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ABSTRACT: Limonoids are bioactive plant specialized metabolites found in the
Meliaceae family. The basic limonoids, i.e., azadiradione, epoxyazadiradione, and
gedunin have been exploited for various bioactivities and therefore are the potential
drug leads for tomorrow. However, their low abundance, structural similarity, and lack
of adequate mass fragmentation data have hampered their accurate identification and
quantification from various sources. In the present study, basic limonoids such as
azadirone, azadiradione, epoxyazadiradione, and gedunin isolated from Neem were
utilized for the synthesis of their derivatives and isotopologs. A total of 30 one
compounds were used in this study among which five were isolated, two were
biotransformed, and 24 were synthesized. Among the synthesized compounds nine are
novel compounds including six deuterated analogs/isotopologs which are (1,3-2H)-1,2-
dihydro-3β-hydroxyazadiradione (9), (1,3,16-2H)-1,2-dihydro-3β-16β-dihydroxyazadir-
adione (10), 3β-hydroxyazadiradione (11), 3β-16β-dihydroxyazadiradione (12),
(3-2H)-3β-hydroxyazadiradione (13), (3,16-2H)-3β-16β-dihydroxyazadiradione (14), (1,3,7-2H)-1,2-dihydro-3β-hydroxy-7-deace-
tylazadiradione (15), 1,2,20,21,22,23-hexahydroazadiradione (17), and (1,3-2H)-1,2-dihydro-3β-hydroxygedunin (29). These
limonoids along with their semisynthesized derivatives were subjected to ultra high performance liquid chromatography mass
spectrometry (UHPLC−MS/MS) and the fragmentation pathway was established based on structure−fragment relationships
(SFRs), utilizing high resolution MS/MS data. We have developed a most reliable and easily reproducible protocol describing in
depth analysis of SFRs based on the structural modifications and synthesis of isotopologs. Also, the MS/MS fragment library of these
basic limonoids generated in this study acts as a fingerprint for accurate identification and quantification of limonoids by MS/MS
analysis in various plant tissue extracts, phytopharmaceutical formulations and biological samples.

1. INTRODUCTION
In recent years, tandem mass spectrometry (MS) has over-
shadowed the other analytical techniques for the structural
prediction of individual components in low quantity complex
mixture of organic small-molecules especially natural prod-
ucts.1−11 Usual approaches for the identification of an analyte
through mass spectrometry includes (i) coanalysis with the
reference sample, (ii) comparison to the experimental reference
data obtained from mass spectral libraries or predicted in silico
mass spectra, and (iii) generation of empirical formula
supporting the mass fragments and establishment of their
structure−fragment relationships.4,7 Unavailability of the
reference compound or mass-repository data often compels
the analytical chemists to adopt the third and last approach for
the structure prediction.
The fragment/product ions11 generated through tandem

mass spectrometry can be assigned individually to their tentative
chemical structures by deriving the fragmentation pathway,
which is termed as the “structure−fragment relationship” or
“structure−product ion relationship” (SFR). The SFR of a
known molecule can be utilized for predicting the SFRs of
unknown molecules, if the structure of an unknown analyte is a
derivative or analog to the known precursor molecule. It has

been utilized widely as a routine technique for the rapid
screening of natural sources in search of novel members of a
predefined skeleton,2,12−16 studying the metabolism of
pharmaceuticals,17−20 predicting the structure of unknowns in
metabolomics,3,21−23 differentiation of a region or stereo-
isomeric compounds,24−27 “dereplication” of natural prod-
ucts,6,28 degradation studies,29−33 and so on. For example,
over two thousand articles have been published in the last ten
years on the investigation of drug metabolism through mass
spectrometry according to the information sourced from ISI
Web of Science using the various combinations of keyword
inputs such as “mass spectrometry”, “MS”, “drug”, “metabo-
lism”, and “metabolite”.
Identification of unknown volatiles/semivolatiles through the

electron−ionization (EI) technique can be performed con-
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veniently due to the availability of large mass spectral libraries.4,7

For example, the well-known NIST20 library (http://www.
sisweb.com/software/ms/nist.htm) reserves 350,643 EI-MS
spectra for 306,869 unique molecules. However, nonvolatile
small molecules are ionized through soft-ionization techniques
(such as ESI, MALDI, and APCI) and further analyzed by
quadrupole, time-of-flight, ion trap, or hybrid technology.
Moreover, they are subjected to tandem mass spectrometry
for the fragmentation of molecular ion to generate product ions
carrying valuable structural information. Unfortunately, the
available count of the MS−MS spectra in mass repositories for
nonvolatiles is truly insufficient considering their huge structural
diversity. For instance, NIST20 holds MS/MS spectra of about
31,000 uniquemolecules in total. Consequently, SFRs often play
a pivotal role for the structural elucidation of these molecules.
To date, the interpretation of SFR is based on some empirical
fragmentation rules (such as even-electron ion), preobserved
regularities in fragmentation of a specific class of molecule,
neutral loss/formation of stable ion isotopic distribution pattern,
or comparison to algorithm based in silico fragmentation.4,7,34

Especially, in the case of complex multifunctional organic
molecules the prediction of SFR is more complicated due to the
presence of several alternative routes for the generation of the
same product ion.35,36 Therefore, development of a technique
which incorporates higher reliability in SFR prediction is greatly
desirable because the authenticity of a predicted structure is
highly dependent on the quality of proposed SFRs.
In this Article, a promising protocol has been described to

bring deeper insight into SFRs based on the structural
modification and synthesis of isotopologs (i.e., chemical species
differing only in their isotopic composition) of the molecules of
interest. Valuable information obtained on the structural origin
of the fragments through simple semisynthesis of the derivatives
greatly assists in predicting the SFRs of structurally complex
molecules. Applicability of the protocol was further validated by
predicting the SFRs (MS/MS) of basic limonoids, a class of
tetranortriterpenoids,37,38 viz., azadiradione (2), epoxyazadir-
adione (18), and gedunin (22) (Figure 1). In this manuscript we
have developed a UHPLC−MS/MS based method for
identification of structural fragments of basic limonoids. The
tentative SFRs of product ions generated from the 28 analogs
were deduced.

2. RESULTS AND DISCUSSION
The developed protocol for delineating reliable SFR of complex
organic molecules is based on structural modifications and
isotope labeling (isotopologs) of the precursor molecule.
Functional groups (mostly oxygenated), ornamentally present
on the skeleton of the organic framework are often responsible
for the initiation of ionization in soft-ionization techniques.

