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Abstract

The first organogermanium dendrimers were synthesized by using divergent and convergent routes. The principal reacuons used for
these syntheses are hydrogermylation or hydrozirconation-transmetalation. These dendrimers were characterized by their IR, '"H NMR
and ">C NMR spectra and by the MALDI mass spectra of their adducts with suitable thioesters.

Keywords: Organogermanium; Dendrimers; Hydrogermylation; Hydrozirconation; Synthesis

1. Introduction

Numerous dendrimers (i.e. oligomers having a
branched structure) have been described in recent years
[la=d]. In the field of organometallic chemistry of
Group 14 elements, only organosilicon dendrimers (hav-
ing the siloxane or carbosilane structures) have been
synthesized by divergent [2-11] or convergent [12]
methods.  Although some organogermanium  star-
branched polymers have been prepared [13], no synthe-
sis of dendrimers based on germanium atoms has yet
been described.

2. Results and discussion

We describe here the synthesis of organogermanium
dendrimers by using divergent and convergent methods.

2.1. Divergent method (Scheme 1, (a))

At first appearance, the simplest method of prepara-
tion consists of successive alkenylations (using allyl- or
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vinylmagnesium bromide) and hydrogermylations, start-
ing with germanium tetrachloride (1)

D>MgBr

GeCly —— Gey ),
GeHCly = N GeCly) ete. (1)
4

Contrary to hydrosilylation of ethylenic organosi-
lanes which requires a catalyst (H,PtCl,), hydrogermy-
lation of ethylenic organogermanes occurs rapidly and
exothermally in the absence of a catalyst. Trichloroger-
mane, however, which is much less stable than
trichlorosilane, is in equilibrium with dichlorogermy-
lene (II)

HGeCl, :GeCl, + HCl (11)

and, prepared by the reaction of hydrogen chloride with
a mixture of powdered germanium and copper at 450°C
[14), it also contains an appreciable amount of germa-
nium tetrachloride which is difficult to separate.

With allylic derivatives of germanium (and the vinylic
derivatives to a lesser extent) being very sensitive to
electrophilic reagents [15], cleavage of germanium-
carbon bonds occurs simultaneously with the addition

s
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reaction, forming undesirable by-products which are
difficult to remove.

To avoid these difficulties and to diminish the steric
strain resulting from the accumulation of branched
chains, we have used six-membered w-ethylenic chains
which are more stable chemically than a- and B-ethyl-

enic chains. Moreover, the trichlorogermane, free of
hydrogen chloride, was prepared in situ by reduction of
germanium tetrachloride in the absence of solvent (the
reduction of germanium tetrachloride in the presence of
ether [16] produces the etherate of germanium dichlo-
ride [17]). Reduction using (HMe,Si),0 [18] proceeds
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Scheme 1. Synthesis of GO, G1 and G2 by divergent and convergent methods.
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Scheme 2. Synthesis of P2 from P1.

too slowly, whereas reduction by triethylgermane (H1)
is complete within a few hours at ambient temperature.

\
Cl1,Ge + Et,GeH + --=-/Gc\/\/“\//4

\
3 —Ge NN
——> Et,GeCl + /Ge GeCl,
(1)

Under the experimental conditions used (ambient
temperature, absence of solvent and catalyst), triethyl-
germane does not add to the unsaturation. The slow step
is the reduction of germanium tetrachloride; the
trichlorogermane which is formed then adds rapidly to
the ethylenic derivatives.

This method allowed us to prepare the second gener-
ation G2 of the alkyl germanium dendrimers having a
molecular weight of 5590 u.m.

We also tried to prepare organogermanium den-
drimers of this type by hydrozirconation of organoger-

manium polyalkenes, followed by transmetalation and
alkenylation (1V)
1. Cp,Ze(HXCT

GeW} 2. GeCl,

GO 4 3 [T MpCl

Ge\{/\/\/\(}e{\/\/\/)
Gl 3

However, the dendrimer G1 thus obtained was con-
taminated with a series of by-products and, therefore,
the direct hydrogermylation seems more advisable.

