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Abstract: The design and synthesis of functionalized isoindigo compounds by reaction of
isoindigo with (S)-glycidyl tosylate, epibromohydrin, 2-(bromomethyl)-1-(arylsulfonyl)aziridine, and
2-(bromomethyl)-1-(alkylsulfonyl)aziridine in the presence of MeONa proceed under mild conditions
in moderate yields. (3Z,3'Z)-3,3"-(Ethane-1,2-diylidene)bis(1-(oxiran-2-ylmethyl)indolin-2-one), with
an extended central olefin 7-conjugated moiety was also reacted with methyl-oxiranes to give the
corresponding N,N’-disubstituted derivative. Calculations with DFT and TD-DFT of hypothetical
isoindigo-thiophene DA molecules with various electron withdrawing substituents, including
aziridine, oxirane, nitrile, carbonyl, and sulfonate, indicated that the proximity and strength of the
functional group have a significant effect on the HOMO, LUMO, vertical excitation energy, and
oscillator strength of the m—m* transitions.

Keywords: isoindigo alkylation; organic semiconductor; donor-acceptor functionalization; density
functional theory; time dependent density functional theory

1. Introduction

The synthesis of new dyes with intense absorption in the visible spectrum is of interest in the
development of high-performance organic electronic materials [1-3]. For example, donor-acceptor
(DA) type semiconductors have been investigated widely for potential application in the design and
application of organic-based solar-cell devices. Ideal acceptor building block molecules would possess
strong electron withdrawing character, should be solution processable, be of low cost, easily accessible
and have excellent stability.

Isoindigo, the structural isomer of the better-known indigo, has been the subject of numerous
studies of solar-cell technologies [4-12]. It is an electron-deficient moiety, as indicated by low highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energies,
essential for small bandgap DA systems [10]. Furthermore, isoindigo features NH functionalities,
which are easily alkylated, allowing facile derivative synthesis [13,14]. This method has been employed
to modify a variety of DA systems that have been noted to influence solubility, aggregation, light
absorption, blend morphology, charge-carrier mobility, stability, and electronic properties [11,12,15-24].
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In the design of DA-semiconductors, N-alkylation is primarily used to influence solubility;
this has previously been investigated both experimentally and theoretically for isoindigo-based
materials [15,16,19,24,25]. These studies, however, did not investigate the effect of functional groups,
neglecting their potential influence on the electronics of the DA system. Such effects have been explored
in other polymeric systems, and were found primarily to affect the donor and acceptor strength, in
addition to film morphology. Extensive experimental screening of new DA-semiconducting molecules
can be an expensive process consuming time and resources hence the application of computational
theory has become common in screening for new molecules [5,19,25]. Density functional theory (DFT)
and the respective time-dependent (TD)-DFT are the most popularly applied theories due to their
reasonable accuracy with an attractive computational cost. Within the TD-DFT sphere, the hybrid
functional B3LYP combined with Pople basis sets are routinely applied and have generally provided
good prediction of singlet excitations [26,27]. However, it has been noted hybrid functionals perform
poorly with charge transfer states, which has previously been attributed to isoindigo [28]. To account for
this, the long range corrected CAM_B3LYP functional was developed, which has since been considered
a more robust method for investigating excited states through TD-DFT, particularly with respect to
charge transfer states and oscillator strengths [26-30].

In addition to the calculated vertical excitation energies and their respective oscillator strengths,
TD-DFT calculation provides information regarding the molecular orbitals (MOs) involved in the
transition. This information can be utilized for qualitative analysis, such as identification of charge
transfer states. For the first excitation, the MOs are generally sufficient since the transition is generally
only composed of a direct HOMO to LUMO excitation. For higher energy transitions however, the
contributions of multiple MOs to an excitation can make their subsequent analysis difficult. To
overcome this problem, the natural transition orbital (NTO) transformation was developed, which
offers a simplified orbital representation of the electronic transition density matrix by its mathematical
diagonalization [31]. Therefore, by transforming each TD-DFT transition density matrix, each
vertical excitation can be satisfactorily described by one or two pairs of excited “particle” and empty
“hole” orbitals.

We report here the continued exploration of the N-alkylation of isoindigo, with a focus
on the incorporation of aziridines and epoxides, which are valuable synthetic building blocks
for subsequent synthetic manipulation [32-34]. The N-alkylation of the related (3Z,3'Z)-3,3'-
(ethane-1,2-diylidene)bis(indolin-2-one) as an extended m-conjugated dimeric heterocycle was also
investigated. Selected isoindigo-aziridine and -oxirane derivatives were then studied using DFT and TD
DFT for isoindigo-thiophene DA monomers and dimers and compared with the previously characterized
PTI1 [25], alkylated analogue in order to establish the effect of functional groups on photophysical
properties. Results were further probed by investigating other proposed N-alkylations with
electron-withdrawing functional groups, which focused on changes to the calculated vertical excitations.

2. Results

2.1. Chemical Synthesis and Characterisation

The N-substituted reactions of isoindigo (Scheme 1) and (3Z,3’Z)-3,3’-(ethane-1,2-diylidene)bis
(indolin-2-one) (Scheme 2) with epoxides of (S)-glycidyl tosylate, epibromohydrin and
aziridine heterocycles such as 2-(bromomethyl)-1-(arylsulfonyl)aziridine, and 2-(bromomethyl)-1-
(alkylsulfonyl)aziridine were investigated, using sodium methoxide as a base. Therefore, reaction of
isoindigo 1 with (S)-glycidyl tosylate or epibromohydrin 2 gave the (E)-1,1"-bis(oxiran-2-ylmethyl)-
[3,3’-biindolinylidene]-2,2’-diones 3 in 71% and 65% yield respectively.
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Scheme 1. Synthesis of isoindigo derivative 3.

+ OV/\X MeONa, DMF, 40 °C, 4 h
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4 2 5
Scheme 2. Synthesis of (3Z,3'Z)-3,3’-(ethane-1,2-diylidene)bis(1-(oxiran-2-ylmethyl)indolin-2-one) 5.

In a typical example, analysis of the 3C NMR spectra of compound 3 showed a resonance at & 44.1
assigned to C2” of epoxide ring. Analysis of the 'H NMR spectrum showed two doublets of doublets
at 5 3.61 (/ =15.1,5.5 Hz), and 6 4.20 (J = 15.0, 3.2 Hz) assigned to H3” with protons of CH,O assigned
to a multiplet at 6 2.60-2.62 and a triplet at 4 2.76 due to the a stereogenic C2”. Broad absorption bands
with maxima at 204 nm and 390 nm were observed in the UV-vis spectrum.

The isoindigo analogue (3Z,3’Z)-3,3’-(ethane-1,2-diylidene)bis(indolin-2-one) 4 is an extended
m-conjugated dimeric heterocycle that has recently been investigated for applications in performance
organic semiconductors [35]. Derivatives of this molecule were synthesized by reaction of 4 with
(S)-glycidyl tosylate or epibromohydrin 2 in the presence of MeONa in DMF at 40 °C for 4 h, which
gave (3Z,3'Z)-3,3’-(ethane-1,2-diylidene)bis(1-(oxiran-2-ylmethyl)indolin-2-one)s 5 in 68% and 62%
yield respectively (Table 1). Analysis of the FTIR spectrum of 5 showed an absorption at 1689 cm™!
assigned to the two identical carbonyl moieties and the UV-vis spectrum showed two absorption
maxima at 201 and 302 nm for this red compound. The HRESI mass spectrum showed a peak at m/z
423.1313, assigned to the molecular formula Cy4Hy9N,O4Na and was indicative of the addition of two
2-methyloxirane units.
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Table 1. Reaction of isoindigo with aziridine derivatives producing N,N-disubstituted derivatives.

