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Noble gas compounds, which were first discovered in 1962,
still receive continuous interest. In recent years, this field of
research experienced an additional boost by the generation of
a variety of new noble gas compounds by photochemical
reactions in low-temperature matrices.’ Challenges in noble
gas chemistry that still remain are the formation of new noble
gas heteroatom bonds, in which silicon has been raised as a
particularly interesting case, and the generation of new
compounds of the lighter noble gases argon and neon.[*
Herein, we address both issues by the use of the SiF;*"
dication as a superelectrophilic reagent®” with particularly
favorable properties for the generation of noble gas com-
pounds.

It is obvious that the involvement of the inert noble gases
in covalent chemical bonds requires strong oxidation agents,
such as F,; in 2006, we suggested that gaseous dications may
be used for this purpose.®! Although we indeed managed to
generate the organonoble gas compounds ArCH," and
ArC,H*" recently using this approach, the chemical yields
were disappointingly low.”'”! Similarly, small amounts of the
diatomic dication ArC>" had been observed in collisionally
driven reactions of neutral CO with Ar*" and of neutral argon
with CO*"."12I' A more efficient dicationic reagent for the
attack of noble gases must not only be a potent super-
electrophile, but it also needs to meet the following require-
ments: 1) It should possess a potential leaving group that can
be replaced by a noble gas atom without a significant kinetic
barrier being involved, such as a homolytic bond cleavage;
2) the preferred oxidation states of noble gases!”®! mean that
increased stabilities can be expected for even-electron com-
pounds; for homolytic cleavage, the dicationic reagent should
be a radical; 3) to prevent electron transfer processes during
homolysis of the bond to the leaving group, which would
afford an open-shell noble gas compound, the leaving group
should have a high ionization energy (IE); and 4)the

[*] Dr. ). Roithové
Department of Organic Chemistry, Charles University in Prague
Hlavova 8, 12843 Prague 2 (Czech Republic)
E-mail: roithova@natur.cuni.cz

Dr. ). Roithov4, Dr. D. Schréder

Institute of Organic Chemistry and Biochemistry
Academy of Sciences of the Czech Republic

Flemingovo namésti 2, 16610 Prague 6 (Czech Republic)
Fax: (+42) 220-183-462

E-mail: schroeder@uochb.cas.cz

[**] This work was supported by the Czech Academy of Sciences
(240550506), the European Research Council (AdG HORIZOMS),
the Grant Agency of the Czech Republic (203/09/1223), and the
Ministry of Education of the Czech Republic (MSM0021620857, RP
MSMT 14/63).

_ IWILEY )
nterScience*

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

superelectrophilic dication should be accessible in quantities
that suffice for reactivity studies in the gas phase.!"*!”]

The SiF;*" dication is a promising candidate that may
fulfill these requirements: it can be readily generated by
dissociative double ionization of SiF, as a stable, neutral
precursor,'® it has a very high recombination energy RE-
(SiF;**) of about 22.4 eV,!”) which allows it to be classified as
a superelectrophile, it has one surprisingly weak Si—F bond,
with D(F,Si**-F)=1.97 eV, and the IE of fluorine as the
potential leaving group is exceptionally large (17.4 eV).

SiFy*" + Ar — ArSiF,*" + F (1)

In a tandem mass spectrometric experiment,”? mass-
selected SiF*" can indeed attack neutral argon atoms to yield
the ArSiF,>" dication concomitant with loss of a neutral
fluorine atom [Reaction (1)] as the major product channel at
low collision energies (Figure 1). Other reactions are associ-
ated with charge separation (Ar", SiF," with n=1-3) and
dication dissociation (SiF,*" + F). The identity of the ArSiF,*"
ion is unambiguously established by a neutral gain scan (see
inset in Figure 1a), which agrees well with the expected
isotope pattern.’”! Furthermore, the peaks spacing Am =
0.5 amu in Figure 1a excludes any overlapping monocations
in the product ion signals.

Mechanistic insight is provided by the dependence of the
yield of ArSiF,*" from the octopole voltage (Figure 1b) which
reveals a sharp maximum at low collision energies; Reac-
tion (1) is thus an exothermic process via a long-lived collision
complex. The very low yield of ArSiF,”" at larger collision
energies also explains why previous studies at elevated
collision energies failed to observe this channel.*”!

The experimental findings are fully confirmed by a
theoretical investigation of Reaction (1). A fluorine atom
can be lost from the initially formed ArSiF;*" intermediate in
a process that is overall exothermic by 0.81 eV. The strength
of the Ar—SiF,>" bond is considerable (2.78 eV), and the
bonding orbital is consistent with a covalent Ar—Si bond
(Figure 2). For a predominantly electrostatic bonding of
argon to a dication, a significantly lower bond energy would
be expected; for example, D(Mg**—Ar) = 1.27 e V.** Concep-
tually, Reaction (1) may thus be regarded as a substitution
reaction in which neutral argon reacts as a nucleophile and
atomic fluorine as a leaving group. Although the dissociation
of ArSiF,”" into a pair of monocations (Ar'+SiF,") is
exothermic by 0.72eV, the Coulomb barrier inherently
associated with charge separation*>?! renders ArSiF,*" a
metastable dication and thus the first example of a covalent
argon-silicon compound. The only related experimental
report on gaseous noble gas silicon compounds deals with

