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Abstract Quinine is an alkaloid consisting of two major
systems: quinoline and quinuclidine. It receives the atten-
tion of scientists because of its several medical properties:
antimalarial, painkilling and fever-reducing properties.
Moreover, it is widely used in food industry as a flavor
component. Although the method of quinine synthesis is
known, the most cost-effective is its isolation from its natu-
ral source, the bark of Cinchona tree. Liquid—solid extrac-
tion is the predominantly applied method for the isolation
of active biological compounds from different plants. We
found that the heating of the quinine in phosphoric buffer
solution with low pH produced at least five compounds,
whereas the heating of the quinine in alcohol/phosphoric
buffer solution with decreased pH produced at least eight
compounds. The formation of hydroxy and alkoxy adducts
has not yet been reported. We observed that the amount of
each formed component is dependent on the heating time,
alcohol concentration in alcoholic/buffer mixture and pH.
The presented results are particularly important in the
context of the use of quinine as food ingredient, because
quinine derivatives, quinine structural isomers and their
derivatives can be formed in significant amounts and their
influence on the human body has not been fully explored
yet.
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Introduction

Quinine is a white crystalline alkaloid occurring naturally
in the bark of the cinchona tree, which grows in South
America. Its molecule consists of two major fused-ring sys-
tems: the aromatic quinoline and the bicyclic quinuclidine.
Quinine has many medicinal applications due to its fever-
reducing, painkilling and anti-inflammatory properties. It
was the first medication for malaria and is still used today
to treat some forms of the disease caused by the parasite
Plasmodium falciparum. Another generally known quinine
property is its bitter taste. Nowadays, it is widely used as a
flavor ingredient for bitterish drinks, and food products, yet
in limited concentration. Although quinine can be synthe-
sized, cinchona trees remain a much cheaper source of this
alkaloid on the industrial scale [1-5].

The knowledge of the medical and taste properties of
quinine is the reason of on-going detailed investigations
of its properties and searching for effective isolation meth-
ods from plant material for preparative and analytical pur-
poses. High temperature liquid—solid extraction is the most
popular method of plant component isolation [6], including
quinine, the process in which organic solvents of different
polarity are most frequently employed for plant extraction.
Some quinine isolation procedures involve alcohol/water
mixtures or acidified water as extracting mediums [7, 8].

According to earlier reports [9—12], the high tempera-
ture extraction of chlorogenic acid or rutin with water or
alcohol/water solutions causes their isomerization and
transformation. More than 20 derivatives and reaction
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products of each of the mentioned compounds with water
and/or alcohol can be formed in such process. The purpose
of the present study was to determine the thermal stability
of quinine during its extraction by water and alcohol/water
mixtures. To answer this question, we investigated quinine
transformation process during the heating of its methanol,
water, buffered methanol (pH 2-9) and buffered water (pH
2-9) solutions under reflux.

Materials and methods
Materials and reagents

Sodium phosphate, phosphoric acid, methanol, acetic
acid, dichloromethane, sodium bicarbonate, anhydrous
magnesium sulfate (all of analytical grade) and acetoni-
trile (HPLC) were purchased from the Polish Chemical
Plant POCh (Gliwice, Poland). Quinine standard, formic
acid and deuterated chloroform were from Sigma-Aldrich
(Seelze, Germany). Water was purified on the Milli-Q sys-
tem from Millipore (Millipore, Bedford, MA, USA). Bitter
Lemon and Indian Tonic (both from Schweppes) were used
as samples of food products.

Simulated quinine extraction

The investigations of the quinine transformation process
were performed by heating under reflux its solutions in
water or methanol or buffer (pH 2-9) or methanol/buffer
(pH 2-9) mixture containing 25 or 50 or 75 v/v of alcohol.
Phosphate buffers were used in the experiments. The glass
equipment for the experiments consisted of a boiling flask
(100 ml) and a small condenser. The heated quinine solu-
tions contained 10 mg of the compound in 50 ml of a given
solvent. Individual quinine solutions were heated for 0.5
and 1 and 1.5 and 2 h. After heating, the obtained solutions
were subjected to LC-MS—PDA analysis.

Heating of beverages containing quinine

To find if quinine transformation process occurs in real
samples Bitter Lemon and Indian Tonic beverages were
heated under reflux for 0.5 h. After heating, the obtained
samples were subjected to LC-MS—PDA analysis.

