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Self-Induced Charge Transfer Activation Enables Metal-Free C—H
Coupling of Polycyclic Aromatic Hydrocarbons under Photo
Irradiation

Kazuma Kurokawa 2, Aki Kohyama 2, Yusuke Kuroda 2, Keisuke Tao-Kakuyama °, Hiroshi Takikawa 2,
Kiyosei Takasu *2

Axially chiral three-dimensional nanographenes (3D NGs) represent promising scaffolds for chiral optoelectronic materials,
yet their direct synthesis remains challenging because of the oxidative fragility of n-extended arenes. Here we report a
metal-free, visible light-induced oxidative C—H/C—H biaryl coupling of polycyclic aromatic hydrocarbons mediated by a
Brgnsted acid and O,. The reaction efficiently converts m-extended arenols, including fluoranthene derivatives, into
structurally diverse axially chiral 3D NGs without overoxidation. Mechanistic studies reveal that self-induced charge transfer
(CT) complexation between protonated and neutral arenols triggers photoinduced formation of radical cations, as supported
by UV—vis, ESR and DFT analyses. The obtained axially chiral 3D NGs exhibit high configurational stability and photophysical
features rationalized by TD-DFT calculations. This strategy establishes a general platform for constructing axially chiral 3D

NGs from m-extended arenols under metal-free conditions.

Introduction

Nanographenes (NGs), atomically precise graphene fragments with
tunable dimensionally, have emerged as ideal scaffolds for chiral
optoelectronic systems.! In particular, three-dimensional (3D) NGs
are attracting attention because their contoured, shape-persistent
topologies mitigate m—n aggregation while amplifying chiroptical
responses. Representative architectures based on triptycene-,>3
cyclooctatetraene-,*7 spirocyclic-,®° and biaryl*®5-frameworks
(Figure 1a) exemplify this design principle. Among these, biaryl-type
NGs are attractive for accessing axially chiral frameworks and serving
as precursors to more complex 2D and 3D materials.&1617 However,
only a limited handful of synthetic examples have been reported
(Figure 1b). Because most reported routes rely on cross couplings of
prefunctionalized substrates, more direct strategies would expand
the accessible chemical space of biaryl NGs and accelerate materials
discovery.

A direct C—H coupling would represent the most straightforward
route to biaryl NGs. While transition-metal-catalyzed,81®
photoredox-catalyzed?®?, or hypervalent iodine?>2>-mediated biaryl
couplings of simpler arenes, such as benzene and naphthalene
derivatives, are known, these methods tend to be less effective for
n-extended PAHs, where multiple reactive sites and oxidative
instability result  in poor  regioselectivity or  even
decomposition.82425 Classical BINOL synthesis elegantly exploits the
hydroxyl group to direct coupling at the C1 position of 2-naphthol,
yet analogous strategies have rarely succeeded in t-extended
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Figure 1. a) Representative core scaffolds of reported 3D NGs.
Polycyclic aromatic hydrocarbon moiety (= Ar) is simplified and
shown. b) Reported axially chiral 3D NGs and its synthetic strategy. R
= tert-butyl, Ary = 2,4,6-trimethylphenyl.

systems due to overoxidation of the biaryl product (Figure 2a).16:26-
31 Despite recent advances in n-extended systems, the synthesis of
axially chiral 3D NGs via Scholl-type C—H coupling remains a major
challenge and has been only rarely achieved.’3%>

To overcome this limitation, we envisioned a visible light-induced
self-activation mechanism: an in situ transient protonated m-
extended arenol with its neutral one generates a self-induced
pseudo-homo charge transfer (CT) complex, which upon
photoexcitation produces a radical cation competent for C-H
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Figure 2. a) Classical approach to synthesize BINOL. b) Metal-free C—
H/C-H biaryl coupling of n-extended arenols enabled by self-induced
CT complex under acid/visible light/O, condition (this work).

coupling. Unlike the persistent hetero CT complexes between
separate electron donors and acceptors reported by Sanford3233 and
Kozlowski, 343> our system relies on intramolecular charge
polarization within a single arenol scaffold. This design allows
oxidative coupling of large, m-extended substrates while suppressing
overoxidation through steric and electronic self-regulation.
Specifically, because the targeted products are 3D NGs, their
nonplanar geometry imposes substantial steric hindrance that
prevents close m-m interaction between arenol units, making CT
complexation less favorable. As a result, overoxidation of the
resulting biaryl products, a common issue in m-extended systems, is
mitigated. Herein, we report an acid, visible-light and O, mediated
C—H/C-H biaryl coupling, elucidate its mechanism, and disclose the
properties of axially chiral 3D NGs.

