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Abstract: A series of new organic donor–π–acceptor dyes
incorporating a diquat moiety as a novel electron-acceptor
unit have been synthesized and characterized. The analytical
data were supported by DFT calculations. These dyes were
explored in the aerobic thiocyanation of indoles and pyrroles.

Here they showed a high photocatalytic activity under visible
light, giving isolated yields of up to 97%. In addition, the
photocatalytic activity of standalone diquat and methyl
viologen through formation of an electron donor acceptor
complex is presented.

Introduction

The research field of photoredox catalysis has attracted
significant scientific interest over the last few decades.[1] Photo-
catalysts have been employed in applications such as the
hydrogen evolution reaction[2] and the removal of organic
pollutants from water.[3] However, they are also increasingly
recognized as useful tools for organic synthesis and allow for
the targeted functionalization of molecules.[4]

Homogeneous photocatalysis requires either organic mole-
cules or metal complexes.[4c,d,5] While noble-metal complexes
often provide good photocatalytic activity in a broad variety of
reactions,[4c,5a–c] the environmental and toxicity concerns asso-
ciated with these metals are a disadvantage when considering
industrial use, and the limited availability of Ru and Ir is an
additional concern.[5d] Hence, the search for new, noble-metal-
free alternatives led to the development of complexes based on
cheaper transition metals like copper.[6] Furthermore, a number
of well-established organic photocatalysts have been
reported.[4d,5b,e–s]

Yet, interestingly the large common family of linear organic
push–pull dyes with a D-π-A structure found in Grätzel cells[7]

have been less frequently applied as photocatalysts.[8] This is
certainly due to the fact that the HOMO–LUMO levels in most

of these dyes are not beneficial for organic redox reactions.
Furthermore, these dyes often have a short lifetime of their
excited state. Although this is suitable in the application as
photosensitizers, for example, with TiO2,

[7] it is disadvantageous
for homogenous photoredox catalytic organic transformations.
A common blueprint for these organic dyes consists of a
conjugated π-system connecting an electron-rich donor moiety
to an electron-poor acceptor moiety. Such donor–π-bridge-
acceptor dyes (D-π-A dyes) can then be tuned in their proper-
ties by modifying the individual structural elements.[9] Minor
changes can already have a large impact on their
properties.[7a,10]

Diquat, the ethylene-bridged dicationic derivate of 2,2‘-
biypridine, is an interesting moiety for the use in D-π-A dyes.[11]

The ring system can undergo reversible one- and two-electron
reductions to form a radical cation and a neutral species.[12] The
redox-cycling ability promotes the generation of superoxide
radicals and related reactive species. This is thought to be the
main contributor to the cytotoxic activity of diquat dibromide,
which is used as a herbicide.[13] In addition, due to the formation
of stable radicals, diquat and its 4,4’-bipyridine analogue have
been used as radical mediators in several applications.[14]

Recently it was also shown that the photocatalytic hydrogen
evolution activity of a covalent organic framework could be
increased by introducing diquat moieties into the structure
through an improved electron transfer.[15] As an alkyl-pyridinium
derivate, the electron-poor rings of the diquat moiety are a
natural acceptor unit in a D-π-A dye. Indeed, dyes with a
quaternized pyridinium acceptor, among others, have been
used as photoactivated antimicrobial compounds[16] and photo-
sensitizers for the titania-catalyzed hydrogen evolution reaction
of water.[7d] On the other hand, photocatalytic active D-π-A dyes
with a diquat moiety as the acceptor have, to the best of our
knowledge, not yet been reported so far as organic photo-
catalysts.

In this study, we present a number of novel diquat-based
D-π-A dyes. The UV-vis spectra and cyclic voltammograms of
these new compounds were measured and compared to values
predicted by DFT calculations. The photocatalytic activity of the
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dyes was explored in the aerobic thiocyanation of indole and
related molecules with very high yields.

Results and Discussion

Thiophene offers desirable properties for the use as a π-bridge
in D-π-A dyes. Its aromaticity makes it less susceptible to attack
and chemical decomposition than olefinic double bonds, while
its geometry allows for smaller twist angles between neighbor-
ing aromatic rings compared to phenyl–phenyl bonds.[17] Its
relatively higher electron density allows it to also act as a weak
electron donor, rather than just an extension of the conjugated
system. The 2-position in thiophenes is sufficiently reactive to
allow for palladium-catalyzed cross-couplings with aryl bro-
mides without the need for additional functionalization. Hence,
a synthesis protocol from Fujinami et al.[18] were adapted for the
synthesis of the desired new dyes.

