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Abstract

Bright and photostable fluorescent dyes with large Stokes shift are rare, though they are
indispensable in optical microscopy, biology and chemistry. The rapid progress in super-
resolution microscopy based on stimulated emission depletion (STED) phenomenon
encouraged us to design and prepare new coumarins and a hybrid carborhodol dye. Varia-
tion of electron-withdrawing groups at C-3 and/or C-4 enabled us to create promising
coumarin dyes possessing a 3-(2-pyridyl) group (Aaps/Aem = 432/512 nm in aqueous phos-
phate buffer), a 3-(pyrido[1,2-a]pyrrolo[2,1-c]pyrazinium) group (489/587 nm in MeOH)
and a fused quinoline ring (453/617 nm in aqueous phosphate buffer). The new dyes were
decorated with a polar phosphate group which provided sufficient solubility in aqueous

solutions and a carboxylic group which was required for bioconjugation.

The hybrid carborhodol dye was obtained by a combination of (carbo)fluorescein and
carbopyronine fluorophores. Due to the broad absorption and emission spectra of the car-
borhodol in the conjugated form (586/613 nm in aqueous phosphate buffer), the effective
Stokes shift is larger in comparison with small Stokes shifts of the parent dyes. This
allowed the use of carborhodol in two-color imaging schemes as well as in STED micros-

copy with a 775 nm depletion laser.
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Introduction

Fluorescence microscopy has become an essential tool in modern life sciences. A vast
majority (~80%) of all microscopy investigations is still performed with conventional
lenses and visible light, despite the significant achievements made by electron and X-ray
microscopies.!) Biological tissues are transparent to visible light to a great extent. This
inherent property gives a unique advantage to fluorescent microscopy over other methods
and provides the possibility of non-invasive imaging of the interior parts of cells in three
dimensions. Furthermore, various cellular constituents, such as proteins, nucleic acids or

lipids, can be detected specifically when fluorescence tagging is employed.

However, a fundamental physical barrier known as the Abbe diffraction limit restricts the
resolution of conventional fluorescence microscopy (in the visible range of 400—800 nm)
to about 200 nm in the focal plane. Hence, submicron scale cell structures (for example,
cristae of a mitochondrion) cannot be resolved. Luckily, as a result of recent innovations,
several new super-resolution techniques that fundamentally overcome the diffraction bar-
rier have been developed. For their pioneering work in improving the resolution of
fluorescent microscopes, Stefan W. Hell, William E. Moerner and Eric Betzig were
awarded with Nobel Prize in Chemistry 2014.

To obtain better results, these new microscopic methods often require more photostable
fluorophores with higher binding specifity, greater brightness and an ability to switch
between bright and dark states. Moreover, for multicolor imaging experiments, the spec-
tral separation of different labels into two or more excitation or detection channels is
required. In this regard, fluorophores with large Stokes shifts are particularly valuable,
because they allow reducing the number of detection channels, avoiding cross-talk and
simplifying the imaging scheme of a multicolor experiment. Unfortunately, photostable
and bright fluorescent dyes with large Stokes shift are still rare and only a few of them are
commercially available. Many suppliers offer fluorescent dyes and their conjugates with
large Stokes shifts, but do not disclose their chemical structures and important photo-
physical properties. The lack of these data complicates the proper choice of the fluores-
cent dye for a particular imaging application. Furthermore, this also hampers the progress

in basic research aimed at the creation of new fluorophores.



This work deals with the design and synthesis of new fluorophores with large Stokes
shifts. The dissertation consists of two parts. The first part reviews the basic principles of
super-resolution microscopy, the published data on large Stokes shift dyes and their use in
super-resolution microscopy. The second part describes our own results and is further
divided into four sections. In the first three sections, the synthesis of new coumarin-based
dyes, their photophysical properties and application in super-resolution microscopy are
described. The last section introduces new dyes — carborhodols, which represent asym-
metric hybrids of fluorescein (or carbofluorescein) and carbopyronines. Owing to broader
absorption and emission bands exhibited by carborhodols in comparison with parent
carbopyronines or (carbo)fluoresceins, it was successfully used in two-color imaging as a

large Stokes shift dye.



1 Physical background

1.1 Main principles of superresolution fluorescence
microscopy

The processes associated with light absorption by a molecule can be conveniently illus-
trated by a Perrin-Jablonski diagram (see Scheme 1). It displays the relative positions of
molecular energy levels and possible photophysical processes which follow the act of
photon absorption. Thus, upon excitation, a molecule in the singlet ground state Sy gains
energy and enters one of the vibrationally excited levels of the singlet excited state S;.
Since the energy gap between various vibrational levels is relatively small (in comparison
to the gap between electronic states), the molecule undergoes a very fast
(107107 s) process of vibrational relaxation to the lowest vibrational level of S.
Afterwards, a few deactivation processes can take place. One of them is fluorescence, a
radiative transition from the S; to one of the vibrationally excited levels of the ground
state Sy. After the very fast vibrational relaxation, the molecule occupies the ground state
So. The energy of the absorbed photon is higher than that of the emitted photon, and this
explains the origin of the Stokes shift which is determined as a separation between the

maxima of absorption and emission bands (usually measured in nm or cm™).
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Scheme 1 Jablonski diagram: transitions between the ground and excited states and illustrating the origin
and positions of absorption, emission, and phosphorescence bands.”
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Other deactivation processes are represented by internal conversion (IC) and intersystem
crossing (ISC). Internal conversion is a nonradiative transition between two electronic
states of the same spin multiplicity. This process can compete with other deactivation
processes in solution where the excess energy can be transferred to the solvent through
collisions of the excited molecule with the surrounding solvent molecules. Intersystem
crossing is a nonradiative transition between two isoenergetic vibrational levels belonging
to electronic states of different multiplicities. Formally, this process is forbidden and
occurs slowly, unless there is a significant spin-orbit coupling. The presence of heavy
atoms, such as Br, Se, I, Pb etc. increases spin-orbit coupling and therefore favors inter-
system crossing. All deactivation processes reduce the probability of radiative S; — Sp
transition and thus diminish the fluorescence QY. To obtain a large signal-to-noise ratio
in fluorescence microscopy, fluorophores with large brightness (a product of extinction

coefficient ¢ and fluorescence quantum yield @) must be employed.

To obtain an image, the conventional confocal microscope — a standard tool in modern
life sciences — rapidly scans a sample with a focused beam of light and collects emitted
photons from all fluorescent species excited by this beam. According to the Abbe prin-
ciple, light with wavelength 4, travelling in a medium with refractive index and con-

verging with angle & will make a spot of size d, described by Eq. 1.

A

= ; Eq. 1
2nsin6

Objective lenses of modern microscopes have a semiaperture angle 0 close to 67°,
whereas the refractive index of common working media ranges from n = 1.00 (for air) to
1.52 (for immersion oil). If we illuminate the sample with green light having a wave-
length of 500 nm, it will be impossible to focus light onto a spot smaller than 164 nm and
resolve structures smaller than this spot. However, in many cases, a better optical reso-
lution is desirable. For example, an adequate imaging and resolving of all parts of a
nuclear pore complex of protein clusters is an extremely challenging task for fluorescence
microscopy because of its small size (145 nm in diameter and 80 nm length®) which is
below the diffraction limit. Although electron microscopy provides better resolution, it is
incompatible with live specimens and requires tedious preparation and fixation tech-
niques, which can be destructive towards the features of interest.
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Optical resolution of the light microscope considered to be limited by the diffraction limit
for more than a century. However, after several super-resolution techniques have been
established, the diffraction barrier was broken. The first of these techniques is stimulated
emission depletion microscopy (STED).! In the method of STED, a focused laser pulse
excites fluorescence in a spot of a diffraction limited size (see Figure 1), and immediately
after the excitation a red-shifted (to prevent re-excitation) doughnut-shaped STED beam
is applied. It features zero intensity only at the very center and depletes the fluorescence
of excited fluorophores on the periphery of the spot by stimulated emission (S; — Sp).
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Figure 1 Physical conditions, setup and typical focal spot for STED:®! a) Energy diagram of an organic
fluorophore. b) Saturated depletion of the excited state S; with increasing STED pulse intensity lstep. €)
Sketch of a point-scanning STED microscope. d) Fluorescent spot in the STED and in the confocal micro-
scope.

In order to “squeeze” the central spot, the depletion rate should exceed the rate of sponta-
neous transition to the ground state So. Typical values of fluorescence lifetimes for
organic fluorophores (zr =~ 10~ s) and optical cross-sections for their So — S; transitions
(o = 107*® cm?) imply that intensity of STED pulse lstep >> Is = (ozr) ™ = 10 MW/cm?,
where Is is the effective saturation intensity which can be defined as the intensity at
which probability of fluorescence is reduced by half. The optical resolution in STED is
defined by Eq. 2.
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A _ dc
ZnSlTLH\/l +ISTED/IS \/1 +ISTED/IS

Eq. 2

The value dc represents the resolution of a diffraction-limited system. According to Eq. 2,
to obtain a significant improvement in resolution, very high pulse intensities Istep should
be applied. Such enormous light intensities (>100 MW/cm?) inevitably cause photo-
bleaching of fluorophores, and therefore only highly photostable dyes are suitable for
STED microscopy. In addition, to increase sensitivity and accordingly reduce imaging
time, fluorophores with high fluorescence quantum yields are required.

Let us briefly consider the principles of another superresolution method — ground state
depletion microscopy (GSD).! In this method the triplet state T, of a fluorophore is used
as a dark “off”-state B (see Figure 1a), instead of the ground state Sp used in STED. Since
lifetime of the triplet state T, is much longer than that of the singlet state Sy, light inten-
sities required for a saturable conversion of fluorophores to the triplet state T, are con-
siderably smaller (<10 KW/cm?). However, not all molecules can be necessarily trans-
ferred to “dark” (triplet) states, and the fluorophores in the triplet (biradical) state, due to
their long lifetimes and reactive nature of biradicals, can easily undergo various photo-
chemical reactions which eventually lead to their bleaching. This problem is especially
important in the presence of oxygen. Since the GSD parameters depend strongly on the
nature of the fluorescent dyes and the environment, carefully chosen dyes and mounting
media (oxygen scavengers) are required.l”’ Furthermore, wavelengths leading to exci-

tation from T to higher triplet states should be avoided.

The principles of STED and GSD microscopies were unified into the concept of
reversible saturable optical fluorescent transitions (RESOLFT). This paradigm is appli-
cable to all methods based on switching between two distinguishable and reversibly
switchable, and thermally stable “bright” and “dark” states. Presumably, at least one tran-
sition between these states can be optically induced. The RESOLFT concept can be
applied not only to transitions between electronic states, but also to various reversible
photochemical transformations (isomerizations, cyclizations etc.). For example, in
RESOLFT microscopy with photoswitchable fluorescent proteins,”® illumination with
light of appropriate wavelength induces the E-Z isomerization of fluorescent proteins,
which change their conformation, thus gaining or losing their ability to emit light. Low
light intensities (a few W/cm?) can be already sufficient to provide a full conversion and
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overcome the diffraction barrier. The main disadvantage of reversibly switchable fluores-
cent proteins is their low fluorescence quantum yield. Therefore, for an acceptable image
contrast, it is often necessary to use high protein concentrations. Moreover, formation of
dimers and oligomers as well as moderate photostability can sometimes compromise bio-

logical imaging.”

Along with photoswitchable proteins, photochromic organic compounds can also
reversibly change their structure upon illumination. However, not many of them are
fluorescent. This problem was circumvented in the method of photochromic energy trans-
fer (pcFRET).™ In this method a combination of a photochromic and a fluorescent com-
pound is used. One of the isomers of a photochromic compound absorbs visible light and
is used as an energy acceptor for an excited fluorophore acting as a donor. As a result, the
RESOLFT microscopy based on reversible switching of small fluorescent photochromic
labels was implemented.[*Y] Similarly to fluorescent proteins, only small light intensities
are needed for efficient switching of photochromic compounds.

In comparison to RESOLFT techniques, where the position of the subdiffraction-sized
emitting spot is known and well controlled, single-molecule localization microscopy
(SMLM) methods rely on stochastical switching of single fluorophores. Stochastically
distributed positions are sparse, contain only a small fraction of fluorophores in the bright
state and do not overlap with each other, thus giving an opportunity to precisely localize
these fluorophores using appropriate algorithms. It is important that at certain moment the
distances between the “activated” (bright) markers are greater than the diffraction-limited
distances (~200 nm), so that these markers can be localized and detected independently
(separately). The localization precision (Aloc) depends on the number of collected pro-
tons N as defined by Eq. 3 (where A is the full width at half maximum of the point spread

function).

Aloc ~ —

\/N Eq. 3

Photoactivatable fluorescent protein (PA-FP) molecules that are initially found in a dark
(non-fluorescent) state can be either reversibly or irreversibly activated by irradiation at
one wavelength, and then can be visualized by excitation at a second wavelength. In a

technique called (fluorescence) photoactivation localization microscopy ((F)PALM), a
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sample with target proteins fused with PA-FPs is continuously excited by pulses of light
from a laser at a wavelength close to the excitation maximum of the PA-FPs. The excita-
tion is maintained until a large population of inactivated PA-FPs is obtained by reversible
“bleaching”, thus creating sparse fields of individually resolvable single molecules. After
recording several image frames (individual images), the “bleaching” process leads to a
mean molecular separation larger than that needed for isolation of individual molecules
which are still in the active state. At this point, a pulse from another laser at a shorter
wavelength capable of reactivating the PA-FPs molecules from the inactive state is
applied. The pulse duration and intensity is chosen so that the population of active PA-
FPs is increased to higher, but still resolvable level. The process of “bleaching”, activa-
tion and recording is repeated many times (>10%), until the whole set of inactivated mole-
cules is used up. The signals from every molecule are summed across all recorded frames
and then fitted using a mathematical algorithm giving position coordinates of the mole-
cule and a standard deviation of this position. A final super-resolved image is rendered
usually by representing each molecule as a two-dimensional Gaussian with the amplitude
proportional to the number of collected photons and the standard deviation which depends
on the localization precision. Genetically encoded labeling used in (F)PALM easily
circumvents problems caused by unspecific binding. It is also compatible with live-cell
imaging. However, fluorescent proteins often exhibit lower photon counts than organic
dyes, and therefore, it can be difficult sometimes to obtain the full super-resolved image.

Another SMLM technique, stochastic optical reconstruction microscopy (STORM),*®! is
based on a similar fundamental principle as (F)PALM. However, instead of endogenously
expressed PA-FPs, STORM relies on immunolabeling of the sample with antibodies
tagged with optically switchable organic fluorophores. Originally, a pair of cyanine dyes,
Cy3 and Cy5, known as “cyanine switch” was used. Cy3 served here as an “activator”
that facilitates the transition of Cy5 to the “on”-state. The imaging procedure is pretty
similar to that of (F)PALM: first, a red laser switches nearly all fluorophores to a stable
dark state, and then a pulse of a green laser switches a small and random number of
fluorophores to the “on”-state, and a frame is taken. This procedure is repeated many
times, and at the end of the whole sequence, individual frames are processed and merged

into a final image.

The necessity of double labeling of antibodies with activator-reporter pairs poses certain
problems. To circumvent these problems, the so-called direct STORM (dSTORM)
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method was proposed.™ In this technique, a green laser with a power 200 times higher
than that in STORM was used. It efficiently turns a small subset of inactivated fluoro-
phores (single dyes) to the bright state. A laser with a higher power made possible to use
conventional and commercially available dyes (Cy5 and similar ones) making the experi-

ment and sample preparation much easier than in the original STORM method.

In comparison to (F)PALM, organic fluorophores in (d)STORM allow obtaining a
brighter stain and thus, a better image quality. However, as all techniques which rely on
labeling with tagged antibodies, (d)STORM s also vulnerable to background noise

caused by non-specific binding.

In addition to (F)PALM and STORM another super-resolution method was proposed. In
ground state depletion microscopy followed by individual molecule return (GSDIM),!*®
stochastic single-molecule “on”-switching is performed without any photochemical trans-
formation and relies only on basic transitions of standard markers. This technique
operates using the same mechanism employed in GSD microscopy, i.e. transferring a
synthetic dye to its triplet state T; (or another metastable dark state). But unlike GSD,
GSDIM implies that a fluorophore recovers to its ground state So only once. Images of the

emitters are recorded, only when they spontaneously return to the ground state.

For the highest precision in localization, the number of emitted photons per switching
cycle should be maximized (see Eg. 3). The relative brightness is proportional to the
product of the molar extinction coefficient ¢ and the fluorescence quantum yield @&y of the
fluorophore. For (F)PALM and STORM, fluorescent probes should also exhibit high
switching reliability, high efficiency of transition to the “dark” state and a low fatigue
rate. Furthermore, the reversible photobleaching and photoactivation rates should be
balanced in a way that only a small fraction of fluorophores is activated at any particular

time.

The image acquisition time in SMLM methods is defined by the number of the deter-
mined molecular positions needed for the reconstruction of the final image. Due to the
intrinsic stochastic nature of all these methods it will be always not clear whether all posi-
tions of molecules have been recorded or not. This issue (when the image acquisition has
to be stopped) is particularly important in live-cell imaging where the recording speed is
crucial. In contrast to SMLM, in RESOLFT-type microscopy (including STED) the speed
of the scanning process defines the acquisition time. The use of fast beam scanners
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allowed recording of a 4.5 um? field of view with a focal spot size of 62 nm at video rates
(STED with 28 frames per second).™™® Moreover, there is a great potential in paralleliza-
tion of the scanning procedure. In a recent report,*” it has been shown that RESOLFT
microscopy can be effectively parallelized using two incoherently superimposed orthogo-
nal standing light waves. The intensity minima of the resulting pattern act as more than
100 000 “doughnuts”. As a result, superresolution images of living cells in 12000 pm?
fields of view can be recorded in less than 1s using fluorescent proteins with a relatively

slow switching kinetics.

One of the main advantages of fluorescent microscopy is the ability to use several fluores-
cent labels to target different specimens and produce multicolor images that help to iden-
tify many structural features of biological objects and interactions between them. Two-
color STED (2C STED) using two separate sets of excitation and STED wavelengths for
spectrally separated dyes has been reported.[*! However, this approach is technically
demanding. Another approach™ uses a standard fluorophore with a small Stokes shift
(10-30 nm) in combination with a large Stokes shift (usually more than 80 nm) dye which
have (partially) overlapping emission spectra. Two excitation wavelengths for two dyes
are used to distinguish them. At the same time, due to similar emission spectra, only one
STED beam can be used.

The common feature of many fluorescent dyes with large Stokes shifts is their relatively
low brightness and poor photostability. These drawbacks limit their wide use in modern
methods of optical microscopy, especially in STED nanoscopy. The present work deals
with the design and synthesis of new bright and photostable fluorophores with large
Stokes shift. In the following sections, common photophysical mechanisms providing
large Stokes shifts as well as common classes of large Stokes shift dyes and their use in

the imaging applications will be discussed.

1.2 Large Stokes shift fluorophores

1.2.1 Fluorophores with a Stokes shift provided by photophysical
processes
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Upon excitation of a molecule, movements of electrons occur so fast (in ca. 107°s), that
the atom nuclei in the molecule remain nearly stationary. In other words, the molecular
geometry does not change in the course of absorption of a photon (Franck-Condon prin-
ciple). However, the newly formed vibronic state is unstable, and the molecule quickly
relaxes (in ca. 10™) to its equilibrium vibronic state. During this process, a part of the
absorbed energy turns into heat. Similar transitions occur during emission. After a
“fluorescence” photon is emitted, the molecule is found in the electronic state So which
retains the geometry of the excited state S;. After vibrational relaxation, a part of the
energy of the absorbed photon is again converted into heat. Thus, the initially absorbed
energy of a photon is partially converted to heat in the course of absorption and emission
processes. In most cases, the dipole moment of a fluorophore in the excited state differs
from that in the ground state. Therefore, after excitation, the solvent molecules that sur-
round a molecule of the fluorophore undergo relaxation, leading to a relaxed excited state
of lower energy. With increasing solvent polarity, the energy of the relaxed state becomes
lower. As a result, the emission spectrum exhibits a red-shift. Geometrical relaxation and
relaxation of the solvent media are two photophysical processes responsible for the
generation of the Stokes shift. Therefore, in order to increase a Stokes shift, one should
design molecules with large differences between equilibrated geometries and dipole

moments in the ground and excited states.

Unfortunately, these differences are difficult to predict, and the design of new fluoro-
phores still remains mostly a matter of trial and error. Despite the significant advances in
quantum-mechanical methods, it is still impossible to predict accurately all important
properties of fluorescent dyes, such as band shapes and maxima of absorption and emis-
sion spectra in different solvents, Stokes shifts, molar extinction coefficients and fluores-
cence quantum vyields. Therefore, when designing a new fluorophore, synthetic chemists
often rely on the known data for similar dyes and general empirical guidelines. For
example, in the case of fluorophores exhibiting intramolecular charge transfer (ICT) upon
excitation, stronger or weaker acceptors and/or donors, or new 7m-Systems can be intro-
duced to the core fluorophore in order to “tune” the “push-pull” effect or expand the
conjugation system of the fluorophore, thus providing bathochromic and bathofluoric
shifts and increasing the molar extinction coefficient. However, regularities concerning

the positions of these substituents at the dye scaffold are still unclear. A useful report
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generalizing the structure-property relationships and providing detailed guidelines for the

design of certain classes of fluorophores has been published recently.?”

There is no general theory that could explain structure-property relationships, and it is
difficult to design and prepare a new fluorophore with required properties. Only a few
fluorophore classes, such as cyanine dyes, coumarins, rhodamines (xanthene dyes), carbo-
pyronines, BODIPYs, Si-rhodamines and their hybrids have been widely used in life
sciences. Among fluorescent dyes with large Stokes shift, coumarins (and hybrid dyes
based on coumarins) are very important. Almost all commercially available fluorophores
with large Stokes shifts with Zexc > 400 nm contain a coumarin fragment (see Table 1). A
few notable exceptions are represented by Lucifer Yellow and Atto dyes, 430LS and
490LS. Other dyes with large Stokes shifts include benzooxazole or triphenylpyrazoline
derivatives. Although these dyes have good fluorescence quantum yields, they require

UV light for excitation, which is often incompatible with imaging of biological samples.

Table 1 Selected commercially available dyes with large Stokes shift and with Agps max > 390 nm.

j~abs,max, j~em,max, <, & T,
fl

Name Structure am nm M Lom solvent
OPOOH:,
Abberior _ A
STAR 436 515 22700 0.68 3.3 PBS
440SXP N oo
K/\COOH
OPO(OH), _
Abberior p PN \N\
STAR 472 624 29000 0.12 0.8 PBS
A70SXP N 0”0
K/\COOH
o FF
F
Abberior OPO(OH), /,J\A“S&
STAR M o 522 632 42500 0.15 - PBS
520SXP N oo
K/\COOH
SOzNa CF,
Alexa = X
Fluor 430 . DS 431 541 16000 055 - H>O
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Name Structure j~abs,max, j~em,max, 716‘, L Py 5 solvent
nm nm M “cm
3 Na"
035 NH,
APTS & 424 505 20000 - - HO
038 O SO,
CHj
X
A;;rg-l(-)o N oo 390 479 24000 090 5.0 HO
K/\cozH
ATTO SN
495 N oo 436 484 45000 0.90 3.6 H0
CO,H
X
AJG-[;O HzN"[KI;‘\NH2 453 508 75000 0.75 5.0 H)O
(CH,)3COOH
4A;(_)T|_2 - 433 547 32000 0.65 4.0 PBS
4A;;)T|_g - 496 661 40000 0.30 2.6 PBS
Ch;og;;n % - 494 628 55000 - -  PBS
(0]
X NH(CHZ)ZSO§
DY-418 Bty Ao e 418 467 34000 - - EtOH
(CH;)sCOOH
SO, o
oYt M WCHRCOH 442 496 35000 - -  PBS
N 070 2N&
(€Hy)5S05
_~_S0s
|
450\;]_ \;))M 500 630 50000 - - EtOH
Et,N (0lghe]
HOOC
_~_S0s
|
45[3)1Yx_|_ L O 515 650 50000 - - EtOH
N O (@] N3+H\
WCOOH

SO




20

Name Structure ial;]s,rr:]ax, ieﬁ}n%a)(' M,lgc'mﬂ Dy M solvent
A
DY- NN ‘/\Lsog
485XL oo 482 560 48000 - - HO
WCOOH
S
- = P EN
5][.)OYXL N oS0 Hooc;j 493 585 40000 - - H,O
KAs,og
S0 Nat AN
|
- == SN
5?1\;“_ A HOOCP 510 595 47000 - - EtOH
KAsog
055~
DY- T
520XL N 520 664 50000 - 21 EtOH
EtN 0“0  HOoOC
5leYx-L 523 668 50000 - - EtOH
6([))1YX-L 606 663 85000 - - EtOH
DyLiont Coumarin 485 559 50000 - - EtOH
gslllo_-lﬁrs]t Coumarin 509 590 50000 - - EtOH
Lot Coumarin 519 648 50000 - - EtOH
2515'3? Coumarin 526 666 50000 - - EtOH
g::r:gi - 398 528 17665 - -  H,0
O
HNJ\NH NH,
Lucifer o. N_ o
Yellow 428 540 11500 021 - H,0
CH Lit
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j~abs,max, j~em,max, <, @ T,
fl

- solvent
nm nm Mlem™

Name Structure

ELN o] 0
Nile Red \C[N 552 636 43000 - -  MeOH

F N COOH
Pacific 400 447 29500 0.75 PBS
Blue HO 0”70 ' )

Pacific

roen - 410 500 - — -  H0
Pacific - 400 551 - - - H0
Orange

V500 - 415 500 - - - -

Coumarin itself (Figure 2) shows no fluorescence at room temperature and has only a
weak absorption in the near UV region, but if C-6 or/and C-7 is substituted with an elec-
tron-donor group (such as hydroxyl or amino group), an intense blue-green emission
appears. It originates due to a “push-pull” effect between the electron-donor group(s) at
C-6(7) and the electron-withdrawing lactone moiety. 7-Hydroxy- and 7-aminocoumarins

have a long history as laser dyes./?!

5 4

'COX

7 0" 2X0
8 12

Figure 2 Coumarin (2H-chromen-2-one) and its atom numbering.

4-Methyl-7-hydroxycoumarin or 4-methylumbelliferone (4-MU) has the most red-shifted
absorption band with a maximum at 360 nm (¢ = 17000 M ‘em™ in aqueous phosphate
buffer at pH 10) and emits blue light with a maximum centered at 450 nm (&5 = 0.63,
Stokes shift of 90 nm).1*?! Due to presence of the ionizable hydroxyl group with (pK, =
7.8), the spectra of 4-MU are sensitive to pH changes. Fluorination of the
4-methylumbelliferone scaffold has minor effects on the absorption and fluorescence
spectra, but fluorinated derivatives have higher fluorescence QYs and better photo-

stability. In contrast, 7-hydroxy-4-trifluoromethylcoumarins have significantly lower QY's
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than the parent compound. The hydroxyl group is slightly acidic, and it is ionized in basic
solution. Therefore such compounds are soluble in water. However, if
7-hydroxycoumarins contain electron acceptor groups at C-3 or C-4, the fluorescence of
their solutions rapidly fades out (due to decomposition).”*”! 7-Hydroxycoumarins are
emissive only in their anionic forms, and this makes them unattractive for applications at
physiological pH values: these compounds will be neutral and, therefore, nonfluorescent.
A great improvement is 6,8-difluoro-7-hydroxycoumarin (Pacific Bluel?) with a reduced
pK, of 3.7. The greater acidity makes this dye predominantly anionic at physiological pH.

However, the anionic nature of this fluorophore is undesirable in some cases.’?®

Introduction of acceptor aroyl groups at C-3 of 7-hydroxy- or 7-aminocoumarins provides
bathochromic and bathofluoric shifts, but, at the same time, significantly increases the
rate of ISC. As a result, their fluorescent QYs decrease. These compounds can be used as

efficient triplet sensitizers.*"

A “red” spectral shift and a higher acidity of 7-hydroxycoumarins were achieved by intro-
ducing electron-withdrawing groups at C-3 of the coumarin ring.[25] Table 2 contains the
spectral data for 7-hydroxycoumarins 1-9 and 4-cyano-7-hydroxycoumarins 10-14 with
various substituents at C-3 (Figure 3). In aqueous borate buffer (pH 9), the spectra of
compounds 1-7, which have a heterocyclic residue at C-3 and an unsubstituted position 4,
have an intense absorption band in the 405—439 nm range and an emission maximum
between 470 and 500 nm. Compounds 8 and 9 with carboxylic and phenyl substituents at
C-3 absorb and emit at shorter wavelengths (Aaps max/Aemmax = 386/448 nm and 383/462
nm, respectively). Particularly remarkable is 7-hydroxy-2-thienylcoumarin 7 which has
the most red-shifted fluorescence maximum (500 nm) and the largest Stokes shift (93 nm)
in this group. The introduction of a 4-cyano group at C-4 results in considerable batho-
chromic and bathofluoric shifts (compared with the corresponding 4-unsubstituted ana-
logs). All 3-substituted 4-cyano-7-hydroxycoumarins (compounds 10-14) have absorp-
tion maxima in the range between 487 and 505 nm and exhibit bright yellow-orange
fluorescence in basic aqueous solutions (except compound 14 with a 2-benzimidazolyl
substituent which showed weak fluorescence). Interestingly, the benzazole-substituted 4-
cyano-7-hydroxycoumarins retain large Stokes shifts typical for coumarin dyes. Closely

related compounds were used as polarity-sensitive indicators of biochemical processes.?®
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Figure 3 Substituted 7-hydroxycoumarins 1-14.

Table 2 Spectral data of 7-hydroxycoumarins 1-9 and 4-cyano-7-hydroxycoumarins 10-14 with various
substituents at C-3 in aqueous borate buffer at pH 9.

1 2 iabs,max; &, j~em,max; Ma’
Compound R R L
nm M “cm nm nm
1 H 2-benzoxazolyl 427 44300 471 44
2 H 2-benzothiazolyl 439 47000 490 51

5-methyl-7-sulfonato-2-
3 H 431 44000 470 39
benzoxazolyl

4 H  5-chloro-2-benzoxazolyl 425 30600° 472 47
5 H 2-benzimidazolyl 427 33000° 479 52
6 H 2-furyl 405 26300° 489 84
7 H 2-thienyl 407 25000° 500 93
8 H COOH 386 15300° 448 62
9 H Phenyl 383 26100 462 79
10 CN 2-benzoxazolyl 494 33200 577 83
11 CN 2-benzothiazolyl 505 33100 595 90

5-methyl-7-sulfonato-2- b
12 CN 494 23000 577 83
benzoxazolyl

13 CN  5-chloro-2-benzoxazolyl 497 32400 577 80
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1 2 iabs,max, &, iem,max; Ma;

Compound R R D
nm M cm nm nm
14 CN 2-benzimidazolyl 487 25400° 593°¢ 106

3Stokes Shift, "in MeOH, ‘weak fluorescence

Deligeorgiev et al.’”) prepared the 3-(2-benzothiazolyl)-7-hydroxycoumarin 15 with a
sulfonic acid residue (op = 0.09'® in the Hammett equation) at C-6 (Figure 4). In aqueous
solution, this coumarin (Aapsmax = 398 nm) shows an absorption spectrum with a maxi-
mum shifted hypsochromically by 41 nm as compared with the analogous non-sulfonated
compound 2 in aqueous borate buffer at pH 9. In contrast, the position of the fluorescence
maximum (Lemmax = 487 nm) stays virtually unchanged, and, as a result, this compound
possesses a much larger Stokes shift of 89 nm. In coumarins 16 and 17, extension of the
coumarin skeleton by a benzene ring fused to C-5 and C-6 resulted in bathochromic (~20
nm) and bathofluoric (13 and 27 nm, respectively) shifts. The fluorescence QYs for
sulphocoumarins 15-17, in water, range from 0.28 for compound 15 to rather low values

of ~0.12 for benzo[flcoumarins 16 and 17.
N o
HO oghe)
15

Figure 4 3-Benzothiazolylhydroxycoumarins 15-17 with sulphonic acid residues

The absorption specta of 7-hydroxy-3-pyridylcoumarins 18-20 (Figure 5a) have an
intense band with maxima located between 388 and 398 nm in aqueous NaHCO; (see
Table 3). Upon excitation, these compounds emit intense blue light with a maximum at
469—471 nm. Remarkably, the spectra are weakly influenced by the attaching point in the
pyridyl substituent and resemble those exhibited by 7-hydroxy-3-phenylcoumarin 9. This
result indicates the lack of strong direct conjugation between the coumarin and pyridine
rings.'”®! Quaternization of the pyridine nitrogen causes pronounced bathochromic and
bathofluoric shifts in the spectra of the 4-pyridyl isomer 23 (51 and 50 nm, respectively).
In the case of 2- and 3-pyridyl isomers quaternized derivatives 21 and 22 displayed only

small bathochromic shifts (~20 nm). According to the report,’”! in the case of the 2-iso-
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mer 21 steric constraints may prevent the formation of a planar m-electron system,
whereas for the 3-isomer 22 no mesomeric stabilization is possible. Fluorescence effi-
ciency of quaternized derivatives in aqueous solutions is very low. In contrast to them,
quaternized 7-methoxy-3-pyridylcoumarins exhibit much stronger fluorescence. The
authors assumed,'® that the ICT excited states of quaternized 7-hydroxy-3-pyridyl-
coumarins are better described by a corresponding quinoid structure (Figure 5b) which is

expected to show intense phosphorescence at the expense of fluorescence.

a

/N/
R
HO o X0

18-23 zwntenon qum0|d

Figure 5 a) 3-Pyridyl-7-hydroxycoumarins 18-23; b) Zwitterion- and quinoid-type resonance structures of
compound 23.

Table 3 Absorption and fluorescence maxima of 7-hydroxy-3-pyridylcoumarins and their quaternized
derivatives in aq. solution of NaHCO5.1*%)

Compound R Japsmae M &, Mem™ demmae M A2%, M
18 2-pyridyl 394 29000 469 75
19 3-pyridyl 388 26800 470 82
20 4-pyridyl 398 31700 471 73
21 1-methyl-2-pyridinio 414 32700 477 63
22 1-methyl-3-pyridinio 409 29400 472 63
23 1-methyl-4-pyridinio 449 38000 521 72

Similar tendencies were observed in the case of 7-aminocoumarins.% Quaternized 4-
pyridylcoumarins 25 and 26 (Figure 6) exhibited the most red-shifted absorption and
emission spectra at 482—-493 nm and 560-585 nm, respectively, and large Stokes shifts of

78 and 92 nm, whereas coumarin 24 with the 2-pyridinium fragment (Aaps max/Zemmax =
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440/494 nm) showed unchanged spectral properties in comparison to those of the

non-quaternized analog.

/CEI%&‘ @ /C?/(CHZ)SSOS
R = _ |
Et g oo R™ N N

25

= K‘/(CHz)sCOOH

| —
(éHz)sCOOH (CH2)3SO3

| —
24 (CH2)3SO3

26

Figure 6 7-N,N-Dialkylamino-3-pyridiniumcoumarins 24-26.

In an attempt to develop NIR fluorophores insensitive to thiols and suitable for the
imaging of living systems, Richard et al.*Y designed a series of water-soluble 7-
hydroxycoumarin-hemicyanine hybrids 27-31 (see Figure 7). The extension of the
conjugation in the aromatic system of the parent 7-hydroxycoumarin resulted in dramatic
bathochromic and bathofluoric shifts. Thus, in aqueous phosphate buffer (pH 7.4), com-
pounds 27, 28 and 31 with one double bond (n = 1) between 7-hydroxycoumarin and
indolium moieties have the absorption and emission maxima at 555-578 nm and 620-
643 nm, respectively (Stokes shifts of 63—65 nm). Extension of the conjugation chain by
an additional double bond (n = 2) had a little effect on the absorption spectra. Absorption
maxima of compounds 29 and 30 are found at 564 and 592 nm, respectively. On the other
hand, fluorescence spectra turned out to be more sensitive to the number of the double
bonds between the coumarin and indolium fragments: emission maxima of 29 and 30 are
shifted to 720 and 722 nm, respectively, and located already in the IR region of the visible
spectrum (this corresponds to large Stokes shifts of 156 and 130 nm). However, despite
their attractive spectral properties, fluorescence QYs in aqueous media are very low
(<7.8%).BY The introduction of additional negatively charged sulfonate groups

preventing dye-dye interactions did not solve the problem of low fluorescence QYs.
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27(n:1’m=o)
28(n=1,Mm=1)
29 (n=2,M=0)
30 (n=2,m=7)

Figure 7 7-Hydroxycoumarin-hemicyanine hybrids 27-31.

Dyomics GmbH used the same approach and designed similar 7-aminocoumarins as
“Megastokes”-series of fluorescent dyes.®?  7-Diethylaminocoumarin-hemicyanine
hybrid DY-601XL (Table 1) have the most red-shifted absorption maximum (606 nm in
EtOH) in this series and emitted in the near-IR region with a Stokes shift of 57 nm
(Amaxem = 663 nm). The introduction of a trans-double bond between C-3 of the coumarin
skeleton and the pyridinium moiety shifted the absorption to 480 nm (in EtOH) in the
case of the 2-pyridinium substituent (compound 32, Figure 8) and to 500 nm (in EtOH) in
the case of the 4-pyridinium substituent (compound 33) in comparison to corresponding
analogs without the inserted double bond (coumarins 24 and 25). In commercial dyes
DY-480XL and DY-520XL, the introduction of a sulfonic acid residue on the pyridine
rings resulted in an additional ~20 nm bathochromic shift. The presence of the sulfonate
groups have an even more pronounced bathofluoric effect on the fluorescence spectra:
thus, compounds 32 and 33, which have no sulfonate groups, emit at 600 and 630 nm
(Stokes shifts of 120 and 130 nm), respectively, whereas DY-480XL and DY-520XL — at
630 and 664 nm (Stokes shifts of 130 and 144 nm) in EtOH. The replacement of the pyri-
dinium fragment with a quinolinium moiety in compounds 34-36 further shifted the
absorption and fluorescence spectra towards the IR region and increased Stokes shifts to
huge values of up to 160 nm (see Table 4 for further details). Closely related “clickable”
fluorophores 37 and 38 were proposed for applications in (bio)orthogonal labeling

schemes.[*



28

/(CH2)5COOH
(CH)COOH = N/(CH2)5COOH = N
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Figure 8 7-N,N-Diethylamino-3-vinylcoumarins 32-38.

Table 4 Spectral properties of 7-dimethylamino-3-vinylcoumarins 32-38.

Compound Aabsmaxs NM e, M cm ™ Jemmax, NM  AA%,nm  Solvent
32 480 - 600 120 EtOH

33 500 - 630 130 EtOH

34 540 - 695 155 MeOH

35 555 - 715 160 MeOH

36 520 - 655 135 MeOH
37l 544 53000 675 131 PBS
3gt3 549 27000 712 158 MeOH

In contrast to 7-hydroxycoumarins, 7-aminocoumarins do not exhibit significant pH
sensitivity and are highly fluorescent over a wide range of pH values in their neutral
forms. Methods of their synthesis and their photophysical properties were reviewed.*®!
The parent compound 7-aminocoumarin has the main band at 380 nm (¢ =
18000 M *cm™) in water and the emission maximum at 444 nm (@5 = 0.55, Stokes
shift of 64 nm). Amino groups, in particular if they are not or only partially alkylated are
capable of forming hydrogen bonds with molecules of water. Therefore, simple 7-amino-
coumarins are slightly soluble in water.'**! Absorption and emission maxima of 7-amino-

coumarins slightly shift to longer wavelengths upon increasing the degree of alkylation of
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the amino group.?® A larger shift toward the red can be obtained through substitution
with heteroaryl and trifluoromethyl groups in positions 3 and 4, respectively. Thus, the 4-
trifluoromethyl group in laser dyes 39 (Coumarin 151) and 40 (Coumarin 307) provides
bathochromic (28 and 29 nm, respectively, in EtOH) and bathofluoric (50 and 55 nm)
shifts relative to analogous compounds 41 (Coumarin 120) and 42 (Coumarin 2) in the
same solvent (see Figure 9). In addition, the introduction of a trifluoromethyl group at C-
4 was found to reduce photobleaching by 20% in coumarin dyes. The benzothiazole
group in dye 47 (Coumarin 6) causes even larger shifts of 85 nm (in the absorption
maximum) and 60 nm (in the emission maximum) and increases the extinction coefficient

as compared with compound 44 (Coumarin 1).

CF3 CF,
HoN 0~ =0 EtHN 0”0 HoN 0" =0  EtHN 0”0

39 (Coumarin 151) 40 (Coumarin 307) 41 (Coumarin 120) 42 (Coumarin 2)
CF3 CF3
Me,N 0 X0 Et,N 0°X0  Me,N 0°N0  Et,N 0 X0

43 (Coumarin 14) 44 (Coumarin 1) 45 (Coumarin 152) 46 (Coumarin 35)

N
X S
N O O N O O
Et,N 00
47 (Coumarin 6) 48 (Coumarin 343) 49 (Coumarin 6H)

Figure 9 Coumarin laser dyes 39-49.

As a rule, aminocoumarins have lower fluorescence efficiencies in highly polar solvents.
This reduction is particularly sharp if the amino group at the position 7 is dialkylated
(such amino groups cannot form hydrogen bonds with solvent molecules). It turns out that
upon exciting the dyes with less rigid geometries, the rotation of the amino function
facilitates an internal conversion of the initial ICT state to a non-emissive twisted charge-
transfer (TICT) state with full charge separation (see Figure 10).[21% 21¢ 216331 This state is
stabilized by electron-withdrawing groups at C-3 or C-4 and by electrostatic interaction
with molecules of a polar solvent. As a result, coumarins 43, 45 and 46 have poor fluores-

cence QYs in aqueous and alcoholic media. As expected, rigidization of the amino group
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by incorporation into one or two six-membered rings as in compounds 48 and 49 led to a
considerable improvement of the fluorescence efficiency, since in this case excitation
yields a normal planar ICT state. It was also found that there is no need for rigidization if
the amino group carries only one alkyl group. The rigidized amino groups are more
strongly electron-donating than dimethyl- or diethylamino groups, therefore they shift
absorption and emission bands further to longer wavelengths. The absorption and emis-
sion maxima of laser dye 48 (Coumarin 343) with a carboxylic group at C-3 shift 40 nm
towards the blue upon addition of a base, which is consistent with a less withdrawing

ability of carboxylate compared with non-ionized carboxylic group.*®

R R
] R‘
Alk, +- . _
Alk\l{—l _ o o N 0 o
Ak Al
ICT TICT

Figure 10 “Normal” intramolecular charge transfer (ICT) and twisted intramolecular charge transfer (TICT)
excited states of 7-N,N-dialkylaminocoumarins.

To investigate the influence of the substitution at C-3 in laser dye 49 (Coumarin 6H) on
lasing characterics, coumarins 50-58 were prepared.’”" Variation of the functional group
at C-3 from H to phenyl and other residues caused a red shift in wavelengths of the
absorption and fluorescence maxima. Benzazole substituents (compounds 50-52 in Table
5) provided the largest bathochromic shift, but at the same time reduced the Stokes shift
almost by a factor of two relative to the unsubstituted compound 49. Phenyl and pyridyl
substituents (compounds 54, 56-58) moderately shifted absorption and emission bands
toward the red spectral region retaining relatively large values of Stokes shifts (60—78
nm). Sulfonyl groups in coumarins 53 and 55 had an effect on spectral properties which is

between the effects of the benzoxazolyl and pyridyl substituents.

R
X

N (OO
50-58

Figure 11 3-Substituted analogs of laser dye Coumarin 6H 50-58.
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Table 5 Spectral properties of coumarins 49-58 in aq. EtOH (1:1).

Compound R Aabs,max, NM Jem,max, NM A, nm Py
49 H 404 488 84 0.96
50 2-benzimidazolyl 473 512 39 1.00
51 2-benzothiazolyl 490 526 36 0.96
52 2-benzoxazolyl 474 512 38 0.89
53 methylsulfonyl 442 488 46 0.87
54 phenyl 424 502 78 0.95
55 phenylsulfonyl 450 492 42 1.00
56 2-pyridyl 442 502 60 0.88
57 3-pyridyl 433 506 73 0.98
58 4-pyridyl 445 508 63 0.88

7-Aminothieno[3,2-c]coumarins (see Figure 12) contain a thiophene ring fused along
positions 2 and 3 with the coumarin scaffold. The fused compounds 59 and 60 absorb
violet light with maxima at 404 and 395 nm and emit blue light at 480 and 486 nm with
large quantum efficiencies (0.82 and 1.00, respectively) in MeCN.B®! The Stokes shifts
(76 nm and 91 nm) were found to be somewhat larger than the Stokes shift for

7-diethylamino-4-methylcoumarin (63 nm?9) in the same solvent.

COOMe

59 (R = NMey)
60 (R = N-Piperidinyl)

Figure 12 7-Aminothieno[3,2-cJcoumarins.
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Replacement of the methyl group at C-4 in compounds 44 and 151 with an amino group
led to coumarins 61-69, 134 and 135 (see Figure 13 and Table 6), and this was accompa-
nied by a hypsochromic shift in the absorption bands by 10—15 nm and by a hypsofluoric
shift of the emission bands by approximately 20-30 nm.*”! The authors explained this
phenomenon with an increased charge transfer along the conjugation chain 4-R —
C(4)=C(3) which opposes the main conjugative interaction in the system 7-NR, —
C(2)=0. Interestingly, substitution of the 4-monoalkylamino group by a more electron-
donating 4-dialkylamino group in a transition series from compounds 62—-65, 70 and 71 to
coumarins 66-69 and 72—74 induces a bathochromic shift of the absorption band by 7-19
nm, although the transition from 4-aminocoumarin 61 to 4-N-monoalkylaminocoumarins
62—-65 does not produce any significant influence. According to the report, the reason for
this discrepancy is the steric interaction between the 4-dialkylamino group and the 5-H
atom which weakens p-n conjugation in the N-C(4)=C(3)-C(2)=0 system. This effect is
even more pronounced when the alkyl groups form a ring as in compounds 68 and 69.
Their absorption maxima are further bathochromically shifted by approximately 10 nm in
comparison to coumarins 66 and 67. Introduction of a 3-alkyl substituent further increases
the steric hindrance and has a similar effect on the absorption maximum. Thus, com-
pounds 70-74 have the main absorption bands shifted bathochromically by 6—13 nm
compared to 63, 64 and 69. The positions of emission bands are influenced by similar
effects as are the absorption spectra. One important exception is compound 62 which has
a fluorescence maximum shifted by 30 nm towards longer wavelengths compared to
compounds 63-65. This behavior was attributed to steric hindrance between the t-butyl
group and the 3-H atom in the excited state S; of coumarin 62. Therefore, the degree of
conjugation between the 4-substituent and the rest of the molecule is reduced. Dialkyl-
amino groups possess greater vibrational degrees of freedom in comparison with mor-
pholine, piperidine and monoalkylamino groups. This increases the probability of energy
dissipation from the S; along nonradiative pathways. As a consequence, 4-N,N-dialkyl-
aminocoumarins 66, 67 and 76 exhibit lower emission efficiencies in EtOH than their
analogs 61-65, 68-75 and 77.
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R4

R4
R?O\)OIO EtN 00  Et,N o X0 N 0" =0
44, 61-96, 97-98, 99 100
101-133 133-151
Figure 13 Substituted 7-aminocoumarins 44, 61-151.
Table 6 Spectral properties of coumarins 44, 61-151 in EtOH.
iy y ;s demewe M
nm nm nm

44 H Me NEt; 377 455 78 0.68
61 H NH; NEt, 350 410 60 0.58
62 H NHtBu NEt; 349 445 96 0.62
63 H NHCy NEt; 349 414 65 0.67
64 H NHBnN NEt; 350 410 60 0.68
65 H NHCH,CH,OH NEt, 349 412 63 0.63
66 H NEt; NEt; 356 440 84 <0.10
67 H NBu; NEt; 358 440 82 0.15
68 H N-piperidyl NEt, 365 447 82 0.36
69 H N-morpholyl NEt; 365 445 80 0.70
70 Cy NHCy NEt; 363 440 77 0.33
71 Bn NHBnN NEt; 356 435 79 031
72 Et N-morpholyl NEt; 375 465 90 0.39
73 Cy N-morpholyl NEt; 376 464 88 0.76
74 Bn N-morpholyl NEt; 378 466 88 0.65
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3 4 7 j~abs,max, iem,max; M;
R R R Py
nm nm nm
N-pi-
75 H N-morpholyl ) 360 455 95 049
peridyl
N-mor-
76 H NEt, 344 440 96 <0.10
pholyl
N-mor-
77 H N-morpholyl 350 450 100 0.31
pholyl
78 Cl Me NEt, 388 476 88 0.81
79 Br Me NEt, 390 478 88 0.51
80 Cl H NEt, 398 485 87 0.69
81 Br H NEt, 400 482 82 0.50
82 I H NEt, 400 - - -
83 Cl NHBn NEt, 365 450 85 0.32
84 Br NHBn NEt, 365 450 85 0.23
85 Cl N-morpholyl NEt, 384 476 92 0.22
86 Br N-morpholyl NEt; 386 480 94 0.10
87 I N-morpholyl NEt, 391 - - -
88 Cl Cl NEt, 402 490 88 0.10
89 Br Cl NEt, 405 490 85 <0.10
90 I Cl NEt, 406 - - -
91 Cl CH(COCHj3), NEt, 405 490 85 041
92 Br CH(COCHj3), NEt, 408 490 82 024
93 I CH(COCHj3), NEt, 408 - - -
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3 4 7 j~abs,max, iem,max; M;
R R R Py
nm nm nm
94 Cl Me NH; 368 457 89 0.61
95 Br Me NH; 370 460 90 0.56
96 I Me NH; 380 - - -
97 F H NEt, 382 485 103 0.59
98 F Me NEt, 376 476 100 0.75
99 H Me NEt, 368 450 82 <0.10
100 F Me NEt, 362 480 118 <0.10
101 CHO H NEt, 446 494 48 <0.10
102 CHO Me NEt, 436 490 54 <0.10
103 CHO Cl NEt, 449 502 53 <0.10
104 CHO N-morpholyl NEt, 409 475 66 <0.10
105 CHO NHBn NEt, 379 460 81 <0.10
N-mor-
106 CHO Cl 435 500 65 <0.10
pholyl
N-mor-
107 CHO N-morpholyl 392 480 88 <0.10
pholyl
108 H N-imidazolyl NEt, 394 480 86 <0.10
109 H N-benzimidazolyl NEt; 399 480 81 <0.10
diethylamino-
110 H NEt, 379 468 89 <0.10
methyl
piperidin-1-
111 H NEt, 382 465 83 <0.10

ylmethyl
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3 4 7 j~abs,max, iem,max; M;
R R R Py
nm nm nm
morpholin-4-yl-
112 H NEt, 384 470 86 0.35
methyl
imidazol-1-yl-
113 H NEt, 378 480 102 0.28
methyl
benzimidazol-1-
114 H NEt, 385 480 95 0.22
yl-methyl

115 N-piperidyl Me NEt, 378 490 112 <0.10
116  N-morpholyl Me NEt, 377 480 103 <0.10
117 NH, Me NEt, 398 490 92 095

Ph H NEt, 401 484 83 0.92
118

Ph H NEt, 397 480 83 0.73°
119 Ph Me NEt, 383 475 92 0.86
120 p-tolyl Me NEt, 384 468 84 0.75
121 o-tolyl Me NEt, 383 454 71 1.00

p-phenoxy-
122 Me NEt, 385 464 79 095
phenyl

123 p-chlorophenyl Me NEt; 388 472 84 053
124 o-chlorophenyl Me NEt; 385 462 77  0.92
125 p-fluorophenyl Me NEt, 386 465 79  0.97
126  o-fluorophenyl Me NEt, 384 475 91 0.78
127  p-cyanophenyl Me NEt; 394 485 91 0.70
128 o-cyanophenyl Me NEt; 393 475 82 0.66
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R? R4 R Aabsmax,  Aemmax, A4, &,
nm nm nm

129 Ph N-morpholyl NEt, 382 470 88 <0.10
130 Ph Cl NEt, 397 490 93 <0.10
131 Ph CF; NEt; 415 945 130 <0.10
132 B-styryl H NEt, 421 477 56  0.85°
133 H H NEt, 380 462 82 0.29
134 H NEt, - 372 467 95 0.89
135 H N-morpholyl - 382 466 84 1.00
136 Cl Me - 404 495 91  0.95
137 Br Me - 404 485 81 0.65
138 I Me - 406 - - -
139 Cl Cl - 424 500 76 <0.10
140 Br Cl - 420 500 80 <0.10
141 | Cl - 423 - _ _
142 F H - 392 505 113 0.72
143 F Me - 403 495 92 0.83
144 CHO H - 469 510 41 048
145 CHO Me - 454 508 54 081
146 CHO Cl - 468 520 52 <0.10
147 H N-imidazolyl - 415 495 80 0.63
148 H morpholin--yl- - 400 490 90 1.00

methyl
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j~abs,max, iem,max; M;

R® R* R’ Dy
nm nm nm
imidazol-1-yl-
149 H _ 400 500 100 0.83
methyl
150 H N-morpholyl - 398 490 92 0.95
151 H Me - 394 474 80 0.86

%in MeCN

The introduction of a halogen atom into the position 3 of the 7-aminocoumarin scaffold
causes small bathochromic shifts of 10-25 nm relative to the corresponding unsubstituted
coumarins.®® The absorption spectra of coumarins 78-93 and 136—141 (Table 6) are not
very sensitive to the nature of the halogen atom at C-3. In the row from chlorine to iodine,
the absorption maximum varies within a small interval (44 = 0—5 nm). However, emis-
sion bands of 3-chloro- and 3-bromocoumarins 78-81, 83-86, 88, 89, 91, 92, 94, 95, 136,
137, 139 and 140 are shifted bathofluorically by 10—45 nm compared with their analogs
without the substituent at C-3. As expected, due to the quenching effect of the heavy
atom, fluorescence efficiency drops in the series CI — Br — 1. Interestingly, the chlorine
at C-3 in compounds 78, 80, 91, 94, and 136, which have a hydrogen or alkyl substituent
at C-4, enhances the fluorescence intensity compared to the analogous 3-unsubstituted
coumarins. In contrast, in the case of coumarins 83, 85, 88 and 139, substituents
exhibiting positive mesomeric effects (amino groups or chlorine) at C-4 quench the emis-
sion. A decrease in the electron-donating ability of the substituent at C-4 in the series
NHBn — N(CH2CH;),0 — Me — H — Cl — CH(COCHS3;), is accompanied by batho-
chromic and bathofluoric shifts.

