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Abstract

The four dihalogeno phenylarsanes C6H5AsF2, 1, C6H5AsCl2, 2, C6H5AsBr2, 3, and C6H5AsI2, 4, produce in the 70 eV-EI mass spectra by
loss of a halogen atom abundant halogeno phenylarseniun ions C6H5As+–X, 1a+–4a+. The further fragmentation reactions of ions1a+–4a+ are
elimination of a molecule halogen hydride HX and/or loss of a halogen atom X•. The preferred route of fragmentation depends clearly on the
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trength of the As–X bond. The metastable fluoro ion1a+ and chloro ion2a+, respectively, fragment only by loss of HF and HCl, the metas
romo derivative3a+ exhibits losses of HBr and Br• of about equal intensity, and the metastable iodo ion4a+ fragments only by loss of an
tom. The loss of HX is associated with a large kinetic energy release (KER) which yield a dish-topped peak in the MIKE spectru1a+

〈T〉 = 845 meV) and2a+ (〈T〉 = 550 meV) and a broad round-topped peak on the MIKE spectrum of3a+ (〈T〉 = 369 meV). Theoretical calculatio
UBHLYP/6-311 + G(2d,p)/-/UBHLYP/6-31 + G(d)) confirm that the elimination of HX requires an enthalpy of activation�H#, and that in th
ase of3a+ this �H# and the reaction enthalpy for loss of Br• are of similar size. The�H# of HX elimination is also responsible for the reve
nthalpy of activation�H#

rev and the KER during this process. The observed〈T〉 amounts to 78% (1a+), 55% (2a+), and 40% (3a+) of the calculate
alue of�H#

rev. Thus, the KER as well as the distribution of the KER (KERD) and the competition between elimination of HX and los•

re very specific for the halogen ligand at the As atom. Metastable (4-fluorophenyl) arsenium ions1b+, F–C6H4As+–H, and (4-chloropheny
rsenium ions2b+, Cl–C6H4As+–H+, eliminate HF or HCl with virtually identical KERD as metastable1a+ or 2a+, C6H5As+–Cl, proving an

dentical transition state for both isomers. Accordingly,1b+ and2b+ rearrange to1a+ and2a+ prior to HCl elimination. Such a rearrangement b
eductive elimination/oxidative insertion of As+ into C H and C X bonds has been observed before and appears to be typical of arylarsane
ation and arylarsenium cations.
2006 Elsevier B.V. All rights reserved.
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. Introduction

The study of unimolecular reactions of gaseous phenylarsane
adical cations and phenylarsenium cations by tandem mass
pectrometry has given a wealth of new information about possi-
le reaction modes of such ionized elementorganic compounds

1–3]. Of special interest are rearrangements of the radical
ations of aryl arsanes by reductive elimination of the central As
tom and bond formation between the aryl ligand and another

∗ Corresponding author.
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H.-F. Gr̈utzmacher).

ligand of the As atom. Such a rearrangement seems to b
ical of ionized aryl derivatives of heavy main group eleme
An analogous rearrangement by reversible reductive elim
tion/oxidative insertion of As has been detected in the f
mentation reactions of gaseous halogeno-(4-halogenoph
arsenium cations, YC6H4As+X, which interchange the hal
gen substituents at the phenyl group and at the As atom
to elimination of a molecule of halogen hydride (HX or H
[3]. This observation shows that reductive As elimination
ligand coupling may also occur in unsaturated even elect
ions. The main evidence for the halogen interchange
tion YC6H4As+X �XC6H4As+Y is the observation of kinet
energy release (KER) which accompanies the eliminatio
HX and HY, from metastable YC6H4As+X and which depend