R o
O:\S/’
N

RS MeONa, DMF, rt, 8 h

//S\:O
O R
1 6a-i 7, 53-60%

Entry Compound R Yield %
1 7a propyl 58
2 7b isopropyl 57
3 7c ethyl 59
4 7d methyl 60
5 7e 57
6 7f 53
7 7g 54
8 7h 56
9 7i 521

1 A diastereomeric mixture of S,R and S,S was produced.

The diverse array of 2-(bromomethyl)-1-(arylsulfonyl)aziridines, and 2-(bromomethyl)-1-
(alkylsulfonyl)aziridines 6 constitute a unique subclass of N-activated aziridines due to the presence
of three electrophilic sites; the exocyclic methylene group and the two carbon atoms of the aziridine
moiety [36-38]. These valuable precursors, with extensive applications in the synthesis of organic or
biological compounds such as -lactams, amino acids, alkaloids, and antibiotics, were synthesized in
high yields in two steps starting with allylsulfonamides [39].

The synthesis of the functionalized red-coloured (E)-1,1’-bis((1-(alkylsulfonyl)aziridin-2-
yl)methyl)-[3,3’-biindolinylidene]-2,2’-diones and (E)-1,1’-bis((1-(arylsulfonyl)aziridin-2-yl)methyl)-
[3,3’-biindolinylidene]-2,2’-diones 7a-7h from 2-(bromomethyl)-1-(arylsulfonyl)aziridine, and
2-(bromomethyl)-1-(alkylsulfonyl)aziridine 6 proceeded in 53%—60% yield (Table 1). Analysis of
the FTIR spectrum of 7a showed stretches at 1678 cm™! assigned to the two carbonyl groups while
the stretches at 1290 and 1196 cm™! were assigned to the sulfonamide moiety. Analysis of the 'H
NMR spectrum showed doublets of doublets at § 3.81 (J = 15.0, 5.4 Hz) and 4.08 (] = 14.9, 2.4 Hz),
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doublets at 5 2.20 (] = 4.2 Hz) and 2.57 (J = 6.9 Hz), a triplet at 5 0.96 ppm (J] = 7.4 Hz), and three
multiplet resonances at 6 1.70-1.79, 2.87-2.91, and 2.99-3.02 assigned to the aliphatic protons of
(E)-1,1-bis((1-(propylsulfonyl)aziridin-2-yl)methyl)-[3,3’-biindolinylidene]-2,2"-dione 7a. The 13¢C
NMR spectrum showed two resonances at & 35.11 and 35.13 assigned to C3” and resonances at 6
39.43 and 39.45 ppm were assigned to C1” indicating a mixture of diastereomers present due to the
stereogenicity of aziridine C2”. The UV-vis spectrum showed two absorption maxima at 203 and 390
nm for this red compound.

The utility of the protocol was extended to the reaction of isoindigo 1 with (15,45/R)-1-(((2-(brom
omethyl)aziridin-1-yl)sulfonyl)methyl)-7,7-dimethylbicyclo[2.2.1]heptan-2-one 6i produced from
enantiomerically pure (S)-10-camphor sulfonyl chloride as mixtures of SR and SS isomers in DMF at
35-40 °C to give the (E)-1,1"-bis((1-((((15,4S/R)-7,7-dimethyl-2-oxobicyclo[2.2.1]heptan-1-yl)methyl)su
Ifonyl)aziridin-2-yl)methyl)-[3,3"-biindolinylidene]-2,2’-dione 7i in 52% yield (Table 1, entry 9). Analysis
of the FTIR spectrum of 7i showed absorptions at 1740 and 1693 cm™! assigned to the carbonyls
of the ketone and amide moieties. Analysis of the '3 C NMR spectrum revealed four resonances at
166.90, 166.94, 212.6, and 213.1 ppm assigned to carbonyls of the amide and ketone respectively. These
observations are in agreement with the formation of the stable 7i as two diastereomers. The presence
of two singlet resonances at 6 0.69 and 0.97 with an integration equivalent to two methyl groups in
'H NMR spectrum is a further confirmation of the synthesis of the SR and SS isomers. The HRMS
spectrum of this molecule displayed a peak at 799.2875, assigned to molecular formula C4pHsgN4OgS;.

2.2. Computational Studies

Toinvestigate the theoretical application of the synthesized N-alkylated molecules in DA-molecules,
molecular modelling of theoretical thiophene isoindigo molecules was performed on DFT optimized
monomer and dimer structures (Figure 1). Only the substitution of mesyl protected aziridine
(Me-aziridine) and oxirane (Me-oxirane) were modelled, and these were compared with an iso-butyl
substitution (PTI1), which has previously been characterized [25].

0]

\ Me

o8, 2
}{W/ %N % kﬁo C\\N

R= o Me
o 0 W\ _Me /©/
- @)

%LMe }%ko/ %S\\

— - n

kS
@) \
=3y
Figure 1.  Hypothetical donor-acceptor (DA)-semiconductor molecules investigated with

density-functional theory (DFT) and time-dependent (TD)-DFT calculations. n = 0 for monomers, n =1
for dimers.

Analysis of the TD-DFT calculations indicated that substitution with the Me-oxirane had negligible
effect on the vertical excitations and therefore the modelled UV-vis absorption (Figure 2). The aziridine
substitution did, however, result in a red shift and increased oscillator strength for the first vertical
excitation. Despite the methyl group separating the aziridine ring from the isoindigo unit, it is apparent
that functional groups do influence the electronics of the principle DA system.
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Figure 2. Modelled UV-vis spectra for thiophene-N,N’substituted isoindigo (a) monomers and (b)
dimers. Calculated with TD-CAM-B3LYP/6-31+G(2d,p).

To probe and obtain a better understanding of this N-substitution effect, a series of electron-
withdrawing substitutions were subsequently modelled, including nitrile, carbonyl, and sulfonate-
based substitutions (Figure 1). Comparison of the optimized monomer geometries revealed
substitutions with a greater electron withdrawing character altered C3-C3" and C2”-C6 torsion
angles and resulted in a more twisted core (Figure 3). The Me-aziridine substitution was the exception
to this trend, wherein the change was towards a more planar geometry. This is not likely to be a
steric effect, since the N-substitution groups are well placed facing out from the system. Nevertheless,
because of the separation of the aziridine moiety from the DA system core, this flatter geometry
is likely the reason for the observed energy red shift and oscillator strength increase for the first
vertical transition.

R= iso-Butyl Me-Oxirane = Me-Aziridine  Acetonitrile Mesylate
C2-C3-C37-C2’ -165.547 165.783 170.366 164.210 156.736
C7-C6-C2"7-51" -23.988 23.396 -20.995 22.411 19.358

Figure 3. (a) Thiophene-isoindigo with atom numbers included. (b) Overlay of thiophene-isoindigo
monomers with iso-butyl (blue), acetonitrile (green) and mesylate (red) N,N’-disubstitutions. Table
shows torsion angles in the thiophene-isoindigo system for selected substitutions.

Comparison of the modelled absorption spectra revealed a general energy red shift and oscillator
strength increase for the first vertical excitation, with a decrease in oscillator strength for the next
prominent vertical excitation. The most prominent difference between the monomer and dimer vertical
excitations was a general red shift of the energies, in addition to an almost 3-fold increase in the
oscillator strength of the first vertical excitation, which was interpreted as being due to increasing the
size of the 7t system, in agreement with theory and experiment [5].



Molecules 2019, 24, 3649 7 of 15

The changing oscillator strengths was a distinct observation. It has been previously noted that
increasing the number of electrons in the molecule, in our case with the substituents, will give an
increase of oscillator strength in TD-DFT calculations [40]. However, it was observed here that
only specific transitions underwent significant change, and did not always increase in oscillator
strength. Furthermore, molecular modelling of thiophene-isoindigo monomers with hexyl carbonyl
N-substitutions, where the position of the carbonyl is changed, indicated the calculated vertical
excitations are directly influenced by the proximity of the carbonyls (Figure 4).

90,000 Isomer

1
80,000 2
3
70,000 —y
60,000
"€ 50,000
Q
= 40,000
®
30,000
20,000
10,000 \ /
0200 250 300 350 400 450 500 550 600 650 700
A /nm
a b

Figure 4. (a) Modelled N,N’-dihexylcarbonyl-isoindigo thiophene isomers, with the 4 potential carbonyl
positions labelled 1-4. (b) the resultant TD-DFT output shown as a UV-vis plot.

