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ermanium-doped
dihydrodibenzohexacenes: Ge–B exchange to
access boron-doped extended acenes

Heechan Kim, a Laura F. Peña,bc Adrian Espineira-Gutierrez, bc Carlos Romero-
Nieto*bc and Robert J. Gilliard, Jr *a

Incorporation of main-group atoms into the backbone of polycyclic aromatic hydrocarbons offers an

effective strategy to modulate their electronic structures. Boron and germanium doping is particularly

attractive for enhancing optoelectronic and electrochemical properties. However, regioselective

incorporation of these elements into extended p-conjugated systems remains limited due to synthetic

challenges and stability issues. Herein, we report the synthesis of isomeric series of digermanium-(2 and

6) and diboron-(4 and 8) embedded dihydrodibenzohexacenes. The molecular structures of the four

compounds were confirmed by single-crystal X-ray diffraction, revealing curved backbones for the

digermanium-doped compounds 2 and 6, whereas the diboron analogues 4 and 8 display a planar

backbone incorporating two weakly antiaromatic C5B rings. All compounds show efficient

photoluminescence in both the solution- and solid-state, spanning the wide spectral regions from blue

to orange. Electrochemical studies of 4 and 8 reveal two quasi-reversible reduction processes, with the

pseudo-para diboron-substituted isomer 8 exhibiting slightly anodically shifted reduction potentials.

These results demonstrate that diboron and digermanium doping provides a promising platform for the

development of stable, emissive, and redox-active polycyclic aromatic hydrocarbons.
Introduction

A powerful strategy for modulating the electronic structures of
extended polycyclic aromatic hydrocarbons (PAHs) is the
incorporation of electropositive main-group elements, such as
boron and germanium, into the p-backbone.1–3 This substitu-
tion profoundly alters the energies and distributions of the
frontier molecular orbitals (FMOs), thereby reshaping the
optical, redox, and chemical characteristics of the PAH frame-
work. Tricoordinate boron, with its vacant pz orbital, engages in
p* interactions with the conjugated system, lowering the lowest
unoccupied molecular orbital (LUMO) energy and imparting
distinctive luminescent, Lewis acidic, and redox-active
properties.4–13 Tetracoordinate germanium atoms not only
suppress molecular vibrations, but also provide a heavy-atom
effect that could enhance radiative decay, resulting in
enhanced quantum yields and photostability.14,15 These attri-
butes render B and Ge-doped, extended PAHs highly promising
for applications in room-temperature phosphorescence,16–18
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organic light-emitting diodes (OLEDs),19–22 organic eld-effect
transistors (OFETs),23–25 and stimuli-responsive materials.26–29

Selected examples of extended PAHs doped with multiple Ge
atoms (Fig. 1A) include the trigermasumanene (I),30 synthesized
via threefold Rh-catalyzed cyclodehydrogenation, which stands
as a rare case of a polycyclic scaffold incorporating three
germanium centers. Our laboratory reported pyrene-fused
bis(N-heterocyclic germylenes).31 Despite these advances, line-
arly extended PAHs incorporating multiple germanium remain
scarce with Yoshikai's report on a ladder-type di-
germaindenouorene (II)32 as the sole example, largely due to
the limited availability of reliable synthetic methods for site-
specic germanium incorporation. There are several reports
on linearly fused, diboron-doped PAHs (Fig. 1B). The tetrel–
boron exchange reactions are central to access these di-
boraacenes; for example, heating of 1,2-bis(trimethylsilyl)
benzene with BBr3 yields a diboradihydroanthracene frame-
work (III) in which a six-membered B2C4 ring is formed via self-
assembly.33–37 This methodology was subsequently extended to
produce diboron-doped pentacene (IV),38 heptacene (V),39 and
nonacene (VI)39 congeners by Ashe and Wang. Our laboratory
reported a diboratapentacene dianion (VII),40 where the tetra-
hydrodiborapentacene backbone was prepared via a Si–B
exchange reaction from a tetrahydrodisilapentacene precursor.

