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Abstract: A series of 16 Daphniphyllum alkaloids isolated from Daphniphyllum macropodum were
investigated by electrospray ionization quadrupole time-of-flight tandem mass spectrometry (ESI-

Zhi-Jun Wu

QTOF-MS/MS) in positive-ion mode. Deuterium labeling experiments were carried out to identify the

major product ions. Although compounds have similar structures, the profiles of their MS/MS spectra vary greatly. For
compounds 1 and 2, abundant product ions both in high and low mass range can be detected. A six-member H rearrange-
ment and the cleavage of C1-C2 bond connecting rings A, C and D play an important role in providing the product ions in
low mass range. For compounds 3-9, the relative abundance of product ions in low mass range is low. This may result
from the loss of HCOOCH3 occurring readily because C4-C5 double bond prevents six-member H rearrangement. Main
fragmentation patterns of compounds 10-14 are the loss of the different side-chain groups and the cleavage of pyrrol and
pyridine rings. A series of ion clusters detected in low mass range are characteristic ions for compounds 10-14. Fragmen-
tation patterns of compounds 15 and 16 were elucidated. Four groups of isomers in these compounds were distinguished

by characteristic product ions or fragmentation patterns.
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1. INTRODUCTION

Daphniphyllum alkaloids are a family of natural products
with complex polycyclic systems [1-2]. In recent years,
many new Daphniphyllum alkaloids with novel skeletons
have been isolated and identified [2-14], and some of them
exhibit biological properties such as cytotoxicity against
murine lymphoma L1210 cells [3-5], cytotoxicity against
two tumor cell lines, P-388 and A-549 [6], cytotoxicity
against human cancer cell lines [7], antioxidant activity [8],
moderate vasorelaxant effects on the rat aorta [9]. Daph-
niphyllum alkaloids with unique structural features have at-
tracted great interest for total synthesis [15] and biosynthetic
research [16].

Mass spectrometry (MS), coupled with electrospray ioni-
zation (ESI), has been an important physicochemical meth-
ods for the identification of trace natural products [17-21].
ESI-MS is rapid and sensitive, and can be coupled to separa-
tion techniques such as high performance liquid chromatog-
raphy (HPLC) and capillary electrophoresis (CE). As a
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result, the technique is used extensively in analyzing drugs,
natural products, pesticides, and other small molecules. Ob-
taining sufficient characteristic structural information of
known natural products can contribute to identifying their
degradation products, metabolites, and biosynthetic interme-
diates. Herein, the detailed fragmentation of a series of
Daphniphyllum alkaloids were studied with collision-
induced dissociation (CID)-MS/MS using an electrospray
ionization (ESI) quadrupole time-of-flight (QTOF) MS/MS
hybrid instrument in positive-ion mode.

2. EXPERIMENTAL

2.1. Chemicals and Samples

HPLC-grade methonol was obtained from Fisher Scien-
tific (Pittsburgh, PA, USA), CD;O0D from Cambridge Iso-
tope Laboratories (Andover, MA, USA) and mass calibration
standards from Agilent Technologies (Santa Clara, CA,
USA). The isolation and structural determinations of the
series of Daphniphyllum alkaloids (Daphmacromine A,
Daphmacromine C, Daphmacromine E, Daphmacromine G,
Daphmacromine H, Daphmacromine M, Daphmacromine O,
Daphnezomine K, Daphnezomine T, Daphhimalenine B,
Daphnezomines U, Daphtenidine C, Daphtenidine D, De-
oxyyuzurimine, macropodumine G, Yuzurimine, Yuzurimine
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C; Fig. 1) have been described in detail previously [5, 7, 10-
11].

2.2. Mass Spectrometry

High-resolution experiments were performed on a
Bruker micrOTOF-Q mass spectrometer (Bremen, Ger-
many) with an ESI source in the positive-ion mode. The
capillary voltage was maintained at —4500 V with the end
plate offset at =500 V. Nitrogen was used as the drying and
nebulizing gas at a flow rate of 4.0 L/min and a pressure of
0.3 bar, respectively. The drying gas temperature was
maintained at 180 °C. Argon was introduced into the colli-
sional cell as the collision gas. The introduction rate of
samples was 180 pl/h. The samples were dissolved in
methanol (concentration: 1 pmol/ul) and the diluent was
directly injected into the mass spectrometer. The collision
energy was optimized to achieve sufficient fragmentation.

