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The potential energy surfaces for the insertion reactions of germylene into XHn molecules have been
characterized in detail using ab initio molecular orbital theory and density functional theory. The model system
Ge(CH3)2 + XHn (X ) C, N, O, F, Si, P, S, and Cl;n ) 1-4) has been chosen for the present study. All the
interactions involve the initial formation of a donor-acceptor complex, followed by a high-energy transition
state, and then an insertion product. The agreement between MP2 and B3LYP results indicates that the latter
provides an adequate theoretical level for further investigations of molecular geometries, electronic structures,
and kinetic features of the germylene reactions. The following conclusions emerge from this work: (i) the
X-H insertion reactions of germylene occur in a concerted manner via a three-membered-ring transition
state, and that the stereochemistry at the heteroatom X center is preserved; (ii) the stabilization energies of
the germylene-XHn complexes increase in the order NH3 > H2O > PH3 > H2S ∼ HF > HCl . SiH4 ∼
CH4; (iii) the order of reactivity for X-H bonds toward germylene insertion is Cl> F > S > O > P > N
. Si > C. In other words, the greater the atomic number of heteroatom (X) in a given row, the easier the
insertion reaction of XHn hydrides and the larger the exothermicity. Moreover, the present study demonstrates
that both electronic and steric effects play a major role in the course of insertion reactions of germylene into
X-H bonds. This work also indicates that the chemical behavior of germylene should be more similar to that
of silylene than to that of carbene species.

I. Introduction

The considerable interest devoted to carbene chemistry, due
to the importance of divalent carbon species in organic
chemistry, has given rise to the development of the study of
other divalent species of group 14.1 Silylene chemistry is well-
developed,2 but the chemistry of germylenes remains rather
limited,3 mainly due to the low stability of these intermediates
and to their strong tendency to polymerize.4 Nevertheless,
germylenes have received much attention in recent years, not
only because of the growing use of organogermanium com-
pounds in synthesis, but also because of the role they may play
in a variety of semiconductor growth processes. In this regard,
knowledge of the factors determining the germylene reaction
is of fundamental importance in understanding, modeling, and
improving mechanistic germanium chemistry.

In principle, the germylenes undergo the same type of
reactions as the carbenes and silylenessinsertion and addition.
In this work, we shall focus on the insertion chemistry of
germylenes.5 It has been reported that the free germylene, Me2-
Ge, can insert into C-H, Si-H, N-H, O-H, and S-H bonds
of various organic compounds to yield substituted organoger-
manium hydrides of the type Me2Ge(X)(H).6,7 However, no
detailed mechanistic studies of insertion reactions of germylenes
into σ bonds have been performed so far. Indeed, it is very
difficult to detect the intermediate and the transition state due
to the limitations in current experimental techniques. Theory is
therefore a potentially useful partner to experiment in the
investigation of the mechanism of germylene insertion reac-
tions.8

To examine the generality of the germylene insertion, we have
now undertaken a systematic investigation of the insertion

reactions of dimethylgermylene into first- and second-row
hydrides XHn (where X is a p-block element) using density
functional theory (DFT).

These reactions have been chosen because they represent
various kinds of germylene insertions for which experimental
results have been reported by several groups.6,7 The reason for
choosing the dimethylgermylene as the starting material is that,
according to our previous study,8 Ge(CH3)2 was found to have
a low activation energy for C-H bond insertions. It is thus
reasonable to predict that Ge(CH3)2 should also easily activate
other X-H bonds of XHn hydrides. Our principal aim in the
present work is to assess the performance of DFT in describing
germylene insertions. We also include for comparison results
obtained using the Møller-Plesset perturbation theory. Fur-
thermore, through this theoretical work, we hope (i) to clarify
the reaction mechanism and to determine the structures and
energetics of the intermediate complexes and transition states,
(ii) to investigate the thermodynamics of the germylene insertion
reactions with CH4, SiH4, NH3, PH3, H2O, H2S, HF, and HCl
molecules, (iii) to estimate their activation barriers and to
understand the origin of the barrier heights, (iv) to establish
general trends and predictions for the insertion of germylene
into H-X bonds, and (v) to compare the germylene insertion
with the analogous carbene and silylene insertions.

