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Kurzfassung

Organozinnkatalysatoren finden in modernen Polymersynthesen kaum noch Anwendung, da diese meist als
toxisch und umweltgefihrdend gelten. Daher ist es Ziel moderner Forschungsarbeit, alternative Katalysatoren
zu finden. Eine mogliche Alternative bieten Organogermaniumverbindungen. In der Literatur sind nur
wenige Organogermanium katalysierte Polymerisationreaktionen bekannt. Da im Falle der Polyurethansyn-
these keine Germaniumkatalyse bekannt ist, entstand die Idee der Organogermanium katalysierten Poly-
urethansynthese. Basierend auf diesem Konzept war Ziel dieser Arbeit die Synthese von Organogermanium-

katalysatoren.

In Analogie zu bekannten Organozinnacetatkatalysatoren wurden Germanium analoge Verbindungen her-
gestellt und deren katalytische Aktivitit nachgewiesen. Dariiber hinaus konnten in dieser Arbeit Vorstufen
eines Aminopropylgermanium basierten Katalysators syntethisiert werden. Die Aminopropylgruppe fungiert
als Ankergruppe in der Polymermatrix und verhindert das “Catalyst leach out”. Fiir die Verbindungen
Triphenyl-3-aminopropylgerman und Diphenyl-3-aminopropylgerman hydrochlorid wurden neuartige Syn-
thesewege aufgezeigt. Anzumerken ist das, Diphenyl-3-aminopropylgerman hydrochlorid nicht literatur-
bekannt ist und die hierfiir verwendete Route in Zukunft als Universal-Syntheseroute dienen konnte. Im All-
gemeinen bildet Diphenyl-3-aminopropylgerman hydrochlorid die Vorstufe fiir eine finale Katalysatorsyn-

these.

Zusammenfassend konnte in dieser Arbeit gezeigt werden, dass Organogermaniumacetate als Katalysator
verwendet werden konnen. Zusitzlich konnten neue Syntheserouten fiir Aminopropylgermane gezeigt wer-
den, welche eine Katalysatorvorstufe darstellen. Alles in allem liefert diese Arbeit die Grundlage fiir das

neue Forschungsfeld der Amionopropylgermaniumcarboxylat basierten Katalyse.



Abstract

In modern polymer synthesis processes organotin catalysts are mostly no longer used therefore, target of
modern research work is the development of alternative catalysts. A possible alternative are organogerma-
nium catalysts. In literature only a few numbers of organogermanium catalysed polymerization reactions are
known. In the case of the polyurethane formation no germanium catalyzed reaction was known, therefore
the idea of germanium catalyzed polyurethane formation was born. Based on this concept the applicability
of germanium compounds analogous to the common tin catalysts would be interesting. Therefore, the aim
of project was the synthesis of catalytically active germanium acetates and the development of new synthesis

routes.

In analogy to organotin catalysts, the formed end products are catalytic active germanium acetates and
the aminopropyl anchor group including compounds triphenyl-3-aminopropyl germane and diphenyl-3-
aminopropyl germane hydrochloride. The anchor group is used for covalent polymer matrix bonding to
prevent a catalyst leach out. That aminopropyl germanium compounds are precursors for a noval catalyst
generation based on aminopropyl germanes. Main target of this work was the synthesis of aminopropyl
substituted germanes, which are used as catalyst precursors. This target was achieved with the synthesis of
diphenyl-3-aminopropyl germane hydrochloride. The compound is not literature known and the synthesis

route could be used as an general synthesis route for this compound type.

Overall, in this work the catalytic activity of germanium acetate was proved. In addition, novel synthe-
sis routes for catalyst precursors with aminopropyl anchor groups were found. Therefore, this work delivers

the base for the synthesis of aminopropylgermanium carboxylate catalysts.
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1 Introduction

Polyurethanes (PU) are widely common in the material technology for a large number of applications. PU
are used for materials in different technological products. For example in foams, exible plastics, textiles,
automotive parts and electronic componéHt#\ urethane is formed by reacting an alcohol (R—OH) with

an isocyanate (R—NC=0), for polyurethanes polyols and diisocyanates are used. Between these groups
the reaction rate is slow, therefore a catalyst is used to accelerate the polymerization. Nowadays there are
various of options for the catalysis of this reaction. Organic heterocycles or organometallic compounds are
common catalystg

Scheme - Example catalysts for the polymerization reaction fof#

Compound (1), 1,4-diazabicyclo-[2.2.2]-octane (DABCO) is the most common catalyst for the PU synthesis.
DABCO is a heterocyclic catalyst with two tertiary amine groups and used in gelling or blowing polymeriza-
tions. Steric hindrance, volatility and the molecular weight affects the catalytic activity negative. A Strong
sh like smell and the toxicity in combination with the volatility (volatile organic compounds (VOCSs)) are
additional disadvantagés:

Compounds (1) and (Ill) are organometallic catalysts, an exceptionally high catalytic activity shows com-
pound (1) dibutyltin dilaurate (DBTDL). In presence of a small amount of organotin compounds, the in-
crease of the reaction rate is great. DBTDL can be used exibly for the most industrial polymerization
systems, moisture or light in uences the process only marginally. In the polymer matrix the catalyst is not
covalent bounded, environmental effects such as rain can leach out the tin compound and release them in
the environment. This effect is called "leach out effect” and is the source of various environmental prob-
lems!24-6]

A huge disadvantage of organotin catalysts is the toxicity. Furthermore, the substitution pattern of the
compound is in a direct relation with the toxicity. For example alkyltin compounds are more toxic than

aryltin compounds. Moreover, with the number of halogen atoms the toxicity decreaSrsX R Ro,SnX,

> RSnX:.[24-61 In medical studies rats lost weight and became lethargic after the exposure of a signi cant
amount of DBTDLL! The activity of the heme cytochrome P-450 decreases and affects the biotransfor-



mation in the microsomd®&! In addition, DBTDL shows an effect of the hormonal metabolism and is cyto-
toxic.[8° The European Chemicals Agency classi es DBTDL as "Toxic to Reproduction” and "Suspected to
be Mutagenic”. Therefore the European Union (EU) banned organotin compounds as industrial é8talyst.

Target of modern research work is the leach out inhibition. One possible approach was found in our work-
ing group. The idea behind it is a covalent bonding of metal containing catalysts into the polymer matrix.
Aminopropyl groups were used for the matrix bounding by Pi¢Hland Miller.®! In scheme 2 the anchor
group (aminopropyl group) bonds covalently in the polymer matrix and prevents the ledéh out.

Scheme 2- Principle of the aminopropyl anchor system - A = carboxylate group, halogen atome, R = alkyl-,
aryl-group®

Our working group developed synthesis routes for tin catalysts with alkyl, aryl, aminopropyl and carboxy-
late side chains. In kinetic experiments aminopropyltin compounds show a signi cant catalytic activity.

Futhermore, the compound typ (V) delivers a activity similar to DBTDL. Structures of the used catalysts are
illustrated in the following schemnfé!1l

Scheme 3- Example catalysts for the kinetic studies, R—CHs, —(CH)10CHz , R? = alkyl-, aryl-groug>-11!

A second possible approach to avoid the known disadvantages of organotin compounds is the use of a
non toxic organometallic catalyst. One of the direct neighbour elements of tin in group 14 is germanium.
In contrast to tin, organogermanium compounds are not considered as'fdxiBased on this concept,
organogermanium compounds are an environmentally friendly alternative to tin catalysts.



Scheme 4- Idea and principle of the new germanium based catalyséd=akkyl- and phenyl group; R= alkyl
group

In addition, the combination of the approaches "covalent bonding” and "organogermanium catalysts” is also
a possibility. Analog to tin, the resulting compounds are alkyl- or arylaminopropylgermanium acetates.

1.1 Aim of Project

Based on this concept the applicability of germanium compounds analogous to (lll), (IV), (V) and (VI)
would be interesting. Therefore, the aim of project was the synthesis of catalytically active germanium
acetates and the development of new synthesis routes for aminopropyl germanes. For this purpose, three
compound classes are interesting to synthesize, compound (VII) dialkyl- or diarylgermanium diacetates
are the germanium analogous to the DBTDL-type. (VIII) Trialkyl- or triaryl-3-aminopropyl germanes and
(IX) dialkyl- or diaryl-3-aminopropyl germanes are catalyst precursors or catalysts for the polyurethane
formation. Furthermore, the determination of the catalytic activity is also a project target.

Scheme 5- Types of germanes in the project Ralkyl, R2 = alkyl or aryl, X = H, Cl or —OOCCH



2 Literature

2.1 Germanium halides and organogermanium catalysts for polymerizations

Germanium catalysts can be used in different elds of polymer synthesis. Reversible chain transfer cat-
alyzed polymerization (RTCP) is an exampi8.In literature Gejl*>171and (p-tolyl)Ge4!®! were used as
transfer catalyst. For a good molar weight control a large number of activation/deactivation cycles between
catalyst and polymer is necessary, in scheme 6 the cycle is illustrated. Radical transfer b&elgeamd

the polymer chain is the principle behind the cycle. Typical monomers for RTCP are styrene or methyl
methacrylaté!>-17]

Gels+ Rpoymer) * |=Rpoymer+ Gek) * Gel+ Rpolymer

Scheme 6- Chain transfer mechanisem proposed by Goto &bzl’]

Germanium catalysts have a lower catalytic activity than the analogous tin compounds> &dl, >
(p-Toly)Gek.[*>-171 However, in contrast to tin (IV) iodide germanium(lV) iodide is not considered as
CMR substance or environmental harmfdi18-1° Synthesis conditions and solvents are similar to common
polymerizations. For example the polymerization of styrene is performed in THF & #® 7 h. BPO was
used as initiator, as starter GH-ind Ge}, as catalyst:>-1°

Scheme 7- Gel; catalysed styrene polymerizatiéerl’]

GeCl, is also a possible catalyst for RTCP. Known in literature is the copolymerization of vinyl acetate and
acrylic acid?!

