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Possible mechanisms of activation reactions of H, with a variety of acyclic and cyclic silylenes and germ-
ylenes have been investigated by using the density functional theory (DFT), the second order Mealler-
Plesset perturbation theory (MP2), and the complete active space self-consistent field (CASSCF) method.
Calculation results demonstrate the facile occurrence of the H, activation reaction through a concerted
mechanism. The relative reactivity of H, splitting is closely related to the HOMO-LUMO or the sin-
glet-triplet gaps of silylenes and germylenes. The activation energies of H, split by silylenes are smaller

g(iely \l/\:;reds: than those by germylenes. For N-heterocyclic silylenes and germylenes with the larger singlet-triplet
Ceyrmylene energy gaps, the higher activation barriers are required to reach the transition states. The cyclopenta-

2,4-dienylidene silylenes and germylenes are better candidates for activation reaction of H, with lower
activation barriers. It is also shown that the halogen (F, Cl, Br) substitutions on different ring positions
of the cyclopenta-2,4-dienylidene silylenes and germylenes have little influence on the activation ener-

Hydrogen activation
Halogen substitutions

gies and the exothermic energies of the insertion reactions with H,.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The activation, adsorption, and regeneration of H, are important
processes in hydrogen storage applications [1-10]. Transition me-
tal complexes were widely adopted to split or liberate H,. How-
ever, the reactions of H, with main group compounds have less
been explored yet [11-19]. The reversible activation reactions of
H, with boron and phosphorus centers are regarded as Lewis
acid-base adduct reactions, in which the Lewis acidic B center
and Lewis basic P center interact with H, synchronously [13]. Re-
cently, H, was demonstrated to be split by nucleophilic activation
at a single carbon center in the carbenes [20-26]. Theoretical cal-
culations with the density functional theory (DFT) at the B3LYP/
6-311G" level displayed that the hydrogen bounds to the carbon
center irreversibly, generating a hydride-like hydrogen, which sub-
sequently reacts with the positively polarized carbon atom [23].

Silylenes [27-70] and germylenes [71-84], the heavier ana-
logues of carbenes [85-87], are important species in numerous
thermal and photochemical reactions [88-113]. Similar to carb-
enes, most of silylenes and germylenes can function as Lewis acid
or Lewis base, in which the vacant p orbital is responsible for elec-
trophilic character (Lewis acid), while the non-bonding electron
pair can act as the nucleophilic (Lewis base) attack region [77].
The activation reactions of some small inorganic and organic com-
pounds by Lewis acid-base addition reactions, such as NO [91,98],
NH; [103,110], CO [93], CO, [94,108], O, [91,102], CI, [91] H,0
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[95,96,103-105,110], C;H4 [106,112], and C;H; [107] with silylenes
and germylenes have been investigated experimentally. The inser-
tion reactions of silylenes or germylenes into C-H, C-Cl, C-Br, and
O-H bonds of small molecules, for example, CH; [110,111], CCl,
[100,101], and CBr4[100] etc., have also been studied by the density
functional theory (DFT). Among those works, the concerted mecha-
nism has been widely accepted. The reactions of silylenes and
germylenes with alcohols have been reported to take place via
the activation of O-H bond to generate the corresponding
alkoxyhydrosilane [33,35,46]. In fact, activation of O-H of water
molecule can also proceed with silylenes [67,95,96,103]. Similar
mechanism exists for carbenes as well [20-26]. The isodesmic reac-
tions of silylenes and germylenes with dihydrogen were employed
to discuss the relative stability of cyclic silylenes and germylenes at
the level of Hartree-Fock (HF) [27,71]. The unsaturated cyclic ger-
mylene is lower in energy than that of saturated cyclic germylene
by 41 kcal/mol [71], while the reaction of unsaturated silylene with
H, is about 11 kcal/mol less exothermic than that of saturated cyclic
species [27]. However, the possible reaction paths and electronic
structures of transition states for the activation reaction of H, with
silylenes and germylenes have not been explored yet.

In the present work, we study the possible pathways of the acti-
vation reaction of H, with silylenes and germylenes (Fig. 1). The se-
lected 36 reactants cover a wide range of silylenes and germylenes,
as shown in Fig. 1b. The studied systems include both the acyclic
silylenes and germylenes and cyclic species. The effect of ring
size of cyclic silylenes (germylenes) can be seen from the com-
parison between the three-membered (3sige) and five-mem-
bered rings (4sice)- The 2- and 3-mono-halo-substituted and
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Fig. 1. (a) Possible pathway and (b) selected reactants of the insertion reaction of
silylenes and germylenes with Hj.

2,5- and 3,4-di-halo-substituted cyclopenta-2,4-dienylidene sil-
ylenes (4si-7s;) and germylenes (4ge-7ge) are adopted to investi-
gate the substituent effects on the activation reaction of H, with
silylenes and germylenes. The success in experimental character-
ization of the stable N-heterocyclic silylenes [27] and germylenes
[71] as well as their derivatives [29,72] also stimulates our calcula-
tions on the N-heterocyclic species, 9s;, 10s;, 9ge, 10ce With H,. On
the basis of a systematic study by using various quantum chemical
models, including the DFT with B3LYP functional, the second order
Moller-Plesset perturbation theory (MP2), and the complete active
space self-consistent field (CASSCF) methods, we discuss the rela-
tive reactivity of different kinds of silylenes and germylenes in
the activation reaction of H,, which may be helpful to design new
experiments in organosilane and organogermane chemistry.

2. Computational details

All calculations were carried out with the caussianO3 program
[114]. DFT with B3LYP functional, MP2, and CASSCF methods

were employed to optimize geometries of reactants (Rea), pre-
cursor complexes (Im), transition states (TS), and products (Pr),
respectively (Fig. 1). DFT, MP2, and CASSCF calculations (Table
1) have been demonstrated to give rather reasonable predictions
on S-T gaps in singlet (S) and triplet (T) silylenes and germyl-
enes [68,69,88-90,109-112]. All those optimized minima and
transition states were tested by frequency analysis, and the re-
ported energies were corrected by the zero-point energies
(ZPEs). To further include effects of dynamical correlation, the
MP2 calculations were also carried out at each stationary point
obtained by the CASSCF (6, 6) calculations. The 6-31G(d, p) and
6-311+G(d, p) basis sets were adopted in DFT calculations,
respectively. These two kinds of basis sets give similar predic-
tions on the relative reactivity of activation reactions of H, (Ta-
ble 2). For the sake of saving computational time, we adopt the
6-31G(d, p) basis in time-consuming MP2 and CASSCF
calculations.

