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Abstract: Electron-deficient heteroacenes that contain two 
tricoordinate boron atoms in their acene skeletons and planarized 
phenyl ether moieties at their periphery were synthesized via the 
borylation of silicon-bridged precursors. X-ray crystallographic 
analysis revealed quinoidal structures, which give rise to two-step 
reversible redox processes for both the reduction and oxidation. 
These compounds exhibit intense absorption and sharp fluorescence 
bands with vibronic structures in the near-infrared (NIR) region. These 
properties originate from the push–pull effect along the long axis of 
the molecule derived from the electron-donating ether moiety and the 
electron-accepting boron moieties. Of particular note is the NIR 
emission of the thienothiophene-centered heteroacene, which has a 
maximum at 952 nm with a narrow band width of 309 cm–1 in 
cyclohexane. A Franck–Condon analysis revealed the crucial role of 
the sterically less-hindered thienothiophene spacer in achieving this 
sharp emission band. 

Introduction 

Embedding main-group elements into p-conjugated skeletons 
is a robust strategy for producing novel p-electron materials.[1] The 
specific orbital interactions or inductive effects of the main-group 
moiety alter the electronic structures of the skeletons.[2] A 
representative example of a group of compounds that is strongly 
influenced by main-group effects is xanthene dyes. The 
replacement of the oxygen atom at the 10-position of fluorescein 
or rhodamine with various main-group elements results in 
substantial bathochromic shifts of the absorption and emission 
wavelengths (Figure 1a).[3] In particular, we have recently 
reported a boron-substituted fluorescein derivative that exhibits 
absorption and emission bands in the near-infrared (NIR) region, 
which were red-shifted by more than 300 nm compared to those 
of the parent oxygen-containing fluorescein.[4] To enhance the 
effect of this boron-substitution strategy, we envisaged the 
integration of two xanthene skeletons into the five-ring fused p-
scaffold 1, which should be of interest as a boron-embedded 
pentacene (Figure 1a). 
 
 
 
 

Figure 1. (a) Main-group substitution of an oxygen atom at the 10-position of 
xanthene dyes and integration of the bora-xanthene scaffold into 1; (b) 
examples of main-group-substituted 5,12-dihydropentacenes; (c) chemical 
structures of B,O-containing heteroacenes and the related compound 6. 

Acenes, including pentacene, have attracted continuous 
attention not only in the context of exploring their intrinsic 
reactivity and properties,[5] but also due to their promising utility in 
organic (opto)electronics.[6] Various types of structural 
modifications have been examined, including steric protection 
with bulky aryl groups at the periphery,[7] incorporation of electron-
withdrawing ethynyl groups,[8] and substitution of the skeletal 
carbon atoms with heteroatoms.[9] A representative example of 
the latter modification is 5,12-dihydropentacenes, in which 
heteroatoms are introduced at the 5,12-positions (Figure 1b). Chi 
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and coworkers have synthesized 5,12-dithia-5,12-
dihydropentacene 2 together with its p-extended analogues.[10] 
Bunz and coworkers have synthesized nitrogen analogue 3.[11] In 
these scaffolds, the heteroatoms regulate the positions of the 
aromatic p-sextet rings at the termini of the pentacene skeleton 
while enhancing the p-quinodimethane character in the central 
moiety. These modifications result in increased stability and 
endow the resulting compounds with intriguing photophysical, 
electrochemical, and semiconducting properties. Despite the 
intensive studies of these electron-rich heteroacenes, 
heteroacenes that incorporate electron-deficient atoms, such as 
boron, remain relatively unexplored.[12] In such p-systems, the 
empty p orbitals of the boron atoms should participate in the p-
conjugation, which would strongly affect their electronic structures, 
particularly the LUMO energy level, and thereby alter their 
properties. 

Although the parent 5,12-dibora-5,12-dihydropentacene 1 
itself is difficult to construct from a synthetic point of view, we 
designed oxygen-bridged analogue 4 as an accessible target 
molecule (Figure 1c). Using our synthetic route, the central 
benzene ring can be replaced with other spacer units, such as 
thienothiophene in 5. The compounds thus obtained exhibit 
significantly red-shifted absorption and emission in the NIR region, 
reflecting the synergistic push–pull effects of the boron and 
oxygen atoms. This electronic effect is reminiscent of that in the 
bis-carbonyl-bridged analogue 6, reported by Uchiyama and 
coworkers, in which two amino groups are introduced as electron-
donating groups at the termini.[13] In contrast to 6, our molecules 
show much smaller Stokes shifts and significantly narrower 
emission bandwidths. In this article, we disclose their synthesis, 
crystal structures, and electrochemical and photophysical 
properties, together with in-depth elucidation of their unique 
emission properties. 

