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ABSTRACT: Novel bisboron complexes of bidentate ligands consisting of 1,4-benzoquinone and two pyrrole rings were
synthesized by using a simple two-step reaction. In solution, the bisboron complexes showed absorption maxima at ~620 and
800 nm, which were attributed to the allowed Sy — S, and forbidden S, — S, transitions, respectively. The bisboron complexes
did not show any fluorescence, probably because of their highly symmetrical structure which forbids the S, — S, transition.
Bisboron complexes underwent a two-electron reduction to yield the corresponding aromatic dianion, which showed absorption

maxima at ~410 nm.

N ear-infrared (NIR) absorbing dyes are important as heat

absorbers, optical filters, charge-generation materials,
information-storage materials, and photosensitizers for photo-
dynamic therapy and solar cells." Rylene diimides,™ poly-
methines,”® phthalocyanines,® quinones,'® azo dyes,™® triaryl-
methane dyes,*® and donor—acceptor dyes'” are known as NIR
absorbing dyes.

On the other hand, organoboron compounds are attracting
increased attention because of their potential applications for
fluorescent materials.> Recently, Wang et al,* Ziessel et al.,> and
other groups® have reported that the boron complexes of the
N7O ligand based on phenol ring exhibit fluorescence and can be
applied as organic light-emitting diodes and fluorescent labeling
reagents. During our studies on the development of fluorescent
boron complexes,” we became interested in the synthesis of the
boron complexes of 1,4-benzoquinone-based ligands, which are
oxidized analogues of the previously reported fluorescent boron
complexes based on benzene-1,4-diol by Zhang et al. as potential
candidates for NIR absorbing and fluorescent dyes (Figure S1,
Supporting Information).*** In this paper, we report the
synthesis, absorption, and electrochemical properties of novel
quinoid-type boron complexes with highly symmetrical
structures.

The synthesis of the target complex, quinoid-type bisboron 3,
was carried out by a simple two-step reaction (Scheme 1).
Bis(pyrrol-2-yl)-1,4-benzoquinone 1 was synthesized according
to the previously reported method.® The reaction of 1 with 2
equiv of triphenylborane in THF afforded bisboron complex 3 in
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Scheme 1. Synthesis of Quinoid-Type Bisboron Complexes

Ph_Ph Me

1. R=EtY=48%
2:R=H,Y=64%

3:R=Et Y=30%
4:R=H,Y=3%%

a 30% yield. A plausible mechanism for this reaction is shown in
Scheme S1. When the reaction was carried out using 1 equiv of
triphenylborane, bisboron complex 3 was obtained in a 20%
yield, and 29% of starting material 1 was recovered. However,
monoboron complex § was not obtained. This indicates that S is
more reactive than 1 toward triphenylborane and/or § is unstable
toward isolation. Bisboron complex 4 was also obtained by a
similar reaction (Scheme 1).

The crystal structures of 3 and 4 were confirmed by single-
crystal X-ray analyses (Figure 1 and Figure S2). The
chromophore consisting of the central quinone moiety and
two pyrrole rings is almost planar. The Bl and B1¥* atoms are
located slightly above and below the plane. The two phenyl rings
on B1 and BI1* atoms are oriented perpendicularly above and
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Figure 1. ORTEP view of 3. (a) Top view and (b) side view. Hydrogen
atoms are omitted for clarity.

below the plane; the other two phenyl rings are oriented almost
horizontally in the plane.

The bond lengths of 1*° and 3 are shown in Figure $3. Both 1
and 3 show high symmetry (S, symmetry). The C2*—01*
(1.333 A) and C1#—C3 (1.427 A) bond lengths of the quinone
moieties of 3 are considerably longer than those of 1 (C2*—01%*:
1.242 A and C1*—C3:1.340 A). The C1*—C2* bond length of 3
(1.370 A) is shorter than that of 1 (1.433 A). Therefore, the
quinone moiety of 3 is considered to have an enolate structure
rather than an enone structure. The bond linking the quinone
moiety and pyrrole ring of 3 (C3*—C4*: 1.396 A) is shorter than
that of 1 (1.434 A). Furthermore, the difference in the bond
lengths in the pyrrole rings between 1 and 3 indicates that the
pyrrole rings of 3 possess a 2H-pyrrole structure in preference to
a 1H-pyrrole structure. These results indicate that bisboron
complex 3 has a highly conjugated quinoid structure.

The UV—vis absorption spectra of 1—4 in toluene are shown
in Figure 2. Bisboron complex 3 (612 and 644 nm) shows a
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Figure 2. UV—vis absorption spectra of 1—4 in toluene.

significantly red-shifted absorption maximum (4,,,) compared
to ligand 1 (563 nm). The molar extinction coefficients (¢) of 3
(52200 at 612 nm and 52000 at 644 nm) are higher than that of 1
(27300 at 563 nm). The bathochromic shifts and higher ¢ values
of 3 are because of its highly conjugated structure.