HPLC measurements

The chromatographic measurements were performed
using LC/MS from Finnigan (LCQ Advantage Max)
equipped with autosampler and column thermostat (Sur-
veyor Autosampler Plus) pump (Surveyor LC Pump Plus),
the ion-trap mass spectrometric system (ThermoElectron
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Corporation, San Jose, CA) and a diode array detector
from Finningan (Surveyor PDA Plus Detector). A Gemini
C18 column (4.6 X 100 mm, 3 pm) (Phenomenex, USA)
was employed for chromatographic separation, which was
performed using gradient elution. The mobile phase A
was 25 mM formic acid in water; the mobile phase B was
25 mM formic acid in acetonitrile. The gradient program
started at 5% B increasing to 35% for 60 min, next 35% B
to 95% B for 12 min, and ended with isocratic elution fol-
lowed (95% B) for 3 min. The total run time was 75 min at
the mobile phase flow rate 0.4 mL/min. The column tem-
perature was 25 °C. In the course of each run, PDA spectra
in the range 190-600 nm and MS spectra in the range of
100-2000 m/z were collected continuously. Each sample
was analyzed two times using the TIC function and the
SIM function. The SIM function was used to better visual-
ize the chromatographic separation and to remove the sig-
nal connected with buffer components. The time periods
and monitored ions were as follows:

0-5 (343 m/z), 5-8 min (325 m/z), 8-13 (357 m/fz),
13-17 min (343 m/z), 17-23 min (325 m/f7), 23-24
(357 m/z), 24-28 (343 m/z), 28-30 (325 m/z), 30-90
(357 m/z).

The column effluent was ionized by electrospray (ESI).
The ESI needle potential was 4.5 kV in the positive ioni-
zation mode. To identify quinine isomers, the function of
secondary (MS?) and ternary (MS?) ion fragmentation was
applied. The collision energy for each examined compound
was the same (25%). For confirmation, the HRMS analysis
was additionally carried out on the HPLC system coupled
to a linear trap quadrupole-Orbitrap mass spectrometer
(LTQ-Orbitrap Velos from Thermo Fisher Scientific, San
Jose, CA) equipped with an ESI source. ESI was operated
in positive polarity modes under the following conditions:
spray voltage—3.5 kV; sheath gas—40 arb. units; auxiliary
gas—10 arb. units; sweep gas—10 arb. units; and capillary
temperature—320 °C. Nitrogen (>99.98%) was employed
as sheath, auxiliary and sweep gas. The scan cycle used a
full-scan event at the resolution of 60,000. The amounts
of quinine and its isomers were estimated by relating their
chromatographic responses (the SIM signal height) to the
calibration curve for quinine.

Sample preparation for NMR and MS? analysis

To get greater amount of quinine derivatives for NMR anal-
ysis, the quinine transformation reaction was performed
in more reactive environment. In a round-bottom flask
(100 mL), equipped with magnetic stirrer and reflux con-
denser, quinine (200 mg) was mixed with AcOH/H,0 (2:1,
50 mL). The mixture was heated at 80 °C for 48 h, and
then cooled to rt. To this mixture, saturated NaHCO; was
added until pH reached approximately 7.5-8. The obtained
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mixture was extracted with dichloromethane (3 X 30 mL)
and then the combined organic phases were dried over
MgSO,, filtered and evaporated to dryness. The residue
was purified using flash chromatography (homemade sys-
tem) with CHCI;:MeOH 15:1 as eluent. Two fractions
were subjected to NMR and MS? analysis. These fractions,
before NMR and MS? measurements, were dried using a
vacuum evaporator and the obtained dry matters were dis-
solved in CDCl, for NMR analysis and in MeOH for MS?
analysis.

NMR analysis

The NMR measurements were performed using NMR sys-
tem from Bruker (Ascend 500). The resulting CDCl; solu-
tions of the synthesized substances were examined using
'H, 13C and DEPT function (and additionally, see supple-
mentary materials, 2D NMR techniques, including 'H-'H
COSY, HSQC and HMBC experiments).

