Hiroshima University Doctoral Thesis

Sulfur Atom Effect on Photo-
uncaging Reaction of (Coumarin-
4-yl)methyl Derivatives

(7= V-4-A M) XFVEBEON T
— YV RGN T 2 HERTF ORE)

2024
Department of Chemistry,

Graduate School of Science,

Hiroshima University

NGUYEN HAI DANG

1



Table of Contents

1. Main thesis

Sulfur Atom Effect on Photo-uncaging Reaction of (Coumarin-4-yl)methyl

Derivatives
(Z7=Y V-4-A M AFNAFEEDOKR T — ¥ v FRIGITXT 3 5 s
T DE)

2. Articles

(1) ”Crucial Roles of Leaving Group and Open-Shell Cation in Photoreaction
of (Coumarin-4-yl)methyl Derivatives”

Hai Dang Neuyen and Manabu Abe*
J. Am. Chem. Soc. 2024, 146, 10993-11001.

(2) “Sulfur Atom Effect on the Photochemical Release of Benzylamine from
Caged Amines”

Hai Dang Nguyen and Manabu Abe*

Chem. Lett. 2024, 53, 1-4.

3. Thesis supplements

(1) ”Crucial Roles of Leaving Group and Open-Shell Cation in Photoreaction
of (Coumarin-4-yl)methyl Derivatives”

Hai Dang Neuyen and Manabu Abe*
J. Am. Chem. Soc. 2024, 146, 10993-11001.




(2) “Sulfur Atom Effect on the Photochemical Release of Benzylamine from
Caged Amines”

Hai Dang Nguyen and Manabu Abe*

Chem. Lett. 2024, 53, 1-4.

(3) “Development of a Two-Photon-Responsive Chromophore, 2-(p-
Aminophenyl)-5,6-dimethoxy-1-(hydroxyinden-3-yl)methyl Derivatives, as a
Photoremovable Protecting Group”

Tuan Phong Nguyen, Hai Dang Nguyen and Manabu Abe*

J. Org. Chem. 2024, 89, 4691-4701.




Main Thesis



Contents

Chapter 1. General Introduction

1-1. Photolabile protecting group and caged compound
1-2.  Types of photolabile protecting groups

1-3. 7-diethylamino(coumarin-4-yl)methyl (DEACM)
1-4. Purpose of this study

References

Chapter 2. Sulfur Atom Effect on the Uncaging Reaction of DEACM-
based Caged Carboxylic Acid

2-1. Introduction

2-2.  Synthetic routes

2-3.  Photophysical properties

2-4. Photochemical properties

2-5. Mechanism

2-6. '¥0-labeling experiments

2-7. Transient Absorption Spectroscopy

2-8. Chalcogen atom effect on relative energetic stability of radical pair
versus ion pair

2-9. References

2-10. Experimental Section

2-11. Spectra

Chapter 3. Sulfur Atom Effect on the Uncaging Reaction of DEACM-
based Caged Amines

3-1. Introduction
3-2. Syntheses of 2a and 2b



3-3.
3-4.
3-5.
3-6.
3-7.
3-8.

Photophysical properties of 2a and 2b in DMSO
Photochemical properties of 2a and 2b

DFT calculation

References

Experimental Section

Spectra



1-1. Photolabile protecting group and caged compound

Photolabile protecting groups (PPGs) ''? have been extensively utilized
as effective tools for caging wvarious compounds, including bioactive
molecules,'»'* organic synthesis precursors,!> fluorophores,'®2° and
gasotransmitters such as H,S, CO, and NO.?'2° The concept behind this
approach is that functions such as bioactivity and fluorescence in molecules
can be temporarily quenched by attaching PPGs. These PPGs can then be
selectively removed by exposure to light irradiation (uncaging), releasing the
leaving groups, thereby restoring the original functions of the molecules.
(Figure 1) In the field of biological chemistry, compounds subjected to this

temporary masking are commonly referred as caged compounds.
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Figure 1. The concept of caged compounds

The distinctive feature of caged compounds is their reliance solely on
light as a reagent, making this method mild and minimally invasive. This
characteristic is particularly beneficial for selectively removing protecting
groups using two colors,?’ especially in compounds containing multiple
protecting groups.'*!> In addition to their practical uses, several new PPGs?
have been desinged recent years specifically for biological research. Since the
use of the o-nitrobenzyl group? to cage adenosine cyclic 3',5'-phosphate
(cAMP),*° vast types of caged bioactive molecules have been developed for
31-34 3339 and peptides, 4!

demonstrated utility in biological applications.*?

neurotransmitters, calcium, all of which have

1-2. Types of photolabile protecting groups

There are two main types of PPGs, classified based on the mechanisms
of release of leaving groups. The first group is the o-Nitrobenzyl type. The
mechanism of photo-uncaging reactions of o-Nitrobenzyl-type PPGs is shown



in Figure 2. Under light irradiation, caged compounds on the ground state are
excited to the excited state, from which a hydrogen abstraction of o-nitro
group occurs to generate an aci-nitro intermediate. The aci-nitro intermediate
undergoes a cyclization transformation to form a cyclic intermediate, followed
by a ring-opening process to generate a hemiacetal intermediate, from which
the leaving group is released. Popular representatives for this group are o-
nitrobenzyl (0-NB),’> 6-nitropiperonylmethyl (NP),* 6-nitroveratryl (NV),* 4-
amino-4’-1,1’-biphenyl  (BP),*  2-(4-nitrophenyl)benzofuran (NPBF),*
nitrodibenzofuran (NDBF)* and 6-(4-nireophenyl)-7,8-dihydronaphthalen-2-
amine (NPNA).*’

The other common group of PPGs is the Photo-Sx1 type. By irradiation,
an ion pair is generated via the heterolytic bond dissociation of C-LG bond
(Figure 2). The cation is trapped by a nucleophile to generate the product. The
last two decades have witnessed a wide range of Photo-Sx1-type PPGs which
have been developed such as coumarin-4-yl,*® xanthene,* BODIPY,”>%>2
quinoline,”  pyrene,>* and 2-(p-aminophenyl)-1-hdrozyliden-3-ylmethyl
(pAPHi).>
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Figure 2. Types of photolabile protecting groups

1-3. 7-diethylamino(coumarin-4-yl)methyl (DEACM)

The 7-diethylamino(coumarin-4-yl)methyl (DEACM) is among the
most studied PPGs because of its attractive features such as fast release rates



of leaving groups under light with wavelengths above 400 nm, large extinction
coefficients and stabilities under dark condition. In 2018, Rivera-Fuentes and
coworkers examined the photochemistry of a series of DEACM-based caged
compounds, including different leaving groups.’® It could be observed that the
lower the pK, of the leaving groups, the higher the photochemical quantum
yield of caged compounds (Figure 3). In other words, the leaving ability of the
leaving group has a profound influence on the photochemistry of DEACM-
based caged compounds.

Et,N 0_0 Et,N 0_0 Et,N 0_0 Et,N 0_0
(0] (0] O (0]
O}\@\ O)\@ o%\@\ OJ\
OMe CF, NHBoc

Pphot 0.003 0.0035 0.0039 0.0052
pK, of leaving groups  4.47 4.2 3.69 24

Figure 3. Relationship between pK, and photochemical quantum yield (Pphor)

1-4. Purpose of this study

It was reported that the pK, (in DMSO) of thiobenzoic acid is
approximately two times lower than that of benzoic acid (Table 1).°” Similarly,
the pK, of thioacetamide is significantly lower than that of acetamide. Based
on these data, we anticipated that leaving groups containing the sulfur atom
would be better in leaving ability as compared to those containing oxygen
atom. Therefore, the sulfur atom could have a large influence on the photo-
uncaging reactions of DEACM-based caged compounds.

Table 1. pK. value in DMSO

Ph\"/SH Ph\n/OH H3C\n,NH2 H3C\n,NH2
O O S (o)
thiobenzoic acid benzoic acid thioacetamide acetamide
pKa in DMSO 5.2 11.0 18.5 25.5

10




To clarify our hypothesis, in this study, we synthesized a series of
DEACM-based caged carboxylic acids and caged amines and examined their
photophysical and photochemical properties to investigate the sulfur atom
effect on the photo-uncaging reactions of DEACM-based caged compounds.
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Chapter 2

Sulfur Atom Effect on the Uncaging Reaction
of DEACM-based Caged Carboxylic Acid
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2-1. Introduction

In this chapter, thioester 1a, thionoester 1b and ester 1c¢ were
synthesized. The photophysical properties of these three compounds were
examined in DMSO. The photochemical properties of 1a, 1b and 1¢ were
studied by product analysis and laser flash photolysis (LFP) method.

2-2. Synthetic routes

Compound 1a, 1b and 1c¢ were synthesized by the following reported
synthetic routes.

Et,N 00 (5 ELN 00 () EN 00
@j . W —— )
3 S
Rs Br 1a
5 Oé\

NH,

NH, NH, N=N S Et,N 0.0
NH, N Ne () N
© e Y ), 9, _
| 0 S
NO, NO, NO, NO, 1b j\
R4 R, R; R4 S

Et,N 0. _0
Z > Pz ’ =
3 7 “OH (o)
1c
oéj\

Scheme 1. Synthesis of 1a-c¢; Reagents and conditions: (a) LIHMDS, NBS,
THF -78 °C to —-30 °C, 77% yield. (b) AcSK, MeOH, RT, 79% yield. (c)
CH;COCl, Et;N, THF, —40 °C. (d) Lawesson’s reagent, THF, 0 °C, 77% yield.
() NaNO,, CH3COOH, 0 °C, 56% yield. (f) 7, imidazole, CH,Cl,, RT, 50%
yield. (g0 DMA-DMF, DMF, RT; NalO4, THF/H,0O, RT; NaBH4, THEF, 0 °C,
55% yield. (h) Ac,O, NaHCOs, THF, RT, 99% yield.
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2-3. Photophysical properties

The photophysical properties of la-¢ were observed in DMSO,
summarized in Table 2. It can be seen that all three compounds have the
absorption maxima (Amsx) around 384 nm with relatively high extinction
coefficients (emax > 22000 M-'cm™). On the other hand, 1a and 1b show the
emission maxima (Aemi) around 465 nm, while 1¢ possess an emission maxima
around 472 nm, which reveals a larger Stokes shift as compared to 1a and 1b.
Interestingly, the fluorescence quantum yields (®f) of la and 1b are
significantly lower that that value of 1¢, which could originate from the lower
photochemical quantum yield of 1¢ in comparison with 1a and 1b.

Table 2. Summary of photophysical properties of 1a-¢ in DMSO

Absorption Emission
Amax (MM)  €max M Tem™)  Aemi (nm) (ON 7 (ns)
la 386 24017 £ 516 463 0.018 1.4
1b 384 22668 + 343 465 0.025 1.4
1c 382 25654 + 476 472 0.41 1.9

2-4. Photochemical properties
2-4-1. Photochemistry of 1a (&3s6 = 24,017 = 516 M'cm™)

Firstly, the photoreaction of compound 1a (15 mM) was carried out for
2.5 hours in an Ar-saturated DMSO-ds solution (0.6 mL), using a 405 nm (£20
nm) LED lamp as the light source (eq 1, Table 3, entry 1). Subsequently, the
photoproducts and their chemical yields were analyzed by 'H NMR
spectroscopy (400 MHz). Thioacetic acid (8) and acetic acid (9) were obtained
in yields of 33% and 20%, respectively. The formation of 9 could be explained
by the conversion of 8 in DMSO, involving a single-electron transfer from 8
to DMSO.>® Additionally, besides products derived from the leaving group,
three DEACM-based products [3 (16% yield), 4 (24% yield), 5 (14% yield)]
and acetaldehyde (10) (8% yield) were observed. It is noteworthy that the
yield of 4 dropped significantly to 14% and 5% when the photoreactions were
conducted in air-saturated and O,-saturated DMSO, respectively (Table 3,
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entries 2 and 3). The photochemical quantum yield of 1a was determined as
0.028 in Ar-saturated DMSO and 0.026 in air-saturated (Table S3). Based on
these findings, it is likely that 4 is formed through the dimerization of
DEACM radical A, which originates from the photoinduced homolysis of the
C—S bond and/or electron transfer within the ion pair (Scheme 2). To confirm
the formation of A, the photoreaction of 1a was performed in the presence of
45 mM TEMPO (Table 3, entry 5). DEACM-TEMPO (6) was obtained in
55% yield, and 4 was not detected, confirming the generation of radical A.
Furthermore, when the photoreaction of 1a was conducted in a DMSO/H,0
(3:2 v/v) solution (Table 1, entry 4), alcohol 7 was identified as a minor
product in 6% yield, possibly through the reaction of S-RC with water
(Scheme 2), while compound 4 was observed at a higher yield of 28%.
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Table 3. Summary of Photochemistry of 1a-¢

+ X X S
Et,N o” o *
X \n/CHa 3 Et,N 0”0 Et,N 0”0
h hv OH
e + O ~ N
Et,N ) + CH3C(O)SH (8) Q
aX=8Y= + CH4CHO (10)
X=0'Y= EtoN O O
1c:X=Y=0 7
6
Products and Yields (%)*
Entry 1 Conditions 3 4 5 6 7 8 9 10 1a
1 Ar-saturated DMSO-ds 16 24 14 b b 33 20 8 b
2 Air-saturated DMSO-ds 19 14 4 b - 48 17 12 -
3 laf Oz-saturated DMSO-ds 17 5 3 -0 - 39 2 16 b
4 Ar-saturated DMSO/H-0 (3:2) 5¢ 28 19 b 6° = -d A4
5 Air-saturated DMSO-ds with 3.0 equiv. b L2055 b 2 29 Sbob
TEMPO
6 bt Ar-saturated DMSO-ds 4 10 5 b b 10 3 1 49
7 Ar-saturated DMSO/H20 (3:2) N AR LR - = -d 4 53¢
8 Ar-saturated DMSO-ds 11 4 b b - b 83 4 b
9 Ar-saturated DMSO/H20 (3:2) 7¢ 11 > b 30e b R 4 0b
10 1¢h  Ar-saturated DMSO/H20 (3:2) with 3.0 bbb 460 200 R 4 L
equiv. TEMPO
11 Air-saturated DMSO-ds with 3.0 equiv. bbb b58 b b 100 > P
TEMPO

“Determined by 'H NMR (400 MHz) if no additional descriptions were included. "Not formed. “Trace amount. “These
products could not be detected by a UV detector when HPLC was used. *Determined by HPLC analysis. ‘@455, = 0.028.
epdr o0 = 0.68. "aL ) = 0.0031.

2-4-2. Photochemistry of 1b (£384 = 22,668 + 343 M'cm™)

The photoreaction of DEACM thionoester 1b (15 mM) was conducted
in the same manners to those used for la (Table 1, entries 6 and 7).
Interestingly, after 12 minutes of irradiation, thioester 1a was observed as the
predominant product (49%), accompanied by compounds 3 (4%), 4 (10%),
and 5 (5%), revealing efficient recombination of the radical pair or ion pair.
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The quantum yield of the photochemical decomposition of 1b was found to be
0.68 in Ar-saturated DMSO and 0.60 in air-saturated DMSO (Table S3),
demonstrating high efficiency in both C—S bond breaking and recombination
processes. Computational analysis revealed that thioester 1a is energetically
more stable by 12.9 kcal mol™! than thionoester 1b at the B3LYP/6-31G+(d)
level of theory in DMSO, supporting the observed efficient isomerization
process. It is noteworthy that this type of photoinduced isomerization of
thionoesters to thioesters has not been studied. The presence of compounds 3-
5 suggests the generation of radical A during the irradiation of 1b. In addition,
in the presence of TEMPO, '"H NMR signals of 6 were witnessed along with
those of 1a (Figure S16), providing clear evidence for the existence of radical
A. It is noteworthy that alcohol 7 was not detected by HPLC analysis, even in
DMSO/H,0 (3:2) (Table 3, entry 7), indicating that the generated ion pair is
present in small quantities.

2-4-3. Photochemistry of 1¢ (&35 = 25,654 =476 M'ecm™)

In Ar-saturated DMSO, the photoreaction of DEACM ester 1¢ (15 mM)
led to the release of acetic acid (9) with a high chemical yield of 83% (Table 3,
entry 8). Other observed products included 3 (11%) and 4 (4%), both
originating from radical A. The photochemical quantum yields of 1c in Ar-
saturated DMSO and air-saturated DMSO were determined to be 0.0031 and
0.0027, respectively.

Notably, TEMPO-adduct 6 was produced in a relatively high yield of
58% 1in the presence of TEMPO (45 mM), alongside the quantitative
formation of 9 (Table 3, entry 11). The high chemical yield of 9 (100%) during
the photolysis of 1¢ (Table 3, entry 11) contrasted with the low chemical
yields of 8 and 9 in the photoreaction of 1a with TEMPO (Table 3, entry 5).
This difference reveals a significant amount of the acetate anion in the
reaction of le¢. Additionally, the photoreaction of 1¢ in a DMSO/H,O (3:2)
yielded 7 with the yield of 39%, which is significantly higher than the yields
observed from 1a and 1b but lower than the 83% yield of acetic acid (9)
(Table 3, entry 9). The formation of 7 provides strong evidence for the
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presence of the DEACM cation (S-RC). Interestingly, in the presence of
TEMPO, the photolysis of 1¢ in DMSO/H,;0 produced compounds 6 (46%)
and 7 (20%) (Table 3, entry 10), which further supports the open-shell nature
of the DEACM cation.

