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Abstract

Purpurin (1,2,4-trihidroxyanthraquinone), a naturally occuring anthraquinone pigment
present in the root of Rubia tinctorum (Mull. Arg.) Zahlbr. was isolated from the plant,
purified and characterized by HPLC chromatography, UV-vis and NMR spectroscopy. The
geometries of the purpurin conformers were optimized using the B3LYP/6-311+G(d,p) level
of theory. It was found that all conformations have similar energies and that the
corresponding purpurin radicals are planar. In spite of their planarity, there is no significant
electron delocalization over the A and C rings. The antioxidant properties of purpurin were
investigated using the colorimetric assay as Trolox-equivalent antioxidant capacity, and
theoretical BDE (Bond Dissociation Enthalpy). Both methods revealed that purpurin has

strong antioxidant capacity.
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Anthraquinones are the largest and most important
group of naturally accurring quinones. They are used as
natural and synthetic color and are constituents of
plants used for dyeing materials [1]. Many plants
contain anthraquinones are used as pharmaceutical
drugs [2,3]. Numerous antraquinones have a linear
tricyclic ring framework, with various number of phe-
nolic functional groups. A wide range of biological and
pharmacological activities of anthraquinones, such as
antimicrobial, antiviral, anti-inflammatory, anti-cancer,
antioxidant, and antifungal [4-11] depend on their
tricyclic scaffold, and on the nature and/or positions of
substituents [12]. As anthraquinones have similar struc-
ture as flavonoids, a similar approach can be applied.
Herbs containing anthraquinone derivatives are used as
laxatives. The root of Rubia tinctorum (madder) is the
source of natural anthraquinone dyes, including the
most important alizarin and purpurin. Besides alizarin
and purpurin, 35 other anthraquinone glycosides and
aglycons have been reported as constituents of this
plant [13]. The anthraquinones found in Rubia tinc-
torum differ in the nature of their substituents and in
their substitution pattern.

Recent scientific studies have confirmed that pur-
purin, alizarin and their derivatives possess biological
activity including antimicrobial and cytotoxic activities,
and also have a strong inhibitory effect on the geno-
toxicity of several carcinogens [14—17]. Extract of Rubia
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tinctorum has been used for treatment of kidney and
bladder stones [18,19]. Several screening methods of
anthraquinones in Rubia tinctorum L., based on re-
versed-phase high-performance liquid chromatography
(RP-HPLC) have been described in literature [12,20].

There are two basic and most applicable reaction
pathways through which free radicals (ArQ°) are
formed from antraquinones (ArOH). The first includes
rapid hydrogen atom donation to a present radical (1),
through which a new radical, more stable than the
initial one, is formed (Hydrogen Atom Transfer-me-
chanism — HAT), leading to the direct OH bond
breaking.

ArOH + HO" — ArO" + HOH (1)

The second reaction pathway is Proton-Coupled
Electron Transfer (PCET) mechanism (2), by which the
primary antioxidant transforms into radical cation,
donating an electron to a free radical present in the
system (e.g. lipid or some other radical). This
mechanism leads to indirect H-abstraction.

ArOH + HO® — ArOH" + OH™ — ArO"+ HOH (2)

In the HAT mechanism the proton and electron are
transferred together, whereas in the PCET mechanism
the proton and electron are transferred between dif-
ferent sets of molecular orbitals [21-24]. The net result
of both reactions is the same. The reactions occur in
parallel by different rates. Many important biochemical
processes obey the above mentioned mechanisms.

Both HAT and PCET mechanisms have been the sub-
ject of investigation. Which mechanism will be domi-
nant in a given reaction depends on the phenolic OH
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bond strengths. The OH bond strength can be expres-
sed as the OH bond dissociation enthalpy (BDE). This
molecular property can be used in the assessment of
possible radical scavenging potential of the molecule.
BDE is calculated as the difference between the mo-
lecule (purpurin in this case) and its radical enthalpies.
Density functional theory (DFT) often produces reliable
results on the BDE with relatively reasonable computa-
tional cost [25-36]. It is worth pointing out that the
small BDE value means that the OH bond is weak, and
that the reaction will probably obey the fast HAT me-
chanism. On the other hand, in the PCET mechanism,
the ionization potential of ArOH plays an important
role, because the rate of formation of ArOH™" deter-
mines the rate of the overall reaction. Whichever me-
chanism is operative, removing a hydrogen atom from
ArOH needs to be easier than that from HOH. This
means that both reactions (1) and (2) should be ther-
modynamically favorable, and that the formed radical
species ArO" needs to be relatively stable. In this way,
the antioxidant molecule prevents or postpones toxic
effects of radicals (such as the oxidative stress), slowly
reacting with the substrate and faster with the present
radicals. In these reactions, neither the antioxidant mo-
lecule nor the final product obtained from it have toxic
or pro-oxidant effects [37].