The following results were obtained:

Fraction 1

'H NMR (500 MHz, CDCl;) & 0.97-1.04 (m, 1H),
1.47-1.54 (m, 1H), 1.63-1.69 (m, 2H), 1.74-1.79 (m, 1H),
2.34-2.41 (m, 1H), 2.81-2.90 (m, 2H), 3.15-3.23 (m, 1H),
3.26-3.36 (m, 2H), 3.96 (s, 3H), 4.97-5.05 (m, 2H), 5.07
(d, Jyy = 10.1 Hz, 1H), 5.72-5.79 (m, 1H), 7.39 (dd,
Juy = 2.8 Hz, Jyy = 9.1 Hz, 1H), 7.42 (d, Jyyy = 4.7 Hz,
1H), 7.66 (d, Jy_y = 2.8 Hz, 1H), 8.04 (d, J;;; = 9.1 Hz,
1H), 8.75 (d, Jy_y = 4.4 Hz, 1H).

13C NMR (126 MHz, CDCL,) 6 25.0, 27.2, 27.7, 39.6,
40.8, 55.6, 55.7, 61.6, 71.2, 102.5, 115.0, 120.1, 121.4,
128.1, 131.7, 141.0, 144.1, 144.9, 147.6.

Fraction 2

'"H NMR (500 MHz, CDCly) & 121-1.29 (m, 1H),
1.32-1.41 (m, 1H), 1.50-1.59 (m, 1H), 1.68-1.73 (m,
1H), 1.79-1.84 (m, 1H), 1.92-2.01 (m, 1H), 2.04-2.12
(m, 1H), 2.43-2.49 (m, 1H), 2.58-2.65 (m, 1H), 2.98-3.17
(m, 3H), 3.94 (s, 3H), 5.05-5.14 (m, 2H), 5.51-5.60 (m,
1H), 7.41 (dd, J;_y = 2.8 Hz, J;;_y = 9.1 Hz, 1H), 7.57 (d,
Jiy = 4.4 Hz, 1H), 7.81 (d, Jy_y = 2.8 Hz, 1H), 8.04 (d,
Jin = 9.1 Hz, 1H), 8.85 (d, J;._; = 4.7 Hz, 1H).

3C NMR (126 MHz, CDCl,) § 28.3, 31.3, 38.9, 39.6,
46.4, 48.1, 52.1, 55.6, 102.3, 116.8, 120.0, 122.8, 125.2,
131.3, 139.5, 140.6, 145.7, 147.0, 159.3, 204.1.

Statistical analysis

All the results are presented as the mean of three independ-
ent measurements (n = 3). Differences in the concentration

of the formed quinine isomers were compared using vari-
ance analysis (ANOVA, p = 0.05). Differences in the stud-
ied groups were considered significant for p values lower
than 0.05 and F values higher than 2.87. Variance analysis
revealed statistically significant differences for the tested
groups.

Results and discussion

Figure 1 presents the exemplary chromatograms of quinine
solutions in water (Fig. 1a), methanol (Fig. 1b), phosphoric
buffer (pH 9) (Fig. 1¢), methanol/phosphoric buffer (pH 9)
(75/25 vlv) (Fig. 1d), phosphoric buffer (pH 6) (Fig. le),
methanol/phosphoric buffer (pH 6) (75/25 v/v) (Fig. 1f),
phosphoric buffer (pH 2) (Fig. 1g) and methanol/phos-
phoric buffer (pH 2) (75/25 v/v) (Fig. 1h), all heated under
reflux for 0.5 h. The samples imitate the quinine extracts
obtained during its water or methanol/water extraction
under reflux.

The chromatograms of aqueous, methanolic and alkaline
extracts (Fig. la—d) contain only one peak which corre-
sponds with quinine.

Slight acidic (pH 6) water and methanol/water extracts
(see Fig. le, f) contain, in addition to the parent substance,
two compounds formed as a result of quinine transforma-
tion and/or degradation. The molecular weights of two of
them (peaks 2 and 3) are the same as the molecular weight
of quinine (m/z = 325). Moreover, they have the same frag-
mentation pathway (see MS? and MS? data in Table 1) and
very similar PDA spectra (see Fig. 1 in supplementary
materials). Hence, these two quinine derivatives can be
its conformers or isomers. NMR data (see Fig. 2 in sup-
plementary materials) prove that they are quinine structural
isomers,

(8)-(6-methoxyquinolin-4-y1)((2S,4S,8R)-8-vinylquinu-
clidin-2-yl)methanol—epi-Quinine (epi-Qu) (peak 2)
and

3-[(3R,4R)-3-vinylpiperidin-4-yl]-1-(6-methoxyquino-
lin-4-yl)-1-propanone—Quinotoxine (Qu-tox) (peak 3),

and not quinine conformers.