2-5. Mechanism

On the basis of detailed product analysis, a mechanism for the
photochemical reaction of DEACM esters 1a—c was proposed, as illustrated in
Scheme 2. In the photoreactions of 1a (X =S, Y=0)and 1b (X =0, Y =Y),
the radical pair A containing CH3C(O)S"play a crucial role. This is supported
by the relatively high chemical yields of compounds 3-6, derived from radical
A, as compared to the low chemical yields of 8, 9, and 10 originating from the
CH3C(O)S™ anion and S-RC. Conversely, the relatively high yields of 9 and 7
in the photoreaction of 1¢ (X =Y = O) disclose that the key intermediate is the
ion pair of S-RC with CH3CO, . The formation of the radical-trapped product
6 during the photoreaction of 1c in the presence of TEMPO may seem
unconventional. However, it can be rationalized by the existences of S-OC
and T-C, open-shell forms of the DEACM cation, which are in a thermal
equilibrium with S-RC (Scheme 2).
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Scheme 2. Proposed mechanism of  Photoreaction of 7-
diethylamino(coumarin-4yl)methyl Esters

The open-shell cations T-C and S-OC were calculated to be
energetically lower by 15.9 and 8.7 kcal/mol, respectively, in comparison with
the closed-shell cation S-RC, which is in agreement with a published literature
by Winter et al.>® This calculation was performed at the B3LYP/6-31G+(d)
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(SMD = DMSO) level of theory.®® Therefore, S-OC and T-C can be trapped
by TEMPO to produce cation radical 11, followed by electron transfer to form
compound 6. On the other hand, an electron transfer from open-shell cations
(S-OC and T-C) to generate radical A, which then undergoes a TEMPO trap
to generate compound 6. This emphasizes the crucial role of open-shell
cations in photochemical reactions.® The formation of the ion pair can be
explained by photoinduced heterolytic bond breaking or single electron
transfer within the radical pair released during homolysis. An another
plausible pathway for the formation of 7 is the nucleophilic addition of H,O to
the open-shell cation S-OC,* along with the reaction with S-RC (Scheme 2).
The generation of acetaldehyde (10) can be rationalized by the reaction

between singlet oxygen and diethylamino moiety.®*%

2-6. '30-Labeling Experiments

To gain further understanding of the uncaging mechanism, we
performed the photoreaction of '®0-labeled 1c¢ (92% '*0) in air-saturated
DMSO-ds. The goal was to study the occurrence of '*O atom scrambling in 1¢
(Figure 4). The '*C NMR signals of 30—C (61.62 ppm) and °*O—C (61.64
ppm) in the methylene group were well-resolved at 151 MHz, allowing the
detection of the scrambling reaction by *C NMR method (Figure 4a). If
recombination of 1¢ from the radical pair and/or ion pair occurs, '*O atom
scrambling in 1c¢ should be witnessed during the photolysis because of the
relatively low quantum yield (@' = 0.0027, Table S3). It was reported that the
low quantum yield of DEACM esters has been attributed to the recombination
of ion pairs.®>® Interestingly, the observed 'O atom scrambling was almost
negligible, even though a significant amount of acetic acid 9 was detected at
12.3%, along with compounds 3 (<5%) and 4 (<5%) at 20% conversion of
80-1¢ (Figure 4b). The negligible '*O scrambling disclosed that intermediates
such as the ion pair generated after the bond-breaking reaction did not revert
back to compound 1c. In the case of 1b, efficient isomerization of 1b to 1a
was observed, revealing that the radical pair indeed took part in a
recombination reaction. The rationale for the '30O-isotope labeling experiment
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lies in the formation of the [S-RC][CH3CO; ] ion pair. This pair equilibrates
with triplet cations T-C, which is the ground state of the DEACM cation. The
recombination of T-C with acetate anions is a spin-forbidden process so that
these intermediates could not revert to 1¢. Besides, the relatively low yield of
7 during the photolysis of 1¢ is due to the triplet ground state of the DEACM
cation.
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Figure 4. '®0-labeling experiment in the photolysis of '30-1¢; (a) *C NMR
(151 MHz) spectra, I;5:1;¢ is the ratio of intensity of *0—C and '*O—C and (b)
"H NMR (400 MHz) spectra measured in DMSO-d.
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2-7. Transient Absorption Spectroscopy

The product analysis confirmed the formation of radical A and cationic
species derived from the DEACM moiety. To directly observe the
intermediates in the photolysis of 1a—¢ and understand their reaction dynamics,
the laser flash photolysis (LFP) experiments were carried out. The transient
absorption (TA) spectra of 1a—c (0.14 mM) and 7 (0.065 mM) were recorded
on a submicrosecond time scale in air- and Ar-saturated DMSO at 293 K
using a 355 nm laser (Nd, 15 mJ/pulse, 12 ns pulse width) (Figures 5 and 6).
In Ar-saturated DMSO, three positive transient absorption bands at around
290 nm, 330 nm, and a broad signal over 500 nm were observed in the TA
spectra of 1a—c¢, while the 330 nm band disappeared in the TA spectrum of 7
(Figure 5d). The signal at around 630 nm was relatively sharp compared to the
broad signals in 1a—c. This observation suggested that the 330 nm absorption
band corresponds to the transient species generated from the photoinduced
bond cleavage. On the other hand, a negative signal between 350 and 420 nm
was witnessed, which is attributed to the photobleaching of 1a—c¢ and 7.
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Figure 5. Transient absorption spectra of (a) 1a, (b) 1b, (¢) 1c¢ and (d) 7 in an
Ar-saturated DMSO solution at 293 K (laser: Nd:YAG, 355 nm, 15 mJ/pulse,
12 ns pulse width). Simulated UV—Vis spectra of (e) A, (f) triplet excited state
of 7 and (g) T-C at the (R/U)B3LYP/6-31G+(d) (SMD = DMSO) level of
theory. (h) Absorption spectrum of 1a in DMSO.
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The time profiles monitored at 330 nm in the transient spectra of 1la—c
showed a multicomponent decay. These signals were quenched in the presence
of TEMPO (Figures S23—S25), indicating that the transient species was likely
a radical. The simulated UV spectrum of radical A, calculated at the
UB3LYP/6-31G+(d) (SMD = DMSO) level of theory, consistent with the
transient signal observed during photolysis (Figure 5e). Based on these
observations and the formation of compounds 4 and 6 (Table 3), the TA band
at 330 nm was assigned to radical A.

The broad TA band around 630 nm observed in the laser flash
photolysis (LFP) of la—c, and 7 corresponded to the triplet-triplet (T-T)
absorption of the triplet-excited state of the coumarin chromophores. This
assignment was supported by the quenching of the bands in the presence of
molecular oxygen. In addition, the simulated spectrum of the T-T absorption
of coumarin chromophores matched the experimentally observed spectrum
(Figures 5f, S29d). In the photolysis of 7, the decay rate constant (kg,y) at 630
nm was 1.4 x 10" M s7!, comparable with the rise rate constant (ki) at 380
nm, which was 1.3 x 10!® M s7!, indicating the T;—S, transformation. It
would be noted that the time profiles followed a second-order kinetic model
due to the T-T annihilation originating from the high intensity of the pump
laser utilized (15 mJ/pulse, 2.7 x 10'® photons/pulse). The concentration of
3[7]* was assumed to be similar to that of ![7]*, as calculated from the time
profile monitored at 380 nm (Supporting Information). Besides the T-T
absorption band, a weak broad signal around 500 nm was observed in the
transient absorption spectra of 1a—c.

As mentioned, the photochemical quantum yields (®) of 1a—¢ varied
significantly, ranging from ®*" = 0.0031 (for 1¢) to ®*" = 0.68 (for 1b).
However, the absorbances (~0.02) of the transient species at ~300 nm were
quite similar immediately after the laser flash (355 nm, 15 mJ/pulse, 2.7 x 10'°
photons/pulse, 12 ns pulse width). For instance, the absorbance at ~330 nm,
corresponds to radical A, was 0.018, 0.019, and 0.021 in the LFP of 1a, 1b,
and 1e, respectively. The molar extinction coefficient for A at 322 nm was
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estimated to be 22,028 M~ cm™'. Therefore, the absorbance of A generated in
the LFP of 1b would be approximately 0.92 at ®A" = (.68, which is
significantly different from the observed value of 0.019. Since the absorption
spectrum of 1b (Anax = 384 nm, ¢ = 22,668 + 343 M! cm™!) is accurately
reproduced by the TD-DFT calculation (Amax = 378 nm, ¢ = 21,684 M ! cm™),
the discrepancy between the observed and predicted values is not due to
overestimation of the computed spectrum but rather to the solvent-cage effect
(Scheme 3).° In the submicrosecond TA experiments, the recombination
process with zero-order kinetics in the solvent cage is undetectable, so only
the radicals that escape from the solvent cage are detected. Based on the
observed absorbance of 0.019, the escaped radical can be estimated to be 1.69
x 1077 mol, indicating a ratio of radicals in the solvent cage to escaped radicals

of 248:1.
L]
recombination
w /@\)1+ O“\*FCH3 in solvent cage
— o | 1a+4
Et,N oo S

A radical pair | solvent cage

escape from
the solvent cage

A
Scheme 3. Solvent Cage Effect in Radical Pair

In the laser flash photolysis (LFP) of 1¢ (Figure 5c), the recombination
process is negligible because '®O-scrambling was not observed (Figure 4).
When radical A is generated in the photolysis of 1c¢ (®*" = 0.0031), the
absorbance at 330 nm is estimated to be 0.0042, which is lower than the
experimental value of 0.021. This significant difference can be rationalized by
the overlap with triplet cation T-C and the triplet excited state of 1¢ with
radical A. The simulated UV spectrum of T-C, computed at the same level of
theory, illustrates bands at approximately 290 nm with € ~ 22,000 and at 512
nm with ¢ ~ 10,000 (Figure 5g). In the absence of TEMPO (Figure 6a), a
broad signal over 470 nm was obtained. However, the signal at approximately
540 nm was quenched in the presence of TEMPO (Figure 6b). The band at
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630 nm, corresponding to the triplet excited state of 1c¢, remained. Notably, a
new TA band at 430 nm emerged after 1 us (kyse = 6.2 x 10° 57!, Figure 6c¢)
and decayed within 10 ps (kg = 7.6 x 10* s7!, Figure 6¢) in the presence of
TEMPO (0.42 mM) during the LFP of 1¢ (0.14 mM). On the other hand, such
transient bands were not detected in the TA analysis of 1a and 1b under
similar conditions (Figures 6, S23, and S24 for 1a and 1b). From the rise
signal, the bimolecular reaction rate was evaluated to be 1.5 x 10" M s71,
roughly matching the diffusion rate constant in DMSO (3.3 x 10° M s7! at
25 °C).
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Figure 6. Transient absorption spectra of 1¢ in Ar-saturated DMSO at 293 K
(laser: Nd:YAG, 355 nm, 15 mJ/pulse, 12 ns pulse width), (a) without TEMPO,
(b) TEMPO (0.42 mM). (c) Time profile monitored at 430 nm observed in the
presence of 0.42 mM TEMPO in 10 us time scale (20 mJ/pulse). (d) Simulated
UV spectrum of 11.

The radical-radical coupling reaction of T-C with TEMPO was found to
be a barrierless process at the UB3LYP/6-31G(d) level of theory (Figure S32).
The absorption band at 430 nm was assigned to TEMPO-adduct 11, a
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plausible product originating from the trapping of TEMPO to T-C and/or S-
OC (Scheme 2). This assignment was supported by the consistence between
the computed absorption band and the observed absorption band (Figure 6d).
The generation of intermediate 11 was also confirmed through product
analysis. The negligible detection of 11 in the TA spectra during the photolysis
of 1a and 1b revealed that the generation of ion pairs was a minor process in
the photoreactions of 1a and 1b.

2-8. Chalcogen Atom Effect on Relative Energetic Stability of Radical
Pair Versus Ion Pair

To further understand the experimental observations, the chalcogen
atom effect on the total electronic energy of the radical pairs, DEACM radical
(A) and CH3C(O)X" (X = S or O), and the ion pairs, DEACM cation and
CH;C(O)X™ (X = S or O), were calculated at the (R/U)B3LYP/6-31G+(d) in
DMSO using SMD method. For X = S, the radical pair was computed to be
0.7 kcal mol™ lower in energy than that of the corresponding ion pair (T-C
and thioacetate anion CH3C(O)S"). On the other hand, the ion pair of T-C and
acetate anion (X = O, CH3C(0O)O") was calculated to be lower in energy by
8.2 kcal mol™! than the radical pair of A and acetate radical in DMSO at the
(R/U)B3LYP/6-31G+(d) (SMD = DMSO) level of theory. The electron
transfer process from A to CH3CO;" is thermodynamically favorable to form
the ion pair as judged by the calculated reduction potential of acetate radical
(E°=1.22 V vs SCE) and the calculated reduction potential of radical A (E° =
0.73 V vs SCE) at the (R/U) B3LYP/6-31G+(d,p) (CPCM = DMSO) level of
theory.®’

2-9. Calculated energy barriers
As mentioned, the photochemical quantum yield of 1b (®*" = 0.68) was
much higher than those number of 1a (®*" = 0.028) and 1¢ (®*" = 0.0034).

These observations matched well with our hypothesis in which the leaving
ability of thioacetic acid is better than that of acetic acid because of the lower
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pK, of the thioacetic acid as compared to acetic acid. However, during our
research studies, it was found that the photoreactions of 1a and 1b generated
mainly the thioacetate radical, which is not related to the acidity of thioacetic
acid. Therefore, the difference in photochemical quantum yields cannot be
explained by the pK, of the leaving groups. To rationalize the experimental
results, the quantum chemical calculations were performed to estimate the
energy barriers for the bond breaking process. C-S bond of 1a, C-O bond of
1b and C-O bond of 1¢ were scanned from the triplet excited state of 1a, 1b
and 1c¢ respectively at the UB3LYP/6-31G+(d) (SMD = DMSO) level of
theory.
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Figure 7. Computed relative energies of a) *[1b], TS, products, b) *[1a],
TS1a, products and 3[1¢], TSic, products at UB3LYP/6-31G+(d) (SMD =
DMSO) level of theory.

It was observed that the energy barrier in the case of 1b (TSp) is the
lowest, followed by the energy barriers in the case of 1a (TS1a) and 1¢ (TS1e),
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revealing that the photoreaction of 1b is the fastest. These observations are
consistent with the trend of photochemical quantum yields. It would be noted
that the energy of *[1b] is significantly higher than that of *[1a], which would
originate from the less stable C=S bond of 1b as compared to the C=0O bond of
la.
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2-11. Experimental section

All commercially available chemical reagents were purchased from TCI,
Wako, or Sigma-Aldrich and directly used without any further purification.
NMR spectra were recorded on Bruker Ascend 400 ("H NMR: 400 MHz, '°C
NMR: 100 Hz) and JEOL DELTA ECZL600G (*C NMR: 150 Hz)
spectrometers at 298 K. Coupling constants (J) are denoted in Hz and
chemical shift (8) in ppm. The abbreviations s, d, t, q and dd denote the
resonance multiplicities singlet, doublet, triplet, quartet, and double of
doublets, respectively. IR spectrum was recorded on a JASCO MCT-6000M.
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Mass spectrometric data were observed with Thermo Fisher Scientific LTQ
Orbitrap XL. UV-Vis spectra were recorded on a SHIMADZU UV-3600 Plus
spectrometer. The spectra were observed at room temperature using a slit
width of 1 nm with middle scan rate. The excitation source for sub-
microsecond laser flash photolysis (LFP) was a tunable Nd:YAG laser at 355
nm. The monitoring system consisted of a 150 W Xenon arc lamp as a light
source, a Unisoku MD200 monochromator detection, and a photomultiplier.

2-10-1. Synthesis of targeted compounds
Synthesis of Rs%

Et,N 0._0 Et,N 0.__0
1. LIHMDS
Z - Z
2. NBS

3 Rs “pr

7-diethylamino-4-methylcoumarin (3) (2.0 g, 8.65 mmol, 1.0 equiv.)
was dissolved in dry THF (150 mL) under N,. The solution was cooled to —
40 °C before adding LiHMDS (16.7 mL, 21.63 mmol, 2.5 equiv.). The
solution was then warmed up to —30 °C, followed by cooling to —78 °C in a
low-temperature bath. N-bromosuccinimide (1.7 g, 9.55 mmol, 1.1 equiv.) was
added in one portion and the reaction mixture was stirred at —78 °C. After 4
hours at —78 °C, the reaction was neutralized by treating with HCI1 (0.1 M) at —
78 °C before extracted with CH,Cl,. The collected organic phases were dried
over Na,SO4 before being concentrated under reduced pressure to obtain the
crude product, which was then purified by silica-gel column chromatography
to afford compound Rs as a yellow solid (2.1 g, 77%). "H NMR (400 MHz,
CDCl3) 6 7.49 (d, J=9.0 Hz, 1H), 6.63 (dd, J=9.0, 2.6 Hz, 1H), 6.52 (d, J =
2.6 Hz, 1H), 6.14 (s, 1H), 4.40 (s, 2H), 3.42 (q, J = 7.1 Hz, 4H), 1.22 (t, J =
7.1 Hz, 6H).

Synthesis of 1a
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Et,N 0.0 AcsK Et;N 0 0
\Cigr MeOH ” \©/\gr

Rs Br 1a S
N

Rs (101.5 mg, 0.33 mmol, 1.0 equiv.) and potassium acetate (45.2 mg,
0.40 mmol, 1.2 equiv.) were dissolved in MeOH (1.0 mL). The solution was
stirred under N, atmosphere at room temperature for 30 min before
concentrated in vacuo. The crude was dissolved in CHCI; and then washed
with water. The organic layer was dried with Na,SO4, concentrated under
reduced pressure to obtain the crude product, which was then purified gel
permeation chromatography to afford compound 1a as a yellow solid (77.1 mg,
79%). Mp 95 °C. 'H NMR (400 MHz, CDCls) & 7.34 (d, J= 9.0 Hz, 1H), 6.58
(dd, J=9.0, 2.6 Hz, 1H), 6.50 (d, J = 2.6 Hz, 1H), 6.10 (s, 1H), 4.13 (d, J =
0.5 Hz, 2H), 3.41 (q, J = 7.1 Hz, 4H), 2.39 (s, 3H), 1.21 (t, J = 7.1 Hz, 6H).
BC{'H} NMR (101 MHz, CDCl;) 8 193.7, 161.7, 156.4, 151.0, 150.7, 125.0,
109.0, 108.6, 107.0, 97.8, 44.7, 30.2, 29.0, 12.4. HRMS (ESI*) m/z: [M + H]*
calcd for C;H,oNO3S306.11584, found 306.11575. IR (film, cm™): 2973,
1715, 1618, 1601, 1527, 1415, 1357, 1273, 1138.

Synthesis of N-(2-amino-5-nitrophenyl)acetamide (R2)*

NH, NH,

H
e CH,COCI N\"/
T 0
NO, NO,
Ry R,

To a solution of Rz (2.0 g, 13.2 mmol, 1.0 equiv.) under N, atmosphere
in dry THF at —40 °C was added Et;N (2.8 mL, 19.8 mmol, 1.5 equiv.). Acetyl
chloride (0.95 mL, 13.2 mmol, 1.0 equiv.) was then added dropwise into the
solution. After stirred at —40 °C for 3 hours, the reaction mixture was warmed
to room temperature and stirred for 15.5 hours. The precipitate was filtered off
and the filtrate was concentrated under reduced pressure to afford compound
R; as a yellow solid (3.0 g, quant.), which was used directly to the next step
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without further purification. "H NMR (400 MHz, CD;CN) § 8.24 (s, 1H), 8.18
(d, J = 2.6 Hz, 1H), 7.88 (dd, J = 9.0, 2.6 Hz, 1H), 6.78 (d, J = 9.0 Hz, 1H),
5.39 (s, 2H), 2.13 (s, 3H).

