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ARTICLE INFO ABSTRACT
Keywords: Cohumulone and colupulone are representatives of a- and f-acids, respectively. These compounds are important
Cohumulone antimicrobial hop (Humulus lupulus) constituents, where cohumulone is an important source of the bitter
Colupulone taste of beer. In this study, we examined the pH dependence of UV/Vis spectra of both compounds while
UV/Vis spectrum CD spectra of cohumulone were also measured at various wavelengths. This facilitated the examination of
_?B]S)I;e ;trum the protolytic equilibrium of both compounds, where the second pK, value of cohumulone was determined

for the first time. Additionally, comparing experimental spectra with spectra calculated using time-dependent
density functional theory (TD-DFT) enabled the determination of the most likely deprotonation positions and
corresponding species most likely present in the aqueous solution at various pH values. Last but not least,
comparing calculated and experimental CD spectra of cohumulone facilitated the determination of the absolute
stereoconfiguration of cohumulone.

Absolute configuration

1. Introduction which contain large quantities of terpenes and bitter acids in extracel-
lular trichomes known as lupulin [1]. Hops are widely used to preserve
beer and to give it a characteristic aroma and flavour.

Humulus lupulus has been attributed anti-inflammatory and antimi-
crobial properties, as well as diuretic, digestive, sedative and progesto-
crop grown worldwide for application in the brewing industry. Female genic properties [2]. For this wide range of health benefits, it has even
plants are cultivated for their inflorescence (hop cones or “hops”), been regarded as a life-prolonging plant [3].

The plant of Humulus lupulus is well-known worldwide as the raw
material in the brewing industry. Therefore, it represents a high-value
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Among its compounds present in beer, terpenes and their oxidation
products impart aroma to finished beer, while the bitter acids (a-
and p-acids) represent precursors for compounds responsible for beer’s
distinctive bitter taste [4]. Based on the content of these compounds,
hop species are traditionally divided into two categories: bittering
hops with high a-acid contents and aroma hops, which impart volatile
terpenes with favourable aromas. Some hop varieties can be applied for
both purposes [5].

During the brewing process the a-acids are converted into iso-a-
acids, which impart the typical bitter taste to the beer; the f-acids,
however, decompose and do not add anything to the taste of the final
product [6,7]. The a-acids consist of a series of closely related ana-
logues differing only in the acyl side chain [8]; the major compounds
include cohumulone, humulone and adhumulone. These compounds
represent also the more important constituents of hop extracts from
the brewer’s point of view [9]. Therefore, it is important for brewers
to know the a-acid content of the extracts that they buy, and large
economic interests are served with an unambiguous quantification
of the a-acids, as their content mainly determines the price of hop
products [10].

The most important chemical conversion occurring during wort
boiling is the thermal isomerization of the a-acids into the bitter-tasting
iso-a-acids via the acyloin-type ring contraction [8]. This isomerization
of represents the most technologically important reaction of hops be-
cause iso-a-acids are largely responsible for the very characteristic beer
bitterness. Because there are three main a-acids present in hops, six
major iso-a-acids are formed in beer, i.e., the trans- and cis-isomers
of isocohumulone, isohumulone, and isoadhumulone [11]. Successful
isomerization of a-acids is of crucial importance for proper bear taste.
At the origin of the poor a-acid isomerization are the limited solubility
of a-acids in the wort, incomplete isomerization during the boil, and
depletion of e-acids or iso-ez-acids because of adsorption on the trub
being formed [8]. Moreover, factors such as pH, wort gravity, hopping
rate, hop product(s) used, presence of divalent cations, duration and
temperature of the boil, as well as the degree of dispersion of the «-
acids upon the addition of hops all exert significant influences on the
a-acid isomerization yield and final utilization [12-14]. Furthermore,
the reaction of isomerization is strongly affected by the protolytic
equilibrium of a-acids [11]. Additionally, the extraction of a-acids from
the hops due to matrix effects, incomplete isomerization during the
boil, adsorption of both a-acids and iso-a-acids on the trub are also
greatly affected by the protonation state of - and iso-a-acids [15].

Due to structural differences, many g-acids properties differ from
those of a-acids. As f-acids do not contain a tertiary alcohol group
in their aromatic nucleus, in contrast to hop a-acids they cannot
isomerize [16]. The presence of another isoprenyl side chain causes
the molecules to possess a more hydrophobic character. Therefore,
compared to a-acids, f-acids are much less soluble in water. On the
other hand, their unique structure is a source of antimicrobial prop-
erties [17], the ability to act against various microorganisms [18]
and other physiological effects on the organisms of mammals [19].
p-acids in hops include a mixture of analogues with colupulone, lupu-
lone and adlupulone being the most important ones. The content
of other analogues, such as prelupulone and postlupolune, is mini-
mal [20]. The most important property of beta acids that determines
their behaviour during hop processing, storage and beer production,
is their significant instability in the presence of oxygen and their
susceptibility to oxidation reactions [12]. The antimicrobial activity of
p-acids [17] is attributed to a range of congeners/analogues that have
the alicyclic structure of 2,4-cyclohexadien-1-one. The most important
structural features for their antibacterial properties include three non-
polar isoprenyl chains that yield the whole molecule of g-acid a strongly
hydrophobic character [21].

