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A series of sumanenetrione derivatives were synthesized through
Lewis acid-mediated Suzuki—Miyaura cross-coupling. Their optical
properties reflected the significantly strong electron-accepting
ability of sumanenetrione. The bowl strain of the 2-hydroxyphenyl
derivative brought the ring-opening response adjacent to the sub-
stituent even at room temperature without any activation, which
generally requires harsh conditions.

Sumanenetrione (1) is a bowl-shaped aromatic ketone in which
all three benzylic positions of sumanene are fully oxygenated
(Fig. 1)." The unique properties of 1 are represented by the
strong electron-accepting ability to have the first reduction
potential at —0.92 V, and the second one at —1.43 V (vs. Fc/
Fc”, Fe: ferrocene).” These values are more positive than those
of boron-doped polycyclic aromatic hydrocarbons,’® fluorenone
derivatives,* and fullerene derivatives.” Another unique feature
of 1 is that the intersystem crossing (ISC) from the triplet state
to S, was faster than that of the planar triplet ketones such as
triplet fluorenone. This is caused by the larger spin orbital
coupling (SOC) than the planar system due to the curved
structure.® These unique electronic features make 1 a promis-
ing material for application to electron injection” and organic
phosphorescent materials.®®

In terms of the utilization of molecular synthesis, 1 also has the
potential to be a precursor for functionalized sumanenes by the
modification of three carbonyl groups by nucleophilic addition
reactions. Indeed, the preparation of hexafluorosumanene® from
1 brought a new opportunity to utilize fluorosumanenes as Debye-
type dielectric responsive materials.""** In contrast, the study of
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chemical modification of 1 at the aromatic periphery is scarce. Only
one derivative having a sumanenetrione moiety, trimethylsumane-
netrione, has been prepared by oxidation of trimethylsumanene.'?
The problem of the chemical modification of 1 lies in the poor
reactivity at the aromatic periphery, especially against aromatic
electrophilic substitutions due to its electron-deficient character
compared to the non-oxygenated sumanene. Furthermore, the
susceptibility of 1 to bases significantly restricts the choice of the
transformation methods (vide infra). Here, we propose a new
chemical modification method of 1 employing Lewis acid-
mediated Suzuki-Miyaura coupling reaction via mono-brominated
derivative, bromosumanenetrione (2), to obtain various coupling
products 3-7 (Fig. 1). In addition, we unexpectedly observed penta-
gonal ring opening in the preparation of 2-hydroxyohenyl derivative
8 even at room temperature within 1 min without any activation.
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Fig. 1 Modification of 1 at the carbonyl group and aromatic periphery.
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Scheme 1 Synthetic scheme of bromosumanenetrione 2.

Bromosumanenetrione 2 was prepared from previously
reported bromosumanene'* through Ru-mediated oxygenation
in a 43% yield (Scheme 1 and Scheme S1, ESIf). First, phenyla-
tion of 2 by the Suzuki—Miyaura cross-coupling was investi-
gated (Scheme S2 and Table S1, ESIT). When the reaction was
carried out under the general Suzuki—Miyaura coupling reac-
tion conditions using the combination of Pd(PPh;), and K,CO;
in a mixture of THF and water, 2 was immediately consumed to
give a complicated mixture instead of the desired coupling
product, indicating that 2 was unstable under basic K,CO3/H,0O
conditions (entry 1, ESIt). Changing the base to CsF did not
solve the problem (entry 2). Therefore, we tried several repre-
sentative protocols using aryl borate, which do not require the
addition of an external base. In entry 3, the reaction was
conducted with choline hydroxide (ChOH), an ionic liquid,
which consists of a tertiary amine and hydroxide'® and potas-
sium trifluoro(phenyl)borate instead of boronic acid. However,
it also turned out to be ineffective. The trial to use a combi-
nation of sodium phenyl boronate with toluene to perform the
reaction under anhydrous and base-free conditions also
resulted in no reaction (entry 4).'® A further experiment using
highly stable and soluble potassium phenyltriolborate'” under
milder conditions still did not give a positive result (entry 5).
We finally arrived at the recently reported Lewis acid-mediated
Suzuki—Miyaura coupling reaction, which is applicable to base-
susceptible substrates.'® When 2 was treated with phenylboro-
nic acid in the presence of PdCl,(amphos), and ((tmeda)Zn(O-
H)(OTf)); in THF at 80 °C for 1 h, the desired coupling product
3 was successfully obtained in 89% yield (entry 6). This success
of the coupling reaction motivated us to make a variety of
derivatizations with several kinds of aromatic compounds to
find that all products 4-7 were obtained in good yields
(Scheme 2 and Schemes S3 and S4, ESIf)."’

The UV-vis absorption and photoluminescence (PL) spectra
of 3-7 in CH,Cl, solution (10~> mol L") are shown in Fig. 2. All
the compounds showed two main absorption bands, one in the
UV range from 250-400 nm and the other in the visible range
from 450-650 nm (Fig. 2a). The longer wavelength peak of all
the phenyl derivatives 3-6 appeared at nearly the same position
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Scheme 2 Synthesis of 4-7.