Herein, we report the synthesis and characterization of
isomeric digermadihydrodibenzohexacenes (2 and 6) and
Chem. Sci., 2026, 17, 7699–7706 | 7699
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Fig. 1 Chemical structures of (A) PAHs with multiple germanium
doping: trigermasumanene (I) and digermaindenofluorene (II) and (B)
diboron-incorporated dihydroacenes (III–VI) with two boron atoms
located in the same ring and diboratapentacene dianion (VII) with two
boron atoms located in different rings. (C) This work reporting di-
germanium- and diboron-doped dihydrodibenzohexacenes.
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diboradihydrodibenzohexacenes (4 and 8) (Fig. 1C). The
digermanium-doped 2 and 6 are isolated as crystalline, air- and
moisture-stable solids, expanding the scope of Group 14
element-doped PAHs. Treatment of 2 and 6 with BBr3, and
quenching with MesMgBr afforded 4 and 8, demonstrating Ge–
B exchange as an effective strategy to access boron-doped
heterocycles. Compounds 2 and 6 display bright deep-blue
emission in solution, while extended conjugation through the
tricoordinate boron centers shis the emission to green (4) and
yellow (8) compared to the digermanium congeners. Addition-
ally, the diboron-doped 4 and 8 display stepwise two-electron
electrochemical reductions. Collectively, these results high-
light this new family of linearly extended digermanium- and
diboron-doped PAHs as multicolor-emissive and redox-active
materials.
Results and discussion
Syntheses of isomeric digermanium- and diboron-doped
dihydrodibenzoacenes

Treatment of syn- and anti-tetrabromoternaphthalene (1 and 5,
respectively)41 with excess tert-butyllithium generated the cor-
responding tetralithiated intermediates in situ (Scheme 1).
Subsequent quenching with dimethylgermanium dichloride
(Me2GeCl2) afforded the desired digermacyclic compounds 2
and 6 as off-white solids in 92% and 81% yields, respectively.
7700 | Chem. Sci., 2026, 17, 7699–7706
Both 2 and 6 are remarkably stable toward air and moisture and
even withstand purication by silica-gel chromatography.
Despite the curved molecular geometries (vide infra), the NMR
spectra of 2 and 6 indicate that the molecular curvature is
conformationally exible and dynamically averaged in solution.
They exhibit moderate solubility (>20 mg mL−1) in common
organic solvents (CH2Cl2, CHCl3, toluene, THF, and EtOAc),
likely due to their bent molecular framework, which suppresses
intermolecular p–p stacking.

Exposure of solid 2 and 6 to neat BBr3 immediately produced
a deep-red homogeneous solution, which rapidly yielded dark-
orange precipitates of 3 and 7, respectively. These highly
moisture-sensitive, Lewis-acidic intermediates are poorly
soluble in all common organic solvents and were therefore
converted into 4 and 8 (without isolation) by treatment with
MesMgBr. Compounds 4 and 8 were obtained as yellow and
orange solids in 64% and 67% two-step yields, respectively.
Similar to their germanium precursors, both 4 and 8 exhibit
excellent air and moisture stability, allowing for purication by
column chromatography. The 11B NMR spectra of 4 and 8 each
display a broad resonance near d = 65 ppm, consistent with the
presence of tricoordinate boron centers. The 1H NMR reso-
nances for the protons in the central naphthalene rings of 4 and
8 are downeld shied (9.41 and 8.47 ppm for 4; 9.28 and
8.68 ppm for 8) compared to those of 2 and 6 (8.61 and 8.18 ppm
for 2; 8.56 and 8.25 ppm for 6), indicating the electron-
withdrawing nature of the tricoordinate boron centers.

It is noteworthy that all attempts to access 4 or 8 via the
corresponding disilacyclic or distannacyclic precursors were
unsuccessful. The previously reported disilacycle42 proved
unreactive toward Si–B exchange with BBr3, failing to afford the
intermediate 3 (Scheme S5). Efforts to prepare and isolate the
analogous distannacycle were also unsuccessful, likely due to
the poor hydrolytic stability of the Sn–C bonds (Scheme S6).43

These observations highlight intrinsic trade-offs that hinder
tetrel–boron exchange reactions: silacycles are chemically
robust but require signicant activation energy to undergo Si–B
exchange,6,44 whereas stannacycles possess the required reac-
tivity but sometimes lack sufficient stability for isolation. These
limitations become especially pronounced in systems with
extended conjugation or multiple boron centers where solu-
bility and regioselectivity issues further complicate synthesis.
The digermacyclic scaffolds (2 and 6) represent an effective
balance between reactivity and stability, as discussed in the
following section.
Mechanism of the tetrel–boron exchange reactions