As described above, Humulus lupulus is a plant of great technological
importance. Moreover, in a significant part of its applications, the «a-
acids and, to a lesser extent, f-acids play an important role. Fully
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protonated a- and p-acids are poorly soluble in water, while their
solubility greatly increases with the increasing degree of deprotona-
tion [22]. Additionally, the deprotonation of a-acids represents the first
step in the isomerization of a-acids into iso-a-acids [11]. Consequently,
the information on pK; is of utmost importance for the understanding
of e.g. the effect of pH during the worth boiling on the taste of the
beer [15]. Moreover, the protonation state of a- and f-acids also affects
their pharmacokinetics and their antibacterial activity [23]. Thus it is
no surprise, that the pK;, values of a- and p-acids have already been
determined [22-24]. The pK, values reported for cohumulone and
colupulone are 4.7 and 6.1, respectively [22-24]. Although a- and p-
acids represent diprotic acids, only the first pK, value is reported in
the literature. Additionally, difficulties in determining these values are
often reported due to relatively poor solubility in water. In the case of
colupulone, even slightly different values can be found in the scientific
literature (e.g 5.93, reported by Schindler et al.) [25]. Furthermore,
the reported constants are often determined in solutions with a rela-
tively high share of MeOH [24], or a relatively high uncertainty was
ascribed to reported values. If one compares the reported pK, value of
these compounds to values of other polyphenols [26], it may be seen,
that the values are relatively low. One of the common explanations
for the relatively low first pK, value of a- and p-acids lies in their
tautomerism [24,27]. Therefore, the goal of this study was also to
determine which tautomer can provide a better explanation for the
obtained spectroscopic data and, thereby yield a better insight into
the deprotonation process of a- and f-acids on a molecular level. In
the scientific literature, there is also still some disagreement regarding
the cohumulones’ stereochemistry [11,19,28,29]. This aspect will be
addressed as well by combining CD-spectroscopy and TD-DFT calcu-
lations. All in all, this study should provide a better insight into the
structure and pH-dependent behaviour of cohumulone and colupulone,
which is crucial for their application in various beers as well as for their
successful antimicrobial and cosmetic use.

2. Material and methods
2.1. High-performance liquid Chromatography (HPLC)

Analyses were performed on Vanquish Core analytical HPLC chro-
matograph (Thermoscientific, Waltham, USA) equipped with a PDA
detector. The separations were carried on Eclipse XDB-C18 chromato-
graphic column (Agilent Technologies, Santa Carla, USA, 5 pm) while
(A) 0.1% formic acid aqueous solution (Carlo Erba reagents, Val-de-
Reuil, France, v/v) in type I water (¢ = 0.055 pS cm~!) and (B) 0.1%
formic acid (v/v) in acetonitrile (Honeywell Riedel de Haén, Seelze,
Germany) were used as mobile phase. The chromatograms were mon-
itored at various wavelengths, namely 280 nm (impurities), 330 nm
(a-acids), and 370 nm (xanthohumol) (additionally UV-Vis spectra
between 200 and 800 nm were collected). The mobile phase flow rate
was set to 1 mL min~'. Gradient: 0.0-3.0 min, 20.0-50.0% B; 3.0—
6.0 min, 50.0-70.0% B; 6.0-15.0 min, 70.0-100.0% B; 15.0-21.8 min,
100.0% B; 21.8-22.0 min, 100.0-20.0% B; 22.0-27.0 min, 20.0% B.

2.2. Isolation and characterization of cohumulone and colupulone

2.2.1. Extraction

Dried hop cones were powdered and extracted using ultrasonic
extraction with diethyl ether. 50 g of dried hop powder were mixed
with 400 mL of diethyl ether and sonicated for 30 min at 25 °C. The
supernatant was filtered and collected. Diethyl ether was evaporated
using a rotary evaporator (Biichi, Flawil, Switzerland). The procedure
was repeated 5 times and 20 g of hops extract was finally obtained.
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2.2.2. Purification

Isolation was performed in three consecutive separations on C18
stationary phase. All separations were done using preparative chro-
matograph PuriFlash 5.250 (Interchim, Montlucon, France), equipped
with PDA and ELSD detector. The desired amount of sample was
dissolved in acetonitrile, filtered through 0.22 pm PTFE syringe filter
and applied on the column. In all cases, chromatograms were observed
at wavelengths of 280, 330, and 370 nm. Additionally, the dependence
of UV/Vis spectra on retention time was followed. After each isolation
step, the fractions were analysed for the content of compounds of
interest using the method described in the HPLC Section 2.1. Fractions
with desired purity were collected, and solvents evaporated using a
rotary evaporator (Biichi, Flawil, Switzerland).