Ge(CH3)2 + H-XHn-1 f Ge(CH3)2(H)(XHn-1) (1)

X ) C, Si, N, P, O, S, F, Cl

n ) 4, 4, 3, 3, 2, 2, 1, 1
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II. Theoretical Methods

All geometries were fully optimized without imposing any
symmetry constraints, although in some instances the resulting
structure showed various elements of symmetry. For our DFT
calculations, we used the hybrid gradient-corrected exchange
functional proposed by Becke,9 combined with the gradient-
corrected correlation functional of Lee, Yang, and Parr.10 This
functional is commonly known as B3LYP, and has been shown
to be quite reliable for geometries.11 A standardized 6-311G
basis set12 was used together with polarization (*) functions.13

The structures were then reoptimized with the 6-311G* basis
set at the second-order Møller-Plesset perturbation (MP2) level
of theory14 for comparison with the B3LYP results. Accordingly,
all geometries were optimized at the B3LYP/6-311G* level for
all the B3LYP calculations and at the MP2/6-311G* level for
conventional ab initio calculations. The stationary points on the
potential energy surface were characterized by calculations of
vibrational frequencies at the B3LYP/6-311G* and MP2/6-
311G* levels. All of the DFT and MP2 calculations were
performed with the GAUSSIAN 94 package of programs.15

III. Results and Discussion

Before the presentation of the calculated results for those
insertion reactions, it is perhaps worthwhile to recall briefly the
electronic structure of germylene. It is well established that
germylene has a relatively low-lyingσ lone-pair orbital and a
higher-lyingπ (p in Ge) orbital.8,16The dominant configuration
of a singlet germylene isσ2π0, while that of a triplet isσ1π1. In
Table 1 the DFT-calculated equilibrium geometries of the first
two states of Ge(CH3)2 are compared with analogous DFT
calculations for C(CH3)2 and Si(CH3)2.17 It is apparent that there
is a great difference between C(CH3)2 and Si(CH3)2, while only
minor geometrical changes and small differences in singlet-
triplet splittings occur between Si(CH3)2 and Ge(CH3)2. The fact
that there is a great similarity between germylene and its silicon
analogues strongly implies that the germylene species should
behave more like silylene than carbene. We shall see the
theoretical results confirm this prediction in a later section.

Since the ground state of Ge(CH3)2 is known to be a singlet
and its calculated singlet-triplet gap is large (see Table 1),8,16

only the singlet surface was considered throughout this work.
The geometries of the critical structures in the present calcula-
tions at the B3LYP and MP2 levels of theory are shown in
Figures 1 and 2 (the MP2 values are in parentheses). The relative
reaction energies for the insertion reactions obtained at the same
level of theory are collected in Table 2. Note that the prediction
of geometric parameters seems to be consistent with changing
the theory level of both ab initio and DFT methods. Morever,
the relatively small change in geometry upon reoptimization
with the MP2 wave function is reflected in the small changes
in total and relative energies at those stationary points. Thus,
unless otherwise noted, we shall use only the B3LYP results in
the following discussion for the sake of convenience.

A. Precursor Complexes.It is reasonable to expect that the
first step in the germylene reaction with small molecules is the
formation of a precursor complex (PC). The calculated geom-
etries of the precursor complexes (CH4-PC, SiH4-PC, NH3-PC,
PH4-PC, and H2O-PC, H2S-PC, HF-PC, HCl-PC) are depicted
in Figures 1 and 2, respectively. The binding energies obtained
at both B3LYP and MP2 levels are given in Figure 3 as a
function of atomic number, and the binding energies of the XHn

hydrides are given in Table 2.

Several interesting conclusions can be drawn from these
figures and the table. First, in the case of CH4 and SiH4, their
precursor complexes (CH4-PC and SiH4-PC) all display similar
Me2Ge- - -XH4 bonding characteristics. That is, the XH4

molecule is coordinated to Ge in anη2 fashion via one X-H σ
bond with the Ge-X-H plane nearly orthogonal to the Ge-
(CH3)2 coordination plane. Calculated vibrational frequencies
for the precursor complexes show that these structures are true
minima on the potential energy surface. The calculated Ge-X
bond distance in CH4-PC and SiH4-PC is 4.54 and 3.75 Å,
respectively, as shown in Figure 1. The Ge-X bond distances
are exceptionally long, indicating very little, if any, energy
stabilization by reactant complexation. The simplest explanation
of such long bond distances is that it is a steric effect. It seems
unlikely that the species exists in gas-phase germylene/methane
or germylene/silane mixtures at room temperature because the
stabilization energies of CH4-PC and SiH4-PC are 0.016 and
0.58 kcal/mol, respectively, which are too low. Indeed, to our
knowledge, no experimental detection of germylene-alkane or
germylene-silane complexes formed during the reaction has
been reported yet.

