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The mild reaction conditions of the palladium-copper coupling-isomerization reaction

open a highly convergent, chromogenic route to blue emissive pyrroles in the sense of a

consecutive four-component reaction. By virtue of this strategy a phenol derivative can

be readily accessed, which can be transformed in a level-2 transformation to a library

of bichromophoric pyrrol-fluorophore conjugates by facile alkylation with fluorophore

halides. The photophysics of the underlying blue emitter derivative and the conjugates

is studied by absorption and emission spectroscopy, furnishing intramolecular energy

transfer at short distances as well as competing fluorescence quenching. In some

cases partial energy transfer results in the occurrence of dual emission, for instance

seen as magenta-rose emission arising from blue and red orange luminescence. The

experimental photophysical studies are rationalized by DFT and TD-DFT calculations.

Keywords: absorption, bichromophores, DFT, emission, energy transfer, level-2 functionalization,multicomponent

reaction, pyrrole

INTRODUCTION

Aparticularly interesting aspect of functional organicmaterials (Müller and Bunz, 2007) is based on
inter- and intra-molecular interactions of chromophores, eventually, as multichromophore systems
(Bazan, 2007). Non-conjugatively ligated multichromophores will not interact in the electronic
ground state, if rigidified orientations and intramolecular aggregation are excluded, but their
interaction occurs after photonic excitation, i.e., in the electronically excited states. Luminescence
as an excited state phenomenon is particularly intriguing because it bears an enormous potential of
application, ranging from fundamental science in molecular photonics (for reviews, see e.g., Fox,
1999; Garnier, 1999; Tour, 2000; Carroll and Gorman, 2002; Coropceanu et al., 2007; Shirota and
Kageyama, 2007; Walzer et al., 2007) to illumination technology by OLED (organic light emitting
diodes) (for reviews, see e.g., Müllen and Scherf, 2006; Park et al., 2011; Thejo Kalayani and Dhoble,
2012; Li, 2015). For modulation of emission colors not only is relevant for environment sensitive
mapping of cellular compartments and structures (Klymchenko, 2017), but also in white light
generation (Yuan et al., 2013) in the sense of additive color mixing. Most crucial in this context
is avoidance of energy transfer cross-talk that proceeds within Förster radii. At usual concentration
two chromophores emit independently in solution (Sarkar et al., 2016). Likewise this effect can
also be achieved by embedding in micelles, organic or hybrid matrices (For recent examples of
photochromic andmultichromophoric emitters embedded inmicelles or matrices, see e. g., Findlay
et al., 2014; Shi et al., 2015; Bälter et al., 2016; Joshi et al., 2016; Börgardts and Müller, 2017;
Pallavi et al., 2018). Far more challenging, however, is the conceptual design of unimolecular bi- or
multichromophores capable of polychromic emission (for reviews on organic white light emitting
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Graphical Abstract| Concise two-step pyrrole-based non-conjugated emissive bichromophores by four-component pyrrole synthesis and nucleophilic substitution.

devices and materials, see Mukherjee and Thilagar, 2014, 2015;
Wu and Ma, 2016). In this case the occurrence of dual (or
even polychromic) emission has to operate at intramolecular
chromophore-chromophore distances around 1 nm, where
excited state resonance energy transfer is ultrafast (for a
detailed study on a umbelliferone–alizarin bichromophore,
see Lapini et al., 2014). The control of energy transfer cross-
talk of the constituting luminophores has to be modulated
by partial and frustrated energy transfer (Klymchenko et al.,
2003, 2007). While frustrated energy transfer unimolcular
bichromophores operated by ESIPT (excited state intramolecular
proton transfer) have been disclosed (for representative
small molecule emitters operated by frustrated and partial
energy transfer by ESIPT, see e.g., Park et al., 2009; Kwon
et al., 2013; Benelhadj et al., 2014), we reasoned linear and
angular geometrical orientation in emissive bichromophores
might be achieved by level-2 functionalization of a blue
emitter with several bathochromically emitting chromophores
should lead to dually solution emissive unimolecular
bichromophores.

Diversity-oriented syntheses of dyes (for reviews on diversity-
oriented syntheses of π-systems, see Briehn and Bäuerle, 2002;
Müller, 2007; Müller and D’Souza, 2008; de Moliner et al.,
2017) in a one-pot fashion have become an attractive tool for
designing and optimizing chromophores. In this context, we
have predominantly been focusing on developing chromogenic
multicomponent syntheses of functional chromophores
(Levi and Müller, 2016b), fluorophores (Figure 1) (Levi and
Müller, 2016a; Riva et al., 2016), and aggregation-induced
emissive chromophores (Müller, 2016; Merkt and Müller,
2018).

Several years ago we disclosed a consecutive four-component
synthesis of blue-emissive pyrroles by a coupling-isomerization-
Stetter-Paal-Knorr sequence (Braun et al., 2001; Braun and
Müller, 2004). Herein, we report concise two step syntheses of
a selection of bichromophoric pyrrole-fluorophore conjugates
based upon the MCR pyrrole synthesis and its level two
functionalizationwith a second redshifted emissive chromophore
via Williamson ether synthesis or sulfonate formation. The
electronic properties are conducted with absorption and
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FIGURE 1 | Diversity oriented syntheses of fluorophores by chromogenic multi-component reactions.

fluorescence spectroscopy as well as interpreted in the light of
DFT and TD DFT calculations.

RESULTS AND DISCUSSION

Synthesis
First attempts to employ the four-component coupling-
isomerization-Stetter-Paal-Knorr pyrrole synthesis (Braun
et al., 2001; Braun and Müller, 2004) to introduce the second
chromophore in a one-pot fashion failed, predominantly
due to solubility issues. Therefore, we envisioned that a
phenol containing pyrrole might ideally serve for a post
MCR ligation by etherification or esterification. Therefore,
performing the four-component pyrrole synthesis with THP-
protected para-hydroxybenzaldehyde gave rise to the formation
of 4-(1-benzyl-2-(4-hydroxy-phenyl)-5-phenyl-1H-pyrrol-
3-yl)benzonitrile (1) after isolation and chromatographic
purification in 26% (Scheme 1). Under the acidic conditions of
the terminal Paal-Knorr cyclocondensation the THP group is
cleaved to give the free phenol.

Absorption spectroscopy of phenol 1 reveals a longest
wavelength absorption maximum at 319 nm and an additional
absorption band at 275 nm. Upon excitation at the longest
wavelength maximum a broad intense emission at 442 nm is
found with a relative fluorescence quantum yield ΦF of 0.11,
i.e., in a comparable magnitude as other benzonitrile substituted
pyrroles (Braun and Müller, 2004) (vide infra). With this
intensively blue emissive building block in hand the stage was set
for the synthesis of luminescent bichromophores in the sense of
a level-2 functionalization.

The reference luminophore 2, a methyl ether derivative,
was synthesized by etherification of phenol 1 with methyl
iodide in 68% yield. Halide functionalized luminophores 3

(Aathimanikandan et al., 2005) and 5 (Kucherak et al., 2010),
6 (Lord et al., 2010), and 7 (Lord et al., 2010) (some also
containing alkyl spacers) were prepared according to literature
protocols (dansyl chloride was purchased and used as received)
and submitted to base mediated Williamson ether synthesis or
sulfonylation with phenol 1 to give bichromophores 8–12 in
moderate to excellent yield (Scheme 2). While the bromides

3 and 5, dansyl chloride 4 and methyl iodide react smoothly
with potassium carbonate as a base, for the chlorides 6

and 7, Finkelstein conditions with potassium iodide have to
applied, which work best in these cases with sodium hydride
as a base.

The 1H and 13C NMR and mass spectra (MALDI-TOF and
HRMS) unambiguously confirm the successful ligation of the 1
with the second chromophores 3–7 as well as methyl iodide, and
thereby the structures of pyrrole reference chromophore 2 and
the bichromophores 8–12.

