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Abstract Steady-state and time-resolved spectra were used
to describe the singlet and triplet states of §-methyl-5-
deazaalloxazine (8-Me-5-DAll), 9-methyl-5-deazaalloxazine
(9-Me-5-DAIll) and 10-ethyl-5-deaza-isoalloxazine (10-Et-5-
DIAIl). Solvatochromic properties were described using dif-
ferent polarity scales, including Af and the four-parameter
scale proposed by Catalan. The results indicate that the
Catalan scale shows a strong influence of solvent acidity
(hydrogen-bond donating ability) on the emission properties
of 8-Me-5-DAIl and 9-Me-5-DAIl. These results indicate the
importance of intermolecular solute-solvent hydrogen-
bonding interactions in the excited state of these compounds.
Contrary to deazaalloxazines, solvent acidity affects the ab-
sorption spectra of 10-Et-5-DIAll. Fluorescence lifetimes and
quantum yields and also transient absorption spectra were
determined for all of the compounds studied. Electronic struc-
ture and S-S, Sy-T;, T ;-T; transitions energies and oscillator
strengths were calculated using the TD-DFT methods.
Theoretical calculations were compared to experimental data.
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Introduction

Flavins are known for their important role in various biolog-
ical systems [1-3]. Different light-induced reactions of flavins
(riboflavin—REF, flavin mononucleotide—FMN, and flavin
adenine nucleotide—FAD) in the various photosensory pig-
ments, including covalent bond formation, stable radical for-
mation, hydrogen bond rearrangements, and electron transfer
[4] have been detected. 5-Deazaflavins are analogues of fla-
vins. Literature shows that 5-deazaflavin derivatives, includ-
ing enzyme systems, so far believed to be strictly limited to the
Archaea kingdom of life, are far more widespread than antic-
ipated [5]. Photophysical properties of flavins (isoalloxazines)
and 5-deazaflavins (5-deaza-isoalloxazines) are similar in
many aspects.

5-Deaza-flavins are cofactors in yellow chromophores [6]
and are known as blue-light receptors [6, 7]. They are potential
riboflavin antagonists with their own redox system, different
from that of riboflavin [8]. Recently, 5-deazaflavin (5-deaza-
isoalloxazine) and its homologues with the 5-deazaalloxazine
structure were reported having antitumor activity in vitro
[9—13]. It was also reported that in Mycobacterium tuberculo-
sis, Fqpo-dependent enzymes are involved in metabolic acti-
vation of some antitubercular compounds [14].

Derivatives of 5-deazalloxazines unsubstituted at the N(1)
position can undergo excited-state proton transfer (ESDPT)
from N(1) to N(10). This reaction occurs in the presence of
compounds with donor-acceptor properties such as carboxylic
acids, e.g. acetic acid. It was investigated by Koziotowa for
5-deazalumichrome (7,8-dimethyl-5-deazaalloxazine),
who proposed that it is driven by the change in the electron
density on the nitrogen atoms of the molecule upon excitation
[15]. Still, the question remains of the structure of hydrogen-
bonded complexes in the ground and excited states, and of the
specific atoms involved in their formation.
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The aim of the present paper is to characterize spectroscopic
and photophysical properties of 10-ethyl-5-deaza-isoalloxazine
and its two structural analogues: 8-methyl-5-deazaalloxazine
(8-Me-5-DAIll) and 9-methyl-5-deazaalloxazine (9-Me-5-
DAIl). This work extends our previous studies concerning
alloxazines to 5-deazaalloxazine (pyrimido[4,5-b |quinoline-2,
4(1H,3H)-dione) derivatives in which the N(5) atom is re-
placed by a carbon atom. Figure 1 presents the structures of
the presently studied compounds. The difference between
“alloxazinic” and “isoalloxazinic” structure of molecules lies
in the position of their central double bonds. Molecules
with “alloxazinic” structure have s-cis, while molecules
with “isoalloxazinic” structure have s-trans double-bond
configuration.

Besides spectroscopic and photophysical properties, we
present results on the solvatochromism of the investigated
compounds. Based on studies of solvent-dependent
photophysical properties of these compounds, we discuss their
ability to form solute-solvent hydrogen bonds in the ground
and excited states. This is important for understanding their
biological function, since hydrogen-bonding interaction is
crucial for the appropriate description of the flavin derivatives
belonging to LOV domains of the photoreceptors which re-
spond to light, oxygen, or voltage [4].

Yagi and co-workers reported that hydrogen bonding at the
heteroatoms of the isoalloxazine nucleus sequentially occurs,
with increasing concentrations of the proton donor, first at
N(0), then at O(2), O(4), and N(3)H, and finally at N(5) [16].

We also explore the processes occurring in singlet and
triplet excited states in solution by means of theoretical studies
using time-dependent density functional theory (TD-DFT).
Earlier calculations that used time-dependent density theory
(TD-DFT) show that all of the tested alloxazine derivatives

Fig. 1 Structures and
abbreviations of the compounds
studied and their corresponding
atom numbering (8-Me-5-DAll:
8-methyl-5-deazaalloxazine;
9-Me-5-DAll: 9-methyl-5-
deazaalloxazine; 10-Et-5-DIAIL:
10-ethyl-5-deaza-isoalloxazine)
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have two pairs of closely-located n,7* and 7t, 7t* transitions in
the lowest-energy part of the spectrum [17-22]. In most cases
the states in a pair are isoenergetic, determining the
photophysical properties of these compounds. However, to
the best of our knowledge, there are no systematic experimen-
tal or theoretical studies of 5-deazaalloxazine derivatives,
apart from theoretical calculations for some 5-deaza-
isoalloxazines [23, 24].

Contrary to flavins, the lowest electronic transitions in
5-deazaflavins have a purely 7,71*¥ nature.

Experimental
Materials

Solvents: methanol (MeOH), ethanol (EtOH), 1-propanol
(1-PrOH), 2-propanol (2-PrOH), 1-butanol (1-BuOH), 2-
butanol (2-BuOH), pentanol (1-PeOH), hexanol (1-HeOH),
acetonitrile (ACN), chloroform (CHCIs), methylene chloride
(CH,Cl,), 1,4-dioxane (1,4-Diox), ethyl acetate (AcOEt), ac-
etone (Acet), dimethyl sulfoxide (DMSO) were all of spectro-
scopic or HPLC grade (Aldrich, Merck) and were dried before
use with 3 A or 4 A molecular sieves from Fluka.

As the A, for the lowest-energy transitions did not vary
much between solvents, it was determined with three repli-
cates at a reduced scanning rate. The same precautions were
taken for the emission A,,,,, the latter was also determined for
several A, values.

10-ethyl-5-deaza-isoalloxazine (10-Et-5-DIAll), 8-methyl-
5-deazaalloxazine (8-Me-5-DAIl), and 9-methyl-5-
deazaalloxazine (9-Me-5-DAIl) were synthesized according
to the procedures published by Yoneda et al. [25, 26] in a

9-Me-5-DAll

10-Et-5-DIAIl



J Fluoresc (2014) 24:505-521

507

two-step synthesis. It should be pointed that the synthesis of 8-
Me-5-DAIl and 9-Me-5-DAIl were not reported previously.
First (step 1) we obtained the respective methyl substituted
derivatives of 6-anilinouracils, next (step 2) we performed
their cyclization using the Vilsmeier procedure. Water was
triply distilled.