Results and discussion

Optimization

During the course of our study on non-benzenoid PAHs,3%738 we
commenced our study with the oxidative biaryl coupling of
dibenzo[j,/[fluoranthene 1a as a model substrate, followed by
optimization of the reaction conditions (Table 1). Following a
comprehensive evaluation of reaction parameters, we found that
430 nm LEDs irradiation of a solution of 1a in CH,Cl,/TFA (v/v = 9/1)
under air for 6 h at 20 °C afforded the desired biaryl product 2a in
88% yield (entry 1). Notably, 2a was obtained as a single regioisomer,
and this regioselectivity is supported by DFT calculations (see Figure
S26). No conversion was observed in the absence of TFA (entry 2),
underscoring the crucial role of Brgnsted acid in this transformation.
Replacement of TFA (pK, = —0.3) with weaker acid such as acetic acid
(AcOH, pK, = +4.8) resulted in full recovery of 1a (entry 3).
Conversely, the use of a stronger acid, methanesulfonic acid (MsOH,
pKa =—2.6) restored high efficiency, affording 2a in 90 % yield (entry
4). The reaction proved highly sensitive to the atmosphere: under N,
the yield plummeted, indicating that O, serves as a terminal oxidant
(entry 5). In the dark, performing the reaction led to only trace

2| J. Name., 2012, 00, 1-3

Table 1. Optimization of reaction conditions® View Article Online
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OMe OMe By

Bu Bu
O CH,CL/TFA
(va 9/1)
l " 430 nm LEDs

20°C,8h
under air
MeO
1a

Yields (%)?
entry deviation 1a
2a (Recov.)
1 none 90 (85) 0
2 No TFA 0 86
3 AcOH instead of TFA 0 93
4 MsOH instead of TFA 90 0
5 N, instead of air 2 91
6 In dark 7 79
known conditions
7°¢ FeCls in EtOH, reflux (8) (87)
84 DDQ and TfOH in CHxCl,, 0 °C 21 3

9Reaction conditions: 1a (0.030 mmol) in CH,Cl,/TFA (v/v=9/1,0.030
M) at 20 °C for 6 h, irradiating with 430 nm LEDs. Yields were
determined by 'H NMR using triphenylmethane as an internal
standard. Isolated yield was shown in parentheses. ‘Reaction
conditions: 1a (0.050 mmol) and FeClz (0.20 mmol) in EtOH (1.4 mL)
at 95 °C (reflux) for 15 h. 9Reaction conditions: 1a (0.050 mmol), DDQ
(0.10 mmol) and TfOH (0.30 mmol) in CH,Cl; (5.0 mL) at 0 °C for 10
min.

amounts of product (entry 6), confirming the indispensable role of
photoirradiation. Taken together, these results indicate that the
combination of Brgnsted acid, O,, and light is essential for this
oxidative biaryl coupling reaction. Notably, applying known BINOL
coupling conditions, such as FeCls (entry 7) or DDQ (entry 8) as
oxidants (representative examples; see Table S5), to 1a led to
negligible conversion or severe overoxidation, resulting in poor mass
balance.

Substrate scope

With the optimized reaction conditions in hand, we next investigated
the substrate scope of fluoranthene derivatives 1 in dimerization
reaction (Figure 3). As a preliminary investigation, we evaluated the
effect of the c1 substituent on a
5-methoxydibenzolj,/]fluoranthene scaffold (la-1d).
donating groups at C1 (la, 1b) and the unsubstituted parent
in this giving
corresponding axially chiral NGs 2a—2c in high yield (85%, 99% and
75%,
withdrawing group at C1 (1d) led to a markedly lower yield (28%),
indicating that high electron density of an aromatic ring is essential

varying
Electron
substrate tolerated

(1c) were well reaction,

respectively). In contrast, introduction of an electron

for efficient dimerization. Next, we used 5-

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. Substrate scope for fluoranthene derivatives 1°.

2a (R, = OMe): 85% (430 nm, 6 h)
2b (R, = OH): 99% (385 nm, 6 h)
2¢ (R = H): 75% (385 nm, 24 h)
2d (R, = OTf): 28% (385 nm, 6 h)

2e: 64% (430 nm, 6 h)

2f: 74% (365 nm, 24 h)®

9Reaction conditions: 1 (0.030 mmol) in CH,Cl,/TFA (v/v = 9/1, 0.030
M) at room temperature. Isolated yields are shown. Wavelength of
LEDs and reaction time are indicated in parentheses. 20.20 mmol of
1f and MsOH instead of TFA were conducted.

hydroxydibenzo[j,/Ifluoranthene (le) as a substrate, and the
dimerization proceeded in a moderate yield (64%). We attribute the
slight decrease in yield compared to 1la—1c to the instability of 1e,
which is prone to oxidation under air. Finally, 5-
methoxyfluoranthene (1f) afforded a high yield (74%) of 2f, albeit
that required replacement of TFA with MsOH.

