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High-yield and sustainable synthesis of quinoidal
compounds assisted by keto—enol tautomerisms
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The classical synthesis of quinoids, which involves Takahashi coupling and subsequent oxidation, often
gives only low to medium yields. Herein, we disclose the keto—enol-tautomerism-assisted spontaneous
air oxidation of the coupling products to quinoids. This allows for the synthesis of various indandione-

terminated quinoids in high isolated yields (85-95%). The origin of the high yield and the mechanism of

Received 24th March 2021
Accepted 4th June 2021

the spontaneous air oxidation were ascertained by experiments and theoretical calculations. All the

quinoidal compounds displayed unipolar n-type transport behavior, and single crystal field-effect

DOI: 10.1039/d1sc01685g

rsc.li/chemical-science

Introduction

Quinoidal compounds have unique optical, electronic, and
magnetic properties and therefore have potential applications
in many fields."” In particular, the low-lying lowest unoccupied
molecular orbital energy levels of these compounds make them
ideal n-type semiconductors, which are crucial for the devel-
opment of organic logic circuits and organic thermoelectrics.**
In addition, they can be used as magnetic semiconductors for
organic spintronics® and as singlet fission materials for photo-
voltaic devices due to their diradical character.”"*

Quinoidal compounds are typically synthesized by a two-step
procedure involving (1) a Pd-catalyzed Takahashi coupling
reaction to form an aromatic intermediate bearing a tertiary
carbon center at each end of the aromatic moiety and (2)
subsequent oxidation of the intermediate with a strong oxidant
(Fig. 1a).>"* A myriad of quinoidal compounds have been
synthesized via this method. However, the yields tend to be
relatively low (<60% in most cases) even after optimization of
the reaction conditions.***** Particularly, an excess of an
oxidant, such as aqueous Br, or 2,3-dichloro-5,6-dicyano-1,4-
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transistors based on the micro-wires of a representative quinoid delivered an electron mobility of up to
0.53 cm? V1 s71, showing the potential of this type of quinoid as an organic semiconductor.

benzoquinone (DDQ), is often required for the oxida-
tion,®***517:222 which adds synthetic steps and produces stoi-
chiometric wastes. In addition, when aqueous Br, is used as the
oxidant, a bromination side-reaction that generates difficult-to-
separate by-products may occur.”® On the whole, there is still
lack of a mild and an efficient method for the synthesis of
quinoidal compounds. In the current paper, we report
a protocol for the sustainable synthesis of indandione-
terminated quinoidal compounds in high yields up to 95% by
means of a highly efficient coupling reaction followed by
spontaneous air oxidation of the resulting aromatic interme-
diate assisted by keto-enol tautomerism (Fig. 1b).

Results and discussion

Because diketopyrrolopyrrole (DPP)-based quinoidal
compounds have been proved as good n-type
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Fig. 1 Previously reported (a) and our (b) method for the synthesis of
quinoidal compounds.
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Scheme 1 Ligand effects on the synthesis of quinoidal compound 5a.
Isolated yields are reported.

semiconductors®***?** and indandione (1a) is a strongly electron-
deficient moiety that can stabilize quinoidal structures and
enhance intermolecular interactions,*?
tion of coupling conditions by using 1a and bis(5-
bromothiophen-2-yl)-substituted DPP (2) as substrates
(Scheme 1). Unfortunately, the previously reported Takahashi
coupling conditions®*?*¢ all failed to yield the desired interme-
diate. Inspired by a literature protocol for a-arylation of
ketones,”” we then attempted the coupling by using Pd(OAc),/
tBuMePhos as the catalyst system and NaH as a base in 1,4-
dioxane. Under these conditions, the desired quinoidal
compound 5a was obtained in 40% isolated yield. Surprisingly,
we found that 5a formed spontaneously after the coupling
reaction was quenched by aqueous HCI and dichloromethane;
that is, a separate oxidation step was unnecessary. This result
suggests that the indandione-terminated aromatic intermediate
was spontaneously converted to 5a in air. In contrast, previous
reports on the preparation of dicyanomethylene-substituted
analogues all required a separate oxidation step with aqueous
Br, as an oxidant.”*** Following this success, solvents, bases, Pd
sources, and ligands were screened for the coupling reaction. It
was found that the choice of the ligand was critical and that the
moderately bulky ligand ¢tBuXPhos gave the best results. With
this ligand, 5a was obtained in 85% yield, which is twice the
yield obtained with ¢tBuMePhos. This phenomenon can be
explained by density functional theory (DFT) calculations
(Fig. S27), which revealed that reductive elimination was the
rate-determining step of the coupling reaction. When tBuMe-
Phos was replaced with tBuXPhos, the energy barrier for
reductive elimination was significantly reduced from 28.0 to
17.8 keal mol ', making the coupling more efficient. However,
the use of bulkier ligands, such as ¢tBuBrettPhos, Me, ¢BuXPhos
and AdBrettPhos, gave inferior results. We ascribed this
phenomenon to the instability of the catalyst because very bulky
ligands can readily dissociate from the Pd center.”® In fact, Pd
black formed when Me,tBuXPhos was used as the ligand.
Buchwald precatalysts have proved to be highly active for
a variety of Pd-catalyzed reactions,”*' so we next tested the
third-generation Buchwald catalyst tBuXPhos-Pd-G3 as a single-
component catalyst in our coupling reaction and found that 5a

