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upon Electron Injection at Room Temperature
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The synthesis and properties of a dinaphthooxepine bisimide (DNOBI), a non-planar perylene bisimide (PBI) analogue with an in-
serted oxygen atom, are described. A DNOBI underwent an oxygen-extrusion reaction smoothly upon electron injection at room tem-

perature, affording PBI in good yield.

ABSTRACT: We report the synthesis and properties of a dinaphthooxepine bisimide (DNOBI), a non-planar perylene bisimide (PBI)
analogue with an inserted oxygen atom. A DNOBI underwent an oxygen-extrusion reaction smoothly upon electron injection at room
temperature, affording PBI in good yield. Studies on the reaction mechanism suggest that the injection of two electrons triggers the
isomerization of DNOBI to dinaphthooxanorcaradiene bisimide, which is a key step in inducing the oxygen-extrusion reaction.

Non-planar T-systems exhibit various intriguing properties,
such as three-dimensional conformations, structural flexibility,
high solubility, and chirality.' Furthermore, several non-planar 1
systems exhibit interesting reactivity because their significant
structural distortion leads to the accumulation of molecular
strain.”® Representative examples are (1) the inner-selective func-
tionalization of bowl-shaped aromatic hydrocarbons,” (2) the C-
Cbond activation of cyclic nanocarbons,” (3) the reversible o-
bond formation of curved radicals,* and (4) sulfur- and phos-
phorus-extrusion reactions from a distorted seven-membered

N/R
1 (X=NCgHq7, R=CgHy7)
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Figure 1. Elementinserted PBIs 1-3.

Our group has recently developed a new family of non-planar
Tesystems, namely, element-inserted perylene bisimides (PBIs) in-
cluding dinaphthoazepine bisimide (DNABI) 1, dinaph-
thothiepine bisimide (DNTBI) S-oxide 2, and dinaphthocyclo-
heptatriene bisimide (DNCHepBI) 3. (Figure 1).”"° These mole-
cules exhibited unique stimulus-responsiveness and reactivity.
Notably, dinaphthothiepine bisimide (DNTBI) S-oxide 2, a sul-
fur-inserted PBI derivative, undergoes a sulfur-extrusion reaction
upon heating, photo-irradiation, and electron injection, which

enables the fabrication of n-type organic field-effect transistors by
a solution process.®

Herein, we describe the synthesis and properties of dinaph-
thooxepine bisimides (DNOBIs) 4a and 4b, which represent ox-
ygen-inserted PBI derivatives. Although the synthesis of dinaph-
thooxepine has been demonstrated by Kénig and co-workers in
2014," its imidefunctionalized derivatives have not yet been re-
ported to the best of our knowledge. Notably, a DNOBI under-
went an oxygen-extrusion reaction smoothly upon electron injec-
tion at room temperature, affording PBI. This transformation is
crucially different from the stepwise conversion of oxepine to
benzene, which proceeds via (1) the thermal isomerization of ox-
epine to oxanorcaradiene, (2) the hydrogenation of an epoxide
unit with LiAlH,, and (3) dehydration."”” While various organo-
sulfur compounds are susceptible to sulfur extrusion reac-
tions,™" oxygen extrusion reactions'*'® are rare because of the
high bond energy of C(sp*)-O bonds and the low Lewis basicity
of the oxygen atom. Conventional strategies for transforming
ethereal C-O bonds often require (a) harsh reductive conditions
(NaOtBu/LiAlH, at 180 °C; Na in liq. NH5),* (b) photo-irradia-

tion," or (c) the aid of transition metals at high temperatures.'®

The synthesis of DNOBIs 4a and 4b is shown in Scheme 1.
Initially, 5,5"linked 4-chloro-1,8-naphthalic anhydride dimer® 5
was treated with 2,4,6-trimethylaniline and 2,2,3,3,4,4,4-hep-
tafluorobutylamine to provide the corresponding imides 6a and
6b in 81 and 95% yield, respectively. Treatment of 6a and 6b
with a-benzaldoxime in the presence of sodium hydride" in-
duced double substitution at the chlorinated carbons with an ox-
ygen atom, affording DNOBI 4a and 4b in 22% and 11% yield,
respectively.
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Scheme 1. Synthesis of DNOBIs 4a and 4b.

Figure 2. X-ray crystal structure of 4b with thermal ellipsoids at 50%
probability; (a) top and (b) side views; all hydrogen atoms are omitted
for clarity (color code: grey = carbon; blue = nitrogen; red = oxygen;
green = fluorine).

