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a b s t r a c t

Diuron (3-(3,4-dichlorophenyl)-1,1-dimethylurea), a common herbicide from phenyl urea class, was
investigated by studying the formation of several negative ions [M−H]− in the gas phase and the frag-
mentation behaviour of the thermodynamically most probably formed isomeric anions upon linear ion
acceleration/collision experiments. The collision induced dissociation experiments (CID) were carried
out in a hexapole–quadrupole–hexapole hybrid system coupled to 12 T magnet with infinity ICR cell for
high resolution measurements. Two distinctive main pathways were observed in the MS/MS spectrum.
Sustained off-resonance irradiation (SORI) experiments inside the ICR cell reinforce the fragmentation
channels obtained from linear ion acceleration experiments. The fragmentation pathways were also com-
pletely investigated by the use of B3LYP/6-311+G(2d,p)//B3LYP/6-31+G(d) level of theory. Elimination
of dimethylamine takes place in a two-step process, by which two successive 1,3 proton shifts occur.
The second 1,3 proton shift is concerted with the departure of dimethylamine. The driving force for the
(CH3)2NH elimination is the formation of isocyanate group. The formed primary product ion can further
decompose to release HCl through a new transition state. A stable new aromatic product ion is formed

with 10� electrons. Loss of C3H5NO neutral from another anionic isomer of the precursor ion was also
observed and is characteristic for the amide terminal of the diamide functional group. A concerted mech-

hich
ltane
anism is proposed, by w
C3H5NO takes place simu

. Introduction

Diuron (3-(3,4-dichlorophenyl)-1,1-dimethylurea), known also
s DCMU is a substituted urea-based herbicide, which represents an
mportant class of contact herbicides widely used for weeds’ control
1]. Due to its moderate water solubility of 22–42 mg/L at 20 ◦C,
CMU leaks slowly to the terrestrial layers causing groundwater

2], reservoir water and rivers [3] contamination. Its potential risk
s the inhibitory effect of hill reaction in photosynthesis by limiting
he production of high-energy compounds which can be used for
arious metabolic processes [4–6].

Biodegradation of DCMU was intensively investigated in soil by
ctinomycetes [7], fungi [8] and by UV light [9]. Different analytical

ethods were implemented for these studies, but no computa-

ional (theoretical) studies of gas phase ion fragmentation of DCMU
ons were performed to gain structural elucidation of the com-
ound from a mass spectrometric point of view.
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E-mail address: Basem.Kanawati@helmholtz-muenchen.de (B. Kanawati).
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N–C bond breakage and cyclization of the eliminated neutral fragment
ously to form 1-methyl-aziridin-2-one.

© 2009 Elsevier B.V. All rights reserved.

The density functional theory (DFT) has witnessed an intensive
development and its applications in various chemical problems
become of great interest. B3LYP functional with the basis set 6-
31+G(d) for geometry optimizations was used, due to the well
accuracy of 6-31+G(d) level of theory (when combined with 6-
311+G(2d,p) basis set for single point energy calculations) and
the computationally moderate time consumption [10]. It was also
implemented to elucidate intramolecular rearrangements in com-
plex sesquiterpene oxidation products which bear multiple organic
functional groups [11] as well as for inorganic applications [12,13].
Chandra and Uchimaru [14] used B3LYP to calculate the C–H bond
dissociation enthalpies of several haloalkanes. They found that
the B3LYP functional has an average error of 1.2 kcal/mol when
combined with the basis set 6-311G(d,p). Furthermore, B3LYP/6-
31+G(d,p) was found to give very reliable results for predicting the
acidities of nucleobases [15].

The B3LYP functional [16,17] with the basis set 6-31+G(d) was
not only implemented to study closed shell ions in the literature

but also to study radical ions. Grützmacher et al. used the basis set
6-31+G(d) for geometry optimizations to investigate ion–molecule
reactions between halogenated radical cations and alcohols in a
combined DFT/FT-ICR-MS study [18]. In another DFT/FT-ICR study,
the same level of theory could give an accurate insight about

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:Basem.Kanawati@helmholtz-muenchen.de
dx.doi.org/10.1016/j.ijms.2009.07.010
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on–molecule reactions between 2-bromopropene radical cation
nd amines in the gas phase [19]. Naumov et al. studied trans-
ormations of 5-membered heterocyclic radical cations by low
emperature electron paramagnetic resonance EPR spectroscopy.
n their recent study, they utilized DFT UBHLYP/6-31+G(d) level of
heory to calculate hyperfine splitting (hfs) constants and found a
ery good agreement between the measured and calculated values
f the hfs constants [20]. Mariano et al. investigated several halo-
enated species with negative electron affinities by DFT methods
nd concluded that B3LYP/6-311+G(2df,p)//B3LYP/6-31+G(d) gave
good correlation between the experimental data and theoretical
alues [21].

