1 iy

< T VAT H IS

ELSEVIER

Journal of Organometallic Chemistry 545--546 (1997) 53-59

ournal
ofOrgang.

metallic

Chemistry

Gas phase germylation of simple aromatics by Me,Ge " ions

Barbara Chiavarino, Maria Elisa Crestoni, Simonetta Fornarini ~

Dipartimento di Studi di Chimica e Tecnologia delle Sostanze Biologicamente Attive, Universita di Roma 'La Sapienza’, Piazzale Aldo Moro 5,
1-00185, Roma, ltaly

Received 28 October 1996; received in revised form 22 April 1997

Abstract

The germylation of simple aromatic hydrocarbons has been studied by two different techniques. The Fourier Transform Ion Cyclotron
Resonance (FTICR) technique allowed the study of Me,Ge " transfer equilibria between aromatics and H,O at 300 K. The ion—molecule
reaction of [Me;Ge ™ - arene] ions with selected neutrals are accounted for by a o~complex species, retaining the primary ipso structure,
where the germyl group and the former aromatic hydrogen are bound to the same tetrahedral carbon. The free energies of binding of
Me,Ge™ to the selected aromatic compounds correlate linearly with the values of the corresponding Me,Si* reaction with a slope of
0.93. The combined information from the FTICR and radiolytic technique has revealed a mechanistic pattern for the electrophilic
aromatic substitution by Me,Ge™* that closely reproduces the corresponding Me,Si* reaction, the major difference lying in the greater
ease of detachment of Me;Ge™ by nucleophilic assistance. © 1997 Elsevier Science S.A.
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1. Introduction

In continuation of our research on the gas-phase
trimethylsilylation reactions by Me,Si™ ions [1-6], we
have undertaken a study on the reactivity of the neigh-
bor group IVA analogue, Me,Ge™, towards (mostly)
aromatic compounds aimed to compare the reactivity
behavior of the two ions. Although early reports have
shown that Me,Ge* may form stable adducts with a
variety of organic molecules [7], this ion has never
received a comparably widespread attention as Me,Si™.
One practical reason may be bound to the coms)lex
isotopic pattern of germanium (7 Ge, Ge, "Ge, ""Ge,
7$Ge, with relative abundances of 20%, 27%, 8%, 37%.
8%, respectively) which allows ready mass spectromet-
ric identification of germylated ions but at the same
time spreads the overall intensity of a single ionic
species and enhances the likelihood of overlapping sig-
nals. We have used an approach based on two tech-
niques. The first one is a mass spectrometric technique,
Fourier Transform Ion Cyclotron Resonance (FTICR)
[8], endowed with the powerful capability of isolating
an ion of interest within a complex mixture. This ion

* Corresponding author. Tel.: +39-6-49913510; fax: +39-6-
49913602.

0022-328X /97 /$17.00 © 1997 Elsevier Science S.A. All rights reserved.

PII S0022-328X(97)00318-5

may be a single isotopic species or the whole isotopic
cluster corresponding to a given composition. In the
presence of one or more neutrals in the ICR cell, at
typical pressures of 10™® Torr, ion-molecule reactions
can be recorded and equilibria can set up at the cell
room temperature of 300 K. The second technique
exploited, the radiolytic method [9], performs ion—
molecule reactions at the pressure of ca. 1 atm using
ionic species produced by the action of y-radiation and
yielding mechanistic information from the analysis of
neutral products formed in the selected range of condi-
tions. The combination of the two techniques has yielded
a comprehensive picture of the major features of the
Me,Ge™ reaction with aromatic compounds.

2. Experimental

Research grade gases with stated purity in excess of
99.9% were purchased from Matheson. All other chemi-
cals were obtained from commercial sources, including
Me,Ge from Alfa Products. They were analyzed by GC
and purified by preparative GC, whenever necessary.