To gain deeper insight into the mechanistic differences among
Si–B, Ge–B, and Sn–B exchange reactions, we performed ab
initio calculations at the B3LYP-D3(BJ)/def2-SVP level of theory
using the CPCM solvation model for BBr3 (3= 2.58). To simplify
the reaction of ditetrel-substituted dihydrodibenzohexacenes
(e.g., 2 and 6) with BBr3 to generate the diboron-doped di-
hydrodibenzohexacenes (4 and 8), the parent structure was
truncated to a model system (SM), in which the Group 14
element bridges a naphthalene and a phenyl ring of the 1-
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Syntheses of digermanium- and diboron-doped dihydrodibenzoacenes 2, 4, 6, and 8.
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phenylnaphthalene scaffold (Fig. 2). This model allows analysis
of a single tetrel–boron exchange reaction with BBr3. The opti-
mized structures and relative Gibbs free energies (DG) of all
relevant stationary points are summarized in the corresponding
potential energy surface (PES) shown in Fig. 2.

The tetrel–boron exchange reaction of SM proceeds in
a manner analogous to that reported for the reaction between
dibenzosilole and BBr3.44 Initial association of SM with BBr3
forms the encounter complex Int1 via a shallow transition state
TS1. Subsequent conversion of Int1 to the ring-opened inter-
mediate Int2 occurs through TS2, which involves concerted B–
Br bond cleavage and E–Br bond formation. Owing to the
signicant distortion of the tetrel-containing six-membered
ring in both Int1 and TS2, coordination of BBr3 preferentially
occurs at the phenyl ring rather than the naphthalene ring (for
detailed information see Fig. S24). A second tetrel–boron
exchange then proceeds through Int3 to afford the boracycle
(Product), accompanied by release of Me2ECl2 as a byproduct.
Fig. 2 Calculated mechanism for the tetrel–B exchange reaction from
def2-SVP (CPCM, BBr3) level of theory.

© 2026 The Author(s). Published by the Royal Society of Chemistry
Overall, the reaction is highly exothermic, with calculated
reaction free energies of−147.6 kJ mol−1 for Si,−172.1 kJ mol−1

for Ge, and −255.9 kJ mol−1 for Sn.
These DFT analyses reveal pronounced differences in the

reactivity of tetrel heterocycles toward BBr3. For the Si and Ge
systems, the rate-determining step (RDS) corresponds to TS2,
whereas for Sn the highest barrier is associated with TS1. The
calculated activation free energies are 110.6 kJ mol−1 for Si,
83.4 kJ mol−1 for Ge, and 41.9 kJ mol−1 for Sn. These trends
indicate that Si–B exchange is kinetically inaccessible at room
temperature, while Ge–B and Sn–B exchange reactions are
feasible under mild conditions. Taken together, these results
highlight germacyclic scaffolds as an optimal balance between
stability and reactivity. The Ge–C bonds provide sufficient
hydrolytic robustness while maintaining adequate reactivity to
enable facile Ge–B exchange with BBr3 at room temperature,
offering a practical and generalizable strategy for the synthesis
of boron-doped acenes.
SM to Product. The geometries were optimized at the B3LYP-D3(BJ)/

Chem. Sci., 2026, 17, 7699–7706 | 7701
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Single crystal X-ray diffraction studies

