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Research on organic dyes constitutes a cornerstone in organic
chemistry. It started already in 1856 with Perkin's seminal syn-
thesis of mauveine [1]. Since then, dye chemistry evolved into a
highly interdisciplinary research area in organic chemistry.
Especially the immediate commercialization of Perkin's
discovery in a dye firm demonstrated already at that time the
strong relationship between research on dyes and industrial
chemistry [2-4]. As a result, the success and strength of several
chemical companies are originally based on dye chemistry. Al-
though the traditional dyeing of textiles, hair, food, cosmetics,
photography or printer colors, etc. is still highly relevant,
organic dyes also contribute as essential components in modern
applications such as in OLEDs [5,6], solar cells [7,8], organic
semiconductors [9], NLO materials [10], photopolymerization
[11], or Chemistry 4.0 [12].

From its very beginning, dye chemistry is strongly connected to
the scientific developments in organic synthesis. Especially the
obvious success and profitability of commercial dyes certainly
stimulated the research activities to design and synthesize novel
colorants with desirable properties, such as bright and beautiful
absorption and emission colors, color fastness, persistence, as

well as high molar extinction coefficients and emission quan-
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tum yields. Along these lines, numerous new methods and syn-
thetic routes were developed to either functionalize established
dye cores or to design new classes of dyes [13,14]. To add to
that, efforts were spent to isolate and identify dyes that are
found in nature, thus establishing important classes of dyes
based on natural products [15,16]. At the same time, dyes them-
selves turned out to be useful tools in organic synthesis, for ex-
ample, in traditional photosensitization or in a more recent
topical approach as efficient and highly versatile photocatalysts
[17-19].

The investigation of dyes is also at the heart of physical organic
chemistry. Specifically, the seminal studies to understand the
relationship between structure and color are considered high-
lights in chemistry and contributed significantly to the develop-
ment of theoretical and computational chemistry [20]. In the
same way, essential dye properties, such as aggregation [21,22]
or solvatochromism [23], are still in the focus of current physi-
cal organic research.

The analytical sciences also depend very much on the availabil-

ity of appropriate dyes with characteristic properties. Tradition-

ally, organic dyes are the basis of well-established color indica-
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tors for qualitative and quantitative analysis. Nowadays, we
cannot imagine research in the life sciences or in medical diag-
nostics without the sophisticated applications of organic dyes as
fluorescent probes, dye labels, two-photon absorption probes or
chemosensors [24-30].

After all, dye chemistry is literally an "evergreen" in scientific
research, and consequently, its significant contributions to
scientific developments and breakthroughs is well-documented
in several Nobel prizes that are directly or indirectly linked to
the synthesis or application of dyes, such as — just to name a
few — the ones awarded to A. von Baeyer (1905), H. Fischer
(1930), P. Karrer (1937), O. Shimomura, M. Chalfie, R. Tsien
(2008), and E. Betzig, S. Hell, W. Moerner (2014).

Although the above mentioned aspects and examples clearly
show that dye chemistry is a mature and essential topic in
organic chemistry, it still constitutes a vibrant research area
because of the continuous need for specifically designed dyes
with custom-made optical properties for diverse topical applica-
tions. Hence, this special issue aimed at the compilation of the
latest trends in the chemistry of organic dyes and it covers the
diverse modern aspects with a special focus on organic synthe-
sis, photochemical and photophysical studies, as well as on ap-
plications in (bio)analytical chemistry, materials science,

biology, and medicine.

I greatly enjoyed acting as guest editor of this thematic issue in
the Beilstein Journal of Organic Chemistry. With sincere grati-
tude I would like to thank all authors for their excellent contri-
butions, the referees for their constructive suggestions and the

staff of the Beilstein-Institut for their continuous support.
Heiko Ihmels
Siegen, October 2019
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The serotonin 5-hydroxytryptamine 3 receptor (5-HT3R) plays a unique role within the seven classes of the serotonin receptor

family, as it represents the only ionotropic receptor, while the other six members are G protein-coupled receptors (GPCRs). The

5-HTj receptor is related to chemo-/radiotherapy provoked emesis and dysfunction leads to neurodevelopmental disorders and

psychopathologies. Since the development of the first serotonin receptor antagonist in the early 1990s, the range of highly selective

and potent drugs expanded based on various chemical structures. Nevertheless, on-off-targeting of a pharmacophore’s activity with

high spatiotemporal resolution as provided by photopharmacology remains an unsolved challenge bearing additionally the opportu-

nity for detailed receptor examination. In the presented work, we summarize the synthesis, photochromic properties and in vitro

characterization of azobenzene-based photochromic derivatives of published 5-HT3R antagonists. Despite reported proof of prin-

ciple of direct azologization, only one of the investigated derivatives showed antagonistic activity lacking isomer specificity.

Introduction

5-Hydroxytryptamine (5-HT), commonly known as serotonin
[1,2] or enteramine [3,4], is a monoamine neurotransmitter and
hormone which is produced in the brain and in intestines and
regulates a large variety of physiological functions in the
mammalian central and peripheral nervous system [1,5]. In the
central nervous system (CNS), it modulates sleep—wake cycles,
emesis, appetite, mood, memory, breathing, cognition and
numerous other functions [6-9]. In the gastrointestinal (GI)

tract, it causes peristalsis via either smooth muscle contraction

or enteric nerve depolarization [10]. It is also found in the
platelets, where it is presumably involved in blood coagulation
and vasoconstriction. Furthermore, serotonin is one of the
first neurotransmitters to appear during development [11] and
may have an organizing function in the development of
the mammalian CNS being involved in cell division, differ-
entiation, survival, neuronal migration [12,13] and synapto-
genesis [14]. Dysfunction of the 5-HT receptor (5-HTR)
signalling during early developmental stages my lead to altered
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cognitive ability, neurodevelopmental disorders, and increased
incidence of psychopathologies such as autism and schizo-
phrenia [15,16].

Serotonin operates via seven classes of 5S-HT receptors of which
six are G protein-coupled receptors (GPCRs) and only one, the
5-HTjR, is a ligand-gated cation channel [5,6,17]. When this re-
ceptor was identified and cloned [18-20], it became clear that
5-HTj; takes a unique position as pentameric ligand-gated
cation-selective ion channel belonging to the Cys-loop receptor
subfamily. In vertebrates, this family also includes nicotinic
acetylcholine receptors (nAChRs), y-aminobutyric acid type A
receptors (GABARs), and glycine receptors (GlyRs). To date,
five subunits of the 5-HTj3 receptor are identified (5-HT3A-5-
HT3E) [21]. Functional receptors are either constructed as
5-HT3A homopentamers or as heteropentamers containing
5-HT3A and 5-HT3B receptor subunits [22-24].

5-HTj3 receptors are highly expressed in the brainstem, espe-
cially in areas involved in the vomiting reflex and in the dorsal
horn of the spinal cord [25]. These receptors are also expressed
presynaptically providing regulation of the neurotransmitters
release [21,22].

Besides targeting of 5-HT3Rs for the treatment of psychiatric
disorders, they are object to counteract postoperative nausea
and chemo-/radiotherapy provoked emesis [26-29]. In the early
1990s, the first potent and selective 5-HT3 receptor antagonist
ondansetron was initially developed [26]. Since then the devel-
opment of 5-HT3R antagonists progressed. The first-generation
antagonists are structurally categorized in three major classes:
(I) carbazole derivatives (e.g., ondansetron), (II) indazoles
(e.g., granisetron), and (III) indoles (e.g., dolasetron) [26,30].
Generally, 5-HT3R antagonists share a basic amine, a rigid
(hetero-)aromatic system and a carbonyl group or isosteric
equivalent which is coplanar to the aromatic system. Although
the antagonists show a general structural motive, they differ in

their binding affinities, dose responses, and side effects [22].

To improve prospective antagonists and obtain a systematic tool
for receptor investigation, spatial and temporal restriction of
ligand binding and concomitant activity regulation is desirable.
Fuelled by light, the growing field of photopharmacology
provides a noninvasive method to trigger a drug’s pharmacolog-
ical response on demand [31-33]. To introduce photorespon-
siveness into a biological system, different approaches are
feasible, e.g., the use of caged ligands (CL) [34-37], photo-
switchable tethered ligands (PTLs) [38-40], photoswitchable or-
thogonal remotely tethered ligands (PORTLs) [41] or photo-
chromic ligands (PCLs) [31,42]. The latter ones represent small

molecules, which can either be engineered via extension of the
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chemical structure of a known pharmacophore towards a photo-
chromic moiety or via replacement of certain parts of the bio-
molecule to generate a photochromic hybrid biomolecule. In
this context, various photochromic scaffolds including
dithienylethenes, fulgi(mi)des, and azobenzenes are investigat-
ed [31,42]. The latter ones were already discovered in 1834 by
E. Mitscherlich [43] but it took around another 100 years till
G. S. Hartley [44] revealed their photo-induced trans—cis
isomerization representing the time of birth of the azobenzene
photoswitch. Benefiting of their accessible synthesis, large
change in polarity and geometry upon switching, excellent pho-
tochromic properties and tuneability, azobenzenes are amongst
the most widely used photochromic scaffolds [31,42,45-47].
Since their first use in a biological environment in the late
1960s for the photoregulation of the enzymatic activity of
chymotrypsin [48], their applications in biology widely
expanded towards receptor control [49-52] and fields as bacteri-
al growth [53], vision restoration [53-55], the respiratory chain
[56] and lipids [57,58]. Owing to the reported serotonin antago-
nists’ chemical structures, the use of azobenzene as photochro-
mic scaffold in the presented work seemed axiomatic. There-
fore, the primary design of our photochromic derivatives is
based on the direct “azologization” [59] of reported non-photo-
chromic antagonists [60,61] via replacement of the benzene-
ring connecting amide bond and thioether, respectively, by an

azo bridge.

Results and Discussion
Design and synthesis of azobenzene-based

photochromic modulators

The reported [60,61] scaffolds of 5-HT3R antagonists are based
on an aromatic system either connected to a purine/pyrimidine
moiety via a thioether bridge or a quinoxaline moiety via an
amide bond. Referring to this work performed by the groups of
DiMauro [60] and Jensen [61], we envisioned that the replace-
ment of the thioether or amide bond (Scheme 1) by an azo
bridge would result in highly active photochromic serotonin
5-HTR antagonists controllable by irradiation with light. Based
on the suggested receptor binding mode reported for one potent
non-photochromic antagonist (lead structure of 16¢) [61] we ex-
pected the extended trans-isomer as biologically active configu-

ration whereas its bent cis-isomer should be inactive.

Synthesis of the quinoxaline-based

azobenzenes

The synthesis of the unsubstituted quinoxaline-based azoben-
zene derivatives 5a and 5b is based on a Baeyer [62]-Mills [63]
reaction (Scheme 2). Therefore, nitrosoquinoxaline 3 was
synthesized in a two-step procedure starting from 2-chloro-
quinoxaline (1), which was transformed into its oxime 2 using

hydroxylammonium chloride [64]. The subsequent oxidation
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Scheme 1: Approach of the direct azologization of reported [60,61] serotonin 5-HT3R antagonists via replacement of a thioether or amide bond by an

azo bridge.
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Scheme 2: Synthesis of the differently substituted quinoxaline azobenzene derivatives 5a and 5b via Baeyer [62]-Mills [63] reaction [64,65].

was performed using periodic acid as oxidant [65]. The subse- The methoxy-substituted quinoxaline azobenzene derivative
quent reaction with differently substituted anilines in acetic acid ~ 12a was synthesized via a different synthetic route depicted in
[65] provided both quinoxaline azobenzene derivatives in good ~ Scheme 3. In a first step, p-toluidine (4a) was diazotized using

yields.
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e 0
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Scheme 3: Synthesis of the methoxy-substituted quinoxaline derivative 12a via diazotization [66-69].
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acetone ester derivative 7 providing hydrazine 8 [66]. Upon
reaction of the chloro-ester 8 with phenylenediamine (9) in the
presence of triethylamine the quinoxaline moiety was formed
[67]. Oxidation of the hydrazine derivative 10 using hydrogen
peroxide under an oxygen atmosphere afforded the quinoxaline
azobenzene derivative 11 [68]. Subsequent methylation using
methyl iodide [69] mainly resulted in the formation of the
N-methylated non-photochromic product 12b but in low yields
also the desired photochromic methoxy-substituted quinoxaline
azobenzene derivative 12a.

Synthesis of the purine and thienopyrimidine-

based derivatives

Scheme 4 depicts the general procedure applied for the synthe-
sis of differently substituted purine- and thienopyrimidine
azobenzene derivatives. Differently substituted non-photochro-
mic antagonists were chosen as lead structures delivering photo-
chromic derivatives with varying electronic and thus photochro-
mic properties. The respective arylamines 13a—¢ were con-
verted into their corresponding hydrazines 14a—c via di-
azonium-salt formation using sodium nitrite and subsequent
reduction using tin(II) chloride [70]. The following nucleo-
philic substitution at a chloro-substituted purine (15a,b) or
thienopyrimidine (15c¢), respectively, and subsequent oxidation

Beilstein J. Org. Chem. 2019, 15, 780-788.

of the hydrazine moiety afforded the corresponding azobenzene
derivatives 16a—d [71].

Synthesis of azobenzene-extended thio-

purine derivatives

To further tune the photochromism and compare the properties
of direct azologization to azo-extension, two additional deriva-
tives of the in vitro most promising naphthalene azopurine 16¢
were synthesized either by keeping the original thioether
(Scheme 5) or replacing it by an amide bond (Scheme 6) known
as common structural feature of 5-HT3R antagonists.

Scheme 5 reflects the synthesis of the azo-extended thiomethyl-
purine 23 starting with the synthesis of hydroxymethylazoben-
zene 19 [72] in a Baeyer [62]-Mills [63] reaction and subse-
quent nucleophilic substitution using cyanuric chloride (20)
[73] providing chloromethyl azobenzene 21. The introduction
of the thiopurine moiety in 23 was accomplished upon reaction
of 21 with dihydropurinethione 22 [74].

The amide-linked derivative of thiomethylpurine azobenzene 23
was synthesized via Baeyer [62]-Mills [63] formation of the
carboxylated azobenzene 25 starting from aminobenzoic acid
24 and nitrosobenzene (18) [75]. Activation using thionyl chlo-

! I
| ¢l Ar !
: N X\ N\\ |
i 1. NaNO,, 0 °C, 15 min L N |
! 2.8nCly, 0°C, 4 h 15a—c N~ Y , DIPEA A x
| Ar—NH2 AF-NH-NHZ N N !
i 12 M HCI 1. n-BuOH, 150 °C, 16 h N >
: 2.n-BuOH, t, 9 h, O, NTTY
| Mae Yae __________16ad
cl
A NTX—N
(1) 1 . Ty
Cl (] N N
NH NH NH HN HN
2 2 2 HN‘NH "NH, *NH,
13a 13b 13c 14a (60%)  14b (60%) 14c (53%) 15a
o, O ”
N Ny,
cl cl N N Ny
N 2 N
LY m% ﬁﬁ Lt L)I oLy
N N\ N~ S N~ S N N\
15b 15¢ 16a (53%) 16b (67%) 16¢ (6 2%) 16d (75%)

Scheme 4: General procedure for the synthesis of purine- and thienopyrimidine-substituted arylazobenzenes and depiction of the corresponding

structures [70,71].
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Scheme 6: Synthesis of the amide-linked azobenzene purine 28 [62,63,75-77].

ride [76] afforded the acid chloride 26 and allowed amide-bond
formation [77] for the generation of 28 (Scheme 6).

Photochromic properties

The investigation of the photochromic properties of the poten-
tial 5-HT3R antagonists Sa, Sb, 12a, 16a—d, 23, and 28 was per-
formed in DMSO and depending on their solubility in phos-
phate buffer + 0.1% DMSO (16a—d) by UV-vis absorption
spectroscopy. The compounds were dissolved at 50 uM in the
respective solvent and irradiated with the indicated wave-
lengths to generate a substantial amount of their cis-isomer.
This process can be followed by a decrease of the trans-absorp-

tion maximum at around 350-400 nm and an increase in

absorption at around 450-500 nm in the UV—vis spectrum
representing the cis-isomer (Figure 1, black arrows). The
absorption bands of the trans and cis-isomers of compounds
12a, 16¢, and 16d overlap to such an extent, that no new
maximum representing the cis-isomer was observed and thus
cis—trans isomerization only occurs thermally and is not trigger-
able by irradiation with visible light. Back-isomerization was
triggered by irradiation with visible light (5a, 5b, 16a, 16b, 23,
and 28) of the indicated wavelength or by thermal relaxation
(5a, 5b, 12a, 16a—d, 23, and 28). The irradiation times were de-
termined by following the UV—vis spectrum upon isomeriza-
tion until no more changes in absorption were observed and the

photostationary state (PSS) was reached. The points of intersec-
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Figure 1: UV-vis absorption spectra measured at 50 pM in DMSO. Left: purine derivative 16c; right: azo-extended derivative 23.

tion in the absorption spectrum upon switching (= isosbestic
points) indicate a clear two-component switching between trans
and cis-species without any degradation or formation of a side-
product (Figure 1, dotted black arrows). The UV—vis absorp-
tion spectra of all compounds are depicted in Supporting Infor-
mation File 1, Figures S1-S10 and the data are summarized in
Table S1 and Table S2. A comparison of the differently substi-
tuted purine azobenzene derivatives revealed the beneficial
effect of an o-chloro substitution on the photochromic proper-
ties of 16b compared to 16¢ as the electron density at the
nitrogen-rich purine core is reduced. Further reduction of the
electron density was achieved by using a thienopyrimidine
(16a) instead of a purine core (16b—d). Nevertheless, the photo-
chromic properties of those heterocyclic, especially purine-
based azobenzenes, are rather poor. In addition to direct azo-
logization, two azo-extended purine derivatives 23 and 28 were
synthesized resulting in excellent photochromic properties.
Figure 1 compares exemplarily the UV—vis absorption spectra
of the naphthalene-azo-purine 16¢ (left) and its azo-extended
azobenzene thioether purine 23 (right). The determination of the
thermal half-lives (THL) of the cis-isomers of compounds 5a,
5b, 12a, 16a—d, 23, and 28 was accomplished by monitoring the
increase in absorbance which corresponds to the evolution of
the trans-isomer after irradiation and exposure to dark. In
contrast to the heterocyclic compounds 5a, Sb, 12a, and 16a—d
with a thermal half-life in the seconds to minutes range, the azo-
extended compounds 23 and 28 showed only slow thermal
back-isomerization (day range) at room temperature. Depending
on the desired application, both properties may be of benefit.
For thermally instable compounds, only one wavelength for
switching is required. In case of thermally stable cis-isomers
constant irradiation to maintain a substantial amount of the cis-

isomer can be avoided.

Patch-clamp studies

The synthesized azo antagonist derivatives 5a, Sb, 12a, 16a—d,
23, and 28 were tested for their inhibitory activity using the
patch-clamp technique on heterologously expressed ionotropic
homopentameric 5-HT3A receptors. Only upon addition of 16¢
the amplitude of the 5-HT3A mediated currents was decreased
(Figure 2, left). Application of a 50 uM solution of trans-16¢ in
its thermal equilibrium decreased the amplitude of 5-HT in-
duced currents on 54 + 3% (n = 4). However, irradiation-in-
duced trans—cis isomerization with light of A = 530 nm and
455 nm, respectively, had no significant effect on the amplitude
of 5-HT3A-mediated currents (Figure 2, right).

Conclusion

In the presented work, we address the design, synthesis, photo-
chromic characterization and in vitro investigation of in total
nine azobenzene-based derivatives of reported 5-HT3R antago-
nists. Initially, seven photoligands (5a, 5b, 12a, and 16a—d)
either based on quinoxaline (Sa, Sb, and 12a) or purine deriva-
tives (16a—d) with varying electronic and thus photochromic
properties were synthesized by direct azologization of the
respective leads. Especially the purine-based azobenzenes
displayed high solubility in aqueous media. The beneficial
effect of substituents reducing the overall electron density of the
purine moiety (16a, 16b) resulted in higher photostationary
states and better band separation compared to 16¢ and 16d.
Still, only one compound (16¢) showed antagonistic activity in
patch-clamp studies. This might be explained by the fact that its
corresponding non-photochromic lead is the inhibitory most
active reported [61] antagonist among the investigated ones.
The partial rigidization of the thioether via incorporation of an
azo bridge might result in a vast loss of activity. Thereby, azo-

logization of the less potent leads resulted in complete loss of
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Figure 2: On the left panel representative traces of currents induced by the application of 3 uM 5HT (black trace), by 3 uM 5HT and 50 uM trans-16¢
(red trace), by 5HT and 16c under constant irradiation (455 nm, blue trace), and again by pure 5HT — wash-out of the studied compound (black trace)
are shown. On the right panel, a graph representing the relative amplitudes of currents in control (black column), at application of trans-16c¢ (red
column), at application of 16¢ irradiated with blue light (blue column) and at wash-out (gray column) are shown. P > 0.05, paired t-test.

inhibitory activity (5a, 5b, 12a, 16a, 16b, 16d) and only the
originally most potent derivative 16¢ kept recordable antago-
nistic activity. The missing significant difference in activity
upon irradiation-induced trans—cis isomerization of 16c¢ is prob-
ably due to its moderate photochromic properties and slow
trans—cis isomerization (Figure 1, left). During the patch-clamp
analysis, the cells are continuously superfused with external
solution resulting in a fast exchange of the surrounding media
and co-applied tested compounds. Thus, the cis-PSS of 16¢
might not be reached by irradiation within the short time of
compound application despite continuous irradiation. Therefore,
two azobenzene-extended derivatives (23 and 28) with im-
proved photochromic properties were synthesized but lost
antagonistic activity probably due to their increased steric
demand.

In ongoing studies, detailed molecular modelling is used to
design potential photochromic antagonists fitting the require-
ments of the receptor’s binding pocket. Regarding the analysis
method, compounds will be optimized towards either thermally
stable cis-isomers to be tested separately upon prior irradiation

or faster switching compounds.

Supporting Information

Supporting Information File 1

Detailed photochromic characterization (UV—vis absorption
spectra, cycle performances, thermal half-lives) and NMR
spectra of all synthesized compounds are provided. The file
contains crystal structures of compounds 12b and 16a and
experimental procedures.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-74-S1.pdf]
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Abstract

Two bifunctional diaminoterephthalate (DAT) fluorescence dyes were prepared in a three-step sequence including one deprotec-
tion reaction. One functional unit is a-lipoic acid (ALA) for binding the dye to gold surfaces. It was introduced to the DAT scaffold
by an amidation reaction. The other functional unit is a para-(trifluoromethyl)benzyl group for facile detection of the surface-bound
material by X-ray photoelectron spectroscopy (XPS). This residue was introduced by reductive amination of the DAT scaffold with
the respective benzaldehyde derivative. In one compound (60% yield over three steps) the ALA unit is directly bound to the DAT
as a relatively electron-withdrawing amide. In solution (CH,Cly), this material shows strong fluorescence (quantum yield 57% with
emission at 495 nm, absorption maximum at 420 nm). The other compound (57% yield over three steps) possesses a propylene
spacer between the ALA and the DAT units for electronic decoupling, thus, bathochromic shifts are observed (absorption at
514 nm, emission at 566 nm). The quantum yield is, however, lower (4%). Self-assembled monolayers on a gold surface of both
compounds were prepared and characterized by high-resolution XPS of the C 1s, O 1s, S 2p, N 1s and F 1s emissions. The high
signal-to-noise ratios of the F 1s peaks indicated that trifluoromethylation is an excellent tool for the detection of surface-bound ma-
terials by XPS.

Introduction

Diaminoterephthalates (DATSs) are powerful fluorescence dyes accessed from succinyl succinates and primary amines [6,7],
[1,2] with outstanding properties such as high quantum yields can be regarded as a molecular scaffold [8], which can be or-
and pronounced stability against photobleaching [3-5]. Al- thogonally equipped with different functional units [9] by
though being structurally relatively simple, this class of dyes is  simple transformations. Thus, different applications in materi-

so far underrated in the literature. The chromophore, which is  als science [10] and life sciences [11,12] can be addressed by
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tailored functional DATs. As an example for an application in
biochemistry, Figure 1 shows a compound with cyclooctyne
and maleimide as functional units. It was used as a "turn-on"
fluorescence probe for cross-linking proteins [13]. The highly
reactive cyclooctyne residue undergoes 1,3-dipolar cycloaddi-
tions with organoazides (copper-free click reactions) [14]. The
second functional unit, the maleimide moiety, is a reactive
probe for mercaptane, which could be, e.g., a protein holding
a cysteine residue on its surface [15-17]. The successful
ligation by conjugated addition can be followed by the changes
of the fluorescence quantum yields (i.e., "turn-on effect") [11-
13].

Modification of solid surfaces by defined layers of organic
compounds raised significant interest in the last century. Those
modifications can be fairly simple as in the case of alkane-
thiolate layers on gold [18] yet have a number of applications in
sensorics [19], microcontact printing [20], dip-pen nanolithog-
raphy [21], microfluidics [22], and protection of nanoparticles
[23]. Initially, surface modification aimed on controlling physi-
cal properties of surfaces [24,25], while nowadays chemical
surface properties can be tuned to yield platforms for the study
of electron transfer [26,27] or for building surface molecular
devices for different purposes, commonly called integrated mo-
lecular systems [19]. These molecular systems are mainly used
for pH sensing [28-30], inorganic- [31-33], organic- and biosen-
sors [34,35]. Self-assembled monolayers (SAMs) can also be
triggered electrochemically to perform reactions on the sur-
faces. These "dynamic" surfaces allow the "turn-on" of active
states upon application of electrochemical potentials, for
instance, for the addition of compounds to surfaces or for the
control of cell adhesion [36-38].

Characterization of such integrated molecular systems consti-
tutes a substantial challenge (as compared to the structural char-
acterization of soluble organic compounds) because (1) differ-
ent compounds are potentially present on the surface and cannot
be separated; (2) some powerful techniques, especially NMR

0]
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and MS with soft ionizations are not applicable; and (3) the
total amount of material is extremely small (i.e., about
107 mol-cm™2) [39]. X-ray photoelectron spectroscopy (XPS)
is one of the few suitable methods for detection of surface-
immobilized compounds and changes on the surfaces. However,
due to similar chemical shifts in binding energies, fragments of
larger organic compounds are not easily distinguished. Labeling
molecular entities with elements possessing large excitation
cross sections like fluorine, chlorine, or bromine [40] repre-
sents an approach that can greatly simplify the detection of mo-
lecular reactions (cleavage, anchoring) in monolayers after their
assembly on surfaces.

In the course of our project on surface modifications by redox-
active SAMs, we envisioned a bifunctionalized DAT as suit-
able building block. Surface binding to a metal support, e.g.,
gold, should be accomplished by an a-lipoic acid (ALA)
residue. Furthermore, a fluorine-substituted moiety bound to
DAT shall facilitate detection by XPS.

Results and Discussion

Synthesis. The preparation of DAT-ALA conjugate 3 with a
fluorinated residue started from mono-carbamate-protected
diethyl DAT 1 (Scheme 1). Compound 1 was accessed in three
steps from diethyl succinate according to Wu et al. [41]. Reduc-
tive amination with trifluoromethylated benzaldehyde was
accomplished with a mixture of ZnCl, and NaBH3;CN [42]
yielding the respective N-benzylated compound 2 in good yield.
After subsequent N-Boc-deprotection with TFA (product 4
in quantitative yield), the primary amino function was
amidated with racemic a-lipoic acid (ALA) in the presence of
COMU-DIPEA [COMU = (1-cyano-2-ethoxy-2-oxoethyl-
ideneaminooxy)(dimethylamino)(morpholino)carbenium hexa-
fluorophosphate, DIPEA = ethyldiisopropylamine] [43] as cou-
pling reagent to the first title compound 3 in 71% yield. Due to
the electron-withdrawing amide group, the chromophore is rela-
tively electron deficient (absorption at 420 nm and emission at
495 nm).

|C>>Ao)kNH/\/HN °
O NHMe

protein—N3

Cu-free
click reaction

cyclooctyne-DAT-maleimide

Aabs = 429 nm, Agm, = 556 nm, ® =0.02 —— ®=0.41
"turn-on"

HS-—protein

conjugate
addition

Figure 1: Bifunctional DAT as a cross-linker for proteins. The compound is a turn-on-probe, i.e., the fluorescence quantum yield ® = 2% increased

upon reaction with the target to ® = 41%.

982



|

Beilstein J. Org. Chem. 2019, 15, 981-991.

NH, A NH
COEL a)CHyClp, 23°C, 15 min £, 0" F CO,Et
EtO,C b) +0.5 equ_iv chlz, EtOZC
NHBoc * 1'5293“},‘(';’ ’;ZBH3CN* NHBoc
1 ’ 2 (84%)
TFA, CH,Cl,
23°C,19h
| X7 ONH ALA | X ONH
E E
Fi 0N CO4Et COMU, DIPEA FiG7 N CO,Et
EtO,C CH,Cl,, 23 °C, 19 h EtO,C
S\s NH NH,
4 (quant.
o) (q )
3 (71%)

Scheme 1: Preparation of DAT-ALA conjugate 3 with fluorinated benzyl residue.

In order to achieve a bathochromic shift of absorption and emis-
sion bands, the DAT and ALA moieties should be electroni-
cally decoupled by introduction of a propylene spacer. There-
fore, we started the synthesis with compound 5 (Scheme 2),
which was accessed from compound 1 in two steps by reduc-
tive amination with N-Alloc-3-aminopropanal and subsequent
N-Boc deprotection as reported recently [44]. Reductive amina-

tion with trifluoromethylated benzaldehyde was accomplished
as described for compound 2 and furnished product 6 in 91%
yield. The Alloc-protecting group was then cleaved (95% yield
of product 8) in a palladium-catalyzed allylic substitution reac-
tion with morpholine as a scavenger of the allylic cation
[45,46]. Finally, the primary amine 8 was coupled with ALA in
the presence of COMU-DIPEA to furnish the second title com-

COEL ) CH,Clp, 23°C, 15 min ¢ COREt
EtO,C b) + 0.5 equiv ZnCly, EtO,C
AllocHN.__~__NH + 1.5 2quly NaBHICN. * AllocHN,_~_NH
5 6 (91%)
5 mol % Pd(PPhs),
5 equiv morpholine
CH,Cly, 23°C, 1h
Xy NH
| CO.Et ALA, /@/\NH o
FoC” N7 251 comu,DIPEA  Ec 2Et
g EtO,C CH4Cly, 23 °C, 16 h EtO,C
S N~ NH HoN.__~_NH
o} 7 (68%) 8 (95%)

Scheme 2: Preparation of conjugate 7 consisting of fluorinated DAT and ALA moieties with an additional propylene linker unit.
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pound 7 in 68% yield. Indeed, a bathochromic shift of the spec-
tral data was observed (absorption at 514 nm and emission at
566 nm).

Spectroscopy. Being typical push—pull aromatic systems, all
DAT derivatives are colored materials (yellow, orange, or red)
showing pronounced fluorescence in solution (Table 1). The
absorption and emission wavelengths are sensitively tuned by
the electron-accepting or electron-donating nature of the
nitrogen-substituents at the aromatic ring. In Table 1, com-
pound 1 with an NH, and NHBoc group is the most electron-
deficient one with absorption and emission wavelength at
408 nm and 487 nm, respectively (Stokes shift ca. 80 nm). A
bathochromic shift of 16 nm of both, absorption and emission
wavelengths, is achieved by introduction of a benzyl residue at
one nitrogen atom (compound 2). If the Boc group is replaced
by the slightly more electron-withdrawing carboxamide as in
compound 3, this bathochromic shift (compared to compound
1) is only ca. 10 nm. Without an N-acceptor moiety, i.e.,
N-monoalkyl (compounds 4 and 5) or N,N'-dialkyl substitution
(compounds 6-8), a stronger bathochromic shift is observed
towards the absorption at 451-473 nm (514 nm for compound
7, which is exceptionally high) and emission at 547-567 nm.
The quantum yields of compounds 1-4 range between 0.21 and
0.57, for compounds 5-8 with propylene linker, the quantum
yields are between 0.04-0.13. Interestingly, target compound 3
has the highest (0.57), target compound 7 the lowest (0.04)
quantum yield.

XPS characterization of SAMs. SAMs were prepared from
compounds 3 and 7 exploiting the strong binding affinity of the
ALA residue to gold surfaces [52]. The resulting layers of com-
pound 3 (SAM 3) and 7 (SAM 7) were characterized by XPS of
the C 1s, O 1s, S 2p, N 1s and F 1s emissions (Figure 2 for
SAM 3, Figure 3 for SAM 7).

Beilstein J. Org. Chem. 2019, 15, 981-991.

The largest contributions of the C 1s spectra at 284.4 eV (SAM
3) and 284.7 eV (SAM 7) correspond to the carbon atoms of the
alkyl chains, the aromatic ring and the carbon bound to sulfur
atoms (Table 2). The peak at 285.5 eV (SAM 3 and SAM 7)
corresponds to the carbon atoms with a higher binding energy
due to the bond to one more electronegative atom (C—O and
C-N) [53]. Figure 2 and Figure 3 show further C 1s peaks lying
at binding energies of 288.5 eV, 290.6 eV, and 292.6 eV (SAM
3) and 288.5 eV, 290.9 eV, and 292.7 eV (SAM 7). The first
component at 288.5 eV corresponds to the carbonyl carbon
atom in the amide and ester functions, which are bond to two
electronegative elements (O=C—0O and O=C—N) that shift the
binding energies to higher values. The broad contributions at
290.6 eV (SAM 3) and 290.9 eV (SAM 7) originate from multi-
electron excitations, i.e., from shake-up process at aromatic
systems [54]. The components at 292.6 eV and 292.7 eV corre-
spond to the carbon bound to three fluorine atoms causing a
strong shift of binding energies outside the range typical for
most organic compounds.

The O 1s spectrum of the monolayers consist of two compo-
nents at 531.5 eV and 533.2 eV (SAM 3) and 531.6 eV and
533.3 ¢V (SAM 7) for oxygen atoms involved in the O=C and
O—C bonds, respectively [55]. The slight deviation from the
peak area ratio of 3:2 for I(531.5 eV)/1(533.5 eV), which is ex-
pected from the molecular structure of compounds 3 and 7, may
be caused by residual adsorbed water that also causes an O 1s
component at 533.0-533.5 eV [57,58].

The main doublet in the S 2p spectra of both monolayers at
161.8 eV corresponds to sulfur bound to gold [59]. Although,
S 2p spectra were recorded first among all spectra there is indi-
cation of radiation damage by the doublet at 163.3 eV in SAM 7
(Figure 3) [60-62]. This signal is not found in monolayers from
SAM 3 (Figure 2).

Table 1: Spectroscopic properties of diaminoterephthalates 1-8; solvent CH,Cl,.

Compound Amax [nm] Ig € [dm3:mol~1-cm™] Aem [NM]2 ol

1 408 3.87 487 0.21
2 424 3.88 503 0.36
3 420 3.67 495 0.57
4 451 3.72 547 0.21
5 455 3.77 553 0.13
6 473 3.83 567 0.12
7 514 3.58 566 0.04
8¢ 464 3.58 566 0.09

aExcitation at Amax Of the absorption band. PQuantum yields were determined according to the Parker Rees method [47-49)] using rhodamine B in
EtOH as standard [Amax = 544 nm, Ig € [dm3-mol'1-cm'1] =3.23, Aem = 569 nm, ® = 0.46] [50,51]. °In MeOH as solvent.
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Figure 2: High-resolution XPS of SAM 3.

Table 2: Binding energies of the C 1s, O 1s, S 2p, N 1s, and F 1s photoemission lines of SAM 3 and SAM 7.

SAM 3 SAM 7
XPS line Eg [eV] Eg [eV] Assignment References
C1s 284.4 284.7 C-C, C-S [53]

285.5 285.5 C-0, C-N [53]

288.5 288.5 0=C-0, O=C-N [53]

290.6 290.9 multi electron excitations [54]

292.6 292.7 CF3 [55]
O1s 531.5 531.6 O0=C [56]

533.2 533.3 O-C and residual water [56-58]
S 2p3 161.8 161.8 R-S-Au [59]

- 163.3 radiation damage [60-62]
S 2p4j2 162.9 163.0 R-S-Au [59]

- 164.6 radiation damage [60-62]
N 1s 399.3 399.3 N-aryl [63]
F1s 688.2 688.4 CF3 [55]

There is only one N 1s component at 399.3 eV which corre- (SAM 3) and 688.4 eV (SAM 7) in agreement with the litera-
sponds to all nitrogen atoms at both SAMs [63]. Fluorine atoms  ture [55], which is a typical value for the F3C group. The high
in the F3C group are detected at binding energies of 688.2 eV signal-to-noise ratio, especially in comparison to the S 2p and
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Figure 3: High-resolution XPS of SAM 7.

N 1s signals, illustrates its suitability for molecular surface

labeling.

Conclusion

Two bifunctional diaminoterephthalate (DAT) fluorescence
dyes have been prepared. One functional unit is a-lipoic acid
(ALA) for binding the dye to gold surfaces. The other carries a
trifluoromethyl group for facile detection of the surface-bound
material by X-ray photoelectron spectroscopy (XPS). In the first
of two target structures, compound 3, the fluorinated residue
was introduced by reductive amination of mono-N-Boc-pro-
tected diethyl DAT 1 with para-(trifluoromethyl)-substituted
benzaldehyde. After N-deprotection, the ALA unit was
introduced by amidation using a standard coupling protocol
(with COMU-DIPEA). Compound 3 was accessed in 60% yield
over three steps. In solution (CH,Cly), 3 shows strong
fluorescence (quantum yield ® = 57%) at Aepy, = 495 nm
when irradiated at its absorption maximum at Ay, = 420 nm. In
order to achieve bathochromic shifts of the wavelengths, the
electron-withdrawing ALA-amide unit was electronically

694 692 690 683 686 684 682 680
Eg/ eV

decoupled from the DAT chromophore by introducing a propy-
lene spacer. Thus, diethyl DAT was first equipped with an
N-Alloc-protected 3-aminopropyl side chain at one nitrogen
function following a literature protocol. This compound, 5, was
then submitted to reductive amination with para-(trifluoro-
methyl)benzaldehyde. After Alloc deprotection, the side chain
was amidated with ALA following the same COMU-DIPEA
protocol as described for 3. The second target compound 7
was obtained in 59% yield over three steps. Indeed, the emis-
sion and absorption wavelengths in solution (CH,Cl,) of com-
pound 7 were bathochromically shifted (Anx = 514 nm,
Aem = 566 nm). However, the quantum yield of 7 was on the
other hand significantly lower (O = 4%). Self-assembled mono-
layers (SAMs) of both compound 3 and 7 were prepared on a
gold surface. The elemental compositions of these two SAMs
were characterized by high-resolution XPS of the C 1s, O 1s,
S 2p, N 1s and F 1s emissions. As is indicated by the high
signal-to-noise ratio of the F 1s peaks, the trifluoromethylation
is an excellent tool for the detection of surface-bound materials
by XPS.
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Experimental

General experimental methods: Preparative column chroma-
tography was carried out using Merck SiO, (35-70 pm, type
60 A) with hexanes (mixture of isomers, bp. 64-71 °C),
CH,Cl,, EtOAc and MeOH as eluents. TLC was performed on
aluminum plates coated with SiO; Fas4. 'H and '3C NMR spec-
tra were recorded on a Bruker Avance DRX 500 instrument.
Multiplicities of carbon signals were determined with DEPT ex-
periments. HRMS spectra of products were obtained with
Waters Q-TOF Premier (ESI) or Thermo Scientific DFS (EI)
spectrometers. IR spectra were recorded on a Bruker Tensor 27
spectrometer equipped with a diamond ATR unit. UV—vis spec-
tra were recorded with a Shimadzu UV-1800, fluorescence
spectra with a Shimadzu RF-5301PC spectrometer. Com-
pounds 1 [41] and 5 [44] were prepared according to literature
procedures. All other starting materials were commercially
available.

XPS of SAMs were recorded with ESCALAB 250 iX (Thermo
Fisher, East Grinsted, UK) using a monochromatized Al K, ex-
citation (1486.6 eV) and the magnetic lens mode. Data acquisi-
tion and spectra processing was performed with the Avantage
software v. 5.52. After recording a survey spectrum, high-reso-
lution spectra were obtained from the O 1s, F 1s, N 1s, C 1s and
S 2p region with a pass energy of 30 eV, a step size of 0.05 eV
and 50 ms dwell time. In order to avoid radiation damage of the
SAMs, which becomes evident by the appearance of a second
S 2p doublet at 163.3 eV/164.5 eV [60-62], 35 scans were aver-
aged from different regions of the same sample (area scan). The
peak-fit analysis used the "smart background" from Avantage
software and sum of Gaussian and Lorentzian contributions for
each spectral component. The area ratio between S 2p3,, and
S 2py, emissions from each state was fixed to 2:1. The graphs
show the experimental points as dot, the sum curve as black
line, the background as grey line and the spectral components as
colored lines.

Diethyl 2-(tert-butoxycarbonyl)amino-5-[4-(trifluoro-
methyl)benzylamino|terephthalate (2): In a similar manner as
described in [44], a solution of DAT 1 (0.567 mmol, 200 mg,
1.0 equiv) in CH,Cl, (3 mL) was added dropwise to a cooled
(ice-water bath) suspension of 4-(trifluoromethyl)benzaldehyde
(0.850 mmol, 148 mg, 1.5 equiv) in CH>Cl, (3 mL). After stir-
ring the mixture for 15 min at ambient temperature, it was
cooled (ice-water bath) and ZnCl, (0.23 mmol, 39 mg,
0.5 equiv) and NaBH3CN (0.85 mmol, 53 mg, 1.5 equiv) were
added. Subsequently, the mixture was stirred for 2 d at ambient
temperature, then diluted with water (25 mL) and extracted with
CH,Cl, (3 x 25 mL). The combined organic layers were dried
(MgSO0y) and evaporated after filtration. The residue was re-
crystallized (from hexanes/EtOAc 8:1, 20 mL) to furnish the

Beilstein J. Org. Chem. 2019, 15, 981-991.

title compound 2 (244 mg, 0.478 mmol, 84%) as an orange
solid. Mp 210 °C. R¢ = 0.31 (SiO,, hexanes/CH,Cl, 1:3);
'H NMR (500 MHz, CDCl3) § 1.30 (t, J = 7.1 Hz, 3H), 1.42 (t,
J=17.1Hz, 3H), 1.51 (s, 9H), 4.28 (q, J = 7.1 Hz, 2H), 4.38 (q,
J=17.1 Hz, 2H), 4.50 (d, /= 5.6 Hz, 2H), 7.16 (s, 1H), 7.48 (d,
J=18.0 Hz, 2H), 7.59 (d, J = 8.1 Hz, 2H), 7.91 (t, J = 5.6 Hz,
1H), 8.86 (s, 1H), 9.49 (br. s, 1H) ppm; 3C{'H} NMR
(125 MHz, CDCl3) & 14.12 (CHj3), 14.48 (CHj3), 28.53 (3 CHy),
47.19 (CHy), 61.28 (CHy), 61.63 (CHj), 80.23 (C), 113.61
(CH), 115.86 (C), 121.08 (C), 122.82 (C), 124.28 (q, J = 272.0
Hz, C), 125.76 (q, J= 3.6 Hz, 2 CH), 127.53 (2 CH), 129.67 (q,
J=32.3 Hz, C), 130.31 (C), 143.34 (C), 144.74 (C), 153.25 (C),
167.29 (C), 168.17 (C) ppm; IR (ATR): 3310 (w), 2983 (w),
1715 (m), 1676 (m), 1620 (w), 1542 (m), 1469 (w), 1422 (m),
1393 (w), 1368 (w), 1326 (m), 1241 (m), 1217 (s), 1159 (s),
1107 (vs), 1066 (m), 1043 (w), 1022 (s), 907 (w), 870 (w), 830
(m), 786 (m), 764 (w), 700 (w), 654 (w), 610 (W), 596 (w), 575
(w) em™!; MS (EI, 70 eV) m/z (%): 510 (17) [M'], 453 (54),
435 (17), 410 (100), 388 (16), 362 (12), 251 (21), 158 (20);
HRMS (EI): [M*] caled for Co5Hy9F3N>0g", 510.1972; found,
510.1972; UV—vis (CH;Cly): Apax (1g €) =424 nm (3.88); fluo-
rescence (CH,Cly): Agpy = 503 nm, Aex = 424 nm, @ = 0.36;
Cy5Hy9F3N,0¢ (510.51 g'mol™1).

Diethyl 2-amino-5-[4-(trifluoromethyl)benzylamino|tereph-
thalate (4): In a similar manner as described in [44], TFA
(3 mL) was added dropwise to a cooled (ice-water bath) solu-
tion of carbamate 2 (0.402 mmol, 205 mg) in CH,Cl, (3 mL).
The mixture was stirred for 19 h at ambient temperature and
then poured into saturated aqueous NaHCOj3 solution (50 mL).
After stirring for 5 min at ambient temperature, it was extracted
with CH,Cl, (3 x 50 mL). The combined organic layers were
dried (MgSQOy) and evaporated after filtration. Chromatography
of the residue (SiO,, hexanes/EtOAc 6:1 with 1 vol % NEts,
R¢=0.31) furnished the title compound 4 (171 mg, 0.417 mmol,
quant.) as an orange-red solid. Mp 98-99 °C; 'H NMR
(500 MHz, CDCl3) 6 1.30 (t, J = 7.1 Hz, 3H), 1.39 (t, J =
7.1 Hz, 3H), 4.27 (g, J = 7.1 Hz, 2H), 4.34 (q, J = 7.1 Hz, 2H),
4.46 (s, 2H), 7.12 (s, 1H), 7.38 (s, 1H), 7.50 (d, J = 8.0 Hz, 2H),
7.59 (d, J= 8.1 Hz, 2H) ppm, signals for three NH protons were
not observed; '3C{'H} NMR (125 MHz, CDCl3) & 14.28
(CHj3), 14.42 (CH3), 47.73 (CHy), 60.93 (CH»), 61.93 (CH,),
113.88 (CH), 117.33 (C), 117.83 (C), 119.99 (CH), 124.35 (q,
J=2719 Hz, C), 125.68 (q, /= 3.6 Hz, 2 CH), 127.64 (2 CH),
129.53 (q, J = 32.5 Hz, C), 139.79 (C), 141.69 (C), 143.85 (C),
167.44 (C), 167.82 (C) ppm; IR (ATR): 3421 (w), 2988 (w),
2904 (w), 1679 (s), 1619 (w), 1563 (w), 1514 (m), 1474 (w),
1441 (w), 1416 (w), 1367 (w), 1329 (m), 1289 (m), 1280 (w),
1265 (w), 1207 (vs), 1158 (m), 1102 (vs), 1062 (s), 1018 (m),
878 (w), 844 (w), 827 (w), 787 (m), 729 (w), 655 (w), 596 (W)
em™!; MS (EI, 70 eV) m/z (%): 410 (100) [M*], 362 (16), 251
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(42), 204 (22), 158 (52), 132 (18); HRMS (EI): [M '] calcd for
C20H21F3N204+, 410.1448; found, 410.1447; UV-vis
(CH,Cly): Apax (Ig €) = 451 nm (3.72); fluorescence (CH,Cly):
Aem = 547 nm, Aex = 451 nm, ® = 0.21; CyoH,1F3N,04
(410.39 grmol™!).

rac-Diethyl 2-[5-(1,2-dithiolan-3-yl)pentanoylamino]-5-[4-
(trifluoromethyl)benzylamino]terephthalate (3): In a similar
manner as described in [44], DIPEA (1.05 mmol, 136 mg,
3.0 equiv) and COMU (1.05 mmol, 450 mg, 3.0 equiv) were
added successively to a cooled (ice-water bath) solution of rac-
a-lipoic acid (0.698 mmol, 144 mg, 2.0 equiv) in CH,Cl,
(8 mL). After stirring for 1 h at ambient temperature a solution
of amine 4 (0.346 mmol, 142 mg, 1.0 equiv) in CH,Cl, (8 mL)
was added to the again cooled solution. The mixture was then
stirred for 19 h at ambient temperature. It was subsequently
diluted with water (50 mL) and extracted with CH,Cl,
(3 x 50 mL). The combined organic layers were dried (MgSQOy),
filtered and all volatile materials were removed under reduced
pressure. The residue was chromatographed (SiO,, hexanes/
EtOAc 6:1, Ry = 0.25) to yield compound 3 (148 mg, 0.247
mmol, 71%) as a bright yellow solid. Mp 86-88 °C; 'H NMR
(500 MHz, CDCl3) 6 1.31 (t, J = 7.1 Hz, 3H), 1.41 (t, J =
7.1 Hz, 3H), 1.46-1.59 (m, 2H), 1.66-1.81 (m, 4H), 1.91 (dq,
J=13.6 Hz, J=17.0 Hz, 1H), 2.37-2.48 (m, 3H), 3.07-3.12 (m,
1H), 3.14-3.19 (m, 1H), 3.54-3.60 (m, 1H), 4.29 (q,J=7.1 Hz,
2H), 4.37 (q, J= 7.1 Hz, 2H), 4.51 (d, J= 5.3 Hz, 2H), 7.18 (s,
1H), 7.48 (d, J = 8.1 Hz, 2H), 7.59 (d, J = 8.1 Hz, 2H), 8.03 (t,
J=5.3Hz, 1H), 9.21-9.22 (m, 1H), 10.40-10.42 (m, 1H) ppm;
13C{IH} NMR (125 MHz, CDCls) & 14.11 (CHj3), 14.42 (CH3),
25.40 (CHj), 28.98 (CH,), 34.81 (CH>), 38.25 (CH,), 38.60
(CH,), 40.35 (CH,), 47.11 (CH,), 56.52 (CH), 61.30 (CH>),
61.81 (CHjy), 113.49 (CH), 115.62 (C), 121.26 (C), 124.20
(CH), 124.26 (q, J = 271.9 Hz, C), 125.79 (q, J = 3.4 Hz, 2
CH), 127.50 (2 CH), 129.73 (C), 129.76 (q, J = 32.3 Hz, C),
143.18 (C), 145.52 (C), 167.56 (C), 168.09 (C), 171.21 (C)
ppm; IR (ATR): 3387 (w), 3304 (w), 2981 (w), 2932 (w), 1715
(m), 1680 (s), 1657 (m), 1621 (w), 1543 (s), 1500 (w), 1473
(w), 1448 (w), 1415 (m), 1367 (w), 1329 (s), 1264 (m), 1216
(vs), 1160 (s), 1108 (s), 1094 (s), 1068 (s), 1019 (m), 912 (w),
896 (w), 866 (w), 827 (m), 791 (m), 667 (w), 633 (w), 588 (W),
577 (w) em™!; MS (EI, 70 eV) m/z (%): 598 (18) [M'], 551
(26), 418 (16), 405 (30), 158 (55), 73 (100), 66 (24); HRMS
(EI): [M*] caled for CogH33F3N,05S,", 598.1777; found,
598.1776; UV—vis (CH;Cl): Apax (1g €) =420 nm (3.67); fluo-
rescence (CH,Cly): Agpy = 495 nm, Aex = 420 nm, @ = 0.57;
Cy3H33F3N,05S, (598.71 g'mol™).

Diethyl 2-[3-(allyloxycarbonylamino)propylamino]-5-[4-(tri-
fluoromethyl)benzylamino|terephthalate (6): A solution of
DAT 5 (0.254 mmol, 100 mg, 1.0 equiv) in CH,Cl, (2 mL) was
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added to a cooled (ice-water bath) suspension of 4-(trifluoro-
methyl)benzaldehyde (0.38 mmol, 66 mg, 1.5 equiv) in CH,Cl,
(2 mL). After stirring the mixture for 15 min at ambient temper-
ature, it was cooled again (ice-water bath) and ZnCl,
(0.13 mmol, 18 mg, 0.5 equiv) and after 30 min NaBH3CN
(0.38 mmol, 66 mg, 1.5 equiv) were added and the resulting
mixture was further stirred at ambient temperature for 19 h. It
was then diluted with water (25 mL) and extracted with CH,Cl,
(2 x 25 mL). The combined organic layers were dried (MgSOy)
and evaporated after filtration. Chromatography of the residue
(Si0O5, hexanes/EtOAc 3:1, Ry = 0.24) furnished title compound
6 (128 mg, 0.232 mmol, 91%) as an orange-red solid.
Mp 127-128 °C; 'H NMR (500 MHz, CDCl3) & 1.28 (t, J =
7.1 Hz, 3H), 1.41 (t, J = 7.1 Hz, 3H), 1.88 (pent, J = 6.7 Hz,
2H), 3.23 (t, J= 6.6 Hz, 2H), 3.33 (q, J = 6.3 Hz, 2H), 4.24 (q,
J=7.1Hz, 2H), 4.37 (q, J= 7.1 Hz, 2H), 4.46 (s, 2H), 4.35 (d,
J=4.6 Hz, 2H), 4.89 (br.s, 1H), 5.19 (d, J = 10.4 Hz, 1H), 5.29
(dd, J=17.2 Hz, J = 1.4 Hz, 1H), 5.91 (ddt, J = 16.9 Hz, J =
10.7 Hz, J = 5.6 Hz, 1H), 6.80 (br. s, 1H), 7.18 (s, 1H), 7.30 (s,
1H), 7.38 (br. s, 1H), 7.49 (d, J = 8.0 Hz, 2H), 7.58 (d, J =
8.1 Hz, 2H) ppm; '3C{'H} NMR (125 MHz, CDCl3) & 14.22
(CH3), 14.46 (CHj3), 29.72 (CHy), 39.19 (CHy), 41.13 (CHp),
47.72 (CH,), 60.83 (CH,), 61.07 (CH,), 65.63 (CH,), 114.15
(CH), 114.81 (CH), 116.88 (C), 117.52 (C), 117.68 (CH),
124.35 (q, J = 271.9 Hz, C), 125.64 (q, J = 3.5 Hz, 2 CH),
127.60 (2 CH), 123.49 (q, J = 32.3 Hz, C), 133.09 (C), 140.59
(C), 141.65 (C), 144.07 (C), 156.44 (C), 167.87 (C), 168.08 (C)
ppm; IR (ATR): 3378 (w), 3323 (w), 2992 (w), 2942 (w), 2882
(w), 1676 (s), 1623 (w), 1529 (s), 1475 (w), 1457 (w), 1420
(m), 1392 (w), 1368 (w), 1331 (m), 1267 (w), 1203 (vs), 1159
(m), 1106 (vs), 1070 (s), 1022 (m), 940 (w), 921 (w), 875 (w),
860 (w), 826 (w), 790 (m), 631 (w), 602 (w) cm™!; MS (EI,
70 eV) m/z (%): 551 (86) [M™], 493 (100), 423 (12), 376 (62),
334 (35), 244 (13), 158 (30); HRMS (EI): [M*] calcd for
C,7H3,F3N304", 551.2238; found, 551.2236; UV-vis
(CH,Cly): Amax (g €) =473 nm (3.83); fluorescence (CH,Cly):
kem = 567 nm, }‘ex = 473 nm, ® = 0.12; C27H32F3N306
(551.56 g'mol™1).

Diethyl 2-[(3-aminopropyl)amino]-5-[4-(trifluoro-
methyl)benzylamino]terephthalate (8): Under exclusion of air
and moisture, morpholine (1.17 mmol, 102 mg, 5.0 equiv) was
added to a solution of carbamate 6 (0.234 mmol, 129 mg,
1.0 equiv) in abs. CH,Cl, (3 mL). The mixture was degassed
(three cycles of freeze, pump and thaw). Then Pd(PPh3)4
(12 pmol, 14 mg, 0.05 equiv) was added and the mixture was
stirred for 1 h at ambient temperature under an inert atmo-
sphere. After adding charcoal (2 mg), it was stirred for 5 min at
ambient temperature and then filtered. The filtrate was evapo-
rated and the residue chromatographed (SiO,, EtOAc/MeOH
6:1 with 1 vol % NEt3, Ry = 0.15) to furnish title compound 8
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(104 mg, 0.222 mmol, 95%) as red solid. Mp 189-191 °C;
TH NMR (500 MHz, DMSO-dg) & 1.18 (t,J= 7.1 Hz, 3H), 1.33
(t, J=7.1 Hz, 3H), 1.71 (pent, J = 6.8 Hz, 2H), 2.70 (t, J =
6.9 Hz, 2H), 3.51 (q, /= 6.2 Hz, 2H), 4.16 (q, J = 7.1 Hz, 2H),
433 (q, J=17.1 Hz, 2H), 4.48 (d, J= 5.7 Hz, 2H), 6.68 (t, J =
4.6 Hz, 1H), 7.08 (s, 1H), 7.24 (s, 1H), 7.33 (t,J = 5.8 Hz, 1H),
7.57 (d, J= 8.1 Hz, 2H), 7.69 (d, J = 8.2 Hz, 2H) ppm, signals
for two NH protons were not detected; '3C{'H} NMR
(125 MHz, DMSO-dg) 6 13.81 (CH3), 14.12 (CH3), 30.54
(CHy), 38.45 (CHj), 40.24 (CH,), 46.48 (CH;), 60.49 (CH,),
60.79 (CHj), 113.42 (CH), 114.35 (CH), 115.84 (C), 117.06
(C), 124.39 (q, J=271.8 Hz, C), 125.30 (q, J = 3.5 Hz, 2 CH),
127.37 (2 CH), 127.29 (q, J = 31.6 Hz, C), 139.46 (C), 140.80
(C), 145.07 (C), 166.88 (C), 167.04 (C) ppm; IR (ATR): 3392
(m), 3250 (br), 2907 (br), 2751 (w), 2680 (w), 2600 (w), 2522
(w), 1669 (s), 1621 (w), 1530 (s), 1474 (w), 1418 (w), 1390
(w), 1368 (w), 1338 (m), 1310 (w), 1276 (m), 1215 (vs), 1152
(s), 1106 (vs), 1070 (s), 1043 (w), 1019 (m), 961 (m), 879 (w),
828 (w), 786 (m), 748 (w), 605 (w), 576 (w) cm™'; MS (EI,
70 eV) m/z (%): 467 (100) [M*], 423 (21), 410 (16), 376 (50),
232 (18), 158 (49); HRMS (EI): [M*] calcd for
Co3H,gF3N3047, 467.2026; found, 467.2012; UV-vis (MeOH):
Amax (g €) = 464 nm (3.58); fluorescence (MeOH):
xem = 566 nm, 7"ex = 464 nm, ® = 0.09; C23H28F3N304
(467.49 g-mol™).

rac-Diethyl 2-{3-[5-(1,2-dithiolan-3-yl)pentanoyl-
amino|propylamino}-5-[4-(trifluoromethyl)benzyl-
amino|terephthalate (7): rac-a-Lipoic acid (0.21 mmol,
44 mg, 2.0 equiv) and COMU (0.320 mmol, 137 mg, 3.0 equiv)
were successively added to a solution of DIPEA (0.32 mmol,
41 mg, 3.0 equiv) in CH;Cl, (2 mL) and the solution was
stirred for 1 h at ambient temperature. The solution was added
dropwise to a suspension of amine 8 (107 pmol, 50.0 mg,
1.0 equiv) in CH,Cl, (2 mL) and the mixture was stirred for
16 h at ambient temperature. It was diluted with water (25 mL)
and the mixture was extracted with CH,Cl, (2 x 25 mL). The
combined organic layers were dried (MgSQy), filtered and all
volatile materials were removed under reduced pressure. The
residue was chromatographed (SiO,, hexanes/EtOAc 1:2, Ry =
0.23) to yield compound 7 (48 mg, 73 umol, 68%) as a red
resin. 'H NMR (500 MHz, CDCls) 8 1.28 (t, J = 7.1 Hz, 3H),
1.33-1.48 (m, 2H), 1.41 (t, /= 7.1 Hz, 3H), 1.59-1.73 (m, 4H),
1.85-1.93 (m, 3H), 2.17 (dt, J = 7.6 Hz, J = 1.6 Hz, 2H),
2.40-2.49 (m, 1H), 3.07-3.14 (m, 1H), 3.15-3.18 (m, 1H), 3.23
(t, J= 6.5 Hz, 2H), 3.40 (q, J = 6.5 Hz, 2H), 3.52-3.60 (m, 1H),
4.24 (q, J=17.1 Hz, 2H), 4.37 (q, J= 7.1 Hz, 2H), 4.46 (s, 2H),
5.74 (t, J= 5.3 Hz, 1H), 7.18 (s, 1H), 7.30 (s, 1H), 7.50 (d, J =
8.1 Hz, 2H), 7.58 (d, J = 8.1 Hz, 2H) ppm, signals for three
NH-protons could not be detected; 13C{'H} NMR (125 MHz,
CDCl3) 6 14.26 (CH3), 14.51 (CH3), 25.53 (CHj), 29.06 (CHy),
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29.30 (CH»,), 34.77 (CHj), 36.65 (CH;), 38.03 (CH,), 38.61
(CH,), 40.37 (CHy), 41.73 (CHy), 47.71 (CH3), 56.54 (CH),
60.92 (CH»), 61.14 (CH,), 114.22 (CH), 114.80 (CH), 116.91
(C), 117.50 (C), 124.34 (q, J = 272.3 Hz, C), 125.66 (q, J =
3.6 Hz, 2 CH), 127.60 (2 CH), 129.49 (q, J = 32.2 Hz, C),
140.68 (C), 141.56 (C), 144.02 (C), 167.93 (C), 168.07 (C),
172.99 (C) ppm; IR (ATR): 2980 (w), 2933 (w), 2866 (w), 1726
(w), 1682 (m), 1618 (w), 1607 (w), 1575 (w), 1529 (m), 1463
(w), 1418 (w), 1371 (w), 1325 (m), 1258 (w), 1216 (m), 1195
(s), 1164 (m), 1118 (s), 1104 (s), 1083 (s), 1065 (m), 1017 (w),
993 (w), 839 (vs), 790 (m), 739 (w), 632 (w), 608 (w) cm™;
HRMS (ESI, pos. mode): [M + H'] caled for
C31H41F3N30582+, 656.2434; found, 656.2440; UV-vis
(CH,Cly): Amax (Ig €) = 514 nm (3.58); fluorescence (CH,Cly):
)‘-em =514 nm, xex =566 nm, O = 0.04; C31H40F3N30582
(655.79 g'mol™1).

Preparation of SAMs of compounds 3 and 7: Gold surfaces
were prepared onto cleaned glass slides as the support by
depositing 0.5 nm of chromium by electron-beam evaporation
as adhesion layer and 200 nm of gold by resistive heating using
an evaporation chamber (minicoater, Tectra GmbH, Frankfurt,
Germany). The thickness was monitored by means of a quartz
crystal microbalance (Tectra GmbH, Frankfurt, Germany). The
gold substrates were freshly prepared prior to each experiment.
Compound 3 or compound 7 were dissolved in 20 mL ethanol
(analytical grade, Fisher Chemicals) and diluted to a final con-
centration of 3 x 107 mol-L~!. The gold substrates were
immersed in the ethanolic solutions of compound 3 or com-
pound 7 immediately after preparation of the gold layer. The
gold substrates were left in the ethanolic solution for self-
assembly over 24 h, then removed and rinsed with copious
amounts of ethanol (analytical grade, Fisher Chemicals) and

eventually dried in an argon stream.
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A series of BN-phenanthrenes with substituents of a diverse nature have been synthesized by palladium-catalyzed cross-coupling

reactions of a common chloro-substituted precursor, which was made from readily available materials in only four steps. Evalua-

tion of the photophysical properties of the prepared compounds unveiled an impressive effect of the presence of alkynyl substitu-

ents on the fluorescence quantum yield, which improved from 0.01 in the parent compound to up to 0.65 in derivatives containing a

triple bond.

Introduction

BN-polycyclic aromatic hydrocarbons (BN-PAHs) have
received increasing interest over the past few years [1-5], partic-
ularly in the field of materials science [6]. The presence of a
polarized B—N bond induces significant changes in the photo-
physical properties of these compounds when compared to their
PAH analogues containing only non-polar C=C bonds. This fact
opens up new opportunities for creating improved optoelec-
tronic devices [7-15].

The introduction of substituents is known to have a substantial

influence on the photophysical properties of PAHs. However,

although some particular examples of the impact of substitu-
ents on the behaviour of BN-PAHs have been reported [16-21],
systematic studies are not usually performed, probably due to
the difficulties associated with their synthesis and the lack of
general methods for their functionalization [22].

We have recently designed an efficient synthesis for one of
the simplest BN-PAHs, namely BN-phenanthrene 1a [23]. We
are interested in evaluating the reactivity [24] and properties of
1a in greater detail as this could provide valuable information

that leads to a better understanding of the behaviour of
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BN-aromatics. Interestingly, 1a turned out to be weakly fluores-
cent [23], in contrast to other BN-phenanthrene isomers de-
scribed previously [25,26]. The presence of aryl or amino sub-
stituents at C1, which can be introduced via bromination and
subsequent palladium-catalyzed cross coupling, does not have a
significant impact on the fluorescence of these compounds
(Figure 1) [23]. In order to gain a deeper understanding of the
photophysical properties of the BN-phenanthrene core, we
decided to evaluate the influence of substituents located in other
positions. We were particularly interested in the effect of
alkynyl substituents, as their presence in PAHs is known to alter
the fluorescence properties thereof markedly [27-29]. In this
regard, we have recently described a methodology for the syn-
thesis of a chloro-substituted BN-benzo[c]|phenanthrene and its
subsequent derivatization via palladium-catalyzed cross-cou-
pling reactions [30], and we envisioned that this reaction could
be used to prepare C7 substituted BN-phenanthrenes (Figure 1).

previous work q
N<
Neehy
Pz
= | =
N | Xem = 379 nm
@)B — Noggr ©F =0.04
~ 1a _

=
Aem = 352 nm L (1
@ =0.01 N.g N
S Lo
Aem = 351 nm
this work @ = 0.06
. .
N< N.
/CL)B - /@j
cl Z 1b R 7
synthesis and photophysical
derivatization propierties?

Figure 1: BN-phenanthrene 1a and synthesis of substituted deriva-
tives proposed in this work.

Herein we report the synthesis of chloro-substituted
BN-phenanthrene 1b, its derivatization via palladium-catalyzed
cross-coupling reactions and the significant effect of the substit-
uents on the fluorescence properties of the compounds pre-
pared.

Results and Discussion

Our first aim was to synthesise the Cl-substituted BN-phenan-
threne 1b (Scheme 1), following a synthetic sequence
analogous to that described previously by us for preparation of
the parent BN-phenanthrene 1a [23]. Thus, an initial Buch-

wald-Hartwig amination between 2-bromo-5-chlorostyrene and

Beilstein J. Org. Chem. 2019, 15, 1257-1261.

3-butenylamine was the initial step. This coupling was per-
formed at 70 °C, as a higher yield was obtained at this tempera-
ture (71% at 80 °C, 24 h vs 82% at 70 °C, 48 h). Substrate 2
was then cyclized with vinyl trifluoroborate. The optimal condi-
tions to obtain 3 were found to be heating at 110 °C for 72 h.
Lower temperatures and/or shorter times led to incomplete
conversions in the borylative cyclization of 2. Ring-closing me-
tathesis of 3 proceeded efficiently in the presence of 10 mol %
of the second-generation Grubbs catalyst to yield dihydro-BN-
phenanthrene 4, which was oxidized to 1b under the conditions
previously optimized for the synthesis of the parent BN-phenan-
threne 1a [23].

Z [PdCI(allyl)], (0.5 mol %)
JohnPhos (1 mol %)

A

NH, 4+ ’
Br t-BuONa (1.4 equiv) NH
/@E/ toluene, 70 °C /©/\/
cl = 82% cl )
Z O BFK

SiCly (1 equiv)
EtsN (1.5 equiv)

Grubbs 2nd gen.

N (10 mol %)
toluene/CPME, 110 °C /(j/\j CH,Cl,, 40 °C
69% al ) Z 80%
q /C 30% ~
Pd/C 30
N. - SN
/@;)B decane, 140 °C | B
= 76% PNF
Cl 4 cl 1b

JohnPhos = (2-biphenyl)di-tert-butylphosphine

Grubbs 2nd gen. =
Mes—N_ N-Mes

I\
\K‘\\C |

Ru=
G
PCY3

h

Scheme 1: Synthesis of Cl-substituted BN-phenanthrene 1b.

Next, we explored the preparation of various substituted
BN-phenanthrenes by means of palladium-catalyzed cross-cou-
pling reactions of 1b, under conditions optimized for a related
BN-benzo[c]phenanthrene [30]. Gratifyingly, Suzuki coupling
and Buchwald-Hartwig amination yielded the corresponding
aryl- and amino-substituted BN-phenanthrenes 1¢ and 1d in
good yields (Scheme 2).

Moreover, Sonogashira couplings efficiently proceed to provide
alkynyl-substituted BN-phenanthrenes 1e and 1f in excellent
yields (Scheme 3). These results confirm the value of palla-
dium-catalyzed cross-coupling reactions of chloro-substituted
BN-arenes as a useful tool for the preparation of derivatives

functionalized with a range of substituents of a different nature.
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Scheme 2: Palladium-catalyzed cross-couplings of Cl-substituted
BN-phenanthrene 1b.
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Scheme 3: Pd-catalyzed Sonogashira reactions of Cl-substituted Figure 2: UV-vis absorption (top) and emission (bottom) spectra for
BN-phenanthrene 1b. BN-phenanthrenes 1 and 5 in cyclohexane (=0.02 mM).

Once we had developed a useful method for the synthesis of the  4a-aza-10a-boraphenanthrene (5), which was previously pre-
functionalized BN-phenanthrenes 1, we focussed on our initial  pared in our group by bromination of 1a and subsequent cou-
goal of evaluating the influence of different substituents on the  pling [23], was also included in this comparative study. The
photophysical properties thereof. The absorption and emission  absorption and emission data for these compounds are summa-
spectra of the parent BN-phenanthrene 1a and the derivatives  rized in Table 1, and a picture of their solutions under UV irra-
prepared in this work are shown in Figure 2. 1-(Phenylethynyl)-  diation are shown in Figure 3.

Table 1: UV-vis and fluorescence data for BN-phenanthrenes 1a—f and 5.2

Compound e (M~ lem™) Aabs max (M) Aem (nm) (oXY

1a 5488 310 356 0.01
1b 7715 316 349 0.03
1c 7482 316 363 0.17
1d 4331 319 395 0.19
1e 18283 322 351 0.44
1f 19392 323 348 0.65
5 15851 350 392 0.45

aAll experiments were performed in cyclohexane solution (=<0.01-0.02 mM). The excitation wavelength match the absorption maxima for each com-
pound. PQuantum yields reported relative to 9,10-diphenylanthracene (®; = 0.93).
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Figure 3: Solutions of 1a—f and 5 (from left to right) under UV irradia-
tion.

The emission maxima were not significantly affected by the
presence of substituents, except for 7-amino substituted
BN-phenanthrene 1d and 1-alkynyl substituted BN-phenan-
threne 5, whose emission maxima are slightly red-shifted (395
and 392 nm vs 356 nm for unsubstituted 1a). In contrast,
7-alkynyl-substituted BN-phenanthrenes 1e and 1f show emis-
sion maxima analogous to that of the parent BN-phenanthrene
1a. With regard to the fluorescence quantum yield, phenyl and
morpholine substituents at C7 (1¢ and 1d) provide a significant
increase when compared to the parent compound (0.17 and 0.19
vs 0.01). This enhancement is higher than that observed when
these same substituents are located at C1 (see Figure 1) [23].
More interestingly, the presence of alkynyl substituents at C7
gives rise to a marked increase in the fluorescence quantum
yield (0.44 and 0.65), particularly when the triple bond is
bonded to a phenyl ring (1f). A similar increase (O = 0.45) is
observed when the alkynyl group is attached to C1 (5), thus in-
dicating that the positive influence of the triple bond on the
fluorescence quantum yield of BN-phenanthrene seems to be a
general effect, irrespective of its position. It should be noted
that the introduction of ethynyl groups into the all-carbon
phenanthrene skeleton results in a slight increase in the fluores-
cence quantum yields compared to that of phenanthrene [27].
However, the effect observed here for BN-phenanthrenes is
much more pronounced [31]. We have also evaluated the emis-
sion of 1f in different solvents. The emission maxima are
almost unaffected by the nature of the solvent [32], whereas the
fluorescence quantum yield decreases in more polar solvents
(0.29 in CH;Cl,, 0.19 in THF, 0.39 in 1,4-dioxane, 0.26 in
MeCN)

Conclusion

We have successfully prepared a chloro-substituted BN-phenan-
threne derivative that serves as a useful intermediate for the
synthesis of a range of BN-phenanthrenes substituted with
groups of diverse nature at C-7. This efficient post-functionali-
zation methodology allows the influence of substituents on the
photophysical properties of the BN-phenanthrene core to be
studied. Substituted derivatives show an improved quantum
yield with respect to the parent BN-phenanthrene, an effect
that is particularly noteworthy for alkynyl substituents. A

Beilstein J. Org. Chem. 2019, 15, 1257-1261.

BN-phenanthrene bearing the triple bond at C-1 shows a simi-
lar increase in the quantum yield, thus suggesting that the influ-
ence of the alkynyl substituent is not limited to a particular po-
sition. We consider that this discovery may have important
implications in the discovery of novel BN-arenes with im-
proved properties. Further studies into the effect of alkynyl sub-
stituents on the fluorescence of BN-arenes are currently

ongoing in our laboratories.
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A new novel family of tricyclic sulfur and/or selenium-containing heterotriacenes 2—4 with an increasing number of selenium (Se)

atoms is presented. The heterotriacene derivatives were synthesized in multistep synthetic routes and the crucial cyclization steps to

the stable and soluble fused systems were achieved by copper-catalyzed C-S and C-Se coupling/cyclization reactions. Structures

and packing motifs in the solid state were elucidated by single crystal X-ray analysis and XRD powder measurements. Comparison

of the optoelectronic properties provides interesting structure—property relationships and gives valuable insights into the role of

heteroatoms within the series of the heterotriacenes. Electrooxidative polymerization led to the corresponding poly(heterotriacene)s

P2-P4.

Introduction

In recent years, great interest has been devoted to the develop-
ment of new m-conjugated polycyclic molecules, in particular to
polycyclic aromatic hydrocarbons (PAH) such as acenes [1],
phenacenes [2], or nanographenes [3]. Corresponding hetero-
acenes incorporating heteroatoms such as nitrogen or sulfur
represent encouraging alternatives to PAHs providing manage-
able electronic properties and increased chemical stability [4,5].
In this respect, series of heteroacenes consisting of fused five-

membered heterocycles such as thienoacenes [6,7] or S,N-

heteroacenes [8] were investigated and successfully used as
building blocks for high-performance organic electronic materi-
als and devices [9-16]. Among the different heteroatoms that
can be introduced into heteroacenes and in contrast to corre-
sponding thiophene-based systems, selenium (Se) has only
sparingly been used most probably because of the high price of
selenophene itself, the limited number of commercially avail-
able derivatives, and the less explored chemistry. Nevertheless,

the implementation of selenophenes as heteroanalogues of thio-
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phene-based materials is highly attractive, because molecules
containing selenophene fragments instead of thiophene showed
promising optical and electrochemical properties [17-19] and
improved charge transport characteristics [20]. With respect to
fused selenoloacenes, only the shortest parent system consisting
of two fused heterocycles, mixed thieno[3,2-b]selenophene
[21,22] and selenolo[3,2-b]selenophene [23], were described
and represent analogues to the well-known thieno[3,2-b]thio-
phene [24]. Three fused selenophenes only were implemented
in larger heteroacenes and analyzed towards their optical prop-
erties [25] whereupon the unsubstituted parent system, dise-
lenolo[3,2-b:2°,3’-d]selenophene (DSS), is still unknown.
Cheng et al. published a synthesis of various heterotriacenes in-
cluding two selenophenes bridged with other elements such as
silicon, germanium, nitrogen, and carbon [26]. Very recently,
Wang et al. released selenophene-based heteroacenes via tri-
methylsilyl (TMS)-substituted selenolotriacenes, which served
as intermediate building blocks [27].