In comparison to other 3-halo-7-aminocoumarins, 3-fluoro derivatives (97, 98, 142, 143)
have the long-wavelength absorption maximum hypsochromically shifted by approxi-
mately 15 nm, thus resembling the spectral characteristics of 3-unsubstituted analogs.k*
In the series of halogens, the fluorine atom participates most effectively in p-n conjuga-
tion, hindering the charge transfer from the 7-amino group to the pyrone ring in the
ground state. The emission maxima of 3-fluorocoumarins nearly coincide with the fluo-
rescence maxima of the corresponding 3-chlorocoumarins; and this means that 3-fluo-

rocoumarins have larger Stokes shifts (92—113 nm). Fluorescence QYs of 7-amino-3-
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fluorocoumarins in EtOH are high. However, the introduction of a fluorine atom into the
position 6 in compounds 99 and 100 results in a significant decrease of emission effi-

ciency.

The main absorption maximum of 7-amino-3-formylcoumarins (101-107 and 144-146) is
shifted by 30-70 nm towards the red region of the visible spectrum compared with the
analogous 3-unsubstituted 7-aminocoumarins.*? All coumarins in this series, except 144
and 145 with the julolidine fragment, exhibit weak fluorescence in EtOH and MeCN (s
< 0.10). Decrease in the emission efficiency in case of coumarins with a rotating 7-amino
group (101-107) can be attributed to the formation of TICT state which is stabilized by
the strongly electron-withdrawing formyl group. The observed Stokes shifts were rela-
tively small (41-54 nm) for compounds 101-103, 106 and 144-146 with “small” sub-
stituents at C-4 (H, Me and CI). On the other hand, bulky substituents, such as NHBn and
N-morpholyl in coumarins 104, 105 and 107 provided larger Stokes shifts (66—88 nm)

which are more common for coumarin dyes.

Introduction of N-imidazolyl and N-benzimidazolyl fragments into the position 4 of the
coumarin skeleton (compounds 108, 109 and 147) is accompanied by bathochromic
(14-21 nm) and bathofluoric shifts (14—20 nm) in absorption and emission spectra in
EtOH, respectively (as compared with 4-unsubstituted analogs).*" Additionally, the
presence of N-heteroaryl residues leads to a significant decrease in the fluorescence QYs,
which is most pronounced in the case of 7-N,N-diethylaminocoumarins 108 and 109. The
separation of the heteroaromatic fragments by a methylene group in compounds 110-114,
148 and 149 is accompanied by a hypsochromic shift of 10—15 nm compared with com-
pounds without the methylene group (66, 68, 69, 108, 109, 147 and 150) and has virtually
no effect on the location of the fluorescence maximum. The transition from coumarins
108, 109 and 147 to coumarins 113, 114 and 149 is also accompanied by an increase in

emission intensities.

In the absorption spectra of compounds 118-128, the position of the long-wavelength
absorption band depends relatively weakly on the nature of the substituent on the phenyl
ring.[*? There is only a small (<10 nm) bathochromic shift of this spectral band in the
transition from the electron-donating (Me, OPh) to electron-withdrawing groups (F, Cl,
CN) in the ortho- or para-position. This indicates the presence of only a weak n-n conju-

gation between the aromatic substituent and the coumarin core. Another evidence for the
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weak electronic interactions between 3-aryl groups and the rest of the fluorophore is illus-
trated by the similarity of the spectral properties of 3-phenyl derivatives 118 and 119 with
those of the related 7-N,N-diethylaminocoumarin 133 and 7-N,N-dimethylamino-4-
methylaminocoumarin 44 which have no aryl group at C-3. The position of the absorption
maximum is affected more substantially by the nature of the 4-substituent. The increase in
electron-withdrawing properties of the substituent series N-morpholyl - Me — Cl — H -
CF; at C-4 is accompanied by a red-shift of the main absorption maximum of more than
30 nm. The fluorescence spectra are significantly more sensitive to the effects of the sub-
stituents. Thus, in EtOH, compounds 118-131 emit in the region of 460—545 nm. Com-
pounds 118-128 exhibit particularly strong fluorescence. For coumarins 123-128, the
bathofluoric shift of the fluorescence maximum in the transition from the ortho- to the
para-substituted derivatives amounts to 10—15 nm. In 7-N,N-diethylamino-3-(j-
styryl)coumarin 132, the presence of the trans-configured double bond leads to a batho-
chromic shift of 24 nm and has virtually no influence on the position of the fluorescence
maxima and the value of the fluorescence QY™ as compared to 7-diethylamino-3-
phenylcoumarin 118.

Takechi et al."*? prepared 3-azolyl-7-N,N-diethylaminocoumarins 152-179 (Table 7) and
studied the influence of the heterocycle nature and its substitution pattern on spectral
properties. Thus, in EtOH, all the compounds exhibited red-shifts of the absorption
(10-60 nm) and emission (3—35 nm) maxima combined with an increase in molar absorp-
tivities (up to 1.7 times) compared to reference compound 7-N,N-diethylamino-3-phenyl-
coumarin 118 (Aapsmax = 398 nm, Anumax = 477 nm). The relative fluorescence intensity
(RFI) turned out to be similar or even higher (up to 1.93 times) than that of the reference
coumarin 118 (RFI = 1.00), except for 3-(1,3-thiazol-4-yl)- and 3-(1,3,4-oxadiazol-2-yl)-
substituted compounds 172-175. According to the magnitude of bathochromic and hyper-
chromic” shifts, heteroaromatic substituents can be arranged in the following order: 1,3,4-
thiadiazol-2-yl (48 nm) > 1,3-thiazol-2-yl (39 nm) > 1,3,4-oxadiazol-2-yl (31 nm) > 1,3-
oxazol-2-yl (26 nm). Values of the fluorescence maximum and the RFI exhibit a tendency
to decrease in the order 1,3-thiazol-2-yl (495 nm, 1.42) > 1,3,4-thiadiazol-2-yl (494 nm,
1.01) > 1,3-oxazol-2-yl (481 nm, 1.02) > 1,3,4-oxadiazol-2-yl (480 nm, 0.35). The values

of Aaumax OF coumarins with diazole substituents are similar to those of coumarins with

* Hyperchromic shift is an increase in the absorbance.
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azole residues, but the presence of an additional nitrogen substantially decreases the
emission intensity. The influence of 1,3-thiazolyl and 1,3,4-thiadiazolyl groups on the
spectral properties is larger than the influence of the corresponding 1,3-oxazolyl and
1,3,4-oxadiazolyl groups. Authorst*?! suggested the sulfur lone pair in thiazoles is more
delocalized than that of the oxygen in oxazole giving rise to a more effective n-n conju-
gation between the thiazole substituent and the coumarin ring. Furthermore, the low-lying
d orbitals of the sulfur may also play an additional role in the conjugation. As a result,
thiazole-containing compounds absorb and emit at longer wavelengths than the cor-

responding oxazole analogs.

For regioisomeric 3-(phenyl-1,3-oxazolyl)coumarins 157, 158, 161 and 162 (see Table 7)
the values of the Aapsmax, Afiumax @nd & decrease in order: 5-phenyl-1,3-oxazol-2-yl (437
nm, 498 nm, 47300 M ‘cm™, respectively) > 2-phenyl-1,3-oxazol-5-yl (433 nm, 492 nm,
46900 M *cm™?) > 4-phenyl-1,3-oxazol-2-yl (428 nm, 488 nm, 47300 M *cm ™) > 2-phe-
nyl-1,3-oxazol-4-yl (411 nm, 476 nm, 38800 M *cm™?). The RFI decreased in the order:
2-phenyl-1,3-oxazol-5-yl (1.43) > 5-phenyl-1,3-oxazol-2-yl (1.32) > 4-phenyl-1,3-oxazol-
2-yl (1.21) > 2-phenyl-1,3-oxazol-4-yl (1.15). The similar trends were observed for the
corresponding sulfur analogs.

Variation of substituents in position 4 and 5 of the thiazole ring in 3-(1,3-thiazol-2-
yl)coumarins 163-167, 169 and 170 revealed that the values of Aapsmax, Aflumax and e
decreased in the order COOEt > Ph > Me > H in both 4- and 5-thiazole-substituted
derivatives. Thus, an ethoxycarbonyl group at C-4 and C-5 of the thiazole has the largest
influence on the absorption and fluorescence properties, whereas a methyl group has
almost no or only a little effect. Moreover, the influence of an ethoxycarbonyl or a phenyl
substituent at C-5 was greater than the effect of the same substituent at C-4 (due to the
better push-pull effect between the 7-amino group of the coumarin and the electron-with-

drawing group of the azole).
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Table 7 Spectral properties of 7-N,N-diethylaminocoumarins with azole substituents at C-3 in EtOH.

Com Tem™? A
pound Aabsvmax, nm &, M cm ﬂ,em’max, nm RFI
nm
o
R:
Et,N oo
N
152 i L> 424 41100 481 57 1.02
N
153 . L>_ 425 42800 484 59 1.15
COOEt
154 NN 430 45200 483 53  0.96
R)\ o
N
AN
| COOEt
155 ] )\} 443 48700 494 51 1.23
156 j‘l\§cooa 442 49700 493 51  1.49
R
Ph
157 )NI\§ 428 43100 488 60 1.21
R
N
158 . L}r"“ 437 47300 498 61 1.32
N
159 | S 422 40500 480 58 1.25
Ao
N
160 £\>—000Et 447 47900 504 57 145
R (@]
N
161 £\>—Ph 433 46900 492 59 143
R O
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Compound Aabsmae MM & Mem™  Zemmag NM RFI
nm
o
162 s 411 38800 476 65 1.15
R
N
163 ] )I\} 437 45100 495 58 1.42
164 J\é 437 45500 496 50 1.40
R
N
\
|
165 ] o 439 45500 493 54 1.40
COOEt
166 )Nl\§ 449 50200 494 45 152
R
N
167 . )I\}COOB 463 60100 512 49 193
168 jfs\gfcooa 463 59000 508 45 1.93
R
Ph
169 J\é 441 46400 498 57 147
R
"N _pn
170 D 453 54100 511 58 1.47
S
171 W 408 38900 475 67 1.6
e
S
172 Wakss 418 39900 473 65 0.05
N
R

S
173 JSL 412 40100 477 65 0.72
R N
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Compound Aabsmae MM & Mem™  Zemmag NM . RFI
174 )NL(N? 429 44300 480 51 035
R
175 )Niljyf 428 44300 481 53 047
R
176 )’\EN\>_Ph 437 50800 488 51 1.02
R (0]
177 )NLN\> 446 48600 494 48 1.01
R S
178 j[:\>7 446 48600 493 47  1.23
R
179 )NL:\>7Ph 458 58500 502 44  1.86
R
118 R/© 398 34200 477 79 1.00

Regarding the synthetic routes leading to various 3-substituted coumarins, we conclude
that many of them rely on the modern Pd-catalyzed C-C cross-couplings such as Suzuki,
Heck and Sonogashira reactions applied to 3-halocoumarins.*®! These transformations
allow the introduction of arene, ethynylene and ethenylene moieties to the coumarin
skeleton in one synthetic step. Taking advantage of these reactions and utilizing a combi-
natorial synthetic approach, Schiedel et al.'*®! prepared a compound library consisting of
34 coumarins with various substitution patterns. The “hits” (best dyes) were selected on
the basis of fluorescence QYs and the possibility of further modifications (for applica-
tions as fluorescent labels). Thus, compound 180 (Figure 14) combines a very large
Stokes shift of 162 NnM (Aaps max/Afiumax = 373/535 nm, in EtOH) with a moderate quantum
yield (@5 = 0.18), compounds 181 (395/478 nm), 182 (393/480 nm) and 183 (397/455
nm) have the highest emission efficiencies of 0.90, 0.62 and 0.98 in EtOH, respectively.

Remarkably, compound 183 exhibited a higher fluorescence QY than the similar and
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commercially available Coumarin 120 (41) (354/435 nm, &g = 0.88, in EtOH). The 7-
NH_-substituted compounds 180, 182 and 183 can be linked to the biomolecule of interest

through their modified amino groups.

ge
H,oN
LU

(O O]

180

@5\1
H,N 0 0

41 (Coumarin 120)

Figure 14 Coumarins prepared by a combinatorial method from 3-halocoumarins.

Another dye library was obtained by a “click” reaction of 3-azidocoumarins with various
substituted alkynes.[*”? 7-Aminosubstituted coumarins exhibited strong fluorescence in
EtOH (QYs 0.6—0.7) and a rather small dependence on the nature of the substituent
attached to C-4 of the triazolyl ring. Thus, all 24 investigated 7-diethylaminocoumarins
184-R (see Figure 15) have absorption and emission maxima in the narrow intervals
413—418 nm and 484—489 nm in aq. DMSO, respectively. Analogously, the absorption
and emission bands of 7-aminocoumarins 185-R with the julolidine fragment are grouped

around 431-436 nm and 503—509 nm in ag. EtOH, respectively.
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Figure 15 7-Amino-3-(1,2,3-triazol-1-yl)coumarins prepared by a combinatorial method.

Another series of coumarin dyes (Figure 16) was studied in order to evaluate the
influence of various nitrogen-containing groups in position 7 on the optical spectra.[*®!
The nitrogen atom incorporated into a piperidine fragment in compound 189-H has a
somewhat greater electron-releasing ability in comparison to the pyrrolidine-fused cou-
marin 188-H. In ethanolic solutions, this results in a small bathochromic (8 nm) and a
bathofluoric (4 nm) shift in the transition from compound 188-H (Aapsmax/Aflumax =
370/440 nm) to 189-H (378/444 nm). The highest occupied molecular orbital (HOMO) of
pyrrole has a node at the nitrogen atom. Therefore, the connection of an N-pyrrolyl
moiety at C-7 of the coumarin diminishes n-n conjugation between the pyrrole and cou-
marin systems and decreases the extent of the ICT in the excited state of compounds 186-
R and 187-H in comparison to 7-aminocoumarins. As a result, for compounds 186-H
(Aabsmax = 329 nm), 186-F (apsmax = 342 nm) and 187-H (Aapsmax = 316 nm) relatively
large hypsochromic shifts (24—40 nm) were observed, relative to the corresponding 7-
amino-3-methyl- or 7-amino-3-trifluoromethylcoumarin (compounds 41 and 39, respec-
tively). Carbazole-coumarin hybrids 190-R and 191-R absorb in the near-UV region with
a maximum at 353—376 nm and emit in the blue and green regions of the visible spectra.

Notably, compounds 191-F and 192-F with the 4-trifluoromethyl group provide the
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largest Stokes shifts of 163 and 124 nm. However, their emission intensities in EtOH are

very low (less than 0.02).

CR;

Gdi

C/\I 0 @ y o0 N0
=~ 186-R 187-R

188-R
R3 O N
C@fl "
189-R 190-R
191-
R=H,F 91 R

Figure 16 Coumarins 186-R—191-R with various substitution patterns at nitrogen atom.

In the search for a novel fluorogenic indicator for monoamine oxidases (MAQOs), Chen et
al.l*! prepared a number of fused pyrrolocoumarins (Figure 17) with various fusion
patterns. In EtOH, compounds 192 and 193 with the nitrogen atom attached to C-7 turned
out to be almost non-fluorescent. Compounds 194 (Aaps max/Afiumax = 335/524 nm) and 196
(330/517 nm) had very large Stokes shifts of 189 and 187 nm, respectively, in the series.
However, their QY's in polar solvents were very low (0.08 and 0.06 in EtOH). Coumarin
195 (349/492 nm) provided the best combination of a large Stokes shift (143 nm) and a

moderate fluorescence QY (0.36 in EtOH) in this series of pyrrolocoumarins.

Figure 17 Pyranoindolones 192—196 as fused fluorophores with the coumarin core.

Fusion of 2-phenyl- and 2-trans-styrylimidazole systems with C-6 and C-7 positions of
the coumarin scaffold (Figure 18) results in hypsochromic shifts of 30 and 7 nm as well
as hypsofluoric shifts of 24 and 23 nm, respectively, and in a two-fold decrease in
fluorescence QY in EtOH ™ when compared with 7-N,N-diethylamino-4-methylcoumarin
44 (Aabs maxd Miumax = 373/445 nm, &g = 50%61°14),
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198 (R = trans—styryl)

Figure 18 8-Methylchromeno[7,6-d]imidazol-6(1H)-ones 197—-198 as fused fluorophores based on the
coumarin core.

Coumarins 199-R—-201-R have various substituents at C-3 and different secondary amino
groups at C-7. Comparison of compounds with the same 3-substituent revealed that a
transition from compounds 199-R to 201-R provides red-shifts of 17 and 9 nm in the
absorption bands and small red-shifts of 5 and 13 nm in the emission bands, respec-
tively.® The substituents at C-3 have a stronger influence on the positions of the
absorption and emission bands. Thus, compared to 3-unsubstituted coumarin 201-H
(Aabs,max/Afiumax = 424/527 nm, in EtOH) the bathochromic shifts increased in the following
order of substituents at C-3: 2-pyridyl (14 nm) < 4-pyridyl (16 nm) < 2-thienyl (21 nm) <
trans-2-phenylethenyl (43 nm) < N-(3-sulfopropyl)-4-pyridinio (50 nm) < trans-2-pyri-
dylethenyl (51 nm) < N-(3-sulfopropyl)-4-pyridinio (55 nm) < trans-4-pyridylethenyl (56
nm). Similar trends were observed in compounds 199-R and 200-R. For compounds 201-
R two new substituents were included, namely, N-(5-carboxypentyl)-2-pyridinioethenyl
and N-(5-carboxypentyl)-4-pyridinioethenyl. These groups produce further red-shifts of
31 nm and 51 nm, respectively, in comparison to their non-quaternized analogs. For the
emission bands, the bathofluoric shifts increase in a similar order. Exceptions are the 2-
thienyl and 4-[N-(3-sulfopropyl)pyridinium] groups, which shift the emission bands very
strongly to the red spectral region and show very large Stokes shifts of around 200 and
230 nm, respectively. In the former case, this effect, according to the authors,**" is
probably due to the strong electron-donating property of the 2-thienyl group. The fact that
4-[N-(3-sulfopropyl)pyridinium] group provides a much larger Stokes shift (230 nm) than
the structurally similar 2-[N-(3-sulfopropyl)pyridinium] group (145—150 nm) was
explained by a larger dipole moment. Similarly, 4-pyridyl substituents shift the emission
bands more to the red compared with 2-pyridyl groups. Unfortunately, dyes with huge
Stokes shifts exhibited low fluorescence QY's in EtOH.
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Table 8 Spectral properties of 4-trifluoromethylcoumarins 199-R—201-R in ethanolic solutions.

KL 200-R
CO,Et

CO,Et

Compound R Aabs,mae M & MCM + Aemma, M AL, nM &y
2-thienyl 416 24400 611 195 0.13
CH=CH-2-py 444 36600 578 134 0.64
CH=CH-2-py-A® 475 9900 646 171 0.37
CH=CH-4-py 449 28500 580 131  0.71
199-R
CH=CH-4-py-A 500 13300 668 168 0.47
4-py 413 18800 588 175 047
4-py-A 439 11800 644 205 027
CH=CH-ph 438 27600 576 138 0.49
4py 430 13700 503 163 0.19
4-py-Bb 459 14800 655 196 0.34
200-R
2-py 429 16400 578 149  0.20
2-py-B 462 19200 607 142  0.11
4-py 440 18100 611 71 -
2-py 438 17900 501 153 0.19
201-R 2-py-B 479 22400 632 153 0.09
4-py-B 474 12200 687 213 0.12
2-thienyl 445 17400 636 191 0.16
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Compound R Aabs,mae M & M7CM * Aemma, M AL, nM &y
CH=CH-ph 467 20000 598 131 0.58

CH=CH-2-py 475 30400 602 127 0.80

CH=CH-4-py 480 32100 609 129  0.68

H 424 19600 527 103 045

A: The pyridine nitrogen is alkylated with an o-carboxypentyl residue. "B: The pyridine ring is alkylated
with an w-sulfopropyl group.

In benzocoumarins (2H-benzochromen-2-ones) the annelation mode affects both the
absorption and fluorescence properties. The values of absorption maxima for benzo-
coumarin derivatives in MeCN decrease in the order 203b (Zaps max/Afiumax = 390/491 nm,
8600 M 'em™) > 202b (382/465 nm, 15100 M ‘cm®) > 204b (337/549 nm,
22500 M tecm™) with increasing absorbance (for structures, see Figure 19).° The same
tendency was observed for 3-ethoxycarbonylcompounds (203a > 202a > 204a). This was
explained by the increase in extent of the CT between the benzocoumarin skeleton and
the substituent at C-3. Among these benzocoumarins, compounds 202a (ester type) and
203b (acetyl type) showed the highest fluorescence efficiency. In contrast to the absorp-
tion maxima, the emission maxima shifted to longer wavelengths in the order 204 > 203 >
202. The “linear” compounds 204a (331/535 nm) and 6b (337/549 nm) showed
remarkably large Stokes shifts of 204 and 212 nm, respectively. These values are two-
fold greater than those for “angular” compounds. However, the emission intensity of
“linear” fused compounds is very poor and significantly inferior to that of the “angular”

compounds.

R
X R
O_r [ S
o o0 X0
0 X0
0 X0
202a,b 203a,b 204a,b

a: R = COOE, b: R = C(O)Me

Figure 19 Benzocoumarins (2H-benzochromen-2-ones) 202-204 with various annelation modes.

In “iminocoumarins” the carbonyl oxygen in the position 2 is replaced with an imino

group (see Figure 20). Sometimes these compounds exhibit photophysical properties
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which are superior to those of the “parent” coumarins. Furthermore, in contrast to simple
coumarins, the imino group can be easily modified allowing the synthesis of various
derivatives. For example, iminocoumarin 205 shows a red-shifted absorption maximum
(Aabs,max = 503 nm) in comparison with the “normal” coumarin 51 (Aapsmax = 467 nm), a
well-known laser dye Coumarin 545.5%) Compound 205 also has higher emission effi-
ciency in pH-buffered ag. solutions (63% vs 10% for compound 51). However, the
observed Stokes shift (34 nm) is usually small for coumarin compounds. The modifica-
tion potential of compound 205 was efficiently used in the design of various indicators
and sensors for Zn?* 2 cu?®® and F® and for the detection of alkaline phosphatase
activity in living cells.® Another iminocoumarin 206 contains a tetrahydroquinoxaline
moiety and, when dissolved in neutral ag. buffer, with 143 nm exhibits a significantly
larger Stokes shift (lapsmax/Aflumax = 473 nm/616 nm) than the dye 205. Such a large

Stokes shift was beneficial for signal detection in sensing fluoride ions.!®

= ) =)
N CN
N O " XNH N 0 X0 )N O™ ~NH
205 51

206

Figure 20 Iminocoumarins 205—206 and Coumarin 545 (51).

1,4-2H-Benzoxazin-2-ones, also known as *“azacoumarins”, are coumarin analogs in
which the carbon atom C-4 is replaced with a nitrogen (Figure 21). Similarly to the cor-
responding 7-aminocoumarins, 7-aminoazacoumarins 207-R display strong fluorescence,
but it is shifted towards the red spectral region due to a bathochromic effect of the hetero-
cyclic nitrogen. This effect resembles the case of oxazine dyes (nitrogen and oxygen
atoms at C-9 and C-10, respectively) which absorb and emit at longer wavelengths than
the corresponding rhodamines (carbon and oxygen at C-9 and C-10, respectively). The
spectral properties of compounds 207-R in various solvents were thoroughly investi-
gated.™ It was shown that the observed Stokes shift can reach an unusually high value of
183 nm, while the parent coumarin dyes showed Stokes shifts of 100 nm or less (in the
same range of solvent polarity). A high fluorescence quantum yield of 93% in CHCI; was
reported for compound 207-Me. Large Stokes shifts of azacoumarins allowed using 7-
N,N-dimethylamino-3-(p-formylstyryl)-1,4-benzoxazin-2-one 208 and benzoxazinone
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vinylcinnamic acid 209 as fluorescent dyes in two-color cytometry together with fluores-
cein derivatives (which possess small Stokes shifts) using only one excitation wave-
length.®! Although the emission efficiencies in polar protic media were reported only for
a limited number of compounds, azacoumarins are interesting as scaffolds for the design

of better large Stokes shift dyes which can be used in fluorescence microscopy.
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Figure 21 7-Aminoazacoumarins 207-R, 208 and 2009.

Another way to provide bathochromic and bathofluoric shift is the extension of the z-
conjugated system. In this respect, 8-N,N-dimethylamino-2-0xo0-2H-benzo[h]chro-menes
210 and 211 represent coumarins in which the n-conjgated system is extended by an addi-
tional benzene ring fused with positions 7 and 8 leading to a phenanthrene-like structure
(Figure 22).
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Figure 22 8-N,N-Dimethylamino-2H-benzo[h]chromen-2-ones 210 and 211, and the parent coumarin 43.
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When dissolved in EtOH, compound 211 displays absorption and emission spectra maxi-
ma at 455 and 552 nm™ which corresponds to red-shifts of 43 and 92 nm, respectively,
compared with the parent dye 43, and a larger Stokes shift of 97 nm.** A relatively high
fluorescence quantum yield of 29% in ag. media (in the presence of sodium dodecyl sul-
fate), high photostability and a bathochromic shift upon binding with magnesium ions
rendered compound 210 useful as a probe for selective detection of intracellular magne-
sium ions in living cells without interference by calcium ions, and even as a candidate for

the two-photon excitation mode.

2H-Benzo[g]chromenes 212 and 214 represent analogues of 7-N,N-dimethylamino-cou-
marin 213 with an additional benzene ring fused to positions 6 and 7 of the coumarin core
(Figure 23).%7 Due to their extended m-system, benzocoumarin 212 and
benzoiminocoumarin 214 absorb and emit at much longer wavelengths relative to the
corresponding parent coumarin 213 (Adas: 41 and 55 nm; Adem: 110 and 137 nm) with
larger quantum yields (61% and 67% in aqueous media, respectively). Emission bands are
more shifted to the red than absorption, and this results in larger Stokes shifts of 152 and
139 nm compared with only 70 nm for compound 213. Recently,'®* benzocoumarin 215
was proposed as a red-emissive and photostable two-photon fluorescence probe for mito-
chondria. This compound showed high selectivity and robust staining ability together
with low cytotoxicity and insensitivity to pH changes in the biologically relevant pH

range.

Me
€00 /@\/icoowle
MeZN/‘g ‘G :O:EO Me,N oge)

212 213
o)
CN bPh
X AN N/\/ 73
H Br
Me,N O“NH  Me,N o0 X0
214 215

Figure 23 2H-Benzo[g]chromenes 212 and 214, two-photon fluorescent probe 215 and the parent coumarin
fluorophore 213.

Here we abandon coumarin dyes and discuss the extension of the conjugated m-system in
xanthene dyes. This approach could be applied to fluorescein, rhodol and rhodamine

fluorophores. Fluorescent dyes with a red-shifted absorption band (compared with fluo-
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rescein) — naphthofluoresceins 216-R and 217-R (Figure 24) — were used in flow
cytometry.[®?! Although the annelation mode used in compounds 216-R shifted absorption
maximum by ~30-40 nm relative to fluorescein, it did not result in a significant increase
of Stokes shift which remained small (max 32 nm). On the other hand, benzo[c]xanthene
dyes 217-R displayed a red-shifted absorption with maxima at 595-609 nm (in aqueous
media) and much larger Stokes shifts of 56—77 nm. However, their fluorescence QYs did

not exceed 15%.

R = COOH, SO;H

Figure 24 Naphthofluoresceins 216-R and 217-R.

Other benzo[c]xanthene dyes — seminaphthofluoresceins (SNAFLs) 218-222 and
seminaphthorhodafluors (SNARFs) 223-231%% — have only one fused benzene ring
(Figure 25). They can be excited in the 550-650 nm range. Their pK, values lie within the
physiologically relevant pH range (between 7 and 8). They also have larger Stokes shifts
(up to 85 nm) and good fluorescence QYs in aqueous media (up to 50%). Unlike the
fluoresceins, they show not only two distinct absorption bands for the protonated and
deprotonated forms, but also two emission bands (because the molecules do not dissociate
in the excited state). Furthermore, the spectra have clearly defined isosbestic and iso-
emissive wavelengths (where absorption or emission is pH independent). As a result,
these compounds found numerous applications in ratiometric and fluorometric pH
measurements® and became commercially available. Apart from pH measurement, a
number of SNAFL- and SNARF-based derivatives were used for detecting various metal
ions,'®! nitric oxide, thiols,®” peroxide® and as a FRET partner for cyanine dye
Cy5.189
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218 R'=R?=R3=H 223 (R =H, R = CO,H, R? = H)
219 (R1:C02H, RZ:R3:H) 224 (R:Et, Rl:H, R2 = Me
220 (Rl = CO,H, R2 =Cl, R3 = H) 225 (R = Et, Rl = CO,H, R2 = Me)

221 (R = CO,H, R? =Cl, R® =Cl)
222 (R = CO,H, R? = (CH,),CO,H, R® = H)
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Figure 25 Seminaphthofluoresceins (SNAFLs) 218—-222 and seminaphthorhodafluors (SNARFs) 223-231.

Semiempirical calculations showed that [a]- and [b]-annelated benzoxanthenes should
absorb and emit at significantly longer wavelengths than their [c]-annelated analogs.™®
Based on these findings, Yang et al.”™™ developed and prepared seminaphthofluorones
(SNAFRs) 232-237 (Figure 26). The annelation patterns and the position of the hydroxyl
group were varied, and the spectral properties of the derivatives were evaluated. It was
found that both these variables have a relatively small effect on the spectral properties of
the neutral forms of SNAFRs in DMSO: all compounds have absorption maxima near
475 nm, and emission maxima near 600 nm. In contrast to neutral forms, the spectral
properties of deprotonated SNAFRs depend on the annelation type and the position of
hydroxyl group. Thus, compound 236 in its anionic form shows a NIR emission with a
maximum at 789 nm, followed by 232 at 768 nm, 237 at 725 nm and 235 at 694 nm (in
DMSO). Benzo[c]xanthene dye 233, which is similar to SNAFL compounds, shows
emission at the shortest wavelength (673 nm). The linearly annelated compound 237 is

particularly interesting: in contrast to other SNAFRSs, its anionic form exhibits an excep-
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tionally large Stokes shift of 197 nm (Azps = 536 nm, Aem = 733 NM) in aqueous phosphate
buffer.

benzo[a]xanthenes benzo[c]xanthenes benzo[b]xanthenes

237

Figure 26 Seminaphthofluorones (SNAFRs) 232—-237.

A common feature of SNAFLs, SNARFs and SNAFRs is the sensitivity of their spectral
properties to pH changes, but very often compounds with spectra insensitive to pH are
needed. Rhodamine analogs with a xanthene core extended by one or two benzene rings
provide this feature. Moreover, they have absorption and emission spectra shifted to the

red in comparison with the “parent” rhodamines.!"

Rhodamine 110

Figure 27 Seminaphthorhodamine 238, naphthorhodamines 239-R and parent dye Rhodamine 110.

Seminaphthorhodamine 238 (Figure 27) displays an absorption with a maximum at
535 nm (in a mixture of DMSO with ag. phosphate buffer, 1:9) which corresponds to a
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bathochromic shift of 40 nm relative to parent Rhodamine 110. Its emission with a maxi-
mum at 628 nm (100 nm to the red from Rhodamine 110, Stokes shift 93 nm) exhibits a
moderate QY of 19%. In the case of naphthorhodamine 239-H, the introduction of an
additional benzene ring results in further shifts of absorption and emission maxima to 578
and 668 nm, respectively (Stokes shift 98 nm, QY 10%), which are comparable to
commercially available naphthofluorescein 217-COOH (Figure 24) which absorbs and

emits at 595 and 660 nm, respectively.

In order to take advantage of large Stokes shifts displayed by coumarins and strong fluo-

rescence emission in the orange or red regions exhibited by rhodamines, hybrid com-
(73]

pounds combining structural features of both fluorophores were designed.

Figure 28 Rhodamine-coumarin hybrids 240—245.

The emission and absorption spectra of compounds 240—242 (Figure 28) are sensitive to
the acidity of the environment (due to the formation of the colorless and non-fluorescent
spirocyclic forms under neutral and basic conditions). Moreover, at pH > 8 the coumarin
ring opens. In solutions acidified with TFA (to prevent the formation of spirolactones)
these compounds showed larger Stokes shifts (52—72 nm in water) than those for “nor-
mal” rhodamines. However, emission efficiencies in aqueous media were very low
(<1%), possibly, due to the formation of aggregates. Spectral properties of hybrid dyes
243—-245 are comparable to those of compounds 240—-242. However, due to the presence
of two highly polar sulfonic acid groups in the meso-phenyl ring, which prevent the for-
mation of aggregates, fluorescence QY's are considerably higher (9—10%).
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Figure 29 Rhodamine dyes 246 and 247 with 1,2,3,4-tetrahydropyrazine moieties.

Surprisingly, an introduction of two 1,2,3,4-tetrahydropyrazine moieties to the xanthene
scaffold shifts absorption and emission bands towards longer wavelengths and also
greatly increases the Stokes shift (Figure 29).1"*! The authors attributed this effect to an
excited-state ICT which is greatly enhanced by the strong electron donor. Thus, com-
pounds 246 (Aaps max/Afiumax = 588/656 nm) and 247 (Aaps max/Afiumax = 597/662 nm) have the
largest Stokes shifts ever reported for rhodamine dyes (68 and 65 nm in 10% aqueous
EtOH, respectively). For comparison, Rhodamine 6G exhibits a two-times smaller Stokes
shift of 30 NM (Aaps max/Afiumax = 525/555 nm) under the same conditions. Similarly to dyes
240-242, compound 246 exists in an equilibrium with its spirolactone form which is
colorless. The position of this equilibrium is very sensitive to solvent polarity. In contrast
to 246, compound 247 in which the carboxylic acid function is blocked, cannot form the
corresponding spirolactone. Unfortunately, fluorescence QYs in polar solvents were not

reported for these compounds.

Figure 30 Meso-aminosubstituted carbopyronine 248 and pyronine 249.

Substitution of the meso-position in carbopyronine or pyronine fluorophores with a pri-

mary amine results in a fundamental change of their photophysical properties.™ For
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example, compounds 248 and 249 (Figure 30) in aqueous phosphate buffer absorb at 490
and 454 nm, respectively.l® This corresponds to an approximately 100 nm hypsochromic
shift compared to the parent carbopyronine and pyronine unsubstituted at C-9. Further-
more, the introduction of amine substituents provides very large Stokes shifts (180 nm
and 114 nm for compounds 248 and 249) retaining high fluorescence QYs in ag. media
(26% for 248 and 60% for 249). Such combination of large Stokes shifts with high emis-
sion efficiencies in polar protic media is especially rare which makes these dyes truly
unique. Interestingly, the introduction of secondary amino or primary arylamino sub-

stituents leads to substantially lower QY's of fluorescence.

Boron-dipyrromethene (BODIPY) fluorophores have a strong absorption of visible light,
high fluorescence QYs and good photostability. Despite these attractive properties, very
small Stokes shifts commonly displayed by many BODIPY dyes (ca. 10 nm) are
disadvantageous to many applications including fluorescence microsopy. The reason is a
so-called inner-filter effect, that is to say, the reduction of the emission intensity by self-
absorption. On the other hand, BODIPYs have a great potential for synthetic modifica-
tion."™ Therefore, many properties, such as the positions of absorption and emission
maxima, the Stokes shift or hydrophilicity, can be readily tuned to a certain extent.
However, increasing the Stokes shift for BODIPY dyes is not trivial. A typical synthetic
modification of the BODIPY core, such as extending the m-conjugation chain, leads to
bathocromic and bathofluoric shifts, but does not increase the Stokes shift. Chen et al.l’®
overcame this issue using a new approach. They hypothesized that by introducing thienyl
substituents into positions 2 and 6 of the BODIPY core (see Figure 31 for the numbering
scheme of the BODIPY fluorophore), a greater extent of the geometry relaxation upon
photoexcitation could be achieved. A substantial amount of the excitation energy would
dissipate through rotating thienyl groups during this process, and this would effectively
lower the energy of the excited state. As a result, the emission energy would become

much smaller than the excitation energy, thus increasing the Stokes shift.

Compound 250 with one thienyl moiety at C-2 (Figure 31) displays the absorption and
emission maxima at 507 and 603 nm (in 75% aqg. MeOH), respectively. This corresponds
to an enormous (for BODIPY dyes) Stokes shift of 96 nm. The absorption and emission
maxima of the symmetrical BODIPY derivative 251 were observed at 523 and 612 nm,
respectively (the Stokes shift is 89 nm). Asymmetrical compound 250 exhibited a much
stronger absorption (¢ = 65 000 M *cm™* vs only 17 000 M *cm* for 251). However, the
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emission efficiencies displayed by both compounds in protic solvents were rather low (<
10%). Interestingly, the introduction of phenyl substituents instead of thienyls into the
same positions does not increase the Stokes shift. Similarly, the substitution with thienyl
moieties at C-3, C-3,5 or C-1 also conserves small Stokes shifts observed for BODIPY

dyes.

Figure 31 Large Stokes shift BODIPY dyes 250—254 and the atom numbering of the BODIPY fluorophore.

A Stokes shift of 186 nm (Aaps = 554 nm, Aemy, = 740 nm in CH,CI,) was observed for
compound 252, and it represents the largest Stokes shift ever reported for BODIPY
dyes.[” DFT calculations combined with resonance Raman spectroscopy showed that an
ICT from the p-N,N-dimethylaminophenyl ring to the naphthyridyl unit is responsible for
the lowest energy optical transition. Unfortunately, the fluorescence intensity in CH,Cl; is
very low (&5 = 6%) and almost negligible in polar solvents (MeOH, MeCN, H;0).
Asymmetric benzo[b]fused BODIPY 253 was reported to show a broad absorption band
centered at 512 nm and an emission band with a maximum at 655 nm (in CH,Cl,)

resulting in a large Stokes shift of 143 nm.[*!

Annelation of the coumarin unit with the BODIPY core was expected to shift absorption
and emission maxima to the red spectral region and enlarge the Stokes shift compared
with typical non-annelated BODIPY dyes.®" Indeed, N,N-diethylamino-substituted dyes
254-H and 254-Et, in MeOH, exhibit the absorption maxima at around 590 nm and emit
in the NIR region (720 and 724 nm, respectively, Stokes shift of 130 nm). In polar sol-



61

vents, such as DMF or MeOH, fluorescence is significantly quenched (&5 = 3—6%). The
authors attributed this behavior to the formation of a twisted ICT excited state which they

considered to be non-emissive in the case of 7-N,N-dialkylaminocoumarins.
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Figure 32 Fluorescent boron-fluorine complexes 255—264 with large Stokes shifts.

Isomeric compounds 255 and 256 (Figure 32) represent donor-acceptor complexes in
which quinoline and phenalene-1,3-dione coordinate a BF, fragment and form a strong
electron-acceptor moiety, while the morpholine part acts as a donor.® Similar to all
fluorophores displaying ICT upon excitation, spectral properties of these compounds
significantly vary with solvent polarity. Interestingly, such a minor structural change as
the change in the position of the donor morpholine fragment leads to quite different
photophysical properties. Thus, in MeOH, absorption and emission maxima for com-
pound 255 were observed at 419 and 564 nm, respectively, and the separation between
them corresponds to a large Stokes shift of 145 nm. For the complex 256, in the same
solvent, the absorption maximum was observed at 461 nm, while the emission band had a
maximum at 558 nm, i.e. the Stokes shift was significantly smaller (97 nm) compared
with isomer 255. The red-shifted emission band, the larger Stokes shift and broader emis-
sion band are consistent with a more efficient ICT process in the case of isomer 255. Both
compounds 255 and 256 exhibited high fluorescence QYs in polar protic MeOH, which is

quite unusual for substances with such large Stokes shifts.

Asymmetrical anilido-pyridine boron difluoride dyes 258—261, 262-Ar and 263-R (Figure
32) were specially designed to improve very small Stokes shifts of BODIPY dyes.[®!
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Compounds 258-261 absorb in the violet region of the visible specrum (Aapsmax =
416—419 nm in CH,Cl,). They have large Stokes shifts in the range of 95—114 nm and
moderate QYs (27-33%). More rigid structures of 262-Ar and 263-R provided an effi-
cient emission (QYs 60—83%) retaining large Stokes shifts. These dyes also showed
exceptional photostability. Thus, under conditions, when Rhodamine 101 bleached in less
than 2 h, the absorption profile of 258 remained essentially unchanged after 10 h of irra-
diation, dyes 262-Ph and 262-dipp were photostable for 16 h, and dyes with the carbazole
fragment (263-H and 263-tBu) retained ca. 80% of their absorbance intensity after this

time period.

Boron 2-(2-pyridyl)imidazole (BOPIM) complexes also exhibited larger Stokes shifts in
contrast to BODIPYs. Compound 257-H absorbs UV-light with a maximum absorbance
at 293 nm and possesses a large Stokes shift of 66 Nm (Aem max = 362 nm) and a small fluo-
rescence QY of 3% in MeOH.®* Interestingly, the introduction of two bromine atoms
(compound 257-Br) leads to a bathocromic shift of 64 nm (lapsmax = 357 nm), a larger
Stokes shift of 130 nm (Aemmax = 487 nm) and a 10-fold increase in the fluorescence QY
(@5 = 31%). Absorption maxima of compounds 257-Ph and 264 are further red-shifted
(391 and 404 nm, respectively).[85] Their emission maxima are at 525 and 531 nm, which
correspond to Stokes shifts of 134 and 127 nm, respectively. Both compounds show
moderate emission efficiencies in MeOH (12% and 14%). All BOPIM complexes dis-
played negative solvatochromism. More polar solvents shift the lowest-energy absorbtion
bands towards the blue region of the UV-vis spectrum. This indicates that the Sp — S;
absorption band has an ICT character, and the energy of the ground state decreases more
than that of the excited state with increasing solvent polarity, and this effect makes the

energy gap larger.

265 (R =Cy, R' = Bn)
266 (R = R!= Bny
267 (R = (CHy);0COOH, R* = (CH,),SO;H)

Cy = CyC|0heXy|

Figure 33 Heptamethine dyes 265—267 with large Stokes shift and their precursor 268.
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Heptamethine dyes 265-267 have an amino substituent attached to the methine chain
(Figure 33). In this respect they are similar to compounds 248 and 249 with a C-N bond
in the meso-position of carbopyronine and pyronine fluorophores. Heptamethine dyes
265—267 show very interesting spectral properties. Compared with precursor cyanine
dyes, these compounds have larger Stokes shifts and high fluorescence QYs in water. For
example, compounds 265—267 have broader spectra and much stronger fluorescence than
dye 268. Their solutions in water are blue-colored (Aapsmax = 600—617 nm), whereas solu-
tions of compound 268 are green, which corresponds to a hypsochromic shift of 180-190
nm.® Fluorescent dyes 265-267 emit in the NIR region with large Stokes shifts of
140—155 nm (in water). However, emission efficiencies of 265 and 266 are rather low
(~7%). Luckily, the introduction of two additional sulfonate residues results in a good
fluorescence QY (37% for compound 267) in aqueous solutions. In addition, compound
267 (also known as 4-Sulfonir) has a large molar absorptivity of 1.8x10° M ‘ecm™, which

together with the large QY provides high brightness in microscopy applications.

1.2.2 Fluorophores with a Stokes shift provided by photochemical
processes

All compounds described in the previous section exhibited large Stokes shifts as a result
of photophysical processes such as intramolecular charge transfer (ICT), solvent relaxa-
tion around a large excited dipole and steric relaxation of compounds with bulky groups.
In contrast to these processes, there are other mechanisms providing large Stokes shifts.
They involve adiabatic photochemical reactions leading to an emissive product with a
chemical structure different from that of the starting molecule. A short overview of
various photochemical mechanisms, such as excimer/exciplex formation, excited state
intramolecular proton transfer (ESIPT) and twisted ICT (TICT),’®”) providing large Stokes
shifts is given below.

A molecule in the excited state can form a complex with an identical molecule (in the
case of excimer formation) or a different molecule (in the case of exciplex formation) in
the ground state. The formation of these complexes may quench the emission,® but
sometimes an excimer/exciplex can be emissive. For example, many aromatic hydrocar-
bons such as naphthalene or pyrene form excimers. The fluorescence band which cor-

responds to an excimer is red-shifted relative to the monomer and does not show vibronic
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structure. The so called intramolecular excimers have two identical fluorophores which
are linked by a short flexible chain. The formation of excimers or exciplexes involves
diffusion processes or large intramolecular rearrangements. Therefore, it is diffusion-
controlled and can be used to probe the local fluidity of the medium.’®®! For example, a
concentration-dependent ability of the BODIPY label to form excimers with red-shifted
emission was used to study the lipid transport and metabolism.®® The dual probes con-
sisting of pyrene fluorophores attached to oligonucleotides were used for the detection of
a single-base point mutation.”Y In the course of adjacent binding of the modified nucleo-
tides to a complementary target sequence, a pronounced spectral change from the blue
monomer emission to the green excimer emission with a larger Stokes shift occurred
(~140 nm) allowing a simple detection with a spectrofluorimeter. A similar approach
used an exciplex formation between 1-pyrenemethylamine and N-methyl-N-naphthalene-
1-ylethanediamine fragments attached to the 5’- or 3’-terminal phosphate groups of oligo-
nucleotides upon binding to target sequence of a nucleic acid.®? The huge Stokes shift
(100—150 nm) exhibited by this probe allowed detection of a single nucleotide polymor-
phism (SNP) DNA by a naked eye. Unlike other fluorescence probe approaches (e.g.,
FRET), the formation of excimers and exciplexes is more sensitive to the correct assem-

bling of counterparts.

Incorporation of multiple fluorophores into the DNA scaffold can result in a multifluorro-
phoric system with interesting photophysical properties (see review™). For example,
various fluorophores were introduced at C-1" of the D-ribose to replace nucleobases and
produce artificial fluorescent deoxynucleosides (deoxyfluorosides).®” Afterwards,
combinatorial libraries were prepared to reveal oligodeoxyfluorosides (ODFs) with best
photophysical properties in the single-stranded state. In some ODFs, fluorophores formed
excimers or exciplexes which emitted fluorescence with large Stokes shifts (up to 140
nm) and possessed large QYSs in ag. buffers. In another case, a pyrene dye was attached to
the C-2" position of D-ribose in the nucleotide of interest.*®! In a molecule of the duplex
RNA containing the modified nucleotide, the pyrene moiety resides outside the double-
helical structure in the minor groove. When multiple pyrenes were introduced consecu-
tively into the duplex RNA, strong excimer emission at around 480 nm (cf. 396 nm for
the monomer) with a high QY was observed. Interestingly, with an increase in the number

of incorporated pyrenes, the excimer fluorescence increased faster than linearly.
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In the case of the excited state intramolecular proton transfer (ESIPT), a molecule in the
excited state undergoes tautomerization, i.e. proton transfer from one basic site to another
in the same molecule. The ESIPT reaction requires the formation of a hydrogen bond
between a proton donor (hydroxyl, imino or amino group) and an acceptor group (for
example, carbonyl or pyridine) which are located in close proximity. Upon excitation, a
proton transfer takes place (acid-base properties of the excited state are different), form-
ing a tautomer in the excited state S;, the geometry and electron distribution of which
significantly differs from its corresponding normal species in the excited state S; (Scheme
2).% The structural change during the ESIPT process may lead to unusually large Stokes
shifts. Unfortunately, in protic solvents, the ESIPT emission is usually inhibited, and
therefore, only fluorescence from the “normal” tautomer with a small Stokes shift is
observed. Moreover, extending of the n-conjugation — a usual strategy for design of new
fluorophores — may inhibit the ESIPT process.””!

: Absorption Emission
i Si 1.0
: proton transfer
: Juv Zr;ésswn .g‘
g nm
i (380 nm) g
: o5
: $os
H o
: E
: ]
H =z
PN
0.0+ . ———————
keto-form 300 400 500 600 700 800
O‘ wavelength / nm
-
oot ) 10-HBQ
-
enol-form

Scheme 2 ESIPT process in 10-hydroxybenzo[h]quinoline.l®!

