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1 | INTRODUCTION
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| Ricardo Vessecchil® |

Abstract

We have investigated the gas-phase fragmentation reactions of 11 synthetic
4-aryl-3,4-dihydrocoumarins by electrospray ionization tandem mass spectrometry
(ESI-MS/MS) on a quadrupole-time-of flight (Q-TOF) hybrid mass spectrometer. We
have also estimated thermochemical data for the protonated coumarins (precursor
ion A) and product ion structures by computational chemistry at a B3LYP level of
theory to establish the ion structures and to rationalize the fragmentation pathways.
The most abundant ions in the product ion spectra of coumarins 1-11 resulted from
CgHgO,, CO,, C4H403, CgH1003, CgHgO,, and CH3;OH eliminations through retro-
Diels-Alder (RDA) reactions, remote hydrogen rearrangements (B-eliminations), and
B-lactone ring contraction. Although the investigated coumarins shared most of the
fragmentation pathways, formation of a benzylic product ion and its corresponding
tropylium ion was diagnostic of the substituents at ring C. The thermochemical data
revealed that the nature and position of the substituents at ring C played a key
role in the formation of this product ion and determined its relative intensity in the
product ion spectrum. The results of this study contribute to knowledge of the

gas-phase ion chemistry of this important class of organic compounds.
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Coumarins display a range of biological and pharmacological

behavior,>¢ including antitumor,”®  anti-HIV,? 1! vasorelaxant,*?

The term “coumarin” refers to various natural and synthetic com-
pounds bearing a benzo-2-pyrone in their structures. This term
derives from Coumarona odorata (or Dipteryx odorata (Aubl.) Willd.,
Fabaceae), a plant species from which Vogel isolated the first couma-
rin in 1820.* Coumarins occur naturally in some plant families,> mostly
in Apiaceae, Asteraceae, Fabaceae, Rosaceae, Rubiaceae, Rutaceae,
and Solanaceae, but these compounds can also be obtained by chemi-
cal synthesis.2 The simpler synthetic coumarins were first prepared by
the Perkin reaction; however, they can be synthesized by numerous

methodologies, such as Pechmann and Knoevenagel reactions.>*

COX-inhibitor,*® and anticancer** activity. Additionally, coumarins
play an essential role in the chemical industry, for example, in the pro-
duction of essences, perfumes, toothpaste, plastics, synthetic rubber,
insecticides, detergents, and paints.?> '’ In particular, 4-aryl-3,-
4-dihydrocoumarins are important not only because they occur as
neoflavonoids in some plant species*®1? but also because they exhibit
biological properties, such as anti-inflammatory, antimicrobial, and
antioxidant activities.2°~23

Over the last decades, electrospray ionization tandem mass spec-

trometry (ESI-MS/MS) has been used alone or coupled to liquid
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chromatography (LC-ESI-MS/MS) as a tool to elucidate the structure

of different classes of metabolites (e.g., alkaloids, neolignans, diter-

penes, sesquiterpene lactones?*-27)

, including coumarins. Heinke et al
identified 34 furanocoumarins in Dorstenia gigas and Dorstenia foetida
leaves using LC-ESI-MS/MS. The authors showed that the technique
can help to identify this class of compounds and to describe the
substituent behavior, especially C4Hg loss in prenylated coumarins,
and it could even help to establish relationships with the substitution
position in the basic coumarin structure.?® Liang and Han studied the
fragmentation of 11 synthetic and naturally occurring coumarins
isolated from Zanthoxylum armatum by ESI-MS/MS; they employed
ion trap MS" experiments to establish the fragmentation pathways
and proved that different side chains in the basic coumarin structure
resulted in distinct fragmentation pathways.2’.

Borkowski et al used theoretical calculations to study the
fragmentation of basic coumarins, to establish methyl radical losses in
methoxylated coumarins; more specifically, they applied QTAIM and
NBO analysis to support p-quinoid resonance forms.>° More recently,
Sun et al used electrospray ionization coupled to quadrupole extrac-
tive orbitrap (ESI-QE-Orbitrap-MS/MS) in combination with density
functional theory (DFT) to establish the thermochemical process and
to propose fragmentation pathways for commercial protonated
coumarins.®! Nevertheless, to date, ESI-MS/MS data concerning
4-aryl-substituted coumarins are scarce.

In this study, we have investigated the fragmentation pathways
of a series of synthetic 4-aryl-substituted coumarins by accurate mass
electrospray ionization tandem mass spectrometry in combination
with thermochemical data estimated by computational chemistry. We
have used the thermochemical data to understand the role that the

4-aryl-substituent plays in the formation of diagnostic product ions.

2 | EXPERIMENTAL

2.1 | Synthesis of 4-aryl-3,4-dihydrocoumarins

The 4-aryl-3,4-dihydrocoumarins 1-11 (designated coumarins 1-11
hereafter; Scheme 1) were obtained by using a previously reported
one-pot multicomponent reaction (MCR).3>3? Briefly, the general
procedure entailed (1) Knoevenagel condensation between a
benzaldehyde (1.0 mmol) and dimethylmalonate (132 mg, 1.0 mmol),
(2) hydroxylation of the benzylidene formed in situ from
3,5-dimethoxyphenol (154 mg, 1.0 mmol), and (3) intramolecular

OH
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lactonization. The reaction was catalyzed by niobium pentachloride
(NbCls, 270 mg, 1.0 mmol) in dichloromethane (2 mL) under nitrogen
atmosphere at room temperature for 48 h and quenched with water
(3 mL). The organic layer was extracted with dichloromethane (10 mL)
and washed with magnesium sulfate. The solvent was removed under
reduced pressure, and the crude mixtures were chromatographed
through silica gel by using hexane and ethyl acetate (7:3, v/v) as
eluent, to give one of the coumarins 1-11 (depending on the starting
benzaldehyde) in good yield. All the compounds were analyzed as a

mixture of trans-enantiomers.

