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Abstract

The HPLC enantiomeric separation of naringenin, eriodictyol, hesperetin and pinocembrin was accomplished in the normal-phase mode
using two polysaccharide-derived chiral stationary phases (Chiralcel OD-H and Chiralpak AS-H) andrvheaase/alcohol mobile phases.
The 3,4 substituents pattern affect the enantioselectivity of these phases. Single enantiomers of naringenin were isolated by semipreparative
HPLC and their CD spectra were measured and related to the absolute configuration by the exciton-coupling method. Online coupling
HPLC/spectropolarimeter afforded the CD sign of the eluted peaks at a single wavelength, and the complete CD spectra of the eluted
enantiomers were obtained by trapping them in the spectropolarimeter cell through a switching valve.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction membrane ghost system higher thatocopherol[5]. On
the other hand, in studies with other enzymatic systems
Flavanone glycosides occur in large amountditrus more modest activities were observed and this concerns

species and their aglycones, flavanones, are formed inwith the multifaceted concept of cancer chemoprevention
the intestinal epithelia by the enzymatic hydrolysis of that encompasses inhibiting, retarding and blocking agents
the glycosides. The formation of the aglycones is the [6,7].
crucial step in the metabolism of glycosidgg. Thus, an Nevertheless, the relevance of the stereochemistry at the
accurate dosage of the enantiomeric ratio of the flavanonesC-2 stereogenic center was not considered in these studies as
is significant to establish if there is any enantioselectivity well as in other ones, although it is well known that interac-
in the pharmacokinetics of them. The pharmacological tions of an enzymatic system leading to a functionalization
interest of the flavanones reportedHig. 1is well known. of a substrate are stereospecjét
Naringenin {) possesses chemopreventive potential toward The chiral separation of compounds4 was first
mutagenesis of heterocyclic amines mediated by an isoformachieved by Krause and Galensa using microcrystalline
of cytochrome P45(2], naringenin and hesperetirB)( cellulose triacetate as chiral stationary phase (CSP) and
inhibit a human breast carcinoma cancer cell line, especially methanol as mobile phase and obtaining separation fagtors
when paired with querceti§3], and selectively inhibit  in the range 1.80-1.58]. The same authors used cellulose
arachinodate 5-lipoxygenase compared with cyclooxyge- triacetate coated on silica gel diol as CSP but lowealues
nase in stimulated rat peritoneal leukocyfi¢k Eriodictyol were obtained10,11] Subsequently, the enantioseparation
(2) exhibits an antioxidative activity in the rabbit erythrocyte of compoundsl-3, among other flavanones, was studied
using three polysaccharide derived CSP but verydomere
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1 R=0H; Ry=H (naringenin)

2 R,=0H; R,=0H (eriodictyol)
3 R,=0-Me ; R,=0OH (hesperetin)
4 R,=H; R,=H (pinocembrin)

HO‘02

OH ©

Fig. 1. Structures of compounds4.

taking traditional Chinese medicines, using a Chiralcel OD
column and optimizing the mobile phase composifit3].

We had previously reported the normal-phase chiral
HPLC separation of ® and (X)-naringin (the 70-
neohesperidoside df) and we used this method to evaluate
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Table 1

Enantioselective HPLC resolution of naringenin on various CSP
Entry CSP AP K° to o Rs

1 AD 20 2.05 86 10.8 1.37 <07
2 AS-H 20 6.90 22 257 113 0
3 oD 20 2.13 1® 11.6 1.16 o7
4 OD-H 15 4.41 18 22.6 1.28 D
5 DACH 20 8.86 28 1.00

6 Kromasil 25 2.49 83 1.00

7 Whelk 20 4.30 19X 1.00

a Percentage of 2-propanol doped with 0.1% of TFAihexane at a flow
rate of 1 mL/min;tg, min=2.8 (AD), 2.9. (AS-H), 3.3 (OD), 3.4 (OD-H),
2.7 (DACH), 2.4 (Kromasil), 2.8 (Whelk).

b Retention factor of the first eluted enantiomer.

¢ Peak with large tail.

the stereochemistry at C-2 of naringin during the maturation coated on 1um silica gel. All the above columns were ob-

of the grapefruit§14].

