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Bis-borylated arylisoquinoline-derived dyes with a
central aromatic core: towards efficient
fluorescent singlet-oxygen photosensitizers+i
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Conveniently modified polycyclic aromatic hydrocarbon (PAH) fluorophores are obtained by a bromina-
tion—borylation sequence. The bis-borylated dyes show red-shifted absorption (Aapsmax > 450 nm) and
emission (Agmax > 500 nm; & 0.3-0.5) properties as compared to the parent PAHs. Their centro-
symmetric A—n-A (A: acceptor) structures led to the observation of two-photon absorption (up to 60 GM)
in the near-infrared spectral region (>800 nm). The rigid structure shuts down non-radiative deactivation
by limiting rotational or vibrational freedom. Thus, the excited-state pathways originating from the excited
singlet state are resumed to fluorescence and excited triplet-state formation. The latter is involved in the
energy-transfer sensitization of singlet oxygen (@,: 0.50-0.66). This bipartition provides the setting for
the concomitant observation of fluorescence and photosensitization, making these dyes ideal bimodal
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Introduction

Robust emissive dyes, whose fluorescence properties can be
fine-tuned by the modification of their electronic structure, are
prime candidates for optoelectronic applications and func-
tional materials. Special focus has been placed on organo-
boron fluorophores, where the boron centre is encountered in
either a three- or four-coordinate state.'™® In the former state,
the electron-deficient boron, featuring an empty 2p, orbital,
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may play the role of an electron acceptor. When integrated
with electron donors, highly interesting architectures, which
serve as photoinduced electron-transfer and charge-transfer
model systems®®™ or two-photon-absorbing fluorophores,'®™*
have been obtained.

Four-coordinate boron provides a stable octet valence situ-
ation, deriving from the interaction of the three-coordinate
element with an additional Lewis base."**'®2” In this
context, the integration of classical polycyclic aromatic hydro-
carbons (PAHs) with N,C chelate organoboron structural moi-
eties has enjoyed notable preference.>*** In these dyes, the
BN Lewis pair introduces structural and electronic variations
that have direct consequences for the photophysical pro-
perties, resulting in red-shifted optical spectra and improved
emission quantum yields when compared to the corres-
ponding PAH core alone. In Fig. 1, representative examples for
such dyes are shown. A bis-borylated dye with the smallest aro-
matic PAH core, i.e., benzene, was reported by the Nowak-Krol
group.®® Structure A is prepared by a modular synthetic
approach and shows helical chirality. The Wang group intro-
duced structure B, showing interesting photochemical reactiv-
ity,>® similar to earlier systems that were based on (ppy)BMes,
(ppy = 2-phenylpyridine).?® Substituting the pyridyl unit with
an isoquinolyl enabled our group to design arylisoquinoline-
derived fluorophores with naphthyl (structures C with varying
electron-donating substituents R) or anthryl (structure D).>*
Structures C were shown to feature intramolecular charge-
transfer fluorescence, implying significant solvatofluorochro-

This journal is © the Partner Organisations 2022
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Fig. 1 Representative examples of PAHs that are structurally integrated with BN Lewis pairs and structures of the herein investigated dyes 1-3.
Please note that formal charges at B (negative) and N (positive) are not shown, as commonly practiced in the field.

mism and large Stokes shifts. The Jikle group has used BN
Lewis-pair formation to extend the anthracene skeleton later-
ally (structure E)** or linearly (structure F).*® This yielded red-
shifted fluorescence, as compared to simple anthracene dyes,
and photosensitized singlet-oxygen ('0,) formation. Using
pyrene as the aromatic core led for example to structures G
and H.>"*?

