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ABSTRACT: It is shown by photometric and fluorimetric analysis, along with supporting theoretical calculations, that hydroxy-
substituted benzo[b]quinolizinium derivatives display the characteristic features of organic photoacids. Specifically, the
experimental and theoretical results confirm the strong acidity of these compounds in the excited state (pK,* < 0). The
combination of the prototropic properties of 8- and 9-hydroxybenzo[b]quinolizinium with the particular solvent—solute
interactions of the excited acid and its conjugate base leads to a pronounced fluorosolvatochromism, hence the emission maxima
shift from 468 nm (8-hydroxybenzo[b]quinolizinium) or 460 nm (9-hydroxybenzo[b]quinolizinium) in CH;CN to 507 and 553
nm in DMEF, respectively. This novel type of photoacid represents several features that may be used for applications as water-
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soluble fluorescent probes or as a source for the photoinduced supply of acidity.

B INTRODUCTION

Acid—base equilibria constitute the foundation of numerous
relevant processes in chemistry, biology, and physics.
Specifically, several chemical reactions proceed at reasonable
rate only upon acid or base catalysis.' Moreover, acid—base
equilibria are important in biological systems, because the pH
of the (micro)environment has a strong influence on the
structure and biological activity of, for example, proteins and
nucleic acids or drugs.” The adjustment of the pH of a solution
or the initiation of an acid-catalyzed reaction is usually
accomplished by the addition of an appropriate acid, which is
available from a pool of substrates that may serve any desired
requirement and may be modified according to the desired
purpose.” Nevertheless, in many cases, local and temporal
control of the proton concentration and activity is desirable,
which may be realized by photoacids.” For example, photoacid
generators such as triphenylsulfonium hexafluorophosphate
derivates’ decompose upon irradiation to yield HPF, as
primary product. This photogenerated acid is employed, for
example, for the processing of coatings, glues, photoresists, or
micro- and nanostructuring of organic materials in micro-
systems technology,” in the synthesis of oligonucleotides,” for
the rapid release of protons in studies of membrane processes,”
or in photodynamic therapy.” On the other hand, compounds

-4 ACS Publications  © 2016 American Chemical Society

that are only weakly acidic in the ground state but exhibit a high
acidity in the excited state may be used as reversible
photoacids.'” In this context, hydroxy-substituted aromatic
compounds figure as the paradigm of organic photoacids, and
especially naphthol and hydroxypyrene derivatives serve as ideal
model compounds and have been investigated in detail over
recent decades.'”'! Hence, 1- or 2-naphthol and electron-
acceptor-substituted derivatives thereof are weak or moderate
acids in the ground state, whereas their pK,*, that quantifies the
acidity in the excited state, is lower by several orders of
magnitude.'’ Compounds with a pK* < 0, such as, for
example, 5,8-dicyano-2-naphthol (pK,* = —4.5), are usually
classified as superphotoacids. Complementary to hydrocarbon
arenes, hydroxy-substituted hetarenes constitute a promising
class of photoacids, specifically as they usually provide sufficient
water solubility. In that context, quinoline and quinolinium
derivatives were established as novel class of photoacids.'>"”
Along these lines, we discovered the 8-hydroxybenzo[b]-
quinolizinium ion (1b) as a water-soluble, solvatochromic
photoacid. In this derivative, the pyridinium unit serves as a
strong intrinsic acceptor functionality that supports the
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Scheme 1. Acid—base Equilibrium of

Hydroxybenzo[b]quinolizinium (1b)
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formation of the conjugate base 1b®® (Scheme 1).'* Benzo-
[b]quinolizinium was chosen as elemental scaffold because, in
contrast to most hydrophobic polyaromatic hydroxyarenes,
benzo[b]quinolizinium is sufficiently water-soluble and enables
studies and applications in aqueous media."”> Moreover, the
bridgehead nitrogen atom is not basic and does not perturb the
acid—base reactions in the ground and excited state in a
competing prototropic equilibrium. Our preliminary results
showed that derivative 1b exhibits promising photoacidic
properties along with a pronounced fluorosolvatochromism,
that is the result of the excited state deprotonation.'*
Therefore, we extended our studies to the four isomers la—d
(Chart 1), as well as to their methylated derivatives 2a—c for
comparison, to examine whether these properties are a general
feature of hydroxybenzo[b]quinolizinium derivatives. Herein
we present the photophysical studies of hydroxybenzo[b]-
quinolizinium isomers la—d and demonstrate that these
derivatives constitute a novel class of solvatochromic photo-
acids.

Chart 1. Structure and Numbering of Hydroxy- and
Methoxy-Substituted Benzo[b]quinolizinium Derivatives
la—d and 2a—d

. 1a:R'=0OH;R2=R3=R4=H
. N 1b:R2=OH;R' =R3=R4=H
NN 9R3 1c:R3=OH;R' =R2=R4=H
| N M 1d: R4=OH;R'=R2=R3=H
2 6/ R2 2a: R' =OMe;R2=R3=R4=H
R1 2b: R2=0Me; R =R3=R4=H
2¢: R3=OMe;R' =R2=R*=H
1a-d; 2a—c 2d: R4=OMe;R' =R2=R3=H
B RESULTS

Synthesis. The benzo[b]quinolizinium derivatives la—d
and 2a—c were synthesized by the cyclodehydratlon method'®
and identified by comparison with literature data.'” Except for
compounds la, 2a, and 1d, the employed hydroxy- and
methoxy-substituted benzo[b]quinolizinium derivatives were
already known.'” Both derivatives 1a and 2a were obtained
starting from the reaction of 2-(bromomethyl)anisole 3a with
2-(1,3-dioxolan-2-yl)pyridine to give the N-benzylpyridinium
derivative 4a-Br (Scheme 2). The product was obtained as the
bromide salt and converted to tetrafluoroborate 4a-BF, by ion
metathesis. Treatment of the latter with polyphosphoric acid
(PPA) led to the formation of the 7-methoxybenzo[b]-

quinolizinium (2a) in 19% yield. The methyl ether was cleaved
by the reaction with HBr (48%) to give 7-hydroxybenzo[b]-
quinolizinium (1a) in 41% yield. Analogous to this procedure,
the isomeric 10-hydroxybenzo[b]quinolizinium (1d) was
obtained in 31% vyield by the reaction of the known 10-
methoxybenzo [b:|quinolizinium17C with HBr. Novel com-
pounds 1a, 2a, and 1d were identified and fully characterized
by 1D- and 2D-NMR spectroscopy, mass spectrometry, and
elemental analysis.

Solvatochromic Properties. Absorption and emission
spectra of the hydroxybenzo[b]quinolizinium derivatives
la—d as well as those of the O-methylated derivatives 2a—d
were recorded in different solvents (Table 1). The absorption
spectra of the hydroxybenzo[b]quinolizinium derivatives 1b
and 1c display long-wavelength absorption maxima ranging
from 357 nm (1b) and 385 nm (1c) in water to 428 nm (1b)
and 414 nm (1c) in DMSO (Table 1, Figure 1, A2 and A3). In
contrast, derivatives la and 1d cover a significantly smaller
absorption range, i.e. from 407 nm in water to 424 nm in
DMSO (1a) and from 377 nm in CH;CN to 469 nm in DMSO
(1d) (Table 1). In most cases, the maximum absorption is
accompanied by a red-shifted broad shoulder at 480 and 550
nm (Figure 1, A1—4). The absorption spectra of methoxy-
substituted derivatives 2a—d are essentially the same in
different solvents with absorption maxima between 371 and
415 nm (Table 1).

