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The potential energy surfaces for the chemical reactions of cationic six-membered group 14 heavy carbene
species have been studied using density functional theory (B3LYP/LANL2DZ) and CCSD (CCSD/LANL2DZ//
B3LYP/LANL2DZ) methods. Five six-membered group 14 cationic heavy carbene species, [HC(CMeN-
Ph)2E:]+, where E ) C, Si, Ge, Sn, and Pb, have been chosen as model reactants in this work. Also, four
kinds of chemical reaction, C-H bond insertion, multiple bond cycloaddition, dimerization, and O-H bond
insertion, have been used to study the chemical reactivities of these group 14 cationic carbene species. Basically,
our present theoretical work predicts that the larger the ∠ NEN bond angle and the smaller the singlet-triplet
splitting of the carbene, the lower its activation barriers will be and, in turn, the more rapid are its chemical
reactions with other species. Moreover, the theoretical investigations suggest that the relative carbenic reactivity
decreases in the order C > Si > Ge > Sn > Pb. That is, the heavier the group 14 atom (E), the more stable
is its cationic carbene toward chemical reaction. As a result, we predict that the cationic six-membered group
14 carbene species (E ) C, Si, Ge, Sn, and Pb) should be stable, readily synthesized, and isolated at room
temperature. Our computational results are in good agreement with the available experimental observations.
Furthermore, the singlet-triplet energy splitting of the carbene, as described in the configuration mixing
model attributed to the work of Pross and Shaik, can be used as a diagnostic tool to predict its reactivities.
The results obtained allow a number of predictions to be made.

I. Introduction

During the last three decades, the development of the
chemistry of divalent group 14 compounds has received wide
interest because of their unusual structures and properties1 when
compared with compounds containing the hydride species, such
as methylene (H2C:) and silylene (H2Si:). Most can be stabilized
kinetically by sterically demanding ligands and/or thermody-
namically by inter- and intramolecular coordination. Indeed,
many nitrogen-containing bulky ligands have been used to
stabilize these compounds.2 Of these, the syntheses of stable
cationic carbene-like compounds containing heavy group 14
elements have been a particular challenge to synthetic chemists.

Through the elegant studies performed by Driess and co-
workers, kinetically stabilized molecules bearing a cationic six-
membered ring, have been synthesized and fully characterized.3

That is, the kinetic stabilization of the low-coordinate, divalent
silicon and germanium center in such molecules can be achieved
by favorable N-coordination and planar aromatic six π-electron
delocalization. See Scheme 1. Nevertheless, attempts to isolate
other cationic analoguesscarbene, stannylene, and plumbylenes-
have all been unsuccessful up to now. Although there have been
a few reports concerning the chemical and physical properties
of available group 14 cationic heavy carbene species,4 to the
best of our knowledge, neither experimental nor theoretical work
has been devoted to a systematic study of their reactivities.

It is these unsolved problems that inspired this study. To
elucidate the mechanisms and barrier heights for the group 14
reactivities, we have now undertaken a systematic investigation
of the potential energy surfaces of several different kinds of
cationic carbene reactions. Three kinds of chemical reactions

are discussed in the present work. They are insertion, cycload-
dition, and dimerization. We therefore present a density
functional theory (DFT) study to investigate the potential energy
surfaces and mechanisms of the following reactions:

That is, we theoretically consider the reaction paths of three
kinds of model reactions involving a series of group 14 cationic
heavy carbenes of the type [HC(CMeNPh)2E:]+, where E ) C,
Si, Ge, Sn, and Pb. Each of these pathways was examined
computationally, and each is described in detail below.* Corresponding author e-mail: midesu@mail.ncyu.edu.tw.
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Our specific aims are to gain a deeper understanding of the
reaction mechanism using the DFT method, to explain trends
in the reactivity on varying the element E, and to bring out
factors that control the magnitude of the activation barrier.
Moreover, a better understanding of the thermodynamic and
kinetic aspects of such cationic carbene reactions may shed some
light on the optimal design of further related catalytic processes
and chemical synthesis.

II. Theoretical Methods

All geometries were fully optimized without imposing any
symmetry constraints, although several optimized structures
showed various elements of symmetry. For our DFT calcula-
tions, we used the hybrid gradient-corrected exchange functional
proposed by Becke,5 combined with the gradient-corrected
correlation functional of Lee, Yang, and Parr.6 Thus, the
geometries of all the stationary points were fully optimized at
the B3LYP level of theory. These B3LYP calculations were
carried out with pseudorelativistic effective core potentials on
the group 14 elements modeled using the double-� (DZ) basis
sets.7 Accordingly, we denote our B3LYP calculations by
B3LYP/LANL2DZ. It is noted that the model compounds
HC(CMeNPh)2E have 213 (136 electrons) basis functions for
E ) C, Si, Ge, Sn, and Pb. The spin-unrestricted (UB3LYP)
formalism was used for the open-shell (triplet) species. The
computed expectation values of the spin-squared operator <S2>
were in the range of 2.001-2.023 for the triplet species
considered here. Therefore, they were very close to the correct
value of 2.0 for pure triplets, so that their geometries and
energetics are reliable for this study.