The first separation step was performed on the flash C18 PF-
50C18HP-F0040 column (Interchim, Montlugon, France, 50 pm) using
two solvents: (A) type (I) water with 0.1% formic acid, (B) acetonitrile
with 0.1% formic acid. The following gradient with a flow rate of
26 mL/min was used: 0.0-2.0 min, 10.0% B; 2.0-27.0, 10.0-100.0%
B. Finally, the column was washed with isopropanol and reconditioned
for the subsequent separation.

The following two steps consisted of the semi-preparative separa-
tion on US10C18HQ-250/212 column (Interchim, Montlugon, France,
10 pm). The same mobile phases were applied as in the case of separa-
tions with flash chromatography ((A) type (I) water with 0.1% formic
acid, (B) acetonitrile with 0.1% formic acid). Isocratic separation with
70% of mobile phase B (flow rate of 16 mL/min) was used to purify
cohumulone. For purification of colupulone the following gradient
was applied: 0.0-15.0 min, 70.0-100.0% B; 15.0-29.0 min, 100% B;
reconditioning of column.

Finally, 380 mg of cohumulone and 411 mg of colupulone were ob-
tained, and their chromatographic purity was determined using HPLC
chromatography, as described in the HPLC section. A combination of
a comparison of the HPLC retention time to the retention time of the
standard and of the 'H NMR spectrum to the literature values were
used to confirm the structure of the two compounds.

2.3. Measurement of the UV/Vis spectra

All measurements were performed on Carry 4000 UV-Vis spec-
trophotometer equipped with a multiple cuvette thermostated holder
(Agilent, USA) at a temperature of 298.15 K in the spectral range of
800-200 nm. The measurement step was 1 nm, and the averaging time
for each step was 0.2 s. The Metrohm 780 pH-meter (Metrohm AG,
Switzerland) equipped with Biotrode combined electrode (Metrohm
AG, Switzerland) was applied to monitor the pH of prepared solutions.
The buffer solutions employed were: (a) HCl (Honeywell, USA) and KCI1
(Supelco, Germany), pH 2.0-3.0; (b) NaOH (Sigma-Aldrich, Germany)
and KCl (Supelco, Germany), pH 12.0; (¢) Na,HPO, and NaH,PO,
(Sigma-Aldrich, Germany), covering the pH range between 4.00 to
11.0, every 0.20+0.01 pH units. All buffer solutions were prepared with
the same ionic strength (0.1 M). The compounds used to mix these
solutions were of analytical reagent grade.

Cohumulone was dissolved in methanol (J. T. Baker, Poland) to
prepare a stock solution with concentration of 6.63-10~3 mol/L. For the
UV/Vis measurements, a sufficient quantity of cohumulone stock solu-
tion was added to achive cohumulone concentration of 5.31-10~> mol/L
with desired pH values between 2 and 12.2. Colupulone solutions
were prepared using identical buffers, while Tween 80 (Sigma-Aldrich,
Germany) solution was also added (final concentration of Tween 80
was 1%) to provide sufficient solubility of colupulone. Colupolone was
dissolved in methanol to prepare a stock solution with concentration of
8.17 - 10~3 mol/L. For the UV/Vis measurements, a sufficient quantity
of colupolone stock solution was added to achieve colupolone concen-
tration of 4.58 - 107> mol/L with desired pH values between 2 and
12.2.
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2.3.1. Determination of pK,

For the determination of pK, values the absorbances at wave-
lengths, where the most intensive changes in UV/Vis spectrum can be
observed, were extracted from the pH dependence of UV/Vis spectrum.
A model function (Eq. (1)) was fitted to experimental data using the
least square method:

c-l

T K+ (] A [H30"1 +ex; - Ko) €h)

Where A4, ¢, I, K,, €ga ;> €a; and [H;0"] represent model ab-
sorbance of sample, the analytical concentration of cohumulone/colu-
pulone, cuvette optical path, acid dissociation constant, molar extinc-
tion coefficient of protonated and deprotonated species, and equilib-
rium concentration of H;O" ions, respectively.

2.4. CD spectra

CD spectra were obtained on a JASCO J-1500 (Jasco, USA) auto-
matic recording spectropolarimeter in a spectral range of 500-190 nm.
The measurement step was 1 nm and the scanning speed was 100
nm/min. The instrument was calibrated with the recommended stan-
dard. Scan rates, sensitivities and repeat functions were selected to
yield an optimal signal-to-noise ratio. Cohumulone was dissolved in
methanol to prepare a stock solution of 6.63 - 103 mol/L. For the CD
measurements, a sufficient quantity of cohumulone stock solution was
added to achieve cohumulone concentration of 3.32 - 10~> mol/L with
desired pH values 2, 8.6 and 12.2.

