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Abstract

A comparison is presented of product ion mass spectra of protonated and deprotonated molecules of kaempferol-3-O-glucoside, querc
3-O-glucoside (isoquercitrin), quercitin-3-O-galactoside (hyperoin), apigenin-7-O-glucoside, luteolin-7-O-glucoside, genistaiicasioegl
naringenin-7-O-glucoside (prunin), luteolin®@-glucoside, luteolin-6-C-glucoside (homoorientin, known also as isoorientin), apigenin-8-C-
glucoside (vitexin), and luteolin-8-C-glucoside (orientin) together with the product ion mass spectrum of deprotonated kaempferol-76@-glucosi
All isomeric ions were distinguishable on the basis of their product ion mass spectra. For protonated 3-O-, 7/@D-glyddsides at a collision
energy of 46—47 eV, homolytic cleavage of the O-glycosidic bond yielded aglytam¥, whereas in deprotonated 3-O-, 7-O-, dr@4glycosides,
heterolytic and homolytic cleavage of the O-glycosidic bond yielded radical aglycon €Y-aty aglycon (Y) ions. In each case, fragmentation
of either the glycan or the aglycon or both was observed. For 6-C- and 8-C-glycosides at a collision energy of 46-47 eV, fragmentation w
restricted almost exclusively to the glycan. For luteolin-6-C-glucoside, the integrity of the aglycon structure is preserved at the expense of
glycan for which some 30 fragmentations were observed. Breakdown curves were determined as a function of collision energy for protonated
deprotonated luteolin-6-C-glucoside. An attempt has been made to rationalize the product ion mass spectra derived from C-O- and C—C-lute
glucosides in terms of computed structures that indicate significant intramolecular hydrogen bonding and rotation of the B-ring to form a coplat
luteolin structure. It is proposed that protonated and deprotonated luteolin-6-C-glucoside may afford examples of cooperative interadive bonc
that plays a major role in directing fragmentation.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction flavonoids in plants is that of a flavonoid glycoside. All flavonoid
glycosides have a {g phenyl-benzopyrone skeleton to which
The study of the ubiquitous class of phytochemicals knowrglycosidic moieties are attached via either an O atom (—O-) or
as the flavonoidfl] has been confined largely heretofore to theira skeletal C atom (—C-). Because of their antioxidant and anti-
distribution in the plant kingdom, elucidation of their structures,cancer properties, flavonoid glycosides present in foodstuffs and
and the pathways by which they are synthesized. Flavonoids arfitraceuticals have received much attention recently.
found primarily in petals, the foliage of trees and bushes, and are Flavonoids and isoflavonoids may be of ecotoxicological
distributed widely in the edible parts of plants. Plants syntheimportance because they are present in the heartwood of tree
size flavonoids and secondary metabolites for protection againspecies used for wood pulp,4] and are found in a variety of
pathogens and herbivores. The flavonoids were reviewed extefruits and vegetables. Plants of the Leguminosae family (e.qg.,
sively in 1994{2]. The predominant form of naturally occurring soy, lupin) contain isoflavones that are important components of
the diets of humans and animals. A review of genistein, including
— its distribution in plants, estrogenic properties, cancer chemo-
* Corresponding author. Tel.: +1 705 748 1011 7361; fax: +1 705 748 1625. . .. . . .
E-mail address: rmarch@trentu.ca (R.E. March). preventam{e activity, and ch_emop_reventatwe act|V|_ty for cardio-
! present address: ArQule, Inc., 19 Presidential Way, Wobum, MA o1go1vascular disease was published in 205 Flavonoids are of
USA. environmental significance because several flavonoid aglycons
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(flavonoid glycosides that have lost the sugar or glycan moiety)M—H] ~ of isoorientin, orientin, and vitexin. Collision-induced
are known to be biologically activi&] while some isoflavones homolytic and heterolytic cleavage of the O-glycosidic bond
are also phytoestrogefis 8] that have radical scavend®10]  in flavonoid glycosides yielded radical aglycon (Y-2H)and
and anticarcinogenifd 1,12] activities. The estrogenic activity aglycon (Y-) product ions, respectively. The relative abun-
of flavonoids has been characterized relative to that of estradi@lance of the radical aglycon to the aglycon product ion
[13,14] While phytochemicals in the heartwood and sapwoodrom flavonol-3-O-glycosides varied with the nature and posi-
of trees render the wood resistant to disef@eflavonoids in  tion of the sugar substitution and increased with increasing
mammals can affect reproduction by acting upon the pituitarynumber of hydroxyl substituents in the B ring and in the
gonadal axis, either as competitors for steroid receptor[difds  order kaempferol < quercetin < myricetin-3-O-glycoside. Radi-
or by inhibiting aromatasfl6]. Flavonoids are present also in cal aglycon production from apigenin-7-O-glucoside exceeded
herbal medicinefl7] and preventative therapeutidsl ]. that from luteolin-7-O-glucosidgs1,52]

Although structural elucidation of flavonoid glycosides was  The formation and CID of metal/flavonoid complexes using
attempted using electron impact mass spectron{d®y, the  ESI/MS/MS has been employed for the differentiation of
advent of fast atom bombardment (FAB), atmospheric presflavonoid isomers. Frequently this approach yields more dis-
sure chemical ionization (APCI) and, particularly, electrosprayinctive fragmentation patterns than those observed for proto-
ionization (ESI) combined with tandem mass spectrometryhated or deprotonated flavonoi@8,54}, in this manner, glyco-
(MS/MS) has permitted much more rapid study of the flavonoidssides of apigenin, quercetin, and luteolin have been differenti-
their ion chemistry, and the determination of flavonoids in lowated. Zhang and Brodbelt have investigated also the gas-phase
concentrations in aqueous systems. Cuyckens and Claeys hawgdrogen/deuterium exchange and conformations of deproto-
reviewed recently the role of mass spectrometry in the structuralated flavonoid§s5] and quantification by LC/MS of the main

analysis of flavonoid§l9]. flavonoids in grapefruit juice, naringin and narirutin; structural
FAB/MS/MS has been employed for structure determinationdifferentiation was accomplished by LC/MS/MS5].
of steroid and flavonoid glycosid§20,21], differentiation of 6- The combination of MS/MS with ESI has proven to be a

C- and 8-C-glycosidic flavonoid22,23] and of O-diglycosyl, valuable technique that has great sensitivity, specificity, mass
O—C-diglycosyl, and di-C-glycosyl flavonoid24], and the range, and mass resolution. In this work, a study of 12 flavonoid
investigation of prenylated flavonoids using/B®> and B/E  glycosides has been carried out using ESI/MS/MS at high
linked scan§25,26] A review of the application of FAB/MS/MS  mass accuracy. The flavonoid glycosides were selected as
to the study of flavonoid glycosides has been presefiép being representative of the variety of flavonoid moiety and
Nuclear magnetic resonance (NMR) spectroscopy has beahe location of glycoside attachment in flavonoid glycosides
combined with FAB/MS/MS28] and with high-performance found naturally. Eleven flavonoid glucosides were investigated
liquid chromatography/MS for the structural characterization oftogether with a single flavonoid galactoside. Although glucose
flavonoids and flavonoid-O-glycosidg9,30}. In addition,’*C  is the most common sugar in flavonoid glycosides, galactose
NMR spectra have been obtained for a number of flavonoidalong with rhamnose, xylose, and arabinose are not uncommon
[31], and botht3C and'H NMR spectra have been reported for [57,58]

acylated derivatives of apigenin-7-O-glucosi@2]. Thermo- Product ion mass spectra as a function of collision energy of
spray coupled with liquid chromatography/tandem mass speg¢M + H]* and [M—H]~ ion species of each flavonoid glycoside,
trometry, LC/MS/MS, has been used for the characterization of/, were obtained at high mass accuracy with a quadrupole/time-
flavonoids[33] and the rapid screening of fermentation brothsof-flight instrument. Product ions were identified within an aver-
for flavoneq34]. Using ion spray LC/MS/MS, parent ion scans age mass accuracy &f1.5 mDa. The application of enhanced
of two protonated aglycons, quercitin and kaempferol, indicated¢one voltages permitted MS/MS/MS operation. The results
the presence of more than 12 flavonol glycosides among ningbtained permit construction of a fragmentation map or scheme
hop varietieg[35]. lon spray LC/MS/MS has been used alsofor each flavonoid glycoside; selected fragmentation schemes
for the characterization of flavonoids in extracts frdassi-  are shown here. Chemical computations of ion and neutral struc-
flora incarnata [36,37] APCI/MS/MS has been employed for tures were carried out using both a semiempirical and an ab initio
the quantitation of xanthohumol and related prenylflavonoidsnethod.

in hops and bed38], for a study of flavonone absorption fol-

lowing naringin, hesperidin, and citrus administratj8f], and

for the identification of 26 aglycons from the leaf surfaces of2. Objectives

Chrysothamnu§0]. ESI/MS/MS has been employed for anal-

ysis of 8-O-malonylated3-p-glucosides in plantgt1], and for The objectives of this research work were to acquire prod-
the investigation of gas phase apigenin anionic clu$f¥}sand  uct ion mass spectra for protonated and deprotonated flavonoid
of Na*-bound clusters of quercet[43]. glycosides in support of LC/MS/MS analysis, to identify the