Frequency calculations were performed on all structures to
confirm that the reactants and products had no imaginary
frequencies and that transition states (TSs) possessed only one
imaginary frequency. The relative energies at 0 K were thus
corrected for vibrational zero-point energies (ZPE, not scaled).
Thermodynamic corrections to 298 K, ZPE corrections, heat
capacity corrections, and entropy corrections (∆S) obtained were
applied at the B3LYP/LANL2DZ level. Thus, the relative free
energy (∆G) at 298 K was also calculated at the same level of
theory. For better energetics, single-point energies were also
calculated at CCSD(FC)/LANL2DZ//B3LYP/LANL2DZ + ZPE

(B3LYP/ LANL2DZ) (or CCSD),8 to improve the treatment of
electron correlation. All of the DFT calculations were performed
using the GAUSSIAN 03 package of programs.9

III. Results and Discussion

1. Geometries and Electronic Structures of [HC(CMeN-
Ph) 2E:]+. Before discussing the geometrical optimizations and
the potential energy surfaces for the chemical reactions of the
cationic heavy carbene species, we shall first examine the
geometries and electronic structures of the reactants, that is,
[HC(CMeNPh)2E:]+ (E ) C, Si, Ge, Sn, and Pb). The optimized
geometries for these four valence-electron carbenic cations were
calculated at the B3LYP/LANL2DZ level of theory, and their
selected geometrical parameters are collected in Table 1, where
they are compared with some available experimental data.3 The
relative energies obtained from DFT calculations are also
summarized in Table 1. Their Cartesian coordinates are included
in the Supporting Information.

In the present work, reactants [HC(CMeNPh)2E:]+ (E ) C,
Si, Ge, Sn, and Pb) have been calculated both as singlet and as
triplet species, whose geometric parameters are shown in Table
1. As mentioned earlier, although only two crystallographic
investigations on substituted [HC(CMeNPh)2Si:]+ and [HC(CMe-
NPh)2Ge:]+ have been carried out during the last two years, no
theoretical calculations are so far available in the literature for
these compounds. Our B3LYP calculations predict that the
average Si-N and Ge-N bond lengths in the singlet state are
1.823 and 1.923 Å, which can be compared with the experi-
mental values 1.768 and 1.865 Å,3 respectively. The greater
bond lengths at silicon and germanium are somewhat surprising
and are presumably due to the larger size of the aryl substituent
at the nitrogens.3 Similarly, the calculated N-C bond length in
[HC(CMeNPh)2Si:]+ (average 1.374 Å at B3LYP) and [HC(CMe-
NPh)2Ge:]+ (average 1.370 Å at B3LYP) compare favorably
with those determined from X-ray data in [HC(CMeNPh)2-
Si:]+ (1.365 Å) and [HC(CMeNPh)2Ge:]+ (1.402 Å), respec-
tively, reported by Driess et al.3 On the other hand, the ∠ NSiN
anglein[HC(CMeNPh)2Si:]+andthe∠ NGeNanglein[HC(CMeNPh)2Ge:
]+ are 95.16 and 92.36°, respectively, which agree reasonably
well with the experimental values (96.50 and 95.84°,3 respec-
tively) as given in Table 1, bearing in mind that the experimental

TABLE 1: Selected Geometric Values and Relative Energies for Singlet and Triplet Group 14 Carbenes, HC(CMeNPh)2E,
Where E ) C, Si, Ge, Sn, and Pba,b

system E ) C E ) Sic E ) Ged E ) Sn E ) Pb

Singlet
E-N (Å) 1.402 1.823 [1.768] 1.923 [1.865] 2.090 2.164
N-C (Å) 1.383 1.374 [1.365] 1.370 [1.402] 1.369 1.367
C-C (Å) 1.403 1.408 [1.384] 1.409 [1.397] 1.412 1.414
∠ NEN (°) 121.0 95.16 [96.50] 92.36 [95.84] 87.78 86.15

Triplet
E-N (Å) 1.417 1.838 1.940 2.309 2.401
N-C (Å) 1.367 1.362 1.417 1.333 1.331
C-C (Å) 1.419 1.425 1.422 1.446 1.447
∠ NEN (°) 123.1 98.41 93.75 83.05 81.24
∆Est

e (kcal mol-1) 46.19 59.97 67.28 71.93 77.75

a All were calculated at the B3LYP/LANL2DZ (singlet) and UB3LYP/LANL2DZ (triplet) levels of theory. b The parameters from
experiments are given in brackets. c See ref 3a. d See ref 3b. e Energy relative to the corresponding singlet state. A positive value means the
singlet is the ground-state.
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structures contain bulkier groups. Namely, the differences may
be attributed to steric effects that cause the experimentally
studied [HC(CMeNPh)2Si:]+ and [HC(CMeNPh)2Ge:]+ to have
larger ∠ NEN bond angles than the species studied theoretically.
Basically, as can be seen in Table 1, the agreement for both
bond lengths and bond angles in the rings (E ) Si and Ge)
between the B3LYP results and experiments3 for the singlet
state is quite good, with the bond lengths and angles in
agreement to within 0.058Å and 3.5°, respectively. As a result
of this encouraging agreement, it is believed that the B3LYP
calculations will provide an adequate theoretical level for further
investigations of the molecular geometries, electronic structures,
and kinetic features of the reactions.