Single-crystal X-ray diffraction (SC-XRD) analyses unambigu-
ously conrmed the molecular structures of 2, 4, 6, and 8
(Fig. 3). The six-membered germacyclic rings in both the syn- (2)
and anti- (6) digermadibenzohexacenes deviate notably from
ideal hexagonal geometry (Fig. 3A and C), exhibiting Ge–C bond
lengths in the range of 1.924(4)–1.938(4) Å and small C–Ge–C
bond angles (100.85(7)–101.63(6)°), consistent with the limited
sp3 hybridization at the germanium centers. These structural
features impart a pronounced bending to the molecular
framework, which arises primarily from steric repulsion
between hydrogen atoms at the bay regions. The torsion angles
at the bay regions are 22.9(5)° for 2, and 16.7(2)° and 20.3(2)° for
6, respectively. The intramolecular Ge/Ge distances are
8.2265(8) Å for 2 and 8.8640(6) Å for 6. As demonstrated by their
herringbone packing motifs (Fig. S11 and S13), compound 2
exhibits a solid-state packing arrangement that is completely
free of face-to-face p–p stacking, and 6 shows only minimal
intermolecular p–p interactions between peripheral naphtha-
lene units. Indeed, the curved molecular geometries of 2 and 6
account for their moderate solubility in common organic
solvents.

In stark contrast, the corresponding diboron analogues 4
and 8 adopt essentially planar geometries (Fig. 3B and D), with
the pendent mesityl groups oriented nearly perpendicular to the
p-conjugated backbone. The B/B distances are 7.525(8) Å for 4
and 8.149(2) Å for 8. Within the planar six-membered boracyclic
rings, the C–B bond lengths range from 1.535(9) to 1.556(2) Å,
Fig. 3 X-ray structures of 2 (A), 4 (B), 6 (C), and 8 (D). Thermal ellip-
soids were drawn at 50% probability level. Solvent molecules and
hydrogen atoms were omitted for clarity.

7702 | Chem. Sci., 2026, 17, 7699–7706
which are slightly shorter than those in triphenylborane (1.570–
1.588 Å).45 These observations are consistent with enhanced p-
delocalization across the boron-containing framework.
Compound 4 adopts a slipped, head-to-tail p-dimeric packing
motif with the shortest centroid-to-centroid distance of 3.323(4)
Å (Fig. S12). Compound 8, by contrast, crystallizes with two
toluene molecules per formula unit, and the perpendicular
mesityl substituents at each boron center effectively prevent
close p–p contacts in the solid-state (Fig. S14).
Electronic structures

To elucidate the inuence of germanium versus boron substi-
tution on the electronic structures, density functional theory
(DFT) calculations were performed at the B3LYP-D3(BJ)/def2-
TZVP//B3LYP-D3(BJ)/def2-SVP level with CH2Cl2 as solvent
using the conductor-like polarizable continuummodel (CPCM).
The calculated FMOs and energy levels are summarized in Fig. 4
and S25–S28. In all four compounds, the FMOs are predomi-
nantly composed of delocalized p-orbitals spanning the three
naphthalene units.

In the digermanium-doped 2 and 6, the germanium atoms
show negligible contribution to the p-manifold, conrming
their electronically isolated nature. In contrast, the boron
centers in 4 and 8 exhibit substantial orbital coefficients in the
LUMOs, indicating active participation in the conjugated
framework. Consequently, the LUMO energies of 4 (−2.57 eV)
and 8 (−2.64 eV) are signicantly lower than those of 2 (−1.83
eV) and 6 (−1.98 eV). Because Ge to B substitution has minimal
effect on the HOMO energies, the pronounced stabilization of
the LUMO levels directly accounts for the narrower HOMO–
LUMO gaps observed in 4 and 8.

The aromaticity of the planar 4 and 8 was assessed by two-
dimensional nucleus-independent chemical shi (2D-NICS)
calculations, which were performed at the B3LYP-D3(BJ)/def2-
SVP level of theory (Fig. S29). The NICS(1)zz values at the
centers of the C6 rings within the naphthalene units range from
−26 ppm to −21 ppm, characteristic of aromatic systems. In
contrast, the corresponding values for the six-membered bor-
acyclic rings lie between +4 and +10 ppm, indicative of weak
antiaromaticity. This trend is consistent with the reported
antiaromatic character of dihydrodiboraacene derivatives III–
VI.39
Photophysical properties

To investigate the structure-dependent optoelectronic proper-
ties, the absorption and emission spectra of 2, 4, 6, and 8 were
measured in both CH2Cl2 solution and solid state (Fig. 5 and
Table 1). Compounds 2, 4, 6, and 8 exhibit characteristic
absorption spectra with large molar absorptivity exceeding 30
000 M−1 cm−1 at their absorption maxima. The germacycles 2
and 6 display absorption maxima at labs = 370 and 381 nm,
whereas the boracycles 4 and 8 exhibit markedly red-shied
absorptions at labs = 473 and 502 nm, respectively. Because
the tetracoordinate germanium centers are electronically iso-
lated from the p-conjugated framework, the observed
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Frontier molecular orbitals of 2, 4, 6, and 8 calculated at the B3LYP-D3(BJ)/def2-TZVP (CPCM, CH2Cl2)//B3LYP-D3(BJ)/def2-SVP (CPCM,
CH2Cl2) level of theory.

