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Flash vacuum thermolysis of 3,4-dimethyl-1-
germacyclopent-3-enes: UV photoelectron
spectroscopic characterization of GeH2 and GeMe2
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Gas-phase UV photoelectron spectra of germylene (GeH2) and its dimethyl analogue (GeMe2)
have been recorded, using flash vacuum thermolysis of 3,4-dimethyl- and 1,1,3,4-tetramethyl-
germacyclopent-3-ene to generate these reactive species in the inlet of the photoelectron
spectrometer. The lowest vertical ionization bands for GeH2 (9.4 eV) and GeMe2 (8.2 and
10.0 eV) have been located with the aid of time-dependent density functional theory calculations
carried out at the B3LYP/6-311G(d,p) level of theory. Similar experiments carried out with 3,4-
dimethyl-1,1-diphenylgermacyclopent-3-ene, in an attempt to record the photoelectron spectrum
of diphenylgermylene (GePh2), were less conclusive, but are consistent with the theoretically
predicted lowest lonization potential of 8.0–8.2 eV for GePh2. Photoelectron spectra of the three
germacyclopentene derivatives are also reported. Copyright  2004 John Wiley & Sons, Ltd.
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INTRODUCTION

The synthesis and experimental characterization of the silicon
and germanium analogues of methylene (CH2) and other
simple carbenes are a considerable challenge because of their
intrinsic kinetic instabilities. The chemistry and spectroscopy
of these low-coordinate species have recently been reviewed;
for reviews of simple systems, see Refs 1–3. Other, more
frequent reviews have covered the synthesis, structures and
properties of stable derivatives, which have been much more
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extensively studied; for recent reviews of stable silylenes and
germylenes, see Refs 4–8. Since the reactivities and properties
of stabilized derivatives obviously derive ultimately from
those of the parent molecules, it remains of great importance
to further our understanding of simple systems, devoid of
possible perturbing influences due to substituents. Theory is
far ahead of experiment in this regard.9 – 14

The structures and reactivities of simple germylenes have
been much less extensively characterized than the corre-
sponding silicon analogues.1 – 3 The ground-state vibrational
frequencies of GeH2, obtained from a matrix isolation study of
the photolysis of GeH4 in 1972,15 were for many years the only
experimental data available on the parent molecule. More
detailed information was provided throughout the 1990s from
laser-induced fluorescence and microwave spectroscopies,
and photoionization mass spectrometry.16 – 20 Several detailed
kinetic studies of the reactivity of GeH2 have been reported,
following the first such study in 1996.21 – 30 Some experi-
mental data for dimethylgermylene have also been reported
(see Ref. 2 and references cited therein), such as its UV–Vis
absorption,31,32 IR,33 and mass34 spectra.
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In this study, we describe the results of flash vacuum ther-
molysis (FVT) of the simple 3,4-dimethyl-1-germacyclopent-
3-ene derivatives 1–3, in which the products (both stable
and transient) have been detected in the gas phase and char-
acterized by UV photoelectron spectroscopy (PES; Scheme
1). Compounds of this type (including 2) are known to
undergo formal 4 + 1 cheletropic elimination to yield the cor-
responding germylene and 1,3-diene upon pyrolysis in the gas
phase,35 and have been shown to be efficient and useful pre-
cursors of other germylene derivatives in previous transient
FVT-PES studies in the Pau laboratories.36 – 38 They are partic-
ularly convenient for such studies because of their moderate
volatility, good stability under high-vacuum conditions, and
the relative ease with which they can be synthesized, purified,
and handled. Furthermore, the PE spectrum of the thermol-
ysis co-product (2,3-dimethyl-1,3-butadiene (DMB)) is both
relatively simple and quite distinctive,39,40 which allows the
course of thermolysis to be easily monitored and simplifies
spectral interpretation. The FVT-PES technique is a powerful
aid to our understanding of the electronic structures of tran-
sient molecules. Unfortunately, the interpretation of the PE
spectra is not straightforward; so, theoretical evaluation of
ionization potentials (IPs) is necessary for a reliable assign-
ment. This has been carried out using time-dependent density
functional theory (TD-DFT) methods, the results of which are
compared with those estimated by outer valence Green’s
function (OVGF) calculations and the less rigorous ‘shifting’
of calculated Kohn–Sham energies.
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Scheme 1.