As expected, irrespective of the multiplicity of the group 14
cationic heavy carbene, our computations suggest that the E-N
bond distance increases monotonically down the group from C
to Pb. The reason for this is mainly due to the increase in atomic
radius of E from carbon to lead. As can be seen in Table 1, the
singlet ∠ NEN bond angles at the C, Si, Ge, Sn, and Pb centers
in the [HC(CMeNPh)2E:]+ species, decreases in the order 123°
(C) > 95.2° (Si) > 92.4° (Ge) > 87.8° (Sn) > 86.2° (Pb).
Likewise, the triplet ∠ NEN bond angles follow the same trend:
119° (C) > 98.4° (Si) > 93.8° (Ge) > 83.1 (Sn) > 81.2° (Pb).
Besides this, it is apparent that as the E atom becomes heavier

a more acute ∠ NEN bond angle is favored in both singlet and
triplet [HC(CMeNPh)2E:]+. The reason for this may be due to
the “orbital nonhybridization effect”, also known as the “inert
s-pair effect”.10 As is well-known, tin (as well as lead) has a
low tendency to form hybrid orbitals with high p character
because of the size difference between the valence s and p
atomic orbitals.10 Accordingly, the carbenic center (E) tends to
form a nonbonding orbital acquiring mainly s-characters,
whereas the remaining p-electrons are used up to form π bonds
with the neighboring nitrogen atoms. Consequently, the valence
s and p orbitals of the heavier members of the group overlap
less to form strong hybrid orbitals.10 It is therefore expected
that a [HC(CMeNPh)2E:]+ compound with a heavier E center
favors a smaller bond angle ∠ NEN.

In the case of cyclic [HC(CMeNPh)2E:]+ (E ) C, Si, and
Ge) reactants, other interesting trends observed in Table 1 are
the increase in the bond distance E-N and in the bond angle
∠ NEN on going from the singlet to the triplet state. On the
other hand, the triplet state of [HC(CMeNPh)2Sn:]+ and
[HC(CMeNPh)2Pb:]+ have a significantly greater bond distance
(E-N) and a narrow bond angle ∠ NEN than their closed shell
singlet. The reason for these phenomena can be understood
simply by considering their electronic structures (vide infra).

Figure 1. Calculated frontier molecular orbitals for the [HC(CMeNPh)2E:]+ (E ) C, Si, Ge, Sn, and Pb) species. For more information see the
text.
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Figure 1 is a molecular orbital correlation diagram of valence
orbitals for [HC(CMeNPh)2E:]+(E ) C, Si, Ge, Sn, and Pb).
Substitution of a single E atom at the [HC(CMeNPh)2E:]+ center
decreases the energy of the σ orbital on going from C to Pb,
that is, E σ(C) > E σ(Si) > E σ(Ge) > E σ(Sn) > E σ(Pb).
Likewise, this substitution also decreases the p-π orbital energy,
that is, E p-π(C) > E p-π(Si) > E p-π(Ge) > E p-π(Sn) >
E p-π(Pb). Note that the nature of the σ and the p-π orbitals
in [HC(CMeNPh)2E:]+ are quite different from those encoun-
tered in traditional group 14 divalent compounds.11 For instance,
the HOMO of [HC(CMeNPh)2C:]+ is essentially a nonbonding
σ orbital. This lone pair orbital is arranged in the cyclic plane
of the [HC(CMeNPh)2E:]+ species, in a pseudotrigonal planar
fashion with respect to the two sets of E-N linkages. As a result,
such lone pairs can be viewed as located within an orbital of
predominant sp2-character. It should be noted that the existence
of a nonbonded lone pair of electrons at the E center strongly
endorses the singlet carbene character of the group 14 divalent
molecules (vide infra). Similarly, the vacant p-π orbital is
situated on the LUMO + 1 energy level of the [HC(CMeNPh)2-
C:]+ species as shown in Figure 1. On the other hand, our
theoretical findings indicate that the HOMO in the [HC(CMe-
NPh)2E:]+ (E ) Si, Ge, Sn, and Pb) case is entirely ligand-
based and of π symmetry. Besides this, our computations show
that, for the [HC(CMeNPh)2E:]+ (E ) Ge, Sn, and Pb)
compounds, although their LUMOs correspond to the E p-π
orbital, their HOMOs do not involve the E lone pair. The latter
is the HOMO-5 level, and separated from the corresponding
LUMO by about 105 (Ge), 101 (Sn), and 135 (Pb) kcal/mol,
respectively. The reason for such molecular orbital locations
may be attributed to the “orbital non-hybridization effect”, also
known as the inert s-pair effect, as discussed earlier.10

Furthermore, the other striking feature is the singlet-triplet
splitting (∆Est ) Etriplet - Esinglet). As one can see in Table 1,
our DFT calculations indicate that the singlet-triplet splittings
for carbon, silicon, germanium, tin, and lead are 46, 60, 67, 72,
and 78 kcal/mol, respectively, that is, ∆Est increases in the order
C < Si < Ge < Sn < Pb. In other words, the heavier the central
group 14 atom (E), the larger the singlet-triplet splitting (∆Est)
of [HC(CMeNPh)2E:]+. Again, as mentioned earlier, the reason
for such a difference can be traced directly to electronic factors.
From Figure 1, it is apparent that the magnitude of the energy
difference between σ and p-π for the cyclic [HC(CMeNPh)2-
E:]+ systems becomes larger as one proceeds along the series
from C to Pb. Accordingly, our theoretical findings indicate that
the electronic perturbation effect, where the symmetry of frontier
orbitals changes, should play a significant role in determining
the energy ordering of the frontier orbitals. This, in turn, can
affect the magnitude of the singlet-triplet splitting for such
cationic cyclic divalent molecules.