(1v)

2.2. Convergent method (Scheme 1, (b))

Another possibility for obtaining this type of den-
drimer consists of condensing on a germanium atom a
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system of chains already branched. In this case, the
starting material is the 6-chloro-1-hexene.

Direct hydrogermylation of this derivative is not
univocal [19); moreover, 6-trichlorogermyl-1-chloro-
hexane is obtained in only low yield (ca. 20%) when the
three reagents are mixed at ambient temperature, as well
as by the addition of 6-chlorohexene to germanium
tetrachloride previously reduced by triethylgermane at
20°C. In contrast, by addition of triethylgermane to a
mixture of 6-chlorohexene and excess germanium tetra-
chloride heated to S0°C, the more rapid reaction gives
the expected derivative in 54% yield.

Finally, a 73% yield was obtained by addition of an
equimolar mixture of triethylgermane and 6-chloro-
hexene to an excess of germanium tetrachloride at S0°C.

Alkylation of this derivative, followed by condensa-
tion of the corresponding organomagnesium with ger-
manium tetrachloride, gives dendrimer G1 identical to
that obtained by the divergent method.

The precursor P2 was obtained by the two following
methods (Scheme 2):

== alkylation of trichloro derivative 1 by the
organogermanium derivative of P1. This method is slow
and the derivative P2 was isolated in only poor yield;

— hydrogermylation of precursor P1 followed by
alkylation of product 2 formed by the Grignard reagent
of 6-chloroherene.

The synthesis of dendrimer G2 by the convergent

route starting from precursor P2 could not be achieved,
probably because of steric constraints.

2.3. Purification and characterization

The difficulties encountered during the course of this
work were of two types.

Firstly, in these reactions small quantities of impuri-
ties are formed that are often very difficult to eliminate.
Chromatography on pure silica proved to be insufficient
(notably for the purification of G1), and to obtain pure
dendrimers we had to use silica impregnated with ap-
propriate metal salts. The separation is a little improved
when one uses cobalt chloride, while with copper chlo-
ride the products are to firmly retained. The best results
were obtained by using nickel chloride.

Secondly, the characterization of these molecules is
difficult; IR and NMR spectia of the different molecules
are very similar, and mass spectra are difficult to obtain.
Although the mass spectrum of dendrimer GO was
easily obtained by electron impact, the higher homologs
G1 and G2 could not be characterized by the usual
methods (IE, FAB, etc.).

With the object of characterizing such compounds by
MALDI spectroscopy [20], we succeeded in functional-
izing these dendrimers by means of methyl thioglyco-
late which gives a rapid and quantitative addition reac-
tion with unsaturations (V)

- 1 . T &l Y& - &)
“WGQN\AE Ge * 12 SCH,CO0CH,

Gi
CH,O0COCH, S
4 Ge
3

The spectrum of compound 3, obtained with a matrix
derived from cinnamic acid, shows the expected signal,
but poorly resolved, in the region corresponding to the

calculated molecular mass (M = 2971). Similarly, den-
drimer G2 gives quantitatively the corresponding adduct

4
GW/\'/\/} Ge
y 4
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Organogermanium functional dendrimers resulting
from the addition of thioglycolic acid or methylthiogly-
colate to dendrimers G1 or G2 are similar to micelles
having an internal covalent structure and an external
polar surface.

3. Experimental details

3.1. Transition-metal salt impregnated silicagels

Silicagel (Merck 60, 230-400 mesh) (100 g) was
suspended in a solution of nickel chloride hexahydrate
(15 g) in 1500 ml water. The resulting suspension was
filtered on no. 3 sintered glass and then dried in an oven
at 140°C with occasional stirring to obtain a homoge-
neous yellow fluid powder (10 h). The product was
stored in a tightly-closed vessel. Similarly, from cobal-
tous and cupric chlorides were obtained the correspond-
ing blue (Co) and yellow (Cu) impregnated silicagel.