EXPERIMENTAL RESULTS

Photoelectron spectra
The UV PE spectra of 3,4-dimethylgermacyclopent-3-ene
(1), 1,1,3,4-tetramethylgermacyclopent-3-ene (2) and 3,4-
dimethyl-1,1-diphenylgermacyclopent-3-ene (3) are shown
in Fig. 1. The PE spectrum of 1 (Fig. 1a) exhibits three well-
resolved bands at 8.5, 9.9 and 10.7 eV, followed by a broad
band at 12.3 eV with a shoulder at 11.75 eV. The PE spectrum
of 2 (Fig. 1b) displays the first ionization at 8.3 eV, then three
well-distinguished ionizations at 9.5, 10.1 and 10.4 eV. The
third precursor (3; Fig. 1c) shows a first broad ionization at
8.2 eV, followed by an intense band at 9.0 eV with shoulders
at 8.6 and 9.2 eV, and a second broad band containing three
ionizations at 9.6, 9.9 and 10.1 eV.

The three compounds were pyrolyzed in the inlet of
the PE spectrometer at the temperatures necessary for
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Figure 1. PE spectra of (a) 1, (b) 2 and (c) 3.

partial thermolysis, as evidenced by the appearance of the
characteristic spectrum of 2,3-dimethyl-1,3-butadiene in that
of the thermolysate: 380 ◦C for 1, 600 ◦C for 2, and 470–820 ◦C
for 3. The resulting spectra are shown in Figs 2–4.

Starting from 380 ◦C (Fig. 2 curve a), the spectrum of
precursor 1 has changed; the ionization bands due to DMB
at 8.7, 8.9 and 9.2 eV have appeared (Fig. 2, curve b), and
the presence of the band at 8.5 eV due to 1 (Fig. 2, curve c)
confirms that thermolysis is not complete. The thermolysis
spectrum also clearly shows a new band centered at 9.4 eV.
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Figure 2. PE spectra of (a) 1 at 380 ◦C, (b) DMB, (c) 1 at 150 ◦C
and Molekel visualization of the highest occupied molecular
orbital of GeH2.
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Figure 3. PE spectra of (a) 2 at 600 ◦C, (b) DMB, (c) 2 at 245 ◦C
and Molekel visualization of the highest and second-highest
molecular orbitals of GeMe2.

Similarly, thermolysis of 2 at 600 ◦C leads to the appearance
of new ionizations at 8.2 and 10.0 eV, while the FVT efficiency
is confirmed by the presence of ionizations due to DMB
(Fig. 3, curve b) and the precursor (Fig. 3, curve c). For
these two compounds, the spectra recorded with thermolysis
temperatures in excess of 380 ◦C and 600 ◦C respectively
contain only the well-distinguished bands corresponding to
DMB ionizations.

In the case of the putative diphenylgermylene precursor
3, thermolysis at 470 ◦C led to the appearance of ionizations
due to DMB superimposed on those due to the precursor; the
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Figure 4. PE spectra of 3 at (a) 470 ◦C, (b) 630 ◦C and
(c) 875 ◦C.

latter were reduced in intensity compared with the spectrum
recorded at lower temperatures (Fig. 4). No new ionizations
other than those due to DMB could be distinguished in the
spectrum, but changes in the intensity and shape of the lowest
energy band centered at 8.2 eV are clearly evident. Heating
at 630 ◦C and higher resulted in the appearance of a single
new band at 9.24 eV, which is assigned to benzene.41 With
a thermolysis temperature of 820 ◦C, the PE spectra of this
compound consisted only of ionizations due to DMB and
benzene.

Theoretical results and UV photoelectron
spectral interpretations: germacyclopentenes
1–3
The optimized (B3LYP/6-311G(d,p)) geometrical parameters
for the three germacyclopentene derivatives are listed in
Table 1. The germacyclopentenyl rings are predicted to be
planar in all three cases. In the case of 1, the calculated Ge–H
bond distance is slightly longer and the H–Ge–H bond
angle is 0.8◦ smaller than the experimentally determined
values for GeH4 (Ge–H 1.525 Å, H–Ge–H 109.5◦).42 For 2
and 3, all calculated ring-framework bond lengths agree to
within 0.03 Å with the corresponding experimental values for
1,1-dimethylgermacyclopent-3-ene, determined by gas-phase
electron diffraction43. We note that the intra-annular Ge–C
bond lengths in each of these structures are uniformly smaller
than the extra-annular ones; and similarly, the C–Ge–C extra-
annular bond angles are characteristically larger than the
intra-annular C–Ge–C ones. Variation of the substituents
on the germanium atom causes only small changes in the
geometrical parameters associated with the basic structure of
the molecule, as would be expected.
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Table 1. Calculated (B3LYP/6-311G(d,p)) geometrical parameters (distances Å and angles (◦)) for 1, 2 and 3

