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ABSTRACT

This thesis is divided into three parts. The first part describes the preparation of regio-
isomerically pure functionalized 2-trimethylgermylalk-1-enes of general structure 26, which
are useful in synthesis. The vinylgermane iodide 18, for example, has been shown in our
laboratories to be a good synthetic equivalent to the but-1-ene d*d* and a’,d*-synthons 11
and 22, respectively. The preparation of the 2-tﬁmetl1ylgerrnyla]k;1-enes of general structure
26 was accomplished via i) HyPtClg*6H,O catalyzed addition of Me;GeH (53) to the carbon—
carbon triple bond of 1-trimethylsilylalk-1-ynes 52, and ii) treatment of the resultant product
mixtures with p-TsOH*H,O in dichloromethane.

The second part delineates the new and experimentally simple preparation of Me;GeLi
(149) in THF solution. The novel reagent Me;GeCusMe,S (168) was obtained by treatment
of 149 with CuBreMe,S. Me;GeCu*Me,S (168), in the presence of chlorotrimethylsilane,
serves as a good reagent for the conversion of functionalized acyl chlorides of general
structure 35 (X = Cl) into the acyltrimethylgermanes 37. Functionalized S-(pyridin-2-yl)
thioesters of general structure 35 (X = S-(pyridin-2-yl)) also serve as good substrates for the
preparation of acyltrimethylgermanes 37 with reagent 168. The acyltrimethylgermanes 37 are
efficiently transformed into the 2-trimethylgermylalk-1-enes 26 via olefination with methylene-
triphenylphosphorane.

The third part of this thesis outlines the preparation of the novel (trimethylgermyl)-
copper(I) reagents 222-225. The conjugate addition of reagents 222-225, as well as
Me;GeCusMe,S (168), to selected unsaturated carbonyl systems was investigated. The

substances 229 and 234-238 were synthesized from the corresponding enones via 1,4-addition
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of the (trimethylgermyl)copper(I) reagents. The (E)-3-trimethylgermylalk-2-enoate 242 was
prepared stereoselectively via 1,4-addition of reagents 168 or 223 onto the corresponding alk-

2-ynoate, whereas the (Z) isomer 243 was obtained predominantly when reagent 225 was

employed.
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1 INTRODUCTION

1.1 GENERAL

Over the past decades, organic chemists have striven to increase their understanding of
chemical reactions and, hence, to expand the repertoire of bond forming processes that allow
the construction of increasingly more complex molecules. Some of these target molecules are
naturally occurring and have important biological activities. Such compounds, though, are
often in scarce supply by virtue of a lack of natural sources. Therefore, to prevent depletion
of a living species for the sole purpose of isolating biologically valuable compounds, supplying
the latter via synthesis would be ecologically warranted. Alternatively, analogs of such
compounds may also have important biological activity. Generally, the preparation of such
analogs is most conveniently accomplished via synthesis, which requires the preparation of a
very large number of diversely functionalized compounds. Since different target organic
compounds may differ widely in their structure and functionalization, it would be
advantageous to have access to a wide variety of methods to synthesize such target
substances.

Due to the fact that the carbon skeletons of target organic compounds often possess
structural features such as stereogenic centers, stereodefined unsaturations, and carbocyclic
rings, many different types of reactions are required to construct such compounds. To
assemble the components required to obtain the synthetic goal, it is generally advantageous to
use “building blocks” that contain carbon atoms bearing key required structural features and

functional groups. When properly functionalized, such “building blocks” or synthons'?



become a great asset to the synthetic chemist.

‘The incorporation of group XIV elements into reagents used for the synthesis of
natural products has seen tremendous growth over the last few years, although the scene has
been mainly dominated by silicon® and tin.* The amount of literature that has been published
on these subjects is too great to discuss here, but the reader is referred to some excellent

reviews.> 4

The organic derivatives of these two elements have found widespread
applicability in coupling reactions and cyclizations, often forming key steps in natural product
syntheses. For some recent exarﬁples see references (15)—(22). The popularity of these
elements in organic chemistry stems from their compatibility with a wide variety of standard
reactions such as reductions, oxidations, alkylations, etc., and to the fact that their (latent)
reactivity can be employed when required.

Remarkably, germanium is almost completely absent from the literature on the use of
group XIV elements in natural product synthesis. Although some recent reports”?* have
appeared, the research in this area is still minimal. In response to the under utilization of
organogermane compounds in organic synthesis, it was decided to explore methods that could

lead to the preparation of certain classes of functionalized organogermanes that should prove

useful in organic synthesis. The details of these investigations and the developments of these

new methods are described in this thesis.




1.2 BACKGROUND

A recent report from our laboratories has described the prepa.ration25 of 4-chloro-2-
trimethylstannylbut-1-ene (1). This reagent has been shown to serve well as a synthetic
equivalent of the donor-acceptor’® but-1-ene di,a“-synthon 22" The usefulness of the
bifunctional reagent 1 becomes apparent in the annulation sequence depicted below (Scheme
1). A cyclic enone serves as the synthetic equivalent of the donor-acceptor synthon 3 to

produce, after annulation with 2, a bicyclic system such as 4.

O O
=ty = S
SnMeg \jl d -a );;" )’f(‘

2 l 3
O

Scheme 1

Cl

1

Conjunctive reagents have been defined by Tr(v)st28 as “...those reagents which are
simple building blocks that are incorporated in whole or in part into a more complex
syshtem...”. Substance 1 may be referred to as a bifunctional conjunctive reagent. To
llustrate this concept, when a solution of 1 in THF at —78 °C is treated with one equivalent of

a solution of methyllithium and then with one equivalent of copper cyanide, the corresponding

cuprate 5% is formed (Scheme 2). To this mixture the appropriate enone is added and after




work-up the ketone 6 is isolated. This product is then treated with potassium hydride in THF

at room temperature to generate the bicyclic ketone 47

Cl Cl
SnMe, 1) MeLi, THF, -78 f _Cu(CN)Li
2) CuCN
1 5 0]

| ),a‘; THF, -78 °C
v

Scheme 2

Therefore, in this example, the donor site of 1 was deployed first during the conjugate
addition to the enone, and the acceptor site was used in a second step during the intra-
molecular alkylation.

Recently, in our laboratories, the totalv synthesis of the diterpenoid (f)-ambliol B (7)
was completed.” The retrosynthetic analysis of (+)-ambliol B that formed the basis of this
synthesis is outlined in Scheme 3. It was thought that 7 could be derived from the bicyclic
alcohol 8. Thus, the exocyclic methylidene group in 8 would serve to introduce the gem-
dimethyl group, and the vinyl moiety would be used to attach the furan ring. This bicyclic

alcohol 8 could, in turn, be obtained via a key annulation sequence which would connect the

bifunctional reagent 9 and the enone 10.
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Scheme 3

Such a sequence can be seen as the theoretical assembly of the donor—donor and
acceptor—acceptor synthons 11 and 12 (Scheme 4) that are the synthetic equivalents of the
organometallic bifunctional reagent 9 (M' = metal) and the enone 10, respectively. In this

sequence of events, the but-1-ene synthon must now be used as the d>,d*-synthon 11.

= /
S T s
3 Id HO 0

9 11 l 12 10

=z

H ¢

OH

8

Scheme 4

To accomplish such a transformation using the 4-halo-2-trimethylstannylbut-1-enes (1,



X =Cl or 13, X =1), it would be necessary to transform one of these substances into the
corresponding lithio (14, M = Li) or Grignard (15, M = Mgl) derivatives (Scheme §).

However, treatment® of 1 with lithium 4,4'-di-tert-butylbiphenyl*®

failed to produce significant
quantities of 14. Moreover, treatment of 13 with magnesium turnings in THF heated to reflux

failed to produce the expected Grignard reagent 15.”° It was rationalized that the labile

alkenyl carbon-tin bond interfered with the preparation of the organometallic derivatives 14

and 15.
X L
) . . ( oLt
SnMes .[---------].> SnMe3
or Mg/THF
1 X=ClI 14 M= Li
13 X = 15 M = Mgl
Scheme 5

To overcome this problem it was decided to replace the trimethylstannyl moiety with
another group that would be stable under the conditions used to generate the organometallic
reagent required for the first carbon—carbon bond formation and yet would allow the
formation of a vinyl anion at a later stage. To do this is was necessary to find a replacement
with a greater alkenyl carbon-metal bond strength. The chemical bond strength, often
expressed as the bond dissociation energy, for the carbon-tin bond in MesSn has been
determined” to be 65 kcal'mol™. Comparatively, the carbon—germanium bond dissociation

energy for MesGe was found to be 76 kcal-mol™. It was thought that the greater alkyl

carbon—germanium bond strength compared to the alkyl carbon-tin bond strength would be




paralleled in the corresponding alkenyl carbon—metal systems. Therefore, it was envisaged

that the trimethylgermyl group would be a good substitute for the trimethylstannyl moiety in

the required transformation.

Cl " ge0 o Cl
Nal,
! 16 17 Acetone
GeMe; ‘ : GeMes
1) t-BuLi (2 eq)
1) 10, TMSCI
. -
THF, -78 °C NC”(CN)'—' THF, -95 °C N'
2) NH4CI/H20 19 2) CuCN, -35 °C 18
Z P
H § H %
> 1) n-BuLi (2 eq) S
—_—
CHQCIZ o THF, -78 °C
OH
GeMe3 2) H,0
20 21 / 8
‘ 0 /
/
2

I
n

Scheme 6

Transmetallation of 1 at low temperature with a solution of methyllithium (Scheme 6)

generated the corresponding vinyllithium®’ species 16, which was then treated with bromo-
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trimethylgermane to produce 4-chloro-2-trimethylgermylbut-1-ene (17). Following this, the
chloride 17 was allowed to react with sodium iodide in acetone to yield the iodide 18. Metal-
halogen exchange performed on the iodide 18 using a solution of terz-butyllithium (2 equiv) at
-95 °C, followed by treatment of the resultant lithio reagent with one equivalent of copper(I)
cyanide, resulted in the formation of the cuprate reagent 19. The successful preparation of 19
allowed the formation of adduct 20 from conjugate addition of 19 to the enone 10.
Straightforward iododegermylation®* of 20 under standard conditions led to 21. This keto
iodide was treated with a solution of n-butyllithium (2 equiv) at low temperature to
chemoselectively effect a facile lithium—halogen exchange reaction. The resultant vinyllithium
intermediate underwent a ring-closure reaction to provide the alcohol 8. Having bthis key

intermediate in hand, the synthesis of (¥)-ambliol B (7)** could be completed.

Me;Ge — a
1~ d
18 22
QR
)J:( 19, TMSCI 1) I, CH,Cl,
-
is’y] g THF, -78 THF, 78 °C GeMes 2) pd(PhyP),, THF
t-BuOK, +-BuOH R’
23 , 24

Scheme 7

Following the successful preparation of reagent 19 a related, complementary use of

this reagent was developed in our laboratories.. In the synthetic sequence depicted in Scheme




7, the reagent 18 serves as the synthetic equivalent to the but-1-ene a’,d*-synthon 22 and
possesses umpolling26 reactivity when compared to that of synthon 11. Conjugate addition of
19 (prepared from 18, vide supra) to a substituted cycﬁc enone resulted in the formation of
adduct 23. Iododegermylation of 23 under standard conditions, followed by treatment of the
resulting vinyl iodide with a catalytic amount of Pd(Phs;P)4 in the presence of t-B.uOK and -
BuOH generated the bicyclic ring system 24, Thus, this annulation method exhibits a regio-

selectivity that is opposite to that of the method outlined in Scheme 1.

MesGe
Li(NC)Cu
“several it 19 »—\
steps " ™ MeyGé e
o)
0]
1) 15, CH,Cl,
t-BuOK, +-BuOH
-‘“‘4
- gt
s B
O
25
Scheme 8
The general applicability of this method was shown by the preparation of a number of
bicyclic®** and tricyclic** ring systems. Moreover, the usefulness of this method in organic
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synthésis was demonstrated when this 5-membered ring annulation, using the reagent 19,
played a key role in the total synthesis of (+)-crinipellin B (25) (Scheme 8).**

Following the discovery by Marais®?** that 4-iodo-2-trimethylgermylbut-1-ene (18)
i) can undergo controlled metal-halogen exchange to produce 4-lithio-2-trimethylgermylbut-
l-ene and ii) serves as an excellent synthetic equivalent to the but-1-ene dz,_d“- and a’,d*-
synthons 11 and 22 respectively, it became of interest to consider the possibility of preparing a
wide variety of diversely functionalized 2-trimethylgermylalk-1-ene bifunctional reagents of

general structure 26. Such substances should prove very useful in organic synthesis.

M
MesGe

26

The synthetic sequence initially used to prepare the bifunctional reagent 18 from but-3-
yn-1-o0l proceeds in satisfactory yield (Scheme 9). However,‘this synthesis suffers from 1) a
tedious separation of the regioisomers 27 and 28 formed during the trimethylstannyl-
cupration” of but-3-yn-1-ol and ii) requires the use of two expensive reagents, namely
hexamethylditin and bromotrimethylgermane. To overcome these problems, it would be

advantageous to prepare compounds of general structure 26 from an alternative precursor

such that the intermediacy of the vinylstannane would be avoided.
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Meli, THF
MegSnLi <———  (Me;Sn),

Cu BI’.MGQS
-78 °C

= Me3SnCusMe,S SnMe;  MesSn_
OH  MeOH, THF i

27 OH

-63 °C

1) separation
\2) PhsP, CCl,, EtsN

GeMeg GeMe3 ) MeLi, THF SnMe;

D Mell =(
Acetone . -78 °C \
Cl 2) MegGeBr 1 Cl
Scheme 9

Examination of the literature revealed that a number of reports have appeared over the
last three decades on the preparation of vinylgermanes. Although a certain number of these
described the preparation of 2-trialkylgermylalk-1-enes, the latter are usually isolated as an

| inseparable mixture with the corresponding 1-trialkylgermylalk-1-enes. The following results
reported by Oshima and co-workers®>* illustrate well the difficulty (Scheme 10). Germyl-
cupration35 of dodec-1-yne afforded, after workup, a 7:3 mixture of the regioisomeric adducts
29 and 30 in 81% yield. Alternatively, when dodec-1-yne was treated with n-Pr:GeH in the

presence of a catalytic amount of H,PtClg*6H,0, a 13:87 mixture of the regioisomers 31 and

32 was formed in 93% yield.*
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CioH21 H

C1oH21

(EtsGe),CuLi CioHz1 H
> = + —

Et:Ge H H GekEts
29 7:3 30

CyoHa1

n-PrzGeH CioHzy H CioHzy H
- == + ==
H2PtCles6H0 PrsGe H H GePr;
31 13: 87 32
Scheme 10

Obviously, it would be advantageous, in the context of using 2-trialkylgermylalk-1-

enes in synthesis, to have access to a method that would produce these substances in regio-

isomerically pure form. Based on the above precedents, it was felt that the preparation of

such compounds from terminal alkynes would be troublesome. In the next pages, proposals

to prepare regioisomerically pure 2-trimethylgermylalk-1-enes from 1-trimethylsilylalk-1-ynes

‘will be outlined.
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1.3 PROPOSALS

The successful preparation and use of the vinylgermane iodide 18 as a synthetic
equivalent to the but-1-ene d?,d*- and a*d*-synthons 11 and 22, respectively, prompted us to

investigate the development of general synthetic methods for the synthesis of functionalized 2-

Q

MesGe
d : | d
11 18 22

trimethylgermylalk-1-enes. Because of the lack of regioselectivity displayed by _reactions in
which terminal alkynes were converted directly into 2-trialkylgermylalk-1-enes (see previous
section), the possibility of using substituted é.lkynes of general structure 33 to prepare the
desired trimethylgermyl compounds 26 became appealing (Equation 1). What reaction
would be employed to add the elements of MesGeH across the carbon—carbon triple bond?
Would the use of a substituent X be sufficient to effect complete regiocontrol in the addition
process? If so, what would the nature of X need to be? What functional groups in R would

be compatible with this transformation?

33 34 26

If the first step of this sequence proved to be successful, the second aspect of the
overall transformation remained to be examined. Could the X group in 34 be replaced by a

hydrogen atom (Equation 1) in the presence of the newly introduced trimethylgermyl group?
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Since functionalization of the R group was imperative, what other functional groups would be
compatible with this substitution?

An alternative approach to the synthesis of 2-trimethylgermylalk-1-enes was also
envisaged. This method, due to the intrinsic nature of the transformations involved, would
preclude the formation of regioisomers. Thus, it was postulated that nucleophilic acyl
substitution involving reaction of substrates of general structure 35 with a suitable metallo-
(trimethylgermane) reagent 36 would generate the corresponding trimethylgermyl ketones 37.
The latter compounds could then be olefinated to generate substances 26 (Equation 2). In
order for this sequence to be viable, the rate of reaction of reagent 36 with 35 would have to
be considerably faster than that of reaction of 36 with 37. What, then, would the requirements
be on the nature of X? Could a (trimethylgermyl)copper(I) derivative (36, M = Cu) be used
to affect such a transformation? Once again, what functional groups in R would be

compatible with such a transformation? Is the olefination of 37 possible?

Me;GeM
0 36 O olefination
-------- E R e . R\/lL (2)
R\)LX ? \)LGeMes ? GeMes
35 37 26

As seen in the previous section (Scheme 10), (triethylgermyl)cuprates are known
reagents. In contrast, (trimethylgermyl)copper(I) reagents had not been reported prior to the

work described in this thesis. If (trimethylgermyl)copper(I) reagents could be prepared, what

other synthetic applications would these reagents have?
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MesGe

I .
18

The utilization of the vinylgermane iodide 18 in the syntheses of (*)-ambliol B (7>
and (¥)-crinipellin B (25),* and the possibility of employing 18 and structurally related
substances in synthesis were important motivations for the development of methods for the
preparation of other functionalized, regioisomericaﬂy pure 2-trimethylgermylalk-1-enes. This
thesis is divided into three parts and describes the results of research related to the proposed
investigations outlined above. The first part describes the preparation of 2-trimethylgermyl-
alk-1-enes from 1-trimethylsilylalk-1-ynes in two experimentally simple steps: platinum
catalyzed hydrogermylation of the 1-trimethylsilylalk-1-ynes followed by p-toluenesulfonic
acid mediated protiodesilylation to afford the 2-trimethylgermylalk-1-enes. The second part
details the preparation of acyltrimethylgermanes from the corresponding acyl chlorides using
the novel (trimethylgermyl)copper(I)-dimethyl sulfide reagent. The olefination of selected
acyltrimethylgermanes into the comresponding 2-trimethylgermylalk-1-enes will also be

described. Finally, the third part delineates the preparation of new (trimethylgermyl)cuprate

reagents and describes their reaction with selected unsaturated carbonyl systems.
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2 DISCUSSION

2.1 SYNTHESIS OF 2-TRIMETHYLGERMYLALK-1-ENES VIA PLATINUM

CATALYZED HYDROGERMYLATION OF 1-TRIMETHYLSILYLALK-1-YNES

2.1.1 INTRODUCTORY REMARKS

Recent reports>>>******* from our laboratories have shown the vinylgermane iodide 18
to be a good synthetic equivalent to the but-1-ene d*,d*- and a’,d*-synthons 11 and 22,
respectively. The usefulness of reagent 18 was demonstrated through the development of two

new annulation methods (see Introduction section, Scheme 6, p 7 and Scheme 7, p 9).

MesGe = a
d | d
11 18 22

The utilization of the vinylgermane iodide 18 in the syntheses of (+)-ambliol B (7)*
(see Scheme 6, p 7) and (+)-crinipellin B (25)** (see Scheme 8, p 9) as well as the possibility
of using structurally related substances in synthesis, prompted an investigation into the
development of a method that would allow the preparation of regioisomerically pure 2-

trimethylgermylalk-1-enes of general structure 26.

R
MeaGe/”\/

26

A survey of the literature revealed that a number of methods for the preparation of 2-
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trialkylgermylalk-1-enes and 2-triphenylgermylalk-1-enes have been reported. These methods
employ, collectively, four different classes of substrates to achieve the preparation of the 2-
trialkylgermylalk-1-enes and 2-triphenylgermylalk-1-enes. A brief description of these
methods is presented in the following pages.

Nicholson and Allred*® reported the preparation of 2-tripheny1germyla1k-1-énes in a
two step sequence from alkan-2-ones (Equation 3). | In this protocol, triphenylgermyllithium
was allowed to react with an alkan-2-one 38 to give the corresponding alcohol 39. This
alcohol was then treated with phosphorous tribromide to afford the 2-triphenylgermylalk-1-
enc 40. The overall yield for these two transformations varies from poor to moderate. The
applicability of this method for the preparation of functionalized 2-triphenylgermylalk-1-enes
is greatly limited by the fact that a powerful nucleophile, triphenylgermyllithium, is required in
the first step. Moreover, the conditions used for the dehydration (PBr3, benzene, réﬂux 16 h)

also limits the number of functional groups that are compatible with the overall method.

O PhsGelLi PBr
3 HO.__CHj 3
R, —— R Goph. — R \)L (3)
. CHs erng GePhy
38 39 (0-84%) 40 (39-84%)

A different approach to the preparation of 2-trialkylgermylalk-1-enes was used by
Manulkin and co-workers.””** In this synthetic transformation (Equation 4), a vinyl Grignard
reagent 41 is treated with a suitable trialkylgermanium bromide reagent to give the 2-trialkyl-
germylalk-1-ene 42. Although the yield for this transformation is good and the formation of
regioisomers is precluded, the general applicability of this method is limited by the availability

of the regioisomerically pure 2-bromoalk-1-enes, precursors to the Grignard reagents 41.
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R\)LMgBr _aGeBr R\)LGeR's @
41 42 (75-86%)
2-Trialkylgermylalk-1-enes were also prepared from allenes (Equation 5).>*° In this
chemical transformation, H,PtCls*6H,O catalyzed addition of a trialkylgermane to an allene 43
resulted in the formation of the desired 2-trialkylgermylalk-1-ene 42. However, the
vinylgermane 44 and the allylgeﬁnane 45 were also produced. In fact, the three adducts were
obtained as a mixture in an almost equimolar amounts (40—79% combined yield). Therefore,
the low selectivity displayed by this reaction would not allow the preparation of régioisomeri—

cally pure 2-trialkylgermylalk-1-enes.

GeR';
R R'.GeH \)L CH3 J
\F'=CH — = R o+ +
H 2H2PtC|6°6H20 “GeR’3 R"")\Geﬂ's A ®)
43 42 44 45
(40-79%)

Terminal alkynes are a fourth class of substrates that have been used to prepare 2-
trialkylgermylalk-1-enes. As presented in the Introduction section (Scheme 10, p 12),
germylcupration of a terminal alkyne has been reported by Oshima and co-workers> to result

32,41

in the formation of regioisomeric adducts. Similarly, platinum®**' or palladium* catalyzed
addition of a trialkylgermane to a terminal alkyne 46 (Equation 6) resulted in the formation of
a mixture of the regioisomers 42 and 47 (35-97% combined yield), in which isomer 47 had

been predominantly formed.
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R RsGeH R H—\_\
+ -
N — 6
=—H ~PptorPd R',Gé GeR's (6)
46 42  (35-97%) 47

In light of the literature surveyed, it appears that the methods reported i) have a
limited scope and lack generality in the preparation of functionalized 2-trialkylgermylalk-1-
enes or ii) yield regioisomeric mixtures of 1- and 2-trialkylgermylalk-1-enes. As outlined in
the Proposals (section 1.3, p 13 ff.), the possibility of effecting regiocontrolled addition of the
elements of Me;GeH to 1-substituted alk-1-ynes became an appealing alternative. Support for
the possibility of this type of transformation was found in a related reaction reported by

Hudrlik and co-workers*® (Scheme 11).

MeCL,SiH n-CeHyzs  SiMe,
n-CeH13%SiMea —

-
H,PtClge6H,O MeCLSi H
48 | 49

lMeMgBr
n-CeHyz  H AcOH/H,0 (19:1) n-CeHiz  SiMe;

-
Me;Si H 110°C,29 h Me,Si H

51 (96%) 50 (96% from 48)

Scheme 11

Thus, treatment of 1-trimethylsilyloct-1-yne (48) with methyldichlorosilane (Scheme
11) in the presence of a catalytic amount of H,PtClg*6H,0, in the absence of solvent (neat),
resulted in the formation of adduct 49. Treatment of 49 with methylmagnesium bromide

afforded (E)-1,2-bis(trimethylsilyl)oct-1-ene (50) in 96% yield. The regioisomeric purity of
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50 was shown to be 296% by GLC.* 2-Trimethylsilyloct-1-ene (51) was obtained in 96%

yield by heating at reflux a solution of 50 in glacial acetic acid—water (19:1) for 29 h.

R H2PtC|606H20 R . SiMe3 H+ R—>:—<H
\ e —— QN L TTTETT ol D e U > (7)
T SIMea MegGeH MegGe H Me3Ge _ H
> > 54 26

The synthetic sequence depicted above (Scheme 11) effects an overall transformation
similar to that required for the preparation of the 2-trimethylgermylalk-1-enes. Since the 1-
trimethylsilylalk-1-ynes are easily accessible from the corresponding alk-1-ynes in high yields,’
it was of interest to determine whether or not the 1-trimethylsilylalk-1-ynes 52 (Equation 7)
could be used as substrates for a regioselective hydrogermylation process. In other words,
could trimethylgermane (53) be wused instcad of the methyldichlorosilane in this
transformation? If so, this would render the method more versatile, since the utilization of the
Grignard reagent would no longer be required. Would the high regioselectivity exhibited in
the hydrosilylation be retained in the hydrogermylation leading to the formation of 54
(Equation 7)? If the (E)-2-trimethylgermyl-1-trimethylsilylalk-1-ene 54 could be prepared in
a regioisomerically pure form, the removal of the trimethylsilyl group from 54 would have to
be addressed. Would it be possible to remove the trimethylsilyl group in the presence of the

trimethylgermyl group?

MesGe/u\/ R

26

The answer to these questions, as well as the details of the investigations leading to the
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successful preparation of the regioisomerically pure 2-trimethylgermylalk-1-enes 26 from the

1-trimethylsilylalk-1-ynes 52 will be disclosed in sections 2.1.4 (p 26 ff.) and 2.1.5 (p 65 ff.) of

this thesis.
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2.1.2 SYNTHESIS OF 1-TRIMETHYLSILYLALK-1-YNES

In order to prepare the 1-trimethylsilylalk-1-ynes required for this study, the commer-
cially available alk-1-ynes 55-60 shown in Table 1 were chosen as substrates. Table 1 also
contains a summary of the conversions of $5-60 into the l—nimethylsﬂyla]k—l-ynes 61-67.

The 1-trimethylsilylalk-1-ynes were prepared in high yield in a straightforward way.
The synthesis of 1-trimethylsilyl-6-(trimethylsilyloxy)hex-1-yne (61) (Table 1, entry 1) for
example, was accomplished in the following manner. A solution of hex-5-yn-1-ol (55) in
etheral solvent at low temperature (-78 °C) was treated with a solution of methyllithium
followed by addition of chlorotrimethylsilane, and the reaction mixture was warmed to room
temperature. After isolation and purification of the crude product, the compound 61 was
obtained in 96% yield as a clear colorless oil. Confirmation of the assigned structure was
obtained from the 'H NMR (400 MHz, CDCl;) spectrum of 61, which exhibited two nine-
proton singlets at 8 0.12 and 0.09, characteristic of Me;Si- functions. Additional evidence
was provided by the IR spectrum which exhibited an intense band at 2176 cm™, diagnostic of
M63Si- substituted alkynes, as well as a lack of a broad absorption in the 32003600 cm™
(-OH) region.

The 1-trimethylsilylalk-1-ynes 63—67 were synthesized from the corresponding alk-1-
ynes 56—60 in a manner identical with that outlined above. The 1-trimethylsilylalk-1-yne 62
was obtained by treatment of 61 with aqueous hydrochloric acid during the workup of the

reaction sequence described above.
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Table 1: Preparation of the 1-Trimethylsilylalk-1-ynes 61-67

1) MeLi or n-BuLi, THF, -78 °C

H » R——SiMe;
2) TMSCI, -78 °C — rt
3) NaHCO4/H,0
Entry Alk-1-yne 1-Trimethylsilylalk-1-yne Yield (%)*
1 HO\/\/\ Me;SiO ' 96
s N
SiMez
2 HO\/\/\ HO 82
o \\ \/\/\
62 SiMe;
3 HO MesSiO 96
Yo Vo,
63 SIM63
4 n‘C10H21_: n'C10H21—:—SiMe3 98
57 64
5 91
C|/\/\\ C|/\/\
R NN
=8 65 " “SiMe,
6 96
@f @%SiMeg,
59 66
7 _/{ _/——:—SiMe3 71
— MesSi——
60 67

* Yield of isolated and purified product. ° For the workup, 1 N aqueous HCl was used instead of
saturated aqueous NaHCOQOs.

The synthesis of 4-(cyclopent-2-en-1-yl)-1-trimethylsilylbut-1-yne (72) was effected
via a three step sequence from (cyclopent-2-en-1-yl)acetic acid (68) (Scheme 12). Thus,
lithium aluminum hydride reduction of 68 afforded the corresponding alcohol 69 in 96% yield.

This alcohol was treated with triphenylphosphine—iodine complex® in the presence of



imidazole to yield the primary iodide 70 in 92% yield. Finally, the iodide 70 was allowed to

react with lithium trimethylsilylacetylide (71) (prepared by treatment of trimethylsilylacetylene

@/\H/OH LiAIH, @/\/OH
-

68 O o 69 (96%)
PhsP, 1,
Imidazole
/ SiMe3 Me3S|'71%L| | |
72 (78%) 70 (92%)
Scheme 12

with n-butyllithium) in the presence of HMPA. Isolation and purification of the resultant

product afforded 4-(cyclopent-2-en-1-yl)-1-trimethylsilylbut-1-yne (72) in 78% yield (69%

overall from 68) as a clear colorless oil.
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2.1.3 SYNTHESIS OF TRIMETHYLGERMANE (53)

. LiAlH,4
Me;GeBr ————» MesGeH (8)
BUQO 53 '

Trimethylgermane (53) was prepared using a procedure reported by Coates and

Tedder,” with a minor modification. In the original procedure,45

a solution of trimethyl-
germanium bromide in dry dibutyl ether was added to a slurry of lithium aluminum hydride in
the same solvent (Equation 8). The heterogeneous mixture was then heated to 75 °C and the
volatile liquid (bp 26 °C) was distilled directly from the reaction mixture into a cold (78 °C)
receiving flask. This procedure afforded trimethylgermane (53) in 75% yield‘.

Since trimethylgermanium bromide required for this reaction is a fairly expensive
reagent (=$5 per gram), it appeared worthwhile to try to improve the yield of this conversion.
After some investigation, it was found that raising the distillation temperature to .110 °C
resulted in a significantly improved yield. Moreover, the time required to complete the
distillation at 110 °C was 3 h as compared to 6-8 h at 75 °C. Examination of the 'H NMR
spectrum of the acquired liquid revealed the presence of a small amount (5-10%) of dibutyl
ether. Distillation of this material (bulb-to-bulb) from —78 °C to 40 °C (directly from the

initial receiving flask) afforded essentially pure trimethylgermane (53) in 95% yield. This

reaction can be easily carried out on a 20-30 g scale of trimethylgermanium bromide with

reproducible yields.
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2.1.4 ISOLATION OF THE PRODUCTS OF HYDROGERMYLATION OF 6-
TRIMETHYLSILYLHEX-5-YN-1-OL (62) AND THEIR TREATMENT WITH p-

TOLUENESULFONIC ACID MONOHYDRATE IN DICHLOROMETHANE

2.1.4.1 HYDROGERMYLATION OF 6-TRIMETHYLSILYLHEX-5-YN-1-OL (62)

6-Trimethylsilylhex-5-yn-1-0l (62) was chosen as the initial sui)strate for the
investigation of the hydrogermylation reaction, since it could be readily prepared from the
commercially ava:ilable hex-5-yn-1-ol (55). This compound also has a moderately high boiling
point which would facilitate, in the event, the recovery of any unreacted starting material.

From the chemical transformation involved in the hydrogermylation of 62, it is possible
to form four isomers as a result of adding the elements of Me;sGeH (53) across the alkyne
function of 62 (Scheme 13). The isomers 73 and 74 arise due to cis addition of Me;GeH (53)
to the carbon-carbon triple bond of 62. Alternatively, the isomers 75 and 76 are the
consequence of trans addition _of the elements of Me;GeH (53) across the alkyne function of
62. The regiochemistry of the addition of Me;GeH (53) can proceed in two different
orientations. The trimethylgermyl group can add to the C-substituted end of the alkyne,

yielding the isomers 73 and 75. On the other hand, the trimethylgermyl group can add to the

Si-substituted end of the triple bond, thus generating isomers the 74 and 76.
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HO

X
62 SiMez
Addition of MesGeH
HO GeMe; ; HO H Y
: \/\/j[ > | cis additionl
MesSi H . MesSi GeMes
73 " 74 J
HO GeMes | HO H )
: V\/j[ g Itrans additionl
H SiMes MesGe SiMes
7 : 76 ’
[ > J J
Y Y

MezGe- addition
at C-substituted
end of alkyne

Me;Ge- addition
at Si-substituted
end of alkyne

Scheme 13

Since the objective of this investigation was to develop a method that would ultimately
provide 2-trimethylgermylalk-1-enes after removal of the trimethylsilyl group, generation of
the isomers 73 and/or 75 from the hydrogermylation of 62 was desired. The regiochemistry
of the addition of Me;GeH (53) to the alkyne function of 62 should be relatively straight-
forward to establish via "H NMR spectroscopic analysis. The 'H NMR spectra of 73 and 75
should contain a singlet (or a triplet with J = 1-2 Hz) for the vinylic proton. On the other
hand, the spectra of 74 and 76 should exhibit a triplet, with a vicinal coupling constant of 5-
10 Hz, for the corresponding signal.

Experimentally, hydrogermylations of various types of substrates, with trialkyl-



28

germanes, have been carried out with H,PtClg*6H,O in the absence of solvent.”>***! These
procedures usually result in a vigorous exothermic reaction, accompanied by a significant

increase in the temperature of the reaction mixture.

H,PtClg*6H,0 GeEts EtsGe,
=\ = Gon » = + \=\_ (9)
¢ Cl 2:1(62%) Ci
77 78

For example, when a mixture of propargyl chloride and triethylgermane (neat) was
treatca with a catalytic amount of H,PtClg*6H,O, a vigorous exothermic reaction occurred to
generate the adducts 77 and 78 (Equation 9).*' Alternatively, hydrogermylations of alkynes
with tributylgermane and a catalytic amount of HthC16°6H20 have also been carried out in
1,2-dichloroethane.*® In a similar transformation, but usipg a Rh(hfa)(C,H,), as catalyst, the
hydrogermylation of phenylacetylene (59) with tributylgermane has been performed in

dichloromethane to afford a mixture of adducts 79-81 (Equation 10).*’

Rh(hfa)(CoHg), Ph Ph, GeBu;  Ph
Ph—— > , = + >'= (10)
BUSGeH: CH2C|2 GeBU3 BU3Ge
59 79 (4%) 80 (1%) 81 (95%)

Since trimethylgermane (53) is a very volatile liquid (bp 26 °C), performing the hydro-
germylation in the absence of solvent would not be suitable, since it is likely that due to the
(expected) exothermic reaction, the volatile trimethylgermane (53) would be lost.
H,PtCls*6H,O was selected to effect the proposed transformation since it is commercially
available and is known to be an effective catalyst for these reactions. It was also decided to
perform the reaction in dichloromethane solution to prevent significant temperature increase.

Speier® has investigated in detail the nature of the catalyst involved in the
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homogeneous catalysis of hydrosilylation by H,PtClg*6H,O. Although no direct proof of the
structure of the soluble complex was obtained, many observations suggest that it is likely to be
a Pt(0) species. For example, the reduction of H,PtClg*6H,O with Me;GeH (§3) to a Pt(0)

species probably occurs as depicted in Equation 11.
H2PtC|6°6H20 + 18MesGeH - Pt(O) + GMeaGeCI + 6(M93Ge)20 + 16H2 (11)

Initial investigations were performed using substrate 62 in dichloromethane and
focused on finding experimental conditions that would allow the conversion of the starting
material to product within a reasonable length of time. Thus, hydrogermylations of 62 were
performed in the presence of approximately two equivalents of Me;GeH (53) with 1-2% of
H,PtCls*6H,0 at 0 and —10 °C initially, in order to minimize the loss of MesGeH (53) through
evaporation. GLC and TLC analyses of the reaction vmixtures revealed that the conversion of

the starting material to product was proceeding very slowly.

SiMe;
/\/\/
‘HO

62
HgPtCle'BHgO,
MesGeH
Me;Si-, |-GeMes|
HO H
v 73+75 y, 4:1 \ 74 + 76 Y,
Y Y

addition of MeGe- at addition of Me;Ge- at
C-substituted end of alkyne Sksubstituted end of alkyne

Scheme 14 |
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In a separate experiment, two equivalents of Me;GeH (53) were added to a cold (0
°C) solution of 62 (1 equiv) and =1 mol% of H,PtCls*6H,O and the resultant mixture was
allowed to stir at room temperature for 15 h (Scheme 14). GLC analysis of the crude
reaction mixture indicated that the starting material had been completely consumed; this
analysis also revealed the presence of several products. The two major products constituted
approximately 75% and 19% of the mixture, whereas the minor cofnponents accounted for the
balance of the material at 1-2% each. Preliminary '"H NMR spectroscopic analysis of this
crude mixture revealed that the fegion of 8 6.5-5.5 contained four distinct signals. These
signals were as follows: a triplet at & 5.7, a singlet at & 5.8, a singlet at 8 6.2 and finally a
triplet at 8 =6.4. The singlet at 8 5.8 and triplet at 8 5.7 were present in a ratio of
approximately 4:1, whereas the other two signals at & 6.2 and 6.4 were present in
approximately equal, very small amounts.

