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The flash vacuum thermolysis/UV photoelectron spectroscopic (FVT/UV-PES) technique has been applied
for the synthesis of three cyclic germanediyls containing oxo-thio, oxo-amino, and thio-amino substitu-
tion at germanium. The three compounds (4b, 5b and 6b) were prepared from the corresponding 3,4-
dimethyl-1-germacyclopent-3-enes (4a, 5a and 6a) by thermal cheletropic elimination, and the photo-
electron spectra of both sets of molecules were measured. The course of the thermolysis reactions has
also been confirmed by mass spectrometric methods and the results of chemical trapping experiments.
The assignment of the PE spectral bands for the two series of molecules has been carried out with the
aid of time dependent DFT (TD-DFT) and outer valence green’s function (OVGF) calculations. The results
indicate that the strong r-withdrawing effect of oxygen and the strong p-donating effect of nitrogen are
the two main factors affecting the electronic structures of these germylene derivatives.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

The chemistry of germylenes, the germanium analogues of
carbenes, has been extensively investigated over the last 30 years
[1]. One general class of these compounds that continues to be of
particular interest is a,a0-heteroatom-substituted germylenes [2].
These species are stabilized thermodynamically by p-electron
donation into the empty 4p-orbital of the divalent germanium
atom, but generally must contain bulky or coordinating ligands
in order to gain the kinetic stabilization that is required to prevent
polymerisation or oligomerization reactions, and hence permit
their isolation.

The first isolable diaminogermylenes :Ge(NRSiMe3)2 (R@SiMe3,
t-Bu) were synthesized by Harris and Lappert in 1974 [3] and later
characterized by photoelectron spectroscopy [4]. However, the
most significant advances in this field began with the synthesis
and isolation by Herrmann and co-workers of the formally aro-
All rights reserved.

(A. Chrostowska), leigh@mc-
matic germylene 1,3-di-tert-butyl-1,3,2-diazagermol-2-ylidene
[5], analogous to the well-known stable carbene of Arduengo and
co-workers [6]. The electronic structures and bonding in these
and the corresponding silicon compound [7] have been studied
by photoelectron [8] and core shell excitation [9] spectroscopies
and by theoretical methods [10,11], and are reasonably well under-
stood. These studies show quite clearly that the high thermody-
namic stabilities of these compounds are due to strong pp–pp
delocalisation involving both the nitrogen lone pairs and the C@C
bond, but are dominated by the interactions with nitrogen. The
highest occupied molecular orbital (HOMO) in both the germylene
and silylene is a p-type MO corresponding to in-phase mixing of
the nitrogen lone pairs and the 4p- or 3p-orbitals on the metallyl-
ene center, mixed (out-of-phase) with the C@C p-orbital; the latter
contributes less in the HOMO of the germylene than in that of the
silylene. The r lone pair orbital is responsible for the second ioni-
zation band. Indeed, theoretical calculations indicate a similar elec-
tronic structure and ordering of the two highest MOs in the C–C
saturated 1,3,2-diazagermolin-2-ylidenes [10]. This has been veri-
fied recently in our laboratories, in the photoelectron spectrum of
the (transient) 1,3,2-diazagermolin-2-ylidene derivative 1b, pre-
pared by FVT of 1a (Eq. (1)) [12]. The molecule lacks the steric bulk
about germanium that is required for long-term stability [5], but
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can nevertheless be detected and characterized in the gas phase
over a limited temperature range.
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a-Oxo- and a-thio-substituted germylene derivatives have
also been studied. Alkoxy- and aryloxygermylenes generally exist
in associated oligomeric form in the liquid state [13], in the ab-
sence of sterically bulky [14,15] or internally-coordinating
[16,17] substituents. Jutzi and Steiner have successfully prepared
a series of dithiogermylenes :Ge(SR)2 [18], but found these
species to exist only in associated dimeric or trimeric forms. This
is also the case with the (cyclic) dithio- and oxathiolanegerman-
ediyls developed by Satgé and Maziéres and their co-workers
[19].

Recently, the direct measurement of the UV photoelectron
spectra of the cyclic dioxo- and dithiogermylenes 2b and 3b,
generated in monomeric form by FVT of the corresponding 3,4-
dimethyl-1-germacyclopent-3-ene derivatives 2a and 3a, respec-
tively (Eq. (2)) [20] has been carried out in the Pau laboratories,
using a similar methodology as that employed in our earlier
study of 1a [12]. As in the latter compound, the presence of
the a,a0-heteroatoms induces significant thermodynamic stabil-
ization as a result of delocalisation of the p lone pairs associated
with the a,a0-heteroatoms into the unoccupied 4p-orbital of the
germanium atom.
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In the present paper, we focus our attention on the heterolep-
tic O, N and S a,a0-disubstituted germanediyls 4b–6b (Eq. (3)), in
order to probe the effects of dissymmetric substitution on elec-
tronic structure and bonding in a,a0-heteroatom-substituted
germylenes. Despite the anticipation of rather lower hydrolytic
stabilities of the amino-substituted derivatives (5a and 6a) ow-
ing to the absence of stabilizing alkyl substituents at nitrogen
[21], we were encouraged to attempt their synthesis by the
promise of a series of heteroleptic germylene derivatives with
the simplest possible set of heteroatom substituents at germa-
nium. As in our previous studies, flash vacuum thermolysis tech-
niques have been employed for the generation of these short-
lived species under conditions where their UV photoelectron
spectra can be measured, and the spectra have been analysed
with the aid of time dependent density functional theory
(B3LYP/6-311G(d,p)) and outer valence green’s function (6-
311G(d,p)) calculations. As we have discussed previously [22],
and shown specifically in previous studies of transient germyl-
enes by PES [12,20,23], these methods offer a quite reasonable
compromise between the quality of the results and the cost
associated with calculations of this type. The course of the ther-
molysis reactions has also been verified by mass spectrometric
methods and the results of chemical trapping experiments.
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2. Results and discussion

