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ABSTRACT: The synthesis of thienopyrroledione (TPD) has
been updated to reduce the number of synthetic steps, remove
hazardous and toxic reagents, reduce the amount of byproduct
waste, and reduce the use of solvents when unnecessary.
Diverse functionalization is possible, introducing 16 examples
in yields from 34% to 95%. This reaction scheme was shown to
be general for thiophene imides, and a more thorough
exploration into side chain engineering is presented with TPD
acceptors often used in organic electronic applications.

Synthetic chemistry in organic electronics is heavily directed
toward the development of new structures for particular

properties and applications. Work is focused on obtaining the
end product; however, even materials with ideal characteristics
have little chance for widespread usage if they cannot be made
safely and efficiently. As the field aims for production of
molecules at large scales, it is necessary to reevaluate the
syntheses. We have implemented five of the 12 Principles of
Green Chemistry by (1) preventing waste, (2) maximizing
atom economy, (3) using less hazardous reagents and (4) safer
solvents, and (5) reducing unnecessary derivatization,1 while
simultaneously expanding the utility of the thienopyrroledione
(TPD).
The regiosymmetric nature and ability to append solubilizing

chains to repeat units led Pomerantz and Amarasekara,2 and
later Nielsen and Bjørnholm,3 to investigate TPD as a
monomer for conjugated polymers. More recently, TPD has
become a common repeat unit in high performance polymers
for organic photovoltaic4,5 and transistor applications.6 The
development of direct arylation polymerization has provided
easy access to many TPD-based polymers.7

However, while other repeat units have been extensively
modified via their side chains,8 TPD monomers are almost
exclusively limited to alkyl chains due to the requirement of an
amine precursor in the typical synthesis. Few other chains
(oligoether,9 aryl,10 and alkoyl substituents11,12) have been
synthesized. These studies have achieved some success, but the
use of TPD is limited with respect to other nitrogen-based
acceptors. For example, on diketopyrrolopyrrole13 and
isoindigo,14 the side chain is installed after core construction
allowing for rapid, late-stage modifications.
In a review of common conjugated polymers for organic

photovoltaics, Po et al. evaluated the synthetic complexity of
repeat units based on the number of synthetic steps, overall
yields, purification requirements, and the use of hazardous
materials.15 Thiophene-based imides score remarkably well

despite typical syntheses (Scheme 1, top) requiring a number
of hazardous reagents.3,11,16 Their analysis does not take into

account the Gabriel synthesis of amine precursors, which may
require diisopropylazidodicarboxylate and hydrazine.
For example, Nielsen and Bjørnholm’s synthesis3 for TPD

(Scheme 1, top) uses acetic anhydride (approximately 100
equiv) and thionyl chloride (OPCW Schedule III Chemical,17

approximately 150 equiv) as reagents, resulting in large excesses
that must be quenched or recovered. The installed side chain
must then withstand harsh bromination conditions (sulfuric
acid and trifluoroacetic acid, a persistant environmental
chemical). Scheme 1 also shows routes others have developed
to the unfunctionalized, brominated imide.12,16 No effort has
yet been reported to capitalize on this work, possible because
these methods still require acetic anhydride, oxalyl chloride or
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Scheme 1. Synthetic Route to Functionalized TPDs
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thionyl chloride, dimethylaminopyridine (DMAP), sodium
hydride, ammonia, and carbonyl diimidazole (CDI).
Here, we report a new synthetic route (Scheme 1, bottom)

from the dicarboxylic acid to TPD with enhanced atom
economy and mild functionalization conditions that allow for a
diverse class of molecules (see Scheme 2). We accomplish atom
economy through the elimination of reaction steps and of
reactants used in severe excess. The only solvents required are
aqueous ammonia, sulfuric acid, and DMF. Overall yields are
comparable to previously reported syntheses. The unbromi-
nated and dibromo derivatives are ready for direct arylation
polymerization, and the dibromo species can be polymerized
via Stille, Suzuki, and other coupling routes. We also show this
method is applicable to other thiophene imides as exemplified
by the synthesis of 2,2′-bithiophene-3,3′-dicarboximide.
Our synthetic route was inspired by the original synthesis of

unfunctionalized TPD using ammonium hydroxide with
thiophene-3,4-dicarboxylic anhydride.18 This reaction was
well-known for the synthesis of phthalimide.19 We have
shown the imide can be generated directly from commercially

available 3,4-thiophene dicarboxylic acid. The diacid was fully
dissolved in minimal concentrated aqueous ammonia. Excess
ammonia and water were removed by gentle heating to give a
white solid. Complete conversion to the diammonium salt was
confirmed by NMR. The solid was then heated, neat, to 260−
280 °C, at which temperature the reaction mixture became a
homogeneous melt. The crude product (1) slowly sublimed
from the reaction and was conveniently collected in this way.
Starting material and amide intermediates were present as
impurities in the crude product. The starting material was
removed via trituration with water, and pure 1 was obtained
through Kugelrohr sublimation or recrystallization from
acetonitrile.
The brominated derivative (2) was desired for use in cross-

coupling reactions. To avoid optimizing the reaction for each
side chain, or exposing side chains to harsh brominating agents,
we developed new conditions for brominating the unfunction-
alized imide. NBS (4 equiv) in cold concentrated sulfuric acid
gave sufficiently pure product after quenching over ice.

