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ABSTRACT: Stimuli-responsive ruthenium complexes proximal- and distal-[Ru- Stericrepuision ~ HN ¢ HaN
(Ciotpy)(Ciopyqu) OH,]** (proximal-1 and distal-1; Cotpy = 4’-decyloxy- |n HQN) ) qHs
2,2":6',2"-terpyridine and C,gpyqu = 2-[2'-(6’-decyloxy)-pyridyl]quinoline) were | S5 I I at
experimentally studied for adduct formation with a model DNA base. At 303 K, E& \_/ —

proximal-1 exhibited 1:1 adduct formation with 9-ethylguanine (9-EtG) to yield :2@ )

proximal-[Ru(Cyotpy) (Ciopyqu) (9-EtG)]** (proximal-RuEtG). Rotation of the wlt A
guanine ligand on the ruthenium center was sterically hindered by the presence of
an adjacent quinoline moiety at 303 K. Results from 'H NMR measurements H-bonding HaG HN e
indicated that photoirradiation of a proximal-RuEtG solution caused photo- R Pt H'Q: HQ:N)
isomerization to distal-RuEtG, whereas heating of proximal-RuEtG caused ligand /g\fg\b °

substitution to proximal-1. The distal isomer of the aqua complex, distal-1, was

observed to slowly revert to proximal-1 at 303 K. In the presence of 9-EtG, distal-1
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underwent thermal back-isomerization to proximal-1 and adduct formation to distal-

RuEtG. Kinetic analysis of 'H NMR measurements showed that adduct formation between proximal-1 and 9-EtG was 8-fold faster
than that between distal-1 and 9-EtG. This difference may be attributed to intramolecular hydrogen bonding and steric repulsion
between the aqua ligand and the pendant moiety of the bidentate ligand..

1. INTRODUCTION

Stimuli-responsive molecules have been studied extensively for
their numerous potential applications, including a drug-
delivery system,' catalysts,” " molecular recognition,”~” and
functional materials."~"> The key to stimulus responsiveness is
molecular configurational changes (e.g., tautomerization and
cis—trans isomerization). Among various external stimuli, light
is a remote stimulus with high spatiotemporal controllability,
making it applicable to bioactive systems.

Ruthenium complexes with polypyridyl ligands are promis-
ing candidates for the stimuli-responsive molecules.'*™' These
complexes absorb visible light because of the metal-to-ligand
charge-transfer (MLCT) transition, followed by fast relaxation
of singlet excited states to triplet MLCT (*MLCT) states via a
radiationless intersystem crossing.'” The *MLCT excited
states, which have submicrosecond lifetimes, have enabled
applications in photoredox reactions,"®'? artificial photosyn-
thesis,”*™>* and electrochemiluminescence.** The *MLCT
states show radiationless deactivation to ground states by
thermal excitation to triplet metal-centered (*MC) excited
states and photodissociation of the ligand.zs’26 The five-

6,27

coordinated intermediates allow substitution®**’ or isomer-
ization'*~'***73! reactions by coordinating other ligands. The
photosubstitution reaction of the ruthenium complexes has
been widely applied to light-activated metallodrugs®*~*° and
photofunctional materials."*'

© 2023 The Authors. Published by
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We have studied photoresponsive ruthenium aqua com-
plexes with tridentate and asymmetric bidentate ligands.”*~**
The introduction of a substituent near the metal center
enhances the quantum yields of photoisomerization and allows
thermal back isomerization from the distal to proximal
isomer.”* We have reported applications of these stimuli-
responsive complexes to artificial photosynthesis,”*~*" stim-
ulus-responsive giant vesicles,”® host—guest systems."

In this work, we focused on the ruthenium complex,
proximal-[Ru(Cotpy) (Ciopyqu) OH,]** (proximal-1), that
responds to light and thermal stimuli (C,otpy = 4’-decyloxy-
2,2":6’,2"-terpyridine and Copyqu = 2-[2'-(6'-decyloxy)-
pyridyl]quinoline). The complex absorbed visible light and
photoisomerized to distal-1 (Scheme 1)** and thermal back-
isomerized to proximal-1. The introduction of two long alkyl
chains into both the tridentate and bidentate ligands can allow
the immobilization of the molecule in lipid bilayers, which will
have potential application to stimuli-responsive vesicles.”**
Furthermore, the introduction of long alkyl chains is expected
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Scheme 1. Photoisomerization and Thermal Back-Isomerization between proximal-1 and distal-1

proximal-1

distal-1

Scheme 2. Top: Synthetic Route (4 Steps) of C;opyqu Starting from 2-Acetylpyridine*®,