The general synthetic pathway for the donor moieties is
depicted in (Scheme 1A). For the synthesis of 5 in this fashion,
the fact that both substrates contain two attackable positions
means that undesired oligomerizations can occur, reducing the
yield. However, conducting the reaction in a closed pressure
flask with a large excess of thiophene suppressed the oligome-
rization and provided yields of over 50%. Similarly, coupling
reactions of a building block with two terminal thiophene rings,
such as 5 and 8, do allow for the formation of dicoupled
product, but using said building block in excess provided yields
greater than 50%, while most of the unreacted excess substrate
could be recovered following workup and column chromatog-
raphy.

For connecting the bipyridine and donor moieties, first
coupling reactions using 5 and 4-bromo-2,2’-bipyridine 9 were
explored. However, no desired product was isolated (Sche-
me 1B). It was assumed that the 2,2’-bipyridine moiety, as a
natural bidentate ligand, binds strongly on the palladium
catalyst and inhibits the intended coupling reaction. Hence, the
corresponding N-oxide 10 of 4-bromobipyridine was applied,
which gave products 1a–3a in yields of 59, 67 and 51%,
respectively.

After the final coupling, the reduction of the N-oxides
1a–3a with zinc and ammonium chloride gave the bipyridines
1b–3b in up to 87% yield, which were transformed into the
diquat dibromide forms 1c–3c under reflux in neat 1,2-
dibromoethane. An ion exchange with NaPF6 yielded the final
products in up to 66% yield over two steps. Overall, three new
diquat dyes were synthesized in this fashion: TPTDQPF6 1d,
TTDQPF6 2d, and TPATPTDQPF6 3d (Scheme 2).

The dicationic character of the diquat moiety combined
with the extended tail of the aromatic rings resulted in a low
solubility of the new DQ dyes in several solvents, being
insoluble in water as well as in organic solvents of medium or
low polarity. The bromide salts were lightly soluble in alcohols,
while exchanging the counterion to hexafluorophosphate
improves the solubility in polar aprotic solvents such as
acetonitrile, THF and DMF, as expected. Especially these
solvents are predominately applied in photoredox
reactions.[4c,5a–c] Upon dissolving in acetonitrile, TPATPTDQPF6
3d formed a wine-red solution while the other dyes gave
orange-red solutions. The UV-vis spectra (Figure 1) show broad
absorptions with the first maxima in the cyan area for TPTDQPF6

Scheme 1. Synthesis pathway of the new dyes: A) the donor moieties, B) the dyes.
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1d (473 nm) and TTDQPF6 2d (467 nm), and in the green area
for TPATPTDQPF6 3d (507 nm).

The redox potentials were investigated using cyclic voltam-
metric measurements (Figure 1). The reduction of the DQ dyes
1d–3d showed a reversible two-step reduction in line with the
expected formation of a radical cation and a neutral species,
respectively. With potentials of approximately � 0.16 and
� 0.55 V for the first and second reduction, the substrate scope
for catalytic reductions of organic molecules would be
limited,[19] but an oxidative quenching by O2 is possible. The
oxidation potential for 1d was measured to be approximately
+1.6 V, which is sufficient to enable oxidations of electron-rich
organic molecules. The oxidation potential for 2d was not
observed in the CV under the chosen conditions, but should be
expected to be greater than that of 1d. Due to the strong
electron-donating abilities of the triphenylamine, 3d possesses
a much lower oxidation potential of approximately +1.09 V,
and a second oxidation occurs at +1.26 V.

These experimental results were complemented by DFT[20]

and TDDFT[21] calculations. The DFT-calculated HOMO and
LUMO energy levels are shown in Figure 2a, and the electron
density distribution over the frontier molecular orbitals

Scheme 2. Structure of the diquat dyes.

Figure 1. Left: UV-vis spectra of the dyes 1d–3d, measured in MeCN; Right: cyclovoltammograms of the dyes, measured in DMF with ferrocene as internal
standard.