Furthermore, to delineate the substrate scope beyond the
fluoranthene scaffold, we investigated the dimerization reaction
using other arenols (Figure 4). Reaction parameters (irradiation
wavelength, reaction temperature and time) were tailored to each
substrate, and the addition of MS3A provided a modest increase in
yield (see Table S6-S14). With 2-pyrenol (3a), the corresponding
dimer 4a was isolated in 82% yield and its structure was confirmed
by X-ray crystallographic analysis. 9-Phenanthrenol (3b) and 2-
anthracenol (3c) likewise furnished the corresponding dimers (76%
and 48%, respectively). Notably, this dimerization reaction using 3b
can be performed on a 1.0 mmol scale without loss in efficiency
(85%). In the naphthalene skeletons, 2-hydroxynaphthalene (3d)
gave BINOL in 70% yield, whereas 2-methoxynaphthalene (3e)
afforded only 12% yield with 70% recovery of 3e; this difference is
consistent with the lower propensity of 3e to form the CT complex
(see Figure S14, S18). 1,4-Bis(2-
naphthoxy)butane (3f) did not deliver the intramolecular product 4f,
likely because the tether restricted conformational freedom and

under these conditions

disfavored formation of CT complex. In addition, 2,3- and 2,7-
dihydroxynaphthalene (3g, 3h) reacted smoothly, and 2,6-
dihydroxynaphthalene (3i) furnished 4i in high yield (72%). Using 2-
hydroxy-6-methoxynaphthalene (3j) gave two regioisomers, 4j (C1—
C1’) and 4j’ (C1-C5’), in a 7:1 ratio (62% yield). Consistent with the
result for 3e, 2,6-dimethoxynaphthalene (3k) afforded a lower yield
(25%) of dimer 4k. Collectively, these results showed that our
dimerization protocol was effective not only for the fluoranthene
scaffold but also for several other PAHs.

This journal is © The Royal Society of Chemistry 20xx
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9Reaction conditions: 3 (0.40 mmol) and MS3A (10 wt%) in
CHaCl/TFA (v/v = 1/1, 0.10 M). Wavelength of LEDs, reaction
temperature and time are indicated in parentheses. Isolated yields
are shown. 0.20 mmol of 3a. €On 1.0 mmol scale. 90.060 mmol of 3f
in CH,Cly/TFA (v/v = 9/1, 0.015 M). €0.12 mmol of substrate in
CH,Clo/TFA (v/v =9/1, 0.030 M). /Without MS3A.

Mechanistic studies

To gain insight into the reaction mechanism, we first recorded the
UV-vis absorption spectra of 1a (Figure 5a). In CH,Cl,, no significant
absorption was observed above 550 nm. However, in CH2Clo/TFA (v/v
= 9/1), its UV-vis spectrum displayed a new broad absorption band
with @ maximum at ca. 640 nm and a tail extending into the near-
infrared (NIR) region. This spectral change suggests the formation of
a new species under acidic conditions. The absorption at 640 nm was
further enhanced upon photoirradiation. To further investigate the
reaction mechanism, we conducted the biaryl coupling reaction in

J. Name., 2013, 00, 1-3 | 3
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Figure 5. Mechanistic studies. a) UV-vis absorption and c) ESR spectra
of 1a (30 mM). black line: in CH,Cly, blue line: in CH,Cl/TFA (v/v =
9/1), red line: in CH,Cl,/TFA (v/v = 9/1) upon irradiation with 430 nm
LEDs for 5 min. b) Biaryl coupling with TEMPO as a radical scavenger.
d) Biaryl coupling with Magic Blue as a single electron oxidant.

the presence of TEMPO (5.0 eq.), a well-known radical scavenger
(Figure 5b). In this case, the reaction gave a complex mixture,
suggesting the involvement of radical intermediates. To further
support the formation of radical species, ESR spectroscopy was
carried out (Figure 5c). While no ESR signal was observed in CH,Cl,
alone, an ESR signal (g = 2.0045) appeared in CH,Cl,/TFA (v/v =9/1),
consistent with the formation of a typical radical species.3*40
Moreover, photoirradiation led to a further increase in ESR signal
intensity, indicating that light promotes the generation of the radical
species. Finally, we employed tris(4-bromophenyl)ammoniumyl
hexachloroantimonate (Magic Blue) as an external single electron
oxidant without TFA and light irradiation (Figure 5d). As a result, the
biaryl coupling reaction proceeded smoothly, indicating that a radical
cation intermediate 1a** is involved in the reaction pathway. UV-vis

4| J. Name., 2012, 00, 1-3
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titration of 1a with Magic Blue reproduced the ca. 640,nm,hand,and
TD-DFT calculations assign this transition to 13 (seéFgireSI® 1925
and Table S28).