Previous synthetic route of Copyqu
o)

oL
X NH, |
| | me NaOH N
N —_—
o) EtOH N
99 %

This work: 2-step synthetic route of Cgpyqu

(0]
©ka ®
| N NHz I X N/ KOH |
B N/ Me NaOH _N —_—
o) EtOH ; DMSO
85 %

Syntheses of Ru complexes

R 10H21 CioHaf
N~ l/N =
Cl/Rl | TEA, LiCl, EtOH, water

|

proximal-[(C+otpy)(C10pyqu)OH,ICI

55 %

a

® ®
W KOH N
POCl; || |
—— N —_— N
DMSO
! O\Cmsz
33 % ~70 %
S
P
N
N
“CigHa1
78 %
AgNO, C10H21/O
.

Acetone, water

proximal-1
57 %

“Middle: 2-step syntheses of C opyqu in this work starting from 6-bromo-2-acetylpyridine. Bottom: synthetic route for Ru complexes. Adapted in
part with permission from M. Hirahara (2016). Visible-light-induced morphological changes of giant vesicles by photoisomerization of a ruthenium
aqua complex. Chem. Eur. J. 2016, 22, 2590—2594. Copyright 2016 Wiley-VCH GmbH.

to be developed as a metallodrug since lipophilicity of the
complex correlates with cytotoxicity.”””" In this study, we
report an external-stimuli-controlled ligand substitution
reaction with a motif of a DNA structure. The binding studies
of ruthenium complexes with simple model bases have
attracted much attention because of their potential application

)

in anticancer reagents.””*” Although photoresponsive ruthe-

nium complexes for photoactivated chemotherapy have been
32-40,54—60
reported by many groups,

cule-based ligand substitution reaction targeting DNA model

photoresp onsive-mole-

bases has not been reported so far. Herein, we selected 9-
ethylguanine and 9-methyladenine as base molecules, which
have been reported to form a 1:1 or 1:2 adduct with ruthenium
complexes.’”*'** Studies on NMR and UV—vis spectroscopy
indicate that proximal-1 exhibits ligand substitution with 9-
ethylguanine in mixed aqueous solutions. The kinetic analysis
revealed that the rate constant for the adduct formation in
proximal-1 is much faster than that in distal-1 with 1 order of

magnitude. Structural differences in the near reaction centers
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of proximal- 1 and distal-1 are presumed to be the cause of the
difference in the rate constants.

2. EXPERIMENTAL SECTION

2.1. Materials. 4'-decyloxy-2,2":6’,2"-terpyridine
(Ciotpy),® [Ru(Ciotpy) CL1,* and proximal-[Ru(C,tpy)-
(Cypyqu) OH,](NO;), (C,tpy = 4'-ethoxy-2,2':6,2"-terpyr-
idine; C,pyqu = 2-(2/-(6'-ethoxy)-pyridyl) quinoline)*” were
prepared according to a reported procedure. 2-(2'-(6'-
Decyloxy)-pyridyl) quinoline (C,opyqu) was obtained from
2-(2’-(6’-bromo)-pyridyl) quinoline, which was obtained by a
modified synthetic method from 2-aminobenzaldehyde and 2-
acetyl-6-bromopyridine (Scheme 2). 9-Ethylguanine and 9-
methyladenine were purchased from BLD Pharmatech Ltd. All
other reagents were purchased and used without further
purification. For binding studies with 9-EtG or 9-methyl-
adenine, the nitrate salt of Ru complex, proximal-[Ru(C,tpy)-
(C,pyqu) OH,](NO;), (n = 2, 10), was used.

2.2. Synthesis of Bidentate Ligands and Ruthenium
Complexes. 2.2.1. 2-(2'-(6’-Bromo)-pyridyl) Quinoline. 2-
Aminobenzaldehyde (0.620 g, 5.1 mmol), 2-acetyl-6-bromo-
pyridine (1.03 g, 5.2 mmol), and NaOH (0.629 g, 15.7 mmol)
were added to a 200 mL round-bottom flask equipped with a
stirring bar, and the reaction mixture was refluxed for 3 h. The
reaction mixture was allowed to cool at room temperature,
followed by adding 50 mL of water. The yellow precipitate was
collected on a frit and washed with 20 mL of water. The yield
was 0.896 g (61%). The filtrate was left at room temperature to
give a second crop of the product (0.346 g, 24%). The
precipitate was collected on a frit and dried under vacuum. The
total yield was 1.242 g (85%). Both crops were spectroscopi-
cally identical. Anal. Caled for 2-(2’-(6’-bromo)-pyridyl)
quinoline, C;3HgBrN3: C, 54.57; H, 2.82; N, 14.69. Found:
C, 54.41; H, 2.50; N, 14.50. '"H NMR (400 MHz, CDCL): &
8.64 (d, ] = 7.7 Hz, 1H), 8.55 (d, ] = 8.6 Hz, 1H), 828 (d, ] =
8.6 Hz, 1H), 8.15 (d, J = 8.5 Hz, 1H), 7.86 (d, ] = 8.4 Hz, 1H),
7.69—7.77 (m, 2H), 7.51—7.61 (m, 2H). *C NMR (101 MHz,
CDCLy): &: 157.59, 154.58, 147.93, 141.64, 139.34, 137.05,
129.91, 129.83, 128.55, 128.44, 127.78, 127.19, 120.56, 119.14.