The structures of both epi-quinine and quinotoxine
were unambigously solved using 2D NMR techniques,
including 'H-'H COSY, HSQC and HMBC experiments
(see Fig. 3 in supplementary materials). Every 2D NMR
experiment shows the correct bonding and correct neigh-
boring effect for every atom. There are some discrepan-
cies between our experimental and literature data [13, 14]
(see Tables 1 and 2 in supplementary materials); how-
ever, they might arise from solvent and/or additive influ-
ence. It was observed in our laboratory that the addition
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«Fig. 1 Exemplary chromatograms of quinine solutions in water (a),
methanol (b) phosphoric buffer (pH 9) (c¢), methanol/phosphoric
buffer (pH 9) (75/25 v/v) (d), phosphoric buffer (pH 6) (e), metha-
nol/phosphoric buffer (pH 6) (75/25 v/v) (f), phosphoric buffer (pH 2)
(g) and methanol/phosphoric buffer (pH 2) (75/25 v/v) (h), all heated
under reflux for 0.5 h. Peak numbers correspond to compounds num-
bers given in Table 1

of sub-molar amounts of acid shifts selected signals sig-
nificantly in both 'H and '*C NMR spectra. MS? data for
Fraction I (epi-Qu) and Fraction II (Qu-tox) addition-
ally confirm validity of the performed identification (see
Table 3 in supplementary materials).

The structures of epi-Qu and Qu-tox are presented in
Fig. 2. Such identification is in agreement with the work
of [15, 16] who reported the transformation of quinine
to the mentioned isomers in the strongly acidic environ-
ment. The results presented in Fig. 1 e and f show that
the transformation of quinine to its structural isomers can
take place also in a less acidic environment. The absence
of quinine isomers in the alkaline solution and their con-
centration increase in more and more acidic extracting
solutions discussed in detail later confirm the influence of
pH on their formation. Yet, as the formation of conform-
ers is not pH dependent [17], they cannot be considered
as such.

The similarity of the quinine, epi-Qu and Qu-tox PDA
spectra confirms additionally the lack of structural differ-
ence in the quinoline part and the chromophore part of
the considered molecules. The longer retention of Qu-tox
(peak 3) in relation to Qu and epi-Qu in RP-HPLC sys-
tem results from its higher hydrophobicity caused by the
change of more polar hydroxyl group to carbonyl one.

Figure le and f, in which peak 2 corresponds with epi-
Qu and Qu-tox is represented by peak 3, indicates that
different amounts of individual structural quinine isomers
are formed during the high temperature extraction pro-
cess in the acidic environment. This fact suggests differ-
ent formation Kinetics of both Qu isomers.

The strongly acidic (pH 2) water extract (Fig. 1g) con-
tains, besides the parent substance, five additional com-
pounds formed as a result of quinine transformation and/
or degradation. Two of them (peaks 2 and 3) are epi-Qu
and Qu-tox, the structural quinine isomers described
above. Three other compounds (peaks 4, 5 and 6 in
Fig. 1g) have been identified as water adducts of quinine
and its structural isomers formed by chemical addition
of water to double bond (—C=C-) of aliphatic moiety or
by coordination of water to one of nitrogen in Qu and its
isomers:

(R)-(6-methoxyquinolin-4-y1)((2S,4S,8R)-8-(1-
hydroxyethyl)-quinuclidin-2-yl)methanol or quinine and
water associate (peak 4), (Qu-OH),

(S)-(6-methoxyquinolin-4-yl)((2S,4S,8R)-8-(1-
hydroxyethyl)-quinuclidin-2-yl)methanol or epi-quinine
and water associate (peak 5) (epi-Qu-OH) and
3-[(3R,4R)-3-(1-hydroxyethyl)-piperidin-4-yl]-1-(6-
methoxyquinolin-4-yl)-1-propanone or quinotoxine and
water associate (peak 6) (Qu-tox-OH).

The identification can be justified by the following argu-
ments. The molecular weights of the compounds repre-
sented by peaks 4, 5 and 6 are almost the same (Table 2)
and exceed the molecular weight of quinine and its isomers
by 18.0108, 18.0101 and 18.0103 Da, respectively, which
correspond to the molecular weight of water, 18.0106 Da.

