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ABSTRACT: Relative stabilities and structural char-
acters of 30 silylenic C,HXSi species (X=H, NH,,
CN, and OMe), with singlet (s) and/or triplet (t) states,
are calculated at six levels of theory: HF/6-311++G*,
MP3/6-31G*, BILYP/6-311++G**, B3LYP/6-311++G**,
MP2/6-311++G**, and MP4(SDTQ)/6-3114++G**. The
four possible isomers considered for C,SiHX are (i)
3-X-1-silacyclopropenylidene (1,x and 1.x), (ii) X-
vinilydensilylene (2,.x and 2.x), (iii) ethynyl-X-silylene
(3sx and 3.x), and (iv) (X-ethynyl)silylene (4,x and
4, x). The GIAO-NICS calculations show that singlet
cyclic structures, 1,x, are considerably more aromatic
than benzene. Conversely, triplet cyclic C,HCNSi
breaks down through optimization, and transforms
into a novel high-spin acyclic carbenosilylene mini-
mum (1yen). Singlet 3sxu, and triplet 3.nu, cross at a
divalent angle (/XSiC) of 152°. This angle narrows to
137° for crossing of singlet 3, cx and triplet, 3.cn. The
smallest (XSiC occurs at 132° for crossing of 3¢y and
3.x. © 2007 Wiley Periodicals, Inc. Heteroatom Chem
18:283-293, 2007; Published online in Wiley InterScience
(www.interscience.wiley.com). DOI 10.1002/hc.20297

INTRODUCTION

Carbenes and their silylenic analogues are consid-
ered as important reactive intermediates [1-12]. Al-
though the ground states of CH, and most of its
derivatives are a 3B, triplet (t), the ground state of
SiH, is a closed shell ' A, singlet (s) [9-11]. In the case
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DISCOVER SOMETHING GREAT

of carbenes, Coulomb repulsion between the elec-
trons constrained to the carbon-centered HOMO is
large, and some energy must be surmounted to sep-
arate the electrons to different molecular orbitals,
which are largely compensated by accompanying de-
crease of electron—electron repulsions. In the case of
the heavier low-coordinate species, the energy dif-
ference between the similar orbitals is large; fur-
thermore, less energy is gained upon release of the
electron-electron repulsion energy. Thus, heavier
low-coordinate species favor the closed shell, singlet
state [13]. The effect of substituent on the ground
state of carbenes and silylenes has been extensively
studied, and it has been shown that the most impor-
tant factor in the stabilization of singlet carbenes
is the m-electron donation from the substituent to
the divalent atom [14-17]. In contrast, the triplet
state can be stabilized by electropositive substituents
[18-24]. Regardless of the multiplicity, it is often
very difficult to isolate carbenes and/or silylenes.
Some small and recently matrix-isolated silylenes
are C,H,Si [25-27]. These silylenes are among the
reactive intermediates that have been of great in-
terest to us [28-32]. Specifically, we have recently
reported the ab initio study on singlet-triplet energy
separations of C,HXSi silylenes (X=H, F, Cl, and
Br) [31].

In this paper, we examine the electronic effects
of amino, cyano, and methoxy groups on the stability
order and multiplicities of C,H,Si (Fig. 1).

COMPUTATIONAL METHODS

All calculations in this work are performed us-
ing the Gaussian 98 program package [33]. The
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FIGURE1 The possible structures for singlet(s) and triplet(t)
silylenic CoHXSi isomers (1, 2, 3, and 4; where X = H, CN,
NH, and OMe).

structures of all silylenic molecules are fully op-
timized using standard quantum chemical ab ini-
tio and DFT methods. Optimizations are preformed
without any symmetrical restrictions. For DFT cal-
culations, the Becke’s hybrid one-parameter and
three-parameter nonlocal functional were employed,
using the LYP correlation with the 6-311++G*
basis set [34,35]. For the second-order M@ller—
Plesset (MP2) method, 6-311++G** basis set is em-
ployed, and for the third-order M@ller-Plesset (MP3)
method, 6-31G* basis set is employed [36,37]. The
MP2/6-311++G* optimized geometries are used
as input for single-point calculations, at the MP4/
6-311++G* [38]. Singlet states are calculated with
spin-restricted wave functions, while triplet states
are calculated using spin-projected wave functions
[39]. The vibrational frequencies and ZPE data

TABLE 1

at the HF, B3LYP, and MP2 are scaled by 0.89,
0.98, and 0.92, respectively [40,41]. The NBO pop-
ulation analysis is accomplished at the B3LYP/
6-311++G** level [42]. Nucleus independent chem-
ical shift (NICS) values [43] are calculated by the
gauge-independent atomic orbital (GIAO) method
[44,45] at the B3LYP/6-3114++4G**. Values of NICS
are measured at the ring center, defined as the sim-
ple average of Cartesian coordinates for three atoms
of three-membered rings, as well as 0.5, 1.0, 1.5, 2.0,
2.5, and 3 A above the plane of the rings.