387-3806/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2006.01.011
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only on the nature of the halogen atom but not on its posi-
tion in the precursor ion. It is well established that KER and
especially the kinetic energy release distribution (KERD) is a
characteristic property of the transition state of the fragmenta-
tion reaction[4]. Important contributions to this field of gaseous
ion chemistry have been made by C. Lifshitz. She has shown
how very detailed information about ion structures, reaction
mechanisms, and reaction dynamics can be obtained by a care-
ful analysis of KER and KERD. Recently, she has documented
and discussed these methods in a comprehensive review[5].
In particular it is known, that identical KERD for analogous
reactions prove unambiguously identical transition states and
identical reaction mechanisms of fragmentations. The elimina-
tion of HX (or HY) from isomeric metastable ions YC6H4As+X
and XC6H4As+Y exhibits identical KERD, consequently the
elimination occurs in both isomers by an identical critical con-
figuration of the transition state. We have suggested that the
elimination of HX and HY involves only the halogen ligand
located at the As atom which requires an interchange of X and
Y in the ions YC6H4As+X and XC6H4As+Y prior to the elim-
ination [3]. This rearrangement involves likely an ion/neutral
complex of As+ and a dihalogeno benzene YC6H4X which arises
by a reductive elimination of As from either ion YC6H4As+X
and XC6H4As+Y. A corollary of a halogen hydride elimination
of only the halogen ligand at the As atom is that this process
should be observed with identical KERD also for metastable
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2.2. Mass spectrometry

70 eV-EI mass spectra of all compounds were recorded with
a double focusing Auto Spec mass spectrometer of Micromass
VG with EBE geometry at an acceleration voltage of 8 kV. For
introduction into the ion source (ion source temperature about
250◦C) by using the temperature controlled sample probe.

The mass analyzed ion kinetic energy (MIKE) spectra of
selected ions from the 70 eV-EI mass spectra were obtained by
using the double focusing ZAB-2F mass spectrometer of Micro-
mas VG with BE geometry at an acceleration voltage of 8 kV.
The samples were introduced into the ion source (ion source
temperature about 200◦C) using the solid sample probe and
absorbing1–7 to powdered Na2SO4. For measuring the MIKE
spectra, the ion beam of the selected precursor ion was focused
onto the slit of the second field free region between magnet
and electrostatic analyzer (ESA) by an appropriate setting of
the magnet current, and the MIKE spectrum was recorded by
varying continuously the deflecting voltage of the ESA. For
a better signal/noise ratio 30–50 scans were accumulated for
each MIKE spectrum. The kinetic energy release distribution
(KERD) during the fragmentation of the metastable ions was
calculated from the peak shapes of the relevant fragment ions
using the META program of Szilagyi and Vekey[7] with a set
of parameters adjusted to the VG ZAB-2F mass spectrometer.

The mass spectra from collision induced decomposition
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alogeno phenylarsenium ions C6H5As+X. Therefore, to com
lete the experimental results and to substantiate the sugg
limination mechanism, we present in this paper the resu
study of the mass spectrometric fragmentations of dihalo
henyl arsanes C6H5AsX2 and halogeno phenylarsenium io
6H5As+X (X = F, Cl, Br, I). It will be shown that elimina

ion of HX from the halogeno phenylarsenium ions C6H5As+X
isplays indeed the same KERD as HX elimination fr

he halogeno(-4-halogenophenyl)arsenium ions YC6H4As+X
nd XC6H4As+Y, in agreement with the suggested reac
echanism.

. Experimental

.1. Compounds

The dihalogeno phenylarsanes1–4 (for structures se
cheme 1) are known compounds. The synthesis by using s
ard techniques of synthetic chemistry is described elsew

6]. The structure of all compounds was verified by1H and13C
MR spectroscopy.

Scheme 1.
ed
f
o

-
e

CID) of selected ions of the 70 eV-EI mass spectra w
easured with the VG Auto Spec mass spectrometer

he experimental condition described above. For measur
ID mass spectrum, the ion beam of the selected precurs
as focused into the collision cell in the third field free reg
etween the magnet and the second ESA of the Auto Spec
pectrometer. He gas was introduced into the collision cell
he main ion beam intensity was reduced by about 50%. T
he CID spectrum was recorded by varying continuously
eflecting voltage of the ESA.

