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Preparation of Oligogermanes via the Hydrogermolysis Reaction
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The hydrogermolysis reaction has been shown to be useful for the formation of germaggumanium
bonds. The GeGe bond forming reaction involves a germanium amide and a germanium hydride and
requires the use of acetonitrile as the solvent. A key factor in the formation of th&&&é&ond involves
reaction of the germanium amidg®&:=NMe with acetonitrile solvent to furnish am-germylated nitrile
RsGeCHCN which contains a labile GeC bond. This species undergoes subsequent reaction with a
germanium hydride GeH to form the Ge-Ge bond. Using this method, the digermane$§;BeGePh
and EtGeGePh have been obtained and their X-ray crystal structures have been determined. The
preparation of three synthons for stepwise oligogermane chain build@e(RMe)CH,CH,OEt (R =
Et, Bu, Ph), has also been achieved. These synthons react wieRhin CHCN to afford the
corresponding digermanes, which in the case ef Rt and Bu undergo subsequent reaction with DIBAL-H
to generate a digermane hydride. The ethyl auityl digermane hydrides then are subsequently reacted
with an additional equivalent of the appropriate synthon to produce the corresponding trigermanes, and
repetition of these two steps furnishes the tetragermangsd@e(R)Ge(R)Ge(R)CH,CH,OEt (R =
Et, Bu). Thus, in this study two new series of oligomeric organogermanium species have been prepared

and fully characterized.

Introduction

There is current interest in the preparation of catenated
compounds of the heavier group 14 elements due to their

inherento-delocalizatioA— which often results in interesting
and useful optical and electronic properties in these systehas.

The preparation of both oligomeric and polymeric linear species
has been investigated and the properties of these systems ar:
tunable, as they rely on the number of catenated atoms in the
chain as well as on the substituents attached to the element

element backbone.

systems remain less developed. However, a variety of oligomeric
organogermanes have been prepde® 62 and many of these
species exhibit properties that are dependent on the number of
catenated germanium atoms and/or the identity of the organic
side groupd:®7.11.1263For example, it has been shown that a
series of linear permethylated oligogermanes exhibits a decreas-
ing ionization potential as the length of the ©8e chain is
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Scheme 1
CH;CN

increased. In a related series of perethylated oligogermanes,
the position of the absorbance maximuind) undergoes a

red shift with increasing chain lengttand thelmaxin a group BusGeNMe, + PhsGeH —c °C.43h B“3G?G°Ph3 + HNMe,
of organopolygermanes also undergoes a bathochromic shift as %3 %
the steric bulk of the organic side groups is incredsed.

Traditional methods for the formation of germanitm Et;GeNMe, + PhsGeH CHCN _ Et,Ge—GePhy + HNMe,
germanium bonds include germylene insertion into a-&e 85°C,48h 2

bond (X= N, O, or a halogen), Wurtz-type coupling reactions 84%
involving organogermanium halides, reaction of organogerma-
nium anions with organogermanium halides, reaction of orga- Bu;GeNMe, + Me;GeH
nolithium or Grignard reagents with germanium halides, thermal
decomposition of germylmercury compounds, and bond forma- 86 %
tion via hydrogermolysis reactiofig1126365 An extensive series

H;CN
CH,C Bu;Ge—GeMe; + HNMe,
85°C, 48 h 3

of synthetic, spectroscopic, and structural investigations employ-
ing oligogermanes prepared by these methods was reported b)?r
Drager et al,3%56 put most of these studies were complicated
by low yields and/or the formation of mixtures of products. For

example, the preparation of g and GgPhyo from GeCl

and PhMgBr resulted in a mixture of these two products which
were also contaminated with gy and GePh This mixture
required separation by HPLC giving the desired trigermane in
11% yield and the tetragermane in 18% yi#ldhe preparation

of PhsGeGe(Me)GePh resulted in similar complicatiorfs.
Significant improvements in both product yield and selectivity
have been recently achieved by the reaction of triorganoger-

manium halides with an excess (10 equiv) of ShiP8
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The hydrostannolysis reaction has proven very useful for the
eparation of oligostannarfed®38.65put the analogous reaction

Is more difficult to perform in the case of germanium, typically
requiring the presence of electron-withdrawing substituents on
germanium to make the Géd bond more reactive. We are
interested in obtaining a library of fully characterized oligomeric
germanium systems to investigate the relationship between their
structures and their properties. Additionally, such a catalog of
compounds would be useful as small-molecule models for both
polymeric systems and functionalized germanium surfaces
bearing organic substituents. We have employed the hydrog-
ermolysis reaction for the stepwise preparation of discrete linear
oligogermanes in good to excellent yields as single molecules
rather than mixtures of products, and these results are the focus
of this paper.

Results and Discussion

To investigate the utility of the hydrogermolysis reaction for
the formation of Ge-Ge bonds, we prepared the digermahes
2, and 3 starting with the germanium amides 'BGeNMe or
Ets;GeNMe as shown in Scheme 1. Initially, the synthesid of
was attempted at room temperature using benzene as the solvent,
but no product was detected even using reaction times of up to
one week. Similarly, attempts to prepdrin refluxing benzene
or toluene were unsuccessful. However, when refluxing aceto-
nitrile was employed as the solverit,was obtained in 83%
yield after 48 h.

The formation ofLl—3 can be most easily achieved by sealing
an acetonitrile solution of the reactants in a Schlenk tube and
heating at 86-90 °C for 48 h, and this technique was used for
the preparation ofl, 2, and 3, obtained in isolated yields of
87%, 84%, and 86%, respectively (Scheme 1). These yields are
generally higher than those usually obtained via other synthetic
methods. For example, BGeGeB(; was isolated in 16% yield
via the reduction of BgGeCl with lithium naphthalenid®, Phs-
GeGePh was obtained in 69% vyield from the reaction of
PhMgBr with GeC},>*¢%and the coupling reaction of ByGeK
and MegGeCl furnished BsGeGeMe in approximately 60%
yield %7 Digermanes can be obtained from the corresponding
trialkylgermanium hydrides when Sgik used as the reductant
in 39—96% vyield, including E§GeGePhwhich was isolated in
96% vyield and MegGeGeBU; which was isolated in 59%
yield 5758 This procedure thus can offer some synthetic advan-
tages over our method when certain organic substituents are
present.

The use of acetonitrile as the solvent is necessary for the
success of these reactions. Germanium amides are known to

(63) Glockling, F.The Chemistry of GermaniymAcademic Press:
London, 1969.

(64) Weinert, C. S. InComprehensie Organometallic Chemistry LIl
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(65) Lesbre, M.; Mazerolles, P.; Satgk The Organic Compounds of

Germanium Wiley-Interscience: London, 1971.

react with acetonitrile resulting ini-germylated nitriles B

(66) Shibata, K.; Weinert, C. S.; Sita, L. Rrganometallics1998 17,
2241-2248.
(67) Bulten, E. J.; Noltes, J. G.etrahedron Lett1966 4389-4392.
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Scheme 2

90°C,1h

Bu3GeNMe; + CD3CN ———» Bu3GeCD,CN

-DNMe,

GeCHCN, which contain a reactive GeC bond, and bisger-
mylated nitriles (RGeh,CHCN can also be formed as a
byproduct®®7° The reactions are catalyzed by the addition of
small amounts of Lewis acids such as Zndlo determine if
an intermediate such as;BeCHCN plays a role in the
formation of Ge-Ge bonds, the reaction of ByGeNMe, with
PheGeH in acetonitrileds solvent was monitored byH NMR

Ph;GeH

S0 scp > BusGeGePhs + HCD,CN

1

(5 mol % based on BiGeCHCN) of acetonitrile. Thus, the
formation of an intermediate &eCHCN species from the
germanium amide and acetonitrile solvent appears to be a key
factor in the success of the G&e bond formation process,
and the—CH,CN moiety might thus serve as a useful functional
group in future investigations.