Modifications of these moieties will potentially alter the
fragmentation pathway leading to the variation in tandem
mass fragments and their relative intensities. Therefore,
variation in abundance (i.e., relative intensity) of individual
product ions caused by specific structural modification states
their “structural origin” and “fragmentation pathway” (i.e.,
“root” and route), aiding the establishment of SFRs. On the
other hand, isotopologs usually follow the identical fragmenta-
tion pathway showing similar intensities for the mechanistically
identical product ions, thus making the analysis easier and
authentic. Tandemmass spectra of isotopologs clearly notify the
presence/absence of labeling on each and every product ions.
This is highly informative to decipher the “structural origin” and
construct SFRs. The developed method was performed through
a number of systematic steps as follows:

2.1. Structural Modifications and Semisynthesis of
Isotopologs. Azadiradione (2), epoxyazadiradione (18), and
gedunin (22) isolated from Neem were subjected to strategic
synthetic protocols for structural modifications to construct a
small library of structural analogs. Similarly, isotopologs were
synthesized using isotope-labeled reagents. All the synthesized
structurally different analogs of basic limonoids were charac-
terized by NMR and used for MS/MS fragmentation studies.

2.1.1. Semisynthesis of Azadiradione (2) Derivatives.
Semisynthesis of azadiradione (2) derivatives is illustrated in
Scheme 1. Compound 3 was obtained by treating 2 with
methanolic K2CO3, which on further oxidation using PCC gave
4. Compounds 7, 8 and 9, 10 were obtained by the reduction of
2with NaBH4 andNaBD4, respectively. NaBD4 on reaction with
4 gave 15. The Luche reduction of compound 2 with NaBH4·
CeCl3 andNaBD4·CeCl3 yielded 11, 12 and 13, 14, respectively.
Compound 6 was obtained by epoxidation of 2. Hydrogenation
of compound 2 yielded 5, 17. The detailed description on
synthesis of analogs is discussed in the Supporting Information
(section A). Compounds 9−15, 17 are novel and reported here
for the first time.

2.1.2. Semisynthesis of Epoxyazadiradione (18) Deriva-
tives. Epoxyazadiradione (18) was subjected to functional
modification as shown in Scheme 2. Compound 19 was
obtained by treating 18 with methanolic K2CO3, which on
further oxidation with PCC yielded compound 20. Hydro-
genation of compound 18 by H2/Pd generated compound 21.
The detailed description on synthesis of analogs is discussed in
the Supporting Information (section A).

2.1.3. Semisynthesis of Gedunin (22) Derivatives. Func-
tional modification of gedunin (22) is shown in Scheme 3. By
deacetylation of 22 with saturated methanolic K2CO3 solution,
compound 23 was synthesized. Reaction of 23 with H2O2,
NaOH yielded compound 27 and with PCC yielded 24,
respectively. Hydrogenation of compound 22 generated

Figure 1. Structures of basic limonoids.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c03697
ACS Omega 2021, 6, 26454−26476

26455

http://www.sisweb.com/software/ms/nist.htm
http://www.sisweb.com/software/ms/nist.htm
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c03697/suppl_file/ao1c03697_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c03697/suppl_file/ao1c03697_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03697?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03697?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03697?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03697?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c03697?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


compound 25 and epoxidation of compound 22 in the presence
of H2O2, NaOH gave 26. The treatment of 22 with NaBH4 and
NaBD4 individually gave compounds 28 and 29, respectively.
The detailed description on synthesis of analogs is discussed in
the Supporting Information (section A). Among the synthesized
derivatives of 22, compound 29 is novel with deuteration at C1
and C3.
2.2. Optimization of Collision Energy. The abundance of

product ions in tandem mass spectroscopy is highly dependent
on the intensity of collision energy employed. More energy

enhances the intensity of low mass fragments and vice versa.
Therefore, collision energy was optimized to achieve significant
abundance of product ions in tandem mass spectra of precursor
molecules throughout an energy range. MS/MS analysis was
investigated by employing high-energy C-trap dissociation
(HCD) with orbitrap detection.
The limonoids azadiradione (2), epoxyazadiradione (18),

and gedunin (22) were used as representatives for the
optimization study with variable normalized collision energy
(NCE) of 15, 20, 25, 30, and 35%; this was plotted as variation in

Scheme 1. Synthesis of Azadiradione (2) Derivativesa

aReagents and conditions: (a) K2CO3/MeOH, (b) PCC, (c) H2/Pd, (d) H2O2/NaOH, (e) NaBH4, (f) NaBD4, (g) NaBH4/CeCl3, (h) NaBD4/
CeCl3.
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intensities of the fragments with that of sweeping collision
energy (Figure 2). The NCE of 25% was established to generate
the product ions of both high and low mass fragments
throughout. This was favored for all basic limonoids and their
derivatives.

2.3. Recording of TandemMass Spectra. By applying the
optimized collision energy, MS/MS spectra were recorded for
the molecular ion in all structural analogs. The precursor ion and
their product ions with corresponding chemical formula and
percent intensity are well documented as shown in Tables 1, 2,
and 3.

2.4. Tentative Structural Identification of the Product
Ions. As mentioned above, modification(s) of skeletal func-
tional groups may not only change the list of tandem mass
fragments but also their abundances. Extinction/lowering of
intensity of specific product ions is due to the modification on a
distinct structural part indicating the origin of product ions. This
probability was evaluated through different modifications on the
same structural part and the effect on the product ion was
analyzed. Higher confidence was gained over the prediction by
analyzing the tandem mass spectra of corresponding isotopolog.

2.5. Elucidating the MS/MS Fragmentation Pathway
of the Precursor Ions and Establishing SFRs. Knowing the

Scheme 2. Synthesis of Epoxyazadiradione (18) Derivativesa

aReagents and conditions: (a) K2CO3/MeOH, (b) PCC, (c) H2/Pd.

Scheme 3. Synthesis of Gedunin (22) Derivativesa

aReagents and conditions: (a) K2CO3/MeOH, (b) H2O2/NaOH, (c) PCC, (d) H2/Pd, (e) NaBH4, (f) NaBD4.
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structural origin of product ions, the fragmentation pathway was
elucidated manually with higher confidence for compounds 2,
18, and 22 and their respective derivatives. SFRs of product ions
were established with high accuracy (error <5 ppm) by
comparative HCD-MS/MS analyses of the 17 precursor ions
for 2, four precursor ions for 18, and ten precursor ions for 22.
The information generated on SFRs will guide the structural
elucidation of unknown analog by comparative analysis. The
complete protocol for elucidation of SFRs is represented in

Figure 3. The following section discusses fragmentation
pathways and SFRs in detail based on MS/MS characterization.