The effect of solvent on the absorption properties of 3 was
studied (Figure S4 and Table S1). Two absorption peaks were
observed at ~620 nm only in nonpolar solvents such as n-hexane
and toluene. In more polar solvents, 3 showed one absorption
peak at ~600 nm. Therefore, the observed A, at 612 nm in
toluene can be attributed to the vibrational band of the
absorption at 644 nm. The observed vibrational transition is
because of the exclusion of solvent relaxation in nonpolar
solvents.” Bisboron complex 3 showed a slightly negative
solvatochromism, indicating that the dipole moment of the
Frank—Condon excited state is slightly lower than that of the
equilibrium ground state. Similar trends were observed for 4
(Figures SS and Table S1).

In order to better understand the absorption properties, the
density functional theory (DFT) calculations were performed
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with the Gaussian 09 software package.'” The geometry
optimizations and time-dependent DFT (TDDFT) calculations
of 3 were performed using the B3LYP/6-31G(d,p) method. The
calculated molecular orbitals of 3 are shown in Figure 3. The
calculated A,,,,, main orbital transition, and oscillator strength f
are listed in Table 1.

’fa‘. K3 # ‘::‘ .;g ’
ae_d
BV v
A »
1.0 o 4 " 0.95 o e
0 b s —~ I 0e8 o« 2% 4
Ny 2 LT T
0.0 ° + = - e
a " o LUMO# 3 2 ."“i
;.UMOOI g;rln;e : LUMO+1: ungerade
-10 a7 3 J sy s
jr‘ o) , 3 1_37 ‘j-‘f.)’.. a
s | Mg - 2N
o s % vee P B
LLI LUMO: ury ’.dq : -‘:—ag LUMO: garade s
=30 unger
:ﬂ'l -” a " ;“1 ," : s
& é)’ —_ .“ 2 a2
-40 :ge‘,,‘ AN e T J‘g‘)?',
4 -‘ P o ] o "“,'
50 HOMO: ungerade * HOMO 1 HOMO:urgerade
®h 3 AT AW o e
60 au:";’; 574 ‘cm:
e g - Iﬂ T ”,
3 g

Figure 3. Molecular orbital energy diagram and isodensity surface plots
of 3 and its dianion 6.

Table 1. TDDFT Calculations at the B3LYP/6-31G(d,p)
Level and Experimentally Obtained Absorption Properties

main orbital Ao (€)
compd transition A, “(nm) transition f (nm)
3§y =8, 788 HOMO to 0.00 790 (4000)
LUMO (0.71)
Sy =S, 625  HOMO-I to 071 612 (52200)
LUMO (0.60) 644 (52000)
6 S-S, 393 HOMO to 045 414
LUMO (0.70)
So= S, 379  HOMO to 0.00 e
LUMO + 1
(0.70)
So— S 370 HOMO to 0.35 395
LUMO + 2
(0.70)

“Toluene was used as solvent in the calculation. “THF was used as
solvent in the calculation. “Calculated absorption maximum.
9Observed absorption maximum. “Not observed.

The S, — S, transition of 3 is mostly attributed to the
HOMO-LUMO transitions; the A, value of 3 is estimated to
be 788 nm. However, despite the fact that the HOMO and
LOMO have spatial overlap, the transition was not allowed (f=
0.00). According to the Laporte’s parity selection rule, gerade—
gerade and ungerade—ungerade optical transitions are for-
bidden."" The HOMO and LUMO of 3 are ungerade (Figure 3).
Therefore, the forbidden transition between the HOMO and
LUMO can be attributed to the parity forbidden caused by their
highly symmetrical structure. In the UV—vis spectra of 3, a broad
peak was observed at ~800 nm (Figure 2). The broad absorption
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may be due to the forbidden S, — S, transition. The
experimentally observed A,,,, value of 3 (612 and 644 nm) can
be assigned to the S; — S, transition, which mainly corresponds
to the HOMO—1 to LUMO transition (Table 1). Because the
Amax Of 3 at 612 nm is attributed to the vibrational band of the
absorption at 644 nm, the peaks at 612 and 644 nm are attributed
to the Syp — S, and Sy ¢ — S, transitions, respectively.

