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bstract

The ion/molecule reactions of the phenylarsandiyl radical cation C6H5As•+, 1•+, with methyl-halides CH3X, X = Cl, Br, I, have been investigated
sing Fourier transform ion cyclotron resonance (FT-ICR) spectrometry. The radical cation 1•+ exhibits in its valence electron shell a vacant
olecular orbital as well as a single occupied orbital and an orbital containing an electron pair. Consequently, reactivity of an electrophilic

arbenoid and/or an electrophilic radical is expected. No reaction is observed with CH3Cl, while CH3Br undergoes a slow reaction (reaction
fficiency 1.2%) and CH3I a fast reaction (reaction efficiency 21.6%) with 1•+. In both reaction systems, the main product ion C6H5As+X is
roduced by radical substitution with transfer of the halogen atom X to 1•+. The methylphenylarsenium ion C6H5As+CH3 is found as a second
roduct ion in both systems but with distinctly less intensity. Unexpectedly, an ion C7H7

+ is observed as a third product only of the reaction system
•+/CH3Br. Information about reaction enthalpies was obtained by theoretical studies which show that the reaction with CH3Cl would be only
lightly exothermic, if at all. Further, generation of the less abundant product C6H5As+CH3 is the more exothermic pathway for CH3Br and CH3I.
his proves that reaction mechanisms and not reaction exothermicity determines the total rate constant and the branching ratio of the ion/molecule

eactions observed. It is suggested that the mechanism for generation of G6H5As+X is electrophilically assisted radical substitution via formation of
n intermediate adduct of electrophilic 1•+ to an electron lone pair of the halogen of CH3X. In contrast, C6H5As+CH3 is generated via insertion of
he carbenoid 1•+ into the C X bond which yields a halogenomethylphenylarsane radical cation C6H5As(X)CH3

•+ as intermediate. According to

he calculations, this insertion is strongly exothermic but requires obviously a substantial activation energy. The investigation of the fragmentations
f C6H5As(X)CH3 by tandem mass spectrometry corroborates these suggestions. Notably, only C6H5As(Br)CH3

•+, but not C6H5As(I)CH3
•+,

enerates abundant C7H7
+ions on fragmentation.

2005 Elsevier B.V. All rights reserved.
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. Introduction

The monovalent organoelement derivatives R–E of the
lements of the group 15 of the periodic table of elements (the
ormer Vth main group of the pnictogens N–Bi) are isoelec-
ronic with carbenes [1] and their higher element homologues.

owever, while the electronic state of carbenes—singlet or

riplet state—depends on the type of substituents, nitrenes
2] and phosphinidenes [3] strongly prefer a triplet state. The

∗ Corresponding author. Tel.: +49 521 106 2057; fax: +49 521 106 6417.
E-mail address: hans-fnedrich.gruetzmacher@uni-bielefeld.de
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rivatives; Phenylarsandiyl radical cation

hemistry of arsinidenes and higher element homologues has
ot been described in the literature, but it can be safely assumed
hat these carbenoid species exist mainly as triplets, so that
he correct name is “arsandiyl diradical”. An ion m/z 152 of
lemental composition [6C,5H,As] is omnipresent in the EI
ass spectra of phenylarsanes [4]. The two most likely struc-

ures of this ion are an ionized phenylarsandiyl and an ionized
,2-phenylenearsane, respectively. Theoretical calculations
how [5] that the former is the more stable isomer, in agreement
ith the “heavy atom exclusion rule” [6] stating that structures

ith a terminal heavy main group element are the most stable

somers. Additionally, the calculations show that the ground
tate of the phenylarsandiyl radical cation C6H5As•+ is a
oublet state, i.e., the electron is removed from one of the singly
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ccupied SOMOs of the arsanediyl on electron ionization. This
ives the phenylarsandiyl radical cation an interesting array of
eactant orbitals at the As: an empty orbital, a singly occupied
rbital and an orbital containing an electron pair. Accordingly,
he phenylarsandiyl radical cation may undergo reactions as
n electrophilic carbenoid, as a radical, and less likely as a
ucleophile. These considerations stimulated a study of the
on/molecule reactions of the phenylarsandiyl radical cation
ith methyl halogenides by Fourier-transform ion cyclotron

esonance (FT-ICR) spectrometry. It will be shown that the
ain reaction is halogen abstraction which is expected for

adical reactivity but that other reaction modes do play a role.