DCMU as well as other herbicides were previously investi-
ated in the positive electrospray ionization mode coupled to HPLC
nd different mass spectrometric analyzers [22,23]. Unlike the gas
hase chemistry of positive ions, very little is known in regard to
egative ionic species, especially in concern to their reactivity and

ragmentation behaviour. DePuy et al. described some chemical
eactions of anions in flowing afterglow apparatus [24]. They also
escribed ion–molecule reactions of organic anions and their corre-
ponding neutrals [25]. A fundamental review about fragmentation
f several classes of negative organic ions exists [26]. Negative
hemical ionization of organic molecules is also given as a review
n the literature [27].

Kanawati et al. showed in previous studies [28,29], that the dif-
erence in single point energy results obtained from 6-311++G(3df,
pd) and 6-311+G(2d,p) is minimal (lower than 1.5 kcal/mol) for
losed shell ionic systems, when the energy differences are aver-
ged along a complete reaction path. Calculations with both basis
ets give the same trend in the behaviour of energy curves for
ulti-steps fragmentation pathways.
Deuterium experiments are not always helpful in decipher-

ng gas phase reaction mechanisms, especially in cases, where
ollisionally activated ion dissociations take place. This is due to
he fact, that energy supply on the parent ion can induce rapid
/H scrambling processes [30–32] before the fragmentation can

ake place. Jorgensen et al. [33] have shown in a Q-TOF-MS that
omplete intramolecular randomization of all hydrogen atoms
ttached to nitrogen and oxygen in the amide functional groups
ith deuterium occurs in the gaseous peptide ion prior to its dis-

ociation under low collisional energy activation conditions. Thus,
he quantum mechanical approach is necessary for understanding
he fragmentation mechanisms.

The aim of this study is not only to show detailed mech-
nistic pathways, which are in agreement with experimental
ass spectrometric results, but also to reveal new synthetic

athways for logical recombination of negative organic ions and
eutrals, which can be of interest to retro synthetic organic
hemists. The ion structures and their pathways of forma-
ion were studied by using two complementary approaches:
a) the collision-induced dissociation (CID) experiments and (b)
he hybrid DFT method at the B3LYP/6-311+G(2d,p)//B3LYP/6-
1+G(d) level of theory. The results obtained from both sources
re reported herein and clear fragmentation mechanisms are
stablished.

. Experimental

An FT-ICR mass spectrometer (Bruker Daltonics, Bremen,
ermany) with 12 T magnet (Magnex, UK) was used for the exper-

mental study. Scheme 1 shows the FTMS instrument, which

onsists of a hexapole–quadrupole–hexapole ion guide, coupled to
n infinity ICR cell [34]. In the first hexapole, ions can be accumu-
ated for variable time before they are forwarded to the quadrupole,

hich serves as a mass filter. Once isolated, the interesting ion can
e accelerated in the second hexapole and let to collide with Argon
Scheme 1. Schematic representation of the main devices in the FTMS instrument.
Hex and Q stand for hexapole and quadrupole respectively.

atoms in the second hexapole, where a relatively high pressure of
Argon gas (10−2 mbar) is maintained.

The formed product ions together with the remaining precur-
sor ions are subsequently accelerated toward the ICR cell through a
series of ion accelerating and decelerating lenses to overcome the
magnetic fringing field. Once trapped inside the ICR cell, a dipolar
radial excitation pulse can be triggered from the excitation plates
of the ICR cell to excite ions radially. This causes an increase in the
cyclotron motion of all ions for detection. A time domain transient
is obtained with a size of 1 M words and is Fourier transformed
to obtain a frequency spectrum, which is then converted by Apex
Control program (Bruker Daltonics, Bremen, Germany) to a mass
spectrum. All ion excitations were performed in broad band mode
(frequency sweep radial ion excitation). Simulations of ion trajec-
tories inside ICR cells in both thermal motion and also during radial
excitation are well known and given in the literature [35–37].

