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Bispalladium(II) Complexes of di-p-Pyrirubyrin Derivatives as
Promising Near-Infrared Photoacoustic Dyes
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Michat J. Biatek, tukasz Orzel, and Lechostaw Latos-Grazynski

Abstract: The insertion of palladium(II) into di-p-
pyrirubyrin results in mutually convertible bimetallic
complexes. Post-synthetic functionalization of one of
them yielded bispalladium(II) dioxo-di-p-pyrirubyrin
and, after demetallation, dioxo-di-p-pyrirubyrin, intro-
ducing for the first time the ao,p’-pyridin-2-one unit into
the macrocyclic frame. Bispalladium(II) di-p-pyrirubyrin
6, bispalladium(II) dioxo-di-p-pyrirubyrin 9, and dioxo-
di-p-pyrirubyrin 10 absorb and emit light around
1000 nm and are characterized by high photostability.
Thus, they are promising candidates for near-infrared
photoacoustic dyes, ideally targeting (9) the wavelength
of Yb-based fiber lasers. The incorporation of an a,f'-
pyridine moiety into expanded porphyrins opens a
highly interesting area of research due to the attractive
optical and coordination properties of the resulting
molecules.

J

Optical properties imprinted into strongly conjugated
systems play a crucial role in contemporary research
focusing on fundamentals of the interaction of organic or
inorganic derivatives with visible light but also on the
potential applicability of n-extended systems."! The ex-
panded porphyrins, macrocyclic systems with typically
improved conjugation and an increased delocalization path-
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way, have been extensively explored for their optical,
electrochemical, and coordination properties.”* In addition,
due to a larger macrocyclic cavity, they have generated
complexes containing more than one metal ion, efficiently
increasing the conjugation.”

The metal complexes of rubyrins are still an underex-
plored group of compounds, with few examples based on
metal coordination via pyrrole nitrogen atoms.**”! Among
them, there are coordination compounds of [26]rubyrin
([26]hexaphyrin(1.1.0.1.1.0)) with rhodium(I) (1), zinc(Il),
or iridium(ITT) ions.®! Insertion of two Co" cations into
[26]rubyrin accompanied by two-electron ligand oxidation
afforded the bis-Co" complex of antiaromatic [24]rubyrin 2
(Scheme 1).! [26]Dioxohexaphyrin(1.1.1.1.1.1) provides a
remarkable [NNNO] coordination core, as illustrated by
paramagnetic bis-Cu" compound 3 (Scheme 1) or diamag-
netic bis-Ni"! complexes.”’! Incorporation of a pyridine unit
into the expanded porphyrin core can be expected to result
in specific coordination behaviour."""! Thus, C,G-di-pyri-
octaphyrin(1.1.0.0.1.1.0.0) revealed noteworthy coordination
flexibility upon treatment with Pd" ions as it converted to
the C- (4) and C,-symmetric [NNNC]-coordinated bis-Pd"
complexes."!

Considering their electronic properties, expanded por-
phyrins may be useful for biomedical imaging methods such
as photoacoustic imaging (PAI).' PAI allows increasing
the imaging depth and higher spatial resolution compared
with traditional optical imaging, because biological tissues
are more transparent to the acoustic output signal than they
are to optical outputs.>"! Thus, copper(II) dioxohexaphyr-

Scheme 1. Selected examples of expanded porphyrin complexes.
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in (3) gives a spectral response in the NIR-II range, a
targeted area for deeper tissues imaging, providing higher
maximum permissible exposure and reduced light scattering
in biological material.l'¥ Significantly, octaphyrin derivatives
encapsulated within organic nanoparticles can help visualize
and discriminate between cancerous and healthy tissues.['”)
Generally, the set of compounds that can be successfully
applied in the second near-infrared window (1000-1700 nm)
of photoacoustic imaging is rather limited.?"?? Therefore,
searching for compounds with an absorption wavelength
above 1000 nm and high photostability is of great impor-
tance to further improve the depth of imaging.”** Most
photoacoustic dyes, such as regular porphyrin derivatives
and their complexes, give a photoacoustic response, but
usually to a higher energy range (700-1000 nm).!'%21