Figure 2. a) Calculated energies of the frontier molecular orbitals (HOMO� 1, HOMO, LUMO, LUMO+1), and redox and oxidation potential of dyes 1d, 2d, and
3d in relation to the redox reactions of water splitting. b) Isosurface plots of the HOMO� 1, HOMO, LUMO, and LUMO+1 orbitals of 1d, 2d, and 3d.
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(HOMO� 1, HOMO, LUMO, and LUMO+1) is illustrated in
Figure 2b.

For all three dyes with the diquat electron-acceptor moiety,
1d, 2d, and 3d, the electron density distribution over the
frontier orbitals is indicative of the intramolecular charge
transfer (ICT). The electron density of the LUMO of these three
dyes clearly shows predominant localization on the diquat
moiety. Their HOMO electron density is localized on the
electron-donating parts showing the overlap with the LUMO at
the π-linker. These results confirm that the HOMO–LUMO
transition in 1d, 2d and 3d is accompanied by the intra-
molecular charge transfer from the electron-donor unit to the
acceptor moiety through the π-linker. The more pronounced
separation of the HOMO and LUMO electron densities in 1d
and 3d is expected to result in the prolonged lifetime of
photoexcited carriers compared to 2d.[22] Since 1d, 2d, and 3d
share the same acceptor moiety, they expectedly manifest
almost the same LUMO energy around � 2.6 eV. As for the
HOMO energy, it depends on the electron-donating abilities of
the donor part. For example, the strongly electron-donating
triphenylamine group used in 3d leads to the significantly
higher HOMO energy (� 6.43 eV) compared to 1d and 2d.
Accordingly, the calculated HOMO–LUMO energy gaps of these
three dyes thus increase in the following order 3d<1d<2d
with the corresponding values of 4.61 eV for 1d, 4.87 eV for 2d,
and 3.80 eV for 3d. Details for calculated reduction and
oxidation potentials are given on p. S6 in the Supporting
Information.

The absorption spectra of the dyes 1d, 2d and 3d
computed using TDDFT are shown in Figure 3. Remarkably, the
positions of the first maxima of the 1d (457 nm), 2d (450 nm)
and 3d (536 nm) dyes are in very good agreement with the
experimental data. In all cases, the absorption spectra exhibit
the most intense peak in the visible light range that we find to
be dominated by the single-electron HOMO–LUMO transition,
as expected for D-π-A dyes.[23] The calculated lifetime of the
exited states for the catalysts was around 1.5 ns, which is
sufficient for photocatalytic applications (for details see p. S7 in

the Supporting Information) yet smaller compared to some
common photocatalysts[24] but larger than other dyes which
have lifetimes in the ps range.[25]

The photostability of the dyes was analyzed by irradiating a
0.01 M solution of the dye in MeCN with an appropriate
wavelength LED (460 nm for 1d and 2d, 515 nm for 3d) for
16 h under air. Samples of the solutions before and after the
irradiation were taken, diluted by a factor of 50, and the UV
spectra compared. No significant change in the spectra was
observed, indicating sufficient photostability of the catalysts.

Next, the catalytic activity of the new dyes was evaluated in
an aerobic thiocyanation of indoles and related heterocycles.
The latter reaction is a useful C� S bond formation and has been
conducted under a variety of conditions. Originally performed
using toxic and reactive cyanogen,[26] methods using thiocya-
nate salts such as NH4SCN were developed. These require either
stoichiometric amounts of further reactants, such as N-
chlorosuccinimide[27] and hypervalent iodine compounds,[28] or a
suitable catalyst to use elemental oxygen as the oxidant.[29] This
has been achieved by photocatalysis with heterogeneous
inorganic catalysts[30] and by organic photocatalysts.[30–31] In
these reactions, the oxidation of the SCN ion appears to be the
initiating step. As the oxidation potential of the SCN-anion is
between +0.8 and +0.9 V versus NHE,[32] the calculations and
CV measurements indicated that TPTDQPF6 1d and TTDQPF6
2d should be suitable for this reaction, while 3d may or may
not be. The optimization of the reaction conditions, as well as
control and benchmark reactions, are presented in Table 1.