1
C2v

2
C2v 3

C2

Ge–H (1) 1.540
Ge–C(Me) (2) 1.973
Ge–C(Ph) (3) 1.970
Ge–C(ring) 1.976 1.981 1.981
C–C(ring) 1.522 1.521 1.520
C C 1.348 1.349 1.348
H–Ge–H (1) 108.7
C–Ge–C (Me) (2) 110.1
C–Ge–C(Ph) (3) 110.1
C–Ge–C (ring) 92.3 91.8 91.8

Table 2. Comparison of calculated and experimental IPs for 1

Exp. IP
(eV)

Nature
of MO

−KS
energy

(eV)
Estimated

IP (eV)
TD-DFT
IP (eV)

OVGF IP
(eV)

8.5 πC C(B1) 6.29 8.5a 8.34b 8.40
9.9 σ−

Ge – C(B2) 7.59 9.80 9.28 9.72
10.7 σ+

Ge – C(A1) 8.30 10.51 9.91 10.61
11.75 σ−

Ge – H(B1) 8.79 11.00 10.16 11.54

a Experimental value.
b Value of �SCF.

Table 3. Comparison of calculated and experimental IPs for 2

Exp.
IP
(eV)

Nature
of MO

−KS
energy

(eV)
Estimated

IP (eV)
TD-DFT
IP (eV)

OVGF
IP

(eV)

8.3 πC C(B1) 6.12 8.30a 8.10b 8.20
9.5 σ−

Ge – C(cycle)
(B2) 7.19 9.37 8.76 9.26

10.1 σ+
Ge – C(cycle)

(A1),
σ+

Ge – C(Me)(A1)

7.72 9.90 9.00 9.84

10.4 σ−
Ge – C(Me)(B1) 7.90 10.08 9.10 10.16

a Experimental value.
b Value of �SCF.

The evaluation of ionization potentials has been carried
out using TD-DFT44,45 and OVGF46,47 calculations on the opti-
mized structures, as well as by the more commonly employed
method involving ‘shifting’ of the B3LYP/6-311G(d,p)
Kohn–Sham energies.48 – 50 Comparisons with experimental

Table 4. Comparison of calculated and experimental IPs for 3

Exp. IP
(eV)

Nature
of MO

−KS energy
(eV)

Estimated
IP (eV)

TD-DFT
IP (eV)

8.2 πC C (B) 6.18 8.2a 7.98b

8.6 Ph (B) 6.65 8.67 8.20
Ph (B) 6.95 8.97 8.21

9.0–9.2 Ph (A) 6.97 8.99 8.42
Ph (B) 7.02 9.04 9.23

9.6 σ−
Ge – C(cycle)

(B) 7.76 9.78 9.41
9.9 σ+

Ge – C(Ph)
(A) 7.92 9.94 9.415

a Experimental value.
b Value of �SCF.

data for previously studied sila- and germacyclopentenes51 – 53

also proved valuable. Comparisons between the calculated,
estimated, and experimental IPs for 1 (Table 2), 2 (Table 3)
and 3 (Table 4) allowed assignment of the lowest energy ion-
izations, which are fairly well separated from the rest of the
bands in the spectra of 1–3, to the C–C π molecular orbital
(MO) at 8.5 eV, 8.3 eV and 8.2 eV respectively.

The higher energy ionization bands in the spectra of
1–3 correspond mainly to the antibonding and bonding
combinations associated with the intra-annular Ge–C bonds
in the case of 1 (9.9, 10.7 eV), and with those due to both the
intra- and extra-annular Ge–C bonds in the cases of 2 (9.5,
10.1, 10.4 eV) and 3 (9.6, 9.9, 10.1 eV). In the spectrum of 3,
the intense band at 9.0 eV with shoulders at 8.6 and 9.2 eV is
assigned to ionizations involving MOs localized on the phenyl
rings. We note that methyl or phenyl disubstitution on the
gomanium atom in 3,4-dimethylgermacyclopentene causes a
global lowering of all the IPs except the second one, which is

