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Intramolecularly coordinated phenylli${dimethylamino)ethoxy]germanium chlorid&)(has been
prepared, and its structure has been investigatetHbgnd '3C NMR spectroscopy in solutions and by
X-ray diffraction analysis in the crystal. Compoufidends to ionize in hydrogen-bond-donor solvents,
such as CHGJ with the formation of the ionic pentacoordinate form [PhGe(QCH:NMe,)][Cl] ( 1b)
dominating over the neutral hexacoordinate form PhGe(&8EHANMe,).Cl (1a). Crystals grown from
CHCl; also represent the fortth. Salt1b is the first compound stable under ambient conditions containing
a free germanium cation of the type [RG&X (R = Alk, Ar; X = substituent bonded to the germanium

atom by a heteroatom: Hal, OR, NRwithout bulky s
of the highly nucleophilic chloride anion.

Introduction

The ability of heavier main-group elements to accommodate
more than eight electrons in their valence shells, thus forming
so-called hypervalent or hypercoordinate compounds, is well-
established, and the chemistry of such compounds in all its
different facets has been regularly reviewed over the years.
Group 14 elements are in the center of these investigations.

Compounds containing intramolecularly coordinated ligands

are prominent representatives of this class. We have recentlynoyertheless recently

reported the ability of the-dimethylaminoethoxy ligand to
stabilize thermodynamically divalent germanium and tin deriva-
tives in the monomeric form under ambient conditions without
involvement of any steric shielding of théH§E* = group 14
element) atond.

In this paper, we report on the use of thalimethylamino-
ethoxy ligand for the synthesis of a stable compound containing
a pentacoordinate germyl cation, [PhGe(QCH;NMey)] ™.

The group 14 cations, i.e., silyl, germyl, or stannyl, stabilized
by chelating ligands are of significant current interest.

Three complementary strategies for the generation of stable
silyl, germyl, or stannyl cations are available: (1) to reduce
the probability of a nucleophilic attack at the cationic center
by the use of counterions and solvents of very low nucleophi-
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ubstituents at the germanium atom in the presence

licity; (2) to hamper the approach of a nuclephile by sterically
demanding substituents at thé*Eenter; (3) to stabilize the
cations thermodynamically by introduction of auxiliary N&¥

OR groups in the side chain, the electron lone pairs of which
could, in principle, be capable of bonding to the empty p-orbital
of the E* center.

Stable group 14 salts of this kind with highly nucleophilic
anions, such as chloride, can be prepared, as a rule, only in the
presence of bulky ligands directly bonded to tHé &nterdbhn.4
an X-ray diffraction study of the steri-
cally unencumbered silicon complex [(AcN(Me)@bSiCI][CI] 3
containing a free silyl cation has been reported. The salt [PhGe-
(OCH,CH;NMey),][Cl] (1b) considered in the present paper is
the first stable compound containing (i) a cation of the type
[RGeX]™ (R = Alk, Ar; X = substituent bonded to Ge atom
by a heteroatom: Hal, OR, NjRand (ii) a free germyl cation
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without bulky substituents at the germanium atom in the
presence of the chloride anion.

Results and Discussion

The compound PhGe(OGBH,NMe,).Cl (1) was prepared
in high yield by the substituent exchange reaction of PhgeCl
with Et;GeOCHCH;NMe, using a 1:2 reagent ratio in THF

(eq 1).

PhGeC} + 2 Et,GeOCHCH,NMe,
PhGe(OCHCH,NMe,),Cl + 2 EtGeCl (1)

Complex1 is a white crystalline solid that is highly sensitive
to traces of moisture. It is slightly soluble in THF and toluene,
highly soluble in CHCI, and CHC}4, and insoluble in hexane
and benzene.