2.5. Computational methods

Calculations were performed using the Gaussian 16 software pack-
age [30]. Geometry optimization of all possible cohumulone structures
was done at the B3LYP level of theory [31-34] in conjunction with
the flexible 6-311++G(d,p) basis set [35] in the implicit CPCM water
model (¢ = 78.3553). The obtained structures were examined using
vibrational analysis in order to confirm that they represent true equilib-
rium geometries. The obtained structures were subsequently subjected
to time-dependent density functional theory (TD-DFT) calculations to
estimate the excited singlet-state properties using identical level of
theory (B3LY/6-311++G(d,p)) and solvation model (CPCM). In each
case, enough transitions were considered to reach a wavelength of
200 nm. Resulting absorption band wavelengths (4,,,,) and oscillator
strengths (f) were calculated for all allowed = — #* and n - =#*
transitions. Spectra were visualized following the procedure described
in the Gaussian manual. The band broadening values (¢) of 0.3 eV
and 0.50 eV were used for UV/Vis and CD spectra visualization, re-
spectively, because these values provided the best reproduction of the
experimental results. Avogadro 1.97.0 was applied for the visualization
of Kohn-Sham orbitals [36].

3. Results and discussion
3.1. Isolation and characterization of cohumulone and colupulone

380 mg and 411 mg of cohumulone and colupulone were isolated
by reverse phase preparative chromatography. The concentration of
important hop constituents is typically determined at the wavelengths
of 370 nm (xanthohumol), and 314 or 333 nm (a- or f-acids) [37,38].
These wavelengths are especially useful for the determination of con-
centration in complex samples with as little interference as possible.
However, the purity of the sample can be overestimated if the purity
of isolated compounds is examined at these wavelengths. To avoid
that, the chromatographic purity was determined at a wavelength of
280 nm (Fig. 1) to be 98% and 93%, for cohumulone and colupu-
lone, respectively. The identity of isolated compounds was confirmed
by the comparison of their retention times to the retention times of
cohumuolone and colupulone in ICE4 standard (NATECO2, Wolnzach,
Mainburg, Germany) and by 'H NMR spectroscopy [39,40].
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Fig. 1. Chromatographs of cohumulone and colupulone obtained at wavelengths of
280 nm and 314 nm.

3.2. pH dependence of spectra

Fig. 2 shows the dependence of the spectra of cohumulone and
colupulone in aqueous solutions at different pH values. Due to the poor
solubility of colupulone, the spectra were measured in the aqueous
solution of 1% Tween 80 surfactant.

The formation of the insoluble precipitate can also be observed in
the spectrum of cohumulone (Fig. 2(a)) at low pH values (below pH =
4.0) where the absorbance above 4 ~ 400 nm is a consequence of poor
solubility. A relatively broad peak can be seen in the wavelength range
between 300 and 400 nm. When the wavelengths further decrease, the
absorbance roughly increases, with two small peaks at wavelengths of
approximately 280 and 240 nm. When the pH increases above the value
of 4.0, a proper solution is formed, and, consequently, the absorbance
above 4 = 400 nm disappears. Additionally, the absorbance between
300 and 400 nm increases significantly, and two coalescent peaks at
A = 364 nm and 4 = 327 nm are formed. With the increasing pH
values, the intensity of these two peaks increases further up to pH =
6.0. Afterwards, their intensity remains relatively stable up to the pH
value of 10.0, and decreases again above this pH value.

In the wavelength range between 4 = 200 nm and 4 = 300 nm,
the peak at 4 ~ 276 nm disappears with increasing pH values, while
it reapers when the pH is increased above pH = 10.4. This newly
formed peak is slightly blue-shifted compared to the peak at the lowest
pH values (262 nm compared to the initial 276 nm), and its intensity
increases up to a pH value of 12.2. A similar observation can be made
for a peak at approximately 240 nm. It is firstly blue-shifted to the
wavelength of 222 nm while its intensity increases with rising pH
values. Moreover, the peak coalesces with an intensive peak, likely
spreading to wavelengths below 200 nm.