Derivative 1a exhibits a fluorescence band with a maximum
of 501 nm in water, that does not change significantly in
different solvents (Figure 1, B1). In contrast, derivatives 1b—d
show a pronounced fluorosolvatochromic behavior (Figure 1,
Table 1). For example, the emission maxima of 1b and 1c shift
from 468 nm (1b) and 460 nm (1c) in CH;CN to 507 nm
(1b) and 553 nm (1c) in DMF. In some cases, a dual emission
was observed (Figure 1, B2—4). For example, in DMSO, a
second, less intense emission band is formed at 654 nm (1b)
and 476 nm (2c) along with the maxima at 504 nm (1b) and
558 nm (1c). Furthermore, in the case of 1¢, dual emission was
observed in methanol solution, whereas in other alcohols (1-
PrOH, 1-BuOH, 1-pentanol, 1-hexanol) only the long-wave-
length absorption band was observed (Supporting Information,
Figure S9). In general, the emission quantum yields of la—d
are low or moderate in most solvents. In comparison, the
fluorescence maxima of methoxybenzo[b]quinolizinium iso-
mers 2a—d do not shift as strongly as those of hydroxy-
substituted derivatives la—d in different solvents (Table 1).
Although the emission bands of 8-methoxy-substituted
derivative 2b cover a somewhat larger range in different
solvents, i.e. from 434 nm in 2-PrOH to 465 nm in DMSO,
those of the other isomers 2a and 2c vary just slightly under the
same conditions. The fluorescence quantum vyields of the
methoxy-substituted derivatives are about one order of
magnitude larger than those of the hydroxy-substituted

Scheme 2. Synthesis of 7-Hydroxybenzo[b]quinolizinium (1a)
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Table 1. Absorption and Emission Maxima and Fluorescence Quantum Yields, @, of 1b—d and 2b—d

solvent A (Ae?)/nm Aem’ /DM Aoy /nm °
la
H,0 407, 492 501 - <0.01
MeOH 379, 423, (525) 504 - <0.01
EtOH 380, 428 504 - <0.01
1-PrOH 384, 430, (536) 504 - <0.01
2-PrOH 382, 442, (560) 503 - <0.01
CH,CN 380, 426 504 - <0.01
DMSO 381, 424, (573) 518 - <0.01
DMF 442, 558 511 - <0.01
1b
H,0 357, (384) 597 - 0.02
MeOH 357, 390, (486) 630 484 0.01
EtOH 362, 398, (511) 634 485 0.02
1-PrOH 402, (498) 633 485 0.02
2-PrOH 409, (508) 635 484 0.02
CH,CN 357, 419, (533) - 468 0.08
DMSO 363, 428, (551) 654 504 0.01
DMF 362, 427, (549) . 507 0.01
1c
H,0 385 (441) 527 - 0.29
MeOH 396 (453) 539 451 0.15
EtOH 402 (457) 544 - 0.05
1-PrOH 404 (460) 545 - 0.02
2-PrOH 383, 406 (462) 544 - 0.02
CH,CN 378, 407 (469) - 460 0.15
DMSO 378, 414 (478) 558 476 0.29
DMF 380, 416 (487) 556 475 0.15
1d
H,0 382, 405, 484 526 - 0.05
MeOH 383, 418 509 - <0.01
EtOH 383 544 - <0.01
1-PrOH 383, 428 475 541 <0.01
2-PrOH 385 478 - <0.01
CH,CN 377 507 - 0.03
DMSO 384, 469, 578 528 - <0.01

Qs — Aem/cm™ Qs /nm Aem® (®:)/nm Qs — Aem/cm™
2a
1241 371, 410 502 (031) 4470
4844 373, 410 502 (0.28) 4470
4461 374, 411 507 (0.29) 4607
4703 374, 418 502 (0.29) 4003
3792 374, 412 502 (0.18) 1230
4571 373, 410 500 (0.29) 4390
5370 376, 407 515 (0.26) 5153
3776 376, 408 511 (0.30) 4940
2b
11260 409 458 (0.22) 2616
12138 413 458 (0.15) 2379
11851 413 460 (0.19) 2474
9077 415 434 (0.23) 1055
8701 413 434 (0.18) 1172
6643 412 456 (0.14) 2342
12257 414 463 (0.12) 2557
7900 n.d. n.d. n.d.
2c
6998 408 501 (0.49) 4550
6768 409 505 (0.43) 4648
6493 409 502 (0.47) 4530
6365 408 501 (0.49) 4550
62481 409 505 (0.43) 4648
3428 409 502 (0.47) 4530
6234 408 501 (0.49) 4550
6052 n.d. n.d. n.d.
2d
5680 373 495 (0.77) 6608
6463 375 496 (0.83) 6505
7727 375 496 (0.83) 6505
7625 377 493 (0.65) 6241
5054 n.d. n.d. n.d.
6801 394, 412, 456 (0.14) 3451
2383 394, 414 463 (0.12) 3782

“Absorption maximum with lowest energy, ¢ = 107" M. bAbsorption of broad red-shifted shoulder. “Dual emission: Red-shifted emission maximum,
“Dual emission: Blue-shifted emission maximum, ¢ = 1075 M, 4, = 404 nm (1b), 409 nm (2b), A, = 378 nm (Ic) and 410 nm (2c). “Relative
fluorescence quantum yield relative to coumarin 1 (@ = 0.73 in EtOH); estimated error: +10% of the given values./Difference between absorption
maximum and emission maximum at lowest energy. n.d. = not determined.

quinolizinium derivatives (Table 1), which indicates the
radiationless deactivation of the excited states of la—d due to
specific interactions of the hydroxy group with the solvents.

Acid—Base Titrations. The absorption spectra of la—d
were determined at different pH values in a Britton—Robinson
buffer.'® As a general trend, the absorption and emission
properties of hydroxybenzo[b]quinolizinium derivatives 1la—d
depend significantly on the pH of the solution (Figure 2A). For
example, with increasing pH value of the solution from pH 2 to
10, the initial absorption bands at 374 nm (1c) and 377 nm
(1d) decreased, whereas new red-shifted bands developed with
maxima at 388 nm (1c) and 408 nm (1d), both of which are
accompanied by a marked broad shoulder around 440 and 478
nm, respectively (positions of absorption maxima obtained by
deconvolution of spectra). In most cases, isosbestic points were
formed and maintained at lower pH values, whereas at alkaline
conditions the isosbestic points vanished. The reversibilty of
the prototropic reaction was demonstrated exemplarily for
isomer 1b by consecutive protonation and deprotonation (cf.
Supporting Information, Figure S$12).

10944

In remarkable contrast to the absorption properties, the
emission spectra of derivatives la—d do not change much
between pH 2 and pH 10. But notably, the fluorescence bands
of these compounds diminish at very strong acidic conditions,
e.g. on addition of aq HCIO,, with the formation of a blue-
shifted emission band (Figure 2B). Thus, at higher concen-
tration of HCIO,, the weak original emission band disappeared,
whereas a new emission, in the case of 1b'* and 1c with a
strong blue shift, developed with an increase of the intensity by
a factor of 72 for 1b'* and 11 for 1c. It should be mentioned
that in the case of la and 1d the shifts of the fluorescence
maxima fluctuate with rising HCIO, concentrations with no
obvious trend.