we began our explora-
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1) tBuXPhos-Pd-G3, NaH

0. . Br—m—Br 1,4-dioxane, 70 °C

) aq. HCI, air

1a-1b O 2a-2g O spsh O

5b 89% yield 5¢ 95% yield

o Rw1 o o] Ry S o)
OV R
(6} O 2
5d 85% vyield 5e 86% yield
R3 Rs

5@

R3
5f 92% yield

O

5g X-ray structure

CgHi7
-§-®_C6H13 RA—Y\Cr oHis

O R
5h 86% yield

CioHas S C.H
R:{YCmHm Ry= +CeH1a Rz-m PR

“ Isolated yields are reported. For clarity, alkyl chains and hydrogen
atoms are omitted in the X-ray structure of 5g; bond lengths (A) are
indicated in red.

could be obtained in a yield of 91%. Using this catalyst, we
carried out reactions of several electron-deficient and electron-
rich aromatic bromides (2b-2g). In all cases, the yields of the
quinoidal compounds (5b-5g) were =85% (Table 1). Methyl
substituted indandione was also applicable under the optimal
conditions, giving the quinoidal compound (5h) in an isolated
yield of 86%. Note that 5h was obtained as the mixture of two
isomers due to the asymmetry of the terminal groups. Again, all
these quinoidal compounds formed spontaneously after the
coupling reactions were quenched. These results demonstrate
that our protocol has a wide substrate scope and that the
structure of aromatic bromides has subtle effects on the
coupling reaction and the subsequent spontaneous air oxida-
tion. To the best of our knowledge, this is the first report on the
synthesis of quinoidal compounds with isolated yields
exceeding 90%.

All the newly synthesized quinoidal compounds were char-
acterized using 'H and '*C NMR spectroscopy and high-
resolution matrix-assisted laser desorption ionization time-of-
flight (HR MALDI-TOF) mass spectrometry. The structure of
quinoidal compound 5g was unambiguously confirmed by
single-crystal X-ray diffraction analysis (Table 1). The central
core of 5g showed obvious bond length alternation, and the
bond lengths between the terminal groups and the central core
were close to the length of a typical C(sp*)-C(sp”) double bond.

The high yields of the quinoidal compounds shown in Table
1 indicate that both the coupling step and the air oxidation step
were highly efficient and that side reactions were negligible. To

Chem. Sci., 2021, 12, 9366-9371 | 9367
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obtain insights into the reaction mechanism, we first charac-
terized the crude coupling product by NMR spectroscopy under
argon (see the SI for details). As shown in Fig. S3a,} no reso-
nance signals for the methine protons (CH) of terminal indan-
dione moieties were observed in the 'H NMR spectrum,
suggesting that the coupling product existed in the enol form
(4), rather than in the diketo form (3, see Scheme 1). This keto-
enol tautomerism phenomenon was widely observed in the
indandione-substituted aryl compounds.*?** The enolized
structure can be further supported by the *C DEPT-135 NMR
experiment, which did not show a positive signal at ~60 ppm
attributable to the aliphatic CH of the terminal indandione
moieties (Fig. S3bt).** All the resonance signals were consistent
with the desired coupling product, and its molecular mass
measured by MALDI-TOF spectrometry matched well with the
calculated value (Fig. S41). Note that the aromatic intermediate
was not purified before measuring its NMR spectra. These
results indicate that the coupling proceeded efficiently with
negligible side reactions, and the aromatic intermediate 4 could
be obtained in almost quantitative yield.