ESI/MS/MS has been employed also for the investigatiomosition of attachment of the glycoside, for example, to distin-
of 14 flavonoidqd44], flavonoid aglycon§45], characterization guish between 3-O-, 7-O-, and-@-glycosidic flavonoids and
of flavonoid-O-diglycoside$46,47] and kaempferoJ48] and  to differentiate between O- and C-glycosides, to examine gly-
genistein-7-O-glucosidg19] at high mass resolution. McCul- can cross-ring cleavage, to determine the energy dependence of
lagh et al.[50] have reported ESI/MS/MS mass spectra forthe glycan cross-ring cleavage in C-bonded glycosides, and to



Table 1

Flavonoid glycosides examined, solution concentration used, molecular weight, and product ion mass spectra displayed

8-C-Glu

6-C-Glu

'40-Glu

7-O-Glu

3-0-Gal

3-O-Glu

Type

Apigenir®? (vitexin)

Apigenifl, 188 ppm,

MW 432

Flavone 5,7 4tri-hydroxy

196 ppm), MW 432

Kaempferd!,

Kaempferol, 80 ppm, MW

448

Flavone 3,5,7 /Atetra-hydroxy

120 ppm, MW 448
Luteoli®d, 94 ppm,

MW 448

Luteolir®® (orientin),
80 ppm MW 448

Luteolird-P

Luteolir?, 170 ppm,

MW 448

Flavone 5,7,34 -tetra-hydroxy

(homoorientin),
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80 ppm, MW 448

Quercitirf-?,

Quercitin (isoquercitrin),
244 ppm, MW 464

Flavone 3,5,7, 34 -penta-hydroxy

110 ppm, MW 464

Genisteiy, 150 ppm,

MW 432

Isoflavone 5,7 /4tri-hydroxy

Naringenin (prunin),
116 ppm, MW 434

Flavanone 5,7/4tri-hydroxy

2 Product ion mass spectrum of [M +His given.
b Product ion mass spectrum of [M—H]s given.

attempt to correlate product ion mass spectra with computed ion
structures.

3. Experimental

ESI-MS and MS/MS experiments were performed on a triple
stage mass spectrometer (Quattro LC, Micromass, Manchester,
UK) and a Q-TOF 2M mass spectrometer (Micromass, Manch-
ester, UK) each with a Z-spr&Y ES source. The ES source
potential on the capillary was 3.0 kV. The sampling cone voltage
was varied from 20to 140 V for ES mass spectra. The quadrupole
mass filter to the TOF analyzer was set with LM and HM resolu-
tion of 15.0 (arbitrary units), which is equivalentto a 1.0 Damass
window for transmission of precursor ions. The source block
and desolvation temperatures were set at 80 and@ 5@ spec-
tively. CID of mass-selected ions was performed in an rf-only
quadrupole collision cell. UHP argon was used as the collision
gas at 10 psi inlet pressure for CID experiments. Signal detec-
tion was performed with a reflector, microchannel plate (MCP)
detector and time-to-digital converter. Mass calibration was car-
ried out using a Nal/Csl standard solution fram 50—1000.
Data acquisition and processing were carried out using software
MassLynx NT version 3.5 supplied with the instrument. The MS
survey range wasi/z 50—1000 and the duration of each scan
was 1.0s with an interscan delay of 0.1s. Mass spectra were
accumulated over a period of 60 s or more for both single ana-
lyzer profiles and CID experiments. For each of the ion species
examined, the lock mass in each product ion mass spectrum was
the calculated monoisotopic mass/charge ratio of the precursor
ion. The concentration of each compound examined is shown in
Table 1 Product ions were identified within a mass accuracy of
+1.5mDa using the QTOF II.

Kaempferol-7-O-glucoside was isolated at the University
of Medical Science, Poznan, Poland; apigenin-7-O-glucoside,
luteolin-7-O-glucoside, genistein-7-O-glucoside, and apige-
nin-8-C-glucoside (vitexin), kaempferol-3-O-glucoside, quer-
citin-3-O-glucoside (isoquercitrin), naringenin-7-O-glucoside
(prunin), quercitin-3-O-galactoside (hyperoin) were obtained
from the Roth Co., Germany; luteolif-®-glucoside and
luteolin-8-C-glucoside  (orientin),  luteolin-6-C-glucoside
(homoorientin, known also as isoorientin) were obtained from
the Indofine Co., USA.

The analyte solutions were prepared using methanol and
water (1:1) at a concentration of 80-20@ mL~%. The solu-
tions were infused to the ES source using a Harvard Apparatus
Model 11 syringe pump (Harvard Apparatus, Holliston, MA) at
a flow rate of 1QuL min—1. For the investigation of appearance
energies of product ions resulting from cross-ring cleavages,
solutions of 1 ppm were used in conjunction with the Quattro
LC instrument.

For the calculation of molecular geometries and frequen-
cies, both semiempirical PMB9], and ab initio or density
functional theory (DFT]59] methods were used. The semiem-
pirical method was applied to some 15 structures because the
speed of semiempirical methods makes practical such calcula-
tions on a series of fairly large molecules; the DFT method was
applied to a subset of six structures. The PM3 method, imple-
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— U,

Scheme 2. Nomenclature and diagnostic fragmentations of [M—bif
genistein-7-O-glucoside.

Scheme 2For free aglycons, thdA* (or /A~) and the"iB*
labels designate primary product ions containing intact A and B
rings, respectively, in which the superscripts indicate the C-ring
bonds that have been broken. theme 2the C-ring bonds
and the glucose ring bonds are numbered with a small font, the
carbon atoms in the A, B, and C rings are labeled with a larger
font, and the primary fragmentations are indicated. lons result-
ing from cross-ring cleavages in the sugar residue are denoted
with X labels.

4.1. Product ion mass spectra of three 3-O-glycosides

e}

Product ion mass spectra of the protonated and deprotonated

Scheme 1. Structures and numbering schemes: (a) flavones; (b) flavanones; é«0-glucosides of kaempferol and quercitin were compared so
(c) isoflavones.

mented in SPARTANBGO], was used rather than the other popular
semiempirical method, AM[61], because PM3 appears to treat
hydrogen bonding somewhat better than does ABH]; like

AM1, PM3 gives good geometries for conventional molecules
[59]. The computed structures were characterized as relative
minima on the PM3 potential energy surface by the absence of
imaginary frequencies in their calculated IR spe¢&3]; they
should be regarded as plausible geometries, and not necessar-
ily as global minima, in view of the many degrees of rotational
freedom available to these molecules.

m/z 449

4. Results and discussion

The product ion mass spectra for the flavonoid glycosides
examined here are discussed in order of their appearance in
Table 1 The numbering schemes for flavones, flavanones and
isoflavones, are shown Bcheme 1the small numerical font in
Scheme Jidentifies the bonds in the C ring. A systematic ion
nomenclature for flavonoid aglycons has been prop¢sét
that is conceptually similar to that introduced for the descrip- S
tion of carbohydrate fragmentations in product ion mass spectra m/z 287

of glyco_conjUQateﬁﬂ' The r_10m_enclature and_ diagnostic frag- Scheme 3. Fragmentation scheme of [M ¥ ldf kaempferol-3-O-glucoside,
mentations of [M—HT of genistein-7-O-glucoside are shown in ,;/; 449.
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100 - *x10 ¥ - 303.060 5.00e5
Y+
Quercitin-3-O-galactoside
[M+HT*

Lock mass

% 1
145.055
465.103
165.025 257~T57
e Ll
(@) 50 100 150 200 250 300 350 400 450 500
100, %10 ¥ 300.0180 3.10e5
Querecitin-3-O-galactoside
YOH IM-H]

463.0877

°/o'
151.0037
v-
271.0232 301
178.9981
121.0290 227.?348 ]

i WA N OO R R G-
(b) 50 100 150 200 250 300 350 400 450 500

Fig. 1. Product ion mass spectra of quercitin 3-O-galactoside obtained at a collision energy of 47 eV and cone voltage of 45 V: (a)i¥465.1030); (b)
[M=H]~ (m/z 463.0877).

as to determine what influence, if any, is exerted by the presenaer product ions ofn/z>150 from the flavone moiety were
of the 3-hydroxy substituent in quercitin-3-O-glucoside. The observed. Other than the"on for each compoundy/z 287
inclusion of quercitin-3-O-galactoside in this study afforded anandm/z 303 for the 3-O-glucosides of kaempferol and quercitin,
opportunity for comparison of the fragmentation of two differentrespectively, there is little information concerning the identity

glycosides of a common flavone, quercitin. of the precursor ion.

