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The elucidation of flavonoid isomers is accomplished by electrospray ionization tandem mass
spectrometry (ESI-MS/MS) via formation and collisional activated dissociation (CAD) of
metal/flavonoid complexes containing an auxiliary ligand. Addition of a metal salt and a
suitable neutral auxiliary ligand to flavonoids in solution results in the formation of [M(II)
(flavonoid-H) ligand]� complexes by ESI which, upon collisional activated dissociation, often
result in more distinctive fragmentation patterns than observed for conventional protonated or
deprotonated flavonoids. Previously, 2,2�-bipyridine was used as an auxiliary ligand, and now
we compare and explore the use of alternative pyridyl ligands, including 4,7-diphenyl-1,10-
phenanthroline. Using this technique, three groups of flavonoid glycoside isomers are
differentiated, including glycosides of apigenin, quercetin, and luteolin. (J Am Soc Mass
Spectrom 2003, 14, 1437–1453) © 2003 American Society for Mass Spectrometry

Flavonoids are polyphenolic phytochemicals
which occur in edible fruits and vegetables. They
have been reported to act as antioxidants [1],

antimicrobials [2], free radical scavengers [1], metal
chelators [1], and anti-viral and anti-bacterial agents [3].
Since they are a ubiquitous part of the human diet, their
effect on human health is of interest. Flavonoids are
known to have medicinal and chemopreventive activi-
ties in humans [4–7]. For example, a diet rich in
flavonoids has shown to have an inverse relationship
with heart disease [8–10].

There is a basic structure which is common to all
flavonoids; however, there is a great diversity of fla-
vonoids due to different hydroxylation and glycosyla-
tion positions. Most flavonoids exist as glycosides in
plant sources, and many only differ by the nature of the
aglycone, and/or by the glycosylation site, the se-
quence, and the interglycosidic linkages of the glycan
portion. The biological activities of flavonoids are af-
fected by these subtle structural differences [11]. There-
fore, there is a critical need for the development of
analytical methods to elucidate structurally similar
compounds.

A number of mass spectrometric techniques have
been used to study the structures of flavonoids [12].
Electron ionization (EI) has been used to evaluate the
fragmentation pathways of some aglycones [13] and for
limited structural studies of glycosides. However, der-

ivatization was required to make the flavonoids suffi-
ciently volatile for EI and in some cases did not result in
meaningful fragmentation patterns [14–17]. Fast atom
bombardment (FAB) and liquid secondary ion mass
spectrometry (LSIMS) have been used extensively [18–
36]. In addition, thermospray [37–39] and atmospheric
pressure chemical ionization (APCI) [40, 41] have been
used for several applications involving the analysis of
flavonoids. Most recent, electrospray ionization (ESI)
has become a popular choice [40–49]. For example, the
positive ESI mode was used to identify and quantitate
flavonoids in soya flours and baby foods [43], and in
hops and beer [48]. Also, the negative ESI mode was
used to identify and quantitate flavonoids in tea ex-
tracts [44] and plants such as Passiflora incarnata [47].

Tandem mass spectrometry has been used to eluci-
date many of these compounds [23, 24, 31–36, 44, 47,
50–52]. For example, CAD of deprotonated flavonoid
glycosides commonly results in loss of the sugars (for-
mation of Y0

� and Y1
� ions). CAD of deprotonated

flavonoid-O-glycosides allows distinction of rutino-
sides (1 3 6 disaccharides) from neohesperidosides (1
3 2 disaccharides) based on the greater abundance of
the Y1

� ions for the neohesperidosides compared to the
rutinosides [50]. However, unique fragment ions were
not observed for each isomer in all cases, so some
identifications were based on differences in abundances
of fragment ions of the same m/z values. In addition,
CAD of protonated flavonoid-C-glycosides allowed the
differentiation between 6-C and 8-C glycosides [51].
However, the isomeric distinctions generally relied on
the relative abundances of common product ions in the
MS/MS spectra for some compounds, and diagnostic
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product ions were only observed in the MS/MS/MS
spectra. Hvattum et al. used CAD to evaluate the
formation of radical fragment ions from deprotonated
flavonoid glycosides by loss of neutral sugar radicals
[52]. The radical fragmentation processes were related
to the number of hydroxyl substituents on the B ring of
the flavonoid, in addition to the type and position of the
sugar substituent. It was surmised that the radical loss
of the 3™O-sugar substituent was enhanced by the
presence of multiple hydroxyl groups on the B ring due
to the electron-donating properties of the hydroxyl
groups, thus weakening the glycosidic bonds.

Due to their acidic functional groups, protonation of
flavonoid glycosides is inefficient, often resulting in
weak positive ESI mass spectra. In some cases, the
fragmentation patterns of protonated flavonoids do not
differentiate similar compounds or isomers. Although
deprotonation results in more intense mass spectra in
the negative ESI mode, the fragmentation patterns
again frequently do not differentiate similar com-
pounds or isomers. Metal complexation is an alternative
ionization mode which has been explored in the Brod-
belt group in the past [53–58]. It has been observed that
metal complexation can both increase ion intensity and
alter fragmentation pathways, resulting in many more
structurally distinctive fragment ions. Dramatic in-
creases in intensities of some flavonoids [56] have been
observed with the use of copper, nickel, or cobalt, along
with 2,2�-bipyridine or 1,10-phenanthroline as an aux-
iliary ligand. In this study, we show differentiation of
three series of flavonoid glycosides with the use of
2,2�-bipyridine (bpy) and 4,7-diphenyl-1,10-phenanth-
roline (dpphen), a new auxiliary ligand. Although some
of these compounds have been differentiated in the
positive ion mode based on differences in the relative
intensities of specific fragment ions [50, 51] and in the
negative ion mode based on low intensity fragment ions
formed upon CAD [51], in this work we are able to
differentiate isomers via more intense, distinctive ions
in the CAD spectra.