Our calculations at the MP2/6-31G(d, p) level display a RHF (re-
stricted Hartree-Fock) — UHF (unrestricted Hartree-Fock) insta-
bility for wave functions of Rea, Im, and TS. The B3LYP/6-311+G™"
wave function has no such instability for the studied systems.
The spin-restricted and -unrestricted (with broken symmetry) cal-
culations give the identical values of the singlet ground state en-
ergy (Table S1). Thus, the restricted wave functions were
employed to investigate the possible pathways of the singlet silyl-
enes and germylenes.

We also carried out some validation calculations on the reaction
paths of activation of H, with 1s; and 1ge by using the more sophis-
ticated CCSD(T) optimizations with 6-31G(d, p) basis. The CCSD(T)
geometries of intermediates, transition states, and products along
the reaction paths for 1s; and 1¢e are shown in Fig. S1 of Supple-
mentary material. It can be found that the CCSD(T)/6-31G(d, p)
optimized geometries along the H,-activation pathways are very
close to those obtained at the B3LYP/6-311+G(d, p) level (Fig. 2).
The activation energy barriers (1s;: 4.82 kcal/mol; 1ge: 14.68 kcal/
mol) obtained by B3LYP/6-311+G(d, p) calculations are also in
agreement with the CCSD(T)/6-31G(d, p) results (5.98 and
15.84 kcal/mol for 1s; and 1¢e, respectively). Although the energy
gaps between singlet and triplet states and the activation energy
barriers obtained from MP2 and CASSCF calculations are a little
higher than those obtained from B3LYP results, the qualitative
trends are still quite similar to each other among all these
methods.

Furthermore, in order to understand the trend in the reactivities
of silylene and germylene derivatives in the activation reactions of
H,, the natural bond orbital (NBO) [115] analyses for transition
states were carried out with the B3LYP/6-311+G(d,p) wave
functions.

3. Results and discussion

First of all, the possible reaction pathway of the activation of H;
is exemplified by silylene (1s;) and germylene (1¢e). The selected
structures along the intrinsic reaction coordinate are shown in
Fig. 2. Starting from the silylene (germylene) reactants (Rea), the
reaction reaches saturated addition product (Pr) through a con-
certed transition state (TS). To clarify, we only show in Fig. 3 the
geometries of transition states for some typical silylenes and germ-
ylenes, and the readers are referred to Figs. S2 and S3 for all the re-
sults of the selected 36 systems. In the following subsections, we
attempt to understand the reactivity of the activation of H, with
silylenes and germylenes through the relative stabilities of reac-
tants and transition states, activation energies, and exothermic
energies, respectively. The factors that affect the reactivity are also
discussed.
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Table 1

The energy differences between the lowest singlet (S) and triplet (T) states, AEs_r, of acyclic and cyclic silylenes 1s;-10s; and germylenes 1¢e—10¢, calculated at the level of B3LYP/
6-31G", B3LYP/6-311+G ", MP2/6-31G ", CASSCF(6, 6)/6-31G ", and CASPT2(6, 6)/6-31G ", respectively.

Species AEs_1 (kcal/mol)

B3LYP/6-31G ™ B3LYP/6-311+G MP2/6-31G " CAS[6-31G™ (CASPT2)?
1s -19.97 -20.39 ~13.54 ~16.38 (—13.18)
2si —25.81 —26.72 —21.24 —18.95 (—20.09)
3 —54.18 —52.59 ~75.32 —52.28 (—77.73)
dag; —-15.05 -20.39 -50.51 —22.66 (—15.64)
5bs; ~19.24 —-19.10 —-30.35 —16.86 (—29.35)
6bs; —21.69 2231 —24.54 —21.64 (—22.56)
7hg; ~23.80 ~21.04 —27.46 —16.49 (—23.96)
8s; —55.06 ~56.35 —53.78 —43.83 (—54.66)
9ag; —58.04 —58.81 —13.54 —64.69 (—69.01)
10g; —62.13 —63.05 —95.99 —77.99 (—76.36)
e —25.66 —26.80 -16.88 —~19.99 (—16.49)
26e —29.64 —31.49 —22.38 —37.85 (—21.42)
3ce —79.59 —78.69 —42.90 —33.04 (—45.49)
4ac, —20.57 —26.80 —34.92 —25.12 (—19.23)
5bge —24.83 —26.68 —34.09 —37.20 (—42.24)
6bce -10.51 ~13.40 -22.19 —24.01 (-17.91)
7bge —27.65 —28.70 3548 —27.08 (—29.98)
8ce —56.12 —59.00 —54.61 —50.80 (—54.67)
9ac. —48.98 —46.60 -16.88 —55.71 (—59.15)
10c. —53.81 —51.70 —60.34 —51.25 (—65.78)

2 The CASPT2/6-31G " results are given in parentheses.

Table 2

Values of the activation energy, E,, and the exothermic energy, Eexo, Of insertion reactions of acyclic and cyclic silylenes, 1s;-10s;, and germylenes, 1ge-10¢e, With H; calculated at
the level of B3LYP/6-31G ", B3LYP/6-311+G ", MP2/6-31G ", CASSCF(6, 6)/6-31G ", and CASPT2(6, 6)/6-31G ", respectively.

