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ABSTRACT

Inubosin derivatives were suggested as compounds supporting the regeneration of neurons. For practical phar-
maceutical applications their physicochemical properties need to be optimized in terms of bioavailability,
possible side effects, and efficiency. We focused on four inubosin B derivatives, where acidobasic constants as key
players in the biological activity were determined using the UV-Vis spectroscopy. The constants were correlated
with the structure on the basis of the Hammett theory. In addition, water-organic solvent equilibria were studied
for selected compounds. A software for semi-automated processing of the UV-Vis titration data was developed
and tested. Time dependent density functional theory (TDDFT) was used to model and interpret the experimental
spectra, which made it possible, for example, to assign the most characteristic cationic band to the Sy — Sz
transition. For the acridine acid, both the TDDFT computations and the experimental data indicate that it forms
zwitterion in the aqueous solution, whereas it is not dissociated in the organic phase.

Abbreviations: ACN, Acetonitrile; CPCM, Conductor-like polarizable continuum model; DFT, Density functional theory; DMSO, Dimethyl sulfoxide; ESI-MS,
Electrospray ionization mass spectroscopy; EtOAc, Ethyl acetate; HOMO, The highest occupied molecular orbital; HPLC, High-performance liquid chromatography;
MD, Molecular dynamics; MeOH, Methanol; minR?, Minimal acceptable value for correlation coefficient; LUMO, The lowest unoccupied molecular orbital; ND,
Neurodegenerative disease; Ngn2, Neurogenin 2; TDDFT, Time dependent density functional theory; TFA, Trifluoroacetic acid; THF, Tetrahydrofuran.
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Fig. 1. Inubosin B and studied compounds 1-4.
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Fig. 2. Reactions studied: (top) ring protonation, general for all compounds
1-4, (middle) deprotonation, for acids, (bottom) hydrolysis of methyl esters.
Acr stands for 4-methoxyacridine-2-yl.

1. Introduction

Neurodegenerative diseases (NDs) are accompanied by a loss of
active neurons and accumulation of misfolded proteins [1,2]. Occur-
rence of NDs is increasing with the aging of human population [3] and
its exposition to various stress factors [4-6]. The neurons can also be
damaged by various injuries [7-9].

To combat the neuronal losses, several strategies for induced neu-
rogenesis were suggested [10,11]. Some of them aim to neurogenin 2
(Ngn2), which is a very important transcription factor for neurogenesis.
In 2015, Arai et al. [12] discovered a group of acridine alkaloids —
inubosins — which can increase the levels of Ngn2 and promote neural
stem cell differentiation. The most active member of the inubosin family
is inubosin B (Fig. 1) [12]. Together with formononetin [13] it belongs
to the most powerful compounds inducing regeneration of neurons via
the Ngn2 pathway.

Lately, we have developed a total synthesis of inubosin B, including
four derivatives (1-4, Fig. 1) [14]. A methylation of the phenolic hy-
droxyl group often provides structures with enhanced biological activity
[15,16]. Since all the structures 1-4 are potentially biologically active,
their dissociation constant pK, are of interest as they are important for
the solubility and the activity [17-19]. Previously, we have also deter-
mined pKq; 5.30 for the acridine ring and pK, > 9.45 for the phenolic
deprotonation in inubosin B [18]. In 1-4, the ring protonation can
occur, for the acid 1, the carboxylate can be protonated/deprotonated as
well (Fig. 2).

The constants and the titration curves can be evaluated by many

means, including genetic algorithms [18,20-24]. For sets of compounds,
the relationships between the acidity constants and the structures, the
Hammett analysis was suggested in the past [20,25,26]. In some cases,
the Hammett parameters can be predicted by DFT calculation [27].

UV-Vis spectroscopy is particularly useful to monitor heterocyclic
compounds, as they usually provide a large and characteristic signal. It is
useful not only for identification of the compounds but can also serve in
binding studies, especially when the spectra do not interfere with other
biomolecules, such as proteins, lipids, nucleic acids and saccharides
[28-32]. In the past, we have shown that vibrationally resolved UV-Vis
spectra of acridines can indicate the nature of the substituent at the C-9
carbon, be it C-N, C=0, or C=S group [33]. Also other laboratories
found the calculations of the vibrationally resolved UV-Vis spectra
useful for the polycyclic and heterocyclic compounds [34-37]. The
spectral patterns, for example, are affected by explicit water solvation
[38]. In DFT computations, the use of the dispersion correction was
recommended for accounting for the intermolecular and intramolecular
interactions [39-41]. In our analysis, we concentrate also on the HOMO-
LUMO. Apart of a relation to the spectral threshold, the gap in poly-
aromatic compounds was found useful for the design of organic field-
effect transistors [42].