Synthesis of N-(2-amino-5-nitrophenyl)ethanethioamide (R3)"°

NH, NH,

H H
N Lawesson's reagent N
g - g
O THF S
o]
NO, 0°c NO,
R2 R3

The suspension of compound R; and Lawesson’s reagent in dry THF
was stirred under N, at 0 °C. After 14 hours, the reaction mixture was
concentrated under reduced pressure to afford the crude product, which was
purified by column chromatography to observe compound Rs as a yellow
solid.”” 'TH NMR (400 MHz, MeOD) 6 8.03 (d, J = 2.6 Hz, 1H), 7.98 (dd, J =
9.1,2.6 Hz, 1H), 6.81 (d, J=9.1 Hz, 1H), 2.70 (s, 3H).

Synthesis of 1-(6-nitro-1H-benzo[d][1,2,3]triazol-1-yl)ethane-1-thione
(R 4)70

NH, N=N

H \
N NaNO, N
\n/ . \"/
S CH3;COOH S
o
NO, 0°c NO,
R3 R4

To a solution of compound Ris (150.3 mg, 0.71 mmol, 1.0 equiv.)
dissolved by gentle warming at 40 °C and then cooling to 0-5°C in 70% acetic
acid (10.0 mL) was added NaNO, (80.0 mg, 1.07 mmol, 1.5 equiv.) in small
portions with stirring. After 1 hour, ice-water was added, and the precipitate
was filtered off, washed with water, and dried in vacuo to afford compound R4
as an orange solid (87.5 mg, 56%). "H NMR (400 MHz, CDCl;) 6 9.72 (d, J =
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1.8 Hz, 1H), 8.44 (dd, J = 8.9, 1.8 Hz, 1H), 8.30 (d, J = 8.9 Hz, 1H), 3.46 (s,
3H).

Synthesis of 1b
—N
N= \ Et,N 0_0
Y _ 7 P
S CH,Cl,
NO, Rt O
R4 1b S)\

A mixture of compound R4 (74.5 mg, 0.34 mmol, 1.0 equiv.),
compound 7 (125.0 mg, 0.50 mmol, 1.5 equiv.) and imidazole (28.2 mg, 0.40
mmol, 1.2 equiv.) in dry CH,Cl, (3.4 mL) was stirred under N, atmosphere at
room temperature for 31 h. The solvent was removed in vacuo to observe the
crude product, which was then purified by silica gel chromatography
(Hexane/EtOAc) to afford compound 1b as a yellow solid (52.0 mg, 50%).
Mp 132 °C. '"H NMR (400 MHz, CDCl;) 6 7.28 (d, J = 9.0 Hz, 1H), 6.59 (dd,
J=9.0,2.6 Hz, 1H), 6.53 (d, J=2.6 Hz, 1H), 6.16 (t, /= 1.1 Hz, 1H), 5.56 (d,
J=1.1 Hz, 2H), 3.42 (q, J= 7.1 Hz, 4H), 2.69 (s, 3H), 1.21 (t, J= 7.1 Hz, 6H).
BC{'H} NMR (101 MHz, CDCl;) 4 218.8, 161.7, 156.3, 150.8, 148.4, 124.5,
108.7,107.1, 106.0, 97.9, 68.6, 44.8, 34.1, 12.4. HRMS (ESI*) m/z: [M + H]*
calcd for C;¢H,oNO3S*306.11584, found 306.11588. IR (KBr, cm™): 2964,
1707, 1622, 1528, 1419, 1271, 1227, 1196, 1141, 1071.

Synthesis of 7-(diethylamino)-4-(hydroxymethyl)-2H-chromen-2-one (7)"!

1. DMA-DMF
2. Na|O4

Et,N 0.__0 Et;N 0. 0
3. NaBH,
Z > =
3 7 SoH

To a solution of 3 (5.0 g, 0.022 mol, 1.0 equiv.) in dry DMF (25 mL),
DMF-DMA (5.8 mL, 0.044 mol, 2.0 equiv.) was added under N,. The reaction
mixture was heated to reflux and stirred under N, atmosphere for 14 h. Conc.
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NaHCOs; solution and CH,Cl, were then added. The organic layer was
collected, and the aqueous layer was extracted with CH,Cl, three times. The
combined organic layers were dried with Na,SO, before being concentrated
under reduced pressure. The residue was dissolved in THF/H,O (38.0 mL, 1:1),
followed by the addition of NalO4 (14.0 g, 0.066 mol, 3.0 equiv.). After
stirring for 2 h at room temperature, the precipitate was filtered off and then
washed with EtOAc. Half of the solvent was evaporated in vacuo before conc.
NaHCOs; solution was added. The organic layer was isolated, and the aqueous
layer was extracted with CH,Cl,. The collected organic layers were dried with
Na,SO4 before being concentrated under reduced pressure. The residue was
then dissolved in dry THF (35 mL), cooled to 0 °C and NaBH,4 (1.7 g, 0.044
mol, 2.0 equiv.) was added. The reaction mixture was then warmed up to room
temperature and stirred under N, for 2 h before conc. NaHCO; solution was
added. The organic layer was collected, and the aqueous layer was extracted
with CH,Cl,. The combined organic layers were dried with Na,SO4 before
being concentrated under reduced pressure to afford the crude product, which
was then purified by silica gel chromatography (EtOAc/Hexane) to give
compound 7 as a yellow solid (3.0 g, 55%). '"H NMR (400 MHz, CDCl;) &
7.32 (d, J=9.0, 1H), 6.56 (dd, J = 9.0, 2.6 Hz, 1H), 6.52 (d, /= 2.6 Hz, 1H),
6.25 (t, /= 1.2 Hz, 1H), 4.83 (s, 2H), 3.41 (q, J = 7.1 Hz, 4H), 2.59 (s, 1H),
1.20 (t, J=7.1 Hz, 6H).

Synthesis of 1¢
Et,N 0.__0 EN (SN2
NaHCO3, THF
7 SoH Rt 1e O

A solution of 7 (50.8 mg, 0.2 mmol, 1.0 equiv.), NaHCO; (35.6 mg, 0.4
mmol, 2.0 equiv.) and acetic anhydride (0.1 mL, 1.0 mmol, 5.0 equiv.) in dry
THF (1.2 mL) was stirred under N, at room temperature for 24 h. The reaction
mixture was then filtered and the filtrate was concentrated under reduced
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pressure. The residue was washed with H,O, extracted with CH,Cl,. The
organic phase was dried with Na,SO, before concentrated under reduced
pressure to give the crude product, which was purified by silica gel
chromatography to afford compound 1c¢ as a yellow solid (57.3 mg, 99%). Mp
110 °C. '"H NMR (400 MHz, CDCl;) 8 7.28 (d, J = 9.0 Hz, 1H), 6.57 (dd, J =
9.0,2.6 Hz, 1H), 6.51 (d,J=2.6 Hz, 1H), 6.12 (t, /= 1.2 Hz, 1H), 5.21 (d, J =
1.2 Hz, 1H), 3.41 (q, J = 7.1 Hz, 4H), 2.18 (s, 3H), 1.20 (t, J = 7.1 Hz, 6H).
BC{'H} NMR (101 MHz, CDCl3) 8 170.2, 161.8, 156.3, 150.7, 149.34, 124.3,
108.6, 106.5, 106.0, 97.8, 61.3, 44.7, 20.7, 12.4. HRMS (ESI*) m/z: [M + H]*
caled for C;4H,,NO,"290.13868, found 290.13867. IR (film, cm™): 2976,
1745, 1715, 1623, 1604, 1528, 1422, 1227, 1076, 1143.

Synthesis of *0-7

Et,N 0._0 EtoN 0._0" Et,N 0.__0"| [EtN 0._0" EtN 0.__0"
H,O"®/dioxane
¥Z > = Z = Z
reflux

Rs “Br 0'8H 0'8H 0'6H 0'6H

180.7 160.7

Compound Rs (250.5 mg, 0.81 mmol, 1.0 equiv.) was dissolved in
H,O0'®/Dioxane (2.5 mL, 2:3). The reaction mixture was heated to reflux and
stirred for 40 h under N, before concentrated under reduced pressure. The
residue was washed with water and extracted with EtOAc. The organic layer
was concentrated in vacuo to give the crude product, which was then purified
by silica gel chromatography to observe four isotopomers in which the two
isotopomers in the box are denoted as '®0-7 (92% in the mixture, determined
by C NMR) (147.0 mg). mp 142 °C.'"H NMR (400 MHz, CDCl;) & 7.31 (d, J
=9.0 Hz 1H), 6.55 (dd, J=9.0, 2.6 Hz, 1H), 6.47 (d, J = 2.6 Hz, 1H), 6.26 (s,
1H), 4.82 (d, J=5.1 Hz, 2H), 3.39 (q, /= 7.1 Hz, 4H), 2.67 (t, J= 5.1 Hz, 1H),
1.19 (t, J = 7.1 Hz, 6H). BC{'H} NMR (101 MHz, CDCl;) § 162.73 (s),
162.70 (s), 156.1 (s), 154.9 (s), 150.529 (s), 124.4 (s), 108.6 (s), 106.3 (s),
105.4 (s), 97.8 (s), 60.9 (s), 44.7 (s), 12.4 (s). HRMS (ESI*) m/z: [M + Na]*
caled for C;,H;,N'80,0Na*274.11856, found 274.11841, [M + Na]* calcd
for C;,H;,N800,Nat 272.11431, found 272.11426, [M + Na]* caled for
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C,,H;,NOsNa*270.11006, found 270.11002. IR (film, cm™): 3403, 2976,
1687, 1606, 1527, 1417, 1357, 1273, 1199, 1141, 1077.

Synthesis of *0-1¢

EtN 0. 0 Et,N 0.__0"8 EtN 0.0 Et,N 0.__0"® EtN 0.0
: (CH4CO),0 2 2 2 2
—_——————>]
=
7 THF Z 7 Z
180.7 ~O'8H 018 o018 o016 016
1602\ 1602\ 1802\ 1602\
80-1c 160.1¢

A mixture of 0-7 (131.9 mg, 0.53 mmol, 1.0 equiv.), NaHCO; (92.6
mg, 1.06 mmol, 2.0 equiv.) and (CH3CO),0O (0.25 mL, 2.65 mmol, 5.0 equiv.)
in dry THF was stirred at room temperature for 24 hours under N, atmosphere.
The mixture was then filtered, and the filtrate was concentrated. The residue
was washed with H,O, extracted with CH,Cl,. The organic phase was dried by
Na,SO4 before concentrated under reduced pressure to observe the crude
product, which was purified by silica-gel column chromatography
(Hexane/EtOAc) to observe four isotopomers in which the two isotopomers in
the box are denoted as '*O-1¢ (92% in the mixture, determined by *C NMR)
(142.2 mg). Mp 110 °C. '"H NMR (400 MHz, CDCl;) 6 7.28 (d, J = 9.0 Hz 1H),
6.57 (dd, J=9.0, 2.6 Hz, 1H), 6.51 (d, J = 2.6 Hz, 1H), 6.13 (t, J = 1.2 Hz,
1H), 5.21 (d, J= 1.2 Hz, 2H), 3.41 (q, J = 7.1 Hz, 4H), 2.19 (s, 3H), 1.20 (t, J
= 7.1 Hz, 6H). BC{H} NMR (101 MHz, CDCl;) & 170.2 (s), 161.83 (s),
161.80 (s), 156.3 (s), 150.7 (s), 149.3 (s), 124.3 (s), 108.6 (s), 106.5 (s), 106.0
(), 97.9 (s), 61.3 (s), 44.7 (s), 20.7 (s), 12.4 (s). HRMS (ESI" m/z: [M +
Na]* calcd for C;gH;oN180,0,Na*316.12912, found 316.12915, [M + Na]*
caled for C;H oN800;Na*314.12487, found 314.12503, [M + Na]* calcd
for C;4H;9NO,Na*312.12063, found 312.12079. IR (film, cm™): 2976, 1748,
1694, 1606, 1529, 1420, 1222, 1143, 1066.

2-10-2. Photophysical properties of targeted compounds
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Table S1. Summary of photophysical properties of 1a, 1b and 1¢ in DMSO

Absorption Emission
Amax (NM) €max (M-lcm-l) Aemi (NM) @y T (ns)
la 386 24017 £ 516 463 0.018 1.4
1b 384 22668 + 343 465 0.025 1.4
1c 382 25654 +£ 476 472 0.41 1.9
7 375 20476 £ 262 454 0.61 3.2
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Figure S1. Absorption, emission and excitation spectra of 1a in DMSO
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Figure S2. Absorption, emission and excitation spectra of 1b in DMSO
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Figure S3. Absorption, emission and excitation spectra of 1¢ in DMSO
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Figure S4. Absorption, emission and excitation spectra of 7 in DMSO
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Figure SS. Time profile of the excited state 1a in DMSO monitored at 463 nm
(excited at 390 nm)
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Figure S6. Time profile of the excited state of 1b in DMSO monitored at 465
nm (excited at 390 nm)
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Figure S7. Time profile of the excited state of 1¢ in DMSO monitored at 472
nm (excited at 390 nm)
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Figure S8. Time profile of the excited state of 9 in DMSO monitored at 455
nm (excited at 390 nm)

2-10-3. Photochemical properties of targeted compounds

General procedure for experiments monitored by '"H NMR: A solution of
compound 1a, 1b, or 1¢ (Cy = 15 mM) in DMSO-ds was irradiated at A = 405
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nm (LED lamp). In the case of photoreactions proceeded in Ar-saturated and
O;-saturated DMSO-ds, the solution was purged with Ar and O, gas by
bubbling method for 10 minutes, respectively. The chemical yields of
photoproducts were determined by adding triphenylmethane (TPM) as an
internal standard.

General procedure for experiments monitored by HPLC: A solution of
compound 1a, 1b, or 1¢ (Cy = 0.4 mM) in DMSO/H,O (3:2) was prepared.
The solution was purged with Ar for 10 minutes by the bubbling method. The
sample was irradiated at A = 405 nm (LED lamp). Calibration curves for
photoproducts were used to determine the chemical yields.

The conversions of starting materials (%) were calculated by using the
following equation:

n2 (mol)- ng (mol)

Conversion (%) = x 100 (D

nd (mol)

Whereas ng is the amount of the starting material before photoreaction (mol)
and ng is the amount of the unreacted starting material.

The chemical yields (%) of photoproducts were calculated by using the
following equation

np (mol) X100
nd x Conversion

Chemical yield (%) = %X 100 (2)

Whereas np is the amount of photoproducts (mol).
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Figure S9. '"H NMR analysis of photoreaction of 1a (entry 1)
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Figure S10. 'H NMR analysis of photoreaction of 1a (entry 2)
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Photoreaction of 1b (15 mM) in air-saturated DMSO-ds in the presence of
TEMPO (45 mM)

After 3 min Et,N 0.0 EtQN\@L?O
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Figure S16. "H NMR analysis of photoreaction of 1b in the presence of
TEMPO

Determination of chemical yields by HPLC analysis
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Figure S17. Calibration curves determined by HPLC analysis for compound
a)7,b)4,¢)3,d)Sand 6

2-10-4.

Photochemical quantum yield measurements

General procedure: 3.0 mL of solution of caged compounds (Cy = 0.28-0.39
mM, Abssos = 5) in DMSO were irradiated by using 405 nm LED lamp. The
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number of photons of LED lamp was determined by using Ferrioxalate
complex as the actinometer. The conversion of the starting material at a certain
time was calculated by HPLC analysis. A conversion vs time graph was
sketched, and the slope of the linear line was observed as the conversion rate.
The photochemical quantum yield values were calculated by using the
following equation:

conversion rate (s™') X Cstarting material (MM) X V (L)

moles of photons (mmol X s~1)

Table S3. Photochemical quantum yields of photoreactions of 1a, 1b and 1c¢
measured in different conditions

Compounds la 1b 1c
Conditions

In Ar-saturated DMSO 0.028 = 0.002 0.68 +0.03 0.0031 +
0.0002
In Air-saturated DMSO 0.026 + 0.001 0.60 +0.02 0.0027 +
0.0003
In Ar-saturated DMSO 0.015+0.001 0.62 + 0.04 0.0044 +
with 3.0 equiv. TEMPO 0.0003
2-10-5. Isotope scrambling experiment

Procedure: Three samples of 1¢ dissolved in DMSO-ds (58 mM) were
prepared. Sample 1, sample 2 and sample 3 were irradiated by using 405 nm
(£20 nm) LED lamp for 1 minute, 5 minutes and 10 minutes, respectively. The
course of photoreactions was followed by '"H NMR (400 MHz) and '*C NMR
(151 MHz) spectroscopy. The conversion of the starting material and the
chemical yield of acetic acid (7) was determined by using benzene as the
internal standard.

Et;N 0._0""® Et,N 0.__ 0816
405 nm (LED lamp) 018,16
= > _— +
Under air A018,16H
180.1¢ 018 DMSO-dg o 9
0
o%\ 23°C 130%\
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Sample 1 after 1 min of irradiation (conversion: 018,16
6.4%, yield of acetic acid: 1.5%)
)‘018,15H

i© 9

JL ) Il Jk ) \ i =i I"-'N\ b Ajl ‘

Sample 1 before irradiation

T
[a¥]

75 70 65 60 55 650 45 40 95 30 25 20 15 10
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Figure S18. 'H NMR spectra (400 MHz, DMSO-d;) of irradiation of sample 1

Sample 2 after 5 min of irradiation (conversion: 7.7%, 01816
yield of acetic acid: 5.6%) )J\018,16H
9

_ [ 2
.—'ﬂ"—__{___ [
|

I | J ‘ \ )\ (R

Sample 2 before irradiation

w ‘ . | Jlk_ ﬂL L N S

75 70 65 6.0 55 50 45 40 35 30 25 20 15 10
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Figure S19. 'H NMR spectra (400 MHz, DMSO-d;) of irradiation of sample 2
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Sample 3 after 10 min of irradiation (conversion: 018,16
18.3%, yield of acetic acid: 12.3%) )I\018 16,4

Sample 3 before irradiation

5 4.0 35 30 25 2.0 15 1.0 05

8.0 75 70 65 6.0 55 50 4
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Figure S20. 'H NMR spectra (400 MHz, DMSO-d;) of irradiation of sample 3

2-10-6. Product identification of the photoreaction of 1a in DMSO in
the presence of TEMPO

Procedure: 19.2 mg of 1a (13.7 mM) and 27.1 mg of TEMPO (37.7 mM)
were dissolved in DMSO (4.6 mL). The sample was irradiated by using a 405
nm LED lamp under Air. The course of the photoreaction was monitored by
HPLC analysis. After 140 minutes of irradiation, the mixture was extracted
with CH,Cl,. The organic layer was dried with Na,SO,, concentrated under
reduced pressure to observe the crude product, which was purified by silica-
gel column chromatography. Compound 6 (fraction 1, 11.2 mg, 46%) and
compound 5 (fraction 4, 3.9 mg, 20%) were separated as the major byproducts.