1, Co7H35NO;
COOMe

77 R1=OH, R2=H, R3=CHO, Cz3H29NO4
8, R1:OH, R2:H, R3:OH, C22H29NO4

COOMe

15, Cy3H,9NOg

2, Cy7H35NOg

10, R4=C,Hs, Ry=Me, CpsH37NO5
11, Ri=Me, Ry=Me, Cp4H35NO5
9, R4=0OH, Ry=OH, R3=CHO, C23H29NO5 12, R;=Me, Ry=Et, Co5H37NO5

COOMe
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MS/MS/MS spectra were obtained when the in-source CID
was set at 80 eV. The mass data were processed with
Bruker Compass DataAnalysis 4.0.

3. RESULTS AND DISCUSSION

A total of 16 Daphniphyllum alkaloids were investigated
by CID-MS/MS in positive-ion mode. For all the com-
pounds, the precursor [M+H]" ions were selected and the
product ions were recorded by ESI-QTOF-MS/MS.

3.1. Structural Analysis of Compounds
3.1.1. CID MS of Compounds 1-2

The precursor [M+H]" ion at m/z 486 for daphtenidine
D (1) was analyzed using CID-MS/MS and corresponding
MS/MS spectrum was shown in Fig. (2). The exact masses
of major product ions are provided in Table 1. The loss of

COOMe

OR 3, R1=OH,R2=ACO, R3=ACO,R4=M9, Cz7H37NO7
2 4, R,=OH,R,=OH, Rs=OH, R,=Me, Cp3H3sNOs
\\\\H 5, R1=H,R2=ACO, R3=H, R4=H, C24H33NO4
‘ 6, R1=H,R2=ACO, R3=ACO, R4=Me, Cz7H37NOG

COOMe

13, Ri=Me, Ry=H, C24H35NO5
14, Ry=H, Ry=Me, C,4H35NO5

16, Cy7H3sNO;

Fig. (1). Daphniphyllum alkaloids: Daphtenidine D (1, Mr 485.2414); Daphmacromine O (2, Mr 501.2362); Yuzurimine (3, Mr 487.2570);
Daphnezomine K (4, Mr 403.2359); Daphmacromine M (5, Mr 399.2410); Deoxyyuzurimine (6, Mr 471.2621); Daphhimalenine B (7, Mr
383.2097); Daphnezomine T (8, Mr 371.2097); Yuzurimine C (9, Mr 399.2046); Daphmacromine C (10, Mr 431.2672); Daphmacromine E
(11, Mr 417.2515); Daphmacromine A (12, Mr 431.2672); Daphmacromine G (13, Mr 417.2515); Daphmacromine H (14, Mr 417.2515);
Daphnezomine U (15, Mr 399.2046); Daphtenidine C (16, Mr 485.2414).
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Fig. (2). MS/MS and MS/MS/MS spectra of daphtenidine D (1): (a) selected [M + H]" at m/z 486(collision energy at 35 eV; insertion is the
amplified spectrum), (b) selected ion at m/z 468 from m/z 486 (collision energy at 30 eV), (¢) selected ion at m/z 366 from m/z 486 (collision
energy at 20 eV), (d) selected ion at m/z 190 from m/z 366 (collision energy at 15 eV), and deuterated daphtenidine D (1) (collision energy at

35¢V).

the different side-chain groups and the cleavage of rings A,
C and D are main fragmentation patterns (Scheme 1).

The product ions at m/z 468, 436, 426, 408, and 376 were
formed from the precursor ion at m/z 486 by losses of H,O,
CH,CO, MeOH or AcOH, or their simultaneous losses. Inter-
estingly, a radical product ion at m/z 335 resulting from the
homolytic cleavage of C2-C3 bond (Fig. 1) was detected. The
product ion at m/z 366 was formed by loss of an AcOH mole-