In this article we report the direct separation of the enan-

tiomers of compound$—4 using an isocratic normal-phase
HPLC with two polysaccharide-derived CSP (Chiralpak AS-
H and Chiralcel OD-H) and varioushexane/alcohol mobile

phases. We isolated the single enantiomers of naringenin andvith

we measured their circular dichroism (CD) spectra. More-
over, the online coupling HPLC/CD afforded to obtain di-

tained from Daicel (Tokyo). The non polysaccharide-derived
columns (250 mnx 4.6 mm) used for the experiments re-
ported inTable 1were R R) DACH DNB packed with a 3,5-
dinitrobenzoyl derivative of R R)-1,2-diaminocyclohexane
covalently bonded to silica gel, Whelk$3R) O-1 packed
4-(3,5dinitrobenzamido)-tetrahydrophenanthrene
covalently bonded to pm 3-propylsilica, both from Regis
(Morton Grove, IL, USA), and Kromasil CHI-DMB packed

rectly the CD spectra of the eluted peaks of the enantiomericwith a polymeric network based orRBR-N,N'-diallyl-L-

pairs of compound$—4.

2. Experimental

2.1. Instrumentation

tartardiamide from EKA Nobel AB (Bohus, Sweden). A
column in-line filter with a 0.5um stainless steel frit of 3 mm
diameter from Rheodyne was used to protect the HPLC
columns. Disposable PTFE filters of Quen pore size were
used for filtration of sample solutions. Column void volume
(to) was measured by injection of tért-butylbenzene
as a non-retained mark¢t5]. The resolution factor was

The HPLC system consisted of a Jasco pump PU 980 with evaluated according t®s = 2(t; — 11)/(w1 + wy), i.e. the

Rheodyne 20 or 10@I sample loops, a low pressure mixer

LG-1580-02 and a line degasser 1550-54 (all from Jasco),

peak separation divided by the mean value of the baseline
widths. Retention timeg)were mean values of two replicate

a Varian DU-50 spectrophotometer operating at 292 nm anddeterminations. Other HPLC chromatographic parameters
a Varian data Jet integrator or Houston Oniscribe recorderwere those typically employedil6]. Experiments were
for fraction collecting. CD spectra were recorded on a Jasco performed at ambient temperature.

810 spectropolarimeter, using 1 mm cell. Online coupling

()-Naringenin () was purchased from Sigma (St. Louis,

HPLC/CD was realized using the HPLC Jasco componentsMO) and from Fluka (Buchs, Switzerland), hespere@h (

described above with a 20 Rheodyne loop, a Rheodyne
switching valve receiving the HPLC column eluate before
entering a continuous flow cell (8 volume, 10mm
optical path) inserted between the photomultiplier of the

spectropolarimeter and the usual allocation (empty) of the

spectropolarimeter cell. Molecular modeling conformation
of Snaringenin was obtained using a Chem 3D Ultra.

2.2. Enantioselective columns and chemicals

The polysaccharide-derived columns (250 mm.6 mm)

from Sigma, eriodictyol ¥) was from Fluka and from
Extrasyntlese (Genay, France), pinocembr#) from Ex-
trasynttese.

3. Results and discussion

3.1. Chiral separation with various CSPs

The effect of the type of CSP on the chiral recognition of
naringenin was first studied and it is shownTable 1 The

were cellulose tris-3,5-dimethylphenylcarbamate (Chi- chiral selectors derived from helical polysaccharide CSPs
ralcel OD-H), tris§-1-phenylethylcarbamate (Chiralpak (entries 1-4) are much more efficient than those based on
AS-H) both coated on pm silica gel, cellulose tris-3,5-  the complementary functionality approach between the CSP
dimethylphenylcarbamate (Chiralcel OD) and amylose and the analyte (entries 5 and 7) and orpas@mmetric unit

tris-3,5-dimethylphenylcarbamate (Chiralpak AD) both anchored into a network polymer (entry 6). Indeed, enantio-