The germylene precursors 4a–6a were prepared by condensa-
tion of 2-thioethanol, 2-aminoethanethiol, and 2-aminoethanol,
respectively, with 1,1-diethylamino-1-germa-3,4-dimethylcyclo-
pent-3-ene (7; Eq. (4)); 4a has been reported previously [24]. Com-
pounds 5a and 6a were isolated by vacuum distillation as air- and
moisture-sensitive liquids. According to the 1H and 13C NMR spec-
tra 5a is part (40%) of a mixture of products due to partial decom-
position, of which only 2-aminoethanethiol could be identified.
Despite several attempts, we were unable to obtain either com-
pound in pure form. Nevertheless, the EI mass spectra of the com-
pounds, recorded by gentle distillation directly in the inlet probe of
the mass spectrometer, were fully consistent with their proposed
structures (see Section 4)
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The course of the FVT of the three compounds was examined
by mass spectrometry, by rapid heating of the distilled materials
within the inlet probe of the spectrometer and comparing the
resulting mass spectrum of the thermolysed sample to that re-
corded without heating. For example, the mass spectrum of 4a
exhibits ions located at m/z = 232 (66, [M]+) and 150 (30,
[M�DMB]+), 149 (38, [M�(DMB+H)]+, and 82 (72, [DMB]+) in rel-
ative intensities of (2.20):(1):(1.20):(2.30). Flash thermolysis of
the sample resulted in a decrease in the intensity of the
232 amu ion and increases in those of the 150, 149, and
82 amu ions, resulting in an intensity ratio of (0.60):(1):(1.40):
(13.60). Analogous changes occur in the spectra of 5a and 6a
upon thermolysis at similar temperatures. These results are con-
sistent with [4+1] cheletropic cycloreversion to liberate 2,3-di-
methyl-1,3-butadiene (DMB) and the corresponding germylenes
4b–6b, upon FVT of 4a–6a.

Additional support for the course of the thermolyses of 4a–6a
was obtained from chemical trapping experiments using dim-
ethyldisulfide as a germylene trap, thermolysing the compounds
at 120 �C in the neat disulfide as solvent and analyzing the prod-
ucts of the reactions by mass spectrometry. In each case, the
mass spectrum of the product mixture exhibited prominent
molecular ions corresponding to the expected S–S insertion
product of the germylene and the disulfide (4c–6c), along with
(tetramethylthio)germane [25], which is presumably formed by
secondary thermolytic reactions of the primary trapping prod-
ucts (Eq. (5))
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Fig. 2. Photoelectron spectrum of 5a.
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2.1. UV photoelectron spectra of germacyclopentenes 4a–6a

Representative UV photoelectron spectra of the three germa-
cyclopentene derivatives (4a–6a) are shown in Figs. 1–3. The spec-
trum of the oxa–thia compound (4a; Fig. 1) exhibits a sharp first
band containing easily discernible features at 8.6 and 8.7 eV, fol-
lowed by three well-resolved bands at 9.45, 10.3 and 10.9 eV. That
of the aza–thia compound (5a; Fig. 2) shows two bands, the first
containing three features at 8.35, 8.55 and 8.7 eV, and the second
with two maxima at 10.0 and 10.2 ev. Finally, the spectrum of
the oxa–aza compound (6a; Fig. 3) displays three main ionizations
centred at 8.5, 9.3 and 10.6 eV, and a weakly discernible feature at
8.7 eV.