2.2 | Mass spectrometry

Coumarins 1-11 were analyzed on a hybrid quadrupole/time-of-flight
MS UltrOTOF-Q (Bruker Daltonics, USA) fitted with an electrospray
jon source operating in the positive ion mode. The samples were dis-
solved in methanol/water (9:1, v/v) at a concentration of 0.5 mg mL~!
and infused directly into the ionization source by using a Harvard
Apparatus system (model 1746, Houston, MA, USA) at a flow rate of
5 uL min~L. Sodium trifluoroacetate (TFA-Na*) was employed as an
internal standard for calibration. The capillary, cone voltage, puller
cone voltage, and RF were set to 2.5 kV, 10.0 V, 3.00 kV, and 0.10 V,
respectively. The source temperature and the desolvation tempera-
ture were adjusted to 150 and 250°C, respectively. Nitrogen
(99.999%) at 7 psi was used as the desolvation (4 L/h), nebulizing
(180°C), drying (4 L/h), and collision gas. For the experiments with
deuterium exchange, deuterated water (deuterium oxide, D,O) was
added to the coumarin solution, and the [M + D]* ion was selected as
the precursor ion. The product ion spectra were obtained by using
collision energies ranging from 5 to 50 eV. To establish the fragmenta-
tion pathways, quasi-MS® experiments (i.e., fragment ions formed
through in-source dissociation) with product ions generated by
in-source dissociation were carried out on triple quadrupole MS
equipment (QqQ) Xevo TQS (Waters, Milford, MA, USA) equipped
with Z-spray and Acquiti-H class UPLC system. The sample was
dissolved in methanol/water (9:1, v/v) at a concentration of
0.5 mgmL™! and infused directly into the ESI source by using a
Harvard Apparatus system (model 1746, Houston, MA, USA) at a flow
rate of 5 uL min~2. The capillary voltage was 3.20 kV, and the extrac-
tion cone was set to 50 V to induce in-source dissociation. The gas
flow was 700 L/h (0.15V), and the desolvation temperature was
250°C. Argon (99.999%) was used as the collision gas.

Ry Ro Rs R4

H H H H

H Me H H

H H OMe H

H H H OMe

H H H Me

H H Me H

Me Me H Me

H F H H

HoCMes B B SCHEME1 Synthesis of 4-aryl-
H Br H H 3,4-dihydrocoumarins 1-113%2,
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2.3 | Computational methods

The structures of coumarins 1-11 were optimized by using the
B3LYP/6-31+G(d,p) model in Gaussian 03 suite programs.
The model was achieved on the basis of previous studies®®>* by con-
sidering that errors were very small in comparison to experimental
values at a minimum computational cost. All the structures were
visualized with the Chemcraft software.>®> The stationary point was
achieved through the calculation of vibration frequencies employing
the same model. To establish the proton affinity (PA) as a descriptor,
the enthalpy of the protonation reaction M + H" > MH" was
evaluated as previously reported in the literature.282¢-3? The enthalpy
for the proton reaction mentioned above was considered to be
1.48 kcal mol~1#° By employing the same computational model,
fragmentation pathways were proposed on the basis of the relative
Gibbs energies and relative enthalpies at 298.15 K for coumarins
1-11. The Gibbs energies were used with caution when the fragmen-
tation pathways were proposed because equilibrium conditions could
not be established during the CID experiments.*!

3 | RESULTS AND DISCUSSION

3.1 | Structure-fragmentation relationships

Literature data have shown that structure-fragmentation relation-
ships play a key role in the elucidation of gas-phase fragmentation
pathways of compounds that share the same structure core.?4252742-
44 We obtained structure-fragmentation relationships of protonated
coumarins 1-11 by comparing the corresponding product ion spectra
at a collision energy (E;,p) of 20 eV. We chose this collision energy
because it can decrease the relative intensity of the protonated mole-
cule in the product ion spectrum to generate the maximum number of
product ions without promoting extensive fragmentation. Plots of the
relative intensity (RI, %) versus E,,, (€V) from 5 to 50 eV obtained for
coumarins 1-11 are provided in the Supporting Information.

Table 1 lists the product ions with relative intensity higher than
3% and their corresponding assignments. The product ion spectra of
coumarin 1 obtained at collision energies lower than 10 eV displayed
fewer intense product ion than the product ion spectra of coumarins
2-11 (Figure 1). This fact revealed that the presence of substituents
at the aromatic ring C of coumarins 2-11 resulted in additional
fragmentation pathways and provided other diagnostic product ions
as compared to coumarin 1, which does not bear substituents at
ring C, as will be further discussed.

Taking into account that coumarins 1-11 differ in the nature, posi-
tion, and number of substituents at ring C, a comparative analysis of
the product ion spectra of coumarins 1-11 allowed us to identify
(1) ions with the same m/z (i.e., the common product ions, formed by
eliminations of ring C); (2) ions with different m/z originating from the
same fragmentation process that is common to the analyzed series; and
(3) ions formed by a diagnostic fragmentation process (i.e., a process

that depends on the nature and position of the substituents at ring C).

MASS Wl LEYJLW‘
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Product ions D (m/z 265), E (m/z 221), and G (m/z 181) were com-
mon product ions of coumarins 1-11 (Scheme 2) and originated from
Ce¢H2R1R2R3R,, CsHaR1R2R3R4 + CO,, and CioHgO2R1R2R3R, elimi-
nation, respectively. On the other hand, methanol (32 Da), C4H403
(100 Da), CgH1003 (154 Da), and CyHgO3 or CgHgO, + CO, (180 Da)
elimination, to produce product ions B, C, F, and H, respectively, were
common fragmentation processes in coumarins 1-11. Product ions
J (C — C;HgO) and K (J — CH3;0OH) were diagnostic of coumarin 4,
which displays an ortho-methoxy group at ring C, whereas product ion
| (C — C4Hg) was diagnostic of a tert-butyl at ring C. Finally, product
ion M was diagnostic of coumarins 3, 4, 8, 10, and 11 (Scheme 2).