S. Caccamese et al. / J. Chromatogr. A 1076 (2005) 155-162 157

selectivity @) and resolution factorRs) range from 1.28 16
and 2.0 using Chiralcel OD-H to 1.16 and 0.7, respectively, 14
using Chiralcel OD. This is expected since the first CSP is
coated on a silica gel support of a finer particle sizgity.
The CSP based on the amylose (Chiralpak AD), although 10 ]
giving a goodw, gave a pooRs (entry 1), the presence T 8
of an additional stereocenter in the pending moiety of the B
amylose-derived CSP improves significantly Badentry 2).
Thus, the results shown fable 1suggest the use of Chi- 4
ralpak AS-H and Chiralcel OD-H to study the enantiosepa-
ration of all four flavanone&—4, although it cannot directly
inferred that these CSP are the best also for compo2wtls (@) 0 i ~ ol Do G
Several analytical considerations can be made from the re- ' ' ‘ '
sults: (i) as expected for the normal-phase behavior of both
AS-H and OD-H columns, the resolution faciRyimproves OAS-H BSOD-H ——
significantly by decreasing the polarity of the mobile phase, 1,25
as shown by comparison of entries 1, 2, 4; 3, 6; 18, 20, al-
though the separation factaris almost unaffected by the
percentage of 2-propanol in the mobile phase. Remarkably, 1,15
the enantiomers of pinocembrif) can be separatedon AS-H =
column only decreasing the polarity of the mobile phase (en-
tries 25 and 26). (ii) ResolutiofRf) and separationd) factors 1.05
are almost unaffected by increasing the flow rate of the mo-
bile phase (entries 2, 3; 7, 9; 17, 18). (iii) For naringerdin ( 1
the chiral discrimination is much better on the OD-H column 0,85
in terms of bothv andRs for the same mobile phase compo- (b) HH H.OH OH,OCH3 OH,0H
sition and flow rate, as shown by comparison of entries 2, 7
and 3, 9. On the contrary, for eriodictyd)(and hesperetin  Fig. 2. Retention factors of the first eluted peak (a) and separation factors (b)
(3) the chiral discrimination is better, particularly with regard as afunction of the’34 substituents, from left to right, 1, 2, 3. Conditions:
toRs, on the AS-H column, as shown in entries 10, 12 and 15, Chiralpak AS-H apd Chiralcel OD-H columns; mobile phaskexane/2-
17. For pinocembrin4) the chiral discrimination is almost propanol doped with 0.1% TFA, 80:20 at 1 mL/min.
equivalent on both CSPs, giving arvalue of 1.08-1.09. On
AS-H column, however, thBs increases, as shown by com- OCHg in positions 34', respectively, form additional hydro-
parison of entries 22 and 26. (iv) The use of ethanol as polar gen bonding with the CSP. Thus, the chiral discrimination is
modifier of the eluent reduces the retention time of the enan- better for2 and3 on AS-H column than on OD-H column,
tiomers of flavanones-3 using the Chiralpak AS-H column, ~ a@s shown by comparison of thevalues inFig. 2b. The use
but it is very detrimental on the enantioseparatioth ahd2, of ethanol further disturbs the hydrogen bonding formation
as shown by comparison of entries 7 and 8, and of 12 and 13,through the OH substituents in positions43and the car-
respectively and, to a minor extent, on the enantioseparationdamate groups of the CSP and reduces the discrimination
of compound 3 (entries 18 and 19). Thus, a slight decreaseProcess. Ethanol has in fact an higher polarity index and vis-
in the percentage of ethanol in the mobile phase (from 20 to cosity than 2-propandlL8] and competes in the interactions
10%) has a profound effect on the enantioseparation7 differ- with the 3,4 substituents. Thus Sllght modification in the
ently than for 2-propanol. substitution pattern influences heavily the behaviour of the
Fig. 2shows the influence of the different volume of the he- various flavanones on the same CSP.
lical groove of a cellulose derivative (OD-H) and an amylose  Typical enantiomeric separations of the flavanahekas
derivative (AS-H) with an additional stereogenic center on @ function of CSP and mobile phase composition are shown
the chiral discrimination of the flavanonés4, at the same  in Fig. 3. The HPLC traces show that the compounds (from
polarity and flow rate of the mobile phase. The binding of commercial sources) contain other enantiomeric pairs as im-
the solutes is achieved through hydrogen bonding interactionpurities and that the flavanones are almost racemic as calcu-
with the polar carbamate groups of the CSPs and through in-lated from the integrated areas of the two major peaks.
sertion of the solute in the helical cavity, and itis wellknown ~ This also includes the eriodictyol sample from Fluka
that amylose derivatives possess a wider and more compactvhich is indicated in the catalogue as5-g'.4',5,7-
helix [17]. The retention factok; is much higher on AS-H  tetrahydroxyflavanone. THe, Scomposition, as well as the
column for all flavanones as a consequence of a better in-pPresence of impurities, is reasonably due to the extraction
teraction, as shown by comparisonigfvalues inFig. 2a. and hydrolysis procedure frofitrus fruits where other fla-
However, the flavanonesand3, bearing OH, OH and OH,  vanone glycosides are present.