The H and *C NMR spectra ofl in CDCl; at room
temperature reveal the associatiatissociation equilibrium
between the neutral hexacoordinate form PhGe(giH4-
NMe;),Cl (18) and the ionic pentacoordinate form [PhGe(QcH

CH2NMey)][Cl] (1b) (eq 2).
@—_Ph Cle

O
e,

1b

@

The ionic form1b dominates over the neutral forfra in a
6.5:1 ratio. The formlb is manifested as two singlets of the
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Figure 1. Crystal structure oflb-2CHCk with 40% probability
ellipsoids (most H atoms are omitted for clarity). The label A
denotes symmetrically equivalent atom relative to the 2-fold axis.
The coordination Ge-N bonds are shown by double lines and the
H-bonds are shown by dashed lines. Selected bond lengths (A) and
angles (deg): GeO1 1.780(3), GeC1 1.912(4), Ge-N1 2.092(4),
Ge--Cl1 4.668(2), O+ Ge—C1 113.8(2), O+ Ge—N1 85.3(2),
N1—Ge-C1 101.1(1), O+Ge-0OT1 132.5(3), NI>Ge—N1
157.8(2), O+Ge—N1 85.8(2). Symmetry operation i: % X, Y,
15—z

4-(tert-butyl)phenyl tridentate ligand2f* (the closest Ge-Cl
distance is 4.977(7) A) and (b) the [MamxGe(Me)Hil
(Mamx = 2,4-ditert-butyl-6-(N,N-dimethylaminomethyl)phen-
yl) (3)°¢and [MamxGe(Me)(Tip)][I] (Tip= 2,4,6:PrCgH>) (4)59
complexes with the tetracoordinate germanium atoms also
bearing bulky substituents, in which the ¢ distances are
equal to 4.887(1) and 5.160(3) A, respectively.

The chloride anion is bonded to the chloroform solvate
molecules by hydrogen bonds-€l---Cl~ (CI1---C1S 3.363(3)

diastereotopic methyl groups of the nitrogen atom at 2.00 and A, Cl1---H1S 2.38 A, CI1::C1S-H1S 167) (Figure 1).

2.57 ppm, two multiplets of the diastereotopic protons of the

It is of interest that in (aza(14)annulene-methylthiolato)-

CH:N groups centered at 2.75 and 3.02 ppm, and a multiplet germanium iodide%) and (aza(14)annulene-methylselenolato)-

of the CHO protons centered at 3.97 ppm in thé¢ NMR
spectrum. In thé3C NMR spectrum, the same chemical groups

germanium iodide & complexe$? despite the presence of
iodide counterions, the shortest intermolecular-&e(X = any

give rise to two singlets at 43.37 and 44.15 ppm, a singlet at atom of anion or solvent molecules) distances are those between
56.09 ppm, and a singlet at 57.84 ppm, respectively. In contrast,the germanium atom and the chlorine atoms of one of the solvate

three signals both in théH (a singlet at 2.47 ppm and two
multiplets centered at 2.95 and 3.80 ppm) and i@ (three
singlets at 41.78, 54.80, and 58.05 ppm) NMR spectra,
corresponding respectively to NiJéCH,N, and CHO groups,
belong to the neutral fornia. All signals are significantly

chloroform molecules equal to 4.143(2) and 4.357(2) Ain
and 4.170(5) and 4.381(5) A i6. The germanium atoms in
complexesb and 6 adopt square pyramidal (SP) geometries.
Complexlb has intrinsicC, symmetry and occupies a special
position on the 2-fold axis in the crystal structure. Compound

broadened. The general shape of the spectra points to the factlb is chiral. The enantiomers cocrystallize in the centrosym-

thatlais characterized by a fast exchange of the Ngl®ups
(on the time scale of NMR), while the interconversion between

laandlb proceeds at a moderate rate. A more detailed variable-

temperature NMR study of will be the subject of further
investigations.

The structure ofb was studied by X-ray diffraction analysis.
Single crystals ofLb suitable for X-ray crystallography were
obtained from a CHGlsolution. The formlb crystallizes as a
solvate with two chloroform molecules. The crystal structure
of 1b-2CHCk is shown in Figure 1 along with the atomic
numbering scheme and selected bond lengths and angles.