Species  Activation energy (E,)? kcal/mol Exothermic energy (Eexo)°, kcal/mol

B3LYP/6-31G~  B3LYP/6-311+G~ MP2/6-31G~ CAS[6-31G " (CASPT2)°  B3LYP/6-31G~~  B3LYP/6-311+G MP2/6-31G CAS/6-31G" (CASPT2)"
1s 4.88 482 6.12 16.87 (5.43) -51.28 -50.71 —56.54 —52.99 (—60.21)
2 13.25 13.31 16.97 42.15 (13.95) -51.58 -50.89 —53.59 —24.89 (—59.49)
3 55.18 53.15 63.55 80.50 (64.27) -17.77 ~18.65 -16.98 3.49 (—21.68)
dag; 6.07 5.87 10.86 26.47 (9.94) —50.53 —49.60 —-50.16 —46.83 (—55.30)
5bs; 10.29 8.27 11.95 26.23 (13.67) —47.64 —48.55 -50.98 —47.43 (-53.32)
6bs; 9.05 9.56 11.52 24.44 (14.19) —48.34 —46.98 —50.42 —55.54 (—52.57)
7hbs; 10.45 11.77 17.68 24.51 (22.57) —49.34 —46.76 —46.97 —48.78 (—52.54)
8 45.37 45.59 53.09 62.93 (50.76) -23.86 -23.34 ~25.20 —14.83 (—29.80)
9ag; 66.40 63.46 75.03 81.81 (76.05) -5.10 —6.65 —-3.90 9.61 (~7.02)
10g; 62.12 59.88 70.30 80.09 (69.88) -10.27 -11.39 —-10.09 4.95 (—13.69)
e 12.74 14.68 1537 20.25 (14.07) —-37.92 —34.69 —41.77 —38.99 (—45.98)
2¢e 18.32 22.82 20.87 47.71 (18.67) —38.60 —32.61 —42.12 —11.56 (—47.32)
3ce 62.84 65.42 68.25 80.91 (69.74) 0.70 1.77 -3.28 435 (~7.15)
dac, 16.26 19.23 18.84 34.21 (18.59) —35.07 -30.82 —-37.18 —38.10 (—41.11)
5bce 19.48 22.63 21.69 29.21 (23.40) —-32.95 —28.58 —35.78 —37.96 (—38.65)
6bce. 19.44 23.61 2227 29.95 (23.07) —32.65 —27.54 —35.11 —42.87 (—39.04)
7bce 23.26 24.32 21.76 25.77 (16.29) -30.78 —28.52 —37.60 —43.20 (—32.59)
8ce 55.07 59.74 58.80 72.83 (59.52) ~7.06 -1.78 -10.92 3.76 (—15.27)
9ac. 76.40 78.35 82.11 99.31 (83.70) 1433 17.10 13.73 29.81 (10.96)
10c. 72.48 74.69 71.51 75.40 (78.23) 8.52 11.71 -0.03 8.99 (3.76)

@ E, = Ers — Ege, in unit of kcal/mol.
Y Eovo = Epr — Ege, in unit of kcal/mol.
¢ The CASPT2/6-31G " results are given in parentheses.

3.1. Reactants: geometries and relative stabilities

The silylenes and germylenes are reactive and easily react with
another molecule or themselves [91-111]. Drahnak et al. reported
that dimethylsilylene, (CH3),Si (2s;), was stable in hydrocarbon
glasses at 77 K or below [116]. In 1992, the stable germylene,
Ge[N(Bu‘)CHCHNBU'] (9bge), was isolated at 298 K under inert
gas [71] Shortly afterward, the first stable silylene, Si[N(Bu‘)-
CHCHNBuU'] (9bs;), was reported to be distilled at a temperature
of 358 K [27]. The relative stabilities of silylenes and germylenes
are also closely related to the energy gap between singlet and trip-
let states, AEs_t, (AEs_t = Es — E1). The B3LYP, MP2, CASSCF, and
CASPT2 energies of the lowest singlet (S) and triplet (T) states

and the singlet-triplet energy gaps, AEs_t, of acyclic (1si-3si, 1ge—
3ce) cyclic (4si-7si, 4ce—7ce) and amino-containing (8si, 8ge, Isi,
10s;, 9ge, 10¢.) systems are listed in Tables 1 and S2. All the singlet
silylenes and germylenes, 15;—10s; and 1ge—10ge, are more stable
than the corresponding triplet states, indicating the distinct singlet
preference in ground states. Especially, N-heterocyclic silylenes
(9si, 10s;) and germylenes (9ge, 10¢e) are distinguished by the large
S-T splitting energies (9as;: —69.01 kcal/mol, 10s;: —76.36 kcal/
mol, 9age: —59.15 kcal/mol, 10ge: —65.78 kcal/mol, at the level of
CASPT2/6-31G™).

Some selected geometric parameters of singlet silylenes and
germylenes, 15;-10s; and 1ge—10ge, are listed in Table S3. For the
experimentally observed N-heterocyclic 9bs;, 10s;, 9bge, 10¢., the
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Fig. 2. Some selected structures along the intrinsic reaction coordinate (IRC) of the insertion reaction of (a) silylene, 1s;, and (b) germylene, 1ge, with Hy, calculated at the
B3LYP/6-311+G " level. Bond distances in angstrom (A) are also given, in accompany with the relative energies to reactants, in units of kcal/mol.

calculated N-Si (or N-Ge) bond lengths are slightly longer by 0.02-
0.05 A than those obtained by X-ray crystallography [28-32,71,87].
The theoretical bond angles of /N-Si(Ge)-N at the silylenes (germ-
ylenes) center are 87.5° (9bs;), 83.8° (10s;), 86.1° (9bge), and 82.6°
(10ge), respectively, in good agreement with X-ray data (90.5°,
84.8°, 88.2°, and 84.9°, respectively). The calculated results in the
present work are also close to previous theoretical results
[69,90,107].

It has been demonstrated that silylene (1s;) and germylene (1¢e)
and their derivatives have relatively low-lying doubly-occupied

orbital and a higher-lying m-type vacant orbital [69,99-101,109-
112]. In Table S4, the energies of the highest occupied molecular
orbitals (HOMOs) and the lowest unoccupied molecular orbitals
(LUMOs) of silylenes (1s;—10s;) and germylenes (1ge—10¢e), together
with those of H, molecule, are listed. It can be found that the
HOMO:s of silylenes and germylenes may play the role of an electron
donor whereas the LUMO of H, molecule functions as an electron
acceptor, because of the smaller gap (HOMOsiiyienes(or germylenes) —
LUMOy;: 0.122-0.198 au) between the HOMOs of silylenes
(or germylenes) and the LUMO of the H, molecule than that
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(HOMOp; — LUMO iyienes(or germylenes): 0.194-0.399 au) between
the HOMO of the H, molecule and the LUMOs of silylenes (or germ-
ylenes) (Table S4).

As already been noticed before [63], the energy differences be-
tween the HOMO and LUMO, AE(HOMO-LUMO), of the studied
silylenes (germylenes) are nearly in linear correlation with their
S-T splitting energies (Fig. S4). It will be demonstrated in the fol-
lowing subsections that the HOMO-LUMO and S-T gaps are the
major factors for affecting the reactivity of silylenes (germylenes)
towards the H, splitting.

3.2. Precursor complexes and transition states

The precursor complexes (Im) for the reactants 1s;-10s; and
1¢e—10¢e are located at various computational levels (Table S5).
Within the frameworks of B3LYP, MP2, and CASSCF, the stable pre-
cursor complexes in most reaction systems can be easily located,
except for 2s;, 3si (2ges 3ce)» amino-containing species, 8s;-10s;

TS) of the activation reaction of hydrogen with (a) silylenes and (b) germylenes obtained at the level of B3LYP/6-311+G . The distances are in

(8¢ge—10g¢e). As shown in Fig. 2, there is the three-centered interac-
tion in Im between the two hydrogen atoms of H, and the silicon
(germanium) center of silylenes (germylenes), with the Si- - -H dis-
tances of 1.89 and 1.79 A (1g;), and Ge- - -H distances of 2.13 and
2.05 A (1¢.) at the level of B3LYP/6-311+G ™", respectively (Fig. 2).
For other derivatives, the average distances between the silicon
center and two H atoms of H, gas in these precursor complexes
are lengthened to around 2.02 A for silylenes and 2.14 A for germ-
ylenes, respectively.