As oscillator strength is related to the transition dipole moment [30], it is possible the MOs
involved are changing such that the orbital overlap between the ground and excited state are different.
Therefore, to investigate this proposition further, the character of these transitions, the MOs and NTOs
were calculated for iso-butyl, acetonitrile and mesylate substituted molecules, as a sample of the
complete set of molecules studied. In all TD-DFT calculations, the 1st vertical excitation was found to
consist primarily of the HOMO and LUMO, which were found to be 7i/7t* in character, in agreement
with previous studies (Figure 5 and Figure 54) [4-6]. Visual comparison of these molecular orbitals
indicated similar shape and distribution, with delocalization of 7w and 7t* orbitals on the isoindigo and
thiophene moieties.

HOMO HOMO HOMO
a b C

Figure 5. The highest occupied molecular orbital (HOMO)/lowest unoccupied molecular orbital (LUMO)
pairs for (a) iso-butyl, (b) acetonitrile, and (c) mesylate substitutions (monomers). Isovalue = 0.04.
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The MO analysis indicated the principle MOs are consistent, independent of the specific
N,N’-substitutive groups present, and therefore the primary changes observed can be related to
the inductive influences of the respective substitutions. Inspection of the calculated orbital energy
levels for the monomers indicated similar stabilization of the HOMO and LUMO for weaker inductive
groups, i.e., Me-oxirane or Me-aziridine, up to 0.05 eV. Derivatives with stronger inductive groups, i.e.,
the sulfonates and carbonyls, showed greater LUMO stabilization, up to 0.36 eV (Table S1).

To analyze the next major vertical excitation, NTO analysis was used to simplify the mixed
occupied component. This 7t/7t* transition was similar to the 1st excitation, however, minimal electron
density is present on the thiophene moiety, and disappears completely with mesylate substitution
(Figure 6). This is particularly interesting in relation to the oscillator strengths calculated, whereby
the 1st vertical excitation increased, this excitation has decreased. Relating this back to the observed
changes in geometry, it can be rationalized in terms of conjugation, whereby the 1st excitation is
delocalized over both isoindigo and thiophene, the increased planarity of the thiophene-isoindigo
bond improves the orbital overlap and conjugation. The 3rd excitation however, is localized on the
isoindigo because twisting has hindered orbital overlap and conjugation. This can be seen in the NTO
analysis, where the 7 orbital seen in the iso-butyl substituted isoindigo central C2=C2" alkene loses
orbital overlap with acetonitrile or mesylate substitution and resulted in more p-type orbitals over the
C2 and C2’carbons.

Hole Hole Hole
Ai=0.97 Ai=0.97 Ai=0.97
a b C

Figure 6. Natural transition orbitals for the 3rd vertical excitation calculated with TD-DFT for monomers
(a) iso-butyl, (b) acetonitrile, and (c) mesylate substitutions. Eigenvalue (};) for the transition also
provided, isovalue = 0.04.

From the MO and NTO analyses performed here no significant patterns were found to relate
the electron density distribution and the TD-DFT patterns observed. Like the 1st excited state
HOMO to LUMO transition, substitutions with electron-withdrawing groups lower the energy of
the principle 7-states. Based on the TD-DFT excitation patterns, in agreement with the changes
observed in the HOMO and LUMO energy levels, the result reported here is in agreement with those
previously found for substitutive effects in other molecules [5,18]. That is, N-alkylation of isoindigo in
DA-semiconductor molecules has an opto-electronic stabilizing effect on the MOs, particularly the
LUMO when electron-withdrawing groups are used, however they are not directly involved in any
transitions. Therefore, the N-alkylation of isoindigo with electron-withdrawing substituents red-shifts
the first vertical optical transition and could provide useful chromophores for subsequent reactions
or functionalization.
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3. Conclusions

An efficient synthesis of the functionalized red-colored (E)-1,1"-bis((1-(alkylsulfonyl)aziridin-
2-yl)methyl)-[3,3"-biindolinylidene]-2,2’-diones 7a—d and (E)-1,1’-bis((1-(arylsulfonyl)aziridin-2-yl)me
thyl)-[3,3’-biindolinylidene]-2,2’-diones 7e-h has been accomplished starting from accessible
N-activated Me-aziridine substrates using inexpensive sodium methoxide as base at room temperature.
This approach was applied successfully to the synthesis of (E)-1,1’-bis(oxiran-2-ylmethyl)-[3,3’-
biindolinylidene]-2,2’-dione by the incorporation of the appropriate leaving group, such as Br or OTs,
into the epoxide substrate.

To investigate the applicability of these molecules in DA based solar cells, molecular modelling
showed these N-substitutions had minimal influence on the electronics of the primary DA system.
Further computational investigations indicated that the proximity of functional groups with the
DA system is important, and proposed acetonitrile, carbonyl or sulfonate substitutions can have a
substantial effect. Briefly, this included a lowering of the HOMO and particularly the LUMO energies,
with a respective increase in oscillator strength and decrease in energy for the 1st vertical excitation
(HOMO to LUMO).

4. Experimental Section

4.1. General Methods

Reagents and solvents were purchased reagent grade and used without further purification except
2-(bromomethyl)-1-(arylsulfonyl)aziridine and 2-(bromomethyl)-1-(alkylsulfonyl)aziridine (1.5 mmol),
2-(bromomethyl)-1-tosylaziridine, 2-(bromomethyl)-1-(phenylsulfonyl)aziridine, 2-(bromomethyl)-1-
(methylsulfonyl)aziridine. All reactions were performed in standard oven dried glassware under a
nitrogen atmosphere unless otherwise stated. Melting point temperatures are expressed in degrees
Celsius (°C) and are uncorrected. 'H and 3C NMR spectra (CDCl3) were recorded at 400 MHz
and 100.6 MHz respectively with chemical shifts (8) reported in parts per million relative to TMS
(6 = 0 ppm) or CDCl3 (6 = 77.0 ppm) as internal standards. Coupling constants (J) are reported in
Hertz (Hz). Multiplicities are reported as singlet (s), broad singlet (bs), doublet of doublets (dd),
or multiplet (m). High Resolution Electrospray Ionization (HRESI-single quadrupole) mass spectra
have their ion mass to charge (m/z) values stated with their relative abundances as a percentage in
parentheses. Peaks assigned to the molecular ion are denoted by [M + H]" or [M + Na]*. Infrared
(IR) spectra were recorded on neat samples. UV-visible spectra were recorded CH,Cl, solutions.
Thin Layer Chromatography (TLC) was performed using Silica Gel F54 aluminum sheets. Column
chromatography was performed under gravity using Silica Gel 60 (0.063-0.200 mm). Eluents are in
volume to volume (v:v) proportions. Solvent extracts or chromatographic fractions were concentrated
by rotary evaporation in vacuo.

