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Manipulating Charge Transfer States in BODIPYs: A Model
Strategy to Rapidly Develop Photodynamic Theragnostic Agents
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Abstract: On the basis of a family of BINOL-based O-BODIPY dyes,
it is demonstrated that chemically manipulating the chromophoric
push-pull character, by playing with the electron-donating capability of
the BINOL moiety (BINOL vs. 3,3"-dibromoBINOL) and with the
electron acceptor ability of the BODIPY core (alkyl substitution
degree), is a workable strategy to finely balance fluorescence (singlet-
state emitting action) vs. capability to photogenerate cytotoxic reactive
oxygen species (triplet-state photosensitizing action). It is also shown
that the promotion of a suitable CT character in the involved
chromophore upon the excitation enhances the probability of the
intersystem crossing (ISC) phenomenom, which is required to
populate the triple state enabling singlet oxygen production. The
reported strategy opens up new perspectives for the rapid
development of smarter agents for photodynamic theragnosis,
including heavy-atom-free agents, from a selected starting organic-
fluorophore precursor.

Theragnosis, consisting in the simultaneous diagnosis and
treatment by a single biocompatible chemical system (i.e., the
theragnostic agent), has emerged as a promising medical
practice, mainly in the fight against cancér.This is due to the
advantageous opportunities that theragnosis offers: it increases
the success of the therapy by the aid of the in-situ visualization of
the lesion to be treated.? In fact, theragnosis outstands as one of
the most promising practices in modern precision medicine.?
However, combining diagnosis and treatment abilities in a single
biocompatible system is not an easy task. Therefore, the chemical
development of smarter theragnostic agents is one of the most
challenging objectives in biomaterials science.?

Among all the different theragnostic approaches,'? those
based on diagnosis by fluorescence bioimaging and medical
treatment by photodynamic therapy (PDT), must be highlighted. 4
The benefit of this approach is that it can be performed by the
simplest theragnostic agent: a small monochromophoric organic
dye able to fluoresce and to photogenerate cytotoxic reactive
oxygen species (ROS) from the same chromophoré. In other
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words, a fluorescent ROS photosensitizer (ROS-PS). This type of
theragnostic agent has the additional advantage of its low
structural complexity, which is key to speed up the development
of the smarter (more efficient and less toxic) agents demanded for
advanced medical treatments. However, obtaining such
fluorescent ROS-PS agent is not easy, since it requires opposite
photonic capabilities yet coming from the same chromophore (the
higher the fluorescence efficiency is, the lower the ROS
photosensitizing action, and vice versa; see Figure 1).8
Consequently, both properties need to be properly balanced in
the molecular design to reach an efficient agent with the required
dual photonic action.?
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Figure 1. Jablonsky diagram showing fluorescence (red) competing with ROS
generation (blue) upon light absorption (green) in a monochromophoric
fluorescent ROS-PS. A properly stabilized charge transfer state (CTS),
populated from the S 1 state, is proposed to enable intersystem crossing (ISC)
towards a T1 state able to generate '02 via energy transfer to the ground state
(triplet) of molecular oxygen. Other ROS can be competitively formed by
electron transfer from electron-rich PS-based species (e.g. the radical anion
PS~) to molecular oxygen. These activated species should be mainly formed
from a more reactive and polarized charge separation state (CSS).

To date, the most important strategy to construct ROS-PSs is
selecting a highly fluorescent monochromophoric organic dye and,
then, chemically attaching heavy atoms to its structure, mainly
halogenated atoms or heavy transition metal§® These atoms
promote an efficient population of the triplet excited state (T ) of
the dye required to generate singlet oxygen'®;), by enabling
intersystem crossing (ISC by heavy atom effect) from its first
singlet excited state (8).57¢ Highly fluorescent BODIPY (boron
dipyrromethene) dyes outstand in this heavy-atom strategy?’
Unfortunately, heavy atoms usually lead to fast T1—Sy ISC,
showing relatively short-lived triplet states, which limits their use
in PDT.8 Besides, heavy atoms can increase the toxicity of the
agent in the absence of light irradiation (dark toxicity), diminishing
the dye biocompatibility. ® Trying to overcome these drawbacks,
some heavy-atom-free ROS-PSs based on organic dye have
been recently reported.7¢10 Although the origin of the
photosensitizing capability in these dyes is still controverted, it has
been suggested that structural distortion 199" or charge transfer
(CT)'0er11 promotion upon the excitation can be involved in the
enhancement of the probability of the ISC required to generate
0, (Figure 1). In this context, turning on a charge transfer state