2.5.1. MS/MS Characterization of Azadiradione (2) and Its
Derivatives. The tentative fragmentation pattern was obtained
by subjecting azadiradione (2) and its derivatives to the HCD-
MS/MS studies with 25% NCE (Table 1) and are schematically
represented in Figures 4, 5, 6, and S174. Functionally modified
derivatives of azadiradione (2), viz., 3 (7-deacetylazadiradione),
4 (7-oxoazadiradione), 5 (1,2-dihydroazadiradione), 6 (1,2α-

Figure 2. Variation in relative intensity of MS/MS product ions with varying NCE for (A) azadiradione (2), (B) epoxyazadiradione (18), and (C)
gedunin (22).
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Table 1. Structure, Precursor Ion, and Their Product Ions (with Corresponding Chemical Formula and % Intensity) of
Azadiradione (2) and Its Derivatives
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epoxyazadiradione), 7 (1,2-dihydro-3β-hydroxyazadiradione),
8 (1,2-dihydro-3β-16β-dihydroxyazadiradione), 9 [(1,3-2H)-
1,2-dihydro-3β-hydroxyazadiradione], 10 [(1,3,16-2H)-1,2-di-
hydro-3β-16β-dihydroxyazadiradione], 11 (3β-hydroxyazadir-
adione), 12 (3β-16β-dihydroxyazadiradione), 13 [(3-2H)-3β-
hydroxyazadiradione], 14 [(3,16-2H)-3β-16β-dihydroxyazadir-

adione], 15 [(1,3,7-2H)-1,2-dihydro-3β-hydroxy-7-deacetylaza-
diradione], and 17 (1,2,20,21,22,23-hexahydroazadiradione)
and one isolated limonoid derivative 16, (17β-hydroxyazadir-
adione), were individually subjected to MS/MS studies in 25%
NCE. When the precursor ion of [M + H]+ at m/z 451.2483 for
azadiradione was subjected to MS/MS studies, the product ions

Table 1. continued
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at m/z 107.0496, 109.0288, 109.0652, 109.1016, 121.1015,
135.0443, 135.0806, 137.0963, 147.1170, 149.0963, 173.0962,
175.1119, 213.1274, 241.1223, 243.1379, 255.1379, 349.2159,
373.2161, and 391.2267 were obtained (Table 1). Many of the
product ions obtained for 2 were present for its functionally
modified analogs 1 and 3−17. However, due to various
modifications such as deacetylation, carbonylation, and
reduction in carbonyl/oleofinic double bond/furan ring, the
m/z values of the product ions in the analogs varied with respect
to product ions obtained for 2. In brief, the deacetylation and
carbonylation at C7 of 2 produced analogs 3 and 4, respectively.
TheΔ1,2 reduction of 2 formed analog 5. The epoxidation at the
A-ring in 2 generated the analog 6. The reduction at the C3
carbonyl and the Δ1,2 double bond of 2 formed analog 7.
Further, reduction at the C16 of 7 generated analog 8. The
derivatives 9 and 10 are isotopologs of 7 and 8, respectively. The
reduction at the C3 carbonyl of 2 formed analog 11. The
reduction at the C16 carbonyl of 11 formed analog 12. The
derivatives 13 and 14 are isotopologs of 11 and 12, respectively.
The reduction at the C3 carbonyl and theΔ1,2 double bond of 3
formed analog 15 which was deuterated at C1, C3, and C7. The
C17 hydroxylation of 2 generated analog 16. The reduction of
the furan ring in 5 formed analog 17 (Scheme 1).
The structure and mechanism of formation of the product

ions originating from the precursor ion of 2 and the
corresponding product ions generated in the analogs are
discussed in detail. The product ion of highest intensity at m/
z 391.2267 (100%) of 2 was formed by the loss of the acetoxy
group at the B-ring by inductive cleavage as reported in the

HighChem Fragmentation Library, which was favored in
analogs 5−14, 16, and 17 (Figures 6 and S174). The
dehydration and carbonyl reduction at the B-ring in analogs 3,
15, and 4, respectively, yielded the corresponding product ions.
The corresponding product ions appeared atm/z 391.2264 in 3;
atm/z 407.2213 in 4, 6, and 16; atm/z 393.2416 in 5 and 11; at
m/z 395.2565 in 7 and 12; and at m/z 397.2727 in 8 and 17.
Further, this proposed fragmentation pathway was verified by
the presence of the product ion with increased mass in
isotopologs at m/z 397.2727 in 9 and 14; at m/z 400.2917 in
10; at m/z 394.2482 in 13; and at m/z 398.2751 in 15.
The protonation initiated at C16 carbonyl followed by the

neutral loss of water molecule and acetic acid, generated the
product ion at m/z 373.2161 (19.17%) of 2, and this route was
favored by analogs 5−14 and 17 (Figures 6 and S174), whereas
in analogs 3 and 15, the C16 carbonyl protonation was followed
by dehydration at the B- and D-rings. Also, in analog 4, the C16
carbonyl protonation and dehydration formed the correspond-
ing product ion. The C7 deacetoxylation and C17 dehydration
in analog 16 formed the corresponding product ion. The
product ion at m/z 373.2161 of 2 appeared at m/z 373.2158 in
3; atm/z 389.2106 in 4, 6, and 16; atm/z 375.2311 in 5 and 11;
at m/z 377.2460 in 7 and 12; and at m/z 379.2624 in 8 and 17.
This fragmentation pathway was confirmed by the presence of
product ion with increased mass in isotopologs atm/z 379.2624
in 9 and 14; at m/z 382.2809 in 10; at m/z 376.2376 in 13; and
at m/z 380.2646 in 15.
The product ion at m/z 349.2159 (11.84%) of 2 was formed

through protonation mediated cleavage of the A-ring followed

Table 2. Structure, Precursor Ion, and Their Product Ions (with Corresponding Chemical Formula and % Intensity) of
Epoxyazadiradione (18) and Its Derivatives
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by removal of the C16 carbonyl oxygen as reported in the
HighChem Fragmentation Library. This fragmentation pathway
was supported by the presence of product ions at the same mass
in analogs 5−7 and 11−13; at m/z 305.1895 in 3; at m/z
321.1845 in 4; and at m/z 353.2466 in 17. The mass differences
observed in the analogs were associated with B-ring dehydration,
an intact C7 carbonyl, and a reduced furan ring, respectively
(Figures 4 and S174). Further, this fragmentation pathway was
validated by the presence of product ions with increased mass in
isotopologs atm/z 350.2224 in 9 and 14 and atm/z 307.2008 in

15. However, no corresponding product ions were detected in
analogs 8 and 10 due to reduced C16 carbonyl and conjugated
carbonyl moiety at the A-ring as well as in analog 16 due to the
C17 hydroxyl moiety.
The B-ring cleavage in the product ion at m/z 391.2267 of 2

generated another product ion at m/z 255.1379 (33.24%)
(Figures 6 and S174). This fragmentation pathway was favored
by the presence of product ions at the same mass in analogs 3,
5−7, 9, 11, and 13; at m/z 253.1220 in 4; at m/z 239.1426 in 8
and 12; at m/z 271.1325 in 16; and at m/z 259.1685 in 17. The

Table 3. Structure, Precursor Ion, and Their Product Ions (with Corresponding Chemical Formula and % Intensity) of Gedunin
(22) and Its Derivatives
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mass differences observed in the analogs were associated with
dehydration at the B/D-rings, an additional C17 hydroxyl
moiety and a reduced furan ring. This fragmentation pathway
was evident by the presence of the product ion with increased
mass in the isotopologs atm/z 240.1488 in 10 and 14 and atm/z
256.1434 in 15.
The product ions at m/z 243.1379 (21.78%) and 241.1223