Thus, the hydrogermylation of 62 appeared to have generated an approximately 4:1
mixture of regioisomers. The addition of the MesGe- group occurred primarily at the C-
substituted end of the alkyne function of 62 (Scheme 14). The poor regioselectivity exhibited
by this reaction was disappointing. The platinum catalyzed addition of Me;GeH (53) to the
carbon—carbon triple bond of 62 did not display the high regioselectivity obtained in an

analogous reaction, as reported by Hudrlik and co-workers (see Scheme 11, p 19).*

Ph Ph GeBu Ph
HQPtC|6’6H20 - — 3
Ph—=——H - = . = L, =
BusGeH GeBug BusGe
59 CICHCH LI 79 (759%) 80 (2%) 81 (23%)

A mechanism for the hydrogermylation of phenylacetylene (59) catalyzed by
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H,PtCls*6H,0O has been proposed by Corriu and Moreau.*® This mechanism is based on the

d*®>! on the homogeneous catalysis with group VIII

observations made by Chalk and Harro
metal complexes. Corriu and Moreau*® have shown that n-Bu;GeH adds to phenylacetylene
(59) in 1,2-dichloroethane solution at room temperature in the presence of a catalytic amount
of H,PtClg*6H,O to generate three products (Equation 12). The major product (75%)
obtained from this reaction, 79, resulted from cis addition of the n-BusGeH, with the Bu;Ge-
group located on the terminal carbon of the alkene prod.uct. The second most abundant
adduct was 81 (23%), whereas 80 was formed in 2% yield.*® The formation of »80 is the result
of a trans addition of the elements of n-Bu;GeH across the alkyne function of 59, while 81 can
be produced from one or both of cis and trans modes of addition of n-Bu;GeH. Although it
could be argued that the formation of 80 might arise from a trans to cis isomerization

subsequent to the generation of 79, Corriu and Moreau*® have shown that this process is slow

compared to the rate of addition of n-BusGeH to 59 under comparable experimental

conditions.
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Scheme 15

Scheme 15 depicts a reaction pathway' that rationalizes the formation of the adducts
73-76 from the catalyzed hydrogermylation of the 1-trimethylsilylalk-1-yne 62. This reaction

scheme is based entirely on the proposals of Corriu and Moreau.*

Cycle A depicts the cis
addition of trimethylgermane (53) to the 1-trimethylsilylalk-1-yne 62, whereas path B

accounts for the formation of the adducts resulting from a trans addition of MesGeH (53) to

the substrate.

The catalytic cycle A proceeds as follows: the active form of the Pt catalyst, 82,
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coordinates to the 1-trimethylsilyla1k-1-yne 62 to generate the complex 83. Oxidative
addition of trimethylgermane (53) to this complex results in the formation of the hexa-
coordinated complex 84. Intramolecular hydrogen transfer to the carbon—carbon triple bond
generates the vinyl platinate 85, which then undergoes reductive elimination to the (E)-2-
trimethylgermyl-1-trimethylsilylalk-1-ene 73, simultaneously regenerating the catalytic species
82. Alternatively, migration of the trimethylgermyl group from 84 onto the C-substituted end
of the alkyne function, followed by reductive elimination, leads to the same adduct.

The first step of the catalytic cycle B also involves coordination of 62 to the active
form of the catalyst 82, generating the complex 83. However, in this case, the trimethyl-
germane (53) reacts intermolecularly with complex 83 to form the vinyl platinate 86. Hydride
transfer from germanium to platinum generates 87, which subsequently undergoes reductive
elimination to form. the (Z)-1-trimethylgermyl-1-trimethylsilylalk-1-ene 76 and regenerates the
catalytic species 82.

TLC analyses of the crude mixture of the newly formed adducts 73-76 (see Scheme
14, p 29) indicated that the products could not be separated by convenﬁ_onal flash
chromatography on silica gel. Therefore, protiodesilylation of the crude mixture was
attempted.

Biichi and Wiiest’> have shown the dramatic difference in the rate of protiodesilylation
between the (E/Z)-1-trimethylsilylalk-1-ene 88 and the 2-trimethylsilylalk-1-ene 90 (Scheme
16). When (E/Z)-1-trimethylsilyloct-1-ene (88) was allowed to react with (0.2 equivalent of p-
toluenesulfinic acid in wet acetonitrile heated at reflux for 3 h, the oct-1-ene (89) was formed

in 85% yield.”> Alternatively, treatment of vinylsilane 90 with one equivalent of p-toluene-
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sulfinic acid in wet acetonitrile heated at reflux generated less than 5% of the alkene 91 after

18 h.*> The remainder of the vinylsilane 90 was recovered unchanged. Consistent with these

findings, Hudrlik and co-workers® found that (E)-1,2-bis(trimethylsilyl)oct-1-ene (50)

underwent protiodesilylation to yield 2-trimethylsilyloct-1-ene (51) (see Scheme 11, p 19).
p-TolSO,H (0.2 equiv)

/\WSiMeg - W
CHsCN/H,0, A, 3 h

88 89 (85%)
SiMe; p-TolSOH (1 equiv) _~
o
m CHsCN/H,0, A, 18 h m
90 91 (<5%)

Scheme 16

Although the carbon-silicon bond strength is greater than the corresponding carbon—
germanium bond strength (90 kcal'mol™ for Me,sSi vs 76 kcal'mol™ for MesGe,” it was
expected that the difference in ease of protiodemetallation between 1-trialkylmetal- and 2-

trialkylmetalalk-1-enes would be the dominant factor controlling the outcome of the acidic

treatment of 73 and 75 (Scheme 17).
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Me3Si, H . H_-H
/\/\I - | /\/\I
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HO GeMes HO GeMes

73+75 92
MesSi GeMes H R
H* ~
/\/\I ----------- > A/\I
HO H HO H
74+76 93 R = GeMe3
| 94 R = SiMe;
95 R=H
Scheme 17

Therefore, treatment of both 73 and 75 under acidic conditions was expected to
generate 5-trimethylgermylhex-5-en-1-ol (92) (Scheme 17). On the other hand, the isomers
| 74 and 76 could potentially give three different types of products. Protiodesilylation of 74
and 76 would afford the vinylgermanes 93, Alternatively, protiodegermylation of the same
substrates would lead to the formation of the correspondin_g vinylsilanes 94. Finally, both 93
and 94 could undergo further protiodemetallation to afford hex-5-en-1-0l (95).
Protiodesilylation of vinylsilanes has been carried out under a variety of acidic
conditions.® Traditionally strong acids such as hydrochloric acid,”** hydrobromic acid’® or
hydriodic acid’® have been used, but other acid systems including p-toluenesulfinic acid in wet
acetonitrile®® heated at reflux and aqueous acetic acid” heated at reflux have also been
employed to effect this type of process. Since the objective of this study was the preparation
of functionalized 2-trimethylgermylalk-1-enes, the use of strong acids in the protiodesilylation

step was avoided in order to allow for a large number of functional groups to be compatible

- with this transformation. Moreover, wet acetonitrile was reported to have a poor solubility™
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for the substrates, whereas Hudrlik and co-workers noted that the protiodeéilylation in
aqueous acetic acid required extensive heating at reflux. More convenient reaction
conditions were therefore sought and the first system investigated was the p-toluenesulfonic
acid monohydrate in dichloromethane. |

Treatment of the mixture of the isomers 73-76 with 1.1 equivalents of p-
toluenesulfonic acid monohydrate in dichloromethane at room temperature for 15 h effected
smoothly the conversion of the starting materials into a single new product (TLC analysis)
(Scheme 18). Isolation and flash column chromatography of the crude product, followed by
distillation of the acquired oil afforded the newly formed substance as a clear colorless oil in
80% overall yield (from the 1-trimethylsilylalk-1-yne 62). The 'H NMR (400 MHz, CDCl)
spectrum of this substance exhibited two characteristic doublets (J = 2.6 Hz) at 8 5.49 and
5.16 integrating for one proton each (terminal alkenyl protons), a two-proton triplet (J = 6.4
Hz) at § 3.63, a two-proton triplet (J/ = 7.4 Hz) at 8 2.19, a two-proton multiplet at 8 1.60—
1.50, a two-proton multiplet & 1.50-1.40, a broad one-proton signal at 8 1.31 (exchanges with
D,0), as well as a nine-proton singlet at 6 0.18 for the Me;Ge- group. These data are
consistent with the structure 5-trimethylgermylhex-5-en-1-o0l (92) (Scheme 18).' However,
GLC analysis of the acquired oil indicated that the vinylgermane 92 was contaminated with

two minor components, each present in 2-3%.
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Me;Si H N
/\/\jt hd
4 HO GeMe; /\/\I
M
3 73+75 p-TsOHeH,O HO - GeMe;
—

Me3Si GeMe3 CH20|2, rt, 15 h +

HO H two minor products (2-3% each)

Scheme 18

The failure to detect significant amounts (=20% combined yield expected) of the
products 93-95 resulting from the protiodemetallation of the isomers 74 and 76, cast doubt

on the structural assignments of the isomers 73-76.

93 R = GeMe3 He .R
94 R = SiMe; /\/\j[
95R=H HO H
Moreover, the high overall yield of the two-step sequence for the generation of 5-
trimethylgermylhex-5-en-1-0l (92) from the isomers 73 and 75 was unexpected. Therefore,

isolation of the (initially presumed) isomers 73-76 was attempted so that they could be

completely characterized and then subjected individually to the protiodesilylation conditions.

2.1.4.2 ISOLATION OF THE PRODUCTS OF HYDROGERMYLATION OF 6-TRIMETHYLSILYLHEX-5-

YN-1-0OL (62)

For the purpose of isolating the different isomeric products from the hydrogermylation

of 6-trimethylsilylhex-5-yn-1-o0l (62), it was decided to perform the reaction on a larger scale
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under experimental conditions similar with that outlined above. Thus, to a cold (0 °C) stirred
solution of 62 (932 mg, 5.47 mmol, 1 equiv) and H,PtClg*6H,O (57 mg, 0.11 mmol, 0.020
equiv) in dry dichloromethane (27 mL) was added Me;GeH (53) (974 mg, 8.21 mmol, 1.50
equiv). The cooling bath was removed and the reaction mixture was allowed to stir at room
temperature overnight. Isolation and flash column chromatography of the acquired oil on
silica gel, afforded 1.32 g (83%) of a mixture of the four isomers 73-76. This liquid was
subjected to serﬂi-preparaﬁve HPLC (silica Partisil, 10 um; 22 mm x 250 mm column, 22:3
hexane—ethyl acetate) in four approximately equal portions. These chromatdgraphies resulted
in a rough separation to afford three fractions. The corresponding fractions of the separate
injections were combined and concentrated under reduced pressure. The first fraction to be
~ ecluted, fraction A (retention time 28-40 min), afforded 985 mg of a mixture of two
components. The second fraction to be eluted, fraction B (retention time 40-46 min)
afforded 105 mg of an oil which was constituted of a mixture of three components (HPLC
analysis). The third fraction to be eluted, fraction C (retentioril time 4652 min) afforded 75

mg of an oil which was constituted of a mixture of five components (HPLC analysis).

2.1.4.2.1 Isolation and Characterization of (E)-5-Trimethylgermyl-6-trimethylsilylhex-5-en-1-

MesSi< 6_H
/1\/3\I
HO 5 GeMej;

2 4
73

ol (73)

Part of fraction A (=200 mg) was subjected to reversed phase HPLC (C,s uBondapak,

10 pm; 25 mm X 100 mm column, 3:1 methanol-water) in approximately eight equal portions.
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The corresponding fractions of the separate injections were combined and concentrated under
reduced pressure. The first component to be eluted (retention time 30 min) was distilled to
afford 43 mg of a clear colorless oil. This compound, (E)-S-trimethylgermyl—6—trirﬁethylsilyl—
hex-5-en-1-o0l (73), is the major component formed during the hydrogermylation of 6-
trimethylsilylhex-5-yn-1-o0l (62).

The '"H NMR spectrum (400 MHz, CDCl3) of this liquid exhibited two nine-proton
singlets at 8 0.17 and 0.09, assigned to the Me;Ge- and Me;Si- groups. The spectrum also
showed a one-proton singlet at 8 5.81 and a multiplet at & 2.34-2.30 (allylic methylene
protons). The singlet at & 5.81 can be assigned confidently to a vinylic proton that has no
vicinal protons. Therefore, the vinylic proton must be on C-6 and the Me;Ge- gréup must be
on C-5. HRMS (DCI, CH,) analysis was consistent with the presence of a Si and a Ge atom
in the formula C;,H,6"*GeQ?Si (M + 1)* for the propbsed structure with a calculated mass of
291.1199 and an experimentally found value of 291.1185.

VY

MesSi H

i
G
\ = _4
73

HO eMes

. After determining the position of the Me;Ge- group, the configuration of the double
bond needed to be established. This was accomplished through '"H NMR NOE difference
experiments (see 73). Thus, irradiation of the signal at & 0.09 (Me;Si-) generated an
enhancement of the resonances at & 5.81 (vinylic proton) and 2.34-2.30 (allylic methylene
protons). Likewise, irradiation at & 0.17 (Me;Ge-) caused the same two signals to be

enhanced. These experiments suggest that the MesSi- and the MesGe- groups are trans to



40

each other so that both of these functions have thé vinylic proton and the allylic methylene
protons as immediate neighbors. Additional support for this assignment came from observing
signal enhancements of the singlets at 8 0.09 and 0.17 (Me;Si- and Me;Ge-) from irradiation
of the signal at 8 5.81 (vinylic proton) or from irradiation of the allylic methylene resonance at
8 2.34-2.30. Since the Me;Si- group in the starting material, 6-trimethylsilylhex-5-yn-1-ol
(62), was initially located on C-6, the MesGe- group in the product 73 must be on C-5 and
trans to the Me;Si- moiety. | |

The second compound to be eluted from the reversed phase HPLC (retention time 33
min) was concentrated under reduced pressure to provide 40 mg of an oil which was still a
mixture, but had been enriched with the 33 min component. This sample was resubjected to
identical HPLC conditions to afford 13 mg of an oil, fraction D (vide infra), which was 93%
pure by GLC analysis. This fraction, which contains the second most abundant product from
the hydrogermylation of 6-trimethylsilylhex-5-yn-1-ol (62), was processed further as described

in section 2.1.4.2.4 (p 46 ff.).

2.1.4.2.2 Isolation and Characterization of (Z)-5-Trimethylgermyl-6-trimethylsilylhex-5-en-1-

ol (75)

HG_SiMe3

Y
HO

> w5 }GeMeg
75

The fraction B (105 mg) from the initial HPLC separation (section 2.1.4.2, p 37) was

subjected to HPLC (silica Partisil, 10 um; 22 mm X 250 mm, 9:1 hexane—ethyl acetate). The

last component to be eluted (retention time 51 min) was concentrated under reduced pressure
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to afford 10.8 mg of an oil which was sill & mixture but had been enriched with the 51 min
component. This sample was resubjected to HPLC under identical conditions to afford 5.6
mg of an oil which was 92% pure (GLC analysis). |

The '"H NMR spectrum (400 MHz, CDCl;) of this liquid exhibited two nine-proton
singlets at & 0.27 and 0.10, which are assigned to the Me;Ge- and Me;Si- groups. A two-
proton triplet of doublets (J/ = 7.8 and 1.2 Hz) at 8 2.24 as well as a one-proton triplet (J =
1.2 Hz) at 8 6.18 (vinylic proton) suggest an allylic coupling between the vinylic proton and
the allylic methylene protons. It may therefore be proposed with confidence that this
compound has the vinylic proton on C-6 and, therefore, the Me;Ge- group on C-5 (see 75). It
may be further concluded that the Me;Ge- and the Me;Si- groups are cis to each other since
compound 73 (vide sqpra) has the two moieties in a trans relationship. HRMS (DCI, NH; +
CH,) analysis of compound 75 indicated a signal at m/z 291.1193, which is in good agreement

with the calculated value of 291.1199 for C1,Hz0'GeO®Si (M + 1)*.
Y 2 \
/\/\(HJ[ .
HO GeMes
\ 4
75

'"H NMR NOE difference experiments were performed to establish the relationship
between the Me;Si- and MesGe- groups (see 75). Irradiation at 8 6.18 (vinylic proton) caused
signal enhancements of the resonances at 6 0.10 (Me;Si-) and 2.24 (allylic methylene protons).

Alternatively, irradiation of the allylic methylene protons at 8 2.24 caused the signal at & 0.27

(Me;Ge-) to be enhanced. Moreover, irradiation at & 0.27 (Me;Ge-) caused the allylic
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methylene signal to be enhanced, whereas irradiation of the Me;Si- group at 6 0.10 generated
an enhancement of the triplet at 8 6.18 (vinylic proton). These experiments establish the cis

relationship between the Mes;Si- and the Me;Ge- groups.

2.1.4.2.3 Isolation and Characterization of (E)-6-Trimethylgermyl-6-trimethylsilylhex-5-en-1-

MesSi 6 GeMes
X
HO 5 H

2 4
74

ol (74)

The fraction C (75 mg) from the initial HPLC separation (section 2.1.4.2, p 37) was
subjected to HPLC (silica Partisil, 10 pm; 22 mm X 250 mm, 9:1 hexane—ethyl acetate). The
fourth component to be eluted (retention time 54 min) was concentrated under reduced
pressure to give an oil which was still a mixture, but had been enriched with the 54 min
component. This sample was resubjected twice to HPLC under identical conditions, and the
acquired liquid was distilled to afford 13 mg- of a clear colorless oil (95% pure by GLC
analysis). This sample contained a; small (5%) ambunt' of (Z)-5-trimethylgermyl-6-trimethyl-
silylhex-5-en-1-ol (75), as determined by GLC and '"H NMR analyses.

The '"H NMR (400 MHz, CDCl;) spectrum of this oil exhibited two nine-proton
singlets at § 0.17 and 0.12 (Me3;Ge- and MesSi-), a doublet of triplets (J = 7.0 and 7.0 Hz) at
& 2.21 (allylic methylene protons) and a one-proton triplet (J/ = 7.0 Hz) at & 6.43 (vinylic
proton). The multiplicity and coupling constant of the vinylic proton suggest a vicinal

‘coupling to the allylic methylene protons. Therefore, both the Me;Ge- and the Me;Si-

moieties must be located on C-6 of the alkene function. HRMS (DCI, NH; + CH,) analysis of
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this compound gave a signal at m/z 291.1190, which is in agreement with the calculated value

for C1,Hy0"*GeO™Si (M + 1)* of 291.1199.

MesSi GeMes
(L)
Ho/\/\;[_gH
74

'H NMR NOE difference experiments were performed to establish the orientation of
the Me;Si- and MesGe- groups (see 74). Irradiation of the signal at & 6.43 (vinylic proton)
caused enhancements of the resonances at & 2.21 (allylic methylene protons) and 0.17
(Me;Ge-).  Alternatively, irradiation of the allylic methylene protons (8 2.21) caused the
signals at § 6.43 (vinylic proton) and 0.12 (Me;Si-) to be enhanced. Irradiation of the Me;Ge-
singlet at 6 0.17 generated an enhancement of the triplet at 8 6.43 (vinylic proton), whereas
irradiation of the singlet at & 0.12 (MesSi-) caused the signal at & 2.21 (allylic methylene
protons) to be enhanced. These experiments establish the cis relationship between the
Me;Ge- group and the vinylic proton and at the same time, demonstrate that the Me3Si- group
and the side chain are on the same side of the alkene.

Although the above analysis appears reasonable, it could be argued that the deter-
mination of the geometry of the alkene from the NOE experiments hinges ultimately on the
assignments of the Me;Ge- group at 8 0.17 and the Me;Si- at 8 0.12. Since these signals are
in very close proximity, it was decided to prepare an alkene bearing the same functional
groups via a method that would generate a double bond of known geometry and thus
ascertain the identity of the two signals.

Following the procedure described by Zweifel and Lewis,™ 1-trimethylsilyldodec-1-



yne (64) (144 mg, 0.60 mmol) was transformed into (E)-1-iodo-1-trimethylsilyldodec-1-ene
(96) via hydroalumination and iodination of the resulting vinylalane (Scheme 19)'. GLC and
'"H NMR spectroscopic analyses of the crude mixture indicated the presence of fhc starting
alkyne 64 (19 %), the expected vinyl iodide 96 (69%) and a small amount (12%) of another
product assigned to be (Z)-1-trimethylsilyldodec-1-ene. Flash column chromatography of this
mixture using C;s silica gel and acetonitrile as eluant afforded 116 mg of an inseparable
mixture of (Z)-1-trimethylsilyldodec-1-ene and (E)-1-iodo-1-trimethylsilyldodec-1-ene (96) in
a ratio of 1:6. The 'H NMR spectrum (200 MHz, CDCl) of this mixture showed that the
major product 96 exhibits a one-proton triplet (J = 8 Hz) at & 7.14, a two-proton doublet of
triplets (J/ = 8 and 8 Hz) at & 2.04, a sixteen-proton multiplet at & 1.42-1.16, a three-proton
triplet at 8 0.86 and a nine-proton singlet at 8 0.26. The characteristic signals of this material
are in good agreement with the spectroscof)ié data reported by Zweifel and Lewis*® for (E)-1-
i0do-1-trimethylsilylhex-1-ene. Zweifel and Lewis also reported that metal-halogen exchange
of 1-halo-1-trimethylsilylalk-1-enes by treatment with n-butyllithium generates the
correspohding vinyllithium species, which can subsequently be alkylated without loss of the

stereochemical integrity of the alkene function.”®
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1) DIBAL, Et,0,35°C  n-CqoHpy  SiMes;

n—C10H21%SiMe3 —3-
2) I,, -78 — 0°C dN

64 96
1) +-BuLi, THF,
-78 °C
2) Me;GeBr,
-78 - 0°C

n'C10H21 SiMes
H GeMe;
97
Scheme 19

Thus, (E)-1-iodo-1-trimethylsilyldodec-1-ene (96) was transformed into (E)-1-
trimethylgermyl-1-trimethylsilyldodec-1-ene (97) via a lithium-halogen exchange, followed by
germylation of the corresponding vinyllithium species (Scheme 19). A cold (-78 °C) stirred
solution of a mixture of 96 and (Z)-1-trimethylsilyldodec-1-ene (ratio of =6:1) (56 mg, 0.15
mmol, 1 equiv) in anhydrous THF (2 mL) was treated with a solution of tert-butyl]ithium
(1.62 M in pentane, 0.21 mL, 0.33 mmol, 2.2 equiv) via a syringe. The yellow heterogeneous
reaction mixture was stirred at —78 °C for 15 min ;and then Me;GeBr (89 mg, 0.45 mmol, 3.0
equiv) was added. The resulting colorless heterogeneous mixture was stirred at —78 °C for 15
min, then was warmed to room temperature and was allowed to stir for an additional 10 min.
Water (1 mL) and diethyl ether (15 mL) were added. The‘ layers were separated and the
organic extracf was washed with water (5 mL) and brine (5 mL), was dried over anhydrous

magnesium sulfate and then was filtered and concentrated under reduced pressure. The crude

oil acquired was flash chromatographed (C;s silica gel, methanol) to afford 30 mg (56%) of




46

the (E)-1-trimethylgermyl-1-trimethylsilyldodec-1-ene (97). The '"H NMR (400 MHz, CDCls)
spectrum of this oil exhibited the following signals: 8 6.44 (t, 1H, J =7.0 Hz), 2.17 (dt, 2H, J
= 7.0 and 7.0 Hz), 1.48-1.15 (m, 16H), 0.86 (t, 3H, J= 6.8 Hz), 0.17 (s, 9H) and 0.12 (s,
9H). The '"H NMR chemical shifts for the vinylic proton (8 6.44), the Me;Ge- group (8 0.17)
and the Me;Si- group (8 0.12) of (97) are in excellent agreement with those of (E)-6-
trimethylgermyl-6-trimethylsilylhex-5-en-1-ol (74) (vide supra), therefore establishing the

geometry of the alkene fuhction of 74.

2.1.4.2.4 Isolation and Characterization of (Z)-6-Trimethylgermyl-6-trimethylsilylhex-5-en-1-

ol (76)

MesGe. b _SiMes

X
HO 5 H

2 4
76

The fraction D (13 mg), isolated from the reversed phase HPLC separation of fraction
A (see section 2.1.4.2.1, p 38 {f.), was subjected to HPLC (silica pwPorasil, 10 pim; 25 mm X
100 mm, 9:1 hexane—ethyl acetate). The major component (retention time 17 min) was
separated from a small amount of a more polar impurity (retention time 19 min) and was
concentrated under reduced pressure to afford 5.8 mg of a clear colorless oil (98 % pure by
GLC analysis).

The '"H NMR (400 MHz, CDCls) spectrum of this liquid possessed a one-proton
triplet (J = 7.4 Hz) at 8 5.70 (vinylic proton), a two-proton doublet of triplets (J = 7.4 and 7.4

Hz) at § 2.12 (allylic methylene protons) and two nine-proton singlets at & 0.24 (Me;Ge-) and

~0.04 (MesSi-). The multiplicity and coupling constant of the vinylic proton indicated a
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vicinal coupling to the allylic methylene protons, therefore locating the Me;Ge- group on C-6.
HRMS (DCI, NH; + CH,) analysis of this compound revealed a signal at m/z 291.1180, in
agreement with the calculated. value of 291.1173 for Ci,Ha’GeO’°Si (M + 1)*. Since all
three other possible isomers 73, 74 and 75 from the hydrogermylation of 6-trimethylsilylhex-
5-yn-1-ol (62) had been characterized (vide supra), this compound was assigned structure 76
(see Scheme 13, p 27). To confirm further the configuration of this compound, the following
"H NMR NOE difference experiments were performed.

HO HJ

ot
76

Irradiation of the signal at 8 5.70 (vinylic proton) generated an enhancement of the
resonances at 9 2.12 (allylic methylene protons) and ~0.04 (MégSi—). 'Altematively, irradiation
of the allylic methylene protons at & 2.12 caused the signal at 6 5.70 to be enhanced (vinylic
proton). Irradiation of the singlet at & 0.24 (Me;Ge-) generated an enhancement of the signal
at 8 2.12 (allylic methylene protons), whereas irradiation of the MesSi- group at & —0.04
caused the triplet due to the vinylic proton (8 5.70) to be enhanced. These experiments

establish the cis relationship between the Me;Si- group and the vinylic proton and demonstrate

that the Mes;Ge- group is on the same side of the alkene as the side chain.
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2.1.4.2.5 Summary

HO GeMe; HO
Me38| Me3S| GeMe3

GeMe; HO
\/\/j[ \/\/j[ > Itrans additionl

SiMes Me3Ge S|M93

75

The experimentation summarized above established that the hydrogermylation of 6-
trimethylsilylhex-5-yn-1-0l (62) with trimethylgermane (53) in the presence of ;1 catalytic
amount of H,PtClg*6H,O generates four products. The major product obtained (75%), (E)-5-
trimethylgermyl-6-trimethylsilylhex-5-en-1-ol (73), arises from the cis addition of Me;GeH
(53) across the alkyne function of 62 (see the formation of 73 from loop A in the catalytic
cycle depicted in Scheme 15, p 32). This primary mode of addition was that expected, based
on previously described hydrogermylations of alkynes.”>*® The second major product (19%)
was (Z)-6-trimethylgermyl-6-trimethylsilylhex-5-en-1-ol (76). This product emanates from a
trans addition of the elements of Me;GeH (583) across the alkyne function of 62 (see the
formation of 76 from loop B in the catalytic cycle depicted in Scheme 15, p 32). This result
is somewhat unexpected since the hydrogermylation of alk-l1-ynes in the presence of
H,PtCls*6H,0 generally provides predominantly, if not exclusively, products of cis addition.
Although no reports of hydrogermylation of 1-trimethylsilylalk-1-ynes have been reported to

this date, it appears that this class of substrates behaves somewhat differently from the alk-1-

ynes.
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Scheme 20 depicts the reaction pathway that would lead to the formation of the other
cis addition product, (E)-6-trimethylgermyl-6-trimethylsilylhex-5-en-1-ol (74), from the 1-
trimethylsilylalk-1-yne 62. Thus, coordination of the active form of the catalyst 82 to the
substrate 62 leads to the formation of the complex 83. Oxidative addition of Me;:GeH (53)
generates complex 84, which upon transfer of the MesGe- or H fragment yields the vinyl
platinates 98 or 99. Reductive elimination from either 98 or 99 generates the alkene 74.
Finally, the formation of- the other minor product (=2%), (Z)-5-trimethylgermyl-6-trimethyl-
silylhex-5-en-1-0l (75), arises from a pathway analogous to that of the production of
compound 76, that is from a trans addition of the elements of Me;GeH (53) across the

carbon—carbon triple bond of 62 (see Scheme 15, p 32).

MeaGeH

//’h Ge|!\\/|es

_ R MesSi ' I ~
MesSi Z 84
MesGe 74 R
) H Lo\
M%Sl\/e_ M S,¢Pt
P —GeMea
R = HO(CH,)4 T t,, and / or GeMes
99 98
Scheme 20

The spectroscopic data presented above support the original assignments for the
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structure of compounds 73-76. Therefore, the next step in the attempt to elucidate the
transformation was to submit individually the products 73—76 derived from the hydroger-
mylation of 6-trimethylsilylhex-5-yn-1-ol (62) to the p-TsOH*H,O mediated protiodesilylation

reaction conditions.

2.1.4.3 TREATMENT OF THE PRODUCTS OF HYDROGERMYLATION OF 6-TRIMETHYLSILYLHEX-

5-YN-1-OL (62) WITH P-TOLUENESULFONIC ACID MONOHYDRATE IN DICHLOROMETHANE

2.1.4.3.1 Protiodesilylation of (E)-5-Trimethylgermyl-6-trimethylsilylhex-5-en-1-ol (73) to 5-

Trimethylgermylhex-5-en-1-o0l (92)

, MesSi H H H
/\/\I PO /\/\I
—_—
HO GeMez CHXCl2  HO GeMes
73 92 ’

A dichloromethane solution of 8.8 mg of (E)-5-trimethylgermyl-6-trimethylsilylhex-5-
en-1-ol (73) (the major product obtained from the hydrogermylation of 62) was treated with
1.2 equivalents of p-TsOH*H,O at room temperature for 1 h. GLC analysis of an aliquot of
the reaction mixture revealed that a single product had been formed. After isolation and
purification, 6.6 mg of 5-trimethylgermylhex-5-en-1-ol (92) was obtained (quantitative). The
'H NMR spectrum of the acquired liquid was identical with that obtained from the hydro-
germylation—protiodesilylation sequence of 6-trimethylsilylhex-5-yn-1-ol (62) as described in

section 2.1.4.1, p 26 ff. As anticipated, the removal of the trimethylsilyl group was effected

selectively.
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GeMe, GeMeg GeMes GeMe,
‘& {X 7(\r = “‘&

Me;Si MesSi SiMes
73 100a 100b ' 92
R= HO(CH2)4 + TSOSiMe3
Scheme 21

The protiodesilylation of (E)-5-trimethylgermyl-6-trimethylsilylhex-5-en-1-o0l (73) can
be rationalized using a mechanism similar to that proposed by Koenig and Weber.”> Thus,
when 73 is treated with p-TsOH<H,O, protonation of the carbon—carbon double bond leads to
100a (Scheme 21). Bond rotation about the carbon—carbon single bond with the least nuclear
motion (100a — 100b) permits increasing stabilization of the carbocation from the trimethyl-
silyl group via hyperconjugation (also referred to as “vertical stabilization”).”” This property
of R3Si- groups (as well as R3Ge-, R3Sn- and R;Pb-) to stabilize 3 carbocations® is now well
recognized.’ Finally, attack of the nucleophile (TsO”) on the trimethylsilyl group, with

reformation of the carbon—carbon double bond effects the production of the vinylgermane 92.

2.1.4.3.2‘ Protiodesilylation of (Z)-5-Trimethylgermyl-6-trimethylsilylhex-5-en-1-ol (75) to 5-
Trimethylgermylhex-5-en-1-0l (92)
H SiMes H H
/\/\J[ dahoais = /\/\I
—_—
HO GeMes CH2Cl HO GeMes

75 - 92

Similarly, a solution of 2.7 mg of (Z)-5-trimethylgermyl-6-trimethylsilylhex-5-en-1-ol
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(75) (obtained in trace amounts from the hydrogermylation of 62) in dichloromethane was
treated with 1.2 equivalents of p-TsOH*H,O at room temperature for 1.5 h. GLC analysis of
an aliquot of the reaction mixture revealed that the vinylgermane 92 was the sole product
~ formed. After isolation and purification of the crude product, 1.1 mg of 5-trimethylgermyl-
hex-5-en-1-o0l (92) was obtained (54%). A mechanism similar to that depicted in Scheme 21
(vide supra) can be used to rationalize the protiodesilylation of 75 to yield the vinylgermane

92.

2.1.4.3.3 Protiodesilylation of (Z)-6-Trimethylgermyl-6-trimethylsilylhex-5-en-1-0l (76) to 5-

Trimethylgermylhex-5-en-1-o0l (92)

MeszGe SiMe3 H H
/\/\I ks /\/\I
—_— ,
HO H CH-Clo HO GeMes

76 92
The treatmenf of (Z)-6—tﬁmethylgen;1yl-6-trimethylsilylhcx—S-en-1-01 (76) (the second
most abundant product from the hydrogermylation of 6-trimethylsilylhex-5-yn-1-o0l (62)) with
p-TsOH*H,O will now be discussed. A solution of 76 (9.6 mg) in dichloromethane was
treated with 1.2 equivalents of p-TsOH*H,O at room temperature for 1.5 h. After isolation
and purification of the crude product, 5-trimethylgermylhex-5-en-1-o0l (92) was obtained in
85% yield. The spectral data derived from this product were identical with those reported in
section 2.1.4.1 (p 26). GLC analysis of the crude product, as well as GLC and GLC-MS

analyses of the chromatographed product, revealed that a small amount (=2.5%) of (E)-6-

trimethylsilylhex-5-en-1-ol (94a) had also been formed during the reaction (vide infra). The

structural assignment of this compound was made by comparison of the GLC retention time




53

and GLC-MS data presented in the next section.

Hv, R
93 R = GeMes /\/\I
94 R=SiMes HO H

The results described abbve were rather surprising and certainly not predicted. Based
on the analysis outlined in Scheme 17 (p 35), it was expected that 76 would undergo simple
protiodesilylation to the vinylgemaneé 93 or protiodegermylation to the vinylsilanes 94. The
fact that (Z)-6-trimethylgermyl-6-trimethylsilylhex-5-en-1-ol (76) is transformed almost
entirely (>97%) into 5-trimethylgermylhex-5-en-1-ol (92) seems to be the key to the high
overall yield of the hydrogermylation—protiodesilylation sequence. It therefore appears that
upon treatment of 76 with p-TsOH*H,O in dichloromethane at room temperature, the
trimethylgermyl group underwentl a 1,2 shift. Although this migration was not expected, there
is precedent for a related process in the literature involving trialkylsilyl chemistry.

Me3
Si

Me3SiCH20DzBr=_ HzchD2+ Br—- —/— BrCH2CD28iMe3 (13)

—~——

101 102 103
Eaborn and co-workers™ carried out the solvolysis of 101 in aqueous methanol to
50% completion and recovered the bromide. 'H NMR spectroscopic analysis revealed that
the recovered bromide was comprised of a mixture of 101 and 103 (Equation 13). The
formation of 103 was rationalized by postulating the reversible ionization of the bromide 101
to a non-classical silacyclopropenium ion 102, as depicted in Equation .13. It was also
concluded that, under the reaction conditions used, the rate of rearrangement was somewhat

faster than that of the solvolysis. Similar results obtained from related experiments have been
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rationalized via silacyclopropenium ions.**®!

A possible reaction pathway accounting for the formation of the vinylgermane 92 and
the vinylsilane 94a from (Z)-6-trimethylgermyl-6-trimethylsilylhex-5-en-1-ol (76), rationalized
in terms of classical carbocations, is depicted in Scheme 22. Thus, protonation of the alkene
function of 76 with p-TsOH*H,O generates the carbocation 104a. Bond rotation about the
| carbon—carbon single bond of 104a with the least nuclear motion allows increasing stabi-
lization of the carbocation from hyperconjugation by the trimethylgermyl group leading to the

862 electron release from the carbon—

formation of 104b. Since the hyperconjugative
germanium bond is greater than that from the carbon-silicon bond (the electron release
through hyperconjugation for the:C-M bond is in the order M = Si < Ge << Sn < Pb),* it is
reasonable to assume that rotation around the carbon—carbon single bond will be such as to

favor a stabilization of the carbocation from the 'uimethYIgermyl group. At this point,

nucleophilic attack from the tosylate (path a) onto the trimethylgermyl group of 104b with

reformation of the carbon—carbon double bond results in the production of the vinylsilane 94a.
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H.
R®
TsOH r2 _
SiMe; = == ' H)\ -SiMe;
104b

Me3Ge MesGe SlMe3 GeMes
H b/// a \TsO_
R \GeMe, 4 R H
SiMe, —_— MesGe ) TLO» R
H SiMe; c SiMe;
105b
H 105a H 94a
TsO
GeMe, . GeMey R = HO(CH,),
R —_— R
_ e + TsOSiMe,
SiMes H
H 75 H 92

Scheme 22

Alternatively, the Me;Ge- group from 104b may undergo a 1,2 shift (path b) to
generate the carbocation 105a. This migration would relieve some steric encumbrance from
the crowded terminal carbon of 104b, which bears both a Me;Ge- and a Me;Si- group. From
the carbocation 105a, nucleophilic attack from the tosylate onto the trimethylgermyl group
(path ¢) would produce the vinylsilane 94a, whereas carbon—carbon single bond rotation with
the least nuclear motion (path d) would lead to 10Sb, which can undergo loss of a proton to
form 75. Compound 75 can subsequently undergo protiodesilylation to 92, as discussed in the

previous section. Although no attempts were made to demonstrate the presence of compound

75 in the reaction mixture, the pathway leading to 92 seems nonetheless reasonable. This
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does not preclude a possible altemati&e pathway that wouid lead to the formation of 92
without going through the intermediacy of 75.