(CTS) has been recently used to switch between fluorescence
and ROS generation. 122 Therefore, manipulating CTSs in small
organic dyes could be an interesting strategy in the development
of smarter photodynamic theragnostic agents, including heavy-
atom-free ones. By this strategy, it should be possible to rapidly
find a priviliged structure with the most proper balance between
ROS photoproduction and fluorescence.Herein, we demonstrate
the utility of chemically manipulating CTSs as a useful strategy to
develop fluorescent ROS-PSs for photodynamic theragnosis.

To this end, we selected four accessible and highly
fluorescent F-BODIPY precursors (1-4 in Figure 2), which were
chemically manipulated to tune their ability to populate CTSs upon
excitation. Then, they were photophysically characterized to study
their capability to act as fluorescent ROS-PSs. The said chemical
manipulation was to covalently link the oxygen atoms of a BINOL
(1,1’-binaphth-2-ol) or 3,3-dibromoBINOL moiety to the boron
atom of 1-4 (substitution of the fluorines by a BINOL moiety), to
generate the corresponding O-BODIPY dyes (1a-4a and 1b-4b,
respectively; see Figure 2). This simple chemical transformation
was selected due to the known differential ability of BODIPYs 1,
1a and 1b, previously studied by us, to undergo charge transfer
(CT) upon excitation.”® Thus, the at-boron functionalization of
BODIPYs with BINOL moieties promotes a fluorescence-
quenching CT process® Such CT can be efficiently tuned by
manipulating the substitution pattern in the BODIPY-BINOL
system, particularly by diminishing the electron-donating
capability of the BINOL moiety (using bromine as electron-
withdrawing substituent at BINOL), or by enhancing the electron-
acceptor ability of the BODIPY core (e.g., by diminishing the
number of alkyl groups at BODIPY)."
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Figure 2. Selected BINOL-based O-BODIPYs, as well as parent F-BODIPYs
(inset). BODIPY and BINOL-based moieties are highlighted in red and blue,
respectively. BTFMP: 3,5-bis(trifluoromethyl)phenyl.

Known O-BODIPYs 1a,'* 1b,'® and 4a'® were prepared from
the corresponding parent F-BODIPY and BINOL or 3,3'-
dibromoBINOL, following the described procedures based on
standard AICI; activation of the fluorine substitutions. The same
method was successfully used to prepare 2a-b, 3a-b and 4b (see
Figure S1 and synthetic details in Supporting Information, Sl).

BINOLated O-BODIPYs 2a-4a were expected to populate
CTSs with higher probability than their 3,3’-dibromoBINOLated
counterparts 2b-4b (see Figure 2), analogously to that occurring
in the couple 1a/1b. ' Accordingly, among the selected dyes, 1b
should exhibit the lowest probability to populate CTS upon
excitation, since this dye is based on electron-poor 3,3-
dibromoBINOL and the electron-richest BODIPY core (note
peralkylation injecting electronic density into the BODIPY core of
1b). Oppositely, 4a, based on electron-rich BINOL and the
electron-poorest BODIPY core (note the lower degree of BODIPY
alkylation together with the presence of an orthogonal, electron-
withdrawing, phenyl group), should exhibit the highest CT
probability in all the studied BINOL-based O-BODIPYs in this
work.

