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ABSTRACT: The electronic structures of the Bbt(Br)EM(PCy3)2 (E = C, Si, Ge, Sn,
Pb and M = Pt, Pd) complexes and their potential energy surfaces for the formation and
water addition reactions were studied using density functional theory (B3LYP/
LANL2DZ). The theoretical evidence suggests that the bonding character of the E
M double bond between the six valence-electron Bbt(Br)E: species and the 14 valence-
electron (PCy3)2M complexes has a predominantly high s-character. That is, on the basis
of the NBO, this theoretical study indicates that the σ-donation from the E element to the
M atom prevails. Also, theoretical computations suggest that the relative reactivity
decreases in the order: Bbt(Br)CM(PCy3)2 > Bbt(Br)SiM(PCy3)2 > Bbt(Br)Ge
M(PCy3)2 > Bbt(Br)SnM(PCy3)2 > Bbt(Br)PbM(PCy3)2, irrespective of whether
M = Pt or M = Pd is chosen. Namely, the greater the atomic weight of the group 14 atom
(E), the larger is the atomic radius of E and the more stable is its Bbt(Br)EM(PCy3)2
doubly bonded species toward chemical reactions. The computational results show good
agreement with the available experimental observations. The theoretical results obtained in this work allow a number of
predictions to be made.

I. INTRODUCTION
The coordination chemistry of the heavier analogues of R2E:
carbenes (E = C, Si, Ge, Sn, and Pb) has attracted enormous
research interest in the past few decades, because of their
potential role as ligands for transition metals and their
hypothetical role in many catalytic processes.1,2 It has been
found that the characteristics of the R2E: species, which serve as
σ-donors and π-acceptors toward transition metal centers, can
be varied by adjusting by the nature of the substituents R.3 As a
result, many interesting carbene-like transition metal complexes
of the type, R2CMLn, have been synthesized and
characterized to date.1 Although many attempts have been
made, the availability of stable heavier R2EMLn complexes
remains limited, especially that of the heavy carbonic moieties,
owing to the difficulty of preparation of an appropriate heavy
carbene ligand source.
Only very recently, the elegant studies performed by Agou,

Sasamori and Tokitoh isolated Bbt(Br)SiPt(PCy3)2 (Bbt =
2,6-bis[bis(trimethylsilyl)methyl]-4-[tris(trimethylsilyl)-
methyl]phenyl and Cy = cyclohexane),4 which represents the
first example of an arylbromosilylene-platinum complex that
uses a 1,2-dibromosilene as a silylene source (see Scheme 1).
Details of its conformation concern its synthesis and X-ray
structure.4 It was also found that this new molecular species is
air- and moisture-sensitive.4 However, as far as the authors are
aware, no detailed mechanisms for its reactions have been
reported, either experimentally or theoretically.
It is this fascinating experimental breakthrough that has

inspired this study. If a stable silylene-group 10 transition metal

complex can be synthesized and isolated, it should be possible
to extrapolate this feature to other molecular systems
containing either EPd or EPt double bonds.5 As stated
above, no quantum chemical computations for the reactions of
Bbt(Br)SiPt(PCy3)2 have yet been performed, let alone a
systematic theoretical study of elemental effects on the
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reactivity of molecules with either EPd or EPt double
bonds.

→Bbt(Br)E E(Bbt)Br 2Bbt(Br)E : (1)
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3 2 2

3 2 2
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This study aims to reach a more thorough understanding of
carbene-like transition metal complex chemistry. A density
functional theory (DFT) study is presented that investigates
the electronic structures of Bbt(Br)EM(PCy3)2 and Bbt-
(Br)EE(Br)(Bbt) (E = C, Si, Ge, Sn and Pb; M = Pd and Pt)
and the mechanisms of their chemical reactions (see eqs 1−3).6
It is believed that, in view of the recent dramatic developments
in stable heavy carbene-transition-metal complex chemistry,1−5

the results obtained in this work allow the prediction of a
reaction pathway for some known and/or as yet unknown
systems and allow optimal designs for synthesis and catalysis in
doubly bonded carbene-like transition metal complex chem-
istry.

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. The DFT
calculations used the hybrid gradient-corrected exchange
functional proposed by Becke,7 combined with the gradient-
corrected correlation functional of Lee, Yang and Parr.8 This
functional theory is commonly known as B3LYP and has been
shown to be quite reliable both for geometries and energies.9

These B3LYP calculations were performed with relativistic
effective core potentials on group 14 elements modeled using
the double-ζ (DZ) basis sets10 augmented by a set of d-type
polarization functions.11 Accordingly, these B3LYP calculations
are denoted as B3LYP/LANL2DZ. It is noteworthy that the
model reactant (Bbt(Br)SiPt(PCy3)2) has a total of 919 (566
electrons) basis functions for the B3LYP/LANL2DZ level of
theory. Nature bond orbital (NBO)12 and Wiberg bond index13

calculations on the model complexes were performed using the
NBO program (Version 3.1) in the GAUSSIAN 03 program
package.14

Spin-unrestricted (UB3LYP) formalism was used for the
open-shell (triplet) species. The S2 expectation values for the
triplet states of the radical products all demonstrated an ideal
value (2.00) after spin annihilation, so their geometries and
energetics are reliable for this study. Frequency calculations
were performed on all structures, in order to confirm that the
reactants and products had no imaginary frequencies and that
the transition states possessed only one imaginary frequency.
The relative energies were thus corrected for vibrational zero-
point energies (ZPE, not scaled). The thermodynamic
corrections to 298 K, ZPE corrections, heat capacity corrections
and entropy corrections (ΔS) obtained were applied at the
B3LYP/LANL2DZ level. The relative free energy (ΔG) at 298

K was also calculated at the same level of theory. All of the DFT
calculations were performed using the GAUSSIAN 03 package
of programs.14 The optimized geometries for the model
complexes are all included in the Supporting Information.