Ions were accumulated in the first hexapole for 1 s and in the sec-
ond hexapole (collision cell) for 100 ms prior to ICR ion detection.
The base pressure in the ICR vacuum chamber was 5 × 10−10 mbar
and in the quadrupole region 3 × 10−6 mbar. High pressure in the
quadrupole region is necessary to co-linearize the ions in the radial
plane and decelerate the radial components of the ion kinetic
energy.

Sustained off-resonance irradiation experiments were also per-
formed on specific product ions formed as a result of linear ion
acceleration and collisional CID experiments (described above).
These SORI experiments were performed to reinforce the MS/MS
data obtained from the hexapole fragmentation. The deviation
from the on-resonance excitation is 500 Hz in the SORI experi-
ment with an excitation pulse duration of 200 ms and amplitude
of 2Vp-p. A pulse valve was used for the SORI experiment to pro-
vide Argon atoms for the SORI experiment with an open duration
of 200 ms.

Electrospray ionization source (Apollo II, Bruker Daltonics, Bre-
men, Germany) was used in the negative ionization mode to ionize
the studied analyte in pure Methanol (Lichrosolv, Sigma–Aldrich,
Schnelldorf, Germany). 10 ppm DCMU in Methanol was injected
directly to the ionization source by the use of a microliter pump
at a flow rate of 2�L/min. A source heater temperature of 200◦

was maintained and no nozzle–skimmer fragmentation was per-
formed in the ionization source. The instrument was previously
calibrated by the use of Arginine negative cluster ions starting from
a methanolic arginine solution of 10 ppm.

3. Calculations

The electronic structure calculations were performed on a
stand-alone computer using Density Functional Theory, incorpo-
rated in Gaussian 03W program [38]. The hybrid DFT method B3LYP
was implemented with the polarization functions 2d for each heavy

atom and 1p for each hydrogen atom in all single point energy
calculations. All geometry optimizations were performed using 6-
31+G(d) basis set. Frequency calculations were also done for each
optimized geometry using the same basis set 6-31+G(d) to obtain
the zero point vibrational energy (ZPVE). This value is multiplied
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y the scaling factor 0.9804 to correct for vibrational anharmonici-
ies [10]. Single point energy (SPE) calculations were done using
-311+G(2d,p) level of theory. The use of diffuse functions was

mportant to represent the correct geometry of anionic species. Sta-
ility tests on all calculated structures were performed to ensure
hat the used wave function does represent the lowest energy solu-
ion of the self consistent field (SCF) equations.

For geometry optimization, a modified conjugate gradient algo-
ithm from Gaussian Inc (Ct, USA) [39] was used in combination
ith the GDIIS algorithm [40–42]. The requested convergence in

he density matrix was 10−8, the threshold value for maximum

isplacement was 0.0018 ´̊A, and that for the maximum force was
.00045 Hartree/Bohr. The nature of the stationary points was
stablished by calculating and diagonalizing the Hessian matrix
force constant matrix). Transition structures were characterized
hrough normal-mode analysis (frequency analysis). The transi-
ion vector associated with the unique imaginary frequency has
een determined in each found transition state and is provided
s animation in Appendix B supplementary material. This vector
epresents the eigenvector associated with the unique negative
igenvalue of the force constant matrix, which indicates that the
ound structure corresponds to a first order saddle point (tran-
ition state). In order to further check that the found transition
tate really connects two energy minima structures with each other
reactant with product), intrinsic reaction coordinate [43] (IRC) cal-
ulations in all found transition state geometries, were performed
n mass-weighted internal coordinates [44].

For Nucleas Independent Chemical Shift (NICS) calculations [45],
he standard NMR GIAO method [46,47] was used with HF/6-
1+G(d) level of theory on the 6-31+G(d) optimized geometries.
ll geometries of electronic structures calculated were rendered
y GaussView program [48]. Mechanistic studies for isodesmic
ransformations (gas phase intramolecular rearrangements and ion
ragmentation processes) are presented in this paper.

