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ABSTRACT: With the aim of recognizing the steric
effects on the silylenic H,C,Si structures, ab initio
and DFT calculations are carried out on 24 structures
of X;C,Si (where X is hydrogen (H), methyl (Me),
isopropyl (i-pro), and tert-butyl (tert-Bu)). These
species are at either triplet (t) or singlet (s) states.
They are confined to the following three sets of
structures (1y, 2x and 3x). Structures 1y include
silacyclopropenylidenes (1,4 and 1.y) and their 2,3-
disubstituted derivatives (1.me, lsomes liipror lsipros
1iiribw lewerend). Structures 2y include vinyliden-
esilylenes (2.y and 2.y) and their 3,3-disubstituted
derivaz‘ives (Zt—Mey 25—Me; 2t—i—pro; Zs—i—pro; zl—lert—Bw zs—tert—Bu)-
Structures 3y include ethynylsilylenes (3. and 3.u)
and their 1,3-disubstituted derivatives (3.me, 3sMer
3iispror 3sicpror 3teri-Bu Sseri-nu). Singlet—triplet energy
separations (AEg x) and relative energies for the
above structures are acquired at HF/6-31G*, B;LYP/6-
31G*, B3LYP/6-31G* ~MP2/6-31G* HF/6-31G*,
BI1LYP/6-31G**, B3LYP/6-31G**, and MP2/6-31G**
levels of theory. The highest AE, x is encountered
for 1x. All singlet states of X,C,Si, are more sta-
ble than their corresponding triplet states. Linear
correlations are found between the LUMO-HOMO
energy gaps of the singlet 1,x and 2,x with their
corresponding  singlet-triplet energy separations
calculated at B3LYP/6-31G**. The seven structures
25—Me; 21—Me; 35—Me; ll—Me; ls—Me; ls-terI—Bu; a—nd 3L—Ierl—Bu
do not appear to be real isomers. Different stability
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orders are obtained as a function of the substituents
(X). The order of stability for six isomers of H,C,Si
is 1gg>2¢n>3.n>2uu> 34> 1oy Replacing hy-
drogen atoms by methyl group (X=Me) presents
a new stability order: 1o ye > 3ome > 2eme > 3ime >
2ume > Lomes and for (i-pro),CsSi is 1gipro > 26ipro &
3. ipro > Btispro ~ 2¢ipro > Leipro. Using the larger tert-
butyl group as a substituent (X), yet it offers a
more different stability order for six structures of
(teVZ-BM)Z CZSZ ls-tert—Bu > 3s—tert—Bu > zs—tert—Bu > 3t-tert—Bu >
1By > 2tierme. Among  eight levels employed,
B3LYP/6-31G** appears as the method of choice.
© 2006 Wiley Periodicals, Inc. Heteroatom Chem
17:619-633, 2006; Published online in Wiley InterScience
(www.interscience.wiley.com). DOI 10.1002/hc.20204

INTRODUCTION

Recently much attention has been directed toward
the chemistry of heavy carbene analogues [1-10].
Chemical species which involve divalent silicon
atoms, silylenes, are key intermediates in numerous
thermal and photochemical reactions of organosili-
con compounds [4]. Besides, much interest has been
focused on their bonding properties and reactivities
such as addition to olefins [11,12], alkynes [13], iso-
cyanides [14], and transition metal complexes [15]
in connection with the reactivities of carbenes. The
multiple-bond compounds including second period
elements such as olefin, imine (Schiff base), ketone,
acetylene, nitrile, etc. are stable compounds and play
a very important role in organic chemistry. Con-
trary to this, multiple-bond compounds containing
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elements from the third period onward (named as
heavier main group elements) have long bond dis-
tances, and their w-bond energy generated through
the overlapping of p-orbitals is low so that they
are extremely unstable [16-18]. Thus, it was more
surprising that the first homo-nuclear bond was re-
alized with tin in a distannene by Lappert et al. [19].
The first disilene was prepared in 1981 by West, be-
cause in analogy to the alkenes, its double bond was
shortened in comparison to the Si—Si single bond
length, and the transbending of the substituents was
appreciably less pronounced than in the distannene
[20]. Shortly later, Masamune et al. reported not
only on the first examples of the cyclotrisilanes, cy-
clotrigermanes, and cyclotristannanes but also on
their photochemical or thermal ring cleavages to af-
ford disilenes, digermenes, and one, although not
isolable, distannene [21-23]. These results appear
to suggest that the chemistry of multiple bonds be-
tween the heavier elements of group 14 has been
more or less completely unknown [24]. However,
the recent successful isolation of a trisilaallene [25],
together with the more well-known tristannaallene
[26], shows that the potential for novel compounds
is by no means exhausted.

Recently, among small silylenes with many inter-
esting bonding and energetic characteristics, C,H,Si
species has become the topic of a great number of
theoretical as well as a small number of experimental
reports [27,28]. We have already reported the results
of ab initio studies on halogenated isomers of C,H,Si
[3]. Though, up to date no attempt has been made to
account for steric effects on C,H,Si derivatives. The
present work scrutinizes the steric effects on the en-
ergy surface and stability of singlet (s) and triplet (t)
X,C,Sisilylenes 1x—3x, where X is hydrogen, methyl,
isopropyl, and tert-butyl (Fig. 1).

Al

/ \ :Si=C=C\X

X X

3,3-diX-vinylidenesilylene
(singlet 2, x ; triplet 2, x)

2,3-di X-silacyclopropenylidene
(singlet 1,x; triplet, 1,x)

X— Si— C = C—xXx
1, 3-diX-ethynylsilylene
(singlet 3, x; triplet 3, %)

FIGURE 1 The three most significant structures considered
for singlet (s) and triplet (1) silylenic X>C»Si (1, 2, and 3, where
X'is H, CHs, (CH3)>CH, and (CH3)3C).