The closed-shell germylene electron configuration is such that
there is a vacant p orbital on Ge capable of forming chemical
bonds with a Lewis base, such as ammonia, water, or hydrogen
fluoride. As can be seen in Figures 1 and 2, those precursor
complexes (NH3-PC, PH3-PC, H2O-PC, H2S-PC, HF-PC, and
HCl-PC) appear to have the same structure, in which optimal
overlap between the lone-pair orbital of XHn (n ) 1-3) and
the empty p orbital of germylene is achieved by an orthogonal

TABLE 1: Relative Energies and Geometries of Divalent
Species A(CH3)2 (A ) C, Si, and Ge) Obtained Using the
B3LYP/6-311G* Level of Theory

A(CH3)2 state ∆Erel (kcal/mol) A-C (Å) ∠CAC (deg)

C(CH3)2
1A′ 0.0 1.473 112.3

C(CH3)2
3A′′ -0.6906 1.468 133.5

Si(CH3)2
1A′ 0.0 1.917 97.65

Si(CH3)2
3A′′ 25.63 1.907 118.5

Ge(CH3)2
1A′ 0.0 2.017 95.51

Ge(CH3)2
3A′′ 30.65 2.008 118.5

TABLE 2: Relative Energies for the Process Ge(CH3)2 +
H-XHn-1 f Precursor Complex f Transition State f
Insertion Producta

systemb
reactant

(kcal/mol)
∆Ebind

c

(kcal/mol)
∆Eact

d

(kcal/mol)
∆He

(kcal/mol)

CH4 0.0 -0.0157 +39.1 -25.1
(0.0) (-1.11) (+35.6) (-32.6)

NH3 0.0 -20.8 +25.1 -33.3
(0.0) (25.0) (+22.7) (-40.4)

H2O 0.0 -13.9 +14.8 -45.1
(0.0) (-16.2) (+15.1) (-50.2)

HF 0.0 -7.19 +4.74 -59.1
(0.0) (-7.07) (+9.57) (-61.2)

SiH4 0.0 -0.582 +15.7 -33.8
(0.0) (2.15) (+11.4) (-41.3)

PH3 0.0 -8.97 +11.7 -37.4
(0.0) (14.1) (+8.11) (-46.1)

H2S 0.0 -6.11 +5.97 -45.8
(0.0) (9.74) (+3.89) (54.9)

HCl 0.0 -1.61 +1.20 -56.4
(0.0) (3.71) (+2.51) (-64.2)

a All were calculated at the B3LYP/6-311G* and MP2/6-311G* (in
parentheses) levels of theory.b The stationary point structures; see
Figures 1 and 2.c The binding energy of the precursor complex, relative
to the corresponding reactants.d The activation energy of the transition
state, relative to the corresponding reactants.e The exothermicity of
the product, relative to the corresponding reactants.
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plane approach to the two molecules (see1). The donor-

acceptor interaction leads to calculated Ge-N, Ge-P, Ge-O,
Ge-S, Ge-F, and Ge-Cl bond distances of 2.24, 2.57, 2.31,
2.79, 2.78, and 3.18 Å, respectively, much shorter than those
calculated for CH4-PC and SiH4-PC. Our attempt to locate the

molecular complexes at much longer Ge-X distance for the
addition of the dimethylgermylene to the XHn (n ) 1-3)
molecules failed. Thus, our theoretical findings suggest that
those complexes obtained in this work can be considered as
Lewis acid-base adducts. As expected from the nature of the
donor-acceptor complex, germylene should form much more
stable complexes with those Lewis base molecules than with
methane and silane. This prediction is confirmed by our
theoretical results as given in Table 2. It is interesting to note
that the stability of the intermediate complex is larger for XH3

molecules than for XH2 and XH molecules, and even larger
than it is for XH4 molecules. Namely, the stabilization energy

Figure 1. Optimized geometries (in Å and deg) for the precursor complexes (PC), transition states (TS), and insertion products (IP) of Ge(CH3)2

with the CH4, NH3, H2O, and HF molecules. All were calculated at the B3LYP/6-311G* and MP2/6-311G* (in parentheses) levels of theory. The
heavy arrows indicate the main atomic motions in the transition state eigenvector.
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decreases in the order NH3-PC (21 kcal/mol)> H2O-PC (14
kcal/mol)> HF-PC (7.1 kcal/mol)> CH4-PC (0.016 kcal/mol)
and PH3-PC (9.0 kcal/mol)> H2S-PC(6.1 kcal/mol)> HCl-
PC (1.6 kcal/mol)> SiH4-PC (0.58 kcal/mol). The difference
in stability of these adducts is easily understood in terms of the
HOMO (Lewis base; i.e., XHn)-LUMO (Lewis acid; i.e.,
dimethylgermylene) interaction.18 According to the perturbation
theory, both a smaller HOMO-LUMO gap and a larger overlap
between them results in a greater Lewis adduct stabilization.
According to our theoretical investigations, we note that the
energy of the HOMO decreases in the order NH3 > H2O > HF
and PH3 > H2S > HCl. On the other hand, the B3LYP results
of Figures 1 and 2 show that the Ge-X bond distance increases