The relationship of absorption and emission bands was
further examined by fluorescence excitation spectra (Support-
ing Information, Figure S13). Thus, the shape and position of
the absorption bands of derivatives 1la—d essentially match the
fluorescence excitation spectra of these compounds under
acidic conditions as determined from monitoring the respective
short-wavelength emission maximum (Supporting Information,
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Figure 1. Absorption (A) and normalized fluorescence spectra (B) of 1a (1), 1b (2), 1c (3) and 1d (4) in different solvents (solid line: MeCN;
dashed line: MeOH; dotted line: H,O; dashed-dotted line: DMSO; ¢ = 10 uM, respectively). Fluorescence spectra were recorded with excitation at

the maximum of the long-wavelength absorption.

Figure S13). Accordingly, the excitation spectra of isomers 1b
and 1c under alkaline conditions, monitored at the red-shifted
emission maximum, resemble the absorption spectra under the
same conditions. In the case of la and 1d, meaningful
excitation spectra could not be observed from alkaline
solutions, as the emission intensity is too low.

The acidity of the hydroxy-substituted benzo[b]quino-
lizinium derivatives in the ground and excited state was
determined from the photometric and fluorimetric titrations in
water. The pK, values of compounds 1la—d were determined by
a numerical fit of the experimental data with the Henderson—

Hasselbalch equation'® (Figure 2). The pK,* values were
estimated according to the Forster-cycle considerations™ (cf.
Supporting Information). The pK, and pK,* values as well as
the absorption and emission maxima at acidic and alkaline
conditions are listed in Table 2. In the ground state, all four
derivatives 1la—d have moderate acidity with pK, values in the
range of 6.3—7.3. In the excited state, however, the 7-, 8-, and 9-
hydroxybenzo[b]quinolizinium 1a, 1b, and 1c¢ are significantly
more acidic as indicated by a low pK,* of —1, 0, and —1.
Unfortunately, the pK,* of 10-hydroxy-substituted isomer 1d
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Figure 2. (A) Spectrophotometric titration of compounds 1a, 1c, and 1d (1—3) with HCI (2 M) and NaOH (2 M) in Britton—Robinson buffer (c =
10~* M). (B) Fluorescence spectra of 2a (B1, A, = 442 nm), 2¢ (B2, 4., = 375 nm), and 2d (B3, 4, = 389 nm) in HCIO, of varied concentration (¢
=107° M). Inset: Dependence of fluorescence intensity ratios from the concentration of the perchloric acid, characterized by Hammet acidity values
H,> Arrows indicate changes in the spectra upon acidification. The dashed lines indicate spectra at the highest pH, and continuous bold lines
indicate spectra at the lowest pH, respectively.

Table 2. pH-Dependance of Absorption and Fluorescence Maxima and pK, and pK,* values of 1la—d

Aas (PH < 7)/nm Aws (pH > 7)/nm* Aem (pPH < 7)/nm Aem (PH > 7)/nm® pK,? pK*¢
la 375, 416 401, 493 501 n.d. 7.3 -1
1b 338, 357, 398 371, 459 463 596 7.0 0
1c 374 386, 440 448 527 6.3 -1
1d 379 406, 478 476 n.d. 6.6 n.d.

“Absorption maximum in Britton—Robinson buffer determined by deconvolution analysis of the absorption bands, ¢ = 10~ M. “Fluorescence
maximum in aq HCIO, (11.8 M), ¢ = 107> M, (1a: A, = 442 nm; 1b: 4, = 378 nm; 1c: A, = 375 nm, 1d: 4, = 389 nm). “Fluorescence maximum in
aq NaOH (0.1 M), ¢ = 107° M. dea value calculated according to the Henderson—Hasselbalch equation (ref 20), estimated errors: +£10% of the

given values. “pK,* value calculated according to Forster cycle (ref 21); estimated errors: +10% of the given values.

could not be determined unambiguously because of the very
weak and inconclusive emission of the deprotonated form.
For comparison, absorption and emission spectra of
compounds 1b and lc were also determined in methanol
solution in the presence of acid or base (Figure 3). The
absorption and fluorescence spectra of 1b and 1c did not
change significantly in alkaline MeOH solution as compared to
the neutral solution; namely the intensity of the bands just
varies slightly in the different media. In contrast, acidification of

the methanol solution led to a strong blue shift of the
absorption bands of about A4 = 20—30 nm (Figure 3).
Notably, a similar development of absorption bands was
observed on dilution of methanol or acetonitrile solutions of
the hydroxyhetarene 1c without addition of acid or base
(Supporting Information, Figure $10). Thus, upon incremental
dilution of solutions of the derivative 1c, the initial absorption
band, that corresponds to the one in acidified medium,
developed into a much broader unstructured band and

DOI: 10.1021/acs.joc.6b01991
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Figure 3. Absorption (A) and fluorescence spectra (B) of 1b (1) and 1c (2) in methanol (solid line), in acidified methanol solution (dashed line,
addition of 20 yL of 2 M aq HCl), and in alkaline methanol solution (dotted line, addition of 20 uL of 1 M aq NaOH); ¢ = 10 uM, A, = 360 nm

(1b)/390 nm (1c).

Table 3. Calculated Dipole Moments and Lowest-Energy Electronic Transitions of la—d and 1a®—d® from TD-DFT

Calculations (CAM-B3LYP/D95 V) in Vacuo

dipole moments u (D)

electronic transitions

So S, transition Amay/ DML
la 1.18 2.16 So = S, 379
So = S, 321
1a® 7.94 5.16 So = S, 502
So = S, 397
1b 2.80 0.50 Sy = S, 380
Sy — S, 315
1bB 11.55 8.65 So— S, 559
So— S, 405
1c 3.70 1.73 So = Sy 361
So = S, 319
1cB 10.93 7.11 So— S, 447
So = S, 372
1d 1.97 225 So = S, 383
So = S, 323
1d® 10.08 6.49 So = S, 624
So = S, 450

“Not analyzed.

oscillator strength f der Der/A main contribution
0.1204 0.54 1.24 HOMO - LUMO
0.2099 n/a“ n/a HOMO — LUMO+1

0.0803 0.61 1.45 HOMO — LUMO
0.2605 n/a n/a HOMO — LUMO+1
0.0588 0.51 1.13 HOMO — LUMO
0.1135 n/a n/a HOMO — LUMO+1
0.0416 0.65 1.03 HOMO — LUMO
0.2415 n/a n/a HOMO — LUMO+1
0.1252 0.44 1.0 HOMO - LUMO
0.1618 n/a n/a HOMO — LUMO+1

