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a  b  s  t  r  a  c  t

Some  biological  and pharmacological  properties  of  chalcones  depend  both  on  the  different  functional
groups  and their  relative  positions.  Thus  it is  important  to  characterize  their  structures  and  to  differ-
entiate  the  isomers.  Herein,  six positional  isomers  of  methoxychalcone  were  systematically  studied
by  electrospray  ionization  tandem  mass  spectrometry  (ESI-MS/MS)  in  positive  ion mode.  It was  found
eywords:
ethoxychalcone isomers
ifferentiation
lectrospray ionization tandem mass

that the  substitution  pattern  of methoxychalcones  changes  the  ESI-MS/MS  fragmentation  considerably,
especially  the ortho  substituents.  The  proposed  fragmentation  mechanisms  and  interpretation  of  MS/MS
spectral  differences  for protonated  methoxychalcone  isomers  are  supported  by  density  functional  theory
(DFT) theoretical  calculations.  Overall,  these  results  indicate  that ESI-MS/MS  is  a  very useful  technique
for  distinguishing  positional  isomers  of  analogical  isomers.
pectrometry

rtho effect

. Introduction

Chalcones are a group of natural products ubiquitously dis-
ributed in the plant kingdom and characterized by the presence of
wo aromatic rings joining by a three carbon �, �-unsaturated car-
onyl skeleton [1]. Chalcones are considered to display a plethora
f pharmacological activities, such as antifungal, antimicrobial,
nti-inflammatory, antitumor and anticancer properties [2–4]. In
ddition, chalcones have also been found numerous applications
s food additives, photorefractive polymers, and pesticides [5–7].
ince the biological and pharmacological properties of chalcones
re greatly depended on the different functional groups and their
ubstituent positions, it is quite significant and challenging to be
ble to characterize the structures and differentiate the positional
somers.

Currently, several investigations have been carried out on struc-
ural characterization and identification of chalcones based on
lectrospray ionization tandem mass spectrometry (ESI-MS/MS)
8–12]. Pan and co-workers have reported the elimination of a

eutral benzene by an intramolecular rearrangement process from
rotonated chalcone derivatives [11]. George and co-workers have
eported that the elimination of ketene takes place in the proto-
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nated ortho-methoxy chalcone via gas-phase Nazarov cyclization
reaction [9]. Still, differentiation and identification structures of
positional isomers are one of the greatest challenging analytical
issues by using mass spectrometry method because they have
exactly the same molecular weight.

ESI-MS/MS has become an indispensable widely used tool for
the isomeric differentiation of a wide variety of compounds such
as flavonoids, steroids and peptides [13,14]. Some positional iso-
mers can be distinguished by the different fragmentation ions
and/or relative abundance differences of the dissociation ions
from tandem mass spectra technique under the same conditions
[15–17]. Jiang et al have reported the positional effect of the
methoxyl substituent, and distinguish three positional isomers of
S-methyl methoxylphenylmethylenehydrazine dithiocarboxylates
successfully by ESI-MS/MS techniques [18]. Many ortho isomers
of aromatic compounds can be relatively easily recognized in the
ESI mass spectra and electron-impact (EI) mass spectra, due to the
so-called “ortho effect” [18–25].

In the work presented here, high-resolution ESI-MS/MS was
used to investigate the special fragmentation behaviors and the
differentiation of six methoxychalcone isomers (Scheme 1). The
possible fragmentation mechanisms and interpretation of MS/MS
spectral differences for protonated methoxychalcone isomers were
demonstrated by density functional theory (DFT) theoretical cal-

culations. Our results present interesting and valuable data and
reliable information for the further rapid identification of similar
types of chalcones in plant or medicine extracts.

https://doi.org/10.1016/j.ijms.2018.09.023
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
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Scheme 1. Structures of the studied compounds 1–6.