. Results and discussion

Fig. 1A shows the MS/MS fragmentation pattern of the produced
M−H]− ion m/z 231 of DCMU at collision energy of 15 eV in the
aboratory frame. Only the monoisotopic signals are labelled in
ig. 1A. Ion m/z 231 indicates the sum formula C9H9N2OCl2. This
on can fragment in two different pathways. In the first pathway it
an fragment to produce the product ion m/z 186 with the sum
ormula C7H2Cl2NO. The measured mass difference is 45.05783
nd indicates the sum formula C2H7N with an absolute error of
.05 milli mass unit (mmu), indicating that the departing neutral is
imethylamine (CH3)2NH. Once formed, the primary product ion
M−H−(CH3)2NH]− m/z 186 can further fragment losing HCl to give
ise to a secondary product ion with a nominal m/z of 150. The
easured mass difference 35.97668 indicates the sum formula HCl
ith an absolute error of only 0.05 mmu. These two mass differ-

nces are too accurate so that their absolute errors are much less
han the mass of one electron m/z 0.55 mmu. This shows the great
dvantage of ICR high resolution measurements for obtaining very
arrow signals which give highly accurate masses.

Fig. 1B shows the result of a SORI experiment performed on the
rimary product ion m/z = 186 [M−H−Me2NH]− anion, which is
roduced by linear CID of [M−H]− ion m/z 231 in the hexapole.
s Fig. 1B shows, no product ion m/z = 160 is formed from ion
/z = 186. This indicates that ion m/z = 160 is a primary product
on which is formed from ion m/z = 231 directly due to linear CID in
he hexapole.

Fig. 2 shows experimental and calculated isotopic patterns of
he formed product ions. A perfect match between the measured
nd the calculated isotopic patterns is achieved. The second frag-
Fig. 1. (A) MS/MS fragmentation pattern of [M−H]− m/z 231 of DCMU at collision
energy of 15 eV (laboratory frame) in the hexapole. (B) SORI MS/MS spectrum of iso-
lated [M−H−Me2NH]− anion m/z = 186. This ion was obtained by linear CID applied
on [M−H]− m/z = 231 in the collision cell (hexapole).

mentation pathway is also shown in Fig. 1B and indicates the loss
of a neutral with a mass of 71.03721 which corresponds to the sum
formula C3H5NO with an absolute mass error of 0.12 mmu. The
isotopic pattern for the product ion m/z 160 affirms also the sum
formula C6H4Cl2N for this product ion. Based on the accurate sum
formulas, ion m/z 160 (C6H4Cl2N) cannot be formed starting from
the primary fragment ion m/z 186 (C7H2Cl2NO), since ion m/z 186
contains only two hydrogen atoms, whereas ion m/z 160 contains 4
hydrogen atoms. The SORI experiment shown in Fig. 1B reinforces
this fact. DFT calculations discussed below show a completely log-
ical mechanistic pathway for the elimination of the C3H5NO from
[M−H]− C9H9N2OCl2 m/z 231 to give a primary product ion m/z 160
with the sum formula C6H4Cl2N.

4.1. Isomeric anions for [M−H]− m/z 231 of DCMU

Fig. 3 shows the optimized geometries of five anionic isomers
−
of [M−H] of DCMU. These isomer anions are the result of the-

oretical deprotonation from several sites of neutral molecule of
DCMU. Table 1 gives gas phase site dependent deprotonation ener-
gies. As shown in Table 1, it is clear that proton removal from the
internal nitrogen of the alkylated urea is thermodynamically the
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ig. 2. Measured and simulated isotopic patterns for (A) the precursor ion m/z 231 a
erformed at 15 eV in the collision cell (hexapole).

ost favourable event for ionization in the Electrospray source.
he hydrogen atoms in the benzene ring are not acidic enough to
nitiate deprotonation. This is obvious from the energies required
o form Anions 1–3 with deprotonation energies of 368, 380 and
74 kcal/mol, respectively. Although proton removal from one of
he two methyl groups connected to the external amidic nitro-

en atom has high-energy demand, Anion 5 cannot be excluded,
ince it is possible to be formed as a result of two body colli-
ion between Anion 4 and the DCMU neutral. This ion–molecule
eaction is endothermic (as expected) by 52.4 kcal/mol and can be
riven by ion acceleration between the electrospray needle and the
l formed product ions (B–D) as a result of collision induced dissociation experiment

counter electrode (skimmer) in the ionization source. We will show
in the next sections that both isomers (Anion 4 and Anion 5) play
an important role in drawing two distinctive main fragmentation
pathways, which delineate the structure of DCMU.

5. DFT mechanistic study for (CH3)2NH and HCl

eliminations

After we showed that the most probable isomer formed for
[M−H]− ion m/z 231 of DCMU in the ion source is Anion 4, the
elimination of dimethylamine from Anion 4 is not possible, since
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Fig. 3. Optimized geometries of several isomeric anions for [M−H]− m/z 231 of
DCMU.

