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Introduction

Divalent molecules of the Group 14 elements, such as car-
benes (R2C),

[1] silylenes (R2Si),
[2] and germylenes (R2Ge),[3]

have long been the subject of intense experimental and the-
oretical investigation. The structures and reactivity of the
corresponding divalent tin species, stannylenes (R2Sn), have
gained increasing attention in recent years.[4] Thus, X-ray
crystallographic studies have resulted in the structural char-
acterization of numerous substituted stannylenes bearing
various ligands R.[5,6] The study of the chemical reactivity of
stannylenes has also led to the synthesis of many intriguing
molecules.[7] Nevertheless, the detailed reaction mechanisms
for such reactions have not been firmly established by either
experimental or theoretical studies, and many key questions
remain open.
The principal motivation for this research was a remarka-

ble recent experimental discovery by Walsh et al.[8] who,
using a laser flash photolysis/laser probe technique, showed
that Me2Sn does not insert readily into C�H, Si�H, Ge�H,

C�C, Si�C, or Ge�C bonds. It is also unreactive towards al-
kenes, although not towards dienes or alkynes. These experi-
mental observations are quite different from those made for
carbenes,[9] silylenes,[10] and germylenes.[11] In fact, it is well
known that silylenes and germylenes, like carbenes, can un-
dergo insertions into a variety of s bonds and cycloadditions
with various kinds of p bonds. Accordingly, there is a desire
to understand the fundamental chemistry of stannylenes and
how their reactions compare to those of its Group 14 ana-
logues. Indeed, comparison of the behavior of stannylenes
with their carbon, silicon, and germanium analogues reveal
how the mechanistic principles developed for organic
chemistry can be extended to deal with bond-making and
bond-cleavage processes for elements lying further down the
Periodic Table (vide infra).
Hence, attention has inevitably also been directed towards

the reactivity of divalent plumbylenes (R2Pb).
[12] Despite the

considerable interest in carbene, silylene, and germylene
chemistry over the past thirty years, the chemistry of stanny-
lenes and plumbylenes has not been similarly investigated.
This is presumably a result of the instability inherent to
electron-deficient divalent species, and the fact that both
have not been easily accessible by the synthetic routes con-
ventionally used in the preparation of carbenes, silylenes,
and germylenes. As far as I am aware, theoretical analyses
of crucial stannylene and plumbylene reactions are still
greatly lacking, with the exception of some work by Dewar,
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Abstract: The potential energy surfaces
corresponding to the reactions of
heavy carbenes with various molecules
were investigated by employing com-
putations at the B3LYP and CCSD(T)
levels of theory. To understand the
origin of barrier heights and reactivi-
ties, the model system (CH3)2X+Y
(X=C, Si, Ge, Sn, and Pb; Y=CH4,
SiH4, GeH4, CH3OH, C2H6, C2H4, and
C2H2) was chosen for the present study.
All reactions involve initial formation
of a precursor complex, followed by a
high-energy transition state, and then a

final product. My theoretical investiga-
tions suggest that the heavier the X
center, the larger the activation barrier,
and the less exothermic (or the more
endothermic) the chemical reaction. In
particular, the computational results
show that (CH3)2Sn does not insert
readily into C�H, Si�H, C�H, Ge�H,

or C�C bonds. It is also unreactive to-
wards C=C bonds, but is reactive to-
wards C�C and O�H bonds. My theo-
retical findings are in good agreement
with experimental observations. Fur-
thermore, a configuration mixing
model based on the work of Pross and
Shaik is used to rationalize the compu-
tational results. It is demonstrated that
the singlet–triplet splitting of a heavy
carbene (CH3)2X plays a decisive role
in determining its chemical reactivity.
The results obtained allow a number of
predictions to be made.
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et al.[13a] and Sakai.[13b] In these theoretical studies only the
latter proposed a simple singlet excitation model for the
transition states (TSs) of stannylenes with ethylene to ra-
tionalize the heights of their energy barriers.
If the basic factors governing the chemical reactivity of

various carbene analogues with organic molecules could be
understood, this would help to design systems which facili-
tate these synthetically useful, but presently unattainable,
reactions. My aim is therefore to search for a general theory
of reactivity for carbene and its heavier analogues and to
delineate the significant role played by their singlet–triplet
energy separations (vide infra). To mimic the experimental
observations of Walsh et al. ,[8] I calculated the potential
energy surfaces of five insertion reactions [Eqs. (1)–(5)] and
two addition reactions [Eqs. (6)and (7)].

CH4 þMe2X ! Me2ðHÞX�CH3 ð1Þ

SiH4 þMe2X ! Me2ðHÞX�SiH3 ð2Þ

GeH4 þMe2X ! Me2ðHÞX�GeH3 ð3Þ

CH3OHþMe2X ! Me2ðHÞX�OCH3 ð4Þ

CH3CH3 þMe2X ! Me2ðCH3ÞX�CH3 ð5Þ

H2C¼CH2 þMe2X ! ð6Þ

HC�CHþMe2X !

ðX ¼ C, Si, Ge, Sn, PbÞ
ð7Þ

No systematic theoretical study has yet, to my knowledge,
been published on the potential energy surfaces and reac-
tion mechanisms of insertion and cycloaddition reactions of
stannylenes and plumbylenes. Thus, in this work I attempted
to study such reactions of heavier carbenes using both DFT
and the ab initio CCSD(T) methods. On the basis of these
computational results, I show that the singlet–triplet splitting
of carbene analogues can be used as a diagnostic tool for
the prediction of their reactivity.

