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ABSTRACT: We have prepared and characterized two diradicaloid systems 5a and 5b that originated from the oxidation of a 1,7-
(4-(2,6-di-tert-butyl)phenol)-substituted aza-BODIPY core. The aza-BODIPY diradicaloids were characterized by a large array of
experimental and computational methods. The diamagnetic closed-shell state was postulated as the ground state in solution and a
solid-state with the substantial thermal population originating from both open-shell diradical and open-shell triplet states observed at
room temperature. Transient absorption spectroscopy indicates fast (<10 ps) excited state deactivation pathways associated with the
target compounds’ diradical character in solution at room temperature. Variable-temperature 1H NMR spectra indicate the solvent
dependency of the diradical character in 5a and 5b. The diradicaloids could be stepwise reduced to the mixed-valence radical-anion
and dianion states upon consequent single-electron reductions. Similarly, deprotonated 1,7-(4-(2,6-di-tert-butyl)phenol)-substituted
aza-BODIPYs can be oxidized to the diradicaloid form. Both mixed-valence and dianionic forms exhibit an intense absorption in the
NIR region. Density functional theory (DFT) and time-dependent DFT calculations were used to explain the transformations in the
UV−Vis-NIR spectra of all target compounds.

■ INTRODUCTION
4,4-Difluoro-4-bora-3,4-diaza-s-indacene (BODIPY)1−11 and
meso-nitrogen atom substituted BODIPY (aza-BODIPY)12−17

systems are very popular chromophores that have potential
applications as photosensitizers for photodynamic ther-
apy,18−22 bioimaging agents,23−27 photosensitizers for solar
cells,28−32 near-IR (NIR) laser agents,33−37 and solid-state
photoelectronic devices,38−41 including photovoltaic sys-
tems,42−44 organic field effect transistors (OFETs),45−49 and
organic light-emitting diodes (OLEDs).50−55 The ease of fine-
tuning the photophysical and redox properties of this group of
compounds4,5,12 can lead to new applications of this class of
materials in spintronics and magnetic memory devices with
high storage capacities and fast operation speeds. Organic
diradicaloids are a relatively new class of compounds that are
thought to provide an alternative pathway for materials useful
in spintronics and quantum computing applications.56−65 A
number of Kekule-66−73 and non-Kekule-based74−76 diradica-
loids have been studied over the past decade. It was shown that

the oxygen-centered diradicaloids are significantly more stable
under ambient conditions compared to the majority of carbon-
centered diradicaloids. The orbital overlap between redox-
active fragments and the overall type of the π-system of the
chromophore determines whether diradicals exhibit triplet or
singlet ground states, although there is still no general
guideline developed for predicting such behavior.56 When
applied to the oxygen-centered diradicaloids, oligo-para-phenyl
quinones can generally be described as closed-shell resonance
structures (diamagnetic), open-shell diradicals, or a super-
position of the two.56 There are only a few Kekulean oxygen-
centered species with high diradical character that are stable
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and persist under laboratory conditions.56,77−81 The porphyr-
in-quinones are known to have diamagnetic ground states
without any accessible diradical character.82−84 However,
recently, Wu and co-workers reported a single BODIPY-
quinone system with diradical properties.85 In contrast, aza-
BODIPYs with diradical character remain unknown. Thus, in
this study, we report the first two aza-BODIPY-bridged para-
quinoidal systems demonstrating diradical character. We will
demonstrate below how the polarity of solvent and phase (i.e.,
solid-phase versus solution) affect the singlet and triplet
diradical character of these compounds (compounds 5a and
5b, Scheme 1).

■ RESULTS AND DISCUSSION
Synthesis and Characterization. Compounds 5a and 5b

were synthesized using a well-established synthetic pathway12

as shown in Scheme 1. First, an aldol condensation of
arylaldehydes and acetophenones gave chalcones 1a and 1b in
high yields. The chalcones 1a and 1b were nitromethylated
under standard conditions to form compounds 2a and 2b in
very high yields. The heterocyclization of the nitromethylated
chalcones 2a and 2b leads to the formation of aza-DIPYs 3a
and 3b in 28−45% yield. The BF2 fragment was then inserted
into the aza-DIPYs 3a and 3b by using BF3 etherate in the
presence of sterically hindered organic amine to give aza-
BODIPYs 4a and 4b. Finally, the oxidation of the diphenol-
aza-BODIPYs 4a and 4b to diradicaloids 5a and 5b can be
achieved quantitatively by using lead dioxide. Both aza-

BODIPY derivatives 4a and 4b are stable in solution. However,
diradicaloids 5a and 5b, although stable for some time in
solution, slowly decay over several weeks. Purple (4a and 4b)
or olive-green (5a and 5b) compounds can be stored for many
months (4a and 4b) or several weeks (5a and 5b) in regular
glass vials under ambient conditions. We introduced two
bromine atoms in the 2b−5b series to investigate the influence
of the heavy-atom effect on the spectroscopic properties of
compounds 4b and 5b in comparison with 4a and 5a.
The influence of the bromine atoms on the UV−vis spectra

of 4b and 5b as compared with the parent 4a and 5a is quite
small (Figure 1). The UV−vis spectra of 4a and 4b are typical
for the tetraaryl-aza-BODIPYs12 and are dominated by an
intense low-energy band observed at 660−670 nm, which
follows a lower intensity band at ∼520 nm and several low-
intensity transitions observed between 250 and 450 nm. This
band shifts to the NIR region (∼800 nm) with a significant
reduction in intensity upon oxidation to 5a and 5b. The other
band in 5a and 5b (observed at ∼750 nm) is comparable in
intensity with the low-energy transition band observed in these
compounds and, according to the TDDFT calculations
discussed later, belongs to a different excited state. In addition,
prominent bands at ∼555 and ∼388 nm were also observed
(Figure 1). The aza-BODIPYs 4a and 4b have reasonable
fluorescent quantum yields of 19% and 13% respectively, which
are lower than those in regular tetraaryl aza-BODI-
PYs.11,17,86−88 Such fluorescence quantum yield reduction is
expected for BODIPYs and aza-BODIPYs substituted with