Copyright  2004 John Wiley & Sons, Ltd. Appl. Organometal. Chem. 2004; 18: 676–683
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stabilized by ca 0.1 eV in the case of 3 compared with 2. Of
course, the opposite effect is observed in germacyclopentenes
bearing electron-withdrawing substituents (e.g. chlorine)
at the germanium atom (8.87 (b1), 9.96 (b2), 11.3 eV (b1);
Laporte-Chrostowska A, Lemierre V, unpublished results).
As has been mentioned above (see Table 1), the calculated
geometrical parameters (Ge–C bond lengths and C–Ge–C
intra- and extra-annular bond angles) vary only slightly
as a function of substituent at germanium in 1–3, so the
dominant factor responsible for the observed variations in
the IPs throughout the series is the electronic effects of
the substituents. The same trend has been observed in the
PE spectra of silacyclopent-3-ene derivatives, in which the
substitution of germanium by silicon causes a slight, but
fairly uniform, stabilization of all the IPs relative to those of
the corresponding germacyclopent-3-enes.51 – 53 The excellent
agreement between OVGF and experimental values of IPs
for 1 and 2 should be noted (we have not been successful
in our attempts to obtain IPs for 3 by this theoretical
method because of the large size of this molecule), and
they agree surprisingly well with the IPs estimated from
shifting of the B3LYP/6-311G(d,p) MO energies. The TD-DFT
method characteristically underestimates the IPs of the three
precursor molecules, which is most likely due to inadequacies
in the evaluation of the first ionic state.

GeH2, GeMe2, and GePh2
Several theoretical studies concerning GeH2,3 GeMe2,3 and
GePh2

54 have been reported, and the results of calculations
at the various levels of theory employed were compared
with experimental data available for GeH2

19 and bis[2,6-
bis(1-naphthyl)phenyl]germylene [Ge(bisap)2]54. Evaluation
of the germylene IPs in the present study has been carried out
after B3LYP/6-311G(d,p) geometry optimization of the lowest
lying 1A1 states (data not shown, but in reasonable agreement
with those reported previously for GeH2,11 – 13 GeMe2,11,12

and GePh2
54). The results of the calculations are compared

with the experimentally determined values, and the estimates
obtained by shifting of the calculated Kohn–Sham energies,
in Tables 5–7. The lowest IPs reported here for GeH2 and
GeMe2 agree well with the previously calculated values of
Trinquier and coworkers (9.05 eV for the non-bonding σ

orbital in GeH2 and 8.12 eV for that in GeMe2),10 and with
the upper limit of 9.25 eV for the lowest adiabatic IP of GeH2

determined by Berkowitz and coworkers by photoionization
mass spectrometry.16 The 0.15 eV difference between the
adiabatic and the vertical IPs is due to differences between
the structures of the ion states populated in the adiabatic
and vertical ionizations; our calculations indicate that the
H–Ge–H bond angle and Ge–H distances are respectively
12.4◦ and 0.018 Å larger in the relaxed radical cation compared
to the corresponding values in the ground-state structure.

We thus assign the ionization band at 9.4 eV in the
spectrum of the thermolysate from 1 (Table 5) to the ejection
of an electron from the germanium lone pair (nGe) in GeH2.
Ionizations corresponding to the antibonding and bonding

Table 5. Comparison of calculated and experimental IPs for 4

Exp.
IP

Nature
of MO

−KS energy
(eV)

Estimated
IP (eV)

TD-DFT
IP (eV)

OVGF
IP (eV)

9.4 nGe(A1) 6.77 9.4a 9.54b 9.23
σ−

Ge – H(B2) 8.63 11.26 11.44 11.43
σ+

Ge – H(A1) 14.20 16.83 16.65 17.06

a Experimental value.
b Value of �SCF.

Table 6. Comparison of calculated and experimental IPs for 5

Exp.
IP (eV)

Nature
of MO

−KS
energy

(eV)
Estimated

IP (eV)
TD-DFT
IP (eV)

OVGF
IP (eV)

8.2 nGe (A) −5.92 8.20a 8.29b 8.12
10.0 σ−

Ge – C (B) −7.76 10.04 10.07 10.17
σ−

C – H(σ ) (B) −10.59 12.87 12.59 13.63
σ−

C – H(π) (A) −10.62 12.90 12.61 13.63

a Experimental value.
b Value of �SCF.

