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a b s t r a c t

The dissociation chemistry of the ortho-, meta- or para-isomers of protonated S-methyl methoxyl- (or
chloro-) benzenylmethylenehydrazine dithiocarboxylate, RPhCH N–NHC( S)–SCH3 (R = MeO– or Cl–),
has been investigated by collision induced dissociation experiments and DFT theoretical calculations.
The three methoxyl-substituted isomers were easily differentiated according to the different abundance
of the characteristic ion at m/z 136, resulting from the varying reactivity of the (NSC)SCH3 elimination.
This fragmentation is triggered by the positive charge upon protonation on the imine N2. Relative to
somer differentiation
SI-MS/MS
he positional effect of methoxyl
ubstituent
FT calculation

the meta isomer, the positive charge on N2 in the para isomer is dispersed due to the electron donating
resonance of the methoxyl group, which leads to higher energy barrier in the dissociation reaction and
the less abundant product ion (m/z 136) in the MS/MS. (NSC)SCH3 elimination of the ortho- isomer is
further suppressed due to both the resonance effect and the “ortho effect” (an intramolecular hydrogen
bond), with much higher energy barrier and extremely lower abundance of the fragment ion (m/z 136,
0.4%). The chloro substituted isomers, however, are short of the above positional effects due to the weak

bstitu
electronic effect of the su

. Introduction

The positional pattern of substituents, such as ortho/meta/para,
requently exerts a significant effect on the chemical behavior
1–6] and even the biological action of a compound based on its
fficacy and/or toxicity [7–10]. The unambiguous structural iden-
ification of isomeric compounds from either chemical synthesis
r natural source is very crucial in the field of chemistry, pharma-
eutics, and toxicology. Isomer separation and differentiation also
ecomes a very important and attractive analytical issue [11–22].
o develop MS-based-only methods for recognizing isomers is fas-
inating and interesting, which will benefit from the superiorities
f mass spectrometry, such as rapidity, sensitivity and selectivity
23–27]. Although isomers share exactly the same mass, they can

ometimes be distinguished solely by MS methods, due to the dif-
erent fragmentation behaviors of their structurally diagnostic ion
nder the same conditions. Many ortho isomers of aromatic com-
ounds can be relatively easily recognized in the EI spectrum, due
o the so-called “ortho effect” [13–15]. A methodology for general
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E-mail addresses: panyuanjiang@zju.edu.cn (Y. Pan), gqlai@hznu.edu.cn (G. Lai).
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ent, and share the similar tandem mass spectrum.
© 2010 Elsevier B.V. All rights reserved.

recognition of constitutional isomers based on structurally diag-
nostic fragment ions has been proposed [28–30].

Most of above examples have all been preformed on EI-MS or
CI-MS. Distinction of positional isomers is needed to develop based
on electrospray ionization mass spectrometry (ESI-MS), since it has
become an indispensable tool for the analysis of a large variety
of compounds, especially in drug discovery and drug metabolism
[31–33]. And it is much attractive to further investigate the mech-
anism of the positional effect on the reactivity of the structurally
diagnostic ion, which will be helpful to find a rule to differentiate
the analogical isomers.

S-methyl substituted phenylmethylenehydrazine dithiocar-
boxylate, a Shiff base resulted from substituted phenyl aldehyde,
shows particular biological activities, such as antibacterial and anti-
cancer nature, and becomes an important functional group of many
drug molecules [34,35]. Decomposition of its neutral and proto-
nated analogs has been investigated in detail in our earlier work
[36,37]. We herein report differentiation of the three positional iso-
mers of its methoxyl-substituted derivatives solely by ESI-MS/MS

techniques, in which dissociation of the protonated molecule gen-
erates a significant variation in product ion ratios in the tandem
mass spectrum. The mechanisms of the positional effect on the
reactivity of the molecular ion have also been investigated in detail
by DFT theoretical calculation.

dx.doi.org/10.1016/j.ijms.2010.09.004
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:panyuanjiang@zju.edu.cn
mailto:gqlai@hznu.edu.cn
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Scheme 1. Structure of S-methyl methoxyl- (or chloro-)

. Experimental

.1. Materials

The positional isomers of interest, S-methyl substi-
uted benzenylmethylenehydrazine dithiocarboxylates,
PhCH N–NHC( S)SCH3 (R = MeO–, Cl–) (Scheme 1), were
ynthesized in our laboratory, with the methoxyl or chloro sub-
tituent at different position on the phenyl group. The samples
ere purified by wash with i-PrOH and recrystallization from
H2Cl2 and identified by MS and NMR [34,38].