7-(diethylamino)-4-(((2,2,6,6-tetramethylpiperidin-1-yl)oxy)methyl)-2H-
chromen-2-one (6)’2. '"H NMR (400 MHz, CDCl3) 8 7.23 (d, J = 8.9 Hz, 1H),
6.54 (dd, J = 8.9, 2.6 Hz, 1H), 6.50 (d, J = 2.6 Hz, 1H), 6.33 (t, J = 1.4 Hz,
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1H), 4.96 (d, J = 1.4 Hz, 2H), 3.40 (q, J = 7.1 Hz, 4H), 1.66 — 1.32 (m, 6H),
1.23 — 1.13 (m, 18H).

S-(7-(diethylamino)-4-methyl-2-oxo0-2H-chromen-3-yl) ethanethioate (5).
TH NMR (400 MHz, CDCl3) 8 7.45 (d, J=9.1, 1H), 6.60 (dd, J=9.1, 2.6 Hz,
1H), 6.48 (d, /= 2.6 Hz, 1H), 3.42 (q, J = 7.1 Hz, 4H), 2.47 (s, 3H), 2.45 (s,
3H), 1.21 (t, J = 7.1 Hz, 6H). BC{H} NMR (101 MHz, CDCl;) § 192.6 (s),
160.5 (s), 159.1 (s), 155.9 (s), 151.4 (s), 127.0 (s), 109.3 (s), 108.9 (s), 108.0
(s), 97.3 (s), 44.9 (s), 30.1 (s), 17.4 (s), 12.4 (s). HRMS (ESI*) m/z: [M + H]*
calcd for C;¢H,oNO3S* 306.11575, found 306.11584. Mp 118 °C. IR (film,
cm™): 2975, 1715, 1616, 1573, 1516, 1416, 1356, 1266, 1146, 1076.

Fraction 7
{ 8
g SR o L N—
Fraction 6
I o
A n 'l I IR L " M| Y
Fraction 5
-6
R A_MI‘LA_;J‘-J L | T L " L J Al
Fraction 4
5]
| I l | -
Fraction 3 |
| J ‘ ‘} I ‘ 4
| . l__._l JL\L‘_ L J_. L T _ IIIV“‘ - _._.l S
Fraction 2
| | :
U S, SUNR S |\ SN | S S ) A 4!
Fraction 1
‘ l i 2
u,|. | ) W | |
Crude [ l LL \L
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..__,I_.JL_J‘L—A. e . L._,.j S L_J._._
I I. I I I 7 I 670 I 50 I 4?0 I 370 I I

. 20 1.0 00
fl (ppm)

Figure S21. '"H NMR spectra (400 MHz) of collected fractions after column
chromatography measured in CDCl;
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2-10-7. Product identification of the photoreaction of 1a in Ar-
saturated DMSO

Procedure: 25.3 mg of 1a (13.8 mM) were dissolved in DMSO (6.0 mL). The
sample was irradiated by using a 405 nm LED lamp under Ar. The course of
the photoreaction was monitored by HPLC analysis. After 240 minutes of
irradiation, the mixture was extracted with CH,Cl,. The organic layer was
dried with Na,SO,, concentrated under reduced pressure to observe the crude
product, which was purified by silica-gel column chromatography. Compound
4 (fraction 3, 2.3 mg, 12%) was separated as the major byproduct as the
yellow solid.

4,4'-(ethane-1,2-diyl)bis(7-(diethylamino)-2H-chromen-2-one) (4). 'H
NMR (400 MHz, CDCls) 6 7.38 (d, /=9.0 Hz, 1H), 6.59 (dd, /= 9.0, 2.6 Hz,
1H), 6.53 (d, J = 2.6 Hz, 1H), 6.00 (s, 1H), 3.42 (q, J = 7.1 Hz, 4H), 3.03 (s,
2H), 1.22 (t, J = 7.1 Hz, 6H). BC{!H} NMR (101 MHz, CDCl3) § 162.1 (s),
156.4 (s), 154.7 (s), 150.7 (s), 124.9 (s), 108.7 (s), 107.8 (s), 107.7 (s), 98.0 (s),
44.8 (s), 30.3 (s), 12.5 (s). HRMS (ESI*) m/z: [M+ Na]* caled for
C,gH3, N,0,Na™ 483.22543, found 483.22510. Mp 188 °C. IR (film, cm™):
2972, 1713, 1616, 1604, 1525, 1416, 1356, 1271, 1140.
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Figure S22. "H NMR spectra (400 MHz) of collected fractions after column
chromatography measured in CDCl3

2-10-8. Laser flash photolysis experiments

General procedure for the LFP experiments of 1a, 1b and 1c: The
solutions of 1a, 1b, 1¢ (0.14 mM) in DMSO were prepared. 1.5 mL of the
stock solution was transferred to a 5.0 mm cuvette for the laser flash
photolysis experiments. Transient absorption spectra were observed using a
355 nm laser (Nd-YAG, 15 mJ/pulse, 12 ns pulse width). The time profiles at
330 nm were fitted with the second order kinetic model with the assumption
that the concentration of radical A was identical to that of the singlet excited
state. The concentration of the singlet excited state was calculated from the
time profiles monitored at 370 nm (absorption band of 1a, 1b and 1c¢).

66



330 nm o
630 nm « 290 330
&1.0 nm
& B T A 630 nm
‘; a«-.(.&“ ii"""ll‘ g .
4 ) 570 670 3
< VR
1.0 L/ o 10 Wavelonath

W 2’*‘;’ Wavelength/nm avelength/nm

YR
20 l 2.0 ~0002ms ~002ms —0.04ms

—--0.002ms —-002ms —0.04ms
20 01ms —+—04ms —10ms 30

0.1ms —~0.4ms ——1.0ms

S
b3
é =
. ‘1! Wavelength/nm
\|| f
2.0 ~0002ms —~002ms —0.04ms 2.0 LRGSO  EOMNE ~00dme
0.1ms —0.4ms ~1.0ms 0.1 ms ——0.4ms —1.0ms
3.0 -3.0
30 25
e) f)
2.0
2.0 290330 nm
TN
™
o | h’l MWM
5 L
- b “’W"‘M*WMMMWW
0
3 B 7 P e )
-1.0 \l‘ll L:,/ Wavelength/nm h,f\i“
o
20 s el e s n_; ) 0.1 0.3 0.5 07 0.9
01ms —0.4ms —~1.0ms e Time/ms
-3.0 —Without TEMPO —0.14 mM TEMPO
—0.28 mM TEMPQO 0 42 mM TEMPO
h)
270 370 470 570 670 270 370 470 570 670
Wavelength/nm Wavelengths/nm
—Before experiment - After experiment —Before experiment — After experiment

Figure S23. Transient absorption spectra of 1a observed a) in Ar-saturated
DMSO, b) in Air-saturated DMSO, c¢) in Ar-saturated DMSO in the presence
of 0.14 mM TEMPO, d) in Ar-saturated DMSO in the presence of 0.28 mM
TEMPO, e) in Ar-saturated DMSO in the presence of 0.42 mM TEMPO. f)
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Time profile at 330 nm measured in the presence and in the absence of
TEMPO. Absorption spectra of 1a measured before and after LFP
measurement g) under Ar and h) under Air.
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Figure S24. Transient absorption spectra of 1b observed a) in Ar-saturated
DMSO, b) in Air-saturated DMSO, c¢) in Ar-saturated DMSO in the presence
of 0.14 mM TEMPO, d) in Ar-saturated DMSO in the presence of 0.28 mM
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TEMPO, e) in Ar-saturated DMSO in the presence of 0.42 mM TEMPO. f)
Time profile at 330 nm measured in the presence and in the absence of
TEMPO. Absorption spectra of 1b measured before and after LFP
measurement g) under Ar and h) under Air.
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Figure S25. Transient absorption spectra of 1¢ observed a) in Ar-saturated
DMSO, b) in Air-saturated DMSO, c¢) in Ar-saturated DMSO in the presence
4 mM TEMPO, d) in Ar-saturated DMSO in the presence of 0.28 mM
TEMPO, e) in Ar-saturated DMSO in the presence of 0.42 mM TEMPO. f)
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Time profile at 330 nm measured in the presence and in the absence of
TEMPO. Absorption spectra of 1¢ measured before and after LFP
measurement g) under Ar and h) under Air.

Procedure for the LFP measurement of 7: The solutions of 7 (0.13 mM) in
DMSO were prepared. 1.5 mL of the stock solution was transferred to a 5.0
mm cuvette for the laser flash photolysis experiments. Transient absorption
spectra were observed using a 355 nm laser (Nd-YAG, 15 mJ/pulse, 12 ns
pulse width). Because the absorbance at 380 nm (absorption band of 7) is very
high (Abs = 2.8), the transient signal at this band is not clear (Figure S10a). To
observe an apparent time profile at 380 nm, the more diluted solution of 7
(0.065 mM) was prepared and a 10 cm cuvette was used for the measurements.
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Under Ar, 0.13 mM a) 20 Under Ar, 0.065 mM b)
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-2.0 ~0.002ms —~0.01ms 0.02 ms 2.0 o Re02 The
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Figure S26. Transient absorption spectra of 7 observed a) in Ar-saturated
DMSO (Cy= 0.13 mM) by using 5 mm cuvette, b) in Ar-saturated DMSO (Cy
= 0.065 mM) by using 10 mm cuvette, c¢) in Air-saturated DMSO (Cy= 0.13
mM) by using 5 mm cuvette. d) Absorption spectrum of the sample before and
after experiments under Ar.
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Figure S27. a) Transient absorption spectra of 7 observed in Ar-saturated
DMSO (Cy= 0.065 mM) by using 10 mm cuvette. b) Time profiles observed
in Ar-saturated DMSO (Cy = 0.065 mM) by using 10 mm cuvette, monitored

at b) 280 nm, c¢) 380 nm, d) 630 nm.
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Figure S28. a) Simulated UV spectrum of a) A, b) S-RC, ¢) S-OC, d) T-C
calculated at the (R/U)B3LYP/6-31G+(d) in DMSO.
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Figure S29. a) Simulated UV spectrum of the triplet excited state of a) 1a, b)
1b, ¢) 1¢, d) 7 calculated at the UB3LYP/6-31G+(d) in DMSO.

Calculation of the theoretical absorbance of radical A
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Figure 30. LFP measurement setup
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Transient absorption spectra of 1a, 1b and 1¢ (Cy = 1.40 X 10™* M) were
observed by using a 355 nm laser (Nd-YAG, 15 mJ/pulse, 12 ns pulse width)
as the pump light. The number of photons were calculated to be 2.70 x 10'°
photons/pulse (~ 4.48 x 10~> mmol/pulse). The shape of the excited area was
assumed to be a cylinder, in which the radius is 0.25 cm and the height is 0.5
cm. The excited area’s volume was therefore determined to be 0.098 mL
(Figure S29a). The mole of starting compounds excited was estimated as
followed:

nstarting compound in excited area — Csample X Vexcited area — 1.40 x 107* x
0.098 = 1.37 x 105 mmol (1)

The theoretical absorbance of A at 330 nm (AbSeoretical A 330 nm) Was
estimated by using the following equation:

AbStheoretical A,330 nm — €330 nm X CA at the monitored area X [ (2)

Whereas the simulated extinction coefficient of A at 330 nm (€339 ) 1S
22028 M~1cm™! (Figure S). The optical path length (/) is 1.0 cm. The
concentration of A generated at the monitored area (Cp 4t the monitored area )
was calculated by using equation 3:

__ NAatthe monitored area (3)

CA at the monitored area — v ]
monitored area

Whereas the shape of the monitored area was assumed to be a cylinder, in
which the radius 1s 0.25 cm and the height is 1.0 cm. The volume of the
monitored area was therefore determined to be 0.20 mL. The moles of A at the
monitored area was determined as followed:

— Ar
N at the monitored area = nstarting compound excited X @ (4’)

Whereas ®AT is the decomposition quantum yield of starting compounds (1a-
¢) in Ar-saturated DMSO. Equation 4 was proposed on the assumption that the
bond breaking generates radical A only. The moles of starting compound
excited (Ngtarting compound excited ) Was calculated as followed:
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rlstarting compound excited — nstarting compound at the excited area

—Abs
rlstarting compound at the excited area x 10 355 (5)

Whereas Absss;s is the absorbance of 1a-c at 355 nm.
rlstar‘ting compound at the excited area is 1.37 X 10_5 mmol (equation 1)- By uSing

equation 2-5, the theoretical absorbance of A generated in the cases of 1a, 1b
and 1c¢ were calculated.

1a (© = 0.028; Absss = 0.75): AbSyneoretical 4330 nm = 0.035
1b (® = 0.68; Absss = 0.93): AbSheoretical 4330 nm = 0.92.
1c (@ = 0.0031; Abssss = 0.94): AbSgheoretical 330 nm = 0.0042.

2-10-9. Calculation details

All calculations were performed by using the Gaussian 16 programming
package. Charge, spin multiplicity, number of imaginary frequencies, energies
(in Hartree) and Cartesian coordinates (in A) of computed geometries were
simulated by each calculation. The energy minimum structures were
confirmed by vibrational frequency analysis.

Calculations of reduction potentials

The reduction potentials were calculated by following a reported method.”
The structures of intermediates were optimized at the (U)B3LYP level of
theory with the 6-31+G(d,p) basis set. The CPCM model was used for all
calculations to account for solvation in DMSO. Gibbs free energies at 298 K
(Ga9s) were observed from the calculation output as the “Sum of electronic
and thermal Free Energies.” The redox potentials (Eg,.)were calculated by
using the following equation:

Gy9glreduced form]— G,9g[oxidized form]
o _ 298 298 0 0
E® =— noF — Esup — Esce (6)
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Where n, is the number of electrons transferred, F is the Faraday constant
(23.061 kcal mol''V), EQyg is the absolute value for the standard hydrogen
electrode (SHE, 4.281 V)™ and E$.g is the potential of the saturated calomel
electrode (SCE) relative to SHE in DMSO (-0.279 V). G,qg[reduced form]
and G,qg[oxidized form] are the Gibbs free energies in DMSO observed from
DFT calculations.

Reduction potential of thioacetate radical

(0] +e o
)J\3° )J\S_
Thioacetate radical Thioacetate anion
(oxidized formed) (reduced formed)

G,9g[Thioacetate radical] = -551.396182 Hartree
G,9g[Thioacetate anion] =-551.586602 Hartree

AG°(kcal mol™1)
= (G,9g[Thioacetate anion]
— Gy9g[Thioacetate radical]) x 627.5
= (—551.586602 + 551.396182) x 627.5
= —119.488550 kcal mol™?

(0] AGO (0] (0]
E° = nF Esug + Esce
_ —119.488550 kcal mol ™1 4281 — 0.279
~ 23.061 kcal mol-1 V-1 ' '
= (0.62 Vvs SCE
Reduction potential of acetate radical
0O +e O
)J\0' - )J\o_
Acetate radical Acetate anion
(oxidized formed) (reduced formed)

G,9g[Acetate radical] =-228.414124 Hartree
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G,9g[Acetate anion] = -228.626672 Hartree

AG°(kcal mol™1)
= (Gy9g[Acetate anion]
— Gy9g[Acetate radical]) x 627.5
= (—228.626672 + 228.414124) X 627.5
= —133.375125 kcal mol™?!

B AG°
B neF

— Egug + Esc

B —133.375125 kcal mol™? 4281 — 0279
~ 23.061 kcal mol-1V-1 ' '

= 1.22 Vvs SCE

Reduction potential of T-C

f y
EtzN@ . o "0 Et,N A o X0

(oxidized formed) (reduced formed)

G,9g[A] =-748.127819 Hartree
Go9g|T-C] =-747.933416 Hartree

AG°(kcal mol™!) = (Gp9g[A] — G19g[T — C]) X 627.5
= (—748.127819 + 747.933416) x 627.5
= —121.986000 kcal mol™!

o _ AG°

B neF

— Egyg + Esc

B —121.986000 kcal mol~1 1981 — 0279
B 23.061 kcal mol-1 V-1 ' '

= (0.73 Vvs SCE
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Radical-radical coupling reaction

The energy profile of the radical-radical coupling reaction between triplet
cation T-C’ and TEMPO was computed at the UB3LYP/6-31G(d) level of
theory to estimate the energy barrier of the coupling reaction (Figure S31).
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Figure S31. Energy profile of radical-radical coupling reaction of triplet
cation T-C’ with TEMPO at the UB3LYP/6-31G(d) level of theory.
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Thioacetate radical
# opt freq ub3lyp/6-31+g(d,p) scrf=(cpcm,solvent=dmso); 0, 2
Number of Imaginary Frequencies = 0

Sum of electronic and zero-point Energies = -551.368346

Sum of electronic and thermal Energies = -551.364240

Sum of electronic and thermal Enthalpy = -551.363296

Sum of electronic and thermal Free Energy = -551.396182

Cartesian coordinate

Atom X Y Z
e T Tass T T 085825 - 20.00001

H 2.4472 -0.39732 0.00001
H 1.34184 -1.49452 0.88637
H 1.34178 -1.49454 -0.88635
C 0.40068 0.20155 0.
S -1.31759 -0.24669 0.
O 0.60223 1.4092 0.