The solid-state structure of DNOBI 4b was unambiguously de-
termined by single-crystal X-ray diffraction analysis (Figure 2).
DNOBI 4b adopts a bent structure in which the central oxygen
unit protrudes from the Tsurface. This structure resembles that
of dinaphthooxepine." The length of the C-O bonds
(1.392(6)/1.395(5) A) is comparable to that of C-O bonds in di-
phenyl ether (1.381(2)/1.392(2) A)® and dinaphthooxepine
(1.380(2)/1.384(2) A)." The structure of DNOBI was simulated
using density functional theory (DFT) calculations at the
B3LYP/6-31G(d) level, in which the imide substituents were re-
placed with methyl groups to simplify the calculations. Although
the experimentally determined crystal structure was used as the
initial structure, the optimization afforded a twisted structure
without protrusion of the central oxygen (Figure S32). In the crys-
tal packing of 4b, the bent molecules stack in alternating direc-
tions to form a one-dimensional array (Figure S31), which should
be the reason why 4b adopts an inherently unfavorable bent
structure in the solid state.

The UV/vis absorption and emission spectra of DNOBI 4a
are shown in Figure 3. DNOBI 4a exhibits broad absorption at
300-500 nm with the peak top at 400 nm, which is hypsochro-
mically shifted relative to that of PBI (up to 550 nm). These spec-
tral features are characteristic of elementinserted PBIs.”'® The
absorption of 4a is also hypsochromically shifted compared to
that of nitrogen-inserted PBI analogue 1 (up to 550 nm),” which
can be attributed to the less effective electron-donating ability of
an oxygen atom relative to that of a nitrogen atom. Time-depend-
ent DFT (TD-DFT) calculations for 4a suggested that (1) the
[HOMOJ-[LUMOQ] transition is forbidden (oscillator strength:
0.003), and that (2) the absorption at 300-500 nm is due to a
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combination of the [HOMO-1]-[LUMO] and [HOMO]-
[LUMO+1] transitions (oscillator strength: 0.734) (Figure S33).
These spectral features originate from the distribution of orbit-
als; the HOMO and LUMO+1 exhibit large orbital coefficients
around the electron-donating oxygen atom, while the LUMO
and HOMO-1 are mainly distributed over the opposite side of
the oxygen atom (Figure S32). The emission spectrum of DNOBI
4a is observed at 450-650 nm with peak tops at 484 and 508 nm
(Figure 3). The emission quantum yield, @, and lifetime, T, of
4a are 30% and 2.9 ns, respectively. These parameters furnish
radiative and non-radiative decay rate constants of 1.1 x 10% 57!
and 2.4 x 10%s™!, respectively.
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Figure 3. UV/vis absorption (solid lines) and emission (dashed lines)
spectra of 4a in CH,Cl,; A = wavelength; € = extinction coefficient.

The cyclic voltammogram of 4a was measured in CH,Cl; using
the ferrocene/ferrocenium couple (Fc/Fc") as an external refer-
ence (Figures 4). Upon sweeping from -0.1 V to -1.5V, DNOBI
4a exhibits a peak at -1.26 V due to the electrochemical reduc-
tion in the first cycle (red). Interestingly, the subsequent back-
sweep affords peaks at -1.02 V and -0.82 V, which cannot be
accounted for by the simple reoxidation of the insitu-generated
electron-injected species of 4a. Moreover, the second cycle (blue)
affords a different voltammogram, which is identical to that of
PBI 7 (Figure S36). These results suggest that 4a undergoes an
oxygen-extrusion reaction upon electron injection. It is worth
noting that previously reported dinaphthooxepine exhibited a re-
versible reduction wave, which indicates that the peripheral im-
ide substituents are indispensable for the oxygen extrusion reac-
tion." Furthermore, DNABI 1, a nitrogen-inserted PBI deriva-
tive, also exhibited a reversible reduction wave, indicating that 1
does not undergo a nitrogen-extrusion reaction upon electron in-
jection.
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Figure 4. Cyclic voltammogram of 4a.
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Scheme 2. Oxygen-extrusion reaction of 4a.
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To confirm the generation of PBI 7 upon electron injection,
we examined the chemical transformation of 4a (Scheme 2). For
that purpose, 2.0 equiv. of decamethylcobaltocene (CoCp*;) was
added at room temperature to a solution of 4a in THF. The color
of the solution immediately changed from light yellow to deep
blue due to the generation of PBI radical anion 7", which was
confirmed using titration experiments (vide infra). The mixture
was stirred at room temperature for 30 min. The generated radi-
cal anion 7"~ was oxidized with chloranil to afford PBI 7 in 63%
yield after purification. Reducing the amount of CoCp*; to 1.0
equiv resulted in the recovery of 4a (71%) along with a small
amount of 7 (15%), as determined from the '"H NMR analysis of
the crude mixture. We also examined the use of Kl-supported
potassium metal and potassium graphite instead of CoCp*; in
the presence of [2.2.2]cryptand. Both reagents also induced the
oxygen-extrusion reaction, suggesting that the counterion of the
electron-injected DNOBI does not play a crucial role in removing
the oxygen atom. It is worth noting that 4a does not undergo
oxygen-extrusion reactions upon photo-irradiation or heating,
unlike sulfur-inserted PBI 2a.®

