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Abstract

Nitric oxide (NO) is a short-lived signaling molecule mediating physiological functions 

such as vasorelaxation, and photocontrollable NO releasers that enable precise 

spatiotemporal control of NO release are useful tools for studying NO bioactivity as well 

as potential therapeutic agents for cardiovascular diseases. We recently developed 

NORD-2 as a photoinduced electron transfer (PeT)-triggered NO+ releaser that responds 

to red light (λ 660 nm) by releasing NO in the presence of physiological concentrations 

of ascorbic acid or NO+ in the absence of ascorbic acid. Here, we aimed to explore the 

structure-activity relationship by investigating the photoreactivity of derivatives having 

various substituents in the NO-releasing moiety. Replacement of NORD-2’s methoxy 

group with all substituents examined reduced both NO⁺ and NO release. In particular, 

introduction of a dimethylamino group completely suppressed the photoreaction. 

Quantum calculation revealed that the differences in photoreactivity originate from 

differences in the propensity for transition to the charge transfer (CT) excited state. 
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Furthermore, when the energy of the CT excited state is low, deactivation to the ground 

state is likely to occur, which may prevent N-N bond cleavage. Our results identify 

suitable structures to promote efficient bond cleavage following PeT, which should be 

helpful for developing various photofunctional molecules.

Introduction

Controlling the bioactivities of molecules using light, as exemplified by caged 

compounds, offers unparalleled advantages in enabling precise spatiotemporal 

regulation.1,2 Thus, elucidating the structure-activity relationships—specifically, 

understanding what structural features promote or suppress photoreactions—is critically 

important for the rational design of functional photoresponsive molecules.3,4 Nitric oxide 

(NO) releasers are of particular interest, because NO is a key signaling molecule with 

roles in vasodilation, immune function and the central nervous system,5–7 but under 

physiological conditions, it has short half-life of only a few seconds.8 Therefore, NO-

releasing small molecules are required for biological research and for the clinical 

treatment of hypertension and angina pectoris.9,10 In particular, photocontrollable NO 

releasers allow precise control of NO release and are important tools for studying NO 

bioactivity, as well as being potential therapeutic agents for cardiovascular diseases.6,7 

We have developed photoinduced electron transfer (PeT)-type NO releasers that 

efficiently release NO in response to visible light.11–13 PeT-type NO releasers consist of 

an antenna moiety, which absorbs light, and N-nitrosoaniline as an NO-releasing moiety. 

We previously reported NORD-2 (Figure 1a, 1) as a red light-responsive NO releaser 

with a high quantum yield for NO release (ΦNO), and showed that it enabled 

photoregulation of the tension of rat aorta ex vivo.14 More recently, photoactivation and 

photoredox activation of N-nitrosamine derivatives have attracted increasing attention as 

useful strategies for light-controlled NO release and related photochemical 

transformations.15,16 However, NORD-2 releases NO only in the presence of a 

physiological concentration of ascorbic acid, whereas it releases NO⁺ in the absence of 

ascorbic acid. The mechanism involved is as follows: when 1 is excited by light, PeT 
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from the NO-releasing moiety to the antenna moiety occurs, generating a radical cation. 

In the absence of ascorbic acid, this intermediate directly releases NO+ through mesolytic 

N-N bond cleavage. In contrast, in the presence of ascorbic acid, the radical cation 

intermediate is reduced by ascorbic acid and one-electron transfer from the dye generates 

the oxyhydrazine radical. This radical is very unstable, and the N-N bond is readily 

cleaved to release NO (Figure 1b).14 We hypothesized that changing the substituent of the 

NO releasing moiety would affect ΦNO. To test this idea and identify key structural factors 

influencing the photoreaction, we synthesized a series of NORD-2 derivatives with 

various substituents, and evaluated their photoreactivity using a combination of 

experimental measurements and quantum chemical calculations.

Results and discussion

We designed a series of NORD-2 derivatives 2–7 bearing various electron-

donating/withdrawing groups on the NO releasing moiety to investigate the substituent 

effect. Compounds 2–7 were synthesized according to Scheme 1. Briefly, the 

corresponding aniline derivatives were introduced into 8 by reductive amination, 

followed by nitrosation to obtain 2–7.¹¹ In the case of 7, intermediate 14 was readily 

oxidized and was therefore subjected to nitrosation without isolation. Compounds 2–7 

were successfully synthesized and fully characterized.

