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ABSTRACT
A series of bis-diimine rhenium(I) complexes Re(NN1-OMe)−Re(NN3-OMe), containing neocuproine and methyl [2-(pyridin-2-

yl)quinoline-4-carboxylate (NN1), methyl [2,2 0-biquinoline]-4-carboxylate (NN2), dimethyl [2,2 0-biquinoline]−4,4 0-dicarboxylate
(NN3) was synthesized and characterized. Utilization of the asymmetric NN1 and NN2 ligands affords two types of structural

isomers, which were isolated and structurally studied by X-ray diffraction analysis in the solid state. 1H-1H COSY and NOESY

NMR experiments confirmed preservation of the structural patterns in liquid media for the complexes under study. Alkaline hydro-

lysis of the ester groups in the NN# diimine ligands was performed to give the Re(NN1-OK)−Re(NN3-OK) complexes exhibiting

higher water solubility that made possible to use them in biological experiments. In MeOH and aqueous media, the complexes

display NIR absorption with a long wavelength band at ca. 715 nm extended up to 850 nm in the case of both forms of

Re(NN3)-OX. The Re(NN3-OK) complex demonstrated stable photoacoustic signal in oxygenated blood phantoms and showed

no significant toxicity with the cell viability above 80% even at concentrations of 1mM in cell experiments with CHO-K1 cell line.

1 | Introduction

Photoacoustic or optoacoustic imaging is a hybrid modality, com-
bining the high molecular specificity of optical imaging with the
superior spatial resolution and penetration depth of ultrasound
for various biomedical applications [1]. Endogenous (intrinsic)
chromophores like hemoglobin, water and melanin provide nat-
ural contrast for PAI, however, they show considerable tissue
background noise, limited visualization depth, and restricted
imaging site selection [2]. The development of exogenous con-
trast agents has become crucial for expanding the technique’s
applications, allowing for greater detection sensitivity particu-
larly in the transparent near-infrared (NIR) window (700–
1700 nm), and enabling conjugation with targeting molecules [3].

Current NIR photoacoustic contrast agents can be broadly catego-
rized into several classes: small organicmolecules, inorganic nano-
particles, organic nanoparticles and emerging molecular

complexes [4]. Small organic dyes, such as indocyanine green
(ICG)—the first FDA-approved NIR contrast agent [5] are biocom-
patible and easily eliminated from the body, but these chromo-
phores obviously suffer from rapid photobleaching, nonspecific
binding, uncontrolled aggregation, and limited ability for function-
alization/vectorization [6]. On the contrary, gold-based nanostruc-
tures including nanorods and nanoshells offer enhanced
photostability and surface plasmon resonance tuning [7] whereas
carbon nanotubes and other carbon-based nanomaterials demon-
strate exceptional NIR absorption and can be used as a theranostic
platform [8]. However, these inorganic nanoparticles face chal-
lenges with potential toxicity concerns, damage to the cardiovas-
cular and respiratory systems, and inflammatory responses [9, 10].

Recent advances have focused on metal-based complexes as a
promising alternative to nanoparticles, enhancing permeability
in tissue and clearance from the body. Due to their molecular
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nature, these compounds could be easily modified towards the
development of agents with tailored photophysical and pharma-
cological properties [11]. However, metal-based complexes suf-
fers from low light absorption in NIR, and only a few studies
reported on some progress aimed at overcoming of this problem
for their applications in deep PAI [12].

The development of “smart” photoacoustic probes that can
simultaneously provide anatomical contrast and report on local
biochemical conditions (e.g., pH, enzyme activity, or redox sta-
tus) represents a particularly urgent need in the field [13, 14]. For
instance, tumor microenvironments are characterized by acidic
extracellular pH (6.5–7.0) compared to normal tissues (7.2–7.4)
[15], generating a demand for pH-responsive contrast agents that
could improve tumor delineation [16].

In this context, we report on the design and synthesis of a series of
novel water-soluble rhenium(I) complexes that addresses these crit-
ical needs. It was shown that rational design of ligand environment
allows for obtaining the complexes (Re(NN3-#)) that exhibits: (1)
strong NIR absorption centered at 715 nm, (2) excellent aqueous
solubility (>10mM) without requiring formulation aids, (3) a very
low toxicity in preliminary cell studies (CC50> 1000 μM), and (4)
modular ligand architecture, which enables a straightforward con-
version into environment-sensing chromophores, as demonstrated
by their pH-responsive PA behavior. It is obvious that photoacous-
tic imaging (PAI) contrast agents require substantial light absorp-
tion in the NIR region. Carbonyl complexes of rhenium(I) with
diimine ligands typically demonstrate S0 → S1 absorption of the
1MLCT type, the energy of which could be tuned by modification
of coordinated diimine, e.g. by expansion of aromatic system and
insertion of electron-withdrawing substituents into the diimines. In
our previous publication [17], we showed that the mixed-ligand bis-
diimine rhenium(I) complexes with the ligands containing quino-
line fragment display absorption in the region of ca. 600–700 nm. In
the current study we used the ligands containing quinoline moiety
with electron-withdrawing ester group: methyl 2-(pyridin-2-yl)
quinoline-4-carboxylate (NN1), methyl [2,2 0-biquinoline]-4-carbox-
ylate (NN2), dimethyl [2,2 0-biquinoline]−4,4 0-dicarboxylate (NN3),
to synthesize the rhenium(I) complexes. It is also important to note
that the ester group can be easily hydrolyzed to carboxyl group,
which can improve the solubility of the complexes in water, as this
is one of the major requirements for practical applications in
biological systems. Cellular experiments with Chinese hamster
ovary (CHO-K1) cells also demonstrated the biocompatibility of
the hydrolyzed Re(NN3-OK) complex. Through comprehensive
phantom studies, it was shown that this complex displays signifi-
cantly enhanced photoacoustic contrast compared to endogenous
absorbers while maintaining excellent stability. The obtained
results establish the Re(I) complexes as a promising platform for
developing multifunctional photoacoustic agents that combine
imaging performance with sensing capabilities.

2 | Results and Discussion

2.1 | Synthesis and Characterization

The Re(NN#-OMe) complexes were synthesized according to
the published procedure [17], see Scheme 1. The use of the asym-
metric NN1 and NN2 ligands made possible isolation of two types
of structural isomers for the complexes containing these ligands.

The isomers where the methylquinoline-4-carboxylate fragment
is in trans position to a carbonyl ligand are denoted “a”, and the
isomers with the same fragment in cis position to the both car-
bonyl ligands are denoted “b” (Scheme 1). The overall yields of
the reactions are quite high, but the ratio of a/b isomers varies
depending on the ligand. In the case of NN1 the main product is
isomer “a” (yield 70%), while for NN2 the yields of both isomers
are almost equal. We suggest that one of the driving forces in
formation of the final compound is intramolecular π···π interac-
tion [18] of incoming diimine with neocuproine ligand that has
been illustrated by solid state structural data, vide infra. From
this point of view, the variations in the ratio of obtained isomers
can be explained by the difference in the properties of the aro-
matic system of the second diimine. Indeed, for the complexes
with the NN1 ligand, the “a” isomer dominates because the larger
methylquinoline-4-carboxylate moiety interacts more effectively
with the aromatic system of neocuproine compared to smaller
pyridine fragment, while in the case of NN2 the quinoline
and methylquinoline-4-carboxylate moieties are almost equiva-
lent in this respect.