in the order Ge-N (2.24 Å) < Ge-O (2.31 Å)< Ge-F (2.78
Å) and Ge-P (2.57 Å)< Ge-S (2.79 Å)< Ge-Cl (3.18 Å).
Thus, the binding energy between GeMe2 and XHn increases
as X varies from F to O to N and from Cl to S to P. In addition,
there is a tendency for a reduction in interaction energies
between the first and second row hydrides, which is mainly
due to the increase of atomic radius of X going from the first-
to second-row. This leads to a longer Ge-X distance and, in
turn, a smaller overlap between the germylene and the second-
row hydride, resulting in a smaller value for the intermediate
binding energy. All together this leads to the binding energies
of the germylene-Lewis basis complex as follows: NH3 > H2O
> PH3 > H2S ∼ HF > HCl . SiH4 ∼ CH4. In short, the trend

Figure 2. Optimized geometries (in Å and deg) for the precursor complexes (PC), transition states (TS), and insertion products (IP) of Ge(CH3)2

with the SiH4, PH3, H2S, and HCl molecules. All were calculated at the B3LYP/6-311G* and MP2/6-311G* (in parentheses) levels of theory. The
heavy arrows indicate the main atomic motions in the transition state eigenvector.
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in the stability of the precursor complexes can be explained by
the nature of the XHn hydride and that of germylene, and by
steric effects.

The formation of complexes between germylenes and Lewis
base, which strongly stabilize those divalent species, has been
reported in several publications for R2Ge- - -B (R) alkyl, aryl;
B ) Et3N, PPH3) and X2Ge- - -B (X ) F, Cl, Br; B ) C4H8O2,
THF, etc.).6,7 For instance, it has been observed that dimeth-
ylgermylenes form stable complexes with donors R3N and R3P
at room temperature.19 Also, there is matrix (Ar) IR evidence
for the existence of complex Me2Ge- - -OH2 and H2Ge- - -18-
OH2.20 Moreover, hetero-containing substrates ROH, R2O, R2S,
RSR′, and RCl have been shown to form adducts with
dialkylgermylenes which show characteristic absorption bands
at shorter wavelengths than those of the free dialkylger-
mylenes.21 Many interesting examples can be found in refs 6
and 7.

B. Transition States.The results for the transition states (TS)
of the germylene insertion into the H-X bonds are the most
interesting results of the present study since very little was
known about the barrier heights before. The optimized transition
states along with the calculated transition vectors for the
insertion reaction between dimethylgermylene and the XHn

molecules are given in Figures 1 and 2. The activation barriers
are given in Table 2 and Figure 4.

All transition states at the B3LYP level of theory are
confirmed by calculation of the energy Hessian which shows
only one imaginary vibrational frequency: 1179i cm-1 (CH4-
TS), 1437i cm-1 (NH3-TS), 1369i cm-1 (H2O-TS), 1203i cm-1

(HF-TS), 732i cm-1 (SiH4-TS), 757i cm-1 (PH3-TS), 870i cm-1

(H2S-TS), and 619i cm-1 (HCl-TS). Decomposition of the
imaginary mode into internal coordinate displacements shows
the major component to be X-H bond breaking, as one would
expect for a true insertion TS (see Figures 1 and 2). Apparently,
the transition states connect the corresponding precursor com-
plexes to the insertion products. It should be mentioned that
the primary similarity among those transition states is the three-
center pattern involving germanium, hydrogen, and heteroatoms.

One of the interesting points to emerge from calculations of
TS geometries is the extent to which Ge-H and Ge-X bonds
are formed in the transition state. Relative to their values in the
product (vide infra), the Ge-H and Ge-X bond lengths in CH4-
TS, NH3-TS, H2O-TS, and HF-TS are (1.0%, 9.2%), (7.3%,
10%), (6.7%, 15%), and (8.9%, 21%) longer than those in the
corresponding products, respectively. Additionally, the distance

of the X-H bond to be broken is 52%, 47%, 44%, and 35%
longer than that of the corresponding reactant XHn for X ) C,
N, O, and F, respectively. All these features indicate that the
F-H and O-H insertion reactions arrive at the TS relatively
early, whereas the C-H and N-H insertion reactions reach the
TS relatively late. In other words, this indicates that the closer
the X atom is to the end of a period, the earlier the transition
state is formed. These observations will be related to the
predicted energetics below.

