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Chapter 1.

General Introduction



1-1. Caged compounds

The human brain is the central organ of the human nervous system, which controls
activities of the body, processing, integrating, and coordinating the information it receives
from the sense organs, and making decisions as to the instructions sent to the rest of the
body by neurons and their release of neurotransmitters. To understand the role of
neurotransmitters and their associated mechanisms is a meaningful but challenge work
because it is hard to monitor also control the release of neurotransmitters precisely,
especially in vivo condition.

The fluorophore is a fluorescent chemical compound that can re-emit light upon light
excitation!. Based on this feature, fluorophores can work as probes to monitor how
neurotransmitters works: use biological fluorescent stains, immunofluorescence, and
fluorescent proteins to generate real-time images of life phenomena, from which the
active sites and functionalization of bioactive compounds can be clarified.!

Recently, a “caging & uncaging” strategy has attracted attention,®> in which the bioactive
substances can be masked temporally (caging) by photoremovable protecting groups
(PPGs)*!* and unmasked (uncaging) by photolysis (Figure 1). By employ such caged
compounds, the concentration jumps!! of neurotransmitters or other bioactive compounds

can be controlled by light:

Which, Y is yield of the released bioactive compounds (mol); @ is the quantum yield of
bioactive compounds formation (%); / is the intensity of light source; M is the Avogadro

constant.



Therefore, spatiotemporal control of the release of bioactive molecules, which achieved

by caged compounds can be a weapon for biological research.

PPGs
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Figure 1. Caging and uncaging of bioactive compounds.

The application of PPGs for biology can be chased from 1977 by Engels and Schlaeger, who first
achieved the photorelease of cyclic adenosine monophosphate (¢AMP).? Until nowadays, several
types of PPGs have been used in physiological studies to understand the bioactivity of substrates.
Based on the photorelease uncaging mechanism, those PPGs can be categorized into two groups:
First one is the ortho-nitrophenyl-type PPGs,'>2! which can release leaving groups by intramolecular
rearrangement. Another is photo Sy 1-type,>> by which PPGs are directly cleaved (Figure 2).

The ortho-nitrophenyl-type PPG was the first PPG that applied in physiological studies. However,
this PPG has the potential to thermally hydrolyze at the benzylic position to produce bioactive

substances during such studies. Coumarin chromophore worked as a photo Sy 1-type PPG was



reported in 1984 by Givens and coworkers?. Recently, BODIPY?*?® chromophore become an

attractive PPG, which can release leaving group efficiently (@ >90%) by visible light.
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Figure 2. Typical photoremovable protecting groups (PPGs) and their photorelease uncaging

mechanism.

1.2 Two-photon excitation for uncaging

The excitation energy of those typical PPGs is high, which requires ultraviolet (UV) light to activate,

i.e., ortho-nitrophenyl PPGs has Amax at 270 nm; 7-methoxycoumarin has Amax at 320 nm.! However,

UV light leads damage to living tissues.”? To avoid cell damage, several visible-light-responsive

PPGs, such as organometallic complexes

30,31

and organic chromophores®= have been reported

recently. Another strategy to reduce cell damage caused by light irradiation utilizes PPGs that



respond to two-photon (2P) excitation, with bioactive compounds released using less-toxic
near-infrared (NIR) light.

2P excitation is a nonlinear process that two photons are absorbed simultaneously by the same
molecule to generate excited state, this concept was proposed by Maria Goppert-Mayer in 1931.36
Benefit from this, if there is a chromophore can be activated by 400 nm photon to generate
electronically excited state, which means it may also absorb two 800 nm photons to generate the
same excited state (Figure 3a). Therefore, 2P excitation can use lower energy photons to bring
ground state molecules to their excited state. When 2P excitation applies for uncaging reaction, it
becomes possible to activate PPGs by NIR light. Another feature of 2P excitation is that only the
molecules on focal point can be excited (Figure 3b), thus more precise spatial control can be
achieved.’” Compared to one-photon (1P) visible light uncaging, 2P uncaging promise more
advantages: (1) Less toxic to living tissues; (2) High spatial resolution and temporal control; (3)

Deeper penetration in living tissues; (4) Low scattering.
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Figure 3. (a) 2P excitation and (b) difference between 1P and 2P excitation.



To apply 2P excitation for uncaging reaction, the 2P uncaging efficiency (d.) should be

considered, it can be determined by:
Oy = 02Xy

Where o is the 2P absorption cross-section (GM), ¢ is the uncaging quantum yield (%).
The most important features of a strong 2P responsive molecule were found to be: (1) a
long conjugation system; (2) substitution by strong donor and acceptor groups. And the 2P
uncaging quantum yield should be same with 1P excitation because they provide the same
excited state for uncaging reaction.

1.3 Molecular design of 2P responsive chromophores

To design suitable 2P responsive chromophores for caged compounds, several factors
should be considered. The 2P absorption band should be around NIR region, 650 nm to
1050 nm. Also, a high 2P absorption cross section will be required to promise the
efficiency of 2P uncaging reaction. To increase the 2P absorption cross section, there are
two strategies.

1. Extension of w conjugation: Benzene has no 2P responsive character, while naphthalene
gives 0.9 GM at 530 nm.*® When a double bond introduced between two benzene rings to
form a bridge connected compound stilbene, the 2P absorption cross section is improved
significantly, with 12 GM at 514 nm (Figure 4).* The tendency clearly indicates the
n-conjugation is directly correlated with TP absorption character. Long m-conjugation
brings high 2P absorption cross section but also results poor water solubility. The water
solubility is needed for biological studies; thus, it is important to design a suitable size of

7 conjugation chromophores.
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Figure 4. Conjugation effect on 2P absorption cross section

2. Donor and acceptor groups: The donor and acceptor groups can be thought of as
inducing nonlinearity in the system and increasing the potential for charge-transfer, which
can increase 2P cross section efficiently. When a donor and acceptor group introduced to a
stilbene structure to form the (D-n-A) dipolar system, the 2P cross section can be improve
from 12 GM to ~100 GM (Figure 5).*° Similar D-n-D quadrupolar system can also bring
over 100 GM to a stilbene skeleton. The branched chromophores i.e., the triangular
structure (Figure 5) exploit the same principle and gather the sizable 2P cross section than
dipolar system.*!

0,CFg O,CF3

Ph,N

~100 GM at 830 nm
D-mt-A (dipolar)

Bu,N O.CF3

~110 GM at 620 nm ~450 GM at 740 nm
D-nt-D (quadrupolar) D(-m-A); (octupolar)

Figure 5. Strategy to improve 2P absorption cross section.



1.4 Target of this work

To design and synthesize 2P responsive chromophores for efficient uncaging is our purpose. Our lab
has developed a series of NIR-2P-responsive PPGs based on stilbene scaffolds, e.g., NPNA,*
NPBF,*# DEACP* and APHI* (Figure 6). The NPNA Chromophore has good performance in 2P
absorption with 120 GM at 680 nm, however, it has low quantum yield of uncaging (~0.01). More
efficient 2P uncaging was required, because physiologists suggested that the 2P uncaging efficiency
(8u) should be over 3 GM.#’ Later, the NPBF was designed, which possessed the 2P uncaging
efficiency (6u) of ~5.0 GM at 740 nm. This feature makes the NPBF a promising TP
photoremovable protecting group for physiological studies. Recently, the DEACP and APHI were
developed, nominated by their high uncaging efficiency, but suffered from poor 2P absorption cross
section. In the present study, 2-(4-nitrophenyl)-1H-indole (NPI) chromophore is designed as a new

2P responsive chromophores for caged compounds.
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Figure 6. Several 2P responsive PPGs based on stilbene structure.
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of O (artificial breathing reaction) in photolysis of
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2-1. Introduction

In the origin, I chose 2-(4-nitrophenyl)-1H-indole (NPI) chromophore as basic skeleton
for designing PPG. The electron-donating character of the indole nitrogen atom and
electron-withdrawing nitrophenyl group can form a push-pull system to promise a sizable
2P sensitivity. A polar group (CH2CO:H), which may increase the water solubility, has
been introduced on the nitrogen atom.!

Compounds 1 and 2, which are the caged benzoic acid equivalents, were synthesized and
their photochemical reactions were investigated in detail. Interestingly, upon photolysis of
2 under air, in addition to the expected release of benzoic acid, it was observed an efficient
transformation of the “R = CH2CO2H” group to the “R = CHO” moiety. To understand the
generality and mechanism of this interesting reaction, 3 and 4 were synthesized and their
photolysis was conducted under similar conditions. Further, I employed transient

absorption spectroscopy and computational studies to understand the novel chemical

transformation.
A \ N\ A
\
O¥ O¥
1 OH 2 oH 3 4

Figure 7. 2-(4-nitrophenyl)-1H-indole (NPI) derivatives.

2-2. Results and discussion
Synthesis of compounds 1-4. The synthesis of compounds 14 is shown in Scheme 1.
The selective nitration of bromide S5 afforded compound 6 in 60%, followed by the

reduction of the ketone moiety produced alcohol 7 in 95% (Scheme 1a). The

15



Suzuki-Miyaura coupling with indole derivative 9 gave 2-(4-nitrophenyl)indole 10 in 90%.
The condensation with benzoic acid (11) gave compound 1 in 95%. A polar substituent,
CH>CO:;H, was introduced at the nitrogen atom using #-butyl bromoacetate to afford
compound 2 via compound 12 in 86% in two steps from 1. The synthesis of compound 3
was achieved by Suzuki-Miyaura coupling of compound 13 with compound 9, and
followed by the introduction of CH2CO2H group (Scheme 1b). Compound 4 was
synthesized by the N-methylation of compound 14 in 81%. The molecular structures were

confirmed by '"H NMR, 3C NMR, and ESI-MS (experimental section).
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Scheme 1. Reagents and conditions: (a) KNOs, H2SOs, 0°C to RT, 2 h, 60%. (b) NaBH4, MeOH, 0°C to RT,
1 h, 95%. (c) (1,5-Cyclooctadiene)(methoxy)iridium dimer, 4,4'-di-tert-buyl-2,2'-bipyridine, bis (pinacolato)
diboron, RT, 18 h, 90%. (d) Pd(PPhs)4, K2COs, THF/H-0, reflux, 15 h, 88%. (¢) Benzoic acid (11), DMAP,
DCC, CH2Cly, RT, 16 h, 95%. (f) t-butyl bromoacetate, KI, K2CO3, MeCN, RT, 12 h, 95%. (g) TFA, CH2Cl,
RT, 12 h, 91%. (h) Pd(PPhs)4, K2COs, THF/H2O, reflux, 15 h, 81%. (i) t-butyl bromoacetate, KI, K2COs,

MeCN, RT, 12 h, 68%. (j) TFA, CH2Clz, RT, 12 h, 9%. (k) lodomethane, KOH, MeCN, RT, 3 h, 72%.

Photophysical property of compounds 1-4. Table 1 summarizes the photophysical
properties, i.e., absorption maximum (Amax), molar absorption coefficient (), fluorescence
0-0 band (Ap-0), phosphorescence 0-0 bands (Apo-0), quantum yield of fluorescence (®r),
fluorescence lifetime (t), fluorescence rate constant (kr), and the maximum of intersystem
crossing (ISC) rate constant (kisc) of 1-4 in 2-methyltetrahydrofuran (2-MTHF). The
absorption and emission spectra in polar solvents are shown in the Figure 8. The relatively
large Stokes shift (~200 nm) and solvent effect on the emission maxima of 1-4 suggest
that the emission is originated from their charge-transfer state.? Indeed, the fluorescence
maxima of 1-4 in DMSO were bathochromically shifted by ~90 nm compared to those in
2-MeTHF (Figure S27-31). Accordingly, the charge transfer character renders small
energy gaps (AEst = Esi — Et1) of the excited singlet (Amo) and triplet states (Apoo) of
1-4,%° which would lead to a smooth ISC and causes weak fluorescence (Table 1). The
nitro group would also accelerate the ISC process.® Because AEst is small (Table 1),
thermally activated delayed fluorescence of 3 was observed in the laser flash photolysis

(LFP) experiments (Figure S32).7-1
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Table 1. Photophysical data for 1-4.