3.2. Cl,GelCH, ),CI (1)

First preparation. Triethylgermane (16.14 g, 0.100
mol) and germanium tetrachloride (40.00 g, 0.186 mol)
were mixed together at room temperature. 8 h later,
tricthylgermane was entirely consumed and 6-chloro-1-
hexene (11.50 g, 0.097 mol) was added under stirring.
After completion of the reaction (12 h), the mixture was
distilled giving 5.30p (18% yield) of pure 1. B.p. 106~
107°C /0.15 mmbg: njy = 1.4995. Ref. [17] 16% yicld,
B.p. 89-91°C/0.20 mmllg.

'H NMR (80 MHz, CDC1,): 8= 3.52 (1, JULH) =
6.3 Hz, 2H: CH,C1), 2.35-1.05 (m, 10H; CH,) ppm.

Second preparation. Tricthylgermane (1498 g, 0.093
mol), germanium tetrachloride (38.00 g, 0.177 mol) and
6-chloro-1-hexene (10.70 g, 0.090 mol) were mixed
together at room temperature. After completion of the
reaction (3 days), distillation of the mixture gave 6.32 g
of pure 1 (23% yield).

Third preparation. To a mixture of 6-chloro-1-hexene
(5.93 g, 0.050 mol) and germanium tetrachloride heated
at SO0°C was dropwise added 8.04 g (0.050 mol) of
triethylgermane. At the end of the reaction (1 h), distil-
lation of the mixwre gave 8.06 g of pure 1. B.p.
108-109°C /0.4 mmHg (54% yield).

Fourth preparation. An equimolar mixture of 6-
chloro-1-hexene (5.93 g, 0.050 mol) and triethylger-
mane (8.04 g, 0.050 mol) was added to germanium
tetrachloride (21.44 g, 0.100 mof) heated at 50°C. After
completion of the reaction (30 min), distillation of the
mixture gave 10.90 g of pure 1. B.p. 115-116°C/0.6
mmHg (73% yield).

3.3. ICH,= CH-(CH,),1,Ge(CH, ),Cl (PI)

Alkylation of 10.63 g (0.035 mol) of 1 with the
Grignard reagent obtained from 23.53 g (0.198 mol) of
6-chloro-1-hexene in THF gave, after usual treatment,
15.55 g (99% yield) of nearly pure P1. A purified
sample over silicagel (eluent pentane) showed the fol-
lowing physical properties.

n¥ =1.4861. Anal. Found: C, 65.26; H, 10.37.
C,,H ;5ClGe. Calc.: C, 65.27; H, 10.27%. IR (CDCl,
soln.): »=3074.8 (=C-H), 2922.8, 2853.0, 1820.2,
1640.4 (C=C), 1451.4, 1346.7, 1300.2, 1160.3, 996.2,
909.3, 691.6, 653.8 cm™'.

'"HNMR (80 MHz, CDCl,): = 6.12-5.50 (m, 3H;
~CH=), 5.28-4.70 (m, 6H; =CH,), 3.54 (1, J(H,H) =
6.5 Hz, 2H; CH,Cl), 2.55-1.75 (m, 6H; CH,~-CH=),
1.75-1.05 (m, 20H; CH,), 1.00-0.42 (m, 8H; CH,Ge)
ppm.

“CNMR (50 MHz, attached proton test, CDCI,):
8=139.1 (CH=), 114.2 (=CH,). 45.1 (CH,Cl), 33.5-
25.1 (CH,), 24.7 (CH,-CH=), 12.7-12.5 (CH,Ge)
ppm. Total absence of signals corresponding to CH,
and saturated CH carbons.

3.4. {ICH,=CH-(CH,),],Ge(CH,),},Ge(CH,),CI
(P2)

Convergent method. Alkylation of 2,99 g (0.010 mol)
of 1 with the Grignard reagent obtained from 20.67 g
(0.047 mol) of 1 in THF gave, after usual treatment,
098 g (7% yield) of nearly pure P2. A puritied sample
over silicagel (eluent pentane) had the following physi-
cal properties.

Anal. Found: C, 65.98; H, 10.54. C,H,,,ClGe,.
Cale.: C, 66.40; H, 10.50%.