We now consider the barriers for germylene insertion into
the first- and second-row hydrides. As can be seen from Table
2 and Figure 3, the barrier heights of the transition states for
germylene insertion, calculated at different levels of theory, are
similar. Changes in the calculated relative energies are less than
4.8 kcal/mol from B3LYP to MP2 calculations. Furthermore,
from both B3LYP and MP2 data, one may obtain two main
results: (a) the activation barrier decreases in the order CH4 >
NH3 > H2O > HF and SiH4 > PH3 > H2S > HCl, and (b) the
barrier heights for the first-row hydrides are much higher than
those for the second-row hydrides, i.e., CH4 > SiH4, NH3 >
PH3, H2O > H2S, and HF> HCl. For instance, the B3LYP
calculations estimate that the energies of CH4-TS, NH3-TS, H2O-
TS, and HF-TS are above those of the reactants by 39, 25, 15,
and 4.7 kcal/mol and the activation energies from the corre-
sponding precursor complex are 39, 46, 31, and 12 kcal/mol,
respectively. Also, the DFT calculations suggest that the energies
of SiH4-TS, PH3-TS, H2S-TS, and HCl-TS are above those of
the reactants by 16, 12, 6.0, and 1.2 kcal/mol and the activation
energies for the overall reaction are 16, 21, 12, and 5.6 kcal/
mol, respectively. On this basis, one may therefore conclude
that the germylene insertion reaction with XH (X) F, Cl) and
XH2 (X ) O, S) is essentially more favorable than that with
XH4 (X ) C, Si) and XH3 (X ) N, P). In addition, the model
calculations also suggest that X-H insertions for the second-
row hydrides occur more readily than those for the first-row
hydrides. Consequently, our theoretical results are in complete
accord with the Hammond postulate,22 which associates a
reactant-like transition state with a smaller barrier and a more
exothermic reaction (vide infra).

Our theoretical findings are consistent with available experi-
mental evidence. For example, it seems to be generally agreed
that C-H bonds are significantly stable toward germylenes.7,23,24

In addition, insertion of Me2Ge into the Si-H bond of various
organosilanes has been observed.24,25Also, acidic N-H moieties
can insert free Me2Ge; phthalimide thus forms 1,2-C6H4(CO)2-

Figure 3. Binding energies of the dimethylgermylene-XHn

(n ) 1-4) complexes calculated at the B3LYP/6-311G* and MP2/6-
311G* (in a lighter line) levels of theory. The relative energies are
given in Table 2.

Figure 4. Activation energies for the insertion of dimethylgermylene
into the X-H bond of XHn (n ) 1-4) molecules. All were calculated
at the B3LYP/6-311G* and MP2/6-311G* (in a lighter line) levels of
theory. The relative energies are given in Table 2.

Germylene Insertion in X-H Bonds J. Phys. Chem. A, Vol. 103, No. 50, 199911015



NMe2GeH.7 Moreover, it has been shown that free germylene
Me2Ge inserts smoothly into O-H and S-H bonds of water,
deuterium oxide, and oximes.6,7 No estimates of the activation
energies of these processes are available.

C. Insertion Products. The equilibrium geometries for the
insertion products (CH4-IP, H2O-IP, NH3-IP, HF-IP, and SiH4-
IP, PH3-IP, H2S-IP, HCl-IP) are presented in Figures 1 and 2,
respectively. The reaction enthalpies at both B3LYP and MP2
levels of theory are plotted in Figure 5 together with the reaction
enthalpies of the XHn hydride systems given in Table 2.

The theoretical results depicted in Figures 1 and 2 show that
all the insertion products (CH3)2Ge(H)(XHn-1) adopt a tetra-
coordinate conformation on the germanium center. Unfortu-
nately, experimental structures for those insertion products are
not known. Nevertheless, partial comparisons with experimental
structures are made in Table 3 for (CH3)2Ge(H)(XHn-1)
compounds. From this table, it can be seen that the predicted
structures may be compared qualitatively with experimental
geometries of substituted analogues.

Furthermore, it is apparent that all the germylene insertions
are thermodynamically exothermic. In fact, from Figure 5 it
can first be noted that there are large similarities in the trends
for the first-row and second-row insertion products. There is,
for example, a clear trend toward larger reaction enthalpy on

moving along a row. Namely, the B3LYP results suggest that
the reaction enthalpy for the first-row XHn hydrides decreases
in the order CH4-IP (-25 kcal/mol)> NH3-IP (-33 kcal/mol)
> H2O-IP (-45 kcal/mol)> HF-IP (-59 kcal/mol). Likewise,
the exothermicity for the second-row XHn hydrides is predicted
to be in the order SiH4-IP (-34 kcal/mol)> PH3-IP (-37 kcal/
mol) > H2S-IP (-46 kcal/mol)> HCl-IP (-56 kcal/mol). On
the other hand, as shown in Table 2, the main difference between
the first- and second-row X-H insertions is that the latter are
more exothermic and their activation barriers lower. Again, these
results are consistent with the prediction that the activation
barrier should be correlated to the exothermicity for the
germylene insertion.8

In summary, the periodic trends in the energetics of these
eight systems are especially interesting. First, our theoretical
findings indicate that for germylene insertions there is a very
clear trend toward lower activation barriers and more exothermic
interactions on going from left to right along a given row.
Second, for the second-row hydrides, the insertion reactions are
more exothermic than for the first-row hydrides and the reaction
barriers are lower.

