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The complexes of various donor molecules, AH; (A = N, P,
As, Sb, Bi) and AH, (A = O, S, Se, Te) with silylene, germy-
lene, and stannylene (*A; ground state) were studied by me-
ans of quantum chemical investigations at ab initio level uti-
lizing all valence electron basis sets and relativistic corrected
effective core potential methods. Accordingly, the donor mo-
lecules are weakly bound, the association energies are in the
range of 15—30 kcal per mole. The exothermic energies for
adduct formation, i.e., the resulting binding energies for the
donor complexes, decrease in the order silylene > germylene
> stannylene. The population analysis indicates for NH; and
BiH; only a weak bonding towards the XH, fragment (X =

Si, Ge, Sn) while the higher homologues (A = P, As, Sb) form
ylide structures, 1.2-dipolaric in nature. The addition of two
donor molecules has been studied for silylene and is much
less favourable than donor mono-addition. For the donor
mono-addition a dual parameter relationship between (a) the
HOMO energies of the donor (n-orbital of the AH; unit, n, p-
orbitals for AH,) and (b) the covalent bond energies (from the
literature) versus the binding energies of the donor-acceptor
compounds was examined. This dual parameter equation
describes satisfactorily the essential features of the stabilities
of the donor-acceptor structures.

It is now well established that silylene adopts a singlet
ground state (1A)), in contrast to methylene which prefers
a triplet ground state (°B,)!. Singlet ground states have
also been established for the higher element homologues,
germylenel? and stannylene!®. Their role as intermediates
in reactions have been inferred from a variety of techniques.
These include kinetic and product studies as well as spectral
observation in inert matrices. One possible way to stabilize
such reactive entities is by addition of suitable donor mol-
ecules, Such an attempt has been studies in detail for silyl-

enes via intermolecular™ or intramolecular® ligand ad-

dition. The intramolecular coordination of Lewis bases has
been successfully applied to the stabilization of silanediyl
transition-metal complexes!® as well as the isolation of dou-
bly bonded silicon species!”?l. The donor-acceptor adduct
formation of silylenes has been investigated by recording
the changes in the electronic spectrum of silylenest*<l.
From the viewpoint of theory a variety of high level ab
initio investigations on silylene and its reactions are avail-
able®®l. Noticeable is the recent work on silylene insertion
reactions into the X—H bonds (X = N, O, F, P, §, Cl!%111,
An investigation dedicated to bonding between silylenes
and amines has been adressed!?l,

In the present study we report quantum chemical calcu-
lations on the complete series of model compound 1 (X =
Si, Ge, Sn; R = H, SiH3) with various donor molecules
(AH; = NH;, PHs, PF;, AsH;, BiH; and AH, = OH,,
SH,, SeH,, TeH,).

This variety was chosen in order to get a deeper insight

mnto the nature of possible stabilization of a silylene, germy-
lene and stannylene unit towards stabilization with all sorts
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Scheme 1
d (donor)
R /
\X
R/ X = Si, Ge, $n
R = alkkyl, silyl

d=AH3 (A= N, P, As, Sb, Bi)
1 AHg (A =0, 8, Se, Te)

of donor molecules. On this basis 4 unique picture of pos-
sible donor stabilization of silylene, germylene and stanny-
lene will emerge. The simplest representative in this series is
methylenephosphorane, 2, which has been scrutinized in de-
tail by experiment as well as quantum chemical theory!'3.

Scheme 2

R _.
:,-:R

C

R = akyl, halogen
2 R’= alkyl, aryl, silyl

For the quantum chemical calculations we used relativis-
tic effective core potentials with a double-{ description of
the valence space, augmented by a double set of polari-
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zation functions at the heavy atoms plus a single set of pola-
rization functions at the hydrogen atoms (computational le-
vel M1). Furthermore, for the particular case of donor ad-
dition to silylene a further basis set (level M2) was probed,
in order to analyze the importance of charge separation in
the formed ylid structurcs on the resulting bond energies.
The basis set included in addition a single set of diffuse sp-
functions at the heavy atoms. Since donor-acceptor com-
plexes are described by a mixture of covalent and ionic val-
ence bond structures!'¥, a necessary prerequisite is the pro-
per account for electron correlation in the wavefunction. All
of our optimized geometries were derived at a MP2 level of
optimization, in order to account for the proper balance of
covalent and ionic structures in the overall wavefunction.
In one case, a detailed analysis of bonding in silylenephospho-
rane and its substituent effects, the influence of additional
f-functions in the basis set was tested. All computational
aspects are given in detail in the experimental section.