2.2.2. Modified Synthesis of 2-(2'-(6'-Decyloxy)-pyridyl)
Quinoline (C,gpyqu). 2-(2’-(6'-Bromo)-pyridyl) quinoline
(0.523 g, 1.85 mmol), 1-decanol (5.29 g, 33.4 mmol), KOH
(3.06 g, 55.6 mmol), and DMSO (35 mL) were added to a 200
mL round-bottom flask with a stirring bar. The reaction
mixture was heated to 80 °C for 20 h and then cooled to room
temperature. Half of the yellow solution was transferred to a
500 mL separate funnel with deionized water (100 mL). The
organic layer was thoroughly extracted with hexane (50 mL X
S). The other half of the sample was also extracted with hexane
(50 mL X S). The combined organic layers (ca. S00 mL) were
evaporated to give a yellow oil with a yield of 5.26 g. The oil
contained significant amounts of 1-decanol (C,opyqu/1-
decanol = 1:21) according to the peak integrals in the 'H
NMR spectrum. The mixture was used in the next reaction
without removing excess 1-decanol. The product yield was
estimated to be 78% from the apparent molecular weight of the
product (app. MW = 3640 g/mol).®* 'H NMR (300 MHz,
CDCL): 6 8.54 (d, ] = 8.6 Hz, 1H), 8.21-8.29 (d, 2H), 8.16
(d,] = 8.3 Hz, 1H), 7.85 (dd, J = 8.0, 1.5 Hz, 1H), 7.67—7.79
(m, 2H), 7.49—7.58 (m, 1H), 6.81 (dd, J = 8.2, 0.8 Hz, 1H),
447 (t, ] = 6.7 Hz, 2H), 1.84 (2H, overlapping with 1-
decanol), 0.61—1.71 (m, overlapping with 1-decanol).

2.2.3. Modified Synthesis of proximal-[Ru(C,ytpy)-
(Ciopyqu) ClICI. [Ru(Ciotpy) Cl;] (851 mg, 1.45 mmol),
LiCl (645 mg), triethylamine (0.635 g), EtOH (109 mL), and
water (36 mL) were added to a 200 mL round-bottom flask
with a mixture of C,opyqu and 1-decanol (5.26 g, C,opyqu/1-
decanol = 1:21). The mixture was refluxed for 2 days, and the
progress of the reaction was monitored by thin-layered
chromatography (eluent/methanol and ethyl acetate, 1:8, v/
v). The purple spot representing the product appeared at R; =
0.2, whereas a red spot representing the byproduct [Ru-
(Ciotpy),)** appeared at R; = 0.05. After the reaction, the
mixture was evaporated to give a purple oil, and ether was
added until a purple precipitate formed. The suspension was
collected on a glass frit and dried under vacuum. The crude
product (1.4 g) was transferred to a 200 mL Erlenmeyer flask,
and acetone (S0 mL) was added. The suspension was
sonicated for 1 min and left for S min. After decantation, the
purple supernatant was transferred to a beaker. Additional
acetone (50 mL) was added to the remaining solid and
sonicated. The same decantation process was repeated three
times. The combined acetone extracts were evaporated to
dryness. The yield was 0.711 g (55.3%). 'H NMR of the
product contained small amounts of impurities that may have
been derived from distal-[Ru(C,,tpy)(C,opyqu) CI]CL but it
was used in the next reaction without further purification.