For protonated quercitin-3-O-galactoside, extensive frag-
4.1.1. Protonated kaempferol-3-O-glucoside, mentation of the aglycon was observed as showhig 1(a)
quercitin-3-O-glucoside, and quercitin-3-O-galactoside and illustrated irScheme 4Cross-ring cleavages of the C-ring

The protonated molecules [M+H] of kaempferol-3- lead to the observation of tHe’A* (m/z 153) and™*A* +2H®
O-glucoside, quercitin-3-O-glucoside and quercitin-3-O-(m/z 127) product ions. Nine product ion species, formed by
galactoside upon dissociation at a collision energy of 46-47 eyearrangement processes with the expulsion of one or more of
yield the Y* ion in each case from the loss of 162Da asH20,CO, HCO, and CHO, were observed. The/z 145 prod-
shown inScheme Jor protonated kaempferol-3-O-glucoside. UCt ion is of particular interest here; the elemental composition
Similarly, the Y* ion is the base peak in FAB mass spectra ofwas determined by accurate mass measurementdsQz”
the compound$21]; however, unlike the FAB mass spectra, With a mass error ot-4mDa. The relatively high H:C ratio
the [M+H-OJ" and Z ions were not detected in the product in CsHgO4™" indicates thatn/z 145 does not arise from the"Y
ion mass spectra. For protonated kaempferol- and quercitirion but, rather, from the galactose glycan as tte 80 ion.
3-O-glucosides, neither fragmentation of the glucose moietydecause extensive glycan fragmentation is observed for several
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m/z 465

HO OH+
_— m/z 145
OH -H0
1,3A+
m/z 153
Ho © \I -H,0 -CO
—m/z 285
-CO -H,0 -CO
OH ——— »m/z275 —>M/2257 —>m/z229

OH -CO -CO
m ~ -HCO-
Ho OH'H* 0 m/z 274 \ m/z 247 l

m/z 201
m/z 303 CHO _ o73 l-co
T4Ar+2H m/z 219

OH
m/z 127

Scheme 4. Fragmentation scheme of [M + 16 quercitin-3-O-galactoside;/z 465.

flavonoid glycosides, as is discussed below, a study of profor [M—H] ~ of kaempferol-3-O-glucoside; the observed loss of
tonated and deprotonated sugar molecules (pentoses, hexosgs0 Da to form th€2X ~ ion is due to 0,2 scission of the glyco-
and disaccharides) has been carried out in this labor§@éily  side as is shown iBcheme 5

In this study[66], a product ion of/z 145 was observed as

a major component of the product ion mass spectrum of each

of the disaccharides sucrose, maltaséactose, ang-lactose;

the elemental composition was determined gel§D4* with a 0

mass accuracy of 14 0.8 mDa. In arecent study of kaempferol
diglycosideq54], the loss of 146 Da was indicative of the ini-
tial elimination of the outer sugar unit as a deoxy-hexose sugar.
In the case of protonated quercitin-3-O-galactoside, the loss of
the sole sugar unit as a charged deoxy-hexose sugal; 4445

may be used for distinguishing galactosides from glucosides.
Other flavonoid galactosides should be examined to determine
whether formation of the 8-H,O ion is common to all such
compounds; however, flavonoid galactosides are not available *?X"(m/z 327)
readily.

m/z 447

4.1.2. Deprotonated kaempferol-3-O-glucoside,
quercitin-3-0-glucoside and quercitin-3-O-galactoside
Collision-induced dissociation (not shown) of [M—H]of
kaempferol-3-O-glucoside lead to observation of the ¥n
(mlz 285) together with formation of the radical anion (Y-=H)
(mlz 284) as shown irScheme 5The variation of the ratio

of ion signal intensities of the Y and (Y-H)}~ ions is dis- m/z285  m/z 255 m/z 284
cussed in greater detail in Sectidii.a. As the collision energy \CO
is increased so is the degree of fragmentation of thaoh to m/z 227

form m/z 255 by IOS_S of CHO andm/z 227_ by the further loss Scheme 5. Fragmentation scheme of [M=Hjf kaempferol-3-O-glucoside,
of CO. Fragmentation of the glucose moiety was observed onlyy; 447.
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HI-H

m/z 463

0
H N m/z 300
| "0 miz2s5 €O
-cO /
H ——miz273 4 HO ,M/Zz227

m/z 245
~ -CO
m/z 301 w miz 271 —— > miz 243

Scheme 6. Fragmentation scheme of [M=Hf quercitin-3-O-galactoside;/z 463.

The product ion mass spectra of [M=Hpf quercitin-3-O-  mass spectra were not detected in the product ion mass spectra.
glucoside (not shown) and quercitin-3-O-galactosklg.(1(b)) ~ Therefore, the 3-O-glucoside of quercitin can be distinguished
show also the Y ion (m/z 301) and the radical anion (Y-M)  from its 3-O-galactoside on the basis of the product ion mass
(mlz 300). Additional product ions arose from fragmentation ofspectra of [M—HJ .
the aglycon alone, that is, fragmentation of theign only. The
fragmentation scheme for [M—H]of quercitin-3-O-galactoside ) )
is given in Scheme 60nly the product ionsn/z 271 due to  #2- Product ion mass spectra of four 7-O-glucosides
the loss of CHO andm/z 255 due to the combined losses of .

H,O and CO were common to both quercitin-3-O-glucoside Product ion mass spectra of protonated and deprotonated 7-

and quercitin-3-O-galactoside. No product ions arising from thé?-glucosides of apigenin, genistein (isomeric with apigenin),

(Y=H)*~ species were observed in the product ion mass Spe@_nd naringenin were observed so as to compare the behavior of

tra of these deprotonated glycosides. Negative ion FAB masatri-hydroxy flavone with those of a tri-hydroxy isoflavone and a

spectrgd21] of these compounds showed the 16n as the base tri-hydroxy flavanone. The inclusion of luteolin-7-O-glucoside
peak in each case: the [M—H—O#nd Z" ions observed in FAB permitted a comparison of a tetra-hydroxy flavone with that of
' a tri-hydroxy flavone, apigenin-7-O-glucoside. In addition, the

04y + (m/z373)
> 03 X+ (m/z343)

m/z 401

02x+ (m/z 313)
01y + (m/z283)

(miz 153) At

e ; m/z 433
C 2

4 3 /

B

OH 0] S

Y+t OH | Ht
m/z 271
A
-CO -CO
m/z 225 =——— m/z 253 m/z243 —> m/z 215

Scheme 7. Fragmentation scheme of [M + I8f genistein-7-O-glucoside/z 433.
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162
Da%lX*-2H DaY*

152

150
DaO,lx+

148

DalSX*—2H  Daf%iX*-2He

132

Da%2x*—2H*

122

120
DaO,Zx+

92

90

78
Da0,4x+a Da0,4x+_wb Da0,3X+c Da°'3X*—2H‘d

1-2 O 32Da 46 Da 60

Neutral losses observeg/} in glucose fragmentation of [M + HJions of apigenin-7-O-glucoside, luteolin-7-O-glucoside, genistein-7-O-glucoside, and naringenin-7-O-glucoside

b 0%+, or 13X *—w or 24X *—w.
c 0,3x+ or l,4x+

a O,4x+ or l,3x+ or 2,4x+.
d 03y +_DHe or L4X+_2He.

Table 2
Apigenin
Luteolin
Genistein /
Naringenin —

product ion mass spectrum of kaempferol-7-O-glucoside, iso-
meric with luteolin-7-O-glucoside, was examined.

4.2.1. Protonated 7-O-glucosides of apigenin, luteolin,
genistein, and naringenin

The product ion mass spectra (not shown) of the [M* H]
ions of protonated 7-O-glucosides of apigenin, luteolin, genis-
tein, and naringenin showed principally thé froduct ion due
to the loss of 162 Da, as did the FAB mass spectra for the 7-O-
glucosides of apigenif21] and luteolin21,64] Only genistein-
7-O-glucoside showed extensive fragmentation of both the agly-
con and glucose moieties and the principal fragmentations are
shown inScheme 7 [49hnd inTable 2 The ions ofm/z 415
and 397 are associated with the losses of one and two water
molecules, respectively/z 401 can be formed by the loss of the
primary alcohol group as methanol amdé; 387 by 4,5 scission
with the loss of the elements of ethanol. Further fragmentations
of the glucose moiety gave rise to théX*, 03X+ 03xX*_2H¢,
0.2x*+, 02x*+_2He 15X+ +2He, 0.1X* and%1X*—2H* ions at
mlz 373, 343, 341, 313, 311, 301, 283, and 281, respectively.
Fragmentation of the glucose moiety in luteolin-7-O-glucoside
yielded only thé-3X *—w (Wwherew represents an D molecule)
and %1X* +2H°* ions of m/z 371 and 301, respectively. It is
remarkable that the fragmentations of the glucose moiety in
genistein-7-O-glucoside and luteolin-7-O-glucoside are entirely
complementary. As shown ifable 2 no fragmentations of the
glycan were observed for the 7-O-glucosides of apigenin and
naringenin.

4.2.2. Deprotonated 7-O-glucosides of apigenin,
kaempferol, luteolin, genistein, and naringenin

The flavone apigenin is isomeric with the isoflavone genis-
tein and each is hydroxylated in thé&position on the B ring.
The flavones kaempferol and luteolin are isomeric. Tri-hydroxy
naringenin and apigenin are hydroxylated in the same posi-
tions. These compounds are compared with respect to primary
fragmentation of [M—HT, aglycon fragmentation, and glucose
fragmentation.

