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Recently advanced analytical technology has provided evidence of the existence of stereoisomers of many
natural products. Particularly, flavanones which might have two different configurations at C-2 exist in
many food additives, e.g., citrus fruits. In this study, the possible stereoisomers of flavanone glycosides
were identified by NMR spectroscopy. Based on NMR spectra of common flavanone glycosides such as
naringin, hesperidin, and neohesperidin, the two existing diastereomeric forms of the molecules could
clearly be distinguished. The 1H NMR resonances of two diastereomers of each flavanone glycosides
investigated in this study were fully assigned with the assistance of diverse 2D NMR spectroscopy
methods.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Flavonoids represent one of the largest plant secondary metab-
olite groups with more than 6500 reported compounds up to the
year of 2000. Flavonoids are largely present in our daily life,
ingested via fruits, vegetables, legumes, and medicinal herbs. The
importance of this huge class of plant phenolic constituents lies
in their wide range of biological and physiological roles, mostly
attributed to health benefits such as antioxidant, anti-inflamma-
tory, oestrogenic, antiviral, and chemopreventive properties
(Harborne & Williams, 2000).

Flavonoids are grouped in several subclasses, such as anthocya-
nins, flavans, isoflavonoids, flavones, flavanones, flavonols, and
catechines, all of them chemically characterized by a 2-phenyl-
benzopyran-4-one structure. In particular the class of flavanones
is so widely occurring in citrus fruits that several authors have cho-
sen natural flavanones as chemotaxonomic markers and for the
identification of adulterated processed juices (Albach & Redman,
1969; Kefford, 1959; Ooghe, Ooghe, Detavernier, & Huyghebaert,
1994; Wistuba, Trapp, Gel-Moreto, Galensa, & Schurig, 2006).

Among all the other flavonoids, the subclass of flavanones
presents the unique characteristic of possessing a chiral center at
the C-2 position, which potentially leads to the existence of two
stereoisomeric forms (Fig. 1). Moreover, like other flavonoids, flav-
anones generally possess sugars attached to various –OH groups.
The resulting changes of configuration at the stereogenic centers
of the molecule determine that flavanone glycosides may exist as
mixtures of diastereoisomers.
ll rights reserved.

: +31 71 527 4511.
hoi).
The determination of the isomeric composition of natural prod-
ucts in food products has received great attention for a long time.
Positive bioactivities might be lost or transformed into undesirable
toxicity or inactivity by the formation of stereoforms of natural
compounds (Marder et al., 2003). It is believed that the involve-
ment of a manifold of enzymes in the biosynthesis of phytochemi-
cals results in the highly stereoselective production of the final
natural products. However, this monolithic pressumption is now
being challenged. In fact, recent advances in modern analytical
technology used for the reassessment of formerly described natu-
ral products structures have allowed the discovery of natural ste-
reoforms. In many cases, compounds which were believed to be
present as one specific stereoform in nature were reviewed and
found to occur as stereoisomers. NMR spectroscopy has been rec-
ognized so far as the most important tool for the structural eluci-
dation of flavonoids (Fossen & Andersen, 2006) and it is also
increasingly used as an analytical tool for the evaluation of quality
traits in foods (Le Gall, Puaud, & Colquhoun, 2001; Vogels et al.,
1996). Together with its undisputed potential in structural elucida-
tion, NMR has other advantages such as a quick sample preparation
and short analysis time, and its total sample recovery. Additionally,
it also allows the analysis of stereoisomeric mixtures. Gaffield,
Lundin, Gentili, and Horowitz (1975) used 1H NMR as supporting
material to circular dichroism measurements for an estimation of
the isomeric composition of naringin in grapefruit at different rip-
ening stages. The study allowed the authors to conclude that the
(2S)-isoform of naringin in grapefruit, the main form present in
premature fruits, undergo to racemization in maturing grapefruit.
The isomeric composition of commercial enzymatically modified
naringin used as food additive was also analysed by Akiyama, Yam-
ada, Yamada, and Maitani (2000) by means of 1H NMR and 13C
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Fig. 2. 1H NMR spectrum of grapefruit peel extract in the range d 7.5–d 5.9 (a) and d
5.6–d 4.2 (b) in CH3OH-d4:D2O (1:1). Resonances of naringin are assigned as it
follows. (1) H-1000 (Rha), (2) H-100 (Glc), (3) H-2, (4) H-1 from sucrose, (5) H-6 and H-
8, (6) H-3’ and H-5’, (7) H-20 and H-60 .