Results and Discussion 

Incorporation of the xanthyl substructures into the target 
compounds allowed us to readily synthesize 5,12-dibora-5,12-
dihydropentacene 4 starting from bis(t-butylphenyl) ether 7 
(Scheme 1). The regioselective monolithiation of 7 with s-
butyllithium followed by treatment with 2,5-dibromo-
terephthalaldehyde afforded diol 8. The intramolecular Friedel–
Crafts-type cyclization of 8 with FeCl3 produced dixanthyl-
dibromobenzene 9.[14] Subsequent dilithiation, followed by the 
addition of Me2SiHCl produced 10. The Rh-catalyzed 
intramolecular cyclization[15] of 10 afforded 9-ring fused 11. 
Further treatment of the thus obtained silicon-bridged precursor 
with boron tribromide followed by the addition of 2,4,6-
triisopropylphenylmagnesium bromide (TipMgBr) successfully 
furnished 4 in 37% yield as a dark green solid. Compound 4 was 
stable enough to be purified by column chromatography on silica 
gel and recrystallization under ambient conditions. To evaluate its 
chemical stability, the change in its UV-vis absorption spectrum in 
a solution of oxygen-saturated toluene in the dark was monitored. 
No significant spectral change was observed for 4 with the 
retention of 99% of the initial intensity of the absorbance even 
after 18 h (Figure S1). 

Single crystals of 4 suitable for an X-ray crystallographic 
analysis were grown by slow diffusion of EtOH into a CH2Cl2  

Scheme 1. Synthetic route to 4. 

solution of the compound. As shown in Figure 2, the 9-ring fused 
skeleton deviates slightly from co-planarity, particularly around 
the fjord region consisting of the central benzene ring and one of 
the outer benzene rings; the dihedral angle of C1–C2–C11–C12 
is 31.5°. The Tip group is oriented orthogonally relative to the 
diborapentacene plane with a dihedral angle of 79.2°. The steric 
bulk of the Tip groups together with that of the peripheral t-butyl 
groups prevents p-stacking in the crystal packing.  

Figure 2. ORTEP drawing of 4 with thermal ellipsoids at 50% probability; 
hydrogen atoms are omitted for clarity. 

A close inspection of the bond length in the crystal structure 
gave insight into the inherent character of the diboraacene p-
systems. In 4, the boron atom adopts a trigonal planar geometry, 
in which the sum of the C–B–C angles is 360°. The endocyclic B–
C bond is slightly shorter (B1–C9: 1.544(3) Å; B1–C10: 1.543(3) 
Å) than the exocyclic Tip C–B bond (B1–C17: 1.587(3) Å). The 
bond alternation in the four outer benzene rings is relatively small, 
reflecting a highly aromatic character. In contrast, the central 
three-ring fused moiety in the diborapentacene skeleton has a p-
quinodimethane geometry with short C2–C3 (1.402(3) Å) and C1–
C10' bonds (1.382(3) Å), reflecting a distinct double-bond 
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character. It should also be noted here that the peripheral C1–C2 
bond (1.423(3) Å) is shorter than the inner C2–C10 bond 
(1.461(3) Å), which is indicative of more effective conjugation in 
the peripheral butadiene skeleton as a part of the acene scaffold 
(vide infra). 

Reflecting the quinoidal structure, diboradihydropentacene 4 
exhibits intense absorption and emission bands in the NIR region 
(Figure 3). Thus, in cyclohexane, 4 showed a vibronic-structured 
absorption band with the longest absorption maximum (labs) at 
770 nm and a molar absorption coefficient (e) exceeding 105 M–1 
cm–1. In the fluorescence spectrum, 4 showed a sharp emission 
band in a mirror-image fashion relative to the absorption spectrum, 
with a maximum emission wavelength (lem) at 791 nm 
accompanying a small Stokes shift of 345 cm–1 (21 nm) and a 
moderate fluorescence quantum yield (FF) of 8.9%. When the 
solvent was changed from cyclohexane to the more polar CH2Cl2, 
the absorption spectrum did not show significant change, while 
the emission spectrum showed a broader red-shifted band (lem = 
855 nm) (Table S1 and Figures S2 and S3), which is indicative of 
some extent of intramolecular-charge-transfer character in the 
excited state. These photophysical properties are distinct from 
those of dithia- or diazadihydropentacenes (2: labs, 555 nm; lem, 
617 nm in CH2Cl2;[10b] 3: labs, 574 nm; lem, ~590 nm in CH2Cl2[11]). 
The replacement of the sulfur or nitrogen atoms with boron atoms 
resulted in significantly red-shifted absorption and emission 
maxima (>200 nm). 