.3. Computational methods

All calculations were performed withGaussian 98 [8]. The
inimum energy reaction pathway (MERP) of the HX eli
ation from arsenium ion C6H5As+X was explored by calcu

ation of stationary points using the split valence all elec
-31 + G(d) basis set in combination with the hybrid den

unctional Becke-half-and-half-LYP (BHLYP)[9]. This level of
heory has been used with good results in the previous
f radical cations of dihalogeno-(4-halogenophenyl) ars

3]. Relative energies have been obtained by single poin
ulations using the BHLYP functional in combination w
he 6-311 + G(2d,p) basis set. Combination with zero p
nergy (ZPE) correction and thermochemical corrections t
nthalpyH298 at 298 K, based on the BHLYP/6-31 + G(d) h
onic vibrational analysis, yield total energies at 0 K den
s Etot and enthalpies at 298.15 K designated as�H298. All
tationary points exhibit the correct number of negative freq
ies, i.e., none for minima of the energy hyper surface and
egative frequency for transition states. It was ascertaine
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visualizing the negative frequency using the GAUSS VIEW pro-
gram that this frequency corresponds to the correct movement of
the atoms along the MERP in the neighborhood of the relevant
transition state.

3. Results and discussion

The 70 eV EI mass spectra of difluorophenylarsane
1, dichlorophenylarsane2, dibromophenyl-arsane3, and
diiodophenylarsane4 are shown inFig. 1. The primary frag-
mentations of the molecular ions1

•+–4
•+ corresponds to losses

of ligands at the As atom.
In the case of the difluoro derivative1, which has a strong

As F bond, the main fragmentation pathway is cleavage of the
As C bond and formation of the C6H5

+ ion m/z 77. Accord-
ingly, the peak of the ion [C6H5AsF]+ atm/z 171 is rather small.
With decreasing strength of the As–halogen bond the loss of a
halogen ligand from the molecular ion is preferred and the ion
[C6H5AsX]+ (X = Cl: m/z 176/178; X = Bt:m/z 233/235; X = I:
m/z 278) starts to dominate the EI mass spectrum. The further
decomposion of ion [C6H5AsX]+ proceeds by elimination of X•
or HX, which yields ions [C6H5As]

•+, m/z 152, and [C6H4As]+,
m/z 151. The relative abundances of these ions depends clearly
on the strength of the As–X bond and the thermodynamic stabili-
ty of HX. Thus, only the loss of I• is observed for [C6H5AsI]+,
while only loss of HF takes place for [CH AsF]+. Minor sig-
n

that the interpretation of the EI mass spectra is straight for-
wards, in agreement with published data[10]. Note however,
that the mass spectra of1, 2, and3 display small but signifi-
cant peaks of halogenobenzene radical cation C6H5X

•+ (X = F:
m/z 96; X = Cl: m/z 112/114: X = Br:m/z 154/156) which indi-
cates that a rearrangement by reductive elimination of AsX
from C6H5As–X2

•+ does occur. Nonetheless, the structure of a
halogenophenylarsenium ion C6H5As+X can be safely assigned
to the ions [M− X]+ since additional experiments have shown
[6] that ions of identical properties are also obtained by loss of
•CH3 from the molecular ions of methylhalogenophenylarsanes
C6H5As(CH3)X. The unimolecular reactions of metastable arse-
nium ions C6H5As+X are discussed in the following sections
(seeScheme 2).

The MIKE spectra of the arsenium ions C6H5As+F,
1a+,C6H5As+F, 1a+,C6H5As+Cl, 2a+,C6H5As-+Br, 3a+, and
C6H5As+I, 4a+, are shown inFig. 2. The only significant signal
in the MIKE spectra of1a+ and2a+is due to the elimination
of HF or HCl. The MIKE spectrum of the bromo derivative3a+

displays overlapping signals for the losses of Br• and HBr, while
metastable4a+ eliminates only I•.

The loss of I• gives rise to a sharp signal of Gaussian peak
shape which shows no special effects of the KERD associated
with this process. Enlarged versions of the peaks of the MIKE
spectra of1a+–3a+are presented inFig. 3together with a graph
showing the KERD derived from the peaks using the META pro-
g

6 5
als in the mass spectra arise from ions AsX2

+ and AsX
•+, so
Fig. 1. 70 eV-EI mass spectrum of (a) difluoro phenylarsane1; (b) dichloro p
ram of Szilagyi and Vekey[7]. The loss of HF and HCl from
henylareane2; (c) dibromo phenylarsane3; (d) diiodo phenylarsane4.
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Scheme 2.