The introduction of the OH group to any molecule
increases its polarity, which shortens its retention in the RP
chromatographic system. The retention times of the con-
sidered compounds are shorter than the retention time of
quinine and its structural isomers, indicating their higher
polarity than the polarity of their precursor. Moreover, the
quantitative relations among hydroxyl derivatives resemble
those among their precursors. All these arguments support
the correctness of the identification. It has also been found
that the MS" spectra of peaks 4, 5 and 6 are less helpful
in differentiating hydroxylated quinine derivatives as all
the derivatives are fragmented to ions of very similar mass
and intensity (Table 1). NMR identification of these com-
pounds was impossible due to their small amounts in reac-
tion mixtures.

Figure 1f shows the exemplary chromatogram of metha-
nol/phosphoric buffer (pH 2) (75/25 v/v) solution of qui-
nine heated under reflux for 0.5 h. The chromatogram illus-
trates that besides the parent substance, eight compounds
appear in the solution. Five of them were identified when
quinine was heated in acidic water solution:

epi-Qu, Qu-tox, Qu-OH, epi-Qu -OH and Qu-tox-OH.

Three other ones are methanolic adducts of quinine and
its structural isomers:

(R)-(6-methoxyquinolin-4-y1)((2S,4S,8R)-8-(1-
methoxyethyl)-quinuclidin-2-yl)methanol or quinine and
methanol associate (peak 7) (Qu-OMe),

(S)-(6-methoxyquinolin-4-yl)((2S,4S,8R)-8-(1-
methoxyethyl)-quinuclidin-2-yl)methanol or epi-quinine
and methanol associate (peak 8) (epi-Qu-OMe) and

3-[(3R,4R)-3-(1-methoxyethyl)-piperidin-4-yl]-1-(6-
methoxyquinolin-4-yl)-1-propanone or quinotoxine and
methanol associate (peak 9) (Qu-tox-OMe).

The alcoholic adducts were identified from the molec-
ular weights of the compounds (peaks 7, 8 and 9), which
were greater than the molecular weight of quinine and its
isomers by the molecular weight of methanol. If methanol
molecule is attached to double bond, then methoxyl groups
is located at carbon atom of higher order. This supposition
is in agreement with [17].
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Table 1 The MS" data for quinine and quinine transformation products

Peak no. MS! MS? Ms? Compounds
Parent ion Base peak Secondary peak Parent ion Base peak Secondary peak
m/z m/z m/z Intensity (%) m/z m/z m/z Intensity (%)
1 325.1 307.2 184.5 37.8 - - - Qu
264.4 15.1
2534 6.8
2 325.1 307.2 184.4 38.1 - - - epi-Qu
264.4 14.7
2533 6.9
3 325.1 307.3 184.4 39.1 - - - Qu-tox
264.5 13.9
253.4 6.7
4 343.2 325.3 307.2 5.2 325.2 307.2 184.3 342 Qu-OH
264.3 13.5
253.4 7.9
5 343.1 325.2 307.2 6.1 325.1 307.1 184.4 39.9 epi-Qu-OH
264.4 12.7
2534 4.4
6 343.2 325.2 307.1 7.7 325.1 307.2 184.5 41.2 Qu-tox-OH
264.5 11.4
253.4 2.6
7 357.1 325.3 307.1 7.4 325.2 307.2 184.5 37.7 Qu-OMe
264.4 17.7
253.4 6.4
8 357.1 325.2 307.2 4.5 325.1 307.2 184.4 334 epi-Qu-OMe
264.3 14.1
253.4 5.7
9 3572 325.2 307.2 5.6 325.1 307.2 184.4 37.1 Qu-tox-OMe
264.5 11.1
253.4 5.7

The retention time of all methanolic adducts is longer
than that of quinine and its structural isomers. In the RP
system, the introduction of alkyl group to the molecule
increases its hydrophobicity, thus leading to stronger
hydrophobic interaction with the stationary phase and to
the elongation of retention times. Methoxy derivatives of
quinine and its isomers elute in the same order as their pre-
cursors. Moreover, the quantitative relation among meth-
oxy derivatives resembles those among their precursors.
During MS" analysis of all the alcohol adducts of quinine
and its isomers, the 357 m/z ion appears, fragmented in the
same way as the quinine molecular ion (325 m/z). UV-Vis
spectra of all methoxy quinine and all its structural isomers
are very similar.

