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Rationale: Although monoketone curcuminoids (MKCs) have been largely
investigated due to their biological activities, data on the gas-phase fragmentation
reactions of protonated MKCs under collision-induced dissociation (CID) conditions
are still scarce. Here, we combined electrospray ionization tandem mass
spectrometry (ESI-MS/MS) data, multiple-stage mass spectrometry (MS"), deuterium
exchange experiments, accurate-mass data, and thermochemical data estimated by
computational chemistry to elucidate and to rationalize the fragmentation pathways
of eleven synthetic MKCs.

Methods: The MKCs were synthesized by Claisen-Schmidt condensation under basic
(1-9) or acidic (10-11) conditions. ESI-CID-MS/MS analyses and deuterium-
exchange experiments were carried out on a triple quadrupole mass spectrometer.
MS" analyses on an ion trap mass spectrometer helped to elucidate the
fragmentation pathways. Accurate-mass data and thermochemical data, obtained at
the B3LYP/6-31+G(d,p) level of theory, were used to support the ion structures.
Results: The most intense product ions were the benzyl ions ([C;H,R1R2R3R4R5]%)
and the acylium ions ([M + H — CgH3R1R,R3R4R5]*), which originated directly from
the precursor ion as a result of two competitive hydrogen rearrangements. Product
jons [M+H - H,Ol" and [M + H — C4HR;R,R3R4R5]*, which are formed after
Nazarov cyclization, were also common to all the analyzed compounds. In addition,
oBr and ¢Cl eliminations were diagnostic for the presence of these halogen atoms at
the aromatic ring, whereas eCHj; eliminations were useful to identify the methyl and
methoxy groups attached to this same ring. Nazarov cyclization in the gas phase
occurred for all the investigated MKCs and did not depend on the presence of the
hydroxyl group at the aromatic ring. However, the presence and the position of a
hydroxyl group at the aromatic rings played a key role in the Nazarov cyclization
mechanism.

Conclusions: Our results reinforce some aspects of the fragmentation pathways
previously published for 1,5-bis-(2-methoxyphenyl)-1,4-pentadien-3-one and 1,5-bis-
(2-hydroxyphenyl)-1,4-pentadien-3-one. The alternative fragmentation mechanism
proposed herein can explain the fragmentation of a wider diversity of monoketone

curcuminoids.
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1 | INTRODUCTION

Curcumin (1,7-bis(4-hydroxy-3-methoxyphenyl)-hepta-1,6-dien-
3,5-dione], I, Figure 1) is a hydrophobic phenolic compound isolated
from turmeric (Curcuma sp.).> The term “curcuminoids” is used to
describe curcumin and other of-unsaturated bis-B-diketone
analogues (e.g., demethoxycurcumin (ll) and bis-demethoxycurcumin
() and structurally related compounds, such as monoketone
curcuminoids  (IV), 4-hydroxymethylene curcuminoids (V), and
4-arylidene curcuminoids (VI, Figure 1).

Monoketone curcuminoids (MKCs), also named mono-carbonyl
These

compounds have attracted interest due to their structural similarity

curcuminoids, are 1,5-diaryl-penta-1,4-diene-3-ones.
with curcumin (MKCs have one less methylene and one less carbonyl
group than curcumin) and to their various biological activities,
including antimicrobial,? cytotoxic,2 anti—inflammatory,1 antiparasitic,s
and anti-HIV actions.®

Over the last decade, electrospray ionization tandem mass
spectrometry (ESI-MS/MS) has been used to identify natural and
synthetic organic compounds mainly in combination with liquid
chromatography (LC/MS/MS). Because MS is highly sensitive, it has
been widely employed in in vitro and in vivo metabolism studies.” In
this context, the MS/MS data of the class of compounds under
study play a key role.® The gas-phase fragmentation reactions of a
series of protonated and deprotonated p-diketone curcuminoids
have been previously investigated.”'° However, in the case of the
MKCs, data on their fragmentation are still scarce. To date, a
systematic study of only three compounds has been performed by
Cyriac and co-workers, who proposed the occurrence of a Nazarov
cyclization to explain the eliminations of anisole and/or ketene
from protonated 1,5-bis-(2-methoxyphenyl)-1,4-pentadien-3-one and
1,5-bis-(2-hydroxyphenyl)-1,4-pentadien-3-one.** In solution, the
Nazarov cyclization is an acid-catalyzed cyclization reaction of divinyl
ketones to cyclopentanones. The mechanism involves the conrotatory
electrocyclic ring closure of a protonated divinyl ketone followed by
deprotonation and double-bond reorganization.'?> In solution,
sufficiently basic substituents like OCH3; or OH in the ortho position
may cause deprotonation during Nazarov cyclization or aid proton
transfer. This reaction has aroused great interest in mass
spectrometry because these groups can catalyze proton migration in

the gas phase.'? George and co-workers have shown that Nazarov

Ry l N % ‘ R,
HO I: R;=R,=OCH; OH
Il: R,;=H, R,=OCH,

I11: Ry=Ry=H

cyclization of protonated chalcones in the gas phase is analogous to
Nazarov cyclization in solution, but its occurrence in the gas phase
depends on the employed protonation method and the nature and
position of the substituents at the aromatic ring. More recently,
Cyriac and co-workers also verified that the gas-phase Nazarov
cyclization of protonated 2-methoxychalcone is analogous to the
corresponding process in solution. The authors extended their studies
to 1,5-bis- (2-methoxyphenyl)-1,4-pentadien-3-one to demonstrate
that the methoxy group acts as an effective “catalyst” for the transfer
of protons involved in the cyclization step.t!

As part of our ongoing project on the gas-phase fragmentation
reactions of biologically active synthetic and natural compounds,32*
and given the scarcity of ESI-MS/MS data of MKCs, here we
investigate the gas-phase fragmentation pathways of selected
curcuminoids by ESI-MS/MS combined with thermochemical data
obtained at the B3LYP/6-31+G(d) level of theory.