We have previously reported the synthesis and reactivity
of a new ligand, A,D-di-p-pyrirubyrin 5 (Scheme 2).[*’!
Herein, we present the synthesis and mutual transformations
of bispalladium(II) di-p-pyrirubyrin complexes, including
their regioselective oxygenation. The resulting incorporation
of o,p-pyridine-2-one, an unprecedented moiety in ex-
panded porphyrin chemistry, into the rubyrin frame is of
particular significance. The photoacoustic response of rubyr-
in derivatives, including in the NIR-II range, has also been
explored.

The reaction of palladium(IT) chloride with A,D-di-p-
pyrirubyrin 5 in the presence of triethylamine (TEA)
resulted in the insertion of two palladium(II) cations into
the macrocyclic coordination core, producing 6 (Scheme 2).
The symmetric complex 6 possesses two palladium(II) ions,
each coordinating three nitrogen atoms and one chloride
ion. In the mass spectrum of 6, the apparent molecular peak
[M—CI]" was found at m/z 1183.2575. This value and the
characteristic isotopic pattern prove the simultaneous coor-
dination of two palladium(II) cations.

The X-ray-determined molecular structure of 6°” con-
firms that the palladium(II) cations acquire a nearly square-
planar geometry and fit well within the 3 N subpockets. The
Pd" coordination spheres are supplemented with chloride
anions pointing above and below the mean plane of the
macrocycle (Figure 1). The Pd-Pd distance equals 4.4447
(12) A.

The molecule possesses an inversion center; thus, the
PdN3 units can be treated as a pair of enantiomers affording
an achiral meso diastereomer.

The 'HNMR spectrum of 6 collected in the lower
temperature range (223-253 K) presents a pattern consistent
with the C; symmetry already encountered in the solid state.

Scheme 2. Palladium(l1) ions insertion into 5.
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Figure 1. X-ray structure of 6. In the side view, mesityl groups and
selected H atoms are omitted for clarity.

The pyridine protons present an ABX pattern (CH(2,16)
10.32, CH(3,17) 10.17, C(30,34)H —2.41 ppm; Figure 2a).
Still, the inversion with respect to the macrocyclic plane of 6
is reflected by the appropriate changes in the 'H NMR
spectra collected at 263-300 K (see Supporting Informa-
tion).

The stepwise transformation of 6 into 7 and 8 (Scheme 3,
top) has been detected by UV/Vis (Figure S3) and 'H NMR
(Figure 2) spectra.

The conversion of 6 into 7 can be described as a formal
addition of HCI to 6. It involves the heterolytic dissociation
of the Pd—N(31) bond accompanied by the coordination of
chloride and protonation of released N(31). The next step (7
to 8) is analogous, involving Pd—N(35) bond. Addition of a

30,34
a) ﬁ.L
i
1,25 7.21 e
2,16 445 8,22 12,26 Mes Mes Mes Mes
e JJﬁL/f
106 104 102 100 98 96 94 92 90 77 75 7371
19-Me
b) 30 4 34
1,12 l ; / 1 l
25 18 |00 02  -06 A4 30 "
2 (2126 Mes E;Ies
83 17 22l 7 Mes
ULt i 1
106 104 102 100 98 96 94 82 90 88 76 66
30,34
° 31,35
11,25 : Mes
2,16 Mes —~ Mes
3,22—| (347 s ) e emenmamamthent
FL 28 30 32

T T
106 104 102 100 98 96 94 92 9.0 8878 76 74

Figure 2. '"H NMR spectra (selected regions) of a) 6, b) 7 and c) 8
(500 MHz, chloroform-d; a) 238 K, b) and c) 300 K).
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Scheme 3. Mutual transformations of 6-11.

nitrogen base to solutions of 7 or 8 results in a quantitative
recovery of 6.