To confirm or exclude the presence of quinine deriva-
tives in commercially available beverages, Tonic and Bit-
ter Lemon (both from Schweppes) were selected for the
experiments. Figure 3 presents exemplary chromatograms

@ Springer

of the mentioned beverages before and after their heating
under reflux for 0.5 h. As results from its analysis, the ini-
tial beverages contain quinine, epi-quinine, quinotoxine and
small amounts of their hydroxyl derivatives. After heating
of the examined beverages, the quinine quantity decrease
with simultaneous increase of epi-quinine, quinotoxine and
hydroxy-derivatives of quinine, epi-quinine and quinotox-
ine is observed.

Figure 4 presents the influence of heating time on the
amount of quinine remaining in the heated quinine solution
(Fig. 4a) and on the amount of individual quinine deriva-
tives (epi-Qu, Qu-tox, Qu-OH, epi-Qu-OH and Qu-tox-
OH - Fig. 4b—f, respectively); all of them formed during
the heating of quinine in phosphoric buffer at given pH (pH
2—diamonds; pH 3—squares; pH 4—triangles; pH 5—
cross and pH 6—<circle). As results from Fig. 4a, quinine,
at pH 5 and 6, is thermally stabile and long-time heating
of its solution does not lead to a significant transformation/
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Table 2 The HRMS data for quinine and quinine transformation products

Compound Elemental composition [M+H]*  Theoretical mass [M+H]*(Da) Experimental mass [M+H]* (Da) AmDa A ppm
Qu C,oH,4N,0, 325.1916 325.1921 0.5 1.5
epi-Qu CyoH,uN,0, 325.1916 325.1912 -04 -1.2
Qu-tox CyoH,uN,0, 325.1916 325.1923 0.7 2.2
Qu-OH CyoHy6N,05 343.2021 343.2021 0 0.0
epi-Qu-OH C,HyN,05 343.2021 343.2021 0 0.0
Qu-tox-OH C,HyN,05 343.2021 343.2021 0 0.0
Qu-OMe C, HN,0, 357.2178 357.2169 -0.9 =25
epi-Qu-OMe C, HN,0, 357.2178 357.2173 -0.5 —-14
Qu-tox-OMe C, HN,0, 357.2178 357.2184 0.6 1.7
001 001
N / ® /
w w
c c
o [
£ 2 £
v o
2 2
s k] 2
& 4 3 & 4\" 3
5 Gl 5 6
3 A A N e — 3 Y e —
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
Time [min] Time [min]
003 003
. 2 C ] D
g ||/ S
z Z
w w
c c
[ o
€ €
3 3 3
= [ 8 |a 3
o |\ e [\
(-4 5 (-4 5
Lk !
o+ 1] u__ o+ L
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
Time [min] Time [min]

Fig. 3 Exemplary SIM chromatograms of Indian Tonic and Bitter Lemon without heating (a, b, respectively) and after heating under reflux for
0.5 h (¢, d, respectively). Peak numbers correspond to compounds numbers given in Table 1

degradation of the compound. At lower pH, the quinine
concentration decrease in the quinine solution is observed.
At pH 2 quinine is completely degraded just after 1 h heat-
ing. The relationships shown in Fig. 4a are in agreement
with the literature data [15, 16].

According to the results presented in Fig. 4b and c,
the lengthening of heating time causes the concentration
increase of epi-Qu and Qu-tox, respectively. The forma-
tion speed of these compounds depends on pH: the smallest

@ Springer

is at pH 6 whereas the quickest at pH 2. After 1 h heating
of the quinine solution at pH 2 and 3, the formation speed
of epi-Qu slows down, yet the increase of its concentration
is still observed. In the case of Qu-tox, its concentration
increase followed by decrease with heating time is seen.
The observed plot suggests lower thermostability of Qu-
tox than epi-Qu.

The influence of heating time at different pH on the for-
mation of Qu-OH is illustrated in Fig. 4d. As appears from
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Fig. 4 The influence of heating time on the amount of quinine
remaining in the heated quinine solution (a) and on the amount of
individual quinine derivatives (epi-Qu, Qu-tox, Qu-OH, epi-Qu-OH

the plots, the increase of heating time in strongly acidic qui-
nine solutions (pH 2—4) leads to the concentration increase
of Qu-OH. The lower pH, the greater Qu-OH concentra-
tion. The decrease in Qu-OH concentration during longer
heating of quinine in strongly acidic solutions suggests
thermo-lability of this hydroxylated quinine derivative.
Taking this fact into consideration, it cannot be excluded
that Qu-OH is an intermediate state in the formation of
epi-Qu -OH and Qu-tox-OH. A very small amount of Qu-
OH is formed at pH 5, and the influence of heating time at
this pH is very slight. Qu-OH does not form at pH 6.