Entry Agps (/nm)? e(M ' cm™)? Ay (/nm)? Ao (nm)? D% s k(10°s7h) ki (10° s7H)°
(Es; /K mol™)  (Eq, /kJ mol™)
1 1 381 15,783 453 540 73 0.9 1.1 14
(264) (222)
2 2 363 13,334 472 517 2.1 0.6 1.7 78
(253) (231)
3 3 369 16,146 440 463 3.1 1.1 0.9 28
271) (258)
4 4 374 21,322 452 493 22 0.7 0.15 66
(265) (242)

¢ Absorbance, molar extinction coefficient, fluorescence, and fluorescence lifetime (t) determined in

2-MeTHF at ~25 °C. Phosphorescence was measured at 77 K in 2-MeTHF. The 0-0 bands were determined

from the onset of the emission spectra. Esi is the energy of the singlet excited state. £t is the energy of the

triplet state. ® Fluorescence quantum yield (®r) determined using 9,10-diphenylanthracene as a reference

standard.!! ¢ The maximum of kisc is calculated using kisc = kt / ®s— kt.
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Figure 8. Absorption (solid) and fluorescence emission (dashed) spectra of the NPI

derivatives 1-4 in 2-MTHF.
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Photochemical reaction of compounds 1-4. First, the photochemical reactions of 1 and 2

were carried out in DMSO and MeOH, respectively, at 370 + 10 nm with a Xe-lamp under

air at ~25°C (Table 2), as the solubility of 1 is poor in MeOH. The reaction progress

during the irradiation of compound 1 was monitored in DMSO-ds by 'H NMR

spectroscopy (Figure 9). The formation of benzoic acid (11) was confirmed by

comparison with the authentic NMR signals of 11, and the chemical yield of the released

benzoic acid was found to be 50% (entry 1 in Table 2, Figure 9). The thermally and

photochemically labile nitroso compound derived from the nitrophenyl unit was not

1solated.
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Figure 9. '"H NMR spectroscopy analysis during the photolysis of compound 1 (34.6 mM)
at 370 nm in DMSO-ds under Air (a) before irradiation; (b) after 6h irradiation; (c) after

12h irradiation; (d) "H NMR spectrum of benzoic acid in DMSO-ds, 6 6-9 ppm.

In the photolysis of 2, benzoic acid (11) was isolated in 40% yield (entry 2 in Table 2).
Interestingly, during  purification of  the  products, an aldehyde,
1-(5-(1-formyl-1H-indol-2-yl)-2-nitrophenyl)ethyl benzoate (16), was isolated in 20%
yield (Figure 10, entry 2 in Table 2). Surprisingly, this indicated that the methyl carboxylic
acid group (CH2CO,H) was transformed to the aldehyde moiety (CHO) during photolysis.
The quantum yield of the photochemical decomposition of 2 was determined to be 17%
by the ferrioxalate actinometer method (see, SI) and was considerably higher than the

yield (2%) of the photochemical decomposition of 1.
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Figure 10. '"H NMR spectroscopy analysis during the photolysis of compound 2 (11.7
mM) at 370 nm in CD30D; (a) before irradiation; (b) after 3.5h irradiation; (c) after 9h
irradiation; (d) 'H NMR spectrum of benzoic acid in CD3;OD; (e) the '"H NMR spectrum

of 1-(5-(1-formyl-1H-indol-2-yl)-2-nitrophenyl)ethyl benzoate 16 in CD30D, & 6-9 ppm.
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Table 2. Reaction of 1 and 2 under various conditions

hv 0}
370+ 10
(I o, oy
CD;0D

or 1"
OC(O)Ph DMSO-ds

or

O
N
o)
O/) >=o

16 Ph

Entry compound Solvent Reaction conditions benzoic acid (11)

aldehyde 16

hv (370 + 10 nm)
1 1 DMSO-ds 50%
under air, r.t

hv (370 = 10 nm)
2 2 CDs;0OD 40%
under air, r.t

hv (370 = 10 nm)
3 2 CDs;0OD 61%
under N2

under dark for one week,
4 2 CD;0OD not detected

under air, r.t

5 2 DMSO-d¢ heat at 100 °C for 10 h not detected

20%

not detected

not detected

not detected

To understand the mechanism of this novel chemical transformation, I carried out control

experiments with 2 under photochemical and thermal conditions (entries 3—5). Under a

nitrogen atmosphere, the aldehyde was not detected in the reaction, and benzoic acid

alone was isolated in 61% yield (entry 3), indicating that molecular oxygen is required for
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the aldehyde formation. In contrast to the photochemical behavior, 2 was stable under
dark conditions in MeOH and DMSO at 100°C (entries 4,5). Thus, the formation of the
aldehyde required both the irradiation and the presence of molecular oxygen.

Because the benzoate moiety in 2 was intact under the photolysis conditions during the
formation of 16, compound 3 without the benzoate group was synthesized to probe the
photochemical behavior. The photochemical reaction of 3 (Figure 11) was carried out
under conditions (air and 370 nm irradiation) similar with those used for the photolysis of
2. Aldehyde 18 was formed in 11% together with 17 and 19 in 43 and 32% yield,
respectively. As shown in Figure 11b, hydroperoxide 17 (Figure 11d) was the primary
photolysis product from 3, because a clear NMR signal at 5.9 ppm was observed after 30
min of irradiation. The other two products, aldehyde 18 (Figure 1le) and alcohol 19
(Figure 11f), were detected after 1 h of photolysis (Figure 11c). The total chemical yield
of the products isolated from the photolysis of 3 was over 85%. In addition to 17-19,
2-(4-nitrophenyl)-1H-indole (14), which was not detected in the photolysate, was obtained
in a small amount through silica gel column chromatography of the crude products. The
formation of 14 is attributed to the decomposition of alcohol 19 owing to the instability of
the methanol amine under acidic conditions.'? Results similar to such a photoreaction
were also observed in different solvents such as acetonitrile (Figure S33) and DMSO (34).
Because of the poor solubility of 3, nonpolar solvents could not be used for the
photoreaction. Analysis of the products of the photochemical reaction of 3 revealed that
molecular oxygen (O2) was absorbed, and carbon dioxide (CO.) was eliminated during the

photolysis, in a phenomenon reminiscent of “breathing”. In contrast to the high
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photoreactivity of 3, compound 4 was intact after 1 h irradiation at 365 nm in DMSO at rt.

MNOz LED 365 nm No2 ‘\/>—’No2

CD3OD air, r.t ) .
OH 17  (43%) 18 (11%)

NO

19 (32%) (trace)

(d)

UL l}n AM___ - " L
(c)

k‘ ! m‘..U, i |
(b)

. - -A»,-N_,ML‘M,*,_,,J‘\JLM_;“ U I‘ lLLlL__ - N
(a)
M m JL

| T T | T T I I I T { T T I T

9 8 7 6 [ppm]
Figure 11. "H NMR spectroscopy analysis of 3 photolysis (18 mM) at 365 nm in CDsOD;
(a) before irradiation; (b) after 30 min irradiation; (c) after 1 h irradiation; (d) 'H NMR
spectrum of 1-(hydroperoxymethyl)-2-(4-nitrophenyl)-1H-indole (17); (e)
2-(4-nitrophenyl)-1H-indole-1-carbaldehyde (18); (f) (2-(4-nitrophenyl)-1H- indol-1-

yl)methanol (19) in CD;OD, & 6-9 ppm.
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Transient absorption spectroscopy of compounds 3 and 4. To gain more insights into
the reaction mechanism of the breathing-type phenomenon, I employed transient
absorption (TA) spectroscopy at sub-nanosecond and sub-microsecond time scales by
using the randomly interleaved pulse train (RIPT) method!? for the photolysis of 3 and 4.
The TA spectrum observed in the photolysis of 3 looks similar to that obtained in the
photolysis of 4 (Figures 12a,c). However, the significant difference was found by the
careful analysis of the wavelength-dependence of their time profiles (Figures 12b,d).

Figure 12a shows the TA spectra of 3 in the Ar-saturated acetonitrile solution using a 355
nm laser (25 ps pulse, 80 pJ). The absorption maxima were observed at around 600 and
800 nm immediately after the flash photolysis. However, the maximum shifted to ~820
nm after 700 ns (Figure 12a), indicating at least two transient species are generated in the
photolysis of 3. The decay rate constants at 620 and 820 nm were determined to be 2.0 x
106 s7! (blue, 500 ns at 620 nm) and 1.3 x 10° s! (orange, 770 ns at 820 nm), respectively
(Figure 12b). Thus, a transient at 820 nm decayed more slowly than that at 620 nm. These
signals were assigned to paramagnetic species, because significant quenching of the decay
rate constants was observed under air ([O2] = 1.9 x 10 M), ka = 4.6 x 10° s7! (grey, 217
ns at 620 nm) and 4.4 x 10° s7! (yellow, 227 ns at 820 nm), respectively (Figure 12b). The
decay constants under air were twice larger than those under the degassed conditions,
from which the oxygen quenching rate constants at 620 and 820 nm were determined to

be 1.37 x 10° and 1.63 x 10° M ! s71, respectively.
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Figure 12. TA spectra observed after the 355 nm laser irradiation (25 ps pulse, 80 pJ). (a)
photolysis of 3 (8.5 x 10> M) and (c) photolysis of 4 (1.0 x 10~* M) in acetonitrile under
argon (Ar) atmosphere at 298 K. The kinetic traces for (b) 3 and (d) 4 in the nanosecond

time region.

A similar TA spectrum with ~600 and ~800 nm bands was observed after the flash
photolysis of compound 4 under the similar conditions for 3 (Figure 12c). The
corresponding kinetic decay-traces at 620 and 820 nm are summarized in Figure 12d. In
contrast to the rate constants observed for the photolysis of 3, in which dual decay was
observed, the fall rate constants at 620 (blue in Figure 12d) and 820 nm (orange in Figure

12d) were both single exponentials and were determined to be ~2.0 x 10% s7! (~500 ns).
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Under air conditions ([O2] = 1.9 x 1073 M), the quenching of the signals was observed to
obtain the decay rate constants of 4.9 x 10° s™! (204 ns) at 620 nm and 4.7 x 10° s7! (213
ns) at 820 nm (Figure 12d), from which the oxygen quenching rate constant was
determined to be 1.47 x 10° M! s7!. Thus, the TA spectrum in the photolysis of 4 is also
assigned to a paramagnetic species. Since compound 4 was quantitatively recovered after
the photolysis, the TA spectrum observed in Figure 12c can be assigned to the T-T

absorption of the triplet excited state of 4.
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Figure 13. Computationally predicted UV-vis spectrum at TD-B3LYP/6-31G(d) level of
theory in acetonitrile: (a) triplet state of 3, (b) triplet state of 4, (c) triplet state of 20, (d)
triplet state of 21, (e) doublet state of 23, (f) doublet state of 24. The red-bars are
computed values of the electronic transitions at the TD-UB3LYP/6-31G(d) level of theory

in acetonitrile using SMD model for the solvation.