4.2. Synthesis and Characterisation

(E)-1,1"-bis(oxiran-2-ylmethyl)-[3,3"-biindolinylidene]-2,2’-dione (3). To a stirred solution of isoindigo
1 (131 mg, 0.5 mmol) in DMF (3 mL) was added sodium methoxide solution (59.4 mg, 1.0 mmol) in
DMF (2 mL) at room temperature. The reaction mixture stirred for 20 min, followed by the addition of
the (S)-glycidyltosylate or epibromohydrin (1.5 mmol) and the reaction stirred for 5 h at 40 °C. The
mixture was poured onto H,O (10 mL), extracted with CH,Cl, (20 mL), dried (MgSOy), and the solvent
was removed under reduced pressure. The residue was subjected to silica gel (0.063—0.200 size) column
chromatography using hexane-ethyl acetate as eluent. Red powder, m.p. 158 °C. IR (KBr) (Vyax/cm™1):
1682, 1604, 1464, 1353, 846, 774. Ayax/nm (e, M~! em™1) 204 (39120), 390 (1091). 'H NMR (400.1 MHz,
CDCly): § 2.60-2.62 (m, 2H), 2.76 (t, | = 4.3 Hz, 2H), 3.13-3.15 (m, 2H), 3.61 (dd, ] = 15.1, 5.5 Hz, 2H),
420 (dd,J=15.0,3.2 Hz, 2H), 6.87 (d, ] = 7.8 Hz, 2H), 6.98 (t, ] = 7.6 Hz, 2H), 7.28 (t, ] = 7.6 Hz, 2H),
9.07 (d, ] = 7.9 Hz, Hz, 2H). *C NMR (100.6 MHz, CDCl3): 5 41.0, 44.1, 48.8, 107.6, 120.4, 121.5, 128.8,
131.7,132.2, 143.6, 166.9. HRMS (ESI) [M + Na]* calcd for Cp;H1gsN,O4Na 397.1164, found, 397.1176.
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(3Z2,3'Z)-3,3’-(ethane-1,2-diylidene)bis(1-(oxiran-2-ylmethyl)indolin-2-one) (5). To a stirred solution of
(32,3'Z)-3,3’-(ethane-1,2-diylidene)bis(indolin-2-one) 4 (131 mg, 0.5 mmol) in DMF (3 mL) was added
sodium methoxide solution (59.4 mg, 1.0 mmol) in DMF (2 mL) at room temperature. The reaction
mixture stirred for 20 min, followed by the addition of the (S)-glycidyltosylate or epibromohydrin
(1.5 mmol) and the reaction stirred for 5 h at 40 °C. The mixture was poured onto H,O (10 mL),
extracted with CH,Cl, (20 mL), dried (MgSOy), and the solvent was removed under reduced pressure.
The residue was subjected to silica gel (0.063-0.200 size) column chromatography using hexane-ethyl
acetate as eluent. Red powder, m.p. 150 °C. IR (KBr) (vuax): 1689, 1603, 1465, 1346, 1093, 711, 679 emL.
Amax/nm (e, M~ em™1) 201 (2767), 302 (2929). 'H NMR (400.1 MHz, CDCl3): 5 2.61-2.63 (m, 2H), 2.78
(t, ] =4.1 Hz, 2H), 3.16 (s, 2H), 3.60 (dd, ] = 15.0, 5.4 Hz, 2H), 4.18 (dd, ] = 15.1, 2.9 Hz, 2H), 6.90 (d,
] =7.8 Hz,2H), 6.98 (t, ] = 7.5 Hz, 2H), 7.23 (t, ] = 7.7 Hz, 2H), 7.55 (d, ] = 7.4 Hz, 2H), 8.91 (s, 2H). 13C
NMR (100.6 MHz, CDCl3): 5 40.6, 44.1, 48.9,108.1, 120.2, 121.5, 122.0, 127.9, 129.7, 129.8, 141.9, 166.1.
HRMS (ESI) [M + Na]+ caled for C24H20N204Na 423.1321, found, 423.1313.

4.2.1. General procedure for the synthesis of 7

To a magnetically stirred solution of isoindigo 1 (131 mg, 0.5 mmol) in DMF (3 mL) was added
sodium methoxide solution (59.4 mg, 1.0 mmol) in DMF (2 mL) at room temperature. The reaction
mixture stirred for 20 min, followed by the addition of the 2-(bromomethyl)-1-(arylsulfonyl)aziridine,
or 2-(bromomethyl)-1-(alkylsulfonyl)aziridine (1.5 mmol) and the reaction stirred for 12 h at room
temperature. The mixture was poured onto H,O (10 mL), extracted with CH,Cl, (20 mL), dried
(MgS0Qy), and the solvent was removed under reduced pressure. The residue was subjected to silica
gel (0.063-0.200 size) column chromatography using hexane-ethyl acetate as eluent.

(E)-1,1"-bis((1-(propylsulfonyl)aziridin-2-yl)methyl)-[3,3’-biindolinylidene]-2,2"-dione (7a). Red powder,
Yield 58%, m.p. 125 °C. IR (KBr) (Vyuay): 1678, 1606, 1464, 1315, 1290, 1259, 1230, 1196, 1139, 681 cm ™.
Amax/nm (e, M~1 em™1) 203 (1262), 390 (416). 'H NMR (400.1 MHz, CDCl3): 5 0.86 (t, ] = 7.4 Hz, 6H),
1.70-1.79 (m, 4H), 2.20 (d, ] = 4.2 Hz, 2H), 2.57 (d, ] = 6.9 Hz, 2H), 2.87-2.91 (m, 4H), 2.99-3.02 (m, 2H),
3.81 (dd, ] = 15.0, 5.4 Hz, 2H), 4.08 (dd, ] = 14.9, 2.4 Hz, 2H), 6.85 (d, ] = 7.7 Hz, 2H), 7.01 (t, ] = 7.7 Hz,
2H), 7.31 (t, ] = 7.5 Hz, 2H), 9.06 (d, ] = 7.9 Hz, 2H). 13C NMR (100.6 MHz, CDCl3): § 11.8, 15.8,29.9,
35.11, 35.13, 39.43, 39.45, 53.1, 107.4, 120.4, 121.7, 128.9, 131.7, 132.0, 143.2, 166.9. HRMS (ESI) [M + H]*
caled for CpgH3rN4OgS>Na 607.1661, found, 607.1652.

(E)-1,1"-bis((1-(isopropylsulfonyl)aziridin-2-yl)methyl)-[3,3"-biindolinylidene]-2,2’-dione (7b). Red
powder, Yield 57%, m.p. 142 °C. IR (KBr) (Vmay/cm™1): 1691, 1607, 1466, 1354, 1307, 1260, 1095,
1017, 796. Apax/nm (e, M~! cm™1) 219 (1228), 272 (1324). 'H NMR (400.1 MHz, CDCl3): & 1.30 (d,
] =5.4Hz, 12H),2.20 (d, ] = 4.2 Hz, 2H), 2.56 (d, ] = 6.9 Hz, 2H), 3.01-3.02 (m, 2H), 3.12 (q, ] = 6.8 Hz,
2H), 3.93 (dd, | = 15.0, 4.6 Hz, 2H), 4.03 (dd, ] = 10.6, 3.2 Hz, 2H), 6.85 (d, ] = 7.8 Hz, 2H), 7.01 (t,
] =7.8 Hz, 2H), 7.31 (t, ] = 7.2 Hz, 2H), 9.06 (d, ] = 7.9 Hz, 2H). 13C NMR (100.6 MHz, CDCl3): § 15.2,
15.3,30.7, 34.1, 39.2, 52.6, 107.5, 120.4, 121.7, 128.8, 131.6, 132.1, 143.3, 167.0. HRMS (ESI) [M + Na]*
caled for CogH3oN4OgSoNa 607.1661, found, 607.1691.

(E)-1,1"-bis((1-(ethylsulfonyl)aziridin-2-yl)methyl)-[3,3’-biindolinylidene]-2,2’-dione (7c). Red powder,
Yield 59%, m.p. 142 °C. IR (KBr) (Vyax/cm™1): 1690, 1607, 1465, 1312, 1142, 741. Aygx/nm (e, M~! cm™1)
202 (2972), 273 (1742). 'TH NMR (400.1 MHz, CDCls): & 1.34 (t, ] = 7.4 Hz, 6H), 2.28 (d, ] = 4.2 Hz, 2H),
2.65(d, ] = 6.9 Hz, 2H), 3.01-3.11 (m, 6H), 3.92 (dd, | = 14.5, 4.9 Hz, 2H), 4.15 (dd, ] = 15.0 Hz, 4.0 Hz,
2H), 6.93 (d, ] = 7.8 Hz, 2H), 7.08 (t, ] = 7.6 Hz, 2H), 7.39 (t, ] = 8.0 Hz, 2H), 9.13 (d, ] = 7.6 Hz, 2H). 13C
NMR (100.6 MHz, CDCl3): 6 7.7, 31.2, 35.96, 35.98, 40.41, 40.44, 47.0, 108.5, 121.4, 122.8, 129.9, 132.7,
133.1, 144.2, 168.0. HRMS (ESI) [M + Na]* calcd for CpgHpsN4OS;Na 579.1348, found, 579.1374.