.2. Mass spectrometry

Analysis of the samples was performed on an LCQ advan-
age mass spectrometer (ThermoFisher Company, USA), equipped
ith an ESI ion source in the positive ionization mode, with
ata acquisition using the Xcalibur software (Version 1.4). Typ-

cal parameters were used for operation of the ESI-MS as
ollows:

The compounds were dissolved in a mixed reagent of methanol
nd water (V:V = 1:1) at a concentration of about 10 ppm. The
iluted solutions were introduced into the source chamber via a

ength of 50 �m i.d. × 190 o.d. fused-silica tubing at a flow rate
f 5 �L min−1. A potential of −4.5 kV and a sheath gas of nitro-
en at a pressure of 25 bar were employed. The heated capillary

as maintained at 250 ◦C. The collision induced dissociation mass

pectrometry (CID-MS) of the protonated molecules were obtained
ith helium as the collision gas after isolation of the precursor ions,

nd the relative collision energy was set at 20% [39]. All data points
ollected were the average of 50 scans.

ig. 1. The MS/MS of the protonated molecule [M+H]+ for the three positional isomers (a:
ithiocarboxylate at the relative CID energy of 20%.
2

ituted benzenylmethylenehydrazine dithiocarboxylates.

2.3. Theoretical calculations

The theoretical calculations were performed with the Gaus-
sian 03 program [40]. The equilibrium geometries of reactants,
transition states, intermediates and products were optimized, by
using the density functional theory (DFT) method at the B3LYP/6-
31+G(2d,p) level, with the calculated force constants. No symmetry
constraint was imposed in the optimization. All reactants, interme-
diates and products were identified as true minima by the absence
of imaginary frequencies. Transition state, on the other hand, was
identified by the presence of one single imaginary vibration fre-
quency and the normal vibrational mode. Transition states were
further confirmed by the intrinsic reaction coordinates (IRC) calcu-
lations. Vibrational frequencies and zero-point energies (ZPE) for
all the key species were calculated at the same level of theory. The
DFT optimized structures were shown by Gauss View (Version 3.09)
software to give higher quality images of these structures.

Hard data on geometries of all structures considered are avail-
able as Supplementary material. The corresponding Gibbs free
energies (at 298 K) are presented in Tables 2 and 3.

3. Experimental results and discussion

Fig. 1 shows the tandem mass spectra of the three methoxyl-
substituted isomers (o-, m- and p-M1 in Scheme 1) under the same
conditions as described the experimental section. All the proto-

nated molecule (m/z 241) undergoes two main fragmentations,
similar to that of the protonated S-methyl benzenylmethylene-
hydrazine dithiocarboxylates [37]. The most abundant fragment
ion m/z 193 is generated via elimination of CH3SH of the precur-
sor ion, and the other product ion m/z 136 formed via elimination

ortho-, b: meta-, and c: para-) of S-methyl methoxylbenzenylmethydenehydrazine
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Table 1
Main product ions observed in the ESI-MS/MS of the protonated title compounds, at the relative CID energy of 20%.

Compounds Substituent [M+H]+ Product ions m/z (%)

(R) m/z (%) Losing H2S Losing CH3SH Losing (NSC)SCH3

o-M1 o-OCH3 241 (25.3%) 207 (0.1%) 193 (100%) 136 (0.4%)
m-M1 m-OCH3 241 (34.3%) 207 (3.8%) 193 (100%) 136 (57.7%)
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w
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b
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F
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p-M1 p-OCH3 241 (24.7%)
o-M2 o-Cl 245 (53.8%)
m-M2 m-Cl 245 (53.0%)
p-M2 p-Cl 245 (58.6%)

f (NSC)SCH3. The detailed tandem MS data are summarized in
able 1.