'HNMR (80 MHz, CDC1,): 8 = 6.07-5.70 (m, 9H;
CH=), 5.15-4.74 (im, 18H; CH, =), 3.54 (1, HHH) =
6.5 Hz, 2H; CH,Cl), 2.24-1.72 (m, 18H; CH,-CH=),
1.72-1.03 (m, 68H, CH ), 1.03-0.44 (m, 32H. CH ,Ge)
ppm.

CMR (50MHz, attached proton test, CDCL,): 8 =
139.1 (CH=), 114.2 (=CH,), 45.2 (CH,C1), 33.4-25.2
(CH,), 24.7 (CH,~CH=), 12.8~12.5 (CH,Ge) ppm.
Total absence of signals corresponding to CH, and
saturated CH carbons.

Mixed method. Trichlorogermane (5.0 g, 0.027 mol)
and P1 (2.84 g, 0.006 mol) were mixed together at
room temperature. After completion of the reaction (1
h), distillation of the mixwre gave 5.75 g of pure 2
(97%). Alkylation of 5.75 g (0.006 mol) of 2 with the
Grignard reagent obtained from 11.90 g (0.100 mol) of
6-chloro-1-hexene in THF gave, after usual treatment
and purification over silicagel (eluent pentane), 2.80 g
(34% yield) of pure P2 having exactly the same physi-
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cal properties as the compound prepared by the conver-
gent method.

3.5. GO

A solution of hexenylmagnesium chloride was pre-
pared by reaction of 23.01 g (0.194 mol) of 6-chloro-
hexene with an excess of magnesium turnings (10.0 g,
0.411 mol) in 150 ml of dry ether (the reaction must be
initiated with 1.0 g, 5.3 mmol, of 1,2-dibromoethane).
At the end of the addition, the mixture was boiled for 1
h., then cooled. The Grignard reagent solution was
decanted from the unreacted magnesium and poured in
a 1 1 flask; 500 ml of ether was added and a solution of
germanium tetrachloride (6.50 g, 30.3 mmol) in 250 ml
ether was then added dropwise under magnetic stirring.
A pasty-white precipitate was formed progressively.
The resulting mixture was boiled for § h, then cooled in
ice; the excess of Grignard reagent was hydrolyzed and
the organic phase extracted and dried over sodium
sulfate. After removal of the solvent, the residue (10.65
2. 86.8% yield) was dissolved in 400 ml pentane and
the solution filtered through 50 g of silicagel. Evapora-
tion of the filtrate gave 9.61 g (78.3% yield) of nearly
pure tetrahexenylgermane. Chromatographically pure
product was obtained by chromatography of 1.0 g of
compound on 45 g Ni-impregnated silicagel (eluent
pentane).

Anal. Found: C, 71.44; H, 11.11. C,,H,,Ge. Calc.:
C. 7014 H, 10.95%.

IR (neat): v=30759 (=C-H)., 29959, 2976.0,
29229, 2851.4, 1821.1, 1640.6 (C=C), 1458.6, 1445.6,
1416.2, 1346.8, 1301.4, 1248.3, 1159.8, 1059.4, 993.3,
908.8, 693.7, 624.8 em ',

'HNMR (80 MHz, CDCI,): &= 6.11-5.54 (m, 4H;
CH=), 5.15-4.76 (m, 8H, CH, =). 2.51-1.76 (m, 8H;
CH,~CH=), 1.76-1.06 (m, 16 H: CH,). 1.06--0.44 (m,
8H; CH,Ge) ppm.

"CNMR (50 MHz, attached proton test, CDCl,):
8= 139.1 (CH=), 1141 (=CH,). 33.5-328
(CH=CH,-CH,-), 24.7 (CH,). 12.5 (CH,Ge) ppm.
Total absence of signals corresponding to CH, and
saturated CH carbons.

MS (70eV) (" Ge) m/e (1,,,): 405 (1, M~ 1)*; 323
QL M= CeH, )% 241 (27, M = 2C H, ) *: 159 (54,
GeCoH, )" 129(16). 89 (15, GeCH,)*: 81 (23,
CH,)*: 55 (100, C,H ).

