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The molecular geometry and electronic structure of stable organic derivatives of divalent
germanium and tin, [(Me3Si)2N�M�OCH2CH2NMe2]n (M = Ge (4), n = 1; M = Sn (5),
n = 2) and their isomers with broken (4a, 5a) and closed (4b, 5b) intramolecular coordination
bonds M←NMe2, were studied by the density functional (PBE/TZ2P/SBK�JC) and NBO
methods. Factors responsible for stability of their dimers 4c and 5c were established. Dimeriza�
tion of 5b in the gas phase is a thermodynamically favorable process (∆G 0 = –2.1 kcal mol–1)
while that of 4b is thermally forbidden (∆G 0 = 10.1 kcal mol–1), which is consistent with
experimental data. The M←NMe2 coordination bond energies, ∆E 0, were found to be –5.3
and –8.6 kcal mol–1 for M = Ge and Sn, respectively. NBO analysis showed that the metal
atoms M in molecules 4 and 5 are weakly hybridized. The lone electron pairs of the M atoms
have strong s�character while vacant orbitals of these atoms, LP* M, are represented exclu�
sively by the metal npz�AOs. The strongest orbital interactions between subunits in dimers 4c
and 5c involve electron density donation from the lone electron pairs of oxygen atoms (LP O)
to the LP* M orbitals.

Key words: germylene, stannylene, molecular geometry, electronic structure, quantum�
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Chemistry of organic derivatives of divalent germa�
nium and tin, namely, germylenes and stannylenes and
related organic compounds with element—heteroatom
covalent bonds has been rapidly developing in the last two
decades. Very high reactivities of these heavy carbene
analogs and their ability to form coordination polymers is
due to the fact that the metal atom has a low�lying lowest
unoccupied molecular orbital (LUMO) and the lone elec�
tron pair (LEP) that occupies a high�lying highest occu�
pied molecular orbital (HOMO). Some of these com�
pounds can be obtained as relatively stable monomers
using steric and electronic stabilization factors. Steric sta�
bilization can be achieved by introducing bulky substitu�
ents to the metal atom in order to prevent intermolecular
reactions.1—4 Electronic stabilization can be attained in
three main ways. Introduction of electron�acceptor groups
to the metal atom (M) decreases the HOMO energy.5

Coordination of donor groups (NR2, OR, etc.) to the
atom M causes the LUMO to be shielded;6 this orbital
can also be shielded against external attack by involving
in the formation of a stable aromatic system (π�electron
sextet).7—8 Recently, we have synthesized a number of
germanium(II) and tin(II) derivatives without bulky sub�

stituents at the metal atom, namely, M(OCH2CH2NMe2)2
(1) (M = Ge, Sn),9 X—Ge—OCH2CH2NMe2 (2) (X =
Cl, OAc),10 [N3—M—OCH2CH2NMe2]2 (3) (M = Ge,
Sn),11 and (Me3Si)2N—Ge—OCH2CH2NMe2 (4), and
[(Me3Si)2N—Sn—OCH2CH2NMe2]2 (5) (Fig. 1).12 These
compounds are stabilized through electronic factors only,
namely, by introducing electron�acceptor atoms O to the

1, 3: M = Ge, Sn; 2: X = Cl, OAc
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atom M accompanied by coordination of one or two NMe2
donor groups in the side chain.

The molecular and electronic structure of compounds
1 and 2 were studied by X�ray analysis and using theoreti�
cal methods.9,10 It was found that the predominant role in
their stabilization is played by the formation of coordina�
tion bonds M←NMe2 with energies ranging between 10
and 15 kcal mol–1. In the crystal, compounds 1 and 2
exist as monomers, while molecules of compound 3 form
dimers linked by additional intermolecular M←O coordi�
nation bonds. Even more interesting are the structures of
two amido derivatives, 4 and 5, with (Me3Si)2N groups at
the metal atoms. These compounds exist in the crystal as
a monomer (4) and a coordination dimer (5) (see Fig. 1).12

In order to gain a better insight into the factors re�
sponsible for the existence of these forms of compounds 4
and 5, in this work we studied these systems using the
density functional theory (DFT). We calculated the ener�
gies of formation of intramolecular coordination bonds
M←NMe2 and analyzed the types of bonding (i) between
the metal atoms and substituents and (ii) between sub�
units in intermolecular complexes by the NBO method.