As illustrated in Fig. 1a, the activation reaction of H, with silyl-
enes and germylenes RyX (X = Si, Ge) are expected to reach RXH;
products via a concerted transition state (TS). We located the tran-
sition states (15;-TS-10s;-TS and 1ge-TS-10ge-TS) at B3LYP/6-
311+G", MP2/6-31G”, and CASSCF/6-31G™ levels, respectively.
The optimized geometries of transition states for other silylenes
and germylenes at the B3LYP/6-311+G™ level are given in Fig. 3.
The imaginary frequencies of transition states are about
1200i cm~! at the B3LYP/6-311+G”" level, 1400i cm~! at the MP2/
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6-31G™ level, and 1100icm™! at the CASSCF(6,6)/6-31G™ level.
The imaginary vibrational motion for the activation of H, with sil-
ylenes (or germylenes) does involve the bond formation between
silicon (or germanium) and H; in concert with H-H bond breaking.

In all these transition states, both H atoms of H, molecule inter-
act with silicon (or germanium) center with a concomitant activa-
tion of H,. The H-H bond is nearly breaking, and simultaneously,
two new Si-H (or Ge-H) bonds are forming, similar to those ob-
served in the H,-activation by carbenes [20-23]. The lengths of
the nearly formed Si-H (or Ge-H) bonds in transition states are
predicted to be around 1.48-1.54 A for silylenes and 1.52-1.58 A
for germylenes. Like what has been found in the splitting of hydro-
gen by singlet carbenes [20-23], another H atom is still far away
from the Si and Ge centers with long Si---H and Ge---H distances
of around 1.66-1.95 A (1;-TS-10g;-TS) and 1.72-1.99 A (1g.-TS-
10c.-TS), respectively (Fig. 3). At the same time, the H-H bond is
significantly elongated to 1.05-1.55 A, almost twice of the bond
distance (0.74 A) in gas phase [117].

3.3. Activation energies: silylenes vs. germylenes

Although the activation reactions of H, with silylenes and
germylenes, 1s-10s; and 1¢ge—10¢e, proceed via the similar path-
ways, the relative activation barriers are different. At the level of
B3LYP/6-311+G™", the activation barrier decreases in the order:
9as5; (63.46 kcal/mol) > 10s; (59.88 kcal/mol) > 3s; (53.15 kcal/
mol) > 8s; (45.59 kcal/mol) > 2s; (13.31 kcal/mol) > 7bs; (11.77
kcal/mol) > 6bs; (9.56 kcal/mol) > 5bs; (8.27 kcal/mol) > 4bs; (7.76
kcal/mol) > 4ag; (5.87 kcal/mol) > 1g; (4.82 kcal/mol) for silylenes.
A similar sequence of 9age > 10¢ge > 3ge > 8ce > 2ge > 7bge > 6bce >
5bge > 4bge > 4age > 1ge is found for germylenes. The MP2 and
CASSCF results follow the same trend as that from B3LYP/6-
311+G™ calculations (cf,, Tables 2 and S6-S8). Interestingly, the
activation barriers and Gibbs free activation barriers for silyenes
are relatively lower than those for corresponding germylenes, as
shown in Fig. 4, and also lower than that for carbene [20-23]

In order to understand the more facile activation of H; by silyl-
enes relative to germylenes and carbenes, the natural bond orbital
(NBO) analysis of the orbital interactions between silyenes (germ-
ylenes) and H, in the transition state (15;—TS-10s;-TS and 1ge-TS-
10g.~TS) has been carried out at the B3LYP/6-311+G"" level. The
selected donor-acceptor interactions in Table S9 are the most

significant ones with appreciable second-order stabilization ener-
gies E@). As expected, the effective orbital interactions between
the adjacent bonding sy (CGgen) and anti-bonding o'si_y
(0" ce_n) Orbitals in transition states correlate well with the reactiv-
ity of the splitting of H, by silylenes and germylenes. From Table
S9, one can find that for all the studied systems the stabilization
energy of osi_y — Osi_y interaction in silyenes are slightly larger
than Gge_y = Oge-w in germylenes. This may originate from the
longer Ge---H distance than the Si---H separations by about 0.70-
0.80 A (Fig. 3).

It is interesting to see from Fig. 5 the close relationship between
the activation energies and the HOMO-LUMO gaps. According to
Fig. 5, the studied systems are clearly cut into two groups. The sil-
ylenes (germylenes) that contain the highly-strained three-mem-
bered ring (3) or nitrogen atoms (8-10) are much more inert
than the others towards Hy-breaking reactions. The relevant dis-
cussions will be given in Section 3.5.

3.4. Exothermic energies

As mentioned before, the splitting of H, with silylenes or germ-
ylenes is initiated by the reactants Rea or the precursor complexes
Im. The concerted transition state TS is then reached by overcom-
ing the activation barrier of around 4.82-78.35 kcal/mol at the le-
vel of B3LYP/6-311+G™. Finally, the addition product (Pr) is
generated upon the formation of two covalent Si-H (Ge-H) bonds,
releasing a large amount of energy, Eexo (Eexo = Epr — Erea), Of around
—18.65 to —50.89 kcal/mol for the most of studied systems. The
exothermic energies are quite small for the insertion products of
8¢e (—1.78 kcal/mol), 3¢ge (—1.77 kcal/mol), and turn to endother-
mic for 9¢e (17.1 kcal/mol) and 10¢e (11.71 kcal/mol) at the level
of B3LYP/6-311+G"". In the case of the reaction of H, with 9ag;,
the exothermic energy is predicted to be —1.75 kcal/mol (MP2/6-
31G’//RHF/6-31G") [27]. Here, we found that the calculated values
of the exothermic energy significantly depend on the theory levels.
Take 9ag; as an example, B3LYP/6-311+G"", MP2/6-31G", and CASS-
CF/6-31G" calculations give predictions on the exothermic energy
of —0.65, —3.90, and 9.61 kcal/mol, respectively.