To evaluate the spectra, we explore a semi-automated processing of
the titration data. An ideal spectrum for every point of the titration is
obtained by a minimal square method, analyzing concentration series in
sets of buffers of various pH, using either linear or exponential fitting.
Idealized extinction coefficients are determined this way. We also
studied the acidobasic and EtOAc-water phase equilibria on the basis of
a genetic algorithm. For the latter, the partition coefficient could be
obtained. It is shown that the vibrationally resolved spectra of the ac-
ridines are dependent on the protonation and solvation, the experi-
mental data are analyzed using quantum-chemical and molecular
dynamics calculations, environmental effects are included both via im-
plicit and explicit solvation.

2. Material and methods

All reagents were purchased from Sigma-Aldrich-Fluka and Merck
(both in Prague, Czech Republic) and used without further purification,
except for drying of methanol (MeOH), toluene and tetrahydrofuran
(THF). Compounds 1-4 were synthesized according to procedures
published previously [14].

2.1 Chromatographic and MS methods

Molecular weights of compounds were determined using an elec-
trospray ionization mass spectroscopy (ESI-MS). For HPLC, an instru-
ment with a quaternary pump, thermostat, diode array detector and
reverse-phase C;g columns was used. Analytical HPLC was carried out
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Fig. 3. Acidobasic and partition equilibria.

with a Poroshell 120 SB-C18 2.7 pym, 3.0 x 50 mm column, a flow rate 1
mL/min, and diode array detection using 5-5-100-100-5 % of ACN in
0.05 % aqueous TFA within 0-1-11-13-15 min.

2.2. Uv-vis spectra and pH titration

UV-Vis spectra for inubosin B derivatives were measured using a
WTW PhotoLab7600 spectrometer. A stock solution was prepared by
dissolving ca 3 mg of a compound in 2 mL of DMSO. A buffer (3 mL) of
defined pH was put in 1 cm path length quartz cells, and the acridine
stock solution was added stepwise, four times 2.5 pl and three times 10
pL. The spectral responses to the concentration changes were evaluated
using our software (see Supplementary Information for more details). In
selected cases, the extinction coefficients were evaluated manually,
combining spectra at concentrations of about 15 pM, for spectral range
from 200 to 300 nm, and 80 pM within 300-600 nm, using 1 nm reso-
lution. For too low or too high pH, buffer was replaced with 1 M HC, 0.1
M HCI, 0.01 M HCI, 0.01 M NaOH, 0.1 M NaOH, 1 M NaOH. Within 2 to
12 pH was measured by a resistant glass pH microelectrode type 01-32
(Monokrystaly, s.r.o0.), outside this range, it was calculated from the
concentration of H' ions.

2.3. Partitioning experiments

An extraction was carried out for a mixture of aqueous buffer (3 mL)
and EtOAc (3 mL). Stock solution of the acid 1 (3.11 mg in 2 mL of
DMSO) was added to it, either 30 pL or 80 pL for 60.8 pmol/1 and 159
pmol/1 solutions, respectively (Fig. S6). The system was shaken in a
separatory funnel, and centrifuged using 10,000 rpm for 5 min. The
centrifugation was needed to suppress scattering on contaminating
droplets of other solvent. The UV-Vis spectrum was recorded and used
for evaluation of the partitioning. Since the UV-Vis spectrum of the acid
is dependent on pH, a standard of the acid in the buffer was also
measured: stock solution (8 pL) + buffer (3 mL) i.e. 16.3 pmol/1.

2.4. Description of equilibria in the partition experiments

A model was proposed (Fig. 3), where three forms of the acid are
expected in the water phase and one in the organic one, based on three
equilibria:

[HA(aq) J[H']

Ka.l - [HZA} (1)
_ [A][H']
K2 = (Ha(aq)] @

Fig. 4. Definition of studied dihedrals d;-de.