The permutations of reactions of organotin and organoger-

spectroscopy, and the observed reaction pathway is shown inmanium hydrides and organotin and organogermanium amides

Scheme 2. Initially, a solution of BgGeNMe in CDsCN was
prepared which exhibited a sharp resonancé at45 ppm in
its 'TH NMR spectrum and a peak &41.5 ppm in its'*C NMR

spectrum arising from the amide group. After heating the sample
for 1 h at 90°C, both of these features had nearly disappeared,

indicating that most of the amide had been converted tg Bu
GeCDCN. A resonance ai 2.29 ppm was also clearly visible
due to the formation of DN(Bs).. At this point 1 equiv of
PhGeH and a small amount of M@8e (ca. 5 mg as an internal
standard) were added to the tube. ThelBeesonance ai 5.64
ppm was integrated versus the peak for,8e até 0.14 ppm
to monitor the progress of the reaction. The Beesonance at

0 5.64 ppm had decreased slightly in intensity after heating the

sample fo 3 h at 90°C, and features in both tHéd and3C
NMR spectra indicated that sonfewas being formed. The
progress of the reaction was monitored at regular intervals,
which showed that Pf&eH was being continuously consumed
and compound. was being formed. After 20 h approximately
50% of the PBGeH had reacted, and after 50 h only a small
amount (ca. 5%) remained. Both tHd and3C NMR spectra
of the sample clearly indicated the clean formatioriLof

To fully ascertain if aa-germylated nitrile is a crucial
intermediate in the GeGe bond forming process, we prepared
BusGeCHCN from LICH,CN 7t and ByGeCl (eq 1). Thé3C

LiNPr',
THF 30 min

Bu;GeCl
THF, 2 h
- LiCl

CH;CN (1)

LiCH,CN Bu3GeCH,CN

NMR spectrum of this species contains a broadened resonance

ato 16.0 ppm arising from the-carbon of the-CH,CN group,
while a signal for the cyano carbon appear® &8.1 ppm. A
sample containing BieCHCN and 1 equiv of P§GeH in
CD3sCN was prepared and the reaction was monitored by NMR
spectroscopy. The initiatH and 13C spectra taken after
approximately 10 min exhibited evidence of an immediate
reaction, as signals fdr were already clearly visible. Heating
the sample for 50 min at R resulted in complete consumption
of PhsGeH and quantitative formation df Compoundl was

also obtained on a preparative scale under these conditions an

was isolated in 89% vyield (eq 2). The use of acetonitrile is again

CH;CN

Bu3GeCH,CN + Ph3GeH 90°C, 50 min

Bu3GeGePh; + CH3;CN
1

@

essential for this reaction, as #8eCHCN does not react with

were investigated in four separalid NMR experiments (eqs
3—6) in order to obtain a qualitative understanding of the relative
reactivities in these systems. Formation of the-Sn bond was

Me;SiNMe, + BusSnH % Me;Sn—SnBu; + HNMe, O]
Me;GeNMe, + Bu;;SnH%»Me;Ge—SnBu; + HNMe, @)
MesSnNMe, + BujGeH CI;;?;“’3 Me3;Sn—GeBu; + HNMe, 5)
Bu3GeNMe, + Me;GeH % Bu3GTGeMe3 + HNMe, 6)

complete within 2 h (eq 3), while formation of the GeSn bond
using the reactants shown in eq 4 was complete within 4 h.
However, complete formation of the &&8n bond shown in eq
5 took 36 h, and formation of the digermaerequired a
reaction time of 48 h (eq 6). These results agree with those
previously reported, which indicate that the -@¢ bond is
stronger than the SN bond®72and that the GeH bond is
less reactive than the Sid bond in reactions with species
containing E-N bonds (E= Ge, Sn, Pb§17275 Thus, both of
these factors result in a more sluggish reaction for the formation
of Ge—Ge bonds versus reactions resulting in—Sm bond
formation. Additionally, the reactions involving the tin amides
(egs 3 and 5) also proceed to completion in toludypend
therefore involve hydrostannolysis of a-SN bond rather than
a Sn—C bond.
The X-ray crystal structures of digermangsand 2 were
determined and ORTEP diagrams are shown in Figures 1 and
2, while selected bond distances and angles are collected in
Tables 1 and 2, respectively. Compourd contains two
crystallographically independent molecules in the unit cell which
have an average GeSe distance of 2.4212(8) A. The three
phenyl and three ethyl substituents in compoRrade symmetry
related, and the GeGe distance is 2.4253(7) A. These distances
can be compared to those in other linear oligogermanes
including the related derivatives MeeGePh PhhGeGePhk, and
usGeGeBU;, which have Ge Ge bond lengths of 2.418(1§,
2.437(2)* and 2.710(1) A (average between two molecufés),
respectively. Germaniurrgermanium bond lengths are depend-
ent on the size and electron-withdrawing or -donating ability
of the attached organic groups, and thus both the hexaphenyl

(72) Creemers, H. M. J. C.; Noltes, J. &.0Organomet. Cheni967, 7,

PhsGeH in toluene even in the presence of a catalytic amount 537 547,
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C49-C52.
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and Metalloid AmidesEllis Horwood Ltd.: West Sussex, England, 1980.
(71) Ohlsson, B.; Ullenius, C.; Jagner, S.; Grivet, C.; Wenger, Endiqy

E. P.J. Organomet. Chenl989 365 243-267.

(73) Neumann, W. P.; Kulein, K. Tetrahedron Lett1966 7, 3419~
3421.

(74) Neumann, W. P.; Schneider, B.; SommerRbigs Ann. Chem.
1966 692, 1-11.
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H. Inorg. Chem.1994 33, 180-182.
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Figure 1. ORTEP diagram of one of the crystallographically
independent molecules of BBeGePh(1a). Thermal ellipsoids are
drawn at 50% probability.

C3_3

C4_3

C3_2

Figure 2. ORTEP diagram of EGeGePh(2). Thermal ellipsoids
are drawn at 50% probability.

and hexaert-butyl derivatives are expected to exhibit longer
Ge—Ge bonds compared to M@eGePhand compound$ and
2 due to the presence of the more bulky Ph of IRjands. The

Subashi et al.

Table 1. Selected Bond Distances (A) and Angles (deg) for
the Two Crystallographically Independent Molecules of
BusGeGePh (1)

la 1b average
Ge(1)-Ge(2) 2.415(8) Ge()l-Ge(2) 2.4270(8) 2.4212(8)
Ge(1)-C(21) 1.956(4) Ge(}—C(21) 1.954(4) 1.955(4)
Ge(1)-C(31) 1.956(4) Ge()}—C(31) 1.955(4) 1.956(4)
Ge(1)-C(41) 1.953(4) Ge(}—C(41) 1.952(4) 1.953(4)
Ge(2-C(1) 1.921(5) Ge(2—C(2) 1.947(4) 1.934(4)
Ge(2)-C(5) 1.902(5) Ge(2—-C(5) 1.941(5) 1.922(5)
Ge(2)-C(9) 2.006(7) Ge(3—C(9) 1.987(6) 1.997(6)

C(21)-Ge(1)-C(31) 107.2(2) C(2)—Ge(1)—C(31) 106.8(2) 107.0(2)
C(21)-Ge(1)-C(41) 107.8(2) C(2)—Ge(1)—C(41) 108.5(2) 108.2(2)
C(31)-Ge(1)-C(41) 108.3(2) C(3)—Ge(1)-C(41) 106.9(2) 107.6(2)
C(21)-Ge(1)-Ge(2) 115.0(1) C(21-Ge(l)—Ge(2) 111.7(1) 113.4(1)
C(31)-Ge(1)-Ge(2) 111.3(1) C(3]-Ge(1)-Ge(2) 110.3(1) 110.8(1)
C(41)-Ge(1)-Ge(2) 107.1(1) C(4)—Ge(1)-Ge(2) 112.3(1) 109.7(1)
C(1)-Ge(2-C(5) 113.8(3) C()—Ge(2)—C(5) 109.9(2) 111.9(2)
C(1)-Ge(2)-C(9) 105.9(3) C()-Ge(2)—C(9) 106.8(2) 106.4(2)
C(5)-Ge(2-C(9)  107.3(4) C(3—Ge(2)—C(9) 107.5(3) 107.4(3)
C(1)-Ge(2)-Ge(1) 110.0(2) C()-Ge(2)—Ge(I) 108.9(1) 109.5(1)
C(5-Ge(2-Ge(1) 112.5(2) C(H-Ge(2)—Ge(I) 112.3(1) 112.4(1)
C(9)-Ge(2-Ge(l) 106.9(2) CH-Ge(2)—Ge(l) 111.3(2) 109.1(2)

Table 2. Selected Bond Distances (A) and Angles (deg) for
Et;GeGePh (2)