. Experimental

.1. Compounds

The reactants methylchloride, methylbromide, and methylio-
ide are commercially available as pure compounds. The
rganoarsenic compounds used in this work were synthesized
y standard techniques of synthetic chemistry using procedures
iven in the literature. Gaseous phenylarsandiyl radical cations
ere obtained by electron ionization induced dissociation of
iiodophenylarsane. This compound was prepared by treatment
f a suspension of dichlorophenylarsane in acetone with excess
f KI [7]. Dichlorophenylarsane was synthesized by reaction
f phenyl arsonic acid with PCl3 [8], Chloromethylphenyl-
rsane was made by chlorination of dimethylphenylarsane [9].

treatment of a suspension of this chloro derivative in ace-
one with KBr and KI, respectively, afforded bromo- and
odomethylphenylarsane.

.2. Mass spectrometry

EI mass spectra, mass analyzed kinetic energy (MIKE) spec-
ra, and collision induced dissociation (CID) mass spectra were

easured with a Micromass double focusing VG ZAB 2F mass
pectrometer of B/E geometry. Sample introduction was per-
ormed by absorbing the liquid samples to powdered Na2SO4
nd by inserting the impregnated powder with a sample probe
ith controlled temperature into the ion source. Standard EI
ass spectra were obtained at an electron energy of 70 eV, an

cceleration voltage of 8 kV, and an ion source temperature of
bout 200 ◦C. MIKE spectra were measured by focusing the
elected ion into the second field free region after the mag-
etic sector by the appropriate setting of the magnet field and by
canning the electric sector field. Thirty to forty scans were accu-
ulated to increase the signal-to-noise ratio. CID mass spectra
ere obtained in the same manner but by additionally introduc-

ng He as collision gas into the collision cell of the second field
ree region until the intensity of the precursor ion was reduced
o about 50% of its original value.
.3. FT-ICR spectrometry

All FT-ICR experiments were performed using a Spectro-
pin Bruker CMS 47× FT-ICR instrument [10] equipped with

p
6
f
c
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n infinityTM cell [11], a 4.7 T superconducting magnet, a
4 bit/128 kword Aspect 3000 computer and an external ion
ource [12]. For kinetic measurements, ions were generated
y 20 eV EI from diiodophenylarsane in the ion source of the
T-ICR spectrometer, and the mixture of the ions was focused

nto the FT-ICR cell by means of the transfer optic. The trap-
ing voltages of the back and front plates were set to 1 ± 0.1 V
nd the voltages of the excitation plates were set to 0.0 ± 0.1 V.
he phenylarsandiyl radical cation, m/z 152, was isolated by
road band (frequency sweep) ejection of 88 Vp–p and by rf
ulses of 14 Vp–p fixed frequency (“single shots”) ejections of all
ther ions. The ejection process was finished after 15–20 ms. To
emove any excess kinetic energy prior to reaction, the ions were
hermalized by collisions with argon added by a pulsed valve
hich was opened for 8–15 ms. The argon was removed after
delay time of 0.5 s. Fragment ions and product ions formed

uring this period were again ejected by irradiation with appro-
riate “single shots” of 14 Vp–p. This method of reactant-ion
eneration has been described in detail previously [13]. The
ethyl halogenide as the neutral reactant was introduced into

he FT-ICR cell continuously by a leak valve resulting in a con-
tant pressure of 3 × 10−8 mbar to 8 × 10−8 mbar. The pressure
eadings of the ionization gauge were corrected for the sensi-
ivity of the neutral gas used [14] and were calibrated by rate

