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Structures and energies of manytsi™ isomers were investigated theoretically at the MP2/6-31G* level.
The global minimum was the classical aromatic plaDay structure ). Isodesmic equations indicate the
resonance stabilization energy to be half that of the analogous cyclopropenyl cation. The next lowest energy
minimum, with a divalent silicon and a bridging hydrogen, also exhibits theadmaticity. Five planar
SisHs™ isomers display cyclic three-centemwo-electron (3e-2e) delocalization, and eight minima have-3c

2e SHH-Si bridged bonds. The planar tetracoordinated silicon and five-coordinated silicon also are
represented. Eleven other minima were found within a 46 kcal/mol range. An H-bi@gstiucture, derived

from B3He™, is 42.1 kcal/mol above the global minimum. However, for Ge, Sn, and Pb thg¢g forms

are more stable than the classical structubed.(Am. Chem. S0d.995 117, 11361). In contrast to 3™,

CsHs™ has only four isomers in the 189 kcal/mol range. The silicon analogues ofkhg @cyclic structures,

the prop-2-en-1-yl-3-ylidene cation and the 1-propynyl cation, are not favorable.

Introduction H

technology raises many questions about silanes and their
cations! The structure and bonding of Si compounds are in-
herently complex. The well-established bonding rules of carbon " \

. . e . . SI/
The large-scale industrial use of silicon in semiconductor T

chemistry are of little help in deducing the structure of the \H
compounds of Si and the heavier group 14 analoguest 3
example, unlike ethylene and acetylene;Haj Co, (1), is 4

H H'— +

H\s| Si... S/H\S H—si Si—H—l

H SI\H
1 2
5 6

nonplanar and SH,, Cy, (2), has a doubly bridged geom-
etry34 The potential energy surface of ¢Hi is equally X
surprising. For example, hexasilaprismaBkg i6 lower in energy
than a benzene-like structuréndeed, a derivative of hexasi-
laprismane (SRs; R = 2,6-diisopropylphenyl) has been char- s i
acterized experimentally, but no hexasilabenzene has been
reported®

The structural contrast between carbon and silicon chemistry
is not restricted to unsaturated compounds. A triply H-bridged
structure,Cs, (4), is @ minimum for trisilacyclopropaneThe
heavier group 14 e bridged structures are even lower in
energy than the classical cyclopropane-like alternati&isce
Si and the heavier elements of group 14 are more electropositive,
cations involving these elements should be more stable than
the corresponding carbocations sti*, produced by ion

X =CH, SiH
7 8

molecule reactions of silicon ions with silane, has been detected
by ion cyclotron resonance (ICR) spectroscéplheoretical
studies have shown that the conventionale?ectron structure

5 is lowest in energy even though a triply H-bridged structure

" Present address: CTL SPS, Motorola, 2200 W. Broadway Road, Mesa, (6) also is a minimunf:1® However, the bridged structures for
AZ 85202. GeHst and heavier analogues are calculated to be lower in
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SizHs* Isomers

energy than thé&-like alternatives. Recently!RusSi):Ges™ has
been generated experimentallyA single-crystal X-ray dif-
fraction study showed that théB(i):Si substituents prefer
terminal rather than bridged positioHsRecently, a derivative
of trisilacyclopropene had been synthesi#gdt is only a
question of time before Sils™ and their derivatives are
synthesized and characterized.

Previous experience indicates that alternative lower energy
SisHz™ isomers might exist. For example, tetrahedrane deriva-
tives obtained formally by cappingsBis* rings by groups such
as CH, SiH™, etc. are calculated to favor H-bridged) ver
the classical structures§)(12 The trisilaallyl cation is not even
a SgHs™ (9) minimum* A dibridged structure is the lowest

\ j+ —|+

H . Sis
\ o ‘i ).sHa,i
i/ \Si/ HH’S\ /H\ |
H

]

Ir——

©

10

H H
H—C/ \CMH H—C C\ Sl/ \S|
11 12 13
v b 4
Si H\C/C\H
!
NN /®\
; \H H/C—C\H
14 15

energy isomer at the CCSD(T) level of theoiy).2* Similarly,

the structure of the @Hs* cation contrasts dramatically with
that of GHs". C;Hs™ has two minima, the bridgedL{) and
the classical vinyl cationl),'> but the lowest energy structure
of Si;Hs™ has three bridging hydrogend3).1® The lowest
energy structure calculated forsBis™ is also unconventional;
the global minimum is the pentasila[l.1.1]propellanyl cation
(14); in contrast,15 is the most stable £Els™ isomerl’18 The
potential energy surface of 53" is rich in possibilities. The
cyclopropenyl catiori6 is the global GHz* minimum and the