. Experimental details

Methanol HPLC grade were purchased from Sigma-Aldrich (St.
ouis, MO,  USA) and ultrapure water (Milli-Q) from Millipore Sys-
em (Bedford, USA). The chalcone isomers with a OCH3 substituent
ither on the A ring (o-, m-,  p-) or B ring (o-, m-,  p-) are listed
n Scheme 1. These compounds were gifted by Xu’s group from
angzhou Normal University [26].

The ESI experiments, both MS  and low-energy collision induced
issociation (CID), were performed on a micrOTOF QII (Q-TOF) mass
pectrometer (Bruker Company, USA), equipped with an ESI ion
ource. The diluted solvent was directly infused into the electro-
pray ionization source of the mass spectrometer with a syringe
ump at a flow-rate of 3 �L/min. Parameters for analysis were set as

ollows: capillary voltage, 3.5 kV; drying gas temperature, 180 ◦C;
rying gas flow, 2 l/min and nebulizer gas pressure, 0.4 bar (both
ere N2). In MS/MS  experiments, mass width of the selected ion
as 1.0 Da, and collision energy of CID for the selected ions was  set

t the range of 2 eV–20 eV with argon as the collision gas. The accu-
ate mass data of the molecular ions were provided by the newest
oftware Data Analysis 4.0 (Bruker Daltonics, Bremen, Germany),
hich obtained a list of possible elemental formula by using the

mart Formula Editor.
Theoretical calculations were performed using the Gaussian 09

rogram [27]. The geometries of the target species were optimized
sing the DFT method at the B3LYP/6-311+G(d,p) level. The opti-
ized structures were identified as a true minimum in energy by

he absence of imaginary frequencies. Vibrational frequencies of
ll the key species were calculated at the same level of theory. The
nergies discussed here are the sum of electronic and thermal free
nergy.

. Results and discussion

Chalcone isomers 1 – 6 (Scheme 1) are easily protonated due to

heir carbonyl structures reported by other authors [11,28]. Fig. 1
hows the CID mass spectra of six protonated chalcone isomers
nder the same conditions. In the CID mass spectra of the [M+H]+

ons of the chalcone isomers studied, many of the fragment ions can
ss Spectrometry 434 (2018) 100–107 101

be classified as A or B ring, meaning that these product ions remain
one ring portion while the other ring lost. A comparison of these
spectra shows that the isomers can be easily distinguished from
each other based on the collision ionization characteristic ions and
different intensities of small molecule eliminations, e.g. elimination
of styrene (route 1), elimination of A-ring (route 2), elimination
of B-ring (route 3), and elimination of ketene (route 4). The main
product ions observed in each MS/MS  spectrum are summarized
in Table 1, and the corresponding fragmentation behaviors will be
discussed in further detail below.

3.1. Fragmentation of isomeric chalcones

Under low-energy CID conditions, the elimination of styrene to
form the ion at m/z 135 dominates the spectrum, with a minor elim-
ination of CH3 radical also being observed (Fig. 1a, Scheme 1). As
shown in Fig. 1b, the low-energy CID spectrum of [2 + H]+ is quite
different from those of [1 + H]+. The main fragmentation pathway
of [2 + H]+ is elimination of anisole (A-ring) to form ion at m/z 131
(100%), which undergoes a further loss of CO to form ion at m/z  103.
In addition, a minor fragment ion at m/z 161 is formed as a result of
the elimination of benzene (B-ring). It should be noted that the rel-
ative intensity of ion generating via the loss of styrene is very small
(7%) for [2 + H]+, which is in stark contrast to that of [1 + H]+. In a
similar behavior to [2 + H]+, the main product ion for [3 + H]+ also
generates via the elimination of anisole (A-ring) to yield the ion at
m/z 131 (65%). Other fragmentation pathways observed containing
an abundant loss of styrene (containing the B-ring) to form the ion
at m/z  135 (36%), together with a minor loss of benzene (B-ring)
to yield m/z 161 (9%). The possible fragmentation pathways of [1 +
H]+, [2 + H]+, and [3 + H]+ are depicted in Schemes 2–4, respectively.