D. Comparison with Methylene and Silylene Insertions.
To obtain a better understanding of the nature of the germylene
insertion reaction, a comparison is made between the reaction
mechanisms and energetics of the germylene insertions and those
of carbene and silylene analogues. Although carbenes have long
been the subject of intense experimental and theoretical
investigations,1 there is, to our knowledge, no systematic study
of the reactions of carbene with a series of XHn hydrides, and
thus the detail of such carbene insertion mechanisms still is
obscure.26 Indeed, it is well-known that the reactions of carbene
are of considerable complexity,1 a variety of possible processes
commonly taking place with considerable ease. This is due in
part to the very great inherent reactivity of carbene, its reactions
consequently having low activation energies so that the differ-
ences between different reaction pathways are very small.27 On
the other hand, the existence and the nature of silylene insertion
reactions with the XHn molecules were theoretically studied by
Gordon28 and were later confirmed by some experimental
observations.29 In spite of the fact that the available data are
rather limited, several known examples (which are collected in
Table 4) give us a clue to understanding the nature of divalent
species insertion reactions.

Although the data in Table 4 were calculated at different
levels of theory, several interesting results may be found in this
table. Qualitatively, it seems to be generally accepted that
insertion into O-H and N-H bonds is more favorable than
insertion into C-H bonds.1 This finding is consistent with the
predictions of the germylene insertions presented in this work.
Moreover, our theoretical results for the structures and the
periodic trends of germylene insertion reactions are quite similar
to those for the analogous silylene insertions calculated by

Figure 5. Energies for the (CH3)2Ge(H)(XHn-1) (n ) 1-4) insertion
products calculated relative to the corresponding reactants, Ge(CH3)2

+ XHn. All were calculated at the B3LYP/6-311G* and MP2/6-311G*
(in a lighter line) levels of theory. The relative energies are given in
Table 2.

TABLE 3: Bond Lengths (Å) of Certain Germanium
Compoundsa

molecules calcdb exptc

(CH3)2(H)Ge-CH3 1.97 (1.95)
(CH3)3Ge-CH3 1.98
(CH3)2(H)Ge-NH2 1.86 (1.84)
H3Ge-N(GeH3)2 1.84
(CH3)2(H)Ge-OH 1.81 (1.79)
H3Ge-O(GeH3) 1.77
(CH3)2(H)Ge-F 1.78 (1.77)
F3Ge-F 1.68
(CH3)2(H)Ge-SiH3 2.40 (2.38)
H3Ge-SiH3 2.36
(CH3)2(H)Ge-PH2 2.36 (2.33)
H3Ge-P(GeH3)2 2.31
(CH3)2(H)Ge-SH 2.27 (2.24)
H3Ge-S(GeH3) 2.20
(CH3)2(H)Ge-Cl 2.21 (2.18)
Cl3Ge-Cl 2.19

a All were calculated at the B3LYP/6-311G* and MP2/6-311G* (in
parentheses) levels of theory.b The calculated structures can be found
in Figures 1 and 2, respectively.c The experimental data see ref 35.

TABLE 4: Activation Energies (kcal/mol) for the Methylene,
Silylene, and Dimethylgermylene Insertion Reactions

XHn CH2
a SiH2

b Ge(CH3)2
c

H-CH3 ∼0 +18 +39
H-NH2 ∼0 +13 +25
H-OH ∼0 +9.0 +15
H-F ∼0 +3.0 +4.7
H-SiH3 ∼0 ∼0 +16
H-PH2 +2.0 +25
H-SH +5.0 +6.0
H-Cl +6.0 +1.2

a See ref 36.b See refs 26 and 36.c This work.
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Gordon.28 For instance, the theoretical calculations show that
the X-H insertion for the second-row hydrides has a lower
activation barrier than that for the first-row hydrides. Further-
more, the calculations have established that carbene insertion
into singleσ bonds does not require the energy barrier to be
overcome and proceeds as a concerted reaction without further
reaction intermediates. In contrast, silylene and germylene
insertions have a larger activation barrier. All these results
strongly indicate that the chemical behavior of germylene is
quite similar to that of silylene, but not that of carbene. The
reason for this is presumably due to electronic effects. Namely,
as mentioned earlier, the singlet-triplet splitting and the
structure of the substituted germylenes show much greater
similarities with their silicon counterparts30 than with their
carbene analogues. As we shall show below, this difference of
behavior between carbene and silylene/germylene is linked to
the singlet-triplet splitting of divalent species, which plays an
important role in determining the activation energy of the
insertion reaction.