Scheme 1. Synthesis of Diradicaloids 5a and 5ba

aReagents and conditions: (i) HCl(g), EtOH; (ii) CH3NO2, DBU; (iii) NH4OAc, BuOH; (iv) BF3.Et2O, DIPEA; and (v) PbO2.
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hydroxy or phenoxy fragments because of the presence of the
potential low-energy charge-transfer transition(s) and/or
proton-transfer processes in the excited states.12 Interestingly,
two bromine atoms in 4b do not significantly affect the
fluorescence quantum yield in this compound compared to the
parent 4a. The Stokes shifts in 4a and 4b are close to 1,000
cm−1, which are within the range (although at the upper
border) expected for the aza-BODIPY dyes.12 The excited
state lifetimes for 4a in DCM and DMF (Table 1) are

significantly shorter than those in regular aza-BODIPYs (a few
ns), which can be attributed to the potential intramolecular
charge- or proton-transfer processes and can be responsible for
the lower fluorescence quantum yields in these compounds
compared to the standard aza-BODIPYs (Table 1). In contrast,
the room-temperature fluorescence in diradicaloids 5a and 5b
is almost quenched and difficult to measure.
The redox properties of 4a and 4b as well as 5a and 5b were

investigated using electro- (cyclic voltammetry, CV, and
differential pulse voltammetry, DPV) and spectroelectrochem-
ical methods. In the case of 4a and 4b, two oxidation and four
reduction processes were observed in the electrochemical
experiments (Figures 2, S1−S3, and Table 2). The oxidation of
4a and 4b under spectroelectrochemical conditions results in
the formation of diradicaloids 5a and 5b and confirms its two-
electron, two-proton nature (Figure 3). In particular, the
disappearance of the aza-BODIPY transition at 659 (4a) or
670 nm (4b) and the appearance of lower intensity bands at
739 and 803 nm confirms the formation of 5a and 5b under
spectroelectrochemical oxidation. Indeed, the final UV−vis

spectra of 5a and 5b obtained during the oxidation of 4a and
4b under chemical and spectroelectrochemical oxidation
conditions are identical.
The electrochemical experiments on diradicaloids 5a and 5b

were conducted in relatively low-polarity DCM and polar
DMF solvents In both solvents, two reduction processes are
observed for both compounds (Figures 2 and S1−S3). The
first reduction process in DMF is shifted to a more positive
potential for ∼200 mV in both diradicaloids. Taking into
consideration the clearly reversible nature of the first and the
second reduction processes in DMF and DCM, we conducted
spectroelectrochemical stepwise two-electron reduction experi-
ments on 5a and 5b (Figure 4 and S4−S7). In both cases and
in both solvents, nearly identical spectroscopic changes were
observed during stepwise electrolysis. The first reduction
process is associated with the growth of bands at ∼950 and
∼1550 nm. These bands disappear during the second
reduction process, while intense bands at ∼780 and ∼1200
nm appear in the spectra. The first one-electron reduction
process should generate monoradical species [5a]−· and [5b]− ,
which have one anionic and one radical terminal oxygen atom
(Supporting Information Scheme S1). The low-energy band
observed at ∼1500 nm can be assigned as the intervalence

Figure 1. Normalized UV−Vis and fluorescent spectra of 4a−b and
5a−b in DCM.

Table 1. Selected Photophysical Properties of the Target
Aza-BODIPYs in DCM

compound λmax (abs) (nm) ε (104 M−1 cm−1) λem (nm) Φf

4a 658 7.02 706 0.19
4b 670 5.87 716 0.13
5a 805 2.70
5b 807 2.26

Figure 2. CV and DPV data on 4b (left) and 5b (right) in DCM/0.1
M TBAP system.

Table 2. Redox Properties of the Aza-BODIPYsa

compound solvent
Ox1
(V)

Ox2
(V)

Red1
(V)

Red2
(V)

Red3
(V)

Red4
(V)

4a DCM 0.53 0.88 −0.47 −0.95 −1.40 −1.69
4b DCM 0.54 0.94 −0.45 −0.94 −1.41 −1.65
5a DMF −0.31 −0.90

DCM −0.51 −1.01
5b DMF −0.28 −0.88

DCM −0.48 −1.00
aAll redox potentials are listed with respect to Fc/Fc+ oxidation
couple (0.1 M TBAP).

Figure 3. Oxidation of 4a−b into 5a−b under spectroelectrochemical
conditions in DCM/0.3 M TBAP system.
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charge-transfer (IVCT) transition expected for the mixed-
valence compounds and our TDDFT calculations is in
agreement with this assignment. We conducted band
deconvolution analysis of the NIR region (∼1100−1700 nm)
in the UV−vis-NIR spectra of [5a]−· and [5b]− and estimated
Hab value for these compounds as 374 and 336 cm−1,
respectively. These values are typical for class II (weakly
coupled) mixed-valence compounds in the Robin-Day
classification.89 The second one-electron reduction process
should form diamagnetic [4a]2− and [4b]2−, which have two
anionic terminal oxygen atoms and can be viewed as doubly
deprotonated 4a and 4b compounds (Supporting Information
Scheme S1). Indeed, the formation of dianionic [4a]2− and
[4b]2− was further confirmed by the deprotonation of 4a and
4b with KOH in MeOH (Figure S8). This experiment also
solidifies our assignment for the formation of mixed-valence
[5a]−· and [5b]− species, which then reduced into [4a]2− and
[4b]2− dianions..
The variable-temperature 1H NMR spectra of 5a and 5b

were collected in DCM, THF, and DMF (Figures 5 and S42−

S46). In DCM and THF as the solvents, the initial broad
signals associated with the pyrrolic β- and quinone meta-
protons become narrower with decreasing temperature. It
should be noted that quinone meta-protons and tert-butyl
groups in 5a and 5b are nonequivalent and give two different
signals in their 1H NMR spectra. Such behavior is clearly
indicative of the rotational hindrance of the quinoidal
fragments in 5a and 5b. In the case of DMF as a solvent,
the same signals in 5b at room temperature are significantly
broader, while the signals for meta-protons in quinone
fragments for 5a are not observable until low temperatures.
Thus, VT 1H NMR spectra of 5a and 5b are indicative of the

presence of the paramagnetic spin density in these compounds.
Since NMR line widths reduce with a decrease of the
temperature in all solvents (Figures 5 and S42−46), one
may suspect the diamagnetic ground state of compounds 5a
and 5b in the solution. The observed spin density can be
associated either with a thermally populated triplet excited
state or a thermally populated open-shell diradicaloid state.
More interestingly, NMR data in DMF suggest significantly
stronger paramagnetism (i.e., the presence of the unpaired
electron density at quinoidal fragments in 5a and 5b) in this
solvent compared to THF and DCM. To the best of our
knowledge, this observation is the first report on the solvent-
dependent diradicaloid character influenced by solvent polar-
ity.
In agreement with the 1H NMR data, we observed room-