The spectrum of colupulone at low pH values is similar to the
spectrum of cohumulone. This is not surprising if one considers that
the chromophores of both compounds are similar. At the lowest pH
values, the wide peak at 330 nm with a shoulder at a wavelength of
approximately 350 nm can be observed. The next peaks can be seen at
wavelengths of 270 and 208 nm. However, the values below 205 nm
may be unreliable due to the absorbance of the surfactant. When the
pH increases, the intensity of the wide peak between 300 and 400 nm
also rises. Moreover, the increase in peak intensity at 4 = 330 nm
with increasing pH values is less pronounced than the increase in peak
intensity at A = 350 nm. Consequently, the shape of the peak changes
with the increasing pH — the absorption maximum of the peak at pH
values higher than 6.0 is at 357 nm, and its shoulder is at a wavelength
of approximately 330 nm. The change is taking place at higher pH
values in the case of colupulone compared to cohumulone, which is a
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consequence of the higher pK, value of colupulone [22-24]. The peak
intensity at wavelength of 270 nm decreases with the increasing pH,
and the absorption minimum is formed at A ~ 280 nm when the pH
reaches the value of 7.0. At pH values above 11.6, a new peak appears
at the wavelength of 255 nm. Finally, the intensity of the peak with
A =208 nm is increasing and redshifting with the rising pH.

From the pH-dependence of absorption, two pK, values of cohumu-
lone can be determined by fitting the experimental data to equation
1, which are 4.61 + 0.15 and 11.6 + 0.4 for the first and the second
deprotonation of cohumulone, respectively. The first pK, value is in
a good agreement with the existing scientific literature (4.7) [23,24],
while the second pK, value was determined here for the first time.
Similarly, the pK, value of colupulone was obtained. Here, only the
first pK, value was determined, while the second deprotonation only
begins at the higher border of the examined pH range. The first pK,
value is 6.06 + 0.35, again in a good agreement with the existing
scientific literature (6.1) [22]. However, one must keep in mind that the
determination of this pK, value is burdened with a high experimental
uncertainty due to a relatively poor solubility of colupulone in aqueous
media.

3.3. The species — comparison of experimental and calculated spectra

One of the goals of the present study was to determine which
ionized species are most likely present in the cohumulone and colupu-
lone aqueous solutions. There are two main reasons why this would
be interesting. Firstly, cohumulone has two possible deprotonation
positions, and understanding which deprotonation is taking place at a
lower pH can influence our understanding of the reactivity of a—acids.
The second reason is that the relatively low pK, value of cohumulone is
traditionally ascribed to its possible tautomerism [24]. The aim of this
study was also to determine to what degree the tautomer contributes
to the shape of the spectrum.

To obtain this information, the UV/Vis spectra of all possible species
of cohumulone and colupulone (Fig. 3) were calculated and com-
pared to experimental UV/Vis spectra [41]. Because each cohumulone
molecule has three side chains, the effect of the rotation of these
chains on UV/Vis spectra and especially CD spectra was also examined.
UV/Vis spectra of all rotamers are depicted in the Figure S1 of Supple-
mentary Material, while only the best representatives of each species
are depicted in the main article (Fig. 5).

Calculations were initiated by examining the influence of rotation
of side chains of cohumulone. In all cases, the rotation of the carbonyl
group was examined first. For these rotamers, a single energetically
favoured position was found — consequently, only that position was
considered for subsequent spectra calculations. Reason for a single
energetically favoured position can be sought in the formation of
intramolecular hydrogen bonds (CO, Ct0, Clb, Ctlb) and steric hin-
drances (Cla and C2). Three favourable positions were allocated when
the alkyl chain on the chiral C-atom was rotated (see Figs. 4(a) and
4(c)). Additionally, two favourable rotamers were found when the third
alkyl chain was rotated (see Fig. 4(a)-4(d)). The structures presented
in Fig. 4 form the most abundant conformers of cohumulone neutral
species CO.

From Figure S1 of Supplementary Material, one can see that the
position of side chains of cohumulone indeed affects the peak positions
and absorption coefficients of the calculated spectrum. However, the
effect is not too significant since it only slightly varies the positions of
absorption bands while the changes in the intensity of absorption lines
are a bit more pronounced. In Fig. 5(a), the comparison of experimental
(pH = 2.00) and calculated spectra for one of the rotamers of CO and
Ct0 is depicted. While plotting other rotamers will give us slightly
different numbers, the spectra would be qualitatively the same (see
Figure Sla-b).

At pH = 2.0 only the neutral species of cohumulone is expected
(more than 99 % molar share). The comparison of experimental and
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Fig. 2. pH dependance of experimental spectra of cohumulone (2(a); ¢ = 5.31 - 10~ mol/L) and colupulone (2(b); ¢ = 4.58 - 10~ mol/L).

