FULL PAPER

DOI: 10.1002/ejic.200600424

Pentacoordination at Germanium by Transannular Bonding of Sulfur or
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Treatment of L, GeCl,_,, with D(CgH4SH), in the presence of
nBuli leads to the formation of the stable compounds
D(CgH,4S),GeL L, (for D=S,L; =Cl, L, =Ph,1and L; =L,
=Ph, 3;for D=0, L, =Cl, L, = Et, 4 and L; = L, = Ph, §).
The S(C¢H,S),Ge(Ph)Br compound (2) has been synthesised
by halogen exchange from 1 and potassium bromide. X-ray
structure determinations of complexes 1-5 reveal that the
germanium atom acts as an acceptor atom displaying an in-
tramolecular transannular interaction with the chalcogen D
atom. The geometry of the pentacoordinate Ge atom in the

title compounds is described as distorted trigonal bipyrami-
dal with a 64-31 % distortion displacement. The D—Ge (D =
S, O) hypercoordinate interaction was studied by DFT meth-
ods using correlation consistent basis sets and relativistic
ECP for Ge. NBO analysis showed that this interaction can
be explained in terms of the interplay of covalent and Cou-
lombic interactions.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

In order to gain a deeper insight into the nature of the
secondary bonding!!! and its relation with the hypercoordi-
nation phenomena of group 14 and 15 elements, a large
variety of metallocanes of type I D(CH,CH,E),A (D =
NR’, O, S; E = O, S, CH,; A = Ge, Sn, Pb, As, Sb or Bi)
have been prepared and structurally characterised
(Scheme 1).81 In the solid state metallocanes usually exhi-
bit a strong 1,5-transannular interaction between a Lewis
acidic acceptor A and a basic donor D atom (D—A), where
the coordination mode of the ligand D(CH,CH,E),*" is for-
mally tridentate, leading to an increase in the coordination
number of A. In these compounds the richness of the con-
formational diversity in the solid state and solution is sup-
ported by a wide variety of molecular structural features,
for example bond lengths, bond angles, torsion angles and
the central eight-membered ring conformation, as well as
intermolecular interactions in the crystal.’!

Crystallographic X-ray studies of the more constrained
tricyclic systems of type II, known as dibenzometallocines
D(C¢H4E)>A (Scheme 1), have also shown a 1,5-transannu-
lar interaction. These compounds have been long studied in
particular where D = S, E = O and A is a d block or light p
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block element (mainly phosphorus and silicon), meanwhile,
with a softer donor atom such as D = E = S the chemistry
is fully dominated by the d block metals.’] In these transi-
tion metal complexes the transannular distance between the
acidic metal centre and the thioether-like sulfur is usually
quite short, suggesting the large capabilities of the
S(C¢H,4S),> as a tridentate ligand.

We have studied some monohalogenated dibenzometall-
ocines D(C¢H,4S),AHal (for A = SbPl, D = S, Hal = CI, Br,
I; D=0, Hal = CI; for A = As!'%, D = S, Hal = Cl, Br, 1)
and have shown by means of X-ray crystallographic studies
(and also DFT studies in the case of antimony) the acidic
behaviour of the central atom, where the A acceptor experi-
ences a structural change from pyramidal tricoordinate to
w-trigonal-bipyramidal tetracoordinate. These results
prompted us to extend the chemistry of the ligand
S(C¢H4S),% to other p block heavier elements such as ger-
manium(IV), where structural studies with similar ligands
are scarcel'' ¥ and have mainly focused on metall-
ocanes.>4

Here we report an experimental and theoretical study of
type II complexes with germanium as the acceptor atom.
These compounds are good models for further understand-
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ing the nature of the D—Ge interaction. After the descrip-
tion of the synthesis of dibenzogermocines and the NMR
spectroscopic and X-ray crystallographic data a theoretical
study is presented and discussed.

Results and Discussion

Synthesis

The ligands S(C¢H4SH), and O(C¢H4SH), were prepared
following the reported method.[>!*! The reaction of the cor-
responding organylgermanium(IV) in THF at 0 °C with the
dilithium salt of the ligand, generated in situ from the di-
thiol and 2 equiv. of nBuLi, yielded the corresponding Ge'™
complex (see Exp. Sect. for details). Treatment of
S(CeH,4SLi), with PhGeCl; and Ph,GeCl, yielded S(CgHyS),-
GePhCl (1) and S(CgH4S),GePh, (3), respectively.
S(C¢H4S),GePhBr (2) was synthesised from 1 by the treat-
ment of excess KBr in a refluxing HBr/benzene mixture,
giving 2 as colourless crystals. Treatment of O(C¢H4SLi),
with EtGeCl; and Ph,GeCl, yielded O(CgH,4S),GeEtCl (4)
and O(CgH4S)>GePh, (5), respectively (see Scheme 2).

Q} @ WY ga OFIIRS k {>

Mass Spectra

FAB mass spectra for 1, 2, 3 and 5 and electron impact
mass spectra for 4 exhibit a low intensity ion with the ap-
propriate isotopic ratio representing the molecular ion
(M'™); in all cases a basis peak corresponding to the frag-
ment M-L [L = Cl (1), Br (2), Ph (3 and 5), Et (4)] is ob-
served and assigned to the D(C4H4S),GeL [L = Ph (1, 2, 3
and 5), and Cl (4)] tricyclic moiety, confirming the binding
of germanium to the sulfur thiolate-like atoms. There are
peaks corresponding to the D(CgHy),S moiety [D = S (1,
2, 3); O (4, 5)] in all the spectra. In the case of the diphenyl
germanium complexes 3 and 5 the cluster peak at 229 mi/z
is assigned to the protonated GePh, fragment. No more
peaks could be assigned.