temperature isotropic EPR signals in 5a and 5b in DCM/
toluene and the solid-state samples. The g-value of this
isotropic signal is close to that of a free electron (Figure 6).
The intensity of this signal decreases with the decreasing
temperature. Thus, both VT 1H NMR and EPR data suggest a
diamagnetic ground state in 5a and 5b, and similar behavior
was also observed for the BODIPY analog of 5a and 5b.85 The
magnetism on 5a and 5b was further probed by SQUID
measurements (Supporting Information Figures S52−S53).
The χMT values between 2 and 320 K gradually increase, which
is indicative of the thermal population of the triplet state or
open-shell diradicaloid state, which agrees well with the EPR
and 1H NMR data. The magnetometry data fit well to the
Bleaney−Bowers equation giving ΔES‑T values of 1.107 kcal/
mol for 5a and 1.1072 kcal/mol for 5b), which are virtually
identical (Supporting Information Figures S52−S53). Again,
the values of the singlet−triplet gap have a reasonable
magnitude of the interaction between two centers with partial
radical character.53 In more polar THF and DMF, no EPR
signal was observed between room temperature and the
freezing point of the solvent. This behavior is not surprising as
both THF and DMF strongly absorb microwave irradiation in
the liquid phase when the regular EPR cavity is used in the
experiment.90 The lack of Ms ± 2 EPR signal in the EPR
spectra at 2 K for frozen DMF solutions of 5a and 5b (and the
presence of the isotropic signal at this temperature) is
indicative of the diamagnetic ground state with open-shell
diradicaloid singlet state being in close proximity.
The X-ray structures of 3a and 5a (as DMF solvate) were

obtained and shown in Figure 7. The structure of 5a was
elucidated at room temperature as well as −50 and −173 °C.
In particular, we focused on the temperature dependency for
C�O and C�C bonds in quinoidal fragments. First, similar
to the recently published structure of BODIPY-quinone-based
diradicaloid,85 the torsion angles between two quinone
fragments and the BODIPY core in 5a are slightly different
at all three temperatures (Table 3). The C�O bond distances
are slightly longer than those expected for classic carbonyl
groups and quinones as well as those observed for the
BODIPY analogue of 5a. However, they all have double-bond
rather than single-bond in character. The C−C bond distances
in quinoidal fragment alternate; however, again, C�C bond
distances are slightly longer than those expected for quinones.
The C�C bond distance between two carbon atoms that
connect quinoidal fragment with aza-BODIPY core in 5a
(∼1.4 Å) is significantly shorter than that in 3a (∼1.47 Å).
There were no systematic trends observed for C−C and C�C
bond distances in 5a as a function of temperature (Table 3).

Figure 4. Reduction of 5b to [5b]− (left) and [5b]− to [4b]2−

(right) under spectroelectrochemical conditions in DCM/0.3 M
TBAP system.

Figure 5. Partial variable-temperature 1H NMR spectrum of 5b in
DMF.
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However, observed bond distances imply some diradical
character in this compound. In agreement with this assign-
ment, a clear carbonyl C�O peak is present in the IR spectra
of 5a and 5b (Figure S10).
Transient absorption spectra of 4a, 5a, and 5b were

collected in DCM and DMF (Figure 8 and S47−S51). No
significant differences between the two solvents were observed
for the 5a and 5b, which is, apparently, indicative of the lack of
the influence of a bromine atom at para-position of the phenyl
substituent on the expected intersystem crossing process. The
excited state lifetime for 4a was found to be solvent-dependent
(Table 4) and was significantly shorter than typical aza-
BODIPY and BODIPY compounds12 probably because of the
potential proton-transfer or intramolecular charge-transfer
processes in these compounds. The excited state lifetimes of
4a in polar DMF was less than half of that in less polar DCM,
and it was the only sample that exhibited a biexponential decay
indicating more complicated relaxation. The excited state
lifetimes for diradicaloids 5a and 5b are an order of magnitude
shorter (Table 4) than 4a, and are similar to known diradicals
with thermally populated or ground-state paramagnetic
character.56 The excited state lifetimes of 5a and 5b are only
weakly solvent dependent, with a slightly shorter lifetime in
DMF. An order of magnitude reduction of the excited states
lifetimes in 5a and 5b at room temperature compared to those
observed in 4a is consistent with non-negligible diradical

character in 5a and 5b, in agreement with the other
experiments discussed above.

DFT and TDDFT Calculations. Taking into consideration
the close similarities in spectroscopy between brominated and
nonbrominated series of compounds, we only conducted
extensive DFT and TDDFT calculations on 4a, 5a, [5a]− , and
[4a]2−. In the case of 4a and [4a]2−, only diamagnetic ground
states were considered. Similarly, only the doublet ground state
was considered for [5a]− . Three states were considered for 5a:
(i) diamagnetic closed-shell singlet (5aDS), (ii) open-shell
singlet diradicaloid (5aOS), and (iii) open-shell triplet (5aTS).
The DFT-predicted energy diagrams are shown in Figure 9
and Supporting Information Figure S53 and the frontier orbital
compositions are depicted in the Supporting Information
Figures S50−S52 and S60, and Table S2. Independent of the
used exchange-correlation functional (Table 5), the triplet
state was found to be ∼5 to 8 kcal/mol above the open- and
closed-shell singlet states. Both the singlet state and the open-
shell diradical state in 5a were found in very close energies to
each other when global hybrid functionals were used (Table
5). However, range-separated functionals predict the open-
shell diradical ground stat at ∼1 to 2 kcal/mol below the
closed-state state. The DFT calculations for open-shell systems
are indicative of a large delocalization of the spin density over
the whole molecule with predicted spin density at the oxygen
atoms ranging only between 0.06 and 0.22e− depending on the

Figure 6. Variable-temperature EPR spectra of 5a in a solid state (left) and DCM/toluene solution (right).

Figure 7. X-ray crystal structures of 3a (left) and 5a (right) at 50% thermal ellipsoids.
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used exchange-correlation functional (Table 5 and Figure 9).
The DFT-predicted diradical character (y0) for 5aOS was
calculated using procedures reported earlier56,90,91 and values
are summarized for several exchange-correlation functionals in
Table 5. Again, a clear diradicaloid nature can be seen for 5a,
which is in agreement with the experimental data.