The reaction was first explored by using 1d as the catalyst
and MeCN as the solvent (see p. S4 in the Supporting
Information for solubility data of 1d). When using a 460 nm
LED as a light source, it led to a significant increase in yield
(Table 1, run 6) compared to the catalyst-free reaction (Table 1,
run 5), but the overall reaction rate was low. Changing the
solvent to dioxane provided an improved yield compared to
MeCN (Table 1, run 11). Conducting the reaction in THF
provided a decent yield of 73% after 8 h (Table 1, run 8). The
performance under white LED-light was not favorable (Table 1,
run 9), likely because the emission spectrum of the used white
LEDs had a minimum between 460 and 520 nm (see p. S2 in the
Supporting Information), which is the same region as the dye’s
absorption maximum. Extending the reaction time to 16 h
provided full conversion with a yield of 92% (Table 1, run 1).
Even with a reduced catalyst loading of 0.1 mol%, a decent
yield of 57% was achieved within 8 h (Table 1, run 10). During
control reactions, no catalytic effect with 1d was observed
when the reaction was carried out under a nitrogen atmosphere
(Table 1, run 13), and no reaction was observed in the absence
of light even after 24 h (Table 1, run 12).

After the optimization of conditions with 1d, the other two
dyes were investigated in the reaction. Compound 3d did not
appear to catalyze the reaction at all when irradiated with the
appropriate light for 8 h (Table 1, run 18). As anticipated from
the CV measurements, the energy of the LUMO is likely not
high enough to reliably oxidize the thiocyanate under the
reaction conditions. The catalytic performance of 2d was in the
range of 1d, providing slightly lower yields of 66% in THF but

Figure 3. Absorption spectra of the diquat dyes as calculated with TDDFT.
The spectra were simulated by using 20 nm Gaussian broadening.
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higher yields of 43% in MeCN after 8 h, respectively (Table 1,
runs 16 and 17). Benchmark reactions with Rose Bengal
(Table 1, run 14, originally reported by Fan et al.[31] and
Fukuzumi’s catalyst (run 14) showed that 1d has a good
competitive catalytic activity. To investigate the standalone
reactivity of the diquat moiety, we conducted reactions using
diquat hexafluorophosphate 11 as the catalyst. Although 11
does not adsorb light in the visible range a moderate yield of
48% was obtained after 8 h under normal reaction conditions.
A control reaction in darkness showed that the blue light was

required for the catalytic activity of the diquat (Table 1, runs 19
and 20). Therefore, we measured the impact of the other
reaction components on the diquat’s UV-vis spectrum in THF.
Upon addition of NH4SCN, the absorption at 310 nm decreased,
while a very broad new absorption band with a maximum at
477 nm appeared (Figure 4). This behavior suggests the in-situ
formation of an electron-donor–acceptor (EDA) complex be-
tween the cationic aromatic diquat and the thiocyanate anion
(Scheme 3). The formation of EDA complexes and that they are
excitable by visible light has been known and used as a tool for
photocatalytic transformations.[33] This would explain the ob-
served behavior of diquat 11. As the new absorption band
increases further with increasing excess of NH4SCN but not with
time, the formation of the complex appears to be fast and
reversible, with the equilibrium on the side of the free ions
under the measurement conditions. A similar observation was
made for the hexafluorophosphate salt of the diquat-related
molecule methyl viologen (paraquat) 12. Under the same
conditions, it provided a slightly lower yield of 42%, and no
yield under absence of light (Table 1, runs 21 and 22). In the
UV-vis spectrum, the addition of NH4SCN caused the emergence
of a new peak with a maximum at 398 nm and a very broad
peak to reach across the visible spectrum (Figure 4). Interest-
ingly, conducting the spectroscopic investigation with 1d and
NH4SCN showed no strong impact of the thiocyanate salt on
the innate absorption of the dye (see p. S6 in the Supporting
Information). This suggests that unlike 11 and 12, 1d might not

rely on the formation of an EDA complex for its photocatalytic
activity. However, solubility tests showed that the presence of
NH4SCN significantly increased the solubility of 1d in THF and
dioxane (see p. S4 in the Supporting Information). An associa-
tion of the ions in solution, such as in an EDA complex, is
therefore likely. As a final investigation, we conducted the
thiocyanation with half-stoichiometric amounts of 11 or 12 in
the absence of light, but even at such a high loading, no
product was observed (Table 1, runs 23 and 24). This confirms
our expectation that light is required for the initiation of the
reaction and not just for the regeneration of the catalyst.