Calculation Procedure

The molecular geometries of the compounds under study
were optimized by the DFT method with the generalized gradi�
ent�corrected functional PBE,13 which was earlier tested with
various classes of molecules.14,15 Calculations were carried out
using a triple�zeta basis set augmented with polarization func�
tions (TZ2P) of dimension {3,1,1/3,1,1/1,1} for Sn, Ge, C, N,
and O atoms and {3,1,1/1) for H atom.16 The atom core elec�
trons were represented by the ECP�SBKJC effective core poten�
tials.17—19 All stationary points on the potential energy surfaces
(PES) were characterized by calculating the frequencies of nor�
mal vibrations. No imaginary frequencies were obtained (this
corresponded to minima on the PES) except for the cases where

calculations were performed with the interatomic distances ob�
tained by X�ray analysis. The atomic charges were calculated
according to Hirshfeld.20 The molecular geometry, vibrational
frequency, and atomic charge calculations were performed us�
ing the "Priroda" program.21 Earlier,22 we successfully used this
approach and program in studies of the structure and reactivity
of heteroorganic betaines, compounds with multiple bonds
R2M=X, and heavy carbene analogs :MR2 (M = Si, Ge, Sn;
X = CR2, O, S, NR, Se; R = Alk, Ar).

The electronic structures of the monomers and dimers of
molecules 4 and 5 were studied using the natural bonding orbital
(NBO) approach23—26 also using the PBE functional, TZ2P
basis set, and ECP�SBKJC effective potentials. Calculations
were carried out using the NBO 4.M program27 incorporated
into the PC GAMESS version* of the GAMESS (US) QC pro�
gram package.28

In the text below we use the following notations27: BD and
BD* are respectively the bonding and antibonding natural orbit�
als, LP are the lone electron pairs, and LP* are the vacant
NBOs. NBO hybridizations are given with allowance for nor�
malization of the s�orbital contribution to unity. The notation
"spx hybridization" means that in the linear expansion the
s�orbital coefficient is 1/(1 + x) and the p�orbital coefficient
is x/(1 + x). For instance, for the sp9 hybridization one gets the
coefficients 1/10 for the s�orbital and 9/10 for the p�orbitals.

In this work we studied compounds 4a and 5a (isomers of
compounds 4 and 5 with broken coordination bonds M←NMe2),
4b and 5b (monomers with coordination bonds M←NMe2), and
dimers 4c and 5c (Fig. 2).

Results and Discussion

The calculated geometric parameters of the structures
of monomer 4b and dimer 5c are in good agreement with
the results obtained by X�ray analysis. Differences are at
most 0.05 Å for the valence bond lengths and 5° for the

Fig. 1. Crystal structures of compounds (Me3Si)2N—Ge—OCH2CH2NMe2 (4) and [(Me3Si)2N—Sn—OCH2CH2NMe2]2 (5).12
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Fig. 2. Calculated molecular structures of 4a—c and 5a—c (bond lengths are given in Å).
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bond angles (Tables 1 and 2). These discrepancies be�
tween the calculated and experimental values are typical
of the computational method employed.14,15

The M←NMe2 (M = Ge, Sn) coordination bond
lengths differ much larger. Calculations overestimate them
by 0.195 Å for the germanium compound 4b and by
0.101 Å for the tin compound 5c. We optimized the struc�
tures of the monomer 4d and dimer 5d in which the lengths
of the M—O and M—N valence bonds and the M←NMe2

and M←O coordination bonds were taken to be equal to
the values obtained for compounds 4 and 5 by X�ray
analysis. The energy differences were found to be rather
small, namely, E(4d) – E(4b) = 1.3 and E(5d) – E(5c) =
6.6 kcal mol–1 (Table 3). This means that the PES of
molecules 4 and 5 in the vicinity of corresponding local
minima are so flattened that significant changes in the
interatomic distances cause only minor variations of en�
ergy. We believe that the differences between the calcu�
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Table 2. Selected geometric parameters of molecule 5 (obtained
in X�ray study12) and calculated by the PBE/TZ2P method for
molecules 5a—d (bond lengths (d), bond angles (ω); differences
between the calculated and experimental data are given in pa�
rentheses)