It can be also found that the splitting of H, with mono-halogen
(F, C1, Br) substituents on cyclic silylenes (4s;, 5si) and germylenes
(4ge, 5¢e) and di-halogen substituted silylenes (6s;, 7s;) and germyl-
enes (6ge, 7ce) are more exothermic (—28.58 to —49.78 kcal/mol, at

)
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the B3LYP/6-311+G"" level) with lower activation barriers (5.87-
9.56 kcal/mol, at the B3LYP/6-311+G"" level) than those N-hetero-
cyclic silylenes (9s;-10s;) and germylenes (9¢ge—10ge). This trend
is in agreement with the early conclusion drawn from the reactiv-
ity of silylenes with CCl, [101], that the smaller singlet-triplet gap,
the lower activation barrier and the larger exothermicity.

3.5. Factors that affect the reactivity of H, splitting

3.5.1. Acyclic vs. cyclic reactants

The activation energies (4.88 kcal/mol) for the acyclic silylene
(1si) is close to those (6.07 kcal/mol) of the cyclic species 4ag;,
which contains a five-membered ring. From Table S3, one can find
that the five-membered ring in the cyclic silylenes (4s;-7s;) does
not introduce much difference in geometry at the silylene center
and electronic structure properties in comparison with the acyclic
silylenes. For example, the H-Si—-H bond angle in 1g; is 90.5°, quite
close to the C-Si-C bond angles (4as;: 87.6°; 6bs;: 83.3°; 7hbg;:
89.3°) at the silylene center of the five-membered ring systems.
In addition, the acyclic 1s; has similar HOMO—-LUMO and S-T gaps
to those of the five-membered-ring-containing 4s; (cf. Tables S2
and S4). Similarities between the N-heterocyclic silylenes, 9s; and
10s;, and acyclic nitrogen-containing counterpart 8s; are also re-
vealed in aspects of geometry, S-T gap, and hence, the activation
energy. The benzo-annelated heterocyclic diamino silylene 10s;
has nearly identical N-Si bond length and N-Si-N angle to its par-
ent N-heterocyclic 9s;, suggesting little perturbation was caused by
ring fusing.

However, 3s;, which contains a highly-strained three-member-
ring, requires a high barrier (55.18 kcal/mol) in breaking a H, mol-
ecule. Such a small ring makes the silyene highly distorted. The
C-Si-C angle in the three-membered ring is only 42.1°, almost half
of those in the acyclic and five-membered-ring-containing cyclic
silyenes. Similar conclusions can be drawn for germylenes.

It can be seen from the above discussions that the geometry fea-
ture of the silyene (germylene) center as well as electronic struc-
ture (HOMO-LUMO and S-T gaps) play important roles in
controlling the reactivity of the activation of hydrogen molecule.

3.5.2. Halogen substitutions

The halogen substituted carbenes and heavier analogous have
attracted intensive interest both experimentally and theoretically
[62,100,101]. The mono-halogen (F, Cl, Br) substitution on cyclo-

penta-2,4-dienylidene silylenes (4bs;-4ds;, 5bsi-5ds;) and germyl-
enes (4bge—4dge, 5bge—5dge) have been evaluated, with the
B3LYP/6-311+G™" results displayed in Fig. S5 and Tables S6 and
S10. Both the 2- and 3-halo-substituted silylene derivatives have
almost equal activation energies of 7.76 (4bs;), 7.65 (4cs;),
7.67(4ds;), 8.27 (5bs;), 7.84 (5c¢s;), 7.87 (5ds;) kcal/mol. A similar
trend is also held for germylenes. This implies that the halogen
substitution on different positions of the five-membered ring have
little influence on the activation energies. This is not surprising
since the energy levels of HOMO and LUMO are almost unchanged
upon the substitution by halogen.

The di-halogen on 2,5- and 3,4-halo-substituted cyclopenta-
2,4-dienylidene silylenes (6bs;i—6ds;, 7bs;-7ds;) and germylenes
(6bge—6dge, 7bge—7dge) have also been studied. For example, the
activation barriers of the insertion reactions of di-substituted silyl-
enes with H, at the level of B3LYP/6-311+G"" are 9.56 (6bg;), 9.38
(6¢si), 9.41 (6ds;), 11.77 (7bs;), 10.05 (7cs;), and 9.96 (7ds;) kcal/
mol, respectively, a little higher than the mono-halogen-substi-
tuted derivatives. The same phenomenon is also obtained for the
substituted germylenes, as shown in Table 2 and Fig. S5.

The halogen substituent effects on 2- and 3-halo-substituted
cyclopenta-2,4-dienylidene silylenes and germylenes also have lit-
tle influence on exothermic energies, similar to what was found for
the activation energies (Fig. S5 and Tables S6 and S10).

3.5.3. N-heterocyclic systems

It has already been mentioned that the N-heterocyclic silylenes
and germylenes are stabilized by the amino groups [27,71]. Our
calculation results also displayed that the S-T or HOMO—-LUMO
gaps in the N-heterocyclic systems (8s;—10s;, 8ge—10¢e) are at least
twice of those in unstabilized silylenes (4si-7sij) and germylenes
(4ge-7ce), although all of them have the common structural unit,
a five-membered ring. Those unsaturated siylenes and germylenes
contain five-membered rings ware recognized as aromatic species,
with the aromatic resonance energy up to 50-60% of that in ben-
zene. The high stability of N-heterocyclic silylene (germylene)
makes it rather inert in activation reaction of hydrogen molecule,
as shown in Fig. 5. In addition, the introduction of nitrogen atom
in N-heterocyclic silylene (germylene) shifts up the energy levels
of both the HOMO and LUMO, but to a different degree. The LUMOs
of N-containing systems are much highly lying in comparison with
those silylene (germylene) without nitrogen atoms (Table S4).
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Up to now, although a lot of singlet silylenes and germylenes
have been reported [27-84], the triplet state of silylene is of
increasing interest in experimental and theoretical works [118-
123]. Further theoretical investigations on the stability and reactiv-
ity of triplet state of silylenes and germylenes are in progress.

4. Conclusions

Possible reaction pathways for activation reactions of H, with a
series of silylenes and germylenes have been investigated through
DFT, MP2, and CASSCF calculations. Similar to carbenes, the stable
singlet silylenes and germylenes can mimic the reactivity of tran-
sition metals with H, to some extent. The activation reactions of
H, can proceed via the concerted dissociation of H, and addition
of two H atoms to silicon (or germanium) center, similar to the re-
ported reactions with carbenes [20-23].

The 2- or 3-halo-substituted silylenes and germylenes are pre-
dicted to be better candidates for activation reaction of H, than
those N-heterocyclic silylenes (9s;, 10s;) and germylenes (9ge,
10¢.). The mono- and di-substitutions effects on cyclopenta-2,4-
dienylidene silylenes (4si—7si) and germylenes (4ge-7ce) have lit-
tle influence on the activation energies and exothermic energies
of the insertion reactions with Hy. Our results may enrich the
information of chemical reactions of silylene and germylene
derivatives.