General Procedure for the Preparation of Pyrimido[4,5-b]
Quinoline-2,4(1H,3H)-Diones

Step 1. [27]. To a stirred solution of aniline (3 ml) (o-
methylaniline or m-methylaniline) were added hy-
drochloric acid (36 %, 6 mmol) and 6-aminouracil
(6 mmol). The mixture was heated at 170—180 °C for
4-5 h. Diethyl ether was added after cooling and
precipitated solids were collected by filtration.
The corresponding 6-anilinouracils were obtained
in 40-98 % yields.

The appropriate 6-anilinouracil (1 g) was mixed with
DMF (2 ml) and heated to 40 °C under stirring. Then
phosphorus oxychloride (2.5 ml) was dropped into
the mixture. The mixture was heated at 80 °C for
0.5 h. After cooling, excess DMF and POCl; were
evaporated in vacuo. The solids were diluted with
5 % NH4OH and then collected by suction filtration
and washed with water. Crude products were recrys-
tallized from glacial acetic acid.

Step 2.

Structures of the compounds studied were checked by 'H
and '>C NMR and their purity was checked by thin-layer
chromatography and elemental analysis.

(1) 8-Methylpyrimido[4,5-b ]quinoline-2,4(1H,3H )-dione,
(8-Me-5-DAIl) (isolated yield 40 %; m.p. >350 °C
with decomp. 'H NMR (TFA-d): & ppm: 2.81 (s, 3H,
H;C-Cyg); 7.89 (d, 1H, H-7); 8.00 (s, 1H, H-9); 8.28
(d, 1H, H-6); 9.69 (s, 1H, H-Cs) ); Anal. Calcd for
C12HoN5O,: C, 63.44; H, 3.96; N, 18.50. Found: C,
63.51; H, 4.01; N, 18.29.

(2) 9-Methylpyrimido[4,5-b ]quinoline-2,4(1H,3H)-dione,
(9-Me-5-DAl) (isolated yield 35 %; m.p. 318 °C
with decomp.); "H NMR (TFA-d): & ppm: 2.91 (s, 3H,
H;C-Cy); 7.95 (t, 1H, H-7); 8.25 (d, 1H, H-8); 8.30
(d, 1H, H-6), 9.78 (s, 1H, C-5); Anal. Calcd for
C1oHoN;O,: C, 63.44; H, 3.96; N, 18.50. Found: C,
63.70; H, 3.89; N, 18.56.

(3) 10-ethylpyrimido[4,5-b]quinoline-2,4(3H,10H )-dione,
(10-Et-5-DIAlI) (isolated yield 74 %; m.p.>300 °C,
lit. >300 °C [28]). 'H NMR (TFA-d): & ppm: 8.10
(m, 1H, H-Ar); 8.49 (m, 3H, H-Ar); 5.14 (m, 2H, -CH,-),
1.89 (t, 3H, -CHs), 9.78 (s, 1H, H-Cs); Anal. Calcd for
C13H11N302: C, 6473, H, 456, N, 17.43. Found: C,
64.75; H, 4.44; N, 17.40.

Methods
UV/Vis Measurements

All solutions were prepared on the same day as their absor-
bance, steady-state fluorescence, and fluorescence excitation
spectra were recorded and time-resolved fluorescence mea-
surements performed.

UV-vis absorption spectra were recorded on a Jobin Yvon-
Spex Fluorolog 3-22 spectrofluorometer, using the option to
measure absorption spectra; steady-state fluorescence excita-
tion and emission spectra were also recorded on the same
spectrofluorometer.

Fluorescence quantum yields were calculated relative to
lumichrome as standard (@r=0.028) in acetonitrile [29]. We
used the method described by Horiba Jobin-Yvon (gradient
method) [30], with addition of simultaneous measurements of
absorption and fluorescence on the same machine. Maximum
absorption of all solutions was kept below 0.1. The estimated
uncertainty of the fluorescence quantum yield is 20 %.

Lifetime Measurements

All fluorescence lifetime measurements were performed using
the time-correlated single-photon counting (TCSPC) method.
Decays were measured with an IBH Consultants (Glasgow,
Scotland) System 5000 fluorescence lifetime spectrometer
equipped with a NanoLED diode (A.xe =374 nm,
fwhm=~800 ps) from IBH as an excitation source. The
instrument in this hardware configuration is capable of mea-
suring lifetimes as short as 400 ps. Deconvolution of fluores-
cence decay curves was performed using Version 4 of the IBH
Consultants software.

Laser Flash Photolysis

The setup for the nanosecond laser flash photolysis (LFP)
experiments and its data acquisition system has been previously
described in detail [31]. LFP experiments employed a pulsed
Nd:YAG laser (355 nm, 4.5-5 mJ, 7-9 ns) for excitation.
Transient decays were recorded at individual wavelengths by
the step-scan method with a step distance of 10 nm in the range
of 320 to 700 nm as the mean over 10 laser pulses. Samples for
LFP were deoxygenated by bubbling high-purity argon for
15 min prior to the measurement. Experiments were performed
in square fused-silica cells (1 cm).

All of the experiments were carried out at room
temperature.

"H NMR Measurements

The "H NMR spectra were recorded on a Varian Gemini 300
(300 MHz) Spectrometer in TFA-d solutions, the internal
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standard was TMS. '"H NMR spectra of the compounds stud-
ied were analyzed by comparison to those of similar com-
pounds and by comparison to spectra calculated using the
ACD/HNMR predictor [32].

TD-DFT Calculations

We used quantum-chemical calculations by means of the
density-functional theory to obtain the information on the
electronic structure and geometry of investigated derivatives
of 5-deazaalloxazines. Recently, a relatively large number of
iso- and alloxazines including monomethyl-substituted iso-
and alloxazines, and di-, tri-, and tetramethyl-alloxazines,
have been studied using similar TD-DFT calculations for
singlet and triplet absorption spectra. Our own results [18,
20-23, 33, 34] and those published by Neiss et al.[17, 35] that
used the TD-DFT approach for iso- and alloxazines demon-
strated some very encouraging improvements as compared to
previous semi-empirical and ab initio calculations [36, 37]. To
allow direct comparison, the present calculations were made
in exactly the same way as our earlier calculations of
monomethyl-substituted derivatives of alloxazines [38].
Namely, the calculations were performed using the B3LYP
functional [39] in conjunction with a modest 6-31+G(d) split-
valence polarized basis set [40] and also using the polarizable
contimuum model (PCM) that employed B3LYP/6-31+G(d)
level of calculation to include solvent effects. The B3LYP
functional is one of the empirical hybrid density functional
devised by Becke [39], which combines a fraction of the
Hartree-Fock exchange functional with the correlation func-
tional of Lee, Yang, and Parr [41]. The functional contains
three parameters determined by fitting to selected properties of
a large set of molecules. Oscillator strengths were calculated
in the dipole length representation. Gaussian 09 ab initio
program package was employed in calculations of excitation
energies and oscillator strengths [42]. Atomic charges for the
ground and the first excited singlet state of 8-Me-5DAII, 9-
Me-5DAII and 10-Et-5-DIAIl were calculated using the NBO
population analysis.