Theoretical calculations were carried out on 4a–6a in order to
assist in the assignment of the PE spectra of these compounds.
Geometry optimizations were carried out at the B3LYP/6-
311G(d,p) level of theory, the results of which are listed in Table
1. The calculated Ge-heteroatom bond distances are in each case
close to (but slightly longer than) the standard Ge–O, Ge–S, and
Ge–N bond lengths in four-coordinate germanium compounds of
1.760 Å, 2.230 Å, and 1.850 Å, respectively [26], and the Ge–O
and Ge–S bond distances are slightly longer in the nitrogen-con-
taining derivatives (6a and 5a) compared to their values in 4a. In
each case, the germacyclopentene ring is planar and the hetero-
atom-containing ring is twisted, with twist angles of 24.9�, 24.0�,
22.2� in 4a, 5a, and 6a, respectively. The sum of the bond angles
about nitrogen in 5a and 6a is very close to the value expected
for sp3-hybridization at this center (RN = 329.8�) [26]. Finally, we
note that the aza–thia derivative (5a) exhibits the largest X–Ge–
Y bond angle and the aza–oxa derivative (6a) the smallest, distin-
guishing the latter compound as the one exhibiting the shortest
distance between the two heteroatoms.
Fig. 3. Photoelectron spectrum of 6a.
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Fig. 1. Photoelectron spectrum of 4a.
Ionization energies for 4a, 5a and 6a were calculated by three
methods: TD-DFT, OVGF, and empirical correction of the calculated
Kohn–Sham energies, as employed in our previous studies of GeH2,
GeMe2, GePh2, and the germacyclopentene derivatives from which
they were generated [23]. The calculated IEs and corresponding
MO-assignments for the three compounds are listed in Tables 2–
4. The HOMOs in 4a and 5a are in both cases localized at the sulfur
lone pair, mixed with the antibonding combination of the rGe–C

bonds (r�Ge—C) of the same symmetry, while that in 6a is localized
at the nitrogen lone pair, mixed in a similar way with the rGe–C

bonds. The second-highest MOs in all three molecules are the pC@C

MOs, while the third-highest are strongly localized on the oxygen
(4a and 6a) or nitrogen (5a) lone pair MOs.

The data listed in Tables 2–4 show that in all three cases, the
OVGF method reproduces the positions of the five lowest energy
ionization bands considerably more successfully than the TD-DFT
method. The differences are particularly large in the case of 4a,
where DSCF (TD-DFT) overestimates the first ionization energy
(associated with the p-type MO localized mainly on sulfur) by
0.49 eV, while the OVGF method underestimates it by only
0.17 eV. The same magnitude of variation is observed in the second



Table 1
Calculated (B3LYP/6-311G(d,p)) geometrical parameters (distances in Å, bond angles in �) of 4a, 5a and 6a.

S

Ge
O

4a S
Ge

H
N

5a
O

Ge

H
N

6a

Ge–S 2.255 2.271 –
Ge–N – 1.870 1.865
Ge–O 1.815 – 1.822
X–Y 3.010 3.076 2.682
X–Ge–Y 94.7 95.4 93.3
C–Ge–C 93.4 92.9 93.4
Twist angle 24.9 24.0 22.2
RN – 332.6 329.8
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IE, which is associated with the pC@C orbital, while closer agree-
ment between the two methods (TD-DFT, OVGF) is noted for the
third IE, the p-type MO localized mainly on oxygen. There appears
to be no consistent trend in the TD-DFT IEs for the three com-
pounds, making it difficult to pinpoint the precise reasons for the
poor performance of the method relative to the OVGF method in
reproducing the experimental IEs. As can be seen from Tables 2–
4, TD-DFT consistently overestimates the four lowest IEs in the
case of 4a, consistently underestimates them in the case of 5a,
Table 2
Calculated (6-311G(d,p)) ionization energies for 4a (all values in eV).

Exp. MO type �eKS
i TD-DFT OVGF ‘‘Corrected” x = 2.00b

8.6 np
S —r�Ge—C 6.40 9.09 a 8.43 8.60

8.7 pC@C 6.49 9.26 8.54 8.69
9.45 np

O—r�Ge—C 7.15 9.66 9.54 9.35
10.3 rGe—S þ nr

S Þ—nr
O 8.02 10.67 10.10 10.22

10.9 nr
O þrGe—O 8.42 10.88 11.00 10.62

a DSCF value.
b Empirical energy correction (see Section 4.7).

Table 3
Calculated (6-311G(d,p)) ionization energies for 5a (all values in eV).

Exp. MO type �eKS
i TD-DFT OVGF ‘‘Corrected” x = 2.17b

8.35 np
S —r�Ge—C 6.18 7.97a 8.21 8.35

8.55 pC@C 6.40 8.06 8.45 8.57
8.7 np

N—r�Ge—C 6.54 8.15 8.77 8.71
10.0 rGe—S þ nr

S 7.87 9.63 9.91 10.04
10.2 r�Ge—C 8.05 9.75 10.19 10.22

a DSCF value.
b Empirical energy correction (see Section 4.7).

Table 4
Calculated (6-311G(d,p)) ionization energies for 6a (all values in eV).

Exp. MO type �eKS
i TD-DFT OVGF ‘‘Corrected” x = 2.11b

8.5 np
N—r�Ge—C 6.39 8.81a 8.46 8.50

8.7 pC@C 6.40 8.95 8.72 8.51
9.3 np

O—r�Ge—C 6.79 9.08 9.25 8.9
10.6 rGe—O þ nr

O 8.04 10.27 10.70 10.15
r�Ge—C 8.25 10.64 10.84 10.36

a DSCF value.
b Empirical energy correction (see Section 4.7).
and over- or underestimates them in the case of 6a. On the other
hand, very few serious differences arise between the experimental
IEs and those calculated using the OVGF method. The agreement
with experiment is generally consistently better for the second
through fifth IEs estimated from the Kohn–Sham ‘‘corrected” IE-
values.