2.2.4. proximal-[Ru(C,tpy)(C;opyqu) OH,](NOs), (prox-
imal-[1](NO5),). proximal-[Ru(C,otpy)(C,opyqu) ClICl (679
mg, 0.735 mmol), 0.1 M AgNO; (32 mL, 3.2 mmol), acetone
(65 mL), and water (21 mL) were added to a 200 mL flask.
The mixture was refluxed overnight and filtered through Celite.
Saturated aqueous solution of NaNO; (0.2 mL) was added to
the filtrate, and the solution was evaporated until a purple solid
was precipitated. The solid was collected on a frit and washed
with deionized water. Yield 451 mg (56.7%). "H NMR and ESI
MS spectra of the product showed good agreement with that
reported previously.*®

2.2.5. Isolation of proximal-[Ru(C,,tpy)(C,,pyqu)(9-
ethylguanine)](PFy), (proximal-[RUEtG](PFg),). 9-Ethylgua-
nine (10.8 mg, 0.060 mmol) and proximal-[1](NO;), (10.0
mg, 0.010 mmol), TFE (0.016 mL), methanol (1.3 mL), and
water (0.60 mL) were added in a 20 mL glass vial. The mixture
was stirred for 2 days at room temperature. A saturated
aqueous solution of NH,PF,; (~0.1 mL) was added to the
solution, and the solution was stirred for 1 h. The solid was
collected on a glass frit and washed with minimum amount of
water. The yield was 8.9 mg (64%). 'H NMR (400 MHz,
acetone-dy): 6 8.97—8.78 (m, 3H), 8.67 (s, 1H), 849 (d, ] =
8.1 Hz, 1H), 8.43 (d, J = 5.5 Hz, 1H), 8.29 (d, ] = 8.1 Hz, 1H),
826 (s, 1H), 8.22—8.15 (m, 2H), 8.04 (d, J = 6.3 Hz, 1H),
7.93 (t, ] = 8.2 Hz, 1H), 7.82 (t, ] = 8.2 Hz, 1H), 7.76 (d, ] =
8.9 Hz, 1H), 7.62 (t, ] = 7.6 Hz, 1H), 7.49 (t, ] = 6.5 Hz, 1H),
7.34—7.25 (m, 2H), 7.21 (t, ] = 6.5 Hz, 1H), 6.85 (d, ] = 8.4
Hz, 1H), 6.09 (s broad, 1H). ESI MS of proximal-
[RuEtG](PFg), (solvent: H,0/methanol/TFE = 70/50/2,
v/v/v) m/z (caled): 51631 (51622, [M — 2(PF¢)]*).
Elemental analysis was not measured since the product
contains ~10% of proximal-1 according to the integration of
peaks in the 'H NMR spectrum.

2.3. Measurements. 'H NMR spectra were recorded on a
JEOL 400 or Varian 270 MHz spectrometer. '"H NMR spectra
were referenced by using the residual proton signal of CD;0D
as an internal standard. The residual HDO peak was
presaturated to improve the S/N ratio. Visible-light irradiation

https://doi.org/10.1021/acsomega.3c05343
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of NMR samples for at least 90 min was performed using a
halogen lamp (MegalLight 100 V, >390 nm, 19 mW cm™?). All
NMR data were analyzed using MestReNova, and kinetic
traces were fitted using Copasi software.

Absorption spectra were recorded with a Hitachi U2910
spectrophotometer equipped with a temperature controller.
The sample solution in the cuvette was irradiated with
collimated light (F220SMA-A, Thotlab, ¢) = ~5 mm) from the
top of the solution. The collimator was connected to a blue
LED (M470F3, Thorlab, 14 mW cm™2) and an LED controller
(DC2200, Thorlab) through optical fibers (¢p = 400 um,
SMA—SMA fiber, Thorlab). For time-course experiments,
initiation of the measurement and LED-light irradiation were
triggered by Microsoft power automate. Absorptlon spectra
were analyzed with Spectragryph software® and plotted with
Origin 2020b (OriginLab Corp., Northampton, MA, USA).
Electrospray ionization time-of-flight mass spectra were
obtained for a mixed aqueous solution of the complexes
using a JEOL JMS-T100CS.