E. The Configuration Mixing Model. All these computa-
tional results can be rationalized on the basis of a simple valence
bond (VB) model based upon reactant and product spin
recoupling, which is often described as the configuration mixing
(CM) model.31,32 In this approach the total energy profile is
decomposed into two components, one associated with the
reactant spin coupling and the other with the product spin
coupling. These two component curves are denoted as reactant
configuration (IR) and product configuration (IP), respectively.

In Figure 6, we represent the qualitative behavior of the two
configurations for the germylene insertion into a X-H bond.
We use IR and IP to denote the insertion reactant-product spin
coupling. IR describes a situation where the two electrons on
the germylene are spin-paired to form the lone pair, while the
two electrons on the XHn hydride are spin-paired to form an
X-H σ bond as illustrated in2. On the other hand, IP

corresponds to a situation where the electron pairs are coupled
to allow both Ge-X and Ge-H bond formation and simulta-
neous X-H bond breaking. See3. To obtain this configuration
from the reactant configuration IR 2, each of the two original

electron pairs needs to be uncoupled, requiring the excitation
of the electron pairs from the singlet state to the triplet state.
Thus, IP describes an overall singlet configuration, despite the
fact that it contains two local triplets. Its valence excitation
energy corresponds to the energy gap (A) in the CM model
between the reactant (IR) and product (IP) configuration. The
MO representations of VB configurations2 and3 are shown in
4 and5, respectively.

As the reaction proceeds, the energy of IR rises and that of IP

drops. The transition state is reached at a point along the reaction
coordinate where the energy curves of IR and IP cross. The
reaction systems reaches a maximum energy somewhat below
the crossing point, due to IR-IP configuration mixing near the
transition state or, in other words, an avoided crossing; this is
indicated by the dotted curves in Figure 6. Finally, in the
products the roles of IR and IP have been inverted: IP has become
the ground-state configuration and IR an excited state. In our
example, IP has been turned into the ground-state configuration
of the insertion product (CH3)2Ge(H)(XHn-1) and IR corresponds
to a doubly excited state of this compound as mentioned above.
As seen in Figure 6, it is clear that both the barrier height (∆E‡)
and the reaction enthalpy (∆H) may be expressed in terms of
the initial energy gap (A) between the reactant (IR) and product
(IP) configurations. That is to say,A ) ∆Eσσ* (i.e., theσ(X-
H) f σ *(X -H) triplet excitation energy for XHn) + ∆Est (i.e.,
the germylene singlet-triplet splitting). Accordingly, if∆Est is
a constant and∆Eσσ* is reduced, then curve crossing occurs at
a lower energy, leading to a lower barrier and a larger
exothermicity. Bearing this CM model (Figure 6) in mind, we
shall explain the origin of the observed trends as shown
previously in the following discussion:

(a) Why does the ease of germylene insertion into X-H bond
increase in the order C-H < N-H < O-H < F-H and Si-H
< P-H < S-H < Cl-H?

Before analyzing the results, it is intriguing to note that the
X-H bond strengths for the first- and second-row hydrides
increase respectively in the order H-CH3 (105 kcal/mol)<
H-NH2 (108 kcal/mol)< H-OH (119 kcal/mol)< H-F (135
kcal/mol) and H-PH2 (83.9 kcal/mol)< H-SH (91.2 kcal/
mol) < H-SiH3 (91.8 kcal/mol)< H-Cl (103 kcal/mol).33

However, it has been shown in this work that for germylene
insertion the methane C-H bond is more difficult to activate
than the ammonia N-H bond and water O-H bond, which in
turn is more difficult to activate than the hydrogen fluoride F-H
bond. The same situation can also be found in the second-row

Figure 6. Energy diagram for an insertion reaction showing the
formation of a state curve (Ψ) by mixing two configurations: the
reactant configuration (IR) and the product configuration (IP). In the
reactants, they are separated by an energy gap A. Configuration mixing
near the crossing point causes an avoided crossing (dotted line).