NMR Spectroscopy

NMR spectra of complexes 1-5 were recorded in a
CDCl; solution at room temperature. Chemical shifts are
relative to TMS. The assignments of these complexes were
carried out by heteronuclear and homonuclear correlation
two-dimensional experiments (HETCOR, COLOC and
COSY).

'H NMR spectra for complexes 1-5 each show four sig-

SH HY T Ph,GeCl, nals for the DC4H4SGe moiety in an ABCD pattern,
1 DCs'gSg)z Table 1. In solution the two DCsH,4SGe halves are equiva-
' ggzg lent (see Scheme 3). In all complexes, the ortho proton 1-H
CeHe‘KBr/HBr THFIBuLI E1GeCly is shifted towards high frequencies with respect to the free
= & = = 0
$.. .S S... S 0-4a/
G Ge;
Bi : CI/ \Et Q @/ wz
G /s
Scheme 2. "1 ?@7 / \/6
6
- - 4
All complexes are air-stable, soluble in benzene, toluene, g;g” t;;‘;';};ﬁ““ Fr(d)
dichloromethane and chloroform, and insoluble in pentane,
hexane and 2-propanol. Scheme 3.
Table 1. '"H NMR chemical shifts (5 values [ppm]) for 1-5 in CDCl; at 25 °C.
Compound D L, 1-H 2-H 3-H 4-H 5-H 6-H 7-H
1 S Cl 7.65 7.27 7.16 7.44 7.81 7.40 7.40
2 S Br 7.65 7.28 7.16 7.44 7.78 7.39 7.39
3 S Ph 7.66 7.13 7.18 7.44 7.63 7.34 7.34
4 O Cl 7.53 7.23 7.15 7.13 1.80 1.18 -
5 O Ph 7.56 7.09 7.04 6.85 7.65 7.32 7.32
Table 2. 3C NMR chemical shifts (6 values [ppm]) for 1-5 in CDCl; at 25 °C.
Compound D L, C-1 C-2 C-3 C-4 C-la C-4a C-5 C-5a C-6 C-7
1 S Cl 131.2 129.9 127.5 134.2 132.3 140.7 131.2 141.4 128.9 130.9
2 S Br 131.2 129.9 127.5 134.3 132.3 140.7 131.1 141.9 128.9 132.1
3 S Ph 134.3 127.4 128.3 134.9 137.4 139.8 133.2 138.2 128.5 130.0
4 O Cl 132.6 127.7 125.8 120.2 126.2 152.7 23.1 - 8.3 -
5 O Ph 133.7 127.5 124.6 120.6 126.6 154.8 133.6 136.4 128.4 130.1
Eur. J. Inorg. Chem. 2006, 4752-4760 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4753
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neutral ligands.>'3 In 4 and 5 the ortho proton, 4-H, is also
observed at higher frequencies.

Proton decoupled '*C spectra of complexes 1-3 and 5
display ten signals in the aromatic region, Table 2. In 4 the
ethyl group is observed at low frequencies (23.1 and
8.3 ppm). In complexes 1-5 the values obtained for the vari-
ation of the chemical shift (Ad) with respect to the starting
materials (free ligands and organogermanium chlorides)
show the ipso carbon C-4a and the carbon C-4 at high fre-
quencies; in these compounds the 1-3 complexes present
large values of Ad. The AJ value for the C-4a and C-4 in 1
are 8.2 and 4.0 ppm; in 2 they are 8.2 and 4.1 ppm; in 3
they are 7.3 and 4.7 ppm; in 4 they are 0.6 and 1.6 and
in 5 they are 2.7 and 2.0 ppm, respectively. In the double

phenylated 3 and 5 complexes the Ad for the ipso carbon
C5a presented the smallest values when compared to the
diphenylgermanium dichloride (6 =3.7ppm in 3 and
1.9 ppm in 5). The data obtained suggest that the D—Ge
transannular interaction in the complexes 3 and 5 is either
very weak or completely lacking in solution.

X-ray Structures of Compounds 1-5

The molecular structures in the crystalline solid state of
1-5 were determined by single-crystal X-ray diffraction
analyses. The ORTEP drawings are depicted in Figure 1
and selected bond lengths, angles and torsion angles are

Figure 1. ORTEP diagrams of S(C4H,S)>GePhCl (1), S(CeH,S),GePhBr (2), S(C4H.,S)>GePh, (3), O(C¢H,S),GeEtCl (4) and O(C4H,S),-

GePh, (5) (50% probability ellipsoids).
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given in Table 3. In all compounds, there were no intermo-
lecular interactions between non-hydrogen atoms that were
separated by a distance shorter than the sum of their van
der Waals radii. This essentially resulted in monomeric
molecules.

Table 3. Selected bond lengths
D(C6H4S)2L1GCL2.