Figure 3. Absorption and emission spectra of 4 in cyclohexane. 

To elucidate the effect of the boron atoms on the 
photophysical properties, TD-DFT calculations of model 
compound 4', in which the Tip groups of 4 are replaced with 
mesityl groups and the peripheral t-butyl groups are removed for 
simplification, were conducted at the B3LYP/6-31+G(d) level of 
theory. Figure 4a shows a comparison of its electronic structure 
and electronic transition with those of dithia-, diaza-, and 
diboradihydropentacene 2', 3', and 1. Compared to those of 
dithia- and diazadihydropentacene 2' and 3', the incorporation of 
the boron atoms in 1 results in significantly decreased HOMO and 
LUMO levels. The magnitude of the decrease of the HOMO and 
LUMO from 2' to 1 are comparable (~0.7 eV). Considering the 
greater length of the C2–C10 bond compared to that of the C1–
C2 bond observed in the crystal structure, the significant changes 
in the HOMO and LUMO level can be, at least partly, attributed to 
the orbital interaction in the peripheral butadienylborane moieties 
(Figure 4b). It should be noted here that a p-orbital of the boron 
atom interacts with the p and p* orbitals of the butadiene moiety 
in an in-phase fashion in the HOMO and LUMO, respectively. 

However, this orbital interaction does not significantly affect the 
HOMO–LUMO gap and, therefore, the calculated absorption 
wavelength for 1 is only slightly longer than that of 2'. In contrast, 
in oxygen-bridged 4', the planarized phenyl ether moiety 
significantly increases the HOMO level while maintaining the 
LUMO level comparable to that of 1. Consequently, 4' exhibits a 
significantly red-shifted absorption, while the oscillator strength is 
not affected. This electronic perturbation can be rationalized in 
terms of a synergistic push–pull effect between the electron-
donating ether moieties and the electron-accepting boron 
moieties at the periphery of the acene scaffold (Figure 4b). 
Notably, the distant O---B pair, rather than the near O---B pair, 
plays a crucial role in generating the push–pull structure. Indeed, 
comparison of the optimized geometries of 4' and 1 showed a 
slightly contracted C1–C2 bond in 4' (1.429 Å) relative to that in 1 
(1.442 Å), which does not have the donating ether moiety (Figure 
S8). A similar electronic effect was reported by Uchiyama and 
coworkers for 6, where the push–pull effect of the terminal amino 
groups and the carbonyl bridges results in NIR absorption and 
emission.[13] In our molecule, the bridging oxygen atoms instead 
of terminal amino groups serve as the electron-donating moiety to 
furnish the NIR absorption. In other words, this push–pull effect 
provides a versatile modification strategy to render acene 
skeletons being NIR-active materials. 

Figure 4. (a) TD-DFT calculations of heteropentacenes 1, 2', 3', and 4' at the 
B3LYP/6-31+G(d) level of theory and their Kohn–Sham HOMOs and LUMOs. 
(b) Schematic illustration of the orbital interaction in the butadienylborane 
substructure in the HOMO and LUMO of 1 (left) and the push–pull effect in 4' 
(right). 
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It is noteworthy that the diboradihydropentacene is 
isoelectronic with the pentacene dication. While in the latter, the 
positive charges are delocalized predominantly over the inner 
hexagon rings (Figure S9),[16] in the former, the boron atoms 
define the positions of the electron-deficient centers, by which the 
p-quinodimethane character is enhanced, similar to the cases of 
the dithia- and diaza-counterparts.[10a,b,11] In light of the p-
quinodimethane character of 4, this compound can also be 
regarded as a boron-bridged analogue of Thiele’s hydrocarbon. 
From this point of view, its diradical character is of interest, since 
a boron atom embedded in a hexagonal ring can stabilize a 
radical through delocalization of the spin density.[17] However, 4 
did not show any ESR signal in benzene, and sharp signals were 
observed in its 1H NMR spectra in benzene-d6 even upon heating 
to 70 °C (Figures S4 and S5), indicating a negligible diradical 
character. The aforementioned push–pull structure may partly 
affect this characteristic feature.  