We monitored the changes in the absorption spectra of 4a
upon adding CoCp*; (Figure 5). These experiments were con-
ducted under an argon atmosphere in degassed THF. Upon add-
ing 1.0 equiv of CoCp*;, new absorption bands appeared in the
450-1400 nm region, and the absorption due to 4a decreased
(Figure 5a). The spectral pattern in the 450-1000 nm region is
identical to that of PBI radical anion 7"~ (Figure S37). TD-DFT
calculations suggested that the broad absorption at 1000-1400
nm is due to DNOBI radical anion 4a"~ (Figure S34). The further
addition of CoCp*; resulted in the following spectral changes:
(1) a decrease in the absorption due to 4a at 330-450nm, (2) an
increase in the absorption due to PBI radical anion 7~ at 450-
1000 nm, and (3) a decrease in the broad absorption band due
to at DNOBI radical anion 4a’~ at 1000-1400 nm. These results
suggest that the oxygen-extrusion reaction proceeds after the gen-
eration of dianion 4a”.
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Figure 5. Changes in the UV/vis absorption spectra of 4a upon add-
ing CoCp*; in THF under an argon atmosphere; [4a], = 3.3 x 107
M!; inset: absorption spectrum of PBI radical anion 7"~ in THF.

The structure and conformational dynamics of the dianion in-
termediate were studied by DFT calculations at the B3LYP/6-
31G(d) level using the Gaussian 16 software package and the
global reaction route mapping (GRRM17)" program (Figure 6).
To reduce the calculation costs, N-methyl-derivative 4¢*~ was used
in these calculations. The solvent effect of THF was considered
using the polarizable continuum model (PCM). Two initial ge-
ometries were employed to obtain the optimized structure of di-
anion 4¢”, i.e., (1) a bent structure identical to the crystal struc-
ture of 4b and (2) the twisted structure produced by the DFT
optimization of neutral DNOBI 4¢. However, the structural op-
timization afforded the same bent structure in both cases, in
which the distance between the oxygen-substituted carbons is
2.315 A. The structural change of dianion 4c*” was simulated and
revealed that 4¢” isomerizes to dinaphthooxanorcaradiene bisi-
mide 8¢? with a shortened C-C distance of 1.509 A. The activa-
tion energy was calculated to be 13.3 kcal mol™, which indicates
that this isomerization proceeds even at room temperature.

The exact reaction pathway to PBI radical anion 7"~ after the
generation of 8¢” is not clear at this moment. The simplest sce-
nario could be: (1) protonation of the oxygen atom of 13¢*, fol-
lowed by (2) elimination of a hydroxy radical. However, couma-
rin, which is a typical hydroxy radical scavenger,” remained in-
tact after the reaction of 4a with CoCp*; in THF.
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Figure 6. Simulated isomerization pathway of dianion 4c*". The cal-
culations were conducted at the B3LYP/6-31G(d) level. The solvent
effect (THF) was accounted for using the polarizable continuum
model (PCM).
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Scheme 3. Oxygen-extrusion reaction of 9.

To explore the role of an embedded seven-membered ring, we
synthesized oxygen-bridged naphthalene monoimide (NMI) di-
mer 9 (Scheme S1). Treatment of 9 with CoCp*; also induced
oxygen extrusion to yield 4-4' linked NMI dimer 10, albeit that
the crude mixture was relatively messy compared to that of 4a,
resulting in a low yield of 10 (16%) (Scheme 3). Other side prod-
ucts were difficult to isolate due to the trace amount. This result
indicates that the presence of an oxepine subunit in 4a is not
essential to realize the observed oxygen-extrusion reaction. It is
likely that the structural confinement in 4a due to the C-C bond

between the two NMI units suppresses undesirable side reactions.

In summary, we have synthesized dinaphthooxepine bisimides
(DNOBIs) 4a and 4b. Their molecular design is based on the in-
sertion of an oxygen atom into a perylene bisimide (PBI) core.
DNOBI 4a undergoes oxygen extrusion upon electron injection.
Investigation for the reaction mechanism revealed that the injec-
tion of two electrons triggers the isomerization of DNOBI to
dinaphthooxanorcaradiene bisimide, which is a key step in in-
ducing the oxygen-extrusion reaction. Moreover, we prepared ox-
ygen-bridged naphthalene monoimide dimer 9, which also un-
dergoes an oxygen-extrusion reaction upon electron injection.
The current results offer a new entry in the interesting reactivity
of non-planar Tesystems. Furthermore, considering that car-
bon(sp?)-oxygen bonds are found in many biological or artificial
materials, such as lignin and poly(ether-ether-ketone), this study

thus offers fundamental insight into the development of rational
strategies to cleave ethereal C-O bonds, which are abundant in
biomass and plastics.
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