[A] and bond angles [°] of

Compound 1 2 3 4 5

D S S S (¢] (¢}

L, Cll Brl C19 Cll C19

L, Cl13 Cl13 Cl13 Cl13 Cl13
D—Gel 2.834(1) 2.782(2)  3.280(1)  2.656(3) 2.872(3)
Gel-S1 2.236(1) 2.228(2)  2.235(1)  2.231(1)  2.229(1)
Gel-S2 2.228(1) 2.216(2)  2.255(1)  2.221(1)  2.239(1)
Gel-L, 2.233(1) 2.401(1)  1.959(3) 2.187(1)  1.938(4)
Gel-L, 1.941(3) 1.943(5)  1.942(4) 1.943(4) 1.954(4)
D—Gel-L,; 169.57(4) 175.99(4) 168.3(1)  166.97(6) 169.5(1)
S1-Gel-S2 115.35(4) 114.42(7) 110.58(4) 115.47(5) 111.65(5)
S1-Gel-L, 120.5(1)  120.89(2) 112.3(1)  115.0(1)  113.8(1)
S2-Gel-L, 119.0(1) 120.2(2)  113.7(1)  116.7(1)  111.6(1)
L-Gel-L, 101.6(1)  98.6(2) 113.6(1) 108.8(2) 113.4(2)
S1-Gel-L,; 98.47(4)  97.03(5)  100.6(1)  98.6(1) 100.8(1)
S2-Gel-L,; 92.46(4) 95.59(5)  105.1(1)  98.86(5) 104.8(1)
C7-D-C6-Cl 127.6(3) 125.3(4)  61.0(3) 142.93)  87.9(4)
C6-D-C7-C12  -744(3) -77.5(5) -122.93) -87.4(4) -137.2(4)
S2-Gel-S1-Cl1 ~ -31.1(1) -40.3(2) -97.7(1) -33.0(1) -94.0(1)

S1-Gel-S2-C12 99.1(1)  100.7(2)  11.7(1)  98.6(1)  31.9(2)

In all complexes, the Ge-S(thiolate) distances are in good
agreement with those reported for eight-membered hetero-
cycles and several other compounds containing germa-
nium-sulfur bonds: 2.191(3) A in S(CH,CH,S),GeCl,,['¢]
2.154(4)-2.217(4) A in O(CH,CH,S),GeCl,,'”! 2.216(1)-
2.222(1) and 2.210(3)-2.236(3) A in the spirocycles
{O(CH,CH>S),},Ge and {S(CH,CH,S),},Ge,'®! respec-
tively, 2.111(1)-2.221(1) A in the homoleptic Ge(S-4-
MeCgH,), compound, ! but significantly shorter than the
reported value in the spirocycle {PhP(CgH,4S),},Ge with a
germanium atom in an octahedral local geometry
[2.3429(12)-2.4000(10) A" The Ge—Cl distances in 1 and
4 are 6 and 4% longer, respectively, than that accepted as
the common distance for Ge-Cl (2.10 A in GeCl,)2% and
similar to those found for D(CH,CH,S),GeCl, (D = Ol7],
SU€l): which are longer than that found in the 9,9-dichloro-
9-germafluorene [2.1660(9) A].211 The Ge-Br distance is
4% longer than that observed for GeBry (2.30 A)2 and

intermediate between those found in MeN(CH,CH,O0),-
GeBr, [2.4148(8) and 2.3215(9) A].¥! The Ge-C distances
are in good agreement with other compounds that contain
germanium—carbon bonds.!'?-2>24

In addition to the expected bonding of the two sulfur
atoms (thiolate-like) and the two exocyclic L; and L, li-
gands to germanium, a relatively short distance involving
the transannular D and Ge atoms is observed (D = Sin 1,
2 and 3; D = O in 4 and 5). The S—Ge bond lengths in 1,
2 and 3 are 2.834(1), 2.782(2) and 3.280(1) A, respectively,
which are 27, 24 and 46% longer than the covalent radii
sum of Ge and S (2.24 A)% but significantly shorter than
the van der Waals radii sum (3.75 A).['4] The magnitude
of these distances is consistent with the existence of a sec-
ondary bonding.['l These S—Ge distances in 1, 2 and 3 are
similar for the spirocycles S(CH,CH,S),GeSO(C,Hy)
[2.842(1) A1, [S(CH,CH,S),],Ge [3.237(3) and
3.453(3) ALU8! and S(CH,CH,S),GeCl, [3.01(3) A],['®! and
significantly longer than that reported for the spirocycle
[S(C¢H40),],Ge [2.447(1) Al.l4

The O—Ge distances in 4 [2.656(3) A] and 5 [2.872(3) A]
are significantly shorter than the van der Waals radii sum
of Ge and O (3.47 A)" and 41% and 53% longer than the
covalent radii sum (1.88 A),[225 respectively. The observed
O—Ge bond lengths in 4 and 5 are significantly longer than
those reported for O(CH,CH,S),GeCl, [2.36(1) and
2.39(1) ALl'!! for the spirocycles containing pentacoordi-
nate germanium O(CH,CH,S),GeSO(C,Hy) [2.492(3) A]
and O(CH,CH,S),GeS»(C,H,) [2.616(1) A], and shorter
than those reported for the spiro compound containing
hexacoordinate germanium [O(CH,CH,S),],Ge displaying
two crystallographic independent molecules in the solid
state [2.914(3), 3.040(3), 2.955(3) and 2.946(3) AJ'8L. If the
transannular interaction (D—Ge) is taken into account, the
geometry of the coordination sphere of the germanium
atom can be described as trigonal bipyramidal (TBP),
where the halogen (for 1, 2 and 4), carbon (for 3 and 5) and
D donor atoms (S for 1, 2, 3, O for 4, 5) are in the axial
positions, meanwhile the two thiolate-like sulfur and carbon
atoms occupy equatorial positions.