From Fig. 2d, upon collisional activation the ESI-generated [4 +
H]+ ion mainly exhibits three fragment ions at m/z  197 (100%), m/z
105 (30%) and m/z 91 (40%), as well as other minor product ions
listed in Table 1. Accurate mass measurement reveals that the frag-
ment ion at m/z 197.0959 has the formula C14H13O, which resulted
from of the loss of C2H4O (ketene) from precursor ion at m/z  239.
The methoxyl (on the B-ring) facilitates a Nazarov cyclization to
the corresponding protonated 3-aryl-indanones then undergoes an
elimination of ketene, as previously reported [9]. The fragment ion
of m/z 105 (30%) is attributed to the benzoyl cation, originating from
the o-methoxy styrene elimination of the parent ion. The fragment
ion m/z 91 (40%) is attributed to the benzyl, which may  also be an
interesting ion. The possible fragmentation pathways of [4 + H]+

is depicted in Scheme 5. In Fig. 2e and f, the major fragment ions
are m/z 161 and m/z 131 due to the elimination of benzene (A-ring)
and anisole (B-ring), respectively. However, the fragment ions (m/z
197) resulting from elimination of ketene are extremely lower in
abundance than that from [4 + H]+. In addition, the intensity of m/z
131 is higher than that of m/z 161 from [5 + H]+, which is contrary
to those from [6 + H]+. The possible fragmentation pathways of [5
+ H]+ and [6 + H]+ are depicted in Schemes 6 and 7, respectively.
As a result, the six methoxychalcone isomers can be differentiated
solely by tandem MS.  Due to the “ortho effect”, several structural
diagnostic product ions at m/z 135 and m/z 197 are detected in the
CID of the ortho isomers 1 and 4, respectively.

3.2. Breakdown curves

Evaluation of breakdown curves can offer more information
on different fragmentation mechanisms such as differentiation
between consecutive and competitive fragmentation pathways, the

identification of tautomers and isomers, the stability of fragment
ions, and the relationship between the selected ions and the col-
lision energy [8,18]. The breakdown curves plotted in Fig. 2 show
how the relative intensities of fragment ions generated by CID mass
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Fig. 1. The CID mass spectra of protonated chalcone isomers (1 – 6) by ESI-Q/TOF with the collision energy at 12 eV. (a) A-o-OCH3 chalcone, (b) A-m-OCH3 chalcone, (c)
A-p-OCH3 chalcone, (d) B-o-OCH3 chalcone, (e) B-m-OCH3 chalcone, (f) B-p-OCH3 chalcone.

Table 1
The CID mass spectra of ESI-produced [M+H]+ of chalcone isomers.

Fragment ions Elemental composition 1 2 3 4 5 6

Pa C16H15O2
+ 239(14) 239(52) 239(100) 239(15) 239(100) 239(100)

P  – CH3 C15H12O2
+ 224(2) — 224(2) 224(1) 224(1) —

P  – H2O C16H13O+ — 221(4) 221(5) — 221(18) 221(3)
P  – C2H2O C14H13O+ — — 197(2) 197(100) 197(9) 197(3)
P  – benzene C10H9O2

+ — 161(13) 161(9) 161(3) 161(65) 161(29)
P  – styrene C8H7O2

+ 135(100) 135(7) 135(36) 135(1) 135(3) —
P  –benzaldehyde C9H9O+ — 133(3) — 133(2) 133(7) 133(2)
P  – anisole C9H7O+ — 131(100) 131(65) 131(4) 131(78) 131(11)
Benzoyl  cation C7H5O+ — — — 105(30) 105(21) 105(24)
Styrene  cation C8H7

+ — 103(10) 103(6) — 103(5) —
Benzyl  C H + — — — 91(40) 91(7) 91(1)

— 179(5) 179(1) —

s
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t
s
l
a
i
a
I
f

o
q
c

Table 2
Values of �1 – �5 calculated from ESI tandem mass spectra of 1 – 6.