easurements of the reaction NH3
•+ + NH3 → NH4

+ + NH2
•

kbi = 21 × 10−10 cm3 molecule−1 s−1) [15]. The reaction time
elay was varied from 1.5 ms to about 30 s. At the end of each
eaction time, all ions were excited by a frequency sweep of
8 Vp–p with a step width of 7.8 kHz and an excitation pulse of
�s. FT-ICR spectra were averaged by eight data acquisition
ycles and recorded by 32 k data points for up to 30 different
eaction times. Intensities of peaks were obtained by expo-
ential multiplication and Fourier transformation of the time
omain signal. For kinetic evaluation, intensities of the peaks of
he magnitude spectra were normalized to the sum of all ions
etected at each reaction time. Then, the relative intensity of the
ons was plotted against the reaction time to create a “kinetic
lot”. By fitting these data to an exponential decay function
sing the Microcal Origin 4.5 program, [16] the pseudo-first
rder reaction rate constant kexp was obtained. The bimolecular
ate constant kbi was determined from kexp by using the number
ensity of the neutral reactant derived from the corrected pres-
ure of the neutral reactant in the FT-ICR cell. For convenience,
eaction efficiencies eff[%] = 100 × kbi/kcpt are used in the dis-
ussions. The collision rate constant kc was calculated using the
ethod of Su and Chesnavich [17] .The reproducibility of kexp

s very good, but due to uncertainty of the measurement of the
ressure of the neutral reactant, the error in kbi (and of eff) is
bout 30%.

.4. Computational details

Theoretical calculations were performed by using the

rogram GAUSSIAN 03W [18] and choosing UBHLYP/
–311 + G(2d,p)//UBHLYP/6–31 + G(d)) as the level of theory
or CH3Cl and CH3Br as reactants. Total energy at 0 K, Etot, cal-
ulated at this level was combined with zero point energy (ZPE)
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C X bond would result in the excited triplet state of the prod-
uct ion C6H5As+X. Generation of this ion in its ground state
requires a considerable structural change and a reorganization
D. Kirchhoff et al. / International Journal

nd thermochemical corrections to the enthalpy H0
298 at 298 K,

espectively, which were based on the BHLYP/6–31 + G(d) har-
onic vibrational analysis. This afforded total energy differ-

nces at 0 K denoted as �E0 and differences of the standard
nthalpy at 298 K designated as �H0

r to characterize the ther-
ochemistry of the ion/molecule reactions. The basis set 6–31

oes not include data for I. Hence, all theoretical calculations
or the reactions system phenylarsandiyl radical cation/CH3I
ere carried but with the smaller basis set 3–21 at the level
BHLYP/3–21g(d,p).

. Results and discussion

A significant peak at m/z 152 of the phenylarsandiyl radical
ation C6H5As•+. 1•+, is usually observed in the EI mass spec-
ra of phenylarsanes. However, in most 70e V EI mass spectra,
his peak is accompanied by a peak at m/z 151 of C6H4As+

ons of similar intensity. This latter ion is especially abundant if
ifluoro- or dichlorophenylarsane is used as the precursor since
he molecular ions C6H5AsX2

•+ (X = F, Cl), have a strong ten-
ency to fragment by elimination of HX instead of X• [19].
ince the satellite ions 13C12C5H4As+, m/z 152, interferes with
•+ during the ion selection procedure of the FT-ICR experiment,
iiodophenylarsane C6H5AsI2 is the most appropriate precursor
o prepare 1•+. This compound fragments only by subsequent
osses of two I atoms [19]. Unfortunately, the MIKE spectrum
f 1•+ reveals that 1•+ decomposes also by loss of H to gen-
rate an ion at m/z 151. This process is energetically favored
ikely because of the special stability of a 1,2-phenylenearsanyl
ation, m/z 151, in which the large and empty 4p AO of As over-
aps in the plane of the benzene ring with the singly occupied
p arine orbitals of the 1,2-didehydrobenzene moiety. Nonethe-
ess, besides a small fraction of non-reactive ions m/z 152, other
nterferences by the even-electron ion 13C12C5H4As+ are not
bserved in the kinetic experiments.