The Origin of the Barrier and Reaction Enthalpy
for Me2X Reactions

To highlight the questions which formed the basis of this
study, it is worthwhile to review briefly the origin of barrier
height and reaction enthalpy. Indeed, the question of the
origin of barriers to chemical reactions, and of how their
heights may be predicted, lies at the heart of the under-
standing of chemical processes. The following attempts to
provide a qualitative explanation for the source of the acti-
vation energy. This explanation is based on the general con-
clusions which Pross and Shaik arrived at with the aid of the
configuration mixing (CM) model.[14, 15] Within this model,
all possible configurations involving the frontier orbitals of
the individual reacting molecules are formed, and the wave-
functions along the reaction coordinate are analyzed in
terms of these configurations. As a result, in the s-bond in-
sertion (or cycloaddition) reaction, the system can exist in a

number of predetermined states, each of which can be ap-
proximated by the appropriate electronic configuration.[14,15]

However, there are only two predominant configurations
that contribute significantly to the total wavefunction Y and,
in turn, affect the shape of the potential energy surface. As
one can see in Figure 1, we can represent the qualitative be-

havior of the two configurations for the insertion of Me2X
species into a Y�W bond. One is the reactant ground-state
configuration, which ends up as an excited configuration in
the product region. The other is the excited configuration of
the reactants, which correlates with the ground state of the
products. These two components are denoted as the reactant
configuration IR and the product configuration IP, respective-
ly.
The key valence bond (VB) configurations for Me2X in-

sertion are illustrated in 1 and 2. The VB configuration 1, la-
beled 1[Me2X]

1[YW], is termed the reactant configuration IR
because this configuration is a good description of the reac-
tants; the two electrons on the Me2X moiety are spin-paired
to form a lone pair, while the two electrons on the YW
moiety are spin-paired to form a Y�W s bond. On the other
hand, configuration 2 is the VB product configuration IP.
Note that the spin arrangement is now different. The elec-
tron pairs are coupled to allow both X�Y and X�W bond
formation and simultaneous Y�W bond breaking. To obtain
this configuration from the reactant configuration 1, each of
the two original electron pairs must be uncoupled, that is,
these two electron pairs require excitation from the singlet
to the triplet state. Hence, this configuration is labeled

Figure 1. Energy diagram for a chemical reaction showing the formation
of a state curve Y by mixing two configurations: the reactant configura-
tion IR and the product configuration IP. In the reactants, they are sepa-
rated by an energy gap S. Configuration mixing near the crossing point
causes avoidance of crossing (dotted line).
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3[Me2X]
3[YW]. The molecular orbital (MO) representations

of VB configurations 1 and 2 are 3 and 4, respectively.

On the basis of these considerations, I propose that the
transition state for the insertion reaction of Me2X into a
Y�W bond is composed of the respective triplet states of
the reactants, which couple to give an overall singlet state.
At first glance, it might appear that promotion to such a va-
lence state requires too much energy. However, it will be
shown below that such a promotion is indeed feasible.
Before further discussion, let us emphasize the importance
of the status of the triplet state for the Me2X and Y�W re-
actants. Since two new covalent bonds are formed in the
product Me2X(Y)(W), that is, the X�Y and X�W bonds, the
bond-prepared Me2X state thus must have at least two open
shells, and the lowest state of this type is the triplet state.
Therefore, from the valence-bond point of view, the bonding
in the product can be recognized as that between the triplet
Me2X state and two doublet radicals (overall singlet), that
is, the Y radical and the W radical. This is much the same as
the bonding in the water molecule, which can be considered
as that between a triplet oxygen atom and two doublet hy-
drogen atoms.[17]

At this point, it is interesting to note that the singlet–trip-
let excitation energy mentioned above plays a decisive role
in the CM model (schematically illustrated in Figure 1), pro-
posed by Pross and Shaik for understanding barrier forma-
tion in chemical reactions.[14,15] The singlet–triplet excitation
energy corresponds to the energy gap E in the CM model
between the reactant configuration IR and product configu-
ration IP. In the reactants, IR is the ground state of the
system, whereas IP is an excited state at an energy E above
IR. 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 at which the energy curves of IR and
IP cross. The reaction system reaches a maximum energy
somewhat below this crossing point, due to avoided crossing
of IR and IP; this is indicated by the dotted curve in Figure 1.
Finally, in the products the roles of IR and IP have been in-
verted. That is, IR becomes the excited-state configuration,
and IP a ground state. As a consequence, it is the avoided
crossing of these two configurations that leads to the sim-
plest description of the ground state energy profiles for
chemical reactions of carbenes and their analogues.[11,14–16]

Based on Figure 1 for barrier formation in chemical reac-
tions, we are now in a position to provide an insight into the
parameters that are likely to affect reactivity in this system.
The energy of point 2 (left-hand side of Figure 1), the
anchor point for 3[Me2X]

3[YW] in the reactant geometry,
will be governed by the singlet–triplet energy gap for both
Me2X and Y�W, that is, DEst (=Etriplet�Esinglet for Me2X)+
DEss* (=Etriplet�Esinglet for Y�W). Note that the barrier of
the chemical reaction is caused by the promotion energy S,
which is nonzero, as shown in Figure 1. The decrease in S
(S=DEst+DEss*) also stabilizes the product and makes the
reaction enthalpy DH more exothermic.[18] In other words,
the smaller the promotion energy S, the lower the activation
barrier, and the larger the exothermicity.[14,15] For this
reason, if a reactant Me2X has a singlet ground state with a
small triplet excitation energy, it offers a greater opportunity
for involvement of triplet Me2X in the singlet reaction, and
such reactions will occur readily.
One can thus conclude that both the order of the singlet

and triplet states as well as the magnitude of the singlet–
triplet energy separation are responsible for the existence
and height of the energy barrier. Bearing the above analysis
(Figure 1) in mind, the origin of the observed trends which
are described in the following section will be explained.[19]

Results and Discussion

Geometries and energetics of Me2X : Before discussing the
geometrical optimizations and potential energy surfaces for
the chemical reactions studied in the present work, we shall
first discuss the geometries and energies of the dimethyl-
substituted Group 14 divalent reactants Me2X. The electron-
ic structures and geometries of such divalent species have
been extensively studied by many groups. In this work, se-
lected geometrical values for singlet and triplet Me2X as
well as the triplet energies relative to the singlet reactants
based on the B3LYP and CCSD(T) levels are given in
Table 1.