Assuming that i) from 104b the 1,2 shift of the Me;Ge- group (path b) is fast
compared to the attack by the nucleophile (path a), and ii) that from the carbocation 105a
rotation (path d) and proton elimination leading to the production of 75 is fast compared to
the nucleophilic attack by the tosylate (path ¢) one would expect the major product to arise
via the rearrangement process. This is, in fact, what is experimentally observed: the ratio of
the observed products 92 and 94a is =49:1. This shows that the proposed pathways b and d
are favored over pathways a and c respectively.

It may be possible to rationalize the preferential formatioﬁ of 5-trimethylgermylhex-5-
en-1-ol (92) over (E)-6-trimethylsilylhex-5-en-1-0l (94a) in terms of counter-ion control.”
The tosylate anion should be initially located on the same face as the newly introduced proton
in 104a. After bond rotation to carbocation 104b, the elimination of the Me;Ge- group (path
a) requires participation of the tosylate anion, which necessitates that the latter moves to the
other side of the molecule. On the other hand, the 1,2 shift of the Me;Ge- group (path b)
does not require such a participation of the tosylate and accordingly should be the favored
process.

A similar argument may be formulated from carbocation 105a for the preferential

proton climination (path d: 105a < 105b — 75) to form 75, which then undergoes protio-

desilylation to 92, as opposed to the Me;Ge- group elimination (path ¢) to produce 94a.
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2.1.4.3.4 Protiodegermylation of (E)-6-Trimethylgermyl-6-trimethylsilylhex-5-en-1-o0l (74) to

(E)-6-Trimethylsilylhex-5-en-1-ol (94a) and (Z)-6-Trimethylsilylhex-5-en-1-o0l (94b)

Me3Si GeMe3 Measi H
/\/\I kit /\/\:l[
—_—
HO H CHXCl,  HO H

74 94a (E)
94b (2)

A solution of 6.6 mg of (E)-6-trimethylgermyl-6-trimethylsilylhex-5-en-1-ol (74)
(obtained in trace amounts from the hydrogermylation of (62); this sample contained a small
(5%) amount of (Z)-S-tn'methylgermyl—6-triméthylsilylhex—S-en-1-01 (75)) in dichloromethane
was treated with 1.2 equivalents of p-TsOH*H,O at room temperature for 1.25 h. After
isolation and purification of the crude product, 'H NMR (400 MHz, CDCl5) spectroscopic,
GLC and GLC-MS analyses of the acquired oil revealed the presence of three products, as
well as a small amount (5%) of unreacted starting mateﬁal. The "H NMR spectrum of the
mixture showed six signals in the region & 6.5-5.1, integrating for a total of two protons, a
two-proton triplet at 8 3.62, a two-proton multiplet at 8 2.26-2.08, a four-proton multiplet at
 1.63-1.40 and five singlets in the  0.20-0.02 region integrating for a total of nine protons.

The major product (72% by GLC analysis) in the mixture was assigned structure 94b,
(Z)-6-trimethylsilylhex-5-en-1-ol, formed by protiodegermylation of the starting material 74.
The assignment was based on the following data: the 'H NMR spectrum exhibited a doublet
of triplets (J = 14.0 and 7.0 Hz) at 6.27, as well as another doublet of triplets (J = 14.0 and
1.2 Hz), of equal intensity, at 6 5.48. Homonuclear decoupling of the 8 6.27 signal resulted in

the collapse of the & 5.48 doublet of triplets to a triplet, simultaneously revealing the presence

of a small doublet at 8 5.49, previously hidden, due to a small amount of 5-trimethylgermyl-
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hex-5-en-1-ol (92) present in the mixture (vidé infra). The two signals at 8 6.27 and 6 5.48,
together with the data given below, suggest a cis arrangement between .two vinylic protons of
a 1,2-disubstituted alkene. GLC-MS (CI, NHs) analysis indicated an ion at 173 (M + 1)*,
which is consistent with the expected mass for CoH00%Si (172), as well as diaénostic
fragments at 157 (M — CH3)" and 73 (-Si(CHs)3)".

Similarly, the next major component (18%) was assigned structure 94a, (E)-6-
trimethylsilylhex-5-en-1-ol, also formed by protiodegermylation of the starting material 74, on
the basis of the following data: the '"H NMR spectrum exhibited a doublet of triplets (J = 18.6
and 6.2 Hz) at & 6.00 as well as another doublet of triplets (J = 18.6 and 1.5 Hz), of equal
intensity, at 8 5.62. These signals are consistent with a trans arrangement between two vinylic
protons of a 1,2-disubstituted alkene. GLC-MS (CI, NH3) analysis indicated an ion at 173 (M
+ 1)*, in agreement with the expected mass for CoH,00™Si (172), as well as diagnostic
fragments at 157 (M — CH3)" and 73 (-Si(CH;)3)". |

The minor product (5%) (vide supra) formed during the reaction was 5-trimethyl-
germylhex-5-en-1-ol (92). The assignment was established as follows: the '"H NMR spectrum
displayed characteristic doublets at & 5.49 (revealed during the homonuclear decoupling
experiment at 8 6.27, vide supra) and 5.16. GLC-MS (CI, NH;) indicated an ion at 219 (M +
1)* with an isotopic cluster consistent with the expected distribution for CoH;00*Ge (218)
and finally, coinjection with an authentic sample on GLC ascertained that this product has a
retention time identical with that of 5-trimethylgermylhex-5-en-1-0l (92). The presence of this
compound can be linked to the small (5%) amount of (Z)-5-trimethylgermyl-6-trimethylsilyl-

hex-5-en-1-ol (75) in the starting material, incompletely separated from 74 during the
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isolation, which underwent protiodesilylation (vide supra).

H
H ©]
R TsOH R H
GeMes
Me,Si MesSi~ GeMes
74 106a
H GeMe,
R
TSO Me;Si &Mea, %
Me;Si GeMes SiMe, SiMes
94b 106b 106d H jo5b
+ TsOGeMe, : - |
c TsO
R = HO(CH,), Me,Ge '
SiMe; + TsOGeMe,
Me;Si
106¢ 94a
Scheme 23

The formation of the vinylsilanes 94a and 94b from 74 can be rationalized in a fashion
similar to that used for the formation of the vinylgermzine 92 from 73 (Scheme 21, p 51),
following the mechanism proposed by Koenig and Weber.”> Scheme 23 depicts the proposed
transformations. Thus, when 74 is treated with p-TsOHeH,O, protonation of the alkene

function leads to the formation of carbocation 106a. Rotation about the carbon-—carbon

single bond with the least nuclear motion (path a), simultaneously causing the side chain R
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and the MeéSi- group to eclipse each other, allows increased stabilization of the carbocation
106b from the trimethylgermyl group through hyperconjugation. Elimination of the Me;Ge-
group, through nucleophilic attack from the tosylate on 106b, results in the formation of the
vinylsilane 94b (path b). The product obtained as a result of pathway b, (Z)-6-trimethylsilyl-
hex-5-en-1-ol (94b), is the major component produced from the treatment of 74 uﬁder acidic
conditions.

As outlined above, no rearranged product was observed from the treatment of 74 with
p-TsOH*H,O. It appears that the carbocation 106b does not undergo a 1,2 Me;Ge- shift. It
is possible that pathway c is not favored since migration of the trimethylgermy! group would
reqﬁire that the side chain R becomes eclipsed the Me;Si- group going from 106b to 106c.
This interaction may be responsible for inhibiting the migration of the Me;Ge- group.

Alternatively, rotation about the carbon—carbon single bond of 106a (path d) would
form 106d. At this time, elimination of the trimethylgermyl group through nucleophilic attack
from the tosylate yields vinylsilane 94a (path e). Additional comments are required on the
formation of 94a from 106a. Firstly, the formation of 106d, which is stabilized through
hyperconjugation from the Me;Ge- group, alleviates the steric encumbrance between the
Me;Si- group and the side chain R present in both 106a and 106b. Secondly, the carbocation
106d possesses a conformation analogous to that of carbocation 104b which underwent a 1,2
Me;Ge- shift (Scheme 22, p 55). The “anomalous” behavior of carbocation 166d may be
rationalized in terms of counter-ion control.” The tosylate anion should be initially located on

the same face as the newly introduced proton in 106a, and hence on the same face as the

Me;Ge- group of 106d. Therefore, the tosylate anion may compete effectively for the
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elimination of the Me;Ge- group (path e), instead of undergoing a 1,2 shift (path f). This was

not the case for carbocation 104b (see Scheme 22, p 55 and accompanying text).

Me Me -N, Me Me Me
H“)\* —->H“' * 4 _OAC _.2 :k‘; OAC —» HY * — H“)\*
~
prf NHz Bl N H Ph pr' OAc  pyf OH
107 108 109 110 111
Scheme 24

Counter-ion control® has been used successfully to rationalize the outcome of
examples in which identical carbocation intermediates lead to different products. This
rationale uses ion-pairing to explain the selectivity of certain transformations. The example in
Scheme 24 illustrates this concept. Deamination of optically active amine 107 in acetic acid
solution in the presence of sodium nitrite generated the optically active acetate 110, which
upon hydrolysis, formed the optically active alcohol 111. The optical activity of the alcohol
111 was largely retained. To explain this retention of configuration,” it has been postulated
that the intermediate diazonium acetate 108 decomposes to the ion pair 109, which then

recombines to form the acetate 110. The hydrolysis of 110 leads to the optically active

alcohol 111.
Me;Si H p-TsOHsH,0 H H
| CH,CI,, 35 °C
HO H ~? HO H
94a (E) 95
94b (2)

When the mixture of vinylsilanes 94a and 94b, obtained from the protiodegermylation

of (E)-6-trimethylgermyl-6-trimethylsilylhex-5-en-1-ol (74) (vide supra), was treated with p-
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TsOH*H,O (1.2 equiv) in dichloromethane at 35 °C for 1h, protiodesilylation occurred. GLC
analysis of the crude mixture indicated that the substrates had been completely consumed.
However, due to the small scale of the reaction (=1 mg) the (expected) product, hex-5-en-1-o0l

(95), could not be isolated.

Me3Si GeMe3p_TSOH.H20 Me3Si H p-TSOH.H 9] H H
CH,CI CH,Cly, 35 °C e
1t ,35°
n-CioHa” H 27 T nCyHy” TH T 272 n-CioHzr™ H
97 112 (4:1 Z:E) 13

In order to gain further information on the outcome of treating (E)-6-trimethylgermyl-
6-trimethylsilylhex-5-en-1-ol (74) with p-TsOH*H,O, a similar experiment was carried out
employing (E)-1-trimethylgermyl-1-trimethylsilyldodec-1-ene (97) as substrate (Equation
14). Thus, treatment of 97 with 1.2 equivalents of p-TsOH*H,O in dichloromethane at room
temperature for 2.5 h resulted in the formation of the viﬁylsila.nes 112. GLC and 'H NMR
spectroscopic analyses indicated that the vinylsilanes 112 had been formed in a ratio of appro-
ximately 4:1, with the Z isomer being the major compound. The signals in the vinylic region
of the '"H NMR spectrum of the crude mixture were similar to those reported for the product
mixture derived from protiodegermylation of 74 (vide supra). Periodic GLC analyses of
aliquots of the reaction mixture indicated that neither the substrate nor the vinylsilanes 112
underwent E to Z isomerization under the reaction conditions during the time required to
effect protiodegermylation. Therefore, both vinylsilanes 112 arose from the same substrate.
Moreover, the '"H NMR spectrum clearly showed that no product originating from the

migration of the Me;Ge- group had been formed during the reaction. When the reaction

mixture containing the vinylsilanes 112 was heated to 35 °C for 1 h, protiodesilylation
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occurred to generate dodec-1-ene (113) (Equation 14). This assignment was based on the
'H NMR (400 MHz, CDCls) spectroscopic analysis of the crude oil isolated from the reaction
mixture. The spectrum exhibited the following signals: 6 5.80 (ddt, 1H, J=17.1, 10.3 and 6.7
Hz), 4.98 (ddt, 1H, J=17.1,2.0 andn2.0 Hz),. 491 (ddt, 1H, J = 10.3, 2.0 and 2.0 Hz), 2.10—
1.98 (m, 2H), 1.45-1.15 (m, 16H), 0.88 (t, 3H, J = 7.0 Hz). This experiment,. along with
those derived from the study involving treatment of 74 with acid (vide supra), demonstrates
that the minor isomer (E)-6-trimethylgermyl-6-trimethylsilylhex-5-en-1-ol (74) obtained from
the hydrogermylation of 6-trimethylsilylhex-5-yn-1-ol (62) can be chemically “destroyed” to
form hex-5-en-1-o0l (95) and (possibly) removed via chromatography from the desired 5-

trimethylgermylhex-5-en-1-0l (92).

2.1.4.3.5 Summary

The isomers 73-76, products from the hydrogermylation of 6-trimethylsilylhex-5-yn-

1-0l (62), were treated individually with p-TsOH*H,O in dichloromethane.
MesSi H
/\/\I is TSOH'H20 /\/\J[
HO GeMes CHzClz GeMes
73
SiMes
GeMe3 CHoClb GeMes

As outlined above, (E)-5-trimethylgermyl-6-trimethylsilylhex-5-en-1-o0l (73) and (Z)-5-

trimethylgermyl-6-trimethylsilylhex-5-en-1-0l (75) react chemospecifically, as anticipated,

with p-TsOH*H,O in dichloromethane to undergo C-Si bond cleavage to generate 5-



trimethylgermylhex-5-en-1-ol (92).
MesGe SiMes H. _-H
/\AI Gl /\/\J[
—
HO H CH-Clb HO GeMes
76 92

Unexpectedly, (£)-6-trimethylgermyl-6-trimethylsilylhex-5-en-1-ol (76) also produced
S-trimethylgermylhex-5-en-1-0l (92) when treated with p-TsOH*H,O in dichloromethane. It
is postulated that this transformation occurs via an acid mediated 1,2 Mes;Ge- shift (Scheme
22, p 55), to generate evéntually (Z)-S-trimethylgermyl—6-trimethylsilylhex—5—eh—1-01 (75).

The latter undergoes protiodesilylation to give (92).

_Me3Si GeMe3 Me38i H
/\/\I callitais /\/\:[
—_—
HO H CHCl, HO H

74 94a (E)
94b (2)

| Finally, (E)-6-trimethylgermyl-6-trimethylsilylhex-5-en-1-ol (74) underwent protio-
degermylation to a mixture (E)- and (Z)-6-trimethylsilylhex-5-en-1-ols (94a) and (94b).
Furthermore, when the reaction mixture containing p-TsOH-HZOFalong with the vinylsilanes
94a and 94b was heated to 35 °C, protiodesilylation occurréd td generate hex-5-en-1-o0l (95).

These transformations proved to be general for a series of diversely functionalized 1-

trimethylsilylalk-1-ynes. The results are presented in the following section.
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2.1.5 SYNTHESIS OF 2-TRIMETHYLGERMYLALK-1-ENES

The optimized experimental conditions devised as described in the previous section
were successfully appl?ed to a number of 1-trimethylsilylalk-1-ynes to generate the corres-
ponding 2-trimethylgermylalk-1-enes.

Table 2 summarizes the conversion of the 1-trimethylsilylalk-1-ynes 61, 63—67, 72
and 114 into the 2-trimethylgermylalk-1-enes 92 and 115-121. The synthesis of 5-chloro-2-
trimethylgermylpent-1-ene (117) (Table 2, entry 4), for example, was accomplished in the
following manner. A mixture of 5-chloro-1-trimethylsilylpent-1-yne (65) (1 equiv) and
.H2PtC16°6H20 (=0.02 equiv) in dichloromethane at 0 °C was treated with trimethylgermane
(83) (1.5 equiv). The reaction mixture was then stirred at room temperature until complete
consumption of the starting material. After isolation, the crude oil was dissolved in-dichloro-
methane and treated with p-TsOH*H,O (1.2 equiv) at 30-35 °C for 1 h. Isolation and
purification of the crude product afforded 5-chloro-2-trimethylgermylpent-1-ene (117) in 74%
overall yield as a clear colorless oil.

The remainder of the 2-trimethylgermylalk-1-enes listed in Table 2 were synthesized
from the corresponding 1-trimethylsilylalk-1-ynes in a manner identical with that outlined
above. As seen in Table 2, the experimental conditions used for the preparation of the 2-
trimethylgermylalk-1-enes are compatible with a wide variety of functional groupé. Entries 1
and 2 (Table 2) show that this method accommodates trimethylsilyl ethers. Investigations
showed that under similar experimental conditions, substrates bearing a trimethylsilyl ether

function underwent hydrogermylation faster than the corresponding substrate with a free

hydroxy group.
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Table 2: Preparation of the 2-Trimethylgermylalk-1-enes 92, 115-121

1) HyPtClg*6H,0 (cat)
o

R SiMe
"3 MesGeH, CH,Cl, 1t R” “GeMes
2) p-TsOHeH,O
CH,Cl,, 35 °C
Entry 1-Trimethylsilylalk-1-yne 2-Trimethy1germylalk—1-ene“ Yield (%)°
1 Messio\/\/\ GeMes 74
61 SNg
SiMe;
2 Me3SiO GeMe 63
3 \/\ \/jr 3
63 SiMe;
3 n-C1oHa———SiMe; n-CioHa1~_-GeMes 72
116
4 CI/\/\ Cl /\/\",GeMeg 74
65 SiMe, 117
5 Ph SiMe; Ph _-GeMes 68
66 118 |

6° —/%SiMes 71
MesSi—=— &7 MesGeJ\/\'rGeMes
119
7 72
Q\/\ Q\/\[‘/GGM%
792 i 120

SiMes -
8 0] o) 68

M
MeaGe)l\/\ MesGe)J\/\[rGe- e
i 121

114 SiMes

* Conditions: 1) Me;GeH (1.5 equiv), H,PtClgs6H,0 (=0.02 equiv), CH,Cl, (1 M), rt 1-21 h. 2) p-TsOH-HzO
(1.2 equiv), CH,Cl, (0.1 M), 30-35 °C 1-7 h. ® Overall yield of isolated and purified product. ° The amounts
of reagents were doubled for this substrate. '
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Thus, hydrogermylation followed by protiodesilylation of the trimethylsilyl ethers 61
and 63 afforded the alcohols 92 and 115 in 74 and 63% overall yield, respectively. TLC
analyses of the product mixtures after hydrogermylation indicated that the trimethylsilyl ether
protecting groups had been largely retained. However, the trimethylsilyl ether functions were
cleaved during the step involving treatment of the crude product with p-TsOHeH,O in
dichloromethane. Two Me;Si- groups were removed from each of the substrates 61 and 63
during the protiodesilylation step. Since only 1.2 equivalents of p-TsOH+*H,0 were used, the
acid must therefore have been regenerated within the reaction mixture. It is plausible to
envisage that, after protiodesilylation of a substrate of general structure depicted in Equation
15, for example, the resulting trimethylsilyl-para-toluenesulfonate was hydrolyzed with water

(from the monohydrate of p-TsOH*H,O or from the CH,Cl, which is not anhydrous) to p-

TsOH and trimethylsilanol.*
Me,Si H H H,0 p-TsOH
I +p-TsOH—> I + p-TsOSiMeg——> + (15)
R™ "GeMe; R™ "GeMe; Me;SiOH

1-Trimethylsilyldodec-1-yne (64) (entry 3) was transformed into 2-trimethylgermyl-
dodec-1-ene (116) in 72% yield. The two-step sequence leading to the formation of the 2-
trimethylgermylalk-1-enes also allows for the presence of a primary chloride (entry 4) as well
as a phenyl group (entry 5). 1,6-bis(Trimethylsilyl)hexa-1,5-diyne (67) (entry 6) was
smoothly converted into the structurally novel 2,5-bis(trimethylgermyl)hexa-1,5-diene (119) in
71% via the same set of transformations. Substrate 67 underwent a double hydrogermylation
followed by protiodesilylation and thus required that the amounts of reagents used be doubled.

The presence of an alkene function is also tolerated, as seen in entry 7, in which 72 is
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transformed into 120. However, the endocyclic alkene function of 72 isomerized during the
platinum catalyzed step leading to the formation of 120. A possible rationale for this
isomerization will be presented later (vide infra). Finally, as summarized in entry 8, 5-
trimethylsilylpent-4-ynoyltrimethylgermane (114) (the preparation of 114 is described later in
section 2.2.2.3, p 97 {f.) was efficiently transformed into the structurally unique 4-trimethyl-
germylpent-4-enoyltrimethylgermane (121), which possesses two MesGe- groups in different
chemical environments.

Although the regioselectivity of addition of the Me;Ge- group varied from one
substrate to another (from 5:1 for 64 to 17:1 for 66), the ratio was generally about 12:1 in
favor of the Me;Ge- group having undergone addition at the C-substituted end of the alkyne
for the 1-trimethylsilylalk-1-ynes depicted in Table 2.

The formation of 92 from 61 (entry 1), 116 from 64 (entry 3) and 120 from 72 (entry

7) require additional comments.

/\/il:bjESiMes
1 3
HO >

Y5 GeMes
122

Firstly, during the purification of 5-trimethylgermylhex-5-en-1-o0l (92) (entry 1), two
by-products were also isolated in trace amounts. The first component, which was assigned
structure 122, 5-trimethylgermyl-6-trimethylsilylhexan-1-ol, was isolated in =1.5% yield. The
structural assignment was based on the following data. The 'H NMR (400 MHz, CDCl;)
spectrum of 122 exhibited several distinctive signals, including a one-proton multiplet at &

1.05-0.98 (H-5), a one-proton doublet of doublets (J = 15.0 and 3.6 Hz) at 8 0.60 (H-6a), a
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one-proton doublet of doublets (J = 15.0 and 10.4 Hz) at 4 0.48 (H-6b) and two nine-proton
singlets at 6 0.06 and —0.02 (Me;Ge- and Me;Si-). Additional evidence for the proposed
structure was obtained from homonuclear decoupling experiments. Thus, irradiation of the
multiplet at & 1.05-0.98 (H-5) resulted in the simplification of the signals at 6 0.60 (H-6a) and
0.48 (H-6b) to doublets (J = 15 Hz). Alternatively, when H-6a (8 0.60) was irradiated, H-5
(8 1.05-0.98) was simplified and at the same time H-6b (8 0.48) collapsed to a doublet
(J/=10.4 Hz). Similarly, when H-6b (& 0.48) was irradiated, H-5 (6 1.05-0.98) was again
simplified and H-6a (8 0.60) became a doublet (J = 3.6 Hz). In addition, HRMS analysis of

122 showed a signal at m/z 292.1270, in good agreement with the calculated value of

292.1278 for Ci,Hso *GeO*®Si.

SiMes MegSi
/\/\/ Ha /Pt | |
MesSiO —  MesSiO

61 | 123
MesGeH,
Pt
SiMes SiMes
GeMes Me:;SiO GeMes
124
Scheme 25

A possible rationale é.céounting for the formation of 122 is depicted in Scheme 25. It
is conceivable that, during the early stages of the reaction, the hydrogen produced by the

reduction of H,PtClg*6H,O to the active Pt(0) form of the cétalyst (see Equation 11 and

accompanying text in section 2.1.4.1) hydrogenated a small amount of 61, resulting in the
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formation of the vinylsilane 123. Hydrogérmylation of the latte£ substance could then
generate 124. Hydrogermylation of alkenes® are usually slow compared to the hydro-
germylation of the corresponding alkynes* under similar experimental conditions.. However,
it is pdssible that vinylsilanes such as 123 are better substrates towards Pt catalyzed addition
of trimethylgermane (53) than the parent carbon analogues. Subsequent treatment of 124
with p-TsOH*H,O in dichloromethane would afford 5-trimethylgermyl-6-trimethylsilylhexan-
1-ol (122). In spite of the fact that no other by-products related in structure to 122 were
isolated from the materials derived from hydrogermylation of the remainder of the substrates
depicted in Table 2, it is reasonable to assume that by-products analogous to 122 were

formed in trace amounts and were separated during the purification step.

N

95

The second by-product that arose from the synthesis of 92 was hex-5-en-1-ol (95),
isolated as a mixture with an equal amount of 92 (=3% combined). The structural assignment
related to 95 was based on the examination of the vinylic region of the 'H NMR spectrum of
this mixture. Thus, the spectrum exhibited the following distinctive signals: a one-proton
doublet of doublets of triplets (J = 17.0, 10.2 and 6.8 Hz) at & 5.79, a one-proton doublet of |
doublets (J = 17.0 and 2.0 Hz) at 6 4.99 and a one-proton doublet of doublets (J = 10.2 and
2.0 Hz) at 8 4.94. Presumably, hex-5-en-1-o0l (95) is produced by protiodemetallation of one

of the isomers generated in trace amounts during the hydrogermylation of 61 (for a complete

discussion of an identical transformation see section 2.1.4.3.4, p 57 ff.).
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\/\/\/\/\J

113

Secondly, the preparation of 2-trimethylgermyldodec-1-ene (116) from 1-trimethyl-
silyldodec-1-yne (64) (Table 2, entry 3) also yielded a small amount (=1.5%) of the corres-
ponding monosubstituted alkene, dodec-1-ene (113). The '"H NMR data for this compound
are consistent with that reported earlier (see Equation 14 and the accompanying discussion in
section 2.1.4.3.4, p 57 ff.). Although the corresponding alk-1-enes were not isolated from the
hydrogermylations of the other 1-trimethylsilylalk-1-ynes depicted in Table 2, it can be
assumed that the alk-1-enes were generated in trace amounts in all cases and were separated
during the purification procedures.

Thirdly, during the transformation of 72 into the product 120 (Table 2, entry 7) the
cyclopentene alkene function underwent isomerization. The fact that compound 72 had
undergone isomerization was established as follows. GLC analysis of the crude hydro-
germylation mixture indicated the presence of one major component. 'H NMR spectroscopic
analysis of this crude mixture showed that the cyclopentene alkene function of this component
had isomerized during the course of the hydrogermylation. This conclusion was based on the
examination of the vinylic region of the spectrum which exhibited a one-proton singlet at &
5.82 and a one-proton triplet (J =2 Hz) at & 5.33. The singlet (8 5.82) was assigned to the
vinylic proton geminal to the Me;Si- group in 125a (Scheme 26), whereas the triplet (8 5.33)

was assigned to the cyclopentene vinylic proton.
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Z
—
GeMe3 H H
72 125 |
* L GeMes
SiMGQ Me3Si H / 120
FZ .
GeMes
125b . 125a

Scheme 26

During a duplicate experimeht, periodic GLC énalyses of aliquots of the hydro-
germylation mixture of 72 suggested that the starting material also underwent isomerization,
to 125b (Scheme 26). After 2 h at room temperature, an aliquot of the reaction mixture was
withdrawn. After isolation and purification, GLC and 'H NMR spectroscopic analyses of the
unreacted 1-trimethylsilylalk-1-yne indicated the presence of two compounds. The vinylic
region of the '"H NMR spectrum indicated three one-proton signals: § 5.73-5.70 (m), § 5.67—
5.64 (m), 5.33 (t, J = =2 Hz). The triplet at & 5.33 was attributed to 125b whereas the two
multiplet were from 72. After 8§ h at room temperature, the hydrogermylation of 72 aﬁd 125b
was essentially complete. GLC analysis of an aliquot of the mixture at this time indicated that
125 and 125a were present in a 1:12 ratio. TLC analysis of this mixture revealed that it
would not be’ possible to separate 125 from 125a by conventional chromatography. The
reaction mixture was therefore allowed to stir at room temperature for an additional 13 h

(total of 21 h), at which time the isomerization of 125 into 125a was essentially complete

(125:125a 1:>30). Protiodesilylation of the latter mixture under standard conditions yielded
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essentially pure 120.
H—R
H—R
Me;GeH
lll. _|\‘ 53
fPt\
126 H—R
GeMe;
l,,Plt_‘\\
125a R H" | v
+ GeMe H—R 127
MeSGeH ’I'.Plt.|\‘ 3 geMe:;
53 H T Pty
129 w |

128 -, H—R
, A\
MesSi GeMeg
R= GeMe;
% 128a

Scheme 27

Scheme 27 depicts a‘pathway, analogous to that proposed by Harrod and Cha‘lk‘”’51
for the isomerization of alkenes by group VIII metal hydrides complexes, that can account for
the isomerization of 125 into 125a. Thus, coordination of the active form of the catalyst 80 to
the cyclopentene alkene function of 125 would generate the m-complex 126. Oxidative
addition of trimethylgermane (53) would give 127, which can subsequently undergo hydrogen
transfer to form the alkyl platinate 128. The latter can loose the newly incorporated elements,
hydrogen and platinum, but via a different pathway to produce the isomerized w-complex 129.
Decomplexation and reductive elimination of trimethylgermane (53) regenerates the vcatalyst

80 and yields 125a. Although the isomerization of 125 to 125a is a rather facile process, at




74

no point in this study was the isomerization of the vinylgermane function of the products 92,
115-121 in Table 2 (p 66) ever observed. The isomerization of alkenes using group VIII
metals hydrides is a well known process. !¢’

The hydrogermylation of substituted alkenes through reductive elimination of alkyl

platinates such as 128 to produce 128a (Scheme 27) under these experimental conditions,

although possible, is a slow process® compared to the hydrogermylation of alkyne functions.

X\—: SiMey "TTTTTTTTT > X\)LGeMes (16)
(X =Cl, Br, OAc, OSiMey) | (X =Cl, Br, OAc, OH)
A perusal of the structures of the 2-trimethylgermylalk-1-enes depicted in Table 2 (p
66) reveals that none of the products are functionalized at the allylic position. This is not
coincidental. Although several éttempts were made to hydrogermylate propargylic substrates
(Equation 16), reaction under standard conditions always gave rise to complex mixtures.
Examination of the "H NMR spectrum of the crude reaction mixtures revealed that while the
corresponding allylic products (X = Cl, Br, OAc, OH) were present, they were always
accompanied by significant amounts of several by-products. Attempts to isolate and pharac—
terize these by-products proved unsuccessful. Investigations into the use of this method for
the synthesis of 2-trimethylgermylalk-1-enes bearing an allylic functional group were therefore

abandoned.

2.1.5.1 CHARACTERISTIC SPECTRAL DATA OF 2-TRIMETHYLGERMYLALK- 1-ENES

The 2-trimethylgermylalk-1-enes prepared in this study possess a number of represen-

tative features which are correlated in their spectral data. Table 3 summarizes the charac-
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teristic IR, 'H and C NMR data of compounds 92 and 115-121.

The carbon-carbon double bond stretching frequency of the 2-trimethylgermylalk-1-
enes appears around 1606 cm™ for most compounds in Table 3, whereas it appears at 1599
cm™ for 118 (entry 5). The carbon—carbon double bond stretching frequencies of the 2-
trimethylgermylalk-1-enes (=1606 cm™) is somewhat lower than those of the cormresponding

carbon analogs, for which the expected frequencies would be around 1660-1630 cm™.%
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Table 3: Characteristic Spectral Data of 2-Trimethylgermylalk-1-enes 92, 115-121
Ha 1 Hp

R™ 2 'GeMes

IR 'HNMR (8 ppm)* | C NMR (8 ppm)”

Entry . R v C=C¢| H-a | H-b? |Me;Ge-| C-1 | C-2 |Me;Ge-
1 HO(CH,)s 92 1606 { 549 | 5.16 | 0.18 |121.5(153.8| -19
2 HO(CH,). 115 1606 | 5.61 [ 5.32 | 0.21 |124.6(150.3| -1.9
3 n-CioHzy 116 nfa | 548 | 5.14( 0.18 [121.3}1544( -1.8
4 CI(CHo)s 117 1607 | 553 | 5.22 | 0.20 |122.5(152.2| -19
5 Ph 118 1599 | 5.84 | 547 | 029 |1242(154.1| -1.1
6 [MesGeC(=CH,)(CH,), 119 1607 | 5.52 | 5.18 | 0.20 |121.4|153.8| -1.8
7 c-CsH7(CHy),° 120 1606 | 551 | 533 | 0.20 |121.1| 1539 -1.9
8 MesGeCO(CH,), 121 n/a | 544|517 0.19 [121.2}1525| -2.1

.400 MHz, CDCl3. ®75 MHz, CDCl,. °in cm™. “ These assignments were made by correlation with the *H
NMR NOE difference experiments performed on 92 (see text). * ¢-CsH;(CHy), = Q—(CHz)z

The '"H NMR spectra of the 2-trimethylgermylalk-1-enes display three distinctive
signals: the two alkenyl proton resonances due to H-a and H;b as well as the singlets due to
the methyl protons from the Me;Ge- group. The protons H-a and H-b give rise to doublets
with a small mutual coupling constant (=2.5 Hz). Since the H-a and H-b signals could not be

assigned on the sole basis of their chemical shifts and coupling constants, 'H NMR NOE

difference experiments were performed on S-trimethylgermylhex-5-en-1-ol (92).
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Irradiation of the signal at 8 5.49 (H-a) generated an enhancement at 8 5.16 (H-b) as
well as at 6 2.19 (allylic methylene protons). Alternatively, when the allylic methylene protons
were irradiated (8 2.19) an enhancement was observed at & 5.49 (H-a) and at & 0.18
(MesGe-). These experiments demonstrate that H-a is the alkenyl proton trans to the Me;Ge-
group. When the signal at 8 5 ..16 (H-b) was irradiated, a signal enhancement was observed at
d 5.49 (H-a) and at 8 0.18 (MesGe-). Furthermore, irradiation of the signal at & 0.18
(MesGe-) caused the signals at 8 5.16 (H-b) and at & 2.19 (allylic methylene protons) to be
enhanced. The latter experiments establish that the alkenyl proton H-b and the MesGe- are cis
to each other.

The assignments of H-a and H-b for the compounds 115-121 depicted in Table 3
were made by correlation with the data obtained from the '"H NMR NOE difference experi-
ments for 5-trimethylgermylhex-5-en-1-0l (92). The signals for H-a, the protons trans to the
Me;Ge- group, appear between & 5.61-5.44, whereas the resonances derived from the protons
H-b, (cis to the Me;Ge- group) appear between & 5.33-5.14. The signals of H-a and H-b are
somewhat deshielded in 1-phenyl-1-trimethylgermylethene (118) (entry 5). Thus, for 118,
H-a appears at 6 5.84, whereas H-b resonates at & 5.47. The protons of the MesGe- group for

the compounds depicted in Table 3 appear as a singlet between & 0.18-0.20, except for 118

in which the Me;Ge- protons resonate at 6 0.29.
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Each of the >C NMR spectra of the 2-trimethylgermylalk-1-enes depicted in Table 3
also exhibit three distinctive signals: the resonances due to the two alkenyl carbons C-1 and
C-2 and the signal derived from the methyl carbons of the Me;Ge- group. The signals from
the terminal alkenyl carbons (C-1) appear within the region 8 125-121, whereas the C-2
alkenyl carbons give rise to resonances between 8 155 and 150. In each case, the alkenyl
carbons C-1 and C-2 were assigned by examination of the intensity of their signals in the Bc
NMR spectra. The alkenyl carbon C-1 bearing two protons exhibits a more intense signal,
due to a faster relaxation,” than the adjacent alkenyl carbon C-2, which has no attached
protons. The signals of the methyl carbons of the Me;Ge- group in the >C spectra appears

near 0 —1.8, except for compound 118 which exhibits the corresponding signal at 6 —1.1.
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2.1.6 CONCLUSIONS

The aim of this study was to develop a method that would allow the efficient pre-

paration of diversely functionalized 2-trimethylgermylalk-1-enes from- the corresponding 1-
" trimethylsilylalk-1-ynes.

The 1-trimethylsilylalk-1-ynes are easily prepared from the corresponding alk-1-ynes in
high yield. 1-Trimethylsilylalk-1-ynes serve as gdod substrates for the H,PtClg*6H,O cata-
lyzed addition of MesGeH (53) to the Acarbon—carbon triple bond.  Although the
regioselectivity of this type of addition was generally only moderate (=12:1), this lack of

selectivity turned out to be of no consequence.

MessiIH Me3GeIS|Me3 IS|M93 Me3S|IGeMe3
R

GeMes GeMe; H
l : ]| v

major minor . trace trace

\_ o
Y

p-TsOHeH,O p-TsOHeH,O
CH,Cl,, 35 °C CH,Cl,, 35 °C
B ‘ X
R GeMes R H

The isomers of general structure I-IV were formed as a result of the hydrogermylation
of the 1-trimethylsilylalk-1-ynes. The major component produced from this transformation
was isomer I, whereas isomer I was the second most abundant. Isomers II and IV were

generated in trace amounts.