R1 = R2 = R3 = H, naringenin (1) 
R1 = rhamnose (1→2) glucosyl, R2 = R3 = H, naringin (2) 
R1 = H, R2 = OH, R3 = CH3, hesperetin (3)
R1 = rhamnose (1→6) glucosyl, R2 = OH, R3 = CH3, hesperidin (4)
R1 = rhamnose (1→2) glucosyl, R2 = OH, R3 = CH3, neohesperidin (5)
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Fig. 1. Chemical structures of naringenin (1), naringin (2), hesperetin (3), hesper-
idin (4), and neohesperidin (5).
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NMR spectroscopy. In an investigation by using 1H NMR of ‘‘aged”
samples of hesperidin extracted from Spanish oranges Nieto and
Gutierrez (1986) detected two sets of proton signals, assigned to
both C-2 isomers of the compound.

In order to evaluate 1H NMR spectroscopy as a tool to rapidly
detect the isomeric composition of natural flavanone glycosides
present in food, we investigated grapefruit peels, followed by a
study of reference compounds. Based on the 1H NMR results with
assistance of two dimensional NMR experiments, full 1H resonance
assignments of isoforms of flavanone glycosides were elucidated.

2. Materials and methods

2.1. Plant material

Peels from grapefruits purchased on the market were reduced
to small pieces and extracted using chloroform and a solution
made of methanol and deionized water 1:1. After ultrasonication
for 20 min at room temperature and centrifugation, the two phases
were filtered and separated. The MeOH–water fraction was dried
under vacuum and redissolved in deuterated solvent.

2.2. Chemicals and reagents

All solvents used in NMR analysis were purchased from Cortec
(Paris, France). The reference compounds naringegin (1), naringin
(2), hesperetin (3), hesperidin (4), and neohesperidin (5) were ob-
tained from Sigma–Aldrich (Steinheim, Germany).

2.3. NMR measurements

1H NMR, APT, J-resolved, 1H-1H COSY, TOCSY, 1H–13C HMBC,
1H–13C HSQC, and NOESY experiments were recorded at 600 MHz
on a Bruker DMX-600 spectrometer. NMR spectra were recorded
in dimethylsulfoxide-d6 or methanol-d4: water-d (1:1), and chem-
ical shifts were referred to the corresponding dimethylsulfoxide
(dH 2.54/dC 39.50), or methanol (dH 3.30/dC 49.00) signals.

3. Results and discussion

Our study started with the investigation of grapefruit (Citrus
paradisi L.) peels by 1H NMR spectroscopy. The high amount of
naringin (2) in the peels is clearly visible in the 1H NMR spectrum
of the MeOH–H2O (1:1) extract. Fig. 2 shows the characteristic 1H
NMR resonances of naringin in CH3OH-d4: D2O (1:1). 1H NMR reso-
nances of the major flavanone glycoside, naringin, were assigned
using two dimensional NMR spectra such as J-resolved, COSY, and
HMBC. A close observation of the 1H and the COSY spectra of the
grapefruit peel extract showed the presence of another flavanone-
like compound. The presence of a side signal close to the signal of
H-6 and H-8 at d 6.17, together with the splitting pattern of H-2 at
d 5.33 (m), indicated an isomer of the compound present in the ex-
tract. Due to the signal overlapping in the grapefruit extract, espe-
cially in the range of d 3.0–d 5.0 of the spectrum, for a complete
assignment of the proton resonances, the 1H NMR spectrum was
compared with pure naringin obtained from citrus fruit (min. 95%,
Sigma–Aldrich). It is known that commercial flavanones and glyco-
side derivatives are mixtures of enantiomers or epimers (Cacca-
mese, Manna, & Scivoli, 2003; Uchiyama, Kim, Kawahara, & Goda,
2005). When measuring the NMR spectra of commercial naringin
the presence of an additional set of signals belonging to second fla-
vanone was detected. Both compounds were characterized by the
presence of an AMX system which is typical of a flavanone structure
with resonances at d 5.56 (dd, J = 13.2, 3 Hz, H-2), d 2.77 (dd, J = 17,
3.2 Hz, H-3ax), d 3.36 (dd, J = 17, 14 Hz, H-3eq), and d 5.52 dd, J = 13,
3 Hz, H-2), d 3.43 (dd, J = 16, 13 Hz, H-3ax), d 2.73 (dd, J = 16, 3.4 Hz,
H-3eq), respectively. The assignment of these resonances was per-
formed on the basis of 1D and 2D NMR experiments (1H NMR,
APT, J-resolved, TOCSY, COSY, HSQC, HMBC, NOESY). One compound
was identified as naringin, while the second compound was con-
cluded to be one of the diastereomeric form of naringin. The com-
plete assignment of the spectral signals of the two structures is
given in Table 1.

The NOE correlation between H-3eq at d 3.36 and the signal of
H-20 and H-60 at d 7.31 indicated an a-orientation of the B-ring,
thus identifying the compound bearing H-2 at d 5.56 as the (2S)-
isoform of naringin.