Photophysical Properties and Electronic
Structure
Upon excitation with a handheld UV lamp the pyrrole reference
chromophore 2 and all bichromophores 8–12 luminesce,
indicating that the photonic excitation is neither completely
quenched by internal conversion nor by electron transfer into
long-lived charge separated states arising from photoinduced
intramolecular electron transfer (PIET) (Kavarnos, 1993). This
prompted us to study the absorption and emission spectra of the
luminophores 2 and 8–12 in more detail (Table 1).

The absorption spectra of all bichromophores 8–12

behave essentially additively with respect to the underlying
subchromophores. This is quantitatively demonstrated by
comparison of the UV/Vis spectrum of the pyrrole-anthracene
bichromophore 8 and the sum spectra of the reference
chromophores 2 (pyrrole) and 9-methyl anthracene (anthracene)
(for spectral details, see Supplementary Material). As expected,
in the electronic ground state, from where photonic excitation
starts, the two subchromophores essentially neither interact nor
form aggregates at the concentrations investigated. However,
in the excited state, as studied by fluorescence spectroscopy, in
some cases a cooperative behavior exists, which is also dependent
on the excited subchromophore.

Upon excitation of the pyrrole-anthracene bichromophore
8 at the absorption bands of the anthracene chromophore at
260, 367, and 387 nm clearly the emission bands of anthracene
with vibrational resolution are detected (for spectral details,
see Supplementary Material). However, upon excitation at the
pyrrole absorption bands at 317 and 330 nm exclusively the
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SCHEME 1 | Consecutive four-component coupling-isomerization-Stetter-Paal-Knorr synthesis of

4-(1-benzyl-2-(4-hydroxy-phenyl)-5-phenyl-1H-pyrrol-3-yl)benzonitrile (1).

pyrrole typical structureless emission band at 443.5 nm appears
(Figure 2). The separate excitations of the discrete absorption
bands of the subchromophores in bichromophore 8 are not
accompanied by energy transfer from the donor (pyrrole) to the
acceptor (anthracene). Although the fluorescence quantum yield
Φf of 0.09 accounts for a significant energy dissipation upon
excitation of the anthracene moiety, the lack of overlap of the
absorption band of the acceptor with the emission band of the
donor and, hence, the absence of energy transfer suggests that in
bichromophore 8 are not electronically coupled.

In the other bichromophores 9–12 bearing redshifted
absorptions of the acceptor chromophores the situation of
the emission characteristics changes (for spectral details, see
Supplementary Material).

The absorption bands of the dansyl-pyrrole (9), the Nile
red-pyrrole (10), and the quinoxalinyl-styryl-pyrrole (12)
bichromophores clearly possess significant energy transfer
characteristics, where the selective excitation of the pyrrole donor
chromophore with its emission band more (10, 12) or less (9)
overlaps with the absorption bands of the corresponding acceptor
chromophores. The efficiency of the energy transfer ΦEnT can be
estimated according to the formula (Qing et al., 2011) ΦEnT =

1 − ΦDonor

Φ
0
Donor

, where Φdonor is the measured quantum yield of the

(residual) donor emission band of the bichromophore andΦ
0
donor

is the quantum yield of the donor chromophore. Determination
of ΦDonor of the residual pyrrole emission at 445 nm furnishes
for bichromophore 12 a quantum yield of the energy transfer

ΦEnT of over 0.97. For the dansyl bichromophore 9 ΦEnT can be
estimated to be >0.98, while for the Nile red bichromophore 10
no residual emission around 450 nm can be detected, indicating
an ΦEnT of unity. However, it has to be kept in mind that an
exergonic photoinduced intramolecular electron transfer (PIET)
cannot be fully excluded, in particular, since the determined
fluorescence quantum yields are relatively low. For the anthryl-
pyrrole bichromophore 8 the PIET can be estimated to be
endothermic.

Most remarkable, however, are the emission characteristics
of the 3-cyano-5,5-dimethylfuran-2(5H)-ylidene)malononitrile-
styryl bichromophore 11, where a strong dependence on the
excitation wavelength λexc can be detected. The dichloromethane
solution of bichromophore 11 does not show the typical
red emission of the acceptor chromophore upon eyesight
at excitation with 254 or 365 nm by a handheld UV lamp,
but rather a magenta-rose emission with significant intensity
(Figure 3, top). This mixing emission color between violet
(λmax,em = 442 nm) and orange red (λmax,em = 618 nm)
almost matches with the line of purples (Westland, 2003;
Broadbent, 2004; Schanda, 2007). The emission spectra at
various excitation wavelength clearly reveal that an excitation
at 365 nm not only causes an energy transfer from the
pyrrole donor to the 3-cyano-5,5-dimethylfuran-2(5H)-
ylidene)malononitrile-styryl acceptor (Figure 3, bottom),
which emits at 618 nm, but also an emission of the donor
itself at 442 nm. This peculiar behavior can be interpreted in
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SCHEME 2 | Synthesis of reference pyrrole 2 and fluorescent bichromophores 8–12 by base mediated etherification or sulfonylation of phenol 1 (blue emitter) and

luminophore derivatives 3–7 (redshifted emitters) or methyl iodide (aK2CO3;
bNaH, KI).

the sense of a partial energy transfer (for representative small
molecule emitters operated by frustrated and partial energy
transfer by ESIPT, see e.g., Park et al., 2009; Kwon et al., 2013;

Benelhadj et al., 2014), i.e., a dual emission as a consequence
of an excited state communication between donor and
acceptor.
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TABLE 1 | Selected absorption and emission data of luminophores 2, reference luminophores, and bichromophores 8–12 [recorded in dichloromethane at concentrations

of 10−5 M (absorption) and 10−7 M (emission) at T = 293K]a.

Compounds Absorption Emission Stokes shifta Emission colorb

λmax,abs [nm] λmax,em [nm] 1ν̃ [cm−1]

(ε) [L mol−1 cm−1] (Φf )

2 276 (30,600), 316 (20,200) 445.5 (0.28)d 9,200 blue

9-methyl anthracene

(Roberts and Yavari,

1981)

332 (4,400), 348 (5,400),

365 (12,900), 385 (11,000)

388, 411 (0.36) (Rice et al., 1980) 200 blue

dansyl phenolate

(Beyeh et al., 2007)h
263 (16,800), 350 (4,600) 515 9,200 Green

8 258 (192,800), 315.5

(29,800), 329 (29,600), 367

(18,100), 387 (14,200)

394, 415.5, 439.5 (0.09)c,d 443.5d,e 500 9,000 Blue

9 266 (54,400), 318 (32,200) 519 (0.28)f 444 (sh) 12,700 Green

10 267.5 (16,200), 294 (7,200),

316 (6,000), 529.5 (10,500)

596 2,000 Red

11 302 (34,700), 566 (51,900) 442, 618g 1,500 Purple

12 267 (54,700), 446 (51,700) 445 (<0.01)d, 551 (0.04)f 4,200 Yellow orange

aThe absorption maxima employed for calculating the Stokes shifts (1ν̃ = 1/λmax,abs – 1/λmax,em [cm−1 ]) are marked bold face.
bEmission color upon excitation with a handheld UV lamp (λexc = 365 nm).
cFluorescence upon excitation at λexc = 260, 367, and 387 nm.
dDetermined with 1,9-diphenylanthracene as a standard (cyclohexane, Φf = 1.00).
eFluorescence upon excitation at λexc = 317 and 330 nm.
fDetermined with dansyl glycine as a standard (1,4-dioxane, ΦF = 0.66).
gUpon excitation at λexc = 365 nm.
hRecorded in chloroform.

FIGURE 2 | Normalized UV/Vis (solid lines) and emission spectra (dotted:

λexc = 330 nm; dash-dotted: λexc = 317 nm) of bichromophore 8 (recorded in

CH2Cl2 at T = 298K).