(21.46%) of 2 were formed by protonation initiated at the D-
ring and subsequent cleavages of A-, B-, and C-rings (Figure 5).
These fragmentation pathways of product ions at m/z 243.1379
and 241.1223 of 2 were supported by the presence of product
ions at the same mass in analogs 3−7, 9, 11, and 13; at m/z
227.1426 and 225.1270 in 8 and 12; at m/z 259.1325, and
257.1169 in 16; and at m/z 247.1685 and 245.1529 in 17. The
mass differences observed in the analogs were associated with
dehydration at the B/D-rings, an additional C17 hydroxyl
moiety, and a reduced furan ring. This proposed fragmentation
route was evident by the presence of product ion with increased
mass in isotopologs atm/z 228.1489 and 226.1332 in 10 and 14
and at m/z 244.1436 and 242.1278 in 15 corresponding to
product ions at m/z 243.1379 and 241.1223 of 2, respectively.
For the product ion at m/z 213.1274 (15.98%) of 2, two

structurally different product ions were formed with the same
elemental compositions (213a, 213b) (Figures 4 and 6).
Protonation initiated at the D-ring followed by subsequent
cleavages led to the formation of product ion at m/z 213.1274
(213a), and this was supported by the formation of products
ions at the samemass in analogs 3, 4, 6, and 16; atm/z 215.1428

in 5, 11, 12, and 17; and at m/z 217.1581 in 7 and 8. The mass
differences observed in the analogs were associated with the
reduction in theΔ1,2 double bond/C3 carbonyl and C3 hydroxyl
moiety. This fragmentation route was evidenced by the presence
of product ion with increased mass in isotopologs at m/z
219.1714 in 9 and 10 and at m/z 216.1469 in 13 and 14. The
product ion at m/z 213.1274 (213b) originated through two
different routes. In onemechanism it was formed by protonation
initiated at the A-ring following cleavages of the A- and B-rings.
In another route its formation was initiated by deacetoxylation at
C7 followed by the retro-Diels−Alder mechanism. This
fragmentation route was favored by the presence of product
ions at the same mass in analogs 3−9, 11−13, and 15; at m/z
227.1064 in 16; and atm/z 217.1581 in 17. Themass differences
observed in the analogs were associated with an additional C17
hydroxyl moiety and a reduced furan ring, respectively. Further,
the increased mass in the product ion of isotopologs at m/z
214.1333 in 10 and 14 confirmed the fragmentationmechanism.
For the product ion at m/z 175.1119 (10.17%) of 2, two

structurally different product ions were formed with the same
elemental compositions (175a, 175b) (Figures 5 and 6). The
product ion 175a of 2 was formed through protonation initiated
at the D-ring followed by a 1,3 shift and subsequent cleavages.
This fragmentation route was favored by the appearance of
product ion at the same mass in analogs 3−6, 16, and 17 and at
m/z 177.1268 in analogs 7, 8, 11, and 12, and the proposed
fragmentation route was confirmed by the presence of product
ion atm/z 178.1355 in their respective isotopologs 9, 10, 13, 14

Figure 3. Flowchart depicting the elucidation of structure−fragment relationships (SFRs) in complex natural organic molecules.
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as well as at m/z 179.1395 in the C3, C7 deuterated analog 15.
Themass differences observed in the analogs were due to the C3
carbonyl reduction. The product ions at m/z 175.1119
(10.17%) (175b) and 173.0962 (14.90%) (173a) of 2 were
generated by protonation initiated at the D-ring and subsequent

cleavage of the B-, C-, and D-rings (Figure 5). This
fragmentation route for the product ions at m/z 175.1119
(175b) and 173.0962 (173a) of 2 was supported by the
presence of product ions at the same mass in analogs 3, 4, 6, and
16; at m/z 177.1270 and 175.1114 in 5, 11, 12, and 17; and at

Figure 4. Tentative fragmentation pattern obtained from the product ion scan of the precursor ion of azadiradione at m/z 451.2483.
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m/z 161.1321 and 159.1165 in 7 and 8, respectively. The mass
differences observed in the analogs were associated with a
reduction in the Δ1,2 double bond/C3 carbonyl. This
fragmentation route was validated by the presence of product
ions with increasedmass in the isotopologs, i.e., atm/z 178.1333
and 176.1178 in 13 and 14 and atm/z 163.1451 and 161.1322 in
9, 10, and 15 corresponding to product ions at m/z 175.1119
(175b) and 173.0962 (173a) of 2, respectively. The D-ring
protonation followed by subsequent cleavage led to the
formation of the product ion at m/z 173.0962 (173b) of 2.
This fragmentation route was supported by the presence of
product ions at the samemass in analogs 3−9, 11−13, and 15; at
m/z 205.0863 in 16; and at m/z 177.1270 in 17. The mass
differences observed in these analogs were associated with the
additional C17 hydroxyl moiety and a reduced furan ring,
respectively. Further, it was evident by the presence of product
ion with increased mass at m/z 174.1022 in isotopologs 10 and
14 which are C16 deuterated.

After the A-ring protonation, subsequent cleavages formed
the product ion at m/z 149.0963 (23.37%) of 2 whereas retro-
Diels−Alder rearrangement after the A-ring protonation led to
the formation of product ion at m/z 137.0963 (25.80%) of 2
(Figure 4). Both mechanisms were supported by the presence of
product ions at the same mass in analogs 3, 4, 6, and 16 and
varied in others due to structural modifications. The
fragmentation pathway for the product ions at m/z 149.0963
and 137.0963 of 2 appeared atm/z 151.1114 and 139.1117 in 5,
11, 12, and 17 and at m/z 135.1166 and 123.1167 in 7 and 8,
respectively. The mass differences observed in the analogs were
due to the reduction in the Δ1,2 double bond/C3 carbonyl.
These fragmentation routes were further evidenced by the
presence of product ions with increased mass in isotopologs at
m/z 152.1177 and 140.1180 in 13 and 14 andm/z 137.1296 and
125.1297 in 9, 10, and 15 corresponding to product ions at m/z
149.0963 and 137.0963 of 2, respectively.

Figure 5. Tentative fragmentation pattern obtained from the product ion scan of the precursor ion of azadiradione at m/z 451.2483.
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The product ion generated at m/z 147.1170 (10.61%) in 2
was formed through the D-ring protonation following cleavages
and was supported by the presence of product ions at the same
mass in analogs 3−14, 16, and 17 as well as in C7 deuterated
analog 15 where it appeared at m/z 148.1231 (Figure 4).
For the product ion at m/z 135.0806 (19.72%) two

structurally different fragments (135a, 135b) with the same
elemental compositions were generated (Figures 4 and 6). The
mechanism of formation of the product ion at m/z 135.0806
(135a) of 2 was initiated through the D-ring protonation
following successive cleavages as reported earlier on the ring-
opening fragmentation mechanism for the lactone moiety.39,40

This fragmentation pathway was supported by the presence of
product ions at the samemass in analogs 3−15; atm/z 151.0750
in 16; and atm/z 139.1115 in 17. Themass differences observed

in the analogs were due to an additional C17 hydroxyl moiety
and a reduced furan ring, respectively, whereas the product ion
at m/z 135.0806 (135b) of 2 was formed through deacetox-
ylation at C7 or protonation initiated at the D-ring and both the
routes then involve a retro-Diels−Alder mechanism followed by
a 1,3 shift. This fragmentation route was favored by the presence
of product ions at the samemass in analogs 3, 4, 6, and 16; atm/
z 137.0960 in 5 and 17; at m/z 139.1115 in 7 and 8; and at m/z
137.1296 in 11 and 12. The mass differences observed in the
analogs were associated with the reduction in the Δ1,2 double
bond/C3 carbonyl and with C3 hydroxylation. Further, the
fragmentation pathway was evident from the increased mass in
product ion of isotopologs atm/z 141.1245 in 9, 10, and 15 and
at m/z 138.1024 in 13 and 14.

