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We theoretically investigate a highly strained tricyclic silane (tricyclo[2.t3p@ntasilane4b), an isomer

of pentasila[1.1.1]propellan8l§)) composed of three fused three-membered rings. The central ring is distorted.
One of the fusion bonds in the central ring is shorter than the normebiSiingle bond (2.350 A) whereas

the other is as long as the fusion bonds in bicyclo[1.1.0]tetrasilabg(R.860 A) and3b (2.778 A). The

tricyclic silane is less strained than the carbon congener and more strained than the3isomer electron
delocalization between one of the fusion bonds and the gemirédiSing bonds elongates the fusion bond

and stabilizes the molecules to reduce the strain. The silanes composed of the fused three-membered rings
are less strained than the carbon congener. A degenerate rearrangement of a three-membered ring is predicted.
The enthalpy of activation of the rearrangement of the distorted central ring is low (7.2kcal/méb), fout
appreciable (22.3kcal/mol) for the germanium congener, tricyclo[2 2péntagermaned). We investigate

the effects of the substituents on the distortion of the central three-membered ring and the degenerate

rearrangement.
Introduction X Xi—qXe
Highly strained molecules have been attracting much interest. \ %m'er%
Among them are silicon congenerb-3b) of mono-, bi-, and Xy— 8 X
tricyclic alkanes (cyclopropand4), bicyclo[1.1.0]butane(2a), Figure 1. Difusotricyclic geometry.

and [1.1.1]propellarfg3a)). An interesting geometrical feature

has been reported for the -S8i single bonds in the three- gener of4a, (1) to know whether the fusion bonds are long
membered rings of silanes. There are short (ca. 2.4 A) and longand/or short, (2) to know how muectb is strained, especially
(ca. 2.8 A) bonds. The SiSi fusion bond (2.373 A) of a  relative to the carbon congener, (3) to study origins of the long-
derivative of bicyclo[1.1.0]tetrasilafe(2b), i.e., 1,3-ditert- bond isomers and the trend of the three-membered-ring strains
butyl-2,2,4,4-tetrakis(2,6-diethylphenyl)tetrasilabicyclo[1.1.0]- relative to those of the carbon congener, (4) to show a degenerate
butane, is as long as the-S$i bonds (2.3732.431 A) of the rearrangement of a three-membered ring, and (5) to predict the

derivatived of cyclotrisilanelb. Schleyet and Nagasepre- substituent effect on the molecular geometry and the degenerate
dicted another isomer with the long fusion-Si bond (2.73%+ rearrangements.
2.775 A). The fusion bond of pentasila[1.1.1]propellaBb)(
is as long (2.7192.885 A)78 XH, XH XHa
There is an interesting trend of the three-membered ring xﬁ }XH XH—/X/HSXH /,LX\

: . . : : 2=XHp 2 2 ZX—xXH
silanes in the strains, especially relative to those of the carbon XHz 2
congeners. The strain energy of the monocyclic silicon molecule 1a: X=C 2a: X=C 3a: X=C
1b (38.9 kcal/mol) is higher than that (28.7 kcal/mol) of 1b: X=Si 2b: X=Si 3b: X=Si
cyclopropanea).° The bicyclic silicon molecul@b (65.2 kcal/ o
mol) with the short fusion bond is strained as much as bicyclo- Kb =X —XH2 S
[1.1.0]butane Za) (68.9 kcal/mol)® The tricyclic silicon mol- XH—XH Si—Si
ecule3b (70.2-79.0 kcal/mol) is less strained than the carbon 4a: X=C 5
compound3a (104.3-110.6 kcal/moly:1 ::; ))E;g'e

Tricyclo[2.1.0.G-3pentané!~13 (4a), an isomer of the pro-
pellane 3a, is classified into a member of difusotricyclic  Method
geometry (Figure 1) according to Guidwhere the tricyclic
systems share a common vertex)#nd the two fusion bonds.
The geometry and strain dfa were theoretically investigated
by Wiberg et al12and by the present authd®%The unique
geometry is expected to give new aspects of molecular structure,
chemical bonding, and reaction. In this paper, we theoretically
investigate tricyclo[2.1.01F|pentasilane4b), the silicon con-

The calculations were carried out by using the Gaussian
program packag® The geometries were optimized at the
B3LYP/6-31G* levels. The final energies of the B3LYP/6-31G*
optimized structures were refined at the Gaussian-3 level in the
case of second- or third-row elements, which has been recently
proposed and proved to be very accurate and effe&lilde
strain energies were estimated by the homodesmotic redétion.