Furthermore, precursers for "reversible addition fragmentation chain transfer polymerizations” (RAFT) can
synthezied by germanium catalysed RTCP. An example is the preperation of the poly(methyl methacry-
late) iodine. The iodine is formed by reacting methyl methacrylate withsCidl presence of Ggland

the initiator 2,2'-azobis(4-methoxy-2,4-dimethylvaleronitrile) (V-70). Synthesis conditions and solvents are

similar to common polymerizations. For example the polymerization with methyl metacrylate is performed

in dioxane at 40C 21
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Scheme 8- Example of a Galcatalysed polymerizatid#i—23]

In addition to germanium halides, complexes of germanium are catalytically active. Guo and ®Abmas
used [Ge(N(SiMg)2)4(THF),] as replacement for common tin catalysts in lactide polymerizations. Com-
mon catalyst tin(ll) bis(2-ethylhexanoate) is harmful for the human organism and the environment. In a ring
opening polymerization (ROP), a conversion of 97% at room temperature is achieved by using 0.5 mol%
catalyst. Catalyst preperation is done by a salt metathesis of;@a@INa[N(SiMe),] in THF.[14]

GeCl + 4Na[N(SiMe)z] + 2THF!  [Ge(N(SiMes)2)a(THF)] + 4NaCl

Scheme 9- Catalyst synthesis via salt metathesis

Scheme 16- Ring opening polymerization of the lacti48

2.1.1 Germanium acetate based catalysts

In literature only a few germanium acetate based catalysts and their possible applications are known. Here
by, the polycondensation of bis(2-hydroxyethyl) terephthalate with Ge(asxatalyst at high tempera-
tures of 285 C can be mentioneld?]

Scheme 11 Polycondensation of PE2f]
Futhermore, trans esteri cation between poly(ethylene isophthalate) and poly(ethylene terephthalate) with

germanium acetate as catalysis is known. Ge(@Axadded to a melt of the polymers at aprox. 28)
formed is a copolymer of the ethylene terephthalate and ethylene isophiflate.
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Scheme 12- Ge(OAc) catalysed trans esteri cation of poly(ethylene isophthalate) and poly(ethylene terephtha-
late)2®]

2.2 Synthesis of germanium acetates
Anderson et.df®! synthesized in 1950 triethylgermanium acetate, by reacting bis-(triethylgermanium)-

oxide with acetic anhydride. Diethylgermanium diacetate was synthesized from diethylgermaniumoxide
and acetic anhydride. The synthesises were performed under re ux without sdf#énts.

Scheme 13- Synthesis of ethylgermanium acetgls
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Drake et.al?”l synthesized in 1972 germanium acetates through a reaction from the corresponding bromide
with silver acetate. The synthesises was performed at room temperature without a solvent. The puri cation
was done by fractionated condensation at - @%%"]

Scheme 14- Synthesis of methylgermanium acetate
Komanduri et.al?®l also synthesized germanium acetates at room temperature in 2001. The germanium
acetates were formed by a salt metatheses with silver acetate (1.2 eq.) from the corresponding germanium

chloride (1.0 eq.) with benzene as solvent (see table 1). Bene ts are the mild conditions and the yields over
85%!28

Scheme 15- Synthesis of trisubstituted germanium acet#8sR = H, alkyl or phenyl

Table 1— Synthesized compounds and yiéf

In literature only a small group of germanium acetates are known, in addition the catalytic activity of this
compounds are not known or investigated for the polyurethane formation. Therefore catalytic activity mea-
surements are targets for research projects in the future.
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2.3 Synthesis of aminopropyl germanes

Second interesting compound class in this work are aminopropyl germanes, because the amino function
should be used as anchor for the catalyst in the polymer matirx. According to literature only a few amino-
propyl germane synthesis routes are known. An approach is from Chazalett&ebased on a hydro-
germylation of triphenyl germane with allyl amine. THF, the starting materials and the initiator AIBN were
heated up at 100C for 3 days in a sealed tube. Triphenyl-3-aminopropyl germane was isolated, with a yield
of 45 %29l

Scheme 16- Synthesis of triphenyl-3-aminopropyl germane

Disadvantages of this route are the relatively harsh conditions, this route will maybe not work easily with
the before mentioned germanium carboxylates or germanium halides. Therefore this route must be criti-
cally reviewed as synthesis way for other aminopropyl germanium compounds. Other building blocks and
alternative synthesis routes for aminopropyl germanes are based on germanium di- and -trihydrides. For this
purpose, in the following section a synthesis route is shown.

2.4 Synthesis of germanium hydrides

Germanium hydrides can be used as universal building block in the synthesis of alkyl substituted germanes
(for example for aminopropyl germanes), therefore is in this section a simple and common synthesis route
for mono-, di- and trihydrides is described.

Germanium hydrides can be synthesized from the corresponding halogen compound. In literature, hydro-
genation with lithium aluminium hydride (LAH) is very common. The synthesis is performed in diethyl
ether at room temperatuf®31 The formed hydrides are used in the next section for the formation of highly
reactive germanium anions.

H
H
H

RsGeX M
R,GeX, M
RGeX; M

R3GeH
R.GeH,
RGeH;

Scheme 17 Hydrogenation of halogen germanes, R = alkyl or aryl, X = Br or Cl
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2.5 Synthesis of germanium anions

Germanium anions are very important in the synthesis of alkyl substituted germanes (for example for amino-
propyl germanes), therefore is in this section a synthesis route is shown. The anions can be formed in a
reaction from germanium hydrides with 1.0 - 1.2 eq. t-butyl lithium. In 1989 Castell#.alynthesized
PhhHGeLi from H,GePh. The synthesis was carried out in THF at - 41 in yields of 9094321 The formed
germanium anion could be used as starting material in salt metathesis reactions to form alkyl substituted ger-
manes.

Scheme 18- Lithiation of diphenyl germarté?!
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3 Results and Discussion

3.1 Synthesis of germanium acetates

Scheme 19- Germanium analogous compound to the DBTDL Type-=Ralkyl- and phenyl group; R= alkyl
group

The principle idea was the synthesis of germanium analogous compounds to dibutyltin dilaurate (DBTDL)

and dibutyltin diacetate (DBTDA). For tin halides a salt metathesis with potassium acetate is known in liter-

aturel® Therefore, the applicability of this salt metathesis should also be tested for germanium compounds.
For this test synthesis, diphenylgermanium dichloride was used as starting material.

Scheme 26- Principle of the salt metathesis with potassium acetate

The rst experiment was performed in analogy to the corresponding tin comp@uRdr this purpose
dichlorodiphenyl germane was reacted with potassium acetate in methanol, at room temperature and at
various reaction times (30 min., 60 min. and 180 min.). After the worlklipnd*3C - NMR were measured,
however many side products could be observed in the NMR - spectra. The second experiment was done
under reaction conditions which are known from allyl tin compouf8isA salt metathesis from potassium
acetate and diphenyldichloro germane in methanol at (G@as performed. The isolated product was also

not pure and many side products were formed. Frotd aNMR spectrum the yield was determined. The
—CH;z singlet of the acetate group in thE-NMR spectra was integrated and a main product yield of 65%
was achieved in relation to the side products. Possible side products are formed by an acetoxylation of the
acetate on the phenyl ring. Different phenyl acetates were formed and in literature also similar reactions on
benzene are knowd¥ Sodium acetate was used alternatively to potassium acetate in a third experiment.
Two stirring times were tested, 2 and 16 hours in tolouene. It was also not possible to isolate the product and
a mixture of different substances was obtained in the NMR - spectra.

Overall, the salt metathesis with potassium or sodium acetate is working but a pure product could not be

16



isolated. Hence, a literature known salt metathesis with silver (1) aé&ldtestead of alkali metal acetates
was used for the following reactions.

3.1.1 Salt metathesis with silver (I) acetate

In analogy to a literature known way from Komanduri et/ diphenylgermanium acetate (X) and diethyl-
germanium acetate (XI) were synthezied. Disadvantages are photo sensitivity of silver acetate and costs of
silver salts. Positive aspects are a high yield and the simple work up. In order to remove traces of acetic acid,
the silver (l) acetate was washed 3-times with dry THF. The synthesis was performed at room temperature
in dry benzene and under exclusion of light. Diphenylgermanium acetate (X) is an air instable white powder
and diethylgermanium acetate (XI) is an air instable transparent liquid. Characterisation of this compounds
was done vidH and'3C - NMR spectroscopy.

Scheme 21 Synthesis of diphenylgermanium acetate and diethylgermanium acetate

Compounds (X) and (XI) were used in the following experiment as catalyst and the catalytic activity of the
compounds were determined.