Results and Discussion
Absorption and Emission Spectra

Absorption spectra of 8-Me-5-DAIl, 9-Me-5-DAIl and
10-Et-5-DIAll in selected organic solvents are presented in
Fig. 2. Table 1 collects spectroscopic and photophysical data
for the singlet states of 8-Me-5-DAIl, 9-Me-5-DAIl and
10-Et-5-DIAllL, including absorption maxima (A; and A,),
emission maxima (Ag), fluorescence lifetimes (tg), fluores-
cence quantum yields (¢) and the radiative (k,) and the sum
of non-radiative (3k,,) excited-state decay rate constants.

@ Springer

The two lowest-energy absorption maxima for 8-Me-5-
DAIl and for 9-Me-5-DAIl are located between 349 nm to
362 nm (A) and between 313 nm to 320 nm (A,) depending
on solvent and derivative. For these compounds, we observe a
blue shift of the first (A;) band in more polar alcohols, as
compared to less polar alcohols. To compare, 10-Et-5-DIAll
molecule needs less energy to excite. The absorption spectra
of this compound include two characteristic bands at longer
wavelengths with their maxima in the range from 395 nm to
401 nm (M) and from 316 nm to 323 nm (A;), depending on
the solvent. Our results indicate (see also DFT calculations
results) that in both types of structures deazaalloxazine
(8-Me-5-DAIl and for 9-Me-5-DAIll) and deazaisoalloxazine
(10-Et-5-DIAlI) the lowest-energy band has contribution from
pure 7t,7t* transitions, contrary to alloxazines and flavins, for
which at least two electronic transitions, mainly of the 7,7t*
and n,7t* type, contribute to the lowest-energy band, as has
been reported by Koziot already in sixties [43].

Figure 3 shows the emission spectra of 8-Me-5-DAII,
9-Me-5-DAIl and 10-Et-5-DIAIl in selected solvents.
Typically we used the excitation wavelength A..=370 nm
for 10-Et-5-DIAll and A..=350 nm for 8-Me-5-DAIl and
9-Me-5-DAl, although the fluorescence spectrum was unaf-
fected by the excitation wavelength. Note that the fluores-
cence excitation and absorption spectra agree well with each
other in all of the solvents used. The emission maxima of
10-Et-5-DIAll appear in the range from 466 to 473 nm, red-
shifted as compared to those of 8-Me-5-DAIl and 9-Me-5-
DALl in the same solvents. The emission maxima of 8-Me-5-
DAIl appeared between 401 and 411 nm, while those of 9-Me-
5-DAll—from 416 to 425 nm, red-shifted as compared to
8-Me-5-DAIL. The solvent polarity affects the exact position
of the emission maxima, although the shifts are rather small.
There is a red shift in polar solvents (alcohols) as compared to
aprotic solvents for 8-Me-5-DAIl and 9-Me-5-DAlI,
representing the 5-deazaalloxazine skeleton.

The radiative and non-radiative excited-state decay con-
stants were calculated as k,=¢dr / T and Y k,=(1—df) / T
(see Table 1). In all cases the fluorescence decays are modeled
well by single-exponential functions, as shown by the usual
statistical criteria of “goodness-of-fit”.

The values of the quantum yields of the presently investi-
gated 5-deazalloxazines are an order of magnitude higher as
compared to their “aza” analogues [38], while the quantum
yields of isoalloxazines and 5-deaza-isoalloxazines are gener-
ally quite comparable [44]. Generally, the fluorescence quan-
tum yields are rather high, compared to their “aza” analogs
(i.e. alloxazines); however, the lower values we noted for
10-Et-5-DIALL

For the investigated 5-deazaalloxazine derivatives, we see
that the methyl group in position 8 causes a 2-fold increase in
the fluorescence quantum yield, as compared to the impact of
methyl group in position 9. Fluorescence quantum yields are
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Fig. 2 Absorption spectra of a 8-Me-5-DAIL, b 9-Me-5-DALI, and ¢ 10-Et-5-DIALll; solvents indicated in each panel

affected by solvents, being higher in protic vs. aprotic solvents
for both 8-Me-5-DAIll and 9-Me-5-DAll, with an opposite
tendency for 10-Et-5-DIAIL.

The fluorescence lifetimes of 8-Me-5-DAIl and 9-Me-5-
DAII are an order of magnitude longer as compared to their
“aza” analogues [38]. The fluorescence lifetimes of 5-deaza-
isoalloxazines are about half of those for isoalloxazines
[44, 45].

9-Me-5-DALII has the longest fluorescence lifetimes among
the compounds presently studied. On the other hand, protic
solvents (alcohols) enhance fluorescence lifetimes for both 5-
alloxazine derivatives, more so for 9-Me-5-DAIl and less for
8-Me-5-DAIl. This shows that the location of the methyl
group on the alloxazinic skeleton significantly affects the
fluorescence lifetime (see Table 1 for details).

The calculated radiative and non-radiative decay constants
(Table 1) show that the non-radiative constants are from
two—to ten-fold higher than the radiative constants.

Solvatochromic Studies
To check the influence of solvent parameters on spectral and

photophysical properties of monomethyl derivatives of
5-deazaalloxazine and 10-ethyl-5-deaza-isoalloxazine, we

used the Af solvent polarity scale and the four-parameter
Catalan scale [46].

The Af solvent polarity scale takes into account the general
solvent effects, including nonspecific interactions between
solute and solvent, of electrostatic and dispersive origin, aris-
ing from solvent acting as a dielectric continuum, and is based
on the Onsager’s reaction field theory with the general form of
Lippert-Mataga solvent polarity function [47, 48]:

e-1 n’-1
Af_25+1 2n? + 1 m
This function is dependent on the relative permittivity ¢
(formerly—the dielectric constant) and the refractive index,
describing non-specific solute-solvent interactions. All of the
numeric data required to calculate Af were taken from
Reynolds et al. [49].

The dependence of the absorption maxima on the orienta-
tional polarizability Af for 8-Me-5-DAll, 9-Me-5-DAIl and
10-Et-5-DIAll in selected solvents is shown in Figure 1s, and
the dependence of the emission maxima is shown in Figure 2s,
both in Supporting Information.