Firstly, to evaluate the effect of the substituents on the photophysical properties, the 

absorption and fluorescence spectra of 2–7 were measured (Figure 2a–f). These were all 

almost the same as those of 1. Further, compounds 1–6 exhibited nearly identical 

fluorescence quantum yields (ΦF), though compound 1 showed a slightly lower value. In 

contrast, compound 7, which bears a dimethylamino group, exhibited a markedly lower 

quantum yield, approximately one-fortieth of those of the other compounds. This 

difference is likely due to the strong electron-donating properties of the dimethylamino 

group, which would increase the electron density of the NO-releasing moiety, thereby 

promoting PeT, which competes with fluorescence emission.17

Next, to compare the photodecomposition rates, a solution of each compound (10 µM) in 
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HEPES buffer was irradiated (LED, 660 nm, 9.9 mW cm–2, 20 min). Decomposition rate 

constants were calculated from the percentage decrease of the HPLC peak area (Figure 

3a) and compared with the Hammett substituent constants, which roughly indicate the 

electron-withdrawing/donating character of the substituent (Figure 3b).18 The 

decomposition rate of 1 was the largest, while 2–7 showed no significant differences, 

suggesting that the decomposition rate is not strongly correlated with the electron-

withdrawing/donating property of the substituent on the NO-releasing moiety. 

Interestingly, compound 7, which possesses a dimethylamino group and is thus 

considered highly favorable for PeT, underwent almost no photodecomposition.

To confirm that compounds 2–7 release NO+ in response to photoirradiation, and to 

investigate whether this release is suppressed (or converted to NO release) in the presence 

of ascorbic acid, 2,3-diaminonaphthalene (DAN) was utilized for NO+ detection (Figure 

4). DAN is almost non-fluorescent and, although it does not readily react directly with 

NO, reacts with NO+ to form 2,3-naphthotriazole (NAT), which shows strong 

fluorescence.19 A solution of each synthesized compound (10 µM) and DAN (10 µM) in 

HEPES buffer was photoirradiated in the absence or presence of ascorbic acid (10 µM), 

and NAT formation was analyzed by HPLC. As shown in Figure 4a, compound 1 

exhibited the highest NO+ release, whereas the release from the other compounds did not 

exceed 17% of that of 1. In the presence of ascorbic acid, the NO+ release from each 

compound was lower than that in its absence, suggesting that it was converted to NO 

release (Figure 4b). Furthermore, decomposition rate constants did not change between 

the two conditions (Figure 3a, and S2a). These results confirm that 2–7 released NO+ in 

the absence of ascorbic acid, whereas in its presence, a species other than NO+ is 

generated via photodecomposition. According to the previous report, ascorbic acid is 

considered to reduce the charge-transfer (CT) state, rather than reacting directly with NO+ 

or the excited state.14 Therefore, the substituent effects in NORD-2 derivatives are 

unlikely to arise from the reduction by ascorbic acid.

We also investigated the photodecomposition products of 2–7 by means of LC-MS. It 

was  previously shown that 1 forms spirocyclic compounds after releasing NO (Figure 

Page 4 of 23Organic & Biomolecular Chemistry

O
rg

an
ic

&
B

io
m

ol
ec

ul
ar

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/2
2/

20
26

 2
:3

6:
41

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6OB00679E

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ob00679e


5

S3a).14 Indeed, LC-MS analysis revealed peaks corresponding to the mass-to-charge ratio 

(m/z) of the expected decomposition products for all compounds (Figure S3b–h). As 

shown in our previous report, such closed-form/spirocyclic products are essentially 

nonfluorescent because disruption of the conjugated xanthene-like structure suppresses 

fluorescence.14　In the chromatogram of 1, additional peaks corresponding to aldehyde-

type products were also detected, suggesting that part of the initially formed spirocyclic 

product underwent further oxidative transformation under the irradiation conditions.

The photoinduced release of NO from 1, 2, and 6, which showed more than 40% 

degradation after 20 minutes of light irradiation (Figure 3a), was investigated using an 

NO electrode (Figure 5). Control irradiation in the absence of NO releasers did not 

increase the NO electrode signal, confirming that light irradiation itself did not interfere 

with NO detection (Figure S4). Upon irradiation of HEPES buffer solutions of 

compounds 1, 2, and 6 with a 660 nm LED in the presence of ascorbic acid, light-

dependent NO release was observed (Figure 5a–c). The maximum NO concentration 

followed the order 1 > 2 > 6, which is consistent with the order of the photodecomposition 

rates. Furthermore, the NO release quantum yield (ΦNO) was measured to quantify the 

efficiency of NO release (Figure 5d). A solution of each compound (10 µM) was 

irradiated at 660 nm with an Xe lamp in a fluorescence spectrophotometer (RF-5300PC, 

Shimadzu) and the NO concentration was recorded with an NO electrode. Using the ΦNO 

of 1 as a reference, the ΦNO values for 2 and 6 were calculated from the decomposition 

rates and absorbances. The ΦNO value was correlated with the decomposition rate, as the 

faster-degrading compounds release NO more efficiently (Figure 5d). The ΦNO values 

also correspond well to the amount of NO+ generated in the absence of ascorbic acid, 

indicating that the reduction of the intermediate resulted in NO release (Figure S5). Thus, 

among compounds 1, 2, and 6, the efficiency of NO release correlates well with the 

decomposition rate, which directly reflects the substituent effect.