Chromophores that exhibit efficient fluorescence, but also
populate enough excited triplet state that could trigger the for-
mation of '0,, are of interest because of their bimodal activity.
Such dyes/photosensitizers could be spatially located through
their fluorescence and would at the same time lead to the
generation of therapeutically active 'O,, as for example,
implied in photodynamic therapy (PDT) of tumorous
tissues.’’° In the context of organoboron structures, 'O,-
photosensitizing BODIPY dyes often include heavy atoms
(bromine, iodine) to promote the population of the excited
triplet state, which in turn is implied in energy transfer to

This journal is © the Partner Organisations 2022

triplet oxygen.*®*° Accordingly, high 'O, formation quantum

yields (@,) are observed for these dyes (typically 0.8-0.9), but
relatively low fluorescence quantum yields (®¢), typically
smaller than 0.1, result. As the implicated excited singlet and
triplet manifolds are antagonists, communicated by intersys-
tem crossing (ISC), any exaggeration of fluorescence or 'O, for-
mation would have detrimental effects on the opposed mecha-
nism. Hence, when striving for dyes that act simultaneously as
good fluorophores and photosensitizers, it is desirable that
the implied excited-state mechanisms are in balance
(Scheme 1), i.e., @, ~ @; ~ 0.5. This would require that (i) non-
radiative excited singlet-state deactivation pathways, other than
the population of triplet state by ISC, are disfavored and that
(ii) the energy transfer (ET) between the excited triplet state of
the dye and triplet oxygen proceeds quantitatively.

Herein we synthesized three bis-borylated PAHs (structures
1-3 in Fig. 1), which enlarge the pool of related tetracoordinate
organoboron dyes structurally and functionally. For example,

Org. Chem. Front, 2022, 9, 4250-4259 | 4251
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Scheme 1 Jablonski diagram for the correlation between fluorescence
and 1O, formation. ISC: intersystem crossing, ET: energy transfer.

the anthracene-derived dye 2, which could be termed as a
“diagonally extended” structure, fills the structural gap
between E and F, recently published by the Jikle group.** The
highlights of the photophysical performance of the new dyes
are remarkable 'O, photosensitization and maintenance of sig-
nificant fluorescence. The formation of 'O, was directly evi-
denced and quantified by observing its near-infrared (NIR)
phosphorescence emission. The sensitization quality was
related to the characteristics of the excited triplet state precur-
sors, as obtained from time-resolved transient absorption
spectroscopy, yielding a detailed photomechanistic picture. In
addition, the new dyes were found to be active in two-photon
absorption, which adds a further dimension to their photo-
functional behavior. This provides the possibility to excite the
dyes with low-energy NIR light, reaching the same excited
states as observed for conventional one-photon excitation.

Results and discussion
Synthesis

The synthesis of the dyes 1-3 is summarized in Scheme 2.
Starting from the diboronic pinacolate esters 1A-3A,*"** the
Pd(PPh;),-catalyzed Suzuki coupling with 1-chloroisoquinoline
afforded the triarylic systems 1B-3B as a mixture of rotamers
in 61-78% yield. These were then transformed into the corres-
ponding o,0’-dibrominated products 1C-3C by employing our
previously described C-H borylation/bromination
methodology.>*”** The nitrogen-directed C-H borylation was
carried out by using excess B,pin, (pin = pinacolate) and [Ir(p-
OMe)(cod)], (cod = 1,5-cyclooctadiene) as the catalyst in combi-
nation with 2-pyridinecarboxaldehyde N,N-dibenzylhydrazone
as the additional ligand.”® Elevated temperatures (90-100 °C)
and prolonged time (2-3 days) were necessary to complete the
reaction. The crude products were used directly for the bromi-
nation with CuBr,”*” and the dibromides 1C-3C were
obtained in 37-79% yield as meso/racemic mixtures. The
isomers were separated by column chromatography and the
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Scheme 2 Synthesis of the dyes 1-3. (i) 2.6 equiv. 1-chloroisoquino-
line, 6 mol% [Pd(PPhs3),], toluene : MeOH (2: 1), Na,COs (aq.), 90 °C. (ii)(
1) 2.8 equiv. Bypin,, 4 mol% [Ir(u-OMe)(cod)],, 8 mol% 2-pyridinecarbox-
aldehyde N,N-dibenzylhydrazone, 1,4-dioxane, 90-100 °C. (2) 6.0 equiv.
CuBr;, i-PrOH: MeOH (2:3), water, 90 °C. (i) (1) 2.4 equiv. n-Buli,
anhydrous THF, —78 °C. (2) 3.0 equiv. Mes,BF (Mes: mesityl), —78 °C —
rt.