3. RESULTS AND DISCUSSION

3.1. Absorption Spectral Changes of proximal-1 in
the Presence of 9-Ethylguanine. The adduct formation
reaction was studied by mixing an aqueous solution of the
ruthenium aqua complex (proximal-1, 29 uM) and 570 uM 9-
ethylguanine (9-EtG) at 303 K in the dark. The substitution
reactions of proximal-1 with the base molecule can be

expressed by eq 1

proximal—[(C,,tpy) (C,,pq) OH,** + 9—ethylguanine
proximal — 1 9—EtG

[(Ciotpy)(C1opq) (9 — EtG)** + H,0
proximal —RuEtG
(1)

Absorption spectra and kinetic traces at 550 nm during the
reaction are depicted in Figure 1. The MLCT band at 521 nm
decreased, while a new absorption band appeared at $12 nm
with an isosbestic point at 516 nm, and the kinetic traces were
fitted with a single exponential curve (Figure 1B). In the
presence of 570 uM of 9-EtG, the pseudo-first-order rate
constant8 k,, was determined to be 1.91 + 0.06 X 10™*s™%. As
the concentration of 9-EtG increased, k,, increased linearly
(Figure 1D). In the presence of excess 9-EtG, second-order
rate constants k; (for the adduct formation) and k_; (for the
reverse aquation reaction) were derived from the plot of kq, vs
[9-EtG] as expressed by eq 2

k= k[9 — BtG] + k_, @)

2 proximal —

The second-order rate constant (k;) for the adduct
formation and a rate constant for backward reaction (k_;)
were estimated to be 1.7 £ 02 X 107 M ' s !and 8 + 3 X
107 s7' at 303 K from the slope of the plot (Figure 1D),
respectively. The same reaction was examined by adding 9-
methyladenine; however, no spectral changes in UV—vis
spectra were observed after 24 h (Figure S1). ESI-MS spectra
after the adduct formation with 9-EtG showed a peak at 516.3
m/z (Figure 2) derived from the dicationic ruthenium
complex, which is in good agreement with the isotope pattern
of [Ru(Cotpy)(Ciopyqu)(9-EtG)]**. A dicationic peak
corresponding to [Ru(C,otpy)(C,opq)]** (m/z = 426.7) was
observed as a minor peak, indicating that the adduct with 9-
EtG is the major species formed in the reaction (Figure 2).
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Figure 1. (A) Absorption spectral changes of proximal-1 (29 uM) in
the presence of 9-EtG (570 uM, 20 equiv) at 303 K. Solvent: H,0/
CH,0H/2,2,2-trifluoroethanol (TFE) = 70:50:2, v/v/v. (B)
Absorbance changes at 550 nm (black dot) during the reaction and
fitting curve (solid line) based on the pseudo-first-order reaction
model. (C) Residual plots for the fitting curve. (D) Concentration
dependency of the observed rate constants (k) for the ligand
substitution reaction of proximal-1 with 9-EtG at 303 K.
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Figure 2. ESI-MS spectra of [Ru(C,otpy)(C,opq)(9-EtG)]*
Conditions: proximal-1 (0.1 mM) and 9-ethylguanine (2 mM) in
mixed solvents (H,O/methanol/TFE = 70/50/2, v/v/v). The sample
solution was left at room temperature in the dark for 24 h to complete
the ligand substitution reaction. Peaks at 381.20 and 739.40 m/z
correspond to the ionized species of [(9-EtG), + Na]* and [(9-EtG),
+ Na]*, respectively. Inset: observed spectra at 516 m/z and
calculated isotope pattern of [Ru(C;otpy)(C;opq)(9-EtG)]*.

Similar kinetic measurements were performed using proximal-
[Ru(C,tpy)(C,pyqu)(OH,)]*" and 570 uM 9-EtG (Figure
S2). The observed rate constant for adduct formation was
estimated to be 1.78 + 0.03 X 107* 57}, indicating that the
length of the alkyl chains does not affect adduct formation.
3.2. '"H NMR Studies of the Adduct Formation
between proximal-1 and 9-EtG. 'H NMR spectra of a
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Figure 3. "H NMR spectra of (A) proximal-1 (B) 10 min after mixing proximal-1 (1 mM) with 9-EtG (S mM) and (C) proximal-1 and 9-EtG after
incubation for 1 day. Peaks associated with proximal-1 at 6.64 ppm and proximal-RuEtG at 6.93 ppm are colored gray and red, respectively. In (C),
peaks corresponding to aromatic protons of C,otpy of proximal-RuEtG are highlighted with yellow. Solvent: D,0/CD;0D/2,2,2-trifluoroethanol
(TFE) = 70:50:2, v/v/v. The singlet at 7.8 ppm corresponds to the C—H proton of the free 9-EtG.

