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ABSTRACT: This manuscript describes an unprecedented and efficient synthesis of a new DPP scaffold, 2,5-dibutyl-3,6-
dimethyl-1H,2H,4H,5H-pyrrolo[3,4-c]pyrrole-1,4-dione (DMDPP), containing methyl groups at the 3,6-positions as a pre-
cursor to prepare 3,6-divinyl substituted DPP compounds. Subsequently, following the synthesis of DMDPP, we performed
an efficient and mild C-H functionalization of the methyl groups with a variety of aromatic aldehydes to synthesize the first
examples of 3,6-divinyl substituted DPP compounds in moderate to good yields.

Since the discovery of diketopyrrolopyrrole (DPP) in 1974
by Farnum et al.,’ it has become one of the most widely used
prototypical m-core for organic electronic devices and high-
performance pigments.”* The unique optoelectrical proper-
ties and good thermo- and photostability of DPP-based com-
pounds have resulted in their extensive utilization in organic
semi-conductive materials®® and fluorescent probes.>”™ For
example, several applications of DPP-containing compounds
in the area of organic field effect transistors (OFETs),*™ or-
ganic photovoltaics (OPVs),**** organic light-emitting diodes
(OLEDs),™ and dye-sensitized solar cells (DSSC)**3° have
been reported. Our group is also interested in DPP-containing
polymers as ambipolar materials for application in organic
electronic devices.”” Unfortunately, the current conventional
synthesis of the DPP core limits the scope of its molecular
structure design, since the synthesis is limited to aromatic
groups at one or both of the 3,6-positions flanking the DPP
core.3*® This synthetic limitation prevents other symmetri-
cally, non-aromatic architecture at the 3,6-positions to be pre-
pared and explored. Overcoming this weakness will signifi-
cantly increase DPP’s versatility and functionality.

The conventional synthesis of the DPP core involves heat-
ing a mixture of aromatic nitrile (Ar-CN) and succinic acid es-
ter in the presence of a strong base such as potassium tert-

butoxide (KO'Bu) giving rise to a DPP unit bearing two aro-
matic rings at the 3,6-positions (Scheme 1).** The aromatic
flanked DPP unit can undergo further functionalization such
as transition-metal-catalyzed cross-coupling reactions to ex-
tend the m-conjugated backbone depending on the design re-
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Scheme 1 Conventional synthesis of DPP scaffold
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quirements for the small molecules or polymeric materials. It
is not difficult to see that both the tolerance of the aryl groups
to the harsh reaction conditions, and the availability of the ar-
omatic nitriles seriously limit the variety of m-conjugated
flanked DPP units to only a very few aromatic rings.

To date, no DPP derivatives bearing vinyl groups at the 3,6-
positions have been reported, although several symmetrically
and unsymmetrically substituted alkyl and aryl derivatives are
known.3** Having a vinyl bridge between the DPP unit and
the aryl substituent provides an attractive structure for the de-
velopment of new m-conjugated semi-conductive materials



and pigments. The vinyl substituted DPP structure provides
an alternative way to tailor the frontier orbitals of the DPP
core due to the weak electron donating ability of the vinyl
group, while maintaining the planar and rigid m-conjugated
framework. For example, it was shown that the incorporation
of double bonds with defined configuration in the backbone
of polythiophene led to a lowering of the band gap (Eg) as a
result of the extended m-electron delocalization from the de-
crease in the overall aromatic character of the system.** Un-
fortunately, vinyl substituted DPP cannot be reached through
the typical methods of preparing vinyl compounds such as,
Stille coupling, Suzuki coupling, Wittig reaction, etc., due to
the unavailability of the corresponding DPP precursors.
Therefore, to achieve this DPP framework, there is a need for
a new DPP building block, one that can be easily functional-
ized to produce vinyl compounds.