Mechanism of photo-induced breathing reaction. A plausible mechanism for the
photo-induced breathing-type reaction of 3 is shown in Scheme 2. Compound 3 undergoes
excitation to its electronically excited state upon exposure to light and undergoes
intramolecular electron transfer (ET) to generate the ammonium intermediate 20. The
electron transfer process would be accelerated by the zwitterionic form ZI of the amino
acid moiety in 3 because compound 15, in which the #-Bu group protects the carboxylic
acid, was intact under the photolysis conditions. The elimination of CO> produces the
intermediate 21. The radical intermediate 21 is then trapped by O- to afford hydroperoxide
17. As the photoreactivity of hydroperoxides is well known,'*!6 17 undergoes O—O bond

scission to produce aldehyde 18 and alcohol 19 via 22. The similar decarboxylation and
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generation of alkyl radicals have been reported in intermolecular photo-induced electron
transfer reactions of carboxylic acids.!”-26

As mentioned in the TA spectroscopy analysis of compound 3, two paramagnetic species
were identified at ~600 nm and ~800 nm (Figures 12a,b). One transient species was
detected for compound 4 (Figures 12c,d). The transient species is also proposed to be
paramagnetic because the very fast oxygen quenching reactions was observed. To
understand the results from the time-resolved spectroscopy, first, the UV-vis spectra in
acetonitrile were computed for the triplet states of 3 and 4 at the TD-UB3LYP/6-31G(d)
level of theory using SMD model for the solvation (Figures 13a,b). The triplet 3 was
predicted to possess the electronic transitions mainly at 343 nm (f'= 0.15), 526 nm (f =
0.59), and 735 nm (f'= 0.18) (Figure 13a), which are fit to the TA spectrum in Figure 13a
under Ar just after the laser flash of compound 3. The transitions at 521 nm (f'= 0.53) and
721 nm (f' = 0.21) were found for the triplet state of compound 4 (Figure 13b), which
reproduces well the TA spectrum observed in the laser flash photolysis of compound 4

(Figure 13c).

29



E =

14.8 kcal mol™ A\ )
O ) NO: O N'® O "
N H
O, .
21 0 20

O e A\
O N02 O O NO2
O e

hv
\ O
; i NO,
N 0, H-abstraction O \
\ )4“

HO 19 - .OH 22
| o
O
N
.
(0] 18
N /N
\ VAN
° 23 24

Scheme 2. Proposed mechanism for the breathing reaction in the photolysis of 3.



Next, I conducted quantum chemical computations for the possible paramagnetic
intermediates 20, 21, 23, and 24 in the photo-induced breathing reaction of 3. Those
intermediates were found as equilibrium structures in the triplet states for 20,21 and
doublet states for 23,24 at the UB3LYP/6-31G(d) level of theory. The UV-vis spectra in
acetonitrile were computed at the TD-B3LYP/6-31G(d) level of theory (Figures 13c-f).
Three main excitations, 359 nm (f'= 0.32), 621 nm (f = 0.19), 752 nm (f = 0.23), were
found in the triplet state of 20 (Figure 13c). One excitation band at 765 nm with f'= 0.30
was computed in the visible region for the triplet state of 21 at the same level of theory
(Figure 13d). No strong absorption bands were computed in the visible region for
compounds 23 (422 nm, /= 0.39, Figure 13¢) and 24 (384 nm, /= 0.168, Figure 13f). As
judged by the computed absorption spectra, a transient species at ~820 nm in the TA
analysis of compound 3 is proposed to be assigned to compound 21. Because the
computed € value for the triplet state of 3 was 34000 (Figure 13a), which was much larger
than that of 21 (¢ = 12000, Figure 13d), the T-T absorption spectrum of 3 dominates the
TA spectrum in the photolysis compound 3 (Figure 13a). The weak absorption spectrum
of 21 is overlapped with that of triplet 3. Furthermore, the CO; elimination process from
20 to 21 was computed at the UB3LYP/6-31G(d) level of theory (Scheme 2). The
relatively small energy barrier, 14.8 kcal mol™!, was found to the CO; elimination process.

Thus, the smooth elimination of CO; is expected from intermediate 20.
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2-3. Conclusions

In summary, a new photolabile protecting group, 2-(4-nitrophenyl)-1H-indole (NPI), was
synthesized in this study. Caged benzoic acids were prepared, and their photochemical
reactions were examined. Benzoic acid was released in a moderate chemical yield of
40-60%. In addition to the formation of benzoic acid, an unexpected aldehyde was
isolated during product analysis. The identification of the aldehyde product prompted us
to investigate the mechanism of the transformation and the excited-state dynamics. Based
on the TA spectroscopy and TD-DFT computational results, the intramolecular electron
transfer to the excited state was proposed for the initial step of the chemical
transformation to generate the zwitterion intermediate. The successive CO> elimination
and absorption of O (breathing reaction) produced the hydroperoxide together with its
photoinduced decomposition products, the alcohol and aldehyde. The photoinduced

breathing-type reaction may apply to transition metal free oxidation of amino acids.

2-4. Supporting information

Experimental section

Dry acetonitrile (ACN, Spectro grade), tetrahydrofuran (THF, super dehydrated, stabilizer
free), acetone (Spectro grade) and dimethylformamide (DMF, super dehydrated) were
purchased from commercial suppliers and stored at least 24 h under nitrogen gas over
activated 3 A molecular sieves (3 A MS), which were predried at 300 °C for 24 h before
use. 'H NMR spectra were obtained at 400 MHz, chemical shifts are reported in ppm, and

referenced to the CHCI; singlet at 7.26 ppm. '3C NMR spectra were obtained at 100 MHz
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and referenced to the center peak of the CDCIs triplet at 77.02 ppm. The abbreviations s, d,
t, and m stand for the resonance multiplicities singlet, doublet, triplet, and multiplet,
respectively. UV-vis spectra were recorded on a SIMADZU UV-3600 Plus
spectrophotometer. Mass-spectrometric data were measured with a mass spectrometric

Thermo Fisher Scientific LTQ Orbitrap XL.

1-(5-Bromo-2-nitrophenyl)ethan-1-one (6):” A flask was charged with KNO; (0.28 g,
2.76 mmol) and was cooled to 0 °C, to which H,SO4 (5 mL) was added slowly and
mixture allowed to stir for 10 min. 3-bromoacetophenone 5 (0.50 g, 2.51 mmol) was
added at 0°C. Temperature was raised to room temperature and stirred for 2 h.
Subsequently the reaction mixture was poured into crushed ice. Aqueous layer was
extracted with CH2Clo. Organic layer was washed with brine, dried over Na>xSOs, and
purified through silica gel column chromatography to give required product (365.4 mg,
60%). 'H NMR (400 MHz, CDCl3): 6 = 8.00 (d, J = 8.7 Hz, 1 H), 7.73 (dd, J = 8.7 and
2.1 Hz, 1H), 7.54 (d, J=2.1 Hz, 1 H), 2.55 (s, 3H).

1-(5-Bromo-2-nitrophenyl)ethan-1-01 (7):*’ To a stirred solution of 1-(5-bromo-2-
nitrophenyl)ethane-1-one 6 (2.7 g, 0.011 mol) in methanol (30 mL) was added NaBH4
(0.45 g, 0.010 mol) in portion at 0 °C. Temperature was slowly raised to room temperature.
Stirring was continued for additional 1 h. After completion of the reaction, methanol was
removed under reduced pressure. Reaction mixture was partitioned between the ethyl
acetate and water, organic layer was combined, washed with brine, dried over NaxSOs,

filtered and evaporated under reduced pressure to give the required compound which
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requires no further purification (2.6 g, 95%). 'H NMR (400 MHz, CDCls): 6 =8.03 (d, J =
2.1 Hz, 1 H), 7.82 (d, J= 8.7 Hz, 1 H), 7.55 (dd, J = 8.7 and 2.1 Hz, 1 H), 5.47 (m, 1 H),
224 (d,J=39Hz, 1 H), 1.57 (d,J=1.3,3 H).
2-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indole (9):2® Inside a glove box,
[Ir(cod)OMe] (6.4 mg, 0.0096 mmol), dtbpy (5.2 mg, 0.019 mmol),
bis(pinacolato)diboron (162.2 mg, 0.64 mmol), the indole (150.1 mg, 1.28 mmol), and
THF (2 mL) were added consecutively to a dry vial with a magnetic stir bar. The vial was
sealed and heated at 80 °C for 18 h. The reaction mixture was cooled to room temperature,
concentrated and purified by column chromatography to give the product. 9 (278.5 mg,
89.5%), EtOAc : hexane=1 : 9 (Rf = 0.3). "H NMR (400 MHz, CDCl3): § = 8.69 (br, 1 H),
7.73 (dd, J= 8.1 and 0.8 Hz, 1 H), 7.43 (dd, J = 8.4 and 1.2 Hz, 1 H), 7.29-7.25 (m, 1 H),
7.17-7.14 (m, 2 H), 1.42 (s, 12 H).

1-(5-(1H-Indol-2-yl)-2-nitrophenyl)ethan-1-ol (10): To a solution of compound 9 (50.1
mg, 0.21 mmol) and 7 (50.0 mg, 0.20 mmol), K>COs3 (37.1 mg, 0.22 mmol) in THF/H>O
(1:1) (2 mL) was added Pd(PPh3)s (11.5 mg, 0.01 mmol) under N,. The mixture was
heated and reflux for 15 h. The reaction mixture was quenched with saturated NH4Cl
solution (6 mL) and extracted with ethyl acetate. The combined extracts were washed with
water, dried (Na2SOs), and evaporated under reduced pressure. Flash chromatography on
silica gel using hexane/ethyl acetate afforded compound 10. (52.4 mg, 88.4%)
(EtOAc:Hexane = 1 : 5, Re= 0.24, then change ratio to 1 : 2) 'H NMR (400 MHz, CDCl5):
0 = 8.57 (broad, 1 H), 8.15 (d, /= 1.9 Hz, 1 H), 8.08 (d, /= 8.6 Hz,1 H), 7.71 (dd, /=9

and 1.9 Hz, 1 H), 7.68 (d, J = 8.4 Hz,1 H), 7.46 (d, J = 8.1 Hz, 1 H), 7.28 (t, J = 3.9 Hz,1
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H), 7.18 (t, J = 8.1 Hz,1 H), 7.06 (d, J = 1.4 Hz,1 H), 5.63 (q, J = 6.3 Hz, 1 H), 2.36
(broad, 1 H), 1.66 (d, J= 6.2 Hz, 3 H). 3*C NMR (100 MHz, DMSO-ds): & 145.99, 143.94,
138.32, 137.48, 135.99, 128.88, 125.42, 124.38, 124.02, 123.24, 121.14, 120.29, 112.16,
102.16, 64.45, 25.47. mp 175-176°C; HRMS-APCI: calcd for CisHisO3N2: 283.10772,
found 283.10767 [M + H]+.