Table 1
Gas phase deprotonation energies of [M−H]− isomeric anions of DCMU.

Isomer E (Hartree) DP B3LYP/6-311+G(2d,p)

Anion 1 −1453.559075 368
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Anion 2 −1453.539995 380
Anion 3 −1453.549508 374
Anion 4 −1453.610789 335
Anion 5 −1453.527205 388

he external amide terminal lacks an additional hydrogen atom
hat is necessary to connect to the departing (CH3)2N moiety to
roduce dimethylamine. However, there is no hydrogen atom in
roximity to the external amide group in Anion 4. Thus, a suitable
ay for dimethylamine elimination starting from Anion 4 is a two-

tep process, by which isomerisation from Anion 4 to Anion 1 takes
lace in the first step through gas phase intramolecular 1,3 proton
hift. This is accompanied with a forward energy barrier height of
1.2 kcal/mol and is possible, since Anion 4 is accelerated and let
o collide with Argon atoms in the collision chamber. Under a rela-
ively high pressure condition in the collision cell (10−2 mbar in the
exapole) more than one collision is highly probable, so that multi

nternal energy depositions can occur.
The estimated average of internal energy deposited in

nion 4 is 51.2/345.6 × 100 = 14.8%, since Anion 4 is acceler-
ted with 15 eV, which is equivalent to 345.6 kcal/mol electric
eld supplied kinetic energy. For 15 eV acceleration in the

aboratory frame, the center of mass energy (Ecm) is equal to
cm = Elab × Mt/(Mt + Mp) = 15 × 40/(40 + 231) = 2.2 eV = 50.7 kcal/mo
hen Argon atoms are used as a collision gas. Mt is the mass of one
eutral of the collision gas (target) and Mp is the mass of the accel-
rated ion (projectile). The center of mass energy Ecm = 2.2 eV is the
aximum amount of deposited internal energy in one collision.
iven that the calculated forward energy barrier height (TS1, Fig. 4)

s 51.2 kcal/mol = 2.2 eV, we conclude that the first 1,3 proton shift
hown in Fig. 4 is feasible. More collisions can deposit more inter-
al energy into the accelerated ion or quench further accelerations
epending on the gas pressure. We showed in previous linear ion

cceleration studies that the percentage of conversion from kinetic
o internal energy can even reach 26% [11,28] relative to the labo-
atory frame gained energy in quadrupole devices. Thus, internal
nergy deposition is possible and the energy is invested in inducing
Scheme 2. Canonical forms for Anion 4 and the hypothetical Anion X.

gas phase rearrangement prior to fragmentation. Once formed,
Anion 1 has a hydrogen atom in proximity to (CH3)2N moiety,
which is eliminated in a further step. A successive deposi-
tion of internal energy by further collisions of the accelerated
ions with Argon gas can induce (CH3)2NH elimination in a
concerted mechanism with an additional 1,3 proton shift (for-
ward energy barrier TS2 = 77.9 − 32.5 = 45.4 kcal/mol, Fig. 4). The
driving force for the dimethylamine elimination is the stabi-
lization of the formed primary product ion [M−H−(CH3)2NH]−

m/z 186 by electron delocalization in the isocyanate moiety
[49].

The primary product ion with isocyanate group can be sub-
sequently further accelerated to eliminate HCl. This requires
overcoming an energy barrier height of 83.3 − 44.1 = 39.2 kcal/mol
to form an ion-neutral complex with very low reverse energy bar-
rier (83.3 − 81.1 = 2.2 kcal/mol). The detachment of the hydrogen
atom and the separation of HCl require 30.6 kcal/mol of energy.
The formed secondary product ion [M−H−(CH3)2NH−HCl]− m/z
150 has 10� electrons in a cyclic conjugated system and there-
fore aromatic. Diefenbach and Schwarz predicted also a high
electron density C6H6 tetra anion ring with 10� electrons, sta-
bilized as a complex by two Barium ions [50]. In their previous
work, they suggested that such a tetra-ion may be produced
by an electron source that can supply four additional electrons
to the benzene ring. In our findings, we report the forma-
tion of a (10� electrons) aromatic mono-charged ionic ring by
electrospray deprotonation followed by HCl elimination, which
was observed in the MS/MS fragmentation pattern of [M−H]−

of DCMU.
Another alternative mechanism for dimethylamine elimination

from Anion 4 would be a 1,5 proton shift of an ortho-proton from
the benzene ring to the carbonyl oxygen atom of the alkylated
urea moiety as shown in Eq. (1). However, this McLafferty-like 1,5-
proton shift through a pseudo 6-membered ring is not possible,
since it leads to sharp charge separations which is thermodynami-
cally unfavourable.
(1)
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ig. 4. Energy profile for dimethylamine elimination starting from Anion 4 [M−H
athway, which finally leads to HCl loss.