Figure 6. Tentative fragmentation pattern obtained from the product ion scan of the precursor ion of azadiradione at m/z 451.2483
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The D-ring protonation following cleavages formed the
product ion atm/z 135.0443 (16.02%) from the precursor ion of
2 (Figure 5). This fragmentation pathway was supported by the
presence of product ions at the same mass in analogs 3−7, 9, 11,
13, and 15; atm/z 119.0492 in 8 and 12; atm/z 151.0387 in 16;
and atm/z 139.0751 in 17. The mass differences observed in the
analogs were due to dehydration, additional C17 hydroxyl
moiety and reduced furan ring. This fragmentation pathway was

confirmed by the increased mass in product ions at m/z
120.0554 in isotopologs 10 and 14.
The product ion at m/z 121.1015 (14.98%) of 2 was formed

from the product ion atm/z 137.0963 and was supported by the
presence of product ions at the same mass in analogs 3−8, 11,
12, 16, and 17 (Figure 4). This fragmentation route was evident
by the increased mass of product ions in isotopologs at m/z
123.1137 in 9, 10, and 15 and at m/z 122.1077 in 13, 14.

Figure 7. Tentative fragmentation pattern obtained from the product ion scan of the precursor ion of epoxyazadiradione at m/z 467.2424.
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The cleavage of product ion at m/z 137.0963 of 2 generated
another product ion atm/z 109.1016 (11.13%) and the product
ion atm/z 109.0652 (11.05%) of 2was generated through the A-
ring protonation with fragment ion containing cleaved portions
of A- and B-rings (Figure 4). Both these fragmentation pathways
were supported by the presence of the same-mass product ions
in analogs 3−8, 11−14, 16, and 17, which was confirmed by the
increased mass of product ion in deuterated analogs 9, 10, and
15.
The lower mass product ions at m/z 109.0288 (16.40%) and

107.0496 (22.98%) of 2 were generated through the D-ring
protonation with a fragment ion containing furan ring (Figure

4). The fragmentation pathway of product ion at m/z 109.0288
of 2 was supported by the presence of the same-mass product
ions in analogs 3−7, 9, 11, 13, and 15; at m/z 95.0495 in 8 and
12; atm/z 125.0234 in 16; and atm/z 113.0598 in 17. The mass
differences observed in the analogs were associated with C16
dehydroxylation, additional C17 hydroxyl moiety and reduced
furan ring. This fragmentation pathway was evident with the
increased mass of product ions in isotopologs at m/z 96.0557 in
10 and 14. The fragmentation pathway of product ion at m/z
107.0496 of 2 was supported by the presence of the same-mass
product ions in analogs 3−9, 11−13, and 15; atm/z 123.0442 in
16; and atm/z 111.0805 in 17. Themass differences observed in

Figure 8. Tentative fragmentation pattern obtained from the product ion scan of the precursor ion of epoxyazadiradione at m/z 467.2424.
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Figure 9. Tentative fragmentation pattern obtained from the product ion scan of the precursor ion of epoxyazadiradione at m/z 467.2424.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c03697
ACS Omega 2021, 6, 26454−26476

26469

https://pubs.acs.org/doi/10.1021/acsomega.1c03697?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03697?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03697?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03697?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c03697?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the analogs were associated with the additional C17 hydroxyl
moiety and reduced furan ring, respectively. This fragmentation
pathway was confirmed by the presence of increased mass in
product ions of isotoplogs at m/z 108.0556 in 10 and 14.
To further validate our proposed fragmentation pathway we

subjected azadirone (1) to MS/MS fragmentation under the
same parameters and established a tentative fragmentation
pattern. Azadirone (1) is a natural analog of 2 isolated from the
Neem fruit, which differed only at C16 position in the D-ring.
From the precursor ion atm/z 437.2687 of 1, the product ions at
m/z 95.0495, 107.0495, 109.0651, 109.1014, 121.1013,
121.0650, 135.0805, 137.0961, 147.1168, 149.0960, 175.1116,
213.1272, 215.1428, 227.1427, 229.1584, 241.1584, and
377.2468 were generated. The initiation or termination of
fragmentation involving the D-ring plays a key role in generating
the product ions of 1 and 2. The product ions at m/z 213.1274
(213a), 149.0963, 147.1170, 137.0963, 135.0806 (135b),
121.1015, 109.1016, 109.0652, and 107.0496 of 2 appeared at
the samemass in 1. The product ion atm/z 109.0288 (C6H5O2)
of 2 appeared atm/z 95.0495 (43.86%) in 1, because the oxygen
atom at C16 was absent in 1, thus supporting the proposed
fragmentation pathway. The structure and the mechanism of
formation of the product ions at m/z 377.2468, 241.1584,
229.1584, 227.1427, 215.1428, 175.1116, and 121.1013
originating from the precursor ion of 1, due to involvement of
the D-ring, occurs by a similar mechanism of the product ions at
m/z 391.2267, 255.1379, 243.1379, 241.1223, 213.1274
(213b), 173.0962 (173b), and 135.0443, respectively generated
from the precursor ion 2. The product ions at m/z 373.2161,
349.2159, 175.1119 (175a, 175b), 173.0962 (173a), and
135.0806 (135a) of 2 were not detected in 1 due to the
involvement of the C16 carbonyl at the D-ring in the
fragmentation mechanism.
2.5.2. MS/MS Characterization of Epoxyazadiradione (18)

and Its Derivatives. The tentative fragmentation pattern
obtained by the HCD-MS/MS of the precursor ion of
epoxyazadiradione (18) having the precursor ion of [M + H]+

atm/z 467.2424 was subjected to MS/MS studies in 25% NCE,
which generated product ions at m/z 81.0340, 107.0859,
109.0287, 121.1014, 135.0805, 137.0961, 149.0961, 161.0961,
163.1117, 175.1117, 187.1117, 199.1117, 213.1272, 241.1584,
243.1377, 257.1169, 259.1326, 269.1896, 271.1325, 299.2001,
389.2106, and 407.2211 (Table 2), is represented in Figures 7, 8,
and 9.Many of the product ions obtained for 18were present for
its functionally modified analogs 19−21. But due to various
modifications such as deacetylation, carbonylation, and Δ1,2

double bond reduction in analogs 19−21, respectively, the mass
values of the product ions in the analogs varied with respect to
the product ions obtained for 18 (Scheme 2).
The highest mass product ion at m/z 407.2211 (73.04%) of

18 was generated by the neutral loss of [M − AcOH + H]+

(Figure 8). The product ion at m/z 389.2106 (17.68%) of 18
was formed through the D-ring protonation followed by the
neutral loss of acetoxyl and water molecule whereas the product
ion atm/z 299.2001 (15.02%) of 18 was formed through the D-
ring protonation following deacetoxylation (Figures 7 and 8).
The fragmentation routes for the product ions atm/z 407.2211,
389.2106, and 299.2001 of 18 were evident by the presence of
product ion at the same mass in analog 19; at m/z 405.2055,
387.1949, and 297.1845 in 20; and at m/z 409.2358, 391.2252,
and 301.2150 in 21, respectively. The mass differences observed
for the analogs were associated with the C7 carbonyl
functionality and the Δ1,2 double bond reduction, respectively.