RESULTS AND DISCUSSION

In this section, first the results are listed and
then they are followed by discussion. The relative
energies of 30 possible structures of X-silylenes
(C,HXSi, 1-4, X=H, NH,, CN, and OMe) are
calculated at HF/6-3114++G**, MP3/6-31G*, BILYP/
6-311++G*, B3LYP/6-3114++G™, MP2/6-3114++G*,
and MP4(SDTQ)/6-311++G* levels (Fig. 1,
Tables 1-4). We deliberately report the results
at several levels of theory in order to offer a forum
for a comparison of various levels. It is noteworthy
that the same global minima are suggested by all
calculation methods for every isomeric series of
silylenes 1 through 4. B3LYP/6-311++G* calcu-
lated dipole moments and vibrational zero-point
energies (ZPE) are also presented (Tables 1-4).
The energy results are dependent on the compu-
tational methods employed. Moreover, the energy
results obtained at the HF level are different from
the results obtained by other calculation methods.

Relative Energies (kcal/mol), with ZPE Corrections, for Singlet (1s.H, 2s.4, and 3s.4) and Triplet States (1i-H, 2 t-H,

and 34.y) of Silylenic CoH»Si Calculated at Six Levels of Theory: HF/6-311++4-G**, MP3/6-31G*, B1LYP/6-311++G**, B3LYP/
6-311++G**, MP2/6-311++G**, and MP4(SDTQ)/6-311++G**, Along with Dipole Moments (Debye) and Vibrational Zero-

Point Energies (kcal/mol) Calculated via B3LYP/6-311++G**

Vibrational

Zero-Point

Dipole Energies

Relative Energies (kcal/mol) Moments (D)  (kcal/mol)

HF/6- MP3/ Bi1LYP/6- B3LYP/6- MP2/6- MP4(SDTQ)/ B3LYP/6- B3LYP/6-

Structure  311++G** 6-31G*?  311++G** 311++G* 311++G* 6-311++G**4 311++G* 311++G*
L 0.00 0.00 0.00 0.00 0.00 0.00 0.95 18.50
1¢H 59.85 72.01 70.66 70.69 70.05 71.56 0.81 17.16
254 19.76 18.50 14.75 14.66 20.52 17.03 0.97 17.97
24 24.39 88.77 35.26 35.84 51.39 47.07 1.28 17.04
3s-H 16.26 25.73 17.46 17.80 22.57 20.90 0.89 15.47
3t-H 23.29 51.15 41.35 41.86 48.66 49.22 0.32 15.40

4ZPE not included.

“The lowest energy minimum sets at 0.00 kcal/mol; total energies (hartrees) for 1.y at various levels of theory sorted above, respectively:
—365.7686985, —366.0681908, —366.8003014, —366.8630339, —366.1172883, and —366.1604181.
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TABLE 2 Relative Energies (kcal/mol), with ZPE Corrections, for Singlet (1s.cn, 2s-cNs 3s-cN> and 4s.cn) and Triplet States
(1t-cN»> 2t-cNs 3t-cN, and 4q.¢n) of Silylenic CoHCNSI Calculated at Six Levels of Theory: HF/6-311++G**, MP3/6-31G*,
B1LYP/6-311++G**, B3LYP/6-311++G**, MP2/6-311++G**, and MP4(SDTQ)/6-311++G**, Along with Dipole Moments
(Debye) and Vibrational Zero-Point Energies (kcal/mol) Calculated via B3LYP/6-311++G**

Vibrational

Zero-Point

Dipole Energies

Relative Energies (kcal/mol) Moments (D)  (kcal/mol)

HF/6- MP3/ Bi1LYP/6- B3LYP/6- MP2/6- MP4(SDTQ)/ B3LYP/6- B3LYP/6-

Structure  311++G* 6-31G*2  311++G** 311++G*  311++G**  6-311++G**2  311++G* 311++G**
1 one 0.00 0.00 0.00 0.00 0.00 0.00 3.87 18.19
1i.cN 25.46 119.11 45.69 45.91 82.54 74.55 4.52 16.14
25.cN 23.96 21.42 19.23 19.18 23.22 20.09 3.56 17.98
2icN 26.61 50.31 38.99 39.63 60.00 55.10 4.20 17.23
3s-cN 7.35 13.47 9.94 10.54 11.51 10.02 4.00 16.56
3i.cN 18.80 48.57 39.21 39.88 49.48 49.29 4.22 16.65
45 cN 20.48 27.77 18.50 18.53 24.12 22.81 3.70 15.37
4 cN 21.66 61.14 40.79 40.99 - 63.13 4.63 15.29

aZPE not included.
*The lowest energy minimum sets at 0.00 kcal/mol; total energies (hartrees) for 1g.c at various levels of theory sorted above, respectively:
—457.524831, —458.0720958, —459.0387106, —459.1335881, —458.1580243, and —458.2170544.