Parameter 5 5a 5b 5c 5d

Bond d/Å
Sn(1)—O(1) 2.133 2.016 2.061 2.179 2.133*

(0.046)
Sn(1)—N(1) 2.147 2.073 2.125 2.141 2.147*

(0.006)
Sn(1)←O(2) 2.267 — — 2.319 2.267*

(0.052)
Sn(1)←N(2) 2.617 — 2.533 2.718 2.617*

(0.101)
Sn(2)—O(2) 2.137 — — 2.168 2.137*

(0.031)
Sn(2)—N(3) 2.143 — — 2.146 2.143*

(0.003)
Sn(2)←O(1) 2.299 — — 2.298 2.299*

(0.001)
Sn(2)←N(4) 2.615 — — 2.716 2.615*

(0.101)
Angle ω/deg
O(1)—Sn(1)—N(1) 106.34 96.0 96.1 103.8 106.4

(2.5)
O(1)—Sn(1)←O(2) 68.45 — — 67.9 68.5

(0.5)
N(1)—Sn(1)←O(2) 94.24 — — 99.1 95.5

(4.9)
O(1)—Sn(1)←N(2) 71.14 — 76.3 71.2 72.0

(0.1)
N(1)—Sn(1)←N(2) 90.42 — 99.7 93.7 91.1

(3.3)
O(2)→Sn(1)←N(2) 138.99 — — 138.9 140.2

(0.1)
O(2)—Sn(2)—N(3) 103.30 — — 107.5 102.2

(4.2)
O(2)—Sn(2)←O(1) 67.79 — — 68.5 67.8

(0.7)
N(3)—Sn(2)←O(1) 95.10 — — 95.8 59.2

(0.7)
O(2)—Sn(2)←N(4) 71.19 — — 70.9 72.2

(0.3)
N(3)—Sn(2)←N(4) 93.01 — — 90.6 93.6

(2.4)
O(1)→Sn(2)←N(4) 138.97 — — 138.9 139.8

(0.1)
Si(1)—N(1)—Sn(1) 111.21 114.9 114.1 112.9 111.4

(1.7)
Si(2)—N(1)—Sn(1) 129.70 121.8 120.2 127.2 130.7

(2.5)
Si(3)—N(3)—Sn(2) 128.40 — — 130.3 128.4

(1.9)
Si(4)—N(3)—Sn(2) 112.11 — — 111.5 112.3

(0.6)

* The parameter value used in geometry optimization was taken
to be equal to that obtained in the X�ray study.

Table 1. Selected geometric parameters of molecule 4 (obtained
in X�ray study12) and calculated by the PBE/TZ2P method for
molecules 4a—d (bond lengths (d), bond angles (ω); differences
between the calculated and experimental data are given in pa�
rentheses)

Parameter 4 4a 4b 4c 4d

Bond d/Å
Ge(1)—O(1) 1.850 1.825 1.871 2.075 1.850*

(0.021)
Ge(2)—O(2) — — — 1.931 —
Ge(1)—N(1) 1.909 1.872 1.920 1.948 1.908*

(0.011)
Ge(2)—N(3) — — — 1.955 —
Ge(1)←N(2) 2.253 — 2.447 2.513 2.252*

(0.194)
Ge(2)←N(4) — — — 2.604 —
Ge(1)←O(2) — — — 2.497 —
Ge(2)←O(1) — — — 2.465 —
Angle ω/deg
O(1)—Ge(1)—N(1) 97.73 98.4 97.4 100.8 97.4

(0.3) (0.3)
O(2)—Ge(2)—N(3) — — — 102.1 —
O(1)—Ge(1)←N(2) 82.81 — 79.8 76.1 82.9

(3.0) (0.1)
O(2)—Ge(2)←N(4) — — — 76.7 —
N(1)—Ge(1)←N(2) 100.68 — 103.8 100.6 101.7

(3.1) (1.0)
N(3)—Ge(2)←N(4) — — — 97.2 —
Si(1)—N(1)—Ge(1) 114.53 113.9 113.5 111.8 113.6

(1.0) (0.9)
Si(3)—N(3)—Ge(2) — — — 111.1 —
Si(2)—N(1)—Ge(1) 120.18 122.4 121.6 128.6 121.4

(1.4) (1.2)
Si(4)—N(3)—Ge(2) — — — 130.7 —

* The parameter value used in geometry optimization was taken
to be equal to that obtained in the X�ray study.

lated and experimental (determined by X�ray analysis)
geometric parameters are mainly due to the crystal pack�
ing effects that were ignored in the calculations of isolated
molecules. Earlier,9,10 similar (in magnitude) differences
between the calculated and experimental values of struc�
tural parameters of the germanium(II) and tin(II) com�
pounds with M←NMe2 coordination bonds were reported
for 1 and 2.