The HOMO and the LUMO in 4a and [4a]2− are typical for
BODIPYs and aza-BODIPYs (Supporting Information Figure
S60).12 The HOMO has a large contribution from the pyrrolic
α- and β-carbon atoms, while the LUMO has a large
contribution from the nitrogen atoms. Two-electron oxidation
of 4a to 5a result is the electronic structure close to that
discussed earlier for MB-DIPYs.92−96 Indeed, the HOMO in
open- and closed-shell singlets of 5a has a significant
contribution from the nitrogen atoms, while the LUMO has
a significant contribution from the pyrrolic α- and β-carbon

Table 3. Selected Bond Distances Observed in the Variable-Temperature XRD Experiments for 5a

bond distance/T 25 °C −50 °C −173 °C
O1−C1 1.240(5) 1.231(4) 1.241(8)
O2−C12 1.232(4) 1.238(4) 1.250(8)
C1−C2 1.472(6) 1.482(5) 1.495(9)
C1−C6 1.480(5) 1.489(5) 1.484(9)
C2−C3 1.372(5) 1.339(5) 1.357(9)
C3−C4 1.452(5) 1.447(5) 1.439(9)
C4−C5 1.441(5) 1.445(5) 1.446(9)
C4−C7 1.393(5) 1.392(5) 1.391(9)
C5−C6 1.349(5) 1.351(5) 1.373(9)
C8−C9 1.392(5) 1.385(5) 1.399(9)
C9−C10 1.433(5) 1.432(5) 1.434(9)
C9−C14 1.440(5) 1.449(5) 1.444(9)
C10−C11 1.352(5) 1.355(5) 1.367(8)
C11−C12 1.483(5) 1.496(5) 1.486(9)
C12−C13 1.480(6) 1.479(5) 1.474(9)
C13−C14 1.348(5) 1.349(5) 1.355(9)
torsion angle TS1 8.55° 14.41° 9.27°
torsion angle TS2 14.51° 9.60° 14.36°

Figure 8. Excited state absorption following excitation at 531 nm.
Fitted time constants and the wavelengths of the probe are presented
in Table 4. Full ΔOD spectra are presented in Figure S47.

Table 4. Excited State Lifetimes Following Excitation at 531
nmb

compound solvent probe range (nm) lifetime (ps)

4a DCM 420−460 388 ± 10
4aa DMF 500−560 10.1 ± 0.6 (55.8%)

158 ± 11 (44.2%)
5a DCM 480−540 5.9 ± 0.2
5a DMF 440−500 3.2 ± 0.2
5b DCM 500−560 3.9 ± 0.2
5b DMF 500−560 3.2 ± 0.1

a4a in DMF could not be well fitted by a single exponential decay and
required the sum of two exponential decay components with the
indicated relative contributions. bThese were all determined by single
exponential decay fits to transient absorption from the excited state in
the indicated wavelength range. The data and fits are presented in
Figure 8, and the full frequency pump-probe spectra are presented in
Figure S47.
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atoms. More interesting, the HOMO−2 and HOMO−3 in
5OS and 5DS are localized on the quinone fragments, and the
HOMO−4 and HOMO−5 are localized on the phenyl
substituents, which opens a pathway for potential interligand
charge-transfer (ILCT) like transitions in these systems. In
contrast, the DFT-predicted HOMO and LUMO in 5TS
resemble those in normal aza-BODIPYs and BODIPYs
(Supporting Information Figure S60).
TDDFT calculations for all compounds are in good

agreement with the experimental data (Figure 10 and
Supporting Information Figures S54−S59). In particular,
they correctly predict the red shift of the most intense low-
energy peak in 4a/[5a]− /[4a]2− series, the energy of the
IVCT band in the mixed-valence [5a]− , and the red shift as
well as the significant drop in intensity of the aza-BODIPY’s
low-energy band upon oxidation of 4a to 5a. Interestingly, the
TDDFT-predicted UV−vis spectra for 5OS, 5TS, and 5DS are
fairly similar, which probably reflects their close energies and
electronic structures (Supporting Information Figures S54−
S59).
In the case of parent 4a, the lowest energy transition belongs

to almost pure HOMO → LUMO single-electron excitation
and this is usual for BODIPY and aza-BODIPY systems.12 The
HOMO → LUMO single-electron excitation has small phenol
→ aza-BODIPY core interligand charge-transfer (ILCT)

character, which might be responsible for the decreased
fluorescence quantum yield and shorter than usual excited state
lifetime in 4a and 4b (Figures S47−S51 and Table 4, and
Supporting Information Table S1). TDDFT calculations also
predicted two unusual excited states around 500 nm (excited
states 2 and 3, Supporting Information Table S1). These are
dominated by the HOMO−1 → LUMO and HOMO−2 →
LUMO single-electron transitions, respectively, and have
substantial phenol → aza-BODIPY core ILCT character
(Supporting Information Figure S54 and Table S1). Depro-
tonation of the 4a and 4b increases the donor ability of the
phenol fragments and thus, it was not surprising to see that the
ILCT process contributes more to the first and second excited
states of [4a]2− (Figure 10, Supporting Information Figure
S57, and Table S1). Indeed, these are dominated by the
HOMO → LUMO and HOMO−1 → LUMO single-electron
transitions that have a significant phenolate → aza-BODIPY
core ILCT character. Single-electron reduction of 5a or 5b
leads to the formation of the mixed-valence [5a]− or [5b]− 

systems with characteristic IVCT band observed ∼1550 nm.
TDDFT calculations confirm that this excited state has
substantial IVCT character (excited state 1 predicted at
∼1400 nm; Supporting Information Table S1 and Figure S56).
According to TDDFT calculations, in the low-energy region,
the UV−vis spectrum of [5a]− is dominated by the excited
states 3 (870 nm; f = 0.41) and 8 (568 nm; f = 0.40). Both
excited states have substantial ILCT (phenoxy → aza-BODIPY
core) character (Supporting Information Figure S60 and Table
S3). In the case of the lowest-energy 5OS diradicaloid,
TDDFT calculations predict that the UV−vis spectrum should
be dominated by three excited states (Supporting Information
Table S1 and Figure 10). The lowest energy excited state of
high intensity (836 nm; f = 0.330) is dominated by the
HOMOα,β → LUMOα,β single-electron transitions and has a
small ILCT contribution. The second excited state (excited
state 8 predicted at 571 nm; f = 0.374) is dominated by the

Figure 9. DFT-predicted (M06 exchange-correlation functional) energy diagram (top left), total spin density for 5OS (bottom left), and HOMO/
LUMO pairs for 4a and 5DS. (T = 5TS; S = 5OS; MV = [5a]−.; dianion = [4a]2−)

Table 5. DFT-Predicted Relative Energies (kcal/mol), Spin
Densities at the Oxygen Atoms, and Diradical Character
Coefficients (y0 for 5OS Only) for 5DS, 5OS, and 5TS