The hydrolyzed Re(NN#-OK) complexes were prepared by heat-
ing the parent compounds in methanol solution in the presence
of potassium carbonate at 40°C for 12 h. In the case of a/b-
Re(NN1-OMe) complexes, we isolated the corresponding a/b-
Re(NN1-OK) isomers in good yields, while in the case of a/
b-Re(NN2-OMe), the hydrolysis gave a mixture of isomers
regardless of which isomer “a” or “b” was used as the starting
compound. This behavior indicate that free energies of the a/
b-Re(NN2-OK) isomers are close each other and the isomeriza-
tion energy barrier is relatively low.

Solid state structures of the a/b-Re(NN1-OMe) isomers were
determined by X-ray diffraction (XRD) analysis (Figure 1, Tables
S1 and S2, Figures S1 and S2). According to the data obtained
the rhenium centers adopt distorted octahedral geometry due to
the presence of intramolecular π···π interaction between the aro-
matic systems of coordinated diimine ligands. In both cases two
optical isomers present in the solid state (Figure S1). In the case
of b-Re(NN1-OMe), only one (pyridine) ring is involved in π-
stacking, whereas in a-Re(NN1-OMe) both condensed rings of
the methylquinoline-4-carboxylate fragment are involved in the
interaction. The distances between centroids of the interacting aro-
matic rings in the isomers are within 3.9–4.0 Å, which indicate
strong interaction [19]. The bond lengths and angles in the studied
complexes (Table S2) fall in the ranges characteristic of (bis)diimine
rhenium carbonyl compounds [17, 20]. The packing of the mole-
cules in crystal cells is dictated by various short interatomic
contacts including intermolecular π···π, C–H···O≡C(carbonyl),
C–H···O=C(ester) and C–H···C(aromatic) interactions (Figure S2).

In solution, the obtained complexes were fully characterized by 1H,
1H–

1H COSY, 1H–

1H NOESY NMR spectroscopy (Figures S3–S19),
ESI+mass spectrometry (Figures S20) and IR spectroscopy (Figures
S21 and S22). The relative intensities, chemical shifts andmultiplic-
ities of the signals in the proton NMR spectra are in complete
agreement with the molecular structures represented in
Scheme 1 and found in the solid state (Figures S3–S12). The com-
plete assignment of the signals in the proton spectra was made on
the basis of 1H-1HCOSY and 1H-1HNOESY data. The signals of the
neocuproine ligand appear as three sets of doublet pairs in the aro-
matic region and as two singlets from methyl groups in the ali-
phatic region. In all cases, one of the methyl groups is
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significantly high field shifted due to the influence of the aromatic
ring currents of another diimine ligand [21–25], as the methyl sub-
stituent is involved in the interaction with this aromatic system
(Figure 1, Figures S3–S12). The chemical shifts of the other protons
strongly depend on themutual orientation of the diimine ligands in
the complex, which is well illustrated by comparing XRD data and
NMR spectra of two structural isomers of the Re(NN1-OMe)
complex (Figure 1). In both cases, the most shielded protons in
the aromatic region belong to the NN1 ligand fragment involved
in π-stacking with neocuproine: methylquinoline-4-carboxylate in
the case of a-Re(NN1-OMe) or pyridine in the case of b-Re(NN1-
OMe). The cross-peaks between the protons of neocuproine and
NN# ligands in the 1H-1H NOESY spectra correlate well with
the distances of shorter than 3Å between them found in the
corresponding solid-state structures, see Figure 1.

Upon hydrolysis, the signals related to the ester group disappear
confirming the formation of carboxyl functions. The other
observed signals indicate that the main structural motifs found
in the parent compounds remain unchanged (Figures S13–S18).
Only in the case of a/b-Re(NN2-OMe) complexes, a mixture of
both isomers appears in the NMR spectra after hydrolysis (Figure
S19), vide supra. The ESI+ mass spectra of Re(NN#-OMe) com-
plexes and their hydrolyzed forms Re(NN#-OK) fit well the
stoichiometry of the obtained compounds (Figure S20). FTIR
spectra of Re(NN#-OMe) and Re(NN#-OK) show two

absorption bands, corresponding to the symmetric (ca. 1838–
1852 cm−1) and asymmetric (ca. 1914–1921 cm−1) C≡O stretch-
ing vibrations typical for the bis(carbonyl) rhenium(I) complexes
(Figures S21 and S22) [17, 26–28]. In summary, the above men-
tioned spectral data indicate that in solution the complexes retain
the structural patterns found in solid state.

Absorption spectra of the Re(NN#-OMe) and Re(NN#-OK)
complexes were measured in methanol, see Figures 2 and S23,
S24, numerical data are compiled in Table 1. Because of appre-
ciable water-solubility of Re(NN3-OK), its absorption spectra
were also recorded in aqueous solution (Figure 3).

The Re(NN#-OMe) complexes show absorption in almost the
whole visible region of the spectrum. The long-wavelength tails
extend up to 800–900 nm. According to the literature data the
high-energy absorption bands (250–300 nm) could be assigne to
the 1LC transitions in the aromatic systems of diimine ligands
[20, 26–28]. Bands in the 300–550 nm interval could be attributed
to themixed 1MLCT/1LLCT/1ILCT transitions [20, 26–28], whereas
the low-energy bands in the region below 550 nm were assigned
to the 1MLCT transitions, d(Re) → π*(NN) [20, 26–28].
Variations in the nature of the diimine ligand results in a system-
atic red shift of the low energy absorption in the series pyridine
(NN1)→ quinoline (NN2)→methylquinoline-4-carboxylate (NN3)
(Figure 2). This effect correlates with the lowering the energy of
π*(NN) orbitals upon expansion of the aromatic system or

SCHEME 1 | Synthesis of bis-diimine rhenium(I) complexes.
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introduction of an electron-withdrawing substituent [27, 29], the
absorption of the “a” isomer being slightly red shifted compared
to that of the “b” isomer (Figure 2B).

Upon hydrolysis the ester groups of the complexes are trans-
formed to the carboxylic functions that may exist in two forms
depending on pH: deprotonated (Re(NN#-OK)) or the proton-
ated one (Re(NN#-OH)). Under acidic conditions, the
Re(NN#-OH) complexes exhibit absorption spectra closely
resembling those of their parent ester compounds (Figure 3
and S23), whereas under basic conditions, a hypsochromic shift
of the lowest energy band is observed. According to TD-DFT cal-
culations, the nature of S0-S1 transitions in protonated and depro-
tonated forms is almost the same (Table S3, Figures S25–S32),
which allows concluding that the observed hypsochromic shift
is related to the variations in the electronic properties of the
–C(O)OX substituents from an electron-acceptor –C(O)OH to
a weak electron-donor –C(O)OK [30, 31].

Among the studied Re(NN#-OK) complexes Re(NN3-OK) dem-
onstrates the best water-solubility and absorption in the region
suitable for the photoacoustic experiments. Therefore we studied
the dependence ofRe(NN3-OK) absorption on pH and calculated
pKa, which was found to be approximately 2.9 (Figure S24).

Unfortunately, this pKa value is outside the region of biological
importance (pH 5–8) that prevents the complex application as a
pH sensor in biological studies. Nevertheless, Re(NN3-OK) is
an excellent candidate for potential use as contrast agent.
Additionally, to assess the potential applicability of Re(NN3-
OK) in photoacoustic experiments, its photostability under irradi-
ation was studied (Experimental Section). The methanol solution
of Re(NN3-OK) was irradiated with UV lamp and the absorption
and 1H NMR spectra were measured. The absence of spectral dif-
ferences between the fresh methanol solution of Re(NN3-OK)
before irradiation and the irradiated Re(NN3-OK) solutions
revealed the stability of the named complex under photoexcitation
(Figure S34).