COMPUTATIONAL METHODS

Geometries of singlet and triplet H,C,Si silylenes,
as well as their dialkyl-substituted analogues,
(CH;),C,Si, ((CH;),CH),C,Si, and ((CH;);C),C,Si,
confined to the three skeletal arrangements of
2,3-diX-silacyclopropenylidene (1x), 3,3-diX-
vinylidenesilylene (2x) and 1,3-diX-ethynylsilylene
(3x) are fully optimized at the HF, DFT, and MP2
methods, where Xis H, Me, i-Pro, and tert-Bu (Fig. 1).
For Hartree-Fock (HF) level of theory, 6-31G** and
6-31G** basis sets are used. For density functional
theory (DFT) calculations, the Becke’s hybrid one-
parameter and three-parameter functional using
the Lee-Yang—Parr correlation including both local
and nonlocal terms as implemented by Adamo and
Barone [29-31] with the 6-311G* and 6-31G** basis
sets are employed. For the second-order Mgller-
Plesset (MP2) method [32] again the 6-311G* and 6-
31G* basis sets are used. Singlet states are calculated
with spin-restricted wave function. Triplet states
are calculated using the UHF, UB1LYP, UB3LYP,
and UMP2 formalisms. The energies of HOMO and
LUMO orbitals are obtained through NBO analysis
[33] for all 24 X,C,S:i silylenes. The harmonic vibra-
tional frequencies and zero-point energies (ZPE) are
calculated for each HF and DFT optimized struc-
tures at the same level of theory. The vibrational
frequencies and ZPE data at the HF and B3LYP are
scaled by 0.89 and 0.98, respectively [34,35]. This is
to account for the difference between the harmonic
and anharmonic oscillations of the actual bonds. For
minimum state structures, only real-frequency val-
ues (positive sign) and for the transition states, only
a single imaginary frequency value (negative sign) is
accepted. All calculations in this work are performed
using the Gaussian 98 program package [36].

RESULTS AND DISCUSSION

We have deliberately included data from eight lev-
els of theory, since reporting results of various levels
may offer an opportunity to compare different lev-
els. Energetic results are dependent on the compu-
tational methods employed but not much dependent
on the basis sets applied. These differences are more
pronounced for triplet species, may be due to the
spin-contamination problem which is encountered
for MP2 and/or HF calculations [37,38]. Neverthe-
less, a rather manifest consistency is found between
the calculated relative energy trends (Tables 1-4).
One may ask why in this work B3LYP/6-31G** is
chosen over other calculation methods. The reli-
ability of various density functional theory (DFT)
methods has already been evaluated for the study
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TABLE 1 Relative Energies, with ZPE Corrections, for Singlet 1.4, 25.4, and 3.4 as Well as Triplet States 1.4, 2;.4, and 3.4
of Silylenic (H)>C»Si

Vibrational Zero
Dipole Point Energies
Relative Energies (kcal/mol) Moments (D) (kcal/mol)
HF/ HF/  B1LYP/ B1LYP/ B3LYP/ B3LYP/  MP2/ MP2/ B3LYP/ B3LYP/
Structure 6-31G* 6-31G** 6-31G* 6-31G** 6-31G* 6-31G** 6-31G*? 6-31G**4 6-31G** 6-31G**
1g.4P '0.00 20.00 2%0.00 “0.00 50.00 60.00 70.00 80.00 1.29 18.65
1H 60.52  60.51 71.06 70.86 71.06 71.07 70.51 59.58 0.94 17.07
2.1 20.62 20.81 15.34 15.17 14.75 15.36 19.90 20.25 1.47 18.13
2y 2461 2583 8852 3554 36.03 36.99 50.49 50.73 1.70 18.21
3s.H 18.13 18.42 20.26 20.58 20.54 20.86 24.50 24.83 1.28 15.47
3 2476 2494 43.92 44.06 44 .40 44 .54 50.62 51.30 0.55 15.42

Relative energies are calculated at six levels of theory, where global minimum is set at 0.00 kcal/mol along with the dipole moments (Debye)
and vibrational zero-point energies (kcal/mol).

aZPE not included.

5The original total energies (hartrees) corresponding to the lowest energy minimum 1. at various levels of theory are (1) —365.729282,
(2) —365.7332102, (3) —366.7546057, (4) —366.7581627, (5) —366.8170238, (6) —366.8205173, (7) —366.0484685, and (8) —366.0646696.

TABLE 2 Relative Energies, with ZPE Corrections, for Singlet 15.me, 2s-Me,» @nd 35.me as Well as Triplet States 1i.pme, 2t-Me»
and 3;.e of Silylenic (CH3)2C»Si

Vibrational Zero
Dipole Point Energies
Relative Energies (kcal/mol) Moments (D) (kcal/mol)
HF/ HF/  B1LYP/ BI1LYP/ B3LYP/ B3LYP/  MP2/ MP2/ B3LYP/ B3LYP/
Structure 6-31G* 6-31G** 6-31G* 6-31G** 6-31G* 6-31G** 6-31G*@ 6-31G**4 6-31G** 6-31G**
15me? '0.00 20.00 2%0.00 “0.00 50.00 60.00 70.00 80.00 2.22 53.91
1iMe 71.93 - 68.70 68.67 68.48 68.46 95.32 95.39 2.24 52.20
25 Me 24.71 24.71 19.13 19.11 19.01 18.98 22.66 22.83 2.73 53.86
2; e 3247 3252 44.05 44.07 4473 4475 58.83 58.87 2.68 53.19
3s-Me 12.04 1179 13.90 1357 1417 13.84 18.75 18.69 2.44 51.93
3iMe 2242 2215 40.03 39.53 40.26 39.95 47.38 47.34 1.20 52.30

Relative energies are calculated at six levels of theory: where global minimum is set at 0.00 kcal/mol; along with the dipole moments (Debye)
and vibrational zero point energies (kcal/mol).

aZPE not included.