The second IEs, which are associated with the pC@C orbitals,
vary slightly in the three compounds (4a, 8.7 eV; 5a, 8.55 eV; 6a,
8.7 eV). This sensitivity to substitution at germanium has been
noted as well in the 3,4-dimethyl-1-germacyclopent-3-ene deriva-
tives that have been studied previously [23]. Finally, there exists a
global lowering of the entire set of IEs throughout the series
4a > 6a > 5a. This can be explained as being due to the decreasing
electronegativity of the three heteroatoms O > N > S, which directly
influences the relative energies of the p lone pair orbitals
(np

S < np
N < np

O).
For the series of germacyclopentenes 4a–6a, the calculated IEs

obtained with the OVGF and ‘‘correction” methods are thus in good
general agreement with the experimental spectra. Less satisfactory
correlations are obtained from the TD-DFT method, as was also
found previously for hydrido-, methyl- and phenyl-substituted
3,4-dimethyl-1-germacyclopent-3-ene derivatives [23]. Since the
calculated IEs associated with the lower-lying orbitals in the TD-
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Fig. 4. Photoelectron spectra of 4a thermolysed at 365 �C and of DMB.
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Fig. 6. Photoelectron spectra of 6a thermolysed at 240 �C and of DMB.

Table 5
Calculated (B3LYP/6-311G(d,p)) geometrical parameters (distances in Å, bond angles
in �) of 4b, 5b and 6b.

S
Ge:

O

4b S
Ge:

H
N

5b

O
Ge:

H
N

6b

Ge–S 2.282 2.288 –
Ge–N – 1.843 1.843
Ge–O 1.813 – 1.828
X–Y 2.939 2.904 2.533
X–Ge–Y 91.0 88.7 87.3
Twist angle 22.4 22.5 19.8
RN – 357.9 357.7
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DFT method depend directly on the calculated (DSCF) energy of the
first ionic state relative to the ground state, the degree of accuracy
with which the energies of these two states is determined is a cru-
cial factor. As might thus be expected, calculations of the first ionic
state energies at the HF/MP2/6-311G(d,p) level of theory for 4a–6a
reproduce the first experimental IEs much more closely
(DSCF = 8.56 eV, 8.31 eV, and 8.70 eV for 4a, 5a, and 6a, respec-
tively) than the less expensive TD-DFT method.

2.2. FVT-PES of 4a–6a: UV photoelectron spectra of germylenes 4b–6b

The PE spectrum of 4a exhibits noticeable changes at a thermol-
ysis temperature of 365 �C (Fig. 4), where the characteristic ioniza-
tion bands due to DMB at 8.7, 8.9, 9.1 and 10.3 eV have appeared,
the 8.6–8.7 eV bands due to the precursor have disappeared, and
two new broad ionization bands spanning 9.15–9.45 and 10.5–
11.4 eV have appeared in the spectrum. The first of these new
bands exhibits features centered at 9.3 and 9.4 eV, while the sec-
ond exhibits features at 10.7, 11.0, and 11.85 eV. Only bands
assignable to DMB and 2-thioethanol could be discerned in spectra
recorded at higher thermolysis temperatures.

The spectrum of 5a exhibits changes at 380 �C, again showing
the appearance of the characteristic bands due to DMB at 8.7, 8.9
and 9.1 eV, and new ionization bands centered at 8.4, 9.3 and
9.9 eV (Fig. 5).

The aza–oxa derivative 6a proved to be much more difficult to
sort out than the others. Spectra recorded at thermolysis tempera-
tures up to ca. 205 �C exhibited ionizations due only to 6a, while
those recorded above 260 �C showed mainly ionizations due to
DMB and weak ionizations due to 2-aminoethanol [27]. The spec-
trum recorded at 240 �C (see Fig. 6) exhibits the three bands char-
acteristic of DMB at 8.7, 8.9 and 9.1 eV, in addition to three new
bands at 8.8, 9.45 (as a high energy shoulder on the 9.3 eV band
due to the precursor) and 10.5 eV.

It is important to emphasize that in all three cases, the thermol-
ysis reaction is evidenced by the appearance of the IEs due to DMB.
Thermolysis temperatures higher than those indicated above ap-
peared to result in total decomposition of the samples, as the only
IEs that could be clearly distinguished were those due to DMB and
HXCH2CH2YH. It is thus evident that the corresponding germylenes
are themselves prone to thermal decomposition, as they can be de-
tected only over a narrow temperature range in each case. We did
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Fig. 5. Photoelectron spectra of 5a thermolysed at 380 �C and of DMB.
not investigate the course or mechanism of the decomposition pro-
cess further [5].