Gaseous samples for the radiolytic experiments were
prepared by standard vacuum line techniques, as previ-
ously described [9]. The gaseous mixtures were irradi-
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ated in a 220 Gammacell (Nuclear Canada) at 40°C, to
total doses ranging from 0.5 X 10* Gy to 1 X 10* Gy,
at the dose rate of 1x10* Gy h™'. The radiolytic
product mixture was recovered under airtight conditions
as cyclohexane solution and analyzed by GC-MS using
a Hewlett-Packard 5890 gas chromatograph equipped
with a 50-m long, 0.20-mm i.d. fused silica column
coated with a 0.50-pm cross-linked methyl silicone film
(PONA column from Hewlett-Packard) in line with a
Hewlett-Packard mass selective detector model 5970B.

The FTICR experiments were performed using a
Bruker Spectrospin Apex TM 47e spectrometer equipped
with an external ion source and a cylindrical (12-cm
length, 12-cm diameter) ‘infinity’ cell situated between
the poles of a 4.7 Torr superconducting magnet. This
instrumental configuration allows the generation of ionic
species in the external ion source where a suitable
chemical ionization (CI) reagent gas is introduced. For
example a CH,/Me,Ge (97:3 mol%) mixture at the
pressure of 1 X 10~ Torr was used to generate Me,Ge*
ions which were allowed to react with a selected sub-
strate (S = aromatic hydrocarbon, H,O, MeOSiMe,)
introduced into the ion source by a separate inlet. The
resulting ion mixture was transmitted into the FTICR
cell at 300 K, where one or two different neutrals were
present at stationary concentration. The ion of interest,
typically Me;GeS™, was isolated from the plasma by
sequential broad band ejection and ‘single shots’ [10]
and was allowed to react. lon intensity vs. time profiles
were obtained by recording mass spectra at increasing
reaction time. The concentration of the neutrals was
determined from the pressure reading at the ionization
gauge located in the high vacuum line of the FTICR cell
housing, corrected by using appropriate calibration fac-
tors [11].

3. Results
3.1. FTICR mass spectrometry

FTICR has been used in the first place to measure
Me,Ge™ transfer equilibria between aromatics or be-
tween an aromatic and H,O (Eq. (1)). The experiments
were performed as follows. Me,Ge" ions from the CI
of CH,/Me,Ge in the external ion source were allowed
to react with an aromatic compound (X) introduced into
the same ion source at 0.1% relative concentration.
Abundant adduct ions (Me,GeX") were formed. These
were transferred into the FTICR cell where known
concentrations of the same aromatic compound and of a
reaction partner (another aromatic or H,0) were pre-
sent. An alternative route to Me,GeX™ ions by reaction
of Me,Ge* with an aromatic compound in the ICR cell
failed to give significant abundances of adduct ions due
to the inefficient collisional stabilization in the low
pressure environment (10°8-10~7 Torr). The primary
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Fig. 1. Normalized ion intensities of MeC(H;GeMe; (@),
Me;GeOH; (), and Me,Ge™ (O) as a function of time. Partial
pressures in the FTICR cell were: P(toluene)=1.5X10"% Torr and
P(H,0)=0.15x10"8 Torr.

adduct ion was isolated from other ions which entered
or were formed in the cell by resonance ejection tech-
niques and was allowed to react with the mixture of the
two neutrals for increasing reaction times (Eq. (1)):

Me;GeX "+ Y = Me,GeY ™" + X. (1)

Plots of relative ion intensities vs. time were thus
obtained, showing the attainment of equilibrium when
the ion intensity ratio reaches a constant value. An
example of such plots is shown in Fig. 1 where X =
MeC¢H; and Y = H, 0. The equilibrium constant at the
cell temperature of 300 K is calculated from Eq. (2)
(where i are ion intensities and P are partial pressures)
and yielded a AGS, value (kcal mol~') according to
Eq. (3):

i(Me,GeY™*) X P(X) ,
" i(Me,GeX*) X P(Y)’ (2)
AG3,= —RTIn K= —0.601In K. (3)

The attainment of a true equilibrium is verified by
the constancy of the right-hand ratio of Eq. (2) for