Thioacetate radical

# opt freq ub3lyp/6-31+g(d) scrf=(smd,solvent=dmso); 0, 2
Number of Imaginary Frequencies = 0

Sum of electronic and zero-point Energies = -551.367686
Sum of electronic and thermal Energies = -551.362763

Sum of electronic and thermal Enthalpy = -551.361818

Sum of electronic and thermal Free Energy = -551.396875
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Cartesian coordinate

Atom X Y Z
cT T T Toooos7 T 0.00020 15911
H 1.01234 0.00199 1.87728
H -0.50084 0.87564 1.88582
H -0.50079 -0.87164 1.89419
C -0.01239 -0.00709 -0.01081
S -1.3548 -0.7821 -0.88585
(0) 0.92607 0.53478 -0.65054

Thioacetate anion

# opt freq rb3lyp/6-31+g(d,p) scrf=(cpcm, solvent=dmso); -1, 1
Number of Imaginary Frequencies = 0

Sum of electronic and zero-point Energies = -551.558338

Sum of electronic and thermal Energies = -551.553662

Sum of electronic and thermal Enthalpy = -551.552717

Sum of electronic and thermal Free Energy = -551.586602

Cartesian coordinate

Atom X Y Z
e TTamwsis T T oo 0.00001
H 2.3679 -0.62708 0.00057
H 1.15926 -1.60552 0.88148
H 1.16003 -1.60481 -0.88213
C 0.36901 0.21443 0.00002
S -1.35086 -0.15476 0.
(0) 0.84249 1.36023 0.
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Thioacetate anion

# opt freq rb3lyp/6-31+g(d) scrf=(smd, solvent=dmso); -1, 1
Number of Imaginary Frequencies = 0

Sum of electronic and zero-point Energies = -551.548908

Sum of electronic and thermal Energies = -551.544132

Sum of electronic and thermal Enthalpy = -551.543188

Sum of electronic and thermal Free Energy = -551.578593

Cartesian coordinate

Atom X Y Z
C T TToooos7 T 0.00029  1so11
H 1.01234 0.00199 1.87728
H -0.50084 0.87564 1.88582
H -0.50079 -0.87164 1.89419
C -0.01239 -0.00709 -0.01081
S -1.3548 -0.7821 -0.88585
o 0.92607 0.53478 -0.65054

Acetate radical

# opt freq ub3lyp/6-31+g(d,p) scrf=(cpcm,solvent=dmso); 0, 2
Number of Imaginary Frequencies = 0
Sum of electronic and zero-point Energies = -228.387560

Sum of electronic and thermal Energies = -228.383876

Sum of electronic and thermal Enthalpy = -228.382932

Sum of electronic and thermal Free Energy = -228.414124

Cartesian coordinate

C -0.09211 0.00017 -0.00951
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C 1.39223 0.00107 -0.00271
H 1.77505 0.91237 -0.47262
H 1.7355 -0.02824 1.0395

H 1.77522 -0.88366 -0.52116
O -0.81687 -1.03987 0.00172
O -0.81893 1.03888 0.00173

Acetate radical

# opt freq ub3lyp/6-31+g(d) scrf=(smd,solvent=dmso); 0, 2
Number of Imaginary Frequencies = 0
Sum of electronic and zero-point Energies = -228.387626

Sum of electronic and thermal Energies = -228.383079

Sum of electronic and thermal Enthalpy = -228.382135

Sum of electronic and thermal Free Energy = -228.416175

Cartesian coordinate

Atom X Y Z
e T o. T 0. 0.

C 0. 0. 1.54

H 1.00881 0. 1.89667

H -0.5044 0.87365 1.89667

H -0.5044 -0.87365 1.89667

0] -1.0725 -0.61921 -0.715

O 0.9438 0.5449 0.6292

Acetate anion

# opt freq rb3lyp/6-31+g(d,p) scrf=(cpcm,solvent=dmso); -1, 1
Number of Imaginary Frequencies = 0
Sum of electronic and zero-point Energies = -228.599074

Sum of electronic and thermal Energies = -228.594666

Sum of electronic and thermal Enthalpy = -228.593722

Sum of electronic and thermal Free Energy = -228.626672
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Cartesian coordinate

Atom X Y Z
e T 2019249 T 0.00004 . 001112

C 1.35184 0.00401 -0.00416
H 1.7565 0.90525 -0.47938
H 1.70462 -0.00777 1.03735
H 1.75844 -0.88487 -0.5002
O -0.75648 -1.13326 0.00214
0] -0.76548 1.12864 0.0021

Acetate anion

# opt freq rb3lyp/6-31+g(d) scrf=(smd,solvent=dmso); -1, 1
Number of Imaginary Frequencies = 0
Sum of electronic and zero-point Energies = -228.584644

Sum of electronic and thermal Energies = -228.580253

Sum of electronic and thermal Enthalpy = -228.579309

Sum of electronic and thermal Free Energy = -228.612105

Cartesian coordinate

Atom X Y Z
e T o. 0. T 0.
C 0. 0. 1.54
H 1.00881 0. 1.89667
H -0.5044 0.87365 1.89667
H -0.5044 -0.87365 1.89667
(0) -1.0725 -0.61921 -0.715
(0) 0.9438 0.5449 0.6292
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Radical A

# opt freq ub3lyp/6-31+g(d,p) scrf=(cpcm, solvent=dmso); 0, 2
Number of Imaginary Frequencies = 0

Sum of electronic and zero-point Energies = -748.083723

Sum of electronic and thermal Energies = -748.067695

Sum of electronic and thermal Enthalpy = -748.066751

Sum of electronic and thermal Free Energy = -748.127819

Cartesian coordinate

Atom X Y V/
Tw 054921 s 024451
C -0.31433 0.78684 -0.11165
C 0.45179 -1.86307 0.28182
C 1.02696 0.42628 -0.07618
C -1.32627 -0.19203 0.04632
C -0.89243 -1.53902 0.24539
C 1.46623 -0.89619 0.12135
H -1.61557 -2.33751 0.35565
H 0.72302 -2.90389 0.43206
N -2.65786 0.13707 0.00788
C -3.11195 1.49664 -0.30373
H -2.45104 1.93803 -1.05642
H -4.09581 1.40605 -0.7758
C -3.71343 -0.84699 0.27411
H -4.55942 -0.30038 0.70403
H -3.37629 -1.54426 1.04678
C -4.17364 -1.60719 -0.97379
H -4.98212 -2.30204 -0.71254
H -3.35463 -2.18633 -1.41554
H -4.55376 -0.91532 -1.73526
C -3.21364 2.40767 0.92417
H -2.24019 2.53768 1.41068
H -3.91249 1.99347 1.66108
H -3.58133 3.39798 0.62625

86



0] 1.92152 1.46549 -0.23985
C 3.29164 1.27222 -0.22572
O 3.99208 2.26835 -0.38099
C 3.7643 -0.06912 -0.0321
H 4.84023 -0.20646 -0.02556
C 2.90219 -1.16141 0.14263
C 3.44925 -2.43962 0.32741
H 4.5275 -2.56877 0.33339
H 2.83744 -3.32388 0.46714
Radical A

# opt freq ub3lyp/6-31+g(d) scrf=(smd, solvent=dmso); 0, 2
Number of Imaginary Frequencies = 0

Sum of electronic and zero-point Energies = -748.066553
Sum of electronic and thermal Energies = -748.050587

Sum of electronic and thermal Enthalpy = -748.049642

Sum of electronic and thermal Free Energy = -748.110507

Cartesian coordinate

Atom X Y Z
H 3.68602 -0.89771 -2.27424
C 3.45938 0.14911 -2.12409
C 2.84556 2.85249 -1.96602
C 3.75585 1.01039 -3.17725
C 2.85578 0.63171 -0.94772
C 2.55035 2.01938 -0.90281
C 346111 2.38374 -3.13991
H 2.10599 2.4507 -0.01443
H 2.59901 3.90605 -1.87552
N 2.57097 -0.18991 0.13733
C 2.9819 -1.59504 0.12139
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4.05398
2.85246
1.46403
0.9315
0.74428
1.8859
1.00266
2.4145
2.55198
2.15957
2.26563
1.09682
2.50264
4.34062
4.68878
5.20075
4.40555
4.68804
3.80707
3.57029
3.84893
3.1115

T T OoOoOo@m oo oo I@mpI@m D ao@D@D @D O@n @ O @n T

-1.68808
-1.99116
0.16774
-0.75423
0.77794
0.89831
1.1453
1.82945
0.28111
-2.47469
-2.18447
-2.44271
-3.51148
0.41669
1.13687
0.53068
2.55418
3.09887
3.20705
4.58145
5.13679
5.14008

-0.12548
1.13016
1.03375
1.29692
0.47715
2.31464
2.91624
2.08648
2.92462

-0.82423
-1.8742

-0.56277

-0.73624
-4.2681
-5.4067

-6.32489
-5.3863

-6.28003

-4.30181

-4.37227

-5.26147

-3.56534

T-C

# opt freq ub3lyp/6-31+g(d,p) scrf=(cpcm, solvent=dmso); 1, 3

Number of Imaginary Frequencies = 0

Sum of electronic and zero-point Energies = -747.889110
Sum of electronic and thermal Energies = -747.873154
Sum of electronic and thermal Enthalpy = -747.872210

Sum of electronic and thermal Free Energy = -747.933416
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Cartesian coordinate

Atom X Y Z

H 0.55404 1.84507 0.26603
C 0.30623 0.80204 0.12247
C -0.44616 -1.87047 -0.28955
C -1.02455 0.45058 0.08172
C 1.31191 -0.19513 -0.04962
C 0.88881 -1.55336 -0.26273
C -1.45523 -0.88857 -0.12098
H 1.61503 -2.34555 -0.38432
H -0.72735 -2.90587 -0.4428
N 2.62489 0.12895 -0.00932
C 3.09909 1.4951 0.29657
H 2.42948 1.95276 1.025
H 4.07427 1.37695 0.77477
C 3.69747 -0.85505 -0.26562
H 4.52341 -0.29431 -0.70985
H 3.35316 -1.57578 -1.00639
C 4.1566 -1.54749 1.02141
H 4.98333 -2.22359 0.77673
H 3.34611 -2.13286 1.46767
H 4.51349 -0.81887 1.75699
C 3.22777 2.35158 -0.96742
H 2.25596 2.5007 -1.44908
H 3.91268 1.89082 -1.68708
H 3.63102 3.33027 -0.6846
(0] -1.91409 1.48159 0.2463
C -3.28416 1.27848 0.22781
O -3.99304 2.26018 0.3803
C -3.74988 -0.07048 0.03165
H -4.82523 -0.21042 0.02406
C -2.88614 -1.16961 -0.14401
C -3.4183 -2.44705 -0.32766
H -2.80235 -3.32813 -0.46385
H -4.49557 -2.58133 -0.33507
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T-C

# opt freq ub3lyp/6-31+g(d) scrf=(smd,solvent=dmso); 1, 3
Number of Imaginary Frequencies = 0

Sum of electronic and zero-point Energies = -747.884200
Sum of electronic and thermal Energies = -747.868523

Sum of electronic and thermal Enthalpy = -747.867580

Sum of electronic and thermal Free Energy = -747.927701

Cartesian coordinate

Atom X Y Z
H 0.55391 -1.84576 -0.26389
C 0.30589 -0.80303 -0.12143
C -0.44483 1.86871 0.28707
C -1.02519 -0.45431 -0.08125
C 1.31123 0.19326 0.04948
C 0.88877 1.5517 0.26125
C -1.45365 0.88762 0.12008
H 1.61597 2.34265 0.38176
H -0.72637 2.90377 0.43895
N 2.62321 -0.12958 0.00914
C 3.09656 -1.49489 -0.29914
H 2.42635 -1.94891 -1.02903
H 4.07125 -1.37671 -0.77779
C 3.69514 0.85392 0.26795
H 4.52084 0.29257 0.71122
H 3.35027 1.571 1.01185
C 4.1527 1.55074 -1.01596
H 497914 2.22619 -0.77148
H 3.3413 2.13645 -1.45911
H 4.50794 0.8251 -1.75467
C 3.22331 -2.35398 0.96192
H 2.25128 -2.50186 1.44253
H 3.90733 -1.89553 1.68327
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H 3.62525 -3.33239 0.67885
o -1.9111 -1.48253 -0.24385
C -3.28596 -1.27912 -0.22672
O -3.99332 -2.2553 -0.3787
C -3.74643 0.07298 -0.03109
H -4.82122 0.21351 -0.02365
C -2.88272 1.1712 0.14338
C -3.41014 2.44914 0.3263

H -2.79225 3.32844 0.46141
H -4.48634 2.58758 0.33504

S-0C

# opt freq ub3lyp/6-31+g(d) scrf=(smd,solvent=dmso) guess=(mix,always); 1, 1
Number of Imaginary Frequencies = 0

(S2) = 1.016

Sum of electronic and zero-point Energies (broken-symmetry) = -747.879147
Sum of electronic and thermal Energies (broken-symmetry) = -747.863500

Sum of electronic and thermal Enthalpy (broken-symmetry) = -747.862556

Sum of electronic and thermal Free Energy (broken-symmetry) = -747.921566
Sum of electronic and zero-point Energies (after corrected) = -747.873831
Sum of electronic and thermal Energies (after corrected) = -747.858183

Sum of electronic and thermal Enthalpy (after corrected) = -747.857239

Sum of electronic and thermal Free Energy (after corrected) =-747.916249

The correction method: the spin contamination was removed by using the following equation:

2E(s,y =0 = (S*)E(s,y =1
Esinglet = 2 — (SZ) (6)

Where Egjpgie is the corrected singlet energy, Es, y — ¢ is the broken-symmetry energy, (S?) is the expectation
value of the total-spin operator for the broken-symmetry calculation and Eg, ) — 1 is the energy of the triplet
state at the singlet geometry.>’
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Cartesian coordinate

Atom X Y Z

H -0.54678 1.84323 -0.2545
C -0.30982 0.79678 -0.11563
C 0.43448 -1.88263 0.29387
C 1.01936 0.43102 -0.078

C -1.32277 -0.18843 0.05052
C -0.89899 -1.54676 0.25995
C 1.4438 -0.90863 0.12544
H -1.62982 -2.33577 0.37735
H 0.70047 -2.92256 0.44972
N -2.63869 0.13754 0.009

C -3.09944 1.50168 -0.29912
H -2.43166 1.95103 -1.03753
H -4.07767 1.39937 -0.7772
C -3.70827 -0.84262 0.26464
H -4.54139 -0.28555 0.70277
H -3.37397 -1.55606 1.01993
C -4.16969 -1.56141 -1.00644
H -4.99272 -2.24249 -0.75904
H -3.35703 -2.14729 -1.44986
H -4.5309 -0.8458 -1.75382
C -3.21686 2.38408 0.94768
H -2.24532 2.52024 1.43514
H -3.9123 1.94652 1.67294
H -3.5989 3.37029 0.65814
(0] 1.93441 1.44407 -0.24262
C 3.31018 1.26405 -0.22898
O 4.00776 2.25534 -0.38565
C 3.77899 -0.08036 -0.03165
H 4.84917 -0.24881 -0.0221

C 2.87564 -1.14704 0.14215
C 3.41651 -2.41282 0.32593
H 4.49595 -2.5447 0.33449
H 2.80765 -3.3012 0.46468
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S-RC

# opt freq rb3lyp/6-31+g(d) scrf=(smd,solvent=dmso); 1, 1
Number of Imaginary Frequencies = 0

Sum of electronic and zero-point Energies = -747.859694
Sum of electronic and thermal Energies = -747.843970

Sum of electronic and thermal Enthalpy = -747.843026

Sum of electronic and thermal Free Energy = -747.902339

Cartesian coordinate

Atom X Y V/
H 3.68602 -0.89771 -2.27424
C 3.45938 0.14911 -2.12409
C 2.84556 2.85249 -1.96602
C 3.75585 1.01039 -3.17725
C 2.85578 0.63171 -0.94772
C 2.55035 2.01938 -0.90281
C 3.46111 2.38374 -3.13991
H 2.10599 2.4507 -0.01443
H 2.59901 3.90605 -1.87552
N 2.57097 -0.18991 0.13733
C 2.9819 -1.59504 0.12139
H 4.05398 -1.68808 -0.12548
H 2.85246 -1.99116 1.13016
C 1.46403 0.16774 1.03375
H 0.9315 -0.75423 1.29692
H 0.74428 0.77794 0.47715
C 1.8859 0.89831 2.31464
H 1.00266 1.1453 2.91624
H 2.4145 1.82945 2.08648
H 2.55198 0.28111 2.92462
C 2.15957 -2.47469 -0.82423
H 2.26563 -2.18447 -1.8742
H 1.09682 -2.44271 -0.56277
H 2.50264 -3.51148 -0.73624
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O 4.34062 0.41669 -4.2681
C 4.68878 1.13687 -5.4067
O 5.20075 0.53068 -6.32489
C 4.40555 2.55418 -5.3863
H 4.68804 3.09887 -6.28003
C 3.80707 3.20705 -4.30181
C 3.57029 4.58145 -4.37227
H 3.84893 5.13679 -5.26147
H 3.1115 5.14008 -3.56534

Intermediate 10

# opt freq ub3lyp/6-31+g(d) scrf=(smd,solvent=dmso); 1, 3
Number of Imaginary Frequencies = 0

Sum of electronic and zero-point Energies = -1231.387281
Sum of electronic and thermal Energies = -1231.358751

Sum of electronic and thermal Enthalpy = -1231.357807

Sum of electronic and thermal Free Energy = -1231.446850

Cartesian coordinate

Atom X Y Z
H 0.92305 1.66297 0.40635
C 0.5594 0.70223 0.10783
C -0.42022 -1.89391 -0.71293
C -0.92142 0.34183 0.33048
C 1.40448 -0.19233 -0.45713
C 0.889064 -1.58415 -0.86864
C -1.39207 -0.85789 -0.1164
H 1.56567 -2.30472 -1.28197
H -0.78048 -2.85743 -1.01015
N 2.81316 0.16983 -0.67593
C 3.20447 1.19536 0.30202
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2.395
4.06163
3.80686
4.77336
3.54236
3.84041

4.5644
2.87506
4.10532
3.54468
2.68815
4.3562
3.82632
-1.75628
-3.16599
-3.94329
-3.73682
-4.7942
-2.88955
-3.4201
-2.67155
-4.29728
-3.74948
-4.65977
-3.24377
-5.27629
-3.82447
-4.23685
-5.56557
-6.13698
-3.08776
-4.67966
-4.65645
-3.37943
-3.42024
-3.70642
-2.99576
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1.36789
0.86143
-0.91309
-0.51225
-1.64326
-1.57247
-2.36035
-1.97389
-0.84107
2.50438
2.83742
2.33198
3.25209
1.28973
1.1236
2.09208
-0.2236
-0.39111
-1.18335
-2.57286
-3.31103
-2.7913
-2.587
-3.83446
-4.84124
-5.20489
-6.23464
-6.30029
-5.22595
-5.371
-6.98287
-6.40313
-7.25944
-6.14002
-3.59207
-3.61057
-2.63854

0.97973
0.84747
-0.66661
-0.89275
-1.4021
0.72505
0.72836
0.95345
1.46016
-0.43657
-0.98444
-1.11294
0.27507
1.02797
0.81703
1.02135
0.35878
0.35188
-0.04408
-0.44197
-0.24577
0.12989
-1.83611
-3.56737
-1.87491
-3.90778
-2.16921
-3.64347
-4.93698
-3.29335
-1.96895
-1.54771
-3.8607
-4.26421
-4.44948
-5.48054
-4.21391