III. RESULTS AND DISCUSSION
A. General Considerations. In order to address the

questions which form the basis for this study, a brief
examination of the electronic structure of the R2EML2
complex is necessary. First, the R2EML2 molecule is
separated into the R2E: and ML2 fragments (see Figure 1). It

is well-established that the six valence-electron carbene-like
species, R2E:, has two valence electrons on the R2E: moiety.
These are spin-paired to form a lone pair and occupy an orbital
with a predominantly sp-character. This orbital is known as the
highest occupied molecular orbital (HOMO). The lowest
unoccupied molecular orbital (LUMO) of the R2E: species is a
perpendicular p orbital on the E center.15 A general outline of
the valence molecular orbitals in d10 ML2 has been given
previously.16 Only the two key orbitals, b2 (HOMO) and 3a1
(LUMO), are chosen to be shown on the right side of Figure 1.
As a result, the interaction between the valence orbitals of the
R2E: and ML2 fragments, schematically represented in Figure 1,
leads to the MOs of a perpendicular structure R2EML2. In
other words, the carbene-like-group 10 transition metal
complex (Bbt(Br)EM(PCy3)2) studied in this work prefers
to adopt the perpendicular conformation because of its
electronic structure, rather than any steric effect due to the
substituents (see 1).

Further, as seen in Figure 1, two bonding MOs (σ + π) are
produced and four electrons fill these orbitals. It is evident that
the atomic coefficients for the two lower levels (σ + π) in
Figure 1 are larger than those for the high energy combinations
(σ* + π*), because of the electronic perturbation effect.17 That
is to say, in the σ orbital, the E sp coefficient is larger than the
M 3a1 coefficient, while in the π orbital, the E p coefficient is
smaller than the M b2 coefficient. Conversely, in the π* orbital,

Figure 1. A valence orbital interaction diagram for R2EML2.
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the E p coefficient is larger than the M b2 coefficient, whereas in
σ* orbital, the E sp coefficient is smaller than the M 3a1
coefficient. This electronic structure is used in a later section to
explain several phenomena found experimentally.
B. Geometries and Electronic Structures of the

Bbt(Br)EM(PCy3)2 Complexes. Because the structure of
Bbt(Br)SiPt(PCy3)2 has already been identified using X-ray
diffraction,4 the optimization of its geometry was first
performed at the B3LYP level of theory, using the LANL2DZ
basis set, in order to test reliability of this method. The key
geometrical parameters of Bbt(Br)SiPt(PCy3)2 are given in
Figure 2, together with some known experimental data.4 It is

readily seen that there is agreement between the calculated and
experimental values for the SiPt, Si−Br and Si−C bond
distances, as well as for the ∠C−Si−Br, ∠Br−Si−Pt and θ18

bond angles, with a variation of 0.049 Å in bond length and 7.2°
in bond angle. The discrepancies in these bond angles may be
due to the packing force in the crystal structure. Although it
would be desirable to perform these computations using an
even higher level of theory, the constraints imposed by the
present molecular size and available CPU time and disk space
make this option impracticable. Nevertheless, because of the
reasonable agreement between the B3LYP/LANL2DZ results
and the available experimental values,4 it is expected that the

same relative accuracy should also apply to the predicted
geometries and energetics for the other doubly bonded
Bbt(Br)EM(PCy3)2 (E = group 14 elements; M = Pd and
Pt) species.
Figure 2 shows that the EPt double bond distance for both

singlet and triplet states demonstrates a monotonic increase
down the group, from C to Pb. Also, regardless of multiplicity,
both the E−Br and E−C bond lengths show a monotonic
increase from E = C to E = Pb. This occurs mainly because of
the increase in atomic radius of E, from carbon to lead. These
theoretical investigations also indicate that both the EPt and
E−Br distances are larger for the singlet than for the equivalent
triplet species, while the bond angle ∠Pt−E−C is smaller for
the singlet than for its corresponding triplet. The computations
indicate that all the Bbt(Br)EPt(PCy3)2 complexes adopt a
staggered conformation, with the Bbt(Br)E: and (PCy3)2Pt
fragments being positioned almost orthogonal to each other,
mainly because of the effect of the electronic structure, rather
than the steric effects, as previously noted (see 1). Similar
optimized geometries and key valence bond orbitals for the
other Bbt(Br)EPd(PCy3)2 (E = C, Si, Ge, Sn and Pb)
species are given in the Supporting Information (Figures A and
B, respectively). Basically, the theoretical findings for the
optimized geometries and electronic structures of the Bbt(Br)-
EPd(PCy3)2 complexes are analogous to those for the
Bbt(Br)EPt(PCy3)2 species.
In order to gain a better understanding of the nature of the

chemical bonding in the series of Bbt(Br)EPt(PCy3)2
molecules, their selected valence MOs, based on the B3LYP/
LANL2DZ calculations, are presented in Figure 3. For
convenience, only four key orbitals (σ, π, π*, and σ*) of the
Bbt(Br)EPt(PCy3)2 species are selected to be shown in
Figure 3, similar to Figure 1. First, the electronic character of
the Si−Pt bond of the model complex (Bbt(Br)SiPt(PCy3)2)
is compared with the previous calculations.4 As seen in Figure
3, the HOMO and HOMO-1 of Bbt(Br)SiPt(PCy3)2
correspond to the σ- and π-type bonding orbitals, which are
basically sp type and p-d type orbitals, respectively. Addition-
ally, these orbitals contain small contributions from the Si−Br
σ* antibonding orbitals. The LUMO of Bbt(Br)SiPt(PCy3)2
corresponds to the Si−Pt π* antibonding orbital, which mainly
consists of the vacant Si (3p) orbital with a smaller contribution
from the occupied b2 orbital of the Pt(PCy3)2 moiety. Finally,
the SiPt σ* antibonding orbital is located in the higher
energy level. The interactions between the silicon center of the
Bbt(Br)Si unit and the Pt center of the (PCy3)2Pt fragment
were further analyzed on the basis of the NBO calculations.12

See Table 1. The B3LYP results demonstrate that the NBO of
the SiPt bonding interaction is as follows: BD(Si−Pt) =
0.8762(3s3p0.73)Si + 0.4817(6s6p0.33)Pt. This implies that the
predominant bonding interaction between the Bbt(Br)Si unit
and the (PCy3)2Pt moiety originates from the 3σ(Si) →
6σ*(Pt) σ-donation. Further supporting evidence for this
observation comes from the fact that the Wiberg bond index13

of the Si−Pt bond in Bbt(Br)SiPt(PCy3)2 is 1.323, which
suggests that this Si−Pt bond is best described as a single bond,
rather than a traditional double bond. In principle, these
analyses of the electronic structure are consistent with those of
Agou, Sasamori and Tokitoh.4