* Address correspondence to this author. Phore31-58-293-2611. We developetf and applied’***the bond model method
Fax: +81-58-230-1893. E-mail: inagaki@apchem.gifu-u.ac.jp. to analyze the electronic structures of molecules. The single
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Figure 2. The structure (the fusion bond lengths) and the enthalpy of activation (kcal/mol) of the degenerate rearrangéoreaitolated at the

G3B3//B3LYP/6-31G* level.

TABLE 1: Geometrical Parameters? of 4—5

ri(A) ra(A) ¢i(deg) ¢2(deg) 6:°(deg) 6" (deg)
4ab 2309 2.802 102.2 1507  137.4 95.8
4b-TS 2417 2417 1284 1284 1223 1223
4c 2.403 3.049 972 1553  140.2 89.7
4c-TS 2617 2617 1060 1060 1421 1421
5 2499 2.844 1519 97.1
5TS 2593 2593 1157 1157

aCalculated at the B3LYP/6-31G* leveld; (X1X3H angle) and
6, (X1X4H angle).

Slater determinan® for the electronic structure is expanded
into electron configurations:

W = Codg + IC,P; + ...

In the ground configurationd§c), a pair of electrons occupies
a bonding orbital of a chemical bond (a nonbonding orbital of

an unshared electron pair). Electron delocalization is expressed

by mixing an electron-transferred configuratichy, where an
electron shifts from a bonding orbital of one bond to an
antibonding orbital of another. The bonding and antibonding
orbitals ¢; and ¢;* of the ith bond are linear combinations of
hybrid atomic orbitalgi, andyi, on bonded atoms a and b:

®i = CXia T Cinkin
& = Ca*Xia 1 Cin Xib

We use the hybrid orbitals obtained by orthogonalizing the

SiH,

) Spl,7 _sz'l ) ) Spl,8 .
SiH, Si SiH, SiH,————SiH
SiH———¢ iHy SiH, SiH SiH,
4b 1b 2b

iH S|
Figure 3. Hybridization diagrams.

with the fusion bonds both long or for those with the fusion
bonds both short. The bicyclo[1.1.0]tetrasilane moiety containing
the short fusion bond is puckered with the small interflap angle
¢ (102.2) between the three-membered rings. The SiSiH angle
0 is wide (137.4) between the fusion bond and the-$i bond.
The bicyclic moiety with the long fusion bond has a large
interflap anglegp (150.7) and a small bond anglé (95.8).
The two “isomers” of bicyclo[1.1.0]tetrasilan@lf) coexist in
4b. Very recently, a stable derivative of tricyclo[2.1.6%
pentasilane4b) has been synthesized by Scheschke@ithe
fusion bonds have similar distances (2.343, 2.337 A). The
disagreements with the results of the calculations will be
discussed in the section on the degenerate rearrangement.
The unusual bonding character or hybridization of the vertex
atom of the difusotricyclic silandb is interesting. The hybrid
orbital for the long fusion bond is almost of p-character (Figure
3) as is expected from the long bond distance (2.860 A) and
from the hybridization (s{¥? for the fusion bond ofb. The
p-character of the hybrid orbital (3f) for the short fusion bond
is naturally lower than that for the long bond and higher than
that (sp-9) of less strained cyclotrisilanél§). The hybrid orbitals
of the two nonfusion bonds have high s-charactetr{apd sp-)
close to that (sp?) of the side bonds of the bicyclic silarab,
for the saturated silicon atoms. The nonfusion bonds (2.347,
2.367 A) are as long as the side bonds (2.335 A2lin

atomic basis functions on each atom. The bond orbitals are Strain. The strain energy (SE) was estimated by the ho-

obtained by the diagonalization of thex22 Fock matrixes of
the basis of the hybrid orbitals. The hybrid atomic orbitals and

therefore the bond orbitals are optimized to give the maximum

value of the coefficient@g) of the ground configuration. To
estimate the interactions between the bond orbitalsdj, we
used the interbond energy (IBE), which was defined as

IBE; = Py(H; + F;)

wherePjj, Hjj, andF; are the elements of the density, Fock,
and core Hamiltonian matrixes, respectively.
Results and Discussion