From the results given in Figures 1s and 2s we see that the
solvatochromic properties of the investigated compounds do

@ Springer
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Table 1 Spectroscopic and photophysical data for the singlet states of 8-Me-5-DALll, 9-Me-5-DAll and 10-Et-5-DIAIl

Solvent Compound Aj/nm A>/nm Ap/nm Av/em'! OF T /ns k. /108 71 Sk /108 871
1,4-Diox 8-Me-5-DAll 350 314 404 3737 0.12 3.20 0.38 2.75
9-Me-5-DAIl 356 313 416 4051 0.22 6.16 0.36 1.27
10-Et-5-DIAIlI 399 317 473 3920 0.12 471 0.25 1.87
CHCl; 8-Me-5-DAll 349 320 407 4083 0.13 2.86 0.45 3.04
9-Me-5-DAIl 358 319 417 3854 0.29 8.63 0.34 0.82
10-Et-5-DIAlI 399 319 468 3700 0.09 3.31 0.27 2.74
CH,Cl, 8-Me-5-DAll 349 319 403 3839 0.11 2.93 0.38 3.04
9-Me-5-DAll 358 317 417 3952 0.25 8.38 0.29 0.89
10-Et-5-DIAIl 398 320 468 3600 0.11 3.44 0.32 2.59
AcOEt 8-Me-5-DAll 351 313 401 3552 0.09 2.96 0.31 3.07
9-Me-5-DAIl 356 314 416 4051 0.17 5.35 0.32 1.55
10-Et-5-DIAIl 401 316 470 3720 0.07 4.59 0.15 2.03
DMSO 8-Me-5-DAll 355 315 409 3719 0.16 2.85 0.56 2.94
9-Me-5-DAIl 362 316 419 3834 0.22 7.07 0.31 1.10
10-Et-5-DIAlI 397 323 469 3740 0.02 2.09 0.10 4.69
Acet 8-Me-5-DAll 352 - 404 3656 0.12 3.10 0.39 2.84
9-Me-5-DAIl 358 - 416 3894 0.23 5.99 0.38 1.29
ACN 8-Me-5-DAll 349 315 402 3777 0.14 3.58 0.39 2.40
9-Me-5-DAIl 356 314 416 3952 0.25 8.06 0.31 0.93
10-Et-5-DIAlI 397 317 467 3650 0.16 4.05 0.40 2.07
1-HeOH 8-Me-5-DAll 353 317 410 3938 0.18 4.19 0.43 1.96
9-Me-5-DAll 361 317 423 4060 0.30 11.2 0.27 0.63
10-Et-5-DIAIl 398 320 471 3890 0.07 3.56 0.20 2.61
1-PeOH 8-Me-5-DAll 353 318 409 3878 0.17 4.18 0.41 1.99
9-Me-5-DAIl 362 317 422 3927 0.32 11.2 0.29 0.61
10-Et-5-DIAIl 397 319 466 3730 0.06 3.55 0.17 2.65
2-BuOH 8-Me-5-DAll 354 313 411 3917 0.19 425 0.438 1.91
9-Me-5-DAIl 362 320 423 3983 0.38 12.1 0.31 0.51
10-Et-5-DIAlI 397 319 466 3730 0.09 3.49 0.26 2.61
1-BuOH 8-Me-5-DAll 353 317 410 4018 0.18 4.19 0.43 1.96
9-Me-5-DAIl 361 317 425 4171 0.41 13.7 0.30 0.43
10-Et-5-DIAll 397 319 470 3790 0.09 3.52 0.26 2.59
1-PrOH 8-Me-5-DAll 353 318 408 3818 0.17 421 0.40 1.97
9-Me-5-DAIl 360 317 423 4137 0.31 11.3 0.27 0.61
10-Et-5-DIAIl 397 323 466 3670 0.08 351 0.23 2.62
2-PrOH 8-Me-5-DAll 352 317 409 3959 0.19 4.03 0.47 2.00
9-Me-5-DAIl 359 316 421 4024 0.36 10.32 0.35 0.62
10-Et-5-DIAIl 398 320 468 3700 0.07 351 0.20 2.65
EtOH 8-Me-5-DAll 352 316 409 3959 0.16 4.25 0.38 1.98
9-Me-5-DAIl 358 314 423 4137 031 11.04 0.28 0.63
10-Et-5-DIAlI 396 318 468 3900 0.08 3.54 023 2.60
MeOH 8-Me-5-DAll 351 316 410 4099 0.16 4.58 0.35 1.83
9-Me-5-DAIl 358 315 425 4380 0.31 12.6 0.25 0.55
10-Et-5-DIAlI 395 320 466 3790 0.09 3.58 0.25 2.54

# A1, A, are the positions of the two lowest-energy bands in the absorption spectra, Ay the fluorescence emission maximum, ¢y the fluorescence quantum
yield, Tr the fluorescence lifetime, Av—Stoke’s shift, &, the radiative rate constant and >k, the sum of non-radiative rate constants

not show any regular solvatochromic tendency in the function =~ However, taking protic solvents separately, we found a linear
of solvent polarity parameter Af in all solvents used.  correlation between the absorption maxima and Af, for
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Fig.3 Emission spectraofa 8-Me-5-DAIL, b 9-Me-5-DAlL and ¢ 10-Et-5-DIAll; solvents indicated in each panel. Here, Aox.=350 nm for 8-Me-5-DAIl

and 9-Me-5-DAIl and 370 nm for 10-Et-5-DIAIL

example the linear correlation coefficient is R=0.89 for
9-Me-5-DAIl, and R=0.77 for 8-Me-5-DAIl. Mitra and
Mayon [50] obtained similar results for lumichrome (7,
8-dimethylalloxazine), investigating its photophysical
properties in different solvents. Taking in account such
poor correlations we did not try calculating the dipole mo-
ments in the excited state of the investigated compounds,
using solvatochromic study. These results may also suggest
that the dipole moments of these compounds may be quite
similar in the S, and §S; states. Indeed it was confirmed by
theoretical calculations discussed below. The same has
already been noted for 5-DAIl and 7,8-dimethyl-5-
deazaalloxazine [14]. The correlation between the emission
maxima vs. Af is unacceptable for 8-Me-5-DAIl and 9-Me-5-
DAIl in both protic and aprotic solvents; however, for 10-Et-5-
DIAIl we have an acceptable correlation coefficient (R=0.75)
of the emission maxima in aprotic solvents. These results
suggest also that for the target compounds specific solvent-
solute interactions may have importance both in the ground
state and first excited state. Such interactions are indeed
confirmed by using the Catalan scale (see below).

Thus, we used multilinear correlation for a detailed analysis
of the solvent properties that affect the spectroscopic and
photophysical properties of the studied compounds. The re-
spective equation takes in account four different solvent prop-
erties:

A = Ay + agpSP + bggpSdAP + csaSA + dsgSB (2)

Here, Ay is the statistical quantity corresponding to the
value of the property in the gas phase; SA, SB, SP, and SdP
represent independent solvent parameters and agp, bggp Csa,
and dgp are the regression coefficients describing the sensi-
tivity of the property A to the different solute-solvent interac-
tion mechanisms [46].

This scale is based on specific and general scales, using
four parameters (SA—solvent acidity, SB—solvent basicity,
SdP—solvent dipolarity and SP—solvent polarizability
scales), as has been recently proposed by Catalan [46], where
SA and SB describe specific solvent-solute interactions, such
as hydrogen bonding, and SdP and SP are responsible for the
non-specific effects.
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The four-parameter Catalan scale, contrary to a prior three-
parameter scale [51], uses separate dipolarity and polarizabil-
ity parameters, discriminating their contributions to the
photophysical properties of the compounds investigated.
Thus, we expected a better description of the solvent effects
on the absorption and emission energies. Thus, multilinear
regressions for 8-Me-5-DAIll, 9-Me-5-DAIl and 10-Et-5-
DIAIl were calculated and the estimated regression coeffi-
cients—agp, bsgp, Csa, and dgg are presented in Table 2 along
with the correlation coefficients R.