In continuation of our work on heteroacenes, we now report
synthesis and characterization of fused tricyclic selenium or
selenophene-containing heteroacenes 2—4, which represent the
so far unknown unsubstituted parent systems of the selenolotri-
acenes synthesized by Wang et al. [27] and are analogues of the
well-known dithieno[3,2-b:2°,3’-d]thiophene (1, DTT) [24].
These triacenes 2—4 contain an increasing number of selenium
atoms and for their synthesis not only selenophene was used as
starting material, but also ring fusion to selenophene was
achieved by Cu-catalyzed C-Se cross-coupling reaction [28].
The detailed geometric structure and the packing behaviour in
the solid state of triacenes 2—4 have been elucidated by single
crystal X-ray structure analysis and X-ray diffraction on
powders. Furthermore, the systematically varied structures of
triacenes 1-4 allow for investigation of the influence of the
number and position of selenium atoms or selenophene rings on
the physical and electronic properties in fused systems
(Figure 1).

Results and Discussion

Syntheses. Several routes for the synthesis of dithienothio-
phene 1, which is mostly built up by oxidative dehydrocou-
pling of 3,3’-dithienyl sulfide or ring-closure reactions of bro-
minated thiophenes with ethyl mercaptoacetate, are described in

00D L0

1 (DTT) 2 (DTS)
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literature [24]. For comparability to the selenophene-containing
triacenes 2—4, we reinvestigated the synthesis of DTT 1 by
using a Cu-catalyzed C-S cross-coupling reaction with potas-
sium sulfide (K,S) as sulfur source [29]. The best results for
this C-S ring-closure reaction were achieved by reacting 3,3’-
diiodo-2,2’-bithiophene (5) [30] with the system K;,S and
copper iodide (Cul) as catalyst in acetonitrile at 140 °C in a
Schlenck tube to give DTT 1 in 66% yield. In the same way, tri-
methylsilyl (TMS)-protected diiodobithiophene 6 [31] gave 2,6-
bis(trimethylsilyl)dithienothiophene 7 [32] in 73% yield, which
was subsequently deprotected by tetrabutylammonium fluoride
(TBAF) to form target DTT 1 in 91% yield (Scheme 1).

Triacene dithieno[3,2-b:2’,3’-d]selenophene (DTS, 2) was suc-
cessfully prepared as well from diiodinated bithiophene 5 in
51% yield after purification in a C—Se cross-coupling/cycliza-
tion reaction with selenourea as selenium source, copper oxide
nanoparticles as catalyst, and potassium hydroxide as base in
DMSO (Scheme 1). This method has been previously used for
the synthesis of symmetrical diaryl selenides from aryl halides
[28]. Attempts to use the corresponding 3,3’-dibromo-2,2’-
bithiophene as starting material for the synthesis of either DTS
2 with the same reagents as aforementioned or DTT 1 with thio-
urea or thioacetate in a Pd-catalyzed reaction [33] led in both
cases to substantially lower yields.

For the synthesis of selenolotriacenes (DST) 3 and (DSS) 4 we
followed the same strategies and applied the above described
Cu-catalyzed C-S and C-Se cross-coupling/cyclization reac-
tions, respectively. In both cases, the synthesis started from
TMS-protected diiodinated 2,2’-biselenophene 11, which was
prepared from 2-iodo-5-(trimethylsilyl)selenophene (10) in 59%
yield by lithiation with LDA, halogen-dance reaction [34], and
subsequent oxidative dehydrocoupling with ZnCl, and CuCl,.
Selenophene precursor 10 itself was readily obtained in 68%
yield from selenophene (9) in a one-pot procedure by succes-
sive lithiation with n-BuLi and quenching with trimethylsilyl
chloride and iodine, respectively. We reacted biselenophene 11
with K;S as sulfur source and catalytic amounts of Cul in
acetonitrile at 140 °C (vide supra) to afford TMS-protected
DST 12 in 97% yield, which was subsequently deprotected with
TBAF to parent DST 3 in 91% yield after purification. The tri-
methylsilyl-substituted precursor 12 was recently synthesized

00 0

3 (DST) 4 (DSS)

Figure 1: Heterotriacenes DTT 1, DTS 2, DST 3, and DSS 4 with varying number of selenium atoms and fused selenophene rings.
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Scheme 1: Synthesis of heterotriacenes DTT 1 and DTS 2 via copper-catalyzed cross-coupling reactions.

by Wang et al. from the corresponding dibromobiselenophene
and benzene sulfonyl sulfide as sulfur source (50% yield) [27].

In parallel, TMS-protected iodinated biselenophene 11 was
subjected to selenourea, copper oxide nanoparticles, and potas-
sium hydroxide in DMSO to isolate diselenolo[3,2-b:2",3’-
d]selenophene (DSS, 4) in 48% yield after purification
(Scheme 2). Other selenation reagents such as selenium powder
or disodium selenide were tested as well, but were not success-

ful in order to giving increased yields of DSS 4. In all reactions

n

and optimization attempts, the TMS-groups were relatively
quickly cleaved off from starting material 11 and dehalogena-
tion was in parallel observed as competitive reaction pathway.
Thus, mostly diiodobiselenophene 13 and 2,2’-biselenophene
were isolated as main products. Independent reaction of depro-
tected diiodobiselenophene 13, which was alongside prepared
from TMS-biselenophene 11 by deprotection with TBAF in
66% yield, with selenourea and copper oxide nanoparticles sur-
prisingly did not lead to any targeted DSS 4 in the attempted

C-Se cross-coupling reaction.

|
1\ Se
Se \ /
13 |

Se
9
1. n-BuLi, TMS-CI
b TBAF, THF
[Zéévo/-?uu, lp, THF [66%]
(s]
' s
/@ LDA, CuCly, THF I N se qyg S Cul-ACN A
I~ N5 ~TMS TMS™ ~gg TMS™™gg  “gg TMS
[59%] [97%]
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CuO nano, DMSO [91%]
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Scheme 2: Synthesis of selenolotriacenes DST 3 and DSS 4.
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The structures of the prepared novel selenolotriacenes 2—4 and
known DTT 1 were characterized by means of NMR spectros-
copy (Supporting Information File 1, Figures S1-S4), high-
resolution mass spectrometry, and elemental analysis. In the
TH NMR spectra, the influence of the selenium atoms in
triacenes DST 3 and DSS 4 results in substantial deshielding of
the protons compared to bithiophene-based derivates 1 and 2,
which is in accordance with data for selenophene compared to
thiophene [35].

Single crystal X-ray structure analysis

Single crystals of heterotriacenes DTS 2, DST 3, and DSS 4
suitable for X-ray structure analysis were obtained and details
of the refinements are summarized in Tables S1-S3 (Support-
ing Information File 1). X-ray structure analysis of DTT 1 was
already published by Brédas et al. [36,37]. Single crystals of
DTS 2 and DSS 4 as very thin crystalline needles were
obtainned by careful sublimation. Both heterotriacenes crystal-
lized in the monoclinic space group P2¢/c with 18 molecules in
the unit cell (DTS 2: a = 5.978(3), b = 29.005(11),
¢=21.173(8) A; a=90°, B = 91.903(19)°, y = 90°, V = 3669(3)

D(X-X')
b)
2.50° 2.52°

Beilstein J. Org. Chem. 2019, 15, 1379-1393.

A3, DSS 4: a = 6.108(3), b = 29.049(17), ¢ = 21.949(11) A;
a=90° B =91.815 (12)°, y = 90°, V = 3892(3) A%). The mole-
cules in both crystals evidenced some rotational disorder. Single
crystals of heterotriacene DST 3 were obtained by diffusion of
n-hexane into a solution of DST 3 in dichloromethane. Triacene
DST 3 crystallized in the monoclinic space group P2/n with
four equivalent molecules in the unit cell (a = 6.02748(19),
b = 10.6662(3), ¢ = 12.9279(4) A; a = 90°, B = 96.747(3)°,
y =90°) resulting in a unit cell volume of 825.38(4) A3. The ge-
ometry of heterotriacene DST 3 is shown in the top and side
view in Figure 2a and 2b, and for comparison purposes, bond
lengths and angles from all four X-ray structure analyses of
heterotriacenes 1-4 are summarized in Table 1.

The molecular volume in the crystals continuously increased
from DTT 1 to DSS 4 (190.8 A3, 203.8 A3, 206.3 A3, and
216.2 A3) mostly due to the larger van der Waals radii of the
selenium versus sulfur atoms (190 vs 180 pm) [38]. Bond dis-
tances and angles showed the expected differences between
selenophene and thiophene rings: C—Se bonds are elongated by
0.16t0 0.17 A compared to the C—S bonds and consequently the

Figure 2: Single crystal X-ray structure analysis of selenolotriacene DST 3, (a) individual molecule and atom numbering (top view); (b) side view.

(c) Herringbone-type packing structure of the four molecules in the unit.

Table 1: Bond distances, bond angles, and distances D of the outer heteroatoms obtained from the single crystal X-ray structure analysis of heterotri-

acenes 1to 4.

Hetero- Bond distance (A) Bond distance (A)

triacene  C1—Co/Co—C3/C3—C4/Cy—Cy C1—X/X-C4/Cz-Y
DTT 12 1.36/1.42/1.38-9/1.42 1.73/1.72/1.74
DTS 2 1.35-6/1.41/1.37-8/1.44 1.73/1.72-3/1.88-9
DST3 1.35/1.42-3/1.38/1.42 1.87-8/1.87/1.74
DSS 4 1.34-5/1.41-2/1.36-8/1.43 1.88/1.88/1.89-91

aData taken from reference [36,37].

Angles (°) D(X=X) Angle (°)
C1XC4/C3YC3/XCyCy (A) C1YCy
91/90/137 3.94 105
91/86/135 3.87 100
86.5/91.5/137 4.145 109
86/87/134 4.08 104
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C-Se—C bond angles in selenophene rings are compressed to
86—87° compared to the C—S—C bond angle in the thiophene
rings (90-91.5°) [39]. The C-Y “bridging” bonds always
appeared elongated when compared to corresponding C—X bond
distances. Remarkably, the distances between the external
heteroatoms D(X-X") are reduced by 0.07 A in heteroacenes 2
and 4 containing Se atoms at the bridge position (Y) compared
to 1 and 3, while the inner bond distance (C4—Cy4) barely
change (0.01(2) A). Although the molecular geometry of the
heterotriacenes should be expected planar, a slight curvature of
the m-system was found for DST 3, whose a-carbon atoms are
bent relative to the central thiophene plane by about 2.5 degrees
(Figure 2b). This effect might be due to strong intermolecular
7— interactions in pairs of molecules (Figure 2b), because a
completely flat geometry of the isolated molecule DST 3 (in the
gas phase) was obtained from theoretical calculations (vide
infra).

Molecules of DST 3 order in a typical herringbone fashion,
where the terminal hydrogen atoms form hydrogen bond-like
C-H heteroatom interactions (2.819 A with S and 3.028 A with
Se) in a face-to-edge orientation (Figure 3c, Table S4a in Sup-
porting Information File 1) [40]. We found as well several non-
bonding S-Se contacts (3.644 A) with four neighboring mole-
cules in all crystallographic axes, which are slightly shorter than
the sum of the van der Waals radii (3.70 A), implying a
3-dimensional electronic coupling between the molecules of
DST 3 in the crystal (Figure 3c, Table S2 in Supporting Infor-
mation File 1). A similar situation has also been observed for
DTS 2 (Figure S5, Table S1, and Table S5 in Supporting Infor-
mation File 1) and DSS 4 (Figure S8, Table S3, and Table S6 in
Supporting Information File 1).

Beilstein J. Org. Chem. 2019, 15, 1379-1393.

In the case of DTT 1 only three non-bonding contacts between
sulfur atoms in the b-axis direction were found which imply a
1-dimensional intermolecular electronic coupling in the molec-
ular columns separated from each other by distances of 3.57 A
[36,37]. On the contrary, a much higher number of non-bond-
ing contacts per molecule in all three space directions were
identified for DTS 2 (10 contacts), DST 3 (8 contacts), and DSS
4 (14 contacts), respectively. Furthermore, in heterotriacenes 2,
3, and 4 we identified partial overlap of stacked and offset mol-
ecules leading to m—m interactions with distances as close as
3.42 A for DST 3 (Figure 3a and b), 3.24 to 3.49 A for DTS 2
(Figure S6a—c in Supporting Information File 1), and 3.28 to
3.58 A for DSS 4 (Figure S8a—c in Supporting Information
File 1). Interestingly, the symmetry of the formed dimers
showed some differences: in DTT 1 the molecules overlap in a
parallel orientation whereas in DST 3 an antiparallel orienta-
tion of the molecules in the dimer was found. The degree of
overlap was determined to 73% and 64% for DTT 1 and DST 3,
respectively. Less degree of overlap (43-53% and 45-52%) and
a mixture of both, parallel and antiparallel stacked dimers, were
found in the X-ray structure analysis of heterotriacenes 2
(Figure S6b,c) and 4 (Figure S8b and S8c in Supporting Infor-
mation File 1), respectively.

XRD powder measurements

For completion, we performed XRD measurements on micro-
crystalline powders of all derivatives (Supporting Information
File 1, Figure S9). At first glance, the stronger intensity of the
signals for DTT 1 and DST 3 clearly evidences a higher crys-
tallinity compared to triacenes DTS 2 and DSS 4. XRD plots of
heterotriacenes 1 to 3 obtained from the corresponding single

crystal structure analysis were compared to the X-ray powder

Figure 3: Single crystal X-ray structure analysis of selenolotriacene DST 3: (a) partial overlap of stacked and displaced molecules leading to -t
interactions with distances down to 3.42 A (side view); (b) and top view (64% molecular overlap). (c) Intermolecular interactions between heteroatoms

and hydrogen-heteroatoms (labelled cyan and blue, respectively).
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diffraction spectra (Figures S10, S11 and S12, in Supporting
Information File 1). Whereas no correlation of the main peaks
was found for DTT 1, DTS 2 showed a better relationship be-
tween the powder and single crystal derived powder spectra. A
very good correlation with almost no systematic error in peak
positions can be clearly identified in the case of heterotriacene
DST 3 (Figure S12, Supporting Information File 1) indicating a
similar dominating crystalline phase in the microcrystalline
powder and in the single crystal. Relevant signals at expected
strong 7-m intermolecular distances of 3.5-3.3 A
(20 = 25-26°), at offset 7= intermolecular distances of 4.1 A
(20 =21.5°), and at herringbone intermolecular interaction dis-
tances of 8.2 A (20 = 10.8°) were found and correlated with the
Miller indices obtained in the X-ray single crystal structure
analysis. XRD plots of DST 2 and DSS 4 showed strong diffu-
sion scattering vs signal intensity which we assign to a high
degree of amorphous phases. The crystallite sizes determined
were quite similar for 1, 2, and 3 (66 nm, 76 nm, and 72 nm),
respectively, except for DSS 4 which were smaller with 52 nm.
The lack of correlation between the spectra for DTT 1 (Figure
S10 in Supporting Information File 1) accounts for a complete-
ly different crystalline phase in the XRD vs the multicrystalline
powder spectrum. Nevertheless, the high crystallinity observed
in XRD measurements of heterotriacenes 1 and 3 rationalize
their unexpected higher melting point compared to 2 and 4.

Quantum chemical calculations

Quantum chemical DFT and TDDFT calculations
(CAMB3LYP and B3LYP with the functional 6-31G** (d,p))
were performed for the ground and excited state of heterotri-
acenes 1-4 in order to investigate their geometry and electronic
properties. The optimized geometry of DTT 1 is shown in
Figure 4, and most relevant corresponding bond distances and
angles for all derivatives are summarized in Table 2. The com-
parative analysis of the alternating double-single bonds in the
m-system of the heterotriacenes 1-4 evidenced only a slight
increase of the interring bond (C4—Cy4) for DTS 2 (1.43 A) and
consequently a smallest bite angle (C;YC;> = 100°) despite the
longest C—Se bond in the series (1.88 A). The C-heteroatom
distances vary for S (1.73-1.75 A) to Se (1.85-1.88 A) with the
peculiarity that the longer distances in both cases correspond to

Beilstein J. Org. Chem. 2019, 15, 1379-1393.

the C3-Y bond. This was already observed in the X-ray struc-
ture analysis. The distances between the external heteroatoms D
(X-X") are reduced by introducing the bigger Se atom in the
bridge position (Y) and in all cases are shorter than the ones ob-
tained from the crystal structure analysis.

X X*

«——— D(XX) —>

Figure 4: DFT quantum chemical calculated geometry of DTT 1 and
general atom labelling for all heterotriacenes 14 discussed.

The analysis of the theoretical calculations gave also insight
into the electronic properties of the heterotriacene series. The
energies of the calculated frontier orbitals and electronic transi-
tions are summarized in Table 3. In this respect, the energy of
the HOMO slightly destabilizes from DTT 1 to DSS 4 in accor-
dance to the decreasing aromatic character of the selenophene-
based derivatives. A strong influence of the selenium atoms on
the HOMO-1 and the LUMO can be observed (Figure 5, left
and Table 3): the heavier selenium atoms gradually stabilize the
LUMO and strongly destabilize HOMO-1. The calculated
energy gap decreases from thiophene-based DTT 1 to selenium-
containing derivative DSS 4 in accordance with the trend found
for the experimentally determined optical energy gaps (vide
supra).

TDDFT calculations on heteroacenes 1-4 revealed the coexis-
tence of two electronic transitions in a very narrow range of the
spectrum: HOMO — LUMO transition, S|, whose transition
dipole is oriented along the long-axis of the molecule and a

Table 2: DFT quantum chemical calculations on the geometry of heterotriacenes 1-4.

Heterotriacene Bond distance (A) Bond distance (A) Angles (°) (A) Angle (°)
C1—Co/Co—C3/C3—C4/Cy—Cy C1—X/X=C4/C3-Y C1XC4/C3YC3/XCyCy D(X-X") C1YCy
DTT1 1.36/1.42/1.38/1.42 1.74/1.73/1.75 91/90/135 3.88 104
DTS 2 1.36/1.42/1.38/1.43 1.74/1.73/1.88 91/87/134 3.84 100
DST 3 1.36/1.43/1.38/1.42 1.88/1.85/1.75 87/90/136 410 108
DSS 4 1.36/1.43/1.38/1.42 1.87/1.85/1.88 87/87/134 4.00 104
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Table 3: DFT and TDDFT quantum chemical calculations on heterotriacenes 1-4.

Hetero- HOMO-1 HOMO LUMO Sq Ss Eq
triacene [eV] [eV] [eV] [nm/eV] (f) [nm/eV] (f) [eV]
DTT 1 -7.59 -7.23 -0.19 274/4.52 (0.38) 254/4.87 (0.17) 7.04
DTS 2 -7.42 -7.22 -0.24 278/4.45 (0.34) 265/4.69 (0.17) 6.98
DST3 -7.39 -7.21 -0.30 283/4.39 (0.34) 268/4.63 (0.18) 6.91
DSS 4 -7.26 -7.20 -0.36 288/4.31 (0.31) 278/4.46 (0.19) 6.84
50 T T T T
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Figure 5: Representative electron density of frontier orbitals LUMO, HOMO, and HOMO-1 for heterotriacene DSS 4 (left). Energy of the first S¢ (red
dot) and second Sy (green dot) electronic transition calculated with TD-DFT and experimental energy gap (blue squares) of heterotriacenes 1 to 4

(right).

HOMO-1 — LUMO transition, S;, whose transition dipole
orients perpendicular to the long axis of the molecule (Table 3).
In Figure 5 (right), the transition energies of S| and S; as well
as the experimentally determined energy gaps are depicted for
the heterotriacenes under investigation. The dependence of both
transitions energies on the heteroatom character of the triacenes
is shown. Both transitions gradually bathochromically shift
from DTT 1 to DSS 4, with stronger stabilization of the S, tran-
sition which is coherent with the large atomic contribution from
the heteroatoms to the involved molecular orbitals HOMO-1
and LUMO (vide supra). We can conclude that the theoretical-
ly calculated transitions Sy and S, are reflected in the experi-
mentally obtained absorption spectra (Figure 6) being responsi-
ble for the slightly different shape of their fine structure. The
latter has been analyzed through Gaussian deconvolution of the
absorption spectra and the two expected transitions for hetero-
triacene DTT 1 are shown (Figure 6, right).

Optical properties

The optical properties of the four heterotriacenes were investi-
gated by UV-vis and fluorescence spectroscopy in dichloro-
methane solution (Figure 6, left and Table 4). The absorption
spectra in the series of DTT 1 to DSS 4 showed one main
absorption band exhibiting vibronic fine structure according to
the planar m-conjugated system. Gaussian deconvolution of the
experimental spectra exemplarily shown for DDT 1 (Figure 6,
right) evidenced the coexistence of two electronic transitions
under the absorption curve in correlation with the theoretical
calculations (vide infra). The absorption maxima are continu-
ously red-shifted from DTT 1 to DSS 4 the more selenium
atoms are present in the heteroacene (292-312 nm). This
finding can be explained by the slightly lower aromaticity of the
selenophene rings compared to thiophenes as a result from the
slightly lower electronegativity (EN 2.55 vs 2.58) and signifi-

cantly greater polarizability of selenium compared to sulfur
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Figure 6: Normalized absorption spectra of heteroacenes DTT 1 (black line), DTS 2 (blue line), DST 3 (green line), and DSS 4 (red line) in dichloro-
methane (left). Gaussian deconvolution analysis of the absorption spectrum of DTT 1 (right): Gaussian deconvolution peaks (doted black lines), S¢
transition (light red curve, balanced sum of the first 5 Gaussians), S transition (light green curve, balanced sum of Gaussians 6 to 10), and complete

cumulative peak-fit (doted red line).

Table 4: Thermal, optical, and electrochemical properties of heterotriacenes 1-4.

Heterotriacene Mp Aabs €
[°C] [nm]2 [L mol~' cm™]
DTT 1 69.8 292 26800
DTS 2 62.1 299 22100
DST 3 120.6 305, 315 28400
DSS 4 90.1 312, 324 20830

E 0Pt E 0 HOMO LUMO
[eVI° v [eV]° [ev]®
3.91 0.94 -5.92 -2.01
3.83 0.84 -5.87 -2.04
3.76 0.82 -5.82 -2.06
3.67 0.80 ~5.80 -2.13

aMeasured in dichloromethane solution (1074 M). PEstimated using the onset of the UV-vis spectrum in solution by Eg"pt = 1240/Agnget- °Estimated
from the onset of the respective oxidation waves, Fc/Fc* value set to -5.1 eV vs vacuum [45]. 9Determined from the optical band gap and HOMO.

atoms (P 3.77 A3 vs 2.9 A3) [41-43]. This effect is also obvious
in a red-shift of the absorption maximum from 2,2’-bithio-
phene 5 (304 nm) to 2,2’-biselenophene 6 (328 nm) [44] as
non-bridged counterparts of DTT 1/DST 3 and DTS 2/DSS 4,
respectively, which is explained in theoretical studies by a
higher quinoidal character of the oligoselenophenes and a
higher twisting barrier of the interring C—C bonds compared to
oligothiophenes. The optical energy gaps, E,, are in accordance
with the observed trend and decrease from 3.91 eV for DTT 1
to 3.67 eV for DSS 4 due to a stabilization of the HOMO
energy level with increasing number of selenium atoms in the
heteroacene (vide infra). The extinction coefficients are as well
sensitive to the heteroatom in the bridge for pair DTT 1/DTS 2
(26,800 to 22,100 L mol~! cm™!) and DST 3/DSS 4 (28,400 to
20,830 L mol™! cm_l). No fluorescence was observed for each
of the four heteroacenes DTT 1 to DSS 4 neither in DCM nor in
THF.

Electrochemical properties and electropoly-

merization

The redox properties of the heterotriacenes 1-4 were investigat-
ed by means of cyclic voltammetry in the electrolyte tetrabutyl-
ammonium hexafluorophosphate (TBAPFg)/acetonitrile
(Table 4, Figure S13 in Supporting Information File 1). The
voltammogram of DDT 1 revealed one irreversible oxidation
signal at 0.94 V (vs Fc*/Fc), which is in accordance to litera-
ture values [46]. Because selenophenes are slightly less aromat-
ic than thiophenes with increasing number of selenium atoms a
continuous decrease of the anodic peak potential was observed
going from 2 (0.84 V) over 3 (0.82 V) to 4 (0.80 V). In compar-
ison, dithienopyrrole (DTP), a corresponding nitrogen-bridged
2,2’-bithiophene, with a peak potential of 0.49 V, is much
easier to oxidize due to the electron-rich character of the pyrrole
ring [47]. The HOMO energy levels were determined from the

onset of the oxidation wave and accordingly gradually de-
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creased from 1 to 4 (=5.92 eV to —5.80 eV) (Table 4, Figure 7).
Due to the absence of reduction waves in the cyclic voltammo-
grams, the LUMO energy levels were calculated from Eg°pl and
the HOMO energy and decrease with increasing amount of sele-
nium atoms in the heterotriacenes.

Because of the structural similarity of heterotriacenes 1-4 to
2,2’-bithiophene and 2,2’-biselenophene, which can be oxida-
tively polymerized to polythiophenes [48-50] or polyse-
lenophenes [51], respectively, we were interested in the elec-
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tropolymerization of heterotriacenes 1-4 to the corresponding
conjugated polymers P1-P4. Hence, monomers 1-4 were sub-
jected to potentiodynamic polymerization in dichloromethane/
TBAPFg as electrolyte and the redox and optical properties of
the obtained films were determined. Electropolymer P(DTT) P1
has already been reported in literature and the findings agree
well with our results [46,51]. In Figure 8, exemplarily the elec-
tropolymerization of heterotriacene DST 2 (left) and subse-
quent electrochemical characterization of polymer P(DTS) P2

at various scan rates in a monomer-free electrolyte is shown

Figure 7: Energy diagram of the frontier molecular orbitals of heterotriacenes 1-4.
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Figure 8: Multisweep voltammograms for the electrochemical polymerization of monomeric heterotriacene DST 2 in CH>Clo/TBAPFg (0.1 M) at a
scan rate of 100 mV s~! (left) and electrochemical characterization of the corresponding polymer P(DTS) P2 in CH,Clo/TBAPFg (0.1 M) using differ-

ent scan rates (right).
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(right). The other examples for P1, P3, and P4 are shown in
Supporting Information File 1, Figure S14. After the oxidation
of the monomer in the first scan, polymerization starts by cou-
pling of the emerging radical cations via the more reactive
a-positions forming a film on the surface of the working elec-
trode (Scheme 3). Calculations on radical cations of heterotri-
acenes 1-4 clearly showed that spin density is by far highest at
the a- and low at the B-positions. Therefore, we assume that
coupling and polymerization of the radical cations occurs via
the a-positions leading to mostly linear conjugated systems
without branching. In subsequent scans, broad cathodic and
anodic signals emerged and with increasing number of cycles
the respective currents continuously increased indicating the
steady growth of polymer film. After 20 sweeps, homogeneous
films of polymers P1-P4 were obtained (observed by optical
microscopy) which were then electrochemically and spectro-
electrochemically characterized (Table 5 and Table S7 in Sup-
porting Information File 1).

Cyclic voltammograms of polymers P1-P4 in a monomer-free
electrolyte showed broad and unstructured redox waves typical
for conducting polymers reflecting the inhomogeneity of the
material containing various electrophoric moieties due to varia-
tions in the (conjugated) chain length and conformational issues
[52]. As well the relatively large shifts of the peak potentials
with increasing scan rate, which are due to reduced diffusion of
counter ions through the film, hinder the exact determination of
redox potentials and trends among the derivatives of the series.
Nevertheless, onset potentials, which reflect the starting transi-
tion between semiconducting and conducting state of the

Beilstein J. Org. Chem. 2019, 15, 1379-1393.

polymer, are indicative and for all four polymers P1-P4 are lo-
cated in the same range at —0.12 V to —0.18 V and vary only
little. Therefore, the effect of the selenium atoms, which we saw
for the oxidation of the corresponding monomers 1-4, i.e., a
lowering of the oxidation potential with increasing number of
selenium atoms (vide supra), seems to be blurred for the poly-
mers. Published data for P(DTT) P1 is very similar showing an
onset potential of —=0.12 V vs Fc/Fc* (calculated from 0.37 V vs
Ag/AgCl) [46,52]. The redox characteristic of P1-P4 is slightly
more negative compared to the non-bridged counterparts,
namely poly(bithiophene) [48-50] and poly(biselenophene) [51]
(both show Eypeer at ca. —0.0 V vs Fc/Fc™) indicating that the
chalcogenide bridges do not much influence the electrochemi-
cal properties of the corresponding conjugated polymers. The
related poly(dithienopyrrole) P(DTP) in contrast is more elec-
tron-rich and much easier to oxidize (Egnget = —0.54 V vs
Fc/Fc*t) [47]. Additionally, we evaluated the electrochemical
stability of polymers P1-P4. After performing 30 sweeps, about
18-19% of the electroactivity was degraded for the bithio-
phene-based poly(heterotriacenes) P(DTT) P1 and P(DTS) P2
and only 3-8% for the biselenophene-based counterparts
P(DST) P3 and P(DSS) P4 which is similar to P(DTP) [47]
(Figure S15 in Supporting Information File 1).

The optical properties of polyheterotriacenes P1-P4 were deter-
mined via spectroelectrochemistry using a previously described
setup with a platinum working electrode and UV-vis—NIR
spectra were recorded in reflectance mode [53]. At the begin-
ning of the measurements a potential of =500 mV (vs Ag/AgCl)
was applied in order to obtain the neutral polymer films with-

X X X
/BN P O W
X X X X X Xn

1-4

X=8, Se

P1-P4

Scheme 3: Oxidative polymerization of heterotriacenes 1-4 to corresponding conjugated polymers P1-P4.

Table 5: Electrochemical properties of poly(heterotriacenes) P1-P4 and film loss after conducting 30 scans in a monomer-free electrolyte solution.

Poly(heterotriacene) Epa® [V] Epc® [V]
P(DTT) P1 0.45 0.39
P(DTS) P2 0.51 0.37
P(DST) P3 d 0.33
P(DSS) P4 d 0.27
P(DTP) [33] 0.18 0.19

Eonset [V] HOMO [eV] Film loss [%]°
-0.18 -4.92 18

-0.15 -4.95 19

-0.17 -4.93 8

-0.12 -4.98 3

-0.54 -4.56 6

Potentials are referenced vs Fc*/Fc. @8Ep,: anodic peak potential (scan rate 100 mV/s). bEpc: cathodic peak potential (scan rate 100 mV/s).
®Determined as the difference of exchanged charges during the oxidation in scan 2 and scan 30, respectively. 9Could not be determined.
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out any oxidized parts. Then, the potentials were gradually in-
creased until the oxidized polymers were obtained in their pola-
ronic/bipolaronic states. In the neutral state, the most intense
and broad bands of the m—m* transition showed absorption
maxima in the range of 532 nm for P(DTT) P1 to 478 nm for
P(DSS) P4 which is comparable to P(DTP) (524 nm) [47]. The
deviation of the absorption of P(DTT) P1 to the literature value
(480 nm) [46] can most likely be attributed to differences in the
polymerization procedures. The optical energy gaps have been
determined from the onset absorptions and show decreasing
values from P(DTT) P1 (E; = 1.79 eV) to P2-P4
(Eg = 1.66-1.67 eV). The oxidized polymers gave as expected
very broad and flat absorption bands from the visible to the
NIR regime of the spectra (400—1600 nm) which is typical for
conducting polymers, but hamper the determination of maxima

(Table S7, Figure S16 in Supporting Information File 1).

Conclusion

In summary, we presented the synthesis and characterization of
novel selenolotriacenes DTS 2, DST 3, and DSS 4 in compari-
son to known DTT 1, in which a varying number and sequence
of fused thiophene and selenophene rings is implemented. For
their preparation, efficient multistep synthesis routes with good
overall yields based on recently published transition metal-cata-
lyzed C-S and C-Se coupling/cyclization reactions in the
crucial cyclization steps of iodinated bithiophene and bise-
lenophene precursors. Heterotriacenes 1-4 turned out to be
stable and well soluble systems, which allowed for the determi-
nation of thermal, optical, and electrochemical properties. By
single crystal X-ray structure analysis the geometric structure
and packing motifs of selenolotriacenes 2—4 were determined.
Quantum chemical calculations allowed for a deeper under-
standing of the geometric and electronic structure of the hetero-
triacenes. The optoelectronic properties were determined and
valuable structure—property relationships were deduced giving
insight into the role of the number and relative position of the S
and Se heteroatoms in the equally long fused conjugated
triacenes. Electrooxidative polymerization of triacenes 1-4 led
to corresponding conducting polymers P1-P4, which were elec-
trochemically and spectroelectrochemically characterized and
the properties compared to the non-bridged counterparts.

Experimental
Instruments and measurements

NMR spectra were recorded on a Bruker Avance 400
(*H NMR: 400 MHz, 13C NMR: 100 MHz), normally at 25 °C.
Chemical shift values (8) are expressed in parts per million
using the solvent (\H NMR, 8y = 7.26 and !3C NMR, 8¢ = 77.0
for CDCl3) as internal standard. The splitting patterns are desig-
nated as follows: s (singlet), d (doublet), t (triplet), m (multi-

plet). Coupling constants (J) relate to proton-proton couplings.
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GC-MS measurements were performed on a Shimadzu GCMS-
QP2010 SE instrument. Melting points were measured via
differential scanning calorimetric measurements (DSC) on a
Mettler Toledo DSC823e under argon atmosphere at a heating
rate of 10 °C/min. Elemental analyses were performed on an
Elementar Vario EL instrument. High resolution MALDI-MS
was measured on a Fourier Transform Ion Cyclotron Reso-
nance (FT-ICR) mass spectrometer solariX from Bruker
Daltonics equipped with a 7.0 T superconducting magnet and
interfaced to an Apollo II Dual ESI/MALDI source. Single
crystals were analysed on a Bruker SMART APEX-II CCD
diffractometer (A\(Mo Ka)-radiation, graphite monochromator,
w and 4 scan mode) and corrected for absorption using the
SADABS program [53]. The structures were solved by direct
methods and refined by a full-matrix least squares technique on
F2 with anisotropic displacement parameters for non-hydrogen
atoms. The hydrogen atoms were placed in calculated positions
and refined within the riding model with fixed isotropic dis-
placement parameters (Uigo(H) = 1.2Ueq(C)). All calculations
were carried out using the SHELXL program package in Olex2
(v. 1.2.10) [54]. Crystallographic data have been deposited with
the Cambridge Crystallographic Data Center: DTS 2 CCDC
1897412; DST 3 CCDC 1025419; DSS 4 CCDC 1898450.
UV-vis measurements were carried out in dry DCM in 1 cm
cuvettes and recorded on a Perkin Elmer UV/VIS/NIR Lambda
19 spectrometer. Cyclic voltammetry experiments were per-
formed with a computer-controlled Autolab PGSTAT30 poten-
tiostat in a three-electrode single compartment cell (3 mL). The
platinum working electrode consisted of a platinum wire sealed
in a soft glass tube with a surface of A = 0.785 mmz, which was
polished down to 0.25 um with Buehler polishing paste prior to
use to guarantee reproducible surfaces. The counter electrode
consisted of a platinum wire and the reference electrode was an
Ag/AgCl reference electrode. All potentials were internally
referenced to the ferrocene/ferricenium couple (Fc/Fc™). For the
measurements, concentrations of 1073 M of the electroactive
species were used in freshly distilled and deaerated dichloro-
methane (Lichrosolv, Merck) purified with a Braun MB-SPS-
800 and 0.1 M (n-Bu)4NPFg (Fluka; recrystallized twice from
ethanol). Spectroelectrochemical measurements of the polymer
films were carried out in a 0.1 M solution of (n-Bu)4NPFg in
dry DCM. The applied setup has been described in the litera-
ture [55]. A platinum working electrode, a Ag/AgCl reference
electrode, and a platinum sheet as the counter electrode were
used and measurements were conducted in reflectance mode.
During recording the UV—-vis—NIR spectra, the applied poten-
tial was kept constant. Instrumental artefacts due to the change
of the detector were removed and marked in the spectra. Quan-
tum chemical calculations were performed with the Gaussian 09
package: DFT and TDDFT with the B3LYP and CAMB3LYP
functional and 6-31++(d,p) basis-set [56].
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Materials

Iodine, zinc(II) chloride, copper(I) chloride, potassium hydrox-
ide, chlorotrimethylsilane, copper(l) iodide, and potassium
phosphate were purchased from Merck. Diisopropylamine,
bis(dibenzylideneacetone)palladium(0), tetrabutylammonium
fluoride, selenourea, and copper oxide nanoparticles were pur-
chased from Sigma-Aldrich. n-Butyllithium in n-hexane
(1.6 M) was purchased from Acros Organics, selenophene from
TCI, 3-bromothiophene from Fluorochem, potassium thio-
acetate from Alfa Aesar, potassium sulfide from Caesar &
Loretz, and 1,1’-bis(diphenylphosphino)ferrocene (dppf) from
Frontier Scientific. Absolute tetrahydrofuran, dichloromethane,
and toluene were provided from Sigma-Aldrich and purified
using a Biichi MB SPS-800. Dimethyl sulfoxide, acetonitrile,
and acetone were purchased from Merck and Sigma-Aldrich,
purified, and dried by standard methods prior to use. All synthe-
tic steps were carried out under an argon atmosphere and all
glassware used for reactions was dried prior to use. Column
chromatography was performed on glass columns packed with
silica gel, Merck Silica 60, particle size 40—63 um (Macherey-
Nagel). Thin-layer chromatography was performed on alumi-
num plates, pre-coated with silica gel Merck Si60 F254. 3,3’-
Diiodo-2,2’-bithiophene (5) [30] and 5,5-bis(trimethylsilyl)-
3,3’-diiodo-2,2’-bithiophene (6) [31] were prepared according
to literature procedures.

Synthesis
2,6-Bis(trimethylsilyl)dithieno[3,2-b:2',3'-d]thiophene (7)
[20]. To a solution of 3,3’-diiodo-5,5’-bis(trimethylsilyl)-2,2’-
bithiophene (6, 500 mg, 0.89 mmol) in dry acetonitrile (7 mL)
was added copper(I) iodide (17 mg, 89 pumol, 10 mol %) and
dipotassium sulfide (196 mg, 1.8 mmol) at rt. The mixture was
heated to 140 °C and stirred for 16 hours. After cooling to rt,
the reaction was quenched with water and the resulting mixture
was extracted three times with diethyl ether. The combined
organic layer was dried over Na,SO4 and concentrated under
vacuum. The residue was purified by column chromatography
(SiO;, petroleum ether) to give DTT (7) as a white solid
(0.22 g, 0.65 mmol, 73%). Mp 94.6 °C (DSC); '"H NMR
(CDCl3) & (ppm) = 7.34 (s, 2H), 0.37 (s, 18H); '3C NMR
(CDCl3) d (ppm) 144.2, 142.5, 135.6, 127.1, 0.0; anal. calcd for
C, 49.41; H, 5.88; S, 28.24; found: C, 48.65; H, 5.64; S, 29.18.
The analytical data are in accordance with literature [32].

Dithieno[3,2-b:2',3'-d]thiophene (DTT, 1) prepared from 7.
To a solution of 2,6-bis(trimethylsilyl)dithieno[3,2-b:2',3'-
d]thiophene (7, 92 mg, 0.27 mmol) in THF (2 mL) a solution of
tetrabutylammonium fluoride trihydrate (184 mg, 0.6 mmol) in
1 mL THF was added. The mixture was stirred for 1.5 hours,
filtrated, and concentrated under vacuum. The crude product

was purified by column chromatography (SiO;, petroleum
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ether) to afford DTT 1 as a white solid (48 mg, 0.245 mmol,
91%). Mp 69.6 °C (DSC); 'H NMR (CDCl3) & (ppm) 7.36 (d,
3] =5.2 Hz, 2H), 7.29 (d, 3J = 5.2 Hz, 2H); 13C NMR (CDCl3)
O (ppm) 141.7, 131.0, 126.0, 120.9; anal. calcd for C, 48.95; H,
2.05; S, 49.00; found: C, 49.06; H, 2.10; S 49.24. The analyti-
cal data are in accordance with literature [57].

Dithieno[3,2-b:2',3'-d]thiophene (DTT, 1) prepared from 5.
To a solution of 3,3'-diiodo-2,2'-bithiophene (5, 500 mg,
1.2 mmol) in dry acetonitrile (14 mL) was added copper(I)
iodide (23 mg, 0.12 mmol, 10 mol %) and dipotassium sulfide
(264 mg, 2.4 mmol) at rt. The mixture was heated to 140 °C and
stirred for 16 hours. After cooling to rt, the reaction was
quenched with water and the resulting mixture was extracted
three times with diethyl ether. The combined organic layer was
dried over Na,SO,4 and concentrated under vacuum. The residue
was purified by column chromatography (SiO;, petroleum
ether) to provide DTT 1 as a white solid (152 mg, 0.8 mmol,
66%). The analytical data was the same as described above.

Selenolo[3,2-b:4,5-b’]dithiophene (2). To a stirred solution of
3,3'-diiodo-2,2'-bithiophene (5, 200 mg, 0.48 mmol) and sele-
nourea (118 mg, 0.96 mmol) in dry dimethyl sulfoxide (1.5 mL)
at rt was added copper(I) oxide nanoparticles (4 mg, 48 umol,
10 mol %) followed by potassium hydroxide (54 mg,
0.96 mmol). The mixture was heated at 80 °C for 20 hours,
before a second portion of selenourea (118 mg, 0.96 mmol),
copper(I) oxide (4 mg, 48 umol, 10 mol %), and potassium
hydroxide (54 mg, 0.96 mmol) was added. After stirring at
80 °C for another 20 hours, the reaction mixture was cooled to
rt and a 1:1 mixture of dichloromethane/water was added. The
combined organic extracts were collected, dried with an-
hydrous MgSO, and concentrated under vacuum. The crude
product was purified by column chromatography (SiO,, petro-
leum ether) and the product-enriched fractions were further
purified by HPLC (n-hexane/CH;Cl, 8:2) to afford the desired
heterotriacene DTS 2 as a white solid (59 mg, 0.24 mmol,
51%). Mp 62.1 °C (DSC); 'H NMR (CDCl3) & (ppm) 7.34 (d,
3] = 5.2 Hz, 2H), 7.33 (d, 3J = 5.2 Hz, 2H); 13C NMR (CDCl3)
O (ppm) 139.2, 132.4, 125.5, 123.7; anal. calcd for C, 39.51; H,
1.66; S, 26.37; found: C, 39.51; H, 1.63; S: 26.18. HRMS
(APCI) m/z: [M™] calcd for CgH4S,Se, 243.89129; found,
243.89155; dm/m = 1.07 ppm.

5-Iodo-2-(trimethylsilyl)selenophene (10). Selenophene (9,
2.00 g, 15 mmol) was dissolved under argon in dry THF
(11 mL) and n-BuLi (1.6 M in hexane, 9.5 mL, 15 mmol) was
added dropwise at —78 °C. The milky solution was stirred at
—78 °C for 45 min. Chlorotrimethylsilane (2 mL, 16 mmol) was
added and the mixture was stirred for one more hour. Then,
another portion of n-BuLi (1.6 M, 10 mL, 16 mmol) was added.
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After stirring for one hour at =78 °C, a solution of elemental
iodine (3.8 g, 15 mmol) in THF (8 mL) was added dropwise at
=65 to =55 °C within 15 min. The solution was stirred for
another hour at rt and remaining iodine was reduced with a so-
dium thiosulfate solution (10 mL). The mixture was quenched
with water and extracted three times with diethyl ether. The
organic layers were combined, dried over MgSQOy, and concen-
trated under vacuum. The brown crude product was purified by
column chromatography (SiO;; petroleum ether) to obtain pure
selenophene 10 as a light yellow liquid (3.4 g, 10.3 mmol,
68%); 'H NMR (CDCl3) & (ppm) 7.54 (d with 77Se-satellites,
3Jgeg = 11.6 Hz, 3Jyy.y = 3.6 Hz, 1H), 7.53 (d with 77Se-satel-
lites, 3Jge.fg = 11.6 Hz, 3Jyg.g = 3.6 Hz, 1H), 0.29 (s, 9H);
13C NMR (CDCl3) & (ppm) 156.6, 141.8, 138.0, 79.9, 0.4;
HRMS (APCI) m/z: [M*] calcd for C;H;1SeSi, 329.88343;
found, 329.88409; dm/m = 2.0 ppm.

3,3’-Diiodo-5,5’-bis(trimethylsilyl)-2,2’-biselenophene (11).
n-BuLi (1.6 M in hexane, 4.6 mL, 7.3 mmol) was added drop-
wise to a solution of diisoproylamine (1.2 mL, 8.6 mmol) in dry
THF (4 mL) at O °C and stirred for one hour. 5-Iodo-2-(tri-
methylsilyl)selenophene (10, 2.0 g, 6.1 mmol) was dissolved in
dry THF (7.5 mL) and the LDA solution was added dropwise
within 30 min. The mixture was stirred at =78 °C for 1.5 hours
after complete addition of LDA and then a solution of zinc(II)
chloride (1.0 g, 7.3 mmol) dissolved in 5.6 mL dry THF was
added. After stirring for one hour at 0 °C, copper(II) chloride
(986 mg, 7.3 mmol) was added in one portion and the resulting
mixture was stirred at =78 °C for 3 hours, then at rt for
18 hours. The solvent was removed under reduced pressure.
The crude product was purified by column chromatography
(Si0,; petroleum ether) to obtain pure biselenophene 11
(1.47 g; 2.2 mmol, 59%) as a pale yellow solid. Mp 107.1 °C
(DSC); 'H NMR (CDCl5) & (ppm) 7.49 (s, with 77 Se-satellites,
3Jse.r = 6.0 Hz, 2H), 0.34 (s, 18H); 13C NMR (CDCl3) & (ppm)
153.4, 146.2, 144.33, 87.4, 0.2; anal. calcd for C, 25.62; H 3.07;
found: C, 25.77; H: 2.89; HRMS (APCI) m/z: [M*] calcd for
Ci4Hy0I,Se;Siy, 657.75199; found, 657.75033; dm/m =
2.52 ppm.

2,6-Bis(trimethylsilyl)bisselenolo[3,2-b:2',3'-d]thiophene
(12). To a solution of 3,3’-diiodo-5, 5’-bis(trimethylsilyl)-2,2’-
biselenophene (11, 514 mg, 0.78 mmol) in dry and well-
degassed acetonitrile (15 mL) copper(I) iodide (30 mg,
0.16 mmol, 20 mol %) and dipotassium sulfide (346 mg,
3.14 mmol) was added at rt. The mixture was heated to 140 °C
and stirred for 20 hours. After cooling to rt, the reaction was
quenched with water and the resulting mixture was extracted
three times with diethyl ether. The combined organic layer was
dried over MgSOy4 and concentrated under vacuum. The residue

was purified by column chromatography (alumina, petroleum
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ether) to obtain biselenolothiophene 12 as an orange solid
(331 mg, 0.76 mmol, 97%). Mp 111.7 °C (DSC); '"H NMR
(CDCls) d (ppm) 7.63 (s, with 77Se-satellites, 3Jge.;; = 6.8 Hz,
2H), 0.34 (s, 18H); '3C NMR (CDCl3) & (ppm) 149.4, 145.2,
138.3, 129.4, 0.3; anal. calcd for C, 38.70; H, 4.64; S, 7.38;
found: C, 38.60; H, 4.45; S, 7.49. The analytical data are in
accordance with literature [27].

Bisselenolo[3,2-b:2',3'-d]thiophene (DST, 3). To a solution of
2,6-bis(trimethylsilyl)bisselenolo[3,2-b:2',3'-d]thiophene (12,
153 mg, 0.35 mmol) in THF (4 mL) was added tetrabutylam-
monium fluoride trihydrate (391 mg, 1.23 mmol) in 2 mL THF.
The mixture was stirred for 2 hours, then filtrated and concen-
trated under vacuum. The crude product was purified by
column chromatography (SiO,, petroleum ether) to afford
bisselenolothiophene 3 as a lightly yellow solid (94 mg, 0.32
mmol, 91%). Mp 120.5 °C (DSC); '"H NMR (CDCl3) & (ppm)
7.95 (d with 77Se-satellites, 2Jge.y = 48.6 Hz, 3/ = 5.7 Hz,
2H), 7.53 (d with 77Se-satellites, 3Jge.y = 5.8Hz, 3Jp.p = 5.6
Hz, 2H); 13C NMR (CDCl3) & (ppm) 142.7, 133.9, 129.7,
123.4. anal. calcd for C, 33.12; H, 1.36; S, 11.05; found: C,
33.70; H, 1.52; S, 11.64. HRMS (APCI) m/z: [M*] calcd for
CgHy4SSe;, 291.83583; found, 291.83625; dm/m = 1.1 ppm.

Bisselenolo[3,2-b:2',3'-d]selenophene (DSS, 4). To a stirred
solution of 3,3’-diiodo-5,5’-bis(trimethylsilyl)-2,2’-bise-
lenophene (11, 100 mg, 0.15 mmol) and selenourea (28 mg,
0.23 mmol) in dry dimethyl sulfoxide (0.8 mL) under argon at rt
was added copper oxide nanoparticles (1.2 mg, 10 mol %) fol-
lowed by potassium hydroxide (26 mg, 0.46 mmol). The mix-
ture was heated at 80 °C for 18 hours, cooled to rt, and a 1:1
mixture of dichloromethane/water was added. The combined
organic extracts were collected, dried with anhydrous MgSOy,,
and concentrated under vacuum. The crude product was puri-
fied by column chromatography (SiO,, deactivated with 3% tri-
ethylamine, petroleum ether) to afford bisselenoloselenophene 4
as a lightly grey solid (25 mg, 70 umol, 48%). Mp 90.1 °C
(DSC); 'H NMR (CDCls) d (ppm) 7.94 (d with 77Se-satellites,
2J ey = 48.4 Hz, 3Jyy.yy = 5.6 Hz, 2H), 7.56 (d with 77Se-satel-
lites, 3Jge.51 = 5.6 Hz, 3Jyg = 5.6 Hz, 2H); 13C NMR (CDCl5)
d (ppm) 140.7, 135.5, 129.6, 126.1; HRMS (APCI) m/z: [M*]
calcd for CgHy4Ses, 337.78158; found, 337.782251; dm/m =
2.75 ppm.

3,3’-Diiodo-2,2’-biselenophene (13). To a stirred solution of
3,3’-diiodo-5,5’-bis(trimethylsilyl)-2,2’-biselenophene (11,
400 mg, 0.61 mmol) in THF (7 mL) at O °C under argon was
added dropwise tetrabutylammonium fluoride trihydrate
(400 mg, 1.3 mmol) in 1 mL THF. The mixture was warmed to
rt and stirred for 1.5 hours. At the end of the reaction, the mix-

ture was filtrated and concentrated under vacuum. The crude
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product was purified by column chromatography (SiO,, 11.Wetzel, C.; Mishra, A.; Mena-Osteritz, E.; Liess, A; Stolte, M.;

n-hexane/DCM 10:1) to afford biselenophene 13 as a white Wirthner, F.; Bauerle, P. Org. Lett. 2014, 16, 362-365.
doi:10.1021/01403153z

: o, 1
solid (202. mg; 0.4 mm(.ﬂ’ 66/))' H NMR ((;DC13) o (ppm) 12.Chung, C.-L.; Chen, C.-Y.; Kang, H.-W.; Lin, H.-W.; Tsai, W.-L.;
8.08 (d with ""Se-satellites, “Jse.q = 44 Hz, “Jy.n = 5.8 Hz, Hsu, C.-C.; Wong, K.-T. Org. Electron. 2016, 28, 229-238.
2H); 7.36 (d with 77Se-satellites, 3Jge.y = 12 Hz, 3/ = 5.8 doi:10.1016/j.0rgel.2015.10.030
Hz, 2H); 13C NMR (CDCl3) & (ppm) 141.7, 138.4, 135.1, 86.6.  13.Wetzel, C.; Mishra, A.; Mena-Osteritz, E.; Walzer, K.; Pfeiffer, M.;
HRMS (APCI): m/z: [M*] calcd for CgHuSes, 513.67274; Béauerle, P. J. Mater. Chem. C 2016, 4, 3715-3725.

doi:10.1039/c5tc03539b

14.Huang, C.; Liao, X.; Gao, K.; Zuo, L.; Lin, F.; Shi, X.; Li, C.-Z.; Liu, H,;
Li, X.; Liu, F.; Chen, Y.; Chen, H.; Jen, A. K.-Y. Chem. Mater. 2018, 30,

Su ppo rti ng I nfo rm ation 5429-5434. doi:10.1021/acs.chemmater.8002276

15. Leitner, T. D.; Vogt, A.; Popovi¢, D.; Mena-Osteritz, E.; Walzer, K.;
Pfeiffer, M.; Bauerle, P. Mater. Chem. Front. 2018, 2, 959-968.
doi:10.1039/c7gm00542¢c

) o ) 16. Mishra, A.; Wetzel, C.; Singhal, R.; Bauerle, P.; Sharma, G. D.
[https://www .beilstein-journals.org/bjoc/content/ J. Phys. Chem. C 2018, 122, 11262-11269.

found, 513.67374; dm/m = 1.6 ppm.
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Abstract

The donor—acceptor—mni-conjugated (D-m—),A fluorescent dyes OUY-2, OUK-2 and OUJ-2 with two (diphenylamino)carbazole
thiophene units as D (electron-donating group)—r (r-conjugated bridge) moiety and a pyridine, pyrazine or triazine ring as electron-
withdrawing group (electron-accepting group, A) have been designed and synthesized. The photophysical and electrochemical
properties of the three dyes were investigated by photoabsorption and fluorescence spectroscopy, Lippert—-Mataga plots, cyclic vol-
tammetry and density functional theory calculations. The photoabsorption maximum (Ap,x abs) and the fluorescence maximum
(Amax 1) for the intramolecular charge-transfer characteristic band of the (D—r—),A fluorescent dyes show bathochromic shifts in the
order of OUY-2 < OUK-2 < OUJ-2. Moreover, the photoabsorption bands of the (D—m—),A fluorescent dyes are nearly indepen-
dent of solvent polarity, while the fluorescence bands showed bathochromic shifts with increasing solvent polarity (i.e., positive
fluorescence solvatochromism). The Lippert-Mataga plots for OUY-2, OUK-2 and OUJ-2 indicate that the Ap (= e — pg) value,
which is the difference in the dipole moment of the dye between the excited (pe) and the ground (u) states, increases in the order of
OUY-2 < OUK-2 < OUJ-2. Therefore, the fact explains our findings that OUJ-2 shows large bathochromic shifts of the fluores-
cence maxima in polar solvents, as well as the Stokes shift values of OUJ-2 in polar solvents are much larger than those in non-
polar solvents. The cyclic voltammetry of OUY-2, OUK-2 and OUJ-2 demonstrated that there is little difference in the HOMO
energy level among the three dyes, but the LUMO energy levels decrease in the order of OUY-2 > OUK-2 > OUJ-2. Conse-
quently, this work reveals that for the (D—m—),A fluorescent dyes OUY-2, OUK-2 and OUJ-2 the bathochromic shifts of Apayx abs
and A, g and the lowering of the LUMO energy level are dependent on the electron-withdrawing ability of the azine ring, which
increases in the order of OUY-2 < OUK-2 < OUJ-2.
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Introduction

Donor—m-conjugated—acceptor (D——A) dyes are constructed of
an electron-donating group (D) such as a diphenyl or dialkyl-
amino group and an electron-withdrawing group (electron-
accepting group, A) such as a nitro, cyano, and carboxy group
or an azine ring such as pyridine, pyrazine and triazine linked
by m-conjugated bridges such as oligoenes and heterocycles.
Thus, the D-—A dyes exhibit intense photoabsorption and fluo-
rescence emission properties based on the intramolecular charge
transfer (ICT) excitation from the D moiety to the A moiety
[1-4]. Moreover, the D—m—A structure possesses considerable
structural characteristics: the increase in the electron-donating
and electron-accepting abilities of the D and A moieties and the
expansion of 1 conjugation, respectively, can lead to a decrease
in the energy gap between the HOMO and LUMO because the
highest occupied molecular orbital (HOMO) is localized over
the m-conjugated system containing the D moiety, and the
lowest unoccupied molecular orbital (LUMO) is localized over
the A moiety. Thus, the photophysical and electrochemical
properties based on the ICT characteristics of D-m—A dyes
should be tuneable by not only the electron-donating ability of
D and the electron-accepting ability of A, but also by the elec-

Beilstein J. Org. Chem. 2019, 15, 1712-1721.

tronic characteristics of the 7 bridge. Consequently, the D-m—A
dyes are of considerable practical concern as a useful fluores-
cence sensor for cation, anion and neural species [5-14], an effi-
cient emitter for organic light emitting diodes (OLEDs) [15-24],
and a promising photosensitizer for dye-sensitized solar cells
(DSSCs) [25-34].

Thus, in this work, to gain insight into the photophysical and
electrochemical properties of D—m—A fluorescent dyes with an
azine ring as electron-withdrawing group, we have designed
and synthesized the (D-m—),A fluorescent dyes OUY-2, OUK-
2 and OUJ-2 with two (diphenylamino)carbazole thiophene
units as the D—mr moiety and a pyridine, pyrazine or triazine ring
as the A moiety (Figure 1), although we have already reported
the synthesis of (D-m—),A fluorescent dyes OUY-2 [2] and
OUK-2 [3.,4] and their partial photopysical and electrochemical
properties. One advantage of (D—m—),A fluorescent dyes over
other D—m—A fluorescent dyes is their broad and intense
photoabsorption spectral features. Herein, based on photoab-
sorption and fluorescence spectroscopy, Lippert—Mataga plots,

cyclic voltammetry and density functional theory (DFT) calcu-

OuJ-2

Figure 1: Chemical structures of the (D—11—)»A fluorescent dyes OUY-2, OUK-2 and OUJ-2.
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lations, we reveal the photophysical and electrochemical prop-
erties of the (D—m—),A fluorescent dyes OUY-2, OUK-2 and
ouJ-2.

Results and Discussion

Synthesis

The (D—m—),A fluorescent dyes OUY-2 [2], OUK-2 [3.,4] and
OUJ-2 were prepared by Stille coupling of stannyl compound 1
[3] with 3,5-dibromopyridine, 2,6-diiodopyrazine, and 2,4-
dichloro-1,3,5-triazine, respectively (Scheme 1; see Experimen-
tal section for the synthetic procedure of OUJ-2).

Optical properties

The photoabsorption and fluorescence spectra of OUY-2,
OUK-2 and OUJ-2 in various solvents are shown in Figure 2,
and their optical data are summarized in Table 1. OUY-2,
OUK-2 and OUJ-2 in toluene as a non-polar solvent show the
photoabsorption maximum (Apax abs) at 398 nm, 401 nm and
433 nm, respectively, which is assigned to the ICT excitation
from the two (diphenylamino)carbazole thiophene units as D—r
moiety to a pyridine, pyrazine or triazine ring as A moiety. For
OUK-2, the shoulder band was observed at around 430 nm.
Thus, the ICT-based photoabsorption band of the three dyes
appears at a longer wavelength region in the order of QUY-2 <
OUK-2 < OUJ-2, which is in agreement with the increase in
the electron-withdrawing ability of the azine ring in the order of
pyridyl group < pyrazyl group < triazyl group. The photoab-
sorption spectra of the three dyes are nearly independent of sol-
vent polarity. This indicates that the electronic and structural

Me3Sn

\JQ

Scheme 1: Synthesis of OUY-2, OUK-2 and OUJ-2.

Beilstein J. Org. Chem. 2019, 15, 1712-1721.

characteristics of both the ground and Franck—Condon (FC)
excited states do not differ much with a change in solvent
polarity. The molar extinction coefficient (gy,x) for the ICT
band is ca. 100000 M~! cm™! for OUY-2, 75000 M~! cm™! for
OUK-2 and 80000 M~! cm™! for OUJ-2. The corresponding
fluorescence maximum (A, 1) Of the three dyes in toluene
also appears at a longer wavelength region in the order of
OUY-2 (453 nm) < OUK-2 (480 nm) < OUJ-2 (509 nm). Inter-
estingly, in contrast to the photoabsorption spectra, the fluores-
cence spectra are strongly dependent on the solvent polarity,
that is, the three dyes showed a bathochromic shift of the fluo-
rescence band with increasing solvent polarity from toluene to
DMF (i.e., positive fluorescence solvatochromism). Thus, the
Stokes shift (SS) values of the three dyes increase with increas-
ing solvent polarity. Compared with OUY-2, OUK-2 and OUJ-
2 exhibit significant fluorescence solvatochromic properties,
that is, the two dyes show a significant decrease in the fluores-
cence quantum yield (®¢) in a polar solvent such as DMF
(®5=0.59, 0.14 and 0.09 for OUY-2, OUK-2 and OUJ-2, re-
spectively), although in relatively low polar solvents OUK-2
and OUJ-2 exhibit a higher ®¢ value (0.48-0.65 and 0.72-0.86,
respectively) than OUY-2 (®¢ = 0.38-0.58). For OUK-2 and
OUJ-2, the large bathochromic shifts of the fluorescence
band with a significant decrease in the ®¢ value in polar
solvents such as DMF might be arising from the twisted intra-
molecular charge transfer (TICT) excited state due to the
twisting between the pyrazyl or triazyl group and the (diphenyl-
amino)carbazole thiophene moiety, leading to non-radiative
deactivation [1]. On the other hand, it is worth mentioning here

Br Br

/
N
—

Pd(PPh3),
toluene

ouY-2

A0

OUK-2
Pd(PPh3),

toluene

NS

NN

Cl Cl

OouJ-2
Pd(PPhg),

toluene
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Figure 2: (a) Photoabsorption and (b) fluorescence (A** = ca. 400 nm) spectra of OUY-2 in various solvents. (c) Photoabsorption and (d) fluores-
cence (A®* = ca. 400 nm) spectra of OUK-2 in various solvents. (e) Photoabsorption and (f) fluorescence (A** = ca. 430 nm) spectra of OUJ-2 in

various solvents.

that the brightness values (e x ®¢) for OUY-2, OUK-2 and
OUJ-2 in various solvents are fairly large (Table 1). Thus, the
fact indicates that the (D-m—),A fluorescent dyes have advanta-
geous characteristics as emitters for OLEDs and fluorescence
probes for biological imaging.

It is well accepted that the dipole—dipole interactions between
the fluorescent dye and the solvent molecules are responsible
for the solvent-dependent shifts in the fluorescence maxima
[35-43]. Therefore, in order to understand the fluorescence
solvatochromisms of OUY-2, OUK-2 and OUJ-2, we have in-
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Table 1: Optical data of OUY-2, OUK-2 and OUJ-2 in various solvents.

Beilstein J. Org. Chem. 2019, 15, 1712-1721.

Dye Solvent Amax.abs [nm] (8 [M~em™"))  Amax.s [nm] (©¢)2 Brightness [M~cm~1]  Stokes shift [cm™1]
OUY-2  toluene 398 (91100) 453 (0.38) 34600 3050
1,4-dioxane 398 (95800) 455 (0.40) 38300 3147
ethyl acetate 394 (98500) 480 (0.39) 38400 4547
THF 397 (100000) 485 (0.58) 58000 4570
DMF 399 (97500) 533 (0.59) 57500 6300
OUK-2  toluene 401 (74800) 480 (0.48) 35900 4104
1,4-dioxane 397 (78300) 487 (0.62) 48500 4655
ethyl acetate 398 (75800) 518 (0.55) 41700 5820
THF 394 (77400) 524 (0.65) 50300 6296
DMF 399 (73300) 588 (0.14) 10200 8055
OouJ-2 toluene 433 (78500) 509 (0.81) 63600 3448
1,4-dioxane 430 (85100) 525 (0.86) 73200 4208
ethyl acetate 428 (80100) 568 (0.72) 57700 5758
THF 433 (81100) 576 (0.72) 58400 5733
DMF 435 (78900) 665 (0.09) 7100 7950

@Fluorescence quantum yields (®5) were determined by using a calibrated integrating sphere system (A*X = 400 nm for OUY-2, 400 nm for OUK-2,

and 430 nm for OUJ-2, respectively).

vestigated the relationships between the solvent polarity-de-
pendent shift of the fluorescence maximum and the dipole
moment of dye molecule on the basis of the Lippert—-Mataga
equation (Equation 1) [44-46]:

1 2ap?
Vg = e Af +const. 1)
n 3 .
47'[80 hca
where
e-1 n’-1

= - )
2e+1 257 41

Consequently, on the basis of Equation (1) and Equation (2),
the change in the dipole moment, Ap = e — pg, between the
ground (ug) and the excited (u.) states can easily be evaluated
from the slope of a plot of vy against Af (the Lippert—-Mataga
plot), where v is the Stokes shift (Table 1), g is the vacuum
permittivity, & is Planck’s constant, ¢ is the velocity of light, a
is the Onsager radius of the dye molecule (7.81 A, 7.99 A and
7.91 A for 0OUY-2, OUK-2 and OUJ-2, respectively, estimated
from DFT calculation at the B3LYP/6-31G(d,p) level of theory
[47]), Af is the orientation polarizability, € is the static dielec-
tric constant, and »n is the refractive index of the solvent. The
Lippert—Mataga plots (Figure 3) for the three dyes show high
linearity, indicating that for the three dyes the solvent-depend-
ent shift in the fluorescence maximum is mainly attributed to
the dipole—dipole interactions between the dye molecule and the

solvent molecule. The slopes (mg)) became steep in the order of

OUY-2 (10500 cm™!) < OUK-2 (12200 cm™') < OUJ-2
(13700 cm™1). The correlation coefficient (R?) value for
the calibration curve regarding the three dyes is 0.90 for
0OUY-2, 0.88 for OUK-2, and 0.89 for OUJ-2, which indicates
good linearity. The Ap values increase in the order of
OUY-2 (22 D) < OUK-2 (25 D) < OUJ-2 (26 D), which corre-
sponds to the increase in the electron-withdrawing ability of the
azine rings (pyridyl group < pyrazyl group < triazyl group).
Consequently, the Lippert—Mataga plots explains our findings
that OUJ-2 shows large bathochromic shifts in its fluorescence
maximum in polar solvents, as well as the SS values for OUJ-2
in polar solvents are much larger than those in nonpolar sol-
vents (Table 1).

In order to investigate the solid-state photophysical properties
of OUY-2, OUK-2 and OUJ-2, we have measured the solid-
state fluorescence spectra of the solids (Figure 4). The Apax 11 of
the as-recrystallized dyes appears at 550 nm for OUY-2,
592 nm for OUK-2, and 557 nm for OUJ-2, which showed a
significant bathochromic shift by 97 nm, 112 nm, and 48 nm,
respectively, compared with those in toluene. The solid-state @y
value is below 0.02 for OUY-2 and OUK-2 and 0.09 for OUJ-
2, which are much lower than those in toluene. It is well known
that D—m—A fluorescent dyes show bathochromic shifts of the
Amax,fl and lower @y values by changing from the solution
state to the solid state. This fact is attributed to the delocaliza-
tion of excitons or excimers due to the formation of
intermolecular m— interactions [48-51] between the dye mole-
cules in the solid state, although we could not prepare single
crystals of OUY-2, OUK-2 and OUJ-2 for the X-ray structural

analysis.

1716



10000
—-o- 0OUY-2
‘EE 8000 - —® OUK-2 °
S
ga 6000
= 4000
[72]
(0]
S 2000
175
0 s | s |
0 0.1 0.2 0.3
Af

Figure 3: Correlation of the Stokes shift (vs;) and the orientation polar-
izability (Af) according to Equation 1 and Equation 2, respectively, for
0OUY-2, OUK-2 and OUJ-2; solvent (g, n, Af): toluene (2.38, 1.4969,
0.0132), 1,4-dioxane (2.21, 1.4224, 0.0205), ethyl acetate (6.02,
1.3724, 0.199), THF (7.58, 1.4072, 0.2096) and DMF (36.71, 1.4305,
0.274) [4].
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Figure 4: Fluorescence spectra of OUY-2 (A** = 370 nm), OUK-2
(A®X = 370 nm) and OUJ-2 (A®* = 380 nm) in the solid state.

Electrochemical properties

The electrochemical properties of OUY-2, OUK-2 and OUJ-2
were investigated by cyclic voltammetry (CV) in DMF contain-
ing 0.1 M tetrabutylammonium perchlorate (BuyNC1Oy4). The
cyclic voltammograms of the three dyes are shown in Figure 5.
The reversible oxidation waves (Ep,°*) for the three dyes were
observed at 0.42 V for OUY-2 and OUK-2 and 0.45 V for
0OUJ-2, vs ferrocene/ferrocenium (Fc/Fc*) (Table 2). The corre-
sponding reduction waves (Epcred) appeared at 0.35 V for
OUY-2 and OUK-2 and 0.36 V for OUJ-2, thus indicating

that the three dyes undergo an electrochemically stable

Beilstein J. Org. Chem. 2019, 15, 1712-1721.

oxidation-reduction process. The HOMO energy level
(= [E(p°* + 4.8] eV) versus the vacuum level was estimated
from the half-wave potential for the oxidation (E;,°* = 0.39 V
for OUY-2 and OUK-2 and 0.40 V for OUJ-2). Therefore, the
HOMO energy level was —=5.19 eV for OUY-2 and OUK-2 and
—5.20 eV for OUJ-2, respectively. This fact indicates that the
three dyes have comparable HOMO energy levels. The LUMO
energy level versus the vacuum level was evaluated from the
E{/;°* and an intersection of photoabsorption and fluorescence
spectra (449 nm; 2.76 eV for OUY-2, 481 nm; 2.58 eV for
OUK-2, 506 nm; 2.45 eV for OUJ-2) in DMF. Consequently,
the LUMO energy level was obtained through equation =
[HOMO + E(_g] eV, where E(_ transition energy is the inter-
section of the photoabsorption and fluorescence spectra corre-
sponding to the optical energy gap between the HOMO and the
LUMO. Thus, the LUMO energy level versus the vacuum level
lowers in the order of OUY-2 (-2.43 eV) > OUK-2 (-2.61 eV)
> QUJ-2 (=2.75 eV). This result demonstrates that an increase
of the electron-withdrawing ability of the azine ring lowers the
LUMO energy level of the (D—m—),A fluorescent dyes. Conse-
quently, the fact revealed that the bathochromic shift of the
ICT-based photoabsorption band in the order of OUY-2 <
OUK-2 < OUJ-2 is attributed to the stabilization of the LUMO
energy level due to the increase in the electron-withdrawing
ability of the azine ring in the order of pyridyl < pyrazyl <
triazyl, resulting in a decrease in the energy gap between the
HOMO and the LUMO.

8.0
6.0 -
<:§_ 4'0,_
g 2.0+
3 0r
-20+F
4.0 7 . ! | |
-0.2 0 0.2 0.4 0.6

E/V vs Fc/Fct

Figure 5: Cyclic voltammograms of OUY-2, OUK-2 and OUJ-2 in DMF
containing 0.1 M BugNCIO4. The arrow denotes the direction of the
potential scan.

Theoretical calculations
In order to examine the HOMO and LUMO distributions of
OUY-2, OUK-2 and OUJ-2, the molecular structures and the
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Table 2: Electrochemical data and HOMO and LUMO energy level of OUY-2, OUK-2 and OUJ-2.

Dye Epa® [VI? Epo™®d [VI2 Eqo% [V]2 HOMO [eV]° LUMO [eV]° Eoo[eV]
ouY-2 0.42 0.35 0.39 -5.19 -2.43 2.76 eV
OUK-2 0.42 0.35 0.39 -5.19 -2.61 2.58 eV
OouJ-2 0.45 0.36 0.40 -5.20 -2.75 2.45 eV

&The anodic peak (Epa®), the cathodic peak (Epc'ed) and the half-wave (E1/2°%) potentials for oxidation vs Fc/Fc* were recorded in DMF/BugNCIOg4
(0.1 M) solution; Pthe HOMO energy level (—[E%%{;» + 4.8] V) versus the vacuum level was evaluated from the E1,2%* for oxidation; ‘the LUMO energy
level versus the vacuum level was evaluated from the HOMO and the optical energy gap (Eop-), that is, the LUMO energy level was obtained through
equation = [HOMO + Eg_g] eV; %he optical energy gap (Eg_g) was determined from the intersection of the photoabsorption and fluorescence spectra

in DMF.

molecular orbitals of the three dyes were calculated using
the DFT at the B3LYP/6-31G(d,p) level of theory [47].
The results of the DFT calculation for the three dyes
indicated that the HOMO is mostly localized on the two (di-
phenylamino)carbazole moieties containing the thiophene ring
and the LUMO is mostly localized on the thienylpyridine
moiety for QUY-2, the thienylpyrazine moiety for OUK-2 and
the thienyltriazine moiety for OUJ-2 (Figure 6). Accordingly,
the DFT calculations reveal that the photoexcitation of OUY-2,
OUK-2 and OUJ-2 induces the ICT from the two (diphenyl-
amino)carbazole moieties to each azine ring. The HOMO

energy level of the three dyes is remarkably similar to each
other (—4.80 eV, —4.78 eV and —4.84 eV for OUY-2, OUK-2
and OUJ-2, respectively), and the LUMO energy level is
lowered in the order of OUY-2 (-1.56 eV) > OUK-2
(-1.76 eV) > OUJ-2 (—1.98 eV), which are in good agreement
with the experimental results from the photoabsorption and
fluorescence spectral analyses (Figure 2) and the cyclic voltam-
metry (Figure 5). Thus, the experimental results and the DFT
calculation strongly demonstrated that the bathochromic shift of
the ICT-based photoabsorption band in the order of OUY-2 <
OUK-2 < OUJ-2 is attributed to a stabilization of the LUMO
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theory. Numbers in parentheses are the experimental values.
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energy level due to the increase in the electron-withdrawing
ability of the azine ring in the order of pyridyl < pyrazyl <

triazyl.

Conclusion

To gain insight into the photophysical and electrochemical
properties of D——A fluorescent dyes with azine rings as elec-
tron-withdrawing groups, we have designed and synthesized a
new type of (D—m—);A fluorescent dyes OUY-2, OUK-2 and
0OUJ-2 with two (diphenylamino)carbazole thiophene units as
the D (electron-donating group)— (m-conjugated bridge) moiety
and a pyridine, pyrazine or triazine ring as the electron-with-
drawing group (electron-accepting group, A), and their photo-
physical and electrochemical properties were investigated. It
was found that the intramolecular charge-transfer (ICT)-based
photoabsorption and fluorescence bands of the three dyes
appear at a longer wavelength region in the order of OUY-2 <
OUK-2 < OUJ-2. This result is due to the increase in the elec-
tron-withdrawing ability of the azine ring in the order of
pyridyl < pyrazyl < triazyl. Moreover, the (D-m—),A fluores-
cent dyes showed a large bathochromic shift of the fluores-
cence maxima with increasing solvent polarity (i.e., positive
fluorescence solvatochromism). The Lippert—-Mataga plots
revealed that the difference in the dipole moment of the dye be-
tween the excited state and the ground state increases in the
order of OUY-2 < OUK-2 < OUJ-2. Thus, the fact explains our
findings that OUJ-2 shows large bathochromic shifts of fluores-
cence maxima in polar solvents, as well as the Stokes shift
values for OUJ-2 in polar solvents are much larger than those
in nonpolar solvents. Cyclic voltammetry and DFT calculations
demonstrated that the HOMO energy levels of the three dyes
are remarkably similar, but the LUMO energy level is lowered
in the order of OUY-2 > OUK-2 > OUJ-2, showing that in-
creasing the electron-withdrawing ability of the azine ring
lowers the LUMO energy level of the (D—m—),A fluorescent
dyes. Consequently, this work reveals that for the (D-m—),A
fluorescent dyes OUY-2, OUK-2 and OUJ-2, the bathochromic
shift of photoabsorption and fluorescence maxima and the
lowering of the LUMO energy levels are dependent on the elec-
tron-withdrawing ability of the azine ring which increases in the
order of OUY-2 < OUK-2 < OUJ-2.