Nevertheless, a rather conspicuous consistency = B3LYP/6-311++G* (Table 5). The selected op-

appears between different orders of calculated
relative energies (Tables 1-4). Spin-contamination
is not anticipated to be a problem for the silylenes
studied, and their MP4(SDTQ) calculated energies
are justified [46,47], because expectation values
(S?) for MP4-calculated triplet states always appear
reasonably close to 2.00 (<2.04). On the other hand,
B3LYP appears quite reliable for computing of
geometrical parameters [29-31]. The NICS values
for all singlet cyclic structures are calculated at

timized geometrical parameters are reported at
B3LYP/6-311++G** and MP2/6-311++G* levels
(Tables 6-9). Nearly similar results are obtained
for the geometrical parameters optimized through
methods other than B3LYP/6-311++G* and MP2/6-
3114++G* that are not included in Tables 6-9.
Atomic charges and bond orders are significant
parameters for our investigation. These quantities
are derived from the NBO population analysis [42].
The NBO method is preferred to Mulliken charges,

TABLE 3 Relative Energies (kcal/mol), with ZPE Corrections, for Singlet (1s.NH,, 2s-NH,> 3s-NH,, and 4s.NH,) and Triplet
States (3t.nH, and 44.nH,) of Silylenic CoHNH,Si; Calculated at Six Levels of Theory: HF/6-311++G**, MP3/6-31G*, B1LYP/6-
3114+4+G**, B3LYP/6-311++G**, MP2/6-311++G**, and MP4(SDTQ)/6-311++G**, Along with Dipole Moments (Debye) and
Vibrational Zero-Point Energies (kcal/mol) Calculated via B3LYP/6-311++G**

Vibrational
Zero-Point
Dipole Energies
Relative Energies (kcal/mol) Moments (D)  (kcal/mol)
HF/6- MP3/ B1LYP/6- B3LYP/6- MP2/6- MP4(SDTQ)/ B3LYP/6- B3LYP/6-
Structure  311++G*  6-31G*?  311++G™* 311++G* 311++G**  6-311++ G4 311++G* 311++G**
15-NH, 11.28 5.11 8.60 7.92 8.21 8.94 2.75 29.65
25 NH, 29.07 22.24 2112 20.31 24.68 23.31 3.94 29.91
3S_NH127 0.00 0.00 0.00 0.00 0.00 0.00 1.70 28.38
3t-NH, 27.77 48.37 43.90 44.04 48.15 50.29 1.51 26.68
45 NH, 30.57 35.61 28.49 28.01 37.37 35.80 4.45 26.24
4.NH, 42.51 63.04 55.89 55.58 64.62 65.78 3.58 29.65

aZPE not included.
*The lowest energy minimum sets at 0.00 kcal/mol; total energies (hartrees) for 3S_N|.|2 at various levels of theory sorted above, respectively:
—420.8491137, —421.2873096, —422.1802271, —422.2675927, —421.377239, and —421.4320371.
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TABLE 4 Relative Energies (kcal/mol), with ZPE Corrections, for Singlet (1s-ome, 2s-OMe> 3s-oMe: and 4s.ome) and Triplet
States (1t-0me; 2t-ome, and 4i.ome) of Silylenic CoHOMeS:i; Calculated at Six Levels of Theory: HF/6-311++G**, MP3/6-31G*,
B1LYP/6-311++G**, B3LYP/6-311++G**, MP2/6-311++G**, and MP4(SDTQ)/6-311-++G**, Along with Dipole Moments
(Debye) and Vibrational Zero-Point Energies (kcal/mol) Calculated via B3LYP/6-311++G**

Vibrational

Zero-Point

Dipole Energies

Relative Energies (kcal/mol) Moments (D)  (kcal/mol)

HF/6- MP3/ Bi1LYP/6- B3LYP/6- MP2/6- MP4(SDTQ)/ B3LYP/6- B3LYP/6-

Structure  311++G**  6-31G*2  311++G* 311++G* 311++G*  6-311++G**2  311++G** 311++G*
1s-oMe 20.12 12.52 16.83 16.90 15.41 15.69 2.46 39.52
1t-0Me 79.92 86.23 86.46 86.41 86.95 88.55 2.65 38.51
25.0Me 34.90 25.93 26.31 26.20 27.63 25.67 1.44 39.98
2. 0Me 52.18 103.68 62.37 63.29 75.34 71.29 1.34 38.88
3¢.0Me? 0.00 0.00 0.00 0.00 0.00 0.00 0.69 38.10
45 0Me 41.77 45.54 39.81 40.14 46.12 44.78 3.86 36.82
4 ome 52.07 71.45 66.06 66.59 72.49 73.80 3.17 36.68

aZPE not included.
*The lowest energy minimum sets at 0.00 kcal/mol; total energies (hartrees) for 3g.ome at various levels of theory sorted above, respectively:
—479.717929, —480.2898738, —481.3408093, —481.4536919, —480.4101577, and —480.4798227.