Ge(1)-Ge(2) 2.4253(7)
Ge(1)-C(1) 1.954(2)

Ge(2)-C(7) 1.959(2)

C(1)-Ge(1)-C(1_2) 107.78(7)
C(7)-Ge(2)-C(7_2) 109.75(9)
C(1)-Ge(1)-Ge(2) 111.11(7)
Ge(1)-Ge(2)-C(7) 109.19(9)

of these resonances can be used to monitor the progress of

subsequent reactions usitg NMR spectroscopy.
Germanesa—c were each reacted with a slight excess of

PhsGeH in a sealed Schlenk tube using acetonitrile as the solvent

over 48 h at 90C to furnish the digermané&—c in yields of

75% 6a), 76% @b), and 92% 6c) after purification by

Kugelrohr distillation to remove any unreacteds8bH (Scheme

4). Care must be taken when purifyiBg in this fashion, as it

is substantially more volatile thadb or 6¢c and can codistill

with the PhGeH. These digermanes have been characterized

by NMR (*H and*3C) spectroscopy and elemental analysis. The

IH NMR spectrum of6a exhibits a triplet av 3.44 ppm § =

7.8 Hz) and a quartet @t 3.14 ppm { = 6.9 Hz) arising from

the protons of the methylene groups bound to the oxygen atom

of the ethoxyethyl substituent. F6b and6c these protons give

rise to triplets ab 3.51 ppm § = 7.2 Hz) Gb) andd 3.59 ppm

alkyl substituents in the three latter species all have the same(J = 7.8 Hz) 6¢) and quartets ai 3.18 ppm § = 7.2 Hz) @b)
relative size and electron-donating characteristics and thus allandé 3.03 ppm § = 6.9 Hz) ©0).

three digermanes exhibit similar G&e bond distances, as
expected.

In a method similar to that used by Sita for the related tin
species$, compounds6a and 6b could be converted to the

To systematically construct chains of germanium atoms, we hydride-terminated digermanés and7b by reaction with di-

prepared the three synthobs—c in good overall yields via

isobutylaluminum hydride (DIBAL-H), but more vigorous

the three-step process shown in Scheme 3. Monochlorinationreaction conditions were required in the case of germanium.

of the germanium dihydride reagentg@®H, proceeded in high
yield.”” These RGeHCI reagents were used to hydrogermylate
ethyl vinyl ether to yield the chlorideda—c, which were
subsequently reacted with LiNM¢o give the amide synthons
5a—c. The overall yields for the germanium amides relative to
the starting materials &eHCI are 82% %a), 75% 6b), and
57% (60), and the protons of the-NMe, groups of these
products exhibit characteristiel NMR features at 2.57 ppm
(5a), 6 2.60 ppm bb), andd 2.78 ppm Bc). The disappearance

(77) Ohshita, J.; Toyoshima, Y.; lwata, A.; Tang, H.; Kunai,Ghem.
Lett. 2001 886-887.

Although oligostannanes can be converted to the corresponding
hydrides at room temperature in ca. & bising this reagent for

the preparation of the germanium hydrides in benzene required
a reflux period of 12 h. To obtain the hydrides in pure form,
the crude product mixtures were passed through a short silica
gel column using benzene as the eluent in order to remove any
aluminum-containing byproducts. Often subsequent distillation
was required to fully remove these contaminants. In addition,
the phenyl derivative6c could not be converted to the
corresponding hydrid&c using DIBAL-H presumably due to
steric interactions between the phenyl substituents on the
digermane and the isobutyl groups of B\H. The yields of
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Scheme 3

2 N0Et, AIBN
CqHlg, 70°C, 12h

2 CuCl,

R2G6H2 RzGCHCl
R = E, cat. Cul, Et,0, 25 °C, 1h
R =Bu", Ph, toluene, reflux 18 h

OE
RzGJ '

4a: R =Et, 89 %
4b: R = Bu", 82 %
4¢: R =Ph, 68 %

LiNMe, R OEt
2'

| CgHg, 25°C, 8 h |
Cl - LiCl NMCZ
Sa:R=Et, 92 %
5b: R=Bu", 92 %
Sc: R=Ph, 86 %

Scheme 4
R
OEt CH-:CN ] OEt
3 DIBAL-H
3 . >
PhsGeH + Rl?e_/_ 80-90°C, 48 h Ph;Gc._(?e—/_ benzene, reflux 18 h
NMCZ R - Bu‘zAIOEt
5a:R=Et 6a:R=Et, 75 % - H,CCH,
5b: R=Bu" 6b: R=Bu", 76 %
5¢:R=Ph 6¢: R =Ph, 92 %
E R P o
:R=Bu DIBAL-H
PhiGe—Ge—H o eN s0-90°C,48h > O ¢ benzene, reflux T8h
R R - Bu,AIOEt
7a:R=Et, 69 % 8a: R=Et, 90 % - H,CCH,
7b: R =Bu", 52 % 8b: R =Bu", 94 %
7¢: R=Ph,NR
R R Sa: R=Et R R R Ot
PhyGe—Ge—Ge—H 5b: R = Bu” PhyGe—Ge—Ge—Ge—"
e—Ge—Ge— > e—Ge— 5
3 R CH;CN, 80 -90°C, 48 h 3 SR
R R R R

9a: R=Et, 41 %
9b: R=Bu", 33 %

7a (69%) and7b (52%) are moderate, and we have attempted
to circumvent this difficulty by employing LiBilor LiBHEt;3

10a: R =Et, 97 %
10b: R=Bu", 85 %

contained in the ethyl or butyl side groups as well as the terminal
methyl group and the:-methylene group of the ethoxyethyl

as the hydride transfer reagent. However, neither of these substituent. The integrated ratio of the alkyl versus the aromatic

reagents served for the preparation &#—c under various
experimental conditions including refluxing in benzene, toluene,
or THF for 48 h.

The hydrides’a and7b exhibit characteristic GeH stretch-
ing bands at 1996 cm (78) and 2036 cm! (7b) in their
infrared spectra similar to other digermane hydritféghey also
exhibit a pentet in theifH NMR spectra arising from the
terminal hydride av 4.91 ppm { = 3.0 Hz) (7a) andd 4.40
ppm @ = 3.6 Hz) (7b), which is broadened in each case due to
coupling with the highly quadupold?fGe nucleus. The complete
conversion of the starting digermargsand6b to the hydrides

regions of the'H NMR spectra of6a is almost exactly 1:1 as
expected, while that oBa is 1.61:1, which is close to the
predicted value of 1.67:1. A similar result was found 6y
(1.57:1, calculated 1.53:1) ar@b (2.80:1, calculated 2.73:1).
Product compositions also were confirmed B$C NMR
spectroscopy and by elemental analysis.

The trigermane8a and8b were converted to the correspond-
ing hydrides9a and 9b again in modest yield9g, 41%; 9b,
33%), as shown in Scheme 4 and exhibit characteristic infrared
(vee-n = 1996 cn1?® (93), 2000 cm! (9b)) andH NMR (6
4.31 ppm § = 3.2 Hz) ©a), 6 4.91 ppm § = 3.0 Hz) @b))

7aand7bis indicated by the absence of the methylene features spectral features. Purification of these species required first

of the ethoxyethyl groups described above.

Compounds7a and 7b were reacted with an additional
equivalent of the corresponding germanium amisiesr 5b to
provide the trigermane8a and8b in respective yields of 90%

washing the crude products on a short silica column followed
by vacuum distillation of the resulting material. Washing on a
second silica column was required to obt@aand9b in pure
form (as shown byH NMR spectroscopy) and this extensive

and 94% (Scheme 4), which were also characterized by NMR purification is likely the cause of the diminished yields of these

(*H and®®C) spectroscopy and elemental analysis. TH&IMR
spectrum of8a exhibits characteristic features @t3.28 ppm

(t, J= 6.6 Hz) andd 3.14 ppm (qJ = 6.9 Hz) for the protons

of the methylene groups bound to oxygen in the ethoxyethyl
substituent, while foBb these features appear @t3.51 ppm

(t, J= 7.5 Hz) andd 3.18 ppm (gJ = 6.9 Hz). The chemical

products. The hydride3a and9b were subsequently employed
for the preparation of the tetragermari@m and 10b in yields

of 97% and 85% (Scheme 4), respectively, and the identities
of these compounds were again confirmed by integration of their
IH NMR spectra, giving alkyl:aromatic ratios of 2.32:1 ftda
(calculated value 2.33:1) and 3.99:1 fidb (calculated value

shifts of these resonances are similar to those of the digermane$-93:1). Both tetragermanes were further characterizet®y

6a and6b.