Following the Holmes procedure based on the donor-
acceptor atom bond length,?*28 the degree of displace-
ment at the Ge atom from tetrahedral to trigonal-bipyrami-
dal geometry (TBP) was determined. Additionally and in
order to evaluate the magnitude of the interaction based

Table 4. Comparison of D—Ge-L,; geometrical bond parameters in complexes 1-5; bond lengths [A], bond angles [°],% TBP and Pauling

bond order.

Compound D L, L, D—Ge D—Ge-L1 % TBP Ad¥ BOM! D—Ge
1 S Cl Ph 2.834(1) 169.57(4) 60.7 0.594 0.1453

2 S Br Ph 2.782(2) 175.99(4) 64.1 0.542 0.1721

3 S Ph Ph 3.280(1) 168.3(1) 31.1 1.038 0.0343

4 (0] Cl Et 2.656(3) 166.97(6) 51.2 0.778 0.0799

5 (0] Ph Ph 2.872(3) 169.5(1) 37.6 0.992 0.0399

[a] Bond widening, Ad = (dexp — Z¥cov), according to standard bond lengths d(Ge S) 2.24, d(Ge O) 1.88.121423 [b] Mode of calculation

BO = 10-(141"Ad) [29,30]
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on the distances, the Pauling-type bond order, BO, for the
transannular interactions (D—Ge) in all compounds was
also calculated.[**-*"IThese results are reported in Table 4.

The TBP % for halogen compounds are larger than those
for other compounds in the series, indicating the impor-
tance of attaching an electronegative ligand to germanium
in order to expand its coordination number.

In all compounds the eight-membered ring conformation
can be described as a twist boat (C; symmetry) according
to the torsion angle data, where the double phenylated 3
and 5 compounds are most distorted when the TBP and
BO order are smaller.

Theoretical Study

In order to study the intramolecular interactions
(D—>Ge) we carried out theoretical calculations. Hence,
each one of the compounds 1-5 was modelled with a
GaussView visualizer,3!l followed by a geometry optimis-
ation with the PM3 semi-empirical method™?. A further
geometry optimisation was carried out with density func-
tional theory (DFT) using the hybrid B3LYP functional?],
For our DFT computations we employed the relativistic
Stuttgart-Dresden Effective Core Potential for Gel**! along
with its Triple-Zeta correlation consistent basis set*l. For
all the other atoms in compounds 1 to 5, Dunning’s
Double-Zeta correlation consistent all electron basis set!*¢!
was used. The basis sets we employed include polarisation
and diffusion functions. Hereafter these calculations will be
referred to as B3LYP ccSDDTZ. The computed bond or-
ders, interatomic overlaps and charges reported herein were
computed within the NBO approach.l*’ All our calcula-
tions were carried out with the suite of programmes in
Gaussian 03.58]

Theoretical Results and Discussion

All optimised molecular conformations for 1-5 are in
good agreement when compared with those observed by X-
ray crystallographic data. A selected set of bond lengths
and bond and torsion angles is listed in Table 5. It is rel-
evant to mention that we explored the two possible geomet-
rical isomers for complexes 1, 2 and 4, i.e. those with the
halogen ligand in an axial or in an equatorial position,
where isomers that resemble the conformation determined
by X-ray diffraction experiments were the most stable.
These correspond to the lowest energy conformation of
those obtained with the procedure previously outlined. A
comparison between the X-ray and the computed D-Ge
bond lengths shows a remarkable difference for compounds
1, 2 and 3. The largest difference is for compound 2
(=0.39 A), followed by that of compounds 1 and 3,
~0.32 A and =~0.05 A respectively, whereas for compounds
4 and 5 we noticed that the distances O—Ge are ca. 0.13 A
and 0.07 A larger than those obtained by X-ray spec-
troscopy at 298 K. The DFT calculations at the level em-
ployed reproduce well the experimental overall geometries;
the observed differences in the geometrical parameters are
not unusual® and may be due to the temperature of the
diffraction experiments as well as the packing forces in the
crystal.

NBO Analysis

In Table 6 the computed Wiberg bond index values for a
selected number of atoms in compounds 1-5 are reported.
It is worth noting that this index has approximately the
same value for all germanium-sulfur thiolate bonds. How-
ever, in 1-3 this bond index is bigger for the S(thiolate-

Table 5. Selected bond lengths [A] and angles [°] for compounds 1-5. a columns are data from X-ray characterisation. b columns are

data obtained from B3LYP ccSDDTZ computations.

Compound la 1b 2a 2b 3a 3b 4a 4b 5a 5b

D S S S S S (0] (6] (6] (6]