An interesting trend that can be observed in Table 1 is the
decrease in the X�CH3 bond lengths and the increase in the
aCXC bond angles on going from the singlet to the triplet
state. The reason for this can be understood simply by con-

Table 1. Geometrical parameters and relative energies for singlet and
triplet Me2X species (X=C, Si, Ge, Sn, Pb).[a,b]

System X�C aCXC X�C aCXC DE[c]

(singlet) (singlet) (triplet) (triplet) [kcalmol�1]
[K] [8] [K] [8]

(CH3)2C 1.505 112.7 1.492 133.6 �4.951 [�0.4651]
(CH3)2Si 1.931 97.82 1.918 119.1 +21.59 [+22.00]
(CH3)2Ge 2.209 95.62 2.012 117.6 +27.64 [+26.91]
(CH3)2Sn 2.197 93.58 2.192 116.7 +29.36 [+27.93]
(CH3)2Pb 2.267 93.02 2.239 116.9 +36.99 [+36.49]

[a] At the B3LYP/LANL2DZ [CCSD(T)/LANL2DZdp//B3LYP/
LANL2DZ] levels of theory. [b] Energy differences have been zero-
point-corrected. See text. [c] Energy relative to the corresponding singlet
state. A positive value means the singlet is the ground state.
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sidering their electronic structures.[9,14, 15] The other intrigu-
ing feature is the singlet–triplet splittings (DEst=Etriplet�singlet).
The DFT and CCSD(T) calculations (in parentheses) indi-
cate that the singlet–triplet splittings for dimethyl-substitut-
ed carbene, silylene, germylene, stannylene, and plumbylene
are �5.0 (�0.47), 22 (22), 28 (27), 29 (28), and 37 (36) kcal -
mol�1, respectively. That is, DEst increases in the order
Me2C<Me2Si<Me2Ge<Me2Sn<Me2Pb, and thus follows
the same trend as the electronegativity of the central atom
X. Apparently, the heavier Group 14 elements are pivotal
atoms in this regard. These results are consistent with those
reported in the previous studies cited above, and will not be
discussed further. Finally, as shown in Table 1, all the Me2X
species are predicted to have singlet (or nearly singlet)
ground states according to both DFT and CCSD(T) compu-
tational results. This strongly implies that all the chemical
reactions [Eqs. (1)–(7)] studied in this work should proceed
on the singlet surface, and thus the focus will be on the sin-
glet surface from now on.
Basically, the chemical reactions studied in this work

follow the general reaction path as shown in Scheme 1. The
Me2X species attacks an organic molecule to form a precur-

sor complex, which then rearranges to yield the eventual
product via a TS. Thus, four stationary points on the poten-
tial energy surfaces are considered: Me2X (X=C, Si, Ge,
Sn, and Pb) plus an organic molecule, the precursor com-
plex, the TS, and the final product. Experimental geometries
for the above stationary points are not yet available, and it
is hard to determine the accuracy of stationary-point geome-
tries generated by computational methods. Nevertheless, the
prediction of geometrical parameters seems to be consistent
with changing level of theory. Moreover, as can be seen in
the tables shown below, the trends for both B3LYP and
CCSD(T) results are qualitatively the same. This means that
the use of the latter is sufficient to provide qualitatively cor-
rect results. This work is primarily concerned with discover-
ing the key factors that affect the reactivity of heavy car-
bene species, and thus, unless otherwise noted, only the
CCSD(T) energetic results are used in the following discus-
sion for the sake of convenience.

Methane insertion reactions : The geometries and energetics
of the stationary points shown in 5 for methane insertion re-
actions [Eq. (1)] were calculated with the B3LYP and
CCSD(T) methods. The fully optimized geometries for these
stationary points, calculated at the B3LYP/LANL2DZ level,
are given in Figure 2. The relative energies of these station-

ary points based on B3LYP and CCSD(T) methods are also
summarized in Table 2. The major conclusions that can be
drawn from Table 2 and Figure 2 follow.
The B3LYP frequency calculations for these transition

states show that the single imaginary frequency values are

Scheme 1.

Figure 2. B3LYP/LANL2DZ-optimized geometries [K, 8] of the reactants
(singlet), precursor complexes, transition states, and insertion products of
(CH3)2X (X=C, Si, Ge, Sn, and Pb) and CH4.

Table 2. Relative energies for singlet and triplet carbenes and for the process
reactants ((CH3)2X+CH4)!precursor complex!transition state!insertion
product.[a,b]

System DEst
[c] DEcpx

[d] DE�[e] DH[f]

[kcalmol�1] [kcalmol�1] [kcalmol�1] [kcalmol�1]

(CH3)2CD �0.4651 �0.4586 +6.659 �83.46
(�4.951) (�0.1738) (+6.603) (�81.78)

(CH3)2SiD +22.00 �0.7964 +22.69 �51.59
(+21.59) (�0.1242) (+27.72) (�44.33)

(CH3)2GeD +26.91 �1.039 +33.31 �30.82
(+27.64) (�0.1079) (+36.25) (�28.23)

(CH3)2SnD +27.93 �1.138 +44.16 �3.700
(+29.36) (�0.1418) (+46.60) (�2.624)

(CH3)2PbD +36.49 �1.211 +57.11 +10.05
(+36.96) (�0.6275) (+59.98) (+11.43)

[a] At the CCSD(T)/LANL2DZdp//B3LYP/LANL2DZ (B3LYP/LANL2DZ)
levels of theory. For B3LYP-optimized structures of the stationary points, see
Figure 2. [b] Energies differences have been zero-point-corrected. See text.
[c] Energy relative to the corresponding singlet state. A positive value means
the singlet is the ground state. [d] Stabilization energy of the precursor com-
plex, relative to the corresponding reactants. [e] Activation energy of the
transition state, relative to the corresponding reactants. [f] Reaction enthalpy
of the product, relative to the corresponding reactants.
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665i (Me2C-TS), 1214i (Me2Si-TS), 1174i (Me2Ge-TS), 1114i
(Me2Sn-TS), and 985i cm�1 (Me2Pb-TS). Examination of the
single imaginary frequency for each TS provides an excel-
lent confirmation of the concept of an insertion process.
These insertion reactions appear to be concerted, because I
was able to locate only one TS for each reaction and con-
firmed that it is a true TS on the basis of frequency analysis.
The transition structures for the insertion of Me2X into CH4

for various central atoms X are very similar. The computa-
tional results show that the primary similarity among these
transition structures is the three-center pattern involving
central X, carbon, and hydrogen atoms. Such characteristic
three-center transition states are in accordance with mecha-
nisms postulated by Su and Chu.[11] In addition, our model
calculations show that all the insertion products adopt a
staggered, ethane-like structure.
A comparison of the aforementioned five species reveals

several interesting trends. According to the CM model dis-
cussed earlier, the stabilization of an insertion transition
state depends on the singlet–triplet splitting DEst (=Etriplet