The composition of the products can be confirmed by
integration of the aromatic versus the alkyl region in the
NMR spectra of both6ab and 8ab. For each class of

NMR spectroscopy and elemental analysis.

The overall yields of the tri- and tetragermanes can be
improved if the intermediate hydrides are not isolated but rather
reacted directly with additional equivalents of the germanium

compound, the alkyl region includes resonances for all protons @mides5. For example, reaction of the trigerma8ib with a

(78) Marchand, A.; Gerval, Rl. Organomet. Chenl978 162, 365—
387.

slight excess of DIBAL-H in refluxing benzene for 12 h
followed by removal of the solvent and treatment of the resulting
crude product with 1 equiv 06b in CH3CN produced the
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tetragermané&Obin 75% yield, a substantial improvement over
the 28% overall yield achieved when the hydratewas isolated
and purified. Excess DIBAL-H and the byproducts formed in
the hydride transfer reaction do not interfere with the hydrog-

Subashi et al.

Et;GeNMe,® Bu;GeNMe,8¢ Bu;GeGePl 887 88Et;GeGePk, 788889

and BuGeGeMg®” have been reported but were not fully charac-
terized, and their complete characterization is described below.
NMR spectra were recorded using a Varian Gemini 2000 instrument

ermolysis reaction, and this method thus could be useful for operating at 300 MHz'H) or 75.5 MHz (°C) and are referenced

extension of the GeGe chain length beyond four germanium
atoms.

The tetragermaneiDaand10b exhibit observable absorbance
maxima in their electronic spectra that appear as shoulders o
the CHCN solvent peak at 235 nnmiQa) and 241 nm 10b)
arising from thes — o* transition. The related spectra for the
di- (6ab) and trigermanes8g,b) as well as their respective

hydrides must have absorbance maxima that are not observe

above the solvent cutoff. The positions/af.x for 10aand10b

are similar to those of other related species including the
tetragermane BBGe(GeEs),GeEt (Amax = 234 nm) and the
hexagermane BBe(GeEf)sGeEs (Amax= 258 nm)? The related

to the solvent resonances. Infrared spectra were recorded using a
Perkin-Elmer 2000 FTIR system. UV/visible spectra were obtained
using a Hewlett-Packard Agilent UV/visible spectroscopy system.
Elemental analyses were conducted by Desert Analytics.
Synthesis of EtGeNMe,. A flask was charged with EGeCl
(2.302 g, 11.79 mmol) dissolved in benzene (30 mL). To this was
added solid LiNMg (0.789 g, 15.5 mmol). The resulting suspension
Jvas stirred for 12 h and then filtered through Celite to yield a clear
solution. The volatiles were removéa vacuoto yield a slightly
turbid oil, which was distilled using a Kugelrohr oven (oven temp
= 100°C at 0.11 Torr) to yield BGeNMe (1.371 g, 57%) as a
clear oil.'H NMR (CgDs, 25°C): 0 2.58 (s, 6H, GeN(83),), 1.07
(t, J=8.4 Hz, 9H, GeCHICH3;), 0.80 (m,J = 8.4 Hz, 6H, Ge€l.-

n

tin-containing congeners exhibit a more substantial red shift of c,) ppm.13c NMR (CsDs, 25°C): 0 41.4 (<N(CHa),), 9.3 (Ge-

their absorbance maxima, as illustrated for the related tetra-

stannane Bi5n(SnBuy),SNOCHCH,OEt, which has &max at
ca. 275 nm, and the hexastannang®ySnBuy)sSnCHCH,-
OEt, which exhibits amaxat 310 nnf The absorbance maxima
for related polygermanés® such as poly(phenylmethyl)-
germane M, = 6900, Amax = 330 nm¥2 or poly(dibutyl)-
germane I, = 14000, Amax = 325 nm)° are also not as

(CHxCHg)3), 4.6 (GeCH2CHs)s) ppm.

Synthesis of BuGeNMe,. A flask was charged with 1.583 g
(5.666 mmol) of BgGeCl dissolved in benzene (30 mL). To this
was added solid LiNMg (0.354 g, 6.94 mmol). The resulting
suspension was stirred for 12 h and then filtered through Celite to
yield a clear solution. The volatiles were remowedacuoto yield
a slightly turbid oil, which was distilled using a Kugelrohr oven

significantly red shifted as their shorter-chain oligostannane (oven temp= 105°C at 0.09 Torr) to yield BgGeNMe; (1.469 g,
analogues. Further investigations are required to ascertain the90%) as a clear oitH NMR (CgDs, 25°C): 6 2.62 (s, 6H, GeN-
reason for this difference, although these data suggest that thgCHs)2), 1.52-1.30 (m, 12H, GeChCH,CH,CHz), 0.93 (t,J =

o — o* transition in oligostannanes occurs at a lower energy
than that of the germanium derivatives.

7.2 Hz, 9H, GeCHCH,CH,CHs), 0.89 (M, 6H, GeE,) ppm.13C
NMR (CeDs, 25 °C): 6 41.5 (-N(CHa)), 27.4, 26.9, 14.1 (butyl

In conclusion, we have prepared and characterized two seriesd"oup carbons), 13.24CH,CH,CH,CHs) ppm. Anal. Calcd for
of oligogermanes by sequential chain buildup and have usedCidHasGeN: C, 58.38; H, 11.55. Found: C, 58.28; H, 11.79.

germanium amides and germanium hydrides for the formation

Synthesis of BuGe—GePh; (1). A flask was charged with 0.770

of Ge—Ge bonds. This reaction requires the use of acetonitrile 9 (2.67 mmol) of BegGeNMe,, which was dissolved in acetonitrile

as the solvent and proceeds via the hydrogermolysis of a reactiv

o-germylated nitrile intermediate. The methods used in this

study offer several advantages over previously employed

synthetic techniques including generally improved yields, the
formation of discrete molecules rather than product mixtures
and direct control over the substituents attached to the@e
backbone since the germanium atoms are added one at a tim
This method therefore will facilitate the preparation of oligomers
with diverse substitution patterns, which in turn permits the
tailoring of molecules that might exhibit certain optical and
electronic properties.

Experimental Section

General Considerations.All manipulations were carried out

under an inert atmosphere using standard Schlenk, glovebox, an

syringe technique®. Solvents were dried using a Glass Contour
solvent purification system. The starting materials@&Cl, Bu-
GeCl, and MegGeH were purchased from Gelest and ethyl vinyl
ether, AIBN, PRGeH, and LiNMe were purchased from Aldrich
and used without further purification. The hydrochloride SBHCI
were prepared via the method of Kureti al”” The compounds

(79) Okano, M.; Takeda, K.; Toriumi, T.; Hamano, Eectrochim. Acta
199§ 44, 659-666.

(80) Motonaga, M.; Nakashima, H.; Katz, S.; Berry, D. H.; Imase, T.;
Kawauchi, S.; Watanabe, J.; Fujiki, M.; Koe, J. R.Organomet. Chem.
2003 685, 44—50.

(81) Huo, Y.; Berry, D. H.Chem. Mater2005 17, 157-163.

(82) Katz, S. M.; Reichl, J. A.; Berry, D. HI. Am. Chem. Sod.99§
120, 9844-9849.

(83) Kobayashi, S.; Cao, £hem. Lett1993 1385-1388.

(84) Shriver, D. F.; Drezdzon, M. Alhe Manipulation of Air-Sensite
Compounds2nd ed.; John Wiley and Sons: New York, 1986.