Table 1. Optimization of conditions for the thiocyanation of indole.

No Catalyst Deviation from optimized conditions Yield[a] [%]

1 1d – 92
2 – white LED, 8 h, no catalyst 10
3 – 490 nm LED, in MeCN, 8 h, no catalyst 3
4 1d 490 nm LED, in MeCN 8 h 9
5 – in MeCN, 8 h 7
6 1d in MeCN, 8 h 29
7 – 8 h, no catalyst 15
8 1d 8 h 73
9 1d white LED, 8 h 43
10 1d 0.1% catalyst loading 57
11 1d in dioxane, 8 h 47
12 1d in darkness, 24 h n.d.
13 1d under nitrogen atmosphere 10
14 RB[b] white LED, 8 h 91
15 Mes-Acr+ [c] 8 h 71
16 2d 8 h 66
17 2d in MeCN, 8 h 43
18 3d 515 nm LED, 8 h n.d.
19 11 8 h 48
20 11 in darkness n.d.
21 12 8 h 42
22 12 in darkness n.d.
23 11 50% catalyst loading, in darkness n.d.
24 12 50% catalyst loading, in darkness n.d.
25 1d addition of 3 equiv. TEMPO 5
26 1d addition of 3 equiv. 1,1-diphenylethylene 67

[a] Isolated yields. [b] Rose Bengal. [c] Fukuzumi’s catalyst.

Figure 4. Absorption spectra of diquat PF6 (11, left) and methyl viologen PF6 (12, right) in THF with various concentrations of NH4SCN, and of NH4SCN in THF.
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With the optimized conditions at hand, the catalyst
TPTDQPF6 1d was explored in the reaction with other indole
analogs to determine the substrate scope of the reaction
(Scheme 4). While electron-withdrawing substituents on the
indole slowed down the rate of conversion, they do not appear
to prevent the formation of the intended products, allowing
yields of up to 97% for 18. 4-Methoxy-indole and 2-meth-

ylindole gave lower yields of 83% for 16 and 74% for 17 even
after full conversion. It is conceivable that such electron-rich
derivatives can undergo undesired side reactions.

The analogous benzothiophene as well as 2,2’-bithiophene
appeared unreactive under the presented conditions and no
desired 22 and 23 were formed. A reaction with pyrrole gave
full conversion after 24 h; however, the desired product 24 was
isolated in only 24% yield. Most of the substrate appears to
have oligomerized or otherwise oxidized to different species
during the reaction. The product that was isolated after
chromatography was identified as 2-thiocyanato-pyrrole (24) by
NMR spectroscopy, albeit with impurities due to the sensitivity
of the compound. This product is expected as the 2-position in
pyrroles is generally more reactive than the 3-position. Hence,
we also explored the reactivity of 2,5-disubstituted pyrrole
derivatives in the reaction. The reactions proceeded success-
fully, resulting in monosubstitution at the 3-position of the
molecules, yielding the new compounds 26–28 that to our
knowledge are unreported in the literature thus far. The
reactions proceeded faster and provided higher yields com-
pared to 24, but in a moderate range. In the case of the
unsymmetric 27, a 1:0.9 mixture of the two possible regioisom-
ers was obtained. It appears the electronic and steric differences
of the substituents did not have a significant impact on a
possible regioselective formation of 27a or 27b.

To gain further insight into the mechanism of the reaction,
test reactions in the presence of a threefold excess of TEMPO-
radical or 1,1-diphenylethylene (Table 1, runs 25 and 26) were
conducted. The addition of TEMPO strongly inhibited the
reaction, providing only 5% yield after 16 h, with the majority
of substrate being recovered. Diphenylethylene also reduced
the amount of product obtained to 67%, comparable to the

Scheme 3. Formation of electron-donor–acceptor complexes of 11 and 12.

