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The o and x relaxation of ring strain by electron delocalization from bonds to bonds was investigated to
understand or predict the strains of (§4X, (NH)2X, and (SiH).X (X = SiH,, PH, S). Theo relaxation by

the delocalization between the geminal ring bonds is found to be significant and general for these molecules
as well as for the homoatomic molecules. Delocalization of the lone pair on the heteroatom to the neighboring
o bonds contributes to the relaxation of ring strain in (Ch>X and (SiH).X except for X= SiH, but
contributes little to that of (NHX. However, the cyclic delocalization of lone pairs is generally not significant
except in (SiH),S.

Introduction Hy H
) ) Si P S
Three-membered ring molecules (g (1, X = SiHy; 2, [N VAN VAN
X = PH; 3, X = S)I~8 have attracted considerable attention for ] ) 3

a long time. There is an intriguing trend in the strains in these
hetero three-membered ring molecules. Thiirdias the lowest

strain energy (SE) of 19.8 kcal md]| as determined from the H,

observed heat of formatidnAb initio calculationd of the Si R S,
homodesmotic reaction energigeq 1) reproduced the strain HN-NH HN-NH HN-NH
of thiirane3 (17.7 and 18.5 kcal mol) at the RHF/6-31G(d)// 4 5 6

RHF/6-31G(d) and MP2/6-31G(d)//RHF/6-31G(d) levels, re-
spectively? At the same levels of calculatidnphosphirane2

is a little more strained (22.0 and 24.4 kcal my] whereas 5'.2 E\ s
silirane 1 is much more strained (42.9 and 45.1 kcal mpP HoSi=SiH, H,Si—SiH, H,Si—SiH,
However, it is still not completely understood why the strain 7 3 9
energies of (Ch)>X (X = SiH,, PH, S) decrease in the order
of1>2> 3. YooY

We developed and successfully applied the geminal delocal- Y&y Si=gi
ization theory for ring strain to homoatomic molecute&t The AN A
delocalization ofo electrons between the geminal ring bonds 10 (Y = F, OH, CI, NHy, Br, I, CHs) YfSi;SiY
was proposed to relax the ring strainrélaxation). On the other
hand, relaxation due to delocalization of theelectrons has Vg Y 12 (Y = tBuMe,Si)
been proposed for some unsaturated ring molecul€s- ( ¥ - . Hsi
13).12-15We previously showed that the three-, four- and five- Ha,~ (SiH2)n
membered rings of unsaturated silicon compounds are less 11a (X=H; Y =F, OH, Cl, NHy, Br, I, CHg)

11b (X = MegSi; Y = iPraN) 13

strained than the corresponding saturated molecules by the
relaxation!? In this paper, we evaluate theand s relaxation

of the strains inl—3. The o relaxation by geminal delocalization

is also shown to be important in the hetero three-membered
rings. We also predict the relative strains in (NK) siladiaz-
iridine 4, phosphadiaziriding, and thiadiaziridin® and discuss
those in (SiH)2X (cyclotrisilane 7, disilaphosphirane, and
disilathiirane9) to examine the general applicability.

of a bond shift into the vacant antibondinorbital of another
geminal bond. Geminal delocalization can be either bonding
(Figure 1a) or antibonding (Figure 1b), depending on the nature
of the bond!® The s character of the hybrid orbitals on the
central atom has previously been shown to decrease the bonding
property or to increase the antibonding propérty.

Geminal delocalization between the-C bonds is antibond-
ing.? Electrons are repelled from the region where thand
Theoretical Background o* orbitals overlap each other. The antibonding property of the
geminal delocalization is attenuated or turns into the bonding
property for acute bond angles. This has been proposed to
account for the unexpectedly low strain energy of cycloprofane.