15 mL). To this was added a solution of J&eH (0.864 g, 2.83
mmol) in acetonitrile (10 mL). The resulting solution was refluxed
under N for 48 h and allowed to cool, and the volatiles were
removedin vacua Kugelrohr distillation (oven temp= 180°C at
0.10 Torr) of the crude material to remove excesgdi yielded
1(1.21 g, 83%) as a white solitHH NMR (CgDg, 25°C): 6 7.72—
7.64 (m, 6H,metaH), 7.24-7.16 (m, 9H,ortho-H and para-H),

€1.52-1.39 (m, 6H, Ge@l,), 1.27 (sext] = 7.8 Hz, 6H, GeCht
CH,CH,CHj), 1.21-1.15 (m, 6H, GeCkCH,CH,CHj3), 0.81 (t,J
= 6.9 Hz, 9H, GeCHCH,CH,CH3) ppm. 13C NMR (CsDs¢, 25
°C): ¢ 139.7, 135.7, 128.7, 128.6 (aromatic carbons), 28.8, 26.8,
14.5, 13.8 (butyl group carbons) ppm. Anal. Calcd fesHi,Ge:

C, 65.77; H, 7.73. Found: C, 65.74; H, 7.80.

Synthesis of E§Ge—GePh; (2). To a solution of EiGeNMe
(0.417 g, 2.00 mmol) in acetonitrile (15 mL) in a Schlenk tube
as added PjseH (0.0.637 g, 2.10 mmol) in acetonitrile (15 mL).
he tube was sealed with a Teflon plug, and the reaction was heated

at 85°C for 48 h. The solution was transferred to a Schlenk flask,
and the volatiles were removéd vacua The crude product was
distilled in a Kugelrohr oven (oven temp 100°C, P = 0.05 Torr)

to remove excess BBeH to yield2 as a white solid (0.247 g,
84%).1H NMR (CgD¢, 25 °C): 6 7.64-7.61 (m, 6H,metaH),
7.23-7.16 (m, 9 H,ortho-H and para-H), 1.03 (m, 15H, Ge-
(CH2CH3)3) ppm.13C NMR (CgDg, 25°C): ¢ 139.2, 135.6, 128.7,

(85) Highsmith, R. E.; Sisler, H. Hnorg. Chem1969 8, 1029-1032.

(86) Rijkens, F.; Janssen, M. J.; van der Kerk, G. JRdcl. Trar. Chim.
Pays-Basl965 84, 15971609.

(87) Bulten, E. J.; Noltes, J. QRecl. Tra. Chim. Pays-Bad4972 91,
1041-1056.

(88) Duffaut, N.; Dunogues, J.; Calas, R.; Gerval, J.; Rei®.; Satge
J.; Cazes, AJ. Organomet Chenl978 149 57—63.

(89) Riviere, P.; SatgeJ.; Dousse, G.; Rivie-Baudet, M.; Couret, C.
J. Organomet. Chenl974 72, 339-350.



Preparation of Oligogermanesgia Hydrogermolysis

Organometallics, Vol. 25, No. 13, 20217

128.6 (aromatic carbons), 10.2, 6.1 (ethyl group carbons) ppm. Anal. (0.509 g, 9.98 mmol). The resulting suspension was stirred at room

Calcd for G4HzoGex: C, 62.16; H, 6.52. Found: C, 61.96; H, 6.61.
Synthesis of BuGe—GeMe;s (3). A solution of MeGeH (0.113

temperature fo 7 h and was then filtered through Celite. The
volatiles were removed from the filtrate vacuoto yield 2.25 g

g, 0.952 mmol) in acetonitrile (10 mL) was added to a solution of (92%) of5aas a clear oil'H NMR (CeDs, 25°C): 6 3.50 (t,J =

BusGeNMe, (0.226 g, 0.785 mmol) in acetonitrile (10 mL) in a

7.5 Hz, 2H, GeCKHCH0), 3.29 (g9, = 7.2 Hz, 2H, q,—OCH-

Schlenk tube. The tube was sealed with a Teflon plug, and the CHa), 2.57 (s, 6H, =N(CHz)z), 1.24 (t, J = 7.2 Hz, 3H,

reaction mixture was heated to 86 for 48 h. The solution was
transferred to a Schlenk flask, and the volatiles were remaved
vacua The crude product was distilled in a Kugelrohr oven (oven
temp= 85°C, P = 0.05 Torr) to remove excess staring material
to yield 3 as a colorless oil (0.244 g, 86%H NMR (C¢Ds, 25
°C): 6 1.58-1.51 (m, 6H, GeChCH,CH,CHj3), 1.42 (pentJ =
5.7 Hz, 6H, GeCI2CH2CH2CH3), 0.96 (m, 15H, Ge8,CH,CH,-
CHz and GeCHCH,CH,CHy), 0.26 (s, 9H, Gel3) ppm.13C NMR
(CeDs, 25°C): 6 27.0, 26.8, 18.2, 14.0 (butyl groups), 1.4 (&)
ppm. Anal. Calcd for @Hs3sGe: C, 49.81; H, 10.03. Found: C,
50.11; H, 10.08.

Synthesis of E§Ge(Cl)CH,CH,OEt (4a). To a solution of Ef

—OCH,CHj3), 1.17-1.05 (m, 6H, (CHCH,),Ge and Ge®,CH,-
0-), 0.87 (t,J = 7.2 Hz, 6H, Ge(CHKCHs3),) ppm.13C NMR (CgDs,
25 °C): 6 67.8 (~OCH,CHj3), 65.8 (GeCHCH,O—-), 41.4
(=N(CHy)y), 15.5, 14.2, 8.8, 5.6 (aliphatic carbons) ppm. Anal.
Calcd for GoH25GeNO: C, 48.44; H, 10.16. Found: C, 47.55; H,
10.51.

Synthesis of BuGe(NMe,)CH,CH,OEt (5b). To a solution of
4b (1.324 g, 4.482 mmol) in benzene (35 mL) was added solid
lithium dimethylamide (0.234 g, 4.59 mmol). The resulting suspen-
sion was stirred 8 h, followed by filtration through Celite to yield
a clear solution. Removal of the volatilesvacuoyielded5b (1.42
g, 92%) as a clear oilH NMR (CgDg, 25°C): 6 3.54 (t,J=7.8

GeHCI (1.90 g, 11.4 mmol) in benzene (30 mL) in a Schlenk tube Hz, 2H, GeCHCH,0), 3.31 (q,J = 6.9 Hz, 2H, O®,CHj), 2.60
was added ethyl vinyl ether (1.35 mL, 13.7 mmol) via syringe. A (S, 6H, N(GHy),), 1.53-1.26 (m, 10 H), 1.43 (tJ = 6.9 Hz, 3H,
solution of AIBN (0.038 g, 0.23 mmol) in benzene (2 mL) was OCH;CHz), 0.92 (t,J = 6.9 Hz, 6H, GeCHCH,CH,CHz), 0.89
added to the reaction mixture. The tube was sealed with a Teflon (M, 4H, Ge®,CH,CH,CH,CHz) ppm.13C NMR (C¢Dg, 25 °C):

plug and heated at 8% for 18 h. The solution was transferred to
a Schlenk flask, and the volatiles were remowedacuoto yield
2.41 g (89%) ofda as a clear oil'H NMR (CgDg, 25°C): 6 3.33

(t, J = 6.6 Hz, 2H,—GeCHCH,0), 3.10 (q,J = 7.2 Hz, 2H,
—OCH,CHg), 1.41 (t,J = 7.2 Hz, 3H,—OCH,CH3y), 1.16-1.04
(m, 6H, (CHCH,),Ge and Ge&,CH,0-), 0.97 (t,J = 6.6 Hz,
6H, Ge(CHCHa),) ppm.13C NMR (CgDg, 25°C): ¢ 66.8 (—OCH,-
CHj), 66.0 (GeCHCH,0O—), 20.2, 15.2, 12.1, 8.2 (aliphatic carbons)
ppm. Anal. Calcd for gH,4CIGeO: C, 40.15; H, 8.00. Found: C,
39.25; H, 8.10.

Synthesis of BuGe(CI)CH,CH,OEt (4b). To a solution of By

0 68.0 (—OCH,CHz), 65.8 (GeCHCH,0—), 41.4 (—N(CHj3)y),
27.3, 26.9, 15.6, 15.0, 14.0, 13.6 (aliphatic carbons) ppm. Anal.
Calcd for G4H33GeNO: C, 55.31; H, 10.94. Found: C, 54.91; H,
11.00.