because the former provides an orbital picture that
is closer to the classical Lewis structure. The NBO
analysis involving atomic charges, bond orders as
well as hybridizations of selected bonds are cal-
culated at B3LYP/6-311++G** (Tables 10 and 11).
For both singlet and triplet isomers of C,HXSI,
energies of HOMO and LUMO orbitals are ob-
tained by means of NBO analysis. Linear correla-
tions are found between the LUMO-HOMO energy
gaps of the singlet silylenes and their corresponding
singlet-triplet energy separations, AE, x, calculated
at B3LYP/6-311++G** (Fig. 2). The LUMO-HOMO
energy gaps of 1,x, 2,x and 4,x structures are
found to change little as a function of X (Fig. 1). In
contrast, LUMO-HOMO energy gaps of 3,x change
drastically as a function of substituents X. The
linearity trend is 2,x(R*=1.00) > 3,x (R>=0.99) >

4.x (R2=0.94)>1,x (R>?=0.72), where R? is a cor-
relation coefficient). Slopes may serve as a mea-
sure of sensitivity toward substituents. Slopes of
linear curves appear negative with the follow-
ing trend: 4,x(m=-2.10)>3,x (m=-1.49)>2,x
(m=-1.05)> 1,x (m=-0.19).

The magnitude of divalent bond angle is one of
the most significant parameters that affect AE, x
and/or the ground state multiplicity of silylenes [20].
Bending potential energy curves for acyclic 3, x and
3.x species are calculated at B3LYP/6-3114++4G**
(Fig. 3). The divalent angle /XSiC, at which singlet
3.x and triplet 3,x states cross, appears as a function
of X: NH, (152°) > CN (137°) > H (132°). This trend
follows the electronegativity of the atom directly
attached to the divalent atom (Fig. 1). Harmonic
vibrational frequencies are calculated for optimized

TABLE 5 The NICS (Total) Values (ppm) at the Ring Centers, NICS(0), and 0.5, 1, 1.5, 2, 2.5, and 3 A Above the Plane
of Rings (NICS(0.5), NICS(1), NICS(1.5), NICS(2), NICS(2.5), and NICS(3), respectively), for Singlet (s) States of SiCoH-X
(1s-x, X=H, CN, NH», and OMe) Silylenes as well as the Cyclopropenyl Cation, Cyclopropenyl Anion, Cyclopropenyl Radical,
Cyclopropenylidene (Singlet), and Cyclopropenylidene (Triplet) (Which is Used for Comparison), Calculated at GIAO-B3LYP/6-
311++G**// B3LYP/6-311++G** Level

Structure NICS(0) NICS(0.5) NICS(1) NICS(1.5) NICS(2) NICS(2.5) NICS(3)
1s-H —14.26 —19.31 —13.89 —7.20 -3.72 —2.14 -1.37
1s-cN —16.07 —19.70 —13.53 —6.88 —3.51 —2.00 —1.28
15-NH, —21.92 —22.87 —13.79 —6.30 —2.91 —1.55 —0.96
1s-oMe —19.38 —21.32 —13.36 —6.25 —2.95 —1.59 —0.99
Cyclopropenyl cation —22.85 —28.50 —14.69 —6.11 —2.89 —1.60 —1.01
Cyclopropenyl anion 4.20 14.99 16.64 9.79 4.95 2.29 0.95
Cyclopropenyl radical —9.49 —0.51 5.2 3.25 1.49 0.61 0.21
Cyclopropenylidene (singlet) —16.76 —27.46 —-17.07 -7.79 -3.78 —2.09 —-1.30
Cyclopropenylidene (triplet) —36.86 —20.32 -3.07 0.39 0.56 0.35 0.18
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TABLE 6 Optimized Geometrical Parameters (Bond Lengths (R) and Bond Angles (A)) Along with Symmetry for Singlet (s)
and Triplet (t) X-silacyclopropenylidene (1s-x and 1tx), at Two Levels of Theory: First Line, B3LYP/6-311++G**; Second Line
(in Italics), MP2/6-311++G** for X=H, CN, NH», and OMe

I
A \R,

A, A;( C
R;

Bond Lengths (A) Bond Angles (Degrees)
Structure/
Symmetry Ry Ro R3 Aq Ao A3z
151(Cov) 1.83 1.34 1.83 42.8 68.6 68.6
1.83 1.35 1.83 43.3 68.3 68.3
15.cn(Co) 1.83 1.35 1.85 42.9 69.2 67.9
1.84 1.36 1.84 43.3 68.7 68.0
1eNH, (C1) 1.81 1.36 1.85 43.6 69.9 66.4
1.81 1.37 1.84 43.9 69.2 66.9
1s-ome(Cs) 1.83 1.35 1.83 43.2 68.4 68.4
1.84 1.36 1.83 43.5 67.9 68.5
1.H(CoV) 1.84 1.35 1.84 43.2 68.4 68.4
1.83 1.36 1.83 43.7 68.2 68.2
1icne - - - - - -
1r.ome(Cs) 1.86 1.35 1.83 435 67.0 69.4
1.83 1.35 1.85 43.3 69.1 67.7

aCyclic triplet structure turns out to be rupture upon optimization.