Two classes of flavonoids, flavones and flavonols,
are considered in this study. In the present report, we
extend and expand the use of metal complexation for
differentiation within these two classes of flavonoids.
We accomplish differentiation of glycosides of api-
genins, commonly found in olive oil [59], orange juice
[60], celery [61], and garlic [62] (Figure 1, Group I); in
addition to glycosides of kaempferol, commonly found
in lettuce [64], green beans [65], and grapes [66], glyco-
sides of quercetin, commonly found in onions [63], kale
[64], lettuce [64], and green beans [65] and glycosides of
luteolin, commonly found in broccoli [62], carrots [62],
and celery (Figure 1, Group II) [62].

Experimental

Experiments were performed with a Thermoquest LCQ
Duo quadrupole ion trap mass spectrometer equipped
with an electrospray ionization source. The flow rate of

the solutions was 5 �L min�1. The lens and octapole
voltages, sheath gas flow rate and capillary voltage
were optimized for maximum intensity of the ion of
interest. The capillary temperature was 200 °C. The
interface pressure, measured with the convectron gauge
at the skimmer cone, was normally 0.9 torr. The pres-
sure in the ion trap with helium added was nominally
1.9 � 10�5 torr, measured by the ionization gauge. The
spectra were acquired with ion injection times of 5 ms
and an average of 10 microscans.

In the negative ESI mode, the ion corresponding to
[L-H]� was optimized, where L is the flavonoid. In the
positive ESI mode, when solutions of flavonoid/metal/
auxiliary ligand were used, the ion corresponding to
[M(II) (L-H) A]� was optimized, where M is the metal
and A is the auxiliary ligand. During MS/MS experi-
ments, these parent ions were isolated and the CAD
voltage was adjusted so that the parent ion intensity
decreased to 20% of the base peak.

Stock solutions of 4.0 � 10�4 M metal salt/methanol
and 4.0 � 10�4 M auxiliary ligand/methanol were used
to create the analytical solutions. Solutions containing a
flavonoid, a metal salt, and an auxiliary ligand were
�1:1:1 at 1.0 � 10�5 M. The analytical solutions used for
the negative ESI experiments were 1.0 � 10�5 M fla-
vonoid in methanol.

The flavonoids apigenin, vitexin, apigenin-7-glu-
coside, isorhoifolin, rhoifolin, isovitexin, quercetin, lu-
teolin, quercitrin, kaempferol-3-glucoside, luteolin-4�-
glucoside, luteolin-7-glucoside and orientin were
purchased from Indofine (Somerville, NJ). 2,2�-Bipyri-
dine, 4,7-diphenyl-1,10-phenanthroline, 1,10-phenanth-
roline, 2,2�:6�,2�-terpyridine, 4,4�-dimethyl-2,2�-bipyri-
dine, CoBr2, NiBr2, and CuBr2 were purchased from
Aldrich (Milwaukee, WI). The HPLC grade methanol
was purchased from EM Science (Gibbstown, NJ). All
materials were used without further purification.

The nomenclature for glycoconjugates proposed by
Domon and Costello [67] is used to describe the frag-
mentation pathways for O-glycosides. Fragments from
a terminal sugar unit are labeled using g,hAi, Bi and Ci,
where i is the number of the bond broken, counting
from the terminal sugar beginning with 1, and g and h
are the cross-ring cleavages of the sugar. Fragments
which include the aglycone are labeled k,lXj, Yj, and Zj,
where j is the number of the bond broken, counting
from the aglycone beginning with 0, and k and l are the
cross-ring cleavages of the sugar.

Results and Discussion

Negative Ion Mode

Since the negative ESI mode has been so widely used
for mass spectrometric analysis of flavonoids, we have
compared the relative ionization efficiencies and diag-
nostic utility of the CAD spectra for deprotonated
flavonoids to those obtained for the metal complexes in
the present study. The spectra collected in the negative
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ion mode were clean with intense ions due to the
efficiency of deprotonation of the flavonoids. The spec-
tra were dominated by [L-H]� ions, the ion selected for
the CAD studies. Also observed were [L (L-H)]� ions;
dissociation of these dimer species yielded [L-H]� ions.
The following sections describe the CAD results for the
deprotonated flavonoids of the three sets of isomers in
order to establish benchmarks for the degree of differ-
entiation.

Group Ia differentiation: Apigenin-7-glucoside, Vitexin, and
Isovitexin (MW 432). The CAD mass spectra of the
Group Ia flavonoids are shown in Figure 2, and the MSn

data for the Group I flavonoids in the negative ESI

Figure 1. Structures of flavonoids studied, with molecular weights in parentheses.