L1 Cl1 Cll1 Brl Brl C19 C19 Cl1 Cll1 C19 C19
L2 C13 Cl13 Cl13 Cl13 C13 C13 Cl13 C13 C13 Cl13
D—Gel 2.834(1) 3.157 2.782(2)  3.181 3.280(1)  3.328 2.656(3)  2.781 2.872(3) 2.944
Gel-S1 2.236(1) 2.278 2.228(2)  2.280 2.235(1)  2.281 2.231(1) 2.272 2.229(1)  2.286
Gel-S2 2.228(1) 2.273 2.216(2) 2.273 2.255(1)  2.297 2.221(1)  2.278 2.239(1)  2.288
Gel-L1 2.233(1) 2215 2.401(1)  2.377 1.959(3) 1.970 2.187(1)  2.210 1.938(4)  1.966
Gel-L2 1.941(3) 1.953 1.943(5)  1.955 1.942(4)  1.960 1.943(4)  1.969 1.954(4)  1.960
D—Gel-L1 169.57(4) 169.79 175.99(4) 169.69 168.3(1)  170.32 166.97(6) 169.89 169.5(1)  168.40
D—Gel-S1 77.60(3)  72.68 80.64(5)  72.14 73.36(3)  73.71 74.35(6)  72.75 71.94(6)  70.80
D—Gel-S2 80.76(3)  76.42 82.45(5)  76.01 68.78(3)  69.61 75.17(6)  73.40 71.98(6)  69.56
D—Gel-L2 88.7(1) 84.90 85.3(2) 84.40 78.2(1) 78.66 84.2(1) 84.16 76.8(1) 79.05
S1-Gel-L1 98.47(4)  102.75 97.03(5)  103.09 100.6(1)  102.79 98.57(5)  102.08 100.8(1)  104.43
S2-Gel-L1 92.46(4) 97.84 95.59(5)  98.27 105.1(1)  104.07 98.86(5) 101.84 104.8(1)  103.83
S1-Gel-S2 115.35(4) 114.14 114.42(7) 113.96 110.58(4) 111.01 115.47(5) 114.93 111.65(5) 112.52
S1-Gel-L2 120.5(1)  115.14 120.9(2)  114.68 112.4(1)  113.63 115.0(1)  113.92 113.8(1) 110.83
S2-Gel-L2 119.0(1) 118.13 120.2(2)  117.81 113.7(1)  113.49 116.7(1)  115.79 111.6(1)  112.28
L1-Gel-L2 101.6(1)  105.30 98.6(2) 105.91 113. 6(1) 110.90 108.8(2)  105.94 113.4(2) 112.52
C6-D-C7 101.7(2)  103.58 101.7(3)  103.56 103.0(2)  103.57 116.6(3)  118.33 116.3(3)  118.28
S2-Gel-S1-C1  -31.1(1) -19.40 -40.3(2) -18.33 -97.7(1)  -95.25 -33.0(1)  -29.68 -94.0(1) -91.76
S1-Gel-S2-C12  99.1(1) 97.02 100.7(2)  96.56 11.7(1) 15.49 98.6(1) 95.50 31.9(2) 23.31
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like)—Ge than for the S(thioether-like)—>Ge interaction. A
similar trend is exhibited by the O—Ge interaction in com-
pounds 4 and 5.

Table 6. NBO values of Wiberg bond index for a selected number
of atoms in compounds 1-5. Data from B3LYP ccSDDTZ compu-
tations.

Compound 1 2 3 4 5

D S S S o1 (@]

L1 Cl1 Brl C19 Cl CI19
L2 Cl13 Cl13 Cl13 Cl13 Cl13
D—Gel 0.1080  0.1027  0.0594  0.0579  0.0357
Gel-S1 0.8308  0.8303 0.8561 0.8438  0.8478
Gel-S2 0.8506  0.8543 0.8185 0.8349  0.8350
Gel-L1 0.7757  0.8356  0.7233 0.7880  0.7326
Gel-L2 0.7154  0.7149  0.7260  0.7538  0.7292
D-C6 1.0088 1.0091 1.0258 0.9120  0.9089
D-C7 1.0201 1.0207 1.0121 0.9012  0.9245
S1-Cl 1.0557 1.0551 1.0628 1.0587 1.0587
S2-C12 1.0634 1.0611 1.0558 1.0587 1.0565

To study the nature of this short Wiberg bond index, the
computed overlap-weighted natural atomic orbital values
are reported in Table 7. From this table it is possible to
observe that compounds 1-3, which contain the S—Ge in-
teraction, have larger overlap values than compounds 4 and
5, which contain the O—Ge interaction. It is important to
observe that 3 and 5 exhibit the smallest overlap value in
these two groups of molecules.

Table 7. NBO computed overlap-weighted natural atomic orbital
values for compounds 1-5. Data from computations with B3LYP
cc-SDDTZ basis sets.

Compound 1 2 3 4 5

D S3 S3 S3 O1 o1

L1 Cl1 Brl C19 Cll1 C19
L2 C13 Cl13 C13 Cl13 C13
D—Gel 0.1484  0.1429  0.0906  0.0877  0.0559
Gel-S1 0.7770 ~ 0.7728  0.7757  0.7880  0.7685
Gel-S2 0.7899  0.7885  0.7516  0.7810  0.7632
Gel-L1 0.7314  0.7899  0.7318 0.7389  0.7410
Gel-L2 0.7403  0.7336  0.7406  0.7614  0.7438

As a final element for our theoretical analysis we report,
in Table 8, the charges obtained within the NBO procedure.
It may be observed that the sulfur donor atoms in com-
pounds 1-3 exhibit approximately the same positive charge,
whereas the thiolate-like sulfur atoms roughly have the
same negative charge. This may be a consequence of the
different environments of the sulfur atoms in the dibenzotri-
thiagermocines: atoms S1 and S2 are dicoordinate and co-
valently bonded to a rather electropositive germanium atom
while the S3 atom is bonded to a more electronegative car-
bon atom and also shares its electron density with the acidic
germanium(IV) atom. The O1 atom in 4 and 5 has the same
negative charge, according to the electronegativity of oxy-
gen.
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Table 8. Selected atom charges obtained within the NBO procedure
for compounds 1-5. Computations with B3LYP cc-SDDTZ basis
sets.
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Compound 1 2 3 4 5
D S3 S3 S3 01 Ol
D 0.30 0.30 0.30 -0.56 -0.56
S1 -0.13 -0.13 -0.13 -0.12 -0.13
S2 -0.11 -0.11 -0.16 -0.11 -0.15
Ge3 1.28 1.19 1.40 1.29 1.40
Cl1 -0.41 - - -0.41 -
Brl - -0.32 - - -
Cl13 -0.51 -0.51 -0.50 -0.89 -0.50
C19 - - -0.50 - -0.50
Discussion

The calculated Wiberg bond index values in Table 6 show
the existence of a bond interaction between the D—Ge
(where D = S or O) in compounds 1 to 5. The reported
numerical values in Table 7 for the NAO overlap-weighted
analysis confirm this bond possibility and give it a covalent
like character. However, the reported atomic charges in
Table 8 suggest the possibility of interatomic interactions
with a Coulombic character.