Another process which could produce a large Stokes shift is the formation of twisted ICT
states (TICT), which involves mutual twisting (in the excited state) of donor and acceptor
parts of a molecule connected by a single bond and simultaneous charge transfer between
them. In the TICT system, a donor D and an acceptor A are coplanar in the ground state,
and the same coplanar arrangement is retained in the initially reached Franck-Condon
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excited state. Due to the large m-overlap, mesomeric interaction between D and A is
significant, and excitation can involve a (partial) charge transfer. In addition to an S;
minimum for the planar geometry these systems can possess another low lying S; mini-
mum for the perpendicularly twisted geometry with full charge separation, the TICT state.
The latter can be populated in an adiabatic photoreaction which combines an excited-state
intramolecular twist, electron transfer and solvent reorganization.®® For example, 4-N,N-
dimethylaminobenzonitrile (DMABN) was found to exhibit a dual fluorescence in polar
solvents. The emission spectrum of this compound consists of a “normal” band (Aaps max =
361 nm, in MeCN™), which is analogous to emission bands exhibited by closely related
benzene derivatives, and an “anomalous” band (Zapsmax = 492 nm, in MeCN®%) with a
large Stokes shift. These bands were ascribed to the excited state with the planar
geometry (locally excited) and the TICT state with the twisted dimethylamino group,
respectively.[*® When the twisting of the dimethylamino group is hindered, as in the case
of compound 270, formation of the TICT state is impossible, and only the “normal” emis-
sion band is observed. At the same time, compound 271, where the amino group is fixed
in the twisted conformation, exhibits only fluorescence with a large Stokes shift (from the
TICT state).r
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Figure 34 p-N,N-Dimethylaminobenzonitrile 269 which undergoes TICT in the excited state and model
compounds 270 and 271.

As a rule, emission efficiencies of compounds displaying the TICT are very low. In fact,
many TICT states were found to be non-emissive and responsible for the rapid non-radia-
tive decay of numerous important dyes (for example, in the case of 7-
N,N-dialkylaminocoumarins?'® 2¢ 29 33} \which leads to intramolecular fluorescence
quenching. The latter effect may be due to the reduced value of the transition dipole mo-
ment (for transition S; — Sp) which results from the lack of the orbital overlap between
D* and A™ moieties.l'% Therefore, a rational design to attain the TICT emission with a
large Stokes shift and a high QY at the same time still remains a challenge.
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1.2.3 Multifluorophore constructs with pseudo-large Stokes shifts

In order to address the problem of small Stokes shifts exhibited by most of the conven-
tional fluorescent dyes, resonance energy transfer (RET) between two organic fluoro-
phores, donor and acceptor, connected by a suitable linker, can be utilized to obtain
dyades with pseudo-large Stokes shifts. Photophysical properties and applications of such
molecular constructs, called energy transfer cassettes, have been reviewed recently.*!
When both fluorophores are connected by a non-conjugating linker, the energy transfer
occurs through space (Scheme 3). This process is usually called fluorescence resonance
energy transfer (FRET) and occurs through non-radiative dipole-dipole coupling.
According to the FRET theory,[*® several requirements should be fulfilled for efficient
FRET: (1) high fluorescence QY of the donor, (2) a substantial overlap between the donor
emission band and the acceptor absorption band, (3) an appropriate alignment of the
absorption and emission transition moments and their separation vector and (4) a suffi-

ciently short distance (typically less than 10 nm) between the donor and acceptor.
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Scheme 3 Energy transfer cassette based on FRET.[®

For example, FRET pairs 272 and 273 (Scheme 4) consist of the donor coumarin and the
acceptor rhodamine dyes. Being excited in aqueous phosphate buffer at wavelengths
where the coumarin donor moiety absorbs, they do not show any emission of the donor
(coumarin) part. Instead, strong emission of the rhodamine acceptor around 590 nm was
observed.[*%! This behavior is consistent with the very efficient intramolecular energy
transfer between two dyes (with energy transfer efficiencies E 96.1% and 97.3%, respec-
tively). The rigid piperazinyl linker connecting two fluorophores was found to be
important for the efficient energy transfer. Thus, pseudo-large Stokes shifts of around 170
nm with good fluorescence QYs in aqueous media were obtained, a result which other-

wise would be extremely difficult to realize using only one fluorophore. The drawback of
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this approach is that an emission can be caused by exciting not only the donor, but also

the acceptor part of the dyad.
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Scheme 4 FRET in 7-N,N-Diethylaminocoumarin-N’,N’,N*”,N”’-tetraethylrhodamine dye pairs 272-273.

Although the FRET-based cassettes allow increasing apparent Stokes shift, this approach
is still constrained by the requirement that the fluorescence of the donor must overlap
with the absorption of the acceptor. If the donor and acceptor are linked by a n-electron
system, the radiationless electronic energy transfer through bonds (Dexter and super-
exchange mechanisms*®) and through space (Férster mechanism) may occur (Scheme
5). If the through-bond energy transfer (TBET) is fast relative to non-radiative decay
pathways, then, unlike FRET-based cassettes, TBET is not constrained by this require-
ment. A good TBET-based cassette for labeling biological systems should meet the fol-
lowing requirements: (1) a strong absorbance of the donor component at the excitation
wavelength, (2) a large fluorescence QY of the acceptor component, (3) the presence of a
suitable linker which prevents the system from becoming planar and, therefore, from be-
having as a single conjugated dye.™® TBET-based cassettes enable greater freedom for
the selection of fluorophores than FRET-based ones. They can provide larger Stokes

shifts and extend their emission further into the IR wavelength region.!*%*!
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Scheme 5 Energy transfer cassette based on TBET.!%!
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For example, compounds 274—-277 (Scheme 6) display absorption maxima which are
characteristic for their donor and acceptor components. They all have a fluorescein frag-
ment and, therefore, absorb strongly around 512 nm (in EtOH). Upon excitation with an
Ar laser at 488 or 514 nm, these cassettes emit fluorescence at 538, 582, 603 and 616 nm
(pseudo-Stokes shifts: 28, 70, 91 and 104 nm), respectively, and almost no fluorescence
from the donor, which corresponds to nearly 100% energy transfer efficiency.!*”
Furthermore, the fluorescein fragment in cassettes 274—277 was found to be considerably
more stable to photobleaching than fluorescein itself which is known to be poorly photo-
stable. In a typical experiment, cassette 276 retained 95% of its original fluorescence
level, whereas the fluorescence of fluorescein in the same solution had decreased by 55%.
This behavior was attributed to a fast energy transfer from the fluorescein donor fragment
to the rhodamine acceptor in the cassette. As a result, intersystem crossing cannot com-
pete with this process, and the triplet states, which are believed to be the main cause of

photobleaching in case of fluorescein, are not significantly populated.

H TBET

Scheme 6 TBET in fluorescein-rhodamine dye pairs 274-277.

Remarkably, cassettes 278-R and 279 (Scheme 7) have only negligible spectral overlap
between the donor emission and the acceptor absorption bands.'® They displayed the
absorption band of the rhodamine and coumarin parts at around 560 nm and 350 nm (in
case of 278-R) or 370 nm (for 279), respectively. Upon excitation of the cassettes 278-R
and 279 in a solution of phosphate buffer with MeOH (3:2) at the coumarin absorption
maximum, only the rhodamine emission at around 582 nm with moderate QYs (<27%)
was observed. The absence of the coumarin emission indicates that the energy-transfer

efficiencies were nearly perfect (>99%). The pseudo-Stokes shifts of up to 230 nm are
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much larger than those of fluorescein-rhodamine TBET cassettes and those of the typical

FRET-based rhodamine systems.

R = BUO, MeO, H

Scheme 7 TBET in coumarin-N,N,N’,N’-tetraethylrhodamine dye pairs 278-R and 279.

If the donor dye in the FRET or TBET cassette has a very high value of the fluorescence
QY, this may often lead to a fluorescence “leaking” from the donor due to inefficient
energy transfer. In order to overcome this problem, the “dark” resonance energy transfer
(DRET) concept was proposed.™® In this approach, a “dark” dye with very low fluores-
cence QY is used as the donor component. Upon excitation, a very efficient and fast
energy transfer occurs due to large spectral overlap of the donor-acceptor pair and high
extinction coefficient of the acceptor, despite the low quantum yield and short excited-
state lifetime of the donor. For example, the absorption spectrum of compound 280
(Scheme 8) displayed a characteristic absorption band of the donor fragment (shown blue)
at around 494 nm and an absorption band of the acceptor fragment at around 577 nm
(shown red). Upon excitation of this compound with 470 nm light in EtOH, only the
strong (@5 = 0.38) and characteristic emission of the acceptor part with a maximum at
617 nm was observed. Transient absorption spectra showed, that the decay profile of the
donor alone only exhibited a single decay component of 33 ps, whereas the decay time
constant of the donor component in the DRET-pair was much shorter (1.2 ps). These data
led to the conclusion that the energy absorbed by the donor is efficiently transferred to the
acceptor (96% efficiency) without quenching by any non-radiative intramolecular rota-

tions.
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Scheme 8 DRET in BODIPY-based dye pair 280.

1.3 Applications of large Stokes shift dyes in
fluorescence nanoscopy

There are not so many examples of studies in which a large Stokes shift dye (or its com-
bination with a “normal” dye) is used as a fluorescent label in optical super-resolution
microscopy. This is obviously due to the lower photostability and brightness of most dyes
with large Stokes shift. However, there are some modern bright and photostable large
Stokes shift dyes which have been successfully applied in optical “nanoscopy”. For
example, the suitability of light from a multicolor stimulated-Raman-scattering (SRS)
source for gaining STED resolution was successfully demonstrated with silica beads
which were labeled with the commercially available coumarin dye ATTO425 and imaged
in a simple custom-built STED microscope.**? Unlike the supercontinuum light source
used in another STED microscope,™™® the optical power of the SRS light source, which
consists of a microchip laser coupled to a fiber where SRS occurred, is preserved within
narrow peaks in a comb-like spectrum, the output light is linearly polarized, and light
suitable for STED is produced below 630 nm. Thus, for ATTO425, STED was performed
at 532 nm (the fundamental wavelength from the comb spectrum of the SRS light source).
Excitation of the fluorophore was accomplished using a 440 nm diode laser. Due to sim-
plicity, compactness, broad spectral output and low cost, SRS sources could become an
attractive option for spectrally flexible STED imaging.
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Figure 35 Rhodamine dye NK51.

In another report, the commercially available coumarin dye DY-485XL (see Table 1 for
structure) was used together with the small Stokes shift rhodamine dye NK51 (Figure 35)
to demonstrate the advantages and illustrate the principles of iSOSTED (a combination of
STED and 4Pi" microscopies to improve resolution along the Z-axis). Two-color
iISOSTED enables imaging of the spatial distribution of two or more (biological) objects at
the nanoscale in three dimensions.*® The coumarin dye DY-485XL displays a similar
emission spectrum as rhodamine dye NK51, whereas its excitation spectrum is blue-
shifted by ~50 nm (Figure 36). This combination of fluorophores allowed using only one
STED beam at 647 nm and two readily available excitation lasers with emission at 488
nm (for DY-485XL) and 532 nm (for NK51). In this study, mitochondrial outer mem-
brane protein Tom20 was labeled by indirect immunostaining with dye DY-485XL, and
the matrix protein mtHsp70 — with dye NK51. The images were recorded by subsequent
excitation of the sample at 488 nm (channel 1) and 532 nm (channel 2) and depletion of
the fluorescence by stimulating emission at 647 nm. The residual excitation cross-talk
between two channels was efficiently removed by linear unmixing applied to the raw
data. These dual-color images were the first example of the optical super-resolution
microscopy providing separate images of two proteins of an organelle inside the whole

cell with a nanoscale 3D resolution in the 50-nm range for both channels.

* 4Pi-microscope is a variation of confocal microscope, where the improvement in axial resolution achieved
by using two opposing lenses focused to the same location.
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Figure 36 Two-color isoSTED imaging of mitochondria in Vero cells.™ (a,b) Distribution of the outer
membrane protein Tom20 labeled with the organic fluorophore DY-485XL (a) and of the NK51-labeled
matrix protein mtHsp70 (b). (c) Overlay of the two images showing Tom20 in green and mtHsp70 in red.
(d) Excitation and absorption spectra for DY-485XL (dotted line) and NK51 (solid line). The two
fluorophores are separated by subsequently exciting the sample at 488 nm (DY-485XL) and 532 nm
(NK51). Both dyes are depleted by stimulated emission at 647 nm. (e) Reverse staining as a control (Tom20
with NK51 and Hsp70 with DY-485XL) yields similar results as the initial recording (c). Scale bars = 1 pum.

Another commercially available coumarin dye DY-480XL with a large Stokes shift and
the optical spectra similar to those of DY-485XL was used together with rhodamine dye
KK114.MY This study dealt with an investigation of the spatial organization of the
synaptotagmin 1 (Sytl) surface pool in hippocampal presynaptic boutons. For that, dual-
color isoSTED microscopy™**? was used. In order to reveal the localization of surface-
stranded Syt1 at synapses, Sytl was stained with KK114. The synapses were identified by
labeling pre- and postsynaptic markers RIM1, RIM2 (RIM) and Homerl with the dye
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DY-480XL. The dyes were excited sequentially at fixed wavelengths of 530 nm (for DY-
480XL) and 635 nm (for KK114). Since both dyes have similar emission spectra, STED
pulses only at one wavelength of 775 nm were required. Emission of both fluorophores
was detected in the range of 660—700 nm (in separate channels). After deconvolution, the

final super-resolved images were obtained (see Figure 37).

Figure 37 The localization of the surface-stranded protein Sytl at synapses revealed by three-dimensional
dual-color isoSTED nanoscopy.™? Syt1 was labeled with KK114 (red); postsynaptic markers RIM1, RIM2
(RIM) — with DY-480XL (green). Scale bars =1 pm.

In material science, dual-color STED microscopy was successfully applied to localize and
investigate the repartition of fluorescent polymer nanoparticles of ca. 100 nm size in
nanofibers.!***! Usually the BODIPY dyes are not used in STED microscopy due to their
very small Stokes shifts (and therefore, a significant risk of re-excitation by the STED
beam). However, the hydrophobic polymerizable BODIPY dye B504-MA (Figure 38)
found to be applicable in STED nanoscopy. It was used to label the polymer nano-
particles, whereas the PVA matrix was stained with a water-soluble derivative of
perylenetetracarboxylic acid (PTCA) which has a comparatively large Stokes shift. This
combination of fluorophores allowed using the excitation by different lines of the same
argon laser (458 nm for PTCA and 514 nm for B504-MA). The emission spectra of these
fluorophores overlap considerably. Therefore, efficient depletion using a single STED
beam at 592 nm could be achieved. The nanoparticle sizes and nanofiber thicknesses were

shown to be in good agreement with the values obtained by electron microscopy.
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Figure 38 The STED image (raw data) of polystyrene nanoparticles (labeled with B504-MA, shown red)
immobilized within PVA nanofibers (labeled with PTCA, shown green).™**! Scale bar = 680 nm.

One of the brightest commercially available dyes with a large Stokes shift Chromeo494”
was used together with a carbopyronine dye Atto 647N in a dual color STED microscopy
in order to investigate the dynamics of and epidermal growth factor (EGF) epidermal
growth factor receptor (EGFR) in living cells.** For this purpose, a fused protein
EGFR-SNAP; expressed by HEK?293 cells was labeled with BG-Chromeo494 (a conju-
gate of Chromeo494 with benzyl guanidine). The SNAP:-sequence (polypeptide) also
known as SNAP-tag specifically recognizes the BG conjugates and participates in an effi-
cient Sy2-type reaction resulting in a permanent covalent bond between SNAP; and the
fluorophore. This methodology enables one to obtain the EGFR-SNAPsChromeo494
conjugate. On the other hand, the recombinantly expressed fused protein EGF-CLIPs was
labeled with BC-ATTO647N (conjugate of ATTO647N with benzyl cytosine). Similarly
to SNAP;, CLIP: sequence specifically recognizes BC derivatives. As a result of this re-
action, the labeled exogenous protein EGF-CLIP:-ATTO647N was formed. During incu-
bation of EGFR-SNAPs-Chromeo494 with EGF-CLIP-ATTO647N, EGF specifically

“ Nowadays, a brighter dye with similar optical spectra — Abberior Star 520SXP — is available.
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binds to EGFR. This resulted in the double staining of the EGFR-EGF complex with two

dyes suitable for two-color STED imaging.

Frame 1 Frame5 Frame 15 Frame 22
(t=0min) (t=1min) (t=3min) (t=4.4min)

EGFR-494 EGF-647N
(Green) (Magenta)

Overlay

Figure 39 A time series of 2-color STED images (raw data) of living cells (HEK293) labeled with EGF-
CLIP-ATTOB647N (magenta) and EGFR-SNAP;-Chromeo494 (green).™ Scale bar = 1 pym.

Imaging was performed by sequential excitation of fluorophores with synchronized
pulsed lasers at 532 nm (for Chromeo494) and 640 nm (for ATTO647N) and depletion
with a tunable mode-locked Ti:Sapphire laser at 760 nm. A time series of STED images
(see Figure 39) showed that shortly after EGF stimulation, an endosome-like structure
containing the ATTO674N label began to form. This result was the first example of two-
color live cell STED imaging and showed that STED microscopy has a great potential in

revealing biologically relevant processes in living cells.

Owing to enhanced optical resolution, STED microscopy allows resolution of single
vesicles in cells. Using dual color STED, Dean et al.l**® found that after 15 min treatment
of neurons with glycine (to induce neural activity), a vesicular transport protein synapto-
tagmin IV (syt-1V) was present on vesicles at synapses which are distinct from synaptic
vesicles. At the same time, synaptotagmin | (syt-1) was shown to be localized to synaptic
vesicles. For these experiments, syt-IV or syt-l were labeled with ATTO565, while
synaptophysin (a protein ubiquitous in synaptic vesicles) was stained with the large
Stokes shift dye DY-485XL. Excitation of ATTO565 was achieved with a diode laser at
532 nm. DY-485XL was excited with the 470 nm line from a laser diode source. STED
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beam at 647 nm was used to deplete fluorescence of both dyes. Fluorescence detection for

both dyes was realized in the window 560—600 nm.

In another report,**®! two-color super-resolution STED microscopy was successfully used
to assess the distribution of 1Q motif containing GTPase activating protein (IQGAP1) and
phosphorylated Rho GTPases Racl and Cdc42 as well as the change in their expression
levels upon stimulation of P. aeruginosa cells with N-3-oxo-dodecanoyl-L-homoserine
lactone (30-Ci,-HSL, a signaling molecule). IQGAP1 and Racl/Cdc42 were immuno-
chemically stained with ATTO647N and the large Stokes shift dye Abberior Star
470SXP, respectively. Images were acquired with a commercially available Leica TCS
STED microscope.

Mace et al.l''") revealed, using dual-color STED microscopy, that in natural killer cells
NK92, lytic granules (specialized secretory lysosomes secreted by NK cells for the elimi-
nation of diseased and tumorigenic targets) are closely associated with F-actin and thus
secreted through minimally sized clearances. For imaging, NK cells were fixed, permea-
bilized and stained for F-actin with phalloidin Alexa Fluor 488. The lytic granule compo-
nent perforin was labeled with the large Stokes shift dye Pacific orange which was conju-

gated to the anti-perforin antibody.

In another example, topological mapping of presynaptic proteins with nanoscale resolu-
tion at the calyx of Held" was realized by dual-color STED microscopy.™® Two synaptic
protein components, the vesicular glutamate transporter (VGIuT1) and synapsin were
indirectly labeled with Atto565 and the large Stokes shift dye DY-485XL, respectively,
using standard immunohistochemistry protocols. Excitation was performed with pulsed
laser irradiation at 470 nm (for DY-485XL) and 532 nm (for Atto565). A pulsed STED
laser at 647 nm depleted the fluorescence of both fluorophores. The enhanced resolution
provided by STED microscopy revealed synaptic vesicles lacking synapsin which was
impossible to demonstrate using conventional confocal microscopy (Figure 40).

“ Calyx of Held is a large synapse in the mammalian auditory central nervous system.
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A Synapsin
VGIuT

Figure 40 Dual color STED nanoscopy of synapsin (labeled with DY-485XL, shown red) and VGIuT1
(labeled with Atto565, shown green) distribution in the calyx of Held.™® (A) Schematic diagram depicting
the hypothesized interplay of synapsin and synaptic vesicles (VGIuT1) in a glutamatergic terminal. (B)
Dual-color confocal and (C) STED images of synapsin and VGIUT1 distribution in the calyx. Scale bars =
1 um. (D,E,F) Magnified views of the subregions marked in C in clockwise order of their appearance. Scale
bar = 500 nm.

The lateral resolution provided by STED (~70 nm) was sufficient to discriminate cis- and
trans-Golgi cisternae in a HelLa cell, which are typically separated by at least 200 nm. In
a test experiment on two-color STED imaging, transmembrane protein GPP130, which is
localized to the cis-Golgi network, was labeled with the large Stokes shift dye Star
470SXP, whereas protein p230, which is found in the trans-Golgi network, was stained
with Star 635.1°"1 Another large Stokes shift dye Star 520SXP together with Star 635 was
used in a dual-color STED imaging experiment which allowed the assessment of the
localization of collagen | (an abundant component of the extracellular matrix) within
Golgi ministacks upon treatment with nocodazole and showed that collagen | is retained
at the cis face.'*®! This result led the authors to a conclusion that the flow of collagen
through the Golgi ministack was inhibited.

Dual-color STED microscopy provided morphological evidence for the organization of
anoctamins (voltage sensitive calcium-activated chloride channels) and cyclic nucleotide-

gated (CNG) channels in distinct domains, thus indicating the existence of signaling
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microdomains in cilia of the olfactory sensory neuron (OSN).*?! In addition, the staining
patterns for anoctamins ANO2 and ANOG6 observed in high-resolved STED images sup-
ported the idea that ANO2 and ANOG6 form oligomeric complexes in olfactory cilia.
Large Stokes shift dye V500 (BD Horizon) was used for staining tubulin, whereas anoc-
tamins and CNG channels were immunochemically stained with Oregon Green 488 — a
conventional dye with a small Stokes shift. Images were acquired using two excitation
sources at 458 nm (for V500) and 514 nm (for Oregon Green 488) and one STED laser
(592 nm). V500 and Oregon Green 488 emission was detected at 465—500 and 540—585

nm, respectively.

The large Stokes shift dyes Star 440SXP and Star 520SXP (Abberior) were utilized in
colocalization studies on Norbin (neuron-specific cytosolic protein which interacts with
the metabotropic glutamate receptor) and postsynaptic density protein 95 (PSD-95) in
neurons.*) Neuron spines have a submicrometer size, and therefore all constituting pro-
teins appear as more or less colocalized in a confocal microscope. Using super-resolution
microscopy methods — 3D-SIM and STED, authors showed that Norbin associates with

actin rather than with PSD-95 in dendritic spines.

In a study on the function of the Arfl/COPI protein machinery at cellular lipid droplets
(LDs) in mammalian NRK cells, two-color STED microscopy revealed that f’COP (a
component of COPI machinery) localize to the lipid droplet surface.?? For this study,
B’COP and the LD marker perilipin3 were immunochemically labeled with the large
Stokes shift dye Star 470SXP and the conventional dye ATTO647N, respectively. Images
were acquired in a custom-built microscope with a STED laser tuned to either 760 or
770 nm for the depletion. Two pulsed diode laser lasing at 510 and 640 nm were used for
the excitation of Star 470SXP and ATTO647N. Fluorescence detection was realized at
570—616 nm (for Star 470SXP) and 665—705 nm (for ATTO647N).

Using multiple super-resolution imaging techniques, including two-color gated STED
(gSTED) microscopy, which provided spatial resolution down to ~50 nm, Johnson et
al.l'?*) found that endogeneous TFG protein tightly colocalized with both inner and outer
subuntits of COPII (protein coating a vesicle which transports proteins from the rough
endoplasmatic reticulum to the Golgi apparatus). For immunochemical staining, large
Stokes shift dyes Star 440SXP and DyLight 488 were used together with small Stokes
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shift dyes Alexa Fluor 488, 568 and 647. Imaging was performed using the commercial
Leica TCS STED system.
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2  Main part

2.1 3-Heteroaryl-substituted coumarin dyes

2.1.1 Motivation and key structural elements

Coumarins are unique among other fluorophores with large Stokes shifts caused by
photoinduced ICT. Many coumarins combine moderately high extinction coefficients
(20 000—50 000 and large Stokes shifts with good fluorescence quantum vyields in polar
protic solvents. The synthesis of coumarins has been pioneered long ago beginning with
the work of Perkin*®? published in 1868. Modern catalytic methods involving C-H
activation*® represent one of the recent highlights in this area. Most of these synthetic
methods are simple, rather straightforward, and require available starting materials and a

relatively small number of synthetic steps.

In all coumarin dyes presented in this work, 7-N,N-dialkylaminocoumarin (Aaps max/Aem max
= 380/460 nm in MeOH for 7-N,N-diethylaminocoumarin) was chosen as a starting scaf-
fold for the design of new fluorescent dyes with large Stokes shift. The introduction of a
2,2, A-trimethyl-1,2-dihydropyridine ring provides a small red-shift of 5-10 nm,"*
rigidizes the dye skeleton, improves the photostability and anchors the 7-amino group
preventing the coumarin from transition to a non-emissive TICT state, !¢ 21 2. 351 gnq
thus enhancing the fluorescence QY in polar solvents. The methyl group at the double
bond can be easily modified to introduce various polar groups, such as hydroxyl, sul-
fonate, phosphonate or phosphate. These groups increase the solubility in ag. media and
prevent the fluorophores from aggregation, thus improving the fluorescence QY. At the
same time, they are known to have only a minor effect on the positions of absorption and

emission maxima.

Unlike alkylsulfonic acids, monoalkyl phosphates and alkylphosphonic acids are dibasic
acids. Therefore, upon dissociation they give doubly charged anions which are less prone
to aggregation and non-specific binding than the monocharged sulfonates. Comparison of
pK.' and pK,? values for monoalkyl phosphates vs. alkylphosphonic acids (1.54—1.80 and
6.31-6.84 vs. 2.33-2.741%) and 7.76-8.48,1*#"1 respectively) leads to a conclusion that at
physiological pH of 7.3—7.4 the former compounds are better ionized (and their aggrega-
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tion is suppressed more efficiently). Due to the double negative charge, monoalkyl phos-
phates are resistant to nucleophilic attacks and, in particular, to basic hydrolysis. Taking
into account all these pieces of information we chose the monophosphate ester as a polar
solubilizing unit for the fluorescent dyes presented in this work.

Rl

RZ
R3
= o RL = OH, SO3H, PO(OH),, OPO(OH),
N o0

H\ 281
COOH
Figure 41 Coumarins with the 2,2,4-trimethyl-1,2-dihydropyridine fragment and various polar groups.

The carboxylic acid residue in coumarin 281 (see Figure 41) is required for bioconjuga-
tion. It can be activated by formation of an amino-reactive ester (e.g. an
N-hydroxysuccinimidyl ester), and used in the reaction with biomolecules having free
amino groups (e.g. proteins). The carboxylic group may be attached to the nitrogen via a
linker with variable length. A linker having three CH, groups was found to provide better
hydrolytic stability of N-hydroxysuccinimidyl esters than a shorter linker derived from

propanoic acid.[*'"!

The substituents R? and R® determine the photophysical properties of the coumarin
fluorophore. They can be varied to a great extent. It is known that electron-acceptor
groups at C-3 and/or C-4 of the coumarin fragment facilitate the degree of ICT and
increase “push-pull” effects in the fluorophore. Therefore, these groups determine the
positions of absorption and emission bands, and can shift them towards the red end of the

visible spectrum.
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Figure 42 Model coumarins 282—285 with a variable electron-acceptor group at C-3.
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7-Amino-3-phenylcoumarins have an attractive combination of large Stokes shifts and
acceptable QYs in polar solvents.*? However, their absorption bands are found in the
violet region of the visible spectrum. One can expect that the introduction of a strong
electron-withdrawing substituent on the phenyl ring could provide red-shifts in absorption
and emission bands. Many electron-withdrawing groups are available, and their acceptor
properties were quantified as o-constants in the Hammett equation. In this regard, the
nitro group represents an interesting candidate as it is relatively easy to introduce, and it
has one of the largest values of the s-constant (0.78).%8! Unfortunately, fluorophores
containing the nitro group often display very poor emission efficiency in polar solvents
(probably, due to formation of the non-emissive TICT state). On the other hand, it is
known that many properties of nitrobenzene are similar to those of pyridine. Due to the
larger electronegativity of the nitrogen atom (in comparison to the carbon) and the
inability of the lone electron pair to participate in delocalization, pyridine represents a z-
deficient heterocycle, and 2-pyridyl and 4-pyridyl groups exhibit strong —I and —M ef-
fects. Indeed, an introduction of 2- or 4-pyridyl groups at C-3 of the 7-N,N-dialkylamino-
coumarin scaffold provided a bathochromic shift of ~20 nm (in EtOH) in comparison
with analogous 3-phenyl-substituted coumarins.”*! The pyrazinyl group has an additional
nitrogen atom in the cycle which further increases the n-deficiency. The quinolyl and
isoquinolinyl groups provide an extension of the conjugation chain and can cause further
bathochromic and bathofluoric shifts. We expected that a 4-pyridylethynyl group would
also provide an extension of the conjugation chain and a small —M-effect enhanced by the
neighboring n-deficient pyridine ring. Thus, at the beginning of this work, we decided to
synthesize coumarins 282—285 without phosphate groups (see Figure 42). This would
allow us to evaluate and compare the properties of the said groups, and probably obtain
dyes with large Stokes shifts and good fluorescence QYs. In view of the apparent lack of
photostable and bright fluorescent dyes applicable in two-color STED imaging (only a
few fluorescent dyes were successfully applied in two-color STED: DY-480XL, DY-
485XL, Chromeo 494, Abberior STAR 440SXP), the design of new dyes with large
Stokes shift is particularly important. Moreover, live-cell imaging requires more cell-

permeable dyes for all spectral regions.
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2.1.2 Synthesis of model compounds

The universal coumarin precursor 289 was prepared in five steps starting from commer-
cially available m-aminophenol 286-H (see Scheme 9). First, the phenolic residue in com-
pound 286-H was protected with t-butyldimethylsilyl chloride (TBDMSCI) using the
standard protocol. The protected TBDMS derivative 286-TBDMS was then converted to
2,2,4-trimethyl-1,2-dihydroquinoline 287 using a modified Skraup reaction with acetone
catalyzed by anhydrous Yb(OTf)3.**! The anilinic nitrogen in compound 287 is hindered
by adjacent methyl groups, and its alkylation required relatively harsh conditions. Never-
theless, reaction of ethyl 4-iodobutanoate with 287 in neat DIEA at 110 °C afforded the
ester 288-TBDMS after 48 h in an excellent yield. Next, the hydroxyl group in 288-
TBDMS was deprotected with tetrabutylammonim fluoride in THF, and the resulting
phenol 288-H was then formylated according to Vilsmeier-Haack to furnish the silicic
aldehyde 289.

CHO
/@\ b = c = e =
— — —
HN OR 63% 77N oTBDMS %% T/ oR 84% /SN OH
286-R: 286-H) a 287 K/\COZEt K/\COZEt
0,
286-TBDMS < /0% 288-R: 288-TBDMS 289

d
288-H DL

Scheme 9 Synthesis of the universal precursor 289: a) TBDMSCI, imidazole, DMF, 0 to 55 °C, 2 h; b)
acetone, Yb(OTf)s, r.t., 16 h; c) ethyl 4-iodobutanoate, DIEA, 110 °C, 48 h; d) TBAF-3H,0, THF, 0 °C, 5
min; e) POCl;, DMF, 60 °C, 1.5 h.

In order to obtain the target dyes 282—285 using precursor 289, two synthetic approaches
were employed. According to the first approach, the coumarin ring was formed in the
course of the esterification reaction which involved phenol 289 and a heteroaryl acetic
acid followed by a Knoevenagel condensation (route ¢ in Scheme 10). 2-Pyridylacetic
acid is commercially available. 2-Piperazinylacetic acid 299 was conveniently prepared
by lithiation of 2-methylpiperazine 298 with tBuLi followed by quenching the resulting
lithiated derivative with dry ice. In initial experiments we found out that compound 299
being dissolved in ethyl acetate readily loses carbon dioxide, if the solution is evaporated
at elevated temperatures (>40 °C). To our delight, when all operations were performed at

room temperature or below, the compound 299 could be isolated with a moderate yield.
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This tendency to loose carbon dioxide is even more pronounced in the case of (6-
methylpyrimid-4-yl)acetic acid: in an attempted synthesis according to the same method,
the decarboxylation readily occurred already upon acidification of the reaction mixture

(even at low temperatures).

The second approach employs 3-bromocoumarin 297 and its Pd-catalyzed cross-coupling
reactions with 2-(tributylstannyl)pyridine (route e), boronic ester 301 (route f) or 4-pyri-
dylacetylene (route g). Aryl bromide 297 was obtained from the universal precursor 289
in three steps. First, the coumarin ring was formed in the course of a Wittig reaction of
289 with (ethoxycarbonylmethylene)triphenylphosphorane followed by the cyclization
reaction. In initial trials we tried to brominate compound 290, but along with the desired
aryl bromide, we also obtained substantial amounts of the corresponding allyl bromide.
Therefore, before the bromination, we oxidized the methyl group attached to the C=C
bond into a formyl group using SeO, in dioxane. Final bromination of aldehyde 291
proceeded smoothly and rapidly in acetic acid at room temperature and afforded the

required bromocoumarin 297 in a high yield.
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Scheme 10 Synthesis of the model 3-substituted coumarins 282, 284 and 285: a) (ethoxycarbonyl-
methylene)triphenylphosphorane, xylene, 140 °C, 3 h; b) SeO,, dioxane, reflux, 2 h; ¢) heteroarylacetic
acid, EDC-HCI, NEt;, DMAP, CH,CI,/DMF, 30 °C, 20 h; d) Br,, AcOH, r.t, 15 min; e)
2-(tributylstannyl)pyridine, Pd(PPhs),, dioxane, 110 °C, overnight; f) 301, Pd(PPhs)s;, 2 M aq. Na,COs,
toluene, 110 °C, overnight; g) 4-ethynylpyridine, Pd,(dba)s, P(tBu)s, Cul, NEt;, THF, r.t., 8 h; h) Mel,
MeCN, 70 °C, overnight; i) NaBH,, CeCl;, THF/MeOH, 0 °C, 15 min; k) LDA, THF, -78 °C, 1 h; then
CO,, -78 °C — r.t., overnight; 1) tBuLi, THF, -78 °C, 20 min; then B(QiPr)s, -78 °C — r.t., overnight; then
AcOH, pinacol, r.t., 2 h.

Having coumarin 297 at hand, we tried to perform Stille, Suzuki and Sonogashira reac-
tions and obtain compounds 294-296 with 2-pyridyl, 7-isoquinolinyl and (4-
pyridyl)ethynyl groups, respectively. The Stille and Suzuki coupling reactions employed
Pd(PPhs), as a catalyst and proceeded in a clean fashion, although the preparative yields
did not exceed 56%. In contrast, a Sonogashira reaction in the presence of Pd(PPhs), and
Cul did not occur at all. When Pd(dba); and P(tBu); were used to form a more active Pd-
catalyst in the reaction mixture, a very low conversion of 297 was observed, even when
the whole amount of alkyne was consumed. Only with a two-fold excess of 4-
ethynylpyridine which was added to the reaction mixture in four portions over an eight-
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hour interval, we obtained a modest yield (27%) of 296 and observed a 33% conversion
of the starting material 297. Pinacol boronate 301 was prepared from 6-bromoisoquino-
line 300 in the course of a lithium-halogen exchange followed by a reaction of the
resulting organolithium compound with B(QOiPr)z, and a transesterification of the inter-
mediate diisopropyl boronate with pinacol in the presence of acetic acid. 4-Ethynylpyri-

dine was kindly provided by Dr. S. Nizamov.

Reduction of conjugated aldehydes 294—296 to the corresponding allylic alcohols can be
complicated by 1,4-reduction. In order to minimize the amount of undesired products
resulting from 1,4-reduction, we utilized Luche’s reduction procedure.*¥ According to
it, NaBHj, in the presence of CeCls reduced compounds 294—296 in the 1,2-fashion and
afforded model coumarins 282,284 and 285.

2.1.3 Spectral properties of model coumarin dyes

Table 9 presents the most important photophysical properties of compounds 282, 284,
285 and 293. Thus, coumarin 293 with a pyrazinyl group at C-3 has the absorption maxi-
mum at 451 nm, when dissolved in CH,Cl, or MeOH. Upon excitation, it emits green
light with the maximum at 506 (in CH,Cl;) or 535 nm (in MeOH). The observed batho-
fluoric shift of 29 nm upon transition from CH,Cl, to MeOH corresponds to the general
trend exhibited by many other coumarin dyes./?*® This behavior is attributed to a better
stabilization of the excited state S; by a more polar solvent. The red-shift of the fluores-
cence maximum is also accompanied by a significant decrease of fluorescence quantum
yield from 0.78 in CH,CI, to 0.08 in MeOH. One possible explanation of this phenome-
non could be a photoinduced electron transfer (PET) accelerated in polar MeOH. In the
course of this process, in the excited state S;, an electron from one of the lone pairs of the
pyrazine moiety fills the vacant place in the half-occupied HOMO of the fluorophore, and
thus makes the emission impossible. This kind of electron transfer can take place only if
the molecular orbital, which contains the lone pair electrons, has a higher energy than the
HOMO of the fluorophore in the ground state. A comparison of the calculated energies
for the highest-energy orbital, which is occupied by the electron lone-pair, in nitrogen
heterocycles gave the following values for pyrazine and pyridine: —10.25 eV and —9.93
eV, respectively (by AM1 method).™*! These values were also in accordance with experi-

mental pKa-values (0.4 and 5.2),1** and revealed that a PET from the nitrogen atom in
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the pyridine moiety should proceed more readily. In contrast to this conclusion, coumarin
282 with a 2-pyridyl fragment shows no sign of emission quenching and displays a high
fluorescence QY in MeOH. Another explanation of the fluorescence quenching might be
formation of a hydrogen bond between the lone electron pairs of the 2-pyrazinyl moiety
in 293 in the excited state S; and a molecule of MeOH. This phenomenon may create an
additional non-radiative decay path for compound 293. If this explanation were true, it is
still unclear why the same interaction does not lead to the fluorescence quenching in the
case of compound 282.

The positions of absorption and emission maxima for compound 282 were found to be
close to those of the analogous dye 56 possessing the julolidine fragment.”* The transi-
tion from a 2-pyridyl to a 7-isoquinolinyl substituent (compound 284) did not influence
the shape and the position of the long-wavelength absorption maximum, but provided a
small bathofluoric shift of 13 nm, thus increasing the observed Stokes shift from 67 to 80
nm. Coumarin 285 with a (4-pyridyl)ethynyl substituent at C-3 had the most red-shifted
absorption maximum in this series, but its value of Stokes shift (54 nm) turned out to be
rather low: the emission maximum was centered at 511 nm. All coumarins 282, 284—285
displayed high fluorescence QYs in MeOH in the range of 0.62—0.72. Due to these attrac-
tive spectral properties model coumarins 282, 284-285 were chosen for further develop-

ment (phosphorylation).

Table 9 Spectral properties of model coumarins 282, 284, 285, 293 and phosphorylated coumarin 43 in
various solvents.

Compound  Awmsmao MM & M -cm ™ Jemmao M AL, Nm &y Solvent

282 431 32000 498 67 0.67 MeOH
284 431 41100 511 80 0.72  MeOH
285 457 44200 511 54 0.62 MeOH
293 451 39200 506 55 0.74  CHJClI;
293 451 39600 535 84 0.08 MeOH

308 432 20400 512 80 081 PBS74




89

2.1.4 Synthesis of water-soluble coumarins with a phosphate
group

For the synthesis of 3-heteroaryl-substituted coumarins with a phosphorylated CH,OH
group we used the route presented in Scheme 11. Aldehyde 297 with the bromine sub-
stituent at C-3 was reduced using Luche’s reduction method.™*! According to the known
procedure,**¥ alcohol 302 readily reacted with di-tert-butyl N,N-diiso-
propylphosphoramidite in the presence of 1H-tetrazole and gave the intermediate phos-
phite which was not isolated and directly oxidized in the reaction mixture with mCPBA

providing the phosphate 303 in a high preparative yield (87% in two synthetic steps).

At this point, we tried to improve the synthetic yield of the cross-coupling reactions of
bromide 303 in comparison with the analogous reactions of 297 (see section 2.1.2) and, at
the same time, to reduce the possibility of any side reactions at high temperatures. For
this purpose, we attempted a cross-coupling reaction of coumarin 303 with 2-(tribu-
tylstannyl)pyridine at room temperature in the presence of a highly active Pd catalyst
prepared in situ from Pd(OAc), and P(tBu)s. Unfortunately, at room temperature, this
reaction did not proceed at all. At 110 °C, the starting bromide 303 had disappeared
completely in the reaction mixture after 2 h. However, the coupling product — coumarin

304 with the 3-(2-pyridyl) substituent — was isolated with an only moderate yield of 56%.

HO b: 87% (303) OPO(OtBuU), OPO(OtBU),
_ R 88% (304 .
ag7 & 9% 302~ N 82% (305) - N c
50%

N oo N 00 N o)

K/\COZEt I\/\COZEt K/\COZH
302 (R =Br) 303 (R = Br

- ; 1 560 ( ) 306

282 (R = Z-pyl’l(_jyl? d: 56% C304 (R = 2-pyridyl)
285 (R = [4-pyridyljethynyl) 305 (R = [4-pyridyljethynyly 93%l e

OPO(OtBU),

N oH O
I\/\COZH

307

Scheme 11 Synthesis of water-soluble coumarins with a primary phosphate group: a) NaBH,, CeCls,
THF/MeOH, 0 °C, 15 min; b) iPr,NP(OtBu),, 1H-tetrazole, CH,Cl,, 40 °C, 1 h; then mCPBA, 0 °C, 15
min; ¢) ag. NaOH, THF/MeOH, r.t., overnight; d) 2-(tributylstannyl)pyridine, Pd(OAc),, P(tBu)s, toluene,
110 °C, 2 h; €) TFA, CH,Cl,, r.t., 1 h.



90

The same phosphorylation proceduret*®®! was applied to coumarins 282 and 285 and
provided phosphates 304 and 305 in good yields of 88 and 82%, respectively. Com-
pounds 304 and 305 already have all the functionalities required for the new 3-heteroaryl-
coumarin dyes. The carboxylic acid and phosphate groups are orthogonally protected as
ethyl and tert-butyl esters, respectively. They should be removed in the next synthetic
steps. Isolation and handling of free phoshates involves aqueous solutions and reverse-
phase chromatography. Thus, we decided to cleave the ethyl ester function first. Saponifi-
cation of ester 304 afforded carboxylic acid 306 with a rather moderate yield of 50%. A
possible side reaction, which may decrease the yield of the desired product, could involve
the opening of the coumarin ring followed by the formation of a salt of cis-coumarinic
acid. This process is known to be reversible, and the cyclization to the starting coumarin
takes place upon acidification. However, under prolonged action of a base, the cis-cou-
marinate isomerizes to the trans-isomer which cannot cyclize back to the starting couma-
rin upon acidification.!*® Both tert-butyl groups in compound 306 were easily removed
upon treatment with trifluoroacetic acid, and the target dye 308 was isolated in an excel-
lent yield.

Unexpectedly, all attempts to saponify the ester function in coumarin 305 having a (4-
pyridyl)ethynyl substituent did not result in the required product. After addition of 1 M
NaOH to a solution of ester 305 in a THF/MeOH mixture, the reaction mixture imme-
diately changed its color from yellow-green (characteristic for coumarins 282, 284285,
304 and 305) to dark-red. Thin-layer chromatography showed the presence of a red-
colored and weakly fluorescent compound as a main product. Although this product was
not isolated, we suspect that the basic hydrolysis led to the opening of the coumarin ring,
and the resulting carboxylate anion attacked the triple bond which is activated towards a
nucleophilic addition by the presence of the neighboring pyridine ring. If this is true, then
compound 307 with a five-membered lactone ring and an extended m-conjugated system

was formed, and this can explain the appearance of the intense red color.

2.1.5 Spectral properties and imaging performance of
coumarin 308

As expected, the phosphate residue in compound 308 provided solubility in aqueous PBS

buffer (pH 7.4) and a large fluorescence quantum yield. Upon dissociation of the phos-
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phate group, dye molecules gain negative charges. Due to electrostatic repulsion, the
resulting anions are much less prone to aggregation which is believed to be responsible
for the reduced fluorescence quantum yields observed for the hydrophobic dyes in polar
solvents.**? In coumarin 308, the introduction of the phosphate group and the transition
from MeOH to the aqueous buffer did not change the position of the absorption maximum
(see Table 9). However, the value of molar absorptivity became somewhat smaller in
comparison to the parent dye 282. The position of the fluorescence maximum of phos-
phorylated coumarin 308 shifted towards longer wavelengths by 14 nm and resulted in a

larger Stokes shift of 80 nm.

To prepare bioconjugates for immunochemical staining, the dye must be attached to an
antibody or another target molecule by means of a strong covalent bond. This bond must
be stable enough and withstand such operations as chromatography, washing, permea-
bilization, fixation and mounting (in the case of immunochemical staining). In this
respect, a peptide bond between the carboxylic group of the dye and a primary amino
group represents a viable option. If we consider the labeling of antibodies, modification
of lysine residues, due to their relatively high abundance in mammalian proteins, may
provide high degrees of labeling and improve the fluorescence signal. For the formation
of a peptide bond in aqueous medium, the carboxylic group of any dye (and coumarin
308) must be converted to an active ester, such as N-hydroxysuccinimidyl,
4-sulfotetrafluorophenyl, tetrafluorophenyl or sulfodichlorophenyl ester, or to a carbonyl
azide.®! N-Hydroxysuccinimidyl esters provide a good balance between the reactivity
towards amines and hydrolytic stability under basic conditions (pH > 7-8). Under these
conditions the aliphatic amines cannot be protonated, and therefore, they readily undergo

acylation.

The N-hydroxysuccinimidyl ester 309 was prepared from N-hydroxysuccinimide and
coumarin 308 which was activated with HATU in the presence of NEt; (Scheme 12). In
order to reach complete conversion of the starting dye, the long reaction time (16 h) and
large excesses of N-hydroxysuccinimide, HATU and NEt; were used. However, the
overall reaction was not clean, and the preparative yield of 309 was only modest (42%).

This result may be explained with competitive esterification of the phosphate group.™®
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Scheme 12 Synthesis of NHS-ester 309: a) N-hydroxysuccinimide, HATU, Et;N, DMF, r.t., 16 h.

The performance of the phosphorylated coumarin 308 in optical microscopy is illustrated
in Figure 43. This figure shows the images of microtubules immunolabeled with dye 308
bound to secondary antibodies. Pictures in Figure 43 represent confocal and STED
images obtained in a fluorescence microscope. The superresolution STED image was
acquired using a 405 nm laser as the excitation source, the STED beam applied at 590 hm
and the detection window between 510 and 560 nm. Under these conditions, the new dye
provided an optical resolution of ca. 50 nm. Owing to its large Stokes shift (80 nm) and
the emission band which overlaps with the emission of dyes Alexa Fluor 488 and Oregon
Green (with small Stokes shifts), phosphorylated coumarin 308 can be successfully
employed in multicolor STED experiments. Similar dyes were already used in single-
color STED microscopy and showed sub-diffractional optical resolution of approximately
70 nm.*"1 For realizing a two-color STED imaging using one of these dyes and coumarin
308, it is sufficient to add to the optical setup a second laser for the excitation (at 488 nm)

of Alexa Fluor 488 or Oregon Green dyes.
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Confocal

Figure 43 Confocal and STED microscopy images of microtubules stained with coumarin 308. The
mammalian cell was fixed and immunolabeled with a primary and secondary antibody (the latter was conju-
gated with compound 308). Excitation at 405 nm; detection at 510—560 nm; STED at 590 nm (STED power
ca. 84 mW at the back focal plane).

2.1.6 Conclusion and outlook

New coumarins with 3-heteroaryl and a 3-(4-pyridyl)ethynyl groups have been prepared
from the universal precursor 289 using two different synthetic routes. These approaches
enabled us to shift the absorption and emission maxima of new compounds towards the
red spectral region. Thus, synthesized compounds 282, 284-285, 293 and 308 have
absorption and emission maxima in the ranges of 431-457 nm and 498-535 nm, respec-
tively. Coumarin 293 with 3-(2-piperidyl)-group had a low emission efficiency in MeOH,
whereas compounds 282, 284—285 and 308 provided good fluorescence QYs and large
Stokes shifts. The presence of the primary phosphate group in coumarin 308 provided
good solubility and a high fluorescence QY in aqueous media. The confocal and super-
resolution images of microtubules stained with compound 308 demonstrated good signal-
to-noise ratio and very good optical resolution (~50 nm under STED conditions). Detec-
tion and co-localization of various biological objects can be achieved with dye 308 and a
conventional “green” dye with small Stokes shift (for example, Oregon Green 488), using
one detection channel and two excitation sources (405 and 488 nm lasers, respectively).
Compounds 284-285 also “deserve” further improvement by the introduction of polar
groups, which is expected to increase their solubility in aqueous media, fluorescence QY's

and brightness in optical microscopy.
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2.2 3-Pyridiniumcoumarins

2.2.1 Motivation and key structural elements

As a rule, the neutral electron-withdrawing groups attached to C-3 and/or C-4 of the
7-aminocoumarin fluorophore do not shift the absorption maximum of the dye further
than 450 nm.” Compounds 310 and 311 (Abberior Star 470SXP)“ (Figure 44) possess
the substituent at C-3 which has a betaine structure with the positively charged nitrogen
atom; they absorb in the green region of the visible spectrum with a maximum at about
520 nm. The large bathochromic shift may be explained by strong —I- and —M-effects (for
4-N-methylpyridinium group ¢ = 2.57%% in the Hammett equation) of the quaternized
pyridine ring which is in a direct polar conjugation with the amino group at C-7. As a
result, this group facilitates the ICT from the 7-amino group shifting the absorption and

emission bands towards the red region of the visible spectrum.

310 (R = SO3H)
311 (R = OPO(OH)y)

Figure 44 Coumarins 310 and 311.

Despite the attractive spectral properties, coumarins 310 and 311 have very low fluores-
cence QYs in polar solvents. The presence of the tetrafluorocyclopentadienone fragment
which can rotate around the C-N bond, thus creating an additional pathway for a non-
radiative deactivation of the excited state S;, might be responsible for poor emission effi-
ciencies. Commercially available dyes DY-480XL, DY-481XL, DY-485XL, DY-510XL,
DY-511XL, DY-520XL, DY-521XL possess a quaternized pyridine ring, attached to the

3-position of the coumarin via a trans-double bond. These dyes have spectral properties

“ A notable exception is the combination of a CFs-group at C-4 and an (hetero)arylvinyl group at C-3
which is known to produce large bathochromic and bathofluoric shifts.
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similar to those of 310 and 311, and their QYs have not been disclosed. The other dyes
with large Stokes Shift, ATTO 490LS and Chromeo 494, also absorb in the yellow
region, but their structures are unknown. Therefore, a direct comparison of their struc-
tures and properties with those of compounds 310, 311 and Dyomics dyes is very diffi-

cult.

It is known that the boron-fluorine complexes with N,N- or N,O-bidentate ligands, such
as boron-dipyrromethenes (BODIPYs),l’ boron 2-(2-pyridyl)imidazoles (BOPIMs),®*
and complexes with (2-quinolin-2-yl)phenol,'***! are often fluorescent. Despite the
presence of nitrogen atoms with partial positive charges, some of these compounds dis-
play high fluorescence QY even in polar solvents. Taking into account these regularities,
we decided to prepare new coumarin dyes with a quaternized pyridine ring which consti-
tutes a part of a BF, complex. For example, coumarin 312 contains a 2-(2-hydroxy-
phenyl)pyridine fragment as a chelating ligand. This compound is structurally similar to
the strongly fluorescent BF, complexes with the (2-quinolin-2-yl)phenol ligand.**! The
fragment attached to C-3 in compound 313 resembles the BOPIM complexes and has a 2-
(2-pyrrolyl)pyridine moiety which chelates the BF, fragment. We also used the oppor-
tunity to link the nitrogen atoms of pyridine and pyrrole rings in the 2-(2-pyr-
rolyl)pyridine fragment via two methylene groups. This leads to a rigid heterocyclical

system with the quaternized pyridine ring 314.