Experimental
General methods

Melting points were measured with a Yanaco micro melting
point apparatus MP model. FTIR spectra were recorded on a
Shimadzu IRAffinity-1 spectrometer by ATR method. High-
resolution mass spectra were acquired on a Thermo Fisher
Scientific LTQ Orbitrap XL. "H NMR and 13C NMR spectra
were recorded on a Varian-400 (400 MHz) FT NMR spectrom-

eter. Photoabsorption spectra were measured with a Hitachi

Beilstein J. Org. Chem. 2019, 15, 1712-1721.

U-2910 spectrophotometer, and fluorescence spectra were
measured with a Horiba FluoroMax-4 spectrofluorometer. The
fluorescence quantum yields in solution were determined by a
Horiba FluoroMax-4 spectrofluorometer by using a calibrated
integrating sphere system. Cyclic voltammetry (CV) curves
were recorded in DMF/BuyNC1Oy4 (0.1 M) solution with a
three-electrode system consisting of Ag/Ag™ as reference elec-
trode, a Pt plate as working electrode, and Pt wire as counter
electrode by using an electrochemical measurement system
HZ-7000 (Hokuto Denko).

Synthesis

General synthetic procedure of (D—1—)oA fluores-
cent dyes OUY-2, OUK-2 and OUJ-2

OUY-2 [2], OUK-2 [3] and OUJ-2 were prepared by Stille
coupling of stannyl compound 1 [3] with 3,5-dibromopyridine,
2,6-diiodopyrazine, and 2,4-dichloro-1,3,5-triazine, respective-
ly, by using Pd(PPhj3), as a catalyst in toluene at 110 °C under
an argon atmosphere (Scheme 1).

Synthesis of OYJ-2: A solution of 1 [3] (0.60 g, 0.95 mmol),
2,4-dichloro-1,3,5-triazine (0.071 g, 0.48 mmol), and Pd(PPh3)4
(0.18 g, 0.16 mmol) in toluene (10 mL) was stirred for 48 h at
110 °C under an argon atmosphere. After concentrating under
reduced pressure, the resulting residue was dissolved in
dichloromethane and washed with water. The dichloromethane
extract was evaporated under reduced pressure. The residue was
chromatographed on silica gel (ethyl acetate/dichloromethane
1:4 as eluent) to give OUJ-2 (0.38 g, yield 70%) as yellow
solid; mp 267-269 °C; IR (ATR) ¥: 1594, 1548, 1491 cm™L;
'H NMR (400 MHz, CD>Cl,) & 0.89 (t, J = 7.3 Hz, 6H),
1.29-1.35 (m, 4H), 1.75-1.83 (m, 4H), 4.22 (t, J = 7.1 Hz, 4H),
6.96 (dd, J = 1.8 and 8.4 Hz, 2H), 7.02-7.06 (m, 4H), 7.13-7.16
(m, 10H), 7.26-7.30 (m, 8H), 7.57 (d, J = 4.0 Hz, 2H),
7.60-7.63 (dd, J = 8.1 and 1.5 Hz, 2H), 7.72 (s, 2H), 7.95 (d,
J =8.4 Hz, 2H), 8.04 (d, J = 8.1 Hz, 2H), 8.27 (d, J/ = 4.0 Hz,
2H), 9.00 (s, 1H) ppm; '3C NMR (100 MHz, CD,Cl,) & 14.04,
20.86, 31.47, 43.10, 105.17, 106.55, 117.52, 117.92, 118.47,
120.53, 121.40, 123.08, 123.94, 124.50, 124.79, 129.58, 130.62,
133.57, 139.41, 141.56, 142.95, 147.31, 148.55, 153.55,
167.62 ppm (one aromatic carbon signal was not observed due
to overlapping resonances); HRMS-ESI (m/z): [M + H] * calcd.
for Cg7H56N7S,, 1022.40331; found, 1022.40344.

Supporting Information

Supporting Information File 1

'H and 13C NMR spectra of OUJ-2.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-167-S1.pdf]
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We report two novel functional dyes based on a boron-dipyrromethene (BODIPY) core displaying a panchromatic absorption with

an extension to the near-infrared (NIR) range. An innovative synthetic approach for preparing the 2,3,5,6-tetramethyl-BODIPY unit

is disclosed, and a versatile way to further functionalize this unit has been developed. The optoelectronic properties of the two dyes

were computed by density functional theory modelling (DFT) and characterized through UV-vis spectroscopy and cyclic voltam-

metry (CV) measurements. Finally, we report preliminary results obtained using these functional dyes as photosensitizers in dye-

sensitized solar cells (DSSCs).

Introduction

The past two decades have witnessed tremendous efforts to
develop alternative photovoltaic (PV) technologies. Among
them, dye-sensitized solar cells (DSSCs) display numerous
advantages compared to its fully organic counterpart, i.e., bulk

heterojunction solar cells, or other hybrid PV technologies such

as perovskite solar cells. DSSCs can display satisfactory power
conversion efficiencies (PCE) in the range of 10 to 14% [1-3]
but also a long-term stability when specific electrolytes based
on ionic liquids are employed [4,5]. Besides, this technology

enables the fabrication of solar panels that can be prepared
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semi-transparent, colorful, and out of non-toxic constituents [6].
Historically, Ru(II)-polypyridyl complexes were the most used
dyes as photosensitizers in DSSCs (N719 or N749 Black Dye)
[7] but these molecules reveal low absorption coefficients over
the visible range. Furthermore, they contain a rare and a rela-
tively high-cost element (Ru) and their plausible toxicity
restrains their development at the industrial level. For these
reasons, in the last decade, metal-free organic dyes based on
donor—(m-spacer)—acceptor structure have hence been extensive-
ly investigated and screened as sensitizers in DSSCs. Among
the hundreds of dyes developed so far for this application, only
few can show panchromatic absorption [8,9]. To improve the
photogeneration of current, and hence the efficiency of DSSCs,
the development of new dye molecules better matching the
solar emission spectrum or exhibiting absorption in the near-in-

frared (NIR) range could be a fruitful strategy.

Several families of molecules displaying an infrared absorption
have been investigated in the last decade, such as phthalo-
cyanines [10,11], organic push—pull compounds [12], and
boron-dipyrromethene [13] (BODIPY®). BODIPY dyes are one
of the most extensively studied class of fluorophores due to
their unique properties, including high absorption coefficients
in the visible and NIR ranges, high fluorescence quantum
yields, and high stability in various media. More importantly,
they display a very versatile chemistry, allowing the fine tuning
of all their physical and optical properties [14]. They hence
have found applications in various fields, such as lasers
dyes [15], (bio)-labeling [16,17], photodynamic therapy [18],
or even bulk heterojunction solar cells [19,20] or DSSCs
[21,22].

In this articl we report an innovative synthetic approach for
synthesizing 2,3,5,6-tetramethyl-BODIPY compounds and a
way to further functionalize such cores has been developed. The
optoelectronic properties of the functional molecules were in-
vestigated using UV—vis spectroscopy, and we show that they
can absorb light up to 900 nm in solution and 1000 nm in solid
state, after grafting on anatase-TiO, mesoporous films. The
cyclic voltammetry (CV) measurements indicate that the com-
pounds have HOMO and LUMO energy levels suitable for an
application in DSSCs, in rather good agreement with the values
obtained from DFT calculations. Finally, we report preliminary
results employing these molecules as photosensitizers in dye
solar cells with iodine-based liquid electrolytes. We show that
the limited performances of these new BODIPY derivatives
arise from their deep LUMO energy level. In terms of energy,
the latter lies close to the conduction band of the electron-trans-
porting oxide, limiting therefore the driving force of electronic
injection, and hence the overall efficiency of the resulting solar

cell.
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Results and Discussion

1. Design and DFT calculations

In many opto-electronic devices the light-absorption properties
of the semiconductors are a critical parameter. This is particu-
larly the case when solar energy conversion applications are
targeted. For instance, in order to maximize the photocurrent
density in a DSSC device, the sensitizer has to display high
molar absorption coefficients, ideally along the entire visible
range. Additionally, it must display appropriate positioning of
frontier molecular orbitals (highest occupied molecular orbital/
lowest unoccupied molecular orbital, HOMO/LUMO) energy
levels with respect to the conduction band (CB) of the metal
oxide and the redox potential of the electrolyte. Abundant liter-
ature on BODIPY derivatives allowed us to identify a chemical
approach to fulfill those criteria, i.e., the introduction of an elec-
tron rich unit at the 3rd and Sth positions of the BODIPY core
via a vinyl spacer [14,21,23,24]. Introduction of such units on
those positions is known to lead to a larger bathochromic shift
of the Sy— S absorption band than the same substitution on its
2nd and 6th positions [25]. A thiophene-triphenylamine unit
was selected among the reported electron-donating units, due to
its reversible redox properties and high electron-donating
strength (see Figure 1) [26]. In order to promote the delocaliza-
tion from the electron-donating unit to the electron-with-
drawing and anchoring group located on its 8 position, a
2,3,5,6-tetramethyl-BODIPY derivative has been designed (see
Figure 1). Indeed, most of the BODIPY based materials, used in
organic semiconducting applications, exhibit methyl groups in
the 1,7-positions. However, such groups in these positions
hinder sterically the position 8 of BODIPY cores and therefore
lead to a severe twist of the aromatic unit grafted on. Removing
these methyl groups is an effective way to reduce the dihedral
angle between the meso substituent and the BODIPY core by
lowering the steric hindrance between the two latter. It has
been previously reported that a better molecular planarity
usually originates a higher charge injection efficiency [27].
Furthermore, it has been reported that introduction of hydro-
phobic alkyl chains on a sensitizer is a way to improve the
open-circuit voltage (V,.), by reducing the electronic recombi-
nation rate at the electrolyte/semi-conducting oxide interface
[28]. To probe the validity of this concept for a BODIPY deriv-
ative, we decided to synthetize the two molecular structures
disclosed in Figure 1, namely BOD-TTPA-alk and BOD-
TTPA.

To support our molecular design, and especially to have better
insight on the electronic structure and optical properties of the
dyes, we performed (time-dependent) density functional theory
(TD-DFT) calculations on the four representative molecules
displayed in Figure 2: Dyes (1 and 3) vs (2 and 4) differ by the
position (2,6 or 1,7) of the methyl groups on the BODIPY core,
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Figure 1: Molecular structures of the two target compounds BOD-TTPA-alk and BOD-TTPA, and the chemical structure of a BODIPY core displaying

its positions numbering.

while dyes (1 and 2) vs (3 and 4) differ by the presence (or not)
of a triphenylamine donor group on the thiophene ring. As we
are dealing with charge-transfer electronic excitations, we have
adopted a tuned range-separated CAM-B3LYP functional and
the polarizable continuum model (PCM) to account for
(implicit) solvent effects (in THF).

The one-electron energy diagram reported in Figure 2 shows
that: (i) Grafting the triphenylamine donor moieties on the thio-
phene-vinylene bridge only slightly (by ca. 0.1 eV) lowers the
ionization potential of the dyes, compare (1,2) to (3,4); this is
explained by the fact that the HOMO molecular orbital mostly
spreads on the BODIPY-vinylthiophene core of the molecules,
with only slight contributions from the TPA units (ii) The posi-
tion of the methyl groups has by far a larger impact on
the electron affinity of the molecules, which is substantially
increased when going from 2 to 1, and from 4 to 3. This is
clearly not a direct electronic effect but rather results from the
close to orthogonal orientation of the anchoring groups induced
by steric effects in 2 and 4. As a result, while the LUMO orbital
largely extends through the BODIPY unit towards the cyano-
acrylic acid anchors in the case of 1 and 3, it is completely
confined to the BODIPY-vinylthiophene core in 2 and 4,
explaining the deeper unoccupied levels in the former mole-

cules.

Thus, our calculations suggest that, in case of an allowed
HOMO-LUMO transition, 1 and 3 should show a bathochromi-
cally shifted optical absorption spectrum, thereby hopefully

allowing for a more efficient sunlight absorption, yet also a

reduced energy driving force for charge separation at the TiO,
surface. To check this hypothesis, we performed TD-DFT simu-
lations of the optical absorption spectra of the 4 representative
dyes. The results reported in Figure 3 are fully consistent with
the predictions from the one-electron picture. There is a sub-
stantial red shift of the lowest optical absorption band, from
~750 nm in 2 to ~850 nm in 1 by moving the methyl groups
from (1,7) to (2,6) positions, in line with the increased elec-
tronic delocalization over the anchoring groups. An additional
virtue of the placement of the methyl groups in positions (2,6)
is to extend the absorption range of the dyes across the whole
visible range. Very similar effects are observed for the TPA-
free molecules, except for an overall blue shift of the main
absorption bands resulting from the reduced size of the m-elec-
tronic system.

2. Synthesis

The synthesis of the target materials is schemed in Figure 4. To
introduce the selected substitution pattern, 2,3-dimethylpyrrole
1 is first synthesized through a Trofimov reaction in a one-pot
two-step reaction [29]. The condensation of the aforementioned
pyrrole on para-iodobenzoyl chloride affords the correspond-
ing dipyrromethenium chloride, which was then converted into
its BODIPY analogue 2 through complexation by BF3-OEt; in
basic media. Regioselective introduction of distyryl substitu-
ents is achieved via Knoevenagel-type condensation in the pres-
ence of piperidine using aldehyde derivatives 3 and 4 whose
synthesis are described in Supporting Information File 1. This
condensation reaction affords compounds 5 and 6 with a slight

variation of their pendant alkyl chains. The stereoisomerism of
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Figure 2: a) Geometrical optimization of four representative BODIPY-based materials for DSSCs application. b) Frontiers molecular orbitals reparti-
tion and their predicted energy values for the selected four representative BODIPY-based dyes.

1761



300000

—1
—2
250000 3
- —4
£
<
= 200000
=
=2
vy
=
Q)
2 1500
= 00
Q
o
o
=
2
5 100000
=
£
*
=
50000 \
0
250 350 450 550 650 750 850 950

Wavelength (nm)

Figure 3: Predicted absorption spectra of the four dyes.

8:X=0
CeHi3 f [ CeHi3
BOD-TTPA-alk: X = C(CN)CO,H

Beilstein J. Org. Chem. 2019, 15, 1758—-1768.

the resulting distyryl compound (frans) has been unambiguous-
ly attributed by "H NMR (see Figures 89 and S11 in Support-
ing Information File 1), whose spectra feature characteristic
constant couplings of 16.2 and 16.1 Hz. It is worth mentioning
that the fluorine substitution was performed on the boron center
after introduction of the styryl residues, introduction prior
to the Knoevenagel reaction is known to impede it [30]. The
introduction of the aldehyde moiety is carried out through
catalytic carbo-palladation reaction using molecular carbon
monoxide in the presence of methyl formiate as hydrogen
source in modest yield (35% and 19% for 8 and 10, respective-
ly) due to the formation of a relatively large amount of dehalo-
genation side-product. Finally, a Knoevenagel condensation in
the presence of cyanoacetic acid and piperidine is performed to
lead to the targeted compounds BOD-TTPA-alk and BOD-
TTPA.

O e O

f I:
BOD-TTPA: X = C(CN)CO,H

Figure 4: Synthetic scheme of the selected materials. a) hydroxylamine hydrochloride, NaHCO3, DMSO, 60 °C then acetylene, KOH, DMSO, 110
°C, 24% over the two steps; b) 4-iodobenzoyl chloride, DCM, rt then DDQ, DCM, rt then NEt3, BF3-OEt», 0 °C to rt, 35%,; c) piperidine, cat. PTSA,
toluene, 130 °C, 5: 35%, 6: 30%; d) (3-(2-methoxyethoxy)prop-1-yn-1-yl)magnesium bromide, THF, 60 °C, 85%; e) carbon monoxide, sodium

formiate, [Pd(PPh3)2Clo], anhydrous DMF, 100 °C, 8: 19%, 9: 35%; f) cyanoacetic acid, piperidine, MeCN, CHCl3, 80 °C, BOD-TTPA: 34%, BOD-

TTPA-alk: 26%.
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3. Optical properties

The optical properties of compounds BOD-TTPA-alk and
BOD-TTPA were first evaluated in diluted (=<10~® M in THF)
solution (see Figure 5). They both display two intense absorp-
tion bands. At lower energy, the absorption band displays a
rather large and high extinction coefficient (5-10™ M~lem™)
band attributed to the Sy— S; transition of the BODIPY core,
and still displays its characteristic shoulder at higher energy
[14]. Another intense absorption band is located around 400 nm
and is attributed to the m—7™* transition of the triphenylamine
thiophene residues. It is worth noting that almost no difference
is observed between those two materials, which is consistent
with their identical electronic structure. As often with such
distyryl-BODIPY derivatives [19,25], no clear cut-off of absor-
bance is observed in the whole part of the visible range, leading
to a panchromatic absorption. The absorption is not limited to
the visible domain, indeed the compound BOD-TTPA-alk and
BOD-TTPA exhibit a Apy,x in solution located at 771 nm
and 768 nm, respectively, with an absorption edge close to
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900 nm. The absorption in the NIR region is a peculiar prop-
erty that is of course a considerable advantage for solar cell ap-

plications.

With the aim of investigating the behavior of those dyes once
adsorbed on mesoporous TiO,, sensitization has been per-
formed on 2 pm thick TiO, mesoporous layer (see Figure 5b
and c). To prevent dye aggregation on the surface of the semi-
conducting oxide, and to mimic the real conditions of use in
solar cells, chenodeoxycholic acid (CDCA) was employed as
co-sensitizer and hence added to the sensitization solution [31].
For the dyeing solutions the concentration of the dye was 1 mM
and the concentration of CDCA was 10 mM in a chloroform/
ethanol mixture (1:1 in volume). The absorbance spectra of the
resulting sensitized TiO, layers are recorded and presented in

Figure 5b.

For both dyes, grafting them on the surface clearly impacts the

absorption bands attributed to the BODIPY part of the systems.
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Figure 5: a) Absorption spectra of compounds BOD-TTPA-alk and BOD-TTPA (THF, 1076 M, 25 °C). b) Absorbance spectra of 2 um thick meso-
porous TiO» sensitized in a solution of dye/CDCA (1:10, molar ratio). c) Normalized absorbance spectra of BOD-TTPA-alk (red traces) and BOD-
TTPA (blue traces), both in diluted solution (aerated THF, =106 M, 25 °C — dashed lines) and once adsorbed on 2 um thick mesoporous TiO, (solid

lines).
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The absorption coefficient of the lower energy absorption band,
attributed to the Sy— S transition, is reduced and a higher
energy band around 700 nm increases in intensity. This last one
is more likely attributed to a conformationally restricted form of
the dye once adsorbed which shows an absorption value closed
to mono-styryl species, thus reinforcing the panchromatic
absorption of this dye. As long as BOD-TTPA-alk is
concerned, no significant shift of the lower energy band is ob-
served (see Table 1 and Figure 5a). This suggests no self-aggre-
gation of the alkylated dye occurs on the oxide surface, which
can be explained by the presence of the co-adsorbent CDCA,
and of the multiple alkyl chain substitution of the TPA units.
On the other hand, a bathochromic shift of the absorption
profile of BOD-TTPA is observed from diluted solution to the
anchored dye (see Figure 5a). Despite the same amount of
CDCA in the dyeing solution (10 molar equivalents), this result
suggests a higher tendency for m stacking interactions. Once
anchored, BOD-TTPA exhibits consequently a broader absorp-
tion profile than its alkylated counterpart BOD-TTPA-alk.

Furthermore, the measured intensity of absorbance of the sensi-
tized TiO, layer is much higher for BOD-TPA than BOD-
TTPA-alk in spite of the fact that the dyeing was performed
with solutions containing exactly the same concentration of the
dyes. The thickness of the aforementioned TiO, layer being
identical and the two dyes BOD-TTPA-alk and BOD-TTPA
displaying very similar absorption coefficient (see Table 1),
sensitization of mesoporous TiO, will be more effective for
BOD-TTPA than BOD-TTPA-alk. This lower absorption orig-
inating from a lower grafting level may arise from the overall
size of the molecule BOD-TTPA-alk that displays 4 alkyl
chains and 2 ethylene glycol chains. The bigger size of BOD-
TTPA-alk can eventually prevents its diffusion through all the
pores of the TiO; layer or decreases the density of grafted mole-
cules due to steric hindrance.

4. Electrochemical characterization

Cyclic voltammetry of both BODIPY dyes was carried out in
deoxygenated DCM solutions containing tetrabutylammonium
hexafluorophosphate as salt (see Figure S24 and S25 in Sup-
porting Information File 1), to investigate their oxidation and
reduction processes as well as to determine the energy levels of
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their highest occupied molecular orbital (HOMO) and lower
unoccupied molecular orbital (LUMO). All the redox potentials
were calibrated with respect to Ferrocene (Fc), assuming that
E(Fc/Fc*) = 0.40 V with respect to SCE (see experimental
details). The low solubility of the BOD-TTPA derivative makes
this material much more difficult to characterize than its alky-
lated counterpart. However, both dyes exhibit similar first oxi-
dation potentials about 0.6 V and 0.55 V for BOD-TTPA and
BOD-TTPA-alk, respectively. Both processes are reversible. It
worth noting that the BOD-TTPA-alk exhibits also a second
reversible oxidation process at higher voltage of 0.8 V. Finally,
for both dyes, a quasi-reversible reduction process could be ob-
served at —0.6 V and —0.8 V for BOD-TTPA and BOD-TTPA-
alk, respectively.

The HOMO and LUMO levels were determined by using the
following equations (HOMO = E, + 4.4 eV) and (LUMO =
E.eq + 4.4 eV) where the onset potentials are in volts (vs SCE)
and HOMO and LUMO are in electron volts [32]. We thus
calculated HOMO and LUMO levels of —=5.0 eV and -3.8 eV
for BOD-TTPA against —4.95 eV and -3.6 eV for BOD-
TTPA-alk. The small change of the HOMO energy levels is in
line with the performed calculations (see section 1), where the
HOMO molecular orbital is shown to be mostly spread on the
BODIPY-vinylthiophene moieties of the dyes, with only slight
contributions from the TPA units. The significant decrease in
electronic affinity observed in BOD-TTPA-alk is likely due to
the boron center alkylation. Similar effects have been already
shown after fluorine substitution of BODIPY [33].

5. DSSCs fabrication and device
performances

In order to investigate the photovoltaic performances of the two
functional dyes BOD-TTPA-alk and BOD-TTPA, a set of
DSSCs were fabricated following a procedure reported previ-
ously [4]. The J(V) characteristics of the devices were recorded
in dark and upon irradiation with a mask. For the measure-
ments a solar simulator with AM 1.5G filter was used after cali-
bration with a Silicon cell at 1000 W m™2. For a direct compari-
son, we fabricated solar cells with the same photoelectrode
composition consisting of a double layer TiO, (a 12 um-thick
transparent layer and a 4 um-thick scattering layer) purchased

Table 1: Selected optical properties of compounds BOD-TTPA-alk and BOD-TTPA.

Compounds

Nluton (nm) ¢ (Limol~-om ) at Aghuior - xglien (am) - ATIO2 (nm) Ko, (em)
BOD-TTPA-alk 409, 771 6.49-10%, 4.46-10% 841 393, 700, 771 867
BOD-TTPA 411,768 6.52:10%, 5.00-104 856 389, 801 907
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from Solaronix. This thickness was selected on the basis of a
previous study showing that thicker electrodes (typically above

12 um) give rise to highest photocurrent density.

When dyes with low-lying LUMO energy levels are employed
as sensitizers together with TiO, electrodes, the choice of the
electrolyte is crucial. From CV experiments (see previous
section) we found that the LUMO levels of the dyes are at —3.9
and -3.6 eV. In other words, they are located roughly
0.1-0.4 eV above the energy level of the conducting band of the
oxide (which is around —4 eV). This alignment of the energy
levels could be damaging to the electron injection process.
Indeed, it is known that a minimum driving force of 0.15 eV
(neglecting entropy changes during the light absorption) is re-
quired to efficiently inject photo excited electrons from the
LUMO of the dyes in the CB of the oxide [34].

Usually iodine-based liquid electrolytes are comprising addi-
tives such as fert-butylpyridine (‘BP) which is known to shift
the CB band of the oxide positively by creating a dipole effect
at the surface of TiO,. By suppressing this dipole effect, the CB
of TiO, could be relocated deeper and this could facilitate the
photo-injection process. Consequently, for preliminary investi-
gations we prepared an electrolyte with a formulation close to
the one of HI-30 commercialized by Solaronix. HI-30 elec-
trolyte is known to be compatible with a large variety of organic
dyes. We therefore designed a modified electrolyte inspired
from HI-30 with the following composition: 0.5 M of butyl-
methylimidazolium iodide (BMII), 0.03 M of I, 0.5 M of Lil,
0.1 M of guanidinium thiocyanate in a mixture of acetonitrile
and 3-methoxyproprionitrile (85:15). Compared to classical
electrolytes, in this formulation we removed ‘BP, hoping that
the suppression of the interface dipole would shift the CB
energy level of TiO, and, consequently, enhance injection
process [35].

The J(V) curves of the devices containing compounds BOD-
TTPA-alk and BOD-TTPA are reported in Figure 6. Selected
photovoltaic parameters obtained from three different measure-
ments for each dye are gathered in Table 2. BOD-TTPA-alk

exhibits a maximum power conversion efficiency of 1.12% a
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short-circuit current (/i) of 4.70 mA-cm™2, an open-circuit

voltage (V) of 0.37 V and a fill factor (FF) of 65%. On the
other hand, BOD-TTPA displays a power conversion effi-
ciency of 1.22%, along with a Jg of 7.33 mA-cm™2, a V¢ of
0.33 V and a FF of 51%. Despite being rather low compared to
the performances of more conventional dyes, these results are
quite consistent with previous reports on BODIPY sensitizers
with absorption in the NIR region [36].

Y
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= BOD-TTPA . | &
LR
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12+ ' i
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8

4,_

Voltage (V)

s o9
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Figure 6: J(V) curves of the best performing DSSCs devices sensi-
tized with compounds BOD-TTPA-alk (blue traces) and BOD-TTPA
(red traces) in dark (dashed lines) and under AM1.5G conditions (solid
lines). Light source: AM1.5G at 100 mW-cm™2, electrolyte composition:
0.5 M of BMII, 0.03 M of I, 0.5 M of Lil, 0.1 M of guanidinium thio-
cyanate in a mixture of acetonitrile and 3-methoxyproprionitrile (85:15,
v/v), electrodes: 12 um mesoporous anatase TiOo + 4 um TiO» scat-
tering layer, dyeing bath: [Dye] = 0.2 mM, [CDCA] = 2 mM in CHCl3/
EtOH 1:1 (v/v)).

First, comparing the photovoltaic behavior of the two dyes one
should note that the Jg. delivered by the solar cells are rather
different (4.70 mA-cm~2 for BOD-TTPA-alk versus
7.33 mA-cm™2 for BOD-TTPA). The higher J. obtained with
BOD-TTPA can be explained with the broader and more
intense absorption in the NIR range once grafted on TiO, com-
pared to its alkylated counterpart. Second, one can notice that
the V. and FF recorded for devices sensitized with BOD-
TTPA-alk are slightly higher compared to the ones prepared

Table 2: Photovoltaic parameters of compounds BOD-TTPA-alk and BOD-TTPA (light source: AM1.5G at 100 mW-cm™2, electrolyte composition:
0.5 M of BMII, 0.03 M of I5, 0.5 M of Lil, 0.1 M of guanidinium thiocyanate in a mixture of acetonitrile and 3-methoxyproprionitrile (85:15, v/v), elec-
trodes: 12 um mesoporous anatase TiO», + 4 um TiO» scattering layer, dyeing bath: [Dye] = 0.2 mM, [CDCA] = 2 mM in CHCI3/EtOH 1:1, v/v).

Highest value and mean values over three measurements in parenthesis.

Dye Jsc (MA-cm2) Voc (V)
BOD-TTPA-alk 4.70 (4.64) 0.37 (0.37)
BOD-TTPA 7.33 (7.10) 0.33 (0.33)

FF PCE (%)
0.65 (0.64) 1.12(1.12)
0.51 (0.50) 1.22 (1.20)
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out of BOD-TTPA. This could be explained by the presence of
the alkyl chains on the TPA units that are known to prevent the
redox mediator to interact with the TiO, surface thus reducing
the probability to observe a recombination process between the
photo-injected electrons and the iodide.

To confirm that the main factor limiting the device perfor-
mances is the position of the LUMO level of these dyes with
respect to the CB of the oxide, we investigated the effect of 'BP
content in the electrolyte. By adding ‘BP in the electrolyte one
can tune the electronic properties, i.e., the CB energy level posi-
tion of TiO, [31,37-39]. The effect is well-known, a negative
dipole-related shift of the TiO, Fermi level occurs by ‘BP
adsorption on the surface. As the LUMO levels of the dyes are
estimated close to the CB Fermi level, the use of ‘BP should
lead to a drop of the J. because of the reduction of the driving
force for the injection. Simultaneously a rise of the V. is ex-
pected. A shift of CB energy level toward the vacuum level
(i.e., away from the redox potential of the electrolyte) results in
a higher open-circuit voltage (V). Indeed, in DSSCs the V. is

determined by the quasi-Fermi-level of the metal oxide semi-
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conductor, which is correlated with its CB edge and electron
density (see Figure 7).

Solar cells fabricated with various amount of ‘BP in the elec-
trolyte were investigated (see Table S1 in Supporting Informa-
tion File 1). It appears from Figure 7 that increasing the concen-
tration of '‘BP implies, as expected, an increase of V., from
328 mV to 460 mV for BOD-TTPA-alk and from 360 mV to
420 mV for BOD-TTPA. On the other hand, the Jy. values for
BOD-TTPA-alk and BOD-TTPA all decrease from 7.33 to
0.88 mA-cm™2 and from 4.70 to 0.41 mA-cm™2, respectively.
This result unambiguously highlights that the shift of TiO, CB
impedes the photo-injection of electrons [40]. This proves that
the LUMO energy levels of the dyes BOD-TTPA-alk and
BOD-TTPA are too close from the CB of the oxide. Despite a
higher V., the loss of J is responsible for the overall decrease
of the power conversion efficiencies.

Conclusion
We have designed, synthesized and characterized two novel

functional BODIPY-based dyes showing intense panchromatic
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Figure 7: Photovoltaic parameters evolution with the increasing concentration of 'BP in the electrolyte.
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absorption that extends in the NIR region (¢ > 2:10* M~1.cm™
from 300 to more than 800 nm). The introduction of a cyano-
acrylic anchoring function on these dyes allowed us to use them
as photosensitizers of TiO, mesoporous electrodes in a DSSC
device configuration. We demonstrate PCEs of 1.12% and
1.22%, respectively, for the dye bearing alkyl chains on the
TPA unit and for the unsubstituted one. We identified that the
limitation of their efficiency in solar cells originates from the
unappropriated alignment of their LUMO energy levels with
respect to the position of the CB of the metal oxide.

This work highlights that despite remarkable absorption proper-
ties, further structural optimization aiming at tuning the LUMO
energy level position is necessary. This strategy is very likely to
yield more efficient NIR sensitizers. Work following this

conclusion is in progress.

Supporting Information
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Aurones are a small subclass of the flavonoid family known primarily for their unusual structure and the golden yellow color they

impart to the flowers of snapdragons and cosmos. Most studies of aurones focus on their range of biological activities, but relative-

ly little has been reported with respect to their optical properties, unlike their aza and thio analogs. What little is known has focused

entirely on the influence of the benzylidene portion. In this study, the influence of substitution in the benzofuranone ring on the

UV-vis spectrum is explored, as well as an initial screening of their toxicity and a qualitative preliminary study of their potential to

act as fabric dyes.

Introduction

Aurones are a fascinating minor sub-family of the flavonoid
natural products [1,2]. While they feature the same C15 compo-
sition as other flavonoids, the skeleton is quite different,
featuring a benzofuranone connected to an aromatic ring via an
exocyclic alkene. This unusual skeleton has attracted a modest
amount of synthetic attention and fairly recently significant bio-
logical focus. At the same time, aurones were first noted (and
indeed their name is derived from) for their golden yellow
color. The colors of flavonoids in general have been appreci-

ated and used for virtually the entirety of recorded history and

yet the application of aurones as dyes or pigments has not been
reported or studied [3].

Even the optical properties of aurones have had very minimal
study. The reports that have appeared have all focused on fluo-
rescent properties and have also been largely limited in scope to
the influence of the benzylidene portion. Most noteworthy is the
report by Bane and co-workers examining the UV—-vis and fluo-
rescent properties of a series of amino-substituted aurones [4].

Subsequently, Liu and co-workers explored the same series of
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aurones using computational methods to develop and validate
the method for the rational design of new aurone fluorophores

[5].

Two more recent studies have explored the influence of the
benzofuranone portion of the aurone system. Salas examined a
larger set of compounds featuring methoxy substitution at 4 or
5-position on the benzofuranone and methoxy moiety and one
methoxy/bromo-substituted benzylidene group, but none in
which the benzofuranone was unsubstituted (see Figure 1 for
numbering) [6]. This meant that no comparison regarding the
influence of substitution could realistically be made. They did
observe that a methoxy group at the 5-position resulted in a
shift to longer wavelength by roughly 20 nm compared to a me-
thoxy substituent at the 4-position and a strong dependence
upon solvent polarity. While this shift was quite reasonably at-
tributed to the inductive effect of the oxygen, no other substitu-
tion was studied. Mufioz-Becerra and co-workers have also re-
ported a computational study of amino aurone derivatives with
variations in the benzofuranone portion of the molecule, though
all substitution was strictly at the 4-position of the benzofura-

none [7].

Figure 1: Aurone ring system and numbering.

As an extension of our on-going studies of the aurone ring
system, we chose to study the potential for aurones to be used
as dyes as well as a more extensive study of the impact of sub-
stitution in the benzofuranone portion of the molecule on its
optical properties.

Results and Discussion

Synthesis

We have previously reported the synthesis of a significant num-
ber of new aurones by way of the common Knoevenagel con-
densation approach, mostly varying in the benzylidene portion.
To explore benzofuranone variations using this method, differ-
ent benzofuranone starting materials are required. Although not
likely to be the most colorful, we elected for simplicity’s sake
to use p-tolualdehyde as the benzylidene precursor for all of the
new aurones. The synthesis itself was performed via one of two
methods (Figure 2). For all compounds without a free hydroxy
group, the neutral alumina method of Varma combined with an
aldehyde scavenging step was employed to afford pure prod-

ucts without the need for any chromatography in generally rea-

Beilstein J. Org. Chem. 2019, 15, 1781-1785.

sonable yields and excellent purity [8]. For hydroxy-substituted
compounds, a more traditional base-mediated reaction was em-
ployed [9]. Product purification was not as easy in these cases
and the product yield was sacrificed for the sake of high purity,
so yields should not be considered optimized.

(0]
O | o)
R|\\ kA" R|\\
Z0 neutral alumina Z~0 Ar

CH,Cl,

1, R=H, 62%

2, R=5-F, 59%

3, R=6-F, 39%

4, =4-Cl, 74%

5, R=5-Cl, 72%

6, R=6-Cl, 70%

7, R=7-Cl, 50%

8, R=5-Br, 42%

9, R=6-Br, 83%

10, R =7-Br, 53%
11, R = 5-Me, 56%
12, R = 5,6-diMe, 40%
13, R=7-Me, 52%

0
0
| 0
R|\\ |\Ar R\\
Z =0  50% aq KOH 2~0
MeOH
14, R = 6-OH, 20%
15, R = 4-OH, 15%
16, R=6-OH, 4-Me, 11%
17, R=6-OH, 7-Me, 19%

Figure 2: Aurone syntheses.

Spectral and toxicity studies

With the desired compounds in hand, their UV-visible spectra
were recorded at concentrations between 29 and 44 uM in
acetonitrile (Figure 3 and Table 1). While not all substituents
were prepared at every position, some interesting trends were
observed. Substitution at the 4-position whether halogen or
hydroxy afforded essentially identical lambda maxima
(390 nm), slighly red-shifted compared to the unsubstituted
compound 1. On the other hand, hydroxy groups at the 6-posi-
tion result in a significant blue shift of this lambda max by
roughly 40 nm to around 338 nm, presumably due to their do-
nating effect and conjugation with the carbonyl oxygen.
Halogen substituents at the 6-position generally had little effect,
with the exception of the most electron-withdrawing fluorine,
which resulted in a slight blue-shift of roughly 10 nm. Unex-
pectedly, any halogen at the 5-position had an effect nearly
identical to that of halogen at the 4-position, resulting in a slight

red-shift compared to the unsubstituted compound. On the other
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4-Substituted Aurones
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Figure 3: UV-vis spectral comparisons in acetonitrile.

hand, substitution at the 7-position had virtually no effect,
which is to be expected due to the lack of direct conjugation
with the carbonyl as well as the only modest electronic effects
of alkyl, chlorine, and bromine. In general, the substituent
effects are all fairly modest and result in fairly moderate
changes in the extinction coefficient (although hydroxy substi-
tution does definitely increase this value by roughly 50%).

While these results on the impact of the benzofuranone portion
of aurones on their optical properties are interesting, if one were
to think about using them as dyes, toxicity is also an important
consideration. Generally, aurones are considered to be relative-
ly non-toxic, although data reported in the literature shows con-
siderable variability even in this respect. An initial screening of
toxicity was conducted at a fairly high concentration (200 uM)
on the present series of compounds using a standard HEP G2
inhibition assay (Table 1). Compared to a currently used yellow
dye (tartrazine), the aurones are similar to more toxic. Within

the aurone series, though, an interesting pair of trends can be

Beilstein J. Org. Chem. 2019, 15, 1781-1785.

6-OH-Substituted Aurones
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observed. First, all hydroxylated aurones are comparatively
more toxic, displaying >50% inhibition at 200 uM. Methyl
groups are similarly mostly more toxic. For the halogens, how-
ever, location is fairly important, with the 6 or 7 position being
much less toxic (similar to tartrazine) and dramatically better
than the unsubstituted base compound 1, with the unexpected
exception of 7-bromo compound 10. Whether this trend is
general or not for aurone compounds is an interesting question
for future study.

Preliminary dyeing efforts

As the initial inspiration for this work was the potential of
aurones as textile dyes, two of the more interesting compounds,
aurones 15 and 10 were used in a very preliminary attempt at
fabric dyeing. Three processes were compared: pre-, simulta-
neous, and post-mordanting. As can be seen in Figure 4, dyeing
did occur in all cases. With aurone 10, simultaneous mordanting
qualitatively appeared to be better, while with aurone 15 pre-

mordanting was superior. Aurone 15 afforded more vibrant
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Table 1: Toxicity and UV spectral data for aurones.

Compound Substituent Amax (nm)2 g (Lmol~1cm™) Hep G2 % inhibition®
1 H 382 20208 86.27 + 1.09
2 5-F 394 17188 87.01 £ 0.56
3 6-F 370 24252 3.52 +3.39
4 4-Cl 390 17129 15.13+5.75
5 5-Cl 394 16551 72.68 £2.77
6 6-Cl 378 23187 25.07 + 18.77
7 7-Cl 386 17247 3.64 +3.64
8 5-Br 394 15112 59.35 £ 1.25
9 6-Br 378 22435 75.22 + 3.84
10 7-Br 390 22250 5.85+11.12
11 5-Me 390 15470 80.88 + 1.38
12 5- and 6-Me 382 19522 24.95 +2.23
13 7-Me 386 18380 87.54 + 1.61
14 6-OH 338 33050 66.79 + 3.04
15 4-OH 390 22664 54.04 + 4.65
16 6-OH, 4-Me 338 30445 67.76 + 6.06
17 6-OH, 7-Me 336 will not dissolve completely 78.58 £ 7.11

tartrazine N/A N/A N/A 6.81

ayV-vis spectra determined in CH3CN. PToxicity values determined at 200 uM concentration of compound.

i ward oL (5 (pDum

post (gw prsu™ -ty

N

promeda~t HOH lowerrguc

Figure 4: Fabric dying and photobleaching. The top two sets show dyed fabric strips with premordant, simultaneous, and post-mordant dying (top to
bottom) using aurone 10 after dyeing (left) and after one week of sun exposure (right). The bottom two are similarly dyed fabric strips with premordant,
simultaneous, and post-mordant dying (top to bottom) using aurone 15 after dyeing (left) and after one week of sun exposure (right). The fabric order
on the strip is acetate, rayon, sef, arnel, cotton, creslan, dacron 54, dacron 64, nylon 6.6, orlon 75, silk, polypropylene, viscose rayon, and wool from
left to right.

colors in general and also adhered to a wider range of fabrics. feature is quite remarkable and has the potential to make aurone
While several were natural fibers (silk and wool in particular), dyes useful in dyeing polypropylene, a substrate that is general-
synthetics including polypropylene were also substrates. This  ly only dyed with any efficiency using an extrusion method. Of
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equal interest was that a highly qualitative photobleaching study
indicated a significant degree of stability of these aurone-based
dyes, with simultaneous or pre-mordanting offering better
stability. Clearly further studies of the generality of this obser-
vation as well as its longer term retention and photostability are
required.

Conclusion

In conclusion, the benzofuranone portion of the aurone skeleton
does have a definite impact on both the UV-vis spectral and
cytotoxicity properties of aurones. Interestingly, the position of
the substituent was often more important than the exact substit-
uent (at least for the examples studied), with halogen or
hydroxy at the 4-position are red-shifted by roughly 10 nm
compared to the unsubstituted compound and any halogen or
methyl at the 5-position likewise displays a similar shift. Only
hydroxylation at the 6-position displays a significant blue shift
by roughly 40 nm. With respect to toxicity, halogens were the
least toxic substituents, displaying the lowest cytotoxicity when
at the 6- or 7-positions. Hydroxylation or substitution at the
4-position invariably lead to higher cytotoxicity, though
often times no worse than the unsubstituted benzofuranone
system. Finally, preliminary dyeing studies showed the ex-
pected absorption on natural fibers, but also an unexpected
affinity for polypropylene. Future studies of these and other
aurones are underway and the results will be reported in due

course.

Experimental

Full details of the synthesis and photochemical studies can be
found in Supporting Information File 1 as well as copies of the
spectra for all new compounds. Raw data for the toxicity and
absorption studies can be found in Supporting Information
File 2.

Supporting Information

Supporting Information File 1

Experimental methods and spectra for all new compounds.
[https://www beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-171-S1.pdf]

Supporting Information File 2

Absorption data and individual plots for all compounds.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-171-S2.x1sx]
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Abstract

A library of 52 distyryl and 9 mono-styryl cationic dyes was synthesized and investigated with respect to their optical properties,
propensity to aggregation in aqueous medium, and capacity to serve as fluorescence “light-up” probes for G-quadruplex (G4) DNA
and RNA structures. Among the 61 compounds, 57 dyes showed preferential enhancement of fluorescence intensity in the presence
of one or another G4-DNA or RNA structure, while no dye displayed preferential response to double-stranded DNA or single-
stranded RNA analytes employed at equivalent nucleotide concentration. Thus, preferential fluorimetric response towards G4 struc-
tures appears to be a common feature of mono- and distyryl dyes, including long-known mono-styryl dyes used as mitochondrial
probes or protein stains. However, the magnitude of the G4-induced “light-up” effect varies drastically, as a function of both the
molecular structure of the dyes and the nature or topology of G4 analytes. Although our results do not allow to formulate compre-
hensive structure—properties relationships, we identified several structural motifs, such as indole- or pyrrole-substituted distyryl
dyes, as well as simple mono-stryryl dyes such as DASPMI [2-(4-(dimethylamino)styryl)-1-methylpyridinium iodide] or its
4-isomer, as optimal fluorescent light-up probes characterized by high fluorimetric response (I/[ of up to 550-fold), excellent selec-
tivity with respect to double-stranded DNA or single-stranded RNA controls, high quantum yield in the presence of G4 analytes (up
to 0.32), large Stokes shift (up to 150 nm) and, in certain cases, structural selectivity with respect to one or another G4 folding
topology. These dyes can be considered as promising G4-responsive sensors for in vitro or imaging applications. As a possible ap-

plication, we implemented a simple two-dye fluorimetric assay allowing rapid topological classification of G4-DNA structures.

Introduction
Development of fluorescent probes for G-quadruplex (G4) vant, although a complete understanding of their roles is still
DNA and RNA is an active research area. In fact, these non- missing [1-3]. At the same time, they represent versatile build-

canonical nucleic acid structures appear to be biologically rele- ing blocks for artificial nano-architectures and nanodevices
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[4,5]. In this context, small-molecule fluorescent probes find
applications for in vitro detection of G4 structures and their dif-
ferentiation from other DNA or RNA forms [6-10], topological
characterization of G4 structures [11-14], real-time detection of
G4 formation [15], and implementation of G4-based molecular
devices [16,17] and biosensors [18-23]. Also, there have been
promising reports on cellular imaging of G4-DNA [24-29] and
G4-RNA [30-33] structures using small-molecule probes. A
large number of fluorescent probes for G4-DNA and RNA have
thus emerged in the last years, as summarized in several recent
reviews on this subject [34-39]. Moreover, novel probes
continue to be regularly reported. However, in most cases, the
discovery of novel probes is based on serendipitous findings or
limited variations of already established fluorogenic scaffolds.
This provokes a flood of “one-molecule” papers that report on
novel exciting probes, but do not compare their performance
with that of already established ones [40-51]. Systematic ap-
proaches to the development of fluorescent probes are still rare
and explore only a limited range of the chemical space [52-57].
This is a major hurdle to the establishment of solid

structure—properties relationships. Therefore, the choice of the
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best probe for a particular application, as well as the develop-
ment of novel probes with improved or tailored properties, still

remain problematic tasks.

Along these lines, we have previously reported that cationic
styryl-type dyes, such as distyrylpyridinium derivatives 1a and
2a (Figure 1) represent a promising starting point for the devel-
opment of fluorescent probes selective for a variety of G4-DNA
structures [58]. Another distyryl dye, namely coumarin deriva-
tive 1y (BCVP), provides a bimodal (colorimetric and fluori-
metric) output towards G4-DNA through the selective disrup-
tion of H-aggregates formed in buffered solution [59]. In the
meantime, numerous other styryl derivatives were reported as
efficient “light-up” probes for G4-DNA and RNA, validating
the potential of this molecular scaffold (Figure 1) [22,33,60-63].
Nevertheless, the structural determinants for the desired proper-
ties of the probes (i.e., high selectivity for G4-DNA or G4-RNA
with respect to double-stranded or single-stranded nucleic acids,
high fluorimetric response and quantum yield, low background
fluorescence) are still poorly understood, mostly due to the lack

of comparative studies. To explore this aspect, we report the

®
R = Me (17n) or (CH,);NMes [61]

Figure 1: Some di- and mono-styryl dyes previously reported as fluorescent “light-up” probes for G4-DNA and RNA. Counter-ions are omitted for the

sake of clarity.
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synthesis and systematic study of a library of 61 di- and mono-
styryl dyes, as potential “light-up” probes for G4 structures. The
study aims at the improvement of photophysical properties of
the dyes and the establishment of structure—properties relation-
ships.

Results

Design and synthesis of the dye library

On the basis of the previously established distyryl scaffold, we
designed 49 novel derivatives through systematic variation of
the electron-donating lateral aromatic groups Ar (a—P), the
cationic heterocyclic core Het™ (1-16) and, in the case of 2,4-
disubstituted derivatives (1-6), the substituent R (Figure 2).
Among these, several distyryl dyes (10, 1x, 7x [64] and 10a
[65]) have been previously reported as fluorescent probes for
detection of double-stranded DNA. Compounds 15a and 16a
are homo-dimeric derivatives, featuring two distyryl moieties
connected via a C3 (15a) or a C4 (16a) linker. In addition, we
included 9 mono-styryl derivatives. Among these, compounds
17a and 18a are long-known [66,67]; however, to the best of
our knowledge, they have not been studied as fluorescent
probes for G4 structures so far. On the contrary, dye 17n
(Figure 1) was reported as a fluorescent probe for G4-DNA
during the preparation of the present work earlier this year [61].
Of note, numerous mono-styryl dyes combining indole and
quinolinium or pyridinium fragments have been described as
bright, photostable stains for double-stranded DNA, although
their interaction with G4 structures has not been assessed [68-
70].

All dyes, except for distyryl derivative 6a and mono-styryl de-
rivative 19a, were obtained through a piperidine-catalyzed
Knoevenagel condensation of the corresponding heterocyclic
precursors I1-5 and I7-16 with 1.5 molar equivalents (per
styryl unit) of aromatic aldehydes ArCHO (Scheme 1A,B). The
synthesis of precursors I13-5 and I15 is presented in Scheme 2
and detailed in Supporting Information File 1. Dyes 6a and 19a,
which could not be obtained by this route, were synthesized
through quaternization of the corresponding neutral styryl pre-
cursors with alkyl halides (Scheme 1C,D).

Most dyes of the library were prepared and handled as iodide
salts. However, in the case of very lipophilic dyes, the solu-
bility of iodide salts in the high-ionic-strength aqueous buffer
required for native G4 structures was insufficient. In these
cases, ion exchange to bromide (1b, 10, 1u, 6a, 7b, 7n) or chlo-
ride (1d, 1k-1q, 1t, 1w, 70, as well as 8a—12a and 14a-16a)
was performed using ion-exchange resins (cf. Supporting Infor-
mation File 1 and Table 1), in order to achieve a satisfactory
level of solubility in aqueous buffer (i.e., no visible precipita-
tion at a dye concentration of 10 uM in K-100 buffer: 10 mM

Beilstein J. Org. Chem. 2019, 15, 1872—1889.

LiAsO,Me,, 100 mM KCI, pH 7.2). Dyes containing side-chain
substituents (2a—6a) were obtained directly as bromide salts,
sufficiently soluble in the aqueous buffer. All dyes were rigor-
ously purified by recrystallization and their identity and purity
were confirmed by 'H and '3C NMR, LC-MS and elemental
analysis data.

Optical properties

The library of styryl dyes covers a broad spectral range, with
absorption maxima ranging, in MeOH, from 407 nm (1j) to
605 nm (1p), and molar extinction coefficients from around
45,000 to 60,000 cm™! M™! (Table 1). Several representative
absorption spectra are shown in Figure 3. In aqueous buffer
solutions (K-100: 10 mM LiAsO,Me,, 100 mM KCI, pH 7.2)
and at dye concentration of 10 uM, the absorption bands of
most dyes are blue-shifted by 10 to 30 nm and undergo a
hypochromic effect, compared with organic solvents such as
MeOH or DMSO. This behavior evidences a more or less sig-
nificant aggregation propensity of dyes in aqueous medium,
even though, in all tested cases, no visible precipitation
occurred. In addition, some dyes (1¢, 19, 1P, 9a, 10a) display
even larger (>50 nm) blue shifts of their absorption bands
(Figure 3B). This is a characteristic feature for the formation of
H-aggregates, as already described for dye 1y [59]. On the other
hand, several dyes displayed new, strong absorption bands, red-
shifted by ~70 nm (14p) or more than 100 nm (1d and 12a) in
aqueous buffer solution, with respect to organic solvents. These
could be ascribed to the formation of J-aggregates (Figure 3A
and 3F). This phenomenon was already observed, although at a
lower extent, with dye 1a [58]. With respect to the molecular
structure of dyes, it may be concluded that lipophilic substitu-
ents (1c, 1d, 19, 1y, 1P) and/or m-expanded heterocyclic cores
(9a, 10a, 12a, 14p) promote the dye aggregation, but the nature
of the resulting aggregate (H vs J) is unpredictable. Conversely,
small or hydrophilic substituents (1e, 1f, 1h, 1x, 7e, 7x) or
charged aminoalkyl chains (3a, 4a) reduce the tendency
of the dyes to self-aggregate, as suggested by the reduced
hypochromism of their absorption bands in aqueous solutions.
Of note, our assessment of the aggregation behavior of the dyes
is only preliminary, as it was performed at a single concentra-
tion (10 pM) and fixed ionic strength of the medium (110 mM).
A complete investigation of this phenomenon is outside the
scope of the present work. Finally, as typically observed for
styryl dyes, most of the library members displayed very weak
fluorescence both in organic solvents (MeOH, DMSO) and in
aqueous buffer, as assessed by visual inspection of the respec-
tive solutions.

In non-aggregating conditions, the influence of the molecular

structure of the dyes on their absorption bands can be clearly

observed. Thus, when Ar contains poor electron-donating sub-
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distyryl dyes

X
JON
ONTY

Me

Me
. _ @R 1 ® ﬁk‘/\/\ /\
AT v\Ar | SN R = 7Lﬁ/\/\/NEtS 4 N R
= > - 2
.@ ¥ d ® K/\/\N/\ 6 [ j
1-6 TN WA
3 o 5 ‘\/N\

B "o ]
@ [©) @ ®
SIS ONNG
| | |
VY YTy Iy Y
8 9 10 11

® Et

=
ol
NTSN

|
¥ X)\/\f"
12

N/\ -Me ):}\l\ /,\@\ \N/\/\)\l:j/
%)\/k

\/\

Ar

mono-styryl dyes

©] ©] ®
Me\'\‘@\ @Me Me\/@\
= | | |
= NS =
d 7 Me '
17 18 19

Ar

peSirel el

TGN CUR oW “@t
SMe OMe \‘\ ’\NMe
g h i oMe

CL \CLNM\@L NOH\Q\ o

DT,

0,0
&

NMe2

Nmr@r@r@r@ T

erxT@x\(@xNMex/ /O
sV Te Ve s S @ W
N N S 7 070 N/Et\L@
Me u Hv w X y Et z
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Table 1: Positions of maxima and intensity of long-wavelength absorption bands of dyes in MeOH and K-100 aqueous buffer.2

Dye

distyryl dyes

1a
1b
1c
1d
10
1e
1f
1g
1h
1i
1j
1k
1l
im
10
1p
1q
1r
1s
1t
1u
1v
1w
1x
1y
1z
1b
2a
2i
2n
3a
4a
5a
6a
7a
7b
70
7e
7f
7i
7n
7x
8a
9a
10a
11a
12a
13a

Anion

Tos™

MeOH
Amax [nm]b

507
551

472

521

524

508

510

418

422

425

407

533

468

493
466, 409 (sh)
474
457, 404 (sh)
473, 417 (sh)
482

476
472, 418 (sh)
435, 391 (sh)
410

473, 419 (sh)
527

423

605

516

430

508

523

524

528

520

494

535

511

497

497

420

489

467

512

565, 497
516

473

551

597, 512

e[103cm 1 M)

61.7
61.4
53.7
67.7
65.9
63.7
61.9
50.4
44.6
54.7
46.7
66.4
32.8
61.0
56.2, 32.6
57.2
55.3, 34.0
56.9, 32.2
33.4
55.5
52.2,31.6
48.8, 33.6
32.8
50.9, 32.5
95.3
55.9
62.6
62.9
53.2
56.9
65.1
57.4
64.5
64.7
70.3
66.4
79.5
73.5
68.9
62.5
64.0
57.3
62.1
56.6, 48.3
87.0
61.1
56.7
53.9,42.0

Buffer K-100
Amax [nm]b

476, 616 (sh) (J)
510

422 (H)
620 (J), 531 (sh)
459 (H)
486

486

404

403

414

393

510

443

479

458

465

487

462

456

455

459

413, 367
404

455
580, 460 (H)
416

542 (H)
483

411

475

493

493

495

491

465

507

480

475

474

400

480

448

476

492 (H)
463 (H)
432

659 (J), 471
570 (sh), 515

e[103cm T M)

39.9,14
28.7

43.6
34.5,27.5
43.3

53.6

45.6

40.6

40.8

23.2

393

26.3

22.4

38.3

27.0

29.3

27.3

28.8

24.6

20.8

31.0
22.0,19.9
22.5

42.7

14.9, 44.0
45.3

30.4

43.1

32.8

28.3

44.9

48.1

43.3

25.0

44.9

29.0

43.4

60.2

52.3

20.1

21.2

48.7

38.6

33.5

28.7

32.8
42.8,16.8
24.9,27.0
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Table 1: Positions of maxima and intensity of long-wavelength absorption bands of dyes in MeOH and K-100 aqueous buffer.2 (continued)

14a ClI- 569, 471 82.3,29.7 564 54.4
14p ClI- 523, 420 74.4,20.5 590 (J) 67.5
15a 2CI- 520 115.2 523 61.4
16a 2CI- 510 111.7 490 69.1
mono-styryl dyes
17a I~ 475 471 448 315
17n I~ 473 371 422 29.1
17p = 444 42.3 422 355
17s I~ 449 33.2 424 322
17x I~ 440 35.1 424 24.3
17y I~ 495 61.2 491 54.1
18a = 461 421 435 28.4
18n I~ 459 334 409 26.0
19a I~ 466 45.9 438 31.2
other
ThTC Cl- 415 28.1 410 24.7
a10 mM LiAsMe,05, 100 mM KClI, pH 7.2. Psh: shoulder, H: H-aggregate band, J: J-aggregate band. SThioflavin T.
0.7 w M 0.7 ‘E M 0.7 Q M
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Figure 3: Representative absorption spectra of distyryl dyes: A) 1d, B) 19, C) 1f, D) 1u, E) 10a and F) 12a in DMSO (blue), MeOH (black) and K-100
aqueous buffer (red lines); ¢ = 10 uM in all cases. Band assignment (when possible): M, monomer; H, H-aggregate; J, J-aggregate.

stituents (1g-1j), the absorption spectra of the dyes are blue-  units lead to bathochromic shifts of absorption bands (Table 1
shifted with respect to the prototype dye la. Conversely,

strongly electron-donating (1b, 1d) or m-extended (1k, 1P) Ar

and Figure 4A). The influence of the heterocyclic core is

equally important: replacement of the 2,4-pyridinium unit in
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Figure 4: Representative absorption spectra of the distyryl dyes (c = 10 uM in MeOH) demonstrating the influence of the molecular structure on the

optical properties. A) Variation of Ar groups. B) Variation of the Het* core.

dye 1a with a 2,6-pyridinium (7a) or a 2,4-quinolizinium
moiety (11a) leads to a blue shift of the absorption maximum,
whereas all other heterocyclic units lead to significantly
stronger (10a, 14a) and/or red-shifted (9a, 12a, 13a) absorption
bands (Table 1 and Figure 4B). On the other hand, the nature of
the substituent R in the 2,4-pyridinium unit has only a minor in-
fluence on the optical properties, and the absorption bands of
the dyes 2a—6a are only slightly red-shifted (by 10-20 nm in
MeOH) with respect to that of 1a.

Fluorimetric response of dyes towards DNA
and RNA structures

The fluorimetric response of the dye library was investigated
against a set of 14 diverse nucleic acid structures (Table 2), in-
cluding ten G4-DNA structures of different topologies (parallel
G4: c-kit2, 25CEB, c-kit87up, c-myc, c-srcl; parallel dimer G4:
c-myb; hybrid G4: 22AG, 46AG; antiparallel G4: TBA, HRAS),
two G4-RNA structures (TERRA and NRAS), as well as
genomic double-stranded DNA (calf thymus DNA, ¢t DNA) and
RNA from calf liver (¢! RNA). Screened samples contained
fixed concentrations of dyes (2.5 uM) and nucleic acids (5 uM).
Corrections to the concentration of nucleic acids were made to
take into account the peculiarities of some of the samples.
In particular, 46AG was tested at 2.5 uM, to account for
its dimeric G4 nature, and ¢t DNA and ¢/ RNA were tested at

110 uM nucleotide concentration, which is equivalent to the

total nucleotide concentration in a 5 uM sample of a 22 nt
oligonucleotide. All samples were prepared in a K*-rich buffer
solution (K-100, see Table 1 footnote). Thioflavin T (ThT),
which is widely used for detection of G4 structures, was
included for comparison. The fluorescence intensity was
measured using a microplate reader. In order to screen a large
panel of dyes against a number of analytes, the measurements
were performed at fixed excitation and emission wavelengths,
selected with a set of filters and adapted to the absorption and
emission characteristics of each dye (Supporting Information
File 1, Table S1).

The results of the screening, presented as relative enhancement
of fluorescence intensity in the presence of nucleic acids (I/1,
where [ is the fluorescence intensity of the dye in the presence
of two equivalents of nucleic acid and [ is the fluorescence of
the dye alone), are shown in the form of a heat-map in Figure 5
(for numeric values cf. Supporting Information, Table S1). In
addition, group-average data, i.e., average fluorescence
response of each dye towards 12 G4 (DNA and RNA) analytes
vs average response to non-G4 (ct DNA and ¢/ RNA) controls,
are presented in Figure 6. This plot facilitates the identification
of the most promising probes, disregarding the differences in
response of dyes with respect to individual analytes within each
group. The inspection of these data leads to a number of inter-

esting observations. 1) Most dyes of the library display signifi-
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Table 2: Nucleic acid samples used in the first screening round.
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Acronym Sequence (5' — 3') Topology Number of Ref.
G-tetrads

G4-DNA

c-kit2 GGGCGGGCGCGAGGGAGGGG parallel 3 [71]

25CEB AGGGTGGGTGTAAGTGTGGGTGGGT parallel with a long loop 3 [72]

c-kit87up AGGGAGGGCGCTGGGAGGAGGG parallel with a snap-back loop 3 [73]

c-myc TGAGGGTGGGTAGGGTGGGTAA parallel 3 [74]

c-srct GGGCGGCGGGCTGGGCGGGG parallel 3 [75,76]

c-myb GGAGGAGGAGGA parallel (dimer) 2 [77]

22AG A(GGGTTA)3GGG hybrid (mixture of isoforms) 3 [78]

46AG A(GGGTTA);GGG hybrid (dimeric G4)2 2x3 [79]

HRAS TCGGGTTGCGGGCGCAGGGCACGGGCG antiparallel 3 [80]

TBA GGTTGGTGTGGTTGG antiparallel 2 [81]

G4-RNA

TERRA r(AGGGUUAGGGUUAGGGUUAGGGU) parallel 3 [82]

NRAS r(GGGAGGGGCGGGUCUGGG) parallel 3 [83]

controls

ct DNA calf thymus DNA double-stranded DNA N/A

cl RNA calf liver RNA single-stranded RNA N/A

aUsed at half of the oligonucleotide concentration with respect to other G4 samples.

cant fluorescence enhancement (/I > 10) in the presence of at
least one DNA or RNA target. Only 9 of 61 styryl dyes (1j—m,
1w, 1z, 1p, 7n and 79) displayed weak or no fluorescence en-
hancement with all nucleic acid analytes. 2) Most remarkably,
the fluorescence of all dyes, with the exception of a few most
“unresponsive” ones (1j, 11, 1z, and 790), is preferentially en-
hanced in the presence of G4-DNA or G4-RNA structures, al-
though to a varying extent. In fact, among the 61 tested dyes,
none showed preferential response to double-stranded DNA (ct
DNA) or single-stranded RNA (cl RNA) controls. 3) Com-
pared to the prototype dye 1a, modifications of the core (Het")
unit (7a—14a) within the distyryl scaffold do not produce signif-
icant variations in the fluorimetric response of the dyes. The
same holds true for the homo-distyryl compounds 15a and 16a,
which do not outperform dye 1a. 4) Likewise, in the 2,4-pyri-
dinium series of dyes, introduction of an aminoalkyl (3a) or
benzyl substituent (6a) does not significantly improve the per-
formance of the probes, as was already described for the dye 2a
[58]. Instead, introduction of a DABCO fragment (bringing two
additional positive charges) in 4a and Sa leads to higher fluori-
metric response of the probes to G4-DNA (e.g., for Sa,
1/l = 330 with 22AG), although accompanied by a concomitant
loss of selectivity with respect to ds DNA (I/] = 25 for 5a).
5) In contrast, modification of Ar units strongly influences the

fluorimetric response of the dyes. In particular, dyes containing

indole residues (1o—s, 1u and 1v; red dots in Figure 6) show
particularly large fluorescence enhancement in the presence of
most G4-DNA and G4-RNA targets (1p: up to 550-fold with
22AG) and thus represent a significant improvement with
respect to dye 1a (I/Ip < 170, with all analytes) and ThT
(I/ly < 200, with all analytes). Distyryl dyes containing pyrrole
residues (1x, 7x: blue dots in Figure 6) also demonstrate out-
standing fluorescence enhancement in the presence of G4-DNA
analytes (1x: up to 690-fold with TERRA; 7x: up to 220-fold
with c-kit2). However, in the case for 1x, a marked loss of
selectivity with respect to non-G4 analytes can be observed
I/l = 40 in the presence of ¢t DNA and 60 in the presence
cl RNA; cf. Figure 6). Conversely, as mentioned above, the dyes
containing benzothiophene (1w) or benzofuran (1z, 1p) residues
perform poorly as fluorescent probes. 6) Strongly aggregating
dyes (i.e., 1d, 19, 10a and 12a) generally do not show higher
light-up effects than weakly aggregating analogues 1a or 1le. As
a remarkable exception, dye 1d shows strong and highly selec-
tive response towards the dimeric G4-DNA 46AG (I/1y = 350),
which can be attributed to higher-affinity binding of the dye at
the interface between two G4 units, leading to efficient disag-
gregation. 7) Finally, several mono-styryl dyes, especially 17a,
17p, 18a and 19a also display significant fluorescence enhance-
ments in the presence of G4 structures (e.g., 17a: up to 340-

fold, 18a: up to 300-fold, both in the presence of c-myc), even
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Dye G4-DNA G4-RNA non-G4
c-kit2 |25CEB | c-kit87 | c-myc | c-srct | c-myb | 22AG | 46AG | HRAS | TBA |TERRA| NRAS |ct DNA |cl RNA 1o

10

Figure 5: Heat map of the relative emission intensity enhancement (//p) of styryl dyes and thioflavin T (ThT) (c = 2.5 pM in K-100 buffer) in the pres-
ence of 2 molar equiv of G4-DNA (46AG: 1 molar equivalent), G4-RNA, or ct DNA and cl RNA controls used at equivalent nucleotide concentration.
Darker cells indicate higher //lg values (see legend). For the numeric data, excitation and emission wavelengths see Supporting Information File 1,

Table S1.
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higher than those of the distyryl analogues 1a and 7a, and good
selectivity with respect to double-stranded DNA.

A number of patterns could also be revealed with respect to the
differential response of the probes towards various G4 targets.
1) Remarkably, G4-RNA TERRA systematically induces the
highest fluorimetric response of most probes from the distyryl
series, but not from the mono-styryl one. 2) In contrast, TBA
and c-myb (i.e., both two-quartet quadruplexes) are poorly
detected by most dyes (including ThT), in agreement with what
was observed with other probes [6,14,57]. Nonetheless, several
indole-containing dyes enable sensitive detection of these
targets (with I/l up to 100, 1u and 1v), with an excellent selec-
tivity with respect to double-stranded DNA. 3) Several dyes
display preferential response towards one or another topolog-
ical group of analytes. The first group (dyes 1a, 1d, 1p, 1x) is
selective towards hybrid (22AG, 46AG) and antiparallel (HRAS)
G4-DNA, whereas the second group (dyes 1s, 1u, 1v, 17a and
18a) shows fluorimetric selectivity for parallel G4-DNA forms
(c-kit2, c-kit87up, c-myc). To verify the preferences of the dyes
with respect to the conformation of the G4 analytes, we
analysed the data matrix presented in Figure 5 using principal
component analysis (PCA). TBA and c-myb, which had proven
mostly unresponsive, were excluded from the analysis. The
response pattern of each dye is represented as a dot in the plot

of the two first principal components (PC1 vs PC2, Figure 7). In

this plot, PC1 (x axis) correlates with the overall light-up inten-
sity observed for each dye with the tested targets. On the con-
trary, PC2 (y axis) correlates with the intra-G4 selectivity of
each compound, with compounds selective for hybrid and
antiparallel G4s locating in the lower part of the plot and com-
pounds selective for parallel G4s locating in the upper part.
Interestingly, the loading vectors for parallel G4-RNA (NRAS
and TERRA) fall in between those of parallel and hybrid/
antiparallel DNA G4s, suggesting an impact of the ribose back-
bone on the interaction. As can be inferred from the dot distri-
bution in the plot, the mono-styryl motif and the pyrrole substit-
uent within the distyryl motif (1x, 7x) clearly promote the selec-
tivity for the parallel G4 structures. On the other side, the effect
of the indole motif is less clear, with most of the dyes not
displaying any well-defined preference, except for 1p. This
latter compound displays a marked selectivity for hybrid and
antiparallel topologies, and in particular for the 22AG target.

Topological classification of G4-DNA by dual-
dye analysis

On the basis of screening results, two dyes, namely 1p and 18a,
were selected to build a fluorimetric test for conformational
classification of DNA oligonucleotides. As discussed above,
they present complementary preferences with respect to the
analyte groups, with 1p preferentially responding to hybrid and
18a to parallel G4-DNA structures. Moreover, both dyes
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showed excellent light-up response and selectivity for G4
targets over controls. The concomitant analysis of the response
of both dyes should thus allow the sensitive discrimination of
different G4 topologies. The response of two dyes was tested
against a panel of 33 DNA analytes (Supporting Information
File 1, Table S2), comprising some of the previously tested
oligonucleotides (c-myc, 25CEB, 22AG, 46AG, TBA, ct DNA).
Altogether, the panel of analytes comprehended five conforma-
tional groups of roughly equal size, representing the three G4
topologies (parallel, antiparallel and hybrid) as well as single
and double strands. RNA targets were excluded from this ex-
periment, even though G4-RNA TERRA triggered the highest
fluorescence responses for many dyes. On one side, the interest
of G4-RNA topology investigation is limited. In fact, to date,
they have never been shown to adopt a structure other than
parallel one [84,85]. On the other side, PCA proved that the
response of the dyes to RNA targets differs from that to parallel
G4-DNA, which might complicate data interpretation.

Emission intensities of both dyes were measured for the new
DNA panel in the conditions previously utilized for the
screening (2.5 uM dye, 5 uM DNA oligonucleotide, K-100
buffer). The data points corresponding to the oligonucleotides
in the set are displayed in a 2D scatter plot (Figure 8), featuring
normalized emission intensities of 1p and 18a dyes as x and y

axes, respectively. Notably, the oligonucleotides appeared to be

grouped in clusters broadly mirroring their conformations.
Specifically, parallel G4s cluster in the upper left part of the
plot (red dots), as a result of high fluorescence response with
18a and moderate-to-low response with 1p. Hybrid G4s (green
dots) produce moderate light-up values for 18a and high ones
for 1p, thus clustering on the right side of the plot. Finally,
antiparallel G4s (blue dots) locate in the lower left part of the
plot, corresponding to almost null emission enhancement by
18a and low one by 1a. Despite the low response to antiparallel
G4 structures, these can be still clearly distinguished from
double- and single-stranded controls (pink and black dots), to
which none of the two dyes proves responsive. A few G4 struc-
tures located relatively far from the areas occupied by the
respective groups. This is the case of G4CT, Bcl2Mid and, at
least partially, UpsB-Q3. In the case of G4CT, previous studies
report the existence of an equilibrium between a monomolec-
ular antiparallel form and a bimolecular parallel one, affected
by K* and oligonucleotide concentration [86]. As already sug-
gested, this oligonucleotide is probably present as a mixture of
conformations in our working conditions [14]. It is thus likely
that the parallel one strongly influences the position of the data
in the plot, being better stained by dye 18a. For both Bcl2Mid
and UpsB-Q3, CD spectra are partially different from those ob-
tained with typical hybrid G4s, normally related to the telom-
eric sequence [14]. This might indicate the presence of peculiar

structural elements that might as well play a role in deter-
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Figure 8: Dual-dye conformational analysis of an extended panel of 33 DNA oligonucleotides. This is performed on normalized datasets (data refer-
ring to each of the two dyes are normalized separately), plotting the resulting fluorescence of compound 18a against that of compound 1p. Data for

each target are presented as independent triplicates.

mining the probes response. On the overall, the combination of
the two probes proved quite efficacious at both (1) distin-
guishing G4 forming DNA sequences from controls, compre-
hending randomly generated single strands with varying
content of guanine and a wealth of duplex structures, and (2)
discriminating G4 structures based on their topology, with the
exception of a few notable cases presenting structural peculiari-
ties.

OMe

Quantum yield and brightness of the probes

Four highly responsive and G4-selective dyes, namely 1p, 1u,
17a and 18a (Figure 9), were chosen for fluorescence quantum
yield and brightness measurements, in order to assess their
potential for imaging applications. The quantum yield of dyes
was measured in the 1.2-3 pM concentration range, in the
absence or in the presence of an excess of two G4-DNA
analytes, namely c-myc (parallel G4) or 22AG (hybrid G4), and

®
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Figure 9: Selected probes featuring high fluorimetric response towards G4 structures.
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brightness data were obtained from the multiplication of
the corresponding quantum yield by the molar absorptivity
coefficient at absorption maxima (€,,x) values, for dyes alone
and dye-G4 complexes. The obtained data are presented in
Table 3. The images of dyes in the absence and in the presence
of selected DNA samples are shown in Figure 10.

Beilstein J. Org. Chem. 2019, 15, 1872—1889.

All dyes display moderate to good quantum yields and bright-
nesses upon complexation with both G4 analytes. In more
detail, distyryl dyes 1p and 1u prove more performant in this
sense, displaying higher quantum yield and brightness (® =
0.12 t0 0.32, B = (4.0-11.4) x 103 cm™ M~") than mono-styryl
dyes (& = 0.040-0.085, B = (1.1-2.3) x 103 cm™" M™"). It must

Table 3: Optical parameters (absorption and emission maxima, Stokes shift, molar absorptivity coefficient at the absorption maximum, fluorescence
quantum yield and brightness) of dyes 1p, 1u, 17a and 18a in the absence of DNA or in the presence of G4-DNA structures (c-myc and 22AG).

Properties Conditions?

Amax (abs) [nm]? c-myc

22AG

Amax (€m) [nm]° c-myc

22AG

A\ [nm]d c-myc

22AG

€max [10% cm™1 M~1]e no DNA
c-myc

22AG

of no DNA
c-myc
22AG

B[10% cm™! M~} no DNA
c-myc

22AG

1p 1u 17a 18a
501 504 463 450
508 497 455 447
571 560 611 584
570 560 606 582
70 56 148 134
62 63 151 135
29.3 31.0 31.5 28.4
32.6 35.7 26.8 243
30.6 29.2 28.6 26.6
0.0041 0.0114 0.0015 0.0056
0.124 0.319 0.085 0.079
0.227 0.293 0.047 0.040
0.12 0.35 0.047 0.16
4.04 114 2.27 1.92
6.95 8.56 1.34 1.06

aWhenever indicated: in the presence of 6 pM of the respective G4-DNA. PAbsorption maximum in K-100 buffer, in the concentration range of
1.2-3 pM. °Fluorescence emission maximum (Aex = 500 nm). 9Stokes shift. ®Molar absorptivity coefficient at the absorbance maximum for the dye
alone or the dye-G4 complex. fFluorescence quantum yield (integration range: 510-800 nm, reference: rhodamine 6G in EtOH). 9Brightness

(B = gmax x 9).

A) 1p 1u

& &

B) 17a

Figure 10: Photographs of solutions of A) distyryl dyes 1p and 1u; B) mono-styryl dyes 17a and 18a, in the absence or in the presence of G4 (22AG
or c-myc, 10 uM) or ds DNA (ct DNA, 250 uM bp) upon bottom illumination with UV light (A = 312 nm); in all cases, c(dye) = 5 pM in K-100 buffer.
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be noted that the increase of fluorescence quantum yields ob-
served in the presence of G4-DNA (®/®) is significantly lower
(up to five-fold) than the corresponding light-up factor
measured at a single wavelength (Table S1, Supporting Infor-
mation File 1). This is typically due to red shifts of absorption
and emission spectra of dyes in the presence of nucleic acids,
leading to the overestimation of the light-up effect. Neverthe-
less, single-wavelength light-up factors are of primordial impor-
tance for imaging applications, which are performed with a
single set of excitation of emission filters. As can be inferred
from the data in Table 3, ® values mirror the selectivity patterns
already observed in the screening experiments. In fact, dye 1p
in the presence of hybrid G4 (22AG) is roughly twice as fluo-
rescent as its complex with c-myc (® = 0.227 and 0.124, respec-
tively). On the other side, complexes of 1u, 17a and 18a
with ¢-myc are more fluorescent than those with 22AG.
Among these, 1u certainly forms the brightest and most
fluorescent complexes (® = 0.32 and 0.29; B = 11.4 and
8.6 x 103 cm™! M™! for c-myc and 22AG, respectively).
However, the differences observed between the two G4
analytes are narrow, with respect to those observed with the

other dyes.