Proposed mechanism

Based on our observations, we propose the reaction mechanism
depicted in Scheme 1. A self-induced pseudo-homo CT complex is
first formed between neutral fluoranthene 1 and its protonated
counterpart (1-H*). Geometry optimization using 2-naphthol as a
simplified model supports the feasibility of such an association, and
subsequent natural transition orbital (NTO) analysis*! indicates that
photoexcitation promotes intramolecular charge transfer leading to
a radical cation species (see Figure S17). The radical cation (1°*)
subsequently undergoes coupling with 1 to form intermediate INT
1.4243 Then, O, formally abstracts a hydrogen atom from INT 1 to give
INT 2, while the resulting HOO® abstracts another hydrogen atom
from 1-H°, thereby generating H,0 and simultaneously regenerating
1.323435 Finally, deprotonation of INT 2 furnishes the axially chiral NG
2.

supported by DFT calculation
using 2-naphthol

9
CT complex 1-H

Hy0,

Scheme 1. Proposed mechanism. Fluoranthene 1 is shown in a
simplified form for clarity (R = Me or H).

Physical properties

To further investigate the chiroptical properties of the coupling
products, we subjected rac-2a to chiral HPLC, which clearly
separated the two enantiomers ((+)-2a and (—)-2a) that exhibited
mirror-image CD spectra (Figure 6a). Comparison of the
experimental CD spectra with TD-DFT calculations enabled
assignment of (—)-2a as the R enantiomer. Theoretical calculations
revealed a high racemization barrier of the model structure (AG*cic =
36.5 kcal mol™), which is comparable to that of typical BINOL
derivatives.** This theoretically estimated racemization barrier is in
good agreement with the experimentally estimated one (AG*exp =

This journal is © The Royal Society of Chemistry 20xx
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Figure 6. a) CD spectra of 2a in CHCl3 at 298 K. b) UV-vis absorption
(solid line) and fluorescence (dashed line) spectra of 1a and 2a in
CH,Cl, at 298 K. c) Calculated frontier molecular orbitals, energy
levels (AEnomo-tumo) and oscillator strengths (f) of 1a’ and 2a’ (‘Bu
groups are omitted) at the B3LYP/6-31+G(d,p)-CPCM(CH,Cl>) level of
theory. The contribution of the HOMO to LUMO transition is shown
in parentheses below the f value.

36.9 kcal mol™), supporting the calculated racemization mechanism
(see Figure S27, S28). Finally, the photophysical properties of
fluoranthene 1a and axially chiral 3D NG 2a were compared (Figure
6b). In the UV-vis absorption spectrum, 1a displayed pronounced
absorption bands at 418 nm (¢ = 1.28 x 10* L mol~* cm™) and a broad
feature spanning 430-500 nm. 2a showed a closely related profile to
1a, characterized by an intense band at 430 nm (¢ =3.57 x 10* L mol™*
cm™?) together with a broad absorption in the 450-520 nm region.
To gain further insight into this feature, TD-DFT calculations were
performed at the B3LYP/6-31+G(d,p)-CPCM(CH,Cl,) level of theory,
employing model substrates 1a’ and 2a’ with ‘Bu groups omitted
(Figure 6c¢). The calculated HOMO and LUMO of 1a’ were similar to
those of typical dibenzol[j,/]fluoranthenes.3® The HOMO of 2a’ was
localized on one fluoranthene unit, while the LUMO was delocalized

This journal is © The Royal Society of Chemistry 20xx
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over both units. The HOMO-LUMO energy gaps (AEgomociumon &Y)
and the oscillator strengths (f) are in good agpéemend $ithoéboerdéd
trends in UV-vis absorption. In the fluorescence spectrum, 2a
exhibited a slightly red-shifted emission maximum (Aem = 584 nm)
compared to 1a (Aem = 575 nm). The fluorescence quantum yield (®)
of 2a (2.6%) was higher than that of 1a (1.7%). Because both 1a and
2a are intrinsically rigid and undergo little structural change upon
excitation, the enhanced fluorescence efficiency of 2a can be
ascribed to its more allowed S¢—S: transition, as reflected by the
larger oscillator strength obtained from TD-DFT calculations.

Conclusions

In summary, we have developed a Brgnsted acid, visible-light, and O,
driven protocol for oxidative C—-H/C-H biaryl coupling from =-
extended arenols. This method provides direct access to axially chiral
3D NGs, including those derived from non-benzenoid fluoranthene
scaffolds. The scope of this reaction extends to a variety of arenols
beyond fluoranthenes, underscoring the generality of this approach.
Mechanistic studies revealed that the transformation proceeds via
radical cation intermediates, while computational analysis predicted
the formation of a self-induced pseudo-homo CT complex under
acidic conditions, rationalizing the observed reactivity. This metal-
free and direct C—H coupling provides a general strategy for
designing m-extended chiral NGs with tailored photophysical and
chiroptical properties.
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