Figure 2. CAD spectra for deprotonated flavonoids from Group
Ia. The parent ions are labeled with asterisks.
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mode is summarized in Table 1. Upon CAD of the
deprotonated flavonoids, the O-bonded glucoside, api-
genin-7-glucoside, is easily differentiated from the C-
bonded isomers, isovitexin and vitexin, because depro-
tonated apigenin-7-glucoside dissociates primarily by
loss of the glucose residue (Glu) (�162 Da) resulting in
the Y0

� ion at m/z 269 (Figure 2a). Likewise, both of the
C-bonded glucosides, vitexin and isovitexin, are easily
differentiated from apigenin-7-glucoside because the
deprotonated species dissociate by losses of 120 and 90
Da due to cross-ring sugar cleavages (corresponding to
0,2X0

� and 0,3X0
�, respectively, Figure 2b and c). Cross-

ring cleavages are commonly observed in the dissocia-
tion of saccharides [67–72], and this type of process is
also observed for the C-bonded glycosides [18, 23] since
the typical rearrangements across the oxygen glycosidic
bond do not take place. However, the CAD spectra of
deprotonated vitexin and isovitexin do not have signif-
icant diagnostic ions which differentiate them from
each other in the negative ESI mode, nor can the
intensities of the two major fragment ions (with identi-
cal mass-to-charge values for each isomer) be used to
reliably distinguish and quantify the two flavonoids in
mixtures. A second stage of ion isolation and activation
(i.e., MS/MS/MS) undertaken on the major fragment
ion at m/z 311 (seen in Figure 2b and c) results exclu-
sively in the loss of CO for both vitexin and isovitexin,
so even MSn does not sufficiently differentiate these two
compounds. This lack of isomer differentiation is a
good example of why other ionization modes that
might create different types of precursor ions with more
distinctive dissociation properties should be explored.

Group Ib differentiation: Rhoifolin and Isorhoifolin (MW
578). Both deprotonated rhoifolin and isorhoifolin dis-
sociate primarily by loss of the disaccharide, resulting

in the Y0
� ion at m/z 269 (Figure 3a and b). Although

these two isomers in theory may be differentiated by
the occurrence of several unique losses from deproto-
nated rhoifolin (formation of ions at m/z 311, 371, 431,
and 457) [50], these ions are less than 5% relative
intensity in the CAD spectra and could fall below limits
of detection in more complex samples. Further frag-
mentation of the Y0

� ion results in the loss of CO2 for
each isomer. Thus, CAD of deprotonated rhoifolin and
isorhoifolin does not differentiate these isomers with
confidence.

Group II differentiation (MW 448). The CAD mass spec-
tra for the five deprotonated flavonoids in Group II are
shown in Figure 3, and the MSn data is summarized in
Table 2. Deprotonated orientin, the C-bonded isomer, is
easily differentiated from the others by the losses of 120
Da and 90 Da due to cross-ring cleavages (Figure 4a),
which are observed for some of the Group Ia fla-
vonoids. In addition, deprotonated quercitrin is distin-
guished from the others because of the unique loss of
the terminal rhamnose residue (Rha) (�146 Da), result-
ing in the Y0

� ion at m/z 301 (Figure 4b). The deproto-

Table 1. MSn Spectra of deprotonated Group I flavonoids

m/z

MS/MSa MS/MS/MSa

m/z Loss % m/z Loss %

Apigenin-7-glucoside 431 269 162 100 225 44 100
197 72 36
120 149 28

311 120 6
Vitexin 431 311 120 100 283 28 100

341 90 6
Isovitexin 431 311 120 100 283 28 100

341 90 28 323 18 100
269 72 8
311 30 6

Rhoifolin 577 269 308 100 225 44 100
413 164 4
311 266 3
431 146 3
457 120 2
371 206 2

Isorhoifolin 577 269 308 100 225 44 100

aMS/MS and MS/MS/MS data correspond to their parent ions (labeled m/z) on the left. The standard deviations of the fragment ion intensities are
typically �5%.

Figure 3. CAD spectra for deprotonated flavonoids from Group
Ib. The parent ions are labeled with asterisks. The plus symbols
represent previously identified low-intensity ions which could fall
below limits of detection in more complex samples.
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nated flavonoids of the remaining three isomers, the
O-glucosides, each dissociate by loss of their terminal
Glu (�162 Da, formation of m/z 285) (Figure 4c, d, and
e). In addition to the prominent loss of Glu, deproto-

nated kaempferol-3-glucoside undergoes an even more
pronounced radical loss of the sugar, presumably via a
homolytic bond cleavage [52] at the 3™O-glucose bond
which results in the ion at m/z 284. Note that this type of
process also occurs for deprotonated quercitrin (leading
to the Yo

� ion at m/z 300), although to a much lesser
extent. These two isomers both have their sugars at-
tached at the 3 position. The radical ion pathway was
only observed for 3-substituted flavonoid glycosides
and not for the 7-glucoside, luteolin7-glucoside, as has
been reported [52]. The exact structure of the radical Yo

��

ion at m/z 284 is difficult to define because there are
several possible sites of deprotonation of the flavonoids,
and thus a variety of reasonable initial precursor struc-
tures and final product structures can be drawn and in
which the resulting oxygen radical site can be stabilized
via resonance.