Figure 5. (a) Cyclic voltammogram of 4 (1 mM) in CH2Cl2; scan rate: 0.05 V s–
1; supporting electrolyte: [nBu4N][PF6] (0.1 M); all potentials referenced vs. 
Fc/Fc+. (b) NICS(1)zz values of the dianion, neutral, and dication species of 4' 
calculated at the HF/6-31+G(d) level of theory. (c) Change in the absorption 
spectrum of 4 (0.921 ´ 10–5 M) in CH2Cl2 upon the addition of NOSbF6 in CH3CN 
solution. 

Additionally, the dibora-bridged p-quinodimethane structure 
renders the compound multi-redox active. The cyclic 
voltammogram of 4 in CH2Cl2 exhibited two reversible redox 
processes for both the reduction and the oxidation with half-wave 
potentials (E1/2) of –1.44 V and –1.83 V for the reduction and of –
0.07 V and 0.27 V for the oxidation (vs Fc/Fc+) (Figure 5a). This 

result contrasts with those for dithia-analogue 2, which show only 
one reversible reduction and two reversible oxidation processes. 
In addition, the less positive oxidation potentials and less negative 
reduction potentials of 4 compared to those of 2 indicate a narrow 
HOMO–LUMO gap, consistent with its absorption and emission 
in the NIR region. The multi-redox processes observed for 4 are 
reversible for at least 10 cycles, indicating that the generated 
reduced and oxidized species are stable under the applied 
measurement conditions. This feature should be relevant to the 
aromatic character of the reduced and oxidized species. To gain 
insight into this aspect, nucleus-independent chemical shift 
(NICS) calculations were carried out at the HF/6-31+G(d) level of 
theory (Figure 5b). In the dianion of 4', the boron-containing 
hexagonal ring gains aromatic character with an NICS(1)zz value 
of –17.8 ppm, while the oxygen-containing hexagon ring has a 
positive value of +19.9 ppm. On the other hand, the dication of 4' 
shows the opposite trend in aromaticity, with the oxygen-
containing hexagonal ring gaining moderate aromaticity with a 
NICS(1)zz value of –10.5 ppm, while the boron-containing 
hexagon ring takes on a positive value of +14.5 ppm.  

Among the multi-redox processes in 4, the stepwise oxidation 
processes can be monitored in the UV-vis-NIR absorption spectra 
by chemical oxidation using NOSbF6 (Figure 5c). Upon addition 
of a CH3CN solution of NOSbF6 to a CH2Cl2 solution of 4, the 
sharp band of 4 at labs = 773 nm gradually decreased in intensity 
and a new broad absorption band emerged at 1448 nm. The 
intensity of the band increased upon increasing the amount of 
NOSbF6 to ca. 1.5 equiv. Adding more NOSbF6 resulted in an 
increase in the intensity of the broad absorption band at 400–600 
nm and a decrease in the intensity of the absorption band at 1448 
nm. This stepwise change can be attributed to the generation of 
radical cation 4+• followed by dication 42+, which is supported by 
theoretical calculations (Figure S10). While 4+• is isoelectronic 
with the dication radical of pentacene, the spin density is 
delocalized over the entire diborapentacene skeleton (Figure 
S11). Although we also attempted the chemical reduction of 4 with 
Cp*2Co, this resulted only in the appearance of a new broad band 
at ~700–1100 nm without stepwise changes (Figure S7), which 
hampered a further assignment of this band. 