ECFa 5DS 5OSb 5TSb y0
TPSSh 0.005 0 (0.06) 4.99 (0.29) 0.054
M06 0.003 0 (0.03) 6.42 (0.27) 0.028
CAM-B3LYP 1.13 0 (0.21) 6.11 (0.31) 0.135
wB97X 1.76 0 (0.22) 7.97 (0.31) 0.185

aECF = exchange-correlation functional. bSpin densities at the oxygen
atoms are provided in parentheses.
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HOMOα,β → LUMO+1α,β (53%) and HOMO−1α,β →
LUMOα,β (18%) single-electron transitions. The third one
has a significantly more complex structure and was predicted at
387 nm ( f = 0.603; Figure 10). In addition, there are two
weaker transitions between 800 and 600 nm predicted by
TDDFT calculations. The first one (predicted at 661 nm) is
dominated by the HOMO−1α,β → LUMOα,β (73%) single-
electron transitions. The second one (predicted at 647 nm) is
dominated by the HOMOα,β → LUMO+1α,β (58%) and
HOMO−1α,β → LUMOα,β (37%) single-electron transitions.
For 5DS species, TDDFT predicts very similar excited states.
In particular, according to TDDFT data, the low-energy
envelope (500−900 nm) should be dominated by two excited
states. The first state (excited state 1, f = 0.306) is predicted at
860 nm and is pure HOMO → LUMO transition and the
second one (excited state 5, f = 0.4397) is predicted at 570 nm
and is dominated by the HOMO → LUMO+1 single-electron
excitation. Two weak transitions were also predicted in this
region. The first one (669 nm, f = 0.06) is dominated by the
HOMO−1 → LUMO single-electron excitations and the
second transition (622 nm, f = 0.001) is dominated by the
HOMO−2 → LUMO single-electron excitations. Finally,
similar to the TDDFT data on 5OS, TDDFT calculations on
5DS predict a very strong transition located at 382 nm ( f =
0.708). This excited state is predominantly formed by the
HOMO−11 → LUMO single-electron excitations. Overall,
TDDFT predictions suggest that the low-energy region (600−
900 nm) in the UV−vis-NIR spectra of 5a and 5b has two
closely spaced bands originating from two different excited
states.

■ CONCLUSIONS
In this paper, we report the preparation and characterization of
two diradicaloid systems (5a and 5b) that originated from the
oxidation of the 1,7-(4-(2,6-di-tert-butyl)phenol)-substituted
aza-BODIPY cores 4a and 4b. The aza-BODIPY diradicaloids
were characterized by a large array of experimental and

computational methods. The diamagnetic closed-shell state
was postulated as the ground state in solution and a solid state
with the substantial thermal population originating from both
open-shell diradical and open-shell triplet state observed at
room temperature. Transient absorption spectroscopy in-
dicates fast (∼3 to 6 ps) excited state deactivation pathways
associated with the target compounds’ diradical character in
solution at room temperature. The presence of two bromine
atoms in 5b does not influence any photophysical properties in
the phenolic or diradicaloid systems to a significant extent. The
diradicaloids 5a and 5b could be stepwise reduced to the
mixed-valence radical-anions [5a]− and [5b]− , respectively,
and dianion states [4a]2− and [4b]2− upon consequent single-
electron reductions. Similarly, deprotonated 1,7-(4-(2,6-di-tert-
butyl)phenol)-substituted aza-BODIPYs [4a]2− and [4b]2−

can be oxidized to the diradicaloid forms 5a and 5b under
spectroelectrochemical conditions. Both mixed-valence and
dianionic forms have an intense absorption in the NIR region.
Density Functional Theory (DFT) and time-dependent DFT
(TDDFT) calculations were used to explain the trans-
formations in the UV−vis−NIR spectra of all target
compounds.

■ EXPERIMENTAL SECTION
General. All solvents were purchased from commercial sources

and purified using standard procedures. All glassware was rigorously
dried overnight at 160 °C and cooled under vacuum prior to use. All
reagents and starting materials were purchased from commercial
vendors and used without further purification. Column chromatog-
raphy was performed on silica gel (Dynamic Adsorbents, Inc., 63−200
μm). Deuterated solvents were purchased from Cambridge Isotope
Laboratories and used as received.

Electrochemistry. Cyclic voltammetry measurements were made
using a three-electrode system consisting of a glassy carbon or
platinum working electrode, a platinum auxiliary electrode, and an
Ag/AgCl wire pseudo reference electrode. Ferrocene (Fc) was used as
an internal standard for the studied compounds, and the reported
potentials were corrected to the Fc/Fc+ couple. For consistency, all

Figure 10. Experimental versus TDDFT-predicted (M06 exchange-correlation functional) UV−vis spectra of 4a, 5a, [5a]− , and [4a]2−.
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potentials and figures in this work are reported vs the Fc/Fc+ redox
couple. All electrochemical experiments were conducted in either
dichloromethane (DCM) or N,N-dimethylformamide (DMF) and 0.1
M tetrabutylammonium perchlorate (TBAP) as electrolyte.
Spectroelectrochemistry. Spectroelectrochemical experiments

were performed using a Jasco V-770 UV−vis−NIR spectrophotom-
eter in tandem with a CH Instruments electrochemical analyzer,
which was operated using the bulk electrolysis mode. The data were
collected using a custom-made 1 mm cell, a platinum mesh working
electrode, a platinum auxiliary electrode, and Ag/AgCl wire pseudo
reference electrode. Spectroelectrochemical solutions consisted of 0.3
M solutions of TBAP in DCM and DMF.
NMR. NMR spectra were recorded on a 500 MHz Bruker III

spectrometer. All chemical shifts (δ) are listed in parts per million
(ppm) and are referenced to solvent. Spectra are referenced internally
due to residual proton solvent resonances. Variable-temperature 1H
NMR spectra were collected in DCM-d2, THF-d8, or DMF-d7
solutions in 10- or 20-degree increments.
Magnetometry. Magnetic studies were carried out using a 7-T

Quantum Design SQUID magnetometer at the applied magnetic
fields H = 1000, 3000, and 5000 Oe and at temperature T = 2−320 K.
The empty plastic capsule exhibited diamagnetism, and its magnetic
moment was measured for correction. For both samples in powder
form, primary correction for diamagnetism is implemented by point-
by-point background subtraction, together with Pascal constants
correction. KaleidaGraph software97 was used for data analysis.
EPR. EPR spectra were recorded on a Bruker ELEXSYS E-500

instrument at the X-band frequency (9,82 GHz). DPPH (g = 2.0036)
was used as the standard for field and frequency calibration.
Single-Crystal X-ray Crystallographic Analysis. Single crystals

of 3a were obtained by slow cooling of a hot butanol solution. Single
crystals of 5a were obtained by slow evaporation of the saturated
DMF solution. Crystalline samples were mounted on a 150 mm
MiTeGen Dual-Thickness MicroMount using Paratone N oil
(Hampton). X-ray diffraction experiment on 3a was conducted at
150 K, while for 5a data were collected at 150, 223, and 298 K. In the
case of the room-temperature experiment, the single crystal was glued
to the MiTeGen mesh using epoxy glue. Diffraction data was collected
using a Bruker Smart Apex II single crystal diffractometer with a
TRIUMPH monochromated Mo Kα radiation (λ = 0.71073 Å)
source with a crystal-to-detector distance of 50 mm, using a series of θ
and ω scans in 0.50° oscillations. The data was processed and
corrected for Lorentz and polarization effects and an empirical
absorption correction was applied, using the Bruker Apex II software
suite. The structures were solved with ShelxS,98 and subsequent
refinements were performed using the SHELXTL crystallographic
software package of Bruker-AXS.99 The coordinates and anisotropic
displacement parameters for the non-hydrogen atoms were refined.
Hydrogen atoms were placed in idealized geometric positions and
linked to their respective carbon atoms using a riding model during
refinement. Platon SQUEEZE algorithm100 was used to remove the
electron density associated with the DMF solvent molecule for the
room-temperature data set of 5a because of the severe disorder of
DMF molecule at this temperature. Diagrams were prepared using
MERCURY.101 Additional crystallographic information can be found
in CCDC 2388285 (3a), 2388288 (5a, 150 K), 2388287 (5a, 223 K),
and 2388286 (5a, 298 K), respectively.
Determination of Fluorescence Quantum Yield. All fluo-