AGy

1,3,5-Me,CgH,

13-Me,CeH, 19

H0 B 17

Me,SiCHs 1.8

MeC¢Hs

CsHs

Fig. 2. Measured free energy changes, AG5,,, for Me;Ge ™ transfer
between aromatics and H,O. The direction of the preferred transfer
(AG” negative) is in the upward direction. Comparison of overlap-
ping and successive steps on the ladder show an internal consistency
of about +2 kcal mol™!. Reproducibility of AG® values was better
than + 1 kcal mol ',
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Table 1

Free energy changes for the process Me,Ge* + X = Me,GeX "
X ~ AGS, (kcal mol™ 1)
13,5-Me,CH, 202

1.3-Me,CH, 18.8

Me,SiC H 17.1

MeCH, 165

C.H, 13.7

H,0 18.3°

Average error +0.1 kcal mol™'.
°Ref. [12].

different ratios of the partial pressures of the two neu-
trals. The AG%,, ladder obtained in this way is dis-
played in Fig. 2 and was used to derive the free energies
of binding of Me,Ge™ to the various compounds (reac-
tion 4) from the known thermodynamic data relative to
the Me,Ge™ association to H,O [12].

Me,Ge* + X = Me,GeX ™. (4)

The so obtained AG,, values are listed in Table 1.

The reaction of Me,GeC D/ ions, formed in the ion
source by CH,/Me Ge-CI of C,D;, with Et;N intro-
duced into cell was also studied by FTICR, yielding the
temporal profile of ion intensities shown in Fig. 3. The
exponential decay of the reactant ion yields a bimolecu-
lar rate constant of 3.7 X 107° cm® s™!, corresponding
exactly to the collisional rate constant [13]. This is
indicative that the Me,GeC D, ion reacts with the
strong base on every collision. Among the ionic prod-
ucts, besides the trimethylgermylated amine at m /z 220
("Ge isotope), the ion at m/z 103 is significant. It
corresponds to the Et,;ND* and shows that the reactant
ion can transfer not only Me,Ge ™ but also a deuteron to
the base.

The reaction of MeO(SiMe,)GeMe; ions, obtained
by Me,Ge™ addition to MeOSiMe;, with (MeO),PO, a
powerful oxygen nucleophile, has been performed to
check as to what relative extent Me,Ge" transfer vs.
Me,Si* transfer would occur. The temporal profiles of
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Fig. 3. Normalized ion intensities of Me;GeC D¢ (O), Me,GeNEt;
(¢), Et;NDY (a), [Et;N-H]* /Et;N* (m), Et,NH" (a), and
Me,Ge* (@) as a function of time. The pressure of Et;N was
1.7x107° Torr.
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Fig. 4. Normalized ion intensities of MeO(SiMe;)GeMe; (a),
(Me0),POGeMe; (#), (MeO);POSiMe; (O), Me;Ge* (@), and
Me,Si* (<) as a function of time. The pressure of (MeO);PO was
1.2X107* Torr.

ion intensities plotted in Fig. 4 show that the heterolytic
cleavage of the Ge—O bond occurs preferentially to give
both the free Me,Ge™ ion and a higher fraction (ca.
3:1) of the (MeO),POGeMe; product ions with respect
to the silicon counterpart, (MeO),POSiMe;.

A greater ease of Me,Ge™ transfer to oxygen nucle-
ophiles apparently emerges also from the reaction of
Me,SiC¢H,GeMe; ions, illustrated in Fig. 5, from
CH,/Me Ge-CI of Me,SiC H, with H,O in the ICR
cell at 5.9 X 107° Torr. The products ions, correspond-
ing to Me,;GeOH; and Me;GeOH(SiMe,)*, are sug-
gested both to follow from the primary product ion-neu-
tral complex, [Me,GeOH} - Me,SiC H;], by direct dis-
sociation or further reaction within the complex (Scheme
1). Noteworthy, no Me;SiOHJ is formed.