This journal is © The Royal Society of Chemistry 2023

View Article Online

ChemComm
2.0
—_—— 3
_.,_.4
1.5‘ 5

Absorbance
—
o

o
o

0 — .
300 400 500 600 700 800
Wavelength / nm

1.0{ b

084 __3
=

. —4
fEO.G- _ 5
s04{ 8
- 7

0.2
400 500 600 700 800
Wavelength / nm
Fig.2 (a) UV-vis absorption spectra and (b) emission spectra

(Jex = 320 nm) of 3=7 in CH,Cl, (1.0 x 107> mol LY.

at 525 nm. More electron-donating thiophene-introduced 7 showed
a clear red shift of the corresponding absorption peak to reach
580 nm. DFT calculations performed at the B3LYP/6-311G(d,p) level
of theory revealed that, in all cases, the highest occupied molecular
orbital (HOMO) was distributed over the entire molecular backbone.
In contrast, the lowest unoccupied molecular orbital (LUMO) was
distributed exclusively on the sumanenetrione moiety (Fig. 3), indi-
cating that the absorption bands in the visible region were derived
from the charge-transfer from the substituents to the sumanene-
trione moiety. The time-dependent density functional theory (TD-
DFT) calculations performed at the B3LYP/6-311G(d,p) level of
theory well explained this assumption (Fig. S1 and S2, ESI}).
Notably, even the nitrophenyl group, recognized as a typical strong
electron-accepting unit, worked as the donor moiety in this system.
This clearly demonstrated the extraordinary electron-accepting
ability of 1.

In the case of the emission spectra, two peaks were observed
in 3-7, one at 410 nm with weak intensity and the other ranging
from 560 to 668 nm (Fig. 2b). The latter band showed a red shift
as the electron-donating ability of the substituent increased.
Such HOMO and LUMO orientation indicated that the lumi-
nescence at 410 nm came from the locally-excited (LE) state of
the sumanenetrione moiety.>® In comparison, the lumines-
cence from 560 to 668 nm was thought to be from a charge-
transfer state. The HOMO and LUMO energy gap decreased
with the electron-donating thiophene group in 7 through the
increment of the HOMO level, which is consistent with the
experimental UV absorption and PL spectra.
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Fig. 3 The HOMO and LUMO of 3-7 obtained by DFT calculations performed at the B3LYP/6-311G(d,p) level of theory. Isovalue = 0.02.

Among the coupling products, 7 showed significant positive
solvatoluminochromism as a function of the permittivity of the
organic solvent (Fig. 4). Changing the solvent from hexane to
acetonitrile caused almost a 100 nm red shift of the emission
from the visible to NIR region, indicating a significant inter-
molecular charge-transfer (ICT) nature in the excited state. The
Lippert-Mataga plot*"*> of 7 referring to the Stokes shift Av
and the solvent polarizability Af revealed that 7 shows two-
section lines with an inflection point. In low polarity solvents, 7
exhibited a significant dipole moment change (Au is 11.22 D).
However, in high polarity solvents, the dipole moment changes
of 7 were much smaller than in the case of less polar solvents
(Ap is 1.21 D, Table S2, ESIT). This phenomenon of 7 exhibiting
both charge transfer and local excited properties is probably
caused by the hybridization of the LE and CT states.?*?*

Following the optical measurement results of electron-
donating thiophene-introduced 7, further preparation of 2-
hydroxyphenyl derivative 8, which is expected to be a valuable
ligand for complexation with metal ions, was investigated.>*®
The reaction was performed under the same conditions using
2-hydroxyphenylboronic acid. The crude 'H NMR spectrum
proved the formation of the desired product 8 (see ESIY).
However, it was found that 8 was unexpectedly unstable and
converted to another product during the purification process.
In particular, the use of MeOH gave an identifiable and isolable
product 9. When the percentage of MeOH to THF was increased
to 90%, the reaction took place even within one minute to give
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Fig. 4 (a) PL spectra (lex = 320 nm) of 7 in four types of solvents

(c = 107> M). (b) Linear fitting of Lipert—Mataga plots of 7.
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9 in 47% yield (Scheme 3). Although the data quality was
insufficient, single crystal X-ray structure analysis results also
supported the characterized structure, in which the adjacent
pentagonal ring of the substituent opened to produce a more
planar molecular skeleton (Scheme 3 and Fig. S3, ESIT). Gen-
erally, the corresponding ring-opening reaction from the planar
fluorenone to biphenyl carboxylic acid requires much harsh condi-
tions with a strong base (i.e., 270-300 °C under a molten state of
sodium hydroxide and potassium hydroxide conditions).>* In con-
trast, the ring-opening of 8 proceeds even at room temperature
without the addition of acid or base, indicating that the strain
release effect probably worked as a driving force for the ring-
opening reaction.’®*" Since the C—C bond cleavage proceeded
exclusively at the position adjacent to the 2-hydroxyphenyl group,
its participation in the reaction mechanism was strongly expected. A
possible reaction passway of the ring-opening with a supportive
proposition of DFT calculations is initiated by the formation of
hemiketal intermediates generated by the nucleophilic addition of
MeOH to the carbonyl carbon (Fig. S4, ESIt). Further C—C bond
cleavage was probably caused via an intramolecular proto-
deacylation-like mechanism, which was assisted by forming a
hydrogen-bonded six-membered ring structure.

In summary, we overcame the inherent difficulty of chemical
modification of 1 using the Lewis-acid mediated Suzuki—Miyaura

Br Standard
Condition

THF:MeOH = 1:9
27 °C, 1 min
47%

Scheme 3 Unexpected ring opening from 8 and the thermal displace-
ment ellipsoid plot of 9 in a crystal structure with 50% probability.
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coupling reaction via bromosumanenetrione to obtain various
coupling products. The optical properties of the products revealed
that the sumanenetrione moiety has significant electron-accepting
ability. Even at room temperature, the high strain of the bowl
caused the ring-opening reaction on 2-hydroxyphenyl-substituted
sumanenetrione at the adjacent pentagonal ring to occur without
activation. This study opens a new way for the rational use of
sumanenetrione as a new type of curved-r electron-acceptor. Further
investigation via fine energy gap tuning by appropriate electron-
donor introduction will afford a great opportunity for the potential
application of sumanenetrione in organic optoelectronic devices.
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