Results and Discussion
1. Qualitative Considerations

We first consider bonding in a qualitative model: the in-
teraction of an AH; system (A = N, P, As, Sb, Bi) with the
X, (X = Si, Ge, Sn) unit. A corresponding interaction
diagram is shown in Scheme 3.

Scheme 3
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XH2 AH3

The frontier orbitals of the XH, unit are that ol 4 car-
benell”). In the energy lowest singlet state ('A,) the electron
pair resides in the o-orbital (HOMO) while the p-orbital is
the LUMO. In the AH; unit (A = N, P, As, Sb, Bi) the
HOMO is the n-orbital!?# while the n* refers to the

1014

LUMO. Close in energy to the LUMO is a degenerate pair
of antibonding orbitals (e,*, e,*). These are constituted
from antibonding interaction of the p-orbitals at the central
atom with the hydrogen s-orbitals!'>?1, Mutual orbital inter-
action of both fragments can take place in either one of two
ways. In interaction of type I, electron density is transferred
from the n-orbital of the AH; unit into the empty p-orbital
of the carbene type species [n(AH3) — p(XH,)]. Alterna-
tively, electron density can be transferred via a type-II inter-
action, from the c-orbital of the XH, unit into one compo-
nent (e,*) of the degenerate set of antibonding orbitals of
the AH; lragment. One expects that the type-I interaction
is the dominant one and hence preferentially electron den-
sity is transferred from the AH; fragment into the XH,
fragment. It causes a depletion of electron density at the
former fragment and an increase of electron density at the
latter unit. Similar considerations apply to an AH, (A = O,
S, Se, Te) fragment.

Schemc 4

AH2

The HOMO is the p-orbital, close in energy to the n-
orbital, both orbitals located at the central atom. The
LUMO, n*, refers to a hybrid orbital with antibonding
overlap towards the peripheral atoms(!%4]. Again interaction
with the XH, fragment is expected to occur by dominant
type-I interaction [p, n(AH,) — p(XH,)].

2. Numerical Results

The structural parameters as obtained for the silaylides
were first evaluated. They are reported in Figure 1.

As a common feature of all the investigated structures,
the AH; unit is almost perpendicular suited to the plane of
the silylene unit, its n-orbital dives into the empty p-orbital.
Throughout the adducts adopt C; symmetry. With increas-
ing atomic weight of A (N < P < As < Sb < Bi) the angle
X (ASiH) decreases below 90°,
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Figure 1. Structural parameters for silaylides; bond lengths are in
A and bond angles in °, from {op to bottom AH;, A = N, P, As,
Sb, Bi; in parentheses are Léwdin bond orders
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93.8 2.648 (0.698)
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93.2

{Cs)

X-ray structure determinations on these coordinate are
known for silylene. They reveal a large Si—N separation of
about 2.05 Al It may be compared with the normal
Si—N distance of, about 1.72 A calculated for silylaminel'°l.
The experimental findings agree with the computational
observations. For the higher homologues (A = P, As, Sb,
Bi) the A—Si distances refer to slightly extended single
bonds. In parentheses to the given values are in addition
the bond orders determined by a Lowdin population analy-
sis!!®l (given the SCF wavefunction at level M1). According
to the Lowdin bond orders (Figure 1, values in parentheses)
the N—Si bond 1s essentially weaker than the corresponding
bonds with higher element homologues P to Bi. For the
latter elements there is again a weakening in the apparant
bond order (from Sb to Bi). The least favourable interaction
between Bi and Si might be attributed (o a bad match in
overlap between a third row (Si) with a sixth row (Bi) el-
ement. A more quantitative analysis of computed binding
energies as a [unction of the AH; (AH») unit is given in
Section 3. For the series of donor-aeceptor complexes re-
sulting for germylene and stannylene we predict a bonding
picture which is similar. However, the resulting donor-ac-
ceptor adducts are in general weaker than the correspond-
ing adducts with silylene. For all of the investigated cases a
dual parameter equation is sufficient to describe the binding
energies as a function of (a) the HOMO frontier orbitals of
the donors and (b) covalent bonding energies taken from
the literature. The matter is analyzed in more detail in Sec-
tion 3 (vide infra).