The first part of this work is devoted to HPLC cha-
racterization of Rubia tinctorum L. specimens collected
in central Serbia, isolation of major pigment, purpurin,
and its characterization by UV-vis and NMR spectres-
copy, and determination of its antioxidant capacity. In
addition, a DFT study on the reactivity of the OH groups
in purpurin and the structural and electronic features
of the purpurin radicals were performed. The results
for BDE, HOMO, and spin density of purpurin are pre-
sented. Structure-activity relationships are examined in
the light of these results. Particular attention is de-
voted to the DFT interpretation of the reactivity of the
OH groups in purpurin and the radicals formed after H
removal from this molecule. Keto-enol tautomerism
before H-abstraction is also discussed to explain the
role of the OH groups.

EXPERIMENTAL

Chemical reagents

All reagents used in the experiment were analytical
grade in the highest purity available. Acetonitrile was of
HPLC grade, and was purchased from Merck (Darm-
stadt, Germany). Deionized water used throughout the
experiments was generated by a Milli-Q academic
water purification system (Milford, MA, USA).

Plant material

Plant material was collected from Central Serbia (10
km south of the Arandelovac town) during July, 2008.
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The studied plant was identified by Prof. Dr. Vasiljevié,
Department of Biology, Faculty of Science, University of
Nis, Serbia, as Rubia tinctorum (L.) (voucher specimen
UNI-2403).

Preparation of plant extract and isolation of purpurin

The plant material was air dried at room tempera-
ture (26 °C) for one week, after which it was grinded to
a uniform powder. After extraction with methanol the
residue was hydrolysis with 2 mol/L HCI, neutralized
with solution NaOH and extracted with methanol. After
evaporation of the solvent, the residue was partitioned
between chloroform and water. The chloroform frac-
tion was extracted with 1 mol/L NaOH, which was then
acidified with HCl and extracted with chloroform. This
extract was chromatographed on Sephadex LH-20
(eluent chloroform-methanol 20:1, 10:1, 5:1 and 1:1) to
yield purpurin which was identified according to spec-
tral data [38]. Purpurin is a crystalline solid that forms
red needles melting at 260 °C.

High-performance liquid chromatography (HPLC)
analysis

High-performance liquid chromatography (HPLC)
analysis was carried out on an Agilent 1200 Series HPLC
instrument with C18 column (C18; 25 cmx4.6 mm, 10
m) and UV-vis spectrophotometric detector with two
solvents, water and acetonitrile, in a linear gradient
program (Table 1). The sample injection volume was 10
pl. The flow rate of the mobile phase was kept constant
at 1.0 mL min" and the chromatogram was recorded at
250 nm while the UV spectra were monitored over a
range of 600 to 200 nm. Purpurin was identified by
comparison of its retention time and absorption spec-
trum to this of standard solution of purpurin.

Table 1. Gradient table for HPLC analysis

Time, min Water, % Acetonitrile, %
0 70 30

5 75 25

20 40 60

30 30 70

40 75 25

45 70 30
NMR Spectra

The 'H- and C-NMR spectra of purpurin were re-
corded at room temperature on a Bruker NMR spec-
trometer (500 MHz for *H- and 125 MHz for *C-NMR).
TMS was used as internal standard. The samples were
prepared by the dissolution of purpurin in DMSO (sig-
nal for 'H- at 2.5 ppm and at 39.5 ppm for *C-NMR).
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Antioxidant activity