2.2 | Photoacoustic Phantom Studies and MTT
Assay

As a first step, we compared the absorption spectra of the blood
components oxyhemoglobin (HbO2) and deoxyhemoglobin (Hb)
[32, 33] with the absorption of Re(NN3-OK), Figure 4A shows
their molar extinction coefficients. It is clearly visible that the
absorption of the complex strongly overlaps with the absorption

FIGURE 1 | Molecular views of a-Re(NN1-OMe) (A) and b-Re(NN1-OMe) (B), showing selected short intramolecular contacts. Overlay of 1H-1H

COSY (green color) and NOESY (orange color–exchange peaks; blue color–through space interactions) of a-Re(NN1-OMe) (C) and b-Re(NN1-OMe)

(D) in acetone-d6 at 298 K, 400MHz.

4 of 13 ChemPhotoChem, 2025
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of Hb, while in the case of HbO2, there is a region of dominant
absorption of Re(NN3-OK). Given that in a living organism the
amount of HbO2 varies from about 70% for venous blood to about
95% for arterial blood, we concluded that the 660–750 nm range
may be suitable for detecting the Re(NN3-OK) photoacoustic
signal.

Subsequently, a phantom (Figure 5C) containing three tubes
with different chromophores—whole oxygenated blood (tube 1),
Re(NN3-OK) complex in saline (tube 2), and Re(NN3-OK) com-
plex in the 1:2 mixture saline/blood (tube 3)—was imaged using a
PAT (photoacoustic tomography (PAT)) system across the

wavelength range of 660–950 nm to assess the possibility of differ-
entiating the developed dye from the main tissue chromophore via
the photoacoustic method. Figure 4B shows photoacoustic spectra
recorded in the systems. As expected, photoacoustic spectra differ
from optical absorption due to wavelength-dependent fluence and
system response; nevertheless, the dye retains a distinct peak near
720 nm that is preserved in blood, enabling spectral separation.

The results of multispectral photoacoustic data processing provide
separate chromophore distributions, as shown in Figure 5A–C.
The images in Figure 5A,B clearly show that the reconstructed
spatial distributions of oxygenated blood (shown in red) and the

FIGURE 2 | (A) Absorption spectra of complexes Re(NN#-OMe), methanol, 298K. (B) Fragment of absorption spectra of complexes Re(NN#-

OMe) normalized at the lowest energy bands.

TABLE 1 | Absorption spectra of rhenium complexes, room temperature.

Complex λabs, nm (ε 10−2 [cm−1 M−1])

Re(NN#-OMe), methanol

a-Re(NN1-OMe) 271 (416), 340 (48), 400 (21), 481 (23), 614sh (9.5), 665 (10)

b-Re(NN1-OMe) 271 (353), 343 (78), 404 (19), 493 (21), 590 (24), 655 (20)

a-Re(NN2-OMe) 268 (504), 333 (78), 363 (78), 382 (66), 433 (23), 514 (20.5), 644 (13), 700 (13)

b-Re(NN2-OMe) 268 (504), 366 (47), 382 (46), 433 (13), 514 (9), 630 (11.5), 685 (9.5)

Re(NN3-OMe) 270 (484), 365 (193), 386 (165), 459 (62), 528 (45), 656 (38), 715 (32)

Re(NN#-OK), methanol

a-Re(NN1-OK) 277 (481), 333 (194), 400 (79), 438 (71), 591 (43)

a-Re(NN1-OH) 279 (467), 304sh (300), 340 (206), 457 (79), 616 (42), 665sh (31)

b-Re(NN1-OK) 270 (450), 299 (243), 330 (206), 440 (57), 460 (57), 560 (56), 627 (43)

b-Re(NN1-OH) 270 (450), 300sh (202), 339 (203), 400sh (56), 482 (56), 587 (57), 655 (44)

a/b-Re(NN2-OK) 265 (501), 359 (112), 376 (99), 414 (32), 495 (26), 610 (22), 665 (20)

a/b-Re(NN2-OH) 268 (480), 332 (141), 364 (161), 378 (150), 427 (45), 510 (35), 631 (32), 698 (28), 700 (33)

Re(NN3-OK) 267 (488), 307sh (220), 361 (190), 376 (179), 418 (55), 480 (46), 610 (38), 661 (32)

Re(NN3-OH) 270 (494), 370 (197), 401 (210), 455 (78), 644 (38), 715 (33)

Re(NN3-OK)a 268 (488), 310sh (213), 362 (180), 380 (169), 424 (52), 490 (42), 620 (34), 673 (30)

Re(NN3-OH)a 270 (491), 370 (193), 405 (221), 450 (84), 640 (38), 710 (29)
aRecorded in H2O

ChemPhotoChem, 2025 5 of 13

 23670932, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cptc.202500305 by U
niversity O

f M
acau, W

iley O
nline L

ibrary on [25/01/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Re(NN3-OK) complex (shown in yellow) correspond to the tubes
containing each specific dye. Figure 5D shows a combined image of
the spatial distributions of all chromophores considered and dem-
onstrates the predominance of Re(NN3-OK) complex absorption
over oxygenated blood in tube 3, which is due to the high concen-
tration of the complex. These results demonstrate the possibility of
reconstructing the distribution of the Re(NN3-OK) complex using
photoacoustic multispectral imaging against the background of
blood absorption.

These results demonstrate the potential applicability of the pho-
toacoustic visualization method for tracking the distribution of
this contrast agent in biological tissues and organs of small ani-
mals, as well as its accumulation in malignant neoplasms.

To ensure the biocompatibility of the Re(NN3-OK) probe, we
conducted a cytotoxicity test to evaluate the viability of the
CHO-K1 cell line using the MTT assay. After 24 h of incubation,
no significant difference in proliferation capacity was observed

compared to that in the control group (Figure 6). Additionally,
no evident cytotoxicity was detected even at high concentrations
of up to 1mM. To further evaluate the long-term impact and
broader applicability of the probe, we extended the cytotoxicity
assessment to three cell lines (HeLa, HEK293, and CHO-K1) at
a 96 h incubation period (Figure 6A). Concentrations below
50 μM showed no impact on cell proliferation in any of the tested
cell lines. It is noteworthy that cells retained viability even at
Re(NN3-OK) high concentrations (500 and 1000 μM) that exhib-
ited antiproliferative effects, indicating that the compound inhibits
proliferation without inducing acute cytotoxicity. Additionally, we
evaluated the phototoxic potential of Re(NN3-OK) under laser
irradiation conditions relevant to photoacoustic imaging applica-
tions. Cells were incubated with the Re(NN3-OK) probe (1, 10,
and 100 μM) for 48 h, followed by irradiation with a 661 nm laser
at 50 mW/cm2 for 10min. No phototoxicity was observed under
these conditions, which employed continuous laser irradiation at
higher power density than typical pulsed illumination in photoa-
coustic imaging protocols (Figure 6B). These results demonstrate
the low cytotoxicity and high photostability of the Re(NN3-OK)
probe, confirming its suitability for bioimaging in living systems.

To preliminarily evaluate the efficacy of the synthesized complex
for in vivo OA signal generation relative to established contrast
agents, we calculated the absorption coefficient at the maximum
permissible concentration, αlim. The maximum nontoxic concen-
tration, Nlim, for ICG and gold nanorods was estimated from pub-
lished MTT assay data after 24 h incubation period, and their
literature extinction coefficients, ε0, within the 700–900 nm tissue
transparency window were used. The corresponding data for the
Re(NN3-OK) complex were obtained from the results presented
in this work.