H -2.69696 -4.3595 -4.26657
C -5.70151 -2.73069 -3.83206
H -6.56317 -2.89956 -3.22056
H -5.27897 -1.77613 -3.59713
H -5.98674 -2.75025 -4.86347
C -2.82215 -4.76852 -0.39602
H -2.41458 -3.80076 -0.18778
H -3.67556 -4.93718 0.22674
H -2.08306 -5.51653 -0.19936
C -2.01651 -4.59562 -2.77276
H -1.27459 -5.3415 -2.5755
H -2.31031 -4.64864 -3.8005
H -1.61183 -3.62693 -2.56681
N -4.26402 -3.80769 -2.14318

Compound 1a

# opt freq rb3lyp/6-31+g(d) scrf=(smd,solvent=dmso); 0, 1
Number of Imaginary Frequencies = 0
Sum of electronic and zero-point Energies = -1299.515925

Sum of electronic and thermal Energies = -1299.494580

Sum of electronic and thermal Enthalpy = -1299.493636

Sum of electronic and thermal Free Energy = -1299.568395

Cartesian coordinate

Atom X Y V4

H -2.61156 1.7971 0.29259
C -1.86515 1.05309 0.04728
C 0.18924 -0.74033 -0.54001
C -0.55918 1.49744 -0.11801
C -2.17919 -0.31806 -0.08277
C -1.10384 -1.20452 -0.38712
C 0.51376 0.62718 -0.40888
H -1.28651 -2.26252 -0.527

H 0.9674 -1.45781 -0.78063
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-0.36577
0.88399
0.94962
1.82971
1.98702
2.95379
3.03418
2.81237
3.83079
3.73369
3.64166
3.16994
4.21523
5.06688
3.45439
4.54226
-3.46968
-3.7909
-2.98254
-4.67167
-4.07485
-3.20607
-4.91722
-4.32887
-4.59654
-5.48467
-4.43621
-4.85793
-5.07275
-5.72129
-3.99335

2.84466
3.44398
4.64817
1.20281
2.5521
3.03144
0.34487
-0.48017
0.95284
-0.43986
-2.18567
-2.60286
-3.09185
-3.63518
-3.82804
-2.54541
-0.77814
-2.20581
-2.76251
-2.34379
-2.7742
-2.66866
-2.25407
-3.83939
0.13756
-0.35133
1.03405
0.51759
-0.37224
1.19068
1.0229

0.0248
-0.1269
0.00959

-0.56025
-0.43109
-0.54264
-0.85643
-1.53988
-1.29084

0.6636

0.24082
-0.79857

1.31072
0.88588
1.59167
2.19922
0.07126
0.06377
0.54903
0.70184
-1.3335
-1.99161
-1.80426
-1.2667
0.25578
-0.16132
-0.35222
1.71981
2.32316
1.78911

2.1623
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Compound 1b

# opt freq rb3lyp/6-31+g(d) scrf=(smd,solvent=dmso); 0, 1
Number of Imaginary Frequencies = 0

Sum of electronic and zero-point Energies = -1299.495666
Sum of electronic and thermal Energies = -1299.474615

Sum of electronic and thermal Enthalpy = -1299.473671

Sum of electronic and thermal Free Energy = -1299.547840

Cartesian coordinate

Atom X Y V/
H -2.86727 1.79911 -0.1292
C -2.20678 0.94333 -0.08273
C -0.36762 -1.14389 0.09051
C -0.84078 1.19705 -0.10118
C -2.6918 -0.37977 0.01934
C -1.72185 -1.42249 0.10462
C 0.12617 0.17389 -0.01365
H -2.03175 -2.45811 0.16337
H 0.32637 -1.9775 0.15343
N -4.04287 -0.65178 0.03305
C -5.04139 0.3976 -0.17935
H -4.66471 1.10847 -0.92219
H -5.91797 -0.07588 -0.63655
C -4.56138 -1.99988 0.26955
H -5.53886 -1.89123 0.75363
H -3.92472 -2.51151 0.99884
C -4.71021 -2.84337 -1.00409
H -5.12149 -3.83081 -0.76058
H -3.74644 -2.98625 -1.50396
H -5.38873 -2.36033 -1.71674
C -5.46122 1.12823 1.10355
H -4.60942 1.6266 1.5776
H -5.88907 0.42846 1.83095
H -6.21985 1.88731 0.87682

98



(0] -0.47539 2.51074 -0.19905
C 0.85959 2.9187 -0.22229
(0] 1.07769 4.10866 -0.31038
C 1.85844 1.86809 -0.13764
H 2.88867 2.19739 -0.15851
C 1.52015 0.55391 -0.03773
C 2.55013 -0.54254 0.05137
H 2.4408 -1.11499 0.98004
H 2.44733 -1.25167 -0.7785
(0] 3.86632 0.02453 0.01217
C 4.93928 -0.77864 0.0779
S 4.88847 -2.42086 0.20449
C 6.19295 0.05235 0.01836
H 7.07754 -0.58171 0.07064
H 6.20333 0.76916 0.84893
H 6.2099 0.63307 -0.91236

Compound 1¢

<
# opt freq rb3lyp/6-31+g(d) scrf=(smd,solvent=dmso); 0, 1 “:J

Number of Imaginary Frequencies = 0
Sum of electronic and zero-point Energies = -976.552177

Sum of electronic and thermal Energies = -976.531417

Sum of electronic and thermal Enthalpy = -976.530473

Sum of electronic and thermal Free Energy = -976.603439

9
Cartesian coordinate
Atom X Y Z

H -2.86665 1.79764 -0.12837
C -2.20594 0.94247 -0.08194
C -0.36964 -1.1441 0.08878
C -0.84064 1.19752 -0.10053
C -2.69027 -0.37933 0.01925
C -1.72268 -1.42192 0.10357
C 0.12372 0.17222 -0.01408
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-2.03515
0.32515
-4.04177
-5.03848
-4.66045
-5.91575
-4.5589
-5.53784
-3.92339
-4.70025
-5.11121
-3.73316
-5.37429
-5.45526
-4.601
-5.88009
-6.21381
-0.47627
0.86129
1.08123
1.85671
2.88758
1.51772
2.54793
2.43808
2.4445
3.85933
4.83455
4.41372
6.33644
6.57606
6.56948
6.90729

-2.45656
-1.97679
-0.65088
0.39802
1.10642
-0.07465
-1.99786
-1.89024
-2.50593
-2.84408
-3.83139
-2.98507
-2.36243
1.13207
1.62998
0.43422
1.8907
2.50918
291733
4.1033
1.86242
2.18835
0.55091
-0.54488
-1.11965
-1.25618
0.02395
-1.01837
-2.38098
-0.67849
-0.17605
-0.04259
-1.58068

0.16128
0.15084
0.03299
-0.18181
-0.92588
-0.63788
0.27164
0.75231
1.00401
-0.99992
-0.75877
-1.49293
-1.71702
1.099
1.56812
1.8293
0.87405
-0.19791
-0.22136
-0.30937
-0.13677
-0.1571
-0.03765
0.05145
0.97865
-0.77652
0.01194
0.09806
0.20344
0.0777
-0.83611
0.90608
0.14897
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Compound 5
# opt freq rb3lyp/6-31+g(d) scrf=(smd,solvent=dmso); 0, 1 "& 9
Number of Imaginary Frequencies = 0

Sum of electronic and zero-point Energies = -823.914533

Sum of electronic and thermal Energies = -823.897118

Sum of electronic and thermal Enthalpy = -823.896174

Sum of electronic and thermal Free Energy = -823.959885

Cartesian coordinate

Atom X Y Z
H -2.48752 1.84644 -0.1417
C -1.88392 0.94936 -0.08872
C -0.19948 -1.27147 0.10849
C -0.50471 1.09646 -0.10679
C -2.46587 -0.33873 0.02594
C -1.56816 -1.44997 0.12446
C 0.39014 0.00957 -0.00814
H -1.95229 -2.45985 0.19518
H 0.43463 -2.15049 0.17864
N -3.82349 -0.51292 0.03877
C -4.7522 0.6009 -0.18841
H -4.32169 1.28837 -0.92308
H -5.64984 0.17907 -0.65219
C -4.44393 -1.8214 0.28316
H -5.40722 -1.63089 0.76762
H -3.84349 -2.38031 1.00669
C -4.66139 -2.645 -0.98956
H -5.15754 -3.59199 -0.74149
H -3.71176 -2.87629 -1.48541
H -5.2973 -2.10508 -1.70159
C -5.13784 1.34952 1.09138
H -4.26383 1.80606 1.56965
H -5.60916 0.67189 1.81353
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H -5.85397 2.14711 0.85603
O -0.03633 2.38357 -0.21718
C 1.31666 2.68334 -0.24272
o 1.61498 3.86686 -0.34607
C 2.23619 1.5777 -0.14538
H 3.28856 1.82926 -0.16648
C 1.80285 0.28589 -0.03155
C 2.75746 -0.87418 0.07241
H 2.58733 -1.42642 1.00287
H 2.60609 -1.56943 -0.76068
O 4.10462 -0.39518 0.04751
H 4.70992 -1.13755 0.11152

Triplet state of 1a

# opt freq ub3lyp/6-31+g(d) scrf=(smd,solvent=dmso); 0, 3
Number of Imaginary Frequencies = 0

Sum of electronic and zero-point Energies = -1299.439243
Sum of electronic and thermal Energies = -1299.417305

Sum of electronic and thermal Enthalpy = -1299.416361

Sum of electronic and thermal Free Energy = -1299.494476

Cartesian coordinate

Atom X Y Z
H -2.79854 1.68884 0.21933
C -2.01783 0.96731 0.01518
C 0.10475 -0.78323 -0.47062
C -0.72339 1.44111 -0.13745
C -2.28787 -0.42207 -0.07399
C -1.17282 -1.2843 -0.32767
C 0.38619 0.60049 -0.37979
H -1.31915 -2.35209 -0.43078
H 091114 -1.48286 -0.66702
O -0.56543 2.80253 -0.03267

102



T T T O @D OoO@D @D @D o@D @D OoOZo@DT@D OO0 0n@omm om0 0

0.66648
0.6835
1.68252
1.80022
2.76034
2.91816
2.73824
3.71421
3.5319
4.2903
4.30007
4.91488
5.99318
4.49722
4.75252
-3.55516
-3.83471
-3.01651
-4.72094
-4.08456
-3.20489
-4.93077
-4.32035
-4.72126
-5.57986
-4.58398
-5.01559
-5.20052
-5.91074
-4.18287

3.4238
4.64356
1.2097
2.57099
3.06535
0.38604
-0.43309
1.01566
-0.37794
-1.88945
-2.1867
-2.73753
-2.80382
-3.74915
-2.33872
-0.91703
-2.35892
-2.87993
-2.49952
-2.9603
-2.85975
-2.4674
-4.02808
-0.03707
-0.57216
0.85453
0.35267
-0.53733
0.98618
0.90894

-0.16589
-0.05641
-0.51897
-0.41686
-0.52039
-0.77419
-1.47501
-1.17718
0.79353
0.17112
-1.00909
1.25151
1.0619
1.18948
2.25654
0.0707
0.09731
0.60282
0.72463
-1.289
-1.93497
-1.78282
-1.19578
0.21819
-0.20009
-0.40103
1.67006
2.28366
1.7118
2.1151
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Triplet state of 1b

# opt freq ub3lyp/6-31+g(d) scrf=(smd,solvent=dmso); 0, 3 **)‘J
Number of Imaginary Frequencies = 0
Sum of electronic and zero-point Energies = -1299.420076

Sum of electronic and thermal Energies = -1299.398642

Sum of electronic and thermal Enthalpy = -1299.397698

9
S,
Sum of electronic and thermal Free Energy = -1299.474141 7 D

Cartesian coordinate

Atom X Y V/

H -2.86294 1.70597 0.10372
C -2.11012 0.94086 -0.03485
C -0.06422 -0.94163 -0.3323
C -0.81186 1.36734 -0.17337
C -2.44203 -0.4485 -0.04842
C -1.3652 -1.37307 -0.19953
C 0.29258 0.44941 -0.34646
H -1.55542 -2.43921 -0.22162
H 0.72171 -1.6825 -0.43193
N -3.7455 -0.86992 0.08236
C -4.8689 0.07303 0.12137
H -4.6578 0.91105 -0.54833
H -5.73685 -0.44455 -0.30185
C -4.09921 -2.28899 0.19008
H -5.01422 -2.34685 0.78976
H -3.32776 -2.81035 0.76365
C -4.32414 -2.96964 -1.16692
H -4.60999 -4.01756 -1.01749
H -3.41816 -2.94329 -1.7808
H -5.12623 -2.47627 -1.72742
C -5.19984 0.57336 1.53396
H -4.3552 1.11286 1.9738

H -5.45306 -0.26045 2.19866
H -6.06042 1.25162 1.49771
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o -0.62235 2.72358 -0.1411
C 0.67149 3.28835 -0.22237
o 0.72863 4.50869 -0.1357
C 1.75672 2.39165 -0.40085
H 2.7407 2.84401 -0.45641
C 1.59073 0.95436 -0.5106
C 2.7749 0.08897 -0.73044
H 2.56082 -0.80798 -1.31783
H 3.5902 0.625 -1.22517
(0] 3.29517 -0.36646 0.57824
C 4.33912 -1.19448 0.62952
S 5.14085 -1.81379 -0.67719
C 4.69338 -1.48152 2.06734
H 5.49108 -2.22172 2.12874
H 3.8083 -1.83937 2.60722
H 5.01839 -0.55388 2.55552

Triplet state of 1c

# opt freq ub3lyp/6-31+g(d) scrf=(smd,solvent=dmso); 0, 3 )}J

Number of Imaginary Frequencies = 0
Sum of electronic and zero-point Energies = -976.474786

Sum of electronic and thermal Energies = -976.453680

Sum of electronic and thermal Enthalpy = -976.452736

Sum of electronic and thermal Free Energy = -976.527991 ﬁ

Cartesian coordinate

Atom X Y Z
H -2.46134 1.79782 0.19027
C -1.75944 0.99504 0.00619
C 0.1396 -1.01403 -0.4117
C -0.43694 1.33004 -0.1376
C -2.18953 -0.37 -0.05968
C -1.18602 -1.36145 -0.27097
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0.58949
-1.45405
0.87079
-3.51046
-4.57171
-4.31282
-5.47184
-3.96793
-4.8705
-3.22256
-4.27573
-4.65229
-3.37955
-5.0411
-4.84299
-3.96289
-5.12487
-5.66961
-0.14114
1.19295
1.33582
2.19545
3.21069
1.92674
3.03562
2.75106
3.90328
3.46445
4.48622
5.04982
4.83648
5.14966
3.96099
5.64489

0.34429
-2.40834
-1.80146
-0.70144
0.31079
1.17198
-0.13325
-2.09825
-2.10963
-2.70409
-2.67036
-3.69412
-2.69402
-2.07485
0.73464
1.20783
-0.12611
1.45383
2.66873
3.13548
4.35001
2.16752
2.5421
0.76434
-0.18533
-0.98553
0.33028
-0.8283
-1.69842
-1.96571
-2.28328
-1.48711
-2.7712
-3.00811

-0.3689
-0.33486
-0.55862
0.08079
0.18813
-0.43068
-0.24596
0.12995
0.74708
0.64861
-1.25656
-1.15206
-1.88518
-1.76622
1.63433
2.08193
2.25063
1.65294
-0.04812
-0.14996
-0.02289
-0.38651
-0.46584
-0.53477
-0.80788
-1.49746
-1.2277
0.45305
0.35452
-0.69112
1.70142
2.38609
2.14333
1.59083
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Triplet state of 7

# opt freq ub3lyp/6-31+g(d) scrf=(smd,solvent=dmso); 0, 3
Number of Imaginary Frequencies = 0

Sum of electronic and zero-point Energies = -823.831758

Sum of electronic and thermal Energies = -823.813757

Sum of electronic and thermal Enthalpy = -823.812813

Sum of electronic and thermal Free Energy = -823.879484

Cartesian coordinate

Atom X Y V/
H -1.12088 1.91569 -0.21865
C -0.75081 0.90361 -0.11395
C 0.34924 -1.64458 0.20778
C 0.62434 0.71627 -0.09724
C -1.62606 -0.20236 0.03068
C -1.02282 -1.49071 0.19025
C 1.2305 -0.54736 0.06519
H -1.6395 -2.37605 0.28027
H 0.75346 -2.64573 0.3258
N -2.98699 -0.04775 0.01519
C -3.61822 1.2452 -0.27419
H -3.02654 1.77748 -1.02523
H -4.58541 1.03185 -0.74107
C -3.90474 -1.15956 0.29438
H -4.80181 -0.72593 0.74861
H -3.46496 -1.81439 1.05256
C -4.29557 -1.96144 -0.95084
H -5.00676 -2.75177 -0.67857
H -3.42218 -2.43317 -1.4155
H -4.77432 -1.31639 -1.69757
C -3.82788 2.11898 0.96652
H -2.87582 2.37228 1.44651
H -4.45779 1.60652 1.70375
H -4.3278 3.05436 0.6844
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1.38949
2.77623
3.35008
3.40028
4.48265
2.66899
3.33758
3.02147
2.99646
4.75621
5.14615

1.84901

1.81514
2.88941

0.52688

0.51082
-0.61928
-1.95841
-2.39998
-2.63259
-1.81307
-2.69584

-0.2394
-0.23672
-0.37208
-0.07735
-0.07864
0.06946
0.23736
1.19386
-0.56185

0.1984
0.31162
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2-12. Spectra
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Chapter 3

Sulfur Atom Effect on the Uncaging Reaction
of DEACM-based Caged Amines
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3-1. Introduction

In chapter 2, it was shown that the photochemical quantum yield of
thioester 1a (@) is 0.026, which is much higher than that of ester 1¢ (%),
indicating a positive effect of sulfur atom on the photorelease of carboxylic
acid. Getting motivated by this result, we predicted that the sulfur atom also
has a large influence on the release of amines from the carbamate linker. To
this end, in this chapter, we synthesized DEACM-based thiocarbamate-
containing caged benzyl amine 2a and DEACM-based carbamate-containing
caged benzyl amine 2b and examined the photochemical properties of these
two compound to clarify the sulfur atom effect on photochemistry of caged
amine.

3-2. Synthesis of 2a and 2b

Compound 2a and 2b were synthesized by the following synthetic
routes.