Compounds �1 �2 �3 �4 �5

C1 — 7.14 — — —
C2  1.92 0.13 0.25 — 0.52
C3  0.65 0.36 0.09 0.02 18
C4  0.26 0.07 0.2 6.67 0.35
C5  0.78 0.03 0.65 0.09 0.05
7 7

Other  C14H11
+ — — 

a P = [M+H]+, parent ions.

pectra of [M + H]+ ions of compounds 1 – 6 varied as the colli-
ion energies ranging from 2 to 20 eV. The ortho isomers (1 and
) require very little collisional activation to undergo fragmenta-
ion than meta and para ones (2, 3, 5, and 6). For example, the CID
pectrum of [1 + H]+ shows an intense peak at m/z 135, due to a
oss of styrene, which is distinct even at a collision energy value
s low as 6 eV (Fig. 2a). Since the m/z 239 ion from meta and para
somers require more energy to initiate decomposition (Fig. 2b, c, e,
nd f). The reason is attributed to a charge-mediated “ortho effect”.
n addition, the spectra of the six isomers are apparently different
rom each other.
The differences in the fragmentation of the isomeric series of
rtho-, meta-, and para-substituted chalcones have been expressed
uantitatively by comparing the calculated values of the coeffi-
ients � [29]. For all the compounds investigated, Table 2 presents
C6  0.11 — 0.29 0.03 —

�1 = I131/I239, �2 = I135/I239, �3 = I161/I239, �4 = I197/I239, �5 = I135/I161.
the ratios of the relative abundances of the fragment ions to the cor-
responding precursor ion or fragment ion, e.g., �1 = I131/I239. As can
be seen from the data in Table 2, the differences between the rela-
tive abundances of the peaks of the selected fragment ions and its
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Scheme 2. Proposed reaction pathways for the fragmentation of [1 + H]+.
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Scheme 3. Proposed reaction path

recursor ions may  be sufficient to differentiate between particular
somers of substituted chalcones. It is possible to use the values of
oefficients � for differentiation of the position of the substitution
f the OCH3 group.

.3. Mechanisms of positional factors and theoretical calculations

To provide insight into the remarkable fragmentation differ-
nces among compounds 1–6, DFT calculations were carried out

t the B3LYP/6-31+G(d,p) level of theory. Calculations reveal that
he most thermodynamically favorable protonation site is carbonyl
xygen. During the subsequent fragmentation process, the external
roton has to transfer to other less favored sites. Schematic poten-
 for the fragmentation of [2 + H]+.

tial energy surface scans for the dissociation of [M + H]+ is shown
in Fig. 3.

From the calculation results of Fig. 3(a), it can be found that the
energy barriers in route 2 (blue line) and route 3 (rose red line)
are both significantly higher than that in route 1 (green line). In
route 1, the proton in carboy oxygen of A1 can occur two  steps 1,5-
proton migration to form C3,  then dissociation to form ion m/z 135
(Scheme 2). Thus, the ion m/z 135 is the base peak, which is in good
agreement with the CID experimental results (Fig. 1a). In Fig. 3(b),

the energy barriers of eliminations of A-ring (blue line, route 2), B-
ring (rose red line, route 3) and styrene (green line, route 1), follows
the order: 212.2 kJ/mol (elimination of A-ring) <226.0 kJ/mol (elim-
ination of styrene) ≈226.7 kJ/mol (elimination of B-ring). The sum
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Scheme 4. Proposed reaction pathways for the fragmentation of [3 + H]+.