Isomers I and HI upon treatment with p-TsOH°H20 in dichloromethane undergo
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protiodesilylation to afford the 2-trimethylgermylalk-1-ene. Isomer II, when treated under
identical experimental conditions, undergoes a 1,2 Me;Ge- shift followed by protiddesilylation
to also produce the 2-trimethylgermylalk-1-ene. Isomer IV undergoes seqﬁential protio-
degermylation and protiodesilylation to the corresponding alk-1-ene when treated with p-
TsOH*H,0 in dichloromethane.

This two-step procedure for the conversion of 1-trimethylsilylalk-1-ynes into 2-

trimethylgermylalk-1-enes is experimentally simple, accommodates a variety of functional

groups and provides the products regioisomerically pure.
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2.2 SYNTHESIS OF ACYLTRIMETHYLGERMANES VIA ADDITION OF (TRI-

METHYLGERMYL)COPPER(I)-DIMETHYL SULFIDE TO ACYL ELECTRO-

PHILES AND THEIR OLEFINATION TO 2-TRIMETHYLGERMYLALK-1-ENES

2.2.1 INTRODUCTORY REMARKS

As outlined in the Proposals (section 1.3, p 13 ff.), an dpproach to the synthesis of 2-
trimethylgermylalk-1-enes, alternative to that involving catalyzed hydrogermylation of 1-
trimethylsilylalk-1-ynes, was envisaged. This method, due to the inherent nature of the
transformations involved, would preclude the formation of regioisomers.

It was postulated that olefination of acyltrimethylgermanes of geﬁeral structure 37
(Equation 17) would generate the corresponding 2-trimethylgermylalk-1-enes 26. The first
objective of this study was, therefore, to prepare the key acyltrimethylgermanes. A survey of
the literature revealed that a number of methods have been reported for the preparation of
acyltrialkylgermanes. A brief summary of these methods, which can be separated into four

categories, is presented in the following pages.

37 26
In the first category, Yamamoto and co-workers™ reported the preparation of the
acyltrimethylgermanes 131 (Equation 18) and 132 (Equation 19) via a Pd-catalyzed acyl
substitution with hexamethyldigermane (130). In this protocol, treatment of benzoyl chloride
(Equation 18) with Me;GeGeMes; (130) and a catalytic amount of Pd(0) at 90 °C for 6.5 h

provided the acyltrimethylgermane 131 in 69% yield. Alternatively, when octanoyl chloride
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(Equation 19) was allowed to react under similar conditions, the acyltrimethylgermane 132
was generated in 15% after 38 h at 90 °C. These results suggest that an aryloyl chloride is a
much better substrate in this reaction than an alkanoyl chloride. Therefore, this method

appears to be unsuitable for the preparation of diversely functionalized acyltrimethylgermanes.

0 Pd, 90 °C, 6.5 h O
)j\ > )l\ (18)
Ph” ~CI MejGeGeMe; Ph” ~GeMe;
130 131 (69%)
0 Pd, 90 °C, 38 h 0
> (19)
C,H.s~ ~Cl MesGeGeMes C/Hs& “GeMe,
130 132 (15%)

In-the second category, a sequence of transformations generates a precursor to the
acyltrimethylgermane in which the carbonyl group is masked. Hydrolysis of the latter function
affords the ﬁnal product. An example utilizing this strategy is depicted in Equation 20.
Soderquist and Hassner’' reported that lithiation of the dienol ether 133 with tert-butyllithium,
followed by treatment of the corresponding lithio species with MesGeCl, afforded 134 in 53%
yield. Subsequent hydrolysis of the latter in a dilute hydrochloric acid—acetone mixture, gave

the uﬁsaturated acyltrimethylgermane 135 in 69% yield.

OMe 1) t-BuLl Me  nei/ HCI/H0 O
_/—< s @
2) Me;GeCl GeMe; acetone X “GeMes
134 (53%) 135 (69%)

A similar approach was used by Brook and co-workers.”” Thus, when the dithiane
136 (Equation 21) was deprotonated with n-butyllithium and the resulting lithio species

treated with Et;GeBr, the substituted dithiane 137 was obtained in 70% yield. Subsequent
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hydrolysis of 137 with HgCl, in aqueous THF heated at reflux afforded the acyltriethyl-

germane 138 in 63% yield.
m 1) n-BulLi m HgCl, 0]
S><S 2) Et;GeBr S><S 21)
Ph” ~H <0 Ph” “GeEt; H20/THF, A ph” “GeEt,
136 137 (70%) 138 (63%)

Equation 22 depicts a somewhat different, but related, method devised by Yoshida
and co-workers” for the synthesis of acyltrimethylgermanes. In this protocol, the methyl
ether 139 was treated with n-butyllithium and the resultant carbanion was allowed to react
with decanal to form the alkoxide 140. The latter underwént in situ carbon-silicon bond
cleavage (Peterson reaction)’* to form the enol cthers 141 (E/Z = 1:1) in 76% yield. This

compound was subsequently hydrolyzed in aqueous acid to generate the acyltrimethylgermane

142 in 96% yield.
OMe 1) n_BULiRY()I:Z y ﬂe H30" 0 22)
M > ( eNViezg—>» R. 2 —- R
H s?N?efa 2) RCHO oLi SiMes GeMes GeMes
139 | I140 141 (76%) 142 (96%)

R = CgH1g
Although the ébove three methods (Equations 20-22) have, collectively, the potential
to accomplish the preparation of a certain number of acyltrialkylgermanes, in poor to good
overall yield, they all suffer from one limitation: a carbanion intermediate is formed at one
stage during the sequence of transformations. The strongly nucleophilic and basic nature of

such anions seriously limits the type of functional groups that could be introduced into the

acyltrialkylgermanes.
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In the third category, a Claisen rearrangement is used to introduce the carbonyl
function of the acyltrimethylgermane. Yamamoto and co-workers” have shown that when the
enol ether 143 (Equation 23) was treated with a chiral organoaluminum reagent,
rearrangement occurred to generate the optically active acyltﬁmeﬂlylgennane 144 in 73%
yield (91% ee). Although this method provides good yields of the acyltrimethylgermane, it is

limited to the preparation of y,8-enones.

Q\ AIR3 Z 0 e

GeMe; : PR GeMe;
144 (73%)

Finally, the fourth category of transformations employs .the addition of a trialkyl-
germyllithium reagent to a carbonyl electrophile (Equation 24). In this protocol, described
by Sato and co-workers,’® treatment of 3-phenylpropanal with triethylgermyllithium afforded
the alcohol 145 in 76% yield. Oxidation of the latter compound using the conditions of

Swern’’ generated the acyltriethylgermane 146 in 72% yield.

Et;GeLi OH Swern Q
ph~~CHO Ph/\)\GeEtg oxidation Ph/\)LGeEts
145 (76%) 146 (72%)

A similar method was developed by Vyazankin and co-workers,”® in which triethyl-
germyllithium was allowed to react with N,N-dialkylamides (Equation 25). For example,
when the amide 147 was treated with triethylgermyllithium, the acyltriethylgermane 138 was
obtained in 88% yield. While the methods depicted in Equations 24 and 25 provide the acyl-
tricthylgermanes in good yields, they require the use of the tricthylgermyllithium reagent,

which is a powerful nucleophile. The use of such a nucleophile again limits the possible
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functional groups that can be present in the acyltrialkylgermanes.

0]

Ph” “NEt, > Ph” “GeEts

147 138 (88%)
Vyazankin and co-workers’® noted that adding one equivalent of copper(l) iodide to
tricthylgermyllithium formed the corresponding copper reagent. When the (iriethyl-
germyl)copper(I) reagent (148) (Equation 26) was allowed to react with benzoyl chloride at

~30 °C, the acyltriecthylgermane 138 was formed in 60% yield. No additional examples were

reported.
0 Et;GeCu 0]
L 148 A (26)
Ph Cl —— > Ph GekEt;

138 (60%)

In light of this report, the utilization of a trimethylgermylcopper(I) reagent to effect
the synthesis of acyltrimethylgermanes from acyl chlorides became appealing (Equation 27).
Three questions then arose: i) can the nucleophilic substitution of an acyl chloride be effected
by a reagent such as trimethylgermylcopper(I) (36) to generate the corresponding acyl-
trimethylgermane 37, ii) is the transformation general, or to put it in other words, what
functional groups, other than phenyl, are compatible with this transformation (since
functionalization of the side chain was imperative) and iii) can the method be developed to
provide the required products in high yields? The trimethylgermylcopper(I) reagent would
certainly be a milder nucleophile than the corresponding lithio species and the experimental
conditions would then possibly allow for a large number of functional groups to be present in

the acyl chloride.
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O MesGeCu @)
36 R (27)
R\)j\CI """" > \)LGeMe3
37

In order to prepare the trimethylgermylcopper(l) reagent (36), the corresponding lithio
species 149 was required (Equation 28). Examination of the literature revealed that only two

methods had been reported for the preparation of the trimethylgermyllithium (149).

Cu(h)

Me;GeLi ————— > MezGeCu (28)
149 36

Bulten and Noltes” have developed a general method for the preparation of solutions
of R;GeM (R = alkyl, M = alkali metal) in HMPA. For example, in this protocol, when a
solution of hexamethyldigermane (130) in HMPA was stirred with lithium metal, trimethyl-

germyllithium (149) was generated quantitatively (Equation 29).

MesGeGeMes — L »  MesGeLi  (29)
130 HMPA 149

Alternatively, a solution of Me;GeLi (149) has been prepared in pentane by Schumann
and co-workers.*® Thus, when bis(uimethylgermyl)mercury (150) was treated with lithium

metal in pentane, Me;GeLi (149) was obtained in 12% yield (Equation 30).

Hg(GeMey), —»  MesGeli  (30)

150 pentane 149
Although both methods (Equations 29 and 30) depicted above provide access to
Me;GeLi (149), the latter protocol, using bis(trimethylgermyl)mercury (150) (Equation 30),
is clearly unsatisfactory due to the low yield of this reaction. On the other hand, the former

method (Equation 29) generates Me;GeLi (149),. quantitatively, in HMPA solution. The
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Me;GeLi (149) needs to be converted in situ into the corresponding copper reagent 36 (see
Equation 28) for reaction with the acyl chloride. Since most reactions involving organo-
copper reagents are performed 1n etheral solvents, it was unclear what effects a co-solvent
such as HMPA would have on the outcome of the reaction. The details of the investigations
describing the development of a new method for the in situ preparation of the MegGeLi (149)

in etheral solvent will be disclosed in the following section.

H H

Ph” “GePhs Ph” “GePhs
151 152 (72%)

Finally, if the preparation of the acyltrimethylgermanes proved successful, their
conversion into the corresponding 2-trialkylgermylalk-1-enes remained to be accomplished.
Examination of the literature revealed that one example of olefination of an acyltriphenyl-
germane into the corresponding 2-triphenylgermylalk-1-ene had been reported. Brook and
Fieldhouse® reported that when the acyltriphenylgermane 151 was treated with PhyP=CH,,
the 2—niphenylgemylalk-1-ene 152 was formed in 72% yield (Equation 31). Would the
olefination depicted in Equation 31 be applicable to the synthesis of the functionalized acyl-

trimethylgermanes?

@)
\/U\GeMeg GeMes

37 26

The answer to the questions raised in the previous pages, as well as the details of the

investigations leading to the successful preparation of the acyltrimethylgermanes of general
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structure 37 and their olefination into the 2-trimethylgermylalk-1-enes 26 will be disclosed in

the following sections.
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2.2.2 SYNTHESIS OF ACYLTRIMETHYLGERMANES FROM ACYL

CHLORIDES

2.2.2.1 SYNTHESIS OF ACYL CHLORIDES

In order to prepare the acyl chlorides required for this study, the commercially
available carboxylic acids 153-156 shown in Table 4 were chosen as substrates. Table 4 also

contains a summary of the conversions of 153-156 into the acyl chlorides 157-160.

Table 4: Preparation of the Acyl Chlorides 157-160

0 ' 0
1 SOCl, 1

R™ "OH reflux R”™ “ClI

Entry Alkanoic Acid Acyl Chloride Yield (%)*
1 ) O 98
CoHyg OH CgoHyg Ci
153 157
OH Cl

154 158

3 O o) 92
HO |
\n/\/\)I\OH © \n/\/\/u\m

0O 155 o 159

4 62°

3
L

OH Cl
7 156 Z 160

® Yield of isolated and purified product. * Volatile liquid.

The acyl chlorides depicted in Table 4 were prepared in a straightforward manner.




90

The synthesis of decanoyl chloride (157), for example, was accomplished as follows.
Decanoic acid (153) was treated with an excess of thionyl chloride and the reaction mixture
was heated at reflux for 0.5 h. After the mixture had been cooled to room temperature,
removal of the excess thionyl chloride under reduced pressure, followed by distillation (bulb-
to-bulb 70-80 °C/0.06 Torr, lit. bp 94-96 °C/5 Torr*®) of the residue, afforded decanoyl
chloride (157) in 98% yield as a clear colorless oil.

The acyl chlorides 158-160 were obtained in a manner identical with that outlined
above. Although the acyl chlorides 157 and 159 are commercially available, they were
prepared by this simple method since the corresponding alkanoic acids were readily available.

Two additional substrates were prepared for this study. The first, 5-trimethylsilylpent-
4-ynoyl chloride (164), was synthesized from pent-4-yn-1-ol (161) via a three step sequence,
reported by Utimoto and co-workers,” as outlined in Scheme 28. A solution of 161 in
etheral solvent was treated sequentially with a solution of »n-butyllithium and chlorotrimethyl-
silane. Subsequent treatment of the mixture with aqueouS acid afforded S-trimethylsilylpent-
4-yn-1-0l (162) in 74% yield. Jones oxidation of the latter compound gave S-trimethylsilyl-
pent-4-ynoic acid (163) in 66% yield.** This alkanoic acid was treated >with thiony] chloride,

as described above, to generate 5-trimethylsilylpent-4-ynoyl chloride (164) in 97% yield.
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///\/\OH 1) n-BuLi /\/\

161 2) TMSCI = MesSi 162 (74%)
Jones
oxidation

0
SOCI2
WCI roflux /\)j\

MesSi 164 (97%) Me;Si 163 (66%)

Scheme 28

The second substrate, ((4-methoxybenzy1)dxy)acetyl chloride (167), was prepared via
a three step sequence from (4-methoxyphenyl)methanol (165), via a procedure reported by
Kukla and Fortunato® for a related substrate, as outlined in Scheme 29. Treatment of an
excess of (4-methoxyphenyl)methanol (165) with sodium hydride, followed by addition of
ethyl bromoacetate and subsequent saponification of the mixture, resulted in the formation of
((4-methoxybenzyl)oxy)acetic acid (166) in 59% yield. Attempted formation of the acyl
chloride 167 from 166 under standard conditions (thionyl chloride, reflux) failed to generate
the expected product. However, a procedure to form acyl chlorides under neutral conditions
reported by Beeby®® proved to be successful. Thus, treatment of the alkanoic acid 166 with a
solution of potassium hydroxide in ethanol formed a precipitate, the potassium salt of 166,
which was collected by suction filtration. This salt was subsequently treated with oxalyl
chloride in dry diethyl ether to afford ((4-methoxybenzyl)oxy)acetyl chloride (167) in 92%

yield from 166.
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MeO MeO
© 1) NaH, BrCH,CO,Et o)
OH ~ o N
2) KOH, MeOH/H,0, A OH
165 | 166 (59%)

1) KOH, EtOH
2) (CICO),, Et,0

MeO 0
\©\/O\)j\c|

167 (92%)

Scheme 29

2.2.2.2 PREPARATION OF TRIMETHYLGERMYLLITHIUM (149) AND (TRIMETHYLGERMYL)-

COPPER(I)-DIMETHYL SULFIDE (168)

As outlined in the Introductory Remarks (section 2.2.1, p 81 ff.), the reported
procedures’”® for the preparation of Me;GeLi (149) were unsuitable for the present study.
Following initial investigations performed by Dr. Guy Plourde from our léb.oratories, attention
was focused on the development of a satisfactory preparation of Me;GeLi (149) for which the
following protocol was devised. Treatment of 1.4 equivalents of Me;GeH (53) in THF (=0.18
M solution of Me;GeH in THF) with 1.2 equivalents of a solution of fers-butyllithium at 0 °C
for 20 min afforded a clear and colorless solution (Scheme 30). Indications that metallation

had occurred were the rapid disappearance of the initial yellow color, caused by the presence

of ters-butyllithium in THE.
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t-BulLi _ CuBreMe,S
Me;GeH m MezGelLi —0—C> Me;GeCueMe,S
53 0 149 '8 168
O

N

CgoHiqg Cl
157
THF, -78 °C

O O

CgH1 g)LGeMeg * CgH1 g)LO/\
170 (31%) 169 (22%)

Scheme 30

In order to assess the extent of the formation of the lithium reagent 149, it was
decided to form the corresponding copper reagentv 168 in situ, and to treat the latter with an
acyl electrophile (Scheme 30). Thus, addition of 1.2 equivalents of CuBreMe,S to the
resultant solution of Mes;GeLi (149) (“inverse” addition method) at —78 °C, followed by
stirring of this mixture at —78 °C for 45 min, resulted in the formation of a dark red-black
solution of the reagent MesGeCusMe,S (168). This solution was treated with one equivalent
of decanoyl chloride (157), the resultant reaction mixture was stirred for an hour at -78 °C,
and then was treated with an aqueous solution of NH4Cl-NH4,OH. Isolation and flash
chromatography of the crude product afforded two compounds.

The first component to be eluted, obtained in 22% yield, was assigned structure 169
(Scheme 30). This assignment was established as follows. The '"H NMR (400 MHz, CDCl)
spectrum of 169 exhibited a one-proton doublet of doublets (J = 14.0 and 6.3 Hz) at § 7.27, a

one-proton doublet of doublets (J = 14.0 and 1.5 Hz) at & 4.86, a one-proton doublet of
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doublets (J = 6.3 and 1.5 Hz) at 6 4.54, a two-proton triplet (J = 7.5 Hz) at 8 2.36, a two-
proton multiple; at 8 1.69-1.57, a twelve—vproton multiplet at & 1.37-1.16 and a three-proton
broad triplet (/ = 6.8 Hz) at 8 0.86. Additional evidence supporting the structural assignment
of 169 was provided by the IR spectrum, which showed an intense band at 1758 em™ (v
C=0) as well as a band of medium intensity at 1648 cm™ (v C=C) for the vinyl ester function.
These frequencies are in good agreement with the literature values for this typev of func-
tionality.®’

The second compound to be eluted, obtained in 31% yield, was decanoyltrimethyl-
germane (170) (Scheme 30). The '"H NMR (400 MHz, CDCl;) spectrum of 170 exhibited a
two-proton triplet (J = 7.4 Hz) at § 2.58, a two-proton multiplet at § 1.57-1.45, a twelve-
proton multiplet at 8 1.39-1.18, a three-proton broad triplet (J = 6.8 Hz) at 8 0.85 and a nine-
proton singlet at 8 0.31. Additional evidence to support the structural assignment of 170 was
provided by the IR spectrum, which contained a band at 1658 cm™ for the acyl germane
carbonyl, as well as from HRMS analysis, which exhibited a signal at m/z 274.1354, in good
agreement with the calculélted v‘alue of 274.1352 for C13Has *GeO.

Two conclusions were drawn from the experiment depicted in Scheme 30. First, the
formation of an acyltrimethylgermane via addition of (nirhethylgermyl)copper(l)—dimethyl

sulfide reagent (168) to an acyl chloride is possible and, second, the lithiation of Me;GeH (53)

is incomplete, as indicated by the generation of the by-product 169 (vide infra).
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Co Me Me o L'
(jo+ Lit -I_Me — H—|—Me+ H,C=CH, + =—/
4\/ 171
Me Me
O
CoHig™ ~CI

157
O .

LiCl -+ CoHig o
169

Scheme 31

Scheme 31 depicts a rationale for the formation of 169. Under the reaction conditions
used for the lithiation of Me;GeH (53), competitive fragmentation of THF by tert-butyl-
lithium® generates isobutane, ethylene and tﬁe lithium enolate of acetaldehyde 171. Upon
addition of decanoyl chloride (157) to the reaction mixture, 171 reacts with 157 to form 169
and lithium chloride.

Further mveétigations pertaining to the lithiation of Me;GeH (53) showed that
deprotonation of 53 with ferz-butyllithium did not occur when diethyl ether was used as
solvent or in the absence of solvent (neat), even at room. temperature. Moreover, the
formation of Me;GeLi (149) in THF with tert-butyllithium did not occur below —15 °C. In
order to minimize the fragmentation of THF by fert-butyllithium, the lithiation of Me;GeH

(53) was performed in the presence of a minimum amount of THF.

t-BulLi CqoH-4Br
MesGeH W MG3G€UL210>C10H21G9M93 (32)
53 - 149 THF,-78°C 172

Thus, treatment of a cold (~10 °C) solution of 1.2 equivalents of trimethylgermane
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(83) in anhydrous THF (=2.5 M solution of Me;GeH in THF) \ivith 1 equivalent of a solution
(if tert-butyllithium for 5 min generated Me;GeLi (149) (Equation 32). In order to quaritify
the yield of 149, the following experiment was carried out. The solution of Me;GeLi (149)
was diluted with additional anhydrous THF (final concentration of =0.6 M with respect to
Me;GeH), was then cooled to —78 °C and 1.2 equivalents of 1-bromodecane were added.
After the mixture had been warmed to room temperature, an internal standard was added and
the mixture was treated with water and diethyl ether (for complete experimental details, see
section 3.3.2.1.3, p 222). GLC analyéis of an aliquot of this mixture revealed that 1-trimethyl-
germyldecane (172) (Equation 32), and, therefore, Me;GeLi (149), had been formed in >97%
yield. The remaining 2-3% can be accounted for by the formation of the lithium enoiate of
acetaldehyde 171 (vide infra), from the reaction of tert-butyllithium with THF (see Scheme -
31).

t-BuLi, TMEDA

Et;GeH » Et;Geli (33)
THF, 0 °C, 30 min

Duﬁng the course of these investigations, a preparation of Et3GeLi via a related
method was reported by Takeda and co-workers.¥ In this protocol,.a solution of one
equivalent of Et;GeH in THF (=1 M solution of Et;GeH in THF) was treated with 1.1
equivalents of a solution of fert-butyllithium and 1.1 equivalents of N,N,N',N'-tetramethyl-
ethylenediamine (TMEDA) at 0 °C for 30 min to geherate Et;GeLi quantitatively (Equation
33). However, since 1.1 equivalents of tert-butyllithium were employed, it is likely that under

the experimental conditions used the excess reagent (=0.1 equivalent) reacted with THF to

form the lithium enolate of acetaldehyde 171 (see Scheme 31).
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2.2.2.3 SYNTHESIS OF ACYLTRIMETHYLGERMANES

As described in the previous section, the formation of decanoyltrimethylgermane (170)
via reaction of Me;GeCu*Me,S (168) with decanoyl chloride (157) is possible. Further
investigations were therefore conducted with the same substrate, in an effort to improve the

yield of decanoyltrimethylgermane (170) using this method.

Table 5: Optimization of the Expérimental Conditions for the Formation of Decanoyl-

trimethylgermane (170)
0] 1) Me3GeCusMe,S O
168
CgH11957 Cl 2) NH.CVNH,OH » CgHyg 170GeMe3
Entry Me;GeCusMe,S (equiv) T (°C), time Yield*
1 1.2 -78,1h 31
2 1.2° | -78,03h - 43
3 1.2° —78,1h;-30,2h | 70
4 2.2° —78,1h;-30,2h | 71
5 1.57 -78,1h;-30,2h | 81
6 1.5%/ 1 equiv TMSCI —78,1h;-30,2h | 92

*Yield of isolated and purified product. * Preparation of Me;GeLi under non-
optimum conditions; see text. ° Preparation of Me;GeCusMe,S via the “inverse”
addition method; see text. ¢ Preparation of Me;GeCusMe,$ via the “normal”
addition method; see text.

Table 5 summarizes the key experimental modifications that rendered the transfor-

mation synthetically useful. Entry 1 displays the initial conditions under which 170 was

synthesized in 31% yield. This experiment was used to assess the formation of the Me;GeLi
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(149), via lithiation of Me3GeH (53), in a solution of THF (see previous section, 2.2.2.2, p 92
ff.). In entry 2, the product was obtained in 43% yield, using the optimized preparation of
Me;GeLi (149) (see previous section, 2.2.2.2, p 92 ff.) and, consequently, the formation of

the by-product 169.was significantly reduced.
0]

CoHis” O
169

The yield of decanoyltrimethylgermane (170) increased dramatically when the reaction
mixture §vas stirred for 1 h at —78 °C, was warmed to —30 °C and then was allowed to stir for
an additional 2 h (entry 3). This result suggests that the conversion of the starting material is
incomplete at —78 °C. When the same experiment was repeated using 2.2 equivalents of
Me;GeCuMe,S (168) (entry 4), the yield of 170 was unchanged.

In entry 5, the reagent Me;GeCusMe,S (168) was prepared via a protocol very similar
to that previously described, but with a minor modification. In entries 1-4, the reagent 168
was obtained by addition of solid CuBreMe;S fo a solution of the Me;GeLi (149) in THF at
—78 °C (“inverse” addition), as described in the previous section (2.2.2.2, p 92 ff.). In entry 5,
the Me;GeCusMe,S (168) was prepared by addition, via a cannula, of a solution of reagent
149 to a suspension of CuBreMe,S in THF at —78 °C (“normal” addition). While both of
these preparations should generate the same reagent, Me;GeCusMe,S (168), it appears that
the “normal” addition method affords decanoyltrimethylgermane (170) in better yield than the
“inverse” addition method. The fact that 1.5 equivalents of 168 were used in entry 5, as
opposed to 1.2 equivalents, is not likely to be responsible for the increase in yield (compare,

for example, entries 3 and 4). The reasons for the different yields of 170 obtained from the
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preparation of MesGeCu*Me,S (168) via the “normal” and “inverse” addition methods remain

unclear.

- . TMscl
_put OTMS | icl (34)

171 173

The optimized preparation of Me;GeLi (149) virtually eliminated the formation of 169
in the reactions summarized in entries 2-5. However, GLC analyses of aliquots of the crude
reaction mixtures indicated the presence of trace amounts (=2-3%) of 169. In an attempt to
completely inhibit the production of 169, the solution of Me;GeCusMe,S (168) was treated
with chlorotrimethylsilane prior to the addition of decanoyl chloride (157). It was anticipated
that the lithium enolate of acetaldehyde 171 would react with chlorotrimethylsilane to form
the corresponding vinyl silyl ether 173 (Equation 34) and, consequently, suppress the
formation of 169. Thus, when a solution of 1.5 equivalents of Me;GeCu*Me,S (168) and one
equivalent of chlorotrimethylsilane in THF were treated with one equivalent of the acyl
chloride 157 (Table 5, entry 6), decanoyltrimethylgermane (170) was obtained in 92% yield.
GLC analysis of an aliqudf of the crude reaction mixture showed that the formation of 169
had been completely inhibited. Additional benefits of chlorotrimethylsilane as an additive in
the formation of acyltrimethylgermanes in higﬁ yield will be discussed on the following pages.
The experimental conditions outlined abave ‘to prepare decanoyltrimethylgermane (170)
proved to be general for a number of diversely functionalized acyl chlorides, as described
below.

The acyl chlorides 157, 158, 174, 167, 175-177, 159, 160 and 164 depicted in Table

6 were chosen as substrates. Table 6 also contains a summary of the conversions of these
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acyl chlorides into the acyltrimethylgermanes 170, 178—185 and 114.
The substrates 157-160, 164 and 167 were synthesized as described previously

(section 2.2.2, p 89 ff.), whereas the acyl chlorides 174—-177 are commercially available.
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Table 6: Preparation of the Acyltrimethylgermanes 170, 178-184 and 114

1) Me3GeCueMe,S

JOL 168 0
R cl THF,-78t0-30°C R GeMe,
2) NH,Cl/ NH,OH
Acyl Chloride Acyltrimethylgermane Yield (%)*
Entry” R R without | with with
additive | TMSCI® | TMSBr*
1 CgH1g CgH19 81 92 n/a
157 170
2 n/a 88 n/a
Q_CHz CH,
158 178
3 C'CeHn c-CeH11 n/a 88 n/a
174 179
4 4-MeO(CsH4)CH.OCH, | 4-MeO(CsH4)CHOCH, n/a 82 n/a
167 180
5 (CeHs)C H20CH2 (CGHS)CH2OCH2 63e'f 89 Oe'f
175 181
6 CI(CH,)4 CI(CHy)4 n/a 90 n/a
176 182
7 CI(CH,)2 CI(CHy)2 23 358 58
177 183 -
8" CICO(CHy), MesGeCO(CHo)4 33¢ 92 n/a
159 184
9% HC=C(CH,)> HC=C(CH,), (1% 0 n/a
160 185 _
10 MesSiC=C(CHz), Me3SiC=C(CHy,). n/a 82 n/a
164 114

*Yield of isolated and purified product. ® 1.5 equiv of MesGeCu*Me,S, prepared via the “normal” addition
method, were used unless otherwise stated. ° One equiv of TMSCI was used unless otherwise stated. ¢ 2.5-4
equiv of TMSBr were used. °Me;GeCusMe,S was prepared via the “inverse” addition method.’ 2.2 equiv of
Me;GeCu*Me,S were used. 4.5 equiv of TMSCI were used. " The amounts of reagents were doubled for this
experiment. ' 1-1.06 equiv of Me;GeCu*Me,S were used, and the reaction was carried out at —78 °C for 2.5-3
h. /2.5 equiv of pyridine and 2 equiv of dry methanol were added prior to work-up.
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The results summarized in entry 1 of Table 6 for the synthesis of decanoyltrimethyl-
germane (170) have already been discussed in detail (see Table S, p 97 and accompanying
text). The synthesis of (cyclopent-2-en-1-yl)acetyltrimethylgermane (178) (entry 2) was
accomplished in the following manner. A cold (-78 °C) solution of Me;GeCueMe,S (168)
(1.5 equiv) prepared via the “normal” addition method (vide supra) in dry THF (=0.18 M) was
treated sequentially with chlorotrimethylsilane (1 | equiv) and (cyclopent-2-en-1-ylacetyl
chloride (158). The reaction mixture was stirred at —78 °C for 1 h, then was warmed to —30
°C and was allowed to stir for an additional 2 h. After isolation zind purification of the crude
product, (cyclopent-2-en-1-yl)acetyltrimethylgermane (178) was obtained in 88% yield as a
light yellow oil.

The remainder of the acyltrimethylgermanes listed in Table 6, except for 185, were
synthesized from the corresponding acyl chlorides in a manner sirﬁilar to or identical with that
outlined above. In an effort to further understand the (additional) benefits of using chloro-
trimethylsilane as additive, a number of selected substrates were also allowed td react with
Me;GeCueMe,S (168) in the absence of chlorotrimethylsilane, whereas two of these
substrates were also allowed to undergo reaction with 168 in the presence of bromotrimethyl-
silane as additive.

The acyl chloride 174, which bears a “bulky” cyclohexyl group o to the carbonyl, was
smoothly converted into the corresponding acyltrimethylgermane under standard experimental
conditions (entry 3).

This transformation is also compatible with benzylic ethers. ((4-Methoxybenzyl)oxy)-

acetyl chloride (167) (entry 4) was converted into ((4-methoxybenzyl)oxy)acetyltrimethyl-
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germane (180) in 82% yield. On the other hand, treatment of (benzyloxy)acetyl chloride
(175) (entry 5) with Me;GeCueMe,S (168) prepared via the “inverse’l’ addition method (vide
supra) without additive afforded (benzyloxy)acetyltrimethylgermane (181) in 63% yield.
Alternatively, when 175 was allowed to react with Me;GeCu*Me,S (168) (prepared via the
“normal” addition method) in the presence of chlorotrimethylsilane, the yield of 181 was
increased to 89%. Attempted conversion of 175 into 181 with 2.2 equivalents of
Me;GeCusMe,S (168) (prepared via the “inverse” addition method) using bromotrimethyl-
silane as additive failed to produce any of the “expected” product.

5-Chloropentanoyl chloride (176) (entry 6) was efficiently (90% yield) converted into
5-chloropentanoyltrimethylgermane (182) under standard expérimental conditions. Reaction
of 3-chloropropanoyltrimethylgermane (177) with reagent 168 (entry 7) in the absence of
additive afforded 3-chloropropanoyltrimethylgermane (183) in only 23% yield. On the other
hand, treatment of 177 with 168 in the presence of 4.5 equivalents of chlorotrimethylsilane
gave the acyltrimethylgermane 183 in 35% yield. When the same reaction was performed
using 2.2 equivalents of Me;GeCusMe,S (168) and bromotrimethylsilane (4.5 eqﬁiv) as
.additive, 183 was generated in 58% yield.

When adipoyl chloride (159) (entry 8) was treated with three equivalents of
Me;GeCueMe,S (168) (prepared via the “inverse” addition method) without chlorotrimethyl-
silane, the structurally novel hexanedioylbis(trimethylgermane) (184) was obtained in 33%
yield. On the other hand, when 159 was allowed to react with 168 (3 equiv) in the presence

of two equivalents of chlorotrimethylsilane, the product 184 was generated in 92% yield.

Since 159 possesses two acyl chloride functions which can undergo reaction with 168, the
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amounts of reagents for this substrate were doubled.

Treatment of pent-4-ynoyl chloride (160) (entry 9) with approximately one equivalent
of Me;GeCu*Me,S (168) at —78 °C for 2.5-3 h, with or without chlorotrimethylsilane, failed
to produce the expected pent-4-ynoyltrimethylgermane (185). Remarkably, reaction of 168
with 5-trimethylsilylpent-4-ynoyl chloride (164), the Me;Si- substituted analog of 160, under
standard conditions generated 5-trimethylsilylpent-4-ynoyltrimethylgermane (114) in 82%
yield (entry 10). |

The reactions summarized in entries 5, 7, 8 and 9 of Table 6 require additional
comments. During the purification of (benzyloxy)acetyltrimethylgermane (181) (entry 5),
formed by reaction of 175 with Me;GeCusMe,S (168) in the absence of chlorotrimethylsilane,
a by-product was isolated in =2.5% yield. This material was assigned structure 186, (E)-2-

benzyloxy-1-(benzyloxy)acetoxy-1-trimethylgermylethene.

186

The assignment was based on the following data. The 'H NMR (400 MHz, CDCls)
spectrum exhibited a ten-proton fnultipiet at & 7.52-7.23 (aromatic protons), a one-proton
singlet at 6 5.87 (vinylic proton), three two-proton singlets at & 4.84, 4.62 and 4.19 as well as
a nine-proton singlet at & 0.27 (Me;Ge-). Additional evidence was provided by the IR

spectrum of 186 which showed a strong band at 1760 cm™ (v C=0), together with HRMS
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analysis which showed a signal at m/z 416.1043, a value identical with that calculated for
CaHye*GeO,. To establish the geometry of the alkene function, 'H NMR NOE difference
experiments were performed. Thus, irradiation of the singlet at 6 5.87 (vinylic proton) caused
the resonances at & 4.84 (benzylic protons) and 0.27 (MesGe-) to be enhanced. Alternatively,
when the Me;Ge- signal (8 0.27) was irradiated, the vinylic proton (6 5.87) was enhanced.
These experiments establish the cis r;:lati'onship between the vinylic proton and the M¢3Ge—
group.

A possible rationale accounting for the formation of 186 is depicted in Scheme 32.
Thus, during the course of the reaction of Me;GeCusMe,S (168) with 181, the reagent 168
rﬁay have served as a base to form a small amount of the copper enolate 187, together with
Me;GeH (53), from the acyltrimethylgermane 181. This _enolate' could then undergo O-

acylation with 175, still present in the reaction mixture, to afford the enol acetate 186.

\)()L MeaGeCU'Mezs v O/CU’MGQS
R 168 +  MeyGeH
» R~

GeMe; \/'\GeMea 53
181 187 ‘

O

R = CgHsCH,0
eMsCH> R\/U\CI
175
0O

Scheme 32
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When (benzyloxy)acetyl chloride (175) was allowed to react with 168 (Table 6, entry
5) in the presence of bromotrimethylsilane, none of the expected acyltrimethylgermane 181
was formed. The only product that was isolated from the complex mixture was assigned

structure 188, 2-benzyloxy-1-trimethylsilyloxy-1,1-bis(trimethylgermyl)ethane, which was

©\/Me36e GeMe,
© OSiMes

188

obtained in 52% yield.