Geometry optimizations for germylenes 4b–6b were also car-
ried out at the B3LYP/6-311G(d,p) level of theory, and the results
are listed in Table 5. We note a shortening of the germanium–
nitrogen bond distances, a lengthening of the germanium–sulfur
distances, and nearly unchanged germanium–oxygen bond lengths
in the germylenes compared to the corresponding bonds in the
precursors. The calculated Ge–N bond distances in 5b and 6b are
in good agreement with experimental values (Ge–N = 1.833 Å) re-
ported for saturated cyclic diaminogermylenes [7]. Whereas the
sums of the calculated bond angles about nitrogen in 5a and 6a
Table 6
Calculated (6-311G(d,p)) ionization energies for 4b (all values in eV).

Exp. MO type �eKS
i TD-DFT OVGF ‘‘Corrected” x = 2.46b

9.3 np
S —np

O 6.84 9.06a 9.06 9.3
9.4 nGe—nr

S 7.11 9.32 9.14 9.57
10.7 np

S þ np
O 8.36 10.46 11.18 10.82

11.0 nr
S —nr

O 8.45 10.54 11.20 10.91
11.85 rGe–S 9.34 11.55 11.52 11.80

a DSCF value.
b Empirical energy correction (see Section 4.7).



Table 7
Calculated (6-311G(d,p)) ionization energies for 5b (all values in eV).

Exp. MO type �eKS
i TD-DFT OVGF ‘‘Corrected” x = 2.12b

8.4 np
S —np

N 6.28 8.38a 8.49 8.4
9.3 nGe—nr

S 6.81 8.90 8.76 8.93
9.9 np

S —np
N 7.47 9.74 9.77 9.59

10.5 nr
S —rGe—N 8.57 10.78 10.80 10.69

11.65 rGe–S–rGe–N 9.52 11.61 11.88 11.64

a DSCF value.
b Empirical energy correction (see Section 4.7).

Table 8
Calculated (6-311G(d,p)) ionization energies for 6b (all values in eV).

Exp. MO type �eKS
i TD-DFT OVGF ‘‘Corrected” x = 2.32b

8.8 np
O—np

N 6.48 8.71a 9.26 8.80
9.45 nGe—nr

O 7.19 9.38 9.27 9.51
10.5 np

O—np
N 7.92 10.35 10.78 10.24

nr
O —rGe—O 8.36 10.69 11.22 10.68

rGe–O–rGe–N 10.36 12.79 13.14 12.68

a DSCF value.
b Empirical energy correction (see Section 4.7).

Ge Y

X

Scheme 1.
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were found to be consistent with sp3-hybridization (vide supra),
the corresponding values for 5b and 6b are closer to the 360� value
that is expected for sp2 hybridization. On the other hand, the XGeY
bond angles are reduced significantly in the germylene structures
compared to the corresponding precursors, with the largest
changes (6–7�) occurring in the aza-compounds 5b and 6b. The
ring twist angles are also smaller than in the precursors, with the
aza–oxa derivative again possessing the smallest value in the
series.

IEs were calculated for each species and are listed in Tables
6–8 along with their assignments. The first IE in 4b, correspond-
ing to the antibonding combination of the heteroatom p lone
pair orbitals (np

S —np
O), is predicted to arise at 9.06 eV by both

the DSCF (TD-DFT) and OVGF methods. This corresponds well
with the enhanced ionization observed at 9.3 eV in the experi-
mental spectrum of the thermolysate from 4a (Fig. 4). More seri-
ous deviations from experiment occur in the OVGF values for the
2nd IE, associated with an MO consisting mainly of the germa-
nium lone pair, and the nearly isoenergetic 3rd and 4th IEs,
which are associated with MOs comprised of the bonding combi-
nation of the heteroatom p lone pair orbitals and the antibond-
ing combination of the heteroatom r lone pair orbitals,
respectively. Ionizations from these three MOs are predicted to
occur at 9.32 and �10.5 eV by TD-DFT, and at 9.14 and
�11.2 eV by OVGF; the 5th IE is predicted to occur at
�11.5 eV by both methods. All in all, the TD-DFT method agrees
more satisfactorily with the experimental spectrum.

Closer agreement between the two methods is obtained for the
aza–thia derivative 5b, and the predicted IEs correlate well with
the bands observed in the PE spectrum of the thermolysate from
5a (Fig. 5). IE1 and IE2 are associated with the antibonding combi-
nation of the heteroatom p lone pair orbitals (np

S —np
N) and the ger-

manium lone pair orbital, respectively, and are predicted to occur
at 8.4–8.5 eV and 8.8–8.9 eV, respectively. These are consistent
with the enhanced ionizations occurring at 8.4 and 9.3 eV in the
experimental spectrum. The third ionization band, due to ioniza-
tion from an MO consisting of the bonding combination of the het-
eroatom lone pair orbitals, is predicted to occur at 9.7–9.8 eV, in
good agreement with the feature occurring at 9.9 eV in the exper-
imental spectrum. The two higher-lying bands, due to ionization
from the Ge r-type skeletal MOs, are predicted to arise in the
experimental spectrum at 10.8 and 11.6–11.9 eV, and can thus be
assigned to the bands at 10.5 and 11.65 eV in the experimental
spectrum.