Germylene Insertion in X-H Bonds J. Phys. Chem. A, Vol. 103, No. 50, 199911017



hydrides as shown earlier. This cannot be explained by the initial
X-H bond strength, since the X-H bond in XHn to the right
is stronger than the one to the left in the periodic table. In other
words, there is a general inverse correlation between the initial
X-H bond strength and the difficulty to activate this bond by
germylenes.

The explanation is instead connected with electronic and steric
effects. According to the CM model as discussed above, the
∆Eσσ* in the XHn hydride should play a significant role in the
insertion reactions of germylene into the X-H bonds. Namely,
a smaller∆Eσσ* in the XHn molecule results in a lower barrier
height and a larger exothermicity. Our B3LYP results suggest
a decreasing trend in∆Eσσ*

34,35 for CH4 (249 kcal/mol)> HF
(227 kcal/mol)> H2O (163 kcal/mol)> NH3 (152 kcal/mol)
and SiH4 (205 kcal/mol)> HCl (166 kcal/mol)> PH3 (140
kcal/mol) > H2S (130 kcal/mol), which is in reasonable
agreement with the trend in the activation energy as well as the
enthalpy for GeMe2 insertion as shown in Table 2. It must be
emphasized here that the ordering of the X-H bond strength
follows a different trend than∆Eσσ*.

Another contributing factor of major importance for the order
of the barriers is the steric effect.36 It is clear by inspection of
Figure 1 that it is relatively easy for the germylene to approach
the X-H (X ) F, Cl) molecule and a lower barrier for this
reaction than for the other XHn hydride reactions is therefore
expected. For methane and silane, on the other hand, a
substantial initial distortion of the molecules is needed to reach
a proper interaction; see Figures 1 and 2. For NH3, H2O or PH3,
H2S, the situation is somewhat between that of XH and XH4

molecules. Consequently, both electronic and steric effects
reinforce each other to make the F-H or Cl-H insertion much
more favorable than other X-H ones on both kinetic and
thermodynamic grounds.

(b) Why, for the same family, is the second-row hydride XHn

generally easier and more exothermic than the first-row one in
germylene insertion into the X-H bonds?

The driving force of this may also be traced to∆Eσσ* of XHn

and its steric effect. Nevertheless, for the same family systems,
the steric factor can be considered as a constant and the
electronic factor may come to play a dominant role in the course
of the insertion reaction of germylenes into the H-X bond of
XHn molecules. As mentioned earlier, the B3LYP calculations
suggest a decreasing trend in∆Eσσ* for CH4 (249 kcal/mol)>
SiH4 (205 kcal/mol), NH3 (163 kcal/mol)> PH3 (140 kcal/
mol), H2O (152 kcal/mol)> H2S (130 kcal/mol), and HF (227
kcal/mol)> HCl (166 kcal/mol). This correlates well with the
trend of the barrier height and the exothermicity as shown
previously. Again, our theoretical findings are in good agreement
with the CM model.

IV. Conclusion

In the present work, we have studied the reaction mechanisms
of dimethylgermylene insertion into the X-H bond of the first-
and second-row XHn molecules by both conventional ab initio
method and density functional theory. In comparison with the
well-defined theory (MP2/6-311G*), our model calculations
have shown that the B3LYP/6-311G* level can be an alternative
method to investigate the heavy atom insertion process since
the B3LYP values reproduce the MP2 results very well. It should
be pointed out that this study has provided the first theoretical
demonstration about the reaction trajectory and theoretical
estimation of the activation energy and reaction enthalpy for
those processes. Moreover, we have demonstrated that the
computational results can be rationalized using a simple CM

model. Thus, not only have we given an explanation of some
available experimental observations, but we have also made
predictions for the insertion of germylene into X-H bonds.

The theoretical results suggest that a singlet germylene inserts
in a concerted manner via a three-center-type transition state,
and that the stereochemistry at the heteroatom X center is
preserved. In addition, the order of the stability of the germylene-
XHn adduct is predicted to be NH3 > H2O > PH3 > H2S∼ HF
> HCl . SiH4 ∼ CH4.

From both a kinetic and theromodynamic viewpoint, for X-H
bonds the order of reactivity by germylene insertion is Cl> F
> S > O > P > N . Si > C.

In other words, the greater the atomic number of heteroatom
(X) in a given row, the easier the insertion reaction of XHn

hydrides and the larger the exothermicity. Moreover, the present
work also shows that those results can be easily understood in
terms of electronic and steric effects. Furthermore, these
theoretical findings indicate that the chemical behavior of
germylene should be more similar to that of silylene than to
that of carbene species. Unfortunately, as we have mentioned
earlier, because of a lack of experimental and theoretical data
on such insertion reactions, our conclusions above may be
considered as predictions for future investigations.

We thus encourage experimentalists to carry out further
experiments to confirm our predictions.
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