As shown in Table 2, ICG exhibits a fivefold higher αlim value
compared to the synthesized Re(NN3-OK) complex. However,
both ICG and Re(NN3-OK) demonstrate significantly higher
αlim values than gold nanorods. It should also be mentioned that
ICG is well known for its phototoxicity, which is actively used in
photodynamic therapy but may be undesirable in photoacoustic
experiments [34, 38]. ICG aggregation also gives variations (often
unpredictable) in the absorption spectrum, which results in

FIGURE 3 | Absorption spectra of complexes Re(NN3-OMe) in

MeOH and under basic (in presence of K2CO3, Re(NN3-OK)) or acidic

(in presence of CF3COOH, Re(NN3-OH)) conditions of Re(NN3-OK) in

aqueous media, 298 K.

FIGURE 4 | (A) Reference molar extinction coefficients for HbO2/Hb, their mixtures and molar extinction coefficients for Re(NN3-OK) complex in

saline. (B) Photoacoustic spectra of oxygenated whole blood, 0.8 mM concentration of Re(NN3-OK) in saline, and 0.8 mM concentration of Re(NN3-

OK)) in the mixture saline/blood (in 1:2 ratio).
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incorrect estimation of the contrast content in tissues/vessels
recorded using PAmeasurements. In addition, the low photostabil-
ity of ICG requires additional tools to improve its applicability

[39, 40]. In contrast, Re(NN3-OK) shows high photostability
and no phototoxicity, which make it a great candidate for further
in vivo experiments. Nevertheless, it is important to note that other

FIGURE 6 | Cytotoxicity and phototoxicity assessment of Re(NN3-OK) in HeLa, HEK293, and CHO-K1 cell lines. (A) Long-term cytotoxicity eval-

uation: cell viability after 24- or 96 h incubation withRe(NN3-OK) at different concentrations. (B) Phototoxicity assessment: cell viability following 48 h

incubation withRe(NN3-OK) (1, 10, and 100 μM) and subsequent laser irradiation (661 nm, 50 mW/cm2, 10 min). Cell viability of control cells (PC) was

taken for 100%. The data are shown as mean± SD of four replicates.

FIGURE 5 | Spatial distribution of different chromophores in the tubes of a phantom (C) reconstructed from multispectral photoacoustic imaging

data: (A) Spatial distribution of HbO2. (B) Spatial distribution of the Re(NN3-OK) complex. (D) Merged image of reconstructed chromophore

distribution.

TABLE 2 | Comparison of contrast agent properties.

Contrast agent Nlim, M ε0, M
−1 cm−1 αlim, cm

−1 Wavelegth, nm Ref.

ICG 5 × 10−5 2 × 105 10 800 [34, 35]

Gold nanorods 6 × 10−11 2 × 108 0.012 780 [36, 37]

Re(NN3-OK) 10−3 2 × 103 2 700 Current Study
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critical factors—such as systemic toxicity, in vivo accumulation and
elimination dynamics, and potential for functionalization or vecto-
rization—are crucial for practical application and will be investi-
gated in future in vivo studies.

3 | Conclusion

In summary, a new family of bis-diimine rhenium(I) complexes
based on the ligands NN1-OMe − NN3-OMe containing quinoline
moiety with an electron-withdrawing ester group have been suc-
cessfully synthesized and characterized. The asymmetric structure
of ligands NN1 and NN2 resulted in formation of two structural
isomers named “a” and “b” with different types of coordination of
the methylquinoline-4-carboxylate fragment. The presence of
intramolecular π···π interaction between the aromatic systems
of coordinated diimine ligands was revealed, which probably is
one of the driving forces in formation of the target compound
and determines the ratio of the “a” and “b” isomers. The
Re(NN#-OMe) complexes absorb in almost the whole visible
region of the spectrum. The expansion of aromatic system of
the coordinated diimine and insertion of the electron-withdrawing
substituents shift the low-energy absorption band of the 1MLCT
origin to the NIR region with its tail extending down to 850 nm
(for Re(NN3-OMe)). Hydrolysis of the ester groups of the diimine
ligands promoted the increase in hydrophilicity of the target com-
pounds to give the best solubility in water in the case of Re(NN3-
OK) containing two –COOK groups. Considering its highest
absorption in the NIR region, Re(NN3-OK) was chosen as the
most promising candidate for PAI. The results of phantom studies
demonstrated clear separation of a Re complex signal on the back-
ground of pure blood absorption using multispectral PAT imaging.
MTT tests showed that Re(NN3-OK) is not cytotoxic towards
CHO-K1 cells if incubated for 24 h up to the concentrations of
1mM. The obtained results allow concluding that the synthesized
complexes may serve as a promising platform for preparation of
rhenium chromophores suitable for effective PAI in the NIR
range, including in vivo experiments. Estimation of the effect of
substituents in the diimine ligands showed that insertion of elec-
tron withdrawing functions may shift the complex pKa to physio-
logical interval, which open the way to practical application of the
probe as a pH sensor in biological systems. We are now working
on the synthesis of the corresponding ligands.

4 | Experimental Section

4.1 | General Comments

[(Neocuproine)Re(CO)2(NCMe)2]OTf (Re(NCCH3)2) [26] and
2-(pyridin-2-yl)quinoline-4-carboxylic acid (NN1-OH) [41] were
synthesized according to the literature protocols. The carboxyl
groups of diimine ligands NN1-OH—NN3-OH were converted
to esters (NN1-OMe—NN3-OMe) by an esterification reaction
in methanol in the presence of sulfuric acid [42]. Other reagents
and solvents were used as received. Solution 1H, 1H–

1H COSY,
1H–

1H NOESY NMR spectra were recorded on a Bruker Avance
III 400MHz spectrometer. Chemical shifts in the NMR spectra
are assigned using solvent residual signals. IR spectra were
recorded with a Shimadzu IRAffinity-1 FTIR spectrophotometer
in pressed KBr pellets or utilizing an ATR accessory. Mass spectra

were measured on a Bruker maXis II ESI-QTOF instrument in
the ESI+ mode. Electronic absorption spectra were recorded at
room temperature using a Shimadzu UV-1800 UV/Visible
Scanning Spectrophotometer.

4.2 | The Synthesis of (2,2 0-biquinoline)-4-
carboxylic acid NN2-OH

The ligand was prepared by the modified procedure for the
synthesis of 2-(pyridin-2-yl)quinoline-4-carboxylic acid [41].
2,3-indolinedione (1.8 g, 0.012 mol) was mixed with 1-(quinolin-
2-yl)ethan-1-one (1.4 g, 0.012 mol) in 20 mL of ethanol and 2 g of
NaOH dissolved in 10mL of H2O were added with stirring. The
solution was refluxed continuously for 24 h. After cooling to
room temperature, the reaction mixture was acidified with aque-
ous solution of hydrochloric acid to pH 6. The resulting greenish
solid was filtered, washed with water followed by cold acetone,
diethyl ether and air dried.
1H NMR (400MHz, DMSO-d6, δ) 9.16 (s, 1H), 8.77 (d, J= 8.6 Hz,
1H), 8.67 (d, J= 8.5 Hz, 1H), 8.58 (d, J= 8.6 Hz, 1H), 8.26 (d,
J= 8.4 Hz, 1H), 8.20 (d, J = 8.4 Hz, 1H), 8.06 (d, J= 8.0 Hz,
1H), 7.91 (d, J= 7.4 Hz, 1H), 7.84 (d, J= 7.4 Hz, 1H), 7.78 (d,
J= 7.7 Hz, 1H), 7.68 (t, J= 7.4 Hz, 1H), 4.06 (s, 3H). ESI+ MS
(m/z): 315.1136 [M+H]+ (calc. 315.1134).