For a deeper understanding of the observed chromophore-
chromophore interactions TD-DFT calculations were performed
on the pyrrole 2 and the bichromophores 8–12. The geometries
of the electronic ground-state and excited structures were
optimized by using Gaussian09 (Frisch et al., 2009) with
the B3LYP functional (Lee et al., 1988; Becke, 1993; Kim
and Jordan, 1994; Stephens et al., 1994) and the Pople 6-
311G∗∗ basis set (Krishnan et al., 1980). Since absorption

properties were measured in dichloromethane solutions, the
polarizable continuum model (PCM) with dichloromethane as a
solvent was utilized (Scalmani and Frisch, 2010). All minimum
structures were unambiguously assigned by analytical frequency
analysis. The optimized structures were then submitted to TD-
DFT calculations employing the gradient-corrected exchange
and correlation Perdew-Burke-Ernzerhof functionals PBE1PBE
(Adamo and Barone, 1999)/6-311∗∗ (Krishnan et al., 1980) with
dichloromethane (IEFPCM) (Scalmani and Frisch, 2010) as a
solvent.

The blue emissive pyrrole 2 was considered as the model
donor chromophore in the bichromophore systems. The
TD-DFT calculation of structure 2 revealed, in reasonably
good agreement with the experimentally determined longest
wavelength absorption band at 316 nm (for detailed calculated
transitions, seeTable S1), a lowest energy transition at 347 nm for
the S1 Franck-Condon absorption, which is represented to 99% as
a HOMO→ LUMO transition with considerable charge transfer
character from the anisyl and phenyl moieties of the pyrrole to
the p-cyanophenyl acceptor (Figure 4). The excitation from the
vibrationally excited ground state S∗0 to the relaxed first excited
state S1 translates to the process of fluorescence. The involved
HOMO→ LUMO transition (99%, f = 0.2298, λcalc = 443 nm,
λmax,exp = 446 nm) almost exactly reverts the electron coefficient
density distribution of the absorption.

For further discussion only the absorption characteristics
of the bichromophores 8-12 were considered (for Jablonski
diagrams of the dominant absorption bands, see Figures S12–
S16). The calculations support the additive nature of the
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FIGURE 3 | (Top) Dichloromethane solution of bichromophore 11 at day light

and under the handheld UV lamp (λexc = 365 nm). (Bottom) Normalized

absorption (black solid line) and emission spectra at λexc = 565 (blue dashed),

340 (yellow dashed), and 270 nm (red dashed) (recorded in dichloromethane at

T = 298K; the intense, second order signal at 540 nm upon excitation at

λexc = 270 nm is its first harmonic).

absorption bands of the constituting chromophores, i.e., all
chromophore-chromophore interactions occur in the excited
state. As observed experimentally, energy transfer as an
envisioned interaction requires sufficient overlap of the emission
band of the pyrrole and the absorption band of the corresponding
ligated second chromophore. If a dual emission is intended as
observed for bichromophore 11, for creating dual emission color
mixing, it becomes obvious that partial energy transfer is more
favorable than complete Förster resonance energy transfer.

CONCLUSION

The consecutive four-component coupling-isomerization-
Stetter-Paal-Knorr synthesis of blue luminescent pyrrole has
been employed to furnish a pyrrole chromophore, which can
be successfully ligated in the sense of a level-2 functionalization

with emitter chromophores, absorbing at longer wavelengths to
give a library of emissive bichromophores. The photophysical
data could be quickly assessed by absorption and emission
spectroscopy and were rationalized by TD-DFT calculations.
While significant overlap of the absorption bands of both
chromophores do not reveal a peculiar interaction in the excited
state, those bichromophores where the second absorption
bands overlap with the pyrrole emission reveal energy
transfer characteristics. In the case of the reddish purple
chromophore dual emission from the pyrrole and the 3-cyano-
5,5-dimethylfuran-2(5H)-ylidene)malononitrile-styryl moiety
clearly results from partial energy transfer causing a magenta-
rose emission with significant intensity. This diversity-oriented
synthetic principle now enables a rapid synthetic approach to
dually emissive unimolecular bichromophores operating by
partial energy transfer. The novel principle can be envisioned to
be employed for accessing unimolecular white light emitters for
OLED and biophysical analytics. Synthetic and photophysical
studies of similar blue-red emitting bichromophores are
currently underway.

EXPERIMENTAL

4-(1-Benzyl-2-(4-hydroxyphenyl)-5-phenyl-
1H-pyrrol-3-yl)benzonitrile
(1)
In a screw-cap Schlenk vessel with a magnetic stir bar
were placed dry THF (10mL), p-bromo benzonitrile (910mg,
5.00 mmol), 1-phenylprop-2-yn-1-ol (660mg, 5.00 mmol),
PdCl2(PPh3)2 (70mg, 0.10 mmol), CuI (40mg, 0.20 mmol),
and triethylamine (1.7mL, 12 mmol) under nitrogen and the
mixture was stirred at 90◦C (oil bath) for 10 h. Then, after cooling
to room temp, 4-(tetrahydro-2H-pyran-2-yloxy)benzaldehyde
(1.10 g, 5.25mmol), 3,4-dimethyl-5-(2-hydroxyethyl)-thiazolium
iodide (385mg, 1.35 mmol), and triethylamine (2.5mL, 18
mmol) were added and the mixture was stirred at 80◦C for 4
d. After cooling to room temp acetic acid (10mL) and benzyl
amine (2.6 g, 25 mmol) were added and the reaction mixture was
stirred at 80◦C for 3 d. After cooling to room temp a saturated
aqueous sodium carbonate solution was added, the phases were
separated and the aqueous phase was extracted with diethyl ether
(3× 50mL). The combined organic layers were dried (anhydrous
sodium sulfate), filtered and the filtrate was adsorbed on celite R©

and purified by flash chromatography on silica gel (hexane/ethyl
acetate 20:1) to give pyrrole 1 as a colorless solid (554mg, 26%),
Mp 202◦C.

1HNMR (500 MHz, CDCl3): δ 5.15 (s, 2H), 6.7 (m, 3H), 6.82
(d, 3J = 8.6Hz, 2H), 7.07 (d, 3J = 8.6Hz, 2H), 7.12 (m, 2H), 7.29
(m, 1H), 7.36 (m, 3H), 7.41 (m, 2H), 7.46 (m, 2H), 7.52 (m, 2H),
8.61 (s, 1H). 13C NMR (126 MHz, CDCl3): δ 49.4 (CH2), 108.7
(Cquat), 109.8 (CH), 116.5 (Cquat), 116.6 (CH), 119.8 (Cquat),
121.9 (Cquat), 124.3 (Cquat), 126.7 (CH), 127.7 (CH), 128.2 (CH),
128.3 (CH), 129.1 (CH), 129.4 (CH), 129.7 (CH), 132.7 (CH),
133.3 (CH), 134.2 (Cquat), 134.9 (Cquat), 136.6 (Cquat), 139.9
(Cquat), 142.5 (Cquat). MALDI-TOF [m/z (%)]: 426.0 ([M]+, 100).
IR (KBr): ν̃ [cm−1] = 3,342 (w), 2,229 (m), 1,601 (s), 1,516 (m),
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FIGURE 4 | Jablonski diagram of compound 2 and assignment of the FMO-transitions in the longest wavelength absorption band and the emission band

[E(S0) = 0 eV; PBE1PBE 6-311G** IEFPCM CH2Cl2, isosurface value at 0.03 a.u.].

TABLE 2 | Alkylation synthesis of pyrrole 2 and bichromophores 8–12.

Entry Pyrrole 1 Alkylation substrate Pyrrole 2 and bichromophores 8–12

1a 43mg (0.1 mmol) 50mg (0.4 mmol) of methyl iodide 39mg (68%) of 2

2a 58mg (0.1 mmol) 27mg (0.1 mmol) of 3 57mg (93%) of 8

3a 44mg (0.1 mmol) 28mg (0.1 mmol) of 4 42mg (61%) of 9

4a 44mg (0.1 mmol) 42mg (0.1 mmol) of 5 46mg (59%) of 10

5b 105mg (0.25 mmol) 96mg (0.25 mmol) of 6 70mg (39%) of 11

6b 105mg (0.25 mmol) 84mg (0.25 mmol) of 7 78mg (38%) of 12

aAccording to variation A.
bAccording to variation B.