The calculated first ionization energy in 6b, which is associated
with the antibonding combination of the heteroatom p lone pair
orbitals (np

N—np
O), varies substantially between the two methods

(DSCF: 8.71 eV, OVGF: 9.26 eV). Closer agreement is obtained be-
tween the calculated values of the second IE, although TD-DFT pre-
dicts it to lie ca. 0.7 eV above IE1, while OVGF predicts it to be
essentially isoenergetic with IE1. The experimental spectrum for
this compound shows a first ionization band centered at 8.8 eV,
in good agreement with the lowest IE calculated by the TD-DFT
method. The second ionization energy at 9.45 eV corresponds to
the ejection of an electron from the orbital localized mainly on
the germanium lone pair, while the third band at 10.5 eV is associ-
ated with the bonding combination of the heteroatom p lone pairs
orbitals (np

O þ np
N) and the oxygen r lone pair orbital interacting

with the Ge–O bond (nr
O —rGe—O).

In all three cases, lowest IEs have been located in the experi-
mental spectra that correlate quite well with the values predicted
for 4b–6b by the TD-DFT method. This justifies calculation of the
so-called ‘‘corrected” values for the higher-lying ionization bands
from the Kohn–Sham orbital energies, the results of which are in-
cluded in Tables 6–8. In all cases, the values obtained agree quite
well with the TD-DFT values for the molecules, but it seems that
the OVGF method overestimates the electronic correlation. The
results of these calculations allow assignment of the lowest IEs
in the three germylenes to the ejection of an electron from the
antibonding combination of the heteroatom p lone pairs [4b:
9.3 eV (np

S —np
O); 5b: 8.4 eV (np

S —np
N); 6b: 8.8 eV (np

O—np
N)]. The sec-

ond bands are associated with the orbital localized mainly on the
germanium lone pair, which have been located at 9.4 eV (nGe—nr

S )
in the case of 4b, 9.3 eV (nGe—nr

S ) in the case of 5b and 9.45 eV
(nGe—nr

S ) for 6b. Finally, the third IEs, which are associated with
the bonding combination of the heteroatom p lone pairs and
the unoccupied 4pp orbital of germanium, are found at 10.7 eV
in the spectrum of 4b, 9.9 eV in that of 5b and at 10.5 eV in 6b.
It is this molecular orbital that leads to stabilization of these spe-
cies by delocalisation of the O, N or S p-lone pair electrons into
the unoccupied 4p-orbital of germanium (Scheme 1).

Natural Bond Orbital analysis [28] has been applied in order to
obtain more precise information about the electronic structures of
4b–6b and the symmetrically substituted analogues of these mol-
ecules (1b, 2b, 3b), which were studied previously [12,20]. The
highest 4pp orbital electron occupation at germanium occurs in
the dithia- (3b) and diaza- (1b) derivatives (0.34e and 0.33e,
respectively), while the lowest value is obtained for the dioxa-
compound 2b (0.25e). Intermediate values are obtained for the
mixed derivatives (0.29e for 4b, 0.34e for 5b and 0.30e for 6b).
Thus, the greatest degree of p-donation is provided by sulfur and
nitrogen, and hence a lower degree of electrophilicity is expected
for these derivatives.

The IE associated with ionization of the germanium lone pair
electrons (IEnGe) is of higher energy in 4b (IEnGe = 9.4 eV) and 6b
(IEnGe = 9.45 eV) than in 5b (IEnGe = 9.3 eV). These can be compared
to the corresponding IEs in the symmetrically substituted
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derivatives 2b (IEnGe = 10.0 eV) and 3b (IEnGe = 9.3 eV) [20]. The
corresponding value for 1b (IEnGe = 8.5 eV) [12] cannot be used in
the comparison because of the perturbing influence of the ethyl
groups, so a value for the dihydro-substituted analogue (1b0;
IEnGe = 9.0 eV) has been estimated by TD-DFT (B3LYP/6-
311G(d,p)) calculations. The resulting trend in IEnGe (1b0 < 3b �
5b < 4b < 6b < 2b), which predicts 1b0 to be the most nucleophilic
germylene in the series, clearly does not follow the trend expected
based simply on the total electronegativities of the substituent
atoms, as was pointed out earlier for the symmetrically substituted
derivatives [20]. Rather, the trend in IEnGe follows the variation in
s-character possessed by the germanium lone pair, which is
lowered by N-substitution. Taken together with the results of the
NBO analysis and experimental IE-values, there is a clear indication
that increasing nucleophilicity is accompanied by decreasing
electrophilicity. The strong r-withdrawing effect of oxygen atom
and the strong p-donation of nitrogen and sulfur atoms should
be considered as the two main factors responsible for the elec-
tronic structure of corresponding germylenes, and thus for the
energetic position of its lone pair.
3. Summary and conclusions

The FVT/UV-PES technique has allowed the synthesis of germyl-
enes 4b, 5b and 6b by thermal cheletropic elimination from the
corresponding 3,4-dimethyl-1-germacyclopent-3-enes 4a–6a, and
measurement of the photoelectron spectra of both sets of mole-
cules. Quite good agreement between theoretical and experimental
ionization energy data for the germylenes is observed. Interest-
ingly, the OVGF method provides the best degree of agreement
with experiment in the case of the precursors, but is inferior to
the TD-DFT method in the case of the germylenes. This underlines
the general advisability of using more than a single theoretical
method for the interpretation of experimental photoelectron spec-
tra [29].