Structure. The geometry oftb hasC; symmetry (Figure 2).
The geometrical parameters 4b are listed in Table 1. The

modesmotic reaction (eq 1J.The difusotricyclic silane4b

XH2‘/X\—IXH2
XH—XH

—_— X(XH3)4 + 2XH(XH3)3 + 2XH2(XH3)2

+ 7XH3XH3
M

(SE = 86.4 kcal/mol) is more strained than the isomer of the
[1.1.1]propellane frameworks (SE 57.6 kcal/mol for3b), as
the hydrocarborta (SE = 134.7 kcal/mol) is more strained
than3a (SE= 100.4 kcal/mol). The difusotricyclic silar is
less stained by 48.3 kcal/mol than the carbon congéaeas
the bi- and tricyclic silanes2b and 3b, are less strained than
the alkanes2a and 3a, respectively. The value of the strain
energy of4b is by 22.8 kcal/mol smaller than the sum of the
strain energies (3« 36.4 kcal/mol) of the component rings

fusion bonds are short (2.309 A) and long (2.802 A). No energy (cyclotrisilane). The value of the strain energy (134.7 kcal/mol)

minima were located either for the difusotricyclic geometries

of 4ais by 52.5 kcal/mol greater than the sum of the strain
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Figure 4. The interbond energies (IBE) between the geminand
o* bond orbitals in2b and its hypothetical short-bond isom@r

SiH, Si SiH,
Sp95.2
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Figure 5. Interbond energies (IBE) between the gemioahnd o*
bond orbitals oftb and its hypothetical short7) and long-bond isomers

(8)

energies of these cyclopropanes £3 27.4 kcal/mol). The
difusotricyclic geometry gives the additional strain to the alkanes
as is expected, but less strain to the silane.

The bicyclic geometry shows a similar effect on the strain
as the difusotricyclic geometry. The value of the strain energy
(53.7 kcal/mol) of the long bond (2.860 A) isomer of the bicyclic
silane2b estimated by the homodesmotic reaction (et B

H
SiH2<z::SiH2 + 5SiH;SiH;

— = 2SiH(SiHg); + 2SiH,(SiH3),  (2)

by 19.1kcal/mol smaller than the sum of the strain energies

(2 x 36.4 kcal/mol) of two cyclotrisilanes. The strain energy
(66.2 kcal/mol) of the bicyclic alkan2a is by 11.4 kcal/mol
greater than the sum of the strain energiex (27.4 kcal/mol)
of two cyclopropanes. The similar effect of the bicyclic and

Takeuchi et al.

TABLE 2: The Relative Stability of (AH) of 9 and 10 and
the Fusion Bond Lengths

SiHz R SHe  SHz T SiH:
N/ atd
X Si, Si
H X
9 10
AN 9 10
X (kcal/mol) ri (A r2 (A) r1 (A) r2 (A)
Li —-5.1 2.323 2.667 2.828 2.373
CHjs -3.1 2.307 2.789 2.812 2.329
NH, 1.4 2.302 2.821 3.035 2.354
OH 1.3 2.293 2.805 2.947 2.341
F 1.5 2.279 2.804 2.890 2.326

a Calculated at the G3B3/B3LYP/6-31G* leveAH = Hg — Hyo
whereHg andHj, denote the energies of the most stable conformers of
9 and 10, respectively.

with the same lengths as the short and long fusion bondb,in

respectively. The&—o* interaction from the short to long fusion

bond was found to stabilizéb (IBE = —0.131 au) whereas

the interaction destabilizes the short bond mod@iBE = 0.376

au), and stabiliz& (IBE = —0.035 au) to a lesser extent (Figure

5). The differences result from the low s-characteY{3of

Siy for osj,—sj;) of the hybrid orbitals for the $i+Siz fusion

bond in4b, relative to the s-character (s sp'6-2 of Si; for

osi—si,) IN 7 and 8. The delocalization of-electrons between

a pair of the short and long fusion bonds stabilizégo relax

the ring strain. The significant effects of the geminal delocal-

ization on the ring strain were previou¥lyeported for [1.1.1]-

propellane and its congeners. The effects are general.
Degenerate RearrangementThe difusotricyclic silanetb

undergoes a new type of degenerate rearrangement (Figure 2),

where the distorted central three-membered rings are converted

to each other as is represented by a generalized equation (eq

3). The structure optimized under the constraint of Ge

AN

symmetry was found to be a transition structude-S). An

difusotricyclic geometries on the strain suggests that the bicyclic intrinsic reaction coordinate calculation shows that the difuso-

molecule2b should be a simple model to understand the effect
of the difusotricyclic geometry on the fusion bond lengths and
the strain of the silane.