Acknowledgements

This work is supported by the China NSF (No. 20825312), the
Chinese Ministry of Education (NCET-05-0442), and Fok Ying Tong
Education Foundation (Grant No. 111013).

Appendix A. Supplementary material

The optimized energies of reactants, transition states, and prod-
ucts by B3LYP, MP2, and CASSCF methods are listed in Tables S1-
S12 of Supporting Information. Supplementary data associated
with this article can be found, in the online version, at
doi:10.1016/j.jorganchem.2009.03.051.

References

[1] GJ. Kubas, Acc. Chem. Res. 21 (1988) 120.
[2] R.H. Crabtree, Acc. Chem. Res. 23 (1990) 95.
[3] J.K. Burdett, O. Eisenstein, S.A. Jackson, Transition Met. Hydrides (1992) 149.
[4] P.G. Jessop, R.H. Morris, Coord. Chem. Rev. 121 (1992) 155.
[5] D.M. Heinekey, WJ. Oldman Jr., Chem. Rev. 93 (1993) 913.
[6] GJ. Kubas, Metal Dihydrogen and Sigma-Bonded Complexes: Structure,
Theory and Reactivity, Kluwer Academic/Plenum Publishers, London, 2001.
[7] G.J. Kubas, ]J. Organomet. Chem. 635 (2001) 37.
[8] G.S. McGrady, G. Guilera, Chem. Soc. Rev. 32 (2003) 383.
[9] D.M. Heinekey, A. Lledos, ].M. Lluch, Chem. Soc. Rev. 33 (2004) 175.
[10] GJ. Kubas, Chem. Rev. 107 (2007) 4152.
[11] G.C. Welch, RR.S. Juan, ].D. Masuda, D.W. Stephan, Science 314 (2006) 1124.
[12] G.H. Spikes, ].C. Fettinger, P.P. Power, J. Am. Chem. Soc. 127 (2005) 12232.
[13] G.C. Welch, D.W. Stephan, J. Am. Chem. Soc. 129 (2007) 1880.
[14] P. Spies, S. Schwenderman, S. Lange, G. Kehr, R. Frohlich, G. Erker, Angew.
Chem. 120 (2008) 7654;
P. Spies, S. Schwenderman, S. Lange, G. Kehr, R. Frohlich, G. Erker, Angew.
Chem., Int. Ed. Engl. 47 (2008) 7543.
[15] V. Sumerin, F. Schulz, M. Atsumi, C. Wang, M. Nieger, M. Leskela, T. Rero, P.
Pyykko, B. Rieger, ]. Am. Chem. Soc. 130 (2008) 14117.
[16] P.A. Chase, G.C. Welch, T. Jurca, D.W. Stephan, Angew. Chem. 119 (2007)
8196;
P.A. Chase, G.C. Welch, T. Jurca, D.W. Stephan, Angew. Chem., Int. Ed. Engl. 46
(2007) 8050.
[17] T.A. Rokob, A. Hamza, A. Stirling, T. Soos, 1. Papai, Angew. Chem. 120 (2008)
2469;
T.A. Rokob, A. Hamza, A. Stirling, T. Soos, 1. Papai, Angew. Chem., Int. Ed. Engl.
47 (2008) 2435.
[18] P. Spies, G. Erker, G. Kehr, K. Bergander, R. Froehlich, S. Grimme, D.W.
Stephan, Chem. Commun. (2007) 5072.

[19] G.J. Kubas, Science 314 (2006) 1096.

[20] M.S. Platz, in: Kinetics and Spectroscopy of Carbenes and Biradicals, Plenum,
New York, 1990, p. 143.

[21] C. Koltting, W. Sander, J. Am. Chem. Soc. 121 (1999) 8891.

[22] P.S. Zuev, R.S. Sheridan, J. Am. Chem. Soc. 123 (2001) 12434.

[23] G.D. Frey, V. Lavallo, B. Donnadieu, W.W. Schoeller, G. Bertrand, Science 316
(2007) 439.

[24] V. Sumerin, F. Schulz, M. Nieger, M. Leskeld, T. Repo, B. Rieger, Angew. Chem.
120 (2008) 6090;

V. Sumerin, F. Schulz, M. Nieger, M. Leskeld, T. Repo, B. Rieger, Angew. Chem.,
Int. Ed. Engl. 47 (2008) 6001.

[25] D. Holschumacher, T. Bannenberg, C.G. Hrib, P.G. Jones, M. Tamm, Angew.
Chem. 120 (2008) 7538;
D. Holschumacher, T. Bannenberg, C.G. Hrib, P.G. Jones, M. Tamm, Angew.
Chem., Int. Ed. Engl. 47 (2008) 7428.

[26] P.A. Chase, D.W. Stephan, Angew. Chem. 120 (2008) 7543;
P.A. Chase, D.W. Stephan, Angew. Chem., Int. Ed. Engl. 47 (2008) 7433.

[27] M. Denk, R. Lennon, R. Hayshi, R. West, A.V. Belyakov, H.P. Verne, A. Haaland,
M. Wangner, N. Wetzler, J. Am. Chem. Soc. 116 (1994) 2691.

[28] P.P. Gaspar, R. West, in: Z. Rappoport, Y. Apeloig (Eds.), The Chemistry of
Organic Silicon Compounds, 2nd ed., Wiley, New York, 1999, p. 2463. Part 3.

[29] M. Haaf, T.A. Schmedake, R. West, Acc. Chem. Res. 33 (2000) 704.

[30] B. Gehrhus, M.F. Lappert, ]. Organomet. Chem. 617-618 (2001) 209.

[31] N.J. Hill, R. West, ]. Organomet. Chem. 689 (2004) 4165.

[32] M. Kira, J. Organomet. Chem. 689 (2004) 4475.

[33] B. Gehrhus, M.F. Lappert, ]. Heinicke, R. Boose, D. Blaser, Chem. Commun.
(1995) 1931.

[34] R. West, M. Denk, Pure Appl. Chem. 68 (1996) 785.

[35] M. Haaf, A. Schmiedl, T.A. Schmedake, D.R. Powell, A]J. Millevolte, M. Denk, R.
West, J. Am. Chem. Soc. 120 (1998) 12714.

[36] M. Kira, S. Ishida, T. Iwamoto, C. Kabuto, J. Am. Chem. Soc. 121 (1999) 9722.

[37] M. Haaf, T.A. Schmedake, B.J. Paraduse, R. West, Can. J. Chem. 78 (2000) 1526.