4.3 | General Procedure for the synthesis of the
complexes [(Neocuproine)Re(NN#-OMe)(CO)2]OTf
Re(NN1-OMe)—Re(NN3-OMe)

Re(NCCH3)2 (50mg, 0.094 mmol) and the corresponding diimine
ligand (0.102 mmol) were dissolved in 1,2-dichlorobenzene (ca.
2mL), the resulting suspension was purged with inert gas for
15min and refluxed for 3 h under inert atmosphere. Then, the
resulting solution was cooled to room temperature. For reaction
with NN1, dark crystalline material, defined as a-Re(NN1-
OMe), was obtained, washed with diethyl ether and dried
in vacuo. “b” isomer of Re(NN1-OMe) as well as complexes a-
Re(NN2-OMe), a-Re(NN2-OMe) and Re(NN3-OMe) were iso-
lated from the corresponding reaction mixtures in 1,2-dichloroben-
zene solution and purified by column chromatography (Silica gel
70–230 mesh, 1.5× 20 cm, eluent dichloromethane → acetone →
methanol). Then the products were recrystallized by the gas-phase
diffusion of diethyl ether into acetone solution of [(Neocuproine)
Re(NN# - OMe)(CO)2]OTf at+5°C to give the black crystalline
material.

a-Re(NN1-OMe). 40mg, 70%. C32H24N4O4Re, P21/n,
a= 12.01680(10), b= 18.6253(2), c= 14.67040(10) Å;
β= 112.2770(10) °; V= 3038.40(5) Å3, Z= 4, R1= 0.0272, CCDC
2 482 732. 1H NMR (400MHz, acetone-d6, δ) 9.84 (d,
J= 5.7 Hz, 1H), 8.86 (d, J= 8.2 Hz, 1H), 8.66 (s, 1H), 8.53 (d,
J= 8.3 Hz, 1H), 8.42 (td, J = 7.9, 1.5 Hz, 1H), 8.36 (dd, J = 8.6,
1.0 Hz, 1H), 8.31 (d, J= 8.3 Hz, 1H), 8.24 (d, J= 8.3 Hz, 1H),
7.92 (ddd, J= 7.7, 5.8, 1.2 Hz, 1H), 7.72 (d, J= 8.7 Hz, 1H),
7.66 (d, J = 8.7 Hz, 1H), 7.60 (d, J= 8.4 Hz, 1H), 7.51 (ddd,
J= 8.4, 7.0, 1.0 Hz, 1H), 7.25 (ddd, J= 8.6, 6.9, 1.2 Hz, 1H),
6.83 (d, J = 8.6 Hz, 1H), 4.01 (s, 3H), 3.62 (s, 3H). IR (KBr pellet,
ν(C≡O), cm−1): 1918s, 1845s. ESI+MS (m/z): 715.1366 [M]+ (calc.
715.1356), 701.1206 [(M−CH3)+H]+ (calc. 701.1201).
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b-Re(NN1-OMe). 12 mg, 21%. C32H24N4O4Re, P−1,
a= 12.4203(7), b= 12.5329(6), c= 12.6368(3) Å; α= 78.062(3),
β= 69.286(4), γ = 85.245(4) °; V= 1800.02(15) Å3, Z= 2,
R1= 0.1264, CCDC 2 482 733. 1H NMR (400MHz, acetone-d6,
δ) 9.54 (d, J= 9.0 Hz, 1H), 8.97–8.94 (m, 2H), 8.79 (d,
J= 8.4 Hz, 1H), 8.72 (d, J = 8.1 Hz, 1H), 8.47 (d, J= 8.4 Hz,
1H), 8.35–8.26 (m, 2H), 8.23 (d, J= 8.7 Hz, 1H), 8.13–7.98 (m,
3H), 7.64 (d, J= 8.4 Hz, 1H), 7.20 (t, J= 6.6 Hz, 1H), 6.92 (d,
J= 5.6 Hz, 1H), 4.15 (s, 3H), 3.59 (s, 3H), 1.75 (s, 3H). IR (KBr
pellet, ν(C≡O), cm−1): 1915s, 1845s. ESI+ MS (m/z): 715.1366
[M]+ (calc. 715.1356), 701.1206 [(M−CH3)+H]+ (calc. 701.1201).

a-Re(NN2-OMe). 29mg, 42%. 1H NMR (400MHz, acetone-d6, δ)
9.42 (d, J= 8.8 Hz, 1H), 8.95 (d, J= 8.7 Hz, 1H), 8.78 (d,
J= 8.8 Hz, 1H),8.60 (s, 1H), 8.44 (d, J= 8.3 Hz, 1H), 8.42–8.35
(m, 3H), 8.30 (dd, J= 8.5, 0.8 Hz, 1H), 8.21 (d, J= 8.3 Hz, 1H),
8.06 (t, J= 7.3 Hz, 1H), 7.72–7.63 (m, Hz, 3H), 7.54 (ddd,
J= 8.5, 6.9, 1.2 Hz, 1H), 7.37 (ddd, J= 8.5, 6.9, 1.5 Hz, 1H),
7.98 (d, J= 8.7 Hz, 1H), 4.04 (s, 3H), 3.75 (s, 3H), 1.68 (s, 3H).
IR (KBr pellet, ν(C≡O), cm−1): 1921s, 1852s. ESI+ MS (m/z):
765.1493 [M]+, (calc. 765.1513).

b-Re(NN2-OMe). 22mg, 32%. 1H NMR (400MHz, acetone-d6,
δ) 9.52 (d, J= 8.2 Hz, 1H), 9.02 (d, J= 1.6 Hz, 1H), 8.97 (s,
1H), 8.47 (d, J = 8.3 Hz, 1H), 8.44–8.32 (m, 4H), 8.23 (d,
J= 8.3 Hz, 1H), 8.12 (ddd, J = 8.3, 6.9, 1.1 Hz, 1H), 7.77 (d,
J= 8.1 Hz, 1H), 7.73–7.66 (m, 2H), 7.64 (d, J= 8.4 Hz, 1H),
7.49 (t, J = 8.4 Hz, 1H), 7.33 (t, J= 7.2 Hz, 1H), 6.85 (d,
J= 8.1 Hz, 1H), 4.17 (s, 3H), 3.77 (s, 3H), 1.72 (s, 3H). IR (KBr
pellet, ν(C≡O), cm−1): 1920s, 1851s. ESI+ MS (m/z): 765.1493
[M]+, (calc. 765.1513).

Re(NN3-OMe). 55 mg, 75%. 1H NMR (400MHz, acetone-d6, δ)
9.49 (d, J= 8.8 Hz, 1H), 9.04–8.99 (m, 2H), 8.66 (s, 1H), 8.47 (d,
J= 8.3 Hz, 1H), 8.42–8.36 (m, 2H), 8.30 (d, J= 8.2 Hz, 1H), 8.24
(d, J= 8.3 Hz, 1H), 8.14 (t, J = 7.6 Hz, 1H), 7.72–7.62 (m, 3H), 7.57
(t, J= 7.8 Hz, 1H), 7.37 (t, J= 7.4 Hz, 1H), 6.92 (d, J= 8.7 Hz, 1H),
4.17 (s, 3H), 4.04 (s, 3H), 3.77 (s, 3H), 1.72 (s, 3H). IR (KBr pellet,
ν(C≡O), cm−1): 1925s, 1856s. ESI+MS (m/z): 823.1538 [M]+ (calc.
823.1568), 659.1443 [(Re(neocup)2]

+ (calc. 659.1459).