3.6. Gl

3.6.1. Divergent route

A mixture of tetrahexenylgermane (1.01 g, 2.5 mmol),
tricthylgermane (1.61 g, 10 mmol) and germanium te-
trachloride (2.14 g, 10 mmol) was stirred under argon at

room temperature and the reaction was monitored by
NMR. After 3 days, the 'H NMR spectrum of the
mixture showed the vanishing of signals corresponding
to both ethylenic and Ge-H protons. Triethylgermanium
chloride formed was eliminated by heating the mixture
under vacuum (b.p. 60-62°C/13 mmHg, 1.83 g, 94%
yield). The residue (2.44 g, 2.17 mmol, 87% yield) was
dissolved in 25 ml THF and added dropwise to an
excess of hexenylmagnesium chioride (50 mmol). The
mixture was boiled for 5 h and after usual treatment,
3.52 g of crude G1 was obtained (83% yield). Repeated
purifications on Ni-impregnated silica (1 g G1, 30 g
silicagel, eluent pentane) gave chromatographically pure
G1 having the following physical properties.

IR (CDCl, soln.): v=3076.7 (=C-H), 2975.8,
2918.4, 2851.6, 1639.3 (C=C), 1459.5, 1418.0, 1383.2,
1345.6, 1301.3, 1259.5, 1097.8, 1001.1, 917.7, 749.5,
738.5, 728.2, 695.0, 652.0 cm™'.

'"HNMR (80 MHz, CDCl,): § = 6.14-5.52 (m, 12H;
CH=), 5.20-4.80 (m. 24H; CH, =), 2.40-1.78 (m,
24H; CH,~CH=), 1.78-1.00 (m, 80H; CH,), 1.00-0.35
(m, 40H; CH,Ge) ppm.

"'CNMR (50 MHz, attached proton test, CDCI,):
8 =139.1 (CH=), 1142 (CH,=), 33.5-32.8
(CH=CH,-CH,-), 25.3-24.7 (CH,), 12.8-12.6
(CH,Ge) ppm. Total absence of signals corresponding
to CH; and saturated CH carbons.

3.6.2. Convergent route

A Grignard reagent was prepared by reaction of pure
P1.(14.31 g, 0.032 mol) with magnesium wrnings (6.00
g, 0.25 mol) in 125 ml THF (the reaction was initiated
with 0,94 g, 5.0 mmol of 1.2-dibromoethane). After 10
h boiling, the unreacted magnesium was separated and
to the filrate was added a solution of germanium
tetrachloride (1.29 g, 6.0 mmol) in 30 ml THF and the
resulting mixture boiled for 2 h. After usual treatment,
11.5 g of crude G1 was obtained. Repeated purifications
on Ni-impregnated silicagel (30 g each, eluent pentane)
gave 2.90 g (1.7 mmol) of pure G1 (28% yield) identi-
cal to G1 samples obtained by other routes.

3.6.3. Synthesis of Gl by hydrozirconation

A mixture of GO (1.01 g, 2.5 mmol) and bis(cyclo-
pentadienyDzirconium chloride hydride [21] (2.60 g, 10
munel) in 10 ml THF was stirred under argon at room
temperature, The mixture, initially clear yellow, turned
dark red within 3 h. This solution was added dropwise
to a large excess (10.72 g, 50 mmol) of GeCl, in 100
ml ether, and the clear yellow suspension was stirred 10
h at 20°C then boiled for 2 h. After removal of the
excess of GeCl, by distillation and Cp,ZrCl, by filtra-
tion, this ether—pentane solution was treated with an
excess of hexenylmagnesium chloride in THF. After
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usual treatment was obtained 3.57 g of residue contain-
ing G1 and several unidentified products. G1 was iso-
lated by chromatography on Ni-impregnated silicagel
and was found identical (R, IR and NMR spectra) to
G1 samples prepared by other routes.