3.2 | Protonation sites in the gas-phase

Coumarins 1-11 are polyfunctionalized compounds that bear ether
(coumarins 3 and 4) and ester functional groups and halogen atoms
(coumarins 8, 10, and 11) that may be susceptible to protonation.
Protonation at different sites of the coumarin structure produces
different protonated regioisomers (i.e., species that differ only in the
position at which the proton is attached), which are referred to in this
study as “protomers.”***” On the basis of gas-phase basicity (GB) and
proton affinities (PA), Bouchoux et al reported that the carbonyl
oxygen is the most susceptible to protonation in the structure of
polyfunctionalized molecules containing carbonyl groups or
o,p-unsaturated carbonyl groups.*®4? Recently, by using DFT calcula-
tions, Sun et al demonstrated that the carbonyl oxygen is the most
susceptible to protonation in the coumarin structure.® Here, we esti-
mated PA at the B3LYP/6-31+G(d,p) level of theory. We chose the
basis system on the basis of previous studies by our team?” in which
this model was shown to produce acceptable results at the smallest
computational cost.>” Figure 2 presents the PA estimated by theoreti-
cal calculations, which indicated that the methyl ester carbonyl
oxygen was the most susceptible to protonation in the structure of
coumarins 1-3, 5-7, 9, and 11. For coumarins 8 and 10, the &-lactone
carbonyl oxygen gave the highest PA (209.0 and 209.1 kcal mol~?,
respectively). In the case of coumarin 4, which bears the methoxy
group at the ortho position of ring C, the PA of the oxygen of the
methoxy group at the ortho position of ring C (220.6 kcal mol™?) was
higher than the PA of the ester carbonyl oxygen (213.3 kcal mol™?)
and the &-lactone carbonyl oxygen (216.1 kcal mol™2). The presence
of a halogen atom at the para position (F, Cl) of coumarins 8 and 10
also decreased the PA of the methyl ester carbonyl oxygen as com-
pared to the lactone carbonyl oxygen. Mason et al described similar
effects in their studies on the GB of halogenated toluenes.’® The
reactivity of aromatic species is governed by qualitative concepts of
electronic effects, such as polarization and resonance. Alkyl groups
(e.g., methyl groups) can act as electron-releasing groups due to the
hyperconjugation effect, whereas halogens act as o-acceptors and n-
donors depending on the nature of the halogen and other substituents
in the aromatic ring.>>>? In principle, the halogen effect on PA can be
associated with a decreasing field effect (F > Cl > Br) between the

aromatic ring containing the halogen at the para position and the ester
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TABLE 1  Product ions of protonated 4-aryl-3.4-dihydrocoumarins 1-11 at a collision energy of 20 eV.

Assignment Calculated m/z Experimental m/z RI Error (ppm)? lon formula

1 A (M +H]Y) 343.1176 343.1182 15 -17 Ci9H1604*
B (A-MeOH) 311.0914 311.0925 8 -35 CisH1505"
C (A-C4H405) 243.1016 243.1016 100 0.0 C1sH1505™
D (A-CgHq) 265.0707 265.0712 22 -19 Cy3H1306"
E (D-COy) 221.0808 221.0813 31 -2.3 CioH1304"
F (A-CgH1005) 189.0546 189.0544 12 1.1 C11Hy05"
G (A-C10H1002) 181.0495 181.0498 54 -1.7 CoHeO4 "
H (B-CgHgO,-CO,) 131.0491 131.0486 5 3.8 CyH,0"
L (C-CgHgO3) 91.0542 91.0546 <3 44 CH,*

2 A (M +HIY) 357.1333 357.1327 18 1.7 CaoH2106"
B (A-MeOH) 325.1071 325.1076 10 -15 C1oH1705"
C (A-C4H405) 257.1172 257.1176 100 -16 C1gH1705™
D (A-C7Hs) 265.0707 265.0698 21 34 C13H1306"
E (D-CO,) 221.0808 221.0801 37 3.2 Ci2H1304"
F (A-CgH1005) 203.0703 203.0708 18 -2.5 C1oH1105*
G (A-C11H120,) 181.0495 181.0485 55 5.5 CoHo0,*
H (B-CgHg0,-CO,) 145.0648 145.0643 17 34 C1oHsO"
L (C-CgH503) 105.0699 105.0697 7 3.8 CgHy "

3 A(M+HIY) 373.1282 373.1285 12 -08 CaoH2105"
B (A-MeOH) 341.1020 341.1028 7 -2.3 Ci9H1706"
C (A-C4H405) 273.1121 273.1123 100 -0.7 C16H1704"
D (A-C7HgO) 265.0707 265.0707 26 -38 Ci3H130¢"
E (D-CO») 221.0808 221.0808 40 -2.3 CioH1304"
F (A-CgH1005) 219.0652 219.0652 17 -2.7 C1oH1104*
G (A-C11H1205) 181.0495 181.0495 59 -1.7 CoHeO, "
H (B-CgHg0,-CO,) 161.0597 161.0597 15 ~12 CioHg05"
L (C-CgH503) 121.0648 121.0645 3 2.5 CgHy0"

4 A (M +HIY) 373.1282 373.1291 11 24 CaoH2107"
B (A-MeOH) 341.1020 341.1025 19 -15 CioH1706%
C (A-C4H405) 273.1121 273.1122 100 04 CigH1704"
D (A-C;HgO) 265.0707 265.0704 35 11 Ci3H1304"
E (D-CO») 221.0808 221.0801 45 3.2 CioH1304"
F (A-CgH1003) 219.0652 219.0657 38 -23 C12H1,04"
G (A-C11H1205) 181.0495 181.0490 57 2.8 CoHoO,*
J(C-CH0-C4Ha) 167.0703 167.0707 9 24 CoH1105"
H (B-CgHgO,-CO,) 161.0597 161.0592 16 3.1 CioHs0,™
K (J-MeOH) 135.0441 135.0445 5 -3.0 CgH,0,"
L (C-CgHgO3) 121.0648 121.0652 11 -33 CgHyO™"