In fact, the stabilities of the carbene analogues are determined
by the singlet-triplet energy separations in [HC(CMeNPh)2-
E:]+. If ∆Est is small, then the carbene-type structures will not
be stable and will be capable of facile chemical reactions (such
as with solvents, etc.). As already stated in Table 1, our
theoretical calculations demonstrated that the group 14 [HC-
(CMeNPh)2E:]+ species have comparatively large singlet-triplet
separations (∆Est > 46 kcal/mol). In consequence, these species
should be stable enough to be detected experimentally. The
supporting evidence comes from the fact that so far the silicon
and germanium carbeneoid species with a six-membered ring
(i.e., [HC(CMeNPh)2Si:]+ and [HC(CMeNPh)2Ge:]+) have been
experimentally identified and separated.3

Finally, as seen from Table 1, our DFT (and CCSD, vide
infra) calculations indicate that the [HC(CMeNPh)2E:]+ (E )
C, Si, Ge, Sn, and Pb) species all possess a singlet ground state.
This strongly indicates that all three reactions (eqs 1–3) should
proceed on the singlet surface. We shall thus focus on the singlet
surface from now on.

2. Geometries and Energetics of [HC(CMeNPh)2E:]+ +
CH4. We shall now consider mechanisms that proceed via eq
1, focusing on the transition states as well as on the insertion
products themselves. That is, the insertion mechanisms may be
thought to proceed as follows: reactants (Rea-CH4)f transition
state (TS-CH4)f products (Pro-CH4). The optimized geometries
calculated at the B3LYP/LANL2DZ level of theory involving
Rea-CH4, TS-CH4, and Pro-CH4 are collected in Figure 2. The
corresponding relative energies at the B3LYP and CCSD levels
of theory are given in Table 2. Cartesian coordinates calculated
for the stationary points at the B3LYP level are available as
Supporting Information. There are several important conclusions
from these results to which attention should be drawn.

Considering the C-H bond insertion reaction path, we have
located the transition state for each [HC(CMeNPh)2E:]+ case
(TS-CH4-C, TS-CH4-Si, TS-CH4-Ge, TS-CH4-Sn, and TS-
CH4-Pb) at the DFT level of theory. As one can see in Figure
2, all five transition state structures show the same three-center
pattern involving E (E ) C, Si, Ge, Sn, and Pb), carbon, and
hydrogen atoms. The transition state vectors are in accordance
with an insertion process, primarily with C-H bond stretching
accompanied by a hydrogen atom migrating to the E center.

Figure 2. B3LYP/LANL2DZ optimized geometries (in Ångströms and
degrees) of the reactants (singlet), transition states, and insertion
products of [HC(CMeNPh)2E:]+ (E ) C, Si, Ge, Sn, and Pb) and CH4.
See Table 2 for the relative energies for each species. Hydrogens are
omitted for clarity.
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The B3LYP eigenvalues give imaginary frequencies (cm-1) of
1122i (TS-CH4-C), 1293i (TS-CH4-Si), 1238i (TS-CH4-Ge),
1211i (TS-CH4-Sn), and 1191i (TS-CH4-Pb). As seen in
Figure 2, in the transition state, there is a trend as E increases
in atomic weight for the stretching C-H bond to become longer,
and for the forming E-H bond length to increase. For instance,
the breaking C-H bond lengths are 1.556 (C), 1.694 (Si), 1.811
(Ge), 1.904 (Sn), and 2.078 Å (Pb), respectively, whereas the
forming E-C bond lengths are 0.805 (C), 0.419 (Si), 0.377 (Ge),
0.332 (Sn), and 0.291 Å (Pb) longer than that in the
HC(CMeNPh)2E(H)(CH3)+ insertion product. These values
suggest that the C-H bond insertion takes place earlier along
the reaction coordinate for cations with lighter carbenic centers.
Thus, the E-H and E-C bond lengths in the transition structure
are more product-like for E ) Sn and Pb, and more reactant-
like for E ) C and Si. According to the Hammond postulate,12

the TS-CH4-Sn and TS-CH4-Pb should have the highest and
TS-CH4-C and TS-CH4-Si the smallest activation barriers.
This was fully confirmed by our theoretical calculations. As
shown in Table 2, the barrier height (CCSD) for the C-H
insertion reaction increases in the order (kcal/mol): TS-CH4-C
(+60) < TS-CH4-Si (+69) < TS-CH4-Ge (+87) < TS-
CH4-Sn (+103) < TS-CH4-Pb (+128). In other words, the
heavier the atomic number of the E center, the greater the C-H
insertion barrier.

On the other hand, the optimized product structures (Pro-
CH4-C, Pro-CH4-Si, Pro-CH4-Ge, Pro-CH4-Sn, and Pro-
CH4-Pb) are collected in Figure 2, and the calculated reaction
enthalpies for insertion are given in Table 2. Again, as Figure
2 shows, the order of the E-C bond length follows the same
trend as the atomic weight of the central atom E: Pro-CH4-C
(1.53 Å) < Pro-CH4-Si (1.87 Å) < Pro-CH4-Ge (1.94 Å) <
Pro-CH4-Sn (2.11 Å) < Pro-CH4-Pb (2.17 Å). To our
knowledge, experimental structures for such compounds are not
yet known.3 As mentioned above, a group 14 cationic carbene
with a less massive but more electronegative central atom
reaches the transition state relatively early, whereas one with a
more massive and less electronegative central atom arrives
relatively late. The former is therefore predicted to undergo a
more exothermic insertion, which is borne out by our B3LYP
and CCSD calculations. For example, the order of exothermicity
follows the same trend as the activation energy (CCSD, kcal/
mol): Pro-CH4-C (-39) < Pro-CH4-Si (-35) < Pro-CH4-Ge
(-7.8) < Pro-CH4-Sn (+12) < Pro-CH4-Pb (+47). Note that
the energies of Pro-CH4-Sn and Pro-CH4-Pb are above those
of their corresponding starting materials. This strongly implies

that CH4 insertion by [HC(CMeNPh)2Sn:]+ and [HC(CMe-
NPh)2Pb:]+ are energetically unfavorable and would be endo-
thermic. Namely, our theoretical findings suggest that the
insertion products of tin, and lead cationic carbenes should not
be produced from the C-H bond insertion reaction of [HC(CMe-
NPh)2Sn:]++CH4fHC(CMeNPh)2Sn(H)(CH3)+and[HC(CMeNPh)2Pb:
]+ + CH4 f HC(CMeNPh)2Pb(H)(CH3)+, respectively, but
possibly exist if these two final products are produced via other
reaction paths.