0.0676 0.63 1.29 HOMO — LUMO
0.0000 n/a n/a HOMO-1 — LUMO
0.0912 0.53 1.40 HOMO — LUMO
0.2363 n/a n/a HOMO — LUMO+1
0.0310 0.68 1.43 HOMO — LUMO
0.3076 n/a n/a HOMO — LUMO+1

eventually converged to a red-shifted band that has essentially
the same structure as the one obtained at higher pH values, i.e.
after addition of base (Supporting Information, Figure S10).
Upon addition of acid or base, the dual emission of 1b and 1c
in methanol solution changes with respect to the contribution
of the bands to the overall spectrum. Thus, in alkaline methanol
solution the short-wavelength emission band completely (1b)
or almost (1c) disappeared, whereas the fluorescence maximum
at 630 nm (1a) and 540 nm (1b) was maintained. In acidified
methanol solution, however, derivative 1b exhibits dual

emission with essentially equally intense bands with maxima
at 483 and 630 nm. In the case of isomer 1lc the short-
wavelength emission at 457 nm is much more intense than the
one at 540 nm. Moreover, the latter band is significantly blue-
shifted relative to the one observed in neutral methanol. To
examine whether the same effect occurs in alcohols in general,
similar experiments were undertaken in homologous alkanols
(Supporting Information, Figure S9). Hence, upon addition of
TFA to solutions of 1b and 1¢ in EtOH, 1-PrOH, 2-PrOH, 1-
pentanol, and 1-hexanol, a blue-shifted emission band develops
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at the expense of the initial long-wavelength emission. Notably,
the decrease of the latter is more pronounced with increasing
length of the alkyl fragment.

Time-Resolved Emission Spectroscopy. Time-resolved
emission decays of derivatives 1b and 1c were recorded in
water at the respective emission maxima. In water solution, the
fluorescence decays of 1b and 1c were monoexponential with
lifetimes of 3.4 + 0.2 ns and 8.0 = 0.2 ns, respectively. For
comparison, an emission lifetime of 16.7 + 0.2 ns was
determined for methoxy-substituted derivative 2¢ in methanol
solution.

Quantum Chemical Calculations. To understand the
electronic transitions underlying the photophysical properties
of hydroxybenzo[b]quinolizinium ions, the ground and excited
states were analyzed by quantum chemical calculations. First,
for each of compounds la—d and their corresponding
conjugated bases (1a®®—d®), the ground-state geometry was
optimized using density functional theory (DFT) with a hybrid
CAM-B3LYP potential and a D95 V basis set. Using the
ground-state geometries, TD-DFT calculations on the same
level of theory were subsequently used to calculate the excited-
state dipole moments, the energies of vertical electronic
transitions, and the involved molecular orbitals, as well as the
changes of electronic density (Ap) upon excitation. The degree
of charge transfer associated with the S, — S; electronic
transitions was also estimated through the analysis of gcr and
Der values.” Briefly, the changes of the electron density upon
excitation are approximated as a transfer of a point charge of a
magnitude of gcp over a distance D¢p (the distance between
the barycenters of density increase and decrease functions); the
larger values of gt and Dy correspond to a more pronounced
charge-transfer character of electronic transitions.

The results of in vacuo DFT calculations (Table 3)
demonstrate that, in all cases, the protonated forms (la—d)
are characterized by rather weak dipole moments (1.2—3.7 D)
in the ground state, and electronic excitation has only a slight
effect thereon (increase by <1 D in the case of la and 1d,
decrease by ~2 D in the case of 1b and 1c). In contrast, the
zwitterionic forms are strongly polar in the ground state (7.9—
11.5 D), and excitation leads to a decrease of the dipole
moment: by 2.7 and 2.9 D for 1a®® and 1b°®, and by 3.8 and 3.6
D for 1c® and 1d°®, respectively. Finally, TD-DFT calculations
predict the red-shift of the long-wavelength absorption
maximum of the zwitterionic form, compared to the protonated
species whose S; — S, transitions are centered about 360—380
nm. This red shift is particularly pronounced in the case of 1d®
(A = 624 nm) and 1b® (1 = 559 nm) and is much less
important in the case of 1c®® (1 = 447 nm).

The TD-DFT analysis demonstrates that, in all cases, the
lowest-energy transition is characterized by a major contribu-
tion of HOMO and LUMO. Notably, the position of the
hydroxyl substituent in la—d has essentially no effect on the
spatial distribution of frontier molecular orbitals (Figure 4).
Also, in all four cases, deprotonation of the hydroxyl group
does not significantly change the spatial distribution of HOMO
and LUMO but increases the electron density on the oxygen
atom. Electronic excitation leads to a significant decrease of
electron density at the oxygen atom, as characterized by lower
LUMO coefficients compared to HOMO (Figure 4) and
electron density difference plots (Supporting Information,
Figure S15), demonstrating the tendency of all derivatives to
lose a proton in the excited state. The concomitant increase of
the electron density on the aromatic chromophore is
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Figure 4. Plots of HOMO and LUMO (isovalue = 0.02) for 1a (1), 1b
(2), 1c (3), and 1d (4, panel A) as well as the corresponding
conjugated bases 1a®—d® (panel B) from the gas-phase calculations.
The wave function sign is arbitrary.

delocalized without significant preference for one or another
atom (Supporting Information, Figure S1S); that is, the
electronic transitions do not show a particularly strong
charge-transfer character. The latter point is also reflected in
the gcp and Dgp values (Table 3) that demonstrate that
electronic transitions have a rather moderate charge-transfer
character, which is slightly increased upon deprotonation of the
hydroxyl group (gcp = 0.6—0.7 for la—d). Nonetheless, the
charge-transfer distance does not exceed 1.5 A, in accordance
with rather small changes of dipole moments upon excitation.
Quite remarkably, the results of quantum chemical calculations
demonstrate that the photoacidity and the photophysical
properties of hydroxybenzo[b]quinolizinium derivatives are
essentially independent of the position of the hydroxyl
substituent at the benzo[b]quinolizinium chromophore, i.e.
no strong difference is observed between the conjugated (1a,
1c) and cross-conjugated isomers (1b, 1d).

To investigate the relative excited-state acidity of la—d in
aqueous solutions, more detailed calculations were performed.
Following the methodology developed for similar systems,””
the specific solvation effects were simulated by including a
hydrogen-bonded cluster (H,0);, and nonspecific solvent
effects were included using the polarizable continuum model
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Figure S. Clusters of 1a(H,0); (A), 1b(H,0); (B), 1c(H,0); (C),
and 1d(H,0); (D) optimized in S, state in aqueous solution.

(CPCM). The geometries of clusters la(H,0);—d(H,0),
were optimized in the ground state (Figure S) and in the
excited state (TD-DFT) using CAM-B3LYP/6-31+G(d,p) level
of theory, and bond lengths and atomic charges were analyzed.
The results (Table 4) demonstrate that, in all four cases,
electronic excitation results in a decrease of the electron density
at the oxygen atom, with a relative efficiency 1d > 1a > 1b > lc.
As a consequence, upon geometry relaxation, the O-0O,,
distance is decreased (following the same trend), demonstrat-
ing an increase of the hydrogen bond strength between the
hydroxyl group and the acceptor water molecule. The C—O
bond also significantly shortens following excitation, with most
significant changes observed for 1d(H,0); (0.088 A) and least
significant ones for 1c(H,0); (0.045 A). Again, no systematic
influence of the substitution pattern (conjugated vs cross-
conjugated) on the excitation-induced geometry changes was
observed, consistent with the gas-phase calculations.