No reaction is observed between 1•+ and methylchloride
nder the experimental conditions used. Therefore, the rate
onstant kbi of this reaction system is below 0.5 × 10−11 cm3

olecule−1 s−1 or the reaction efficiency is below 0.1%.
he reactions of 1•+ with methylbromide and methyliodide
re faster yielding total rate constants kbi = 1.35 × 10−11 cm3/
olecule−1/s−1 and 22.2 × 10−11 cm3/molecule−1/s−1 and

eaction efficiency 1.2 and 21.6%, respectively. The kinetic plots
f these reactions are shown in Figs. 1 and 2. The main reac-
ion product, which accounts for about 80% of the product ions
t the end of the reaction, is the halogenophenylarsenium ion
6H5As+X, X = Br or I. A second product ion corresponds to

he rnethylphenylarsenium ion C6H5As+CH3. Interestingly, the
7H7

+ ion, either benzyl cation or tropylium ion, is generated
s a third product ion of considerable abundance in the reaction
ystem 1•+/CH3Br, but not in the system 1•+/CH3I.

The enthalpy of formation of relevant arsenic compounds and

ons is not available for an estimation of the enthalpy �H0

r of
hese ion/molecule reactions. Therefore, the reaction enthalpies
ere obtained by theoretical studies. The results are collected in
able 1. It has to be noted that only the small vasis set 3–21 was

F
1

ig. 1. Reaction of phenylarsenium ion 1•+ with CH3Br (pCH3Br = 3.6 × 10−7

bar).

vailable for the calculations of iodo species. Although some
f the imperfections of these low level calculations should have
anceled in the relative reaction enthalpies �H298

r , the calcu-
ated thermochemical values for the reaction system 1•+/CH3I

ust be taken with cation. The most plausible mechanism for the
ormation of the main product ion C6H5As+X is a radical substi-
ution or halogen atom abstraction [20] of 1•+ from CH3X. The
heoretical calculations show that 1•+ forms a stable encounter
omplex with CH3X in which electrophilic 1

•+ is attached to
he halogen X (Scheme 1). The exothermicity of the addition
ncreases with the nucleophilicity of X, so that in particular the
ddition complex of CH3I is formed with a large amount of
xcess energy. The excited complex dissociates either back to
eactants or by loss of the methyl radical. Thus, the formation
f the halogenophenylarsenium ion can be viewed as an elec-
rophilically assisted radical substitution process. Note that the
ddition complex corresponds to a distonic halonium ion and
hat the loss of CH • by a simple homolytic cleavage of the
ig. 2. Reaction of phenylarsenium ion 1•+ with CH3I (pCH3I = 7.6 ×
0−8 mbar).
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Scheme 1.

f the valence electrons of the C6H5As+X moiety. Therefore,
ikely some extra activation enthalpy is involved in this substi-
ution [20].

In the case of methylchloride as neutral reactant, Cl abstrac-
ion is only slightly exothermic, and because of the expected
ctivation barrier, this reaction is not observed. The reactions
f 1•+ with CH3Br and CH3I are calculated to be increasingly
ore exothermic, and the main reaction is abstraction of the Br-

r I-atom resulting in formation of the halogenophenylarsenium
on. Nonetheless the reaction of 1•+ with CH3Br is slow with
ff = 1.2%, typically of a thermoneutral or weakly endotherrnic
rocess. The obvious explanation is that the reaction enthalpy of
31.4 kJ mol−1 for the radical substitution is counterbalanced

y an activation enthalpy of similar size. Thus, only the I atom
bstraction with a calculated �H0

r of −101.7 kJ mol−1 leads to
fast reaction of 1•+ and CH3I.

The formation of the less abundant product ion, methylpheny-

arsenium ion G6H5As+CH3, is calculated to be more exother-

ic than halogen atom abstraction for X = Br and I (see Table 1).
learly, the branching between the reaction channels is deter-

a
p
a

able 1
otal energy at 0 K, Etot, [hartree] and enthalpies at 298.15 K, �H298 [hartree], of rea
adical cation and halomethanes, and the relative reaction enthalpy, �H298

r [kJ mol−1

= I: UBHLYP/3–21lG(d,p))

pecies X = Cl X = Br

Etot �H298 �H298
r Etot

6H5As•+ −2467.04486 −2466.94463 – −2467.0448
H3X −500.10661 −500.06327 – −2613.9954