[38] B. Tumanskii, P. Pine, Y. Apeloig, N.J. Hill, R. West, ]. Am. Chem. Soc. 126
(2004) 7786.

[39] S. Nagendran, H.W. Roesky, Organometallics 27 (2008) 457.

[40] E. Vessally, M. Nikoorazm, A. Ramazani, Chinese ]. Inorg. Chem. 24 (2008)
631. and references therein.

[41] A.G. Avent, B. Gehrhus, P.B. Hitchcock, M.F. Lappert, H. Maciejewski, ].
Organomet. Chem. 686 (2003) 321.

[42] A. Naka, NJ. Hill, R. West, Organometallics 23 (2004) 6330.

[43] D. Moser, A. Naka, I.A. Guzei, T. Muller, R. West, J. Am. Chem. Soc. 127 (2005)
14730.

[44] S. Tsutsui, K. Sakamoto, M. Kira, J. Am. Chem. Soc. 120 (1998) 9955.

[45] P.P. Gaspar, A.M. Beatly, T. Chen, T. Haile, D. Lei, W.R. Winchester, J. Bradock-
Wilking, N.P. Rath, W.T. Klooster, T.F. Koetzle, S.A. Mason, A. Albinati,
Organometallics 18 (1999) 3921.

[46] H. Ottosson, P.G. Steel, Chem. Eur. ]. 12 (2006) 1576.

[47] S. Yao, M. Brym, C. Wiillen, M. Driess, Angew. Chem. 119 (2007) 4237;

S. Yao, M. Brym, C. Wiillen, M. Driess, Angew. Chem., Int. Ed. Engl. 46 (2007)
4159.

[48] S. Yao, C. Wiillen, X.-Y. Sun, M. Driess, Angew. Chem. 120 (2008) 3294;

S. Yao, C. Wiillen, X.-Y. Sun, M. Driess, Angew. Chem., Int. Ed. Engl. 47 (2008)
3250.

[49] J. Olah, T. Veszprémi, J. Organomet. Chem. 686 (2003) 112.

[50] H. Joo, M.L. Mckee, ]. Phys. Chem. A 109 (2005) 3728.

[51] LS. Toulokhonova, V.I. Timokhin, D.N. Bunck, I. Guzei, R. West, T. Miiller, Eur.
J. Inorg. Chem. (2008) 2344.

[52] P. Riviére, M. Riviére-Baudet, J. Satgé, in: A.G. Davies (Ed.), Comprehensive
Organometallic Chemistry II, Pergamon, New York, 1995, p. 137.

[53] M. Weidenbruch, Coord. Chem. Rev. 130 (1994) 275.

[54] P.P. Gaspar, R. West, in: Z. Rappoport, Y. Apeloig (Eds.), The Chemistry of
Organic Silicon Compounds, vol. 2, John Wiley and Sons, New York, 1998, p.
2463.

[55] J. Belzner, H. Thmels, Adv. Organomet. Chem. 43 (1998) 1.

[56] D.S. McGuinness, B.F. Yates, KJ. Cavell, Organometallics 21 (2002) 5408.

[57] M. Weidenbruch, Eur. ]. Inorg. Chem. 1999 (1999) 373.

[58] N. Tokitoh, R. Okazaki, Coord. Chem. Rev. 210 (2000) 251.

[59] M. Weidenbruch, J. Organomet. Chem. 646 (2002) 39.

[60] N. Tokitoh, W. Ando, in: R.A. Moss, M.S. Platz, M. Jones Jr. (Eds.), Reactive
Intermediate Chemistry, John Wiley & Sons, New York, 2004, p. 651.

[61] M. Kira, S. Ishida, T. Iwamoto, Chem. Rec. 4 (2004) 243.

[62] R. Koch, T. Bruhn, M. Weidenbruch, Organometallics 23 (2004) 1570.

[63] M.Z. Kassaee, S. Arshadi, E. Acedy, E. Vessally, ]. Organomet. Chem. 690 (2005)
3427.

[64] R. Becerra, J.P. Cannady, G. Dormer, R. Walsh, J. Phys. Chem. A 112 (2008)
8665

[65] W.J. Leigh, G.D. Potter, L.A. Huck, A. Bhattacharya, Organometallics 27 (2008)
5948.

[66] A.Jana, I. Objartel, H.W. Roesky, D. Stalke, Inorg. Chem. 48 (2009) 798.

[67] M.W. Heaven, G.F. Metha, M.A. Buntine, J. Phys. Chem. A 105 (2001) 1185.

[68] AJ. Arduengo III, H. Bock, H. Chen, M. Denk, D.A. Dixon, J.C. Green, W.A.
Herrmann, N.L. Jones, M. Wagner, R. West, ]. Am. Chem. Soc. 116 (1994) 6641.

[69] M. Su, J. Am. Chem. Soc. 124 (2002) 12335.

[70] C. Boehme, G. Frenking, ]. Am. Chem. Soc. 118 (1996) 2039.

[71] W.A. Herrmann, M. Denk, ]. Behm, W. Scherer, F.-R. Klingan, H. Bock, B.
Solouki, M. Wagner, Angew. Chem. 104 (1992) 1489;


http://dx.doi.org/10.1016/j.jorganchem.2009.03.051

Y. Wang, J. Ma/Journal of Organometallic Chemistry 694 (2009) 2567-2575 2575

W.A. Herrmann, M. Denk, ]J. Behm, W. Scherer, F.-R. Klingan, H. Bock, B.
Solouki, M. Wagner, Angew. Chem., Int. Ed. Engl. 31 (1992) 1485.

[72] O. Kuhl, Coord. Chem. Rev. 248 (2004) 411.

[73] W.J. Leigh, F. Lollmahomed, C.R. Harrington, ].M. McDonald, Organometallics
25 (2006) 5424. and references therein.

[74] O. Kiihl, Coord. Chem. Rev. 248 (2004) 411.

[75] O. Kiihl, Cent. Eur. ]. Chem. 6 (2008) 365.

[76] E. Ullah, O. Kiihl, G. Bajor, T. Veszprémi, P.G. Jones, J. Heinicke, Eur. J. Inorg.
Chem. (2009) 221.

[77] L. Saur, S.G. Alonso, J. Barrau, Appl. Organomet. Chem. 19 (2005) 414.

[78] S. Boughdiri, K. Hussein, B. Tangour, M. Dahrouch, M. Riviére-Baudet, J.C.
Barthelat, ]. Organomet. Chem. 689 (2004) 3279.

[79] M.Z. Kassaee, S.M. Musaki, M. Ghambarian, M.R. Khalili Zanjani, J. Organomet.
Chem. 691 (2006) 2933.