We next conducted quantum chemical calculations to elucidate why 1 with a methoxy 

group is susceptible to photoreaction, whereas 7 with a dimethylamino group shows 

almost no photoreactivity despite its expected propensity for PeT. Since substituent 
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effects on the reduction by ascorbic acid appeared unlikely, we firstly examined whether 

they contribute to the N–N bond cleavage. To this end, model radical anion intermediates 

16–22 were employed, and the N–N bond lengths as well as the spin densities of the two 

nitrogen atoms (N1 and N2) were calculated (Figure S6a). Spin density is an indicator of 

the localization of an unpaired electron, with larger absolute values corresponding to a 

higher probability of the electron residing on a given atom. The results are shown in 

Figure S6b and c. In all model compounds, the N–N bond was significantly elongated, 

consistent with ease of bond cleavage, with no significant differences in bond length. 

Similarly, no differences in spin density were found, and the larger spin density on N2 

compared to N1 suggests a tendency to generate an NO radical. These results indicate 

that substituent effects have little impact on the N–N bond cleavage in the one-electron-

reduced N-nitrosoaniline derivatives, and we inferred that the differences in reactivity 

originate from a differing propensity for PeT. 

Next, to compare the likelihood of PeT occurrence, we calculated the energies of the π-

π* excited state, CT excited state, and two distinct minimum energy conical intersections 

(MECIs): one lying between the π–π* state and the CT state (CT-MECI) and the other 

lying between the CT state and the ground state (GS-MECI). When 1–7 are excited by 

light, they transition to the π-π* excited state, and subsequently transition to the CT 

excited state through PeT (Figure 6a, and b). As shown in Figure 6c and S7, the energies 

of CT-MECI for 1 and 7 are lower than those of the other compounds, and are almost the 

same as those of the π–π* excited state, probably because the strongly electron-donating 

groups promote transition to the CT excited state. It should be noted that the calculated 

CT-MECI and CT excited-state energies provide only a qualitative guide to the 

accessibility of the CT excited state and do not necessarily quantitatively reflect the 

fluorescence quantum yields or photodecomposition rates. For example, although the 

calculated CT-MECI and CT excited-state energies of 3 are higher than those of 1, the ΦF 

value of 3 is comparable to that of 1. The observed fluorescence is unlikely to originate 

predominantly from the CT excited state, because the emission spectra of 1–6 are nearly 

identical. Rather, the fluorescence is considered to arise mainly from the locally excited 
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π–π* state, whereas the CT excited state is likely involved in subsequent non-emissive 

processes, including N–N bond cleavage and nonradiative deactivation. Therefore, the 

steady-state fluorescence quantum yield should not be interpreted as a direct measure of 

productive PeT efficiency. These results suggest that the substituent effects should be 

considered separately rather than interpreted by a simple one-parameter correlation with 

the CT excited-state energy. The comparison between 1 and 2 suggests that access to the 

CT excited state is one factor contributing to the high photoreactivity of 1. Compound 2 

exhibited higher CT-MECI and CT excited-state energies than 1, indicating that transition 

to the CT state is less favorable in 2 (Figure 6c, and S7). This difference may partly 

account for the lower photodecomposition rate and ΦNO of 2 compared with 1. However, 

the comparison between 2 and 6 indicates that the CT excited-state energy alone does not 

determine the photoreactivity. Although the CT excited state of 6 is more stabilized than 

that of 2, compound 2 showed a faster photodecomposition rate and a higher ΦNO. This 

behavior may be related to the relaxation pathway after reaching the CT-MECI. In 

compound 2, the CT-MECI and optimized CT excited state have nearly identical energies, 

suggesting that the system may reach the CT-state minimum without substantial 

additional structural relaxation after the π–π*/CT intersection (Figure 6c, and S7). This 

feature may contribute to the relatively efficient productive photodecomposition of 2 

compared with 6.

Although both 1 and 7 readily undergo transitions to the CT excited state, 1 decomposed 

in response to light with the highest efficiency among all compounds, whereas 7 showed 

the lowest reactivity. This behavior is probably attributed to the low energy of the CT 

excited state of 7, which favors nonradiative deactivation to the ground state (GS) in 

accordance with the energy gap law.20–22 This interpretation is further supported by the 

lower GS-MECI of 7 compared with that of 1 (Figure 6d). The stabilized CT excited-state 

energy of 7 promotes PeT but would simultaneously facilitate deactivation to the ground 

state, thereby hindering NO release.

In conclusion, we synthesized NORD-2 derivatives with various substituents on the NO-

releasing moiety and investigated their photoreactivity. Notably, compound 1 
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demonstrated the highest photoreactivity, while counterintuitively, 7 showed almost no 

photoreaction, in contrast to the conventional expectation that the dimethylamino group 

should strongly facilitate PeT. Quantum chemical calculations indicated that both 

methoxy and dimethylamino groups facilitate PeT owing to their strong electron-donating 

properties; however, the excessively stabilized CT excited state of 7 was suggested to 

promote relaxation from the CT excited state to the ground state, thereby suppressing 

photodecomposition (Figure S8). Therefore, the highest ΦNO observed for 1 may be 

attributed to an optimal electron density at the NO-releasing moiety, i.e., high enough to 

promote PeT while not low enough to promote deactivation to the ground state. Thus, we 

suggest that consideration of the CT excited-state energy is important for accurate 

prediction of reactivity.