Scheme 2. Scope of Side Chains Available via Nucleophilic Substitution on Different Electrophiles

aIsolated yields are shown. Unoptimized reaction conditions: Imide (1.0 equiv), R−X (1.5 equiv), K2CO3 (2.0 equiv), DMF (0.1 M), rt. bFormation
of dimer not observed. c1.0 equiv of octyldibromide used. 92% overall conversion of 1 to products 3i and 3k.
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The literature procedure for functionalizing TPD using NaH
in THF11 was unsuccessful in our hands on both 1 and 2.
Seeking milder general conditions potentially useful for all TPD
derivatives, we employed potassium carbonate in DMF
(Scheme 2, top). DMF readily solubilized the TPD imides
and all side chain precursors used in this study. Reactions were
completed at room temperature with overnight stirring.
To prove the widespread applicability of this approach, we

first repeated the synthesis of primary and secondary alkyl
chains. These were synthesized using halides (1-bromooctane,
3, 4a) or tosylates (9-tosylheptadecane, 3c) as leaving groups,
eliminating the need for an amine synthesis, as is required for 5-
(2-hexyldecyl)thienopyrrole-4,6-dione using the commercially
available 2-hexadecan-1-ol.20 This especially simplified the
synthesis of the methyl derivative (3b). Whereas methyl iodide
is an easily handled liquid, methylamine is a gas at room
temperature and is a DEA List I chemical.21

Sterics of the electrophile affected the end product. Reactions
at primary, secondary, and benzylic (3e) carbons proceeded
without issue. When using 1,8-dibromooctane as an electro-
phile, the stoichiometry was set to allow both mono- (3i) and
disubstitution (3k). Interestingly, dimer formation was not seen
when using 1,2-dibromoethane as an electrophile, even when
3h was reacted with excess 1. We were unable to extend these
conditions to a tertiary electrophile, tert-butyl bromide. Heating
at 50 or 100 °C overnight did not promote product formation.
The choice of side chain has a dramatic impact on the final

properties and uses of the TPD derivatives, which were focused
on in Scheme 2. Oligoether chains (3d) have been investigated
previously to produce amphiphilic materials, but the ether
chains are particularly susceptible to bromination. They are
postulated to affect the dielectric constant in conjugated
polymers22,23 and have been used in Langmuir−Blodgett
deposition techniques.9 The yield of (3d) was reduced by
difficulty in chromatographic separation from the tosylate
electrophile. Treating the reaction with excess lithium bromide
is recommended (see Supporting Information procedure for
3c). Perfluoroalkyl chains are popular for improving n-type
mobilities24 and for their solubility in perfluorinated solvents.25

To avoid special conditions often required for attaching
perfluoroalkyl chains, electron-deficient 1H,1H,2H,2H-
perfluorooctyl chains were used in this study to give 3g in
satisfactory yield.
Scheme 3 presents latent functionality end groups that are

useful for post-polymerization functionalization or for diversify-
ing monomer units. The bromine terminated octyl chain (3i)
served as an electrophile and was functionalized to the nitrile
derivative (3l), which is useful for increasing the dielectric
constant,26 to the azido derivative (3m), useful for cross-linking
to make thermally stable, solvent resistant films,27 and to a
pyridyl group (3n), useful for creating conjugated polyelec-
trolytes for fluorescence sensing systems,28 electrochromic
films,29 interlayers in OPV,30 and for thermoelectrics.31

Alternatively, the hydroxyl terminated chain (3j) is primed
for a reaction with an acyl chloride. Hydrosilylation with
Karstedt’s catalyst gave a siloxy terminated alkyl chain (3o) that
has been shown to reduce π−π stacking distances and increase
mobility in solution cast films of isoindigo-based molecules.32

Aryl N-functionalization of TPD is challenging due to the
lower solubility and the need to purchase or synthesize custom
anilines as precursors. By using Chan−Lam couplings, as shown
in Scheme 4, completed with boroxines (dehydrated boronic

acid rings), we arrived at arylated TPD (3p) without the need
for anilines.
We have extended our conditions to the synthesis of

unfunctionalized dithieno[3,2-c:2′,3′-e]azepine-4,6-dione (com-
monly known as 2,2′-bithiophene-3,3′-dicarboximide or BTI)
(5) as illustrated in Scheme 5. Although polymers of BTI have
given remarkably high fill factors in OPV devices,4 the synthesis
suffers the same drawbacks of TPD preparation.
With these new conditions, significant reduction in waste

during synthesis is achieved without sacrificing yield. The mild
conditions for functionalization have permitted an expanded
selection of TPD molecules. With these available, new

Scheme 3. Scope of Side Chains through Latent
Functionality for Pre- and Post-polymerization Processing

Scheme 4. Chan−Lam Coupling of Aryl Boronic Acids to
Imides

Scheme 5. Imide Formation from Bithiophene Dicarboxylic
Acid
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explorations into advanced materials incorporating TPD and
other thiophene imides are possible.
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