6H5As•++CH3X −2967.15147 −2967.00790 0.0 −5081.0403

6H5As(X)CH3•+ −2967.22339 −2967.07854 −187.9 −5081.1158

6H5AsCl+ −2927.32970 −2927.22523 – −5041.2223
H3

• −39.82616 −39.79139 – −39.82616

6H5AsX+ + CH3
• −2967.15586 −2967.01662 −22.9 −5081.0484

6H5AsCH3
+ −2506.99510 −2506.85340 – −2506.9950

• −460.15567 −460.15331 – −2574.0623

6H5AsCH3
+ + X• −2967.15077 −2967.00671 3.1 −5081.0574

C6H5As•+ + CH3X) −2967.19542 −2967.04900 −105.4 −5081.0893
ig. 3. MIKE spectrum of molecular ions of C6H5As(CH3)35Cl, 2•+.

ined by activation barriers �H#
r along the reaction path and

ot by �H0
r . A likely mechanism for the generation of the

ethylphenylarsenium ion is the insertion of 1•+ into the C X
ond of CH3X which is analogous to the reaction of an elec-
rophilic carbene. The initial product of the insertion reac-
ion is the corresponding halogenomethylphenylarsane radical
ation C6H5As(CH3)X•+ (2•+ X = Cl, 3•+ X = Br, 4•+ X = I;
ee Scheme 1). The theoretical calculations show that the for-
ation of the insertion products 2•+–4•+ is quite exothermic

see Table 1). In the diluted gas phase of the FT-ICR cell, �H0
r

emains with the insertion product ion and induces subsequent
ecompositions. The fragmentation of excited 2•+–4•+ can be
nvestigated by MIKE spectra of these ions which are shown in
igs. 3–5.

Metastable ions 2•+ decompose mainly by loss of a •CH3 rad-
cal while loss of the Cl ligand is not observed. An interesting
eature is the formation of the C7H7

+ ion, and it is shown else-
here that this ion arises by a rearrangement which is typical
f CH3 ligands at the As atom of phenylarsanes [21]. How-
product ion of an ion/molecule reaction. Therefore, 2•+ is
ossibly not generated by an ion/molecule of 1•+ because of
considerable activation barrier of the insertion process. The

ctants and possible products of the ion/molecule reactions of phenylarsanediyl
] (X = Cl, Br: calculated by UBHLYP/6–31 l + G(2d,p)//UBHLYP/6–31 + G(d);

X = I

�H298 �H298
r Etot �H298 �H298

r

6 −2466.94463 – −2455.21532 −2455.11417 –
7 −2613.95268 – −6930.29350 −6930.25106 –
3 −5080.89731 0.0 −9385.50882 −9385.36523 0.0
3 −5080.97106 −196.1 −9385.62397 −9385.47790 −298.3
0 −5041.11789 – −9345.93549 −9345.83038 –

−39.79139 – −39.60867 −39.57360 –
6 −5080.90928 −31.4 −9385.54416 −9385.40398 −101.7
9 −2506.85340 – −2494.97313 −2494.83020 –
9 −2574.06003 – −6890.58856 −6890.58620 –
8 −5080.91343 −42.3 −9385.56169 9385.41640 −134.4
5 −5080.94346 −119.0 −9385.59575 −9385.44943 −223.5
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Fig. 4. MIKE spectrum of molecular ions of C6H5As(CH3)79Br 2•+.

IKE spectrum of the bromo derivative 3•+ (Fig. 4) exhibits sig-
als for the bromophenylarsenium ion (loss of CH3, m/z 233),
he methylphenylarseniurn ion (loss of Br, m/z 167), and for
he C7H7

+ cation (m/z 91). Interestingly, these three ions cor-
espond to the product ions of the ion/molecule reaction of 1•+

ith CH3Br (see Fig. 1). The relative intensities of the ions are
ifferent in the MIKE spectrum and in the product ion spectrum
t the end of the reaction, but of course the internal energy of the
recursor ion 3•+ is different in both experiments. Increasing the
nternal energy of 3•+ by collision with He results in a CID spec-
rum, which contains a series of small peaks of fragment ions
one of which are observed as product ions of the ion/molecule
eaction besides the phenylarsanyl radical cation, m/z 152. A
econd effect is a considerable increase of the relative intensity
f the bromophenylarsenium ion. This would be in agreement
ith the intensity distribution of the product ions of the reaction
f 1•+ and CH3Br. However, it remains dubious whether inser-
ion of 1•+ into the C Br bond of CH3Br and fragmentation of
he resulting 3•+ is the only source of the product ions. More
ikely, a combination of the insertion/fragmentation mechanism

nd of the halogen atom abstraction mechanism occurs.

