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ABSTRACT: A new electron acceptor 6-alkylpyrrolo[3,4-d]pyridazine-S,7-dione (PPD) with a very R

between thiophene and furan-decorated tetrazine substrates and an electron-deficient 1-alkyl-1H-

low LUMO level has been synthesized via a challenging inverse electron demand Diels—Alder reaction OQ\/N _0

pyrrole-2,5-dione unit. The PPD monomer has been incorporated into a series of donor—acceptor-type ¢ T
conjugated polymers as electrochromic materials with good optical contrast, fast switching speed, and

high coloration efficiency.

lectron-deficient 7-conjugated building blocks, which are
generally termed as acceptors, have been widely applied for

the synthesis of functional dyes and organic electronics
materials." The presence of acceptors is essential to tune the
energy levels of the frontier orbitals and the absorption of the
materials," and in many cases, the choice of the acceptor is crucial
for the high performance of the materials."” One important
attribute of the acceptor is the electron deficiency, and high
electron deficiency is of great importance for many applications,
such as donor—acceptor dyes with near-infrared absorption and

.. 3 . . la,gk .

emissions,” n-type organic field-effect transistors, and Il%ht
absorption materials in bulk heterojunction blend solar cells.'*"
In our current work, we report an unprecedented pyridazine-
fused imide as a novel electron acceptor with ultrahigh electron
deficiency. The key synthesis relies on an inverse electron
demand Diels—Alder (D—A) reaction on tetrazine. Tetrazine® is
a known electron-deficient building block and has been studied
as a ligand, energetic materials, a fluorescent dye, and an electron
acceptor in organic electronics materials. The inverse electron
demand D—A reaction on tetrazine has been studied both
theoretically® and experimentally® and applied as a versatile
“click” approach for bio-related applications.” This reaction
works well for electron-rich and strained dienophiles. However,
such approach with electron-deficient dienophiles is believed to
be challenging and has rarely been reported.®® In this study, we
challenge the synthesis of 6-alkylpyrrolo[3,4-d]pyridazine-S,7-
dione (PPD) via an inverse electron demand D—A reaction of
functionalized tetrazine with electron-deficient 1-alkyl-1H-
pyrrole-2,5-dione unit. There are two attributes of the new
acceptor which need to be highlighted. The first is the ultrahigh

electron deficiency. We compared the lowest unoccupied
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molecular orbital (LUMO) energy level of the PPD unit with
those of some relevant acceptors (Figure 1). Out of the 10
relevant acceptors investigated, only bisbenzothiadiazole has a
LUMO energy level lower than the PPD unit. The second is that
PPD is designed to undergo convenient side chain engineering
and easy incorporation into polymeric materials. The inverse
electron demand D—A reaction is also intriguing for discussion.
We observed a selective D—A process on thiophene and furan-
decorated tetrazine, and only the inverse electron demand D—A
pathway was observed. Time-dependent density functional
theory (TD-DFT) calculation has been carried out to better
understand this process. Finally, we demonstrate the synthesis
and characterization of a series of high-performance electro-
chromic polymers with the newly developed PPD monomer
embedded.

The synthesis of the two building blocks is outlined in Scheme
1. Starting from commercially available 2-cyano furan (1) and 2-
cyano thiophene (2), the tetrazine heterocycle was constructed
via established methods,® and intermediates 3 and 4 were
obtained in 43 and 52% yields, respectively. The following
bromination reaction with NBS in hot DMF afforded the
dibrominated products § and 6 in a good yield. The D—A
reaction between tetrazine derivative 6 and an alkylated imide
was surveyed under various conditions. According to the general
observation that tetrazines with electron-donating substitutions
are much less reactive toward an inverse electron demand D—A
reaction compared with those with electron-withdrawing groups
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Figure 1. Calculated LUMO energy levels of a series of relevant acceptor monomers. From left to right: benzotriazole, S-alkylthieno[3,4

ki . e N .\N N_, .N ] e

-2.97 -289 -3.13 -349 -354 -384

-c]pyrrole-4,6-

dione, diketopyrrolopyrrole, 2-alkylisoindole-1,3-dione, benzol 1,2,5]thiadiazole, iso-indigo, S,6-difluorobenzo[1,2,5]thiadiazole, [1,2,5]thiadiazolo-
[3,4-c]pyridine, tetrazine, 6-alkylpyrrolo[3,4-d]pyridazine-5,7-dione, bisbenzothiadiazole.