5The original total energies (hartrees) corresponding to the lowest energy minimum 1.y, at various levels of theory are (1) —443.86134203,
(2) —443.8231154, (3) —445.3448983, (4) —445.3534673, (5) —445.463172, (6) —445.4715806, (7) —444.3982581, and (8) —444.446246.

TABLE 3 Relative Energies, with ZPE Corrections, for Singlet 1. pro, 2s-i-Pro, and 3s.i.pro as Well as Triplet States 14.;_pro,
2:.i.pro, and 3y.;.pyo Of SinIenic ((CH3)QCH)QCQSi

Vibrational Zero
Dipole Point Energies
Relative Energies (kcal/mol) Moments (D) (kcal/mol)
HF/ HF/  B1LYP/ Bi1LYP/ B3LYP/ B3LYP/  MP2/ MP2/ B3LYP/ B3LYP/
Structure 6-31G* 6-31G** 6-31G* 6-31G* 6-31G* 6-31G** 6-31G*? 6-31G**@ 6-31G** 6-31G**
1s.ipo? 1000  20.00 %0.00 “0.00 °0.00 ©0.00 70.00 80.00 1.92 125.75
1t.i-Pro 59.33 59.28 66.91 51.11 66.65 51.16 - - 3.44 124.36
2¢.i-Pro 25.11 25.05 1855 1844 1830 18.15 20.49 20.46 2.64 125.78
2¢i-Pro 33.11 33.07 1855 18.44 4397 43.83 56.62 56.55 2.89 125.03
3s.i-Pro 1750 1735 1857 1835 18.71 18.48 24.54 24.60 2.51 123.94
3t.i-Pro 26.93 26.76 4290 42.74 43.21 42.99 52.49 52.59 1.27 124.22

Relative energies are calculated at six levels of theory, where global minimum is set at 0.00 kcal/mol; along with the dipole moments (Debye)
and vibrational zero point energies (kcal/mol).

aZPE not included.

“The original total energies (hartrees) corresponding to the lowest energy minimum 14.;.p, at various levels of theory are (1) —599.953954,
(2) —599.9757206, (3) —602.4907706, (4) —602.5105199, (5) —602.7198822, (6) —602.7392492, (7) —601.0708068, and (8) —601.184429.

Heteroatom Chemistry DOl 10.1002/hc
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TABLE 4 Relative Energies, with ZPE Corrections, for Singlet 15 tert-Bu, 2s-tert-Bus and 3s.ierr.8u @s Well as Triplet States

1t tert-Bu» 2t-tert-Bu, and 3y.tert-y Of Silylenic ((CHz)3C)2CoSi

Vibrational Zero
Dipole Point Energies
Relative Energies (kcal/mol) Moments (D) (kcal/mol)
HF/ HF/  Bi1LYP/ BiLYP/ B3LYP/ B3LYP/ MP2/ MP2/ B3LYP/ B3LYP/
Structure 6-31G* 6-31G** 6-31G* 6-31G** 6-31G* 6-31G** 6-31G*@ 6-31G**@ 6-31G** 6-31G**
1e.tortae? 10.00 2000 30.00 4000 50.00 ©0.00 70.00 80.00 2.06 160.66
1itertBy 38.01 0.46 47.31 4729 47.47 47.46  51.33 - 3.56 159.40
2. iortBu 3514 3861 2726 2711 2696 2679  29.08 - 2.60 161.29
2. terr-Bu 39.47 3948 4891 50.70 49.39 4928  62.34 - 2.90 160.47
3oty 1346 1338 1539 1537 1567 1566  23.01 - 2.49 158.98
3iterr-Bu 2269 2261 3946 39.46 39.84 3984 51.13 - 1.30 159.10

Relative energies are calculated at six levels of theory, where global minimum is set at 0.00 kcal/mol, along with the dipole moments (Debye)

and vibrational zero point energies (kcal/mol).
aZPE not included.

The original total energies (hartrees) corresponding to the lowest energy minimum 1-..-g, at various levels of theory are (1) —678.0140314,
(2) —678.0419616, (3) —681.0568103, (4) —681.0822781, (5) —681.3415374, (6) —681.3665905, (7) —679.4088679 and (8) —. ...

of bond dissociation energies, heats of formation,
and geometrical parameters. Among all DFT meth-
ods, B3LYP often gives geometries and vibrational
frequencies which are closest to those obtained from
the MP2 method. Thus, B3LYP with the 6-31G* basis
set is employed, as the method of choice, for being
fairly good in correlation with previously published
results [37-40].