2 | EXPERIMENTAL

21 | Synthesis of monoketone curcuminoids 1-11
Compounds 1-9 were obtained by aldol condensation between
acetone and different aromatic aldehydes according to a previously
published methodology (Scheme 1).* Briefly, a solution of NaOH
(2.5 mol/L) and ethanol (20 mL) was added to a flask (100- mL)
containing an aromatic aldehyde (26 mmol) and acetone (0.95 mlL,
13 mmol). The reaction mixture was stirred at 0°C for 1-24 h, washed
with cold water (to remove the excess base), and filtered under
reduced pressure. The resulting solids were dried under vacuum, to
yield compounds 1 (24% vyield), 2 (64% vyield), 3 (69% yield), 4 (83%
yield), 5 (20% yield), 6 (72% vyield), 7 (45% vyield), 8 (97% yield), and
9 (44% vyield). Compounds 10 and 11 were synthesized by Claisen-
Schmidt condensation in acidic conditions according to the
methodology described in the literature.® Initially, acetic acid (50 mL)
was saturated with hydrogen chloride at 0°C. Next, a mixture of
vanillin (3.95 g, 26 mmol) and acetone (0.75 g, 13 mmol) was slowly
added to the acid. The mixture was brought to room temperature and
stirred for 24 h. Subsequently, the crude mixture was poured into
ice-cold water (200 mL) and extracted with ethyl acetate (3 x 30 mL);
the organic phase was dried over MgSQO,. After the solvent had been

FIGURE 1 Chemical structures of curcumin (l),
demethoxycurcumin (ll), bis-demethoxycurcumin (lll), and
structurally related monoketone curcuminoids (1V),
4-hydroxymethylene curcuminoids (V), and 4-arylidene
curcuminoids (IV)
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removed by evaporation under reduced pressure in a rotary 2.3 | Computational methods

evaporator, the resulting mixture was purified by flash column
chromatography; isocratic elution with hexane/ethyl acetate 1:1 (v/v)
was employed. Finally, compounds 10 and 11 (21% and 44% vyield,
respectively) were obtained as yellow solids. All the compounds were
identified on the basis of their *H and *3C NMR, ESI-MS, UV and IR

data (see supporting information).

2.2 | Mass spectrometry analyses

Electrospray ionization tandem mass spectrometry (ESI-MS/MS)
analyses of curcuminoids 1-11 were carried out on a Xevo TQS
tandem quadrupole mass spectrometer (QqQ; Waters, Milford, MA,
USA) equipped with a Z-spray ionization source operating in the
positive ion mode. The samples were dissolved in MeOH/H,0 4:1
(v/v)
1.0 pg/mL. Next, traces of 0.1% formic acid were added, and the

to achieve a final concentration of curcuminoids of
sample was infused directly into the ionization source at a flow rate of
0.1 mL/min. In the case of deuterium-exchange experiments,
compounds 1-11 were dissolved in MeOH/D,O 1:1 (v/v). To
maximize the relative intensity of the peaks corresponding to the
protonated MKCs, the capillary and the cone voltages were optimized
to 3.2kV and 40V, respectively. Electrospray ionization collision-
induced dissociation tandem mass spectrometry (ESI-CID-MS/MS)
experiments were carried out by using argon (99.999% purity) as the
collision gas on the selected precursor ion ([M + H]*) at collision
energy values ranging from 5 to 50eV. The ionization source
temperature was 150°C and the desolvation gas temperature (N,)
was 250°C. The injected sample volume was 5 pL.

Multiple-stage ESI mass spectrometry (ESI-MS") analyses were
performed on an ion trap (IT) mass spectrometer (Amazon Speed,
Bruker Daltonics, Bremen, Germany) operating in the positive ion
mode. The ion trap amplitude was varied from 40 to 60 and
optimized for each compound. N, was used as nebulizing (6 psi
pressure) and drying gas (8 mL/min flow rate, 220°C temperature),
and the capillary voltage and the end plate offset voltage were set
to 3.5kV and 500V, respectively. The analytical mass range was
m/z 50-450.

The geometry of all the structures was optimized by the B3LYP
computational method®?>?® and the 6-31+G(d,p)?>* basis set with
The

demonstrated that all the studied compounds were in a minimum on

Gaussian09  software.?® vibrational frequency analysis
their respective potential energy surfaces. The Gibbs energies and the
enthalpies calculated at 298.15 K of the most stable ion structures
were used to investigate the fragmentation pathways. The gas-phase
proton affinity (PA) values were calculated from the protonation
reaction Gibbs energy and enthalpy: M + H® — MH", as has usually
been done in recent studies.’>?® The experimental enthalpy and the
Gibbs energy values that were considered for the proton were 1.48

and —6.28 kcal mol™?, respectively.??

3 | RESULTS AND DISCUSSION

3.1 | Structure-fragmentation correlations

When a series of compounds that share the same structural core is
available, comparison between their product ion spectra obtained
at an optimum collision energy (E;.») can provide useful structural
fragmentation correlations to elucidate their gas-phase fragmentation
pathways.*®'> The optimum value of E, is usually expected to
reduce the relative intensity of the protonated molecule in the
product ion spectrum to below 50% without promoting extensive
fragmentation. Thus, on the basis of the relative intensity (RI, %)
versus E,p (V) plots, the optimum E,,, for MKCs 1-11 was 20 eV
(Figure 2 for compound 1, and supporting information for compounds
2-11).

Figure 3 shows the product ion spectra of the protonated
compounds obtained at E,,, = 20 eV; Table 1 summarizes their main
product ions (relative intensity higher than 5%), where H is the most
intense product ion in the spectra of most of the analyzed
This
C10H40R1R,R3R4R5 from the protonated molecule (A). Formation of
D from A by elimination of CgH3;OR;R,R3R4Rs competes with
formation of H, as shown in Scheme 2. Other common product ions

compounds. ion results from direct elimination of
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include B (A-H,0), C (A-C¢HR;1R2R3R4Rs5), and G (D-CO). F (C-
C,H,0) and E (C-CO) also appear in the spectra of most of the
investigated MKCs, except for compound 7. The MS? spectra support
formation of E and F from C (see supporting information).