Upon the addition of acid, the Q bands at 970 and
810 nm shifted hypsochromically to 950 and 750 nm, respec-
tively (see Figure S3).

The number of resonances in the 'H NMR spectrum of 7
reflects its intrinsic asymmetry (Figure 2b). The character-
istic signals from the outer and inner protons of two
different pyridine rings have been identified as two ABX
patterns (1. CH(2) 10.11, CH(3) 9.98, CH(30) —0.02 ppm; 2.
CH(16) 9.76, CH(17) 9.28, CH(34) —2.10 ppm). Moreover,
the methyl signal from the 19-meso-mesityl-substituent is
shifted to a specific lower frequency region, down to
—0.6 ppm, due to the interaction with the corrugated frame-
work of 7 (Figure 3a). The broadened NH(31) resonance,
reflecting HCI addition, has been spotted at —1.41 ppm.

The 'H NMR features of 8 are clearly consistent with its
Crsymmetry (Figure 2c), which is visible already at 300 K.
In addition, the '"H NMR spectrum includes a typical ABX

Figure 3. DFT-optimized molecular structures of 7 and 8. In the side
views, aryl groups are omitted for clarity.
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pattern of a,p’-pyridine moiety (CH(2,16) 10.39, CH(3,17),
10.36, CH(30) —2.91 ppm).

Structures 7 and 8 were subjected to DFT optimizations
(Figure 3). Evidently, the palladium(II) coordination mode
enforces the specific adjustment of the macrocyclic frame, as
clearly reflected by the positions of atoms C(5), C(14),
C(19), and C(28) in 5, 6, 7 and 8. The nearly rectangular
arrangement of 5’s framework (C(5)-C(19) 9.539 A, C-
(14)--C(28) 9.904 A) transforms to the parallelogrammical
one (C(5)-C(19) 8.676 A, C(14)--C(28) 10.390 A) in 6.

Finally, addition of HCI affords 8 (C(5)--C(19) 9.688 A,
C(14)--C(28) 9.876 A), which acquires slightly deformed
rectangular geometry again.

Due to the high potential of post-synthetic
functionalization,’!! a specific transformation of 6 has been
elaborated. Thus, a solution of 6 underwent a reaction with
potassium carbonate to form bispalladium(II) dioxo-di-p-
pyrirubyrin 9 (Scheme 3, bottom). The oxygenation occurs
at two o-positions of o,p’-pyridine units [C(30) and C(34)].
Palladium(IT) coordination to three nitrogen donors is
preserved. However, it is accompanied by the formation of a
bond between palladium(II) and the incorporated oxygen
atom, which replaced the chloride ligand in the parent
compound 6. Here, one can notice that dioxo-di-p-pyrirubyr-
in belongs to a novel class of porphyrinoids based on the
incorporation of an unprecedented a,p’-pyridin-2-one moiety
into a macrocyclic skeleton. Previously, only the a,o'-
pyridin-3-one unit has been incorporated into the porphyr-
inic structure.t"

The detailed mechanism of dioxygenation remains to be
explored. Still, the appropriate analogy can be drawn based
on the coordination chemistry and reactivity of
metallopyridinates.’” The nitrogen coordination of a,p'-
pyridine to a palladium(II) center of 6 causes the regiose-
lective activation of its o-position towards nucleophilic
reagents. An attack by hydroxide on 6 is expected to result
in the formation of the transient covalent hydrate. Such a
species can be invoked in further transformations (including
oxidation) to form pyridin-2-one units incorporated into 9 or
10.

Demetallation of 9 with hydrochloric acid vapors (from
above the 37 %-water solution) followed by neutralization
yields dioxo-di-p-pyrirubyrin 10. The reaction of 10 with
Pd(acac), recovers 9 (Scheme 3, bottom).