. . o . . . As the bond angle decreases, the antibonding property increases
Tgﬁ{,“ffrﬁ’ﬁgﬁ‘s'ﬁga”‘ho“ E-mall: nagaki@apchem.gifL-u.ac.Jp. for Si—Si bonds and becomes a bonding property ferPP
* Nanjing University. bonds!® These findings are in good agreement with the high

o Relaxation®~11 ¢ electrons delocalize between the geminal
o bonds. The electrons in the doubly occupieldonding orbital
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Figure 1. Bonding (a) and antibonding (b) geminal delocalization.

in phase

//‘\

Figure 2. Cyclic (n, o*, ¢*) interaction and the phase continuity.

strain in cyclotrisilane and low strain in cyclotriphosphane. The
bonding-antibonding properties have been used to predict the
low strain of homoatomic three-membered rings consisting of
oxygen, nitrogen, and sulfur relative to that of their four-

membered analogués.

The geminal delocalization relaxes the ring strain in §ZM
with a change from X= SiH, to X = S. The s character of the
hybrid orbital of the carbon for the-€X bond should decrease
with the electronegativity of X. Delocalization froogc to o* cx
gives rise tas relaxation. For delocalization fromcx to o* xc,

J. Phys. Chem. A, Vol. 107, No. 16, 2003361

The single Slater determinalt for the electronic structure
is expanded into electron configurations (Scheme 1):

W = C®g + XC; Py + +--

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 configuraticby, where an
electron shifts from a bonding orbital of one bond to an
antibonding orbital of another.

The bonding and antibonding orbitajé, and¢i* of the ith
bond are linear combinations of hybrid atomic orbitalsand
xib on bonded atoms A and B:

® = Calia T CiXio
&% = Ca*Xiat Cip* Xin
We use the hybrid orbitals obtained by orthogonalizing the
atomic basis functions on each atom. The bond orbitals are
obtained by the diagonalization of thex22 Fock matrices of

the basis of the hybrid orbitals. The hybrid atomic orbitals and
therefore the bond orbitals are optimized to give the maximum

the s character of the hybrid orbitals on X is important. The s \51ue for the coefficient of the ground configuratic®d). The
character is enhanced as the electronegativity of X increasesy,qng orbitals of different bonds are not orthogonal to each other.
However, the lone pair on X prefers strong s character, which 14 estimate the interactions between the bond orbitalsd],

keeps the s character of the ring bonds weak. Gensigal—
0*xc delocalizations can also relax strain. As a resuit,

relaxation due to geminal delocalization is expected to reduce

strain in the order ofl > 2 > 3.

we used the interbond energy IBEwhich was defined as

IBE; = P;(H; + F;)

7 Relaxation. We investigated the effects of the delocaliza- \yhere Py, Hj, andF; are the elements of the density, Fock,

tion of a lone pair on the strain ih—3. Such delocalization

can occur through the interaction of the nonbonding orbital(s)

of the lone pair witho* ¢y orbitals. When there is appreciable

o*—o* interaction, delocalization occurs in a cyclic manner

(Figure 2).

Cyclic orbital interaction needs to meet the orbital phase

continuity conditions?:18 (i) electron-donating orbitals are out

of phase; (ii) electron-donating and electron-accepting orbitals
are in phase; (iii) electron-accepting orbitals are in phase. The

phase of the ng*, and o* orbitals is found to be continuous
(Figure 2). The lone pair is an electron donor. Hiey orbitals

are electron-accepting orbitals. The n orbital is combined in

phase witho1* and o>* orbitals. Theo* and o>* orbitals are

and core Hamiltonian matrices, respectively.
We used the Gaussian 98 program to calculate the electronic
structure$? which were used for the bond model analysis.

Results and Discussion

Strain in 1—3. The strain energies (SE) were calculated at
the RHF/6-31G* level (with ZPE correction) from the homodes-
motic reactiof (eq 1). The order (SE 37.1 kcal mot? for 1;

20.2 kcal mot? for 2; 17.3 kcal mot?! for 3) is in good
agreement with those calculated at the higher levels. The
electronic structures obtained at the RHF/6-31G* level were
subjected to the bond model analyses. The results are shown in

in phase with each other. These relationships meet the orbital T0le 1.

phase continuity conditions. Cyclic (o, o*) interaction is
favored by the phase continuity.