Methods

General methods. Proton and carbon nuclear magnetic spectra (1H-NMR, and 13C-NMR) 

were recorded on a JEOL ECS-400 spectrometer in the indicated solvent. Chemical shifts 

(δ) are reported in parts per million relative to the internal standard, tetramethylsilane. 

Reagents used in the synthesis were purchased from Tokyo Chemical Industry, 

FUJIFILM Wako Pure Chemical, Merck, Kanto Chemical, and BLD Pharmatech unless 

otherwise noted. Thin layer chromatography (TLC) was performed using TLC Silica gel 

70 F254 glass plates (FUJIFILM Wako Pure Chemical). Medium pressure liquid 

chromatography (MPLC) was performed using Smart Flash Premium (Yamazen) and 

Universal Premium (Yamazen, Silica Gel) as the separation column and injection column, 

respectively.

General method for preparation of 9–13

To a solution of 8 (1.0 equiv.) in MeCN/AcOH (10/1, 0.05 M) was added an aniline 

derivative (1.1 equiv. for 10–13 and 3.0 equiv.) for 9). NaBH(OAc)3 (3.0 equiv.) was 

added and the reaction mixture was stirred for 40 min. The reaction was quenched with 1 

N NaOH aq. and the resulting mixture was extracted with CH2Cl2. The organic layer was 
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dried over Na2SO4, filtered, and evaporated. The residue was purified by silica gel flash 

column chromatography (CH2Cl2/MeOH = 93/7 to 85/15 to 65/35) to obtain 9–13.

Preparation of 9

4-Aminobenzonitrile (14.0 mg, 0.11 mmol) was used as a substrate to obtain 9 according 

to the general method (26 mg, 0.051 mmol, 51%): 1H-NMR (400 MHz, CDCl3) δ 7.38 

(d, J = 7.5 Hz, 1H), 7.23 (d, J = 8.6 Hz, 2H), 7.12 (ddd, J = 0.8, 7.4, 7.4 Hz, 1H), 7.03 

(ddd, J = 0.4, 7.6, 7.6 Hz, 2H), 6.87 (d, J = 2.9 Hz, 2H), 6.77 (d, J = 9.0 Hz, 2H), 6.67 (d, 

J =7.7 Hz, 1H), 6.54–6.49 (m, 4H), 5.18 (s, 2H), 2.91 (s, 12H), 0.67 (s, 3H) 0.60 (s, 3H); 
13C-NMR (100 MHz, CDCl3) δ 150.90, 148.33, 147.30, 138.10, 132.90, 132.86, 131.45, 

128.31, 126.54, 123.56, 122.73, 120.88, 115.85, 115.44, 113.96, 97.45, 77.30, 76.93, 

56.19, 40.30 ; HRMS (ESI+) calcd, 515.25863; found, 515.26179. (–6.13 ppm)

Preparation of 10

4-Fluoroaniline (12.2 mg, 0.11 mmol) was used as a substrate to obtain 10 according to 

the general method (35 mg, 0.068 mmol, 68%): 1H-NMR (400 MHz, CDCl3) δ 7.37 (d, J 

= 7.6 Hz, 1H), 7.09 (ddd, J = 1.1, 7.4, 7.4 Hz, 1H), 7.00 (ddd, J = 0.8, 7.5, 7.5 Hz, 1H), 

6.89 (d, J = 2.9 Hz, 2H), 6.86 (d, J = 8.9 Hz, 2H), 6.73–6.68 (m, 3H), 6.55 (dd, J =2.9, 

9.0 Hz, 2H), 6.40 (dd, J =4.4, 9.3 Hz, 2H), 5.15 (s, 2H), 2.91 (s, 12H), 0.69 (s, 3H) 0.59 

(s, 3H) ; 13C-NMR (100 MHz, CDCl3) δ 155.97, 153.60, 151.59, 148.20, 140.65, 139.49, 

132.95, 132.69, 128.63, 127.88, 126.18, 123.58, 122.71, 115.96, 115.53, 115.20, 114.98, 

114.10, 114.03, 76.34, 60.49, 56.37, 40.40, 21.16, 14.32, 1.209; HRMS (ESI+) calcd, 

508.25396; found, 508.25726. (–6.49 ppm)

Preparation of 11

4-Chroloaniline (14 mg, 0.11 mmol) was used as a substrate to obtain 11 according to the 

general method (28 mg, 0.053 mmol, 53%): 1H-NMR (400 MHz, CDCl3) δ 7.38 (d, J = 

7.7 Hz, 1H), 7.10 (ddd, J = 1.0, 7.4, 7.4 Hz, 1H), 7.01 (ddd, J = 0.8, 7.6, 7.6 Hz, 1H), 6.93 

(d, J = 9.0 Hz, 2H), 6.89 (d, J = 3.0 Hz, 2H), 6.84 (d, J = 9.0 Hz, 2H), 6.69 (d, J = 7.8 Hz, 