The molecular structures of 9 and 10 were determined
by X-ray crystallography® (Figure 4). All four donors
[NNNOY] for both palladium(II) cations are located in the
macrocyclic plane of 9. Pyridin-2-one is a bridging fragment
linking two palladium(II) centers, applying its nitrogen and
oxygen donors. The distortion of the donor-Pd-donor angles
is up to 11° from the ideal 90°. The Pd--Pd distance is only
minimally shorter than in 6 and equals 4.3985(11) A. 10
adopts a planar geometry in the solid state, except for the
slight tilt of the pyridin-2-one moieties. Instead of the metal
ions, protonated nitrogen atoms from six-membered rings
are present within inner lactam moieties. The bond patterns
of o,p’-pyridin-2-one resemble the lactams such as for 4,5-
dihydropyridin-2(3H)-one.”™ In both cases, the oxygen

© 2023 The Authors. Angewandte Chemie published by Wiley-VCH GmbH
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Figure 4. X-ray structures of a) 9, b) 10. In the side view, mesityl groups
and selected H atoms are omitted for clarity.

atoms are slightly displaced from the mean macrocyclic
plane (AC,mes, =0.36 A for 10, 0.49 A for 9).

The macrocycle detected in the solid state has C;
symmetry. However, the "H NMR spectrum of 9 (Figure 5a)
reveals features corresponding to an effective C,, symmetry.
This implies fast conformational rearrangement. The process
requires a concerted transfer of a carbonyl unit from one
side of 9 to the other. The 'HNMR spectrum of 10
resembles the pattern of its palladium(IT) complex 9. The
pyridin-2-one protons attain an ABX pattern—CH(3,17)
11.38, CH(2,16) 10.57, NH(31,32) —0.68 ppm (Figure 5b).

This conversion from 10 to 11 with HBF, was followed
by UV/Vis and NMR spectroscopy. After adding acid, the
band recorded at 988 nm shifts hypsochromically by almost
40 nm to 950 nm (Figure S4). The "H NMR spectrum of 11
(Figure 5c) shows a similar pattern as that reported for 10,
reflecting the effective C,, symmetry. However, in contrast
to 5, for which the stepwise inversion of pyridine rings was
detected for protonated forms, 11 preserves the structure of
the neutral counterpart.

M M
a) 216 347 125822 1226 721 o [V°
116 114 1.2 11.0 10.8 105 104 102 100 98 96 94 92 90 76 74
b) 31,35 29,33 Mes Mes
317 12,26
11,25
ﬂ Uns .21 I 06 08 1.0
T T T T T T T T T T T T T T / T T
16 11.4 11.2 11.0 108 106 104 10.2 100 98 96 84 92 90 76 74

29,31,32,33,35,36
c) 317

A Mes Mes
822 F”?ﬁ 218 7’2“ 12ﬂ'26 24 28 n N

T T T T T T T T T T T T T T
1.6 11.4 11.2 11.0 10.8 10.6 104 102 10.0 98 96 094 92 9.0

T T
76 74

Figure 5. "H NMR spectra (selected regions) of a) 9, b) 10 and c) 11
(500 MHz, chloroform-d, 300 K).
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Electronic spectra were obtained for all discussed macro-
cyclic compounds (Figure 6). Each of them shows features
characteristic of aromatic rubyrins and metallorubiryns®!
with the most red-shifted absorption band recorded at the
border between NIR-I and NIR-II windows. The emission
spectra showed that all four compounds (5, 6, 9, and 10)
exhibit photoluminescence with a small Stokes shift (Al 1-
12 nm, Figure 6), eventually reaching the NIR-II window of
the wavelength covering the range of Agy=970-1040 nm
(Figure 6). The established quantum yields (QYs) for all
four luminophores (5 —0.023; 6 —0.012; 9 —0.024; 10 —0.068)
show a different efficiency of the observed emission.
Significantly, these compounds revealed the absorption and
emission bands around the 950-1050 nm region meeting the
fundamental requirement for chromophores to be used in
the second near-infrared window of photoacoustic
imaging,***?