The concentration changes of epi-Qu-OH and Qu-tox-
OH vs. heating time of quinine solutions at different pH
are presented in Fig. 4e and f, respectively. The formation
speed of these compounds also depends on pH. It is the
slowest at pH 4 and the quickest at pH 2. These compounds
do not form at pH 5 and 6 as their precursors, epi-Qu and
Qu-tox, do not form in this pH range. It should be stressed
that graphs of epi-Qu amount in the heating time func-
tion for all pH levels (see Fig. 4b) are analogous for those
corresponding to epi-Qu-OH (see Fig. 4e). The analogy
between the individual relationships can also be seen in the
case of Qu-tox and Qu-tox-OH (compare Figs. 4c and 4f).
Observed analogies may suggest that epi-Qu-OH and Qu-
tox-OH are formed from epi-Qu and Qu-tox, respectively.

Figure 5 shows the influence of heating time on the
amount of quinine remaining in the heated quinine solu-
tion (Fig. 5a) and on the amount of individual quinine
derivatives (epi-Qu, Qu-tox, Qu-OH, epi-Qu-OH, Qu-
tox-OH, Qu-OMe, epi-Qu-OMe and Qu-tox-OMe—
Fig. 5b-i, respectively), all formed during the heating
of quinine in methanol/phosphoric buffer (75/25 v/v),

and Qu-tox-OH—b-f, respectively), all formed during the heating of
quinine in phosphoric buffer at pH 2 (diamonds), pH 3 (squares), pH
4 (triangles), pH 5 (cross) and pH 6 (circle)

the solutions differing in pH (pH 2—diamonds; pH 3—
squares; pH 4—triangles; pH 5—cross and pH 6—cir-
cle). Its analysis supports the following conclusions:

¢ the influence of heating time on the Qu degradation
speed and on the formation speed of quinine struc-
tural isomers and their hydroxyl derivatives (Qu, epi-
Qu, Qu-tox, Qu-OH, epi-Qu-OH and Qu-tox-OH)
in methanol/phosphoric buffer quinine solutions and
in phosphoric buffer quinine solutions, for all pH, is
very similar (compare Figs. 4a—f, 5a—f). The lack of
a clear maximum in the plot for Qu-tox-OH at pH
2 (see Fig. 5f—the curve marked with diamonds) is
the main difference in quinine behavior in the systems
with and without methanol. Moreover, the amounts of
hydroxylated quinine derivatives formed in methanol/
phosphoric buffer (75/25 v/v) quinine solutions are
markedly lower than those in methanol-free quinine
solutions. Both effects are most probably connected
with lower water concentration in methanol/phos-
phoric buffer quinine solutions;

e the influence of heating time and pH on the formation
of methoxyl derivatives of quinine and its structural
isomers (Qu-OMe, epi-Qu-OMe and Qu-tox-OMe)
in methanol/phosphoric buffer quinine solutions is
similar, just like as the influence of both parameters
on the formation of hydroxyl derivatives of quinine
and its structural isomers in phosphoric buffer qui-
nine solutions. It must be stressed that in the range of
pH 4-6, Qu-tox-OMe does not form at all during the
heating of quinine solution in methanol/phosphoric
buffer (75/25 v/v).
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Fig. 5 The influence of heating time on the amount of quinine
remaining in the heated quinine solution (a) and on the amount of
individual quinine derivatives (epi-Qu, Qu-tox, Qu-OH, epi-Qu-
OH, Qu-tox-OH, Qu-OMe, epi-Qu-OMe and Qu-tox-OMe) (b-i,

