (s, 6H), 1.21–1.89 (m, 12H). 13C NMR (100 MHz,
CDCl3) δ 136.6, 135.8, 131.1, 128.7, 127.5, 123.9, 122.9, 121.4,
121.1, 120.7, 119.6, 119.2, 106.8, 56.9, 52.0, 51.8, 39.2, 39.1, 38.6,
37.2, 34.7, 32.9, 30.9, 29.7, 29.6, 29.0, 28.5, 28.3, 26.9, 25.7, 25.3,
22.7, 20.3, 14.4. LRMS for C31H34ClNO2 [M + H]+ found 488.3.

8‐chloro‐7‐((1r,3r,5r,7r)‐40‐methoxyspiro[adamantane‐2,30‐
[1,2]dioxetan]‐40‐yl)‐10,30,30‐trimethylspiro[chromene‐2,20‐indo
line] (Spiro‐CL). In a 2‐neck roundbottom flask, Compound 5
(12.1 mg, 0.024 mmol) was dissolved in DCM. Methylene blue
(3.5 mg, 0.011 mmol) was added. Upon cooling to 0 °C, O2 was bub-
bled into the solution the solution and the flask was irradiated under
yellow light for 1 hr. Upon completion as determined by ESI‐MS, the
crude was evaporated onto silica and loaded for column chromatogra-
phy in 2% EtOAc/Hexanes, yielding Spiro‐CL (4.4 mg, 0.008 mmol,
35%) as a mixture of diastereomers 1H NMR (400 MHz, CDCl3) δ
7.58 (d, 1H, J = 7.6 Hz), 7.18 (t, 1H, J = 7.6 Hz), 7.07 (m, 2H),
6.87 (m, 2H), 6.56 (dd, 1 Hz, J1 = 7.6 Hz, J2 = 5.2 Hz), 5.82 (t,
1H, J = 11.8 Hz), 3.22 (d, 3H, J = 12.4 Hz), 2.98 (s, 1H),
2.69–2.81 (d, 3H), 2.28 (d, 1H), 2.03 (d, 1H), 1.84 (m, 2H), 1.71
(m, 2H), 1.63 (s, 6H) 1.3–1.8 (m, 4H). 13C NMR (100 MHz, CDCl3) δ
150.7, 150.5, 148.1, 147.7, 136.5, 136.3, 132.7, 128.5, 127.6,
124.1, 122.7, 121.7, 121.4, 121.4, 121.2, 119.4, 119.3, 118.9,
122.1, 106.9, 106.8, 106.1, 105.4, 96.3, 42.4, 51.8, 49.7, 49.6, 36.7,
33.7, 33.5, 32.3, 32.2, 31.6, 31.4, 29.7, 29.1, 28.7, 26.2, 25.9, 25.8,
25.5, 20.2, 20.0, 14.1. HRMS calcd for C31H34ClNO4 [M + H]+

520.2249, found 520.2796.
UVC‐454 and UVA‐454 irradiation in DMSO. Samples of UVC‐

454 and UVA‐454 were dissolved to a concentration of 10 mM in
DMSO in a 20‐dram vial. The vial contents were irradiated by placing
the vial directly in front of a Hitachi F‐7000 fluorescence spectropho-
tometer Xe lamp source with 20 nm slit widths, and irradiated with
254, 365, and 488 nm light. A portion of the irradiated sample was
then transferred into a cuvette containing 20 mM PBS pH 7.4 buffer
with 10% Emerald II® to make a final concentration of 50 µM UVC‐
454 or UVA‐454. Luminescence was measured using a Hitachi F‐
7000 fluorescence spectrophotometer from 0 to 180 min, and readings
were taken every 20 min. For luminescence kinetics experiments, sam-
ples of 1 mM UVC‐454 or UVA‐454 dissolved in DMSO were placed
atop a Spectroline® ENF‐240C UV lamp and irradiated with 254 nm
or 365 nm for 30 min. 50 µL of the irradiated sample were immedi-
ately transferred 20 mM PBS pH 7.4 buffer with 10% Emerald II® to
make a final concentration of 50 µM UVC‐454 or UVA‐454. Lumines-
cence was measured using a Hitachi F‐7000 fluorescence spectropho-
tometer for 5 hr.