The best correlation coefficient (R =0.94) was obtained for
the absorption maxima of 8-Me-5-DAll; these values are
worse for 9-Me-5-DAIl (R=0.88) and forl0-Et-5-DIAIl
(R=0.82). We note some similarities for 8-Me-5-DAIl and
9-Me-5-DALIL, as their absorption maxima depend mainly on
the solvent polarizability (SP), the agp coefficients being neg-
ative for both compounds. Thus, increased solvent polariz-
ability destabilizes these compounds in their ground state.
Interestingly, the influence of the solvent basicity on the
absorption maxima of 9-Me-5-DAIl is greater than that of
the solvent acidity. In the extreme case of 8-Me-5-DAlL, the
effect of solvent acidity on the absorption maxima is negligi-
ble compared to that of solvent basicity.

All of the studied compounds can act both as a donor and as
an acceptor of hydrogen bonds. The hydrogen bonds in protic
solvents may form between hydrogen of the hydroxyl group
in alcohols and N(10)—for 8-Me-5-DAIl and 9-Me-5-DAll,
or N(1)—for 10-Et-5-DIAll, and/or C=0 groups of these
compounds, acting as acceptors. Additionally, the same com-
pounds can act as hydrogen donors, because of presence of
N(3)-H and/or N(1)-H groups. Analysis using the four-
parameter Catalan scale indicates that such hydrogen bonds
where N(3)-H (or N(1)-H) acting as hydrogen-bond donors

are possible in 8-Me-5-DALI, and to a less extent in 9-Me-5-
DAIL. We also conclude that 8-Me-5-DAIl does not act as the
hydrogen-bonds acceptor in the ground state. Thus N(10) and
C=0 groups in 8-Me-5-DAIl are not involved in hydrogen
bonds in the ground state, because cgo=0. Contrary to
that, 9-Me-5-DAIl can act as both hydrogen-bond donor
and acceptor in the ground state. Still, the absorption
maxima are more affected by the hydrogen-bond donating
ability and less by the hydrogen bond accepting ability of this
molecule.

Interestingly, the solvent basicity is the main factor that
affects the absorption maxima for 10-Et-5-DIAIl; however the
correlation is poorer but still acceptable. We suggest that the
hydrogen bond mainly involves the N(1) atom, this being the
main protonation site in 10-Et-5-DIAIl (pK ,=1.64), with the
highest electron density among the heteroatoms that may be
hydrogen bond acceptors. Data and discussion on the calcu-
lated electron densities at atoms in the ground and in the
excited state of the investigated molecules are presented in
the following section.

Different results are observed for the emission maxima of
8-Me-5-DAIl and 9-Me-5-DAll, these being mainly depen-
dent on polarizability and acidity of solvents. The SP and SA
parameters provide a good description of the emission maxi-
ma for these compounds, with high correlation coefficients
(R=0.92 and R=0.98, respectively). However, the solvent
acidity has the highest impact on the emission maxima of
9-Me-5-DAll, while the polarizability has the highest impact
on the emission maxima of 8-Me-5-DALI.

The data of Table 2 demonstrate that 8-Me-5-DAIl acts as
hydrogen bond donor in the ground state and hydrogen bond
acceptor in the excited state. According to our previous studies
[52, 53] and literature [50], we suggest that hydrogen bonds in

Table 2 Results of the regression

calculations: the value of the Property Ao asp bsap Csa dsp R
property in the gas phase-Aq and
the estimated coefficients: agp, 8-Me-5-DAll
bsar, csa and dsp, see Eq. (2), Vaps / cm”! 29544242 —938+299 ~175+89 59£116 —609+80 0.94
standard errors and correlation Vi /emTl 20579£220 9974266 169485 - 587465 094
coefficients (R) for the multilinear o
regression analysis of the absorp- Ve / cm 260474379 —1592+469 49140 -887+182  -275+124 092
tion maxima (V,s) and emission Vem ! cm’! 259924332 —1570+446 - —897+173 —265+116 0.92
maxima (Vep,) 9-Me-5-DAIl
Vaps /o 29602+347 ~1807+420 ~191+130 —234+89 ~534+86 0.89
Vaps / cm! 293914331 —1724+437 - —270+90 —497+87 0.88
Vem ! cm ! 24474+200 —544+247 16+£74 —942+96 —187+66 0.98
Vem ! cm! 244924175 —551+234 - —939+91 —189+61 0.98
10-Et-5-DIAIll
Vabs / cm ! 24770277 240+354 210104 423+146 —51+88 0.84
Ve /e 24918469 - 227495 324492 - 0.82
Ve / cm! 21316486 —204+450 2454132 212+186 74111 0.71
Ve / cm! 21122486 - 266+120 1894117 - 0.68
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the excited state form mainly between protic solvents and the
N(10) atom and that C=0 groups are not involved. This
conclusion is also valid for 9-Me-5-DAIl, however the situa-
tion here is slightly different. The data of Table 2 indicate that
the N(10) "H-O intermolecular hydrogen bond we postulated
is significantly stronger in the electronic excited state com-
pared to the ground state. This follows from the fact that the
csa coefficient is higher in the excited as compared to the
ground state. In contrast, hydrogen bonds between the donat-
ing N-H groups and solvents are weaker in the excited as
compared to the ground state.

We can not correlate the emission maxima of 10-Et-5-
DIsoAll with the solvent parameters, as the calculated R~
0.70 value is quite poor. This indicates that solvents have
almost no effect on the emission maxima. We believe that
the main reason for that is the ethyl substituent at N(10), which
excludes hydrogen bond between N(10) and hydrogen-
donating solvents.

Catalan scale does describe sufficiently well neither the
fluorescence quantum yields (¢r), nor fluorescence lifetimes
(), radiative k, nor non-radiative (Xk ;) rate constants of the
investigated compounds (data not presented). The solvent-
dependent coefficients (agp, bsqp, Csa, and dgg) do not reflect
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the real change in these values and their individual errors are
quite high.

Transient Absorption Spectra

Figure 4 shows transient absorption spectra of 8-Me-5-DAlI,
9-Me-5-DAll and 10-Et-5-DIAIl in acetonitrile. Transient ab-
sorption spectra were recorded upon laser excitation at
355 nm. Note that acetonitrile as a polar but aprotic solvent
is not able to create hydrogen bonds with dissolved molecules
as a hydrogen donor. To the best of our knowledge, there are
no published experimental transient absorption data for the 5-
deazaalloxazines.

According to Fig. 4b and c negative absorbance
(bleaching) appears at 370 nm (9-Me-5-DAll) and at 400 nm
(10-Et-5-DIAIl) because of ground-state depletion upon exci-
tation. No negative absorbance is observed for 8-Me-5-DAll
in the spectral range probed (Fig. 4a). 5-Deazalloxazine de-
rivatives produce spectra that are similar to those recorded for
alloxazines, although bathochromically shifted by about
100 nm [18, 34, 54, 55]. The global analysis of the experi-
mental triplet state decays indicates the presence of only one

b
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Fig.4 Experimental transient absorption spectra of 5-deazaalloxazine derivatives: a 8-Me-5-DAIl, b 9-Me-5-DALl, and ¢ 10-Et-5-DIALl, in acetonitrile,

excited at 355 nm, using OD355=0.15, 1.5 mJ/pulse, /=1 cm

@ Springer



514

J Fluoresc (2014) 24:505-521

species, with the triplet lifetime being in the microsecond time
range.