3.2 Application as catalyst and kinetic studies of germanium acetates

Muller et.all®® developed a NMR based system for catalytic activity measurements of tin compounds.
To compare germanium to tin catalysts the same experiment was implemented. The reaction of phenyl
isocyanate with methanol and a 3 mol% catalyst solution in deuterated chloroform has been used for the
activity determination. For this purpose in-sitd - NMR spectra with a 60 MHz benchtop NMR were
measured and by integration of methanol and product H-atoms signals the reaction progress was tracked.
The used shift of methanol is located between 3.18 ppm to 3.59 ppm and for phenyl isocyante between 3.60

17



ppm to 4.01 ppm. To set a bhenchmark for the catalytic activity of each catalyst, the dyapeigtmeasured
until a 50% conversion of product and methanol. In gure 1 the principle of reaction tracking is illustrated.

Figure 1 — Principle of the activity determination based 4 - NMR measurements, used catalysts in this work:
PhhGe(OAc), EtrGe(OAcy and DBTDL

3.2.1 Catalytic activity of diphenylgermanium diacetate and diethylgermanium diacetate

Under PhGe(OAc) catalysis the model reaction deliveredsg of 950 s. In analogy BEGe(OAc) was

used as a catalyst in the model reaction under the same conditions and deligesrofa1000 s. In a time

- area diagram ( gure 2) the conversion is illustrated, the increasing amount of the product is visualized in
red and the decreasing amount of methanol in green.

18



Figure 2 — Catalysis test of EGe(OAc) left and PhGe(OAc) right

3.2.2 Comparison and discussion of the catalytic activity

Table 2— Summery of the catalytic activity, conditions: 3M of phenyl isocyante and 3M of methanol, each solved
in CDClz, 3 mol% catalyst in CDGl Temperature 25C,

Compound g0% (S)
DBTDL 5
Ph,Ge(OAc) 950
Et,Ge(OAc) 1000
blanc 3800

Next to the two germanium catalysts, DBTDL was used as benchmark and yielded a product conversion of
50 % in 5. Under the same experimental conditions the reaction without a catalyst (blanc) was tested. The
uncatalyzed (blanc) reaction needed 3800 s for 50% conversion.

DBTDL is much more active than the germanium compounds but a bene t of germanium catalysts are
the low toxicity. Also the possibility for an industrial use is given because germanium compounds are not
banned from the industrial u§€! Nevertheless, to come up with a nal judgement for the organo germanium
compounds further experiments and optimizations too carried out the reaction conditions must be done. In
comparison, the germanium acetates deliver a 3.8 times faster conversion as the reaction without a catalyst.
In summary, it can be shown that germanium acetate compounds are possible catalysts and an alternative to
common tin compounds.
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3.3 General synthesis strategy for aminopropyl germanes

Scheme 22- General synthesis strategy - process of protection, synthesis of the aminopropyl germanium or tin
compound via salt metathesis and deprotection of the amihe,HRor alkyl, R2 = alkyl, R? = aryl, alkyl or H, E
=GeorSn

The synthesis of aminopropyl germanes is a major target of this work, because the aminopropyl group can
be use as an anchor group for covalent polymer matrix bonding. Pichler aherff] used that principle
to prevent tin catalyst leach out from the polymer matrix.

Based on that concept, a general synthetic route for aminopropyl germanes is necessary. General idea is
a salt metathesis because a simple work process could be used furthermore, high yields are typically for that
reaction typ. But a direct salt metathesis with an aminopropyl compound is not possible because the amino
group is also reactive and many by-products would be formed. To solve this problem a protection group is
used for the amin&% For this purpose the reaction of aldehydes and ketons with 1-chloro-3-propylamine
were used to prepare the protected amines, called 1-chloro-3-propylimines (XII).

After the protection the compound is used in an usual salt metathesis. The formation of a highly reac-
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tive germanium anion as reaction partner in the salt metathesis is the next step. In the following sections
different strategies for germanium anion formation are test and described. Next step is the salt metathesis,
an organo tin or germanium anion{BE " reacted with the protected amine and (XIlI) is form@dAfter

the reaction of germanium anion and protected amine (salt metathesis) the amine group is deprotected with
hydrochloric acid and the amino hydrochloride (XIV) is formed. By-product is the corresponding aldehyd
or ketone> 6l

Overall, there are two independent pre-steps for the formation of the aminopropyl germanes — one is the
synthesis of the protected amine the other one is the germanium anion formation. Therefore, the investi-
gation of the amine protection is the rst step and which aldehyde or ketone could be used for the amine
protection. Therefore, a overview is given in the following section.

3.4 Precursor synthesis - protection of amine groups

The reaction of aldehydes and ketons with 1-chloro-3-propylamine were used to protect amines and a 1-
chloro-3-propylimines (XIl) are formed. For the side groups callddaRd F in scheme 23 different
approaches were tested. One requirement is a high volatility of the formed aldehyde/ketone after the de-
protection, because a removal in vacuum is planned. Furthermore, a high storage stability is demanded from
the compound.

Scheme 23- Synthesis of the imine (protected amine)

Five different ketones and aldehydes were tested for the protection of propylamines (see table 3). The educts
was reacted with 1-chlor-3-propylamine under water separation. The formed products from 3,3-dimethyl-
2-butanone and 2-methyl-propionaldehyde delivered a yield under 10%. Therefore, those approaches were
rejected. Benzaldehyde, acetone and pivaldehyde delivered a yield of more than 75%. In the deprotection
step after the salt metathesis a high volatility is helpful. Therefore the approaches protecting with acetone or
pivaldehyde were used for further experiments and invastigations, because the reformed aldehydes are much
more volatile as benzaldehyde. Furthermore, the protection with pivaldehyde was known in litfhture

but the costs of the starting material pivaldehyde are relatively high. Therefore, the cheaper route was also
interesting and is discussed in the following section.
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Table 3— Overview of the tested aldehydes/ ketones for the amine protection

3.4.1 2,2-Dimethylpropyl-imino protection group

Pichler and Miller’®>8] showed the use of 2,2-dimethylpropyl-imino groups as a good and practicable protect-
ing group!® A negative factor of this route is the high price of the starting material, pivaldehyde. Bene ts
are the high stability, an easy synthesis route, high storage stability and appropriate volatility. Pivaldehyde
and 1-chloro-3-propylamine hydrochloride were used for the 1-chloro-3-(2,2-dimethylpropyl-imino)propane
(XV) formation.
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Scheme 24- Synthesis of 1-chloro-3-(2,2-dimethylpropyl-imino)proparé

3.4.2 iso-Propylimino protection group

Alternatively to the literature known approach, a new protection group based on an iso-propylimino group
is invastigated. Acetone and 1-chloro-3-propylamine hydrochloride were used as starting material for the
1-chloro -3-(iso-proyl-imino)propane formation. After the work up, 1-chloro-3-(iso-propyl-imino)propane
(XVIIl) was isolated as slightly yellow oil and was characterized ¥y and 13C - NMR spectroscopy.
1-chloro-3-(iso-propylimino)propane (XVIII) is more air- and temperature- sensitive as 1-chloro-3-(2,2-
dimethylpropyl-imino)propane (XV), but under nitrogen also storable for longer periods. The biggest bene t
of this route is the massive lower price of the starting material acetone. Futhermore, the synthesis route is
simpler and the volatility is better as the 2,2-dimethylpropyl-imine (XV) protecting group.

Scheme 25- Synthesis of 1-chloro-3-(iso-propylimino)propane

3.4.3 Salt metathesis test in a model reaction

To use this compounds in the development of new reactions on the germanium the protection group sys-
tem must work in a salt metathesis. In order to test this, a literature known reaction was used. The
use of 1-chloro-3-(2,2-dimethylpropyl-imino)propane in a salt metathesis with triphenyl stannane is known
in literaturd®®:3% and 1-chloro-3-(iso-propylimino)propane was tested as alternative compound. The pro-
tected amine 1-chloro-3-(2,2-dimethylpropyl-imino)propane (XV) or 1-chloro-3-(iso-propylimino)propane
(XVIII) was reacted with the tin anion (XVIF-¢! The anion is formed by a lithilation of triphenyltin hydride

with LDA. After the work up, the corresponding stannane was isolated. Triphenyl-3-(2,2-dimethylpropyl-
imino)propyl stannane (XVII) and was isolated as colourless oil and 1-chloro-3-(iso-propylimino)propyl
stannane (XX) was isolated as colourless crystals. The characterization of both compounds were done by
IH, B3C and''%n NMR spectroscopy. As side note, triphenyl-(iso-propylimino)propyl stannane (XX) is not
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known in literature and in addition, a new cheaper protecting group for amines was developed in comparison
to the already known 2,2-dimethylpropyl-imine way.

Scheme 26- Formation of the stannane in the model reaction

Scheme 27 Isolated compounds from the salt metathesis test
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To summarize, both described ways are possible for the protection of amines. For following synthesis steps
2,2-dimethylpropyl-imino groups are used as an protection group, because a better air- and temperature-
tolerance is nessesary for the development process. After that development process of new routes, the
process could be eventually changed to the cheaper iso-propylimino group approach.