In vitro chemiluminescence response of UVC‐454 to irradiation
in aqueous media. Samples of UVC‐454 and UVA‐454were dissolved
to give 100 mM solutions in DMSO. Aliquots of UVC‐454 and UVA‐
454 were then transferred into a cuvette containing 20 mM PBS pH
7.4 buffer containing 10% Emerald II® solution to give a final concen-
tration of 100–1000 µM UVC‐454 and 5% DMSO. The solution was
irradiated by placing the cuvette in the cuvette holder of a Hitachi
F‐7000 fluorescence spectrophotometer Xe lamp source with 20 nm
slit widths, and irradiated for 180 min. Chemiluminescence readings
were taken every 20 min.

Monitoring Spiro‐CL photoswitching using absorption spec-
troscopy. Absorbance spectra of Spiro‐CL were collected using a
Beckman Colter DU 800 spectrophotometer scanning from 200 to
800 nm, wavelength interval of 1.0 nm, and scan speed of 1200 nm/
min. For solutions in EtOH, 100 µM Spiro‐CL were dissolved in 200
proof EtOH and added to a cuvette. An initial absorbance read at
t = 0 was taken, then the cuvette was taken out of the spectropho-
tometer and irradiated with 254 nm light from a Spectroline® ENF‐
240C UV lamp for 2 min. This process was repeated until
t = 20 min. Then, the solution was irradiated with white light using
a 120 W lamp (Home Depot, Dallas, TX) for 2 min, and an absorbance
read was taken, and this process was repeated until t = 30 min. For
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solutions in DMSO, 10 µM Spiro‐CL was dissolved in DMSO and added
to a cuvette. The cuvette was then irradiated with 254 nm light from a
Spectroline® ENF‐240C UV lamp for 2 min, and repeated for 20 min.

Monitoring fluorescence of Spiro‐CL before and after irradia-
tion. Fluorescence measurements were taken using a Hitachi F‐7000
fluorescence spectrophotometer via the fluorescence detection mode.
Fluorescence excitation and emission spectra were acquired with a slit
widths of 5.0 nm. 10 µM Spiro‐CL was dissolved in 200 proof EtOH,
and fluorescence excitation and emission spectra were taken before
irradiation of the sample with UV light. For the t = 0 fluorescence
excitation read, the emission wavelength was set to 330 nm, and the
excitation range was scanned from 200 to 320 nm. For the t = 0 flu-
orescence emission read, the excitation wavelength was set to 269 nm,
and emission range was set from 279 to 600 nm. Then, the sample was
taken out of the fluorometer and irradiated with 254 nm light from a
Spectroline® ENF‐240C UV lamp for 20 min. After irradiation, fluores-
cence excitation and emission reads were retaken. For the t = 20 min
fluorescence excitation read, the emission wavelength was set to
525 nm, and the excitation range was scanned from 200 to 515 nm.
For the t = 20 min fluorescence emission read, the excitation wave-
length was set to 410 nm, and emission range was set from 420 to
600 nm.

Chemiluminescence of Spiro‐CL. Chemiluminescence measure-
ments were taken using a Hitachi F‐7000 fluorescence spectropho-
tometer via the fluorescence detection mode. Fluorescence excitation
and emission spectra were conducted with slit widths of 20 nm. solu-
tions of 10 µM Spiro‐CL were dissolved in 200 proof EtOH or pure
DMSO and transferred into a cuvette. Then, the solutions were irradi-
ated for t = 16 min using the 254 nm light source from a Spectroline®
ENF‐240C UV lamp. chemiluminescence measurements were taken at
t = 0 and 16 min.
2. Results

2.1. Synthesis and in vitro response of UVC-454 and UVA-454

Both UVC‐454 and UVA‐454 were synthesized from literature
reported precursor 1 [71,73] through Mitsunobu couplings with 2‐
nitrobenzyl alcohol (UVC‐454) and 4,5‐dimethoxy‐2‐nitrobenzyl alco-
hol (UVA‐454) to make ethers 2 and 3, followed by a [2 + 2] cycload-
dition with 1O2 via sensitization with Rose bengal to make the final
photocaged dioxetane compounds (Scheme 2). Upon synthesis of the
photocaged compounds, we proceeded to test their photoactivation
capabilities (Fig. 1). Solutions of 10 mM concentrations of UVC‐454
or UVA‐454 in DMSO were irradiated with 254, 365, and 488 nm light
for 180 min, and aliquots were transferred into 20 mM PBS pH 7.4 buf-
fer containing 10% Emerald II® enhancer solution to give a final con-
centration of 50 µM. Fig. 1A and 1C show the luminescence emission
response of UVC‐454 and UVA‐454 to uncaging with UVC and UVA
light, respectively. Both give off bright luminescence, with emission
peaks centered at 454 nm from the chemiluminescent scaffold, and
540 nm through energy transfer to Emerald II®. UVC‐454 gives an
overall brighter response than UVA‐454 at 254 nm and 365 nm unca-
ging wavelengths, however, UVA‐454 showed a statistically signifi-
Scheme 2. Synthesis of U