Synthesis of PaGe(NMe,)CH,CH,OEt (5c). To a solution of
4c (0.493 g, 1.47 mmol) in benzene (25 mL) was added solid
LiNMe; (0.093 g, 1.8 mmol). The resulting suspension was stirred
at room temperature for 15 h and was then filtered through Celite.
The volatiles were removed from the filtratevacuoto yield 0.436
g (86%) of5cas a clear oil'H NMR (CgDs, 25°C): 6 7.70-7.67
(m, 4H, metaH), 7.21-7.17 (m, 6H,ortho-H and para-H), 3.58

GeHCI (1.28 g, 5.74 mmol) in benzene (20 mL) in a Schlenk tube (t, J = 7.8 Hz, 2H, GeCHCH,0), 3.10 (q,J = 6.9 Hz, 2H, q,

was added ethyl vinyl ether (1.00 mL, 10.2 mmol) via syringe. A
solution of AIBN (0.016 g, 0.097 mmol) in benzene (4 mL) was

—OCH,CHg), 2.78 (s, 6H,—~N(CHz),), 1.89 (t,J = 7.8 Hz, 2H,
—Ge,CH,0-), 1.00 (t,J = 6.9 Hz 3H, OCHCH3) ppm. 13C

added to the reaction mixture. The tube was sealed with a Teflon NMR (CgDg, 25 °C): ¢ 136.9, 134.9, 129.3, 128.3 (aromatic

plug and heated at 8% for 18 h. The solution was transferred to
a Schlenk flask, and the volatiles were remowedacuoto yield
1.40 g (82%) ofdb as a clear oil'H NMR (C¢Dg, 25°C): 6 3.41

(t, J = 7.2 Hz, 2H,—GeCHCH,0), 3.15 (q,d = 6.9 Hz, 2H,
—OCH,CHg), 1.58-1.49 (m, 4H, GeChCH,CH,CHjy), 1.47 (t,J

= 6.9 Hz, 4H, Ge®l,CH,CH,CHj), 1.32 (sextJ = 7.2 Hz, 4H,
GeCHCH,CH,CHs) 1.17-1.11 (m, 2H, Ge€®,CH,0-), 1.01 (t,

J = 6.9 Hz, 3H,—OCH,CHy), 0.89 (t,J = 7.2 Hz, 6H, GeCh
CH,CH,CH3) ppm. 13C NMR (C¢Dg, 25 °C): 6 66.9 (—OCH,-
CHy), 66.1 (GeCHCH,O—), 26.6, 26.1, 21.1, 20.0, 15.3, 13.8
(aliphatic carbons) ppm. Anal. Calcd fog £1,,CIGeO: C, 48.79;
H, 9.21. Found: C, 48.13; H, 8.74.

Synthesis of PhGe(Cl)CH,CH,OEt (4c). To a solution of P

carbons), 67.2 40OCH,CHs), 65.7 (GeCHCH,O—), 41.4
(=N(CHy),), 15.8, 15.3 (aliphatic carbons) ppm. Anal. Calcd for
CigH25GeNO: C, 62.85; H, 7.32. Found: C, 63.01; H, 7.54.

Synthesis of PRGeGe(EL)CH,CH,OEt (6a). To a solution of
5a(0.762 g, 3.07 mmol) in acetonitrile (15 mL) in a Schlenk tube
was added PJeeH (0.945 g, 3.10 mmol) in acetonitrile (10 mL).
The tube was sealed with a Teflon stopper, and the reaction mixture
was heated at 90C for 36 h. The solution was transferred to a
Schlenk flask, and the volatiles were remowedacuq yielding a
pale yellow oil. Kugelrohr distillation of the crude product afforded
1.179 g (75%) of6a as a clear oillH NMR (CgDe, 25 °C): o
7.66—-7.60 (m, 6H, aromatics), 7.247.14 (m, 9H, aromatics), 3.44
(t, J= 7.8 Hz, 2H, GeCHCH0), 3.14 (qJ = 6.9 Hz, 2H,—OCH>-

GeHCI (0.590 g, 1.82 mmol) in benzene (15 mL) in a Schlenk CHs), 1.49 (t,J = 6.9 Hz, 3H,—OCH,CH3), 1.171.01 ppm (m,
tube was added ethyl vinyl ether (0.20 mL, 2.0 mmol) via syringe. 12H, (CHCH,),Ge, ((H3CH,),Ge, and GeB&,CH,O—) ppm.C
A solution of AIBN (0.0090 g, 0.055 mmol) in benzene (2 mL) NMR (CgDs, 25 °C): 6 139.2, 135.7, 128.7, 128.6 (aromatic
was added to the reaction mixture. The tube was sealed with acarbons), 68.7-{OCH,CHs), 65.7 (GeCHCH,0—), 15.5, 15.4,
Teflon plug and heated at 85C for 24 h. The solution was 10.3, 7.2 (aliphatic carbons) ppm. Anal. Calcd fofgllz,Ge0:
transferred to a Schlenk flask, and the volatiles were remaved C, 61.50; H, 6.75. Found: C, 61.18; H, 6.96.
vacuoto yield 0.493 g (66%) ofic as a clear oil'H NMR (CeDs, Synthesis of PhGe—Ge(Bu),CH,CH,OEt (6b). To a solution
25°C): 6 7.64-7.61 (m, 4H metaH), 7.18-7.07 (m, 6Hortho-H of 5b (0.633 g, 2.18 mmol) in acetonitrile (15 mL) was added-Ph
andpara-H), 3.58 (t,J = 7.5 Hz, 2H,-GeCHCH;0), 3.10 (9, GeH (0.670 g, 2.20 mmol) in acetonitrile (10 mL). The solution
= 7.2 Hz, 2H,~OCH,CHg), 1.90 (t,J = 7.5 Hz, 2H, Ge€l,- was refluxed for 48 h, and the volatiles were remoiredacuoto
CH;0-), 1.00 (t,J = 7.2 Hz, 3H,—OCH,CH3) ppm.3C NMR yield a yellow oil. The material was distilled in a Kugelrohr oven
(CeDe, 25°C): 6 136.7, 134.0, 130.2, 128.5 (aromatic carbons), to remove the remaining B&eH, and the pot residue was isolated
66.1 (-OCH.CH;), 66.0 (GeCHCH,O—), 22.0, 15.0 (aliphatic  to yield 0.930 g (76%) o6b as a pale yellow oil'H NMR (C¢Ds,
carbons) ppm. Anal. Calcd for,gH,4CIGeO: C, 57.30; H, 5.71. 25 °C): 6 7.68-7.65 (m, 6H, aromatics), 7.247.14 (m, 9 H,
Found: C, 57.47; H, 5.81. aromatics), 3.51 () = 7.2 Hz, 2H, GeChLCH,OEt), 3.18 (qJ =
Synthesis of EsGe(NMe;)CH,CH,OEt (5a). To a solution of 7.2 Hz, OGH,CHj3), 1.56 (t,J = 7.5 Hz, 2H, Ge€l,CH;0), 1.49-
4a(2.36 g, 9.86 mmol) in benzene (35 mL) was added solid LillMe 1.41 (m, 4H, aliphatics), 1.311.18 (m, 8H, aliphatics), 1.08 (8,



3218 Organometallics, Vol. 25, No. 13, 2006

= 6.9 Hz, 3H, OCHCHj3), 0.80 (t,J = 7.2 Hz, 6H,—(CH,)3CHs)
ppm.. 13C NMR (CgDs, 25 °C): 6 139.1, 135.7, 128.7, 128.5
(aromatic carbons), 68.9-OCH,CHj), 65.6 (GeCHCH,O—), 28.7,
26.7, 16.2, 15.4, 14.9, 13.7 (aliphatic carbons) ppm. Anal. Calcd
for C3oH42Ge0: C, 63.90; H, 7.51. Found: C, 63.55; H, 7.48.

Synthesis of PRGe—Ge(Ph),CH,CH,OEt (6¢). To a solution
of 5¢ (1.511 g, 4.392 mmol) in acetonitrile (40 mL) was added
PhGeH (1.339 g, 4.391 mmol) in acetonitrile (25 mL). The solution
was refluxed for 48 h, and the volatiles were remoiredacuoto
yield a yellow oil. The material was distilled in a Kugelrohr oven
to remove the remaining BBeH, and the pot residue was isolated
to yield 2.443 g (92%) obc as a white solid*H NMR (C¢Ds, 25
°C): 0 7.64-7.52 (m, 10 HmetaH), 7.13-7.02 (m, 15 Hortho-
andpara-H), 3.59 (t,J = 7.8 Hz, 2H, GeCHCH,0-), 3.03 (q,J
= 6.9 Hz, 2H,—OCH,CHg), 2.08 (q,J = 7.8 Hz, 2H, Ge€l,-
CH,0-), 0.95 (t,J = 6.9 Hz, 3H,—OCH,CH3) ppm. H,3C NMR
(CsDs, 25°C): 0 138.4, 138.1, 135.9, 135.5, 129.0, 128.9, 128.6,
128.5 (aromatic carbons), 68.4QCH,CHj), 65.6 (GeCHCH,O—
), 17.6, 15.2 (aliphatic carbons) ppm. Anal. Calcd foyHG4
GeO: C, 67.63; H, 5.67. Found: C, 67.37; H, 5.44.