Table 1 also shows a population analysis for the other singlet
Bbt(Br)EPt(PCy3)2 species, based on the NBO values12 and
on the Wiberg bond indices.13 Similar theoretical bonding
properties for the Bbt(Br)EPd(PCy3)2 molecules are listed

Figure 2. B3LYP/LANL2DZ optimized geometries (in Å and deg) of
both singlet and triplet Bbt(Br)EPt(PCy3)2 (E = C, Si, Ge, Sn, and
Pb) complexes, compared with the available experimental work (ref 4).
The definition of the dihedral angle θ (deg); see ref 16. Hydrogens are
omitted for clarity.
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in the Supporting Information (Table A and Figures A and B).
Table 1 shows that the Wiberg bond indices at the B3LYP level
are predicted to decrease down the group 14 family, from
Bbt(Br)CPt(PCy3)2 to Bbt(Br)pbPt(PCy3)2. This de-
crease is attributable to the EPt double bond distance, since
this bond length increases in the order: 1.860 Å (Bbt(Br)C
Pt(PCy3)2) < 2.247 Å (Bbt(Br)SiPt(PCy3)2) < 2.377 Å
(Bbt(Br)GePt(PCy3)2) < 2.549 Å (Bbt(Br)SnPt(PCy3)2)
< 2.745 Å (Bbt(Br)PtPt(PCy3)2).

19

As schematically shown in Figure 3, the substitution of a
single E atom in the Bbt(Br)EPt(PCy3)2 species decreases
the energy of the π bonding orbital, on going from C to Pb.
This substitution also results in a decrease in the σ bonding
orbital energy down the group 14 elements, E, especially for the
heaviest Bbt(Br)PbPt(PCy3)2 complex. The locations of
these molecular orbitals are attributable to a relativistic effects,
also known as the “orbital non-hybridization effect” and “inert
s-pair effect”, as discussed earlier.20 Figure 3 shows that after
the E substitution, the energy of the π* antibonding orbital
increases along the series, from Bbt(Br)CPt(PCy3)2 to
Bbt(Br)PbPt(PCy3)2. It is interesting that these π*
antibonding orbitals are always LUMOs. Further, one
important feature of the Bbt(Br)EPt(PCy3)2 complex is its
singlet−triplet splitting ΔEst (= Etriplet − Esinglet). This study’s
DFT calculations indicate that the ΔEst for the molecules
containing the CPt, SiPt, GePt, SnPt, and PbPt
double bond is 62.1, 71.1, 76.9, 77.3, and 78.1 kcal/mol,
respectively. In other words, the heavier the group 14 atom (E),
the larger is the ΔEst of Bbt(Br)EPt(PCy3)2. This occurs
mainly because the magnitude of the energy difference between
π and π* for the Bbt(Br)EPt(PCy3)2 systems becomes
larger, from C to Pb, due to relativistic effects,20 as stated above.
Accordingly, these theoretical findings indicate that the
electronic perturbation effect, wherein the heavier group 14
element E changes, plays a dominant role in determining the
energy ordering of the frontier orbitals. This, in turn, affects the
magnitude of the ΔEst for these EPt and EPd doubly
bonded complexes.
The factors responsible for the difference in the reactivity of

the Bbt(Br)EPt(PCy3)2 (E = C, Si, Ge, Sn and Pb)
complexes are of interest. Figure 3 shows that the HOMO and
LUMO energy levels of Bbt(Br)EPt(PCy3)2 for molecules
possessing the CPt, SiPt, GePt, SnPt, and PbPt
double bond are (kcal/mol): (−106, −44.1), (−109, −37.4),
(−109, −36.8), (−107, −37.1), and (−107, −38.4), respec-
tively. If the reactions were “frontier-orbital-controlled”, a more
facile reaction would be seen for Bbt(Br)PbPt(PCy3)2 than
for Bbt(Br)SiPt(PCy3)2 or Bbt(Br)GePt(PCy3)2. As will
be shown in the subsequent section, this is not the case. The
relative reactivity of these species is readily identified on the
basis of the relative values of ΔEst for Bbt(Br)SiPt(PCy3)2
complexes. Apparently, the lower reactivity of Bbt(Br)E
Pt(PCy3)2 with a group 14 element, E, of a heavier atomic
weight is due to its higher ΔEst (vide infra). Indeed, the stability
of the carbene-like transition metal complexes is determined by
the ΔEst of Bbt(Br)EPt(PCy3)2 . If the ΔEst is small, the
Bbt(Br)EPt(PCy3)2 molecules are unstable and easily
undergo facile chemical reactions (such as with solvents,
etc.). As already shown in Figure 3, the theoretical calculations
demonstrate that the Bbt(Br)EPt(PCy3)2 complexes have
comparatively large singlet−triplet separations (ΔEst > 62 kcal/
mol). Accordingly, the large ΔEst in such Bbt(Br)E
Pt(PCy3)2 doubly bonded molecules strongly implies that

Figure 3. Calculated key molecular orbital for the singlet Bbt(Br)E
Pt(PCy3)2 (E = C, Si, Ge, Sn, and Pb) species. For more information
see Figure 1 and the text.