OPO(OH),

_!_:\ _/F F +
SN N0 4 }37': = N/\
= X = ~N- | N
— R Z e ! N RN
R= N 00 R N\ \/
COOH 312 313

314

Figure 45 Phosphorylated coumarins with a pyridinium group at C-3.

2.2.2 Synthesis

The preparation of the lipophilic dye 319 and an attempt to synthesize its phosphorylated
analog 312 are given in Scheme 13. Analogously to 3-heteroarylcoumarins, building
block 317 was prepared by esterification of salicylic aldehyde 289 with 4-(2-
bromopyridyl)acetic acid activated by DCC, and a subsequent Knoevenagel condensa-
tion. Similarly to compound 299, heteroaryl acetic acid 316 was prepared from 2-bromo-
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4-picoline 315. At this step, in order to evaluate spectral properties and stability of the
corresponding coumarin-BF, complex in polar protic solvents, we decided to prepare
model compound 319 without the phosphate group. For this purpose, bromopyridyl-
coumarin 317 was subjected to a Suzuki reaction with 2-hydroxyphenylboronic acid to
give coumarin 318 which contains the N,O-bidentate ligand. A chelation of BF3-Et,0O by
compound 318 readily occurred in toluene in the presence of NEt; and afforded couma-
rin-BF, complex 319 in a good yield. When dissolved in MeOH, this compound did not
decompose upon prolonged standing, and therefore we decided to prepare the water-
soluble analog 312. A detailed discussion and comparison of the spectral properties of

coumarins 317—319 is given below in Section 2.2.3.

H
_ CHO COOH

a
N OH | A - N
K/\ _ 80% |
CO,Et N™ ~Br N7 Br
315 316

g- 43%
(322-H,Boc Ety
—_—

322-R1R2R3

h ( 322'H,BOC,Et
4%\ 322-0PO(OtBU), BoC Et

322-OPO(OtBU),,H,Et 312

Scheme 13 Synthesis of phosphorylated coumarin 312: a) LDA, THF, =78 °C, 1 h; then CO,, —78 °C — r.t.,
overnight; b) 316, DCC, NEt;, DMAP, CH,CIl,/DMF, 30 °C, 20 h; ¢) 2-hydroxyphenylboronic acid,
Pd(PPhs),, toluene, ag. Na,COs, 120 °C, overnight d) BFs-Et,0, NEts, toluene, r.t., overnight; ) SeO,,
dioxane, reflux, 3 h; f) NaBH,, CeCls, THF/MeOH, 0 °C, 5 min; g) 323, Pd(PPhs),, toluene, aq. Na,COs,



97

120 °C, overnight; h) iPr,NP(OtBu),, 1H-tetrazole, CH,Cl,, 40 °C, 1 h; then mCPBA, 0 °C, 15 min; i) aq.
NaOH, THF, water, r.t., overnight; then TFA, CH,CI,, r.t., 1 h; then BF3-Et,0, NEt;, THF, r.t., 40 min.

For the synthesis of coumarin 312 — a phosphorylated analog of compound 319 — the
allylic methyl group of bromopyridyl coumarin 317 was subjected to the same series of
oxidation and reduction reactions as in the case of 3-heteroarylcoumarins in order to
obtain alcohol 321 (Scheme 13). The phosphorylation according to the phosphoramidite
method provided bromopyridylcoumarin 324 with a phosphate group. Unfortunately,
attempted Suzuki reactions of 324 with 2-hydroxyphenylboronic acid failed to afford the
desired compound 322-OPO(OtBu),H,Et, even though a number of various catalysts and
ligands were tested. In contrast, a Suzuki reaction of coumarin 321 with O-tert-
butoxycarbonyl-protected pinacol ester 323 proceeded well and gave compound 322-
H,Boc,Et in a moderate yield. The presence of a tert-butoxycarbonyl group, which masks
the phenolic hydroxyl group, is important in the next step, in which a phosphate group is
going to be attached to the allylic hydroxyl group using the protocol described above. The
resulting compound 322-OPO(OtBu),,Boc,Et was subjected to a series of deprotection
and complexation reactions in a one-pot fashion. First, the ethyl ester group was cleaved
by basic hydrolysis. Then the tert-butyl groups on the phosphate function and the tert-
butoxycarbonyl group attached to the aromatic hydroxyl were removed with TFA.
Finally, upon exposure to BF3-Et,0O in the presence of NEts, compound 312 was formed.
However, due to instability on SiO, or RP-SiO,, all attempts to isolate compound 312 in a

pure form failed.
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Scheme 14 Failed synthesis of coumarin-BF, complex 327: a) 326, Pd(PPhs),, toluene, ag. Na,CO;, 120 °C,
overnight, then 150 °C, 30 min; b) BFs-Et,0, NEt;, THF, r.t., overnight.

An attempted synthesis of the model coumarin 327 with a BF, residue bound to the N,N-
bidentate 2-(2-pyrrolyl)pyridine ligand is presented in Scheme 14. The pyrrolyl residue
was introduced to bromopyridylcoumarin 317 by a Suzuki reaction with the commercially
available N-tert-butoxycarbonyl protected 2-pyrrolylboronic acid 326. The pyrolysis of
the reaction mixture at 150 °C cleaved the tert-butoxycarbonyl-protecting group and
provided coumarin 325 in good yield. The reaction of 325 with BF3-Et,O in THF in the
presence of NEt; yielded a red fluorescent solution. However, upon quenching the reac-
tion mixture with MeOH or H,0, the fluorescent product (complex 327) decomposed and
left the yellow-colored starting material 325. Thus, coumarin 327 turned out to be even

less stable than coumarin 312.

Then we studied the feasibility of the preparation of the lipophilic analog of the dye 314.
The straightforward synthetic route involves a reaction of compound 325 with dibromo-
ethane (Scheme 15). To our sursprise, the only fluorescent product observed in this reac-
tion mixture was the dehydrogenated compound 328. However, the preparative yield was
very low, even when prolonged reaction times, elevated temperatures and saturation of
the reaction mixture with air were applied. Due to the interesting and promising spectral
properties of compound 328 (see Section 2.2.3 for further details), we decided to develop
a more efficient synthetic route. For that, we tried to condense compound 325 with
chloroacetaldehyde diethyl acetal. Under the known conditions,**? the reaction did not

proceed at all after heating for 2 h at 100 °C. However, when an excess of this acetal and
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a stoichiometric amount of Nal were added, the starting material 325 was completely
consumed after 2 days at 100 °C. Notably, the product of this transformation — compound
329 — did not readily undergo dehydration to 330 when exposed to acid. This behavior
may be attributed to the inability of this rigid polycyclic system to adopt the antiperi-
planar conformation in the transition state of the elimination reaction. The phosphoryla-
tion reaction transformed both hydroxyl groups present in compound 329 into the
corresponding phosphates. As a result, the hydroxyl belonging to the hemiaminal frag-
ment was converted to a good leaving group and readily eliminated during the isolation
procedure. Thus, coumarin 330 with the pyrido[1,2-a]pyrrolo[2,1-c]pyrazinium moiety at
C-3 was obtained. However, the final deprotection step failed to give compound 331.

Probably, the attack of the hydroxide ion on the double bond prone to undergo nucleo-

philic addition triggered the decomposition reaction.

K/\COZEt

325

b|67%
OH

Scheme 15 Synthesis of coumarins with a pyrido[1,2-a]pyrrolo[2,1-c]pyrazinium substituent: a)
BrCH,CH,Br, 130 °C, 3 days; b) CICH,CH(OELt),, Nal, DMF, 100 °C, 5 h; c) iPr,NP(OtBu),, 1H-tetrazole,
CH,CI,, 40 °C, 1 h; then mCPBA, 0 °C, 15 min; d) ag. NaOH, THF, water, r.t., overnight; then TFA,
CH.Cl,, r.t., 1 h.

2.2.3 Spectral properties

Spectral properties of synthesized compounds 317-319, 325, 328 were measured in
MeOH and are presented in Table 10. Introduction of the bromine atom to the pyridine
ring in coumarin 317 caused bathochromic and bathofluoric shifts of 14 and 4 nm, respec-
tively, in comparison with the parent coumarin 282. Interestingly, the presence of the
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bromine atom, which usually quenches the emission by increasing the rate of intersystem

crossing,* did not have any effect on the fluorescence QY of 317.

2-(2’-Hydroxyphenyl)pyridine is known to undergo an ESIPT process upon excita-
tion.? In the case of coumarin 318, which has the 2-(2’-hydroxyphenyl)pyridyl moiety,
ESIPT may also be responsible for the low fluorescence QY in MeOH. Upon excitation,
the excited state S; of the “normal” (enol)-tautomer is formed initially. Afterwards, due to
the increased basicity of the pyridinic nitrogen and acidity of the phenolic hydroxyl, a
very fast proton transfer takes place within the molecule resulting in the formation of the
non-emissive keto-tautomer 318K (see Figure 46) in the excited state S;’. A small frac-
tion of molecules that did not undergo ESIPT gives rise to a very weak fluorescence with

a “normal” (typical for coumarin dyes) Stokes shift of 66 nm.

Figure 46 Keto-tautomer 318K of coumarin 318 formed due to ESIPT from the phenolic hydroxyl to the
pyridine nitrogen.

Coordination of the BF, moiety with 2-(2-hydroxyphenyl)pyridyl fragment in coumarin
318 completely suppresses the ESIPT. As a result, emission efficiency of the complex
319 significantly increases in comparison to the parent compound 318. Moreover, the
partial positive charge on the pyridinic nitrogen facilitates the ICT in coumarin 319 and
leads to large bathochromic and bathofluoric shifts (26 and 53 nm relative to compound
318).

The unfavorable geometry and the lower acidity of the pyrrole ring in the 2-(2’-pyr-
rolyl)pyridyl fragment of compound 325 apparently makes the ESIPT impossible. As a
consequence, this compound shows only one emission band with a maximum at 505 nm
with a “normal” Stokes shift of 73 nm and a good fluorescence QY in MeOH. The
presence of the pyrrole ring does not influence the positions of absorption and fluores-

cence maxima, when compared to 3-(2-pyridyl)coumarin 282.
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Among all compounds presented in this section, coumarin 328 with the polycyclic and
rigid pyrido[1,2-a]pyrrolo[2,1-c]pyrazinium substituent displays the most red-shifted
absorption and emission maxima. In addition, this compound features a large Stokes shift
of 98 nm and a high value of the fluorescence QY in MeOH. These attractive spectral
properties make this fluorophore particularly interesting for further developments (e.g.

decoration with polar groups and amino-reactive residues).

Table 10 Spectral properties of 3-pyridiniumcoumarins and their precursors in MeOH.

Compound Aabs,max, NM e MT.ecm? Aemmax, MM AA, nm by
317 445 38400 515 70 0.72
318 440 40000 506 66 0.005
319 466 32400 559 93 0.38
325 432 33650 505 73 0.50
328 489 n/d 587 98 0.56

2.2.4 Conclusion and outlook

The new coumarins 319 and 328 with a positively charged 4-pyridinium fragment
attached to C-3 have been prepared from the universal precursor 289. Both compounds
exhibited absorption maxima beyond 450 nm and emitted light in the green-yellow spec-
tral region with large Stokes shifts. Phoshorylated analog of 319 apparently had a poor
hydrolytic stability, and could not be isolated in pure form. Absorption and emission
maxima of coumarin 328 are close to those of commercial dyes Chromeo 494, DY-
480XL, DY-485XL, DyLight 485-LS and Abberior Star 470SXP. Therefore, it is particu-
larly interesting to develop a synthetic approach to a water-soluble analog of 328 and
evaluate its performance in optical microscopy in comparison with commercially

available dyes.
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2.3 Synthesis of pyrido- and isoquinolino-fused
coumarin dyes

2.3.1 Motivation and key structural elements

Coumarin dyes are known to have moderate photostabilities in aqueous media. For
example, the average numbers of the excitation cycles before bleaching (1) for coumarins
was found to be approximately 2 to 3 orders of magnitude smaller than the corresponding
values for rhodamine dyes.* This poorer photostability can be explained by a generally
higher chemical reactivity of the coumarin fluorophore towards Michael addition of
nucleophiles and a larger triplet quantum yield in comparison with rhodamines. Due to its
comparatively long lifetime, the formation of the lowest triplet state is believed to be the
main bleaching pathway. Moreover, the high irradiation intensities applied in confocal
and super-resolution (STED) microscopies, can give rise to multiphoton absorption. As a
result, various photochemical reactions from the higher excited states S, may form addi-
tional photobleaching channels which cause further deterioration of the fluorophore in the

sample of interest.

For coumarins without substituents at C-3 and C-4, a photodimerization reaction may
represent a prevailing photodegradation mechanism.™*!! In the case of 7-N,N-diethyl-
amino-4-methylcoumarin two main photobleaching paths were identified: (1) dealkyla-
tion of the 7-diethylamino group with formation of 7-monoethylamino- and 7-aminocou-
marins and (2) oxidation of the methyl group at C-4 to carboxylic acid via intermediate
formation of 4-hydroxymethylene- and 4-formyl derivatives.*! The formation of oxida-
tion products during irradiation often involves “self-sensitized” oxidation processes.
According to this mechanism, a transfer of the excitation energy between a dye molecule
in the triplet state T, and triplet oxygen occurs initially. Afterwards, the resulting singlet

oxygen oxidizes the dye in the ground state So.*®!
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Figure 47 Phosphorylated pyrido- and isoquinolino-fused coumarins 332 and 333 and corresponding
mesomeric structures showing the participation of the pyridin and isoquinoline moieties in delocalization of
the lone electron pair on the nitrogen atom of the 7-amino group.

Benzo[c]coumarins do not have a reactive double bond conjugated with the carbonyl
group of coumarin and, therefore, cannot undergo photodimerization. Fusion with an
additional benzene ring results in bathochromic and bathofluoric shifts in comparison
with the corresponding 3,4-unsubstituted analogs.”**”! Taking into account these attractive
features of benzo[c]-fused coumarins, we decided to prepare pyrido[3,4-c]-fused couma-
rin 332 and isoquinolino[3,4-f]-fused coumarin 333 (Figure 47). Similarly to the fused
benzene fragment in benzo[c]coumarins, pyridine and isoquinoline moieties in dyes 332
and 333 provide planar and rigid molecular frameworks and protect “critical” positions
susceptible to (photo)oxidation and photodimerization. Furthermore, due to the negative
mesomeric effect, they could participate in delocalization of the lone electron pair of the
amino group at C-7 to the pyridine or isoquinoline nitrogen. This delocalization facilitates
ICT in the excited state and provides large shifts of absorption and emission spectra

towards the red region of the visible spectrum.

2.3.2 Synthesis of model hydrophilic compounds

A route to the model compound 343-OH without the phosphate group is given in Scheme
16. Similarly to the syntheses of 3-substituted coumarins described in Sections 2.1 and
2.2, we started to assemble the pyrido- and isoquinolino-fused coumarins with the
preparation of the universal precursor 336. The latter was prepared in two steps with a

high overall yield starting from the commercially available 4-bromo-3-methoxyaniline
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334. The chemical transformations described earlier (see Section 2.1.2) afforded com-
pound 336. It represents an aryl bromide which can be used in cross-coupling reactions
with an organometallic derivative of the nicotinic acid with a leaving group at C-4 (as in
compound 341). After unmasking the phenolic group at C-7, the resulting intermediate is
expected to form the desired pyridocoumarin. However, the required organometallic
compounds, which can serve as coupling partners for the synthesis of pyridocoumarins,
are predominantly unknown, probably due to their instability (we found only one
example™*®)). All attempts to prepare the trimethylstannyl-substituted nicotinic acid ester
341 failed. Therefore, we decided to synthesize an organometallic derivative from the
precursor 336 and couple it with halonicotinic acid derivatives, many of which are
commercially available. To our regret, all Pd-catalyzed borylation and stannylation reac-
tions yielded only the product of debromination 337.

The traditional method for the preparation of boronic esters involves the trapping of an
aryllithium reagent with a borate ester. In this respect, compound 336 is incompatible
with this method due to the presence of the ester group. Therefore, we reduced ester 336
with LiAIH, and obtained alcohol 339-H in an excellent yield. Later, in the final steps of
the synthesis, the hydroxyl group could be easily converted to the amino-reactive N-
hydroxysuccinimidyl carbonate and used for bioconjugation. For the reaction with tBuL.i,
the hydroxyl group in compound 339-H was protected and used as a tetrahydropyranyl
derivative. The intermediate bromide 339-THP was subjected to lithium-bromine
exchange, and the organolithium compound was then quenched with triisopropyl borate.
Direct transesterification in the reaction mixture using pinacol in the presence of acetic
acid afforded boronate ester 338. The folllowing Suzuki cross-coupling between 338 and
commercially available 2-chloro-4-iodonicotinic acid proceeded smoothly and gave the
biaryl 342-THP in good yield. The methoxy and tetrahydropyranyl groups in compound
342-THP, in principle, could be removed in one synthetic step using two equivalents of
BBr3;. However, initial experiments showed that even a large excess of BBr3 cleaved only
the tetrahydropyranyl group and left the methoxy group intact. To overcome this problem,
we replaced the THP group with the acetate protective group using the known one-pot
procedure.**! After that, acetate 342-Ac was subjected to a reaction with BBrs. Unfortu-
nately, the demethylation turned out to be sluggish, and a large excess of BBr; was
required to provide full consumption of the starting material 342-Ac in an acceptable

time.
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Scheme 16 Synthesis of the model coumarins 343-OH and 344: a) acetone, Yb(OTf)3, r.t., 16 h; b) ethyl 4-
iodobutanoate, DIEA, 105 °C, 64 h; c¢) hexabutylditin, Pd(PPh3)Cl,, toluene, 110 °C, 3 days; d)
bis(pinacolato)diboron, PdCl,(dppf), AcOK, DMSO, 80 °C, overnight; e) tBuLi, THF, =78 °C, 45 min; then
B(QiPr)s, =78 °C — r.t., overnight; then AcOH, pinacol, r.t., 1 h; f) LiAlH,, THF, 0 °C — r.t.; 2.5 h; g) 2-
chloro-4-iodonicotinic acid, Pd(PPhs),, ag. Na,COs, toluene/EtOH, reflux, 18 h; h) 3,4-dihydro-2H-pyrane,
TsOH-H,0, CH,Cl,; 0 °C — r.t., overnight; i) hexamethylditin, Pd(PPh3)Cl,, dioxane, 100 °C, overnight; j)
BBr;, CH,Cl,, 0 °C — r.t., overnight; k) Mel, MeCN, 75 °C, 2 days; 1) AcOH, AcCl, r.t., 1 h.

As expected, in the course of this process a spontaneous ring closure occurred, and the
pyridocoumarin core skeleton was formed. The harsh reaction conditions caused partial
cleavage of the acetate protective group. As a result, three main products were obtained in
this reaction: acetate 343-OAc, alcohol 343-OH and bromide 343-Br. In the experiments
aimed at the quaternization of the pyridine nitrogen in compound 343-OAc we isolated
methylpyridonocoumarin 344 which apparently resulted from hydrolysis of the N-
methylated 2-chlropyridine 345 during chromatographic isolation on SiO, (Scheme 17).
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Scheme 17 Decomposition of compound 345 on silica during the isolation procedure.

Searching for faster and more efficient synthetic routes to pyridocoumarins, we tried to
condense formamide with 3-formyl-4-methylcoumarin 348 which, in turn, was prepared
from commercially available compound 346 in two steps. We found that condensation of
348 with formamide occurs in the presence of conc. H,SO, at elevated temperatures
(Scheme 18). Under these conditions, the full conversion of 348 was not reached due to
decomposition of formamide, and target compound 349 was isolated in a low yield of
27%.
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Scheme 18 Synthesis of model coumarin 349: a) trimethyl phosphate, 195 °C, overnight; b) POCl;, DMF,
50 °C, 10 min; ¢) formamide, H,SQO,, 90 °C, overnight.

For the synthesis of the model isoquinolinocoumarin 354 we used another synthetic
approach which is, however, analogous to the one depicted in Scheme 16. The cross-
coupling partner for the boronate ester 338 was prepared from the commercially available
6-bromoisoquinoline 300 in three synthetic steps (Scheme 19). First, the bromoiso-
quinoline 300 was nitrated with a mixture of conc. H,SO4 and HNOs. The regioselectivity
of this reaction was good, and the expected isomer 350 was isolated in excellent yield. In
the next step, the nitro compound 350 was reduced to the corresponding aromatic amine
351 using iron in the presence of NH4Cl, which acted as a weak acid. The method of
generation of the diazonium cation from compound 351 plays an important role in the
following reaction with CuCN. Thus, when 351 was treated with ag. HNO; (prepared in
situ from NaNO; and H,SO,), only phenol 352-OH was isolated as the main product.
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Under water-free conditions, when the corresponding diazonium cation was generated by
action of t-butyl nitrite on compound 351 in DMSO,™ the target nitrile 352-CN was

obtained, although in a low yield.
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Scheme 19 Synthesis of the model coumarin 354: a) HNO3, H,SO,, r.t., 2 h; b) iron powder, NH,CI,
EtOH/H,0, r.t., 50 min; ¢) NaNO,, H,SO,4, CuCN, NaCN, H,0, toluene, 0 °C, 30 min; then 70 °C, 2.5 h; d)
tBUONO, CuCN, DMSO, 40 °C, 1.5 h; e) 352-CN, Pd(PPhs),, aq. Na,COs, toluene, 110 °C, overnight; f)
conc. ag. HBr, 130 °C, 3 h.

A cross-coupling reaction of compound 352-CN with boronate ester 338 gave the biaryl
353. The final deprotection followed by the intramolecular cyclization in refluxing
aqueous HBr afforded isoquinolinocoumarin 354 in a good yield. Upon standing, solu-
tions of compound 354 spontaneously formed a red colored substance which may result
from an alkylation of the pyridine nitrogen with the alkyl bromide part of another mole-

cule of compound 354.

In another synthetic approach leading to (iso)quinolinocoumarins, the key step is a cross-
coupling reaction between organoboron compounds of the type 357 or organotin com-
pounds of the type 358 and halopyridinecarboxaldehydes with the vicinal halogen and
formyl groups (Scheme 20). The subsequent intramolecular condensation of the formyl
group, which belongs to the pyridine fragment, with the methyl group at C-4 of the cou-
marin leads to an additional benzene ring, thus resulting in the (iso)quinolinocoumarin

fluorophore.

The preparation of organometallic compounds 357 and 358 was started with the bromina-
tion of the commercially available 7-N,N-dimethylamino-4-methylcoumarin 355-H with
bromine in AcOH. Then bromide 355-Br was subjected to Pd-catalyzed borylation and

stannylation reactions to afford boronate ester 357 and 3-(trimethylstannyl)coumarin 358,
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respectively. Along with the desired product 357, the borylation reaction produced sub-
stantial amounts of the debrominated compound 355-H which, due to its similar Ry,
significantly complicated the chromatographic isolation of 357. The stannylation of 355-
Br with hexamethylditin was carried out according to the known protocol for the closely
related 2H-pyran-2-ones,™ and proceeded cleanly, though the preparative yield of com-
pound 358 was moderate. When the less toxic hexabutylditin was used, the stannylation

did not occur at all.

355-Br«/ 82%
Me,N 0 N0 '

355-R
b\35%

Scheme 20 Synthesis of model coumarins 356, 360 and 362: a) Br,, AcOH, r.t., 15 min; b)
bis(pinacolato)diboron, PdCI,(dppf), AcOK, dioxane, 80 °C; c) Sn,Meg, Pd(PPhs),, toluene, 110 °C, over-
night; d) 3-bromopyridine-2-carbaldehyde, CuCl, LiCl, Pd(PPhs),, DMSO, 60 °C, overnight; e) 2-chloro-4-
iodopyridine-3-carbaldehyde, CuCl, LiCl, Pd(PPhs),, DMSO, 60 °C, overnight; f) 2-bromopyridine-3-
carbaldehyde, Pd(PPhs),, agq. Na,COs, toluene, 110 °C, overnight; g) 2-bromopyridine-3-carbaldehyde,
CuCl, LiCl, Pd(PPhg),, DMSO, 60 °C, overnight; h) Mel, DMF, 100 °C, overnight; i) Cs,COs, EtOH, r.t., 3
h.

In the course of a Suzuki reaction of the boronate ester 357 with 2-bromopyridine-3-
carbaldehyde, a spontaneous intramolecular cyclization with the formation of quino-
linocoumarin 360 took place. In a related Stille coupling of the organotin compound 358
with 2-bromopyridine-3-carbaldehyde, in the absence of a strong base, it was possible to
isolate the intermediate biaryl 361. The Corey modification of the Stille coupling proce-
dure®® provided an excellent yield of 361. The intramolecular cyclization of coumarin
361 readily occurred in EtOH in the presence of catalytic amounts of Cs,CO3; and
afforded quinolinocoumarin 360. Surprisingly, in the Stille reactions of compound 358
with 3-bromopyridine-2-carbaldehyde and 2-chloro-4-iodopyridine-3-carbaldehyde only
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the cyclized products 356 and 359, respectively, were isolated. In an attempt to convert
the chloropyridine moiety in compound 359 into an N-methylpyridone fragment (as in
compound 344), the quaternized isoquinolinocoumarin 362 was obtained as a main
product.

The structure of quinolinocoumarin 373 (Scheme 21) is closer to the target coumarin 333,
than, for example, the structure of coumarin 360. In the synthesis of model compound
373, phenol 288-H was subjected to a Pechmann condensation with ethyl acetoacetate
and gave coumarin 362. SeO, in dioxane selectively oxidized the methyl group at the
C=C-bond in dihydroquinoline fragment of coumarin 362, and aldehyde 363 was formed.
The subsequent bromination of 363 with bromine in AcOH gave compound 364. The
organotin derivative 368 was obtained from 364 by a Pd-catalysed stannylation with
hexamethylditin. In the later steps, the synthetic strategy was essentially the same as for
compound 360. Thus, a Stille coupling reaction of 368 with 2-bromopyridine-2-carbal-
dehyde 365 led to the formation of biaryl 371 as an intermediate, which cyclized to
quinolinocoumarin 370 in the presence of Cs,CO3 in EtOH. The reduction of 370 with
NaBH, was found to give many products. As a result, the preparative yield of coumarin
373 was very low. One of the main side-products of this reduction is an unindentified
overreduced unpolar substance which was readily oxidized to compound 373 on a TLC
plate or in solution while standing in air. The re-oxidation of the reaction mixture with
BusNIO, directly after full consumption of compound 370 helped to provide an
acceptable preparative yield of quinolinocoumarin 373. In contrast to quinolinocoumarin
370, 3-heteroarylated coumarins could be reduced in excellent yields. Therefore, we
decided to perform the ring closure reaction after the reduction step in order not to expose
the sensitive heterocyclic system to strong reducing agents. However, bromide 367 with
the reduced aldehyde group did not react with hexamethylditin. This result indicates that
the reduction step should be undertaken only after stannylation.

In new synthetic approach, 2-bromopyridine-3-carbaldehyde 365 was protected as a
dioxolane moiety by reaction with ethylene glycol. The product of this reaction — com-
pound 369 — was introduced into a Stille reaction with organotin compound 368 and
afforded the biaryl 372. As expected, reduction of 372 proceeded cleanly and gave the
coumarin 375 in a high yield. The subsequent deprotection with TsOH in aqueous acetone
afforded compound 374 with a free aldehyde group. Treatment of 374 with Cs,COs in

EtOH induced an intramolecular condensation and yielded the target quinolinocoumarin
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373. Despite two additional steps, the overall yield in the synthetic sequence 368 — 372
— 375 — 374 — 373 (38%) is almost twice as high as the overall yield achieved in the
shorter sequence 368 — 371 — 370 — 373 (20%).
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Scheme 21 Synthesis of model coumarin 373: a) ethyl acetoacetate, ZnCl,, EtOH. 90 °C, 20 h; b) SeO,,
dioxane, 100 °C, 3 h; c) Br,, AcOH, r.t., 10 min; d) NaBH,, CeCls, THF, MeOH, 0 °C, 10 min; e) Sn,Meg,
Pd(PPhs),, toluene, 110 °C, 25 h; f) Sn,Meg, Pd(PPhs),, toluene, 110 °C, overnight; g) ethylene glycol,
TsOH-H,0, toluene, reflux, 5 h; h) 2-bromopyridine-3-carbaldehyde, CuCl, LiCl, Pd(PPhs),, DMSO, 60
°C, overnight; i) 369, CuCl, LiCl, Pd(PPhs),, DMSO, 60 °C, overnight; k) NaBH,, EtOH, THF, r.t., 5 min;
then aq. HCIO,4, BusNIQ,, r.t., 5 min; 1) NaBH,4, MeOH, THF, 0 °C, 5 min; m) Cs,COs, EtOH, r.t., 1.5 h; n)
acetone, H,0O, TsOH-H,0, reflux, overnight.

2.3.3 Spectral properties of pyrido- and (iso)quinolinocoumarins

Spectral properties of pyrido- and (iso)quinolinocoumarins are presented in Table 11.
When dissolved in CH,Cl, or MeOH, pyridocoumarin, 343-OAc absorbs in the violet
region of the visible spectrum with a maximum at 405 nm. The position of the emission
maximum and the relative fluorescence intensity significantly depend on the solvent.

Thus, in CH,CI,, 343-OAc emits green light with a maximum at 530 nm (large Stokes
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shift of 125 nm) and a QY of 15%. In MeOH, the fluorescence maximum is shifted to 571
nm indicating an enormous Stokes shift of 166 nm. However, due to a very low fluores-
cence QY in MeOH (and presumably in other polar solvents), pyridocoumarin 343-OAc
is not particularly useful. Another interesting feature of 343-OAc is emission of light in
the solid-state upon irradiation of the powdered 343-OAc with a 365 nm UV lamp. Simi-
larly to pyridocoumarin 343-OAc, compound 349 exhibited a very low QY in MeOH.
Transition from pyridocoumarin 343-OAc to pyridonocoumarin 344 resulted in batho-
chromic shifts of 17-22 nm and hypsofluoric shifts of 33—47 nm (depending on the sol-
vent). As a result, Stokes shifts displayed by compound 344 turned out to be smaller than
the Stokes shift observed for compound 343-OAc and closer to values typical for couma-
rins (75—100 nm). The relative fluorescence intensity of 344 showed a pronounced
dependence on the nature of solvent. In polar MeOH, the fluorescence QY of 344 was

only a third of the value found in CH,Cl..

Table 11 Spectral properties of pyrido- and (iso)quinolinocoumarins 343-OAc, 344, 349, 355-H, 356, 360,
362, 373 and 378.

Compound  Awmsmae M & M cm ' Aemmao MM AL, nm &y Solvent

343-OAc 405 16700 530 125  0.15 CH,Cl
343-OAc 405 17100 571 166  0.01  MeOH
344 422 11500 497 75 0.56  CH.Cl,
344 427 18800 524 97 0.20 MeOH
3472 378 n/d 458 80 1.00 EtOH
349 377 14200 500 123 0.02 MeOH
355-H° 366 21800 447 81 nid  EtOH
356 411 16700 577 166  0.11  MeOH
360 420 13200 560 140 029  MeOH

362 467 13400 608 141 0.26  MeOH



112

373 438 19300 574 136 0.27 MeOH

378 453 n/d 617 164 0.01 PBS74

3data from ref.™>%: ’data from ref.™>4

The quinoline moiety in compounds 356 and 360 shifts the absorption maxima (by 45 and
56 nm in MeOH, respectively) towards the red region of the visible spectrum relative to
their precursor 355-H. The bathochromic effect is more pronounced in the case of com-
pound 360, where the pyridine nitrogen can participate in delocalization of the lone pair
of the 7-dimethylamino group. Upon excitation, compounds 356 and 360 emit yellow
fluorescence with large Stokes shifts of 166 and 140 nm, respectively. Both compounds
356 and 360 displayed moderate QYs in MeOH, but the emission efficiency of 356 is
lower. Isoquinolinocoumarin 362 with a quaternized pyridine nitrogen showed the most
red-shifted values of absorption and fluorescence maxima and a large Stokes shift.
Despite the presence of a positive charge, compound 362 possessed a satisfactory QY of
26%. Quinolinocoumarin 373 is a close structural analog of compound 360 and displayed
essentially the same values of Stokes shift and QY as compound 360. At the same time,
due to the presence of a 2,2,4-trimethyl-1,2-dihydropyridine moiety, the maxima of the

absorption and fluorescence spectra were red-shifted by 14—18 nm relative to 360.

2.3.4 Synthesis of water-soluble quinolinocoumarin 378 and its
spectral properties

The model coumarin dye 373 displays a good combination of a large Stokes shift and a
satisfactory fluorescence QY in MeOH. In addition, due to the presence of the hydroxyl
and masked carboxyl groups, it has two sites for further synthetic modifications. Thus, for
the preparation of a water-soluble quinolinocoumarin with a primary phosphate residue,
coumarin 373 was subjected to phosphorylation using the phosphoramidite method men-
tioned earlier. In initial experiments, the phosphatylation with (tBuO),PNiPr, proceeded
rapidly and cleanly. However, the following treatment with mCPBA at room temperature
yielded many products, possibly due to the epoxidation of the C=C-bond in the quinoline
residue and/or formation of the quinoline N-oxide. To our delight, when the oxidation
procedure was carried out at —78 °C, phosphorylated product 376 was formed in a good
yield (Scheme 22). The subsequent saponification of 376 with ag. NaOH in MeOH led to
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compound 377, which was deprotected with TFA in CH,Cl,, and afforded the water-

soluble coumarin 378.

b 376 (R=1Bu, R"= Et
73%(

6436

377 (R=1tBU, R = H)
378 (R: H, R':H)

Scheme 22 Synthesis of the water-soluble coumarin 378 decorated with a primary phosphate group: a)
(tBuO),PNiPr,, 1H-tetrazole, CH,Cl,, 40 °C, 40 min; then mCPBA, CH,Cl,, —78 °C, 1 h; b) ag. NaOH,
MeOH, r.t., 3 h; ¢) TFA, CH,Cl,, 0 °C, 40 min.

Solutions of compound 378 in a PBS buffer at pH 7.4 exhibited an absorption with a
maximum at 453 nm (Table 11) and an emission band in the orange-red spectral region
with a maximum at 617 nm (Stokes shift 164 nm). Transition from MeOH to aqueous
solutions resulted in a considerable decrease in fluorescence (<1%). The possible expla-
nation is that the single phosphate group probably cannot prevent molecules of 378 with a
large, planar, extended and hydrophobic framework from the formation of non-fluores-
cent aggregates. However, we expect that the fluorescence will improve upon conjugation
with proteins. For example, it was the case with dye Abberior Star 520SXP which
displayed QY of 0.6% in a free state in aqueous PBS buffer, but its conjugates with
antibodies turned out to be much brighter and are successfully used in optical super-

resolution microscopy.

2.3.5 Conclusion and outlook

Coumarins with a pyridine or an (iso)quinoline fragment fused with positions 3 and 4 of
the coumarin scaffold have been synthetized using three different synthetic approaches.
Pyridocoumarins 343-OAc and 349 did not provide the desired bathochromic shift and an
acceptable fluorescence QYs in polar media, despite the large Stokes shifts. Transition to
pyridonocoumarin 344 allowed us to improve emission efficiency, but it is still lower than
that of commercial dyes Alexa Fluor 430, Atto 425, Atto 430LS and Abberior Star
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440SXP with comparable optical spectra. (Iso)quinolinocoumarins demonstrated large
Stokes shifts and moderate fluorescence QYs in MeOH. However, the introduction of a
primary phosphate residue did not help to improve emission efficiency of compound 378
in agueous media. Nevertheless, in a conjugated form, this dye may demonstrate a better

emitting performance, and therefore requires further testing.

2.4 Synthesis of a carborhodol dye

2.4.1 Motivation and key structural elements

Hybrid fluorophores are assembled from fragments which can be considered as parts of
traditional fluorescent dyes. Very often, these compounds combine properties and
features of the parent dyes. For example, rhodols belong to the xanthene dyes and may be
regarded as hybrids of rhodamines and fluorescein (see Figure 48). Spectral properties of
fluorescein, the simplest unsubstituted rhodamine (R = H) and the simplest rhodol (R =
H) are very close (Aabsmax/Miumax = 485/514, 496/520 and 494/520 nm, respectively, in
basic aqueous solutions). For alkyl-substituted rhodols the absorption and fluorescence
maxima are situated approximately between the maxima for fluorescein and the
corresponding symmetric alkyl-substituted rhodamine. Unlike the parent fluorescein,
rhodols are relatively photostable.l*® Under neutral conditions, rhodols do not form
zwitterionic species, and therefore are less susceptible to the formation of nonfluorescent

spirolactones which are often not desirable.
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Figure 48 Rhodols and new carborhodol dyes as fluorescein-rhodamine and carbofluorescein-carbopyronine
hybrids, respectively.

Other hybrid fluorophores are known. For example, those obtained by “crossbreeding”
rhodamines with coumarins.™ These hybrid dyes inherited certain features from both
parent fluorophores, e.g. the emission in the orange-red spectral region from rhodamines

and large Stokes shifts which are typical for coumarins.

The replacement of the oxygen atom at C-10 of xanthene dyes with an isopropylidene
bridge leads to 9,10-dihydro-10,10-dimethylanthracene dyes. Owing to the positive
inductive effect of two methyl groups in the 10-position and the completely new conju-
gation pattern in the fluorophore, the absorption and fluorescence maxima of carbo-
fluorescein and carborhodamines (carbopyronines) are red-shifted by ca. 50-60 nm rela-
tive to the corresponding fluorescein and rhodamines. Following the same pattern as in
the case of rhodol dyes, carbofluorescein and carborhodamine may be combined into a
completely new fluorophore — carborhodol. This combination is particularly interesting
because it enables design of a new, simple and uncharged fluorophore with asymmetric
electron density distribution which can lead to a larger Stokes shift and other new proper-
ties. Due to the presence of two methyl groups at C-10, the new fluorophore will emit

orange-red light. Such red-emitting fluorophores are of particular importance for micros-
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copy applications because the cellular autofluorescence is negligible in this spectral

region.

2.4.2 Synthesis and chemical properties of carborhodol dyes

The classic strategy for the preparation of carborhodamines (carbopyronines) utilizes
addition of an aryllithium species 381 to N,N,N’,N’-tetrasubstituted diaminoanthrone
3791 or to carbopyronine 3801*°"! (route a in Scheme 23). In one report!**®¥ a transfor-
mation of carbopyronine 382 into carbofluorescein 383 by alkaline hydrolysis was
described. In principle, this reaction must proceed via an intermediate formation of
carborhodol 384. However, the hydrolysis rate of compound 384 may exceed that of the

starting compound 382 making this method inefficient for the preparation of 384.

After the present work had been finished, an alternative route to carbopyronines was
reported™® (route b in Scheme 23). In this new approach carbofluorescein 385 was first
converted to the corresponding triflate 386. The subsequent coupling of 386 with
secondary amines according to a Buchwald-Hartwig protocol provided carbopyronines
387 in good yields. As in the case of hydrolysis of 382, the reaction of compound 386
with amines must proceed via intermediate 388 which is, in fact, a carborhodol precursor.
Provided that the coupling rates for 386 and 388 are comparable (which seems reasonable
because the presence of the remote amino group in compound 384 should not signifi-
cantly change the electron density at the carbon atom attached to the triflate group in
comparison to the starting ditriflate 386), the reaction of 386 with one equivalent of the
secondary amine could give compound 388 in an acceptable yield. Moreover, in the same
report™® a novel strategy for the synthesis of carbofluorescein 385 was developed. In
principle, this method, with some modifications, could allow the synthesis of a carbofluo-
rescein with phenolic hydroxyls protected with two different protective groups. If such an
intermediate were available, one of its protected hydroxyl groups could be selectively
deprotected and converted to the corresponding triflate. A subsequent Buchwald-Hartwig
coupling of the monotriflate could yield a carborhodol precursor which is similar to com-

pound 388, without the formation of carbopyronines as side products.

In our pioneering synthetic approach to carborhodols we decided to use the route ¢
(Scheme 23) which is analogous to the classic synthetic approach to carbopyronines
(route a). In the key step of our approach, aryllithium compound 381 reacts with the
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protected anthrone 389 and yields the protected carborhodol 390. Removal of the pro-
tecting group from the phenolic hydroxyl leads to the target carborhodol 391. In contrast
to the route b, our approach allows introducing tetrahydroisoquinoline and julolidine
fragments to the final fluorophore. These structural features “rigidize” the framework of a
fluorescent dye and provide better photostability and larger fluorescence QYs, even in
polar solvents. Thus, carborhodols with a julolidine fragment are also expected to be

photostable and efficient red emitting fluorescent dyes.

R! R1
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g2 N N g2

HO O
~ 2
2 OOO "o PO
379
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N? R2 |
O“ 382 N @) 383
|O“ A
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OPG ‘ ! ‘ ‘ ‘ ‘
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390 391

Scheme 23 a) Classic synthetic route to carbopyronines 382 and carbofluoresceins 383 via bis(dialkyl-
amino)anthrones 379 or 9-unsubstituted carbopyronines 380; b) Synthetic approach to carbopyronines
based on a Buchwald-Hartwig amination of carbofluorescein triflates 386; ¢) Synthetic approach to
carborhodols used in this work.
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Initially, in order to develop the synthesis of anthrones 389, we were going to use the
procedure which worked well for the synthesis of diaminoanthrones 379.%¢ To this end,
3-bromo-N,N-dimethylaniline 392 was subjected to lithium-bromine exchange, and the
resulting aryllithium compound was “quenched” with acetone to yield alcohol 393
(Scheme 24). Subsequent water elimination in boiling chlorobenzene in the presence of
KHSO, provided the building block 394 with an isopropylidene group. Unfortunately, an
attempted condensation of 394 with either benzylic alcohol 396 or its protected derivative
397 promoted by BCl; and PPA did not lead to the desired product 398-R.

Me,N Me,N Me,N
2 a ? OH b 2
98% 56%
MezN\Q/K \@V ¢ (With 396 or 397y Me,N
T O‘O

<396 (R=H) 398-R
S7%\ 397 (R = Ms)

Scheme 24 Attempts to prepare the carborhodol precursor 398-R by a condensation of the building block
395 with 396 or 397: a) BuLi, THF, =78 °C, 20 min; then acetone, -78 °C — r.t., 1 h; b) KHSOq,, chloro-
benzene, 140 °C, 15 min; c) BCl;, CH,Cl,, 0 °C — r.t., overnight; then PPA, H3PO,4, 110 °C, 2 h; d) MsCl,
KOH, H,0, 10 min, r.t.

In a modified approach, 3-bromoanisole 399 was subjected to a Friedel-Crafts acylation
with p-nitrobenzoyl chloride to afford the benzophenone 400 (Scheme 25). The nitro
group in compound 400 was successfully reduced to the primary amino group with SnCl..
N-Methylation of aminobenzophenone 401 was carried out according to a known proce-
durel*® and provided N,N-dimethylaminobenzophenone 404. For the introduction of the
isopropanol fragment, that will provide the geminal dimethyl group in the final
carborhodol, the carbonyl group in compound 404 has to be protected, for example, as a
dimethyl acetal. However, the attempted acetalization using HC(OMe); in the presence of
montmorillonite K10 and TsOH,™ or CF;SO;H!™®" failed to provide the required com-
pound. The transformation of benzophenone 404 to the corresponding diaryldichloro-
methane!*® was successful, but the subsequent reaction with MeONa!*®®! did not afford
the required dimethyl acetal. Therefore, in order to be able to perform a lithium-bromine
exchange, benzophenone 404 was reduced with NaBH, in the presence of AICI; % and

thus the diarylmethane 403 was obtained. The lithium-bromine exchange in 403 followed
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by a reaction with acetone provided carbinol 402. The cyclization of compound 402
readily occurred in the presence of AICI; in CH,Cl,.%) The intermediate 9,10-dihydro-
10,10-dimethyl derivative (not shown in Scheme 25) represents a leuco-form of the
fluorescent dye. It was readily oxidized in air with the formation of colored products, and
therefore it was oxidized without isolation directly with KMnO,. As a result, the keto
group was restored, and anthrone 405 was formed. Having the important intermediate 405
at hand and using the known methodology,***® *>! we easily performed the final transfor-
mations. The aryllithium compound 406, which contains the masked carboxylic function,
was generated from 2-(2-bromophenyl)-4,4-dimethyl-4,5-dihydrooxazole and tBuLi and
introduced to the reaction with ketone 405. During the work-up procedure, a spontaneous
ring-opening of the oxazolidinone cycle took place, and ester 407 was formed. The
deprotection of the carboxylic group was accomplished by heating in 20% ag. HCI. These
harsh conditions also caused the partial cleavage of the aryl methyl ether, and a mixture
of two products (408-Me and 408-H) was obtained. The carboxyl group in compound
408-Me was activated by POCIs. In the subsequent reaction of the intermediate acid chlo-
ride with an excess of the amino ester 413, the required amide 410 was obtained (along
with N-methyl-2-pyrrolidone which formed in the course of cyclization of 413 under
basic conditions). It is noteworthy that compound 408-H can also be amidated according
to the method described above (the substitution of the phenolic hydroxyl with a chlorine
atom does not occur). The reaction partner 413 was prepared in two steps from N-
carboxybenzyl (Cbz) protected 4-aminobutyric acid 411. In the first step, methylation
with Mel in the presence of Ag,O provided the Cbz-protected methyl ester 412. Depro-
tection of the Chz-protecting group was accomplished by hydrogenation on Pd/C. In
order to prevent the resulting methyl N-methylaminobutyrate from a spontaneous cycliza-
tion, it was necessary to perform the deprotection step in the presence of HCI. As a result,
the hydrochloride 413 was obtained. Demethylation of the methyl ether group in amide
410 with BBr3 was accompanied by the concomitant cleavage of the methyl ester leading
to a mixture of compounds 409-Me and 409-H. Methyl ester 409-Me could be easily con-
verted to the target dye 409-H by saponification of the ester group. The amino-reactive
NHS-ester 409-NHS was prepared in MeCN using N-hydroxysuccinimide in the presence
of HATU and NEts. Notably, the stability of 409-NHS was found to be fairly good:
during storage of a sample at —20 °C under Ar for about a year, the content of the active

ester was still about 70% according to HPLC.
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Scheme 25 General approach to carborhodols: a) p-nitrobenzoyl chloride, AICI;, CH,Cl,, reflux, 3 h; b)
SnCl,-2H,0, HCI, DME, EtOH, r.t., overnight; ¢) NaBH;CN, paraform, AcOH, 0 °C — r.t., overnight; e)
NaBH,, AICl;, THF, 0 °C; then reflux, 2 h; d) BuLi, THF, =78 °C, 40 min; then acetone, =78 °C — r.t.; f)
AICl3, CH,CI,, 0 °C, 6 h; then r.t,, 10 h; then KMnQO,, acetone, —18 °C, 2 h; g) 2-(2-bromophenyl)-4,4-
dimethyl-4,5-dihydrooxazole, THF, tBuLi, =78 °C, 40 min to form compound 406; then compound 405,
THF, =78 °C — r.t.,, 1 h; h) ag. HCI, 80 °C, 6.5 h; j) POCl;, CICH,CH,CI, 80 °C, 2 h; then 413, MeCN,
NEts, r.t., 15 min; i) BBr3, CH,Cl,, r.t., 1 h; k) ag. NaOH, THF, r.t., 1 h; I) N-hydroxysuccinimide, HATU,
MeCN, DMF, NEts, r.t., overnight; m) Mel, Ag,O, DMF, 0 °C — r.t., overnight; n) H,, Pd/C, EtOH,
iPrOH, HCI, r.t., 2 h.

We also prepared the similar hybrid dye 416-H with a longer and more hydrophilic linker
(Scheme 26). For the preparation of the new linker, the Fmoc-protected amino acid 414
(kindly provided by Dr. Matthias Bischoff) was subjected to a one-pot reductive N-
methylation.® Deprotection of resulting compound 415-Fmoc in DMF in the presence
of piperidine provided N-methylamino acid 415-H in an excellent yield. Amidation of
compound 408-H with amino acid 415-H afforded carborhodol 416-H. We expected that
the hydrophilic linker would improve the imaging performance of the carborhodol by

reducing aggregation of the dye molecules in aqueous solutions. Unfortunately, the NHS-
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ester 416-NHS was less stable than 409-NHS, and the quality of the images obtained with

its bioconjugates was worse than in the case of 409-NHS.

Fmoc a RO~
- ¢ K
96% (415-Fmoc) N 0 COOH
| 415-R

\N/\/O\/\O/\COOH
H 414

415-Fmoc
“‘ 74/0 415-H-HCl
43% (416 H)

o)
d ~416-H O N>~ "S0""SCOOR
45%<416-NHS |

Me,N

416-R

Scheme 26 Synthesis of carborhodol 416-H with the hydrophilic linker: a) CH,O, TFA, CHCI;, H,0, 4 °C
— r.t., 30 min; then Et3SiH, r.t., 30 min; b) piperidine, DMF, r.t., 30 min; then ag. HCI; c) POCls,
CICH,CH,CI, 80 °C, 1.5 h; then 415-H-HCI, THF, NEt;, overnight; d) N-hydroxysuccinimide, HATU,
NEts, MeCN, r.t., overnight.

Fluorinated analogs of fluorescein (for example, Oregon Green) are known to possess
significantly better photostability in comparison with the parent fluorophore. At the same
time, the influence of fluorine substituents on the positions of absorption and emission
maxima, fluorescence QYs and fluorescence lifetimes is rather small. According to Sun et
al.,**"] the improved resistance to photobleaching may be explained by shorter triplet
lifetimes of fluorinated derivatives, which reduce the probability of any photochemical
processes, or by a general lower (photo)chemical reactivity of fluorinated compounds in

comparison with their analogs without fluorine substituents.

Taking into account these favorable properties of fluorinated fluoresceins, we decided to
incorporate fluorine atoms into the carborhodol scaffold. Commercially available 1,2-
dibromo-3,4,5,6-tetrafluorobenzene 419 (Scheme 27) was considered as a precursor for
the fluorescein “half” of the resulting hybrid fluorophore. Selective nucleophilic substitu-
tion of the fluorine atom with methoxide anion gave the anisole 420.1**®! In compound
420, the bromine atom in the para-position to the methoxy group was selectively replaced
with Li, and the resulting organolithium compound was quenched with aqueous EtOH to
afford bromide 421.1%% Compound 421 represents a fluorinated analog of anisole 399
which was used as a precursor for the synthesis of carborhodol 409-H. However, the same
synthetic sequence used for compound 409-H failed in the case of the synthesis of the

fluorinated carborhodol. Attempted Friedel-Crafts acylation of anisole 421 with p-nitro-
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benzoyl chloride to form the corresponding fluorinated benzophenone did not proceed at
all, probably due to a lower chemical reactivity of compound 421 towards electrophiles as

compared with compound 399.
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Scheme 27 Attempts to obtain compound 428, a precursor of the fluorinated analogs of hybrid fluorescein —
carbopyronine dyes: a) triphosgene, NEt;, HN(OMe)Me-HCI, CH,Cl,, 0 °C — r.t., 3 h; b) MeONa, MeOH,
reflux, 6 h; ¢) BuLi, Et,0O, —78 °C, 4 h; then ag. EtOH, —-78 °C — r.t., overnight; d) p-nitrobenzoylchloride,
AICl3, CICH,CH,CI, reflux, 3.5 h; e) BuLi, THF, —78 °C, 30 min; then compound 418, —78 °C, 30 min;
then 0 °C, 10 min; f) BuLi, THF, =78 °C, 30 min; then CO,, -78 °C — r.t.; g) BuLi, Et,0, =78 °C, 15 min;
then p-N,N-dimethylaminobenzaldehyde, —78 °C — r.t.,, 3 h; h) p-N,N-dimethylaminophenylmagnesium
bromide, THF, 0 °C, 1 h; then r.t., 1 h; i) triphosgene, NEt;, HN(OMe)Me-HCI, CH,Cl,, 0 °C — r.t,, 1.5 h;
j) SOCl,, DMF, r.t., 1 h; then N,N-dimethylaniline, AICl3, CH,Cl,, 0 °C — r.t.; then reflux, 6 h; k) Et;SiH,
TFA, CH,CI,, 40 °C, 7 h; I) isopropenylboronic acid, toluene, Pd(PPhs),, aq. Na,CO3, EtOH, 110 °C, over-
night; m) BuLi, THF, =78 °C, 30 min; then acetone, —78 °C — r.t., 2 h.
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Another ketone synthesis is the reaction of organolithium or organomagnesium com-
pounds with Weinreb amides.*” To apply this method for the synthesis of the fluori-
nated benzophenone 428, dibromide 420 was converted with one equivalent of BuLi to
the corresponding organolithium compound, which was then acylated with the Weinreb
amide 418. In the course of this reaction, the second bromine atom “disappeared”, and
although the product — benzophenone 422 — was isolated, it could not be used in further
synthetic steps. Interestingly, when the organolithium compound prepared from com-
pound 420 and one equivalent of BuLi, was treated with a stronger electrophile, such as
CO; or p-N,N-dimethylaminobenzaldehyde, the corresponding products, benzoic acid 423
and alcohol 424, retained the second bromine. In principle, the acid chloride prepared
from compound 423 can serve as an acylation reagent in the Friedel-Crafts reaction with
N,N-dimethylaniline to give the important benzophenone intermediate. Unfortunately, all
our trials to provide the desired product failed. We also prepared the Weinreb amide 425
and treated it with p-N,N-dimethylaminophenylmagnesium bromide, and again, the bro-
mine atom was “lost” in the course of the reaction. lonic hydrogenationt*™® of alcohol 424
with Et3SiH and TFA provided the diarylmethane 426, the important intermediate analo-
gous to compound 403. To our regret, in the next synthetic step, the lithium-bromine
exchange followed by reaction with acetone yielded debrominated compound 429 as a

main product.