4

cant difference in the uncaging response at its respective uncaging
wavelength of 365 nm over 180 min as compared to 254 nm and
488 nm (Fig. 1D). Utilizing 254 nm light versus 365 nm light with
UVC‐454 did not show a statistically significant response, however
the uncaging response was statistically significant as compared pho-
toinitiated cleavage using 488 nm light (Fig. 1B). The kinetics of lumi-
nescence emission of 50 µM UVC‐454 and UVA‐454 were taken after
30 min of 254 or 365 nm irradiation, respectively (Fig. 1E, 1F). Both
probes show luminescence maxima at t = 0 with exponential lumines-
cence decay baseline over 5 hr. We also controlled for uncaging due to
thermolysis with UVC‐454 (Figure S1). The agent showed a small but
steady luminescence output due to heating of the sample. We also
tested the uncaging response UVC‐454 directly in aqueous media
(Fig. 2), where 100 µM to 1 mM solutions of UVC‐454 in 20 mM
PBS pH 7.4 buffer containing 10% Emerald II® solution were prepared
and irradiated with 254 nm light for 180 min. Relatively low lumines-
cence output was seen from both the 100 µM and 500 µM concentra-
tions over the 180 min time period, but could be readily seen at the
750 µM and 1 mM concentrations.

2.2. Synthesis and in vitro response of Spiro-CL

Spiropyrans are synthesized through condensation of indoline com-
pounds to salicylaldehydes. Due to the structural similarities between
the spiropyrans and reported chemiluminescent salicylaldehyde pre-
cursor, [65] we decided to explore the possibility of developing a
chemiluminescence photoswitch, where we utilize the CL scaffold as
the chromene portion of the spiropyran. We first synthesized aldehyde
4 via a palladium catalyzed formylation method [74] in 85% yield
(Scheme 3). We then appended 1,3,3‐trimethyl‐2‐methyleneindoline
to this structure through condensation to form the spiropyran precur-
sor 5 in 30% yield. Finally, the enol ether underwent a [2 + 2]
cycloaddition with 1O2 generated by photosensitizer methylene blue
under white light to generate Spiro‐CL in 35% yield.

Upon synthesis of Spiro‐CL, we began to examine its photoswitch-
ing capabilities. We first monitored changes in its absorbance to exam-
ine the effect of UV light irradiation on the sample. A 100 µM sample
of Spiro‐CL was irradiated for 20 min with a 254 nm light source and
absorbance was measured every two minutes during that time period
(Fig. 3). The absorbance spectra show clear increases in absorbance
with the growth of a peak from 0 min to 20 min centered at
418 nm, indicating changes in the absorbance profile of the compound
upon UV radiation. After the 20‐minute UV irradiation period, the
solution was irradiated for 10 min with a white light source and absor-
bance was monitored every two minutes. Absorbance at 418 nm
decreased down to a steady state of around 0.06 absorbance units
for the sample.

We then monitored changes in the fluorescence and chemilumines-
cence profiles of Spiro‐CL due to UV light exposure (Fig. 4). A 10 µM
solution of Spiro‐CL in EtOH was subjected to fluorescence excitation
and emission measurements before and after irradiation with UV light
(Fig. 4A). Before irradiation, Spiro‐CL exhibits fluorescence excitation
and emission peaks centered at 290 nm and 350 nm, respectively.
After 20 min of irradiation with the UV source, the excitation profile
of the spiropyran broadens, with excitation maxima located at 260,
VC-454 and UVA-454.



