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Abstract―Reaction of nucleogenic dimethylgermylium cations with benzene in the gas phase was studied by 
the radiochemical method. The formation of the products of germylation of benzene, dimethylphenylgermane, 
and phenylgermane is indicative of the formation of dimethylgermylium cations by the β-decay of tritium in the 
molecule of dimethylditritium germane. Dimethylgermylium cations are shown to undergo a rearrangement in 
the course of the reaction with benzene, which is consistent with the earlier results of quantum-chemical 
calculations. 

Although the first indications on the formation of 
the three-coordinate germylium cations in the gas 
phase appeared about 50 years ago [1], up to now there 
were few publications on the properties and reactivity 
of these intermediates. Nevertheless, note the reviews 
of Karni [2] and Zharov [3] devoted to three-
coordinate metal-centered cations R3M

+ (M = Ge, Sn, 
Pb). 

In the last decades, the three-coordinate silicon 
organic cations (silicenium ions) R3Si+ attracted much 
attention from both the theoreticians [4–8] and 
experimentalists [7, 9–12]. With this, special attention 
was paid to the problem of preparation of “free” 
silicenium ions in the liquid phase or in crystals, that 
is, cations in which strong interaction with the solvent 
or counter-ion is absent. This problem turned out to be 
the most difficult because of the unique ability of 
silicon to expand its coordination sphere. Only recently 
these efforts led to success [7, 13, 14]. At present, 
these studies were extended to other elements of the 
silicon subgroup, Ge, Sn, Pb. 

In our studies, we used the absolutely original non-
traditional strategy for generation and investigation of 
reactivity of cations R3M

+, which was elaborated after 
many years of studies of chemical consequences of 
radioactive β-decay of tritium atoms in the molecules 
of organic and organoelemental compounds [15–17]. 
First this strategy based on the processes of β-decay of 

tritium in the molecules of hydrocarbons was sug-
gested for generation and investigation of reactivity of 
free carbenium ions [15]. However, the extension of 
this strategy to the generation of silicenium [16, 17] 
and, later, germenium analogs of carbenium ions has 
acquired special importance. The problem consists in 
the aforementioned ability of silicon and the elements 
of its subgroup to expand the coordination sphere 
leading to the formation of complexes of cations R3M

+ 

with the nucleophiles of any type, including the 
counter-ion and the solvent molecules. 

Theoretical background of the nuclear chemical 
method [15] and experimental studies on the 
carbenium [18–21] and silicenium ions [22–25] led to 
the conclusion on the possibility and prospects of the 
use of this strategy for generation and investigation of 
reactivity of the three-coordinate cations of heavier 
elements of the silicon subgroup both in the gas and 
condensed phase. 

The present work is devoted to investigation of the 
gas phase reaction with benzene of dimethylgermylium 
ions Me2TGe+ generated by the nuclear chemical 
method.  

Benzene is a classical representative of π-electron-
donor compounds. The immense practical importance 
of the reaction of carbenium ions with aromatic 
hydrocarbons, under lying the industrial aromatic 
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Fig. 1. Tentative mechanism of the reaction of dimethylgermylium cations with benzene. 

alkylation is well known [26]. In contrast, the reaction 
of electrophilic aromatic silylation for a long time was 
not realized either in the gas or in the condensed phase. 
The absence of silylation products was due to the fact 
that the processes of desilylation proceeded under the 
conditions of the experiments with much larger rates 
than the deprotonation processes [27]. The electro-
philic silylation of benzene in the gas phase was 
possible only in the presence of triethylamine as a 
proton acceptor [28, 29]. 

Our radiochemical studies of the reaction of 
nucleogenic dimethyl- and diethylsilyl ions with 
benzene in the absence of any additives in the gas and 
condensed phase have shown that the yield of the 
products of silylation (phenylsilanes) in both cases did 
not exceed 8% [7, 22, 23]. The major product of these 
reaction was labeled benzene. 

The observed difference in the reaction course for 
the carbenium and silicenium ions corresponds to the 
different structure of the intermediate complexes since 
the silicenium ion in the σ-complex practically retains 
its cationic nature. 

Radiochemical investigation of the ion-molecular 
reaction of dimethylgermylium cation Me2GeT+ with 
C6H6 has shown that, as in the case of silicenium ions, 
the main product of the reaction is labeled benzene 
(92%). According to the adopted mechanism of the ion-
molecular reaction of carbenium ions with aromatic 
compounds, the reaction of germylium cations 
Me2GeT+ with benzene can be represented by the 
following scheme (Fig. 1). 

The approach of the ion to the molecule results in 
the formation of the π-complex, which then is 
transformed into the σ-complex. Decomposition of the 
latter occurs either unimolecularly (degermylation) 

with the formation of labeled benzene and a 
germylium cation, or bimolecularly by proton transfer 
to the molecules of the substrate with the formation of 
phenylgermanes. The formation of labeled benzene is 
due to isotope exchange in the σ-complex between 
tritium of the dimethylgermylium cation and protium 
in the ipso-position of the benzene ring. 

The performed B3LYP/6-31G* quantum chemical 
calculations of the stereoelectronic structure and 
charge distribution in the model σ-complex suggest 
that for the germylium as well as for silicenium ions 
the processes of degermylation (desilylation) are more 
preferable than the processes of deprotonation. 