Table 1. Bonding Properties Based on the NBO Values and
on the Wiberg Bond Indices for Bbt(Br)EPt(PCy3)2 (E =
C, Si, Ge, Sn, and Pb) at the B3LYP/LANL2DZ Level of
Theory

(1) Bbt(Br)CPt(PCy3)2
C−Pt hybrids C: 29.88% (0.01% s and 99.99% p)

Pt: 70.12% (0.03% p and 99.96% d)
Wiberg bond order C−Pt: 1.323
(2) Bbt(Br)SiPt(PCy3)2
Si−Pt hybrids Si: 68.18% (66.18% s and 30.25% p)

Pt: 44.72% (72.37% s and 25.54% p)
Wiberg bond order Si−Pt: 0.9223
(3) Bbt(Br)GePt(PCy3)2
Ge−Pt hybrids Ge: 65.92% (66.20% s and 29.62% p)

Pt: 39.02% (71.04% s and 24.01% p)
Wiberg bond order Ge−Pt: 0.8300
(4) Bbt(Br)SnPt(PCy3)2
Sn−Pt hybrids Sn: 62.08% (65.31% s and 23.88% p)

Pt: 37.02% (65.50% s and 22.08% p)
Wiberg bond order Sn−Pt: 0.7165
(5) Bbt(Br)PbPt(PCy3)2
Pb−Pt hybrids Pb: 64.98% (61.28% s and 21.78% p)

Pt: 35.71% (62.47% s and 20.19% p)
Wiberg bond order Pb−Pt: 0.4894
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these species should be stable enough to be detected
experimentally. Supporting evidence for this observation
comes from the fact that, so far, a silicon−platinum complex
with a SiPt double bond (i.e., Bbt(Br)SiPt(PCy3)2) has
been experimentally isolated and characterized.4 It should
emphasized here that these phenomena are also seen in the
Bbt(Br)EPd(PCy3)2 complexes. That is to say, this study’s
DFT calculations demonstrate that the ΔEst and the stability of
the Bbt(Br)EPd(PCy3)2 species increases in the order: C
Pd < SiPd < GePd < SnPd < PbPd, whose data are
given in Supporting Information.
C. Geometries and Electronic Structures of the

Bbt(Br)EE(Bbt)Br System. The geometries and electronic
structures of Bbt(Br)EE(Bbt)Br compounds that possess a
EE double bond (E = C, Si, Ge, Sn, and Pb) are now
examined. These were calculated in both singlet and triplet
states at the B3LYP/LANL2DZ level of theory, and their
selected geometrical parameters are shown in Figure 4.

The DFT calculations shown in Figure 4 indicate that the
calculated EE double bond length in the singlet Bbt(Br)E
E(Bbt)Br species increases in the order: 1.389 Å (CC) <
2.372 Å (SiSi) < 2.852 Å (GeGe) < 3.193 Å (SnSn) <
3.366 Å (PbPb). It has been shown experimentally that the
EE double bond lengths are 1.356 Å (CC),21 2.139−2.360
Å (SiSi),22 2.212−2.509 Å (GeGe),23 2.601−2.961 Å
(SnSn),24 and 2.990−3.537 Å (PbPb).25 Indeed, Tokitoh
and many co-workers have synthesized and structurally
characterized Bbt(Br)SiSi(Bbt)Br22c and Bbt(Br)GeGe-
(Bbt)Br.23d They reported the experimental double bond
lengths are 2,226 Å (SiSi) and 2.509 Å (GeGe),
respectively. Apparently, the singlet CC, SiSi, GeGe,
SnSn, and PbPb double bond distances presented in this
work are somewhat larger than the experimentally reported

data,20−25 bearing in mind that the molecules used for
calculations contain extremely bulky Bbt substituents.
As seen in Figure 4, regardless of the multiplicity adopted by

the group 14 Bbt(Br)EE(Bbt)Br, the B3LYP computations
suggest that the EE bond distance shows a monotonic
increase down the group, from C to Pb. The same
phenomenon is also seen for the other E−Br and E−C bond
lengths. This is simply explained by the increase in the atomic
radius of E, from C to Pb. An interesting trend shown in Figure
4 is the increase in the central bond distance, EE, on going
from the singlet to the triplet state. This can be explained by
considering the electronic structures (vide infra).

The DFT calculations show that the Bbt(Br)CC(Bbt)Br
molecule adopts a nearly planar geometry with an out-of-plane
angle ϕ = 2.2° (see 2). However, the other heavier Bbt(Br)E
E(Bbt)Br compounds have a trans-bent structure with an out-
of-plane angle ϕ = 41°, 49°, 51°, and 52°, for Bbt(Br)Si
Si(Bbt)Br, Bbt(Br)GeGe(Bbt)Br, Bbt(Br)SnSn(Bbt)Br
and Bbt(Br)PbPb(Bbt)Br, respectively. That is to say, the
greater the atomic number of the main group 14 element, E,
the greater the out-of-plane angle, ϕ. It has to be noted that
Tokitoh and many co-workers reported the out-of-plane angle
ϕ = 32.4° and 44.6° for Bbt(Br)SiSi(Bbt)Br22c and
Bbt(Br)GeGe(Bbt)Br,23d respectively. As a result, our
computational values for ϕ about both Bbt(Br)SiSi(Bbt)Br
and Bbt(Br)GeGe(Bbt)Br compounds are a little bit larger
than the experimental data. The reason for this could be due to
the small basis set (LANL2DZ) used in the present work. In
fact, it is well documented that the heavier analogues of the
olefins (R2EER2) do not exhibit classical planar geometry,
but have a trans-bent structure, with pyramidalization of both
R2E: groups (2).26,27 These compounds, containing so-called
“nonclassical double bonds”, have been proven to be the
preferred arrangements and are local minima on the potential
energy surface of all of the heavier analogues of ethylene, from
Si2H4 to Pb2H4. Again, the out-of-plane angles in these heavy
ethylene analogues being far from 0° (planar) provide evidence
for the core-like nature of the ns (n = 3−6) electrons, that is,
the so-called “inert s-pair effect”,20 discussed earlier. Excellent
reviews are available in ref 27.
In principle, all of the group 14 Bbt(Br)EE(Bbt)Br

molecules have a two atomic orbital π system, containing two π
electrons, in common, This is analogous to an ethylene species,
of which the valence MOs based on the B3LYP/LANL2DZ
calculations are outlined in Figure 5. As stated previously, the
reason for the increase in the EE bond distance, on going
from the singlet to the triplet state, is simply explained by
considering the electronic structures of the two states (HOMO
and LUMO). As expected, the theoretical results based on the
DFT calculations indicate that all of the doubly bonded
Bbt(Br)EE(Bbt)Br possess a singlet ground state. Figure 5
also shows that the HOMO−LUMO energy gap for Bbt(Br)-
EE(Bbt)Br decreases as the atomic number of the group 14
atom (E) increases. This strongly implies that its corresponding
singlet−triplet energy splitting ΔEst (= Etriplet − Esinglet) should
also decrease as the central E atom becomes heavier. Indeed,
this prediction is in accordance with the B3LYP calculations.