5 A (M + HI) 357.1333 357.1323 12 28 CaoH2104"
B (A-MeOH) 325.1071 325.1068 9 0.9 C49H1705"
C (A-C4H,05) 257.1172 257.1169 100 1.2 Ci6H1703"
D (A-C;Hsg) 265.0707 265.0699 17 3.0 Ci3H1306"
E (D-CO,) 221.0808 221.0803 38 2.3 Ci2H1304™
F (A-CgH1005) 203.0703 203.0699 25 2.0 C1oH1105"
G (A-C11H120,) 181.0495 181.0491 43 22 CoHs04™"
H (CgHgO»-CO,) 145.0648 145.0645 10 2.1 CyoHsO"
L (C-CgHgO3) 105.0699 105.0695 6 3.8 CgHy™
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TABLE 1 (Continued)

Assignment Calculated m/z Experimental m/z RI Error (ppm)?

6 A (M +H]JY) 357.1333 357.1328 17 1.4
B (A-MeOH) 325.1071 325.1064 7 2.2
C (A-C4H,03) 257.1172 257.1170 100 0.8
D (A-C;Hg) 265.0707 265.0699 25 3.0
E (D-CO,) 221.0808 221.0811 36 -14
F (A-CgH1003) 203.0703 203.0710 19 -34
G (A-C11H1,0,) 181.0495 181.0493 45 1.1
H (CgHgO,-COy) 145.0648 145.0651 8 -21
L (C-CgHgO3) 105.0699 105.0697 <3 4.8

7 A (M + HIY) 385.1646 385.1641 14 1.3
B (A-MeOH) 353.1384 353.1380 21 1.1
C (A-C4H,03) 285.1485 285.1478 100 2.5
D (A-CoH15) 265.0707 265.0702 38 1.9
E (D-CO,) 221.0808 221.0802 54 2.7
F (A-CgH1003) 231.1016 231.1014 29 0.9
G (A-C13HsO5) 181.0495 181.0491 74 2.2
H (B-CgHgO,-CO») 173.0961 173.0955 14 3.5
L (C-CgHgO3) 133.1012 133.1006 18 4.5

8 A (M + HJY) 361.1082 361.1072 11 2.8
B (A-MeOH) 329.0820 329.0814 9 1.8
C (A-C4H,03) 261.0921 261.0918 100 1.1
D (A-C4HsF) 265.0707 265.0701 35 2.3
E (D-CO,) 221.0808 221.0802 47 27
F (A-CgH1003) 207.0452 207.0445 28 34
G (A-C1oHoFO,) 181.0495 181.0499 55 -22
H (B-CgHgO,-CO») 149.0397 149.0394 15 2.0
L (C-CgHgO3) 109.0488 109.0484 12 3.7

9 A(M +H]Y) 399.1802 399.1808 20 -1.5
B (A-MeOH) 367.1540 367.1546 8 -1.6
C (A-C4H,03) 299.1642 299.1641 100 0.3
D (A-CyoH14) 265.0707 265.0702 43 1.9
1 (C-C4Hg) 243.1016 243.1011 24 21
E (D-CO,) 221.0808 221.0815 50 -3.2
F (A-CgH1003) 245.1172 245.1177 27 -20
G (A-C14H1505) 181.0495 181.0499 53 -2.2
H (B-CgHgO,-CO,) 187.1117 187.1113 11 21
L (C-CgHgO5) 147.1168 147.1163 9 34

10 A(M + H]Y) 377.0786 377.0786 15 11
B (A-MeOH) 345.0524 345.0529 10 -14
C (A-C4H,03) 277.0626 277.0619 100 2.5
D (A-C4HsCl) 265.0707 265.0701 36 2.3
E (D-CO,) 221.0808 221.0802 41 2.7
F (A-CgH10053) 223.0156 223.0153 28 1.3
G (A-C10HyClOy) 181.0495 181.0491 56 22
H (B-CgHgO,-CO,) 165.0102 165.0099 16 1.8
L (C-CgHgO3) 125.0153 125.0147 15 4.8

WILEY-22%

lon formula
CaoH2104™
Ci9H1705"
Ci6H1703"
Ci3H1304"
CizH1304"
C12H1103"
CoHyO4"
C1oHyO™
CgHo™"
Ca2H2504*
C21H2105*
CigH2103*
Ci3H1304*
Ci2H1304*
C14H1503"
CoHyO4"
C1zH130™"
CioH1z™
Ci9H1FO6 "
CigH14FO5™
CisH14FO3"
Ci3H1304"
CizH1304"
C11HgFO3™
CoHyO4"
CyHgFO™
C/HgF"
CasH2704*
C22H2305"
Ca9H2303*
Ci3H1304*
Ci5H1505"
C12H1304*
Ci5H1705"
CoHsO4"
Ci3H150™"
CasHis™*
C19H41gCIOg™
C1gH14CIO5™
C15H14ClO5"
CagH1304*
C12H1304*
C11HgClO5™
CoHyO4"
CoH4CIO™
C;HCI™

(Continues)
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TABLE 1 (Continued)
Assignment Calculated m/z Experimental m/z RI Error (ppm)? lon formula
11 A (M + HI) 421.0281 421.0273 15 19 CioH1gBrOs*
B (A-MeOH) 389.0019 389.0011 7 2.1 C1gH14BrOs™
C (A-C4H,03) 321.0121 321.0113 100 2.5 C15H14BrOs™
D (A-C4HsBr) 265.0707 265.0701 41 2.3 C13H1306"
E (D-CO,) 221.0808 221.0801 43 3.2 CioH1304™"
F (A-CgH1003) 266.9651 266.9647 27 1.5 C11HgBrOs™
G (A-C40H9BrO,) 181.0495 181.0501 50 -3.3 CoHyO4"
H (B-CgHgO,-CO,) 208.9597 208.9603 17 —-29 CyH¢Bro™
L (C-CgHgO3) 168.9647 168.9645 13 1.2 C;HgBr"
Abbreviation: RI, relative intensity (%).
2Calculated according to the formula 10° x (Mcajcutated — Mexperimental/ Mexperimental)-+
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FIGURE 1