This is also the outcome of a comparison of the product ions
f the ion/molecule reaction of 1•+ with CH3I and of the frag-
ent ions of metastable 4•+ The MIKE spectrum of 4•+ (Fig. 5)

Fig. 5. MIKE spectrum of molecular ions of C6H5As(CH3)I 4
•+.
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isplays only a single signal for the methylphenylarsenium ion
loss of I, m/z 167). Neither the iodophenylarsenium ion, m/z
79, nor the C7H7

+ ion, m/z 91, is observed. Obviously the loss
f I is energetically so favorable that other process cannot com-
ete. Even in the CID mass spectrum of 4•+, only small amounts
f ions m/z 279 and m/z 91 are found. The absence of C7H7

+

ons in the MIKE spectrum of 4•+ agrees with the absence of
his ion among the product ions of the ion/molecule reactions of
•+ with CH3I. Note that the main product ion, the iodophenyl-
rsenium ion, is not observed in the MIKE spectrum and only
eakly in the CID spectrum of 4•+. Hence, on the one hand, all of

he iodophenylarsenium ions of the product ion spectrum of the
on/molecule reaction have to be generated by iodo atom abstrac-
ion, and on the other hand, all of the methylphenylarsenium ions
re produced by the insertion/fragmentation mechanism. In this
ase, the branching ratio abstraction/insertion of the two reaction
echanisms is simply reflected by the intensity ratio 9/1 of the

wo product ions at the end of the reaction. Therefore, the elec-
rophylically assisted radical substitution of the halogen by 1•+

s by far the main reaction for CH3I and likely also for CH3Br,
hile the oxidative insertion of the eletrophilic carbenoid 1•+

nto the C-halogen bond is of less importance.

. Conclusion

The phenylarsandiyl radical cation C6H5As•+, 1•+, under-
oes a slow ion/molecule reaction with CH3Br and a fast one
ith CH3I yielding in both cases the halogenophenylarsenium

on C6H5As+X as the main product ion. A second reaction pro-
uct ion is the methylphenylarsenium ion C6H5As+CH3, and,
n the case of CH3Br as reactant, C7H7

+ ions. No reaction is
bserved with CH3Cl. The assumption, that this order of reac-
ivity is a consequence of the corresponding reaction enthalpy,
as verified by theoretical calculations. These calculations show

hat the electrophilic 1•+ may experience exothermic addition
o the halogen atom of CH3X, but a subsequent fragmentation
f this energetically excited intermediate by the loss of a CH3

•
adical is sufficiently exothermic only for X = Br and I. Thus,
echanism of the transfer of the X atom from CH3X to the

adical cation 1•+ can be viewed as an electrophilically assisted
adical substitution process. Remarkably, the formation of the
ethylphenylarsenium ion by loss of the halogen atom from the

ollision complex of the reactants is the more exothermic reac-
ion pathway. In spite of this, the methylphenylarsenium ion is
nly a minor reaction product. Clearly the reaction pathway for
eneration of this product ion includes a substantial activation
arrier. A clue for the mechanism of this reaction is the obser-
ation, that the product spectra of the ion/molecule reaction and
f the fragment ions observed in the MIKE spectra of the corre-
ponding molecular ions of C6H5As(X)CH3

•+ are identical. In
articular, C7H7

+ ions are only observed in both types of spec-
ra for X = Br. It is suggested that the second reaction mode of
he ion/molecule reactions of 1•+ with CH3X corresponds to an

nsertion of the carbenoid 1•+ into the C X bond. The insertion
roduct is energetically excited C6H5As(X)CH3

•+ which may
ragment by loss of •X. However, this insertion process requires
ery likely a considerable activation enthalpy.
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