The 2,2’-azinobis-(3-ethylbenzothiazoline-6-sulpho-
nic acid) (ABTS) and 6-hydroxy-2,5,7,8-tetramethyl-
chroman-2-carboxylic acid (Trolox) were obtained from
Fluka (Switzerland). The total antioxidant activity of
purpurin was determined by the colorimetric assay as
Trolox-equivalent antioxidant capacity (TEAC). The
stable ABTS radical monocation (ABTS"") was generated
by the incubation of 7 mM ABTS with 2.5 mM potas-
sium persulfate in the dark at room temperature for 16
h before use. The ABTS"™ solution was diluted immedi-
ately prior to assay to an absorbance of 0.70+0.02 at
734 nm. 500 pL of diluted ABTS"* solution was placed in
the quartz cuvette to record the initial absorbance.
Then, various concentrations of purpurin or Trolox
were added to each cuvette, mixed by inversion, and
the absorbance was read exactly at 60 s after addition.
Parallel blanks were performed in each assay with the
appropriate solvent alone. The percentage inhibition
compared to initial absorbance after 60 s was plotted
as a function of sample or Trolox concentration. TEAC
value was expressed as the ratio of sample and Trolox
slope (Gsample/Orrolox)- Each assay was carried out in tri-
plicate.

Computational method

All calculations were performed in vacuum, using
Gaussian09 software package [39], at the B3LYP/6-
-311+G(d,p) level of theory [40]. Six different in-plane
conformations of purpurin were found and investti-
gated. The differences between conformations are in
OH groups orientation at C1, C2, and C4 atoms. Ob-
tained geometries were verified to be minima on the
potential energy surface by a normal mode analysis —
no imaginary frequencies were found. Transitions to
the lowest excited singlet electronic states of purpurin
were computed by using the TD-B3LYP procedure [40—
—42]. The influence of methyl alcohol as solvent upon
the electronic transitions was approximated by the
polarized continuum model PCM [43,44]. UV-vis spec-

tral analysis was performed using ChemCraft 1.5 [46],
and Gaussum [45]. The calculation of NMR spectrum of
purpurin was performed using the GIAO (Gauge-In-
cluding Atomic Orbitals) method [47,48], implemented
in the Gaussian package. In order to express the che-
mical shifts in ppm, the geometry of the tetramethyl-
silane (TMS) molecule was optimized, and then its NMR
spectrum was calculated by using the same method
and basis set as for the calculation of purpurin mole-
cule.

The obtained zero point energies were used to cor-
rect all energetic terms using the recommended scaling
factor of 0.9887 [49]. Natural bond orbital (NBO) anal-
ysis [50] was performed for all structures. Bond disso-
ciation enthalpy (BDE) for purpurin (Table 2) was cal-
culated using the following equation:

BDE =Hyo —H, . —H,.

where H,,, HPO,, and HH, present the enthalpy of
purpurin, purpurin radical, and hydrogen atom, respec-
tively. The ionization potential (IP) was obtained as the
energy difference between the POH and POH™ species.

RESULTS AND DISCUSSIONS

The HPLC chromatogram of the crude extract of
Rubia tinctorum is shown in Figure 1. The ty values for
purpurin is 25.24 min. Beside purpurin, very important
anthraquinone alizarin was also identified (t; = 23.64
min). The identification of these compounds were per-
formed by comparison of their tz values with the stan-
dard substances. The UV—vis absorbance spectral re-
sults also correspond to the literature data [51]. Bear-
ing in mind the importance of the pigment purpurin,
this anthraquinone was isolated from the extract by
column chromatography on silica gel. Purpurin contains
three hydroxyl groups located in the same ring. These
groups can play an important role in the expression of
antioxidant activity of purpurin.

Table 2. Calculated energies of the purpurin rotamers (1 to 6), purpurin radicals (1-OH, 2-OH, and 4-OH, and keto forms of purpurin

Compound Total energy, a.u. Enthalpy, a.u. Free energy, a.u. BDE, kl/mol
1 -914.5376 —-914.5269 -914.5802 -

2 -914.5303 —914.5185 -914.5721 -

3 -914.5160 —-914.5037 -914.5587 -

4 -914.5169 -914.5047 -914.5593 -

5 -914.5072 -914.4947 -914.5501 -

6 —914.4937 —914.4806 —914.5389 -
1-OH -913.9010 -914.8891 -913.9441 362.15
2-OH —-913.8997 —-913.8879 —-913.9421 365.28
4-OH —913.8862 —-913.8741 —-913.9294 401.58
Keto C-2 -914.4638 -914.4514 -914.5072 163.80
Keto C-11 —914.4940 —914.4822 —914.5363 244.68
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Figure 1. HPLC Chromatogram of the Rubia tinctorum specimen.