Product ion spectra of protonated 4-aryl-3,4-dihydrocoumarins 1-11 (N, E;,, of 20 eV).
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SCHEME 2 Structure- E* D* A
fragmentation relationships of 111 -CO, 111 -CgH,R 1R R3Ry 1411 -CH30H B | CoHsOs _ | H
protonated 4-aryl- m/z 221 m/z 265 IM+H]* 1-11 1-11
3,4-dihydrocoumarins 1-11.
:C10He02R1RoR3Ry
-CgH400.
_0 0__0O 8103 \
o~ F -C4H40,
1-11

FIGURE 2 Proton affinities (PA) for

3-aryl-3,4-dihydrocoumarins 1-11,
calculated at the B3LYP/6-31+G(d,p)
level. The PA are in kcal.mol™2.
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carbonyl oxygen.>®5* As for coumarin 7, the presence of methyl
groups at positions 2 and 6 (i.e., at ortho positions) might affect the
ring C orientation relative to rings A and B and the ester carbonyl
group. However, a deeper understanding of the substituent effects
requires that more compounds containing a wider diversity of substi-
tuents at different positions of ring C to be analyzed.

Although it is well established that the PA and GB values are
important parameters to identify the most stable protomer, there has
been an extensive discussion on the protomer that triggers the
fragmentation processes under collision-induced dissociation (CID)
conditions. In principle, three major possibilities could be considered:
(1) the proton remains attached to the most basic site of the structure,
even after CID, so that CID increases the internal energy content of
the most stable protomer and triggers the fragmentation processes>>;
(2) the proton is initially attached to the most basic site of the mole-
cule, but it can migrate to other less basic sites under CID conditions
to trigger fragmentation - this is known as the “mobile proton
model”®®; (3) protonation can occur at different sites, producing a
population of all the possible protomers, with an excess of the most
stable protomer population—in this case, the most labile protomer
triggers the fragmentation processes.** Recently, Reis et al brought
a new light to the “most stable protomer” versus “more labile
protomer” discussion.>” The authors performed PM7 calculations and
elaborated potential energy surface diagrams to elucidate the
fragmentation of several illustrative selected molecules to conclude
that an equilibrium of protomers may be attained before fragmenta-
tion.>” In this study, data from the deuterium exchange experiments
indicated that most (but not all) product ions of protonated 1-11 were
formed from labile protomers. Indeed, the formation of some product
ions (e.g., B, C, and D) requires the proton/deuterium to be attached
in different basic sites in the structures of compounds 1-11, as it will
be further discussed. Therefore, even though the PA and GB values
provide important guidance to identify the thermodynamically most
favored protomers, kinetically controlled protonation can also take
place in less favored sites (e.g., due to steric factors),>® which makes
feasible the coexistence of different protomers in the gas phase.
These results follow the “pre-fragmentation equilibrium of protomers”
concept proposed by Reis et al.>”

When it comes to coumarin 4, a proton might migrate spontane-
ously from the methyl ether oxygen (PA = 220.6 kcal mol~Y)—the
labile protomer A1l (Scheme 3)—to the methyl ester carbonyl oxygen
(PA = 213.3 kcal mol™?) during geometry optimization to produce A,
which is the most stable protomer in the equilibrium with A1 and A2
(Scheme 3). This proton migration is facilitated by the spatial proximity
between the ortho-methoxy group oxygen and the ester carbonyl
oxygen. Demarque et al reported that protons can migrate during
time-scaling experiments depending on kinetic and thermodynamic
factors.>? Previous studies have demonstrated that proton migrations
during computational optimizations can trigger important fragmenta-
tion reactions.’”° On the other hand, the most labile protomers Al
and A2 can fragment to produce B, C, and D, which arises most of the
product ions of compounds 1-11 (Scheme 3), as will be further

discussed in this work.

3.3 | Common fragmentation processes and
formation of common product ions of coumarins 1-11

Product ion B resulted from methanol elimination from the protomer
Al (pathway I; Scheme 3). In principle, this elimination can occur
through two mechanisms: (1) remote hydrogen rearrangement

25,42 and

involving the a-carbonyl hydrogen, to form a ketene,
(2) charge-induced fragmentation, triggered by proton migration to
the ester oxygen, to produce an acylium ion (pathway I; Scheme 3).4?
Data from deuterium exchange experiments indicated that CH;OD
was eliminated, implying that charge-induced fragmentation was
involved in product ion B formation (see Supporting Information). Pro-
ton migration from the most basic site (methyl ester carbonyl oxygen
in coumarins 1-3, 5-7, 9, and 11; &-lactone carbonyl oxygen in cou-
marins 8 and 10; or the methyl ether in 4) to the methyl ester oxygen
(a less basic site) is in accordance with the proton mobile theory.6*~¢%
This migration and the consequent equilibrium between the different
protomers is feasible when the energy transferred to the center-
of-mass (E.,m) of the precursor ion upon the CID process is higher
than the difference between the AH of the two protonated species.
At Ejgp, of 20 eV, the Ecom (Ecom = Eiap [Mc/(me + my)]**>3) of 1 (m/z
343), 2 (m/z 357), 3 (m/z 373), 4 (m/z 373), 5 (m/z 357), 6 (m/z 357),
7 (m/z 385), 8 (m/z 361), 9 (m/z 399), 10 (m/z 377), and 11 (m/z 411)
was calculated to be 34.7, 33.5, 32.1, 32.1, 33.5, 33.5, 31.2, 33.1,
30.2, 31.8, and 28.7 kcal.mol™%, respectively, which was consistent
with the aforementioned proton migration. Product ion H originated
from product ion B through retro-Diels-Alder (RDA) reaction®® at
ring B, an endothermic (AH between 50.1 and 56.8 kcal mol™%) and
endergonic (AG between 26.4 and 32.5 kcal mol~?) process.