We may conclude that the interaction S3—Ge in 1 and 2
has two components: one covalent and a second one with
a Coulombic character. In these two compounds the inter-
action is dominated by a covalent interaction, which screens
the positive—positive S3—-Ge Coulomb interaction. This be-
haviour is enhanced by the halogen atom coordinated to
Ge and its role in the Coulomb field within the molecule.
Similar arguments may be given to the O1—Ge interaction
in 4. However, in this case, the negative charge on the oxy-
gen donor atom increases the intensity of the Coulomb field
making this the dominant part of this interaction.

In compounds 3 and 5 we have the opportunity to ap-
preciate how this covalent-Coulombic dual character works.
In this case we do not have halogen atoms to enhance the
interchange. Hence S3—Ge in 3 has a more covalent than
Coulombic character, whereas O1—Ge is dominated by a
strong Coulomb interaction, which makes their intramolec-
ular distances shorter supporting the results of the struc-
tural analyses in terms of our TBP and BO analyses for
these complexes.

Conclusions

In order to study the phenomena of hypercoordination
in germanium heterocyclic compounds we have synthesised
and fully structurally characterised five new dibenzogermo-
cines 1-5 by employing tridentate [D(C¢H4S),]> ligands.
All compounds exhibit a bipyramidal-trigonal local geome-
try of the germanium(I'V) atom with intramolecular interac-
tions D—Ge. Geometry optimisations at the DFT level of
theory, using the hybrid functional B3LYP renders molecu-
lar conformations in good agreement to those determined
by X-ray diffraction studies. An NBO analysis was carried
out on this electron structure. The TBP and BO analysis
4757
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for the crystalline molecular structure and our NBO analy-
sis show similar behaviour for the D—Ge interaction, which
is enhanced by the presence of the halogen ligands.

Experimental Section

General Procedures: All manipulations were performed under a dry,
oxygen-free argon atmosphere using standard Schlenk techniques.
Solvents were dried by standard methods and distilled prior to use.
Melting points were determined with a Melt-Temp II instrument
and are uncorrected. Spectra were recorded with the following in-
struments. Mass spectra: FAB-mass spectra were recorded with a
JEOL JMS-AX505HA by using a Xe beam at 6 keV, with nitroben-
zyl alcohol (NBA) as matrix. For EI, a Hewlett Packard 5989A
mass spectrometer was used. Elemental analyses: Perkin—Elmer
Series II CHNS/O Analyser. The IR spectra were record in the
4000-400 cm™! range with a Perkin—Elmer System 2000 FT-IR
spectrometer, as KBr pellets. NMR: Jeol Eclipse 400 spectrometer;
with the residual protio-solvent signal used as referenced for 'H
NMR spectra. '3C{'H} NMR spectra were referred through the
solvent peaks. Chemical shifts are quoted on the ¢ scale (downfield
shifts are positive) relative to tetramethylsilane ('H, '*C{'H} NMR
spectra). Spectra were recorded at 25°C. 'H NMR spectra;
399.78 MHz, '*C{'H} NMR spectra; 100.53 MHz. S(C4H,SH),!!3!
and O(C¢H4SH),! were synthesised according to literature meth-
ods. PhGeCls, Ph,GeCl,, EtGeCls, nBuLi (1.6 M, in hexanes), KBr
and HBr were purchased from Aldrich and Fluka and were used
as supplied.

S(C¢H,4S),GePhCl (1): nBuLi in hexanes (1.6 M, 5.5 mL, 8.8 mmol)
was added to a solution containing S(C¢H4SH), (1.0 g, 4.0 mmol)
in THF (40 mL) at 0 °C. After the solution was stirred for 30 min,
a red solution resulted, PhGeCl; (0.66 mL, 4.0 mmol) was added
via a syringe. The solution was kept overnight at room temperature.
The colourless solution was refluxed for 4 h, and then the resultant
heterogeneous reaction mixture was cooled to room temperature.
The precipitate of LiCl was removed by filtration. Volatiles were
removed under an argon flow to provide colourless crystals of 1,
which were washed with hexanes (40 mL) and filtered by suction.
Yield: 1.50 g (86%). Mass spectrum (FAB+) m/z (rel int) = 434 (5)
[M™*], 399 (50) [M™* — CI], 216 (45) [M* — CI-PhSGe]. M.p. 201-
203 °C. S(C¢HsS),GePhCl: caled. C 49.56, H 3.22; found C 49.76,
H 3.20. 'H NMR (CDCl,): 6 = 7.16 (ddd, 3J3. 1214 = 3Jspan =
7.74, *qam = 144Hz, 2 H, 3-H), 7.27 (ddd, 3Jopim =
3omsn = 774, *Jyyam = 1.44 Hz, 2 H, 2-H), 7.40 (m, 3 H, 6-H
and 7-H), 7.44 (dd, 3Jypq3.00 = 7.74, “Jynom = 1.44Hz, 2 H, 4-
H), 7.65 (dd, 3J\uon = 7.74, *Jy 3 = 1.44 Hz, 2 H, 1-H), 7.81
(m, 2 H, 5-H) ppm. BC{'H} NMR (CDCl;): § = 127.5, 128.9,
129.9, 130.9, 131.1, 131.2, 132.2, 134.2, 140.7, 141.5 ppm. IR (KBr
pellet): v = 3045, 1568, 1480, 1445, 1430, 1247, 1078, 1040, 1032,
851, 754, 733, 714, 689, 657 cm™!.