1H), 6.55 (dd, J = 3.0, 9.0 Hz, 2H), 6.42 (d, J = 9.0 Hz, 2H) 5.15 (s, 2H), 2.91 (s, 12H), 

0.69 (s, 3H) 0.60 (s, 3H) ; 13C-NMR (100 MHz, CDCl3) δ 151.43, 148.24, 142.76, 139.16, 

132.93, 132.43, 128.57, 128.45, 127.97, 126.27, 123.58, 122.72, 120.54, 115.93, 115.53, 
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114.85, 76.40, 56.20, 53.53, 40.39, 1.19; HRMS (ESI+) calcd, 524.22441; found, 

524.22808. (–7.00 ppm)

Preparation of 12

Aniline (10 mg, 0.11 mmol) was used as a substrate to obtain 12 according to the general 

method (28 mg, 0.053 mmol, 53%): 1H-NMR (400 MHz, CDCl3) δ 7.36 (d, J = 7.5 Hz, 

1H), 7.07 (ddd, J = 1.0, 7.4, 7.4 Hz, 1H), 6.98 (ddd, J = 1.9, 7.7, 7.7 Hz, 3H), 6.89–6.87 

(m, 4H), 6.69 (d, J = 7.6 Hz, 1H), 6.54–6.47 (m, 5H), 5.17 (s, 2H), 2.89 (s, 12H), 0.68 (s, 

3H), 0.59 (s, 3H) ; 13C-NMR (100 MHz, CDCl3) δ 151.59, 148.15, 144.13, 139.78, 132.79, 

132.70, 128.64, 128.56, 127.84, 126.12, 123.60, 122.70, 115.98, 115.65, 115.51, 113.97, 

76.29, 56.08, 40.43, 31.70, 22.77, 14.24, 1.17; HRMS (ESI+) calcd, 490.26338; found, 

490.26687. (–7.12 ppm)

Preparation of 13

p-Toluidine (12 mg, 0.11 mmol) was used as a substrate to obtain 13 according to the 

general method (34 mg, 0.067 mmol, 67%): 1H-NMR (400 MHz, CDCl3) δ 7.36 (d, J = 

7.4 Hz, 1H), 7.07 (ddd, J = 0.8, 7.4, 7.4 Hz, 1H), 6.98 (ddd, J = 0.5, 7.4, 7.4 Hz, 1H), 

6.90–6.87 (m, 4H), 6.81 (d, J = 8.4 Hz, 2H), 6.69 (d, J = 7.7 Hz, 1H), 6.53 (dd, J = 2.9, 

9.0, 9.0 Hz, 2H), 5.16 (s, 2H), 2.88 (s, 12H), 2.09 (s, 3H), 0.69 (s, 3H) 0.59 (s, 3H) ; 13C-

NMR (100 MHz, CDCl3) δ 151.68, 148.12, 141.89, 139.99, 132.79, 129.21, 128.66, 

127.78, 126.07, 126.07, 124.18, 123.59, 122.69, 115.98, 115.69, 113.79, 76.17, 56.12, 

40.45, 20.32, 1.18; HRMS (ESI+) calcd, 504.27903; found, 504.28214. (–6.17 ppm)

General method for the preparation of 2-7

To a solution of 9–14 (1.0 equiv.) in AcOH (33 mM) was added a solution of NaNO2 (1.1 

equiv.) in water on ice-water bath. The mixture stirred for 20 min, quenched with 0.2 M 

HCl and extracted with CH2Cl2. The organic layer was dried over Na2SO4 and then 

evaporated. Purification of the residue by silica gel flash chromatography (CH2Cl2/MeOH 

= 93/7 to 85/15 to 65/35) gave 2–7 as a dark blue solid.

Preparation of 2
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Compound 9 (71 mg, 0.137 mmol) was used as a substrate to obtain 2 according to the 

general method (32 mg, 0.055 mmol, 40%): 1H-NMR (400 MHz, CDCl3) δ 7.59 (d, J = 

2.8 Hz, 2H), 7.54–7.44 (m, 3H), 7.36 (d, J = 8.9 Hz, 2H), 7.31 (d, J = 2.8 Hz, 2H), 7.11 

(d, J = 7.6 Hz, 1H), 6.80 (d, J = 9.8 Hz, 2H), 6.64 (dd, J = 2.8, 9.6 Hz, 2H), 5.04 (s, 2H), 

3.35 (s, 12H), 0.64 (s, 3H), 0.52 (s, 3H) ; 13C-NMR (100 MHz, CD3OD) δ 168.67, 156.88, 

150.65, 146.89, 143.13, 140.39, 135.63, 135.01, 132.54, 131.98, 131.71, 130.24, 129.47, 