Figure 4. B3LYP/LANL2DZ optimized geometries (in Å and deg) of
both singlet and triplet Bbt(Br)EE(Bbt)Br (E = C, Si, Ge, Sn, and
Pb) molecules. The definition of the dihedral angle θ (deg); see 2.
Relative energies for each species; see Table 2. Hydrogens are omitted
for clarity.
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For instance, the Gibbs free ΔEst (kcal/mol) results decrease as
follows: +28 (Bbt(Br)CC(Bbt)Br) > +27 (Bbt(Br)Si
Si(Bbt)Br) > +25 (Bbt(Br)GeGe(Bbt)Br) > +24 (Bbt(Br)-
SnSn(Bbt)Br) > +15 (Bbt(Br)PbPb(Bbt)Br). Again, the
reason for this can be explained using basic MO theory.28

Namely, the distortion from planar to trans-bent in a 12-
valence-electron >EE< system results in a decrease in the
HOMO and LUMO energy gap, because of a second-order
Jahn−Teller effect. See 3. This, in turn, leads to a decrease in
the ΔEst of the >EE< species, on descending a column of the
Periodic Table. As mentioned earlier, because of a lack of
experimental and theoretical data for these doubly bonded
Bbt(Br)EE(Bbt)Br species, the computed values presented
in this work must be considered as predictions for future
investigations.

D. The Double Bond Dissociations of the Bbt(Br)E
E(Bbt)Br Systems. The dissociation process for the separation

of the doubly bonded Bbt(Br)EE(Bbt)Br molecules into two
Bbt(Br)E: monomers is examined. In fact, all currently known
compounds, R2SnSnR2 and R2PbPbR2, as well as many
R2GeGeR2 species, have EE doubly bonded dimeric
structures in the solid state, but dissociate in solution to yield
two monomers, such as R2Sn:, R2Pb: and R2Ge:, respectively.
That is, a dimer−monomer equilibrium can exist in solution, as
given by eq 4.29 These experimental findings strongly indicate
that the bonding between these elements is relatively weak.30

⇄

= =

R E ER 2R E :

(E Ge, Sn, and Pb; R large organic ligand)
2 2 2

(4)

The mechanism for the dissociation reaction in the
Bbt(Br)EE(Bbt)Br → 2Bbt(Br)E: (eq 1) process was
calculated. However, repeated attempts to find a transition
state for the concerted dissociation of the Bbt(Br)EE(Bbt)Br
species using the DFT methodology always failed. These
theoretical investigations therefore suggest that no transition
states exist on the B3LYP/LANL2DZ surface for the
dissociation of group 14 Bbt(Br)EE(Bbt)Br (E = C, Si,
Ge, Sn and Pb). Nevertheless, the B3LYP results demonstrate
that the Gibbs free dissociation energy of the doubly bonded
Bbt(Br)EE(Bbt)Br species is −16 (CC), −20 (SiSi),
−23 (GeGe), −24 (SnSn), and −26 (PbPb) kcal/mol.
That is, the theoretical results predict that, with due
consideration of the thermodynamic factors, the total energy
of the two separated monomers is still less than that of the
doubly bonded reactant. Presumably, because of steric
interactions by the bulky substituents, this theoretical evidence
demonstrates that these EE double bonds are easily broken.
As a result, these doubly bonded compounds can readily
dissociate into two monomers, either in solution or at room
temperature. Indeed, the theoretical conclusions are in good
agreement with the available experimental observations. It has
been reported that 1,2-dibromodisilene (Bbt(Br)SiSi(Bbt)-
Br)4,22c and 1,2-dibromodigermene (Bbt(Br)GeGe(Bbt)-
Br)23d easily separates to form two units (Bbt(Br)Si: and
Bbt(Br)Ge:, respectively), which provide an isolable source of
arylbromosilylene, with the proper choice of reaction
conditions and partners.31

It is worth noting that the theoretical results for the trend of
the dissociation energy of Bbt(Br)EE(Bbt)Br mirror the
trend in the singlet−triplet energy splitting ΔEst. That is, the
greater the atomic number of the group 14 element, E, in the
Bbt(Br)EE(Bbt)Br molecule, the smaller is its singlet−triplet
energy separation ΔEst, the easier its EE double bond is
broken and, in turn, the quicker is its dissociation into two
Bbt(Br)E: monomers.

E. The Formation Reactions of the Bbt(Br)EM(PCy3)2
Complexes. This section examines the formation mechanisms
for doubly bonded Bbt(Br)EM(PCy3)2 compounds contain-
ing the 6 valence-electron Bbt(Br)E: and the 14 valence-
electron d10 M(PCy3)2 units, calculated at the B3LYP/
LANL2DZ level of theory (see eq 2). The corresponding
relative energies at the DFT level are listed in Table 2.
As predicted, a double-bond between the group 14 atom, E,

and the group 10 metal element, M, should form during the
reaction for the formation of Bbt(Br)EM(PCy3)2 . However,
repeated searches for the transition state for a product
containing Bbt(Br)E: and (PCy3)2M moieties, using the
B3LYP methodology, were always unsuccessful. These
theoretical investigations therefore suggest that no transition

Figure 5. Calculated key molecular orbital for the singlet Bbt(Br)E
E(Bbt)Br (E = C, Si, Ge, Sn, and Pb) species. For more information
see the text.
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states exist on the B3LYP/LANL2DZ surface for the formation
reactions for group 14 Bbt(Br)E: carbenes and(PCy3)2M
complexes. In Table 2, the B3LYP free energy results also
suggest that the energy of the doubly bonded product, relative
to its corresponding pair of units, is +13 (CPt), +9.0 (Si
Pt), +17 (GePt), +26 (SnPt) and +29 (PbPt) kcal/mol
and +20 (CPd), +22 (SiPd), +27 (GePd), +31 (Sn
Pd) and +32 (PbPd) kcal/mol, respectively. These DFT
results thus predict that, with due consideration of the
thermodynamic factors, the total energy of the doubly bonded
products is greater than that of two separated monomers.

