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A Diradical Approach towards BODIPY-Based Dyes with Intense
Near-Infrared Absorption around 4 =1100 nm
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Abstract: A diradical approach to obtain stable organic dyes
with intense absorption around A= 1100 nm is reported. The
para- and meta-quinodimethane-bridged BODIPY dimers
BD-1 and BD-2 were synthesized and were found to have
a small amount of diradical character. These molecules
exhibited very intense absorption at A=1088 nm (e =6.65 x
1° mem™) and 1136 nm (e=6.44x10° M em™), respec-
tively, together with large two-photon-absorption cross-sec-
tions. Structural isomerization induced little variation in their
diradical character but distinctive differences in their physical
properties. Moreover, the compounds showed a selective
fluorescence turn-on response in the presence of the hydroxyl
radical but not with other reactive oxygen species.

Organic dyes with strong absorption in the near-infrared
(NIR) region of the electromagnetic spectrum have found
practical application in photonics, electronics, and bio-imag-
ing.'! Conventional design principles for NIR dyes have
mainly included the extension of m conjugation and the
introduction of a push—pull motif, and employing these
strategies many stable NIR dyes have been synthesized.
However, only very few examples of stable organic dyes with
intense absorption beyond A = 1000 nm have been reported,”
a property especially useful for Nd:YAG A4 =1064 nm laser
protection and optical switching at telecommunication-appro-
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priate wavelengths. By using the conventional strategy,
a largely delocalized system has to be designed in order to
obtain a material with a very small HOMO-LUMO energy
gap, which is synthetically challenging. Our group and others
recently demonstrated that certain type of pro-aromatic and
antiaromatic m-conjugated molecules existed as singlet dir-
adicals in the ground state and exhibited small energy gaps,”
thus they could be good candidates for organic NIR dyes.
However, these diradicaloids suffered from an intrinsic
instability resulting from their distinctive diradical character.
Fabian et al. previously discussed the role of the diradical
character on the design of NIR dyes, but this was not well-
developed mainly because of the lack of appropriate design
rules and synthetic strategies for stable diradicaloids. Given
the tremendous development of diradicaloids in recent years,
we believe that it is time to revisit the diradical approach for
the design of NIR dyes.

Our strategy involves the construction of para- and meta-
quinodimethane (p-QDM and m-QDM) bridged BODIPY
dimers BD-1 and BD-2 (Figure 1; BODIPY = boron—dipyr-
romethene). BODIPY was chosen as the main building block
mainly because of its excellent stability arising from the
strongly electron-withdrawing BF, group, as well as for its
intense absorption.’! Although many BODIPY-based NIR
dyes have been synthesized,” their absorption bands mostly
fall in the range of 1 =700-900 nm. Incorporation of a p-
QDM or m-QDM into the m-conjugated BODIPY dimer
framework would lead to new stable dyes with an even
smaller energy gap resulting from the occurrence of diradical
character. Both BD-1 and BD-2 can be regarded as diradi-
caloids because of their pro-aromatic character and the
aromatic stabilization of the diradical form (Figure 1).

Figure 1. The structures of p-QDM, m-QDM, and their bridged
BODIPY dimers BD-1 and BD-2. Ar=4-tert-butylphenyl.
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Indeed, both molecules have a small amount of diradical
character and exhibit very intense one-photon absorption
(OPA) around 4 =1100 nm and large two-photon-absorption
(TPA) cross-sections in the NIR region. The effect of the
structural isomerization on the diradical character and con-
sequently their physical properties was also discussed. More-
over, the potential of these molecules for selective detection,
by means of fluorescence turn-on, for the hydroxyl radical
("OH) over other reactive oxygen species (ROS) was tested.

The synthesis of BD-1 and BD-2 is shown in Scheme 1.
Lithiation of ethylene glycol protected dibromophenyldi-
aldehydes 17" and 7.*! followed by reaction with 4-tert-
butylbenzaldehyde afforded the corresponding diols 2 and 8.
After methylation and acid-promoted deprotection, the
dialdehydes 4 and 10 were obtained. Compounds 4 and 10
were subjected to trifluoroacetic acid (TFA) catalyzed con-
densation with 2-ethylpyrrole, oxidation with 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone (DDQ), and complexation
with BF;-OEt, to give the BODIPY dimers 5 and 11. Then
cyclization of 5 and 11 promoted by BF;-OEt, gave the
corresponding BODIPY dimers 6 and 12 and subsequent
dehydrogenation by DDQ finally afforded the fully-conju-
gated BODIPY dimers BD-1 and BD-2 as dark-green solids.