rescence spectra were corrected for apparatus response. Quartz
cuvettes with an optical path of 1 cm were used. The sample
concentrations were chosen to obtain a maximum absorbance
between 0.3 and 1.0 for UV spectra and between 0.05 and 0.1 at
excitation wavelength for quantum yield measurements. Relative
quantum yields were obtained by comparing the areas under the
corrected emission spectrum. All measurements were performed in
chloroform and DCM at 298 K. 1,3,5,7-Tetraphenyl-aza-BODIPY
(ΦF = 0.34 in CHCl3, λex = 650 nm) was used as a reference for all
measurements. In all quantum yield determinations, correction for the
solvent refractive index (η) was applied [CHCl3: η = 1.4458, DCM: η

= 1.442]. The following equation was used to calculate the quantum
yield of the sample:

X( ) (Grad /Grad )( / )X XF ref ref
2

ref
2=

Of which indices X and ref stand for the studied compounds (4a and
4b) and the reference compound, respectively, ΦF is the quantum
yield, Grad is the gradient of the linear graph between the integrated
fluorescence intensity versus absorbance at the excitation wavelength,
and η is the refraction index of the solvent in which the measure is
performed.

Computational Methods. All computations were performed
using Gaussian 16 software102 running under Windows or UNIX OS.
Molecular orbital contributions were compiled from single-point
calculations using the QMForge program.103 In DFT calculations, the
TPSSh104,105 (10% of Hartree−Fock exchange) and M06106 (27% of
Hartree−Fock exchange) hybrid exchange correlation functionals as
well as range-separated CAM-B3LYP107 and wB97X108 exchange-
correlation functionals were used for geometry optimization. In all
calculations, 6-311G(d) basis set was employed.109 In the case of
modeling compound 5a, three spin states were considered. In the first
one (5CS), a molecule of 5a was treated as a closed-shell singlet. In
the case of 5OS, a molecule of 5a was treated as an open-shell
diradicaloid. Stable = opt keyword was used to ensure the correct
diradicaloid character of the initial guess and the final wave function.
In the case of 5TS, triplet state was used in calculations. Frequencies
were calculated for each geometry optimization to ensure the energy
minimum. DFT calculations for 4a, 5CS, 5OS, and 5TS converged to
C2 symmetry, which was used in the single-point and TDDFT
calculations. In all TDDFT calculations, the lowest 40 excited states
were calculated to cover experimentally observed transitions in the
UV−visible region. Diradical character in 5OS was further probed
using TPSSh, CAM-B3LYP, M06, and wB97X109 exchange-
correlation functionals and the Natural Population Analysis (NPA)
algorithm.

Transient Spectroscopy. Pump−Probe Experimental Setup. A
home-built, regeneratively amplified Ti:sapphire laser system
produced ∼80 fs, 1W, 810 nm pulse at a repetition of 1 kHz. This
was divided with 90% of the energy used to pump a noncollinear
optical parametric amplifier (NOPA) for excitation pulses (the pump
centered at 531 nm), and the rest was used to generate the probe by
focusing into a 2 mm sapphire to create a continuum spanning 420−
750 nm. Pump pulses were modulated at half the repetition rate of the
laser by a mechanical chopper. The pump power at the sample ranged
from 75 to 110 μW. The pump was polarized to 54.7° relative to the
probe to minimize anisotropic dynamics. The time delay between the
pump and the probe was controlled by a mechanical delay stage
(Newport UTM150PP.1). The two beams were focused and crossed
in a 1 mm path length sample cuvette. After the sample, the probe
beam was collimated, focused on a monochromator (Princeton
Instruments SP2150i monochromator 150 lines/mm, 500 nm blaze),
and detected on a 256-pixel linear diode array (Hamamatsu S3902−
256Q). Measuring the probe beam with and without the pump for
each sequential pair of laser pulses provided the change in optical
density, ΔOD, on a shot-to-shot basis. Typical spectra represent an
average of 10,000 pulse pairs. Samples were dissolved in DCM or
DMF and continuously flowed at a rate of 3.5 mL/min. The samples
were excited at 531 nm, where they were diluted to have an optical
density of ∼0.1. Absorption spectra were taken before and after
pump−probe data collection. Only minor changes were observed
before and after the pump−probe experiments for all samples except
5a and 5b in DMF, suggesting minimal photodegradation during
these experiments. For 5a and 5b in DMF, there were significant
changes in the absorption and ΔOD spectrum that developed over
the course of collecting 25 repeated scans of the time delays. As a
result, only the first six scans were used, where no changes were
evident within the available signal-to-noise. Samples were saturated
with N2 immediately prior to all measurements.

Pump−Probe Fitting. The pump−probe data was fitted as a
function of time at wavelengths corresponding to excited state
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absorption (see Figure S47) and represent the excited state lifetime.
All samples were well fitted with a single exponential decay except 4a
in DMF, which was fitted with the sum of two exponential decays.
The optimized fitting parameters are presented in Table 4. All fits
were convoluted with an 83 fs Gaussian instrument response.
Synthetic Procedures. Synthesis of (E)-3-(3,5-Ditert-butyl-4-

hydroxyphenyl)-1-phenylprop-2-en-1-one (1a) and (E)-1-(4-Bro-
mophenyl)-3-(3,5-ditert-butyl-4-hydroxyphenyl)-1-phenylprop-2-
en-1-one (1b). Both chalcones 1a and 1b were prepared as previously
reported.110 3,5-di-tert-4-hydroxylbenzaldehyde (25 mmol, 5.86 g)
and acetophenone (25 mmol, 3.00 g) or 4-bromoacetophenone (25
mmol, 5.00 g) were dissolved in 350 mL of absolute ethanol saturated
with hydrogen chloride gas; the resultant solution was then stirred for
2 h at room temperature and left overnight. Compound 1a crystallized
and was filtered off as a yellowish green crystal. Compound 1b was
obtained upon dilution with water. Purification of both 1a and 1b was
carried out by recrystallization from ethanol. Yield: 80%, 6.5 g of 1a
and 81%, 6.6 g of 1b.