Synthesis of PhGeGe(Eb)H (7a). To a solution of6a (0.600
g, 1.18 mmol) in benzene (20 mL) was added a 1.0 M solution of
DIBAL-H in hexane (1.22 mL, 1.22 mmol). The solution was
refluxed for 36 h, and the volatiles were remowiedacuoto yield
a pale yellow oil. The crude material was filtered thrbug 1 in.
x 1in. silica gel column using 25 mL of a 9:1 benzene/acetonitrile
solution as the eluent to yield 0.357 g (69%) & as a cloudy
white liquid after removal of the solveritd NMR (C¢Ds, 25 °C):
0 7.67-7.61 (m, 6H, aromatics), 7.2%.16 (m, 9H, aromatics),
491 (pent,J = 3.0 Hz, 1H, Ge-H), 1.07-1.01 (m, 10H, Ge
(CH2CHj3),) ppm.13C NMR (CsDg, 25°C): ¢ 139.2, 135.7, 128.7,
128.6 (aromatic carbons), 10.2, 6.2 (aliphatic carbons) ppm. IR
(Nujol): 1996.1 cm?! (vge-n). Anal. Calcd for GoHo6Ge: C, 60.65;
H, 6.01. Found: C, 60.81; H, 6.42.

Synthesis of PRGe—Ge(Bu)H (7b). To a solution oféb (1.286
g, 2.280 mmol) in benzene (15 mL) was added a 1.0 M solution of
diisobutylaluminum hydride (2.5 mL, 2.5 mmol) via syringe. The
resulting solution was refluxed for 18 h. The volatiles were removed
in vacuo to yield a clear viscous oil. The crude material was
dissolved in hexane (5 mL) and filtered through a short column (1
in.) of silica gel using 45 mL of hexane as the eluent. The solvent
was removedn vacuoto yield 0.585 g (52%) o¥b as a clear oil.
IH NMR (CgDg, 25°C): 6 7.67—7.64 (m, 6H, aromatics), 7.24
7.16 (m, 9H, aromatics), 4.40 (pedt= 3.6 Hz, 1H, GeH), 1.47—
1.34 (m, 4H, aliphatics), 1.24 (sexd, = 7.8 Hz, 4H, GeCH
CH,CH,CHj3), 1.17-1.08 (m, 4H, aliphatics), 0.80 @ = 7.5 Hz,
6H, GeCHCH,CH,CH3) ppm.13C NMR (C¢Dg, 25°C): ¢ 139.3,

Subashi et al.

mL). The reaction mixture was sealed in a Schlenk tube equipped
with a Teflon plug and was heated at 85 for 48 h. The solution
was transferred to a Schlenk flask, and the volatiles were removed
in vacua The crude product was distilled in a Kugelrohr oven (oven
temp= 100°C, P = 0.08 Torr) fo 3 h toremove excessb. Yield

of 8b = 2.555 g (94%)*H NMR (C¢Dg, 25°C): 6 7.73-7.65 (m,

6H, aromatics), 7.237.12 (m, 9 H, aromatics), 3.51 @,= 7.5

Hz, 2H, GeCHCH,OEt), 3.18 (q.J = 6.9 Hz, 2H,—OCH,CH),
1.62-1.04 (m, 24 H, aliphatics), 0.98).72 (m, 17 H, aliphatics)
ppm. 13C NMR (CsDe, 25 °C): ¢ 139.1, 135.8, 128.7, 128.5
(aromatic carbons), 68.8-OCH,CHj), 65.7 (GeCHCH,0O—), 31.9,
28.8, 26.8, 20.0, 16.3, 15.0, 14.0, 13.8, 10.4, 7.1 (aliphatic carbons)
ppm. Anal. Calcd for ggHescGeO: C, 60.79; H, 8.05. Found: C,
60.43; H, 8.39.

Synthesis of PhGeGe(Et)Ge(Et;)H (9a). A solution of 8a
(0.217 g, 0.340 mmol) in benzene (15 mL) was treated with a 1.0
M hexane solution of DIBAL-H (0.35 mL, 0.35 mmol), and the
mixture was refluxed underNor 18 h. The volatiles were removed
in vacuoto yield a clear oil, which was washed on a silica column
(1 in. h x 1 in. dia) using benzene as the eluent (30 mL). The
benzene was removea vacug and the resulting oil was distilled
using a Kugelrohr oven (oven temp 115°C, P = 0.07 Torr) to
remove any remaining impuritiesrf@ h toyield 9a as a clear oll
(0.079 g, 41%)*H NMR (CgDg, 25 °C): 0 7.64-7.61 (m, 6H,
aromatics), 7.227.17 (m, 9H, aromatics), 4.31 (pedt= 3.2 Hz,

1 H, GeH), 1.03 (m, 20 H, aliphatics) ppm3C NMR?) IR
(Nujol): 1996.4 cm? (vge—n). We were not able to obtain a
satisfactory elemental analysis f@a.

Synthesis of PhGeGe(Buy)Ge(Bw)H (9b). A solution of 8b
(1.965 g, 2.61 mmol) in benzene (40 mL) was treated with a 1.0
M hexane solution of DIBAL-H (2.88 mL), and the mixture was
refluxed under N for 48 h. The volatiles were removex vacuo
to yield a clear oil, which was washed on a silica column (1 in. h
x 1 in. dia) using benzene as the eluent (45 mL). The benzene
was removedn vacuq and the resulting oil was distilled using a
Kigelrohr oven (oven temp- 110°C, P = 0.05 Torr) fa 5 h to
remove impurities to yiel®b as a clear oil (0.580 g, 33%}3H
NMR (C¢De, 25°C): 0 7.74-7.63 (m, 6H, aromatics), 7.237.12
(m, 9H, aromatics), 4.91 (pent= 3.0 Hz, 1H, GeH), 1.61-1.09
(m, 24H, aliphatics), 0.80 (§ = 7.2 Hz, 12H,—CH,CH,CH,CH3)
ppm. 13C NMR (CsDe, 25 °C): 6 139.2, 135.7, 128.7, 128.5
(aromatic carbons), 30.6, 28.7, 26.7, 26.2, 14.0, 13.7, 10.3, 7.05
(aliphatic carbons) ppm. IR (Nujol): 2000.0 ct(vge-n). We were
not able to obtain a satisfactory elemental analysiOfor

Synthesis of PhGeGe(Et)Ge(Et)Ge(Et,) CH,CH,OEt (10a).

To a solution of9a (0.056 g, 0.099 mmol) in acetonitrile (10 mL)
was added a solution d&a (0.025 g, 0.104 mmol) in acetonitrile

135.7, 128.7, 128.6 (aromatic carbons), 28.7, 26.7, 14.0, 13.7(10 mL). The reaction mixture was sealed in a Schlenk tube

(aliphatic carbons) ppm. IR (Nujol): 2036.2 ci(vge-n). Anal.
Calcd for GeHz.Gex: C, 63.50; H, 6.96. Found: C, 63.60; H, 7.10.
Synthesis of PhRGeGe(Et)Ge(Et;)CH,CH,OEt (8a). To a
solution of7a (0.322 g, 0.739 mmol) in acetonitrile (10 mL) was
added a solution oba (0.185 g, 0.746 mmol) in acetonitrile (5

equipped with a Teflon plug, and the reaction mixture was heated
at 85°C for 48 h. The solution was transferred to a Schlenk flask,
and the volatiles were removed vacua The crude product was
distilled in a Kugelrohr oven (oven tenyp 115°C, P = 0.07 Torr)

to remove excesSa, yielding 10a (0.073 g, 97%) as a viscous

mL). The reaction was sealed in a Schlenk tube and heated to 90clear oil.'H NMR (CsDg, 25°C): 0 7.62-7.59 (m, 6H, aromatics),