There are two strong maxima for 8-Me-5-DAIl, one at
about 450 nm (22 200 cm™ ') and 470 nm (21 280 cm ') and
smaller one at about 530 nm (18 867 cm ). Three maxima
appear for 9-Me-5-DAII, at about 310 nm (32 258 cm ),
460 nm (21 700 cm ") and 480 nm (20 800 cm ") respectively.
There is a strong negative absorbance for 10-Et-5-DIAIl at
400 nm (25 000 cm "), two positive maxima located at about
480 nm (20 800 cm ') and 530 nm (18 867 cm ). The two
lowest-energy absorption bands of 10-Et-5-DIAIl are
bathochromically shifted with respect to those of their “aza”
analogs [45, 56-59].

Singlet and Triplet States: Theoretical Approach

We used the optimized ground state geometry for calculations
that predicted the lowest-energy singlet-singlet Sy—S;
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Fig. 5 Absorption spectra of 8-Me-5-DAIl (a), 9-Me-5-DAIl (b), and

10-Et-5-DIAll (¢) in 1,4-dioxan. Predicted transition energies and oscil-

lator strengths f are indicated by solid vertical lines (for isolated
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transitions as well as spin-forbidden S,— T transitions,
whereas 77— T excitation energies and transition intensities
were determined for the optimized geometry of the lowest
triplet state (7';), using the unrestricted method suitable for
open shell systems. To verify the type of the minimum locat-
ed, the geometry optimization was followed by the vibrational
frequency calculations, which revealed no imaginary
frequencies.

Figure 5 shows the calculated lowest-energy singlet-singlet
transitions of 8-Me-5-DAlI, 9-Me-5-DAIl and 10-Et-5-DIAll,
compared to their experimental spectra in 1,4-dioxane. The
predicted energies of the lowest singlet-singlet transitions with
calculated dipole moments in S, and S; states for 8-Me-5-
DAIL 9-Me-5-DAIll and 10-Et-5-DIAIl are listed in Table 3.

It should be pointed that the predicted value of the Sy — S
transition energy in the gas phase determined according to the
Catalan scale for 8-Me-5-DAIl, Ag=29579 cm ' (Table 2)
agrees well with value calculated, using TD-DFT method,
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molecule—top panels, and MeOH solutions—middle panels). The
(prohibited) transitions involving the n, 7t* singlet states are marked by
red triangles
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Table 3 The lowest predicted [B3LYP/6-31+G(d)] singlet excitation
energies for isolated molecule, starting from the ground state of 8-Me-
5-DAIl, 9-Me-5-DAIl, 10-Et-5-DIAIl with the corresponding oscillator

strengths, /. The highest occupied and the lowest unoccupied MOs are
represented by the respective orbital numbers

Sy—S; 8-Me-5-DAIl 9-Me-5-DAIl 10-Et-5-DIAIl

Ex102/cm! f w/D Ex107°/cm! f w/D Ex107°/cm™! f w/D
So Ground state 4.7 4.0 7.8
—S, 29.6 0.044 46 28.6 0.0396 3.9 262 0.1701 102

59—60 (62 %) 58—61 (13 %) 61—65 (10 %)

58—61 (17 %) 59—60 (66 %) 63— 64 (65 %)
-8, 32.8 0.152 - 32.8% 0.0005 - 28.3° 0.0017 -

58—60 (61 %) 57—60 (68 %) 58— 64 (11 %)

5961 (28 %) 62— 64 (68 %)
—S; 33.0° 0 - 32.9 0.0963 - 326 0.0230 -

57—60 (68 %) 58—60 (60 %) 59— 64 (54 %)

59—61 (32 %) 63—65 (17 %)

—8, 38.1° 0 - 37.7° 0.0002 - 332 0.0401 -
—S; 40.8 0.076 - 40.1 0.7588 - 33.8° 0.0008 -
—Sg 40.9 0.699 - 41.1° 0.009 - 34.7° 0.0133 -
S, 41.8 0 - 41.8° 0 - 39.2 0.5632 -
—Sg 427 0.253 - 4.6* 0.0003 - 40.1 0.0103 -
—S, 42,8 0 - 427 0.1345 - 40.5 0.1642 -
—So 447 0.342 - 45.1 0.1345 - 41.1 0.0112 -
—Si 46.4 0.137 - 459 0.0783 - 435 0.0022 —
S, 47.1° 0 - 46.7° 0.0012 - 44.8° 0.0035 -
—Si3 477 0.105 - 47.1° 0 - 45.6° 0.0021 -
—Sis 47.9° 0 - - 46.1 0.3654 -
—Si5 49.1 0213 - - 46.4 0.0540 -

 p,7v* transition, otherwise 7t,7c*

for isolated molecule, £=29600 cm ' (Table 3). Also the
S¢— S transition energy in the gas phase for 9-Me-5-DAlI,
Ap=29391 cm ' (Table 2) agrees with value calculated for
isolated molecule, £=28600 cm ' (Table 3). The difference
becomes still larger for 10-Et-5-DIAII, achieving 1280 cm ',
the respective values being 24918 cm™ ', Table 2 and
26200 cm ', Table 3. The A, values in the gas phase for the
lowest-energy transitions, calculated from the experimental
data, according to the Catalan regression method are valuable
because usually there are no experimental gas-phase spectra of
the investigated compounds available for comparison. The
TD-DFT calculations provide a value that agrees well to that
determined experimentally (especially for 8-Me-5-DAIl). It
means that the theory describe well the experimental data.

The calculated dipole moment for 10-Et-5-DIAIl in the
ground state is highest between other compounds (1=7.8 D).
These dipole moments for 8-Me-5-DAIl and for 9-Me-5-DAIl
are similar (u=4.7 D and 4.0 D, respectively). They diminish
slightly in their S; states (t=4.6 D and 3.9 D, respectively) for
the latest compounds. But the dipole moment for 10-Et-5-
DIAIl increases in the §; state (1=10.8 D).

We previously found that in a series of alloxazine deriva-
tives each of the two lowest-energy 71,71* transitions are ac-
companied by a closely-located n,7t* transition, which has a
very similar energy. It is interesting that the presently investi-
gated 5-deazaalloxazine derivatives are an exception, because
here the lowest-energy 7t,7t* transitions are not accompanied
by closely-located n,7t* transition (8-Me-5-DAll and 9-Me-5-
DAII) or additionally have a large energy gap between the T,
7* states (10-Et-5-DIAll, Fig. 5).

Note that in 8-Me-5-DAIll both S;,—S; and S,— S tran-
sitions have pure 7t,7t* character. The energy gap between the
two lowest singlet excited states is |E +—E  +/=3200 cm L.
The energy separation of the two first singlet states in 9-Me-5-
DAl is |E,, zs—E 7+/=4200 cm ' and 2100 cm™" in 10-Et-5-
DIAIL. Note that the values of the fluorescence quantum yield
are an order of magnitude higher than those of the respective
alloxazine analogues in the same solvents. This is a conse-
quence of their lowest energy transitions having pure 7t,7t*
character.