1a+ and2a+, respectively, gives rise to a dish-shaped peak which
indicates the presence of a considerable reverse activation energy
for these eliminations. Further, the minimum value of KER is
about 400 meV in the case of1a+ and about 150 meV for2a+.
Thus, a large fraction of the reversed activation energy is always
released as kinetic energy of the departing fragments. The over-
lapping signals atm/z 152 andm/z 151 have been resolved using
the Origin program[11] into a narrow peak atm/z 152 owing to
loss of Br• and a broad round-topped component atm/z 151 for
the loss of HBr. By peak area both fragmentations of metastable
3a+ exhibit about equal intensity. The KERD calculated for the
elimination of HBr shows again the presence of a reversed acti-

vation energy for this process, although no fixed minimum value
of the KER is found.

The shapes of the peaks observed in the MIKE spectra
of arsanyl cations1a+–4a+ for the elimination of HX or X•
as well as the mean values of the KER calculated from the
peaks agree very well with those found for the same elimi-
nations from metastable halogeno-(4-halogeno-phenyl)arsanyl
cations[3]. This result confirm the suggestion that HX elimi-
nation from these arsanyl cations involves only a halogen ligand
at the As atom. Thus, if elimination of the halogen substituent
originally located at the phenyl group is observed, the fragmen-
tation requires a preceding migration of the halogen substituent

F
4

ig. 2. MIKE spectrum of (a) fluoro phenylarsenium ionla+; (b) chloro phenylarse
a+.
nium ion2a+; (c) bromo phenylarsenium ion3a+; (d) iodo phenylarsenium ion
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Fig. 3. Peak shape and KERD for loss of HX from metastable (a) fluoro phenylarsenium ion1a+; (b) chloro phenylarsenium ion2a+; (c) bromo phenyl arsenium
ion. 3a+; (d) iodo phenylarsenium ion4a+.

to the As atom via an intermediate ion/neutral complex of As+

and a dihalogenobenzene[3]. An analogous rearrangement of
a halogenophenylarsenium ion C6H5As+X by reductive elim-
ination of As would result probably in an ion/molecule com-
plex of As+ and halogenobenzene C6H5X. A reinsertion of
the As+ into one of the CH bonds would generate the iso-
meric arsenium ion X–C6H4As+H (Scheme 2). This possibility
was checked by a study of the decomposition of metastable
(4-fluorophenylarsenium ion1b+, F–C6H4As+–H, and (4-
chlorophenyl) arsenium ion2b+, ClC6H4As+H. These isomers
of 1a+ and 2a+ were obtained in the ion source of the mass
spectrometer by fragmentation of the molecular ion of diethyl-
(4-halogenophenyl) arsanes, 4-XC6H4As(C2H5)2, (X = F, Cl),
by loss of a C2H5

• radical followed by�-elimination of C2H4.
The MIKE spectra of the isomeric arsenium ion1a+/1b+

and 2a+/2b+ are identical. In particular, the KERD observed
for the elimination of HF and HCl are virtually identical (1a+

〈T〉 = 845 meV, 1b+ 〈T〉 = 820 meV and2a+ 〈T〉 = 550), 2b+

〈T〉 = 575 neV). Clearly, the elimination of HF and HCl occurs
from the isomers via identical transition states, and at least1b+

and2b+ isomerize by an exchange of the H atom at the As and
the X atom at the phenyl group prior to HX elimination. Further,
the enthalpy of activation of both steps of the isomerization,
reductive elimination of As+ from the As H bond and oxidative
insertion of As+ into the C X bond, should be comparable to
the enthalpy of activation of the respective HX elimination for
a

m
i
t

most stable isomer according to the “heavy atom exclusion rule”.
[12] The most plausible mechanism of the elimination of HX
from the arsanyl cation C6H5As+X is 1,3-elimination involving
one of theortho-H atoms of the phenyl group. This results in a
C5H4As+ cation with the structure of a 1,2-phenylenearsenium
cation6+. This is a stable structure which is composed of an
As+ cation overlapping with its vacant 4p orbital the two in-plane
2sp2 orbitals (“arine orbitals”) of a 1,2-didehydrobenzene ligand
as shown inScheme 3. The formation of stable6+ is associated
with a substantial activation enthalpy barrier as indicated by the
large KER during this process.