cule from m/z 426. The processes involve six-member H rear-
rangement and the cleavage of C1-C2 bond connecting rings
A, C and D. High tension of C1-C2 bond connecting three
rings and low activation energy of six-member transition state
may drive the fragmentation reaction. In addition, the new
double bond generated from six-member H rearrangement can
form conjugation system with original C4-C5 double bond,
which facilitates the processes [21]. The product ion at m/z
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Table 1. Elemental constituents of major product ions from [M+H]|" for daphtenidine D (1) (collision energy: 35 eV).
Ion Formula Calculated Observed Error(ppm)
[M+H]" Cy7H;3607N 486.2486 486.2481 1.0
[M+H-H,0]" Cy7H3406N 468.2381 468.2369 2.4
[M+H-H,0-CH;OH]" CyH300sN 436.2118 436.2105 3.0
[M+H-H,0-CH,CO]" Cy6H300sN 426.2275 426.2254 4.8
[M+H-H,0-CH,CO-H,0]" CysH3004N 408.2169 408.2153 39
[M+H-H,0-CH;OH-AcOH]" C4H03N 376.1907 376.1904 1.0
[M+H-H,0-CH,CO-AcOH]" CpHs03N 366.2064 366.2049 39
[M+H-H,0-CH,CO-H,0-AcOH]" CpH0,N 348.1958 348.1943 43
[M+H-H,0-CH,CO-H,0-CH,0Ac]" C»H,50,N 335.1880 335.1866 4.1
[M+H-H,0-CH,CO-H,0-CH;0Ac]" C»H,s0,N 334.1802 334.1790 3.6
[M+H-H,0-CH,CO-AcOH-C,H,0]" CH,40,N 322.1802 322.1789 3.8
[M+H-H,0-CH,CO-AcOH-C, H,,0,]" C,H i ON 190.1226 190.1213 7.0
[M+H-H,0-CH,CO-AcOH-C,H,,0,]" C;HsON 176.1070 176.1061 5.1
[CoHoNT* CoH/|,N 134.0964 134.0950 10.2
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Scheme 1. Major fragmentation patterns of [M+H]" for daphtenidine D (1).

322 was formed by loss of CH4O from product ion at m/z
366. The product ions at m/z 190, 176 and 134 in low mass
range are characteristic ions, which resulted from m/z 366 by
the cleavage of rings A, C and D. The product ions at m/z 147
and 132 resulting from the product ion at m/z 190 by loss of
C,H;0 and C;HgO respectively (Fig. 2d), further supported its
structure. A labeling experiment involving H/D exchange of
compound 1 was carried out and corresponding MS/MS spec-
trum was consistent with the proposed fragmentation path-
ways (Fig. 2e). Main fragmentation patterns of daphmac-
romine O (2) are similar to that of daphtenidine D (1).

3.1.2. CID MS of Compounds 3—6

The C4-C5 double bond in compound (1) substituted by
single bond affords yuzurimine (3). Although their structures
are very similar, the profile of corresponding MS/MS spectra
varies greatly (Figs. (2a and 3a)). The neutral losses of AcOH,
CH,CO, H,0 and HCOOMe are major fragmentation patterns

for compound 3. Main product ions were formed from the
precursor ion at m/z 488 by single loss or their combinations
(supporting information). The reason of fragmentation differ-
ence between compounds 1 and 3 might be that the loss of
HCOOMe occurs readily and the new generation of double
bond prevents six-member H rearrangement. This leads to the
cleavage of C1-C2 bond becomes difficult. Thus, the product
ions in low mass range formed by the cleavage of rings A, B
and C, are very weak. For daphnezomine K (4), the neutral
losses of H,O, MeOH and HCOOMe are major fragmentation
patterns. Low-abundance product ions at m/z 190, 176 and 134
were detected. For daphmacromine M (5), the product ion at
m/z 340 formed by loss of AcOH from the precursor [M+H]"
ion at m/z 400. The product ions in low mass range might be
formed by the cleavage of rings A, B and C, accompanied
with the loss of N-atom (supporting information). Although
loss of HCOOH is difficult to occur, no O-atom linked to C3
prevents six-member H rearrangement. Thus, the product ions
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at m/z 190, 176 and 134 were not detected. This supports the
proposed fragmentation mechanisms. The fragmentation pat-
terns of deoxyyuzurimine (6) in high mass range are similar to
that of compound 3, but in low mass range similar to that of
compound 5. The fragmentation difference in low mass range
between compounds 3, 4 and 5, 6 might be the different proto-
nation sites. For compounds 5 and 6, the protonation site is
located at N-atom, which leads to the neutral losses including
N-atom.

3.1.3. CID MS of Compounds 7-9

Ring A is cyclohexene in daphhimalenine B (7), daphne-
zomine T (8), and yuzurimine C (9). The neutral losses of

Current Pharmaceutical Analysis, 2016, Vol. 12, No. 3 253

H,0, CO, HCOOMe are main fragmentation patterns from
daphhimalenine B (7) (Fig. 3b). The loss of CO indicates the
formyl group. For compounds 7-9, the neutral loss of 60 Da
corresponds to HCOOMe. There are no product ions similar
to that of compounds 1 and 2 in low mass range, which sup-
ported proposed processes of six-member H rearrangement.

3.1.4. CID MS of Compounds 10-14

The structures of daphmacromine C (10), daphmac-
romine E (11), and daphmacromine A (12) are very similar.
Compound 10 was selected as a representative compound for
the following analysis. Main product ions (Table 2) in high
mass range were formed by the loss of the different side-
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Fig. (3). Product ion scan of the selected precursor [M+H]" (a) at m/z 488 for yuzurimine (3) (collision energy: 35 V), (b) at m/z 384 for

Daphhimalenine B (7) (collision energy: 35 eV).