CO C1la

(b)

Ct0

Fig. 3. Structures of cohumulone (3(a)) and colupulone (3(b)) taken into consideration in the calculation of the UV/Vis spectrum of cohumulone and colupolone [28].

calculated spectrum is depicted in Fig. 5(a). One can see that this
spectrum differs from the spectrum for pH = 2.0 shown in Fig. 2(a).
This is because the spectrum in Fig. 2(a) is affected by the precipitation
of cohumulone. Consequently, we measured an additional spectrum
with the addition of Tween 80 surfactant. However, the spectrum
obtained for cohumulone in water at a pH value of 3.0 closely resembles

the spectrum of cohumulone in water with the addition of surfactant
at pH = 2.0. So, it can be concluded that the presence of surfactant
does not significantly alter the UV/Vis spectrum of cohumulone. One
can observe that species CO reproduces the experimental spectrum at
pH = 2.0 much better than its tautomer Ct0. Moreover, the Gibbs free
energy of species CO is 5.8 kcal/mol lower than the free energy of
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(a) (b)

(c) (d)

Fig. 4. 3D structures applied for calculations of spectra of neutral (CO) species.
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Fig. 5. Comparison of experimental and calculated UV/Vis spectra for different species of cohumulone. Additionally, oscillator strengths (/) of species most likely present in the
aqueous solution are depicted as blue columns.

species Ct0. Moreover, three main peaks with several shoulders are a shoulder at A ~ 206 nm, peak with a maximum at 4 = 238 nm and
present in the experimental spectrum. Namely, peak at A = 200 nm with finally, a wide peak in the range between wavelengths of A = 260 nm
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and 4 = 420 nm, consisting from two convoluted peaks with maximum
absorption at wavelengths of 285 nm and 323 nm, as well as a shoulder
at a wavelength of 4 ~ 360 nm. The shoulder at 4 ~ 364 nm, is
most likely a consequence of the HOMO—LUMO transition, resulting
in a calculated absorption band at A = 358.77 nm (see Fig. 6 for the
depiction of orbital shapes, and Table S1 of Supplementary Material for
list of transitions). At the same time, HOMO-1-LUMO (4 = 339.97 nm)
and HOMO-2—LUMO (4 = 323.19 nm) transitions correspond to the
peak in the experimental spectrum at a wavelength of 323 nm. The
peak at the wavelength of 285 nm is a consequence of 5 transitions,
with HOMO—-LUMO+1 (4 = 279.38 nm) and HOMO-2—-LUMO+1
(4 = 263.21 nm) being the most pronounced. The transitions HOMO-
5-LUMO (1 = 244.49 nm) and HOMO-6—-LUMO (4 = 234.03 nm)
further correspond to the experimental peak at 4 = 238 nm. Finally,
the peak with the shoulder at 4 ~ 206 nm results from several ab-
sorption bands with HOMO—LUMO-+5 transition exhibiting the highest
intensity.

At pH = 8.6, cohumulone is, according to the determined pK,
values, virtually exclusively (99.9%) present as once deprotonated
species. Compared to the experimental spectrum at pH = 2.0, the
intensity of peaks below the wavelength of 308 nm is decreased while
the intensity of the two peaks above this wavelength increases. The
second feature is well explained by the calculated spectrum of C1lb
(see Fig. 5(b)). If the calculated spectra of species Cla and Ctlb are
compared to the experimental spectrum and to the spectrum of species
of Clb, one can see that the spectra of Cla and Ctlb are strongly
blue-shifted. Moreover, the species C1b also exhibits the lowest Gibbs
free energy, 11.1 and 8.9 kcal/mol, lower than the free energy of
species Cla and Ctlb, respectively. Furthermore, although the two
peaks in the wavelength range between 300 nm and 400 nm are not
the best reproduced in the calculated spectrum of Clb, one should
remember that calculated spectra are visualized with arbitrary peak
broadening values. The application of smaller peak broadening values
would indeed result in two peaks since three main absorption lines are
present in the area, one being significantly separated from the other
two (see Fig. 5(b)). According to TD-DFT calculations, the experimental
peak at A = 364 nm is a consequence of HOMO—LUMO transition
(4 = 352.01 nm), while the experimental peak at A = 327 nm is
a consequence of HOMO—LUMO+1 (4 = 314.90 nm) and HOMO-
1-LUMO (4 = 308.53 nm) transitions. In the experimental spectrum,
an additional peak can be observed at 4 = 222 nm, which the HOMO-
5—LUMO (4 = 229.45 nm) absorption band can explain. The last peak
in the experimental spectrum at A = 201 nm is, according to TD-DFT
calculations, a consequence of multiple transitions.