Next, we used UV-vis-NIR spectroscopy to monitor the
oxidation of 4 in solution under bubbling air (Fig. 2a). The main
absorption band in the spectrum of 4 gradually diminished over
time, and a new absorption band appeared at 721 nm, which
was assigned to 5a. After 16 min, the absorption spectrum of the
solution became the same as that of compound 5a. Under UV
light (254 nm), the oxidation time sharply decreased to 10 min
(Fig. S57). The above results suggest that compound 4 could be
converted into 5a completely in a short time by air oxidation.
When the free-radical scavenger 2,6-di-tert-4-methylphenol
(BHT, 2.0 equiv.) was added into the solution, the oxidation was
markedly retarded (Fig. 2b), indicating that the oxidation
involved radical species. Radical formation was also confirmed
by electron paramagnetic resonance (EPR) spectroscopy. No
signals were observed for the solution of 4 in argon or 5a in air.
However, a strong sharp signal was observed at a g value of
2.0039 for a solution of 4 under bubbling air (Fig. 2c). Inter-
estingly, compound 4 can also be oxidized to 5a by electro-
chemical oxidation, but the oxidation time is much longer than
that of air oxidation. Besides, by-products were observed, as
monitored by thin layer chromatography (Fig. S6 and S77).
Similar results were obtained after adding triethylamine and
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acetic acid (Fig. S67), indicating that the effect of acid and base
groups on the electrochemical oxidation of 4 is negligible.

We performed DFT calculations to clarify the oxidation
mechanism. The calculated free-energy profiles for the air
oxidation of 3 and 4 to give quinoid 5a are shown in Fig. 3. In
the oxidation of 3, hydrogen abstraction by O, requires an
energy barrier of 22.1 kecal mol ™" (via TS1), leading to Int-1 and
a peroxy radical (HOO"). Then, the peroxy radical acts as an
oxidant to conduct the next hydrogen abstraction and generates
the quinoidal product 5a, which needs an energy barrier of
20.8 keal mol " (via TS2). Because the oxidation occurs at room
temperature (25 °C), the kinetic barriers for TS1 and TS2 are too
high to explain the observed outcome of the reaction. In
contrast, intermediate 3 can readily tautomerize to 4, which can
then undergo consecutive hydrogen abstraction processes (via
TS3 and TS4) by O, and the peroxy radical to afford 5a. TS3 and
TS4 have low energy barriers of 14.6 and 9.8 kcal mol
respectively, which are readily achievable under the experi-
mental conditions and are consistent with the observed spon-
taneous air oxidation of the coupling products to afford
quinoids. Similar calculation results were observed for the
formation of compound 5d (Fig. S8t). Note that the only
byproduct of air oxidation was H,0,, which can undergo
disproportionation (H,O, — H,O0 + 1/20,) to produce water,* >’
making this a sustainable synthesis.***° Taken together, our
results demonstrate that the high yields of the quinoidal
compounds were due to the quantitative formation of aromatic
intermediates and their effective oxidation assisted by keto-
enol tautomerism.

The solution UV-vis-NIR absorption spectra of 5a-5h in
toluene are shown in Fig. 4a and b, and the related data are
summarized in Table S4.7 The spectra of 5a, 5g and 5h were
nearly identical with the absorption maxima (Aax) at 721 nm,
suggesting that the change of alkyl chains and the introduction
of methyl groups on the terminal benzene rings have minimal
effect on the electronic structures of the molecules. In
comparison with 5a, the spectra of 5b and 5c were blue-shifted
by 46 and 6 nm, respectively. A similar trend was also observed
in other DPP-based quinoids.** The A, values were found to be
red-shifted from 610 nm for 5d to 661 nm for 5e and then to
790 nm for 5f. Going from solution to film state, the Anx values
of 5a, 5b, 5¢, 5d, 5g and 5h were blue-shifted, while those of 5e
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Fig. 2 Time dependence of UV-vis-NIR spectra of compound 4 in solution (CH,Cl,, 1 x 107> mol L) without (a) and with (b) BHT (2.0 equiv.)
under bubbling air. The EPR spectra of 4 in argon and under bubbling air and of 5a under bubbling air (c).
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and 5f were significantly red-shifted (Fig. S10t). Particularly, 5e
showed a shift by 216 nm with the absorption onset extending
to 1058 nm.