A detailed analysis of the product ion spectra of protonated
compounds 1-11 allowed us to identify some diagnostic ions that
could help to distinguish the nature of the substituents at the
aromatic ring of these compounds (Scheme 2). Consecutive
eliminations of two methyl radicals (15 Da each) from B to produce
Q (m/z 230) and R (m/z 215) are diagnostic for compound 3, which
displays a methyl group at the aromatic ring. Similarly, formation of
T (m/z 250 for compounds 5 and 9 and m/z 294 for compound 7)
from B and formation of V (m/z 215) from T due to radical Xe
eliminations (a chlorine for compounds 5 and 9 and a bromine for
compound 7) are diagnostic for compounds 5, 7, and 9. Radical Xe
eliminations can also occur directly from A, to produce S (m/z 268 and
m/z 312) and U (m/z 233), or from G, to form P (m/z 102). These
eliminations are diagnostic for compounds 5, 7, and 9. Methyl radical
eliminations from other product ions also occur and produce product
ions that are diagnostic for the methoxy group at the aromatic ring
and specific for each compound. For example, #¢CH3 elimination
from H, G, D, and E vyields O (m/z 136 for compound 4 and
m/z 166 for compound 6), K (m/z 206 for compounds 6 and 8), J (m/z
118 for compound 2 and m/z 148 for compound 4), and
Y (m/z 160 for compound 10), respectively, which are diagnostic for
compounds 2, 4, 6, 8, and 10. The MS® and MS* experiments
also support formation of J, K, L, O, Q R, S, T, U, and V (see
supporting information).

3.2 | Protonation sites and gas-phase reactivity

The importance of determining the protonation site in gas-phase

fragmentation studies under CID conditions has recently been

discussed.'**>. In general, two possibilities are considered. The first,

known as the “mobile proton theory”>*

assumes that the proton
initially binds to the most basic site of the molecule and then migrates
to more basic sites under CID conditions, with fragmentation
occurring from species resulting from this migration. The second
assumes that the proton remains bound to the most basic site of the
molecule in the post-collision state. In this case, the translational
energy is converted into internal energy, which triggers the
fragmentation reactions.?®

Figure 4 displays the proton affinity (PA) values for different sites
of the structures of compounds 1-11, as estimated by computational
chemistry. These data indicate that the carbonyl oxygen is the most
susceptible site to protonation for all the investigated MKCs, as
previously reported by Cyriac and co-workers for compounds
1 and 2.1 Recently, Hu and co-workers studied the reactions of
a,p-unsaturated aromatic  ketones (chalcones) during mass
spectrometry. As in the case of MKCs, the investigated chalcones
bear a vinyl unit between the carbonyl and the phenyl groups. The
authors showed that the carbonyl oxygen in the studied chalcones is
the most susceptible site to protonation; however, protonation at the
carbon a to the carbonyl may also occur. The authors described
proton migration from the carbonyl oxygen to less favorable sites,
such as the a-carbon, as an energy-dependent process involving a
certain energy barrier.?> In the present study, we only consider the

species protonated at the carbonyl oxygen as the precursor ion.

3.3 | Formation of product ions B-G

H (A - C10H4OR1R2R3R4R5) and D (A - C8H30R1R2R3R4R5) are the
most intense product ions in almost all the spectra of compounds
1-11 (Figure 3, Table 1). These ions originate directly from the
precursor ion (protonated molecule) by two competitive hydrogen

rearrangements, as depicted in Scheme 3. Formation of acylium ion
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9: m/z 163 1M:m/z173  11: m/z 249
10: m/z 175
11: m/z 145
-CeHR1RoR3R4R5 -H20
H A D G
o 1: m/z 91 1: m/z 235 1: m/z 131 1: m/z 103
m/z136 | 2:m/z 121 2: m/z 295 2: m/z 161 2: m/z 133
6:m/2160) N .CH, 3:m/z105 C,H,0 3:m/z263 CeHR, 3:m/z145 3: m/z 117
\ 4: m/z151 - RyR,R; 4:m/z 355 R,R;R, 4: m/z 191 4:m/z 163
ms3 5: m/z 125 R4Rs  5:m/z 303 Rs 5:m/z165 _co 5:m/z137 %
_6, m;z 181 \is2 6 m/z415 o g m/z 23; Ms? g m/z 12113 Ms 2:m/z 118
L CH.0 :m/z 169 7: m/z 391 tm/z tm/z
2 m/z 91 2= 8:m/z181 8: m/z415 8: m/z 221 8: m/z 193
' MS®  9:m/z125 9: m/z 303 9: m/z 165 9: m/z 137
10: m/z 137 10: m/z 327 10: m/z 177 10: m/z 149
11: m/z 107 11: m/z 267 11: m/z 147 11: m/z 119
-X -CH -X
MS? | -CoH;0 %33 “CHqOH | MS® \ “Cata

S
5: m/z 268

7:m/z 312
9: m/z 268

_).( l MSS
U
5,7,9: m/z233

2: m/z 253
3:m/z 221

SCHEME 2

D (path I, Scheme 3) by means of a hydrogen rearrangement is similar
to the hydrogen rearrangement that has been previously reported for
2-aroylbenzofurans®® and chalcones.?®> This mechanism is fully
supported by data from the deuterium-exchange experiments
(Table 1).

proposed.*! Experimental data revealed that H is more intense than D

For compounds 1 and 2, the D structure has been

in the product ion spectra of compounds 1-3, 5, 7, and 9-11,
whereas D is more intense than H in the product ion spectra of
compounds 4, 6, and 8 at E.,=20eV. AH values for H and
D formation from A revealed that A' formation (which leads to
H formation) is energetically more favored (-3.2-5.5 kcal.mol™?) than

D formation (AH values = 31.1-38.5 kcal.mol™!, Scheme 3).

K
X 6, 8: m/z 206

1: m/z 193

-co MS4

m 10, 11: m/z 117

Structure-fragmentation correlations in protonated MKCs 1-11

10: m/z 145

H

5,7,9: m/z 102
M m/z
tm/z77
-CH3 N
—_—
3:m/z76

MS4 - :m/z91

tm/z 111
:m/z 155
tm/z 111

Consequently, most of the precursor ions A are converted into A’
instead of D, which could be explained by the higher intensity of
H than that of D. D is further converted into G by elimination of CO
resulting from heterolytic C1-C2 bond cleavage. However, our
that the
(it spontaneously rearranged to G1 during the geometry optimization).

calculations revealed vinylic ion G is unstable
The calculated AH values indicated that the D — G1 conversion is
less favored for compounds 4  (AH = 50.5 kcal.mol™%),
6 (AH = 51.0 kcal.mol™), and 8 (AH = 38.6 kcal.mol™%) than for the
other MKCs. This can be related to the presence of more than one
methoxyl group at the aromatic rings, which stabilizes the D structure

compared with G1 due to their electron-release mesomeric effect.
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Because of the higher stability of D derived from compounds 4, 6, and
8, a reduced number of D ions are converted into G/G1, so that a
high number of intact ions D reach the detector. This can explain, at
least in principle, why D is the base peak in the product ion spectra of
compounds 4, 6, and 8 (Table 1).