" T I
C H H H H
/®\ NComn G —H  Co==C cEc—c;
s W c H H
H H
16 17 18 19

other minimal7, 18, and19 are higher in energy thaht by
31.5, 76.5, and 189.2 kcal/mol, respectivElyn contrast, we
now find several relatively low-energy structures on thgigi
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TABLE 1: Total Energy (hartrees), Unscaled Zero-Point
Energy (ZPE, kcal/mol), Relative Energies (kcal/mol, after
scaling the ZPE), and Number of Imaginary Frequencies
(NIM) at MP2(Full)/6-31G* Level for the SizHs™ and CsH3"
Structures and Other Molecules Used in the Equations

relative

structures total energy ZPE  energy NIM
5 (Dan) —868.409 70 16.52 0.0 0
20(Cz) —868.387 19 16.85 14.4 0
21(Cy) —868.385 59 16.22 14.9 0
22(Cy —868.382 44 15.66 16.3 1
23(Cy) —868.374 05 16.36 22.2 1
24(Cy) —868.378 66 15.96 19.0 1
25(Cy) —868.380 10 16.88 18.9 0
26(Cy) —868.375 49 16.51 215 0
27(Cx) —868.370 33 15.86 24.1 0
29(Cs,, °E) —868.368 58 17.80 27.0 0
31(Cx) —868.365 28 16.89 28.2 0
32(Cy) —868.345 21 14.66 38.7 0
6 (Cs) —868.342 26 16.24 42.1 0
34 (Dan) —868.322 97 16.46 54.4 0
35(Cy) —868.340 02 14.91 42.2 0
36 (Cy) —868.340 43 17.80 44.7 0
37(Cy) —868.338 46 17.75 45.9 0
38(Cs°A") —868.332 05 16.44 48.7 0
39(Cz) —868.324 00 16.55 53.8 2
40(Cy) —868.295 13 17.84 73.1 2
41(Cy) —868.296 61 17.76 72.1 2
42(Cy —868.334 40 13.67 44.6 1
16 (D3n) —115.363 65 28.82 0.0 0
17(Cy) —115.311 30 27.41 315 0
18(Cy) —115.238 72 26.77 76.5 0
19(Cs) —115.061 33 28.24 189.2 0
SisHe (Cs) —870.436 66
SizHs " —869.577 18

a Frequency analysis not performed.

electron (3e-2e) bonds, bridging hydrogens and silicons, cyclic
7 delocalization, and pentacoordinate silicons.

Computational Methods

The geometries of all the structures were optimized at the
Hartree-Fock (HF) and the MP2(Full) levels of theory with
the 6-31G* basis s&t2! using the Gaussian 94 progr&fv3
The unrestricted SCF reference wave function (UHF or UMP2)
was used for open-shell species. The nature of the stationary
points was determined by analytical evaluation of the harmonic
force constants and the vibrational frequencies at the HF as well
as at the MP2 levet In addition the five lowest energy
structures were studied at G2ZMP2 and B3LYP/6-BGt*
levels2* The energy comparisons are at MP2/6-31G*//MP2/
6-31G*+ZPE. Zero-point energies were scaled by 0.94 as
recommendeé? The MP2/6-31G* geometries and NBO analysis
at the HF level are discussed (Table 1 and Figuré®39.

Results and Discussions

The trisilacyclopropenyl catiorg (Figure 1)? the cyclopro-
penyl cation {6) congener, is the &ils™ global minimum. The
SiSi distance of 2.198 A is slightly longer than the typical SiSi
double bond length (2.138 A in tHa,y planar and 2.165 A in
the Con bent (1) structures of disilené)put is much shorter than
the normal SiSi single bond value (the SiSi distance in
trisilacyclopropane is 2.327 A and in disilane 2.335%AThe
delocalizedr orbital is the HOMO of5. According to NBO
analysis, positive charge is delocalized on silicon atoms (Si,
0.426; H,—0.093). In contrast, the opposite electronegativity

potential energy surface. These have three-center and two-order of C and H results in positive charge buildup on the H's
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Figure 1. Optimized SiHs* minima (MP2(Full)/6-31G*). Important bond lengths (in A) are shown.

in C3Hs™ (16) (C, 0.019; H, 0.314). The isodesmic egd'and The second lowest energyz:Bg™ minimum 20 (C,,, Figure
1), with one hydrogen bridging the Si(1)Si(2) bond, is 14.4 kcal/
)H( e mol higher in energy thab. The Si(1)Si(2) bond distance (2.248
/ \ / \ A) is shorter than the SiSi distance (2.370 A) in the tribridged
NVAC) WLV Vil Si,H3*(13),16 but it is longer than that (2.202 A) in the doubly

bridged SiH, (2).4d The electronic structure &0, with a cyclic

Dan Dan
m-delocalized MO, a lone pair on the divalent Si and an
Hy H H-bridged SiSi bond, is quite remarkable. The S¥8)(3) bond
X X s (© length is 2.269 A and the-overlap population (0.099) is less
/ \ + / \ AE=38.1 (78.0)kcal/mol 1) than that in5 (0.110). The most stable geometries of B
HX———XH  HaX XH, and of BH4~ 2° are related t0. A similar structure with a
Cav Cav divalent Si has been characterized experimentally {&ild;.3°