Interestingly, the relative abundance of the product ions is
ignificantly affected by the positional pattern of the methoxyl sub-
tituent. As shown in Fig. 1, the fragment ion (m/z 136) resulting
rom dissociation of the meta-isomer are distinctly more abundant
han that from the para- one (57.7% in m-M1 versus 22.0% in p-

1), due to the different substituent site of the methoxyl group
ith strong electronic effect. The relevant fragment ion (m/z 136)

rom the ortho-isomer, however, is extremely low in abundance
0.4%) due to the “ortho effect” [13–15]. In addition, the precursor
on (m/z 241) of [m-M1+H]+ is relatively more abundant than that
f the other isomers. A minor product ion (m/z 207, 3.8%), resulting
rom elimination of H2S [37], is also more easily observed in the

S/MS of [m-M1+H]+. As a result, the three methoxyl-substituted
somers can be differentiated solely by tandem MS.

To further investigate their different fragmentation behaviors,
reakdown curves were obtained in Fig. 2 to plot for the percent-

ge of selected ions versus the varying collision energy. As can be
een, except the precursor ion, each fragment ion of the three iso-
ers has drastically different content in a wide range of collision

nergies, which can be explained as the influence of the different

ig. 2. Breakdown curves of selected ions (ions at m/z 241, m/z 193 and m/z 136) for
o-M1+H]+ (a), [m-M1+H]+ (b) and [p-M1+H]+ (c).
207 (1.4%) 193 (100%) 136 (22.0%)
211 (4.0%) 197 (100%) 140 (33.2%)
211 (9.6%) 197 (100%) 140 (45.6%)
211 (4.9%) 197 (100%) 140 (49.5%)

substitution pattern. Decomposition of [o-M1+H]+ almost only pro-
duces the fragment ion m/z 193, and the product ion (m/z 136) is
unfeasibly generated at various activation energies. The product
ion m/z 136 of [m-M1+H]+ has significantly higher percentage of
the total ion abundance than that of [p-M1+H]+ within different
collision energies, although both are abundant in the MS/MS.

Eliminations of CH3SH and (NSC)SCH3 are also the two main
fragmentation channels for the chloro substituted isomers M2
(Fig. 1S, and Table 1). Different to the methoxyl-substituted iso-
mers, however, the three chloro substituted isomers share the
similar MS/MS, and they can not be easily differentiated by tandem
MS of the protonated isomers.

In summary, the ortho, meta or para positional isomers of
S-methyl methoxyl-benzenylmethylenehydrazine dithiocarboxy-
late have been differentiated according their different tandem MS
behaviors due to the effect of the positional pattern. Decomposition
of the ortho-isomer almost generates the fragment ion m/z 193 via
CH3SH elimination, and the other product ion m/z 136 via elimina-
tion of (NSC)SCH3 is hardly produced. The fragment ion m/z 136 of
meta-isomers is significantly more abundant than that of the para-
one, although both are abundant. The chloro substituted isomers,
however, share the similar MS/MS, and can hardly be distinguished
by ESI-MS2 techniques.

4. Mechanisms of positional factors and theoretical
calculations

The different abundance of fragment ions in the CID-MS, appli-
cable for recognizing the positional isomers, is viewed as a result
of the different reactivity of the dissociation. The dissociation
chemistry of their analogs, S-methyl benzenylmethylenehydrazine
dithiocarboxylate, has been investigated in detail in our previous
work [37]. Herein, DFT calculations at the B3LYP/6-31+G(2d,p) level
were carried out to further investigate the mechanism of the posi-
tional effect on the two main dissociation reactions of the precursor
ions in detail.