For compounds 2, 3, 5, 7, and 9, the nature of the substituent at
the aromatic ring also plays an essential role in formation of G from
D (Scheme 4). For compounds 2 and 3, which bear a methyl and a
methoxy substituent at the aromatic ring p-position, respectively, the
relative intensity of G is higher than 70%. On the other hand, for
compounds 5, 7, and 9, which have a halogen (F or Cl) attached to the
aromatic ring, the G/G1 intensity is lower than 35%. These relative
intensities are consistent with the estimated AH values for the
D — G/G1 decomposition; these values are lower for compounds
2 (AH=27.1kcalmol™) and 3 (AH =29.2 kcal.mol™) than for
compounds 5 (AH = 30.7 kcal.mol™), 7 (AH = 30.2 kcal.mol™%), and
9 (AH = 30.1 kcal.mol™). This increase in the relative intensity of G in
compounds 2 and 3 compared with compounds 5, 7, and 9 can be due
to the methyl group hyperconjugative effect in compound 3 and to
the methoxy group electron-release mesomeric effect in compound 2,
which contribute to stabilizing the vinylic cation G1.

Nazarov cyclization in protonated curcuminoids has been
reported to occur in solution and in the gas phase.!' Cyriac and
co-workers established that ketene and arene losses from the
protonated MKCs
and 1,5-bis-(2-hydroxyphenyl)-1,4-pentadien-3-one are preceded by

1,5-bis-(2-methoxyphenyl)-1,4-pentadien-3-one

Nazarov cyclization and further aryl migration. The authors proposed
some possible transition states (TSs) involved in [MKC + H-arene]*

and [MKC + H-ketene]" formation and supported their hypothesis by

HO 3
-188.03 OMe OMe
-184.27

FIGURE 4
All the PA values are in kcal.mol™*

¥
= &7 MassSpectrometry

AH values estimated by computational calculations. The authors
concluded that the oxygen atom (a hydroxyl or a methoxyl group
at C9 and C9') plays a crucial part in these steps. They also
reported losses of arene and ketene for compounds 1 and 2;
however, they postulated that these processes must involve
different fragmentation pathways without providing further details.
Here, we provide an alternative mechanism for [MKC + H — arene]*
and [MKC + H — ketene]® formation that operates for various
compounds and which does not depend on the presence of the
oxygen atom at the aromatic ring.

For compounds 1-9, Nazarov cyclization involves the most stable
conformer Al and produces A1’ (pathway lll, Scheme 4). Water
elimination from Al to produce B is preceded by aryl migration from
C3 to C2 and consequent A1” formation. The aryl migration
mechanism has been extensively investigated by Cyriac and
co-workers.'* Nevertheless, although the authors reported water
elimination from protonated 1 and 2, they did not discuss the
underlying mechanisms or the ion structures. B (A1-H,O) and
C (A1-C4HR1R,R3R4R;5), which are stabilized by resonance, are
competitively formed from A1’. However, the peak corresponding to
C is more intense than that corresponding to B in the product ion
spectra of protonated MKCs 1-9. This difference between the
intensities of B and C can be interpreted in terms of the AH values
estimated for pathways llla and lllb, which revealed that formation of
C from A1’ (pathway llla, AH between —8.2 and 5.6 kcal.mol™?) is
energetically more favored than formation of A1” (pathway lllb, AH
between 0.0 to 5.2 kcal.mol™2) for all the analyzed MKCs.

For MKCs 1-9, E and F originate from C, as evidenced by the

MS® experiments (see supporting information). E and F result from

Proton affinity (PA) values for monoketone curcuminoides 1-11. The PA values were calculated at the B3LYP/6-31+G(d,p) level.
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two competitive ring contractions of cyclic ketone C1 (the most stable
tautomer in the equilibrium with C), which lead to elimination of CO
(28 Da) and ketene (42 Da), respectively.?> F has an unstable
structure and is spontaneously converted into F1 during geometry
optimization. The estimated AH and AG values for C1 conversion into
E and F1 are 25.9-30.7 kcal.mol™ and 14.5-19.2 kcal.mol™! for

E and 50.1-58.2 kcal.mol™ and 33.6-43.6 kcal.mol™ for F1,
respectively. These values fully agree with the experimental results, as
the intensity of E is greater than the intensity of F at Ej,, = 20 eV. In
the case of compound 7, ions E and F do not apear in the product ion
spectrum. A possible explanation for this is that formation of C, which
leads to formation of E (AH=28.67 kcal.mol™}) and

: m/z 235 (5.5) (5.3)
: m/z 295 (4.7) (4.6)

: m/z 263 (-2.6) (3.6)
: m/z 355 (-3.2) (-3.1)

1
2
3
4
5
6
7
8
9

: m/z 304 (-2.1) (-2.2)
: m/z 415 (1.7) (-1.9)
: m/z 391 (5.3) (6.3)
: m/z 415 (-2.8) (-3.6)
: m/z 303 (5.1) (5.1)

Rs
R4 N =°
Rs R4

R

D (0.0)

1: m/z 131 (34.4) (21.9) 1: m/z 235
2: m/z 161 (35.2) (22.2) 2: m/z 295
3: m/z 145 (35.0) (21.9) 3: m/z 263
4: m/z 191 (34.9) (22.5) 4: m/z 355
5: m/z 166 (33.6) (21.8) 5: m/z 304
6: m/z 221 (31.1) (18.5) 6: m/z 415
7: m/z 209 (32.7) (21.2) 7: m/z 391
8: m/z 221 (38.5) (25.0) 8: m/z 415
9: m/z 165 (32.6) (20.0) 9: m/z 303
10: m/z 177 (33.7) (20.8) 10: m/z 327
11: m/z 147 (34.9) (22.5) 11: m/z 267

OCONOOOARLWN-=

| -co

10: m/z 327 (4.4) (3.8)
11: m/z 267 (4.7) (4.9)