mixed aqueous solution of proximal-1 (1 mM) and 9-EtG (S
mM) are shown in Figure 3. 10 min after mixing the two
reagents, a singlet peak at 6.93 ppm appeared, and the peak
intensity increased during the reaction (Figure 3B,C). After
incubation at 303 K for 1 day, the peak corresponding to
proximal-1 became very weak, and new peaks were observed,
including a singlet peak for one proton at 6.93 ppm. According
to '"H—"H COSY measurements (Figure S3), this singlet peak
was identified as the aromatic C—H proton of 9-EtG. The 'H
NMR spectrum of proximal-1 and 9-EtG after 1 day of
incubation yielded peaks of the product, a singlet peak from
unreacted 9-EtG (Figure 3C), and proximal-1 as a minor
component, which is consistent with the ESI-MS spectral
results (Figure 2). The above results support the formation of
the adduct from proximal-1 to proximal-[Ru(C,otpy)(Cyepq)-
(9-EtG)]** (proximal-RuEtG). Chemical shifts of protons at
position 8 in free 9-EtG (7.78 ppm) shifted by 0.86 ppm after
the adduct formation. This large shift may indicate the
coordination with N7 nitrogen to the Ru center. NOESY and
ROESY spectra were taken to observe the correlation with the
C—H proton o-f 9-EtG with the bidentate ligand. However, no
correlation was observed due to the limitations of solubility of
the complex. Fitting the kinetic traces in Figure 4 based on
reaction eq 2 gave rate constants of k; (1.56 + 0.03 X 107!
M s7!) and k_; (1.7 + 0.1 X 107* s7'), respectively. These
kinetic constants have good agreement with the values
obtained from UV—vis absorption spectra measurements (k;
=1.7+02%x 10" M 's'andk; =8 +£3 X 1075 s7!). The
ratio of proximal-1 and proximal-RuEtG was 82:18 according
to the integration of peaks at 6.93 (proximal-RuEtG) and
6.63—6.72 (proximal-1 and proximal-RuEtG) ppm. The
equilibrium constant (K = [proximal-RuEtG]/([proximal-
1][9-EtG])) was estimated to be 1.24 + 0.18 x 10° M™*
based on the integration of the peak at four concentrations of
9-EtG (1.4, 2.7, 3.8, and 5.0 mM).

In the 'H NMR spectrum of the product, proximal-RuEtG,
protons of C,otpy were characterized by "H—"H COSY spectra
(Figure S3) in the presence of S mM of 9-EtG. Peaks of
aromatic C—H proton of Cgtpy appeared asymmetrically
(Figure 3C), which is contrastive to C,, symmetric aromatic
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Figure 4. Kinetic traces of proximal-1 (1 mM) during the substitution
reaction with 5 mM 9-EtG at 303 K. Red: proximal-RuEtG; black:
proximal-1. The concentrations of the complexes were calculated by
integrating peaks at 6.92 ppm (proximal-RuEtG) and 6.63—6.70 ppm
(proximal-1 and proximal-RuEtG).

protons of C,tpy in proximal-1. The isolated salt of proximal-
RuEtG also showed asymmetric terpyridine peaks in d-acetone
(Figure S4). The multiplicity of the peak arises from the two
side pyridine rings of C,,tpy being inequivalent to each other.
The asymmetry of the tridentate ligand indicates that rotation
of 9-EtG along the axial axis is prevented at this temperature,
which contrasts with the reported free rotation of 9-EtG in a
ruthenium complex with tridentate and bidentate ligands.>*
VT-NMR spectra (303—333 K) showed no spectral change
with respect to the symmetry of the C,,tpy ligand. Instead, the
peaks corresponding to proximal-1 increased in intensity,
indicating a thermal reverse substitution reaction from
proximal-RuEtG to proximal-1 (Figure S5).

3.3. Adduct Formation between distal-1 and 9-EtG.
The ligand substitution reactions were investigated after light
irradiation of mixed aqueous solutions of the ruthenium aqua
complexes. As reported previously, proximal-1 photoisomerizes
to distal-1 to yield a mixture of the two isomers in the
photostationary state. Furthermore, 'H NMR measurements
have shown that distal-1 undergoes thermal back-isomerization
to proximal-1 at ambient temperature.'”*® Absorption spectra
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Figure 6. "H NMR spectral changes during the substitution reaction of proximal-1 and distal-1 with 9-EtG in the dark at 303 K. (A) Proximal-1 and
distal-1 in the photostationary state. (B) Proximal-1 and distal-1 (1 mM) after 1S min of mixing with 9-EtG (5 mM). (C) Proximal-1 and distal-1
after 4 h of mixing with 9-EtG. (D) Proximal-RuEtG. Solvent: D,0/CD;OD/TFE = 70:50:2, v/v/v.

during the thermal back-reaction using an aqueous solution of
proximal-1 and distal-1 in the photostationary state are shown
in Figure S6. The observed rate constant for spectral changes is
3.96 + 0.03x 10~° s7, which is near-identical to the value
obtained from 'H NMR spectroscopy'” (4.0 X 107> s™') at the
same temperature (303 K).