Scheme 4. Product scope of the thiocyanation reaction with 1d with isolated yields after purification by chromatography.
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amount normally obtained in half that time. At the same time,
addition products of diphenylethylene and thiocyanate were
observed in the product mixture. The main product was 2-
thiocyanato-1,1-diphenylethanol 29, obtained in 18% yield
(55% relative to the used amount of indol), but traces of 1,1-
diphenyl-2-thiocyanatoethylene 30 were also observed. The fact
that TEMPO completely quenched the reaction while diphenyl-
ethylene merely competed with the desired reaction suggests
that the mechanism of inhibition might differ. While it is
possible that TEMPO is just a more reactive radical interceptor,
another explanation is that TEMPO can reductively quench the
excited catalyst. The oxidation potential of TEMPO has been
reported to be 0.2–0.3 V vs. Ag/AgNO3 (0.4–0.5 V vs. NHE),[34]

which is significantly lower than that of NH4SCN. It is therefore

likely that TEMPO acts as a reductive quencher, rather than a
radical interceptor.

According to literature similar reactions were reported
where the function of the photocatalyst was the oxidation of
thiocyanate to its radical.[31] This fits with our own observation
of addition products, which could result through the addition
of the SCN radical to the olefinic double bond, followed by
either addition of oxygen or by oxidation through oxygen and
subsequent deprotonation, respectively (Scheme 5). In fact, that
precise reaction has been described by Zhang et al. for the
targeted synthesis of β-thiocyanatoalcohols.[35]

Comparing our own observations and computational results
with the literature, we therefore propose a mechanism for the
diquat-based dyes as depicted in Scheme 6 with 1d as the
example. The dye is excited by visible light, causing a charge
transfer from the donor moiety to the diquat moiety. The now
electron deficient donor oxidizes the thiocyanate into the
respective radical while reducing the catalyst into its radical-
cation species. The catalyst is then oxidized to its original state
by atmospheric oxygen. The thiocyanyl radical attacks the
heterocycle at the electron-rich double bond, forming the most
stable intermediate. This is an attack in the 2-position for
pyrroles and in the 3-position for indoles and 2,5-disubstituted
pyrroles. The resulting addition intermediate is quickly oxidized
by the ambient oxygen, leading to a cationic intermediate. Re-
aromatization by the abstraction of a proton forms the product.
For 11 and 12 a similar mechanism can be expected, however,
since the adsorption of visible light of the pure EDA complexes
is significantly lower, the catalytic activity is also lower
compared to 1d.Scheme 5. Formation of the observed products 29 and 30 after interception

of the thiocyanate radical by 1,1-diphenylethylene.

Scheme 6. Proposed mechanism for the thiocyanation of indoles and pyrroles with 1d as the catalyst.
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Conclusion

In conclusion, we have synthesized a new class of D-π-A dyes as
photocatalysts with a diquat moiety as their acceptor group.
Theoretical calculations using density functional theory pro-
vided the electronic characteristics of these dyes and confirmed
their intramolecular charge transfer behavior. The high photo-
catalytic activity of two of these dyes has been demonstrated in
the aerobic thiocyanation of indole and pyrrole derivates. The
substrate scope of the reaction was explored with up to 97%
isolated yields, and the synthesis of new thiocyanatopyrroles is
reported. We also observed the photocatalytic activity of diquat
and methyl viologen, which likely involves the formation of
EDA complexes with the thiocyanate anion. The connection of
electron-donor systems significantly improved the visible-light
absorption and catalytic activity compared to the stand-alone
diquat ion. As the individual moieties of the D-π-A dyes can be
easily modified to tailor their properties, our findings open up a
broad new category of potential photocatalysts. In addition, the
observed catalytic activity of the EDA complexes with 11 and
12 will result in new photocatalytic applications of diquat 11
and viologen 12.

Experimental Section
General procedure for the catalytic thiocyanation of various
substrates using 1d as catalyst: To a small round bottom flask
with stirring bar were added 0.50 mmol of substrate, NH4SCN
(114 mg, 1.5 mmol, 3 equiv.), 1d TPTDQPF6 (3.6 mg, 0.005 mmol,
1%), and 5 mL of THF. The mixture was stirred in the open flask
and irradiated from below by a 3 W LED with an emission
maximum of 460 nm and without significant emission below
410 nm. Heating of the setup was prevented through a water-
cooled metal cooling block. The reaction setup was covered from
outside light and the reaction progress monitored with TLC. After
8/16/24/40 h, the reaction mixture was diluted with CH2Cl2 and
filtered. The solvent was evaporated and the residue separated
through column chromatography using a mixture of petrol ether/
ethyl acetate.
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