Rs
R4
e
Rs R
Ro
lunstable
Rs
R4 &z
Rs R
Ro
G1

©CONOANEAWN=

R2

: m/z 91 (82.5) (51.5)
: m/z 121 (75.6) (48.4)
: m/z 105 (79.8) (50.7)
: m/z 151 (71.9) (50.1)
: m/z 125 (81.4) (48.0)
: m/z 181 (70.6) (45.4)
: m/z 169 (79.0) (49.0)
: m/z 181 (71.0) (46.1)
: m/z 125 (79.2) (48.7)

10: m/z 137 (73.3) (48.7)

1
2
3
4
5
6
7
8
9

: m/z 235 (19.9) (13.7)
: m/z 295 (15.6) (10.3)
: m/z 263 (18.3) (20.6)
: m/z 355 (9.6) (13.5)

: m/z 304 (22.3) (24.4)
: m/z 415 (13.2) (14.7)
: m/z 391 (18.7) (12.7)
: m/z 415 (12.8) (15.7)
: m/z 303 (18.9) (13.2)

10: m/z 327 (13.5) (8.8)

:m/z 103 (65.3) (19.7)
:m/z 133 (62.3) (15.9)
:m/z 117 (64.2) (18.3)
:m/z 163 (85.4) (21.9)
:m/z 137 (64.3) (19.5)
:m/z 193 (82.1) (40.7)
:m/z 181 (62.9) (18.9)
:m/z 193 (77.1) (28.4)
:m/z 137 (62.7) (19.0)

10: m/z 149 (85.3) (41.0)
11: m/z 119 (87.7) (42.2)

SCHEME 3

in kcal.mol™*

11: m/z 107 (76.9) (48.8)

11: m/z 267 (16.5) (11.3)

Formation of product ions D, G, and H from protonated MKCs 1-11. Relative enthalpies (AH) and Gibbs energies (AG) values are
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r OH 7 B
Nazarov R4 Rq
Cyclization O O
path 1l |Fe Ri R Rs
A1 - A1"
1: m/z 235 (-2.5) (-3.1) 1: m/z 235 (28.3) (32.7) 1: m/z 235 (28.3) (0.0)
2: m/z 295 (-2.4) (-2.8) 2: m/z 295 (33.6) (38.0) 2: m/z 295 (35.7) (2.4)
3: m/z 263 (-2.6) (-3.3) 3: m/z 263 (30.5) (34.1) 3: m/z 263 (32.1) (3.7)
4: m/z 355 (-2.9) (-3.7) 4: m/z 355 (31.9) (37.2) 4: m/z 355 (32.6) (1.5)
5: m/z 303 (-0.8) (-0.5) 5: m/z 303 (23.9) (27.5) 5: m/z 303 (30.7) (6.4)
6: m/z 415 (-1.0) (-1.5) 6: m/z 415 (35.9) (37.0) 6: m/z 415 (36.2) (1.7)
7: m/z 391 (-2.7) (-1.5) 7: m/z 391 (28.6) (32.4) 7: m/z 391 (31.6) (2.9)
8: m/z 415 (-2.6) (-3.6) 8: m/z 415 (30.7) (35.3) 8: m/z 415 (35.9) (6.1)
9: m/z 303 (-2.7) (-3.3) 9: m/z 303 (29.7) (34.4) 9: m/z 303 (32.1) (2.7)
N path Il
-H,0
/@ * | path llla 2
R,
o OH
3¢ ®
P L =
. Do
O Rs Rq
R R
3 R2 1 R2
c1 1: m/z 157 28 5 2
_ 1 m/z 157 (28.5) (-11.4) 1: m/z 217 (16.5) (-22.3)
;: m/z 157 (24-2) (-4.6) 2: m/z 187 (29.1) (-16.8) 2: m/z 277 (11.0) (-35.7)
2 mjz 133 (§§-7> (-6.5) 3:m/z 171 (29.2) (-13.3) 3: m/z 245 (14.3) (-30.4)
; m/z o (20-8) (- ? ;) 4: m/z 217 (28.5) (-15.3) 4: m/z 337 (8.9) (-34.2)
5 el ( ; 4-7> - 7 4) 5: m/z 192 (29.5) (-6.9) 5: m/z 286 (23.9) (-17.6)
> m/z byt (20-0) (-54) 6: m/z 247 (21.7) (-18.5) 6: m/z 397 (11.0) (-35.8)
8: m/z Py (23'5) (-7.5) 7: m/z 235 (27.6) (-12.7) 7: m/z 373 (14.5) (-27.2)
9: m/z z (21.4) (- 11 0) 8: m/z 247 (33.5) (-9.3) 8: m/z 287 (19.0) (-28.0)
tm/z (21.4) (-4.7) 9: m/z 191 (29.1) (-15.4) 9: m/z 285 (15.3) (-27.7)
-CO\
i ® | ®
R
Rs 5
gz
R4 A R4 =
O O > H unstable
Ry Rs R4 Rs R4
R, Ro
E - F - F1
1: m/z 129 (51.8) (16.0) 1: m/z 115 (74.9) (37.2)
2: m/z 159 (51.7) (17.1) 2: m/z 145 (77.6) (41.1)
3: m/z 143 (52.1) (16.5) 3: m/z 129 (76.3) (38.9)
4: m/z 189 (51.5) (19.2) 4: m/z 175 (78.6) (43.2)
5: m/z 164 (50.7) (14.5) 5: m/z 149 (74.8) (33.6)
6: m/z 219 (50.2) (18.4) 6: m/z 205 (75.1) (41.3)
8: m/z 219 (50.2) (15.8) 8: m/z 205 (75.3) (38.6)
9: m/z 163 (49.6) (16.3) 9: m/z 149 (79.6) (43.6)
SCHEME 4 Formation of product ions B, C, E, and F from protonated MKCs 1-9. Relative enthalpies (AH) and Gibbs energies (AG) values are