one with the lower Ry was used further. However, due to their
symmetric structure they could not be assigned based on their
NMR spectra (see the ESIf). Finally, the dibromides 1C-3C
were transformed into the diboranes 1-3 in a one-pot pro-
cedure consisting of a Br/Li exchange, followed by the reaction
with Mes,BF.>"?” This afforded the dyes in 30-46% yield as
yellow-orange amorphous solids.

The details of the analytical characterization (*H, **C, "'B
NMR, and electrospray ionization mass spectrometry) can be
found in the ESI.} Broad signals for methyl and aryl protons
and carbons of mesityl groups were observed in the NMR
spectra recorded at 25 °C. This is due to two factors. (i) There
is significant degree of fluxionality, leading to configurational
instability of the chiral axes. This is reasoned with the BN
coordination, which opens up the angles around the chiral
axes.”' (ii) The rotation of the mesityl group around the B-
CMes bond is very slow. Indeed, in the case of 2 and 3, high-
temperature NMR experiments (70 °C) were required to obtain
well-defined spectra. The sp® character of the boron center was
unambiguously confirmed by ''B NMR spectroscopy, which
revealed a resonance signal at 6.0-6.2 ppm for all dyes.”*>"

One-photon optical spectroscopy

The dyes 1-3 were photophysically characterized by UV/vis
absorption and fluorescence spectroscopy as well as by time-
correlated single-photon-counting measurements (TCSPC),
using toluene and tetrahydrofuran (THF) as solvents. The data

This journal is © the Partner Organisations 2022
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Table 1 Photophysical properties of the dyes 1-3 in air-equilibrated toluene and tetrahydrofuran solution

Aabs (nm) [¢ M~ em™)] ¢ (nm) o 7? (ns) k (107 s7Y) ke (107571 Jopa (nM) [0, (GM)] Aopa fluo (M)
Toluene
1 447 [13 700] 485 0.33 4.52 7.3 14.8 810 [29] 492
424 [13 200]
403 [13 300]
2 491 [17 400] 512 0.30 3.95 7.6 17.7 830 [44] 515
461 [13 100] 540 (sh) 870 [59]
940 [20]
3 495 [39500] 519 0.50 3.15 15.9 15.8 840 [61] 520
467 [38 800] 548 (sh) 950 [8]
Tetrahydrofuran
1 445 [14 400] 481 0.34 4.52 7.5 14.6
423 [13 500]
394 [13 600]
2 487 [16 400] 516 0.27 4.11 6.6 17.7
459 [13 000] 541 (sh)
3 484 [47 900] 515 0.53 3.70 14.3 12.7
459 [45 900] 543 (sh)

% Experimental error fluorescence quantum yield: ca. 10%. Fluorescence quantum yields measured for de-aerated toluene solutions of the dyes:
0.38 (1), 0.33 (2), and 0.53 (3). ?Experimental error fluorescence lifetime: ca. 5%. TPA data were determined only for toluene solutions.

Experimental error TPA cross-section: ca. 15%.

are summarized in Table 1 and the spectra in toluene are
shown in Fig. 2 (see the ESIi for the spectra in THF).

Several general observations can be made straightforward
from the data and spectra. All dyes show typical vibronic fine-
structure in their absorption spectra, similar to the obser-
vations made for the parent PAHs. The same can be clearly
affirmed for the fluorescence spectra of 2 and 3. The identity
of the emission was confirmed by the superposing absorption
and excitation spectra. The Stokes shifts of the dyes are small
(e.g., 2090 cm™" for 1, 850 ecm ™" for 2, and 930 cm ™" for 3 in
toluene), excluding significant structural changes or solvent
reorganization in the excited state.>”*” Furthermore, the fluo-
rescence properties vary only little between the two solvents
used herein (i.e., toluene and THF).