The electrochemical properties of 5a-5h were characterized
by solution cyclic voltammetry (Fig. S1171). The lowest unoccu-
pied molecular orbital energy levels (E umo) and the highest
occupied molecular orbital energy levels (Egomo) were calcu-
lated based on the redox onset potentials, and the data are
shown in Fig. 4c. All the quinoidal compounds exhibited
reversible reduction couples, which is a typical characteristic of
quinoids."***™* 5a and 5g had similar Eyomo and Eppmo. 5h
showed slightly higher Eyomo and Erumo relative to 5a, due to
the electron-rich nature of the methyl group.*® Changing the
heterocycles from thiophene (5a) to furan (5b) led to high-lying
Erumo and low-lying Exomo, While selenophene substitution
(5¢) only slightly elevated the Eyomo. From 5d to 5f, the Epymo

Pathway for the oxidation of enol formed aryl precursor

0 give quinoid 5a.

were gradually decreased, but the Eyomo were gradually
increased. Nevertheless, the Eyyyo of these compounds were
below —4.0 eV, meeting the criterion for n-channel carrier
transport in organic field-effect transistors (OFETs).*
Top-gate/bottom-contact (TGBC) OFETs were fabricated to
investigate the charge transport properties of the quinoidal
compounds. The active layers were fabricated by spin-coating
from CHCI; solution. No transistor characteristics were
observed for the devices based on 5d and 5e, whereas other
compounds showed unipolar n-type transport behaviour. All
the devices showed the best performance after annealing at
120 °C. Representative output and transfer curves of the optimal
devices are shown in Fig. S12,} and the performance parameters
are summarized in Table 2. The output and transfer curves
showed negligible hysteresis between forward and reverse
sweeps, indicating that there are only a few traps for electron
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Solution UV-vis-NIR absorption spectra of 5a—5h in toluene (a and b) and HOMO/LUMO energy levels of 5a—5h (c).
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Table 2 TGBC OTFT device performances of the quinoidal
compounds®

Compounds emas (cm? Vs Vi€ (V) Ion/Tos®
5a 0.018 (0.015 + 0.0017) ~12 ~10*
5b 0.016 (0.012 + 0.0031) ~14 ~10*
5¢ 0.026 (0.022 + 0.002961) ~15 ~10*
5f 0.21 (0.15 £ 0.039) ~13 ~10*
5g 0.007 (0.006 =+ 0.0013) ~6 ~10*
5h 0.002 (0.0015 = 0.0004) ~8 ~10*

“ The devices were fabricated by spin-coating and annealed at 120 °C for
10 min in argon. ? Mobilities were measured under ambient conditions.
The values in parentheses are the average mobilities and the standard
deviations from at least 5 devices. © Threshold voltage. ¢ Current on/
off ratio.
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Fig.5 Typical transfer (a) and output (b) characteristics of OFET based
on the micro-wires of 5g.

transport, largely attributed to their significantly lowered
Erumo-*"*® 5a and 5b delivered comparable performance with
the electron mobility (u.) of ~0.018 cm® V™" s~'. 5¢ displayed
a slightly high . of 0.026 cm® V' 57, In contrast, 5g and 5h
showed inferior device performances with u. of 0.007 and 0.002
em?® V™' s respectively. The low mobility of 5h, likely due to
its poor solubility, prohibited the formation of a continuous
thin film. Among these compounds, 5f exhibited the best
performance with a u. of up to 0.21 ecm”> V' s,

Single crystal OFET devices based on 5g were fabricated
because it could form micro-wires suitable for device applica-
tion. Fig. 5 shows typical transfer and output characteristics of
the devices measured under ambient conditions. An impres-
sively high u. of up to 0.53 cm® V™" s~ " was achieved. This value
is remarkably higher than that of its thin-film counterpart. The
device also exhibited a high current on/off ratio of ~107, along
with a small threshold voltage of 3 V.

Conclusions

In conclusion, we herein reported a new approach to the high-
yield and sustainable synthesis of quinoidal compounds.
Specifically, highly efficient coupling of indandione and aryl
bromides followed by keto-enol-tautomerism-assisted sponta-
neous air oxidation afforded indandione-terminated quinoidal
compounds in isolated yields up to 95%. All the quinoidal

9370 | Chem. Sci, 2021, 12, 9366-9371
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compounds possessed low-lying LUMO energy levels of below
—4.0 eV, which provided the n-type transport behaviour of these
compounds. Single crystal OFET devices based on the micro-
wires of 5g displayed a high electron mobility of up to 0.53
em® V' s7'. The present synthetic method may open
a sustainable and fast way to access versatile quinoidal
compounds and facilitate the evolution of new n-type
semiconductors.
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