To find the most stable conformation of purpurin,
which will be used for further investigations, the con-
formational space of purpurin was explored as a func-
tion of the torsion angles 71 (C2-C1-O1-H), 72 (C3-C2-
-02-H) and 73 (C3-C4-04-H). In this way, the preferred
relative positions among OH groups in relation to ben-
zene ring were determined. The minimization proce-
dure yielded a planar conformation (71 = 72 = 73 = 180°)

as the most stable structure (1 in Figure 2). By remov-
ing constraint for the torsion angles, the conforma-
tional absolute minimum was found at (71 = 72 = 73 =
= 180°. Five local minima were also found, i.e., con-
formations 2—6, which are less stable than 1 by 22.1,
60.9, 58.3, 84.5, and 121.5 klJ/mol, respectively (Table 2
and Figure 2). Figure 2 shows that there is no deviation
from planarity in any conformation of purpurin.

Figure 2. The optimized geometries of the six conformations for purpurin.
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Bond lengths of the absolute minimum 1 calculated
in vacuum and methanol as solvent are presented in
Table 3. Table 3 shows that there are no significant
differences between the geometries optimized in vacu-
um and methanol. In addition, it is evident that the
majority of bonds in rings are longer than double bond,
and shorter than single bond. The double bonds around
the carbonyl groups in the ring C indicate a cross-con-
jugated system in which the delocalization is allowed
only between A and C, or B and C, but not between A
and B rings. The results of NBO analysis of 1 reveal two
strong double bonds in C9-O and C10-0 carbonyl groups,
which form hydrogen bonds with the hydrogens of the
adjacent hydroxyl groups. These hydrogen bonds have

a significant stabilizing effect, as in emodin [52] and
lichexanthone [53]. Structure 6, which lacks these hyd-
rogen bonds, is the most unstable conformation of
purpurin (Table 2).

To verify the geometry obtained by the DFT me-
thod, detailed analysis of the experimental and theore-
tical UV—vis and NMR spectra was performed. Both
experimental and theoretical UV-vis spectra are pre-
sented in Figure 3, whereas calculated electronic transi-
tions are given in Table 4. There is generally a very sa-
tisfactory agreement between the observed and pre-
dicted wave numbers and intensities.

The maximum for band A, whose calculated value is
467 nm, corresponds to the experimental value of 482

Table 3. Bond lengths of purpurin (1) and its radicals (1-OH, 2-OH and 3-OH) calculated using B3LYP/6-311+G(d,p) level of theory

o "~o H

\

O 0]
0
Length, nm
Species bond
1 1 (methanol) 1-OH 2-OH 4-OH

Cc1-C2 0.1427 0.1424 0.1489 0.1499 0.1435
Cc2-C3 0.1377 0.1377 0.1366 0.1437 0.1359
Cc3-C4 0.1408 0.1406 0.1407 0.1376 0.1459
C4-C12 0.1411 0.1410 0.1442 0.1445 0.1478
C10-C12 0.1451 0.1450 0.1469 0.1464 0.1483
C10-C13 0.1488 0.1484 0.1473 0.1482 0.1502
C5-C13 0.1398 0.1398 0.1401 0.1399 0.1397
C5-C6 0.1390 0.1391 0.1388 0.1390 0.1390
C6—-C7 0.1398 0.1397 0.1399 0.1398 0.1399
C7-C8 0.1389 0.1390 0.1390 0.1389 0.1388
C8-C14 0.1399 0.1399 0.1397 0.1399 0.1401
C13-C14 0.1408 0.1410 0.1404 0.1407 0.1405
C9-C14 0.1480 0.1478 0.1497 0.1477 0.1469
C9-C11 0.1464 0.1464 0.1488 0.1465 0.1475
Cl1-C12 0.1428 0.1428 0.1405 0.1422 0.1406
Cl-C11 0.1392 0.1392 0.1453 0.1406 0.1415
C1-01 0.1346 0.1344 0.1239 0.1305 0.1326
C2-02 0.1348 0.1348 0.1323 0.1232 0.1351
C4-03 0.1336 0.1341 0.1318 0.1338 0.1237
C9-04 0.1243 0.1245 0.1219 0.1243 0.1245
C10-05 0.1245 0.1249 0.1246 0.1242 0.1219
Dy(04---H-01) 0.1675 0.1674 - 0.1615 0.1575
Dy(01---H-02) 0.2116 0.2138 0.194563 - 0.2124
Dy(05---H-03) 0.1679 0.1662 0.157677 0.1683 -
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Figure 3. Experimental (top) and calculated (bottom) UV spectra for purpurin.