We note that all investigated compounds refer to energy
minima on the hypersurfaces, as witnessed by correspond-
ing vibrational analysis at electron correlation level (MP2)
of optimization. Silylenephosphorane has been the subject
of previous quantum chemical investigations!'”], the results
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of these investigations are in perfect agreement with our
findings. Further investigations of the electron density dis-
tributions within the optimized structlures reveal a domi-
nant type-I interaction. Essential features of the electron
distributions are shown in Figure 2.

Figure 2. Lowdin populations (charge densities) for silylene com-
pounds; from top to bottom A = N, P, As, Sb, Bi

T (AH3)= 0.346

0.409
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Electron density is strongly withdrawn at the AH; unil
and accumulated at the silicon atom. The donation of elec-
tron density towards silicon is most strongly pronounced
for PH; and most weakly for NH; and BiH;. For the for-
mer case it might be attributed to the large electronegativity
of N (versus Si) and for the latter to the decreased overlap;
the match for overlap towards silicon becomes less favour-
able with increasing atomic weight of the donor element.

Next we investigated the donor-acceptor complexes of
the AH, (A = O, S, Se, Te) unit with silylene. The resulting
equilibrium geometries (C, symmetry at geometrical equi-
librium) are collected in Figure 3.

Throughout these structures prefer a equilibrium ge-
ometry in which the lone pairs are in gauge position to
each other. This in fact is not surprising since the resulting
systems are isoelectronic to P,H, which is known Lo prefer-
entially adopt a similar geometry!'®l, For addition of OH,
to silylene the resulting Si—O bond is also rather long. The
bond order (0.193, value in parentheses) reveals a very weak
bond, cven weaker than for NH; bound to silylene (0.395,
Figure 1). Again for the highcr element homologues (AHs,
A = §, Se, Te) a stronger bond is observed, although the
resulting bonds are in essence weaker than the correspond-
ing central bonds resulting from addition of the AHj; frag-
ments. The residual bonding features are similar to the pre-
vious discussed geometries (see Figure 1), the AH, are al-
most perpendicular suited to the plane spanned by the sily-
lene unit. For the OH, mono-addition complex our findings
agree with the recent quantum chemical work on silylene
insertion into the O—H bond!!l. These studies predict a
sizable energy barrier (23.4 kcal/mol) for rearrangement to
the more stable silanole geometrical isomer!!l,

Of particular interest are the binding energies of the ad-
ducts. They are collected in Table 1 and refer to the reaction
for adduct formation, i.e. to reaction 1.
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Figure 3. Structural parameters for silylene with an AH, fragment;
bond lengths are in A and bond angles in °; from top to bottom
A =0, S, Se, Te; in parentheses are Léwdin bond orders
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(C1)
AH; (AH,) + SiH, (IAI) — H;3A(H,A) -+ SiH, (1)

The energy balances obtained for reaction | are all nega-
tive, in other words the adduct formations are exothermic.
A'listing of the energy quantities are presented in Table 1.
Table 1. Binding energies (negative, in kcal/mol) for adduct forma-

tion, at various levels of sophistication, for silylene (*A; configura-
tion) with various AH; and AH, units

AHj3, AHy Milal M2[b]  M3[c]
NHj 293 287 246
PH; 248 249 209
AsH3 199 199 163
ShHj 203 204 171
BiH3 143 140 113
OHy 173 147 132
SHj 162 159 124
SeH) 160 125 125
TeHp 181 180 147

T4l Method M1 = MP2/CEP-31g(2d,1p). — ™ Method M2 = M1
+ 1 set of diffuse sp-functions at all atoms, geometry optimization
at M1 level. — [ Method M3 = M1 + zero point vibrational
energy (ZPE) correction,

The corrections for zero-point vibrational energy (level
M3) tend to decrease the binding energies. Level M2 differs
from level M1 in inclusion of a further additional set of
diffuse sp-functions (at all atoms). This was tested since the
resulting structures are dipolaric in nature. The diffuse

1016

functions do not essentially alter the resulting binding ener-
gies already obtained at level M1. At the best compu-
tational level (M3) the resulting binding energies are in the
range of 15—-25 kcal/mol.