4.2.2.1. Primary fragmentation of [M-H]~. The principal fea-
tures of the product ion mass spectra of [M=Hbpns of the
7-O-glucosides are the formation of the”Yand (Y-H)~
ions as shown irScheme &or apigenin-7-O-glucoside. The
Y~ ion is formed by re-arrangement with the loss of 162 Da
and the (Y-—HY~ radical anion is formed by scission with the
loss of 163 Dd49,51]. In Fig. 2a) and (b) for apigenin-7-O-
glucoside and genistein-7-O-glucoside, respectively, théovi

is observed atn/z 269; in Fig. 2(c) and (d) for kaempferol-7-
O-glucoside and luteolin-7-O-glucoside, respectively, the Y
ion is observed aw/z 285. For the 7-O-glucosides of apigenin
and genistein, the scission reactions are dominant at a colli-
sion energy of 46—-47 eV whereas, for the 7-O-glucosides of
kaempferol and luteolin, the converse holds. The propensity for
radical anion formation from apigenin-7-O-glucoside exceeds
that from luteolin-7-O-glucosid¢51,52] For genistein-7-O-
glucoside, the variation of the ratio of the ion signal intensities
of m/z 268 (Y—H)Y~ andm/z 269 (Y~) ions as a function of
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Scheme 8. Fragmentation scheme of [M=Hf apigenin-7-O-glucoside:/z 431.

collision energy is shown iRig. 2of referencg49]. At low col- 151 was some 26% of the base peakig. 2(c). It is proposed
lision energies{15-30 eV), the rearrangement reaction producthat m/z 257 andm/z 241 are due to the loss of CO and &0
dominates however, as collision energy is increased, the scissioaspectively, from the Y ion in that the elemental composi-
product increases relative to that of the rearrangement produdtons of these ion species from accurate mass determination are
While the product ion mass spectra obtained at high mass acc@14H9O5~ and G4HgO4 ™, respectively. The production of/z
racy of the (Y=H}~ and Y~ ions are discussed elsewh@48], 151 @&3A~) is an A-ring product ion resulting from a retro-
the principal features are: (i) hydrogen atom loss fiem268  Diels-Alder fragmentation in the C-ring involvingl,3 scission.
to formm/z 267 and the combined losses of CH&nd CO to  The complementary iomy/z 133, was not observed.
formmiz 211, and (ii) the major product ion from/z 269 is the The product ion mass spectrum of luteolin-7-O-glucoside
03B~ jon of m/z 133. shown inFig. 2d) exhibits widespread fragmentation of the
The [M—H]~ ion of naringenin-7-O-glucoside fragments to aglycon in that some 13 product ion species were observed
the Y~ ion (m/z 271); the Y~ ion forms the base peak in positive though of relatively low ion signal intensity; the mass range
ion FAB mass spectra of the 7-O-glucosides of apigenin an@0 <m/z < 260 inFig. 2(d) has been magnified15. Thel3A~
luteolin[21]. The (Y=H)~ ion was conspicuous by its absence. product ion {u/z 151) was observed together with the comple-
mentary'3B~ ion (m/z 133).m/z 256 and 255 are due to loss of
CO and CHO fromm/z 284 and 285, respectively. The further
J:?sses of CO and C£from m/z 255 yield the product ions of
mlz 227 and 211, respectively. For naringenin-7-O-glucoside,
Vthe1'3A‘ ion (m/z 151) was the sole aglycon product ion arising
from further fragmentation of the Yion (m/z 271).

4.2.2.2. Aglycon fragmentation. Other than the (Y-H)~ radi-
cal anion, no aglycon fragmentation was observed in the produ
ion mass spectra of the [M—HJions of apigenin-7-O-glucoside
and genistein-7-O-glucoside at a collision energy of 20e
In Fig. 2(a), the ion signals in the mass range 66/5< 260
have been magnifies 15 but no discernible ion signals were
observed. lon signals were observed showing fragmentation &2.2.3. Fragmentation of the glycan in [M-H]~. Fragmen-
the glucose moiety and these are discussed below. tation of the glycan moiety in the five 7-O-glucosides varied
The production mass spectrum of kaempferol-7-O-glucosidenarkedly from one [M—H] ion to another, as shown irable 3
shown inFig. 2(c) differs markedly from those of apigenin-7- The most intense product ions were observed from [M—bff
O-glucoside and genistein-7-O-glucoside in that there is appreapigenin-7-O-glucosideHg. 2(a)) while no discernible prod-
ciable fragmentation of the aglycon. Ten product ion speciesict ions other than (Y-H) and Y~ ions were observed from
from the aglycon were observed of which the major fragment$M—H] ~ of luteolin-7-O-glucosideKig. 2(d)). The product ion
were ofml/z 257, 241 and 151. The ion signal intensitymak ~ mass spectrum of [M—H] of apigenin-7-O-glucoside showed
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Fig. 2. Product ion mass spectra obtained at a collision energy of 47 eV of [Mghl} 431.0978) from (a) apigenin-7-O-glucoside; (b) genistein-7-O-glucoside;

(c) kaempferol-7-O-glucoside, and (d) luteolin-7-O-glucoside.

three major fragmentations of the glycan that yi@kK — (m/z

genistein-7-O-glucoside, the sole product ion observed is the

341), 92X~ (mlz 311), and®1X~ (m/z 283) product ions as X~ (m/z 311) ion. Formation of th&2X~ ion resulting from

shown inScheme 8In addition, the product ion of:/z 323

the loss of 120 Da is common to almost all of the 7-O-glucosides

was identified as th&3X ——w ion wherew represents a water €xamined here; the sole exception is luteolin-7-O-glucoside.

molecule. In the product ion mass spectrum of [M=Hjf

Hydroxylation at the 3position (as in luteolin-7-O-glucoside)
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Fig. 2. (Continued).

appears to inhibit the 0,2-cleavage of the glucose moiety in botlbns corresponding t81X~ (m/z 299), ©IX——H* (m/z 298),
deprotonatedTable 3 and protonatedT@able 3 luteolin-7-O-  and ©1X~—2H* (m/z 297) ions. The product ion ofi/z 403
glucoside. appears to be due to 4,5 scission with the loss gfi{D on

Fragmentation of the glycan in the product ion mass specthe basis of elemental composition from accurate mass mea-
trum of kaempferol-7-O-glucoside is different again. PHX~  surement. lons ofu/z 429 and 411 are of very low ion sig-

(mlz 327) ion is observed together with a trio of product nal intensity; they are identified as due to the loss of one
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Naringenin

a 03— gr LAy -,

b vw signifies very low ion signal intensity.

and two water molecules, respectively. In contrast, the prod-
uct ion mass spectrum of luteolin-7-O-glucoside shows no
glycan fragmentation at all. Naringenin shows only the for-
mation of the®2X~ and %2X~—w ions atm/z 313 and 295,
respectively.

The sole common feature of the product ion mass spec-
tra of deprotonated 7-O-glucosides of apigenin, genistein,
kaempferol, and luteolin is loss of the glucose moiety by
both rearrangement and scission to form theafnd (Y-H)}~
ions, respectively. For genistein-7-O-glucoside, there is but a
sole additional product ion, th&3X~ ion. For apigenin-7-O-
glucoside, there is no fragmentation of the aglycon and several
fragmentations of the glucose moiety whereas for luteolin-7-
O-glucoside the converse holds. For kaempferol-7-O-glucoside,
there is extensive fragmentation of both the glucose and aglycon
moieties.

4.3. Comparison of luteolin-7-O-glucoside and
luteolin-4'-O-glucoside

The product ion mass spectra of these compounds are com-
pared with respect to fragmentation of each of [M=Hjnd
[M+H]™. In both the positive and negative ion FAB mass spec-
tra[21], luteolin-7-O-glucoside and luteolin-D-glucoside are
distinguished only by the ion signal intensity ratio of the
[M+H-0O]* and Z ions, and the [M—H-O] and Z ions,
respectively.

4.3.1. Fragmentation of [M-H]~

As discussed above, [M—HJions of luteolin-7-O-glucoside
fragment principally to give (Y=H)~ (m/z 284) and Y~ (m/z
285) ions with the losses of 163 and 162 Da, respectively.
[M=H]~ ions of luteolin-4-O-glucoside fragment principally
to give Y~ ions only n/z 285). The product ion mass spectra
(not shown) of Y~ (m/z 285) from each of these two compounds
were obtained consecutively under identical experimental con-
ditions. In each case, the/z; 285 species was formed with a
cone voltage of 35V and was isolated in an MS/MS/MS exper-
iment. While the product ion mass spectra are very similar and
the base peak in each case istiB8~ ion of m/z 133, they dif-
fer with respect to the formation @i/z 284 by H atom loss for
luteolin-7-O-glucoside only.

4.3.2. Glucose fragmentation

For the [M—H]" ions of these compounds, fragmentation of
the entire glucose moiety yielded Yn each case. Only luteolin-
4'-O-glucoside exhibited cross-cleavage to foAX .

4.3.3. Fragmentation of [M + HJ*

The product ion mass spectra of [M +Hdf luteolin-4-O-
glucoside Fig. 3a)) and of luteolin-7-O-glucosidd-{g. 3(b))
are similar with respect only to the common base peak) (Y
of mlz 287. The &isomer shows no glucose fragmentation but
there is extensive fragmentation of the aglycon; the ion signal
intensity of the base peak among the aglycon product iefis,
153 -3A*) is some 7% of the base peak of the product ion mass
spectrum. The complementalyB* ion atm/z 135 is observed
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Fig. 3. Product ion mass spectra of [M +H}n/z 449) from (a) luteolin-40-glucoside and (b) luteolin-7-O-glucoside.

also. Fragmentation of the™on of luteolin-4-O-glucoside is

is not observed. As discussed above, losses observed from

similar to that of the Y ion of genistein-7-O-glucoside, shown the glucose moiety of the 7-O isomer were of 78 and 148 Da
in Scheme 7 except that the loss of a single CO moleculeto form 13X*—w and 1X* +2H* ions of m/z 371 and 301,

from the Y ion of luteolin-4-O-glucoside (to formm/z 259)

respectively.
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4.4. Comparison of two isomer pairs,

. apigenin-7-0-glucoside with apigenin-8-C-glucoside
(vitexin) and luteolin-7-0O-glucoside and
luteolin-8-C-glucoside (orientin)

>y

These compounds are compared with respect to fragmenta-
tion of each of [M-HJ and [M +HJ". The product ion mass
spectra of [M—H] of apigenin-7-O-glucoside and of apigenin-
>y 8-C-glucoside (vitexin) are shown in Figga) and4(a), respec-
tively; those of [M—H]" of luteolin-7-O-glucoside and luteolin-
8-C-glucoside (orientin) are shown in Fig¢d) and4(b), respec-
NN tively.