Another species with two divalent silicons and an H-bridged
2 provide estimates of the resonance stabilization energy (RSE)SiSi bond is calculated to be the global minimum for £5i3!
TheCs planar minimum21 (Figure 1), close in energy 20

" " (Table 1) has a terminal rather than a bridging hydrogen. The
X———XHs Si—Si bond lengths ir21 reflect the Si(3)-Si(1)—Si(2) 3c-2e
XHQXH * Hzx// — bond in theo framework, the 3e2e & bond, and thes lone

pair. The interconversion &f0 and21 involves transition state
22 (1.4 kcal/mol above?l).

D3 Cs

X R
X=Si  (C) T + T +
/\ + / +\ AE=16.1 (35.7)kcal/mol ) He
X" XHs \

HX——=—=XH Hz

H
Car Car Si 1\H5 N si /Hs
2'29/ &295 2.214
and the aromatic stabilization energy (ASE)Srand in the Siy
cyclopropenyl cation 16, values in parentheses). The RSE’s Siaﬂsu\H 2?% “Hs
from eq 1 reflect the total 3e2e delocalization, while the ASE’s ° Sis
in eq 2 measure the extra cycliadelocalization, the aromaticity 22 21a
of the rings over the acyclic 3€2ex-delocalized species. Both
the RSE and the ASE &are only half that of the cyclopropenyl The dramatic effect of electron correlation is seen in the

cation (L6). collapse of21a a minimum at HF, int®1 when optimized at
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MP2. The localized Si(3)Si(2) bond in21ais transformed into
an SiH-bridged bond irR1. However, the carbon analoguls{
of 21ahas been detected mass spectrometriéalRotation of
the SiH group in21 out of the SiSiSi plane leads to th&
transition structur@3, which has an Si(2)Si(3) = bond.

s e
Siy_1.747

—
Ha
2282
2.661 1.570

Si i
S o038 ~H,

H,, o

2.262 xﬁgg
2.096

S'Z\H

He

23 24

The planarC; transition structure4 has an unsymmetrical
H bridge; the bonding is similar to that of th&, minimum
20, but 24 is 4.6 kcal/mol higher in energy. The related
nonplanar minimum25 (Figure 1)?2is only 0.1 kcal/mol more
stable thar24. The bridging hydrogen i25 is 0.65 A above
the S plane.

Structure26 (C,, Figure 1§2is 21.5 kcal/mol higher in ener-
gy than5. MO analysis reveals a 2@2e bond between Si(1)
and Si(3), a 3e2e hydrogen-bridged bond between Si(2) and
Si(3), and lone pair orbitals on Si(2) and on Si(3). The charge
is mainly localized on Si(1)quso = 0.793) and on Si(3)dso
= 0.635). The Si(1)Si(2) separation (2.911 A) is much longer
than the normal SiSi single bond distance and is even longer
(3.268 A) at HF.

A planar structure with a pentacoordinated silic@i, 24.1
kcal/mol higher in energy, is related to the globgHg minimum
(28).29:33 Both 27 and 28 have the same number of valence

e e

H Hs
' Ha., l Hs
B 311 He
H H 2.043 2.587
2.713 Sii=—=Si» Sw{
/ 2334 \I‘”HS
/B B He
H
28 27a 30

electrons, and trivalent boron is isolobal with the divalent Si
with a lone pair! Electron correlation favors the 3@e
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Figure 2. Schematic diagram representing the contrasting relative

energies of the isomers of Bis" and GHz™. Isomer19is not shown
in the diagram.
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The isolobal analogy between trivalent boron and divalent
silicon®! relates the triply H-bridged nonplan@g, minimum6
(Figure 1) (42.1 kcal/mol abovs) to the Cs, global BHg"
minimum 33.2%34 The SiSi distance ir6 is close to that of
hydrogen-bridged SiSi bond distance2and31. Similarly,
the SiH, bond distance is close to that20 and31 The bridging
hydrogens are 0.833 A below thes;Slane in 6. HOMO,
HOMO-1, and HOMO-2 comprise the three lone pair orbitals
on Si. HOMO-3 involves the gip orbitals with substantial
contributions from the hydrogen 1s orbitals. This leads to cyclic
delocalization similar to that in4Bls* (33).2%3*The planar triply
H-bridged D3y, structure34 is 12.3 kcal/mol abové but is a
minimum at MP2/6-31G*. HoweveB4is a higher order saddle
point at the Becke3LYP level of theot}.The corresponding
triply bridged GHs" structures are not minim@.