Figure 6 illustrates the influence of methanol concentra-
tion on the amount of the remaining Qu (Fig. 6a) and on
the amounts of epi-Qu, Qu-tox (Fig. 6a), Qu-OH, epi-Qu-
OH, Qu-tox-OH (Fig. 6b) Qu-OMe, epi-Qu-OMe and
Qu-tox-OMe (Fig. 6¢) forming in methanol/phosphoric
buffer (pH 2) quinine solutions heated under reflux for 2 h.
In these figures, the curves with diamonds represent Qu,
Qu-OH, and Qu-OMe, the curves with squares corre-
spond to epi-Qu-OH, and epi-Qu-OMe, whereas Qu-tox,
Qu-tox-OH and Qu-tox-OMe are reflected by the curves
with triangles. As results from the figure, at the specified
conditions:

e the total Qu transformation is observed when the con-
centration of methanol in quinine solution is lower than
75% (see the curve with diamonds in Fig. 6a). In pure
methanol, Qu remains totally stable;

e the transformation degree of Qu to its structural iso-
mers, epi-Qu and Qu-tox, is almost constant in the
methanol concentration range 0-75% (see the curves
with diamonds, squares and triangles, respectively, in
Fig. 6a). The concentration decrease of these isomers, at
a simultaneous Qu concentration increase in the metha-
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respectively), all formed during the heating of quinine in methanol/
phosphoric buffer (75/25 v/v) solutions at pH 2 (diamonds), pH 3
(squares), pH 4 (triangles), pH 5 (cross) and pH 6 (circle)

nol concentration range 75-100%, confirms the neces-
sity of the presence of a strongly acidic aqueous envi-
ronment for Qu isomerization;

e the increase of methanol concentration in the range
25-100% leads to the decrease of epi-Qu-OH, Qu-
tox-OH (see the curves with squares and triangles,
respectively, in Fig. 6b). These trends are obvious and
result from the gradually diminished amount of water
in the examined systems;

e the concentration increase followed by the concentra-
tion decrease with the methanol concentration for epi-
Qu-OMe and Qu-tox-OMe is observed (see the curves
with squares and triangles, respectively, in Fig. 6c¢).
The growing parts of these relationships are obvious
as they result from methanol concentration increase in
the examined systems. The concentration decrease of
quinine methoxyl derivatives can be explained by:

e the water concentration decrease in the system, which
is responsible for the formation of carbocation (the
intermediate form in the formation of quinine meth-
oxyl derivatives), if the addition of water to double
bond in Qu, during its transformation, occurs, or
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Fig. 6 The influence of methanol concentration on the amount of
the remaining Qu (diamonds) (a) and amounts of forming epi-Qu
(squares), Qu-tox (triangles) (a), Qu-OH (diamonds), epi-Qu-OH
(squares), Qu-tox-OH (triangles) (b) Qu-OMe (diamonds), epi-Qu-
OMe (squares) and Qu-tox-OMe (triangles) (c¢) in methanol/phos-
phoric buffer (pH 2) quinine solutions heated under reflux for 2 h

e the decrease of nitrogen protonation degree of Qu,
if coordination of water with one Qu nitrogen takes
place.

Conclusions

According to [15, 16], quinine transforms to its structural
isomers in the strongly acidic water environment. In the
course of detailed investigations, we observed that this
process occurs also in less acidic water and methanol/

water solutions. Moreover, in addition to structural qui-
nine isomers, hydroxyl derivatives of quinine itself and
its structural isomers are additionally formed in these
environments. Moreover, methoxy derivatives of quinine
and its structural isomers also appear in buffered metha-
nol/water system. All the hydroxyl and methoxyl deriva-
tives of quinine constitute newly discovered compounds.
The amount of each formed component depends on the
heating time, concentration of alcohol and on the solvent
pH.

The presented results are important both for the ana-
lytical and preparative purposes:

1. The transformation products of quinine identified in
this study can be mistakenly treated as new compo-
nents, not naturally present in the plant. Hence, our
results are especially useful for researchers investigat-
ing plant metabolism and looking for new plant com-
ponents.

2. Quinine derivatives, quinine structural isomers and
their derivatives can be formed in significant amounts.
As their bioactivity is still unknown, our findings
should be brought to the attention of quinine products.

It is worth mentioning that the presented data are in
certain contrary to the reports concerning (bio)transfor-
mation of quinine and its derivatives [18]. Following
[18], these compounds are transformed to demethyl and
dearomatic products and to hydroxyl derivatives with
hydroxyl group attached to another position in carbon
ring of quinine than that indicated in our experiments.
This is obvious as (bio)transformation pathway occur-
ring in living organisms is catalyzed by enzymes and
often does not comply with the rules of classical organic
synthesis.
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