3.5 Synthesis of triaryl-3-(2,2-dimethylpropyl-imino)propyl germanes

In section 3.4.3 the synthesis of triphenyl-3-(2,2-dimethylpropyl-iminopropyl) stannane (XVII) was shown.
This stannane is used in literatir®3% as a precurser in the synthesis of various catalytic active tin carboxy-
lates. Therefore, similar steps are planned with the germanium analogous compounds to form a catalyst.
For this purpose, triaryl-3-(2,2-dimethylpropyl-iminopropyl) germanes were synthesised as a precursor for
catalysts in analogy to the tin compounds from section 3.4.3. Triaryl-3-(2,2-dimethylpropyl-imino)propyl
germanes include the important amino anchor group (in protected form) and also 3 aryl groups. This aryl
groups are potential reaction sides for substitution or rearrangement reactions. To form this germanium
compound, a synthesis way via salt metathesis in particular was not known in literature. Therefore, dif-
ferent ways are tested and investigated. Basic principle of all routes is the forming of a germanium anion
(alkylation) and afterwards a salt metathesis. One of the rst steps was the triphenyl-3-(2,2-dimethylpropyl-
iminopropyl)germane synthesis via lithilation of tetraphenyl germane.

Scheme 28- Principle of the triaryl-3-(2,2-dimethylpropyl-imino)propyl germane synthesis, M = Li or K, Ar =
aryl group

In step one, tetraphenyl germane was formed by reacting the grignard compound phenylmagnesium bromide
with germanium tetrachloride.
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Scheme 29- Synthesis of tetraphenyl germane

For step two, tetraphenyl germane was reacted with 1 eq. metallic lithium in THF. A brownish suspension is
formed, 1-chloro-3-(2,2-dimethylpropyl-imino)propane (XV) was added and after the workup 1l thied

13C - NMR spectra only a mixture of compounds could be determined. Therefore this approach was rejected
for following steps. The second approach was the tris-(2,5-xylyl)-3-(2,2-dimethylpropyl-imino)propy! ger-
mane synthesis via potassium salt metathesis. The starting material was synthesised by using a method
developed by Wolf and Traxlé#1:37! Tri-(2,5-xylyl)germanium halides were formed by reacting the grig-

nard compound 2,5-xylylmagnesium bromide with germanium tetrachloride.

Scheme 306- Synthesis of tris-(2,5-xylyl)-germanium halides, X = Cl or Br

For step two, the tris-(2,5-xylyl)-germanium halide was stirred with metallic potassium for 18 h in THF.

A red brownish solution was formed, 1-chloro-3-(2,2-dimethylpropyl-imino)propane (XV) was added, after
the workup'H and3C - NMR spectroscopy and GC/MS were measured. The major product of the reaction
(scheme 31) was tris-(2,5-xylyl)-3-(2,2-dimethylpropyl-imino)propyl germane, but in addition by-products
were obtained. A seperation via column chromatorgaphie was not successful, hence the route was also
rejected for follow-up reactions.
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Scheme 3% Synthesis of tris-(2,5-xylyl)-3-(2,2-dimethylpropyl-imino)-propyl germane, X = Cl or Br
Overall, the synthesis with the corresponding triaryl germanium compounds was only partially successful.

Major problem is the preparation of the anion without the forming of by-products. Therefore, an alternative
route based on digermanes was investigated.
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3.5.1 Synthesis of hexaphenyl digermane

Both routes (lithilation of tetraphenyl germane and synthesis via potassium salt metathesis) deliver also var-
ious by-products. To avoid this problem a possible approach is the use of hexaaryl digermanes following by
a Ge-Ge bond cleavage with potassium. For this purpose hexaphenyl digermane was synthesized by wurz
coupling described by Zaitsev et.BE! The reaction of phenylmagnesiumbromide with germanium tetra-
chloride and magnesium was used to prepare hexaphenyl digermane (XXV). The product solubility in ether
is limited, as a result hexaphenyl digermane precipitate as white solid in the ether phase. Therefore a sim-
ple separation from the by-product tetraphenyl germane was possible, because the solubility of tetraphenyl
germane in ether is much better.

Scheme 32- Synthesis of hexaphenyl digermane

The characterisation is done vial and *3C - NMR spectroscopy, in addition the melting point was mea-
sured. In*3C NMR only one C-atom delivers a signi cant other shift as tetraphenyl germane, therefore the
melting point was used as a second characterisation attribute. The measured melting point of the product is
330 - 332 C and is in full agreement with the literatuf8! As side note, the melting point of tetraphenyl
germane is 230 - 235C[*% The 13C NMR shift of the C-atoms bonded to the germanium are used for the
differentiation between the compounds, marked in red in scheme 33.

Scheme 33- 13C - NMR shifts - the in red marked atoms deliver the given shift
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3.5.2 Synthesis of triphenyl-3-(2,2-dimethylpropyl-imino)propyl germane via Ge-Ge bond cleavage

In the section before hexaphenyl digermane was synthesized for the purpose of Ge-Ge bond cleavage to
prepare selectively germanium anions. Hexaphenyl digermane was suspended in THF and potassium was
added. The white suspension was re uxed and the potassium was melted and a suspension was formed. On
this point the choice of a solvent with a boiling point higher as the melting point of potassium is important.
Boiling point of THF is 66.0 C*!l and the melting point of potassium is 63642 The formed anion is in

THF solution dark green, after 1-chloro-3-(2,2-dimethylpropyl-imino)propane (XV) adding a colour change

to white brownish was obtained. After the work up, the product was isolated as a slightly yellow oil. The
characterization was done By, *3C - NMR spectroscopy and a GC/MS measurement.

Scheme 34- Synthesis of triphenyl-3-(2,2-dimethylpropyl-imino)propyl germane via Ge-Ge bond cleavage
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3.5.3 Synthesis of triphenyl-3-aminopropyl germane

To synthesize triphenyl-3-aminopropyl germane the iminopropyl group was deprotected. The reaction of
hydrochloric acid with the corresponding imine (XXVII) was used to prepare the amino hydrochloride
(XXVIII). Afterwards in a neutralisation reaction the free amine (XXIX) was formed. For this purpose,

in a rst experiment potassium hydroxide in methanol was used. The product isolation and separation from
the byproduct potassium chloride was complicated. Therefore, pyridine was used as base in the neutralisa-
tion step and the expected free amine was isolated in a yield of 95 %.

Scheme 35- Synthesis of triphenyl-3-aminopropyl germane and neutralisation of the amino hydrochloride
The characterisation of the hydrochloride (XXVIII) was done H# °C - NMR spectroscopy and x-ray

crystallography. The crystal structure is illustrated and discussed on the following pages. For the free amine
compound (XXIX)'H and'3C - NMR were used as characterisation methods.
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In gure 3 the crystal structure of (XXVIII) is given, phenyl and protonated aminopropy! ligands are visable.
In addition, a molecule water interacted via H-bond with the protonated aminopropyl group. The source of
water was hydrochloric acid from the deprotection.

Figure 3 — Crystal structure of triphenyl-3-aminopropyl germane hydrochloride (XXVIII), complete atom num-
bering is illustrated in the appendix
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Table 4— Crystal structure - important bond and angle parameters of compound (XXVIII)

Table 5— Bonding distances and angels from similar compounds from liteF4tdfé

The crystal structure of the novel compound (XXVIII) is compared with a similar tin compound in table

5. In table 5 Sn is the central atome C4 and C1 are the atoms on the phenylgroup, C6 on the propyl
rest. Both hydrochlorids from table 5 and 4 are tetrahedral and the ammonium group is not coordinated to
corresponding hetero atom (Ge or Sn). Reason for this is the missing free electron pair at the N-atom, no
coordination to the central atom (Ge or Sn) occurs. The Sn - phenyl bond is ciksdodger as the Ge -

phenyl bond, in comparison with GePtine bonding length is nearly the same. The distance Ge-i€H

little bit longer as the phenyl bonding length. At the diphenyl-ethyl-3-aminopropyl stannane hydrochloride
the bonding length is circa 0&2longer. The tetrahedral angle of (XXVIIl) and from the tin compound

are not exactly the theoretical expected angle of 108%n a symetric molecule like GeRlthe angle is

nearly on the theoretical angle. Main reason of this differences is the volume of the ligands, because the
phenyl group needs more space as the propyl group. A secound is the atomic radius of germanium and tin,
germanium is smaller therefore, the ligands can better distribute around the atom.
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3.6 Attempts for the cleavage of germanium-phenyl bonds

In literature the cleavage of the phenyl - Sn bond is known, for this purpose hydrochloric acid in diethyl
ether is uset:®! One molecule of HCl is needed to cleave one tin phenyl bond. For example, diphenyl-3-
aminopropyl-chloro stannane was synthesized from the corresponding triphenyl derivative as catalyst precur-
sor, from Muller>11 Also tri uoroacetic acid (TFA) can cleave the tin phenyl bond, reaction product is the
corresponding tin tri uoracetate. In addition, Pichfshowed a thermal rearrangement of 3-aminopropyl
stannane hydrochloride. The chloro atome of the hydrochloride substitute one of the phenyl groups and the
corresponding chloro stannane and benzene are formed. The reaction is performed in vacuunCat 160
For that reason cleaving of the phenyl germanium bond in order to form the corresponding diphenylchloro
germane was a target in this wdfR:4344]

Scheme 36- Target and principle of the Ge-phenyl bond cleavage

Therefore, in analogy to known reactions from phenyl stannanes, the applicability of analog germanium
compounds was investigated, the characterisation was dorfélvisMR spectroscopy. First of all, 1 eq.