MO analysis of the acycli€; minimum35 (Figure 1) reveals
a 3c-2e bond involving Si(1)H(4)Si(2). Both Si(1) and Si(3)
have lone pairs. The positive charge is localized on Siflgd
= 0.846) and Si(3)dyso = 0.715).

The bent singletCs isomer36 (Figure 1) is related to the

delocalization present in the H-bridged structure, since the HF linear triplet29. The linearCs, singlet with a lone pair on Si(1)

Cs minimum 27acollapses to the plana®;,, (27) on reoptimi-
zation at MP2.

The most stable acyclic structure obtained in this study, the
Cs, triplet isomer29 (g, Figure 1), is 27.0 kcal/mol higher in
energy tharb. Thex bond in29is formed by two equivalent

one-electron half-bonds in perpendicular planes. The corre-

sponding triple-bonded singlet structur®), with an empty
o-hybrid orbital on Si(1), is high in energy (99.2 kcal/mol
relative to5) and shows UHF instability. However, the carbon
analogue 19) has been detected in collisional activation mass
spectrai?

The preference for the planar tetracoordinate Si and cyclic
3c—2em bonding in31 over the tetrahedral arrangement3ia
is another example of an anti van't Hoff preferedé&oth 31
and 32 have two H-bridged divalent silicons. Because of the
favorable p—p,_overlap, the H-bridged SiSi bond 81 (2.512
A) is much shorter than that B2 (2.953 A). The nonplanats
HF minimum 31aoptimizes to31 at the MP2 level.

is unfavorable, as is linear SiSit¥¢ Isomer37 (Figure 1) with

a pentacoordinated silicon is a minimum and 45.9 kcal/mol
higher in energy thal. Lone pairs are present both on Si(1)
and on Si(3). The charge is mostly localized on Si(1). The 2.732
A bond distance implies a weak bond between Si(1) and Si(2).
Similarly, in 27a Si(1) has a weak interaction with Si(2) and
Si(3) (2.713 A).

A C; triplet state $A’, 38), in which an electron from SiSi
o-bonding orbital (d) of 5 is transferred to a* antibonding
orbital (d'), also is a minimum 48.7 kcal/mol higher in energy
thanb.

Several other acyclic structures considered here turned out
not to be minima. In particular, the trisilapropargyl cati@s,
is a second-order saddle point 53.8 kcal/mol higher in energy
than5. The analogous propargyl catidY is only 31.5 kcal/
mol above the cyclopropenyl catitii and is known experi-
mentally3® The open-chain HSiSi(H)SiH structurd® and41
have two imaginary frequencies each and are very unfavorable
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energetically. Structuré2 has one imaginary frequency; further
optimization with relaxed symmetry constraints led3®

The large number of low-energy structures calculated for the s
SisHz™ cation is contrasted with the scarce isomer population

for CsH3™ (Figure 2). While there are 13 isomers forl$i™
within a range of 46 kcal/mol, the fours83™ isomers16—19

Srinivas et al.

TABLE 2: Relative Energies (kcal/mol) of the Five
Low-Energy Structures of SkH3t Isomers at the G2MP2 and
B3LYP/6-3114+G** Levels

structures G2MP2 B3LYP/6-3#1G*
5 (Dan)? 0.0 0.0
20(Cz) 8.8 10.8
21(Cy 12.4 13.8
22(Cy) 12.6 14.7
25(Cy) 13.02 12.41

aTotal energy (hartrees) i5868.606 33 (G2MP2) anet869.999 65
(B3LYP/6-31H-G**).

(31) is preferred over a tetrahedral arrangemé&®) py 10.5
kcal/mol. The silicon analogues of thekz* acyclic structures,
the prop-2en-1-yl-3-ylidene catio@1d) and the 1-propynyl30)
cation, are not stable. The singlet trisila-1-propyny! cati®g) (
is a minimum but is unstable to UHF; however, the triplet state
(29) is @ minimum. Isomer&27 and6, derived from BHs and
BsHg™ using the isolobal analogy between trivalent boron and
divalent silicon, also are minima. The triply H-bridgegs,
structure6 is 42.1 kcal/mol higher in energy than the global
minimum5. However,6 is more stable thah for heavier group
14 analogues Ge to PbIn general, hydrogen-bridged structures
with divalent silicon dominate the potential energy surface of
SisH3™, even though the global minimum is the familiar aromatic
structure. The recent synthesis @zSi);Ges™ is an important
step toward the experimental study of aromatic systems of
heavier group 14 elementslt should also be possible to realize
derivatives of S§Hs".

For additional information, coordinates of the structures
discussed in this paper are available from the authors on request.
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