3.2. Radiolytic reactions

Radiolytic germylation reactions have been per-
formed at 40°C in a 97:3 mol% mixture of CH,/Me,Ge
at 620 Torr, where ionization is effected by the sec-
ondary electrons following the interaction of y-radiation
with the materials (mainly the vessel glass walls) of the
radiolyzed sample. Table 2 summarizes the results from
the germylation of toluene and of benzene as competing

100
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Fig. 5. Normalized ion intensities of Me,SiC¢H;GeMe; (a),

Me,GeOH? (@), Me;Ge™ (<), and Me,GeOH(SiMe,)™ (0O) as a

function of time. The pressure of H,O was 5.9 107° Torr.
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Me;SiCeHsGeMe; " + H,0

l

[Me3GeOH, " - MesSiCgHs] ——  Me3GeOH, ' + Me;SiCeHs

l

[Me;GeOH - Me3SiCgHs'] ——»  Me3GeOH(SiMes)" + CgHg

Scheme 1.

substrate. All systems contained a radical scavenger,
0,, at 10 Torr, whose presence allows to neglect con-
ceivable radical pathways to the observed products.

In order to obtain germylation products from the
aromatic hydrocarbons, the presence of a strong nitro-
gen base, such as Et;N, with proton affinity (PA) equal
to 232 kcal mol™! [14], was found to be a necessary
condition. With no such additive present or when
(Me0),PO (PA =212 kcal mol™') [14] is used in the
place of Et;N, no aromatic germylation takes place.
The isomer distribution of the toluene products,
MeC H ,GeMe,, is characterized by the absence of the
ortho isomer and by the distinct preference of para-
with respect to meta-substitution. The series of experi-
ments run at nearly constant amounts of benzene and
toluene and varying concentrations of Et;N yield both
C,H,GeMe, and MeC H,GeMe,, whose combined
yield are plotted against the Et;N partial pressure in
Fig. 6. Their relative yields can be analyzed by the
standard equation for competing reactions (Eq. (5),
where G,, are radiochemical yields in units of 107>
umol I7! (note b of Table 2) to give apparent relative

Table 2

Aromatic substitution by gaseous Me,Ge™* ions

System composition (Torr)* Product yields (Gy)®

C¢Hy MeCcHs Et;N C H;GeMe;, MeCgH,GeMe,

(o/m/p)

25 - 1.5¢ - -

- 2.3 - - -

- 1.9 1.0 - -

- 2.6 1.6 - 5.2(0/18/82)
29 0.94 0.40 0.20 0.77 (0/24 /76)
3.1 1.1 0.89 0.36 1.5(0/18/82)
32 1.2 1.5 1.0 35(0/17/83)
29 0.92 22 1.0 2.4(0/21/79)
33 1.2 29 1.0 2.1(0/19/81)
33 1.2 40 0.82 1.3(0/23/77)
33 1.1 5.1 0.59 0.73 (0/18/82)

*The major gaseous components are CH, (600 Torr), Me,Ge (20
Torr), and 0, (10 Torr).

®Absolute yields are in units of 107* pmol J='.

¢(Me0), PO was present, in place of Et;N.
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Fig. 6. Overall radiochemical yield (G,,, in units of 10™? gwmmol
171) of the germylation products of benzene and toluene plotted vs.
P(Et;N) (Torr).

reactivity ratios that are found to be dependent on Et;N
concentration (Fig. 7).

ki Gu(MeC H,GeMe,) X P(C4H,) S
ky  Gy(CeHGeMe,) X P(MeCH;) 5)

4. Discussion
4.1. The reagent ion

Me,Ge" is the only initial ion resulting from the
reaction of Me,Ge with the major reagent ions CH
and C,H? formed from methane under CI [15,16] and
radiolytic conditions [17]. The exothermicities of the
formation processes (Eqgs. (6) and (7)) were obtained
from thermochemical data in Ref. [14], using AH;
(Me,Ge™) = 167 kcal mol~' [18] and A HY (Me,Ge) =
—24.5 kecal mol™' [19].