In molecules 4a and 5a, the metal atoms are covalently
bound to the atoms N(1) and O(1) (atomic numbering
scheme is given in Fig. 2) and the coordination bonds
with NMe2 groups are broken (see Fig. 2). In both mol�
ecules the N(1) atoms have planar configurations (the
sums of the bond angles at the N(1) atoms equal 360°),
which is most probably due to bulkiness of the SiMe3
groups that repel one another, thus precluding
pyramidalization of the N(1) atoms. Planar configuration
of the N(1) atoms is also favored by the interaction be�
tween the nitrogen LEP and the Ge and Sn pz�orbitals.
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Monomers 4b and 5b contain tricoordinate metal
atoms. They form two valence bonds with the atoms N(1)
and O(1) and one M←N(2) coordination bond with the
nitrogen atom of the NMe2 group. Similarly to molecules
4a and 5a, here the nitrogen atoms N(1) are planar. Co�
ordination of the NMe2 group to the metal atom leads to
elongation of the M—N(1) and M—O(1) bonds by about
0.05 Å compared to the bonds in isomers 4a and 5a. This
completes the list of significant changes in the bond lengths
and bond angles occurred on going from structures 4a and
5a to 4b and 5b.

The formation of the M←N(2)Me2 coordination bonds
in molecules 4b and 5b is more exothermic for the latter
(∆E 0 = –5.3 and –8.6 kcal mol–1, respectively), which is
consistent with greater ability of the tin(II) compounds to
coordinate donor ligands compared to the germanium(II)
compounds. Earlier,9,10 we found a similar ratio of the
energies of the NMe2 group coordination to the SnII and
GeII atoms in studies of compounds 1 and 2.

Dimers 4c and 5c have tetracoordinate metal atoms.
Each atom M forms two valence bonds with the atoms
N(1) and O(1), one intramolecular coordination bond
with the NMe2 group, and one intermolecular coordina�
tion bond with the oxygen atom of the second subunit.
Compared to the structures of monomers 4b and 5b, the

M—O covalent bonds in dimers 4c and 5c are 0.2 Å
(M = Ge) and 0.12 Å (M = Sn) longer. Two subunits in
dimers 4c and 5c form four�membered rings M2O2. It
should be noted that the Ge←O coordination bonds in 4c
(2.497 and 2.465 Å) are much longer than the Sn←O
coordination bonds in 5c (2.298 and 2.319 Å), though the
covalent radius of germanium atom (1.22 Å) is smaller
than that of tin atom (1.41 Å).

The formation of dimer 5c from 5b is an exothermic
process (∆E0 = –11.7 kcal mol–1, see Table 3). The en�
ergy of dimer 4c is higher than that of monomer 4b (∆E 0 =
2.5 kcal mol–1). This is consistent with experimental data.

The calculated Hirshfeld atomic charges and dipole
moments of molecules 4a—c and 5a—c are listed in
Table 4. The charge distributions obtained for the germa�
nium and tin compounds are similar.

In all the molecules mentioned above the atoms
N(1) and O(1) bear rather large negative charges
(–0.32—–0.37 and –0.20—–0.26 a.u., respectively). The
atomic charges of nitrogen atoms in the NMe2 groups
are small (–0.03—–0.09 a.u.). The formation of the
M←NMe2 coordination bonds (transitions 4a → 4b and
5a → 5b) and dimerization (transitions 4b → 4c and
5b → 5c) do not lead to significant changes in the atomic
charges. In the tin compounds the atomic charges of N(1),

Table 3. Calculated energy characteristics (E, E 0 = E + ZPE, G298, H298, and the relative energies ∆E,
∆E 0, ∆H 0, ∆G 0) of molecules 4a—d and 5a—d