(E)-1,17-bis((1-(methylsulfonylaziridin-2-yl)methyl)[3,3’-biindolinylidene]-2,2’-dione (7d). Red powder,
Yield 60%, m.p. 171 °C. IR (KBr) (Vyuax/cm™1): 1680, 1603, 1463, 1141, 1097, 973, 773. Ayax/nm (e, M~}
cm™1) 203 (1254), 272 (889). 'H NMR (400.1 MHz, CDCly):  2.32 (d, ] = 4.2 Hz, 2H), 2.67 (d, ] = 6.9 Hz,
2H), 2.90 (m, 6H), 3.08 (s, 2H), 3.81-3.86 (m, 2H), 4.20 (dd, | = 15.0, 4.0 Hz, 2H), 6.95 (d, ] = 7.7 Hz, 2H),
7.09 (t,] = 7.6 Hz, 2H), 7.40 (t, ] = 7.5 Hz, 2H), 9.14 (d, ] = 7.7 Hz, 2H). '3C NMR (100.6 MHz, CDCl3): &
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31.0, 36.8, 39.6, 40.5, 108.5, 121.4, 121.9, 130.0, 132.8, 133.1, 144.1, 168.0. HRMS (ESI) [M + Na]* calcd for
Co6HpgN4OgSp,Na 551.1035, found, 551.1060.

(E)-1,17-bis((1-(m-tolylsulfonyl)aziridin-2-yl)methyl)[3,3 -biindolinylidene]-2,2’-dione (7e). Red powder,
Yield 57%, m.p. 138 °C. IR (KBr) (Vyax/cm™'): 1682, 1606, 1466, 1354, 1155, 1091, 740, 687. Ayax/nm
(e, M~1 em™1) 223 (1740), 272 (868). 'H NMR (400.1 MHz, CDCl3): & 2.08 (s, 6H), 2.28 (d, ] = 4.2 Hz,
2H), 2.77-2.81 (m, 2H), 3.03-3.05 (m, 2H), 3.44-3.55 (m, 2H), 4.03-4.41 (m, 2H), 6.62 (d, | = 7.8 Hz, 2H),
6.92-7.16 (m, 6H), 7.19 (d, ] = 6.2 Hz, 2H), 7.16-7.20 (m, 2H), 7.40-7.44 (m, 2H), 8.90 (d, ] = 7.9 Hz,
2H). 13C NMR (100.6 MHz, CDCI3): § 20.1, 30.2, 36.6, 39.7, 39.9, 107.2, 107.3, 120.2, 121.4, 123.7, 127.0,
127.6, 128.7, 128.8, 131.4, 131.6, 133.5, 135.9, 138.2, 142.7, 166.5. HRMS (ESI) [M + Na]* caled for
C36H32N40652Na 703.1661, found, 703.1674.

(E)-1,1-bis((1-tosylaziridin-2-yl)methyl)[3,3 -biindolinylidene]-2,2"-dione (7f). Red powder, Yield 53%,
m.p. 144 °C. IR (KBr) (Viayx/cm™'): 1688, 1603, 1466, 1321, 1259, 1175, 1088, 1014, 793. Apax/nm (e,
M~ em™1) 212 (1438), 272 (966). 'H NMR (400.1 MHz, CDCls): § 2.10 (b, 6H), 2.28 (s, 2H), 2.79 (t,
] =6.2Hz, 2H), 3.00 (s, 2H), 3.35-3.47 (m, 2H), 4.08 (td, ] = 14.3, 2.6 Hz, 2H), 6.60-6.61 (m, 2H), 6.85 (t,
J=7.7Hz,4H), 6.95 (t,] = 7.6 Hz, 2H), 7.19 (b, 2H), 7.47 (t,] = 7.16 Hz, 4H), 8.92 (d, | = 7.8 Hz, 2H).
13C NMR (100.6 MHz, CDCl3): §20.4, 30.1, 30.2, 36.7, 36.8, 39.9, 40.0, 107.3, 107.4, 120.2, 121.3, 126.5,
128.2,128.36, 128.39, 131.56, 131.59, 133.0, 133.1, 142.7, 143.7, 166.5 HRMS (ESI) [M + Na]* calcd for
C36H32N4O652Na 703.1661, found, 703.1655.

(E)-1,1"-bis((1-(phenylsulfonyl)aziridin-2-yl)methyl)[3,3"-biindolinylidene]-2,2’-dione (7g). Red powder,
Yield 54%, m.p. 148 °C. IR (KBr) (Vmax/em™1): 1679, 1612, 1435, 1353, 1318, 1084, 745. Ayay/nm (€,
M~ em™1) 218 (1251), 245 (1857). 'H NMR (400.1 MHz, CDCl3): § 2.36-2.37 (m, 2H), 2.84-2.87 (m,
2H), 3.10-3.12 (m, 2H), 3.51-3.60 (m, 2H), 4.08-4.15 (m, 2H), 6.67 (d, ] = 7.8, 2H), 7.01 (t, ] = 7.7 Hz,
2H), 7.16-7.21 (m, 6H), 7.23-7.35 (m, 2H), 7.68 (d, ] = 8.0 Hz, 2H), 8.93 (d, ] = 7.9 Hz, 2H). 13C NMR
(100.6 MHz, CDCl3): 6 31.40, 31.43, 37.66, 37.69, 40.7, 40.8, 108.30, 108.34, 121.3, 122.4, 127.5, 128.75,
128.77,129.64, 129.69, 132.5, 132.7, 133.7, 137.0, 137.1, 143.7, 169.5. HRMS (ESI) [M + Na]* calcd for
C36H32N4O682Na 675.1345, found, 675.1371.

(E)-1,1"-bis((1-((4-isopropylphenyl)sulfonyl)aziridin-2-yl)methyl)-3,3’-biindolinylidene]-2,2"-dione (7h).
Red powder, Yield 56%, m.p. 136 °C. IR (KBr) (Vmax/em™1): 1691, 1603, 1321, 1158, 1092, 744. Amax/nm
(e, Mt em™1) 211 (634), 272 (604). "H NMR (400.1 MHz, CDCl3): § 1.15 (b, 12H), 2.32 (s, 2H), 2.78 (d,
] = 6.7 Hz, 2H), 3.12 (s, 2H), 3.47-3.48 (m, 2H), 3.63-3.68 (m, 2H), 4.09-4.12 (m, 2H), 6.72 (d, ] = 7.5 Hz,
2H),7.02 (t,] = 7.3 Hz, 2H), 7.13 (s, 4H), 7.26 (s, 2H), 7.66 (d, | = 7.2 Hz, 4H), 8.99 (d, ] = 7.4 Hz, 2H).
13C NMR (100.6 MHz, CDCl3): & 22.3,22.4, 30.3, 32.9, 36.4, 39.7, 107.4, 120.2, 121.5, 125.9, 126.8, 128.5,
131.5,131.7, 133.5, 142.9, 154.1, 166.7. HRMS (ESI) [M + H]* calcd for C4gHy1N4OgS, 737.2468, found,
737.2501.