in kcal.mol™!
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HO,

e

[N unstable O
i —_
SRS ot = o
HO ol R,
Ry Ry Ry OH
10: mﬁl 327 10: m/z 327 A2 A2 "
11: m/z 267 1 6 10: m/z 327 (37.6) (43.2) A2
smz sm/z 11: m/z 267 (37.6) (43.2) 10: m/z 327 (12.5) (18.8) 10: m/z 327 (12.5) (-1.7)
11: m/z 267 (18.8) (18.7) 11: m/z 267 (18.8) (-2.0)
QOH H,0 l
Ry
® HO, C ®
; ° 3 ST >
A s TP e 90 ® L L)
prototropism tautomerism 7 Ho Ry
R} R R] Ry ' oH
c1.1™ c1.1" c11 c1.1 B1
10: m/z 203 (31.3) (14.0) 10: m/z 203 (12.5) (-20.4) 10: m/z 203 (37.6) (10.8) 10: m/z 203 (25.1) (10.5) 10: m/z 309 (25.7) (3.6)
11: m/z 173 (56.4) (24.6) 11: m/z 173 (43.9) (-21.0) 11: m/z 173 (50.2) (6.3) 11: m/z 173 (43.9) (11.9) 11:m/z 249 (32.0) (4.3)
-CO\a [
HO ] ©
—e= HO P
: i\ HO H,C=C=0 unstable Z
@ b
R ®
R; Ry ! \Y HO
E cr™ F Rik
10: m/z 175 (38.2) (-1.0) 10: m/z 203 (6.2) (-5.5)
11: m/z 145 (69.6) (5.2) 11: m/z 173 (31.3) (0.0) 12! m;z ;g; gg-z; ggg
m/z o .
SCHEME 5 Formation of product ions B, C, E, and F from compounds 10 and 11

F (AH = 58.35 kcal.mol™), competes with the formation of the
(AH = 0.13 kcal.mol™%), which are
energetically more favored (Scheme 6). This result also agrees with

diagnostics ions S and U
the intensities in the product ion spectrum.

In the case of MKCs 10 and 11, the expected cyclic structure
resulting from Nazarov cyclization (A1’) is spontaneously converted

into Al during geometry optimization. This led us to conclude that

5: m/z 250 (114.9) (81.0)
7: m/z 294 (115.1) (90.0)
9: m/z 250 (105.1) (80.0)

5: m/z 285 (23.9) (-17.6)
7: m/z 373 (14.5) (-27.2)
9: m/z 285 (15.3) (-27.7)

N (0.0) 5: m/z 268 (85.9) (77.1)

> zg ggf 7: m/z 312 (88.7) (79.7)

Tem/z 301 9: m/z 268 (89.1) (79.6)

©z . ®
D\A\(B unstable _ ﬂ@ X,
X R, XT R
G G1 P

5: m/z 137 (64.3) (19.5) 5:m/z 137 5: m/z 102 (124.8) (52.2
7: m/z 181 (62.9) (18.9) 7: m/z 181 7: m/z 102 2163.3; Em.s;
9: m/z 137 (62.7) (19.0) 9: m/z 137

9: m/z 102 (153.3) (10.6)

5:
7:
9:

~ ®
@ unstable, @j
. R1 .

formation of B, C, E, and F for these compounds is due to a different
fragmentation pathway from that in compounds 1-9, as shown in
Scheme 5. In these cases, cyclization is followed by an 1,2-aryl
migration from C3 to C2 to produce A2. However, the A2 structure is
unstable and is spontaneously converted into A2’ by means of a
second 1,2-aryl migration from C3 to C3' (Scheme 5). The A2
structure has also been reported by Cyriac and co-workers to explain

v

m/z 215 (197.5) (72.9)
m/z 215 (206.5) (81.4)
m/z 215 (207.3) (92.3)

5: m/z 233 (172.8) (77.4)
7: m/z 233 (177.5) (79.1)
9: m/z 233 (178.3) (79.6)

SCHEME 6 Formation of diagnostic
productions P, S, T, U, and V from
compounds 5, 7, and 9. Relative
enthalpies (AH) and Gibbs energies (AG)
values are in kcal.mol™*

P1
5,7,9: m/z 102
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SCHEME 7 Formation of diagnostic product ions
Q and R from compound 3. Relative enthalpies (AH) and
Gibbs energies (AG) values are in kcal.mol™*

3: m/z 245 (14.3) (-30.4)

ationsin_\A [ LEY_L12%7
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{ CHs .

3: m/z 230 (130.6) (105.4) 3: m/z 215 (231.5) (89.1)

&z . o7
-~ -CH3
H3C‘O 5

G
2: m/z 133 (6
8

J
2: m/z 118 (145.4) (0.1)
(

2.3) (15.9)
4: m/z 148 (85.4) (40.7) 4: m/z 148 (156.1) (53.4)
R ® R, ®
® -CH,O 'Ti‘\ &H,
©/ H,C ’ .0
Ry R
L . N
2: 100.2) (12.
eI 2: m/z 121 (75.6) (48.4) 4: m/z 136 (142.9) (55.5)
4: m/z 151 (71.9) (50.7) 6: m/z 166 (138.2) (54.3)
6: m/z 181 (70.6) (45.4)
N X R ® R ®
/O 4 o 4 S R4 ®
Rs N7 Rs ~F Rs = R, 0
HaCly -CHz ¢ - ole)
~0 R4 (0] R4 (o) R > R,
R, R, R, .,
D K K |

6: m/z 221 (31.1) (18.5)
8: m/z 221 (38.5) (25.0)

6: m/z 206 (95.6) (51.5)

SCHEME 8
1,5-bis-(2-methoxyphenyl)-1,4-pentadien-3-one fragmentation.*!
Formation of B1 (M + H - H,0]" is preceded by A2’ isomerization
into A2”, which is an energetically favored process (AH = 13.2 kcal.
mol=2, AG = 3.6-4.32 kcal.mol™2). On the other hand, formation of C,
D, E, and F involves arene elimination (Scheme 5). Formation of C1.1
from A2 is compound 10
(AH = 12.6 kcal.mol™Y) than for compound 11 (AH = 25.1 kcal.mol™2).
Consequently, peaks corresponding to E and F, which are derived

energetically more favored for

from C, are more intense in the product ion spectrum of compound
10 than in that of compound 11 (Table 1).