1-(5-(1H-Indol-2-yl)-2-nitrophenyl)ethyl benzoate (1): Benzoic acid (13.2 mg, 0.11
mmol), DMAP (1.3 mg, 0.01 mmol) and compound 10 (28.3 mg, 0.1 mmol) in anhydrous
dichloromethane (5 mL) was stirred for 10 min. To the reaction mixture DCC (20.6 mg,
0.1 mmol) was added and stirred for 16 h at room temperature. Subsequently water was
added into reaction mixture and compound was extracted with dichloromethane. The
organic layer was washed with sodium bicarbonate solution and water. Dried with
anhydrous sodium sulfate and evaporated under reduced pressure. Flash chromatography
on silica gel afforded compound 1 (38.4 mg, 95%). Hexane : EtOAc =5 : 1, Rr=0.5. 'H
NMR (400 MHz, CDCls): 6 = 8.44 (broad, 1 H), 8.12 (q, J = 5.44 Hz, 3 H), 7.97 (d, J =
1.92 Hz, 1 H), 7.61-7.69 (m, 3 H), 7.51 (t,J= 7.8 Hz, 2 H), 7.42 (d, /= 7.8 Hz, 1 H), 7.25
(dd, J=8.16 and 0.96Hz, 1 H), 7.16 (t,J=7.16 Hz, 1 H), 6.96 (d,J= 1.2 Hz, 1 H), 6.7 (q,
J=6.52Hz, 1 H), 1.87 (d, J= 6.48 Hz, 3 H). 3C NMR (100 MHz, DMSO-ds): 6 165.59,
146.32, 138.42, 138.29, 138, 135.46, 134.11, 129.79, 129.29, 128.8, 125.87, 125.47,
123.71, 123.5, 121.26, 120.4, 112.16, 102.72, 68.79, 21.72. mp 238-239°C; HRMS-ESI:
calcd for C23Hi1sO4N2Na: 409.11588, found 409.11624 [M + Na]*.
1-(5-(1-(2-(tert-Butoxy)-2-oxoethyl)-1H-indol-2-yl)-2-nitrophenyl)ethyl benzoate (12):

Compound 1 (39 mg, 0.1 mmol), K2COs3 (27.6 mg, 0.2 mmol) in 3 mL MeCN was stirred
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for 30min at 60 °C oil bath. To the mixture tert-butyl 2-bromoacetate (39 mg, 0.2 mmol)
and KI (0.87 mg, 0.005 mmol) was added and stirred 12 h. Reaction stopped and poured
mixture into water extracted with EtOAc three times, washed with brine, dried with
NaSOs, solvent removed to get crude product. Flash chromatography on silica gel
afforded pure product (54.5 mg, 95%), EtOAc : Hexane= 1 : 4. Ry = 0.47. 'HNMR (400
MHz, CDCL): 6 = 8.10 (d, J = 8.4 Hz, 1H), 8.07 (d, /= 7.1 Hz, 2H), 7.91(d, /= 1.8 Hz,
1H), 7.66 (d, J=7.9 Hz, 1H), 7.57(t, J= 9.5 Hz, 2H), 7.44 (t,J = 7.8 Hz, 2H), 7.26 (t, J =
9.9 Hz, 1H), 7.18 (t, J = 7.8 Hz, 1H), 6.7 (s, 1H), 6.67 (q, J = 6.4 Hz, 1H), 4.67 (s, 2H),
1.86 (d, J = 6.7 Hz, 3H). 13C NMR (100 MHz, DMSO-ds): 6 167.88, 165.53, 146.88,
139.06, 139.05, 138.82, 138.11, 133.3, 129.73, 129.69, 128.69, 128.51, 128.01, 127.74,
125.08, 123.32, 121.24, 120.98, 109.67, 104.83, 82.85, 68.65, 68.18, 47.11, 27.92, 22.23.
mp 57-59°C; HRMS-ESI: calcd for C20H2906N>: 501.20201, found 501.20187 [M + H]".

2-(2-(3-(1-(Benzoyloxy)ethyl)-4-nitrophenyl)-1H-indol-1-yl)acetic acid (2): Dissolved
12 (54.5 mg, 0.1mmol) in 6 mL DCM with stirring, 2 mL TFA was added dropwise and
stirred 12 h. Solvent removed to get crude product, flash chromatography on silica gel
afforded pure product (40.8 mg, 91%), first EtOAc : Hexane= 1:3 (R¢= 0); then change to
EtOAc : MeOH: 5 : 1 (Rf =0.43). '"H NMR (400 MHz, CDCl3): 6 = 8.09 (d, J = 8.5 Hz,
1H), 8.05 (dd, J=7.1 and 1.2 Hz, 2H), 7.8 (d, /= 1.5 Hz, 1H), 7.6 (d, J=7.8 Hz, 1H), 7.5
(t,J=7.5Hz, 2H), 7.4 (t, J=7.9 Hz, 2H), 7.2-7.3 (m, 3H), 6.7 (s, 1H), 6.6 (q, /= 6.6 Hz,
1H), 4.7 (s, 2H), 1.8 (d, J = 6.6 Hz, 3H). 1*C NMR (100 MHz, CDCl3): § 173.0363,
165.58, 146.92, 138.91, 138.85, 138.79, 137.68, 133.38, 129.65, 128.69, 128.53, 127.99,

127.59, 125.31, 123.53, 121.35, 121.27, 109.48, 105.12, 77.21, 68.83, 45.77, 22.11. mp
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97-100°C; HRMS-ESI: calcd for C2sH2006¢N2Na: 467.12136, found 467.12140 [M + Na]".
2-(4-Nitrophenyl)-1H-indole (14):* To a solution of compound 13 (1.0 g, 4.14 mmol)
and 9 (1.0 g, 4.12 mmol), K»COs (74.1 mg, 0.44 mmol) in THF/H>O (1:1) (10 mL) was
added Pd(PPh3)s (230.2 mg, 0.2 mmol) under N,. The mixture was heated and reflux for
15 h. The reaction mixture was quenched with saturated NH4Cl solution and extracted
with ethyl acetate. The combined extracts were washed with water, dried (NaxSO4), and
evaporated under reduced pressure. Flash chromatography on silica gel using hexane/ethyl
acetate afforded compound 14. (0.80 g, 81%). 'H NMR (400 MHz, CDCl3): 6 = 8.48 (s,
1H), 8.23 (d, /= 9.1 Hz, 2H), 7.83 (d, /= 9.1 Hz, 2H), 7.69 (t, /= 7.4 Hz, 1H), 7.45 (t, J
=7.4 Hz, 1H), 7.35 (mult, 1H), 7.3 (mult, 1H), 6.96 (1H, s).

tert-Butyl 2-(2-(4-nitrophenyl)-1H-indol-1-yl)acetate (15): Compound 14 (0.80 g, 3.34
mmol), K2COs (0.92 g, 6.68 mmol) in 30 mL ACN was stirred for 30min at 60 °C oil bath.
To the mixture tert-butyl 2-bromoacetate (1.3 g, 6.68 mmol) and KI (29 mg, 0.167 mmol)
was added and stirred 12h. Reaction stopped and poured mixture into water extracted with
EtOAc three times, washed with brine, dried with NaSO4, solvent removed to get crude
product. Flash chromatography on silica gel afforded pure product (799.5 mg, 68%). 'H
NMR (400 MHz, CDCl3): 6 = 8.35 (d, J = 9.1 Hz, 2H), 7.72 (mult, 2H), 7.31 (mult, 2H),
7.21 (mult, 1H), 6.75 (s, 1H), 4.73 (s, 2H), 1.45 (s, 9H). *C NMR (100 MHz, CDCl5): &
167.84, 147.27, 139.20, 139.09, 139.01, 129.62, 128.06, 123.99, 123.40, 121.29, 121.00,
109.72, 105.04, 82.93, 47.18, 27.97. mp 118-120°C; HRMS-ESI: caled for
C20H2004N2Na: 375.13208, found 375.13156 [M + Na]*.

2-(2-(4-Nitrophenyl)-1H-indol-1-yl)acetic acid 3): Dissolved tert-butyl
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2-(2-(4-nitrophenyl)-1H-indol-1-yl)acetate (536.4 mg, 1.8 mmol) in 20 mL DCM with
stirring, 1 mL TFA was added dropwise and stirred 12 h. Solvent removed to get crude
product, purified with GPC to get pure product (46.2 mg, 8.7%). 'H NMR (400 MHz,
CDsOD): 0 = 8.36 (d, J = 8.3 Hz, 2H), 7.8 (d, J = 8.4 Hz, 2H), 7.64 (d, J = 7.9 Hz, 1H),
7.38 (d, J = 8.2 Hz, 1H), 7.27 (t, J = 7.4 Hz, 1H), 7.15 (t, J = 7.3 Hz, 1H), 6.77 (s, 1H),
4.94 (s, 2H); 1*C NMR (100 MHz, CDs;OD): & 171.10, 147.27, 139.30, 139.04, 138.95,
133.01, 129.45, 128.13, 123.49, 122.69, 122.35, 120.60, 120.30, 109.52, 104.30, 31.50.
mp 172-174°C; HRMS-ESI: calcd for CisH1104N2: 295.07188, found 295.07196 [M -
H].

1-Methyl-2-(4-nitrophenyl)-1H-indole (4): Dissolved 1-methyl-2(4-nitrophenyl)
-1H-indole (374.4 mg, 1.57 mmol), KOH (95.2 mg, 1.7 mmol) in 20 mL ACN and stirred
for 30min at 60 °C oil bath. Methyl iodide (392.1 mg, 2.78 mmol) was added into ACN
solution and stirred 3 h. Stopped reaction and poured mixture into water, extracted with
EtOAc three times, washed with brine, dried with NaSOs, solvent removed to get crude
product. Flash chromatography on silica gel afforded pure product (283.2 mg, 72%).”* 'H
NMR (400 MHz, CDCls): 6 = 8.36 (d, J = 8.8 Hz, 2H), 7.71 (t,J=9.2 Hz, 3H), 7.43 (d, J
=4.0 Hz, 1H), 7.34 (t,J= 7.6 Hz, 1H), 7.21 (t, J = 7.6 Hz, 1H), 6.74 (s, 1H), 3.83 (s, 3H).

1H and 13C Spectra of Compounds
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Fluorescence and phosphorescence emission spectra
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Figure S27: Fluorescence emission of 1 in different solvent and phosphorescence in

2-MTHF.
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Figure S30: Fluorescence emission of 4 in different solvent and phosphorescence in
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Figure S31. UV-vis absorption and fluorescence emission spectra of compound 1-4 in

2-MTHF at 298K

Transient absorption spectra of 3 in nanosecond time window
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Figure S32: Transient absorption spectra of compound 3 after excitation with a 355 nm

nanosecond laser pulse.

General procedures of photoreactions of compounds 1-4: Compound X (X = 1-4) was
dissolved in CD3;0D or DMSO-ds and transferred to NMR tube. The reaction solution was
irradiated using LED lamp (365 nm). The distance between light source and sample was
10 cm. After irradiation, the solvent was removed by evaporation. The products were

subjected to silica gel column chromatography to isolated products.

Quantum yield of uncaging reaction
Chemical actinometer for quantum yield measurement: The rate of photo uncaging

reaction can be quantified by quantum yield (®).

number of reacted molecules per time unit

"~ number of photons absorbed per time unit

Chemical actinometers are widely used to measure photon fluxes, one of the most popular
and reliable one i.e., ferrioxalate, during the photo irradiation the potassium ferrioxalate

decomposes according to the following equations.
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Fe(Co00s% — > Fe? + C,04 +2C,0,4%

Fe’* + 3phen—>  Fe(phen);?*

The number of ferrous ions formed during a photoirradiation is measured by conversion to
the colored tris-phenanthroline compound at 510 nm (¢ = 11100 M™! ¢m™). The original
ferric ions are not substantially complexed by phenanthroline and the complex does not

absorb at 510 nm.

moles of Fe2* V1 x V3 x AA(510 nm)
I (mol/s) = = 3
o) xtxF 10°x Vo, x1x€ (510 nm) x ®) x t

Vi: the irradiated volume (mL)

V2: the aliquot of the irradiated solution taken for the determination of the ferrous ions
(mL)

V3: the final volume (mL)

AA: the optical difference in absorbance between the irradiated solution and that taken in
the dark

1: optical pathlength of the irradiation cell

¢ (510 nm): ¢ of the complex Fe(phen)s;**

@;: the quantum yield of ferrous ion production at the irradiation wavelength

t: the irradiation time

F: mean function of light absorbed by the ferrioxalate solution

Experiment procedures,

117.7 mg of K3[Fe(C204)3] -3H20 was dissolved in 20 mL of 0.05 M H>SO4. (0.012 M
Ferrioxalate was prepared)-(1)

10.2 mg of 1,10-phenanthroline monohydrate and 1.78 g of CH;COONa were dissolved in
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10 mL of 0.5 M H2S04-(2)

3 mL solution of @ irradiated at 370 nm for 0, 10, 20 and 30 seconds, 0.5 mL of solution
(2) was added each time then measured the absorption spectra at 510 nm to measure the
change in absorbance with respect to an irradiation time was used to calculate the light

amount.