4.4 | General Procedure for the Alkaline
Hydrolysis of Re(NN1-OMe)—Re(NN3-OMe)
Re(NN1-OK)—Re(NN3-OK)

The corresponding complex (0.005mmol) and K2CO3

(0.05 mmol) were dissolved in methanol (5 mL). The reaction
mixture was heated at 40°C overnight. The resulting solution
was cooled down to 4°C, filtered through Celite, and the solvent
was removed under reduced pressure to give the dark brown or
dark green solid (ca. 90%).

a-Re(NN1-OK). 1H NMR (400MHz, CD3OD, δ) 9.74 (d,
J= 5.3 Hz, 1H), 8.59 (d, J= 8.2 Hz, 1H), 8.33 (d, J= 8.3 Hz, 1H),
8.24 (td, J= 8.0, 1.5 Hz, 1H), 8.18–8.13 (m, 2H), 8.11 (dd,
J= 8.5, 1.4 Hz, 1H), 8.07 (d, J= 8.3 Hz, 1H), 7.68 (ddd, J= 7.3,
5.7, 1.4 Hz, 1H), 7.58–7.52 (m, 2H), 7.46 (d, J= 8.3 Hz, 1H), 7.30
(ddd, J= 8.3, 6.9, 1.2 Hz, 1H), 7.01 (ddd, J= 8.5, 6.8, 1.5 Hz,
1H), 6.61 (d, J= 8.7 Hz, 1H), 3.54 (s, 3H), 1.91 (s, 3H). IR (ATR
accessory, ν(C≡O), cm−1): 1920s, 1851s. ESI+ MS (m/z):
701.1188 [(M−K)+H]± (calc. 701.1201), 723.1051 [(M−K)+Na]+

(calc. 723.1020), 739.0712 [M]+ (calc. 739.0757).

b-Re(NN1-OK). 1H NMR (400MHz, CD3OD, δ) 9.43 (d,
J= 8.9 Hz, 1H), 8.63 (dd, J = 8.4, 1.1 Hz, 1H), 8.58 (d,
J= 8.3 Hz, 1H), 8.42–8.38 (m, 2H), 8.28 (d, J= 8.4 Hz, 1H),
8.14–8. 09 (m, 2H), 8.07 (d, J= 8.6 Hz, 1H), 7.98–7.88 (m, 2H),
7.83 (t, J= 8.0, 1H), 7.52 (d, J= 8.3 Hz, 1H), 6.97 (t, J= 6.9 Hz,
1H), 6.67 (d, J = 6.6 Hz, 1H), 3.54 (s, 3H), 1.69 (s, 3H). IR
(ATR accessory, ν(C≡O), cm−1): 1915s, 1843s. ESI+ MS (m/z):
701.1188 [(M−K)+H]± (calc. 701.1201), 723.1051 [(M−K)+
Na]+ (calc. 723.1020), 739.0712 [M]+ (calc. 739.0757).

a/b-Re(NN2-OK). IR (ATR accessory, ν(C≡O), cm−1): 1918s,
1849s. ESI+ MS (m/z): 723.1388 [C34H24N4O3Re]

+ (calc.
723.1408), 751.1333 [(M−K)+H]± (calc. 751.1358), 767.1301
[(M−K)+NH4]

+ (calc. 767.1545), 781.1684 [(M−K)+(CH3)
NH3]

+ (calc. 781.1701).

Re(NN3-OK). 1H NMR (400MHz, acetone-d6, δ) 9.49 (d,
J= 8.8 Hz, 1H), 9.04–8.99 (m, 2H), 8.66 (s, 1H), 8.47 (d,
J= 8.3 Hz, 1H), 8.42 – 8.36 (m, 2H), 8.30 (dm, J= 8.2 Hz, 1H),
8.24 (d, J= 8.3 Hz, 1H), 8.14 (tm, J= 7.6 Hz, 1H), 7.69 (d,
J= 5.6 Hz, 2H), 7.65 (d, J= 8.5 Hz, 1H), 7.57 (tm, J= 7.8 Hz,
1H), 7.39–7.35 (m, 1H), 6.92 (d, J= 8.7 Hz, 1H), 4.17 (s, 3H),
4.04 (s, 3H), 3.77 (s, 3H), 1.72 (s, 3H). IR (ATR accessory,
ν(C≡O), cm−1): 1914s, 1838s. ESI+ MS (m/z): 795.1275
[(M−2K)+ 2H]+ (calc. 795.1256).

4.5 | X-Ray Structure Determination

Single crystals of a-Re(NN1-OMe) and b-Re(NN1-OMe) were
carefully selected using an optical microscope under polarized
light. The selected crystals were immersed in a cryoprotectant
and then mounted on Nylon loops. XRD data were collected
at 100 K using a Rigaku XtaLAB Synergy S X-ray diffractometer,
equipped with a Hybrid Pixel Array Detector and a monochro-
matic microfocus CuKα PhotonJet (λ = 1.54184 Å) source.

The unit-cell parameters were refined via least-squares techniques.
The structures were solved with a dual-space algorithm (SHELXT)
[43] and then refined with full-matrix least-squares methods
(SHELXL) [44] implemented in the OLEX2 program package [45].

The final structural models included anisotropic displacement
parameters and atomic coordinates for all non-hydrogen atoms.
Hydrogen atoms were arranged at calculated positions and
refined via “riding” model with C─H bond lengths ranging from
1.085 to 1.095 Å. The supplementary crystallographic data are
available via Supplementary Information section and have been
deposited with the Cambridge Crystallographic Data Centre
(CCDC) and are available via www.ccdc.cam.ac.uk/structures/.

a-Re(NN1-OMe). C32H24N4O4Re, P-1, a= 12.4203(7),
b= 12.5329(6), c= 12.6368(3), α = 78.062(3), β = 69.286(4), γ =
85.245(4)°; V= 1800.02(15) Å3, Z= 2, R1= 0.1264, CCDC
2 482 732.

b-Re(NN1-OMe). C32H24N4O4Re, P21/n, a= 12.01680(10),
b= 18.6253(2), c= 14.67040(10), α = 90, β = 112.2770(10), γ =
90°; V= 3038.40(5) Å3, Z= 4, R1= 0.0272, CCDC 2 482 733.

4.6 | Photophysical Measurements

The UV–vis absorption spectra of Re(NN#-OMe) and Re(NN#-
OK) were measured on a Shimadzu UV-1800 spectrophotometer
in a 1 cm quartz cuvette (methanol, ca. 10−5 M).
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Citrate-Phosphate buffer (pH 2.6–7.5) was used to prepare solu-
tions ofRe(NN3-OK)with various pH, lower pH values (1.5, 0.5)
were adjusted by the addition of HCl. Exact pH values were
determined using a pH-meter (“Expert pH”, Econic-Expert) with
a laboratory combined pH electrode (ESK-10 601/7). The pKa of
Re(NN3-OK) were calculated according to the according to the
modified equation [46, 47]

pKa= pH− log
Dx −DOK

DOH −Dx

where Dx-optical density at a defined pH within the titration plot,
DOH-optical density of the acid form, DOK-optical density of the
base form. The linear fit of the pH dependence vs log[(Dx − DOH)/
(DOK − Dx)] makes possible pKa calculation [46, 47].

4.7 | Computational Details

The fully optimized structures of ground singlet S0 states were
obtained within the DFT for all complexes under consideration.
The calculations were performed using the Gaussian16 program
[48]. The Austin–Frisch–Petersson hybrid density functional
with dispersion correction (APFD) [49] was chosen for the most
accurate description of experimental trends. The Stuttgart–
Dresden effective core pseudopotential and the corresponding
basis set were used for all atoms [50]. The non-specific solvation
effects of appropriate solvents were taken into account by the
polarizable continuum model (PCM) [51].

The electronic absorption spectra were calculated using TDDFT
method taking in account 100 excited states for all complexes.
The convoluting of UV/vis spectra from calculated oscillator
strengths were obtained using home-made software based on
the method described in library [52] modified for Lorentzian
broadening.