In the search for new synthetic methods which do not involve organometallic reagents,
we turned our attention towards Pd-catalyzed reactions. In this respect, isopropenyl-
boronic acid can be used for the introduction of the isopropenyl group which will later
form the isopropylidene bridge at C-10 of the final carborhodol scaffold. Thus, in a
Suzuki reaction of compound 425 with isopropenylboronic acid, coupling product 427
was successfully obtained. However, the subsequent reaction of amide 427 with p-N,N-
dimethylaminophenylmagnesium bromide yielded only traces of the benzophenone 428.

2.4.3 Properties and imaging performance of carborhodol dyes

Table 12 presents the most important photophysical properties of carborhodol dyes 408-H
and 409-H, their precursor 409-Me, conjugates of 409-H with antibodies and the related
data for compound KK114,*™ which was used together with 409-H in two-color imaging

experiments.
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Table 12 Photophysical properties of carborhodol dyes 408-H and 409-H, their precursor 408-Me and dye
KK114 at room temperature

Compound  Aapsma, NM & M cm™  Ademmao M AL, nm &y 7%, ns Solvent

408-Me 513,549 18250, 18430 585 72,36 001 - MeOH’
408-H 515,553 30000, 37400 585 (broad) 70,32 0.11 -  MeOH"
408-H 560 34300 598 38 094 - MeOH*
409-H 573 (broad) 41000 613 40 064 40 MeOH
409-H 586 59000 613 27 032 25 PBS
409-H-AB® 586 (broad) - 613 27 039 13 PBS
409-H-AB' 586 (broad) - 613 27 009 16 PBS
KK114 636 90000 660 24 053 36 PBS
KK114-AB 636 - 660 24 040 36 PBS

®Lifetime of the excited state S;. "With 0.1% v/v TFA. “With 0.1% v/v NEt;. “Phoshate-buffered saline, pH
7.4. *Conjugate with sheep-antimouse antibody, degree of labeling (DOL): 5.2. ‘Conjugate with goat-anti-
rabbit antibody, DOL: 13.

Like fluorescein,*"? methylcarborhodol 408-Me and carborhodol 408-H (along with their
spirolactone form) may exist in a complex equilibrium between zwitter-ion 430-R, anion
431 (only for 408-H), cation 432-R, and quinoid 433 (only for 408-H, Scheme 28a). The
position of this equilibrium is influenced by the polarity and acidity of the environment.
In neutral MeOH, compounds 408-Me and 408-H predominantly exist in their “closed”
spirolactone forms, and therefore, their solutions are almost colorless with a slight red tint
which may be caused by small concentrations of open forms 430-R and/or 433. Upon
acidification with TFA, the solutions readily become red-colored, which may correspond
to the formation of the “open” protonated forms 432-R. Absorption and emission spectra
of 432-Me and 432-H in acidic MeOH were found to be almost identical. Thus, in the
absorption spectra two maxima around 515 and 550 nm with comparable intensities were
observed, whereas emission spectra of both compounds displayed a maximum at 585 nm.
The fluorescence QY of 431-H turned out to be significantly higher than that of com-

pound 431-Me. A similar trend was observed in rhodol dyes: conversion of the O-substi-
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tuted rhodols to O-free dyes induced a drastic increase in the fluorescence intensity.!*"®!

Upon addition of 0.1% v/v NEt; to the methanolic solution of 408-Me, no color change
occurred. In contrast, under the same conditions, compound 408-H formed the red-
colored deprotonated “open” form 430-H which displayed intense fluorescence in the
orange-red region of the visible spectrum (lemmax = 598 nm, &g = 0.94). Carborhodol
409-H cannot form a spirolactone or spirolactame ring and, therefore, under neutral and
basic conditions exists in the open quinoid form (Scheme 28b). Maxima of its absorption
and emission spectra in MeOH are red-shifted by 13—15 nm in comparison with car-
borhodol 408-H. Upon transition to aqueous media, the absorption maximum of com-
pound 409-H undergoes a further bathochromic shift of 13 nm, whereas the maximum
position of the emission spectrum stays nearly unchanged. Interestingly, in MeOH, the
extinction coefficient is lower than in PBS buffer, but owing to the broader band, the
oscillator strength is approximately the same. Remarkably, the absorption band of anti-

body conjugates 409-H-AB is broadened as well.

The fluorescence QY of the free dye 409-H in PBS buffer (0.32) was found to be a factor
of two lower than in MeOH (0.64). QY's of the antibody conjudates depend on the degree
of labeling (DOL) which shows the average amount of the dye residues attached to one
antibody molecule with M = 150 000. Thus, the antibody conjugate with a relatively high
DOL (5.2) displayed a QY of 39% in aqueous PBS buffer. As the values of DOL reached
13 and 15, the QYs decreased to 9 and 4%, respectively. For the highest imaging bright-
ness, it is necessary to maximize the values of ¢ x DOL X @&y. In this respect, the conju-
gates of 409-H with DOL = 5.2 are advantageous (provided that the extinction coefficient

¢ for the dye 409-H is the same in the free state and in conjugates).

Another important feature of the new carborhodol dye is the shortened fluorescence life-
times 7 in the conjugated state. Thus, the lifetimes were found to be 1.2—1.6 ns, whereas
dye KK114 displays constant 7 values in the range of 3.3-3.7 ns.'*™ The difference in
lifetimes can be used in multilifetime STED™* to discriminate between two proteins
labeled with dyes 409-H and KK114.
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Scheme 28 a) The acid-base equilibrium between the colorless “closed” forms of compounds 408-R and
colored “open” forms 430-R, 431, 432-R and 433. b) The acid-base equilibrium between neutral and
charged forms of compound 409-H.

The Stokes shift of carborhodol 409-H in aqueous PBS was found to be relatively small

(27 nm). However, due to the broad absoption and emission bands, the “effective” value
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is higher. In other words, the hybrid dye 409-H can be efficiently excited with green light
(for example, with the 514 nm line of an argon laser), while the emitted light is red
(Figure 49). This remarkable and useful feature is not typical for the rhodamine and
carbopyronine dyes and enables use of carborhodol 409-H in two-color imaging. As a
second dye, we used a bright and photostable near-emitting fluorescent marker KK114
(for its chemical structure, see ref.'"™). The main spectral parameters of KK114 are given
in Table 12 and Figure 49. Conjugates of KK114 with antibodies exhibited essentially the
same absorption and emission spectra as KK114 in the free state, except for a very small
red-shift of the absorption band. Owing to a substantial overlap of the emission spectra of
carborhodol 409-H and the benchmark dye KK114, the same detection channel and the

same STED laser can be used for both fluorophores.

a 1.0 b 1.0{ —KK114, water

e===409-H in PBS, pH=7.4

== Antibodies labeled
with 409-H, PBS,

pH=7.4
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Figure 49 Normalized absorption (a) and emission (b) spectra of compound 409-H, its conjugate with goat
anti-rabbit antibody, and the reference dye KK114. Excitation regions (514-532 nm and 633—640 nm,
respectively), detection area (650—800 nm) and a STED wavelength (750 nm) are shown.

In multicolor imaging the crosstalk observed in the course of the excitation with different
light sources has to be low. To evaluate the crosstalk between two excitation channels,
mammalian tubulin was labeled with compound 409-H or ATTO594 and KK114 dyes
(Figure 50). Imaging was performed in a confocal microscope with two excitation lasers
(514 and 633 nm), and emission was collected beyond 650 nm. Mowiol was used as an
embedding medium. KK114 displayed a relatively low level of crosstalk upon excitation
at 514 nm (10—15%). Atto594 showed a high crosstalk (up to 60%) in the “KK114 chan-
nel”, while 409-H proved to have negligible crosstalk as expected. This result shows that
the dye pair 409-H/KK114 provides much lower crosstalk than the ATTO594/KK114
pair, and therefore, may be advantageously used in two-color imaging and colocalization

studies even without linear unmixing or other image processing techniques.
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Figure 50 Immunofluorescence imaging and comparison of the crosstalk observed between compound 139-
H or ATTO594, and KK114 dyes in mowiol, two excitation sources (514 and 613 nm), and one detection
channel (650—750 nm).

Figure 51 shows fluorescence images of cells labeled with 409-H (mitochondria) and
KK114 (peroxysomes) and embedded in Mowiol. Although some crosstalk is visible in

“KK114”, both objects are well discernible.
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PMP/ KK114 ATPS/409-H Overlay

Figure 51 Dual color imaging with dyes 409-H and KK114. A subunit of the mitochondrial ATP synthase
and the peroxysomal protein PMP70 were labeled in Vero cells using dyes 409-H and KK114, respectively.
Imaging was performed in a custom-made microscope; excitation with laser light at 640 nm (a) and 532 nm
(b), respectively; confocal detection between 650 and 690 nm. (c) Overlay of (a) and (b). To discriminate
the structures, the pictures in the “KK114 channel” and “409-H channel” are pseudocolored in red and
green, respectively.

To test the new carborhodol in super-resolution STED microscopy, the vimentin cyto-
skeleton in Vero cells was immunolabeled with compound 409-H. Imaging was per-
formed in a custom-built STED microscope with excitation at 532 nm (~40 4W) and a
STED irradiation at 760 nm (~200 mW). The confocal detection was carried out in the
650—690 nm range. As visible in Figure 52, the performance of carborhodol 409-H is
very good, even though the STED wavelength is shifted by more than 140 nm to the red
from the emission maximum. The optical resolution achieved with dye 409-H was about
80 nm. At the same time, the best resolution of this STED microscope obtained with dif-
ferent dyes was in the range of 40—50 nm. The reason for lower STED resolution with
409-H might be photobleaching. Although we expected carborhodol 409-H to be more
photostable than fluorescein, its photostability apparently cannot reach the values typical
for rhodamine dyes. Under STED conditions compound 409-H bleaches significantly
faster than rhodamine dye KK114, which is considered to be one of the best STED
dyes.*** Trying to improve the photostability of carborhodol dyes, we planned to re-
place three hydrogen atoms in the fluorescein “half” of the molecule with fluorine. Simi-
lar structural modifications applied to the fluorescein resulted in a series of Oregon Green
dyes which showed significantly better resistance against photobleaching.**”! Although

we failed to prepare the fluorinated analog of 409-H, the synthetic transformations pre-
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sented in Scheme 27 may be useful for the design of other fluorinated 10,10-

dimethylanthracene-9(10H)-ones.

Figure 52 STED imaging with compound 409-H. The vimentin cytoskeleton of mammalian cells was la-
beled with compound 409-H. Top: confocal and STED images of the same region of the sample. Bottom:
close-ups of the boxed regions in the upper panels.

2.4.4 Conclusion and outlook

A general synthetic approach to new hybrid dyes — carborhodols — has been developed.
The new dyes provided bright protein conjugates and low crosstalk in two-color imaging
when used together with the benchmark red-emitting dye KK114. Another remarkable
feature is the relatively short lifetime in the conjugated form. This allows the use of car-
borhodols in multilifetime microscopy experiments with other dyes possessing longer
lifetimes. The synthetic route to carborhodols given in Scheme 25 can be used for the
preparation of structurally diverse dyes with extended conjugation (for example, com-
pounds with 1,2-dihydro-1,2,2,4-tetramethylpyridine fragments). However, the necessity

of lithium-halogen exchange at the two key steps restricts the synthetic freedom. Another
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prospective piece of research is the future evaluation of the cell permeability of car-
borhodol 409-H and its derivatives.
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3  Experimental part

3.1 General remarks

UV-visible absorption spectra were recorded on a Varian Cary 4000 UV-Vis spectro-
photometer, and the fluorescence spectra on a Varian Cary Eclipse fluorescence spectro-
photometer. The fluorescence quantum yields were determined by comparison with the
reference dyes with the known quantum vyields (for a detailed description, see:
www.horiba.com/fileadmin/uploads/Scientific/Documents/Fluorescence/quantumyieldstr
ad.pdf). A MICROTOF spectrometer equipped with ESI ion source Apollo and direct
injector with LC autosampler Agilent RR 1200 was used for obtaining high resolution
mass spectra (ESI-HRMS). ESI-HRMS were obtained also on APEX IV spectrometer
(Bruker). HPLC system (Knauer): Smartline pump 1000 (2x), UV detector 2500, column
thermostat 4000 (25 °C), mixing chamber, injection valve with 20 and 100 pL loop for
the analytical and preparative columns, respectively; 6-port-3-channel switching valve;
analytical column: Eurospher-100 C18, 5 um, 2504 mm, 1.1 mL/min; solvent A: water
+ 0.1 viv% TFA,; solvent B: MeCN + 0.1 v/v% TFA; detection at 254 nm or as specified.
Analytical TLC was performed on MERCK ready-to-use plates with regular silica gel 60
(F254) and UV-detector (unless specified otherwise). Preparative column
chromatography was performed on silica gel 60 (40-63 um) from Macherey-Nagel
(Germany). NMR device: Varian (Agilent) 400-MR (400 MHz) unless specified other-
wise. Coupling constants (J) are given in Hz. In the APT mode, the **C signals of the
methyl (CH3) and methyne (CH) groups are “positive” (+), while the signals of methylene
groups (CHy) and carbons without attached hydrogen atoms are “negative” (-). Reactions
were carried out upon magnetic stirring in Schlenk flasks equipped with septa or reflux
condensers with bubble counters under argon using a standard manifold with vacuum and
argon lines. Freeze-drying of the dye solutions in aqueous acetonitrile was performed
with ALPHA 2-4 LD plus device with the cooler maintained at —80 °C (Martin Christ,

Germany).
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3.2 Experimental procedures

HZN/©\OTBDMS

3-[(tert-Butyldimethylsilyl)oxy]aniline (286-TBDMS)

Compound 286 was prepared according to the published procedure:*”® 3-Aminophenol
(21.8 g, 0.200 mol) and imidazole (34 g, 0.50 mol) were dissolved in DMF (200 mL), the
solution was cooled with an ice-water bath, and TBDMSCI (36.1 g, 0.24 mol) was added
in one portion. The cooling bath was removed, the reaction mixture was allowed to warm-
up to room temperature, and stirred for 1 h. DMF (ca. 150 mL) was evaporated in vacuo
at 55 °C, the residue was diluted with EtOAc (250 mL), washed with sat. ag. NaHCO3
(twice), water (several times), brine and dried over MgSO,. After evaporation of solvents,
the oily residue was dried in vacuo (0.5 Torr) to a constant weight. Purification by
column chromatography (gradient elution with n-hexane to n-hexane/Et,O = 5/1) afforded
compound 286-TBDMS (R¢ = 0.24 in n-hexane/Et,O = 8/1) as a clear oil (34.1 g, 76%).
'H NMR (300 MHz, CDCl3): §=0.21 (s, 6 H, 2xMe), 0.99 (s, 9 H, tBu), 3.60 (br. s, 2 H,
NHy), 6.18 (m, 1 H, Ar), 6.25 (m, 2 H, Ar), 6.98 (m, 1 H, Ar) ppm.

=

H OTBDMS

7-[(tert-Butyldimethylsilyl)oxy]-1,2-dihydro-2,2,4-trimethylquinoline (287)

Anhydrous ytterbium(lll) triflate (4.2 g, 6.8 mmol, 6.5 mol%, freshly dried in vacuo at
130 °C for 4 h) was added in one portion to a solution of compound 286-TBDMS (23.3 g,
0.1045 mol) in dry acetone (300 mL). The reaction mixture was stirred at r.t. for 16 h.
Acetone was evaporated in vacuo, the residue was dissolved in AcOEt, washed with sat.
aq. NaHCOg (twice), water, brine and dried over MgSO,. After evaporation of solvents,
the oily residue was dried in vacuo (0.5 Torr) to a constant weight. Purification by
column chromatography (gradient elution with n-hexane to n-hexane/Et,0O = 10/1)
afforded compound 287 (Rf = 0.86, n-hexane/Et,O = 8/1) as a clear oil (19.85 g, 63%
yield). *H NMR (400 MHz, CDCls): §=0.20 (s, 6 H, 2xMe), 0.99 (s, 9 H, tBu), 1.27 (s,
6 H, 2xMe), 1.97 (d, J = 1.2 Hz, 3 H, Me), 3.63 (br. s, 1 H, NH), 5.20 (q, J = 1.2 Hz, 1
H), 5.99 (d,J=2.4,1H, Ar), 6.15(dd, J=8.2 and 2.4 Hz, 1 H, Ar), 6.92 (d, J = 8.2 Hz,
1 H, Ar) ppm. *C NMR (125.7 MHz, CDCls): & = -4.4, 18.2, 18.6, 25.7, 30.9, 51.9,
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104.7, 108.9, 115.9, 124.5, 126.1, 128.3, 144.5, 156.1 ppm. HRMS (ESI, C1gH29NOSI):
302.1940 (found [M—H]"), 302.1946 (calc.);: HRMS (ESI, C1gHaNOS): 304.2096 (found
[M+H]"), 304.2091 (calc.).

=
N OTBDMS
KA(:ozEt

1-[3-(Ethoxycarbonyl)propyl]-7-[(tert-butyldimethylsilyl)oxy]-1,2-dihydro-2,2,4-tri-
methylquinoline (288-TBDMS)

DIEA (11.8 g, 91.7 mmol) was added to a mixture of compound 288 (13.9 g, 45.87
mmol) and ethyl 3-iodobutyrate (13.3 g, 55.05 mmol) in a screw-cup bottle, and the reac-
tion mixture was stirred with heating (110 °C) for 2 days. After cooling, the reaction
mixture was diluted with Et,O, passed through a plug of SiO, (eluting with Et,0), and the
filtrate evaporated in vacuo. The residue was dissolved in n-hexane/Et,O (3/1) mixture,
washed with water, brine and dried over MgSO,. The product 288-TBDMS was isolated
by a short path column chromatography (n-hexane — n-hexane/Et,O 10/1; Rf = 0.59 in n-
hexane/Et,0 = 10/1); yield 18.75 g (98% yield) of a clear oil. *H NMR (400 MHz,
CDCl3): 6=10.21 (s, 6 H, 2xMe), 0.99 (s, 9 H, tBu), 1.27 (t, J = 7.2 Hz, 3 H, Et), 1.28 (5,
6 H, 2xMe), 1.91 (m, 2 H, CH,), 1.94 (d, J = 1.2 Hz, 3 H, Me), 2.38 (m, 2 H, CH,), 3.21
(m, 2 H, NCH,), 4.16 (9, J = 7.2 Hz, 2 H, Et), 5.11 (q, J = 1.2 Hz, 1 H), 6.03 (d, J = 2.4, 1
H, Ar), 6.12 (dd, J = 8.2 and 2.4 Hz, 1H, Ar), 6.90 (d, J = 8.2 Hz, 1H, Ar) ppm. *C NMR
(125.7 MHz, CDCl3): 6 = -4.3, 14.3, 18.3, 18.7, 23.5, 25.8, 28.2, 31.8, 43.3, 56.8, 60.4,
103.1, 107.1, 117.2, 124.4, 127.1, 127.6, 145.0, 156.4, 173.1 ppm.

Z

N OH

KAcoZEt
1-[3-(Ethoxycarbonyl)propyl]-1,2-dihydro-7-hydroxy-2,2,4-trimethylquinoline (288-
H)

A solution of TBAF3H,0 (7.66 g, 24.31 mmol) in THF (50 mL) was added to a solution
of ester 288-TBDMS (16.90 g, 40.53 mmol) in THF (60 mL) at 5 °C. After 5 min, the
reaction mixture was diluted with Et,O (200 mL), washed with water (2x) and brine. The

combined aqueous layers were extracted with ether, and the combined organic solutions
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were dried (MgSQ,). After evaporation of solvents, the residue was purified by column
chromatography (Et,O/n-hexane, 2/1 — 4/1). Phenol 288-H (R = 0.07 in n-hexane/Et,0,
1/5) was isolated in 99% yield (12.15 g). *H NMR (400 MHz, CDCls): §= 1.27 (s, 6 H,
2xMe), 1.28 (t, J = 7.2 Hz, 3 H, Et), 1.92 (m, 2 H, CH,), 1.93 (d, J = 1.2 Hz, 3 H, Me),
2.39 (M, 2 H, CH,), 3.20 (m, 2 H, NCH)), 4.18 (g, J = 7.2 Hz, 2 H, Et), 5.08 (¢, J = 1.2
Hz, 1 H), 6.13 (m, 2 H, Ar), 6.54 (br. s, 1 H, OH), 6.90 (d, J = 8.6 Hz, 1 H, Ar) ppm. *C
NMR (100.7 MHz, CDCl3): 6=14.2, 18.7, 23.4, 28.3, 31.6, 43.4, 56.8, 60.8, 98.3, 102.4,
116.2, 124.8, 126.5, 127.6, 145.3, 156.9, 174.0 ppm.

CHO
-z
N OH
KAcozEt

1-[3-(Ethoxycarbonyl)propyl]-1,2-dihydro-6-formyl-7-hydroxy-2,2,4-
trimethylquinoline (289)

POCI; (3.90 g, 25.5 mmol) was added to DMF (30 mL) at 5°C, and the mixture was
allowed to warm to room temperature. After stirring for 15 min at room temperature, it
was cooled down (5 °C), and a solution of phenol 288-Et (5.15 g, 17.0 mmol) in DMF (15
mL) was added slowly. The cooling bath was removed, and the reaction mixture was
allowed to warm up to room temperature, stirred for 0.5 h, and finally heated at 50 °C for
15 min. The TLC control of this reaction is difficult, because the product was found to
have the same Rs value, as the starting material (in most solvents). After cooling, the reac-
tion was “quenched” by adding 1 mL of sat. ag. NaHCO3, and the product 289 was
extracted with dichloromethane. The organic layer was dried (MgSQ,), and, after evapo-
ration of solvents, the residue was purified by column chromatography (gradient elution
with hexane/ether mixture, 1/1 to 1/4). Yield 3.59 g (64%). *"H NMR (400 MHz, CDCls):
5=1.29(t,J=7.2 Hz, 3 H, Et), 1.31 (s, 6 H, 2xMe), 1.93 (m, 2 H, CH,), 1.96 (d, J = 1.2
Hz, 3 H, Me), 2.40 (m, 2 H, CHy), 3.33 (m, 2 H, NCHy), 4.18 (q, J = 7.2 Hz, 2 H, Et),
5.19 (q, J = 1.2 Hz, 1 H), 5.98 (s, 1 Ha), 7.03 (s, 1 H, Ar), 9.48 (s, 1 H), 11.76 (s, 1 H)
ppm. C NMR (100.7 MHz, CDCl3): § = 14.2(+), 18.6(+), 22.8(-), 29.3(+), 31.4(-),
44.0(=), 58.3(q), 60.7(<), 96.4(+), 110.9(-), 115.9(-), 126.1(-), 127.4(+), 128.1(+),
151.1(-), 164.7(-), 172.7(=), 191.9(+) ppm. HRMS (ESI, C19H25NO,): 330.1715 (found
[M=H]), 330.1711 (calc.); HRMS (ESI, CigHsNO,): 354.1671 (found [M+Na]®),
354.1676 (calc.); 332.1859 (found [M+H]"), 332.1856 (calc.).
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Ethyl 4-(6,8,8-trimethyl-2-0x0-1,2,8,9-tetrahydropyrano[3,2-g]quinolin-9-
yl)butanoate (290)

Compound 289 and (ethoxycarbonylmethylene)triphenylphosphorane were dissolved in
p-Xxylene, and refluxed for 3 h under argon. After cooling to r.t., the reaction mixture was
filtered to remove triphenylphosphine oxide; afterwards the solvent was evaporated in
vacuo. The residue was subjected to a column chromatography (100 g SiOy;
hexane/EtOAc, 4:1 — 2:1) to furnish 2.4 g (73%) of the titled product. 'H NMR (300
MHz, CDCl3): 6 = 1.28 (t, J=7.1 Hz, 3 H, Et), 1.35 (s, 6 H, 2xMe), 1.80-1.95 (m, 2 H,
CHy), 1.96 (d, J = 1.4 Hz, 3 H, Me), 2.39 (t, J =6.9 Hz, 2 H, CH,), 3.25-3.35 (m, 2 H,
NCH,), 4.17 (q, J = 7.1 Hz, 2 H, CH,), 5.26 (g, J = 1.4 Hz, 1 H), 6.01 (d, J = 9.3 Hz, 1 H,
Ar), 6.34 (s, 1 H, Ar), 6.99 (s, 1H, Ar), 7.49 (d, J=9.3 Hz, 1 H, Ar) ppm. *C NMR
(125 MHz, CDCl3): 0 = 14.2(+), 18.6 (+), 22.6(-), 29.0(+), 31.3(-), 43.8(-), 57.8(-),
60.6(-), 97.1(+), 108.3(-), 109.4(+), 120.1(-), 122.2(+), 126.3(-), 129.8(+), 143.8(+),
147.5(-), 156.6(-), 162.2(-), 172.8(-) ppm. HRMS (ESI): calc. for C,1H2NO4 [M+H]"
356.1856; found 356.1852.

=
2 X

N (OO

KAcozEt

Ethyl 4-(6-formyl-8,8-dimethyl-2-0x0-1,2,8,9-tetrahydropyrano|3,2-g]quinolin-9-
ylbutanoate (291)

In a typical experiment, a 10 mL flask was charged with solution of compound 290
(300 mg, 0.845 mmol) in dioxane (4 mL) and finely powdered SeO, (117 mg,
1.06 mmol). The resulted suspension refluxed for 3.5 h, then, water (0.5 mL) was added,
and the reaction mixture was allowed to cool to r.t. All volatile materials were evaporated
in vacuo, the residue was dissolved in CH,Cl, and washed with sat. ag. NaHCO3. Organic
layer was dried with Na,SO,4 and evaporated to give a crude product. The title compound
was isolated as a yellow powder (235 mg; 75%) by means of column chromatography
(30 g SiOy, hexane/EtOAc, 1:1). *H NMR (300 MHz, CDCls): 6 = 1.28 (t, J= 7.1 Hz, 3
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H, Et), 1.50 (s, 6 H, 2xMe), 1.85-1.97 (m, 2 H, CHy), 2.40 (t, J=6.8 Hz, 2 H, CHy),
3.29-3.37 (m, 2 H, NCH,), 4.16 (q, J = 7.1 Hz, 2 H, Et), 6.07 (d, J=9.3 Hz, 1 H Ar),
6.21 (s, 1 H), 6.44 (s, 1H, Ar), 7.56 (d, J=9.3 Hz, 1 H, Ar), 8.39 (s, 1 H, Ar), 9.56 (s, 1
H, CHO) ppm. *C NMR (125 MHz, CDCls): § = 14.3(+), 22.9(-), 28.0(+), 31.3(-),
44.0(-), 58.1(-), 60.8(-), 98.3(+), 109.0(-), 110.5(+), 113.5(-), 125.4(+), 130.6(-),
143.9(+), 147.0(-), 151.9(+), 156.6(-), 161.6(-), 172.6(-), 191.6(+) ppm. HRMS (ESI):
calc. for C,1H,3NOs [M+H]" 370.1649; found 370.1640.

KAcozEt

Ethyl 4-(6,8,8-trimethyl-2-oxo-3-(pyridin-2-yl)-1,2,8,9-tetrahydropyrano|3,2-
g]quinolin-9-yl)butanoate (292)

To a suspension of 2-pyridylacetic acid (394 mg, 2.27 mmol) in DMF (5 mL) NEts
(400 pL) was added. The resulted mixture was stirred for 5 min, then subsequently
solution of aldehyde 289 (500 mg, 1.51 mmol) in CH,CI, (10 mL), EDC-HCI (436 mg,
2.27 mmol), NEt; (800 pL), 4-DMAP (18.3 mg, 0.15 mmol) were added. The reaction
mixture was stirred overnight at r.t. Afterwards, water (15 mL) was added, organic phase
was separated, and the aq. phase was extracted with CH,Cl,. The combined organic
extracts were dried with Na,SO,4 and evaporated. After a column chromatography (100 g
SiO,, n-hexane/EtOAc, 2:1), the titled product was isolated in 35% yield (227 mg) as an
orange solid. *H NMR (400 MHz, CDCls): 6 = 1.29 (t, J = 7.1 Hz, 3 H, Me), 1.38 (s, 6 H,
2xMe), 1.89-1.97 (m, 2 H, CH,, overlapped), 1.97 (d, J = 1.3 Hz, 3 H, Me), 2.40 (t,
J=6.9 Hz, 2 H, CH,), 3.29-3.37 (m, 2 H, NCH), 4.18 (q, J = 7.1 Hz, 2 H, CHy), 5.28 (q,
J=13Hz 1H), 637 (s, 1H,Ar), 716 (s, 1L H, Ar), 7.17 (ddd, J=7.8, 4.8 and 1.0 Hz,
1 H, Ar, overlapped), 7.70 (ddd, J=8.1, 7.8 and 1.9 Hz, 1 H, Ar), 8.40 (dt, J=8.1 and
1.0 Hz, 1 H, Ar), 8.60 (ddd, J=4.8, 1.9 and 1.0 Hz, 1 H, Ar), 8.64 (s, 1 H, Ar) ppm. *°C
NMR (100.7 MHz, CDCl3): 6 = 14.2(+), 18.7(+), 22.7(-), 29.2(+), 31.4(+), 44.0(-),
58.1(-), 60.7(-), 96.3(+), 109.1(-), 117.8(-), 120.4(-), 122.1(+), 123.2(+), 126.2(-),
129.6(+), 136.4(+), 142.9(+), 148.0(-), 149.0(+), 152.5(-), 156.7(-), 161.3(-), 172.7(-)
ppm. HRMS (ESI): calc. for CosHasN,O4 [M+H]" 433.2122; found 433.2123.
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Ethyl 4-(6,8,8-trimethyl-2-oxo0-3-(pyrazin-2-yl)-1,2,8,9-tetrahydropyrano[3,2-
g]quinolin-9-yl)butanoate (293)

To a solution of 289 (166 mg, 0,5 mmol) in CH,CI, (3 mL) 2-(pyrazin-2-yl)acetic acid
(69 mg, 0.5 mmol), NEt; (106 mg, 1.05 mmol), DCC (103 mg, 0.5 mmol) and DMAP
(6 mg, 10 mol%) were added. The resulting mixture was allowed to stir overnight. The
precipitated urea was filtered; the filtrate was evaporated under reduced pressure. The
residue was subjected to a column chromatography (25 g of SiO,, CH,Cl,/MeOH, 30:1)
to furnish 100 mg (46%) of a title product as an orange powder. *H NMR (300 MHz,
CDCl3): 6 =1.29 (t, J =7.1 Hz, 3 H, Me), 1.39 (s, 6 H, 2xMe), 1.89-1.97 (m, 2 H, CHy),
1.98 (d, J = 1.4 Hz, 3 H, Me), 2.41 (t, J = 6.9 Hz, 2 H, CH,), 3.30-3.39 (m, 2 H, CH,),
418 (q, J = 7.1 Hz, 2 H, CH,), 5.30 (g, J = 1.4 Hz, 1 H), 6.39 (s, 1 H, Ar), 7.15 (s, 1 H,
Ar), 8.45 (d, J =25 Hz, 1 H, Ar), 854 (dd, J =25 and 1.5 Hz, 1 H, Ar), 8.64 (s, 1 H,
Ar), 9.66 (d, J = 1.5 Hz, 1 H, Ar) ppm. *C NMR (125.7 MHz, CDCls): 6 = 14.2(+),
18.6(+), 22.5(-), 29.2(+), 19.6(q), 31.3(-), 44.1(-), 58.3(-), 60.7(-), 96.3(+), 109.1(-),
114.9 (=), 120.6(-), 123.4(+), 126.1(-), 129.9(+), 142.3(+), 143.6(+), 144.0(+), 144.4(+),
148.8(-), 157.3(-), 160.8(-), 172.8 (=) ppm. HRMS (ESI): calc. for CosHp7N304 [M+H]"
456.1894; found 456.1878. UV-Vis spectral data in CH,Cly: Aaps max = 451 nm; &€ = 39200
M_lcm_l, Aemmax = 506 nm, g = 0.74 (standard: Lucifer Yellow, @5 = 0.21 in H,0). UV-
Vis spectral data in MeOH: Aapsmax = 451 nm; &€ = 39600 Mem™, Aemmax = 535 nm, @g =
0.08 (standard: Lucifer Yellow, ®q = 0.21 in H,0).

KAcozEt

Ethyl 4-(6-formyl-8,8-dimethyl-2-oxo0-3-(pyridin-2-yl)-1,2,8,9-tetrahydropyrano[3,2-
g]quinolin-9-yl)butanoate (294)

From compound 292: A round-bottomed flask was charged with solution of compound
292 (208 mg, 0.48 mmol) in dioxane (5mL) and finely powdered SeO, (67 mg,
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0.60 mmol). The resulted suspension refluxed for 3.5 h, then water (1 mL) was added,
and the reaction mixture was allowed to cool to r.t. All volatile materials were
evaporated; the residue was dissolved in CH,Cl,, washed with saturated ag. NaHCOs,
dried, and evaporated in vacuo. The title compound was isolated as a yellow solid
(183 mg, 85%) by means of column chromatography (40 g SiO,, CH,Cl,/Et,0, 10:1). *H
NMR (300 MHz, CDCls): 0 = 1.29 (t, J=7.1 Hz, 3 H, Et), 1.52 (s, 6 H, 2xMe), 1.88—
1.99 (m, 2 H, CHy), 2.42 (t, J=6.8 Hz, 2 H, CH,), 3.32-3.40 (m, 2 H, NCHy), 4.18 (q,
J=7.1Hz, 2 H, Et), 6.22 (s, 1 H), 6.47 (s, 1 H, Ar), 7.22 (ddd, J = 7.5, 4.8 and 1.0 Hz,
1H, Ar), 7.74 (ddd, J=8.1, 7.5 and 1.9 Hz, 1 H, Ar), 8.37 (dt, J=8.1 and 1.0 Hz, 1 H,
Ar), 8.58 (s, 1 H Ar), 8.63 (ddd, J=4.8, 1.9 and 1.0 Hz, 1 H, Ar), 8.71 (s, 1 H, Ar) 9.58
(s, 1 H, CHO) ppm. *C NMR (125 MHz, CDCly): d = 14.3(+), 22.9(-), 28.2(+), 31.3(-),
44.2(-), 58.4(-), 60.8(-), 97.5(+), 109.7(-), 113.9(-), 122.3(+), 123.4(+), 126.6(+),
130.5(-), 136.7(+), 143.5(+), 147.6(-), 148.7(+), 151.4(+), 151.9(-), 156.8(-), 160.8(-),
172.6(-), 191.3(+) ppm. HRMS (ESI): calc. for CysHNOs [M+H]" 447.1914; found
447.1906.

From compound 297: In a screw-cap tube compound 297 (50 mg, 0.11 mmol), 2-(tribu-
tylstannyl)pyridine (43 mg, 0.12 mmol), and Pd(PPh3), (6.3 mg, 5 mol%) in dioxane
(1 mL) were placed under argon. The mixture was heated to 110 °C and left overnight at
this temperature with stirring. Afterwards, the reaction mixture was allowed to cool to r.t.,
diluted with CH,Cl, (10 mL), and water (5 mL) was added. The organic layer was sepa-
rated; the aqueous phase was extracted with CH,Cl, (3x10 mL). The combined organic
extracts were dried and concentrated in vacuo to give a crude product. Column chroma-
tography (25 g SiO,, hexane/EtOAc, 1:1) furnished the desired product as a yellow solid
(22 mg, 45 %).

Ethyl  4-(6-formyl-3-(isoquinolin-6-yl)-8,8-dimethyl-2-oxo0-1,2,8,9-tetrahydropyra-
no[3,2-g]quinolin-9-yl)butanoate (295)

In a screw-cap tube compound 297 (50 mg, 0.11 mmol), boronic ester 301 (34 mg,
0.13 mmol), Pd(PPh3)s (6.5 mg, 5 mol%) and 2 M Na,CO3z (224 uL, 0.45 mmol) in

toluene (1 mL) were placed under argon. The mixture was heated to 110 °C and left
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overnight at this temperature with stirring. Afterwards, the reaction mixture was allowed
to cool to r.t., diluted with CH,Cl, (10 mL), passed through a plug of Celite (eluting with
CH.Cl,), and the filtrate evaporated in vacuo. Column chromatography (30 g of SiO,,
CH,Cl,/MeOH, 30:1) furnished the title product as a yellow solid (31 mg, 56%). *H NMR
(400 MHz, CDCls): 6 = 1.31 (t, J = 7.1 Hz, 3 H, Et), 1.55 (s, 6 H, 2xMe), 1.91-2.01 (m, 2
H, CH,), 2.44 (m, 2 H, CHy), 3.36-3.43 (m, 2 H, NCHy), 4.21 (q, J=7.1Hz, 2 H, Et),
6.26 (s, 1 H), 6.53 (s, 1 H, Ar), 7.68-7.71 (m, 1 H, Ar), 7.93 (dd, J=8.6 Hzand 1.7 Hz, 1
H, Ar), 7.93 (s, 1 H, Ar), 8.01 (d, J=8.6 Hz, 1 H, Ar), 8.22 (br. s, 1 H, Ar), 8.54 (d,
J=58Hz, 1 H, Ar), 9.25 (s, 1 H, Ar), 9.61 (s, 1 H, CHO) ppm. *C NMR (100 MHz,
CDCly): 6 = 14.3(+), 22.8(-), 28.1(+), 31.2(-), 44.1(-), 58.3(-), 60.8(-), 97.8(+), 109.7(-
), 113.9(-), 120.7(+), 120.9(-), 125.9(+), 127.4(+), 127.5(+), 130.5(-), 135.8(-), 137.4(-),
142.0(+), 143.4(+), 147.5(-), 152.0(+), 156.5(-), 161.0(-), 172.7(-), 191.8(+) ppm.
HRMS (ESI): calc. for C3oH2sN,Os [M+H]" 497.2071; found 497.2059.

0
’
Br
= X
N 00
KAcozEt
Ethyl 4-(3-bromo-6-formyl-8,8-dimethyl-2-oxo-1,2,8,9-tetrahydropyrano[3,2-

g]quinolin-9-yl)butanoate (297)

To a solution of compound 291 (1032 mg, 2.8 mmol) in AcOH (10 mL) bromine solution
(537 mg, 3.36 mmol in 5 mL of AcOH) was added dropwise under stirring. After 1 h
stirring, the reaction mixture was poured onto water; the resulting slurry was extracted
with CH,Cl, (3%x20 mL). Combined organic extracts were dried with Na,SO,4 and evapo-
rated. The crude product was purified by column chromatography (100 g SiO,,
hexane/EtOAc, 1:1) to yield 1240 mg (99%) of title compound as a yellow powder. *H
NMR (300 MHz, CDCls, ppm): 6 = 1.28 (t, J=7.1 Hz, 3 H, Et), 1.51 (s, 6 H, 2xMe),
1.85-1.95 (m, 2 H, CH,), 2.40 (t, J = 6.8 Hz, 2 H, CH,), 3.29-3.37 (m, 2 H, NCH,), 4.17
(9, J=7.1Hz, 2 H, Et), 6.23 (5, 1 H), 6.44 (s, 1 H, Ar), 7.92 (s, 1 H, Ar), 8.38 (s, 1 H,
Ar), 9.56 (s, 1 H, CHO) ppm. *C NMR (125.7 MHz, CDCly): § = 14.3(+), 22.8(-),
28.1(+), 31.2(-), 44.1(-), 58.3(-), 60.8(-), 98.0(+), 104.4(-), 109.5(-), 113.9(-), 124.7(+),
130.3(-), 144.9(+), 147.2(-), 152.0(+), 155.9(-), 157.8(-), 172.5(-), 191.4(+) ppm.
HRMS (ESI): calc. for C»1H2,BrNOs [M+H]" 448.0754; found 448.0741.
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2-(Pyrazin-2-yl)acetic acid (299)

A 100 mL Schlenk flask was charged with a solution of iPr,NH (1290 mg, 12.8 mmol) in
THF (15 mL), cooled to —78 °C, and 1.6M solution of BuLi in hexanes (8 mL, 12.8
mmol) was injected. After 30 min of stirring at this temperature pyrazine (1 g, 10.6
mmol) was added. The reaction mixture was allowed to stir for 1 h and then was
quenched with an excess of solid CO,. After the mixture warmed to r.t., water was added
until clear phases formed. A pH was adjusted to 3 with conc. HCI with stirring under ice-
cooling. Further extraction with EtOAc (8x50 mL) gave organic solution, which was
dried with Na,SO,4 and evaporated at r.t. to furnish 915 mg (62%) of orange powder. This
crude product was used directly without further purification. *H NMR (400 MHz,
CD3;0D): 6 = 3.89 (s, 2 H, CHy), 8.49 (d, J = 2.64 Hz, 1 H, Ar), 8.54 (dd, J = 2.64 and
1.52 Hz, 1 H, Ar), 8.62 (d, J = 1.52 Hz, 1 H, Ar) ppm. HRMS (ESI): found 137.0354;
calc. for CgHgN,O, [M-H]™ 137.0357.

OH

KAcozEt

Ethyl  4-(6-(hydroxymethyl)-8,8-dimethyl-2-oxo-3-(pyridin-2-yl)-1,2,8,9-tetrahydro
pyrano[3,2-g]quinolin-9-yl)butanoate (282)

To a cooled solution (0 °C) of compound 294 (67 mg, 0.15 mmol) in the solvent mixture
(THF/MeOH, 1:1, 5 mL) powder of CeCl; (37 mg, 0.15 mmol) was added. The resulting
mixture was stirred until CeCls dissolved, and NaBH,4 (6 mg, 0.15 mmol) was added in
one portion. Bright green fluorescence appeared immediately, and after 5 min sat. ag.
NH4Cl (5 mL) and water (5 mL) were added. The reaction mixture was extracted with
CH,Cl, (4x10 mL), the combined organic extracts were dried with Na,SO, and evapo-
rated. The residue was purified by column chromatography (30 g of SiO,, CH,Cl,/MeOH,
25:1) to furnish an orange solid (27 mg; 85%). *H NMR (300 MHz, CDCls): 6 = 1.29 (t,
J=7.1Hz, 3 H, Et), 1.36 (s, 6 H, 2xMe), 1.87-1.99 (m, 2 H, CH,), 2.41 (t, J = 6.9 Hz,
2 H, CHy), 3.27-3.36 (m, 2 H, NCH,), 4.20 (q, J =7.1 Hz, 2 H, Et), 4.45 (d, J=1.2 Hz,
2H, CHy), 547 (t, J=1.2 Hz, 1 H), 6.37 (s, 1 H, Ar), 7.18 (ddd, J=7.5, 4.8 and 1.0 Hz,
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1H, Ar), 7.25(s, 1 H, Ar), 7.71 (ddd, J = 8.1, 7.5 and 1.9 Hz, 1 H, Ar), 8.37 (dt, J=8.1
and 1.0 Hz, 1 H, Ar), 8.56 (s, 1 H, Ar), 8.59 (ddd, J=4.8, 1.9 and 1.0 Hz, 1 H, Ar) ppm.
13C NMR (125.7 MHz, CDCls): 6 = 14.4(+), 22.7(-), 29.1(+), 31.4(-), 44.2(-), 58.0(-),
60.7(-), 62.8(-), 96.7(+), 109.1(-), 117.6(-), 117.9(-), 122.1(+), 123.0(+), 123.3(+),
129.3(+), 129.5(-), 136.4(+), 142.9(+), 148.0(-), 148.8(+), 152.3(-), 156.6(-), 161.1(-),
172.6(-) ppm. HRMS (ESI): calc. for CysHsNOs [M+H]" 449.2071; found 449.2071.
UV-Vis spectral data in MeOH: Aaps max = 431 nm; € = 32100 M'em™, Aemmax = 498 nm,
@5 = 0.67 (standard: Coumarin 334, ®g = 0.69 in EtOH).

Ethyl 4-(6-(hydroxymethyl)-3-(isoquinolin-6-yl)-8,8-dimethyl-2-oxo-1,2,8,9-
tetrahydropyrano[3,2-g]quinolin-9-yl)butanoate (284)

To a cooled solution (0 °C) of compound 295 (31 mg, 0.06 mmol) in the solvent mixture
(THF/MeOH, 1:1, 5 mL) powder of CeCl; (15 mg, 0.06 mmol) was added. The resulting
mixture was stirred until CeCls dissolved, and NaBH, (2.5 mg, 0.06 mmol) was added in
one portion. Bright green fluorescence appeared immediately, and after 5 min, sat. ag.
NH4CI (2 mL) and water (2 mL) were added. The reaction mixture was extracted with
CH.Cl, (3%x15 mL); combined organic extracts were dried with Na,SO,4 and evaporated.
The residue was purified by column chromatography (30 g of SiO,, CH,CIl,/MeOH, 25:1)
to furnish an orange solid (14 mg, 45%). 'H NMR (400 MHz, CDCls): 6 = 1.32 {(t,
J=7.1Hz, 3 H, Et), 1.44 (s, 6 H, 2xMe), 1.91-2.02 (m, 2 H, CH,), 2.44 (m, 2 H, CH,),
3.37 (m, 2 H, NCH,), 4.21 (9, J=7.1 Hz, 2 H, Et), 4.51 (s, 2 H, CH,), 5.58 (s, 1 H), 6.46
(s, 1 H, Ar), 7.31 (s, 1 H, Ar), 7.69 (d, J=5.8 Hz, 1 H, Ar), 7.85 (s, 1 H, Ar), 7.92 (dd,
J=8.6and 1.7 Hz, 1 H, Ar), 7.99 (d, J=8.6 Hz, 1 H, Ar), 8.22 (br. s, 1 H, Ar), 8.53 (d,
J=5.8Hz, 1 H, Ar), 9.24 (s, 1 H, Ar) ppm. *C NMR (100 MHz, CDCls): 6 = 14.3, 22.7,
29.0, 31.3, 44.0, 58.0, 60.7, 63.0, 97.0, 109.2, 117.7, 119.9, 120.8, 122.6, 125.6, 127.4,
127.5, 127.8, 129.7, 130.1, 135.8, 137.7, 141.8, 143.2, 148.0, 152.0, 156.4, 161.2, 172.7
ppm. MS (ESI): m/z (positive mode, rel. int., %) = 499 (100) [M+H]". UV-Vis spectral
data in MeOH: Jasmax = 431 nm; &€ = 41100 M em™, Aemmax = 511 nm, @ = 0.72
(standard: Coumarin 522, ®5 = 0.65 in EtOH).
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Ethyl 4-(6-(hydroxymethyl)-8,8-dimethyl-2-oxo-3-(pyridin-4-ylethynyl)-1,2,8,9-
tetrahydropyranol[3,2-g]quinolin-9-yl)butanoate (285)

To a cooled solution (0 °C) of compound 296 (80 mg, 0.17 mmol) in the solvent mixture
(THF/MeOH, 2:1, 7 mL) powder of CeCl; (42 mg, 0.17 mmol) was added. The resulting
mixture was stirred until CeCl; dissolved, and NaBH, (6.5 mg, 0.17 mmol) was added in
one portion. Bright green fluorescence appeared immediately, and after 5 min, an excess
of acetone was added. The reaction mixture was evaporated, and the residue was taken in
water (~15 mL) and extracted with CH,Cl, (3x20 mL). Combined organic extracts were
dried with Na,SO, and evaporated. Purification by column chromatography (30 g SiO»,
CH,Cl,/MeOH, 25:1) furnished the title product as an orange solid (14 mg, 45%). ‘H
NMR (300 MHz, CDCls): 6 = 1.29 (t, J=7.1Hz, 3 H, Et), 1.42 (s, 6 H, 2xMe),
1.85-1.97 (m, 2 H, CHy), 2.40 (m, 2 H, CHy), 3.34 (m, 2 H, NCH,), 4.18 (9, J= 7.1 Hz, 2
H, Et), 4.45 (br. s, 2 H, CH,), 5.55 (s, 1 H), 6.38 (s, 1 H, Ar), 7.16 (s, 1 H, Ar), 7.35-7.39
(m, 2 H, Ar), 7.79 (s, 1 H, Ar), 8.54-8.57 (m, 2 H, Ar) ppm. **C NMR (125.7 MHz,
CDCls): 6 = 14.3(+), 22.7(-), 29.2(+), 31.3(-), 44.2(-), 58.3(-), 60.8(-), 62.9(-), 89.4(-),
90.5(-), 97.2(+), 103.7(-), 108.4(-), 117.8(-), 122.3(+), 125.4(+), 129.3(-), 130.0(+),
131.2(-), 146.6(+), 148.5(-), 149.5(+), 156.4(-), 160.3(-), 172.5(-) ppm. HRMS (ESI):
calc. for CogHogN,Os [M+H]" 473.2071; found 473.2054. UV-Vis spectral data in MeOH:
Aabs,max = 457 nm; € = 44200 M'em™, Aemmax = 511 nm, &5 = 0.62 (standard: Coumarin
334, @5 =0.69 in EtOH).

S

6-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)isoquinoline (301)

A dried 25 mL Schlenk flask was charged with a solution of 6-bromoisoquinoline (200
mg, 0.96 mmol) in THF (7 mL) and cooled down to —78 °C. Afterwards, a solution of
tBuLi (0.68 mL, 1.7 M, 1.15 mmol) was injected. The resulting reaction mixture was
stirred for 20 min at =78 °C, and B(OiPr3) (218 mg, 1.15 mmol) was added. After over-
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night stirring at r.t., AcOH (86 mg, 1.44 mmol) and pinacol (226 mg, 1.92 mmol) were
added. The reaction mixture was stirred for additional 2 h at r.t., and sat. ag. NaCl was
added (~25 mL). The resulted mixture was extracted with EtOAc (3x25 mL). Combined
organic extracts were dried with Na,SO, and evaporated. The residue was subjected to
column chromatography to afford 147 mg (60%) of a clear oil. *H NMR (400 MHz,
CDCl3): 6 =1.40 (s, 12 H, 4xMe), 7.68 (d, J = 5.7 Hz, 1 H, Ar), 7.93-7.99 (m, 2 H, Ar),
8.34 (s, 1 H, Ar), 854 (d, J =5.7 Hz, 1 H, Ar), 9.27 (s, 1 H, Ar) ppm. MS (ESI): m/z
(positive mode, rel. int., %) = 256 (100) [M+H]".