of hydrochloric acid in diethyl ether was used at room temperature. In the NMR spectra no change between
the shifts was obtained, therefore no reaction was suspected. Same behavior was obtained with 2 eq. of
hydrochloric acid diethyl ether at the same conditions. Next approach was hydrochloric acid in a water/THF
mixture. In relation to the starting material there was'Ho NMR shift change to be obtained, neither with

1 eq. nor with 2 eq.. Therefore a approach with 1 eq. tri uoroacetic acid (TFA) at room temperature was
tested, the reaction was tracked 13 - NMR spectroscopy, because a signi caff - signal shifting must

be obtained in case of a bonding between tri uoroacetate group and germaniut# {M\MR no shift

change was obtained, this induces the assumption that there was no reaction between germanium compound
and TFA. In addition a stronger acid as TFA and HCI was used, 1 eq. hydrobromic acid in a water/THF
mixture at room temperature was tested. At same conditions an excess of 12 M hydrochloric acid was used,
this reaction is known form the complete dephenylation of the analogous tin compdlitnithe measured

IH - NMR spectra a mixture of various products was obtained in both cases. A possible scenario is the phenyl
- germanium bond and in addition the propyl - germanium bond was broken and many reactive fragments
were formed. Afterwards there are various possibilities to react and to form new substances. Through the
various number of reaction possibilities a mixture of different substances could be obtained in the NMR
spectra.
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The thermal rearrangement of the hydrochloride (XXVIIl) was invastigated in vacuum aCL%# - NMR

shifts are equivalent to the starting material and a thermal rearrangement is improbable. Based on this
knowledge, the temperature is increased to 220After the reaction, a mixture of different compounds
could be obtained in th¥H - spectra. The phenyl - germanium bond and in addition the propyl - germanium
bond is maybe cleaved. Afterwards reactive fragments were formed and the reactivity is supported as well
by the high temperature. This fragments have a various number of possibilities to react and to form new
compounds. Through the various number of reaction possibilities a mixture of different substances were
formed.

The summary of the studies to the cleavability of the phenyl-germanium bond on triphenyl-3-aminopropyl
germane is given in scheme 37. Overall, the cleavability of the germanium-phenyl bonds needs more ex-
tensive investigations and experiments to determine what exactly happened with protic reagents. Also the
thermal rearrangement need more complex investigations. At this point the analogous reactions to tin were
not working and for the synthesis of alkyl substituted diphenyl germanes a alternative route was used.
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Scheme 37— Studies to the cleavability of the phenyl-germanium bond on triphenyl-3-aminopropyl germane
hydrochloride
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3.7 Synthesis of diphenyl-alkyl germanes

In section 3.6 a triphenyl germane should be converted in a diphenyl germane, because in literature triphenyl
stannanes are used as starting material for substituted diphenyl stannanes. This diphenyl stannanes are the
nal precursor of a catalyst. For example diphenyl-3-aminopropyl-chloro stannane was used as catalyst pre-
curser from Miller>8:11 Byt in the section 3.6 a selective cleavage of the germanium-phenyl bond was not
realised in analogy to tin, because some cleavaging agents (HCI or HBr) delivered mixtures and signi cant
numbers of reactions were gernerlly not work. Therefore, a new synthesis way based on the general strategy
of a salt metathesis was necessary. Target of this section was the synthesis of the germanium analogous
compound to diphenyl-3-aminopropyl-chloro stannane. For this purpose, a new starting point was used and
starting material was diphenyldichloro germane which, can be simple hydrogenated to the corresponding di-
hydride. As following step a germanium dihydride lithilation with a following salt metathesis was selected
and an alkyl substituted diphenyl germane was formed. This molecule has one high reactive H-atome, that
can be used in the next synthesis steps.

Scheme 38- Principle of the substitution of germanium dihydride$,=Raryl, R2 = alkyl and X = Cl or Br

3.7.1 Precursor synthesis - hydrogenation of diphenylchloro germane

In literature, the hydrogenation of germanes is well kndt#r! Diphenyldichloro germane is hydrogenated
with lithium aluminium hydride (LAH). After the work up, pure diphenyl germane (diphenyl germane dihy-
dride) is isolated and used as starting material in the following lithilation experiments.

Scheme 39- Hydrogenation of diphenylchloro germane

3.7.2 Synthesis of diphenyl-ethyl germane

In this work a major target is the synthesis of aminopropyl substituted germanes. But in a rst step, a novel
substitution method based on a salt metathesis must be developed. For that process the determination of
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the best tting reaction conditions was necessary. Therefore, the reaction of a simple alkyl halide (ethyl
bromide) with a germanium anion was used as a model and test reaction. Ethyl bromide is often used as test
compound for possible reactions (e.g. salt metathesis) and for the parameter determination, in contrast to a
propylimine.

To form in the rst step the germanium anion, diphenylgermanium dihydride (XXX) was reacted in THF
with 1.1 eq. of t-butyl lithium at - 40C 22 yielding a yellow germanium anion (XXXI) in solution. To

this solution 1.3 eq. ethyl bromide were added and the product is isolated after the work up as a colourless
liquid. Characterization was done by GC/M${ and 13C - NMR spectroscopy. The ethyl bromide excess

was used for quentching the 0.2 eq. of t-butyl lithium and the remaining ethyl bromide was evaporated
after the reaction. This novel synthesis route is universal, not known in literature and built the base for the
synthesis of 3-aminopropyl and 3-iminopropyl germanes. As a side notice, the equivalents of t-butyl lithium
in uence the formation of RHGe™ anion, more than 1.2 eq. of t-butyl lithium delivers a parallel formation

of the dianion RG€&~ and following a mixture of monoethyl and diethyl diphenyl germane.

Scheme 40- Synthesis of diphenyl-ethyl germane
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3.7.3 Synthesis of diphenyl-3-(2,2-dimethylpropyl-imino)propyl germane

Scheme 41 Synthesis diphenyl-3-(2,2-dimethylpropyl-imino)propyl germane

With the information from the model reaction in the section before the synthesis of diphenyl-3-(2,2-dimethyl-
propyl-imino)propyl germane was performed. Diphenyl germane was reacted with 1.2 eq. of t-butyl
lithium, at - 40 C in THF to form the anion (XXXIII). To this anion solution, 1.3 eq. of 1-chloro-3-
(2,2-dimethylpropyl-imino) propane were added and the mixture was worked up, yielding a colourless oil.
The characterization was done by and*3C - NMR spectroscopy. A GC/MS measurement was also done,

but the compound stability during the GC measurement was problematic. In a series of measurements, the
pure product delivered a second peak with a higher retention time in the GC measurement. As side notice
the product was pure in a NMR measurement. In order to clarify that problem a distillation of (XXXIV) was
done, in an NMR - spectra of the distillate a mixture of compounds was obtained. Based on this knowlege
a thermolysis is assumed. In addition to clarify a possible reaction with the column material of the GC, a
simple column chromatography was done with the clean compound. Afterwakisgectra was measured

and a mixture of various compounds was obtained. With this information from the GC/MS series and from
the distillation experiment as well as from the column chromatography, the product is suspected to ther-
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mal decompose or rearranging during the GC measurement. Resulting from that notice, a GC/MS must be
considered critically for this compound type.

3.7.4 Chlorination experiments on diphenyl-3-(2,2-dimethylpropyl-imino)propyl germane

In literature diphenylchloro tin compounds are formed by Sn phenyl bond cleavage. Deprotection and
Sn-phenyl bond cleavage can be done in one step, because in both cases hydrochloric acid can be used.
For example, Niller’>3%] used triphenyl-3-(2,2-dimethylpropyl-imino)propyl stannane and added 2 eq. of
hydrochloric acid for deprotection and chlorination. The product diphenyl-3-(2,2-dimethylpropyl-imino)-
chloro stannane was used as a precursor for the nal synthesis of a catalytically active compound. For that
reason, trying to form diphenyl-3-(2,2-dimethylpropyl-imino)propyl-chloro germane was an obvious choice.
Therefore, the chlorination of (XXXIV) was a logical next step.

Scheme 42- Chlorination problem with compound (XXXIV)

The chlorination of germanes is commonly known but most approaches are based on a radical reactions at
high temperaturel§1:3745-48lFor example, typical chlorination agents are carbon tetrachloride or chloro-
form under re ux. There are many problems with the chlorination at this point, one problem are the radical
transitions states in the common reactions, because they can also react with the imine group in compound
(XXXIV). In addition, for diphenyl-3-(2,2-dimethylpropyl-imino)propyl germane (XXXIV) the re ux con-
ditions were not possible, because a thermosensitivity is not excluded, details in section 3.7.3. Facing this
temperature limitation, the rst experiment was performed in pure carbon tetrachloride @664 h. The
following two experiments were stirred overnight in the pure carbon tetrachloride and chloroform, respec-
tively. A suspension of lithium chloride in THF was stirred overnight as well. The reaction progress was
obtained via'H - NMR spectroscopy, for this reason the integral of the hydride H-atome (Ge-H) was used.
The experiments with carbon tetrachloride, chloroform and lithium chloride delivered no integral change of
the hydride H-atomes in thiH - NMR, therefore a chlorination on the germanium is excluded. Additionally

and in analogy to known chlorinations TCCA (trichloroisocyanuric acid) was G8€#.At - 80 C TCCA

was reacted in THF with the corresponding germanium compound. The reaction progress was traeked by

- NMR spectroscopy and a mixture of various components was obtained. As a last approach, chlorination
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with 1 eq. copper(ll)chloride and catalytic amounts of copper(1)id@trfé! in THF was tested at room tem-
perature over night. In thtH - NMR spectra various components were obtained as well. The imine group
was maybe also a target of the chlorination and delivered a fragmentation of this group. This fragments can
also react with the germanium compound or with other fragments to form compounds the can not separated
from the product. Therefore this approaches were rejected for following synthesis steps.