[HA(org) |
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We derived dependencies of the absorption coefficients for acid-
obasic titration without extraction, water and organic phases after the
extraction. For fitting the experimental data, a genetic algorithm was
used [23,24], as detailed in the Supplementary Information.

2.5. Quantum chemical simulations of the spectra

The geometries of inubosin B derivatives were optimized using the
Gaussian16 program [43]. The GD3BJ dispersion correction [44] was
applied for all DFT calculations, to reproduce well the interactions be-
tween the ring and its substituent or environment. To map the conformer
space, relaxed conformational scans were performed at the B3LYP [45]/
6-31 + G**/CPCM [46,47] level (Fig. 4 and S14-S18; Tables S2-S13).
For selected local minima the CAM-B3LYP [48]/6-311 + G**/CPCM
level was applied, the geometry re-optimized, and UV-Vis spectra
calculated at the vibronic level and at the vertical approximation. The
CAM-B3LYP functional proved to be useful for similar calculation of
UV-Vis spectra in the past [49]. From the calculated intensities smooth
spectra were created using Gaussian bands of 25 nm full width at half
height.

To understand limits of the CPCM solvent model, solvation with
explicit water molecules was explored in the computations as well. For
selected systems molecular dynamic was performed with the aid of the
Amber14 program [50]. A cube of 4 x 4 x 4 nm® volume was filled with
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Fig. 5. UV-Vis spectra of the acid 1 obtained at pH 0, 3, 6, 8, and 14 (black, red, green, blue, and brown, respectively). Manually (A) and automatically obtained
spectra (B-D) using various fitting techniques and parameters. B) Exponential fitting with maximal concentration 0.00009 mol/L, minR> 0.9901; C) Linear fitting

minR? 0.9999; D) Linear fitting minR? 0.9901.

the investigated acid and 2137 molecules of water, counter ions were
added if needed to achieve zero charge. After an energy minimization,
free dynamics was run for 47-110 ns.

The MD trajectories were analyzed using the cpptraj program of
AmberTools, and a density-based clustering algorithm. First, the six
closest molecules of water were considered for clustering study. The
minimal number of points for a cluster was set to 10, distance cutoff for
forming a cluster (¢) was set to 1.0 to 1.3 /DX, sieve to frame options was
on, and coordinate root-mean-squared deviation distance metric was
used with sieve 5 for selected molecules from the first solvation sphere of
the acridine (for the selection of appropriate ¢ see our previous works
[51,52]).

The representative clusters with solvation of all hetero atoms in
neutral and charged forms were used for further analysis. In a rapid
screening, PM7 optimization of the clusters was carried out [53];

Linear / 0.9999

selected clusters were fully optimized at the B3LYP/6-31 + G**/CPCM
level. Energies of the cluster were used to identify the most favorable
solvation patterns. Cation, free base, zwitterion and anion with 6-8
water molecules (Tables S14-518) were optimized at the CAM-B3LYP/
6-31 + G**/CPCM level and vibrationally resolved spectra calculated
with default parameters in Gaussian.

3. Results and discussions
3.1. Automated processing of the spectra

The processing of the spectra with home made software provided
comparable results to manually processed data combining two spectra at

lower and higher concentrations (Fig. 5, cf. A, C and D). The automat-
ically generated idealized spectra are somewhat affected by the choice of
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Fig. 6. Titration curves of acid (1) obtained from the automatically processed spectra. Black color represents exponential fitting with maximal concentration
0.00009 mol/L, minR? 0.9901; red is for linear fitting minR? 0.9999; and blue color is for linear fitting minR? 0.9901.
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Table 1
Dissociation constants of 1-4 obtained by various spectra processing methods.

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 334 (2025) 125950

Method: Exponential minR? 0.9901 Linear minR? 0.9999 Linear minR? 0.9901

1:

3 [nm] PK, R? PK, R? PK, R?
266 4.85 0.960 4.50 0.916 4.47 0.883
283 4.97 0.959 5.25 0.971 5.32 0.965
362 5.48 0.931 5.49 0.924 5.44 0.902
385 5.11 0.984 5.04 0.982 5.10 0.989
450 5.29 0.982 5.21 0.996 5.19 0.994
Average 5.14 5.10 5.10

Stdev 0.25 0.37 0.38

2:

3 [nm] PKa1 PKa 2 R? PKa 1 PKa 2 R? PKa 1 PKo 2 R?
266 - 11.95 0.991 - 11.98 0.985 - 11.98 0.979
284 3.90 12.31 0.998 4.03 12.21 0.997 4.11 12.41 0.995
362 4.09 - 0.991 4.13 - 0.984 4.01 - 0.989
385 4.08 - 0.986 4.07 - 0.987 4.02 - 0.996
450 4.16 - 0.995 4.20 - 0.999 4.18 - 0.999
Average 4.06 4.11 4.08

Stdev 0.11 0.07 0.08

3:

3 [nm] PK, R? PK, R? PK, R?
258 5.12 0.939 4.99 0.959 4.98 0.950
267 4.81 0.912 5.00 0.936 4.90 0.915
359 4.99 0.957 5.02 0.961 4.93 0.976
378 4.94 0.953 491 0.980 4.91 0.987
429 5.09 0.959 5.01 0.978 5.00 0.975
Average 4.99 4.99 4.94

Stdev 0.11 0.04 0.04

4:

259 5.24 0.977 5.06 0.982 5.02 0.986
271 4.91 0.992 5.22 0.995 5.20 0.995
361 5.21 0.989 5.20 0.994 5.13 0.992
380 5.20 0.975 5.13 0.989 5.09 0.995
433 5.11 0.974 5.20 0.979 5.14 0.985
Average 5.13 5.16 5.12

Stdev 0.13 0.07 0.07

the acceptable correlation coefficients (see small edges in spectra UV, D
and spikes in Vis, C), e.g. for the blue spectrum UV, D, correlation co-
efficient of data will spontaneously rise from ca 0.9902 at 263 nm to ca
0.9996 at 264 nm. For the acid, the UV region of spectra is better pro-
cessed with minR? equal to 0.9999, whereas the Vis region is repre-
sented nicely with minR? equal to 0.9901. Exponential fitting led to
spectra without artifacts/discontinuity but the extinction coefficients in
UV area are overestimated. Different fitting gives slightly different
extinction coefficients: for instance, at 385 nm, the order of maxima
from the manual processing is brown > blue > green, they are about
equal for the exponential method, green > brown > blue (line, minR?
0.9999, ignoring the spike), or brown > blue > green (line, minR2
0.9901). However, these variations are small without significant effect
on the final results.

For further validation of the method, we have measured spectra of
KMnO4 and compared our extinction coefficients with the published
ones [54] (Fig. S5 and Table S1). Clear correspondence could be seen for
peaks at 311, 508, 525 and 546 nm, bigger deviations are observed for
the shoulders (Table S1). Linear methods gave average deviations 3.0 %
(minR? 0.9999) and 2.7 % (minR? 0.9901), the exponential one about
15 % (minR? 0.9901). Overall, as for the acid 1, all methods provided
very similar, accurate spectra.

3.2. Automated processing of titration curves

After the validation, we processed the titration data for inubosin B
derivatives. For 1 (Fig. 6 and Table 1), we have selected wavelengths of
266, 283, 362, 385, and 450 nm, to capture the most significant changes.
Despite the molecule having two groups potentially responding to pH
changes (ring and acid, see Fig. 2), only the dissociation of a proton from
the ring nitrogen was observed. For pK, of the carboxylate see the sec-
tion 3.3. For the ring nitrogen, almost all methods provided pK, between
5.10 and 5.14 (Table 1). There are only small differences among fitted
titration curves in the Vis region (black is close to red and blue), whereas
the exponential method provides bigger changes in the spectra of
different ionic states (black differs significantly from red and blue).

For the ester 2 (Fig. 7 and Table 1), we have selected wavelengths
266, 284, 362, 385, and 450 nm. Although the molecule has one group
supposedly responding to pH changes (ring nitrogen, see Fig. 2), two
transitions were visible. It turned out that the second one (pK, around
12) was caused by a basic hydrolysis of the methyl ester group. The
reaction is very fast for pH above 10 [55-57]. The evaluations provided
PK, between 4.06 and 4.11 (Table 1). Similarly to case of the acid, there
are only small differences among titration curves obtained by various
methods in the Vis region (black is close to red and blue), whereas the
exponential methods provide more visible changes of the spectra for
different ionic states (black differs significantly from red and blue).
Interestingly, the reaction-driven transition is observable in the UV
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Fig. 7. Titration curves of ester (2) obtained from the automatically processed spectra. Black color represents exponential fitting with maximal concentration
0.00009 mol/L, minR? 0.9901; red color serves for linear fitting minR? 0.9999; and blue color is for linear fitting minR? 0.9901.
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region only.
The dissociation constants of alcohol 3 and alkane 4 were obtained
using the same methodology, and are tabulated in Table 1.