The B-ring cleavage in the product ion atm/z 407.2211 of 18
generated the product ion at m/z 271.1325 (26.06%) of 18
(Figure 8). The product ions at m/z 259.1326 (10.74%) and
257.1169 (16.59%) of 18 were formed through the D-ring
protonation following cleavage of the A- and B-rings (Figure 9).
The initiation of protonation at the furan ring of 18 followed by
rearrangement led to the formation of product ion at m/z
243.1377 (9.30%) (Figure 9). The product ion atm/z 241.1584
(9.52%) of 18 was formed through the D-ring protonation
followed by cleavages (Figure 7). For the product ion at m/z
213.1272 (16.54%) two different structures with the same
elemental compositions were formed, i.e., 213a and 213b,
generated through the D-ring protonation and furan ring
protonation, both followed by rearrangements, respectively
(Figures 8 and 9). The product ions at m/z 199.1117 (11.75%)
and 187.1117 (9.58%) of 18 were formed through furan ring
protonation followed by deacetoxylation and rearrangements
(Figure 8). The product ion at m/z 163.1117 (14.70%) of 18
was formed through the D-ring protonation followed by
deacetoxylation (Figure 8). The protonation initiated at the
furan ring gives rise to product ions at m/z 161.0961 (16.22%)
and 137.0961 (20.14%) of 18 (Figures 8 and 9). The product
ion at m/z 137.0961 of 18 was also formed through the D-ring
protonation following cleavages (Figure 8). The cleavage at the
B-ring in the product ion at m/z 407.2211 of 18 led to the
formation of low mass product ion at m/z 121.1014 (13.0%)
(Figure 8). The D-ring protonation and subsequent cleavages
led to the formation of product ion atm/z 109.0287 (69.85%) of
18 (Figure 8). The D-ring protonation generated the product
ions at m/z 107.0859 (10.90%) and 81.0340 (14.89%) of 18
containing a B-ring and a furan ring, respectively (Figure 7). The
fragmentation routes for the product ions at m/z 271.1325,
259.1326, 257.1169, 243.1377, 241.1584, 213.1272 (213a,
213b), 199.1117, 187.1117, 175.1117 (175a), 163.1117,
161.0961, 135.0805 (135a), 121.1014, 109.0287, 107.0859,
and 81.0340 appeared at the same mass in all analogs (19−21),
thereby supporting the proposed fragmentation pathway.
The cleavage of epoxide moiety from the product ion at m/z

299.2001 of 18 formed the product ion at m/z 269.1896
(14.45%) (Figure 8). For the product ion at m/z 175.1117
(15.22%) of 18 two different structures with the same elemental
compositions were formed, i.e., 175a and 175b, both generated
through the D-ring protonation following cleavages (Figures 7
and 9). The A-ring protonation followed by cleavage at the B-
ring formed the product ion at m/z 149.0961 (100%) of 18
(Figure 9). For the product ion at m/z 135.0805 (40.30%) two
different structures with the same elemental compositions were
formed, i.e., 135a and 135b (Figure 7). The product ion at m/z
135.0805 (135a) was formed through the D-ring protonation
following cleavages in the C/D-rings and contained a furan
moiety, whereas the product ion at m/z 135.0805 (135b) was
formed through the D-ring protonation followed by neutral loss
of an acetoxyl moiety, a retro-Diels−Alder mechanism, and a 1,3
shift. The fragmentation routes for the product ions at m/z
269.1896, 175.1117 (175b), 149.0961, 137.0961, and 135.0805
(135b) appeared at the same mass in analogs 19 and 20 and at
m/z 271.2047, 177.1270, 151.1114, 139.1114, and 137.0958,
respectively, in the Δ1,2 double bond reduced analog 21. The
structure and mechanism of formation of the product ions atm/
z 213.1272 (213a), 175.1117, 149.0961, 137.0961, 135.0805
(135a, 135b), 121.1014, and 109.0287 originating from the
precursor ion of 18 occur by a similar mechanism as discussed
for the product ions of 2.
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2.5.3. MS/MS Characterization of Gedunin (22) and Its
Derivatives. The tentative fragmentation pattern obtained by
the HCD-MS/MS of the precursor ion of gedunin (22) having a
precursor ion of [M + H]+ at m/z 483.2379 was subjected to
MS/MS studies in 25% NCE, which generated product ions at
m/z 95.0132, 119.0858, 135.0806, 137.0962, 149.0962,
161.0597, 175.0754, 175.1117, 253.1585, 267.1377, 293.1169,
379.2263, and 423.2161 (Table 3), is represented in Figures 10
and 11. The product ions obtained for 22 were also observed in
its functionally modified analogs 23−31 either at the same mass
values or at corresponding mass values. A total of seven
semisynthesized derivatives, 23 (7-deacetylgedunin), 24 (7-
oxogedunin), 25 (1,2-dihydrogedunin), 26 (1,2-α-epoxygedu-
nin), 27 (1,2-α-epoxy-7-deacetylgedunin), 28 (1,2-dihydro-3β-

hydroxygedunin), and 29 [(1,3-2H)-1,2-dihydro-3β-hydroxyge-
dunin] and two biotransformed derivatives 30 (11β-hydrox-
ygedunin)41,42 and 31 (12β-hydroxygedunin), were used for
elucidation of the fragmentation pathway for 22. The C7
deacetylation of 22 yielded the analog 23, and further oxidation
of 23 at C7 yielded the analog 24. The reduction of the Δ1,2

double bond in 22 formed analog 25. The A-ring epoxidation of
22 formed analog 26 which was deacetylated at C7 to yield
analog 27. The reduction at the C3 carbonyl and theΔ1,2 double
bond in 22 formed analog 28. The derivative 29 is the isotopolog
of 28. The C11 and C12 hydroxylation of 22 formed analogs 30
and 31, respectively (Scheme 3).
The higher mass product ion atm/z 423.2161 (34.74%) of 22

was formed by the neutral loss of [M−AcOH+H]+ (Figure 11)