TABLE 7 Optimized Geometrical Parameters (Bond Lengths (R) and Bond Angles (A)) Along with Symmetry for Singlet (s)
and Triplet (t) X-vinilydenesilylene (2s.x and 2tx), at Two Levels of Theory: First Line, B3LYP/6-311++G**; Second Line (in
ltalics), MP2/6-311++G** for X=H, CN, NH5, and OMe

"N

R, R, .
R TGS
X A, A
2
Structure/ Bond Lengths (A) Bond Angles (Degrees)
Symmetry Ry R> Rs Aq Ao
2. 1(CoV) 1.70 1.32 1.09 179.9 123.4
1.70 1.34 1.09 179.9 122.0
25.coN(Cs) 1.70 1.33 1.43 179.8 123.3
1.71 1.34 1.43 179.8 124.8
25.NH, (Cs) 1.67 1.35 1.35 178.0 125.9
1.68 1.36 1.35 176.8 124.9
25.0me(Cs) 1.67 1.34 1.39 175.9 127.6
1.68 1.35 1.33 177.0 126.5
2i.H(CoV) 1.77 1.34 1.41 179.8 123.2
1.81 1.30 1.09 179.1 124.7
2;.cn(Co) 1.79 1.34 1.38 179.2 127.6
1.83 1.29 1.46 179.4 121.8
2i.0me(Cs) 1.79 1.33 1.36 177.0 128.0
1.82 1.32 1.35 177.9 127.9
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TABLE 8 Optimized Geometrical Parameters (Bond Lengths (R) and Bond Angles (A)) Along with Symmetry for Singlet (s)
and Triplet (t) Ethynyl-X-silylene (3s.x and 3t.x), at Two Levels of Theory: First Line, B3LYP/6-311++G**; Second Line (in
(Italics), MP2/6-311++G** for X=H, CN, NH,, and OMe

R,

Structure/ Bond Lengths (A) Bond Angles (Degrees)
Symmetry Ry R> Rs Aq Ao
3s-H(GCs) 1.52 1.84 1.22 93.9 171.5
1.51 1.84 1.23 94.3 168.8
3s.cn(Cs) 1.89 1.84 1.22 95.8 169.5
1.88 1.84 1.23 95.3 169.1
3s-NH, (Cs) 1.72 1.87 1.21 97.5 169.3
1.72 1.87 1.23 96.6 169.8
3s.ome(Ci) 1.67 1.86 1.21 97.7 167.7
1.66 1.85 1.23 97.3 167.2
3i-H(Gs) 1.48 1.78 1.22 118.6 173.9
1.47 1.83 1.19 116.8 176.6
31.cn(Cs) 1.81 1.77 1.22 119.1 173.0
1.86 1.82 1.19 113.9 174.7
3t-NH2(Cs) 1.74 1.79 1.22 118.8 173.6
1.72 1.84 1.19 117.6 176.4

structures at HF, DFT, and MP2 levels. This not constant calculations show only three triplets 1, xm,,

only assists in the estimation of the zero-point vi- 2, yy,, and 3,0m., which exist as transition states,
brational energy correction but also allows assess-  having one imaginary frequency. Computed har-
ing the nature of the stationary points on their po-  monic frequencies are not provided for the sake of

tential energy surfaces. Among 30 structures, force  brevity.

TABLE 9 Optimized Geometrical Parameters (Bond Lengths (R) and Bond Angles (A)) Along with Symmetry for Singlet (s)
and Triplet () (X-e thynyl)silylene (4s-x and 4tx), at Two Levels of Theory: First Line, B3LYP/6-311++G**; Second Line (in
ltalics), MP2/6-311++G** for X=H, CN, NH,, and OMe

Nk

. j Bane
Si, 3 \f‘_,:"--‘“t & .
A, ]
4
Structure! Bond Lengths (A) Bond Angles (Degrees)
Symmetry Ry R> Rs Aq Ao
45 conN(Cs) 1.84 1.22 1.36 92.8 171.2
1.85 1.23 1.37 93.4 167.7
45.NH, (Cr) 1.80 1.23 1.31 97.0 172.0
1.81 1.24 1.33 94.5 168.6
45 ome(Cs) 1.81 1.22 1.28 94.5 170.9
1.82 1.24 1.29 94.7 167.5
4;.cn(Cs) 1.77 1.23 1.36 118.5 172.9
1.85 1.17 1.42 115.2 175.9
4¢NH, (Cs) 1.77 1.23 1.32 117.7 167.1
1.80 1.21 1.34 118.5 177.0
4 ome(Cy) 1.77 1.23 1.29 118.3 170.4
1.80 1.21 1.29 118.2 177.2

Heteroatom Chemistry DOl 10.1002/hc



A Theoretical Study on C,HXSi Silylenes (X=H, CN, NH,, and OMe) 289

TABLE 10 The NBO Analysis Including Atomic Charges and Bond Orders of CoHXSi (X=H, CN, NH2, and OMe) Silylenes