The B3LYP computations also demonstrate that the Gibbs
free singlet−triplet energy separation, ΔEst (= Etriplet − Esinglet),
for the (PCy3)2Pt and (PCy3)2Pd fragments are 54 and 66 kcal/
mol, respectively. According to the configuration mixing (CM)
model of Pross and Shaik,32,33 the stabilization of the formation
product depends on the ΔEst of the reactants (i.e., the
(PCy3)2M complex and the Bbt(Br)E: molecule). That is to
say, a smaller ΔEst results in a more stable product, a faster
formation reaction and a less endothermic reaction (or a more
exothermic reaction). These results show that, if the group 14
element E is a constant, it can be concluded that the Pt reaction
is more favorable than the Pd reaction in the formation of the
doubly bonded Bbt(Br)EM(PCy3)2 complex. This finding is
in accordance with the computational data given in Table 2 and
with available experimental observations.4 The reason for the
importance of the triplet state in these reactions between group
10 transition metal complexes and group 14 carbenes is as
follows (see Figures 1 and 4). Two new chemical bonds (σ + π)
must be formed in the product, Bbt(Br)EM(PCy3)2, so each
(PCy3)2M and Bbt(Br)E: unit must have at least two open
shells and the lowest state of this type is the triplet state.
Accordingly, from the valence-bond viewpoint,32,33 the bonding
in the doubly bonded product occurs between the triplet
(PCy3)2M state and the triplet Bbt(Br)E:. As a result, the
overall state is singlet. In consequence, if a reactant (PCy3)2M
(or Bbt(Br)E:) molecule has a singlet ground state with a small
excitation energy for the triplet state, there is a greater
opportunity for the triplet state to take part in the singlet
reaction, and bond formation in a single-step is expected to take

place more readily. Again, the computed B3LYP results for the

Gibbs free ΔEst (kcal/mol) of the Bbt(Br)E: molecules increase

in the order: 3.0 (Bbt(Br)C:) < 28 (Bbt(Br)Si:) < 30

(Bbt(Br)Ge:) < 36 (Bbt(Br)Sn:) < 43 (Bbt(Br)Pb:). These

computations strongly suggest that if the group 10 metal

element M is a constant, the smaller the ΔEst of six valence-

electron Bbt(Br)E:, the less endothermic is the reaction, and, in

turn, the faster is the formation reaction of the doubly bonded

Bbt(Br)EM(PCy3)2 complex. This prediction is consistent

with the B3LYP computational data for the reaction enthalpies

of the Bbt(Br)EM(PCy3)2 species, as listed in Table 2.
F. The 1,2-Addition Reactions of the Bbt(Br)E

Pt(PCy3)2 Complexes with Water. Finally, it is necessary

to investigate the mechanisms for the water addition reactions

of the Bbt(Br)EPt(PCy3)2 complexes, since it has been

reported that the Bbt(Br)SiPt(PCy3)2 compound has been

isolated in 56% yield, as moisture- and air-sensitive crystals, by

careful recrystallization from the reaction mixture.4 To the best

of the authors’ knowledge, there has been no experimental or

theoretical study of the mechanisms for the 1,2-addition

reactions of heavy carbene-transition-metal complexes with

water. As a result, in order to ascertain the factors that control

the reactivity of Bbt(Br)EPt(PCy3)2 compounds containing

the EPt double bond (E = C, Si, Ge, Sn, and Pb), the 1,2-

addition of water to these substituted doubly bonded molecules

is examined (eq 3). Two possible addition pathways, as shown

in 5, are feasible: one proceeds via monomeric water addition

(path 1; eq 3a), while the other proceeds via a dimeric water

addition (path 2; path 3b). Figure 6 illustrates the optimized

geometries of the reactants (Bbt(Br)EPt(PCy3)2 and H2O)

and the final product (Pro-E-Pt-H2O), together with the

transition state (TS-E-Pt-1H2O and TS-E-Pt-2H2O) that

connects the reactants and the product. Selected geometrical

parameters and relative energies at the B3LYP/LANL2DZ level

of theory are summarized in Table 3. The major conclusions to

be drawn from this study can be summarized as follows:

Table 2. Relative Energies (all in kcal/mol) for (I) Singlet and Triplet 6 Valence-Electron Bbt(Br)E: and for the Processes: (II)
2Bbt(Br)E: + 2(PCy3)2Pt → Bbt(Br)EPt(PCy3)2 and (III) 2Bbt(Br)E: + 2(PCy3)2Pd → Bbt(Br)EPd(PCy3)2

a,b

(I)

system E = C E = Si E = Ge E = Sn E = Pb

ΔEst (Bbt(Br)E:) +3.03 (+3.39) +27.8 (+26.0) +30.0 (+34.2) +36.0 (+37.0) +42.8 (+44.2)
(II)

system E = C E = Si E = Ge E = Sn E = Pb

ΔH (Bbt(Br)EPt(PCy3)2) +12.7 (+20.4) +9.02 (+6.60) +16.8 (+8.32) +26.2 (+9.09) +28.6 (+10.3)
(III)

system E = C E = Si E = Ge E = Sn E = Pb

ΔH (Bbt(Br)EPd(PCy3)2) +19.7 (+15.7) +22.3 (+8.80) +26.7 (+11.0) +30.7 (+14.3) +32.3 (+15.3)
aAt the B3LYP/LANL2DZ level of theory. The B3LYP optimized structures of the stationary points see Figure 2 and Supporting Information.
bGibbs free energy and zero-point energy (in parentheses).
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For path 1, the transition state (TS-E-Pt-1H2O) was located
for each of the group 14 elements, E, at the B3LYP level of
theory. The DFT frequency calculations for the transition
states, TS-C-Pt-1H2O, TS-Si-Pt-1H2O, TS-Ge-Pt-1H2O, TS-
Sn-Pt-1H2O and TS-Pb-Pt-1H2O, suggest that the single
values of the imaginary frequencies are 312i, 105i, 114i, 106i
and 121i cm−1, respectively. All of the TS-E-Pt-1H2O
geometries are quite similar, and they all have a four-center-
like structure that includes the E−Pt bond, an oxygen atom and
one hydrogen atom from water. These optimized TS-E-Pt-
1H2O geometries indicate that electrons flow from the lone
pair orbital of the oxygen atom into the π*(EPt) antibonding
orbital (see Figures 1 and 3). This results in a longer E−Pt
bond distance in the TS-E-Pt-1H2O. For instance, the
theoretical calculations predict distances of 2.361 Å (TS-C-
Pt-1H2O), 2.617 Å (TS-Si-Pt-1H2O), 2.815 Å (TS-Ge-Pt-
1H2O), 2.878 Å (TS-Sn-Pt-1H2O) and 3.033 Å (TS-Pb-Pt-