The X-ray diffraction study clearly confirms the ionic nature
of 1b with its well-separated pentacoordinate [PhGe(QCH}-
NMe,).]t cations and chloride anions. The closest:-G&l
distance is 4.668(2) A, which decisively excludes any bonding
interactions. This is one of the longest GeA~ (A = anion)
distances among those reported in the literatdréonger
Get---Hal~ distances were observed only in (a) a sterically

encumbered germanium complex, in which the pentacoordinate

germyl cation is stabilized by the 2,6-bis(dialkylaminomethyl)-

metric space groug2/c.

The geometry of compledb corresponds to a distorted
trigonal bipyramid (TBP) with the twg-dimethylaminoethoxy
ligands coordinated in chelating fashion. Two oxygen and one
carbon atom occupy the equatorial positions, whereas two
nitrogen atoms are in the axial positions. This is the most typical
geometry for pentacoordinate bis-chelates with two nitrogen-
donor ligand$. The distortions are manifested in a deviation of
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G.; Bylikin, S. Y.Russ. Chem. Bull994 1427. (d) Kuchta, M. C.; Parkin,
G.Chem. Commuri996 1669. (e) Schmidt, H.; Keitemeyer, S.; Neumann,
B.; Stammler, H.-G.; Schoeller, W. W.; Jutzi, ®rganometallics1998
17, 2149. (f) Cosledan, F.; Castel, A.; Riviere, P.; Satge, J.; Veith, M.;
Huch, V. Organometallics1998 17, 2222. (g) Jutzi, P.; Keitemeyer, S.;
Neumann, B.; Stammler, H.-GOrganometallics1999 18, 4778. (h)
Ichinohe, M.; Fukui, H.; Sekiguchi, AChem. Lett200Q 600.
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(i) the N—Ge—N angle (157.8(2) from the ideal value of 180
and (ii) the equatorial ©Ge—0O and C-Ge—0O angles from
the ideal value of 120 Interestingly, the deviation from TBP
geometry for crystallb is very similar to that in related
pentacoordinate silicon complexes, as evident from th&2O

and N—Si—N angles, which are in the ranges 1341B7.C
and 155.6-157.0, respectively. These values correspond to a
substantial distortion of TBP along the TBfSP coordinate,
as calculated from the difference between the®“—N and
O—EM-0 angles [%TBP= 100(NE“N—OE"0)/60].

Although the Ge-Cl distances considerably exceed the sum
of the van der Waals radii of Ge and G8.70 A)7 the chloride
anions apparently induce widening of the-Ge—O angles
(Figure 1).

The intramolecular GeN coordination bonds in the germyl
cation of 1b (2.092(4) A) are very close in length to those in
the related neutral hexacoordinate complexes (2.069(4)
2.132(4) A)® However, they are considerably shorter than the
Ge—N bonds in the sterically hindered pentacoordinate germyl
cation stabilized by the 2,6-bis(dialkylaminomethyl)ér{-
butyl)phenyl tridentate ligand (2.31(2) and 2.36(2)“A).

In addition, the covalent bonds to germanium in the germyl

Organometallics, Vol. 25, No. 10, 2083

The geometries of molecule& and C correspond to a
distorted square bipyramid. Two oxygen, one carbon, and one
chlorine atom occupy equatorial positions, and two nitrogen
atoms reside in axial positions. The distortion is manifested in
(i) the deviation of the NGe—N angles from the ideal 180
by about 14.5 and (ii) a slightly nonplanar disposition of the
Ph, Cl, and alkoxy substituents around the germanium atom:
ClI—=C—0—0 dihedral angles are about.7t is important to
stress that the formation of two-HCI~ contacts in molecule
C leads to significant lengthening of the G€l covalent bond
by 0.167 A. Consequently, the 6€, Ge-0, and Ge-NMe,
distances shorten by 0.013, 0.02, and 0.01 A, respectively.