EtN 0. 0 (@) Et,N 0o._0 (b) Et;N 00
J o W o, )
Rs “pr R “SH 2a j\
dae
H
Et,N 0. .0 Et,N 0. 0O
Oﬂ{f © )
= B
7 OH 2b i
O™ N

0

Scheme 4. Synthetic routes for 2a and 2b. (a) AcSK, K,COs, 0 °C to RT, 49%
yield. (b) 4-nitrophenylchloroformate, benzylamine, DMAP, 0 °C, 34% yield.
(c) 4-nitrophenylchloroformate, benzylamine, DIPEA, 0 °C, 53% yield.
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3-3. Photophyscial properties of 2a and 2b in DMSO
Table 4. Photophysical properties of 2a and 2b in DMSO

Emission

Amax (nm) egmax (M lem™)  Aemi (Nnm) (0N 7 (ns)
2a 385 22,014 + 391 445 0.14 1.7
2b 380 24,472 + 454 466 0.56 2.6

The photophysical properties of 2a and 2b were observed in DMSO,
summarized in Table 4. It can be seen that 2a and 2b have the absorption
maxima (Amax) around 385 nm and 380 nm, respectively, with relatively high
extinction coefficients (€max > 22000 M'ecm™). On the other hand, 2a shows
the emission maxima (Aemi) around 445 nm, while 2b possess an emission
maxima around 466 nm, which reveals a larger Stokes shift as compared to 2a.
Notably, the fluorescence quantum yields (®s) of 2a are significantly lower
that that value of 2b, which could derive from the lower photochemical
quantum yield of 2b in comparison with 2a.

3-4. Photochemical properties of 2a and 2b

The photoreactions of compounds 2a and 2b were carried out in air-
saturated DMSO-d, utilizing a 405 nm (£ 20 nm) LED lamp as the light
source, followed by '"H NMR spectroscopy. The chemical yields of the
photoproducts were quantified by incorporating triphenylmethane as an
internal standard, with results compiled in Table 5. In entry 1, irradiation of a
15 mM solution of 2a led to the formation of compound 3 (18%) and
compound 4 (11%), which are possibly derived from DEACM radical A.
Additionally, benzylamine 14 was released in a relatively low yield of 36%,
likely due to subsequent reactions between compound 14 and other species
within the reaction mixture. It should be noted that urea 13 (6%) would
originate from the reaction between 14 and 2a (Figure 7). To mitigate these
side reactions, the photoreaction was conducted with the addition of
pyridinium hydrochloride (Py-HCl, 150 mM) to protonate the liberated
benzylamine 14 (Entry 2, Table 5). Consequently, the yield of the protonated
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form of compound 14 (14°) significantly increased to 70%, while the
formation of compound 13 was entirely suppressed.

Table 5. Summary of photochemistry of 2a and 2b

=

A
: - X
H o~ \ NN
A . ELN 00 EtN 0o
X © v, 3 4 12 13

DMSO-dg .
Et,N 0”0 under Air NH, NH;
2a: X =S (15 mM) N
2b: X = O (15 mM) @7 * * CHCHO

N'ci 10

H

Py-HCI 14 14
Products and Yields (%)?
Ent 2 . 13 14
my Conditions 3 4 10 12 14’)
1 2a without Py.HCl | 18 11 nd nd 9 36
X=S
2 150 mM nooz 2 ad o
Py.HCl
3 2b without Py.HCI 17 2 n.d 9 n.d 29
4 X=0 150 mM b 24 b b 89
Py.HCI 6 n.d n.d n.d

“Determined by 1H NMR (400 MHz) using triphenylmethane as the internal standard. *Not
determined.

The photoreaction of compound 2b in air-saturated DMSO-ds (entry 3,
Table 2) primarily produced compound 3 (17%), a coumarin-based product.
Compound 14 was obtained with a yield of 29%. This relatively low yield is
likely due to the side reactions involving 14, a primary amine, as observed in
entry 1. It is noteworthy that urea 13 was absent from the reaction mixture in
entry 3, suggesting that the nucleophilic addition of benzylamine 14 to the
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carbamate moiety of 2b did not occur. This can be attributed to the lower
leaving ability of DEACM-O- compared to DEACM-S". Instead of
compound 13, compound 12 (9%) was produced upon irradiation of 2b,
resulting from the reaction between 14 and acetaldehyde 10 (Figure 7). This
side reaction was confirmed by the absence of compound 12 and the presence
of compound 10 (24%) when the photoreaction of 2b was conducted with
Py-HCI (150 mM) (entry 4, Table 2). Additionally, the yield of the protonated
form of 14 (14°) was approximately three times higher than that of 14 in entry
3, further indicating that the low yield of 14 in entry 3 was due to its side
reactions. The formation of compound 10 could be explained by the reaction

of singlet oxygen with the diethylamine moiety (Figure 7).6%%

i

2a Py-HCI
/ lm \
2 O
. HoN

singlet oxygen 14

- - OOH
Q_O e N Hzo
/\,{l/\ _>/\ /\ —_—> /\NA T’ 10
. N -HOO & -
R R

Figure 8. Proposed mechanism for photochemistry of 2a and 2b.
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To elucidate the effect of the sulfur atom on the release rate of
compound 14, the photochemical quantum yields of 2a and 2b (0.49 mM)
were determined in air-saturated DMSO utilizing a 405 nm (£ 20 nm) LED
lamp and a ferrioxalate complex as a chemical actinometer. The
photoreactions were performed in the presence of Py-HCI (4.9 mM) to prevent
side reactions between compound 7 and the starting materials 2. The
conversion of the starting materials during irradiation was monitored using
HPLC analysis.

It was observed that the photodecomposition rate of compound 2a was
approximately 27 times faster than that of compound 2b (Figure 8). The
photochemical quantum yield of 2a (®2.) was determined to be 0.024, which
is 20 times greater than that of 2b (®2p = 0.0012). This finding is consistent
with our previous study, where the photochemical quantum yield of thioester
la was also 20 times higher than that of 1c. The higher photochemical
quantum yield of 2a can be attributed to the lower bond dissociation energy
(BDE) of the C—S bond (BDE = 73.6 kcal/mol, CH3S—CHj3) compared to the
C-O bond (BDE = 83.2 kcal/mol, CH;0—-CH3).”® These observations suggest
that the presence of a sulfur atom significantly enhances the photochemical
yield of the caged amine.
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Figure 9. Time profile of the photoreactions of 2a (0.35 mM) and 2b (0.49
mM) in air-saturated DMSO at 22 °C. The ratios [2]/[2]o were determined by
HPLC analysis.

3-5. DFT calculations

To rationalize the photodecomposition rates of compounds 2a and 2b,
the activation energies for the C—S bond dissociation in the triplet state (*2a)
and the C-O bond dissociation in the triplet state (*2b) were computed using
the UB3LYP/6-31G+(d) (SMD = DMSO) level of theory for quantum
mechanical calculations. The energy barrier for the C—S bond cleavage was
found to be approximately half that of the C—O bond cleavage, indicating a
faster decomposition of 2a compared to 2b. Based on these findings, the more
rapid photodecomposition of 2a can be rationalized by the lower activation
energy required for the homolytic dissociation of the C—S bond compared to
the C-O bond in 2b. According to the Arrhenius equation (k = Ae F¥RT), the
photodecomposition of 2a is about 26 times faster than that of 2b (Figure 9).
This theoretical result aligns with experimental observations, where the
photochemical quantum yield of 2a is approximately 20 times higher than that
of 2b. These findings suggest that the faster photodecomposition of 2a
compared to 2b can be attributed to the higher activation energy required for
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the homolytic dissociation of the C—O bond in 2b, compared to the C—S bond

in 2a.

keal/mol !
a) | 6.19 b)
! —
| ; TS2]
1 ) ]
I 1 ]
I ] ]
I I ]
I I 1
1 I ]
I ]
I 1 ]
] ] 1
2.95 ! ! !
— | ! !
i 1 \ | 1 1
] ! | ] 1
I 1 | ! 1
] \ | ] 1
Jr “ : II ‘1
[ \ 1 1
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3[2a] Products ' 32p] -1.41
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) H l H
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Et,N 0 o | EtN 0”0
Products \ Products
|

Figure 10. Computed relative energies of a) 3[2a], TS1, products and b) *[2b],
TS2. Products at UB3LYP/6-31G+(d) (SMD = DMSO) level of theory.
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3-7. [Experimental section

All commercially available chemical reagents were purchased from TCI,
Wako, or Sigma-Aldrich and directly used without any further purification.
NMR spectra were recorded on Bruker Ascend 400 (‘H NMR: 400 MHz, *C
NMR: 100 Hz) spectrometer at 298 K. Coupling constants (J) are denoted in
Hz and chemical shift (8) in ppm. The abbreviations s, d, t, q and dd denote
the resonance multiplicities singlet, doublet, triplet, quartet, and double of
doublets, respectively. IR spectrum was recorded on a JASCO MCT-6000M.
Mass spectrometric data were observed with Thermo Fisher Scientific LTQ
Orbitrap XL. UV-Vis spectra were recorded on a SHIMADZU UV-3600 Plus
spectrometer. The spectra were observed at room temperature using a slit
width of 1 nm with middle scan rate.

Synthesis of 7-(diethylamino)-4-(mercaptomethyl)-2H-chromen-2-one

(Re)
Et,N 0__0 Et,N 0__0
1. AcSK
—_—>
7 2. K,COs Z
R
> Spr Re sH

Rs (55.6 mg, 0.18 mmol, 1.0 equiv.) and potassium thioacetate (24.3 mg, 0.21
mmol, 1.2 equiv.) were dissolved in 0.6 mL MeOH. The solution was stirred
under N, atmosphere at room temperature. After 30 minutes, the solvent was
removed under reduced pressure to observe the residue, which was then
dissolved in CHCIl; and washed with H,O. The organic layer was dried with
Na,SO,, then concentrated to obtain the residue. The residue was then
dissolved in deoxygenated MeOH, followed by the addition of potassium
carbonate (29.2 mg, 0.21 mmol, 1.2 equiv.) at 0 °C. The mixture was stirred
under N, atmosphere while the temperature was increased gradually to room
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temperature for 30 minutes before quenched with 1M HCI. The solution was
then concentrated under reduced pressure before dissolved again in CHCl; and
washed with water. The organic layer was dried over Na,SO4, concentrated
under reduced pressure to obtain the crude product, which was then purified
by gel permeation chromatoraphy to afforded compound Re as a yellow solid
(23.2 mg, 49%). Mp: 67 °C. 'H NMR (400 MHz, CDCl;) § 7.42 (d, J = 9.0
Hz, 1H), 6.60 (dd, J = 9.0, 2.3 Hz, 1H), 6.51 (d, J = 2.3, 1H), 6.08 (s, 1H),
3.72 (d, J = 7.9 Hz, 2H), 3.41 (q, J = 7.1 Hz, 4H), 1.87 (t, J = 7.9 Hz, 1H),
1.21 (t, J = 7.1 Hz, 6H). 3C NMR (101 MHz, CDCl;) 6 161.6 (s), 156.1 (s),
154.1 (s), 150.2 (s), 124.8 (s), 108.2 (s), 107.1 (s), 106.1 (s), 97.2 (s), 44.3 (s),
244 (s), 12.1 (s). HRMS (ESI*) m/z: [M + H]* caled for C;,H;gNO,S™*
264.10528, found 264.10519. IR (film, cm™): 3072, 2971, 2930, 1715, 1608,
1527, 1416, 1357, 1270, 1232, 1199, 1138, 1074, 825.

Synthesis of 2a
EtoN 0.__0
ELN © © 1. 4-nitrophenylchloroformate —
Z 2. benzylamine
Rg 2a S

o Ao
O

Compound Rs (1224 mg, 046 mmol, 1.0 equiv.) and 4-
nitrophenylchloroformate (112.6 mg, 0.55 mmol, 1.2 equiv.) were dissolved in
deoxygenated THF. DIPEA (0.1 mL, 0.55 mmol, 1.2 equiv.) was added at 0 °C.
The reaction mixture was then stirred at room temperature under N
atmosphere for 1 hour before concentrated to obtain the residue. The residue
and DMAP (69.1 mg, 0.55 mmol, 1.2 equiv.) were dissolved in dry DMF.
Benzylamine (0.06 mL, 0.55 mmol, 1.2 equiv.) was injected into the solution
at 0 °C. The reaction mixture was stirred under N, atmosphere at 0 °C for 1.5
hours before extracted with CHCI;. The organic layer was dried over Na,SOq4
and concentrated to afforded the crude product, which was then purified by

silica-gel column chromatography to observe compound 2a as a yelow solid
(61.3 mg, 34%). Mp: 110 °C. '"H NMR (400 MHz, CDCl3) 6 7.46 (d, J = 9.0
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Hz, 1H), 7.41 — 7.25 (m, 5H), 6.60 (dd, J = 9.0, 2.6 Hz, 1H), 6.50 (d, J = 2.6
Hz, 1H), 6.16 (s, 1H), 5.95 (t, J = 5.4 Hz, 1H), 4.52 (d, J = 5.4 Hz, 2H), 4.22
(s, 2H), 3.42 (q, J = 7.1 Hz, 4H), 1.22 (t, J = 7.1 Hz, 6H). 3C NMR (101
MHz, CDCl3) § 165.5 (s), 162.0 (), 156.5 (s), 151.9 (s), 150.7 (s), 137.4 (s),
128.8 (s), 127.80 (s), 127.75 (s), 125.4 (s), 109.0 (s), 108.7 (s), 107.2 (s), 97.8
(s), 45.7 (s), 44.8 (s), 30.0 (s), 12.5 (s). HRMS (ESI*) m/z: [M + H]* calced
for CppH,pyN,0;SNa* 419.13998, found 419.13971. IR (film, cm™): 2971,
2925, 1702, 1680, 1616, 1598, 1525, 1416, 1354, 1273, 1271, 1138.

Synthesis of 2b
EtoN o0._0O
Et,N 0 _0
1. 4-nitrophenylchloroformate —
/ :
2. benzylamine
7 2b (0]

OH OJ\N
O

Compound 7 (173.5 mg, 0.70 mmol, 1.0 -equiv.)) and 4-
nitrophenylchloroformate (284.7 mg, 1.40 mmol, 2.0 equiv.) were dissolved in
dry THF (2.3 mL). DIPEA (0.24 mL, 1.40 mmol, 2.0 equiv.) was added at
0 °C. The reaction mixture was then stirred at room temperature under N,
atmosphere for 8 hours before concentrated to obtain the residue. The residue
and DMAP (102.2 mg, 0.84 mmol, 1.2 equiv.) were dissolved in dry DMF (4.5
mL). Benzylamine (0.1 mL, 0.92 mmol, 1.3 equiv.) was injected into the
solution at 0 °C. The reaction mixture was stirred under N, atmosphere at 0 °C
for 3 hours before extracted with CHCIl;. The organic layer was dried over
Na,SO4 and concentrated to afforded the crude product, which was then
purified by silica-gel column chromatography to observe compound 2b as a
yelow solid (142.0 mg, 53%). 'H NMR (400 MHz, CDCls) 6 7.41 — 7.23 (m,
1H), 6.57 (dd, J=9.0, 2.2 Hz, 1H), 6.50 (d, J= 2.2 Hz, 1H), 6.14 (s, 1H), 5.54
(s, 1H), 5.25 (s, 2H), 4.43 (d, /= 6.0 Hz, 2H), 3.41 (q, J= 7.1 Hz, 4H), 1.21 (t,
J=7.1Hz, 6H). 3C NMR (101 MHz, CDCl3) § 161.9 (s), 156.2 (s), 155.6 (s),
150.6 (s), 150.2 (s), 138.0 (s), 128.7 (s), 127.6 (s), 127.5 (s), 124.3 (s), 108.6
(s), 106.1 (s), 106.0 (s), 97.7 (s), 61.8 (s), 45.2 (s), 44.7 (s), 12.4 (s). HRMS
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(ESI*) m/z: [M + H]* caled for C,,H,,N,0,Na*403.16283, found 403.16296.
IR (film, cm™): 2971, 2925, 1700, 1604, 1525, 1420, 1354, 1234, 1133, 1077,

1062.
Photophysical properties of 2a and 2b
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Figure S32. Absorption, emission and excitation spectra of 2a in DMSO
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Figure S33. Absorption, emission and excitation spectra of 2b in DMSO
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Figure S34. Time profile of the excited state 2a in air-saturated DMSO
monitored at 440 nm (excited at 390 nm).
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Figure S35. Time profile of the excited state 2b in air-saturated DMSO
monitored at 440 nm (excited at 390 nm).
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Photoreactions of 2a and 2b in DMSO-ds

General procedure for experiments in the absence of pyridinium
hydrochloride: A solution of compound 2a or 2b (Cy = 15 mM) in DMSO-d;
was irradiated at A = 405 nm (LED lamp). The chemical yields of
photoproducts were determined by 'H NMR spectroscopy using
triphenylmethane (TPM) as an internal standard.

General procedure for experiments in the presence of pyridinium
hydrochloride: A solution of compound 2a or 2b (Cy = 15 mM) and
pyridinium hydrochloride (Cy = 150 mM) in DMSO-d;s was irradiated at A =
405 nm (LED lamp). After irradiation, DMSO-ds was removed under reduce
pressure to observe the residue. The residue and triphenylmethane (TPM)
were dissolved in CD;0D. The chemical yields were determined by 'H NMR
spectroscopy.
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Figure S36. 'H NMR analysis of the photoreaction of 2a (400 MHz, DMSO-
ds) (entry 1)
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Figure S37. 'H NMR analysis of the photoreaction of 2a (400 MHz, DMSO-
ds) (entry 2)
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Figure S38. 'H NMR analysis of the photoreaction of 2a (400 MHz, CD;OD)
(entry 3)
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Figure S39. 'H NMR analysis of the photoreaction of 2b (400 MHz, DMSO-
ds) (entry 3)
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Figure S40. "H NMR analysis of the photoreaction of 2b (400 MHz, DMSO-
de) (entry 4)
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Figure S41. 'H NMR analysis of the photoreaction of 2b (400 MHz, CD;OD)
(entry 4).