Scheme 2 shows that one of the canonical forms of the ion
ormed after this 1,5 proton shift (X-C1) has three charges in
hree different positions (unstable canonical form), whereas Anion

has only stable canonical forms. Quantum mechanical calcula-
ions based on both DFT-B3LYP and MP2 methods failed not only
o find a transition state for this rearrangement but also failed to
tabilize the ion formed after this 1,5 proton shift as energy mini-
um. It was not possible to optimize the geometry of the formed

on as energy minimum neither with 6-31+G(d,p) nor with higher
asis sets [6-311+G(d,p)]. Fig. 5 shows a potential energy curve
or the forbidden 1,5 proton shift. The energy difference between
he two ionic forms (H bound to C versus H bound to the car-
onyl’s oxygen atom) is 62.8 kcal/mol. This energy difference is
igher than the highest net energy barrier height indicated in Fig. 4

or pathway 1 (51.2 kcal/mol). Thus, Anion X whereby the proton
s bound to the carbonyl’s oxygen atom cannot be formed and is
ven not stable as an energy minimum structure. The scan coordi-
ate in the shown energy curve is the angle C3–N9–H23 from 48◦

o 77◦. Angle C3–N9–H23 = 50 represents Anion 4, whereas angle
3–N9–H23 = 75◦ represent the instable Anion X.
. Elimination of C3H5NO from [M−H]− ion

The loss of C3H5NO cannot be initiated from any isomeric anion
,2,3,4 of [M−H]− m/z 231, since all these four isomer anions con-
ain six hydrogen atoms in the terminal N(Me)2 moiety.

Fig. 5. Potential energy curve for the forbidden 1,5 proton shift discussed in
Eq. (1).
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F m/z 2

p

in Eq. (2) is stable due to electron delocalization between the two
hetero atoms in the internal amidic group. The hypothetical prod-
uct in Eq. (2) cannot be stabilized by electron delocalization. Thus,
Eq. (2) is not feasible and no C3H5NO neutral can be derived from it.
ig. 6. Energy profile for conformational change and isomerism of Anion 5 [M−H]−

Any attempt to eliminate C3H5NO neutral from Anion 4 by 1,4
roton shift fails (Eqs. (2) and (3)).

(2)
31 prior to elimination of C3H5NO to form the primary product ion m/z 160.

Eq. (3) cannot proceed, since it is too endothermic. The
endothermicity of this reaction is 47.9 kcal/mol. This high
endothermicity is due to the production of three separated parti-
cles starting from one single precursor ion. This required energy is
significant when compared to the more feasible pathway discussed
later and shown in Fig. 6 (10.5 kcal/mol endothermic).

The high endothermicity of Eq. (3) prevents this fragmen-
tation, since it is even higher than the energy barrier shown
in Fig. 6 for the more feasible pathway through TS3 (see
below).

The external methyl group, which has the syn orientation rela-
tive to the internal amidic nitrogen atom, cannot be deprotonated
by the internal nitrogen atom, which bears the negative charge in
Anion 4 (as indicated in Eq. (2)). Neither a transition state for Eq. (2)
could be found nor the deprotonated methyl structure is stable as
an energy minimum structure. This is a forbidden 1,4 proton shift,
since the negative charge would in this case be transferred to the
terminal methylene group which is not stable. Note that Anion 4
(3)



B. Kanawati et al. / International Journal of Mass Spectrometry 288 (2009) 6–15 13

F ues of
w

m
T
c
T
r
t
c
m
d
o
r
t
r
r
r
t
p
p
a
s
[
i
m

C
s
S
s
a
w
t
a
S
t
t
t

A
r
t
I

the ion-neutral complex shown in Fig. 6, which is slightly higher
in energy than 5-i3 anion. This is an example which shows that
ion-neutral complex formation can alter what is seen on normal
IRC potential curves. Note the structural geometrical differences
ig. 7. Structures along the IRC curve shown in Fig. 8 with reaction coordinate val
hich is responsible of C3H5NO elimination/recombination.