The first IE of the sulfur-substituted germacyclopentenes 4a and
5a is assigned to the MO consisting of a combination of the sulfur p
lone pair orbital and the antibonding combination of the r�Ge—C

bonds on the spirocyclic germacyclopentene ring, whereas for 6a
it corresponds to the analogous MO constructed from the nitrogen
p lone pair orbital. The next IE is associated with the pC@C MO in all
three molecules, while the third is associated with the antibonding
combination of the r�Ge—C bonds and the p lone pair orbital on the
second heteroatom (O in the cases of 4a, 6a and N in the case of
5a). Finally, there exists a global lowering of the entire set of IEs
throughout the series 1 > 3 > 2 in both the germylenes and their
precursors.

For the a,a0-heterosubstituted germylenes 4b, 5b and 6b the
first PE band is associated with the MO corresponding to the
antibonding combination of the p heteroatom lone pairs, while
the second IE is associated with the antibonding combination
of the germanium lone pair and the r sulfur (4b, 5b) or oxygen
(6b) lone pair. Finally, the third IE is associated in all three cases
to an MO corresponding to the bonding combination of the p
heteroatom lone pairs and the 4pp orbital on germanium, and
hence reflects the degree of stabilization afforded by p-electron
donation. The nucleophilic character of these species can be
linked directly to the value of the second IE, indicating that
the most pronounced nucleophicility is possessed by the two
nitrogen-containing germylenes, in which the degree of p-dona-
tion to germanium is highest. Better stabilization of the germa-
nium lone pair in a,a0-heteroatom-substituted cyclic
germanediyls can be seen as a compromise between the r-
acceptor and p-donor power of oxygen, nitrogen and sulfur
substituents.
4. Experimental

4.1. General procedures

All reactions and handling have been carried out in an inert
atmosphere with the use of standard Schlenk and high vacuum line
techniques; these compounds are very sensitive to air and mois-
ture. Solvents and intermediate compounds were distilled prior
to use. GeCl2-dioxane [30], and 1,1-dichloro-3,4-dimethylgermacy-
clopent-3-ene [23] were prepared according to the previously re-
ported methods.

1H NMR spectra were recorded at 400 MHz on a Bruker AMX
400 spectrometer, while 13C NMR spectra were recorded at
125 MHz on a Bruker AM Avance DRX500 spectrometer; chemical
shifts are reported in ppm (d) relative to tetramethylsilane.

4.2. Synthesis of 1,1-diethylamino-1-germa-3,4-dimethylcyclopent-3-
ene (7) [24]

See Supplementary material.

4.3. Synthesis of a,a0-disubstituted-1-germa-3,4-dimethylcyclopent-3-
enes 4a, 5a and 6a 4a

A solution of 2-hydroxyethanethiol (0.52 g, 6.69 mmol) in
50 mL of tetrahydrofuran was added slowly to a solution of 7
(2.00 g, 6.69 mmol) in 80 mL of tetrahydrofuran. The reaction
mixture was refluxed for 1 h. After removal of volatiles under re-
duced pressure the oily residue was sublimed to afford 1.54 g of
4a as a colorless solid (m.p. was not determined): 1H NMR
(CDCl3): d = 1.75 (s, 6H, CH3), 1.86 and 1.92 (AB-spin system
JAB = 8.5 Hz, 4H, GeCH2), 2.94 (t, JHH = 5.6 Hz, 2H, SCH2), 3.94 (t,
JHH = 5.6 Hz, 2H, OCH2). 13C{1H} NMR (CDCl3): d = 18.8s, GeCH2),
28.0 (s, CH3), 34.6 (s, SCH2), 68.0 (s, OCH2), 129.8 (S, C@C).
MS/EI: calc. for 74GeC8H14OS: 233.0915; 72GeC8H14OS:
230.0907; found: m/z = 234 (16, 76Ge M+), 232 (66, 74Ge M+),
230 (48, 72Ge M+), 228 (36, 70Ge M+), 152 (13, 76Ge M+�DMB),
150 (30, 74Ge M+�DMB), 148 (28, 72Ge M+�DMB)), 146 (18,
70Ge M+�DMB). 5a: Reaction of 2-aminoethanethiol (0.52 g,
6.69 mmol) and 7 (2.00 g, 6.69 mmol) under similar conditions
to those described for 4a afforded 1.1 g of a colorless liquid after
short-path distillation of the crude reaction mixture. From spec-
troscopic evidence the distillate consists of a mixture of com-
pounds, containing ca. 40% of 5a. The following signals are
tentatively assigned to 5a: 1H NMR (CDCl3): d = 1.87 (s, 6H,
CH3), 2.02 (br s, 4H, GeCH2), 2.79 (t, JHH = 5.5 Hz, 2H, NCH2)
2.82 (t, JHH = 5.5 Hz, 2H, SCH2); the NH-proton could not be as-
signed unambiguously. MS/EI: calc. for 74GeC8H15NS: 232.1066;
72GeC8H15NS: 229.1058; found: m/z = 231 (56, 74Ge M+), 229
(41, 72Ge M+), 227 (30, 70Ge M+), 149 (100, 74Ge M+�DMB),
147 (89, 72Ge M+�DMB), 145 (55, 70Ge M+�DMB). 6a: From 2-
aminoethanol (0.37 g, 5.99 mmol) and 7 (1.79 g, 5.99 mmol),
0.66 g (51%) of product 6a were obtained as a colorless liquid
after short-path distillation. 1H NMR (CDCl3): d = 1.67 (br s, 4H,
GeCH2), 1.71 (s, 6H, CH3), 2.78 (t, JHH = 5.3 Hz, 2H, NCH2), 3.72
(t, JHH = 5.3 Hz, 2H, OCH2). 13C NMR (CDCl3): d = 19.1 (s, GeCH2),
22.6 (s, CH3–C@), 44.6 (s, NCH2), 67.2 (s, OCH2), 129.3 (s, C@C).
MS/EI: calc. for 74GeC8H15NO: 216.046; 72GeC8H15NO: 213.0452;
found: m/z = 215 (28, 74Ge M+), 213 (20, 72Ge M+), 211 (16, 70Ge
M+).