CH? + Me,Ge — Me,Ge* + 2CH,, (6)
where A H, = — 68 kcal mol ™!,
C,H! + Me,Ge - Me,Ge* + C,H, + CH,. (7)

where A H,) = —37 kcal mol ™"
At the pressure of 10”* Torr in the CI ion source
conditions of the FTICR instrument, Me;Ge™ is the

14
124 w g
1 [ ]
(kT/kB)app
]

6 ]

4 . -

2+ T T T T 7

0 1 2 3 5 6
P(Et;N)

Fig. 7. Apparent relative reactivity ratios from the competitive
germylation of benzene and toluene plotted vs. P(Et;N) (Torr).
Values are obtained using Eq. (5).
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Fig. 8. The correlation between AGS, for the association of Me,Ge*
and AGj,, for the association of Me,Si* to the selected compounds.

only germylating species. At the much higher Me,Ge
pressure of the radiolytic experiments, an association
equilibrium is expected to set up (Eq. (8)) yielding
Me7Ge'2* ions [12,18] which may act as germylating
species by Me ,Ge displacement.

Me,Ge " + Me,Ge = Me,Ge, . (8)

Me,Ge™ is expected to behave exclusively as Lewis
acid in view of the rather high PA of its conjugate base
(PA of Me,Ge=CH, equals to 206 kcal mol™' [20)).
Accordingly, proton transfer from Me;Ge ™ to toluene is
calculated to be endothermic by 16 kcal mol ™' (PA of
toluene equals to 190 kcal mol~' [14]). The exclusive
Lewis acid character of Me,Ge* toward the selected
substrates makes the apparent rate constant ratios k- /ky
of Fig. 7 a direct measure of the corresponding reaction
channels.

4.2. The association of Me,Ge* to aromatic hydrocar-
bons

The free energies of binding of Me;Ge* to aromatic
hydrocarbons show an increasing trend in the series
from benzene to mesitylene, corresponding to the in-
creasing electron density available at the aromatic ring
from the electron donating effect of the methyl sub-
stituent(s). The same order corresponds to increasing
PA [14] and increasing binding energy to Me;Si™ [21].
The values of AGS,, for the binding of the two Me, X ™
ions (X = Si, Ge) to the aromatic bases are very close to
each other and fit the linear relationship drawn in Fig. 8.
The slope of 0.93 indicates that the association free
energies of Me,Ge* spread over a narrower range,
hence they are slightly less sensitive to the structural
features of the aromatic base. Within the approximation
that the close values of AGS, for the association of
Me,Ge* and Me,Si* to benzene (13.7 and 13.5 kcal
mol ™!, respectively) are paralleled by similarly close
A H° values (23.9 kcal mol™!) [21], a thermochemical
cycle can be constructed, allowing the PA of
Me,GeC H; to be evaluated. It is unfortunately not
surprising that the required value of AH{ for

Me,GeC¢H, is missing from the scant and scattered
thermochemical data available for germanium com-
pounds. AH? (Me,GeC H;) was estimated as 8 kcal
mol~! by the group increment method using thermo-
chemical data from Ref. [22]. In this way, a PA value of
ca. 212 kecal mol™! is derived for Me;GeC4H3.

4.3. Mechanism of the germylation reaction and struc-
ture of [Me ,Ge™ - arene] complexes

The closely similar thermodynamic data for the asso-
ciation of Me;X* (X =Ge, Si) to simple aromatics
suggests for the [Me;Ge™ - arene] adduct the same o-
complex structure which several experimental [1-6] and
theoretical [23] studies ascribed to gaseous [Me,Si™-
arene] complexes.

This structural assignment is supported by the reac-
tivity of the [Me,Ge" - arene] adducts. Me,GeC H{
reacts with H,O by Me,Ge" transfer, a process that
may be compatible with either a 7-complex (Ia) or an
ipso-a-complex (Ib) structure of the reactant ion.