Hence, in this work B3LYP/6-31G* results are
preferred over other calculation methods. All meth-
ods of calculation introduce 1,x as the global min-
ima. For the sake of convenience, these global min-
ima are assigned a relative energy value of 0.00
kcal/mol (Tables 1-4). Structural parameters for dif-
ferent isomers of X,C,Si are reported using B3LYP/6-
31G* and MP2/6-31G** (Fig. 2). In order to clar-
ify the stereochemical and symmetrical features of
our optimized structures, the B3LYP/6-31G** calcu-
lated structures of 24 X,C,Si species are also pre-
sented using balls and cylinders model (Fig. 3). Op-
timized geometrical parameters obtained through
methods other than B3LYP/6-31G** and MP2/6-31G**
show similar trends, and for the sake of clarity they
are omitted from Fig. 2. Linear correlations are en-
countered between the LUMO-HOMO energy gaps
of the singlet X,C,Si silylenes (1,x and 2.x), and
their corresponding singlet—triplet energy separa-
tions are calculated at B3LYP/6-31G** level of theory
(Fig. 4). The linearity trend is 2,x (R>=0.99) > 1,x
(R?=0.68)>3.x (R*=0.20), where R’ is a corre-
lation coefficient. In the cyclic structures, such as
1.x, a small change in the LUMO-HOMO energy
gaps (7-8 kcal/mol) makes large changes in their
corresponding AE, x (30-32 kcal/mol). It is in con-
trast to the acyclic structures, such as 2,x, where
changes in the AE, x as a function of LUMO-

HOMO energy gaps are rather insignificant. One of
the significant parameters that affected AE,, and
determination of the ground-state of divalent car-
bene like species is the magnitude of the divalent
bond angle [40]. Therefore, bending potential en-
ergy curves for divalent structures 3,x and 3,.x are
calculated at B3LYP/6-31G** (Fig. 5). The singlet
state 3,y and triplet state 3.y cross at (HSiC di-
valent angle about 133°. Interestingly, when hydro-
gen atom is replaced by the larger alkyl groups,
changes in the cross-points (about 140°) are very lit-
tle. This finding indicates that steric effects of sub-
stituents X employed are not much of significance
in the singlet-triplet energy separations of X,C,Si
[4]. The B3LYP/6-31G** IR spectral data, involving
selected harmonic frequencies (cm~!) and IR inten-
sities (km/mol) for all 24 silylenic isomers scruti-
nized, are presented (Tables 5-8). This calculation as-
sists us to estimate the zero-point vibrational energy
correction and allows an assessment of the nature
of stationary points on their potential energy sur-
faces. Force constant calculations show that in the
X,C,Si series (where X is methyl and/or tert-butyl)
2's-Mc; 2t-MC! 33-Mc; 1t-MC! ls—Mc; ls—tert—Bu: and 3t-tert—Bu pos-
sess negative force constants so these are not real
isomers on the energy surface of X,C,Si silylenes
(Tables 5-8). Lastly, the NBO analysis including
atomic charges of 24 structures considered in this
study was done at B3LYP/6-31G** (Table 9).

Considering the above results, three key issues
are discussed below: First, the relative stability
among three isomeric sets of X,C,Si, second singlet—
triplet energy separation comparisons between iso-
mers in each structure, and third geometries,
symmetries, force constants, dipole moments, and
charges in each isomeric series.

Heteroatom Chemistry DOl 10.1002/hc
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FIGURE 2 Geometrical parameters of 24 silylenic XoC»,Si (where X is H, Me, i-Pro, and tert-Bu) with bond lengths (in
angstroms) and bond angles (in degrees) optimized at B3LYP/6-31G** and HF/ 6-31 + G** (within parentheses).
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FIGURE 2 Continued
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do0, 00
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3m(C)

Leme (C)

FIGURE 3 Balls and cylinders model of optimized structures along with the symmetries for 24 silylenic XoC»Si structures at

B3LYP/6-31G** (where X is H, Me, i-Pro, tert-Bu).

Relative Stability

B3LYP/6-31G* calculated relative stability for
H,C,Si isomers is 1,4 (0.00 kcal/mol) > 2.4 (15.36
kcal/mol) > 3,y (20.85 kcal/mol)>2.y (36.99
kcal/mol) 3,4 (44.54 kcal/mol) > 1,4 (71.06 kcal/mol)

Heteroatom Chemistry DOl 10.1002/hc

(Table 1). This is in contrast to C;H, carbenic ana-
logues that acyclic triplet state propargylene is more
stable than singlet state vinylidenecarbene [41]. It is
due to the intrinsic tendency of silylenes for singlet
ground states [4]. The structure of the lowest energy
and presumably the global minimum of the energy
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¥

2.me(C,)

Toot:
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x
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3[-M: (Ce)

BF g

Lsme (C)

Lo (C))

Eak s

zs-J-Pm (CJ,)

FIGURE 3 Continued

surface of H,C,Si at B3LYP, BILYP, MP2, and HF
emerges as a singlet silacyclopropenylidene, 1,4.
Obviously, 1.y has a great stabilization o2 silylenic
center which enables it to show an aromatic charac-
ter. Hence, 2.y is less stable than 1, 5, due to its lack

zl-J-Pm [Cz)

of the aromatic character. 2,4 is more stable than
3.u. This finding can be attributed to the fact that
2,y has an ally cationic canonical form but 3,y has
a vinyl cationic form [3]. This justification can also
be applied to the stability of 2,5 over 3,y; that allylic

Heteroatom Chemistry DOl 10.1002/hc



Steric Effects on the Dialkyl Substituted X,C,Si Silylenes: A Theoretical Study 627

Tugp Mg

35-1’-Pm {C;) 3l-.F-I'n:r (C,)
ls—M'\r—Bu (C.!r} It—m'r—Bu (CAJ
2Hew—liu [C‘.) 2I-.|‘e'?'||‘—l‘.iu (C‘?)
35-.ren—Bu {C,) sl-wr!-Bu (C!)

