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Metal complexation and tandem mass spectrometry were used to differentiate C- and
O-bonded flavonoid monoglucoside isomers. Electrospray ionization of solutions containing a
flavonoid glycoside and a metal salt led to the generation of the key [M(II) (L) (L–H)]�

complexes, where M is the metal ion and L is the flavonoid glycoside. Thirteen flavonoid
monoglucosides were examined in combination with Ca(II), Mg(II), Co(II), Ni(II), and Cu(II).
Collisional activated dissociation (CAD) of the [M(II) (L) (L–H)]� complexes resulted in
diagnostic mass spectra, in contrast to the CAD mass spectra of the protonated, deprotonated,
and sodium-cationized flavonoid glucosides. Five common sites of glycosylation could be
predicted based on the fragmentation patterns of the flavonoid glucoside/magnesium
complexes, while flavonoid glucoside/calcium complexes also were effective for location of
the glycosylation site when MS3 was employed. Cobalt, nickel and copper complexation had
only limited success in this application. The metal complexation methods were also applied for
characterization of a flavonoid rhamnoside, and the dissociation pathways of the metal
complexes indicate that flavonoid rhamnosides have distinctive dissociation features from
flavonoid glucosides. (J Am Soc Mass Spectrom 2004, 15, 1287–1299) © 2004 American
Society for Mass Spectrometry

Flavonoids comprise a class of phytochemicals
sharing a common 15-carbon polyphenolic skele-
ton. Their ubiquitous presence in plants makes

them an integral part of the human diet. Flavonoids
have gained prominence with reports that their con-
sumption may confer health benefits as antioxidants,
anticancer agents, immune system stimulants, and anti-
inflammatories [1–3]. Thousands of flavonoids have
been discovered [4], differing by the location of hy-
droxyl and methoxyl groups, and by the placement,
number, and identity of saccharide moieties. Other
modifications, such as sulfonation and glucuronidation,
can occur as a result of metabolism. The high degree of
variety in flavonoid structure makes accurate identifi-
cation a critical step in the confirmation of their chemo-
preventive properties.
Much research has been devoted to structural eluci-

dation of flavonoids by mass spectrometry [5, 6]. Sev-
eral groups have reported characterization of fla-
vonoids by electron ionization (EI) [6–10] or fast atom
bombardment (FAB) mass spectrometry [7, 11–19].
More recently, electrospray ionization (ESI) [19–29],

atmospheric pressure chemical ionization (APCI) [27–
31], and matrix-assisted laser desorption ionization
(MALDI) [32, 33] have been used to analyze flavonoids,
typically in conjunction with tandem mass spectro-
metry (MS/MS) or high-performance liquid chromatog-
raphy (HPLC). Despite these inroads, mass spectromet-
ric analysis has not yet reached the point where de novo
identification of flavonoids is possible. Analysis of
flavonoids in plant extracts [34–40], foodstuffs [41–46],
and human biological fluids [47–49] have been re-
ported, but the identity of flavonoids in these complex
matrices generally must be confirmed by comparison
with commercial standards. Otherwise only tentative
identifications can be made, particularly in terms of
saccharide location and identity, unless supplementary
analytical methods, such as UV, FTIR, or NMR spec-
troscopy, are employed. Some researchers have tried
derivatization to enable unambiguous identification by
mass spectrometry [11, 19, 34], but this is a difficult and
time-consuming approach.
Some significant progress has been made towards

systematic structural characterization of flavonoids by
mass spectrometry. The fragmentation pathways of
flavonoid aglycons obtained by tandem mass spectro-
metry have been well-documented [13, 22, 23, 27, 50]. In
addition, commonly encountered diglycosyl flavonoids
can often be distinguished by their fragmentation path-
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ways [14, 18, 20, 51, 52]. For less common flavonoid
glycosides, methods have recently been proposed for
determining the saccharide identity [19], as well as the
linkage order [14]. Furthermore, distinctive patterns
have been reported for methoxylated flavonoids [15, 25]
and for chlorinated and nitrated isoflavonoids [26].
Hydrogen/deuterium exchange has also been explored
as a method for flavonoid isomer differentiation [53].
The problem of determining the glycosylation site of