2

8: m/z 206 (103.8) (52.0)

6: m/z 178 (98.3) (-8.9)
8: m/z 178 (142.6) (28.7)

Formation of diagnostic product ions J, L, O, K, and I. Relative enthalpies (AH) and Gibbs energies (AG) values are in kcal.mol™t

Cyriac and co-workers suggested that Nazarov cyclization and
subsequent arene and ketene losses from protonated MKC 2 and
1,5-bis-(2-hydroxyphenyl)-1,4-pentadien-3-one occur. The latter
compounds bear methoxyl and hydroxyl groups at the para (C8 and
C7) and ortho positions, respectively.*! Because the CID energy that
is necessary to dissociate compound 2 is higher than that required to
fragment its ortho isomer, the authors proposed that the mechanisms
involved in the Nazarov cyclization of these two compounds differ
and depend on the position of the methoxy group. Here, we revisit

the MKC 2 fragmentation and investigate the fragmentation of

1

©]
\4\ c //O -CoH, ® . @
-CO -CHj
R R Ry R4 :
N

D M

SCHEME 9 Formation of diagnostic product ions 1: m/z 131 (34.4) (21.9) 1: m/z 77 (153.0) (96.3) 3: m/z 76 (258.8) (91.0)
3: m/z 145 (35.0) (21.9) 3: m/z 91 (155.3) (97.9)

M from protonated MKCs 1, 3, 5, 7,and 9 and N from 5: m/z 165 (33.6) (21.8) 5: m/z 111 (158.1) (103.8)

compound 3. Relative enthalpies (AH) and Gibbs energies 7: m/z 209 (32.7) (21.2) 7: m/z 155 (156.5) (102.8)

(AG) values are in kcal.mol™! 9: m/z 165 (32.6) (20.0) 9: m/z 111 (155.6) (102.2)
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D2
10.m/z177 10: m/z 177 10: m/z 145
(33.7)(20.8) (78.1)(44.3)
»@"WJ ;@N
D1
11.m/z147 11: m/z117
(34.9)(22.5) (109.3)(73.5)

compound 11, which is the para isomer of 1,5-bis-(2-hydroxyphenyl)-
1,4-pentadien-3-one. Our results indicated that Nazarov cyclization
and subsequent ketene and arene losses from protonated 2 follow the
same fragmentation pathway as in compounds 1 and 3-9, thus
revealing that formation of B, C, E, and F does not depend on the
presence of an oxygen atom at the ortho position of the aromatic ring.
In contrast, calculations carried out at the B3LYP level of theory
demonstrated that the A1’ ion structure of compounds 10 and 11,
which display a hydroxyl group at the para position, is spontaneously
converted back into Al. This implies that, compared with compounds
1-9, formation of B, C, E, and F follows a different fragmentation
pathway in the case of compounds 10 and 11. On the other hand, our
theoretical calculations revealed that the A1’ structure corresponding
to 1,5-bis-(2-hydroxyphenyl)-1,4-pentadien-3-one, which displays a
hydroxyl group at the ortho position, is stable and is not converted
back into Al. These data evidenced that the position of the hydroxyl
group plays a key part in the fragmentation of MKCs. However, the
hydroxyl effect on the mechanism appears to be more related to the
formation of an intramolecular hydrogen bond than to the hydroxyl
hydrogen, as was previously suggested by Cyriac and co-workers.!! In
the case of 1,5-bis-(2-hydroxyphenyl)-1,4-pentadien-3-one, the
intramolecular hydrogen bond between the two hydroxyl groups at
the ortho position stabilizes the A1’ structure resulting from Nazarov
cyclization, so that its fragmentation is similar for MKCs 1-9. In the
case of compounds 10 and 11, this stabilizing interaction does not
occur - the hydroxyl group is now involved in an intramolecular
hydrogen bond with the methoxyl group at the adjacent carbon,
which causes A1’ to be converted back into Al.

3.4 | Formation of diagnostic ions

Product ions produced by homolytic C-X bond cleavage (X = Cl or Br)
and consequent Xe elimination are diagnostic for the presence of Cl
and Br in the structures of compounds 5, 7, and 9. Schemes 2 and 6
illustrate formation of T from B, formation of V (m/z 215) from T, and
formation of P (m/z 102) from G. The AH values estimated for the
conversion of B into T for compounds 5, 7, and 9 are 90.7, 100.6, and

86.1 kcal.mol™%, respectively. Formation of S (m/z 268 and m/z 312)

=
_CH3OH 9/\/
0®
SNG /)
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(113.7)(-20.6)

SCHEME 10 Formation of diagnostic
product ions W from compound 10 and
Z from compounds 10 and 11

10: m/z 117
(153.6)(72.0)
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11: m/z 117
(71.3)(-49.0)

from A, formation of U (m/z 233) from S, and formation of P from
G occur through a similar mechanism (Scheme 6). The AH values
involved in formation of U are 86.9, 88.8, and 89.2 kcal.mol™* for
compounds 5, 7, and 9, respectively. The AH values for formation of
P are 60.5, 100.4, and 90.6 kcal.mol~* for compounds 5, 7, and 9,
respectively. However, formation of P, S, and T violates the even-
electron rule, so it is disfavored by enthalpy.?” 2% On the other hand,
formation of V and U from T and S agrees with the odd-electron rule.
This could explain, at least in principle, the higher relative intensity of
V and U than that of their precursors T and S. However, although
formation of U and V is in accordance with the odd-electron rule, the
AH values are still high because of the formation of bi-radicals. In the
case of compound 7, which has a bromine atom attached to the
aromatic ring, the higher relative intensity of S and U than that of
compounds 5 and 9 is probably due to the lower C-Br bond energy
than that of C-Cl.

Q (m/z 230) and R (m/z 215) are also diagnostic for a methyl
group at the aromatic ring for compound 3. These ions originate from
a mechanism that resembles that involved in T and V, as well as in
S and U formation, as previously discussed in this paper (Scheme 7).
The AH and AG values involved in formation of Q and R are 116.3
and 105.48 for Q, respectively, and 100.9 and 89.18 kcal.mol™? for R,
respectively. Formation of J (m/z 118) from G (compounds 2 and 4),
formation of O (m/z 136 and 166) from H (compounds 4 and 6), and
formation of K from D (compounds 6 and 8) are diagnostic for the
methoxy groups at the aromatic rings of MKCs 2, 4, 6, and 8,
respectively. They originate from homolytic C10-O bond cleavage
and consequent elimination of a methyl radical (Scheme 8).