Herein, we report an unprecedented and efficient synthesis
of a new DPP scaffold, 2,5-dibutyl-3,6-dimethyl-1H,2H,4H,5H-
pyrrolo[3,4-c]pyrrole-1,4-dione (DMDPP), using readily avail-
able starting materials under fairly mild conditions. This di-
methyl substituted DPP core cannot be accessed by the con-
ventional synthesis due to the intolerance of acetonitrile to-
ward the strongly basic condition. To our knowledge, this is
the first reported synthesis of this compound. Moreover, the
remarkably acidic nature of the methyl group allows us to per-
form C-H functionalization under transition metal free condi-
tions to produce vinyl functionalities. Accordingly, we per-
formed a variation of the Aldol condensation of DMDPP with
aryl aldehydes, thereby constructing original vinyl substituted
DPP substrates that could be of interest to the organic semi-
conducting, sensing, and pigment communities.

Scheme 2 Retrosynthesis analysis of DMDPP
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In our synthetic approach to DMDPP, we envisioned gen-
erating it through a tandem bis-cyclization of fumaric acid de-
rivative 2 triggered by triphenylphosphine (PPhs). Thus, tri-
phenyl phosphonium ylide 1a was imagined as the intermedi-
ate of the tandem cyclization, which can be generated by the
conjugate addition of PPh; onto the a,-unsaturated double
bond of compound 2 (Scheme 2).*° The synthetic route to
DMDPP is shown in Scheme 3. N, N’-dibutylfumaramide (3)
was synthesized according to the known procedure,*” and ac-
ylated with pTsOH-isopropenyl acetate to give compound 2 in
75% yield.** It was found that neither acetyl chloride, nor ace-
tic anhydride was a good acylating agent for the reaction.
Next, we examined the tandem cyclization of compound 2
promoted by PPh; to give DMDPP. We first performed the
reaction in both toluene and acetonitrile without any addi-
tives (Table 1, entries 1 and 2); however, after 8 h refluxing,
only trace amounts of the desired product was isolated with a
majority of the starting material remaining. The addition of
pTsOH did not improve the yield, while pyridine resulted in a
20% vyield of the desired product (Table 1, entries 3 and 4).
While pTsOH-Py complex in acetonitrile at 70 °C only gave a
25% vyield, increasing the temperature to 100 °C supplied the
product in 86% isolated yield after 5 h (Table 1, entries 5 and

6 respectively). The sensitivity of the reaction towards the sol-
vent and reaction temperature can be seen from the decrease
in the yield to 10-25% when the reaction was carried out at 70
°C, or with THF and toluene as the solvents. To demonstrate
the scalability and reproducibility of DMDPP synthesis, we
carried out the reaction on a 5 gram-scale and isolated the
product without any significant decrease in the yields. The
scope of the substituents on the amide nitrogen is currently
being explored.

Table 1 Optimization of the tandem bis-cyclization of
compound 2 to form DMDPP

(o] 0. i

o )]\ o ON

H

0B ,NNN/n-Bugo)J\, n-Bu. )WT\I/ PPhs, pTsOHepy )

-Bu N “n-| -

i M PTSOH (10 %), d "BUChaeN, 100 °C, 4
DMF, 90°C, 75% @ o 86% N

/
n-Bu
3 2 1

o o)
2 Y PPh; (1.2 eq) /
n-Bu. P N _
N n-Bu  additives (0.5 eq) 4

Z-5
o
c

02\ o N"To
n-Bu
entry additives solvent temp yields
0 (%)
1 - toluene 10 <5
2 - CH;CN 100 <5
3 pTsOH CH;CN 100 <5
4 Py CH;CN 100 20
5 pTsOH-Py CH5CN 70 25
6 pTsOH-Py CH;CN 100 86
7 pTsOH-Py THF 70 15
8 pTsOH-Py toluene 110 10