�Esinglet) of the carbene reactant; that is, a smaller DEst re-
sults in a more stable transition state, a lower activation
energy, and a faster insertion reaction. Our model calcula-
tions confirm this prediction, and suggest an increasing DEst

in the series Me2C<Me2Si<Me2Ge<Me2Sn<Me2Pb. From
Table 2, it can be seen that this result is in good agreement
with the trend in activation energies (kcalmol�1): Me2C-TS
(+6.7)<Me2Si-TS (+23)<Me2Ge-TS (+33)<Me2Sn-TS
(+44)<Me2Pb-TS (+57). Also, the order of reaction en-
thalpy (kcalmol�1) follows the same trend as the DEst of
Me2X Me2C-Pro (�83)<Me2Si-Pro (�52)<Me2Ge-Pro
(�31)<Me2Sn-Pro (�3.7)<Me2Pb-Pro (+10). These data
strongly imply that the value of DEst is a remarkably diag-
nostic tool of the reactivity of a Me2X species.[14,15] Note that
the energy of Me2Pb-Pro is higher than that of its corre-
sponding reactants. This indicates that insertion of plumb-
ylene into methane is endothermic and would be energeti-
cally unfavorable. Stannylene insertion into methane is pre-
dicted to be nearly thermoneutral, with an exothermicity of
less than 4 kcalmol�1. This computational result is consistent
with the experimental observation that Me2Sn is unreactive
towards C�H bonds.[8] Likewise, my theoretical findings also
suggest that Me2Ge does not insert readily into the C�H
bond, which has been confirmed by experimental works.[20]

Silane insertion reactions : The geometrical results from the
theoretical study on silane insertion reactions [Eq. (2)] are
collected in Figure 3. The relative energies of the stationary
points shown in 5 are summarized in Table 3. The major
conclusions that can be drawn from Table 3 and Figure 3 are
given below.
Again, only one TS could be located for each silane inser-

tion reaction, and it was confirmed that it is a true TS on
the basis of frequency analysis. Examination of the single
imaginary frequency for each transition state [121i (Me2C-
TS), 800i (Me2Si-TS), 814i (Me2Ge-TS), 797i (Me2Sn-TS),
and 690i cm�1 (Me2Pb-TS)] provides an excellent confirma-
tion of the concept of the SiH4 insertion process; that is, the
reactants approach each other with their molecular planes

perpendicular, and two new bonds are formed at the same
time. Let us now consider the effect of singlet–triplet split-
ting. Clearly, the smaller DEst (Me2X), the lower the activa-
tion energy and the lower the heat of the silane insertion re-
action. For instance, as demonstrated in Table 3, since DEst

Table 3. Relative energies for singlet and triplet carbenes ((CH3)2X) and for
the process: reactants ((CH3)2X+SiH4)!precursor complex!transition
state!insertion product.[a,b]

System DEst
[c] DEcpx

[d] DE�[e] DH[f]

[kcalmol�1] [kcalmol�1] [kcalmol�1] [kcalmol�1]

(CH3)2CD �0.4651 �0.5829 +1.545 �86.12
(�4.951) (�0.7906) (+1.855) (�87.67)

(CH3)2SiD +22.00 �1.085 +6.300 �51.69
(+21.59) (�0.3220) (+10.63) (�46.56)

(CH3)2GeD +26.91 �1.399 +14.72 �35.15
(+27.64) (�0.5993) (+17.15) (�33.91)

(CH3)2SnD +27.93 �1.388 +24.74 �10.84
(+29.36) (�0.3796) (+26.08) (�11.01)

(CH3)2PbD +36.49 �1.842 +37.04 �0.4211
(+36.96) (�0.3859) (+37.27) (�1.228)

[a] At the CCSD(T)/LANL2DZdp//B3LYP/LANL2DZ (B3LYP/LANL2DZ)
levels of theory. For B3LYP-optimized structures of the stationary points, see
Figure 3. [b] Energies differences have been zero-point-corrected. See text.
[c] Energy relative to the corresponding singlet state. A positive value means
the singlet is the ground state. [d] Stabilization energy of the precursor com-
plex, relative to the corresponding reactants. [e] Activation energy of the
transition state, relative to the corresponding reactants. [f] Reaction enthalpy
of the product, relative to the corresponding reactants.

Figure 3. B3LYP/LANL2DZ-optimized geometries [K, 8] of the reactants
(singlet), precursor complexes, transition states, and insertion products of
(CH3)2X (X=C, Si, Ge, Sn, Pb) and SiH4.
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is in the order C<Si<Ge<Sn<Pb, the barrier height
(kcalmol�1) for SiH4 activation increases in the order:
Me2C-TS (+1.5)<Me2Si-TS (+6.3)<Me2Ge-TS (+15)<
Me2Sn-TS (+25)<Me2Pb-TS (+37). Likewise, the order of
enthalpy (kcalmol�1) follows the same trend as the activa-
tion energy: Me2C-Pro (�86)<Me2Si-Pro (�52)<Me2Ge-
Pro (�35)<Me2Sn-Pro (�11)<Me2Pb-Pro (�0.42). Again,
the theoretical findings are in excellent agreement with the
CM model. This investigation provides strong evidence that
the singlet–triplet splitting can be used as a guide to predict
the reactivity of the Me2X species. Additionally, the compu-
tational results suggest that the barrier heights for insertion
of dimethyl-substituted stannylene and plumbylene into
SiH4 are much larger than for the other three divalent spe-
cies, while the reaction enthalpies of the former reactions
are also much less exothermic than the latter. All of these
computational results indicate that Me2Ge, Me2Sn, and
Me2Pb should be unreactive towards insertion into the Si�H
bond. On the other hand, both Me2C and Me2Si readily
insert into the Si�H bond. These theoretical findings have
been confirmed by experimental observations.[8,20, 21]

Germane insertion reactions : The stationary points shown
in 5 were located for each germane insertion reaction
[Eq. (3)] at both the DFT and CCSD(T) levels of theory.
The optimized geometries of the stationary points can be
found in Figure 4. The relative energies for each insertion

reaction are presented in Table 4. Several intriguing results
are found in the figure and in the table.