All dyes show emission of cyan-to-green color (maxima are
situated between ca. 485 nm and 520 nm). Dye 1, as the least
extended n-system, absorbs and emits at somewhat shorter
wavelengths, while dyes 2 and 3 show comparably red-shifted
absorption and emission spectra. The fluorescence quantum
yields of 0.3 (dyes 1 and 2) to 0.5 (dye 3) characterize the new
fluorophores as efficient emitters. This is accompanied by
fluorescence lifetimes in the range of 3.0-4.5 ns. The rate con-
stants of the non-radiative excited-state decay are found to be
very similar for all three dyes, while dye 3 has a significantly
higher radiative rate constant as compared to dye 1 or 2 (see
data in Table 1), in accordance with the increased fluorescence
quantum yield of 3.

Two-photon excitation

Dyes 1-3 are of centrosymmetric nature and feature an A-t-A
(A = acceptor; defined by the isoquinolinium units) electronic
structure. These two characteristics are desirable for the obser-
vation of nonlinear optical phenomena, such as two-photon
absorption (2PA).'>**>' The efficiency of 2PA, measured as
cross-section 6,, can be determined by monitoring the two-

This journal is © the Partner Organisations 2022

photon-excited fluorescence of the chromophores.®® This was
done for the excitation wavelength region from 730 nm to
1040 nm. The obtained data and 2PA spectra in toluene are
shown in Table 1 and Fig. 3, respectively.

Dye 1, as the chromophore with the least extended central &
system, shows its 2PA band at the shortest wavelength
(810 nm) and with a relatively low TPA cross-section (ca. 30
GM). The other two dyes show their maxima shifted to longer
wavelengths (870 nm for 2 and 840 nm for 3), in agreement
with the increased m-conjugation. The cross-section at the 2PA
maximum is higher for 2 and 3 and reaches similar values (ca.
60 GM) as those observed previously for related donor-substi-
tuted mono-borylated dipolar dyes with structure C [Fig. 1; R =
OCHj;, N(CH3),].** The order of magnitude compares well with
those of other low-molecular-weight tetracoordinate organo-
boron dyes with similar conjugation level, such as the BODIPY
dye skeleton (ca. 50-100 GM)>*™* or the BASHY dye family (ca.
150-200 GM),”*”” although more efficient 2PA-active boron-
containing chromophores are known.’®*® The 2PA spectra
(dividing the wavelengths by 2) do not compare with the long-
wavelength band of the one-photon absorption spectra. This
provides a hint that the two-photon excitation does not imply
the lowest excited state S;, but a higher-lying state, such as S,
(see also DFT calculations below).

However, obeying Kasha’s rule, the emissive S; state is
rapidly populated by internal conversion and the chromo-
phores show the same fluorescence emission (see Fig. 3) as
observed for one-photon excitation. The observed emission is
indeed generated by 2PA, as evident from the log-log plot of
the emission intensity versus the laser excitation power, yield-
ing the expected slope of 2 for all dyes (see Fig. 3).

Quantum-mechanical calculations

The conclusions drawn from the photophysical characteriz-
ation of the processes involving excited singlet states were vali-

Org. Chem. Front, 2022, 9, 4250-4259 | 4253
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Fig. 2 UV/vis-absorption (black) and fluorescence spectra (red) of the
dyes 1 (50 pM, top), 2 (25 pM, middle), and 3 (25 uM, bottom) in air-equi-
librated toluene.

dated by theoretical calculations at the PBE0/6-31G(d,p) level
of theory.®>®! The solvent (toluene) was taken into account by
employing the polarization continuum model (PCM); see the
ESI} for further details.®”

In Table 2 the most significant information related to the
absorption and emission of the dyes is summarized. The cal-
culated absorption and emission energies are in very satisfac-
tory agreement with the experimental values [difference of
<0.07 eV; except for the emission energy of 3 (0.51 eV
difference)].