The analysis of absorption spectra also allowed us to quantify
the red-shift effect observed for all dyes upon complexation to
G4 structures, which is more pronounced for distyryl dyes 1p
and 1u (36-45 nm, cf. Table 1 and Table 3) than for mono-
styryl dyes 17a and 18a (7-15 nm, cf. Table 1 and Table 3).
Moreover, comparison of the absorption maxima with the corre-
sponding emission ones enabled us to calculate the Stokes shifts
for the samples. Of note, all compounds display remarkable
shifts, ranging from 56 to 151 nm, although these are more pro-
nounced for distyryl dyes (142 nm on average) than for mono-
styryl ones (63 nm on average). The combination of the absorp-
tion maxima redshift and these high Stokes shifts contributes to
make the selected styryl dyes excellent tools for optical
imaging.

Discussion

Despite the wealth of scaffolds already reported for the fluori-
metric detection of G4 structures, the published studies usually
lack a systematic investigation of the factors governing their
interaction with DNA and sensing capabilities. In fact, al-
though it is known in broad terms that some molecular features
(e.g., size and shape of the aromatic scaffold, charge, redox
potential) influence the interaction of dyes with G4-DNA, a
thorough assessment of such phenomena by comparative
studies is lacking in most reports. In this work, we address this
gap within the family of styryl dyes, trying to establish how to
construct an optimized dye for G4 sensing. In particular, we

studied the optical properties and the fluorimetric response of
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61 in-house synthesized compounds against a set of G4-DNA
and G4-RNA analytes, as well as the respective non-G4
controls. The data were analyzed aiming at the identification of
structural motifs or physical properties (such as aggregation in
aqueous medium) of dyes which could govern their fluori-
metric response towards one or another group of analytes. Most
remarkably, our results demonstrated that a large majority of
the dyes (57 out of 61) undergo preferential fluorescence en-
hancement in the presence of G4 structures, compared with
double-stranded (DNA) and single-stranded (RNA) controls
(the remaining four dyes did not undergo a fluorescence en-
hancement with any of the analytes). Can it be considered as a
general rule? Considering the significant structural diversity of
our library and the related works [41,49], this is highly prob-
able, with regard to mono- and distyryl scaffolds. This implies
that styryl-based fluorescent probes initially developed for
detection or visualization of DNA, RNA, or other analytes,
either in vitro or in cellular imaging applications, must be
reassessed in view of their potential strong bias for G4 motifs.
Indeed, a remarkable “light-up” effect of SYPRO Orange, a
widely used protein stain belonging to the mono-styryl dye
family, in the presence of G4-DNA has been reported earlier
this year [49]. Moreover, mono-styryls 17a and 18a (the latter
also known as DASPMI) are long-known and widely used as
mitochondrial stains [87,88] and groove-binding fluorescent
probes for double-stranded DNA [89,90]. Herein, we report that
the fluorescence enhancement of these dyes induced
by parallel G4 structures is dramatically higher compared to ds
DNA.

Although the preferential response to G4 structures seems to be
an inherent feature of the styryl scaffold, the magnitude of the
“light-up” effect drastically varies within the series. Our results
clearly point to several structural motifs that appear advanta-
geous for high fluorimetric response and high quantum yield of
the probes. First of all, indole substituents, including core-
substituted indoles, emerge as the most efficient in this sense, as
demonstrated by several distyryls (10—v) with superior proper-
ties with respect to the prototype compound 1a. A similar effect
of indole substituents was already observed in the family of
mono-styryl dyes developed for detection of double-stranded
DNA [68,70,91]. Moreover, pyrrole-substituted distyryls (1x
and 7x) also display very high fluorimetric response (up to
I'ly = 690, for 1x-TERRA complex), albeit at the expense of
somewhat lower selectivity with respect to ds DNA and ss
RNA. It may be suggested that electron-rich heterocyclic sub-
stituents (indole and pyrrole) act by lowering the reduction
potential of dyes, rendering the photoinduced electron-transfer
reaction with guanine residues in DNA energetically disfa-
vored and resulting in higher fluorescence quantum yields.

However, in the absence of redox potential data, this assump-
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tion could not be experimentally verified. Finally, we showed
that the mono-styryl design can yield probes with interesting
properties, such as high light-up factors (up to 340, for
17a—c-myc complex) and a clear-cut selectivity for parallel-
stranded G4 motifs. Interestingly, in the mono-styryl family,
dyes containing indole (17p, 17s) or pyrrole (17x) substituents
did not perform better than the simplest styryl derivatives, i.e.,
17a and 18a. This fact demonstrates that our data are still insuf-
ficient to formulate generalized structure—properties relation-

ships.

Conclusion

To summarize, a systematic analysis enabled us to select the
optimal probes within the styryl dye family (i.e., those
displaying high quantum yield and brightness, excellent light-
up factor, and remarkable selectivity for a certain G4 class). A
comparison with literature data demonstrates that dyes 1p and
1u largely outperform, in terms of brightness and quadruplex-
vs-duplex selectivity, the widely used fluorescent probes, such
as thioflavin T (ThT, ® = 0.25, in the presence of 22AG/K*
conditions) and thiazole orange (TO, ® = 0.19 in the presence
of 22AG/K* conditions) [92], and approach the brightest
G4-DNA probes developed so far, such as trialryimidazole
IZCM-7 (® = 0.52, in the presence of c-myc) [52] and the NIR-
emitting squaraine dye CAS-C1 (® of up to 0.74 with parallel
G4-DNA) [93]. Applications of these dyes can be multiple. As
an example, we proposed herein the implementation of a simple
two-dye array to classify G4-DNA structures based on their
topology. Applications in the design of G4-based logic gates
could also be envisaged. Taking into account the favorable
optical properties, in particular high brightness and large Stokes
shift, the same probes could be utilized to proceed to cellular
imagining of G4 structures, certainly with caution regarding the
inherent propensity of cationic dyes to accumulate in mitochon-
dria. At the same time, our work establishes an approach to op-
timize the structure of renowned scaffolds and achieve maximal
performances in G4 sensing.

Supporting Information

Supporting Information File 1

Experimental details and supplementary Tables S1 and S2.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-183-S1.pdf]

Acknowledgements

The authors thank Ms. Anne Cucchiarini (Institut Curie) for
HPLC analysis and Mr. Elie Benchimol for help in the synthe-
sis of the dyes. This work was supported by Institut Curie (post-
doctoral fellowship to M.Z.).

Beilstein J. Org. Chem. 2019, 15, 1872—1889.

ORCID® iDs

Michela Zuffo - https://orcid.org/0000-0003-3556-2196
Marie-Paule Teulade-Fichou - https://orcid.org/0000-0002-2053-7513
Anton Granzhan - https://orcid.org/0000-0002-0424-0461

References

1. Rhodes, D.; Lipps, H. J. Nucleic Acids Res. 2015, 43, 8627-8637.
doi:10.1093/nar/gkv862

2. Tian, T.; Chen, Y.-Q.; Wang, S.-R.; Zhou, X. Chem 2018, 4,
1314—-1344. doi:10.1016/j.chempr.2018.02.014

3. Mukherjee, A. K.; Sharma, S.; Chowdhury, S. Trends Genet. 2019, 35,
129-144. doi:10.1016/j.tig.2018.11.001

4. Yatsunyk, L. A.; Mendoza, O.; Mergny, J.-L. Acc. Chem. Res. 2014,
47, 1836-1844. doi:10.1021/ar500063x

5. Mergny, J.-L.; Sen, D. Chem. Rev. 2019, 119, 6290-6325.
doi:10.1021/acs.chemrev.8b00629

6. Renaud de la Faverie, A.; Guédin, A.; Bedrat, A.; Yatsunyk, L. A,;
Mergny, J.-L. Nucleic Acids Res. 2014, 42, e65.
doi:10.1093/nar/gku111

7. Xu, S.; Li, Q.; Xiang, J.; Yang, Q.; Sun, H.; Guan, A.; Wang, L.; Liu, Y.;
Yu, L.; Shi, Y.; Chen, H.; Tang, Y. Sci. Rep. 2016, 6, 24793.
doi:10.1038/srep24793

8. Kim, M.; Kreig, A.; Lee, C.-Y.; Rube, H. T.; Calvert, J.; Song, J. S.;
Myong, S. Nucleic Acids Res. 2016, 44, 4807-4817.
doi:10.1093/nar/gkw272

9. Hu, M.-H.; Chen, S.-B.; Wang, Y.-Q.; Zeng, Y.-M.; Ou, T.-M,; Li, D.;
Gu, L.-Q.; Huang, Z.-S.; Tan, J.-H. Biosens. Bioelectron. 2016, 83,
77-84. doi:10.1016/j.bios.2016.04.029

10.Chang, T.; Li, W.; Ding, Z.; Cheng, S.; Liang, K.; Liu, X.; Bing, T ;
Shangguan, D. Anal. Chem. (Washington, DC, U. S.) 2017, 89,
8162-8169. doi:10.1021/acs.analchem.7b01992

11. Sabharwal, N. C.; Savikhin, V.; Turek-Herman, J. R.; Nicoludis, J. M.;
Szalai, V. A.; Yatsunyk, L. A. FEBS J. 2014, 281, 1726-1737.
doi:10.1111/febs.12734

12.Zhao, D.; Dong, X.; Jiang, N.; Zhang, D.; Liu, C. Nucleic Acids Res.
2014, 42, 11612-11621. doi:10.1093/nar/gku833

13.Kreig, A.; Calvert, J.; Sanoica, J.; Cullum, E.; Tipanna, R.; Myong, S.
Nucleic Acids Res. 2015, 43, 7961-7970. doi:10.1093/nar/gkv749

14.Zuffo, M.; Xie, X.; Granzhan, A. Chem. — Eur. J. 2019, 25, 1812-1818.
doi:10.1002/chem.201805422

15.Endoh, T.; Rode, A. B.; Takahashi, S.; Kataoka, Y.; Kuwahara, M.;
Sugimoto, N. Anal. Chem. (Washington, DC, U. S.) 2016, 88,
1984-1989. doi:10.1021/acs.analchem.5b04396

16.He, H.-Z.; Chan, D. S.-H.; Leung, C.-H.; Ma, D.-L. Nucleic Acids Res.
2013, 41, 4345-4359. doi:10.1093/nar/gkt108

17.Chen, H.; Sun, H.; Zhang, X.; Sun, X.; Shi, Y.; Xu, S.; Tang, Y.
New J. Chem. 2016, 40, 1940—1943. doi:10.1039/c5nj02652k

18.Ma, D.-L.; Chan, D. S.-H.; Man, B. Y.-W.; Leung, C.-H.
Chem. — Asian J. 2011, 6, 986—1003. doi:10.1002/asia.201000870

19. Yeasmin Khusbu, F.; Zhou, X.; Chen, H.; Ma, C.; Wang, K.
TrAC, Trends Anal. Chem. 2018, 109, 1-18.
doi:10.1016/j.trac.2018.09.013

20.Sun, X.; Li, Q.; Xiang, J.; Wang, L.; Zhang, X.; Lan, L.; Xu, S.; Yang, F.;
Tang, Y. Analyst 2017, 142, 3352—-3355. doi:10.1039/c7an01062a

21.Chen, H.; Zhang, X.; Sun, H.; Sun, X.; Shi, Y.; Xu, S.; Tang, Y. Analyst
2015, 740, 7170-7174. doi:10.1039/c5an01507¢

22.Lu, Y.-J.;; Hu, D.-P.; Deng, Q.; Wang, Z.-Y.; Huang, B.-H.; Fang, Y.-X_;
Zhang, K.; Wong, W.-L. Analyst 2015, 140, 5998-6004.
doi:10.1039/c5an01158b

1887


https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-15-183-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-15-183-S1.pdf
https://orcid.org/0000-0003-3556-2196
https://orcid.org/0000-0002-2053-7513
https://orcid.org/0000-0002-0424-0461
https://doi.org/10.1093%2Fnar%2Fgkv862
https://doi.org/10.1016%2Fj.chempr.2018.02.014
https://doi.org/10.1016%2Fj.tig.2018.11.001
https://doi.org/10.1021%2Far500063x
https://doi.org/10.1021%2Facs.chemrev.8b00629
https://doi.org/10.1093%2Fnar%2Fgku111
https://doi.org/10.1038%2Fsrep24793
https://doi.org/10.1093%2Fnar%2Fgkw272
https://doi.org/10.1016%2Fj.bios.2016.04.029
https://doi.org/10.1021%2Facs.analchem.7b01992
https://doi.org/10.1111%2Ffebs.12734
https://doi.org/10.1093%2Fnar%2Fgku833
https://doi.org/10.1093%2Fnar%2Fgkv749
https://doi.org/10.1002%2Fchem.201805422
https://doi.org/10.1021%2Facs.analchem.5b04396
https://doi.org/10.1093%2Fnar%2Fgkt108
https://doi.org/10.1039%2Fc5nj02652k
https://doi.org/10.1002%2Fasia.201000870
https://doi.org/10.1016%2Fj.trac.2018.09.013
https://doi.org/10.1039%2Fc7an01062a
https://doi.org/10.1039%2Fc5an01507c
https://doi.org/10.1039%2Fc5an01158b

23.Sun, H.; Yu, L.; Chen, H.; Xiang, J.; Zhang, X.; Shi, Y.; Yang, Q;
Guan, A;; Li, Q.; Tang, Y. Talanta 2015, 136, 210-214.
doi:10.1016/j.talanta.2015.01.027

24.Tseng, T.-Y.; Wang, Z.-F.; Chien, C.-H.; Chang, T.-C.

Nucleic Acids Res. 2013, 41, 10605—-10618. doi:10.1093/nar/gkt814

25. Shivalingam, A.; Izquierdo, M. A.; Le Marois, A.; VySniauskas, A.;
Suhling, K.; Kuimova, M. K.; Vilar, R. Nat. Commun. 2015, 6, 8178.
doi:10.1038/ncomms9178

26.Huang, W.-C.; Tseng, T.-Y.; Chen, Y.-T.; Chang, C.-C.; Wang, Z.-F;
Wang, C.-L.; Hsu, T.-N.; Li, P.-T.; Chen, C.-T.; Lin, J.-J.; Lou, P.-J.;
Chang, T.-C. Nucleic Acids Res. 2015, 43, 10102—-10113.
doi:10.1093/nar/gkv1061

27.Zhang, S.; Sun, H.; Wang, L.; Liu, Y.; Chen, H.; Li, Q.; Guan, A;
Liu, M.; Tang, Y. Nucleic Acids Res. 2018, 46, 7522—-7532.
doi:10.1093/nar/gky665

28.Doria, F.; Nadai, M.; Zuffo, M.; Perrone, R.; Freccero, M.; Richter, S. N.

Chem. Commun. 2017, 53, 2268-2271. doi:10.1039/c6cc08492¢c

29.Yang, C.; Hu, R.; Li, Q.; Li, S.; Xiang, J.; Guo, X.; Wang, S.; Zeng, Y.;
Li, Y.; Yang, G. ACS Omega 2018, 3, 10487-10492.
doi:10.1021/acsomega.8b01190

30. Xu, S.; Li, Q.; Xiang, J.; Yang, Q.; Sun, H.; Guan, A.; Wang, L.; Liu, Y.;
Yu, L.; Shi, Y.; Chen, H.; Tang, Y. Nucleic Acids Res. 2015, 43,
9575-9586. doi:10.1093/nar/gkv1040

31.Laguerre, A.; Hukezalie, K.; Winckler, P.; Katranji, F.; Chanteloup, G.;
Pirrotta, M.; Perrier-Cornet, J.-M.; Wong, J. M. Y.; Monchaud, D.
J. Am. Chem. Soc. 2015, 137, 8521-8525. doi:10.1021/jacs.5b03413

32.Chen, S.-B.; Hu, M.-H.; Liu, G.-C.; Wang, J.; Ou, T.-M.; Gu, L.-Q.;
Huang, Z.-S.; Tan, J.-H. J. Am. Chem. Soc. 2016, 138, 10382—10385.
doi:10.1021/jacs.6b04799

33.Chen, X.-C.; Chen, S.-B.; Dai, J.; Yuan, J.-H.; Ou, T.-M.; Huang, Z.-S ;
Tan, J.-H. Angew. Chem., Int. Ed. 2018, 57, 4702-4706.
doi:10.1002/anie.201801999

34.Ma, D.-L.; Shiu-Hin Chan, D.; Yang, H.; He, H.-Z.; Leung, C.-H.
Curr. Pharm. Des. 2012, 18, 2058-2075.
doi:10.2174/138161212799958314

35. Largy, E.; Granzhan, A.; Hamon, F.; Verga, D.; Teulade-Fichou, M.-P.
Top. Curr. Chem. 2012, 111-177. doi:10.1007/128_2012_346

36. Vummidi, B. R.; Alzeer, J.; Luedtke, N. W. ChemBioChem 2013, 14,
540-558. doi:10.1002/cbic.201200612

37.Ma, D.-L.; Zhang, Z.; Wang, M.; Lu, L.; Zhong, H.-J.; Leung, C.-H.
Chem. Biol. 2015, 22, 812—-828. doi:10.1016/j.chembiol.2015.06.016

38.Suseela, Y. V.; Narayanaswamy, N.; Pratihar, S.; Govindaraju, T.
Chem. Soc. Rev. 2018, 47, 1098—1131. doi:10.1039/c7¢cs00774d

39. Chilka, P.; Desai, N.; Datta, B. Molecules 2019, 24, 752.
doi:10.3390/molecules24040752

40.Chen, X.; Wang, J.; Jiang, G.; Zu, G.; Liu, M.; Zhou, L.; Pei, R.
RSC Adv. 2016, 6, 70117-70123. doi:10.1039/c6ral1152a

41.Wang, M.-Q.; Xu, J.; Zhang, L.; Liao, Y.; Wei, H.; Yin, Y.-Y.; Liu, Q.;
Zhang, Y. Bioorg. Med. Chem. 2019, 27, 552-559.
doi:10.1016/j.bmc.2018.12.037

42.Guan, A.-j.; Zhang, X.-F.; Sun, X.; Li, Q.; Xiang, J.-F.; Wang, L.-X.;
Lan, L.; Yang, F.-M.; Xu, S.-J.; Guo, X.-M.; Tang, Y.-L. Sci. Rep. 2018,
8, 2666. doi:10.1038/s41598-018-20960-7

43.Yan, J.-w.; Tian, Y.-g.; Tan, J.-h.; Huang, Z.-s. Analyst 2015, 140,
7146-7149. doi:10.1039/c5an01573a

44.Lin, D.; Fei, X.; Gu, Y.; Wang, C.; Tang, Y.; Li, R.; Zhou, J. Analyst
2015, 740, 5772-5780. doi:10.1039/c5an00866b

45.lhmels, H.; Thomas, L. Org. Biomol. Chem. 2013, 11, 480—487.
doi:10.1039/c20b26779a

Beilstein J. Org. Chem. 2019, 15, 1872—1889.

46.Chen, Y.; Yan, S.; Yuan, L.; Zhou, Y.; Song, Y.; Xiao, H.; Weng, X.;
Zhou, X. Org. Chem. Front. 2014, 1, 267-270. doi:10.1039/c3q000048f

47.Wang, Y.-Q.; Hu, M.-H.; Guo, R.-J.; Chen, S.-B.; Huang, Z.-S;
Tan, J.-H. Sens. Actuators, B 2018, 266, 187—194.
doi:10.1016/j.snb.2018.03.125

48.Chen, S.-B.; Wu, W.-B.; Hu, M.-H.; Ou, T.-M.; Gu, L.-Q.; Tan, J.-H.;
Huang, Z.-S. Chem. Commun. 2014, 50, 12173-12176.
doi:10.1039/c4cc05394j

49.Deore, P. S.; Manderville, R. A. New J. Chem. 2019, 43, 4994-4997.
doi:10.1039/c9nj00188c

50.Wu, S.; Wang, L.; Zhang, N.; Liu, Y.; Zheng, W.; Chang, A.; Wang, F.;
Li, S.; Shangguan, D. Chem. — Eur. J. 2016, 22, 6037-6047.
doi:10.1002/chem.201505170

51.Jiang, G.; Chen, X.; Xu, L.; Cao, Y.; Hong, S.; Liu, M.; Cao, W.; Pei, R.
ChemistrySelect 2017, 2, 2783-2788. doi:10.1002/slct.201601889

52.Hu, M.-H.; Chen, S.-B.; Guo, R.-J.; Ou, T.-M.; Huang, Z.-S.; Tan, J.-H.
Analyst 2015, 140, 4616—-4625. doi:10.1039/c5an00761e

53.Lu, Y.-J.; Wang, Z.-Y.; Hu, D.-P.; Deng, Q.; Huang, B.-H.; Fang, Y.-X.;
Zhang, K.; Wong, W.-L.; Chow, C.-F. Dyes Pigm. 2015, 122, 94—102.
doi:10.1016/j.dyepig.2015.06.018

54.Zhang, L.; Er, J. C.; Li, X.; Heng, J. J.; Samanta, A.; Chang, Y.-T.;
Lee, C.-L. K. Chem. Commun. 2015, 51, 7386—7389.
doi:10.1039/c5¢cc01601k

55.Tera, M.; Hirokawa, T.; Okabe, S.; Sugahara, K.; Seimiya, H.;
Shimamoto, K. Chem. — Eur. J. 2015, 21, 14519-14528.
doi:10.1002/chem.201501693

56. Zuffo, M.; Guédin, A.; Leriche, E.-D.; Doria, F.; Pirota, V.; Gabelica, V.;
Mergny, J.-L.; Freccero, M. Nucleic Acids Res. 2018, 46, e115.
doi:10.1093/nar/gky607

57. Xie, X.; Reznichenko, O.; Chaput, L.; Martin, P.;
Teulade-Fichou, M.-P.; Granzhan, A. Chem. — Eur. J. 2018, 24,
12638-12651. doi:10.1002/chem.201801701

58. Xie, X.; Choi, B.; Largy, E.; Guillot, R.; Granzhan, A.;
Teulade-Fichou, M.-P. Chem. — Eur. J. 2013, 19, 1214-1226.
doi:10.1002/chem.201203710

59. Xie, X.; Renvoisé, A.; Granzhan, A.; Teulade-Fichou, M.-P.
New J. Chem. 2015, 39, 5931-5935. doi:10.1039/c5nj01325a

60.Das, A. K.; Ihmels, H.; Kélsch, S. Photochem. Photobiol. Sci. 2019, 18,
1373-1381. doi:10.1039/c9pp00096h

61.Kumari, B.; Yadav, A.; Pany, S. P.; Pradeepkumar, P. I.; Kanvah, S.
J. Photochem. Photobiol., B 2019, 190, 128—136.
doi:10.1016/j.jphotobiol.2018.10.007

62. Pithan, P. M.; Decker, D.; Druzhinin, S. I.; Ihmels, H.; Schénherr, H.;
VoB, Y. RSC Adv. 2017, 7, 10660—10667. doi:10.1039/c6ra27684a

63. Wang, M.-Q.; Liu, X.-N.; Guo, Z.-J.; Feng, C.; Rui, M. New J. Chem.
2018, 42, 4933-4939. doi:10.1039/c8nj00203g

64.Su, J.-J.; Wang, L.-Y.; Zhang, X.-H.; Fu, Y.-L.; Huang, Y.; Wei, Y.-S.
J. Braz. Chem. Soc. 2011, 22, 73-79.
doi:10.1590/s0103-50532011000100009

65.Magoas, E.; Marcelo, G.; Pinto, S.; Cafieque, T.; Cuadro, A. M.;
Vaquero, J. J.; Martinho, J. M. G. Chem. Commun. 2011, 47,
7374-7376. doi:10.1039/c1cc12163d

66. Crippa, G. B.; Verdi, T. Ann. Chim. Appl. 1936, 26, 418—423.

67.Clemo, G. R.; Swan, G. A. J. Chem. Soc. 1938, 1454—1455.
doi:10.1039/jr9380001454

68.Bohlénder, P. R.; Wagenknecht, H.-A. Org. Biomol. Chem. 2013, 11,
7458-7462. doi:10.1039/c30b41717d

69.Bohlander, P. R.; Wagenknecht, H.-A. Eur. J. Org. Chem. 2014,
7547-7551. doi:10.1002/ejoc.201403119

1888


https://doi.org/10.1016%2Fj.talanta.2015.01.027
https://doi.org/10.1093%2Fnar%2Fgkt814
https://doi.org/10.1038%2Fncomms9178
https://doi.org/10.1093%2Fnar%2Fgkv1061
https://doi.org/10.1093%2Fnar%2Fgky665
https://doi.org/10.1039%2Fc6cc08492c
https://doi.org/10.1021%2Facsomega.8b01190
https://doi.org/10.1093%2Fnar%2Fgkv1040
https://doi.org/10.1021%2Fjacs.5b03413
https://doi.org/10.1021%2Fjacs.6b04799
https://doi.org/10.1002%2Fanie.201801999
https://doi.org/10.2174%2F138161212799958314
https://doi.org/10.1007%2F128_2012_346
https://doi.org/10.1002%2Fcbic.201200612
https://doi.org/10.1016%2Fj.chembiol.2015.06.016
https://doi.org/10.1039%2Fc7cs00774d
https://doi.org/10.3390%2Fmolecules24040752
https://doi.org/10.1039%2Fc6ra11152a
https://doi.org/10.1016%2Fj.bmc.2018.12.037
https://doi.org/10.1038%2Fs41598-018-20960-7
https://doi.org/10.1039%2Fc5an01573a
https://doi.org/10.1039%2Fc5an00866b
https://doi.org/10.1039%2Fc2ob26779a
https://doi.org/10.1039%2Fc3qo00048f
https://doi.org/10.1016%2Fj.snb.2018.03.125
https://doi.org/10.1039%2Fc4cc05394j
https://doi.org/10.1039%2Fc9nj00188c
https://doi.org/10.1002%2Fchem.201505170
https://doi.org/10.1002%2Fslct.201601889
https://doi.org/10.1039%2Fc5an00761e
https://doi.org/10.1016%2Fj.dyepig.2015.06.018
https://doi.org/10.1039%2Fc5cc01601k
https://doi.org/10.1002%2Fchem.201501693
https://doi.org/10.1093%2Fnar%2Fgky607
https://doi.org/10.1002%2Fchem.201801701
https://doi.org/10.1002%2Fchem.201203710
https://doi.org/10.1039%2Fc5nj01325a
https://doi.org/10.1039%2Fc9pp00096h
https://doi.org/10.1016%2Fj.jphotobiol.2018.10.007
https://doi.org/10.1039%2Fc6ra27684a
https://doi.org/10.1039%2Fc8nj00203g
https://doi.org/10.1590%2Fs0103-50532011000100009
https://doi.org/10.1039%2Fc1cc12163d
https://doi.org/10.1039%2Fjr9380001454
https://doi.org/10.1039%2Fc3ob41717d
https://doi.org/10.1002%2Fejoc.201403119

70.Bohléander, P. R.; Wagenknecht, H.-A. Methods Appl. Fluoresc. 2015,
3, 044003. doi:10.1088/2050-6120/3/4/044003

71.Kuryavyi, V.; Phan, A. T.; Patel, D. J. Nucleic Acids Res. 2010, 38,
6757-6773. doi:10.1093/nar/gkq558

72.Amrane, S.; Adrian, M.; Heddi, B.; Serero, A.; Nicolas, A.; Mergny, J.;
Phan, A. T. J. Am. Chem. Soc. 2012, 134, 5807-5816.
doi:10.1021/ja208993r

73.Phan, A. T.; Kuryavyi, V.; Burge, S.; Neidle, S.; Patel, D. J.
J. Am. Chem. Soc. 2007, 129, 4386—4392. doi:10.1021/ja068739h

74. Ambrus, A.; Chen, D.; Dai, J.; Jones, R. A.; Yang, D. Biochemistry
2005, 44, 2048-2058. doi:10.1021/bi048242p

75.Rodriguez, R.; Miller, K. M.; Forment, J. V.; Bradshaw, C. R.;
Nikan, M.; Britton, S.; Oelschlaegel, T.; Xhemalce, B.;
Balasubramanian, S.; Jackson, S. P. Nat. Chem. Biol. 2012, 8,
301-310. doi:10.1038/nchembio.780

76.Murat, P.; Gormally, M. V.; Sanders, D.; Di Antonio, M.;
Balasubramanian, S. Chem. Commun. 2013, 49, 8453-8455.
doi:10.1039/c3cc44737e

77.Matsugami, A.; Ouhashi, K.; Kanagawa, M.; Liu, H.; Kanagawa, S.;
Uesugi, S.; Katahira, M. J. Mol. Biol. 2001, 313, 255-269.
doi:10.1006/jmbi.2001.5047

78.Rendiuk, D.; Kejnovska, I.; Skolakova, P.; Bednarova, K.; Motlova, J.;
Vorlickova, M. Nucleic Acids Res. 2009, 37, 6625-6634.
doi:10.1093/nar/gkp701

79.Yue, D. J. E.; Lim, K. W.; Phan, A. T. J. Am. Chem. Soc. 2011, 133,
11462—11465. doi:10.1021/ja204197d

80. Membrino, A.; Cogoi, S.; Pedersen, E. B.; Xodo, L. E. PLoS One 2011,
6, e24421. doi:10.1371/journal.pone.0024421

81.Schultze, P.; Macaya, R. F.; Feigon, J. J. Mol. Biol. 1994, 235,
1532-1547. doi:10.1006/jmbi.1994.1105

82. Martadinata, H.; Phan, A. T. Biochemistry 2013, 52, 2176-2183.
doi:10.1021/bi301606u

83. Kumari, S.; Bugaut, A.; Huppert, J. L.; Balasubramanian, S.
Nat. Chem. Biol. 2007, 3, 218-221. doi:10.1038/nchembio864

84.Fay, M. M.; Lyons, S. M.; lvanov, P. J. Mol. Biol. 2017, 429,
2127-2147. doi:10.1016/j.jmb.2017.05.017

85. Matgowska, M.; Czajczynska, K.; Gudanis, D.; Tworak, A.; Gdaniec, Z.
Acta Biochim. Pol. 2016, 63, 609-621. doi:10.18388/abp.2016_1335

86.Rehm, C.; Holder, I. T.; GroB, A.; Wojciechowski, F.; Urban, M.;
Sinn, M.; Drescher, M.; Hartig, J. S. Chem. Sci. 2014, 5, 2809-2818.
doi:10.1039/c4sc00440j

87.Bereiter-Hahn, J. Biochim. Biophys. Acta, Bioenerg. 1976, 423, 1-14.
doi:10.1016/0005-2728(76)90096-7

88. Ramadass, R.; Bereiter-Hahn, J. Biophys. J. 2008, 95, 4068—4076.
doi:10.1529/biophysj.108.135079

89.Kumar, C. V.; Turner, R. S.; Asuncion, E. H.
J. Photochem. Photobiol., A 1993, 74, 231-238.
doi:10.1016/1010-6030(93)80121-0

90. Sahoo, D.; Bhattacharya, P.; Chakravorti, S. J. Phys. Chem. B 2010,
114, 2044-2050. doi:10.1021/jp910766q

91. Schwechheimer, C.; Rénicke, F.; Schepers, U.; Wagenknecht, H.-A.
Chem. Sci. 2018, 9, 6557—-6563. doi:10.1039/c8sc01574k

92. Mohanty, J.; Barooah, N.; Dhamodharan, V.; Harikrishna, S.;
Pradeepkumar, P. |.; Bhasikuttan, A. C. J. Am. Chem. Soc. 2013, 135,
367-376. doi:10.1021/ja309588h

93.Grande, V.; Shen, C.-A.; Deiana, M.; Dudek, M.; Olesiak-Banska, J.;
Matczyszyn, K.; Wirthner, F. Chem. Sci. 2018, 9, 8375-8381.
doi:10.1039/c8sc02882f

Beilstein J. Org. Chem. 2019, 15, 1872—1889.

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0). Please note

that the reuse, redistribution and reproduction in particular

requires that the authors and source are credited.

The license is subject to the Beilstein Journal of Organic
Chemistry terms and conditions:
(https://www.beilstein-journals.org/bjoc)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjoc.15.183

1889


https://doi.org/10.1088%2F2050-6120%2F3%2F4%2F044003
https://doi.org/10.1093%2Fnar%2Fgkq558
https://doi.org/10.1021%2Fja208993r
https://doi.org/10.1021%2Fja068739h
https://doi.org/10.1021%2Fbi048242p
https://doi.org/10.1038%2Fnchembio.780
https://doi.org/10.1039%2Fc3cc44737e
https://doi.org/10.1006%2Fjmbi.2001.5047
https://doi.org/10.1093%2Fnar%2Fgkp701
https://doi.org/10.1021%2Fja204197d
https://doi.org/10.1371%2Fjournal.pone.0024421
https://doi.org/10.1006%2Fjmbi.1994.1105
https://doi.org/10.1021%2Fbi301606u
https://doi.org/10.1038%2Fnchembio864
https://doi.org/10.1016%2Fj.jmb.2017.05.017
https://doi.org/10.18388%2Fabp.2016_1335
https://doi.org/10.1039%2Fc4sc00440j
https://doi.org/10.1016%2F0005-2728%2876%2990096-7
https://doi.org/10.1529%2Fbiophysj.108.135079
https://doi.org/10.1016%2F1010-6030%2893%2980121-o
https://doi.org/10.1021%2Fjp910766q
https://doi.org/10.1039%2Fc8sc01574k
https://doi.org/10.1021%2Fja309588h
https://doi.org/10.1039%2Fc8sc02882f
http://creativecommons.org/licenses/by/4.0
https://www.beilstein-journals.org/bjoc
https://doi.org/10.3762%2Fbjoc.15.183

(J BEILSTEIN JOURNAL OF ORGANIC CHEMISTRY

Tautomerism as primary signaling mechanism in metal
sensing: the case of amide group

Vera Deneva’!, Georgi Dobrikov!, Aurelien Crochet?, Daniela Nedeltcheva,

Katharina M. Fromm? and Liudmil Antonov’!

Full Research Paper

Address:

TInstitute of Organic Chemistry with Centre of Phytochemistry,
Bulgarian Academy of Sciences, Sofia 1113, Bulgaria and 2University
of Fribourg, Department of Chemistry, Chemin du Musée 9, CH-1700
Fribourg, Switzerland

Email:
Vera Deneva’ - vdeneva@orgchm.bas.bg; Liudmil Antonov” -
lantonov@orgchm.bas.bg

* Corresponding author

Keywords:
amide group; azo dye; molecular sensor; sidearm; tautomerism

Abstract

Beilstein J. Org. Chem. 2019, 15, 1898—-1906.
doi:10.3762/bjoc.15.185

Received: 17 May 2019
Accepted: 01 August 2019
Published: 08 August 2019

This article is part of the thematic issue "Dyes in modern organic
chemistry".

Guest Editor: H. Ihmels

© 2019 Deneva et al.; licensee Beilstein-Institut.
License and terms: see end of document.

The concept for sensing systems using the tautomerism as elementary signaling process has been further developed by synthesizing

a ligand containing 4-(phenyldiazenyl)naphthalene-1-ol as a tautomeric block and an amide group as metal capturing antenna. Al-

though it has been expected that the intramolecular hydrogen bonding (between the tautomeric hydroxy group and the nitrogen

atom from the amide group) could stabilize the pure enol form in some solvents, the keto tautomer is also observed. This is a result

from the formation of intramolecular associates in some solvents. Strong bathochromic and hyperchromic effects in the visible

spectra accompany the 1:1 formation of complexes with some alkaline earth metal ions.

Introduction

The design of new organic sensing systems is an undividable
part of the development of coordination chemistry [1]. Particu-
larly chromophore ligands have been successfully utilized for
colorimetric detection of the majority of metal ions as complex
[2]. Some of them are used as standard tools in chelatometric
titrations [3]. The design of specific ligands for alkali metal de-
termination is still a challenge. In the case of alkaline earth
metal ions, the reagents with reasonable selectivity are still not
commonly accepted since they compete with transitional metal
ions [4]. The discovery of crown ethers [5] and 3D-based

ligands [6] unquestionably helped the development of natural
ligand-supported metal investigations.

The ion recognition is based on the existence of two molecular
states (ligand and complex) with different optical properties and
a structure that allows fast transfer from the ligand to the com-
plex upon addition of the desired metal ion [7]. The tautomeric
proton exchange has the same properties when the equilibrium
is switched from one to the other tautomer. The tautomerism

can be controlled by metal ion addition, when an ionophore unit
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is implemented in the tautomeric backbone. The conceptual
idea to achieve the pure enol tautomer through intramolecular
hydrogen bonding with the ionophore [7,8] is shown in
Scheme 1. The complex formation ejects the tautomeric proton
and stabilizes the keto tautomer.

Several successful tautomeric ligands, based on 4-(phenyl-
diazenyl)naphthalen-1-ol (1) [8] (2 and 3, Scheme 2) as a
tautomeric unit have been developed by us. We found that com-
pounds 2 and 3 exist in the neutral state solely as enol tautomers
due to intramolecular hydrogen bonding involving the
tautomeric hydroxy group and that the complexation shifts the
equilibrium to the K form. Although 3 exhibits a 3D structure
and as a result, shows high stability constants upon complex-
ation, the selectivity is rather low, which can be attributed to the
crown ether complexation features in general. Developing the
system further, leads to modification of the ionophore part by
replacing the crown ether with other ionophores, such as done
in the case of 4 and 5. The quantum-chemical calculations for 4
and 5 have demonstrated that the stable enol tautomers exist as
intramolecular C=0---HO bonded system, while in the K forms
the ionophore part does not participate in hydrogen bonding and
can be considered as a basic 2-alkyl substitution [9]. Conse-
quently, the stabilization between the E and K forms is a result
of the competition between the strength of the hydrogen bond-
ing in the enol tautomer and the effect of simple alkyl substitu-
tion in the keto form skeleton. The calculations also suggest that
the efficient switching towards the enol form can be achieved
only when R’ = NMe,; (Scheme 2).

Theoretical modelling of structures 4 and 5 have also shown
that only one of the carbonyl groups from the ionophore unit
really participates in the capturing of the metal ion upon com-
plexation. Therefore, the aim of the current article is to esti-
mate theoretically and experimentally, the tautomeric state and
complexation abilities of compound 6, where only one carbon-
yl group in the ionophore part is present (Scheme 2). It is ex-
pected that the enol tautomer stabilization would be achieved in

the neutral state as a result of the strong intramolecular hydro-
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Scheme 2: 4-(Phenyldiazenyl)naphthalen-1-ol (1) and tautomeric
ligands based on it.

gen bonding between the tautomeric OH group and the carbon-
yl group in the ionophore part. The complex formation,
depending on the size and charge of the metal ion, should shift
the tautomeric equilibrium towards the keto tautomer and
should provide stabilization of the complex. To the best of our
knowledge, such a system has not been synthesized and studied

up to now.

Results and Discussion

Compound 1 is a well-studied tautomeric structure featuring a
moderate energy gap between the enol and the keto tautomeric
forms [10]. For this reason, the tautomeric equilibrium can be

easily affected by changing the solvent. However, the

free ligand E (enol tautomer)
complex K (keto tautomer)
Me"* = Ca?*, BaZ*, Mg2*

Scheme 1: Conceptual idea for tautomeric metal sensing.
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tautomeric equilibrium has not been switched fully to either of
the tautomers in solution. For instance, the experimentally de-
termined AG values at room temperature range from
1.42 kcal/mol, which corresponds to around 8% (in cyclo-
hexane) or 10% (in methylcyclohexane/toluene) of the K
tautomer [11,12], to —0.71 kcal/mol in chloroform [8], where
this tautomer dominates. The AG value of 0.33 kcal/mol in
acetonitrile, determined experimentally [8], have been used to
validate the level of theory used in the current study. As seen
from Table S1 (Supporting Information File 1) the best result
has been achieved by using M06-2X/6-31++G** functional and
basis set, which predicts the relative energy of the tautomers
(AE value, defined as Ex — Eg) of 0.33 kcal/mol, perfectly

matching the experiment.

In the case of 6 the calculations yield a AE value of
3.14 kcal/mol in acetonitrile, which leads to the expectation that
the tautomeric equilibrium should be fully shifted to 6E. The
corresponding most stable structure of the enol form is shown
in Figure 1, where hydrogen bonding between the tautomeric

OH group and the sidearm carbonyl group can be seen.

The tautomeric equilibrium in 1 is strongly solvent-dependent
as mentioned above and which can also be seen from Figure 2a.
For instance, through intermolecular hydrogen bonding with the
carbonyl oxygen atom from the tautomeric backbone, chloro-
form stabilizes the keto tautomer, absorbing at ~480 nm, while
in acetonitrile the enol form is also presented with a maximum
at ~410 nm.

A comparison between the absorption spectra of 1 and 6 shows
that the tautomeric equilibrium in 6 is also surprisingly solvent
dependent. As shown on Figure 2b, the tautomeric equilibrium
in 6 is shifted, but not fully, towards the K form in acetonitrile
and chloroform and towards the E form in dichloromethane and

Figure 1: The most stable tautomeric form of 6 in neutral state (left) and upon complexation with Mg(CIO4)2 (right).

Beilstein J. Org. Chem. 2019, 15, 1898—1906.
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Figure 2: Absorption spectra of compounds 1 (a) and 6 (b) in aceto-
nitrile (—), chloroform (= - =), dichloromethane (---), ethanol (mmm),
toluene (aa4) and dimethylformamide (grey solid line).
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toluene. In ethanol and dimethylformamide, the maximum of
the enol form visually disappears (the new maximum around
550 nm in the spectrum in dimethylformamide belongs to the
deprotonated form, see Figure 4 below). A careful study of the
spectra shown in Figure 2b leads to the conclusion that in all
solvents the absorption maximum of the enol tautomer is in the
range of 415-420 nm, while the maximum of the keto form in
acetonitrile (455 nm) is substantially blue shifted compared to
the other solvents (=480 nm in ethanol, dimethylformamide and

chloroform).

Having in mind the theoretical predictions discussed above, the
existence of the keto tautomer in solution is surprising. This be-
havior might mean that either the enol stabilizing intramolecu-
lar H-bonding is not strong enough and can be broken by the
solvent or there are intermolecular interactions not taken into
account by the calculations. The former could be the reason in
some of the solvents, which have the capacity to stabilize 6K as
proton acceptor (dimethylformamide), proton donor (chloro-
form) or both (ethanol). The latter could be the reason for the
keto tautomer stabilization in acetonitrile.

The explanation for the sudden stabilization of 6K was found
by X-ray measurements of its crystal, obtained in acetonitrile.
The crystal structure of 6, shown in Figure 3, clearly indicates
that the K form is stabilized through the formation of linear
intermolecular associates. It can be seen that a hydrogen bond is
formed between the nitrogen proton of one keto tautomer and
the carbonyl group of another neighboring molecule. Probably,
the process of associate formation is facilitated by the position
of the chromophore part in the isolated K form (Figure 3, left).

Beilstein J. Org. Chem. 2019, 15, 1898—1906.

Obviously, the formation of the seven-membered hydrogen-
bonding ring in 6E cannot compete with the flexibility of the
system in the case of the intermolecular association. Compared
to another tautomeric C=0 containing ionophore, recently de-
veloped [13], it seems that the existence of a carbonyl group
leads in some cases to stabilization of the keto tautomer through
formation of associates.

This kind of aggregation reflects to the spectrum of 6 in aceto-
nitrile. The formed aggregate (see Figure S1, Supporting Infor-
mation File 1) has a H-type structure (also called “sandwich”
type) [14] with parallel assignment of the monomer molecules,
consequently, its absorption maximum should be blue shifted
compared to the monomeric species. If we assume that in
ethanol or in dimethylformamide only the monomeric keto form
is present, the blue shift of the absorption in acetonitrile indi-
cates that the keto form here exists exclusively as H-aggregates
as in the crystal structure.

The absorption spectra of 6 in acetonitrile upon addition of
Mg(Cl1Oy); are shown in Figure 4. A clear isosbestic point can
be seen in the area where the enol tautomer does not absorb, in-
dicating that the tautomeric equilibrium is shifted towards the
keto tautomer (in form of the complex) as a result of the general
equilibrium scheme below:

Me?*

6E 6K 6K:Me2*

The complexation provides a substantial red shift (from 455 to
513 nm) compared to the neutral ligand with increased intensi-

® p
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Figure 3: Left: Theoretically predicted structure of 6K (blue), overlaid with the X-ray structure (red). Right: X-ray structure of 6, #1: x - 1, y, z;

#2:x + 1, y, z; H bonds are drawn as blue dashed lines.
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Figure 4: Left: Absorption spectra of 6 with stepwise addition of Mg(ClO4)2 in acetonitrile (1 — neutral ligand; 7 — complex Cyg(cios)2 = 1.23 x 1073 M.
The spectrum of the deprotonated form of 6 is drawn with dashes. Right: Molar absorptivity at 513 nm as a function of the concentration of the salt in

a logarithmic scale.

ty of the new maximum at 513 nm. The comparison between
the spectra of the complex and the deprotonated ligand, shown
in Figure 4, indicates that the complex formation is not related
to deprotonation. These results coincide with the results ob-
tained for compound 3 [15].

The complexation abilities of 6 towards some alkaline-earth
metal ions were studied and the obtained spectra of the com-
plexes are given in Figure 5. As seen the Ay ,x values of the
complex changes with the change of the type of the metal ion.
We assume the formation of a 1:1 complex (the Job’s plots are
shown on Figure S2, Supporting Information File 1) as shown
in Figure 1, which leads to a substantial red spectral shift and
allows the recognition of each metal ion based on the complex

peak position.

The estimated stability constants and the absorption maxima of
the complexes are summarized in Table 1. The complex forma-
tion causes a substantial red shift, which varies with the metal
ion. It is worth mentioning that complexation with any alkaline
metal was not observed. As seen, 6 shows strong complexation
with BaZ*, which fits well with the size of the cavity formed be-
tween the two carbonyl groups of the keto form of the ligand,
while the corresponding stability constants with Ca2* and Mg2*
are very similar. However, as shown in Figure 5 and Table 1,
the difference in the spectral maxima of the complexes allows

detection of each of the studied cations.

no salt
- - - Ba(ClO4)2
- Ca(CIO
(ClO4)2 - -,
<| o0® Mg(ClO4)2 N
14
|_
O
i
o
%)
[m]
|
N
-
<
=
14
@]
p
300 400 500 600
A, nm

Figure 5: Normalized spectra of the free ligand 6 (c = 5 x 1075 M) and
its complexes obtained with Ba(ClO4)2, Ca(ClO4)2 and Mg(ClOy4)s.

Conclusion
In the current study, we modeled theoretically and experimen-
tally the tautomerism and complexation abilities of a new

tautomeric ligand, based on 4-(phenyldiazenyl)naphthalen-1-ol.
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Table 1: Absorption maxima of the complexes with different alkaline-
earth metal ions and stability constants of the complexes of 6 in aceto-
nitrile.

Metal ion log B Amax complex [nm]
Ba2* 3.2+0.10 485
Ca?* 2.8+0.04 501
Mg2* 2.6+0.05 513

According to the theoretical calculations the enol form stabi-
lization could be achieved through a strong intramolecular
hydrogen bond formed between the tautomeric hydroxy group
and the carbonyl group from the tautomeric backbone. Howev-
er, intermolecular association plays a role in some solvents as
shown by the experimental results. The calculations predict that
the complexation with alkali earth metal ions could lead to a
full shift of the tautomeric equilibrium towards the keto
tautomer, which was finally observed in solution. The formed
1:1 complexes showed large bathochromic and hyperchromic

shifts in the visible spectra.

Experimental

Organic synthesis
The synthetic route to compound 6 is shown in Scheme 3.

Preparation of compound ¢
The starting intermediate b was prepared according to the de-

scribed procedure [16] from commercially available ketone a.

2-(1-Hydroxynaphthalen-2-yl)-N,N-dimethylacet-
amide (c)
Compound b (1.22 g, 6.03 mmol) was suspended in 20 mL dry

dichloromethane and cooled to 0 °C. Consequently, to this

Beilstein J. Org. Chem. 2019, 15, 1898—1906.

suspension were added dry diisopropylethylamine (6.3 mL,
36.20 mmol), TBTU (3.87 g, 12.07 mmol) and 2.0 M solution
of dimethylamine in dry THF (6.0 mL, 12.07 mmol). The reac-
tion mixture was stirred for 7 days at rt (reaction monitoring by
TLC — dichloromethane/petroleum ether 5:2). The reaction mix-
ture was washed successively with aq citric acid and water,
dried over Na,SQy, filtered and evaporated under vacuum. The
crude product was purified by column chromatography — 75 g
silica gel, phase dichloromethane/petroleum ether 5:2 — to give
0.59 g (43%) of pure ¢ as beige crystals. Mp 87-88 °C;
TH NMR (600.11 MHz, CDCl3, 293 K) & 8.36 (m, 1H, H-9),
7.74 (m, 1H, H-6), 7.45 (m, 2H, H-7, H-8), 7.33 (d, J/ = 8.3 Hz,
1H, H-4), 7.13 (d, J = 8.3 Hz, 1H, H-3), 3.87 (s, 2H, H-11),
3.23 (s, 3H, N-CH3), 2.98 (s, 3H, N-CH3); 13C NMR
(150.90 MHz, CDCl3, 293 K) 6 173.44 (1C, C=0), 153.26 (1C,
C-1), 134.02 (2C, C-5, C-10), 128.09 (1C, C-3), 127.05 (1C,
C-6), 126.18 (1C, C-7), 125.13 (1C, C-8), 122.74 (1C, C-9),
119.30 (1C, C-4), 113.11 (1C, C-2), 38.48 (1C, N-CH3), 36.89
(1C, C-11), 35.95 (1C, N-CH3); anal. calcd for C14H5NO,
(229.11): C, 73.34; H, 6.59; N, 6.11; found: C, 73.25; H, 6.68;
N, 6.03%.

Preparation of compound 6
(E)-2-(1-Hydroxy-4-(phenyldiazenyl)naphthalen-2-
yl)-N,N-dimethylacetamide

Preparation of phenyldiazonium salt solution: Aniline (0.90 mL,
10.00 mmol) was dissolved in a mixture of concentrated hydro-
chloric acid (5 mL) and distilled water (20 mL). A solution of
sodium nitrite (0.83 g, 12.00 mmol) in distilled water (5 mL)
was prepared in a test tube. The sodium nitrite solution was
added dropwise to the acidic solution of the amine over 5 min at
0 °C. The mixture was stirred at O °C for 40 min. Compound ¢

(0.59 g, 2.57 mmol) was dissolved in an aqueous solution of

OH O
| X
=
a 14
o 15
morpholine,
Se. p-TSOH | 450 °C, overnight CeHsNH,
NaNO,/Hci | H20:0°C
NH
OH /
TBTU/DIPEA
COOH
DCM/THF

b

Scheme 3: Synthetic route of 6.
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NaOH (1.03 g, 25.73 mmol in 10 mL distilled water) and
cooled to 0 °C. The above prepared phenyldiazonium salt solu-
tion (6.43 mL, 2.57 mmol) was added dropwise to the solution
of ¢ at 0 °C. The resultant deep red mixture was stirred for 1 h
at 0 °C. The crude product 6 was precipitated by addition of
20% hydrochloric acid, filtered and washed with distilled water.
For further purification the crude product was dissolved in
5 mL dichloromethane and purified by column chromatogra-
phy — 75 g silica gel, phase dichloromethane/methyl tert-butyl
ether 10:1. After column chromatography, the product was ad-
ditionally washed with petroleum ether and dried in vacuum to
give 0.720 g (84%) of pure 6 as bright red crystals. Mp
152-153 °C; 'H NMR* (600.11 MHz, DMSO-dg with 1.5 equiv
excess of NaOH, 293 K) d 11.51 (br s, 1H, OH), 8.50 (br d, J =
8.5 Hz, 1H, H-9), 8.10 (br s, 1H, H-3), 8.07 (br d, J = 8.0 Hz,
1H, H-6), 7.68 (m, 1H, H-8), 7.59 (m, 2H, H-13), 7.50 (m, 1H,
H-7), 7.42 (m, 2H, H-14), 7.10 (m, 1H, H-15), 3.64 (s, 2H,
H-11), 3.12 (s, 3H, N-CH3), 2.85 (s, 3H, N-CH3); 13C NMR*
(150.90 MHz, DMSO-dg with 1.5 equiv excess of NaOH,
293 K) 6 169.84 (1C, C=0), 135.31 (2C, C-5, C-10), 130.94 (br
s, 1C, C-8), 129.41 (2C, C-14), 128.63 (br s, 1C), 126.71 (brs,
1C, C-7), 125.06 (1C, C-6), 123.67 (br s, 1C, C-15), 122.46
(1C, C-9), 115.98 (br s, 2C, C-13), 112.36 (1C, C-2), 37.16 (1C,
N-CHj3), 35.07 (1C, N-CH3), 34.70 (1C, C-11); anal. calcd for
CyoH19N30; (333.39): C, 72.05; H, 5.74; N, 12.60; found, C,
72.12; H, 5.70; N, 12.67%; HRMS (rel. int.) m/z: 333.14649
(—2.05527 ppm).

*Due to tautomerism, the NMR spectra in most of the solvents
(DMSO-dg, CDCl3, acetone-dg, acetonitrile-ds etc.) are not
informative. In all cases a complicated mixture of tautomers
and lack of signals was observed. Therefore, the NMR spectra
were recorded in strong basic media, in order to obtain a single
tautomeric skeleton. Nevertheless, some signals in the
13C NMR spectra do still not appear even after 1024 scans.

Theoretical calculations

Quantum-chemical calculations were performed using the
Gaussian 09 D.01 program suite [17]. The M06-2X functional
[18,19] was used with the 6-31++G** basis set for the calcula-
tions. This fitted hybrid meta-GGA functional with 54% HF
exchange was especially developed to describe main-group
thermochemistry and noncovalent interactions. It shows very
good results in predicting the position of the tautomeric equi-
libria for compounds with intramolecular hydrogen bonds as
well as describing the ground and excited state proton transfer
mechanism [20-25].

The solvent effect was described using the Polarizable Continu-
um Model (the integral equation formalism variant, IEFPCM,

as implemented in Gaussian 09) [26]. All ground state struc-
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tures were optimized without restrictions, using tight optimiza-
tion criteria and an ultrafine grid in the computation of two-
electron integrals and their derivatives. The true minima were
verified by performing frequency calculations in the corre-
sponding environment. The TD-DFT method [27-29], carried
out with the same functional and basis set, was used for
predicting vertical transitions.

Spectral measurements

The NMR spectra were recorded on a Bruker Avance II+ 600
spectrometer. In case of CDClj tetramethylsilane was used as
internal standard. In case of DMSO-dg, the spectra were cali-
brated to the residual solvent peaks (for DMSO-dg: 8 = 2.50 for
IH). 13C NMR spectra were calibrated in all cases to the
residual solvent peaks (for CDCl3 6 = 77.00, for DMSO-dg
0 = 39.52). The following additional NMR techniques were
used for all compounds: DEPT 135, COSY, HSQC and HMBC.
Mass spectra (MS) were recorded on a Thermo Scientific High
Resolution Magnetic Sector MS DFS spectrometer. UV-vis
spectral measurements were performed on a Jasco V-570
UV-vis—NIR spectrophotometer, equipped with a thermostatic
cell holder (using Huber MPC-K6 thermostat with 1 °C preci-
sion) in spectral grade solvents at 20 °C. The complexation was
studied in acetonitrile. AR grade Mg(ClO4), (Fluka),
Ca(ClOy4),-4H,0 (Aldrich) and Ba(ClOy4),-xH,0O (Fluka) were
vacuum dried at 90 °C for 3 days. Due to the red shift upon
complexation, the estimation of the stability constants was per-
formed at the maximum of the complex using the final com-
plex spectrum (Figure 5). Deprotonation was made with tri-
methylamine (Aldrich).

X-ray crystallographic measurements
Experimental

Single crystals of 6 were crystallized from acetonitrile by slow
evaporation. A suitable crystal was selected and was mounted
on a loop in oil on a Stoe IPDS2T diffractometer. The crystallo-
graphic data of the single crystal were collected with Cu Koy
radiation (A = 1.54186 A). The crystal was kept at 250(2) K
during data collection by an Oxford Cryosystem open-flow
cryostat. Using Olex2 [30], the structure was solved with the
ShelXT [31] structure solution program using Intrinsic Phasing
and refined with the ShelXL [31] refinement package using
Least Squares minimization.

Crystal structure determination of 6

Crystal data for CogH;9N30, (M =333.38 g/mol): monoclinic,
space group P2,/c (no. 14), a = 5.5438(8) A, b = 17.850(2) A,
c=17.184(3) A, Bp = 91.719(12)°, V = 1699.7(4) A3, Z = 4,
T = 250(2) K, u(Cu Ka) = 0.691 mm™, dgpyc = 1.303 g/em?,
14285 reflections measured (7.142° < 20 < 135.89°), 2929
unique (Rjpe = 0.0894, Rgigma = 0.0584) which were used in all

1904



calculations. The final R; was 0.0627 (I > 20(I)) and wR, was
0.1642 (all data). The CIF file can be obtained from the
Cambridge Crystallographic Data Centre: CCDC-1914884 (6).

Supporting Information

Supporting Information File 1

Additional experimental and calculated data.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-185-S1.pdf]
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Abstract

Five core-substituted naphthalene diimides bearing two dialkylamino groups were synthesized as potential visible light photoredox
catalysts and characterized by methods of optical spectroscopy and electrochemistry in comparison with one unsubstituted naphtha-
lene diimide as reference. The core-substituted naphthalene diimides differ by the alkyl groups at the imide nitrogens and at the
nitrogens of the two substituents at the core in order to enhance their solubility in DMF and thereby enhance their photoredox cata-
lytic potential. The 1-ethylpropyl group as rather short and branched alkyl substituent at the imide nitrogen and the n-propyl group
as short and unbranched one at the core amines yielded the best solubilities. The electron-donating diaminoalkyl substituents
together with the electron-deficient aromatic core of the naphthalene diimides increase the charge-transfer character of their photo-
excited states and thus shift their absorption into the visible light (500-650 nm). The excited state reduction potential was esti-
mated to be approximately +1.0 V (vs SCE) which is sufficient to photocatalyze typical organic reactions. The photoredox catalyt-
ic activity in the visible light range was tested by the a-alkylation of 1-octanal as benchmark reaction. Irradiations were performed
with LEDs in the visible light range between 520 nm and 640 nm. The irradiation by visible light together with the use of an
organic dye instead of a transition metal complex as photoredox catalyst improve the sustainability and make photoredox catalysis

“greener”.

Introduction

Photocatalysis couples the physical process of light absorption  ated by a sensitizing species — a photocatalyst. If the interacting
to an organic-chemical reaction by means of time, space and mode between the sensitizer and the reactant is via charge
energetics. In order to apply visible light for photocatalysis transfer, it is named photoredox catalysis. This research field

despite its rather low energy this coupling requires to be medi- has been established over the past decade [1-20]. In principle, it
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is a sustainable method for catalysis because sunlight is an
essentially unlimited and thereby “green” natural light source
and LEDs — conveniently used for irradiation experiments in the
laboratory — are cheap and energy-saving artificial sources for
irradiations. The current “working horse” for photoredox catal-
ysis is mainly [Ru(bpy)3]2+ [21], due to its strong MLCT
(metal-to-ligand charge transfer) absorption, the excellent yield
of its triplet state and the long lifetime, the versatile redox be-
havior (Ru?* vs Ru*) in quenching processes and the chemical
and photochemical robustness. Despite their positive
photoredox catalytic behavior, transition metal complexes have
disadvantages, including high costs due to limited availability,
toxicity [22,23] and polluting properties [24]. This thwarts the
principally “green” concept of photoredox catalysis. In order to
avoid transition metals and enhance the sustainability further,
organic compounds, mainly eosin Y [25], rhodamine 6G [26],
9-mesityl-10-methylacridinium perchlorate [27], 1,2,3,5-
tetrakis(carbazol-9-yl)-4,6-dicyanobenzenes [28] and
N-phenylphenothiazines [29] were applied as important alterna-
tive photoredox catalysts [30,31]. These studies conclusively
showed that there is no universal photoredox catalyst for differ-
ent organic transformations. Instead, each photoredox catalyst
has its own reactivity profile and scope. In order to apply
organic dyes in advanced photoredox catalysts in a versatile
way, it is crucial that modifications can be easily incorporated
into the core structure in order to tune optical and redox proper-
ties. Naphthalene diimides (NDIs) as the smallest possible
rylene dyes are such an important class of organic dyes. In
contrast to their bigger homologs perylene diimides which were
rarely used for photoredox catalysis [32-34], NDIs have a lower
tendency to self-aggregate due to their smaller aromatic surface
and thus are slightly better soluble in organic solvents [35-38].
NDIs are intensively applied as functional dyes [39,40], for arti-
ficial photosynthesis [41,42], for molecular architectures by
self-assembly [43,44], as molecular sensors [45-47] and for
organic electronics [48,49], but yet nearly completely unex-
plored for photoredox catalysis. Core-unsubstituted NDIs are
colorless compounds with high extinction coefficients at the
border between UV-A and visible light. Their fluorescence
quantum Yyields are rather low and fluorescence lifetimes are
rather short due to ISC into the triplet state [50,51]. NDIs are
reversibly reducible and their stable radical anions absorb in the
visible to NIR light range [37]. The aromatic core of NDIs can
be easily modified by substituents in order to tune their optical
and redox properties as mentioned above [39,40,52]. The
common synthetic approach for core-substituted NDIs (cNDIs)
makes tailor-made dyes rather easily accessible. With respect to
these unique properties, NDIs should also be explored for
photoredox catalysis. We present herein the synthesis and char-
acterization of NDI 1 as unsubstituted chromophore reference

and cNDIs 2—6 as potential visible light photoredox catalysts.

Beilstein J. Org. Chem. 2019, 15, 2043-2051.

The cNDIs 2—6 differ by the alkyl groups at the imide nitro-
gens and at the nitrogens of the two core substituents at the core
in order to enhance their solubility. In general, NDIs are elec-
tron-poor chromophores. The diamino substituents of cNDIs
2-6 are expected to increase the charge-transfer character of
their photoexcited states in order to shift their absorption into
the visible light and to improve their photoredox catalytic
power. The photoredox catalytic activity was representatively
tested by the MacMillan benchmark reaction [53]. For this type
of photoredox catalytic reaction, solubility of cNDIs in DMF is
a crucial prerequisite.

Results and Discussion
Synthesis of cNDls 2—6 and their solubility

The commercially available precursor for all NDIs is 1,4,5,8-
naphthalenetetracarboxylic acid anhydride (7) and the synthesis
of cNDIs follows a modular approach. Core-unsubstituted NDIs
are typically prepared by condensation of 7 with 2-3 equiva-
lents of the respective amine. The corresponding reaction of 7
with n-octylamine in DMF gave the reference NDI 1 in 90%
yield (Scheme 1) [54]. The synthetic module for cNDIs with
two substituents at the core is the 2,6-dibromo anhydride deriv-
ative 8 that can be synthesized from 7 by elementary bromine,
dibromoisocyanuric acid, or 1,3-dibromo-5,5-dimethylhydan-
toine (DBH) in concentrated sulfuric acid, or oleum in good
yields [55-57]. The regioselective introduction of just two sub-
stituents can be controlled by stoichiometry. Accordingly, the
2,6-dibromo derivative 8 was prepared by 1.5 equivalents DBH
and further used as crude product because it cannot be purified
due to its very poor solubility. The subsequent condensation
with n-octylamine, 1,4-dimethylpentylamine and 1-ethylpropy-
lamine in refluxing CH,Cl, gave the cNDIs 9-11 in 42%, 14%
and 24% yields, respectively. Finally, the two bromo groups in
cNDIs 9-11 were substituted by n-propylamine as nucleophile
in refluxing CH,Cl, to the cNDIs 2, 3 and 6 in 80%, 87% and
58% yields, respectively. The two cNDIs 4 and 5 carrying the
same alkyl groups at the imide nitrogens and at the nitrogens of
the core substituents were directly synthesized (in one step) by
1-propylbutylamine or 1-ethylpropylamine using pressure reac-
tion vials. The yields were rather low, 14% for 4 and 25% for 5,
but they should be regarded with respect to the fact that the ad-
ditional time-consuming isolations of the respective dibromo-
cNDI intermediates were omitted. After purification by column
chromatography, all five cNDIs 2-6 were resolved in benzene

and lyophilized under reduced pressure.

In general, NDIs are well soluble in CH,Cl,. As mentioned in
the introduction, solubility of cNDIs as potential photoredox
catalysts in DMF or in mixtures of DMF with CH,Cl, is a
crucial prerequisite for their photoredox catalytic suitability.

The solubility was determined by preparing saturated solutions
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Scheme 1: Synthesis of reference NDI 1 and cNDIs 2—6; bottom: image of saturated solutions of cNDIs 2—6 in DMF.

of the respective NDI 1 or cNDIs 2—6 at 22 °C in pure DMF.
The absorbance was measured after filtration of the solution and
after redilution if the optical density in the cuvette with 1 cm
path length exceeded 1. The reference NDI 1 with the two

n-octyl substituents at the imide nitrogens showed a maximum

concentration (cp,x) of 2.5 mM. Saturated samples in DMF
gave the first impression of cNDIs 2—6 (see bottom image in
Scheme 1), and merely by visible inspection, the solubility of
the cNDIs follows the order from 2 to 6. In fact, ¢, of 2 is far
below 1 mM and difficult to determine by this simple method.
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At the far end, the best and measurable solubilities showed
c¢NDIs 5 and 6 with ¢, of 0.6 mM and 2.7 mM, respectively.
The 1-ethylpropyl groups as rather short and branched alkyl
substituents at the imide nitrogens and the n-propyl groups as
short and unbranched ones at the core amines gave the best
combination to improve the solubility. This qualifies cNDI 6 as
the best soluble potential visible light photoredox catalyst.

Characterization of NDI 1, cNDI 2 and cNDI 6

The synthesized reference NDI 1 and the new cNDI 6 as poten-
tial photoredox catalyst were characterized in DMF and CH,Cl,
by means of optical spectroscopy and electrochemistry. The
UV-vis absorbance of the core-unsubstituted NDI 1 in CH,Cl,
show characteristic bands in the range between 300 nm and
400 nm with the maximum at 380 nm (Figure 1). The absor-
bance of NDI 1 in DMF is very similar to that in CH,Cl,, only
the extinction is slightly reduced. The charge transfer character
of the excited state of cNDI 6 should yield an absorbance in the
visible range for photoredox catalysis. In fact, the absorbance of
the new cNDI 6 in CH,Cl, shows considerably red-shifted
bands in the range between 500 nm and 650 nm with the
maximum at 612 nm. The absorbance of 6 in DMF is very simi-
lar to that in CH,Cl,. The similarities of the UV—vis absor-
bance of the cNDIs 2 and 6 in CH,Cl, exemplarily evidences
that length and branching of the alkyl substituents both at the
imide nitrogens and at the core amino groups have only little in-
fluence on the optical properties but significantly modulate the
solubility in DMF. This result agrees with other cNDIs in litera-
ture [47,48,58]. NDI 1 shows weak fluorescence in CH;Cl,
with a maximum at 384 nm and a quantum yield of 7%. The
Stokes’ shift is small (413 cm™!). Based on these values, the ex-
citation energy E for the singlet state which is an important
prerequisite for photoredox catalysis with 1 can be estimated to
be 3.25 eV. In DMF, the fluorescence of 1 is completely
quenched. This is due to a photoinduced charge transfer be-
tween NDI 1 and DMF. DMF has an oxidation potential of
0.38 V vs SCE [59]. Together with the reduction potential of
Eieq = 0.69 V and Ey = 3.25 eV for NDI 1 (vide infra), this
electron transfer is clearly exergonic (AG = Eox — Ereq — Ego =
—2.2 eV). NDI 6 shows a strong and broad fluorescence in
CH,Cl; with a maximum at 640 nm and a quantum yield of
48%. The Stokes’ shift is rather large (715 cm™!). The excita-
tion energy Eyg of cNDI 6 in the singlet state is approximately
1.98 eV and is significantly smaller than that of NDI 1 due to
the visible light excitation which delivers less energy to the

excited state.

The redox potentials of the reference NDI 1 and the cNDI 2
(due to the better solubility) were determined in comparison by
cyclic voltammetry in CH,Cl, and in the presence of 0.1 M

n-BuyPF¢ as conducting salt (see Supporting Information
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Figure 1: Optical properties of NDI 1 and cNDIs 2 and 6: UV-vis ab-
sorbance in CHxClp and in DMF (normal lines), normalized fluores-
cence in CHxCly (dashed lines); 1 in CHoCl» (black), 1 in DMF (gray),
2 in CHoCly (green), 6 in CHoCly (dark blue), 6 in DMF (light blue),
lexc = 350 nm for 1, Agyc = 600 nm for 2 and 6.

File 1). The cyclic voltagram of NDI 1 shows two reversible
reductions and one irreversible oxidation with E ~ 0.85 V vs
SCE. The two potentials in the negative potential range can be
assigned to the formation of the radical anion 1°7, Ei,(1/1°7) =
-0.69 V, and the dianion 127, E,(1°7/127) = 1.10 V (Table 1).
These values agree well with literature results [48,49,54]. In
comparison, the reductions of cNDI 2 to the radical anion 2°~
were observed at E1,(2/2°7) = —1.06 V and to the dianion 22 at
E\,(2°7/227) = —1.50 V and show the electronic effect of the two
n-propylamino substituents. Additionally, two reversible oxida-
tions were observed at Ei,(2°%/2) = +0.99 V and E,,(22+/2*%) =
+1.40 V which can be assigned to the electron-donating effect
of the n-propylamino groups. The key values for the photoredox
catalytic activity (vide infra) are the excited state potential for
the reduction, E*q(2%/2°7) = +0.92 V, and for the oxidation
E*(2°%/2%) = —0.99 V. According to the categories for
strength of chemical redox agents [60], cNDI 2 in the excited
state is a strong oxidant and a mild reductant. We assume based
on literature-known cNDIs that the different alkyl groups of the
other cNDIs 3-6 have no or only very little influence on the
electrochemical properties in comparison with those of cNDI 2
[48,49]. Hence, the photoredox properties of the new cNDI 2—-6
are comparable to those of eosin Y and rhodamine 6G as other
organic photoredox catalysts.

Photoredox catalysis with NDI 1 and cNDI 6

The a-alkylation of 1-octanal (12) by diethyl 2-bromomalonate
(13) yielding product 14 (Scheme 2) is one of the benchmark
reactions for photoredox catalysis because it combines
photoredox catalysis with organocatalysis [53]. Initially,
[Ru(bpy)3]Cl, was applied by MacMillan et al. as photoredox

catalyst together with the chiral imidazolidinone 15 as organo-
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Table 1: Optical and electrochemical properties of NDI 1 and cNDI 2 (in CH»Cl») in comparison to other organic photoredox catalyst X, in particular
eosin Y (EY), rhodamine 6G (Rh6G) and 9-mesityl-10-methylacridinium perchlorate (MesAcr) 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzenes

(4CzIPN) and N-phenylphenothiazine (Ptz).

X A Eooa E!/Z(X/X._)
[nm] [eV] [Vl

1 380 3.25 -0.69

2 612 1.98 -1.06

EY [61] 539P 2.31 -1.08¢

Rh6G [62] 5304 2.32 -1.14

MesAcr [63] 425 2.67° -0.49

Ptz [29] 320 3.25 -

4CzIPN [28] ~370° 2.67 —1.24b

E*og(X*/XT)2  Eyy(X™/X) E*ou(X+/X*)2
V] [V] [Vl

+2.56 - -

+0.92 +0.99 -0.99

+1.23 +0.76¢ -1.58

+1.18 +1.23 -1.09
+2.08°¢ - -

- +0.75 -2.50

+1.43 +1.49° -1.18

All potentials were converted from the ferrocene scale to the SCE scale [64]. @For singlet state. PIn MeCN. ¢In MeOH. 9In EtOH. CT state.

catalyst to achieve enantioselectivity. Several proposal for the
mechanism are found in literature ranging from a closed
photoredox catalytic cycle [53,61] to a chain propagation mech-
anism with photoredox initiation [65]. We evaluated the refer-
ence NDI 1 and the cNDI 6 as new photoredox catalysts using
this benchmark reaction. The samples were degassed by the
freeze-pump-thaw method, the catalysis was performed under
inert gas conditions (Argon), and the chemical conversions and
yields were determined by 'H NMR spectroscopy (see Support-
ing Information File 1). The enantiomeric excess of the product
14 was determined after conversion with (25,4S)-(+)-pentane-
diol into diastereomers and by integration of the corresponding
signals in the "H NMR spectrum. In all experiments with NDI 1
the enantiomeric excess exceeded a value of 78%; in all experi-
ments with cNDI 6 the enantiomeric excess was higher than
81%. This parameter is omitted for clarity in the following para-
graphs because enantioselectivity is not a matter of discussion
in this work.

The photoredox catalysis with NDI 1 was performed by LEDs

with 387 nm maximum emission wavelength and an irradiation
time of 18 h. In order to ensure solubility of all components, a

(

O
,E“H )é L
15

solvent mixture of DMF/CH,Cl, = 1:1 was used. 20 mol % of
organocatalyst 15 were applied. 2,6-Lutidine was added as base
to trap protons that are potentially formed during the reaction
and to ensure enamine formation with the organocatalyst 15.
Under these conditions, a moderate conversion of 13 (65%) and
a low yield of product 14 (25%) were obtained (Table 2). In
pure CH,Cl, as solvent there was only a small conversion, but
no product 14 detectable. Only the debrominated diethyl
malonate was identified as side product. This makes conclu-
sively clear that the solvent DMF is needed for this type of
photoredox reaction. The control reaction without light did not
show conversion at all. Control reactions with light, but with-
out NDI 1 showed, however, a low conversion of 24% and a
low yield of 18%. This is due to the UV-A absorption of the en-
amine that is formed as intermediate between 1-octanal (12) and
the organocatalyst 15. Similar photochemical reactions by
direct excitation of the emanine intermediate were described by
Melchiorre et al. [66]. In pure DMF this effect is even stronger
and increases the conversion to 80% and the yield to 58% even
in the absence of NDI 1. Obviously, photoredox catalytically
driven conversion by NDI 1 competes with the direct excitation

of the intermediate enamine. This is the reason why lowering

o 0.0
HJ\/\/\/\ + Br o~
O

12 13

O O
- (0] O
2,6-lutidine o
hv (LED), rt H
CH,CI,/DMF 1:1 14
18 h

Scheme 2: Photocatalytic a-alkylation of octanal (12): 500 mM 12, 250 mM 13, 50 mM (20 mol %) organocatalyst 15, 500 mM 2,6-lutidine, NDI 1 or
cNDI 2-6 as photoredox catalyst in 1.3 mL solvent, stirring, irradiation by LED, see Table 2.
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Table 2: Photoredox catalytic conversions of diethyl 2-bromomalonate (13) with 1-octanal (12) and yields of product 14 by different photoredox cata-

lysts (X).

Entry X mol % LED solvent Conversion (%) of 13 Yield (%) of 14

1 1 5 387 DMF/CHxCly 1:1 65 25

22 1 5 387 DMF/CHxCl5 1:1 87 45

3 1 25 387 DMF/CHxCly 1:1 67 32

4 1 1.25 387 DMF/CHxCl» 1:1 67 30

52 1 1.25 387 DMF/CHxCly 1:1 99 60

6 - - 387 DMF/CHxCl5 1:1 24 18

7 1 5 387 CHxCl» 30 n.d.

8 1 5 387 DMF 69 44

9 - - 387 DMF 80 58

10 6 0.1 520 DMF/CHxCly 1:1 77 69

11 6 0.1 597 DMF/CHxCl5 1:1 46 43

12 6 0.1 637 DMF/CHxCl» 1:1 n.d. n.d.