Additionally, Table 4 lists the predicted Sy — S, excitation
energies calculated taking into account the solvent (methanol)
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Table 4 The lowest predicted

[B3LYP/6-31+G(d)] singlet exci- ~ So—S:  8-Me-5-DAIl 9-Me-5-DAIl 10-Et-5-DIAIl
tation energies starting from the . B ] = B B B ]
ground state calculated taking in- Ex107/cm f Ex107/cm F Ex107/cm f
to account the solvent (methanol)
by virtue of the polarizable con- -5, 29.2 0.0321 28.2 0.0345 26.5 0.1121
tinuum model of 8-Me-5-DAII, 58—61 (13 %) 58—61 (10 %) 61—65 (12 %)
9-Me-5-DAll, 10-Et-5-DIAll with 5960 (69 %) 59560 (69 %) 6364 (67 %)
the corresponding oscillator
strengths, . The highest occupied —-S, 324 0.1755 32.6 0.1016 28.5 0.1236
and the lowest unoccupied MOs 58—60 (64 %) 58—60 (62 %) 58—64 (13 %)
are .represented by the respective 5961 (-27 %) 5961 (-31 %) 62—64 (66 %)
orbital numbers 8, 33.7° 0.0005  335° 0.0005 323 0.0001
57—60 (69 %) 57—60 (70 %) 59—64 (51 %)
63—65 (16 %)
—S, 38.3% 0.0002 38.1% 0.0001 33.0% 0.0005
—S5 40.6 0.4850 39.8 0.7823 34.1 0.2342
—Sg 40.9 0.3664 41.3 0.0224 349 0.1232
—S; 42.6* 0.0001 42.5° 0.0001 39.8% 0.0002
—Sg 433 0.2080 433 0.1091 404 0.0232
—So 43 .47 0.0001 435 0 41.1 0.1122
—Si0 442 0.3096 447 0.2082 41.9 0.0987
—S 459 0.0659 45.4 0.1432 43.9? 0.0002
—Si, 47.5 0.1146 4717 0.0013 45.1 0.0234
—Si3 47.9° 0 479 0.1997 46.0° 0
—Sis 48.6* 0.0002 48.1% 0 46.3% 0.0003
—Sis 48.6 0.2723 48.4 0.1786 46.5 0.1762

d p,70* transition, otherwise 7t,7c*

by virtue of the polarizable continuum model (PCM). In fact,
comparison between the data obtained for an isolated mole-
cule and from PCM shows that the S, —S; transition has 7t,
70* character in each case (Tables 3 and 4). The energy
differences of about 400 cm ™' were calculated between iso-
lated molecules and molecules in methanol for the S)— S,
transition in 8-Me-5-DAIl and 9-Me-5-DAIIl. The energies of
these transitions in gase phase are higher than the same
energies calculated for methanol. At the same time, we noted
a reverse trend for 10-Et-5-DIAIl. Additionally, calculations
indicate for 8-Me-5-DAIll and 9-Me-5-DAll that the S, and S';
states are isoenergetic in the gas phase, whereas PCA calcu-
lations indicate that solvent causes the respective two transi-
tions to appear separately, Syp—S, and S,—S; (see Fig. 5a
and b). The situation is different for 10-Et-5-DIALlI, here gas-
phase calculations indicate that the S,— S, transition has a
pure n,7t* character, in contrast to the results of PCA analysis
that indicate a pure 7t,7t* character. Both in gas phase and
modeled solvent environment (PCA analysis) the S,—S;
transition is well separated and has 7t,7t* character.

The lowest predicted energies of singlet-triplet transitions
for 8-Me-5-DAIll, 9-Me-5-DAIl and 10-Et-5-DIAIl and the
lowest predicted energies of their triplet-triplet transitions are
presented in Tables 5 and 6, respectively.

T-T excitation energies and oscillator strengths were deter-
mined for the optimized geometry of the lowest triplet state

@ Springer

(T;). The theoretical triplet-triplet transitions are blue-shifted
compared to the experimental transient absorption spectra.
This is more pronounced for 10-Et-5-DIAIl than for 8-Me-5-
DAIl or 9-Me-5-DAIL. This is also due to the fact that the
theoretical calculations are made for gas-phase molecules,
whereas the experimental spectra are recorded in acetonitrile
solutions. The detectable theoretically predicted transitions in
8-Me-5-DAII are located at about 19 800, 23 300, 25 800, and
30 800 cm '. The detectable transitions for 9-Me-5-DAII
appear at 20 300, 23 200, 25 900, and 30 700 cm '; and those

Table 5 The lowest predicted (B3LYP /6-31+G(d)) Sy— T; excitation
energies of 8-Me-5-DAIl, 9-Me-5-DAIl, and 10-Et-5-DIAIl with their
corresponding oscillator strengths, f°

Sy—T; 8-Me-5-DAIl 9-Me-5-DAIl 10-Et-5-DIAIl

Ex102/ecm™ F Ex10%em' F Ex10°/cm' f
—T, 218 0 208 0 195 0
—T, 255 0 259 0 238 0
—T; 308 0 301 0 269 0
—T, 309 0 306 0 292 0
—Ts 337 0 332 0 303 0
—Te 351 0 349 0 316 0
—T; 357 0 361 0 321 0
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Table 6 The lowest predicted

(uB3LYP /6-31+G(d)) T, —T; T—T; 8-Me-5-DAll 9-Me-5-DAll 10-Et-5-DIAll

excitation energies of 8-Me-5-

DAIL, 9-Me-5-DAIL and 10-Et-5- Ex107/cm! Ex107%/em™  F Ex107/em™  f

DIAIl with their corresponding

oscillator strengths, f —-T, 8.2 0.004 8.8 0.0041 5.8 0.0068
—T; 112 12.6 0.0067 8.9 0
—T, 12.8 0.004 12.8 0.0001 12.5 0.0074
—Ts 15.4 0.001 15.6 0.0011 13.1 0.0003
—Te 16.5 17.3 0.0001 13.7 0.0039
—Ty 18.5 194 0.0011 14.0 0
—Tg 19.8 0.020 20.3 0.0118 17.0 0.0486
—To 21.3 222 0 194 0.0057
—Tio 233 0.195 232 0.2041 20.7 0.1215
—Ty 25.8 0.024 259 0.0236 249 0.1551
—Ti, 27.8 26.9 0.0016 27.0 0.0016
—Ti;3 29.8 28.5 0 283 0.0679
—Tiy4 30.8 0.024 30.7 0.0231 29.7 0.0009
—Ts 315 30.9 0.0007 30.3 0.0558

for 10-Et-5-DIAIl at 17 000, 20 700, 24 900, 28 300 and 30
300 cm . Note that there are several lower-energy transitions
(Table 6), which could not be probed in the experimental
spectrum, because of the limitations of the flash-photolysis
equipment.