(E)-1,1"-bis((1-((((1S,4S/R)-7,7-dimethyl-2-oxobicyclo[2.2.1]heptan-1-yl)methyl)sulfonyl)aziridin-2-
yl)methyl)[3,3’-biindolinylidene]-2,2’-dione (7i). Red powder, Yield 52%, m.p. 186 °C. IR (KBr)
(Vmax/em™1): 1740, 1693, 1607, 1349, 1146, 1097, 665. Amax/nm (e, M~ em™) 201 (2550), 272 (1110).
'H NMR (400.1 MHz, CDCl3): & 0.69 (s, 6H), 0.92 (s, 6H), 1.29-1.34 (m, 2H), 1.84-1.99 (m, 8H), 2.25
(b, 5H), 2.60-2.62 (m, 2H), 2.80-2.87 (m, 2H), 3.02-3.09 (m, 2H), 3.38-3.53 (m, 3H), 3.80-4.11 (m, 4H),
6.89 (d, ] = 7.2 Hz, 2H), 6.98 (d, ] = 7.2 Hz, 2H), 7.30 (d, ] = 7.6 Hz, 2H), 9.02-9.05 (m, 2H). 13C NMR
(100.6 MHz, CDCl3): 6 14.2,18.5, 18.61, 18.69, 18.7, 23.7, 25.8, 30.3, 30.5, 35.5, 35.9, 39.30, 39.36, 39.42,
39.46,41.3,41.4,41.5,46.9,47.0,48.0,48.2,57.1, 64.8, 107.4, 107.5, 120.5, 121.6, 121.7, 129.0, 129.1, 131.5,
131.6,131.7, 132.1, 143.13, 143.17, 143.2, 166.90, 166.94, 212.6, 213.1. HRMS (ESI) [M — H]* calcd for
C42H47N40852 799.2835, found, 799.2875.

4.2.2. General procedure for the synthesis of 6

To a magnetically stirred solution of N-allylarylsulfonamide or N-allylalkylsulfonamide (20
mmol) in dry dichloromethane (25 mL) at 0 °C was added dropwise a solution bromine (25 mmol) in
dichloromethane (3 mL). The reaction mixture stirred for 30 min at 0 °C and the solvent was removed
in vacuo. The mixture was dissolved in ethanol (15 mL) and added to aqueous NaOH solution (1
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M, 100 mL), stirred for 10 min at room temperature and extracted with ether. The organic solution
was dried (MgSOy), and the solvent removed under reduced pressure to give the products 6. The
spectroscopic data for compounds 6d, 6g, and 6e are in agreement with that reported [41,42].

2-(bromomethyl)-1-(propylsulfonyl)aziridine (6a). Colorless oil, Yield 75%. IR (KBr) (Vyqy/cm™1):
1316, 1143, 932, 794. 'H NMR (400.1 MHz, CDCl3): & 1.10 (t, ] = 7.4 Hz, 3H), 1.93-2.00 (m, 2H), 2.28 (d,
] =4.2Hz, 1H), 2.77 (d, ] = 6.8 Hz, 1H), 3.01-3.04 (m, 1H), 3.16-3.31 (m, 2H), 3.49-3.53 (m, 2H). 13C
NMR (100.6 MHz, CDCl3):  12.9, 16.8, 31.4, 33.2, 39.6, 53.8.

2-(bromomethyl)-1-(isopropylsulfonyl)aziridine (6b). Colorless oil, Yield 80%. IR (KBr) (Vyay/cm™1):
1313, 1139, 931, 878, 724, 629. 'H NMR (400.1 MHz, CDCl3): 6 1.39 (d, ] = 6.8 Hz, 3H), 1.43 (d, ] = 6.8 Hz,
3H),2.20 (d, ] = 4.4 Hz, 1H), 2.70 (d, ] = 6.8 Hz, 1H), 2.96-3.00 (m, 1H), 3.27-3.38 (m, 3H). 13C NMR
(100.6 MHz, CDCl3): 6 15.9, 16.6, 31.2, 33.6, 39.0, 53.5.

2-(bromomethyl)-1-(ethylsulfonyl)aziridine (6¢). Colorless oil, Yield 82%. IR (KBr) (vmux/cm_l): 1316,
1142, 931. 'H NMR (400.1 MHz, CDCly): & 1.42 (t, ] = 7.6 Hz, 3H), 2.22 (d, ] = 4.0 Hz, 1H), 2.72
(d, ] = 6.8 Hz, 1H), 2.96-2.99 (m, 1H), 3.12-3.26 (m, 3H), 3.44 (dd, | = 9.2 Hz, 4.8 Hz, 1H). 3C NMR
(100.6 MHz, CDCl3): 6 6.8, 30.4, 32.3, 38.7, 45.8.

2-(bromomethyl)-1-(m-tolylsulfonyl)aziridine (6f). Colorless oil, Yield 85%. IR (KBr) (Vimax/em™1):
1324, 1305, 1152, 872, 687. 'H NMR (400.1 MHz, CDCl3): § 2.25 (d, | = 8.4 Hz, 1H), 2.44 (s, 3H), 2.82 (d,
] = 6.8 Hz, 1H), 3.08-3.14 (m, 1H), 3.27-3.29 (m, 2H), 7.43-7.46 (m, 2H), 7.74-7.78 (m, 2H). 13C NMR
(100.6 MHz, CDCl3): 6 21.3, 30.6, 34.3, 39.8, 125.3, 128.5, 128.9, 134.7, 137.2, 139.4.

2-(bromomethyl)-1-((4-isopropylphenyl)sulfonyl)aziridine (6h). Colorless oil, Yield 75%. IR (KBr)
(Vmax/cm™1): 1322, 1160, 781, 696. 'H NMR (400.1 MHz, CDCl3): & 1.27 (d, | = 6.8 Hz, 6H), 2.23 (d,
J=4.4Hz, 1H), 2.80 (d, ] = 6.8 Hz, 1H), 2.96-3.01 (m, 1H), 3.08-3.11 (m, 1H), 3.28 (d, ] = 6.8 Hz, 2H),
7.40 (d, ] = 8.0 Hz, 2H), 7.87 (d, ] = 8.4 Hz, 2H). 3C NMR (100.6 MHz, CDCl3): § 22.5,29.6, 33.2, 33.3,
38.7,126.2,127.3,133.6, 154.6.

(1S,4S/R)-1-(((2-(bromomethyl)aziridin-1-yl)sulfonyl)methyl)-7,7-dimethylbicyclo[2.2.1]heptan-2-one (6i).
Colorless oil, Yield 81%. IR (KBr) (Vyayx/cm™1): 1742, 1325, 1146, 930, 793, 689. 'H NMR (400.1 MHz,
CDCly): §0.89 (s, 3H), 1.12 (s, 3H), 1.21 (t, ] = 7.2 Hz, 1H), 1.45-1.48 (m, 1H), 1.74-1.79 (m, 1H), 2.06-2.07
(m, 1H), 2.12-2.14 (m, 1H), 2.30-2.32 (m, 1H), 2.32-2.53 (m, 2H), 2.79 (d, | = 6.8 Hz, 1H), 3.08-3.22 (m,
1H), 3.36-3.49 (m, 2H), 3.66-3.76 (m, 2H). 13C NMR (100.6 MHz, CDCl3): & 15.1,18.2, 19.61, 19.67, 19.7,
24.7,24.8,26.8,31.2,31.3,33.6,33.7,39.6, 39.8, 42.4, 42.6, 48.01, 48.08, 49.0, 49.1, 57.9, 58.1, 58.2, 65.7,
214.23,214.26.

4.3. Computational Method

All molecules investigated were initially subjected to a complete conformational analysis applying
the Drieding forcefield within Materials Studio 2016. The 10 lowest energy conformers were optimized
with VAMP (AM1) and the lowest energy structure subsequently used for DFT and TDDFT calculations
within Gaussian16. All structures, unless specified otherwise, were optimized with B3LYP/6-31G(d) and
confirmed minima by the absence of imaginary frequencies [25]. The MOs, NTOs and vertical excitations
(TD-DFT) were calculated with additional polarization/diffuse functions (B3LYP/6-31+G(2d,p)) and
with a range corrected exchange functional (CAM-B3LYP/6-31+G(2d,p)) for better treatment of potential
charge transfer states [26-29]. Only NTOs with an eigenvalue (A;) greater than 0.10 were analyzed.

Supplementary Materials: The following are available online at http://www.mdpi.com/1420-3049/24/20/3649/s1;

Copies of NMR spectra (*H and 13C) of relevant compounds. The calculated MOs, NTOs, absorption spectra,
HOMO and LUMO energies and XYZ coordinates are also available.