This assignment was based on the following data. The 'H NMR (400 MHz, CDCl)
spectrum exhibited a 5-proton multiplet at & 7.45-7.35, a two-proton singlet at § 4.43, a two-
proton singlet at 8 3.77, an eighteen-proton singlet at 8 0.15 as well as a nine-proton singlet at
0 0.07. Additional evidence to support the structural assignment of 188 was provided from
HRMS analysis which indicated a signal at m/z 443.0686 (M — CH;)*. This data is consistent

with the calculated value of 443.0682 for C17Hs; *Ge*Ge0,% Si.

o -Ib,SiMe;; Br-
R : i — R
\)LGeMe;g + MegSiBr <—= \)LGGMG;;
181 189
Me;GeCueMe,S
R = CgHsCH,O 168

MesGe, GeMes

R
\)<OSiMe3
188

Scherhe 33
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Scheme 33 depicts a possible reaction pathway that rationalizes the formation of 188.
During the course of the reaction of 181 with 168, bromotrimethylsilane could have acted as a
Lewis acid to form (reversibly) the oxonium ion 189 from the initially formed acyltrimethyl-
germane 181, thus enhancing the electrophilic charactef of the carbonyl carbon. Subsequent

nucleophilic addition of the Me;GeCu*Me,S (168) to 189 would generate the trimethylsilyl

ether 188.
O Me;GeCusMe,S o-CuMe;S
R - 168 + Me;GeH
\)LGeMes R\/kGeMe(s 53
181
l TMSCI
O OSiMe;
NH,CI / NH,OH : 3 + CuCl
R\)L - R\%
- GeMe; H.0 GeMe,
181 190 R = CgHsCH0
Scheme 34

The data derived from the reaction of 168 with 175 (Table 6, entry 5) also shed some
light on the possible role of chlorotrimethylsilane as additive. A mechanistic pathway rationa-
lizing the role of chlorotrimethylsilane in the formation of the acyltrimethylgermane 181 is
depicted in Scheme 34. The small amount of the.(postulated) copper enolate 187 produced
from the acyltrimethylgermane 181 could be trapped efficiently by chlorotrimethylsilane, as
opposed to reacting with the acyl chloride substrate (compare Scheme 34 with Scheme 32),
to produce the enol trimethylsilyl ether 190. After complete conversion of the acyl chloride

into product, treatment of the reaction mixture with aqueous NH,CI/NH,OH would hydrolyze
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190 to regenerate the product 181. Several attempts to isolate and characterize the

(postulated) enol trimethylsilyl ether 190 proved unsuccessful.

o} o) 0d-

A= = _ .3 X

PhsGe” R PhsGe” R PhsGe “U R PhsGe” R
| I I v

The notable tendéncy of acyltrimethylgermanes to undergo enolization (or enolate
anion formation) may be understood by examining the properties associated with the acyl-
germane function. Yates and Agolini®® have shown that benzoyltriphenylgermane (I) (R =
phenyl) and related substances have an increased amount of electron density at the carbonyl
oxygen, compared to the carbon analog. This increase was attributed to a larger contribution
of the canonical form (II), due to a strong inductive effect of germémium91 on the carbonyl
carbon—germanium bond. Trotter and Harrison” suggested fhat a third resonance form (III),
in which there is no formal bond between the germanium and the carbonyl carbon, may
contribute to the structural representation of the acylgermanes. The contribution from this
resonance form was suggested by a single crystal X-ray crystallographic analysis of 5 related
substance (R = Me), in which the carbonyl carbon—germanium bond is abnormally long at 2.01
A, compared to the phenyl carbon—germanium bond length of 1.95 A. Thus, it was suggested
that compounds such as acetyltriphenylgermane (R = Me) would be best illustrated by (IV),

which represents both the increased electron availability at the carbonyl carbon and the

lengthened germanium—carbonyl carbon bond.”
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0O GeMes

NS
Cl " 10 4 23 GeMe;
191-192

During the chromatographic purification of 3-chloropropanoyltrimethylgermane (183),
synthesized by reaction of reagent 168 with 3-chloropropanoyl chloride (177) in the absence
of any additive (Table 6, entry 7, p 101), an additional fraction, which was constituted of two
compounds, was obtained in 10% yield. An analytically pure sample of each component was
obtained by subjecting this mixture to reversed phase HPLC (C;s uBondapak 10 pm, 25 mm
% 100 mm column, 3:2 acetonitrile—water). The first component to be eluted (retention time
53 min) was assigned structure 191, (E)- or (Z)-1-((3-chloropropanoyl)oxy)-1,3-bis(trimethyl-
germyl)prop-1-ene. The structural assignment:of 191 was based on the following data. The
'H NMR (400 MHz, CDCl;) spectrum exhibited a one-proton triplet (J = 9.2 Hz) at & 5.80
(H-2), a two-proton triplet (J = 6.8 Hz) at 4 3.75 (H-3'), a two-proton tﬁplet (J=6.8 Hz) at 6
2.82 (H-2"), a two-proton doublet (J = 9.2 Hz) at  1.58 (H-3), as well as two nine-proton
singlets at & 0.30 and 0.16 for the Me;Ge- groups. Additional evidence to support the
structural assignment of 191 was provided by the IR spectrum, which showed a band at 1741
cm™ (v C=0). In addition, HRMS analysis indicated a signal at m/z of 383.9985 which is in
good agreement with the calculated value of 383.9967 for C,H,s> Cl"*Ge, 0.

The second component to be eiuted (retention time 57 min) was assigned structure
192, (Z)- or (E)-1-((3-chloropropanoyl)oxy)-1,3-bis(trimethylgermyl)prop-1-ene.  This
assignment was based on the following data. The '"H NMR (400 MHz, CDCl;) spectrum

exhibited a one-proton triplet (J = 8.8 Hz) at 6 5.34 (H-2), a two-proton triplet (J = 6.6 Hz)
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at 8 3.77 (H-3"), a two-proton triplet (J = 6.6 Hz) at § 2.86 (H-2"), a two-proton doublet (J =
8.8 Hz) at 8 1.64 (H-3), as well as two nine-proton singlets at 8 0.25 and 0.13 for the Me;Ge-
groups. Additional evidence was provided by the IR spectrum which showed a band at 1742
cm™ (v C=0). In addition, HRMS analysis indicated a signal at m/z 383.9975, which is in
good agreement with the calculated value of 383.9967 for C1.Hy5°C1*Ge,0,.

Although the geometry of the alkene functions of compounds 191 and 192 was not
established, it is obvious from the data presented above that 191 and 192 are constitutionally
identical and must, therefore, be geometric isomers. Compounds 191 and 192 are, in part,
structurally related to 186 and thus, are likely to be formed via a pathway similar to that
depicted in Scheme 32 (p 105) for the production of 186 In addition, 191 and 192 possess
an allylic Me;Ge- group which results from the substitution of the chloride by a Me;Ge-
function.

MesGe, ,GeMes

CI/\><OSiMe3

193

When 3-chloropropanoyl chloride (177) was allowed to react with Me;GeCusMe,S
(168) in the presence of bromotrimethylsilane (Table 6, entry 7, p 101), an additional fraction
was isolated during the purification of 3-chloropropanoyltrimethylgermane (183). GLC and
'H NMR analyses showed that this fraction was constituted of a mixture of compounds, but
contained a major (=75%) component. The major component was assigned structure 193, 3-
chloro-1,1-bis(trimethylgermyl)-1-(trimethylsilyloxy)propane. The structural assignment of

193 was based on the following data. The '"H NMR (400 MHz, CDCl;) spectrum exhibited a

two-proton multiplet at § 3.55-3.48, a two-proton multiplet at & 2.40-2.32, an eighteen-
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proton singlet at & 0.20 as well as a nine-proton singlet at 8 0.12. The compound 193 is

structurally related to 188 and thus, it is postulated to be formed via a pathway identical with

that depicted in Scheme 33 (p 106) for the production of 188.

MesGe_ OH Q
GeMe;

194

During the purification of hexanedioylbis(trimethylgermane) (184), synthesized by
treatment of adipoyl chloride (159) with Me;GeCu*Me,S (168) in the absence of any additive
(Table 6, entry 8, p 101), a by-product was isolated. This component, which was assigned
structure 194, 2-hydroxy-2-trimethylgermyl(cyclopentanecarbonyl)trimethylgermane, was
obtained in 6% yield. This assignment was based on the following data. The 'H NMR (400
MHz, CDCl;) spectrum exhibited a one-proton broad signal (exchanges with D,0) at & 3.92
(-OH), a one-proton doublet of doublets (/ = 11.0 and 8.6 Hz) at & 3.11, a two-proton
multiplet at 8 2.10-1.95, a two-proton multiplet at 8 1.85-1.75, a one-proton multiplet at &
1.72-1.61, a one-proton multiplet at 8 1.59—1.52, a nine-proton singlet at & 0.34 as well as a
nine-proton singlet at & 0.10. Additional evidence was provided by the IR spectrum which
showed bands at 3464 (-OH) and 1634 cm™ (v C=0), together wjth HRMS analysis which
indicated a signal at m/z 348.0359, in good agreement with the calculated value of 348.0365
for C1,Has "Ge*GeO,.

A mechanistic pathway accounting for the formation of 194 is depicted in Scheme 35.

During the course of the formation of 184, the Me;GeCusMe,S (168) may have served as a

base to generate a small amount of the copper enolate 195 and Me;GeH (53) from the
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compound 184. This enolate can undergo ring closure to the copper alkoxide 196, which
upon work-up produces the alcohol 194. In order to gain further information on the
production of 194, the following experiment was performed. A solution of 184 (1 equiv) in
dry methanol was treated with sodium methoxide (1 equiv) at room temperature, and then
was allowed to stir for 15 h. TLC analysis of an aliquot of the mixture indicated that the
conversion of 184 into 194 was essentially complete (>95%). However, due to the small scale
on the reaction (=10 mg), iso}ation and purification of the crude oil obtained afforded the
alcohol 194 in 30% yield. The spectral data derived from 194 were identical with that

reported above.

Me3GeCU.Mezs Me2S'Cu ~
0 168
MesG
O 184 O 195 +Me,GeH
- 53
MeONa, l
MeOH |
,Cu-MeZS
OH O o
Me;Ge NH,CI/NHOH  MesGe O
GeMe; = ' GeMes
H,0
194 196
Scheme 35

The experiments described above, along with the data derived from the reaction of

substrates 175 and 177 with reagent 168 (Table 6, entries 5 and 7, p 101), indicate that the

acyltrimethylgermanes partialiy undergo enolate formation under the experimental conditions
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used. This enolization results in the formation of by-products through O-acylation or aldol
condensation in the case of the reaction in which adipoyl chloride (159) is the substrate.
Treatment of pent-4-ynoyl chloride (160) (Table 6, entry 9, p 101) with approximately
one equivalent of Me;GeCusMe,S (168), with or without chlorotrimethylsilane, failed to
produce pent-4-ynoyltrimethylgermane (185). Pent-4-ynoyl chloride (160) was chosen as a
substrate to investigate the possibility of effecting a chemoselective reaction of the
Me;GeCusMe,S (168) with an acyl chloride function in the presence of another potentially
reactive function (alk-1-yne) within the same substrate. Although neither of the two attempts
afforded the expected acyltrimethylgermane 18S, isolation and characterization of the by-
products formed under these experimental conditions gave some insights into the chemoselec-

tivity of the overall reaction.

OSiMes

GeMe;

MesGe
197

Treatment of pent-4-ynoyl chloride (160) with Me;GeCueMe,S (168) in the presence
of chlorotrimethylsilane gave a complex mixture of products. The crude oil obtained was
subjected to flash column chromatography on silica gel to afford two components. The first
compound, which was assigned structure 197, 2-(bis(trimethylgermyl)methyl)-1-((trimethyl-
silyl)oxy)cyclobutene, was obtained in 10% yield. The structural assignment was based on the

following data. The 'H NMR (400 MHz, CDCl;) spectrum exhibited a two-proton triplet (J =

3.2 Hz) at  2.47, a two-proton triplet (J = 3.2 Hz) at 4 1.89, a one-proton singlet at 6 1.29, a
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nine-proton singlet at 8 0.16 as well as an eighteen-proton singlet at & 0.15. Additional
evidence was provided by the IR spectrum which showed a band at 1681 cm™ (v C=0).
HRMS analysis of 197 indicated a signal at m/z 390.0660, which is consistent with the

calculated value of 390.0655 for Ci4Hs, *Ge *GeO™Si.

0

GeMe
HzNJ\/jr 3

198

The second component, which was assigned structure 198, 4-trimethylgermylpent-4-
enamide, was isolated in 42% yield. This assignment was based on the following data. The
'"H NMR (400 MHz, CDCl;) spectrum exhibited a two-proton broad signal at & 5.62-5.40, a
one-proton doublet (J = 2.0 Hz) at 8 5.53, a one-proton doublet (J = 2.0 Hz) at § 5.22, a two-
proton multiplet at & 2.53-2.47, a two-proton ﬁulﬁplet at 0 2.37-2.30 as well as a nine-
proton singlet at 8 0.21. Additional evidence was provided by the IR spectrum of 198 which
showed two broad bands at 3365 and 3193 cm™ (-NH;) along with another band at 1667 cm!
(v C=0). HRMS analysis of this component indicated a signal at m/z 217.0513, in good
agreement with the calculated value of 217.0522 for CsH;,"*GeNO.

A rationale accounting for the formation of 2-(bis(trimethylgermyl)methyl)-1-
((trimethylsilyl)oxy)cyclobutene (197) and 4-trimethylgermylpent-4-enamide (198) is depicted
in Scheme 36. Thus, in one possible pathway, cis addition’™® of Me;GeCusMe,S (168) to
the alkyne function of 160 results in the formation of the vinylcopper species 199, which bears
the Me;Ge- group on the terminal carbon of the alkene function (path a). The adduct 199 can

undergo ring closure to generate the cyclobutenone 200. Conjugate addition of
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Me;GeCusMe,S (168) to the enone function of 200 generates the copper enolate 201 which

can subsequently react with chlorotrimethylsilane to form the enol trimethylsilyl ether 197.

O
Cl)]\/\\\
160
Me;GeCueMe,S a - Me;sGeCueMe,S
168 b N\ 168
0 0
M
Cl | CueMe,S . | GeMe,
GeMe : .
199 3 202 CueMe,S
l | NH,C! / NH,OH
H,O
//O O
GeMe;
HQNJ\/\H/
\\ GeMe,
Me;GeCueMe,S
168
O-CueMe,S OSiMe;
I TMSCI |
GeMe, - GeMes
MegGe Me3Ge
201 197
Scheme 36

Alternatively, cis addition of Me;GeCu*Me,S (168) to the alkyne function of 160, in a
manner regio-opposite to that producing 199, results in the formation of the vinylcopper

species 202 (path b) in which the Me;Ge- group is located on the internal carbon of the alkene
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function. Upon work-up (aqueous NH,CVNH,OH), nucleophilic substitution of the acyl

chloride function by NH; and protonation of the vinylcopper species affords 198.

204

The reaction mixture derived from treatment of pent-4-ynoyl chloride (160) with
Me;GeCu*Me,S (168) in the absence of chlorotrimethylsilane was treated with pyridine and
dry methanol immediately prior to work-up. This treatment would transform any unreacted
acyl chloride into the corresponding methyl ester, as opposed to a primary amide (vide supra),
and consequently, would facilitate the isolation and purification procedures. The crude oil (a
complex mixture) obtained was subjected to flash column chromatography to afford three
fractions.

"H NMR spectroscopic, GLC and GLC-MS analyses of the first fraction (obtained in
9% vyield) suggested that it was constituted of two components, which were assigned
structures 203, 5-(3-trimethylgermylbut-3-en-1-yl)-4-(bis(trimethylgermyl)methyl)pent-4-eno-
5-lactone (=80% by GLC analysis) and 204, (E)-5-(4-trimethylgermylbut-3-en-1-yl)-4-
(bis(trimethylgermyl)methyl)pent-4-eno-5-lactone (=20%). These assignments were based on
the following data and by correlation with the "H NMR spectroscopic data derived from 205
(vide infra). The 'H NMR (400 MHz, CDCl;) spectrum showed four signals in the & 5.95-

5.15 region integrating for a total of two protons: & 5.92 (m, 0.2H, H-3"-204), & 5.83 (d,
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0.2H, J = 18.2 Hz, H-4"-204), § 5.52 (d, 0.8H, J = 1.8 Hz, H-4"-203) and & 5.22 (d, O.8H; J
= 1.8 Hz, H-4"-203); then a two-proton triplet (J = 3.2 Hz, H-3-203 + 204) at 8 2.79, a four-
proton multiplet at & 2.60-2.38 (H-1" and H-2"-203 + 204), a two-proton triplet (/ = 3.2 Hz,
H-3-203 + 204) at  2.08, a one-proton singlet at & 1.34 (H-l'—203 + 204) and three singlets
in the 8 0.26-0.15 region integrating for a total of 27 protons. The doublet (J = 18.2 Hz) at §
5.83 indicafes a trans coupling of a 1,2-disubsituted alkene with the signal at 8 5.92 consistent
with the proposed structure for 204. On the other hand, the doublets (J = 1.8 Hz) at § 5.52
and 5.22 are characteristic of terminal alkenyl protons in the 2-trimethylgermylalk-1-ene
moiety of 203. GLC-MS analysis showed that both components have a mass of 516, and the

isotopic clusters are consistent with the calculated isotopic distribution for C19H35Ge30;.

Me;Ge™ 1+ "GeMe;
205

The second fraction (obtained in 16% yield) was constituted of a single component
which was assigned structure 205, 5-(but-3-yn-1-yl)-4-(bis(trimethylgermyl)methyl)pent-4-
eno-5-lactone. This assignment was based on the following data. The 'H NMR (400 MHz,
CDCl;) spectrum exhibited a two-proton triplet (/ = 3.0 Hz) at §2.79 (H-2), a two-proton
multiplet at & 2.62-2.55 (H-1"), a two-proton multiplet at 6 2.53-2.46 (H-2"), a two-proton

triplet (J = 3.0 Hz) at § 2.06 (H-3), a one-proton triplet (J = 2.6 Hz) at  1.96 (H-4"), a one-

proton singlet at & 1.34 (H-1') as well as an eighteen-proton singlet at & 0.17 (Me;Ge-).




118

These assignments were supported by the following decoupling experiments. Thus,
irradiation of the triplet at 8 2.79 (H-.2) resulted in the collapse of the signal at & 2.06 (H-3) to
a singlet. Similarly, irradiation of H-3 (8 2.06) caused H-2 (6 2.79) to collapse to a singlet.
When the multiplet at § 2.62-2.55 (H-1") was irradiated, the resonance at 6 2.53-2.46 (H-2")
was simplified to a doublet (J = 2.6 Hz). Irradiation of the multiplet at & 2.53-2.46 (H-2")
caused the signals at 6 2.62-2.55 (H-1") and 1.96 (H-4") to collapse to singlets. Finally,
when the triplet at 8 1.96 (H-4") was irradiated the multiplet at & 2.53-2.46 (H-2") was
simplified. Additional evidence was provided by the IR spectrum which showéd bands at
3313 (v alkynyl C-H), 2140 .(v C=C) and 1757 cm™ (v C=0), together with HRMS analysis
which indicated a signal at m/z 398.0521, in good agreement with the calculated value of
398.0522 for Ci6Has *Ge*GeO,.
O

Me OJK/\WGeM%

206
The third fraction, which consisted of a single component, was obtained in 4% yield
and was assigned structure 206, methyl 4-trimethylgermylpent-4-enoate. This assignment was

based on the data derived from the 'H NMR (400 MHz, CDCl;) spectrum, which exhibits a
one-proton doublet (J = 2.0 Hz) at & 5.50, a one-proton doublet (/ = 2.0 Hz) at 8 5.20, a

three-proton singlet at 8 3.67, a four-proton multiplet at § 2.52-2.39 as well as a nine-proton

singlet at § 0.22.
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Possible mechanistic pathways rationalizing the formation of compounds 203-206 are

depicted in Scheme 37. Thus, in one possible pathway, cis addition”*

of the reagent
Me;GeCusMe,S (168) to the alkyne function of pent-4-ynoyl chloride (160) results in the
formation of the vinylcopper species 199 (path a). Intermolecular acylation of the latter with
160 generates the enone 207, which can subsequently undergo further conjugate addition with
Me;GeCusMe,S (168) to produce the copper enolate 208. This enolate can undergo
intramolecular acyl substitution to form the six-membered ring lactone 205. Germylcupration
of the carbon—carbon triple bond of 205 affords the regioisomeric vinylgermanes 203 and 204
upon work-up.

The formation of methyl 4-trimethylgermy1pent—4—enoate (206) can be rationalized via
pathway b, depicted in Scheme 37. Addition of Me;GeCusMe,S (168) to the alkyne function
of pent-4-ynoyl chloride (160) affords the vinylcopper species 202. Treatment of the latter
intermediate with dry methanol prior to work-up affords methyl 4-trimethylgermylpent-4-
enoate (206).

The data presented above, along with that derived from the reaction of pént-4-ynoyl
chloride (160) with Me;GeCusMe,S (168) in the presence of chlorotrimethylsilane as additive
(see Scheme 36, p 115), demonstrate somewhat surprisingly that reagent 168 adds preferen-
tially, if not exclusively, to the alkyne moiety of a substrate bearing both a terminal alkyne and
an acyl chloride function. Interestingly, when the alkynyl H was replaced by a MesSi- group,

the chemoselectivity of addition of Me;GeCu*Me,S (168) was completely reversed from that

observed for 160, affording the “normal” addition product (compare entries 9 and 10 in Table

6, p 101).
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2.2.2.4 CHARACTERISTIC SPECTRAL DATA OF ACYLTRIMETHYLGERMANES

The acyltrimethylgermanes prepared in this study exhibit a number of characteristic
spectral features. Table 7 summarizes some of the IR, 'H and BC NMR data derived from

compounds 114, 170, 178-184.

Table 7: Characteristic Spectral Data of the Acyltrimethylgermanes 114, 170, 178184

(@)
R™ "GeMe;
NMR (8 ppm)
IR lHa 13cb
Entry R v C=0 MesGe- C=0 MesGe-

1 Me;SiC=C(CH,) 114 1660 0.33 2429 -3.1
2 n-CgHye 170 1658 0.31 2459 -2.9
3 c-CsH,CH,° 178 1657 0.31 2454 -3.0
4 C‘C6H11 179 1654 0.31 247.2 2.2

5 | 4-MeO(Ce¢Hs)CH,OCH, 180 | 1667 | 032 | 2448 | -2.7

6 (CeHs)CH-OCH, 181 1668 034 | 2448 | =26
7 CI(CH.), 182 1657 032 | 2449 | -3.0
8 CI(CH,), 183 1661 034 | 2425 | -33
9 MesGeCO(CH,), 184 1657 031 | 2451 | -3.0

%400 MHz, CDCl,. ®75 MHz, CDCls. © ¢-CsH,CH, = Q—CHZ

The carbonyl stretching frequencies of the acyltrimethylgermanes depicted in Table 7
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appear in the 1668—1654 cm™ region. These absorptions are found at frequencies lower than
those of the corresponding carbon analogs, for which the expected frequencies would be
approximately 1730—1700 cm™.°® The lowering in the carbonyl stretching frequencies of
acylgermanes has been attributed to a strong inductive éffect of the germanium atom, resulting

in an increase in the electron density at the carbonyl oxygen.”**>

0o~

N

The 'H NMR spectra of the acyltrimethylgermanes exhibit singlets for the Me;Ge-

R';?é-e R

group at approximately § 0.32 for the compounds depicted in Table 7. The ">C spectra of the
acyltrimethylgermanes display two distinctive signals. The resonances due to the carbonyl
carbons appear within the region & 248-242, and the signals derived from the methyl carbons
of the MesGe- groups appear near & -3.0, except for compound 179, which exhibits the
corresponding signal at & —2.2. Finally, the acyltrimethylgermanes are pale yellow oils. This
color is consistent with that of cher reported acylgermanes and is due to the n—x* transition

of the carbonyl group occurring in the visible region.”” The shifted absorption, compared to

the corresponding carbon analogs, has been rationalized in terms of inductive effects.”’
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2.2.3 SYNTHESIS OF ACYLTRIMETHYLGERMANES FROM S-(PYRIDIN-2-YL)

THIOESTERS

As described in section 2.2.2.3 (p 97 ff.), the reaction of acyl chlorides with
Me;GeCusMe;S (168) in the absence of an additive generally produced small amounts of enol
ester by-products. These substances are thought to be produced by formation of enolate
anions from the initial products (acyltrimethylgermanes), followed by O-acylation of these
intermediates with the acyl chloride substral;és. :

O

R

O R
R%GGMG:;
In an effort to circumvent the formation of such by-products, investigations were
directed towards the conversion of S-(pyridin-2-yl) thioesters into acyltrimethylgermanes. It
was hoped that the less reactive electrophilic substrates, S-(pyridin-2-yl) thioesters, would not

form by-products resulting from O-acylation as readily as their acyl chlorides counterparts.

0. R

J

R S N

2.2.3.1 SYNTHESIS OF S-(PYRIDIN-2-YL) THIOESTERS

In order to prepare the S-(pyridin-2-yl) thioesters chosen for this study, the carboxylic
acids 153, 156, 166 and 209 shown in Table 8 were employed as substrates. Table 8 also

contains a summary of the conversion of the carboxylic acids 153, 156, 166 and 209 into the

S-(pyridin-2-yl) thioesters 210-213. In particular, compound 211 was synthesized to deter-
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mine whether the chemoselectivity of the reaction of Me;GeCusMe,S (168) would be altered
from that of the parent pent-4-ynoyl chloride (160) (exclusive addition on the alkyne function
of 160; see Table 6, entry 9, p 101 and accompanying text). On the other hand, 213 was
selected in an attempt to improve the efficiency of the synthesis of 3-chloropropanoyl-

trimethylgermane (183) (see Table 6, entry 7, p 101).

Table 8: Preparation of the S-(Pyridin-2-yl) Thioesters 210-213

Q Q’S‘S‘Q o
L - JU A

R OH PhyP R S N
Entry Alkanoic Acid S-(Pyridin-2-yl) Thioester Yield (%)°
1| /(l)l\ o I X 78
CgH19 OH C H )LS N/
153 919
210
2 o) o | X 56
Z OH 7
Z //\)Ls N
156 ,
Z 211
3 |MeO MeO
e \©\/ I e \©\/ I | P )
0 Z
Ao o A\
4 0 56°
0 S
CI/\)LOH ~N L2
Cl S N
209
213

“ Yield of isolated and purified product. ® This compound decomposed readily when stored at room
temperature.



125

The synthesis of S-(pyridin-2-yl) decanethioate (210) (Table 8, entry 1), for example,
was accomplished in the following manner. A solution of decanoic acid (153) (1 equiv) in
acetonitrile was treated sequentially with triphenylphosphine (=1.1 equiv) and 2,2'-disulfane-
diyldipyridine®® (=1.1 equiv) and the resultant mixture was stirred for 1 h at room
temperature.  After isolation and purification of the crude product, S-(pyridin-2-yl)
decanethioate (210) was obtained in 78% yield as a light yellow oil. The remainder of the S-
(pyridin-2-yl) thioesters listed in Table 8 were prepared from the corresponding alkanoic

acids in a manner identical with that outlined above.

2.2.3.2 SYNTHESIS OF ACYLTRIMETHYLGERMANES

Table 9 contains a summary of the conversion of the S-(pyridin-2-yl) thioesters 210,
212 and 213 into the acyltrimethylgermanes 170, 180 and 183. For example, the synthesis of
decanoyltrimethylgermane (170) (entry 1) was accomplished in the following manner. A cold
(=78 °C) stirred solution of Me;GeCusMe,S (168) (=1.5 equiv), prepared via the “inverse”
addition method (see section 2.2.2.2, p 92 ff.), in dry THF was treated with one equivalent of
S-(pyridin-2-yl) decanethioate (210). The reaction mixture was stirred at —78 °C for 1 h, then
was warmed to —30 °C and was allowed to stir for an additional 2 h. After isolation and
purification of the crude product, decanoyltrimethylgermane (170) was obtained in 64% yield,
along with 10% of 210 which was recovered unchanged.

The acyltrimethylgermanes 180 and 183 listed in Table 9 were prepared in a manner
identical with that outlined above from the corresponding S-(pyridin-2-yl) thioesters. Table 9

also summarizes the yields of acyltrimethylgermanes obtained from the related conversions

using the corresponding acyl chlorides as substrates (taken from Table 6, p 101).




126

Table 9: Preparation of the Acyltrimethylgermanes 170, 180 and 183

1) Me;GeCueMe,S
0 I 168 -

0
L | | THF 78t0-30°c I

R >SN 2)NH,CI/NH,0H R GeMes

S-(pyridin-2-yl) Thioester { Acyltrimethylgermane Yield (%)°
Entry” R R from from acyl
' thioester chloride’
1 n'CgH19 n-C9H19 64 81
210 170
2 4-MeO(C¢H4)CH,OCH, | 4-MeO(CeH4)CH,OCH, 62 n/a
212 180
3 . CI{CH>). CI(CHy). 23 23
213 183
4 HC=C(CH.). HC=C(CH,). 0 0
211 185

“ Yield of isolated and purified product. ® The Me;GeCusMe,S (168) reagent was prepared via the
“inverse” addition method (see section 2.2.2.2, p 92 ff.). © Yields taken from Table 6, p 101.

Decanoyltrimethylgermane (170) (entry 1) was synthesized in 64% yield from S-
(pyridin-2-yl) decanethioate 210, whereas 170 was obtained in 81% yield from the corres-
ponding acyl chloride 157 under similar experimental conditions. Treatment of 212 with
Me;GeCusMe,S (168) resulted in the formation of 180 in 62% yield (entry 2). S-(Pyridin-2-
yl) 3-chloropropanethioate 213 (entry 3) was converted into 3-chloropropanoyltrimethyl-
germane (183) in 23% yield, a yield identical with that obtained from a similar reaction
involving 3-chloropropanoyl chloride (177) as the substrate. Finally, treatment of S-(pyridin-
2-yl) pent-4-ynethioate (211) (entry 4) gavc;‘,none of the expected pent-4-ynoyltrimethyl-

germane (185), an outcome analogous with that (_)bserved from pent-4-ynoyl chloride (160).

Purification of the crude oil (complex mixture) obtained from the reaction of 211 with 168
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(entry 4), provided the products 198 and 205 in small amounts. The spectral data of these

materials were identical with those reported in section 2.2.2.3, p 97 ff.

O
O
o) | | Z
D
HAN GeMe; N
2 MesGe™ GeMes
198 205

The data presented above suggest that, for the synthesis of acyltrimethylgermanes by
reaction with Me;GeCu*Me;S (168), acyl chlorides are better substrates than S-(pyridin-2-yl)
thioesters, at least under the experimental conditions investigated. Moreover, many acyl

chlorides are commercially available or are more readily prepared than the S-(pyridin-2-yl)

thioesters from the parent carboxylic acids.
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2.2.4 OLEFINATION OF ACYLTRIMETHYLGERMANES TO 2-TRIMETHYL-

GERMYLALK-1-ENES

As outlined in the Introductory Remarks (section 2.2.1, p 81 ff.), following the
successful development of a method fo'r the preparation of acyltrimethylgermanes, the
olefination of the latter compounds into the corresponding 2-trimethylgermylalk-1-enes
remained to be accomplished.

Brook and Fieldhouse® reported the conversion of an acyltriphenylgermane to the
corresponding 2-triphenylgermylalk-1-ene using a Wittig reagent (see Equation 31 in the
Introductory Remarks, section 2.2.1, p 81 ff.). It. was therefore decided to investigate the
applicability of this transformation to the conversion of functionalized acyltrimethylgermanes
into the corresponding 2-trimethylgermylalk-1-enes.

Table 10 contains a summary of the conversion of selected acyltrimethylgermanes

(170, 114, 180, 182, 184) into the 2-trimethylgermylalk-1-enes 214-218.
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Table 10: Preparation of the 2-Trimethylgermylalk-1-enes 214-218

) PhsP=CH, HIH
RJ\GeMes solvent R “GeMe;
Entry R R, Solvent Yield (%)°

1 CoHyo CoHig THF 90
170 214

2 Me;SiC=C(CH,) Me;SiC=C(CH,), benzene 86°
114 ‘ 215

3 4-MeO(CeH4)CH,OCH, | 4-MeO(Ce¢H4)CH,OCH; THF 91
180 216

4 CI(CH,), CI(CHy)4 diethyl ether 84
182 217

5 Me;Ge(C=0)(CHy)4 Me;Ge(C=CH,)(CH,)4 benzene 85°
184 218

*Yield of isolated and purified product using 1.2 equiv of Ph;P=CH, (unless otherwise noted). * 1.6 equiv of
Ph;P=CH, were used. ° Using 2.5 equiv of Ph;P=CH, were used.

For example, the synthesis of 2-trimethylgermylundec-1-ene (214) (entry 1) was
accomplished in the following manner. A mixture of methylenetriphenylphosphorane (1.2
equiv) in dry THF, prepared by treating methyltriphenylphosphonium bromide (1.25 equiv)
with a solution of n-BuLi (1.2 equiv), was allowed to react with decanoyltrimethylgermane
(170) (1 equiv) at room temperature for 20 min. After isolation and purification of the crude
product, 2-trimethylgermylundec-1-ene (214) was obtained in 90% yield. The 'H NMR (400
MHz, CDCl;) spectrum of 214 exhibited a one-proton doublet (J = 2.8 Hz) at § 5.48, a one-
proton doublet (J = 2.8 Hz) at & 5.i4, a two-proton triplet (J = 7.6 Hz) at  2.16, a fourteen-

proton multiplet at & 1.44—1.16, a three-proton triplet (J = 7.0 Hz) at § 0.86 as well as a nine-

proton singlet at 8 0.19. Additional structural evidence was provided by the IR spectrum
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which showed a band at 1604 cm™ (v C=C), together with HRMS analysis which indicated a
signal at m/z 257.1329 (M — CH3)", in good agreement with the calculated value of 257.1325
for C13Hy, *Ge.

The 2-trimethylgermylalk-1-enes 215-218 listed in Table 10 were prepared from the
corresponding acyltrimethylgermanes in a manner analogous with that outlined above. Thus,
treatment of 5—triméthylsilylpent—4—ynoyltrimethylgermane (114) (entry 2) with 1.6 equivalents
of methylenetriphenylphosphorane in dry benzene afforded 2-trimethylgermyl-6-trimethylsilyl-
hex-5-yn-1-ene (215) in 86% yield. When the same reaction was performed in THF or with
1.2 equivalents of methylenetriphenylphosphorane, the yield of 215 decreased by =10%. It is
noteworthy that 2-trimethylgermyl-6-trimethylsilylhex-5-yn-1-ene (215) possesses a 2-
trimethylgermylalk-1-ene as well as a 1-trimethylsilylalk-1-yne function. Using the method
developed as described in section 2.1 of this thesis (p 16 ff.), the 1-trimethylsilylalk-1-yne
function of 215 could be submitted (theoretically) to the platinum catalyzed hydrogermylation
conditions to produce, sequentially, a second vinylgermane function.

Treatment of the acyltrimethylgermane 180 (entry 3) with 1.2 equivalents of
methylenetriphenylphosphorane in dry THF afforded the 2-trimethylgermylalk-1-ene 216 in
91% yield. Interestingly, product 216 bears an ether function in the allylic position, a type of
compound that could not be synthesized via the method involving platinum catalyzed hydro-
germylation of 1-trimethylsilylalk-1-ynes (see section 2.1.5, p 65 ff.). S5-Chloropentanoyl-
trimethylgermane (182) (entry 4) was converted into 6-chloro-2-trimethylgermylhex-1-ene
(217) in 84% yield using dry diethyl ether as solvent. When the olefination of 182 was

effected in THF, 217 was obtained in 80% yield, whereas with benzene as solvent the yield of
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217 was essentially the same as with diethyl ether (83%).

Finally, treatment of hexanedioylbis(trimethylgermane) (184) with 2.5 equivalents of
méthylenetn’phenylphosphorane in benzene afforded 2,7-bis(trimethylgermyl)octa-1,7-diene
| (218) in 85% yield. Since substrate 184 underwent a double olefination reaction, the amount

of reagent employed was increased. When the olefination of 184 was effected in diethyl ether,

the yield of 218 was lowered slightly (82%).

MeO _
\©\/ \)L Sl
—>» H
© © GeMes

GeMes oL, H,0
216 219 (75%)

The vinylgermane 216 can serve as an ether-protected form of an allylic bifunctional
reagent. Thus, 1-((4-methoxybenzyl)oxy)-2-trimethylgermylprop-2-ene (216) was treated
with DDQ” in a dichloromethane—water mixture at room temperature. After isolation and
purification of the crude product, 2-trimethylgermylprop-2-en-1-ol (219) was obtained in 75%
yield. Substance 219 has been employed as a precursor for the preparation of the synthetically

100

useful bifunctional reagent 2-(trimethylgermyl)allylcopper(I)-dimethyl sulfide.

vess-cu
egs Cu GeMe3
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2.2.5 CONCLUSIONS

The aim of this study was to develop a method for the preparation of functionalized
acyltrimethylgermanes and, subsequently, to convert the latter compounds into .the corres-
ponding 2-trimethylgermylalk-1-enes.

The acyl chlorides required as substrates for this study are easily synthesized from the
alkanoic acids precursors. A new and, more importantly, experimentally simple method was
devised for the preparation. of Me;GeLi (149) in high yield in THF solution. The novel
reagent Me;GeCusMe,S (168) was obtained by treatment of a solution of Me;GeLi (149) with

CuBreMe,S.

O
F‘\/U\GeMeg

37

Me;GeCusMe;S (168) serves as a good reagent for the conversion of functionalized
acyl chlorides into the corresponding acyltrimethylgermanes of general structure 37. The
formation of the acyltrimethylgermanes is accompanied by the production of small amounts of
by-products, apparently originating from the enolization of the acyltrimethylgermanes. The
formation of these by-products can be completely inhibited by addition of chlorotrimethyl-
silane to the reaction mixture prior to addition of the substrate. The reaction of S-(pyridin-2-

yl) thioesters with Me;GeCu*Me,S (168) provides the corresponding acyltrimethylgermanes.