In order to ascertain our results by even better quantum
chemiical procedures we have further tested various other
methods for the simplest representative, silylenephoshor-
ane, (H;P—SiH,).

Table 2. Substituents effects for binding energies (negative, in kcal/
mol), at MP2(fc)/3-21g(1d) level of sophistication

Complex AE
HpSiPH3 26.1 (21.0lal; 24,7[b];
20.71¢); 21.9d]; 25 4lely
HjSi-PF3 30.0
HSi-PCl3y 27.2
(H3Si)ySiPH3 36.3
(H3Si)pSi - PF3 41.6

B MP2(fc)/6-31g(1d,1p). — [ MP2(fc)/6-31g(2d,1p). — ¥ MP2(fc)/
6-31g(2d,1p) + zero point vibrational energy (ZPE) correction. —
©l MP4(fc)/6-31g(2d, | p)//MP2(fe)/6-31g(2d,1p). — [ MP4(fc)/6-
31g2d1f, 1 p)//IMP2(fcy/6-31g(2d,1p).

We also tested this case with various substitution pat-
terns, i.e. silyl groups at silicon, and fluorines at phos-
phorus. As a result large binding energies are obtained, in
agreement with the finding on the related methylenephos-
phoranel'3l. This confirms the picture of charge separation
in the donor-acceptor complex. Their stabilities are further
increased by a suitable combination of substituents. In the
next step we record our findings on the higher element

Table 3. Binding energies (negative, in kcal/mol) for adduct forma-
tion with germylene (1A, ground state); bond lengths are in A

AHp, AH3 Mifa]l M3[bl AGea) Bolcl
NH;3 249 209 2201 0310
PH;3 197 163 248 0570
AsHg 161 13.0 2620 0491
SbH3 168 140 2774 0575
BiH; 12.1 9.5 2901 0.345
OH3 150 115 2278 0.150
SH 136 103 2632 0353
SeHy 136 106 2751 0333
TeH; 153 123 23883 0444

fal Method M1 = MP2/CEP-31g(2d,1p). — ™ Method M3 = M|
+ zero point vibrational energy (ZPE) correction. — 1 Lowdin
populations; bond orders at M1 level.

Table 4. Binding energies (negative, in kcal/mo!) for adduct forma-
tion with stannylene (*A; ground state); bond lengths are in A

AHy, AH3 Mila] M3lb] »(Sna) BOIc]
NH3 230 194 2402 0204
PHj3 153 125 2750 0.389
AsH3 127 102 2878 0.306
SbH3 132 108  3.028 0431
BiH3 9.5 74 3160 0219
OHj 147 116 2452 0111
SHy 11.7 9.0 2875 0262
SeHy 119 93 2994 0225
TeH, 128 104 3142 029

sl Method M1 = MP2/CEP-31g(2d,1p). — " Method M3 = Ml
+ zero point vibrational energy (ZPE) correction. — @ Lowdin
populations; bond orders at M1 level.
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homologues germylene and stannylene. The structures and
energies were obtained as before in a similar manner. The
results are collected in Table 3 for germylene and in Table
4 for stannylene.

The situation is comparable to that of silylene, The or-
dering of stabilities is very alike to the previous case, never-
theless the overall binding energies for adduct formation are
essentially smaller. This makes it evident that the adducts
with higher element homologues are difficult to verify by
experiment.

3. Relation to HOMO Energies

At the beginning of our report we proposed a simple mo-
del in which bonding in the adducts is rationalized in terms
of an interaction diagram of a XH, (X = Si, Ge, Sn) with
an AH; (AH,) fragment. Accordingly, the donor-acceptor
bond formation is constituted by a dominant type-I interac-
tion, i.e., transfer of electron density from the n-orbital
(HOMO) of the AH; (AH,) unit into the empty p-orbital
(LUMO) at the XH, unit. Thus the energy profit by mutual
orbital interaction is given by equation I.