To test the expected different ability of 1-4, 1a-4a and 1b-4b
to undergo CT, fluorescence dependence on solvent polarity was
studied for each dye (see Table S1 in Sl). The ability of these dyes
to fluoresce was accounted by their fluorescence quantum yields
( ¢ in solvents of different polarity, whereas their ability to populate
a ROS-forming triplet state was estimated by the corresponding
singlet-oxygen ('O2) quantum yield ( ¢) in chloroform (see Table
1, Table S1 and Figures S2-S5 in Sl). It must be noted here that
competitive formation of other ROS (see the electron-transfer
mechanism in Figure 1) is considered negligible under the
experimental conditions chosen to quantify the photoproduction
of 'O, (diluted non-aqueous media). Thus, according to previous
works, "8 the predominant ROS-forming mechanism for all the
herein studied BODIPYs, under the selected experimental
conditions, should be energy transfer from the ftriplet state to
molecular oxygen, to form 'O,; nonetheless, formation of small
fraction of other ROS (mainly radical anion superoxide, Oy”)
cannot be discarded.

The high fluorescence efficiency of 2 and 3 (§ca. 0.9 in
chloroform) was much drastically affected upon the substitution of
their fluorine atoms by a BINOL in comparison with than occurring
in the case of 1, likely due to the promotion of CT (cf. 1a-3a vs.
1-3 in Table 1). BINOLation of less fluorescent parent 4 (jca. 0.6)
enables the same effect (cf. 4a vs. 4 in Table 1). However, the
loss of fluorescence efficiency with respect to that of the
corresponding parent F-BODIPY is significantly less pronounced
in 1b-4b, where the less electron-rich 3,3'-dibromoBINOL moiety
is involved, respect to BINOL-based 1a-4a (see Table 1). Besides,
this fluorescence loss follows the tendency 1 <2 < 3 < 4, both for
the BINOL and the 3,3’-dibromoBINOL series, agreeing with the
expected probability of undergoing CT.

To our satisfaction, these results support our starting
hypotheses: (1) fluorescence-quenching CT is significantly
working in the selected O-BODIPYs, but not in the corresponding
parent F-BODIPYs; (2) the fluorescence efficiency can be finely
modulated in these O-BODIPYs by chemically manipulating the
push-pull character of the involved BODIPY chromophore (proper
choice of both BODIPY and BINOL substituents). Thus, 1b, which
was predicted to exhibit the lowest probability to undergo CT,
displays the highest fluorescence efficiency among the studied O-
BODIPYs (¢ca. 0.7 in chloroform; see Table 1), whereas 4a,
which was predicted to be endowed with the highest probability to
undergo CT, exhibits the lowest emission efficiency under the
same experimental conditions ( ¢= 0.01; see Table 1). Strikingly,
BINOLated 2a is a discordant point in this trend, since its



fluorescence efficiency was found to be almost null under identical Conducted computations revealed the same behaviour for 4a
conditions, instead of being halfway between those exhibited by (see Figure S6 in Sl), switching the CT off by PET.

1a( ¢=0.47)and 3a ( ¢=0.11), as it should be expected (see The promotion of CTS and its competition with PET process
Table 1). has a big impact in the ability to generate ROS in the present
BODIPY dyes. In this line, regarding the differential ability to
Table 1. Fluorescence ( ¢ and singlet-oxygen ( ¢) quantum vyields for F- populate the BODIPY triplet state, parent 1-4, with virtually no
BODIPYs 1-4, and O-BODIPYs 1a-4a, 1b-4b and 2c in diluted chloroform ability to undergo CT upon excitation, did not show 'O,
solution,® as well as key effects (CT: charge transfer, PET: photoelectron photogeneration ( 4! almost null in chloroform; see Table 1). As
transfer, and heavy atom; see text) affecting these parameters. expected, linking the BINOL moiety to the boron atom of these
o b cT PET Heavy atom dyes timidly turns on the production of 'Oz in CT-enabling 1a and

3a ( ¢ ca. 0.05 in chloroform), but not in PET-enabling 2a and 4a

1 0-89 0.00 No No No (cf. data in Table 1). Therefore, avoiding possible PETs together