Table2. Elemental constituents of major product ions from [M+H]" for daphmacromine C (10) (collision energy: 35 eV).
Ion Formula Calculated Observed Error(ppm)
[M+H]" CasH3OsN 4322744 4322735 2.1
[M+H-CH,0]" CH3604N 402.2651 402.2662 -3.1
[M+H-C,H;OH]" CyH3,04N 386.2326 386.2338 -3.2
[M+H-CH,O-C,H¢]" CH;3004N 372.2169 372.2176 -1.8
[M+H-CH,0-C,H;O0H]" C»H;3003N 356.2220 356.2210 2.8
[M+H-CH,0-C,H;OH-CH;NH,]* C11H,505 325.1798 325.1810 -3.7
[M+H-CH,0-C,H;OH-CH;NCH,]" CyH1505 313.1798 313.1794 1.5
[M+H-C,H;OH-CsH;0]" CisH,4O3N 302.1751 302.1759 -2.8
[M+H-CH,0-C,H;0H-COOMe]" CyH;ON 287.1305 287.1315 -3.6
[M+H-CH,0-C,H;OH-CH;NCH,-HCOOMe]" CsH, 0 253.1587 253.1572 5.8
[M+H-C,H;0H-C;H30-CH;NCH, -HCOOMe]" Ci4sH 50 199.1117 199.1125 -3.8
[M+H-C,H;0H-C;H30-CH;NCH,-HCOOMe-H,01" CisHis 181.1012 181.1013 -0.8
[C/H;0]" C-;H,;0 113.0961 113.0957 35
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chain groups or the cleavage of pyrrol and pyridine rings from m/z 302 by sequential loss of CH3;NCH, and
from the precursor ion at m/z 432 (Fig. 4 and Scheme 2). The HCOOCHj;. The loss of CH;NCH, involves four-member H
product ion at m/z 386 was formed by loss of C;HsOH from rearrangement [22]. The product ion at m/z 356 was formed
m/z 432, and affords the product ion at m/z 302 by the cleav- by loss of C,HsOH from the product ion at m/z 402, resulting
age of pyrrol ring. The product ion at m/z 199 was formed from m/z 432 by the loss of CH,0.
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Fig. (4). MS/MS and MS/MS/MS spectra of daphmacromine C (10): (a) selected [M + H]" at m/z 432 (collision energy at 35 eV, insertion is

the amplified spectrum), (b) selected ion at m/z 386 from m/z 432 (collision energy at 30 eV, insertion is the amplified spectrum), and deu-
terated daphmacromine C (10) (collision energy at 35 eV).
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Scheme 2. Major fragmentation patterns of [M+H]" for daphmacromine C (10).
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The product ion at m/z 356 was formed by loss of
C,H;s0H from the product ion at m/z 402, resulting from m/z
432 by the loss of CH,0. The product ions at m/z 325, 313,
and 283 were formed from m/z 356 by losses of CH3;NH,,
CH;NCH,, and COOCH;, respectively. The neutral losses
including N-atom occur readily, which implies that the pro-
tonation site is located at N-atom. D-labelled experiment
(Fig. 4c¢) supported the proposed fragmentation patterns. In
low mass range, a series of ion clusters was detected. The
difference of each cluster is 14 Da. H transfer leads to sev-
eral peaks in each cluster. Main fragmentation patterns and
profiles of MS/MS spectra of compounds 11 and 12 are simi-
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lar to that of compound 10. Daphmacromine G (13) and
daphmacromine E (11) are a pair of diastereoisomers and
their fragmentation patterns are similar. However, the rela-
tive abundance of product ions at m/z 386 and 302 vary
greatly (Fig. 6). For daphmacromine H (14), the neutral
losses of H,0, and CH,0O are main fragmentation patterns in
high mass range.