S(CsH4S),GePhBr (2): S(CsH,4S),GePhCl (1, 0.26 g, 0.60 mmol),
KBr (0.18 g, 1.5 mmol) and HBr 48% (2 mL) were suspended in
benzene (25 mL) and refluxed for 16 h. The water was removed
from the resulting colourless solution by means of a Dean—Stark
trap. The solution obtained was dried by means of a column of
Celite and Na,SO,. The solution was left under an argon flow to
provide colourless crystals of 2, which were washed with hexanes
(40 mL) and filtered by suction. Yield: 180 mg (63%). Mass spec-
trum (FAB+) m/z (rel int) = 478 (3) [M*], 399 (50) [M* — CI], 216
(20) [M* — Cl — PhSGe]. M.p. 197-199 °C. S(C¢HsS),GePhBr:
caled. C 45.23, H 2.74; found C 45.96, H 2.74. '"H NMR (CDCl,):
6 =7.16 (ddd, 3J3. o1 = 3Jspan = 7.68, *Jsp1m = 1.48 Hz, 2
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H, 3-H), 7.27 (ddd, 311 111 = opram = 7-68, o gpams = 1.48 Hz,
2 H, 2-H), 7.39 (m, 3 H, 6-H and 7-H), 7.4 (dd, 3, ;5.1 = 7.68,
4Ty o = 1.48 Hz, 2 H, 4-H), 7.65 (dd, 3/, 11011 = 7.68, Y113
= 148 Hz, 2 H, 1-H), 7.78 (m, 2 H, 5-H) ppm. '*C{'H} NMR
(CDCly): § = 127.5, 128.9, 129.9, 130.9, 131.0, 132.1, 132.3, 134.3,
140.7,141.9 ppm. IR (KBr pellet): v = 3050, 1568, 1445, 1442, 1249,
1081, 1039, 862, 735, 730, 710, 692 cm .

S(C¢H5S),GePh, (3): This compound was prepared in a similar
fashion to compound 1, with S(C¢H4SH), (0.42 g, 1.68 mmol),
nBulLi in hexanes (1.6M, 2.3mL, 3.7mmol) and Ph,GeCl,
(0.35mL, 1.68 mmol). Colourless crystals were obtained. Yield:
0.50 g (63%). Mass spectrum (FAB+) m/z (rel int) = 476 (18) [M™],
399 (base peak) [M™ — Ph], 216 (65) [M" — Ph — Ph — SGe]. M.p.
126-128 °C. S(CeH;S),Ph,Ge: caled. C 60.66, H 3.82; found C
60.83, H 3.98. 'H NMR (CDClsy): 6 = 7.13 (ddd, 3Jopy g =
3oman = 772, “fhpan = 144Hz, 2 H, 2-H), 7.18 (ddd,
Magrom = aman = 772, *Jsq.1m = 1.44 Hz, 2 H, 3-H), 7.34 (m,
6 H, 6-H and 7-H), 7.44 (dd, 3J4nsu = 7.72, *J4 o = 1.44 Hz,
2 H, 4-H), 7.63 (m, 4 H, 5-H), 7.66 (dd, 3J, .. = 7.72, *J1 131
= 144 Hz, 2 H, 1-H) ppm. *C{'H} NMR (CDCl;): § = 127.4,
128.4, 128.5, 130.0, 133.2, 134.3, 134.9, 137.4, 138.2, 139.8 ppm.
IR (KBr pellet): 3066, 3047, 1568, 1480, 1444, 1431, 1248, 1085,
1040, 859, 752, 734, 716, 693 cm .

O(C¢H,4S),GeEtCl (4): This compound was prepared in a similar
fashion to compound 1, with O(C4H4SH), (0.92 g, 3.9 mmol),
nBuLi in hexanes (1.6 M, 5.0 mL, 8.0 mmol) and EtGeCl; (0.5 mL,
3.9 mmol). The solid was filtered and recrystallised from i-PrOH.
Colourless crystals were obtained. Yield: 0.20 g (28 %). Mass spec-
trum (EI-MS, CHCl;, 30 eV) m/z (rel int) = 370 (10) [M*], 341 (20)
[M™* — Et], 305 (10) [M* — Et — CI], 200 (base peak) [M* — Et-Cl-
GeS]. M.p. 96-98 °C. O(C4H,4S),EtGeCl: caled. C 45.51, H 3.55;
found C 45.80, H 3.55. '"H NMR (CDCl3): 6 = 1.18 (t, /o5 =
7.70 Hz, 3 H, 6-H), 1.80 (q, *Js.q6.u = 7.70 Hz, 2 H, 5-H), 7.13
(dd, 3Jymam = 7.70, *Jymom = 1.48 Hz, 2 H, 4-H), 7.15 (ddd,
Shawam = 3omam = 7.70, *opan = 148 Hz, 2 H, 2-H), 7.23
(ddd, 330 = Jsppan = 7.70, “J3.0.n = 1.48 Hz, 2 H, 3-H),
7.53 (dd, 3Jymom = 7.70, *Jyysn = 1.48Hz, 2 H, 1-H) ppm.
BC{'H} NMR (CDCl,): ¢ = 8.3, 23.0, 120.2, 125.8, 126.2, 132.6,
152.7 ppm. IR (KBr pellet): 3061, 2958, 2923, 2868, 1564, 1462,
1440, 1210, 1061, 869, 799, 757, 732, 700 cm™'.