[80] W.P. Neumann, Chem. Rev. 91 (1991) 311.

[81] Z.T. Cygan, J.E. Bender IV, KE. Litz, JW. Kampf, M.M. Banaszak Holl,
Organometallics 21 (2002) 5373.

[82] O. Kiihl, P. Lonnecke, J. Heinicke, Inorg. Chem. 42 (2003) 2836.

[83] J. Pfeiffer, M. Noltemeyer, A. Meller, Z. Anorg. Allg. Chem. 572 (1989) 145.

[84] A.V. Zabula, F.E. Hahn, T. Pape, A. Hepp, Organometallics 26 (2007) 1972.

[85] A. Igau, H. Grutzmacher, A. Baceiredo, G. Bertrand, J. Am. Chem. Soc. 110
(1988) 6463.

[86] AlJ. Arduengo III, R.L. Harlow, M. Kline, J. Am. Chem. Soc. 113 (1991) 361.

[87] M. Jones Jr., RA. Moss, in: R.A. Moss, M.S. Platz, M. Jones Jr. (Eds.), Reactive
Intermediate Chemistry, John Wiley & Sons, New York, 2004, p. 273.

[88] M.Z. Kassaee, S.M. Musavi, S. Soleimani-Amiri, M. Ghambarian, Heteroatom
Chem. 17 (2006) 619.

[89] M.Z. Kassaee, S.M. Musavi, M. Ghambarian, Heteroatom Chem. 18 (2007) 283.

[90] O. Kiihl, K. Lifson, W. Langel, Eur. ]J. Org. Chem. (2006) 2336. and references
therein.

[91] J.O. Chu, D.B. Beach, R.D. Estes, ].M. Jasinski, Chem. Phys. Lett. 143 (1988) 135.

[92] R. Becerra, H.M. Frey, B.P. Mason, R. Walsh, Chem. Phys. Lett. 185 (1991) 415.

[93] R. Becerra, R. Walsh, ]J. Am. Chem. Soc. 122 (2000) 3246.

[94] R. Becerra, J.P. Cannady, R. Walsh, J. Phys. Chem. A 106 (2002) 4922.

[95] R. Becerra, J.P. Cannady, R. Walsh, ]. Phys. Chem. A 107 (2003) 11049.

[96] R. Becerra, N. Goldberg, ].P. Cannady, M.]. Almond, J.S. Ogden, R. Walsh, ]. Am.
Chem. Soc. 126 (2004) 6816.

[97] R. Becerra, J.P. Cannady, R. Walsh, J. Phys. Chem. A 108 (2004) 3987.

[98] R. Becerra, S.-]. Bowes, J.S. Ogden, ].P. Cannady, M.]. Almond, R. Walsh, ]. Phys.
Chem. A 109 (2005) 1071.
[99] M. Su, ]. Phys. Chem. B 109 (2005) 21647.

[100] S. Chu, M. Su, Chem. Eur. J. 13 (2007) 6932.

[101] R. Li, J. Sheu, M. Su, Inorg. Chem. 46 (2007) 9245.

[102] R. Becerra, S. Bowes, J.S. Ogden, ].P. Cannady, I. Adamovie, M.S. Gordon, M.J.
Almond, R. Walsh, Phys. Chem. Chem. Phys. 7 (2005) 2900.

[103] 1. Alkoria, J. Elguero, J. Phys. Chem. 100 (1996) 19367.

[104] A. Nowek, ]. Leszczynski, J. Phys. Chem. A 101 (1997) 3784.

[105] S.P. So, ]. Phys. Chem. A 105 (2001) 4988.

[106] R. Becerra, S.E. Booganov, M.P. Egorov, V.M. Promyslov, O.M. Nefedov, R.
Walsh, Phys. Chem. Chem. Phys. 4 (2002) 5079. and references therein.

[107] R. Becerra, S.E. Booganov, M.P. Egorov, V.I. Faustov, L.V. Krylova, 0.M. Nefedov,
V.M. Promyslov, R. Walsh, Phys. Chem. Chem. Phys. 6 (2004) 3370. and
references therein.

[108] S.P. So, W.K. Li, J. Phys. Chem. A 108 (2004) 4002. and references therein.

[109] M. Su, S. Chu, Inorg. Chem. 38 (1999) 4819.

[110] M. Su, S. Chu, J. Phys. Chem. A 103 (1999) 11011.

[111] M. Su, S. Chu, J. Am. Chem. Soc. 121 (1999) 4229.

[112] M. Su, S. Chu, J. Am. Chem. Soc. 121 (1999) 11478.

[113] L.A. Huck, W.J. Leigh, Organometallics 26 (2007) 1339.

[114] MJ. Frisch et al., caussian 03, Reversion D.01 (Full reference given in
Supporting Information).

[115] E.D. Glendening, A.E. Reed, J.E. Carpenter, F. Weinhold, NBO, Version 3.1,
GAussiaN, Inc., Pittsburgh, PA, 2004.

[116] T.J. Drahnak, J. Michl, R. West, J. Am. Chem. Soc. 101 (1979) 5427.

[117] K.P. Huber, G. Herzberg, Molecular Spectra and Molecular Structure, vol. 3,
Van Nostrand, New York, 1979.

[118] R.S. Grev, H.F. Schaefer, P.P. Gaspar, J. Am. Chem. Soc. 113 (1991) 5638.

[119] M.C. Holthausen, W. Koch, Y. Apeloig, J. Am. Chem. Soc. 121 (1999)
2623.

[120] P. Jiang, P.P. Gaspar, . Am. Chem. Soc. 123 (2001) 8622.

[121] P.P. Gaspar, M. Xiao, D.H. Pae, DJ. Berger, T. Haile, T. Chen, D. Lei, W.R.
Winchester, P. Jiang, J. Organomet. Chem. 646 (2002) 68.

[122] A. Sekiguchi, T. Tanaka, M. Ichinohe, K. Akiyama, S. Tero-Kubota, J. Am. Chem.
Soc. 125 (2003) 4962.

[123] A. Sekiguchi, T. Tanaka, M. Ichinohe, K. Akiyama, P.P. Gaspar, J. Am. Chem.
Soc. 130 (2008) 426.



	Silylenes and germylenes: The activation of H–H bond in hydrogen molecule
	Introduction
	Computational details
	Results and discussion
	Reactants: geometries and relative stabilities
	Precursor complexes and transition states
	Activation energies: silylenes vs. germylenes
	Exothermic energies
	Factors that affect the reactivity of H2 splitting
	Acyclic vs. cyclic reactants
	Halogen substitutions
	N-heterocyclic systems


	Conclusions
	Acknowledgements
	Supplementary material
	References