340 mol % 15.
the concentration of the photoredox catalyst 1 from 5 mol %
over 2.5 mol % to 1.25 mol % did not reduce conversions and I I IEm I
yields, but increasing the amount of organocatalyst 15 from 1.04 468 nm LED
20 mol % to 40 mol % finally improved the conversion to 99% ggg :2 tgg
and the yield to 60% Table 2, entry 5). £ 638 nm LED

e | @ EE /] W b 683 nm LED
These photoredox catalytic experiments with NDI 1 made % 054 Abs |
obvious that the excitation must be shifted from the UV-A < ‘ 6
range into the visible range in order to achieve selective excita-
tion of the photoredox catalyst and not a mixture of different
photomechanisms. cNDI 6 with its absorbance between 500 nm
and 650 nm and a maximum at 612 nm fullfills this require- 0.0 T “ — T
. . . . 500 600 700 800

ment. The corresponding photoredox catalytic experiment with % [nmi

cNDI 6 and the 597 nm LED as irradiation source gives a
conversion of 46% and a product yield of 43%. The emission of
this LED overlays well with the absorbance of cNDI 6
(Figure 2). As expected, the photoredox catalytic reaction with
cNDI 6 is much “cleaner” than with NDI 1 and the substrate
conversion differs only slightly from the product yield. Taken
together, cNDI 6 is a suitable visible light photoredox catalyst
for this reaction although its excited state potential (comparable
to E*q(2%/2°7) = +1.92 V) is much lower than that of NDI 1
(E*1eq(1%/1°7) = +2.56 V) but obviously still sufficiently high.
However, irradiations at different wavelengths gave surprising
results: (i) If the 637 nm LED is applied for irradiation, there is
no conversion of substrate 13 detectable although the emission
of this LED also overlays well with the absorbance of cNDI 6.
(ii) If the 520 nm LED was applied the conversion increased to
77% and the yield to 69%, although excitation of only the side
absorption band of cNDI 6 is realized in this experiment. Obvi-
ously, there is a strong difference between the absorbance of

cNDI 6 and its photoredox catalytic activity profile with respect

Figure 2: Normalized absorbance of cNDI 6 in comparison to normal-
ized emission of the 468 nm, 520 nm, 597 nm, 638 nm and 683 nm
LEDs.

to the irradiation wavelength which was further studied by more

detailed kinetic measurements.

Time-dependent product analysis was performed during the
photoredox catalytic conversions using different LEDs for irra-
diations at 468 nm, 520 nm, 597 nm, 638 nm and 683 nm (see
LED emissions in Figure 2, results in Figure 3). These experi-
ments were performed in pure DMF, which further accelerates
the photoredox catalytic conversion due to the better solubility
of the cNDI 6. The product formation is almost finished after
4 h of irradiation. The most productive excitation provides the
520 nm LED with a product yield of 82% although the emis-
sion of this LED overlays only partially with the absorbance of
cNDI 6. The emissions of the 597 nm and 638 nm LEDs do
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Figure 3: Kinetic analysis of yields of product 14 in the presence (solid
lines) and in the absence (dashed lines) of cNDI 6: 500 mM 12,

250 mM 13, 50 mM organocatalyst 15, 500 mM 2,6-lutidine in 1.3 mL
DMF, stirring, irradiation by LEDs.

overlay better but show lower yields of 55% and 62%, respec-
tively, in photoredox catalysis. The lag phases of more than
30 min in the latter experiments indicate that indeed the en-
amine formation plays a crucial role. According to the mecha-
nism suggested by Yoon et al. the photoredox catalytic cycle is
initiated by the oxidation of the enamine [65]. Control experi-
ments were performed without cNDI 6 as photoredox catalyst to
elucidate product formation by direct excitation of the interme-
diate enamine, as discussed above. In fact, by irradiation at
468 nm there is a significant amount of product formed without
cNDI 6 (52% yield) that even exceeds the product formation in
the presence of cNDI 6 (21% yield). By irradiation at 520 nm
there is only a small amount (10% yield) of product 14 formed
without cNDI 6, but only after longer irradiation times (approx-
imately after 2 h). Irradiations at 597 nm and 638 nm are com-
pletely unproductive without the cNDI 6 as photoredox catalyst.
It is obvious that the absorbance of ¢cNDI 6 differs from the
photoredox catalytic activity profile. This activity profile shows
highest values at 520 nm whereas the absorbance has the
maximum at 612 nm. The observed spectral sensitivity of the
photoredox catalytic product formation cannot be easily ex-
plained. One possible reason could be the different luminous
flux of the applied high-power LEDs. Given that Kasha’s rule is
also applicable for photochemical reactions and not only fluo-
rescence this result is probably a “non-Kasha” photophysical
dynamic behavior which can be found also for other photo-
chemical reactions in the literature [67], but needs further inves-
tigations by time-resolved spectroscopy. The irradiations at
638 nm and 597 nm overlap with the emission range of cNDI 6
so that an inner filter effect cannot be excluded. Taken together,
it makes clear that tuning of optical and electrochemical proper-
ties of potential photoredox catalysts have to be combined with

their elucidation of their photophysical dynamic behavior.

Beilstein J. Org. Chem. 2019, 15, 2043-2051.

Conclusion

The cNDIs 2—-6 were synthesized as potential photoredox cata-
lysts that differ by the alkyl groups at the imide nitrogen and at
the two amino substituents at the core in order to improve their
solubility. Especially the cNDI 6 showed a good solubility in
DMF that is comparable to the unsubstituted NDI 1 and suit-
able for photoredox catalysis in solvent mixtures with DMF.
Due to the charge-transfer character in the excited state the ab-
sorbances of cNDIs 2 and 6 are shifted into the visible range
with a broad band between 500 nm and 650 nm. The reduction
potential to form the radical anion of such a cNDI is significant-
ly shifted to a more negative potential of E1,(2/2°7) = 1.06 V.
Together with Egg = 1.98 eV an excited state potential of
E*.q(2%/2°7) = +0.92 V was estimated for the singlet state
which renders such cNDIs to be suitable to photocatalyze
organic reactions. The photoredox catalytic activities of NDI 1
and cNDI 6 in comparison were successfully evaluated for the
MacMillan benchmark reaction. This photoredox catalytic reac-
tion in the presence of cNDI 6 was much “cleaner” than with
NDI 1 since the conversions differed only slightly from the
product yields. Irradiations were performed with LEDs in the
visible light range between 520 nm and 640 nm. The substrate
conversion and product yields were significantly higher by LED
irradiation into the absorbance shoulder at 520 nm which
implies a non-Kasha-type photodynamic behavior. This makes
clear that future photoredox catalysts must not only by tuned by
their optical and electrochemical properties but also by their
photophysical dynamics. To the best of our knowledge this is
the first report on the usage of cNDIs as photoredox catalysts.
The irradiation by visible light from LEDs as energy-saving
light sources together with the use of an organic dye instead of
a transition metal complex as photoredox catalyst improve the

sustainability and make photoredox catalysis “greener”.

Experimental
All experimental details are described in the Supporting Infor-
mation File 1.

Supporting Information

Supporting Information File 1

Synthetic protocols, copies of 'H and 13C NMR spectra,
mass spectra, and cyclic voltammetry data.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-201-S1.pdf]
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Triangulenium dyes functionalized with one, two or three ethylthiol functionalities were synthesized and their optical properties

were studied. The sulfur functionalities were introduced by aromatic nucleophilic substitution of methoxy groups in triaryl-

methylium cations with ethanethiol followed by partial or full ring closure of the ortho positions with nitrogen or oxygen bridges

leading to sulfur-functionalized acridinium, xanthenium or triangulenium dyes. For all the dye classes the sulfur functionalities are

found to lead to intensely absorbing dyes in the visible range (470 to 515 nm), quite similar to known analogous dye systems with

dialkylamino donor groups in place of the ethylthiol substituents. For the triangulenium derivatives significant fluorescence was ob-

served (®f= 0.1 to ®r=0.3).

Introduction

The design, synthesis and studies of organic fluorescent dyes
have witnessed a revival in recent years, in particular due to
their applications in imaging and biomedical assays and analyti-
cal techniques [1-5]. The desire to detect minute amounts of
dye, ideally single molecules [6,7], in complex biological envi-
ronments with high levels of autofluorescence, constantly chal-
lenges chemists to develop new dyes with improved or special
properties. In the design of simple dyes parameters such as

molar absorption coefficients (¢), absorption/emission wave-

lengths [8,9], fluorescence quantum yields (®yg) [10,11], and
fluorescence lifetime (tq) [12,13] are key photophysical proper-

ties to consider and optimize for any given application.

We have for quite some time been interested in the synthesis,
properties and applications of dyes from the triangulenium
family (Figure 1) [14,15]. The triangulenium dyes can be
divided into two main categories: 1) triangulenium dyes with

donor substituents at the corners of the triangulenium ring
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X=Y=2Z=0 TOTA
X=NR,Y=Z=0 ADOTA
X=Y=NR,Z=0 DAOCTA
X=Y=Z=NR TATA
X=5,Y=2Z=0 DOTTA
X=5,Y=NR,Z=0 AOTTA

Figure 1: Structures of some representative triangulenium dyes. a) Rhodamine/fluorescine-like derivatives with donor groups in para-positions (2, 6,
and 10) to the formal cation center (12c). b) Derivatives without donor groups.

system (position 2, 6 and 10, Figure la) [16-18], and
2) triangulenium dyes without such groups (Figure 1b) [19-21].
Dyes in the first category have intense absorption
(e = 50,000-130,000 M_l-cm_l), high fluorescence quantum
yields (®g > 50%) and fluorescence lifetimes of 3—4 ns. All
properties that agree well with their structural resemblance to
rhodamines and fluoresceines, and triangulenium dyes such as
A3-TOTA" and H-TOTA" (Figure 1a) can be viewed as extend-
ed symmetric versions of these prominent dyes [16,22]. The
second class of triangulenium dyes, without appended donor
groups, are characterized by much less intense transitions
(e = 5,000-20,000 M~L.cm™!), which for some derivatives leads
to unusually long fluorescence lifetimes (1 ~ 20 ns) [23,24].
This long fluorescence lifetime has been a key point of interest
since it enables time-gated detection for suppression of auto-
fluorescence [25,26] and provides attractive advantages in fluo-

rescence polarization assays [13,27,28].

A common characteristic feature of triangulenium dye synthe-
sis is the use of methoxy-substituted triarylmethylium salts as

~ SNArin para

NR,

(TMP);C*

As-(DMP);C*

SNAT in ortho

simple precursors allowing both introduction of dialkylamino
donor groups and formation of the heterocyclic triangulenium
ring systems. These characteristic types of aromatic nucleo-
philic substitution (SyAr) reactions are exemplified by the syn-
thesis of A3-ADOTA" (Figure 2) [17]. Starting from the readily
available tris(2,4,6-trimethoxyphenyl)methylium salt (TMP);C*
[18,29], stepwise replacement of the para-methoxy groups by
dialkylamines provides access to a wide variety of symmetric
and asymmetric triarylmethylium dyes [18,30,31]. Replace-
ment of two o-methoxy groups by one primary amine gives
acridinium-type ring systems (Figure 2, step 2) and is a key
reaction for the formation of the unsubstituted triangulenium
dyes shown in Figure 1b [19,20]. Finally, formation of oxygen
bridges in the triangulenium system (Figure 2, step 3) involves
demethylation conditions and intramolecular SyAr replacement

of ortho-methoxy groups [18,32].

The SyAr approach to the synthesis of triangulenium dyes
[14,18,19] has been extremely successful and expanded the
family greatly from the single derivative (TOTA™, Figure 1b)

intramolecular
SNAT in ortho

NR
2 NR,

Agz-acridinium A3-ADOTA*

Figure 2: Examples of various types of SNAr reactions typical in triangulenium synthesis, exemplified with the synthesis of A3-ADOTA™: step 1,
replacement of p-methoxy groups with dialkylamines. Step 2, replacement of o-methoxy groups with a primary amine followed by intramolecular SyAr
reaction. Step 3, intramolecular SyAr replacement of methoxy groups by hydroxy groups formed under ether-cleavage conditions.
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first synthesized by Martin and Smith in 1964 [32], and also
includes the family of helicenium dyes [33-35]. However, the
introduction of groups other than nitrogen and oxygen has so
far not been performed by the SyAr approach. Thus in the prep-
aration of the sulfur-bridged triangulenium ions DOTTA" and
AOTTA™ (Figure 1b) Lacour and co-workers reported unsuc-
cessful attempts of SyAr reactions with sulfur nucleophiles in
ortho-position of (TMP)3C* and had to assemble the thioxan-
thenium part of the triangulenium ring system independently by
other means [36]. Similarly, we had to use a stepwise buildup of
the triangulenium systems to introduce saturated [37] and unsat-
urated [38] carbon bridges.

Here we report for the first time the introduction of sulfur func-
tionalities into triangulenium dyes by SyAr reaction with ethyl-
thiol nucleophiles in the para-positions accessing several new
families of xanthenium, acridinium and triangulenium dyes

with thioether donor groups.

Results and Discussion

Firstly, a series of triarylmethylium salts with variable number
of para-methoxy substituents was synthesized. The easily
achievable cations (TMP)3;C*, (DMP)(TMP),C* and
(DMP),(TMP)C* (Scheme 1) were prepared by their respective
literature procedures [18,31]. To investigate the reactivity of
these carbenium systems in SNyAr reactions with sulfur-based
nucleophiles, simple alkylthiols were chosen, with the ethyl and
tert-butyl thiols being the primary choice. SNyAr reactions with
the two thiols were tested under identical reaction conditions
(Scheme 1).

These conditions consisted of heating the reaction components
in refluxing acetonitrile in the presence of collidine as base. For
all three carbenium salts examinations showed that only
ethanethiol lead to substitution. The progress of the reaction
was conveniently followed by MALDI-TOF mass spectrome-

N e

collidine
MeCN, A
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try. In case of the reactions with zert-butylthiolate, neither
detection of the target molecule nor any of the intermediates
were observed. This lack of reactivity is likely explained by the
tert-butylthiolate nucleophile being too bulky to undergo reac-
tion. In the successful reactions, which had occurred with
ethanethiol, a high selectivity was observed for para-substitu-
tions, giving Sx-(DMP);C* 1, 2, and 3 in reasonable yields of
20-50% after column chromatography purification. It is impor-
tant to note that the gradual introduction of thioethers into the
carbenium systems did not significantly influence the overall
reactivity of the system towards subsequent nucleophilic aro-
matic substitution. When the reaction was followed by
MALDI-TOFMS spectrometry it was thus possible to observe
simultaneously the presence of the target compound and all of
the intermediates involved in the reaction. This behavior is con-
trary to the reaction pattern observed when using dialkylamines
as nucleophiles, where the strong electron-donating effect of the
introduced amines stabilize the carbenium ion products and thus
significantly reduces the reactivity of the remaining methoxy
groups for further substitutions [18,39]. This observation is in
agreement with the much stronger cation stabilization of the
dialkylamino group compared to the methoxy group. The ability
of the alkylthio group to stabilize carbenium ions, given by the
Hammet 0p+ value [40], on the other hand is quite similar to the
methoxy group or even a little lower [41], and does thus not

slow down the multistep SNyAr reactions.

The new ortho-methoxytriarylcarbenium ions with one, two and
three para-SEt groups (1-3) are potential precursors for a wide
variety of new triangulenium, xanthenium, and acridinium dyes.
To elucidate some of these possibilities we first investigated
transformations of the symmetric derivative 1. Treatment with
primary alkylamines, n-propylamine and n-octylamine, yielded
exclusively the acridinium products 4a,b (Scheme 2). This
ortho SNAr transformation is similar to what is reported for the
(DMP);C* system [19,20,42] lacking para-substituents and for

X'=X2=-OMe (TMP);C*
X'=H, X2 =-OMe (DMP)(TMP),C*
X1=X2=H (DMP),(TMP)C*

2) 0.2 M aqKPFg

Y'=Y2=_SEt  S3(DMP);C* 1,51%
Y'=H, Y2=-SEt S,-(DMP);C* 2,39%
Yi=Y2=H S1-(DMP);C* 3,21%

Scheme 1: Synthesis of three novel Sx-(DMP)3C* PFg~ ethylsulfanyl-substituted triarylmethylium salts.
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R-NH,

MeCN,
rt, 10 min

/\S

Ss-(DMP);C*

Scheme 2: Synthetic route for the synthesis of S3-ADOTA™.

the para-amino-substituted analogue [17] (step 2 in Figure 1). It
was found that the reactivity in SyAr reactions of 1 with prima-
ry amines was high and the acridinium compounds 4a,b were
obtained in few minutes after the addition of 2 equiv of the cor-
responding primary amine at room temperature. Further ring
closure to two oxygen bridges in acridinium compounds 4a and
4b to the corresponding triangulenium dyes S3-ADOTA™ (5a,b)
was achieved by heating in molten pyridine hydrochloride
(Scheme 2).

It is noteworthy that the ethylthio ether linkages remained intact
upon treatment with molten PyrHCI, which was found to result
in complicated mixtures of dealkylated byproducts when these
conditions were applied on dialkylamino-substituted carbenium
systems [18].

The direct ring closure of 1 in PyrHCI yielded in a similar
manner the sulfur-functionalized trioxatriangulenium system
S5-TOTA™ (6) as shown in Scheme 3. Mono ring closure was
achieved under milder ether cleaving conditions with aqueous

HBr, AcOH
A,3.5h

R =n-Pr 4a, 59%
R = n-oct 4b, 33%

Ss-acridinium

Beilstein J. Org. Chem. 2019, 15, 2133-2141.

R =n-Pr 5a, 75%
R = n-oct 5b, 37%

S3-ADOTA*

HBr in acetic acid, leading to the ethylthio-substituted xanthe-
nium system 7 in 43% yield (Scheme 3).

By applying similar molten pyridine hydrochloride conditions
to the mono- and disubstituted thioether carbenium salts (2 and
3), it was possible to isolate the derivatives S,-TOTA™* (8) and
S1-TOTA™* (9), respectively as their hexafluorophosphate salts
(Scheme 4). The two S,-TOTA™ derivatives were obtained with
good yield after purification by column chromatography and

subsequent recrystallization.

To conclude, the successful introduction of -SEt groups by the
SnAr approach, and subsequent nitrogen and oxygen ring-
closure reactions provides access to several new families of car-
benium dyes, all with the unusual -SR donor group: thus 1-3
represent new triarylmethylium dyes, 4a and 4b sulfur ana-
logues of aminoacridinium dyes (acridine orange-like struc-
tures), 7 a fluorescein-like xanthenium dye, Sa and Sb are
sulfur-substituted ADOTA™* dyes, and finally the three sulfur-
substituted TOTA* dyes 6, 8 and 9.

J

S
€]
O
o o
C0
s o s

6, 35%
S3-TOTA*

PyrHCI

A, 20 min

Scheme 3: Synthesis of S3-TOTA* PFg~ (6) and the mono ring closed xanthenium 7.
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X! = -SEt S,-(DMP);C* 2

X1 =-H S1-(DMP)3C+ 3

Scheme 4: Synthesis of So-TOTA* PFg™ (8) and S1-TOTA* PFg™ (9).

Now the relevant questions are: how do the -SR donor groups
influence transition energies and intensities? And how do they
affect fluorescence quantum yields in these new dye systems?
To the extent possible we will compare the new sulfur-functio-
nalized dyes to known analogues with -OR or -NR, donor
groups in the same positions.

The sulfur-substituted triarylmethylium dyes 1, 2 and 3 display
broad absorption bands in the 500-700 nm region (Figure 3),
that in shape and relative transition energy are quite similar to
the analogues with similar numbers of para-methoxy or diethyl-
amino groups [31], as shown by comparison of maximum
absorption wavelength (Ap,x abs) and molar absorptivity (g) in
Table 1. It is noticed that the -SEt donor group in these ortho-
hexamethoxytriarylmethylium dyes provides transition ener-
gies and intensities very similar to those of commonly used
dialkylamino-donor groups, but significantly red-shifted rela-
tive to the methoxy-substituted analogues.

| —— 1(S5-(DMP),C")
—— 2(S,-(DMP),C")
—— 3(S,(DMP),C")

50000 -

400004

30000

g (M'cem™)

20000

10000 -

T T T T T
400 500 600 700 800
A (nm)

Figure 3: UV-vis spectra in MeCN: S3-(DMP)3C* (1, red),
So-(DMP)3C* (2, green), and S1-(DMP)3C* (3, blue).

Absorption spectra of the partially ring-closed acridinium and

xanthenium compounds, with three para-SEt groups, 4a and 7,

Beilstein J. Org. Chem. 2019, 15, 2133-2141.

O (0] o
e

O \4
Y'=-SEt S,-TOTA* 8,29%

Y'=-H S,-TOTA* 9, 46%

Table 1: Summary of absorption data of triarylmethylium ions in

MeCN.
R! o R2
LI
O ‘ o
R3

Amax.abs. (€, Vi 'Cm_1)

donor groups -SEt -OMe? -NEt,2
R',R2 R3
one donor 576 nm 491 nm 457 nm
R2=R3=H (24600) (14100) (16900)
two donors 639 nm 580 nm 637 nm
R3=H (34600) (18400) (40400)
three donors 642 nm 577 nm 634 nm
(49800) (23400) (49400)

@Data from [43,44].

respectively, are shown in Figure 4. For these compounds
the spectra are dominated by strong transitions assigned to the
3,6-diethylthio-acridinium and -xanthenium ring systems
peaking at 457 nm (¢ = 47000 M~!.cm™!) and at 520 nm
(e = 60000 M~ L.cm™1), respectively (see Supporting Informa-
tion File 1, Table S1 for additional data in more solvents). The
energy and intensity of these transitions are quite similar to
those found in dialkylamino analogues, that are 3,6-
diaminoacridines and rhodamines [43,44]. The weak tails on the
red side of these bands are tentatively assigned to internal
charge-transfer transitions from the perpendicularly [19,42]
arranged ethylthio(dimethoxy)phenyl group to the xanthenium/
acridinium systems polarized along the y-axes (Figure 4, inset).
This bichromophoric behavior has been studied in detail for the
dialkylamino-substituted xanthenium/rhodamine system
[45,46], and is also the likely reason for these compounds being
non-fluorescent.
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1.0
4a (Sz-acridinium)
—— 7 (Sz-xanthenium)
0.8
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Figure 4: UV-vis spectra in MeCN: Sz-acridinium (4a, black) and
Sz-xanthenium (7, red). Inset: The 3D structure of 4a with indication of
the principle axes of the electronic transitions.

The three sulfur-substituted trioxatriangulenium dyes 6, 8, and
9 all display a first absorption band around 480 nm (Figure 5),
with increasing intensity as the number of -SEt groups on the
TOTA™ core increases. This behavior resembles the trend ob-
served for the analogue series of amino-substituted TOTA’s
(Table 2) [18,31]. In the two low-symmetry derivatives 8 and 9
transitions to the S, excited states are observed at around
400 nm, while the D3, symmetric S3-TOTA* shows only one,
though broad, absorption band corresponding to merging of the
S and S, transitions into one, arising from the degenerated
HOMO in the symmetric dye. The influence of solvent and
counter ions on such degenerate states have been studied in
detail for the A3-TOTA system [22,47] and related triaryl-
methylium dyes such as crystal violet [48,49].

100000 - —— 9(S,-TOTA)
—— 8(S,TOTA)
80000 - —— 6(S,-TOTA)
" 60000 -
o
=3
o 40000
20000
0 T T T
400 500 600

A (nm)
Figure 5: UV-vis spectra in CHoClo: S1-TOTAY (9, blue line),
So-TOTA* (8, red line), and S3-TOTA* (6, black line).

When three -SEt groups are placed on the asymmetric azadioxa-

triangulenium core, as in S3-ADOTA™* (5a), the presence of two

Beilstein J. Org. Chem. 2019, 15, 2133-2141.

Table 2: Summary of absorption data of substituted TOTA dyes in
CHoClo.
R! o R?
L

R3

Amax,abs (€, Ve 'Cm_1)

Donor groups -SEt -NEtp
R',R2, R3
one donor S1-TOTA* (9) A{-TOTA*2
R2=R3=H 483 nm 507 nm
(35000) (41700)
two donors S,-TOTA* (8) Ao-TOTA*a
R3=H 487 nm 513 nm
(65200) (59700)
three donors S3-TOTA* (6) Az-TOTA*
478 nm 471 nm
(91900) (132900)

aData from [31]; Pdata from [18].

electronic transitions becomes very clear, with two well-
resolved peaks in the absorption spectrum (Figure 6). The tran-
sition at 442 nm is assigned to the Sq — S, transition and nearly
coincides with the main transition observed in the Ss-acri-
dinium (4a) precursor before ring closure (Figure 4), indicating
that this, the most intense transition belongs to the same
chromophore, now part of the triangulenium ring system. The
Sp — S; transition in 5a is found at 507 nm, where the open
form only had a very weak shoulder in its absorption spectrum
(Figure 4). The ring closure of 4a into the fully planar triangule-
nium system 5a leads to a significant increase in the orbital
overlap and thus also in the intensity of the Sg — S; transition.
This assignment is supported by calculations of the orbitals
involved in the first two electronic transitions (Figure 6), which
confirm their localization in different parts of the ADOTA™
system. The much more allowed Sy — S; transition is also in
agreement with the observation that Sa (and 5b) display intense
fluorescence (Figure 6).

Table 3 summarizes the spectral and photophysical properties
on the triangulenium dyes showing any applicable fluorescence.
Beside S3-ADOTA" (5a) that are the double and triple -SEt-
substituted TOTAs 6 and 8, for which the fluorescence spectra
are shown in Figure 7, with fluorescence quantum yields of
16% and 12%, respectively. From the measured fluorescence
lifetimes and quantum yields (Table 3) it is possible to calcu-

late the radiative lifetimes (1¢), which are found to be in qualita-
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Figure 6: UV-vis absorption and fluorescence spectra (Aex = 485 nm) of 5a in CH2Cl» solution. Calculated molecular orbital contour plots (semi-

empirical method AM1).

Table 3: Summary of optical properties of the fluorescent derivatives.

Compound Solvent Amax.abs (NM) & (M~T-cm™) Amax g (nM) DA T (ns) TP (ns)

5a (S3-ADOTA) CHoCl» 442 76700 532 0.28 3.9 13.9
507 35400

6 (S3-TOTA) CHxCl» 478 91850 505 0.16 0.7 4.4

8 (So-TOTA) CHJClo 487 65200 509 0.12 0.7 5.8

aMeasured relative to fluorescein in 0.1 M aqueous NaOH (& = 0.96); Pradiative lifetime Tq = ®y/T.

tive agreement with the molar absorption coefficients (¢) for the
corresponding transitions, as expected from the Strickler—Berg
relation [50].

1.0
3
N 0.8 ’-g
©
£ 5
Qo €
£ Fo6 5
Q (=
8 £
g 5
K ]
5 ro4 8
(2]
=
2 w
0.2
0.0 T T 0.0
400 600
A (nm)

Figure 7: Normalized absorption and fluorescence spectra of 6 (Ss-
TOTA"), Aey = 460 nm, and 8 (So-TOTA™), Aex = 470 nm, in CHoClo
solution.

While the spectral properties of the new -SEt-substituted dyes
are surprisingly similar to the -NEt;-substituted analogues
across the various dye families they are obviously less bright
fluorophores. Thus, the dialkylamino-substituted analogue of Sa
(A3-ADOTA™) has a reported quantum yield as high as 64% in
acetonitrile [17], on par with A3-TOTA* and A,-TOTA* which

display quantum yields from 50-100% depending on the sol-
vent [31]. A similar reduction in fluorescence efficiency was
observed by Kotaskova et al. for fluorescein derivatives with
one alkylthio group in the 3 position replacing an -OH/-O~
group [51]. The origin of reduced fluorescence quantum yields
in dyes with alkylthio donor groups in their chromophores is
not clear at this point. It may result from enhanced internal
conversion or intersystem crossing to the triplet state. Further
photophysical work will have to settle this issue and thereby
suggest structural improvements and/or the best applications of
these dyes.

Conclusion

The effective introduction of alkylthiol groups into the para-po-
sitions of triarylmethylium ions via SyAr reactions was demon-
strated. These new thioether-substituted triarylmethylium ions
provide access to a broad range of new heterocyclic carbenium
dyes of the xanthenium, acridinium and triangulenium type via
further SNyAr reactions with primary amines and ring-closure
reactions. The introduction of thioether donor groups in these
dye classes is unprecedented, but is found to yield spectral
properties quite similar to analogous dyes with dialkylamino
groups. The synthesized thioether-substituted triangulenium de-
rivatives are fluorescent, though with lower quantum yields
(O = 0.1 to ®¢ = 0.3) than the corresponding dialkylamino-
substituted analogues.
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Experimental details, full synthetic procedures,
spectroscopic characterization and NMR spectra of new
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spectra.
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Abstract

Different types of two-photon absorbing (TPA) fluorophores have been synthesized and specifically functionalized to be incorpo-
rated in the structure of phosphorus dendrimers (highly branched macromolecules). The TPA fluorophores were included in the
periphery as terminal functions, in the core, or in the branches of the dendrimer structures, respectively. Also the functionalization
in two compartments (core and surface, or branches and surface) was achieved. The consequences of the location of the fluoro-
phores on the fluorescence and TPA properties have been studied. Several of these TPA fluorescent dendrimers have water-solubi-
lizing functions as terminal groups, and fluorophores at the core or in the branches. They have been used as fluorescent tools in
biology for different purposes, such as tracers for imaging blood vessels of living animals, for determining the phenotype of cells,
for deciphering the mechanism of action of anticancer compounds, and for safer photodynamic therapy.

Introduction
Natural luminescence phenomena such as the bioluminescence light, have fascinated Men for a long time. An important part of
of fireflies or of certain marine microorganisms, or the phos-  luminescence phenomena is due to the influence of light (gener-

phorescence of certain minerals after being exposed to sun ally visible or ultra-violet light) on matter, such as for instance a
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molecule, which can emit light at a wavelength different from
that absorbed. The classical Jablonski diagram (Figure 1, left
part) represents electronic states of a molecule, and the transi-
tions between these electronic states, depending on the energy.
When a molecule absorbs light (a quantum of energy), it goes
from a fundamental state (Sp) to an excited state (Sy).
Depending on the type of molecules, two main ways can be
taken to go back to the ground state: either a nonradiative decay
of the energy absorbed, or the emission of fluorescence at a
longer, less energetic wavelength. A third possibility (not
shown in the Figure) concerns an intersystem conversion
towards a triplet state (T;), from which there will be emission
of phosphorescence, having generally a lifetime longer than that
of fluorescence. This classical one-photon excited fluorescence
has led to the design of numerous types of chemical entities
since the XIX century. For instance, fluorescein, which is a
widely used fluorescent tracer for many applications, was syn-
thesized for the first time in 1871 [1].

Besides this classical type of one-photon-induced fluorescence,
a theoretical work by M. Goppert-Mayer in 1931 [2] predicted
the possibility of the simultaneous absorption of two photons
(of same or different energy), but this phenomenon was not
observable until the advent of lasers. Two-photon excited (TPE)
fluorescence is a third-order nonlinear optical process, which
was first experimentally observed only in 1961 [3]. It provides
intrinsic spatial selectivity in three dimensions, and can be in-
duced at a frequency of half the actual energy gap, thus at
longer wavelengths (typically 700-1300 nm), but the fluores-
cence generally occurs at the same wavelength than when

One-photon excited fluorescence
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excited with one photon, as illustrated in Figure 1 (right part).
These properties have induced widespread popularity of TPE
(also named TPA, for two-photon absorption) in the biology
community, with on one side, the advent of two-photon excita-
tion fluorescence microscopy [4], even for research clinical uses
[5], and on the other side with the discovery of the TPA proper-
ties of quantum dots (inorganic nanocrystals [6]), widely used
for imaging live cells, for in vivo imaging and diagnostics [7].
Even if the properties of quantum dots have been compared
with those of classical organic fluorophores [8], organic fluoro-
phores having giant TPA properties are far less common [9], al-
though there are noticeable exceptions [10] for specifically
engineered fluorophores [11]. The main reason is that a single
organic fluorophore having TPA properties cannot be as bril-
liant as a quantum dot, mostly based on its smaller size (or

number of delocalized electrons).

In view of this problem of brilliance, came the idea to gather
several organic fluorophores (having TPA properties) in a
single molecule. Dendrimers are highly branched macromole-
cules, which possess many properties [12] due, in particular, to
a large number of terminal functions, easily modifiable. A
schematized structure of a dendrimer is depicted in Figure 2,
showing in particular the generations, i.e., the number of layers,
both for the full structure, and for a linear representation of the

same dendrimer, which will be mainly used in this review.

Many different types of fluorescent dendrimers (with hundreds
of publications), having one or several classical fluorophores in
their structure, have been already synthesized [13]. Besides,

Two-photon excited fluorescence
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Figure 1: Jablonski-type diagram displaying the classical one-photon excited fluorescence (left), and the less-classical two-photon excited fluores-

cence (right).
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Figure 2: Two ways to represent schematized structures of
dendrimers, showing the different generations (layers); a) full structure;
b) linear structure with parentheses at each generation; multiplying the
numbers associated with the parentheses gives the number of termi-
nal functions (48 in the case of the third generation).

some types of dendrimers have shown non-traditional intrinsic
luminescence, i.e., luminescence in the absence of known
fluorophores [14]. Dendrimers functionalized with fluoro-
phores having two-photon absorption properties have been syn-
thesized far less frequently than those bearing classical fluoro-
phores, even if the first examples were proposed in 2000 [15]
and 2001 [16]. Among them, conjugated fluorescent dendrimers
have been shown to lead to large TPA responses, with coherent
coupling contributing to cooperative enhancement of TPA
responses [17-21]. Phosphorus-containing dendrimers [22],
mainly of the phosphorhydrazone type [23], stand out among all
the other types of dendrimers by their properties [24], in partic-
ular in biology [25,26] and their highly modular structure [27].
Indeed, different types of modifications, on the terminal func-
tions [28,29], at the core [30] or linked to the core [31], and in
the branches [32] have been achieved. In this review, we will
gather the syntheses, fluorescence properties, and some biologi-
cal properties of phosphorhydrazone dendrimers bearing in
some part of their structure organic fluorophores especially
engineered to demonstrate TPA properties and maintain fluores-

cence upon confinement within the dendrimeric backbone. The

Beilstein J. Org. Chem. 2019, 15, 2287-2303.

presentation will be organized depending on the location of the
fluorophores, either as terminal functions, at the core, in the
branches, or at two different locations in the structure of the

dendrimers, and will report at the end the biological properties.

Review

The synthesis of phosphorhydrazone dendrimers necessitates
two steps to build one generation. Starting from a core having
P—CI functions, such as the hexachlorocyclotriphosphazene
N;P3Clg [33], the first step is the nucleophilic substitution with
4-hydroxybenzaldehyde in basic conditions. The second step
comprises the condensation reaction of the aldehyde terminal
functions with the phosphorhydrazide HoNNMeP(S)Cl,. This
reaction affords the first generation (G1) dendrimer, having 12
P-Cl functions, whereas the core had only 6 P—Cl functions.
Starting from this first generation, the two-step process can be
repeated, as was done from the core, and the second generation
is obtained (Scheme 1). The repetition of this two-step process
has been carried out up to the eighth generation from the
N3P3Clg core [34], and up to the twelfth generation from the
(S)PClj5 core [35]. Thus, to incorporate the TPA fluorophores
on the surface, it should have one function being able to react
with P—CI (or aldehyde) functions. For the incorporation of a
TPA fluorophore at the core, it should have two identical func-
tions able to react with two N3P3Clg. To incorporate TPA
fluorophores in the branches, these should have two different
functions, one able to react with P—Cl functions, the other one
being able to react with the NH, group of the phosphorhy-
drazide, i.e., to replace 4-hydroxybenzaldehyde.

TPA fluorophores on the surface of

dendrimers

The easiest way to modify the P(S)Cl, terminal functions of the
phosphorhydrazone dendrimers consists in using phenols [36],
and all the TPA fluorophores on the surface of dendrimers were
linked in this way. The very first example of phosphorhydra-
zone dendrimers functionalized with TPA fluorophores used a
blue-emitting quadrupolar fluorophore based on a fluorene core
[37-41] and functionalized by a phenol on one side. The synthe-
sis was carried out from generation 1 (12 fluorophores) to gen-
eration 4 (96 fluorophores) (Scheme 2). The measurement of
the two-photon absorption cross-section, which is a marker of
the efficiency of the TPA, displayed a linear increase with the
number of fluorophores (Table 1), indicative of an additive be-
havior. In contrast, the fluorescence properties are only weakly
affected. In particular, fluorescence quenching is prevented
thanks to the design of the fluorophore [42]. It should be noted
that the largest dendrimers, in particular generation 4, display
very large two-photon absorption cross-sections (0, up to
55,900 GM), which are comparable to those measured for the

best quantum dots [43]. Thus these “organic nanodots” are fluo-
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Table 1: Photophysical properties of the types of dendrimers shown in Scheme 2 (measured in toluene).

generation monomer 1
number of fluorophores 1 12
Aabs,max/NM 386 385
Aem,max/nm 420 423
or 0.83 0.75
ATPA max/nM 702 701
02" at Arpa max/GM? 765 8,880

aGM for Géppert-Mayer, 1 GM = 10750 cm# s photon~'.

rescent markers competitive and complementary to quantum
dots. This work allowed access to a variety of dendrimers with
different emissive colors, by tuning the structure of the
quadrupolar fluorophores grafted [44], and not depending on
the size, contrarily to quantum dots.

2 3 4

24 48 96

386 386 386
426 441 445
0.71 0.62 0.48
701 701 705
17,700 29,800 55,900

Besides the blue-emitting TPA fluorophore shown in Scheme 2,
a related green-emitting fluorophore functionalized by a phenol
has been synthesized and grafted to the surface of the second
generation dendrimer (Figure 3). A very high TPA cross-section
of 35,000 GM was obtained at 740 nm for this dendrimer bear-
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Scheme 2: Full structure of the generation 1 dendrimer bearing 12 blue-emitting TPA fluorophores on the surface, and linear structure of the genera-
tion 4 dendrimer bearing 96 TPA fluorophores on the surface.

ing 24 fluorophores, compared to 1,400 GM for the correspond-  In both previous cases, an essential additive effect was ob-
ing monomer and 780 GM for the quantum dot QD518 (CdSe)  served, depending on the number of fluorophores grafted to the

[45]. dendrimers. However, an influence of the structure of the
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Figure 3: Linear structure of the generation 2 dendrimer bearing 24 green-emitting TPA fluorophores on the surface.

dendrimer can be observed in some cases, this effect being
either positive or negative. Such effect is named the “dendritic
(or dendrimer) effect”, and is frequently observed for catalytic
dendrimers, but also for some bioactive dendrimers [46].

A negative dendrimer effect has been observed for dioxaborine
derivatives grafted on the surface of phosphorhydrazone
dendrimers. In this case, a f-diketone functionalized by a
phenol was first grafted on the surface of the dendrimer [47],
then BF3; was added to obtain the dioxaborines (Scheme 3).
Monomer, dimer, and all generations of the dendrimer from
zero (6 terminal groups) to four (96 terminal groups) have been
synthesized. Dioxaborine derivatives are known as highly fluo-
rescent tracers [48], and also as two-photon probes [49]. Decep-
tively, the fluorescence of the dendritic dioxaborines is
quenched and dramatically decreased compared to the emission
of the isolated monomeric fluorophore, presumably due to inter-

actions between the terminal groups of the dendrimers [50].

However, interaction between the terminal groups could be
beneficial in some particular cases. Indeed, a cooperative two-
photon absorption enhancement has been observed in multi-
chromophoric compounds, thanks to through-space interactions.
Modelling suggested that changing the relative orientation/dis-
tance of the chromophores would allow cooperative TPA en-
hancement to be achieved [51]. Thus, multistilbazole molecular
structures of different topologies and number of dipolar chro-
mophores, including small dendrimers have been designed to
study this possibility. All multichromophoric compounds per-

formed better than the model chromophore. An amplification

factor of up to 2.5 per chromophoric subunit was obtained for
the 0,™3%/eM3X response (Figure 4). Interestingly, the response
of the dimers increases from the para- to the meta-position of
the stilbazole units, and analogously, the second-generation
dendrimer G2 leads to a higher ratio than the first-generation
dendrimer, which corresponds in both cases to an increasing

proximity of the chromophoric subunits [52].

A second series of compounds concerned derivatives of Nile
Red functionalized by a phenol, also grafted to the first and
second generation dendrimers (Figure 5). An enhancement of
the TPA responses per chromophoric units was observed, but it
is less pronounced than for the previous series. Indeed, an
increase of TPA of only 20% is obtained for the dimer and 33%
for the G1 dendrimer, but a 15% decrease of the TPA response
was measured for the G2 dendrimer [53]. In addition, in that
case, also the fluorescence quantum yield was found to de-

crease dramatically with an increasing number of fluorophores.

TPA fluorophore as core of dendrimers

None of the previous examples of dendrimers bearing as termi-
nal functions compounds having TPA properties is soluble in
water, and thus they cannot be used for biological purposes.
Furthermore, many fluorophores are sensitive to the presence of
water, which induces in many cases a quenching of the fluores-
cence [54]. Thus, it could be interesting to use the dendritic
structure, which is relatively hydrophobic in the case of phos-
phorhydrazone dendrimers, to protect the fluorophore, and thus
to use the fluorophore as core of the dendrimers. To increase

the protective effect, a symmetrical TPA fluorophore functio-

r I\'/Ie I\I/Ie l\llle I\l/Ie O-H 1
%Nf"0—<:>FC:N—N—P O4<:>FC=N—N—P 04<:>FC=N—N—P 04<:>HC:N—N—P o N P
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Scheme 3: Synthesis of the dioxaborine-functionalized dendrimer of generation 4.
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Figure 5: Nile Red derivatives: monomer (M) and two generations of dendrimers.

nalized by two phenols was reacted with two equivalents of  diethylethylene diamine was grafted in the last step, to ensure
N3P;Clg, to afford a core from which 10 branches emanate, the solubility in water [55] of the “dumbbell-like” dendritic
instead of 6 as in the previous cases. The growing of the structure (Scheme 4). Measurement of the TPA properties

branches was carried out as outlined in Scheme 1, and showed that the monomeric fluorophore displayed much lower
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Scheme 4: Dumbbell-like dendrimers (third generation) having one TPA fluorophore at the core, and ammonium terminal functions.
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TPA properties in water (0, = 8 GM, to be compared with
155 GM in ethanol). On the contrary, the fluorophore included
as core in all the water-soluble dumbbell-like dendrimers
retains a similar TPA response as that of the model monomer in
ethanol, as shown by o, values of 104 GM for G1, 119 for G2,
and 127 for G3, in water [56].

The same type of synthetic method was applied to another TPA
fluorophore functionalized by two phenols, but having a longer
linker between the fluorophore and the phenol (Scheme 5).
Studies of both the dumbbell-like dendrimers of this new series
with P(S)Cl, and ammonium terminal functions revealed that
the branches are less protective towards the solvents than in the
previous case. Indeed, the type of solvent has a large influence
on the Ay« of the fluorescence for the dendrimer with P(S)Cl,
terminal functions, which ranges from 443 nm in AcOEt to
501 nm in DMSO. Furthermore, the quantum yield (®y) of the
dendrimer with ammonium terminal groups was 0.42 in DMSO
(to be compared with 0.78 for the corresponding fluorescent
monomer of the core), and only 0.075 in water. On the contrary,
the TPA response of the fluorophore at the core of the
dendrimer is not much affected by the presence of water.
Indeed, the TPA response of this dendrimer in water, in the NIR
range (700-980 nm) is comparable to that of the corresponding
monomeric fluorophore in DMSO [57]. This further confirms
that the dendritic architecture provides an “organic-like” envi-
ronment which preserves the TPA response. Yet, the difference
in the structure of the core fluorophore promotes processes
which significantly diminish the fluorescence of this dendrimer

in water.

TPA fluorophores in the branches of

dendrimers

Integrating TPA fluorophores as elements of the internal
branches of dendrimers has two advantages, compared to the
previous cases: i) the possibility to have water-solubilizing
functions as terminal functions, suitable for biological uses (as
in the case of TPA fluorophore as core), and ii) a relatively
large number of TPA fluorophores included in the structure,

which should increase the brilliance, as in the case of TPA
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fluorophores on the surface. However, there is also an inconve-
nience, which is the necessity to equip the fluorophore with two
different functions, both being compatible with the synthetic
process of the dendrimers. In the case of phosphorhydrazone
dendrimers, the choice consisted in replacing 4-hydroxybenz-
aldehyde at one layer of the internal structure by a TPA fluoro-
phore having a phenol on one side and a benzaldehyde on the
other side. A detailed synthetic process for one of these bifunc-
tionalized fluorophores is illustrated in Scheme 6. It is a multi-
step process, as 12 steps are needed to get this highly sophisti-
cated fluorophore [58].

In general, the fluorophores are incorporated at the level of the
first generation of the dendrimers. Twelve green-emitting TPA
fluorophores were grafted, then reaction with the phosphorhy-
drazide H)NNMeP(S)Cl, afforded the second generation of the
dendrimer, with 12 P(S)Cl, terminal functions. These functions
were modified in different ways to induce the solubility in
water. In one case, phenol PEG (poly(ethylene glycol) was
grafted together with pyridine imine phenol, affording
dendrimers stochastically functionalized on the surface, but all
having precisely 12 fluorophores in the internal structure [59].
Another way to induce solubility in water consists in having
positively charged terminal functions [60], in particular ammo-
nium groups. Thus, diethylethylenediamine was directly grafted
to the P(S)CI, terminal functions [61] (Scheme 7). The photo-
physical properties, in particular the TPA response of these
dendrimers having green TPA fluorophores in the branches
have not been determined yet; they have been synthesized for
biological purposes that will be explained later.

The same type of synthetic process has been applied to another
type of bifunctionalized fluorophore and the dendrimer was also
functionalized with water-solubilizing functions. In the first
case the synthesis was carried out up to the second generation,
then 24 phenol-PEG were grafted. In the second case, the syn-
thesis was carried out up to the third generation, which was
functionalized with 48 ammonium groups (Figure 6). Photo-
physical studies of both compounds indicated that the fluoro-

phores are more protected by the PEG groups of the second

2,

l 80 H,N(CH,),NEt,

@ 7
c®

Scheme 5: Another example of dumbbell-like dendrimers having one TPA fluorophore at the core, and P(S)Cly or ammonium terminal functions.

2295



Beilstein J. Org. Chem. 2019, 15, 2287-2303.

¢
FICI)

PhsP

HO@OH kaz, ] ®
o K
N
- ©
PhsP
[H,CO P
| (S CHO

l/Z

OH

S
|
/ N\
I/Q\CHO OOOH HO@’CHO 04< >7CHO
N/ " N/ "
S

Z
Me,Si OOCHO

HO

Scheme 6: The 12 steps needed to synthesize a sophisticated TPA fluorophore, to be used as branches of dendrimers, in replacement of hydroxy-
benzaldehyde.

2296



-
i I\llle S
i
PaNa——O—Q—cH=N—N—P~<CI> + 12 HO—O—

Cs,C03 1

2

P3N3—

e —~
—O—@—CH—N—N—P{O—O-O

12 H,NNMeP(S)Cl, l

—\N/\N/_

Beilstein J. Org. Chem. 2019, 15, 2287-2303.

24 HoNCH,CH,NEt,

Scheme 7: Synthesis of dendrimers having TPA fluorophores as branches and water-solubilizing functions on the surface.
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Figure 6: Other types of dendrimers having TPA fluorophores as branches and water-solubilizing functions on the surface.

generation G2 than by the ammonium groups of the third gener-
ation G3 as indicated by the quantum yields ®¢ = 0.24 (G3 am-
monium) and 0.39 (G2 PEG). However, the TPA cross-section
measurements gave 0, = 13,600 GM for G3 ammonium, and
8,400 GM for G2 PEG. Thus, both compounds exhibit similar
performances, the lower quantum yield being counter-balanced

by a higher TPA cross-section, and vice versa [45].

TPA fluorophores at two levels of the

dendrimer’s structure
Having in hand the methods to introduce TPA fluorophores
either on the surface, at the core, or in the branches of the

dendrimers, it seems possible to have them at two different

levels, for instance the core and the surface, or at the branches

and the surface.

In the first example, the core used in Scheme 4 and the termi-
nal functions shown in Scheme 2 were incorporated in
dendrimers of different generations (0, 1, and 2), to detect the
influence of the distance between the two types of fluorophores
and also of a different geometry compared to the symmetrical
dendrimers, on their properties (Figure 7). The structure of the
dumbbell-like dendrimers has a detrimental influence on the
quantum yield, when compared with the symmetrical
dendrimers having almost the same number of fluorophores
(Table 2). However, the G2 dumbbell-like dendrimer
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Figure 7: Generations 0, 1, and 2 of dumbbell-like dendrimers having one fluorophore at the core and either 10, 20 or 40 fluorophores on the surface.

Table 2: Comparison of the photophysical properties (in toluene) of the spherical dendrimers shown in Scheme 2, with that of the dumbbell-like
dendrimers shown in Figure 7.

generation 0 1 1 2 2 3
structure dumbbell-like  spherical dumbbell-like  spherical dumbbell-like  spherical
number of fluorophores 11 12 21 24 41 48
Aabs,max/nNm 382 385 382 385 384 386
Aem,max/nm 443 423 444 426 445 441

oF 0.44 0.75 0.11 0.71 0.26 0.62
oM (GM) 7,100 8,800 14,300 17,700 32,800 29,800

(41 fluorophores) has a higher TPA cross-section than the
spherical dendrimer G3 (48 fluorophores). This change might
be attributed to changes in the topology, relative orientation,
and packing of the fluorophores [62].

Another example of fluorophores at two levels concerned the
branches and the surface, as depicted in Figure 8. The fluoro-
phore of the branches is the one shown in Figure 6, and the
fluorophore of the surface is the one shown in Scheme 2 and
Figure 7. This double layer dendrimer, having 18 (6 + 12)
fluorophores in its structure, has a TPA cross-section
(8,500 GM), which is comparable with that of the first genera-
tion dendrimer having only 12 fluorophores on the surface
(8,880 GM). It appears that the higher degree of confinement in
the double layer dendrimer has a detrimental influence on the
TPA properties [63].

ij .
P3N3%O—®70/—/

N
N
|

Figure 8: Double layer fluorescent dendrimer.

NROO:Ner

Biological properties of dendrimers having
TPA properties

Most of the water-soluble fluorescent dendrimers shown in the
previous paragraphs have been synthesized for diverse biologi-
cal purposes. The first type of use concerned in vivo imaging
with some of the dumbbell-like dendrimers. The second genera-
tion of the dendrimer shown in Figure 9 was injected to a rat
and the two-photon imaging of the vessels of the living rat
olfactory bulb could be obtained [56]. The other dumbbell-like
dendrimer shown in Scheme 5 was used for imaging in 3D the
blood vessels of the tail of a living Xenopus tadpole [63].

The dendrimer bearing ammonium terminal functions shown in
Scheme 7 has been used as fluorescent marker for bone
marrow-derived macrophages. It also allowed to determine the
phenotype status of these macrophages at different time points
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Figure 9: Dumbbell-like dendrimer used for two-photon imaging of the blood vessels of a living rat olfactory bulb.

after spinal cord injury. This dendrimer has potential uses as a
drug/siRNA carrier and phenotype-specific cell tracer, i.e., for
enhanced cell therapies combined with monitoring of cell fate
and function [61].

Dendrimers with pyridine imine terminal functions and their
copper complexes have an interesting antiproliferative capacity
towards a range of human cancer cell lines, inducing early apo-
ptosis, followed by secondary necrosis [64]. The fluorescent
analog having pyridine imine and PEG terminal functions
shown in Scheme 7 has been synthesized with the aim of deci-
phering the mechanism of action of these dendrimers, in partic-
ular for monitoring the intracellular penetration. This fluores-

e §
P3Na OOCHZN—N—P O—Qo
e
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cent dendrimer avidly binds to the cell membrane during the
first 10 min of exposure and after 24 h, it has penetrated the
cell, probably by endocytosis, and went in the intracellular
space in a high proportion [59]. Besides the copper complexes,
the gold complexes of these dendrimers display higher antipro-
liferative activities, in particular against both KB and HL-60
tumor cell lines (oral epidermoid carcinoma and human
leukaemia, respectively), showing IC5qs (the quantity of a com-
pound necessary to kill 50% of the cells) in the low nanomolar
range. The corresponding fluorescent gold complex (Figure 10),
keeps in a high level the anti-proliferative activities against KB
and HL60: ICs5ps of 60—70 nM and 40-50 nM against KB and
HL60, respectively [65]. In these cases, the fluorescence of the

Figure 10: Fluorescent gold complex having high antiproliferative activities against different tumor cell lines.
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dendrimer was not induced by TPA but classically by one
photon.

The last example of biological uses concerns a second genera-
tion dendrimer built with the fluorophore shown in Scheme 6 at
the level of the first generation and having triethylene glycol
chains as terminal functions (Figure 11). This dendrimer retains
some fluorescence as well as very high TPA cross-sections in a
broad range of the NIR (near infra-red) biological spectral
window. Furthermore, it displays significant singlet oxygen
production, thus this dendrimer combines unique properties for
bioimaging and anticancer therapy. Indeed, photodynamic
therapy is used in oncology for the treatment of certain types of
tumors. It is based on the activation by light of photosensitizers,
able to generate singlet oxygen and/or other reactive oxygen
species (ROS), to induce the destruction of the targeted tissues
[66]. The dendrimer shown in Figure 11 was tested in vitro on
human breast cancer cells MCF-7. One-photon absorption in-
duced fluorescence demonstrated that this dendrimer is effi-
ciently internalized after 3 h of incubation, more after 24 h, and
was non-toxic at 50 ug mL~! without irradiation. Two-photon
irradiation was performed with a confocal microscope; cells
were irradiated at 760 nm (in the near IR) by three scans of
1.57 s each at an average power of 80 mW. The percentage of
living cells was determined two days after irradiation. 78% cell
death was obtained under two-photon irradiation of MCF-7
cells incubated with this dendrimer. It was verified that no cell
death was observed in similar irradiation conditions in the
absence of the dendrimers, thus revealing the photosensitizing
activity of this dendrimer. Importantly, no cell death was ob-
served when the cells were exposed to daylight for 4 h, indicat-
ing that this dendrimer is non-toxic under daylight illumination
conditions, while promoting cell death upon suitable two-
photon irradiation in the NIR [58]. Thus, this dendrimer over-
comes one of the common drawbacks of photodynamic therapy
medical treatment, which requires patients to avoid daylight
after photosensitizer injection.

Conclusion

The modularity of the synthesis of phosphorhydrazone
dendrimers enables the incorporation of TPA fluorophores
everywhere in their structure. Classically, the TPA fluoro-
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phores can be used as terminal functions of the dendrimers.
Less classically, they can be used as core of the dendrimers,
leading to dumbbell-like dendrimers, or be incorporated in the
branches of the dendrimers. Playing with the specific functio-
nalization of the TPA fluorophores enabled the synthesis of
dendrimers having TPA fluorophores at two levels, such as core
and surface, or branches and surface (Figure 12). Studies of the
TPA properties demonstrated that some of these dendrimers
outperform the TPA cross-section response of quantum dots,
while having a much lower intrinsic toxicity, as being
composed or organic matter instead of heavy metals. The
grafting of water-solubilizing functions on the surface of the
dendrimers incorporating TPA fluorophores inside their struc-

Figure 12: Schematization of the different types of TPA fluorescent
phosphorus dendrimers and dendritic structures that have been
already synthesized.
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Figure 11: A fluorescent water-soluble dendrimer, applicable for two-photon photodynamic therapy and imaging.
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ture has led to interesting properties in biology. Indeed, some of
these dendrimers have been used in vivo as tracers for imaging
blood vessels of rats and tadpoles, others have been used for de-
termining phenotype of cells, for deciphering mechanism of
action of anticancer compounds, and recently for safer photody-
namic therapy.

In view of the results already obtained, there is no doubt that
other biological properties of these fully organic “nanodots” can
be foreseen, thanks to their low toxicity, large color modularity,
and high TPA response.
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Abstract

Background: Since their first synthesis, silicon xanthenes and the subsequently developed silicon rhodamines (SiR) gained a lot of
attention as attractive fluorescence dyes offering a broad field of application. We aimed for the synthesis of a fluorinable pyridinyl

silicon rhodamine for the use in multimodal (PET/OI) medical imaging of mitochondria in cancerous cells.

Results: A dihalogenated fluorinatable pyridinyl rhodamine could be successfully synthesized with the high yield of 85% by appli-
cation of a halogen dance (HD) rearrangement. The near-infrared dye shows a quantum yield of 0.34, comparable to other organelle
targeting SiR derivatives and absorbs at 665 nm (g, = 34 000 M~ lem™!) and emits at 681 nm (t = 1.9 ns). Using colocalization
experiments with MitoTracker® Green FM, we could prove the intrinsic targeting ability to mitochondria in two human cell lines
(Pearson coefficient >0.8). The dye is suitable for live cell STED nanoscopy imaging and shows a nontoxic profile which makes it

an appropriate candidate for medical imaging.

Conclusions: We present a biocompatible, nontoxic, small molecule near-infrared dye with the option of subsequent radiolabelling
and excellent optical properties for medical and bioimaging. As a compound with intrinsic mitochondria targeting ability, the radio-
labelled analogue can be applied in multimodal (PET/OI) imaging of mitochondria for diagnostic and therapeutic use in, e.g.,

cancer patients.
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Introduction

Since their first synthesis by Fu and co-workers in 2008 [1],
silicon xanthenes and the subsequently developed silicon
rhodamines (SiR) have drawn a lot of attention as attractive
fluorescence dyes offering a broad field of application. Their
excellent spectral (absorption and emission bands in the near-
infrared region), photophysical (bright and photostable) and
biochemical (biocompatible, biological stable and cell mem-
brane permeable) properties make them useful tools in live cell
super-resolution microscopy [2-9], as direct probes for various
biomolecules [10-13] or as sensors for metal ions [14-18], pH
[16], voltage [19] or metabolites [20-23]. Several attempts were
made, partially supported by DFT calculations, to correlate the
dyes’ structural features with their optical properties and control
the latter by rational dye design [15,24-26]. These investiga-
tions led to new silicon rhodamine dyes with enhanced and
fine-tuned properties (quantum yield, lifetime, brightness,
absorption and emission maxima). A recent review compared
the photophysical properties of numerous silicon rhodamines
leading to further insights into the correlation of the dyes’
chemical structure with their fluorogenic behavior [27].
Regarding the quantum yield, Hanaoka et al. have shown that
introduction of methyl, methoxy or dimethylamine groups into
the benzene moiety of silicon rhodamines could tune the
HOMO energy level [15]. Depending on the oxidation poten-
tial and the HOMO energy level of the benzene moiety, the
quantum yield was greatly altered but absorption and emission
bands remained unchanged. Thus, the quantum yield shows a
direct connection to the negative value of the HOMO energy
level and/or the oxidation potential [15], but it is also influ-
enced by other factors. Nonradiative quenching (e.g., bond rota-
tion) can effectively contribute to depopulation of the fluoro-
phore’s excited state [28], yielding a lower quantum yield.

However, the rational trends for both radiative and nonradia-

R3

O \
R‘l ~ /R1
NS N

R2  HsC CHs R2

Scheme 1: Comparison of optical properties of different silicon rhodamines.
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tive decays still remain difficult to predict despite theoretical
and experimental efforts of the past years [29]. Here we initially
assume that, in analogy to BODIPY fluorophores [30],
restricted rotation around the xanthene aryl bond should lead to
an improved quantum yield.

In Scheme 1 we compile silicon rhodamines with high quan-
tum yields as well as their structural analogues with lower
quantum yields. Silicon fluoresceins were excluded from this
compilation, although “2-COOH DCTM” [31], “2-COOH
DFTM” [31], and “Maryland red” [32] are representatives with
quantum yields up to 0.67. As described previously, azetidine
substituents at the xanthene moiety of 5, 7, and 9 lead to an im-
proved quantum yield and to a red shift in comparison to the
N,N-dimethylaniline analogues 1, 3, and 4 (Table 1, entry 1 vs
5,3 vs 7, and 4 vs 9). In contrast, the 4-fluoroazetidine moiety
in 10 (“JFg357) causes a hypsochromic shift without affecting
the high quantum yield compared to the azetidine analogue 9
(“JFg46”) (Table 1, entry 9 vs 10). Comparing the phenyl substi-
tuted rhodamine 2 with its 2’-methyl substituted analogue 3,
restricted rotation around the xanthene—benzene bond leads to a
drastic improvement of the quantum yield from 0.10 to 0.31
(Table 1, entry 2 vs 3). Accordingly, rhodamines like 3, 4, 11,
or 12 bearing 2’-substituents with A-values between a proton
and a methyl group (such as F and Cl) show quantum yields
from 0.19 (for F) [23] to 0.30 (for Cl) [23]. This observation
leads us to the hypothesis that the quantum yield correlates pos-
itively with the bulkiness of the phenylic 2’-substituent, which
restricts the rotation around the xanthene-benzene bond more
strongly the larger it is.

Remarkably, dyes 1, 5 and 6 already possess moderate to high
quantum yields without any benzene moiety (Table 1, entries 1,

CH; HiC CH;  CH,
11 R=H s0,°
H
12 R4=;9WN
o)
0" NH ©
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Entry NR'R2 R3 Aabs Aem o Ref
1 N(CH3)s H 1 634 648 0.42ab [15]
(SiP)
2 N(CH3)s Ph 2 646 667 0.100¢ [33]
3 N(CH3)» 2-CHs3-Ph 3 646 660 0.31ab [15]
4 N(CH3)s 2-COOH-Ph 4 643 662 0.41de [24]
5 azetidine H 5 636 649 0.62d [32]
6 azetidine COOH 6 641 657 0.269 [32]
7 azetidine 2-CHs-Ph 7 649 663 0.47d% [32]
8 azetidine 2-CHg3-6-CHs-Ph 8 651 664 0.51de [32]
9 azetidine 2-COOH-Ph 9 646 664 0.54de [24]
(JFe46)
10 3-fluoroazetidine 2-COOH-Ph 10 635 652 0.569¢ [25]
(JFe35)
11 1 662 680 0.66"%ah [34]
12 12 663 680 0.70%h [34]
13 N(CH3)s pyridin-4-yl 13 655 680 0.12¢e [35]
14 azetidine 3-methylpyridin-4-yl 14 656 670 0.48d%

a|n PBS buffer at pH 7.4; Pcresyl violet in methanol was used as reference dye; Cin PBS buffer; 9in HEPES buffer at pH 7.3; ®quantum yield was deter-
mined by absolute measurement; fin water; 9the corresponding isopropy! ester showed a quantum yield of 0.60; "quantum yield determined in water

with the reference dye Atto AZ 237.

5 and 6). The fluorophores 11 and 12 exhibit values of 0.66 and
0.70 and have, to the best of our knowledge, the highest quan-
tum yields known amongst silicon rhodamines (Scheme 1,
Table 1, entries 11 and 12). One reason might be the bulkiness
of the ester group in 2’-position, an isopropyl ester derivative;
another one might be the effects of the fluorine atoms and
the ester group on the HOMO energy level of the benzene

moiety.

Since our group is interested in PET-active near-infrared (NIR)
dyes for bimodal medical imaging (PET/optical imaging (OI)),
we wanted to develop the pyridinyl-substituted silicon

CHs

CHs

15 R=Cl
16 R = ['9FJF or ['8FJF references [36-38]

rhodamine 15, in which the 2-halopyridine moiety can easily be
radiofluorinated to the PET-active dye 16 (Scheme 2, for exam-
ples on radiolabelling of 2-halopyridines see [36-38] and refer-
ences therein). While the PET modality is highly interesting for
precise medical imaging of diseases, the fluorescence modality
can be utilized for medical interventions, such as fluorescence-
guided surgery or sentinel lymph node detection or for

histopathological analyses of biopsy material.

To date, only two pyridinyl-substituted silicon thodamines have
been published. Dye 13 (Scheme 1, Table 1, entry 13) shows
good water solubility, has a quantum yield of 0.12 and offers

[e) Br hal
alogen Br

dance (HD) | A
|::> ~

L | (L
———) +
aCy Si n-CHe e Nl

HsC CHj

CHs

17 18 19

2 steps from

3-bromo-N, N-dimethylaniline

Scheme 2: Retrosynthetic analysis of the proposed small molecule bimodal probe ['8F]16 for both optical and PET imaging of cancer cells with

up-regulated mitochondrial activity.
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intrinsic targeting ability to lysosomes [35]. Pyridine silicon
rhodamine 14 (Table 1, entry 14) has an improved quantum
yield of 0.48 [32], presumably due to the restricted rotation of
the xanthene pyridine bond.

The 2-chloropyridinyl moiety in 15 is not only attractive
because of its option for convenient fluorination, but also since
its intrinsic targeting ability to acidic cellular compartments
(such as the lysosomal-selective fluorophore 13). We assumed
that our proposed bimodal fluorophore would show a better
selectivity for mitochondria because of its more lipophilic
nature (clogP for 15 3.712, for 16 3.142) compared to 13
(clogP 2.136). Medical imaging of mitochondrial activity is
highly interesting for various indications, ranging from
neurodegenerative and metabolic diseases to ischemic injuries,
necrosis, therapy response and cancer [39-43]. Because many
cancer cells have a higher mitochondrial membrane potential
than nontransformed cells [41,44,45], we believe that our
imaging agent will achieve a reasonable tumor-to-background
ratio.

Lipophilic cations such as the phosphonium cation or
rhodamines are known to accumulate selectively within the
mitochondria, driven by the mitochondrial plasma membrane
potential [39,40]. Thereby, the high lipophilicity facilitates the
diffusion through the lipid bilayers of the cell and mitochon-
drial membranes. Recently, a silicon rhodamine for selective
mitochondrial staining was developed by conjugation of the SiR
core with ten different amines varying in lipophilicity [46]. The
authors showed that the optimal range of clogP values for mito-
chondrial targeting ranges from 5.50 to 6.33.

As mentioned above, the pyridinyl-substituted silicon
rhodamines 13 and 14 are dyes with spectral properties in the
near-infrared region. Dye 14 possess the higher quantum yield
not only due to the azetidine substituents at the xanthene
moiety, but also because of the restricted bond rotation owing to
the 3’-methyl (pyridine numbering) group. Since the smaller
2’-fluorine substituent in 16 should lead to a decrease in quan-
tum yield compared to 15, we aimed for a molecule with an ad-
ditional bulky 4’-substituent such as bromine. The bromine
should not only alter the HOMO energy level of 16 in a
favourable way, it can also be used for further functionalization.
Until now, no silicon rhodamines are known that bear two
phenylic halogen substituents (C1/Cl, C1/Br, Br/Br nor combina-
tions with F) at the positions adjacent to the xanthene benzene
bond. The same holds true for the oxygen counterparts with a
dihalogenated pyridinyl motif. In fact, only two pyridinyl
silicon rhodamines (13 and 14) are known so far, although halo-
genated pyridines are highly interesting for further functionali-

zation or vector conjugation by nucleophilic aromatic substitu-
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tion. For the implementation of the dihalogenated pyridine
motif into the silicon rhodamine scaffold, we considered using a
halogen dance (HD) reaction of 3-bromo-2-chloropyridine (19)
to 18 followed by a condensation with silicon xanthone 17,
which is accessible in two steps from 3-bromo-N,N-dimethyl-
aniline. The rearrangement of halo pyridine 19, initiated by a
halogen metal exchange with n-BuLi, was initially published
and investigated by Mallet et al. who also investigated and
termed the mechanism “homotransmetallation” [47]. The HD
rearrangement reaction in general is an excellent method for the
construction of highly substituted carbo- and heterocyclic
systems (e.g., tetrasubstituted pyridines [48]) with substitution
patterns difficult to obtain otherwise [49-51].

Results and Discussion
Approaches to synthesize the pyridinyl silicon

rhodamine 15

Table 2 and Scheme 3 summarize the experimental results
towards the synthesis of the radiofluorinatable near-infrared dye
15. To initiate the HD reaction, 3-bromo-2-chloropyridine (19)
had first to be lithiated. After 30 min at =78 °C, the silicon
xanthone 17 was added at the same temperature and the reac-
tion mixture was subsequently warmed up to room temperature
and stirred for varying time periods. By using #-BuLi as a lithia-
tion reagent, the desired dye 15 was obtained at just 14% yield
as a deep blue solid (Scheme 3, Table 2, entry 1). Owing to the
mechanism of the homotransmetallation, the HD rearrange-
ment of 19 is conducted with substoichiometric amounts of the
lithiating agent (usually 0.5 equiv n-BuLi for 1 equiv 19)
[47,49]. Thus, we tried the reaction with 0.9 equiv of #-BuLi
(Table 2, entry 2) and 0.5 equiv of n-BuLi (Table 2, entry 3),
but the desired product was again obtained in poor yields with
lots of unreacted starting material 17. According to the mecha-
nism of the halogen—-metal exchange with #-BuLi, one equiva-
lent of the base is used for the lithiation, while a second equiva-
lent base eliminates hydrogen bromide from the resulting

Table 2: Optimization of the HD rearrangement of 19 and subsequent
reaction with xanthone 17 to the silicon rhodamine dye 15.

Entry Equiv of lithiation Equiv of 19 Yield 15
reagent
1 20 t-BulLi 10 14%2
2 9 t-BulLi 10 14%p0,
28%P:°
3 5 n-BulLi 10 11%4
4 40 t-BulLi 20 85%°

21.5 h reaction time after addition of 1 equiv of xanthone 17; b24 h
reaction time; yield based on recovered starting material of xanthone
17; 95 h reaction time, ©4 h reaction time.
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Scheme 3: Optimization of the HD rearrangement of 19 and subsequent reaction with xanthone 17 to the silicon rhodamine dye 15.

t-BuBr. Therefore, entries 2 and 3 (Table 2) represent the use of
approx. 0.5 equiv base for 1 equiv of 19. After lithiation of 19,
the metallated intermediate (2-chloropyridin-3-yl)lithium reacts
again with starting material 19 resulting, after several steps (the
so called halogen dance), in the lithiated pyridine intermediate
18 that can add to the silicon xanthone 17. Low temperatures
for the HD reaction are required when more equivalents of the
base are used to maintain a coexistence of 19 and its lithiated
analogue. Using high excess of 19 could force the reaction to
completeness leading to the dihalogenated pyridinyl silicon
rhodamine in 85% yield without any monohalogenated byprod-
uct and no necessity of HPLC purification.

Although 15 can be coupled or further functionalized at the
bromine via a nucleophilic substitution, we explored also if the
ester analogue fert-butyl 5-bromo-6-chloronicotinate could
undergo a HD reaction with subsequent xanthone addition. The
reaction did not lead to any product, neither with n-BuLi nor
with #-BuLi. However, it is noteworthy that no HD reactions of
nicotinic acids can be found in the literature. In fact, if 2,3-
dihalogenated pyridines are used for the HD rearrangement as
starting materials, only methyl groups are tolerated as carbon
substituents.

Optical properties of the pyridinyl silicon
rhodamine 15

The dihalogenated pyridinyl SiR 15 has an absorption peak at
665 nm (Emay = 34 000 M~'cm™!) and an emission peak at
681 nm (1 = 1.9 ns, Figure S3a, Table S2a, Supporting Informa-
tion File 1) (measured in PBS buffer pH 7.4). It shows a red-
shift of approx. 10 nm in absorption and emission compared to
the azetidine-substituted pyridinyl dye 14 and a 10 nm red-
shifted absorption with unchanged emission compared to
pyridinyl dye 13 (Figure 1a). The quantum yield is with 0.34
(measured in PBS buffer pH 7.4, Figure S2a, Table S1a, Sup-
porting Information File 1), remarkably higher than the value of
pyridinyl dye 13. This fact could be explained with rotation

restriction around the pyridinyl-xanthene bond and/or with

beneficial effects of the halogens on the HOMO energy level.
Nevertheless, the pyridinyl SiR 14 performs better due to the
addition contributions of the azetidine rings.

Next, we examined the targeting ability to mitochondria of the
dihalogenated dye 15 by colocalization experiments with the
commercially available mitochondria staining reagent Mito-
Tracker® Green FM (Figure 1a,b and Figure S4a,b, Supporting
Information File 2). To determine the Pearson coefficient for
colocalization of SiR 15 with MitoTracker® Green FM, HeLa
cells (human cervical cancer cells) and U20S cells (human
bone osteosarcoma epithelial cells) were co-stained with these
dyes. The Pearson coefficients are reasonably high and similar
for both cell lines (HeLa cells: 0.85 = 0.05 (N = 20), U20S
cells: 0.81 = 0.05 (N = 27)) supporting the application of SiR 15
as a specific NIR mito tracker probe. Pearson coefficients for
selective mitochondria staining >0.8 correlate with much higher
lipophilicity (clogP over 4.95). Especially SiR-Mito 8 offers a
comparable quantum yield to dye 15 (¢ and therefore bright-
ness not available) combined with a Pearson coefficient 20.9
[46]. However, dye 15 has the benefit of further red-shifted
absorption and emission properties as well as a photostability
that allows for STED (stimulated emission depletion)
nanoscopy [52,53].

As the 2-chloropyridinyl moiety in SiR dye 15 targets acidic
cellular compartments in general, we additionally investigated
potential lysosomal colocalization. Co-staining HeLLa and U20S
cells with SiR dye 15 and the commercially available lyso-
somal staining reagent LysoTracker™ Green DND-26 showed
absence of any lysosomal targeting ability and confirmed spe-
cific mitochondrial staining (Figure S4c,d, Supporting Informa-
tion File 1).

Medical imaging agents are highly interesting especially if they
can address multiple questions or can be applied for different
purposes simultaneously, because they must undergo an expen-

sive regulatory process before they attain approval for the
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Figure 1: (a) Absorption and fluorescence emission spectra of dye 15 measured in PBS buffer pH 7.4. (b, ¢) Colocalization experiment of dye 15 (red)
and MitoTracker® Green FM (cyan) in living HeLa (b) and U20S (c) cells supporting the application of dye 15 as a specific NIR mito tracker probe.
Both cell lines were incubated for 0.5 h with 1 uM of dye 15 and 100 nM of MitoTracker® Green FM, washed and imaged with excitation at 470 nm
(380 uW) and 652 nm (7.5 pW). Confocal images are color shift and background corrected, scale bar 5 um.

market. Therefore, we are interested also in purposes other than  need high image quality. Thus, the option to use our proposed
PET imaging or macroscopic fluorescence imaging. Histopatho-  bimodal dye in STED nanoscopy would be advantageous. For

logical examinations of biopsy material on subcellular level example, Giedt et al. could show that analysis of mitochondrial
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Figure 2: STED and confocal images of the mitochondrial network in living HelLa cells stained with 1 pM SiR dye 15 for 1 h. (a) STED image (excita-
tion at 652 nm with 15 pW, depletion at 775 nm with 40 mW) with the corresponding confocal data (excitation at 652 nm with 7.5 pW) in the bottom
right corner. STED image is background subtracted and linearly deconvolved (Lorentzian PSF), confocal image is only background subtracted, scale
bar 5 um. (b) Magnified view of the region marked in (a) in confocal (top) and STED mode (bottom), scale bar 2 pm. (c) Line profiles marked in (b)
proving the gain in spatial resolution of STED (red) compared to confocal (cyan). Line profiles were taken from only background corrected (not decon-
volved) data (Figure S8, Supporting Information File 1), counts were averaged over five pixels, normalized and fitted to a single (confocal) or double
(STED) Gaussian function. To avoid photobleaching, the STED power was set as low as possible but as high as necessary to resolve the tubular
structure of mitochondria resulting in full width half maxima (FWHM) of 219 + 15 nm (1, left), 306 £ 21 nm (1, right), 114 £ 7 nm (2, left) and 200 + 9
(2, right). The peak to peak distances are 363 nm (1) and 294 nm (2). The FWHM of the confocal fits are 470 £ 15 nm (1) and 474 + 25 nm (2).

morphology can be used as a biomarker for cancer phenotype  washed and imaged live. Figure 2 and Figure S5, Supporting
assignment and for drug response analysis [54]. For STED Information File 1, compare STED images with their corre-

imaging, HeLa cells were stained for 1 h with 1 uM of dye 15, sponding confocal images. By resolving the tubular structure of
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mitochondria, we prove successful application of our mitochon-
dria-selective pyridinyl SiR 15 in STED nanoscopy.