Figure 10. Tentative fragmentation pattern obtained from the product ion scan of the precursor ion of gedunin at m/z 483.2379.
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as observed with azadiradione as well as epoxyazadiradione and
their derivatives. This fragmentation route was supported by the
presence of product ion at the same mass in analog 23; at m/z
421.1999 in 24; at m/z 425.2313 in 25; at m/z 439.2110 in 26
and 27; at m/z 427.2461 in 28; and at m/z 421.2007 in 30 and
31. Themass differences observed in the analogs were associated
with the B-ring dehydroxylation, the reduction at theΔ1,2 double
bond/conjugated carbonyl moiety, the A-ring epoxidation, and
the C-ring dehydration. This fragmentation pathway was
evident by the presence of product ion with increased mass at
m/z 429.2588 in isotopolog 29. The product ion at m/z
379.2263 (15.04%) of 22was formed by the neutral loss of [M−

AcOH − CO2 + H]+ (Figure 10). This fragmentation pathway
was favored by the presence of the product ion at the same mass
in analog 23; at m/z 395.2208 in 24, 26, and 27; at m/z
381.2415 in 25; at m/z 383.2568 in 28; and at 377.2114 in 30
and 31. The mass differences observed in the analogs were
associated with the C7 carbonyl, the A-ring epoxidation, the
reduction at the Δ1,2 double bond/conjugated carbonyl moiety,
and the C-ring dehydration. This fragmentation pathway was
confirmed by the presence of product ion with increased mass at
m/z 385.2692 in isotopolog 29. The product ion at m/z
293.1169 (16.56%) of 28 was formed through the D-ring
protonation followed by rearrangement and cleavages (Figure

Figure 11. Tentative fragmentation pattern obtained from the product ion scan of the precursor ion of gedunin at m/z 483.2379.
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10). This fragmentation route was supported by the presence of
product ions at the same mass in analogs 23−27, 30, and 31 and
atm/z 297.1472 in 28which was due to the reducedΔ1,2 double
bond and C3 carbonyl. This fragmentation route was further
confirmed by the presence of product ion with increased mass at
m/z 299.1597 in isotopolog 29. The rearrangement at the D-
ring followed by the A-ring protonation formed the product ion
at m/z 267.1377 (31.34%) of 22 (Figure 11). This
fragmentation route was favored by the presence of product
ions at the same mass in analogs 23−27; at m/z 269.1527 in 28,
and m/z 265.1241 in 30 and 31. The mass differences observed
in the analogs were associated with the reduction of the
conjugated carbonyl moiety and the C-ring dehydration,
respectively. This fragmentation route was evident by the
presence of the product ion with increased mass at m/z
270.1586 in isotopolog 29. The cleavage at the C-ring in the
product ion at m/z 423.2161 of 22 formed another product ion
at m/z 253.1585 (10.93%) containing A- and B-rings (Figure
11). This fragmentation pathway was supported by the presence
of product ions at the same mass in analogs 23, 24, 30, and 31;
m/z 255.1737 in 25; at m/z 269.1533 in 26 and 27; and at m/z
257.1890 in 28. The mass differences observed in the analogs
were due to the reduction at the Δ1,2 double bond/C3 carbonyl
and the A-ring epoxidation. This fragmentation pathway was
validated by the presence of product ion with increased mass at
m/z 259.2017 in isotopolog 29. The initiation of protonation at
the D-ring followed by cleavages yielded the product ion at m/z
175.1117 (5.09%) of 22 (Figure 10). This fragmentation
pathway was favored by the presence of product ions at the same
mass in analogs 23, 24, 26, 27, 30, and 31; atm/z 177.1270 in 25
and at m/z 161.1325 28. The mass difference observed in the
analogs was associated with the reduction in the Δ1,2 double
bond/C3 carbonyl. Further, this fragmentation pathway was
verified by the presence of product ion with increasedmass atm/
z 163.1446 in isotopolog 29. The product ion at m/z 175.0754
(13.56%) of 22 was formed by the neutral loss of CO2 from the
D-ring followed by protonation and this fragmentation pathway
was supported by the presence of product ions at the same mass
in all analogs 23−31 (Figure 11). The protonation initiated at
the furan ring followed by the C-ring cleavage formed the
product ion at m/z 161.0597 (49.07%) of 22, and this
fragmentation pathway was favored by the presence of product
ions at the same mass in all analogs 23−31 (Figure 11). The
product ions at m/z 149.0962 (16.84%) and 137.0962 (100%)

of 22 were formed through the A-ring protonation followed by
the B-ring cleavage (Figure 11). These fragmentation pathways
for the product ion at m/z 149.0962 and 137.0962 of 22 were
favored by the presence of product ions at the same mass in
analogs 23, 24, 26, 27, 30, and 31; at m/z 151.1114 and
139.1115 in 25; and at m/z 135.1165 and 123.1167 in 28,
respectively. The mass differences observed in the analogs were
associated with the reduction in the Δ1,2 double bond/C3
carbonyl. Further, the fragmentation pathways were evident by
the presence of product ion with increased mass at m/z
137.1292 and 125.1294 in isotopolog 29 corresponding to
product ions at m/z 149.0962 and 137.0962 of 22, respectively.
For the product ion at m/z 135.0806 (44.07%) of 22, two
different structures (135a, 135b) with the same elemental
compositions were formed (Figures 10 and 11). The
protonation initiated at the D-ring followed by the cleavage
generated the product ion at m/z 135.0806 (135a) of 22 which
contained intact furan ring. This fragmentation route was
supported by the presence of product ions at the same mass in
analogs 23−29 and varied at m/z 133.0650 in 30, 31 due to the
C-ring dehydration. The retro-Diels−Alder reaction in the
product ion at m/z 423.2161 of 22 generated the product ion at
m/z 135.0806 (135b). This fragmentation pathway was favored
by the presence of product ions at the same mass in analogs 23,
24, 26, 27, 30, and 31; at m/z 137.0958 in 25; and at m/z
139.1115 in 28. The mass differences observed in the analogs
were associated with the reduced Δ1,2 double bond/C3
carbonyl. Further, the fragmentation route was confirmed by
the presence of product ion with increased mass atm/z 141.123
in isotopolog 29. The product ion at m/z 119.0858 (13.05%) of
22 was formed through protonation initiated at the D-ring
followed by rearrangement (Figure 10). This fragmentation
route was favored by the presence of product ions at the same
mass in analogs 23, 24, 26, and 27; at m/z 121.1014 in 25 and
28; and at m/z 135.0806 in 30 and 31. The mass differences
observed in the analogs were associated with the reduced Δ1,2

double bond and the C11/C12 hydroxylation. Further, this
fragmentation route was validated by the presence of the
product ion with increased mass at m/z 122.1075 in isotopolog
29. The product ion at m/z 95.0132 of 22 was formed through
protonation initiated at the D-ring following cleavage (Figure
10). The product ions at m/z 95.0132, 161.0597, and 175.0754
of 22 are the signature product ions for the gedunin type
skeleton. The structure and mechanism of formation of product

Figure 12. Key MS/MS fragments observed in basic limonoids.
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ions at m/z 135.0806 (135b) 137.0962, and 149.0962
originating from the precursor ion of 22 occurs by similar
mechanism as discussed for product ions of 2.
2.6. Key MS/MS Fragments for Identification of Basic