Our robust synthesis further enabled us to synthesize more 
extended heteroacenes by replacing the central benzene ring in 
4 with other spacers. As an example, thienothiophene-connected 
10-ring fused heteroacene 5 was synthesized (for details, see 
Scheme S1). An X-ray crystallographic analysis revealed that the 
10-ring fused skeleton has a slightly more planar geometry than 
4 due to the reduced steric congestion in the fjord region in 5; the 
dihedral angle S1–C1–C11–C12 is 25.2° (Figure 6a). Compound 
5 showed reversible two-step redox waves with reduction 
potentials of –1.14 V and –1.47 V (vs Fc/Fc+), which are 0.30 V 
and 0.36 V less negative than those of its benzene counterpart 4, 
while the oxidation potentials of 4 and 5 are comparable (Figure 
S6). It should also be noted here that the absorption and emission 
spectra of 5 in the NIR region are significantly red-shifted (Figure 
6b). In cyclohexane, 5 showed a very sharp and vibronic-
structured absorption band at labs = 945 nm and a high e value of 
1.99 ´ 105 M–1 cm–1. In the fluorescence spectrum, 5 exhibited a 
mirror-image emission band at lem = 952 nm. Despite the long 
wavelength of the lem value, 5 retained a fluorescence quantum 
yield of 2.3%. Moreover, the Stokes shift observed for 5 is only 78 
cm–1 (7 nm), and the full width at half maximum (FWHM) of its 
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emission band is 309 cm–1 (28 nm); these values are much 
smaller than those of 4 (Stokes shift: 345 cm–1, 21 nm; FWHM; 
771 cm–1, 49 nm). Such sharp NIR emission band is reminiscent 
of the emissions of rare-earth metal complexes. These distinct 
spectral features should be due to its rigid and more planar 
structure compared to that of 4 (vide supra).  

Figure 6. (a) ORTEP drawing of 5 with thermal ellipsoids at 50% probability; 
hydrogen atoms and CH2Cl2 molecules are omitted for clarity. (b) Absorption 
and emission spectra of 5 in cyclohexane. 

To gain in-depth insight into the unique emission spectrum of 
5, a Franck–Condon analysis of the transition from the zero-point 
vibrational energy level in S1 to S0 was conducted. Model 
compound 5", in which the Tip groups in 5 are simplified with 
mesityl groups, was examined at the B3LYP/6-31+g(d) level of 
theory and compared to 4", which has the same substituent set 
as 5". The simulated fluorescence spectra were consistent with 
the experimentally observed spectra for 4 and 5 (Figure 7a). Both 
4 and 5 exhibited distinct vibronic structures with comparable 
differences between the first and second shortest bands (4, 1121 
cm–1; 5, 1305 cm–1). The Franck–Condon analysis showed that 
the second shortest bands are attributed to the stretching 
vibrational modes of the C–C bonds along the long axis of the 
acene skeletons in S0. In contrast, a crucial difference between 4" 
and 5" was observed in the composition of their first emission 
bands (Figure 7a). While in benzene-connected 4", several 
transitions from the zero-point vibrational energy level in S1 to 
vibrational energy levels coupled with twisting vibrational modes 
(such as #23, Figure 7b) in S0 contribute to the first emission band 
in addition to the zero-to-zero transition, the contribution of these 
transitions relevant to the twisting vibrational modes are trivial in 
thienothiophene-connected 5" (Tables S2, S3 and Figures S13, 
S14). This is the origin of the significantly smaller FWHM value 
observed for 5, and the reduced steric congestion in the fjord 

region of 5 should be responsible for this feature. This result 
implies the importance of the 5-membered heteroarene as a 
spacer for the design of emissive extended heteroacene 
skeletons. 

Figure 7. (a) Simulated fluorescence spectra obtained using Franck–Condon 
calculations (red line) and dipole strengths of the transitions (blue lines) for 4" 
(left) and 5" (right). (b) A representative twisting vibrational mode (#23) of 4" in 
S0.  

Conclusion 

In conclusion, we succeeded in synthesizing two boron-
containing heteroacenes, 4 and 5, via the borylation of the 
corresponding silicon-bridged precursors. A thorough 
examination of their crystal structures as well as their 
electrochemical and photophysical properties showed that the 
combination of the electron-donating planarized phenyl ether 
moieties and the electron-deficient diboradihydropentacene 
moieties gives rise to a push–pull electronic effect that leads to 
reversible multi-redox behavior as well as intense absorption and 
sharp emission in the NIR region. It should be noted here that the 
impact of the replacement of the central benzene ring with a 
thienothiophene spacer resulted in a red-shifted emission (lem = 
952 nm) accompanied by the small Stokes shift and FWHM 
values. These results demonstrate that the combined design 
strategy involving the incorporation of electron-deficient boron 
atoms and the creation of a push–pull structure while introducing 
a heteroarene spacer represents a powerful strategy to produce 
a NIR-emissive acene-type p-scaffold. We are currently working 
on expanding this design principle to produce other attractive 
heteroacenes. 
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