OH
= N
N 00
K/\c:ozEt
Ethyl 4-(3-bromo-6-(hydroxymethyl)-8,8-dimethyl-2-oxo0-1,2,8,9-tetrahydro-

pyranol[3,2-g]quinolin-9-yl)butanoate (302)

To an ice cooled solution of compound 297 (100 mg; 0.22 mmol) in a solvent mixture (5
mL, THF/MeOH, 1:1) powder of CeCl; (54 mg; 0.22 mmol) was added under stirring.
After its dissolution, NaBH, (8.5 mg; 0.22 mmol) was added in one portion. The reaction
mixture was stirred for 5 min, acetone (5 mL) was added, and reaction mixture was
allowed to warm up to r.t. All volatile materials were evaporated in vacuo, the residue
was taken up in water (10 mL) and extracted with CHCI; (3%x10 mL). The combined
organic liquids were dried and concentrated to give crude product. The title compound
was purified by means of column chromatography (25 g of SiO,, CH,Cl,/MeOH, 25:1) as
a yellow amorphous solid (96 mg; 95%). 'H NMR (400 MHz, CDCls): § = 1.30 (t,
J=7.1Hz, 3 H, Et), 1.42 (s, 6 H, 2xMe), 1.87-1.96 (m, 2 H, CH,), 2.41 (t, J=6.9 Hz, 2
H, CHy), 3.29-3.35 (m, 2 H, NCH,), 4.19 (q, J=7.1 Hz, 2 H, Et), 4.45 (br. s, 2 H, CH,),
5.55 (t, J=1.2 Hz, 1 H), 7.1 (s, 1 H, Ar), 7.87 (s, 1 H, Ar) ppm. *C NMR (100 MHz,
CDCls): 0 = 14.2(+), 22.6(-), 29.0(+), 31.3(-), 44.0(-), 57.9(-), 60.7(-), 63.0(-), 97.2(+),
103.4(-), 109.1(-), 117.8(-), 121.5(+), 129.5(-), 130.2(+), 144.7(+), 147.8(-), 155.9(-),
172.7(-) ppm. HRMS (ESI): calc. for Cy6H2N20s [M+H]" 449.2071; found 449.2071.
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Ethyl 4-(3-bromo-6-((di-tert-butoxyphosphoryloxy)methyl)-8,8-dimethyl-2-oxo-
1,2,8,9-tetrahydropyrano[3,2-g]quinolin-9-yl)butanoate (303)

To a stirred and preheated (40 °C) solution of compound 302 (130 mg, 0.29 mmol) in
CH,Cl, (10 mL) di-t-butyl N,N-diisopropylphosphoramidite (240 mg, 0.87 mmol) and
1H-tetrazole (65 mg, 0.93 mmol) were added in two equal portions at interval of 20 min
under Ar. After further 20 min the reaction mixture was cooled with ice bath (0 °C) and
solution of mMCPBA (214 mg, 70% purity, 0.87 mmol) in CH,Cl, was added. After stir-
ring for additional 30 min aqueous solutions of Na,SO3 (4 mL, 10%) and NaHCO3 (5 mL,
saturated) were added, and the reaction mixture was allowed to warm up to r.t. The
organic layer was separated and the aqueous phase was extracted with CH,Cl, (3x20
mL). The combined organic extracts were dried, the solvents were evaporated, and the
titled compound was isolated by column chromatography (30 g of SiO,, n-hexane/EtOAcC,
1:1) as a yellow amorphous solid (162 mg, 87%). *H NMR (400 MHz, CDCls): ¢ = 1.29
(t, J=7.1Hz, 3 H, Et), 1.41 (s, 6 H, 2xMe), 1.48 (s, 18 H, 2xtBu), 1.86-1.95 (m, 2 H,
CHy), 2.40 (t, J=6.8 Hz, 2 H, CH,), 3.28-3.34 (m, 2H, NCH), 4.18 (9, J=7.1 Hz, 2 H,
Et), 4.72 (d, *Jup = 7.4 Hz, 2 H, CH,), 5.61 (s, 1H), 6.38 (s, 1 H, Ar), 7.13 (s, 1 H, Ar),
7.86 (s, 1 H, Ar) ppm. *C NMR (100.7 MHz, CDCly): § = 14.2(+), 22.6(+), 28.9(+),
29.9(+, d, *Jcp = 4.3 Hz), 31.3(-), 44.0(-), 58.0(-), 60.7(-), 66.0(-, d, 2Jcp = 5.5 Hz), 82.7
(-, d, Wep=7.4 Hz), 97.2(+), 103.5(-), 109.1(-), 117.4(-), 121.6(+), 126.1(-, d,
3Jcp = 7.8 Hz), 132.0(+), 144.7(+), 147.6(-), 155.9(-), 158.1(-), 172.7(-) ppm. HRMS
(ESI): calc. for CooH41BrNOgP [M+H]" 642.1826; found 642.1818.

OPO(OtBU),

K/\cozEt

Ethyl 4-(6-((di-tert-butoxyphosphoryloxy)methyl)-8,8-dimethyl-2-oxo-3-(pyridin-2-
yD-1,2,8,9-tetrahydropyrano[3,2-g]quinolin-9-yl)butanoate (304)
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From compound 282: To a stirred and preheated (40 °C) solution of compound 282
(70mg, 0.16 mmol) in CH,Cl, (10 mL) di-t-butyl N,N-diisopropylphosphoramidite
(130 mg, 0.47 mmol) and 1H-tetrazole (35 mg, 0.5 mmol) were added in two equal
portions at interval of 20 min under argon. After further 20 min the reaction mixture was
cooled with ice bath (0 °C), and solution of mMCPBA (115 mg, 70 % purity, 0.47 mmol) in
CH.Cl, was added. After stirring for additional 30 min aqueous solutions of Na,SO3 (2
mL, 10%) and NaHCO;3; (2 mL, saturated) were added, and the reaction mixture was
allowed to warm up to r.t. The organic layer was separated and the aqueous phase was
extracted with CH,Cl, (3x10 mL). The combined organic extracts were dried, the
solvents were evaporated, and the titled compound was isolated by column
chromatography (30 g of SiO,, CH.Cl,/MeOH, 25:1) as an orange amorphous solid
(88 mg, 88%). *H NMR (400 MHz, CDCl3): 6 = 1.31 (t, J = 7.1 Hz, 3 H, Et), 1.43 (s, 6 H,
2xMe), 1.50 (s, 18 H, 2xtBu), 1.90-1.99 (m, 2 H, CHy), 2.42 (t, J=6.9 Hz, 2 H, CH,),
3.33-3.38 (M, 2 H, NCHy), 4.20 (q, J=7.1 Hz, 2 H, Et), 4.75 (dd, *Jup = 7.3 Hz,
*Jun=1.2 Hz, 2 H, CH,), 5.64 (t, J = 1.2 Hz, 1 H), 6.42 (s, 1 H, Ar), 7.19 (ddd, J = 7.5,
4.8 and 1.0 Hz, 1 H, Ar), 7.26 (s, 1 H, Ar), 7.72 (ddd, J =8.1, 7.5 and 1.9 Hz, 1 H, Ar),
8.39 (dt, J=8.1 and 1.0 Hz, 1 H, Ar), 8.62 (ddd, J =4.8, 1.9 and 1.0 Hz, 1 H, Ar), 8.65
(s, 1 H, Ar) ppm. *C NMR (100.7 MHz, CDCly): 6 = 14.3(+), 22.7(-), 28.9(+), 29.9 (+,
d, 3Jcp = 4.3 Hz), 31.3(-), 44.1(-), 58.0(-), 60.7(-), 65.8(-, d, “Jcp = 5.5 Hz), 82.6 (-, d,
2Jep = 7.4 Hz), 96.7(+), 109.3(-), 117.4(-), 118.4(-), 122.2(+), 123.1(+), 123.2(+),
126.2(-, d, *Jep = 7.8 Hz), 131.1(+), 136.4(+), 142.9(+), 147.9(-), 149.1(+), 152.4(-),
156.7(-), 161.2(-), 172.7(=) ppm. HRMS (ESI): calc. for Cz4HssN,OgP [M+H]"
641.2986; found 641.2986.

From compound 303: A 10 mL Schlenk flask was flushed with Ar and charged conse-
quently with toluene (0.5 mL), Pd(OAc), (1 mg; 4.5-10° mmol), the solution of P(t-Bu)s
in dioxane (0.395 M, 23 pl, 9-10° mmol), the solution of bromide 303 (48 mg; 0.075
mmol) in toluene (1 mL) and 2-(tributylstannyl)pyridine (30 mg; 0.082 mmol). The reac-
tion mixtire was stirred at 110 °C for 2 h, cooled to r.t., and water (5 mL) and CH,CI,
were added. The organic phase was separated; aqueous layer was extracted with CH,Cl,
(3x10 mL). The combined organic extracts were dried with Na,SO, and evaporated. A
purification of the crude product by chromatography (30 g of SiO,, CH,Cl,/MeOH, 25:1)
gave 27 mg (56 %) of a red solid.
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Ethyl 4-(6-((di-tert-butoxyphosphoryloxy)methyl)-8,8-dimethyl-2-oxo-3-(pyridin-4-
ylethynyl)-1,2,8,9-tetrahydropyrano[3,2-g]quinolin-9-yl)butanoate (305)

To a stirred and preheated (40 °C) solution of compound 285 (20 mg, 0.04 mmol) in
CH,Cl; (4 mL) di-t-butyl N,N-diisopropylphosphoramidite (16 mg, 0.06 mmol) and 1H-
tetrazole (5 mg, 0.07 mmol) were added in two equal portions at interval of 20 min under
argon. After further 20 min the reaction mixture was cooled down with ice bath (0 °C),
and solution of mCPBA (15.5 mg, 70 % purity, 0.06 mmol) in CH,Cl, (2 mL) was added.
After stirring for additional 15 min, aqueous solutions of Na,SOz (2 mL, 10%) and
NaHCOg3 (2 mL, saturated) were added, and the reaction mixture was allowed to warm up
to r.t. The organic layer was separated, and the aqueous phase was extracted with CH,Cl,
(2x10 mL). The combined organic extracts were dried, the solvents were evaporated, and
the titled compound was isolated by column chromatography (25 g of SiO,,
CH,Cl,/MeOH, 25:1) as an orange amorphous solid (23 mg; 82%). *H NMR (400 MHz,
CDCl3): 6 =1.19 (t, J=7.1 Hz, 3 H, Et), 1.42 (s, 6 H, 2xMe), 1.48 (br. s, 18 H, 2xtBu),
1.87-1.95 (m, 2 H, CH,), 2.40 (t, J =6.8 Hz, 2 H, CH,), 3.30-3.38 (m, 2 H, NCH,), 4.18
(9, J=7.1Hz, 2 H, Et), 4.75 (d, ®Ju4p = 7.0 Hz, 2 H, CH,), 5.61 (5, 1 H), 6.38 (5, 1 H, Ar),
7.18 (s, 1 H, Ar), 7.36—7.39 (m, 2 H, Ar), 7.79 (s, 1 H, Ar), 8.55-8.58 (m, 2 H, Ar) ppm.
HRMS (ESI): calc. for C3sHasN,OgP [M+H]" 665.2986; found 665.2984.

OPO(OtBU),

KAc:ozH

4-(6-((Di-tert-butoxyphosphoryloxy)methyl)-8,8-dimethyl-2-oxo-3-(pyridin-2-yl)-
1,2,8,9-tetrahydropyrano[3,2-g]quinolin-9-yl)butanoic acid (306)

To a solution of 304 (98 mg, 0.15 mmol) in the solvent mixture (20 mL, THF/water, 3:2)
1 M solution of NaOH (0.6 mL, 0.6 mmol) was added. The reaction mixture was stirred
overnight at r.t., then its acidity was adjusted to pH 4 with sat. ag. KHSO,. The resulted

solution was extracted with EtOAc (5x25 mL), the combined organic extracts were dried
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and concentrated in vacuo. The titled compound was isolated by column chromatography
(30 g of SiO,, CH,Cl,/MeOH, 15:1) as a red solid (60 mg; 65%). *H NMR (400 MHz,
CDCl3): 0 = 1.40 (s, 6 H, 2xMe), 1.50 (s, 18 H, 2xtBu), 1.90-2.00 (m, 2 H, CHy), 2.47 (t,
J=6.8 Hz, 2 H, CH,), 3.33-3.39 (m, 2 H, CH,), 4.78 (dd, Jup = 7.5 Hz, Jyu = 1.1 Hz, 2
H, CH,), 5.64 (d,J=1.1Hz, 1H),6.43(s,1H,Ar),7.21(ddd,J=7.5,49and 1.1 Hz, 1
H, Ar), 7.73 (ddd, J = 8.0, 7.5 and 1.9 Hz, 1 H, Ar), 8.35 (dt, J=8.0 and 1.1 Hz, 1 H, Ar),
8.59 (s, 1 H, Ar), 8.64 (ddd, J = 4.9, 1.9 and 1.1 Hz, 1 H, Ar) ppm. *C NMR (100 MHz,
CDCly): 6 = 14.1(+), 22.7(-), 28.8(+), 29.9 (+, d, Jcp = 4.3 Hz), 31.1(-), 43.9(-), 58.0(-),
66.0(-, d, Jcp = 5.5 Hz), 83.1(-, d, Jcp = 7.6 Hz), 96.9(+), 109.3(-), 117.5(-), 118.2(-),
122.3(+), 123.1(+), 123.4(+), 126.2(—, d, Jcp = 7.7 Hz), 131.4(+), 136.6(+), 143.1(+),
148.0(-), 148.9(+), 152.4(-), 156.7(-), 161.2(-), 176.7(=) ppm. HRMS (ESI): calc. for
C32H41N,OgP [M-H]™ 611.2528; found 611.2517.

OPO(OH),

4-(8,8-Dimethyl-2-ox0-6-(phosphonooxymethyl)-3-(pyridin-2-yl)-1,2,8,9-tetrahydro-
pyrano|3,2-g]quinolin-9-yl)butanoic acid (308)

To a solution of 307 (60 mg, 0.10 mmol) in CH,Cl, (5 mL) trifluoroacetic acid (0.3 mL)
was added. The resulted mixture was stirred for 30 min. Then all volatile substances were
evaporated in vacuo, and the residue was subjected to a column chromatography (20 g of
SiO,;, MeCN/water, 2:1 + 0.1% NEt3) to furnish 56 mg of red amorphous solid (as
308:3NEts, 78%). 'H NMR (400 MHz, CDsOD): 6 = 1.29 (t, J = 7.3 Hz, 27 H, 9xEt),
1.41 (s, 6 H, 2xMe), 1.84-1.93 (m, 2 H, CH,), 2.44 (t, J=6.7 Hz, 2 H, CH,), 3.17 (q,
J=7.3 Hz, 18 H, 9xCHy), 3.37-3.44 (m, 2 H, CH,), 4.69 (d, Jup = 4.8 Hz, 2 H, CH)),
571 (s, 1 H), 6.58 (s, 1 H, Ar), 7.28 (ddd, J=7.5,4.9 and 1.1 Hz, 1 H, Ar), 7.48 (s, 1 H,
Ar), 7.81 (ddd, J = 8.0, 7.5 and 1.9 Hz, 1 H, Ar), 8.15-8.20 (m, 1 H, Ar), 852 (s, 1 H,
Ar), 8.53-8.57 (m, 1 H, Ar) ppm. *C NMR (100.7 MHz, CD;0D): 6 = 22.6(-), 27.7(+),
30.4(-), 43.7(-), 58.0(-), 64.4(-, d, Jcp = 5.5 Hz), 96.2(+), 108.9(-), 110.0(-), 116.7(-),
118.1(-), 122.2(+), 123.2(+), 123.5(+), 127.3(-, d, Jcp = 7.7 Hz), 131.1(+), 136.8(+),
143.8(+), 148.3(+), 148.7(-), 152.5(-), 156.6(-), 161.6(-), 175.4(-) ppm. HRMS (ESI):
calc. for Cy4H25N20gP [M-H]™ 499.1276; found 499.1266. UV-Vis spectral data in PBS
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7.4: dapsmax = 432 nm; € = 20417 Mem™, Aemmax = 512 nm, @5 = 0.81 (standard:
Coumarin 522, @5 = 0.65 in EtOH).

OPO(OH),

2,5-Dioxopyrrolidin-1-yl 4-(8,8-dimethyl-2-0x0-6-(phosphonooxymethyl)-3-(pyridin-
2-yl)-1,2,8,9-tetrahydropyrano|3,2-g]quinolin-9-yl)butanoate (309)

Solution of 308-3NEt; (10 mg, 0.012 mmol), N-hydroxysuccinimide (2.8 mg; 0.024
mmol), HATU (11.4 mg, 0.030 mmol) and NEt; (12 mg, 0.120 mmol) in DMF (1.5 mL)
was stirred overnight at r.t. Afterwards, DMF was evaporated at r.t., and the residue was
subjected to column chromatography (15 g of SiO,, MeCN/water, 4:1) to give 3 mg of
red solid (42%). HPLC: B/A = 20/80 to 50/50 in 25 min, detection at 433 nm, tzr = 12.6
min (100%). HRMS (ESI): calc. for CygH2sN3010P [M-H]™ 596.1440; found 596.1428.

COOH

X
| N7 > Br

2-(2-bromopyridin-4-yl)acetic acid (316)

A dried Schlenk flask was charged with a solution of iPr,NH (704 mg, 7.0 mmol) in THF
(10 mL), cooled to —78 °C, and 1.6M solution of BuLi in hexanes (4.4 mL, 7.0 mmol)
was injected. After 15 min stirring at this temperature, 2-bromo-4-picoline (1 g,
5.8 mmol) was added. The reaction mixture was allowed to stir for 1.5 h and then was
qguenched with an excess of solid CO,. After the reaction mixture had warmed to r.t.,
water was added until clear phases formed. pH was adjusted to 14 with KOH under ice-
cooling. The resulting mixture was extracted with CH,Cl, (3%). The aq. layer was sepa-
rated and acidified to pH 3 with conc. HCI. Further extraction with CH,Cl, (4x) gave
organic solution, which was dried with Na,SO,4 and evaporated at r.t. to furnish 1170 mg
(80%) of the crude product as a hydrochloride. *H NMR (400 MHz, CD;0D): & = 3.69 (s,
2 H, CHy), 7.34 (d, J=5.1 Hz, 1 H, Ar), 7.58 (s, 1 H, Ar), 8.25 (d, J = 5.1 Hz, 1 H, Ar)
ppm. MS (ESI): m/z (positive mode, rel. int., %) = 216 (100) [M+H]".
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Ethyl 4-(3-(2-bromopyridin-4-yl)-6,8,8-trimethyl-2-oxo-1,2,8,9-tetrahydro-
pyranol[3,2-g]quinolin-9-yl)butanoate (317)

To a solution of 289 (1280 mg, 3.9 mmol) in CH,Cl, (50 mL) compound 316-HCI (1170
mg, 4.6 mmol), NEt; (1580 mg, 15.6 mmol), DCC (1200 mg, 5.8 mmol) and DMAP (47
mg, 0.39 mmol, 10 mol%) were added. The resulting mixture was stirred overnight.
Afterwards, an additional amount of DCC (1200 mg, 5.8 mmol) was added, and the reac-
tion mixture was heated under reflux for 6 h. After cooling down, the precipitated urea
was filtered, and the filtrate was evaporated under reduced pressure. The residue was
subjected to column chromatography (150 g of SiO,, n-hexane/EtOAc, 2:1) to furnish
1320 mg (66%) of a title product as a yellow-orange powder. 'H NMR (400 MHz,
CDCls): 6 = 1.31 (t, J = 7.1 Hz, 3 H, Et), 1.41 (s, 3 H, 2xMe), 1.89-1.98 (m, 2 H, CH,),
2.00 (s, 3 H, Me), 2.43 (t, J = 6.8 Hz, 2 H, CH,), 3.31-3.40 (m, 2 H, NCH_), 4.20 (q, J =
7.1 Hz, 2 H, Et), 5.33 (5, 1 H, Ar), 6.38 (5, 1 H, Ar), 7.10 (s, 1 H, Ar), 7.68 (dd, J = 5.3
and 1.5 Hz, 1 H, Ar), 7.85 (s, 1 H, Ar), 7.88 (d, J = 1.5 Hz, 1 H, Ar), 8.34 (d, J = 5.3 Hz,
1 H, Ar) ppm. HRMS (ESI): calc. for CasH2sN,0sBr [M+H]* 511.1227; found 511.1202.

Ethyl 4-(3-(2-(2-hydroxyphenyl)pyridin-4-yl)-6,8,8-trimethyl-2-oxo0-1,2,8,9-
tetrahydropyranol[3,2-g]quinolin-9-yl)butanoate (318)

In a screw-cap tube compound 317 (20 mg, 0.04 mmol), 2-hydroxyphenylboronic acid
(5.5 mg, 0.04 mmol), Pd(PPh3); (2.3 mg, 0.002 mmol, 5 mol%), sat. ag. solution of
Na,CO3 (80 uL, 2 M, 0.16 mmol), EtOH (80 uL) and toluene (1 mL) were placed under
argon. The mixture was heated to 110 °C and left stirred overnight at this temperature.
Afterwards, the reaction mixture was allowed to cool to r.t., diluted with CH,Cl, (10 mL),
passed through a plug of Celite (eluting with CH,Cl,), and the filtrate evaporated in
vacuo. Column chromatography (25 g of SiO,, n-hexane/EtOAc, 3:1) furnished the title
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product as a yellow solid (17 mg; 81%). *H NMR (400 MHz, CDCl3): 6 = 1.33 (t, J =
7.1 Hz, 3 H, Et), 1.43 (s, 6 H, 2xMe), 1.92-2.01 (m, 2 H, CH,), 2.03 (s, 3 H, Me), 2.45 (t,
J = 6.9 Hz, 2 H, CH,), 3.34-3.42 (m, 2 H, CH,), 4.22 (g, J = 7.1 Hz, 2 H, Et), 5.34 (s,
1 H), 6.43 (s, 1 H, Ar), 6.89-6.96 (m, 1 H, Ar), 7.02-7.07 (m, 1 H, Ar), 7.14 (s, 1 H, Ar),
7.28-7.35 (m, 1 H, Ar), 7.63-7.67 (m, 1 H, Ar), 7.88-7.94 (m, 2 H, Ar), 8.34 (s, 1L H, Ar),
8.49-8.53 (m, 1 H, Ar) ppm. MS (ESI): m/z (positive mode, rel. int., %) = 525 (100)
[M+H]".

KAcozEt

Ethyl  4-(3-(2-bromopyridin-4-yl)-6-formyl-8,8-dimethyl-2-oxo0-1,2,8,9-tetrahydro-
pyranol3,2-g]quinolin-9-yl)butanoate (320)

A round-bottomed flask was charged with solution of compound 317 (600 mg, 1.17
mmol) in dioxane (10 mL) and finely powdered SeO, (162 mg, 1.46 mmol). The resulted
suspension was heated under reflux for 3.5 h, then water (10 mL) was added, and the
reaction mixture was allowed to cool to r.t. All volatile materials were evaporated; the
residue was dissolved in CH,Cl,, washed with saturated ag. NaHCOg3, dried, and evapo-
rated in vacuo. The title compound was isolated as a yellow solid (320 mg, 52%) by
means of column chromatography (100 g of SiO,, CH,Cl,/Et,0, 10:1). *H NMR (400
MHz, CDCl3): 6 = 1.31 (t, J = 7.1 Hz, 3 H, Et), 1.56 (s, 6 H, 2xMe), 1.90-2.00 (m, 2 H,
CH,), 2.44 (t, J = 6.7 Hz, 2 H, CHy), 3.40 (m, 2 H, CH,), 4.20 (q, J = 7.1 Hz, 2 H, Et),
6.27 (s, 1 H), 6.50 (s, 1 H, Ar), 7.66 (dd, J = 5.3 and 1.6 Hz, 1 H, Ar), 7.90 (dd, J = 1.6
and 0.6 Hz, 1 H, Ar), 7.92 (s, 1 H, Ar), 8.38 (dd, J =5.3 and 0.6 Hz, 1 H, Ar), 855 (s, 1
H, Ar), 9.60 (s, 1 H, CHO) ppm. *C NMR (100 MHz, CDCls): § = 14.3(+), 22.7(-),
28.2(+), 31.1(-), 44.2(-), 58.6(-), 60.8(-), 97.7(+), 109.1(-), 114.1(-), 116.9(-), 121.3(+),
126.3(+), 126.3(+), 130.2(-), 142.6(-), 142.7(+), 145.7(-), 148.2(-), 150.0(+), 152.0(+),
156.9(-), 160.0(-), 172.6(-), 191.6(+) ppm. HRMS (ESI): calc. for CysHzsN,0sBr
[M+H]" 525.1020; found 525.1006.
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Ethyl 4-(3-(2-bromopyridin-4-yl)-6-(hydroxymethyl)-8,8-dimethyl-2-oxo-1,2,8,9-
tetrahydropyranol[3,2-g]quinolin-9-yl)butanoate (321)

To an ice cooled solution of compound 320 (200 mg, 0.38 mmol) in a solvent mixture
(10 mL, THF/MeOH, 1:1) powder of CeClz (93 mg, 0.38 mmol) was added under stir-
ring. After its dissolution, NaBH, (14.5 mg, 0.38 mmol) was added in one portion. The
reaction mixture was stirred for 5 min, acetone (5 mL) was added, and the reaction mix-
ture was allowed to warm up to r.t. All volatile materials were evaporated in vacuo, the
residue was taken up in water (10 mL) and extracted with CHCI3; (3x10 mL). The com-
bined organic liquids were dried and concentrated to give a crude product. The title com-
pound was purified by means of column chromatography (25 g of SiO,, CH,Cl,/MeOH,
25:1) as an orange solid (195 mg, 97%). *H NMR (400 MHz, CDCls): 6 = 1.31 (t, J = 7.1
Hz, 3 H, Et), 1.44 (s, 6 H, 2xMe), 1.88-1.98 (m, 2 H, CH,), 2.42 (t, J = 6.8 Hz, 2 H,
CHy), 3.32-3.39 (m, 2 H, NCHy), 4.20 (g, J = 7.1 Hz, 2 H, Et), 4.48 (s, 2 H, CH,OH),
5.58 (s, 1 H), 6.42 (s, 1 H, Ar), 7.28 (s, 1 H, Ar), 7.66 (dd, J = 5.3 and 1.6 Hz, 1 H, Ar),
7.85(s,1H,Ar),7.88(dd,J=1.6and 0.6 Hz, 1 H, Ar), 8.34 (dd, J =5.3 and 0.6 Hz, 1 H,
Ar) ppm. *C NMR (100 MHz, CDCls): ¢ = 14.3(+), 22.6(-), 29.2(+), 31.3(-), 44.1(-),
58.2(-), 60.8(-), 62.9(-), 96.8(+), 108.6(-), 115.6(-), 117.9(-), 121.5(+), 123.0(+),
126.1(+), 129.4(-), 130.1(+), 142.4(+), 142.5(-), 146.0(-), 148.8(-), 149.9(+), 156.8(-),
160.2(-), 172.7(-) ppm. HRMS (ESI): calc. for CysH27N,0sBr [M+H]* 527.1176; found
527.1181.

Ethyl  4-(3-(2-(2-(tert-butoxycarbonyloxy)phenyl)pyridin-4-yl)-6-(hydroxymethyl)-
8,8-dimethyl-2-ox0-1,2,8,9-tetrahydropyrano[3,2-g]quinolin-9-yl)butanoate (322-
H,Boc,Et)
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In a screw-cap tube, compound 321 (50 mg, 0.095 mmol), compound 323 (36 mg, 0.113
mmol), Pd(PPh3)4 (5.5 mg, 0.005 mmol, 5 mol%), 2 M Na,CO3 (190 uL, 0.38 mmol),
EtOH (190 pL) and toluene (2 mL) were placed under argon. The mixture was heated to
110 °C and left stirred overnight at this temperature. Afterwards, the reaction mixture was
allowed to cool to r.t., diluted with CH,Cl, (10 mL), passed through a plug of Celite
(eluting with CH,Cl,), and the filtrate evaporated in vacuo. Column chromatography (60
g of SiO,, CH,CIl,/MeOH, 25:1) furnished the title product as a yellow solid (26 mg,
43%). 'H NMR (400 MHz, CDCls): 6 = 1.32 (t, J = 7.1 Hz, 3 H, Et), 1.38 (s, 9 H, tBu),
1.44 (s, 6 H, 2xMe), 1.91-2.00 (m, 2 H, CHy), 2.43 (t, J = 6.9 Hz, 2 H, CH,), 3.33-3.40
(m, 2 H, CHy), 4.21 (q, J=7.1 Hz, 2 H, Et), 4.47 (brs., 2 H, CH,0OH), 1.21 (s, 1 H), 6.44
(s, 1 H, Ar), 7.23-7.26 (m, 1 H, Ar), 7.27 (s, 1 H, Ar), 7.34-7.39 (m, 1 H, Ar), 7.41-7.45
(m, 1 H, Ar), 7.76 (dd, J = 5.3 and 1.8 Hz, 1 H, Ar), 7.78-7.81 (m, 1 H, Ar), 7.89 (dd, J =
1.8 and 0.8 Hz, 1 H, Ar), 7.92 (s, 1 H, Ar), 8.71 (dd, J =5.3 and 0.8 Hz, 1 H, Ar) ppm.
B3C NMR (100 MHz, CDCly): 6 = 14.3(+), 22.7(-), 27.5(+), 29.1(+), 31.3(-), 44.1(-),
58.1(-), 60.8(-), 62.9(-), 83.3(-), 97.0(+), 108.9(-), 117.7(-), 121.1(+), 121.9(+),
122.7(+), 122.8(+), 126.4(+), 129.5(-), 129.7(+), 130.0(+), 130.9(+), 133.2(-), 141.9(+),
143.6(-), 148.3(-), 148.5(-), 149.7(+), 151.4(-), 156.6(-), 160.5(-), 172.7(-) ppm.
HRMS (ESI): calc. for C3;H4oN,Og [M+H]" 641.2857; found 641.2855.

Ethyl 4-(3-(2-(2-(tert-butoxycarbonyloxy)phenyl)pyridin-4-y1)-6-((di-tert-butoxy-
phosphoryloxy)methyl)-8,8-dimethyl-2-oxo-1,2,8,9-tetrahydropyrano[3,2-g]quinolin-
9-yl)butanoate (322-OPO(tBu),,Boc,Et)

To a stirred and preheated (40 °C) solution of compound 322-H,Boc,Et (21 mg,
0.033 mmol) in CH.Cl, (5mL) di-t-butyl N,N-diisopropylphosphoramidite (27 mg,
0.100 mmol) and 1H-tetrazole (7.4 mg, 0.107 mmol) were added in two equal portions at
interval of 20 min under argon. After further 20 min the reaction mixture was cooled with
ice bath (0 °C), and solution of mCPBA (24 mg, 70% purity, 0.100 mmol) in CH,Cl, was
added. After stirring for additional 30 min aqueous solutions of Na,SO3 (2 mL, 10%) and
NaHCOg3 (1 mL, saturated) were added, and the reaction mixture was allowed to warm up
to r.t. The organic layer was separated and the aqueous phase was extracted with CH,Cl,



154

(3x10 mL). The combined organic extracts were dried, the solvents were evaporated, and
the titled compound was isolated by column chromatography (30 g of SiO,,
CH,Cl,/MeOH, 25:1) as a yellow amorphous solid (12 mg; 44%). *H NMR (400 MHz,
CDCls): 6 =1.31 (t, J = 7.1 Hz, 3 H, Et), 1.39 (s, 9 H, tBu), 1.44 (s, 6 H, 2xMe), 1.50 (d,
Jep = 0.5 Hz, 18 H, 2xtBu), 1.90-1.99 (m, 2 H, CH,), 2.43 (t, J = 6.9 Hz, 2 H, CH)),
3.33-3.39 (m, 2 H, NCH,), 4.20 (q, J = 7.1 Hz, 2 H, Et), 4.75 (d, Jcp = 6.6 Hz, 2 H, CH)),
5.65 (s, 1 H), 6.44 (s, 1 H), 7.23-7.26 (m, 2 H, Ar), 7.34-7.39 (m, 1 H, Ar), 7.40-7.45 (m,
1 H, Ar), 7.72 (dd, J = 5.2 and 1.7 Hz, 1 H, Ar), 7.77-7.82 (m, 1 H, Ar), 7.89-7.91 (m, 2
H, Ar), 8.71 (dd, J = 5.3 and 0.8 Hz, 1 H, Ar) ppm. MS (ESI): m/z (positive mode, rel.
int., %) = 833 (100) [M+H]".

Ethyl  4-(3-(2-(1H-pyrrol-2-yl)pyridin-4-yl)-6-(hydroxymethyl)-8,8-dimethyl-2-oxo-
1,2,8,9-tetrahydropyrano[3,2-g]quinolin-9-yl)butanoate (325)

In a screw-cap tube, compound 321 (20 mg, 0.038 mmol), compound 326 (10 mg,
0.046 mmol), Pd(PPhs), (2.2 mg, 0.002 mmol, 5 mol%), sat. ag. solution of Na,COj3 (76
uL, 2 M, 0.152 mmol), EtOH (76 pL) and toluene (1.5 mL) were placed under argon. The
mixture was stirred for 15 h at 110 °C and for 10 min at 150 °C. Afterwards, the reaction
mixture was allowed to cool to r.t., diluted with CH,CI, (10 mL), passed through a plug
of Celite (eluting with CH,CI,), and the filtrate evaporated in vacuo. Column chroma-
tography (60 g of SiO,; CH,CIl,/MeOH, 25:1) furnished the title product as an orange
solid (12 mg, 61%). *H NMR (400 MHz, CDCl3): 6 = 1.32 (t, J = 7.1 Hz, 3 H, Et), 1.43
(s, 6 H, 2xMe), 1.90-1.99 (m, 2 H, CH,), 2.43 (t, J = 6.9 Hz, 2 H, CH,), 3.31-3.38 (m, 2
H, NCH,), 4.20 (g, J = 7.1 Hz, 2 H, Et), 4.49 (d, J = 0.9 Hz, 2 H, CH,), 5.56 (s, 1 H), 6.30
(m, 1 H, Ar), 6.42 (s, 1 H, Ar), 6.79 (m, 1 H, Ar), 6.90 (m, 1 H, Ar), 7.28 (s, 1 H, Ar),
7.43 (dd, J=5.3and 1.7 Hz, 1 H, Ar), 7.82 (s, 1 H, Ar), 7.88 (dd, J = 1.7 and 0.8 Hz, 1 H,
Ar), 8.44 (dd, J = 5.3 and 0.8Hz, 1 H, Ar), 9.77 (br. s, 1 H, Ar) ppm. *C NMR
(100 MHz, CDCl3): ¢ = 14.3(+), 22.7(-), 29.1(+), 31.3(-), 44.1(-), 58.1(-), 60.8(-),
63.0(-), 96.9(+), 107.5(+), 108.8(-), 110.2(+), 116.6(+), 117.7(-), 119.3(+), 119.9(+),
122.8(+), 129.6(-), 130.1(+), 131.5(-), 141.7(+), 143.8(-), 148.3(-), 148.7(+), 150.7(-),
156.6(-), 160.6(-), 172.7(=) ppm. MS (ESI): m/z (positive mode, rel. int., %) = 514 (100)
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[M+H]*. UV-Vis spectral data in MeOH: Laps max = 432 nm; & = 33650 M cm™, Aem max =
432 nm, &g = 0.50 (standard: Coumarin 510, @5 = 0.85 in EtOH).

10-(9-(4-Ethoxy-4-oxobutyl)-6-(hydroxymethyl)-8,8-dimethyl-2-oxo-1,2,8,9-
tetrahydropyrano[3,2-g]quinolin-3-yl)pyrido[1,2-a]pyrrolo[2,1-c]pyrazin-7-ium
bromide (328)

In a screw-cap tube a solution of compound 325 (33 mg, 0.064 mmol) in dibromoethane
(1 mL) was stirred at 130 °C for 3 days. Afterwards, all volatiles were evaporated in
vacuo, and the residue was subjected to column chromatography (35 g of SiO,,
CH,Cl/MeOH, 12:1 — 5:1) to furnish 1 mg (2.5%) of the title compound. *H NMR (400
MHz, DMSO-d6): 6 = 1.22 (t, J = 7.1 Hz, 3 H, Et), 1.41 (s, 6 H, 2xMe), 1.74-1.84 (m, 2
H, CH,), 2.51 (t, J = 6.8 Hz, 2 H, CH,), 3.40-3.48 (m, 2 H, NCH,), 4.11 (q, J = 7.1 Hz, 2
H, Et), 4.28 (s, 2 H, CH,OH), 5.68 (s, 1 H), 6.68 (s, 1 H, Ar), 7.12 (dd, J = 4.1 and 2.6
Hz, 1 H, Ar), 7.43 (s, 1 H, Ar), 7.88 (d, J = 4.1 Hz, 1 H, Ar), 8.03-8.06 (m, 2 H, Ar), 8.36
(dd, J=7.2 and 2.1 Hz, 1 H, Ar), 8.56 (d, J = 5.9 Hz, 1 H, Ar), 8.83 (s, 1 H, Ar), 8.93 (d,
J=7.3Hz 1H,Ar),9.04 (d, J =2.0Hz, 1 H, Ar) ppm. **C NMR (100.5 MHz, DMSO-
d6): 0 = 14.6(+), 22.7(-), 29.3(+), 30.8(-), 44.0(-), 59.2(-), 60.5(-), 61.0(-), 96.4(+),
109.0(-), 110.0(+), 111.4(-), 116.5(+), 116.7(+), 116.8(+), 118.6(-), 119.7(+), 121.4(+),
122.2(-), 122.6(+), 124.1(+), 129.4(-), 129.7(+), 137.4(+), 137.8(-), 146.2(+), 147.7(-),
150.4(-), 157.7(-), 159.8(-), 173.2(-) ppm. HRMS (ESI): calc. for CzH3N3O5 M*
538.2336; found 538.2326. UV-Vis spectral data in MeOH: Aaps max = 489 nM, Aemmax =
587 nm, ®f = 0.56 (standard: Rhodamine B, @5 = 0.69 in EtOH).

OH KI/\(OH

N
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10-(9-(4-Ethoxy-4-oxobutyl)-6-(hydroxymethyl)-8,8-dimethyl-2-oxo-1,2,8,9-
tetrahydropyranol[3,2-g]quinolin-3-yl)-5-hydroxy-5,6-dihydropyrido[1,2-
a]pyrrolo[2,1-c]pyrazin-7-ium chloride (329)

In a screw-cap tube, a mixture of compound 325 (17 mg, 0.033 mmol), chloro-
acetaldehyde diethyl acetal (1 mL) and Nal (100 mg, 0.66 mmol) in DMF (1 mL) was
stirred for 5 h at 100 °C. Afterwards, the reaction mixture was diluted with water (~20
mL), and sat. aq. Na,S,03; was added (~5 mL). The resulting slurry was extracted with
CHClI3 (3%25 mL), and combined organic extracts were washed with sat. ag. NaCl, dried
with Na,SO,4 and evaporated. The residue was subjected to column chromatography (30 g
of SiO,, CH,Cly/MeOH, 5:1 — 2.5:1) to give 12 mg (67%) of a purple solid. *H NMR
(400 MHz, DMSO-d6): 6 = 1.21 (t, J = 7.1 Hz, 3 H, Et), 1.40 (s, 6 H, 2xMe), 1.73-1.83
(m, 2 H, CHy), 2.50 (t, J = 6.7 Hz, 2 H, CH,), 3.39-3.45 (m, 2 H, NCH,), 4.11 (q,J=7.1
Hz, 2 H, Et), 4.27 (br. s, 2 H, CH,0H), 4.79-4.84 (m, 2 H, CH,), 5.67 (s, 1 H), 6.08-6.12
(m, 1 H), 6.47 (dd, J=3.4 and 2.6 Hz, 1 H, Ar), 6.66 (s, 1 H, Ar), 7.40-7.45 (m, 3 H, Ar),
8.17(dd,J=7.0and 2.1 Hz, 1 H, Ar),8.65(d,J=2.1Hz,1H, Ar),870(d,J=7.0Hz, 1
H, Ar), 8.81 (s, 1 H, Ar) ppm. *C NMR (100.5 MHz, DMSO-d6): 6 = 14.6(+), 22.7(-),
29.3(+), 30.8(-), 44.0(-), 58.8(-), 59.1(-), 60.5(-), 60.9(-), 73.8(+), 96.4(+), 108.9(-),
111.2(-), 112.6(+), 115.6(+), 117.8(+), 118.6(-), 119.7(+), 120.6(-), 124.1(+), 127.2(+),
129.4(-), 129.6(+), 142.2(-), 143.3(+), 146.4(+), 150.4(-), 150.8(-), 157.8(-), 159.8(-),
173.2(-) ppm. HRMS (ESI): calc. for C3,H34N3O0g [M]* 556.2442; found 556.2439.

Br
=
N OMe
H

6-Bromo-7-methoxy-2,2,4-trimethyl-1,2-dihydroquinoline (335)

Anhydrous ytterbium(I1) triflate (1.0 g, 1.63 mmol, 6.5 mol%, freshly dried in vacuo at
130 °C for 4 h) was added in one portion to a solution of compound 334 (5.0 g, 25 mmol)
in dry acetone (75 mL). The reaction mixture was stirred at r.t. for 16 h. Acetone was
evaporated in vacuo, the residue was dissolved in EtOAc, washed with sat. ag. NaHCO3
(twice), water, brine and dried over MgSQO,. After evaporation of solvents, the oily resi-
due was dried in vacuo (0.5 Torr) to a constant weight. Purification by column chroma-
tography (100 g of SiO,, n-hexane/Et,0, 4:1) afforded the title compound a white powder
(5.6 g, 80% yield). *H NMR (300 MHz, CDCls): § = 1.25 (s, 6 H, 2xMe), 1.91 (d, J =
1.31 Hz, 3 H, Me), 3.80 (s, 3 H, OMe), 5.18 (br. s, 1 H), 6.02 (s, 1 H, Ar), 7.13 (s, 1 H,
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Ar) ppm. C NMR (75 MHz, CDCls): 6 = 18.5(+), 31.0(+), 52.1(-), 56.1(+), 97.2(+),
97.8(-), 116.2(-), 126.5(+), 127.4(-), 128.0(+), 143.8(-), 155.7(=) ppm. HRMS (ESI):
found 304.0304; calc. for C13H1sNOBr [M+Na]* 304.0307.

Br
=

N OMe

vCOZEt

Ethyl 4-(6-bromo-7-methoxy-2,2,4-trimethylquinolin-1(2H)-yl)butanoate (336)

DIEA (3.4 g, 26.0 mmol) was added to a mixture of compound 335 (5.6 g, 20.0 mmol)
and ethyl 3-iodobutyrate (6.3 g, 26.0 mmol) in a screw-cup bottle, and the reaction mix-
ture was stirred with heating (110 °C) for 64 h. After cooling down, the reaction mixture
was distributed between EtOAc (70 mL) and water (70 mL). The organic layer was
washed with brine (70 mL) and water (70 mL), dried with Na,SO, and evaporated. The
residue was subjected to column chromatography (150 g of SiO,, n-hexane/CHCl,, 3:5)
to furnish 6.5 g (82%) of the title compound. *H NMR (300 MHz, CDCls): § = 1.25 (t, J =
7.1 Hz, 3 H, Et), 1.27 (s, 6 H, 2xMe), 1.84-1.95 (m, 2 H, CH,), 1.89 (d, J = 1.4 Hz, 3 H,
Me), 2.37 (t, J = 6.7 Hz, 2 H, CH,), 3.19-3.26 (m, 2 H, NCH,), 3.91 (s, 3 H, OMe), 4.13
(9,J=7.1Hz,2H, Et),5.09 (q, J=1.3 Hz, 1 H), 6.28 (s, 1 H, Ar), 7.10 (s, 1 H, Ar) ppm.
BC NMR (75 MHz, CDCl3): 6 = 14.2(+), 18.6(+), 23.2(-), 28.3(+), 31.3(-), 43.5(-),
56.4(+), 57.0(-), 60.5(-), 96.3(+), 96.6(-), 117.7(-), 126.8(-), 127.6(+), 127.7(+), 144.5(—
), 156.1(-), 173.1(-) ppm. HRMS (ESI): found 396.1165; calc. for C1gHo6NO3sBr [M+H]"
396.11609.

7-Methoxy-2,2,4-trimethyl-1-(4-(tetrahydro-2H-pyran-2-yloxy)butyl)-6-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-1,2-dihydroquinoline (338)

In a dried Schlenk flask a solution of compound 339-THP (500 mg, 1.14 mmol) in THF
(20 mL) was placed under argon. The flask was cooled down to —78 °C, and a solution of
tBuLi (740 pL, 1.7 M, 1.26 mmol) was injected with stirring. After 45 min stirring at —78

°C, B(OiPr)3 (237 mg, 1.26 mmol) was added. The resulting mixture was stirred over-
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night at r.t., and then AcOH (76 mg, 1.26 mmol) and pinacol (297 mg, 2.52 mmol) were
added. After 1 h stirring, brine (20 mL) was added thereto, the organic layer was sepa-
rated, and the ag. layer was extracted with EtOAc (2x20 mL). Combined organic solu-
tions were dried with Na,SO4 and evaporated. The residue was purified by column
chromatography (50 g of SiO,, n-hexane/EtOAc, 2:1) to yield 490 mg (89%) of a yellow
oil. 'H NMR (300 MHz, CDCls): 6 = 1.28 (s, 6 H, 2xMe), 1.29 (s, 12 H, 4xMe), 1.44—
1.58 (m, 4 H, 2xCH,), 1.59-1.82 (m, 6 H, 3xCH,), 1.97 (s, 3 H, Me), 3.21-3.29 (m, 2 H,
CHy), 3.35-3.52 (m, 2 H, OCH,), 3.72-3.78 (m, 2 H, NCH), 3.80 (s, 3 H, OMe), 4.52—
458 (m, 1 H), 5.03 (br. s, 1 H), 5.95 (s, 1 H, Ar), 7.35 (s, 1 H, Ar) ppm. **C NMR
(75 MHz, CDCls): 0 = 18.3(+), 19.6(-), 24.8(+), 25.4(-), 25.5(-), 27.5(-), 28.9(+), 30.7(—
), 44.1(-), 56.1(+), 57.1(-), 62.4(-), 67.2(-), 82.6(-), 98.9(+), 115.5(-), 125.9(+), 127.7(-
), 132.5(+), 148.0(-), 166.2(-) ppm. HRMS (ESI): found 508.3212; calc. for C,gH4sNOsB
[M+Na]* 508.3210.

Br

=

N OMe

L_~_oOH
4-(6-Bromo-7-methoxy-2,2,4-trimethylquinolin-1(2H)-yl)butan-1-ol (339-H)
To a suspension of LiAIH4 (38 mg, 1 mmol) in THF (5 mL) a solution of compound 336
(500 mg, 1.26 mmol) in THF (5 mL) was added dropwise at 0 °C. The resulting mixture
was stirred for 1.5 h at 0 °C and for 1 h at r.t. Afterwards, the reaction mixture was
quenched with 1 M KHSO,4 (5 mL), brine (5 mL) was added, and the organic layer was
separated. The aqg. layer was extracted with EtOAc (3%x10 mL), and the combined organic
solutions were dried with Na,SO,4 and evaporated. The residue was subjected to column
chromatography (50 g of SiO,, n-hexane/EtOAc, 1:1) to afford 440 mg (98%) of a yellow
oil. *H NMR (300 MHz, CDCls): 6 = 1.27 (s, 6 H, 2xMe), 1.57-1.73 (m, 4 H, 2xCH,),
1.89 (d, J = 1.2 Hz, 3 H, Me), 3.18-3.25 (m, 2 H, OCHy), 3.65-3.71 (m, 2 H, NCH,),
3.85 (s, 3 H, OMe), 5.10 (br. s, 1 H), 6.05 (s, 1 H, Ar), 7.10 (s, 1 H, Ar) ppm. *C NMR
(75 MHz, CDCl3): 6 = 18.6(+), 24.7(-), 28.4(+), 30.2(-), 44.0(-), 56.1(+), 60.4(-),
62.5(-), 96.0(+), 96.4(-), 117.8(-), 126.7(-), 127.7(+), 127.7(+), 144.4(-), 155.9(-) ppm.
HRMS (ESI): found 376.0881; calc. for C17H2sNO,Br [M+Na]" 376.0883.
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6-Bromo-7-methoxy-2,2,4-trimethyl-1-(4-(tetrahydro-2H-pyran-2-yloxy)butyl)-1,2-
dihydroquinoline (339-THP)
To a solution of compound 339-H (100 mg, 0.28 mmol) in CH,Cl, (2 mL) 3,4-dihydro-
2H-pyran (105 mg, 1.25 mmol) and TsOH-H,O (0.5 mg, 0.025 mmol) were added at 0
°C. The resulting mixture was stirred overnight at r.t. Afterwards, additional amounts of
3,4-dihydro-2H-pyran (105 mg, 1.25 mmol) and TsOH-H,O (5 mg, 0.25 mmol) were
added, and the reaction mixture was heated to 40 °C and stirred for 20 min at this tem-
perature. After cooling down, the reaction mixture was diluted to 5 mL with CH,ClI,, and
sat. ag. NaHCO3 (5 mL) was added. The organic layer was separated, and the aqg. layer
was extracted with CH,Cl, (2x5 mL). Combined organic solutions were dried with
Na,SO, and evaporated. The residue was subjected to column chromatography (20 g of
Si0,, n-hexane/EtOAc, 5:1) to give 102 mg (82%) of a colorless oil. 'H NMR (300 MHz,
CDCls): 6 = 1.27 (s, 6 H, 2xMe), 1.44-1.58 (m, 4 H, 2xCH,), 1.61-1.74 (m, 6 H,
3xCHy), 1.89 (br. s, 3 H, Me), 3.16-3.25 (m, 2 H, CH,), 3.36-3.52 (m, 2 H, CH,), 3.74-
3.82 (m, 2 H, CHy), 3.85 (s, 3 H, OMe), 4.55 (t, J = 3.4 Hz, 1 H), 5.09 (br. s, 1 H), 6.02
(s, 1 H, Ar), 7.09 (s, 1 H, Ar) ppm. *C NMR (125.7 MHz, CDCls): 6 = 18.5(+), 19.6(-),
25.2(-), 25.3(-), 27.4(-), 28.4(+), 30.7(-), 44.2(-), 56.1(+), 57.0(-), 62.5(-), 67.2(-),
96.0(+), 96.3(-), 99.0(+), 117.9(-), 126.8(-), 127.8(+), 144.6(-), 156.0(-) ppm. HRMS
(ESI): found 460.1451; calc. for Co5H3NO3Br [M+Na]" 460.1458.