Toxicity of the pyridinyl silicon rhodamine 15

Although for PET examinations only nano- or picomolar
amounts of the radiopharmaceutical compound are needed,
medical applications of fluorescence dyes (e.g., fluorescence-
guided interventions) require larger amounts of material. There-
fore, cytotoxicity testing is necessary for our proposed bimodal
imaging agent 16 and its precursor 15. For toxicity assessment,
the frequency and duration of cell division with and without
incubation with dye 15 was analyzed via time-lapse holo-
graphic imaging (Figure 3). U20S cells were incubated with
1 uM dye 15 in medium for 1 h and, after washing with dye free
medium, continually imaged over a period of 14.5 h using a
holographic incubator microscope. The analysis of the data
revealed that the frequency and duration of cell division of the
cells incubated with dye 15 show no difference to the untreated
control (frequency of cell division with SiR dye 15: 0.30 £ 0.05
divisions per cell, without dye: 0.32 * 0.06 divisions per cell,
for division duration see Figure S7, Supporting Information
File 1). These results are supported by cell count and conflu-
ency analysis (Figure S9, Supporting Information File 1). In
summary, we conclude that dye 15 does not show any signifi-
cant cytotoxicity in this human cell line. Comparable experi-
ments with HeLa cells strengthen these results (data not

shown).

Conclusion

We have proven the feasibility of synthesizing a pyridinyl
silicon rhodamine dye with two halogen atoms adjacent to the
xanthene—pyridine bond by application of a halogen dance rear-
rangement. By our optimized procedure, we have obtained the
dye 15 at high yield and without the necessity of HPLC purifi-
cation. The chlorine atom in 2’-position can potentially be used
to introduce the PET radionuclide fluorine-18 while the
bromine atom serves as a constraint against rotation around the

xanthene—pyridine bond as well as a leverage point for further

Beilstein J. Org. Chem. 2019, 15, 2333-2343.

linkage. The quantum yield is reasonably high (0.34). However,
despite the improved molecule rigidity and thus presumably
less nonradiative decay, dye 15 does not outperform the quan-
tum yield of monosubstituted pyridine SiR 14. Additional ex-
periments (supported by DFT calculations) on the orbital effects
of both halogens and the nitrogen position in the pyridine ring
are needed to explain these effects with confidence.

In addition, our SiR dye 15 displays photophysical properties
(extinction coefficient, quantum yield, lifetime) in the same
range, but rather at the lower end, compared to other near-infra-
red silicon thodamine derivatives with similar spectral proper-
ties [3,4,7]. However, it is in line with the group of SiR deriva-
tives directly targeting certain cellular structures or organelles
[7,55-57] and extends this list with a NIR mito tracker® probe.

Just like the recently published squaraine variant dye MitoESq-
635 [58], our SiR dye 15 offers the option of imaging mito-
chondria in living cells using STED nanoscopy without the
necessity of an additional tagging step. In contrast to MitoESq-
635, our SiR dye 15 selectively stains mitochondria without
background from unspecific membrane staining. However,
higher photostability and a lower saturation intensity for STED
result in a better performance in time-lapse live cell STED
imaging of MitoESq-635. Taken together, our SiR dye 15 is a
valid compromise between MitoESq-635 and SiR-Mito 8
offering nontoxic, specific mitochondrial staining in live cell

STED imaging.

In summary, we present a biocompatible, nontoxic, small mole-
cule near-infrared dye with the option of subsequent radiola-
belling and excellent optical properties for biomedical imaging.
As a compound with intrinsic mitochondria targeting ability, the
radiolabelled analogue can find application in multimodal
(PET/OI) imaging of mitochondria for diagnostic and thera-
peutic use in, e.g., cancer patients. (Radio)fluorination of dye
15 is the subject of ongoing research and will be presented else-

where.

IO Hm

Figure 3: Exemplary holographic image sequence of two cell divisions of U20S cells treated with 1 pM of dye 15. Dividing cells round up and can be
distinguished from non-dividing cells by height. After incubation with 1 uM dye 15 for 1 h, the cells were washed and then holographically imaged
using a HoloMonitor® M4 time-lapse cytometer. Cell proliferation was followed for 14.5 h (30 min between images) and corresponding time-lapse

movies are available in Supporting Information Files 2-5, scale bar 50 pm.
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Supporting Information

Synthesis of dye 15, its optical characterization and
detailed information on microscopy experiments, including
videos showing undisturbed cell proliferation in U20S
cells incubated with 1 uM of dye 15 for 1 h compared to
untreated U20S cells are given.

Supporting Information File 1

Experimental and analytical data, spectra, live cell imaging
and assessment of cytotoxicity.

[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-226-S1.pdf]

Supporting Information File 2

Independent experiment assessing cell division of U20S
cells after treatment with 1 uM SiR dye 15.
[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-226-S2.avi]

Supporting Information File 3

Independent experiment assessing cell division of U20S
cells after treatment with 1 uM SiR dye 15.
[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-226-S3.avi]

Supporting Information File 4

Independent control experiment assessing undisturbed cell
division of U20S cells.

[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-226-S4.avi]

Supporting Information File 5

Independent control experiment assessing undisturbed cell
division of U20S cells.

[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-226-S5.avi]

Acknowledgements

We are very grateful to the Wilhelm Sander Stiftung for a grant
on bimodal tumor tracers (2018.024.1). We thank Yvonne
Remde for support with synthesis, Dr. Mariano Bossi for
support with spectroscopic characterization, Dr. Rifka Vlijm for
support with image analysis and Dr. Johann Engelhardt for con-

struction of and support with the microscope setup.

ORCID® iDs

Jessica Matthias - https://orcid.org/0000-0001-6560-2174

Thines Kanagasundaram - https://orcid.org/0000-0001-8265-8591
Klaus Kopka - https://orcid.org/0000-0003-4846-1271

Beilstein J. Org. Chem. 2019, 15, 2333-2343.

Carsten S. Kramer - https://orcid.org/0000-0001-9932-423X

References

1. Fu, M.; Xiao, Y.; Qian, X.; Zhao, D.; Xu, Y. Chem. Commun. 2008,
1780-1782. doi:10.1039/b718544h

2. Thompson, A. D.; Omar, M. H.; Rivera-Molina, F.; Xi, Z.; Koleske, A. J.;
Toomre, D. K.; Schepartz, A. Angew. Chem., Int. Ed. 2017, 56,
10408-10412. doi:10.1002/anie.201704783

3. Butkevich, A. N.; Ta, H.; Ratz, M.; Stoldt, S.; Jakobs, S.; Belov, V. N.;
Hell, S. W. ACS Chem. Biol. 2018, 13, 475-480.
doi:10.1021/acschembio.7b00616

4. Butkevich, A. N.; Mitronova, G. Y.; Sidenstein, S. C.; Klocke, J. L.;
Kamin, D.; Meineke, D. N. H.; D'Este, E.; Kraemer, P.-T.; Danzl, J. G.;
Belov, V. N.; Hell, S. W. Angew. Chem., Int. Ed. 2016, 55, 3290-3294.
doi:10.1002/anie.201511018

5. Kozma, E.; Estrada Girona, G.; Paci, G.; Lemke, E. A.; Kele, P.
Chem. Commun. 2017, 53, 6696—6699. doi:10.1039/c7cc02212¢

6. Grimm, J. B.; Klein, T.; Kopek, B. G.; Shtengel, G.; Hess, H. F.;
Sauer, M.; Lavis, L. D. Angew. Chem., Int. Ed. 2016, 55, 1723-1727.
doi:10.1002/anie.201509649

7. Lukinavicius, G.; Reymond, L.; Umezawa, K.; Sallin, O.; D’Este, E.;
Gottfert, F.; Ta, H.; Hell, S. W.; Urano, Y.; Johnsson, K.
J. Am. Chem. Soc. 2016, 138, 9365-9368. doi:10.1021/jacs.6b04782

8. Takakura, H.; Zhang, Y.; Erdmann, R. S.; Thompson, A. D.; Lin, Y.;
McNellis, B.; Rivera-Molina, F.; Uno, S.-n.; Kamiya, M.; Urano, Y.;
Rothman, J. E.; Bewersdorf, J.; Schepartz, A.; Toomre, D.
Nat. Biotechnol. 2017, 35, 773-780. doi:10.1038/nbt.3876

9. Lukinavicius, G.; Umezawa, K.; Olivier, N.; Honigmann, A.; Yang, G.;
Plass, T.; Mueller, V.; Reymond, L.; Corréa, I. R., Jr.; Luo, Z.-G.;
Schultz, C.; Lemke, E. A.; Heppenstall, P.; Eggeling, C.; Manley, S.;
Johnsson, K. Nat. Chem. 2013, 5, 132—139. doi:10.1038/nchem.1546

10. Shieh, P.; Siegrist, M. S.; Cullen, A. J.; Bertozzi, C. R.
Proc. Natl. Acad. Sci. U. S. A. 2014, 111, 5456-5461.
doi:10.1073/pnas.1322727111

11.lwatate, R. J.; Kamiya, M.; Umezawa, K.; Kashima, H.; Nakadate, M.;
Kojima, R.; Urano, Y. Bioconjugate Chem. 2018, 29, 241-244.
doi:10.1021/acs.bioconjchem.7b00776

12.Kim, E.; Yang, K. S.; Kohler, R. H.; Dubach, J. M.; Mikula, H.;
Weissleder, R. Bioconjugate Chem. 2015, 26, 1513-1518.
doi:10.1021/acs.bioconjchem.5b00152

13. Hanaoka, K.; Kagami, Y.; Piao, W.; Myochin, T.; Numasawa, K.;
Kuriki, Y.; lkeno, T.; Ueno, T.; Komatsu, T.; Terai, T.; Nagano, T.;
Urano, Y. Chem. Commun. 2018, 54, 6939-6942.
doi:10.1039/c8cc02451k

14.Du, M.; Huo, B.; Liu, J.; Li, M.; Fang, L.; Yang, Y. Anal. Chim. Acta
2018, 71030, 172—-182. doi:10.1016/j.aca.2018.05.013

15.Koide, Y.; Urano, Y.; Hanaoka, K.; Terai, T.; Nagano, T.
ACS Chem. Biol. 2011, 6, 600-608. doi:10.1021/cb1002416

16.Wang, T.; Zhao, Q.-J.; Hu, H.-G.; Yu, S.-C.; Liu, X.; Liu, L.; Wu, Q.-Y.
Chem. Commun. 2012, 48, 8781-8783. doi:10.1039/c2cc34159j

17.Wang, B.; Cui, X.; Zhang, Z.; Chai, X.; Ding, H.; Wu, Q.; Guo, Z,;
Wang, T. Org. Biomol. Chem. 2016, 14, 6720-6728.
doi:10.1039/c60b00894a

18.Egawa, T.; Hanaoka, K.; Koide, Y.; Ujita, S.; Takahashi, N.;
lkegaya, Y.; Matsuki, N.; Terai, T.; Ueno, T.; Komatsu, T.; Nagano, T.
J. Am. Chem. Soc. 2011, 133, 14157-14159. doi:10.1021/ja205809h

19.Huang, Y.-L.; Walker, A. S.; Miller, E. W. J. Am. Chem. Soc. 2015, 137,
10767-10776. doi:10.1021/jacs.5b06644

2341


https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-15-226-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-15-226-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-15-226-S2.avi
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-15-226-S2.avi
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-15-226-S3.avi
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-15-226-S3.avi
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-15-226-S4.avi
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-15-226-S4.avi
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-15-226-S5.avi
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-15-226-S5.avi
https://orcid.org/0000-0001-6560-2174
https://orcid.org/0000-0001-8265-8591
https://orcid.org/0000-0003-4846-1271
https://orcid.org/0000-0001-9932-423X
https://doi.org/10.1039%2Fb718544h
https://doi.org/10.1002%2Fanie.201704783
https://doi.org/10.1021%2Facschembio.7b00616
https://doi.org/10.1002%2Fanie.201511018
https://doi.org/10.1039%2Fc7cc02212c
https://doi.org/10.1002%2Fanie.201509649
https://doi.org/10.1021%2Fjacs.6b04782
https://doi.org/10.1038%2Fnbt.3876
https://doi.org/10.1038%2Fnchem.1546
https://doi.org/10.1073%2Fpnas.1322727111
https://doi.org/10.1021%2Facs.bioconjchem.7b00776
https://doi.org/10.1021%2Facs.bioconjchem.5b00152
https://doi.org/10.1039%2Fc8cc02451k
https://doi.org/10.1016%2Fj.aca.2018.05.013
https://doi.org/10.1021%2Fcb1002416
https://doi.org/10.1039%2Fc2cc34159j
https://doi.org/10.1039%2Fc6ob00894a
https://doi.org/10.1021%2Fja205809h
https://doi.org/10.1021%2Fjacs.5b06644

20.Zhang, H.; Liu, J.; Liu, C.; Yu, P.; Sun, M.; Yan, X.; Guo, J.-P.; Guo, W.
Biomaterials 2017, 133, 60-69. doi:10.1016/j.biomaterials.2017.04.023

21.Huo, Y.; Miao, J.; Han, L.; Li, Y.; Li, Z.; Shi, Y.; Guo, W. Chem. Sci.
2017, 8, 6857-6864. doi:10.1039/c7sc02608k

22.Koide, Y.; Urano, Y.; Hanaoka, K.; Terai, T.; Nagano, T.
J. Am. Chem. Soc. 2011, 133, 5680-5682. doi:10.1021/ja111470n

23.Umezawa, K.; Yoshida, M.; Kamiya, M.; Yamasoba, T.; Urano, Y.
Nat. Chem. 2017, 9, 279-286. doi:10.1038/nchem.2648

24.Grimm, J. B.; English, B. P.; Chen, J.; Slaughter, J. P.; Zhang, Z.;
Revyakin, A.; Patel, R.; Macklin, J. J.; Normanno, D.; Singer, R. H.;
Lionnet, T.; Lavis, L. D. Nat. Methods 2015, 12, 244-250.
doi:10.1038/nmeth.3256

25.Grimm, J. B.; Muthusamy, A. K;; Liang, Y.; Brown, T. A.; Lemon, W. C.;
Patel, R.; Lu, R.; Macklin, J. J.; Keller, P. J.; Ji, N.; Lavis, L. D.
Nat. Methods 2017, 14, 987—-994. doi:10.1038/nmeth.4403

26.Chi, W.; Qiao, Q.; Lee, R,; Liu, W.; Teo, Y. S.; Gu, D.; Lang, M. J.;
Chang, Y.-T.; Xu, Z.; Liu, X. Angew. Chem., Int. Ed. 2019, 58,
7073-7077. doi:10.1002/anie.201902766

27.lkeno, T.; Nagano, T.; Hanaoka, K. Chem. — Asian J. 2017, 12,
1435-1446. doi:10.1002/asia.201700385

28.Lavis, L. D.; Raines, R. T. ACS Chem. Biol. 2008, 3, 142—155.
doi:10.1021/cb700248m

29. Savarese, M.; Aliberti, A.; De Santo, |.; Battista, E.; Causa, F.;
Netti, P. A.; Rega, N. J. Phys. Chem. A 2012, 116, 7491-7497.
doi:10.1021/jp3021485

30. Zhao, N.; Xuan, S.; Fronczek, F. R.; Smith, K. M.; Vicente, M. G. H.
J. Org. Chem. 2017, 82, 3880—3885. doi:10.1021/acs.joc.6b02981

31.Hirabayashi, K.; Hanaoka, K.; Takayanagi, T.; Toki, Y.; Egawa, T.;
Kamiya, M.; Komatsu, T.; Ueno, T.; Terai, T.; Yoshida, K.;
Uchiyama, M.; Nagano, T.; Urano, Y.
Anal. Chem. (Washington, DC, U. S.) 2015, 87, 9061-9069.
doi:10.1021/acs.analchem.5b02331

32.Grimm, J. B.; Brown, T. A.; Tkachuk, A. N.; Lavis, L. D. ACS Cent. Sci.
2017, 3, 975-985. doi:10.1021/acscentsci.7b00247

33.Fischer, C.; Sparr, C. Angew. Chem., Int. Ed. 2018, 57, 2436-2440.
doi:10.1002/anie.201711296

34. Kolmakov, K.; Hebisch, E.; Wolfram, T.; Nordwig, L. A.; Wurm, C. A.;
Ta, H.; Westphal, V.; Belov, V. N.; Hell, S. W. Chem. — Eur. J. 2015,
21, 13344-13356. doi:10.1002/chem.201501394

35.Zhang, H.; Li, K.; Li, L.-L.; Yu, K.-K.; Liu, X.-Y.; Li, M.-Y.; Wang, N.;
Liu, Y.-H.; Yu, X.-Q. Chin. Chem. Lett. 2019, 5, 1063—1066.
doi:10.1016/j.cclet.2019.03.017

36. Dolci, L.; Dolle, F.; Jubeau, S.; Vaufrey, F.; Crouzel, C.
J. Labelled Compd. Radiopharm. 1999, 42, 975-985.
doi:10.1002/(sici)1099-1344(199910)42:10<975::aid-jlcr256>3.0.co;2-e

37.0lberg, D. E.; Arukwe, J. M.; Grace, D.; Hjelstuen, O. K.;
Solbakken, M.; Kindberg, G. M.; Cuthbertson, A. J. Med. Chem. 2010,
53, 1732-1740. doi:10.1021/jm9015813

38.Naumiec, G. R.; Cai, L.; Lu, S.; Pike, V. W. Eur. J. Org. Chem. 2017,
6593-6603. doi:10.1002/ejoc.201700970

39. Zielonka, J.; Joseph, J.; Sikora, A.; Hardy, M.; Ouari, O.;
Vasquez-Vivar, J.; Cheng, G.; Lopez, M.; Kalyanaraman, B.
Chem. Rev. 2017, 117, 10043—-10120.
doi:10.1021/acs.chemrev.7b00042

40.Murphy, M. P. Biochim. Biophys. Acta, Bioenerg. 2008, 1777,
1028-1031. doi:10.1016/j.bbabio.2008.03.029

41.Murphy, M. P.; Smith, R. A. J. Adv. Drug Delivery Rev. 2000, 41,
235-250. doi:10.1016/s0169-409x(99)00069-1

Beilstein J. Org. Chem. 2019, 15, 2333-2343.

42.Murayama, C.; Kawaguchi, A. T.; Kamijo, A.; Naito, K.; Kanazawa, M.;
Tsukada, H. PLoS One 2017, 12, e0170911.
doi:10.1371/journal.pone.0170911

43.Li, J.; Lu, J.; Zhou, Y. BioMed Res. Int. 2017, No. 5246853.
doi:10.1155/2017/5246853

44.Rideout, D. C.; Calogeropoulou, T.; Jaworski, J. S.; Dagnino, R., Jr.;
McCarthy, M. R. Anticancer Drug Des. 1989, 4, 265-280.

45.Murphy, M. P. Trends Biotechnol. 1997, 15, 326-330.
doi:10.1016/s0167-7799(97)01068-8

46.Sung, J.; Rho, J. G.; Jeon, G. G.; Chu, Y.; Min, J. S.; Lee, S.;

Kim, J. H.; Kim, W.; Kim, E. Bioconjugate Chem. 2019, 30, 210-217.
doi:10.1021/acs.bioconjchem.8b00845

47.Mallet, M.; Quéguiner, G. Tetrahedron 1979, 35, 1625-1631.
doi:10.1016/0040-4020(79)80026-5

48.Miller, R. E.; Rantanen, T.; Ogilvie, K. A.; Groth, U.; Snieckus, V.
Org. Lett. 2010, 12, 2198-2201. doi:10.1021/01100493v

49. Schniirch, M.; Spina, M.; Khan, A. F.; Mihovilovic, M. D.; Stanetty, P.
Chem. Soc. Rev. 2007, 36, 1046—1057. doi:10.1039/b607701n

50. Schlosser, M. Angew. Chem., Int. Ed. 2005, 44, 376-393.
doi:10.1002/anie.200300645

51.Erb, W.; Mongin, F. Tetrahedron 2016, 72, 4973-4988.
doi:10.1016/}.tet.2016.06.078

52.Hell, S. W.; Wichmann, J. Opt. Lett. 1994, 19, 780-782.
doi:10.1364/01.19.000780

53.Hell, S. W. Science 2007, 316, 1153-1158.
doi:10.1126/science.1137395

54.Giedt, R. J.; Fumene Feruglio, P.; Pathania, D.; Yang, K. S;
Kilcoyne, A.; Vinegoni, C.; Mitchison, T. J.; Weissleder, R. Sci. Rep.
2016, 6, No. 32985. doi:10.1038/srep32985

55.Erdmann, R. S.; Takakura, H.; Thompson, A. D.; Rivera-Molina, F.;
Aligeyer, E. S.; Bewersdorf, J.; Toomre, D.; Schepartz, A.

Angew. Chem., Int. Ed. 2014, 53, 10242—10246.
doi:10.1002/anie.201403349

56. Lukinavicius, G.; Blaukopf, C.; Pershagen, E.; Schena, A.;
Reymond, L.; Derivery, E.; Gonzalez-Gaitan, M.; D’Este, E.;

Hell, S. W.; Wolfram Gerlich, D.; Johnsson, K. Nat. Commun. 2015, 6,
8497. doi:10.1038/ncomms9497

57.Lukinavi¢ius, G.; Reymond, L.; D'Este, E.; Masharina, A.; Géttfert, F;
Ta, H.; Glther, A.; Fournier, M.; Rizzo, S.; Waldmann, H.; Blaukopf, C.;
Sommer, C.; Gerlich, D. W.; Arndt, H.-D.; Hell, S. W.; Johnsson, K.
Nat. Methods 2014, 11, 731-733. doi:10.1038/nmeth.2972

58.Yang, X.; Yang, Z.; He, Y.; Shan, C.; Yan, W.; Wu, Z.; Chai, P.;
Teng, J.; Qu, J.; Xi, P. bioRxiv 2019, 646117. doi:10.1101/646117

2342


https://doi.org/10.1016%2Fj.biomaterials.2017.04.023
https://doi.org/10.1039%2Fc7sc02608k
https://doi.org/10.1021%2Fja111470n
https://doi.org/10.1038%2Fnchem.2648
https://doi.org/10.1038%2Fnmeth.3256
https://doi.org/10.1038%2Fnmeth.4403
https://doi.org/10.1002%2Fanie.201902766
https://doi.org/10.1002%2Fasia.201700385
https://doi.org/10.1021%2Fcb700248m
https://doi.org/10.1021%2Fjp3021485
https://doi.org/10.1021%2Facs.joc.6b02981
https://doi.org/10.1021%2Facs.analchem.5b02331
https://doi.org/10.1021%2Facscentsci.7b00247
https://doi.org/10.1002%2Fanie.201711296
https://doi.org/10.1002%2Fchem.201501394
https://doi.org/10.1016%2Fj.cclet.2019.03.017
https://doi.org/10.1002%2F%28sici%291099-1344%28199910%2942%3A10%3C975%3A%3Aaid-jlcr256%3E3.0.co%3B2-e
https://doi.org/10.1021%2Fjm9015813
https://doi.org/10.1002%2Fejoc.201700970
https://doi.org/10.1021%2Facs.chemrev.7b00042
https://doi.org/10.1016%2Fj.bbabio.2008.03.029
https://doi.org/10.1016%2Fs0169-409x%2899%2900069-1
https://doi.org/10.1371%2Fjournal.pone.0170911
https://doi.org/10.1155%2F2017%2F5246853
https://doi.org/10.1016%2Fs0167-7799%2897%2901068-8
https://doi.org/10.1021%2Facs.bioconjchem.8b00845
https://doi.org/10.1016%2F0040-4020%2879%2980026-5
https://doi.org/10.1021%2Fol100493v
https://doi.org/10.1039%2Fb607701n
https://doi.org/10.1002%2Fanie.200300645
https://doi.org/10.1016%2Fj.tet.2016.06.078
https://doi.org/10.1364%2Fol.19.000780
https://doi.org/10.1126%2Fscience.1137395
https://doi.org/10.1038%2Fsrep32985
https://doi.org/10.1002%2Fanie.201403349
https://doi.org/10.1038%2Fncomms9497
https://doi.org/10.1038%2Fnmeth.2972
https://doi.org/10.1101%2F646117

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0). Please note

that the reuse, redistribution and reproduction in particular

requires that the authors and source are credited.

The license is subject to the Beilstein Journal of Organic
Chemistry terms and conditions:
(https://www.beilstein-journals.org/bjoc)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjoc.15.226

Beilstein J. Org. Chem. 2019, 15, 2333-2343.

2343


http://creativecommons.org/licenses/by/4.0
https://www.beilstein-journals.org/bjoc
https://doi.org/10.3762%2Fbjoc.15.226

(J BEILSTEIN JOURNAL OF ORGANIC CHEMISTRY

Mono- and bithiophene-substituted diarylethene
photoswitches with emissive open or closed forms

A. Lennart Schleper'-2, Mariano L. Bossi®, Vladimir N. Belov' ' and Stefan W. Hell!:3

Full Research Paper

Address:

Department of NanoBiophotonics, Max Planck Institute for
Biophysical Chemistry, 37077 Géttingen, Germany, 2Department of
Organic Chemistry, Heidelberg University, Im Neuenheimer Feld 270,
69120 Heidelberg, Germany and 3Department of Optical Nanoscopy,
Max Planck Institute for Medical Research, Jahnstrasse 29, 69120
Heidelberg, Germany

Beilstein J. Org. Chem. 2019, 15, 2344-2354.
doi:10.3762/bjoc.15.227

Received: 31 May 2019
Accepted: 10 September 2019
Published: 01 October 2019

This article is part of the thematic issue "Dyes in modern organic

Email: chemistry".

Vladimir N. Belov” - vbelov@mpibpc.mpg.de
Guest Editor: H. Ihmels
* Corresponding author
© 2019 Schleper et al.; licensee Beilstein-Institut.

Keywords: License and terms: see end of document.

diarylethenes; dyes; fluorescence; organic synthesis; photochromism;
photoswitching

Abstract

We present a new series of photochromic 1,2-bis(2-ethylbenzo[b]thiophen-3-yl)perfluorocyclopentenes with an oxidized benzothio-
phene core (O) or a nonoxidized one, decorated with mono- (Th{) and bithiophene (Th,) units attached to positions 6 and 6’
(Sy = symmetric) or only to position 6 (As = asymmetric). “Oxidized” compounds have highly fluorescent closed forms emitting in
the visible region (yellow to red). The dyes with nonoxidized benzothiophenes possess fluorescent open forms with rather low
emission efficiency. The photoswitching kinetics was studied at several wavelengths with UV and visible light. New diarylethenes
underwent ring-closure reactions by irradiation with UV light (365 nm, 405 nm), and the reversible ring-opening by irradiation with
visible light (470 nm, 530 nm). The on-switching of fluorescence due to the ring-closure reaction was observed also with visible
light of 470 nm (to an extent of 10% for compound SyOThy) and attributed to the Urbach tail effect. Due to a high degree of fluo-
rescence modulation (>270), good fatigue resistance and large fluorescence quantum yield, compound SyOTh; emerged as a candi-
date for single-molecule based super-resolution fluorescence microscopy.

Introduction

Reversibly photoswitchable diarylethenes (DAEs) with highly
fluorescent “closed” forms combine photochromic and fluores-
cent entities in one molecule [1] and contain a perfluorocyclo-
pentene bridge linking two 2-alkyl-1-benzothiophene-1,1-oxide
residues with a C=C bond via C-3 and C-3' atoms [2,3]. The
“open” form of the DAE core (see graphical abstract and
Table 1) is only weakly fluorescent (¢pp; = 0.01) [4]. In general,

diarylethenes with fluorescent open forms are rare, while photo-
switchable compounds with highly fluorescent “open” and
“closed” forms represent a yet unknown and unique class of
ratiometric fluorophores.

Recently, we demonstrated that asymmetric DAEs with
oxidized 2-ethylbenzo[b]thiophene-3-yl units have high cyclo-
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reversion quantum yields (a desirable feature for super-resolu-
tion RESOLFT microscopy), large Stokes shifts and acceptable
absorptivity [5]. Yet unknown asymmetric “thiophenylated”
DAEs may have unique properties. Oligothiophenes are highly
fluorescent [6,7], and therefore, we reasoned that their incorpo-
ration into DAEs with oxidized 2-alkylbenzo[b]thiophene units
might produce fluorescent open forms in addition to the
intrinsic fluorescence of the closed forms. In particular, we ex-
pected that the prolonged conjugation path, even at “one side”
of the molecule (in asymmetric compounds) would enable
switching with focusable light of 375 nm and above. To test this
hypothesis, we designed a series of DAEs with mono- and
bithiophene substituents attached to positions 6 and 6’ of an
oxidized or a nonoxidized 2-alkylbenzo[b]thiophene core. The
structures of “thiophenylated” DAEs AsThy, AsTh;, SyThy,

Beilstein J. Org. Chem. 2019, 15, 2344-2354.

SyTh,, AsOThy, AsOTh,, SyOThy, and SyOTh; prepared and

studied in this work are given in Figure 1.

Methyl esters of the thiophene carboxylic acids were chosen as
model building blocks, because they possess optical properties
similar to the free acids. The future promising candidates which
were expected to emerge in the course of synthesis and
screening could be eventually transformed to the corresponding
carboxylic acids possessing higher solubility in aqueous buffers

and reactive groups required for bioconjugation.

Results and Discussion
Synthetic procedures

To enable a facile synthesis of oxidized and nonoxidized 1,2-

bis(2-ethylbenzo[b]thiophen-3-yl)perfluorocylopentenes

MeOOC SyTh,

Figure 1: Structures of “thiophenylated” DAEs prepared and studied in this work.
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decorated with thiophene units, mono- and diiodinated core  The transformations leading to diarylethene cores 3 and 6 were
structures 4, 5, 7, and 8 (Scheme 1), as well as mono- carried out on a 10-100 mmol scale (Scheme 1). The iodina-
and bithiopheneboronic esters 9 and 12 (Scheme 2) were pre- tion at positions 6 and 6' of benzo[b]thiophene residues has

pared. been reported [5,8]. Following those protocols, diiodides 5§ and

1. n-BuLi Br 1. n-BuLi
@ 2. EtBr m 2. CsFg
4>
THF THF Nkt Et,0
(86%) (93%) 5 o (51%)
3
l,/H510g ‘
H,SO4/ACOH/H,SO, 50% aq. H20;
AcOH
(99%)
X=H 4(14%)
| 5(35%) Y

I5/H5106
H,SO4
X=H 7 (28%)
| 8 (62%)
Scheme 1: Synthesis routes towards mono- and diiodinated core structures 4, 5, 7, and 8.
HB(pin)
[t-Bu(bpy)l2 K,CO3 M
S
Meooc__-S [InOMeNCODI MeOOC\C?/B(pin) PEPPSHPT (" r s~ ~CoOMe
U THF \_/ dioxane/MeOH
(97%) 9 (74%) " COOMe
HB(pin)
s Rived o [t-Bu(bpy)]2
\ ' — [Ir(OMe)(COD)],
&JVCOOH 2. H,S0, S _coome THE
MeOH
(63%) (55%)

J | {7 s~ ~CoOMe
HB = HB(pin)

0 COOMe
12

Scheme 2: Synthesis of thiophene- and bithiopheneboronic esters 9 and 12 (bpy — 4,4’-di-tert-butyl-2,2’-dipyridine; COD — cycloocta-1,5-diene;
NBS — N-bromosuccinimide, DCM — dichloromethane).
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8 were obtained in fairly good yields by treatment of 3 with
elemental iodine and periodic acid in aqueous acetic acid with
addition of sulfuric acid, and by treatment of 6 with elemental
iodine and periodic acid in concentrated sulfuric acid, respec-
tively. The conditions for monoiodination of 6 have been
published recently [5]. We observed that the reproducible
monoiodination of DAE 3 to form compound 4 was possible
under similar conditions and in low yield (14%) by using
smaller amounts of periodic acid (0.34 equiv) and iodine
(0.68 equiv) than the amounts of these reagents used for diiodi-
nation (see Experimental for details). The progress of the reac-
tion leading to monoiodide 4 was monitored by HPLC. Despite
incomplete conversion, the formation of diiodide 5 could not be
fully suppressed. The R¢ values of 3 (TLC [SiO,, hexane]:
R¢=0.17), monoiodide 4 (R¢ = 0.19), and diiodide 5 (R¢ = 0.20)
were very similar, and DAE 4 could not be isolated by column
chromatography on regular silica gel. Instead, monoiodide 4
was obtained in 14% yield as colorless solid after preparative
HPLC on a reversed phase (C18) column and lyophilization.
The constitution and structure of 4 was confirmed by HRMS,
'H and '9F NMR spectroscopy (see Figure S1 in Supporting
Information File 1). These results show that “desymmetriza-
tion” of DAEs still represents a real synthetic challenge.
Diiodides 5 and 8 provide the possibility [9,10] to obtain sym-
metric DAEs, and monoiodides 4 and 7 allow for a short and

straightforward approach towards asymmetric DAEs.

The thiophene- and bithiopheneboronic esters 9 and 12 were
prepared as shown in Scheme 2. C-H activation of methy] thio-
phene-2-carboxylate in position 5 was achieved by using a
bis(1,5-cyclooctadiene)di-u-methoxydiiridium(I) catalyst with
4,4’ -di-tert-butyl-2,2’-dipyridyl as ligands. The reaction with
pinacolborane (HB(pin)) gave ester 9 in 97% yield [11].
Another ester (10) was synthesized by bromination of 3-thio-
pheneacetic acid with NBS (applying an ultrasound bath) fol-
lowed by esterification of the crude product with methanol in
the presence of sulfuric acid [12]. Other regioisomeric bro-
mides were also formed, but they were separated by column
chromatography on the next step. Bithiophene 11 was prepared
in 74% yield by using a Suzuki—Miyaura coupling (catalyzed by
PEPPSI-IPr) between boronic ester 9 and bromide 10 [13,14].
Boronation of bithiophene 11 was achieved under conditions
similar to the preparation of thiophene 9 and afforded ester 12
in 55% yield (79% crude yield with 70% purity). However, in
this case, larger amounts of catalyst and pinacolborane were re-

quired for good conversions.

Finally, the photoswitchable DAEs AsThy, SyThy, AsTh,,
SyTh;,, AsOThy, SyOThy, AsOTh;,, and SyOTh, (Figure 1)
were obtained using a standard procedure for a Suzuki—-Miyaura

coupling of iodides 4, 5, 7, and 8 with boronic acid esters 9 and
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12 (see Scheme 3). Throughout the text, abbreviations “As” and
“Sy” denote asymmetric and symmetric substitution patterns,
respectively; “O” indicates oxidized benzothiophene units, and
“Thy”/ “Thy” specify the number of thiophene units in the side
chain. The coupling products were isolated via preparative
HPLC in yields ranging from 21% to 75%. While in all cases
the open forms of the diarylethenes were isolated, small
amounts of SyOTh; in its closed form (formed by handling in
the lab not fully protected from light) were detected by HPLC
(Figure S33 in Supporting Information File 1). The constitution,
structures, and purities of the final products were confirmed by
HRMS, 'H and 'F NMR spectroscopy, as well as analytical
HPLC.

Saponification of the ester groups was performed only for
nonoxidized benzothiophenes, as shown for compound SyTh;
in Scheme 4. Diarylethenes with “oxidized” benzothiophene
units and perfluorocyclopentene rings react with aqueous or
alcoholic solutions of strong bases [5,10,15]. Under these
conditions, substitution of fluorine and/or the addition of
nucleophiles to the electron-poor double bond take place.
Therefore, tert-butyl protection is required for carboxylates
present in diarylethenes with “oxidized” benzothiophene units
and perfluorocyclopentene rings. Photoswitches containing the
free carboxylic acid residues benefit from solubility in aqueous
buffers and the presence of a reactive group required for further
modifications. The methyl groups were cleaved using 1 M aq
NaOH, and the product SyTh,-H was isolated by preparative
HPLC in 84% yield (see Scheme 4). As shown in Figure S2
(see Supporting Information File 1), tetraester SyTh, displayed
six 'H NMR signals between 3.70 and 4.00 ppm, belonging to
two inequivalent methyl ester groups and the methylene group
of the parallel and antiparallel isomers. After the reaction, four
of the six signals vanished, and only two methylene signals
(two isomers) were detected, confirming cleavage of the methyl
esters.

Photophysical properties

The absorption and emission properties as well as the photo-
chromic properties of eight “thiophenylated” DAEs were
studied in acetonitrile solutions (Table 1). The properties of the
OFs (open forms) were obtained from diluted solutions at a
known concentration prior to irradiation. Solutions were irradi-
ated in a home-made setup [5] with 355 nm light until the
photostationary state (PSS365 nm). Figure 2 shows changes of
absorption and emission spectra in the course of the switching
process for compound SyTh,. Irradiated solutions in the
PSS365 nm Were analyzed by HPLC at the isosbestic point. Con-
version to the CF (closed form) apgs = [CF]/([CF] + [OF]) was
calculated from the proportion of the area corresponding to the

CF (areacg/[areack + areagg]). The absorption spectrum of the
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Scheme 3: Photoswitchable diarylethenes AsThq, SyTh¢, AsThy, SyThy, AsOTh¢, SyOTh¢, AsOThy, and SyOTh, synthesized via a
Suzuki—Miyaura coupling. Conditions: 60 °C, argon atmosphere, an emulsion of the starting compounds, Pda(dba)s, P(Cy)s stock solution, and

aqueous KoCOg in THF (see Supporting Information File 1 for details).

R =Me
NaOH
SyTh
Y12 dioxane
(84%)
R=H
SyTh,-H

Scheme 4: Saponification of methyl ester groups in tetraester SyThy leading to tetracarboxylic acid SyTha-H.

CF was calculated from the absorption spectrum at the
PSS365 nm and the absorption spectrum of the OF, using the ob-
tained conversion. The obtained spectra for all CF’s matched,
within experimental errors, the absorption recorded on the diode
array detector of the HPLC, at the center of the elution peak of
the corresponding isomer (see for example, Figures S26 and
S38 in Supporting Information File 1). Emission properties of
the CF’s were obtained from solutions at the PSS3¢5 1, With
excitation at a wavelength at which the OF’s do not absorb
(only the CF absorbs). The data on switching kinetics is given

in Table 2 and discussed in the next section.

We first analyzed the absorption spectra of the open forms (see
Figure 3A) in more detail. Addition of thiophene rings to the
core structures 3 and 6 induced a red-shift in the OF (Table 1)
[4,16]. Their absorption maxima were located between 327 nm
and 385 nm, and present interesting correlations. First, the posi-
tions of the main absorption bands of the corresponding sym-
metric and asymmetric DAEs were very similar. The symmet-
ric DAEs have higher absorption coefficients than their asym-
metric counterparts (by a factor of 1.3-3.2). Considering the
very similar band positions, this indicates that in the OF each

benzothiophene unit (with aligning thiophene group(s)) contrib-
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Figure 2: Absorption (A) and emission (B) spectra of SyThy in acetonitrile in the course of the cyclization reaction (irradiation at 365 nm). Emission
was not fully depleted due to incomplete conversion in the photostationary state (PSS, o = 71%).

Table 1: Optical properties of the photochromic DAEs (in acetonitrile solution).

Absorption
OFa CFa Separation?
Aabs €108 Aabs  €/108 [nm]. Nem®
[nm]  [M~'em™"] [nm] [M~Tem™] (6M7) (Rex)
[nm]
AsTh; 327 258 562 135 235 410
(12800) (320)
SyThy 328 506 584 213 256 410
(13400) (340)
AsTh, 363 20.0 566  12.1 203 462
(9880) (360)
SyTh, 363 63.1 591 325 228 469
(10600) (410)
AsOTh; 356 155 447 371 91 -
(5720)
SyOTh, 355 31.4 478 535 123 -
(7250)
AsOTh, 385 36.4 480 58.6 95 -
(5140)
SyOTh, 384 47.9 524 63.8 140 -
(6960)
3f[16] 258 16.5 536 9.6 278 -
(20100)
6 [4] 310 5.3 412 237 102 464
(7990)

Emission Stokes shift [nm]
OF CF (cm™)
o TR® Aem® 9% TRC
sl (Rex) [ns]
[nm]
001 020 - - - 83
(6190)
0.01 0283 - - - 82
(6100)
0.09 024 - - - 99
(5900)
0.08 024 - - - 106
(6230)
- - 550 036 1.63 103
(460) (4190)
- - 560 048 1.91 82
(470) (3060)
- - 656 0.16 128 176
(460) (5590)
- - 670 0.18 1.16 146
(530) (4160)
0.01 0.269 509 0.06 0.51 154 )
5.04h (10700)
97
(4630))

aWavelength and extinction coefficient at the absorption maxima. PSeparation between absorption maxima of OF and CF. ®Position of the emission
maxima (excitation wavelength). 9Fluorescence quantum yield. eFluorescence lifetime. fin hexane solution. 9Parallel isomer. "Antiparallel isomer. 'OF

(open form). ICF (closed form).
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Figure 3: Absorption spectra of the OFs (A) and CFs (B) of AsThq (a), SyThy (b), AsThy (c), SyThs (d), AsOTh4 (e), SyOThq (f), AsOThy (g), and
SyOThy (h). The absorption of the OFs in (A) above 460 nm is due to the presence of low amounts of the corresponding CFs (formed during manipu-

lation of the solids and/or preparation of the solutions).

utes into absorption independently. It was confirmed that asym-
metric compounds with “compact” structures can be trans-
formed to the closed form with the same light as bulkier
analogs (the latter featuring slower ring-opening reactions; see
Table 2). Second, a bithiophene residue induces a red-shift of
30-35 nm in the absorption of the OF with respect to a mono-
thiophene ring. The oxidized DAEs (OF) absorbed at higher
wavelengths than the corresponding nonoxidized analogs (by
ca. 20-30 nm), and a splitting of the band is observed with a
shoulder appearing at the blue edge. In general, substitution in
the OF with a bithiophene side chain induced a slightly larger
red-shift than oxidation of benzothiophene units.

The absorption maxima of the CFs were located between
447 nm and 591 nm; they present remarkably larger differences
than the corresponding OFs (see Figure 3B). Compared with the
parent compounds 3 and 6 [4,16], the CFs of all new DAEs
displayed, again, red-shifted absorption bands. Unlike for the
OFs (Figure 3A), oxidation produces a strong blue shift of the
absorption bands of the CF (compare the curves a—d and e-h in
Figure 3B). This shift is stepwise reduced from 124 nm in the
unsubstituted compounds (3—6), to 65 nm in the presence of
four thiophene residues (SyThy—SyOThy,). It is worth noting
that for asymmetric compounds (AsThy— AsOThj;), the shift
(20 nm) is smaller than for symmetric DAEs having the same
total number of thiophene rings (SyTh;—SyOTh;). All CFs
showed several absorption bands, while nonoxidized DAEs
have two distinct absorption bands in the visible range. The data
in Figure 3 indicate that, contrary to the OF, both benzo[b]thio-
phene moieties (with side rings) interact and determine the loca-
tion of the absorption band in the CF. If we compare the absorp-
tion spectra of SyOThy and AsOTh,, we see that the most red-

shifted bands have very similar positions. This is a remarkable

feature, as both compounds consist of the same parts: two
oxidized benzothiophenes and, in total, two thiophenes as sub-
stituents. It appears that the sequence of the building blocks is
less important than their nature and quantity. The same regu-
larity holds true (with less precision) for the most red-shifted
absorption bands of SyThy and AsTh; (CFs have 18 nm differ-
ence in band positions); both DAEs consisting of same build-

ing blocks, again!

If we consider the positions of the absorption bands of the OF
and CF of each oxidized DAE, we observe that they are separat-
ed “only” by 90—-140 nm. On the other hand, in nonoxidized
DAEs, these bands are separated by 200-260 nm. This large
difference is justified by the fact that the oxidation red-shifts the
band positions of the OF, and blue-shifts the band positions of
the CF. A conversion of the separation between the absorption
bands from wavelengths to wavenumbers allows the evaluation
of the relative energy gaps between the HOMO and LUMO. We
can see that the energy gap between HOMO and LUMO in
nonoxidized DAEs is decreased to a higher extent upon cycliza-
tion than in oxidized DAEs. Furthermore, we noted that asym-
metric DAEs have a smaller separation between absorption
maxima of OF and CF than their symmetric counterparts. We
observed that nonoxidized DAEs exhibited a higher extinction
coefficient in the OF than in the CF (by a factor of 1.7-2.4);
oxidized DAEs revealed an opposite trend (higher absorption in
the CF by a factor of 1.3-2.4).

New DAEs have very different emission properties (see
Figure 4 and Table 1). the oxidized DAESs strongly emit in their
CFs, and the nonoxidized DAEs emit in their OFs, but rather
weakly. Interestingly, unsubstituted DAEs 3 and 6 (Scheme 1)

were either nonemissive at all (3), or very poorly emissive in
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Figure 4: Solutions of compounds AsThy (a), SyThy (b), AsThs (c),
SyThy (d), AsOTh4 (e), SyOTh; (f), AsOThy (g), and SyOThy (h) in
CDCl3 as mixtures of OFs and CFs under irradiation with 366 nm (top),
and the corresponding emission spectra in MeCN (bottom). Emission
of the compounds covers the range from UV to the blue and red
regions. Sharp peaks at ca. 390 nm (a and b) are Raman bands of the
solvent.

both forms (6) [4,16]. The new DAEs — when nonoxidized —
possessed blue emission with maxima between 410 nm and
470 nm. In this case, the difference in emission between asym-
metric and symmetric substitution patterns was negligible. This
feature can be explained by the fact that due to the twisted con-
formation of the open form, the emission transition involves the
isolated benzothiophene unit (including the side ring). As ex-
pected, in MeCN quantum yields of nonoxidized compounds
with a bithiophene side chain were higher (ca. 8% compared to
1% for a monothiophene derivative), but still moderate. Fluo-
rescence lifetimes were short (0.2 ns), in accordance with mod-

erate quantum yields.

The oxidized compounds were strongly fluorescent in their
closed forms, with emission maxima in the range between
550 nm and 670 nm. The difference between the positions of
emission bands of the structurally related symmetric and asym-
metric compounds was small, compared to the change caused
by an additional thiophene ring to the benzothiophene core.
Oxidized DAEs with monothiophene units as side chains exhib-
ited higher fluorescence quantum yields than the structurally
related DAEs with bithiophenes (>35% compared to <20%).
Longer fluorescent lifetimes (1.3—1.9 ns) of the oxidized DAEs

(CFs) correspond to the better fluorescence quantum yields.

Beilstein J. Org. Chem. 2019, 15, 2344-2354.

They exceeded lifetimes measured for the fluorescence of the
unsubstituted DAE 6 by a factor of 4, and the fluorescence
quantum yield of the CF of 6 was surpassed by the oxidized
DAEs with thiophene side rings by a factor of 3-8 [4]. The
open forms of the substituted oxidized compounds were

nonemissive.

The Stokes shift of the OFs of nonoxidized DAEs was always
ca. 6000 cm™!, independent of the substitution pattern. For
comparison, this value was much lower than the Stokes shift of
the OF of compound 6 (10,700 cm"l) [4]. The Stokes shift of
the CFs of oxidized DAEs varied between 3000 cm™! and
5600 cm™L, which is comparable with the Stokes shift observed
for the CF of 6 (4600 cm™!) [4]. In the case of oxidized DAEs,
asymmetric compounds possessed higher Stokes shifts by
ca. 1000 cm™! than symmetric DAEs. Only compound AsOTh,
has a higher Stokes shift than the CF of unsubstituted DAE 6.

Two important observations were made in this part of the work.
First, the OFs of oxidized DAEs absorb at higher wavelengths,
and their CFs absorb at lower wavelengths than the correspond-
ing isomers of the nonoxidized counterparts. Second, the CFs of
nonoxidized DAEs were found to be nonemissive. This impor-
tant property will be taken into account in the design of the
future photoswitchable compounds with ratiometric fluores-

cence modulation.

Switching kinetics
Table 2 contains an overview of the most important parameters
related to the switching kinetics.

All compounds, except AsOTh, and SyOTh,, were reversibly
switchable between open and closed forms by irradiation with
365 nm (cyclization) and 470 nm (cycloreversion) light. For
compounds AsOTh; and SyOTh,, irreversible photobleaching
was the main reaction path observed after irradiation with
visible (470-530 nm) light (see Figures S55 and S61 in Sup-
porting Information File 1). Considering the trend for other
DAEs [1,5,9,10], we expect the cycloreversion quantum yields
of compounds AsOThy and SyOTh; to be <107°-1077, which
means that the bleaching quantum yields are on the order of
>1079-107°. The nonoxidized DAEs were also switchable by ir-
radiation of the OF at 530 nm. In general, nonoxidized DAEs
switched faster in both directions than the oxidized DAEs (by
1-4 orders of magnitude). Furthermore, the nonoxidized com-
pounds (apart from SyThy) revealed higher cycloreversion
quantum yields (¢cg-op) than cyclization quantum yields
(por—cp); the oxidized compounds showed an opposite trend.
As a result, the degree of conversion in the photostationary state
found for nonoxidized compounds was moderate <70% (ca.

30% for asymmetric and 70% for symmetric dyes), but the

2351



Table 2: Switching kinetics of the photochromic compounds (in acetonitrile solution).

Beilstein J. Org. Chem. 2019, 15, 2344-2354.

o [%] PoF-CF° @CF-0F° @on-switching/Poff-switching Non
AsTh; 36 0.13 0.14 1.1¢ <1
SyThy 71 0.16 0.07 0.4¢ <1
AsThy 28 0.03 0.15 5.0¢ 3
SyTh, 71 0.04 0.06 1.5¢ 2
AsOTh, >98 9.0-1072 1.6-1073 56f 225
SyOTh; >98 2.4-1072 8.8-107° 273t 5230
AsOThy >98 7.6-107° -9 - -
SyOTh, >99 1.9-1074 -9 - -
3h [16] 53i 0.39 0.35] - -
6 [4] 31 0.24i 0.25K - -

aConversion into the CF in the PSS (365 nm). Pirradiation at 365 nm. Clrradiation at 530 nm. 9The number of average emitted photons before off-
switching is proportional to the ratio of fluorescence quantum yield and off-switching quantum yield; the off-switching quantum yield is ¢ofcg for
nonoxidized and ®¢cr_ o for oxidized compounds. ®Ratio of cycloreversion and cyclization. fRatio of cyclization and cycloreversion. 9lrreversible

bleaching overcame the cycloreversion reaction. Nin hexane. iIrradiation at 313 nm. lirradiation at 517 nm. XIrradiation at 405 nm.

oxidized analogs show complete conversions (>98%). Interest-
ingly, decoration of the core structures 3 and 6 (Scheme 1) with
thiophene rings lowered the switching quantum yields by
several orders of magnitude. It became obvious that the rate of
cyclization and cycloreversion reactions decreased when the
conjugation path became longer (transition from the unsubsti-
tuted core to monothiophene and then to bithiophene deriva-
tives). In all cases, asymmetric substitution allowed faster cy-
cloreversion than symmetric substitution, which is a positive
effect regarding potential application of these dyes as revers-
ible fluorescent markers in RESOLFT microscopy [5].

Two processes — fluorescence and off-switching — compete for
the depopulation of the same excited state [10]. Hence, the ratio
of fluorescence quantum yield and off-switching quantum yield
is proportional to the number of emitted photons (Npy) per cycle
or per incursion into the fluorescent state (i.e., before off-
switching takes place). Due to its high fluorescence quantum
yield (¢g) and low cycloreversion quantum yield (¢cr—oF),
compound SyOTh; is expected to emit more than 5200 photons
per cycle on average. Furthermore, compound SyOTh; proved
to be highly fatigue resistant. As shown in Figure 5, it endured
>160 switching cycles in acetonitrile solution while losing only
ca. 15% of its absorption. The extrapolation of the change in
absorption yielded about 340 switching cycles, until a 50%
signal loss occurs. Thus, this compound is a good candidate for
a marker applicable in STORM/PALM and MINFLUX super-
resolution techniques [17,18]. It even showed superior
switching kinetics (regarding the ratio of fluorescence quantum
yield and cycloreversion quantum yield) compared to DAEs
which were already applied in super-resolution microscopy
[10,15]. The nonoxidized analog of SyOThy, compound

SyThy, showed even higher fatigue resistance. In acetonitrile

solution, extrapolation of the first 160 switching cycles pre-
dicted that >3500 switching cycles may be expected before a
50% signal loss will occur. The high fatigue resistance of com-
pound SyTh; indicated that nonoxidized DAEs may, in general,
be more photostable than oxidized DAEs. However, due to poor
emission, SyThy was not considered as a fluorescence marker.
Another promising compound for applications in super-resolu-
tion microscopy was DAE AsOTh;. A high emission effi-
ciency and a relatively fast cycloreversion, makes it a good

candidate for a photoswitch applicable in RESOLFT microsco-
py-

Urbach tail effect

Under irradiation with visible light, most DAEs show complete
conversion into the OF, because OFs do not absorb at wave-
lengths corresponding to the absorption band of the CF. How-
ever, compound SyOThy presented a remarkably “low” value
of acp—oF [470 nm] = 0.9 in MeCN. A similar behavior has
been recently reported and ascribed to the so-called Urbach tail
effect [19,20], i.e., the ring-closing photoreaction is induced by
absorbing very weak hot bands of the OF, in the visible range.
Neither nonoxidized DAEs, nor the asymmetric compound
AsOThy show this effect at observable levels; the other
oxidized compounds are “irreversible”. To further investigate
this phenomenon, SyOTh; was irradiated with visible light of
even longer wavelength (530 nm). Remarkably, conversion
from the CF to the OF was practically complete (Figure 6).
Thus, this photochromic DAE can be switched “on” with
470 nm light to an extent of 10%, and switched “off” with
530 nm light. In Figure 6C we present ten switching cycles per-
formed with visible light, alternating between blue and green ir-
radiation (no UV light was used for switching!). The emission

signal (not shown) presents the same on/off behavior.
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Figure 5: Fatigue resistances of compounds SyOTh1 (A and B) and SyThy (C). Parts A and C show the absorbance at certain wavelengths after
cyclization (top values) and cycloreversion (bottom values). Part B shows the change in absorbance at 478 nm for each full switching cycle
(CF—OF-CF) for compound SyOTh;. Dots: the measured values; blue line: an exponential fit. Part D shows the structures of both compounds.
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Figure 6: (A) Absorption spectra of compound SyOTh in MeCN at the photostationary states under irradiation with 365 nm light (blue/black lines),
470 nm light (red line), and 530 nm light (purple line). Part B, irradiation kinetics (same color code). Part C, ten complete on/off switching cycles per-

formed with visible light.

Conclusion

We prepared eight 1,2-bis[(2-ethylbenzo[b]thiophene)-3-
yl]perfluorocyclopentenes with oxidized and nonoxidized cores
and decorated them with mono- and bithiophene rings in sym-
metric and asymmetric fashions. By studying the optical proper-
ties of the new compounds, we found that DAEs with nonoxi-
dized benzothiophene units possess fluorescent open forms with
low emission efficiencies. The new DAEs are relatively fast
switches, and, in particular, the nonoxidized DAEs exhibited

high cycloreversion quantum yields. Due to a high on/off ratio
of >270, good fatigue resistance and large fluorescence quan-
tum yield, compound SyOTh; may be an excellent marker for
single-molecule based super-resolution fluorescence microsco-
py, e.g., MINFLUX and STORM. In addition, SyOTh; presents
a remarkable on-switching of 10% of its maximal fluorescence
signal with 470 nm light, and the ring-closure reaction was fully
reversible by irradiation with longer wavelengths. This offers
the possibility of reversible switching a DAE only with visible,
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avoiding harmful (cytotoxic) UV irradiation. In view of the
forthcoming solubilizing strategies applicable to fluorescent
DAE:s and intended for the crucial improvement of their fatigue
resistance in aqueous solutions [21], the switching core of com-
pound AsOTh; is expected to provide a promising marker for
RESOLFT microscopy (after attaching the reactive group).

Supporting Information

Supporting Information File 1

Experimental part and additional spectra of synthesized
compounds.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-227-S1.pdf]
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Abstract

The permittivity of polymers and its spatial distribution play a crucial role in the behavior of thin films, such as those used, e.g., as
sensor coatings. In an attempt to develop a conclusive approach to determine these quantities, the polarity of the model polymer
poly(methyl methacrylate) (PMMA) in 600 nm thin films on a glass support was probed by the energy of the charge transfer transi-
tion in the oxazine dye Nile red (NR) at 25 °C. The absorption and fluorescence spectra of NR were observed to shift to the red
with increasing solvent polarity, because of the intramolecular charge transfer character of the optical transition. New types of
solvatochromic plots of emission frequency against absorption frequency and vice versa afforded the Onsager radius-free estima-
tion of the ground and excited states dipole moment ratio. With this approach the values of these dipole moments of 11.97 D and
18.30-19.16 D, respectively, were obtained for NR. An effective local dielectric constant of 5.9-8.3 for PMMA thin films was
calculated from the solvatochromic plot and the fluorescence maximum of NR observed in the PMMA films. The fluorescence
band of NR in the rigid PMMA films shifted to the red by 130 cm™! with increasing excitation wavelength from 470 to 540 nm,
while in a series of liquids the position of the emission maximum of NR remained constant within same range of the excitation
wavelength. It is concluded that the fluorescence spectrum of NR in PMMA undergoes inhomogeneous broadening due to different

surroundings of NR molecules in the ground state and slow sub-glass transition (7) relaxations in PMMA.

Introduction
The chain and segment mobility as well as the permittivity of  film thickness is in the order of the radius of gyration, special
polymers possess an enormous impact on the properties of poly-  effects of confinement have been observed. Prominent exam-

mers and polymer thin films. For ultrathin films, in which the ples are the properties of substrate-supported ultrathin polymer
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films, in which the values of the glass transition temperature
(Tg) and segmental mobilities were found to be altered. Like-
wise, this holds for transport properties, including polymer
nanocapsule membrane permeability [1], enzyme-triggered bac-
terial sensors [2-5] and intelligent self-controlled drug delivery
systems [4,6-10], as well as dynamics of polymers at interfaces
[11].

To be able to understand local properties of polymers, in partic-
ular in nanoenvironments of polymeric vesicles (polymer-
somes), comprising a hydrophilic corona and a hydrophobic
wall [1,12], or in substrate-supported ultrathin films [13], the
analysis of the photophysical properties of tracer dye molecules
was found to be beneficial. In time-resolved fluorescence mea-
surements and dye diffusion studies, the nanoenvironments in
polymersomes could be assigned [1,12], solute transport be
characterized [1] and segment mobilities inferred [13], respec-
tively. For other purposes the oxazine tracer dye Nile red (NR,
Figure 1) served as a local probe to enable the study of degrada-
tion of enzyme labile polymersomes [14]. The same dye has
been reported as probe for local permittivity in polymers, in
particular, the spatial distribution of the dielectric constant
measured for thin PMMA films was described using NR as a re-

ported dye [15].
N
/@ \“
/)\1 (o) (6]

Figure 1: Molecular structure of Nile red (NR).

Because NR is (i) a photostable dye, (ii) possesses convenient
optical properties, such as excitation with visible light, and fluo-
rescence, which does not overlay with absorption of many bio-
molecules, and (iii) exhibits fluorescence, which is strongly
influenced by the polarity of the environment, it has been em-
ployed as a polarity probe in biological applications [16-19] and
materials/nanoscience [15,20-23]. For instance, the spatial dis-
tribution of the dielectric constant for thin PMMA films was
mapped by analyzing the position of the fluorescence of NR
employed as a reporter dye [15]. Besides polarity, the Young’s
modulus of the polymer matrix was found to be related to the
fluorescence lifetimes (t¢) of NR [21]. Furthermore, the spec-
tral position of NR fluorescence was used to detect a lipid drop-
let in monkey aortic smooth muscle cells [16], for visualizing
different proteins, such as lactoglobulin, casein and albumin
[17]. In fluorescence lifetime imaging microscopy T as a viable
contrast parameter was employed to image lipid droplets in
living HeLa cells stained with NR [19]. Recently, the phase of
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the microcapsules and their energy release were analyzed by
monitoring the color of NR fluorescence in an energy storage

microsystem [22].

Although NR solvent effects are a useful tool in biology and
technology, an adequate description and characterization of the
phenomenon is still far from accurate. Fortunately, a contribu-
tion of solute to the large amplitude motion of the diethylamino
group (twisting) in intramolecular charge transfer excited state
of NR, postulated in references [21,24,25] was later associated
with an artefact [26]. However, the characteristics of NR in sol-
vents and in matrices, such as the polarity of NR in the ground
and excited states, as one can see in detail below, remains still
rather controversial.

Here we aim at the development of a conclusive approach to de-
termine the permittivity of polymers and its spatial distribution
as they play a crucial role in the behavior of thin films, as
alluded to above. Poly(methyl methacrylate) (PMMA) in
submicrometer thin films on a glass support served as a model

system.

The relaxation processes in bulk PMMA are well established
and have been well characterized by dielectric [27-29] and
dynamic mechanical analyses [30-32], NMR spectroscopy [33],
and fluorescence spectroscopy [28]. For PMMA, the a-relaxa-
tion as slowest relaxation is observed at the glass transition
(Tg =95-110 °C) [34]. It corresponds to long-range conforma-
tional changes of the polymer backbone. This relaxation is
frozen in the current experiments. However, the secondary -,
Y-, and O-relaxations, which correspond to the side chain
motions of the ester group and rotations of the methyl groups
attached to the main as well as to the side chains, possess char-
acteristic relaxation temperatures Tg = 10-40 °C, T, = —100 to
=170 °C, and T5 = —180 °C [28,31]. In PMMA, the dynamics of
the ester group (B-relaxation) can furthermore be coupled with
the a-relaxation [29].

Results and Discussion

For the development of a quantitative understanding of the
polar probe NR in various nanoenvironments it is imperative to
obtain a consistent description of the charge transfer at the elec-
tronic transition. For this purpose, the best choice is to study
NR in dipolar solvents free from specific interactions with this
solute. Finally, the polarity of the polymer matrix that does not
possess comparable solute—solvent interactions will be probed
with NR.

Dipole moments

With increasing solvent polarity, the maxima in the fluores-

cence spectra of NR in liquid solvents at 25 °C were observed
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to gradually shift to the red, from 17660 cm™! in nonpolar
n-hexane to 16090 cm™! in polar acetonitrile, showing no indi-
cation of dual fluorescence (Figure 2a). This behavior for NR

[35] is similar to donor—acceptor-substituted stilbenes [36,37],

A, NM
800 7?0 790 6?0 6(110 5?0 5(110
1 2 12 T 1 T T 1 T

4?0
1
@T
Hexane
Toluene}
—— CHCI,
—— EtOAc |
——CH,CI,
—(CH,CI),|
——— Aceton
—EtOH

MeOH
MeCN

Fluorescence, a.u.

(by

Absorption, a.u.

o

Figure 2: Fluorescence (a) and absorption (b) spectra of NR in sol-
vents of different polarity at 25 °C. The solvent marks are hexane for
n-hexane, CHCIj3 for chloroform, EtOAc for ethyl acetate, CHoCl, for
dichloromethane, (CH2Cl); for 1,2-dichloroethane, EtOH for ethanol,
MeCOH for methanol and MeCN for acetonitrile.
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benzenes [38,39] and aminocoumarins [35,40,41]. This effect is
caused by solvent relaxation around dipolar solutes that possess
in the lowest excited state a substantially higher dipole moment

(ue) than that in the ground state (pg).

To calculate the value of u, the frequencies of emission (vg)
and absorption (v,) are plotted [39,42] in Figure 3a against the
Lippert solvent polarity function f(e) — fin?) [43], where ¢ is the
dielectric constant and » is the refractive index of the solvent,
fx) = - 1D/2x + 1).

2 e( e )
vp == R o) f PN v ()
hep
vo=- el M) ) 0ive )
hep

Here vgf and v, are the frequencies at zero value of the polarity
function, p is the Onsager cavity radius, / is Planck’s constant,
and c is the speed of light. The experimentally determined posi-
tions of the maxima in the absorption and fluorescence spectra
of NR as well as the solvent polarity properties are listed in
Table 1.

The data points for the dipolar aprotic solvents acetonitrile, ace-
tone and ethyl acetate and the nonpolar n-hexane, shown by
filled circles in Figure 3a, lie along a straight line. From its
slope of =7210 cm~! and Hg = 11.97 D the value of p = 18.30
D is calculated. The fluorescence spectra of NR in the protic
solvents ethanol and methanol are substantially shifted to the

red (Figure 2a), although they possess similar f(€) — f(n?) values

Table 1: Absorption (v,) and fluorescence (vi) maxima of NR, fluorescence maxima (v¢s) of the intramolecular charge transfer state of 4-(diisopropyl-
amino)benzonitrile (DIABN) in different solvents, solvent dielectric constants (€), refractive indexes (n) and Lippert polarity functions at 25 °C.

N Solvent g nb

1 hexane 1.88 1.372
2 toluene 2.37 1.494
3 CHCI3® 4.89 1.442
4 EtOACc! 5.99 1.370
5 CH,Cl9 8.87 1.421
6 (CHoClI)o" 10.36 1.443
7 acetone 20.56 1.356
8 ethanol 24.60 1.360
9 methanol 32.32 1.327
10 MeCNi 36.65 1.342

f(e) - f(n?)° Va, cm~! vi, cm™! vigd, cm™1
0.000 201304 176604 25720
0.013 19010 17470 23840
0.152 18520 16630
0.200 19140 16840 22260
0.218 18570 16510 21770
0.221 18590 16460 21650
0.285 18780 16270
0.289 18220 15670 20310
0.309 18100 15540 19860
0.306 18680 16090 20490

aDielectric constants from ref [49]. PRefractive indexes from ref [50]. CLippert polarity function f(g) — f(n?). 9Half-sum of wavenumbers for the maxima
of the first and second vibronic peaks in the spectrum possessing practically equal intensities, see Figure 1. €Chloroform. fEthyl acetate.

9Dichloromethane. M'1,2-Dichloroethane. 'Acetonitrile.
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compared to those for acetone and acetonitrile, respectively
(Table 1). This effect is reminiscent of the anomalous fluores-
cence red shift of fluorophores in alcohols [44]. The additional
red shift of NR in protic solvents, such as alcohols and proba-
bly chloroform, is associated with the hydrogen-bond forma-
tion with the carbonyl group of the dye [45]. The fluorescence
maxima of NR in highly polarizable toluene and in chlorinated
solvents lie also clearly below the straight line in Figure 3a.
This is tentatively attributed to the different inductive
solute—solvent interactions, which are neglected in Equation 1.
Such additional red shift in the case of halogenated solvents has
been explained before by the formation of exciplexes [46-48].

In polar solvents the absorption band of NR is shifted to the red,

1'in aceto-

from 19670 cm™! in n-hexane down to 18680 cm™
nitrile (Figure 3a), in the same direction as its fluorescence
spectrum. A somewhat smaller magnitude of the shift of
990 cm™! compared to that observed in the fluorescence spec-
trum (1570 cm™!) indicates a higher dipole moment in the
excited state (pe > pg) and a larger negative slope in Equation 1
~Ue(Me — Me) than in Equation 2 ~pg(pe — ug). This solva-
tochromic plot with its slope of —4730 cm™! resembles plot ac-
cording to Equation 1 in Figure 3a, namely the points for
dipolar acetonitrile, acetone, ethyl acetate and nonpolar
n-hexane fit to a straight line (2), NR in other solvents exhibits
again a stronger red shift due to specific and inductive

solute—solvent interactions.

In order to eliminate any scaling effect of the Onsager radius on
the relation between pg and p., Equation 2 can be rearranged to
obtain the polarity function

3
F&)— f(n)=— TP

Vo =Va): @)
zug (Me - ”’g) 0a ‘

Substitution of Equation 3 in Equation 1, assuming equal p
values of the same molecule for the absorption and emission
transitions, gives the following simple Onsager radius-indepen-
dent linear relation between emission and absorption frequen-

cies.

u p
Vi =5V, +Vor — Vg, )
Hg Mg

In Figure 3b the fluorescence maxima of NR are plotted versus
the absorption maxima. The solvent is indicated by its number
according to Table 1. Data for solvents that possess similar
refractive indices (n = 1.342-1.347) fit to Equation 4 with a
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Figure 3: Solvatochromic plot of the absorption (v,) and fluorescence
(vf) maxima of NR in a series of solvents at 25 °C (a) against the
Lippert solvent polarity function f(g) — f(n?), (b) against absorption
maximum v, and (c) against the fluorescence maximum (vig) of the
intramolecular charge-transfer band of 4-(diisopropylamino)benzo-
nitrile (DIABN). In panel (a) the data for v, and v¢ are shown with blue
squares and red circles, respectively. From the slopes of the straight
lines fitted through the filled circles and squares according to
Equation 1 and Equation 2 in (a), Equation 4 in (b) and Equation 10 in
(c) the ground (g) and excited state dipole moments (pe) of NR are
calculated, see Table 2. The solvents are indicated by the numbers in
the first column of Table 1.

slope 1.529, indicating a substantial (53%) increase of the
dipole moment upon excitation of NR. A clear deviation is ob-
served for protic solvents and highly polarizable solvents (with
n = 1.421-1.494) due to the different efficiency of hydrogen
bond formation and contributions of inductive solute—solvent

interactions in the ground and excited states.
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The slopes of the two linear relations Equation 1 o0 = —2pg(ue —
ug)/hcp3 and Equation 4 B, = ug/p allow one to calculate both

ground and excited states dipole moments as

ochcp3

—_— ®
2B, (Ba 1)

(6

From a = 7210 cm™! (Figure 3a) and the 8, = 1.529
(Figure 3b), one obtains py, = 11.97 £ 0.36 D and p, =
18.30 = 0.61 D, see Table 2.

Using a similar method [60,61], in which it is not necessary to
assume the radius p, the ratio of the slopes of the solva-
tochromic plots for fluorescence (Equation 1) and absorption
(Eqution 2) also yields a value for f,. Although closely
matching values of B, are expected for both the ratio method
and from the direct correlation according to Equation 4, when
the same set of solvents is employed in Equations 1, 2 and 4,
the resulting values of 8, could be erroneous, if different sets of

solvents were used in Equation 1 and Equation 2.

Alike to Equation 4, the excited state dipole moment can be de-
termined from a plot of the fluorescence maxima of the studied
fluorophore versus the fluorescence maxima of a standard
fluorophore with known ground and excited dipole moments
Hgs and peg [38,39]. Application of Equation 1 to the spectra of
the standard fluorophore and rearrangement in order to express
solvent polarity function yields

Table 2: Ground (Hg) and excited (ue) state dipole moments of NR.

Beilstein J. Org. Chem. 2019, 15, 2552-2562.

hcps3

—_ 2 -
f@)=f(n7) Dy (s i)

(VOfs ~ Vg ) @)

Then substitution of the solvent polarity function again into
Equation 1 for the studied fluorophore gives a linear correla-
tion (Equation 8) of v and v

He (ue - ug )ps3
Hes (ues - ugs )p3

_ He(ue _ug)ps?)

Vi = Vis 5 Vots- (8)

Hes (ues - ugs )p

The subscript s indicates values related to the above mentioned
standard. In Equation 8 the effect of the very important parame-
ter, the Onsager radius, on the resulting dipole moment also
decreases, because the ratio ps>/p> should be practically inde-
pendent from the method how these radii are estimated.

In Figure 2c the fluorescence maximum data are plotted versus
that of the intramolecular charge transfer state of 4-(diiso-
propylamino)benzonitrile (DIABN). Data for all solvents except
for the alcohols are fitted well to the linear Equation 8 with a
positive slope B¢ = 0.434. The value

2 3

n n
S i"’Bfl’tes(l'tes _Mgs)p_3 ©

He =5 ™\ 4

S

of 19.16 + 0.19 D agrees well with that determined from the
solvatochromic expressions (Equations 1, 2 and 4), see Table 2.

Substitution of the polarity function (Equation 7), calculated
with the reference fluorophore in Equation 2, gives the
following relations between absorption maxima of NR and

emission maxima of the dipole moment standard:

Equation Slope, cm™! Hg?, D o, pm pe2, D
1 -7210 £ 110 11.97+ 0.35 545 18.30 £ 0.53
2 -4730 £ 100 11.97+ 0.35 545 18.31 £ 0.47
4 1.529¢ + 0.023¢ 11.97+ 0.35 545 18.30 £ 0.61
8 0.434° + 0.015¢ 11.97+£ 0.35 545 19.16 £ 0.19
6.784 468d 184
2¢ -6000 + 420 11.97+ 0.35 545 20.00 £ 0.51
10¢ 0.366° + 0.019¢ 11.97+ 0.35 545 21.68 + 0.51
6.784 468 1gd

a0ther reported values (in Debye units D) are 7 [47,51,52], 7 [53,54] (for phenoxazone 9, the N,N-dimethylamino analogue of NR), 7.51 [55], 7.97
[55], 8.2 [56,57], 8.4 [44], 8.9 [44], 14 [48]. POther values (in D) 6.9 [52], 7.7 [51], 8.5 [51], 10.0 [57], 10.2 [56], 10.4 [58], 10.5 [58], 10.77 [55], 12.48
[55], 13.15 [55], 13.4 [44], 14.13 [55], 14.4 [44], 14.5 [47], 17 [47], 18 [48], 18 [53,54] (for phenoxazone 9, the N,N-dimethylamino analogue of NR),
18.5 [48], and 18.6 [51,52]. Dimensionless. YValues for DIABN [38,39]. ®Absorption maxima from [59].
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“g (He - ug )p53
Vi + Vo, —————=—— Vg (10)
Mes (“es - “'gs )p

_ Mg (“e - l"’g )p53
Hes (l"’es - “gs )p3

With the slope of the linear function (10)

_ ug (He - ug )ps3

Br : (11)
3
Hes (“es - “gs )p
The excited state dipole moment can be evaluated as
3
Hes (ues - “gs )p
Mo =g +Pp————E= (12)

HgPs®

The published values of the dipole moments [44,47,48,51-56]
of NR, summarized in the footnote of Table 2, are almost
uniformly dispersed in the wide range from 7 to 14 D for p, and
from 6.9 to 19.6 D for p,, respectively. All data demonstrate an
increasing of dipole moment at the excitation pe — p, between
1.8 and 11.6 D [44,51,56,62,63], also with pg = 7 D and
He = 6.9 £ 2.1 D [52] it is still correct within the experimental
uncertainty. Thus, the values of NR pg = 11.97 D and e — pg
from 6.34 to 7.20 D obtained here (Table 2) agree with the
published data. The excited state dipole moment p, from 18.30
to 19.16 D and the slightly higher u. = 20-22 D (Figure S1,
Supporting Information File 1, Table 2) calculated from
the published absorption maxima of NR [59] using Equation 2
and Equation 10 is on the upper bound of the published p,
values.

From a theoretical point of view, the very broad distribution of
dipole moments published in the literature [44,47,48,51-58]
might be caused because (i) various experimental approaches
were used, including solvatochromic, thermochromic and
dielectric friction techniques, and (ii) different theoretical
models of solvatochromic effects were employed, some of them
take inductive solute—solvent interactions and solute polariz-
ability into account, others neglect them, and (iii) different defi-
nitions of the molecular dipole moment in solvent-free condi-
tions in vacuum or in solvents with zero polarity function
fle) - f(nz) were used. Most of these divergences can be
compensated by an appropriate selection of the solvent set. For
example, the effect of inductive solute—solvent interactions on
v, or vy becomes practically invariant, when the refractive index
is constant in a series of solvents. From an experimental point
of view, the broad distribution of reported dipole moments

could also be the result of an imprecise correction of emission

Beilstein J. Org. Chem. 2019, 15, 2552-2562.

spectra for the spectral response or their imprecise presentation
on the wavenumber scale. The major challenge appears to be
the lack of independently determined parameters of the NR
ground state dipole moment and/or its cavity radius, which are
both important.

Two values of the Onsager radius, 410 pm [51,52,55,57,58] and
500 pm [44,47,57,62], were used in [44,47,48,51-56,62,63] to
evaluate pe or pe — pg. The first value is the van der Waals
radius p = (3V/4m)!/3, where the van der Waals volume V is the
sum of atomic increments [64]. The second value was chosen
arbitrarily as a typical value. In addition, both these values of p
were not verified with respect to their applicability for use in
solvatochromy of NR.