Direct ring C elimination from the most stable protomer
A through remote hydrogen rearrangement®® to produce product ion
D (m/z 265) (pathway IlI; Scheme 3) was exothermic (AH between
—11.2 and —22.2 kcal mol™%) and exergonic (AG between —38.6 and
—23.7 kcal mol™2). At collision energies of 5 and 10 eV, the product
ion D was one of the most intense in the product ion spectra of cou-
marins 1-11 (see break down graphs in the Supporting Information).
However, at higher collision energies, (1) product ions D can be
converted into E through &-lactone ring contraction and the conse-
quent CO, elimination®>¢°> through an endothermic (AH between
29.0 and 29.1 kcalmol™!) and endergonic (AG between 19.7
and 19.8 kcal mol™) process (Scheme 3); (2) the population of the less
stable protomer A2 increased compared to A because a proton
migrated from the ester carbonyl oxygen to the &-lactone ring oxygen
heteroatom. Thus, the product ion C (pathway lll; Scheme 3) emerged
as the base peak in the product ion spectra at collision energies higher
than 20 eV (see break down graphs in the Supporting Information).

Product ions C (pathway lll), F (pathway V), and G (pathway V)
originated from the same protomer A2, a protomer of A resulting from
proton migration from the carbonyl oxygen to the &-lactone ring oxy-
gen heteroatom (Scheme 3). AH (between 21.5 and 23.2 kcal mol™?)
and AG (between 19.2 and 21.2 kcal mol~) estimated for this proton
migration revealed that A — A2 conversion was feasible under CID

conditions. Formation of the highly conjugated oxonium ion C from
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-CgHgO2
-CO, ~ \\O®
R, R4
R3
Rz
H
A1 1: m/z 311 (33.6) (20.5) 1: m/z 131 (90.1) (52.9) 1:m/z 243 (-0.5) (-15.8)
1: (18.8) (17.9) 2: m/z 325 (33.0) (19.9) 2: m/z 145 (86.3) (49.3) 2: m/z 257 (-2.7) (-17.9)
2: (18.8) (17.9) 3: m/z 341 (33.3) (20.1) 3: m/z 161 (88.0) (50.7) 3: m/z 273 (-1.3) (-16.6)
3: (18.7) (1 7. 7) 4: m/z 341(29.7) (17.0) 4: m/z 161 (79.8) (43.4) 4: m/z 273 (-1.5) (-16.5)
4: (18.6) (17' 1) 5:m/z 325 (34.1) (21.2) 5: m/z 145 (90.9) (53.7) 5: m/z 257 (-0.2) (-14.8)
5: (18.5) (17'4) 6:m/z 325 (32.7) (20.8) 6: m/z 145 (88.3) (51.2) 6: m/z 257 (0.0) (-16.2)
6: (18.8) (17.8) 7: m/z 353 (27.0) (13.6) 7:m/z 173 (79.2) (41.7) 7: m/z 285 (-9.7) (-25.6)
7: (18.0) (17.2) 8:m/z 329 (34.0) (21.0) 8: m/z 149 (89.8) (52.8) 8: m/z 261 (-1.5) (-16.7)
8: (18.7) (1 7.9) 9: m/z 367 (32.9) (19.5) 9: m/z 187 (85.2) (47.6) 9: m/z 299 (-2.8) (-18.3)
9: (18.8) (17.7) 10: m/z 345 (34.1) (21.0) 10: m/z 165 (89.7) (52.6)  10: m/z 277 (-1.2) (-16.1)
10: (18.7) (17.8) 11: m/z 389 (34.2) (21.0) 11: m/z 209 (90.4) (53.4) 11: m/z 321 (-0.5) (-15.8)
11: (18.8) (17.9) " o
RDA T
r ®
| 0
o It
= O\
o
R R4
Rs
L R2
A3 F
(0.0) 1: (23.2) (20.5) 1: (12.0) (9.2) 1: m/z 189 (21.7) (5,8)
1: m/z 343 2: (22.5) (20.1) 2: (11.1) (9.7) 2: m/z 203 (18.1) (2.0)
2, 5, 6: m/z 357 3: (22.5) (20.1) 3:(13.8) (10.0) 3: m/z 219 (20.6) (4.7)
3,4: m/z 373 4:(21.5) (19.2) 4: (7.6) (6.6) 4: m/z 219 (18.7) (3.2)
7: m/z 385 5: (23.0) (20.6) 5: (14.4) (13.3) 5: m/z 203 (23.7) (8.2)
8: m/z 361 6: (22.8) (20.0) 6:(10.3) (7.8) 6: m/z 203 (20.5) (4.8)
9: m/z 399 7:(22.8) (21.8) 7:(9.0) (9.7) 7: m/z 231 (11.8) (-4.9)
10: m/z 377 8: (23.0) (20.6) 8:(10.4) (8.1) 8: m/z 207 (21.0) (5.2)
11: m/z 421 9: (22.5) (19.6) 9: (10.3) (7.7) 9: m/z 245 (17.3) (1.0)
10: (23.1) (20.6) 10: (10.6) (8.2) 10: m/z 223 (21.1) (5.3)
Il 11: (23.2) (20.5) 11: (10.8) (8.2) 11: m/z 267 (21.8) (6.3)
-CgHsR v
@
| -C10HgO5R
o & o cl) OH B 10M9L2 _0 (gH _0 OH
-CO, (o}
m(o\ <o, @& . .
_0 @®OH o _0 _0
G G1
D m/zE221 m/z 181 m/z 181
m/z 265 1: (16.6) (-5.7) 1: (42.9) (27.7) 1:(6.8) (-9.4)
1:(-12.4) (-25.5) 2: (16.8) (-3.9) 2: (43.4) (28.4) 2:(7.3) (-8.7)
2: (-12.2) (-23.7) 3:(16.9) (-5.4) 3: (43.4) (28.4) 3:(7.3) (-87)
3: (12.1) (-25.2) 4: (17.7) (-4.9) 4: (45.2) (30.7) 4:(9.1) (-6.4)
4: (-11.4) (-24.7) 5. “ 4'0) (_7‘ 9 5: (41.6) (26.3) 5: (5.5) (-10.8)
5: (-15.0) (-27.6) 6: (16.7) (-4.5) 6: (43.5) (28.2) 6: (7.4) (-8.9)
6:(-12.4) (-24.3) 7:(6.8) (-18.8) 7: (35.1) (20.0) 7:(-1.0) (-17.1)
7: (-22.2) (-38.6) 8 (1;,' 3) (-8‘0) 8: (40.8) (25.8) 8: (4.7) (-11.3)
8: (-14.7) (-27.8) 9: (17.8) (-4.9) 9: (43.8) (28.4) 9:(7.7) (-8.7)
19(:) (-(111%)) ((224;77)) 10: (14.4) (-7.9) 10: (40.8) (26.1) 10: (4.7) (-11.0)
1 (14.6) (-27. . 1 (41. : 11: (5.7) (-10.5
11: (41.7) (-25.1) 11: (17.3) (-5.3) 11: (41.8) (26.6) (5.7) ( )
SCHEME 3 Formation of the common product ions A-H of 3,4-dihydro-4-arylcoumarins 1-11. The enthalpies and Gibbs energies calculated