The geometry of ionic comple® is discussed above. It
should be stressed that the formation of the €1~ coordination
bonds inD leads to lengthening of the GeCl~ contact by 0.219
A in comparison toB. Shortening of the GeC, Ge-0, and
Ge—NMe; bonds is not as pronounced as for the C pair: it
does not exceed 0.006 A.

StructureA is energetically more favorable than the ionic
form B, AG°(A) — AG°(B) = —6.8 kcal/mol*® The solvation
of both covalent and ionic molecule& and B with two
chloroform molecules is endothermitH® = —6.9 and—14.6

cation of1b are generally shorter than the corresponding bonds kcal/mol, respectively. Contrary to the nonsolvated molecules,
in the related neutral hexacoordinate complexes, which might the solvated ionic fornD lies lower in energy than the covalent

be expected in positively charged species.

Theoretical DFT Study

Theoretical calculations at the density functional level of
theory (PBE/TZ2p) have been performed for covaleAdtand
ionic B forms of molecule Ph-Ge(OGE&H;NMe,),Cl (for

calculation details, structures, and energetic parameters, see th

Supporting Information). Covale@ and ionicD forms of the
solvate Ph-Ge(OCKCH;NMe,),Cl-2CHCE have also been
considered. All molecules studied contain two <@¢Me;

coordination bonds. The isomers with broken coordination bonds C(C)

have been excluded from consideration.

Me,

Me
Me \N Me N/\| Me— \N Me N/ﬁ

Ph o HCCly
\ / h—@ee/—@m \Ge/ h—@Ge/-@CI
/ o Ny %O N 1 \g HCCly
Me N Me—/N\) CliCH ve—n Me N\)
Me” Me Me

A B c D

The calculated structure of [Ph-Ge(O&FH,NMe,),][Cl] -
2CHCL (D) and the X-ray data follb-2CHC in the crystal
are in a good agreement. Calculated values efHC C—C,
C—N, C-0, Ge-0, and Ge-C bonds differ from X-ray values
by less than 0.05 A, which is typical for density functional
methods. The calculated interatomic distances-GE€l~ and
Cl=-++H are shorter than in the crystal by 0.69 and 0.12 A,

respectively. We suppose that this is due to crystal-packing
effects not taken into consideration in the calculations of isolated
molecules, which can strongly affect interatomic distances be-
tween the ionic species. We also suppose that shortening of the

Ge--Cl~ distance leads to lengthening of GbIMe; coordina-
tion bonds by about 0.09 A with respect to the X-ray data.

(7) Bondi, A.J. Phys. Cheml964 68, 441.
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(9) Perdew, J. P.; Burke, K.; Ernzerhof, Bhys. Re. Lett. 1996 77,
3865.

form C, AG°(D) — AG°(C) = —1.1 kcal/mol. The solvated
ionic form D, observed in the crystal, corresponds to the global
minimum of the potential energy surface. Relative concentra-
tions of two formsD and C in chloroform solutions can be
estimated using equation 3. The value of 6.4:1 perfectly fits
our NMR measurements, which gave a value of 6.5:1. Thus,
alculations confirm the crucial role of solvation with chloroform
or the formation of the ionic fornD.

c(D) exp(— _ exp(1.1x 4.18x 100() —64 (3

8.31x 298.15

We have also performed an AIM analySisf all molecules
(for details, see the Supporting Information). It should be
stressed that the Ph group takes part in the stabilization of the
positive charge on the germanium atom in the ionic fdm
Calculated ellipticity €) of the bond critical point corresponding
to the Ge-C bond is 0.06, indicating somebonding between
these two atoms. To compakes= 0 in ethane, 0.23 in benzene,
and 0.45 in ethylen&:

Conclusion

The data presented above show that the pentacoordinate

germyl cation [PhGe(OC¥CH,NMe,),]* can be stabilized by

the electronic effects of thg-dimethylaminoethoxy ligands
without any steric shielding of the germanium atom even in
the presence of the highly nucleophilic chloride anion. The weak
p,—a interaction between the germanium atom and the phenyl
substituent as well as the solvation of the chloride anion by the
chloroform molecules are the factors responsible for the
additional stabilization of the ionic forrb.