Fig. 5 Solution-state absorption (black lines, 10 mM in CH2Cl2), solution-state emission (colored solid lines, in CH2Cl2), and solid-state emission
(colored dotted lines) spectra of 2 (A), 4 (B), 6 (C), and 8 (D). The insets show images of each sample in solution- and solid-state under 365 nm
irradiation.
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bathochromic shi upon boron incorporation reects the
extended p-delocalization mediated by the tricoordinate boron
atoms.

Time-dependent DFT (TD-DFT) calculations (TD-B3LYP-
D3(BJ)/def2-TZVP (CPCM, CH2Cl2)//B3LYP-D3(BJ)/def2-SVP
(CPCM, CH2Cl2)) further clarify these electronic transitions.
Compounds 4, 6, and 8 exhibit S0 / S1 transitions with
predominant (>95%) HOMO / LUMO character and large
oscillator strengths (f > 0.5) (Tables S6–S8). In contrast,
compound 2 shows an S0 / S1 transition composed of mixed
© 2026 The Author(s). Published by the Royal Society of Chemistry
HOMO / LUMO + 1 (60%), HOMO − 1 / LUMO + 2 (2%),
HOMO − 1 / LUMO (33%) and HOMO − 2 / LUMO + 1 (2%)
transitions, accompanied by a very small oscillator strength (f =
0.048) (Table S5). This unusually weak S1 transition originates
from destructive interference between HOMO/ LUMO + 1 and
HOMO − 1 / LUMO congurations, leading to conguration–
interaction cancellation of the transition dipole moment. It
explains the weak absorption tail around 380 nm with a low
molar absorptivity (3 < 2000 M−1 cm−1), consistent with the
calculated absorption spectrum of 2 (Fig. S30). The observed
Chem. Sci., 2026, 17, 7699–7706 | 7703
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Table 1 Summary of the photophysical properties of 2, 4, 6, and 8

labs
a (nm) 3b (M−1 cm−1) lem

c (nm) lem
d (nm) Stokes shi (cm−1) FF

e FF
f sg (ns) kr (10

7 s−1) knr (10
7 s−1)

2 370 45 300 417 473 2400 0.14 0.47 11.7 1.2 7.5
4 473 44 000 486 536 566 0.67 0.14 5.6 12 5.9
6 381 31 600 401 462 1310 0.54 0.21 1.8 30 2.6
8 502 38 300 522 588 763 0.40 0.15 7.2 5.6 8.4

a The longest experimental absorption maximum wavelengths in CH2Cl2.
b Extinction coefficient at the longest absorption maximum wavelengths

in CH2Cl2.
c Emission maximum in CH2Cl2.

d Emission maximum in the solid-state. e Absolute uorescence quantum yields in CH2Cl2 determined
by a calibrated integrating sphere system. f Absolute uorescence quantum yields in the solid-state determined by a calibrated integrating sphere
system. g Fluorescence lifetimes in CH2Cl2 determined by time-correlated single photon counting (TCSPC) measurements.
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intense band at 370 nm corresponds instead to the S3 transition
(f = 1.40).

The CH2Cl2 solution samples of 4, 6, and 8 show emissions
that mirror their absorption proles, with lem = 486, 401, and
522 nm, respectively. Compound 2, however, deviates from the
mirror-image relationship, displaying an emission maximum at
lem= 417 nm. This anomaly is attributed to the aforementioned
mixing between the S1 and S3 states. Nonetheless, vibrational
ne structures are evident in all emission spectra. The uores-
cence quantum yields (FF) in CH2Cl2 are moderate to high: 0.14
for 2, 0.67 for 4, 0.54 for 6, and 0.40 for 8.