Author Contributions: Conceptualization, G.K., PAK. and T.C.; methodology, G.K. and PM.M.; formal analysis,
G.K. and PM.M,; investigation, G.K., PM.M.; writing—original draft preparation, review and editing G.K., PM.M.
and P.AK,; T.C,; supervision, P.A K. and T.C.; project administration, P.A.K.


http://www.mdpi.com/1420-3049/24/20/3649/s1;

Molecules 2019, 24, 3649 13 of 15

Funding: This research received no external funding.

Acknowledgments: The authors would like to acknowledge the Australian Government Department of Education
and Training, for the awarding of an Endeavour Leadership Program scholarship to PM.M.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Roncali, J. Molecular Bulk Heterojunctions: An Emerging Approach to Organic Solar Cells. Acc. Chem. Res.
2009, 42, 1719-1730. [CrossRef] [PubMed]

Walker, B.; Kim, C.; Nguyen, T. Small Molecule Solution-Processed Bulk Heterojunction Solar Cells. Chem.
Mater. 2011, 23, 470-482. [CrossRef]

Hains, A.; Liang, Z.; Woodhouse, M.; Gregg, B. Molecular Semiconductors in Organic Photovoltaic Cells.
Chem. Rev. 2010, 110, 6689—-6735. [CrossRef] [PubMed]

Ren, Y.; Hiszpanski, A.M.; Whittaker-Brooks, L.; Loo, Y.-L. Structure-Property Relationship Study of
Substitution Effects on Isoindigo-Based Model Compounds as Electron Donors in Organic Solar Cells. ACS
Appl. Mater. Interfaces 2014, 6, 14533-14542. [CrossRef] [PubMed]

Estrada, L.A; Stalder, R.; Abboud, K.A.; Risko, C.; Bredas, ].-L.; Reynolds, J.R. Understanding the Electronic
Structure of Isoindigo in Conjugated Systems: A Combined Theoretical and Experimental Approach.
Macromolecules 2013, 46, 8832-8844. [CrossRef]

Stalder, R.; Mei, J.; Graham, K.R; Estrada, L.A.; Reynolds, J.R. Isoindigo, a Versatile Electron-Deficient Unit
For High-Performance Organic Electronics. Chemn. Mater. 2014, 26, 664—678. [CrossRef]

Mei, J.; Graham, K.R;; Stalder, R.; Reynolds, J.R. Synthesis of Isoindigo-Based Oligothiophenes for Molecular
Bulk Heterojunction Solar Cells. Org. Lett. 2010, 12, 660-663. [CrossRef] [PubMed]

Estrada, L.A.; Liu, D.Y,; Salazar, D.H.; Dyer, A.L.; Reynolds, J.R. Poly[Bis-EDOTIsoindigo]: An Electroactive
Polymer Applied to Electrochemical Supercapacitors. Macromolecules 2012, 45, 8211-8220. [CrossRef]
Wang, E.; Mammo, W.; Andersson, M.R. 25th Anniversary Article: Isoindigo-Based Polymers and Small
Molecules for Bulk Heterojunction Solar Cells and Field Effect Transistors. Adv. Mater. 2014, 26, 1801-1826.
[CrossRef]

Deng, Y.; Liu, J.; Wang, J.; Liu, L.; Li, W.; Tian, H.; Zhang, X,; Xie, Z.; Geng, Y.; Wang, F. Dithienocarbazole
and Isoindigo based Amorphous Low Bandgap Conjugated Polymers for Efficient Polymer Solar Cells. Adv.
Mater. 2014, 26, 471-476. [CrossRef]

Nishinaga, S.; Mori, H.; Nishihara, Y. Impact of Alkyl Side Chains on Thin-film Transistor Performances in
Phenanthrodithiophene - Isoindigo Copolymers. Chem. Lett. 2015, 44, 998-1000. [CrossRef]

Wang, E.; Ma, Z.; Zhang, Z.; Henriksson, P; Inganas, O.; Zhang, F.; Andersson, M.R. An isoindigo-based
low band gap polymer for efficient polymer solar cells with high photovoltage. Chem. Commun. 2011, 47,
4908-4910. [CrossRef] [PubMed]

Lu, L.; Zheng, T.; Wu, Q.; Schneider, A.M.; Zhao, D.; Yu, L. Recent Advances in Bulk Heterojunction Polymer
Solar Cells. Chem. Rev. 2015, 115, 12666—12731. [CrossRef] [PubMed]

Khalili, G.; Willis, A.; Keller, P. Design and synthesis of new functionalized isoindigo and
(3Z,32)-3,3-(ethane-1,2-diylidene)bis(indolin-2-one) derivatives. Mon. Fur Chem.-Chem. 2018, 149, 2103-2111.
[CrossRef]

Sun, X,; Zhang, Z.; Hou, R.; Huang, M.; Zhao, B.; Tan, S. The effect of the length of alkyl side-chains on the
molecular aggregation and photovoltaic performance of the isoindigo based polymers. Dye. Pigment. 2017,
139, 403-411. [CrossRef]

Grand, C.; Baek, S.; Lai, T.-H.; Deb, N.; Zajaczkowski, W.; Stalder, R.; Mullen, K.; Pisula, W.; Bucknall, D.G.;
So, E; et al. Structure-Property Relationships Directing Transport and Charge Separation in Isoindigo
Polymers. Macromolecules 2016, 49, 4008—4022. [CrossRef]

Yang, L.; Zhou, H.; You, W. Quantitatively Analyzing the Influence of Side Chains on Photovoltaic Properties
of PolymerFullerene Solar Cells. J. Phys. Chem. C 2010, 114, 16793-16800. [CrossRef]

Mei, J.; Bao, Z. Side Chain Engineering in Solution-Processable Conjugated Polymers. Chem. Mater. 2014, 26,
604-615. [CrossRef]


http://dx.doi.org/10.1021/ar900041b
http://www.ncbi.nlm.nih.gov/pubmed/19580313
http://dx.doi.org/10.1021/cm102189g
http://dx.doi.org/10.1021/cr9002984
http://www.ncbi.nlm.nih.gov/pubmed/20184362
http://dx.doi.org/10.1021/am503812f
http://www.ncbi.nlm.nih.gov/pubmed/25089728
http://dx.doi.org/10.1021/ma4013829
http://dx.doi.org/10.1021/cm402219v
http://dx.doi.org/10.1021/ol902512x
http://www.ncbi.nlm.nih.gov/pubmed/20099892
http://dx.doi.org/10.1021/ma3016129
http://dx.doi.org/10.1002/adma.201304945
http://dx.doi.org/10.1002/adma.201303586
http://dx.doi.org/10.1246/cl.150357
http://dx.doi.org/10.1039/c1cc11053e
http://www.ncbi.nlm.nih.gov/pubmed/21431215
http://dx.doi.org/10.1021/acs.chemrev.5b00098
http://www.ncbi.nlm.nih.gov/pubmed/26252903
http://dx.doi.org/10.1007/s00706-018-2272-1
http://dx.doi.org/10.1016/j.dyepig.2016.12.036
http://dx.doi.org/10.1021/acs.macromol.6b00540
http://dx.doi.org/10.1021/jp106640r
http://dx.doi.org/10.1021/cm4020805

Molecules 2019, 24, 3649 14 of 15

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

Ma, Z.; Geng, H.; Wang, D.; Shuai, Z. Influence of alkyl side-chain length on the carrier mobility in organic
semiconductors: Herringbone vs. pi—pi stacking. J. Mater. Chem. C 2016, 4, 4546-4555. [CrossRef]

Dang, D.; Chen, W.; Himmelberger, S.; Tao, Q.; Lundin, A.; Yang, R.; Zhu, W,; Salleo, A.; Muller, C.; Wang, E.
Enhanced Photovoltaic Performance of Indacenodithiophene-Quinoxaline Copolymers by Side-Chain
Modulation. Adv. Energy Mater. 2014, 4, 1400680. [CrossRef]

Liu, Y,; Zhao, J.; Li, Z.; Mu, C.; Ma, W,; Hu, H,; Jiang, K; Lin, H.; Ade, H.; Yan, H. Aggregation and
morphology control enables multiple cases of high-efficiency polymer solar cells. Nat. Commun. 2014, 5,
5293. [CrossRef] [PubMed]