The yields are comparable or lower than that obtained with the parent acyl chlorides.
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..
GeMeg

26

Finally, the acyltrimethylgermanes 37 are efficiently converted into the corresponding
2-trimethylgermylalk-1-enes of general structure 26 via olefination with methylenetriphenyl-

phosphorane.
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2.3 CONJUGATE ADDITION OF (TRIMETHYLGERMYL)COPPER(I)-
DIMETHYL SULFIDE (168) AND LITHIUM (TRIMETHYLGERMYL)CUPRATES

TO SELECTED UNSATURATED CARBONYL SYSTEMS

2.3.1 INTRODUCTORY REMARKS

Following the successful preparation of Me;GeCusMe,S (168) (section 2.2.2.2, p 92
ff.), and the demonstration that 168 serves as useful reagent for the synthesis of functionalized
acyltrimethylgermanes (section 2.2.2.3, p 97 ff.), it became of interest to undertake the
preparation of additional (trimethylgermyl)copper(I) reagents. In addition, as outlined in the
Proposals (section 1.3, p 13 ff.), given that (trimethylgermyl)copper(I) reagents could be
prepared, what synthetic applications would these reagents have? |

A survey of the literature showed that three feports have appeared describing the
preparation and use of triphenyl- and (triethylgermyl)copper(I) reagents. In contrast,
(trimethylgermyl)copper(I) reagents had not been reported prior this work.'” A brief
summary of these reports will be presented below.

In the first report, as outlined in the Introductory Remarks from the previous section
(2.2.1, p 81 ff.), Vyazankin and co-workers’® described the use of Et;GeCu to convert an acyl

chloride into the corresponding acyltriethylgermane (sce Equation 26).

(EtsGe),Culi /k/\/k/\ 35
)W\/\OAC —_—— N NS GeMe3 ( )

220 THF, -23°C 221 (80%)

Takeda and co-workers,.89 in the second report, utilized (Et;Ge),CuLi for the

preparation of allylgermanes. In this protocol, for example, a cold (-23 °C) solution of
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(Et:Ge),CuLi (1 equiv) in THF was treated with the allylic acetate 220 (1 equiv) to afford the
allylgermane 221 in 80% yield (Equation 35).
In the third report, Oshima and co'-w()rkers,35 ouﬂined the use of (Et3Ge),Cul.i in the

synthesis of vinylgermanes, as depicted in Scheme 10 (p 12) of the Introduction.

(PhsGe),Cu(CN)Li, P\ __ "_ @
Ph———H > +
n-BuOH, THF, 0 °C GeBus BusGe
59 79 >95 : <5 81

(85% combined)

Oshima and co-workers,” also employed (PhsGe);Cu(CN)Li, in the formation of
vinylgermanes from alk-1-ynes. For example, in this protocol, a solution of
(Ph3Ge),Cu(CN)Li; (1.5 equiv) in THF at 0 °C was treated sequentially with phenylacetylene
(59) (1 equiv) and n-butanol (4.6 equiv) as a proton source,” to afford the regioisomeric
Vinylgermanes 79 and 81, as a mixture, in 85% yield (Equation 36).

As outlined above, the triphenyl- and (triethylgermyl)copper(I) reagents have been
used sparingly with a limited number of substrates. In an effort to develop the use of organo-
germanes reagents in synthesis, a number of new (trimethylgermyl)copper(I) reagents have
been prepared. The following pages describes the preparation of these reagents as well as

their conjugate addition to selected o,-unsaturated carbonyl systems.
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2.3.2 PREPARATION OF THE (TRIMETHYLGERMYL)CUPRATES 222-225

Following the development of the new and experimentally simple formation of
Me;GeLi (149) (section 2.2.2.2, p 92 ff.), the preparation of the (trimethylgermyl)cuprates

reagents 222225 was easily accomplished.

(Me3Ge).CuLi MezGeCu(CN)Li  (MesGe).Cu(CN)Li. MesGe(Me)Cu(CN)Liz
222 223 224 225

For example, the formation of lithium bis(trimethylgermyl)cuprate (222) was accomp-
lished as follows. A cold (10 °C) solution of Me;GeLi (149) (2 equiv) in dry THF was
transferred to a cold (=78 °C) stirred suspension of CuBreMe,S (1 equiv) in dry THF via a
cannula. The resultant mixture was stirred at —78 °C for 1 h to afford a clear golden solution
of the reagent 222, which was then ready to use.

The (trimethylgermyl)cuprate reagents 223—225 were prepare in a manner analogous
to that described above, using CuCN as the copper(I) source. A yellow opaque solution of
reagent 223 in THF was obtained by mixing together a 1:1 molar ratio of Mes;GeLi (149) and
CuCN, whereas treatment bf one equivalent of CuCN with 2 equivalents of Me;GeLi (149) in
THF generated a clear colorless solution of reagent 224. When a suspension of CuCN (1
equiv) in THF was treated with one equivalent each of solutions of Me;GeLi (149) and MeLi,
the dilithium methyl(trimethylgermyl)cyanocuprate (225) was obtained as a clear colorless
solution.

The formulae depicting the (trimethylgermyl)cuprates 222-225 are intended to

indicate the stoichiometry of the reagents used for their preparation and not an actual

structural representation or state of aggregation. While reagents 222225 will be treated as
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monomeric species, in order to facilitate the discussion of the results, the reader should keep

in mind that they possibly possess some degree of aggregation like their carbocuprate

analogs.m'lm
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2.3.3 ADDITION OF (TRIMETHYLGERMYL)COPPER(I)-DIMETHYL SULFIDE

(168) AND (TRIMETHYLGERMYL)CUPRATES 222-225 TO CYCLIC ENONES

0O 0O O

226 227 228
In order to evaluate the effectiveness of Me;GeCu*Me,S (168) and the (trimethyl-
germyl)cuprates reagents 222—2285 to undergo conjugate addition, cyclohex-2-en-1-one (226),

l-carvone (227) and isophorone (228) were chosen as substrates.

2.3.3.1 CONJUGATE ADDITION TO CYCLOHEX-2-EN-1-ONE (226)

226
Initial investigations were performed using cyclohex-2-en-1-one (226) as substrate.

Table 11 contains a summary of the conversion of 226 into 3-trimethylgermylcyclohexanone

(229) with reagents 168 and 222-228§.
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Table 11: Conjugate Addition of Reagents 168 and 222225 to Cyclohex-2-en-1-one (226)

@) @)

Reagent, THF

>

-78 °C, 30 min GeMe,

226 229
Entry ~ Reagent®” Yield (%)"

1 Me;GeCusMe,S 168 | 77
2° (MesGe).CuLi 222 86
3 MesGeCu(CN)Li 223 90
4° (MesGe),Cu(CN)Li, 224 85
5 Me;Ge(Me)Cu(CN)Li, 225 87

“1.3 equiv of reagent were used unless otherwise stated. * Yield
of isolated and purified product. °0.65 equiv of reagent was used.

For example, the conjugate addition of Me;GeCu*Me,S (168) to 226 (entry 1) was
accomplished as follows. A cold (-78 °C) solution of reagent 168 (1.3 equiv) in dry THF was
treated with cyclohex-2-en-1-one (226) (1 equiv). The resultant black mixture was stirred at
—78 °C for 0.5 h, and then was treated with aqueous NH,CI-NH,OH (pH 8-9). Isolation and
purification of the crude product obtained afforded 3-trimethylgermylcyclohexanone (229) in
77% yield. The '"H NMR (400 MHz, CDCl,) spectrum derived from 229 exhibits a three-
proton multiplet at d 2.41-2.24, a two-proton multiplet at § 2.20-2.10, a one-proton multiplet
at & 1.86-1.78, a one-proton ddddd (J = 12.8, 12.8, 12.8, 5.0 and 3.8 Hz) at § 1.71, a one-

proton dddd (J = 12.8, 12.8, 12.8 and 3.6 Hz) at & 1.46, a one-proton dddd (J = 13.6, 12.8,

3.4 and 3.4 Hz) at 8 1.30, as well as a nine-proton singlet at  0.10. The IR spectrum derived
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from 229 showed a band at 1713 cm™ (v C=0), whgreas HRMS analysis indicated a signal at
mlz 216.0565, which is consistent with the calculated value of 216.0569 for C9H1874Ge0.

The conjugate addition of the other (trimethylgermyl)cuprate reagents 222225 listed
in Table 11 to cyclohex-2-en-1-one (226) was effected in a manner similar to that described
above. It is noteworthy that reagents 222 (entry 2) and 224 (entry 4), which possess two
Me;Ge- ligands, were employed in sub-stoichiometric amounts (0.65 equivalent) with 226 to
afford the adduct 229 in 86 and 85% yield respectively. These res‘ults demonstrate that both
ligands are transferable in a conjugate addition reaction to an enone and, thus, “throwing
away” a valuable (Me;Ge-) ligand is precluded. Similarly, this concept of “ligand economy”
instigated the preparation of reagent 225, which possesses an expendable non-transferable
ligand (Me-).'® Thus, when 1.3 equivalents of reagent 225 were treated with one equivalent

of the enone 226, the adduct 229 was obtained in 87% yield (entry 5).

O O
_ HO MMe;
MezMLi
- , +
solvent, -78 °C MMe,
226 229 M = Ge 230 M =Ge
- 229a M = Si 230a M =Si
229b M = Sn 230b M = Sn
M Solvent
Si THF-HMPA >99 : <1
Sn THF >99 : <1
Sn Et,O 1 : 9
Ge THF 1 : 3.8

Scheme 38
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Still'%%!7 has shown that MesMLi (M = Si, Sn) reagents undergo smooth 1,4-addition
to cyclohex-2-en-1-one (226) in a THF-HMPA solvent mixture or in THF respectively, to
produce exclusively the adduct 229a and 229b, respectively (Scﬁeme 38). Alternatively,
when a solution of Mes;SnLi in diethyl ether was treated with 226, the allylic alcohol 230b was
formed predominantly.'®’

Therefore, it could be argued that Me;GeLi (149) might also add in a 1,4-fashion to
the enone 226 in THF solution. When cyclohex-2-en-1-one (226) was allowed to react with
Me;GeLi (149) in THF at —78 °C for 5 min, a mixture of two compounds was obtained in a
ratio of 1:3.8 (GLC analysis). Isolation and purification of the crude oil obtained afforded
compound 229 in 20% yield as well as product 230 in 59% yield. The 'H NMR (400 MHz,
CDCls) spectrum of 230 exhibited the following signals: a one-proton ddd (J = 9.8, 3.8 and
3.0 Hz) at 8 5.75 (vinylic proton), a one-proton ddd (J = 9.8, 1.4 and 1.4 Hz) at 3 5.69, a
one-proton multiplet at 8 2.08-1.98, a three-proton multiplet at 8 1.94-1.72, a two-proton
multiplet at & 1.68-1.50, a one-proton broad signal at & 1.27 (-OH) as well as a nine-proton
singlet at & 0.17 (Me;Ge-). The IR spectrum derived from 230 showed a broad signal at 3425
cm™ (-OH) and HRMS analysis indicated a signal at m/z 216.0567, in good agreement with
the calculated value of 216.0569 for CsHis *GeO.

Thus, under the experimental conditions used, the chemoselectivity of addition of
Me;Sili and Me;SnLi is higher than that derived from addition of Me;GeLi (149). The
selectivity of addition of reagents 168 and 222225 (Table 11) to 226 is also superior to that

of Me;GeLi (149), evident from the exclusive formation of 229.
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2.3.3.1.1 Mechanistic Considerations

Attempts to gain insight into the mechanistic picture of cuprate addition to o,f-
unsaturated ketones has generated a lot of research over the past years. Several different
proposals, such as single electron transfer'® between the organocopper an the enone
substrate, as well as formation of a charge transfer complex between the reactants,'” have
been put forth. Another proposal delineates the reversible formation of an intermediate d,m*
cuprate—enone complex'' in the conjugate addition of organocopper(I) reagents to enones.
The latter proposal is summarized in Scheme 39 and depicts, for example, the conjugate

addition of (Me;Ge),CuLi (222) to éyclohex-2-en-1-0ne (226).

R,CuLi 1

m 22 2ol =—=

QO ~—7 9 T éS—
226 . - it RgCU
RCu® U &= it
231a 231b ﬂ
0]
H30 R
A e m
LiO
299 233b 233a “R 239
+ RCu
R = MesGe a copper(lil)
intermediate
Scheme 39

Initially, complexation of the cuprate reagent 222 to the enone moiety of 226

generates the d,n* intermediate 231a. Subsequently, C—Cu bond formation perpendicular to

the plane of the p orbital system (231b) leads to the copper(Ill) intermediate 232. Reductive
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elimination generates the copper(I) species RCu as well as the enolate 233a. The latter
enolate can undergo conformational change to 233b, thus changing the R group from an axial
to a more stable equatorial orientation. Protonation of the enolate during work-up affords 3-

trimethylgermylcyclohexanone (229).

2.3.3.2 CONJUGATE ADDITION TO [-CARVONE (227)

GeMes
227 234-237

I-Carvone (227) was the next substrate selected for the conjugate addition of the
(trimethylgermyl)copper(I) reagents 168 and 223-225. In this transformation, the four dia-
stereomeric adducts 234-237 can be formed. The diastereomeric pair 234 and 235 is the
result of a syn addition of the Me;Ge- group with respect to the isopropenyl moiety in 227,
whereas the 236 and 237 pair arises from an anti addition of the Me;Ge- group. Each member

of a pair shares an epimeric relationship at the carbon bearing the methyl group.
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0
syn
addition
o) ' GeMe3
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227 .y o addition
'GeMe3 'GeMe3
. J
236 237

The reagent (Me;Ge),Cu(CN)Li, (224) was employed to effect the initial conjugate
addition to /-carvone (227). Thus, treatment of a solution of reagent 224 (0.6 equiv) in THF
'with the enone 227 (1 equiv) at —78 °C for 1 h resulted in the formation of a complex mixture.
Periodic TLC analyses of aliquots of the reaction mixture indicated that the conversion of the
starting material was incomplete after 1 h and was no longer progressing.

In a separate experiment, a solution of reagent 224 (0.65 equiv) in THF was treated
sequentially with chlorotrimethylsilane (1.3 equiv) and the enone 227 (1 equiv) at —78 °C.
TLC analysis of an aliquot of the reaction mixture after 0.5 h at =78 °C indicated that the
conversion of starting material to product (enol trimethylsilyl ether) was incomplete.
Therefore, the mixture was warmed gradually to 0 °C over a 0.5 h period, at which time the
conversion of the starting material appeared to be complete (TLC analysis). After isolation,
GLC analysis of an aliquot of the crude oil indicated that two products had been formed in a

ratio of 1.4:1. This oil was dissolved in THF and the solution was treated with 1 M

hydrochloric acid (few drops) at room temperature for 1 h in order to hydrolyze the enol
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trimethylsilyl ether function. Isolation and purification of the crude product gave a clear and
colorless oil in 86% yield. 'H NMR (400 MHz, C¢Ds) spectroscopic analysis of this oil
indicated the presence of four products, evident from the four singlets in the region & 0.10 and
6 -0.02 in a ratio of 1.1:2.5:1:3.9, attributed to the Mes;Ge- group of the four diastereomeric
products 234-237, respectively. In order to ascertain the identity and stereochemistry of each

products, it was decided to isolate the four compounds 234-237.

2.3.3.2.1 Isolation and Characterization of the Four Diastereomers 234237

Two samples (=100 mg each) of the mixture obtained as described above were
subjected to HPLC (silica Partisil, 10 pum; 22 mm X 250 mm column, 99:1 hexane—ethyl
acetate) individually. These chromatographies resulted in a rough separation to afford three
fractions. The corresponding fractions of the separate injections were combined and
concentrated under reduced pressure. The first fraction to be eluted, fraction A (retention
time 42—45 min), afforded 45 mg of an oil which consisted of a mixture of two components
(compounds 237 and 235). The second fraction to be eluted, fraction B (retention time 53—62
min), afforded 28 mg of an oil which was mostly one component (compound 236). Fractions
A and B wére processed further as described below. The third fraction to be eluted (retention

time 65-78 min) afforded 28 mg of compound 234 as a clear colorless oil.

The '"H NMR (400 MHz, CDCl;) spectrum of this oil exhibited the following charac-
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teristic signals: two one-proton singlets at & 4.75 and 4.73 (H-9a, H-9b), a three-proton
singlet at & 1.73 (Me-10), a three-proton doublet (J = 7.2 Hz) at § 1.12 (Me-7) as well as a
nine-proton singlet at & 0.15 (Me;Ge-). The proton H-2 was evident as a quadruplet of
doublets (J = 7.2 and 4.0 Hz) at 6 2.55 with a 7.2 Hz coupling to the Me-7. The COSY
spectrum allowed the assignment of proton H-3 (8 1.39 ddd, J = 13.4, 4.0 and 3.8 Hz)
through the correlation of its signal to that of proton H-2 (the majority of the signals could be
assigned from the data derived from the COSY spectrum; see Experimental section Table 23,
p 277). Proton H-6a was evident as a doublet of doublets (J = 13.0 and 13.0 Hz) at 8 2.50
and, consequently, a trans-diaxial relationship between H-5 and H-6a with a 13.0 Hz coupling
constant, was established. The COSY spectrum allowed the assignment of proton H-5 (8
2.42-2.32 m) through the correlation of its signal to that of proton H-6a.
Hy, Me
Me O
H
GeMes;
\_A

'H NMR NOE difference experiments were performed to establish the stereochemistry

of this compound. Thus, irradiation of the douf)lef at 8 1.12 (Me-7) caused the signal at &
2.50 (H-6a) to be enhanced. When the resonance for H-5 (8»2.42—2.32) was irradiated an
enhancement was observed for H-‘3 (6 1.39). Similarly, Iirradiafion of the signal at 6 1.39 (H-
3) caused the signal at 8 2.42-2.32 (H-5) to be enhanced. These experiments, along with the

data derived from the '"H NMR and COSY spectra presented above, are consistent with the

structural assignment for compound 234.
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Fraction A (45 mg) from the first HPLC separation (vide supra) was subjected to
reversed phase HPLC (C;s pBondapak, 10 pm; 8 mm X 100 mm column, acetonitrile-water
step gradient) in four approximately equal portions. The combined first fractions to be eluted

(retention time 56 min) afforded 23 mg of compound 237 as a clear colorless oil.

The '"H NMR (400 MHz, C¢D¢) spectrum derived from this oil exhibits the following
characteristic signals: a two-proton singlet at & 4.73 (H-9a, H-9b), a three-proton singlet (Me-
10) at & 1.52 (part of the ‘8 1.56-1.47 multiplet), a three-proton doublet (J = 6.2 Hz) at § 1.07
(Me-7) as well as a nine-proton singlet at & 0.10 (Me;Ge-). The proton H-6b was evident as a
doublet of doublets (J = 13.6 and 11.2 Hz) at & 2.07 and, consequently, a trans-diaxial
arrangement between H-6a and H-5 was established. The COSY spectrum allowed the
assignment of proton H-5 (pﬁrt of & 2.35-2.25 m) through the correlation of its signal to that
of proton H-6b (the majority of the signals could be assigned from the data derived from the
COSY spectrum; see Experimental section Table 24, p 279). The proton H-3 was evident as
the highest field one-proton signal (ddd, J = 6.2, 4.6 and 4.6 -Hz) at & 1.38. Thése coupling
constants indicate that H-3 is ﬁot part of a trans-diaxial arrangement and, therefore, must be in

an equatorial orientation. The COSY spectrum allowed the assignment of the proton H-2

through the correlations of its signal (part of & 2.35-2.25 m) to that of proton H-3 and Me-7.
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'"H NMR NOE difference experiments were performed to establish the stereochemistry
of compound 237. Thus, irradiation of the doublet at 8 1.07 (Me-7) caused a quadruplet of
doublets (J = 6.2 and 6.2 Hz) at 6 2.31 (H-2) to be enhanced. This experiment was
performed to differentiate the resonance derived frofn H-2 from the multiplet expected from
H-5 (vide infra), both of which are part of the 6 2.35-2.25 multiplet. When the signal for H-
6b (8 2.07) was irradiated, an enhancement was observed at § 2.31 (qd, J = 6.2 and 6.2 Hz)
for H-2. On the other hand, irradiation of the singlet derived from the Me;Ge- group (8 0.10)
caused the multiplet at 8 2.32-2.25 to be enhanced (H-5). This signal was different from the
multiplet observed in the non-irradiated spectrum for H-2 and H-5 together. These
experiments, along with the data derived from the 'H NMR and COSY spectra, are consistent

with the structural assignment for compound 237.

The combined second fractions to be eluted (retention time 59 min) from the reversed

phase HPLC of fraction A (vide supra) afforded 9.8 mg of compound 235 as a clear colorless

oil. The '"H NMR (400 MHz, C¢Ds) spectrum of this oil exhibited the following characteristic
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signals: two one-proton doublets (J = 1.4 Hz) at 8 4.69 and 4.64 (H-9a, H-9b), a three-proton
singlet at & 1.50 (Me-10), a three-proton doublet (J/ = 6.6 Hz) at & 1.08 (Me-7) as well as a
nine-proton singlet at & 0.04 (Me;Ge-). The proton H-2 was evident as a doublet of
quadruplets (J = 13.2 and 6.6 Hz) at 8 1.92. The COSY spectrum allowed the assignment of
H-3 through the correlation of its signal (8 0.77 ddd, J = 13.2, 13.2 and 3.2) to that of proton
H-2 (the majority of the signals could be assigned from the data derived from the COSY
spectrum; see Experimental section Table 25, p 281). The 13.2 Hz coupling constant
between protons H-2 and H-3 indicates a trans-diaxial arrangement. The proton H-4b was
assigned through the correlation of its signal (6 1.22 ddd, J = 13.2, 13.2 and 11.8 Hz) to that
of proton H-3. These coupling constants indicate that H-4b possesses two neighboring
protons in trans-diaxial arrangements. The proton H-6b was evident as a doublet of doublets
(J=13.2 and 12.4 Hz) at & 1.97 and, thus, a trans-diaxial arrangement between protons H-5
and H-6b was established. The COSY spectrum allowed the assignment of proton H-5

through the correlation of its signal (6 2.21-2.11 m) to that of proton H-6b.

Ho/” H
Me Hy,O

Me
GeMe;

9 235 U

'H NMR NOE difference experiments were performed in order to establish the
stereochemistry of compound 235. Thus, irradiation of the resonance for H-4b (6 1.22)

caused the signals for H-2 (8 1.92) and H-6b (3 1.97) to be enhanced. When the multiplet at &

2.21-2.11 (H-5) was irradiated the signal at 8 0.77 (H-3) was enhanced. Similarly, irradiation
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of H-3 (8 0.77) resulted in an enhancement of the resonance for H-5 (§ 2.21-2.11). The
results of these experiments, along with the data derived from the 1H NMR and COSY
spectra, are consistent with the structural assignment fqr compound 235. |

Fraction B (28 mg) from the initial chromatography was resubjected to HPLC under
identical conditions (silica Partisil, 10 pum; 22 mm x 250 mm column, 99:1 hexaﬁe—ethyl

acetate) to afford 8.2 mg of compound 236 as a clear colorless oil.

9 236

The '"H NMR (400 MHz, C¢Ds) spectrum derived from this oil exhibits the following
characteristic signals: two one-proton singlets at & 4.94 and 4.86 (H-9a, H-9b), a three-proton
singlet at & 1.50 (Me-10), a three-proton doublet (J/ = 6.8 Hz) at 8 1.07 (Me-7) as well as a
nine-proton singlet at & 0.05 (Me;Ge-). The proton H-2 was evident as a doublet of quad-
ruplets (/ = 11.0 and 6.8 Hz) at 6 2.01. The COSY spectrum allowed the assignment of
proton H-3 through the correlation of its signal (8 1.12 ddd, J=11.0, 11.0 and 3.6 Hz) to that
of proton H-2 (the majority of the signals could be assigned from the data derived from the
COSY spectrum; see Experimental section Table 26, p 284). The large coupling constants (J
= 11.0 and 11.0 Hz) associated with the signal due to H-3 indicate that this proton is in a
trans-diaxial arrangement with two neighboring protons. The COSY spectrum also allowed

the assignment of the following protons through sequential correlations of their signals: H-4b

(® 1.38 ddd, J = 13.8, 11.0 and 4.6 Hz, correlation with H-3), H-5 (§ 2.41-2.34 m,
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correlation with H-4b) and H-6b (6 2.11 dd, J = 14.2 and 6.0 Hz, correlation with H-5).

'H NMR NOE difference experiments were performed to establish the stereochemistry
of compound 236. Thus, irradiation of H-9a (8 4.94) caused the resonance for H-3 (d 1.12)
to be enhanced. When the signal for H-4b (_8 1.38) was irradiated, thé resonances at H-2 (8
2.01) and H-6b (8 2.11) were enhanced. The results of these experiments, along with the data
derived from the '"H NMR and COSY spectra, are consistent with the Structural assignment

for compound 236.

2.3.3.2.2 Conjugate Addition of Reagents 168 and 2232285 to [-Carvone (227)

Table 12 contains a summary of the conjugate addition of reagents 168 and 223-225
to I-carvone (227). The reaction of Me;GeCu*Me,S (168) with 227 (entry 1), for example,
was accomplished in the following manner. A cold (-78 °C) soluﬁon of reagent 168 (1.3
equiv) in dry THF was sequentially treated with chlorotrimethylsilane (1.3 equiv) and 227 (1
equiv). The reaction mixture was stirred at —78 °C for 0.5 h, then was allowed to warm to 0
°C over a 0.5 h period. After isolation, the crude oil was dissolved in THF and the solution
was treated with 1 M hydrochloric acid (few drops) at room temperature for 1 h. 'H NMR

(400 MHz, CsDs) spectroscopic analysis of the crude mixture indicated that the addition of

the Me;Ge- group occurred predominantly (1.4:1) in a fashion syn to the isopropenyl moiety
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(234 + 235). After isolation and purification, the products 234-237 were obtained as a

mixture in 82% yield.

Table 12: Conjugate Addition of Reagents 168 and 223-225 to /-Carvone (227)

O } O
1) Reagent, TMSCI
'
THF, -78 to 0 °C GeMe,
2) HCI/ H,O/THF
227 ' 234-237
(0] O
“ GeMe 3 " "'GeMes
Entry Reagent 234 + 235 236 + 237 Yield (%)°

1 Me;GeCueMe,S 168 1.4 : 1° 82
2 MesGeCu(CN)Li 223 1.4 E 1° 80
3 (MeaGe)QCU(CN)Liz 224 1 . 1.4 86
4 | Me3Ge(Me)Cu(CN)Li, 225 1 : 3.9 90

% 1.3 equiv of reagent were employed, except for reagent 224 for which 0.65 equiv was utilized. ° Yield of
isolated and purified product mixture (234-237). °Ratio determined from '"H NMR (400 MHz, C¢Ds)
spectroscopic analysis of the crude mixture (integration of the Me;Ge- singlets).

The remainder of the reagents listed in Table 12 were employed inAa manner similar
with that outlined above. For the conversion summarized in entry 2, the stereoselectivity of
addition of the Me;Ge- group, using Me;GeCu(CN)Li (223), was comparable with that of
reagent 168 affording predominantly (1.4:1) products of syn addition in 80% yield. When

reagent 224 (entry 3) was employed (see previous discussion), the selectivity was reversed:

the addition of the Me;Ge- group occurred to give mainly (1.4:1) the anti adducts (236 +
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237). The yield of the mixture obtained was 86%. In"the reaction summarized in entry 4,
conjugate addition of reagent 225 to l-carvone (227) afforded predominantly (3.9:1) the
products of anti addition (236 + 237) (overall yield, 90%). The epimeric ratio at the o-carbon
varied for the different experiments, but was generally =2.5:1 for the syn adducts, with the
epimer 235 predominating, whereas for the anti adducts the ratio was =3:1, with the epimer
237 being dominant.

The results summarized in Table 12 require additional comments. It is well docu-
mented that cuprate additions to enones bearing a substituent at C-5, such as [-carvone (227),
result largely in the formation of adducts with the newly introduced group anti to the C-5
substituent.’®'"!*>  As shown in Table 12, the ratios obtained for the different trimethyl-
germylcuprates indicate that the reactions of these reagents with /-carvone (227) proceed with

poor stereoselectivity. The reasons for this lack of selectivity remain unclear.

2.3.3.3 CONJUGATE ADDITION TO ISOPHORONE (228)

GeMe;
228 238

Isophorone (228) was selected as substrate for the conjugate addition of the
(trimethylgermyl)cuprates to evaluate their ability to undergo addition to a sterically hindered
substrate. Table 13 contains a summary of the conjugate addition of reagents 224 and 225 to

isophorone (228). The effect of certain additives on the production of 238 was also

evaluated.
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Table 13: Conjugate Addition of Reagents 224 and 225 to Isophorone (228)

0 | o)
Reagent, THF
ot
-78 °C, then warm
GeMe;
228 g 238
Entry Reagent® Additive Yield (%)’
1¢ (Me3Ge),Cu(CN)Li, 224 | HMPA (2.6 equiv) 42
27 Me;Ge(Me)Cu(CN)Li, 225 none 33
3° | MesGe(Me)Cu(CN)Li, 225 | TMSCI (1.2 equiv) 33
& Mes;Ge(Me)Cu(CN)Li; 225 | TMSBr (4 equiv) 66

?0.64 equiv of reagent 224 was used whereas 1.2-1.3 equiv of reagent 225 were employed.
b Yield of isolated and purified product. ° Conditions: ~78 °C 1 h, then HMPA, -78 — 0 °C.
4 Conditions: -78 — 0 °C. ° Conditions: —78 — -30 °C. / Conditions: —78 — —15 °C.

A solution of 224 (0.64 equiv) in dry THF (entry 1) was treated with isophorone (228)
(1 equiv) at —78 °C. After the reaction mixture had been stirred at —78 °C for 1 h, HMPA
(2.6 equiv) was added. The mixture was allowed to stir for an additional 0.5 h, then was
warmed to 0 °C over 0.5 h to afford the product 238 in 42% yield. When 1.2 equivalents of a
solution of reagent 225 was treated with 1 equivalent of 228 at —78 °C for 1h, then was
warmed to 0 °C over 0.75 h, the adduct 238 was formed in 33% yield (entry 2). Entry 3
summarizes a similar experiment in which 1.2 equivalents bf chlorotrimethylsilane were used
as additive, prior to the addition of isophorone (238), to afford 238 in 33% yield after
hydrolysis of the intermediate enol trimethylsilyl ether. A solution of reagent 225 (1.3 equiv)

was treated sequentially with bromotrimethylsilane (4 equiv) and 228 (1 equiv) at -78 °C

(entry 4). The reaction mixture was stirred at —78 °C for 1 h, then was allowed to warm
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slowly to =30 °C over 2 h. After hydrolysis‘ of the interfnediate enol trimethylsilyl ether, the
product 238 was obtained in 66% yield.

The results summarized in Table 13 suggest that neither HMPA nor chlorotrimethyl-
silane are very effective additives in this transformation. On the 6ther hand, bromotrimethyl—
silane served as an effective additive for the production of 238, increasing the yield from 33%

to 66% under similar experimental conditions (compare entries 2 and 4).
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2.3.4 ADDITION OF (TRIMETHYLGERMYL)COPPER(I)-DIMETHYL SULFIDE

(168) AND (TRIMETHYLGERMYL)CUPRATES TO ALK-2-YNOATES

o 0
H
§] TwEEmmmeses '» ORI
/IL OR |
R MesGe” R
239 240

As outlined in the previous section, (trimethylgermyl)copper(I)-dimethyl sulfide (168)
and the (trimethylgermyl)cuprates 222-225 serve as efficient reagents for the conjugate
addition to cyclohex-2-en-1-ones. The possibility of empioying these reagents for the
preparation of (E)- and/or (Z)-3-trimethylgermylalk-2-enoates of general structure 240, via

addition to alk-2-ynoates of general structure 239, was envisaged.

2.3.4.1 ADDITION TO ETHYL BUT-2-YNOATE (241)

o | 0 0
H H
| ~NOEt OEt
7~ Ot mmmmeeeeee > | |
Me Me;Ge”™ Me Me”™ "GeMe;
241 | 242 243

The 1,4-addition of the Me;Ge- group onto the conjugated carbonyl system of 241 can
result in the formation of one or both of two adducts, ethyl (E)- and/or (Z)-3-trimethylgermyl-
but-2-enoate (242) and (243), respectively. The (E) isomer 242 was expected to be the major

product resulting from the germylcupration of 241 by analogy with the literature precedents

113,114

for the stannylcupration of alk-2-ynoates.
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1) MesGeCu(CN)Li O
Q 223 H -
- OEt (37)
/L OEt  THF,-78°C |
Me 2) NH,CI/NH,0H MesGe™ Me
241 242

The initial investigation was carried out using MegGeCu(CN JLi (223) and the
commercially av;?u'lable ethyl but-2-ynoate (241) was select(;,d as substrate (Equation 37).
Thus, a cold (=78 °C) solution of 1.3 equivalents of reagent 223 in THF, prepared as
described above (section 2.3.2, p 136 ff.), was treated with one equivalent of ethyl but-2-
ynoate (241). The reaction mixture was stirred at =78 °C for 20 min, then was treated
sequentially with glacial acetic acid (=4 equiv) and NH,C/NH,OH (pH 8-9). GLC analysis of
the crude product indicated that a single substance (>99% by GLC) had been formed.
Isolation and purification of the crude product obtained afforded a clear colorless oil in 90%
yield. The '"H NMR (400 MHz, CDCl;) spectrum derived from this oil exhibits the following
signals: a one-proton quadruplet (J = 1.8 Hz) at & 5.95, a two-proton quadruplet (J/ = 7.2 Hz)
at 4 4.14, a three-proton doublet (J = 1.8 Hz) at 8 2.26, a three-proton triplet (J = 7.2 Hz) at
0 1.27 as well as a nine-proton singlet at 8 0.23. The IR spectrum of this oil showed bahds at
1718 (v C=0) and 1614 cm™ (v C=C), whereas HRMS (DCI, NH; + CH,) analysis indicated

a signal at m/z 233.0597, a value identical with that calculatéd for CoHyo*GeO, M+ 1)".

fl*ﬂe

Me3Ge

242

'H NMR NOE difference experiments were performed to establish the geometry of the
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alkene function of the isolated compound. Thus, irradiation of the resonance for the vinylic
proton (8 5.95) caused the signal for the Me;Ge- group (6 0.23) to be enhanced. When the
singlet for the Me;Ge- group (8 0.23) was irradiatéd, enhancements were observed for the
vinylic proton (8 5.95) and the alkenyl methyl (8 2.26). Irradiation of the doublet at & 2.26
(alkenyl methyl) caused the resonances for the Mes;Ge- group (8 0.23) and the methylene
protons (8 4.14) to be enhanced. These experiments, along with the spectral data presented
above are consistent with the structural assignment for ethyl (E)-3-trimethylgermylbut-2-

enoate (242).

Table 14: Addition of (Trimethylgermyl)copper(I) Reagents to Ethyl But-2-ynoate (241)

0 0O O
1) R THF, -78 ° H H
) Reagent, ,-78 °C OEt OEt
= TOEt > | + |
M 2) AcOH
e MesGe” Me Me” “GeMe,
3) NH,Cl/ NH,OH .
241 242 243
Ratio”
Entry Reagent’ 242 : 243 Yield*
1 Me;GeCueMe,S 168 >99 . <l 81
2 Me;GeCu(CN)Li 223 >99 . <1 90
3 (MesGe),CuLi 222 17 1 90?
4 | MesGeMe)Cu(CN)Li, 225 | 1 : 39 | (B)17,(2) 69

¢ =1.3 equiv of reagent were employed except for reagent 222, for which 0.66 equiv was
used. ®Ratio determined by GLC analysis of an aliquot of the crude product. ° Yield of
isolated and purified product unless otherwise stated. 4 Isolated as a mixture of (E/Z)
isomers.

Table 14 summarizes the reaction of reagents 168, ‘223, 222 and 225 with ethyl but-2-




159

ynoate (241). The reaction of 241 with reagents 168, 222 and 225 was effected in manner
similar to that outlined above for Me;GeCu(CN)Li (223) (entry 2). Treatment of a solution of
=1.3 equivalents of Me;GeCu*Me,S (168) (entry 1) in THF with one equivalent of 241
afforded the (E) isomer 242 in 81% yield. In the reaction summarized in entry 3, When a
solution of reagent 222 (0.66 equiv) was treated With 241 (1 equiv), a mixture of isomers 242
and 243 (vide infra) was obtained in 90% yield (1.7:1, EZ)

Treatment of a solution of reagent 225 (1.3 equiv) (entry 4) with 241 (1 equiv) gave a
mixture of products 242 and 243, in a ratio of 1:3.9 respectively (GLC analysis). The crude
oil obtained was subjected to flash chromatography to afford two fractions. The first fraction
to be eluted, compound 243 (vide infra), was obtained in 69% yield as a clear colorless oil.
The second fraction to be eluted afforded ethyl (E)-3-trimethylgermylbut-2-enoate (242) in
17% yield. The structur.al assignment for 243 was based on the following data. The lH NMR
(400 MHz, CDCls) spectrum exhibited a one-proton quadruplet (J = 1.6 Hz) at  6.28, a two-
proton quadruplet (J = 7.2 Hz) at § 4.13, a three-proton doublet (J = 1.6 Hz) at § 2.01, a
three-proton triplet (J = 7.2 Hz) at § 1.26 as well as a nine-proton singlet at 6 0.29. The IR
spectrum of this oil showed bands at 1718 (v C=0) and 1610 cm™ (v C=C). In addition,
HRMS analysis indicated a signal at m/z 217.0291, in good agreement with the calculated

value of 217.0284 for CgH,s"*GeQ, (M — CH,)".
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(Hjl\)OLO/)\Me‘

Me GeMes
\ 4
243

'H NMR NOE difference experiments were performed to establish the geometry of the
alkene function of 243. Thus, irradiation of the alkenyl methyl doublet (8§ 2.01) caused an
enhancement of the signals for the vinylic proton (8 6.28) and the MesGe- group (8 0.29).
When the singlet at & 0.29 (MesGe-) was irradiated, the resonances at & 4.13 (methylene
protons) and 2.01 (alkenyl methyl) were enhanced. The results of these experiments, along
with the spectral data presented above, are consistent with the structural assignment for ethyl
(Z)-3-trimethylgermylbut-2-enoate (243).