monoglycosyl flavonoids has also been addressed. The
general fragmentation differences between flavonoid
glycosides bonded through carbon versus oxygen at-
oms have been established [16], along with differentia-
tion of 6-C-glycosyl and 8-C-glycosyl flavonoids [16, 17,
29, 38, 54]. However, to our knowledge no one has
proposed a robust universal mass spectrometric
method for determining five of the most common
glycosylation positions encountered for the monoglu-
cosyl flavonoids: attachment through oxygen at posi-
tion 3, 4�, or 7; or through carbon at position 6 or 8. We
report a successful method for achieving this latter goal
based on metal complexation and tandem mass spec-
trometry.
A number of groups have studied metal complexes

by mass spectrometry and found that the fragmentation
pathways of analytes can be significantly altered, allow-
ing new opportunities for structural determination [55–
71]. The Brodbelt group has shown that metal comp-
lexation combined with the use of a neutral auxiliary
ligand dramatically increases sensitivity for detection of
flavonoids while also providing a richer array of frag-
ments to aid in isomer differentiation [50–52, 72]. Al-
though this approach proved beneficial for differentiat-
ing diglycosyl flavonoids [51], the same approach for
monoglycosyl flavonoids was less successful: several
different complexation modes were required to fully
differentiate isomers [52]. In this work, by dispensing
with auxiliary ligands we developed a new metal
complexation strategy for resolving many isomeric
monoglucosyl flavonoids. The resulting fragmentation
pathways were remarkably consistent based on the
position of the glucose moiety, providing a simple
means for determining the glycosylation site of fla-
vonoid glucosides. Thirteen flavonoid glucosides are
included in this study (Figure 1), involving glycosyla-
tion at five different positions on the flavonoid skeleton.
The flavone, flavonol, and flavanone classes are repre-
sented by the sample compounds. One flavonoid rham-
noside is also included to explore the effects of saccha-
ride identity on fragmentation.

Experimental

All experiments were performed with an LCQ Duo
quadrupole ion trap mass spectrometer (ThermoFinni-
gan, San Jose, CA) with an electrospray ionization (ESI)
source. The ESI flow rate was 5 �L/min, and the ion
injection time was typically 10 msec for full scans and
50 msec for MS2 and MS3 experiments. 100 microscans

were averaged for each spectrum. The mass spectrom-
eter was tuned for maximum intensity of the ion of
interest. Protonated flavonoid glycosides, metal com-
plexes, and sodium adducts were analyzed in the
positive ion mode; and deprotonated flavonoid glyco-
sides were analyzed in the negative ion mode. The
following electrospray conditions were used in analyz-
ing the metal complexes: Needle voltage �5 kV, sheath
gas flow rate 5 arbitrary units, no auxiliary gas, heated
capillary temperature 200 °C, capillary voltage 20 V,
and tube lens offset 20 V.
Quercetin-3-O-glucoside, naringenin-7-O-glucoside,

spiraeoside, and homoorientin were purchased from
Extrasynthèse (Genay, France). Kaempferol-3-O-glu-
coside, isorhamnetin-3-O-glucoside, luteolin-4�-O-glu-
coside, apigenin-7-O-glucoside, luteolin-7-O-glucoside,
vitexin, isovitexin, orientin, and quercitrin were pur-
chased from Indofine (Somerville, NJ). Quercetin-7-O-
glucoside was purchased from Apin Chemicals (Abing-
don, UK). Certified ACS Spectranalyzed methanol was
purchased from Fisher Scientific (Pittsburgh, PA).
CoBr2, NiBr2, CuBr2, and MgCl2 were purchased from
Aldrich (Milwaukee, WI). CaBr2 was purchased from
Matheson, Coleman and Bell (Cincinnati, OH). All
materials were used without further purification.
Analyte solutions were made in methanol, with the

flavonoid glycoside and metal salt each added at 1.0 �
10�5 M. The intensities from the collisional activated
dissociation (CAD) experiments are reported relative to
the most intense peak in the spectrum, which is desig-
nated as 100%. In collecting MS/MS and MS3 data, the
collision energy was increased until the parent ion was
reduced to 5–10% intensity. The normalized collision
energy range was 18–25%; this corresponds to approx-
imately 0.8–1.1 V according to the equations supplied
by ThermoFinnigan. The isolation window was typi-
cally 2 m/z, though for some complexes, particularly
those involving glycosides of quercetin, it was neces-
sary to increase the window to as much as 4 m/z to
obtain a stable signal. All tables list fragments down to
2% intensity, but we consider 5% to be a lower limit for
reliability of isomer differentiation. Post-CAD solvent
adducts (e.g., [fragment ion � CH3OH]

�) were appar-
ent in several instances, but as their appearance is
dependent on the background pressure and the con-
tents of the trap, we do not regard them as reliable
diagnostic products, and generally exclude them from
our analysis.