1H2O). These theoretical data also show that the heavier the
group 14 element, E, involved in the Bbt(Br)EPt(PCy3)2
molecule, the greater is the E−Pt bond length in the TS-E-Pt-
1H2O. The dimeric water addition pathway (path 2) was also
examined, using the same level of theory. The B3LYP
frequency calculations for the transition states, TS-C-Pt-
2H2O, TS-Si-Pt-2H2O, TS-Ge-Pt-2H2O, TS-Sn-Pt-2H2O
and TS-Pb-Pt-2H2O, predict that the values of the single
imaginary frequencies are 99.3i, 113i, 210i, 175i, and 94.5i
cm−1, respectively. Again, because the lone pair of electrons of
the oxygen atom interact and are donated to the π*
antibonding orbital of the EPt double bond in the TS-E-
Pt-2H2O, as previously mentioned, their E−Pt bond lengths
are expected to be longer than that of the corresponding
reactant, as shown in Table 3.
From Table 3, it is obvious that the activation barrier for path

1 is much larger than that for path 2. For instance, the B3LYP
free energy results (kcal/mol) demonstrate that 43 (TS-C-Pt-
1H2O) > 11 (TS-C-Pt-2H2O), 54 (TS-Si-Pt-1H2O) > 14 (TS-
Si-Pt-2H2O), 61 (TS-Ge-Pt-1H2O) > 18 (TS-Ge-Pt-2H2O),
68 (TS-Sn-Pt-1H2O) > 39 (TS-Sn-Pt-2H2O) and 71 (TS-Pb-
Pt-1H2O) > 41 (TS-Pb-Pt-2H2O). As a consequence, path 2
(dimeric form) is concluded to be preferred to path 1
(monomeric form) for the water 1,2-addition reactions to
doubly bonded Bbt(Br)EPt(PCy3)2 complexes. In addition,
the computations demonstrate that for both monomeric and
dimeric water addition reactions the activation energy increases
as the group 14 atom, E, becomes heavier.
As shown in 5, a comparison of the two pathways for the

reaction of the Bbt(Br)EPt(PCy3)2 double bond molecules
with H2O and 2H2O leads to the same products, i.e., Pro-C-Pt-
H2O, Pro-Si-Pt-H2O, Pro-Ge-Pt-H2O, Pro-Sn-Pt-H2O and
Pro-Pb-Pt-H2O, whose key geometrical parameters are given in
Table 3. The DFT computations show that the E−Pt bond
distance of the final product is longer than that of the
corresponding reactant and that this bond distance increases
along group 14, from carbon to lead. More importantly, the
B3LYP theoretical results demonstrate that the order of the
reaction free enthalpy follows the same trend as that for the
activation energy as given in Table 3. That is to say, the lower
the atomic number of the group 14 atom (E) in the
Bbt(Br)EPt(PCy3)2 reactant, the smaller is the barrier
height, the more exothermic is the reaction enthalpy and, in
turn, the easier is the water 1,2-addition reaction. In particular,
addition reactions with the dimeric form of water have
significantly lower barriers than those for monomeric H2O. It
is thus anticipated that the addition of water to the EPt
double bond of the Bbt(Br)EPt(PCy3)2 reactants should
involve a polymeric form (at least the dimeric form) of water,
rather than the monomeric form. As there are no relevant
experimental or theoretical data for the addition of water to the
Bbt(Br)EPt(PCy3)2 systems, the conclusions presented in
this work should be considered as predictions for future
investigations.
In this theoretical analysis, all of the computational results

can be explained using the CM model,32,33 as stated previously.
According to the CM model, the stabilization of the transition
state of an addition reaction depends on the singlet−triplet
energy splitting ΔEst (= Etriplet − Esinglet) of the Bbt(Br)E
Pt(PCy3)2 complexes. That is, a smaller ΔEst results in a more
stable transition state, lower activation energy and a faster
addition reaction with water. The B3LYP computations using
the model, shown in Table 3, confirm this prediction. That is to

Figure 6. B3LYP/LANL2DZ optimized geometries of the transition
states (TS-E-Pt-H2O and TS-E-Pt-2H2O) and product (Pro-E-Pt-
H2O) for the water addition reaction between reactants Bbt(Br)E
Pt(PCy3)2 (E = C, Si, Ge, Sn, and Pb) and a H2O (path 1) or two
H2O (path 2). Selected geometrical parameters and relative energies
for each species; see Table 3. Some of hydrogens are omitted for
clarity.
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say, from both kinetic and thermodynamic viewpoints,
irrespective of whether path 1 or path 2 is chosen, the lower
the atomic number of the group 14 element (E) in the
Bbt(Br)EPt(PCy3)2 complexes, the smaller is its ΔEst, the
lower is the activation energy and the more exothermic is the
reaction for the final additional product.
We have used the activation strain model to reexamine the

chemical reactions and the associated barriers.34 Basically, the
starting materials are the two separate reactants, which can
approach from infinity and begin to interact as well as deform
each other. As a result, the activation energy (ΔE‡) of the
transition state can be decomposed into the strain energy
(ΔE‡

strain) and the interaction energy (ΔE‡int). For the former,
the activation strain (ΔE‡

strain) is the energy associated with
deforming the reactants from their equilibrium geometry into
the geometry they acquire in the activated complex. On the
other hand, the intrinsic interaction (ΔE‡

int) is the actual
interaction energy between the deformed reactants in the
transition state. In consequence, one can obtain ΔE‡ = ΔE‡

strain

+ ΔE‡
int. Interested readers can find useful details in ref 34. In

this work, we thus used the activation strain model to
reexamine eq 3a (path 1).35 As can be seen in Table 3, the
ΔE‡

strain energy was calculated to decrease in the order (kcal/
mol): 99 (TS-C-Pt-1H2O) > 95 (TS-Si-Pt-1H2O) > 94 (TS-
Ge-Pt-1H2O) ≈ 94 (TS-Pb-Pt-1H2O) > 93 (TS-Sn-Pt-
1H2O), whereas the ΔE‡int energy was predicted to increase
in the order (kcal/mol): −69 (TS-C-Pt-1H2O) < −52 (TS-Si-
Pt-1H2O) < −43 (TS-Ge-Pt-1H2O) < −36 (TS-Sn-Pt-1H2O)
< −34 (TS-Pb-Pt-1H2O). From these computational results,
one can be understood that the trend in reactivity as shown
above should be caused (at least in part) by an increasing
activation strain as the EPt bond becomes stronger.