nm. This is essentially a HOMO-LUMO transition, in-
volving excitation from m to w*. The shapes of the
orbitals are shown in Figure 4. They indicate that the
transition is associated with significant charge-transfer
form the ring B to the ring A, similar to the situation
characterizing the color bands in related compounds,
such as chrysazin and anthralin, and the first strong
UV-vis band of the parent anthraquinone chromo-
phore [54].

82

Similar charge transfer from the ring A to the ring B
is observed for peak B, whose theoretical maximum is
predicted at 305 nm. This band is in good agreement
with the experimental polarization value of 291 nm.
This transition involves excitation from HOMO-4 to
LUMO. The experimental value for peak C at 252 nm is
in excellent agreement with the calculated electronic
transition of 254 nm. This peak mainly represents ex-
citation from HOMO-1 to LUMO+1.
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Table 4. Experimental and calculated electronic transitions for
purpurin; A —wave numbers in nm, f — oscillator strength

Experimental TD- B3LYP/6-311+G(d,p)

Case

A A f Leading configurations
A 482 466.9 0.2028 H—L(98%)
B 291 305.3 0.1675 H-4—L(81%)

252 254.2 0.6015 H-1—L+1(69%)

H—L+2(17%)

¢ @ 61/'

& ;- \/ Y e
- W—/‘
' O e
W@
HOMO

HOMO-4

Figure 4. Selected molecular orbitals for purpurin.

The experimental and calculated 'H- and BC-NMR
spectra of purpurin are presented in Table 5.

Obviously, there is a very good agreement between
the experimental and theoretical values for the che-
mical shifts of the proton spectrum. Scaled theoretical
values (scaling factor 0.953) for ¢ chemical shifts are
also in accord with the experimental data. The agree-
ment between the experimental and theoretical results
indicates that the structure of purpurin used for the
UV—-vis and NMR measurements corresponds to that of
1 (Figure 2).

It is well known that some anthraquinones are very
good antioxidants. The structure of purpurin indicates a
possibility of conjugation and antioxidant properties.
This assumption is based on the suggestion of van

Acker et al. [55] and Rice-Evans et al. [56], who sup-
posed that the antioxidant properties of flavonoids
could be derived just from their good delocalization
possibilities. The same consideration can be applied to
anthraquinones. Bearing this in mind, purpurin was
screened for its antioxidant potential using the relative
ability to scavenge the ABTS" radical cation generated
in the aqueous phase, expressed as the Trolox equi-
valent antioxidant capacity (TEAC). Purpurin was found

9 /@» ‘\4'* L
LS N

( (& )
‘\\ K\\\V_/ LY g
A\ sé

UMD

@ @ °$
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L\‘&,\ <y 7

W

LUMO+1

Table 5. Experimental and theoretical chemical shifts (in ppm)
for purpurin molecule

Atom Exp. Calcd. |Atom Exp. Calcd.
C1 157.1 152.8 |[C12 109.7 111.3
Cc2 149.3 152.3 |[C13 133.3 141.6
Cc3 126.6 116.1 |Cl14 134.5 138.9
ca 160.3 169.2 |H1 13.2 135
c5 126.2 133.3 | H2 11.6 11.3
Cé6 134.1 140.8 |H3 6.5 6.4
c7 134.9 139.1 H4 12.9 13.4
Cc8 126.5 133.1 H5 8.0 8.6
c9 183.3 1945 |H6 7.8 7.5
Cc10 186.6 190.0 |[H8 7.8 7.9
C11 112.4 1184 |[H8 8.1 8.7
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to have the TEAC value of 1.950£0.008 mM. This result
is in agreement with that reported [57], and indicates
that purpurin has a good antioxidant activity.