at the B3LYP/6-31+G(d,p) level are in kcal.mol™2.

protomer A2 (pathway lll; Scheme 3) involved C4H4O3 (100 Da) elimi-
nation through an RDA at ring B, resembling what has been reported
for flavonoids.®® On the other hand, product ion G formation from
protomer A2 (pathway V; Scheme 3) involved &-lactone ring contrac-

tion, to produce a p-lactone ring, whereas the resonance-stabilized

acylium ion F (pathway IV; Scheme 3) emerged after protomer A2 was
converted to acylium ion A3. Negative AH (between —32.5 and
—22.7 kecal mol™Y) and AG (between —47.4 and —35.4 kcal mol™?) for
product ion C formation from protomer A2 were lower as compared

to product ion G formation from protomer A2 (AH between 7.2 and
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14.3 kcal mol™%; AG between 8.0 and 14.9 kcal mol™Y). Although
lower AH (between —13.9 and —8.6 kcal mol™Y) and AG (between
—~7.3 and —12.6 kcal mol™%) were estimated for the conversion of
protomer A2 to acylium ion A3 (pathway IV; Scheme 3) compared to
product ion C formation from protomer A2, product ion F formation
from acylium ion A3 was an energetically less favored process (AH
between —8.6 and 13.9 kcalmol % AG between -7.3 and
—12.6 kcal mol~Y) than product ions C formation from A2 (AH values
between —32.5 and —22.8 kcalmol™'; AG between —47.4 and
—35.4 kcal mol™2). This could be the reason why product ion C was
more intense than product ions B, D, E, F, G, and H at E;, = 20 eV.
Nevertheless, at Ei,, higher than 40 eV, product ion G became the
base peak in the product ion spectra of coumarins 1-11 (see plots in

the Supporting Information).

3.4 | Formation of diagnostic product ions

Although the product ion spectra of coumarins 1-11 shared the most
intense product ions, the nature of the substituents at ring C played
an interesting role in the formation of some diagnostic ions. The rela-
tive intensity of these diagnostic ions was low (about 5% or lower) at
Eiap = 20 eV, but the ions intensified with increasing collision energies
(see breakdown graphs in the Supporting Information). However,
because the formation of these ions was associated with the nature,
position, and electronic effect of the substituents at ring C, they will
be also discussed here.

The presence of a tert-butyl group in ring C of coumarin 9 was
associated with formation of product ion | (m/z 243) through isobu-
tene (C4Hg) elimination from product ion C through remote hydrogen
rearrangement®® (Scheme 4). The calculated AH and AG were 17.1
and 4.5 kcal mol™?, respectively. Isobutene (56 Da) elimination has
also been reported for prenylated compounds,®” so it cannot be
considered specific for a tert-butyl group.

The product ion J emerged only in the product ion spectrum
of coumarin 4, which bears an ortho-methoxy group at ring C. The
absence of product ion J in the product ion spectrum of coumarin
3, which is a regioisomer of coumarin 4, evidenced that product
ion J formation depended on the methoxy group at the ortho
position. Indeed, the concerted and simultaneous elimination of
formaldehyde (CH,O, 30 Da) and benzyne (CgH4, 76 Da) cannot
occur in the case of coumarin 3, which has a meta-methoxy group
(Scheme 4). Nevertheless, AH and AG that were estimated to be
necessary for product ion C to be converted to product ion
J (105.9 and 79.2 kcal mol™) and then for product ion J to be
converted to aryl ion K (83.7 and 26.0 kcal mol™%, respectively)
were relatively high, which accounted for the low relative intensity
of the product ions J and K in the product ion spectrum of
coumarin 4 at E,,, = 20 eV.

Product ion L formation from C involves the conversion of a
secondary benzylic carbocation to a primary benzylic carbocation,
followed by rearrangement to an aromatic tropylium ion L1,%® as

shown in Scheme 5. Justino et al have proposed similar mechanisms

9: m/z 299 9: m/z 243
(-2.8) (-18.3) (14.3) (-13.8)
®
OH
~
J
m/z 167

4: m/z 273

(-1.5) (-16.5) /
H o
o o

—_—

o 0
J' K

(104.4) (62.7)

-

(149.8) (107.7) 4: m/z 135

(188.1) (133.7)

SCHEME 4 Formation of the diagnostic product ions I, J, and K.
The enthalpies and Gibbs energies calculated at the B3LYP/6-31+G
(d,p) level are in kcal.mol ™.

and structures for flavone and flavonol aglycones.®® This ion can be
useful to identify the nature of the substituents at ring C.