The n—¢* interaction is enhanced as the energy gap between

n ando* decreases. There is no lone pair but rather laond

in 1. The o bonding orbital lies lower in energy than the lone
pair orbitals in2 and3. The lone pair occupies an"spybridized
orbital in 2 and a p orbital in3. The n orbital is higher ir8.
The delocalization of the lone pairs €lectrons inl) or thexr
relaxation should be effective in the order of8iP < S and
contributes to the ring strain in the orderb®> 2 > 3. The n
— o* delocalization induces the cyclic delocalization involving
the additionalo* —o* interaction. The effect of the A~ o*
delocalization is amplified by the cyclic delocalization.

Bond Model Analysis
The above qualitative theory for the and sz relaxation of

X 4 HzC-CHs

X 4+ 2 HyC—XH —>

Hy M

+2
X H3C’C\XH

HeC™” “CHg

The antibonding property of the geminalc—o* cx delocal-
ization indicated by the positive IBE values decreases in the
order of 1 (0.151 au)> 2 (0.085 au)> 3 (0.054 au), in
agreement with the s character of the hybrid orbital on the
carbon for the &X bond (sp-8 for SiHy; sp*3 for PH; s for
S) as predicted. These results support the notion that geminal
delocalization contributes t@ relaxation. However, the s
character of the lone-pair orbitals on X M(s%9) is weaker
than that in3 (sg19. The s character of the hybrid orbital on
X for the C—X bond decreases in the order dbf(sp¥) > 2
(sp'29 > 3 (sp'®9d because of the lone-pair effects described

ring strain was examined by the bond model analysis previously above. Thus, the calculated IBE values showed that the
develope# and successfully applied to various chemical antibonding property of geminatcx — o*xc delocalization

phenomeng®23

decreased in the order of Si (0.125 au)P (0.028 au)> S
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SCHEME 1
R==2
-4
A a¥ — px a* b*_g - i— b*_o
i — T~
— c T C .ee. aee e— ces
88 - a oo b ee + a 6—4(% + a oo b oo ¢ +
o A B c A B c A B c
: G T(A—B) T(C—B)
Y
i: molecular orbitals a,b,a*,b*: bond orbitals; C: lone pair orbital
TABLE 1: Strain Energies (SE/kcal mol~1), Hybridization, and Interbond Energies (IBE/au) of 1—3
hybrid orbital IBE
Cin Xin 0% cH=> 0%cn
cmpd SE Ny ocx ocx Occ— o* [ 4 ocx o* XC OxXH O'*(;H Ny — o* CH syn anti
1 37.1 sp? sp? 0.151 0.125 —0.005 0 0.004 —0.001
2 20.2 sp8 sp>3 spt2® 0.085 0.028 —0.056 —0.029 0.004 —0.001
3 17.3 spi®p  sg?  spies3 0.054 —0.043 —-0.117 —0.001  —0.003
a Strain energies calculated at RHF/6-31G* level (ZPE-corrected) by the homodesmotic reaction$ (eq 1).
TABLE 2: Strain Energies (SE/kcal mol~2), Hybridization, and Interbond Energies (IBE/au) of 4—6
hybrid orbital IBE
Nin Xin OXH 0" NH
cmpd SE Ny ONX ocx ONN— 0% NX ONX — 0% xN N— 0*chH syn anti O*NH< OFNH
4 50.4 sp° sp? 0.132 0.073 0.001 —0.006 0.000
5 35.4 sf3-58 sp? sp®®  0.125;0.111 0.013;0.028 —0.002 —0.002  —0.036 0.001
6 331  spZp sp® sp33 0.073 —0.089 —0.081 0.000

a Strain energies calculated at the RHF/6-31G* level (ZPE-corrected) by the homodesmotic reactions (eq 2).

(—0.043 au). These results support the significance of the delocalization in cyclotetrasilene (IBE —0.367 au):2 Thex

geminal CX— XC delocalization in thes relaxation.