BAX)*

ELUMO - EHOMO

SF = @

Such an interaction is within differential frontier orbital
theory!'? to a first order given by additive changes in (a)
the overlap integral (Bax) between AH; (AH,) and XH,
and (b) the orbital energy differences between HOMO (do-
nor) and LUMO (acceptor).

A priori, two extreme cases can be recognized. (a): The
bond strength in the donor-acceptor formation is deter-
mined by the nominator in equation 1. Thus the resulting
binding energies would be determined by the A—X bond
energies. Apparantly this is not the case, e.g., the Si—O
bond is rather strong (111 kcal/mol)2?! while the Si—N
bond is weaker (80 kcal/mol)i?Y. It is in contrast to the
binding energies (Table 1) for donor-acceptor formation,
e.g. NH; addition (24.6 kcal/mol at M3 level) results a
stronger bond than OH, addition (13.2 kcal/mol, M3 level)
towards silylene. (b): Alternatively, the adduct formation
would be controlled by the denominator in equation I.
Then the least electronegative donor fragment (BiHs)
should yield the largest binding energies. However, this is
not the case, e.g. NH; forms stronger donor-acceptor ad-
ducts than BiH;.

Consequently, the energy for donor-acceptor formation
is determined by two opposing trends. According to
differential orbital theory!!'”! the interaction energy given by
equation I can be related to equation II, with E,x (the ap-
proximate for the overlap integral fax) as the energy for
covalent bond formation®® and Eyomo as the energy of
the donor orbital. We have tested such a relationship, with
bond energies Eax taken from literature values®! (see Ap-
pendix). A plot of the binding energies from the quantum
chemical considerations versus the calculated values ac-
cording equation II is recorded in Figure 4.

E (donor-acceptor) = aEsx + bEnomo + € (I
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Figure 4. Binding energies F (negative, in kcal/mol, obtained at M3
level) versus dual parameter equation II
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The linear relationship between both quantities (¢ =
0.567, b = —8.904, ¢ = 79.490) yields a fair agreement (+*
= (.811). The two constants a and b have opposite sign
which indicates that strong electronegative donors (e.g.,
OH,) may form only weak donor-acceptor bonds. The dual
parameter equation II, here in detail outlined for the ad-
dition of the donor variety to silylenes also holds true for
germylene and stannylene additions (see Appendix). We
have not included in our considerations the different substi-
tuted silylenephosphanes (see Table 2). For the case of the
PF; addition it may well be possible that d-orbitals play an
enhanced role in bonding. As a consequence the simple pic-
ture for donor-acceptor interaction emerging in equation II
has to be modified (e.g., for the participation of different
acceptor orbitals).

4. Addition of Two Donor Molecules

The addition of two donor molecules (AH;, A = N, P,
As, Sb, Bi) leads to a trigonal bipyramide 3.

Scheme 5

Since the central atom (Si, Ge, Sn) is a higher main group
element its nonbonding s-orbital is strongly stereochem-
ically activel?!]. Hence, the axial bonds are comprised of a
4-electron 3-center bond, e.g., as well established for bond-
ing in 15722 Thus, one expects the axial bonds to be on
average longer than the corresponding ones obtained for
mono-addition of the donor molecules. We have evaluated
the bonding feature for the AH; cases (A = N, P, As, Sb,
Bi). The important geometrical features of the resulting bi-
pyramides are collected in Figure 5.

Of the investigated species only the cases A = N and Bi
are energy minima on the corresponding electronic hyper-
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Figure 5. C,, geometrical equilibrium geometries of {rigonal bipy-
ramidal obtained at M1 level; bond lengths are in A units, bond
angles in °; values in brackets refer to energy lowest vibrations (in

em™Y)
160.9
171.1 109.8
166.8 111.1
172.0 114.4
163.1 112.2

2.944 115.4

3.033 137.4

134.8

139.6

132.2
N [98, ag]
P[00, byl
As [i39, by]
Sb [66. b]
B [44, ay]

(Cav)