AGO)
RT

Experimental Section

General Procedures All manipulations were carried out under
a purified argon atmosphere using standard Schlenk and high-
vacuume-line techniques. The commercially available solvents were
purified by conventional methods and distilled immediately prior

(10) Cramer, C. Essentials of Computational Chemistry: Theories and
Models 2nd ed.; John Wiley and Sons, Ltd.: Chichester, 2004.

(11) Bader, R. F. WAtoms in Molecules: A Quantum Thep@xford
University Press: New York, 1990.
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to use. The PhGegWwas purchased from Aldrich. Theg&eOCH-

Khrustalet al.

Table 1. Crystallographic Data for 1b-2CHCI3

CH,NMe;, was synthesized as described eafi®tMR spectra were empirical formula

recorded on a Bruker AM-360 NMR spectrometer at 360.134 MHz fw

(*H) and 90.555 MHz¢C) in CDCk. Chemical shifts are relative cryst syst

to SiMe, for H and C or indirectly referenced to TMS via the solvent space group

signals. Accuracy of chemical shift measurements=@s01 ppm E(é)

(*H) and £0.05 ppm {3C). The melting point was measured in a c((A))

sealed capillary using a SANYO Gallenkamp PLC melting point 8 (deg)

apparatus without any additional corrections. The elemental analysis V (A3)

was performed on a Carlo Erba EA1108 CHNS-O elemental z

analyzer. de (g cnrd)
Phenylbis]N-(dimethylamino)ethoxylgermanium Chloride (1). u (mm-)

6 range (deg)

no. of measd/indep reflriRf;
no. of reflns withl > 2o(1)
R1; wR2 ( > 20(1))

R1; wR2 (all data)

A solution of EgGeOCHCH,;NMe; (4.63 g, 18.70 mmol) in THF
(30 mL) was added slowly to a stirred solution of PhGe@l39

g, 9.34 mmol) in THF (20 mL) at room temperature. A large amount
of white precipitate immediately appeared. After stirring for 2.5 h
the white precipitate was filtered, washed with THF, and dried in
vacuo. The yield of white solid is 3.24 g (96%). Mp: 193 (with

GeH27N20,Cl,Ge
600.14
monoclinic
C2lc
17.6994(10)
13.0612(10)
11.8471(8)
103.055(2)
2668.0(3)
4

1.494
1.864
1.96 to 30.05
15 232/3876/0.051
3021
0.070; 0.083
0.207; 0.225

fixed thermal parameters. All calculations were carried out using

dec). Anal. Calcd for @HosN>0,CIGe M, = 361.40): C, 46.53: the SHELXTL PLUS program (PC Version 5.%)Crystallographic

H, 6.97; N, 7.75. Found: C, 46.31; H, 7.23; N, 7.3Bl NMR
(CDCl): for 1a ¢ 2.47 (s, 12H, NMg), 2.95 (m, br, 4H, CkN),
3.80 (m, br, 4H, CHO); for 1b 6 2.00, 2.57 (two s, 12H, NM#,
2.75, 3.02 (two m, br, 4H, CH#N), 3.97 (m, br, 4H, CkO); 7.40-

data for 1b-2CHCkL have been deposited with the Cambridge
Crystallographic Data Center, CCDC 279030. Copies of this
information may be obtained free of charge from the Director,
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (f&d4 1223

7.43 (m, Ph) (for both forms}3C NMR (CDCk): for 1a 6 42.46 336033; e-mail deposit@ccdc.cam.ac.uk or www.ccdc.cam.ac.uk).

(Me2N), 54.80 (CHN), 58.05 (CHO), 127.25 (n-Ph) (registration
of the remaining Ph signals fdma is not possible due to their low
intensity); for 1b 6 43.37, 44.15 (MgN), 56.10 (CHN), 57.84
(CH0); 127.04 {pso-Ph), 128.24 1r-Ph), 130.77 i§-Ph), 130.96
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