Molecule –E –E 0 G298 H298 ∆E ∆E 0 ∆H 0 ∆G 0

a.u kcal mol–1

4a 121.13385 120.77229 244.5 190.2 6.0 5.3 5.8 3.0
4b 121.14341 120.78078 244.7 193.3 0.0 0.0 0.0 0.0
1/2 4c 121.13893 120.77676 244.5 200.5 2.8 2.5 2.6 10.1
4d 121.14140 120.77796 244.9 194.4 1.3 — — —
5a 120.70215 120.34153 244.0 188.7 9.3 8.6 9.0 6.3
5b 120.71695 120.35529 244.3 191.7 0.0 0.0 0.0 0.0
1/2 5c 120.72111 120.36015 243.1 201.6 –11.9 –11.7 –13.1 –2.1
1/2 5d 120.72543 120.36278 244.7 200.5 –5.3 — — —

Table 4. Hirshfeld atomic charges (q) in and dipole moments (µ) of molecules 4a—c and 5a—c

Com� q/a.u. µ/D
pound

Ge(1) Sn(1) N(1) Si(1) Si(2) O(1) N(2)
[Ge(2)] [Sn(2)] [N(3)] [Si(3)] [Si(4)] [O(2)] [N(4)]

4a +0.29 — –0.32 +0.38 +0.39 –0.20 –0.08 0.80
4b +0.26 — –0.34 +0.37 +0.38 –0.23 –0.03 4.13
4c +0.31 — –0.34 +0.38 +0.37 –0.21 –0.04 1.02

[+0.29] [–0.35] [+0.38] [+0.37] [–0.21] [–0.04]
5a — +0.41 –0.34 +0.38 +0.37 –0.23 –0.09 1.43
5b — +0.35 –0.36 +0.37 +0.37 –0.26 –0.03 4.51
5c — +0.35 –0.37 +0.37 +0.37 –0.22 –0.05 0.78

[+0.35] [–0.37] [+0.37] [+0.37] [–0.22] [–0.05]
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O(1), and N(2) are only slightly larger than in the corre�
sponding germanium compounds.

In all cases, metal atoms bear large positive charges,
the atomic charges of tin (+0.35—+0.41 a.u.) being much
larger than those of germanium (+0.26—+0.31 a.u.) in
the corresponding compounds.

The dipole moments of isomers 4a and 5a are small
(0.80 and 1.43 D, respectively). However, they consider�
ably increase to 4.13 (4b) and 4.51 D (5b) upon the for�
mation of the M←N(2)Me2 coordination bonds. Dimer�
ization favors spatial charge compensation and the dipole
moments decrease to 1.02 (4c) and 0.78 (5c) D.

The electronic structures and types of bonding in the
molecules 4b and 5b and in 4c and 5c were studied by the

NBO method. In monomers 4b and 5b the central metal
atoms are weakly hybridized. For instance, contributions
of the M atoms to the NBOs BD M—O and BD M—N
mainly involve only p�orbitals with sp11.56—14.78 hybrid�
izations (Table 5). The lone electron pairs of the metal
atoms (LP M) have strong s�character with sp0.16—0.17

hybridizations. Vacant orbitals LP* M with populations
of 0.23—0.27 are represented exclusively by the
metal pz�AOs.

Generally, the NBO shape of the metal atoms in dimers
4c and 5c are similar to those of the metal atoms in mono�
mers 4b and 5b. The metal atoms in 4c and 5c are
even weaker hybridized than in the monomers (their hy�
bridization in the orbitals BD M—O and BD M—N is
sp17.18—24.34). The s�character of the lone electron pairs
LP M with the hybridization sp0.12 also increases. The
LP* M orbital populations decrease to 0.14—0.20.

The M—O and M—N valence bonds in both mono�
mers and dimers have pronounced ionic character. The
BD M—O and BD M—N orbitals calculated using the
NBO program are strongly polarized toward the O and N
atoms. The electron density localization on the metal
atoms in molecules 4b and 5b is 9.70—13.52%. In dimers
4c and 5c, the BD M—O and BD M—N orbitals are even
stronger polarized compared to monomers 4b and 5b,
namely, the electron density localization on the metal
atoms is only 3.05—8.22%.

Nonvalent interactions in monomers 4b and 5b and in
dimers 4c and 5c were analyzed in terms of the second�
order perturbation theory with the Fock matrix con�
structed in the NBO basis set.26 A decrease in the energy
of the system due to electron density delocalization
σi → σj

* is described as follows:

,

where  is the effective orbital Hamiltonian (here, the
Kohn—Sham operator), σi and σj

* are the NBOs, and εi
and εj* are the corresponding NBO energies.