4.4. UV photoelectron spectroscopy

The photoelectron spectra were recorded on a custom-built,
three-part spectrometer equipped with a main body device
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(Meca2000), He–I radiation source (Focus) and a spherical analyser
(Omicron). The spectrometer functions at a constant analyser en-
ergy and is monitored by a microcomputer supplemented with a
digital-analogue converter. The spectra result from single scans
consisting of 2048 data points and are accurate to within 0.05 eV.
They are calibrated against the autoionization of xenon at 12.13
and 13.45 eV, and nitrogen at 15.59 eV and 16.98 eV. Sample
manipulations were carried out in a thermolysis oven attached di-
rectly to the inlet probe; the distance between the oven exit and
the ionization head does not exceed 1 cm. Precursors 4a–6a were
slowly vaporized under low pressure (10�7 torr in the ionization
chamber) directly in the oven, with continuous analysis of the gas-
eous thermolysate.

4.5. Direct injection mass spectrometric analysis

Mass spectral fragmentation data were recorded using a Hew-
lett Packard 5975a mass spectrometer (operating in electron im-
pact mode at 70 eV) by direct injection of compounds into the
ionization beam. Sample introduction was done from an inlet
probe under argon atmosphere, where it was degassed and then
distilled slowly under high vacuum (10�5 mbar). Once the charac-
teristic mass spectrum of the precursor appeared, the passing va-
por was rapidly heated (microresistance associated with an
electronic controller, 80� s�1) and a series of spectra of the ther-
molysis products was obtained.

4.6. Dimethyldisulfide trapping experiments

A solution of precursor 4a, 5a or 6a (0.8 mmol) in a large excess
of neat dimethyldisulfide (5 mL) was sealed in a Pyrex tube under
vacuum, and the contents were heated at 120 �C for 12 h. The reac-
tion mixtures were then analysed by MS. The reaction mixtures
each exhibited mass spectral fragmentation patterns consistent
with the formation of the corresponding germylene trapping prod-
uct (4c–6c) along with small amounts of (tetramethylthio)ger-
mane [25]. 4c: calc. for 74GeC4H10OS3: 243.9106; found: m/
z = 244 (M�+, 39), 196 (M�SCH3, 100), 150 (M�(SCH3)2, 91); 5c:
calc. for 74GeC4H11NS3: 242.9265; found: m/z = 243 (M�+), 196
(M�SCH3); 6c: calc. for 74GeC4H11NOS2: 226.9494; found: m/
z = 227 (M�+), 133 (M�2*SCH3).

4.7. Computational details

Calculations were performed using the GAUSSIAN 98 [31] program
package using the density functional theory [32] method. Geome-
try optimizations were carried out at the B3LYP [33]/6-311G(d,p)
level of theory, and were followed by frequency calculations in or-
der to verify that the stationary points obtained were true energy
minima.

To calculate the first ionic states, time dependent density
functional theory (TD-DFT) [34] was used. This calculation is
based on the evaluation of the electronic spectrum of the low ly-
ing ion, described by the DSCF corresponding to the first vertical
ionization energy IE1vcal, calculated as the difference Ecat-

ion � Eneutral molecule. The vertical IEs were also calculated at the
ab initio level employing the outer valence green’s function
(OVGF) method [35], which includes electron correlation and
electron relaxation effects. So-called ‘‘corrected” IEs were calcu-
lated by applying a uniform shift of x ¼ �IEexp

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

v

is the lowest experimental ionization energy of the molecule,
as suggested previously by Stowasser and Hoffman [36] and in
our recent study of different methods for the calculation of ion-
ization energies [22].
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