Overall, various chlorination agents did not lead towards the expected results, therefore the idea "chlori-
nation of diphenyl-3-(2,2-dimethylpropyl-imino)propyl germane (XXXIV)” was rejected. In this section

it has been shown, that a chlorination is dif cult or even impossible to perform, because the imine group

can also react with the chlorination agents. As a new approach, the chlorination of the free amine or the
hydrochloride can be the target of new projects.
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Scheme 43- Studies to the chlorination of diphenyl-3-(2,2-dimethylpropyl-imino)propyl germane
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3.7.5 Synthesis of diphenyl-3-aminopropyl germane hydrochloride

Scheme 44- Synthesis of triphenyl-3-aminopropyl germane

In section 3.7.4 the problems of 3-(2,2-dimethylpropyl-imino)propyl germane chlorination was described. A
possible explanation of the problems with the chlorination are side reactions of the imino-function with the
chlorination agent. The imino group is used only as protection group for the amine during the salt metathesis.
As alternative way the hydrochlorid (unprotected form) could be used as starting material for following
chlorination experiments. Based on this knowledge a chlorination of the deprotected form (hydrochloride
form) is target in the future. For that reason, the corresponding imine was deprotected and the hydrochlorid
was isolated, this compound can be used as direct precursor for a nal catalyst synthesis. The product was
synthesized by deprotection of the iminopropyl group, 1 eq. hydrochloric acid was reacted with diphenyl-3-
(2,2-dimethylpropyl-imino)propyl germane (XXXIV) and diphenyl-3-aminopropyl germane hydrochloride
(XXXV) was formed. The characterisation of the hydrochloride (XXXV) was done'Miand*3C - NMR
spectroscopy. The product was isolated as a colourless powder with traces of solvents.
Diphenyl-3-aminopropyl germane hydrochloride (XXXV) is not known in literature and can be used as
precursor for following chlorination experiments. Furthermore, this compound is the analogous substance
to tin catalyst precursors. This compound delivers the base for the build up of functional aminopropyl
germane catalysts and is a central building block for germanium catalysts in the future.
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3.8 Summary

In this section an overview of all successful reactions is given. For various organo germanium compounds
synthesis routes were found, formed end products are the catalytic active germanium acetates and the
aminopropyl anchor group including compounds triphenyl-3-aminopropyl germane (XXIX) and diphenyl-
3-aminopropyl germane hydrochloride (XXXV). (XXXV) and (XXIX) are precursors for a noval catalyst
generation based on aminopropy! germanes.

The acetates are formed by reacting silver (I) acetate with the corresponding germanium dichlorides. Synthe-
sized products are diphenylgermanium diacetate (IX) and diethylgermanium diacetate (X). Both compounds
are catalytically active and accelerate the carbamate formation approximately 3.8 times.

Scheme 45- Synthesis of germanium acetates, R = phenyl or ethyl group

Triphenyl-3-aminopropyl germane (XXIX) is formed via a multistep synthesis, starting material was hexa-
phenyl digermane (XXV). The Ge-Ge bond is cleaved with potassium and the formed germanium anion is di-
rectly reacted with 1-chloro-3-(2,2-dimethylpropyl-imino) propane (XV). Afterwards, the formed triphenyl-
3-(2,2-dimethylpropyl-imino)propyl germane (XXVII) is deprotected with hydrochloric acid to triphenyl-3-
aminopropyl germane hydrochloride. The free amine (XXIX) is formed in a neutralization reaction of the
hydrochloride (XXVIII) with pyridine.
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Scheme 46- Synthesis of triphenyl-3-aminopropyl germane
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Diphenyl-3-aminopropyl germane hydrochloride (XXXV) is formed via a multistep synthesis, starting the
corresponding germanium dihydride (XXX). The hydride is lithilated with t-butyllithium and the formed
germanium anion is directly reacted with (XV). Afterwards, (XXXV) is deprotected with hydrochloric acid
to diphenyl-3-aminopropyl germane hydrochloride (XXXV). This hydrochloride is used as a precursor for a

catalyst synthesis in the future.

Scheme 47 Synthesis of diphenyl-3-aminopropyl germane hydrochloride
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4 Conclusion and Outlook

The synthesis and catalytic activity determination of germanium acetates was shown. The synthesis is known
from literature but the use as catalyst for carbamate formation and activity determination is novel. From these
studies a new research eld is opened and shows new possibilities in organo germanium catalysed polymer
synthesis. In the future, a target is the synthesis and activity determination of other germanium carboxylates,
for example the dilaurates in direct analogy to DBTDL.

Furthermore, a novel synthesis route for triphenyl-3-aminopropyl germane was found as well as studies to the
cleavability of the phenyl — germanium bond was done. The cleavage of this bond is not that simple therefore,
a deeper and more complex investigations will be necessary in order to use this route for further synthesis
ways in the future. Main target of this work was the synthesis of aminopropyl substituted germanes, which
are used as catalyst precursors. This target was achieved with the synthesis of diphenyl-3-aminopropyl
germane hydrochloride (XXXV). The compound is not literature known and the synthesis route could be
used as an universal synthesis route for this compound type. In the future a target is the synthesis of a
various number of aminopropy! substituted germanes and in the following the synthesis of the corresponding
carboxylates. A possible way to achieving this is shown in the following scheme in analogy to the well-
known acetates.

Scheme 48- Target for following projects: chlorination and carboxylate synthesis
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In scheme 48 the synthesis of the corresponding germanium halide from the hydride is shown and could be
a mandatory aim for following projects and studies. For this purpose, different chlorination agents must be
investigated to chlorinate the germanium hydride. For the second step of scheme 48 the applicability of the
silver (1) carboxylate metathesis must be veri ed.

Overall, in this work was the catalytic activity of germanium acetate was proved. In addition, novel synthesis
routes for catalyst precursors with aminopropyl anchor groups were found. Therefore, this work delivers a
base for the synthesis of aminopropyl germanium carboxylate based catalysts.
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5 Experimental Section

5.1 General section

Nitrogen atmosphere and standard schlenk line techniques were used for all operations and experiments.
Toluene, pentane, diethyl ether, benzene and THF were prepared on a solvent drying system (Innovative
Technology Inc., Molecular sieve pore sized) In addition, THF was distilled under nitrogen and over

LAH. To remove traces of acidic acid, silver (I) acetate was washed 3-times with dry THF and dryed over
night in vacuum under light exclusion. All Chemicals were bought from commercial sources.

5.1.1 NMR - spectroscopy

1H (300.22 MHz) and3C (75.5 MHz) NMR spectra were recorded at Z50n a Mercury 300 MHz spec-
trometer from Varian. Relative to TM&i (= 0.00 ppm) the chemical shiftsare given in parts per million
(ppm) for *H, 13C and!*%Sn spectra.

Table 6— Used letters for the signal types

letter signal typ
S singlet
bs broad singlet
d doublet
t triplet
q guartett
dt doublet of a triplet
tt triplet of a triplet
m multiplett

5.1.2 XRAY - crystallography

All crystals suitable for single crystal X-ray diffractometry were removed from a vial or a Schlenk and
immediately covered with a layer of silicone oil. A single crystal was selected, mounted on a glass rod
on a copper pin, and placed in the cold nitrogen stream provided by an Oxford Cryosystems cryostream.
XRD data collection was performed for compound (XXVII), on a Bruker APEX Il diffractometer with use

of an Incoatec microfocus sealed tube of Ma Kadiation { = 0.71073A) and a CCD area detector.
Empirical absorption corrections were applied using SADABS or TWINABSS! The structures were
solved with use of the intrinsic phasing option in SHELXT and re ned by the full-matrix least-squares
procedures in SHELXIE3-551 The space group assignments and structural solutions were evaluated using
PLATON [5356-58]Non-hydrogen atoms were re ned anisotropically. Hydrogen atoms bonded to nitrogen

in compound was located in a difference map. All other hydrogen atoms were located in calculated positions
corresponding to standard bond lengths and angles. All crystal structures representations were made with
the program Diamond. Table 10 contains crystallographic data and details of measurements and re nement
for compound (XXVIII).
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5.1.3 GC/MS measurements

Used GC/MS sysetem: Agilent Technologies 7890A GC system coupled to an Agilent Technologies 5975C
VLMSD mass spectrometer using a HP5 column (30 m x 0.250 mm x Gv@@%nd helium as a carrier gas

(gas ow: 0.92726 mL/min). For injection a hot-needle manual injection method at an injector temperature
of 280 C was used. The GC methods which are used for this work are presented in the appendix.

MS conditions: positive El ionization with an ionization energy of 70 eV and a full scan mode (50-500 m/z).
Interpretation of the MS was done by comparison with common fragmentation pagéth.