Limonoids. The basic limonoids azadiradione (2) (m/z
451.2479), epoxyazadiradione (18) (m/z 467.2428), and
gedunin (22) (m/z 483.2377) are formed from azadirone (1)
(m/z 437.2686). Here, we discuss in detail the key MS/MS
fragments appearing in all basic limonoids which serves as
signature fragments to identify the basic limonoid skeleton in
plant crude extracts (Figure 12). Both the product ions at m/z
109.0288 and 135.0806 (135a) contained intact furan rings
generated by protonation initiated at the D-ring. The product
ion at m/z 109.0652 was generated by protonation initiated at
the A-ring and contained cleaved portions of A- and B-rings. The
product ion at m/z 137.0963 contained an intact A-ring derived
by protonation which further underwent rearrangement giving
rise to two product ions at m/z 109.1016 and 121.1015. The
formation of product ion at m/z 135.0806 (135b) was initiated
by protonation and subsequent elimination of the C7 acetoxyl
group and fragment containing an intact A-ring. The
protonation initiated at the D-ring led to the formation of
product ion at m/z 149.0963 containing an A-ring. The product
ions at m/z 173.0962 and 175.1119 (175b) were formed by the
protonation initiated at the D-ring following cleavage at the B-
ring. However, the product ion at m/z 175.1119 (175a), which
was also formed by protonation initiated at the D-ring,
contained an intact B-ring and cleaved portions of the A-ring.
The product ion at m/z 213.1274 (213a) was generated by the
D-ring protonation and contained cleaved portions of A-, B-, and
C-rings.
The key mass fragments of basic limonoid were generated for

all three limonoids, viz., 2, 18, 22, with varying abundance levels
(Figure 13). The lowest common product ion at m/z 109.0288
(C6H5O2, 16.40%) of 2 appeared in 18 with an abundance of
69.85% and was completely absent in 22. The next low mass
product ion atm/z 109.0652 (C7H9O, 11.05%) of 2 appeared in
18 and 22 with abundances of 7.78 and 2.57%, respectively. The
abundances of another product ion at m/z 109.1016 (C8H13,
11.13%) in 2 were only 8.14 and 4.32% abundant in 18 and 22,
respectively. The product ion at m/z at 121.1015 (C9H13,
14.98%) of 2 was 13.0 and 4.88% abundant in 18 and 22,
respectively. Another common product ion at m/z 135.0806
(C9H11O) consisted of two different structures (135a, 135b)
with the same elemental compositions in all three basic

limonoids. The product ion at m/z 135.0806 (135a) contained
the intact furan ring, and that atm/z 135.0806 (135b) contained
an intact A-ring. The abundances of this product ion were 19.72,
40.30, and 44.07% in 2, 18, and 22, respectively. The abundance
of product ion atm/z 137.0963 (C9H13O) was 100% in 22 but it
was 25.80 and 20.14% in 2 and 18, respectively.
The abundances of common product ion at m/z 149.0963

(C10H13O) were 100, 23.37, and 16.84% in 18, 2, and 22,
respectively. The abundances of product ion at m/z 173.0962
(C12H13O, 14.90%) in 2 were reduced to half in 18 (7.01%) and
one-fourth in 22 (3.70%). The abundances of product ion atm/
z 175.1119 (C12H15O, 5.09%) in 22 were two times higher in 2
(10.17%) and three times high in 18 (15.22%). The abundances
of highest mass product ion at m/z 213.1274 (C15H17O) were
15.98, 16.54, and 6.14% in 2, 18, and 22, respectively. These
characteristic product ions are key fragments in identifying and
characterizing the basic limonoid structure with highest
accuracy using UHPLC−MS/MS in plant crude extracts.

3. CONCLUSION

In conclusion we have synthesized different analogs of basic
limonoids, i.e., azadiradione, epoxyazadiradione, and gedunin
isolated from Neem. Among the synthesized derivatives eight
analogs were novel. We have developed the most reliable,
accurate, and easily reproducible UHPLC−MS/MS based
method for analysis of SFRs, based on structural modifications.
To further confirm the proposed fragmentation pathways, we
synthesized isotopologs and subjected them to MS/MS
fragmentation. The comparative analysis of MS/MS fragments
of basic limonoids and their isotopologs led to the identification
of the origin of product ions, which aided in establishing the
fragmentation pathway. Our investigation on SFRs generated
the fragment library for three basic limonoids which can be
utilized for high-throughput screening in identification of similar
skeletons (tetranortriterpenoids) in crude extracts of plants with
highest accuracy. Also it can be utilized for qualitative and
quantitative analysis of these molecules involved in metabolism
or biosynthesis and degradation. We identified both low and
high mass fragments specific to the basic limonoid skeleton and
traced their origin. The appearances of high mass product ions
were specific for each basic limonoid and hence acted as
signature ions.

Figure 13. Key Mass fragments of basic limonoid and their abundance in azadiradione, epoxyazadiradione, and gedunin.
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4. EXPERIMENTAL SECTION
4.1. Materials and Solvents. Neem fruits were collected

from the CSIR-NCL campus in Pune, India. The methodology
of isolation of Neem limonoids is discussed in detail in the
Supporting Information. LC−MS grade solvents were pur-
chased fromMerck. Technical grade solvents were distilled prior
to use. Chemicals and reagents required for synthesis were
procured from Merck. Milli-Q water was used for LC−MS
experiments. Thin layer chromatography was done using silica
gel-G coated plates “TLC Silica gel 60 F254” Merck. Silica gel
for column chromatography was procured from Merck.
4.2. Instrumentation. UHPLC-ESI-MS/MS samples were

analyzed by using Q-Exactive Orbitrap coupled with Accela
1250 pump (Thermo Scientific). 1D (1H, 13C, DEPT-135) and
2D (COSY, NOESY, HSQC, HMBC) NMR spectra were
recorded on a Bruker spectrophotometer (500 MHz, 400 MHz,
200MHz) in CDCl3, acetone-d6, andmethanol-d4, and the TMS
peak or residual solvent peak was assigned as the reference.
4.3. UHPLC−MS and MS/MS Conditions. A Waters

Acquity BEH C18 UPLC column (2.1 mm × 100 mm) having
1.7 μmparticle size was used to run the samples of concentration
0.2 mg/mL in methanol. Five microliters of sample was injected
using a 90% methanol/water isocratic solvent program (10
min.) with 300 μL/min flow rate. Water used in the solvent
system contained 0.1% formic acid. The following tune method
parameters were used: sheath gas (nitrogen) flow rate 45 units;
auxiliary gas (nitrogen) flow rate 10 units; sweep gas (nitrogen)
flow rate 2 units; spray voltage 3.60 |kV|; spray current 3.70 μA;
capillary temperature 320 °C; s-lens RF level 50 and heater
temperature 350 °C. MS and MS/MS experiments were
performed on a Data Dependent Acquisition mode (parallel
reactionmonitoring) within the mass range ofm/z 100−1000 in
the positive ion mode. Data were analyzed using Thermo
scientific Xcalibur software.
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