As in the methane and silane insertion reactions, all five
transition state structures show the same three-center pat-
tern involving X (X=C, Si, Ge, Sn, Pb), germanium, and
hydrogen atoms. The main components of the transition
vector correspond to displacement of Me2X towards GeH4,
whose eigenvalue gives an imaginary frequency of
52.9i cm�1 for Me2C-TS, 685i cm

�1 for Me2Si-TS, 724i cm
�1

for Me2Ge-TS, 725i cm�1 for Me2Sn-TS, and 641i cm�1 for
Me2Pb-TS. As already discussed, the CCSD(T) calculations
suggest increasing DEst in the series Me2C<Me2Si<
Me2Ge<Me2Sn<Me2Pb. These results are in accordance
with the trend in activation energy and enthalpy (DE�, DH):
Me2C (0.24, �86)<Me2Si (1.5, �54)<Me2Ge (9.3, �38)<
Me2Sn (19, �11)<Me2Pb (31, �4.8) kcalmol�1 (Table 4).
Again, the theoretical findings are in excellent agreement
with the CM model. Thus, to find a good model for a facile
germane insertion reaction, an understanding of the singlet–
triplet splitting DEst of the heavy carbene is crucial. Besides
this, considering both the activation barrier and the reaction
enthalpy obtained from the model calculations presented
here, it is concluded that the greater the atomic number of
the X center, the larger the activation energy, the less exo-
thermic the insertion reaction, and therefore the more diffi-
cult is its insertion into the Ge�H bond of germane. These
theoretical investigations are in agreement with some availa-
ble experimental findings, especially for the germylene[20,22]

and stannylene cases.[8]

Methanol insertion reactions : The reaction of Me2X with n-
type lone pair donors such as MeOH was also studied in
this work. Selected geometrical parameters of reactants
(Me2X+MeOH), precursor complex, TS, and insertion
product for Equation (4) are collected in Figure 5. The rela-

Figure 4. B3LYP/LANL2DZ-optimized geometries [K, 8] of the reactants
(singlet), precursor complexes, transition states, and insertion products of
(CH3)2X (X=C, Si, Ge, Sn, Pb) and GeH4

Table 4. Relative energies for singlet and triplet carbenes ((CH3)2X) and for
the process: reactants ((CH3)2X+GeH4)!precursor complex!transition
state!insertion product.[a,b]

Systems DEst
[c] DEcpx

[d] DE�[e] DH[f]

[kcalmol�1] [kcalmol�1] [kcalmol�1] [kcalmol�1]

(CH3)2CD �0.4651 �1.962 +0.2355 �86.12
(�4.951) (�1.017) (+1.054) (�87.67)

(CH3)2SiD +22.00 �0.7753 +1.492 �53.96
(+21.59) (�0.6275) (+6.091) (�48.48)

(CH3)2GeD +26.91 �0.8507 +9.330 �38.02
(+27.64) (�0.1443) (+12.39) (�36.12)

(CH3)2SnD +27.93 �0.7187 +18.72 �14.72
(+29.36) (�0.2259) (+21.15) (�13.81)

(CH3)2PbD +36.49 �1.483 +30.68 �4.817
(+36.96) (�0.2560) (+32.25) (�4.493)

[a] At the CCSD(T)/LANL2DZdp//B3LYP/LANL2DZ (B3LYP/LANL2DZ)
levels of theory. For B3LYP-optimized structures of the stationary points, see
Figure 4. [b] Energy differences have been zero-point-corrected. See text.
[c] Energy relative to the corresponding singlet state. A positive value means
the singlet is the ground state. [d] Stabilization energy of the precursor com-
plex, relative to the corresponding reactants. [e] Activation energy of the
transition state, relative to the corresponding reactants. [f] Reaction enthalpy
of the product, relative to the corresponding reactants.
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tive energies of these stationary points are summarized in
Table 5. Several interesting conclusions can be drawn from
Table 5 and Figure 5.

First, the closed-shell Me2X electron configuration is such
that there is a vacant p orbital on X capable of forming
chemical bonds with a Lewis base such as ammonia, water,
or hygrogen fluoride. As can be seen in Figure 5, these pre-
cursor complexes (Me2X···MeOH) appear to have the same
structure, in which optimal overlap between the lone pair
orbital of MeOH and the empty p orbital of Me2X is ach-
ieved by an orthogonally planar approach of the two mole-
cules (see Scheme 2). The donor–acceptor interaction leads
to calculated C�O, Si�O, Ge�O, Sn�O, and Pb�O bond
lengths of 1.93, 2.06, 2.19, 2.33, and 2.46 K, respectively. At-
tempts to locate molecular complexes at much longer X�O
distances failed. Thus, the theoretical findings suggest that
the complexes obtained in this work can be considered as
Lewis acid–base adducts.

Furthermore, an intriguing question here is whether the
initial formation of the donor–acceptor complex from
Me2X+MeOH is reversible. In principle, it is the depth of
the well for the precursor complex that determines whether
the barrier lies above or below the reactant threshold.
Deepening the well of the molecular complex may lower
the barrier to reaction below the energy of the reactants.
For instance, as shown in Table 5, in the Me2C+MeOH
case, the energy of the transition state is below the energy
of the reactants, so that no net barrier to reaction exists. The
present theoretical findings indicate that the formation of
the Me2C···MeOH Lewis acid–base adduct should not be re-
versible. On the other hand, as seen in Table 5, the stabiliza-
tion energies of the other four precursor complexes (PC)
are large, for example, Me2Si-PC (�9.9 kcalmol�1), Me2Ge-
PC (�7.7 kcalmol�1), Me2Sn-PC (�10 kcalmol�1), and
Me2Pb-PC (�9.6 kcalmol�1). Additionally, the energy of the
transition states relative to their corresponding reactants are
Me2Si-TS (+5.1 kcalmol�1), Me2Ge-TS (+15 kcalmol�1),
Me2Sn-TS (+24 kcalmol�1), and Me2Pb-TS (+
38 kcalmol�1); that is, the Me2X+MeOH (X=Si, Ge, Sn,
and Pb) reactions may not have enough energy to overcome
the barrier to insertion, and their donor–acceptor complexes
(Me2X···MeOH) should exist as local minima. All of the the-
oretical evidence suggests that the overall reactions of
Me2X+MeOH should not be reversible. Indeed, to my
knowledge, no experimental evidence of reversibility in
Me2X+MeOH reactions at room temperature has been re-
ported.[8,23, 24]

Second, the DFT frequency calculations for the transition
states Me2C-TS, Me2Si-TS, Me2Ge-TS, Me2Sn-TS, and
Me2Pb-TS showed that the single imaginary frequency
values are 58.0i, 1360i, 1332i, 1281i, and 1183i cm�1, respec-
tively. As mentioned above, the primary similarity between
the optimized transition states of Equation (4) was a struc-
ture of C1 symmetry resembling a Lewis acid–base adduct.