Although the C — L conversion should be highly endergonic and
endothermic for coumarins 1-11 (AH between 123.6 and
137.5 kcal mol™; AG between 110.8 and 124.6 kcal mol™Y), the
relative intensity of the product ion L in the product ion spectrum of
coumarins 2-11 obtained at E;,, = 20 eV should vary according to
the nature and position of the substituents at ring C. In the case of
coumarin 1, without a substituent at ring C, product ion L (m/z 91) did
not emerge in its product ion spectrum. These differences could be
associated with the different abilities of the substituents at ring C to
stabilize the structure of product ion L or its corresponding tropylium
jon L1 (Scheme 5).

Thermochemical data, estimated at the B3LYP level of theory,
revealed that coumarins 8, 10, and 11, which bear a halogen at the
para position of ring C, required the lowest AH and AG to form
product ion L from product ion C (125.6 and 111.6 kcal mol %,
124.7 and 110.8 kcalmol™?, and 124.6 and 110.8 kcal mol™?,
respectively). Indeed, halogens (F for coumarin 8, Cl for coumarin
10, and Br for coumarin 11) can stabilize the benzylic carbocation
L and the corresponding tropylium ion L1 due to their electron-
releasing mesomeric effect. Product ion L could also be stabilized
by the methoxy group at the ortho position of coumarin
4 (AH = 129.5 kcal mol™, AG = 116.0 kcal mol™%). On the other
hand, for coumarin 3, its higher AH and AG (137.5 and
124.6 kcal mol™%, respectively) as compared to coumarin
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SCHEME 5 Formation of the o (gH
diagnostic product ion M. The enthalpies - O < ®
and Gibbs energies calculated at the CeHgO; Ry R, 5 Ry
B3LYP/6-31+G(d,p) level are in kcal. 0 — —0 > g R
mol L. R4 Ra Rs 1 3
R, Rz
Rs L L1

Rz
Cc

1:m/z 243 (-0.5) (-15.8)
2: m/z 257 (-2.7) (-17.9)
3: m/z 273 (-1.3) (-16.6)
4: m/z 273 (-1.5) (-16.5)
5: m/z 257 (-0.2) (-14.8)
6: m/z 257 (0.0) (-16.2)
7: m/z 285 (-9.7) (-25.6)
8: m/z 261 (-1.5) (-16.7)
9: m/z 299 (-2.8) (-18.3)
10: m/z 277 (-1.2) (-16.1)
11: m/z 321 (-0.5) (-15.8)

4 corroborated that the methoxy group at the meta position of ring
C cannot stabilize product ion L as effectively as the methoxy group
at the ortho position.

Comparison of AH and AG of coumarins 5, 6, and 2, which
display a methyl group at the ortho, meta, and para positions of ring C,
respectively, indicated that product ion L stabilization depended on
the methyl group position. AH and AG calculated for coumarin
6 (a methyl group at the meta position) to produce product ion L from
product ion C (137.5 and 125.8 kcal mol~, respectively) were higher
compared to coumarin 5 (a methyl group at the ortho position, 133.4
and 119.7 kcal mol™2, respectively) and 2 (a methyl group at the para
position, 134.8 and 123.4 kcal mol™?, respectively). This result
revealed that product ion L stabilization promoted by the electron-
releasing methyl group at the meta position was less effective
compared to the coumarins where the same group is at the ortho or
para position. Thermochemical data also indicated that stabilization of
the tert-butyl group at the para position resembled stabilization of
the methyl group at the same position. Furthermore, the electron-
releasing effect of the methyl groups on product ion L stabilization
was additive, as corroborated by the lower AH (126.1 kcal mol’l) and
AG (114.8 kcal mol™%) calculated for coumarin 7 as compared to

coumarins 2, 5, and 6.

4 | CONCLUSIONS

Protonated 4-aryl-3,4-dihydrocoumarins 1-11 have similar gas-phase
fragmentation pathways. Most product ions originate from CgHgO»,
CO,, C4H403, CgH10O3, or CH3OH elimination through RDA reac-
tions, remote hydrogen rearrangements (B-eliminations), and p-lactone
ring contraction. However, formation of the benzylic product ion
L and its corresponding tropylium ion L1 is diagnostic of the substitu-
ents at ring C. The estimated thermochemical data revealed that the
most abundant product ions involve lower AH and AG and demon-
strated that the nature and the position of the substituents at ring C
play a key role in the formation of L and determine its relative inten-
sity in the product ion spectrum. The results of this study contribute

to knowledge of the gas-phase ion chemistry of this important class

:m/z91 (130.4) (102.4)
1 m/z 105 (127.2) (99.2)
:m/z 121 (121.3) (93.3)

:m/z 121 (122.10) (93.8
: m/z 105 (124.0) (95.2)
: m/z 105 (128.0) (98.6)
1 m/z 133 (109.2) (80.5)
: m/z 109 (119.5) (90.7)

1 m/z 147 (126.3) (97.9)

10: m/z 125 (119.0) (90.4)
11: m/z 169 (121.5) (92.3)

m/z 91 (139.3) (111.1)
m/z 105 (132.1) (105.5)
m/z 121 (136.2) (108.0)
m/z 121 (128.0) (99.5)
m/z 105 (133.2) (104.9)
m/z 105 (137.5) (109.6)
m/z 133 (116.4) (89.2)
m/z 109 (124.1) (94.9)
m/z 147 (130.9) (102.1)
10: m/z 125 (123.5) (94.7)
11: m/z 169 (124.1) (95.0)

woNnsakrab
CONONHAWN

of organic compounds and provide a convenient means to identify the
substituent at ring C in metabolism studies of compounds 1-11 via
LC-ESI-MS/MS analyses.
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