The absorption spectra of 3 and 4 were also measured in the
solid state mixed with potassium bromide (Figure S6). Bisboron
complexes 3 and 4 showed a pronounced absorption in the NIR
region (up to 1600 nm). This indicates that quinoid-type
bisboron complexes have potential application in NIR absorbing
dyes such as dye-sensitized solar cells. To obtain the thermal
properties, TG—DTA measurements of 3 and 4 were preformed
(Figures S7 and S8). Bisboron complexes 3 and 4 were
decomposed without showing a melting point. The decom-
position temperatures were as follows: 3 (236 °C) and 4 (235

°C).
Unlike in the case of the ]Zreviously reported benzene-1,4-diol
analogues by Zhang et al.,*" quinoid-type bisboron complexes 3

and 4 did not exhibit fluorescence. According to the Kasha’s rule,
for most photochemical processes, only the lowest excited state
(S, or T,) is considered as the candidate for the initiation of an
emission or reaction.'” Thus, the emissions of 3 and 4 would
occur from the S; state, even when the allowed S, — S,
absorption occurs. Furthermore, the Strickler—Berg equation
indicates that the radiative rate constant (k) is proportional to
the integral of the molar extinction coefficient curve (Scheme
$2)."* In other words, the low & value decreased the k; value;
consequently, the ®;value decreased. The Sy — S, transitions of
3 and 4 are predicted to be forbidden by the TDDFT calculation
(f = 0.00). Therefore, the nonfluorescent property of the
quinoid-type bisboron complexes is probably because of the
forbidden S, — S, transitions that significantly decreased the k;
values.

The cyclic voltammogram of 3 is shown in Figure 4. Bisboron
complex 3 underwent two successive one-electron reduction
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Figure 4. Cyclic voltammogram of 3 measured in THF containing
tetrabutylammonium perchlorate (0.1 M) as a supporting electrolyte.
AgQRE was used as a reference electrode. Platinum wire was used as the

working and counter electrodes. The scan rate was 50 mV s~\. F¢/Fc*
was used as external reference.

processes at E;;, = —0.68 and —1.29 V (vs Fc/Fc*). This fact
points to the formation of stable aromatic dianion of bisboron
complex 6 under the applied conditions (Scheme 2). Similar
result was observed for 4 (Figure S9).

Spectroelectrochemical spectrum of 3 in THF is shown in
Figure 5. Bisboron complex 3 was electrochemically reduced
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Scheme 2. Plausible Reaction Mechanism for the Reduction of
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Figure S. Electrochromic behavior of 3 in THF with tetrabutylammo-
nium perchlorate as the supporting electrolyte at 0.0, —0.5, —0.8, —1.1,
—1.4 (V vs Ag/Ag" as a reference electrode). Platinum was used as the
working and counter electrodes.

from 0.0 to —1.4 V (vs Ag/Ag"). Upon electrochemical reduction
(—1.1Vvs Ag/Ag"), the absorption peak at ~600 nm decreased
with concomitant appearance of new absorption at ~520 nm.
Further reduction (—1.4 V vs Ag/Ag*) led to the disappearance
of the peak at ~520 nm and appearance of new absorption at
~410 nm.

The TDDFT results indicated that the peaks at ~410 and 520
nm are attributed to the absorption of the dianion 6 and
monoanion 8, respectively (Table 1 and Table S2). The observed
Amax Of 6 at 414 and 395 nm were attributable to the allowed S; —
S, (HOMO — LUMO) and S, — S; (HOMO — LUMO+2)
transitions, respectively. The S, — S, (HOMO — LUMO+1)
transition of 6 was a forbidden transition due to no spatial overlap
between the HOMO and LUMO+1 orbitals. The fact that the S,
— S, transition of dianion 6 is allowed predicts that 6 may show
fluorescence. The observed 4, of 8 at 512 nm was due to the S,
— S, transition (Table S2 and Figure S10). The TDDFT
calculations also predicted that monoanion 8 would show
absorption at ~870 nm which is attributed to the allowed S, — S,
transition."*

In conclusion, we synthesized novel quinoid-type bisboron
complexes by two-step reactions from 1,4-benzoquinone and the
corresponding pyrrole derivatives. Bisboron complexes 3 and 4
showed red-shifted A, (612—644 nm) and higher & (47000—
52200) values than those of ligands 1 and 2 (4,,,: $42—563 nm,
£:22000—27300) in toluene. The TDDFT calculations revealed
that these absorptions can be attributed to the S, — S,
transitions, which are mainly composed of HOMO-1 to
LUMO transitions. The TDDFT calculations also indicated
that the Sy — S, transitions of 3 and 4 can be mostly attributed to
their HOMO—LUMO transitions; the transitions are parity
forbidden, i.e., ungerade—ungerade transitions. The forbidden S
— S, transition of 3 was observed at ~800 nm. Bisboron complex
3 did not exhibit any fluorescence. The nonfluorescent property
of 3 is probably because of the forbidden S, — S, transition. The
cyclic voltammograms indicated that bisboron complex 3 is
reduced to the corresponding aromatic dianion 6. The dianion 6
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and monoanion 8 of 3 showed A, at ~410 and 520 nm,
respectively. Although TDDEFT results indicate that 8 has 4, at
~870 nm, the NIR absorption was not observed due to the
limitation of our instruments. We believe that the modification of
the pyrrole ring of the bisbron complex will open doors to the
development of NIR absorbing dyes having a more red-shifted
absorption and NIR fluorescence dyes.
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