Fig. 1. Photoactivation of UVC-454 and UVA-454 in DMSO with 254 nm, 365 nm, and 488 nm irradiation (A) Plot of relative emission intensities of 50 µM
UVC-454 in PBS 7.4 buffer and 10% Emerald II® irradiated with 254 nm for 0–180 min. Inlay denotes emission intensity at 545 nm over 180 min. (B) Integrated
emission intensities at 545 nm of 50 µM UVC-454 in PBS 7.4 buffer and 10% Emerald II irradiated with 254 nm (red), 365 nm (black), and 488 nm (gray) light
over 180 min. (C) Plot of relative emission intensities of 50 µM UVA-454 in PBS 7.4 buffer and 10% Emerald II® irradiated with 365 nm for 0–180 min. Inlay
denotes emission intensity at 545 nm over 180 min. (D) Integrated emission intensities at 545 nm of 50 µM UVA-454 in PBS 7.4 buffer and 10% Emerald II
irradiated with 254 nm (red), 365 nm (black), and 488 nm (gray) light over 180 min. Error bars are ± SD. Statistical significance was assessed using a two-tailed
Student’s t test. *p < 0.05 (n = 3 technical replicates), **p < 0.005 (n = 3 technical replicates), ***p < 0.0005 (n = 3 technical replicates), ****p < 0.00005
(n = 3 technical replicates). (E) Time course of chemiluminescence emission of 50 µM UVC-454 at 545 nm irradiated with 254 nm light for 30 min. (F) Time
course of chemiluminescence emission of 50 µM UVA-454 at 545 nm irradiated with 365 nm light for 30 min. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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350, and 450 nm. Fluorescence emission spectra after irradiation red‐
shifted to a peak centered around 540 nm. Finally, we tested the abil-
ity of the compound to exhibit chemiluminescence due to UV light‐
mediated opening of the luminophore (Fig. 4B). We subjected 10 µM
Spiro‐CL in DMSO to irradiation with a 254 nm light source and mon-
itored chemiluminescence emission from the sample for 16 min. After
16 min, a small peak centered at 510 nm arose, indicating that the ring
5

opening process mediated by UV irradiation enabled luminescence
emission from the open MC form.

3. Discussion and conclusion

In conclusion, we synthesized and conducted in vitro characteriza-
tion of photoactivatable chemiluminescence agents UVC‐454, UVA‐



Fig. 2. UVC-454 photoactivation in water Plot of relative emission
intensities measured 545 nm of 1 mM (red), 750 µM (black), 500 µM (dark
gray), and 100 µM (light gray) UVC-454 in 20 mM PBS pH 7.4 buffer and 10%
Emerald II® irradiated at 254 nm in aqueous solution over 180 min.
Measurements were taken in 30 min intervals. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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454, and Spiro‐CL. UVC‐454 and UVA‐454 undergo irreversible unca-
ging processes to emit light, and Spiro‐CL acts under a reversible pho-
toswitching mechanism governed by UV light irradiation to generate
its chemiluminescent merocyanine form. Photoactivated chemilumi-
nescence provides an attractive target for targeted imaging agents.
We envision that 1,2‐dioxetane probes outfitted with targeting capa-
bility such as homing peptides [75] or antibodies promote the use of
in vivo tail vein injections that localize and build up in areas of interest.
Uncaging of the chemiluminophore system using directed light excita-
Scheme 3. Synthes

Fig. 3. UV monitoring of Spiro-CL photoswitching. (A) Absorbance of 100 µM
Absorbance at 418 nm of 100 µM Spiro-CL in EtOH in response to 254 nm irradia

6

tion provides extremely high spatiotemporal control over imaging
agent activity. With the production of new chemiluminescence scaf-
folds that emit in green [76] and red [77] regions, along with a myriad
of PPGs that have uncaging abilities across the spectrum, a wide vari-
ety of photocaged chemiluminescence agents could be devised with
catered uncaging and emission wavelengths. This technology could
applied for formal energy upconversion applications78 by use of PPGs
that are uncaged in the NIR to far red regions to formally generate
anti‐Stokes emission from the photocaged chemiluminescent systems.

To our knowledge, Spiro‐CL represents the first example of photo-
switch – enabled chemiluminescence. While most 1,2‐dioxetanes exhi-
bit turn‐on luminescence by caging the 1,2‐dioxetane species with an
activity‐based reactive handle, this unique strategy enables the chemi-
luminophore to be self‐caged, and uncaging the chemiluminescent
photoswitch species allows for emission at longer wavelength than
the initial input. While Spiro‐CL represents a novel chemiluminescent
scaffold modality with a unique photoswitching mechanism to initiate
luminescence, due to the low chemiluminescence emission seen from
Spiro‐CL, we believe that further improvement on the photoswitching
and chemiluminescence emission properties of this compound need to
be explored, potentially including aforementioned encapsulation or
incorporation into polymers.
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Fig. 4. Fluorescence and chemiluminescence monitoring of Spiro-CL photoswitching. (A) Fluorescence excitation and emission spectra before (red traces)
and after (blue traces) 254 nm irradiation. (B) Chemiluminescence emission spectra of 10 µM Spiro-CL in DMSO at t = 0 (black) and 16 min (red). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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