surfaces. The other homologues refer to first-order saddle
points (transition state geometries). Further geometry
relaxation causes a slight drop in energy and the two axial
bonds become unsymmetrical; e.g., for A = P and As the
following situation results: P, C, (PSi = 2.656 A) [Cq, PSi
= 2.388, 3.244 A] geometry 0.0 [-0.7 kcal/mol at MP2 [e-
vel; —0.6 kcal/mol at MP2 level plus further zero-point vi-
brational correction (unscaled)); As, C,, (AsSi = 2.785 A)
[C, AsSi = 2.621, 3.015 A] geometry 0.0 [—0.03] kcal/mol
at MP2 level (without zero-point energy correction). Hence
these investigations indicate that the structures with two do-
nor molecules at the silylene unit are only transient, they
refer to rather loose donor-acceptor complexes. This picture
is in fact confirmed by further inspection of the energetic
situation which results for addition of the second donor
molecule to the mono-adduct, i.e., reaction 2.

H,Si - AHs + AH; — HsA -~ SiH, -~ AH, )

Table 5. Energy balances (negative, in kcal/mol) for rcaction 2

AH; Mila]l m3[b)
NH3 65 48
PHy 16 10
AsH; 30 26
SbH3; 3.1 27
BiH; 49 44

[l Method M| = MP2/CEP-31g(2d,1p). — ™ Method M3 = M1
+ ZPE correction (unscaled).

The corresponding energy balances are listed in Table 3.

In agreement with the previous discussion the donor bis-
adducts are only weakly stable with regard to decompo-
sition into mono-adducts and the corresponding AHj; frag-
ments.
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Conclusions

The adduct formation of silylene, germylene and stanny-
lene towards AH; (A = N, P, As, Sb, Bi) and AH, (A = O,
S, Se, Te) fragments has been studied. The conclusions of
our study are as follows:

Bonding in the resulting donor complexes is predomi-
nantly achieved by transfer of electron density from the n-
orbital of the AH;, AH, fragment into the vacant p-orbital
of the XH, (X = Si, Ge, Sn) unit. However, a simple model
for the stabilities, i.e., relationship between HOMO energies
of the donor molecules and corresponding stabilities of do-
nor-accpetor complexes, does not hold. A rather satisfac-
tory approach to the understanding of the donor-acceptor
stabilities is given within differential {rontier orbital the-
ory!!”) which yields a dual parameter equation (eq. IT). The
binding energies are determined by two opposing trends, (a)
the HOMO-LUMO interaction and (b) the bond energy as
one would obtain from covalent bond formation.

In the NH; complexes the n — p electron transfer is
rather weak enabling the addition of a second NHj; to form
a stable trigonal bipyramidal structure. However, the latter
can easy undergo fragmentation into the corresponding
mono-adduct plus amine. For the case of AH,, A = P to
Bi, ylide structures result. As has been shown for the case
of silylenephosphorane the stabilities of the adducts are
mainly product controlled. Suitable substituents which sta-
bilize the charge separation increase the stability of the re-
sulting ylide structure.

This work has been supported by the Deursche Forschungsge-
meinschaft and the Fonds der Chemischen Industrie.

Appendix

Computational Details: All of the quantum chemical calculations
were carried out with the Gaussian 94 set of programsi?* and the
Gamess program!?4, The relativistic effective core potentials were
taken from Stevens, Basch and Krausst? with a double-{ basis set
for the valence space. All heavy atoms were augmented by a double
set of polarization functions (6d), as provided by Schmidt?®l. To
the hydrogens a single set of polarization functions was added. The
choice of a set of diffuse sp-functions was also given with respect
to the samc authors?8l, The RHF and MP227I calculations were
conducted by analytically determined nuclear coordinate gradients.
The force constants for the effective core potential calculations
were performed by the method of numerical differences. If Pople-
type basis sets!*®l were used, they are documented in the text. In
these cases the second derivatives with respect to the nuclear coor-
dinates wcre also determined analytically. — The notations of basis
sets for the relativistic effective core potentials is as follows: M1
level, MP2/CEP-31g(2d,1p); M2 level, MP2/CEP-31+g(2d,1p); M3
= levcl M1 + zero-point vibrational energy correction (at levcl
MI). The bond orders and atomic charges were all determined at
M1 basis set level. Lowdin populations are obtained by use of Mul-
liken’s formula after transformation of the wave function to a sym-
metrically orthogonal basis!'®?%. The atomic charges and popu-
lations are basis set dependent, hence, always the same compu-
tational level (M1) was used. The further addition of one set of
diffuse sp-functions (M2 level) does not essentially alter the popu-
lations. — Preliminary calculations indicate that the proper ge-
ometry parameters are already obtained with a single set of d-func-
tions at the heavy atoms. Nevertheless the elaborate valence basis
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sets were uscd. Additional f-functions do not exert considerable
changes in the geometries. They were probed only in some cases,
since their additional use considerably slows down the numerical
calculations. A complete list of frontier orbital energies, population
details (charge densitics at atoms and bond orders) as well as equi-
librium geometrics is available on request.