1H NMR of 1a (500 MHz, 298 K, CDCl3) δ (ppm) = 7.99−8.01
(d, J = 10 Hz, 2H), 7.76−7.79 (d, J = 15 Hz, 1H), 7.49−7.59 (m,
5H), 7.33−7.36 (d, J = 15 Hz, 1H), 5.57 (S, 1 H), 1.48 (S, 18H). 13C
NMR of 1a (500 MHz, 298 K, CDCl3) δ (ppm) = 30.2, 34.4,
119.3,126.0, 126.3, 128.45, 128.5, 132.4, 136.5, 138.8, 146.5, 156.6,
191.1.

1H NMR of 1b (500 MHz, 298 K, CDCl3) δ (ppm) = 7.85−7.87
(d, J = 10 Hz, 2H), 7.75−7.78 (d, J = 15 Hz, 1H), 7.63−7.65 (d, J =
10 Hz, 2H), 7.48 (s, 2H), 7.27−7.30 (d, J = 15 Hz, 1H), 5.59 (S, 1
H), 1.48 (S, 18H). 13C NMR of 1b (500 MHz, 298 K, CDCl3) δ
(ppm) = 30.1, 34.4, 118.7, 126.1, 127.4, 130,131.8, 136.6, 137.5,
147.1, 156.8, 159.7, 189.9. HRMS (MALDI) of 1b (m/z): [M + H]+
calcd for C23H28BrO2, 415.1273; found, 415.1265.
Synthesis of 1-(3,5-Ditert-butyl-4-hydroxyphenyl)-4-nitro-3-phe-

nylprop-2-en-1-one (2a) and 1-(4-Bromophenyl)-3-(3,5-ditert-
butyl-4-hydroxyphenyl)-4-nitro-3-phenylbutan-1-one (2b). To a
solution of compound 1a or 1b (4.16 mmol, 1.4 g for 1a and 4.74
mmol, 2.0 g for 1b) in nitromethane (20 mL), 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) (4.16 mmol of DBU, 0.632g
for 1a or 4.74 mmol of DBU, 0.72 g for 1b) was added. The resulting
mixture was refluxed for 30 min. The resulting reddish-brown solution
was cooled to room temperature and diluted with 2 mL 1% HCl(aq)
and 30 mL of water. The product was extracted with chloroform and
the organic layer was dried over MgSO4 and evaporated to dryness,
yielding 1.26 g (90% yield) of pure compound 2a and 1.52 g (92%
yield) of pure compound 2b.

1H NMR of 2a (500 MHz, 298 K, CDCl3) δ (ppm) = 7.88−7.90
(d, J = 10 Hz, 2H), 7.55−7.58 (t, 1H), 7.43−7.46 (t, 2H), 7.01 (s,
2H), 5.15 (s, 1H), 4.79−4.82 (m, 1H), 4.66−4.70 (m, 1H), 4.10−
4.16 (m, 1H), 3.39−3.41 (m, 2H), 1.40 (s, 18H). 13C NMR of 2a
(500 MHz, 298 K, CDCl3) δ (ppm) = 30.4, 34.4, 39.5, 42.0, 79.8
123.6, 128.1, 128.7, 129.7, 133.4, 136.4, 153.2, 197.6. HRMS
(MALDI) of 2a (m/z): [M + Na]+ calcd for C24H31NO4Na,
420.2151; found, 420.2141.

1H NMR of 2b (500 MHz, 298 K, CDCl3) δ (ppm) = 7.73−7.75
(d, J = 10 Hz, 2H), 7.57−7.59 (d, J = 10 Hz, 2H), 6.99 (s, 2H), 5.16
(s, 1H), 4.76−4.80 (m, 1H), 4.65−4.69 (m, 1H), 4.07−4.13 (m, 1H),
3.35−3.37 (m, 2H), 1.40 (s, 18H). 13C NMR of 2b (500 MHz, 298
K, CDCl3) δ (ppm) = 30.3, 34.4, 39.5, 42.0, 79.7 123.9, 128.6, 129.6,
132, 135.4 136.4, 153.3, 196.6. HRMS (MALDI) of 2b (m/z): [M-
H]− calcd for C24H29BrNO4, 474.1280; found, 474.1260.
Synthesis of 2,6-Ditert-butyl-4-(2-((3-(3,5-ditert-butyl-4-hydrox-

yphenyl)-5-phenyl-1H-pyrrol-2-yl)imino)-5-phenyl-2H-pyrrol-3-yl)-
phenol (3a) and 4-(5-(4-Bromophenyl)-2-((5-(4-bromophenyl)-3-
(3,5-ditert-butyl-4-hydroxyphenyl)-1H-pyrrol-2-yl)imino)-2H-pyr-
rol-3-yl)-2,6-ditert-butylphenol (3b). A mixture of compound 2a or
2b (3.062 mmol, 1.26 g for 1a or 3.062 mmol, 1.46 g for 1b) and
ammonium acetate (50 equiv) was refluxed in n-butanol (100 mL) for
36 h. After cooling to room temperature, the solvent concentrated to
30 mL and the precipitate was filtered off, washed with ethanol, and
dried to yield compound 3a or 3b as a purplish blue solid (0.36 g of
3a, 28% yield and 0.43 g of 3b, 28% yield).

1H NMR of 3a (500 MHz, 298 K, CDCl3) δ (ppm) = 7.95−7.97
(d, J = 10 Hz, 4H), 7.51−7.54 (t, 4H), 7.48 (s, 4 H), 7.43−7.46 (t,
2H), 7.01 (s, 2H), 5.25 (s, 2H), 1.32 (s, 36H) (NH not observed).
13C NMR of 3a (500 MHz, 298 K, CDCl3) δ (ppm) = 30.4, 34.2,
114.0, 125.6, 126.5, 126.9, 129.1, 129.7. 132.7, 135.2, 145.2, 149.6,
154.1, 154.6. UV/vis of 3a (CH2Cl2, λmax[nm] (ε, 104 M−1 cm−1)):
592 (3.45). HRMS (ESI) of 3a (m/z): [M + H]+ calcd for
C48H56N3O2, 706.4373; found, 706.4341.

1H NMR of 3b (500 MHz, 298 K, CDCl3) δ (ppm) = 7.78−7.80
(d, J = 10 Hz, 4H), 7.64−7.66 (d, J = 10 Hz, 4H), 7.45 (s, 4 H), 6.96
(s, 2H), 5.27 (s, 2H), 1.31 (s, 36H) (NH not observed). 13C NMR of
3b (500 MHz, 298 K, CDCl3) δ (ppm) = 30.4, 34.3, 114.0, 124.03,
125.4, 126.9, 127.8, 131.5, 132.3. 135.2, 145.6, 149.7, 153.7, 154.2.
UV/vis of 3b (CH2Cl2, λmax[nm] (ε, 104 M−1 cm−1)): 600 (6.84).
HRMS (MALDI) of 3b (m/z): [M + Na]+ calcd C48H53Br2N3O2Na,
886.2388; found, 886.2376.