We now turn our attention to the relaxation. The ro*
interaction is enhanced as the energy gap between rnoand
decreases. The electron-donating entit{ is aosiy bond. The
o bonding orbital lies at a lower level. The n orbital energy of
3 (—0.375 au) is higher than that @f(—0.543 au). Ther*cy
orbital energies remain almost unchanged upon going ftom
to 3 (0.747 au forl; 0.750 au for2; 0.744 au for3). Thus, the
stabilization due to interaction betwees/nx ando* cy should
increase in the order of Si P < S. This was confirmed by the
calculated IBE values<{0.005 au forosjy — o*cn in 1; —0.056
au and—0.029 au foropy — o*cn; and » — o*cy in 2,
respectively;—0.117 au for g — o*cn in 3). Thex relaxation
due to n— ¢* delocalization is appreciable hand outstanding
in 3. Theo* —o* interaction is bonding between some pairs of

bonds and antibonding between others (Table 1). The consider-

able bonding property of* —o* interaction is indispensable
for the cyclic delocalization. Ther relaxation due to cyclic
delocalization is not general ibh—3.

The cyclic delocalization does not generally contribute to the
o relaxation in1—3. This is in stark contrast to the situation in
the silicon systen13'? As the IBE values show, the* —o*
interaction in the cyclotetrasilene—(.015 au) is strongly
bonding (cf. 0.004 au id; 0.004 au ir2; —0.001 au iM3). This
can be understood in terms of theth@ndo* orbital energies.
The o* sy orbital energy (0.413 au in cyclotetrasilene) is lower
than theo*cy orbital energies (0.747 au ity 0.750 au in2;
0.744 au in3). Themsis; orbital (—0.274 au in cyclotetrasilene)
lies higher than the n orbitaH0.543 au in2; —0.375 au in3).
The n— o* delocalization (-0.005 au inl; —0.056 and-0.029
au in2; —0.117 au in3) is less significant than the — o*

relaxation due to cyclic delocalization, induced by the-ro*
delocalization, is less significant ib—3 than in the silicon
system.

Strain in 4—6. The ¢ andz relaxations of the ring strains of
1-3 were substantiated by the results of the bond model
analysis. The success led to a prediction that the strain in the
diaza analogues (NEX should decrease in the order df
(X = SiHy) > 5 (X = PH) > 6 (X = S). This was confirmed
by the strain energies (S& 50.4 kcal mot? for 4; 35.4 kcal
mol~1 for 5; 33.1 kcal mot?! for 6) calculated from the
homodesmotic reactidr{eq 2.).

X

X 4 HoN-NHp + 2 HpN-XH —>
HN=-NH
H &
XL +2 N
HoN"" "NH; HoN" " XH

The results of the bond model analysis (Table 2) show the
significance of theo relaxation. The geminabnn — 0*nx
delocalization is in agreement with the relative strains. The s
character of the hybrid orbital on the nitrogen for the-X
bond of4 (X = SiH,, sp*9) is higher than that 06 (X = PH,
sp?d) and6 (X = S, s@9. The IBE values showed that the
antibonding property of thexy — 0*nx in 4 (0.132 au) is higher
than that of5 (0.125 and 0.111 au) an@ (0.073 au). The
geminalonx — o*xn delocalization is also in agreement with
the relative strains. The s character of the lone-pair orbitals on
Xis rich in 5 (s@%9 and is rich compared to that & (sgP2?.

The s character of the hybrid orbital on X for the-M bond
decreases in the order4{sp’? > 5 (sp'89 > 6 (sp** because
of the lone-pair effects. Thus, the antibonding propertyof
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— o0*xn delocalization also decreased in the order of Si (0.073  Supporting Information Available: Optimized structures

au) > P (0.013 and 0.029 aw) S (—0.089 au). and energies. This material is available free of charge via the
The delocalization of lone pair(s) is not significant except in Internet at http://pubs.acs.org.

6, as is shown by the calculated IBE values (0.001 awfy
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