All the above DFT results can be rationalized on the basis of
a configuration mixing (CM) model attributed to the work of
Pross and Shaik.13,14 According to this model, the stabilization
of an insertion transition state depends on the singlet-triplet
splitting ∆Est () Etriplet - Esinglet) of the reactant group 14
cationic carbene; that is, a smaller ∆Est results in a greater
transition state stabilization, a lower activation energy, a faster
insertion reaction, and a greater exothermicity. Before further
discussion, let us emphasize here the importance of the status
of the triplet states of the group 14 cationic carbene reactants.
Because two new covalent bonds have to be formed in the
insertion product HC(CMeNPh)2E(H)(CH3)+, that is, the E-H
and E-C bonds (Figure 2), the bond-prepared [HC(CMeN-
Ph)2E:]+ state thus has to 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,13,14 the bonding in the product can
be recognized as occurring between the triplet [HC(CMeN-
Ph)2E:]+ state and the two doublet radicals (overall singlet),
the methyl radical, and the hydrogen atom. This is much the
same as bonding in the water molecule, which can be considered
as occurring between a triplet oxygen atom and two doublet
hydrogen atoms.15 In consequence, if a reactant [HC(CMe-
NPh)2E:]+ has a singlet ground-state with a small excitation
energy to the triplet state, then this will bring more opportunities
for the triplet state to take part in the singlet reaction and a
single-step bond insertion is expected to take place more readily.
As discussed earlier, our DFT results suggest an increasing trend
in ∆Est for the [HC(CMeNPh)2E:]+ reactant (CCSD calcula-
tions) as follows: C (46 kcal/mol) < Si (60 kcal/mol) < Ge
(70 kcal/mol) < Sn (103 kcal/mol) < Pb (128 kcal/mol). This
result is in accordance with the trend in activation energy and
reaction enthalpy (∆E‡, ∆H) for group 14 cationic carbene
species as discussed above. These results strongly support the
predictions as mentioned previously: the smaller the ∆Est of
the group 14 cationic carbene, [HC(CMeNPh)2E:]+, the lower
the barrier height and, in turn, the faster the insertion reaction
and the greater the exothermicity.

3. Geometries and Energetics of [HC(CMeNPh)2E:]+ +
C2H4. We next consider addition reactions that proceed via eq
2. For consistency with our previous work, the following
reaction mechanism has been used to explore the cycloaddition
reaction of group 14 cationic carbene systems with ethylene:
reactants (Rea-C2H4) f transition state (TS-C2H4) f addition
product (Pro-C2H4). For the systems E ) C, Si, Ge, Sn, and
Pb, their geometries and energetics have been calculated using
the B3LYP/LANL2DZ level of theory. Selected geometrical
parameters and relative energies of stationary points for the
above mechanism are collected in Figure 3 and Table 3.
Cartesian coordinates calculated for the stationary points at the
B3LYP level are available as Supporting Information. The major
conclusions drawn from the current study can be summarized
as follows.

As predicted before, a cationic six-membered [HC(CMe-
NPh)2E:]+ species and ethylene should undergo a [1 + 2]
cycloaddition with a barrier to form a cycloaddition product.

TABLE 2: Relative Energies for Singlet and Triplet Group
14 Cationic Carbene Species ([HC(CMeNPh)2E:]+) and for
the CH4 Insertion Process: Reactants ([HC(CMeNPh)2E:]+ +
CH4) f Transition State f Insertion Producta

system
∆Est

b

(kcal mol-1)
∆E‡c

(kcal mol-1)
∆Hd

(kcal mol-1)

E ) C 46.19 (46.23) 38.95 (60.08) -30.21 (-38.96)
E ) Si 59.97 (60.39) 66.07 (68.65) -11.07 (-35.22)
E ) Ge 67.28 (70.27) 78.52 (87.45) 7.314 (-7.837)
E ) Sn 71.93 (75.77) 88.10 (102.9) 21.50 (12.30)
E ) Pb 77.75 (79.96) 109.6 (128.4) 50.40 (46.63)

a All were calculated at the B3LYP/LANL2DZ (CCSD results in
parentheses) level of theory. For the B3LYP optimized structures of
the stationary points, see Figure 2. b Energy relative to the cor-
responding singlet state. A positive value means the singlet is the
ground-state. c The activation energy of the transition state, relative
to the corresponding reactants. d The reaction enthalpy of the
product, relative to the corresponding reactants.
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As one can see in Table 3, it is evident that these transition
states (i.e., TS-C2H4-C, TS-C2H4-Si, TS-C2H4-Ge, TS-
C2H4-Sn, and TS-C2H4-Pb), which all are at first-order saddle
points as determined by the frequency calculations at the
B3LYP/LANL2DZ level, proceed in a three-center pattern
involving the group 14 and two carbon atoms. Our B3LYP/
LANL2DZ frequency calculations for the transition states TS-
C2H4-C, TS-C2H4-Si, TS-C2H4-Ge, TS-C2H4-Sn, and TS-
C2H4-Pb indicate that the single imaginary frequency values
are 383i, 362i, 258i, 143i, and 142i cm-1, respectively. The
normal modes associated with the single imaginary frequency
are consistent with the CdC activation process, primarily the
CdC bond stretching with a group 14 atom migrating to the
double bond. It should be pointed out that such characteristic
three-centered cyclic transition states are quite analogous to
mechanisms observed for the addition reactions of singlet
carbene.16,17