The lowest energy S; < S, (absorption) and S; — S, (emis-
sion) transitions are dominated by the HOMO and LUMO fron-
tier orbitals (FMOs). The HOMO/LUMO contour plots of the
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Fig. 3 Top: two-photon absorption spectra of 1, 2, and 3 in toluene.
Middle: log-log plot of the two-photon excited fluorescence versus
laser power. Bottom: two-photon excited fluorescence spectra. Colour
code: 1: black, 2: blue, 3: red.

dyes 1-3 are shown in Fig. 4. For all three chromophores, it is
easily visualized that the HOMO has its main incidence on the
borylated central aromatic core and that the LUMO symmetri-
cally involves both isoquinolinyl moieties. This affirms the
assumed A-m-A quadrupolar electronic structure of the dyes
and the observed 2PA activity.

The centrosymmetrical structures feature 'A,, 'A,, and 'A,
symmetry for the S,, S;, and S, states, respectively. In accord-
ance with the applicable selection rules, the S; « S, transition
is allowed in conventional one-photon absorption, while the
S, < Sy transition cannot take place (zero oscillator strength).
However, for the two-photon absorption, this is inversed and
the S, « S, transition is the active one.

This journal is © the Partner Organisations 2022
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Table 2 DFT-calculated transition characteristics for the dyes 1-3
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Absorption” Emission” 2PA?
Transition [f]° FMO contribution [%] Emax (€V) Transition [f]° FMO contribution [%] Emax (€V) Transition o, (GM)
1 Sy < S, [0.311] 2.81 S; — S, [0.068] 2.29 S, < So a1
LUMO « HOMO [95] LUMO — HOMO [96]
2 S; « S, [0.400] 2.54 S; — S, [0.427] 2.27 S, « So 134
LUMO « HOMO [98] LUMO — HOMO [98]
3 Sy « S, [0.701] 2.44 S; — S, [0.728] 2.16 S, < So 57

LUMO « HOMO [98]

LUMO — HOMO [97]

“ PBE0/6-31G(d,p) level of theory. ® B3LYP/6-31G(d,p) level of theory. ¢ Oscillator strength.
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Fig. 4 HOMO-LUMO contour plots and energies for the dyes 1-3.
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Photosensitization of 'O, formation

Recently, related bis-borylated PAHs with anthracene as the
central aromatic core (structures E and F in Fig. 1) have drawn
attention as 'O, photosensitizers.*>*® Transient absorption
spectroscopy was performed on the herein investigated dyes to
detect excited triplet states. These could serve as precursors for
the formation of 'O, by means of energy transfer to triplet
oxygen ((0,).

The transient spectra, obtained on nanosecond laser exci-
tation of 1-3 in de-aerated toluene solution (see Fig. 5), show a
negative signal. It coincides with the spectral position of the
long-wavelength absorption of each dye (i.e., 370-470 nm for
dye 1, 460-510 nm for dye 2, and 410-520 nm for dye 3) and
also resembles the observed fine-structure. This signal is there-
fore ascribed to ground-state (GS) bleaching. The bleaching is
overlapped with a transient spectrum of positive amplitude,
featuring a broad band with a maximum at wavelengths longer

(b)

=
©
20 A_A
<

400 500 600 700 800
A (nm)

0 50 100 150
t (us)

Fig. 5 Transient absorption spectra (lexc = 355 nm) of the dyes 1 (a), 2 (b), and 3 (c) at different time delays [1 (black), 20 (red), and 60 (blue) ps] in
de-aerated toluene. In (d) the kinetic traces for dye 1 at Aops = 760 nm (black) and 450 nm (red) are shown.
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Table 3 Transient spectroscopy data for dyes 1-3 in toluene