The remaining two isomers, deprotonated luteolin-
4�-glucoside and luteolin-7-glucoside, are not differen-
tiated by CAD nor by MS3 spectra. While the fragmen-
tation of the primary fragment ion (m/z 285) is extensive
in the MS3 spectra obtained for deprotonated luteolin-
4�-glucoside and luteolin-7-glucoside (see Table 2), the

Table 2. MSn Spectra of deprotonated Group II flavonoids

m/z

MS/MSa MS/MS/MSa

m/z Loss % m/z Loss %

Orientin 447 327 120 100
357 90 54

Quercitrin 447 301 146 100
300 147 26

Kaempferol-3-glucoside 447 284 163 100 255 29 100
256 28 32
227 57 6

285 162 53
327 120 14

Luteolin-4�-glucoside 447 285 162 100 241 44 100
199 86 82
243 42 59
217 68 51
175 110 40
242 43 27
257 28 22
151 134 21
213 72 20
218 67 18
223 62 15
267 18 10

Luteolin-7-glucoside 447 285 162 100 241 44 100
199 86 77
217 68 69
243 42 67
175 110 60
213 72 26
257 28 24
242 43 21
151 134 21
267 18 17

aMS/MS and MS/MS/MS data correspond to their parent ions (labeled m/z) on the left. The standard deviations of the fragment ion intensities are
typically �5%.

Figure 4. CAD spectra for deprotonated flavonoids from Group
II. The parent ions are labeled with asterisks.
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ions are similar and do not unequivocally distinguish
these two isomers in the negative ion mode. Most of the
secondary fragmentation pathways involve losses of
CO, CO2 and H2O from the selected primary fragment
ion (m/z 285). For example, both of the MS/MS/MS
spectra are dominated by a loss of 44, the loss of CO2,
from m/z 285.

Metal Complexation

Due to the unsatisfactory differentiation of the fla-
vonoid isomers based on CAD mass spectra of the
deprotonated flavonoids, metal complexation was ex-
plored as an alternative way to ionize the flavonoids
and create different types of parent structures. Due to
our previous studies in this area [53–58], 2,2�-bipyridine
was selected as the first auxiliary ligand and CoBr2 was
used as the metal salt. For the flavonoids, acidic sites
that may be deprotonated in solution and are adjacent
to a second binding site (i.e., another oxygen atom) are
the likely chelation sites for the metal ions. Using
luteolin-7-glucoside as an example, the metal binding
site may be between the carbonyl functionality and a
deprotonated hydroxyl at the 5 position (Figure 5a), or
between adjacent hydroxyls on the B ring, one being
deprotonated (Figure 5b), or even involve the sugar
moiety (Figure 5c). The structures shown in Figure 5 are
just a subset of reasonable possibilities, and the ESI
process may generate a mixture of these metal com-
plexes. Complexes of the type [M(II) (L-H) A]� where
M is the metal, A is the auxiliary ligand, and L is the
flavonoid, were produced for copper, cobalt, and nickel,

and all of these complexes were more intense than the
deprotonated flavonoids. While the copper and nickel
complexes were more intense than the cobalt com-
plexes, the latter produced ions which enabled differ-
entiation of the isomers upon CAD. Thus, CoBr2 was
used for the remainder of the study, and only the CAD
spectra of the [Co(II) (flavonoid-H) 2,2�-bipyridine]�

complexes were evaluated for the isomers.

Complexation with Cobalt and 2,2�-Bipyridine

Upon ESI of solutions containing one flavonoid, a cobalt
salt, and 2,2�-bipyridine, ions observed in these spectra
included [Co(II) (L-H) 2 � bpy]� and [Co(II) (L-H)
bpy]�, with the latter being about five times more
intense than the former. In addition, there were minor
product ions due to in-source fragmentation of the
sugar for the O-bonded isomers, such as the loss of

Figure 6. CAD spectra of [Co(II) (L-H) bpy]� complexes of
Group Ia flavonoids. The parent ions are labeled with asterisks.

Figure 5. Proposed structures for [Co(II) (L-H) bpy]� complexes.
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terminal Rha or the entire disaccharide. The [Co(II)
(L-H) bpy]� complexes formed were generally an order
of magnitude more intense than the [L-H]� ions formed
in the negative ion mode. In addition to this improve-
ment in sensitivity, the CAD fragmentation patterns
were generally richer and more distinctive than those
observed for the negative ion mode.

Group Ia differentiation: Apigenin-7-glucoside, Vitexin and
Isovitexin (MW 432). The CAD spectra of the [Co(II)
(L-H) bpy]� complexes are illustrated in Figure 6 for the
group Ia isomers and the MS3 data is tabulated in Table
3. The CAD spectrum for the apigenin-7-glucoside
complex is distinctive from the other two isomers in
that there is only one major ion (Y0

�complex, m/z 484)

Table 3. MSn Spectra of Group I [Co(II) (L-H) bpy]� Complexes

m/z

MS/MSa MS/MS/MSa

m/z Loss % m/z Loss %

Apigenin-7-glucoside 646 484 162 100 364 120 100
346 138 23

376 270 4
Vitexin 646 556 90 100 497 59 100

538 18 60
510 46 42
526 30 19
484 72 9

526 120 46 497 29 100
469 57 15

484 162 46 364 120 100
346 138 20
377 107 5
456 28 5
254 230 3

628 18 38 610 18 100
568 60 20
497 131 16
525 103 12
550 78 10
592 36 9
508 120 7
580 48 6

538 108
496 150
536 110
610 36

Isovitexin 646 556 90 100 497 59 100
538 18 86
536 20 80
498 58 61
510 46 64
496 60 25
484 72 16

526 120 90 508 18 100
497 29 81
498 28 81
496 30 50
232 294 31
216 310 13
469 57 11