A plausible mechanism for this tandem bis-cyclization is
outlined in Scheme 4. Addition of PPh; to the electron defi-
cient double bond generates a zwitterion intermediate (2a)
that undergoes an intramolecular condensation to produce in-
termediate 2b. This process is similar to the initial step of the
tertiary phosphine catalyzed Baylis-Hillman reaction.*”>° The
second five-membered ring closure is perceived to happen
through an intramolecular Wittig “like” reaction, where
deprotonation at C-7 forms an ylide that reacts with the
nearby carbonyl to give the DMDPP skeleton (1) and tri-
phenylphosphine oxide. The mechanism was probed by mass
spectrometry (MS) and 'H NMR. Due to the rapid cyclization
of the transient species under the reaction conditions, we were
unable to detect the mass peaks for 2a; however, the mass
peak for 2b and other related species were detected (Support-

Scheme 4 Proposed mechanism for the formation of
DMDPP
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ing Information). To confirm the formation of the zwitterion
intermediate, we performed the reaction with fumaric acid
diester, which is unable to undergo the intramolecular cycliza-
tion. Expectedly, the phosphonium salt, which was proto-
nated during the workup was isolated in 75% yield, and con-
firmed by 'H NMR and MS (Supporting Information).



The strong electron withdrawing nature of the DPP core is
expected to facilitate deprotonation at the methyl group of
DMDPP under weakly basic conditions. A facile deprotona-
tion of DMDPP will allow us to perform a variation of the Al-
dol condensation reaction (DMDPP aldol) with aldehydes to
produce vinyl substituted DPP compounds. To explore the
DMDPP aldol condensation, we first performed the reaction
with benzaldehyde as a model. The
condensation between DMDPP and benzaldehyde in DMF
with KO'Bu as the base at o °C gave trace amounts of the (E)-
monovinyl product (4) (Table 2, entry 1). Upon increasing the
temperature to 40 °C, trace amounts of the (E), (E)- divinyl
product (5) was isolated (Table 2, entry 2). To determine if the
instability of the starting DMDPP compound under strong
basic condition was causing these low yields, we investigated
this phenomena. Treatment of a THF solution of DMDPP
with KO'Bu in the absence of aldehyde turned the solution
from colorless to a black complex in 1 h, confirming our spec-

Scheme 3 Synthesis of DMDPP

ulation. Switching the base to aqueous NaOH solution in tol-
uene gave a 25% yield of a 1:1 mixture of mono- and divinyl
products (4 and 5). Indeed, addition of a phase-transfer agent
led to exclusive generation of s5; albeit, in low yields (Table 2,
entry 5). These results clearly demonstrate that strong inor-
ganic bases are not suitable reagents for the DMDPP aldol
condensation of DMDPP with aldehydes.

Inspired by the report on the synthesis of a,-unsaturated
ketones by L-proline-TEA-catalyzed Aldol condensation,” we
investigated the feasibility of this method in our study. In the
model reaction with benzaldehyde under the reported condi-
tions, a dark solid precipitated from the reaction solution at
room temperature, and after 12 h, product 5 was isolated in
63% yield; there was no observation of 4 (Table 2, entry 6). A
mixture of methanol and toluene (1:5), resulted in a remarka-
ble improvement of the desired product to 86% yield after 4 h
(Table 2, entry 7). However, in the absence of Et;N, L-proline
or methanol in three separate reactions, only the DMDPP
starting material was recovered (Table 2, entries 8, g and 10).
Thus, the combination of Et;N, L-proline in a mixture of tolu-
ene:methanol is necessary to achieve the highest yield in a rel-
atively short reaction time.

Next we investigated the substrate scope for the condensa-
tion of DMDPP with a variety of aldehydes. We chose to in-
vestigate aromatic aldehydes that are of interest to the organic
semiconducting material community. Consequently, we se-