H GeME3

Opowd

Ia Ib

However, the Me,GeC¢D," reaction with Et;N oc-
curs by D* transfer to an appreciable extent and this is
strongly indicative of covalent C,,. .—Ge bond forma-
tion. The overall reactivity pattern fits into a mechanis-
tic scheme (Scheme 2 for C H, as representative arene)
that accounted for the salient features of the correspond-
ing reaction of Me,Si™ with aromatic hydrocarbons
[1-6].

At variance with 7-complex Ia, expected to react
exclusively by Me,Ge™ transfer, the o-complex Ib may
undergo competitive H* and Me,Ge™ transfer, depend-
ing on the features of the neutral reagent. The Jow PA
of H,0 (166.5 kcal mol™') [14] prevents H* transfer
from Ib whereas Me,Ge™ transfer is driven by the
intrinsically higher bond energy of Ge-O with respect
to Ge—C. The same factor may account for the larger
binding free energy of Me;Ge™ to H,O with respect to
C Hg, in the reverse order of their PAs (166.5 and

MesGe' + CgHg

b
Ib~—l

MesGeNu' + CgHg

—B—-> BH+ + MC3GCC6H5
Scheme 2.
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181.3 kecal mol ™', respectively) [14]. The use of Et,N, a
strong though sterically hindered nitrogen base, enables
deprotonation of Ib. The proposed mechanism is sup-
ported by the product pattern of the radiolytic germyla-
tion where the recovery of neutral germylation products
unambiguously proves the formation of a Me,Ge-C
covalent bond through a o-complex intermediate. The
presence of an appropriate base, Et;N, is required to
ensure formation of germylated products. In its absence,
traces of oxygenated nucleophiles, unavoidably present,
either as adventitious impurities (e.g., H,0) or as radi-
olytic products (e.g., H,0, MeOH, CH,O0, etc.) react
with Ib exclusively by Me,Ge* transfer. Accordingly,
no aromatic germylated products are formed. However,
when Et,N is added to the gaseous mixtures, two
opposing effects on the product yield can be envisaged.
On the one hand, Et;N allows deprotonation of Ib
favoring formation of the germylated products. On the
other, the amine effectively intercepts the CHZ /C,H?
and Me,Ge* percursors, thus depressing the yields of
the intermediates Ib and therefore of the ensuing neutral
products. This dual behavior accounts for the depen-
dence of the absolute yields of the germylated products
on the partial pressure of Et;N shown in Fig. 6, which
is characterized by a maximum at the Et;N pressure of
ca. 1.5 Torr.

It is worth noting that a highly basic additive such as
(MeO),PO as well is not effective in yielding germyla-
tion products. This result supports an ipso-type struc-
ture for the germylated arenium intermediate since any
isomeric ion obtained by 1,2-H* shift would be depro-
tonated by (MeO),PO leading to observable products
(Scheme 3 for MeC H as representative arene).

The unwillingness of ion Ib to undergo isomerization
by 1,2-H™* shifts, which contrast with the behavior of
alkylated arenium ions [24,25], is traced to the higher
stability conferred to Ib by the £ relationship of the
formal positive charge on the arenium ring with respect
to the C,,,;—Ge bond with an orbital alignment allowing
hyperconjugative interaction [26-28].

In conclusion, [Me,Ge™ - arene] complexes undergo
Me,Ge ™ transfer to oxygen nucleophiles and deprotona-
tion by strong nitrogen bases. With a second arene
molecule, they engage in reversible Me,Ge™ transfer
till equilibrium is reached, as can be observed directly
from the ICR kinetic plots. Direct evidence for Me,Ge ™
transfer from Me,GeC H{ to toluene is also obtained
from the apparent k;/kg ratios from the radiolytic

H GeMe; H H .
H
(MeO)30 (Me0);PO
- — — - +
@ MeCgH GeMe;
Me Me GeMe;

Scheme 3.

reactions, which increase as the Et;N partial pressure is
decreased (Fig. 7). This is accounted for by a rather
indiscriminate primary attack of Me,Ge® at the two
substrates to yield an ion population which subsequently
tends to shift toward the equilibrium ratio. The Me,Ge™
transfer to toluene competes with deprotonation by
Et;N. Decreasing the Et,N partial pressure favors the
approach to equilibrium by increasing the lifetime of the
[Me,Ge™ - arene] ions, which cannot, however, be in-
creased indefinitely due to the presence of trace oxygen
nucleophiles. The highest apparent k/ky ratio of 12 in
Fig. 7 is still far from the equilibrium value of
[MeC H,GeMe;]/[Me,GeC H; ] =35, expected un-
der the operative reaction conditions.