Table 5. Relative energies for singlet and triplet carbenes ((CH3)2X) and for
the process: reactants ((CH3)2X+CH3OH)precursor complex!transition
state!insertion product.[a,b]

System DEst
[c] DEcpx

[d] DE�[e] DH[f]

[kcalmol�1] [kcalmol�1] [kcalmol�1] [kcalmol�1]

(CH3)2CD �0.4651 �6.707 �1.526 �81.91
(�4.951) (�1.694) (�3.556) (�83.87)

(CH3)2SiD +22.00 �9.947 +5.092 �72.10
(+21.59) (�14.74) (+1.997) (�64.82)

(CH3)2GeD +26.91 �7.737 +15.41 �46.02
(+27.64) (�14.20) (+9.623) (�46.79)

(CH3)2SnD +27.93 �10.25 +23.75 �29.15
(+29.36) (�14.94) (+15.14) (�33.96)

(CH3)2PbD +36.49 �9.581 +37.76 �1.822
(+36.96) (�12.27) (+29.43) (�6.536)

[a] At the CCSD(T)/LANL2DZdp//B3LYP/LANL2DZ (B3LYP/LANL2DZ)
levels of theory. For B3LYP-optimized structures of the stationary points, see
Figure 5. [b] Energies differences have been zero-point-corrected. See text.
[c] Energy relative to the corresponding singlet state. A positive value means
the singlet is the ground state. [d] Stabilization energy of the precursor com-
plex, relative to the corresponding reactants. [e] Activation energy of the
transition state, relative to the corresponding reactants. [f] Reaction enthalpy
of the product, relative to the corresponding reactants.

Scheme 2.

Figure 5. B3LYP/LANL2DZ-optimized geometries [K, 8] of the reactants
(singlet), precursor complexes, transition states, and insertion products of
(CH3)2X (X=C, Si, Ge, Sn, Pb) and CH3OH.
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As shown in Table 5, the CCSD(T) barrier heights (kcal
mol�1) for the insertion reactions increase in the order:
Me2C-TS (�2.2)<Me2Si-TS (+5.1)<Me2Ge-TS (+15)<
Me2Sn-TS (+24)<Me2Pb-TS (+38). Also, their reaction en-
thalpies (kcalmol�1) increase in the order: Me2C (�82)<
Me2Si (�72)<Me2Ge (�46)<Me2Sn (�29)<Me2C (�1.8).
Again, one can easily observe that both orders follow the
same trend as the singlet–triplet splitting DEst of Me2X, as
shown above. This strongly implies that the values of DEst

are remarkably diagnostic of the reactivities of heavy car-
bene species.[14, 15] Finally, the present theoretical investiga-
tions predicted that Me2C, Me2Si, Me2Ge, and Me2Sn should
insert readily into the O�H bond of MeOH at room temper-
ature, which has been confirmed by some available experi-
mental observations.[8,24] Nevertheless, the calculations also
imply that Me2Pb insertion into the MeOH molecule is
nearly thermoneutral, with an exothermicity of less than
2 kcalmol�1. Hence, Me2Pb should not insert readily into
the O�H bond. As there are no relevant experimental and
theoretical data on such systems, the above result is a pre-
diction.

Ethane insertion reactions : The reaction of Me2X with C2H6

was studied in the present work. Selected geometrical pa-
rameters of reactants (Me2X+C2H6), precursor complex,
TS, and insertion product for Equation (5) are shown in
Figure 6. The relative energies of these stationary points are

summarized in Table 6. The major conclusions that can be
drawn from Table 6 and Figure 6 follow.

Like the case of methane insertion shown previously, my
computational results indicate that singlet-state Me2X in-
serts into the C�C bond of C2H6 in a concerted manner via
a three-center transition state, and that the stereochemistry
at the X center (X=C, Si, Ge, Sn, Pb) is preserved. The
B3LYP/LANL2DZ frequency calculations for the transition
states Me2C-TS, Me2Si-TS, Me2Ge-TS, Me2Sn-TS, and
Me2Pb-TS gave single imaginary frequency values of 831i,
700i, 612i, 569i, and 480i cm�1, respectively. Again, as dem-
onstrated in Table 6, it can be seen that the trend in DEst of
Me2X is in reasonable agreement with the that in the activa-
tion energies (kcalmol�1): Me2C-TS (+55)<Me2Si-TS
(+59)<Me2Ge-TS (+63)<Me2Sn-TS (+67)<Me2Pb-TS
(+71). Moreover, all the C�C bond insertion reactions are
thermodynamically exothermic. The order of exothermicity
also follows the same trend as that of the DEst of Me2X
(kcalmol�1): Me2C-Pro (�74)<Me2Si-Pro (�62)<Me2Ge-
Pro (�40)<Me2Sn-Pro (�20)<Me2Pb-Pro (�14). Again,
these phenomena emphasize that the singlet–triplet splitting
DEst of Me2X plays a key role in determining its chemical
reactivity. Furthermore, the calculated barrier heights are
quite sizable (55–71 kcalmol�1), and this suggests that di-
methyl-substituted heavy carbenes are kinetically stable
with respect to insertion into the C�C bond of alkanes.
Indeed, my theoretical results are consistent with some ex-
perimental evidence that Me2Sn does not insert readily into
the C�C bond.[8]

Ethene cycloaddition reactions : In this section the results
for the four regions on the potential energy surfaces of 5 are
presented: the reactants (Me2X+C2H4), the precursor com-
plex, the TS, and the cycloaddition product [see Eq. (6)].
The fully optimized geometries for these stationary points,
calculated at the B3LYP/LANL2DZ level, are given in