4.1. Structures of the protonated molecules

Both the imine N2 and the thiocarbon S5 in the structure
can potentially prefer to accommodate the “ionzing” proton to
form two isomers, MH-a and MH-c, respectively, and they can
effectively interconvert each other through 1,5-proton migration
[37]. The S5-protonated isomer MH-c is thermodynamically more
stable than MH-a for the non-substituted compound. The imine
N2, however, is more favorable for protonation in the o- and
p-methoxyl-substituted compounds (Table 2), due to the “ortho
effect” and the resonance stability of the substituent.

Fig. 3 displays the optimized structures of the N2-protonated
methoxyl-substituted isomers (M1H-a1). Due to the different ori-

entation of the substituent position, both the meta- and the
ortho-isomers have two conformational structures, respectively.
The two conformational structures of the meta-isomer, m1-MH-
a1 and m2-MH-a1, share similar geometry parameters and nearly
equivalent potential energy; whereas the two conformational
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Table 2
Free energy (hartree) and relative free energy (kJ/mol) of the key species of CH3SH elimination for the protonated title isomers.

Structure o1 o2 m1 m2 p

G (hartree) Rel G
(kJ/mol)

G (hartree) Rel G
(kJ/mol)

G (hartree) Rel G
(kJ/mol)

G (hartree) Rel G
(kJ/mol)

G (hartree) Rel G
(kJ/mol)

R = MeO– M1H-c1 −1369.60579 6.4 −1369.6024 15.3 −1369.60281 14.2 −1369.60277 14.3 −1369.608226 0.0
M1H-a1 −1369.606319 5.0 −1369.612059 −10.1 −1369.601633 17.3 −1369.601891 16.6 −1369.609353 −3.0
M1H-a1-TS1 −1369.553436 143.9 −1369.558766 129.9 −1369.549482 154.2 −1369.549638 153.8 −1369.556921 134.7
P11 (m/z 193) −438.689083 – −438.689083 – −438.689083 – −438.689083 – −438.689083 –
CH3SH −930.905945 – −930.912648 – −930.900598 – −930.900985 – −930.909836 –
P11 + CH3SH −1369.595028 34.7 −1369.601731 20.0 −1369.589681 51.6 −1369.590068 50.6 −1369.598919 27.4

Ea 138.9 140.0 140.0 139.5 137.7
�G 29.7 27.2 34.5 33.4 27.4

R = Cl– M2H-c1 −1714.698975 4.8 −1714.696104 12.3 −1714.699000 4.7 −1714.69922 4.1 −1714.700792 0.0
M2H-a1 −1714.69564 13.5 −1714.697283 9.2 −1714.69527 14.5 −1714.695489 13.9 −1714.698217 6.8
M2H-a1-TS1 −1714.6433 151.0 −1714.644671 147.3 −1714.643453 150.5 −1714.643749 149.8 −1714.646125 143.5
P21 (m/z 197) −1275.993574 – −1275.997338 – −1275.993304 – −1275.993737 – −1275.996953 –

−17

s
t

w
(
r
t
b
f
N
b
C
s
a
p

P21 + CH3SH −1714.682657 47.6 −1714.686421 37.7

Ea 146.2 138.1
�G 42.8 25.4

tructures of the ortho-isomer display distinct differences due to
he ortho-effect.

An intramolecular hydrogen bond, 1.967 Å of the N2–H···O type,
ith a six membered ring exists in one of conformational structure

o2-M1H-a1) of the ortho-isomer (Fig. 3), according to calculated
esults. The intramolecular hydrogen bond in o2-M1H-a1 promotes
he p–� conjugation between N3 and N2, witnessed by the N2–N3
ond length, which is much shorter than that in the other con-
ormational structure o1-M1H-a1 (1.362 Å versus 1.376 Å). The
2–N3 bond in o2-M1H-a1 then shares more characters of double
ond than that in other structures, with H7 nearly coplanar to the

1–N2–N3 plane (˚C1–N2–N3–H7, −5.6◦). Provided by the extra
tability of the intramolecular hydrogen bond, o2-M1H-a1 is actu-
lly at the global minimum on our calculated energy surfaces of the
rotonated methoxyl-substituted isomers, and 25.4 kJ/mol lower