Results and Discussion

Until the recent development and application of metal
complexation strategies, flavonoids have generally been
analyzed as protonated or deprotonated species by
mass spectrometry. Greater sensitivity has been re-
ported in the negative ion mode than in the positive ion
mode [21, 30, 31, 38], a factor attributed to the substan-
tial acidities of flavonoids and the ease of deprotonation
due to their multiple hydroxyl groups. However, the
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Figure 1. The structures of the flavonoid glycosides included in this study.
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CAD spectra of deprotonated flavonoid glycosides gen-
erally show few fragments, and are therefore not par-
ticularly useful for isomer differentiation. The most
successful and confident isomer differentiation results
in unique fragment ions for different isomers, although
sometimes differences in ratios or distributions of frag-
ment ions may be considered. Our goal was to develop
a simple but robust method based on metal complex-
ation and CAD for differentiation of flavonoid glu-
cosides. Five metals, Ca(II), Mg(II), Co(II), Ni(II), and
Cu(II), were evaluated for their ability to form com-
plexes of the type [M(II) (L) (L–H)]� and give diagnostic
fragmentation patterns upon CAD. These results are
discussed in detail in this work.
Studies have suggested that certain structural fea-

tures are required for metal chelation by flavonoids.
Proposed chelation sites include the 4-keto and 5-OH
groups, the 4-keto and 3-OH groups, and the 3�-OH and
4�-OH groups [72–76]. It is possible that more than one
of these sites is active for flavonoids containing multiple
binding groups. Every flavonoid glycoside in this study
contains at least the 4-keto and 5-OH groups, allowing
them to form metal complexes. Flavonoids lacking
suitable chelation sites are unlikely to be amenable to
metal complexation.
The complexes were produced from methanolic so-

lutions containing 1:1 flavonoid glycoside/metal salt.
No pH adjustment was performed on the analyte solu-
tions. Under these conditions, the flavonoid glycosides
formed 1:1 and 2:1 analyte/metal complexes of the type
[M(II) (L–H)]� and [M(II) (L) (L–H)]�. Additionally,
larger complexes were occasionally observed, including
3:1, 3:2, 4:1, and 4:2 analyte:metal stoichiometries. Some
of these stoichiometries have been previously reported
for copper and iron complexes of flavonoids [77]. Figure
2 shows the full scan mass spectrum of isovitexin and
Ca(II), which form complexes with several different
stoichiometries. The intensities of the 1:1 analyte/metal
complexes are often very low, and CAD results in
complicated mass spectra that often do not assist in
compound identification. In contrast, the 2:1 complexes
are more intense, and they give simple CAD spectra
with easily-assigned fragments and a variety of disso-
ciation pathways for structural determination. One pos-
sible structure for the 2:1 complexes is shown in
Schemes 1 and 2. The complexes involve a doubly-
charged metal ion, one deprotonated flavonoid glyco-

side and one neutral flavonoid glycoside. The chelation
site is speculative and likely to be compound-depen-
dent; and it is even possible that more than one struc-
ture forms for some analyte/metal complexes. Like-
wise, the coordination geometry of the complexes is
unknown, though particular metals are known to favor
certain geometries over others. Common dissociation
routes seen for O-glucosyl flavonoid complexes include
loss of one or two glucose residues, loss of an entire
flavonoid glucoside molecule, and loss of the aglycon
portion of one flavonoid glucoside (Scheme 1). Frag-
mentation pathways most characteristic of C-glucosyl
flavonoid complexes include dehydration and cross-
ring cleavages of the glucose moiety, resulting in losses
of 90 u or 120 u (Scheme 2). Figure 3 more clearly shows
which bonds are broken as the result of various cross-
ring cleavages. These types of losses are well-known for
C-glycosyl flavonoids, and were discussed in detail by
Waridel et al. [29]. The loss of one or more water mole-
cules observedwith some C-glycosyl flavonoid complexes
has also been reported in mass spectral analysis of depro-
tonated C-glycosyl flavonoids [17, 29, 38] and alternate
structures for these ions have been proposed [17].
A direct comparison of the CAD mass spectra of