Table 6. Relative energies for singlet and triplet carbenes ((CH3)2X) and for
the process: reactants ((CH3)2X+C2H6)!precursor complex!transition
state!insertion product.[a,b]

System DEst
[c] DEcpx

[d] DE�[e] DH[f]

[kcalmol�1] [kcalmol�1] [kcalmol�1] [kcalmol�1]

(CH3)2CD �0.4651 �1.182 +55.02 �74.00
(�4.951) (�0.2209) (+57.61) (�85.25)

(CH3)2SiD +22.00 �1.326 +58.76 �62.42
(+21.59) (�0.3640) (+60.91) (�58.34)

(CH3)2GeD +26.91 �2.103 +62.80 �39.62
(+27.64) (�0.3721) (+63.22) (�41.25)

(CH3)2SnD +27.93 �1.800 +66.57 �20.49
(+29.36) (�0.4675) (+66.35) (�25.29)

(CH3)2PbD +36.49 �1.852 +71.43 �14.39
(+36.96) (�0.1763) (+72.25) (�17.45)

[a] At the CCSD(T)/LANL2DZdp//B3LYP/LANL2DZ (B3LYP/LANL2DZ)
levels of theory. For B3LYP-optimized structures of the stationary points, see
Figure 6. [b] Energy differences have been zero-point-corrected. See text.
[c] Energy relative to the corresponding singlet state. A positive value means
the singlet is the ground state. [d] Stabilization energy of the precursor com-
plex, relative to the corresponding reactants. [e] Activation energy of the
transition state, relative to the corresponding reactants. [f] Reaction enthalpy
of the product, relative to the corresponding reactants.

Figure 6. B3LYP/LANL2DZ-optimized geometries [K, 8] of the reactants
(singlet), precursor complexes, transition states, and insertion products of
(CH3)2X (X=C, Si, Ge, Sn, Pb) and C2H6.
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Figure 7. The relative energies at the DFT and CCSD(T)
levels of theory are collected in Table 7. Several interesting
results obtained from Figure 7 and Table 7 follow.

Since the Me2X plus ethene reaction leads to a three-
membered cyclic product, as expected for a 1,2-addition, it
is reasonable to assume a parallel planar approach of Me2X
to ethylene in the formation of the p complex.[11c] As can be
seen in Figure 7, the parallel planar orientation of the react-
ing molecules is maintained along this reaction coordinate.
The transition state for each Me2X addition reaction was lo-
cated at the B3LYP/LANL2DZ level of theory. The opti-
mized geometries of the five transition states can be found
in Figure 7. Examination of the single imaginary frequency
for each transition state (56.8i cm�1 for Me2C-TS, 41.5i cm

�1

for Me2Si-TS, 58.1i cm�1 for Me2Ge-TS, 150i cm�1 for
Me2Sn-TS, and 75.0i cm�1 for Me2Pb-TS) provides excellent
confirmation of the concept of a cycloaddition process.
Moreover, the energy of the transition state relative to its
corresponding precursor complex, at the CCSD(T) level, is
calculated to increase in the order (kcalmol�1): Me2C-TS
(+0.22)<Me2Si-TS (+1.7)<Me2Ge-TS (+2.8)<Me2Sn-TS
(+9.1)<Me2Pb-TS (+30). The trend in reaction enthalpy
also mirrors the trend in activation energy: Me2C-Pro
(�83)<Me2Si-Pro (�44)<Me2Ge-Pro (�19)<Me2Sn-Pro
(+0.27)<Me2Pb-Pro (+24). Again, these trends reflect that
of DEst, which increases as X changes from C to Pb. These re-
sults are also consistent with the prediction that the activation
barrier should be correlated to the reaction enthalpy for a
cycloaddition.[14,15] Finally, the energies of the cycloaddition
products for both Me2Sn and Me2Pb are above those of the
corresponding reactants. This strongly implies that the cyclo-
addition reactions of stannylene and plumbylene to alkenes
should be energetically unfavorable from a thermodynamic
viewpoint. This is in good agreement with the experimental
observation that Me2Sn is unreactive towards alkenes.[8]

Ethyne cycloaddition reactions : The fully optimized geome-
tries of the reactants, the precursor complex, the TS, and the
ethyne cycloaddition product [Eq. (7)] for Me2X calculated
at the B3LYP/LANL2DZ level are collected in Figure 8.
Their relative energies at the DFT and CCSD(T) levels of
theory are summarized in Table 8. The major conclusions
that can be drawn from Table 8 and Figure 8 are discussed
below.
As in the case of ethylene cycloaddition to Me2X, model

systems showed that ethyne cycloaddition reactions all pro-
ceed in a concerted fashion via a three-center transition
state in the p-attack pathway,[11c] as shown in Figure 8.
These transition structures are characterized by one imagi-
nary frequency of 180i, 121i, 137i, 184i, and 75.0i cm�1 for
Me2C-TS, Me2Si-TS, Me2Ge-TS, Me2Sn-TS, and Me2Pb-TS,
respectively. The normal coordinate corresponding to the
imaginary frequency is primarily the motion of the Me2X
species toward the C�C triple bond, as found in the TS for
ethylene cycloaddition to Me2X. As demonstrated in
Table 8, the trends in DEst of Me2X correlate well with those
in activation energy and enthalpy (DE�, DH) for the cyclo-
addition reaction: Me2C (+0.12, �72)<Me2Si (�1.9, �51)<
Me2Ge (�4.0, �27)<Me2Sn (+2.4, �8.4)<Me2Pb (+18,
+17) kcalmol�1. Again, all of the theoretical observations
strongly suggest that the singlet–triplet separation DEst of
Me2X plays a decisive role in determining the chemical reac-

Figure 7. B3LYP/LANL2DZ-optimized geometries [K, 8] of the reactants
(singlet), precursor complexes, transition states, and insertion products of
(CH3)2X (X=C, Si, Ge, Sn, Pb) and C2H4.