Table 7. Comparison of calculated and experimental IPs for 6

Estimated
exp.
IP (eV)

Nature
of MO

−KS
energy

(eV)
OVGF IP

(eV)
TD-DFT
IP (eV)

8.0–8.2 nGe (A) 5.96 7.79 7.75a

9.0–9.2 Ph.(B, A, A, B) 7.06–7.26 8.82–9.04 8.40, 8.42,
8.61, 8.71

9.8–10.0 σ−
Ge – C (B) 7.81 9.67 9.44

a Value of �SCF.

combination of σGe – H bonds are calculated at 11.2–11.4 eV and
16.6–17 eV respectively; but, as these are superimposed on
ionizations due to DMB and 1, they cannot be distinguished
in the experimental spectra. In the corresponding spectrum
from 2, the first band at 8.2 eV is associated with the nGe

orbital in GeMe2. The calculations suggest that the second
band observed at 10.0 eV corresponds to the ejection of an
electron from the σ−

Ge – C orbital. IPs calculated to lie above
12.6 eV cannot be distinguished in the spectrum owing to
interference from bands due to DMB and the precursor, 2.

According to the IP calculations for GePh2 (Table 7), the
first band corresponding to ionization of a germylene lone-
pair electron is expected at ca 8.0 eV, and should be followed
by higher energy bands at 9.0–9.2 eV and ca 9.8 eV that origi-
nate in benzenoid and σ−

Ge – C MOs respectively. The 470 ◦C
FVT-PES spectrum of 3 shows clear evidence of ioniza-
tions due to DMB, suggesting that cheletropic elimination

Copyright  2004 John Wiley & Sons, Ltd. Appl. Organometal. Chem. 2004; 18: 676–683
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of GePh2 occurs as planned at this temperature. Neverthe-
less, the changes evident in the 470 ◦C spectrum compared
to that of the precursor are too minor to make unambigu-
ous assertions as to their origins. The appearance of the
characteristic ionizations due to benzene, which are evi-
dent in spectra recorded at higher thermolysis temperatures
(>630 ◦C), suggests the intervention of additional, higher
energy decomposition pathways, perhaps involving the for-
mation of 3,4-dimethyl-1-germacyclopent-3-ene-1,1-diyl (7)
and/or its principal isomerization product, 3,4-dimethyl-1H-
germole (8), via consecutive hydrogen shifts as previously evi-
denced by Khabashesku et al.55 (Scheme 2). B3LYP/6-311(d,p)
calculations indicate that the lowest energy ionizations for 7
and 8 can be expected at 8.2 eV and 8.14 eV respectively; so,
evidence for their formation is no easier to obtain than that
for formation of GePh2 from the experimental spectra. Total
decomposition of 3 occurs at temperatures above 820 ◦C, but
the only distinguishable bands are due to DMB and benzene.

Ge GeH2

7 8

Scheme 2.

IPs corresponding to the germanium lone pair decrease in
energy upon dimethyl substitution at germanium, from 9.4 eV
in the case of GeH2 to 8.2 eV for GeMe2, which compares with
the theoretical estimate of 8.0–8.2 eV for the lowest energy
ionization in GePh2. This trend can be explained as being
mainly due to the increasing bond angle about germanium
throughout the series: 90.69◦ for H–Ge–H,11 95.5◦ for the
C–Ge–C11 bond angle in GeMe2 and 101.6◦ for that in
GePh2.54 The largest destabilization of the σGe MO, based on
these considerations, is expected for GePh2, but the effect is
compensated for by the inductive electron-withdrawing effect
of the phenyl substituents. The trend toward decreasing σGe

IP with increasing bond angle about germanium is further
reflected in the lowest energy IP (7.75 eV)56a of the stable
homoleptic alkylgermylene :Ge[CH(SiMe3)2], for which the
C–Ge–C bond angle (107.2◦) is known from gas-phase
electron diffraction data.56b This and the less pronounced
inductive electron-withdrawing effect of the two CH(SiMe3)2

groups, compared with phenyl, combine to destabilize the
σGe MO in this germylene to a much greater extent than is
predicted for GePh2.

Conclusions
The FVT-PES method has allowed, for the first time, the
measurement of the lowest vertical ionization bands for GeH2

(9.4 eV) and GeMe2 (8.2 and 10.0 eV), generated by thermal
cheletropic elimination from 3,4-dimethylgermacyclopent-3-
ene (1) and 1,1,3,4-tetramethylgermacyclopent-3-ene (2) over

very narrow temperature intervals. The PE spectrum of
diphenylgermylene (GePh2) is most likely obscured by the
bands corresponding to the precursor (3), but the spectrum
is nevertheless consistent with the theoretically predicted
lowest IP of 8.0–8.2 eV. The variation in the lowest energy
IPs of the three simple germylene derivatives studied here
is thought to be due mainly to the differences in the bond
angles at germanium, with additional perturbations due to
variations in the electronic effects of the substituents.