deprotonated flavonoid glycosides and flavonoid glyco-
side/metal complexes illustrates the advantage of the
metal complexation strategy. Figure 4 shows CAD mass
spectra obtained for three isomeric deprotonated fla-
vonoid glucosides and the corresponding Mg(II) com-
plexes. The three compounds are all quercetin deriva-
tives, with the glucose moiety attached at either the 3,
4�, or 7 position on the flavonoid skeleton. The dominant
fragmentation pathway of the deprotonated flavonoid
glucosides is the loss of the glucose moiety, �162 u
(Figure 4a). Both quercetin-3-O-glucoside and quercetin-
7-O-glucoside undergo a radical loss of the glucosemoiety
(�163 u) and a cross-ring saccharide cleavage resulting
in loss of 120 u, but the latter pathway results in fragment
ions with less than 5% intensity. The few fragmentation
pathways of deprotonated flavonoid glucosides are
insufficient for differentiating these isomers, which dif-
fer only by the position of glycosylation. Similarly, pro-
tonated flavonoid glycosides and sodium adducts of the
form [Na (L)]� and [Na (L)2]

� produce few fragments
upon dissociation, and in many cases isomer differentia-
tion is not possible (data not shown). In contrast, alkaline
earth metal complexes show greater variety in their
dissociation pathways. The CAD mass spectra of the
magnesium complexes exhibit distinctive features for
each of the three isomers (Figure 4b). The major frag-
mentation pathway is loss of the glucose residue for all
three complexes. This is the only significant fragment
observed for the quercetin-3-O-glucoside complex. The
[Mg(II) (spiraeoside � H) (spiraeoside)]� complex ad-
ditionally undergoes loss of an aglycon unit and elim-
ination of one flavonoid glycoside molecule, providing
sufficient differentiation from quercetin-3-O-glucoside.
The quercetin-7-O-glucoside complex displays a unique
ion at m/z 831, corresponding to a 0,2 cross-ring cleav-

Figure 2. Full scan spectrum of isovitexin and Ca(II). L �
isovitexin. 0,2 cross-ring cleavages of m/z 433 and 903 are repre-
sented by a filled triangle. Other minor ions include 471: [Ca(II)
(L–H)]�; 1335: [Ca(II) (L–H) L2]

�; 1373: [2 Ca(II) (L–H)3]
�.
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age of one glucose moiety (�120 u, 20% intensity). All
three complexes display unique CAD mass spectra that
allow differentiation of the flavonoid glucosides. Fur-
thermore, the pattern of fragments observed for many
of the metal complexes are strongly dependent on the
site of glycosylation. Figure 5 shows the CAD mass
spectra of the four 7-O-glucosyl flavonoids complexed
to Mg(II). The types of fragments and their relative
intensities are very similar, despite differences in the
aglycon structure. This example demonstrates that the
dissociation patterns of the magnesium complexes are
correlated with the glycosylation site, and can be used
to determine this information for unknown flavonoid
glucosides.
In the following sections, the CAD mass spectra of

the calcium, magnesium, cobalt, nickel, and copper
complexes are discussed, with an emphasis on the
diagnostic utility of the fragmentation patterns for
glycosylation site determination.

CAD of Calcium Complexes

The list of fragments observed upon CAD of the [Ca(II)
(L) (L–H)]� complexes is shown in Table 1. There is a