In the present paper, we used p = po(M/Mg)'/3, where M is the
molar mass of the fluorophore and the lower index ‘0’ marks
the corresponding quantity related to N,N-dimethylaminoben-
zonitrile (DMABN). The Onsager radius of DMABN was
tailored to pg = 420 pm [39] in order to get u. = 17 D for the
charge transfer excited state of DMABN from the solva-
tochromic plot (Equation 1). The corresponding dipole
moments were determined with cavity radius free techniques:
Hg = 6.60 D [39] by dielectric spectroscopy and pe = 17 D [65]
by time-resolved microwave conductivity. For the secondary
standard DIABN pg = 468 pm is calculated from pg, pgs = 6.78
was measured by dielectric spectroscopy and pgs = 18 D was
determined from the solvatochromic plot (Equation 8) relative
to the wavenumber maxima of the excited state charge transfer
emission spectra of DMABN [38,39]. For NR a cavity radius of
p = 545 pm is calculated based on py and M.

When the literature values of the absorption maxima of NR
[59], p = 545 pm and pg = 11.97 D are fitted with Equation 2
and Equation 10, values that are close to the values of
pe = 20-22 D reported here are obtained (Table 2). Because the
cavity radius for NR is adapted for solvatochromy in our work,
reliable values of the ground state and excited state dipole

moments of NR can indeed be calculated.

The crucial importance of the correct value for the Onsager
radius is demonstrated by fitting data from Table 1 with Equa-
tion 2 and Equation 5 for a van der Waals radius p = 410
[51,52,55,57,58]. This fit yields pg = 7.81 D instead of 11.97 D
(Table 2) and p = 11.94 D instead of 18.30 D (Table 2). These
values are close to p, = 8.2 D and p = 14.4 D from reference
[56], where both dipole moments were determined by similar
analysis of absorption and fluorescence spectra of NR. Thus,
the large dispersion of reported NR dipole moments
[44,47,48,51-56,62,63] is mainly caused by insufficient preci-

sion of the value for the cavity radius of NR.
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Polymer polarity probed with NR

The fluorescence spectra of NR in low and high molar
mass PMMA films (Figure 4, Figure S2, Supporting Informa-
tion File 1) were found to be close to spectra acquired
in ethyl acetate (Figure 2a), which may be used as a
model for the polymer repeat unit. The broad structureless
fluorescence maximum at ~600 nm for NR in PMMA
reported in references [62,66] might be caused by remaining
traces of solvent from PMMA solution (toluene) [66] in close
vicinity to NR molecules, similar to results for NR in
poly(vinylidene fluoride) films cast from dimethyl sulfoxide
[15]. This notion is supported by fluorescence maxima (Af)
of NR in PMMA at the excitation wavelength A, = 500 nm,
which are in the range of 571 < Af < 579 nm, depending
on the polymer molar mass and casting solvents. For ethyl
acetate, the fluorescence of NR occurs at longer wavelength
As = 588 nm, which does not agree with the results in reference
[66].

When A, increases, the fluorescence spectrum of NR in the
polymer matrix shifts linearly to the red by 130 cm™! from
17100 at A, = 470 nm to 16970 cm™" at A, = 540 nm, mainly in
the blue part of the spectrum and at the maximum (Figure 4,
Figure 5 and Figure S2, Supporting Information File 1). In
contrast to PMMA, neither the shape of the fluorescence spec-
trum of NR nor the position of its maximum depend on A, in
liquid solutions, such as in the polymer repeat unit model ethyl
acetate, and in solvents used for preparation of spin-coated
PMMA films, such as chloroform, dichloromethane and 1,2-
dichloroethane (Figure 5, Figure 6 and Figures S3, S4 and S5,
Supporting Information File 1). These facts and the blue shifted
fluorescence of NR in PMMA in comparison to mentioned
above solutions (Figure 5) demonstrate that the local polarity in
PMMA and/or its dynamics are different than in similar liquid
solutions. The fluorescence maxima of NR at A, = 500 nm, the
slopes dvy/d)e of the fluorescence spectrum drift with the exci-
tation wavelength and the thicknesses of spin-coated PMMA
films are collected in Table 3. On the one hand, such indepen-
dence of the fluorescence spectra of NR in liquid solution
supports the high purity of the NR used and its high stability
also in the chlorinated solvents, cf. with a lack of a red edge
effect for 4-fluoro-N,N-dimethylaniline [67]. On the other hand,
when the relaxation time of the molecules or segments (1,) of
the polymer matrix is much longer than the NR fluorescence
decay time 1¢ = 3.87 ns [62] in PMMA and of =5 ns [62] in the
liquid solvents used, the orientational relaxation of the mole-
cules or segments around in the excited NR is not complete.
Consequently, the fluorescence of NR in polymers originating
from a not solvent-relaxed excited state possesses higher
energy. The corresponding matrix polarity is characterized by

an effective dielectric constant €(2m/t¢) between ¢, the zero fre-
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quency, and &, = n2, the optical frequency permittivity of the

medium.
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Figure 4: Absorption (a) and fluorescence (a, b) spectra of NR in
PMMA (350 kg/mol) film 500 nm thin at different excitation wavelength
(Ae)- The film was prepared by spin-coating of PMMA solution in 1,2-
dichloroethane ((CH»Cl)2) on the 20 x 20 x 0.15 mm? glass doped
with NR. The concentration of NR in the PMMA film of 2.1 mM was
calculated from the optical density (panel (a)) and thickness of PMMA
film with the molar extinction coefficient NR in 1,4-dioxane of

38000 M~1-cm~1[68]. The A, values are indicated with stars on the
absorption spectrum in panel (a). The regions Ag £ 5 nm in the fluores-
cence spectra (a, b) are not shown due to overlap with strong scat-
tering excitation light.

In a similar manner, the dipolar units are dispersed around NR
molecules in the ground state. The observable absorption spec-
trum is a superposition of the spectra of such partial solvates of
NR. According to Equation 2 the absorption of stronger
solvated NR molecules is shifted to the red. The more NR is
irradiated in the red, the higher is the contribution of stronger
solvated NR molecules that are excited. A response time T, of
seconds for a polarization dynamics was estimated for PMMA
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Figure 5: Dependence of the fluorescence maximum (vs) of NR on the
excitation wavelength (A) in rigid PMMA matrix (six data sets on the
top) and in fluid solutions (four data sets on the bottom) at 25 °C. The
details of the preparation of the submicron PMMA films are listed in
Table 3. The straight lines for NR in the PMMA matrices and hori-
zontal lines for NR fluid solutions at A¢ = 500 nm are shown from top to
bottom in the following series: PMMAH from CHxCly, PMMAL from
CH>Clp, CHCI3 and (CH2Cl)2, PMMAH from CHCI3 and (CH2Cl)2, ethyl
acetate, CHCI3, CHxCly, and (CH2Cl),, respectively.

films in an external electric field [69]. Although short T; << 1, in
the region of 2/t ~ 1 GHz prevent a substantial rearrange of
the solvation shell around the NR molecules in the excited state,
solvated molecules absorbing more in the red also fluoresce in
the red tail of the spectrum. Such inhomogeneous broadening of
absorption and fluorescence spectra can explain the observable
drift in the fluorescence spectra of NR in PMMA to the red for
long wavelength excitation (Figure 4 and Figure S2, Support-
ing Information File 1).
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Figure 6: Absorption (a) and fluorescence (a, b) spectra of NR

in ethyl acetate (EtOAc) at different excitation wavelength (A¢) at
25 °C. The A values are indicated with the stars on the absorption
spectrum in panel (a).

The value of vf decreases in the series of the spin-coating sol-
vents dichloromethane, chloroform and 1,2-dichloroethane. The
absolute value of the red drift rate dvg/dh. gradually grows up in

Table 3: Fluorescence maxima (v¢) of NR at the excitation wavelength (A¢) of 500 nm in PMMA spin-coated film of thickness (d), v; drift rate (dvi/dAg),
Lippert solvent polarity function and dielectric constant (g) of the PMMA films at 25 °C.

PMMA2 Solvent vi, cm™! —dvi/dhe pm=2 d, nm f(e) - f(n?)b g¢
CH,Clyd 17120 8 400 0.167 + 0.004 6.4+0.3

PMMA-L CHCl3® 17070 10 480 0.170 + 0.004 6.6+0.3
(CHoCl)of 16920 29 380 0.191 + 0.005 8.3+0.5
CH,Clod 17150 5 960 0.159 + 0.004 59+0.2

PMMA-H CHCI3® 17020 6 480 0.178 + 0.005 72404
(CHoCI)of 17040 13 500 0.176 + 0.005 7.0+0.3

aAverage molar masses are 33 kg/mol (PMMA-L) and 350 kg/mol (PMMA-H). PEstimated from Equation 9 for NR using slope from Table 2 and inter-
cept vor = 18300 = 26 cm™" for the straight line (Equation 1) in Figure 3a. Calculated from PMMA Lippert solvent polarity function f(g) - f(n2) and n =

1.490 [70]. 9Dichloromethane. eChloroform. f1,2-Dichloroethane.
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the same series. This cast solvent effect of 200 and 130 cm™!

with low and high PMMA molar mass is more pronounced than
the influence of PMMA molar mass in the same solvent, which
were 30, 50 and 120 cm™! for dichloromethane, chloroform and
1,2-dichloroethane, respectively. These results for v¢ and
—dvgdh, can be rationalized by correlating them with the
boiling points of these solvents of 34.6 °C, 62.2 °C and 83.5 °C,
respectively. Due to fast solvent evaporation of the most vola-
tile solvent, i.e., dichloromethane, the polymer units are less
ordered or dense around the NR molecules. For the least vola-
tile solvent, i.e., 1,2-dichloroethane, a more ordered surround-
ing of the NR molecules in the ground state leads to a red shift
of the fluorescence spectra. The observation might also be ex-
plained by a smaller residual amount of solvent for the volatile
dichloromethane than for 1,2-dichloroethane and a correspond-

ing plasticizing effect.

The effective Lippert polarity function is determined from the
linear Equation 1 by using v¢ of NR in PMMA measured at A, =
500 nm, where an overlap of the fluorescence spectra with scat-
tered excitation light is minimal (Figure 4 and Figure S2, Sup-
porting Information File 1). In parallel to vy, the polarity func-
tion, having values between 0.159 and 0.191 close to that of the
model solvent ethyl acetate (0.200, Table 3), depends more
sensitively on the spin-coating solvent than on the molar mass
of the PMMA. Based on the magnitudes of the refractive index
of PMMA, n = 1.490 [70], 1.491 [71] at 578.1 nm and 1.4868
[72] at 600 nm, the effective local dielectric constants are esti-
mated as 5.9-8.3, which agrees with published data [70,73,74].
The value of €(2n/t¢) in Equation 13 clearly exceeds the high
frequency permittivity of PMMA (n2 = 2.22), indicating sub-
stantial mobility of the local environment of NR in the PMMA
matrix. For bulk PMMA, dielectric spectroscopy measurements
gave values for € = 3.7 [70], 4.99 [73] and 8 [74] for PMMA
films. In reference [15] the local polarity of PMMA film probe
by NR was found € = 3.64. This value is probably underesti-
mated, because in contrast to the present study As of NR was
estimated not from the spectrum, but from the ratio of inte-
grated fluorescence intensities above and below ~600 nm. In the
following analysis € was evaluated directly from a double-expo-
nential fit of e(Af) without any correction for n, which would
have been necessary.

Conclusion

New types of relative solvatochromic plots, in which the posi-
tion of the emission maximum is plotted versus the position of
absorption maximum or vice versa, allow one to estimate the
ratio of the ground and excited state dipole moments. The
values obtained are practically independent from the magnitude
of the Onsager cavity radius. The absorption and fluorescence

spectra of NR shift to the red with increasing solvent polarity,
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because of the intramolecular charge transfer character of the
optical transition. From the plots of the maxima of the fluores-
cence and absorption wavenumber spectra in dipolar solvents,
which possess negligible specific solute—solvent interactions,
versus the Lippert solvent polarity function, and from this fluo-
rescence frequency against corresponding absorption frequency
and from the fluorescence maxima of DIABN with known
dipole moments, consistent values of the ground and excited
state dipole moments of 11.97 D and 18.30-19.16 D were
calculated for NR using an Onsager radius of 545 pm. The local
environment of NR as local polarity probe molecule in PMMA
films demonstrates a local mobility that is higher than that ex-
pected from the permittivity of bulk PMMA. The local dielec-
tric constant of 5.9-8.3 implies that beside electronic and
atomic polarization (rearrangement of atomic bonds and
valence angles) a certain dipolar orientation degree of freedom
take place in PMMA within the lifetime of excited state of NR.
The restriction of the orientational relaxation causes an inhomo-
geneous broadening of the fluorescence spectrum of NR and its
excitation wavelength dependence. The inhomogeneity depends
stronger on the condition of PMMA film preparation than on
the PMMA molar mass.

Experimental

General. NR was purchased from Carl Roth (Germany) and
was used as received. Poly(methyl methacrylate) (PMMA) with
an average molar mass of 350 kg/mol and 33 kg/mol was used
(Aldrich, USA). Uvasol acetone, n-hexane and methanol
(Merck, Germany), absolute ethanol and chloroform (VWR,
Germany), 1,2-dichloroethane (Carl Roth, Germany), toluene,
dichloromethane, acetonitrile and ethyl acetate (Fisher Scien-
tific, Germany) were used without further purification. The sol-
vents were checked for the lack of fluorescence when excited
with 450-600 nm. Polymer films with or without NR were pre-
pared by spin-casting of 3 wt % polymer solutions in 1,2-
dichloroethane, dichloromethane or chloroform on silicon
wafers (for ellipsometry) and on 20 x 20 x 0.15 mm? Metzler
glass coverslip (for optical measurement) at 1000 rpm for
25 seconds using a homebuilt spin-coater. NR stock solutions in
the same solvent were added to the polymer solution to get
NR-labeled PMMA films. After the spin-coating the samples
were kept in the fume hood overnight for evaporation of the sol-
vents.

Measurements Absorption and fluorescence spectra were
measured at 25 °C by Cary 50 and Cary Eclipse (Varian,
Australia) spectrometers, respectively. The fluorescence spec-
tra were corrected for the spectral response. The thickness of
the PMMA films were measured with an alpha-SE ellipso-
metric (J.A. Woollam Co., USA) according to published proto-
cols [2,3].
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Solvatochromic plots and fluorescence spectra of NR.
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Abstract

Background: Silicon rhodamines are of particular interest because of their advantageous dye properties (fluorescence- and biosta-
bility, quantum efficiency, tolerance to photobleaching). Therefore, silicon rhodamines find frequent application in STED (stimu-
lated emission depletion) microscopy, as sensor molecules for, e.g., ions and as fluorophores for the optical imaging of tumors. Dif-
ferent strategies were already employed for their synthesis. Because of just three known literature examples in which
Suzuki—-Miyaura cross couplings gave access to silicon rhodamines in poor to moderate yields, we wanted to improve these first
valuable experimental results.

Results: The preparation of the xanthene triflate was enhanced and several boron sources were screened to find the optimal cou-
pling partner. After optimization of the palladium catalyst, different substituted boroxines were assessed to explore the scope of the
Pd-catalyzed cross-coupling reaction.

Conclusions: A number of silicon rhodamines were synthesized under the optimized conditions in up to 91% yield without the

necessity of HPLC purification. Moreover, silicon rhodamines functionalized with free acid moieties are directly accessible in

contrast to previously described methods.
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Introduction

Silicon rhodamines are versatile fluorescent dyes that found ex-
tensive use in super-resolution microscopy [1-8] and as probes
for targeting various biomolecules [9-12] or sensors for metal
ions [13-17], pH [15], voltage [18] or metabolites [19-22].
Since our group is interested in synthesizing new tumor tracers
for intraoperative imaging of cancerous lesions, we were inter-
ested in silicon rhodamines due to their fluorescence properties
in the biological window (650 nm to 1350 nm). While clinical-
ly approved fluorescence dyes like ICG (indocyanine green,
My, =775 g/mol) have a high molecular weight and could there-
fore alter pharmacokinetic or -dynamic properties of the tumor
tracers, silicon rhodamines are relatively small and already ex-
amined as fluorophores for the optical imaging of tumors.
Using silicon rhodamine SiR700 a more enhanced tumor-to-
background ratio in optical imaging could be achieved com-
pared to the cyanine based dyes Cy5.5 and Alexa Fluor® 680
[23]. Moreover, silicon rhodamines demonstrated in in vivo
imaging experiments excellent fluorescence properties and

| VA
= /Johnsson etal. [8]

B2 HC CH; R2

Scheme 1: Different synthetic approaches to silicon rhodamine dyes.
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biostabilities [23] as well as exhibited high quantum efficien-
cies with high tolerance to photobleaching [24]. A silicon
rhodamine antibody conjugate could also be successfully
applied for optical imaging of a xenograft tumor (human malig-
nant meningioma) in a mouse model [24]. Again, in direct com-
parison with the cyanine dye Cy5.5, the silicon rhodamine
conjugate showed no fading indicating that silicon rhodamine
dyes are more suitable for long time observation than cyanine-

based fluorophores [24].

Different synthetic approaches were established to form the
silicon rhodamine framework 1 (Scheme 1). While the group of
Wu used a copper(Il) bromide-catalyzed solvent-free condensa-
tion of a diarylsilane 2 with various benzaldehydes 3 [25], Sparr
and Fischer added the double Grignard reagent 4 to methyl
esters 5 [26]. A similar approach was established by Lavis,
herein electrophiles (anhydrides or esters) were added to lithi-
um or magnesium organyls 4 [27]. Johnsson and co-workers

‘N Si N

R2  HsC CH; Re?

4
M = Li, Mg

/Sparr et al. [26]

Lavis et al. [27]

1.)-78 °C to rt, THF

2.) chloranil, DCM
Nagano et al. [14]\1 R3

B
=
T L
R! . xR
l}l Si
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could establish dye formation by addition of aryllithium 7 to the
silicon xanthone 6 [8]. A related strategy, adding lithium com-
pound 7 to a preformed tricyclic system 8, was used by Nagano
et al. to synthesize the Ge and Sn rhodamine analogues [14].

In a recent publication, Urano et al. synthesized the rhodamines
13-15 by coupling the triflate of xanthone 12 with boroxines
9b—11b (Scheme 2) [22,28]. Hereby, the boroxines 9b—11b
were accessible by thermal dehydration of the corresponding
boronic acids 9a—11a. With this procedure product 13 was ob-
tained in only 6% yield, which is presumably due to a
competing coupling reaction of the boroxine moiety of 9b with
the chlorine atom of 9b or sterical reasons (the chlorine in

2’-position might lead to repulsion during the cross-coupling

Beilstein J. Org. Chem. 2019, 15, 2569-2576.

reaction). The reaction of the triflate with cyano-substituted
phenylboroxines 10b and 11b led to silicon rhodamine dyes 14
and 15 in poor yields of 23 and 19%, respectively. The reaction
conditions applied for the cross coupling of the triflate were
similar to those published by Calitree and Detty for the cou-
pling of the triflates derived from the O, S, Se, and
Te-xanthones 16 with various phenylboroxines (bearing nitro,
carboxylic acid, methyl and methoxy substituents) [29]. Here
yields of 53-79% were obtained (for O and S analogues;
85-99% yields based on recovered starting material (brsm)).
Since the yields reported by Urano for the Si-analogous Suzuki
reactions were much lower (6-23%) [22], we wanted to exam-
ine if the aforementioned substrates were outliers and a cross-

coupling reaction could be a valuable approach to silicon

R2
R3 R! R3
HO.__OH
B~ PN
) : 88 Y R
110 °C - O\B/O R
R2 R!
RS
R2
R3

9a R'=CI,R2=H, R3=H
10aR"'=H, RZ=CN,R%®=H
MaR'=H, RZ=H, R®=CN

1.) 1.2 equiv Tf,O, MeCN, rt
2.) 20 mol % PdClI,(PPhg),
1.6 equiv boroxine
0 6 equiv Na,CO3
70 °C, MeCN
3.) H,0, then HPLC

9b R'=CI,R2=H, R3=H
10bR'=H, R2=CN, R3=H
1MbR'=H, R2=H, R3®=CN

R3

RZ
L
CF3CO0

]

e LT
oy Si N

CH; HsC CHs  CHs

12

X
>  HiC. O ‘®/H
- Coy Si Sy-CHs

HsC CHs

| |

CHj CHs
13R'"=CILR2=H, R3=H (6%)
14R'=H, R2=CN,R3=H (23%)

15R"=H, R2=H, R3=CN (19%)

1.1 equiv Tf,O, MeCN, rt

1.)
2.) 10 mol % PdCl,(PPh3),
1 equiv boroxine
3 equiv Na,CO3
o 55 °C, MeCN
then work-up

O O 3.) HY, H,0

H3C\ /CH3

N X N X=0,S,Se, Te
CHs CHs Y = PFg, Cl

R =H, Me, OMe, COOH, NO,

16
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Scheme 2: Previous work from Calitree [29] and Urano [22,28] on the Suzuki—Miyaura coupling of triflates, derived from xanthones 12 and 16, with

boroxines.
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rhodamines. Thus, we aimed at the optimization of coupling
conditions as well as evaluation of the best boron compounds
for coupling. Since carboxylic acid-substituted dyes like com-
pound 17 (X = Si, R = COOH) can be easily coupled to tumor
binding vectors, we wanted to investigate if these dyes are also
accessible by Suzuki—-Miyaura coupling.

Results and Discussion

Optimization of reaction conditions
At first we investigated the effects of different catalysts and
boron compounds on the synthesis of silicon rhodamine 22 via

Beilstein J. Org. Chem. 2019, 15, 2569-2576.

Suzuki—Miyaura cross coupling (Scheme 3, Table 1). Triflate
21 was obtained without further purification from 12 by addi-
tion of triflic anhydride in dry acetonitrile. Boroxine 18b was
formed by heating of boronic acid (18a) at 110 °C because it
was shown by Calitree and Detty that free boronic acid leads to
the destruction of the triflate, resulting in the corresponding
xanthone [29]. Applying standard conditions on xanthone 12 by
treatment with triflic anhydride in dry acetonitrile and subse-
quent addition of base, catalyst and boroxine 18b yielded the
desired fluorophore 22 in 41% yield together with unreacted
xanthone 12 (Table 1, entry 1). Since the initial triflate forma-

Ao O
5 o 5% ~
- O\ /O
= O\B/O BF3K B
18a 18b 19 20
0 ot Ti0® ‘
cross
O O triflation O ‘ coupling
ch\N /Sl N/CHS \ CH3 ch SI CH3
CH; HsC CHs CHs Hs H3C CH3 H3 H3 HsC CHs Ha
12 21 22

Scheme 3: Optimization of cross-coupling conditions of triflate 21, derived from Si-xanthone 12, with boron species 18b, 19 and 20 (see Table 1).

Table 1: Optimization of cross-coupling conditions of triflate 21, derived from Si-xanthone 12, with boron species 18b, 19 and 20.

Entry  Triflation Cross coupling Yield (22)
Catalyst Boron Conditions
(10 mol %) species
(1 equiv)
1 1.1 equiv TfoO, MeCN, rt, 20 min PdClx(PPhz)o  18b 3 equiv NaoCO3, MeCN, 70 °C, 41%?2
overnight

2 1 equiv Comins’ reagent - - - -
(5-Cl-2-pyridyl-NTfo), MeCN, rt,
1h

3 1.1 equiv Tf20, DCM, rt, 20 min, PdCI>(PPhgz)>  18b 3 equiv NaxCO3, MeCN, 70 °C,  49%%2,
then evaporation overnight 80%2b

4 1.1 equiv TfoO, DCM, rt, 20 min, Pd(PPhg)4 18b 3 equiv NasCO3, MeCN, 70 °C, 39%%,
then evaporation overnight 82%2:P

5 1.1 equiv Tf2O, DCM, rt, 20 min, PdClx(PPh3)>,  18b 3 equiv Cs»CO3, MeCN, 70 °C, n.r.
then evaporation overnight

6 1.1 equiv Tfo0, DCM, rt, 20 min, PdClo(PPhg), 19 3 equiv NapCOg3, MeCN, 70 °C, 48%?2
then evaporation overnight

7 1.1 equiv TfoO, DCM, rt, 20 min, PdCly(PPhg)> 20 3 equiv NapCO3, MeCN, 70 °C, n.r.
then evaporation overnight

8 1.1 equiv Tfo0, DCM, rt, 20 min, PdClo(dppf) 18b 3 equiv NapCOg3, MeCN, 70 °C, 67%,
then evaporation overnight 73%?0

aCorrected yield, contamination with [PPh,]*. ®Based on recovered starting material (brsm) 12.
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tion to 21 was unreliable and often incomplete, leading to lower
yields, Comins reagent was investigated as an alternative trifla-
tion reagent. Notably, the use of Comins reagent showed no
transformation from the yellow xanthone 12 to the deep blue
triflate 21 at all (Table 1, entry 2). Exchange of anhydrous
acetonitrile by anhydrous dichloromethane, which was re-
moved in vacuo prior to coupling, provided triflate 21 as a blue
salt without xanthone residues, hereby the yield could be
slightly enhanced but still the conditions of the coupling reac-
tion led to some back reaction of 21 to 12 (Table 1, entry 3).
While the use of PACl,(PPhj3), was successful in the synthesis
of chalcogenorhodamine dyes [29], the usage of that catalyst
gave just low yields when applied in the synthesis of the silicon
analogues (Scheme 2) [22]. Although Pd(PPh3)4 was not found
to be an effective catalyst for the synthesis of rhodamine and
rosamine dyes as well as for their selenium or tellurium analo-
gous [29], the usage of that Pd(0) catalyst showed yields
comparable with those obtained with PdCI,(PPh3), (Table 1,
entry 4). The exchange of sodium carbonate with cesium
carbonate resulted in no reaction at all (Table 1, entry 5).
Whereby usage of potassium phenyltrifluoroborate (19) resulted
in a yield comparable to boroxine 18b (Table 1, entry 6), usage
of pinacol ester 20 showed no reaction in the cross-coupling
reaction (Table 1, entry 7). Although described optimizations of
the reaction conditions could lead to the silicon rhodamine 22 in

Beilstein J. Org. Chem. 2019, 15, 2569-2576.

moderate yields, an inseparable impurity of the cationic fluoro-
phore was detected. After identifying this impurity as the
tetraphenylphosphonium cation, we exchanged the triphenyl-
phosphine ligand of the catalyst with dppf (1,1'-bis(diphenyl-
phosphino)ferrocene). Remarkably, not only the yield was in-
creased with PdCl,(dppf) from 49% to 67%, even the dye 22
was obtained with high purity after column chromatography
without the necessity of further HPLC purification (Table 1,
entry 8).

Exploration of substrate scope

Next we explored the substrate scope of the Suzuki—-Miyaura
coupling by screening commercially available boronic acids
(Scheme 4, Table 2). Hereby, PdCl,(dppf) was also tested in
order to suppress the formation of the inseparable phos-
phonium cation species. At first, we investigated the use of
3-boronobenzoic acid (23a) that should lead to a rhodamine
suitable for coupling to a tumor vector, but boroxine 23b was
converted to 23¢ with PdCl,(PPh3), in poor yields (Scheme 4
and Table 2, entry 1). However, PdCIl,(dppf) performed better
and led to the acid-substituted silicon rhodamine 23c in a mod-
erate yield of 31% (56% brsm) (Table 2, entry 2). The moder-
ate yield might be explained with the destruction of the triflate
by the acid moiety of 23c. In order to prevent the destruction of
the initially formed triflate 21, 4-boronobenzaldehyde (24a)

CAr ) ! \
HO. - OH \\*’/I\B/O‘B \Ar/: %_é
L ° 1 | - O (0]
:// S 110 °C . O\B’O 5
A L
7 N
" Ar
~_.7 NH2
23a-30a 23b-30b 31
CHO 0]
= COOH J< NH, N
/
CAr 0 | > / 5
N ,/ = VY
1" = COOMe COCH
23 24 25 26 27 28 29 30
1.) 1.1 equiv Tf,0, DCM 77N
20 min, rt, then evaporation I Ar \,
o 2.) 10 mol % catalyst AN
1.1 equiv boron source CI@
O O 3 equiv Na,CO3 O A O
MeCN, 70 °C, overnight @
H3C. .CH
aCy Si n-CHs - Ty Si SN
CHy; HiC CHy  CH, CHs; HC CHy  CH,
12 23c-30c

Scheme 4: Coupling reactions of silicon xanthone 12 with different boron species (23b-30b, 31).
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Table 2: Coupling reactions of silicon xanthone 12 with different boron
species (23b—30b, 31).

Entry Boron source Catalyst Yield
1 23b PdCl>(PPhg)o 5%32,
46%2P
(23c)
2 23b PdClx(dppf) 31%,
56%?0
(23c)
3 24b PdClx(PPhs)» traces
(24c)
4 25b PdCl(PPhg)z 43%3,
62%2:0
(25c¢)
5 25b PdCl>(dppf) 53%,
66%P
(25c¢)
6 26b PdCl(PPhs)o n.r.
7 27b PdCl(PPhg)z n.r.
8 28b PdCl>(PPhg)2 n.r.
9 31 PdCl>(PPhg)o n.r.
10 29b PdCl>(PPhg)o n.r.
11 30b PdCl(PPhg)z 37%3,
56%2:0
(30c)
12 30b PdCly(dppf) 91%
(30c)

aCorrected yield, contamination with [PPh3Ar]*. PBased on recovered
starting material (brsm) 12.

was intended as a coupling substrate but yielded silicon
rhodamine 24c¢ only in traces (Table 2, entry 3). Usage of the
tert-butyl-protected boronobenzoic acid 25a, or its boroxine
counterpart 25b, respectively, gave fluorophore 25¢ suitable for
later coupling reactions in reasonable yields of 43% and 53%,
depending on the catalyst used (Table 2, entries 4 and 5).
Again, the reaction catalyzed by PdCl,(dppf) resulted in an en-
hanced yield compared to catalysis with PdCl,(PPh3),. Next we
aimed at the synthesis of a silicon thodamine bearing an acid
function in 2’-position. With a less bulky methyl ester in the

2’-position of the phenylboroxine, the transmetalation and the

Table 3: Comparison of common methods for silicon rhodamine synthesis.

Method — Addition of lithium organyl
Fluorophore | to 122
phenyl-substituted SiR (22) 72%
tert-butylbenzoic 7%
acid-substituted SiR (25c¢)
thienyl-substituted SiR (30c) 77%
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new bond formation through reductive elimination should be
less hindered, but remarkably, no reaction was observed either
with the methyl ester 26b or the free acid 27b (Table 2, entries
6 and 7). Next we explored if amino-substituted silicon
rhodamine 28c is accessible via Pd-catalysis. The resulting
rhodamine 28c¢ could be a possible substrate for the conversion
into an azide and follow-up click reactions with alkyne-substi-
tuted tumor vectors. While heating of amine 28a to the corre-
sponding boroxine 28b lead to formation of a brown solid
(presumably due to degradation), the reaction of triflate 21 with
the pinacol ester 31 showed no product formation at all
(Table 2, entries 8 and 9). Since we were able to investigate the
functional group tolerance of the coupling reaction, we shifted
our focus towards heterocyclic boronic acids as substrates.
Since 4’-pyridinyl- [27,30] and 3’-thienyl- [27,31-33] substi-
tuted silicon rhodamines are already known, we investigated the
synthesis of these dyes by Suzuki—-Miyaura cross coupling.
Firstly, pyridinylboronic acid 29a was used as a substrate after
heating at 110 °C, but no conversion was observed presumably
due to the formation of an internal salt (protonated pyridine ring
and deprotonated boronic acid) and ensuing difficult formation
of boroxine 29b (Table 2, entry 10). Switching to the neutral
heterocyclic boronic acid 30a, the corresponding thienyl-substi-
tuted silicon rhodamine 30c¢ could be obtained in 37% (56%
brsm) yield with the PdCl,(PPh3), catalyst. Remarkably, the
yield could be clearly enhanced by catalysis with PdCl,(dppf)
and the thienyl-substituted fluorophore 30¢ could subsequently
be synthesized in 91% yield.

Table 3 compares the reaction outcome of the silicon rhodamine
synthesis via Suzuki coupling with other employed methods:
synthesis of the phenyl-substituted silicon rhodamine 22 by
Suzuki cross coupling affords the product in a similar yield
compared to the addition of phenyllithium to xanthone 12 or the
attack of the double metallated bis-aniline 4 (Rl =R?2 = Me,
M = Mg) to the benzoic acid methyl ester [26]. However, the
cross coupling of triflate 21 with boroxine 25b led to the ester-
substituted rhodamine 25¢ in a reasonable yield of 53% (66%

Attack of 4 (R! = R2 = Me,

Suzuki—-Miyaura
M =Mg) to 5 (R®=H)

cross coupling

67%,
73%P
53%, -
66%?0

91% -

72% [26]

aConditions: 7 equiv aryl bromide, 14 equiv t-BuLi, THF, -78 °C, 30 min, then 1 equiv 12 at -78 °C to rt, overnight, then aq HCI, work-up, purification
with DCM/MeOH 99:1 to 9:1. PBased on recovered starting material (brsm) 12.
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brsm) while the addition of the lithiated zerz-butyl 3-bromoben-
zoate gave the fluorophore 25¢ in only 7% yield. Finally, the
cross-coupling reaction of 12 and 30b to rhodamine 30c clearly
outperforms the addition of lithiated 2-bromothiophene to
xanthone 12 since 2-bromothiophene might also undergo lithia-
tion in 5-position in competition to the halogen metal exchange
(in general multiple halogenated aryls are problematic nucleo-

philes for these addition reactions).

Conclusion

Since just three literature examples are known to date in which
Suzuki—-Miyaura cross-coupling reactions gave access to silicon
rhodamines in poor to moderate yields (Scheme 2), we wanted
to improve these first valuable experimental results. In general,
the amount of re-isolated starting material 12 could be signifi-
cantly reduced when acetonitrile was exchanged with dichloro-
methane in the triflation reaction to provide triflate 21 neat and
more reliable. Screening of different boron species and cata-
lysts showed that, like in the syntheses of O, S, Se, and
Te-rhodamines, boroxines were a suitable source, but also
potassium trifluoroborates can be taken into consideration for
the reaction design, whereas pinacol esters didn’t show any re-
activity. While PdCl,(PPh3), was a sufficient catalyst for the
cross coupling, application of PdCl,(dppf) led to clearly en-
hanced yields: overall the Suzuki-Miyaura cross-coupling reac-
tion gave access to silicon rhodamines with neutral (hetero)aro-
matic xanthene substituents (phenyl: 67%, respectively 73%
brsm; thienyl: 91%) (even though the term ‘dihydrosilaan-
thracene’ is correct to name the Si-anthracene moiety, the term
‘Si-xanthene’ is widely used in the literature (see e.g. [30]); also
the term Si-xanthone (for derivatives of 12) is established
instead of 9-silaanthracen-10(9H)-one). The conditions toler-
ated also the use of the unprotected acid functionality of the
boroxine 23b (23c¢, 31%, respectively 56% brsm), while appli-
cation of basic boronic acids failed (28, 29), presumably due to
unsuccessful boroxine formation. The main advantage of the
cross coupling is the access to acid-functionalized fluorophores
like 23c¢ that can be immediately coupled to a molecule of
interest (e.g., tumor binding vectors) whereas previously
published methodologies need, e.g., an ester, orthoester or oxa-
zoline protecting group for the acid. But also the tert-butyl
ester-functionalized boroxine 25 is suitable for the cross cou-
pling. With the current catalytic system, coupling of 2-substi-
tuted boroxines (26, 27) remains challenging, but optimizing
the catalytic system with ligands suitable for coupling of multi-
substituted aryls is under current investigation. In conclusion,
several silicon rhodamines could be synthesized under the
optimized conditions, without the necessity of HPLC
purification, in up to 91% yield whereby the free acids are
directly accessible in contrast to the three hitherto described

methods.
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Abstract

Four new dyes that derive from borylated arylisoquinolines were prepared, containing a third aryl residue (naphthyl, 4-methoxy-
naphthyl, pyrenyl or anthryl) that is linked via an additional stereogenic axis. The triaryl cores were synthesized by Suzuki
couplings and then transformed into boronic acid esters by employing an Ir(I)-catalyzed reaction. The chromophores show dual
emission behavior, where the long-wavelength emission band can reach maxima close to 600 nm in polar solvents. The fluores-
cence quantum yields of the dyes are generally in the range of 0.2-0.4, reaching in some cases values as high as 0.5-0.6. Laser-
flash photolysis provided evidence for the existence of excited triplet states. The dyes form fluoroboronate complexes with fluoride
anions, leading to the observation of the quenching of the long-wavelength emission band and ratiometric response by the build-up

of a hypsochromically shifted emission signal.

Introduction
Boron-containing tri- and tetra-coordinated chromophores have  trally tunable and highly intense fluorescence [1,2]. On the one
attracted considerable interest due to their often peculiar and hand, those compounds that contain the boron atom in a

highly advantageous photophysical properties that include spec-  valence-saturated situation corresponding to sp> hybridization
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(such as Bodipy dyes [3,4], N,C-chelate organoboron dyes
[5-9], BASHY dyes [10,11] or Boranils [12,13]) often feature
quite rigid structures which contribute to high fluorescence
quantum yields. These dyes have been applied for example in
optoelectronics [14-16], sensing [17-20], and bioimaging [6,20-
26]. On the other hand, boron with sp2 hybridization, such as in
triarylboranes, offers the possibility to modulate fluorescence
properties by the addition of Lewis bases (e.g., fluoride ions
[27-31]) or by exploring the electron-accepting properties of the
boron, including charge-transfer and photoinduced electron-
transfer phenomena or two-photon absorption [32-36].

As part of our research program we have developed aryliso-
quinolines that integrate a boronic acid ester [37-39] or a
BMes; unit [6,40]. The presence of the boron-substituent
confers interesting photophysical properties to these dyes such
as intramolecular charge-transfer processes and tunable red-
shifted emission bands. Generally, the so far investigated bory-
lated arylisoquinoline dyes show principally fluorescence
quenching (on-off switching) on the formation of the corre-

sponding fluoroboronate complexes [37].

Herein, we extended our previously reported arylisoquinoline-
derived organoboron dye platform with an additional axially
linked aryl residue (see structures 16—19 in Figure 1) in the
expectation to modulate the fluorescence properties and fluo-
ride response of these dyes. The additional aryl residues allow
the verification of the effect of aromatic conjugation (naphthyl,
anthryl, pyrenyl) and electron-donor strength (naphthyl versus
4-methoxynaphthyl) on the photophysical properties. Beside the
observation of interesting dual emission properties for these
dyes, some showed a pronounced ratiometric fluorescence

response on fluoride ion addition.

Beilstein J. Org. Chem. 2019, 15, 2612-2622.

Figure 1: Structures of the dyes 16—19.

Results and Discussion
Synthesis of the borylated dyes 16—-19

For the synthesis of the triaryl systems 12—15, precursors of the
organoboron dyes 16-19, the construction of two stereogenic
axes was required. Therefore, a synthetic route based on
consecutive cross-coupling reactions was planned. Starting
from 1-bromo-4-methoxynaphthalene (1), the Pd-catalyzed
Suzuki coupling reaction with commercial boronic acids
afforded the naphthyl and pyrenyl derived methyl ethers 2 and 3
in 78% and 87% yield, respectively (Scheme 1). For the synthe-

OMe OMe
Ar-B(OH); (1.2 equiv)
OO [Pd(PPh3)4] (3 mol %) OO
Na,CO3 (2 equiv)
1 Br toluene/MeOH/H,0O Ar

110 °C
2, 78%, Ar = 1-naphthyl
3, 87%, Ar = 1-pyrenyl

OMe
cl 1) Bopin, (1.0 equiv), KOAc (1.7 equiv)

Pd,dbagz (1 mol %), SPhos (8 mol %)

1,4-dioxane, 110 °C

4 110 °C

Scheme 1: Synthesis of the precursors 2, 3, and 5.

2)1 (0.9 equiv), K3POy4 (5 M),

Y
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sis of the anthryl derivative 5 a Pd-catalyzed one-pot reaction
consisting of a borylation and Suzuki coupling was applied.
Thus, starting from 1-chloroanthracene (4) and using SPhos/
Pd,dbas (8:1) as the catalyst, a full conversion to the Miyaura-
type borylated intermediate was achieved (TLC analysis) after
5 hours at 110 °C. The addition of 1-bromo-4-methoxynaphtha-
lene (1, 0.9 equiv) and K3POy, and stirring overnight at 110 °C,
afforded the biaryl methyl ether 5 in an 82% yield (Scheme 1).
Similarly, Buchwald’s methodology [41] was applied in the
synthesis of 7, which was obtained in 70% yield after tetra-
hydropyran (THP) group deprotection in MeOH/CH;Cl, using
TsOH-H,O as the catalyst (Scheme 2). In a conventional trifla-
tion (Tf,0, DMAP cat.), 7 was converted into 8 with a yield of
86%. For the synthesis the triflates 9—11 a one-pot demethyla-
tion—triflation sequence was followed (Scheme 2). The treat-
ment of biaryl methyl ethers 2, 3 or § with BBr3 (1.1 equiv) in
anhydrous CH;Cl; (0 °C—rt) allowed the transformation into
the alcohol intermediates, which were treated with triflic an-
hydride (Tf,0) in dry dichloromethane to afford 9-11 in
59-79% yield.

With the triflates 8—11 at hand, these were transformed into the
triaryl systems 12—15 following a similar Pd-catalyzed one-pot
borylation-Suzuki coupling strategy as mentioned above, using
1-chloroisoquinoline as the coupling partner (Scheme 3). The
desired compounds 12-15 were obtained in 44-70% yield. The
I'H NMR spectra, recorded at 25 °C, showed the coexistence of
the syn and anti atropisomers because of the slow rotation
around the chiral axis at this temperature. Free rotation around

1) Bopin, (1.0 equiv),

Beilstein J. Org. Chem. 2019, 15, 2612-2622.

the C—C bond was observed at 80 °C and hence, variable-tem-
perature 'H NMR studies showed coalescence of the signals to

give an average spectrum (see Supporting Information File 1).

The synthesis of the borylated dyes 16—19 was carried out
following a methodology that was previously reported by some
of us [42] and that is based on the Ir-catalyzed nitrogen-directed
ortho-borylation of arylisoquinolines [37,38]. Despite of the
presence of many aromatic C—H bonds which could be bory-
lated, the choice of a suitable pyridine-hydrazone ligand [42]
allowed to perform the borylation reactions at 55 °C, showing
complete regioselectivity in the C—H borylation. This proce-
dure afforded the dyes 16—19 in good to very good yields of
51-83% (Scheme 3). The introduction of the Bpin moiety
hinders the free rotation around axis A (Scheme 3) of the com-
pounds 16-19; therefore, complex mixtures of the syn/anti
atropoisomers (0.45:0.55; syn:anti) were observed in NMR
spectroscopy. To facilitate the C—C bond rotation around axis B
(Scheme 3) and simplify the NMR spectra, the measurements
were undertaken at 80 °C in C¢Dg using a screw-cap NMR
tube. Although significant changes were registered, a complete
coalescence of the signals was not observed. The chiral HPLC
analysis (see HPLC traces in Supporting Information File 1)
demonstrated the high purity of compounds 16—19. The sharp
peaks and separation times higher than 2 minutes are in accor-
dance with a high rotation barrier. All compounds were identi-
fied by their 'H and '3C NMR spectra. The sp? character of the
boron was confirmed by "B NMR spectroscopy, revealing a
typical resonance signal at 31-32 ppm [43]. Hence, the iso-

KOAc (1.7 equiv), OH oTf
Br Pd,dbaz (1 mol %),
SPhos (8 mol %) OO . OO
OO 1,4-dioxane, 110 °C Tf20 (1.2 equiv),
2) OTHP DMAP (cat.)
. T BRSO
1 OMe (/ (0.9 equiv)
7,70% OMe 8,86% OMe
6 Br
K3PO, (5 M), 110 °C
3) TsOH-H,0
MeOH:CH,Cl, 10:1
OMe OTf
1) BBr3 (1.1 equiv), CH,Cl,
0°Ctort _ 9, 79%, Ar = 1-naphthyl
) o 10, 72%, Ar = 1-pyrenyl
2) Tf0 (1.2 equiv), CHCl, 11, 59%, Ar = 1 -anthryl
DMAP (cat.), rt
2,3,5 Ar Ar

Scheme 2: Synthesis of the precursor triflates 8-11.
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A
OTf 1) Bopin, (1.0 equiv), KOAc (1.7 equiv) ~N
Pd,dbag (1 mol %), SPhos (8 mol %) axis A
1,4-dioxane, 110 °C
T e = 0
=N axis B
811 Ar (0.83 equiv) Z
: L)
K3PO4 (5 M), 110 °C x

X
N

anti

ca. 1:1
atropisomeric mixture

12, 44%, Ar = 4-methoxy-1-naphthyl
13, 68%, Ar = 1-naphthyl

14, 70%, Ar = 1-pyrenyl

15, 60%, Ar = 1-anthryl

B,pin, (1.0 equiv)
ligand (1 mol %)
[Ir(n-OMe)cod], (0.5 mol %)

ca. 11
atropisomeric mixture

16, 62%, Ar = 4-methoxy-1-naphthyl
17, 83%, Ar = 1-naphthyl

18, 51%, Ar = 1-pyrenyl

19, 72%, Ar = 1-anthryl

Scheme 3: Synthesis of 12-15 and the organoboron dyes 16-19.

quinoline nitrogen does not engage in the formation of an intra-
molecular Lewis pair, akin to related borylated arylisoquino-
lines [37,38].

UV-vis absorption and fluorescence
properties

The absorption and fluorescence properties of the herein inves-
tigated dyes 16-19 in air-equilibrated solutions, using three sol-
vents (dichloromethane, acetonitrile, dimethyl sulfoxide), are
summarized in Table 1. A first inspection of these data showed
that the UV-vis absorption spectra feature the typical bands
corresponding to their aromatic moieties (see Figure 2 for the
spectra in acetonitrile). For example, for the dyes 18 and 19
m—r* transition bands in the wavelength range of 330-400 nm
with characteristic vibronic fine structure were observed.
Further, the dyes have a sharp peak at 322 nm that is assigned

to the isoquinoline chromophore. The only exception is dye 18

T (-
axis B
=
Rw
NS
anti

THF, 55 °C

,Nan
X
o

—=

N ligand

where this peak is hidden under a strong absorption band corre-
sponding to the pyrenyl moiety.

Most interesting are the fluorescence properties of the dyes (see
spectra in Figure 2), which revealed a dual emission phenome-
non (see ratio Iy w/Igw of the intensities / of the long-wave-
length (LW) and short-wavelength (SW) emission band;
Table 1). The monitoring of the emission corresponding to both
bands yields identical excitation spectra which also coincide
with the absorption spectra of the dyes. This underpins the
authenticity of the emission signals. The appearance of the LW
emission for all investigated dyes can be clearly linked to the
presence of the boron-containing substituent. This follows from
the observation that the corresponding arylisoquinolines with-
out boron substitution feature only one blue-shifted emission
band that is very similar to the SW band of the borylated dye,
e.g., the non-borylated analogues of the dyes 17, 18, and 19 fea-
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Table 1: UV-vis and fluorescence properties of the dyes 16—19 in various solvents.

Beilstein J. Org. Chem. 2019, 15, 2612-2622.

abs,max (NM) Miyo,max (Nm) Iow/lsw Do Tiluo (NS)
[ (M~Tem™1)] SWLW SW/LW
CHJClo
16 303 [10800] 429/555 71 0.59 0.43/6.11
17 296 [11500] 397/512 71 0.17 0.16/3.96
18 345 [36900] 431/549 4.6 0.48 0.91/4.02
19 365 [6900] 409/551 2.3 0.30 0.57/5.22
CH3CN (0.4 vol % DMF as co-solvent)
16 302 [10100] 437/565 15.7 0.48 0.40/6.03
17 294 [16000] 400/514 11.2 0.14 0.13/3.26
18 343 [33000] 435/565 3.0 0.35 0.39/4.74
19 363 [13300] 408/582 2.4 0.15 0.32/4.83
(CHg3)2SO
16 304 [10500] 451/577 3.7 0.41 0.72/4.91
17 296 [17400] 402/519 53 0.20 0.22/3.63
18 346 [29700] 444/569 1.8 0.47 0.55/4.81
19 366 [6500] 413/592 1.0 0.22 0.60/4.70
1.0 - a) 104 b)
g ! g :
o y o i i
£ £ o
5 051 | 5 054 :
< ' "\ < : s
. , \
5 .\ 1 §~‘
0.0 T _’I‘(‘__'-/ T T T T 1 0.0 T "—r"l ._1' T T -
300 400 500 600 700 300 400 500 600
Afnm A nm
c) d)
] / 5] !
3 ; =S ; ‘
5 : 5 ‘
<C /; * < /
300 400 500 600 700 500 600
Al nm Al nm

Figure 2: UV-vis absorption (solid line) and fluorescence (dashed line) spectra of a) 16, b) 17, ¢) 18, and d) 19 in air-equilibrated acetonitrile (contain-
ing 0.4 vol % DMF as co-solvent).
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ture a single emission band with a maximum at 401, 442, and
420 nm, in acetonitrile, respectively. These are tentatively
assigned to m—m* transitions of the variable aryl moiety. Inter-
estingly, in tetrahydrofuran, containing oxygen as donor atom,
only the SW emission band is seen, i.e., Afyo,max = 409 nm
(16), 402 nm (17), 426 nm (18), 425 nm (19). This points to the
interpretation that the SW emission has its origin in a Lewis
adduct between the boron center as acceptor and the solvent as
donor. The maxima of the rather broad LW bands of the dyes
are observed between 510 and 590 nm in acetonitrile, corre-
sponding to maximal apparent Stokes shifts of ca. 190-270 nm.
As demonstrated previously for other borylated arylisoquino-
line dyes [37,38], the emission energy of the LW band is tightly
linked with the redox potential of the aryl residue. Having in
mind that the borylated naphthyl is present in all four dyes it is
instructive to compare the oxidation potentials (E,y) of the ad-
ditional aryl residues. This leads to the following order: naph-
thyl (Eox = 1.70 V vs SCE in acetonitrile) > 4-methoxynaph-
thyl (1.38 V) > pyrenyl (1.16 V) > anthryl (1.09 V) [44]. On the
one hand, the dye with the easiest oxidizable aromatic residue
(dye 19) has the most red-shifted emission maximum, being at
582 nm in acetonitrile. On the other hand, dye 17 with a naph-
thyl, that is harder to oxidize, shows the most blue-shifted LW
emission (maximum at 514 nm in acetonitrile). The LW emis-
sion maxima of other dyes (16 and 18) are situated in between.
These trends support that for the herein investigated dyes intra-
molecular charge-transfer (ICT) phenomena might play a role
in the observation of the LW emission features. According to
our previous observations the electron-acceptor moiety is likely
constituted by the isoquinolinyl moiety [37,38], while the donor
is related to the electronically variable aryl residue. Comparing
the emission maxima of the dyes in the less polar dichloro-
methane with those in the highly polar dimethyl sulfoxide, addi-
tional trends can be seen. Thus, dye 17 shows only a slight
bathochromic shift of the emission maximum on changing to
the polar solvent (AA = +7 nm). However, dye 19 features a
solvatofluorochromic effect of AA = +41 nm under the same
conditions. The dyes 16 and 18 show somewhat smaller
bathochromic shifts on increasing the solvent polarity (AA =
+20-22 nm).

Regarding the fluorescence quantum yields (®g,,) of the dyes,
the highest values were determined for the compounds 16 and
18, being in the range of 0.35-0.59 in the investigated solvents.
The dyes 17 and 19 show smaller values for @y, (ca.
0.15-0.30). The fluorescence lifetime of the SW emission was
measured as 300-900 ps, being in some cases very close to the
resolution limit of our time-correlated single-photon-counting
setup. The LW emission showed considerably longer lifetimes
in the 3-6 ns range. The photophysical behavior of the dyes is

tentatively summarized in Scheme 4.
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Scheme 4: Jablonski diagram representing the photophysical pro-
cesses in the dyes 16—19.

Laser-flash photolysis

The photophysical characterization of the dyes 16-19 was com-
pleted by nanosecond laser-flash photolysis experiments in
acetonitrile [45]. The laser excitation (Agxc = 308 nm) of the
dyes 16 and 17 in nitrogen-purged solution yielded transient
absorption spectra with a broad band at A, = 610 and 600 nm,
respectively (see Figure 3 for dye 17). These transients showed
lifetimes in the microsecond range (T = 4.2 ps (16) and 4.4 ps
(17)), were efficiently quenched by oxygen (bimolecular
quenching constant kq ca. 1.1-1.2 x 10° M~1s71), and led to the
energy-transfer triplet-sensitization of B-carotene (observation
of the triplet—triplet absorption band at 520 nm). The experi-
mental results corroborate the assignment of the transients to
excited triplet states of 16 and 17. Noteworthy, the dyes 18 and
19 are characterized by distinct transient absorption spectra (ex-
citation at Aexc = 355 nm) with signals at shorter wavelengths.
Based on the microsecond lifetime (tp = 3.1 us (18) and 2.4 ps
(19)), oxygen quenching (kq ca. 2.9-3.1 x 109 M~1s71), and

0.08 ~
0.07
0.06

0.05+

0.04

AOD (a.u.)

0.03
0.02 4

0.01

T T T T T T T T
350 400 450 500 550 600 650 700

A nm

Figure 3: Transient absorption spectrum (600 ns delay) of dye 17 in
nitrogen-purged acetonitrile on excitation at 308 nm. The inset shows
the corresponding kinetics at 600 nm.
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B-carotene triplet sensitization experiments the signals at
410 nm (dye 18) and 430 nm (dye 19) were assigned to excited
triplet states as well. An additional signal at 470 nm for dye 18
is insensitive to oxygen and was tentatively attributed to the for-
mation of a pyrene-based radical cation, resulting from
photoionization [46].

Interaction with fluoride anions

The presence of the boronic acid ester moiety does not only
contribute to significant changes in the fluorescence properties
but constitutes also a potential binding motif for Lewis bases. In
this context it is well established that the electron-deficient
trivalent boron can bind anions, such as fluoride or cyanide,
through interaction with the vacant 2p,; orbital [30]. In Figure 4
the fluorescence responses of the dyes 16—19 on the addition of
tetra-n-butylammonium fluoride (BuyNF) in acetonitrile are
depicted. The dyes 16 and 17 show a strong fluorescence
quenching of their LW bands, while the SW bands experience a
slight increase. However, the situation for the dyes 18 and 19 is
dramatically different. Here the LW band is substituted by a

strong blue-shifted emission. This leads to a clear ratiometric

800
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behavior and a large dynamic response. The blue-shifted emis-
sion for the fluoroboronate Lewis adduct is in accordance with
the observations made for donor solvents such as tetrahydro-
furan (see above). As for the dyes 16 and 17, also for 18 and 19
isoemissive points were noted. These observations corroborate
the uniformity of the reaction with fluoride anions. The UV-vis
absorption spectra show much smaller changes as compared to
the fluorescence (not shown). However, also here isosbestic
points were observed. The formation of the fluoroboronate
complexes was corroborated by the detection of the correspond-
ing mass peaks (see Supporting Information File 1). In addition,
IIB NMR spectra, for the example of dye 17, reveal that the
boron changes from sp? to sp? hybridization on addition of
1 equiv F7; i.e., the 1!1B NMR signal shifts from 31.5 ppm to
7.0 ppm (see Supporting Information File 1). This is in line with
the formation of the fluoroboronate complex, instead of
unwanted processes such as protodeboronation which could be
potentially caused by acid traces in BuyNF. Noteworthy, the ad-
dition of other anions, such as bromide, iodide, or cyanide did

not result in significant changes of the optical spectra of the

dyes.
800 -
600 4
s
S 400 -
200 4
0 T T T
400 500 600 700
A/ nm
400 - d)
- ‘
AL
- 200 4
0 T T T T
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Figure 4: Fluorescence titrations of the dyes (ca. 4-11 pM) with BuyNF in acetonitrile. a) 16 (up to 156 equiv F~), b) 17 (up to 40 equiv F7), c) 18 (up

to 152 equiv F7), d) 19 (up to 100 equiv F7).
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Fluorescence titrations yielded the formation constants for the
respective 1:1 fluoroboronate complexes. The values are in the
order of 10* M~! (1.6 x 10* M~! (16); 4.8 x 10* M~! (17);
2.6 x 10* M~! (18); 2.0 x 10* M~! (19)), which are very
comparable to the constants that were obtained for related bory-
lated arylisoquinoline dyes [37].

Conclusion

The family of borylated arylisoquinoline dyes was extended by
members that contain additional aryl substituents, leading to
compounds with two stereogenic axes. The dyes show pro-
nounced dual emission patterns with long-wavelength maxima
close to 600 nm in polar solvents such as acetonitrile or
dimethyl sulfoxide. The emission maxima of the long-wave-
length band vary systematically with the electron-donor
strength of the additional aryl residue (naphthyl, 4-methoxy-
naphthyl, pyrenyl, anthryl). This provides some hint that intra-
molecular charge-transfer phenomena are likely involved.
Laser-flash photolysis studies provided insights into the exis-
tence of excited triplet states. The addition of fluoride
anions led to pronounced fluorescence quenching effects,
as the result of the formation of fluoroboronate complexes. In
the case of the pyrenyl- and anthryl-substituted dyes a clear
ratiometric behavior was noted. No quenching was seen
for the addition of cyanide ions or bromide and chloride. This
makes the new dyes selective fluorescent receptors for fluoride

anions.

Experimental

General methods and materials

'H NMR spectra were recorded at 400 MHz or 500 MHz and
13C NMR spectra were recorded at 100 MHz or 125 MHz.
Chloroform-d (CDCl3), acetone-dg ((CD3),CO) and benzene-dg
(CgDg) were used as solvents and the solvent peak was em-
ployed as reference. ''B NMR spectra were recorded with com-
plete proton decoupling at 160 MHz, using BF3-Et;0O (0.00 ppm
for ''B NMR) as standard.

All chemical reactions were carried out in oven-dried Schlenk
tubes under an argon atmosphere. Toluene, 1,4-dioxane, and
methanol were purchased from Carlo Erba and were used as
received. Anhydrous THF was obtained using Grubbs-type sol-
vent drying columns. [Pd(PPh3)4], Pdy(dba)s, SPhos ligand,
1-chloroisoquinoline, and pinacolborane (HBpin) were supplied
by Aldrich, [Ir(u-OMe)(cod)], was from Strem Chemicals, and
bis(pinacolate)diboron (B,pin,) was purchased from Frontier
Scientific. All reagents were used as received. 1-Bromo-4-
methoxynaphthalene (1) [47], 1-chloroanthracene (4) [48], and
1-(tetrahydropyran-2’-yloxy)-4-bromonaphthalene (6) [49]
were synthesized according to literature procedures. The sol-

vents for the photophysical measurements were purchased from
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Aldrich (acetonitrile) or Scharlau (dichloromethane, dimethyl

sulfoxide) and were of spectroscopic quality.

UV-vis absorption and corrected fluorescence spectra were
measured with standard equipment (Shimadzu UV-1603 and
Varian Cary Eclipse), using quartz cuvettes of 1 cm optical path
length. The fluorescence quantum yields were determined with
quinine sulfate as standard reference (®g, = 0.55 in 0.05 M
H,SO0y) [50,51]. The lifetimes were measured by time-corre-
lated single-photon counting (Edinburgh instruments FLS 920).

Laser-flash photolysis experiments were performed using a
XeCl excimer laser (Aexe = 308 nm; 17 ns fwhm; 20 mJ/pulse).
Alternatively, a Q-switched Nd:YAG laser (Quantel Brilliant,
355 nm, 5 ns fwhm, 15 mJ/pulse) was coupled to a mLFP-111
Luzchem miniaturized equipment. The concentration of 16-19
was kept in the range of 20-30 uM in acetonitrile. The solu-
tions were air-equilibrated or bubbled for 30 min with N, or O,
before acquisition. All the experiments were carried out at room

temperature.

The detailed procedures for the synthesis of the precursors can
be found in Supporting Information File 1. Below the boryla-
tion of the precursors 12—15 to yield the dyes 16-19 is de-
scribed and the NMR characterization data of the dyes are

given.

General procedure for the Ir-catalyzed bory-

lation — synthesis of the dyes 16—-19

Following the described procedure [42], a dried Schlenk tube
was loaded with the substrate (12—15) and B,Pin, (1 equiv).
After three vacuum—argon cycles, 1 mL catalyst stock solution
per 0.5 mmol substrate and pinacolborane (HBPin, 5 mol %)
was added. The reaction mixture was stirred at 55 °C until
quantitative consumption of the starting material. The mixture
was cooled to room temperature, concentrated to dryness, and
the crude product was purified by column chromatography

(n-hexane/EtOAc mixtures).

Note: The catalyst stock solution (25 mL) was prepared by
dissolving 2-pyridinecarboxaldehyde N,N-dibenzylhydrazone
(37.6 mg, 0.125 mmol) and [Ir(u-OMe)(cod)], (41 mg,
0.063 mmol) in dry THF. Sonication for one hour was used to
facilitate dissolution. The resulting red-brown solution was kept

under argon.

1-(4'-Methoxy-3-(4,4,5,5-tetramethyl-1,3,2-dioxa-
borolan-2-yl)-[1,1'-binaphthalen]-4-yl)isoquinoline
(16)

Following the above described general procedure for the Ir-cat-

alyzed borylation starting from 12 (85 mg, 0.21 mmol) and after
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flash chromatography on silica gel (toluene/EtOAc 7:1), 16 was
obtained as a light-yellow foam (70 mg, 62% yield). NMR
spectra recorded at 25 °C showed a ca. 0.45:0.55 diastereo-
meric mixture of atropisomers. To simplify the spectra the mea-
surements were undertaken at 80 °C. 'H NMR (400 MHz,
CgDg, 80 °C) 6 8.80 (d, J = 5.6 Hz, 0.5H), 8.78 (d, J = 5.6 Hz,
0.5H), 8.60 (d, J = 8.0 Hz, 0.5H), 8.58 (d, J = 8.0 Hz, 0.5H),
8.46 (s, 0.5H), 8.44 (s, 0.5H), 7.70-7.47 (m, 5H), 7.34-7.26 (m,
2H), 7.10-6.99 (m, 4H), 6.62 (d, J = 7.2 Hz, 0.5H), 6.61 (d, J =
7.6 Hz, 0.5H), 3.61 (s, 3H), 0.80 (s, 6H), 0.69 (s, 3H), 0.65 (s,
3H) ppm, two proton signals were hidden under the C¢Dg peak;
13C NMR (100 MHz, Cg¢Dg, 80 °C) d 162.8, 156.1, 145.7,
145.6, 143.1, 138.9, 136.6, 135.5, 134.9 (br s), 133.5, 133.4,
131.9, 130.6, 129.5, 128.6, 127.4, 127.1, 126.8, 126.6, 126.2,
125.5, 125.4, 122.8, 122.5, 120.1, 119.7, 119.6, 104.4, 104.1,
83.4, 55.4, 24.6 ppm, C-B not observed; !B NMR (128 MHz,
CeDg) 8 32.0 ppm (br s); HRESIMS m/z: [M + Na]™ caled. for
C36H3,BNNaO3, 560.2367; found, 560.2370.

1-(3-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-
[1,1'-binaphthalen]-4-yl)isoquinoline (17)

Following the above described general procedure for the Ir-cat-
alyzed borylation starting from 13 (95 mg, 0.25 mmol) and after
flash chromatography on silica gel (n-hexane/EtOAc 4:1), 17
was obtained as light-yellow foam (105 mg, 83% yield). NMR
spectra recorded at 25 °C showed a ca. 0.45:0.55 diastereo-
meric mixture of atropisomers. To simplify the spectra the mea-
surements were undertaken at 80 °C. 'H NMR (500 MHz,
CgDg, 80 °C) 8 8.77 (br s, 1H), 8.38 (s, 0.55H) 8.36 (s, 0.45H),
7.81-7.77 (m, 3H), 7.68-7.53 (m, 4.55H), 7.49 (d, J = 5.5 Hz,
1H), 7.39 (br s, 1.45H), 7.30 (br s, 1H), 7.25 (br s, 1H),
7.11-7.02 (m, 4H), 0.81 (s, 6H), 0.70 (s, 3H), 0.68 (s, 3H) ppm;
13C NMR (100 MHz, Cg¢Dg, 80 °C) d 162.6, 145.7, 143.0,
139.5, 138.6, 136.5, 135.0, 134.4, 133.9, 133.3, 133.0, 130.5,
129.5, 128.7, 128.5, 127.9, 127.5, 127.1, 127.1, 126.7, 126.6,
126.3, 126.2, 126.1, 126.0, 125.8, 125.5, 119.6, 83.4, 24.5 ppm,
C-B not observed; "B NMR (128 MHz, C¢Dg) & 31.3 ppm (br
s); HREIMS m/z: [M]* calcd. for C35H3gBNO,, 507.2370;
found, 507.2375.

1-(4-(Pyren-1-yl)-2-(4,4,5,5-tetramethyl-1,3,2-dioxa-
borolan-2-yl)naphthalen-1-yl)isoquinoline (18)
Following the above described general procedure for the Ir-cat-
alyzed borylation starting from 14 (114 mg, 0.25 mmol) and
after flash chromatography on silica gel (n-hexane/EtOAc 5:1),
18 was obtained as a light-yellow foam (74 mg, 51% yield).
NMR spectra recorded at 25 °C showed a ca. 0.45:0.55 dia-
stereomeric mixture of atropisomers. To simplify the spectra the
measurements were undertaken at 80 °C. '"H NMR (500 MHz,
CgDg, 80 °C) 8 8.87 (d, J = 5.5 Hz, 0.55H), 8.85 (d, J = 5.5 Hz,
0.55H), 8.62 (s, 0.55H), 8.59 (s, 0.45H), 8.12 (d, J = 7.6 Hz,
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0.55H), 8.08 (d, J = 9.1 Hz, 0.45H), 8.01-7.98 (m, 2H),
7.94-7.93 (m, 2H), 7.91-7.82 (m, 2H), 7.80-7.71 (m, 3H),
7.68-7.58 (m, 3H), 7.47 (d, J = 5.5 Hz, 1H), 7.26 (d, J = 8.1 Hz,
0.45H), 7.29 (d, J = 8.3 Hz, 0.55H), 7.12 (d, J = 7.4 Hz, 0.55H),
7.09 (d, J = 6.9 Hz, 0.45H), 7.06-7.00 (m, 3H), 0.79 (s, 6H),
0.65 (s, 2.7H), 0.62 (s, 3.3H) ppm; '3C NMR (100 MHz, C¢Ds,
80 °C) 8 162.7, 145.9, 143.3, 139.0, 136.8, 136.8, 136.6, 135.3,
133.7, 133.4, 132.2, 131.9, 131.9, 131.6, 130.7, 130.6, 129.6,
129.3, 127.3, 126.8, 126.6, 126.5, 126.4, 126.4, 126.2,
125.8-125.7, 125.5-125.3, 124.8, 119.6, 83.5, 24.5 ppm, C-B
not observed; ''B NMR (128 MHz, C¢Dg) 8 32.0 ppm (br s);
HREIMS [M]* calcd. for C4;H3,BNO,, 581.2526; found,
581.2530.

1-(4-(Anthracen-1-yl)-2-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)naphthalen-1-yl)isoquinoline

(19)

Following the above described general procedure for the Ir-cat-
alyzed borylation starting from 15 (84 mg, 0.21 mmol) and after
flash chromatography on silica gel (toluene/EtOAc 20:1), 19
was obtained as a yellow foam (100 mg, 72% yield). NMR
spectra recorded at 25 °C showed a ca. 0.44:0.56 diastereo-
meric mixture of atropisomers. To simplify the spectra the mea-
surements were undertaken at 80 °C. 'H NMR (500 MHz,
CgDg, 80 °C) d 8.81 (d, J = 5.6 Hz, 0.55H), 8.79 (d, J = 5.6 Hz,
0.45H) 8.54 (s, 0.55H), 8.49 (s, 0.45H), 8.44 (s, 0.45H), 8.33 (s,
1H), 8.26 (s, 0.55H), 8.00-7.93 (m, 1.45H), 7.81 (t,J = 8.6 Hz,
1H), 7.71-7.59 (m, 4H), 7.49 (d, J = 5.6 Hz, 1H), 7.41-7.27 (m,
3H), 7.19-7.10 (m, 1.55H), 7.05-6.97 (m, 4H), 0.80 (s, 2.7H),
0.79 (s, 3.3H), 0.69 (s, 2.7H), 0.64 (s, 3.3H) ppm; 13C NMR
(125 MHz, CgDg, 80 °C) d 162.6, 145.9, 145.9, 143.1, 143.0,
139.6, 139.4, 138.8, 136.5, 135.2, 135.1, 133.3, 133.2, 132.6,
132.5, 132.5, 132.4, 132.3, 132.2, 130.5, 130.4, 129.5, 129.5,
129.3, 129.2, 128.6, 128.5, 128.5, 128.3, 128.1, 127.9, 127.5,
127.3, 127.2, 127.2, 127.1, 126.9, 126.8, 126.8, 126.7, 126.7,
126.5, 126.3, 126.3, 126.1, 125.8, 125.6, 125.4, 125.2, 125.2,
119.6, 83.4, 24.5, 24.4 ppm, C—B not observed; !B NMR
(160 MHz, C¢Dg) 8 31.5 ppm (br s); HREIMS m/z: [M]* calcd.
for C39H3;BNO,, 557.2526; found, 557.2508.

Supporting Information

Supporting Information File 1

Additional synthetic procedures for 2, 3, 5, and 7-15, I
and 13C NMR spectra of the dyes 16-19 and their
precursors, ESIMS spectra and !'B NMR spectroscopy of
fluoroboronate complexes, HPLC traces for the dyes
16-19.
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This work describes a novel fluorescent 2,1,3-benzothiadiazole derivative designed to act as a water-soluble and selective bioprobe

for plasma membrane imaging. The new compound was efficiently synthesized in a two-step procedure with good yields. The pho-

tophysical properties were evaluated and the dye proved to have an excellent photostability in several solvents. DFT calculations

were found in agreement with the experimental data and helped to understand the stabilizing intramolecular charge-transfer process

from the first excited state. The new fluorescent derivative could be applied as selective bioprobe in several cell lines and displayed

plasma-membrane affinity during the imaging experiments for all tested models.

Introduction

The selective staining of plasma membranes is of paramount
importance to study cellular processes and events associated
with this dynamic cellular component. After more than one
century of the idea considering cell plasma membranes as lipid
bilayers [1], the importance to understand the functions, pro-
cesses and events associated with plasma membranes is still
vital. We are only beginning to understand many of the pro-
cesses and functions related to this component responsible for

the boundaries of the cells [2-4]. Various details have emerged

due to the development of new sensitive molecular probes
capable of staining organelles and cell components selectively,

however, many open questions remain.

Plasma membranes are the natural barrier between the extracel-
lular environment and the cytoplasm, thus playing a pivotal role
in cellular uptaking processes, trafficking and signaling [5].
Many models aim at describing the membranes’ behavior in

several solvents and aqueous solutions [6]. However, the direct
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imaging and observation of plasma membranes in live cells is
still one of the most promising strategies to investigate their
roles, functions and to relate them with specific cellular

responses [7].

The selective imaging of plasma membranes allows the tracking
of the cell morphology, the cell status, cellular division step,
signal transduction, apoptosis and even necrosis [8-10]. The
monitoring of plasma membranes, their biophysical properties,
endocytosis/exocytosis of several types of molecules, as well as
their dynamic changes, may be performed by using fluorogenic
organic dyes or derivatives thereof [11-15].

The design and synthesis of small organic fluorescence imaging
probes capable of selectively stain plasma membranes has been
proven, however, often as a challenging task. The development
of small organic probes, in general, has been hindered by the
requirement of multistep syntheses to obtain the fluorophore
and by poor performances related to most of them. Therefore,
many studies are still based on the use of WGA [16] (wheat
germ agglutinin) or membrane proteins bearing fluorescent pro-

tein tags [11]. Water solubility is another issue that has to be

)

Nas
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Wang and co-workers (2018)
glutathione detection in cells
[32]

/N Yuan and co-workers (2018)
NN MeO NO detection in cells
[31]
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considered. For the development of new fluorogenic dyes for
plasma membrane imaging there are two desirable features of
the product to be considered: solubility in aqueous media and
affinity for membranes. However, based on the available
reports these properties seem to be antagonistic. Breakthrough
works have, however, described the successful design
and application of water-soluble plasma membrane probes
[17,18].

We have been developing a new class of selective bioprobes
based on the derivatization of the 2,1,3-benzothiadiazole (BTD)
core (Figure 1) [19-22]. After we disclosed the use of these
BTD derivatives as a new class of selective fluorescence
imaging probes, many contributions [23-37] appeared success-
fully applying fluorescent BTDs in bioimaging experiments

(see examples in Figure 1).

Based on our interest in the development of new bioimaging
agents [38-40], we disclose herein the design, synthesis, proper-
ties and application of a new fluorogenic BTD derivative as a
water-soluble selective plasma membrane probe for bioimaging

experiments.
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Figure 1: The 2,1,3-benzothiadiazole (BTD) core and its derivatives that are successfully applied in bioimaging experiments.
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Results and Discussion

The new water-soluble fluorescent BTD derivative (named
BTD-4APTEG) was planned and synthesized as shown in
Scheme 1. The new fluorescent structure is accessible in a two-
step procedure from the commercially available 4-bromo-2,1,3-
benzothiadiazole (BTD-Br) and 4-aminopyridine (4AP), as we
have recently described [41]. The Buchwald—Hartwig amina-
tion protocol afforded the fluorescent BTD-4AP in 80% yield
after purification [41]. The new derivative was then synthe-
sized by a direct alkylation reaction which afforded the desired
compound BTD-4APTEG in 65% yield after purification (see
details in the Experimental section).

The structure of BTD-4APTEG bears a lipophilic anchor to
improve its affinity towards the lipidic bilayer of the plasma
membrane. In fact, the lipophilic character of similar small
BTD derivatives demonstrated improved affinity for lipid-based
structures, as we [42,43] and others [26,29] have shown. The
intramolecular H-bond is in addition responsible for the rigidity

Synthesis N
y 7\
DPEPhos —
QBr / N t-BuOK
N N
/\ \ + Q Pd(OAc), T H
s’ H,N toluene, 120 °C N. _N 80%
72h
BTD-Br BTD-4AP
- N
/_/O_
O
o/
OSOzCH3 "';l MeSO~
3 7\ °
10 =
Q‘N\
toluene I\ H 65%
90 °C N.gN' BTD4APTEG
24 h

Beilstein J. Org. Chem. 2019, 15, 2644-2654.

of the structure and enables a better conjugation with the 4AP
substituent at the C4 carbon of the BTD heterocyclic core. The
ionic nature of the structure in combination with a hydrophilic
anion (MeSOj3~, methanesulfonate) and the presence of the
hydrophilic domain (triethylene glycol monomethyl ether)
make the dye a water-soluble BTD derivative. The photophysi-
cal properties of the new compound BTDE-4APTEG have been
investigated and the results are summarized in Table 1 and

presented in Figure 2.

All absorption maxima were observed in the UV region close to
375 nm and with reasonable molar extinction coefficients.
Large Stokes shifts were noted in all tested solvents
(134-173 nm), thus pointing to efficient stabilizations through
intramolecular charge-transfer (ICT) processes from the excited
states. The largest Stokes shift was noted in the aqueous solu-
tion, indicating the dye’s stability in this solvent. The solva-
tochromic analyses of ETN vs Stokes shifts using the values
provided by Richardt [44] were found in accordance with the

structural features

ionic in nature
bearing a hydrophilic anion
(water solubility)

hydrophilic
domain

6]
Mesogﬁ/J
<// \>
QN‘
M
N ,N/
S

intramolecular
H-bond
(rigidness and
improved conjugation)

BTD core

lipophilic
anchor

Scheme 1: Synthesis of the plasma membrane BTD probe (BTD-4APTEG) and its structural features.

Table 1: UV-vis and fluorescence emission data (in different solvents at 10 uM for all analyses) for the synthesized compound.