1,450 (m), 1,402 (w), 1,338 (m), 1,267 (s), 1,228 (m), 1,172 (m),
1,072 (w), 939 (w), 839 (s). Anal. calcd. for C30H22N2O + H2O
(426.5+ 18.01): C 81.06, H 5.44, N 6.30; Found: C 81.01, H 5.01,
N 6.14. HRMS (ESI) calcd. for [C30H22N2O – H]+: 425.16484;
Found: 425.16485.

General Procedure (GP) for the Synthesis
of the Pyrrole Reference Chromophore 2
and Bichromophores 8–12
Variation A: Pyrrole 1 (1.00 equiv), halide 2–4 or methyl iodide
(1.00 equiv), K2CO3 (2.00 equivs) and dry DMF (5mL) were
placed in a screw-cap Schlenk vessel with a magnetic stir bar
under nitrogen (for details, see Table 2). The reaction mixture
was heated at 100◦C for 5 h. After cooling to room temp celite R©

was added to the reaction mixture and the solvents were removed
in vacuo. The residue was purified by flash chromatography
on silica gel (hexane/ethyl acetate) to give the pyrrole reference
chromophore 2 or bichromophores 8–10.

Variation B: Pyrrole 1 (1.00 equiv), KI (1.00 equiv), and dry
DMF (6mL) were placed in a screw-cap Schlenk vessel with a
magnetic stir bar under nitrogen. The mixture was cooled to 0◦C
(ice/water bath) and sodium hydride (2.00 equivs) was added.
Then, halide 5 or 6 (1.00 equiv) was added and the mixture
was allowed to come to room temp. Then, the mixture was
stirred at 90◦C for 3.5 h (for details, see Table 2). After cooling
to room temp water (2mL) was carefully added and the mixture
was extracted with ethyl acetate (3 × 25mL). The combined
organic phases were dried (anhydrous sodium sulfate) and the
solvents were removed in vacuo. The residue was purified by flash
chromatography on silica gel (hexane/ethyl acetate 4:1) to give
the bichromophores 11 or 12.

4-(1-Benzyl-2-(4-methoxyphenyl)-5-phenyl-1H-

pyrrol-3-yl)benzonitrile

(2)
According to the GP (variation A) compound 2 (30mg, 68%) was
obtained as a colorless solid, Mp 166◦C.
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1H NMR (300 MHz, CDCl3): δ 3.79 (s, 3H), 5.05 (s, 2H),
6.57 (s, 1H), 6.66 (m, 2H), 6.81 (d, 3J = 8.84Hz, 2H), 7.07 (d,
3J = 8.43Hz, 2H), 7.12 (m, 2H), 7.24-7.42 (m, 10H). 13C NMR
(75 MHz, CDCl3): δ 48.6 (CH2), 55.4 (CH3), 108.1 (Cquat), 109.0
(CH), 114.4 (CH), 119.8 (Cquat), 121.5 (Cquat), 124.7 (Cquat),
126.2 (CH), 127.1 (CH), 127.6 (CH), 127.7 (CH), 128.5 (CH),
128.7 (CH), 129.3 (CH), 132.2 (CH), 132.5 (CH), 133.2 (Cquat),
133.6 (Cquat), 136.1 (Cquat), 139.0 (Cquat), 141.4 (Cquat), 159.8
(Cquat). MALDI-TOF [m/z (%)]: 440.05 ([M]+, 100). IR (KBr):
ν̃ [cm−1]= 2,224 (m), 1,601 (s), 1,576 (m), 1,516 (m), 1,489 (m),
1,470 (w), 1,386 (w), 1,354 (m), 1,306 (w), 1,290 (m), 1,253 (s),
1,178 (m), 1,109 (w), 1,028 (m), 1,016 (w), 839 (s), 769 (m), 759
(s), 723 (s), 698 (s). HRMS (ESI) calcd. for [C31H24N2O + H]+:
441.19614; Found: 441.19728.

4-(2-(4-(Anthracen-9-ylmethoxy)phenyl)-1-benzyl-5-

phenyl-1H-pyrrol-3-yl)benzonitrile

(8)
According to the GP (variation A) compound 8 (57mg, 93%) was
obtained as a colorless solid, Mp 202◦C.

1H NMR (500 MHz, CDCl3): δ 5.10 (s, 2H), 5.95 (s, 2H),
6.58 (s, 1H), 6.71 (d, 3J = 6.3Hz, 2H), 7.05 (m, 2H), 7.15
(m, 5H), 7.31 (m, 4H), 7.38 (m, 2H), 7.48 (m, 5H), 7.55 (m,
2H), 8.05 (d, 3J = 8.3Hz, 2H), 8.28 (d, 3J = 8.9Hz, 2H),
8.53 (s, 1H). 13C NMR (126 MHz, CDCl3): δ 48.7 (CH2), 63.1
(CH2), 108.2 (Cquat), 109.2 (CH), 115.5 (CH), 115.5 (CH), 119.8
(Cquat), 121.6 (Cquat), 124.1 (CH), 125.3 (CH) 125.3 (Cquat),
126.2 (CH), 126.8 (Cquat), 126.9 (CH), 127.2 (CH), 127.7 (CH),
128.6 (CH), 128.7 (CH), 129.3 (CH), 129.4 (CH), 129.4 (CH),
131.3 (Cquat), 131.7 (Cquat), 132.2 (CH), 132.7 (CH), 133.2
(Cquat), 133.6 (Cquat), 136.3 (Cquat), 139.0 (Cquat), 141.5 (Cquat),
159.4 (Cquat). MALDI-TOF [m/z (%)]: 617.2 ([M+H]+, 60). IR
(KBr): ν̃ [cm−1] = 2,224 (m), 1,603 (m), 1,516 (w), 1,489 (w),
1,450 (w), 1,244 (s), 1,224 (w), 1,175 (m), 1,001 (w), 989 (w),
835 (s), 762 (s), 731 (s), 698 (s). UV/Vis: λmax(ε) (CH2Cl2,
T = 293K) = 258 nm (192,800 L mol−1 cm−1), 315.5 nm
(29,800 L mol−1 cm−1), 329 nm (29,600 L mol−1 cm−1), 367 nm
(18,100 L mol−1 cm−1), 387 nm (14,200 L mol−1 cm−1). HRMS
(ESI) calcd. for [C45H32N2O+H]+: 617.2586; Found: 617.2577.

4-(1-Benzyl-3-(4-cyanophenyl)-5-phenyl-1H-pyrrol-2-

yl)phenyl 5-(dimethylamino)naphthalene-1-sulfonate

(9)
According to the GP (variation A) compound 9 (42mg, 61%) was
obtained as a yellow solid, Mp 124◦C.