Loss of C3H5NO is proposed to occur starting from the iso-
er Anion 5 after two steps of successive conformational changes.

hese conformational changes are necessary as proved by IRC cal-
ulations, which were performed on the found transition states
S1 and TS2 (Fig. 6). The first conformational change indicates a
otation around the N–C bond (between the internal nitrogen and
he carbonyl’s carbon atom) indicated as TS1, while the second
onformational change comprises an inversion of the CH2 ter-
inal anionic moiety along its C3v symmetry through TS2. Both

escribed changes have negligible forward energy barrier heights
f 2.1 kcal/mol for TS1 and 1.5 kcal/mol for TS2. Once the cor-
ect conformer is obtained, Anion 5-i3 can then eliminate C3H5NO
hrough TS3 in a concerted mechanism with forward energy bar-
ier of 33.9 − 0.9 = 33.0 kcal/mol to give an ion-neutral complex. The
eleased translational energy is high, since the reverse energy bar-
ier for TS3 is significant (33.9 − 5.1 = 28.8 kcal/mol) and is more
han sufficient to induce decomposition of the ion-neutral com-
lex to form the product amide ion Ar−NH− (with two electron lone
airs on the terminal nitrogen atom) after C3H5NO elimination. The
mide anion can be seen as a deprotonated 3,4-dichloroaniline,
ince this ion m/z = 160 give the same fragmentation pattern as
M−H]− anion m/z = 160 of 3,4-dichloroaniline. The fragmentation
s only represented by HCl elimination to give the product ion

/z = 124.
For better illustrating the concerted mechanism, by which

3H5NO is eliminated, Fig. 7 shows the structure of TS3 and the
tructures along the IRC of TS3 at reaction coordinate values of
= −4 and S = +10. The corresponding IRC energy curve of TS3 is
hown in Fig. 8 and provides information about the energy vari-
tion along the intrinsic reaction coordinate, which is associated
ith C3H5NO elimination from isomer 5-i3 [M−H]− m/z 231. Plot-

ed energy values are pure electronic energy points (without ZPVE
nd thermal contributions) calculated on 6-31+G(d) level of theory.
tructures on both ends of the coordinate (Fig. 7) do not represent
otally optimized energy minima structures. However, these struc-
ures illustrate the concerted mechanism for C3H5NO elimination
hrough the transition state.
Fig. 8 describes a nucleophilic addition of an aromatic amide ion
r–NH− on the C O double bond of the 3-membered heterocyclic
ing of 1-methyl-aziridin-2-one, by which a concerted ring opening
akes place. According to Hammond principle [51], the asymmetric
RC curve shown in Fig. 8 indicates a product-like transition state,
S = −4, +4, 0 and +10. Arrows indicate the transition vectors in the transition state

which more resembles the structure for S = +4 shown in Fig. 7 previ-
ously, since geometries with positive S values have higher energies
than those with negative S values. Even when S is extended to reach
+10, the potential on the product side of the recombination is higher
than the reactant side with S = −4. As can be seen from Table 2, the
C14–N16–C17 angle remains wide with value of 102.7◦ in the tran-
sition state structure and this resembles the geometry for S = +4
more than that for S = −4 structure for the same reaction. Note
the inversion in the angle C16–C14–C15 along the transition from
positive and to negative S values. Unlike Fig. 8, Fig. 6 shows that
C3H5NO elimination is 5.1 kcal/mol endothermic, while Fig. 8 indi-
cates exothermicity for the same process. However, Fig. 8 does not
contradict with Fig. 6, because the structure for S = −4 (Fig. 7) is not
the optimal optimized geometry. The true stationary point in the
negative direction of the intrinsic reaction coordinate is actually
Fig. 8. Absolute potential energy values along the IRC of TS3, which describes the
recombination of C6H4NCl2 anion with C3H5NO in a concerted mechanism.
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Table 2
Variation of active geometry parameters along the IRC curve shown in Fig. 7. Bond
lengths are in picometer and bond angles are in degrees. The transition from S = +10
to S = −4 indicates C3H5NO elimination. The reverse transition is recombination.