FIGURE 3 Continued

and/or vinylic radicals are presented. Finally, due 1.m. (0.00 kcal/mol) > 3.y (13.84 kcal/mol) > 2, ye
to enormous angle strains in the three-membered  (18.98 kcal/mol)> 3. y. (39.95 kcal/mol)> 2, y.
ring 1.y turns out to be the least stable isomer in  (44.74 kcal/mol) > 1,y (68.45 kcal/mol) (Table 2).
the H,C,Si series. B3LYP/6-31G** calculated order  This is clear that the stability order of (CH;),C,Si
of relative stability for (CH;),C,Si structures is appears somewhat different from the above stability
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Structure 1 Structure 2
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FIGURE 4 Correlations between the LUMO-HOMO energy gaps of the singlet X>C,Si silylenes (15.x, 25.x and 3s.x), and
their corresponding singlet-triplet energy separations, E (s)-E (t) (—A Esx), for X=H, Me, i-pro, and tert-Bu calculated at

B3LYP/6-31G** level of theory (R? is the correlation coefficient).

trend of H,C,Si. Replacing of the stability or-
der of 2.y, and 2.y. with 3,y. and 3.y, may
be attributed to the steric hindrance involved in
the structure 2 that both substituents are lo-

5
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cated on the same carbon. The structure of
the lowest energy for the set of (CH;),C,Si
silylenes appears to be a singlet saddle point 1.
(Table 6).

Relative Energy
{kcal/mol)

60 70 80 90 100 110 120 130 140 150 160
Bond Angle (deg), A

terr-Bu

Relative Energy
(keal/mol)

60 70 BO 90 100 110 1200 130 140 150 160

Bond Angle (deg), A

FIGURE 5 B3LYP/6-31G** relative energies (kcal/mol) of the singlet (A) and triplet (H) states of X-ethynylsilylene, 35.x and
3i.x, species plotted as a function of the divalent bond angle /XSiC, A (deg) (where X is H, Me, i-pro, and tert-Bu).
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TABLE 5 Selected B3LYP/6-31G** Calculated Harmonic Frequencies (cm~1) and IR Intensities (km/mol; in parenthesis), for
Silylenic Isomers, HoCoSi

1sH 1tH 25 2 3s-H 3t.H
V1 670.49(36.3) 243.35(23.7) 217.92(2.1) 234.93(0.8) 201.69(4.3) 249.33(6.0)
U 701.43(53.5) 571.06(68.2) 278.59(20.1) 310.53(4.5) 255.86(3.8) 299.93(6.8)
v3 768.79(36.7) 682.85(27.4) 756.29(17.9) 633.06(6.8) 577.49(46.2) 526.05(44.1)
V4 902.84(3.2) 737.17(6.6) 994.57(21.5) 755.99(55.5) 614.12(62.1) 666.28(12.0)
vs 1004.16(0.0) 918.21(9.8) 1021.88(6.9) 842.01(1.3) 758.38(22.9) 683.09(7.3)
Vg 1112.08(52.8) 943.26(0.0) 1446.28(0.6) 1361.50(0.0) 834.29(110.3) 704.83(73.0)
v7 1513.38(0.1) 1468.52(11.0) 1748.10(52.7) 1602.25(95.3) 2035.64(284.5) 2016.11(13.2)
vg 3174.73(10.5) 3177.42(2.6) 3079.43(38.5) 3111.50(7.0) 2081.68(68.2) 2179.98(60.9)
vg 3198.61(10.7) 3204.38(10.8) 3145.39(8.2) 3182.49(0.2) 3465.38(40.6) 3466.81(62.8)

TABLE 6 Selected B3LYP/6-31G** Calculated Harmonic Frequencies (cm~1) and IR Intensities (km/mol; in parenthesis), for
Silylenic Structures, (CH3)2C»Si

1s—Me 1 t-Me 2s—Me 21—Me 3s—Me 3t—Me
vy —73.80(1.1) —141.85(0.0) —-199.25(0.0) —-177.61(0.0) —15.24(0.0) 9.55(0.5)
vp —-30.43(0.0) —122.97(0.0) —-169.03(1.9) —170.27(0.6) 71.58(0.1) 77.42(0.3)
v3 181.17(0.0) —89.46(0.8) 143.71(1.2) 108.74(0.2) 94.89(1.6) 92.59(2.5)
v4 252.90(3.2) 185.59(0.5) 159.73(1.7) 189.04(1.6) 122.46(1.3) 163.96(4.7)
U5 328.73(4.3) 200.07(4.5) 365.34(0.2) 338.76(0.1) 261.19(8.6) 242.71(7.3)
vg 482.50(0.0) 324.33(8.0) 506.83(0.1) 460.13(0.2) 390.67(0.4) 353.46(0.0)
vy 625.87(17.0) 448.47(0.0) 543.88(23.0) 471.55(0.7) 393.92(1.7) 400.71(1.2)
vg 638.12(2.0) 594.74(3.2) 634.19(11.0) 580.26(3.1) 514.60(52.0 512.75(3.5)
vg 889.19(15.9) 872.84(1.1) 910.59(0.50) 866.06(2.0) 593.89(1.5) 673.33(27.1)

TABLE 7 Selected B3LYP/6-31G** Calculated Harmonic Frequencies (cm~1) and IR Intensities (km/mol; in parenthesis), for
Silylenic Isomers, ((CH3)>CH)>C5Si