Two approaches were used to describe the displacement of the
electron density during absorption transition and to determine
their character. A qualitative picture was established by the con-
struction of approximate electronic density difference, Δρ, using
natural transition orbitals (NTO) [53]

Δρ S0 → S1ð Þ= jφ LUMOð Þj2 − jφ HOMOð Þj2

here φðLUMOÞ and φðHOMOÞ are first NTO pair for S0 → S1
transition.

A number of electrons transferred between parts of the com-
plexes have been obtained by IFCT (Interfragment charge trans-
fer) method [54]. The Multiwfn 3.8 program [54, 55] was used for
NTO and IFCT analysis.

4.8 | Photostability

The photostability test was carried out using the UWave-2000
Multifunctional Microwave Chemistry Reaction Workstation.
The crystalline material of Re(NN3-OK) was dissolved in metha-
nol, the resulting solution was diluted to about 10–5 M and contin-
uously irradiated by the ultraviolet light with UV power of 300W
and the dominant wavelength of 365 nm for 2 h. The photostability
of Re(NN3-OK) was examined by monitoring the absorbance of
its 2.5 mL methanol solution in a 10mm quartz cuvettes after 10,

30, 60 and 120min of the UV irradiation as well as by recording
the 1H NMR spectra in CD3OD after 120min of the UV irradiation
(Figure S34).

4.9 | Photoacoustic Experiments

4.9.1 | Setup for Measuring the Photoacoustic
Spectrum of a Dye

The photoacoustic spectrum of the Re(NN3-OK) complex was
studied using a custom volumetric PAT system. The PAT system
consisted of a wavelength-tunable (660–1300 nm) pulsed laser
(Ekspla, Lithuania), a 256-channel /12 bit Legion analog-to-digital
converter (Photosound, USA), a three-coordinate positioning
system consisting of two horizontal LTS150/M (Thorlabs,
SSHA) and one vertical MLJ150/M (Thorlabs, SSHA) tables, a
computer, and a 256-element spherical focused ultrasound
antenna based on 25 μm thick PVDF film. The focal length and
aperture of the antenna were 40mm and 55mm, the diameter
of each element was 3mm. To irradiate the tissues and phantoms
under study with laser radiation, a 2m long fiber optic bundle
(CeramOptec, Germany) was fixed in the center of the antenna.
The numerical aperture of the fiber optic was 0.22, the diameter
of the light-guiding part was 5mm, and the maximum laser irra-
diance for all the laser pulses was kept below 20 mJ/cm2. Signals
from the antenna were fed to an analog-to-digital converter with a
sampling frequency of 40MHz and then recorded on a computer
via an interface in the Matlab software environment. Visualization
of objects was carried out through an immersion chamber fixed on
the antenna and filled with distilled water.

4.9.2 | Phantom for Photoacoustic Measurements

The phantom (Figure 5C) consisted of three polyurethane tubes
(Putnam Plastics, USA) with an inner diameter of 0.3 mm and an
outer diameter of 0.6 mm, fixed in a water-filled plastic form. The
samples filled into the tubes were Re(NN3-OK) complex in a
saline solution with a concentration of 0.8 mM, Re(NN3-OK)
complex in saline+ blood (in 1:2 ratio) with a concentration
of 0.8 mM, and purely oxygenated blood taken from a sacrificed
experimental rat provided by Privolzhsky Research Medical
University. Measurements were performed in the wavelength
range from 660 to 950 nm, performing two passes (forward
and reverse) with a step of 10 nm at a laser pulse frequency of
20 Hz. After that, the signal was averaged over the two passes.

4.9.3 | Processing of Photoacoustic Data

The data were recorded as three-dimensional matrices: 1st dimen-
sion–antenna element number, 2nd dimension–signal arrival time,
3rd dimension–wavelength. The signals were normalized by the
average laser energy for each excitation wavelength. The averaged
energy of laser pulses at each wavelength was estimated using a
pyroelectric energy sensor ES120C (Thorlabs, USA). The back pro-
jection reconstruction algorithmwas applied to all two-dimensional
arrays (element number, time) included in the three-dimensional
array [56]. In this way, four-dimensional photoacoustic data arrays
were obtained, where the first three dimensions represent spatial
coordinates in a volume of 10× 10× 10mm3 with a grid size of
100 μm, and the fourth dimension is the wavelength in the range
of 660–950 nm with a step of 10 nm. Spectra were determined from
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averaged signals at each wavelength from the central volume of
3× 3 × 3 voxels inside the tubes.

To display the spatial distribution of chromophores in the tubes,
a multispectral reconstruction algorithm based on solving a sys-
tem of linear equations was also applied to the four-dimensional
data arrays. Spectral unmixing used non-negative least squares
with a basis of energy-normalized reference spectra of HbO2

and Hb from [32] (Figure 4A) and Re(NN3-OK) measured on
the same system (Figure 4B). No fluence correction algorithms
was applied, since all the tubes were coplanar at similar depths,
minimizing spectral coloring differences. Subsequent visualiza-
tion of the obtained relative chromophores concentrations was
then visualized using Avizo Software 2024.1 (Thermo Fisher
Scientific, USA), where each chromophore was assigned its
own translucent color scale.

4.9.4 | MTT Assay

The CHO-K1, HeLa andHEK293 cell lines were kindly provided by
the Russian Cell Culture Collection (Institute of Cytology, Russia).
The cells were cultured in DMEMmedium (for HeLa andHEK293)
or DMEM/F12 medium (for CHO-K1) (Biolot, Russia), supple-
mented with 10% FBS (Capricorn Scientific, Germany), 2mM
L-glutamine, and 0.05mg/mL gentamicin (PanEco, Russia). The
day before the MTT assay, cells were seeded at a concentration
of 1× 104 cells per well (or 2.5× 103 cells per well for 96 h incuba-
tion) in 96-well flat-bottom plates (TPP, Switzerland). Cells were
incubated overnight in a humidified incubator at 37°C with 5%
CO2. The next day, the Re(NN3-OK) was dissolved in growth
medium at different concentrations and added to the wells, fol-
lowed by 24 h or 96 h incubation. After incubation, the medium
was replaced with 200 μL of fresh culture medium, and 10 μL of
MTT solution (5mg/mL, PanEko, Russia) was added to each well.
The cells were incubated for an additional 2 h, after which theMTT
solution was removed and replaced with 100 μL of DMSO (Helicon,
Russia) to dissolve the formazan crystals. The absorbance was mea-
sured at 570 nm using a SPECTROstar Nano microplate reader
(BMG LABTECH, Germany). Cell viability was calculated as the
ratio of the sample’s optical density to that of the control. Data
are presented as the mean± standard deviation from a four inde-
pendent replicates.