4.4. Comparison of the gas phase reactivity of Me,;Ge "
and Me,Si*

Several times in the previous sections, the gas phase
behavior of Me,Ge™ towards aromatic hydrocarbons
has been found to conform to the model Me,Si* reac-
tion. The similar behavior of the two electrophiles is
confirmed also by the positional selectivity of the attack
at the ring positions of toluene. In both cases substitu-
tion at the ortho position is avoided due to steric
hindrance, and the para/meta ratio is ca. 80 /20, show-
ing fair selectivity towards the more activated site.
However, a noticeable difference emerges from the
absolute radiochemical yields of the two reactions. The
germylated products are formed with a smaller yield,
typically by a factor of ten, with respect to silylation
products under strictly comparable reaction conditions.
Whereas the similar binding free energies do not lend
support to the hypothesis of a higher barrier for
eletrophilic attack by Me,Ge* with respect to Me,Si™,
an explanation can be found in the greater ease of
displacement of Me,Ge™ from the arenium complex by
oxygen nucleophiles. Such a feature was recently ex-
ploited to perform a silylation reaction via Me,Ge*
displacement from Me,GeC H,, thus obtaining for the
first time silylated products without the assistance of a
nitrogen base [6]. The high mobility of Me,Ge" is
shown in the reported reactions of Me,SiC H GeMe7
with H,0O and MeO(SiMe,)GeMe; with (MeO),PO.
Although the heterolytic cleavage and transfer of
Me,Ge* is not strictly comparable to the Me,Si*
reaction as they yield different ionic and neutral prod-
ucts, still it appears significant that the former reaction
prevails by a noticeable extent.

5. Conclusions
The gas-phase behavior of Me,Ge™ ions toward

aromatic hydrocarbons has shown striking similarities to
the corresponding Me,Si* reaction. This conclusion
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emerges primarily from the close values of the free
energies of binding of Me, X* (X = Ge, Si) to the same
aromatic compound, the only difference lying in the
barely detectable smaller sensitivity of the Me,Ge”
association to the structural features of the compounds
in the series benzene /toluene /m-xylene /mesitylene.
The mechanistic pattern leading to aromatic substitution
products was elucidated by the combined information
from the FTICR and radiolytic techniques. The major
features can be summarized as follows: (i) Me,Ge*
reacts at the aromatic ring giving a o-complex interme-
diate; (ii) this primary intermediate retains the hydrogen
on the germylated carbon, showing no tendency to
isomerize by 1,2-H* shifts; and (iii) the ipso-type
o-complex may evolve either by deprotonation by strong
nitrogen bases or by degermylation by oxygen nucle-
ophiles, the latter an obviously blind reaction channel.
All gathered evidence point to this last step as responsi-
ble for the major differences observed between the
Me,Ge* and Me,Si* reaction. In fact, heterolytic
cleavage of the C—Ge bond assisted by oxygen nucle-
ophiles appears to occur with greater ease than the
corresponding C—Si bond cleavage and the Me,Ge™
group appears endowed with greater mobility than its
silicon analogue. In the absence of pertinent thermody-
namic and Kinetic data, reasons accounting for this
different behavior, including the role of the more ex-
panded d orbitals on germanium, can only be guessed.

Acknowledgements

Financial support by the Italian Ministero dell” Uni-
versitdh e della Ricerca Scientifica e Tecnologica is
gratefully acknowledged. The authors thank Prof. F.
Cacace for helpful discussions.