Moreover, our B3LYP/LANL2DZ results demonstrate that
the larger the ∠ NEN bond angle, the more reactant-like the
transition state structure. From Table 3, it is apparent that the
length of the CdC bond for TS-C2H4-C, TS-C2H4-Si, TS-
C2H4-Ge, TS-C2H4-Sn, and TS-C2H4-Pb is 1.394, 1.449,
1.487, 1.531, and 1.562 Å, respectively, in comparison with
free ethene (1.330 Å). Besides these, one may easily see that
the activation energy (kcal/mol) of the transition state follows
the same trend as the singlet-triplet splitting in the cationic
six-membered [HC(CMeNPh)2E:]+ system, that is, TS-C2H4-C
(20.1) < TS-C2H4-Si (39.3) < TS-C2H4-Ge (46.5) < TS-

C2H4-Sn (58.3) < TS-C2H4-Pb (87.2). That is to say,
according to the CM model,13,14 one predicts that a cationic six-
membered [HC(CMeNPh)2E:]+ species with a more electro-
negative atom would have a larger ∠ NEN bond angle, a smaller
∆Est value, and a more facile cycloaddition to ethylene.

Finally, as one can see in Table 3, the energy of the final
cycloproducts relative to their corresponding reactants are -19.3
(Pro-C2H4-C), -7.06 (Pro-C2H4-Si), +19.2 (Pro-C2H4-Ge),
+44.9 (Pro-C2H4-Sn), and +82.5 kcal/mol (Pro-C2H4-Pb),
indicatingthatreactionsofcationicsix-membered[HC(CMeNPh)2-
E:]+ molecules with more electropositive group 14 atoms (E)

Figure 3. B3LYP/LANL2DZ optimized geometries (in Ångströms and
degrees) of the reactants (singlet), transition states, and addition products
of [HC(CMeNPh)2E:]+ (E ) C, Si, Ge, Sn, and Pb) and C2H4. See
Table 3 for the relative energies for each species. Hydrogens are omitted
for clarity.

Figure 4. B3LYP/LANL2DZ optimized geometries (in Ångströms and
degrees) of the reactants (singlet) and dimer products of [HC(CMeN-
Ph)2E:]+ (E ) C, Si, Ge, Sn, and Pb). For the relative energies for
each species, see Table 4. Hydrogens are omitted for clarity. For more
information see the text.

TABLE 3: Relative Energies for Singlet and Triplet Group
14 Cationic Carbene Species ([HC(CMeNPh)2E:]+) and for
the C2H4 Addition Process: Reactants ([HC(CMeNPh)2E:]+
+ C2H4) f Transition State f Addition Producta

system
∆Est

b

(kcal mol-1)
∆E‡c

(kcal mol-1)
∆Hd

(kcal mol-1)

E ) C 46.19 (46.23) 32.33 (20.11) -10.11 (-19.32)
E ) Si 59.97 (60.39) 36.56 (39.29) 9.172 (-7.062)
E ) Ge 67.28 (70.27) 44.39 (46.54) 34.07 (19.19)
E ) Sn 71.93 (75.77) 54.35 (58.29) 50.33 (44.88)
E ) Pb 77.75 (79.96) 84.57 (87.16) 81.53 (82.52)

a All were calculated at the B3LYP/LANL2DZ (CCSD results in
parentheses) level of theory. For the B3LYP optimized structures of
the stationary points, see Figure 3. b Energy relative to the cor-
responding singlet state. A positive value means the singlet is the
ground-state. c The activation energy of the transition state, relative
to the corresponding reactants. d The reaction enthalpy of the
product, relative to the corresponding reactants.
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are highly endothermic. Also, it should be noted that the order
of the reaction enthalpy follows the same trend as the ∠ NEN
bond angle as well as the singlet-triplet splitting (∆Est). In other
words, our model calculations demonstrate that the values of
∆Est are remarkably diagnostic of the reactivities of cationic
six-membered [HC(CMeNPh)2E:]+ species.

4. Geometries and Electronic Structures of Dimerization
Reactions. To understand more about the kinetic stability of
the cationic six-membered [HC(CMeNPh)2E:]+ molecule, its
dimerization reaction was also investigated in this work. Selected
geometrical parameters for the stationary point structures along
the pathway given in eq 3 and calculated at the B3LYP/
LANL2DZ level are shown in Figure 4. The relative energies
obtained at the same level of theory are collected in Table 4.
Cartesian coordinates for these stationary points are included
in the Supporting Information. There are several important
conclusions from these results to which attention should be
drawn.

As expected, a double-bond between the two group 14 atoms
should be formed during the dimerization reaction of two
[HC(CMeNPh)2E:]+ molecules. Nevertheless, repeated attempts
to find the transition state for a concerted dimerization of two
[HC(CMeNPh)2E:]+ species using the DFT methodology failed.
It was therefore concluded that no transition states exist on the
B3LYP surface for such dimerization reactions. Furthermore,
our thermodynamic results prove that all five dimers (i.e., Pro-
dimer-C, Pro-dimer-Si, Pro-dimer-Ge, Pro-dimer-Sn, and Pro-
dimer-Pb) contain no imaginary frequency and, in turn, can be
considered as true minima on the B3LYP potential energy
surfaces. As already shown in Figure 4, it is clear that the two
monomer molecules are positioned with the two six-membered
ring planes nearly orthogonal to each other, due to the presence
of two bulky protecting groups around the group 14 center.
Unfortunately, as we have mentioned earlier, because of a lack
of experimental and theoretical data on such species, the
geometrical values presented in this work should be considered
as predictions for future investigations.