Table 7. Relative energies for singlet and triplet carbenes ((CH3)2X) and for
the process: reactants ((CH3)2X+C2H4)!precursor complex!transition
state!addition product.[a,b]

System DEst
[c] DEcpx

[d] DE�[e] DH[f]

[kcalmol�1] [kcalmol�1] [kcalmol�1] [kcalmol�1]

(CH3)2CD �0.4651 �0.9522 �??7290 �83.31
(�4.951) (�0.1883) (+0.8120) (�78.91)

(CH3)2SiD +22.00 �3.754 �2.026 �43.58
(+21.59) (�0.8842) (�1.034) (�36.65)

(CH3)2GeD +26.91 �6.306 �3.487 �19.49
(+27.64) (�5.041) (�5.063) (�17.73)

(CH3)2SnD +27.93 �5.066 +4.098 +0.2681
(+29.36) (�4.121) (+3.585) (�0.6903)

(CH3)2PbD +36.49 �5.457 +24.40 +24.41
(+36.96) (�3.540) (+24.32) (+24.33)

[a] At the CCSD(T)/LANL2DZdp//B3LYP/LANL2DZ (B3LYP/LANL2DZ)
levels of theory. For B3LYP-optimized structures of the stationary points, see
Figure 7. [b] Energies differences have been zero-point-corrected. See text.
[c] Energy relative to the corresponding singlet state. A positive value means
the singlet is the ground state. [d] Stabilization energy of the precursor com-
plex, relative to the corresponding reactants. [e] Activation energy of the
transition state, relative to the corresponding reactants. [f] Reaction enthalpy
of the product, relative to the corresponding reactants.
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tivity of the heavy carbene species. Furthermore, it is note-
worthy that the CCSD(T) results show that the activation
energy for the cycloaddition of Me2Sn to C2H2 is quite
small, just above the energy of the reactants by 2.4 kcal

mol�1. On the other hand, the exothermicity of the reaction
is predicted to be �8.4 kcalmol�1. These theoretical results
suggest that Me2Sn should be reactive towards ethyne,
which has been confirmed by Walsh et al.[8] Nevertheless,
our theoretical investigations also predict that Me2Pb should
be unreactive towards alkynes. Since there are no relevant
experimental and theoretical data on this system, this result
can be regarded as a prediction.

Conclusion

As the above analysis has demonstrated, the CM approach
adds additional facets and insights into this relatively poorly
understood area of mechanistic studies for both stannylenes
and plumbylenes. Although the relative reactivity of heavy
carbenes is determined by the entire potential energy sur-
face, the concepts of the CM model, which focuses on the
singlet–triplet splitting in the reactants, allows one to assess
quickly the relative reactivity of a variety of heavy carbenes
without specific knowledge of the actual energies of the in-
teractions involved. Therefore, the energetic separation be-
tween the lowest singlet and triplet electronic states of a
heavy carbene is perhaps the most critical parameter re-
quired for the prediction of the reactivity of these fascinat-
ing species. In spite of its simplicity, my approach can pro-
vide chemists with important insights into the factors con-
trolling the activation energies for both insertion and addi-
tion reactions, and thus permit them to predict the reactivity
of unknown substituted heavy carbenes. The predictions
may be useful as a guide to future synthetic efforts and to
indicate problems that merit further study by both theory
and experiment. It is hoped that the present work will stim-
ulate a further research into this subject.

Methods of Calculation

All geometries were fully optimized without imposing any symmetry con-
straints, although in some instances the resulting structure showed vari-
ous elements of symmetry. Their geometries and energetics were calculat-
ed by using nonlocalized DFT in conjunction with a standard LANL2DZ
basis set,[25] which is denoted as B3LYP/LANL2DZ.[26] The spin-unre-
stricted (UB3LYP) formalism was used for the open-shell (triplet) spe-
cies. Frequency calculations were performed on all structures to confirm
that the reactants, intermediates, and products had no imaginary frequen-
cies, and that transition states possessed only one imaginary frequency.
The relative energies were thus corrected for vibrational zero-point ener-
gies (ZPE, not scaled).

Single-point energies were also calculated at CCSD(T)(frozen)/
LANL2DZdp//B3LYP/LANL2DZ level of theory,[27] to improve the
treatment of electron correlation. Unless otherwise noted, relative ener-
gies given in the text are those determined at the CCSD(T) level[28] and
include vibrational zero-point energy (DZPE) corrections determined at
the B3LYP/LANL2DZ level. Furthermore, seven of the reactions that
we have investigated [i.e., Me2C in Eqs. (1)–(7)] were probed in some
detail by determining the intrinsic reaction coordinate (IRC) with the al-
gorithm proposed by Schlegel.[29]

In any event, our IRC calculations show that the transition states we
found in this work should be true transition states since they correctly
link either the reactants or the precursor complexes. All calculations
were performed with the Gaussian98/DFT package.[30,31]

Figure 8. B3LYP/LANL2DZ-optimized geometries [K, 8] of the reactants
(singlet), precursor complexes, transition states, and insertion products of
(CH3)2X (X=C, Si, Ge, Sn, Pb) and C2H2.

Table 8. Relative energies for singlet and triplet carbenes ((CH3)2X) and for
the process: reactants ((CH3)2X+C2H2)!precursor complex!transition
state!addition product.[a,b]

Systems DEst
[c] DEcpx

[d] DE�[e] DH[f]

[kcalmol�1] [kcalmol�1] [kcalmol�1] [kcalmol�1]

(CH3)2CD �0.4651 �3.180 +0.1216 �71.69
(�4.951) (�0.8321) (+0.7850) (�67.35)

(CH3)2SiD +22.00 �4.396 �1.854 �51.45
(+21.59) (�2.225) (�1.249) (�41.70)

(CH3)2GeD +26.91 �1.176 �4.029 �26.74
(+27.64) (�1.391) (�3.672) (�23.03)

(CH3)2SnD +27.93 �4.767 +2.420 �8.395
(+29.36) (�3.324) (+1.202) (�8.362)

(CH3)2PbD +36.49 �4.994 +18.14 +17.56
(+36.96) (�3.065) (+17.63) (+17.69)

[a] At the CCSD(T)/LANL2DZdp//B3LYP/LANL2DZ (B3LYP/LANL2DZ)
levels of theory. For B3LYP-optimized structures of the stationary points, see
Figure 8. [b] Energy differences have been zero-point-corrected. See text.
[c] Energy relative to the corresponding singlet state. A positive value means
the singlet is the ground state. [d] Stabilization energy of the precursor com-
plex, relative to the corresponding reactants. [e] Activation energy of the
transition state, relative to the corresponding reactants. [f] Reaction enthalpy
of the product, relative to the corresponding reactants.
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