Fig. 3. Optimized structures M1H-a1 of the N2-protonated methoxyl-su
14.682387 48.3 −1714.68282 47.2 −1714.686036 38.7

145.8 145.7 143.5
43.6 43.1 38.7

in free energy than the S5-protonated isomer o2-M1H-c1 (Table 2),
indicating that the ortho isomer exists almost as structure o2-M1H-
a1. The intramolecular hydrogen bond also significantly affects the
fragmentation behavior of the precursor ion (see later section).

Besides the intramolecular hydrogen bond, the resonance effect
of the methoxyl group also influences the geometry parameters
of the protonated molecules. As shown in Fig. 3, the O–CPh and the
C1–CPh bond lengths in the p-M1H-a1 are 0.016 and 0.017 Å shorter
than those in the meta isomer, respectively, indicating that the sub-
stituent at the para site shares more conjugation with the C1 N2
double bond than that at the meta one. As an electron endowing

group, the methoxyl group at the para- (or ortho-) site provides the
extra stability of the N2-protonated isomers, by dispersing the pos-
itive charge on N2 upon protonation. As a result, the para isomer
p-M1H-a1 is about 14 kJ/mol lower in energy than the meta one, and

bstituted isomers for the title compounds at B3LYP/6-31+(2d,p).
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Scheme 2. The mechanism of the two main fragmentat

s also thermodynamically more favorable than the S5-protonated
nes p-M1H-c (Table 2).

.2. Fragmentation of losing CH3SH

CH3SH dissociation of the protonated molecules is the most pre-
ominant fragmentation channel for the title compounds. Similar
o decomposition of its neutral analogs [36], CH3SH elimination
s described as one-step reaction (Scheme 2), migration of the
hiocarbamide hydrogen H7 to the methyl mercapto group S6
oncomitantly with the breakage of the S6–C4 bond via a four-
embered ring transition state MH-a1-TS1 (Fig. 2S) [37]. Analysis

f Table 2 shows that similar energy barrier of ∼139 kJ/mol is shared
or all the protonated methoxyl-substituted isomers, and about
145 kJ/mol for the protonated chloro-substituted isomers. The

alculated results indicate that the reactivity is almost immune
o the substitution pattern on the phenyl ring, since the reaction

enter is away from the phenyl group.

However, different substituent affects the stability and then the
elative abundance of the precursor ions, due to its different elec-
ronic effect. As shown in Table 2, the calculated energy barrier in
he CH3SH dissociation of the methoxyl-substituted compounds

able 3
ree energy (hartree) and relative free energy (kJ/mol) of the key species of (NSC)SCH3 el

Structure o1 o2 m

G (hartree) Rel G
(kJ/mol)

G (hartree) Rel G
(kJ/mol)

G

R = MeO– M1H-c1 −1369.60579 6.4 −1369.6024 15.3 −
M1H-a1 −1369.606319 5.0 −1369.612059 −10.1 −
M1H-a1-TS2 −1369.59308 39.8 −1369.598931 24.4 −
M1H-a2 −1369.598889 24.5 −1369.603922 11.3 −
M1H-a2-TS1 −1369.538363 183.4 −1369.541129 176.2 −
P12 (m/z 136) −440.510995 – −440.515933 – −
(NSC)SCH3 −929.071684 – −929.071684 – −
P12 + (NSC)SCH3 −1369.582679 67.1 −1369.587617 54.1 −
Ea1 34.7 34.5
Ea2 178.4 186.3
�G 60.7 64.1

R = Cl– M2H-c1 −1714.698975 4.8 −1714.696104 12.3 −
M2H-a1 −1714.695600 13.5 −1714.697283 9.2 −
M2H-a2-TS1 −1714.632673 178.8 −1714.634104 175.1 −
P22 (m/z 140) −785.597014 – −785.59935 – −
P22 + (NSC)SCH3 −1714.668698 84.3 −1714.671034 78.1 −
Ea2 174.0 165.9
�G 79.5 68.9
H (NSC)SCH3P-2

actions observed in CID-MS of the protonated isomers.

is about 6 kJ/mol lower in free energy than that of the chloro-
substituted ones, indicating a more accessible reaction channel. As
a result, less abundant precursor ions were observed in the tandem
mass spectra of the methoxyl-substituted isomers than that of the
chloro ones.