1 2 3
GS bleaching

Amax (NM) 400 (sh)/450 470 (sh)/490 470 (sh)/500
7 (us) 29 43 56

T-T absorption

Amax (NM) 760 780 760

kg (0) M~'s™) 1.0 x 10° 9.5 x 10° 1.0 x 10°

7 (us) 32 46 68

Drgc” 0.63 0.56 0.51

10, formation

@,° 0.66 0.53 0.50

“Intersystem crossing (ISC) quantum yield; experimental error ca.
15%. ? Quantum yield for '0, formation; experimental error ca. 15%.

than 700 nm (i.e., 760 nm for 1, 780 nm for 2, and 760 nm
for 3). The signal decays on the microsecond timescale (zr =
32-68 ps; see Table 3) and has practically the same kinetics as
the recovery of the GS bleaching (see Fig. 5). Furthermore, the
transient is quenched by oxygen (kq ca. 1.0 x 10° M™" s7'). The
observations support its assignment to triplet-triplet absorp-
tion. The quantum yield for intersystem crossing (®sc), yield-
ing the excited triplet state, was determined as 0.51-0.63 (see
Table 3).

The detection of the near-infrared luminescence of O, at
1276 nm (z = 35.8 ps in toluene) provided direct evidence for
the sensitization quality of 1-3. The quantum yields of 'O, for-
mation (@,) were determined as being in the range of 0.50 to
0.66, constituting significant figures for heavy-atom free orga-
noboron photosensitizers.’®*®*"*> The quantum yield values of
triplet formation and 'O, formation are practically the same,
pointing to the fact that energy transfer from the excited
triplet state of the dye to triplet oxygen proceeds with unit
efficiency. It is noteworthy that the 'O, formation efficiency of
the bis-borylated dye 1 is practically twice the value that was
recently published by us for dye C (R = H; see Fig. 1).°® This
points to the importance of the higher symmetry and rigidity
of dye 1, shutting down non-radiative excited singlet-state
decay other than ISC. This is in agreement with the obser-
vation that the quantum yields of fluorescence (&¢) and triplet
state formation (@;5c) sum up to nearly 1 for the investigated
dyes (see data in Tables 1 and 3).

Being efficient photosensitizers of 'O, formation, we strived
to test the photostability and resistance toward 'O,-induced
oxidation of the dyes in air-equilibrated toluene solution. The
herein investigated dyes show degradation on prolonged
irradiation (dexe > 395 nm), monitored by the decrease of the
long-wavelength absorption band (see the ESI{). However, this
is most notable for 1 (46% decrease after 4 hours of
irradiation) and 2 (66% decrease), featuring the linear PAHs,
while dye 3 (14% decrease) is apparently more stable. The
marked photoreactivity of linear acenes towards 'O, is com-
monly ascribed to the formation of endoperoxides by means of
a [4 + 2] cycloaddition.***%”~7% Analogous chemical processes
are expected for the naphthalene- and anthracene-derived 1
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and 2, respectively. Similar pyrene oxidation products by the
action of 0, are not described. However, there are indications
that photooxidations of this PAH ultimately lead to pyrenequi-
nones (1,6- and 1,8-isomers).”*

Conclusions

Bis-borylated isoquinoline-derived dyes with polycyclic aro-
matic cores are an interesting family of compounds with
potential for bimodal activity as fluorophores and 'O, photo-
sensitizers. They can be structurally designed as to avoid non-
radiative excited singlet state deactivation other than intersys-
tem crossing. In the best cases, 50% of the excited singlet state
are channeled to fluorescence and 50% form an excited triplet
state by intersystem crossing. The latter sensitizes singlet
oxygen by nearly quantitative energy transfer to triplet oxygen.
The thorough photophysical characterization opens perspec-
tives for new organoboron chromophores with potential for
imaging and therapeutic action. Future work will be directed
towards the synthetic integration of polar groups that allow
water solubility.
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