Quite good agreement between theoretical and experi-
mental IP data for the germylenes is observed, but TD-DFT
(B3LYP/6-311G∗∗) calculations on the precursors indicate that
the method is less satisfactory than the OVGF method for
these (stable) molecules. Those aspects of the electronic struc-
tures of the substituted 3,4-dimethylgermacyclopent-3-enes
(1–3) that are probed by UV-PES methods are in fairly close
correspondence to those of the analogous silicon compounds.

EXPERIMENTAL

Preparation of compounds
1H and 13C NMR spectra were recorded in chloroform-d
using a Bruker AV200 spectrometer, and are referenced
to tetramethylsilane. Diethyl ether (BDH Omnisolv) and
tetrahydrofuran (THF; Caledon Reagent) were dried by
passage through columns of activated alumina. Germanium
tetrachloride was used as received from Gelest Inc., and
other materials were used as received from Aldrich, Inc. All
synthetic preparations were carried out under an atmosphere
of dry nitrogen.

Germanium dichloride–dioxane and 1,1-dichloro-3,4-
dimethylgermacyclopent-3-ene (9) were prepared by the
procedures of Nefedov and coworkers,54 with minor modi-
fications. For the former, a mixture of germanium tetrachlo-
ride (25.0 g, 0.117 mol), 1,1,3,3-tetramethyldisiloxane (17.3 g,
0.129 mol) and 1,4-dioxane (18.0 g, 0.205 mol) were heated
under nitrogen to 85 ◦C over 1 h, and then left at this tem-
perature for a further 12 h. The resulting suspension of
colorless crystals was cooled and the excess solution was
decanted off. The crystals were washed with pentane to yield
GeCl2 –dioxane as colorless needles (21.9 g, 0.095 mol, 81%,
m.p. 100–150 ◦C).57 For the preparation of 9, GeCl2 –dioxane
(5.0 g, 21.5 mmol) and dry THF (100 ml) were heated to
reflux with stirring under nitrogen, and then a solution of
2,3-dimethyl-1,3-butadiene (2.3 g, 33.8 mmol) in dry THF
(20 ml) was added dropwise over 1 h. The solution was
stirred for a further 10 min, the apparatus was reconfig-
ured for distillation, and the solvent was distilled off under
nitrogen. Continued distillation under vacuum afforded 9
(4.29 g, 18.9 mmol, 88%) as a colorless liquid (b.p. 35–37 ◦C,
0.1 mmHg (lit.58 120 ◦C, 26 mmHg)). 1H NMR, δ: 1.80 (s, 6H),
2.22 (s, 4H); 13C NMR, δ: 18.7, 32.9, 129.2.

3,4-Dimethylgermacyclopent-3-ene (1)
To a slurry of lithium aluminum hydride (1.0 g, 27 mmol) in
100 ml anhydrous Et2O at −78 ◦C (acetone/CO2) was added 9
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(5.30 g, 23.3 mmol) over 5 min, and the reaction was warmed
to room temperature and stirred for 12 h. The organic layer
was decanted off and hydrolyzed with water (ca 10 ml). The
layers were separated, the ethereal layer was dried over
anhydrous magnesium sulfate, filtered, and the solvent was
then removed on a rotary evaporator to yield a colorless
oil. Vacuum distillation afforded 3.16 g (20.0 mmol, 87%) of
3,4-dimethyl-1-germacyclopent-3-ene (1; b.p. 25 ◦C, 4 mmHg
(lit.58 142 ◦C, 760 mmHg)). 1H NMR, δ: 1.73 (s, 6H), 1.79 (bs,
4H), 3.93 (q, 3.4 Hz, 2H); 13C NMR, δ: 19.1, 20.7, 131.1.