Notably, the vertical transition energies (absorption and
emission) calculated for 1(H,0); clusters are in excellent
agreement with experimentally observed absorption spectra (in
acidic conditions, cf. Table 2), demonstrating two maxima in
the visible to near-UV spectral region which correspond to
So—S; and Sy—S, transitions. Of particular note is a good
agreement of emission wavelengths (corresponding to S;—S;
transitions) showing the reliability of the excited-state geometry
calculations.

B DISCUSSION

Acid—Base Equilbria. The photophysical studies of
hydroxybenzo[b]quinolizinium derivatives la—d clearly dem-
onstrate that the absorption and emission properties of these
compounds depend strongly on the solvent and the pH of the
medium. In particular, all experimental data point to potential
prototropic equilibria between the isomers la—d and their
conjugate bases 1a®—d® in the ground and excited state, as
clearly indicated by the pH-dependent absorption and emission
properties in water and methanol (Figures 2 and 3). In general,
the short-wavelength absorption and emission bands originate
from the hydroxybenzo[b]quinolizinium, because these bands
are predominant at acidic conditions. In addition, this
assignment is supported in most cases by the fluorescence
excitation spectra and by comparison with the resembling
absorption and emission of methoxy-substituted derivatives
2a—d, that cannot be deprotonated in the excited state
(Supporting Information, Figure S11). As the only exception,
the emission of 1c at lower pH is significantly blue-shifted as
compared with the one of 2¢ in methanol. A comparison of the
emission data of isomers la—d and 2a—d suggests that this
discrepancy results from an “anomalous” emission energy of 1c
and may be the result of a pronounced, strong negative
solvatochromic effect (see discussion below). At the same time,
deprotonation of la—d under alkaline conditions leads to the
conjugate bases 2a®*—d® with significantly red-shifted
absorption and fluorescence emission and excitation bands;
however, the emission intensity is often very weak. This red-
shift is most likely the result of the more pronounced donor—
acceptor interplay between the substituent and the electron-
accepting benzo[b]quinolizinium unit, because the oxyanion is
a much better electron-donating substituent than the hydroxy
functionality.”* A similar red shift relative to the parent
compound was observed for other donor-substituted quinoli-
zinium derivatives, e.g. the analogous aminobenzo[b]-
quinolizinium derivatives.”> As the steady-state emission data
clearly show that the hydroxybenzo[b]quinolizinium derivatives
is almost completely deprotonated in the excited state and that
the excited acid is only formed as emitting species under
extreme acidic conditions, the detected emission lifetimes of 1b
and 1c in the nanosecond range are assigned to the
corresponding conjugate bases 1b® and 1c®.

Table 4. Main Structural Parameters, Atomic Charges, and Electronic Transitions for 1(H,0); Clusters in the S, State, Franck—
Condon S, and S, States, and the Geometry-Optimized S; State from (TD-)CAM-B3LYP/6-31G+(d,p) Calculations

cluster 1a(H,0), 1b(H,0), 1c(H,0), 1d(H,0),
So (Geometry-Optimized)
d(0-0,)/A 2.575 2.598 2.584 2.590
d(C-0)/A 1.335 1.338 1.332 1.339
5(0)° —0.756 -0.755 —0.745 —0.761
S, (Franck—Condon State)
5(0)* —0.682 —0.693 —0.705 —0.684
Ana’/nm (f°) 409 (0.255) 390 (0.134) 369 (0.257) 407 (0.195)
S, (Franck—Condon State)
A /mm () 342 (0.539) 326 (0.449) 331 (0.483) 346 (0.614)
S, (Geometry-Optimized)
d(0-0,)/A 2.496 2.529 2.539 2.502
d(C-0)/A 1.308 1.315 1.319 1.308
5(0)* —0.682 —0.695 —0.707 nd.
A /nm 502 459 465 508

“Charge on the oxygen atom from Natural Population Analysis. b Absorption energy. “Oscillator strength. “Emission energy.
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Figure 6. Plots of the absorption maxima (1) of 1b (A) and 1c (B) and emission maxima (2) of 1b®® (A) and 1c® (B) versus solvent parameters /3
(@), Ex(30) (A), AN (@), and a (O). The straight lines represent the linear fit of the experimental data.

It should be noted that the acid—base equilibrium depends
also on the concentration of the hydroxyquinolizinium (cf.
Supporting Information). This behavior is assumed to be
caused by the interplay between the acid—base reaction and the
different solubility of the components of this equilibrium,
specifically as the deprotonation generates the charge neutral
species 1c®® along with HBF, whose solubility in the applied
solvents is supposed to be different from the one of the acid 1¢
and its counterion. Thus, with increasing dilution, the fine
balance between prototropic equilibrium and solubility of
substrates and products is shifted toward deprotonation.

Hydroxybenzo[b]quinolizinium derivatives 1a, 1b, and 1c
exhibit a pronounced excited-state acidity, similar to com-
pounds such as cyanonaphthol,*® 8-hydroxypyrene-1,3,6-
trisulfonate,”” or hydroxyquinolinium'*>"* derivatives whose
pK, values decrease by several orders of magnitude in the
excited state. In fact, with low pK,* values around O these
compounds fall into the type II category of photoacids,'™* i.e.
their excited-state acidity is sufficiently strong to protonate
water and protic organic solvents such as alcohols. Although the
pK.* value of derivative 1d could not be determined, it is
obvious from the formation of its emission bands only in the
presence of strong acid (Figure 2) that this isomer has a
photoacidity resembling that of derivatives la—c. The photo-
acidity of hydroxyarene derivatives is well established'® and
mainly explained by a favorable photoinduced intramolecular
charge transfer (ICT) from the hydroxy donor substituent to
the arene unit. As a result, the excited molecule has an
increased acidity because after deprotonation the negative
charge of the oxyanion donor is well delocalized within the
excited aromatic system. This mechanism, though highly
simplified, was confirmed by the observation that several
naphthol or phenol derivatives exhibit increasing acidity upon

10950

substitution of acceptor substituents that further increase the
electron-accepting properties of the aromatic unit.'”"' In
analogy to these principles we propose that 8- and 9-
hydroxybenzo[b]quinolizinium ions 1b and 1c also act as
photoacids because the benzo[b]quinolizinium unit serves as a
strong acceptor that supports the formation of the deprotona-
tion to give 1b®® and 1c® in the excited state, either by linear
conjugation or cross-conjugation. This assumption is supported
by the observation of a similar effect in cationic hydroxyhetar-
enes, e.g. in cationic pyridinium-based biaryl-type photoac1ds
or the highly photoacidic quinone-cyanine-9 dye.”

The quantum chemical calculations also support the
photoacid behavior of hydroxybenzo[b]quinolizinium deriva-
tives, as demonstrated by the decrease of the partial charge on
the oxygen atom upon excitation (in vacuum or in water-bound
clusters) which facilitates proton transfer, compared to the
ground state. Notably, the geometry changes in the excited
state predicted in water-bound clusters, namely the approach of
the water molecule (hydrogen-bond acceptor) and shortening
of the C—O bond, are qualitatively and quantitatively
comparable to those computationally observed in the case of
N-methyl-6-hydroxyquinolinium cation, a class III strong
photoacid (pK,* = —4 to —6).”> Thus, among the
hydroxybenzo[b]quinolizinium derivatives, the isomer 1d
demonstrates the strongest charge-transfer and geometry
changes upon photoexcitation, similar to those of N-methyl-
6-hydroxyquinolinium, and the computed photoacidity strength
decreases in the series 1d > 1a > 1b > 1c. Unfortunately, the
relative photoacidity strength could not be confirmed
experimentally due to significant approximations necessary for
the determination of the experimental pK,* values.