Biogenetically, chalcones are the immediate precursors of flav-
anones. In plants, flavanones are generally present as levorotatory
(2S)-isomers because the enzymatic reaction which catalyzes the
conversion of chalcones to flavanones is highly stereospecific
(Grayer & Veitch, 2006). The enzyme chalcone isomerase (CHI)
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Table 1
NMR spectroscopic data (600 MHz, DMSO-d6) for naringenin (1), naringin (2), hesperetin (3), hesperidin (4), and neohesperidin (5). Coupling constants are (J in Hz) in parenthesis.
iCoupling constant(s) not indicated because of overlapping with other protons.

Position Naringenin (1) Naringin (2) Hesperetin (3) Hesperidin (4) Neohesperidin (5)

(2S) (2R) (2S) (2R) (2S) (2R)

2 5.47 dd (12.6, 2.7) 5.56 dd (13.2, 3.4) 5.52 dd (13.0, 3.2) 5.46 dd (12.3, 3.0) 5.54 dd (7.8, 3.0) 5.52 dd (7.2,
3.0)

5.55 dd (12.6, 3.2) 5.50 dd (12.6,
2.4)

3ax 2.71 dd (17.0, 3) 2.73 dd (17.0, 3.4) 3.43 dd (16.4,
13.0)

2.74 dd (17.2, 3.0) 2.79 dd (17.4,
3.0)

3.42 dd (16.5,
8)

2.80 dd (16.3, 3.2) 3.35 dd (16.8,
13)

3eq 3.30 dd (17.0,
12.9)

3.36 dd (17.0,
13.2)

2.77 dd (16.4, 3.2) 3.23 dd (17.2,
12.3)

3.31 dd (17.3,
8.1)

2.80 dd (16.8,
3)

3.31 dd (16.3,
12.6)

2.77 dd (17.0,
2.4)

6 5.91 s 6.11 d (2.4) 6.08 d (2.4) 5.91 d (1.9) 6.18 d (2.4) 6.17 d (2.4) 6.15 d (2.4) 6.15i

8 5.91 s 6.10 s 6.07 d (2.4) 5.92 d (1.9) 6.16 d (3) 6.15 s 6.12 d (2.4) 6.13 d (2.1)
20 7.35 d (8.4) 7.31 d (8.4) 7.32 d (8.5) 6.95 d (1.6) 6.97 d (1.6) 6.98 d (1.6) 6.97 d (2) 6.98 d (2)
30 6.82 d (8.4) 6.80 d (8.4) 6.79 d (8.4)
50 6.82 d (8.4) 6.80 d (8.4) 6.79 d (8.4) 6.97 d (8.2) 6.83 d (8.4) 6.83 d (8.4) 6.94 d (8.0) 6.93i

60 7.35 d (8.4) 7.31 d (8.4) 7.32 d (8.4) 6.90 dd (8.2, 1.6) 6.99 dd (7.9, 1.6) 6.98i 6.91 dd (8.0, 1.8) 6.91i

40-OMe 3.81 s 3.81 s 3.81 s
Glc-100 5.17 d (8.2) 5.01 d (7.7) 5.17 d (7.4)
Rha-1000 5.13 d (2.2) 4.55 d (2.9) 5.14 d (2.9)
5000-Me 1.19 d (6.6) 1.12 d (6.6) 1.21 d (6.4)
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catalyzes the cyclization of chalcone with an apparent 100,000:1
preference for the synthesis of the (S)-isomer over the (R)-isomer
(Jez, Bowman, Dixon, & Noel, 2000). As already mentioned, studies
on citrus fruits revealed that flavanones and flavanones-7-O-glyco-
sides are present as enantiomeric and epimeric mixtures, respec-
tively, in different ratios depending on the maturity grade of the
fruit (Caccamese et al., 2003; Gaffield et al., 1975; Gel-Moreto, Str-
eich, & Galensa, 2001). More precisely, it was reported by Gaffield
et al. (1975) that the (2S)-isoform of naringin in grapefruit, the
main form present in premature fruits, tends to convert to the
(2R)-form, reaching an approximate epimeric ratio of about 3:2
at fruit maturity. According to the authors, a possible explanation
of the diasteromerization of flavanones must be found in the
ring-opening of flavanones under basic conditions. This conversion
would lead to the formation of the corresponding chalcones, which
are unstable and rapidly recyclize to flavanones in a non-stereo-
specific manner (Miles & Main, 1989). This chemical isomerization
is also easily found in vitro, and it can also occur in vivo to the ex-
tent that moderate levels of anthocyanin can be formed (Heller &
Forkmann, 1988). Moreover, flavanones are commonly synthesized
via a Claisen-Schmidt condensation between 2-hydroxyacetophe-
none and a benzaldehyde and subsequent isomerisation of the
20-hydroxychalcone intermediate (Grayer & Veitch, 2006). Conden-
sation as well as isomerisation is catalyzed by acids or bases in
Fig. 3. Effect of different temperatures on H-2 signals (1 and 2) and anomeric signals of gl
at 25 �C, (b) at 65 �C, (c) at 75 �C; (d) after addition of D2O at 25 �C, (e) after addition of
homogeneous media, and also through electrochemical transfor-
mation, photochemical cyclization, and thermal isomerisation
(Choudary, Vijeender, & Reddy, 2005). With the objective of detect-
ing any isomerisation, the thermal conditions of the NMR probe
were changed. If it actually occurred it would result in a change
in the ratio of the two diastereoisomers. As shown in Fig. 3,
increasing the temperature during the NMR measurement did
not produce any change in the molar ratio of the two isoforms of
commercial naringin. Furthermore, the addition of D2O to the sam-
ples did not cause any modification in the epimeric ratio, the
change in H-2 signal possibly due to shifting or overlapping rather
than to a difference in the epimeric ratio of the isoforms.