Experimental enthalpies of formation of phenylarsane radi-
cal cations1

•+–4
•+ and arsanyl cations1a+–4a+, 5

•+, and6+ are
not available for a calculation of the energetics of the fragmen-
tation reactions and for a more quantitative description of the
competition between loss of X• and elimination of HX. There-
fore, the enthalpies of relevant stationary points of the minimum
energy reaction path (MERP) of the formation and decomposi-
tion of ions1a+–3a+ were calculated by the DFT method at the
competition of isomerozationa+ � b+ and the loss of HX.
The loss of an atom X• from the halogenophenylarseniu

ons 1a+–4a+ by a direct cleavage of the AsX bond yields
he phenylarsanediyl radical cation C6H5As

•+ 5
•+ which is the
 Scheme 3.
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Table 1
Total electronic energy at 0 K,Etotal, of stationary points of the MERPs of radical cations [6C,5H,2X,As]

•+ and of cations [6C,5H,X,As]+, and the reaction enthalpy,
�H298

r , relative to the enthalpy of dihalogeno phenylarsane radical cation C6H5AsX2
•+ and halogeno phenylarsanyl cation C6H5As+X (X = F, Cl, Br; calculated by

UBHLYP/6-31 1 + G(2d,p)/-/UBHLYP/6-31 + G(d))

Species 1, X = F 2, X = Cl 3, X = Br

Etotal (hartree) �H298
r (kJ mol−1) Etotal (hartree) �H298

r (kJ mol−1) Etotal (hartree) �H298
r (kJ mol−1)

C6H5AsX2
•
+ −2666.65318 0.00 −3387.44183 0.0 −7615.32690 0.0

X• −99.73457 −460.15567 −2574.06239
C6H5As+X + X• −2666.58165 191.6a −3387.38899 142.4a −7615.28480 113.0a

C6H5As+X (a+) −2566.84708 0.0 −2927.23332 0.0 −5041.22241 0.0
4-X-C6H5As+H (b+) −2566.91427 72.3 −2927.28890 98.7 −5041.17572 114.7
X-arsatropylium (c+) −2566.79414 139.1 −2927.17590 151.0 −5041.15376 177.1
�4−(C6H5X)As+ (�+) −2566.78843 152.5 −2927.16575 175.9 −5041.14830 188.8
C6H5As

•+ (5
•+) −2467.04486

5
•+ + X• −2566.77943 429.2a −2927.20053 336.7a −5041.10725 297.8a

C6H4As+ (6+) −2466.43916
HX −100.44113 −460.81576 −2574.70238
6+ + HX −2566.88029 160.1a −2927.25492 183.3a −5041.14154 195.2a

(6+ + HX)complex −2566.89383 125.5 −2927.26409 160.7 −5041.15262 169.9
a+-TS(elim) −2566.83344 269.4 −2927.21309 284.2 −5041.10582 283.4
a+-TS1 −2566.81372 334.3 −2927.22145 276.7 −5041.12119 258.4
b+-TS1 −2566.81895 314.6 −2927.19400 339.8 −5041.08085 355.4
c+-TS1 −2566.82053 315.9 −2927.20755 310.6 −5041.09924
a+-TS2 −2566.78546 404.4 −2927.19098 336.7

a 2.47 kJ mol−1 added to account for RT.

level UBHLYP/6311 + g(2d,p)//UBHLYP/6-31g(d). The results
are shown inTable 1. The data ofTable 1were used to construct
a schematic reaction enthalpy profile which is shown inFig. 4.
Further, a selection of the calculated structures are depicted in
Fig. 5.