Constantinou, I; Lai, T.-H.; Klump, E.D.; Goswami, S.; Schanze, K.S.; So, E. Effect of Polymer Side Chains on
Charge Generation and Disorder in PBDTTPD Solar Cells. ACS Appl. Mater. Interfaces 2015, 7, 26999-27005.
[CrossRef] [PubMed]

Han, A.-R;; Lee, J.; Lee, HR,; Lee, J.; Kang, S.-H.; Ahn, H.; Shin, T.J.; Oh, ].H.; Yang, C. Siloxane Side Chains:
A Universal Tool for Practical Applications of Organic Field Effect Transistors. Macromolecules 2016, 49,
3739-3748. [CrossRef]

Wang, P-1.; Pisula, W.; Mullen, K.; Liaw, D.-]. Structurally defined nanographene-containing conjugated
polymers for high quality dispersions and optoelectronic applications. Polym. Chem. 2016, 7, 6211-6219.
[CrossRef]

Salvatori, P.; Mosconi, E.; Wang, E.; Andersson, M.; Muccini, M.; De Angelis, F. Computational Modeling of
Isoindigo-Based Polymers Used in Organic Solar Cells. . Phys. Chem. C 2013, 117, 17940-17954. [CrossRef]
Adamo, C.; Jacquemin, D. The calculations of excited-state properties with Time-Dependent Density
Functional Theory. Chem. Soc. Rev. 2013, 42, 845-856. [CrossRef] [PubMed]

Pastore, M.; Mosconi, E.; De Angelis, F.; Gratzel, M. A Computational Investigation of * Organic Dyes for
Dye-Sensitized Solar Cells: Benchmark, Strategies, and Open Issues. J. Phys. Chem. C 2010, 114, 7205-7212.
[CrossRef]

Perpete, E.A.; Preat, J.; André, J.-M.; Jacquemin, D. An Ab Initio Study of the Absorption Spectra of Indirubin,
Isoindigo, and Related Derivatives. J. Phys. Chem. A 2006, 110, 5629-5635. [CrossRef]

Yanai, T.; Tew, D.P; Handy, N.C. A new hybrid exchange—correlation functional using the
Coulomb-attenuating method (CAM-B3LYP). Chem. Phys. Lett. 2004, 393, 51-57. [CrossRef]

Robinson, D. Comparison of the Transition Dipole Moments Calculated by TDDFT with High Level Wave
Function Theory. J. Chem. Theory Comput. 2018, 14, 5303-5309. [CrossRef]

Martin, R.L. Natural transition orbitals. J. Chem. Phys. 2003, 118, 4775-4777. [CrossRef]

Lowden, P. Aziridines and Epoxides in Organic Synthesis; Yudin, A., Ed.; Wiley-VCH: Weinheim, Germany,
2006; p. 399.

Ismail, F,; Levitsky, D.; Dembitsky, V. Aziridine alkaloids as potential therapeutic agents. Eur. |. Med. Chem.
2009, 44, 3373-3387. [CrossRef] [PubMed]

Bailey, S.J.; Wales, S.M.; Willis, A.C.; Keller, P.A. Ring-Opening and -Expansion of 2,2’-Biaziridine: Access
to Diverse Enantiopure Linear and Bicyclic Vicinal Diamines. Org. Lett. 2014, 16, 4344—4347. [CrossRef]
[PubMed]

Chen, S.; Sun, B.; Guo, C.; Hong, W.; Meng, Y.; Li, Y. 3,3-(Ethane-1,2-diylidene)bis(indolin2-one) based
conjugated polymers for organic thin film transistors. Chem. Commun. 2014, 50, 6509-6512. [CrossRef]
[PubMed]

Thakur, V,; Sudalai, A. N-Bromoamides as versatile catalysts for aziridination of olefins using chloramine-T.
Tetrahedron Lett. 2003, 44, 989-992. [CrossRef]

Ali, S.; Nikalje, M.; Sudalai, A. Pyridinium Hydrobromide Perbromide: A Versatile Catalyst for Aziridination
of Olefins Using Chloramine-T. Org. Lett. 1999, 1, 705-707. [CrossRef] [PubMed]

Butler, N.M.; Hendra, R.; Bremner, J.B.; Willis, A.C.; Lucantoni, L.; Avery, V.M.; Keller, P.A. Cascade
Reactions of Indigo with Oxiranes and Aziridines: Efficient Access to Dihydropyrazinodiindoles and
Sprio-oxazocinodiindoles. Org. Biomol. Chem. 2018, 16, 6006-6016. [CrossRef] [PubMed]

Tanner, D. Chiral Aziridines—Their Synthesis and Use in Stereoselective Transformations. Angew. Chem. Int.
Ed. 1994, 33, 599-619. [CrossRef]

Panda, A.N.; Plasser, F; Aquino, A.J.A.; Burghardt, I; Lischka, H. Electronically Excited States in
Poly(p-phenylenevinylene): Vertical Excitations and Torsional Potentials from High Level Ab Initio
Calculations. J. Phys. Chem. A 2013, 117,2181-2189. [CrossRef]


http://dx.doi.org/10.1039/C6TC00755D
http://dx.doi.org/10.1002/aenm.201400680
http://dx.doi.org/10.1038/ncomms6293
http://www.ncbi.nlm.nih.gov/pubmed/25382026
http://dx.doi.org/10.1021/acsami.5b09497
http://www.ncbi.nlm.nih.gov/pubmed/26575214
http://dx.doi.org/10.1021/acs.macromol.6b00218
http://dx.doi.org/10.1039/C6PY01330A
http://dx.doi.org/10.1021/jp404123x
http://dx.doi.org/10.1039/C2CS35394F
http://www.ncbi.nlm.nih.gov/pubmed/23117144
http://dx.doi.org/10.1021/jp100713r
http://dx.doi.org/10.1021/jp060069e
http://dx.doi.org/10.1016/j.cplett.2004.06.011
http://dx.doi.org/10.1021/acs.jctc.8b00335
http://dx.doi.org/10.1063/1.1558471
http://dx.doi.org/10.1016/j.ejmech.2009.05.013
http://www.ncbi.nlm.nih.gov/pubmed/19540628
http://dx.doi.org/10.1021/ol502164b
http://www.ncbi.nlm.nih.gov/pubmed/25101915
http://dx.doi.org/10.1039/C4CC02840F
http://www.ncbi.nlm.nih.gov/pubmed/24816911
http://dx.doi.org/10.1016/S0040-4039(02)02729-6
http://dx.doi.org/10.1021/ol9900966
http://www.ncbi.nlm.nih.gov/pubmed/16118868
http://dx.doi.org/10.1039/C8OB00865E
http://www.ncbi.nlm.nih.gov/pubmed/30083677
http://dx.doi.org/10.1002/anie.199405991
http://dx.doi.org/10.1021/jp400372t

Molecules 2019, 24, 3649 15 of 15

41. Tehrani, K.A,; Van, T.N,; Karikomi, M.; Rottiers, M.; De Kimpe, N. Electron Transfer Induced Ring Opening
of 2-(bromomethyl)aziridines by Magnesium in Methanol. Tetrahedron 2002, 58, 7145-7152. [CrossRef]

42. D’hooghe, M.; Kerkaert, I.; Rottiers, M.; Norbert De Kimpe, N. Ring Opening Reactions of
1-arenesulfonyl-2-(bromomethyl)aziridines. Tetrahedron 2004, 60, 3637-3641. [CrossRef]

Sample Availability: Samples of the compounds 3, 5, 7a—d, and 7f-i are available from the authors.

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1016/S0040-4020(02)00728-7
http://dx.doi.org/10.1016/j.tet.2004.02.059
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Chemical Synthesis and Characterisation 
	Computational Studies 

	Conclusions 
	Experimental Section 
	General Methods 
	Synthesis and Characterisation 
	General procedure for the synthesis of 7 
	General procedure for the synthesis of 6 

	Computational Method 

	References