Moreover, our B3LYP computations indicate that the greater
the atomic number of the group 14 element, the longer the EdE
bond distance. As demonstrated in Figure 4, the trend in EdE
bond length in the dimer molecule was calculated to be in the
order 1.869 (CdC) < 2.995 (SidSi) < 3.422 (GedGe) < 3.603
(SndSn) < 3.627 Å (PbdPb), correlating with the atomic size
of the main group 14 element E as it changes from C to Pb.
Besides this, the B3LYP calculations show that the energy of
the final products (dimers) relative to their corresponding

reactants are 44.6 (CdC), 46.4 (SidSi), 54.4 (GedGe), 55.8
(IndIn), and 58.6 (PbdPb) kcal/mol at the CCSD level of
theory. Also, we have calculated the free energy differences
(∆G) for eq 3 at 298 K, which are also given in Table 4. As
shown there, the values of ∆G between reactants and dimer
are 42.6, 58.4, 60.9, 64.7, and 68.2 kcal/mol for carbon, silicon,
germanium, tin, and lead species, respectively. Consequently,
our computational results predict that the dimerization reaction
should not occur during the formation of the cationic six-
membered [HC(CMeNPh)2E:]+ (E ) C, Si, Ge, Sn, and Pb)
species at room temperature.

IV. Extension

After submitting this paper, one referee suggested to calculate
three kinds of chemical reactions. That is, reactants (Rea-H2O)
f transition state (TS-H2O) f products (Pro-H2O), reactants
(Rea-HCCH) f transition state (TS-HCCH-1) f insertion
product (Pro-HCCH-1), and reactants (Rea-HCCH)f transition
state (TS-HCCH-2)f addition product (Pro-HCCH-2). See eqs
5–7, respectively. The optimized geometries calculated at the
B3LYP/LANL2DZ level of theory involving reactants, transition
states, and products are collected in Figures 5–7, respectively.
The corresponding relative energies at the B3LYP level of
theory are given in Tables 5 and 6, respectively. Cartesian
coordinates calculated for the stationary points at the B3LYP
level are available as Supporting Information.

Again, the results given in Tables 5–7 support the prediction
as stated earlier, the smaller the ∆Est of the group 14 cationic

TABLE 4: Relative Energies for Singlet and Triplet Group
14 Cationic Carbene Species ([HC(CMeNPh)2E:]+) and for
the Dimerization Process: Reactants (2[HC(CMeNPh)2E:]+)
f Dimerization Producta

system ∆Est
b (kcal mol-1) ∆Hc (kcal mol-1) ∆Gd (kcal mol-1)

E ) C 46.19 44.58 42.56
E ) Si 59.97 46.41 58.39
E ) Ge 67.28 54.35 60.88
E ) Sn 71.93 55.82 64.71
E ) Pb 77.75 58.60 68.18

a All were calculated at the B3LYP/LANL2DZ level of theory.
For the B3LYP optimized structures of the stationary points see
Figure 4. b Energy relative to the corresponding singlet state. A
positive value means the singlet is the ground-state. c The reaction
enthalpy of the product, relative to the corresponding reactants.
d The Gibbs free energy (298 K) of the product, relative to the
corresponding reactants.

Figure 5. B3LYP/LANL2DZ optimized geometries (in Ångströms and
degrees) of the reactants (singlet), transition states, and O-H insertion
products of [HC(CMeNPh)2E:]+ (E ) C, Si, Ge, Sn, and Pb) and H2O.
See Table 5 for the relative energies of each species. Hydrogens are
omitted for clarity.
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carbene, [HC(CMeNPh)2E:]+, the lower the barrier height and,
in turn, the faster the insertion reaction and the greater the
exothermicity. For instance, at the B3LYP level of theory the
barrier height for H2O activation increases in the order: TS-
H2O-C (7.78 kcal/mol) < TS-H2O-Si (20.6 kcal/mol) <
TS-H2O-Ge (31.5 kcal/mol) < TS-H2O-Sn (34.7 kcal/mol)
< TS-H2O-Pb (56.7 kcal/mol); and for HCCH activation: TS-
HCCH-C (44.7 kcal/mol) < TS-HCCH-Si (47.1 kcal/mol) <
TS-HCCH-Ge (58.1 kcal/mol) < TS-HCCH-Sn (62.4 kcal/
mol) < TS-HCCH-Pb (81.8 kcal/mol). Likewise, the reaction
enthalpy for insertion reaction increase in the order: Pro-H2O-C
(-39.7 kcal/mol) < Pro-H2O-Si (-35.7 kcal/mol) < Pro-
H2O-Ge (-16.1 kcal/mol) < Pro-H2O-Sn (-4.78 kcal/mol)
< Pro-H2O-Pb (+32.5 kcal/mol) and Pro-HCCH-C (-43.8
kcal/mol) < Pro-HCCH-Si (-25.4 kcal/mol) < Pro-HCCH-Ge
(-6.78 kcal/mol) < Pro-HCCH-Sn (+6.61 kcal/mol) < Pro-
HCCH-Pb (+38.8 kcal/mol). Similarly, after considering the
thermodynamic factors, Tables 5–7 also show that the Gibbs
free energies give the same trend as predicted earlier. Note that
the Gibbs free energetics of [1 + 2] cycloaddition products (Pro-
HCCH-2) are all above those of their corresponding reactants.
This indicates that the acetylene [1 + 2] cycloaddition reactions
by cyclic [HC(CMeNPh)2E:]+ molecules are energetically
unfavorable and would be endothermic. On the other hand, the
Gibbs free energetics of C-H insertion products (Pro-HCCH-
1) are only two cases below than those of the corresponding
reactants. Namely, our theoretical findings demonstrate that the
C-H bond activation reactions by cyclic [HC(CMeNPh)2C:]+