1a 0.470! 0.05 Yes No No and properly populating CTS seems to be key to promote the
triplet population and, according to our hypothesis, it can be

1b 0.69" 0.1 Yes No Yes modulated by tuning the stability of the involved CTS. Thus,

2 0.90 0.00 No No No introducing bromines in the BINOL moiety of 2a, 3a and 4a, to

respectively generate 2b, 3b and 4b, increases the CT probability
2a 0.06 0.00 No Yes No and thus gives place to a significant enhancement of thdO,
photoproduction in chloroform ( ¢ up to 0.32; see Table 1), which

2 062 032 ves No ves must not only be ascribed to a possible direct S1—T; ISC
2¢ 0.43 0.07 Yes No No promoted by heavy atom effect (note the involved bromine atoms),
but to the additional key participation of a properly-stabilized CTS
3 0.90 0.00 No No No intermediating the ISC, due to the electronic effect exerted by the
3a 011 0.04 Yes No No bromine atoms on the push-pull character of the involved

BODIPY-BINOL dyad. Actually, 3,3’-dibromoBINOLated O-
3b 0.27 0.20 Yes No Yes BODIPYs 1b and 2b show significantly different ability to produce
'O, under the same experimental conditions (ca three-fold higher

4 060 0.00 No No No for 2b and 4b than for 1b in terms of ¢ in chloroform; see Table

4a 0.01 0.00 No Yes No 1), despite the fact that they involve very similar dibrominated
structures (see Figure 2).

4b 0.16 0.32 Yes No Yes The aforementioned results support the influence of the CT

probability on the modulation of the triplet population, and its
usefulness for designing well-balanced theragnostic agents (e.g.,
note 2b exhibiting ¢=0.62 and ¢=0.32 in Table 1). Moreover, it
could be used to design heavy-atom-free PDT agents, too. Tc
support this interesting possibility, and to give more evidence
about CT probability modulating triplet population, we designed

[a] See Sl for experimental details. [b] Data collected from ref. 13a.

Trying to shed light on the behaviour of 2a, we
computationally discovered that a photoinduced electron transfer
(PET) process is involved in 2a as the main non-radiative
deactivation channel of this dye. Thus, the conducted

computations (DFT wB97XD/LanL2DZ; see S| for details) heavy-atom-free O-BODIPY 2c (see Figure 2). Thus, the
demonstrate that visible light absorption in BINOLated 2a ©lectron-donating capability of the BINOL-based moiety of 2c,

preferentially implies an electronic transition from HOMO-1 to Which is 3,3"-disubstituted with 3,5-bis(trifluoromethyl)phenyl
LUMO, being these orbitals mainly located at the BODIPY core (BTFMP) groups, should be halfway between that involved in 2a
(see Figure S6 in SI). The calculations also show that upon this ~ (P@sed on non-substituted BINOL) and 2b (based on 3,3™
electronic transition, a PET from the HOMO (mainly located at the ~ diProminatedBINOL), due to the different electron-withdrawing
BINOL moiety) to the generated low-lying semi-vacant HOMO-1 effects e'x.er‘(ed by the corresponding groups located at the BINOL
is thermodynamically feasible (see Figure S6 in Sl). This reductive 3,3"-positions (H < BTFMP <Br). )

PET explains the dramatic loss of fluorescence observed for 2a BODIPY 2¢ was straightforwardly prepared by reacting parent
in all the studied solvents (see Table S1 in SI). Therefore, the2 With commercial 3,3'-bis(BTFMP)BINOL, following the used
enabled PET competes with the probability of undergoing CT. Standard procedure to prepare BINOL-based O-BODIPYs from F-
Differently, visible light absorption in 3,3"-dibromoBINOLated 2b ~ BODIPYs (see Figure S1 and synthetic details in SI). Certainly,