1-4 Calculated at B3LYP/6-311++G**

Atomic Charge Bond Order
Structure  Species Si Co Cs H X Si—Co Si—C3 Co—C3 Cs— Co—X
1 1sH 077 -059 —-0.59 0.21 0.21 0.83 0.83 2.03 1.00 1.00
11 -050 -0.36 -0.36 0.11 0.11 — — — - -
1s.cN 0.88 —-0.54 —0.53 0.22 0.24 0.79 0.76 1.95 0.99 1.19
1t.cN 0.71 -0.83 -0.01 0.25 0.12 1.12 0.30 1.90 0.95 1.54
1s-NH, 0.72 —-0.71 -0.20 0.20 —0.78 0.89 0.78 1.90 1.01 1.23
1s-OMe 077 -0.71 -0.07 0.21 —0.53 — — — - -
1t.0me 0.63 —-0.67 0.00 0.21 —0.52 — — — — —
Si—Co  Co—Cj3 Cs—H C3—X
2 25 H 0.77 -0.87 -0.27 0.19 0.19 1.49 1.95 0.98 0.98
2iH 054 —-0.47 -0.58 0.23 0.23 1.34 1.99 0.97 0.97
2s.CcN 0.85 —-0.82 —-0.24 0.23 0.25 1.42 1.88 0.95 1.10
2icN -0.06 -0.60 -0.37 0.11 0.14 1.41 1.75 0.94 1.17
25.NH, 0.72 —-1.04 0.10 0.18 —-0.74 1.51 1.77 0.94 1.22
25.0Me 079 -1.08 0.26 0.18 —0.51 - - - —
2i.0Me -0.21 -0.64 -0.10 0.09 —0.30 - - - -
Si—C,  Co—Cj Cs—H Si—X
3 3s-H 0.78 —0.61 -0.14 0.22 -0.27 0.72 2.79 1.00 0.70
3t-H -049 -025 -0.25 0.12 -0.13 0.99 2.78 1.01 0.91
3s-cN 099 -0.61 —0.09 0.23 -0.24
3i.cN -0.30 -0.27 -0.20 0.12 -0.10 0.93 2.78 1.00 0.87
3s-NH, 1.00 -0.57 -0.18 0.22 —-1.25 0.63 2.82 1.01 0.83
3t-NH, -028 -0.29 -0.22 0.11 -0.70 0.96 2.80 1.01 0.92
3s-0Me 110 -059 -0.15 0.22 -0.89 0.63 2.81 1.00 0.75
Si—C» Co—C3 Cs3—X Si—H
4 4. cN 0.82 —0.45 -0.09 —-0.25 0.21 0.71 2.63 1.22 0.69
4 cN -0.41 -0.18 -0.21 -0.12 0.14 1.04 2.58 1.26 0.89
45.NH, 0.68 —0.66 0.21 —-0.25 -0.77 0.80 2.52 1.25 0.69
4¢.NH, 0.62 —0.68 022 -0.17 -0.79 1.05 2.53 1.24 0.90
4¢ OMe 073 —-0.73 039 -027 -049 075 0.75 1.06 0.69
4i.oMe -050 -0.32 0.04 -0.13 -0.27 0.69 2.56 1.06 0.91
TABLE 11 The NBO Calculated Hybridizations for Cyclic 1¢.x and 1¢.x and Acyclic 3s.x and 3i.x Silylenes (X=H, CN, NHy,
and OMe)
Bond Bond
Structure 0Si—C, 0Si—Cy Structure osi—C 0Si—X
1en 51p9-6040.09 §1p9-6040.09 3en s1p591¢0.09 s'p7-93¢40.08
TeH s'p7:6640.06 s'p7:6640.06 3en s'p#7040.03 s1p37540.04
1s.cN s1p9-93¢0.10 s1p105740.11 3s.cN s1p597¢0.09 s'p787¢0-12
TreN s1p74540.09 _ 3i.on s1p352¢0.03 s1pt4940.05
1o-NH, s'p7-97¢40.07 §1p10.6340.10 B¢NH, s'p8-13¢0.09 s1p89740-11
1eNH, s1p927¢0.10 _ 3unH, s'p*2040.05 s'pt 744007
1s-0Me 51p8680.08 s1p97540-10 35.0Me s1p8214o-11 s'p772¢0-19
1+-0Me s'p819¢0.07 s1p743¢0.07 3r-0Me s1p352¢0.04 s1p6-1240.14