Compound 3a was further characterized by single crystal X-ray
analysis. The single crystals of 3a were grown from butanol solution.

Synthesis of BF2Chelate of 2,6-Ditert-butyl-4-(2-((3-(3,5-ditert-
butyl-4-hydroxyphenyl)-5-phenyl-1H-pyrrol-2-yl)imino)-5-phenyl-
2H-pyrrol-3-yl)phenol (4a) and BF2Chelate of 4-(5-(4-Bromophen-
yl)-2-((5-(4-bromophenyl)-3-(3,5-ditert-butyl-4-hydroxyphenyl)-1H-
pyrrol-2-yl)imino)-2H-pyrrol-3-yl)-2,6-ditert-butylphenol (4b). A
solution of compound 3a (0.26 mmol, 0.184 g) or 3b (0.26 mmol,
0.225 g) was prepared in dry DCM (50 mL), treated with N,N-
diisopropylethylamine (DIPEA) (1.28 mmol, 0.22 mL) and BF3·Et2O
(1.80 mmol, 0.22 mL), and stirred at room temperature for 24 h
under a nitrogen atmosphere. Then, the reaction mixture was washed
with 50 mL of water, and the organic layer was dried over sodium
sulfate and evaporated to dryness. Column chromatography on silica
gel eluting with methylene chloride/hexane (1:1) gave the product as
a blue solid (0.14 g of 4a, 62% yield and 0.16 g of 4b, 63% yield)

1H NMR of 4a (500 MHz, 298 K, CDCl3) δ (ppm) = 8.01−8.03
(m, 4H), 7.60 (s, 4H), 7.45− 7.49 (m, 6H). 6.80 (s, 2H), 5.45 (s,
2H), 1.38 (s, 36H). 13C NMR of 4a (500 MHz, 298 K, CDCl3) δ
(ppm) = 30.4, 34.4, 118.5, 124.6, 127, 128.5, 129.4, 130.4, 132.1,
136.0, 145.9, 146.7, 155.4, 158.4. UV/vis of 4a (CH2Cl2, λmax[nm] (ε,
104 M−1 cm−1)): 658 (7.02). Fluorescence of 4a (CHCl3, λem[nm]
(λex[nm], ΦF)): 706 (638, 0.19). HRMS (ESI) of 4a (m/z): [M +
H]+ calcd for C48H55BF2N3O2, 754.4363; found, 754.4341.

1H NMR of 4b (500 MHz, 298 K, CDCl3) δ (ppm) = 7.88−7.90
(d, J = 10 Hz, 4H), 7.59− 7.61 (m, 8H). 6.78 (s, 2H), 5.48 (s, 2H),
1.37 (s, 36H). 13C NMR of 4b (500 MHz, 298 K, CDCl3) δ (ppm) =
30.4, 34.4, 118.2, 124.4, 125.4, 127, 130.85, 130.92, 131.8, 136.1,
146.1, 147.1, 155.6, 157.1. UV/vis of 4b (CH2Cl2, λmax[nm] (ε, 104
M−1 cm−1)): 670 (5.87). Fluorescence of 4b (CHCl3, λem[nm]
(λex[nm], ΦF)): 716 (650, 0.13). HRMS (MALDI) of 4b (m/z):
[M]+ calcd for C48H52BBr2F2N3O2, 911.2480; found, 911.2482.

Synthesis of 4,4′-(5,5-Difluoro-3,7-diphenyl-1H-4λ4,5λ4-
dipyrrolo[1,2-c:2′,1′-f][1,3,5,2]triazaborinine-1,9(5H)-diylidene)bis-
(2,6-ditert-butylcyclohexa-2,5-dien-1-one) (5a) and 4,4′-(3,7-Bis(4-
bromophenyl)-5,5-difluoro-1H-4λ4,5λ4-dipyrrolo[1,2-c:2′,1′-f]-
[1,3,5,2]triazaborinine-1,9(5H)-diylidene)bis(2,6-ditert-butylcyclo-
hexa-2,5-dien-1-one) (5b). Dry DCM was added into a mixture of
compound 4a (75 mg, 0.1 mmol) or 4b (91 mg, 0.1 mmol) and
lead(II) oxide under argon (0.718 g, 3 mmol), and the reaction
mixture was stirred at room temperature for half an hour with a color
change from deep blue to greenish brown. The reaction was
monitored by TLC. Once the reaction was finished, the solid lead(II)
oxide was filtered off. The filtrate was dried via rotary evaporator, and
then the final product was obtained as a black solid (73.5 mg of 5a,
99% yield and 90 mg of 5b, 99% yield) without further purification.

1H NMR of 5a (500 MHz, 298 K, THF-d8) δ (ppm) = 9.00 (s,
2H), 7.84−7.86 (m, 4H), 7.66 (s, 2H), 7.36−7.40 (m, 6H), 6.91 (s,
2H), 1.32−1.37 (d, 36H). 13C NMR of 5a (500 MHz, 298 K, CDCl3)
δ (ppm) = 29.5, 36.32, 110, 128.2, 128.8, 129.2, 130, 131.8, 140.4,
141.1, 151.9, 152.7, 161.6, 186. UV/vis of 5a (CH2Cl2, λmax[nm] (ε,
104 M−1 cm−1)): 387 (7.55), 805 (2.70). HRMS (ESI) of 5a (m/z):
[M + H]+ calcd for [C48H53BF2N3O2], 752.4107; found, 752.4176.

1H NMR of 5b (500 MHz, 298 K, DMF-d7) δ (ppm) = 8.97 (s,
2H), 7.89−7.90 (d, 4H), 7.86 (s, 2H), 7.80−7.82 (d, 4H), 7.65 (s,
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2H), 1.28−1.32 (d, 36H). 13C NMR of 5b (500 MHz, 298 K, CDCl3)
δ (ppm) = 28.7, 35.4, 109.4, 123.7, 128.2, 129.7, 130, 130.7, 140,
150.5, 151.4, 152.1, 160.8, 185.8. UV/vis of 5b (CH2Cl2, λmax[nm] (ε,
104 M−1 cm−1)): 389 (5.69), 807 (2.26). HRMS (MALDI) of 5b (m/
z): [M]+ calcd for C48H50BBr2F2N3O2, 909.2324.4363; found,
909.2349.

Compound 5a was further characterized by single crystal X-ray
analysis. The X-ray quality crystals of 5a were grown by slow
evaporation of the DMF solution.
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