4.3. Fragmentation of losing (NSC)SCH3

(NSC)SCH3 (105 Da) elimination of the precursor ion MH-a1,
which results in structurally diagnostic ions, is viewed as a two-step
pathway (Scheme 2) [37]. In the first step, rotation of the thioamide
group around the N2–N3 bond generates a conformational iso-
mer MH-a2, with a low energy barrier (∼40 kJ/mol) via MH-a1-TS2
(Table 3). This process weakens the N2–N3 bond by breaking the
p–� conjugation between N3 and N2, witnessed by extension of
the N2–N3 bond length, e.g., to 1.394 Å in p-M1H-a2 from 1.382 Å
in p-M1H-a1 (Fig. 3 and Fig. 3S). The subsequent breakage of the

N2–N3 bond is induced by the adjacent positive charge on N2, con-
comitantly with transferring thioamide hydrogen to the N2 atom,
and leads to product ion m/z 136 via MH-a2-TS1 (Fig. 3S). Analysis
of Table 3 indicates that the second step via MH-a2-TS1 is the key
step in this fragmentation.

imination for the protonated title isomers.

1 m2 p

(hartree) Rel G
(kJ/mol)

G (hartree) Rel G
(kJ/mol)

G (hartree) Rel G
(kJ/mol)

1369.60281 14.2 −1369.60277 14.3 −1369.608226 0.0
1369.601633 17.3 −1369.601891 16.6 −1369.609353 −3.0
1369.588869 50.8 −1369.587135 55.4 −1369.5948 35.2
1369.593073 39.8 −1369.593447 38.8 −1369.602888 14.0
1369.537753 185.0 −1369.537746 185.0 −1369.541327 175.6
440.504478 – −440.504965 – −440.515385 –
929.071684 – −929.071684 – −929.071684 –
1369.576162 84.2 −1369.576649 82.9 −1369.587069 55.5

33.5 39.8 38.2
170.8 170.7 178.6
70.0 68.6 58.5

1714.699000 4.7 −1714.69922 4.1 −1714.700792 0.0
1714.69527 14.5 −1714.695489 13.9 −1714.698217 6.8
1714.634326 174.5 −1714.634635 173.7 −1714.635759 170.7
785.596576 – −785.596997 – −785.600891 –
1714.66826 85.4 −1714.668681 84.3 −1714.672575 74.1

169.8 169.6 170.7
80.7 80.2 74.1
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Table 4
The Breneman charge distribution of some key atoms in the optimized N2-
protonated isomers M1H-a2.

Structure N2 O H8 N3

o1-M1H-a2 0.1372 −0.3271 0.2137 −0.3776

o
p
d
s
0
f
N
T
h
T
M
p

i
i
l
(
t
t
f
i
i
w

e
m
e
n
w
t
i
a

5

S
h
o
m
t
T
d
t
t
c
i

i
t
o
t
i

u

[
[

[

[
[

[

[

[

[

[
[

[

[
[

o2-M1H-a2 0.1289 −0.3860 0.2373 −0.3756
m1-M1H-a2 0.2017 −0.3463 0.1944 −0.3955
m2-M1H-a2 0.2156 −0.3500 0.1989 −0.3839
p-M1H-a2 0.1845 −0.3340 0.1965 −0.3742