3.7. G2

3.7.1. Divergent route

A mixture of pure G1 (0.70 g, 0.412 mmol), triethyl-
germane (0.84 g, 5.22 mmol) and germanium tetrachlo-
ride (2.00 g, 9.32 mmol) was stirred up to the vanishing
of the signals corresponding to ethylenic protons in the
NMR spectrum of the mixture (17 days). Removal of
the excess of germanium tetrachloride and triethylger-
manium chloride gave a white solid residue (0.92 g).
The solid was dissolved in SO ml THF and treated with
an excess (0.05 mol) of hexenylmagnesium chloride in
the same solvent. After usual treatment, a pasty liquid,
crude G2, was obtained (1.09 g. 82% yield). Careful
purification on silicagel (eluent pentane + 20% CCl,)
gave chromatographically pure G2 having the following
physical properties.

IR (CDCl, soln): »=3076.7 (=C-H), 29759,
2924.4, 2851.3, 1639.2 (C=C), 1459.4, 1417.8, 1347.9,
1125.6, 1000.3 em ™"

'"HNMR (80 MHz, CDCl,): 8= 6.10-5.48 (m, 36H:
CH=), 5.26-4.70 (m, 72H, CH, =), 2.38-1.78 (m,
72H; CH,-CH=), 1.78-1.00 (m, 272H; CH,), 1.00-
0.24 (m, 136H, CH,Ge) ppm.

"CNMR (50 MHz, atwtached proton test, CDCI,):
8= 1391 (CH=), 1142 (CH,=), 33.5-32.8
(CH=CH,-CH,-), 25.3-247 (CH,), 12.8-12.6
(CH,Ge) ppm. Total absence of signals corresponding
1o CH, and sawrated CH carbons.

3.7.2. Convergent route (attempt)

In a carcfully-dried flask, filled with argon, was
placed 1.02 g (42.5 mmol) of magnesium turnings and 5
ml THF. 12-dibromoethane (0.94 g, 5 mmol) was
added, then, at the end of the reaction, pure P2 (2.22 g,
1.57 mmol) in 20 ml THF. The mixture was boiled for 3
days. To the filtered solution was added germanium
tetrachloride (0.072 g, 0.36 mmol) and the mixture
boiled for 5 h. After usual treatment, 2.09 g of clear
yellow residue was obtained, containing mainly unre-
acted P2. The formation of G2 was not detected.

3.8. {[CH,0COCH,S-(CH, ),~1,Ge~(CH, ),-},Ge (3)

To the dendrimer G1 is added without solvent an
excess (20%) of methyl thioglycolate. Afier completion
of the reaction (30 min, 60°C), the compounds are
separated over silicagel. The methyl thioglycolate is
eliminated first by elution with ether—pentane (50: 50)

and the derivative 3 is isolated pure by elution with
ether—pentane (80: 20): viscous liquid.

'"HNMR (86 MHz, CDCl,): = 3.72 (s, 36H; CH ).
3.20 (s, 24H; CH,-CO-), 2.61 (t, “J(H.H) = 7.16 Hz.
24H: CH,-S), 1.80-1.05 (m, 220H: CH,), 0.85-0.42
(m, 40H; Ge-CH,) ppm. )

*CNMR (50 MHz. attached proton test, CDCI,):
6=171.0 (-CO-), 96.1 (-CH,-CO-), 52.0 (CH,),
33.5-25.1 (CH,), 12.9-12.6 (GeCH,) ppm.

3.9. {l(CH,0COCH,S-(CH,),~),Ge~(CH, ),~1,Ge-
(CH,)—},Ge (4)

Similarly, the derivative 4 is obtained quantitatively
by reaction between G2 and an excess (20%) of methyl
thioglycolate.

'HNMR (80 MHz, CDC!,): 8= 3.71(s, 108H; CH ),
3.20 (s, 72H; CH,-CO), 2.61 (t, J(HH) = 7.16 Hz,
72H: CH,-S), 1.80-1.05 (m, 416H; CH,). 0.85-0.42
(m, 136H; Ge-CH,) ppm.

“CNMR (50 MHz, attached proton test, CDCl,):
§=171.0 (-CO-), 96.1 (-CH,-CO-), 52.0 (CH)),
33.6-21.5 (CH,), 13.2-12.5 (GeCIl,) ppm.
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