4.4.1. Primary fragmentation of [M-H]~

While the primary fragmentations of [M—H]from apigenin-
and luteolin-7-O-glucosides are losses of 163 and 162 Dato form
(Y=H)*~ and Y~ ions, respectively, the primary fragmentation
e of [M—H] ~ from both vitexin and orientin is by cross-ring cleav-
age to form th@2X~ ions ofm/z 311 and 327, respectively. Only
the [M—H]~ ion from luteolin-7-O-glucosideNig. 2(d)) shows
>0y virtually no fragmentation of the glucose moiety and exten-
sive fragmentation of the aglycon, whereas the [M=l]ns of
the other three compounds (apigenin-7-O-glucoside, apigenin-
N 8-C-glucoside (vitexin), and luteolin-8-C-glucoside (orientin))
exhibit substantial fragmentation of the glycan and virtually
none of the aglycon. In addition to the base peak due to the
02X~ jon, vitexin shows Fig. 4(a)) the® X~ +2H* ion (m/z
283) together witl3X—, %3X~—w, and Y~ ions atm/z 341,
323, and 269, respectively. In addition to théX~ base peak,
N orientin showsFig. 4(b)) extensive fragmentation of the glycan
to form [M—H—-3w]~ (m/z 393); 13X ~—w (m/z 369);03X~ (m/z
357); 93X ——w (mlz 339); 01X~ +2H°* (m/z 299); O1X~ + H*
(mlz 298); 91X~ (mlz 297); Y~ (mlz 285); and (Y-HY~ (mlz
284). The neutral losses due to glycan cross-cleavage of the
[M—H]~ ion of vitexin and orientin are listed ifable 4
RaRdhs The product negative ion mass spectra showkim 4(a)
and (b) for vitexin and orientin, respectively, resemble those
obtained by in-source CID and shown in Figsand 10(a),
respectively, of Ref[50]. Parenthetically, the product ion mass
spectrum for [M—HT of isovitexin (the 6-C-isomer of vitexin),
R shown inFig. 1Qb) of Ref.[50], is similar to that for vitexin
as shown irFFig. 1) of Ref.[50]; virtually the sole difference
is a three-fold increase in the relative intensity of ¥~ ion
from isovitexin.

>Ry

STy Yy

4.4.2. Primary fragmentation of [M + H]*

The product ion mass spectra of [M+Hfrom apigenin
8-C-glucoside (vitexin,) luteolin 8-C-glucoside (orientin) and
luteolin-7-O-glucoside are shown in Fig3(b) and5(a), (b),
respectively; that of [M+H] from apigenin-7-O-glucoside,
obtained over the collision energy range of 10-50eV, is not
shown because only two product ions, &nd13A* (m/z 153),
were observed. The product ion mass spectrum of protonated
vitexin (Fig. 5a)) differs considerably from that of apigenin-7-
O-glucoside in that it shows extensive and intensive losses from
the glycan Table 5. Them/z 243 and 217 product ions are due
to aglycon fragmentation.

2 |oss of the elements of G + H,0.

b 0.4x— or 13X~ or24x -,

¢ Unknown.
d 04y~ or 13X ——w or 24X ——w.

Homo-orientin \/
€ 0.3¢— or L4x -
f03%—3 or LAX——w,

Vitexin

Orientin
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Fig. 4. Product ion mass spectra: (a) of [M=H}n/z 431) from apigenin-8-C-glucoside (vitexin); (b) of [M—H]m/z 447) from luteolin-8-C-glucoside (orientin).
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Fig. 5. Product ion mass spectra: (a) of [M +Hin/z 433) from apigenin-8-C-glucoside (vitexin); (b) of [M + H{m/z 447) from luteolin-8-C-glucoside (orientin).

The principal product ion from luteolin-7-O-glucoside con product ion ofn/z 159. The product ion mass spectrum of
(Fig. 3(b)) is Y*. Minor losses of 78 and 148 Da were observed,[M + H]* from orientin Eig. 5b)) shows extensive fragmenta-

as shown inTable 2 to form the 13X*—w (m/z 371) and

tion of both the glycanTable § and the aglycon. However,

0.1x* + 2H* (m/z 301) ions, respectively, together with an agly- fragmentation of the glycan is restricted to neutral losses of
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>96 Da. Then/z 339 product ion observed from protonated ori-
entin is due to B-ring cleavage with the loss of 110 Da; similar
losses of 110 Da were observed from protonated homoorientin
and vitexin. Such cleavages are relatively rare in flavonoid glu-
cosides.

Eandnd

>y 4.5. Comparison of the product ion mass spectra of three
C-glucosides

In contrast to the fragmentations exhibited by proto-
nated and deprotonated O-glycosides, the corresponding C-
glycosides (luteolin-6-C-glucoside (homoorientin), apigenin-
8-C-glucoside (vitexin) and luteolin-8-C-glucoside (orientin))
exhibited fragmentation of the glycan usually with the loss of
neutral moieties of mass <162 Da together with fragmentation
of the flavonoid moiety bonded to a residual part of the glycan.
The variety of fragmentation pathways of the glycan in 6-C- and
> 8-C-flavonoids appears to be virtually compound specific for the
flavonoid-C-glycosides examined to date.

[
oy 4.5.1. Deprotonated homoorientin, vitexin and orientin

The product ion mass spectra of [M—Hfrom homoori-
RO entin, vitexin and orientin and shown in Figga), (b) ands6,

respectively, were obtained at a collision energy of 46—47 eV.
The product ion mass spectrum of [M—Hirom homoorientin

LS (Fig. 6) is remarkably similar to that shown irig. 7 of Ref.

[50]. Major fragmentation pathways for [M—H]ions involve
cleavage of the O—C(1) bond in the glycan such that the base
RdEdd peak in the product ion mass spectra of deprotonated homaoori-
entin, vitexin and orientin i€-2X~; other major features are
01X~ 4+ 2H°®, 01X~ + H*, 91X~ and®3X~ ions from homoori-
s entin and orientin, an8X~ +2H* from vitexin. The neutral
losses observed from [M—H]of homoorientin, vitexin and ori-
entin are shown iffable 4 Deprotonated homoorientin exhibits
the highest number of neutral losses. Theand (Y-H)~ ions
were observed in each case though of low ion signal intensity.

A breakdown curve for deprotonated homoorieniify, 447,
obtained over the collision energy range of 1-24 eV, is shown
> in Fig. 7(a)—(c). InFig. 7(a), the precursor ion signal intensity
increases initially due to enhanced ion transmission efficiency
with increasing collision energy. For collision energy >5 eV, the
precursor ion signal intensity decreases due to fragmentation.
The product ion signal intensity curves show pronounced tailing
> to low collision energy indicating that the energy resolution of
the precursor ion beam is low; thus, precise productions appear-
ance energies were not obtain@dX~ (m/z 327) and either
03X~ or 14X~ (mlz 357), formed by cross-cleavage, dominate
over the entire collision energy range.

Chemical computations using the PM3 method were carried
out of the structures of deprotonated homoorientin with proton
loss from each of the’3and 4-hydroxyl groups; the structures
are shown inScheme @a) and (b), respectively. The structure
with deprotonation at the’dydroxyl shows both strong H-
bonding (between the glycan O atom and the H atom of the
C(7) hydroxyl group) and inclination of the plane of the B-ring
by some 36 to that[31] of the A and C rings$cheme @a)).

This structure does not permit resonance structures. The struc-

>

J
b 0.4x+_2y, or 13X *—2w or 24X *—2w.

¢ 03x* 4y or 14Xt .

2 Unknown.

Homo-orientin /

Vitexin
Orientin
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Fig. 6. Product ion mass spectrum of [M=H{m/z 447) from homoorientin (luteolin-6-C-glucoside).

ture of Scheme () differs markedly from that oBcheme @a)  exhibit a maximum. At a collision energy of 17 eV, there is a
in that an additional strong H-bond is formed between the Hross-over point at which the ion signal intensities of the precur-
atom attached to C(2) of the glycan and the O atom at C(5) oor ion and the most abundant product ion spe&éX ) are

the A-ring. This latter H-bond is facilitated by the resonanceequal. At this point, all of the product ion curves are increasing
that allows the negative charge to migrate to the keto oxygen and, to a first approximation, the order of the product ions in
the C-ring, as shown icheme &). The combined effect of terms of decreasing ion signal intensity at a collision energy of
the C-glycosidic bonding supplemented by two strong hydrogeid 7 eV corresponds to the order of the appearance energies of the
bonds (as judged by the OH bond length in each case) and the productions. Thus the productions, arranged in order of increas-
resonance structure that creates an ethylenic linkage betweenif®) appearance energy, af€X—, 93X~ [M—H-w]~, Y,

and B rings is to shrink the ion and to bring about coplanarity 004X ~—w, 93X ~—w, 21X~ [M—H-2w] ~, [M—(CH20 + H,0)] ",

the B-ring with the A and C rings. There is a loss of entropy (and>*X—, 02X~—2H°*, 01X~ + 2H*, m/z 371 (76 Da), m/z 341
increase in enthalpy) in what may be an example of cooperative-106 Da), [M—H—-3v]~, 92X~ —w + 2H*, and12X 2.

interactive bonding; such positive cooperativity arises when the

dynamic motion of the central chain is reduced by the formationy 5.2, Protonated homoorientin, vitexin and orientin

of H-bonds[67,68} The net effect is to increase activation ener- The principa| g|ycan-c|eavage ions observed from [|\/| ¥ H]
gies for fragmentation of both the aglycon and cleavage of thef homoorientin, vitexin and orientin are shownTiable 5 The
glycan to form the Y ion. Thus, upon CID, fragmentation by production mass spectrum of [M + Hjm/z 449) from homoori-
cross-cleavage of the glycan is preferred. Each cross-cleavag@tin (luteolin-6-C-glucoside) is shown Fig. 8 those from
requires rupture of one of the H bonds showistheme 9 vitexin and orientin are shown fig. 5a) and (b), respectively.