Calculated number of photons from Xe-lamp at 370 nm= 3.9510'7 mol/min.

Number of reacted molecules per time unit was confirmed by HPLC:

1. Compound 1 dissolved in MeOH (0.324mM);

2. Irradiated with 370nm Xe-lamp for 0, 0.5, 1, 2min, injected Sul of irradiated solution
to HPLC for analysis;

3. Measure the change of compound 1 peak area with respect to an irradiation time to

calculate the conversion rate, then calculate quantum yield:

Peak area
Time Inject  Conversion of

Benzoic Photo Compound ®
/min /uL 1

acid product 8
0 3767.037  1781.93 9859494 5 0 0
0.5 3898.224  3806.28 952279 5 0.034150225  0.167951079
1 4667.865  5730.7 927097.8 5 0.059690257  0.146778578
2 4755.738  9678.602 911013.7 5 0.076003597  0.093446573
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Same procedures for compound 2 to get quantum yield:

Peak area
Time Inject  Conversion of

Benzoic Photo Compound ®
/min /ulL 8

acid product 8
0 37021.62 - 694136.29 2.5 0 0
1 47169.44 - 680900.5 2.5 0.019068042  0.021696356
3 46288.31 - 663455.1 2.5 0.044200531  0.016764358
5 47288.4 - 639628.1 2.5 0.078526672  0.017870137

Photochemical reaction of 3 in different solvent

In CD3CN:
(b)
compound 7
compound 8
" compound 9
(a)
\ |1
Jul UJ I
T T ‘ T T T T T T T T { T T T [ T T T
9 8 7 6 [ppm]
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Figure S33: 'H NMR spectroscopy analysis during the photolysis of compound 3 (7.4

mM) at 370 nm in CD3CN; (a) before irradiation; (b) after 1h irradiation, & 6-9 ppm.

In DMSO-dé6:

(a)

T | T T T T N T T T T

9 8 7 6 [ppm]

Figure S34: '"H NMR spectroscopy analysis during the photolysis of compound 3 (3.7

mM) at 370 nm in DMSO-d6; (a) before irradiation; (b) after 1h irradiation, & 6-9 ppm.

Computational details

We used density functional theory (DFT) and time-dependent (TD) DFT approaches, as
implemented in the Gaussian 03 and 09 packages, to model molecule 3,4 and transient
states. The predicted UV-vis absorption of triplet 3, 4 and 20, 21, 23, 24 was calculated as

TD-B3LYP/6-31G(d) scrf=(smd,solvent=acetonitrile) level.
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0.09344

0.16665

0.1443
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0.16577
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0.04993
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0.66786
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O 5.48969
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Transition state from 20 to 21
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H
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Chapter 3. 2-(4-Nitrophenyl)-1H-indolyl-3-methyl
chromophore: A versatile photocage that responds
to visible-light one-photon and near-infrared-light

two-photon excitations
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3-1. Introduction

In the previous work, the leaving group (benzoic acid) was introduced to the ortho
position on nitrobenzene and uncaged by intramolecular rearrangement.! Such caged
compounds can release leaving group successfully but possess problems of low chemical
yield and unable to detect remained chromophores.>® In this study, we try to change the
uncaging mechanism from rearrangement to bond-cleavage to generate clean
photoreaction, which is inspired by a “breathing” type homolysis occurred with NPI
chromophore.” A new type of caged compound was designed, in which the leaving group
is introduced at C3 position of indole to avoid interference of amine and the ethyl moiety
on nitrogen of indole is worked for increasing thermal stability. Thus, a new PPG:
2-(4-nitrophenyl)-1H-indolyl-3-methyl (NPIM) was designed for 1P and 2P uncaging. To
test the uncaging performance of NPIM caged compounds, I have linked NPI with typical
LGs: acid, alcohol and amine. These NPIM derivatives can conduct an efficient release of
X-H with 57-98% chemical yields (carboxylic acids, alcohols, or amines) and their
chromophore transform to a certain product 1-ethyl-2- (4-nitrophenyl)-1H-
indole-3-carbaldehyde (NPIM-Ald). The donor-acceptor substitution of the stilbene core
was designed to induce the 2P-response in the NIR region. Remarkably, in this study, poor
leaving groups, such as alcohols (X = OR) and amines (X = NHR), which were directly
attached to the PPG, were also released in moderate to high yields under air. In general,
carbonate (OC(O)OR) or carbamate (OC(O)NHR) linkers are necessary to release
alcohols (RO-H)) and amines (RNH-H) because of the low leaving group properties of

OR and NHR.®
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Figure 14. Photoreactions and structures of NPIM derivatives

3-2. Results and discussion
The syntheses of NPIM derivatives are shown in Scheme 3 and their photophysical

properties are summarized in Table 3. The thermal stabilities were evaluated at 40 °C in

7



dimethyl sulfoxide (DMSO)-ds for 24 h. Thermal decomposition was not observed after
heating, indicating that the caged compounds are thermally stable under these conditions
(Figures S21-25). The absorption bands of NPIM derivatives are observed at
approximately 300-450 nm (Figure 15), indicating that visible light 1P and NIR 2P
photolysis are possible for these excitations.

Scheme 3. Synthesis of NPIM derivatives
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a. (1,5-Cyclooc- tadiene) (methoxy)iridium dimer, 4,4'-di-tert-buyl-2,2'-bipyridine, bis (pinacolato) diboron,
RT, 18 h, 90%. b Pd(PPhs)4, KoCOs, THF/ H:20, reflux, 15 h, 81%. c. KOH, iodoethane, RT, 3h, 95%. d.
POCI;, DMF, 3h, 83%. e. NaBH4, MeOH, RT, 1h, 40%. f. Acetic anhydride or benzoic anhydride, DMAP,

RT, 10 min, 95%. g. K2COs3, amine or alcohol, 50 °C, 24h, 95%.

Table 3. Photophysical properties and photoreactions of NPIM derivatives.

hv ¢}
X 405 nm

A\ 2 x 780 nm N
NO NO .
O N O 2 pmso O N O 2+ XH
~295 K
) under air )

NPIM-X NPIM-Ald
Entry NPIM-X Abs. 2 Emi. ® Products
Amax /DM Mg/ DM (yields, %) ©
eM'lcm™! D, reaction time
Benzoate (98)
1 NPIM-Benzoate 345 462 NPIM-Ald (36)
9257 0.13 4h
Acetate (86)
2 NPIM-Acetate 349 462 NPIM-Ald (35)
6926 0.09
2.5h
Phenol (95)
349 462
3 NPIM-Phenol 6438 0.08 Il\Il;IM-Ald (48)
EtOH (87)
362 475
4 NPIM-EtOH 7709 0.05 I;IilM-Ald (65)
Aniline (62)
- 357 465
5 NPIM-Aniline 7450 0.03 I;IEIM-Ald (59)
Benzylamine (57)
6 NPIM-Benzylamine 369 469 NPIM-AId (-)
5085 0.14 Ih

2 Absorbance, molar extinction coefficient, and fluorescence determined in DMSO at ~25 °C.
®Fluorescence quantum yield (@) determined using 9,10-diphenylanthracene as a reference standard.
¢Photolyses of NPI derivatives were conducted using a 405 nm LED lamp and yields were determined using

"H NMR spectroscopy with triphenylmethane as a standard.

79



——NPIM-Benzoate = =—==NPIM-Acetate ——NPIM-Phenol
——NPIM-EtOH ——NPIM-Aniline ——NPIM-Benzylamine

12000 1.2

10000
>
=
e

8000
R 2
g £
< 6000 2
= S
©
W 4000 §
o
pd

2000

300 350 400 450 500 550 600
Wavelength/nm

Figure 15. Absorption (solid) and fluorescence emission (dashed) spectra of the NPIM

derivatives in DMSO.

First, the 1P uncaging reaction of NPIM-Benzoate was conducted in DMSO-ds under air
using a 405 nm light-emitting diode (LED) lamp (entry 1, Figure 16). After 4 h irradiation,
the reaction was almost complete, releasing benzoic acid in a 98% yield. Simultaneously,
1-ethyl-2-(4-nitrophenyl)-1H-indole-3-carbaldehyde (NPIM-Ald) was isolated in a 36%
yield. Based on the '"H NMR signals (Figure 16c¢), there are no isolable products other
than Benzoate and NPIM-Ald. The low yield of NPIM-Ald is due to a secondary
photoreaction, as the independent irradiation of NPIM-Ald produced a complex mixture
(Figure S32). The quantum yield of the photochemical decomposition of NPIM-Benzoate

was determined to be 2% in DMSO using potassium ferrioxalate as a chemical
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Figure 16. 'H NMR spectral analysis of NPIM-Benzoate photolysis (12 mM) at 405 nm
in DMSO-ds; (a) before irradiation; (b) after 1 h irradiation; (c) after 4 h irradiation; 'H
NMR spectra in DMSO-ds of (d) benzoate and (e)

1-ethyl-2-(4-nitrophenyl)-1H-indole-3-carbaldehyde (NPIM-Ald), 6 6-9 ppm.

The photolysis of NPIM-Benzoate was also evaluated under different conditions (Table 4,

Figures S33-35). In DMSO (entry 1 in Table 4), the yield of benzoic acid was high,
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although the reaction rate was slow. Conversely, in benzene, the yield was low, but the
reaction rate was much faster (entry 4) than that in DMSO. In acetonitrile (entry 2), the
yield of benzoate was higher than that in benzene but lower than that in DMSO. The
reaction rate was faster than that in DMSO but slower than that in benzene. The formation
of benzoate is influenced by the water concentration in the solvent, which is the proton
source for benzoate formation. The concentration of water in deuterated DMSO (<0.2%)
and acetonitrile (<0.1%) should be higher than that in non-polar benzene (<0.05%). The
chemical yield of benzoate can be improved to 64% by adding D,O to C¢Ds, which
indicates water can promote uncaging reaction.

To investigate the formation mechanism of NPIM-Ald, the photochemical reaction was
conducted in acetonitrile under N> (entry 3). The yield of benzoate decreases, with a
longer reaction time required to complete the photoreaction. Furthermore, the yield of
NPIM-AIld decreases to 20%. The complete removal of O is difficult from the reaction
solution. Therefore, O plays a role not only in the formation of NPIM-Ald but also in the
photochemical decomposition of starting compound.