Photochemical quantum yield measurements of photoreactions of 2a and
2b

General procedure: 3.0 mL of solution of 2a (Cy = 0.35 mM, Absss = 5) or
2b (Cy = 0.49 mM, Absaos = 5) and pyridinium hydrochloride (Cy = 3.5 or 4.9
mM) in DMSO were irradiated by using 405 nm LED lamp. The number of
photons of LED lamp was determined by using Ferrioxalate complex as the
actinometer. The conversion of the starting material at a certain time was
calculated by HPLC analysis. A conversion vs time graph was sketched, and
the slope of the linear line was observed as the conversion rate. The
photochemical quantum yield values were calculated by using the following
equation:
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conversion rate (s™') X Ctarting material (MM) X V (L)

moles of photons (mmol X s=1)

0.1

0.09 y = 0.0074x + 0.0001 .®
0.08 R2=0.9982 .-
0.07
0.06
0.05
0.04
0.03
0.02 e
001 .
0e”

0 2 4 6 8 10 12 14

Time/s

ion

Convers

Figure S42. Time profile of the photoreaction of 2a in DMSO
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Figure S43. Time profile of the photoreaction of 2b in DMSO

143



3-8. Calculation details

All calculations were performed by using the Gaussian 16 programming
package. Charge, spin multiplicity, number of imaginary frequencies, energies
(in Hartree) and Cartesian coordinates (in A) of computed geometries were
simulated by each calculation. The energy minimum structures and the energy
maxima (TS) structures were confirmed by vibrational frequency analysis.

Calculation of energy barriers of C—S and C-O bond dissociations
The energy profile of the C—S and C-O bond dissociations of 2a and 2b were

computed at the UB3LYP/6-31+(d) (SMD = DMSO) level of theory to
estimate the energy barriers.
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Figure S44. Energy profile of the C—S bond dissociation at UB3LYP/6-31+(d)
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Figure S45. Energy profile of the C—O bond dissociation at UB3LYP/6-
31+(d)

Triplet state of 2a

# opt freq ub3lyp/6-31+g(d) scrf=(smd,solvent=dmso); 0, 3
Number of Imaginary Frequencies = 0

Sum of electronic and zero-point Energies = -1585.768095

Sum of electronic and thermal Energies = -1585.740675

Sum of electronic and thermal Enthalpy =-1585.739730

Sum of electronic and thermal Free Energy = -1585.832560

Cartesian coordinate

Atom X Y Z
H -4.39768 -0.7182 1.63007
C -3.81491 0.40759 -0.77229
C -2.25682 -0.2937 1.44124
C -2.68587 1.12966 -0.47398
C -4.21803 -0.70077 0.04156
C -3.39225 -1.02534 1.15908
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-1.84719
-3.63121
-1.65742
-2.4081
-1.23719
-1.06665
-0.7075
-0.41174
0.47933
0.22213
0.77682
-0.27054
1.59096
2.96449
2.89385
-5.34633
-5.83709
-5.64099
-6.92327
-5.23436
-4.14853
-5.45033
-5.67351
-6.1551
-6.61718
-5.49847
-7.2394
-7.91113
-7.83516
-6.80162
4.07705
4.8793
4.32183
3.41899
4.51936
5.49143
6.80065
5.27903
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0.83101
-1.86866
-0.58866
-2.18124
2.95396
3.82808
1.63845
2.65997
3.26927
1.39717
2.29861
1.00935
0.11303
1.22258
2.44618
-1.41737
-2.50069
-2.24626
-2.52997
-3.863
-3.86924
-4.12638
-4.63217
-1.16149
-2.11438
-0.87728
-0.10366
-0.40094
0.00707
0.86939
0.59459
1.20584
-0.85092
-1.32983
-1.26977
-1.13291
-0.83234
-1.70053

0.65638
1.79477
2.29605
1.32007
-1.16308
-2.02154
0.90835
-0.05593
0.05258
2.03496
2.30353
2.92901
1.69921
1.26923
1.38866
-0.25274
0.61422
1.65752
0.49074
0.25549
0.39886
-0.78616
0.90184
-1.45548
-1.72832
-2.27999
-1.22352
-0.41028
-2.13731
-0.97611
0.81328
0.6855
0.72195
0.329
1.71658
-0.19816
0.20001
-1.46485



C 7.882 -1.0949 -0.64961
H -6.9755 0.3933 1.18005
C 6.35567 -1.96054 -2.31601
H 4.26641 -1.94121 -1.78209
C 7.66156 -1.65841 -1.90955
H 8.89274 -0.85816 -0.32603
H 6.17751 -2.40289 -3.29329
H 8.49997 -1.8636 -2.57078
Triplet state of 2b

# opt freq ub3lyp/6-31+g(d) scrf=(smd,solvent=dmso); 0, 3 2 ‘? ;
Number of Imaginary Frequencies = 0 R o
&
Sum of electronic and zero-point Energies = -1262.802764 J}s)j.;:fa
2
* 5 ]

Sum of electronic and thermal Energies = -1262.776008

Sum of electronic and thermal Enthalpy = -1262.775064

Sum of electronic and thermal Free Energy = -1262.866582

Cartesian coordinate

Atom X Y V4

H 4.47954 1.96484 0.15383
C 3.95209 1.02204 0.087

C 2.45522 -1.32746 -0.12817
C 2.56723 1.04918 0.16212
C 4.63607 -0.20634 -0.09683
C 3.83237 -1.38652 -0.20247
C 1.76421 -0.1068 0.05801
H 4.29843 -2.35617 -0.32435
H 1.89693 -2.25556 -0.20843
0] 6.00206 -0.26238 -0.16714
C 6.83997 0.9225 0.05418
0] 6.38819 1.54685 0.83123
C 7.79279 0.56829 0.46042
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6.7209
7.65049
6.14811
7.04385
7.60783
6.13206
7.65499
7.09429
6.16086

7.5892
7.74646
1.99699
0.62573
0.23302
-0.20001
-1.26799
0.33528
-0.52187
-0.35993
-0.25665
-1.9054
-2.79298
-2.46075
-4.07437
-4.76408
-4.50862
-4.37495
-3.87319
-5.95965
-6.95123
-6.33319
-8.2928
-6.67247
-7.67106
-5.57057
-8.65547
-9.05061
-7.94568
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-1.5078
-1.22591
-2.09671
-2.34264
-3.23896
-2.66398
-1.76991

1.74047
2.12929

1.13022
2.59278
2.28703
2.46832
3.61808

1.29136

1.4502

0.04571
-1.18787
-1.67986
-1.90269
-0.82724
-1.85738
-3.03564
-1.42165
-2.15842
-0.04654
0.18423
0.63421
0.14166
0.28097
0.17595
0.45338
0.25736
0.34521

0.0724
0.48471
0.56246
0.37358

-0.46513
-0.97022
-1.18744
0.77791
0.48983
1.29426
1.48601
-1.21598
-1.63856
-1.98117
-0.98659
0.33801
0.42636
0.58247
0.3264
0.39929
0.14871
0.04216
-0.92341
0.82835
0.16971
0.12594
0.016
0.19667
0.29425
0.48092
1.54532
-0.09136
0.09
1.07015
-1.2633
0.70844
2.12161
-1.62764
-2.03267
-0.64101
1.48065
-2.67944



H -9.6966 0.61932 -0.92429

TS1

# opt = (calcfc,ts,noeigentest) freq ub3lyp/6-31+g(d) 30/;‘
scrf=(smd,solvent=dmso); 0, 3 ‘%‘@:
Number of Imaginary Frequencies = 1 N a; ‘:: ‘,4 @’

Sum of electronic and zero-point Energies = —1585.764633

Sum of electronic and thermal Energies = -1585.737781
Sum of electronic and thermal Enthalpy = -1585.736837

Sum of electronic and thermal Free Energy = -1585.827864

Cartesian coordinate

Atom X Y Z
H 4.49141 1.01496 1.56531
C 3.94476 0.57179 0.74338
C 2.47485 -0.4676 -1.39565
C 2.78417 1.19119 0.33435
C 4.41523 -0.59998 0.07912
C 3.63158 -1.1038 -1.01157
C 1.99996 0.7109 -0.75698
H 3.92621 -2.00534 -1.53238
H 1.9051 -0.88933 -2.21653
0] 2.43381 2.31327 1.04293
C 1.24778 3.00722 0.76066
0] 1.01429 3.97655 1.48402
C 0.80291 1.42188 -1.14121
C 0.45547 2.53751 -0.31829
H -0.45263 3.0969 -0.51812
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-0.05548
-0.7952
0.34004

-1.66504

-3.11218

-3.08701

5.5598
6.1318

5.93806
7.21457
5.60472
4.52454
5.81593
6.10347
6.32743
6.81614
5.63773

7.3749

8.07984
7.93922
6.90671
-4.28055
-5.09559
-4.54015
-3.64919
-4.70462
-5.74179
-6.90522
-5.70487
-8.0119
-6.94535
-6.80765
-4.80602
-7.96606
-8.90715
-6.76345
-8.82398

1.00153
1.71328
0.34931
-0.47695
0.54491
1.58971
-1.2191
-2.36333
-2.23828
-2.3078
-3.70834
-3.7983
-3.83731
-4.5159
-0.79335
-1.69057
-0.44475
0.27337
-0.09046
0.51378
1.19141
0.12203
0.6539
-1.14391
-1.39949
-1.95382
-1.02487
-1.76496
-0.17699
-1.66537
-2.42434
-0.07326
0.40097
-0.81841
-2.24691
0.58486
-0.73907

-2.18748
-2.54149
-2.95819
-1.45115
-1.73461
-2.40091
0.4702
-0.26512
-1.33132
-0.12549
0.24279
0.08628
1.31015
-0.30561
1.65553
2.04437
2.42572
1.32196
0.56617
2.23043
0.95153
-1.16285
-1.45678
-0.47489
0.10673
-1.19812
0.44085
0.19192
1.56022
1.04428
-0.67275
2.4111
1.76544
2.155
0.837
3.27577
2.81838
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TS2 2

;-%4
# opt = (calcfc,ts,noeigentest) freq ub3lyp/6-31+g(d) a ﬁ‘ ’; ‘. o
scrf=(smd,solvent=dmso); 0, 3 ﬁ‘Pi‘é‘

> J
Number of Imaginary Frequencies = 1 2 .jb e
b = &

Sum of electronic and zero-point Energies = -1262.792957 3% *

Sum of electronic and thermal Energies = -1262.766489
Sum of electronic and thermal Enthalpy =-1262.765545

Sum of electronic and thermal Free Energy = -1262.856712

Cartesian coordinate

Atom X Y Z
H 4.36606 0.38717 -1.48308
C 3.65234 0.2633 -0.67943
C 1.72304 0.01165 1.33051
C 2.71445 1.25447 -0.49065
C 3.65217 -0.89992 0.14606
C 2.64316 -0.99515 1.16273
C 1.71618 1.18185 0.52493
H 2.60241 -1.85136 1.82295
H 0.97907 -0.09731 2.11185
N 4.57425 -1.88061 -0.02645
C 5.67794 -1.76762 -0.99951
H 6.00831 -0.72941 -1.05204
H 6.5078 -2.35005 -0.59154
C 4.55049 -3.14024 0.74318
H 4.99333 -3.90145 0.09599
H 3.51582 -3.43312 0.92534
C 5.34009 -3.03688 2.05135
H 5.32888 -4.01303 2.54971
H 4.89746 -2.29699 2.7265
H 6.38295 -2.75985 1.86167
C 5.28881 -2.30075 -2.3817
H 4.47384 -1.71585 -2.82084
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4.9774
6.15943
2.80109
1.88775
2.04621
0.89168
0.20079

0.7783
-0.24765
-0.21079
-0.78106
-1.80795
-2.84641
-2.94613
-3.92515
-4.7924
-4.07071
-4.31217
-3.10409
-5.14373
-6.33583
-4.96246
-7.32697
-6.4896
-5.94858
-4.04124
-7.13612
-8.24506
-5.79075
-7.90356

-3.3496
-2.2358
2.31993
3.38232
4.27001
3.33021
4.16643
2.27593
2.29014
1.63228
3.21937
1.37601
1.30928
1.7939
0.58358
0.77149
0.29703
1.20613
-0.06514
-0.74642
-0.41174
-2.07115
-1.37575
0.61044
-3.03569
-2.34574
-2.6902
-1.09757
-4.05756
-3.44102

-2.32552
-3.04432
-1.35021
-1.28899
-2.12602
-0.278
-0.24645
0.67551
1.63793
2.49553
1.79594
0.82571
1.60292
2.75112
1.08547
1.57851
-0.34358
-0.91475
-0.70421
-0.58338
-1.24006
-0.15145
-1.4644
-1.58055
-0.37142
0.3586
-1.02987
-1.97685
-0.034
-1.20244
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Products from the C—S bond dissociation (2a)

# opt freq ub3lyp/6-31+g(d) scrf=(smd,solvent=dmso); 0, 3

C X3
. 2,
Number of Imaginary Frequencies = 0 gf:
Sum of electronic and zero-point Energies = -1585.765968 \ r ‘,,.ﬁ s
Sum of electronic and thermal Energies = -1585.738073 J‘J’F"ﬁ:‘ ?
Sum of electronic and thermal Enthalpy = -1585.737129
Sum of electronic and thermal Free Energy = -1585.832528
Cartesian coordinate
Atom X Y V4
H 4.72232 1.20981 1.40297
C 4.16707 0.66338 0.65223
C 2.67104 -0.64258 -1.32038
C 2.99256 1.21542 0.18803
C 4.6359 -0.57621 0.12618
C 3.83869 -1.2176 -0.88333
C 2.19832 0.5969 -0.81555
H 4.13499 -2.17321 -1.29501
H 2.09047 -1.16309 -2.07403
0] 2.64152 2.41361 0.7578
C 1.4676 3.0692 0.4002
0] 1.23531 4.12426 0.98019
C 0.97443 1.24452 -1.2597
C 0.65081 2.46263 -0.60458
H -0.25584 2.9974 -0.86682
C 0.13192 0.72601 -2.2421
H -0.72805 1.29467 -2.57514
H 0.40578 -0.13941 -2.83095
S -1.88225 -0.82561 -1.05439
C -3.24842 0.14365 -1.6572
0] -3.12254 1.05631 -2.49355
N 5.79116 -1.13173 0.56609
C 6.36047 -2.35811 -0.02713
H 6.13801 -2.37825 -1.09437
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7.44523
5.86406
4.78209
6.10149
6.36238
6.57959
7.08834
5.90203
7.60539
8.29655
8.18737
7.11764
-4.4982
-5.24389
-4.90649
-4.06698
-5.11185
-6.13365
-7.34665
-6.07348
-8.479
-7.40644
-7.20073
-5.13724
-8.40892
-9.41262
-7.13727
-9.28654

-2.27163
-3.62776
-3.74954
-3.60869
-4.49544
-0.55374
-1.39166
-0.11953
0.47321
0.02472
0.82831
1.3343
-0.12381
0.37324
-1.25405
-1.501
-2.14083
-0.91192
-1.58034
0.0784
-1.27007
-2.34894
0.39166
0.60421
-0.28281
-1.79826
1.15847
-0.03932

0.07582
0.67105
0.55331
1.74043
0.22366
1.67195
2.15484
2.40837
1.1822
0.46015
2.04037
0.71336
-1.15038
-1.63028
-0.31863
0.33775
-0.9348
0.50316
0.29031
1.49792
1.05397
-0.47779
2.26079
1.67419
2.0406
0.87471
3.02949
2.6347
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Products from the C—O bond dissociation (2b) E

# opt freq ub3lyp/6-31+g(d) scrf=(smd,solvent=dmso); 0, 3 3‘:;.(. 4
Number of Imaginary Frequencies = 0 Jﬁ:);::‘
Sum of electronic and zero-point Energies = -1262.802480 .:f
Sum of electronic and thermal Energies = -1262.774969 J?}:

Sum of electronic and thermal Enthalpy = -1262.774024 24,

Sum of electronic and thermal Free Energy = -1262.868824

Cartesian coordinate

Atom X Y Z
H 5.33146 -0.52884 0.04006
C 4.26586 -0.3465 0.08021
C 1.51116 0.2313 0.13988
C 3.82722 0.95803 0.11594
C 3.31801 -1.41376 0.06322
C 1.91951 -1.07867 0.09341
C 2.44765 1.29816 0.14884
H 1.16946 -1.85825 0.10303
H 0.44285 0.44757 0.17648
N 3.72389 -2.70354 0.02339
C 5.14622 -3.09608 0.09687
H 5.67655 -2.40307 0.75012
H 5.1644 -4.07805 0.57548
C 2.77695 -3.8322 -0.09072
H 3.30794 -4.61992 -0.63028
H 1.929 -3.52932 -0.70454
C 2.32533 -4.34006 1.28188
H 1.67224 -5.20769 1.13597
H 1.76781 -3.57106 1.82641
H 3.18222 -4.6515 1.88889
C 5.79459 -3.17202 -1.2888
H 5.80212 -2.19359 -1.78015
H 5.26989 -3.88644 -1.93203
H 6.82989 -3.51098 -1.17058
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4.80999
4.51406
5.45916
3.12361
2.91328
2.07091
0.74152
-0.10138
0.53498
-2.42233
-2.53535
-1.61337
-3.81614
-3.8953
-5.02913
-5.23969
-4.84695
-6.23279
-7.24934
-6.35178
-8.35954
-7.17294
-7.45675
-5.5723
-8.46596
-9.13766
-7.53436
-9.32717

1.91612
3.26962
4.04311
3.64289
4.70671
2.70584
3.13384
2.44376
4.20055
1.48559
1.01372
0.87217
0.54045
0.46543
1.02405
2.07694
0.98058
0.17783
0.68864
-1.1407
-0.09405
1.70874
-1.9257
-1.55126
-1.40407
0.32097
-2.94247
-2.01398

0.11338
0.14395
0.13679
0.18248
0.20801
0.18917
0.23117
0.24321
0.2562
-1.53879
-0.37478
0.4919
0.02755
1.037
-0.6313
-0.38163
-1.70865
-0.26567
0.55356
-0.73737
0.89601
0.92555
-0.39938
-1.37637
0.4209
1.53269
-0.77798
0.68346

3-9. Spectra
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Chapter 4

Conclusions
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4-1. Conclusions

In this study, a series of DEACM-based caged carboxylic acid and
caged amines were synthesized. The photochemical properties of these
compounds were examined by product analysis, '*O-labeling method and laser
flash photolysis. In the case of caged carboxylic acid, sulfur atom has a
profound influence on the uncaging mechanism of the caged compounds. The
distribution of intermediates (radical pairs, ion pairs) was controlled by the
type of bond which is broken under light irradiation (C-O or C-S).
Furthermore, sulfur atom improved the photochemical quantum yield as this
value of thioester 1a was much higher than that of 1c. In the case of caged
amines, the photochemical quantum yield was significantly improved (from
0.0012 to 0.024) when the carbamate linker was substituted by the
thiocarbamate linker. This observation suggests that thiocarbamate linker is a
promising substitution for the conventional carbamate linker to enhance the
photochemical quantum yield of caged amines.
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