Since the methoxyl substituent at the para site shares more res-
nance with the C1 N2 double bond, the N2 atom in structure
-M1H-a2 contains less positive charge than that in m-M1H-a2,
ue to the strong electron donating effect of the methoxyl group. As
hown in Table 4, the calculated Breneman charge on the N2 atom is
.1845 in p-M1H-a2, which is less than that in the meta one (0.2017
or m1-M1H-a2 or 0.2156 for m2-M1H-a2). Less positive charge on
2 atom means less polarization of the neighboring N2–N3 bond.
herefore, (NSC)SCH3 elimination of p-M1H-a2 has about 8 kJ/mol
igher calculated energy barrier than that of m-M1H-a2 (Table 3).
he above calculations results are in good consistent with CID-
S results, in which the corresponding fragment ion (m/z 136) of

-M1H is significantly less abundant than that of m-M1H (Table 1).
Due to the ortho effect (hydrogen bond) and the electron donat-

ng resonance, the calculated Breneman charge on N2 is only 0.1289
n the ortho-methoxyl-substituted isomer o2-M1H-a2, which is far
ess than that in the other isomers (Table 4). The energy barrier for
NSC)SCH3 elimination of o2-M1H-a2 then significantly increases
o 186.3 kJ/mol, which is about 8 kJ/mol higher in free energy than
hat for the para isomer, and about 18 kJ/mol higher than that
or the meta one. As a result, (NSC)SCH3 elimination of the ortho-
somer is further suppressed, and the relevant product ion m/z 136
s extremely low in abundance (0.4%) in the tandem MS of o-M1H,

hich is abundant in the MS/MS of the para or the meta isomer.
The chloro substituent, however, is a group with weak electronic

ffect, and thereby both the meta- and para-isomers (p-M2H and
-M2H) have similar energy barriers in the process of (NSC)SCH3

limination (Table 3). The chloro substituent at the ortho site does
ot interact strongly with the ionizing proton on the imine N2 atom
ith hydrogen bond, and then hardly alerts the energy barrier in

he process of fragmentation. As results, the corresponding product
ons display similar abundance in the tandem mass spectra (Table 1
nd Fig. 1S).

. Conclusion

In this paper, the ortho, meta or para positional isomers of
-methyl methoxyl- (or chloro-) substituted benzenylmethylene-
ydrazine dithiocarboxylate, RPhCH N–NHC( S)–SCH3 (R = MeO–
r Cl–), have been investigated by collision induced dissociation
ass spectrometry. Eliminations of CH3SH and (NSC)SCH3 are the

wo main fragmentation channels of the protonated molecules.
he fragment ion m/z 136 resulting from (NSC)SCH3 elimination
isplays significant difference in the relative abundance for the
hree methoxyl-substituted isomers, indicating that these posi-
ional isomers were differentiated solely by tandem MS. The
hloro-substituted isomers, however, show no distinct difference
n the CID-MS.

The different abundance of the characteristic ions in the CID-MS
s as a result of the varying dissociation reactivity, due to the posi-
ional effect. The calculation results revealed that the energy barrier

f CH3SH elimination is almost immune to the substitution pat-
ern on the phenyl ring for both methoxyl- and chloro-substituted
somers, since the reaction center is away from the phenyl group.

Elimination of (NSC)SCH3 is triggered by the positive charge
pon protonation on the imine N2. The positive charge on N2 in the

[
[
[

[
[
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para isomer is dispersed due to the p–� conjugation effect of the
methoxyl group, and thereby the relevant energy barrier in dissoci-
ation of the para isomer is ∼8 kJ/mol higher in free energy than that
of the meta one. As a result, the corresponding product ion (m/z 136)
of the para isomer is distinctly less abundant than that of the meta
one (22.0% and 57.7%). The methoxyl substituent at the ortho posi-
tion further suppresses the (NSC)SCH3 elimination channel, due to
both the resonance effect and the intramolecular hydrogen bond in
the N2-protonated isomer o2-M1H-a2, with much higher energy
barrier and then extremely low abundant the product ion (m/z 136,
0.4%). In comparison, all the three chloro-substituted isomers are
short of the above positional effects due to the weak electronic
effect of the substituent, have the similar calculated energy barrier
in (NSC)SCH3 elimination, and then share the similar tandem MS.
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