123.52, 121.47, 116.30, 112.35, 51.05, 45.54, 42.20, 0.41; HRMS (ESI+) calcd, 

544.25271; found, 544.25199. (+1.32 ppm)

Preparation of 3

Compound 10 (35 mg, 0.069 mmol) was used as a substrate to obtain 3 according to the 

general method (27 mg, 0.047 mmol, 69%): 1H-NMR (400 MHz, CDCl3) δ 7.51-7.41 (m, 

2H), 7.35 (dd, J = 0.8, 7.8 Hz, 1H), 7.32 (d, J = 2.8 Hz, 2H), 7.23-7.18 (m, 2H), 7.12 (dd, 

J = 1.4, 7.3 Hz, 1H), 7.01 (ddd, J = 2.2, 7.6, 7.6 Hz, 2H), 6.85 (d, J = 9.6 Hz, 2H), 6.67 

(dd, J = 2.8, 9.8 Hz, 2H), 4.99 (s, 2H), 3.34 (s, 12H), 0.64 (s, 3H), 0.54 (s, 3H); 13C-NMR 

(100 MHz, CD3OD) δ 168.98, 156.87, 150.67, 143.22, 140.53, 139.73, 135.29, 132.27, 

131.68, 131.53, 130.01, 129.60, 124.45, 124.37, 123.46, 118.32, 118.09, 116.30, 46.53, 

42.12, 0.26; HRMS (ESI+) calcd, 537.24804; found, 537.24769. (+6.51 ppm)

Preparation of 4

Compound 11 (35 mg, 0.069 mmol) was used as a substrate to obtain 4 according to the 

general method (27 mg, 0.047 mmol, 69%): 1H-NMR (400 MHz, CDCl3) δ 7.51–7.41 

(m, 2H), 7.35 (dd, J = 0.8, 7.8 Hz, 1H), 7.32 (d, J = 2.8 Hz, 2H), 7.23-7.18 (m, 2H), 7.12 

(dd, J = 1.4, 7.3 Hz, 1H), 7.01 (ddd, J = 2.2, 7.6, 7.6 Hz, 2H), 6.85 (d, J = 9.6 Hz, 2H), 

6.67 (dd, J = 2.8, 9.8 Hz, 2H), 4.99 (s, 2H), 3.34 (s, 12H), 0.64 (s, 3H), 0.54 (s, 3H); 13C-

NMR (100 MHz, CD3OD) δ 169.01, 156.95, 150.74, 143.31, 142.18, 140.55, 135.47, 

135.03, 132.45, 132.09, 131.68, 131.57, 130.16, 129.67, 123.51, 123.43, 116.37, 46.31, 

42.25, 0.44; HRMS (ESI+) calcd, 553.21849; found, 553.21804. (+8.13 ppm)

Preparation of 5

Compound 12 (25 mg, 0.050 mmol) was used as a substrate to obtain 5 according to the 

general method (27 mg, 0.047 mmol, 69%): 1H-NMR (400 MHz, CDCl3) δ 7.48–7.40 
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(m, 2H), 7.32 (d, J = 2.8 Hz, 2H), 7.30–7.19 (m, 6H), 7.11 (dd, J = 1.6, 7.3 Hz, 1H), 6.88 

(d, J = 9.7 Hz, 2H), 6.66 (dd, J = 2.9, 9.6 Hz, 2H), 6.85 (d, J = 9.6 Hz, 2H), 6.67 (dd, J = 

2.8, 9.8 Hz, 2H), 4.99 (s, 2H), 3.34 (s, 12H), 0.64 (s, 3H), 0.54 (s, 3H); 13C-NMR (100 

MHz, CD3OD) δ 156.88, 150.68, 143.42, 143.22, 135.25, 132.21, 131.51, 131.44, 131.23, 

129.88, 129.59, 129.57, 123.46, 123.43, 121.96, 121.94, 116.29, 113.40, 46.31, 42.10, 

1.31, 0.22; HRMS (ESI+) calcd, 519.25746; found, 519.25616. (+2.50 ppm)

Preparation of 6

Compound 13 (32 mg, 0.063 mmol) was used as a substrate to obtain 6 according to the 

general method (33 mg, 0.058 mmol, 92%): 1H-NMR (400 MHz, CDCl3) δ 7.50–7.41 (m, 

2H), 7.32 (dd, J = 2.9, 4.4 Hz, 3H), 7.13–7.10 (m, 1H), 7.08 (d, J = 4.5 Hz, 4H), 6.89 (dd, 

J = 4.6, 9.7 Hz, 2H), 6.71-6.66 (m, 2H), 4.97 (s, 2H), 3.35 (s, 12H), 3.00 (s, 3H), 0.63 (s, 

3H), 0.54 (s, 3H); 13C-NMR (100 MHz, CD3OD) δ 157.07, 150.91, 143.52, 132.67, 

132.41, 132.15, 132.14, 132.05, 132.02, 131.60, 131.56, 131.49, 130.04, 129.83, 123.59, 