We then reacted the mixture of proximal-1 and distal-1 with
9-EtG, and the progress of the reaction was monitored by
UV—vis spectroscopy (Figure 5). Kinetic traces, Figure SB,
were well-fitted with double exponential curves, with rate
constants determined as 4.6 + 1.1 X 10™*and 5.6 + 0.1 X 107°
s Detailed kinetics were not distinguishable because this
reaction system contained two ligand substitution reactions
and a thermal back-isomerization reaction, with each complex
yielding a similar absorption profile.

"H NMR spectra were recorded for the reaction of proximal-
and distal-1 with 9-EtG, as depicted in Figure 6. The mixture of
the isomers was prepared in situ by light irradiation to
proximal-1 prior to measurement. At 15 min after mixing, the
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doublet peak of distal-1 at 6.92 ppm and the singlet peak of
proximal-RuEtG are observed to be in partial overlap (Figure
6B). This distal-1-derived peak was essentially absent after 4 h.
In the 'H NMR spectrum after 4 h of mixing with 9-EtG, a
doublet peak at 8.90 ppm and a singlet peak at 6.60 ppm were
observed as a minor component, and these peaks were also
observed after light irradiation of a proximal-RuEtG solution.
These results indicate that the newly appearing peaks arise
from distal-RuEtG. The singlet at 6.6 ppm after 4 h of mixing
with 9-EtG (Figure 6C) was characterized as the C—H proton
on the coordinated 9-EtG of distal-RuEtG. The thermal
isomerization reaction between 9-EtG adducts (proximal-
RuEtG and distal-RuEtG) can be considered negligible since
no distal-RuEtG-derived peaks appeared after incubation of the
solution of proximal-RuEtG (Figure S5).

The concentrations of the four complexes were calculated by
integrating peaks at 8.90, 8.80, 6.92, and 6.70 ppm in Figure 6.
In each measurement, the total concentration of the complexes
was approximately constant. Integrating peaks at 6.62 and 6.92
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ppm gave a proximal-1/distal-1 ratio of 45:55 before mixing
with 9-EtG. After 4 h of mixing with 9-EtG, the proximal-
RuEtG/distal- RuEtG ratio was 78:22 (Figure 7), indicating

o
e
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o
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time / 10° sec

Figure 7. Kinetic traces of proximal-1 and distal-1 (total
concentration: 1 mM) during the substitution reaction with 9-EtG
(S mM) at 303 K. Red: proximal-RuEtG; blue: distal-RuEtG;
magenta: distal-1; black: proximal-1. The concentration of each
complex was calculated based on the integration of peaks at 8.90 ppm
(distal- RuEtG), 8.80 ppm (proximal-1), 6.92 ppm (distal-1 and
proximal-RuEtG), and 6.63—6.70 ppm (proximal-1, proximal-RuEtG
and distal-RuEtG). The solid lines are simulated curves according to
first-order kinetics based on ligand substitution (proximal-1 to
proximal-RuEtG, distal-1 to distal-RuEtG) and thermal isomerization
(distal-1 to proximal-1) reactions.

that thermal back-isomerization from distal-1 to proximal-1
was occurring in the reaction. The kinetic traces in Figure 7

were analyzed based on the reaction model shown in Scheme

3; formation of the two guanine adducts (proximal-1 to
proximal-RuEtG and distal-1 to distal-RuEtG) and thermal
back-isomerization (distal-1 to proximal-1). Fitting the kinetic
traces (solid lines in Figure 7) based on the model in Scheme 3
showed good agreement with experimental data (dotted plots
in Figure 7). The second-order rate constants of the adduct
formation were estimated to be 1.47 + 0.07 X 10~ and 1.74 +
0.07 X 107> M™" s7" for proximal-1 to proximal-RuEtG and
distal-1 to distal-RuEtG, respectively. The rate constant for
thermal back-isomerization was estimated to be 1.46 + 0.06 X
107* s7'. The traces were also examined to fit with the
reversible adduct formation model in a similar manner to the
kinetic analysis for adduct formation between proximal-1 and
9-EtG. However, the kinetic constants for the reverse reaction
were not obtained. This may be due to the difficulty of the
lower concentrations of free ruthenium aqua complexes whose
concentrations are less than 0.05 mM under the conditions
employed. The adduct formation reaction was examined
proximal-/and distal-1 with 9-methyladenine, but only thermal
back-isomerization of the aqua complex was observed (Figure
S7).