3.1.5. CID MS of Compounds 15-16

The MS/MS spectra of daphnezomines U (15) were
shown in Fig. (5) and main fragmentation pathways were
shown in Scheme 3. The exact masses of major product ions
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Fig. (5). MS/MS and MS/MS/MS spectra of daphnezomines U (15): (a) selected [M + H]" at m/z 400 (collision energy at 20 eV), (b) se-
lected ion at m/z 372 from m/z 400 (collision energy at 25 eV), and (¢) deuterated daphnezomines U (15) (collision energy at 20 eV).
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Scheme 3. Major fragmentation patterns of [M+H]" for daphnezomines U (15).
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Table3. Elemental constituents of major product ions from [M+H]|" for daphtenidine D (15) (collision energy: 35 eV).
Ton Formula Calculated Observed Error
(ppm)
[M+H]" CyH30sN 4002118 4002114 12
[M+H-H,0]" Cp3Hys04N 382.2013 382.3013 -0.2
[M+H-COT" CH3004N 372.2169 372.2168 0.3
[M+H-CH,0]" CHs04N 370.2013 370.2003 2.6
[M+H-CO-H,0]" C»Hs03N 354.2064 354.2042 6.2
[M+H-H,0-CH;OH]" C»H,O3N 350.1751 350.1733 52
[M+H-H,0-HCOOMe]" C1H,40,N 322.1802 322.1796 1.6
[M+H-CO-C¢H,,0,N]* CisH1902 243.1380 243.1390 -4.4
[M+H-CH,0-HCOOMe-C¢Hy0]" C4sH(ON 214.1226 214.1222 1.9
[M+H-CO-C¢H,,0,N-MeOH]" CisHsO 211.1117 211.1097 9.5
[CeH,0ONT* Ce¢H,(ON 112.0757 112.0750 6.1
100 - 100 -
&0 80 - (b)
60 60 -
40 =—4—m/z 302 40 1 —4—m/z302
20 == m/z 386 20 - —fi—m/z 386
0 | 0 -
15 20 25 30 35 40 15 20 25 30 35 40

Fig. (6). The relative abundance of ions at m/z 386 and 302 in MS/MS spectra of [M+H]" expressed as a function of collision energy:

(a) daphmacromine E (11) and (b) daphmacromine G (13).

are provided in Table 3. The neutral losses of H,O, CO,
CH,0, CH;0H, HCOOMe and cleavage of nine-member
ring including o, f-unsaturated carbonyl are main fragmenta-
tion patterns. The product ion at m/z 372 was formed by loss
of CO from the precursor ion at m/z 400 and further produces
a pair of ions at m/z 243 and 112 (Fig. Sb). The processes go
through an intermediate formed by four-member H rear-
rangement. The product ion at m/z 243 affords the product
ions at m/z 211 and 183 by losses of CH;0H and HCOOMe,
respectively. The proposed fragmentation patterns are in
accordance to the D-labelled spectrum (Fig. 5¢). For
daphtenidine C (16), main fragmentation patterns are the
losses of AcOH, HCOOMe, CH,CO, and H,O.

3.2. Distinction of Isomers

Distinction of isomers is interesting [22]. There are four
groups of isomers in these compounds, compounds 1 and 16,
compounds 5, 9 and 15, compounds 10 and 12, and com-
pounds 11, 13 and 14. For compounds 1, the loss of H,O and
cleavage of rings A, C and D occur readily. However, the
product ions resulting from loss of H,O and cleavage of
rings show low relative abundance for compound 16. For
compounds 10 and 12, the product ions at m/z 302 and 316

formed by cleavage of pyrrol ring from precursor ions re-
spectively can be used to distinguish the two isomers. The
profiles of MS/MS spectra of compounds 5, 9 and 15 vary
greatly. The loss of AcOH and sequential losses of H,O are
characteristic fragmentation patterns for compounds 5 and 9
respectively. High- abundance product ions formed by
cleavage of skeleton in low mass range can be detected for
compound 15. Although compounds 11 and 13 are di-
astereoisomers, relative abundance of the product ions at m/z
386 and 302 vary (Fig. 6) and can be used to distinguish the
two compounds. The characteristic product ion at m/z 400 in
MS/MS spectrum of compound 14 indicates the present of
hydroxyl, which is different from compounds 11 and 13.

CONCLUSION

The CID fragmentation pathways of a total of 16 Daph-
niphyllum alkaloids were elucidated using ESI-QTOF-
MS/MS in positive-ion mode. Although the structures of
compounds 1-9 are similar, the profiles of MS/MS spectra
vary greatly. A six-member H rearrangement plays an impor-
tant role in providing the product ions in low mass range. For
compounds 10-14, the loss of the different side-chain groups
and the cleavage of pyrrol and pyridine rings are main frag-
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mentation patterns. The proton was located at N-atom, which
leads to a series of ion clusters in low mass range for these
compounds. Four groups of isomers were distinguished by
characteristic product ions or fragmentation patterns. In addi-
tion, a radical ion was detected. In summary, abundant in-
formation obtained from fragmentation experiments of
[M+H]" precursor ions is especially valuable for rapid identi-
fication of these Daphniphyllum alkaloids.
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