Rhoifolin 792 484 308 100 364 120 100
346 138 28

646 146 24 484 162 100
376 270 4

376 416 10
Isorhoifolin 792 484 308 100 364 120 100

346 138 22
646 146 45 484 162 100

aMS/MS and MS/MS/MS data correspond to their parent ions (labeled m/z) on the left. The standard deviations of the fragment ion intensities are
typically �5%.
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due to the loss of Glu (Figure 6a). In addition, there is a
low intensity ion due to the loss of the aglycone moiety
at m/z 376. The loss of the entire aglycone moiety from
the complex means that the cobalt ion and 2,2�-bipyri-
dine are coordinated only to the sugar moiety in the
resulting product ion, suggesting that the initial struc-
ture proposed in Figure 5c may be operative or that the
cobalt/2,2�-bipyridine moiety may migrate from the
aglycone to the saccharide upon collisional activation of
the complex. The [Co(II) (L-H) bpy]� complex of vitexin
also undergoes the loss of the Glu upon CAD which is
common for the O-glycosides but was not expected for
a C-bonded glycoside. The losses of 120 and 90 Da due
to cross-ring cleavages are also dominant (Figure 6b). In
addition, the vitexin complex dissociates by several
other pathways, including the loss of 150 Da (0,1X0

�), a
similar neutral loss to which has been reported in the
positive ion mode [23], and the loss of one or two
molecules of water. While the [Co(II) (L-H) bpy]�

complexes of vitexin also undergo two of the same
cross-ring cleavages as does the vitexin isomer, result-
ing in losses of 90 and 120 Da (Figure 6c), the losses
from Glu, 150 and 108 Da, are unique for the isovitexin
complex. The latter loss of 108 Da was the same as one
of the neutral losses also observed in the positive ion
mode [23] and was proposed to be due to elimination of
90 Da in conjunction with water. Thus, comparison of
the CAD spectra in Figure 2b and c to those seen in
Figure 6b and c confirms that isovitexin and vitexin are
more effectively differentiated based on the results for
the metal complexes.

Due to the diverse array of fragmentation pathways
for the [Co(II) (L-H) bpy]� complex of vitexin, this
complex serves as an excellent model to illustrate the

general fragmentation genealogy of the metal com-
plexes. Scheme 1 shows the m/z values of the product
ions and neutral losses based on extensive MSn exper-
iments, and Scheme 2 illustrates proposed structures
that reasonably account for the major fragment ions.
Schemes 1 and 2 refer specifically to the ions seen in
Figure 6b for the vitexin complex, but many of the
pathways are general ones seen for the other isomers.
Path A represents the loss of the terminal sugar, which
is most prevalent with the O-glucosides. This fragmen-
tation route is followed by Path E, the loss of 2,2�-
bipyridine and addition of two water molecules, result-
ing in the ion at m/z 364. Sometimes this pathway occurs
with the addition of only one molecule of water (for-
mation of m/z 346). Solvation of metal complexes in an
ion trap has been noted previously [72–76] and is
attributed to the coordinative unsaturation of the metal
center which is resolved by the adduction of water
molecules, present at low levels in the trap. The path-
way proposed as involving loss of 2,2�-bipyridine and
attachment of water molecules (Path E) was confirmed
by CAD of a [Co(II) (L-H) phen]� complex containing
cobalt with 1,10-phenanthroline (phen) instead of 2,2�-
bipyridine. The appearance of the same product ions at
m/z 346 and 364 confirmed that the auxiliary ligand was
lost from the metal complexes upon activation, other-
wise these fragment ions would be shifted upwards in
m/z value by the difference between the nominal mass
of 2,2�-bipyridine and 1,10-phenanthroline. Thus, Path
E for the [Co(II) (L-H) bpy]� complex is actually the loss
of 2,2�-bipyridine (156 Da) followed by the rapid ad-
duction of one or two water molecules.

Path B depicts the cross-ring cleavage resulting in a
loss of 120 Da. The resulting ion further dissociates

Scheme 1. CAD fragmentation pathways for [Co(II) (vitexin-H) bpy]� using m/z values of the
fragment ions.
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predominantly by Path F, resulting in an interesting
radical species of m/z 497 via the loss of CHO. radical.
There is also a less intense secondary fragment ion at
m/z 469, assigned as the loss of CO from m/z 497. Path C
depicts another cross-ring cleavage resulting in a loss of
90 Da, resulting in formation of the ion of m/z 556. This
product ion further dissociates mainly by Path G,
resulting in the same radical species at m/z 497 as
proposed for Path B. Other comparatively minor path-
ways observed upon CAD of m/z 556 include the loss of
water, which may occur in conjunction with the loss of
CO (leading to the ion at m/z 510), the loss of formal-
dehyde, and the loss of 72 Da. The loss of formaldehyde
from m/z 556 is followed by the loss of HCO. radical,
also resulting in the radical product ion at m/z 497.
Paths B and C are the most prevalent fragmentation
pathways for the C-bonded flavonoids studied. Path D
represents a simple loss of water, mostly likely from the
sugar. This dehydration reaction is followed by yet
another loss of water or even loss of two water mole-
cules. The identities of the hydroxyl groups that are lost
as water molecule can’t be determined with certainty,
so the dehydrated structure shown in Scheme 2 is just
one possibility.