3.3.1. Difference in Reactivity between Isomers in Adduct
Formation. The observed rate constants for the two adduct
formation reactions with 9-EtG differed by an order of
magnitude between the isomers. This major difference
between the two isomers may be attributed to the steric
hindrance and intramolecular hydrogen bonding between the
aqua ligand and the bidentate ligand, as shown in the model in
Scheme 3. We have reported previously the crystal structures
of similar complexes, proximal-[Ru(C,tpy)(C,pyqu) OH,]*
and distal-[Ru(C,tpy)(C,pyqu) OH,]*, with shorter alkyl

Scheme 3. Binding Reactions with 9-EtG for the Stimuli-Responsive Ruthenium Complexes proximal-1 and distal-1°

Steric repulsion

H\C';'}) (ﬁ_,

Intramolecular H-bonding

Hb/H'I"’ O/C10H21
=

distal-1

2+

distal-RuUEtG

“The insets show steric repulsion between the aqua ligand and quinoline moiety in proximal-1 and intramolecular hydrogen bonding between the

aqua ligand and alkoxy unit in distal-1.
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Figure 8. 'H NMR spectra of (A) proximal-RuEtG, (B) proximal- and distal-RuEtG, and (C) proximal-RuEtG after visible light irradiation for 16
h. Representative peaks of distal-RuEtG are highlighted as yellow. Solvent: D,0/CD;OD/TFE = 70:50:2, v/v/v.

chains than proximal-1."" The aqua ligand displayed steric
repulsion between the aqua ligand quinoline moiety in
proximal-[Ru(C,tpy)(C,pyqu) OH,]** where the dihedral
angle of the O—Ru—N-C is 24.6(2)° and the distance
between the aqua ligand and C8 quinoline carbon is 3.114(7)
A. In contrast, distal-[Ru(C,tpy)(C,pyqu) OH,]*" exhibited
intramolecular hydrogen bonding with the oxygen atom of the
ethoxy substituent, where the O1--O3 distance is 2.640(3) A
and the O3—N4—Rul—-O1 torsion angle is 14.91(12)°.
Therefore, steric repulsion in proximal-1 (Scheme 3) may
have caused a faster ligand substitution reaction than that in
distal-1. Increases in the reaction rate of ligand substitution
reactions by steric hindrance between ligands have been
reported previously in ruthenium complexes with bulky
bidentate ligands.””®” Our previous studies have also shown
that the presence of steric hindrance at the quinoline moiety
causes the rate of the aquation reaction to differ by 3 orders of
magnitude between proximal- and distal-[Ru(tpy)(pyqu)
OH, > %

3.3.2. Photochemical Reactions of proximal-RuEtG. Light
irradiation of a proximal-RuEtG (Figure 8A) solution caused a
decrease in the intensity of the doublet peak at 6.69 ppm and
the appearance of a singlet peak at 6.65 ppm and a doublet
peak at 8.90 ppm (Figure 8C, highlighted with yellow). These
new peaks were also observed in the mixture of proximal- and
distal-RuEtG (Figure 8B). The minor peak at 6.90 ppm in
Figure 8C coincides with the peak of distal-1. The above
spectral changes suggest formation of distal-RuEtG from
proximal-RuEtG. In this reaction, distal-RuEtG is supposed to
be obtained by (1) the photodissociation of 9-EtG to give
proximal-1, (2) the photoisomerization from proximal-1 to
distal-1, and then (3) the formation of adduct with 9-EtG.

4. CONCLUSIONS

In summary, we have demonstrated substitution reactions of
stimuli-responsive metal complexes with the partial structure of
a DNA base. The proximal-1 complex formed an adduct in the
presence of 9-EtG, as confirmed by 'H NMR, UV—vis, and MS
analyses. The proximal adduct underwent an isomerization
reaction to give the distal adduct under visible light irradiation.
The metastable complex, distal-1, showed both thermal back-
isomerization to original proximal-1 and adduct formation with
9-EtG at 303 K. Kinetic analysis of the reaction indicated
differences in adduct formation between proximal-1 and distal-
1, with 1 order of magnitude. This large difference may arise

from steric hindrance and intramolecular hydrogen bonding
between a monodentate ligand and a bidentate ligand. The
stimuli-responsive nature of the substitution reaction with a
model DNA base opens the way to the design of external-
stimuli-triggered materials and metallodrugs. The immobiliza-
tion of the amphiphilic ruthenium complexes to the vesicle,
which could lead to the photoresponsive and bioactive vesicles,
is currently under study.
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