Dual Parameter Equation: For the dual parameter equation 11
appropriate values E4 4 were taken from the literature®®l. The het-
eropolar bond energies E,x were compiled according to the Pau-
ling relationshipt®?): Exp = 1/2 (Ean + Egg) + 23(xa — xg)* with
x4 and xp as the electronegativity values according to the Allred-
Rochow scaleP®. The used covalent bond energies and electronega-
tivities are collected in Table 6. The HOMO energies (negative, in
eV) are: (a) for AHj; species, A = N 11.7, P 10.5, As 10.3, Sb 9.7,
Bi 9.9; (b) for AH, species (p, n orbitals), A = O (13.7, 15.7), S
(10.3, 13.6), Se (9.6, 13.0), Te (8.6, 12.0). For the AH; fragments the
average mean of the n and p orbitals was taken as HOMO energy.

Table 6. Values for dual parameter equation 1I; Exa are in kcal/

mol
A Eaa  Xalel
Si s54lal 174
N 38[a 3.07
p sola]  2.06
As 43[] 220
Sb 34[a] 1.82
Bi 25[b] 1.67
O 34[al 3.50
S 63[a] 244
Se 38[a] 248
Te 33[a] 201
] Values from ref,12%. — [®] Values from ref.?®. — I Allred-Ro-

chow scalel.

The dual parameter equation equally holds for donor-acceptor
formation towards germylene and stannylene. Altcrnatively, the
binding energies towards silylene correlate linear with those of ger-
mylene (r* = 0.983) and of stannylene (+* = 0.804). A plot for the
former case is presented in Figure 6. These linear correlations indi-
cate that the mechanism for donor-acceptor formation is similar in
these species.

Figure 6. Binding encrgics of silylenes against binding energies of
germylencs (in kcal/mol)
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Throughout the donor-acceptor bonding in the investigated
compounds may be best described as rcaction of a Lewis base
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(AH,, AH,) with a Lewis acid (XH,). For such a case the forma-
tion of a polar bond A™—X is determined by the foliowing
contributions!); (1) The covalent bond energy arises from electron
sharing. It is maximum in a homopolar bond and decreases with
ionicity. (2) The Madelung energy arises from the coulombic attrac-
tion of the partial charges in AW —X, (3) Finally, the electronc-
gativily energy is contributed [tom ionization energy by the donor
molecule, /E, subtracted by the electron affinity, £A4, of the ac-
ceptor molecule. In a more simplified manner these factors can be
summarized in a Born-Haber cycle, as given by the reactions 3a
and 3b (D = donor, AH;, AH,; A = acceptor, XH,).

D+A-DW + A9 4+ IE— E4 (3a)

DY+ AP DM A+ E (3b)

Reaction 3a refers to ionization of the donor molecule followed
by electron transfer to the acceptor molecule. Given the same ac-
ceptor molecule, this contribution depends on the donor ability,
i.e., lo a first order on its ionization potential. Within Koopman’s
theorem it is given by its HOMO energy. Reaction 3b corrcsponds
to the covalent bond energy formation and can be approximated by
the covalent bond energiesi?%l. We note that the Madclung energy is
not explicitely considered here. Howcver, the two leading terms,
expressed by the reactions 3a and 3b rcfer to the nominator or
deminator of the perturbational expression (cq. I). This arguments
provides a rational for the dual parameter cquation II.

* Dedicated to Professor Jirgen Hinze on the occasion of his
60th birthday.
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