The bond model analysis!8-20 of the bicyclic silane shows

tricyclic silane4b undergoes a degenerate rearrangement where
the short fusion bond changes to the long one and vice versa.
The enthalpy of activation iaH* = 7.2 kcal/mol (Figure 2).
Wiberg et al*? located the transition structure 65 symmetry

that the delocalization of electrons between the fusion bond by 0.9 kcal/mol higher in energy than the local minimum of

(Si—Si) and the peripheral bonds significantly stabilizes the
long-bond isomer or relaxes the ring strain (Figure 4). We
compare the bicyclic silan2b with the hypothetical short-bond
isomer6 optimized for the fixed fusion bond length (2.345 A:
the bond length oflb). The geminal delocalization was
previously predicted to reduce its antibonding property and to
be finally bonding with the decrease in the s-character of the
hybrid orbital for the geminal bonds involved in the delocal-
ization1® The interbond energies (IBE) show that theo*

difusotricyclic alkaneda of C; symmetry. The low enthalpy of
activation or the fast degenerate rearrangement can account for
the similar distances of the two fusion bonds observed experi-
mentaly?!

Substituent Effects. We investigate the effects of the
substituent at the 3-position of the difusotricyclic silatteon
the relative stability of the two isomer9, and 10, with the
substituent on the silicon atom of the short and long fusion
bonds, respectively (Table 2). The substituents (X) Li ang CH

interactions between the fusion bond and the peripheral bondsstabilize9 more by 3.15.1 kcal/mol whereas the substituents

stabilize2b (IBE = —0.241,—0.186 au) whereas the geminal
bond interactions destabilif(IBE = 0.637, 0.577 au) (Figure
4). The differences result from the low s-characte{Smwf
Si for osj-sj,) of the hybrid orbitals for the $iSiz fusion
bond in2b, relative to that (sp® of Si; for osj,—si,) in 6.

(X) NHy, OH, and F with lone pair(s) on the heteroatoms
stabilize10 more by 1.3-1.5 kcal/mol. The interaction of the
lone pair on X witho*si-s; of the fusion bond results in the
stabilization of10 and the elongation of the fusion bond. In
fact, a lone pair on X occupies the direction most favorable for

The peculiar features of the interbond energies betweenthe n—o* interaction or antiperiplanar to the fusion bond. The

geminal bonds were found b (Figure 5). We comparedb
with the hypothetical short- and long-bond isomerfsaqd 8)

fusion bonds with the substituents (X) NHOH, and F are
longer than that of the parent with 3¢ H. The fusion bond is
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Figure 6. The structure (the fusion bond lengths) and the enthalpy of activation (kcal/mol) of the degenerate rearrangéoueitdhted at the
B3LYP/6-31G* level.

TABLE 3: The Structure and the Enthalpy of Activation 2
(AH") of the Degenerate Rearrangement of 11

SiH,—Si——SiH,

\/\/

/SI—SI\

X X

1
AHF @
X re (A) re (A) Ard(A) (kcal/mol)

Li 2.716 2.716 Figure 7. The structure (the fusion bond lengths) and the enthalpy of
CH; 2.324 2.797 0.473 5.7 activation (kcal/mol) of the degenerate rearrangemers cdlculated
NH, 2.338 3.029 0.691 8.5 at the G3B3//B3LYP/6-31G* level.
OH 2.317 2.913 0.596 6.8
F 2.291 2.863 0.572 6.4 activation of degenerate rearrangement suggests that the distor-

aCalculated at the G3B3//B3LYP/6-31G* levéIShort fusion bond.  tion of the central ring ofic can be observed in the isolated
¢ Long fusion bond? Ar = r, — rs. © The enthalpies of activation (kcal/  state.

mol) based on the most stable conformer of the reactants and transition  Atomic clusters have attracted much attention in recent years

states. due to their potential applications in many aréhgVe inves-

the longest for the amino substituent €XNH,) with the high tigate the dggenefate rearrangement of the difusotricyciic Si

electron-donating ability of the lone pairs. cluster. A @fusotncychc geometrp was located as a Ioca!
The appreciable effects on the relative stability of the isomers €N€rgy minimum (Figure 7). The central three-membered ring

of the monosubstituted difusotricyclic silanes prompted us to

is distorted with appreciably different fusion bond lengths
study the degenerate rearrangements of the 3,4-disubstitutedz'499' 2.844 A). The optimized structure of g symmetry
silane 11 (Table 3). The difusotricyclic silane with a less

Is the transition structures¢TS) of the degenerate rearrange-
electronegative substituent (> Li) has theC, symmetry??

ment. The low enthalpy of activatio’\H* = 0.4 kcal/mol)

The central three-membered ring forms an isosceles. The fusionSU99€sts rapid interconversion of the isomers.