Finally, at pH 12.2, cohumulone is present primarily as a twice
deprotonated (80%) compound. Although there is also some share of
once-deprotonated cohumulone, the experimental spectrum at this pH
value was considered for comparison with the calculated spectrum
of the C2 species since it is the spectrum with the highest pH value
available. Comparing the experimental spectrum to the spectrum at
pH = 8.6, one can see that absorbance at wavelengths above 293 nm
is decreased, while a new peak arose at 4 = 262 nm and the peak at
A = 221 nm disappears. Additionally, the intensity of the peak at the
A =207 nm is strongly enhanced. If the calculated spectra of C1b and C2
are compared, one may see that these changes (decreased absorbance
at high wavelengths, appearance of a new peak at A = 221 nm) are well
reproduced. According to TD-DFT calculations, the shoulder in the ex-
perimental spectrum at A =~ 364 nm is a consequence of HOMO—LUMO
transition at the wavelength of 360.57 nm, while the experimental peak
at 4 = 320 nm is a consequence of HOMO—LUMO+1 transition at 4 =
333.13 nm. Moreover, the peak at 1 = 262 nm is, according to TD-DFT
calculations, a consequence of several transitions, a HOMO-2—LUMO
transition (4 = 282.31 nm) being the most pronounced.

An analogous comparison with experimental spectra was performed
also for the calculated UV/Vis spectra of colupulone species. Here, the
analysis of rotamers was omitted because colupulone does not represent
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a chiral molecule and, therefore, is not CD-active. Moreover, in the
case of cohumulone it was demonstrated that different rotamers do
not significantly affect the shape of the UV/Vis spectrum. The orbitals
taking place in the transitions are depicted in Fig. 8, while the list of
electronic transitions is provided in Table S2 of Supplementary Mate-
rial. In Fig. 7(a), the comparison of calculated spectra of both neutral
species (Cl0 and Clt0) with the experimental spectrum is presented.
One can see that the agreement between calculated and experimental
results is much better for ClO species, indicating that this species is
most likely prevalent at low pH values. The relatively wide peak in the
region between wavelengths of 310 and 400 nm can be explained by
HOMO—LUMO (4 = 345.04 nm) and HOMO-3—LUMO (4 = 312.93 nm)
transitions. The next peak at a wavelength of approximately 284 nm is a
consequence of two main absorption bands, namely HOMO—LUMO+1
and HOMO-1-LUMO+1 with wavelengths of 277.61 and 270.19 nm,
respectively. The absorption around and below 250 nm can be largely
ascribed to HOMO-6—-LUMO transition at 4 = 238.84 nm. Finally,
the peak at the wavelength of 212 nm in experimental spectrum is
a consequence of many transitions, where HOMO—LUMO+7 (4 =
209.89 nm) absorption band is the most important.

At higher pH values, where the once-deprotonated species is preva-
lent, the experimental spectrum is compared to the spectra of three
species, namely Clla, Cllb, and Ctlb. Here, the agreement of the
UV/Vis spectrum of two species, Clla and Cl1b, with the experimental
spectrum is good. However, since the Gibbs free energy of species Cl1b
is 14.3 kcal/mol lower than the free energy of species Clla, it can
be assumed that the Cllb is prevalent in the solution. The peak at
357 nm and the shoulder at the wavelength of approximately 330 nm
are consequences of HOMO—LUMO and HOMO—LUMO+1 transitions
with A = nm and A = nm, respectively. Moreover, the shoulder in
experimental spectrum at the wavelength of 220 nm is a consequence
of HOMO-6—-LUMO+1 (4 = 224.43 nm) absorption band. To explain
the absorption in experimental spectra at wavelengths of 240-300 nm
and below 212 nm, several absorption bands of relatively low intensity
need to be considered.

Finally, the experimental spectrum at the highest pH value is com-
pared to the calculated UV/Vis spectrum of twice-deprotonated species
Cl2. It can be seen that the agreement between both spectra is very
good. The broad peak in the experimental spectrum at the wave-
length of 348 nm can be explained by two electronic transitions,
HOMO—-LUMO and HOMO—LUMO+3, with wavelengths of 335.01
and 334.70 nm, respectively. According to the results of TD-DFT cal-
culations, two additional peaks in the experimental spectrum at wave-
lengths of 255 and 208 nm result from multiple electronic transitions.

Comparing the calculated and experimental spectrum can help us
determine the exact species most likely present in the aqueous solution.
Following this procedure, we can say that the neutral species present
in the cohumulone solution is CO, once-deprotonated species is Clb,
and the twice-deprotonated species is C2. In the case of colupulone,
the species most likely present in solutions of low, intermediate and
high pH are Cl0, Cl1b, and Cl2, respectively, indicating that tautomeric
species Clt0 and Clt1b are not present in the solution or are present in
minor molar fractions only. Furthermore, the species whose calculated
UV/Vis spectra are the most similar to the experimental spectra are
also thermodynamically favoured. So it can be concluded that the first
deprotonation position is the same for cohumulone and colupulone (see
structures C1b and CI1b in Fig. 3), while tautomerism does not play an
important role in the deprotonation process.