The halogeno phenylarsenium ions C6H5As+X, a+, were
found to be the most stable isomers. This and the rather low
dissociation enthalpy calculated for the loss of X• from the
molecular ions of1–3 support the assumption that arsenium ions
of structure a+ are formed by the fragmentation. As expected, the

F iso-
m
n

reaction enthalpy of the further fragmentation of ions a+ to the
1,2-phenylene arsenium ion C6H4As+, 6+, and HX is distinctly
smaller than the reaction enthalpy of a generation of C6H5As

•+,
5

•+, and X•. However, contrary to the loss of X•, the elimination
of HX requires an extra activation barrier. In the case of the fluoro
and chloro derivative1a+ and2a+, the corresponding transition
state is located below the reaction enthalpy of the dissociation to
5

•+ and X•. Thus, only elimination of HX is predicted to occur
for metastable1a+ and2a+, in agreement with the MIKE spectra
of these ions. In the case of the bromo derivative3a+, the reaction
enthalpy for the loss of Br• is calculated to be only 14.4 kJ mol−1

greater than the enthalpy of the transition state3a+-TS(elim) of
the HBr elimination. According to QET, the rate constant of a
simple dissociation with a “loose” transition state rises more
steeply with excess energy of the ions than the rate constant of
a HX elimination with a “tight” transition state. Hence, ions of
some excess energy should prefer simple dissociation even if
this process requires somewhat more enthalpy. This prediction
is again in agreement with the observation of competing losses
of Br• and HBr in the MIKE spectrum of3a+. Therefore, the
DFT calculations reflect correctly the experimental results of the
fragmentations of ions1a+–3a+.

The reverse reaction enthalpy,�H#
rev, for the elimination of

HX can be estimated from the data ofTable 1by the differ-
ence between�H298

r of the transistion statea+ TS(elim) and
of the products6+ + HX. In agreement with the experimental
r

e
o r
1 lcu-
l g
t Br
f , not
ig. 4. Minimum reaction enthalpy pathway (MERP) of fragmentation and
erization of halogeno phenylarsenium cations1a+–3a+ (arsa-tropylium ionc+

ot included). ( ) 1a+, ( ) 2a+, ( ) 3a+.
esults�H#
rev, decreases in the seriesHF (109.3 kJ mol−1);

HCl (100.9 kJ mol−1); HBr (88.2 kJ mol−1). The mean valu
f the KER, 〈T〉 of 845 meV (85 kJ mol−1) is measured fo
a+ → 6+ + HF. This corresponds to about 78% of the ca

ated�H#
rev so that a large fraction of�H#

rev is released durin
he elimination. In the case of the elimination of HCl or H
rom2a+ or3a+, this fraction decreases to 55 and 40%. Thus
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Fig. 5. Calculated structures (UBHLYP/6-311 + g(2d,p)//UBHLYP/6-31 + g(d)): chloro phenylarsenium cation2a+, 4-chlorophenylarsenium cation2b+, 1-chloro-
7arsatropylium cation2c+, 1-chloro-7-arsa-bicyclo[2.2.1]heptadien-7-yl cation2�+, transition state2a+-TS(elim) of HCl eliminatiom.

only the value of�H#
rev decreases along the series1a+–2a+–3a+

but also the fraction which is observed as KER during the
elimination of HX. Such a behavior of the KER in a series of
analogous fragmentations was repeatedly observed before[13]
and was attributed to a shift of the position of the transition state
along the reaction coordinate from a late position to an early one
with a decreasing strength of the bond which is cleaved.

In view of the observation of identical KER during the elim-
ination of HF and HCl from the isomers1a+ 1b+ and2a+/2b+

which points to an interconversion of these isomers the MERP
of this isomerization has also been analyzed by DFT calcula-
tions. The structurea+ was always found to be more stable than
isomerb+ (seeTable 1, Scheme 2, andFig. 5). This reflects just
the differences of the strength of the bonds AsH and As X on
the one side and CH and C X on the other side. In particular
the weak As H bond destabilizes structureb+. The isomeriza-
tion a+ �b+ may occur in principle via the seven-membered
ring structure of the arsatropylium ionc+ (Table 1andFig. 5).
This isomerc+ is stable for all three systems [C6H5AsX]+,
X = F, Cl. Br although at distinctly higher enthalpies thana+

andb+. A direct rearrangementa+ → c+ via transition statea+-
TS2 needs high�H298

r , so that this route of the isomerization
is not very plausible. In fact, the prototype of an isomerization
of aromatic cations, the interconversion of the benzyl cation and
the tropylium ion, proceeds via an intermediate of the bicyclic
s g
7 y in
t y
h cture
p -
b a