There is no detailed description of the radical cation
of purpurin in literature. The radical cation formed by
removing an electron from 1, Figure 2, is planar, and
hydrogen bonds are retained as in the parent molecule,
contributing to further stabilization. The obtained value
for the ionization potential (744.2 kJ/mol) of 1 is higher
than the corresponding values for flavonoids [25], but
is lower than the corresponding values for emodin and
lichexanthone [52,53]. On the basis of the ionization
potential value, stronger antioxidant activity of pur-
purin than that for emodin and lichexanthone can be
expected.

It is well known that there is good correlation
between antioxidant activity and BDE values [25,52].
For this reason, the values of BDE for the OH groups of
purpurin were determined. The obtained results (Table
2) show that 1-OH and 2-OH groups are responsible for
the antioxidant activity of purpurin. The BDE value for
homolytic cleavage of the 1-OH bond is higher than
those for dissociation of the OH groups in fisetin [58],
and particularly in quercetin [25,26]. On the other hand,
the obtained value is lower than the corresponding va-
lue for emodin [52].

In the text below, some properties of the radicals,
formed by homolytic cleavage of the OH groups of pur-
purin will be discussed. Geometry optimization of the
radicals was performed by starting from the optimized
structure of the parent molecule 1, and removing a
hydrogen atom from the OH groups at positions 1, 2
and 4. In the further discussion, the radical formed by
H-removal from the x-OH group of purpurin is called
the x-OH radical (x = 1, 2, or 4), for example 2-OH ra-
dical. Since the BDE value for 4-OH radical is signi-
ficantly higher than that of 1-OH radical by almost 40
kJ/mol, only 1-OH, and 2-OH radicals will be further
considered.

Inspection of the geometries of the obtained radi-
cals shows that they retain planarity, like the parent
molecule. Inspection of Table 3 allows further com-
ment on the electronic structure of both radicals. In
both radicals, complete delocalization involves only
ring A, while ring B is characterized by three double
bonds in 1-OH radical (C1-O, C2-C3, and C11-C12), and
by two double bonds in 2-OH radical (C2-O and C3-C4).
On the basis of these structural features of the radicals,
it is clear that delocalization between rings C and B is
restricted. A consequence of the restricted delocali-
zation is the decreased stability of both radicals, im-
plying that their BDE values are slightly higher in com-
parison to those obtained for the majority of the fla-
vones [25,26,57].
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To understand the relationship between the elec-
tron delocalization and the reactivity of a radical, the
electron distribution in the singly occupied molecular
orbital (SOMO) needs to be examined. The SOMO of
the 1-OH radical (Figure 5) is mainly delocalized over
carbonyl groups. As SOMO is the a-highest occupied
molecular orbital, it does not describe the global elec-
tronic behavior of the radical, and its shape is not a
reliable indicator for the reactivity of the purpurin ra-
dical.

i
Spin density
Figure 5. SOMO and spin density of the 1-OH radical.

Spin density is often considered to be a more realis-
tic parameter, and provides a more reliable represen-
tation of the reactivity [54]. The importance of spin
density for the description of flavonoids has been
pointed out in the papers of Leopoldini et al. [25,26],
and Markovi¢ et al. [36,52,53]. The lower the BDE va-
lue, the more delocalized spin density in the radical,
and easier radical formation are. As this consideration
can be applied to antraquinones, the spin density in the
purpurin radical was analyzed. The spin density distri-
bution in the 1-OH radical indicates the oxygen atom
bonded to C1 as the most probable radical center, fol-
lowed by the adjacent carbons C2 and C11, and non-
adjacent carbons C4 and C12 (Figure 5). Weak delocali-
zation of the spin density exists over the ring C.