Both BD-1 and BD-2 are very stable both solution and in
the solid state under ambient conditions. An X-ray crystallo-
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Scheme 1. Synthesis of BD-1 and BD-2. Reagents and conditions: a) n-
BulLi, THF, —78°C, 2 h; Ar-CHO, —78°C to RT, overnight; b) NaH,
Mel, THF/DMF (4:1 v/v), 0°C to RT; c) p-toluenesulfonic acid,
acetone/H,0 (2:1 v/v), reflux for 6 h; d) i) 2-ethylpyrrole, TFA, DCM,
RT, 3 h; i DDQ, DCM, 2 h; iii) TEA, BF;-OEt,, DCM, RT, 0.5 h;

e) BF;-OEt,, DCM, 20 min; f) DDQ, DCM, 0.5 h. TEA=triethylamine;
DCM =dichloromethane.
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graphic analysis (Figure 2a,b)’! revealed a significant dis-
tortion angle (11.7° for BD-1 and 13.3° for BD-2) resulting
from steric congestion between the BODIPY subunits and
the central benzene ring. BD-1 has a centrally symmetric
structure and the molecules are stacked into 1D columnar
structure through both m—m interactions (average distance =
3.386 A) and dipole—dipole interactions. In contrast, BD-2 has
a helical structure and the p- and m-enantiomers are packed
into a 1D chain-like structure in an alternating mode by
means of multiple [C—H--x]/[C—H:F] and dipole-dipole
interactions (see Figure S1 in the Supporting Information).
Both molecules can be drawn in three major resonance forms
(Figure 2c¢): a closed-shell dipyrrole-substituted antiaromatic
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Figure 2. ORTEP representations and mean bond lengths (A) for the
crystal structures of a) BD-1 and b) BD-2. The red and blue numbers
are the calculated NICS(1),, and HOMA values of the selected rings,
respectively. c) Different resonance forms for BD-1and BD-2. The blue
and green surfaces represent « and f3 spin densities, respectively.

d) Calculated (UB3LYP/6-31G*) spin density distributions of BD-1 and
BD-2 in the singlet diradical form.
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(20w electron) benzo[1,2-f:4,5-f]diindole (for BD-1) or
benzo[1,2-f:5,4-f]diindole (for BD-2) form A, a closed-shell
quinoidal form B, and an open-shell diradical form C.
Although the steric-strain-induced nonplanarity further com-
plicates the bond-length analysis, an obvious bond-length
alternation (BLA) in the central p-QDM subunit in BD-1 was
detected (C1-C2=1.425A; C2-C3=1451A; C3—C4=
1389 A; C4—C5=1.406 A), indicating that closed-shell
forms A and B were the major contributions to the structure.
However, the C1—-C2 bond length (1.425 A) is much longer
than that of a typical double bond in olefins (1.33-1.34 A),
indicating significant contribution of the diradical form to the
ground state. Similarly, BD-2 also showed obvious BLA in the
QDM subunit (C1'-C2'=1.443 A; C2'~C3' =1.445 A; C3—
C4'=1.385 A; C2—C5'=1.401 A). However, the C1'—C2
bond length is longer than that of C1—C2 in BD-1 and the
BLA in the central benzene ring is smaller than that in BD-1,
indicating a larger contribution of the diradical form to the
ground state.

The diradical character (y) of BD-1 and BD-2 were
estimated to be 6.9% and 26.2% at the UB3LYP/6-31G*
level of theory, respectively. Calculations also predicted that
the spins are delocalized onto the whole m-conjugated
framework, with large spin density at the carbon centers
linking the 4-tert-butylphenyl substituents (Figure 2d). How-
ever, experimentally, both BD-1 and BD-2 showed sharp
NMR signals even at elevated temperatures and there was no
detectable ESR signal in solution and in the powder state,
indicating that there is a small amount of diradical character
in both cases. Nucleus independent chemical shift (NICS)™
calculations at the center of a ring for the optimized structures
of both isomers revealed more negative NICS(1),, values for
ringc’ (=63 ppm), ringb’ (—0.4ppm), and ringa’
(-10.5ppm) in BD-2 than the corresponding ringc
(—4.16 ppm), b (+2.19 ppm), and a (—9.6 ppm) in BD-1,
indicative of the larger aromatic character of these rings in
BD-2 and thus a larger contribution of the diradical form in
BD-2. In addition, harmonic oscillator model of aromaticity
(HOMA) analysis on each individual ring also support this
conclusion (Figure 2a,b; values given in blue).

BD-1 and BD-2 exhibited strong absorption bands at A =
1088 nm (e =6.65x 10° M 'cm™'; full width at half maximum
(fwhm)=70nm) and 1136nm (e=6.44x10°m 'cm™';
fwhm =94 nm), respectively (Figure 3). Compounds BD-
1 and BD-2 are also fluorescent, having emission maxima at
A=1120 nm (quantum yield ®=0.2%) and 1193 nm (@ =
0.02%), respectively (Figure S2). On the basis of these values,
optical energy gaps of 0.80 eV and 0.79 eV, respectively, could
then be roughly estimated. Both isomers display well-
resolved multiple-stage amphoteric redox waves in their
cyclic voltammograms (BD-1: E,,>=0.52, 0.85, 1.22V;
E\,'=-0.37, -0.72 V; BD-2: E,,”*=0.55,0.70, 0.89, 1.21 V;
E, ;4= —-029, —0.66 V; values quoted versus Fc/Fc'; Fig-
ure S3 and Table S1). The estimated electrochemical energy
gaps (E,f°=0.75eV for BD-1, 0.72¢eV for BD-2) are
consistent with the optical energy gaps. Compared with
other typical closed-shell m-conjugated systems, such as
a benzo-[b]-fused BODIPY dimer (A, =629 nm, e¢=
1.02x10° M'em ™), a benzo-[a]-fused BODIPY dimer
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Figure 3. One-photon absorption spectra (black line, left vertical axis)
and TPA spectra (blue symbols, right vertical axis) of a) BD-1 and