1si-pr 1ti-pr 25 pr 2t.-pr 3s-i-Pr 3t-i-Pr
vy 18.16(0.3) 25.26(0.6) 25.72(0.1) 35.99(0.2) 21.21(0.1) 19.93(0.3)
v 27.94(0.0) 32.60(0.2) 68.39(0.0) 62.96(0.0) 24.58(0.3) 26.80(0.4)
v3 96.24(0.0) 86.34(4.2) 106.00(0.1) 79.49(0.3) 50.71(0.4) 48.04(0.6)
va 130.68(0.0) 105.31(0.1) 115.90(0.1) 125.55(0.1) 93.28(0.1) 106.91(0.9)
vs 170.77(0.0) 114.32(4.0) 185.15(0.1) 168.83(0.2) 132.16(0.6) 123.81(0.6)
vs 193.47(0.2) 173.67(0.0) 224.11(0.2) 231.65(0.0) 179.25(1.1) 227.96(0.4)
vy 236.78(0.0) 183.19(1.7) 228.05(0.3) 233.55(0.0) 217.95(0.1) 230.13(0.0)
vg 237.36(0.0) 216.82(0.1) 253.79(0.5) 256.37(0.0) 225.22(0.6) 237.42(0.0)
v 254.50(0.2) 223.37(0.1) 258.36(0.0) 258.88(0.2) 229.21(0.0) 250.06(0.2)

TABLE 8 Selected B3LYP/6-31G** Calculated Harmonic Frequencies (cm~') and IR Intensities (km/mol; in parenthesis), for
Silylenic Structures, ((CH3)3C)>CoSi

1st-Bu 1448y 2s-z‘-Bu 2t-t-Bu 3s-t-Bu 3t-t-Bu
V1 —48.46(0.0) 19.56(0.0) 20.96(0.1) 37.94(0.3) 12.92(0.0) -8.03(0.3)
Vo 23.30(0.1) 35.89(1.1) 99.23(0.0) 88.27(0.3) 21.76(0.5) 24.27(0.2)
v3 135.06(0.0) 56.27(7.8) 120.02(0.2) 91.97(0.0) 48.96(0.3) 40.54(0.5)
V4 139.58(0.0) 92.49(0.2) 149.22(0.1) 157.76(0.2) 77.51(0.0) 87.14(0.4)
U5 183.83(0.0) 112.62(0.0) 204.09(0.1) 208.11(0.0) 129.68(0.4) 117.07(0.4)
Vg 186.05(0.2) 159.06(0.0) 222.38(0.0) 219.90(0.1) 159.45(0.8) 216.34(0.5)
vy 208.13(0.0) 171.88(0.0) 238.21(0.1) 243.26(0.0) 221.85(0.4) 227.42(0.0)
vg 235.11(0.0) 221.40(0.0) 263.16(0.3) 276.01(0.2) 225.45(0.4) 239.06(0.1)
vg 259.02(0.1) 224.87(0.2) 266.84(0.3) 277.66(0.1) 225.58(0.3) 249.15(0.30)
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The B3LYP/6-31G** calculated order of relative
stability for ((CH;),CH),C,Si isomers is 1.0
(0.00 kcal/mol) > 2., (18.14 kcal/mol)~ 3.0
(18.47 kcal/mol) > 3,0 (43.00 kcal/mol)~2,;
(43.83 kcal/mol) > 1,5, (51.15 kcal/mol) (Table 3).
This is roughly the same trend found for (CH;),C,Si,
but with decrease in the energy difference between
2. pro and 3¢,.,0. One may justify this phenomenon
by considering the stereochemistry of these isomers
(Fig. 3). Interestingly, both 2, and 3., have
C, symmetry, so this decrease in the symmetry, in
turn decreases the steric hindrance in structure
2. pro; While in 2y, existence of two planes of sym-
metry (C,,) makes an eclipsed conformation. The
global minimum for the set of ((CH;),CH),C,Si
isomers appears to be singlet -cyclic
(Table 3).

The B3LYP/6-31G** calculated order of rela-
tive stability for ((CH;);C),C,Si structures is 1.4
(0.00 kcal/mol) > 3,..;;5. (15.66 kcal/mol) > 2 ,.,/-54
(26.79 kcal/mol) > 31150 (39.84 kcal/mol) > 1,..,/-54
(47.46 kcal/mol) > 2,154 (49.28 kcal/mol) (Table 4).
This is almost the same trend found for (CH;),C,S;i,
but with a displacement in the stability order of
1. 10r-By instead 2. The least sterically hindered,
open chain, fully staggered 3,5, with C; symmetry,
appears to be more stable than the 2,5, (Fig. 3).
It is notable that the transition state 1.5, with ex-
cessive angle strains and crowding of the two large
tert-butyl groups has yet a large amount of stability
and appears as the structure of the lowest energy in
the set of ((CH;);C),C,Si (Table 8).

1 s-i-pro

Singlet-Triplet Energy Separations Comparison

Inspection of cyclic silylenes revealed that sin-
glet silacyclopropenylidenes, 1,x, appear more sta-
ble than their corresponding triplet states, 1.x,
due to the lack of aromatic character and angle-
strains involved in 1,.x (Tables 1-4). These re-
sults are consistent with those reported for ana-
logues carbenic X,C; and some related systems
[3,9,21,42]. The B3LYP/6-31G** calculated order of
singlet-triplet energy gaps (AE, x) between 1,x
and 1,x is AE, u (71.068 kcal/mol) > AE, . (68.45
kcal/mol) > AE, ; p, (51.15 kcal/mol) > AE, ri8u
(47.46 kcal/mol) (Tables 1-4). In the cyclic structure
14, the magnitude of AE; x is inversely proportional
to the size of X. The stability of the triplet state 1,x
increases as a function of the size of substituent (X)
(Tables 1-4). The secondary carbocation pertaining
to canonical form “b” of 1y, with a relative stability
of 0.00 kcal/mol, appears to be 49,353 kcal/mol less
stable than the corresponding tertiary carbocation in
1.me (Scheme 1). Likewise, the secondary radical of