3.3. Distribution of the acid between water-ethyl acetate

To prove that the acid (1) has two ionization constants with similar
values, the distribution experiment was carried out. We could see an
optimal concentration, at which most of the acid is extracted by EtOAc
(Fig. S6). The experiment was carried at two concentrations, a lower one
for a coarse scanning, and a higher one for a fine scan. Both approaches
revealed maximal concentration of the acid in EtOAc around pH 4. The

52- CH

PK [1]

UV-Vis spectra of the acid in EtOAc (Fig. S7) are not affected by the pK,
transition around pH 5. Thus, the acid exists in EtOAc as one form, most
probably the neutral one. One may also assume that the concentration of
the neutral form is the highest in the water phase at pH 4.

By a genetic algorithm, the equations for the equilibria were solved
(Fig. 8). The first protonation occurs around pH 3. Since the extinction
coefficients of the cationic and neutral molecules differ by only about 16
%, the resulting constants may be affected by the experimental noise. We
also tried to monitor the titration by infrared spectroscopy (data not
shown); however, bigger concentrations were needed and in the critical
pD region of 2.5 to 6 a precipitation of the acid occurred in this case.
Thus the UV-Vis titration permissible for much lower concentrations

« COOH

% COOMe

-0.2 -0.1 0 0.1

T
0.2 0.3 04 0.5

c,[1]

Fig. 10. The Hammett analysis of the experimental data. The carboxylic acid was evaluated either as protonated (black) or deprotonated (red). Correlation co-
efficients were —0.486 and —0.953 for black and red curves, respectively.
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Fig. 11. Extrapolated experimental spectra, and extrapolations for individual dissociation forms of the studied compounds.

appeared more useful. Supposedly, the noise in the spectra is caused by a
formation of microcrystals during the titration.

3.4. Speciation of individual forms of prepared compounds

With experimental pK,’s, speciation charts were constructed (Fig. 9;
For speciation equations see Supplementary Information). From the
speciation plot for the acid, it is obvious that the most efficient extrac-
tion from the water phase could be achieved at pH 4 (higher abundance
of “free base™). At this pH, the acid is also less soluble in water. In fact,
during its synthesis, it could be crystallized from water at pH 4. Some-
times, a higher pH around 5 is used for precipitation of 1, since at pH 4, p-
toluenesulfonic acid can co-crystallize with it. The hydrolysis of the ester
is increasing with increasing pH. At pH 14, the spectrum of “ester” is
identical to the spectrum of the anion of acid 1, i.e. a complete hydro-
lysis was achieved. The knowledge of the speciation was used to obtain
pure spectra of individual forms of the studied compounds.

3.5. Hammett analysis of obtained pK,’s

The pK,’s obtained were also examined in light of the Hammett
theory [20,25,26]. In it, the o, constants describe the electronic
contribution of the para substituent to the aromatic system. For a sub-
stituent in the para position to the acridine nitrogen (Fig. 10), its op
constant should correlate with its pK,. For the correlation, pK, obtained
from the extinction coefficient at higher wavelengths were used

(430-450 nm). The resulting Hammett function for 2-substituted 4-
methoxyacridine is

pK, = 5.00 — 1.69%c, “
giving correlation coefficient of —0.953 (red function, Fig. 10).

The Hammett analysis indicates a presence of zwitterion, which is
consistent with a spectroscopic analysis presented below.