Solvatochromism. To identify relationships between the
absorption and emission properties of compounds 1b and 1c
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and the solvent properties, the absorption and emission
energies were plotted versus representative solvent parameters,
namely the polarity [Er(30)], the hydrogen-bond donor
(HBD) or hydrogen-bond acceptor (HBA) properties (e, f3),
and the ability to stabilize negative charges (AN) (Figure 6).%
In the case of derivative 1b, a transition at higher energy, i.e.
around 360 nm, was used for the analysis of the
solvatochromism instead of the long-wavelength absorption
band, because in most solvents the latter is too broad and a
maximum cannot be determined unambiguously. With few
exceptions, the absorption energies (in wavenumbers) of 1b
and 1c correlate well with these solvent properties, especially
with the solvent polarity (r* = 0.97 and 0.95, respectively).
Namely, the absorption energy increases in solvents with higher
polarity. This negative solvatochromism usually indicates a
more pronounced stabilization of the ground state by dipole—
dipole interactions between the solvent and the solute than in
the excited state.””’" At the same time, the absorption energies
of compounds 1b and 1c increase almost linearly (* = 0.92 and
0.90, respectively) with the HBD properties, as characterized by
the Kamlet—Taft parameter a of the protic solvents. This
relationship denotes the significant stabilization of hydrogen
bonds between the solvent and the oxygen atom of the hydroxy
functionality that is more pronounced in the excited state than
in the ground state. It should be emphasized, however, that
absolute differences of absorption shifts are relatively small (A2
< 20 nm), indicating that the differences in the stabilization of
the ground and excited state by the solvent are not very large.
This is in agreement with the relatively small changes of dipole
moments of la—d upon excitation (Table 4).
Hydroxybenzo[b]quinolizinium derivatives 1b and 1c display
a pronounced fluorosolvatochromism that is caused by a
combination of solvent—solute interactions and a prototropic
equilibrium. The latter is an important factor, as hydroxyarenes
1b and 1c have an emission different from that of their
conjugate bases 1b® and 1c®®, and the acid—base equilibrium is
not the same in the different employed solvents. As a result,
dual emission is observed that originates from emission of
hydroxyarene derivatives 1b and 1c¢, along with one of their
deprotonated forms 1b® and 1c® (see discussion above).
Therefore, the assessment of the fluorosolvatochromic proper-
ties of the hydroxybenzo[b]quinolizinium isomers needs to
consider both emitting forms 1b,c and 1b<B,cB and differentiate
between them. In general, the emission energies of hydroxy-
quinolizinium derivatives 1b and 1c do not correlate well with
solvent parameters such as Ep(30), @, f, AN, or DN.
Apparently, the emission properties of these compounds are
significantly influenced by several of these parameters with
different trends and to different extents. Unfortunately, a
multiparameter approach to dissect the different solvent effects
was hampered by the limited solubility of derivatives 1b and Ic,
that did not allow us to employ a larger series of different
solvents. In contrast, the emission energies of the conjugate
bases 1b® and 1c® correlate well (+* = 0.90—0.99) with most
of the tested solvent parameters. Specifically, the emission
energies, as quantified by the wavenumber, increase with
decreasing solvent polarity [E(30)] and polarizability (z) or
with H-bond donating or anion-stabilizing properties of the
solvent (a, AN). Especially the negative solvatochromism of 1b,
that corresponds to a hypsochromic shift of the emission
maximum with increasing solvent polarity, may be explained by
a charge transfer in the excited state that is also responsible for
the negative fluorosolvatochromism of several structurally

resembling merocyanines,”’ such as oxidostilbazonium deriva-
tives,”> as well as N-methyl-6-hydroxyquinolinium."” The
negative solvatofluorochromism observed with 1b and Ic is
in line with the lower excited-state dipole moments of 1b and
¢, and particularly their conjugated bases, compared to the
ground state, as shown by the DFT calculations (Table 4).
Hence, the excited state has a significantly smaller dipole and
experiences a less pronounced stabilization by polar solvents
than the ground state. Thus, with increasing polarity of the
solvent, the ground state is increasingly stabilized, leading to a
larger HOMO—LUMO gap and in turn a bathochromic shift of
the absorption and emission maximum. It should be noted that
this effect occurs when the oxyanion and the pyridinium unit
are both in a conjugated (1c*®) and in a cross-conjugated
arrangement (1b?); therefore, the VB-description of the
ground and excited states in terms of a “quinoid” structure is
not appropriate for explanation of electronic transitions in this
series. Contrary to 1b and 1d, the emission of the isomer la
originates exclusively from the protonated form and shows little
solvatofluorochromism (Figure 1, B1), which is likely due to a
small difference of the dipole moment between the S, and S,
states in this case (<1 D, Table 4). A similarly small change of
dipole moment is observed for 1d; however, in the latter case,
the observed moderate fluorosolvatochromism is likely due to
the contribution from the deprotonated species (1d°®).

Although the fluorosolvatochromism of 1b®® and 1c®® may
be explained by the effect of solvent polarity on the emission
properties, the influence of the H-bond-donating or anion-
stabilizing properties of the solvent appears to be significant as
well, because both corresponding solvent parameters, @ and
AN, correlate well with the emission energies of 1bB and 1c®
(* > 096). This observation is in agreement with the
postulated electron distributions in the ground and excited
states (Figure 4). In this instance, solvents that stabilize the
oxyanion functionality in 1c® lower, in analogy to the
stabilization by polar solvents, the energy of the ground state,
whereas this effect does not operate in the excited state, thus
leading to the blue shift of the emission maximum with
increasing @ and AN values.

To conclude, the combination of acidochromic and
solvatochromic properties provides a broad range of medium-
dependent emission colors of hydroxybenzo[b]quinolizinium
derivatives 1b—d (Figure 7). To be noted is the fact that this
type of solvatochromism may be effectively used in fluorimetric
chemosensors,® specifically as the benzo[b]quinolizinium ion
is a useful fluorescent platform for such functional dyes.'
Hence, in a typical experiment the benzo[b]quinolizinium is

Figure 7. Pictures of the emission colors of hydroxybenzo[b]-
quinolizinium derivatives 1a (A), 1b (B), 1c (C), and 1d (D), in H,0
(1), MeOH (2), 2-PrOH (3), DMSO (4), and MeCN (5) with UV
light excitation (c = 107* M; 4., = 366 nm).
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Scheme 3. Design of Fluorescent Chemosensors Based on 9-