Subsequently, photochemical deprotections (uncaging) were conducted for other leaving
groups (entries 2—6 in Table 3, Figures S27-31). Acetic acid is also cleanly released in an
86% yield from NPIM chromophore, along with the formation of NPIM-Ald (35%) under
similar photoreaction conditions in DMSO (entry 2 in Table 3). Remarkably, alcohols
such as phenol and ethanol in yields of 95% and 87%, respectively, are also efficiently

produced upon irradiation at 405 nm under air in DMSO (entries 3 and 4 in Table 3).
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Table 4. Photolysis of NPIM-Benzoate under different conditions.

entry solvent Conditions téﬁgc(tﬁ?&) anﬁieNklj’sll(\)’{-g?:llz(%)te qua(ré/toggn ield
1 DMSO-d under air 240 D?lglnl\z/lq%fd(%gg) 2
2 CD,CN under air 40 l\llslsfll\llq%fd(?gg) 12
3 CD,CN under N 90 NBIVCAL (30) >
4 C¢Dg under air 10 #ﬁfﬁqffd((sllg) 45
G under ai 25 NPIRCAL ) o

# Quantum yields of the consumption of NPIM-Benzoate were determined using a ferrioxalate actinometer.

° N2 bubbling for 20 min.

Based on the results, we propose a mechanism for the photochemical decomposition of
NPIM-Benzoate (Scheme 1). NPIM-Benzoate absorbs light, generating the singlet
excited state NPIM-Benzoate *, followed by homolytic cleavage to produce the radical
pair. Radical recombination regenerates NPIM-Benzoate. Alternatively, the oxygen
trapping reaction produces the photolabile hydroperoxide 4 that decomposes to
NPIM-AIld.*¢ Alcohol NPIM-OH was not observed in the photolysate (Figure S26). Thus,

homolysis and not heterolysis is proposed for the bond cleavage in the excited state.
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Scheme 4. Proposed mechanism of the photochemical decomposition of

NPIM-Benzoate.
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The amine functional group is crucial for the bioactivities of neurotransmitters, such as
serotonin and dopamine. The direct release of amines is, thus, examined upon the

photolyses of NPIM-Aniline and NPIM-Benzylamine (entries 5 and 6 in Table 3). The
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release of aniline in a 62% yield was clearly observed, along with NPIM-Ald (59%), in
the photolysis of NPIM-Aniline in DMSO under air (entry 5). Benzylamine was also
successfully produced in a 57% yield in the photolysis of NPIM-Benzylamine (entry 6 in
Table 3). Therefore, the NPIM chromophore is an excellent PPG, because the carbonate
and carbamate linkers are not needed.

As the NPIM chromophore could now be used in biological studies, the cytotoxicity and
NIR-2P-excitation of NPIM-Benzoate were studied (Figures 17 and 18). Incubating
HeLa cells with different concentrations of NPIM-Benzoate for 12 h indicates that
NPIM-Benzoate exhibits low cytotoxicity (Figure 17).
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Figure 17. Cell viabilities of HeLa cells exposed to different concentrations of

NPIM-Benzoate.

2P photolysis of NPIM-Benzoate was measured in DMSO using 700, 720, 750, and 780

nm light from a Ti: Sapphire laser. The consumption of NPIM-Benzoate during

irradiation was determined using high performance liquid chromatography (SI). The 2P
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uncaging rates differ according to excitation wavelength, with the fastest rate observed at
780 nm. By employing a standard reference NPBF, the 2P absorption cross section is
estimated as 198 GM at 780 nm. This potentially reveals a 2P uncaging efficiency of ~4

GM (198 GM x 2%), which is sufficient to overcome the threshold (3 GM) of biological

application.
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Figure 18. Time profile of the 2P uncaging of NPIM-Benzoate represented as
In([NPI]/[NPI]o) as a function of irradiation time at wavelengths of 700, 720, 750, and 780

nm.

3-3. Conclusions

In summary, we developed a 1P- and 2P-responsive PPG, NPIM, which showed efficient

photochemical release of carboxylic acids, alcohols, and amines. Also detected during
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photolysis was NPIM-Ald, which was formed by the reaction of the intermediate radical
with molecular oxygen. The photochemical release was accelerated by the presence of
oxygen, suggesting that homolysis occurred in the excited state, releasing the X group.
NPIM-Benzoate exhibited low cytotoxicity, indicating that the protected bioactive

compounds based on NPIM could be used in further biological studies.

3-4. Supporting information

Experimental section

Dry acetonitrile (ACN, Spectro grade), DMSO, acetone (Spectro grade) and
dimethylformamide (DMF, super dehydrated) were purchased from commercial suppliers
and stored at least 24 h under nitrogen gas over activated 3 A molecular sieves (3 A MS),
which were predried at 300 °C for 24 h before use.” '"H NMR spectra were obtained at
400 MHz, chemical shifts are reported in ppm, and referenced to the CHCIs singlet at 7.26
ppm. 3C NMR spectra were obtained at 100 MHz and referenced to the center peak of the
CDCl; triplet at 77.02 ppm. The abbreviations s, d, t, and m stand for the resonance
multiplicities singlet, doublet, triplet, and multiplet, respectively. UV-vis spectra were
recorded on a SIMADZU UV-3600 Plus spectrophotometer. Mass-spectrometric data
were measured with a mass spectrometric Thermo Fisher Scientific LTQ Orbitrap XL.
HeLa cells (RCB0007) were procured from RIKEN BRC through the National

Bio-Resource Project of MEXT/AMED, Japan. Cells were cultured in Dulbecco's
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Modified Eagle's Medium (DMEM, 05919, NISSUI PHARMACEUTICAL CO., LTD,
Tokyo, Japan) supplemented with 10% (v/v) fetal bovine serum (8048, Biological
Industries) at 37 °C in a 5% CO, humidified atmosphere.

Cytotoxicity assay

The cell viability was assessed by Cell Counting Kit-8 (CK04, Dojindo, Kumamoto,
Japan) according to the manufacturer’s instructions. Briefly, HeLa cells were seeded in
clear bottom 96-well plate at density of 10000 cells per well for 40 hours prior to
compound treatment. Then the medium was replaced with 100 uL of fresh medium with
different concentration of NPIM-Benzoate in DMSO. After treatment for 12 h, 10 pL of
CCK-8 solution was added to each well and the plate was incubated at 37°C for 1 hour.
The absorbance of 450 nm was quantified on a microplate reader (SpectraMax iD3,
Molecular Devices, CA, USA). The cell viability was calculated by the following
formula:

Cell Vlablhty (%) = [(ODtest - ODb]ank)/ (ODC()n[rol - ODblank)] X 100

2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indole (9)"®

Inside a glove box, [Ir(cod)OMe]> (6.4 mg, 0.0096 mmol), dtbpy (5.2 mg, 0.019 mmol),
bis(pinacolato)diboron (162.2 mg, 0.64 mmol), the indole (150.1 mg, 1.28 mmol), and
THF (2 mL) were added consecutively to a dry vial with a magnetic stir bar. The vial was
sealed and heated at 80 °C for 18 h. The reaction mixture was cooled to room temperature,
concentrated and purified by column chromatography to give the product. (278.5 mg,

89.5%), EtOAc:hexane = 1:9 (Rf = 0.3). 'H NMR (400 MHz, CDCI3): 4 = 8.69 (br, 1 H),
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7.73 (dd, J = 8 and 0.8 Hz, 1 H), 7.43 (dd, /= 8.4 and 1.2 Hz, 1 H), 7.29-7.25 (m, 1 H),
7.17-7.14(m, 2 H), 1.42 (s, 12 H).

2-(4-nitrophenyl)-1H-indole (NPI)"8

To a solution of 1-iodo-4-nitrobenzene (1.0 g, 4.14 mmol) and 1 (1.0 g, 4.12 mmol),
K>COs (74.1 mg, 0.44 mmol) in THF/H>O (1:1) (10 mL) was added Pd(PPh3)4 (230.2 mg,
0.2 mmol) under N>. The mixture was heated and reflux for 15 h. The reaction mixture
was quenched with satu- rated NH4Cl solution and extracted with ethyl acetate. The
combined extracts were washed with water, dried (Na>SO4), and evaporated under
reduced pressure. Flash chromatography on silica gel using hexane/ethyl acetate afforded
target. (0.80 g, 81%). 'H NMR (400 MHz, CD;0D): § = 8.32 (d, /=9.1 Hz, 2 H), 8.03 (d,
J=9.1Hz, 2 H),7.61(d,J=79Hz, 1H),745(d,J=79Hz, 1 H),7.19 (t,J=8.5Hz, 1
H), 7.09 (s, 1 H), 7.06 (t,J = 8.5 Hz, 1 H).

1-ethyl-2-(4-nitrophenyl)-1H-indole (NPI-Et)

Compound 2 (2.38 g, 0.01 mol), KOH (0.57 g, 0.01 mol) in 30 mL MeCN was stirred for
30 min at rt. To the mixture iodoethane (1.57 g, 0.01 mol) was added and stirred 12 h.
Reaction stopped and poured mixture into water extracted with EtOAc three times,
washed with brine, dried with NaSO4, solvent removed to get crude product. Flash
chromatography on silica gel afforded pure product (2.52 g, 95%). '"H NMR (400 MHz,
CDClz) 0 =8.36 (d, /=9.0 Hz, 2 H), 7.7 (d, J= 8.9 Hz, 2 H), 7.68 (d, J = 8.5 Hz, 1 H),
7.45(d,J=8.5Hz, 1 H), 7.31 (t,J=6.8 Hz, 1 H), 7.19 (t, /= 6.8 Hz, 1 H), 6.69 (s, 1 H),
427 (q, J = 7.3 Hz,2 H), 1.37 (t, J =7.3 Hz, 3 H); *C NMR (100 MHz, CDCl3) & 147.2,

139.8, 138.4, 138.1, 129.5, 128.1, 123.9, 122.8, 121.2, 120.5, 110.3, 104.6, 39.1, 15.4. mp
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113-115 °C; HRMS-ESI: caled for C16H1s02N2: 267.11335, found 267.11039 [M+H]".
1-ethyl-2-(4-nitrophenyl)-1H-indole-3-carbaldehyde (NPIM-Ald)

POCI3(4.8ml, 0.02 mol) was slowly added dropwise to DMF (8 mL) under ice bath. The
mixture was stirred at ice bath for 30 min. Then, DMF (7 ml) solution of 3 (5.81 g, 0.02
mol) was added dropwise to the reaction system. Keeping the reaction at room
temperature for 3 h, ice cold NaHCOs3 solution was added into the reaction system and
continue to stir to a lot of yellow solid precipitation. The solid was recrystallized from
ethyl acetate and petroleum ether to obtain NPIM-Ald (4.89 g, 0.017 mol) in yields of
97.6%.'"H NMR (400 MHz, CDCl3) 6 = 9.74 (s, 1 H), 8.46 (d, J=9.2 Hz, 3 H), 7.74 (d, J
=9.2 Hz, 2 H), 7.38-7.5 (mult, 3 H), 4.15 (q, J= 7.4 Hz, 2 H), 1.38 (t, J = 7.4 Hz, 3 H);
3C NMR (100 MHz, CDCl3) & 185.4, 148.6, 147.1, 136.4, 135.7, 131.8, 125.5, 124.7,
123.8, 123.7, 122.5, 116.7, 110.2, 39.3, 15.3; mp 115-116 °C; HRMS-ESI: calcd for
C17H14N203Na: 317.09021, found 317.08978 [M+Na]".
(1-ethyl-2-(4-nitrophenyl)-1H-indol-3-yl)methanol (NPIM-OH)

To a solution of NPIM-Ald (2.91g, 10 mmol) in MeOH (20ml) was added NaBH4 (0.5 g,
13.5 mmol) under ice bath, mixture was stirred for 1 h at room temperature. Solvent
remove to get crude and purified by silica gel chromatography (EtOAc : hexane = 1:3, rf =
0.3) to gather NPIM-OH (1.2 g, 0.004 mmol) in yield of 40%. 'H NMR (400 MHz,
CDCl3) 0 = 8.41 (d, /= 8.9 Hz, 2 H), 7.83 (d, /= 8.1 Hz, 1 H), 7.71 (d, J = 8.9 Hz, 2 H),
7.45(d, J=8.1 Hz, 1 H), 7.36 (t, J=7.7 Hz, 1 H), 7.26 (t, J=7.7 Hz, 1 H), 4.76 (d, J =
4.7 Hz, 2 H), 4.16 (q, J = 7.3 Hz,2 H), 1.30 (t, J = 7.3 Hz, 3 H); *C NMR (100 MHz,

CDCl3) 6 147.66, 138.08, 136.75, 136.64, 131.27, 127.4, 123.73, 123.1, 120.54, 119.38,
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114.67, 110.12, 55.9, 39.2, 15.4; mp 145-147 °C; HRMS-ESI: calcd for Ci7H1602Ns:
296.11069, found 296.11591 [M+H]".