Relative Stability

All singlet species (1,x, 2.x, 3<x, and 4.x) ap-
pear to be more stable than their corresponding
triplets (1ix, 2:x, 3ix, and 4.x) (Tables 1-4).
The intrinsic tendency of silylenes for singlet
ground states is a good reason to justify this
phenomenon in agreement with their halogenated
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analogues [31]. Nevertheless, singlet—triplet cross
over diagrams (Fig. 3) may help in designing of new
acyclic triplet state silylenes in the future. The rela-
tive stability of C,H,Si isomers (X=H), calculated
at MP4(SDTQ)/6-311++G*, is 1,4 (0.00 kcal/mol) >
2.u (17.03 kcal/mol) >3, (20.90 kcal/mol) > 2,4
(47.07 kcal/mol) > 3.4 (49.22 kcal/mol) > 1,4 (71.56
kcal/mol) (Table 1). The structure of the lowest
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energy (global minimum) among the C,H,Si series
appears as a singlet silacyclopropenylidene, 1,y; it
is compatible with the results of Gordon et al. [48].
To justify the above trend, one may point to the aro-
matic character of 1.y, caused by incorporating a o
silylenic center within its continuously conjugated
three-member ring. The calculated NICS indices
[43] are based on the “absolute magnetic shielding,”
taken at the center of a ring compound, where the
full effect of the induced ring current should be ob-
served. Also, NICS(1) (i.e., at points 1 A above the
ring center) was recommended to be a better mea-
sure of the 7 electron delocalization, compared to
NICS(0) (i.e., at the ring center) [49]. The calculated
NICS indices with negative values are aromatic, and
those with positive values are antiaromatic. Our cal-
culated NICS values indicate that all singlet cyclic
silylenes, 1,x, are considerably aromatic with large
negative NICS values (Table 5). Moreover, the pre-
dicted aromatic characters of 1,x rings are less
than those of analogues singlet cyclopropenylidene
(NICS(1)=-17.07 ppm) and cyclopropenyl cation
(NICS(1)=—14.69 ppm), but higher than those of
benzene ring (NICS(1)=—-10.6 ppm) [49,50]. Sub-
stituents (X) employed appear to have negligible ef-
fects on the aromaticity of singlet silylenes (Table 5).
2.y is less stable than 1,4, due to the aromaticity
of the latter. The stabilizing effect of an additional
Si—C bond in 2.y, as a replacement for Si—H bond
in 3, 4, makes the former more stable than the latter.
2.4 is the most stable triplet isomer among C,H,Si
silylenes, which is obviously less stable than the sin-
glet silylene 3, 4. An allylic resonance hybrid con-
tributor justifies higher stability of 2,y over 3,4. A
less significant vinylic resonance hybrid contribu-
tor indicates lower resonance role in stabilizing 3,4
compared to 2,y. Finally, because of the enormous
angle strains, cyclic 1.y turns out to be the least sta-
ble isomer among the silylenic C,H,Si series.

The order of relative stability calculated at
MP4(SDTQ)/6-311++G* for C,HCNSIi silylenes
is 1gcn (0.00 kcal/mol) > 3,.cn (10.02 kcal/mol) >
2..cn (20.09 kcal/mol) > 4.cn (22.81 kecal/mol) > 3;.cn
(49.29 kcal/mol) > 2,.cx (55.10 kcal/mol) > 4.cx
(63.13 kcal/mol) > 1,.cx (74.55 kcal/mol) (Table 2).
The range of energy differences for C,HCNSi iso-
mers is similar to that of C,H,Si. This is possibly
because of the stabilizing effect of cyano group (CN)
for both singlet and triplet states, resulting from the
high electron withdrawing and/or m-acceptor ability
of CN. Same justifications for the relative stability of
C,H,Si can be employed to the remaining C,HCNSi
isomers.

Recalling the transitory states of triplets
linm, and 2.nm,, the order of relative stabil-
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ity of the remaining isomers (minima) in the
C,HNH,Si series, calculated at MP4 (SDTQ)/6-
3114++G*, is 3.nm,(0.00 kcal/mol) > 14.nu,
(8.94 kcal/mol) > 2,.xy,(23.31 kcal/mol) > 44 nu, (35.80
kcal/mol) > 3,.xu,(50.29 kcal/mol) > 4.xu,(65.78
kcal/mol) (Table 3). In contrast to the above C,H,Si
and/or C,HCNSIi, in the case of C,HNH,Si struc-
tures, the NH, group (directly attached to the
silylenic center) strongly stabilizes the singlet state.
It switches the global minimum to singlet acylic
3,.nn,, instead of singlet aromatic 15, (Table 5).

To discuss the C,HOMEeSi series, recalling that
3.ome 1S a transition state, the order of relative sta-
bility calculated at MP4(SDTQ)/6-311++G** is 3,.0me
(0.00 kcal/mol) > 1,ome (15.69 kcal/mol) > 24 ome
(25.67 kcal/mol) > 4, ome (44.78 kcal/mol) > 2, one
(71.29 kcal/mol) > 4,.ome (73.80 kcal/mol) > 1, ope
(88.55 kcal/mol) (Table 4). This is nearly the same
trend found for C,HNH,Si, but with a wide range
of energy differences between the isomers involved.
Hence, a methoxy group has a higher stabilizing ef-
fect on the divalent center than an amino group.
One may justify this finding on the basis of the
higher electronegativity of oxygen than nitrogen
[31]. Again, the global minimum for the set of
C,HOMeS:i silylenes, offered by all calculation meth-
ods, appears to be a singlet acyclic 3¢ ope-

Geometries, Dipole Moments,
and Atomic Charges

All optimizations are performed without any im-
posed constraints. Owing to the enormous angle
strain in the three-member ring, Si—C; bonds of
cyclic triplet 1¢xu, and 1,.cx cleave to form an acyclic
carbeno-silylene structure (Table 6). In general, ge-
ometrical parameters of all silylenes studied change
little as a function of substituents X (Tables 6-9).
Singlet 1,4 has a planar structure with C,, symme-
try, and when H is replaced with CN and/or OMe,
the planarity is conserved. In contrast, 1,nm,has an
asymmetric structure with C; point group. All 2, x
and 2.x structures are also planar with at least C;
point group (Table 7). Likewise, 3,x and 3;x struc-
tures are planar with C, point group. An exception
is 3. ome, which has C; symmetry (Table 8). Finally,
most 4,.x and 4.x structures are planar with C, sym-
metry, except 4, nu, and 4, one that have C; symmetry
(Table 9). Interestingly, cumulenic moiety C=C=Si
in 2, x and 2, x has nearly a linear arrangement.