1HNMR (300 MHz, CDCl3): δ 2.90 (s, 6H), 4.97 (s, 2H), 6.52
(m, 3H), 6.80 (d, 3J = 8.37Hz, 2H), 6.93 (d, 3J = 8.79Hz, 2H),
7.08 (m, 5H), 7.23 (m, 1H), 7.33 (m, 7H), 7.44 (dd, 3J = 7.4Hz,
3J = 8.5Hz, 1H), 7.64 (dd, 3J = 7.4Hz, 3J = 8.5Hz, 1H),
8.06 (dd, 4J = 1.3Hz, 3J = 7.3Hz, 1H), 8.44 (d, 3J = 8.7Hz,
1H), 8.62 (d, 3J = 8.5Hz, 1H). 13C NMR (75 MHz, CDCl3):
δ 45.7 (CH3), 48.8 (CH2), 108.5 (Cquat), 109.3 (CH), 116.0 (CH),
119.6 (Cquat), 122.2 (Cquat), 122.7 (CH), 123.0 (CH), 126.1 (CH),
127.3 (CH), 127.8 (CH), 128.0 (CH), 128.6 (CH), 128.7 (CH),
128.8 (CH), 129.3 (CH), 129.3 (CH), 129.8 (Cquat), 130.3 (Cquat),
131.0 (Cquat), 131.4 (CH), 131.6 (Cquat), 132.0 (Cquat), 132.1
(CH), 132.3 (CH), 132.5 (CH), 132.8 (Cquat), 136.9 (Cquat), 138.4

(Cquat), 140.9 (Cquat), 149.7 (Cquat). MALDI-TOF [m/z (%)]:
660.17 ([M-H]+, 100). IR (KBr): ν̃ [cm−1] = 2,924 (w), 2,222
(w), 1,602 (m), 1,570 (w), 1,508 (w), 1,452 (w), 1,369 (s), 1,307
(w), 1,193 (m), 1,174 (s), 1,145 (s), 1,049 (w), 1,018 (w), 943 (w),
860 (s), 844 (s). HRMS (ESI) calcd. for [C42H33N3O3S + H]+:
660.23154; Found: 660.23087.

4-(1-Benzyl-2-(4-(3-((9-(diethylamino)-5-oxo-5H-

benzo[a]phenoxazin-2-yl)oxy)propoxy)phenyl)-5-

phenyl-1H-pyrrol-3-yl)benzonitrile

(10)
According to the GP (variation A) compound 10 (46mg, 59%)
was obtained as a red solid, Mp 143◦C.

1H NMR (600 MHz, acetone-d6): δ 1.26 (t, 3J = 7.1Hz, 6H),
2.36 (p, 3J = 6.2Hz, 2H), 3.58 (q, 3J = 7.1Hz, 4H), 4.29 (t,
3J = 6.2Hz, 2H), 4.42 (t, 3J = 6.2Hz, 2H), 5.16 (s, 2H), 6.12
(s, 1H), 6.60 (d, 4J = 2.7Hz, 1H), 6.68 (m, 3H), 6.82 (dd,
3J = 9.1Hz, 4J = 2.8Hz, 2H), 6.99 (d, 3J = 8.8Hz, 2H), 7.11 (m,
3H), 7.17 (d, 3J = 8.8Hz, 2H), 7.27 (dd, 3J = 8.7Hz, 4J = 2.6Hz,
1H), 7.31 (m, 1H), 7.37 (m, 2H), 7.40 (d, 3J = 8.7Hz, 2H),
7.46 (m, 2H), 7.53 (d, 3J = 8.6Hz, 1H), 7.58 (d, 3J = 9.0Hz,
1H), 8.08 (d, 4J = 2.6Hz, 1H), 8.11 (d, 3J = 8.7Hz, 1H). 13C
NMR (150 MHz, acetone-d6): δ 12.9 (CH3), 45.6 (CH2), 49.0
(CH2), 65.2 (CH2), 65.7 (CH2), 97.1 (CH), 105.4 (CH), 107.6
(CH), 108.8 (Cquat), 109.9 (CH), 110.7 (CH), 111.5 (Cquat), 115.7
(CH), 118.7 (CH), 119.7 (Cquat), 122.1 (Cquat), 125.1 (Cquat),
125.5 (Cquat), 126.6 (Cquat), 126.6 (CH), 127.7 (CH), 128.2 (CH),
128.3 (CH), 128.4 (CH), 129.1 (CH), 129.4 (CH), 129.7 (CH),
131.9 (CH), 132.8 (CH), 133.3 (CH), 134.1 (Cquat), 134.6 (Cquat),
135.0 (Cquat), 136.8 (Cquat), 139.9 (Cquat), 140.4 (Cquat), 142.4
(Cquat), 147.7 (Cquat), 152.0 (Cquat), 152.9 (Cquat), 160.0 (Cquat),
162.5 (Cquat), 182.5 (Cquat). MALDI-TOF [m/z (%)]: 801.3 ([M-
H]+, 100). IR (KBr): ν̃ [cm−1] = 2,965 (w), 2,926 (w), 2,222
(w), 1,732 (w), 1,709 (w), 1,620 (m), 1,595 (s), 1,580 (s), 1,516
(m), 1,495 (m), 1,466 (m), 1,406 (m), 1,339 (m), 1,314 (m), 1,254
(s), 1,223 (m), 1,177 (m), 1,111 (s), 1,080 (m), 1,026 (m), 966
(w), 907 (w), 876 (w), 827 (s), 795 (s). HRMS (ESI) calcd. for
[C53H44N4O4 +H]+: 801.34353; Found: 801.34390.

(E)-2-(4-(4-((2-(4-(1-Benzyl-3-(4-cyanophenyl)-5-

phenyl-1H-pyrrol-2-yl)phenoxy)ethyl)-

(methyl)amino)styryl)-3-cyano-5,5-dimethylfuran-

2(5H)-ylidene)malononitrile

(11)
According to the GP (variation B) compound 11 (78mg, 39%)
was obtained as a blue solid, Mp 135◦C.

1H NMR (300 MHz, CDCl3): δ 1.76 (s, 6H), 3.22 (s, 3H),
3.91 (t, 3J = 5.2Hz, 2H), 4.19 (t, 3J = 5.2Hz, 2H), 5.05
(s, 2H), 6.57 (s, 1H), 6.66 (dd, 3J = 6.7Hz, 4J = 2.8Hz,
2H), 6.79 (m, 5H), 7.08 (d, 3J = 8.7Hz, 2H), 7.13 (m,
3H), 7.24–7.39 (m, 7H), 7.41 (d, 3J = 8.6Hz, 2H), 7.56
(d, 3J = 9.0Hz, 2H), 7.61 (d, 3J = 16.1Hz, 1H). 13C
NMR (75 MHz, CDCl3): δ 26.9 (CH3), 39.8 (CH3), 48.5
(CH2), 51.9 (CH2), 65.4 (CH2), 97.1 (Cquat), 108.0 (Cquat),
109.1 (CH), 109.5 (CH), 111.5 (Cquat), 112.7 (CH), 114.8
(CH), 119.6 (Cquat), 119.65 (Cquat), 119.7 (Cquat), 119.8 (Cquat),
121.6 (Cquat), 122.7 (Cquat), 125.4 (Cquat), 126.0 (CH), 127.1
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(CH), 127.6 (CH), 127.7 (CH), 128.5 (CH), 128.7 (CH), 129.2
(CH), 132.1 (CH), 132.3 (CH), 132.6 (CH), 133.0 (Cquat),
133.1 (Cquat), 136.2 (Cquat), 138.9 (Cquat), 141.4 (Cquat), 148.2
(CH), 152.9 (Cquat), 158.4 (Cquat), 174.4 (Cquat), 176.3 (Cquat.).
MALDI-TOF [m/z (%)]: 769.3 ([M-H]+, 100). IR (KBr): ν̃

[cm−1] = 2,960 (w), 2,222 (m), 1,599 (w), 1,558 (m), 1,516
(s), 1,464 (m), 1,435 (w), 1,371 (s), 1,276 (s), 1,244 (m), 1,190
(m), 1,170 (s), 1,150 (m), 1,105 (m), 1,072 (m), 1,031 (m),
1,016 (m), 966 (w), 937 (w), 839 (m), 815 (m), 795 (m).
HRMS (ESI) calcd. for [C51H40N6O2 +Na]+: 791.31050; Found:
791.31045.

(E)-4-(1-Benzyl-2-(4-(2-(methyl(4-(2-(4-methyl-3-oxo-

3,4-dihydrochinoxalin-2-

yl)vinyl)phenyl)amino)ethoxy)phenyl)-5-phenyl-1H-

pyrrol-3-yl)benzonitrile

(12)
According to the GP (variation B) compound 12 (70mg, 38%)
was obtained as an orange solid, Mp 152◦C.