and [HC(CMeNPh)2Si:]+ are energetically favorable and can
obtain their insertion products at room temperature. In conse-
quence, [HC(CMeNPh)2C:]+ and [HC(CMeNPh)2Si:]+ with

Figure 6. B3LYP/LANL2DZ optimized geometries (in Ångströms and
degrees) of the reactants (singlet), transition states, and C-H insertion
products of [HC(CMeNPh)2E:]+ (E ) C, Si, Ge, Sn, and Pb) and C2H2.
See Table 6 for the relative energies of each species. Hydrogens are
omitted for clarity.

Figure 7. B3LYP/LANL2DZ optimized geometries (in Ångströms and
degrees) of the reactants (singlet), transition states, and [1 + 2]
cycloaddition products of [HC(CMeNPh)2E:]+ (E ) C, Si, Ge, Sn, and
Pb) and C2H2. See Table 7 for the relative energies for each species.
Hydrogens are omitted for clarity.

TABLE 5: Relative Energies for Singlet and Triplet Group
14 Cationic Carbene Species ([HC(CMeNPh)2E:]+) and for
the H2O Insertion Process: Reactants ([HC(CMeNPh)2E:]+
+ C2H4) f Transition State f Insertion Producta

system
∆Est

b

(kcal mol-1)
∆E‡c

(kcal mol-1)
∆Hd

(kcal mol-1)

E ) C 46.19 7.775 [17.93] -39.74 [-23.77]
E ) Si 59.97 20.62 [30.32] -35.66 [-29.90]
E ) Ge 67.28 31.51 [41.92] -16.14 [-4.456]
E ) Sn 71.93 34.70 [45.94] -4.784 [6.723]
E ) Pb 77.75 56.74 [66.08] 32.52 [42.56]

a All were calculated at the B3LYP/LANL2DZ level of theory.
For the B3LYP optimized structures of the stationary points, see
Figure 5. The Gibbs free energies are given in the square bracket.
b Energy relative to the corresponding singlet state. A positive value
means the singlet is the ground-state. c The activation energy of the
transition state, relative to the corresponding reactants. d The
reaction enthalpy of the product, relative to the corresponding
reactants.
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acetylene would prefer to undergo the C-H bond insertion
reaction, rather than the [1 + 2] cycloaddition reaction. These
computational results are in good agreement with the available
experimental observations.c,d

V. Conclusion

In this work, we have studied the mechanisms of four kinds
of chemical reactions of cationic six-membered [HC(CMeNPh)2-
E:]+ species using density functional theory and CCSD methods.
It should be pointed out that this study has provided the first
theoretical demonstration of the reaction trajectory and theoreti-
cal estimation of the activation energy and reaction enthalpy
for these chemical processes.

Our present theoretical investigations demonstrate that the
chemical reactivity of carbon, silicon, germanium, tin, and lead
species decrease in the order C > Si > Ge > Sn > Pb. From
another point of view, our theoretical findings confirm a general
belief that one of the important influences on the isolability of
a group 14 cationic carbene species is its group 14 atom center.3

That is to say, our theoretical works strongly imply that the

cationic six-membered group 14 carbene species (E ) C, Si,
Ge, Sn, and Pb) should be stable, and can be readily synthesized
and isolated at room temperature.

Regardless of the chemical reaction considered, it is found
that a knowledge of the singlet-triplet splitting of the cationic
six-membered [HC(CMeNPh)2E:]+ molecule is of great impor-
tance in understanding its reactivity because it can affect the
driving force for the chemical reaction. Qualitatively, the greater
the ∠ NEN bond angle and the smaller the ∆Est of the cationic
six-membered [HC(CMeNPh)2E:]+ molecule, the lower its
activation barrier and, in turn, the more rapid its chemical
reactions are. Specifically, electronic as well as steric factors
should play an important role in determining the chemical
reactivity of the cationic six-membered group 14 carbeneoids
from both kinetic and thermodynamic viewpoints.

Furthermore, we have demonstrated that the computational
results can be rationalized using a simple CM model. Although
the relative reactivity of various chemical species is determined
by the entire potential energy surface, the concepts of the CM
model, focusing on the singlet-triplet splitting in the reactants,
allows one to assess quickly the relative reactivity of a variety
of cationic six-membered group 14 carbene species without
specific knowledge of the actual energies of the interactions
involved. In spite of its simplicity, our approach can provide
chemists with important insights into the factors controlling these
chemical reactions, and thus permit them to predict the reactivity
of some unknown cationic six-membered group 14 carbene
species. 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. This should be helpful for further
developments in group 14 heavy-carbene chemistry.

We encourage experimentalists to carry out further experi-
ments to confirm our predictions.
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Noltemeyer, M.; Schmidt, H.-G. Organometallics 2002, 21, 5216. (b) Driess,
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