Group Ib differentiation: Rhoifolin and Isorhoifolin (MW
578). Both the [Co(II) (L-H) bpy]� complexes of
rhoifolin and isorhoifolin (Figure 7a and b) undergo the
same major loss of the disaccharide (loss of 308 Da) as
was observed upon CAD of the deprotonated species
(Figure 3a and b). However, the loss of Rha (�146 Da)
is also observed for both isomers, and this fragmenta-
tion pathway was not observed for the deprotonated
species. In addition to these two pathways, rhoifolin
also undergoes the elimination of aglycone in conjunc-
tion with the loss of Glu (relative intensity 11%), leading
to the unique fragment ion at m/z 376. Apparently the 1
3 6 linkage of the rutinoside on isorhoifolin disrupts
this fragmentation pathway. Note that both rhoifolin

Scheme 2. CAD fragmentation pathways for [Co(II) (vitexin-H) bpy]� using proposed structures of
the fragment ions.

Figure 7. CAD spectra of parent [Co(II) (L-H) bpy]� complexes
of Group Ib flavonoids. The parent ions are labeled with asterisks.
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and apigenin-7-glucoside, both with sugars at the 7
position like isorhoifolin, undergo this loss of the agly-
cone. This suggests that the loss of aglycone is indica-
tive of a sugar at the 7 position or a 13 2 disaccharide.
The appearance of the unique ion at m/z 376 is a
promising diagnostic ion for differentiation of isor-
hoifolin and rhoifolin, but an increase in the relative
intensity of this key ion, which would be desirable,

could not be obtained for the [Co(II) (L-H) bpy]�

complexes.

Group II differentiation (MW 448). The CAD spectra for
the Group II [Co(II) (L-H) bpy]� complexes are shown
in Figure 8, and the MS3 data is tabulated in Table 4. The
CAD spectrum of the [Co(II) (L-H) bpy]� complex of
orientin was the most interesting of the five Group II
isomers, with cross-ring cleavages corresponding to
both Paths B and C (leading to the ions at m/z 542 and
572), in addition to loss of the entire sugar (Path A,
formation of m/z 500). This isomer is clearly differenti-
ated based on these cross-ring cleavages (Figure 8a). In
addition, the [Co(II) (L-H) bpy]� complex of quercitrin
is easily differentiated from the others because of its
loss of Rha, resulting in the Y0

� complex at m/z 516
(Figure 8b), similar to what was observed for the
deprotonated flavonoid. The remaining three isomers,
the O-glucosides, each dissociate by loss of their termi-
nal sugars, resulting in Y0

� complexes at m/z 500 (Figure
8c, d, and e), again like what was observed for the
deprotonated isomers. These isomers are not differen-
tiated via their MS3 spectra either (Table 4). For exam-
ple, isolation and CAD of the major primary fragment
ion at m/z 500 for each isomer results in a dominant
apparent loss of 120 Da which is the elimination of
2,2�-bipyridine and addition of two molecules of water
(Scheme 1, Path E), and the apparent loss of 138 Da

Figure 8. CAD spectra of [Co(II) (L-H) bpy]� complexes of
Group II flavonoids. The parent ions are labeled with asterisks.

Table 4. MSn spectra of Group II [Co(II) (L-H) bpy]� complexes

m/z

MS/MSa MS/MS/MSa

m/z Loss % m/z Loss %

Orientin 662 572 90 100
500 162 60
542 120 45
644 18 40
541 121 10
528 134 15

Quercitrin 662 516 146 100
Kaempferol-3-glucoside 662 500 162 100 380 120 100

233 267 13
247 253 11
472 28 8
362 138 8
308 192 7
442 58 5

Luteolin-4�-glucoside 662 500 162 100 380 120 100
362 138 12
472 28 5
394 106 5

Luteolin-7-glucoside 662 500 162 100 380 120 100
233 267 34
247 253 23
362 138 11
472 28 5
394 106 5
443 57 3

aMS/MS and MS/MS/MS data correspond to their parent ions (labeled m/z) on the left. The standard deviations of the fragment ion intensities are
typically �5%.
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which is the elimination of 2,2�-bipyridine and addition
of one molecule of water. In addition, there are ions at
m/z 233 and 247 which are non-specific complexes of
2,2�-bipyridine and cobalt with water or methanol,
respectively. The inability to differentiate the two luteo-
lin-glucoside isomers remained a persistent problem,
and prompted us to consider the examination of other
metal complexes.

Complexation with Cobalt and
4,7-Diphenyl-1,10-Phenanthroline

Based on the improvements in isomer differentiation
obtained for the [Co(II) (L-H) bpy]� complexes, the use
of alternative auxiliary ligands in the metal complexes
was explored with the goal of increasing the “tunabil-
ity” of the CAD patterns and generating more distinc-
tive fragmentation patterns for each set of isomers,
particularly for rhoifolin and isorhoifolin in Group Ib
and the three undifferentiated isomers in Group II
(kaempferol-3-glucoside, luteolin-4�-glucoside, and lu-
teolin-7-glucoside). The various auxiliary ligands were
assessed based on the overall signal intensity of the
metal complexes and the number and intensity of the
diagnostic fragment ions observed in the CAD mass
spectra. The following ligands were evaluated in com-
parison to the results obtained for the 2,2,’-bipyridine
complexes: 2,2�:6�,2�-terpyridine, 1,10-phenanthroline,

4,4�-dimethyl-2,2�-bipyridine and 4,7-diphenyl-1,10-
phenanthroline. These ligands were selected because
they retain the chelating ability attributed to the 2,2�-
bipyridine skeleton, but their metal affinities are altered
by the electron-releasing alkyl groups appended remote
from the nitrogen atoms [77]. An example of the series
of CAD mass spectra obtained by varying the auxiliary
ligand is shown in Figure 9 for rhoifolin with cobalt. For
the spectra shown in Figure 9, the CAD energy was
adjusted to give approximately the same level of parent
ion survival, thus allowing a clear comparison of the
competition among the three dominant dissociation
channels for the complexes containing different auxil-

Figure 10. CAD spectra of parent [Co(II) (L-H) dpphen]� com-
plexes of Group Ia flavonoids. The parent ions are labeled with
asterisks.