The experimental conditions outlined above did not allow a completely stereoselective
preparation of ethyl (Z)-3-trimethylgermylbut-2-ynoate (243). However, compound 243 can
be obtained as a single stereoisomer, in a synthetically useful yield (=70%), via facile

chromatographic separation from the corresponding (E) isomer (see entry 4, Table 14).

2.3.4.1.1 Mechanistic Considerations

A possible reaction pathway rationalizing the formation of stereoisomers 242 and 243

is depicted in Scheme 40. Thus, cis addition®?

of a (trimethylgermyl)copper(I) reagent to
the alkyne function of 241 generates the alkenylcopper intermediate 244. Protonation of the
latter intermediate (path a) produces the (E) isomer 242. The formation of 242 via path a is

predominant for the reagents Me;GeCusMe,S (168) and Me;GeCu(CN)Li (223) (see entries 1

and 2 in Table 14, p 158). Alternatively, 244 can isomerize (path b) to the (postulated)
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allenoate species 245 (a similar intermediate has been proposed to rationalize the formation of
alkyl (Z)-2-trhnéthylstannyla1k-2-enoates113 from reaction of Me3SnCu(SPh)Li with alkyl alk-
2-ynoates). Protonation of the allenoate 245 from the same side as the Me;Ge- group leads to
the formation of 242. On the other hand, protonation of the allenoate from the opposite side

of the Me;Ge- group generates 243.

o MesG C oW
esGeCu
WeCu H
OEt OEt
/U\ OEt — rL

Me Me3Ge | M MesGe

168 W=MagSin A .
241 222 W = MesGeliin A 244 N 242
223 W = (CN)Liin A b H
225 W = (Me)(CN)LpinA | o
MesGe. OCuW o H OEt
: }=-=< — |
Me OEt ‘ Me GeMes
245 ‘ 243

For 244, W = Me>S, MesGeli, (CN)Li or (Me)(CN)Li,
For 245, W = Me;GelLi or (Me)(CN)Li,

Scheme 40

Pathways a and b are }probably both in effect with reagents (Me;Ge),CulLi (222) and
Me;Ge(Me)Cu(CN)Li, (225) (see Table 14, entries 3 and 4). Interestingly, the nature of W
seem to have a profound influence on the ease of formation of th¢ allenoate 245. Under
identical experimental conditions, while reagents 168 and 223 appear to generate a stable

intermediate 244, reagents 222 and 225 seem to undergo (at least in part) isomerization to the

(postulated) allenoate intermediate 2485.
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2.3.4.2 SYNTHESIS OF METHYL (E)-6-CHLORO-3-TRIMETHYLGERMYLHEX-2-ENOATE (248)

R

MesGe
246

The preparation of trifunctional reagents of general structure 246, which should prove
useful in synthesis, can possibly be achieved through the germylcupration of functionalized
alk-2-ynoates. The stereocontrolled conversion of methyl 6-chlorohex-2-ynoate'"’ (247) into

methyl (E)-6-chloro-3-trimethylgermylhex-2-enoate (248) illustrates this concept (Equation

38).
. O
O 1) Me3GeCu(CN)Li
223 . H OMe
cl // OMe - > | cl (38)
THF, -78 °C Me,Ge
2) AcOH
247 3) NH,CI / NH,OH 248 (92%)

A cold (-78 °C) solution of 1.3 equivalents of Me;GeCu(CN)Li (223) in THF was
treated with one equivalent of 247. The reaction mixture was stirred at —78 °C for 30 min,
then was treated sequentially with glacial acetic acid (1.6 equiv) and aqueous NH,C/NH,OH
(pH 8-9). Isolation and purification of the crude product obtained gave methyl (E)-6-chloro-

3-trimethylgermylhex-2-enoate (248) in 92% yield.

“~a
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Cl R

Me;Ge Me;Ge
248 : 246
Conversion of 248, and other structurally related substances, into trifunctional

reagents (of general structure 246) should be accomplished in a straightforward manner via

functional group interconversions.
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2.3.5 CONCLUSIONS

The novel (trimethylgermyl)cuprates 222-225 have been prepared by treatment of
solutions of Me;GeLi (149) in THF with copper(I) salts. These (trimethylgermyl)cuprates
serve as excellent reagents in the conjugate addition of the Me;Ge- group to cyclohex-2-en-1-

ones.

(MesGe)CuLi MesGeCu(CN)Li  (MesGe).Cu(CN)Li. MesGe(Me)Cu(CN)Liz
222 223 224 225

Reagents Me;GeCusMe,S (168) and Me;GeCu(CN)Li (223) undergo stereocontrolled
cis addition to the alkyne function of ethyl but-2-ynoate (241) at low temperature to produce
ethyl (E)-2-trimethylgermylbut-2-enoate (242) in high yield. The completely stereoselective
synthesis of ethyl (Z)-2-trimethylgermylbut-2-enoate (243) could not be achieved under the
experimental conditions used. However, facile chromatographic separation of the mixture of

(E/Z) 1somers produced affords the (Z) isomer 243 in a synthetically useful yield (=70%).

O 0 R
H H
| OEt | OEt |
R
MesGe Me Me™ GeMe; Me;Ge
242 243 246 -

Finally, stereocontrolled germylcupration of functionalized alkynoates, followed by

functional group interconversions, should provide convenient access to trifunctional reagents

of general structure 246.
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3 EXPERIMENTAL

3.1 GENERAL

3.1.1 DATA ACQUISITION AND METHODS

Unless otherwise stated all glassware was dried at =140 °C in an oven or flame dried
prior to use, and all reactions were performed under an atmosphere of dry argon. The Teflon
cannulae (purchased from Canlab, 0.38 mm % (.23 mm, catalogue # R5360-111 and 0.97 mm
%X 0.30 mm, catalogue # R5360-117) and stainless steel needles used to handle various
anhydrous solvents and reagents were oven dried. The plastic syringes were flushed with dry
argon prior to use. The glass microliter syringes were dried under reduced pressure (vacuum
pump), stored in a desiccator and flushed with dry argon prior to use.

The following cooling baths were used to maintain sub-zero temperatures: —10 °C and
—30 °C: aqueous CaCl,—solid CO, (16.5 and 34.8 g CaCl,/100 g water, respectively);''® —78
°C: acetone—solid CO,.

Solvent removal or concentration refers to solvent removal under reduced pressure
(water aspirator) via a Biichi rotary evaporator at =15 Torr.

Thin layer chromatography (TLC) was performed using commercial aluminum-backed
silica gel 60 Fs4 plates from E. Merck, type 5554, 0.2 mm. Reversed phase TLC was carried
out on commercially available glass backed plates from Whatman, type KC;s/KCisF.

Visualization was accomplished using ultraviolet light (254 nm) and/or iodine, followed by

heating the plates after staining with an appropriate reagent. The following stains were used:
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1) phosphomolybdic acid in ethanol from Aldrich Chemical Co. Inc., 2) cerium sulfate—
ammonium molybdate in aqueous H,SO4 (0.40 g Ce(SO4)2, 20 g (NHs)¢M07,0,4°4H,0, 400
mL 10% aqueous H,SO,), 3) anisaldehyde in H,SO,—ethanol (20 mL anisaldehyde, 20 mL
concentrated H,SOy4, 400 mL ethanol), 4) basic aqueous KMnO, (3 g KMnQ,, 20 g K,COs, 5
mL 5% aqueous NaOH, 300 mL water). Flash chromatography''’ was performed using 230
400 mesh silica gel 60 from E. Merck. Reversed phase chromatography was performed using
Cs functionalized"® silica gel 60 with an appropriate solvent system applied to the technique
described by Still.'"” TLC grade flash chromatography was performed using Sigma type H
silica gel 10-40 pum, no binder, following the technique deséﬁbed by Taber.'"”

Gas-liquid chromatography (GLC) was performed on Hewlett-Packard model 5830A,
5880A or 5890 gas chromatographs, all three equibbe,d with flame ionization detectors and
fused capillary columns, either 25 m X 0.20 mm coated with 5% phenylmethyl silicone or
Stabilwax 30 m X 0.25 mm X 0.25 pm. .

High performance liquid chromatography (HPLC) was performed using a Waters
600E Multisolvent Delivery System connected in series, tb. 1) a Waters 486 Tunable
Absorbance Detector and 2) a Waters 410 Differential Refractometer. The following columns
were used: 1) Waters pPorasil silica 10 um, 8 mm X 100 mm; 2) Waters uBondapak 10 pum, 8
mm X 100 mm and 25 mm X 100 mm; 3) Whatman Magnum 20 Partisil silica 10 um, 20 mm X
250 mm.

Unless otherwise noted, distillations refer to bulb-to-bulb distillations; the temperature

is indicated in parentheses and is uncorrected. Melting points were recorded on a Fisher-

Johns melting point apparatus and are uncorrected.
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Proton nuclear magnetic resonance (‘"H NMR) spectra were recorded on Bruker
models AC-200 (200.1 MHz) or WH-400 (400.1 MHz) spectrometers using deuteriochlo-
roform (CDCl,) or deuteriobenzene (CsDs) as solvents. Signal positions (8) are given in parts
per million from tetramethylsilane and were measured relative to the residual signal of
chloroform (& 7.24) or beniene (8 7.15). The following abbreviations are used to describe the
multiplicity: br = broad, d = doublet, m = multiplet, q = quartet, s = singlet, t = triplet.
Coupling constants (J values) are given in Hertz (Hz). Data are reported in the following
format: chemical shift (ppm), multiplicity, number of protons, coupling constants (Hz) and
assignment (when known). In some instances the assignments are supported by COSY. (‘H-
'H homonuclear correlation spectroscopy) and 'H NMR NOE (nuclear Overhauser
enhancement) difference experiments. These experiments were carried out using the Bruker
WH-400 spectrometer.

Carbon nuclear magnetic resonance ("C NMR) spectra were recorded on Varian XL-
300 (75.4 MHz) or Bruker AMX-500 (125.7 MHz) spectrometers, using deuteriochloroform
or deuteriobenzene as solvents. Signal positions are given in parts per million from
tetramethylsilane and were measured relative to the signal of deuteriochloroform (& 77.0) or
deuteriobenzene (8 128.0).  Attached proton test (APT) experiments were used to
differentiate methyl and methine from methylene and quaternary carbons.

Infrared (IR) spectra were recorded on a Perkin Elmer 1710 Fourier transform
spectrophotometer with internal calibration using sodium chloride plates for liquids and

potassium bromide pellets for solid samples.

Low and high resolution electron impact (EI) mass spectra were recorded on Kratos
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MS 50 or MS 80 mass spectrometers at 70 eV. The molecular ion (M*) masses are given
unless otherwise stated. Low and high resolution desorption chemical ionization (DCI)
spectra were recorded on a Delsi Nermag R10-10 C mass spectrometer using CHy, isobutane
or a NH; + CH, mixture and masses are given as (M + 1)* unless otherwise stated. Gas—
liquid chromatography—low resolution mass spectrometry was performed on a Carlo Erba
model 4160 capillary gas chromatograph (15 m x 0.25 mm fused silica column coated with
DB-5) and a Kratos MS 80 mass spectrometer, interfaced with a hollow capillary tube. The
following masses were used to calculate the mass of the ions in the high resolution mass
spectra (HRMS): 'H 1.007825, 2C 12.000000, N 14.003074, 'O 15.994915, *Si
27.976927, *°Si 29.973770, *2S 31.972070, **Cl 34.968852, *'Cl 36.965903, "*Ge 71.922079,
"Ge 73.921177. All compounds subjected td HRMS were homogeneous by TLC and/or
GLC analyses.

Elemental analyses were performed on a Carlo Erba CHN model 1106 or on a Fisons

EA model 1108 elemental analyzer, by the UBC Microanalytical Laboratory.
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3.1.2 SOLVENTS AND REAGENTS

All solvents and reagents were purified using established procedures.'”® Diethyl ether,
dibutyl ether and tetrahydrofuran (THF) were heated at reflux over and distilled from sodium—
benzophenone ketyl radical. Dichloromethane and benzene were heated at reflux over and
distilled from calcium hydride. The five aforementioned solvents were distilled under an
étmosphere of argon and used immediately. Acetonitrile, HMPA and N,N-
dimethylformamide were heated at reflux over and distilled from calcium hydride under an
atmosphere of argon and stored under argon in bottles sealed with a Sure/Seal (Aldrich
Chemical Co. Inc.). Magnesium turnings were added to methanol and the mixture was heated
at reflux under an atmosphere of argon. The methanol was distilled from the formed
magnesium methoxide and stored under argon over 4A molecular sieves in bottles sealed with
a Sure/Seal (Aldrich Chemical Co. Inc.). Chlorotrimethylsilane was heated at reflux over and
distilled from calcium hydride and was used immediately. Bromotrimethylsilane was distilled
(bulb-to-bulb) from calcium hydride and was used immediately. Petroleum ether refers to a
mixture of hydrocarbon with a boiling range of 35-60 °C. All others solvents were used
without further purification.

Solutions of methyllithium in diethyl ether, n-butyllithium in hexanes and tert-
butyllithium in pentane were obtained from Aldrich Chemical Co. Inc., and were standardized
using the procedure of Kofron and Baclawski.'*'

Copper(I) bromide—dimethyl sulfide complex was prepared by the method described

by Wuts'** and was stored in a desiccator under an atmosphere of dry argon.

Methyltriphenylphosphonium bromide was heated at 110-120 °C (using an oil bath)
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under reduced pressure (0.05 Torr) for 3 h and then was stored under an atmosphere of
argon.

Aqueous ammonium chloride—ammonium hydroxide (NH,CI-NH,OH, pH 8-9) was
prepared by the addition of 50 mL of concentrated aqueous ammonium hydroxide to 950 mL
of saturated aqueous ammonium chloride solution. |

All other reagents are commercially available and were used without further

purification.
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3.2 SYNTHESIS OF 2.TRIMETHYLGERMYLALK-1-ENES VIA PLATINUM

CATALYZED HYDROGERMYLATION OF 1-TRIMETHYLSILYLALK-1-YNES
3.2.1 SYNTHESIS OF 1-TRIMETHYLSILYLALK-1-YNES

. 3.2.1.1 GENERAL PROCEDURE 1: PREPARATION OF THE 1-TRIMETHYLSILYLALK-1-YNES 61
AND 63

To a cold (-78 °C) stirred solution of the alk-1-yne (1 equiv) in dry THF (0.2-0.3 M)
was added a solution of MeLi in diethyl ether (2.2-2.3 equiv). The resultant mixture was
stirred at —78 °C for 1.25-2 h. Chlorotrimethylsilane (2.5-2.6 equiv) was added, the cooling
bath was removed and the mixture was allowed to stir at rt for at least 1.5 h. Ice-cold
saturated aqueous NaHCO; (=10 mL per mmol of alkyng) was added. The mixture was
diluted with diethyl ether (=10 mL per mmol of alkyne) and the layers were separated. Ice
was added to the aqueous layer and the latter was extracted with diethyl ether (2 x =3 mL per
mmol of alkyne). The pooled organic extracts were washed with an ice—water mixture (=3
mL per mmol of alkyne) and with ice-cold brine (2 X =3 mL per mmol of alkyne), were dried
over anhydrous magnesium sulfate, and then were filtered and concentrated under reduced

pressure. The oil thus obtained was distilled to provide the desired 1-trimethylsilylalk-1-yne.

3.2.1.1.1 Synthesis of 1-Trimethylsilyl-6-(trimethylsilyloxy)hex-1-yne (61)

Me3SiO
\/\/\

SiMe3
61

Following general procedure 1, to a solution of hex-5-yn-1-ol (§5) (1.10 g, 11.2
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mmol, 1 equiv) in dry THF (57 mL) was added a solution of MéLi (1.40 M in diethyl ether,
17.6 mL, 24.6 mmol, 2.20 equiv). The thick mixture was stirred at ~78 °C for 2 h, then
chlorotrimethylsilane (3.04 g, 28.0 mmol, 2.50 equiv) was added. The resulting solution was
warmed to rt and was allowed to stir for an additional 1.5 h. The crude oil acquired was
distilled (60—69 °C/0.04 Torr) to yield 2.61 g (96%) of the title compound as a clear colorless

oil.

'H NMR (400 MHz, CDCL): § 3.58 (t, 2H, J = 6.2 Hz, -CH,0-), 2.22 (t, 2H, J = 6.8 Hz,
-CH,C=C-), 1.68-1.50 (m, 4H), 0.12 (s, 9H, -C=CSi(CHs)5), 0.09 (s, 9H,
-OSi(CHs)s).

“C NMR (75.4 MHz, CDCl): § 107.1 (-C=CSi(CHs);), 84.4 (-C=CSi(CH;)3), 62.0
(-CH,0-), 31.7 (-CH,CH,0-), 24.9 (-QHZCHZCEC-), 19.5 (-CH,C=C-), 0.1
(-C=CSi(CH;)3), —0.6 (-OSi(CH,)3).

IR (film): 2176, 1251, 1106, 841, 760 cm™.

HRMS for C;,Hy60%Siy: caled 242.1522, found 242.1513.

Anal. caled for C2Hz60Si,: C 59.43, H 10.81; found: C 59.10, H 10.71.

3.2.1.1.2 Synthesis of 1-Trimethylsilyl-4-(trimethylsilyloxy)but—l-yne (63)

Me38i0\/\
R

SiMeg
63

Following general procedure 1, to a solution of but-3-yn-1-ol (56) (2.51 g, 35.8 mmol,

1 equiv) in dry THF (120 mL) was added a solution of MeLi (1.40 M in diethyl ether, 59 mL,

82 mmol, 2.3 equiv). The resulting solution was stirred at —78 °C for 1.25 h, then chloro-
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trimethylsilane (10.1 g, 93.0 mmol, 2.60 equiv) was added. The mixture was warmed to rt
and was allowed to stir overnight. The crude oil acquired was distilled (bp 85 °C/12 Torr) to

yield 7.36 g (96%) of the title compound as a clear colorless oil.

'H NMR (400 MHz, CDCL): 8 3.67 (t, 2H, J = 7.2 Hz, -OCH,-), 2.43 (t, 2H, J = 7.2 Hz,
_CH,C=C-), 0.13 (s, 9H, -C=CSi(CH3)3), 0.11 (s, 9H, -OSi(CHs)s).

13C NMR (75.4 MHz, CDCL): & 103.9 (-C=CSi(CHs)3), 85.5 (-C=CSi(CHz)3), 61.2
(-CH,0-), 24.1 (-CH,C=C-), 0.0 (-C=CSi(CH3)s), —0.5 (-OSi(CHj)s).

IR (film): 2179, 1252, 1104, 843, 760 cm™".

HRMS for C10H;,0®Siy: caled 214.1209, found 214.1202.

Anal. caled for C;0H2,081,: C 56.01, H 10.34; found: C 55.75, H 10.45.

3.2.1.2 SYNTHESIS OF 6-TRIMETHYLSILYLHEX-5-YN-1-OL (62)

HO
\/\/\

SiMe3
62

To a cold (78 °C) stirred solution of hex-5-yn-1-ol (55) (1.47 g, 15.0 mmol, 1 equiv)
in dry THF (134 mL) was added a solution of MeLi (1.46 M in diethyl ether, 22.6 mL, 33.0
mmol, 2.20 equiv). The reaction mixture was warmed to 0 °C and was allowed to stir for 2 h
at 0 °C, after which time it became a white opaque mixture. Chlorotrimethylsilane (4.07 g,
37.5 mmol, 2.50 equi\}) was added, then the cooling bath was removed and the solution was
allowed to stir at rt for 2.5 h. The reaction mixture was treated with 1 M hydrochloric acid

(50 mL) and ethyl acetate (300 mL) was added. The layers were separated and the aqueous

portion was extracted with ethyl acetate (2 X 100 mL). The combined organic extracts were
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washed with brine (2 X 100 mL), were dri;'-:d over anhydrous magnesium sulfate, and then
were filtered and concentrated under reduced pressure. The crude oil thus acquired was
subjected to flash chromatography (100 g TLC grade silica gel, 7:3 petroleum ether—ethyl
acetate) and distilled (68—82 °C/0.05 Torr) to afford 2.11 g (82%) of the title compound as a

clear colorless oil.

'H NMR (400 MHz, CDCls): & 3.66 (t, 2H, J = 6.2 Hz, -CH,OH), 2.25 (t, 2H, J = 6.8 Hz,
-CH,C=C-), 1.71-1.55 (m, 4H, -(CH,),CH,0H), 1.42 (br s, 1H, exchanges with
D,0, -OH), 0.12 (s, 9H, Si(CH,)5).

“C NMR (75.4 MHz, CDCly): § 107.1 (-C=CSi(CHs);), 84.6 (-C=CSi(CH;)3), 61.9
(-CH,0H), 31.6 (-CH,CH,0H), 24.8 (-CH,CH,C=C-), 19.5 (-CH,C=C-), 0.0
(-Si(CH3)s).

IR (film): 3348, 2957, 2175, 1250, 1047, 844, 760 cm™.

HRMS for CgH;50%*Si (M — CHa)": calcd 155.0892, found 155.0892.

Anal. caled for CoH,308i: C 63.47, H 10.65; found: C 63.33, H 10.52.

3.2.1.3 GENERAL PROCEDURE 2: PREPARATION OF THE 1-TRIMETHYLSILYLALK-1-YNES 64—

66

To a cold (-78 °C) stirred solution of the alk-1-yne (1 equiv) in dry etheral solvent
(diethyl ether or THF, 0.1-0.25 M) was added a solution of MeLi in diethyl ether or n-BuLi in
hexanes (1.1-1.25 equiv) via a syringe. The resulting solution was stirred at —78 °C for 1.5-2
h, then chlorotrimethylsilane (1.3-1.5 equiv) was added. The reaction mixture was stirred at

—78 °C for a short period of time, then the cooling bath was removed and the mixture was
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allowed to stir at rt for at least 1 h. Saturated aqueous NaHCO; (=2 mL per mmol of alkyne)
was added. The mixture was diluted with diethyl ether (=10 mL per mmol of a]kyne) and the
layers were separated. The organic layer was washed with saturated aqueous NaHCO; (1 x
=2 mL per mmol of alkyne) and the pooled aqueous layers were extracted with diethyl ether
(2 x =3 mL per mmol of alkyne). The combined organic extracts were washed with water (2
X =3 mL per mmol of alkyne) and brine (1 X =3 mL per mmol of alkyne), were dried over
anhydrous magnesium sulfate, and then were filtered and concentrated under reduced

pressure. The oil thus acquired was distilled to provide the desired 1-trimethylsilylalk-1-yne.

3.2.1.3.1 Synthesis of 1-Trimethylsilyldodec-1-yne (64)

/\/\/\/\/\

SiMe3
64

Following general procedure 2, to a solution of dodec-1-yne (57) (1.04 g, 6.27 mmol,
1 equiv) in dry THF (63 mL) was added a solution of n-BuLi (1.58 M in hexanes, 4.76 mL,
7.53 mmol, 1.20 equiv). The reaction mixture was stirred at —78 °C for 2 h, then chloro-
trimethylsilane (1.02 g, 9.41 mmol, 1.50 equiv) was added. The resultant solution was
warmed to rt and was allowed to stir overnight. The crude oil obtained was distilled (72-77

°C/0.04 Torr) to afford 1.46 g (98%) of the title compound as a clear colorless oil.

'H NMR (400 MHz, CDCL): § 2.19 (t, 2H, J = 7.2 Hz, -CH,C=C-), 1.49 (quintuplet, 2H,
J =7.2 Hz, -CH,CH,C=C-), 1.40-1.33 (br m, 3H), 1.33-1.20 (br s, 11H), 0.86 (br

t, 3H, J = 6.8 Hz, -CH,CHs), 0.12 (s, 9H, -Si(CH)s).

BC NMR (75.4 MHz, CDCL): § 107.5 (-C=CSi(CHs)), 84.1 (-C=CSi(CH;)3), 32.0, 29.62,
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29.57,29.4,29.1, 28.8, 28.7, 22.7, 19.9 (-CH,C=C-), 14.1 (-CH,CHj), 0.1
(-Si(CHs)3).

IR (film): 2176, 1250, 843, 760 cm™.

HRMS for C;5sH30>Si: caled 238.2117, found 238.2123.

Anal. calcd for Cy5H30Si1: C 75.54, H 12.68; found: C 75.29, H 12.77.

3.2.1.3.2 Synthesis of 5-Chloro-1-trimethylsilylpent-1-yne (65)

Cl/\/\

SiMe;
65

Following general procedure 2, to a solution of 5-chloropent-1-yne (58) (5.05 g, 49.2
mmol, 1 equiv) in dry diethyl ether (200 mL) was added a solution of MeLi (1.40 M in diethyl
ether, 43.9 mL, 61.5 mmol, 1.25 equiv). The resultant mixture was stirred at —78 °C for 1.5
h. Chlorotrimethylsilane (8.02 g, 73.8 mmol, 1.50 equiv) was added and the mixture was
stirred for an additional 45 min at =78 °C. The cooling bath was removed and the solution
was stirred at rt overnight. The crude oil obtained was distilled (bp 108-112 °C/70 Torr) to

provide 7.82 g (91%) of the title compound as a clear colorless oil.

'H NMR (400 MHz, CDCl): § 3.62 (t, 2H, J = 6.6 Hz, -CH,Cl), 2.39 (t, 2H, J = 6.6 Hz,
-CH,C=C-), 1.94 (quintuplet, 2H, J = 6.6 Hz, -CH,CH,CH,-), 0.13 (s, 9H,
-Si(CHz3)s3). |

PC NMR (75.4 MHz, CDCl,): § 105.1 (-C=CSi(CHs)3), 85.5 (-C=CSi(CH:),), 43.4, 31.3,

17.2, 0.0 (-Si(CHzs)3).

IR (film): 2177, 1250, 844, 761 cm™.
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HRMS for CgH;s5>>Cl12Si: caled 174.0632, found 174.0624.

Anal. caled for CsH;5ClISi: C 54.99, H 8.65; found: C 55.18, H 8.80.

3.2.1.3.3 Synthesis of 1-Phenyl-2-trimethylsilylacetylene (66)

@—"_——SiMes

66
Following general procedure 2, to a solution of phenylacetylene (59) (2.64 g, 25.9
mmol, 1 equiv) in dry THF (130 mL) was added a solution of n-BuLi (1.59 M in hexanes,
17.9 mL, 28.5 mmol, 1..1() equiv). The solution was stirred at —78 °C for 1 h, after which time
a white suspension formed. The mixture was stirred for an additional hour, then chlorotri- .
methylsilane (3.65 g, 33.6 mmol, 1.30 equiv) was added. The resulting solution was warmed
to rt and was allowed to stir for 1 h. The crude oil obtained was distilled (110-120 °C/11

Torr) to provide 4.31 g (96%) of the title compound as a clear colorless oil.

'H NMR (400 MHz, CDCl): §7.50-7.42 (m, 2H), 7.32-7.26 (m, 3H), 0.24 (s, 9H,
-Si(CHa)s).

BC NMR (75.4 MHz, CDCl;): 6 131.9, 128.4, 128.2, 123.1 (aromatic ipso carbon), 105.1
(-C=CSi(CH;)3), 94.0 (-C=CSi(CH,)3), 0.0 (-Si(CHa)s).

IR (film): 3081, 2961, 2900, 2160, 1599, 1489, 1445, 864, 758, 691, 645 cm™.

HRMS for C;;H;4>*Si: calcd 174.0865, found 174.0866.

Anal. caled for C;Hy4S1: C 75.79, H 8.10; found: C 75.51, H 8.03.



178

3.2.1.4 SYNTHESIS OF 1,6-BIS(TRIMETHYLSILYL)HEXA-1,5-DIYNE (67)

_/%SiMe:;
MesSi—=

67

To a cold (=78 °C) stirred solution of hexa—I,S-diyne (60) (558 mg, 7.15 mmol, 1
equiv) in dry THF (36 mL) was added a solution of MeLi (1.40 M in diethyl ether, 12.3 mL,
17.2 mmol, 2.40 equiv). The resulting solution was stirred at —78 °C for 0.5 h, then chloro-
trimethylsilane (2.02 g, 18.6 mmol, 2.60 equiv) was added. The reaction mixture was warmed
to rt and was allowed to stir for an additional hour. Saturated aqueous NaHCO; (25 mL) was
added. The mixture was diluted with diethyl ether (175 mL), the layers were separated and
the organic layer was washed with another portion of saturated aqueous NaHCO; (25 mL).
The pooled aqueous layers were extracted with diethyl ether (2 X 20 mL). The combined
organic extracts were washed with water (20 mL) and brine (20 mL), were dried over
anhydrous magnesium sulfate, and then were filtered and concentrated under reduced
pressure. The crude solid thus acquired was recrystallized from a pentane—methanol mixture

to afford 1.14 g (71%) of the title compound as colorless crystals (mp 46-46.5 °C).

'H NMR (400 MHz, CDCl): § 2.41 (s, 4H, -CH,CH,-), 0.13 (s, 18H, 2 x -Si(CHs)s).

“C NMR (75.4 MHz, CDCl;): § 105.1 (-C=CSi(CHs)3), 85.5 (-C=CSi(CH)s), 20.0 (-CH-),
0.1 (-Si(CHa)3).

IR (KBr pellet): 2180, 1249, 1023, 844,759, 637 cm™.

HRMS for C,H»2Si,: calcd 222.1260, found 222.1258.

Anal. calcd for Ci,Hp,Si;: C 64.78, H 9.97; found: C 64.50, H 10.11.
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3.2.1.5 SYNTHESIS OF 2-(CYCLOPENT-2-EN-1-YL)ETHANOL (69), 1-(CYCLOPENT-2-EN-1-YL)-

2-IODOETHANE (70) AND 4-(CYCLOPENT-2-EN-1-YL)- |-TRIMETHYLSILYLBUT- 1-YNE (72)

) SiMe;
@/\/OH @/\/' @/\/
69 70 72 .-

a) 2-(Cyclopent-2-en-1-yl)ethanol (69)

To a cold (0 °C) stirred slurry of LiAlH, (1.15 g, 30.3 mmol, 1.20 equiv) in dry diethyl
ether (225 mL) was added dropwise, via a cannula, a solution of (cyclopent-2-en-1-yl)acetic
acid (68) (3.18 g, 25.2 mmol, 1 equiv) in diethyl ether (25 mL). The heterogeneous mixture
was allowed to stir at rt for 1.5 h, then 1 M hydrochloric acid (=55 mL total) was cautiously
added until the pH of the aqueous layer reached =3. Diethyl ether (200 mL) was added and
the layers were separated. The aqueous layer was extracted with diethyl ether (3 X 50 mL).
The combined organic extracts were washed with water (25 mL), saturated aqueous NaHCO;
(25 mL), and brine (2 X 25 mL), were dried over anhydrous magnesium sulfate, and then were
filtered and concentrated under reduced pressure. The ¢rude oil thus obtained was distilled
(118-128 °C/11 Torr) to afford 2.72 g (96%) of 2-(cyclopent-2-en-1-yl)ethanol (69) as a

clear colorless oil.

"H NMR (400 MHz, CDCls): § 5.73-5.70 (m, 1H, vinylic proton), 5.68-5.65 (m, 1H, vinylic
proton), 3.73-3.63 (m, 2H, -CH,OH), 2.80-2.70 (m, 1H, allylic methine proton),

2.39-2.21 (m, 2H), 2.05 (dtd, 1H, J = 13.2, 8.4 and 4.8 Hz), 1.72-1.63 (m, 1H),

1.60-1.51 (m, 1H), 1.46-1.37 (m, 1H), 1.32 (br s, 1H, exchanges with D,0, -OH).
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BC NMR (75.4 MHz, CDCl;): & 134.6 (vinylic carbon), 130.5 (vinylic carbon), 61.6
(-CH,0H), 42.0 (allylic methine carbon), 38.8, 31.8, 29.7.
IR (film): 3338, 3051, 2931, 1614, 1433, 1359, 1059, 720 cm™.

HRMS for C;H;,0: calcd 112.0888, found 112.0890.

b) 1-(Cyclopent-2-en-1-yl)-2-iodoethane (70)

To a stirred mixture of dry diethyl ether—acetonitrile (3:1, 236 mL total) at rt was
added sequentially triphenylphosphine (19.2 g, 73.1 mmol, 3.10 equiv) and imidazole (4.98 g,
73.1 mmol, 3.10 equiv). The clear colorless solution was cooled to 0 °C and iodine (18.6 g,
73.1 mmol, 3.10 equiv) was added in three approximately equal portions. After the mixture
had been stirred for 20 min at 0 °C, the mustard-yellow suspension was treated, via a cannula,
with a solution of 2-(cyclopent-2-en-1-yl)ethanol (69) (2.64 g, 23.6 mmol, 1 equiv) in dry
diethyl ether (10 mL). The reaction mixture was stirred for an additional 20 min, then was
treated with saturated aqueous Na,S,0; (150 mL). Diethyl ether (200 mL) was added and the
layers were separated. The organic layer was washed with saturated aqueous Na,S,0; (6 X
25 mL). The pooled aqueous layers were extracted with diethyl ether (3 X 25 mL). The
combined organic extracts were washed with 10% aqueous CﬁSO4 (2 x 25 mL), water (2 X
25 mL), and brine (2 X 25 mL), were dried over anhydrous magnesium sulfate, and then were
filtered and concentrated under reduced pressure. The residue was passed through a column
of Florisil (85 g, elution with petroleum ether, 200 ‘mL) and the eluate was concentrated under

reduced pressure. The crude oil thus acquired was distilled (118-128 °C/11 Torr) to yield

4.82 g (92%) of 1-(cyclopent-2-en-1-yl)-2-iodoethane (70) as a clear colorless oil.
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'"H NMR (400 MHz, CDCL): 8 5.77-5.73 (m, 1H, vinylic proton), 5.65-5.61 (m, 1H, vinylic
- proton), 3.25-3.12 (m, 2H, -CH,I), 2.80-2.70 (m, 1H, allylic methine proton),
2.40-2.22 (m, ZH), 2.05 (dtd, 1H, J = 12.8, 8.4 and 5.2 Hz), 1.99-1.90 (m, 1H),
1.85-1.76 (m, 1H), 1.42-1.33 (m, 1H).
C NMR (75.4 MHz, CDCly): 8 133.2 (vinylic carbon), 131.2 (vinylic carbon), 46.4 (allylic
methine carbon), 39.9, 31.9, 29.0, 4.9 (-CH,I).
IR (film): 3050, 2931, 1614, 1427, 1231, 1181, 720 cm™".

HRMS for C;Hy;1: caled 221.9906, found 221.9904.

¢) 4-(Cyclopent-2-en-1-yl)-1-trimethylsilylbut-1-yne (72)

To a cold (=78 °C) stirred solution of trimethylsilylacetylene (1.73 g, 17.6 mmol, 1.50
equiv) in dry THF (14 mL) was added a solution of n-BuLi (1.55 M in hexanes, 9.10 mL,
14.1 mmol, 1.20 equiv). The reaction mixture was stirred at —=78 °C for 5 min, then was
warmed to 0 °C and was allowed to stir at 0 °C for an additional 10 min. A solution of 1-
(cyclopent-2-en-1-yl)-2-iodoethane (70) (2.60 g, 11.7 mmol, 1 equiv) in dry HMPA (12 mL)
was added dropwise over 30 min via a cannula. The resulting mixture was stirred at 0 °C for
30 min, then was treated with water (10 mL). Diethyl ether (120 mL) was added and the
layers were separated. The aquedus layer was extracted with diethyl ether (3 X 50 mL). The
pooled organic extracts were washed with 10% aqueous CuSO4 (3 X 25 mL), saturated
aqueous NayS,0; (25 mL), water (2 x 20 mL), and brine (2 X 20 mL), were dried over
anhydrous magnesium sulfate, and then were filtered and concentrated under reduced

pressure. The crude oil thus obtained was distilled. A forerun (distillation temperature 80—

120 °C/39 Torr) was collected in a first bulb (155 mg, volatile material as indicated by GLC
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analysis). The remainder of the material was collected in a second bulb (distillation
temperature 120-140 °C/39 Torr) to afford 1.76 g (78%) of 4-(cyclopent-2-en-1-yD-1-

trimethylsilylbut-1-yne (72) as a clear colorless oil.