The strongest nonvalent interactions involving metal
atoms in monomers 4b and 5b correspond to elec�
tron density donation from the lone electron pairs of
nitrogens in the NMe2 groups to the vacant pz�orbital,
LP N(2) → LP* M (Scheme 1, a; Table 6).

The vacant pz�orbitals of the metal atoms, LP* M,
also interact with the lone pairs of covalently bound
nitrogen and oxygen atoms, LP N(1) → LP* M and
LP O → LP* M (see Scheme 1, b and c). Large overlap of
the LEP of the nitrogen atoms with the metal pz�AOs in
molecules 4b and 5b corresponds to planar arrangement
of substituents at the N(1) atoms (see above).

We also found a rather strong interaction between the
LEP of the nitrogen atoms in the NMe2 groups and the

Table 5. Natural bonding orbitals localized in the vicinity of
metal atoms in molecules 4b,c and 5b,c

Mole� Orbital Populat� Atom, pola� Hybri�
cule ion rization diza�

degree (%) tion

4b BD Ge—O 1.96835 Ge, 11.61 sp12.51

O, 88.39 sp3.35

BD Ge—N 1.95855 Ge, 13.52 sp12.12

O, 86.48 sp2.59

LP Ge 1.96758 Ge, 100.00 sp0.17

LP* Ge 0.26508 Ge, 100.00 p
4c BD Ge(1)—O(1) 1.95943 Ge, 6.06 sp24.34

O, 93.94 sp3.69

BD Ge(1)—N(1) 1.95360 Ge, 7.14 sp9.64

O, 92.86 sp2.10

LP Ge(1) 1.93061 Ge, 100.00 sp0.10

LP* Ge(1) 0.19358 Ge, 100.00 p
BD Ge(2)—O(2) 1.96780 Ge, 6.50 sp18.07

O, 93.50 sp2.44

BD Ge(2)—N(3) 1.95459 Ge, 8.22 sp10.40

O, 91.78 sp2.03

LP Ge(2) 1.92398 Ge, 100.00 sp0.12

LP* Ge(2) 0.20461 Ge, 100.00 p
5b BD Sn—O 1.96196 Sn, 9.70 sp14.78

O, 90.30 sp4.36

BD Sn—N 1.95114 Sn, 10.81 sp11.56

O, 89.19 sp2.87

LP Sn 1.97098 Sn, 100.00 sp0.16

LP* Sn 0.22919 Sn, 100.00 p
5c BD Sn(1)—O(1) 1.96145 Sn, 3.62 sp19.46

O, 96.38 sp7.08

BD Sn(1)—N(1) 1.94974 Sn, 5.73 sp12.61

O, 94.27 sp2.22

LP Sn(1) 1.91768 Sn, 100.00 sp0.11

LP* Sn(1) 0.14990 Sn, 100.00 p
BD Sn(2)—O(2) 1.95366 Sn, 3.05 sp17.18

O, 96.95 sp16.08

BD Sn(2)—N(3) 1.94877 Sn, 5.34 sp14.27

O, 94.66 sp2.23

LP Sn(2) 1.91490 Sn, 100.00 sp0.12

LP* Sn(2) 0.14288 Sn, 100.00 p
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BD* M—N(1) and BD* M—O(1) antibonding orbitals (see
Scheme 1, d and e). This can be a reason for elongation of
the M—N(1) and M—O(1) valence bonds by 0.05 Å upon
the formation of M←NMe2 coordination bonds (transi�
tions 4a → 4b and 5a → 5b).

In performing NBO analysis of dimers 4c and 5c both
molecules were treated as two monomer subunits bound
through donor�acceptor rather than covalent interactions
that were described in terms of second�order perturbation
theory ∆Ei→j*

(2).
The main nonvalent interactions within subunits in

dimers 4c and 5c are of the same nature as the nonvalent
interactions in monomers 4b and 5b. The highest interac�
tion energies correspond to electron density donation
from the NMe2 groups to the metal atoms, namely,
LP N(2) → LP* M(1) and LP N(4) → LP* M(2) (see
Table 6). The energies of the interaction between the
LEP of nitrogen atoms in the N(SiMe3)2 groups and
vacant metal pz�AOs, LP N(1) → LP* M(1), and
LP N(3) → LP* M(2), are also high.