(1-ethyl-2-(4-nitrophenyl)-1H-indol-3-yl)methyl acetate (NPIM-Acetate)

To a solution of NPIM-OH (296 mg, 1 mmol) in 10 ml of DCM and 3 ml of acetone
containing 100 mg DMAP was added acetic anhydride (102 mg, 1 mmol). The solution
was stirred for 10 min and directly flash-chromatograghed with EtOAc as eluent. The
eluted solution was washed with NaHCOs3 solution, dried with Na;SOs, evaporate solvent
to get crude. silica gel chromatography (EtOAc : hexane = 1:3, rf = 0.4) to gather
NPIM-Acetate (330.2 mg, 1 mol) in yields of 97%. 'H NMR (400 MHz, CDCl3) 6 = 8.41
(d, J=8.3Hz 2 H),7.79 (d,J=8.3 Hz, 1 H), 7.67 (d, /=83 Hz, 2 H), 7.45 (d, J=8.3
Hz,1 H) 7.36 (t, /=83 Hz, 1 H) 7.26 (t, J=8.3 Hz, 1 H) 5.21 (s,2 H) 4.14 (q, /= 7.2 Hz,
2 H), 2.1 (s, 3 H), 1.29 (t, J= 7.2 Hz, 3H); 3C NMR (100 MHz, CDCI3) § 171.04, 147.85,
137.81, 137.72, 136.54, 131.35, 127.5, 123.79, 123.23, 120.71, 119.66, 110.07, 109.83,
57.79, 39.04, 21.07, 15.31; mp 136-138°C; HRMS-ESI: calcd for C19H1sN20O4: 361.11643,
found 361.11600 [M+Na]*.

(1-ethyl-2-(4-nitrophenyl)-1H-indol-3-yl)methyl benzoate (NPIM-Benzoate)

Same procedure with NPIM-Acetate to obtain NPIM-Benzoate in yield of 95%. 'H
NMR (400 MHz, CDCl3) ¢ = 8.41 (d, J=9.1 Hz, 2 H), 8.03 (d, /= 7.8 Hz, 2 H), 7.87 (d,
J=17.8Hz,1H),7.71 (d,J=9.1 Hz, 2 H), 7.56 (t, J= 7.8 Hz, 1 H), 7.33-7.48 (mult, 4 H),
7.27 (t,J=8.0Hz, 1 H), 5.46 (s,2 H), 4.15(q,J=7.2 Hz,2 H), 1.32 (t, J= 7.2 Hz, 3 H);
3C NMR (100 MHz, CDCI3) § 166.5, 147.9, 137.8, 137.7, 136.5, 133.0, 131.4, 130.3,

129.6, 128.4, 127.7, 123.8, 123.2, 120.8, 119.8, 110.1, 109.9, 58.5, 39.1, 15.5; mp
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146-148°C; HRMS-ESI: caled for Ca4H20N2NaOs: 423.13208, found 423.13135
[M+Na]*.

1-ethyl-2-(4-nitrophenyl)-3-(phenoxymethyl)-1H-indole (NPIM-Phenol)

To a solution of NPIM-benzoate (40 mg, 0.1 mmol) in MeCN (5 ml) was added phenol
(15 mg, 0.16 mmol), K.COs3 (30mg, 0.2 mmol), reflux for 12h. Solvent was removed by
vacuum after cooling and extracted with EtOAc, washed with brine, dired with Na>SOas.
The concentrated crude was purified by silica gel chromatography (EtOAc : hexane = 1:3,
rf = 0.35) to obtain NPIM-Phenol (32 mg, 0.08 mmol) in yield of 85%. 'H NMR (400
MHz, CDCls) 6 = 8.36 (d, J= 8.8 Hz, 2 H), 7.78 (d, /= 8.4 Hz, 1 H), 7.69 (d, J = 8.8 Hz,
2H),7.46 (d,J=84Hz, 1H)736(t J=7.8Hz 1 H)7.31 (mlt, 3 H) 7.25 (t, /= 7.8 Hz,
1 H) 6.99 (mlt, 3 H) 5.07 (s, 2 H) 4.18 (q, /= 7.2 Hz, 2 H) 1.32 (t, /= 7.2 Hz, 3 H); 13C
NMR (100 MHz, CDCI3) & 158.84, 147.72, 137.93, 137.45, 136.73, 131.26, 129.46,
127.78, 123.75, 123,21, 120.99, 120.69, 119.55, 114.98, 110.54, 110.12, 61.67, 39.10,
15.37; mp 152-153°C; HRMS-ESI: calcd for Cz3H20N2NaOs: 395.13716, found
395.13672 [M+Na]".

3-(ethoxymethyl)-1-ethyl-2-(4-nitrophenyl)-1H-indole (NPIM-EtOH)

Same procedure with NPIM-Phenol to obtain NPIM-EtOH in yield of 95%. 'H NMR
(400 MHz, CDCl3) 0 = 8.4 (d,J=8.56 Hz, 2 H), 7.8 (d,J=7.85 Hz, 1 H), 7.71 (d, J= 8.6
Hz, 2 H), 7.42 (d, J=7.8 Hz, 1 H) 7.33 (t, /= 7.8 Hz, 1 H) 7.23 (t, /= 7.8 Hz, 1 H) 4.54
(s,2H)4.15(q,J=7.2 Hz, 2 H) 3.57 (q, J= 6.8 Hz, 2 H) 1.27 (mlt, 6 H); *C NMR (100
MHz, CDCI3) § 147.56, 138.33, 137.03, 136.75, 131.25, 128.08, 123.61, 122.99, 120.44,

119.65, 112.51, 109.96, 65.47, 63.27, 39.01, 15.34; mp 126-127°C; HRMS—-ESI: calcd for
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Ci19H20N2NaOs: 347.13716, found 347.13669 [M+Na]".
N-((1-ethyl-2-(4-nitrophenyl)-1H-indol-3-yl)methyl)aniline (NPIM-Aniline)

Same procedure with NPIM-Phenol to obtain NPIM-Aniline in yield of 95%. 'H NMR
(400 MHz, CDCl3) 6 = 8.37 (d, J=8.5Hz, 2 H), 7.77 (d,J= 7.8 Hz, 1 H), 7.69 (d,j = 8.5
Hz,2 H), 749 (d,/J=7.8 Hz, 1 H) 7.38 (t, J=8.3 Hz, 1 H) 7.23 (mlt, 3 H) 6.67 (t, J= 7.4
Hz, 1 H) 6.65(d,J=7.7Hz, 2H)435(s,2H)4.19(q,/J=6.8 Hz, 2 H) 1.33 (t, J=7.2
Hz, 3 H); 1*C NMR (100 MHz, CDCI3) § 148.24, 147.66, 138.18, 136.82, 136.3, 131.11,
129.28, 127.55, 123.84, 123.15, 120.43, 119.54, 117.55, 112.79, 112.26, 110.17, 39.24,
39.07, 15.41; mp 131-133°C; HRMS-ESI: calcd for Cz3H20N302: 370.15555 found
370.15503 [M-H].

N-benzyl-1-(1-ethyl-2-(4-nitrophenyl)-1H-indol-3-yl)methanamine
(NPIM-Benzylamine)

Same procedure with NPIM-Phenol to obtain NPIM-Benzylamine in yield of 95%. 'H
NMR (400 MHz, DMSO-d¢) 0 = 8.31 (d, J=8.2 Hz, 2 H), 7.78 (d, /= 8.2 Hz, 2 H), 7.75
(d,/J=8.1Hz, 1 H),7.55(d,J=8.1 Hz, 1 H) 7.2 (mlt, 7 H) 4.13 (q, /= 7.1 Hz, 2 H) 3.68
(s, 4 H) 1.11 (t, J = 7.1 Hz, 3 H); 13C NMR (100 MHz, DMSO-ds) & 147.35, 138.60,
136.84, 136.27, 131.89, 128.43, 128.09, 126.95, 123.94, 122.86, 120.25, 119.96, 110.76,
52.93, 42.84, 38.85, 15.51; mp 124-125°C; HRMS—-ESI: calcd for C24H24N302: 386.18685,

found 386.18640 [M+H]".
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1H and 13C Spectra of Compound
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Figure S1. '"H NMR of 9 in CDCls.
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Figure S2. 'H NMR of NPI in CD3OD.
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Figure S3. 'H NMR of NPI-Et in CDCls.
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Figure S4. °C NMR of NPI-Et in CDCl;.
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Figure S5. 'H NMR of NPIM-Ald in CDCls.
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Figure S6. °C NMR of NPIM-Ald in CDCls.
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Figure S7. 'H NMR of NPIM-OH in CDCls.
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Figure S9. 'H NMR of NPIM-Acetate in CDCls.
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Figure S11. 'H NMR of NPIM-Benzoate in CDCls.
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Figure S12. °C NMR of NPIM-Benzoate in CDCl;.
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Figure S13. '"H NMR of NPIM-Phenol in CDCls.
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Figure S14. °C NMR of NPIM-Phenol in CDCls.
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Figure S15. 'H NMR of NPIM-EtOH in CDCls.
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Figure S16. °C NMR of NPIM-EtOH in CDCls.
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Figure S17. 'H NMR of NPIM-Aniline in CDCI;.
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Figure S18. °C NMR of NPIM-Aniline in CDCl;.
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Figure S19. 'H NMR of NPIM-Benzylamine in DMSO-ds.
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Figure S20. °C NMR of NPIM-Benzylamine in DMSO-de.

Thermal stability test

Procedures: dissolve NPI derivatives in DMSO-ds, measure '"H NMR before heating. Set

NPI samples with 40°C oil bath for 24 h under dark condition. After cooling down the

sample measure NMR again for comparison.

104



Scale : 0.5000] ]

O
L Ao 1 A_J Lk A
T T l T T T | T T T ] T T T | T T T l T
8 6 4 2 [ppm]
Figure S21. Thermal stability test of NPIM-Benzoate, 'H NMR of NPIM-Benzoate, bot:
before heatting; top: after heated 24h.
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Figure S22. Thermal stability test of NPIM-Acetate, 'H NMR of NPIM-Acetate, bot:

before heatting; top: after heated 24h.
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Figure S23. Thermal stability test of NPIM-Phenol, 'H NMR of NPIM-phenol, bot:
before heatting; top: after heated 24h.
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Figure S24. Thermal stability test of NPIM-EtOH, 'H NMR of NPIM-EtOH, bot:

before heatting; top: after heated 24h.
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Figure S25. Thermal stability test of NPIM-Aniline, 'H NMR of NPIM-Aniline, bot:

before heatting; top: after heated 24h.