For compounds 6 and 8, CO elimination from the aromatic ring to

produce | (m/z 178) involves a ring contraction that produces K and

® ®
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SCHEME 11 Formation of diagnostic ion Y from compound 10
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consequently expels CO from the phenoxyl radical ketone form
(Scheme 8). Methyl radical eliminations followed by decarbonylation
have been previously reported for many compounds displaying
aromatic methoxy groups.2?” Elimination of the methyl radical from
D to form K violates the even-electron rule.?”2? and is energetically
disfavored (AH = 95.6 kcal.mol™* for compound 6 and 103.8 kcal.
mol~! for compound 8) due to loss of aromaticity, which agrees with
its relative intensity in the product ion spectra. On the other hand,
formation of L (m/z 91) from H, which is diagnostic for the presence
of a methoxy group at the aromatic ring of compound 2, results from
a remote hydrogen rearrangement and consequent elimination of
CH,O (30 Da), as shown in Scheme 8. The estimated AH and AG
values for conversion of H into L are 24.6 and 12.3 kcal.mol™?,
respectively. For compounds 4, 6, and 8, which bear more than one
methoxy in the aromatic ring, CH,O loss and consequent formation of
L do not occur. This is probably due to the presence of more than one
methoxy group at specific positions on the aromatic ring of these
compounds, which tends to favor other pathways (e.g., K and
O formations) in competition with formation of L.

Acetylene (C,H,) elimination concomitant to CO loss from
D produces M, as shown in Scheme 9. Although no specific
substituent participates in formation of M, this ion arises only for
compounds 1, 3, 5, 7, and 9. This is possibly because formation of
M competes with formation of G. The AH values revealed that
formation of G (AH =27.1-52.8 kcal.mol™?) is more energetically
favored than formation of M (AH = 118.09-124.54 kcal.mol™%).
Conversion of D into M is more endothermic (AH = 118.6-124.5 kcal.
mol™Y) and endergonic (AG = 96.3-103.8 kcal.mol™Y) than formation
of G from D, which is consistent with the relative intensity of M in
the product ion spectrum. In addition, for the other compounds, the
substituents attached to the aromatic ring yield other product
jons in competition with formation of M. For example, formation of
K (m/z 206) from D is diagnostic for compounds 6 and 8,
while formation of W (m/z 145) for compound 10 and formation of
Z (m/z 117) for compounds 10 and 11 compete with formation of
M from D. Further methyl radical (¢ CHs) elimination from M produces

®
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)
]
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1:Ry=-H
2: R;=-OCH,
3: Ry= -CH,

SCHEME 12 Formation of
diagnostic product ion X from
compounds 1, 2, and 3. Relative
enthalpies (AH) and Gibbs energies
(AG) values are in kcal.mol™*

1: m/z 235 (32.6)(35.0)
2: m/z 295 (15.5)(12.2)
3: m/z 263 (34.7)(36.7)
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= -
C,H,0 O = O
R4 R4 R4 R4 R
X A2

¥
= &7 MassSpectrometry

the distonic ion (m/z 76), which is diagnostic for compound 3.
Although the low AH and AG values favor formation of
N (AH = 103.5 kcal.mol™* and AG = 91.0 kcal.mol™), its relatively low
intensity in the product ion spectrum of curcuminoid 3 can be
attributed to competition with the formation of diagnostic ions Q and
R. In addition, M comes from D, whose formation from A is favored
compared with formation of H only for compounds 4, 6, and 8.
Consequently, most of the product ions originating from G present
low relative intensities in the product ion spectra (Table 1).

In the case of compound 10, formation of diagnostic ions W (m/z
145) from D and Z (m/z 117) from W involves the hydroxyl group at
C7, as shown in Scheme 10. For compound 10, conversion of D into
W (AH =356 kcalmol™?) and conversion of W into Z are
endothermic (AH = 39.9 kcal.mol™1), which agrees with their relative
low intensity in the product ion spectrum. For compound 11, Z (m/z
117) is formed directly from D. However, the AH value involved in
formation of Z from compound 11 is lower (AH = —38.0 kcal.mol™%)
than for the same ion in compound 10 (AH = 39.9 kcal.mol™?). This
difference may be associated with the difference between the
structures of the D2 intermediates for the two compounds. On the
other hand, product ion Y, which is diagnostic for compound 10,
originates from methyl radical removal from D (scheme 11).
Formation of Y from E is disfavored by enthalpy (AH = 75.5 kcal.
mol~1), which agrees with the low intensity of Y in the product ion
spectrum of compound 10.

Finally, X results from direct ketene (42 Da) elimination from A.
Formation of this product ion is preceded by conversion of Al into
A2, which results from Nazarov cyclization, as shown in Scheme 12.
As with formation of B, migration of an aryl from C3 to C2
consequently forms A"™ (Scheme 12). The AH values revealed that
formation of X is more energetically favored for compound 2 (AH =
—16.0 kcal/mol™Y) than for compounds 1 (AH = 1.6 kcal/mol™%) and
3 (AH = 2.3 kcal/mol™2), which is consistent with the higher relative
intensity of X in the product ion spectrum of compound 2 than in
those of compounds 1 and 3. In this case, A2 is unstable and
therefore rearranges spontaneously to X for the three compounds, as

OH o
® ®
Nazarov ‘ . .
Cyclization O O tautomerism
J O
Ri Ri Ry R4
A1 A"
1:Ry=-H _
2: Ry=-OCHj;
3:Ry=-CHj3
unstable
o@
v

1 A

1: m/z 235 (30.9)(36.4)
2: m/z 295 (31.4)(36.8)
3: m/z 263 (32.3)(32.3)
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can be seen in Scheme 12. For compounds 4, 6, and 8, which display
more than one methoxy group at the aromatic ring, the electron-
releasing mesomeric effect of these groups further stabilizes A™
compared with the corresponding A2 of the other compounds, thus
increasing the energy barrier for its conversion into X. Consequently,
X does not appear in the product ion spectra of compounds 4, 6, and
8 obtained at Ej,,, = 20 eV.

4 | CONCLUSIONS

Our results reinforce, at least in part, the fragmentation pathways
previously reported in the literature. In addition, we propose an
alternative fragmentation mechanism that can explain the
fragmentation of a wider diversity of curcuminoids that do not display
a hydroxyl group in their structures. The most intense product ions
are acylium ions resulting from hydrogen rearrangement or product
ions derived from Nazarov cyclization of the protonated molecule.
The presence and the position of a hydroxyl group at the aromatic
rings play a key role in the Nazarov cyclization mechanism.
Thermochemical data estimated by computational chemistry helped
to confirm the identity of the ion structures and to understand the
experimental data, mainly with respect to the relative intensities of
the peaks in the product ion spectra. These data, in combination with
multiple-stage mass spectrometry (MS") and accurate mass data, can
be further used to identify in vitro or in vivo metabolites obtained

from curcuminoids in biological samples by LC/ESI-MS/MS.
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