canonical form “b”” of 1.y, with a relative stability of
0.00 kcal/mol, is 55,631 kcal/mol less stable than the
tertiary radical in 1,y.. The higher relative sensitivity
of the triplet state to methyl group, compared to hy-
drogen, is attributed to the lower importance of the
canonical form “b” in 1,4, due to the separation of
charge (Scheme 1). This finding is in agreement with
the well-documented data on stabilization of triplet
silylenes [3-5]. Moreover, hyperconjugation justifies
the higher relative sensitivity of the singlet 1, x over
the corresponding triplet state 1,x when X is i-pro.
When X is fert-Bu, similar magnitudes of sensitiv-
ity are displayed by both singlet 1,x and triplet 1,x
(Scheme 1).

The first acyclic structure considered is 3,3-
diX-vinylidenesilylene, 2x (Fig. 1). All singlet states
2, x appear more stable than their corresponding
triplet states 2.x (Tables 1-4). The order of en-
ergy gaps between 2,x and 2,y (AE, x) calcu-
lated at the B3LYP/6-31G** level is AE, n. (25.76
kcal/mol)~ AE, ;. p, (25.68 kcal/mol) > AE; ors5u
(22.48 kcal/mol) > AE;. 1(21.64 kcal/mol) (Tables 1-
4). These results clearly demonstrate that the AE, x
in structure 2x is lower than those of structure 1x;
in addition changes in AE,x as a function of X is
very small (4.12 kcal/mol). This can be attributed to
the lack of such aromatic character that exists in the
structure 1x.

In discussing silylenes with acyclic structures,
the last appears to be ethynylsilylene, 3 (Fig. 1).
Again, all singlet states 3,x appear more sta-
ble than their corresponding triplet states 3.x

W
Si
@Z N\ —
X X X
(a)

bo
— /7

1
Si
— /N
X X
®)

SCHEME 1 Effects of substituents (X) on the rel-
ative stability of significant canonical forms of sin-
glet 1¢x (@ vs. b) and triplet 1x (' vs. b’) for

X=H, Me, i-pro, and tert-Bu. Relative absolute energies
(kcal/mol) for 15.x series are 15y = 197,374, 15 e = 148,021,
1sipro= 49,334, tg.terr.eu =0; while relative absolute
energies (kcal/mol) for 1y x series are 15py=197,401,
Ts.Me = 141,770, 1s.j-pro = 49,345, 1114 4errp, =0 (Tabsolute
energy = —427,553 kcal/mol; TTabsolute energy = —427,508
kcal/mol).
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(Tables 1-4). The B3LYP/6-31G** calculated order
of AE, x between 3,x and 3,x is AE  m. (26.11
kcal/mol) > AE, ;p,, (24.51 kcal/mol)~ AE, .84
(24.18 kcal/mol)~ AE,.y (23.69 kcal/mol). This
trend is precisely the same trend found earlier for
structure 2x. Hence, the same justifications can be
applied.

Geometries, Dipole Moments,
and Atomic Charges

The cyclic structures 1, and 1.4 have very simi-
lar geometrical parameters; both are planar with C,,
symmetry (Figs. 3 and 4). Substituting the hydro-
gen atoms by two methyl groups decreases symme-
try to C,; however, changes in geometrical param-
eters are negligible. When X is i-Pro, the changes
are more considerable. The symmetries of 1,;.p.
and 1., are C, and C,, respectively. /CSiC diva-
lent angle in the cyclic 1,;p, is larger than that
of its corresponding 1,,p,. This is in contrary to
the classic records of many acyclic carbenes and
silylenes where the singlet divalent angle is smaller
than the corresponding triplet divalent angle [4].
In triplet 1. p,, the Si—C bond lengths are longer
than those of their corresponding 1,;.p,. Inversely,
the C=C bond length in 1,5, is shorter than that
of its corresponding 1,.p.,. Fascinatingly, when X
is tert-Bu, the cyclic structure 1 in singlet and
triplet states is symmetric with C,, point groups.
Changes in geometrical parameters of 1,5, and/or
1,.r:8. are as mentioned earlier for X is i-Pro. Every
2.x species has higher (or equal) symmetries than
their corresponding 2,x (Fig. 4). The pronounced
effect of substituting X in geometrical parameters
of 2.x and 2,x is in the C=Si bond lengths. All
2, x species have longer C=Si bond lengths than
their corresponding 2.x. In acyclic structure 3,
stereochemical orientation of substituents X is in
a way that torsion strain and steric hindrance di-
minish. Again, changes in geometrical parameters
in structure 3 are considerable only for the C—Si
bond lengths and the /XSiC divalent bond angles
(Fig. 2). C—Si bond lengths of all 3,x are longer
than those of their corresponding 3,x. However,
(XSiC divalent bond angles of all 3,x are larger
than those of their corresponding 3, x. This result
is in contrast to that obtained earlier for cyclic
structures 1.