Scheme 1. Synthesis of Imide-Fused Pyridazines 7—10¢
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“Reaction conditions: (i) hydrazine, sulfur, EtOH; then isoamyl
nitrite; (ii)) NBS, DMF, 100 °C; (iii) 1-alkyl-1H-pyrrole-2,5-dione,
diphenyl ether, 160 °C. Insets: single-crystal structures of compounds
7 and 8 with hydrogen atoms omitted for clarity.

and electron-deficient dienophiles are much less prone to
undergo D—A reaction with tetrazine,® the chemical approach
was therefore envisaged to be extremely challenging. In our
hands, it was found that the reaction temperature was the crucial
parameter to push the reaction forward. As the reaction between
6 and 1-hexyl-1H-pyrrole-2,5-dione was tried in refluxing
chloroform (60 °C), dioxane (100 °C), and toluene (110 °C),
no D—A product was detected at all after 16 h. Once the reaction
was heated to 160 °C in diphenyl ether, the inverse electron
demand D—A reaction smoothly occurred with the D—A
product obtained in 50—70% yield after 16 h. The high reaction
temperature (160 °C) was stringent to overcome the energy
barrier to let the reaction proceed. One more interesting aspect
to highlight is that, even though both thiophene and furan are
known to undergo D—A reaction,” we did not observe the
generation of D—A products on the furan and thiophene units
when substrates 5 and 6 were tested under various conditions
(25—160 °C). It would thus be intriguing to figure out a selective
D—A ligation process on tetrazine rather than on thiophene and
furan.

To better elucidate the reactivity of D—A reaction, we carried
out TD-DFT calculations at the B3LYP/6-31G level. A normal
D—A reaction involves the interaction between the HOMO ;..
and LUMOgenophiis and the inverse electron demand D—A
reaction involves the interaction between the HOMO gienophie and
LUMOy.. " As the distribution and the energy level of the
frontier orbitals are essential for the occurrence of D—A reaction,
the HOMO/LUMO profiles and their energy levels of the
reacting species are calculated and shown in Figure 2. For
substrates § and 6, the HOMO is evenly distributed over the z-
system whereas the LUMO is located on the tetrazine unit.
Compounds $ and 6 had similar HOMO and LUMO energy
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Figure 2. HOMO/LUMO energy profiles and energies (in eV) for
compounds §, 6, and 11. HOMO/LUMO interaction is shown as dotted
lines, and the observed pathway is highlighted in red.

levels. The active double bond of model compound 11 was
involved in both the HOMO and LUMO. Given the calculated
frontier orbitals, both pathways possibly occur due to the
matching phases and similar energy differences of relevant
frontier orbitals.

We then calculated the activation energy (AG¥) for respective
pathways, and the results are summarized in Figure 3. The
inverse electron demand D—A reaction between tetrazine moiety
and dienophiles is believed to undergo two subsequent steps:
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Figure 3. Free energy profiles of normal D—A reaction and inverse
electron demand D—A reaction pathways to attach 11 to compounds §
and 6. Gibbs free energies are shown in kcal/mol.
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formation of the bicyclic intermediates (e.g,, 12 and 14) and
formation of the final pyridazine product (7—10) after loss of one
nitrogen gas molecule.’ Recent theoretical investigations have
shown that the second step proceeds with a very low or almost
nonexistent energy barrier."! Therefore, in our current study, we
focus our attention on the first step. For compound 6, the
activation energy barrier (AG¥) of inverse electron demand D—
A reaction on the tetrazine was 28.14 kcal/mol whereas the
activation energy barrier of the D—A reaction at the thiophene
position was 31.46 kcal/mol. The higher AG* of the normal D—
A pathway on thiophene unit may account for the observed
selectivity. On the contrary, for the furan-attached tetrazine
monomer S, the activation energy barrier for D—A reaction on
the tetrazine is 26.66 and 24.25 kcal/mol for the reaction to occur
on the furan unit. The activation energy of the normal D—A
reaction on the furan unit of § is much higher than that of an
alkyl-substituted furan, which has activation energy in the range
of 9.6—10 kcal/mol."> This was mainly ascribed to the
attachment of electron-withdrawing moieties on the furan unit.
Kinetically speaking, the D—A reaction on the furan unit would
be favored over the tetrazine unit. However, during our survey of
the reaction conditions, we did not observe any appreciable
amount of D—A products on the furan unit. One reason would be
the reversibility of the D—A reaction between furan and imide, "
and the observed selectivity could be rationalized in the proposed
mechanism shown in Figure S1. Due to the dynamic covalent
nature of cyclo-adduct 15 between furan and imide, the
dissociation occurs at >90 °C."> As we did not observe any
appreciable amount of furan—imide D—A product from room
temperature to 160 °C, we hypothesize that the D—A reaction on
furan and tetrazine would occur simultaneously at 160 °C. At this
reaction temperature, the dissociation of cyclo-adduct 15
concurrently occurs with the association process. Meanwhile,
the inverse electron demand D—A route gradually consumes the
starting material in an irreversible way. Hence, any formed 15
was gradually consumed with only the inverse electron demand
D—A product obtained.