5.2 Determination of the catalyst activity

To the determine the activity a NMR based reaction tracking was [65&dl For this purpose, 3 stock
solutions in deuterated chloroform were prepared in a 20 mL volometric ask:

Table 7 - Stock solutions for the catalytic activity measurements

solution compound concentration
A methanol 3M
B phenylisocyante 3M
C catalyst 3 %mol

In a commercial NMR - tube, 0.3 mL of solution A, B and C were mixed at @5afterwards a series of

in-situ *H NMR spectra were measured to follow the reaction progress. Used NMR was a 60 MHz bench top
NMR from Nanalysis (NMReady-60e), for the series of in-Sitimeasurements the application "Kinetics
package capabilities for reaction monitoring” from Nanalysis was #8&8l The used shift of methanol is

located between 3.18 ppm to 3.59 ppm and for phenyl isocyante between 3.60 ppm to 4.01 ppm. From the
kinetic setup of the NMR spectrometer a time / area table of the peaks was delivered. To set a benchmark for
the catalytic activity of each catalyst, the timegy¢t) was determined until a 50% conversion of product and
methanol. The time / area tables for the measurements are presented in the appendix. Invastigated catalysts
were DBTDL, diphenylgermanium diacetate (X), diethylgermanium diacetate (XI) and in addition the blanc
reaction (without any catalyst) was invastigated. The results of the measurements are illustrated in table 8.

Table 8— Summery activity results

Compound 409 (S)
DBTDL 5
PhGe(OAc) 950
Et,Ge(OAC) 1000
blanc 3800
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5.3 Diphenylgermanium diacetate (X)

Scheme 49- Synthesis of diphenylgermanium diacetate (X)

In a 50 mL Schlenk tube coated with aluminium foil (for light exclusion), 0.50 g (1.7 mmol) of diphenylger-
manium dichloride were solved in 20 mL benzene. To the colourless solution, 0.74 g (4.4 mmol) of silver
(I) acetate were added and stirred for 18 h at room temperature. AT 40e solvent was removed under
vacuum and 10 mL n-pentane were added. After 15 min. of stirring the mixture was Itrated through a 20
pm syringe Iter. The n-pentane was removed and the white powder was dried in oil vacuum@t Aife
product was isolated as a white powder, yield: 0.52 g (89%).

IH - NMR (CeDg, 300 MHZz)d: 1.69 (s, 6H, —OOC-C}¥J; 7.92 (m, 4H o — Ph); 7.13 - 7.10 (m, 6H
m, p — Ph) ppm.

13C - NMR (CgDs, 75.5 MHz)d: 20.2 (2C, —CH); 173.9 (2C, —OOC-); 134.2 (2C, Ge —Ph); 131.1
(4C, 0 — Ph); 128.5 (4C, m, p — Ph); ppm.
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5.4 Diethylgermanium diacetate (XI)

Scheme 56- Synthesis of diethylgermanium diacetate (XI)

In a 50 mL Schlenk tube coated with aluminium foil (for light exclusion), 0.50 g (1.7 mmol) of diethylger-
manium dichloride were solved in 20 mL benzene. To the colourless solution, 0,74 g (4.4 mmol) of silver
(I) acetate were added and stirred for 18 h at room temperature. AT 40e solvent was removed under
vacuum and 10 mL n-pentane were added. After 15 min. of stirring the mixture was Itrated through a 20
um syringe Iter. The n-pentane was removed and the white powder was dried in oil vacuum@t 7ibe
product was isolated as a white powder, yield: 0.63 g (90%).

14 - NMR (CgDg, 300 MHz)d: 1.47 (s, 6H, —OOC—C4J; 1.21 (dt, 4H —CH — ); 0.83 (t, 6H —CH);
ppm.

13C - NMR (CgDs, 75.5 MHz)d: 6.7 (2C, —CH); 12.8 (2C, —CH —); 20.6 (2C, —OOC—Ck); 174.6
(2C, —O0OC-); ppm.
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5.5 1-Chloro-3-(2,2-dimethylpropyl-imino) propane (XV)

Scheme 5% Synthesis of 1-chloro-3-(2,2-dimethylpropyl-imino)propane (XV)

In a 500 mL round-bottom ask with a Dean—Stark apparatus and a re ux condenser, 6.5 g (5 mmol) of
1-chloro-3-propylamino hydrochloride were solved in 200 mL benzene. To the colourless solution, 4.3 g
(5 mmol) of pivaldehyde and potassium hydroxide (2.5 g, 5 mmol) were added and re uxed for 3 h (water
seperation was nished). At 40C the solvent was removed under vacuum and 100 mL n-pentane were
added. After 15 min. of stirring the mixture was Itrated. The n-pentane was removed and the slightly
yellow oil was dried in oil vacuum at 40C. After a vacuum destiallation, the product was isolated as a
colourless oll, yield: 6.98 g (80%).

1H - NMR (CDCls, 300 MHz)d: 7.48 (s, 1H, — N-CH — ); 3.43 (t, 2H, CI—CH — ) 3.40 (t, 2H, —
CH,—N) 1.93 (tt, 2H, — CH —) 0.98 (s, 9H —CH) ppm.

13C - NMR (CDCl3, 75.5 MHz)d: 42.6 (1C, — CH—N); 33.2 (1C, — CH —); 57.6 (1C, CH-CI);
36.3 (1C, C—quart); 27.0 (3C, GH-); 173.3 (1C, GN); ppm.

Boiling point: 63 C (at 15 mbar)
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5.6 1-Chloro-3-(iso-propylimino)propane (XVIII)

Scheme 52- Synthesis of 1-chlor-3-(iso-propylimino)propane (XVIII)

In a 500 mL round-bottom ask with a Dean—Stark apparatus and a re ux condenser, 6.5 g (5 mmol) of

1-chloro-3-propylamino hydrochloride were solved in 200 mL benzene. To the colourless solution, 6 g (11
mmol) of acetone and potassium hydroxide (2.5 g, 5 mmol) were added and re uxed for 3 h (water seper-
ation was nished). At 30 C the solvent was removed under vacuum (500 mbar) and 100 mL n-pentane

were added. After 15 min. of stirring the mixture was Itrated. The n-pentane was removed and the slightly

yellow oil was dried in vacuum (15 mbar) at room temperature. The product was isolated as a yellow oil,
yield: 6.4 g (79%).

IH - NMR (CgDg, 300 MHz)d: 2.92 (t, 2H, — CH—CI); 2.08 (t, 2H, — CH—N); 1.50 (tt, 2H, —
CH, —); 1.09 (s, 6H —CH) ppm.

13C - NMR (CgDs, 75.5 MHz)d: 27.9 (1C, CH —); 27.4 (1C, CH - ); 52.5 (1C, CH-CI); 17.7 (1C,
C-N); 9.5 (1C, — CH-); 168.5 (1C, —GN);

Boiling point (decomposition) 51 C (15 mbar)
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5.7 Triphenyl-3-(2,2-dimethylpropyl-imino)propyl stannane (XVII)

Scheme 53- Synthesis of triphenyl-3-(2,2-dimethylpropyl-imino)propyl stannane

In a 50 mL Schlenk tube, 0.80 g (7.5 mmol) of LDA were solved in 40 mL THF. To the colourless solution,
2.5 g (7.1 mmol) of triphenyl stannane were added and stirred for 1 h at €8Bfterwards, 1.14 g (7.0
mmol) 1-chloro-3-(2,2-dimethylpropyl-imino)propane were dropwise added and stirred over night. At 40

C the solvent was removed under vacuum and 10 mL n-pentane were added. After 15 min. of stirring the
mixture was lItrated through a 20 um syringe lter. The n-pentane was removed and the oil was dried in oil
vacuum at 40C. The product was isolated as a slightly white oil, yield: 3.04 g (91%).

14 - NMR (CsDg, 300 MHz)d: 7.59 (m, 6H, 0-Ph); 7.24 - (s, 1H —AC—H) 7.05 - 7.14 (m, 9H m, p-Ph)
2.60 (t, 2H Sn—Chi—) 1.81 (tt, 2H — CH —) 1.23 (t, 2H — CH—N) 0.72 - (s, 9H t-butyl)

13C - NMR (CgDs, 75.5 MHz)d: 170.7 (1C, —&N-); 136.3 (3C, Ph); 134.3 (6C, Ph); 129.6 (6C, Ph);
128.4 (3C, Ph); 63.5 (1GsN—CH, — ); 35.8 (1C, C—quart); 27.7 (3C, GH 27.9 (1C, —CH —); 10.9
(1C, Sn—CH —-); ppm.

*3c-11%n) =392 Hz

1195 - NMR (CgDsg, 112 MHz)d: -108.5 ppm.
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5.8 Triphenyl-3-(iso-propylimino)propyl stannane (XX)

Scheme 54- Synthesis of triphenyl-3-(iso-propylimino)propyl stannane

In a 50 mL Schlenk tube, 0.80 g (7.5 mmol) of LDA were solved in 40 mL THF. To the colourless solution,
2.5 g (7.1 mmol) of triphenyl stannane were added and stirred for 1 h at €8Bfterwards, 1.09 g (7.3
mmol) 1-chloro-3-(iso-propylimino)propane were dropwise added and stirred over night. & #@ sol-

vent was removed under vacuum and 10 mL n-pentane were added. After 15 min. of stirring the mixture
was Itrated through a 20 pm syringe Iter. The n-pentane was removed and the white powder was dried in
oil vacuum at 40 C. The product was isolated as a colourless crystals, yield: 3.04 g (91%).