Figure 9. CAD mass spectra of [Co(II) (rhoifolin-H) pyridyl ligand]� complexes, showing relative
intensities of the losses of aglycone and Rha with the variation of auxiliary ligand. The parent ion is
designated with an asterisk, the loss of Rha is designated by a plus sign, the loss of disaccharide is
designated by a solid square, and the loss of the aglycone and Rha is designated by a solid triangle.
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iary ligands. The intensity of the ion due to the consec-
utive losses of aglycone and Glu increased ongoing
from the complexes containing 2,2�:6,2�-terpyridine to
4,7-diphenyl-1,10-phenanthroline, corresponding with

the increasing binding energy of the pyridyl ligand to
cobalt in the gas phase as determined previously by
energy-variable CAD [77]. Based on a comparative
assessment, 4,7-diphenyl-1,10-phenanthroline (dpphen)

Table 5. MSn spectra of Group I [Co(II) (L-H) dpphen]� complexes

m/z

MS/MSa MS/MS/MSa

m/z Loss % m/z Loss %

Apigenin-7-glucoside 822 660 162 100 404 256 100
430 230 76
632 28 41
408 252 18
484 176 12
364 296 11

552 270 12
Vitexin 822 732 90 100 673 59 100

714 18 34
686 46 26
702 30 16
660 72 8

702 120 56 673 29 100
645 57 22

712 110 36
660 162 35
804 18 30 786 18 100

673 131 31
744 60 21
701 103 15

672 50 24
462 360 21
450 372 12

Isovitexin 822 732 90 100 673 59 100
712 20 76
714 18 64
450 282 42
686 46 38
392 340 38
408 324 19
462 270 17
424 308 13

702 120 74 684 18 100
673 29 94
408 294 76
672 30 62
392 310 41
645 57 22

Rhoifolin 968 660 308 100 404 256 100
430 230 75
632 28 40

822 146 32 660 162
552 270

552 416 30 450 102 100
392 160 92
408 144 40
462 90 28
424 128 26

Isorhoifolin 968 660 308 100 404 256 100
430 230 82
632 28 45

822 146 26 660 162 100
552 270 12

aMS/MS and MS/MS/MS data correspond to their parent ions (labeled m/z) on the left. The standard deviations of the fragment ion intensities are
typically �5%.
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resulted in metal complexes that gave the most distinc-
tive CAD patterns, so it was used for the remainder of
the study. In general, the types of fragment ions ob-
served upon dissociation of the [Co(II) (L-H) dpphen]�

complexes are the same as those already observed and
rationalized for the [Co(II) (L-H) bpy]� complexes.
However, the intensities of some of the key diagnostic
ions which allow differentiation of isomers are in-
creased for the [Co(II) (L-H) dpphen]� complexes, and
a few new diagnostic ions are also observed upon CAD.

Group Ia differentiation: Vitexin, Isovitexin, and Apigenin-
7-Glucoside (MW 432). The CAD mass spectra of the
Group Ia complexes [Co(II) (L-H) dpphen]� are shown
in Figure 10, and the MSn results are summarized in
Table 5. As noted for the [Co2�(L-H) bpy]� complex, the
CAD spectrum for the [Co(II) (L-H) dpphen]� complex
of apigenin-7-glucoside complex contains only one ma-
jor ion (Y0

� complex) due to the loss of the Glu (Figure
10a), but the ion due to the subsequent loss of the
aglycone (m/z 552) is more intense for this complex (12%
for the dpphen complex versus 4% for the bpy complex,
Figure 6a versus 10a). The CAD pattern of the [Co(II)
(L-H) dpphen]� complex of isovitexin is virtually the
same as the one observed above for the analogous
[Co(II) (L-H) bpy]� complex. The CAD spectrum of the
[Co(II) (vitexin-H) dpphen] complex also contains two

additional non-specific product ions (m/z 450 and 462,
Figure 10b), which are dpphen-containing ions and not
diagnostic for vitexin.

Group Ib Differentiation: Rhoifolin and Isorhoifolin (MW
578) The major fragmentation pathways seen in the
CAD mass spectra of the [Co(II) (L-H) dpphen]�

complexes of rhoifolin and isorhoifolin (Figure 11a
and b) are the same as those observed above for the
analogous [Co2� (L-H) bpy]� complexes (Figure 7a
and b). However, the key diagnostic ion for identify-
ing rhoifolin (i.e., the pathway due to loss of the
aglycone and Glu moieties, m/z 552) is significantly
more pronounced for the [Co(II) (L-H) dpphen]�

complex (30% relative intensity for the dpphen com-
plexes versus 10% relative intensity for the corre-
sponding bpy complex, m/z 376). This subtle but
important change in the CAD mass spectrum is a
good demonstration of the ability to tune the frag-
mentation patterns and enhance the differentiation of
isomers by modifying the metal affinity of the auxil-
iary ligand. A relatively small difference in the metal
affinity of the auxiliary ligand alters the energetics for
dissociation of the complex, thus changing both the
accessibility of and competition among different frag-
mentation channels.