In the solid-state, all four compounds exhibit red-shied
emissions with lem values of 473 nm (2), 536 nm (4), 462 nm
(6), and 588 nm (8). Notably, compound 2 shows an enhanced
uorescence quantum yield (FF = 0.47) in the solid-state
compared to its solution value (FF = 0.14). This aggregation-
induced emission enhancement (AIEE) observed for 2 is
attributed to the restriction of intramolecular motions (RIM),
together with the absence of face-to-face p–p stacking in the
solid-state packing structure (Fig. S11; vide supra). In contrast,
the solid-state quantum yields of 4, 6, and 8 are lower than their
solution-state counterparts, which we attribute to intermolec-
ular p–p stacking interactions that facilitate exciton coupling
between neighboring molecules. The reduction in FF is more
pronounced for 4 (0.67 / 0.14) than for 6 (0.54 / 0.21) and 8
(0.40 / 0.15), consistent with its signicant p–p stacking
interactions (Fig. S12–14).
Fig. 6 Chromaticity coordinates (CIE) of 2, 4, 6, and 8 in CH2Cl2 (black
circles) and in the solid-state (black squares).

7704 | Chem. Sci., 2026, 17, 7699–7706
Compound 8 exhibits long-wavelength solid-state emission
tails extending beyond 700 nm. This behavior is noteworthy and
comparable to that of boron-doped polycyclic aromatic hydro-
carbons with signicantly more extended p-conjugation,
including diboron-doped dihydroheptacene (V),39 di-
hydrononacene (VI),39 and tetraboron-doped tetra-
hydrononacene,26 underscoring the effectiveness of
regioselective boron incorporation in 8. The structure- and
phase-dependent emission properties of 2, 4, 6, and 8 are
highlighted in the chromaticity coordinates (Fig. 6).
Electrochemistry

The boraacenes 4 and 8 exhibit quasi-reversible two-electron
reduction processes, as revealed by cyclic voltammetry (CV)
(Fig. 7 and S20–S23). Differential pulse voltammetry (DPV)
measurements show two well-resolved redox couples with half-
Fig. 7 Cyclic voltammetry and differential pulse voltammetry of 4
(black lines) and 8 (brown lines) in THF with n-Bu4PF6 (0.2 M) as the
supporting electrolyte. Scan rate = 100 mV s−1. Sample concentration
= 2 mM.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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wave potentials (E1/2) of −1.99 and −2.33 V vs. Fc+/Fc for 4, and
−1.89 and −2.28 V vs. Fc+/Fc for 8. These reduction potentials
are slightly less negative than those reported for di-
boradihydroheptacene (−2.05 and −2.69 V vs. Fc+/Fc), likely
reecting the weaker electron-donating ability of the naphtha-
lene units in 4 and 8 relative to the anthracene skeleton in the
heptacene analogue (IV).39 Notably, compound 8 displays
uniformly higher (less negative) reduction potentials than 4,
consistent with stronger electronic communication between the
two boron centers located at the pseudo-para positions across
the extended p-conjugated backbone. This enhanced delocal-
ization renders the scaffold more electron-decient, thereby
stabilizing the reduced states and shiing the redox potentials
anodically.

Conclusions

The digermanium- (2 and 6) and diboron- (4 and 8) doped di-
hydrodibenzohexacenes were synthesized and fully character-
ized using multinuclear NMR spectroscopy and single-crystal X-
ray diffraction. Compounds 2 and 6 adopt curved geometries as
a result of steric strain imposed by the two bulky C5Ge rings,
whereas the diboron analogues 4 and 8 exhibit planar frame-
works that promote extended p-conjugation through effective
overlap with the empty pz orbitals of the tricoordinate boron
centers. Such structural differences are directly reected in their
photophysical behavior, with the digermanium-doped deriva-
tives displaying blue emission, while the diboron-doped
compounds show pronounced bathochromic shis leading to
green to orange emission. Electrochemical studies of 4 and 8
reveal two quasi-reversible reduction processes, further high-
lighting their potential as redox-active p-conjugated materials.
Collectively, these results expand the synthetic and structural
landscape of heteroatom-doped PAHs and underscore the
utility of main-group element incorporation for the develop-
ment of functional organic materials.
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