3.6. Experimental UV-Vis spectra of individual forms

The extrapolated spectra of individual dissociation forms of the
compounds are plotted in Fig. 11. Similarly to inubosin B [18], occa-
sional vibrational splitting seems to be present, especially in the Vis
region. The longer-wavelength part of the spectrum is very sensitive to
the protonation. Here, one can also observe a solvatochromic shifts
(435-428 nm in the cationic form). The deprotonation causes a blue
shift by about 52, 50, 16, and, 38 nm for alkane, alcohol, acid and ester,
respectively. In the acid, the blue shift can be attributed to deprotona-
tion of the carboxylate. The subsequent deprotonation of the ring pro-
vides further 26 nm blue shift, so that the cationic and anionic forms
give a shift of 42 nm (red and blue spectra), similarly to that of ester (38
nm). The presence of the carbonyl group decreases the blue shift by 10
nm, in comparison to the alkane and alcohol. For the transfer from the
aqueous environment to ethyl acetate, small blue solvatochromic shifts
are observed, 6, 3, 3, and 7 nm for alkane, alcohol, acid, and ester,
respectively. The vibrational splitting is more pronounced in the organic
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Fig. 12. Comparison of extrapolated experimental and (not vibrationally-resolved) calculated spectra of individual forms of the studied compounds.

phase than in the aqueous one.

The cationic forms of all compounds have characteristic and intense
“double band” around 350 nm (red spectra, insets). This double band is
much weaker in the free base and anion forms, with the exception of the
acid free base (black spectrum). The spectrum of the acid free base in the
aqueous solution looks differently than that in EtOAc; for the other
compounds the spectra of free bases in aqueous and EtOAc solutions
look similarly. Since the double band of the aqueous acid in the free base
form has a shape similar to the cationic species, we can deduce a pres-
ence of the zwitterionic form, confirming the conclusion made on the
basis of the blue shifts discussed above.

In addition, the bend around 270 nm appears indicative of the ring
protonation. Its blue shifts caused by the deprotonation are 12 and 11
nm for alkane and alcohol, respectively. In presence of the carbonyl,
intensive bands (267 and ~ 284 nm) are present in the protonated form.
In aqueous free form of the acid, the bands have coalesced to 277 nm,
shifted to 268 nm when the anion is made.

3.7. Calculated UV-Vis spectra

Vibrational structure in the spectra appears when the geometries of
the relevant ground and excited electronic states are similar [18,34,58].
For all compounds, we could calculate the spectra without the resolu-
tion. Vibrationally-resolved spectra were obtained for some forms of 1
and 2 only; compounds 3 and 4 gave very different ground and excited
states geometries.

The spectra calculated without vibrational resolution reproduced the

higher intensity of the cationic band observed around 309-310 nm
(Fig. 12) and the blue shift of the lowest energy band observed for the
cationic to free base change. The 52 nm or 38 nm observed shifts well
correspond to the 47 nm or 31 nm calculated ones for the alkane and the
ester, respectively, although position of the UV band around 260 nm (e.
g. alkane experiment, free base) was not reproduced well by the
calculation.

In the case of the acid, the calculation is in agreement with the
experiment regarding the presence of a band around 310 nm for the
cation and zwitterion. For the lowest energy band and the transition
from the cation to zwitterion the experimental blue shift is not repro-
duced. Therefore, we have considered presence of a mixture of free base
and the zwitterion under the experimental conditions. For confirmation
of this hypothesis, spectra of calculated free base and zwitterion were
compared (Fig. S8). A 50:50 ratio can explain the experiment, e.g. a
coalescence of peaks 358 nm and 406 nm is considered. This coalescence
can also explain a broader experimental band of aqueous free base than
that of cation. The calculated blue shift of 25 nm for cation vs anion
correspond to the experimental one of 42 nm. The calculated blue shift is
not bigger than that of ester, as in experiment.

The influence of the CPCM solvent model on the blue shift was
examined in Fig. S9. The CPCM model could not explain the experi-
mental blue shift when the water environment changes to ethyl acetate.
Therefore, more extensive explicit hydration was applied based on the
MD trajectories, PM7 pre-optimizations and TDDFT calculations. This
approach had a more dramatic effect on calculated spectra (Fig. S10).
Tiny reorganization of water molecules led to blue solvatochromic shift,
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Fig. 14. Comparison of extrapolated experimental (left) and vibrationally-resolved calculated spectra of the acid (right, using explicit hydration with seven to eight
molecules of water).