distorted 7-arsa-bicyclo-[3.3.2]heptadien-7-yl cation, in which
As+ bridges a halogenobenzene ring in 1,4-position. This As-
bridge is somewhat inclined towards C(2) and C(3) indicating a
binding contact of As+ also to these C atoms. This gives the iso-
mer�+ some character of a�4-C6H5XAs+ species in which As+

is capping a halogenobenzene molecule. Structures of this type
have been proposed Jemmis and Schleyer[15] and gain stability
by a “three-dimensional aromaticity”. In the present context one
should note that isomer�+ arises froma+ andb+, respectively,
by a reductive elimination of As+ from an As X and As H bond,
and that�+ replaces the electrostatically bonded ion/neutral
complex as the central intermediate of the isomerizationa+ �b+

(Scheme 2). However, the isomer�+ is always separated from
a+ and b+ by large enthalpy barriers (Fig. 4) which prohibit
a fast interconversion of all isomers before elimination of HX
from a+. An identical activation enthalpy of 241± 1 kJ mol−1

is calculated for the reductive elimination of As from the AsH
bond of1b+–3b+. Even so, sinceb+ becomes increasingly less
stable thana+ in this series, the transition stateb+-TS1 of the
stepb+ → �+ as well as transition statea+-TS1 of stepa+ → �+

are located above the transition statea+-TS(elim) of the elimi-
nation of HX froma+ (seeTable 1andFig. 4). Thus, the DFT
calculations predict an uni-directional rearrangement ofb+ toa+

via �+ instead of a fast mutual interconversiona+ ��+ �b+

prior to the elimination of HX.

4

o
h r-
a y loss
tructure of bicyclo [4.1.0] heptadienyl[14]. The correspondin
-arsa-bicyclo [4.1.0] cycloheptatrienyl (not shown) is onl

he case of [6C,5H, As,F]+ a minimum of the potential energ
ypersurface. In the other systems optimization of this stru
roduces structure�+ (Scheme 2andFig. 5) which is also a sta
le isomer for [6C,5H,As,F]+. Structure�+ can be depicted as
. Conclusion

Ions [6C,5H,X,As]+, (X = F, Cl, Br, I), corresponding t
alogeno phenylarsenium ions of structurea+ can be gene
ted in the ion source of a tandem mass spectrometer b
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of X• from the molecular ions of dihalogeno phenylarsanes
C6H5AsX2. Metastable ionsa+ fragment by elimination of an
HX molecule and/or by loss of an X atom. The preferred frag-
mentation route depends clearly on the strength of the AsX
bond. As metastable ions, the fluoro and chloro derivative1a+

and 2a+, respectively, eliminate only HF and HCl, while the
bromo derivative3a+ undergoes losses of HBr and Br• with
similar intensities. The metastable iodo derivative4a+ decom-
poses only by loss of I•. The elimination of HX is accompanied
by the release of substantial amount of kinetic energy (KER),
so that dish-topped peaks are observed for this process in the
MIKE spectra of1a+ and2a+ and a broad round-topped peak in
the MIKE spectrum of3a+.

Further, the mean value〈T〉 of KER decreases from 845 meV
for 1a+ to 550 meV for2a+ and 360 meV for3a+. Clearly, the
competition between elimination of HX and of X• as well as
the KERD during the loss of HX from metastable arsenium
ions a+ are diagnostic for the halogen X bonded to the As
arom. This is of importance since an identical behavior, in
particular identical KERD, has been observed for metastable
halogeno (4-halogenophenyl)arsenium ions Y–C6H4As+–X and
X–C6H4As+–Y during the loss of HX and HY, irrespectively
whether X or Y was originally bonded to the As atom[16].
Therefore, the present results confirm the earlier supposal that
only the halogen (either X or Y) at the As atom is lost from
metastable Y–CH As+–X and X–C H As+–Y, and that both
i and
H n of
A -
t
a gen
p or
t able
fl
a ion
X

ntal
r f th
t DFT
c 7-
a te o
t e
i n
f nium
i the
r r
� le to
a c-
t

counterpart to the tropylium ion in the chemistry of gaseous aro-
matic hydrocarbon ions which has been extensively studied by
Lifshitz [17].
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