In Fig. 7(b) are shown product ion data on an expanded (0Homoorientin and orientin are isomeric yet they can be dis-
zoom) scale; the precursor ion curve has been omitted and thguished readily by their product ion mass spectra; the base
0.2X~ and eithe3X~ or X~ product ion curves have been peak for homoorientin i&X* (m/z 299) whereas for orientin
curtailed at 10eV. Then/z 429 product ion curve, formed by 0.1x* and®1X* +H* (m/z 300) are base peaks of equal ion sig-
loss of HO, goes through a maximum and decreases at cohal intensity. The proposed major fragmentation pathways for
lision energies in excess of 17 eV indicating that competingm + H]* ions[23] involve cleavage of the O—C(1) bond in the
ring-cleavage processes overtake th©Hpss by incorporating  glycan such that the base peak in the product ion mass spectra of
H20 into the neutral fragment lost. The other major product iongyrotonated homoorientin and orientir’i$X*; the base peak in
observed and shown ffig. 7(b) are, in decreasing order of ion the product ion mass spectrum of protonated vitexin W'
signal intensity at a collision energy of 24 €)X~ (m/z 297),  |nthe mass spectra of protonated homoorientin, vitexin, and ori-
Y~ (mlz 285),%3X~—w or 19X~ —w (m/z 339), and®!X~ +2H  entin obtained by FAB23], ©2X* was the major product ion.
(m/z 299) The increase in ion signal intensity with collision The product ion mass spectrum of [M +*H']:)r orientin is char-
energy of eithe?3X ~—w or 14X ~—w (or both) ofm/z 339 paral-  acterized by myriad product ions of mass/charge rati53,
lels the decrease in/z 429 and supports the above explanationas shown inFig. 5b). In Table § it is seen that homoorientin
for this behavior. exhibits a wide range of neutral losses from the glycan while ori-

In Fig. 7(c) are shown data on a further expanded (or zoomgntin exhibits losses of 96 Da only. Some of the losses shown
scale of minor product ion species. The curves are of two types; Table Shave not been identified."Y(im/z 287) from homoori-
those that increase linearly with collision energy and those thagntin was observed with low ion signal intensity (as was the
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18 5 7 9 1 13 15 17 18 21 23 Scheme 9. Calculated structures for deprotonated homoorientin (luteolin-6-C-
® Collision Energy (eV) glucoside) [M—HJ : (a) deprotonated at thé-Bosition; and (b) deprotonated at
1.40E+04 the 4-position.
1.20E+04
/—’"'" P —EIE other neutral entities of greater mass at higher collision ener-
10080 / e gies. The three major product ions observed at a collision energy
8.00E403 ——miz 367 of 24 eV are, in order of decreasing ion signal inten$ify<*
z / i (mlz 299), 92X* (miz 329), and®*X*—2w (mlz 353). Glycan
= . . . .
§ / 1 |——mzses cross-ring cleavage involving the O—C(1) bond is prevalent, as
400403 s - for the fragmentation of deprotonated homoorientin but, unlike
miz 311 the fragmentation of deprotonated homoorientin, 0,3-cleavage
200E+03 is not observed for protonated homoorientin.
000100 Lsepmpe R T In Fig. Ab) are shown product ion data for seven productions
i 13 5 7 9 1 1315 17 19 21 23 further on an expandec@) scale; the curve fon/z 431 has been
C, isi . .
Collision Enargy (V) repeated as a reference curve. The three dominant product ion

Fig. 7. Breakdown graph of [M—H] (m/z 447) from homoorientin: (a) principal ~ Species over the collision energy range 19-23 eV are due to loss
product ions; (b) major product ions shown with an intensity scale expande®f 4w (m/z 377), B-ring scission/z 339), and formation of
20-fo|d§ and (c) minor product ions shown with an intensity scale expanded.,2y+_3,, (mlz 365). Of the four product ions remainingy/z
approximately 70-fold. 325 is of unknown identityn/z 287 is Y", miz 311 is%2X -,
andm/z 367 is due to the loss of the elements of ethanol and two
isomeric Y* from orientin) and virtually no aglycon fragmenta- water molecules. As expected for flavonoid-C-glycosifdéX:-
tion was observed from homoorientin. type ions atn/z 311 and 313 (negative and positive ion mass
The interesting observation ef/z 271 and 272, of high and spectra, respectively,) were observed rather than Y-type ions.
equal relative ion signal intensity Fig. 5b), can be explained In a positive ion FAB/MS/MS study of 6-C- and 8-C-
most readily by the loss of a CO molecule from each®b¢* + H glycoside flavonoids, Claeys and co-worki23] have tabulated
(mlz 300) and®IX* (mlz 299), respectively. The product ions of percentages of total product ion yield for major product ions
miz 271 and 272 from protonated orientin are the first observedrom [M + H]* ions of vitexin, isovitexin, orientin, and homoori-
examples of ions that have been formed by neutral losses of paghtin. Production mass spectra were obtained by linked scanning
of the glycan and part of the flavonoid. In addition, thé&* at constant B/E. Given that the collision energy “was lower than
and®“B* ions ofm/z 137 and 165, respectively, were observed.30 eV” [23], as compared with a collision energy of 46-47 eV
A breakdown curve is shown iRig. Ya) for seven product used in this work, the product ion mass spectra obtained by
ions from protonated homoorientim/z 449, over the colli- linked scanning are substantially similar to those reported in
sion energy range of 6—24 eV. The data for collision energieshis work in that multiple glycan cross-cleavages were observed.
<6 eV are omitted. Each of the curves due to losses of 1-3 wat@tevertheless, a comparison ©éble 5with Table 1of Ref.
molecules, thatisy/z 431,413, and 395, togetherw#BX*—2w  [23] shows some systematic differences in the neutral losses
(mlz 383), exhibits a maximum at H53 eV. This behavior indi- observed. These systematic differences may be due to one or
cates that the corresponding neutral losses are subsumed impre of the disparity in collision energies, internal excitation
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Fig. 8. Production mass spectrum of [M +H{m/z 449) from Homoorientin (luteolin-6-C-glucoside). Experimental conditions: cone voltage, 35 V; capillary voltage,
3KkV; collision energy, 4 eV for 1 min, 46 eV for 18 min.

of protonated molecules produced by FAB, and poor parenDFT method on protonated and deprotonated luteolin glucosy-
ion resolution in linked scanning at constant B/E. Claeys andated in turn at the 6-, 7-, and 8-positions.Hig. 10[@) and (b)
coworkers show a FAB product ion mass spectrum of protonatedre shown the PM3-calculated structures of neutral glucose and
orientin (Fig. 2 in Ref.[23]) where the ion relative intensities neutral luteolin, respectively. The dashed lind-ig. 10(a) rep-

vary markedly from those obtained by linked scanning; howevenesents an H-bond in that the distance between the H atom of
the FAB product ion mass spectrum is in qualitative agreemerthe C(4) hydroxyl group and the O atom of the £&bH group

with that obtained by ESI at a collision energy of 24 eV (notat C(5) is~1.8A. Formation of this glucose intramolecular H-
shown).