2-Chloro-4-(7-methoxy-2,2,4-trimethyl-1-(4-(tetrahydro-2H-pyran-2-yloxy)butyl)-
1,2-dihydroquinolin-6-yl)nicotinic acid (342-THP)

In a screw-cap tube, compound 339-THP (490 mg, 1.01 mmol), 2-chloro-4-iodonicotinic
acid (314 mg, 1.11 mmol), Pd(PPhs), (58 mg, 0.05 mmol, 5 mol%), sat. ag. solution of
Na,CO3 (2 mL, 2 M, 4.04 mmol), EtOH (2 mL) and toluene (10 mL) were placed under

argon. The mixture was heated to 110 °C and left stirred overnight at this temperature.
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After cooling down, sat. ag. KHSO,4 (5 mL) and water (5 mL) were added. The organic
layer was separated, and the aq. layer was extracted with CHCI3 (2x10 mL). Combined
organic solutions were dried with Na,SO, and evaporated. Column chromatography (100
g of SiO,, CHCI3/MeOH, 7:1) furnished the title product as a yellow solid (440 mg,
85%). 'H NMR (300 MHz, CDCly): 6 = 1.27 (s, 6 H, 2xMe), 1.43-1.57 (m, 4 H, 2xCH,),
1.60-1.80 (m, 6 H, 3xCHy), 1.83 (s, 3 H, Me), 3.17-3.27 (m, 2 H, CH), 3.35-3.53 (m, 2
H, OCH,), 3.66 (s, 3 H, OMe), 3.72-3.87 (m, 2 H, NCHy), 4.54 (br. s, 1 H), 5.02 (s, 1 H),
5.98 (s, 1 H, Ar), 7.12 (s, 1 H, Ar), 7.17 (d, J = 5.1 Hz, 1 H, Ar), 8.15 (d, J = 5.1 Hz, 1 H,
Ar) ppm. C NMR (125.7 MHz, CDCls): 6 = 18.7(+), 19.7(-), 25.3(-), 25.4(-), 27.4(-),
29.1(+), 30.8(-), 31.9(-), 44.1(-), 55.9(+), 57.2(-), 62.5(-), 67.2(-), 99.0(+), 113.2(-),
115.6(-), 125.20(+), 126.3(+), 126.6(+), 127.2(-), 145.6(-), 146.1(-), 146.5(+), 146.8(-),
157.0(-), 172.9(-) ppm. HRMS (ESI): found 515.2300; calc. for CogHasN,0sCl [M+H]”
515.2307.

4-(1-(4-Acetoxybutyl)-7-methoxy-2,2,4-trimethyl-1,2-dihydroquinolin-6-yl)-2-
chloronicotinic acid (342-Ac)

Compound 324-Ac was prepared according to the known procedure.* In a screw-cap
tube a solution of compound 342-THP (207 mg, 0.4 mmol) in a mixture of AcOH (4 mL)
and AcCl (4 mL) was placed. This solution was stirred with heating at 80 °C for 1 h.
Afterwards, the reaction mixture was diluted with H,0O, neutralized with sat. ag. NaHCO3
and extracted with CHCI; (3x40 mL). Combined organic solutions were dried with
Na,SO, and evaporated in vacuo. The residue was purified by column chromatography
(40 g of SiO,, CHCI3/MeOH, 7:1) to yield 125 mg (66%) of the title compound as an
orange powder. *H NMR (300 MHz, CDCls): § = 1.26 (s, 6 H, 2xMe), 1.58—1.72 (m, 4 H,
2xCHy), 1.81 (s, 3 H, Me), 1.99 (s, 3 H, Me), 3.15-3.29 (m, 2 H, CH,), 3.64 (s, 3 H,
OMe), 4.00-4.14 (m, 2 H, CHy), 5.03 (s, 1 H), 5.92 (s, 1 H, Ar), 6.97 (s, 1 H, Ar), 7.21 (d,
J=45Hz, 1H,Ar), 822 (br.s, 1 H, Ar) ppm. HRMS (ESI): found 473.1837; calc. for
Ca5H20N,05Cl [M+H]" 473.1838.
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4-(4-Chloro-9,9,11-trimethyl-5-0x0-6,7,8,9-tetrahydropyrido[4’,3’:4,5]pyrano[3,2-
g]quinolin-8-yl)butyl acetate (343-OAc)

To a solution of compound 342-Ac (10 mg, 0.02 mmol) in CH,CI, (1 mL) 2 M solution
of BBr3 (130 pL, 0.13 mmol) in CH,Cl, was added at 0 °C under Ar. The resulting mix-
ture was stirred overnight at r.t. Afterwards, the reaction mixture was quenched with sat.
aq. NaHCO3; (5 mL) and extracted with CH,Cl, (3x5 mL). Combined organic extracts
were dried with Na,SO, and evaporated. Column chromatography (15 g of SiO,,
n-hexane/EtOAc, 2:1) provided 4 mg (36%) of the title compound. *H NMR (600 MHz,
CDCls): 6 = 1.37 (s, 6 H, 2xMe), 1.65-1.75 (m, 4 H, 2xCH,), 2.04 (d, J = 1.02 Hz, 3 H,
Me), 2.07 (s, 3 H, Me), 3.28 (m, 2 H, CHy), 4.12 (t, J = 6.0 Hz, 2 H, CH,), 5.32 (m, 1 H),
6.25 (s, L H, Ar), 7.43 (s, 1 H, Ar), 7.61 (d, J =5.5 Hz, 1 H, Ar), 8.43 (d, J =5.5 Hz, 1 H,
Ar) ppm. HRMS (ESI): found 463.1386; calc. for Cy4H25N,04Cl [M+Na]" 463.1395.

SN
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4-(3,9,9,11-tetramethyl-4,5-dioxo-3,4,6,7,8,9-hexahydropyrido[4’,3’:4,5]pyrano[3,2-
g]quinolin-8-yl)butyl acetate (344)

A solution of compound 343-OAc (15 mg, 0.034 mmol) and Mel (100 pL) in MeCN (1
mL) stirred at 75 °C for 2 days under Ar. After cooling down, the reaction mixture was
directly subjected to column chromatography (15 g of SiO,, CH,Cl,/MeOH, 12:1) to af-
ford 4 mg (27%) of the title compound as a yellow powder. *H NMR (300 MHz, CDCls):
0=1.31(s, 6 H, 2xMe), 1.61-1.75 (m, 4 H, 2xCH,), 2.02 (s, 3 H, Me), 2.05 (s, 3 H, Me),
3.22-3.32 (m, 2 H, CHy), 3.55 (s, 3 H, NMe), 4.10 (m, 2 H, OCH,), 5.30 (s, 1 H), 6.19 (s,
1H, Ar),6.69(d,J=75Hz 1H,Ar),730(,1H, Ar), 7.73 (d, J =75 Hz, 1 H, Ar)
ppm. C NMR (125.7 MHz, CDCls): § = 18.8(+), 20.9(+), 26.0(-), 29.3(+), 29.6(-),
38.0(+), 44.4(-), 58.1(-), 63.7(-), 96.7(+), 99.10(+), 103.8(-), 119.0(+), 120.6(-), 126.2(—
), 130.1(+), 143.9(+), 149.2(-), 150.1(-), 156.1(-), 161.1(-), 171.3(-) ppm. HRMS (ESI):
found 437.2067; calc. for CosH2gN20s [M+H]" 437.2071. HPLC: B/A = 50/50 to 100/0 in
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25 min, detection at 254 nm, tg = 12.2 min (99 %). UV-Vis spectral data in CH,Cl,:
Aabsmax = 422 nm; € = 11500 Mem™, Aemmax = 497 nm, @5 = 0.56 (standard: Lucifer
Yellow, @5 = 0.21 in H,0). UV-Vis spectral data in MeOH: Aapsmax = 427 nm; € =
18800 I\/I_lcm_l, Aemmax = 524 nm, ®f = 0.46 (standard: Lucifer Yellow, @5 = 0.21 in
H,0).

\CHo
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|

4,9-Dimethyl-2-o0xo0-1,2,6,7,8,9-hexahydropyrano[3,2-g]quinoline-3-carbaldehyde
(348)

In a Schlenk flask POCI3; (675 mg, 4.4 mmol) and DMF (642 mg, 8.8 mmol) were placed
under Ar. The resulting solution was warmed up to 50 °C and stirred for 30 min at this
temperature. Afterwards, a solution of coumarin 347 (100 mg, 0.44 mmol) in DMF (2
mL) was added dropwise. The reaction mixture was stirred for 10 min, and then poured
onto ice. Acidity of the resulting slurry was adjusted with 1 M NaOH to pH 12, and the
mixture was extracted with CH,Cl, (3%x20 mL). Combined organic solutions were dried
with Na,SO, and evaporated. The crude product was subjected to column chroma-
tography (30 g of SiO,, n-hexane/EtOAc, 1:1) to furnish 28 mg (25%) of the title com-
pound as an orange powder. *H NMR (300 MHz, CDCls): 6 = 1.98 (m, 2 H, CH,), 2.74—
2.80 (m, 2 H, CH,), 2.75 (s, 3 H, Me), 3.01 (s, 3 H, NMe), 3.42 (m, 2 H, NCH,), 6.30 (s,
1H, Ar), 7.29 (m, 1 H, Ar), 10.34 (s, 1 H, CHO) ppm.

8-Methyl-8,9,10,11-tetrahydropyrido[4°,3’:4,5]-5H-pyrano[3,2-g]quinolin-5-one
(349)

To a solution of compound 348 (28 mg, 0.11 mmol) in formamide (1 mL) conc. H,SO4
(1 mL) was added dropwise at 0 °C. The resulting mixture was heated to 90 °C and left
stirred overnight at this temperature. Afterwards, the solid reaction mixture was cooled
down to 0 °C, and water (20 mL) was added. Acidity of the resulting slurry was adjusted
with 1 M NaOH to pH 10, and the mixture was extracted with CH,ClI, (3x30 mL). Com-

bined organic extracts were dried with Na,SO,4 and evaporated. The residue was subjected
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to column chromatography (30 g of SiO,, CH,Cl,/MeOH, 20:1) to afford 8 mg (27%) of
the title compound. *H NMR (300 MHz, CDCls): § = 2.00 (m, 2 H, CH,), 2.82 (m, 2 H,
CH,), 2.99 (s, 3 H, NMe), 3.39 (m, 2 H, NCH,), 6.38 (s, 1 H, Ar), 7.47 (m, 1 H, Ar), 7.61
(m, J =5.6 Hz, 1 H, Ar), 8.71 (d, J = 5.6 Hz, 1 H, Ar), 9.37 (d, J = 0.8 Hz, 1 H, Ar) ppm.
MS (ESI): m/z (positive mode, rel. int., %) = 267 (100) [M+H]". UV-Vis spectral data in
MeOH: Aasmax = 377 nm; € = 14200 M*em™, Aemmax = 500 nm, @5 = 0.02 (standard:
Coumarin 153, &g = 0.69 in EtOH).

SN
NO,

6-Bromo-5-nitroisoquinoline (350)

A solution of 6-bromoisoquinoline (2080 mg; 10 mmol) in a H,SO4/HNO3 mixture (1:1,
10 mL) was stirred for 2 h at r.t. Afterwards, the reaction mixture was poured onto ice,
pH was adjusted to 9 using 22% ag. ammonia, and the white precipitate was filtered out,
washed and dried. This crude product (2070 mg; 93%) was used without further purifica-
tion. '"H NMR (400 MHz, CDCls): 6 = 7.54 (d, J = 6.0 Hz, 1H,,), 7.86 (d, J = 8.8 Hz,
1Hg), 8.03 (d, J = 8.8 Hz, 1H,), 8.73 (d, J = 6.0 Hz, 1Hy), 9.36 (s, 1Har) ppm.

SN
NH,

5-Amino-6-bromoisoquinoline (351)

NH,4CI (4066 mg, 76 mmol) was dissolved in 40% ag. EtOH (50 mL). To this solution
iron powder (2128 mg, 38 mmol) was added, and the resulting suspension was stirred for
10 min at r.t. Afterwards, compound 350 (1690 mg, 7.6 mmol) was added thereto. The
reaction mixture was stirred for 1 h at r.t.,, and then filtered through a plug of Celite
washing with EtOH. The filtrate was partially evaporated; the precipitated crude product
was filtered out using a glass filter and dried. *H NMR (400 MHz, CDCls): 6 = 4.73 (br. s,
2 H,NH), 7.28 (d, J=8.8 Hz, 1 H, Ar), 7.57 (d, J =6.0 Hz, 1 H, Ar), 7.63 (d, J = 8.8 Hz,
1H, Ar), 854 (d, J=5.9 Hz, 1 H, Ar), 9.16 (s, 1 H, Ar) ppm. MS (ESI): m/z (positive
mode, rel. int., %) = 223 (100) [M+H, "Br]*, 225 (95) [M+H, ®'Br]".

XN
Br Z
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5-Cyano-6-bromoisoquinoline (352-CN)

A Schlenk flask was charged with a solution of compound 351 (100 mg, 0.52 mmol) in
DMSO (3 mL) and CuCN (61 mg, 0.68 mmol). The resulting mixture was heated to 50
°C with stirring, and tBUONO (206 pL, 1.56 mmol) was injected. The reaction mixture
was stirred for 2 h at 50 °C, then cooled down to r.t. and poured in 0.1 M HCI (~20 mL).
The resulted slurry was extracted with CH,Cl, (4x20 mL). Combined organic solutions
were dried with Na,SO, and evaporated. The residue was subjected to column chroma-
tography (40 g of SiO;, n-hexane/EtOAc, 1:1) to afford 13 mg (11%) of a yellowish
crystalline solid. *H NMR (400 MHz, CDCls): 6 = 7.86 (d, J = 8.8 Hz, 1 H, Ar), 7.99 (dt,
J=59and 0.9 Hz, 1 H, Ar), 8.08 (dd, J=8.8 and 0.8 Hz, 1 H, Ar), 8.77 (d,J =59 Hz, 1
H, Ar), 9.34 (d, J = 0.9 Hz, 1 H, Ar) ppm. **C NMR (100 MHz, CDCl3): 6 = 112.4, 115.1,
117.4, 126.2, 131.2, 131.5, 133.3, 136.8, 146.4, 152.8 ppm. MS (ESI): m/z (positive
mode, rel. int., %) = 233 (100) [M+H, "Br]*, 235 (96) [M+H, ®'Br]".
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6-(7-Methoxy-2,2,4-trimethyl-1-(4-(tetrahydro-2H-pyran-2-yloxy)butyl)-1,2-

dihydroquinolin-6-yl)isoquinoline-5-carbonitrile (353)

In a screw-cap tube, compound 338 (105 mg, 0.215 mmol), compound 352-CN (50 mg,

0.215 mmol), Pd(PPh3)s (12.5 mg, 0.011 mmol, 5 mol%), sat. aq. solution of Na,COj3

(430 pL, 2 M, 0.86 mmol) and toluene (3 mL) were placed under argon. The mixture was

heated to 110 °C and left stirred overnight at this temperature. After cooling, the reaction

mixture was filtered through a plug of Celite eluting with CH,Cl,, and the filtrate was
evaporated. Column chromatography (30 g of SiO,, cyclohexane/EtOAc, 1:2) furnished

the title product as an orange oil (86 mg, 78%). *H NMR (400 MHz, CDCls): 6 = 1.24 (s,

6 H, 2xMe), 1.47-1.60 (m, 4 H, 2xCHy), 1.67-1.85 (m, 6 H, 3xCH,), 1.97 (s, 3 H, Me),

3.30-3.37 (m, 2 H, CHy), 3.43-3.53 (m, 2 H, CH,), 3.80-3.90 (m, 2 H, CH_), 3.85 (s, 3

H, OMe), 4.59 (m, 1 H), 5.15 (s, 1 H), 6.12 (s, 1 H, Ar), 7.10 (s, 1 H, Ar), 7.77 (d, J = 8.6

Hz, 1 H, Ar), 8.06 (d, J =59 Hz, 1 H, Ar), 8.11 (d, J=8.8 Hz, 1 H, Ar), 8.67 (d, J =5.9

Hz, 1 H, Ar), 9.27 (s, 1 H, Ar) ppm. MS (ESI): m/z (positive mode, rel. int., %) = 512

(100) [M+H]".
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8-(4-Bromobutyl)-9,9,11-trimethyl-5-0x0-5,6,8,9-tetrahydroiso-
quinolino[6°,5’:4,5]pyrano[3,2-g]quinoline (354)

In a screw-cap tube a solution of compound 353 (10 mg, 0.019 mmol) in conc. agq. HBr
(1 mL) was stirred for 3 h at 130 °C. After cooling, the reaction mixture was diluted with
water (~5 mL), quenched with NaHCO; and extracted with CH,Cl, (3x10 mL). Com-
bined organic solutions were dried with Na,SO, and evaporated. The crude product was
purified by column chromatography (15 g of SiO,, cyclohexane/EtOAc, 1:2) to furnish 6
mg (66%) of the title compound as a red solid. *H NMR (400 MHz, CDCl5): 6 = 1.43 (s, 6
H, 2xMe), 1.80-1.90 (m, 2 H, CH,), 1.95-2.04 (m, 2 H, CH,), 2.12 (s, 3 H, Me), 3.31-
3.38 (m, 2 H, CHy), 3.49 (t, J =6.6 Hz, 2 H, CH,), 5.38 (s, 1 H), 6.38 (s, 1 H, Ar), 7.66 (s,
1H,Ar),819(d,J=89Hz, 1H, Ar),825(d, J=89Hz, 1 H, Ar), 8.67 (d,J=6.3Hz,1
H, Ar), 9.25 (s, 1 H, Ar), 9.58 (d, J = 6.2 Hz, 1 H, Ar) ppm. MS (ESI): m/z (positive
mode, rel. int., %) = 477 (91) [M+H, "°Br]*, 479 (100) [M+H, *'Br]".

N
N
Cr”

Me,N 0o

8-N,N-dimethylamino-5H-chromeno[3,4-f]quinolin-5-one (356)

The synthesis was carried out analogously to known procedure.* LiCl (12 mg, 0.275
mmol) was placed in a Schlenk flask. This flask was evacuated and dried with a heatgun.
After cooling, the flask was flushed with Ar, and compound 358 (20 mg, 0.055 mmol),
3-bromopyridine-2-carbaldehyde (10 mg, 0.055 mmol), CuCl (23 mg, 0.231 mmol),
Pd(PPhs), (6.3 mg, 0.005 mmol, 10 mol%) and DMSO (1 mL) were added. The resulting
mixture was stirred for 15 h at 90 °C. Afterwards, the reaction mixture was left to cool
down, diluted with CH,ClI, and filtered through a plug of SiO, eluting with CH,Cl,. The
filtrate was washed with brine, dried with Na,SO, and evaporated. Purification of the
crude product by column chromatography (35 g of SiO;, n-hexane/EtOAc, 1:1) gave 7
mg (44%) of the title product. *H NMR (400 MHz, CDCls): 6 = 3.06 (s, 6 H, NMe,), 6.57
(d, J=2.6 Hz, 1 H, Ar), 6.71 (dd, J =9.0 and 2.6 Hz, 1 H, Ar), 7.60 (dd, J = 8.7 and 3.9
Hz, 1 H, Ar), 7.94 (d, J =9.2 Hz, 1 H, Ar), 8.26 (d, J =9.2 Hz, 1 H, Ar), 8.37 (d, J =9.1
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Hz, 1 H, Ar), 8.91 (br. s, 1 H, Ar), 10.04 (dd, J =8.8 and 1.1 Hz, 1 H, Ar) ppm. UV-Vis
spectral data in MeOH: Japsmax = 411 nm; € = 16700 M cm™, Aemmax = 577 nm, ®g =
0.11 (standard: Coumarin 153, @5 = 0.54 in EtOH).

O)%
2 : C

7-N,N-Dimethylamino-4-methyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)coumarin (357)

A Schlenk flask was charged with dried AcOK (103 mg, 1.05 mmol), compound 355-Br
(100 mg, 0.35 mmol), bis(pinacolato)diboron (108 mg, 0.42 mmol), PdCl,(dppf) (15.4
mg, 0.02 mmol, 6 mol%) and dioxane (3 mL). The resulting mixture was stirred overnight
at 80 °C. After cooling, water (~10 mL) and CH,Cl, (~10 mL) were added, the organic
layer was separated, and the ag. phase was extracted with CH,Cl, (3x20 mL). Combined
organic solutions were dried with Na,SO, and evaporated. The crude product was puri-
fied by column chromatography (40 g of SiO,, n-hexane/EtOAc, 2:1) to yield 40 mg
(35%) of the title compound. *H NMR (400 MHz, CDCls): 6 = 1.39 (s, 12 H, 4xMe), 2.46
(s, 3 H, Me), 3.04 (s, 6 H, 2Me), 6.50 (d, J = 2.6 Hz, 1 H, Ar), 6.60 (dd, J =9.0 and 2.6
Hz, 1 H, Ar), 7.44 (d, J = 9.0 Hz, 1 H, Ar) ppm. *C NMR (100 MHz, CDCl3): ¢ =
18.1(+), 24.8(+), 40.2(+), 84.0(-), 98.2(+), 108.6(+), 125.7(+), 152.8(-), 155.9(-),
158.9(-), 163.2(-) ppm. MS (ESI): m/z (positive mode, rel. int., %) = 330 (42) [M+H]",
352 (38) [M+Na]", 681 (100) [2M+Na]".

Me,N 00

7-N,N-Dimethylamino-4-methyl-3-trimethylstannylcoumarin (358)

A screw-cap tube was charged with coumarin 355-Br (100 mg, 0.35 mmol), hexamethyl-
ditin (151 mg, 0.46 mmol), Pd(PPhs), (20 mg, 0.017 mmol, 5 mol%) and toluene (2 mL).
The resulting mixture was stirred overnight at 120 °C under Ar. After cooling, the reac-
tion mixture was filtered through a pad of Celite eluting with CH,Cl,). The filtrate was
evaporated, and the residue was subjected to column chromatography (30 g of SiO,, n-
hexane/EtOAc, 2:1) to afford 63 mg (49%) of the title compound. *H NMR (300 MHz,
CDCl3): 6 =0.35 (s, 9 H, SnMej3), 2.38 (s, 3 H, Me), 3.02 (s, 6 H, NMe,), 6.46 (d, J = 2.6
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Hz, 1 H, Ar), 6.55 (dd, J = 8.9 and 2.6 Hz, 1 H, Ar), 7.39 (d, J = 8.9 Hz, 1 H, Ar) ppm.
BCNMR (125.7 MHz, CDCl3): & = -6.6(+), 20.3(+), 40.0(+), 98.1(+), 108.3(+),
110.7(+), 122.8(-), 125.1(+), 152.6(-), 156.0(-), 160.2(-), 165.3(-) ppm. HRMS (ESI):
found 368.0663; calc. for C15H2:NO,Sn [M+H]" 368.0669.

Cl

~N

CLL”
Me,N 00

1-Chloro-8-N,N-dimethylamino-5H-chromeno[3,4-flisoquinolin-5-one (359)
Compound 359 was prepared from compound 358 and 2-chloro-4-iodopyridine-3-carbal-
dehyde using the procedure described for compound 356. Yield: 10 mg (56%) as an
orange powder. 'H NMR (300 MHz, CDCls): 6 = 3.12 (s, 6 H, NMe,), 6.60 (d, J = 2.6
Hz, 1 H, Ar), 6.76 (dd, J = 9.1 and 2.6 Hz, 1 H, Ar), 7.97 (d, J = 9.2 Hz, 1 H, Ar), 8.20 (d,
J=9.3Hz, 1H, Ar),8.46 (d,J=6.1Hz, 1 H, Ar), 8.65 (dd, J = 9.2 and 0.9 Hz, 1 H, Ar),
9.48 (dd, J = 6.1 and 0.8 Hz, 1 H, Ar) ppm. MS (ESI): m/z (positive mode, rel. int., %) =
325 (100) [M+H, **CI]*, 327 (30) [M+H, *'CI]".

8-N,N-Dimethylamino-5H-chromeno[4,3-h]quinolin-5-one (360)

From boronic ester 357: A screw-cap tube was charged with compound 357 (20 mg,
0.061 mmol), 2-bromopyridine-3-carbaldehyde (13.6 mg, 0.073 mmol), Pd(PPh3)s (3.5
mg, 0.003 mmol, 5 mol%), 2 M sat. ag. NaHCO3; (122 pL, 0.244 mmol) and toluene
(1 mL). The resulting mixture was stirred overnight at 120 °C under Ar. After cooling,
the reaction mixture was filtered through a plug of Celite eluting with CH,Cl,. The filtrate
was evaporated, and the residue was subjected to column chromatography (30 g of SiO,,
CH,Cl,/MeOH, 20:1) to afford 9 mg (51%) of the title compound. *H NMR (400 MHz,
DMSO-d6): ¢ = 3.03 (s, 6 H, NMey), 6.58 (d, J = 2.5 Hz, 1 H, Ar), 6.79 (dd, J = 9.0 and
2.5 Hz, 1 H, Ar), 7.57 (dd, J = 8.1 and 4.2 Hz, 1 H, Ar), 8.19 (d, J = 9.2 Hz, 1 H, Ar),
8.31(d,J=89Hz, 1H, Ar),839(d,J=8.6Hz, 1H,Ar), 840 (d, J=8.1Hz, 1H, Ar),
9.03 (m, 1 H, Ar) ppm. **C NMR (100 MHz, DMSO-d6): § = 97.9(+), 106.3(-), 109.8(+),
111.9(-), 120.8(+), 121.7(+), 125.9(+), 126.9(-), 136.1(+), 136.9(+), 141.0(-), 147.6(-),
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152.3(+), 153.2(-), 154.4(-), 157.2(-) ppm. HRMS (ESI): found 291.1128; calc. for
C1gH14N20; [M+H]" 291.1128. UV-Vis spectral data in MeOH: Japsmax = 420 nm; & =
13200 M_lcm_l, Aemmax = 560 nm, @5 = 0.29 (standard: Coumarin 153, &g = 0.54 in
EtOH).

N7 |
N
Me,N oo o

2-(7-N,N-Dimethylamino-4-methyl-2-o0xo0-1,2-dihydrochromen-3-yl)nicotinaldehyde
(361)

Compound 361 was prepared from compound 358 and 2-bromopyridine-3-carbaldehyde
using the procedure described for compound 356. Column chromatography (30 g of SiO»,
CH,Cl,/MeOH, 20:1) yielded 14 mg (82%) of the title compound as a yellow powder. *H
NMR (300 MHz, CDCls): 6 = 2.22 (s, 3 H, Me), 3.07 (s, 6 H, NMe,), 6.55 (d, J = 2.5 Hz,
1 H, Ar), 6.66 (dd, J = 9.0 and 2.5 Hz, 1 H, Ar), 7.42-7.54 (m, 1 H, Ar), 7.51 (d, J = 9.0
Hz, 1 H, Ar), 8.30 (d, J =7.8Hz, 1 H, Ar), 8.89 (br. s, 1 H, Ar), 10.01 (s, 1 H, CHO)
ppm. HRMS (ESI): calc. for C1gH15N,03 [M+H]" 309.1234; found 309.1230.

Me,N
8-N,N-dimethylamino-2-methyl-5-oxo0-5H-chromeno[3,4-flisoquinolin-2-ium
trifluoroacetate (362)

In a screw-cap tube, a solution of compound 359 (7 mg, 0.021 mmol) and Mel (4.6 mg,
0.032 mmol) in DMF (2 mL) was stirred overnight at 100 °C. After cooling, the reaction
mixture was diluted with water (~10 mL) and extracted with CH,Cl, (3x20 mL). Com-
bined organic solutions were dried with Na,SO, and evaporated in vacuo. The crude
product was purified by column chromatography (30 g of SiO,, MeCN/H,0, 5:1 + 0.1
vIvV% TFA) to afford 3 mg (44%) of the title compound as an orange powder. *H NMR
(300 MHz, DMSO-d6): 0 = 3.11 (s, 6 H, NMe;), 4.41 (s, 3 H, Me), 6.68 (d, J =2.5Hz, 1
H, Ar), 6.90 (dd, J =9.2 and 2.6 Hz, 1 H, Ar), 8.30 (d, J=9.4 Hz, 1 H, Ar), 857 (d, J =
8.9 Hz, 1 H, Ar), 8.74 (d, J = 9.3 Hz, 1 H, Ar), 8.78 (dd, J = 7.2 and 1.5 Hz, 1 H, Ar),
9.64 (d,J=7.2Hz, 1 H, Ar), 9.81 (s, 1 H, Ar) ppm. MS (ESI): m/z (positive mode, rel.
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int., %) = 305 (100) M". UV-Vis spectral data in MeOH: Agpsmax = 467 nm; € = 13400 M~
Yem™, Aemmax = 608 nm, @5 = 0.26 (standard: Coumarin 153, ® = 0.54 in EtOH).

Z A

N (OO

KAcozEt

9-(Ethoxycarbonylpropyl)-8,9-dihydro-4,6,8,8-tetramethyl-2H-pyrano[3,2-
g]quinolin-2-one (362)

Ethyl acetoacetate (1.50 g, 11.5 mmol) was added to a solution of phenol 288-H (1.95 g,
6.44 mmol) in ethanol (4 mL) followed by addition of dry ZnCl, (1.3 g, 9.6 mmol). The
reaction mixture was heated in an open flask (90 °C) for 20 h. The obtained green-grey
slurry was cooled, dissolved in dichloromethane (50 mL) and shaken with 2% ag. ammo-
nia solution (50 mL). The organic layer was separated and passed through a plug of SiO,
eluting with CH,CI,/Et,O (1:1). After evaporation of solvents, the oily residue was puri-
fied by column chromatography (cyclohexane/CH,CI,/Et,0, 4:4:1) to give 1.52 g (64%)
of a pale-yellow solid. *H NMR (400 MHz, CDCl3): §=1.28 (t, J = 7.2, 3 H, Et), 1.35 (5,
6 H, 2xMe), 1.90 (m, 2 H, CH,), 1.98 (d, J = 0.8 Hz, 3 H, Me), 2.31 (d, J = 0.8 Hz, 3 H,
Me), 2.38 (m, 2 H, CH,), 3.29 (m, 2 H, NCH), 4.16 (q, J = 7.2 Hz, 2 H, Et), 5.28 (q, J =
0.8 Hz, 1 H), 5.91 (g, J = 0.8 Hz, 1 H), 6.34 (s, 1 H, Ar), 7.09 (s, 1 H, Ar) ppm. *C NMR
(100.7 MHz, CDClg): 6= 14.2, 18.5, 18.7, 22.7, 29.0, 31.4, 43.8, 57.7, 60.6, 97.2, 108.8,
109.0, 118.8, 119.8, 126.3, 129.8, 147.3, 152.9, 155.8, 162.0, 172.8 ppm. MS (ESI): m/z
(positive mode, rel. int., %) = 761.4 (100) [2M+Na]", 392.3 (70) [M+Na]", 370.3 (18)
[M+H]".

Z
= X

N 00

KAcozEt
8,9-Dihydro-9-ethoxycarbonylpropyl-6-formyl-4,8,8-trimethyl-2H-pyrano[3,2-
g]quinolin-2-one (363)
Finely powdered SeO, (676 mg, 6.09 mmol) was added to a hot (90 °C) solution of 362
(1.50 g, 4.06 mmol) in dioxane (30 mL). Then the reaction mixture was stirred at 100 °C

for 1 h. After cooling, dioxane was evaporated in vacuo, the residue was diluted with
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dichloromethane (50 mL) and the organic layer was washed with sat. ag. NaHCO;3 and
dried with MgSO,. All volatiles were evaporated, and the residue was purified by column
chromatography (cyclohexane/CH,CI,/Et,0, 2:2:0.6). Fractions containing the product
were collected and, after evaporation of solvents, the residue was triturated with Et,O to
afford 794 mg (51%) of a yellow solid. *H NMR (300 MHz, CDCls): §=1.28 (t, J = 7.2
Hz, 3 H, Et), 1.50 (s, 6 H, 2xMe), 1.90 (m, 2 H, CHy), 2.37 (d, J = 0.8 Hz, 3H, Me), 2.39
(m, 2 H, CH,), 3.32 (m, 2 H, NCH)), 4.17 (q, J= 7.2 Hz, 2 H, Et), 5.97 (q, J = 0.8 Hz, 1
H), 6.21 (s, 1 H, Ar), 6.43 (s, 1 H, Ar), 8.54 (s, 1 H, Ar), 9.58 (s, 1 H, CHO) ppm. *C
NMR (125.7 MHz, CDCls): § = 14.3(+), 18.6(+), 22.9(-), 27.9(+), 31.3(-), 43.9(-),
58.0(-), 60.7(-), 98.3(+), 109.7(+), 109.9(-), 113.4(-), 122.3(+), 130.8(-), 146.9(-),
152.0(+), 153.4(-), 156.0(-), 161.6(-), 172.6(-), 191.8(+) ppm. MS (ESI): m/z (positive
mode, rel. int., %) = 761.4 (100) [2M+Na]", 392.3 (70) [M+Na]", 370.3 (18) [M+H]".

@)

Z
Br
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N o~ ~0

KAc:ozEt

Ethyl  (3-bromo-6-formyl-8,9-dihydro-4,8,8-trimethyl-2H-pyrano[3,2-g]quinolin-2-
one)-9-butanoate (364)

A solution of bromine (184 mg, 1.15 mmol) in AcOH (1 mL) was added to a solution of
363 (421 mg, 1.09 mg) in AcOH (8 mL). The reaction mixture was stirred at room tem-
perature for 10 min and left in refrigerator (5 °C) for 1 h. The precipitate was filtered,
washed with cold ether and dried. Afterwards, this crude product was dissolved in
dichloromethane, washed with sat. aq. NaHCOj3 and passed through a plug of SiO; eluting
with CH,CI,/Et,0 (1:1). After evaporation of solvents, the title compound was precipi-
tated from Et,O with n-hexane; yield 530 mg (96%) as a solvate with CH,Cl, according
to *H NMR (364'1/2CH,Cl,). *H NMR (300 MHz, CDCl3): 6= 1.28 (t, J = 7.2 Hz, 3 H,
Et), 1.50 (s, 6 H, 2xMe), 1.90 (m, 2 H, CHy), 2.40 (m, 2 H, CHy), 2.55 (s, 3 H, Me), 3.32
(m, 2 H, NCH,), 4.17 (q, J= 7.2 Hz, 2 H, Et), 5.27 (1 H, ¥%»CH,Cl,), 6.23 (s, 1 H), 6.44 (s,
1 H, Ar), 8.62 (s, 1 H, Ar), 9.49 (s, 1 H, CHO) ppm. *C NMR (125.7 MHz, CDCls): 6=
14.3(+), 19.4(+), 22.8(-), 28.1(+), 31.2(-), 44.0(-), 58.2(-), 60.8(-), 98.0(+), 106.7(-),
109.8(-), 113.8(-), 122.8(+), 130.5(-), 147.0(-), 151.9(-), 152.3(+), 154.4(-), 157.6(-),
172.6(-), 191.7(+) ppm. HRMS (ESI, CxHy4NOsBr): 462.0754/460.0752 (found
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[M=H]"), 462.0746/460.0765 (calc.); HRMS (ESI, CzHasNOsBr): 486.0697/484.0725
(found [M+Na]"), 486.0711/484.0730 (calc.); 464.0888/462.0897 (found [M+H]),
464.0891/464.0911 (calc.).

O]

’
_ SnMe,

N O~ >0

KAcozEt

Ethyl 4-(6-formyl-4,8,8-trimethyl-2-oxo-3-(trimethylstannyl)-1,2,8,9-tetrahydro
pyranol3,2-g]quinolin-9-yl)butanoate (368)

A screw-cap tube was charged with coumarin 364 (631 mg, 1.36 mmol), hexamethylditin
(538 mg, 1.64 mmol), Pd(PPh3), (161 mg, 0.14 mmol, 10 mol%) and toluene (10 mL).
The resulting mixture was stirred overnight at 120 °C under Ar. After cooling, the reac-
tion mixture was filtered through a pad of Celite eluting with CH,Cl,. The filtrate was
evaporated, and the residue was subjected to column chromatography (30 g of SiO,, n-
hexane/EtOAc, 2:1) to afford 364 mg (49%) of the title compound. *H NMR (400 MHz,
CDCl3): 6=10.37 (s, 9 H, SnMej3), 1.30 (t, J = 7.1 Hz, 3 H, Et), 1.50 (s, 6 H, 2xMe), 1.59
(s, 3 H, Me), 1.88-1.97 (m, 2 H, CH,), 2.38-2.45 (m, 2 H, CH,), 2.44 (s, 3 H, Me), 3.30-
3.36 (M, 2 H, NCH,), 4.18 (g, J = 7.1 Hz, 2 H, Et), 6.21 (s, 1 H), 6.41 (s, 1 H, Ar), 7.26
(s, 1 H, Ar), 858 (s, 1 H, Ar), 9.60 (s, 1 H, CHO) ppm. HRMS (ESI): calc. for
C25H33NOsSn [M+H]" 548.1458; found 548.1446.

Br
— 0
O

2-Bromo-4-(1,3-dioxolan-2-yl)pyridine (369)

A mixture of 2-bromopyridine-3-carbaldehyde (500 mg, 2.69 mmol), ethylene glycol
(0.6 mL), TsOH-H,O (204 mg, 1.08 mmol) and toluene (50 mL) was refluxed with a
Dean-Stark trap for 5 h. After cooling, the reaction mixture was diluted with EtOAc (50
mL), washed with water (50 mL), ag. NaHCO3 (50 mL), and again with water (50 mL).
The organic layer was dried with MgSO, and evaporated to give 577 mg (93%) of the
crude product which was used without further purification. *H NMR (400 MHz, CDCly):
5=4.06-4.19 (M, 4 H, 2xCH,), 6.04 (s, 1 H, Ar), 7.31 (dd, J = 7.6 and 4.7 Hz, 1 H, Ar),
7.89 (dd,J=7.6 and 2.0 Hz, 1 H, Ar), 8.37 (dd, J = 4.7 and 2.0 Hz, 1 H, Ar) ppm.



172

Ethyl  4-(11-formyl-9,9-dimethyl-5,6,8,9-tetrahydroquinolino[7’,8’:4,5]pyrano|3,2-
g]quinolin-8-yl)butanoate (370)

To a solution of compound 371 (30 mg, 0.06 mmol) in CH,Cl,/MeOH (1:2, 3 mL)
Cs,CO3 (4 mg, 0.012 mmol) was added, and the resulting mixture left stirred for 2.5 h at
r.t. Afterwards, water (15 mL) was added, and the resulting slurry was extracted with
CHCl; (3x15 mL). Combined organic solutions were dried with Na,SO, and evaporated.
The crude product was purified by column chromatography (30 g of SiO,,
CH,Cl,/MeOH, 20:1) to provide 20 mg (71%) of the title product. *H NMR (400 MHz,
CDCls): §=1.29 (t, J = 7.1 Hz, 3 H, Et), 1.54 (s, 6 H, 2xMe), 1.91-2.01 (m, 2 H, CH,),
2.45 (t, J = 6.9 Hz, 2 H, CH,), 3.33-3.40 (m, 2 H, NCH,), 4.18 (q, J = 7.1 Hz, 2 H, Et),
6.26 (s, 1 H), 6.53 (s, 1 H, Ar), 7.48 (dd, J = 8.1 and 4.3 Hz, 1 H, Ar), 8.10 (d, J = 8.9 Hz,
1 H, Ar), 818 (dd, J=8.2and 1.9 Hz, 1 H, Ar), 8.20 (d, J =9.0 Hz, 1 H, Ar), 9.16 (s, 1
H, Ar), 9.24 (dd, J = 4.3 and 1.9 Hz, 1 H, Ar), 9.64 (s, 1 H, CHO) ppm. **C NMR (100
MHz, CDCls): &= 14.3(+), 22.8(-), 28.0(+), 31.0(-), 43.9(-), 58.1(-), 60.8(-), 98.4(+),
107.0(-), 112.8(-), 113.7(-), 120.3(+), 121.1(+), 121.6(+), 127.1(-), 130.8(-), 135.3(+),
136.5(+), 140.8(-), 146.9(-), 147.9(-), 152.5(+), 154.9(-), 158.5(-), 173.3(-), 192.2(+)
ppm. HRMS (ESI): calc. for CagHN20s [M+H]" 471.1914; found 471.1897.

KAcozEt

Ethyl 4-(6-formyl-3-(3-formylpyridin-2-yl)-4,8,8-trimethyl-2-oxo-1,2,8,9-tetrahydro-
pyrano[3,2-g]quinolin-9-yl)butanoate (371)

Compound 371 was prepared from compound 368 and 2-bromopyridine-3-carbaldehyde
using the procedure described for compound 356. Column chromatography (40 g of SiO»,
CH.Cl,/MeOH, 30:1) yielded 44 mg (91%) of the title compound as a yellow powder. *H
NMR (400 MHz, CDCl3): 6=1.30 (t, J = 7.1 Hz, 3 H, Et), 1.55 (s, 6 H, 2xMe), 1.90-
2.01 (m, 2 H, CHy), 2.26 (s, 3 H, Me), 2.43 (t, J = 6.8 Hz, 2 H, CHy), 3.35-3.42 (m, 2 H,
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NCH,), 4.19 (g, J = 7.1 Hz, 2 H, Et), 6.26 (s, 1 H, Ar), 6.52 (s, 1 H, Ar), 7.42-7.49 (m, 1
H, Ar), 7.51-7.57 (m, 1 H, Ar), 7.63-7.70 (m, 1 H, Ar), 8.73 (s, 1 H, Ar), 9.61 (s, 1 H,
CHO), 10.02 (s, 1 H, CHO) ppm. *C NMR (100 MHz, CDCl3): 5= 14.2(+), 16.3(+),
22.8(-), 28.1(+), 31.2(=), 44.0(-), 58.3(-), 60.7(-), 98.1(+), 109.9(-), 113.8(-), 117.9(-),
123.2(+), 123.4(+), 130.6(-), 131.4(-), 136.1(+), 147.5(-), 152.2(+), 152.6(-), 153.9(+),
155.9(-), 156.6(-), 161.2(-), 172.7(-), 190.2(+), 191.9(+) ppm. HRMS (ESI): calc. for
CagH2sN206 [M+H]" 489.2020; found 489.2019.

Ethyl 4-(3-(3-(1,3-dioxolan-2-yl)pyridin-2-yl)-6-formyl-4,8,8-trimethyl-2-oxo0-1,2,8,9-
tetrahydropyrano[3,2-g]quinolin-9-yl)butanoate (372)

Compound 372 was prepared from compound 368 and compound 369 using the proce-
dure described for compound 356. Column chromatography (35 g of SiO,,
CH.Cl,/MeOH, 40:1) yielded 77 mg (80%) of the title compound as a yellow powder. *H
NMR (400 MHz, CDCls): §=1.30 (t, J = 7.1 Hz, 3 H, Et), 1.53 (s, 3 H, Me), 1.54 (s, 3 H,
Me), 1.90-2.00 (m, 2 H, CH,), 2.16 (s, 3 H, Me), 2.42 (t, J = 6.8 Hz, 2 H, CH,), 3.31-
3.41 (m, 2 H, NCH_), 3.83-3.90 (m, 1 H), 3.90-3.99 (m, 2 H), 4.04-4.09 (m, 1 H), 4.19
(9, J=7.1Hz, 2 H, Et), 5.74 (s, 1 H), 6.24 (s, 1 H), 6.49 (s, 1 H, Ar), 7.42-7.49 (m, 1 H,
Ar), 7.51-7.57 (m, 1 H, Ar), 7.63-7.70 (m, 1 H, Ar), 8.68 (s, 1 H, Ar), 9.60 (s, 1 H, CHO)
ppm. HRMS (ESI): calc. for C3gH3,N,0; [M+H]* 533.2282; found 533.2279.

O X
COZEt
Ethyl 4-(11-hydroxymethyl-9,9-dimethyl-5,6,8,9-tetrahydro-
quinolino[7°,8°:4,5]pyrano[3,2-g]quinolin-8-yl)butanoate (373)
From aldehyde 370: To a solution of compound 370 (32 mg, 0.068 mmol) in THF/EtOH
(3:1, 4 mL) NaBH, (3 mg, 0.068 mmol) was added at 0 °C with stirring. After 5 min, 3
drops of 70% ag. HCIO,4 and BusNI1O, (4.3 mg, 0.01 mmol) were added. After 5 min stir-
ring, the reaction mixture was neutralized with sat. ag. NaHCOs3. The resulting mixture
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was diluted with water (10 mL) and extracted with CH,Cl, (3x10 mL). Combined organic
solutions were dried with Na,SO,4 and evaporated in vacuo. The residue was subjected to
column chromatography (40 g of SiO,, CH,Cl,/MeOH, 8:1) to furnish 10 mg (31%) of
the title product.

From aldehyde 374: To a solution of compound 374 (30 mg, 0.061 mmol) in EtOH (1
mL) Cs,CO3 (2 mg, 0.006 mmol, 10 mol%) was added. The resulting mixture was stirred
for 1.5 h at r.t. Afterwards, sat. aq. NH4CI (5 mL) and water (5 mL) were added, and the
reaction mixture was extracted with CH,Cl, (3x10 mL). Combined organic solutions
were dried with Na,SO, and evaporated. The residue was subjected to column chroma-
tography (30 g of SiO,, CH,Cl,/MeOH, 20:1) to give 24 mg (83%) of the title product. *H
NMR (400 MHz, CDCls): 6 =1.30 (t, J = 6.8 Hz, 3 H, Et), 1.41 (s, 6 H, 2xMe), 1.88—
2.00 (m, 2 H, CHy), 2.37-2.46 (m, 2 H, CH,), 3.28-3.38 (m, 2 H, NCH,), 4.18 (q, J = 6.8
Hz, 2 H, Et), 4.59 (s, 2 H, OCH,), 5.57 (s, 1 H), 6.42 (s, 1 H, Ar), 7.40-7.49 (m, 1 H, Ar),
7.86 (s, 1 H, Ar),82(d, J=85Hz, 1H, Ar), 812 (d, J=8.1 Hz, 1 H, Ar), 9.19 (s, 1 H,
Ar) ppm. MS (ESI): m/z (positive mode, rel. int., %) = 473 (100) [M+H]". UV-Vis
spectral data in MeOH: apsmax = 438 nm; & = 19300 M cm™, Aemmax = 574 nm, ®g =
0.27 (standard: Coumarin 153, ®q = 0.54 in EtOH).

Ethyl 4-(3-(3-formylpyridin-2-yl)-6-hydroxymethyl-4,8,8-trimethyl-2-oxo0-1,2,8,9-
tetrahydropyrano[3,2-g]quinolin-9-yl)butanoate (374)

To a solution of compound 375 (46 mg, 0.086 mmol) acetone/water (4:1, 3 mL)
TsOH-H,0 (16 mg, 0.086 mmol) was added. The resulting reaction mixture was stirred
overnight at reflux. After cooling, sat. ag. NaHCO3 (4 mL) and brine (5 mL) were added,
and the reaction mixture was extracted with CH,Cl, (3x30 mL). Combined organic solu-
tions were dried with Na,SO,4 and evaporated. The crude product was purified by column
chromatography (30 g of SiO,, CH,Cl,/MeOH, 20:1 — 10:1) to give 30 mg (71%) of the
title compound. *H NMR (400 MHz, CDCls): §=1.29 (t, J = 7.1 Hz, 3 H, Et), 1.40 (s, 3
H, Me), 1.41 (s, 3 H, Me), 1.89-1.99 (m, 2 H, CHy), 2.19 (s, 3 H, Me), 2.41 (t, J = 6.9 Hz,
2 H, CHy), 3.30-3.37 (m, 2 H, NCH,), 4.18 (q, J = 7.1 Hz, 2 H, Et), 4.46 (s, 2 H, OCH,),
555 (s, 1H),6.43 (s, 1H, Ar), 7.36 (s, 1 H, Ar), 7.48 (dd, J = 7.9 and 4.8 Hz, 1 H, Ar),
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8.30 (dd, J=7.9 and 1.8 Hz, 1 H, Ar), 8.88 (dd, J = 4.8 and 1.8 Hz, 1 H, Ar), 9.98 (s, 1 H,
CHO) ppm. ¥C NMR (100 MHz, CDCls): 6= 14.3(+), 16.2(+), 22.7(-), 29.0(+), 31.3(-),
44.0(-), 57.8(-), 60.7(-), 62.8(-), 97.3(+), 109.1(-), 116.9(-), 117.6(-), 119.6(+),
123.4(+), 129.8(-), 129.9(+), 131.5(-), 136.1(+), 148.0(-), 152.2(-), 153.7(+), 155.6(-),
156.8(-), 161.4(-), 172.8(-), 190.3(+) ppm. HRMS (ESI): calc. for CygH3oN,0s [M+H]"
491.2177; found 491.2181.

Ethyl 4-(3-(3-(1,3-dioxolan-2-yl)pyridin-2-yl)-6-hydroxymethyl-4,8,8-trimethyl-2-
oxo0-1,2,8,9-tetrahydropyranol[3,2-g]quinolin-9-yl)butanoate (375)

To a solution of compound 372 (77 mg, 0.145 mmol) in THF/EtOH (3:1, 4 mL) NaBH,
(5.5 mg, 0.145 mmol) was added at 0 °C with stirring. After 5 min, the reaction mixture
was quenched with sat. aq. NH,4CI, diluted with water (2 mL), and extracted with CH,Cl,
(3x10 mL). Combined organic extracts were dried with Na,SO, and evaporated. The resi-
due was subjected to column chromatography (30 g of SiO,, CH,CIl,/MeOH, 20:1) to
yield 62 mg (80%) of the title compound as a yellow solid. *H NMR (400 MHz, CDCls):
0=1.29 (t, J=1.29 Hz, 3 H, Et), 1.39 (s, 6 H, 2xMe), 1.88-1.98 (m, 2 H, CH,), 2.04 (s, 3
H, Me), 2.41 (t, J = 6.9 Hz, 2 H, CH,), 3.28-3.36 (m, 2 H, NCH,), 3.81-3.89 (m, 1 H,
OCHy,), 3.89-3.97 (m, 2 H, OCH,), 4.02-4.10 (m, 1 H, OCHy), 4.18 (q, J = 7.1 Hz, 2 H,
Et), 4.36-4.40 (m, 1 H, OCH,), 4.41-4.46 (m, 1 H, OCH,), 5.56 (s, 1 H), 5.71 (s, 1 H),
6.39 (s, L H, Ar), 7.23 (s, 1 H, Ar), 7.38 (dd, J = 7.9 and 4.9 Hz, 1 H, Ar), 8.04 (dd, J =
7.9 and 1.6 Hz, 1 H, Ar), 8.69 (dd, J = 4.9 and 1.7 Hz, 1 H, Ar) ppm. **C NMR (100
MHz, CDCls): 6 = 14.3(+), 16.1(+), 22.7(-), 28.9(+), 29.0(+), 31.4(-), 43.9(-), 57.7(-),
60.7(-), 62.4(-), 65.3(-), 65.4(-), 97.3(+), 100.7(+), 109.1(-), 110.0(+), 117.4(-),
119.2(+), 123.1(+), 129.2(+), 129.8(-), 134.1(-), 135.2(+), 147.4(-), 149.7(+), 151.2(-),
153.4(-), 155.5(-), 160.8(-), 172.8(-) ppm. HRMS (ESI): calc. for C3oH3sN,0; [M+H]"
535.2439; found 535.2433.
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(BUOt),OPO N
= O O N7
N 00
KAc:ozEt

Ethyl  4-(11-(di-tert-butoxyphosphoryloxy)methyl-9,9-dimethyl-5,6,8,9-tetrahydro-
quinolino[7°,8°:4,5]pyrano[3,2-g]quinolin-8-yl)butanoate (376)

To a stirred and preheated (40 °C) solution of compound 373 (10 mg, 0.021 mmol) in
CH.CIl, (1 mL) di-t-butyl N,N-diisopropylphosphoramidite (18 mg, 0.063 mmol) and
1H-tetrazole (4.7 mg, 0.063 mmol) were added in two equal portions at interval of 20 min
under argon. After further 20 min, the reaction mixture was cooled with dry ice bath
(=78 °C), and solution of mCPBA (15.5 mg, 70% purity, 0.063 mmol) in CH,Cl, (1 mL)
was injected. After 1 h stirring at —78 °C, the reaction mixture was allowed to warm to 0
°C, and aqueous solutions of Na,SO3 (2 mL, 10%) and NaHCO3 (1 mL, saturated) were
added, and the reaction mixture was allowed to warm up to r.t. The organic layer was
separated and the aqueous phase was extracted with CH,Cl, (3%x10 mL). The combined
organic extracts were dried, the solvents were evaporated, and the titled compound was
isolated by column chromatography (30 g of SiO,, CH,Cl,/MeOH, 15:1) as a red solid
(10 mg; 71%). *H NMR (300 MHz, CDCl3): 6= 1.29 (t, J = 7.1 Hz, 3 H, Et), 1.43 (s, 6 H,
2xMe), 1.48 (d, Jcp = 1.5 Hz, 18 H, 2xtBu), 1.95 (m, 2 H, CH,), 2.42 (t, J = 6.9 Hz, 2 H,
CH,), 3.29-3.38 (m, 2 H, NCH), 4.18 (g, J = 7.1 Hz, 2 H, Et), 4.85 (d, Jcp = 6.2 Hz, 2 H,
OCH,), 5.61 (s, 1 H), 6.47 (s, 1 H, Ar), 7.49 (dd, J =8.1 and 4.4 Hz, 1 H, Ar), 7.96 (s, 1
H, Ar), 8.09 (d, J =9.0 Hz, 1 H, Ar), 8.18 (dd, J=8.2and 1.9 Hz, 1 H, Ar), 831 (d, J =
9.1 Hz, 1 H, Ar), 9.27 (dd, J = 4.4 and 1.9 Hz, 1 H, Ar) ppm. *C NMR (125.7 MHz,
CDCly): 6= 14.2(+), 29.8(+, d, Jcp = 4.3 Hz), 31.3(-), 43.9(-), 57.7(-), 60.7(-), 66.5 (-,
Jcp = 5.6 Hz), 82.7(-), 82.8(-), 97.7(+), 106.4(-), 117.2(-), 119.3(+), 120.7(+), 121.1(+),
127.0(-), 132.7(+), 135.3(+), 136.8(+), 141.2(-), 147.4(-), 152.3(+), 154.8(-), 158.9(-),
173.0(-) ppm. HRMS (ESI): found 665.2984; calc. for C3sHasN,OgP [M+H]" 665.2986.