OAS-H®BOD-H

(=]

1,1




158 S. Caccamese et al. / J. Chromatogr. A 1076 (2005) 155-162

1
a b
L M R
14 16 24 32 20 28 3

‘IA , i [ N | [ N R
. 6 44 8 16 24
min
2
M f | | |
ST, Y .S T/\J/\/ k ]
18 26 34 42 8 16 ' oy ' 8 16 4 12

Fig. 3. Typical HPLC separation of compountis4 as a function of CSP and mobile phase composition. Conditions: compgbu@B-H (a), AS-H (b);
compound: AS-H (e), OD-H (f); compoun@®: AS-H (c), OD-H (d); compound: AS-H (g), OD-H (h). Mobile phasa-hexane/2-propanol doped with 0.1%
TFA, 80:20 at 1 mL/min (a—f), 90:10 (g and h), at 1 mL/min in all cases.

3.2. Isolation of the enantiomers of naringenin and their
circular dichroism spectra

Based on the chromatographic resultSTable 2 we re-

siderably lower £27 000). In our opinion, this is due to the
hydrolysis of “unfractionated samples &)<{naringin” from

the albedo oCitrus paradisi[19] and thus to the presence of
other CD-active flavanones. Thevalue obtained by us after

sorted to the experimental conditions in entry 3, that are chiral HPLC separation of the enantiomer is instead devoid
a compromise between acceptable elution times and still

good resolution factor, to perform the isolation of the sin- ;559
gle enantiomers of naringenii)( This was accomplished S50 2 1
by 100p.l repeated injections (0.3-0.4 mg) of a solution of ;

(£)-naringenin (40 mg in 10 mh-hexane/2-propanol 1:1). % S ‘
Collection of the eluates corresponding to the two major chro- % 10000 i ey \ S,
matographic peaks gave, after filtration and rotoevaporation = 0 230 rm/ 270 290 W
5mg of each compound. T 10000

The CD spectra of both compounds were measured and3 .00 / ‘
they were mirror images of each other, as showFign 4, in- = \/ >

. . . . . K -30000
dicating their enantiomeric nature. Analytical HPLC reruns 1

of the eluates indicated an enantiomeric excess (ee) of 100% %%
forthe first peak and 98.7% for the second one. The molecular

ellipticity (¢) of naringenin at 287 nm was already r(_eported Fig. 4. CD spectra (ethanol, 22) of the enantiomers of naringenin ob-
as—42 100[19]. However, thé value measured by usis con-  tained from the first (1) and the second (2) HPLC eluted peaks.