striking difference in the fragmentation pathways of the
calcium complexes of O-glucosyl and C-glucosyl fla-
vonoids that allows them to be readily differentiated.
For all of the O-glucosyl flavonoids, the most intense
fragment results from the elimination of one glucose
residue. In contrast, the complexes of the C-glucosyl
flavonoids do not display this loss. Their dominant
dissociation pathway is a 0,2 cross-ring cleavage of one
glucose moiety, resulting in the loss of 120 u. Precise
identification of the glycosylation site is possible, fol-
lowing the strategy outlined in Scheme 3. The com-
plexes involving 7-O-glucosyl flavonoids are the only
ones to display both the loss of an intact glucose moiety
and a 0,2 cross-ring cleavage of one glucose moiety. The
4�-O-glucosyl flavonoids are differentiated from the
3-O-glucosyl flavonoids by minor losses of one fla-
vonoid glucoside molecule and one aglycon unit from
the metal complex. However these fragment ions are
not always above 5% intensity. For more confident
differentiation, a secondary stage of CAD was per-
formed to further interrogate the fragment ion stem-
ming from the loss of one glucose moiety. For the
4�-O-glucosyl flavonoid complexes, the resulting MS3

spectra display a cluster of fragment ions associated

Scheme 1. Speculative structures of fragment ions commonly observed for metal complexes of
O-glucosyl flavonoids (luteolin-7-O-glucoside shown as example).
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with the loss of one flavonoid glucoside molecule, a
pathway that is absent or very weak for the 3-O-
glucosyl flavonoid complexes (Figure 6). The ion stem-
ming from the loss of the flavonoid glucoside is not
itself detected, but several post-dissociation solvent
adducts are clearly observed, including the adduction
of one or two methanol or water molecules.
The ion labeled as “4–F” in Table 1 appears in the

CAD spectra of some of the calcium complexes. This ion
stems from the parent species [2 Ca(II) (L–H)2 (L)2]

2�.
This 4:2 analyte/calcium complex has the same mass/
charge ratio as the desired 2:1 complex, so both species
are isolated simultaneously in the trap prior to dissoci-
ation. Upon activation the 4:2 complex loses one neutral
flavonoid glucoside molecule to form [2 Ca(II) (L–H)2
(L)]2�. Although this dissociation pathway is observed
for both 4�-O-glucosyl flavonoids in this study, it is not
a useful diagnostic tool as it appears in the spectra of
some 3-O- and 7-O-glucosyl flavonoid complexes as
well. There may also be a concentration dependence
that influences the ratio of 4:2 versus 2:1 complexes. An
excessive amount of the 4:2 complex could mask the
fragments from the 2:1 complex, which would compli-
cate identification of the flavonoid glucoside.
The Ca(II) complexes of the 6-C- and 8-C-glucosyl

flavonoids display nearly identical CAD mass spectra,
necessitating the use of MS3 for differentiation. A fur-
ther stage of fragmentation of the 0,2 cross-ring cleav-

Scheme 2. Speculative structures of fragment ions commonly observed for metal complexes of
C-glucosyl flavonoids (isovitexin shown as example).

Figure 3. Selected cross-ring cleavages of the glucose residue,
adapted from [29].
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age product results in clear spectral differences between
these two categories of flavonoid glucosides. The loss of
312 u (for vitexin and isovitexin) or 328 u (for orientin
and homoorientin) corresponds to the elimination of
the remainder of the flavonoid glucoside molecule left
after the initial cross-ring cleavage. This fragmentation
product, indicated by “�(F-120)” in Table 1, is only
significant for the 8-C-glucosyl flavonoids. Another
low-intensity diagnostic ion for 8-C-glucosylation is the
0,4 cross-ring cleavage product (�60 u).

CAD of Magnesium Complexes

Based on the CAD mass spectra, the [Mg(II) (L) (L–H)]�

complexes offer the best and most complete identifica-
tion and differentiation of all five categories of fla-
vonoid glucosides without the need for MS3 analysis.
Figure 7 shows the CAD spectra of the Mg(II) com-
plexes involving flavonoid glucosides with molecular
weight 448. Each analyte is glycosylated at a different
site, and the spectra provide an unambiguous means to