Group II differentiation (MW 448). Shown in Figure 12
are the CAD mass spectra of the [Co(II) (L-H) dp-
phen]� complexes of the Group II isomers. The CAD
mass spectra of the [Co(II) (L-H) dpphen]� complexes
of the Group II flavonoids are generally similar to
those observed and rationalized above for the [Co(II)
(L-H) bpy]� complexes (Figure 8), with a few excep-
tions. For example, the fragmentation pattern of the
orientin complex (Figure 12a) has one extra diagnos-
tic ion (loss of 110 Da, m/z 728). Also, the luteolin-7-
glucoside isomer is now differentiated from luteolin-
4�-glucoside by a new fragment ion stemming from
the loss of the aglycone with the loss of the terminal
sugar, resulting in the fragment ion at m/z 552 with
10% relative intensity (Figure 12e).

While kaempferol-3-glucoside and luteolin-4�-glu-
coside were better differentiated in the negative ion
mode (Figure 4), luteolin-7-glucoside was only differ-
entiated by using metal complexation. To differentiate
kaempferol-3-glucoside and luteolin-4�-glucoside, the
pair of isomers that remained the most resistant to mass
spectral differentiation using metal comlexation, MS3

experiments were performed. In the MS/MS/MS spec-
tra obtained for the [Co(II) (L-H) dpphen]� complexes
based on isolation and activation of the primary frag-
ment ion (m/z 676, loss of the sugar, 162 Da), there are
now numerous secondary fragment ions which
uniquely differentiate kaempferol-3-glucoside from lu-
teolin-4�-glucoside. These three isomers are a good
example of how metal complexation may be used in
conjunction with the negative ion mode for complete
isomer differentiation. The MSn data for the complexes

Figure 11. CAD spectra of parent [Co(II) (L-H) dpphen]� com-
plexes of Group Ib flavonoids. The parent ions are labeled with
asterisks.

Figure 12. CAD spectra of parent [Co(II) (L-H) dpphen]� com-
plexes of Group II flavonoids. The parent ions are labeled with
asterisks.
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of the Group II isomers with Co/dpphen is tabulated in
Table 6.

Position of glycosylation. Since complexation with co-
balt and dpphen resulted in the most interesting frag-
mentation patterns in this study, it is worthwhile to
compare the general types of diagnostic ions observed
as a function of the positions of glycosylation for the
various flavonoids. For example, it is interesting to note
that for C-bonded isomers (vitexin, isovitexin, orientin),
the 0,1X0

� is only observed for those flavonoids glycosy-
lated at the 8-position as with vitexin and orientin
(Figures 10b and 12a, respectively), but not for glyco-
sylation at the 6-position as in the isovitexin isomer
(Figure 10c). For the 7™O-bonded glucosides (apigenin-
7-glucoside, rhoifolin, isorhoifolin, luteolin-7-glu-
coside), the loss of the aglycone or the aglycone and
terminal sugar is always observed (Figures 10a, 11a,

and 12e) except for the rutinosides. The lack of this
pathway for 7™O-bonded rutinoside isorhoifolin (Fig-
ure 11b) is likely related to the site of metal complex-
ation and/or conformation of the disaccharide when
coordinated to the metal ion. These general trends in
the diagnostic ions observed with the position of gly-
cosylation are an extremely useful feature of metal
complexation for structural determination of
flavonoids.

Conclusions

Metal complexation with an auxiliary ligand has been
used to differentiate flavonoid glycoside isomers by
ESI-tandem mass spectrometry. In the presence of a
metal and an appropriate auxiliary ligand, complexes of
the type [Co(II) (flavonoid-H) ligand]� are formed

Table 6. MSn Spectra of Group II [Co(II) (L-H) dpphen]� complexes

m/z

MS/MSa MS/MS/MSa

m/z Loss % m/z Loss %

Orietin 838 748 90 100
718 120 71
728 110 46
820 18 36
676 162 32
688 150 29
462 376 25
450 388 11

Quercitrin 838 692 146 100
Kaempferol-3-glucoside 838 676 162 100 408 268 100

423 253 48
484 192 28
648 28 19
404 272 18
496 180 13
632 44 9
392 284 9
333 343 5

Luteolin-4�-glucoside 838 676 162 100 404 272 100
430 246 67
648 28 53
408 268 30
658 18 30
647 27 27
630 46 20
620 56 13
392 284 12
442 234 12
500 176 10
524 152 7

Luteolin-7-glucoside 838 676 162 100 408 268 100
423 253 51
404 272 14
619 57 10
430 246 10

675 163 30
552 286 11

aMS/MS and MS/MS/MS data correspond to their parent ions (labeled m/z) on the left. The standard deviations of the fragment ion intensities are
typically �5%.
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which are generally one to two orders of magnitude
greater in intensity than the intensities of the molecular
ions observed in positive or negative ionization modes,
thereby improving limits of detection. CAD of the metal
complexes results in fragmentation patterns which are
often different that those of the protonated or deproto-
nated species and may be used separately or in conjunc-
tion with these modes for isomer differentiation. This
general metal complexation technique has been im-
proved with the use of 4,7-diphenyl-1,10-phenanthro-
line as a new auxiliary chelating ligand. In particular,
the differentiation of disaccharide isomers with 1 3 2
and 1 3 6 linkages and the two luteolin-glucoside
isomers is now possible based on formation and detec-
tion of unique fragment ions for each isomer.
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