up to 89 nm. We can conclude that the explicit hydration is needed for vibronic computation did not converge. For a limited number of the
full modeling of the solvatochromism. clusters, the spectra could be calculated and compared with the exper-
For the UV-Vis spectra and explicitly hydrated forms, the CAM- imental ones (Fig. 14). By the explicit solvation, Sy — S, transition was
B3LYP functional provided much better agreement with experiment reproduced for the zwitterion, similar to the cation. The Sy — S5 in-
than the B3LYP one (Figs. S11 and S12). This is consistent with our tensity is very small for the free base, and the calculation reproduces the
previous observation of iron complexes, although treated without the difference between the spectra obtained in water and in ethyl acetate.
explicit hydration [49]. For the anion, the vibronic computation converged for the second most
The calculations reproduced the higher intensity and vibrational stable conformer. In our case, the explicit solvation thus gives similar
splitting of the cationic band around 337 nm (Fig. 13). The band was results as CPCM only.
assigned to the Sp — Sz transition involving the HOMO-1 and LUMO The vibrational substructure is not visible in the aqueous experiment.
orbitals. Vibronic features of this band could not be calculated for This is explicable by a strong water solvation and multi-conformer
zwitterion without explicit solvation, due to instability of optimization equilibria in water. This situation is not fully reproduced by the calcu-
of the second excited electronic state. lation, where only a limited number of the clusters/configurations could
It is known that explicit solvation may be important for reproduction be included.
of the vibrationally resolved spectra with polar heteroatoms [38]. We Selected orbitals involved in the Sy — S transition are plotted in
applied the explicit solvation for acid 1. For the clusters, optimized Fig. 15 and S13. Usually, HOMO-1 to LUMO and HOMO to LUMO + 1
geometries of the ground and excited states often differed and the are contributing the most. The exceptions are structures with anionic
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Fig. 15. Calculated HOMO-1, HOMO, LUMO, and LUMO + 1 orbitals involved in the S; (HOMO — LUMO) and S, (HOMO-1 - LUMO + HOMO - LUMO +

1) transition.

carboxylate, where transitions from HOMO-2 to LUMO and from
HOMO-4 to LUMO dominate. HOMO-1 orbitals of the cation and free
base cases differ significantly. A charge transfer concerning the methoxy
substituent seems to play a role in the spectra. Both the HOMO and
HOMO-1 orbitals of the cationic species involve the methoxy groups,
whereas LUMO orbitals are elsewhere. For free bases, only HOMOs, not
HOMO-1 include the methoxys.

Computed HOMO-LUMO gaps are listed in Tables S19 and S20. A
change of the CPCM solvent alters the gap by less than 0.01 eV
(Table S19). More significant gap changes were observed between spe-
cies: change from free base to cation without carbonyl is ca 0.3-0.4 eV
and with carbonyl ca 0.2 eV. In the case of acid, difference between free
base and zwitterion gaps is ca 0.3 eV. Concerning HOMO-LUMO gaps,
the cation is more similar to zwitterion than to free base; and anion is

11

more similar to free base, which can be related to the similarities of the
experimental spectra.

The gaps computed for the explicit hydration in Table S20 are only
informative, due to the limited number of the clusters calculated. For the
cations, the explicit hydration made only 0.01-0.04 eV difference
compared to CPCM. In the case of the free base, the gap decreased by
about 0.11 eV, for the zwitterion/anion, the gap increased/decreased by
about 0.09 eV. The gaps are well-related to the experimental spectral
thresholds, at 3.01 eV, 2.90 eV, and 3.21 eV for zwitterion, cation, and
anion of the acid, respectively. For free bases and cations of alcohol and
alkane, these are ca 3.26 eV and 2.87 eV, respectively.
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4. Conclusions

Using the absorption spectroscopy and our analytical software, we
determined the acidobasic constants of inubosin B derivatives and
correlated their acidities with the structure using the Hammett analysis.
Hammett Eq. (4) was found useful for prediction of the acidities of new
inubosin derivatives. Both the TDDFT computations and experimental
data indicate that the acridine acid forms zwitterion in the aqueous
solution, whereas it remains without charge in the organic one. The
spectra could be calculated in the vertical approximation for all studied
systems, including explicitly hydrated models. By the vibronic compu-
tations further experimental spectral features could be reproduced,
although the computations did not always converge, especially for the
clusters. A band most characteristic for the cationic species was assigned
to the Sy — S, transition, and the main spectral features and trends could
be reproduced by the computations, both based on the vertical
approximation or including the vibrational resolution. The frontier or-
bitals and strong calculated solvatochromism suggest that the oxygen at
position 4 of the acridine ring is a key player affecting the spectra. We
find these results useful for future applications of the compounds in
biochemistry, as well as for a deeper analyses of the UV-Vis data.
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