References

[1] E. Cacace, M.E. Crestoni, S. Fornarini, R. Gabrielli, Int. J. Mass
Spectrom. Ien Processes 84 (1988) 17.

[2] S. Fornarini, J. Org. Chem. 53 (1988) 1314.

[3] F. Cacace, M.E. Crestoni, S. Fornarini, J. Am. Chem. Soc. 114
(1992) 6776.

[4] M.E. Crestoni, S. Fornarini, Angew. Chem., Int. Ed. Engl. 33
(1994) 1094.

[5] F. Cacace, M. Attina, S. Fornarini, Angew. Chem., Int. Ed.
Engl. 34 (1995) 654.

[6] B. Chiavarino, M.E. Crestoni, S. Fornarini, Organometallics 14
(1995) 2624.

[7] V.C. Trenerry, J.H. Bowie, Org. Mass Spectrom. 16 (1981) 344.

[8] B.S. Freiser, Techniques for the Study of Ion—Molecule Reac-
tions, in: J.M. Farrar, W.H. Saunders, Jr. (Eds.), Techniques of
Chemistry, Vol. 20, Wiley, New York, 1988, p. 61.

[9] F. Cacace, Acc. Chem. Res. 21 (1988) 215.

[10] L.J. de Koning, R.H. Fokkens, F.A. Pinkse, N.M.M. Nibbering,
Int. J. Mass Spectrom. Ion Processes 77 (1987) 95.

[11] I.E. Bartmess, R.M. Georgiadis, Vacuum 33 (1983) 149.

[12] J.A. Stone, W.J. Wytenburg, Can. J. Chem. 65 (1987) 2187.

[13] T. Su, M.T. Bowers, Int. J. Mass Spectrom. lon Phys. 17 (1975)
211.

[14] S.G. Lias, J.E. Bartmess, J.F. Liebman, J.L. Holmes, R.D.
Levin, N.G. Mallard, J. Phys. Chem. Ref. Data Suppl. 1 (1988)
17.

[15] E.H. Field, Acc. Chem. Res. 1 (1968) 42.

[16] A.G. Harrison, Chemical Ionization Mass Spectrometry, CRC
Press, Boca Raton, FL., 1983.

[17] P. Ausloos, S.G. Lias, R. Gorden Jr., J. Chem. Phys. 39 (1963)
3341.

[18) A.C.M. Woijtyniak, L. Xiaoping, J.A. Stone, Can. J. Chem. 65
(1987) 2849.

[19] L. H. Long, C.I. Pulford, J. Chem. Soc., Faraday Trans. 2 82
(1986) 567.

[20] W.J. Pietro, W.J. Hehre, J. Am. Chem. Soc. 104 (1982) 4329.

[21] A.C.M. Wojtyniak, J.A. Stone, Int. J. Mass Spectrom. Ion
Processes 74 (1986) 59.

[22] R. Walsh, in: S. Patai, Z. Rappoport (Eds.), The Chemistry of
Organic Silicon Compounds, Wiley, New York, 1989.

[23] P.V.R. Schleyer, P. Buzek, T. Miiller, Y. Apeloig, H.-U. Siehl,
Angew. Chem., Int. Ed. Engl. 32 (1993) 1471.

[24] M.E. Crestoni, S. Fornarini, J. Am. Chem. Soc. 116 (1994)
5873.

[25] F. Cacace, M.E. Crestoni, S. Fornarini, J. Am. Chem. Soc. 114
(1992) 6776.

[26] C. Eaborn, R.W. Bott, in: A.G. Mac Diarmid (Ed.),
Organometallic Compounds of the Group IV Elements, Marcel
Dekker, New York, 1968.

[27] S.G. Wierchke, J. Chandrasekhar, W.L. Jorgensen, Li, J.A.
Stone, J. Am. Chem. Soc. 111 (1989) 5586.

[28] K.A. Nguyen, M.S. Gordon, G. Wang, I.B. Lambert,
Organometallics 10 (1991) 2798.