b) BD-2. TPA spectra are plotted at A,,. Inset: photographs of
solutions of the compounds in chloroform.

(A =758 nm, £e=1.9x10°M ' cm ™), and a p-QDM-
bridged porphyrin dimer (A, =955nm, e=4.54x
10*M'ecm™),®! BD-1 and BD-2 showed bathochromic
shifts of nearly 500 nm, 350 nm, and 150 nm, respectively,
despite their similar rt-conjugation size. Dyes BD-1 and BD-2
are rare examples of NIR dyes with very intense absorption
around 4=1100 nm and may find practical application in
Nd:YAG 1064 nm laser protection.

Short singlet excited-state lifetimes were estimated for
both BD-1 (7=25.7 ps) and BD-2 (=22 ps) from femto-
second transient absorption (TA) measurements (Figure S4—
5). These short lifetimes indicate a fast nonradiative internal
conversion process arising from a small energy gap, which also
explains their weak fluorescence. Recent theoretical studies
indicated that small and moderate amounts of diradical
character may be important for TPA enhancement." Indeed,
large TPA cross-section values were obtained for both BD-
1 (0%,,=1300 GM at 41=2200nm) and BD-2 (¢, =
1500 GM at A=2300nm) in the NIR region (Figure 3;
Figure S6). It was also noted that structural isomerization of
BD-1 ad BD-2 resulted in a variation of their diradical
character and consequently their physical properties, that is,
the m-QDM-bridged BODIPY dimer BD-2 with greater
diradical character exhibited a longer-wavelength absorption
maximum, a larger TPA cross-section, a lower fluorescence
quantum yield, and a shorter singlet excited-state lifetime
than the p-QDM-bridged BODIPY dimer BD-1.

The non-negligible diradical character of BD-1 and BD-2
implies that they may selectively react with reactive oxygen
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species (ROS), which play crucial roles in pathological effects,
aging, cellular disorders, and cytotoxic effects.”” To test this
concept, both BD-1 and BD-2 were treated with various ROS.
It was found that both dyes displayed dramatic selective
fluorescence enhancements at around A = 650 nm (40-fold for
BD-1, 100-fold for BD-2) for the hydroxyl radical over other
ROS (Figure 4; Figure S7), and that the fluorescence intensity
is proportional to the concentration of the hydroxyl radical
(Figure S8). The increase in the intensity of the fluorescence
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Figure 4. a) Fluorescence spectra of BD-2 after addition of 20 equiv. of
various reactive oxygen species. b) Comparison of fluorescent
response of BD-2 to various ROS. c) Proposed mechanism for the
fluorescence turn-on response to the hydroxyl radical.

and the significant blue-shift that it has undergone can be
attributed to the radical additive reaction to the p-QDM/m-
QDM-bridged BODIPY dimer backbone and the conjuga-
tion disruption, as confirmed by mass spectrometry measure-
ments (Figure S9-11). The similarities of the UV/Vis/NIR
absorption and emission spectra of the resulting solution to
those of the corresponding p- and m-phenyl-bridged
BODIPY dimers 6 and 12 (Figure S11) suggested that the
hydroxyl groups are mainly attached to the carbon centers
linking the 4-tert-butylphenyl groups. On the other hand, KO,
and ONOO™ induced a significant red-shift of the absorption
maximum from around 4=1100nm to 1500 nm for both
isomers, which is likely due to formation of radical cation
species (Figure S12-13).

In summary, structurally isomeric p-QDM and m-QDM-
bridged BODIPY dimers BD-1 and BD-2 were synthesized.
Both compounds showed good stability towards oxidation in
air because of the electron-withdrawing BF, units. These
molecules had a small amount of diradical character and the
intermediate coupling between the frontier two spins led to
NIR dyes with very intense one-photon absorption around
A=1100 nm and large TPA cross-sections in the NIR region.
It was also found that a small amount of variation in the
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diradical character significantly affected their physical prop-
erties. Our studies provided insight into the design of NIR
dyes using a new diradical concept. Diradicaloids with a small
or moderate amount of diradical character could be good NIR
dyes if appropriately stabilized. Moreover, we also carried out
a proof-of-concept study using diradicaloids for the selective
fluorescence turn-on detection of ROS.
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