The strongest interactions between subunits in
dimer 4c correspond to the Ge←O coordination bonds.
Noteworthy is that both electron pairs of the O(1)
and O(2) atoms are involved in the formation of coor�
dination contacts Ge(2)←O(1) and Ge(1)←O(2):
LP(1) O(1) → LP* Ge(2), LP(2) O(1) → LP* Ge(2) and

LP(1) O(2) → LP* Ge(1), LP(2) O(2) → LP* Ge(1)
(Scheme 2, a). It should also be noted that the interac�
tions between subunits LP O → LP* Ge are comparable
in magnitude with the LP N → LP* Ge interaction corre�
sponding to the Ge←NMe2 coordination bonds within
subunits.

In dimer 5c the types of interactions between two
subunits are much different from those found for the ger�
manium compound 4c. Only one electron pair of the
O(1) and O(2) atoms is involved in the formation of
the Sn(2)←O(1) and Sn(1)←O(2) coordination bonds,
namely, LP O(1) → LP* Sn(2) and LP O(2) → LP* Sn(1)
(see Scheme 2, a).

The next in energy are the LP* Sn(1) → LP* Sn(2) and
LP* Sn(2) → BD* Sn(1)—O(1) orbital interactions (see
Scheme 2, b and c). These interactions involve electron

Scheme 1 Table 6. Most important nonvalent interactions of the atoms M
in molecules 4b,c and 5b,c in terms of the second�order pertur�
bation theory ∆Ei→j*

(2)

Molec� Donor Acceptor ∆Ei→j*
(2)

ule kcal mol–1

4b LP N(2) → LP* Ge(1) 39.5
LP N(1) → LP* Ge(1) 11.6
LP N(2) → BD* Ge(1)—O(1) 6.7
LP O(1) → LP* Ge(1) 6.1
LP N(2) → BD* Ge(1)—N(1) 4.0

5b LP N(2) → LP* Sn(1) 28.9
LP N(1) → LP* Sn(1) 10.2
LP N(2) → BD* Sn(1)—O(1) 5.5
LP O(1) → LP* Sn(1) 3.7
LP N(2) → BD* Sn(1)—N(1) 3.4

4c
s1 LP N(2) → LP* Ge(1) 16.5

LP N(1) → LP* Ge(1) 10.8
LP N(2) → BD* Ge(1)—O(1) 4.4

s1→s2* LP(1) O(1) → LP* Ge(2) 17.0
LP(2) O(1) → LP* Ge(2) 7.6

s2→s1* LP(1) O(2) → LP* Ge(1) 12.4
LP(2) O(2) → LP* Ge(1) 6.4

s2 LP N(4) → LP* Ge(2) 15.1
LP N(3) → LP* Ge(2) 11.2
LP N(4) → BD* Ge(2)—O(2) 2.9

5c
s1 LP N(1) → LP* Sn(1) 5.9

LP N(2) → LP* Sn(1) 5.4
LP N(2) → BD* Sn(1)—O(1) 4.3

s1→s2* LP(1) O(1) → LP* Sn(2) 16.2
LP* Sn(1) → LP* Sn(2) 13.3

s2→s1* LP(1) O(2) → LP* Sn(1) 15.5
LP* Sn(2) → BD* Sn(1)—O(1) 9.1

s2 LP N(3) → LP* Sn(2) 4.8
LP N(4) → LP* Sn(2) 4.6
LP N(4) → BD* Sn(2)—O(2) 4.6

* Electron density donation from one subunit (s1 or s2) to the
other subunit.
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density donation to the vacant Sn(2) pz�AO and to the
antibonding orbital of the Sn(1)—O(1) bond. Formally,
the LP* Sn(1) and LP* Sn(2) orbitals are vacant and can
not act as electron density donors. However, their popu�
lations differ from zero (0.15 and 0.14, respectively, see
Table 5), which allows such an unusual interaction be�
tween the "vacant" orbitals to occur.

The most important difference between the crystal
structures of compounds 4 and 5 is that in the crystal the
former exists as a monomer while the latter exists as a
dimer. The calculated energies of the monomer (4b
and 5b) and dimer molecules (4c and 5c) in the gas phase
are in agreement with experimental data. For instance,
the formation of the tin dimer 5c from monomer 5b is an
exothermic process with ∆E 0 = –11.7 kcal mol–1 and
∆G 0 = –2.1 kcal mol–1 (see Table 3). The energy of the
germanium dimer 4c is higher than that of monomer 4b
(∆E 0 = 2.5 kcal mol–1 and ∆G 0 = 10.1 kcal mol–1). The
formation of dimers 4c and 5c from monomers 4b and 5b
is affected by steric repulsion between two subunits in the
dimer and by the Coulombic and orbital interactions be�
tween the subunits.