°C for 72 h. The volatiles were removéu vacuoto yield 0.425 g
(90%) of 8a as a pale yellow liquid!H NMR (C¢Dg, 25 °C): 6
7.62-7.58 (m, 6H, aromatics), 7.22.14 (m, 9H, aromatics), 3.28
(t, J = 6.6 Hz, 2H, GeCHCH,OEt), 3.14 (q,J = 6.9 Hz, 2H,
—OCH,CHj), 1.04-0.97 (m, 17H, Ge(8,CH3), and—OCH,CH3),
(0.90, t, 6H, Ge(ChiCH3),), 0.74 (t, 2H,J = 6.6 Hz, Ge®,CH,-
OEt) ppm.13C NMR (CgDs, 25°C): 6 139.2, 135.6, 128.7, 128.5
(aromatic carbons), 67.2-0OCH,CHz), 65.9 (GeCHCH,0O—), 15.3,
14.0, 10.2, 8.6, 6.1, 5.6 (aliphatic carbons) ppm. Anal. Calcd for
CsoH14Ges0: C, 56.43; H, 6.94. Found: C, 57.23; H, 6.86.
Synthesis of PhGeGe(Buy)Ge(Bu)CH,CH,OEt (8b). To a
solution of 7b (1.777 g, 3.62 mmol) in acetonitrile (20 mL) was
added a solution o6b (1.208 g, 3.98 mmol) in acetonitrile (10

7.25-7.12 (m, 9H, aromatics), 3.59 = 7.5 Hz, 2H, GeCHCH,-
OEt), 3.30 (gqJ = 6.8 Hz, 2H,—OCH,CHz), 1.36 (t,J = 7.8 Hz,
3H —OCH,CHj3), 1.18-0.89 (m, 32 H, aliphatics) ppm3C NMR
(CeDs, 25°C): 6 139.2, 135.6, 128.7, 128.6, 67.5QCH,CHs),
65.8 (GeCHCH,0O-), 19.1, 15.5, 14.0, 10.5, 10.2, 8.6, 8.3, 6.1
(aliphatic carbons) ppm. UV/visibledmax 241 € = 1.8 x 10* L
mol~t cm™1). Anal. Calcd for G4Hs:GeO: C, 53.09; H, 7.08.
Found: C, 53.29; H, 7.22.

Synthesis of PRGeGe(By)Ge(Bu,)Ge(Bu,)CH,CH,OEt (10b).
To a solution 0f9b (0.370 g, 0.540 mmol) in acetonitrile (10 mL)
was added a solution d&b (0.174 g, 0.570 mmol) in acetonitrile
(10 mL). The reaction mixture was sealed in a Schlenk tube
equipped with a Teflon plug, and the reaction mixture was heated
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at 85°C for 48 h. The solution was transferred to a Schlenk flask,
and the volatiles were removéd vacua The crude product was
distilled in a Kugelrohr oven (oven temp 105°C, P = 0.03 Torr)
to remove excesSb, yielding 10b (0.430 g, 85%) as a viscous
clear oil.™H NMR (CgDg, 25°C): ¢ 7.70-7.58 (m, 6H, aromatics),
7.23-7.08 (m, 9H, aromatics), 3.35 @¢= 7.2 Hz, 2H, GeCHCH_-
OEt), 3.19 (qJ = 6.0 Hz, 2H,—OCH,CHs), 1.52-1.02 (m, 29H,
aliphatics), 0.94-0.72 (m, 30H, aliphatics) ppm3C NMR (C¢Ds,
25°C): 6 139.2, 135.6, 128.7, 128.5, 68.5QCH,CHs), 65.8
(GeCHCH,0-), 31.9, 28.7, 28.6, 26.7, 22.9, 16.2, 15.4, 15.0, 14.4,
14.2,14.0, 13.7, 10.3, 7.0 (aliphatic carbons) ppm. UV/visililgix
235 € = 1.4 x 10* L mol~t cm™1). Anal. Calcd for GeH7sGe0:
C, 58.93; H, 8.38. Found: C, 58.85; H, 8.11.

Preparation of 10b Directly from 8b. To a solution of8b (0.94
g, 1.14 mmol) in benzene (30 mL) in a Schlenk flask was added a
1 M solution of DIBAL-H in hexane (1.50 mL, 1.50 mmol). The
resulting solution was refluxed under, ffor 24 h and allowed to
cool, and the volatiles were removéa vacuq yielding a pale
yellow oil. The product was directly transferred to a Schlenk tube,
where a solution obb (0.380 g, 1.25 mmol) in acetonitrile (30
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Table 3. Crystallographic Data for Compounds 1 and 2

1 2

formula GoHsGe CosH27Ge,

space group P1 R3

a(h) 10.051(3) 15.533(1)

b (A) 15.141(4) 15.533(1)

c(R) 20.970(6) 16.275(3)

a (deg) 109.043(4) 90

B (deg) 100.239(4) 90

y (deg) 98.645(4) 120

V (A3) 2893.1(1) 3400.4(7)

z,Z 4,2 ,

Pealc(g cm3) 1.258 1.350

temperature (K) 215(2) 213(2)

radiation Mo Koo Mo Ka

wavelength (A) 0.71073 0.71073
0.0485 0.0333

Rw 0.1199 0.0932

mmol) in acetonitrile (10 mL). The tube was sealed with a Teflon
plug and was heated at € for 50 min, and the solution was
transferred to a Schlenk flask. The volatiles were remavedcuq

mL) was added. The tube was sealed with a Teflon plug and heatedyielding 0.434 g (89%) ofl. The identity of1 was confirmed by

at 95°C for 48 h. The volatiles were removéud vacuq resulting

in an orange oil. The crude material was filtered thioagl in. x

1 in. silica gel column using 40 mL of benzene as the eluent to
yield 0.876 g (75%) ofLlOb as a pale yellow liquid after removal
of the solvent. The identity 0£0b was confirmed by NMR {H
and13C) spectroscopy.

Synthesis of BuGeCH,CN. To a solution of HN(F), (0.70
mL, 5.0 mmol) in THF (20 mL) was added a 2.5 M solution of
Bu'Li in hexane (2.04 mL, 5.1 mmol) at78 °C. The solution
was stirred for 30 min, and acetonitrile (0.27 mL, 5.2 mmol) was
added. The resulting suspension was placed-#8@°C bath, and
a solution of ByGeCl (1.391 g, 4.97 mmol) in THF (15 mL) was

NMR (*H and13C) spectroscopy.

X-ray Structure Determination. Diffraction intensity data were
collected with a Siemens P4/CCD diffractometer. Crystallographic
data and details of X-ray studies are shown in Table 3. The
asymmetric unit ofl contains two crystallographically independent
but chemically equivalent molecules. Absorption corrections were
applied for all data by SADABS. The structures were solved using
direct methods, completed by difference Fourier syntheses, and
refined by full matrix least squares proceduresFén All non-
hydrogen atoms were refined with anisotropic displacement coef-
ficients, and hydrogen atoms were treated as idealized contributions.
All software and sources of scattering factors are contained in the

added at this temperature. The reaction mixture was allowed to SHEXTL (5.10) program package (G. Sheldrick, Bruker XRD,

come to room temperature and was stirred for 12 h. The volatiles
were removedh vacuoto yield a white solid, which was dissolved
in hexane (15 mL) and filtered through Celite. Removal of the
volatiles yielded BeGeCHCN, 1.19 g (84%)*H NMR (CgDg, 25
OC)Z 0 1.82-1.49 (m, 20H, Ge(EZCH2CHch3)3 and GeCl,-
CN), 1.08 (t,J = 7.2 Hz, 9H, Ge(CHCH,CH,CH3)3 ppm.13C NMR
(CeDg, 25 °C): 0 68.1 (—CH,CN), 28.4, 27.5, 25.7 (butyl group
carbons), 16.0 (GeH,CN), 14.3 (CH,CH,CH,CHs) ppm.
Synthesis of 1 Using ByGeCH,CN. A Schlenk tube was
charged with BeGeCHCN (0.253 g, 0.890 mmol) in acetonitrile
(10 mL). To this was added a solution off&eH (0.270 g, 0.885

Madison, WI). ORTEP diagrams were drawn using the ORTEP3
program (L. J. Farrugia, Glasgow).
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