A (nm)
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Table 2
Enantioselective HPLC resolution of flavanorieg on Chiralcel OD-H and Chiralpak AS-H
Entry Compound CSP A (%)2 Flow ky t1 to o Rs
1 1 OD-H 25 1 115 73 81 125 Q7
2 1 OD-H 20 1 229 112 132 125 13
3 1 OD-H 20° 1.3 212 86 101 126 13
4 1 OD-H 15 1 441 184 226 128 20
5 1 OD-H 15 1 294 134 149 115 13
6 1 OD-H 15 1.3 412 141 17.1 126 16
7 1 AS-H 20 1 27 240 280 119 12
8 1 AS-H 2¢° 1 2.87 132 100
9 1 AS-H 20 1.3 630 167 186 113 09
10 2 OD-H 20 1 552 221 248 114 08
11 2 OD-H 15 1.3 1104 331 382 116 09
12 2 AS-H 20 1 1027 327 388 128 18
13 2 AS-H 20 1 4.18 150 100
14 2 AS-H 30 1.3 370 105 122 121 14
15 3 OD-H 20 1 538 217 24.0 112 <Q7
16 3 OD-H 15 1.3 916 279 313 112 08
17 3 AS-H 20 1 1397 363 434 121 18
18 3 AS-H 20 1.3 1230 296 364 124 18
19 3 AS-H 2¢° 1.3 444 121 129 108 06
20 3 AS-H 30 1.3 577 127 151 122 16
21 4 OD-H 20 1 122 7.6 79 109 <05
22 4 OD-H 10 1 223 110 117 109 <05
23 4 OD-H 10 1 232 113 120 109 <05
24 4 OD-H 15 1.3 173 75 8.0 109 <05
25 4 AS-H 20 1 191 85 100
26 4 AS-H 10 1 381 140 149 108 08
27 4 AS-H 1¢ 1 3.62 134 143 108 08

2 pPercentage of 2-propanol doped with 0.1% of TFAihexaneto, min=3.40 (OD-H at 1 mL/min), 2.75 (OD-H at 1.3. mL/min), 2.90 (AS-H at 1 mL/min),
2.23 (AS-H at 1.3 mL/min).

b Experimental conditions used for semipreparative isolation.

¢ Percentage of ethanol doped with 0.1% of TFAxhexane.

of this impurities effect. The configurational assignmeni( (9-naringenin exhibited significant inhibitory effect on this
(S was empirically suggested by Gaffield by an extension of activity and no enantioselectivity was observed. The lack of
the Snatzke rulg¢20]. The CD spectrum of-)-naringenin activity is somewhat surprising since racemic naringenin was
exhibits a split CD pattern typical for exciton chirality with  reported to be in vitro effective in the inhibition of the nifedip-
two opposite Cotton effects, one due to the strong absorptionine oxidation and of aflatoxin Bactivation in human liver

of the trisubstituted acetophenone chromophore centered atnicrosomeg24].

about 285 nm while the other one at lowefbelow 240 nm)

is partially due to the methylphenol chromophore. 3.3. Online coupling HPLC/CD

We built the molecular model of the lowest energy confor-
mation of §)-naringenin by means of Chem 3D Ultra calcu- Once the absolute configuration at C-2 of the eluates of
lation and this is reported irig. 5. Applying simple chirality naringenin has been assigned by interpreting the Cotton ef-
rules and the very versatile exciton-coupling metfij22] fects in the CD spectra of the enantiomers isolated by HPLC,

the absolute sense of twist, defined by the methylphenol chro-we resorted to a simpler, quick and reliable procedure to ob-
mophore (in the front) and the 2,4,6-trihydroxyacetophenone tain the absolute configuration of the eluting peaks of com-
chromophore (in the back), gives the negative chirality ob- poundsl—4. This is online coupling HPLC/CD that, beside to
served in the CD couplet thus confirming the correlatioj obtain a CD signal at a chosgpaffords also the complete CD
(9. Thenonempirical assignment of the absolute configu- spectrum of the eluting peak by trapping it in the spectropo-
ration of (—)-naringenin by quantitative ab initio calculation larimeter cell through a switching valve. HPLC/CD detectors
of the CD spectrum has been recently achidaa. are relatively new and not inexpensif@s]. Some applica-
The individual enantiomers of naringenin were recovered tions and useful comments on the subject are discussed in a
from the solution used for the chiroptical measurements andrecent review26].
were tested for the inhibition of the cyclosporin A oxidase Fig. 6 shows the CD signal at 292 nm (upper trace) and
activity in human liver microsomes. This is in fact an impor- UV absorbance (lower trace) in continuous flow mode. Since
tant CYP P3A4-dependent activity. However, neiti®r or the sign of the CD band at lower energy is diagnostic of the
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itive and negative CD signals. Th&{enantiomer eluted as
the second peak on the amylose-derived column (AS-H), but
eluted as first on the cellulose-derived column (OD-H). The
reversal of elution order using cellulose and amylose derived
CSPs have been also reported in some dds@sThe online