Figure 6 shows the shape of the highest occupied molecular
orbitals (HOMO) and the lowest unoccupied molecular orbitals
(LUMO) of 8-Me-5-DAIl, 9-Me-5-DAIl and 10-Et-5-DIALI,
mainly involved in the lowest singlet-singlet transitions, which
are dominant in the S)—S; transition. Additionally, we show

in Fig. 7 the shape of the highest occupied molecular orbitals
(HOMO) and the lowest unoccupied molecular orbitals
(LUMO) of 9-Me-5-DALl, involved also in the higher singlet-
singlet transitions, namely S,— S, and S,—S3, which are
closely located. The latter have dominant contribution from the
HOMO—2—LUMO (n,7*) and from the HOMO—1—
LUMO excitations (7t,7t%).

Unfortunately, there are no data available for comparison,
concerning the shape of the HOMO and LUMO molecular
orbitals calculated for the derivatives of 5-deazalloxazine.

Fig. 6 The shape of the highest 8-Me-5-DAlI 9-Me-5-DAIl 10-Et-5-DIAII
occupied molecular orbitals LUMO (60) LUMO (60) LUMO (64)
(HOMO) and the lowest - > o - b
unoccupied molecular orbitals ’ ’ g g ’ &) 9 kh
(LUMO) for 8-Me-5-DAIL, 9-Me- ' ‘ ‘ ‘. ®
5-DAIl and 10-Et-5-DIALL, 3 . » " ‘ 3
mainly involved in the lowest v ¢ ‘
singlet-singlet transitions. The ‘ , ®
isosurfaces correspond to the
wave function value of+0.02 / A
AE =296 AE =286 AE =26.2
%
) Q0 aade <
. a8 .
S gy | B
~ L N
HOMO (59) HOMO (59) HOMO (63)
HOMO — LUMO (62%) HOMO — LUMO (66%) HOMO —> LUMO (64%)
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Fig. 7 The shape of the orbitals So >S4 So—> S So > Ss3
for 9-Me-5-DAIl, mainly LUMO (60) LUMO (60) LUMO (60)
involved in the Sy—S;, Sy—S> 2 a9 *ad S, )
and Sy—S'; transitions. The o ’ ; 5 ) 9 ’ ; (. ] ® ’ ; s )
isosurfaces correspond to the ‘ ‘ ‘
wave function value of+0.02 » 2 >
) ® | ® |’ )
A A
AE =286 AE =328 AE =329

<
.
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HOMO (59) HOMO - 2 (57) HOMO - 1 (58)
HOMO —> LUMO HOMO - 2 -> LUMO HOMO - 1 -> LUMO
(66%) (68%) (59%)

We found a different picture for alloxazines, because the
derivatives of 8-methylalloxazine and 9-methylalloxazine
have a dominant contribution from the HOMO—2 —
LUMO excitation and is assigned as an n,7t* transition.
However, such n,7t* transitions are accompanied by closely-
located 7t, 7t* transitions with a dominant contribution from
the HOMO— LUMO excitation [34].

We can compare the frontier orbitals calculated for 10-Et-5-
DIAIl with those calculated for derivatives of isoalloxazines
and 5-deaza-isoalloxazines. For both classes of compounds,
the Sy — S transition is predicted having the dominant con-
tribution from the HOMO—LUMO excitation, and can be
interpreted as an allowed 7t, 70* transitions [60].

Interestingly, the shape of HOMO and LUMO orbitals of the
derivatives of isoalloxazine and 5-deaza-isoalloxazine is almost
the same. This, for example, is true for 3-ethyl-lumiflavin,
lumiflavin, 5-deazariboflavin, and 5-deazalumiflavin [23, 45,
61]. The shapes of the molecular orbitals of 10-Et-5-DIAll also
obey the same rule.

In Fig. 8 we show the atomic charges of neutral forms
of 8-Me-5-DAIl, 9-Me-5-DAIl and 10-Et-5-DIAll in the
ground (S ) and in the first excited singlet state (S;) in the gas
phase determined by the NBO population analysis. Centers
with partial negative charges include N(1), N(3) and N(10)
nitrogen atoms and O(2) and O(4) oxygen atoms of the
carbonyl groups. The magnitudes of the negative charges at
heteroatoms in the ground state of 8-Me-5-DAIl and in 9-Me-
5-DAIl are as follows, from lower to higher: N(10), O(4),
0O(2), N(1), and N(3). The atoms with the largest positive
charge are the carbonyl carbon atoms with charge at C(2)

@ Springer

larger than that at C(4), for both compounds. The positive
charges at the two hydrogen atoms of the N-H groups are
almost the same (Fig. 8). Interestingly, though the oxygen
atoms have quite large negative charges in the ground state,
they are still not involved in the hydrogen bonds, as we
concluded from the solvatochromic experiments.

Among the heteroatoms in 8-Me-5-DAll and 9-Me-5-DALL,
the largest change of the net electron density comparing
Sy and §; states occurs on the O(4) oxygen atom. The
results of NBO analysis for 8-Me-5-DAIl and 9-Me-5-
DAII indicate that the negative charge at O(4) is lower
in the S; compared to the S, state. On the contrary, the
negative charge at O(2) of both compounds is higher in
the S; as compared to the §, state, although the changes
are small. The largest growth of the negative charge at hetero-
atoms upon excitation occur on the N(10) nitrogen atom of
both compounds. After excitation, the electron density at
hydrogen atoms of the N-H groups changes slightly for both
molecules, although we noted an increase in the N(1)—H
bond polarity in the excited state.

More significant differences in the electron density on
certain atoms between the ground and the first excited singlet
state are observed for 10-Et-5-DIAIl. Namely, all nitrogen
atoms have a lower electron density in the first singlet excited
state. Interestingly, the N(1) atom in the ground state has the
largest negative charge among all of the heteroatoms.
Therefore, we assume that this atom is mainly involved in
the hydrogen-bonded complex in the ground state. However,
the O(2), and O(4) oxygen atoms become more negative than
the N(1) nitrogen atom in the S; state.
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Conclusions

We described spectral, photophysical and solvatochromic
properties of derivative of 5-deaza-isoalloxazine and two
monomethyl derivatives of 5-deazaalloxazine, using both ex-
perimental and theoretical methods. We found that although
the structures of alloxazines and 5-deazaalloxazines are sim-
ilar, there is some difference in properties, including the
fluorescence lifetimes and quantum yields, which are higher
for 5-deazaalloxazines as compared to their “aza” analogues.
The theoretical calculations indicate that the lowest-energy
transitions has 7t,71* character, being unaccompanied by
closely-located n,7t* transitions, as is the case for alloxazines.

The energy of the lowest-energy absorption transition cal-
culated using TD-DFT methods for isolated molecules is very
close to that estimated for the same molecules in the gas phase
(Ao parameter) using the Catalan scale; this is especially true
for 8-methyl-5-deazaalloxazine.

Solvatochromic studies show that hydrogen bonds are
formed both in the ground and in the excited states for 8-
methyl-5-deazaalloxazine and 9-methyl-5-deazaalloxazine but
only in the ground state for 10-ethyl-5-deaza-isoalloxazine.

We also investigated the triplet states of the target com-
pounds. We found that the lowest triplet excited state has 7t,7t*
character.
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