Photoacoustic spectra showed that 5, 6, 9, and 10
demonstrate efficient photoacoustic responses upon excita-
tion with NIR-II light, with intense sharp absorption bands
in the NIR-II window (Figure 7). In the case of 5 and 10,
these responses were weaker than for their palladium(II)
complexes 6 and 9, matching the absorption spectra. Photo-
acoustic spectroscopy (PAS) is exclusively sensitive to the
absorbed portion of the incident light, generating acoustic
waves through material temperature elevation through non-
radiative relaxation. Minute discrepancies between relative
photoacoustic signal intensity compared to absorption
spectra can be attributed to the neglected light scattering
and different photoluminescence quantum yields between
the compounds.

Furthermore, in photothermal deflection spectroscopy
probing the material absorbance with a higher dynamic
range than in photoacoustic spectroscopy, we observed a
clear, relatively strong absorption edge in the NIR range for
5, but not so much for other materials (Figure S54). The
absorption onset, reaching a maximum of around 1eV (
~1200 nm), is characterized by a distinct tail with an Urbach
energy of ~55meV, comparable with alternative organic
dye compounds such as conjugated polymers.['*]

204
972 nm
985 nm

1040 nm

) . "

800 900 1000 1100 1200 1300 1400

1028 nm

460 G(IJO B[I)O 1OIOO h/nm
Figure 6. Absorption and emission spectra (inset) of 5 (green line,
Ae=520 nm), 6 (brown line, 4,,=565 nm), 9 (blue line, 1,,=613 nm),
and 10 (yellow line, 1.,=547 nm). All spectra were recorded in CH,Cl,

solution.
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Figure 7. Photoacoustic spectra of 5, 6, 9, and 10 (293 K, modulation
frequency: 10 Hz, measurement taken on dried-down material, drop-
casted from a chloroform solution onto microscope glass slides).

To test the photostability of the materials, we performed
time-dependent measurements of the photoacoustic signal
amplitude at the NIR-II absorption peak of each compound
(Figure S56). Under the conditions used for spectroscopic
characterization, the photoacoustic response remains un-
changed, preserving the original intensity after 60 min of
continuous excitation. That gives crucial evidence for the
potential to perform reliable imaging experiments without
photoinduced degradation of the dyes.

In conclusion, bispalladium(II) A,D-di-p-pyrirubyrin
provided an effective scaffold for inner core dioxygenation
to form bispalladium(IT) dioxo-di-p-pyrirubyrin. A novel
type of porphyrinoid based on the incorporation of the o,p'-
pyridin-2-one unit into the macrocyclic skeleton has been
described. Significantly, the investigated A,D-di-p-pyriru-
byrin derivatives revealed absorptions and emissions around
1000 nm, high photostability, and efficient photoacoustic
responses. Complex 9 ideally targets the wavelength of Yb-
based fiber lasers (/1030 nm), which made progress in
industrial processing due to the excellent laser power/
production cost ratio.’**”! In the field of high-power pulsed
NIR lasers, they proved to be affordable high-intensity
sources for optically-excited imaging and other scientific
applications, competing with popular Nd:YAG (neodymi-
um-doped yttrium aluminum garnet) lasers and other solid-
state solutions. Thus, it can be envisaged that the described
properties of the modified rubyrins may be promising for
their application as near-infrared photoacoustic dyes.
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Bispalladium(I1) Complexes of di-p-Pyriru-

byrin Derivatives as Promising Near-Infra-
red Photoacoustic Dyes

Angew. Chem. 2023, €202303394

Zuschriften

An dte

Chemie

The photoacoustic response

New o Bpyridin-2-one wmotif

We show the synthesis and mutually
reversible, fully controlled transforma-
tions of bispalladium(ll) di-p-pyrirubyr-

ins. The regioselective conversion of di-

p-pyrirubyrin into dioxo-di-p-pyrirubyrin
leads to the incorporation of an unpre-

cedented a,f’-pyridine-2-one unit into
the macrocycle skeleton. Significantly, all
reported compounds have outstanding
spectroscopic properties, including a
photoacoustic response in the near-
infrared 1-11 range.
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