O(C¢HsS),GePh, (5): This compound was prepared in a similar
fashion to compound 1, with O(C4H4;SH), (0.39 g, 1.66 mmol),
nBulLi in hexanes (1.6M, 2.3mL, 3.7mmol) and Ph,GeCl,
(0.35mL, 1.68 mmol). Colourless crystals were obtained. Yield:
0.20 g (26%). Mass spectrum (FAB+) m/z (rel int) = 460 (35) [M™],
383 (base peak) [M* — Ph], 200 (95) [M* — Ph — PhGeS]. M.p. 105~
107 °C. O(C¢H;S),Ph,Ge: caled. C 62.78, H 3.95; found C 63.04,
H 3.97. '"H NMR (CDCls): 6 = 6.85 (dd, 3Jy13.1 = 7-36, *Jyp10-11
= 1.80Hz, 2 H, 4-H), 7.04 (ddd *Js4on = *J3pan = 7.36,
Uspin = 1.80 Hz, 2 H, 3-H), 7.09 (ddd, 3Joy1n = oz =
7.36, *Jr14n = 1.80 Hz, 2 H, 2-H), 7.32 (m, 6 H, 6-H and 7-H),
7.56 (dd, 3Jy o = 7.36, *J1 13m0 = 1.80 Hz, 2 H, 1-H), 7.65 (m,
4 H, 5-H%) ppm. *C{'H} NMR (CDCls): § = 120.6, 124.7, 126.6,
127.5,128.4,130.1, 133.6, 133.7, 136.4, 154.8 ppm. IR (KBr pellet):
3047, 3011, 1565, 1462, 1430, 1249, 1214, 1089, 1063, 870, 800,
763, 755, 733, 696, 669 cm™!.

X-ray Crystallography: Suitable single crystals of the complexes 1,
2, 3 and 5 were grown by slow evaporation from a chloroform
solution. Compound 4 was crystallised from i~-PrOH. X-ray diffrac-
tion data on 1-5 were collected at room temperature on a CCD
Smart 6000 diffractometer through the use of Mo-K, radiation (4
= 0.71073 A, graphite monochromator). Data were integrated,
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Table 9. Selected crystallographic data for compounds 1-5.

Compound 1 2 3 4 5

Empirical formula C18H13C1G653 C13H13BrGeS3 C24H18GCS3 C]4H13C1G€OSZ C24H18GeOSZ
M, [grmol™] 433.50 477.96 475.15 369.40 459.09
Crystal size [mm] 0.6x0.2x0.1 0.6x0.13%x0.08 0.5x0.3x0.13 0.12x0.26 x0.60 0.17x0.23x0.48
Crystal system monoclinic triclinic monoclinic monoclinic triclinic
Space group P21/c P1 P21/n P21/n P1

Peate Mgrm™] 1.592 1.712 1.440 1.593 1.441

z 4 2 4 4 2

a[A] 9.7904(6) 8.9753(9) 10.8082(9) 10.0723(9) 9.3682(8)

b [A] 10.2618(7) 9.836(1) 14.626(1) 11.301(1) 9.3892(8)
c[A] 18.296(1) 12.083(1) 13.961(1) 13.850(1) 12.376(1)

a [°] 90 79.655(2) 90 90 85.188(2)
AN 100.305(2) 72.417(3) 96.755(2) 102.297(2) 83.538(2)

7 [°] 90 66.041(2) 90 90 78.649(2)
VA3 1808.5(2) 927.3(2) 2191.6(3) 1540.3(2) 1058.4(2)

1 [mm] 2.183 4.139 1.691 2.421 1.656
F(000) 872 472 968 744 468

GoF 0.909 0.963 0.811 0.837 0.930

Abs. correction SADABS SADABS SADABS SADABS SADABS
Reflections collected 11696 6117 14261 10798 7098
Unique reflections R;,,  3540; 0.0467 3624; 0.0304 4296; 0.0568 3362; 0.0480 4167; 0.0289

Ry, wRy [I>20(1)]
R;, wR, (all data)

0.0357, 0.0794
0.0566, 0.0851

0.0440, 0.1144
0.0785, 0.1249

0.0399, 0.0771
0.0800, 0.0859

0.0426, 0.0892
0.0842, 0.0991

0.0450, 0.0960
0.0770, 0.1168

Large residuals [erA3]  0.715/-0.427 0.592/-0.790

0.496/-0.268 0.646/-0.322 0.524/-0.260

scaled, sorted and averaged using the SMART software package.
The structures were solved by direct methods, using SHELXTL
NT Version 5.10 and refined by full-matrix least-squares against
F2% An empirical absorption correction based on the multiple
measurement of equivalent reflections was applied by using the
programme SADABS.[* The displacement parameters of non-hy-
drogen atoms were refined anisotropically. The positions of the hy-
drogen atoms were kept fixed with a common isotropic displace-
ment parameter. Selected crystallographic data are given in
Table 9.[411
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