6.00E+04
4.6. Summary of analytical distinguishing features
. . . . . 5.00E+04
The analytical objectives of this work were to acquire "‘_"\\ - ———y
product ion mass spectra for flavonoid glycosides in support 4.o00e+04 —&— miz 41

of LC/MS/MS analysis, to identify the position of glycoside

attachment so as to distinguish between 3-O-, 7-O-, dnd 4
O-glycosidic flavonoids, to differentiate between O- and C-
glycosides, and to examine cleavage across the glucose ring
From inspection of the observed product ion mass spectra, i

miz 413
miz 395
3.00E+04
—*— m/z 383
—— m/z 353
2.00E+04 miz 329
P miz 299
O e

Intensity

1.00E+04

is possible to discern several analytical distinguishing features : S ""ﬂ“\L‘
that permit identification of all of the flavonoid glycosides that joe.00 l7=52 f:"f/ B
have been examined. The distinguishing features are presente 6 78 91011121314 1516 17 1819 2021 22 2324
in Table 6 (a) Collision Energy (eV)
4.7. Chemical computations 100Eves

Using the semiempirical PM3 method, a number of rela- 00Ees . Foie
tively crude chemical computations have been carried out of ., -~ /J Hm IZZ
luteolin glucosylated in turn at thé-34'-, 6-, 7-, and 8-positions. @ / \ . S
Luteolin glucosides were selected because the product ion masz o A || oes
spectra of protonated and deprotonated luteolin glucosylated ir / b i 2
turn atthe 4, 6-, 7-, and 8-positions have been discussed above | 2y :;
All of the fifteen protonated, neutral, and deprotonated luteolin _/ /__/J\,\
glucosides examined are isoelectronic. In addition, chemical = | = . . a=to= /”'_'\.‘:
computations were made of neutral glucose and luteolin. The 6 7 8 9101112 131415 1617 181920 21 22 23 24

calculations were obtained in order to explore the relationship () Collision Energy (eV)

between the cqlculated structures together Wlth intramoleculat, o greakdown graph of [M + Hj(m/z 449) from homoorientin: (a) principal
H-bond formation and the observed product ion mass spectrgsoductions; and (b) minor product ions shown with an intensity scale expanded
Six further computations were carried out using the ab initiosix-fold.
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Table 6
Summary of distinguishing mass spectrometric features that permit identification of all of the 12 flavonoid glycosides examined
Compound(s) Precursor ion Distinguishing feature(s) from product ion mass spectra
Quercitin-3-O-galactoside [M + Hlisomers 3-0-Galactoside: B*—HpO (mlz 145)
Quercitin-3-O-glucoside 3-0-Glucoside: nomlz 145
Quercitin-3-O-galactoside [M-H]isomers Distinguishable by product ion mass specitdactoside and 3-0O-
Quercitin-3-O-glucoside glucoside have only two common product iong/z 271 (-CHO) and
255 (—(HO + CO)); no glycan fragmentation
Kaempferol-3-O-glucoside [M—H]isomers 3-0-glu: Y~ , (Y=H)*~ ions plusm/z 255 and 227
Kaempferol-7-O-glucoside 7-0-glu: Y~ , (Y=H)*~ ions plusm/z 257 and 151%3A~)
Minor fragmentation of the glycan for both 3-O-glu and 7-O-glu
7-O-glucosides of isomers (apigenin + genistein) plus [M+H]* Of the four7-0-glucosides examined, only genistein exhibited extensive
luteolin, naringenin fragmentation of both aglycon and glycan; Jedle 2
Genistein-7-O-glucoside [M+H] Glycan fragmentations are strictly complementary
Luteolin-7-O-glucoside
Apigenin-7-O-glucoside [M+H] No glycan fragmentations
Naringenin-7-O-glucoside
Naringenin-7-O-glucoside [M=H] Y~ ion (m/z 271) only; no (Y-H)~ ion
Luteolin-7-O-glucoside [M—H} isomers 7-0:Y~ and (Y-HY ~ ions plus extensive aglycon fragmentation; no gly-

can fragmentation. C(BOH inhibits glycan 0,2 cleavage from [M—H]
and [M—H]". Base peak i$3B~ ion

Luteolin-4-O-glucoside 40: Y~ ion only; no (Y=H)~ ion. Base peak i&3B~ ion.%2X~ ion
7-O-glucosides of isomers (apigenin + genistein), [M=H]~ Distinguishable by glycan fragmentation; Sesble 3
(kaempferol + luteolin), naringenin
Apigenin-7-O-glucoside [M—H] isomers Apigenin-7-O-glu: (Y=H)*~ ion is base peak; Yion is~80% base peak
Apigenin-8-C-glucoside 8-C-glu: ©2Y~ ion is base peal®'Y ~—2H ion is~35% base peak
Genistein-7-O-glucoside Genistein-7-O-glu: (Y=H)*~ ion is base peak; Y ion is ~80% base
peak; show§-2X~ ion only; no aglycon fragmentation
Apigenin-7-O-glucoside [M + H] isomers Apigenin-7-0-glu: Y+ and3A* ions
Apigenin-8-C-glucoside 8-C-glu: weak Y* and extensive and intensive glycan fragmentations
Genistein-7-O-glucoside Genistein-7-0-glu: base peak, Y; extensive glycan fragmentation
Luteolin-6-C-glucoside [M=H] isomers Distinguishable by glycan fragmentation variety, Tedse 4
Luteolin-8-C-glucoside 6-C: base peald:2X —; 93X~ (or 14X ") ion is ~56% base peak
8-C: base peakl2X—; 03X~ (or 14X ) ion is ~24% base peak
Luteolin-6-C-glucoside [M+H] isomers Distinguishable by glycan fragmentation variety, Tegse 5
Luteolin-8-C-glucoside 6-C: wide mass range of neutral losses from glycan

8-C: neutral losses of 96 Da only

bond completes a six-membered ring such that glucose takes aral luteolin-3-O-glucoside exhibits three H-bonds also, and the
abicyclic structure. In the luteolin structure showrrig. 1Qb),  O-C(2)-C(1)-C(2) dihedral angle is 4§ that is, unchanged
there are two points of interest to note: first, an intramoleculafrom neutral luteolin. Thus’30-glucosylation of luteolin has
H-bond is formed between the hydroxyl H atom at C(5) of theno effect upon the orientation of the B-ring with respect to the A
A-ring and the keto-O atom of the C-ring to complete a six-and C rings. The structure of luteoliri-@-glucoside deproto-
membered ring and, second, the dihedral angle defined by theated at C(7) is similar to that of the neutral counterpart in that
ether oxygen of the C-ring, C(2) of the C-ring, and ¢@nd it exhibits three H-bonds and the dihedral angle is unchanged at
C(2) of the B-ring is 48. The intramolecular H-bond inhibits 46°.
substitution of the hydroxyl H atom at C(5) thus 5-O-glucosides For the computed isoelectronic structures of protonated,
are rare. The positive value of the angle of inclination of theneutral, and deprotonated luteolit@-glucoside, protonation
B-ring with respect to the coplanar A and C rings indicates thabccurs on the keto-oxygen of the C-ring and deprotonation
the 3-OH lies above the plane of the A and C rings. occurs at C(7). H-bond formation was maximised upon depro-
The structure of luteolin‘30-glucoside protonated at the tonation at C(7) whereas deprotonation at each of \CG{8d
keto-oxygen of the C-ring exhibits the H-bonds as in luteolinC(5) would lead to the loss of a H-bond. The structures for
and glucose and another between the ring O atom of glucoste 4-O-glucoside are essentially similar to the corresponding
and the hydroxyl H atom at C(# the O-C(2)-C(9-C(2) structures for the’30-glucoside, except for the attachment posi-
dihedral angle is but°l thus the A, B, and C rings of the tion of the glucose moiety and a H-bond is formed between the
luteolin moiety are essentially coplanar. The structure of neuring O atom of glucose and the hydroxyl H atom at the'IC(3
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Fig. 10. Computed structures of (a) glucose; and (b) luteolin. The hydro-
gen bond in glucose is designated by a green dotted line. The dihedral angle
0O-C(2)-C(1)—-C(2) of 46° is indicated by an arrow.

rather than C(4. While the O—C(2)-C(}-C(2) dihedral angle il
for neutral luteolin-40O-glucoside is 46 as was the case for <]
neutral luteolin and neutral luteolin-®-glucoside, the dihe- .
dral angles for protonated and deprotonated molecules are 2 [
and O, respectively. The B-ring in deprotonated luteolir&
glucoside is now coplanar with the A and C rings.

The product ion mass spectrum of protonated lutedlin-4
O-glucoside Fig. 3a)) showed principally ¥ product ion. e/
Despite the calculated additional H-bond between the glucosgg. 11. computed structures of luteolin-7-O-glucoside: (a) protonated; (b) neu-
and luteolin moieties, cleavage of the glycan to forfias not  tral; (c) deprotonated. The arrow indicates the dihedral angle for B-ring twist.
accompanied by cross-ring cleavages of the glycan. Similarly,
[M=H]~ of luteolin-4-O-glucoside fragments principally toY
only (m/z 285), despite the additional H-bond between the glutonation occurs at the keto-oxygen of the C-ring as shown in
cose and luteolin moieties. This additional H-bond appears t&ig. 11(a), while deprotonation occurs at C(4Fig. 11(c)) so
be entirely ineffective in directing fragmentation of protonatedas to enhance resonance within the structure of the negatively-
and deprotonated luteolin-®-glucoside so that the production chargedion, as discussed above for homoorientin-6-C-glucoside
mass spectra of [M + H]and [M—H]~ are remarkably similar (Scheme @ The structures for each of six ion species obtained
to their counterparts for luteolin-7-O-glucoside for which (seeusing PM3 and DFT methods are remarkably similar; so much
below) there is no computed additional H-bond between the gluso that tabulations of individual atom coordinates are obviated.
cose and luteolin moieties. The structures can be distinguished by both the dihedral angle

The structures for protonated, neutral, and deprotonatedt the bridge between the C and B rings (defined by the ether
luteolin-7-O-glucoside computed by PM3 are showfig. 11 O atom of the C-ring, C(2) of the C-ring, and ¢(and C(2)
the corresponding structures for luteolin-6-C-glucoside aref the B-ring) and by the dihedral angle at the bridge between
shown inFig. 12 The corresponding structures for luteolin- the A-ring and the glycan; definition of the glycan twist angle
8-C-glucoside are not shown but structural details are givewaries with the type of substitution thus the definitions are given
in Table 7 For each of these three isomeric compounds, proas footnotes tdable 7
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Table 7
Calculated values of the angle of inclination of the B-ring plane to that of the A and C rings (B-ring twist), and of the angle of inclination of thie ghecplane
of the A and C rings (glycan twist) for some glucosides of luteolin; semiempirical (PM3) and ab initio (DFT) methods were employed

Compound PM3 DFT? PM3 DFT
B-ring twist® (°) B-ring twist (°) Glycan twist ) Glycan twist ()

[M+H]*, luteolin-6-C-glucoside 1 2 1076 99.8
[M+H]", luteolin-7-O-glucoside 1 2.8 —84¢ —-101.8
[M+H] ™, luteolin-8-C-glucoside -7 21.9 -81.9 -87.1
[M=H] ~, luteolin-6-C-glucoside 0 0.2 135.7 158.6
[M=H] ~, luteolin-7-O-glucoside 0 1.0 -94.9 —-95.4
[M=H] ~, luteolin-8-C-glucoside -1 12.6 —74.8 —-75.7
M, luteolin-6-C-glucoside 45 - 26.3 -
M, luteolin-7-O-glucoside 45 - —103.8 -

M, luteolin-8-C-glucoside 45 - 42.6 -

2 PM3, semiempirical method.

b Density functional theory (DFT) ab initio method.