1H NMR (300 MHz, CDCl3): δ 3.12 (s, 3H), 3.73 (s, 3H),
3.82 (t, 3J = 5.6Hz, 2H), 4.15 (m, 2H), 5.06 (s, 2H), 6.58
(s, 1H), 6.66 (m, 2H), 6.75 (d, 3J = 8.9Hz, 2H), 6.8 (d,
3J = 8.8Hz, 2H), 7.07 (d, 3J = 8.7Hz, 2H), 7.26–7.50 (m,
16H), 7.62 (m, 2H), 7.85 (dd, 3J = 8.0Hz, 4J = 1.1Hz, 1H),
8.11 (d, 3J = 16.0Hz, 1H). 13C NMR (75 MHz, CDCl3): δ

29.3 CH3, 39.5 (CH3), 48.5 (CH2), 51.8 (CH2), 65.4 (CH2),
108.0 (Cquat), 109.0 (CH), 112.0 (CH), 113.7 (CH), 114.8 (CH),
117.5 (CH), 119.7 (Cquat), 121.4 (Cquat), 123.9 (CH), 125.0
(Cquat), 125.1 (Cquat), 126.0 (CH), 127.1 (CH), 127.5 (CH),
127.6 (CH), 128.4 (CH), 128.6 (CH), 129.0 (CH), 129.2 (CH),
129.4 (CH), 129.9 (CH), 132.1 (CH), 132.5 (CH), 132.8 (Cquat),
133.1 (Cquat), 133.4 (Cquat), 133.7 (Cquat), 136.1 (Cquat), 138.8
(Cquat), 131.3 (Cquat), 149.8 (Cquat), 153.0 (Cquat), 155.4 (Cquat),
158.7 (Cquat). MALDI-TOF [m/z (%)]:744.3 ([M-H]+, 100). IR
(KBr): ν̃ [cm−1] = 2,963 (w), 2,928 (w), 2,907 (w), 2,220 (w),
1,651 (w), 1,599 (m), 1,514 (w), 1,489 (w), 1,470 (w), 1,450

(w), 1,412 (w), 1,377 (w), 1,350 (w), 1,317 (w), 1,304 (w),
1,258 (s), 1,179 (m), 1,084 (s), 1,013 (s), 864 (m), 790 (s).
HRMS (ESI) calcd. for [C50H41N5O2 + H]+: 744.33330; Found:
744.33373.

AUTHOR CONTRIBUTIONS

The project was conceptualized by TM for the Ph.D. thesis
of OG, who developed the synthetic approach and conducted
the photophysical studies and their evaluation. BM performed
all DFT and TD-DFT calculations and assigned the absorption
transitions. Based upon the doctoral thesis of OGmanuscript was
written and corrected by TM and BM.

FUNDING

Fonds der Chemischen Industrie (ad personam funding of TM)
and Deutsche Forschungsgemeinschaft (Mu 1088/6-1).

ACKNOWLEDGMENTS

We cordially thank Fonds der Chemischen Industrie and
Deutsche Forschungsgemeinschaft (Mu 1088/6-1) for the
financial support. Computational support and infrastructure was
provided by the Centre for Information and Media Technology
(ZIM) at the University of Düsseldorf (Germany).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fchem.
2018.00579/full#supplementary-material

Data Sheet 1 | This Supplementary Information file contains the 1H and 13C

NMR spectra of compounds 1, 2, 8–12, the absorption and emission spectra of

compounds 2, 8–12, and the data and evaluation of the DFT and TD-DFT

calculations on the structures 2, 8–12.

REFERENCES

Aathimanikandan, S. V., Sandanaraj, B. S., Arges, C. G., Bardeen, C. J., and
Thayumanavan, S. (2005). Effect of guest molecule flexibility in access to
dendritic interiors. Org. Lett. 7, 2809–2812. doi: 10.1021/ol050579b

Adamo, C., and Barone, V. (1999). Toward reliable density functional methods
without adjustable parameters: the PBE0model. J. Chem. Phys. 110, 6158–6170.
doi: 10.1063/1.478522

Bälter, M., Li, S., Morimoto, M., Tang, S., Hernando, J., Guirado, G., et al. (2016).
Emission color tuning and white-light generation based on photochromic
control of energy transfer reactions in polymer micelles. Chem. Sci. 7,
5867–5871. doi: 10.1039/C6SC01623E

Bazan, G. (2007). Novel organic materials through control of multichromophore
interactions. J. Org. Chem. 72, 8615–8635. doi: 10.1021/jo071176n

Becke, A. D. (1993). A new mixing of Hartree–Fock and local density-functional
theories. J. Chem. Phys. 98, 1372–1377. doi: 10.1063/1.464304

Benelhadj, K., Muzuzu, W., Massue, J., Retailleau, P., Charaf-Eddin, A.,
Laurent, A. D., et al. (2014). White emitters by tuning the excited-
state intramolecular proton-transfer fluorescence emission in 2-(2′-
Hydroxybenzofuran)benzoxazole Dyes. Chem. Eur. J. 20, 12843–12857.
doi: 10.1002/chem.201402717

Beyeh, N. K., Aumanen, J., Åhman, A., Luostarinen, M., Mansikkamäki, H.,
Nissinen, M., et al. (2007). Dansylated resorcinarenes. New J. Chem. 31,
370–376. doi: 10.1039/B615772F

Börgardts, M., and Müller, T. J. J. (2017). Energy down converting organic
fluorophore functionalized mesoporous silica hybrids for monolith-
coated light emitting diodes. Beilstein J. Org. Chem. 13, 768–778.
doi: 10.3762/bjoc.13.76

Braun, R. U., and Müller, T. J. J. (2004). Coupling-isomerization-
stetter and coupling-isomerization-stetter-paal-knorr sequences - a
multicomponent approach to furans and pyrroles. Synthesis 2004, 2391–2406.
doi: 10.1055/s-2004-831192

Braun, R. U., Zeitler, K., and Müller, T. J. J. (2001). A novel one-pot pyrrole
synthesis via a coupling-isomerization-stetter-paal-knorr sequence. Org. Lett.
3, 3297–3300. doi: 10.1021/ol0165185

Briehn, C. A., and Bäuerle, P. (2002). From solid-phase synthesis of
π-conjugated oligomers to combinatorial library construction and
screening. Chem. Commun. 2002, 1015–1023. doi: 10.1039/b10
8846g

Broadbent, A. D. (2004). A critical review of the development of the CIE1931
RGB color-matching functions. Color Res. Appl. 29, 267–272. doi: 10.1002/col.
20020

Frontiers in Chemistry | www.frontiersin.org 10 November 2018 | Volume 6 | Article 579

https://www.frontiersin.org/articles/10.3389/fchem.2018.00579/full#supplementary-material
https://doi.org/10.1021/ol050579b
https://doi.org/10.1063/1.478522
https://doi.org/10.1039/C6SC01623E
https://doi.org/10.1021/jo071176n
https://doi.org/10.1063/1.464304
https://doi.org/10.1002/chem.201402717
https://doi.org/10.1039/B615772F
https://doi.org/10.3762/bjoc.13.76
https://doi.org/10.1055/s-2004-831192
https://doi.org/10.1021/ol0165185
https://doi.org/10.1039/b108846g
https://doi.org/10.1002/col.20020
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Grotkopp et al. Bichromophoric Fluorophore Conjugates

Carroll, R. L., and Gorman, C. B. (2002). The genesis of molecular
electronics. Angew. Chem. Int. Ed. 41, 4378–4400. doi: 10.1002/1521-
3773(20021202)41:23<4378::AID-ANIE4378>3.0.CO;2-A

Coropceanu, V., Cornil, J., da Silva Filho, D. A., Oliver, Y., Silbey, R., and Brédas,
J.-L. (2007). Charge transport in organic semiconductors. Chem. Rev. 107,
926–953. doi: 10.1021/cr050140x

de Moliner, F., Kielland, N., Lavilla, R., and Vendrell, M. (2017). Modern
synthetic avenues for the preparation of functional fluorophores.
Angew. Chem. Int. Ed. 56, 3758–3769. doi: 10.1002/anie.2016
09394

Findlay, N. J., Bruckbauer, J., Inigo, A. R., Breig, B., Arumugam, S., Wallis, D. J.,
et al. (2014). An organic down-converting material for white-light emission
from hybrid LEDs. Adv. Mater. 26, 7290–7294. doi: 10.1002/adma.201402661

Fox, M. A. (1999). Fundamentals in the design of molecular electronic devices:
long-range charge carrier transport and electronic coupling. Acc. Chem. Res.
32, 201–207. doi: 10.1021/ar9600953

Frisch, M. J., Trucks, G. W., Schlegel, H. B., Scuseria, G. E., Robb, M. A.,
Cheeseman, J. R., et al. (2009).GAUSSIAN 09 (Revision A.02).Wallingford, CT:
Gaussian Inc.