differentiate these five isomers, and allow determina-
tion of the glycosylation site based on the diagnostic
ions discussed below. Table 2 lists the major losses from
these complexes. Loss of the glucose moiety is indica-
tive of O-glucosylation, while the 0,2 cross-ring cleav-
age of glucose (�120 u) is the most significant fragmen-
tation pathway for the C-glucosyl flavonoid complexes.
Like the calcium complexes, the magnesium complexes
offer a means to distinguish the three O-glucosylation
sites (Scheme 4). Once O-glucosylation has been deter-
mined, the 7-O glucosylation site can be confirmed by
the presence of the 0,2 cross-ring cleavage pathway.
3-O-glucosyl flavonoid complexes display no signifi-
cant losses other than that of the glucose moiety,
whereas the 4�-O-glucosyl flavonoid complexes also
lose an aglycon residue and an entire flavonoid glu-
coside molecule. These diagnostic ions are sufficiently
intense that MS3 is not necessary for differentiating the
3-O- and 4�-O-glucosyl flavonoids. The CAD mass
spectra of the magnesium complexes also allow differ-
entiation of the two C-glucosylation positions. Com-
plexes involving 6-C-glucosyl flavonoids have a prom-
inent dehydration pathway that involves the loss of up
to three water molecules, whereas 8-C-glucosyl fla-
vonoid complexes display only a minor loss of one
water molecule. Another indicator of 6-C-glucosylation
is the unique fragment resulting from the combination
of the 0,2 cross-ring cleavage (�120 u) and dehydration.
Diagnostic ions for 8-C-glucosyl flavonoid complexes
include the 0,3 cross-ring cleavage (�90 u), and the 0,2
cleavage of both glucose moieties.
One concern in relying on the analysis of [Mg(II)

(L–H) (L)]� complexes for isomer differentiation is the
possible isobaric overlap from [Na (L)2]

� species, which

Figure 4. CAD spectra of quercetin monoglucosides, MW � 464.
(a) Fragments obtained from deprotonated analytes. (b) Frag-
ments obtained from [Mg(II) (L–H) (L)]�. Fragmentation path-
ways are labeled as: �G (loss of a glucose residue), �2G (loss of
two glucose residues), �G• (loss of a glucose radical residue), �A
(loss of aglycon portion), �F (loss of one flavonoid glucoside
molecule).

Figure 5. CAD spectra of [Mg(II) (L–H) (L)]� complexes of
7-O-glucosyl flavonoids. Fragmentation pathways are labeled as:
�G (loss of a glucose residue),�2G (loss of two glucose residues),
�A (loss of aglycon portion), �F (loss of one flavonoid glucoside
molecule), 4-F ([2 Mg(II) (L–H)2 (L)2]

2� � L).
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can lead to misidentification due to different fragmen-
tation pathways for the sodium-cationized species. Al-
though sodium adducts are routinely observed in the
ESI mass spectra of flavonoid glycosides due to the
ubiquitous presence of sodium in the environment,
addition of a magnesium salt at the 10-5 M level usually
results in formation of Mg(II) complexes that signifi-
cantly outweigh the contribution from sodium adducts
for the flavonoid glucosides in this study. Increasing the
magnesium concentration solves the problem in cases
when there is a significant contribution from the sodi-
um-cationized species.

CAD of Transition Metal Complexes

Despite the efficient formation of transition metal com-
plexes of the type [MII (L–H) (L)]� where M � Co, Ni,
or Cu, none of these complexes permitted complete
identification of all five glycosylation sites. For cobalt
and nickel complexes, which have very similar dissoci-
ation pathways, O-glucosylation and C-glucosylation

can be differentiated based on the presence or absence
of the ion stemming from the loss of an intact glucose
residue. The 6-C-glucosyl flavonoid complexes are
characterized by a very prominent dehydration path-
way involving the loss of up to three water molecules,
allowing differentiation from 8-C-glucosyl flavonoid
complexes in a manner similar to the magnesium com-
plexes. The 7-O-glucosyl flavonoids can also be identified,
as they are the only O-glucosyl flavonoids whose metal
complexes dissociate via the 0,2 cross-ring cleavage path-
way. However, neither cobalt nor nickel complexation
provides sufficient differentiation of 3-O- and 4�-O-
glucosyl flavonoids, even when further stages of CAD
are performed on the most prominent fragment ions.
The copper complexes are even less useful for locat-

ing the glycosylation site. The dissociation behavior of
some of the copper complexes is strongly dependent on
the structure of the aglycon portion of the flavonoid
glucoside. In several cases, increasing numbers of hy-
droxyl groups on the aglycon greatly intensifies radical
losses in a manner similar to that reported by Hvattum