Compound Solvent Amax,abs (NM) log €

BTD-4APTEG CHxCl» 368 3.0
DMSO 375 2.9
MeCN 363 2.9
MeOH 362 2.9
toluene 383 2.2
water 370 2.9

Amax,em (nm) Stokes shift (nm/cm~T)
512 144/7643
525 150/7619
518 155/8243
523 161/8504
517 134/6767
543 173/8611

Proluene 0.002, drecn 0.02, Pwater 0.01, Ppom 0.02, dmeor 0.03, Ppmso 0.02.
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Figure 2: (Left) UV—vis, (center) fluorescence emission and (right) solvatochromic effect (Stokes shift in wavenumbers versus solvent polarity in ETN)

of the synthesized BTD-4APTEG (10 pM for all analyses).

ICT proposition and the calculated linear correlation from the
plots [45] corroborated this proposition. The photostability of
the new compound was measured in aqueous media as a
preclude of the bioimaging experiments and proved to be stable
under constant light irradiation for more than 4 hours (see
Figure S4 in Supporting Information File 1).

Theoretical calculations were then performed for a better
comprehension of the photophysical data obtained for BTD-
4APTEG by means of the time-dependent density functional
theory (TD-DFT). In practice, when applying DFT calculations,
there is no “universal” exchange correlation functional (XCF),
thus the performance of different XCFs in simulating the
absorption spectra of BTD-4APTEG had to be assessed. We
aimed at describing the maxima absorption peak position asso-
ciated with the m—* transitions, as expected for this type of 4,7-
disubstituted BTDs [46-50].

In Figure 3 the mean absolute error (MAE) between the theoret-
ical and experimental absorption maxima (A ,x) in different
solvents is shown. The results showed the hybrid XCF,
PBEIPBE yielded the best overall performance across all
studied solvents with an absolute deviation below 10 nm.
PBE1PBE was therefore selected as the most suitable XCF
(amongst the six investigated XCFs) for studying the photo-
physical properties of BTD-4APTEG.

The structure geometry was fully optimized in acetonitrile,
dichloromethane, DMSO, methanol and water (Figure 4A). It
turned out that the optimized geometries were not affected by
the implicit solvation model affording root mean squared devia-
tions of atomic positions of about 10™# A. The obtained CAM-
B3LYP/6-311+G(d) geometries showed that the BTD core of
the BTD-4APTEG is twisted by nearly 30° with respect to the
NH fragment (see Figure S5 in Supporting Information File 1).
Although this torsion diminishes the strength of the H-bond and

conjugation, the effect is not strong enough to affect the emis-

50 1
401

301

201
1 B
O-J

PBE1PBE B3LYP CAM-B3LYP LC-wPBE

Mean Absolute Error (nm)
o

MO06

Figure 3: Mean absolute error (MAE) comparing both the experimen-
tal and the estimated TD-DFT Ay positions in different solvents for
BTD-4APTEG. The computed Ayax value corresponds to the largest
wavelength band associated with the Sy — S1 electronic excitation.

sive properties of the designed structure, as noted for the calcu-

lated properties of the designed structure (Figure 4).

The UV-vis absorption spectra of BTD-4APTEG calculated at
the PBE1PBE/6-311+G(2d,p)//CAM-B3LYP/6-311+G(d) are
shown in Figure 4B and solvent effects were also accounted
using the IEF-PCM formalism [51]. The theoretical absorption
bands showed an excellent agreement with those obtained ex-
perimentally in both terms the peak positions as well as their
relative intensities.

The m—m* band is entirely described by a HOMO-LUMO
vertical transition as visualized in Figure 4C. The LUMO
orbital is strictly distributed over the BTD core in the BTD-
4APTEG molecule, which is the net result of its electron densi-
ty withdrawal character. The HOMO orbital distributes over the
BTD basic scaffold and the vicinal ring but does not involve
participation of the side chain of the chromophore. The elec-

tron density difference between the ground Sy and first excited
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Figure 4: (A) CAM-B3LYP/6-311+G(d) optimized geometry of BTD-4APTEG (implicit DMSO). (B) TD-DFT UV-vis spectra of BTD-4APTEG calcu-
lated at the PBE1PBE/6-311+G(2d,p) level of theory. Solvent effects were estimated under the IEF-PCM formalism. (C) PBE1PBE/6-311+G(2d,p)/
CAM-B3LYP/6-311+G(d) HOMO and LUMO orbitals of BTD-4APTEG in DMSO involved in the SO— S1 electronic excitation associated with the
longest wavelength band. (D) Electron density difference between the first excited and ground states (Ap = ps1 — pso), Where blue regions corre-
spond to density accumulation whereas the yellow means the density depletion.

state S; (Ap = ps1 — Pso)» as shown in Figure 4D, highlights the
directionality of the electron density transfer with a great deal
of ICT between the cationic heterocycle and the BTD core,
which stabilizes the excited state of the synthesized chromo-
phore. These theoretical results agreed well with the experimen-
tal data obtained for the newly developed dye.

DFT calculations were also employed to forecast the lipophilic
character of the dye utilizing several XCFs. Experimentally,
lipophilicity can be measured by means of the logarithm of the
n-octanol/water partition coefficient (known as log P,,,), which
is defined as the equilibrium concentration ratio of the analyte
distributed between these two phases [52]. The theoretical loga-
rithm of the partition coefficient for the water/n-octanol mix-
ture at both constant temperature and pressure was computed

using Equation 1 [53]

| |
loc K = AG\S)\?at‘ér B AG}i(-)o\t;tanol (1)
i 2.303RT

calculated at 298 K.

Table 2 summarizes the solvation free energies of BTD-
4APTEG in water and n-octanol solutions and the log K, ob-
tained with the solvation model based on solute electron densi-
ty (SMD) [54]. The DFT calculations qualitatively returned a
preference for nonpolar environments only when B97D3 (GGA
level) and wB97XD (long range-corrected hybrid level) XCFs
were employed. Both B97D3 and wB97XD were strongly
recommended by a thoroughly benchmarking of DFT methods
for thermochemistry by Goerik and Grimme [55].
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Table 2: Calculated solvation free energies in water (AG 9%, ), in

1-octanol (AG % eanol) @nd corresponding partition coefficient log Kow
for BTD-4APTEG. Solvent effects included with the SMD solvation
model.2

XCF AG \i/%lrer AGS?A\étanol log Kow
B3LYP -58.70 -57.12 -1.160
B97D3 -54.92 -55.38 0.333
M11 -58.74 -56.91 -1.341
M06-2X -57.92 -56.18 -1.272
wB97XD -58.12 -59.90 1.305
PW6B95 -56.66 -56.57 -0.800
PW6B95-D3  -57.90 -56.81 -0.792
PBE1PBE -58.89 -58.84 -0.029

aAll energetic values expressed in kcal mol~'.

The new dye was then submitted to an MTT assay to investi-
gate possible cytotoxicity effects and the concentrations to use
the probe without causing any harm to the cells (Figure 5). Only
at concentrations up to 100 uM cytotoxic effects were noted and
at 10 uM no effect was observed for the designed BTD-
4APTEG. For the subsequent bioimaging experiments, the
fluorophore was tested at 1 uM, that is at a concentration
100-fold lower than that of the cytotoxic effect.
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Figure 5: Cellular viability determined by MTT analysis after 24 h treat-
ment with the developed dye BTD-4APTEG. No statistically significant
cytotoxic effect was observed after 24 h incubation with the new dye
BTD-4APTEG at 10 uM. However, the dye induced strong cytotoxic
effects in all tested cell lines at 100 pM (p < 0.05).

The new compound was then tested as bioimaging probe in live
and fixed cells (Figure 6). As can be seen, the green fluorescent
dye BTD-4APTEG was found most concentrated at the plasma
membranes of the MCF-7 cells in both, live and fixed cells

Beilstein J. Org. Chem. 2019, 15, 2644-2654.

(Figure 6A,C), and not in the cytosol, thus pointing firmly to its

affinity for the plasma membrane.

Figure 6: MCF-7 cells incubated with BTD-4APTEG (1 pM) in live (A)
and (B) and fixed cells (C) and (D). (A) and (C) show the staining distri-
bution of the new dye BTD-4APTEG in the plasma membrane of the
cells. (B) and (D) show the normal morphological aspects of the sam-
ples by phase contrast microscopy. The dye was found accumulated in
the peripheral region of the cellular membrane (white arrows) in both
samples. The letter N indicates the nuclei of the cells (scale bar of

10 pm).

To confirm the selectivity of BTD-4APTEG towards the plasma
membrane of both live and fixed cells, co-staining experiments
using the commercially available probe known as CellMask
were also conducted and the results are shown in Figure 7. Both
bioprobes were found in the plasma membranes of the cells and
their superposition (Figure 7B showing the images overlay)
afforded an orange emission (green plus red).

Although there was no doubt regarding the preference of BTD-
4APTEG for the plasma membranes, a Pearson correlation
coefficient (PCC) [56-58] analysis between the two fluorescent
signals (green and red emissions) from BTD-4APTEG and
from CellMask, was performed using ten independent analyses
of ten different images. The quantitative PCC showed an agree-
ment of 79% and 77% for live and fixed cells, respectively (see
Figures S6 and S7 in Supporting Information File 1). The quan-
titative results obtained by PCC validate the qualitative analy-
sis shown in Figure 7, therefore supporting the dye’s affinity for
the plasma membranes. The negative control was performed
using BTD-4APTEG 90° counterclockwise rotation [56-58].
The analyses also provided evidence that no random colocaliza-

tion was taking place (Figures S6 and S7 in Supporting Infor-
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Figure 7: Co-staining experiments using the commercially available CellMask (red emission) and BTD-4APTEG (green emission) in (I) live and

(1) fixed MCF-7 cells. (A) Plasma membranes stained with the designed BTD-4APTEG. (B) Overlay of (A) and (C) showing the orange emission as
the result of both green and red emissions. (C) Plasma membranes stained with the commercially available CellMask. (D) Shows the normal morphol-
ogy of the cells by phase contrast microscopy. Arrows indicate the peripherical accumulation of the dyes in the plasma membranes. The letter N indi-

cates the nuclei of the cells (scale bar of 10 pm).

mation File 1). It is known that CellMask is capable of entering
the cells to some extent, especially when using fixed cells. Thus
its selectivity seems to be smaller than the one observed for the

new green emitter.

Although the plasma membrane separates the interior of the cell
from the extracellular environment, there is a massive material
transfer between both sides [59]. These materials typically are
transported by vesicles which assemble large organelles within
the cell cytoplasm called endosome. There are at least two dif-
ferent endosome types (i.e., early and late endosome) and one
of them is localized near to the plasma membrane (early endo-
somes) whereas the other is found near to the nucleus (late
endosomes) [60-62]. These organelles are formed by plasma
membrane invaginations sustaining the structure and composi-
tion of the original component. The use of lipophilic dyes for
plasma membrane staining will therefore afford additional cyto-
plasm markers due to endosome formation from the plasma
membrane previously stained with the fluorescent compound.
There is no way to eliminate this fluorescent signal because of
the constitutive presence of endosomes in mammalian cells.
Cancer cells have, in addition, an accelerated metabolism and
high endocytosis index [63]. Endocytosis is known to be the
cellular event that plays a pivotal role in endosome formation
and maintenance. The presence of intracellular structures
marked with BTD-4APTEG is then explained by endosome for-
mation. The mild fluorescent noise observed over the cells is

probably caused by the plasma membrane involving the cells

and its fluorescent signal has then contributed to the image for-
mation.

Finally, the developed fluorophore was tested in additional cell
lines to show its efficiency. A2780 (human ovarian carcinoma)
cells, T47D (human breast tumor) cells and HUVEC (human
umbilical vein endothelial) cells were tested and the results are
shown in Figure S8 (Supporting Information File 1). Again, the
designed fluorophore was capable of selectively stain the
plasma membranes with intense green emissions, indicating
therefore, the fluorogenic dye efficiency as a new bioprobe for

bioimaging experiments.

Conclusion

In summary, a new water-soluble BTD fluorophore BTD-
4APTEG was developed and applied as selective probe for bio-
imaging and stained plasma membranes selectively in the tested
cells lines. The features envisaged for the synthesis of the struc-
ture proved to be capable of granting the dye water solubility,
good photostability and affinity for the plasma membrane as
depicted in the imaging (qualitative and quantitative) experi-
ments. Theoretical calculations were found to be in accordance
with the experimental data and helped to understand the ICT
stabilizing process of the designed fluorophore. The developed
green emitter was efficiently applied as selective plasma mem-
brane probe in bioimaging experiments. Co-staining and PCC
experiments confirmed the dye’s affinity for the plasma mem-

brane and indicated its efficiency as a new bioprobe.
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Experimental

NMR spectra were recorded on an NMR instrument using a
5 mm internal diameter probe operating at 400 MHz for 'H and
at 100 MHz for '3C NMR. Chemical shifts were expressed in
parts per million (ppm) and referenced by the signals of the
residual hydrogen atoms of the deuterated solvent, as indicated
in the legends. UV—vis absorption (Varian Cary 5000) spectros-
copy and fluorescence emission (Cary Eclipse,Varian CA-USA)
were acquired using recent prepared solutions (10 uM for all
analyses). All reagents and solvents were purchased from com-

mercial sources.

Synthesis of BTD-4APTEG. 2-(2-(2-Methoxyethoxy)-
ethoxy)ethyl methanesulfonate (48 mg, 0.2 mmol) and BTD-
4AP [41] (11.5 mg, 0.05 mmol) were mixed in MeCN (5 mL) in
a sealed Schlenk tube and the reaction mixture was stirred at
80 °C for 24 h. After cooling, the solvent was removed and the
crude washed several times with ethyl acetate to remove unre-
acted reagents. The desired product was obtained in 65% yield.
IR (cm™1): 3090, 2870, 1960, 1630, 1514, 1220, 1106, 930;
'H NMR (400 MHz, D,0) & (ppm) 8.15 (d, J = 7.2 Hz, 2H),
8.00-7.95 (m, 1H), 7.84-7.65 (m, 2H), 7.13 (d, J = 7.2 Hz, 2H),
4.37 (t,J =5.2 Hz, 2H,) 3.88 (t,J = 5.2 Hz, 2H,) 3.65-3.44 (m,
8H), 3.21 (s, 3H), 2.74 (s, 3H); '3C NMR (100 MHz, D,0/
CD30D 1:1, v/v) 8 (ppm) 156.4, 155.8, 144.1, 130.9, 129.2,
126.4, 123.3, 120.1, 111.9. 71.50, 71.47, 70.2, 69.9, 69.3, 38.9;
HRMS (ESI-Q-TOF) calcd. for C;gH,3N403S%, 375.1485;
found, 375.1460.

Theoretical calculations. All DFT calculations were per-
formed using the Gaussian 09 suite of programs [64]. Geome-
try optimizations were carried out with the long-range corrected
density functional CAM-B3LYP with 6-31G(d) Pople’s split
basis set. Harmonic frequency calculations were performed to
verify that a genuine energetic minimum was achieved. Solvent
effects on the BTD-4APTEG geometries were assessed using
the polarizable continuum model (PCM) in which the solute
molecule is enclosed in a cavity embedded in a continuum
dielectric medium. The optimized geometries of the ground
state (Sg) in the calculated solvents were then used for the
single point TD-DFT calculation using density functionals of
different flavors to assess the performance of different density
functionals: B3LYP, CAM-B3LYP, LC-wPBE, M06, M06-2X,
and PBE1PBE. It was employed the 6-311+G(2d,p) basis set to
simulate the excitation spectra of the BTDs. To comprise the
solvent effects, the implicit PCM treatment was also included in
the TD-DFT calculations.

Biological experiments. The new BTD derivative BTD-
4APTEG was diluted in water in the cell medium supple-

mented with 10% of fetal calf serum. The following cell lines
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were used: human ovarian cancer cell line A2780, human breast
adenocarcinoma cell line MCF-7, breast adenocarcinoma cell
line T47D and human umbilical vein endothelial cells, HUVEC.
The cells were maintained according to ATCC (American type
culture collection) recommendations at 37 °C in an atmosphere
containing 5% CO,.

Cell viability. For cell viability the synthesized compound
BTD-4APTEG was tested at two different concentrations, 10
and 100 uM. The cells were incubated with the synthesized
BTD for 24 h and analyzed by a standard MTT assay, following
the manufacturer’s recommendations (R&D System Inc, MN,
USA). Briefly, 3 x 103 cells of each cell line were seeded in a
96-well plate and maintained overnight at 37 °C. The samples
were incubated with 150 uL of MTT (3-[4,5-dimethylthiazol-2-
yl]-2,5-diphenyltetrazolium bromide) solution (0.5 mg mL™') in
cell culture medium for 4 h in the dark at 37 °C (MTT is
reduced by metabolically active cells to insoluble purple
formazan dye crystals that accumulate inside the cell cyto-
plasm). Afterwards, the MTT solution is removed and 200 pL
of DMSO are added to all samples to solubilize the formazan
dye crystals. The plate was read in spectrophotometer and the
optimal wavelength for absorbance was 570 nm. The MTT
assay was performed in triplicate and also made three indepen-
dent assays. The cell viability inhibition was determined by
evaluation of MTT result obtained for test samples compared
with the control samples in the same conditions, following the
expression: [survival % = [(tested sample-blank)/(control sam-
ple-blank)] x 100].

Bioimaging experiments. The bioimaging experiments were
performed in a similar manner to a procedure which have
already been published elsewhere [65]. Cells were seeded on
13 mm round glass coverslips on the bottom of a 24-well plate
and allowed to adhere overnight. Afterwards, the cells were
washed three times with serum-free medium aiming at
removing non-adherent cells. After reaching the expected
confluence, the cells were separated in two main samples, that
is, live samples and fixed samples. Live cells were therefore in-
cubated for 30 minutes with a BTD-4APTEG solution (1 uM) at
37 °C, washed three times with PBS 1X (pH 7.4) at room tem-
perature and fixed in formaldehyde 3.7% for 30 minutes. Again,
the cells were washed three times in PBS 1X (pH 7.4) at room
temperature and the coverslips were mounted over glass slides
using ProLong Gold Antifade (Invitrogen, OR, USA) accord-
ing to the manufacturer’s recommendations. A similar proce-
dure was followed for fixed cells. Fixed cells were washed three
times in PBS 1X (pH 7.4) and then fixed in formaldehyde 3.7%
for 30 minutes. Afterwards, fixed cells were washed three times
in PBS 1X (pH 7.4) at room temperature and incubated for
30 minutes with BTD-4APTEG solution (1 uM) at room tem-
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perature, washed three times in PBS 1X (pH 7.4) at room tem-
perature and the coverslips were mounted over glass slides
using ProLong Gold Antifade (Invitrogen, OR, USA) accord-
ing to the manufacturer’s recommendations. These two main
samples (of live and fixed cells) were analyzed using confocal
microscopy and excited using 405 nm wavelength laser emis-
sion and the fluorescence images were acquired at 520-550 nm
wavelength range. Triplicated assays could be carried out and
the procedure was performed as three repetitions for each ex-

perimental condition.

Plasma membrane co-staining. The cell membrane staining
procedures were performed with CellMask, a specific fluores-
cent commercial marker indicated to membrane staining.
Briefly, live and pre-fixed cells (processed as described above)
were incubated with a CellMask solution (prepared according
the manufacturer’s instructions) or with BTD-4APTEG during
30 minutes at room temperature. Afterwards, the cells were
washed three times in PBS and the samples were mounted over
glass slides by using antifade agent Prolong Gold (Invitrogen,
OR, USA) according to the manufacture’s recommendations.
The samples were analyzed using confocal microscopy. Cell-
Mask was excited at 633 nm wavelength and the fluorescent
images were acquired at 680-720 nm wavelength range. BTD-
4APTEG was excited at 405 nm wavelength and the fluores-
cence images were acquired at 520-550 nm wavelength
range. All assays were performed in triplicate and it was done
three repetitions for each cell sample and experimental condi-

tion.

Supporting Information

Supporting Information File 1

Copies of spectra, additional figures, energies and
Cartesian coordinates for all calculated structures.
[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-257-S1.pdf]
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Starting from substituted alkynones, a-pyrones and/or 1H-pyridines were generated in a Michael addition—cyclocondensation with

ethyl cyanoacetate. The peculiar product formation depends on the reaction conditions as well as on the electronic substitution

pattern of the alkynone. While electron-donating groups furnish a-pyrones as main products, electron-withdrawing groups predomi-

nantly give the corresponding 1H-pyridines. Both heterocycle classes fluoresce in solution and in the solid state. In particular,

dimethylamino-substituted a-pyrones, as donor—acceptor systems, display remarkable photophysical properties, such as strongly

red-shifted absorption and emission maxima with daylight fluorescence and fluorescence quantum yields up to 99% in solution and

around 11% in the solid state, as well as pronounced emission solvatochromism. Also a donor-substituted a-pyrone shows pro-

nounced aggregation-induced emission enhancement.

Introduction

A high sensitivity and precise tuneability of fluorescence colors
are prerequisites for the application of fluorescent substances in
chemistry, medicine and materials science [1]. With this respect
emissive small molecules [2], fluorescent proteins [3], and
quantum dots have received considerable attention and remark-

able progress in their synthesis and photophysics has been

achieved [4]. Small molecule organic fluorophores are particu-
larly advantageous due to the potential of a tailored fine-tuning
of their photophysical properties through synthetic modifica-
tions [5]. Based on their structural features, functionalized
organic chromophores, containing N-, O- or S-atoms, are
increasingly used in OLEDs [6-10] and LCDs [11-13] of mobile
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phones [14]. Fluorescent compounds often intensively emit in
solution but only weakly or not in the solid state [15]. Dyes
which fluoresce both in the solid state and in solution are still
relatively rare, due to the fact that often molecular aggregation
in the solid state causes fluorescence quenching [16].

In recent years, we have coined diversity-oriented syntheses of
functional chromophores by multicomponent strategies [17,18],
opening accesses to substance libraries for systematic studies of
structure—property relationships on fluorophores [19], in partic-
ular on aggregation-induced emissive polar dyes [20]. Concep-
tually, many of these consecutive multicomponent syntheses
rely on transition-metal-catalyzed heterocyclic syntheses [21].
By virtue of catalytic generation of alkynones [22] we have
recently disclosed consecutive alkynylation—-Michael addi-
tion—cyclocondensation (AMAC) multicomponent syntheses of
a-pyrones [23].

While most a-pyrones neither fluoresce in solution nor in the
solid state specific substitution patterns have been identified for
fluorophore design for this heterocyclic family. Tominaga and
co-workers synthesized a series of a-pyrone derivatives with
emission maxima between 400 and 675 nm in the solid state
and between 486 and 542 nm in chloroform [16,24-26], includ-
ing fluorescence quantum yields as high as 95% in solution and
58% in the solid state [16,24]. While these fluorophores were
synthesized by cyclocondensation with ketene dithioacetals and
substituted acetophenones other cyano-containing derivatives
became accessible by desymmetrizing cyclocondensation of

Beilstein J. Org. Chem. 2019, 15, 2684-2703.

1,2-diaroylacetylenes with ethyl cyanoacetate [27], similar to
related studies with dialkyl malonates [28]. Here, we report on
effects of base and temperature on Michael addition—cyclocon-
densation sequences in the formation of a-pyrones and/or
1H-pyridines starting from diversely substituted alkynones and
cyanoethylacetate. This bifurcating domino process furnishes
small chromophore libraries which were characterized by pho-
tophysical studies (absorption and emission spectroscopy) and
the studies on the electronic structure were accompanied by
TD-DFT calculations for assigning the dominant longest-wave-
length absorption bands.

Results and Discussion
Synthesis and tentative mechanism

Recently, we reported a straightforward access to a-pyrones
through a consecutive alkynylation—Michael addition—cyclo-
condensation (AMAC) multicomponent synthesis [23]. The
reaction can be rationalized by a Sonogashira coupling between
an acid chloride and a terminal alkyne furnishing an alkynone,
which is transformed without isolation by addition of dialkyl
malonates in a Michael addition—-cyclocondensation to form

a-pyrones (Scheme 1).

With this sequence in hand, we envisioned the variation of
CH-acidic esters to generate differently 3-substituted a-pyrones.
For introducing a cyano substituent we employed benzoyl chlo-
ride (1a), phenylacetylene (2a), and ethyl cyanoacetate (4)
within the AMAC sequence (Scheme 2). Surprisingly, the
desired a-pyrone was not isolated, but two other compounds

0.250 mol % PdCl(PPhs),

o 0.500 mol % Cul, 1.05 equiv NEts 0o o o)
\ _di o
”\ + AN ) 1,4-dioxane, 20 °C, 3 h o OR3 RT S
RT Cl R | N
. 3 X 2 R?
then: 2.00 equiv CH,(COORS3), R R .
1.10 equiv 1.00 equiv 3.00 equiv NayCOs3+10H,0 (15 examples, 29-80%) Vi alkynone

75°C, 16 h

Scheme 1: Consecutive three-component alkynylation—Michael addition—cyclocondensation (AMAC) synthesis of a-pyrones from acid chlorides, ter-

minal alkynes and dialkyl malonates.

0.250 mol % PdCly(PPhs)s QFt
o 0.500 mol % Cul o CN O NH; O
\ .
A 1.05 equiv NEt;
c ot 1,4-dioxane, 20 °C, 3 h + EOC O OFt

then: 2.00 equiv NCCH,COOEt (4)
3.00 equiv Na,CO3-10H,0

1.10 equiv 1.00 equiv

1a 2a 75°C, 16 h

5a (2%)

(4%)

Scheme 2: Consecutive pseudo-four-component alkynylation—Michael addition—cyclocondensation (AMAC) synthesis of 1H-pyridines 5a and an

aniline derivative.
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were detected. On the one hand a 1H-pyridine derivative 5a
(2% yield) and on the other hand an aniline derivative with two
ester groups (4% yield). Both compounds indicate that two mol-
ecules of ethyl cyanoacetate (4) were incorporated in the final

structure.

With an increased amount of ethyl cyanoacetate the yield of
both products could be increased. By the addition of ethanol as
a cosolvent in the second step of the sequence, 1H-pyridine 5a
could be isolated in 30% yield, while the aniline derivative was
not formed (Scheme 3).

There are only a few known methods for the synthesis of this
kind of 1H-pyridines. In a cyclocondensation, starting from 1,3-
dicarbonyl compounds, Elnagdi and co-workers synthesized
1H-pyridines with an additional cyano substituent in the 3-posi-
tion [29]. Most syntheses generating 1H-pyridines make use of
ethyl cyanoactate as a starting material. It can react with itself
and forms a dimer by selfcondensation, catalyzed by transition
metals [30,31].

Intrigued by the unusual pseudo-four-component AMAC syn-
thesis we investigated the reaction conditions of the terminal
Michael addition—cyclocondensation step starting from
alkynone 3a. By varying the amount of the base we could
observe the formation of 1H-pyridine 5a, but also of a-pyrone
6a (Scheme 4, Table 1), similarly to the reaction of compound 4

with 1,2-diaroylacetylenes [28].

0.250 mol % PdCly(PPh3)s

Beilstein J. Org. Chem. 2019, 15, 2684-2703.

Table 1: Optimization of the cyclization step of 1,5-diacyl-5-hydroxypy-
razoline 5b.2

Entry Base (equiv) Compound Compound

5a (yield)® 6a (yield)?

1 NayCO3-10H,0 (0.80) 20% 50%
2 Nao,CO3-10H,0 (1.0) 8% 64%
3 NapCO3-10H,0 (1.5) 32% -

4 NayCO3-10H,0 (2.0) 26% -

5 NayCOj3 (0.80) 3% 41%
6° Nao,COj3 (0.80) 22% 52%
70 NayCO3 (1.4) 9% 66%

aAll reactions were carried out on a 0.500 mmol scale
(co(3a) = 0.50 M, co(4) = 2.0 M; Pall yields refer to isolated and purified
products; Cadditional water (5.6 equiv).

With either 0.8 or 1.0 equiv of Na,CO3-10H,0 a-pyrone 6a is
formed as the main product (50-64%), while 1H-pyridine Sa
can also be isolated in around 15% yield (Table 1, entries 1 and
2). By increasing the amount of NayCO3-10H,0, exclusively
1H-pyridine 5a can be isolated in low yield (Table 1, entries 3
and 4). Using anhydrous sodium carbonate a-pyrone 6a is again
formed as the main product in 41% yield, but the yield of
1H-pyridine 5a drops to 3% (Table 1, entry 5). By the addition
of water, the yield of 6a could be increased (Table 1, entries 6
and 7).

Next we evaluated the use of a mixture of two bases, sodium

carbonate and sodium acetate, and water (Table 2). With

0 [ 0.500 mol % Cul, 1.05 equiv NEt3
A ; o
1,4-dioxane, 20 °C, 3 h
Cl +
then: 2.00 equiv NCCH,COOE (4)
3.00 equiv Na,CO3-10H,0
1.10 equiv 1.00 equiv ethanol
1a 2a 75°C, 16 h 5a (30%)

Scheme 3: Consecutive pseudo-four-component alkynylation—Michael addition—cyclocondensation (AMAC) synthesis of 1H-pyridines 5a from acid

chlorides 1, terminal alkynes 2 and ethyl cyanoacetate (4).

Q (0]
o) .
A + J\/CN NazCOs (10H,0) and/or o CN
EtO ethanol |
75°C, 16 h O O X O
4.0 equiv
3a 4 6a

Scheme 4: Model system for the optimization of the Michael addition—cyclocondensation reaction step to 1H-pyridine 5a or/and a-pyrone 6a.
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Table 2: Optimization of the formation of 1H-pyridine 5a or/and
a-pyrone 6a in the Michael addition—cyclocondensation reaction with
Na>CO3, NaOAc and water.2

Entry NaoCO3 NaOAc H»O Compound Compound

[equiv] [equiv] [equiv] 5a (yield)? 6a (yield)?
1 0.80 0.60 5.6. 56% -
2c 0.80 0.60 5.6 26% -
3d 080 0.60 5.6 56% -
4 0.80 0.60 - 44% -
5 - 0.60 - 26% 28%
6 - 0.60 5.6 23% -
7 0.80 0.60 2.8 40% -
8 0.80 0.60 8.4 40% 20%
9 0.80 0.60 11 38% 28%
10 1.0 0.60 5.6 45% -
11 0.80 0.80 5.6 43% -

3All reactions were carried out on a 0.500 mmol scale

(co(3a) = 0.50 M, co(4) = 2.0 M; Pall yields refer to isolated and purified
products; °co(4) = 1.0 M; dadditional 4.0 equiv of ethyl cyanoacetate
(4) after 2 h.

0.80 equiv of sodium carbonate, 0.60 equiv of sodium acetate
and 5.6 equiv of water 1H-pyridine Sa could be isolated in 56%
yield. Decreasing the amount of ethyl cyanoacetate (4) the
yields drops (Table 2, entry 2), however, increasing the amount
of substrate 4 does not improve the yield (Table 2, entry 3). The
exclusion of water only causes a decrease in yield (Table 2,
entry 4). With sodium acetate as the only base, both 1H-pyri-
dine Sa and a-pyrone 6a are formed in ca. 25% yield each
(Table 2, entry 5). Sodium acetate with additional water gives

Beilstein J. Org. Chem. 2019, 15, 2684-2703.

1H-pyridine 5a in 23% yield (Table 2, entry 6). It seems to be
important that both bases and water are present, but neither a
reduction nor an increase of the amount of water increased the
yields of 1H-pyridine Sa (Table 2, entries 7-9). The increase of
neither sodium carbonate (Table 2, entry 10) nor sodium acetate
(Table 2, entry 11) caused an increase in yields.

Only lowering the reaction temperature to 20 °C a-pyrone 6a
was isolated as the main product in 78% yield and 1H-pyridine

5a was obtained in only 7% yield (Scheme 5).

Since base(s) and reaction temperature exert a significant
impact on which heterocyclic compound is formed, we also
tried to change the electronic nature of the starting material.
Therefore, an electron-donating substituent was introduced in
the alkynone 3b and the reaction was performed at 75 °C. To
our surprise, we only could isolate a-pyrone 6b (Scheme 6).

However, when we introduced an electron-withdrawing group
1H-pyridine 5b was the only product (Scheme 7).

For elucidating whether 1H-pyridine Sa is formed from
a-pyrone 6a and ethyl cyanoacetate (4) a reaction between
a-pyrone 6a and ethyl cyanoacetate (4) under the same reaction
conditions as for the 1H-pyridine from alkynone 3a was con-
ducted, but only starting material could be isolated. Another
option for the formation of the 1H-pyridine S5a was envisioned
by an in situ generation of a dimer of ethyl cyanoacetate (4).
The dimer 7 can be synthesized by iridium catalysis [30]. With

o 0.80 equiv Na,CO3 o)
0.60 equiv NaOAc
O ethanol/water 20:1 e}
N
S * CN
O O EtOJ\/ 20°C, 72 h O N
4.0 equiv
3a 4 6a (78%) 5a (7%)
Scheme 5: Formation of a-pyrone 6a and 1H-pyridine 5a at 20 °C.
0.800 equiv Na,CO3 o
o 0.600 equiv NaOAc J
\ 0 EtOH/H,0 20:1 o CN
O N * M _en $
SO O R SETE o
4.00 equiv MeO
3b 4 6b (70%)

Scheme 6: Formation of a-pyrone 6a starting from alkynone 3b having an electron-donating substituent.
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0.800 equiv
N82003

o 0.600 equiv NaOAc

O “ 0 EtOH/H,0 20:1
N * CN
FaC O o’ 75°C, 16 h
4.00 equiv
3d 4 5b (22%)

Scheme 7: Formation of 1H-pyridine 5b starting from alkynone 3d having an electron-withdrawing substituent.

dimer 7 in hand, we performed the reaction at 75 °C for 16 h,
but we only could isolate 1H-pyridine 8a, which still contains
an ester group (Scheme 8). Therefore, the in situ formation of
the dimer starting from the alkynone 3a and ethyl cyanoacetate

(4) was excluded for the formation of the 1H-pyridine Sa.

While the in situ generation of dimer 7 does not happen during
the formation of 1H-pyridine 5a, we examined the reaction be-
tween ethyl cyanoacetate (4) and the optimized base system by
adding alkynone 3a to the reaction after different times
(Table 3).

0 0 0.60 equiv NaOAc
CN ethanol/water 20:1
O X ¢ EOTYTO
75°C, 16 h
HoN OEt
3a 7 8a (52%)

In the first attempt, alkynone 3a was added after 2 h. 1H-Pyri-
dine 5a was isolated in 53% yield (Table 3, entry 1), indicating
that the time of addition of the alkynone is not relevant within
the first two hours of the reaction. However, if alkynone 3a was
added after 6 h a-pyrone 6a was the main product and 1H-pyri-
dine S5a could only be isolated in 5% yield (Table 3, entry 2).
Upon the addition of alkynone 3a after 24 h, both 1H-pyridine
5a and a-pyrone 6a were isolated in only around 3% yield. This
finding supports that within the first two hours ethyl cyano-
acetate (4) is consumed and thereafter the ethyl cyanoacetate

concentration is just too low for the formation of 1H—pyridine

0.80 equiv Na,CO3

Scheme 8: Formation of 1H-pyridine 8a by Michael addition—cyclocondensation reaction.

Table 3: Influence of the reaction time on the self-condensation of ethyl cyanoacetate (4) in the presence of the optimized base system.2

0.80 equiv Na,CO3 OEt
0.60 equiv NaOAc CN
ethanol/water 20:1 0 | o
o) 75 °C, t4 HN | . 0 | CN
CN
EtOJ\/ then: O Ph" -"ph ppr” "pp
4.00 equiv Ph)\
N
4 3a  “Ph 5a 6a
ethanol
75°C, t,
Entry t1 to Compound 5a (yield)®  Compound 6a (yield)?
1 2h 16 h 53% -
2 6h 16 h 5% 46%
3 24h 16 h 3% 2%

aAll reactions were carried out on a 0.500 mmol scale (co(3a) = 0.50 M, co(4) = 2.0 M; Pall yields refer to isolated and purified products.
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5a, therefore a-pyrone 6a is formed. At longer initial reaction
times (6 and 24 h) there is no ethyl cyanoacetate (4) left for the
formation of any product. Also, ethyl cyanoacetate (4) proba-
bly does not form dimer 7 because in that case under these
conditions 1H-pyridine 8a would have been detected.

Therefore, the tentative mechanistic rationale takes into account
that the formation of 1H-pyridine 5a rather proceeds via step-
wise condensation of alkynone 3 with two equivalents of ethyl

cyanoacetate (4) than by reaction with dimer 7 (Scheme 9).

First, a molecule of ethyl cyanoacetate (4) attacks the
alkynone 3a in a Michael addition. A second molecule 4
then attacks the cyano substituent and an imine is formed.
The ester substituent of the initially reacted more electrophilic
ethyl cyanoacetate (4) is presumably cleaved by a base-medi-
ated acyl cleavage furnishing directly 1H-pyridine Sa after pro-
tonation.

For examining the influence of the electronic nature of the
alkynone 3 on the product formation, a range of differently
substituted alkynones 3 (for experimental details on their prepa-
ration, see chapters 2.1 and 2.2 in Supporting Information
File 1) bearing electron-donating and/or electron-withdrawing
substituents were synthesized and employed in the cyclocon-
densation step under the optimized reaction conditions [32-34].
Alkynones 3b—e with only one electron-donating substituent
furnish the corresponding a-pyrones 6b-e, while the alkynone
with a single electron-withdrawing substituent furnishes
1H-pyridines 5b—e. Interestingly, the position of substitution on
the alkynone does not affect the outcome (Table 4, entries 2 and
6). Also, for alkynone 3j bearing an electron-donating substitu-

ent on either aryl ring, a-pyrone 6f is formed likewise (Table 4,

1,5-H shift

Scheme 9: Mechanistic rationale for the formation of the 1H-pyridine 5a.

Beilstein J. Org. Chem. 2019, 15, 2684-2703.

entry 10). For electronically unsymmetrically substituted
alkynones 3 the product formation depends rather on the
strength of the employed electron-donating group. Whereas the
p-anisyl substituent leads to the formation of 1H-pyridine
(Table 4, entries 11 and 12), the N,N-dimethylaminophenyl sub-
stituent furnishes a-pyrone 6g (Table 4, entry 13).

For synthesizing 1H-pyridine derivatives 8 with an electron-do-
nating group we employed the isolated dimer 7 and were able to
isolate 1H-pyridines 8 in 52 and 34% yield (Scheme 10).

Crystal structure of 1H-pyridine 5a

The structure of 1H-pyridines 5 was further corroborated by a
single crystal X-ray structure determination of compound 5a
(Figure 1) [35]. In the single crystal the carboxyl ester group is
oriented to the N-H and via a hydrogen bond. Solid-state
torsional/dihedral angles between the 4- and 6-positioned aryl
rings differ especially for the 6-positioned phenyl ring with 27°
in the X-ray structure and 38° from calculation (for comparison
to the DFT calculated ground state structure of 1H-pyridine 5a,
see chapter 12.3 in Supporting Information File 1). This is prob-
ably due to packing constraints from the involvement of the
6-phenyl ring in C-H---N [36-39] and C-H:--m [40-49] interac-
tions (Figure 2, for details, see Supporting Information File 1).
It is noteworthy to mention that there are no significant m---
interactions in the solid-state structure of 5a (for details, see

Supporting Information File 1) [50-57].

Photophysical properties

Photophysical properties of 1H-pyridines 5 and 8
1H-Pyridine derivatives 5 are yellow or orange compounds
under daylight (Figure 3, top) and fluoresce in solution

(Figure 3, center) and in the solid state (Figure 3, bottom).
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Table 4: Michael addition—cyclocondensation synthesis of 1H-pyridine 5 or a-pyrone 6.

OEt
0.80 equiv Na,CO4 CN
0 o 0.60 equiv NaOAc © | 9 N
+
R1u\ * CN HN o
A R? EtOJ\/ ethanol/water 20:1 | |
75°C,16 h RTNX"R2 R R2
3 4 5 6
Entry Alkynone 3 1H-Pyridine 52 a-Pyrone 62

5a (R! = Ph, R2 = Ph, 56%) -

6b (R' = p-MeOCgHa, R? = Ph; 70%)
6¢ (R' = p-MeoNCgHa, R2 = Ph, 12%)

6d (R! = Ph, R2 = p-MeOCgH4, 82%)
6e (R! = Ph, R2 = p-MesNCgHy, 62%)

6f (R! = p-MeOCgHj, R2 = p-MeOCgH,, 45%)

1 3a (R' = Ph, R2 = Ph)

2 3b (R = p-MeOCgH4, R2=Ph)  —

3 3c (R! = p-MesNCgHy, R2= Ph) -

4 3d (R' = p-F3CCgH4, R2 = Ph) 5b (R' = p-F3CCgHy4, R2 = Ph, 22%) —

5 3e (R! = p-NCCgHg, R2 = Ph) 5¢ (R! = p-NCCgHgy, R2 = Ph, 20%) —

6 3f (R = Ph, R2 = p-MeOCgHy) -

7 3g (R' = Ph, R2 = p-MesNCgHy) -

8 3h (R! = Ph, R2 = p-F3CCgHy) 5d (R! = Ph, R2 = p-F3CCgHy, 25%) —

9 3i (R! = Ph, R2 = p-NCCgHa) 5e (R' = Ph, R2 = p-NCCgHy, 2%) -

10 3j (R! = p-MeOCgH4, R2 = -
p-MeOCeH4)

11 3k (R! = p-MeOCgHy4, R2 = 5f (R! = p-MeOCgH4, R? = -
p-F3CCgHa) p-F3CCgHa, 37%)

12 31 (R' = p-F3CCgHy, R2 = 5g (R! = p-F3CCgH4, R2 = -
p-MeOCgHy) p-MeOCgHy,, 40%)

13 3m (R! =p-F3CCqH4, R? = -
p-MeoNCgHy)
14 3n (R' = 2-thienyl, R? = Ph)

aAll yields refer to isolated and purified products.

0 0
1 N
R U\Ph N E0” ) N
H,N OEt
3a,b 7

Scheme 10: Formation of 1H-pyridine 8a from alkynone 3b and dimer 7.

Therefore, the photophysical properties were studied by absorp-
tion and emission spectroscopy (Figure 4, Table 5).

All compounds show three absorption maxima at around
275, 320 and 430 nm, where the longest wavelength
absorption maxima exhibit extinction coefficients of around
9500 L-mol !-cm™! (Table 5). Upon introducing electron-with-
drawing substituents on the aryl rings the longest wavelength
maxima shift bathochromically (Table 5, entries 2-5). The
redshift qualitatively corresponds with the strength of the
acceptor group (Table 5, entries 3 and 5). However, as can be

seen from entries 2-5 (Table 5), the placement of the acceptor

6g (R! = p-F3CCgH4, R2 = p-MesNCgHy, 71%)

5h (R' = 2-thienyl, R% = Ph, 51%)  —

0.800 equiv OEt
N82C03 CN
0.600 equiv NaOAc (@) O
EtOH/H,0 20:1 |
HN | OEt
75°C,16h
RTN"ph

8a (R' = Ph, 52%)
8b (R' = p-MeOC gHy, 34%)

group at the 4 or 6-aryl substituent does not affect the absorp-
tion energies. This situation changes to a minor extent upon
placing an additional donor substituent at the remaining phenyl
substituent (Table 5, entries 6 and 7). A thienyl substituent
instead of a phenyl substituent causes a redshift of the longest

wavelength absorption maximum (Table 5, entries 1 and 8).

Upon excitation at the longest wavelength absorption band
dichloromethane solutions of all compounds 5 fluoresce with
emission maxima at around 565 nm (Table 5, entries 2-5).
Upon the introduction of electron-withdrawing substituents the

maxima are shifted bathochromically, similarly as the absorp-
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Figure 1: Molecular structure of 1H-pyridine 5a (50% thermal ellip-
soids), showing the intramolecular N-H---O bond as dashed orange
line. H-bond details N1-H 0.90(2) A, H--01 1.87(2) A, N1---02
2.624(2) A, O1-H--02 140(1)°.

@o
oN
@c
GH
( Centroid

Figure 2: Supramolecular C—H--*N [36-39] and C—H--'11 [40-49] interac-
tions around the 6-positioned phenyl ring in 5a. Details of C—H--*N
bond (dashed orange line) C11—H 0.95 A, H-+:N2 2.61 A, C11--N2
3.263(2) A, C11—H:N2 127°. Symmetry transformations are i = 1-x,
1-y, 1-z; i = x, 3/2-y, =1/2+z, iii = 1-x, =1/2+y, —=1/2-z.

tion maxima, and the shift is qualitatively correlated with the
acceptor strength. In comparison, the introduction of another
electron-donating substituent does not significantly change the
luminescence characteristics (Table 5, entries 2, 4, 6 and 7).
The Stokes shifts fall in a range between 5000 and 6100 cm™!
and the fluorescence quantum yields of the 1H-pyridines §
account between 1 and 3%.

Besides solution fluorescence all 1H-pyridines 5 also lumi-
nesce in the solid state (Figure 3, bottom). The emission

maxima of two selected 1H-pyridines 5 were determined

Figure 3: 1H-Pyridine derivatives 5 as solids under daylight (top),
under UV light (Aeyc = 365 nm, ¢(5) = 1074 M) in dichloromethane solu-
tion (center), and under UV light (A¢xc = 365 nm) in the solid state
(bottom).

(Figure 5, Table 6), showing a similar behavior in the solid state
as in solution. The emission maximum of the unsubstituted
1H-pyridine 5a appears at 540 nm, while the CF3-substituted
1H-pyridine 5b emits bathochromically shifted at 604 nm.

In addition, both ester-substituted 1H-pyridines 8a and 8b also
possess interesting photophysical properties (Figure 6, Table 7).
Under daylight they are yellow and they fluoresce in solution
and in the solid state. The three absorption maxima are found at
around 270, 315 and 415 nm. The methoxy group in the spec-
trum of compound 8b only has a minor influence on the absorp-
tion maximum, however, slightly more on the emission
maximum. The fluorescence quantum yields ®¢ of both com-
pounds are lower than 1%.

With the addition of the second ester group in the 3-position to
1H-pyridine 8a the fluorescence in the solid state appears to
shift to blue. If the phenyl substituent in the 4-position bears an
additional methoxy substituent the fluorescence of the 1H-pyri-
dine 8b appears yellow again (Figure 7).

Photophysical properties of a-pyrones 6

All a-pyrone derivatives 6 are yellow or red under daylight
(Figure 8, top) and some of them fluoresce in solution
(Figure 8, center) and in the solid state (Figure 8, bottom).
Therefore, the photophysical properties were studied by absorp-
tion and emission spectroscopy (Figure 9, Table 8).

All compounds show 2—4 absorption maxima and the shortest

wavelength maxima appear at around 255 nm. The unsubsti-
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wavenumber [cm™]

absorption (normalized) [a. u.]

40000 30000 20000
1 " 1
abs.5aR'=H, R?=H -4
abs. 5b R'=CF,, R*=H
abs. 5¢ R'=CN, R*=H _
abs. 5d R' = H, R* = CF, s
——abs. 5e R'=H,R*=CN S,
----em.5aR'=H,R*=H 2
----em.5bR'=CF, R*=H %
em.5cR'=CN,R*=H =
em.5d R'=H, R*= CF, L2 2
----em.5eR'=H,R*=CN 5
‘®
@
£
[}
A ICIENR
~~\::z=:~:~, P
T T T T —~—===324 0
300 400 500 600 700 800

wavelength [nm]

Figure 4: Selected normalized absorption (solid lines) and emission (dashed lines) spectra of 1H-pyridines 5a—e (recorded in dichloromethane at

T =298 K).

Table 5: Photophysical properties of 1H-pyridines 5.

Entry Compound R R2 Amax.abs [Nm]2 (€ [L-mol~!-cm™)) Amax.em Stokes shift
[nm]° (®)° AV [cm™]
1 5a Ph Ph 281 (26100), 319 (17400), 418 (9800) 545 (0.02) 5600
2 5b p-FaCCeHs  Ph 272 (27000), 326 (17500), 424 (8900) 565(0.01) 5600
3 5c p-NCCeHs  Ph 280 (37600), 333 (17300), 431 (9500) 585(0.01) 6100
4  5d Ph p-FsCCeHs 274 (32000), 321 (18100), 428 (10000) 565 (0.01) 5700
5  5e Ph p-NCCgHs 283 (36000), 322 (15600), 434 (8600) 579 (0.01) 5800
6  5f p-MeOCeHs  p-FsCCgHs 261 (26200), 306 (28400), 429 (10400) 557(0.02) 5400
7 5 p-FsCCeHs  p-MeOCeHs 260 (20300), 324 (43800), 420 (10000) 562 (0.02) 6000
8  5h 2-thienyl Ph 273 (21800), 308 (26700), 433 (9200) 560 (0.03) 5200
(

@Recorded in dichloromethane, T = 293 K, ¢(5) = 1076 M; Precorded in dichloromethane, T = 293 K, ¢ 5) =
0.54) as a standard in ethanol [58].

determined relative to coumarin153 (5 =

tuted a-pyrone 6a exhibits its longest wavelength maximum at
381 nm (Table 8, entry 1). A p-methoxyphenyl substituent in
the 6-position causes a bathochromic shift (Table 8, entry 2),
whereas the same substituent in 4-position leads to a
hypsochromic shift (Table 8, entry 4). Interestingly, p-methoxy-
phenyl substituents at positions 4 and 6 split the longest absorp-
tion band into two maxima at 358 nm (arising from the
p-methoxyphenyl substituent in the 4-position and at 400 nm
arising from the p-methoxyphenyl substituent in the 6-position)
(Table 8, entry 6). The introduction of a more strongly electron-
donating substituent, such as N,N-dimethylaminophenyl, causes
a significant bathochromic shift (Table 8, entries 3 and 5).
Donor—acceptor substitution in positions 4 and 6 causes a
further bathochromic shift (Table 8, entry 7).

107 M; Sfluorescence quantum yields were

In solution only N,N-dimethylaminophenyl-substituted deriva-
tives fluoresce (Figure 10). While the 6-substituted a-pyrone 6¢
has a fluorescence maximum at 567 nm, the one for the regio-
isomer 6e is shifted bathochromically to 634 nm (Table 8,
entries 3 and 5). Donor—acceptor substitution in positions 4 and
6 causes a further bathochromic shift to 673 nm (Table 8, entry
7). Most remarkably, the regioisomers 6c and 6e differ quite
significantly with respect to their fluorescence quantum yields
®¢. While chromophore 6e only emits with an efficiency of 1%,
the regioisomer 6¢ accounts for an extraordinarily high relative
quantum yield of 99%.

Furthermore, the N,N-dimethylaminophenyl-derivative 6c

shows a pronounced emission solvatochromism (Figure 11,
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emission (normalized) [a. u.]
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Figure 5: Selected normalized emission spectra of 1H-pyridine 5a and 5b in the solid state at T = 298 K.

Table 6: Photophysical properties of 1H-pyridines 5a and 5b in the

solid state.

Compound

5a
5b

A\gye = 420 nm.

R

H
CF3

absorption (normalized) [a. u.]

R2 Amax,em [nm]2
H 540
H 604

Table 9). While the polarity effect on the absorption maximum
is only minor within a range of the longest wavelength
maximum between 469 and 490 nm, the emission maximum is
shifted bathochromically with increasing solvent polarity in a
range from green fluorescence (529 nm) in toluene to red fluo-
rescence in DMSO (638 nm) (Figure 12). The observed posi-
tive emission solvatochromism is a consequence of a signifi-

cant change in the dipole moment from the electronic ground to

wavenumber [cm™]

40000 30000 20000
3 1 " 1 N 1 " 3
——abs.8aR'=H
] abs. 8b R' = OMe |
----em.8aR'=H
---- em.8bR'=OMe T
2 - Lo %
g v )
(0]
N
®
: rE
(e}
<
s
14 @
X7}
IS
[0
0 Fe : : : 0

T
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T
400

T
500

T
600 700 800

wavelength [nm]

Figure 6: Selected normalized absorption (solid lines) and emission (dashed lines) spectra of 1H-pyridines 8a and 8b (recorded in dichloromethane at

T =298 K).
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Table 7: Photophysical properties of 1H-pyridines 8.

Compound  R! R?  Amax.abs [nm]2 (g [L-mol~T-cm~T]) Amax.em [NmIP (@7)¢  Stokes shift A ¥ [em™"]
8a Ph Ph 274 (20300), 324 (20100), 417 (7700) 557 (<0.01) 6000
8b p-MeOCgH4 Ph 261 (16200), 307 (31300), 419 (11000) 565 (<0.01) 6200

aRecorded in dichloromethane, T = 293 K, ¢(8) = 1078 M; Precorded in dichloromethane, T = 293 K, ¢(8) = 1077 M (Aexc = 420 nm); “fluorescence
quantum yields were determined relative to coumarin153 (®; = 0.54) as a standard in ethanol [58].

Figure 7: Solid-state luminescence of 1H-pyridines 5a, 8a and 8b
(Aexc = 365 nm).

the vibrationally relaxed excited state [59]. Plotting Stokes
shifts AV against the orientation polarizabilities Af of the

respective solvents (Lippert plot) [60] gives a reasonable linear . ) i )
. . . . Figure 8: a-Pyrones 6 as solids under daylight (top), selected deriva-
correlation with a moderate fit of 2 = 0.970 (Figure 13). The tives under UV light (Aexc = 365 nm, c(6) = 104 M) in dichloromethane

orientation polarizabilities Af were calculated according to solution (center), and under UV light (Aexc = 365 nm) in the solid state
. bottom).
Equation 1 ( )

wavenumber [cm™]

40000 30000 20000
1 " 1 " 1
6aR'=H, R’ =H -1

——6bR'=0Me, R*=H
6d R' = H, R*= OMe
——6fR' = OMe, R> = OMe

absorption (normalized) [a. u.]

T ¥ T % I
300 400 500
wavelength [nm]

Figure 9: Selected normalized absorption spectra of a-pyrones 6a, 6b, 6d, and 6e recorded in dichloromethane at T = 298 K.
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Entry Compound R! R2 Amax.abs [nM]2 (& [L-mol~1-cm™1]) Amax.em Stokes shift
’ [nm° (®)° AV [em~]

1 6a Ph Ph 258 (15300), 311 (12800), 381 (18000) — —

2 b p-MeOCeH4 Ph 254 (10300), 271 (11500), 312 (9600), 404 (21900) — -

3 6c p-MeoNCeHs Ph 294 (18800), 482 (47300) 567 (0.99) 3100

4 6d Ph p-MeOCgHs 258 (19700), 358 (30400) - -

5  6e Ph p-MesNCgH, 255 (25600), 289 (23300), 375 (39600), 453 (40600) 634 (0.01) 6300

6  6f p-MeOCeHs p-MeOCgH, 254 (15000), 364 (25600), 400 (25100) - -

7 6g p-FaCCeHa  p-MesNCgHs 251 (16200), 309 (13900), 372 (20200), 465 (21600) 673 (<0.01) 6600

aRecorded in dichloromethane, T = 293 K, ¢(6) = 10~% M; Precorded in dichloromethane, T = 293 K, ¢(6) = 1077 M (Aexc = 465 nm); “fluorescence
quantum yields were determined relative to DCM (®; = 0.435) as a standard in ethanol [58].
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Figure 10: Selected normalized absorption (solid lines) and emission (dashed lines) spectra of a-pyrones 6¢, 6e, and 6g recorded in dichloro-

methane at T = 298 K.

Figure 11: Absorption (top) and fluorescence (bottom) of compound
6¢ with variable solvent polarity (left to the right: toluene, ethyl acetate,
acetone, DMF and DMSO, ¢(6¢) = 1074 M; Agye = 365 nm, handheld
UV lamp).

e, -1 n’-1
f = €]
2.5, +1 2.p%+1

where ¢, is the relative permittivity and n the optical refractive

index of the respective solvent.

The change in dipole from the ground to the excited state
can be calculated according to the Lippert—-Mataga equation
(Equation 2)

20f

4-m-gy-h-c-a

Vabs —Vem = 3 (ug _.uG)2 +const ()

where ¥, represents the absorption and V., the emission

maxima (in m™1), ug and pg are the dipole moments in the
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Figure 12: Absorption (solid lines) and emission (dashed lines) spectra of a-pyrone 6¢ in five solvents of different polarity (recorded at T = 298 K).
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Figure 13: Lippert plot for a-pyrone 6¢ (n = X, r2 = 0.970).

excited and ground state (in C-m), g (8.8542-10712 A-s/V-m) is
the vacuum permittivity constant, 4 (6.6256-10734 J.s) is the
Planck’s constant, ¢ (2.9979-1010 cm/s) is the speed of light and
a is the radius of the solvent cavity occupied by the molecules
(in m). The Onsager radius a, assuming a spherical dipole to ap-
proximate the molecular volume of the molecule in solution,
was estimated from the optimized ground-state structure of
compound 6c¢ obtained by DFT calculations. With an a value of
5.46 A, the change in dipole moment was calculated to 11.6 D
(3.87-1072% C-m).

All a-pyrones 6 fluoresce in the solid state (Figure 8, bottom)
and for five selected a-pyrones 6 the emission maxima were de-
termined (Figure 14, Table 9). The fluorescence maximum of
unsubstituted a-pyrone 6a lies at 499 nm and the maxima of the
monomethoxy-substituted regioisomers 6b (540 nm) and 6d
(489 nm) appear at quite different energies, similar to their cor-
responding absorption maxima in solution. In comparison to
a-pyrone 6a the introduction of two methoxy substituents in de-
rivative 6f results in a bathochromic shift to 526 nm. The solid-

state emission of N,N-dimethylaminophenyl derivative 6¢
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Figure 14: Normalized emission spectra of selected a-pyrones 6a—d,f in the solid state at T = 298 K.

Table 9: Photophysical properties of selected a-pyrones 6 in the solid
state.

Compound  R! R2 Amax.em [nm]?
6a Ph Ph 499

6b p-MeOCgH,  Ph 540

6c p-MesNCeH,  Ph 694P

6d Ph p-MeOCgH4 489

6f p-MeOCgHy4 p-MeOCgH4 526

B\axc = 380 Nm; PAgy = 480 nm.

shows an enormous redshift to 694 nm. The solid-state fluores-
cence quantum yield ®¢ of compound 6c¢ was determined to
11%.

Interestingly, the a-pyrone 6e with the N,N-dimethylamino-
phenyl substituent in 4-position only fluoresces weakly in solu-
tion but shows a strong fluorescence in the solid state. This
finding suggests that by restricting intramolecular motion and
vibration, which enables radiation-less deactivation of the
excited state [61], an AIE (aggregation-induced emission) or
AIEE (aggregation-induced enhanced emission), might become
operative [62-64].

The AIE or AIEE effect was assessed by measuring the emis-
sion spectra of a-pyrone 6e in THF/water at variable ratios
(Figure 15). In pure THF a-pyrone 6e displays an emission
maximum at 644 nm with a relative intensity of 54. The addi-

tion of water first quenches the fluorescence and at a water/THF

ratio of 80% aggregates are formed and the emission maximum
is shifted to 632 nm. The maximal relative intensity of 130 is
reached for a ratio of 85%, which is more intense than in pure
THF, therefore, an AIEE effect occurs. Further increasing the

water content slightly quenches the emission.

Computational studies

Computational studies on 1H-pyridines 5 and 8

For a further elucidation of the electronic structure the geome-
tries of the electronical ground-state structures of the
1H-pyridines 5 and 8 were optimized using Gaussian 09 with
the B3LYP functional [65-68] and the Pople 6-311G** basis set
[69], applying vacuum calculations as well as the polarizable
continuum model (PCM) with dichloromethane as a solvent
[70] (for details of the DFT calculations, see Supporting Infor-
mation File 1). The optimized geometries were verified by fre-
quency analyses of the local minima. The electronic absorp-
tions of the 1H-pyridines 5 and 8 were calculated on the level of
TDDFT theory employing the B3LYP functional and the Pople
6-311G** basis set. The calculated absorption maxima are in
accordance with the experimentally determined maxima (for
details, see Tables S7 and S8 in Supporting Information File 1).
Most characteristically, for all 1H-pyridines 5 and 8 the longest
wavelength maxima representing the Franck—Condon Sy states
are characterized by HOMO-LUMO transitions and S; states
are represented by HOMO-LUMO+1 transitions.

The computed Kohn—Sham frontier molecular orbitals show

that the coefficient density of the HOMO of the 1H-pyridines 5f

and 5g with an electron-withdrawing and an electron-donating
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Figure 15: Fluorescence of compound 6e in different THF/water fractions (top, Aexc = 365 nm, handheld UV lamp) and //lg vs %H20 of a-pyrone 6e in
THF/water mixtures containing different water fractions (bottom, recorded at T = 298 K).

substituent is located on the 1H-pyridine core, the ester and
cyano substituents and also on the electron-rich aryl substituent.
For the LUMO, the coefficient density is spread over the whole
scaffold (Figure 16).

Computational studies on a-pyrones 6

For further elucidation of the electronic structure the geome-

tries of the electronical ground-state structures of the a-pyrones

2.88 eV
(430 nm)

HOMO

5f

6 were optimized using Gaussian 09 with the B3LYP func-
tional [65-68] and the Pople 6-311G** basis set [69], applying
vacuum calculations as well as the polarizable continuum
model (PCM) with dichloromethane as a solvent [70] (for
details on the DFT calculations, see Supporting Information
File 1). The optimized geometries were verified by frequency
analyses of the local minima. The electronic absorptions of the
a-pyrones 6 were calculated on the level of TDDFT theory em-

o e
LUMO "‘& ) #’2‘?‘.»-

2.91 eV
(426 nm)

Figure 16: Selected DFT-computed (B3LYP 6-311G**) Kohn—Sham FMOs for 1H-pyridines 5f and 5g representing contributions of the longest wave-

length Franck—Condon absorption bands.
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ploying the B3LYP functional and the Pople 6-311G** basis
set. The calculated absorption maxima are in accordance with
the experimentally determined maxima (for details, see
Table S10 in Supporting Information File 1). For all a-pyrones
6 the longest wavelength maxima are characterized by
Franck—Condon S; states representing HOMO-LUMO transi-
tions (Figure 17).

The computed Kohn—Sham frontier molecular orbitals show
that the coefficient density of the HOMO in the parent o-pyrone
6a is localized on the a-pyrone core and on the phenyl substitu-
ent in the 6-position. For an N,N-dimethylaminopheny] substitu-
ent, there is no difference, but for an N,N-dimethylamino-
phenyl substituent in the 4-position the coefficient density is
shifted towards this substituent. With electron-donating substit-
uents in the 4- and 6-position, the coefficient density is again
located on the core and the phenyl substituent in 6-position.
Donor substituents in 4-position and acceptor substituents in
6-position cause a coefficient density shift towards the 4-sub-
stituent. The coefficient density in the LUMO in all compounds

is spread over the whole scaffold.

Conclusion

The cyclocondensation of alkynones and ethyl cyanoacetate,
depending on the reaction conditions, the type of base, and the
reaction temperature, as well as the electronic nature of the
alkynone 3 furnishes either 1H-pyridines or a-pyrones. Opti-
mized reaction conditions finally give rise to 8 examples of
1H-pyridines and 6 examples of a-pyrones. While the presence
of electron-withdrawing substituents mainly furnish
1H-pyridines and electron-donating groups lead to the forma-

6a 6¢c

Beilstein J. Org. Chem. 2019, 15, 2684-2703.

tion of a-pyrones. The strongly electron-donating p-N,N-

dimethylaminophenyl group furnishes a-pyrones.

1H-Pyridines absorb and emit intensively in solution and in the
solid state. While the absorption behavior is not affected by the
substitution pattern the emission maxima are shifted
bathochromically with increasing acceptor strength. The same
trend manifests for the solid-state emission.

For a-pyrones the photophysical properties are considerably
depending on the substituent pattern. The absorption and emis-
sion maxima are shifted bathochromically with increasing
donor strength. a-Pyrones are only weakly fluorescent in solu-
tion. However, with distinct p-N,N-dimethylaminophenyl sub-
stitution in 6-position, an extraordinarily high fluorescence
quantum yield of 99% in solution and 11% in the solid state
was achieved. Interestingly, the isomeric p-N,N-dimethylamino-
phenyl substitution in 6-position represents a system with
aggregation-induced emission enhancement. These design prin-
ciples of luminescent 1H-pyridines and a-pyrones as polarity
sensitive tunable luminophores and the observed aggregation-
induced emission enhancement are currently under further in-

vestigation.

Experimental

Typical procedure for the cyclocondensation
synthesis of compound 5d
1-Phenyl-3-[4-(trifluoromethyl)phenyl]prop-2-yn-1-one (3h,
1.40 g, 5.00 mmol), was placed in a dry Schlenk tube and
ethanol (10 mL) was added. Sodium carbonate (430 mg,
4.00 mmol), sodium acetate (250 mg, 3.00 mmol), water

6e 6f 6g

Figure 17: Selected DFT-computed (B3LYP 6-311G**) Kohn—Sham FMOs for 1H-pyridines 6a, 6c, 6e, 6f, and 6g and representing contributions of

the longest wavelength Franck-Condon absorption bands.
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(5 mL), and ethyl cyanoacetate (4, 2.31 g, 20.0 mmol) were
added and the mixture was stirred at 75 °C for 16 h. After the
addition of CH;,Cl, (5.00 mL) and NaOH/FeSOy4 solution
(5.00 mL), the solution was extracted with CH,Cl,
(3 x 50.0 mL). The combined organic layers were dried (an-
hydrous MgSQOy4) and the solvent was removed in vacuo. The
residue was purified by flash chromatography on silica gel
(n-hexane/EtOAc 12:1 to 5:1 to 0:1) and washed with hot
ethanol (5 mL) to give compound 5d (513 mg, 25%) as orange
solid. Mp 223-233 °C; 'H NMR (300 MHz, CDCls) & 1.38 (t,
J =7.1 Hz, 3H), 4.30 (q, J = 7.1 Hz, 2H), 7.12 (dd, J = 1.5,
1.6 Hz, 1H), 7.44 (dd, J = 1.5, 1.6 Hz, 1H), 7.56-7.63 (m, 3H),
7.78-7.84 (m, 6H), 14.57 (s, 1H); 13C NMR (150 MHz, CDCl3)
8 14.7 (CH3z), 60.6 (CH), 63.5 (Cgyar), 109.2 (CH), 116.0 (CH),
119.5 (Cqua)> 123.9 (q, Jc_F = 273 Hz, Cgyar), 126.1 (CH),
126.2-126.7 (m, CH), 127.8 (CH), 130.1 (CH), 131.6 (CH),
132.3 (Cquar)> 132.4 (q, Jc—f = 32.9 Hz, Cguay), 140.6 (Cquap),
146.6 (Cquat), 151.2 (Cquap), 156.0 (Cquap), 171.0 (Cquar); EIMS
(70 eV, m/z (%)): 410 ([M]", 24), 366 (24), 365 ([M —
C,Hs0]", 100), 339 (12), 338 (M — C3Hs0,]%, 53), 337 (38),
308 (8), 240 (23), 149 ([M - Cy6H;,F3]", 11); IR (ATR) ¥
[em™1]: 3092 (w), 2992 (W), 2963 (w), 2943 (w), 2876 (W),
2806 (w), 2193 (m), 1625 (m), 1620 (m), 1597 (m), 1577 (m),
1506 (w), 1466 (w), 1413 (w), 1396 (w), 1369 (w), 1308 (m),
1300 (m), 1283 (s), 1258 (m), 1206 (w), 1165 (m), 1115 (s),
1092 (m), 1082 (m), 1071 (m), 1045 (s), 1030 (m), 1015 (m),
980 (m), 976 (m), 968 (w), 920 (w), 885 (w), 874 (W), 837 (s),
829 (m), 764 (s), 745 (w), 727 (w), 685 (m), 662 (W), 655 (W),
650 (w); UV=vis (CH,Cly) Amax [nm] (e [L-mol~l.cm™17): 274
(32000), 321 (18100), 428 (10000); emission (CH>Cly) Apax
[nm] (Stokes shift [cm™']): 565 (5700); quantum Yyield
(CH,Clp) ®¢: 0.01; Anal. calcd for Cp3H7F3N,0, (410.1): C,
67.31; H, 4.18; N, 6.83; found: C, 67.50; H, 4.32; N, 6.70.

Typical procedure for the cyclocondensation

synthesis of compound 6¢

1-[4-(Dimethylamino)phenyl]-3-phenylprop-2-yn-1-one (3c,
249 mg, 1.00 mmol) was placed in a dry Schlenk tube and
ethanol (2 mL) was added. Sodium carbonate (86.0 mg,
0.80 mmol), sodium acetate (50.0 mg, 0.60 mmol), water
(1 mL), and ethyl cyanoacetate (4, 462 mg, 4.00 mmol) were
added and the mixture was stirred at 75 °C for 16 h. After the
addition of CH,Cl, (5.00 mL) and NaOH/FeSOy4 solution
(5.00 mL), the solution was extracted with CH,Cl,
(3 x 50.0 mL). The combined organic layers were dried (an-
hydrous MgSO,) and the solvent was removed in vacuo. The
residue was purified by flash chromatography on silica gel
(n-hexane/EtOAc 5:1 to 1:1 to 0:1) and washed with hot ethanol
(2.00 mL) and compound 6¢ (37.0 mg, 12%) was obtained as
deep purple solid. Mp 224-253 °C; 'H NMR (300 MHz,
CDCl3) 6 3.10 (s, 6H), 6.69 (s, 1H), 6.69-6.75 (m, 2H),
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7.51-7.58 (m, 3H), 7.67-7.73 (m, 2H), 7.78-7.85 (m, 2 H);
13C NMR (75 MHz, CDCl3) 5 40.2 (CH3), 91.1 (Cqyqy), 100.1
(CH), 111.8 (CH), 115.7 (Cguap), 116.5 (Cqyar), 128.0 (CH),
128.8 (CH), 129.3 (CH), 131.6 (CH), 135.3 (Cgquar), 153.4
(Cquar)> 160.3 (Cqyap), 164.1 (Cquap), 164.9 (Cguar)- EIMS
(70 eV, m/z (%)): 317 (15), 316 (IM]*, 66), 293 (11), 289 ([M —
CN]J*, 11), 288 ([M - CO]J", 51), 287 (19), 167 ([M -
CoH{{NOT*, 18), 150 (11), 149 (IM — C;;HsNOT*, 100), 148
(20), 144 (13), 127 (M — C;;H{1NO,]", 12), 85 (13), 71 (22),
57 (18), 43 (M — C;gH{NO,]*, 13); IR (ATR) ¥ [cm™!]: 3092
(w), 3048 (w), 2901 (w), 2864 (w), 2812 (w), 2739 (w), 2212
(w), 1708 (m), 1706 (m), 1609 (m), 1589 (m), 1570 (m), 1530
(m), 1497 (m), 1491 (m), 1482 (m), 1478 (m), 1473 (m), 1467
(m), 1458 (m), 1433 (m), 1375 (m), 1360 (m), 1333 (m), 1252
(m), 1209 (m), 1171 (m), 1159 (m), 1125 (m), 1111 (m), 1082
(m), 1059 (m), 1020 (m), 995 (m), 953 (m), 945 (m), 924 (w),
853 (m), 818 (s), 795 (m), 750 (m), 748 (m), 692 (s), 669 (m),
640 (m); UV—vis (CH,Cl,) Apax [nm] (€ [L-mol~l-cm™17): 294
(18800), 482 (47300); emission (CH,Cly) Apax [nm] (Stokes-
shift [em™1]): 567 (3100); quantum yield (CH,Cl,) ®¢: 0.99;
emission (solid) Apx [nm]: 694; quantum yield (solid) @ 0.11;
Anal. calcd for CpgH N0, (316.1): C, 75.93; H, 5.10; N,
8.86; found: C, 75.74; H, 5.19; N, 8.56.

Typical procedure for the cyclocondensation

synthesis of compound 8a

1,3-Diphenylprop-2-yn-1-one (3a, 103 mg, 0.50 mmol) was
placed in a dry Schlenk tube and ethanol (1.00 mL) was added.
Sodium carbonate (43.0 mg, 0.40 mmol), sodium acetate
(25.0 mg, 0.30 mmol), water (50.0 uL) and diethyl (Z)-3-
amino-2-cyanopent-2-endioate (7, 226 mg, 1.00 mmol) were
added and the mixture was stirred at 75 °C for 16 h. After the
addition of CH;,Cl, (5.00 mL) and NaOH/FeSO,4 solution
(5.00 mL), the solution was extracted with CH,Cl,
(3 x 50.0 mL). The combined organic layers were dried (an-
hydrous MgSQOy4) and the solvent was removed in vacuo. The
residue was purified by flash chromatography on silica gel
(n-hexane/EtOAc 5:1 to 1:1 to 0:1) and washed with hot ethanol
(5.00 mL) to furnish compound 8a (108 mg, 52%) as yellow
solid. Mp 140-146 °C; '"H NMR (300 MHz, CDCls) d 1.08 (t,
J =17.2 Hz, 3H), 1.37 (t,J = 7.1 Hz, 3H), 4.22 (q, J = 7.2 Hz,
2H), 4.31 (q, J = 7.1 Hz, 2H), 6.94 (d, J = 1.9 Hz, 1H),
7.40-7.48 (m, 5H), 7.55-7.62 (m, 3H), 7.75-7.84 (m, 2H),
15.60 (s, 1H); '3C NMR (75 MHz, CDCl3) 5 13.7 (CHs), 14.7
(CHg), 60.9 (CHp), 62.2 (CHp), 62.7 (Cguap), 112.2 (CH), 118.2
(Cquap)> 122.8 (Cyuar), 126.3 (CH), 127.9 (CH), 128.8 (CH),
129.6 (CH), 130.1 (CH), 131.77 (CH), 131.84 (Cqyar), 137.4
(Cquat)s 146.1 (Cguap), 151.9 (Cquar)s 153.0 (Cquar), 165.1
(Cqua0) 172.1 (Cqua); EIMS (70 eV, m/z (%)): 415 (IM + H]*,
26), 414 (IM]*, 97), 369 (IM — C,H50]%, 18), 342 (28), 341
(IM - C3H50]%, 27), 340 ([M — C3HgO]", 12), 314 (20), 313
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(IM — CgHs]*, 57), 298 (24), 297 ([M — CsHoO3]*, 27), 296
(IM — C5H;(03]*, 33), 287 (10), 286 (25), 271 (24), 270 ([M —
CeHgO4]*, 100), 269 (23), 268 (IM — CgH (041, 21), 266 (12),
258 ([M — C7H;oNO3]*, 14), 245 (18), 241 (13), 240 (26), 231
(15), 230 ([M — CgH gNO4]*, 34), 203 (19), 202 (31), 164 (13);
IR (ATR) ¥ [cm™1]: 2978 (w), 2895 (w), 2197 (m), 1722 (m),
1636 (m), 1593 (s), 1578 (m), 1501 (m), 1489 (w), 1462 (w),
1441 (w), 1420 (w), 1364 (w), 1308 (m), 1288 (m), 1248 (s),
1188 (w), 1169 (m), 1134 (m), 1113 (s), 1092 (m), 1067 (m),
1047 (m), 1028 (w), 1001 (w), 885 (m), 854 (m), 847 (w), 775
(W), 758 (s), 746 (m), 694 (m), 658 (w); UV-vis (CH,Cls) Apax
[nm] (e [L-mol~'-cm™1]): 274 (20300), 324 (20100), 417
(7700); emission (CHoCly) Amax [nm] (Stokes shift [cm™!1): 557
(6000); quantum yield (CH»Cl,) @ = < 0.01; Anal. calcd for
Cp5HypN,Oy4 (414.2): C, 72.45; H, 5.35; N, 6.76; found: C,
71.97; H, 5.45; N, 6.52.

Supporting Information

For experimental details of the synthesis and analytical data
of compounds 3, 5, 6, and 8, IH and 13C NMR, and
absorption and emission spectra of compounds 5, 6, and 8,
solid state emission spectra of compounds 5 and 6, X-ray
structural data of compound 5a, and DFT/TDDFT
calculations of compounds 5 and 6, see below.

Supporting Information File 1

Additional experimental and calculated data.
[https://www beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-262-S1.pdf]
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