In the case of the aglycon of naringin (naringenin, 1) the
separation of stereoisomers was not obtained in 1H NMR spectrum
because naringenin has only one chiral center at C-2, and the two
possible enantiomers can not be differentiated by NMR. By the
attachment of sugar, the enantiomeric protons become diastereo-
meric and can give resolved NMR spectra. As a further confirma-
tion, the NMR spectra of another two flavanone glycosides,
hesperidin (4) and neohesperidin (5) and their corresponding
aglycone, hesperetin (3) as reference compounds were measured.
Similarly to naringin, the 1H NMR spectra of hesperidin (4) and
neohesperidin (5) were also characterized by the presence of the
two diastereoforms of the compound, while only the signals
ucose (3) and rhamnose (4) from naringin in the 1H NMR spectrum (in DMSO-d6). (a)
D2O at 65 �C, (f) after addition of D2O at 75 �C.
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Fig. 4. H-2 signals in the 1H NMR spectrum of neohesperidin for the (2S) isomer (a),
and the (2R) isomer (b).
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belonging to one single stereoisomer were present in the spectrum
of hesperetin (data not shown). In the case of neohesperidin the 1H
NMR spectrum showed a bigger difference in the ratio of the two
stereoisoforms of the molecule (Fig. 4), as compared to naringin
with a much lower level of the (2R)-isoform. As previously
reported the nonenzymatic chalcone formation is favoured in
structures bearing a free 40-OH group (Gaffield et al., 1975).
Furthermore, Wistuba et al. (2006) detected the highest C-2 epi-
merization barrier for neohesperidin, which possesses a methoxy
group in position 40, among several tested flavanones.

In addition to the results of the diastereomeric separation of fla-
vanone glycosides, an interesting phenomenon was observed in the
1H NMR spectrum of naringenin (1). At high temperatures a protonic
Fig. 5. 1H NMR spectrum of naringenin in the range d 7.5–d 5.0. Sample was dissolved in
signals are assigned as follows: (1) H-2, (2) H-6 and H-8, (3) H-3’ and H-50 , (4) H-20 and
exchange of H-6, and H-8 with the solvent takes place (Fig. 5). When
measured at 90 �C, the signal of H-6, and H-8 at d 5.91 of the spec-
trum of a DMSO-d6 solution of naringenin kept overnight after addi-
tion of D2O, revealed the exchange with the deuterium of the
solvent. The H/D exchange phenomenon has also been reported by
Kolar (1971). The signals of H-6 and H-8 of some methylated and
methoxylated flavonoid-like compounds dissolved in a solution of
dioxane:D2O (3:1) exchanged with the deuterium of the solvent
after heating at 95 �C prolonged for 16 h. According to the author
the exchange reaction is a typical electrophilic aromatic substitution
reaction being promoted by the Pyrex glass of the NMR tube. The ki-
netic and the reactivity differences between C-6 and C-8 toward H/D
exchange was also studied by Kiehlmann, Lehto, and Cherniwchan
(1988) on catechin derivatives in D2O at 90 �C. More recently, Jord-
heim, Fosse, Songstad, and Andersen (2007) studied the exchange H/
D reaction of anthocyanin molecules in acidified methanolic or
aqueous solution. The reaction slowly takes place when the samples
are kept for eight days in darkness at room temperature.

4. Conclusions

It is generally accepted that plants metabolites are produced in
a stereospecific way because of the involvement of enzymes in
many biosynthetic steps. However, diverse stereoisomers of the
same compound may exist in nature, and thus in food products,
as side-products of a certain enzyme or after chemical conversion.
In this study, NMR spectroscopy allowed distinguishing stereoiso-
mers and made it possible to identify the two epimeric forms of
flavanone glycosides. The results obtained from this study show
the importance of carefully checking the chemical structures of
natural products in terms of their stereochemistry.
DMSO-d6, D2O was added and measured at 90 �C (a) after 3 h and (b) after 12 h. The
H-60 .
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