F , (b) A
c

f
o
A

ig. 2. The energy-resolved plot for protonated chalcones. (a) A-o-OCH3 chalcone
halcone, (f) B-p-OCH3 chalcone.
ree energy of E6 and B-ring (benzene) is 57 kJ/mol less than that
f F3 and styrene. In Fig. 3(c), the energy barriers of eliminations of
-ring, B-ring and styrene, follows the order: 199.8 kJ/mol (elimina-
-m-OCH3 chalcone, (c) A-p-OCH3 chalcone, (d) B-o-OCH3 chalcone, (e) B-m-OCH3
tion of A-ring) < 205.6 kJ/mol (elimination of styrene) <251.4 kJ/mol
(elimination of B-ring). Considering the results of dynamics and
thermodynamics, the intensities of these three ions should follows
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Scheme 5. Proposed reaction pathways for the fragmentation of [4 + H]+.
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Scheme 6. Proposed reaction path

he order: m/z  131 >m/z  161 > m/z  135 (A-m-OCH3 chalcone), m/z
31 > m/z  135 > m/z 161 (A-p-OCH3 chalcone), respectively, which
re in good agreement with the CID results (Fig. 1b and c).

In a similar way, as shown in Fig. 3(d), the energy barriers in

oute 2 (blue line) and route 3 (rose red line) are both signifi-
antly higher than that in route 4 (red line). In route 4, due to
he ortho-effect of OCH3 group, J1 facilitates a Nazarov cyclization
o the corresponding protonated 3-aryl-indanones (K3) by medi-
 for the fragmentation of [5 + H]+.

ating a critical proton transfer. Then continue to undergo many
steps proton transport catalysis facilitated by the same ortho OCH3
group producing intermediates that eliminate ketene to yield ion
m/z 197 (Scheme 5). Thus, the ion m/z 197 is the base peak, which

is in good agreement with the CID experimental results (Fig. 1d). In
Fig. 3(e) and (f), the energy barriers of eliminations of A-ring (blue
line, route 2) and B-ring (rose red line, route 3), follows the order:
229.7 kJ/mol (elimination of B-ring) <230.7 kJ/mol (elimination of
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Scheme 7. Proposed reaction pathways for the fragmentation of [6 + H]+.

Fig. 3. Potential energy diagram for [M + H]+. (a) A-o-OCH chalcone, (b) A-m-OCH3 chalcone, (c) A-p-OCH chalcone, (d) B-o-OCH chalcone, (e) B-m-OCH chalcone, (f)
B hows
l
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3

-p-OCH3 chalcone. The green line shows the elimination of styrene, the blue line s
ine  shows the elimination of ketene.

-ring), 250.0 kJ/mol (elimination of B-ring) >214.4 kJ/mol (elim-
nation of A-ring), respectively. Thus, the intensity of m/z 131 is
igher than that of m/z 161 in B-m-OCH3 chalcone, while the inten-
ity of m/z  131 is lower than that of m/z 161 in B-p-OCH3 chalcone,
hich are in good agreement with the CID results (Fig. 1e and f).

. Conclusion

In this paper, the ortho, meta or para positional isomers of six
CH3-substituted isomeric chalcones have been investigated by
SI-MS/MS. Four main fragmentation reactions, elimination of A-
ing, B-ring, styrene, and ketene were observed in the CID-MS
pectra. Due to the “ortho effect”, the o-isomers A-o-OCH3 chalcone
nd B-o-OCH3 have been found to undergo styrene elimination

nd ketene elimination, respectively, to afford several structurally
iagnostic product ions. Also, distinctive differences of A-ring elim-

nation and B-ring elimination were observed in the tandem MS
pectra of the meta- and para- isomers. Thereby, the significant
3 3 3

 the elimination of A ring, the rose red shows the elimination of B ring, and the red

difference in the relative abundance of the fragment ions, indicat-
ing that these six positional isomers were differentiated solely by
tandem MS.  Moreover, these results provide basic information to
develop a general MS-based method that can be used to differenti-
ate isomers with subtle structural differences.
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