S N12–C14 C14–C17 C3–N12 C14–N16–C17 C16–C14–C15

−4 325.9 156.1 132.8 68.6 211.3
−3 319.0 167.9 132.9 75.4 205.9
−2 308.5 184.4 133.2 85.1 195.5
−1 298.7 199.7 133.4 94.4 185.6

0 288.7 213.8 133.8 102.7 174.2
1 270.8 229.0 134.4 111.7 160.5
2 258.0 232.7 134.8 113.9 155.3
3 246.0 235.5 135.2 115.5 151.2
4 234.4 237.9 135.8 116.8 147.5
5 222.9 240.3 136.4 118.0 144.1
6 211.2 242.8 137.2 119.2 140.7

b
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b
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e
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Fig. 10. NBO charge distribution in the transition state, which describes the C3H5NO
elimination.
7 199.1 245.4 138.2 120.4 137.2
8 186.7 248.2 139.4 121.7 133.6
9 174.5 250.6 140.5 122.8 130.1

10 164.0 251.8 141.1 123.4 127.5

etween the ion-neutral complex given in Fig. 6 and the structure
or S = −4 shown in Fig. 7.

As can be concluded from Fig. 9 and Table 2, the concerted
echanism for C3H5NO elimination can be obviously discerned

y noticing concomitant N12–C14 bond length increase, C14–C17
ond length decrease as well as decrease in the C14-N16-C17 angle,
hich indicates the tendency for cyclization of the eliminated moi-

ty at S = −4. Table 2 shows also a noticeable shortening of the

midic C3–N12 bond along the elimination pathway. This indicates
tabilization of the formed aromatic amide product ion by electron
elocalization of one of the nitrogen lone electron pairs with the �
lectrons of the aromatic benzene ring in 3,4-dichlorophenylamide
nion (Scheme 3).

ig. 9. Variation of specific bond lengths and bond angles along the IRC curve shown
n Fig. 8. Bond lengths are given in picometer and bond angles are given in degrees.

cheme 3. Canonical forms, which illustrate electron delocalization in the formed
rimary product anion C6H4NCl2.
Scheme 4. Canonical forms which illustrate electron delocalization in the stable
eliminated 1-methyl-aziridin-2-one, a 3-membered neutral cyclic product formed
after fragmentation of [M−H]− ion.

C3H5NO elimination forms a cyclic 3-membered aromatic neu-
tral and also decreases the aromaticity of the benzene ring in the
formed phenylamide anion. Nucleus Independent Chemical Shift
(NICS) was previously used to assess the aromatic/antiaromatic
character of different organic neutral and ionic rings. The NICS value
is defined as the (sign-reversed) isotropic NMR shielding contri-
bution in the center of the ring. A negative NICS value indicates
electronic ring current and aromaticity. NICS chemical shifts in the
center of the amidic benzene ring gives a value of −6.1 ppm which
is greater (less aromatic) than that of pure Benzene (−9.7 ppm) and
of 1,2-dichlorobenzene (−11.2 ppm). The eliminated cyclic neutral
product is aromatic with 2� electrons and NICS value of −26.8 ppm.
The advantage of the NICS approach is its independency of ring
size (unlike other methods for aromaticity determination such as
diamagnetic susceptibility exaltation).

Fig. 10 shows Natural Bond Population (NBO) analysis for the
charge distribution in the identified transition state which is
responsible for this concerted elimination. The driving force for the
cyclization of the eliminated neutral C3H5NO is the compensation
of the charges in the formed ion-pair between N12 (−0.9 C) and C14
(+0.9 C). C17 with partial charge of −0.6 C can still act as a nucle-
ophile and can add to the electrophilic carbon center C14 of the
isocyanate moiety, to give a stable aromatic 3-membered ring with
electron delocalization between the nitrogen atom and the exter-
nal oxygen atom (Scheme 4). This electron delocalization further
stabilizes the formed 3-membered cyclic ring.

7. Conclusion

Internal energy deposition on a formed ion can lead to
intramolecular gas phase rearrangements prior to fragmentation.
Multi acceleration events of ions can be achieved in a linear

quadrupole, so that successive energy depositions can occur.
However, not all energy depositions in the multi-step process
lead to neutral eliminations. In some steps, proton shifts such
that observed for dimethylamine loss from [M−H]− can take place
to isomerize the anion and prepare it for fragmentation. Two
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ifferent main fragmentation pathways were discerned from the
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ith the NBO charge distribution of the associated transition state
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