¢ Angle of B-ring twist with respect to the plane of the A and C rings, O—C(2)5€¢(2).

d Angle of glycan twist with respect to the plane of the A and C rings for 6-C, O—C(1)-C(6)-C(7).
€ Angle of glycan twist with respect to the plane of the A and C rings for 7-C, O—C(1)-O-C(7).

f Angle of glycan twist with respect to the plane of the A and C rings for 8-C, O—C(1)-C(8)-C(7).

The results of the PM3 and DFT methods are compared ishowed principally Y, together with minor fragmentations of
Table 7with respect to the calculated values of the angle ofthe glucose moiety to yieli3X*—w and®IX* + 2H* of m/z 371
inclination of the B-ring plane to that of the A and C rings and 301, respectively. From the structure showfim 11(a),
(B-ring twist), and of the angle of inclination of the glycan to it could be anticipated that in the absence of a H-bond between
the plane of the A and C rings (glycan twist) for the 6-C-, 7-the glucose and luteolin moieties, facile scission of the glucoside
O-, and 8-C- glucosides of luteolin. The time-consuming abC—O bond would lead to formation of*Yand that 1,2 and 1,3
initio DFT method was applied only to the structures of ionic cross-ring cleavages of the glucose moiety would be observed.
species. In this case, only the latter cross-ring cleavage was observed.

The negative sign for the B-ring twist fable 7indicatesthat  The product ion mass spectrum of [M—HDpf luteolin-7-O-
the 3-OH group lies below the plane of the A and C rings. Theglucoside showed only the loss of glycan with the formation of
B-ring twist angles calculated by PM3 and DFT are generally iny — and (Y-H)~ as shown irFig. 2(d). Thus, in the absence of
good agreement except for the single example of protonated & glucose—luteolin H-bond, loss of the glycan is facile as would
C-glucoside; although this dihedral angle-et° differs slightly ~ be expected frorfig. 11(c).
fromthose of the other protonated molecules examined, thesame The structure for protonated luteolin-6-C-glucoside
value was obtained regardless of the initial geometry assumg#omoorientin) shown ifrig. 12a) exhibits the formation of an
for the computation. The DFT value is 21.9 H-bond between the glucose and luteolin moieties (between the

The positive and negative values for the glycan twist angleylucose ring O atom and the C(7) hydroxyl H atom) in addition
indicate that the glucose ring O atom lies either above oto the two expected H-bonds. For the structures of the neutral
below the plane of the paper, respectively. Again, the agreeand deprotonated molecules, four H-bonds are observed in each
ment between the glycan twist angle calculated for each of thease as shown ikig. 12b) and (c), respectively. In addition
six species by each of PM3 and DFT is remarkably good. Noto the two expected H-bonds, one H-bond of length 1X%5
only do the results agree with respect to sign but the absolut®rmed between the glucose ring O atom and the C(7) hydroxyl
values are similar. The glycan twist angle for 7-O- and 8-C-H atom and another of length 1.880is formed between the
glucosidesis generally of the order-e90+ 16°; however, those  glucose-C(2) hydroxyl H atom and the O atom of the C(5)-OH
for 6-C-glucoside are positive and range from 107.6 to 158.6 group. Thus the bonding between the glucose and luteolin
A rotation of the glucose plane through >80 going from  moieties is tridentate ifrig. 12b) and (c). The B-ring twist
the 7-O- and 8-C- to the 6-C-glucoside indicates a uniquenessngles for protonated and deprotonated luteolin-6-C-glucoside
of the 6-C-glucoside among the isomers examined and, indeethdicate A-, C-, B-ring coplanarity.
the structure of luteolin-6-C-glucoside is unique because the The product ion mass spectra of protonatédy(8) and
glucose-luteolin C—C bond is located adjacent to two hydroxydeprotonatedRig. 6) luteolin-6-C-glucoside are dominated by
lated positions in luteolin. product ions resulting from glycan cross-ring cleavages; such

Each structure shown iRig. 11for luteolin-7-O-glucoside cleavages for the deprotonated molecule could be anticipated
exhibits two H-bonds; H-bond formation is not observeddue to the tridentate bonding shownFig. 12c). However, as
between the glucose and luteolin moieties. The B-ring twisshown inFig. 12a), there is but a single H-bond between the
angles for protonated and deprotonated luteolin-7-O-glucosidglucose and luteolin moieties. Yet the major cross-ring cleav-
indicate A-, C-, and B-ring coplanarity. The product ion massages for protonated and deprotonated molecules are similar in
spectrum of [M + HY ions of luteolin-7-O-glucosideR{g. 3(b))  that the ratio of1X*:2-2X* intensities varies only by a factor
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luteolin-8-C-glucoside are dominated by ions resulting from
glycan cross-ring cleavages.

In summary, the computed structures for the 7-O, 6-C, and
8-C glucosides of luteolin can be interpreted so as to yield
product ion mass spectra that are in good agreement with obser-
vations. However, the computed structures for protonated and
deprotonated luteolin‘40-glucoside show an additional H-
bond between the glycan and luteolin moieties that appears to
be entirely ineffective in directing fragmentation.

5. Conclusions

(@) G} el From the examination of production mass spectra obtained at

a collision energy of 46—47 eV, 3-O-, 7-O-, and@-glycosidic
flavonoids have been differentiated, as have 6-C- and 8-C-
glycosidic flavonoids; in addition, a method for differentiating
between glucosides and galactosides has been proposed. It has
been possible to identify criteria, shownTable § for the dis-
crimination of all of the isomers examined. The criteria have
been identified from the wide variety of fragmentation pro-
cesses due to cleavage of the glycon to produce both radical and
even-electron flavone ions, and both C-ring and glycan cleav-
ages observed in the product ion mass spectra of protonated and
deprotonated flavonoid glycosides.

A particularly interesting criterion is the observation of
the product ion ofm/z 145 from protonated quercitin-3-O-
galactoside. The elemental compositiorwgf 145 was deter-
mined by accurate mass measurementgh$sO4*; this product
ion is unique to protonated quercitin-3-O-galactoside and is
identified as the B-H,O ion. The product ions ofi/z 271 and
272 from protonated orientin are the first observed examples of
ions that have been formed by neutral losses of part of the glycan
and part of the flavonoid.

Chemical computations of the structures of the precursorions
indicate extensive intramolecular hydrogen bonding together
with rotation of the B-ring to form coplanar flavonoid struc-
tures. The joint effects of hydrogen bonding and B-ring rotation
that allows for resonance whereby the B and C rings develop an
ethylenic bridge appear to play a major role in determining the
fragmentation pathways of lowest activation energy. The com-
puted structures of deprotonated homoorientin with proton loss
Fig. 12. Computed structures of luteolin-6-C-glucoside: (a) protonated; (b) neufrom the 4-hydroxyl group show that the combined effect of the
tral; (c) deprotonated. The arrow indicates the dihedral angle for B-ring twist. C-glycosidic bonding, two strong H-bonds, and the ethylenic

linkage between the C and B rings due to resonance is to shrink
of ~4 from that of the®X—:92X~ ion intensities. Thus, per- the ion and to bring about A-, C-, and B-ring coplanarity. There
haps there is a weak H-bond between the O atom of the C(23 a loss of entropy in what may be an example of cooperative
hydroxy group in glucose and the H atom of the C(5)-OH grougnteractive bonding; such positive cooperativity arises when the
(Fig. 12a)). dynamic motion of a central chain is reduced by the formation

The computed structures for protonated, neutral, and depraf H-bonds.
tonated luteolin-8-C-glucoside (orientin) are basically similar
to those for the 3 and 4-O-glucosides because the glucose-Acknowledgements
luteolin C—C bond is vicinal to but a single hydroxy group. Three
H-bonds are observed for each structure. The B-ring twist angles The authors acknowledge the financial support from each
for protonated, neutral and deprotonated luteolin-8-C-glucosidef the Natural Sciences and Engineering Research Council of
are —7, 45, and—1°, respectively. Again, due to the H-bond Canada (Discovery Grants Program), the Canada Foundation
between the glucose and luteolin moieties, product ion mas®r Innovation, the Ontario Research & Development Challenge
spectra of protonated-{g. b)) and deprotonated-ig. 4b))  Fund, and Trent University.
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