Hydroxybenzo[b]quinolizinium (1c)
r X X Analyte = I A OH
® ®

X =no ED properties 1c
Aem = around 420 nm Aem = 527 nm

functionalized with a substituent X that is selectively trans-
formed into a hydroxy group in the presence of the analyte
(Scheme 3). If the substituent X has no strong electron-
donating or -accepting properties, the emission of the substrate
should fall into the typical range of benzo[b]quinolizinium
derivatives, ie. around 420 nm.” Upon treatment with the
analyte, the hydroxy-substituted derivative is formed, leading to
a red-shifted emission at 527 nm (in water). Thus, the change
of the emission maximum may be used to detect the analyte
qualitatively or even quantitatively. The substituent X may be
an ether or ester functionality that produces the hydroxy group
upon metal- or enzyme-catalyzed cleavage, so that the catalyst
or enzyme is the analyte. In another approach, X could be a
boronic acid (ester) or sulfonate that is oxidized to the hydroxy
group. Indeed, we have already demonstrated, based on this
concept, that boronobenzo[b]quinolizinium can be used for the
ratiometric fluorimetric detection of hydrogen peroxide, even in
living cells.”*

B CONCLUSIONS

In summary, we have demonstrated that hydroxy-substituted
benzo[b]quinolizinium derivatives represent a novel class of
water-soluble solvatochromic photoacids. All experimental and
theoretical studies point to strong acidity of these compounds
in the excited state. On the basis of the low pK,* values <0,
these compounds are categorized as type II photoacids, that are
strong enough to protonate water as well as alcohols. Most
notably, the combination of the prototropic properties of
hydroxybenzo[b]quinolizinium with the particular solvent—
solute interactions of the acid and its conjugate base in the
excited state leads to a pronounced fluorosolvatochromism that
covers a broad range of emission colors. From these
observations we conclude that hydroxy-substituted benzo[b]-
quinolizinium derivatives represent a promising class of organic
photoacids that may be used either as water-soluble fluorescent
probes, based on their pronounced solvatochromism, or as
water-soluble sources for photoinduced generation of acids, e.g.
to catalyze organic reactions. For example, the acid-catalyzed
deprotection of alcohols or the acid—based initiation of
polymerization reactions shall be investigated in future studies.

B EXPERIMENTAL SECTION

General Instrumentation and Materials. All commercially
available chemicals were reagent grade and used without further
purification. 8-Methoxybenzo[b]quinolizinium tetrafluoroborate
(2b),"”* 8-hydroxybenzo[b]quinolizinium bromide (1b),'”® 9-
methoxybenzo[b]quinolizinium tetrafluoroborate (2¢),'”® and 9-
hydroxybenzo[b]quinolizinium tetrafluoroborate (1c)'’* were pre-
pared according to literature procedures. The melting points are not
corrected. ESI mass spectra were recorded in the positive-ion mode,
source voltage 6 kV; only m/z values in the range of 100—2000 units
were analyzed. NMR spectra were measured at 400 MHz ('H) and
100 MHz ("*C) at 20 °C; chemical shifts are given in ppm (5) relative
to TMS (6 = 0.00 ppm). Unambiguous proton NMR assignments

were established by {1H, 1H}-COSY, HSQC, and HMBC experi-
ments.

Synthesis. 2-(1,3-Dioxolan-2-yl)-1-[2-methoxybenzyllpyridinium
Tetrafluoroborate (4a-BF,). A solution of 2-(bromomethyl)anisole*®
(36.5 mmol) and 2—(1,3—dioxolan—Z—yl)pyridine36 (731 g, 48.4 mmol)
in DMSO was stirred for 7 days at room temperature. The reaction
mixture was poured into EtOAc. The white precipitate was collected,
washed with EtOAc and diethyl ether, and dried in vacuo to give the
product 4a-Br as a white solid. The solid was dissolved in a minimal
amount of water, and a saturated aqueous solution of NaBF, was
added. The precipitate was recrystallized from MeCN/EtOAc to give
4a-BF, (7.70 g, 61%) as a yellow crystalline solid; mp 89—91 °C. 'H
NMR (400 MHz, DMSO-d): 6 = 3.76 (s, 3 H, OCHj,), 4.12 (s, 4 H,
CH(OCH,),), 5.93 (s, 2 H, CH, ), 6.55 (s, 1H, CH(OCH,),), 7.02 (t,
3] =7 Hz, 1H, Ar—H), 7.13 (d, 3] = 7 Hz, 1 H, Ar-H), 7.22 (dd, > = 8
Hz, %] = 2 Hz, 1 H, Ar-H), 7.46 (t, 3] = 8 Hz, 1H, Ar-H), 8.18 (t, 3/ = 8
Hz, 1 H, Ar-H,,), 831 (d, °] = 8 Hz, 1 H, Ar-H,), 8.71 (t, ] = 8 Hz, 1
H, Ar-H, ), 890 (dd, *] = 6 Hz, °] = 1 Hz, 1 H, Ar-H,)). "C NMR
(100 MHz, DMSO-dg): § = 55.7 (OCHj;), 564 (CH, ), 65.7
(CH(OCH,),), 97.0 (CH(OCH,),), 111.6 (CH), 120.9 (CH), 121.1
(Cy), 125.6 (CH), 128.4 (CH), 130.2 (CH), 131.2 (CH), 146.7 (CH),
147.1 (CH), 152.0 (C,), 157.1 (C,). C,¢H,sBE,NO; (359.1 g/mol);
caled: C 53.51, H 5.05, N 3.90; found: C 53.62, H 5.04, N 4.40. MS
(ESI): m/z (rel inten) = 272 [M*] (100).

7-Methoxybenzo[b]quinolizinium Tetrafluoroborate (2a). A
solution of benzylpyridinium 4a-BF, (0.77 g, 2.14 mmol) in PPA (8
g) was slowly heated under argon atmosphere to 150 °C, and the
reaction mixture was stirred at this temperature for 3 h. After cooling
to 100 °C, water was added and the mixture was stirred at 150 °C for
30 min. CAUTION: Hydrolysis may be highly exothermic! The
mixture was cooled to room temperature and treated with excess of
NaBF, (saturated aqueous solution). The solution was extracted with
nitromethane (3 X 20 mL). The organic layers were combined,
washed with water, dried with Na,SO,, and evaporated in vacuo. The
remaining residue was crystallized from MeOH/EtOAc to give the
product as a yellow solid (0.12 g, 19%); mp >300 °C. '"H NMR (400
MHz, DMSO-dy): § = 4.17 (s, 3 H, OCHj;), 7.36 (d, * ] = 8 Hz, 2 H,
8-H), 7.87 (d, °] = 9 Hz, 1 H, 10-H), 791 (t, ¥] = 7 Hz, 1 H, 3-H),
8.04 (t, %] = 8 Hz, 2 H, 2-H, 9-H), 8.49 (d, 3] = 9 Hz, 1 H, 1-H), 9.11
(s, 1 H, 11-H), 9.44 (d,*] = 7 Hz, 1 H, 4-H), 1043 (s, 1 H, 6-H). *C
NMR (100 MHz, DMSO-d,): § = 57.0 (OCH;), 107.9 (C8), 118.9
(C10), 119.8 (C,), 122.2 (C3), 124.2 (C11), 126.8 (C1), 131.7 (C9),
135.1 (C,), 1363 (C4), 136.5 (C6), 1366 (C2), 138.0 (C,), 155.1
(Cy. CH,BE,NO (297.1 g/mol); caled: C 56.61, H 4.07, N 4.72;
found: C 56.63, H 4.35, N 4.28. MS (ESI): m/z (rel inten) = 210 [M*]
(100).