X
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(11-(Di-tert-butoxyphosphoryloxy)methyl-9,9-dimethyl-5,6,8,9-tetrahydro-
quinolino[7°,8’:4,5]pyrano[3,2-g]quinolin-8-yl)butanoic acid (377)

To a solution of compound 376 (10 mg, 0.015 mmol) in MeOH/H,0 (1:1, 2 mL) 1 M
NaOH (150 pL, 0.15 mmol) was added. The resulting mixture was stirred for 3 h at r.t.,
and then, citrate buffer (pH 3, 15 mL) was added. The aqg. layer was saturated with NaCl
and extracted with CH,Cl, (3x15 mL). Combined organic extracts were dried with
Na,SO, and evaporated. The residue was subjected with column chromatography (15 g of
Si0,, CH,Cl/MeOH, 10:1 — 5:1) to afford 7 mg (73%) of the title compound as a red
solid. *H NMR (400 MHz, CDCls): 6 = 1.41 (s, 6 H, 2xMe), 1.50 (br. s, 18 H, 2xtBu),
1.91-2.02 (m, 2 H, CHy), 2.43-2.52 (m, 2 H, CH,), 3.27-3.37 (m, 2 H, NCH), 4.88 (br.
s, 2 H, OCHy), 5.62 (s, 1 H), 6.55 (s, 1 H, Ar), 7.50-7.60 (m, 1 H, Ar), 7.90 (s, 1 H, Ar),
8.08-8.16 (m, 1 H, Ar), 8.21-8.35 (m, 2 H, Ar), 9.24-9.34 (m, 1 H, Ar) ppm. MS (ESI):
m/z (positive mode, rel. int., %) = 637 (100) [M+H]".

X
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(9,9-Dimethyl-11-phosphonooxymethyl-5,6,8,9-tetrahydro-

(HO),0PO

quinolino[7°,8°:4,5]pyrano[3,2-g]quinolin-8-yl)butanoic acid (378)

To a cooled (0 °C) solution of compound 377 (7 mg, 0.011 mmol) in CH,Cl, (1 mL) TFA
(100 pL) was added. The resulting solution was stirred for 40 min at 0 °C, and then, all
volatiles were evaporated in vacuo. The crude product was dissolved in water and freeze-
dried. Yield: 6 mg (quantitative). *"H NMR (300 MHz, CD3;OD): 6= 1.51 (s, 6 H, 2xMe),
1.89-2.02 (m, 2 H, CHy), 2.51 (t, J = 6.5 Hz, 2 H, CH,), 3.46-3.50 (m, 2 H, NCH,), 4.85—
4.89 (M, 2 H, OCH,), 5.84 (s, 1 H), 6.77 (s, 1 H, Ar), 8.04-8.11 (m, 2 H, Ar), 8.47 (d, J =
9.1Hz, 1 H, Ar), 8.63 (d, J = 9.1 Hz, 1 H, Ar), 9.08-9.18 (m, 2 H, Ar) ppm. *C NMR
(125.7 MHz, CD30D): 6 = 23.8(-), 29.2(+), 31.4(-), 45.3(-), 60.1(-), 67.3(-,d, J = 4.6
Hz), 98.9(-), 104.3(-), 106.6(-), 115.9(-), 118.2(-), 119.9(-), 121.4(+), 123.1(+),
125.6(+), 129.5(-), 135.4(+), 136.8(+), 140.5(-), 145.6(+), 146.1(-), 148.3(+), 151.5(-),
157.0(-), 176.9(-) ppm. HRMS (ESI): found 525.1417; calc. for CysH5N20gP [M+H]"
513.2748; found 523.1274; calc. for CyHxsN20gP [M—H]™ 523.1276. UV-Vis spectral
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data in PBS 7.4: Japsmax = 453 nm; € = 7740 Mcm™, Aemmax = 617 nm, @ = 0.44
(standard: DCM, ®f = 0.44 in EtOH).

(2-Bromo-4-methoxyphenyl)-(4-nitrophenyl)methanone (400)

A dry 50 mL Schlenk flask was charged with AICI; (1.73 g, 13 mmol) and CH,Cl, (13
mL). To this suspension, 3-bromoanisole 399 (2.5 g, 13 mmol) was added under vigorous
stirring at 0 °C. After warming up to r.t., a solution of p-nitrobenzoyl chloride (2.73 g, 15
mmol) in CH,Cl, (20 mL) was introduced, and the reaction mixture refluxed for 3 h.
After cooling down to r.t., the reaction mixture was poured into a mixture of ice and 1 M
HCI. The organic layer was separated, the aqueous phase was extracted with CH,Cl, (2 x
100 mL), and the combined organic solutions were washed with 1 M NaOH (3 x 50 mL)
and dried with Na,SO,. Evaporation of volatile solvents in vacuo gave a residue which
was recrystallized from ethanol to yield 3.05 g (71%) of the title compound as a yellowish
powder. *H NMR (300 MHz, CDCls): 6 = 3.90 (s, 3 H, OMe), 6.97 (dd, J = 8.6 and 2.4
Hz, 1 H, Ar), 7.21 (d, J = 2.4 Hz, 1 H, Ar), 7.39 (d, J = 8.6, 1 H, Ar), 7.93 (m, 2 H, Ar),
8.30 (m, 2 H, Ar) ppm. *C NMR (100.7 MHz, CDCl3): d = 55.8(+), 113.4(+), 119.1(+),
121.5(-), 123.7(+), 130.8(+), 131.2(-), 131.7(+), 142.0(-), 150.3(-), 162.1(-), 193.8(-)
ppm. HRMS (ESI): found 335.9863; calc for C14H10NO4Br [M + H]" 335.9866.

(4-Aminophenyl)(2-bromo-4-methoxyphenyl)methanone (401)

To 1.0 g (3.0 mmol) of compound 400 in a mixture of 1,2-dimethoxyethane and ethanol
(9 and 11 mL, respectively), a solution of SnCl,-2H,0 (2.64 g, 11.7 mmol) in conc. aq
HCI (20 mL) was added at such a rate that the temperature did not exceed 30 °C. After
stirring overnight at r.t., the reaction mixture was poured into an excess of ice—water and
CHCl,. Then the aqueous layer was neutralized to pH 12 with solid NaOH, the organic
layer was separated, and the aqueous solution was extracted with CH,Cl, (50 mL). The
combined organic solutions were dried with Na,SO,4 and evaporated in vacuo to give a
residue which was purified by column chromatography (100 g SiO,, CH,Cl,/MeOH,
20:1) to furnish 758 mg (82%) of the title compound. *H NMR (300 MHz, CDCls): J =



179

3.85 (s, 3 H, OMe), 6.62 (m, 2 H, Ar), 6.89 (dd, J =8.5and 2.4 Hz, 1 H, Ar), 7.15(d, J =
2.4 Hz, 1 H, Ar), 7.39 (d, J = 8.5 Hz, 1 H, Ar), 7.64 (m, 2 H, Ar) ppm. *C NMR (100.7
MHz, CDCls): § = 55.6(+), 113.0(+), 113.9(+), 118.4(+), 120.7(-), 127.2(-), 130.3(+),
132.9(+), 133.6(-), 151.2(-), 160.7(-), 193.9(-) ppm. HRMS (ESI): found 306.0126;
calc for C14H12NO,Br [M + H]* 306.0124.

N I OMe
OH

2-(2-(4-(Dimethylamino)benzyl)-5-methoxyphenyl)-propan-2-ol (402)

Me,

Into a Schlenk flask charged with a solution of compound 403 (516 mg, 1.6 mmol) in
THF (10 mL), 2.2 M BulLi in hexanes (2.5 mL, 5.4 mmol) was added dropwise at =78 °C.
After stirring for 40 min at —78 °C, acetone (1.30 g, 22.4 mmol) was slowly added, and
the reaction mixture was allowed to warm up to r.t. An excess of sat. aq. NH,Cl was
added, and the mixture was extracted with EtOAc (3 x 50 mL). The combined organic
solutions were dried with Na,SO, and evaporated in vacuo. The title compound was iso-
lated as a colorless oil (453 mg, 95%) by column chromatography (100 g SiO,,
hexane/EtOAc, 2:1). *H NMR (300 MHz, CDCls): d = 1.63 (s, 6 H, CMey), 2.91 (s, 6 H,
NMe,), 3.81 (s, 3 H, OMe), 4.24 (s, 2 H, CH,), 6.69 (m, 2 H, Ar), 6.73 (dd, J = 8.5 and
2.7 Hz, 1 H, Ar), 6.97 (m, 2 H, Ar), 7.05 (m, 2 H, Ar) ppm. *C NMR (125.7 MHz,
CDCly): 6 = 31.6(+), 37.9(-), 40.8(+), 55.2(+), 73.8(-), 111.3(+), 112.3(+), 113.0(+),
129.3(+), 130.9(-), 134.1(+), 147.5(-), 149.0(-), 157.6(-) ppm. HRMS (ESI): found
322.1778; calc for C19H2sNO, [M + Na]* 322.1778.

l l OMe
Br

4-(2-Bromo-4-methoxybenzyl)-N,N-dimethylaniline (403)

Me,N

Compound 403 was prepared according to the published method.**" To a cooled (0 °C)
solution of compound 4 (1.6 g, 4.8 mmol) in THF (45 mL), AICI; (1.7 g, 13 mmol) was
added in one portion, followed by NaBH, (890 mg, 23.5 mmol). The mixture was heated
with reflux for 2 h, and then water (25 mL) was carefully added dropwise at 0 °C. The
reaction mixture was extracted with CH,Cl, (4 x 50 mL) and combined organic solutions

were dried with Na,SO, and evaporated in vacuo. Purification on SiO, (150 g;
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hexane/EtOAc, 6:1) furnished 970 mg (65%) of the titled compound. *H NMR (300 MHz,
CDCl3): 0 = 2.93 (s, 6 H, NMey), 3.78 (s, 3 H, OMe), 3.96 (s, 2 H, CHy), 6.71 (m, 2 H,
Ar), 6.78 (dd, J = 8.5 and 2.6 Hz, 1 H, Ar), 7.05 (m, 3 H, Ar), 7.12 (d, J = 2.6 Hz, 1 H,
Ar) ppm. BC NMR (100.7 MHz, CDCly): § = 39.8(-), 40.8(+), 55.5(+), 110.0(-),
113.0(+), 113.6(+), 117.8(+), 124.8(-), 129.5(+), 131.2(+), 133.3(-), 149.1(-), 158.3(-)
ppm. HRMS (ESI): found 320.0648; calc for C16H1sNOBr [M + H]* 320.0645.

(2-Bromo-4-methoxyphenyl)(4-(dimethylamino)phenyl)-methanone (404)

Compound 404 was prepared according to the known procedure.*? To a mixture of
compound 401 (2.0 g, 6.5 mmol) and paraformaldehyde (1.96 g, 65 mmol) in AcOH (50
mL), NaBH3;CN (1.97 g, 31.3 mmol) was added in one portion at 0 °C. The reaction
mixture was stirred overnight at r.t., and then an additional amount of NaBH3;CN (1.00 g,
15.9 mmol) was added. After stirring for 2 h at r.t., the reaction mixture was transferred
into an excess of 15% NaOH with ice, pH was adjusted to 12 with solid NaOH, and the
solution was extracted with CH,Cl, (3 x 100 mL). The combined organic solutions were
dried with Na,SO, and evaporated in vacuo to give 2.06 g (83%) of the title compound as
a yellow oil. *H NMR (300 MHz, CDCl): 6 = 3.08 (s, 6 H, NMe,), 3.15 (s, 3 H, OMe),
6.64 (m, 2 H, Ar), 6.90 (dd, J = 8.5 and 2.4 Hz, 1 H, Ar), 7.16 (d, J = 2.4 Hz, 1 H, Ar),
7.26 (d, J = 85 Hz, 1 H, Ar), 7.71 (m, 2 H, Ar). *C NMR (100.7 MHz, CDCly): 6 =
40.1(+), 55.6(+), 110.7(+), 113.0(+), 118.2(+), 120.6(-), 124.4(-), 130.1(+), 132.6(+),
134.0(-), 153.6(-), 160.6(—), 193.7(-). HRMS (ESI): found 320.0432; calc for
C16H1sNO,Br [M + H]* 334.0437.

3-(Dimethylamino)-6-methoxy-10,10-dimethylanthracen-9(10H)-one (405)

Cyclization of compound 402 to 1,2-dihydroanthracene derivative was performed
according to the known method,™®! and further oxidation to anthracenone 405 was car-
ried out as described.[***? To a solution of compound 402 (100 mg, 0.33 mmol) in dry
CH.Cl, (4 mL), AICI; (110 mg, 0.825 mmol) was added at 0 °C. The mixture was stirred
for 6 h at 0 °C and for 10 h at r.t. After quenching with 1 M aq. NaOH (4 mL), the
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organic layer was separated and the aqueous solution was extracted with CH,Cl, (3 x 10
mL). Combined organic solutions were dried with Na,SO,4 and evaporated in vacuo. The
residue was dissolved in acetone (4 mL), the solution was cooled down to —18 °C, and a
powder of KMnQO,4 (110 mg, 0.70 mmol) was added in small portions over 2 h. The reac-
tion mixture was diluted with 2 volumes of CH,Cl,; MnO, was filtered off and washed
with CH,Cl,, and the filtrate was evaporated to dryness. The title compound was isolated
by column chromatography (50 g SiO,; hexane/EtOAc, 4:1) as a yellow solid (30 mg,
31%). *H NMR (300 MHz, CDCls): = 1.71 (s, 6 H, CMe,), 3.12 (s, 6 H, NMey), 3.91 (s,
3 H, OMe), 6.77 (m, 2 H, Ar), 6.95 (dd, J = 2.5 and 8.7 Hz, 1 H, Ar), 7.09 (d, J = 2.5 Hz,
1 H, Ar), 8.26 (d, J = 8.40 Hz, 1 H, Ar), 8.34 (d, J = 8.7 Hz, 1 H, Ar) ppm. *C NMR
(125.7 MHz, CDCls): 6 = 33.5(+), 38.2(-), 40.2(+), 55.4(+), 107.5(+), 110.9(+), 111.5(+),
112.2(+), 119.4(-), 124.3(-), 129.4(+), 129.5(+), 152.2(-), 152.5(-), 153.2(-), 162.9(-),
181.2(-) ppm. HRMS (ESI): found 296.1649; calc for C1gH»:NO, [M + H]" 296.1645.

Me,N OMe

O

O O/><NH2

N-(10-(2-((2-Amino-2-methylpropoxy)carbonyl)phenyl)-7-methoxy-9,9-dimethyl-
anthracen-2(9H)-ylidene)-N-methyl methanaminium chloride (407)

Into a Schlenk flask charged with a solution of 2-(2-bromophenyl)-4,4-dimethyl-4,5-di-
hydrooxazole (926 mg, 3.60 mmol) in THF (15 mL), 1.5 M tBuLi in pentane (2.6 mL, 3.9
mmol) was added dropwise at —78 °C to form the organolithium compound 406. The
mixture was stirred for 40 min at —78 °C, and a solution of ketone 405 (215 mg, 0.73
mmol) in THF (8 mL) was added dropwise. The reaction mixture was stirred at —78 °C
for 1 h at r.t. and finally transferred into a cooled (0 °C) mixture of MeOH and AcOH (15
and 2 mL, respectively). The residue after complete evaporation of the reaction mixture
was subjected to column chromatography (100 g SiO,, MeCN/H,O (both with 0.1% v/v
TFA), 10:1 — 10:1). Fractions containing the title compound were combined, evaporated
in vacuo, and residue was dissolved in CH,Cl, and washed with brine and sat. ag. NH,ClI.
Evaporation of CH,Cl, gave 270 mg (73%) of the title compound. *H NMR (300 MHz,
CDCl3): 0 = 1.36 (s, 3 H, Me), 1.43 (s, 3 H, Me), 1.75 (s, 3 H, Me), 1.84 (s, 3 H, Me),
3.43 (s, 3 H, NMe), 3.53 (s, 3 H, NMe), 3.94 (s, 3 H, OMe), 4.05 (d, J = 11.7 Hz, 1 H),
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4.22 (d, J=11.7 Hz, 1 H), 5.82 (br. s, NHy), 6.83 (m, 2 H, Ar), 7.17 (m, 2 H, Ar), 7.29 (d,
J=24Hz, 1H,Ar), 7.72 (m, 2 H, Ar), 8.69 (m, 1 H, Ar), 8.86 (m, 2 H, Ar) ppm. *C
NMR (75.5 MHz, CDCls): 6 = 22.7(-), 22.8(+), 31.6(+), 31.9(-), 35.0(+), 41.9(+),
42.0(-), 53.3(-), 56.1(+), 69.7(-), 112.2(+), 113.6(+), 115.7(+), 122.7(-), 124.3(-),
129.5(-), 129.6(+), 130.4(+), 132.5(+), 132.6(+), 135.9(+), 136.8(-), 139.9(-), 154.3(-),
158.8(-), 160.1(-), 164.4(-), 166.0(-), 168.1(-) ppm. HRMS (ESI): found 471.2633;
calc. for CaoH3sN,03 [M*] 471.2642.

ool
85

@)
3-N,N-dimethylamino-6-methoxy-10,10-dimethyl-3"H,10H-spiro[anthracene-9,1"-
isobenzofuran]-3'-one (408-Me) and 3-N,N-dimethylamino-6-hydroxy-10,10-di-

methyl-3"H,10H-spiro[anthracene-9,1'-isobenzofuran]-3'-one (408-H)
A solution of compound 407 (200 mg, 0.40 mmol) in 20% aq HCI (30 mL) was stirred at

Me,N

80 °C for 6.5 h. After cooling to r.t., the reaction mixture was neutralized with solid
NaHCOj3; and extracted with CH,Cl, (4 x 20 mL). Combined organic extracts were dried
with Na,SO, and evaporated. The residue was subjected to column chromatography (100
g SiO,, hexane/EtOAc, 2:1) to furnish 68 mg (43%) of 408-Me and 40 mg (26%) of 408-
H as colorless powders.

408-Me: *H NMR (300 MHz, CDCls): 6 = 1.76 (s, 3 H, Me), 1.87 (s, 3 H, Me), 2.99 (s, 6
H, NMe,), 3.82 (s, 3 H, OMe), 6.50-6.65 (m, 2 H, Ar), 6.68 (m, 2 H, Ar), 6.92 (m, 1 H,
Ar), 7.05 (m, 1 H, Ar), 7.15 (m, 1 H, Ar), 7.58 (m, 2 H, Ar), 8.00 (m, 1 H, Ar) ppm. **C
NMR (75.5 MHz, CDCls): § = 32.4(+), 35.5(+), 38.6(-), 40.5(+), 55.3(+), 111.8(+),
112.3(+), 123.8(+), 124.4(-), 124.9(+), 126.9(-), 128.9(+), 129.3(+), 134.5(+), 146.4(-),
147.5(-), 155.3(-), 159.9(-), 170.6(—) ppm. HRMS (ESI): found 400.1898; calc. for
C26H2sNO3 [M + H]" 400.1907. Spectal data in MeOH with 0.1% v/v TFA: Aaps, nm (e,
M™ecm™) = 482 sh (10290), 513 (18250), 549 (18430), hem = 585 nm, @y = 0.01
(standard: RDC, @5 = 0.33 in THF).

408-H: *H NMR (600 MHz, CDCls): 6 = 1.56 (s, 3 H, Me), 1.73 (s, 3 H, Me), 3.17 (s, 6
H, NMe,), 6.64 (m, 2 H, Ar), 6.88 (m, 1 H, Ar), 7.03 (m, 2 H, Ar), 7.12 (m, 1 H, Ar), 7.61
(m, 2 H, Ar), 7.68 (m, 1 H, Ar), 8.05 (m, 1 H, Ar). HRMS (ESI): found 386.1747, calc.
for CosHosNO3 [M + H]* 386.1751. Spectral data in MeOH: Aaps (g, M™cm™) = 561 (620),
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Aem = 598 nm, @7 = 0.85 (standard: rhodamine 630, @5 = 0.97 in ethanol). Low absorp-
tion in the visible range is explained by the fact that under neutral conditions, the equilib-
rium between the colorless “closed” form and the colored “open” form is shifted toward
the former one (Scheme 28a). Spectral data in MeOH with 0.1% v/v TFA: Aaps, nm (e, M~
lem™) = 483 sh (13500), 515(30000), 553 (37400), Aem = 585 nm (broad), @5 = 0.11
(standard: perylene diimide KP174, ®q = 0.58 in water). Spectral data in MeOH with
0.1% V/v Et3N: Ags, nm (g, Mlem™) = 560 (34300), Aem = 598 nm, @ = 0.94 (standard:
perylene diimide KP174, @5 = 0.58 in water).

Me,N 0

@)
N OR
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Methyl 4-(2-(6-N,N-Dimethylamino-10,10-dimethyl-3-0x0-3,10-dihydroanthracen-9-
yD-N’-methylbenzamido)butanoate (409-Me) and 4-(2-(6-N,N-dimethylamino)-
10,10-dimethyl-3-0x0-3,10-dihydroanthracen-9-yl)-N’-methylbenzamido)butanoic
acid (409-H)
Into a Schlenk flask charged with a solution of compound 410 (36 mg, 0.065 mmol) in
CH.Cl; (5 mL), 1 M solution of BBr3 in CH,Cl, (400 uL, 0.4 mmol) was added dropwise
at r.t. The reaction mixture was stirred for 1 h and quenched with sat. ag. NaHCO3
(15 mL). The organic layer was separated, and the aqueous phase was saturated with
NH4Cl and extracted with CH,Cl, (5 x 30 mL). Combined organic solutions were dried
with Na,SO, and evaporated. Column chromatography (40 g SiO,, CH,Cl,/MeOH, 20:1,
then MeCN/H,0, 5:1) afforded 16 mg (49%) of 409-Me and 11 mg (23%) of 409-H as
dark-violet solids.
409-Me was an ~1:2.5 mixture of 2 diastereomers. *H NMR (300 MHz, CDsCN, only the
signals of the major isomer are given): 6 = 1.46 (m, 2 H, CH,), 1.55 (s, 3 H, Me), 1.68 (s,
3 H, Me), 1.86-1.94 (m, 2 H, CHy), 2.78 (s, 3 H, NMe), 3.09 (s, 6 H, NMe,), 3.10-3.32
(m, 2 H, NCHy), 3.53 (s, 3 H, COOMe), 6.17 (dd, J = 9.6 and 2.0 Hz, 1 H, Ar), 6.55 (dd,
J=9.1and 2.6 Hz, 1 H, Ar), 6.66 (m, J =2.0 Hz, 1 H, Ar), 6.81 (m, J =9.1 Hz, 1 H, Ar),
6.92 (M, J=9.6 Hz, 1 H, Ar), 6.97 (m, J = 2.6 Hz, 1 H, Ar), 7.31 (m, 1 H, Ar), 7.45 (m, 1
H, Ar), 7.56 (m, 2 H, Ar) ppm. *C NMR (75.5 MHz, CDsCN): ¢ = 22.6(-), 31.4(-),
31.8(+), 35.5(+), 37.6(+), 40.5(+), 40.9(-), 46.5(-), 51.8(+), 110.4(+), 111.3(+), 120.6(-),
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120.9(-), 121.9(-), 123.5(+), 124.9(+), 127.6(+), 129.1(+), 129.5(+), 131.4(+), 134.8(+),
136.1(-), 137.7(-), 139.0(+), 152.1(-), 154.2(-), 157.2(-), 169.4(-), 174.1(-), 184.2(-)
ppm. HRMS (ESI): found 499.2592; calc. for C3;HzsN,04 [M*] 499.2591. Lifetime of the
excited state (z): 2.2 ns (ag. PBS buffer).

409-H was an ~1:2.5 mixture of two diastereomers, *H NMR (300 MHz, CDsCN, only
signals of the major isomer are given): 0 = 1.38 (m, 1 H, CH,), 1.43-1.57 (m, 1 H, CH,),
1.53 (s, 3 H, Me), 1.66 (s, 3 H, Me), 1.83 (m, 1 H, CH,COOMe), 1.93-2.00 (m, 1 H,
CH,COOMe), 3.09 (s, 3 H, NMe), 3.09-3.23 (m, 2 H, NCH,), 3.27 (s, 6 H, NMe,), 6.23
(dd, J =9.6 and 2.1 Hz, 1 H, Ar), 6.55 (dd, J = 9.1 and 2.6 Hz, 1 H, Ar), 6.72 (m, 1 H,
Ar), 6.81 (m, J =9.1 Hz, 1 H, Ar), 6.95-6.99 (m, 2 H, Ar), 7.30 (m, 1 H, Ar), 7.45 (m, 1
H, Ar), 7.56 (m, 2 H, Ar). *C NMR (75.5 MHz, CDsCN): ¢ = 23.0(-), 32.0(+), 32.7(-),
35.8(+), 37.9(+), 40.5(+), 47.1(-), 110.4(+), 111.5(+), 120.4(-), 121.5(-), 123.1(+),
124.5(+), 127.8(+), 129.5(+), 129.7(+), 131.4(+), 135.5(+), 135.6(—), 137.3(-), 140.0(+),
153.3(-), 154.6(-), 158.6(-), 170.1(-), 185.7(-) ppm. HRMS (ESI): found 485.2433;
calc for CgoH32N,04 [M + H]" 485.2435.

Preparation of 409-H from 409-Me

Compound 409-Me (4 mg; 8 umol) was stirred for 1 h at r.t. in a 10:15:0.7 mixture of
H,0O, THF, and 1 M agq. NaOH (2.5 mL). Then AcOH (1 mL) was added, and the reaction
mixture was evaporated to dryness. Purification by flash chromatography (15 g SiO»,
MeCN/H,0, 5:1) followed by evaporation, dissolution in CH,Cl,, and filtration through a
fine glass filter afforded 4 mg (quantitative yield) of the solid title compound. HPLC: B/A
= 30/70 to 100/0 in 25 min, detection at 550 nm, tg = 7.6 min (100%). Data in methanol:
Aabs (&, Mlem™) = 573 nm (41000), Aem = 613 nm, @ = 0.64, T = 3.95 ns. Excitation
spectrum in methanol: emission at 625 nm was monitored and found to be maximal at
Aexcit = 588 nm. Data in PBS buffer at pH 7.4: Azps = 586 nm; & = 58600 M cm™, Aem =
613 nm, ®q = 0.32 (standard: perylene diimide, @5 = 0.58 in H,0), 1= 2.54 ns.

90¢
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2,5-Dioxopyrrolidin-1-yl 4-(2-(6-N,N-dimethylamino)-10,10-dimethyl-3-o0xo0-3,10-di-
hydro-anthracen-9-yl)-N’-methyl benzamido)butanoate (409-NHS)

Me,N
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To a stirred solution of compound 409-H (3 mg, 6.2 umol) and N-hydroxysuccinimide
(11 mg, 93 umol) in MeCN/DMF mixture (2:1, 2 mL), HATU (10 mg, 25 pumol) was
added followed by NEt; (16 pL, 112 pmol). The reaction mixture was stirred overnight
and evaporated in vacuo. The residue was subjected to flash chromatography on SiO, (20
g, MeCN/H,0, 10:1). The main fraction was filtered through a fine glass filter and freeze-
dried to give 3.1 mg (86%) of the title compound. HPLC: B/A = 30/70 to 100/0 in 25
min, detection at 550 nm, tr = 9.7 min (100%). HRMS (ESI): found 582.2605; calc for
Ca4H3sN30g [M + H]* 582.2599. The conjugate with goat antirabbit antibodies (AB256):
Aabs = 585 nm, Aem = 613 nm, DOL = 10.9, @5 = 0.04 in PBS buffer at pH 7.4 (standard:
rhodamine 101, @5 = 1 in EtOH). The conjugate with goat antirabbit antibodies (AB257):
Aabs = 586 nm, Aem = 614 nm, DOL = 12.4, &y = 0.04 in PBS buffer at pH 7.4 (standard:
perylene diimide KP174, ®g = 0.58 in H,0, excitation at 550 nm).

Me,N OMe

O
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N-(7-Methoxy-10-(2-(N’-(4-methoxy-4-oxobutyl)-N’-methylcarbamoyl)phenyl)-9,9-
dimethylanthracen-2(9H)-ylidene)-N-methylmethanaminium (410)

Into a Schlenk flask charged with a solution of compound 408-Me (34 mg, 0.085 mmol)
in dichloroethane (3 mL), POCI; (390 uL, 4.3 mmol) was injected. After stirring at 80 °C
for 2 h, all volatile materials were evaporated in vacuo and the solid residue was dis-
solved in CH3CN (5 mL). A solution of methyl 4-N-methylaminobutyrate hydrochloride
(413) (71 mg, 0.425 mmol) in MeCN (3 mL) was added into the flask, followed by NEt;
(360 pL, 2.5 mmol). After stirring at r.t. for 15 min, all volatile materials were removed in
vacuo, and the residue was dissolved in CH,Cl, (20 mL) and washed with a satd aq solu-
tion of NH4CI. The organic layer was separated, dried with Na,SO,, and evaporated. The
titled compound (36 mg, 76%) was isolated by column chromatography (40 g SiO,
MeCN/H,0, 15:1) as a red solid. *H NMR (300 MHz, CDsCN): § = 1.34 (m, 2 H, CH,),
1.65 (s, 3 H, Me), 1.72-1.82 (m, 2 H, CH,), 1.80 (s, 3 H, Me), 2.86 (s, 3 H, NMe), 3.11-
3.23 (m, 2 H, NCH,), 3.44 (s, 6 H, NMey), 3.53 (s, 3 H, COOMe), 3.94 (s, 3 H, OMe),
6.93 (m, 2 H, Ar), 7.17-7.24 (m, 2 H, Ar), 7.27 (m, 1 H, Ar), 7.39 (m, 1 H, Ar), 7.41 (m,
1 H, Ar), 7.56 (m, 1 H, Ar), 7.66 (m, 2 H, Ar) ppm. *C NMR (75.5 MHz, CD3CN): 6 =
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22.5(-), 31.4 (<), 32.0(+), 35.0(+), 37.6(+), 42.6(+), 42.8(-), 46.7(-), 51.9(+), 57.0(+),
114.4(+), 114.5(+), 115.8(-), 116.5(+), 123.5(-), 124.2(-), 125.1(-), 128.0(+), 130.0(+),
130.2(+), 130.5(+), 131.1(+), 135.0(-), 137.0(+), 137.4(-), 141.3(+), 155.2(-), 160.0(-),
160.8(-), 166.8(-), 174.1(-) ppm. HRMS (ESI): found 513.2740; calc. for Ca,Hs7N,04
[M*] 513.2748.

bz Me
C N (0]
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Methyl 4-(N-benzyloxycarbonyl-N-methylamino)butanoate (412)

Methylation of N-protected butyric acid 411 was performed according to the known pro-
cedure.*”® To a solution of compound 411 (4.1 g, 17.4 mmol) in dry DMF (50 mL) Mel
(13 mL, 209 mmol) and Ag,O (24.2 g, 104 mmol) were added under cooling. The re-
sulting mixture was stirred overnight at r.t. Afterwards, the reaction mixture was filtered
through a pad of Celite eluting with CH,Cl, (=300 mL). The filtrate was washed with
20% NayS,03 (2x100 mL) and water (10 x 100 mL) dried with Na 100 mL) dried with
Na,SO, and evaporated in vacuo. The crude product (4.5 g, 98%) was used without
further purification. *H NMR (300 MHz, CDCl3): 6 = 1.77-1.93 (m, 2 H, CH,), 2.23-2.38
(m, 2 H, CHy), 2.92 (s, 3 H, NMe), 3.33 (t, J = 7.0 Hz, 2 H, NCH,), 3.64 (m, 3 H,
COOMe), 5.11 (s, 2 H, CHy), 7.22-7.42 (m, 5 H, Ar) ppm. MS (ESI): m/z = 288 (100)
[M+Na]".

\HHCI/\/\g/OMe

Methyl 4-N-methylaminobutanoate hydrochloride (413)

A dry 100 mL Schlenk flask was charged with Pd/C (200 mg, 0.19 mmol, 5 mol%) and
EtOH (5 mL). The flask was purged with H,, and a solution of compound 412 (1 g, 3.77
mmol) in EtOH (20 mL) mixed with 5 M HCI in iPrOH (1 mL) was added. The resulting
suspension was stirred for 3 h at r.t. under slow flow of hydrogen. Afterwards, the reac-
tion mixture was filtered through a plug of Celite eluting with CH,Cl, (~100 mL). Evapo-
ration of the filtrate gave an oil which was recrystallized from n-hexane/Et,O to afford
450 mg (77%) of a white hygroscopic solid. *H NMR (300 MHz, CD3;OD): ¢ = 1.90-2.02
(m, 2 H, CHy), 2.49 (t, J = 7.1 Hz, 2 H, CHy), 2.70 (s, 3 H, NMe), 3.04 (m, 2 H, CH,),
3.68 (s, 3 H, COOMe) ppm.
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FmOC\T/\/OV\oACOOH
2-(2-(2-N-((9H-Fluoren-9-yImethoxy)carbonyl)-N-methylaminoethoxy)ethoxy)acetic
acid (415-Fmoc)
Methylation of N-protected amino acid 414 was carried out according to the known
procedure.*®! A mixture of compound 414 (100 mg, 0.26 mmol), TFA (1.6 mL), CHCl;
(1.6 mL) and formaline (37%, 0.25 mL) was stirred for 30 min at r.t. Afterwards, tri-
ethylsilane (0.6 mL, 5.2 mmol) was added carefully with cooling. The resulting mixture
was stirred for 30 min at r.t., and then all volatiles were evaporated in vacuo. The residue
was subjected to column chromatography (50 g of SiO,, CH.CIl,/MeOH, 5:1 — 3:1) to
furnish 100 mg (96%) of the title compound. *H NMR (300 MHz, CDs0D): 6 = 2.81 (s, 3
H, NMe), 3.39-3.49 (m, 2 H, CHy), 3.50-3.55 (m, 2 H, CH), 3.55-3.62 (m, 4 H, 2 x
CHy), 3.92 (s, 2 H, CHy), 4.12 (s, 2 H, CHy), 7.25-7.31 (m, 2H, Ar), 7.34-7.40 (m, 2H,
Ar), 7.49 (d, J = 7.4 Hz, 2 H, Ar), 7.79 (d, = 7.5 Hz, 2 H, Ar) ppm. MS (ESI): m/z = 422
(100) [M+Na]".

HCI
\H/\/O\/\O/\COOH

2-(2-(2-N-Methylaminoethoxy)ethoxy)acetic acid hydrochloride (415-H-HCI)
Compound 415-Fmoc (50 mg; 0.125 mmol) was dissolved in a 30% solution of piperi-
dine in DMF (2 ml). The resulting mixture was stirred for 30 min at r.t., and then, all
volatiles were evaporated in vacuo. The residue was dissolved in diluted agq. HCI (20 ml),
and this solution was extracted with Et,O (3x20 mL). The aq. phase was evaporated, and
the residue was subjected to column chromatography (25 g of SiO,
CHCI3/MeOH/H,O/HCOOH, 75:25:5:1) to furnish 20 mg (74%) of the title compound.
'H NMR (300 MHz, CD30D): d = 2.38 (s, 3 H, NMe), 2.71-2.76 (m, 2 H, CH,), 3.55-
3.60 (M, 2 H, CH,), 3.63 (s, 4 H, 2xCH,), 3.87 (s, 2 H, CH,), 8.52 (s, 1 H, NH) ppm. *C
NMR (75.5 MHz, CD30OD): ¢ = 34.4(+), 50.1(-), 68.9(-), 69.3(-), 69.5(-), 70.2(-),
176.3(-) ppm. MS (ESI): m/z (positive mode, rel. int., %) = 178 (100) [M+H]".
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2,5-Dioxopyrrolidin-1-yl  2-(2-(2-(2-(6-N,N-Dimethylamino)-10,10-dimethyl-3-oxo-
3,10-dihydroanthracen-9-yl)-N’-methylbenzamido)ethoxy)ethoxy)acetate (416-
NHS)

To a stirred solution of compound 416-H (3 mg, 5.5 umol) and N-hydroxysuccinimide
(0.8 mg, 6.6 umol) in MeCN (1 mL), HATU (3.1 mg, 8.2 umol) was added followed by
NEts (5 uL, 33 umol). The reaction mixture was stirred overnight and then, evaporated in
vacuo. The residue was subjected to flash chromatography on SiO, (5 g, MeCN/H,0,
10:1). The main fraction was filtered through a fine glass filter and freeze-dried to give
1.6 mg (45%) of the title compound. HPLC: B/A = 30/70 to 100/0 in 25 min, detection at
550 nm, tg = 9.6 min (45%). MS (ESI): m/z (positive mode, rel. int., %) = 642 (100)
[M+Na]".

N-owme

4-N,N-Dimethylamino-N’-methoxy-N’-methylbenzamide (418)

Compound 418 was prepared according to the known procedure:*’" To a suspension of
4-N,N-dimethylaminobenzoic acid (1000 mg, 6 mmol) in CH,CI, (30 mL) triphosgene
(891 mg, 3 mmol) and NEt; (4.3 mL, 30 mmol) were added at 0 °C under Ar. To the
resulting blue solution, N,O-dimethylhydroxylamine hydrochloride (588 mg, 6 mmol)
was added. The reaction mixture changed its color from blue to yellow, and a precipitate
of NEt;-HCI formed. The reaction mixture was allowed to warm up to r.t., and then was
stirred for 3 h. The precipitate was filtered off, and the filtrate was shaken with water (20
mL). The organic layer was separated, and the aqg. layer was extracted with CH,Cl, (3%20
mL). Combined organic solutions were dried with Na,SO4 and evaporated. The residue
was subjected to column chromatography (30 g of SiO,, n-hexane/EtOAc, 2:3) to yield
1228 mg (98%) of the title compound. *H NMR (300 MHz, CDCls): ¢ = 3.02 (s, 6 H,
NMey), 3.35 (s, 3 H, NMe), 3.59 (s, 3 H, OMe), 6.60-6.71 (m, 2 H, Ar), 7.66-7.77 (m, 2
H, Ar) ppm. MS (ESI): m/z (positive mode, rel. int., %) = 209 (41) [M+H]", 231 (100)
[M+Na]".

=
MeO Br

1,2-Dibromo-3,4,6-trifluoro-5-methoxybenzene (420)
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Na (336 mg, 14.6 mmol) was dissolved in MeOH (30 mL) carefully, and to the resulting
solution, 1,2-dibromo-3,4,5,6-tetrafluorobenzene (4000 mg, 13.3 mmol) was added. The
reaction mixture was refluxed for 6 h, cooled down to r.t.,, and then, poured in water
(100 mL). The resulting slurry was extracted with Et,O (3x70 mL). Combined organic
solutions were dried with Na,SO,4 and evaporated in vacuo to give 4240 mg (99%) of the
crude product which was used without further purification. *H NMR (300 MHz, CDCly):
5 = 4.04 (m, 3 H, OMe) ppm. **F NMR (282.2 MHz, CDCls): § = -149.26 (dd, J = 21.9
and 5.4 Hz, 1 F), -126.52 (dd, J=21.6 and 8.2 Hz, 1 F), -119.28 (m, 1 F) ppm.

=
MeO Br

1-Bromo-2,4,5-trifluoro-3-methoxybenzene (421)

Compound 421 was prepared according to the known procedure:™**®! In a 50 mL Schlenk
flask to a solution of compound 420 (2000 mg, 6.25 mmol) in Et,O (20 mL), 1.6 M solu-
tion of BuLi in hexanes (4.5 mL, 7.18 mmol) was injected carefully at —78 °C. After 4 h
stirring at this temperature, the reaction mixture was quenched with 50% ag. EtOH (20
mL). The organic layer was separated, and the ag. layer was extracted with Et,O (2x50
mL). Combined organic solutions were dried with Na,SO, and evaporated. The residue
was purified by column chromatography (70 g of SiO,, n-hexane) to yield 855 mg (57%)
of a colorless oil. *H NMR (300 MHz, CDCls): 6 = 4.03 (m, 3 H, OMe), 7.04-7.13 (m, 1
H, Ar) ppm. °F NMR (282.2 MHz, CDCls): § = -151.31 (m, 1 F), -139.63 (m, 1 F),
—125.67(m, 1 F) ppm.

F
MeO
JCO L
O
(4-N,N-dimethylaminophenyl)(2,3,5-trifluoro-4-methoxyphenyl)methanone (422)

To a solution of compound 420 (1000 mg, 3.12 mmol) in THF (10 mL), 1.6 M solution of
BuLi in hexanes (2.25 mL, 3.6 mmol) was injected at —78 °C. After 30 min stirring, a

NMe,

solution of compound 418 (844 mg, 4.07 mmol) in THF (5 mL) was added, the resulting
solution was stirred for 30 min at —78 °C, for 10 min at 0 °C, and then, quenched with sat.

aq. NH4CI (5 mL). The organic layer was separated, and the aqg. layer was extracted with
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EtOAc (3x20). Combined organic solutions were dried with Na,SO,4 and evaporated. The
crude product was purified by column chromatography (100 g of SiO,, n-hexane/EtOAc,
4:1) to furnish 270 mg (28%) as a yellow oil. *H NMR (300 MHz, CDCls): 6 = 3.07 (s, 6
H, NMey), 4.09 (m, 3 H, OMe), 6.61-6.67 (m, 2 H, Ar), 7.03 (ddd, J = 10.7, 5.6 and 2.4
Hz, 1 H, Ar) 7.69-7.73 (m, 2 H, Ar) ppm. *F NMR (282.2 MHz, CDCl3): § = —150.62
(m, 1 F), -139.33 (m, 1 F), -132.96 (m, 1 F) ppm. *C NMR (125.7 MHz, CDCls): 6 =
40.0(+), 61.9(+, t, J = 4 Hz), 110.6(+), 111.2(+, dt, J = 22 and 4 Hz), 122.4(-, d, J = 15
Hz), 124.0(-), 132.3(+), 139.1(-, m), 143.9(-, ddd, J = 251, 16 and 6 Hz), 145.1(-, ddd, J
= 249, 12 and 3 Hz), 150.6(-, dt, J = 246 and 3 Hz), 153.8(-), 187.8(-) ppm. HRMS
(ESI): found 310.1044; calc. for C15H14NOsF3 [M+H]* 310.1049.

F
MeO Br

F COOH

2-Bromo-3,5,6-trifluoro-4-methoxybenzoic acid (423)

To a solution of compound 420 (100 mg, 0.31 mmol) in Et,O (1 mL), 1.6 M solution of
BuLi in hexanes (193 pL, 0.31 mmol) was injected over 7 min at —78 °C. After 30 min
stirring at this temperature, an excess of solid CO, was added. The reaction mixture was
allowed to reach r.t., and 1 M HCI was added (0.5 mL). The resulting slurry was extracted
with CHCl, (3x5 mL). Combined organic solutions were dried with Na,SO,4 and evapo-
rated in vacuo. The crude product was subjected to column chromatography (15 g of
Si0,, CH,Cl,/MeOH, 4:1) to afford 71 mg (81%) of the title product. *H NMR (300
MHz, CDCls): 6 = 4.12 (m, 3 H, OMe) ppm. **F NMR (282.2 MHz, CDCls): § = -150.3
(m, 1 F),-137.7 (m, 1 F), -122.1 (m, 1 F) ppm. MS (ESI): m/z (negative mode, rel. int.,
%) = 239 (100) [M—COOH, "Br]", 241 (96) [M—COOH, ®'Br]".

F
MeO Br
JCL
OH
(2-Bromo-3,5,6-trifluoro-4-methoxyphenyl)(4-N,N-dimethylaminophenyl)methanol

(424)
To a solution of compound 420 (320 mg, 1 mmol) in THF (3 mL), 1.6 M BuLi in hexanes

NMe,

was added dropwise at —78 °C. After 30 min stirring at this temperature, a solution of 4-
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N,N-dimethylaminobenzaldehyde in Et,O (5 mL) was injected. The resulted mixture was
stirred for 30 min at —78 °C and then, allowed to warm to r.t. Afterwards, sat. ag. NH,4CI
(2 mL), water (5 mL) and CH,CI, (5 mL) were added. The organic layer was separated,
and the aqg. layer was extracted with CH,Cl, (3x10 mL). Combined organic solutions
were dried with Na,SO, and evaporated. The crude product was purified by column
chromatography (30 g of SiO,, n-hexane/EtOAc, 2:1) to furnish 336 mg (86%) of a yel-
low oil. *H NMR (300 MHz, CDCls): 6 = 2.73 (dd, J = 8.9 and 2.9 Hz, 1 H), 2.93 (s, 6 H,
NMe,), 4.03 (t, J = 1.2 Hz, 3 H, OMe), 6.24 (br. d, J = 8.6 Hz, 1 H, OH), 6.65-6.70 (m, 2
H, Ar), 7.20 (m, 2 H, Ar) ppm. *°F NMR (282.2 MHz, CDCls): 6 = -151.15 (dd, J = 20.2
and 5.5 Hz, 1 F), -142.06 (dd, J = 20.1 and 9.3 Hz, 1 F), -122.97 (m, 1 F) ppm. MS
(ESI): m/z (positive mode, rel. int., %) = 390 (100) [M+H, "°Br]*, 392 (91) [M+H, *Br]*.
F
MeO Br

\
F ~OMe

2-Bromo-3,5,6-trifluoro-N,4-dimethoxy-N-methylbenzamide (425)

To a suspension of compound 423 (1000 mg, 3.5 mmol) in CH,Cl, (30 mL) triphosgene
(727 mg, 2.45 mmol) and NEt3 (2.5 mL, 17.5 mmol) were added at 0 °C under Ar. To the
resulting solution, N,O-dimethylhydroxylamine hydrochloride (378 mg, 3.8 mmol) was
added. The reaction mixture was allowed to warm up to r.t., and then was stirred for 1.5
h. The precipitate of NEt;-HCI was filtered off, and the filtrate was shaken with water (20
mL). The organic layer was separated, and the aq. layer was extracted with CH,Cl, (3%20
mL). Combined organic solutions were dried with Na,SO, and evaporated. The residue
was subjected to column chromatography (30 g of SiO,, n-hexane/EtOAc, 3:1) to yield
741 mg (65%) of the title compound. *H NMR (300 MHz, CDCls): 6 = 3.38 (s, 3 H,
NMe), 3.55 (s, 3 H, OMe), 4.06 (t, J = 1.3 Hz, 3 H, OMe) ppm. **F NMR (282.2 MHz,
CDCl3): 6 =-150.61 (ddd, J = 21.6, 6.5 and 1.3 Hz, 1 F), -140.60 (dd, J = 21.6 and 10.2
Hz, 1 F), -124.10 (ddd, J = 10.0, 6.5 and 1.3 Hz, 1 F) ppm. HRMS (ESI): found
327.9792; calc. for C1gHgNO3zF3Br [M+H]" 327.9791.

F
MeO Br
BOYS

NMe,
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4-(2-Bromo-3,5,6-trifluoro-4-methoxybenzyl)-N,N-dimethylaniline (426)
Compound 424 (200 mg, 0.51 mmol) was dissolved in a CH,Cl,/TFA mixture (2:5, 7 ml),
and to the resulting solution, Et3SiH (1.5 mL, ~9.8 mmol) was added. The reaction mix-
ture was stirred overnight at r.t. and 7 h at 40 °C. Afterwards, all volatiles were evapo-
rated, the residue was dissolved in CH,ClI, (~10 mL), the resulting solution was washed
with sat. ag. NaHCOg3, dried with Na,SO,, and evaporated to dryness. The crude product
was purified by column chromatography (30 g of SiO,, n-hexane/Et,O, 10:1) to furnish
187 mg (97%) of the title compound. *H NMR (300 MHz, CDCls): 6 = 2.91 (s, 6 H,
NMe,), 4.01 (t, J = 1.1 Hz, 3 H, OMe), 4.07 (d, J = 2.8 Hz, 2 H, CHy), 6.64-6.68 (m, 2 H,
Ar), 7.12-7.17 (m, 2 H, Ar) ppm. **F NMR (282.2 MHz, CDCls): 6 = -151.98 (dd, J =
20.9 and 4.8 Hz, 1 F), -140.63 (ddt, J = 20.6, 10.2 and 2.7 Hz, 1 F), -123.29 (dd, J = 10.2
and 4.7 Hz, 1 F) ppm. MS (ESI): m/z (positive mode, rel. int., %) = 374 (100) [M+H,
Br]*, 376 (94) [M+H, ®'Br]".

F
MeO

N
F ~OMe

2,3,5-Trifluoro-N,4-dimethoxy-N-methyl-6-(prop-1-en-2-yl)benzamide (427)

In a screw-cap tube compound 297 (200 mg, 0.6 mmol), isopropenylboronic acid (62 mg,
0.72 mmol), Pd(PPhs3), (35 mg, 0.03 mmol, 5 mol%), 2 M Na,COj3 (1.2 mL, 2.4 mmol),
EtOH (1.2 mL) and toluene (2 mL) were placed under argon. The mixture was heated to
110 °C and left overnight at this temperature with stirring. Afterwards, the reaction mix-
ture was allowed to cool to r.t., diluted with CH,Cl, (10 mL), passed through a plug of
Celite (eluting with CH,CI,), and the filtrate was evaporated in vacuo. Column chroma-
tography (30 g of SiO,, n-hexane/EtOAc, 4:1) furnished the title product as a yellow oil
(110 mg, 64%). *H NMR (300 MHz, CDCls): 6 = 2.03 (s, 3 H, Me), 3.27 (s, 3 H, NMe),
3.55 (s, 3 H, OMe), 4.04 (t, J = 1.3 Hz, 3 H, OMe), 4.98 (s, 1 H), 5.22 (m, 1H) ppm. *°F
NMR (282.2 MHz, CDCl3): 6 = -152.83 (m, 1 F), -143.26 (dd, J = 21.7 and 12.3 Hz,
1F),-134.81 (dd, J=12.2 and 5.6 Hz, 1 F) ppm. HRMS (ESI): found 290.1002; calc. for
C13H14F3sNO3 [M+H]" 290.0999.
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