123.45, 122.25, 116.48, 42.29, 42.20, 0.42, 0.15; HRMS (ESI+) calcd, 533.27311; found, 

533.27275. (+6.75 ppm)

Preparation of 7

To a solution of 8 (90 mg, 0.20 mmol) in anhydrous MeCN (2.6 mL) were added N,N-

dimethyl-p-phenylenediamine (30 mg, 0.22 mmol) and AcOH (0.4 mL) followed by 

NaBH(OAc)3 (127 mg, 0.60 mmol). The mixture was stirred at room temperature for 15 

min, then the reaction was quenched with 1 M NaOH and the resulting mixture was 

extracted with CH2Cl2. The organic layer was dried over Na2SO4. After filtration and 

evaporation, the residue was dissolved in AcOH (2 mL). To this solution was added 0.11 

M NaNO2 (aq.) (2 mL) at 0 ºC and the mixture was stirred for 15 min. The reaction was 

quenched with 1 M HCl and the resulting mixture was extracted with CH2Cl2. The organic 

layer was dried over Na2SO4. Filtration and evaporation followed by purification of the 

residue by silica gel flash chromatography (CH2Cl2/MeOH = 90/10 to 85/15 to 65/35) 

gave 7 as a dark blue solid (23 mg, 0.039 mmol, 19%): 1H-NMR (400 MHz, CDCl3) δ 

7.49-7.40 (m, 2H), 7.33–7.30 (m, 3H), 7.09 (dd, J = 1.3, 7.5 Hz, 1H), 6.97 (dd, J = 2.1, 
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7.0 Hz, 2H), 6.84 (d, J = 9.5 Hz, 2H), 6.63 (dd, J = 2.9, 9.6 Hz, 2H), 6.56 (d, J = 9.2 Hz, 

2H), 4.95 (s, 2H), 3.33 (s, 12H), 2.91 (s, 6H), 0.63 (s, 3H), 0.55 (s, 3H); 13C-NMR (100 

MHz, CD3OD) δ 193.76, 169.21, 156.74, 152.69, 150.44, 143.26, 140.47, 135.77, 132.50, 

132.04, 131.51, 131.36, 129.68, 124.17, 123.26, 116.16, 114.43, 47.06, 41.97, 41.69, 

26.57, 0.035; HRMS (ESI+) calcd, 562.29966; found, 562.29886. (+1.42 ppm)

Measurements of Absorption and Fluorescence Spectra. Absorption spectra of a 

solution of each compound (10 μM) in HEPES buffer (100 mM, pH 7.3, 0.1% DMSO) 

were recorded on an Agilent 8453 spectroscopy system (Santa Clara, CA, USA). 

Fluorescence spectra of a solution of each compound (10 μM) in HEPES buffer (100 mM, 

pH 7.3, 0.1% DMSO) or phosphate buffer (100 mM, indicated pH, 0.1% DMSO) were 

recorded on a fluorescence spectrometer (RF5300-PC; Shimadzu, Kyoto, Japan). The ΦF 

values were calculated with reference to the ΦF of the previously reported compound.13

Monitoring of photodecomposition by HPLC

A solution (total volume 10 mL) of each test compound (10 µM) in HEPES buffer (100 

mM, pH 7.3, DMSO 0.1%) was irradiated by a device (CL-1501, Asahi Spectra) with a 

660 nm LED head-unit (CL-H1- 660-9-1). The light intensity was 9.9 mW cm–2. An 

aliquot of each solution (20 μL) was loaded onto a Shim-pack Velox C18 (150 mm × 4.6 

mm) column fitted on a Shimadzu HPLC system, and the eluates were monitored with a 

UV detector (650 nm). MilliQ water containing 0.1% TFA (A) and MeCN containing 

0.1% TFA (B) were used as developing solvents; 5% B (1.33 min) →  20% B (2 min) 

→ 80% B (11.33 min) → 100% B (12 min) → 5% B (16 min).

Monitoring the formation of NAT using HPLC

A solution (total volume 10 mL) of each compound (10 µM) and 2,3-diaminonaphthalene 

(10 µM) in HEPES buffer (100 mM, pH 7.3, DMSO 0.1%) was irradiated with a 660 nm 

LED head-unit (CL-H1- 660-9-1). The light intensity at 660 nm was 9.9 mW cm–2. An 

aliquot of each solution (20 μL) was loaded onto a Shim-pack Velox C18 (150 mm × 4.6 
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mm) column fitted on a Shimadzu HPLC system, and the eluates were monitored with a 

fluorescence detector (ex. 360 nm, em. 460 nm) and a UV detector (650 nm). MilliQ 

water containing 0.1% TFA (A) and MeCN containing 0.1% TFA (B) were used as 

developing solvents; 0 min, B 5% → 2 min, B 5% → 3 min, B 20% → 15 min, B 80% 

→ 17 min, B 80% → 18 min, B 100% → 23 min, 100% → 24 min, B 5% → 30 

min, B 5%. This experiment was also conducted in the presence of sodium ascorbate (10 

µM) using the same procedure.