7-Hydroxybenzo[b]quinolizinium Tetrafluoroborate (1a). A sol-
ution of 2a (300 mg, 1.00 mmol) in aq HBr (48%) (S mL) was stirred
at 90 °C for 4.5 h. The reaction mixture was cooled to room
temperature, and the solvent was removed in vacuo. The residue was
dissolved in water and treated with excess of NaBF, (saturated
aqueous solution). The precipitated yellow solid was isolated and
recrystallized from methanol to give the product (100 mg, 41%) as a
yellow solid; mp 210—216 °C. 'H NMR (400 MHz, DMSO-dy): 6 =
7.21(d, % =4Hz, 1 H, 8H),7.78 (d,’] = 4 Hz, 1 H, 10-H), 7.85 (t, %]
=7Hz, 1 H,3-H),797 (t, ] =7 Hz,2 H,2-H,9-H), 845 (d,¥ =9
Hz, 1 H, 1-H), 9.05 (s, 1 H, 11-H), 9.39 (d, ] = 7 Hz, 1 H, 4-H),
1044 (s, 1 H, 6-H). 3C NMR (100 MHz, DMSO-dy): 6 = 110.4
(C10), 116.7 (C7), 1194 (Cq), 121.3 (C4), 123.5 (C6), 126.4 (CS),
130.5 (C9), 134.4 (C3), 136.1 (Cq), 136.7 (C8), 136.9 (C1), 136.9
(Cq), 156.1 (Cq). C;3H,,BF,NO-'/,Et,0 (301.55 g/mol); caled: C
55.76,H 4.18, N 4.64; found: C 55.90, H 3.97, N 4.61 C,;H,,BF,NO
(283.1 g/mol); caled: C 55.17, H 3.56, N 4.95; found: C 55.01, H
3.19, N 5.14. MS (ESI): m/z (rel inten) = 196 [M*] (100).

10-Hydroxybenzo[b]quinolizinium Tetrafluoroborate (1d). A
solution of 2d'"™ (645 mg, 2.17 mmol) in aqueous HBr (48%) (15
mL) was stirred at 100 °C for 24 h. The reaction mixture was cooled
to room temperature, and the solvent was removed in vacuo. The
residue was dissolved in water and extracted with MeNO, (3 X 20
mL). The solvent was evaporated, the residue was dissolved in a small
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amount of water and treated with an excess of NaBF, (saturated
aqueous solution). The precipitated yellow solid was isolated and
recrystallized from 2-PrOH to give the product (188 mg, 31%) as a
yellow solid; mp 172—176 °C. 'H NMR (400 MHz, DMSO-dy): 6 =
7.32 (dd, 3] = 7 Hz, 1 H, 4-H), 7.85 (m, 2 H, 1-H, 3-H), 7.92 (ddd, 3]
=7Hz 1 H, 8-H), 8.02 (t, ] = 8 Hz, 1 H, 2-H), 8.65 (d, J = 9 Hz, 1
H, 9-H),9.21 (d, %] = 7 Hz, 1 H, 7-H), 9.28 (s, 1 H, 11-H), 10.31 (s, 1
H, 6-H), 11.61 (s, 1H, OH). '*C NMR (100 MHz, DMSO- d,): § =
113.6 (C4), 1179 (C3), 120.3 (C11), 122.5 (C8), 126.9 (Cq), 127.3
(C9), 1284 (Cq), 130.3 (C2), 132.3 (C7), 136.8 (Cq), 139.3 (C6),
139.3 (C6), 152.6 (C10). C 3H,,BE,NO (283.1 g/mol); caled: C
55.17,H 3.56, N 4.95; found: C 54.82, H 3.42, N 4.74. MS (ESI): m/z
(rel inten) = 196 [M*] (100).

Absorption and Emission Spectroscopy. Absorption spectra
were recorded on a double beam spectrometer in quartz cells (10 mm
X 10 mm) with baseline correction. Absorption spectra were collected
with a detection speed of 120 nm/min in a range from 300 to 750 nm.
The absorption maxima of the hydroxyquinolizinium ions and their
deprotonated forms were determined by deconvolution analysis of the
absorption bands. Fluorescence emission spectra were collected in
quartz cells (10 mm X 10 mm) with baseline correction. The
excitation and emission slits were adjusted to 5 nm bandwidths. The
voltage was adjusted according to the emission intensity of the sample
between 400 and 800 V.

Solutions were freshly prepared for each measurement from stock
solutions in a suitable solvent (c = 1.0 X 10~ M). For experiments in
different solvents, aliquots of the stock solution were evaporated and
redissolved in the respective solvent. Unless mentioned otherwise,
measurements were performed at 20 °C in deionized water (resistivity
<18 MQ cm), methanol (HPLC grade, water content: 0.002%),
acetonitrile (HPLC grade, water content: 0.03%), or anhydrous
solvents. The formation of aggregates was excluded by checking
consistent absorption, excitation, and fluorescence spectra of the
samples in different solvents (CH;CN, MeOH, H,0) at varying
concentrations (2 uM to 80 uM).

The relative fluorescence quantum yields were determined under
identical conditions with the same settings on the spectrometer
(detection wavelength, excitation wavelength, slit bandwidths,
collection rate). Fluorescence quantum yields were determined with
Coumarin 1 (@ = 0.73 (EtOH))*” as the standard. The emission
spectra were collected from solutions whose concentration was
adjusted such that A = 0.1. After integration of the fluorescence
band (I), the relative fluorescence quantum yields were calculated
according to eq 1.

Ip, n* S
b, = ()

FL = 75 2 “EL
Iy ng (1)

where I and IS are the emission intentsities of the sample and the
standard, and n* and n% are the refractive indices of the sample
solution and the standard solution.

For the determination of the pK, value, the Britton—Robinson
buffer solution was prepared according to a known procedure from
phosphoric acid, boric acid, and sodium acetate (0.04 M each) in water
and adjusted to pH = 7.0 by the addition of an aqueous solution of
NaOH (2 M)."® The sample was dissolved in the buffer solution (¢ =
1.0 X 107* M), and subsequently aliquots of aq HCI (2 M) or NaOH
(2 M) were added. After each addition step, the pH and the absorption
spectra were determined. The titrations were performed in a pH range
between 9 and 1. For further analysis, the absorption maxima were
plotted versus the pH of the solution, and the acidity constant pK, was
obtained by numerical fitting of the experimental data to the
Henderson—Hasselbalch equation.*’

For the determination of the pK,* values, the emission spectra were
determined from samples (¢ = 1.0 X 107> M) that were dissolved in
solutions with different HCIO, concentrations (0.01—11.8 M). The
emission intensity was plotted versus the Hammet acidity values H,"’
of the solution. The pK,* values were calculated from the absorption
and fluorescence data according to the Forster-cycle.”!

Fluorescence decays were recorded with an Edinburgh Instruments
OB920 single photon counter (SPC). As a source of light, a laser diode
with A, = 378 nm (1b, 1c, 2c) was used. The instrument response
function (IRF) was collected using a Ludox solution at the excitation
wavelengths. Data analysis was performed with either deconvolution
or tail fitting with FO00 and Fast software. The fits were considered
adequate when the residuals between the experimental and calculated
values were random and the y?values were between 0.9 and 1.2.
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