Garnier, F. (1999). Organic-based electronics à la carte. Acc. Chem. Res. 32,
209–215. doi: 10.1021/ar9800340

Joshi, N. K., Polgar, A. M., Steer, R. P., and Paige, M. F. (2016). White
light generation using Förster resonance energy transfer between 3-
hydroxyisoquinoline and Nile Red. Photochem. Photobiol. Sci. 15, 609–617.
doi: 10.1039/C6PP00005C

Kavarnos, G. J. (1993). Fundamentals of Photoinduced Electron Transfer. New
York, NY: Wiley-VCH Verlag GmbH.

Kim, K., and Jordan, K. D. (1994). Comparison of density functional and MP2
calculations on the water monomer and dimer. J. Phys. Chem. 98, 10089–10094.
doi: 10.1021/j100091a024

Klymchenko, A. S. (2017). Solvatochromic and fluorogenic dyes as environment-
sensitive probes: design and biological applications. Acc. Chem. Res. 50,
366–375. doi: 10.1021/acs.accounts.6b00517

Klymchenko, A. S., Pivovarenko, V. G., Ozturk, T., and Demchenko, A. P. (2003).
Modulation of the solvent-dependent dual emission in 3-hydroxychromones
by substituents. New J. Chem. 27, 1336–1343. doi: 10.1039/b302965d

Klymchenko, A. S., Yushchenko, D. A., and Mely, Y. (2007). Tuning excited state
intramolecular proton transfer in 3-hydroxyflavone derivative by reaction of
its isothiocyanate group with an amine. J. Photochem. Photobiol. A 192, 93–97.
doi: 10.1016/j.jphotochem.2007.05.009

Krishnan, R., Binkley, J. S., Seeger, R., and Pople, J. A. (1980). Self-consistent
molecular orbital methods. XX. A basis set for correlated wave functions.
J. Chem. Phys. 72, 650–654. doi: 10.1063/1.438955

Kucherak, O. A., Oncul, S., Darwich, Z., Yushchenko, D. A., Arntz, Y., Didier,
P., et al. (2010). Switchable nile red-based probe for cholesterol and lipid
order at the outer leaflet of biomembranes. J. Am. Chem. Soc. 132, 4907–4916.
doi: 10.1021/ja100351w

Kwon, J. E., Park, S., and Park, S. Y. (2013). Realizing molecular pixel system
for full-color fluorescence reproduction: RGB-Emitting Molecular Mixture
Free from Energy Transfer Crosstalk. J. Am. Chem. Soc. 135, 11239–11246.
doi: 10.1021/ja404256s

Lapini, A., Fabbrizzi, P., Piccardo, M., di Donato, M., Lascialfari, L., Foggi, P.,
et al. (2014). Ultrafast resonance energy transfer in the umbelliferone–
alizarin bichromophore. Phys. Chem. Chem. Phys. 16, 10059–10074.
doi: 10.1039/C3CP54609H

Lee, C., Yang, W., and Parr, R. G. (1988). Development of the Colle-Salvetti
correlation-energy formula into a functional of the electron density. Phys. Rev.
B Condens. Matter Mater. Phys. 37, 785–789. doi: 10.1103/PhysRevB.37.785

Levi, L., and Müller, T. J. J. (2016a). Multicomponent syntheses of fluorophores
initiated by metal catalysis. Eur. J. Org. Chem. 2016, 2907–2918.
doi: 10.1002/ejoc.201600409

Levi, L., and Müller, T. J. J. (2016b). Multicomponent syntheses of functional
chromophores. Chem. Soc. Rev. 45, 2825–2846. doi: 10.1039/C5CS00805K

Li, Z. R. (2015).Organic Light-Emitting Materials and Devices, 2nd Edn. New York,
NY: CRC Press.

Lord, S. J., Conley, N. R., Lee, H.-L. D., Samuel, R., Weber, R., Liu, N., et al. (2010).
Azido push–pull fluorogens photoactivate to produce bright fluorescent labels.
J. Phys. Chem. B 114, 14157–14167. doi: 10.1021/jp907080r

Merkt, F. K., and Müller, T. J. J. (2018). Solid state and aggregation induced
emissive chromophores by multi-component syntheses. Isr. J. Chem. 58,
889–900. doi: 10.1002/ijch.201800058

Mukherjee, S., and Thilagar, P. (2014). Organic white-light emittingmaterials.Dyes
Pigm. 110, 2–27. doi: 10.1016/j.dyepig.2014.05.031

Mukherjee, S., and Thilagar, P. (2015). Recent advances in purely
organic phosphorescent materials. Chem. Commun. 51, 10988–11003.
doi: 10.1039/C5CC03114A

Müllen, K., and Scherf, U. (eds.). (2006).Organic Light-Emitting Diodes - Synthesis,

Properties, and Applications. Weinheim: Wiley-VCH.
Müller, T. J. J. (2007). “Diversity-oriented synthesis of chromophores by

combinatorial strategies and multi-component reactions,” in Functional

Organic Materials. Syntheses, Strategies, and Applications, eds T. J. J. Müller and
U. H. F. Bunz (Weinheim: Wiley-VCH), 179–223.

Müller, T. J. J. (2016). “Chapter 6: Multicomponent and domino syntheses of AIE
chromophores,” in Aggregation Induced Emission: Materials and Applications,

eds M. Fujiki, B. Z. Tang and B. Liu (Washington, CA: ACS Symposium Series
e-book), 85–112.

Müller, T. J. J., and Bunz, U. H. F. (eds.). (2007). Functional Organic Materials.
Syntheses, Strategies, and Applications.Weinheim: Wiley-VCH.

Müller, T. J. J., and D’Souza, D. M. (2008). Diversity-oriented syntheses of
functional π-systems by multicomponent and domino reactions. Pure Appl.

Chem. 80, 609–620. doi: 10.1351/pac200880030609
Pallavi, P., Sk, B., Ahir, P., and Patra, A. (2018). Tuning the förster

resonance energy transfer through a self-assembly approach for efficient
white-light emission in an aqueous medium. Chem. Eur. J. 24, 1151–1158.
doi: 10.1002/chem.201704437

Park, J.-S., Chae, H., Chung, H. K., and Lee, S. I. (2011). Thin film encapsulation
for flexible AM-OLED: a review. Semicond. Sci. Technol. 26, 034001–034008.
doi: 10.1088/0268-1242/26/3/034001

Park, S., Kwon, J. E., Kim, S. H., Seo, J., Chung, K., Park, S.-Y., et al. (2009). A
white-light-emitting molecule: frustrated energy transfer between constituent
emitting centers. J. Am. Chem. Soc. 131, 14043–14049. doi: 10.1021/ja902533f

Qing, Z., Audebert, P., Clavier, G., Mèallat-Renault, R., Mionmandre, F., and
Tang, J. (2011). Bright fluorescence through activation of a low absorption
fluorophore: the case of a unique naphthalimide–tetrazine dyad. New J. Chem.
35, 1678–1682. doi: 10.1039/c1nj20100j