Identification of decomposition products

A solution (total volume 10 mL) of each compound (10 µM) in HEPES buffer (100 mM, 

pH 7.3, DMSO 0.1%) was irradiated by a 660 nm LED head-unit (CL-H1- 660-9-1). The 

light intensity at 660 nm was 9.9 mW cm–2. An aliquot of each solution before and after 

irradiation (20 μL) was loaded onto a ODS3 (150 mm × 2.1 mm) column fitted on a 

Shimadzu LC-MS system, and the eluates were monitored with a UV detector (650 nm). 

MilliQ water containing 0.1% TFA (A) and MeCN containing 0.1% TFA (B) were used 

as developing solvents; 0 min, B 5% → 2 min, B 5% → 3 min, B 20% → 15 min, B 

80% → 17 min, B 80% → 18 min, B 100% → 23 min, 100% → 24 min, B 5% → 

30 min, B 5%.

Calculation of quantum yield of NO release (ΦNO)

A solution of each compound (10 μM) in 100 mM HEPES buffer (pH 7.3, total volume: 

3 mL) containing 0.1% DMSO was placed in a plastic cuvette and irradiated at 660 nm 

(bandwidth: 10 nm) for 1 min with the Xe lamp of a fluorescence spectrometer, RF5300 

(Shimadzu). The amount of NO released was measured with an ISO-NOP (World 

Precision Instruments) and recorded on a LabChart7 (ADInstruments). The ΦNO values 

were calculated with reference to the ΦNO of the previously reported compound 1 

(3.85×10–3).13

Quantum chemical calculation
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All calculations were carried with the Gaussian16 program.23 The optimization of 

minimum energy conical intersection (MECI) was performed using GRRM23.24 The 

molecular structure optimizations were conducted by means of density functional theory 

(DFT) and time-dependent DFT (TD-DFT) calculations with the ω B97X-D and 

UωB97X-D25 functionals using the 6-31G (d,p) basis set.26, 27 In this study, the Gibbs free 

energy was adopted as the basis for discussion. All stationary structures have no 

imaginary frequency.
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Figures and Tables

 
Figure 1 (a) Structure of NORD-2 (1). (b) A plausible mechanism of photoinduced NO 
or NO+ release from PeT-driven caged NOs. (c) NORD-2 derivatives substituted in the 
NO-releasing moiety.
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Scheme 1 Synthetic scheme to obtain 2–7.

Figure 2 Absorbance (solid line) and fluorescence (dashed line) spectra of a solution of 2 
(a), 3 (b), 4 (c), 5 (d), 6 (e), or 7 (f). Each compound (10 μM) was dissolved in HEPES 
buffer (100 mM, pH 7.4, DMSO 0.1%). Maximum absorption wavelength (λmax 　 for 
absorbance), maximum extinction coefficient (εmax), maximum fluorescence wavelength 

NSiN

CHO aniline derivative,
NaBH(OAc)3,
MeCN, AcOH

NSiN

N

X

NaNO2,
AcOH, H2O

NSiN

N

X

NO

8

2 (X = CN)
3 (X = F)
4 (X = Cl)
5 (X = H)
6 (X = Me)
7 (X= NMe2)

9 (X = CN)
10 (X = F)
11 (X = Cl)
12 (X = H)
13 (X = Me)
14 (X = NMe2)

50%–68% 40%–95%
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(λmax 　 for fluorescence), and fluorescence quantum yield (ФF) of each compound are 
shown in the table. The value of 1 was taken from ref. 14.

Figure 3 (a) HPLC peak areas of solutions of 1–7 at each irradiation time. Each compound 
(10 μM) was dissolved in HEPES buffer (100 mM, pH 7.4, DMSO 0.1%). (b) Plot of 
photodecomposition rate constant against Hammet substituent constant (σp). σp of each 

substituent is taken from ref. 16.

Figure 4 (a) Amount of NAT produced in the absence of ascorbic acid. (b) Amount of 
NAT produced in the presence of ascorbic acid. Each compound (10 μM) and sodium 
ascorbate (10 μM) were dissolved in HEPES buffer (100 mM, pH 7.4, DMSO 0.1%).
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Figure 5 (a)–(c) NO release detected by an NO electrode from a 10 μM solution 
(HEPES buffer 100 mM, pH 7.3, DMSO 0.1%) of 1 (a), 2 (b), and 6 (c). (d) Plot of 
photodecomposition rate constant (horizontal axis) against ΦNO (vertical axis) for 1, 2, 
and 6. 
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Figure 6 (a) Excited states of NORD-2 derivatives. (b) Energy diagram of ground state 
and excited states. (c) Energy of each excited state and　CT-MECI of 1–7. Calculation 
was conducted using ωB97XD/6-31G (d,p). (d) GS-MECI of 1 and 7.
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