IV. CONCLUSION

Using DFT, this work studies the electronic structures of the
Bbt(Br)EM(PCy2)2 complexes and the Bbt(Br)EE(Bbt)-
Br molecules, as well as the mechanisms for the formation
reactions for Bbt(Br)EM(PCy3)2 and their addition reactions
with water. It should be noted that this study provides the first
theoretical demonstration of the reaction trajectory and the first
theoretical estimation of the activation energy and reaction
enthalpy for these processes. Because of the size of the systems
studied in this work and in order to reduce the computational
time and disk space required, the B3LYP/LANL2DZ method
was used to investigate the potential energy surfaces of the
reactions. Nevertheless, the electronic structures and the
energies obtained at the DFT level can, at least, provide
qualitatively reliable conclusions.
In summary, based on the model calculations presented here,

it is readily found that the bonding character of the EM
double bond between the six valence-electron Bbt(Br)E:
species and the 14 valence-electron (PCy3)2M complexes has
predominantly high s-character. Namely, on the basis of the
NBO, this theoretical study strongly suggests that σ-donation
from the E element to the M atom prevails. Theoretical
computations suggest that the relative reactivity decreases in
the order: Bbt(Br)CM(PCy3)2 > Bbt(Br)SiM(PCy3)2 >
Bbt(Br)GeM(PCy3)2 > Bbt(Br)SnM(PCy3)2 > Bbt(Br)-
PbM(PCy3)2, irrespective of whether M = Pt or M = Pd is
chosen. Namely, the greater the atomic number of the group 14
atom (E), the larger is the atomic radius of E and the more
stable is its Bbt(Br)EM(PCy3)2 doubly bonded species to
chemical reactions. It is thus predicted that the Bbt(Br)Ge
M(PCy3)2, Bbt(Br)SnM(PCy3)2, and Bbt(Br)PbM-
(PCy3)2 molecules should be stable and readily synthesized
and isolated at room temperature. The computational results

Table 3. Selected Geometrical Parameters (Bond Distances in Å), Relative Zero-Point Energies (kcal/mol) and Relative Gibbs
Free Energies (kcal/mol) at 298 K at the B3LYP/LANL2DZ Level of Theory for the Optimized Stationary Points on the
Studied Water 1,2-Addition Channelsa

geometrical parameters energies

system E−Pt Pt−O1 E−H1 O1−H1 O−H2 ΔEb ΔG

>CPt< 1.860 0.00 0.00
TS−C-Pt-1H2O 2.361 2.311 1.490 1.137 30.21 (99.08) [−68.87] 43.83
TS−C-Pt-2H2O 2.077 2.874 1.264 1.369 2.224 7.258 11.44
Pro−C−Pt-H2O 2.182 2.089 1.104 4.063 4.537 −16.53
>SiPt< 2.247 0.00 0.00
TS−Si-Pt-1H2O 2.617 2.126 1.588 1.463 41.67 (94.92) [−51.70] 54.80
TS−Si-Pt-2H2O 2.443 2.637 1.646 1.531 2.268 27.40 14.09
Pro−Si−Pt-H2O 2.494 2.095 1.492 4.399 7.851 −12.03
>GePt< 2.377 0.00 0.00
TS−Ge-Pt-1H2O 2.815 2.122 1.638 1.483 49.10 (93.65) [−43.21] 61.07
TS−Ge-Pt-2H2O 2.540 2.859 1.700 1.544 2.402 29.56 18.32
Pro−Ge−Pt-H2O 2.573 2.086 1.559 4.478 12.98 −5.130
>SnPt< 2.549 0.00 0.00
TS−Sn-Pt-1H2O 2.878 2.145 1.804 1.490 54.71 (93.01) [−36.17] 67.87
TS−Sn-Pt-2H2O 2.673 2.944 1.860 1.577 2.361 30.74 38.95
Pro−Sn−Pt-H2O 2.717 2.092 1.726 4.634 33.69 29.90
>PbPt< 2.745 0.000 0.000
TS−Pb-Pt-1H2O 3.033 2.112 1.837 1.597 58.42 (103.6) [−43.90] 70.97
TS−Pb-Pt-2H2O 2.769 3.292 1.867 1.641 2.295 47.12 40.56
Pro−Pb−Pt-H2O 2.810 2.073 1.773 4.616 35.06 47.93

aFor energy surfaces, see 5. For structures, see Figure 6. The O−H bond length in H2O was calculated to be 0.9769 Å. bThe values in the round
bracket and the square bracket stand for ΔE‡strain and ΔE‡int, respectively, which were obtained according to the activation strain model. See the text.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic302031f | Inorg. Chem. 2013, 52, 1338−13481346



can be rationalized using a simple CM model. Also, we used the
activation strain model to arrive at a qualitative understanding
about the 1,2-addition reactions of the Bbt(Br)EPt(PCy3)2
complexes with water, based on the trends in activation barriers
and transition-state geometries. In consequence, not only is an
explanation provided for the available experimental observa-
tions, but these approaches also provide an important insight
into the factors that control doubly bonded Bbt(Br)E
M(PCy3)2 addition reactions with water and permit the
prediction of the reactivity of several, as yet unknown, heavier
Bbt(Br)EM(PCy3)2 complexes.36

We encourage experimentalists to carry out further experi-
ments to confirm our predictions.
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