bond lengths are identical with each other. The difusotricyclic

silanes with substituents (X) GHNH,, OH, and F have short

(2.317-2.338 A) and long (2.79%3.029 A) fusion bonds. The We theoretically investigated a highly strained tricyclic silane,

central rings are distorted. The fusion bonds are long due to tricyclo[2.1.0.G-%|pentasilane 4b), where the central three-

the lone pair on X in the antiperiplanar direction. The enthalpies membered ring is fused by the two three-membered side rings.

of activation increase with the difference in the fusion bond One of the fusion bonds (2.309 A) is shorter than the normal

length. Si—Si single bond (2.350 A) and cyclotrisilangh) (2.345 A)
Related SpeciesThere is low barrier in the degenerate whereas the other fusion bond (2.802 A) is as long as those in

rearrangement of the difusotricyclic silade. The rearrange- bicyclo[1.1.0]tetrasilane2p) (2.860 A) and pentasila[1.1.1]-

ment is rapid even at low temperatures. The distorted three- propellane 8b) (2.778 A). The significant difference in the

membered rings are difficult to observe experimentally. We fusion bond lengths indicates that the central silicon three-

investigated the difusotricyclic germade. The fusion bonds membered ring is distorted. The siladb (86.4 kcal/mol) is

are short (2.403 A) and long (3.049 A) at the B3LYP/6-31G* less strained by 48.3 kcal/mol than the alkane tricyclo[2.33.0

level of the calculations (Figure 6). The germdmngSE= 117.7 pentane4a) (134.7 kcal/mol), and more strained by 28.8 kcal/

kcal/mol) is more strained than pentagerma[1.1.1]propeldge (  mol than the isomer, peantasila[1.1.1]propelledt® (57.6 kcal/

(SE = 88.6 kcal/mol) at the B3LYP/6-31G*//B3LYP/6-31G*  mol). The strains of the silanes relative to the alkanes including

level of calculation. The value of the strain energydgfis by those of the bicyclic silan&b (53.7 kcal/mol) ve2a (66.2 kcal/

22.4 kcal/mol smaller than the sums of the strain energies (3 mol), and the tricyclic moleculegb vs 3a (100.4 kcal/mol),

46.7 kcal/mol) of the cyclotrigermanes. The optimized structure suggest a general trend that the silanes composed of the fused

of the C, symmetry is the transition structurdd-TS) of the three-membered rings are the less strained carbon congeners.

degenerate rearrangeméhtThe enthalpy of activation is  The electron delocalization between the fusion bond and the

appreciable AH¥ = 22.3 kcal/mol) at the B3LYP/6-31G*//  geminal SiSi ring bonds elongates the fusion bond and

B3LYP/6-31G* level of calculation. The high enthalpy of stabilizes the molecules to reduce the strain. Kira 8t have

Conclusion
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prepared, isolated, and characterized the silicon congener of (14) Gund, P.; Gund, T. MJ. Am. Chem. Sod.981 103 4458.
spiropentadiene of lower strain than the hydrocarbon, which  (15) Frisch, M. J.; Trucks, G. W. H.; Schlegel, B.; Scuseria, G. E.; Robb,
has not been isolated as yet. A derivative of the sikinevas M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr;
. R Bt Stratma_nn, R. E; Bu_rant, J. C.; Dapprich, S; M|I‘Iam, J. M.; Daniels, A
very recently isolated and characterized by Scheschk€witz p . ydin, k. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
though the hydrocarbo#a has not been isolated. The difuso- M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
tricyc"c si|ane4b undergoes a new type of degenerate rear- OChtel’Skl, J.; Petersson, G. A;; Ayala, P.Y.; Cui, Q.; Morokuma, K.; Rega,

: . N.; Salvador, P.; Dannenberg, J. J.; Malick, D. K.; Rabuck, A. D.;
rangement where the distorted three-membered rings areRaghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul, A.

converted to each other. The enthalpy of activation is 7.2 kcal/ G.: Stefanov, B. B.: Liu, G.; Liashenko, A.; Piskorz, P.: Komaromi, I.;
mol. The degenerate rearrangements were predicted to occuGomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,

: i ; ; ; : C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.;
in the difusotricyclic S cluster 5 and tricyclo[2.1.0.03- Chen. W V\)//ong, M. W.: Andres, J. L. Gonzalez, C.: Head-Gordon, M.:

pentagermanet(). The high enthalpy of activatiol\H* = 22.3 Replogle, E. S.; Pople, J. &aussian 98revision A.11.3; Gaussian, Inc.:

kcal/mol) for the germanium congener encourages us to observerittsburgh, PA, 2002.
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