CD spectra of the enantiomers of compoufe4 are shown

in Fig. 7. They were obtained by trapping the eluate of the
peak at its absorbance maximum, switching the valve. The
pump was also stopped during the acquisition of the CD spec-
trum of the solution trapped in the cell of the spectropolarime-
ter. This device avoided to overlap the acquisition of the CD
spectrum of the first peak with the elution of the second peak
in case the pump was running. Thus, in an unique HPLC run,
the CD spectra of both enantiomers were obtained. They were
recorded from 245 nm to higher wavelengths to avoid severe
interference from the mobile phase at lower wavelengths. A
background CD spectrum of the mobile phase was recorded
at the end of the HPLC run and subtracted from the spec-
trum of each peak. The quality of the spectrum is related to
the signal-to-noise ratio and thus to the dilution of the solu-
tion trapped into the cell. In this respect, the enantiomers of
naringenin and pinocembrin (this eluted on AS-H column)

Fig. 5. Absolute sense of twist defined by methylphenol chromophore (in o .
the front) and 2,4,6-trihydroxyacetophenone chromophore (in the back) for ?Xhlblt the best and the worst spectra, respectively, as shown

the lowest energy conformation d§)¢naringenin calculated by Chem 30 1N Figs. 6 and 7 o
Ultra. The CD spectra of compounds4 are very similar. In

particular, the second peak of pinocenbrin shows a neg-

absolute configuration, as discussed above, a negative cCtve €D band centered at about 285nm and attributable
signal at 292 nm is related to th&){configuration. This is  [©© the ©)-enantiomer, using the Chiralpak AS-H column,

observed for compounds-3. Remarkably, for pinocembrin while this enantiomer eluted first on the OD-H column.

(4) the opposite elution order of the enantiomers on the AS-H The band is centered around 8nm at Iower_wavelengths
and OD-H columns was observed, as evidenced by the IOOS_Wlth respect to the other flavanoné&s3 and this can be

NARINGENIN OD-H ERIODICTYOL AS-H HESPERETIN AS-H
=110 = 156 [ = 20 |
E E 0} E °FT
=) b a r i O oo | | |
=k : O -15 [ . ‘ 3] 2{1) . [
: 06 [ i
0.4 | 5
2 2f ! el j\/\ 205 [
< L < Y << L
ol - 0 0 A .
4 12 20 16 32 40 8 24 40
Time[min] Time[min] Time[min]
PINOCEMBRIN OD-H PINOCEMBRIN AS- H
10 F T _ 10 F
= o
@ @« I
g oy Eop
a a
O -10 | , e =L | .
w 04 | - 0.4 7
o
< L
< 0.2 0.2 i
0 x : . 0
41 2 20 8 24 40
Time[min] Time[min]

Fig. 6. HPLC/CD chromatograms on the top and HPLC/UV chromatograms on the bottom (at 292 nm) for fladadoi@enditions: CSP, as indicated;
mobile phaser-hexane/2-propanol doped with 0.1% TFA: 85:15 naringenin; 80:20 eriodictyol and hesperetin; 95:5 pinocembrin, at 1 mL/min in all cases.



S. Caccamese et al. / J. Chromatogr. A 1076 (2005) 155-162

ERIODICTYOL AS-H

161

HESPERETIN AS-H

NARINGENIN OD-H 20 30
40 | 1 1 20 | 1
10 |
— = =
D20 D @
[¢}]
° 'E 0 E 0
E 0 = a
)
(&) O 49 O .
20 | 2 2 -20
. . 20 L " -30 Lu .
250 300 350 250 300 350 250 300 350
A (nm) A (nm) X (nm)
PINOCEMBRIN OD-H PINOCEMBRIN AS-H
4l 1
= D2l
2 3
£ E;
=) (m]
3 c°
-2t 2

320 340 260

300
A (nm)

260 280

280

300
A (nm)

320 340

Fig. 7. CD spectra of the eluted peaks of flavandir&sin HPLC/CD online coupling. Conditions: CSP, as indicated; mobile phdsxane/2-propanol doped
with 0.1% TFA: 85:15 naringenin; 80:20 eriodictyol and hesperetin; 95:5 pinocembrin, at 1 mL/min in all cases.
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