In the acyclic structures 3,x and 3,x, the re-
placement of H for X lengthens Si—C, bond, as
well as rather shortens the C,—C; bond possibly be-
cause of the stabilization effect of divalent center
by substituents X in preference to the C,—C; triple
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bond (Table 8). A divalent bond angle /A, in sin-
glet 3, x species is significantly smaller than that of
triplet state 3,x, in agreement with many acyclic car-
benes and silylenes [31]. This finding is justified on
the basis of electronic structures and hybridizations
of atoms attached to the divalent centers. For in-
stance, strictly localized natural bond orbitals (NBO)
of the o molecular orbitals show higher p characters
for bonds connected to the divalent centers of sin-
glet structures 3,x compared to their correspond-
ing triplets 3;x (Table 11). Moreover, no silicon d
orbital valence participation is found for the scruti-
nized silylenes (Table 11).

The order of dipole moments for C,H,Si isomers
18 2en > 26 > 1o > 3¢ > 1w > 3. (Table 1), while
the order of dipole moments for C,HCNSi isomers is
4ion > Lion> 3een > 2een > 3son > Loon > 4son > 2508
(Table 2). C,HCNSi isomers with X=CN have
relatively high dipole moments. Moreover, all
triplet states with a C,HCNSi formula have
higher dipole moments than their corresponding
singlet states. Likewise, the trend of dipole mo-
ments for C,HNH,Si isomers is 4snm, > 2snm, >
4 nu, > 1onm, > 3snm, > 3enm, (Table 3). Finally, the
trend of dipole moments for C,HOMeSi isomers
is 4s—0Me > 4[—0Me > 1t—OMe > 1s—OMe > 2's—OMe > 2't—OMe >
3.0omc (Table 4). The structure of the highest
dipole moments among 1-4 appears to be (X-
ethynyl)silylene 4.

The NBO results reveal two major points. First,
optimization of cyclic structure 1.¢y resulted in the
cleavage of its Si—C; bond, reducing its bond order
to 0.3 (Table 10). Consequently, 1, ¢y transforms into
an acyclic carebeno-silylene structure with no neg-
ative force constant. This is mostly due to the elec-
tron deficiency of the three-member ring induced by
a rather strong electron-withdrawing group, CN. In
this work, it is interesting to come across a fairly
stable carbeno-silylene structure, because the re-
ported research activities on polydivalent species in-
cluding dicarbenes, dinitrenes, and carbeno-nitrenes
have mainly focused on systems with o-, m-, and
p-phenylene bridges [51-53]. Second, the silylenic
divalent centers of all singlet species have positive
charges (Table 10). This is in contrast to the triplet
species, where their silylenic divalent centers mostly
possess negative charges.

CONCLUSION

Relative stability as well as the singlet-triplet
energy separation (AFE,x) of several new silylenic
reactive intermediates C,HXSi are compared and
contrasted at six ab initio and DFT levels of theory
(where X is H, CN, NH,, and OMe). Four possible

structures are anticipated for each singlet (s)
and/or triplet (t) silylenes, C,HXSi, including 3-X-
1-silacyclopropenylidene (1), X-vinilydensilylene
(2), ethynyl-X-silylene (3), and (X-ethynyl)silylene
(4). All singlet silylenes are found to be more
stable than their corresponding triplet states. For
the six isomers with X=H, the stability order is
1eg>2eu>3n>2u>3uu> 1en. Likewise, the
stability order of isomers with X=CN is 1, cx
> 3oon > 250en > 4seon > 3eeon>2eon>4een>1een.  The
stability order of isomers with X=NH, is
3onm, > Lonm, > 26N, > 4son, > 3enm, > Fenm, - Finally,
the order of stability of C,SiHOMe isomers is
3s-ome > Lsome > 250me > Fs-ome > 2¢-0me > Fi—ome > 1i-ome-
The aromaticity of singlet cyclic structures, 1,x,
is measured by GIAO-NICS calculations. Bending
potential energy curves are calculated for acyclic
silylenes 3,x and 3,x, where the cross points of
singlet and triplet states are shown. A rather stable
carbeno-silylene structure is observed as a mini-
mum on the potential energy surface of C,HCNSi.
Linear correlations are found between the LUMO-
HOMO energy gaps of the singlet C,HXSi silylenes
and their corresponding AE;,x, calculated at
B3LYP/6-311++G**. Both electronegativity as well
as resonance effects of substituents are important
in the stabilization of silylenes. A conspicuous
consistency is observed among the trends of relative
energies, calculated at various levels that were
employed.
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