The calculated angle between the Ge–C bond and 
the plane of the benzene ring is 101.5°, that is, not 
substantially different from that in the π-complex 
(90°). With this, the main positive charge (+0.87) is 
located on the Ge atom. It is well known that in the 
course of alkylation of aromatic compounds the 
covalently bonded σ-complex is formed in which the 
angle between the alkyl group and the plane of the ring 
is ~141°. The positive charge is shifted from the 
carbenoid carbon atom to the hydrogen atoms of the 
benzene ring and the highest positive charge (+0.36) is 
located on the hydrogen atom in the ipso-position. The 
structure and equilibrium geometry of σ-complexes of 
the carbenium, silicenium and germylium ions with 
benzene are shown in Fig. 2. 

It is evident that this structure and charge 
distribution in the complex are more appropriate for 
the process of degermylation. 

The products of germylation, labeled phenyl-
germanes, are formed in a small amount of ~7%, and 
their composition is 71% of Me2PhGeT to 29% of 
PhH2TGe. 
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Fig. 2. Electronic structure and equilibrium geometry of complexes of cations H3M
+ (M = C, Si, Ge) with benzene (B3LYP/6-

31G*). 

The former is the product of the reaction of benzene 
with the major nucleogenic cation Me2GeT+, and the 
latter is the product of its reaction with unsubstituted 
germylium cation H2TGe+, which could be formed by 
dissociation of the complex [H2TGe+·C2H4]. The 
performed quantum chemical calculations (B3LYP/6-
31G* and aug-cc-pVDZ) [30] have shown that on the 
potential energy surface (PES) of the system C2H7Ge+ 
the global minimum belongs to cation Me2GeH+. 
However, the PES has also local minima close in 
energy to the classical cation Me2GeH+ and belonging 
to the donor–acceptor complexes [HGe+·C2H6], 
[MeGe+·CH4], [H3Ge+·C2H4]. Dissociation of these 
complexes may lead to the formation of germanium-
centered cations and the molecules of the 
corresponding hydrocarbons. 

According to quantum chemical calculations, iso-
merization of the classical cation Me2HGe+ is 
connected with high activation barriers (~75, 60,                
52 kcal mol–1, respectively) [30]. Since the time of 
emergence of the nucleogenic cation is very short    
(10–14 s), it inherits the structure of the mother 
molecule, that is, in our case, tetrahedral [17, 31]. 

Changing of the tetrahedral structure into the planar 
structure characteristic of the three-coordinate cation, 
is followed by the release of the energy of relaxation, 
which may be consumed for excitation of this ion. For 
the germylium cation Me2GeT+ we have estimated this 
energy (B3LYP/6-31G*) as 24 kcal mol–1, that rules 
out the isomerization of the free cation. An additional 
energy can be acquired by association of this cation 
with the molecule of the nucleophile. 

For benzene, this energy is 36.5 kcal mol–1 
(B3LYP/6-31G*). Therefore, the total energy is 
enough to overcome the lowest isomerization barrier 
of the cation (CH3)2GeH+ resulting in the formation of 
the complex [H3Ge+·C2H4] and its further dissociation. 

However, this energy is too small to overcome 
other activation barriers, as shows the absence of 
methane, ethane or other products of germylation 
among the reaction products. 

It should be noted that earlier the possibility of 
existence of complexes [HM+·H2] was theoretically 
predicted for the unsubstituted cations H3M

+ (M = Si, 
Ge, Sn), but only the use of the nuclear chemical 
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strategy allowed for the first time to confirm 
experimentally the predicted by us isomerization of 
cation Me2GeT+. 

Therefore, the ionic germylation of aromatic 
compounds (as well as the ionic silylation), unlike 
electrophilic alkylation, practically does not occur due 
to the structure of the arising intermediate complexes, 
in which the germylium and silicenium ions retain 
their cationic nature. 

At the same time, the formation of a small amount 
of the products of germylation of benzene both by the 
principal cation Me2GeT+ and by the product of its 
isomerization H2TGe+ may serve as an evidence of 
formation of germylium cations as a result of β-decay 
of tritium in the molecule of dimethylgermane 
Me2GeT2.  

EXPERIMENTAL 

Free dimethylgermylium cations were generated by 
nuclear chemical method [15–17].  

Identification of the labeled products of the reaction 
was performed by comparing their retention times with 
those of the authentic compounds under the same 
chromatographic conditions. The yield of the products 
was determined as the ratio of activity of the given 
compound to the total activity of all reaction products. 

Dimethylphenylgermane was prepared by the 
Grignard reaction from dimethylbromogermane and 
bromobenzene with subsequent reduction of bromo-
dimethylphenylgermane with lithium hydride in hexane 
at heating. Phenylgermane was prepared by reduction 
of phenyltrichloro-germane with lithium hydride in 
dioxane at heating. Phenyltrichlorogermane was 
prepared by reflux of iodobenzene with germanium 
tetrachloride in the presence of copper powder [33]. 
Dimethylphenylgermane and phenylgermane used as 
authentic samples were identified by the method of 
chromatomass spectrometry on a “Polaris 125” 
instrument.  
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