The trend of dipole moments for H,C,Si isomers
is 2equ> 2eu> 1lig> 3eu> 1log> 3.4 (Table 1).
The trend of dipole moments for (CH;),C,Si sets is
2.0 > 2ime > 3eme > Llime > Llome > 3ime (Table 2).
The trend of dipole moments for ((CH;),CH),C,Si
isomers iS 1t-i-Pr0> 2't-i-Pro > 2s-i-Pro > 3s-i-Pr > ls-i-Pro >
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3.iro (Table 3). Finally, the trend of dipole mo-
ments for ((CH;);C),C,Si sets is 1 er-Bu > 2tters-Bu >
zs—tert—Bu > 3s—tert—Bu > ls—tert—Bu > 3t—tert»Bu (Table 4) These
trends are contrary to those of previously reported
for C,H,Si that all singlet states have larger dipole
moments than their corresponding triplet states [3].
Fascinatingly, as the sizes of X become larger, the
polarities of 1, increase. Moreover, the 2. x species
appear to have high polar structures.

The NBO method represents the electronic struc-
ture of a molecule in terms of the best possible reso-
nance Lewis structure. The NBO analysis including
atomic charges shows that in all 24 structures con-
sidered the divalentSi atoms have positive charges
(Table 9). In contrast, C atoms directly attached to
the Si atoms (C,) have negative charges. Except for
2.4, in the rest of structures 3x and 2, C; atoms have
rather high positive charges compared to the corre-
sponding C, atoms. Interestingly, in 3,x structures
the magnitude of positive charges on the divalent Si
atoms increases as the size of X increases: tert-Bu
> i-pro > Me > H. Nevertheless, in the corresponding
1,x and 2, x, the magnitude of positive charges on the
divalent Si atoms is not sensitive to the employed
substituents X (Table 9).

TABLE 9 NBO Analyses Including Atomic Charges of Xo-
C,Si Silylenes Confined to Three Structures 1-3, Calculated
at B3LYP/6-311++G** (where X is H, Me, i-pro, and tert-Bu)

Atomic Charge

Structure Species  Si Co Cs X4 Xs

1 1sH 0.78 —-0.63 —-0.63 024 0.24
1iH 0.62 -055 -056 025 0.25
1sme 077 -0.41 -041 -0.73 -0.73
1me 059 —0.34 —034 —074 —0.74
1uipo 017 —023 —006 —0.31 —0.29
letertgy 075 —0.39 —0.39 —0.10 —0.10
1eterty 017 —0.15 —0.15 —0.10 —0.10
2 2.4 0.71 -0.84 -0.32 023 0.23
2iH 0.50 -0.46 -056 0.26 0.26
2.vme 067 -087 011 -0.71 -0.71
2me 047 —0.47 —0.11 —0.69 —0.69
25.ipr0 067 -088 011 -027 -0.27
2 po 046 -047 -0.11 -025 -0.25
2 tertpy 0.67 —0.87 0.12 —0.07 —0.07
2 tertpu 047 —0.47 —0.10 —0.05 —0.05
3 3sH 0.77 -0.62 -0.14 -0.27 0.25
3iH 0.67 -0.62 -0.14 -0.16 0.25
3.me 098 —062 007 —-1.25 —0.76
3i-Me 0.89 -0.63 0.07 —-1.16 -0.76
3tipro 087 -062 0.06 -066 -0.32
3ctertpy 1.01 —0.62 007 -053 —0.12
3iterrpu 0.87 —0.62 006 —0.43 -0.12
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CONCLUSION

In this paper, steric effects are found to affect the
stability order of different isomeric X,C,Si sylilenes
(where X is hydrogen (H), methyl (Me), isopropyl
(i-pro), and tert-butyl (tert-Bu)). Relative energies
are obtained through ab initio and DFT calcula-
tions at HF/6-31G*, B1LYP/6-31G*, B3LYP/6-31G*,
MP2/6-31G*, HF/6-31G*, B1LYP/6-31G**, B3LYP/6-
31G*, and MP2/6-31G** levels of theory. Among
24 silylenic structures considered, 7 structures
are not real isomers. The order of stability for six
structures of H,C,Si is 1.4 (0.00 kcal/mol) > 2.4
(15.30 kcal/mol) > 3.4 (20.85 kcal/mol) > 2. (36.99
kcal/mol) > 3.4 (44.54 kcal/mol)>1,4 (71.06
kcal/mol). Upon replacing hydrogen atoms by
methyl groups, a new stability order obtained
for (CH;),C,Si is 1.y (0.00 kcal/mol) > 3y
(13.84 kcal/mol) > 2,y (18.98 kcal/mol) > 3. .ue
(39.95 kcal/mol) > 2.y (44.74 kcal/mol) > 1, ue
(68.45 kcal/mol). A nearly different order of sta-
bility found for (iso-propyl),C,Si isomers is 1.
(0.00 kcal/mol) > 2., (18.14 kcal/mol)~ 3,
(18.47 kcal/mol) > 3,0 (43.00 kcal/mol)~ 2.,
(43.83 kcal/mol) > 1, (51.15 kcal/mol). Using the
larger tert-butyl group, as a substituent (X), yet offers
a more different stability order for six structures of
(tert-butyl),C,Si: 14,050 (0.00 kcal/mol) > 3.5y
(15.66 kcal/mol) > 24..i-50 (26.79 kcal/mol) > 3.,0rr-Bu
(39.84 kcal/mol) > 1,150 (47.46 kcal/mol) > 2, 0rr-Bu
(49.28 kcal/mol). Linear correlations are found be-
tween the LUMO-HOMO energy gaps of the singlet
1,x and 2,x, and their corresponding singlet-triplet
energy separations calculated at B3LYP/6-31G**
level. The highest dipole moment is found for
1ii0-8e; however, the lowest dipole moment is
found for 3,4. Among all the calculation methods
employed, B3LYP is the method of choice.
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