Rice, J., McDonald, D. B., Ng, L.-K., and Yang, N. C. (1980). Effect of viscosity
on fluorescence of anthracenes in solution. J. Chem. Phys. 73, 4144–4146.
doi: 10.1063/1.440648

Riva, R., Moni, L., and Müller, T. J. J. (2016). Multicomponent strategies for
the diversity-oriented synthesis of blue emissive heterocyclic chromophores.
Targets Heterocyc. Syst. 20, 85–112. doi: 10.17374/targets.2017.20.85

Roberts, R. M. G., and Yavari, F. (1981). Kinetics and mechanism of diels-
alder additions of tetracyanoethylene to anthracene derivatives-III: effect of
substituents on rates and intermediate complex formation. Tetrahedron 37,
2657–2662. doi: 10.1016/S0040-4020(01)98972-0

Sarkar, S. K., Kumar, G. R., and Thilagar, P. (2016). White light emissive molecular
siblings. Chem. Commun. 52, 4175–4178. doi: 10.1039/C6CC00823B

Scalmani, G., and Frisch, M. J. (2010). Continuous surface charge polarizable
continuum models of solvation. I. General formalism. J. Chem. Phys. 132,
114110. doi: 10.1063/1.3359469

Schanda, J. (2007). Colorimetry: Understanding the CIE System. Hoboken, NJ: John
Wiley & Sons, Inc.

Shi, N., Guan, Y., Zhang, J., andWan, X. H. (2015). Multicolor luminescent hybrid
assembled materials based on lanthanide-containing polyoxometalates
free from energy transfer crosstalk. RSC Adv. 5, 34900–34907.
doi: 10.1039/C5RA03329B

Shirota, Y., and Kageyama, H. (2007). Charge carrier transporting molecular
materials and their applications in devices. Chem. Rev. 107, 953–1010.
doi: 10.1021/cr050143+

Stephens, P. J., Devlin, F. J., Chabalowski, C. F., and Frisch, M. J. (1994). Ab
initio calculation of vibrational absorption and circular dichroism spectra
using density functional force fields. J. Phys. Chem. 98, 11623–11627.
doi: 10.1021/j100096a001

Thejo Kalayani, N., and Dhoble, S. J. (2012). Organic light emitting diodes: energy
saving lighting technology - A review. Renew. Sust. Energ. Rev. 16, 2696–2723.
doi: 10.1016/j.rser.2012.02.021

Frontiers in Chemistry | www.frontiersin.org 11 November 2018 | Volume 6 | Article 579

https://doi.org/10.1002/1521-3773(20021202)41:23<4378::AID-ANIE4378>3.0.CO;2-A
https://doi.org/10.1021/cr050140x
https://doi.org/10.1002/anie.201609394
https://doi.org/10.1002/adma.201402661
https://doi.org/10.1021/ar9600953
https://doi.org/10.1021/ar9800340
https://doi.org/10.1039/C6PP00005C
https://doi.org/10.1021/j100091a024
https://doi.org/10.1021/acs.accounts.6b00517
https://doi.org/10.1039/b302965d
https://doi.org/10.1016/j.jphotochem.2007.05.009
https://doi.org/10.1063/1.438955
https://doi.org/10.1021/ja100351w
https://doi.org/10.1021/ja404256s
https://doi.org/10.1039/C3CP54609H
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1002/ejoc.201600409
https://doi.org/10.1039/C5CS00805K
https://doi.org/10.1021/jp907080r
https://doi.org/10.1002/ijch.201800058
https://doi.org/10.1016/j.dyepig.2014.05.031
https://doi.org/10.1039/C5CC03114A
https://doi.org/10.1351/pac200880030609
https://doi.org/10.1002/chem.201704437
https://doi.org/10.1088/0268-1242/26/3/034001
https://doi.org/10.1021/ja902533f
https://doi.org/10.1039/c1nj20100j
https://doi.org/10.1063/1.440648
https://doi.org/10.17374/targets.2017.20.85
https://doi.org/10.1016/S0040-4020(01)98972-0
https://doi.org/10.1039/C6CC00823B
https://doi.org/10.1063/1.3359469
https://doi.org/10.1039/C5RA03329B
https://doi.org/10.1021/cr050143$+$
https://doi.org/10.1021/j100096a001
https://doi.org/10.1016/j.rser.2012.02.021
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Grotkopp et al. Bichromophoric Fluorophore Conjugates

Tour, J. M. (2000). Molecular electronics. Synthesis and testing of components.
Acc. Chem. Res. 33, 791–804. doi: 10.1021/ar0000612

Walzer, K., Maennig, B., Pfeiffer, M., and Leo, K. (2007). Highly efficient
organic devices based on electrically doped transport layers. Chem. Rev. 107,
1233–1271. doi: 10.1021/cr050156n

Westland, S. (2003). Review of the CIE system of colorimetry
and its use in dentistry. J. Esthet. Restor. Dent. 15, S5–S12.
doi: 10.1111/j.1708-8240.2003.tb00313.x

Wu, Z., andMa, D. (2016). Recent advances in white organic light-emitting diodes.
Mater. Sci. Eng. R Rep. 107, 1–42. doi: 10.1016/j.mser.2016.06.001

Yuan, C., Saito, S., Camacho, C., Irle, S., Hisaki, I., and Yamaguchi, S.
(2013). A π-conjugated system with flexibility and rigidity that shows
environment-dependent RGB luminescence. J. Am. Chem. Soc. 135, 8842–8845.
doi: 10.1021/ja404198h

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The handling editor declared a past co-authorship with one of the authors
TM.

Copyright © 2018 Grotkopp, Mayer and Müller. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Chemistry | www.frontiersin.org 12 November 2018 | Volume 6 | Article 579

https://doi.org/10.1021/ar0000612
https://doi.org/10.1021/cr050156n
https://doi.org/10.1111/j.1708-8240.2003.tb00313.x
https://doi.org/10.1016/j.mser.2016.06.001
https://doi.org/10.1021/ja404198h
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Diversity-Oriented Synthesis and Optical Properties of Bichromophoric Pyrrole-Fluorophore Conjugates
	Introduction
	Results and Discussion
	Synthesis
	Photophysical Properties and Electronic Structure

	Conclusion
	Experimental
	4-(1-Benzyl-2-(4-hydroxyphenyl)-5-phenyl-1H-pyrrol-3-yl)benzonitrile (1)
	General Procedure (GP) for the Synthesis of the Pyrrole Reference Chromophore 2 and Bichromophores 8–12
	4-(1-Benzyl-2-(4-methoxyphenyl)-5-phenyl-1H-pyrrol-3-yl)benzonitrile (2)
	4-(2-(4-(Anthracen-9-ylmethoxy)phenyl)-1-benzyl-5-phenyl-1H-pyrrol-3-yl)benzonitrile (8)
	4-(1-Benzyl-3-(4-cyanophenyl)-5-phenyl-1H-pyrrol-2-yl)phenyl 5-(dimethylamino)naphthalene-1-sulfonate (9)
	4-(1-Benzyl-2-(4-(3-((9-(diethylamino)-5-oxo-5H-benzo[a]phenoxazin-2-yl)oxy)propoxy)phenyl)-5-phenyl-1H-pyrrol-3-yl)benzonitrile (10)
	(E)-2-(4-(4-((2-(4-(1-Benzyl-3-(4-cyanophenyl)-5-phenyl-1H-pyrrol-2-yl)phenoxy)ethyl)-(methyl)amino)styryl)-3-cyano-5,5-dimethylfuran-2(5H)-ylidene)malononitrile (11)
	(E)-4-(1-Benzyl-2-(4-(2-(methyl(4-(2-(4-methyl-3-oxo-3,4-dihydrochinoxalin-2-yl)vinyl)phenyl)amino)ethoxy)phenyl)-5-phenyl-1H-pyrrol-3-yl)benzonitrile (12)


	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