IH - NMR (CsDg, 300 MHz)d: 7.58 (m, 6H, 0-Ph); 7.24 (s, 1H, —AC—H) 7.05 - 7.14 (m, 9H, m,p —
Ph) 2.92 (t, 2H, — Ch—N) 1.81 (tt, 2H, — CH—) 1.22 (t, 2H, Sn—Chi— ) 1.09 (s, 6H — CH) ppm.

13C - NMR (CgDsg, 75.5 MHz)d: 170.7 (1C, — GN —); 136.3 (3C, Ph); 134.3 (6C, Ph); 129.6 (6C,
Ph); 128.4 (3C, Ph); 53.7 (1GNCH, —); 27.4 (1C, CH); 27.9 (1C, CH); 9.55 (1C, Sn—Chi—); 17.73
(2C, — CH —); ppm. LJ(*3C-11%n) = 392 Hz

119 - NMR (CgDsg, 112 MHz)d: -108.2 ppm.
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5.9 Phenylmagnesium bromide

Scheme 55- Synthesis of phenylmagnesium bromide

In a 4000 mL three-necked round ask with dropping funnel, KPG - stirrer and re ux condenser, 80 g
(3.33mol) of magnesium were suspended in 2000 mL diethylether. To this mixture, a solution of 437 g
(2.79mol) of bromobenzene solved in 500 mL diethylether were added dropwise (after adding of 10% a
dynamic re ux was obtained). Afterwards, the brownish suspension was re uxed for 3 h. After the cool
down the mixture was lItrated to seperate the magnesium. The formed brownish solution was used as stock
solution for following steps. Determination of the concentration was done via titration with HCI (0.1 M) ,

0.87 mol/L (yield: 90%).
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5.10 Tetraphenyl germane (XXI)

Scheme 56- Synthesis of tetraphenyl germane (XXI)

In a 250 mL Schlenk tube, 1.87 g (8.7 mmol) of germanium tetrachloride were solved in 50 mL diethylether.
To the colourless solution, 100 mL (87 mmol) of phenylmagnesium bromide solution (0.87 M in diethyl
ether) were added and stirred for 4 h at room temperature. 50 mL of cold water were added and the phases
were separated. At 4QC the solvent was removed under vacuum and 10 mL n-pentane were added. After
15 min. of stirring the mixture was ltrated through a 20 pm syringe lIter. The n-pentane was removed and
the white powder was dried in oil vacuum at 4D. The product was isolated as a white powder,

yield: 2.83 g (85%).

IH - NMR (CDCls, 300 MHz)d: 7.22 - 7.18 (0,m,p - Ph, 20H, Ph); ppm.

13C - NMR (CDCls, 75.5 MHz)d: 128.2 (p - Ph, 4C); 128.7 (m - Ph, 8C); 135.5 (0 -Ph, 4C );
134.7 (Ge - Ph, 8C);

Melting point: 232 C
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5.11 Hexphenyl digermane (XXV)

Scheme 57 Synthesis of hexphenyl digermane (XXV)

In a 250 mL Schlenk tube charged with 0.4 g magnesium (17.4 mmol), 1.87 g (8.7 mmol) of germanium
tetrachloride were solved in 50 mL diethylether. To the colourless solution, 100 (87 mmol) of phenylmagne-
sium bromide solution (0.87 M) were added and stirred for 8 h at room temperature. 100 mL of cold water
were added and the phases were separated. A€C48e solvent was removed under vacuum and 10 mL
n-pentane were added. After 15 min. of stirring the mixture was Itrated through a 20 um syringe Iter. The
n-pentane was removed and the white powder was dried in oil vacuum &t 4e product was isolated as

a white powder, yield: 2.33 g (70%).

IH - NMR (CDCls, 300 MHz)d: 7.23 - 7.16 (0,m,p - Ph, 30H, Ph); ppm.

13C - NMR (CDCl, 75.5 MHz)d: 128.1 (p - Ph, 6C, ); 128.8 (m - Ph, 12C, ); 135.4 (0 -Ph, 12C, );
137.3 (Ge - Ph, 6C,); ppm.

Melting point: 330-332 C
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5.12 Triphenyl-3-(2,2-dimethylpropyl-imino)propyl germane (XXVII)

Scheme 58- Synthesis of triphenyl-(3-2,2-dimethylpropyl-imino)propyl germane (XXVII)

In a 250 mL Schlenk tube, 9.49 g (15.6 mmol) of hexaphenyl germane were solved in 50 mL THF. To the
white suspension, 1.22 g (30.5 mmol) of potassium were added and re uxed for 8 h. To this dark green
solution 5.55 g (17.2 mmol) of 1-chloro-3-(2,2-dimethylpropyl-imino)propane were added and was stirred
for 4 h. At 40 C the solvent was removed under vacuum and 15 mL n-pentane were added. After 15 min. of
stirring the mixture was Itrated through a 20 um syringe lIter. The n-pentane was removed and the slightly
yellow oil was dried in oil vacuum at 40C. The product was isolated as a slightly yellow olil, yield: 4.61 g
(69%).

IH - NMR (CDClz, 300 MHz)d: 7.63 (m, 6H, 0-Ph); 7.34 (s, 1H —2C—H); 7.18 (m, 9H m,p —
Ph); 2.70 (t, 2H — ChH-N=); 1.85 (tt, 2H — CH -); 1.27 (t, 2H Ge—-CH-); 0.72 - (s, 9H t-butyl) ppm.

13C - NMR (CDCls, 75.5 MHz)d: 170.7 (1C, —&N-); 136.3 (3C, Ph); 134.5 (6C, Ph); 129.2 (6C,
Ph); 128.4 (3C, Ph); 63.4 (1C, — GHN); 35.8 (1C, C—quar); 27.2 (3C, CH); 10.3 (1C, Ge—Chl-);
27.7 (1C, —CH-=); ppm.

GCMS (Methode 1) : t = 21. 2 min. m/z: 430.3 (M+s); 374.1 (R—N-C"); 305.1 (PRGE€"); 227.0
(PhGe"); 150.9 (PhG¥); 77.0 (PH);
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5.13 Triphenyl-3-aminopropyl germane hydrochloride (XXVIII)

Scheme 59- Synthesis of triphenyl-3-aminopropyl germane hydrochloride (XXVIII)

In a 100 mL Schlenk tube, 0.5 g (1.16 mmol) of triphenyl-3-(2,2-dimethylpropyl-imino)propyl germane
were solved in 50 mL THF. To the colourless solution, 11.6 mL (1.16 mmol) of hydro chloric acid (0.1 M)
were added and stirred for 1 h at room temperature. AGlthe solvent was removed under vacuum and 10
mL n-pentane were added. After 15 min. of stirring the mixture was lItrated through a 20 um syringe lter.
The n-pentane was removed and the white powder was dried in oil vacuum @t 4@erwards the powder
was recrystallized in chloroform. The product was isolated as colourless crystals, yield: 0.44 g (95%).

IH - NMR (CDCls, 300 MHz)d: 7.31 (m, 6H, 0 — Ph); 7.23 - 7.14 (m, 9H, m, p — Ph);
2.71 (t, 2H, — CH—N=); 2.04 (tt, 2H, — CH —); 1.73 (t, 2H, Ge—Ckh) ppm.

13C - NMR (CDCls, 75.5 MHz)d: 136.1 (3C, Ge—Ph); 134.9 (6C, o0 — Ph); 129.1 (6C, m — Ph); 128.3
(3C, p— Ph); 42.3 (1C, — CHN=); 23.3 (1C, — CH —); 10.8 (1C, Ge—Cbhi— ); ppm.
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5.14 Triphenyl-3-aminopropyl germane (XXIX)

Scheme 66- Synthesis of triphenyl-3-aminopropyl germane (XXIX)

In a 100 mL Schlenk tube, 0.5 g (1.38 mmol) of triphenyl-3-aminopropyl germane hydrochloride were
solved in 50 mL THF. To the colourless solution, 0.12 g (1.44 mmol) of pyridine were added and stirred for
3 h atroom temperature. At 4C the solvent was removed under vacuum and 10 mL n-pentane were added.
After 15 min. of stirring the mixture was ltrated through a 20 um syringe lter. The n-pentane was removed
and the oil was dried in oil vacuum at 4G. The product was isolated as a colourless oil, yield: 0.43 g (95%).

IH - NMR (CDCls, 300 MHz)d: 7.31 (m, 6H, o — Ph); 7.23 - 7.14 (m, 9H m,p — Ph); 2.65 (t, 2H
—CHp—NH,); 1.54 (it, 2H —CH — ); 1.44 (t, 2H — CH—Ge) ppm.

13C - NMR (CDCls, 75.5 MHz)d: 136.1 (3C, Ge—Ph); 134.9 (6C, o — Ph); 129.1 (6C, m — Ph); 128.3
(3C, p— Ph); 45.4 (1C, C#+-N=); 29.3 (1C, —CH —); 11.09 (1C, Ge—ChI-); ppm.

GCMS (Method 3) : t = 15.3 min. m/z: 362.2 (M+s ); 334.1 (P§GeEt); 305.0 (PhGe"); 286.0
(PhGe(CHCH,CHoNH,)*); 227.0 (PhGE"); 151.0 (PhG#); 78.0 (PH);
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