The OH groups of purpurin can also undergo keto-
enol tautomerism. Hydrogen atom from 1-OH position
can migrate to positions 2 or 11, thus yielding two tau-
tomers (Scheme 1). The BDE values for the formation
of the 1-OH radical by H-abstraction from the C2 and
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Scheme 1. Keto-enol tautomerism in purpurin.

C11 of the keto forms of 1 were calculated (Table 2),
and the values of 163.80 and 244.68 kJ/mol were ob-
tained. These low BDE values indicate the relatively
high capacity of H-removal from the C11, and especially
from the C2 site in the keto forms. However, it should
be noted that the keto forms of purpurin are less stable
than the enols form, the latter being stabilized by -
conjugation in the B-ring. The differences in stability
between 1, and C2 and C11 keto forms amount to
198.35 and 117.47 kJ/mol in favor of purpurin. For ins-
tance, in the case of emodin and quercetin this differ-
ence in stability is only 61.5 and 83.8 kl/mol [52],
whereas for lichexanthone it amounts 271.9 kJ/mol
[53]. These differences in stability between enol and
keto forms indicate that the contribution of keto forms
can be considered negligible for purpurin as a free mo-
lecule. On the other hand, it can be presumed that, in
some enzymatic processes, stability difference between
two forms is reduced, so that keto forms become re-
levant, and then H-abstraction from the C2 or C11 po-
sitions can take place easily, thereby contributing to
the antioxidant properties.

CONCLUSIONS

The HPLC characterization of the extract of Rubia
tinctorum specimens collected in central Serbia was
perfomed. The very important anthraquinone, purpu-
rin, was isolated and identified using HPLC, UV—vis and
NMR spectral methods. The purpurin structure was de-
termined by B3LYP/6-311+G (d,p) method. Comparison
of the calculated UV-vis and "H- and *C-NMR spectra

0 0]

with the experimental data confirmed that structure 1,
Figure 2, is likely structure of purpurin. Biological acti-
vity of anthraquinones is associated mainly with their
tricyclic scaffold, but it may vary depending on the na-
ture and/or position of substituents. On the basis of the
obtained results, it is clear that purpurin, as well as its
radicals, appears to be a planar tricyclic species. In spite
of the planarity of the radical structure, there is no
electronic delocalization between adjacent rings. It is
supposed that this is one of the main reasons for higher
values of BDE in comparison to those for flavones. In
addition, the increased BDE values can be attributed to
the cleavage of the strong hydrogen bonds, involved in
the process of H-removal. Theoretical results are in ac-
cord with the experimental TEAC value. It was found
that enol form is the most stable tautomer of the free
molecule. Keto forms, which possess some lower BDE
values for H-abstraction on the C2 or C11 atoms, might
play a significant role in real systems, depending on the
molecular environment of purpurin and on oxidative
system acting on the molecule.
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HPLC, UV-vis, NMR spektroskopska i DFT karakterizacija purpurina izolovanog iz Rubia tinctorum L.
Zoran S. Markoviél, Nedeljko T. Manojloviéz, Svetlana R. Jeremiéz, Miroslav Zivi€®
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(Naucni rad)

Purpurin (1,2,4-trihidroksiantrahinon), prirodni pigment antrahinonske struk- Klju¢ne reci: Rubia tinctorum e HPLC-UV
ture koji se nalazi u korenu biljke Rubia tinctorum, izolovan je iz ove biljke, pre- o Antioksidativna aktivnost e DFT studija
Ciséen i okarakterisan primenom HPLC hromatografije, UV—vis i NMR spektro-
skopije. Geometrije konformera purpurina optimizovane su kori$¢enjem B3LYP/6-
311+G(d,p) nivoa teorije. Nadeno je da svi konformeri purpurina imaju sli¢ne
energije, kao i da odgovarajuci radikal purpurina ima planarnu strukturu. U svetlu
ove planarnosti, zaklju¢eno je da ne postoji znac¢ajna delokalizacija elektrona iznad
prstenova A i C. Antioksidativne osobine purpurina odredene su kolorimetrijski,
primenom Troloksa, Ciji je oksidativni kapacitet uzet za ekvivalent i teorijski, pri-
menom BDE (eng. Bond Dissociation Enthalpy) metode. Obe ove metode su po-
tvrdile odli¢an antioksidativni kapacitet purpurina.
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