Uncaging reaction of NPIM derivatives

Procedures: dissolve NPIM derivatives in DMSO-dg, transfer sample to NMR tube and

irradiated with 405 nm LED lamp, reaction process was traced by 'H NMR.
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Uncaging of NPIM-Benzoate:
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Figure S26. 'H NMR spectroscopy analysis of NPIM-Benzoate photolysis (12 mM) at
405 nm in DMSO-ds; (a) before irradiation; (b) after 1 h irradiation; (c) after 4 h
irradiation; (d) 'H NMR spectrum of benzoate; (e)
1-ethyl-2-(4-nitrophenyl)-1H-indole-3-carbaldehyde (NPIM-Ald) in DMSO-ds; (f)

(1-ethyl-2-(4-nitrophenyl)-1H-indol-3-yl)methanol, 6 2-10 ppm.
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Uncaging of NPIM-Acetate:
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Figure S27. 'H NMR spectroscopy analysis of NPIM-Acetate photolysis (10 mM) at 405
nm in DMSO-dg; (a) before irradiation; (b) after 1 h irradiation; (c) after 2.5 h irradiation;
(d) "H NMR spectrum of acetate; (e) 1-ethyl-2-(4-nitrophenyl)-1H-indole-3-carbaldehyde

in DMSO-ds, 6 2—-10 ppm.
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Uncaging of NPIM-Phenol:
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Figure S28. 'H NMR spectroscopy analysis of NPIM-Phenol photolysis (5.4 mM) at 405
nm in DMSO-ds; (a) before irradiation; (b) after 15 min irradiation; (c) after 1 h
irradiation; (d) 'H NMR spectrum of phenol; (e)

1-ethyl-2-(4-nitrophenyl)-1H-indole-3-carbaldehyde in DMSO-dg, & 610 ppm.

110




Uncaging of NPIM-EtOH:
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Figure S29. 'H NMR spectroscopy analysis of NPIM-EtOH photolysis (13 mM) at 405

nm in DMSO-de; (a) before irradiation; (b) after 1 h irradiation; (c¢) after 3 h irradiation;

(d) '™H NMR spectrum of EtOH; (e) 1-ethyl-2-(4-nitrophenyl)-1H-indole-3-carbaldehyde

in DMSO-ds, 6 1-10 ppm.
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Uncaging of NPIM-Aniline:
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Figure S30. 'H NMR spectroscopy analysis of NPIM-Aniline photolysis (8.1 mM) at
405 nm in DMSO-de; (a) before irradiation; (b) after 1.5 h irradiation; (c) after 3 h
irradiation; (d) 'H NMR spectrum of aniline; (e)

1-ethyl-2-(4-nitrophenyl)-1H-indole-3-carbaldehyde in DMSO-ds, & 6—10 ppm.
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Uncaging of NPIM-Benzylamine:
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Figure S31. 'H NMR spectroscopy analysis of NPIM-Benzylamine photolysis (18 mM)
at 405 nm in DMSO-dg; (a) before irradiation; (b) after 1.5 h irradiation; (c) after 3 h
irradiation; (d) 'H NMR spectrum of benzylamine; (e)

1-ethyl-2-(4-nitrophenyl)-1H-indole-3-carbaldehyde in DMSO-d¢, & 1-10 ppm.
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Decomposition of NPIM-Ald

Procedures: dissolve NPIM-Ald derivatives in DMSO-dg, transfer sample to NMR tube

and irradiated with 405 nm LED lamp, reaction process was traced by 'H NMR.

[ppm]

Figure S32. 'H NMR spectroscopy analysis of NPIM-Ald photolysis (20 mM) at 405 nm

in DMSO-ds; (a) before irradiation; (b) after 4 h irradiation; (c) after 10 h irradiation,

1-10 ppm.



Uncaging of NPI-Benzoate in different conditions

First, uncaging of NPI-Benzoate in CD3CN:
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Figure S33. '"H NMR spectroscopy analysis of NPI-Benzoate photolysis (12 mM) at 405
nm in CD3CN; (a) before irradiation; (b) after 10 min irradiation; (c) after 40 min
irradiation; (d) 'H NMR spectrum of benzoate; (e)

1-ethyl-2-(4-nitrophenyl)-1H-indole-3-carbaldehyde in CD3CN, 6 4-10 ppm.
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Uncaging of NPI-Benzoate in CD;CN after N> bubbling for 20min:
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Figure S34. 'H NMR spectroscopy analysis of NPI-Benzoate photolysis (12 mM) at 405
nm in CD3CN; (a) before irradiation; (b) after 60 min irradiation; (¢) after 90 min
irradiation; (d) 'H NMR spectrum of benzoate; (e)

1-ethyl-2-(4-nitrophenyl)-1H-indole-3-carbaldehyde in CD3CN, 6 5-10 ppm.
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Uncaging of NPI-Benzoate in C¢Ds:
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Figure S35. 'H NMR spectroscopy analysis of NPI-Benzoate photolysis (12 mM) at 405
nm in Ce¢De; () before irradiation; (b) after 5 min irradiation; (c) after 10 min irradiation;
(d) H NMR spectrum of benzoate; (e)

1-ethyl-2-(4-nitrophenyl)-1H-indole-3-carbaldehyde in CsDs, & 610 ppm.
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Quantum yield of uncaging reaction

Chemical actinometer for quantum yield measurement: The rate of photo uncaging

reaction can be quantified by quantum yield (®).

__ number of reacted molecules per time unit

" number of photons absorbed per time unit

Chemical actinometers are widely used to measure photon fluxes, one of the most popular
and reliable one i.e., ferrioxalate, during the photo irradiation the potassium ferrioxalate

decomposes according to the following equations.

hv
Fe(Cy04)3> ——» Fe?* +C,0, + 2C,0,%

Fe?* + 3phen——>  Fe(phen);**

The number of ferrous ions formed during a photoirradiation is measured by conversion to
the colored tris-phenanthroline compound at 510 nm (¢ = 11100 M™! ¢m™). The original
ferric ions are not substantially complexed by phenanthroline and the complex does not

absorb at 510 nm.

moles of Fe?* V; x V3 x AA(510 nm)
@, xtxF = 103xV,x1xe (510 nm) x D) x {

[ (mol/s) =

Vi: the irradiated volume (mL)

Va2: the aliquot of the irradiated solution taken for the determination of the ferrous ions
(mL)

V3: the final volume (mL)

AA: the optical difference in absorbance between the irradiated solution and that taken in
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the dark

I: optical pathlength of the irradiation cell

€ (510 nm): € of the complex Fe(phen)s;?*

@;: the quantum yield of ferrous ion production at the irradiation wavelength

t: the irradiation time

F: mean function of light absorbed by the ferrioxalate solution

Experiment procedures,

117.7 mg of K3[Fe(C204)3] -3H20 was dissolved in 20 mL of 0.05 M H>SO4. (0.012 M
Ferrioxalate was prepared)-(1)

10.2 mg of 1,10-phenanthroline monohydrate and 1.78 g of CH;COONa were dissolved in
10 mL of 0.5 M H2S04-(2)

3 mL solution of @ irradiated at 370 nm for 0, 10, 20 and 30 seconds, 0.5 mL of solution
(2) was added each time then measured the absorption spectra at 510 nm to measure the
change in absorbance with respect to an irradiation time was used to calculate the light

amount.

Calculated number of photons from LED-lamp at 405 nm= 1.1008 110‘5 mol/min.

Number of reacted molecules per time unit was confirmed by HPLC:

1. NPIM-Benzoate dissolved in DMSO (0.45mM);

2. Irradiated with 405 nm LED-lamp for 0, 15, 30, 60 s, injected SuL of irradiated solution
to HPLC for analysis;

3. Measure the change of NPIM-Benzoate peak area with respect to an irradiation time to
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calculate the conversion rate, then calculate quantum yield:
Quantum yield = numbers of reacted molecules per time unit / numbers of photons

absorbed per time unit.

peak area
time/s npi-benzoate | conversion rate quantum yield
0 501582.14 |0
15 495789.625 | 0.011548487 0.018883551
30 490460.155 | 0.022173806 0.018128789
60 487373.2 0.028328242 0.011580257

Two-photon absorption (TPA) cross section measurement

We apply NPBF-BA® as reference to estimate TPA cross section for NPI chromophore:

k1a

ONPI = O1q X #1q4 = ONPBF-BA X BNPBF-BA X [
NPBF—BA

o NPBF—BA:2PA cross-section of NPBF-BA at 720 nm (18 GM) 43

¢ NPBF—BA: quantum yield of NPBF-BA at 720 nm (0.09)

k NPBF-BA: rate constant of NPBF-BA at 720 nm (0.0183)

In this experiment, the mode-locked Ti: Sapphire laser (Mai Tai, Spectra Physic Inc.) was
used as the light excitation source which delivers ~80 fs pulses with the repetition rate of
80 MHz. By irradiated with Ti: Sapphire laser and analyze with HPLC to estimate

reaction rate of NPIM-Benzoate.
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0]
)’\ Ph
0]
Solvent: DMSO; concentration: 9*10-5 mol/L

HPLC condition: MeCN:H20:TFA=80:20:0.01; flow rate: 1.5 ml/min; pressure: 7.3 MPa;

detect: 255 nm; rage: 0.16.

Peak area of starting compound was shown as follow:

wavelength | 20 min 40 min 60min

700nm 4799680 4786215 4776035
720nm 4796755 4788470 4777515
750nm 4805530 4787405 4766510
780nm 4766625 4734505 4722010

Then we calculate In [NPI]/[NPIO]:

In [NPI]/[NPIO] 20min 40min 60min
700nm -0.0072595 -0.0100688 -0.012198
720nm -0.0078691 -0.0095978 -0.0118882
750nm -0.0060414 -0.0098202 -0.0141944
780nm -0.0141702 -0.0209316 -0.0235742
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20 30 40 50 60 70
®
l J

TPA k

cross-section | NPIM-Benzoate
700 100.47541 0.0227
720 98.704918 0.0223
750 107.114754 | 0.0242
780 198.295082 | 0.0448
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Chapter 4

Summary and outlook
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In this study, we aim to design suitable 2P responsive PPGs for caging & uncaging, which
can make contributions to understand the effects of bioactive compounds. The
2-(4-nitrophenyl)-1H-indole (NPI) chromophore is first designed as a 2P responsive
chromophores for caged compounds, due to its efficient 2P sensitivity. As results, NPI
chromophore can release leaving group successfully when the leaving group is introduced
to the ortho position of nitrobenzene ring. Surprisingly, an unexpected aldehyde was
isolated during product analysis, which was transformed from a carboxylic acid moiety
without any catalysts. Such unusual reaction pushed us to investigate the mechanism of
the transformation and the excited-state dynamics. By employ the TA spectroscopy and
TD-DFT computation, it is proposed that the intramolecular electron transfer to the
excited state was the initial step of the chemical transformation to generate the zwitterion
intermediate. The later CO; elimination and absorption of O> produced the hydroperoxide
together with its photoinduced decomposition products, the alcohol and aldehyde. The
photoinduced breathing-type reaction may open a new gate of transition metal free
oxidation of amino acids.

Inspired by the photoreaction of NPI derivatives, 2-(4-nitrophenyl)-1H-indolyl-3-methyl
(NPIM) chromophore was designed for 1P and 2P uncaging. The NPIM chromophore
shows excellent performance in uncaging reaction: 1. high chemical yields of leaving
groups; 2. clean photoreaction; 3. efficient uncaging reaction with large quantum yield.
Generally, direct release of alcohols and amines is tough, because of the low leaving
group properties of OR and NHR. However, the NPIM can release alcohols and amines
directly. The high 2P absorption cross section and low cytotoxicity of NPIM chromophore

were also determined. Such features make NPIM a promising PPG for biological studies.
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