Table 1. CAD losses from [Ca(II) (L–H) (L)]� complexes

MS/MS

Glycosylation
site

Flavonoid
glucoside �Ga �F �A �2G 4 � F (F � H)� �120 �(2 � 120) �90

3-O kaempferol-3-gl 100b - - - - - - - -
quercetin-3-gl 100 - - - - - - - -
isorhamnetin-3-gl 100 - - - 6 - - - -

4�-O luteolin-4�-gl 100 8 5 - 25 - - - -
spiraeoside 100 4 4 - 19 - - - -

7-O apigenin-7-gl 100 3 - 5 - 6 15 - -
naringenin-7-gl 100 5 - - 9 - 8 - -
luteolin-7-gl 100 2 - 6 - 5 15 - -
quercetin-7-gl 100 4 - - - 3 12 - -

6-C isovitexin - - - - - - 100 3 8
homoorientin - - - - - - 100 2 8

8-C vitexin - - - - - - 100 5 6
orientin - - - - - - 100 - 6

MS3 on �G ion

Glycosylation
site

Flavonoid
glucoside �G �A �H2O �F � adducts

3-O kaempferol-3-gl 20 100 - -
quercetin-3-gl 12 100 - -
isorhamnetin-3-gl 17 100 - -

4�-O luteolin-4�-gl 100 80 3 variable
spiraeoside 12 100 6 variable

MS3 on �120 ion

Glycosylation
site

Flavonoid
glucoside �120 �(F�120) �60

�[(F � 120)
and 60] �H2O

6-C isovitexin 100 3 - - 3
homoorientin 100 3 - - 4

8-C vitexin 100 37 6 8 -
orientin 100 21 6 7 -

aFragments are abbreviated as �G: loss of one glucose residue, �F: loss of one flavonoid glucoside molecule, �A: loss of aglycon portion, �2G: loss
of two glucose residues, 4�F: loss of one flavonoid glucoside molecule from [2 Ca(II) (L � H)2 (L)2]2�, (F � H)�: [L � H]�, �(F�120): loss of remainder
of the fragmented flavonoid glucoside molecule.
bThe relative intensity of each fragment ion is an average of 2 to 4 experiments carried out on different days.
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and Ekeberg for deprotonated flavonoid glycosides
[24]. As a result, there were not consistent fragmenta-
tion patterns indicative of the glycosylation site.

The Effect of Saccharide Identity

To determine the impact of saccharide identity on the
fragmentation patterns observed for the metal com-
plexes, a 3-O-glycosyl flavonoid containing rhamnose
rather than glucose was studied. Quercitrin is easily
distinguished from the other flavonoid glycosides by
every complexation mode described in this paper be-
cause it, like the other O-glycosyl flavonoids, readily
loses the saccharide unit upon dissociation of the metal
complexes. As rhamnose is a deoxyhexose, the loss of
146 u (instead of 162 u) is sufficient to differentiate this
compound from isomeric flavonoid glycosides. Despite
this easy means of identification, we were interested in
determining whether a flavonoid rhamnoside complex
would dissociate by pathways similar to those of the
glucosides. The fragmentation pathways from quercit-
rin/metal complexes were thus compared to the com-
plexes of the flavonoid glucosides.
There were a number of differences in the spectra of

the complexes involving quercitrin. One example is the
CAD spectrum of quercitrin/Ni(II) complexes, in which
the loss of one aglycon unit is a much more significant
fragmentation pathway than for complexes of the 3-O-
glucosyl flavonoids (Figure 8a). Comparison of the MS3

results, where the parent ion is the 2:1 flavonoid glyco-
side/Ni(II) complex after the loss of one saccharide

moiety, reveals even more striking differences (Figure
8b). The dehydration pathway is much more significant
for the quercitrin complex, which shows intense losses
of one and two water molecules, compared to a minor
loss of just one water molecule for the analogous
glucoside complexes. The cross-ring cleavages are also
more significant and more varied. (Because rhamnose is
a deoxyhexose, the mass of the cleaved portion of the
saccharide is 16 u less than it would be for glucose.) The
0,2 cleavage, seen at 703 u is the most dominant
fragment for the quercitrin/Ni(II) complex, but the
corresponding cleavage (�120 u) is minor for the two
flavonoid glucoside complexes. The quercitrin complex
also displays a 0,1 cleavage (�134 u) and a 0,4 cleavage
followed by loss of two water molecules (�80 u),
neither of which is observed for the glucoside com-
plexes. Furthermore, the quercitrin complex does not
undergo a significant loss of an aglycon unit, which is
the dominant loss for the three glucoside complexes.
These results show that both the identity of the saccha-
ride and its location may play important roles in
determining the fragmentation pathways of these metal
complexes.