3.3.1. Calculated and experimental CD spectrum

Cohumulone represents, as all e-acids, a chiral compound. Stereoiso-
mery of a-acids does not affect the stereochemistry of iso-a-acids, but
knowing the right configuration at the chiral centre is likely important
for the understanding of the antibacterial and other health-enhancing
properties of a-acids. Although the spatial configuration of cohumulone
atoms has already been determined using X-ray diffraction [28], a
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Fig. 7. Comparison of experimental and calculated UV/Vis spectra for different species of colupulone. Additionally, oscillator strengths (/) for species most likely present in the
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Fig. 8. Depiction of main orbitals taking place in the most important electronic transitions of colupulone that result in its UV/Vis spectrum, where the black, blue and orange

orbital denotations represents the Cl0, Cl1b, and Cl2 species, respectively.

wrong stereo configuration can still be often found in the scientific
literature [11,19,29].

One of the optical methods that can distinguish between compounds
of different stereoconfiguration is CD-spectroscopy. So to confirm the
validity of the cohumulone stereoconfiguration established by X-ray
diffraction as well as to demonstrate how this relatively simple method
with minimal need for sample preparation can be applied for the de-
termination of the absolute configuration on a chiral centre. Therefore,
the calculated CD spectra were compared to the experimental ones also
for an additional validation of species present in the aqueous solutions.

CD spectra were calculated for all the optimized structures previ-
ously applied in the calculation of UV/Vis spectra. The spectra of all
used rotamers are depicted in Figure S2 of Supplementary Material. It
is possible to see that the influence of the 3D configuration of the side
chains is way more pronounced here than in UV/Vis spectrometry, with
different configurations even being able to change the sign of a peak
in a certain wavelength section. For neutral species CO, the agreement
between experimental and calculated data is excellent for wavelengths
between 275 and 425 nm. The negative peak at a wavelength of ~
360 nm is correctly reproduced in the calculations of all species, while
two peaks at ~ 305 and ~ 275 nm have their corresponding counterparts
in the calculated spectrum. The agreement is slightly worse for the
wavelengths between 250 and 275 nm, where the positive value in
the experimental spectrum is correctly reproduced solely by one of the
rotamers (CO_K1_A2). However, in the next spectral region, 220 to
260 nm, the agreement between experimental and calculated spectra
is again rather good. The wide negative peak is reproduced by three
negative rotatory strengths in that section. However, in the case of
rotamer CO_K1, there are two slightly positive rotatory strengths and,
consequently, a small peak in the visualized spectrum. But its size is, to

a certain degree a consequence of an arbitrarily selected peak widening
value and would disappear if this value was increased. At the lowest
wavelengths, there is a positive signal in the experimental CD spectrum,
which is well reproduced also in the calculated spectrum of CO.

In Fig. 9 the comparison of calculated CD spectra of various species
with the experimental cohumulone spectra is depicted. One can see
that the peak at ~ 360 nm in the experimental spectrum is correctly
reproduced by species CO and Ct0. For the next spectral range (peaks at
~ 305 and ~ 275 nm) the agreement between the experimental spectrum
and the spectrum of Ct0 is worse than between the experimental spec-
trum and the spectrum of CO. Finally, at the lowest wavelengths, the
experimental spectrum is well reproduced by both examined species. In
Fig. 9, an additional spectrum is depicted for the CO species with the
reversed (R) stereoisomery on the chiral carbon atom (species CO_N).
It is easy to see that the sign of the signal for this species is just the
opposite of the sign of the experimental spectrum. This confirms that
the correct stereoconfiguration on the cohumulone chiral carbon atom
is indeed S and not R [28].

3.4. Conclusions

To sum everything up, we performed UV/Vis titration of aqueous
solutions of cohumulone and colupulone and obtained corresponding
pK, values that are in a good agreement with existing scientific litera-
ture data. Moreover, the second pK, value of cohumulone (pK, = 11.6)
was determined here for the first time. The UV/Vis and CD spectra
of cohumulone and UV/Vis spectra of colupulone were collected at
pH values, were neutral, once-deprotonated and twice-deprotonated
species should be prevalent. These experimental spectra were compared
to the calculated spectra of all possible species of cohumulone and
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Fig. 9. Comparison of experimental and calculated CD spectra of neutral species of cohumulone. Additionally, a CD spectrum of neutral species with the wrong (R) stereochemistry
on the chiral carbon atom (CON) is depicted. Finally, rotatory strengths R for species most likely present in the aqueous solution are presented as blue columns.

colupulone. The species most likely present in the aqueous solution at a
certain pH were determined based on the best agreement between the
calculated and experimental spectra. These neutral, once-deprotonated
and twice-deprotonated species are CO, Clb and C2 in the case of
cohumulone and Cl0, Cl1b and CI2 in the case of colupulone, respec-
tively. Last but not least, from the CD spectrum of cohumulone at a low
pH value, its absolute stereoconfiguration was determined as the one
depicted in Fig. 3 (with the S configuration on the chiral carbon atom).
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