In dimers 4c and 5c, two subunits form four�mem�
bered rings M2O2, The atoms of these rings are linked by
two M—O valence bonds (within subunits) and two M←O
coordination bonds (between subunits). Bulky SiMe3 sub�
stituents at the N(1) atoms of amide groups preclude the

formation of the M←O coordination bonds due to steric
interaction with methylene groups at the oxygen atoms of
the O—CH2—CH2—NMe2 fragments in the oppositely
lying subunits in dimers 4c and 5c. The Ge—O and Ge—N
bonds are ~0.2 Å shorter than the Sn—O and Sn—N
bonds, respectively. Thus, the distance from bulky SiMe3
substituents and methylene groups in the germanium�
containing dimer 4c is shorter than in the tin com�
pound 5c. Hence, in the former case steric factors pro�
duce greater hindrances to dimerization than in the lat�
ter case.

The calculated Hirshfeld atomic charge of tin in mono�
mer 5b is +0.35 (cf. +0.26 for the Ge atom in 4b). There�
fore, the Coulombic interaction between the M and O
atoms in the M2O2 ring in dimer 5c must be stronger than
in dimer 4c.

The orbital interactions between two subunits in dimers
4c and 5c can be analyzed in terms of the second�order
perturbation theory ∆Ei→j*

(2) in the NBO basis set. The
sum of the ∆Ei→j*

(2) energies corresponding to the inter�
actions between subunits is 232.8 kcal mol–1 for dimer 5c
(the ∆Ei→j*

(2) energies lower than 0.1 kcal mol–1 were
ignored) and only 183.4 kcal mol–1 for 4c. Compared to
dimer 4c, the higher energy of the orbital interactions
between subunits in dimer 5c to a greater extent favors a
decrease in its energy relative to the monomer energy.

As a result, the formation of dimer 5c is favored by
both the Coulombic and orbital interactions and the lesser
hindrances produced by steric repulsion compared to the
formation of dimer 4c.

*                  *                  *

Thus, our DFT and NBO study of the molecu�
lar and electronic structure of two stable organic de�
rivatives of divalent germanium and tin,
[(Me3Si)2N—M—OCH2CH2NMe2]n (M = Ge (4), n = 1;
M = Sn (5), n = 2), and their isomers with broken in�
tramolecular coordination bonds M←N showed that the
computational method employed correctly reproduces the
structural type, main geometric parameters, and energy
characteristics of these molecules. Considerable differ�
ences between the calculated and experimental inter�
atomic distances were observed only for the M←NMe2
and M←O coordination bond lengths, which is probably
due to the crystal packing effects ignored in the calcula�
tions. The formation of the M←NMe2 coordination bonds
(∆E 0 = –5.3 and –8.6 kcal mol–1 for M = Ge and Sn,
respectively) is the main factor responsible for stabiliza�
tion of these molecules. According to NBO analysis, the
metal atoms in molecules 4 and 5 are weakly hybridized.
The lone electron pairs of the metal atoms have strong
s�character, while the "vacant" orbitals LP* M represented
exclusively by the metal npz�AOs. The M—O and M—N
covalent bonds are strongly polarized toward electrone�

Scheme 2
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gative atoms. The formation of the M←NMe2 coordina�
tion bonds in molecules 4b, 5b and 4c, 5c involves elec�
tron density donation from the LEP of the nitrogen atoms
(LP N) to the vacant orbital of the M atoms (LP* M). In
dimers 4c and 5c the strongest orbital interaction between
subunits is due to electron density donation from the LEP
of the oxygen atoms (LP O) to the vacant orbitals of the
M atoms (LP* M).

According to calculations, dimerization of 5b in
the gas phase is thermodynamicaly favorable (∆G 0 =
–2.1 kcal mol–1), which is in excellent agreement with
experimental data; for 4b, the process is thermally forbid�
den (∆G 0 = 10.1 kcal mol–1). The higher relative stability
of dimer 5c compared to dimer 4c is due to stronger
Coulombic and orbital interactions and to lesser steric
hindrances produced by repulsion between subunits.
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