Conclusions

Dissociation of protonated, deprotonated or sodium-
cationized flavonoid monoglucosides does not always

Figure 6. MS3 spectra of analyte/Ca(II) complexes involving
3-O- and 4�-O-glucosyl flavonoids. The second stage of CAD was
performed on the ion stemming from the loss of one glucose
residue from [Ca(II) (L–H) (L)]�. Fragmentation pathways are
labeled as: �G (loss of a glucose residue), �A (loss of aglycon
portion), �F (loss of one flavonoid glucoside molecule).

Scheme 3. Determination of glycosylation site by Ca complex-
ation.
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provide sufficient diagnostic fragments for distin-
guishing isomers that differ only by their glycosyla-
tion site. An alternative approach is to form flavonoid
glucoside/metal complexes of the type [M(II) (L)
(L–H)]� which give a broader array of fragments for
structural analysis. The dissociation pathways of the
complexes are strongly dependent on the glycosyla-
tion site, offering a means to determine this impor-
tant structural feature by mass spectrometry. Thir-

teen flavonoid glucosides were analyzed in
conjunction with five metal ions. CAD of Mg(II)
complexes resulted in distinctive fragmentation pat-
terns that are indicative of five commonly observed
flavonoid glycosylation sites. Ca(II) can also be used
to differentiate the glycosylation site if MS3 is em-
ployed. These metal complexation strategies are ef-
fective for hydroxylated and methoxylated flavones,
flavonols, and flavanones. Complexes involving
Co(II), Ni(II), and Cu(II) were less successful because
universal indicators of glycosylation position could
not be found for all five glycosylation sites. Compar-

Table 2. CAD losses from [Mg(II) (L–H)(L)]� complexes

MS/MS

Glycosylation
Site

Flavonoid
glucoside �Ga �F �A �2G 4–F �120 �H2O

�2
H2O

�3
H2O

�(120
and H2O)

�(2 �
120) �66 �90

�(120
and 90)

3-O kaempferol-3-gl 100b - - - - - - - - - - - - -
quercetin-3-gl 100 - - - - - - - - - - - - -
isorhamnetin-3-gl 100 - - - - - - - - - - - - -

4�O luteolin-4�-gl 100 6 8 3 - - - - - - - - - -
spiraeoside 100 6 8 - - - - - - - - - - -

7-O apigenin-7-gl 100 5 5 4 - 20 5 - - - - - - -
naringenin-7-gl 100 3 7 8 11 8 - - - - - - - -
luteolin-7-gl 100 2 3 5 - 16 2 - - - - - - -
quercetin-7-gl 100 10 5 9 - 20 5 - - - - - - -

6-C isovitexin - - - - - 100 44 5 3 10 - 5 4 -
homoorientin - - - - - 100 42 5 3 12 - 5 5 -

8-C vitexin - - - - - 100 4 - - - 7 - 22 3
orientin - - - - - 100 4 - - - 5 - 18 -

aFragments are abbreviated as �G: loss of one glucose residue, �F: loss of one flavonoid glucoside molecule, �A: loss of aglycon portion, �2G: loss
of two glucose residues, 4�F: loss of one flavonoid glucoside molecule from [2 Mg(II) (L–H)2 (L)2]2�.
bThe relative intensity of each fragment ion is an average of 2 to 4 experiments carried out on different days.

Figure 7. CAD spectra of [Mg(II) (L–H) (L)]� complexes involv-
ing isomeric monoglucosyl flavonoids glycosylated at five differ-
ent positions. Fragmentation pathways are labeled as: �G (loss of
a glucose residue),�2G (loss of two glucose residues),�A (loss of
aglycon portion), �F (loss of one flavonoid glucoside molecule).

Scheme 4. Determination of glycosylation site by Mg complex-
ation.
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ison of a flavonoid rhamnoside to the flavonoid
glucosides demonstrated that saccharide identity also
has a strong effect on the fragmentation of the metal
complexes.
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