The frontier orbital energy levels of monomers 9 and 10 were
investigated by cyclic voltammetry. The observed LUMO energy
levels for compounds 9 and 10 are —3.66 and —3.67 eV,
respectively (Figure S$33), confirming the strong electron
deficiency of the PPD unit."’ As the pyridazine imide monomers
(7—-10) are designed for convenient side chain engineering and
easy incorporation into conjugated functional polymers, such
monomers would be of great usefulness as versatile building
blocks'™™' for polymeric organic electronics materials. Herein
we demonstrate the preparation of high-performance electro-
chromic (EC) materials'> with the pyridazine—imide unit
embedded. The random polymers P1—P3 were prepared via
Stille coupling reaction according to Scheme 2. Different ratios of
acceptor 10 were introduced into the polymer backbone to test
its influence on the optical properties and EC performance.

Scheme 2. Synthetic Route of Polymers P1-P3
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All three polymers absorbed strongly in the visible region with
Amax ~ 530 nm (Figure S2), which exhibited a purple color at the
neutral state. The optical band gap was determined to be 1.77,
1.71, and 1.69 eV for P1—P3, respectively, and showed a slight
decrease after more acceptor was introduced. P1—P3 showed
quasi-reversible oxidation upon p-doping (Figure S3), and after
more acceptor 10 was incorporated into the polymers (i.e., from
P1 to P3), a gradual deepening of the HOMO energy level was
observed from —4.92 to —5.00 eV. The spectroelectrochemical
study was carried out for P1—P3 on a sandwiched device, and the
results are shown in Figures 4, S4 and SS. Upon gradual p-
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Figure 4. UV—vis—NIR absorptions of P1 at various applied potentials
(V): (a) 0.0, (b) 0.2, (c) 0.4, (d) 0.5, (e) 0.6, (f) 0.7, (g) 0.8, (h) 0.9, (i)
1.0, (j) 1.1, (k) 1.2, (1) 1.3, (m) 1.4, (n) 1.5, (0) 1.6, (p) 1.7, (q) 1.8 V.

doping, the absorption of the neutral polymer P1 in the visible
range gradually decreased, while the absorption in the near-
infrared (NIR) region gradually increased and the residual color
of the thin film appeared to be a cyan hue. As more acceptors
were introduced in the polymer backbone, an increasing residue
absorption in the visible region of the charged species was
observed. As a result, P1 achieved the best optical contrast of
34.1% at 540 nm and 54.2% at 1350 nm.

The switching properties of the EC polymers P1—-P3 were
investigated by chronoamperometry to monitor the changes in
transmittance as a function of time while sweeping the potentials
between 1.5 and —1.5 V at local absorption maxima, and the
results are shown in Figures 5, S6, and S7 and summarized in
Table S2. All three polymers exhibited fast switching with
coloration time in the visible region at 1—2 s and bleaching time
at 7—8 s. The amount of acceptor in the polymer did not
significantly influence the switch time of the EC polymers. P1
showed the most promising coloration efficiency of 436 cm®/C
in the visible region (542 nm) and 457 cm*/C in the NIR region
(1350 nm).

In summary, we have successfully synthesized a unique PPD
building block with ultrahigh electron deficiency by an inverse
electron demand D—A reaction. Different side chains can be
conveniently attached on the PPD monomer, and conjugated
polymers can be prepared via palladium-catalyzed cross-coupling
reactions. Hence, it would be very useful for the preparation of
donor—acceptor-type conjugated polymers. We also noticed an
intriguing selective D—A process on the thiophene and furan-
ligated tetrazine. This process has been investigated by TD-DFT
calculations, and we hypothesized that the high activation energy
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Figure S. Square-wave potential step absorptiometry of P1 monitored at
542 and 1350 nm between 1.5 V and —1.5 V with a switch time of 10s.

of the thiophene—imide interaction and the dynamic covalent
nature of the furan—imide cyclo-adduct would be the reason for
the observed selectivity. We also demonstrated the incorporation
of this novel monomer into electrochromic materials. Stable EC
polymers have been prepared with good optical contrast, fast
switching speed, and high coloration efficiency. We are currently
seeking to synthesize more novel monomers based on the D—A
reaction on tetrazine and to apply these building blocks for
organic electronics materials.
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Synthetic procedures and characterization data for all new
compounds, DFT calculation details, X-ray crystallographic data,
and more electrochromic characterization data. This material is
available free of charge via the Internet at http://pubs.acs.org.
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