Angew. Chem. Int. Ed. 2009, 48, 8788 -8790



a) 1
0.10 4 SiFSZ’
008 Jra:l
ATSIF 2+
0
0.061 41 42 43 44 45
/ mlz
rel
0.04
SiF,
0.02 1 . SiF,"
SiF,2* o0t | SIF
#
0 ; _LJ — —

10 20 30 40 50 60 70 80 90 100

Uoet/V

Figure 1. a) Reaction of mass-selected SiF;*" dications with argon at a
collision energy circa 0 eV (that is, octopole voltage U, adjusted to
2V) and p(Ar) =5x107* mbar. The vertical scale refers to the precur-
sor dication with an intensity of 1.00 (off-scale). The signals denoted
with an asterix are due to consecutive reactions of SiF,” monocations
with background water."® Part of the signal assigned to SiF" is
overlapped by N,SiF,”" (#) formed from SiF;** and background
nitrogen in analogy to reaction (1)."" Inset in (a) shows a neutral gain
spectrum®®? of the SiF,?" isotopes with an offset Am=10.5 amu of
the second quadrupole analyzer to detect the corresponding precursor
isotope pattern of the “°ArSiF,2" product formed at U,,=2 V. b) The
dependence of the most important channels from the voltage applied
to the octopole collision cell; note the offset of U, is such that the
zero of the E,,, scale is at U,,=ca. 2 V.

the electrostatic complexes Rg—SiF;* (Rg = Ar, Kr, Xe) and
circumstantial evidence for the formation of FXeSiF,*;? the
existence of neutral FXeSiF has been predicted theoreti-
cally.””!

Once the formation of ArSiF,*" was established, detection
of the analogous process for neon was an obvious challenge.
As demonstrated in Figure 3, small signals for the isotopes
PNeSiF,>" and *NeSiF,*" can indeed be observed experi-
mentally. In conjunction with the neutral gain scan (see inset
in Figure 3a), these findings show unambiguously the for-
mation of a silicon-neon compound, and the energy behavior
of the NeSiF,>" product is again consistent with a thermal ion—
molecule reaction (Figure 3b). The yield of the neon com-
pound is low, however, and does not increase proportionally
with the neon pressure. Furthermore, calculations (not
shown) predict the formation of NeSiF,*" from the ground
states of SiF;*" and neon to be endothermic by 1.17 eV.
Therefore, we conclude that NeSiF,*" is most probably

Angew. Chem. Int. Ed. 2009, 48, 8788 -8790

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

F +SiF2" +Ar

P 1.97 eV

150311

0.00 eV 1513 44,2162 \
k \ F +SiF; +Ar

e \ 153ev

S228ev

bonding orbital

Figure 2. Minima on the potential energy surface of the SiF,*" dication
upon reaction with argon according to B3LYP/6-311+G(2d,p) calcu-
lations, and a representation of the bonding silicon-argon orbital.

formed from an excited state of the SiF;>" precursor dication;
such states are known to be formed upon electron ionization
of SiF,.""? We will address the reactivity of ground and excited
states of SiF,*" in future studies using reactive monitoring
with synchrotron radiation.”®
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Figure 3. Parent-ion region of mass spectra showing the reaction of
mass-selected SiF;*" dications with neon (p(Ne) =9x10~* mbar, black
trace) and without gas (gray trace; shifted vertically by 0.001) at a
collision energy circa 0 eV (that is, octopole voltage U, adjusted to
2 V). The vertical scale refers to the precursor dication with an
intensity of 1.00 (off-scale); note the different scaling compared to
Figure 1. The small remaining signal at m/z 43.0 in the gray trace is
either due to a small amount of ?SiF,*>" co-selected with the first
quadrupole, or to residual neon in the analyzer from the previous
experiment. Inset in (a) shows a neutral-gain spectrum of the SiF;*"
isotopes with an offset of Am=1.5 amu of the second quadrupole
analyzer to detect the corresponding precursor isotope pattern of the
2NeSiF,*" product, which is one order of magnitude less abundant
than the ®Ne isotope. b) The dependence of the most important
channels from the voltage applied to the octopole collision cell.
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In conclusion, we have demonstrated that the molecular
dication SiF;*>" can serve as a suitable superelectrophilic
reagent for the generation of new noble gas silicon com-
pounds in thermal ion-molecule reactions. For argon, the
ArSiF,*" dication is even formed as the major reaction
product and has an argon-silicon bond of considerable
strength (2.78 eV) and clearly covalent character. The dis-
covery of these RgSiF,?" dications certainly has a component
of fortune, but as outlined in the introduction, the particular
choice of SiF;*" as the superelectrophilic reagent was inspired
by plausibility considerations derived from earlier
work, #1321 and similar strategies are likely to afford
other new noble gas compounds in the future.”
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