1,1,3,4-Tetramethylgermacyclopent-3-ene (2)
To a solution of 9 (4.20 g, 18.5 mmol) in anhydrous THF
(75 ml) at 5 ◦C was added a solution of methylmagnesium
bromide (13.5 ml of a 3.0 M solution in Et2O, 40.5 mmol) in
anhydrous THF (25 ml), and the resulting mixture was stirred
at room temperature for 24 h. After hydrolysis, extraction of
the organic layer (Et2O), and drying with magnesium sulfate,
the solvent was removed on a rotary evaporator to yield
a light-yellow oil. Vacuum distillation afforded the product
(3.24 g, 17.4 mmol, 94%) as a colorless liquid (b.p. 45 ◦C,
4 mmHg (lit.58 71 ◦C, 27 mmHg)). The compound exhibited
NMR data similar to those previously reported.59 1H NMR
(CDCl3), δ: 0.29 (s, 6H), 1.52 (s, 4H), 1.71 (s, 6H); 13C NMR δ:
−2.5, 19.4, 26.9, 130.9.

3,4-Dimethyl-1,1-diphenylgermacyclopent-3-ene (3)
To a solution of 9 (5.00 g, 22.1 mmol) in anhydrous THF
(100 ml) at 5 ◦C was added a solution of phenylmagnesium
bromide (18.5 ml of a 3.0 M solution in Et2O, 55.5 mmol) in
anhydrous THF (25 ml), and the resulting mixture was stirred
at room temperature for 24 h. After hydrolysis, extraction of
the organic layer (Et2O), and drying over magnesium sulfate,
the solvent was removed on a rotary evaporator to yield
a light-yellow oil (5.3 g) that solidified upon cooling to ca
−20 ◦C. The solid was recrystallized slowly, once from 1 : 1
(v/v) acetone–isopropanol and then repeatedly from 1 : 3
(v/v) acetone–hexane, with gas chromatography analysis in
between, until <0.01% biphenyl remained (usually three or
four slow recrystallizations). The product was finally obtained
as colorless crystals (4.06 g, 13.1 mmol, 59%; m.p. 48.6–49.3 ◦C
(lit.58 40–41 ◦C)), whose 1H NMR spectrum agreed well with
that previously reported.59 1H NMR (CDCl3), δ: 1.82 (s, 6H),
2.05 (s, 4H), 7.39 (m, 6H), 7.56 (m, 4H); 13C NMR, δ: 19.5, 25.7,
128.3, 128.9, 130.9, 134.3, 138.5.

UV photoelectron spectra
The PE spectra were recorded on a home-built, three-part
spectrometer equipped with a spherical analyzer (Omicron),
main body device (Meca2000), He I radiation source (Focus),
and monitored by a microcomputer supplemented with a
digital–analog converter. The spectra were calibrated against
the auto-ionization of xenon at 12.13 and 13.45 eV, and
nitrogen at 15.59 and 16.98 eV. Sample manipulations were
carried out in a thermolysis oven attached directly to the inlet
probe; the distance between the oven exit and the ionization

head does not exceed 1 cm. Compounds 1–3 were slowly
vaporized under low pressure (10−7 Torr in the ionization
chamber) directly in the oven, and the gaseous thermolysate
was continuously analyzed.

Computational methods
The calculations were performed using the Gaussian 9860

program package using the DFT61,62 method. Geometry
optimizations were carried out at the B3LYP/6-311G(d,p)
level of theory,63 – 65 and were followed by frequency
calculations in order to verify that the stationary points
obtained were true energy minima. The hybrid gradient-
corrected exchange functional proposed by Becke combined
with the gradient-corrected correlation functional of Lee,
Yang and Parr has been shown to be quite reliable for
geometries of germanium-containing compounds.38

To calculate the first ionic states, TD-DFT was used. This
calculation is based on the evaluation of the electronic
spectrum of the low-lying ion, described by the �SCF
corresponding to the first vertical IP, i.e. IPcal

1v , calculated
as the difference Ecation − Eneutral molecule. The vertical IPs
were also calculated at the ab initio level by employing
the OVGF method, which includes electron correlation
and electron relaxation effects.46,47 So-called ‘estimated
IPs’ were calculated by applying a uniform shift (x =
|−KS(HOMO)−IPexp

v |, where KS(HOMO) is the highest
occupied B3LYP/3-111G(d,g) Kohn–Sham MO energy of
the ground-state molecule and IPexp

v is the lowest energy
experimental IP of the molecule. Stowasser and Hoffman66

have recently shown that the localized Kohn–Sham orbitals
are very similar to those obtained from Harfree–Fock
calculations, so it is possible to determine the nature of the first
ionizations and to interpret the PE spectra unambiguously.
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