lected aromatic aldehydes that are electron-rich, electron de-
ficient, and those containing alkene, heteroatoms, and halo-
gens (Figure 1). The electron-rich aldehydes, such as thio-
phene-2-carbaldehyde and furan-2-carbaldehyde gave the
corresponding products 6 and 7 in go % and 88 % yield re-
spectively. The reaction conditions are compatible with aryl
halides as 4-bromobenzaldehyde, s5-bromothiophene-2-
carbaldehyde, and s5-(4-chlorophenyl)furan-2-carbaldehyde
also produced products 8, 9 and 10 respectively, in moderate
to good yields. The yields for the halogenated compounds (62
% - 75 %) are slightly lower than those of 5, 6 and 7, possibly
due to the mild electron withdrawing effect of the halogen at-
oms. The reaction with cinnamaldehyde gave a low yield (20
%) of the desired product 11. The results of the reaction with
electron deficient aromatic aldehydes are interesting. In gen-
eral, the yields are lower than those of the electron-rich alde-
hydes. However, the difference in the yields of these electron
deficient aldehydes vary with the degree of electron deficiency
at the position where the carbaldehyde group is connected.
Aldehydes with the carbaldehyde group connected at the
most electron deficient positions resulted in the lowest yields.
For example, 2-pyridyl aldehyde furnished 12 in 65% yield in
5h, while 3-pyridyl aldehyde gave product 13 in 75% yield in a
shorter reaction time. In contrast, 4-pyridyl aldehyde did not
yield isolable product. Other examples of the reactivity differ-
ences in the electron withdrawing aldehydes are also seen
with the thiazolyl and the fluorinated carbaldehydes. For in-
stance, 2-thiazolyl carbaldehyde gave a 35% yield of 15, which
is significantly lower than the 65 % yield that is observed with
the 5-thiazolyl carbaldehyde to give product 16. Similarly, due
to the extreme electron deficiency of the pentafluorobenzal-
dehyde, only a 45% yield of 18 was observed in the condensa-
tion reaction compared to the 82 % yield of 17 that resulted
from the reaction with the lesser electron deficient 2,3-
difluoro-4-bromobenzaldehyde. These results demonstrate
that our synthetic approach to 3,6-divinyl DPP derivatives is
viable and materials containing these architecture can now be
prepared and explored.

The absorption and emission spectra were recorded for the
DPP-alkenyl compounds (Figure 2). All the compounds dis-
played maximum absorption wavelength between 550 nm and
700 nm with two transition peaks in that region. Compound
10 had the longest absorption maximum wavelength due to
the extended m-conjugation. In the emission spectrum, the
electron deficient compounds 12, 17 and 18 had the highest
emission intensity with a 20 - 35 nm Stokes shift, while the
lesser electron deficient compounds 8 and 13 had moderate
emission intensity with smaller Stoke shifts.

Table 2 Investigation of DMDPP aldol condensation conditions of DMDPP with benzaldehyde
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3 KOBu (2.0 eq) THF o 1 - NPD
4 NaOH (1 N) Tol 70 4 (1:1) 25
5 NaOH (1 N), TBAB (10 mol %) Tol 70 4 (0:100) 15
6 L-proline (20 mol %), EtN (2.0 MeOH rt 12 (0:100) 63
eq)
7 L-proline (20 mol %), EtN (2.0 Tol:MeOH (5:1) rt 4 (0:100) 86
eq)
L-proline (20 mol %), Tol:MeOH (5:1) rt 4 - NPD
L-proline (20 mol %), EtN (2.0 Tol rt 4 - NPD
eq)
10 Et;N (2.0 eq) Tol:MeOH (5:1) rt 4 - NPD

NPD: no product detected. Unless otherwise indicated, all reactions were carried out in 0.25 M under the indicated conditions.
The reactions were monitored by TLC until completion. (E)-configuration was assigned by 'H NMR.

They had a major emission peak around 630 nm with a shoul-
der around 700 nm, which is attributed to a single electronic

be converted to 3,6-divinyl DPP derivatives by a mild DMDPP
aldol condensation. To our knowledge, this is also the first re-
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transition with vibronic structure. Interestingly, compound 5
also showed moderate emission intensity, while all the other
compounds have very low emission intensity; albeit, they are
further red shifted compared to the others.

In conclusion, we report the first direct and efficient syn-
thesis of a new DPP scaffold (DMDPP). The reaction is scala-
ble and the DMDPP compound provides a precursor that can
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