is computed to preferentially imply HOMO-to-LUMO electron both the fluorescence and the capability to ggn.erate '0,0f2¢ ( ¢
promotion, being these orbitals localized at the BODIPY core (see - 0-43@nd ¢ =0.07) are between those exhibited by 2a (¢= 0.06
Figure S6 in SI). In this case, PET from the low-lying HOMO-1to ~ @"d & =0.00)and 2b (¢=0.62 and ¢ = 0.32), as shown in Table
the as-generated semi-vacant HOMO is not thermodynamically 1. Although a higher 'O, production was expected for 2c, the

feasible at room temperature (the involved energy gap is obtained experimental results support our hypothesis.
computed to be high: ca. 150 meV; see Figure S6 in SI). Nonetheless, future extra efforts are required to gain a deeper

Therefore, the expected CT is not turned off by PETin 2b, as knOWIedge about the detailed mechanism promoting the trlplet

demonstrated by the observed fluorescence dependency on the state population via CTS. This knowledge should also serve to
media polarity exhibited this dye (cf. 2a and 2b in Table S1in SI),  €xPlain the observed unexpected photophysical features.



Finally, in order to characterize the promoted triplet states, Keywords: Theragnosis » Photodynamic therapy ¢ Singlet
dyes with ¢ > 5% (i.e., 2b, 2¢c, 3b and 4b) were studied by oxygen * Triplet modulation » Charge transfer

nanosecond transient spectroscopy (see details in Sl). The
recorded spectra were similar for all the studied compounds (see [y
Figures S7-S11 in SlI) and comparable to those previously
registered for BODIPYs enabling efficient triplet state
population.527¢1® Remarkably for PDT, all the studied dyes
showed relative long triplet lifetimes in the absence of oxyger( ©o  [2
>100 ps; see Table S2 in Sl), being these values significantly
longer than those exhibited by previous iodinated BODIPYs. 5a.7¢
Interestingly, by measuring the decay of the triplet transient band

at the absorption maximum, in the presence and absence of
oxygen, the fractions of excited triplet states quenched by oxygen
(PTo2) and the rate constants for the bimolecular oxygen
quenching (k7q,02) could be determined for 2b, 2¢, 3b and 4b at [3]
room temperature, resulting in excellent P70, values, near 1, and
k74,02 values around of 1.0x1® M's™ for all these dyes (see Table
S2in Sl).

In summary, we demonstrate the usefulness of manipulating
CTSs to balance fluorescence vs. singlet-oxygen photoproduction
in purely organic dyes. This can be easily done by chemically
tuning the probability of undergoing CT upon the excitation, and
constitutes a valuable tool to take into account when developing
triplet PSs from bright fluorophores. This strategy is especially
relevant when the desired PSs are based on a small
monochromophoric organic dye focused to PDT (with long
enough triplet-state lifetimes able to generate'O,, but without
involving inherently-toxic metal atoms) and additionally able to [5]
exhibit enough fluorescence to aid the desired therapy by
bioimaging tracking. Moreover, the demonstrated easiness for
tuning the CT probability in BINOL-based O-BODIPYs, by the
chemical manipulation of the push-pull character of the involved
BINOL-BODIPY dyad, avails the interest of this family of
synthetically accessible dyes in the development of new PDT
agents. Interestingly, the described CT strategy to develop g
BODIPY-based PDT agents could be easily extended to other [7
chromophores, organic or not, by using different CT-tuning
approaches. This fact opens up new perspectives for the rapid
development of smarter, less toxic and more efficient, PDT agents,
as well as new triplet PSs for demanded applications beyond ROS
photoproduction (e.g., photo-redox catalysis, including H:
production by photocatalytic water splitting, photovoltaic
applications or photon upconversion by triplet—triplet-
annihilation).?® In this context, the long-lived triplets found for [g]
some of the herein reported O-BODIPYs avails a promising future
of such simple dyes as triplet PSs for advanced photonics. Finally,
further research is in progress in order to gain a deeper insight
into the detailed mechanism promoting the triplet state population
via CTS in BINOL-based BODIPYs.
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