For evaluation of the Re(NN3-OK) phototoxicity, cells were
seeded overnight in 96-well plate and then incubated for 48 h
in the full growth medium containingRe(NN3-OK) at concentra-
tions of 100, 10, and 1 μM. After removing the supernatant, fresh
growth medium was added into each well. Subsequently, the cells
were irradiated with a 661 nm laser (Coherent CUBE 660-100C) at
a power density of 50 mW/cm2 for 10min (laser power was veri-
fied using a PM100 power meter, Thorlabs), and then cultured for
an additional 1 h. Cell viability was determined using the standard
MTT assay as described above. This phototoxicity assessment pro-
tocol was adapted from [57].
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Information section. Supporting Fig. S1: Schematic representation and
molecular views of all the isomers in the solid state for a-Re(NN1-
OMe) (A) and of b-Re(NN1-OMe) (B). The thermal ellipsoids are shown
at the 50% (A) or 30% (B) probability level. Hydrogen atoms are omitted for
clarity. Rhenium atoms are given in orange color, oxygen – red, nitrogen –

blue, carbon – gray. Supporting Fig. S2: Fragments of a-Re(NN1-OMe)
(A) and of b-Re(NN1-OMe) (B) molecular packing in crystal cells showing
several short intermolecular contacts. Supporting Fig. S3: 1H NMR spec-
trum of complex a-Re(NN1-OMe), acetone- d6, 298 K, 400 MHz.
Supporting Fig. S4: (A) Fragment of 1H NMR spectrum with proton
assignment, (B) 1H-1H COSY and (C) 1H-1H NOESY NMR of complex
a-Re(NN1-OMe), acetone- d6, 298K, 400 MHz. Supporting Fig. S5: 1H
NMR spectrum of complex b-Re(NN1-OMe), acetone- d6, 298K, 400
MHz. Supporting Fig. S6: (A) Fragment of 1HNMR spectrumwith proton
assignment, (B) 1H-1H COSY and (C) 1H-1H NOESY NMR of complex
b-Re(NN1-OMe), acetone- d6, 298K, 400 MHz. Supporting Fig. S7:
1H NMR spectrum of complex a-Re(NN2-OMe), acetone- d6, 298K, 400
MHz. Supporting Fig. S8: (A) Fragment of 1HNMR spectrumwith proton
assignment, (B) 1H-1H COSY and (C) 1H-1H NOESY NMR of complex a-
Re(NN2-OMe), acetone- d6, 298K, 400 MHz. Supporting Fig. S9: 1H
NMR spectrum of complex b-Re(NN2-OMe), acetone- d6, 298K, 400
MHz. Supporting Fig. S10: (A) Fragment of 1H NMR spectrum with pro-
ton assignment, (B) 1H-1H COSY and (C) 1H-1H NOESY NMR of complex
b-Re(NN2-OMe), acetone- d6, 298K, 400 MHz. Supporting Fig. S11: 1H
NMR spectrum of complex Re(NN3-OMe), acetone- d6, 298K, 400 MHz.
Supporting Fig. S12: (A) Fragment of 1H NMR spectrum with proton
assignment, (B) 1H-1H COSY and (C) 1H-1H NOESY NMR of complex
Re(NN3-OMe), acetone- d6, 298K, 400 MHz. Supporting Fig. S13: 1H
NMR spectrum of complex a-Re(NN1-OK), methanol-d4, 298K, 400
MHz. Supporting Fig. S14: (A) Fragment of 1H NMR spectrum with pro-
ton assignment, (B) 1H-1H COSY and (C) 1H-1H NOESY NMR of complex
a-Re(NN1-OK), methanol-d4, 298K, 400 MHz. Supporting Fig. S15: 1H
NMR spectrum of complex b-Re(NN1-OK), methanol-d4, 298K, 400
MHz. Supporting Fig. S16: (A) Fragment of 1H NMR spectrum with
proton assignment, (B) 1H-1H COSY and (C) 1H-1H NOESY NMR of
complex b-Re(NN1-OK), methanol-d4, 298K, 400 MHz. Supporting
Fig. S17: 1H NMR spectrum of complex Re(NN3-OK), methanol-d4,
298K, 400 MHz. Supporting Fig. S18: (A) Fragment of 1H NMR spec-
trum with proton assignment, (B) 1H-1H COSY and (C) 1H-1H NOESY
NMR of complex Re(NN3-OK), methanol-d4, 298K, 400 MHz.
Supporting Fig. S19: 1H NMR spectrum of mixture a/b-Re(NN2-
OK), acetone- d6, 298K, 400 MHz. Supporting Fig. S20: ESI+ HRMS
of Re(NN1-OMe) — Re(NN3-OMe) (top) and Re(NN1-OK) —

Re(NN3-OK) (bottom). Supporting Fig. S21: IR spectra of

Re(NN1-OMe) — Re(NN3-OMe) in the carbonyl region (KBr pellet).
Supporting Fig. S22: spectra of Re(NN1-OK)—Re(NN3-OK) in the car-
bonyl region (ATR accessory). Supporting Fig. S23: Electronic absorption
spectra of the acid (in presence of CF3COOH) and base (in presence of
DBU) forms of complexes: A. a-Re(NN1-OH/OK), B. b-Re(NN1-OH/
OK), C. a/b-Re(NN2-OH/OK), D. Re(NN3-OH/OK) in MeOH, 293K.
Supporting Fig. S24: A: Dependence of Re(NN3-OK) absorption spectra
on pH, 293K, aqueous buffers. B: Dependence of Re(NN3-OK) absorbance
at 730 nm on pH, 293K. C. pH vs. log[(Dx-DOH)/(DOK-Dx)] plot forRe(NN3-
OK) and it’s linear fit. Supporting Fig. S25: The experimental (solid lines)
and calculated (dotted lines) absorption spectra of a-Re(NN1-R): base
form – black lines, acid form – red lines. Supporting Fig. S26: NTOs dem-
onstrating the decrease (violet) and increase (terracota) of electrondensity
for S0→S1 electronic absorption transitions of a-Re(NN1-R) in MeOH.
Supporting Fig. S27: The experimental (solid lines) and calculated (dotted
lines) absorption spectra of b-Re(NN1-R): base form – black lines, acid
form – red lines. Supporting Fig. S28: NTOs demonstrating the decrease
(violet) and increase (terracota) of electrondensity for S0→S1 electronic
absorption transitions of b-Re(NN1-R). Supporting Fig. S29: The experi-
mental (solid lines) and calculated (dotted lines) absorption spectra of
a/b-Re(NN2-R): base form – black and violet lines, acid form – red
and orange lines. Supporting Fig. S30: NTOs demonstrating the decrease
(violet) and increase (terracota) of electrondensity for S0→S1 electronic
absorption transitions of a-Re(NN2-R) in MeOH. Supporting Fig. S31:
NTOs demonstrating the decrease (violet) and increase (terracota) of elec-
tron density for S0→S1 electronic absorption transitions of b-Re(NN2-R) in
MeOH. Supporting Fig. S32: The experimental (solid lines) and calculated
(dotted lines) absorption spectra of Re(NN3-R): base form – black lines,
acid form – red lines. Supporting Fig. S33: NTOs demonstrating the
decrease (violet) and increase (terracota) of electrondensity for S0→S1 elec-
tronic absorption transitions of Re(NN3-R) in H2O. Supporting Fig. S34:
A: Normalized absorption spectra of the methanol solution of Re(NN3-
OK) before and after irradiation by the ultraviolet light with the dominant
wavelength of 365nm and UV power of 300W. B: 1H NMR spectra of
Re(NN3-OK) (aromatic region) before (green) and after (pink) irradiation
by the ultraviolet light with the dominant wavelength of 365nm and
UV power of 300W, MeOD, 298K, 400 MHz. Supporting Table S1:
Crystal data and structure refinement for a-Re(NN1-OMe) and
b-Re(NN1-OMe). Supporting Table S2: Major structural parameters
of a-Re(NN1-OMe) and b-Re(NN1-OMe). Supporting Table S3:
Calculated absorption maxima for S0-S1 transitions for complexes
Re(NN1-R)−Re(NN3-R). Supporting Table S4: IFCT of S0→S1
electronic excitation in a-Re(NN1-R) in MeOH. Supporting Table S5:
IFCT of S0→S1 electronic excitation in b-Re(NN1-R) in MeOH.
Supporting Table S6: IFCT of S0→S1 electronic excitation in a-Re(NN2-R)
in MeOH. Supporting Table S7: IFCT of S0→S1 electronic excitation in
b-Re(NN2-R) in MeOH. Supporting Table S8: IFCT of S0→S1 electronic
excitation in Re(NN3-R) in H2O.
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