"H NMR (400 MHz, CDCl;): § 5.73-5.70 (m, 1H, vinylic proton), 5.67-5.64 (m, 1H, vinylic
proton), 2.80-2.68 (m, 1H, allylic methine proton), 2.38-2.19 (m, 4H), 2.03 (dtd,
1H,J = ‘13.2, 8.4 and 5.0 Hz), 1.67-1.58 (m, 1H), 1.53-1.44 (m, 1H), 1.43-1.34
(m, 1H), 6.12 (s, 9H, -Si(CHa)5).

C NMR (75.4 MHz, CDCl;): § 134.3 (vinylic carbon), 130.7 (vinylic carbon), 107.5
(-C=CSi(CH;)3), 84.1 (-C=CSi(CHs)s), 44.8 (allylic methine carbon), 34.8, 31.9,
29.4, 18.3 (-CH,C=C-), 0.1 (-Si(CH3)3).

IR (ﬁlm): 3053, 2957, 2176, 1614, 1250, 843, 760 cm™.

HRMS for Cy,Hz**Si: calcd 192.1334, found 192.1334.

Anal. calcd for C2H30Si: C 74.92, H 10.48; found: C 75.10, H 10.38.




183

3.2.2 SYNTHESIS OF TRIMETHYLGERMANE (53)

MeaGeH
53

The apparatus for this reaction was as follows: a 250 mL three-necked flask was
equipped with a stir bar, two septa and a water-cooled condenser (15 cm). The condenser
was surmounted with a short-path distillation apparatus fitted with a 100 mL receiving flask.
This distillation apparatus must have a drip end that can reach deep inside the 100 mL flask.
An argon flow through the system was created using an inlet (needle) on one neck of the
reaction flask, and a bleed was created on the short path distillation apparatus by inserting a
needle through a septum covering the outlet side arm. All joints were sealed with Teflon tape.
The 100 mL receiving flask was immersed deep inside a dry ice—acetone bath.

To a cold (0 °C) stirred slurry of LiAlH; (2.5 g, 65 mmol, 0.5 equiv) in dry dibutyl
ether (100 mL) in the three-necked flask, was added a solution of bromotrimethylgermane
(25.7 g, 130 mmol, 1 equiv, freshly distilled from CaH;) in dry dibutyl ether (17 mL) via a
canﬁula. The mixture was stirred for 5 min at 0 °C, then was heated to 110 °C, with an oil
bath, and stirred at this temperature for 3 h while distilling the volatile liquid into the receiving
flask cooled to —78 °C. The distilled liquid generally contained 5-10% of dibutyl ether. This
liquid was then redistilled (bulb-to-bulb distillation) from —78 °C to 40 °C, under an atmos-
phere of argon, to afford 14.70 (95%) of essentially pure trimethylgermane (53). The volatile
liquid was transferred to a 25 mL round bottom flask fitted with a Teflon Mininert Valve

(purchased from the Aldrich Chemical Co. Inc.) and stored at —25 °C in a freezer.

'H NMR (400 MHz, CDCl): 8 3.83 (deciplet, 1H, J = 3.6 Hz, HGe(CHs)3), 0.22 (d, 9H,
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J =3.6 Hz, HGe(CHj3)3).

BC NMR (50.3 MHz, CDCls): § 3.5 (HGe(CHs)3).
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3.2.3 ISOLATION OF THE PRODUCTS OF HYDROGERMYLATION OF 6-
TRIMETHYLSILYLHEX-5-YN-1-OL (62) AND THEIR TREATMENT WITH p- -

TOLUENESULFONIC ACID MONOHYDRATE IN DICHLOROMETHANE

13231 SYNTHESIS, ISOLATION AND CHARACTERIZATION OF (E)- AND (Z)-5-TRIMETHYL-
GERMYL-6-TRIMETHYLSILYLHEX-5-EN-1-OLS (73) AND (75), AND (E)- AND (Z)-6-TRI-
METHYLGERMYL-6-TRIMETHYLSILYLHEX-5-EN-1-OLS (74) AND (76)

To a stirred solution of 6-trimethylsilylhex-5-yn-1-ol (62) (932 mg, 5.47 mmol, 1
equiv) in CH,Cl, (27 mL) at rt was added H,PtCls*6H,O (57 mg, 0.11 mmol, 0.020 equiv).
The orange solution was cooled to 0° C, stirred for 5 min and Me;GeH (53) (974 mg, 8.21
mmol, 1.50 equiv) was added via a precooled gas-tight syringe (cooled by runnin'g cold water
on the barrel). The cooling bath was removed and the reaction mixture was allowed to stir at
rt overnight. The black solution was treated with saturated aqueous NaHCO; (5 mL) and
diethyl ether (150 mL) and the layers were separated. The organic layer was washed with
saturated aqueous NaHCO; (25 mL) and water (25 mL). The combined aqueous portions
were extracted with diethyl ether (2 X 25 mL). The pooled organic extracts were washed with
brine (2 X 25 mL), were dried over anhydrous magnesium sulfate, and then were filtered and
concentrated under reduced pressure. The crude oil thus obtained was subjected to flash
chromatography (80 g TLC grade silica gel, 17:3 petroleum ether—ethyl acetate) to afford
1.32 g (83%) of the four title compounds as a mixture.

The acquired liquid was subjected to HPLC (silica Partisil, 10 pm; 22 mm X 250 mm

column, 22:3 hexane—ethyl acetate, 9 mL/min, RI detector, UV-vis detector A = 254 nm) in
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four approximately equal portions. This chromatography resulted in a rough separation to
afford three fractions, which were concentrated under reduced pressure. The first fraction to
be eluted, fraction A (retention time 28—4(0 min), afft;rdéd 985 fng of a mixture of two
components. The second fraction to be eluted, fraction B (retention time 40-46 min),
afforded 105 mg of an oil which was constituted of a mixture of three components (HPLC
analysis). The third fraction to be eluted, fraction C (retention time 46—52 min), afforded 75

mg of an o0il which was constituted of a mixture of five components (HPLC analysis).

a) Isolation and Characterization of (E)-5-Trimethylgermyl-6-trimethylsilylhex-5-en-1-ol

MesSi 6 H
HO 5 GeMe,

2

(73)

73
Part of fraction A (=200 mg) was submitted to reversed phase HPLC (C,s pBondapak,
10 um; 25 mm X 100 mm column, 3:1 methanol-water, 9 mL/min, UV-vis detector A =230
nm) in eight approximately equal portions. The first component to be eluted (retention time
30 min) was concentrated under reduced pressure and then was distilled (72-80 °C/0.04 Torr)
to provide 43 mg of pure (E)-5-trimethylgermyl-6-trimethylsilylhex-5-en-1-ol (73) as a clear

colorless oil.

'"H NMR (400 MHz, CDCl): 8 5.81 (s, 1H, vinylic proton), 3.63 (t, 2H, J = 6.6 Hz,

-CH,OH), 2.34-2.30 (m, 2H, allylic protons), 1.60-1.53 (m, 2H, -CH,CH,OH),

1.43-1.35 (m, 2H, homoallylic protons), 1.21 (br s, 1H, exchanges with D,0,
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-OH), 0.17 (s, 9H, -Ge(CHs)5), 0.09 (s, 9H, -Si(CHs)s).
Additional '"H NMR data, derived from NOE difference experiments, are given in Table 15.
"C NMR (125.7 MHz, CDCL): § 166.7 (C-5), 138.8 (C-6), 62.9 (C-1), 37.4,33.0, 26.6, 0.6,
-1.2. |
IR (film): 3318, 2937, 1566, 1411, 1247, 1066, 823, 756, 597 cm™.
HRMS (DCI, CHy) for C1,Hz"*GeO™Si (M + 1)*: caled 291.1199, found 291.1185.

Anal. calcd for Cy,H,3GeOSi: C 49.87, H9.76; found: C 49.83, H 9.79.

Table 15: 'H NMR Data from Nuclear Overhauser Enhancement Difference Experiments for

(E)-5-Trimethylgermyl-6-trimethylsilylhex-5-en-1-o0l (73)

Me38i 6 _H
/1\/3\I
HO 5 GeMe;

2 4
73
Assignments 'H NMR* Observed
H-x 6 ppm (mult, J (Hz)) NOEs
H-6 5.81 (s) -Ge(CHa)s, -Si(CHs)s
H-1 3.63 (t, J = 6.6) |
H-4° 2.34-2.30 (m) H-2, H-3, -Ge(CHs);, -Si(CHz);
H-2 1.60-1.53 (m) .
H-3 1.43-1.35 (m)
-OH 1.21 (br s)
-Ge(CHs)’ 0.17 (s) H-1, H-2, H-3, H-4, H-6
_Si(CHs)," 0.09 (s) H-4, H-6

® 400 MHz, CDCls. ° Irradiation of this signal generated the corresponding NOEs in the right hand
column.

The second component to be eluted from the reversed phase HPLC (retention time 33
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min), was concentrated under reduced pressure to provide 40 mg of an oil which was still a
mixture, but had been enriched with the 33 min component. This sample was resubjected to
identical HPLC conditions to afford 13 mg of an oil, fraction D, which was 93% pure by GLC

analysis.

b) Isolation and Characterization of (Z)-5-Trimethylgermyl-6-trimethylsilylhex-5-en-1-ol
(75)

H6_SiMe;

X
HO 5 GeMes

2 4
75

The fraction B (105 mg) from the initial HPLC separation was subjected to HPLC
(silica Partisil, 10 pum; 22 mm X 250 mm column, 9:1 hexane-ethyl acetate, 9 mL/min, RI -
detector, UV-vis detector A = 254 nm). The last component to Be eluted (retention time 51
min) was concentrated under reduced pressure to afford 10.8 mg of an oil which was still a
mixture, but had been enriched with the 51 min component. This sample was resubjected to
HPLC under identical conditions to afford 5.6 mg of (Z)-5-trimethylgermyl-6-trimethyl-

silylhex-5-en-1-0l (75) (92% pure by GLC analysis).

'"H NMR (400 MHz, CDCl): § 6.18 (t, 1H, J = 1.2 Hz, vinylic proton), 3.63 (t, 2H, J = 6.6
Hz, -CH,OH), 2.24 (td, 2H, J = 7.8 and 1.2 Hz, allylic protons), 1.57-1.50 (m, 2H,
-CH,CH,0OH), 1.43-1.36 (m, 2H, homoallylic protons), 1.23 (br s, 1H, exchanges
with D,0, -OH), 0.27 (s, 9H, -Ge(CHs)3), 0.10 (s, 9H, -Si(CHa)s).

Additional "H NMR data, derived from NOE difference experiments, are given in Table 16.
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BC NMR (125.7 MHz, CDCL): § 163.9 (C-5), 140.9 (C-6), 62.9 (C-1), 44.4,32.4, 25.8,
0.83, 0.81.
IR (film): 3325, 2928, 1564, 1461, 1249, 1067, 826, 595 cm™". -

HRMS (DCI, NH; + CH,) for C12Hzs *GeO?*Si (M + 1)*: caled 291.1199, found 291.1193.

Table 16: "H NMR Data from Nuclear Overhauser Enhancement Difference Experiments for

(Z)-5-Trimethylgermyl-6-trimethylsilylhex-5-en-1-ol (75)

H8_SiMe;
1 3
HO/\Z/\‘tl[GeM%
75
Assignments 'H NMR* Observed
H-x 6 ppm (mult, J (Hz)) NOEs
H-6 6.18 (t,J=1.2) H-3, H-4, -Si(CH;);
H-1 3.63 (t, J = 6.6)
H-4* 2.24 (td, J =17.8,1.2) H-1, H-2, H-3, H-4, -Ge(CHs)s
H-2 1.57-1.50 (m)
H-3 1.43-1.36 (m)
-OH 1.23 (brs)
1 -Ge(CHa)s’ 0.27 (s) H-4
-Si(CH3)5° 0.10 (s) H-6

“ 400 MHz, CDCls. ° Irradiation of this signal generated the corresponding NOEs in the right hand
column. '
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c) Isolation and Characterization of (E)-6-Trimethylgermyl-6-trimethylsilylhex-5-en-1-ol

- Me3Si 6 GeMe3
/1\/3\I
HO 5 H

2 4
74

(74)

Q

The fraction C (75 mg) from the mmal HPLC separation was subjected to HPLC
(silica Partisil, 10 pm; 22 mm X 250 mm column, 9:1 hexane—ethyl acetate, 9 mL/min, RI
detector, UV-vis detector A = 254 nm). The fourth component £0 be eluted (retentidn time 54
min) was concentrated under reduced pressure to give an oil which was still a mixture, but had
been enriched with the 54 min component. This sample was resubjected twice to HPLC under
identical conditions and then was distilled (80-89 °C/0.04 Torr) to afford 13 mg of (E)-6-
trimethylgermyl-6-trimethylsilylhex-5-en-1-ol (74) (95% pure by GLC analysis). This sample

contained a small amount (5%) of (Z)-5-trimethylgermyl-6-trimethylsilylhex-5-en-1-ol (75).

"H NMR (400 MHz, CDCls): § 6.43 (t, 1H, J = 7.0 Hz, vinylic proton), 3.64 (t, 2H, J = 6.4
Hz, -CH,OH), 2.21 (dt, 2H, J = 7.0 and 7.0 Hz, allylic protons), 1.61-1.54 (m, 2H,
-CH,CH,0H), 1.49-1.43 (m, 2H, homoallylic protons), 1.24 (br s, 1H, exchanges
with D,0, -OH), 0.17 (s, 9H, -Ge(CH3)3), 0.12 (s, 9H, -Si(CH3)3).

Additional "H NMR data, derived from NOE difference experiments, are given in Table 17.

C NMR (125.7 MHz, CDCly): § 154.7 (C-5), 141.6 (C-6), 62.9 (C-1), 35.1, 32.5, 25.8, 1.6,
0.0.

IR (film): 3317, 2954, 1574, 1407, 1249, 837, 594 cm™.

HRMS (DCI, NH; + CH,) for C1oHao*GeO*®Si (M + 1)*: calcd 291.1199, found 291.1190.
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Table 17: "H NMR Data from Nuclear Overhauser Enhancement Difference Experiments for

(E')-6-Trimethy1germyl—6-trimethylsilylhex-S-én-1-01 (74)

Me3Si 6 GeMes
/1\/3\I
HO 5 H

2 4
74
Assignments 'H NMR* Observed
H-x 8 ppm (mult, J (Hz)) ~ NOEs

H-5° 6.43 (t, J =7.0) H-4, -Ge(CHs);
H-1 3.64 (t,J = 6.4)
H-4 2.21(dt,J=17.0,7.00 | H-1,H-2, H-3, H-5, -Si(CH;);
H-2 1.61-1.54 (m)
H-3 1.49-1.43 (m)
-OH 1.24 (br s)
-Ge(CH,)3° 0.17 (s) H-5
-Si(CH3)s° 0.12 (s) H-4

400 MHz, CDCl;. ° Irradiation of this signal generated the corresponding NOEs in the right
hand column.

d) Isolation and Characterization of (Z)-6-Trimethylgermyl-6-trimethylsilylhex-5-en-1-o0l

(76)

MesGe (6 SiMe,

/1\/3\I
HO H

2 s °
76

The fraction D (13 mg) from the reversed phase HPLC separation of fraction A, was

subjected to HPLC (silica pPorasil, 10 pm; 25 mm X 100 mm column, 9:1 hexane—ethyl
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acetate, 10 mL/min, RI detector, UV-vis detector A = 254 nm). The major component
(retention time 17 min) was separated from a small amount of a more polar impurity
(retention time 19 min) and was concentrated under reduced pressure to afford 5.8 mg of (Z)-
6-trimethylgermyl-6-trimethylsilylhex-5-en-1-o0l (76), which was now 98% pure by GLC

analysis.

'H NMR (400 MHz, CDCl,): § 5.70 (t, 1H, J = 7.4 Hz, vinylic proton), 3.64 (t, 2H, J = 6.6
Hz, -CH,0H), 2.12 (dt, 2H, J = 7.4 and 7.4 Hz, allylic protons), 1.65-1.61 (m, 4H,
-(CH,),CH,0H), 1.34-1.20 (br s, 1H, exchanges with D,0, -OH), 0.24 (s, 9H,
-Ge(CHs)s), —0.04 (s, 9H, -Si(CHs)3).

Additional "H NMR data, derived from NOE difference experiments, are given in Table 18.

“C NMR (125.7 MHz, CDCL): & 138.9 (C-6), 136.5 (C-5), 62.8 (C-1), 33.6, 28.8, 26.7, 0.1,
-1.3.

IR (film): 3316, 2953, 1612, 1413, 1247, 1055, 852, 595 cm™.

HRMS (DCI, NH; + CH,) for C12H0"°GeO*"Si (M + 1)*: caled 291.1173, found 291.1180.

Anal. calcd for C1,H,5GeOSi: C 49.87, H9.76; found C 49.74, H 9.80.
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Table 18: "H NMR Data from Nuclear Overhauser Enhancement Difference Experiments for

(Z)-6-Trimethylgermyl-6-trimethylsilylhex-5-en-1-ol (76)

Me3Ge 6 SiMes

/1\/3\I
HO H

2 4 5
76
, Assignments H NMR* Observed
H-x d ppm (mult, J (Hz)) NOEs
H-5° 570 (t,J=7.4) H-3, H-4, -Si(CH3)3
H-1 3.64 (t, J = 6.6)
H-4 S| 2.12(dt, J=17.4,7.4) H-1, H-5
H-2, H-3 1.65-1.61 (m)
-OH 1.34-1.20 (br s)
-Ge(CHs),” 0.24 (s) H-4
-Si(CH3)5° -0.04 (s) H-5

“ 400 MHz, CDCl,. ° Irradiation of this signal generated the corresponding NOEs in the
right hand column.
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3.2.3.2 TREATMENT OF (E)- AND (Z)-5-TRIMETHYLGERMYL-6-TRIMETHYLSILYLHEX-5-EN-1-
OLS (73) AND (75), AND (E)- AND (Z)-6-TRIMETHYLGERMYL-6-TRIMETHYLSILYLHEX-5-EN-1-

OLS (74) AND (76) WITH p-TOLUENESULFONIC ACID MONOHYDRATE IN DICHLOROMETHANE

3.2.3.2.1 Protiodesilylation of (E)-5-Trimethylgermyl-6-trimethylsilylhex-5-en-1-0l (73) to 5-

Trimethylgermylhex-5-en-1-o0l (92)

Me3Si<_ _H H _H
/\/\I /\/\J[
HO GeMe; HO GeMe;
73 92

To a stirred solution of (E)-5-trimethylgermyl-6-trimethylsilylhex-S-en-1-o0l (73) (8.8
mg, 0.030 mmol, 1 equiv) in CH,Cl, (0.5 mL) at rt was added p-TsOH+*H,;O (6.9 mg, 0.036
mmol, 1.2 equiv). The heterogeneous mixture was stirred at rt for 1 h, then was treated with
saturated aqueous NaHCO; (1 mL) and diethyl ether (20 mL). The layers were separated and
the organic- extract was washed with water (2 mL) and brine (3 mL), was dried over
anhydrous magnesium sulfate, and then was filtered and concentréted under reduced pressure.
The crude oil thus acquired was subjected to flash chromatography (4 g silica gel, 7:3
petroleum ether—diethyl ether) and distilled (84—90 °C/8 Torr) to afford 6.6 mg (100%) of 5-

trimethylgermylhex-5-en-1-o0l (92) as a clear colorless oil. Spectral data were identical with

those reported in section 3.2.4.1.1 (p 200 ff.).
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3.2.3.2.2 Protiodesilylation of (Z)-5-Trimethylgermyl-6-trimethylsilylhex-5-en-1-ol (75) to 5-

Trimethylgermylhex-5-en-1-ol (92)

H SiMe, H
FY e {

HO GeMe; HO GeMe;

75 92
To a stirred solution of (Z)-5-trimethylgermyl-6-trimethylsilylhex-5-en-1-ol (75) (92%
pure by GLC analysis, 2.7 mg, 0.0093 mmol, 1 equiv) in CH,Cl, (0.5 mL) at rt was added p-
TsOHeH;O (2.1 mg, 0.011 mmol, 1.2 equiV). The heterogeneous mixture was stirred at rt for
1.5 h, then was treated with saturated aqueous NaHCO; (1 mL) and diethyl ether (15 mL).
The layers were separated and the organic extract was washed with water (1 mL) and brine (2
mL), was dried over anhydrous magnesium sulfate and then was filtered and concentrated
under reduced pressure. The oil thus acquired was subjected to flash chromatography (4 g
silica gel, 17:3 petroleum ether—ethyl acetate) to afford 1.1 mg (54%, as a single product) of
S-trimethylgermylhex-5-en-1-0l (92) as a clear colorless oil. The spectral data were identical

with those reported in section 3.2.4.1.1 (p 200 ff.). -

3.2.3.2.3 Protiodesilylation of (Z)-6-Trimethylgermyl-6-trimethylsilylhex-5-en-1-ol (76) to 5-

Trimethylgermylhex-5-en-1-ol (92)

MesGe SiMe; o H H
K e~
HO , H HO GeMe;
76 92

To a stirred solution of (Z)-6-trimethylgermyl-6-trimethylsilylhex-5-en-1-o0l (76) (9.6

mg, 0.033 mmol, 1 equiv) in CH,Cl, (0.5 mL) at rt was added p-TsOH*H,O (7.6 mg, 0.040
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mmol, 1.2 equiv). The heterogeneous mixture was stirred at rt for 1.5 h, then was treated
with saturated aqueous NaHCO; (1 mL) and diethyl ether (15 mL). The layers were
separated and the organic extract was washed with water (1 mL) and brine (1 mL), was dried
over anhydrous magnesium sulfate and then was fﬂtcréd and concentrated under reduced
pressure. The oil thus acquired was subjectedv to flash chromatography (4 g silica gel, 17:3
petroleum ether—ethyl acetate) to afford 6.1 mg (85%) of 5-trimeﬂ1ylgennylhex-5-en-1-01 (92)
as a clear colorless oil. The spectral data were identical with those reported in section
3.2.4.1.1 (p 200 ff.). GLC analysis of the crude mixture as well as GLC and GLC-MS
analyses of the chromatographed product revealed the presence of a small amount (=2.5%) of

(E)-6-trimethylsilylhex-5-en-1-ol (94a) (vide infra) also formed during the reaction.

3.2.3.2.4 Protiodegermylation of (E)-6-Trimethylgermyl-6-trimethylsilylhex-5-en-1-ol (74) to

(E)- and (Z)-6-Trimethylsilylhex-5-en-1-ol (94a) and (94b)

Me;Si GeMe; Me,Si H
S e W
HO H HO

H
74 94a (E)

94b (2)
To a stirred solution of (E)-6-trimethylgermyl-6-trimethylsilylhex-5-en-1-o0l (74) (6.6
mg, 0.023 mmol, 1 equiv) in CH,Cl, (0.5 mL) at rt was added p-TsOH*H,O (5.2 mg, 0.027
mmol, 1.2 equiv). The heterogeneous mixture was stirred at rt for 1.25 h, then was treated
with saturated aqueous NaHCO; (1 mL) and diethyl ether (15 mL). The layers were

separated and the organic extract was washed with water (1 mL) and brine (1 mL), was dried

over anhydrous magnesium sulfate, and then was filtered and concentrated under reduced
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pressure. The oil thus acquired was subjected to flash chromatography (4 g silica gel, 17:3
petroleum ether—ethyl acetate) to afford 4.4 mg of a clear colorless oil. "H NMR (400 MHz,
CDCl) spectroscopic, GLC and GLC-MS (CI, NH3) analyses of the mixture revealed the
presence of three products, as well as a small amount (=5%) of unreacted starting material.
The 'H NMR spectrum showed 6 signals in the 6.50-5.10 ppm region integrating for a total
of 2 protons, a triplet at 3.62 ppm (2H), a multiplet at 2.26-2.08 ppm (2H), a multiplet at

1.63-1.40 ppm (4H) and 5 singlets in the 0.20-0.02 ppm region integrating for a total of 9

wH
HO H

94b

protons.

The major product (=72%) was assigned structure 94b, (Z)-6-trimethylsilylhex-5-en-
1-ol, formed by protiodegermylation of the starting material, based on the following data. 'H
NMR: & 6.27 (dt, 1H, J=14.0 and 7.0 Hz), 5.48 (dt, 1H, J = 14.0 and 1.2 Hz). ﬁomo-
nuclear decoupling of the 6.27 signal resulted in the collapse of the 5.48 ppm doublet of
triplets to a triplet, also revealing a small doublet previously hidden (vide infra). GLC-MS
indicated an ion at 173 (M + 1)*, as well as diagnostic fragments at 157 (M — CH;)" and 73
(-Si(CH;)3)".
H SiMes
H O/\/\IH
94a

Similarly, the next major component (18%) was assigned structure 94a, (E)-6-

trimethylsilylhex-5-en-1-ol, based on the following data. 'H NMR: & 6.00 (dt, 1H, J = 18.6
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and 6.2 Hz), 5.62 (dt, 1H, J = 18.6 and 1.5 Hz). GLC-MS indicated an ion at 173 (M + 1",
as well as diagnostic fragments at 157 (M — CH3)" and 73 (-Si(CH3);)*. The minor product
(=5%) formed during the reaction was 5-trimethylgermylhex-5-en-1-ol (92). The assignment
was established based on the following: characteristic doublets at 5.49 (revealed during the
decoupling experiment at 6.27 ppm) and 5.16 ppm in the '"H NMR spectrum, GLC-MS
indicated an ion 219 (M + 1)* with an isotopic cluster consistent with the expected isotopic
distribution and finally, coinjection with an authentic sample on GLC ascertained that this
product has a retention time identical with that of 5-trimethylgermylhex-5-en-1-ol (92). The
presence of this compound can be linked to the small (5%) amount of (Z)-5-trimethylgermyl-

6-trimethylsilylhex-5-en-1-o0l (75) in the starting material, incompletely separated from 74

during the isolation, which underwent protiodesilylation (vide supra).
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3.2.4 SYNTHESIS OF 2-TRIMETHYLGERMYLALK-1-ENES

3.2.4.1 GENERAL PROCEDURE 3: PREPARATION OF THE 2-TRIMETHYLGERMYLALK-1-ENES

To a stirred solution of the appropriate 1-trimethylsilylalk-1-yne (1 equiv) in dry
CH,Cl, (1 M solution) at rt was added H,PtCls*6H,0 (=0.02 equiv unless otherwise noted).
The mixture was cooled to 0 °C, stirred for 5 min and Me;GeH (53) (1.50 equiv unless
otherwise noted) was added via a precooled gas-tight syringe (cooled by running cold water
on the barrel). The reaction mixture was warmed to rt and stirred until the conversion of the
starting material appeared to be complete (1-21 h) by TLC or GLC analysis of an aliquot of
the reaction mixture. The mixture was filtered through a short column of Florisil or silica gel
(=3 g per mmol of 1-trimethylsilylalk-1-yne) and the column was eluted with CH,Cl, or
diethyl ether (=30 mL per mmol of 1-trimethylsilylalk-1-yne). The eluate was concentrated
under reduced pressure. The dark oil thus obtained was dissolved in CH,Cl, (0.1 M,
nonanhydrous; reaction not performed under inert atmosphere) and p-TsOH*H,O (1.20 equiv
unless otherwise noted) was added. The stirred heterogeneous mixture was heated, using an
oil bath, at 30-34 °C until the protiodesilylation appeared to be complete (1-7 h) by GLC
analysis of an aliquot of the reaction mixture. After the mixture had been cooled, it was
diluted with diethyl ether (=20 mL per mmol of 1-trimethy13ilylalk-1-yﬁe) and saturated
aqueous NaHCO; (=3 mL per mmol of 1-trimethylsilylalk-1-yne) was added. The layers were
separated and the aqueous portion was extracted with diethyl ether (2 X =3 mL per mmol of

1-trimethylsilylalk-1-yne). The pooled organic extracts were washed with water (=3 mL per

mmol of 1-trimethylsilylalk-1-yne), and brine (=3 mL per mmol of 1-trimethylsilylalk-1-yne),
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were dried over anhydrous magnesium sulfate, and then were filtered and concentrated under
reduced pressure. The crude oil was flash chromatographed and the acquired oil was distilled

to afford the desired 2-trimethylgermylalk-1-ene.

3.2.4.1.1 Synthesis of 5-Trimethylgermylhex-5-en-1-o0l (92) and 5-Trimethylgermyl-6-
trimethylsilylhexan-1-ol (122)

SiMe,

Ho/\/\)j\c;.ewle3 Ho/\/\/[caelvle3

92 122

Following general procedure 3, to a stirred solution of 1-trimethylsilyl-6-(trimethyl-
silyloxy)hex-1-yne (61) (305 mg, 1.26 mmol, 1 equiv) in dry CH,Cl, (1.2 mL), was added
sequentially H,PtClg*6H,O (13 mg, 0.025 mmol, 0.019 equiv) and Me;GeH (53) (224 mg,
1.89 mmol, 1.50 equiv). The orange solution was stirred at rt for 1 h. The mixture was
filtered through a short column of silica gel (elution with diethyl ether) and the eluate was
concentrated under reduced pressure. The dark oil thus acquired was dissolved in CH,Cl, (12
mL) and p-TsOH+*H,O (287 mg, 1.51 mmol, 1.20 equiv) was added. The heterogeneous
mixture was heated at 30 °C and stirred for 1.5 h. The crude oil obtained was subjected to
flash chromatography (30 g TLC grade silica gel, 17:3 then 4:1 petroleum ether—ethyl acetate)
to afford three fractions which were concentrated under reduced pressure. The first fraction
to be eluted afforded 5.8 mg of 5-trimethylgermyl-6-trimethylsilylhexan-1-o0l (122) as a clear

colorless oil.

'HNMR (400 MHz, CDCl): 8 3.61 (t, 2H, J = 6.6 Hz, -CH,OH), 1.56-1.18 (m, 7H), 1.05—
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0.98 (m, 1H, -CHGe(CHzs)3-), 0.60 (dd, 1H, J = 15.0 and 3.6 Hz, -CH.H,Si(CHs)s),
0.48 (dd, 1H, J = 15.0 and 10.4 Hz, -CH.H,Si(CH3)3), 0.06 (s, 9H), —0.02 (s, 9H).

Additional "H NMR data, derived from homonuclear decoupling experiments, are given in
Table 19. |

BC NMR (125.7 MHz, CDCl): 8 63.0 (-CH,OH), 34.1, 33.3, 25.0, 22.9 (-CHGe(CHs);-),
17.5 (-CH,Si(CHzs)3), 0.8, -3.0.

IR (film): 3328, 2952, 1413, 1248, 1060, 839, 751, 692 cm™.

HRMS for Cy,Hso *GeO?Si: caled 292.1278, found 292.1270.

Table 19: 'H NMR Data from Homonuclear Decoupling Experiments for 5-Trimethylgermyl- .

6-trimethylsilylhexan-1-ol (122)

H.2y SiMes
HO N s GeMe,
122
Assignments 'H NMR* Simplified Signals
H-x 3 ppm (mult, J (Hz)) (mult, J (Hz))
H-1 3.61(,J=6.6)
H-2,3,4, -OH 1.56-1.18 (m)
H-5 1.05-0.98 (m) 1.49-1.41 (H-4) portion of 1.56—
1.18 m, H-6a (d, 15.0) H-6b (d,
15.0)
H-6a" 0.60 (dd, J = 15.0, 3.6) H-5 (dt; 10.4, 6.0), H-6b (d, 10.4)
H-6b° 0.48 (dd, T = 15.0, 10.4) | H-5 (1d; 6.0, 3.6), H-6a (d, 3.6)
0.06 (s)
—0.02 (s)

400 MHz, CDCl,. ° Irradiation of this signal simplified the corresponding signals in the right
hand column.
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The second fraction to be eluted was distilled (118—124 °C/24 Torr) to afford 202 mg

(74%) of 5-trimethylgermylhex-5-en-1-ol (92) as a clear colorless oil.

"H NMR (400 MHz, CDCL): 8 5.49 (d, 1H, J = 2.6 Hz, vinylic proton trans to -Ge(CHs)3),
5.16 (d, 1H, J = 2.6 Hz, vinylic proton cis to -Ge(CH3)3), 3.63 (t, 2H, J = 6.4 Hz,
-CH,OH), 2.19 (t, 2H, J = 7.4 Hz, -CH,C(=CH,)-), 1.60-1.50 (m, 2H, |
-CH,CH,0H), 1.50-1.40 (m, 2H, -CHZCHZC(=CH2)-), 1.31 (br s, 1H, exchanges
with D,0, -OH), 0.18 (s, 9H, -Ge(CHz3)3).

Additional '"H NMR data, derived from NOE difference experiments, are given in Table 20.

*C NMR (75.4 MHz, CDCL): 8 153.8 (-C(=CH,)-), 121.5 (-C(=CH,)-), 62.6 (-CH,0H),
37.0,32.4, 24.9, 1.9 (-Ge(CHas)s).

IR (film): 3328, 3046, 2937, 1833, 1606, 1413, 1236, 1062, 916, 825, 760, 599 cm™.

HRMS for CgH;,*GeO (M — CH;)*: caled 203.0491, found 203.0482.

Anal. calcd for CoH,0GeO: C 49.85, H 9.30; found: C 49.83, H 9.28.
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Table 20: 'H NMR Data from Nuclear Overhauser Enhancement Difference Experiments for

5-Trimethylgermylhex-5-en-1-ol (92)

Ha<6_Hp
1 3
HO 4 Y 5 GeMes
92
Assignments 'H NMR* Observed
H-x d ppm (mult, J (Hz)) ' NOE;s
H-6a” 5.49 (d) - H-3, H-4, H-6b
H-6b" 5.16 (d) H-6a, -Ge(CHs);
H-1 3.63(t,J=6.4) -
H-4° 2.19(t, J=17.4) H-2, H-3, H-6a, -Ge(CHs);
H-2 1.60-1.50 (m)
H-3 1.50-1.40 (m)
-OH 1.31 (br s).
-Ge(CHa)s" 0.18 (s) H-2, H-3, H-4, H-6b

“ 400 MHz, CDCls. ° Irradiation of this signal generated the corresponding NOEs in the
right hand column.

The third fraction to be eluted afforded 8.5 mg and was shown, by GLC analysis, to be
a mixture of four compounds. 'H NMR analysis of the mixture suggested that it was
comprised mainly of two components, hex-5-en-1-ol (95) and 5-trimethylgermylhex-5-en-1-ol

(92), in about equal amounts. Spectral data for hex-5-en-1-0l (95) are as follows:

'H NMR (400 MHz, CDCl,): 8 5.79 (ddt, 1H, J = 17.0, 10.2 and 6.8 Hz, -CH=CH,), 4.99
(dd, 1H, J=17.0 and 2.0 Hz, -CH=CH.H}), 4.94 (dd, 1H, J = 10.2 and 2.0 Hz,

-CH=CH.H,), 3.63 (t, 2H, J = 6.4 Hz, -CH,0H), 2.07 (dt, 2H, J = 6.8 and 6.8 Hz,
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-CH,CH=CHy,), 1.58-1.40 (m, 4H, -CH,CH,CH,0OH), 1.28 (br s, 1H, exchanges

with D,O -OH).

3.2.4.1.2 Synthesis of 3-Trimethylgermylbut-3-en-1-ol (115)

Ho/\J\GeMe3

115

Following general procedure 3, to a stirred solution of 1-trimethylsilyl-4-(trimethyl-
silyloxy)but-1-yne (63) (279 mg, 1.30 mmol, 1 equiv) in dry CH,Cl, (1.3 mL) was added
sequentially H,PtClg*6H,O (8.8 mg, 0.017 mmol, 0.013 equiv) and MesGeH (53) (232 mg,
1.95 mmol, 1.50 equiv). The orange solution was stirred at rt for 1 h and was then filtered
through a short column of silica gel (elution with diethyl ether). The eluate was concentrated
under reduced pressure. The dark oil thus obtained was dissolved in CH,Cl, (13 mL) and
p-TsOH*H,O (297 mg, 1.56 mmol, 1.20 equiv) was added. The heterogeneous mixture was
heated at 30-32 °C and stirred for 1.5 h. The crude oil acquired was flash chromatographed
(20 g TLC grade silica gel, 17:3 petroleum ether—diethyl ether) and distilled (95-102 °C/9

Torr) to afford 155 mg (63%) of the title compound as a clear colorless oil.

'"H NMR (400 MHz, CDCL,): 8 5.61 (d, 1H, J=2.4 Hz, vinylic proton trans to -Ge(CHs)3),
5.32 (d, 1H, J = 2.4 Hz, vinylic proton cis to -Ge(CH3)3), 3.65 (td, 2H, J = 6.4 and
6.4 Hz, -CH,0H), 2.46 (t, 2H, J = 6.4 Hz, -CH,C(=CH,)-), 1.41 (br t, 1H, J = 6.4
Hz, exchanges with D,0, -OH), 0.21 (s, 9H, -Ge(CHj3)3).

BC NMR (75.4 MHz, CDCL): § 150.3 (-C(=CH,)-), 124.6 (-C(=CH,)-), 61.1 (-CH,OH),

40.4 (-CH,C(=CH,)-), —-1.9 (-Ge(CHjs)s).
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IR (film): 3365, 3048, 2971, 1606, 1417, 1237, 1047, 920, 825, 760 cm™".
HRMS for C¢Hi5"*GeO (M — CH,)*: caled 175.0178, found 175.0179.

Anal. calcd for C7H;6GeO: C 44.53, H 8.54; found: C 44.64, H 8.70.

-3.2.4.1.3 Synthesis of 2-Trimethylgermyldodec-1-ene (116)

\/\/\/\/\)LG,(_:.M63

116

Following general procedure 3, to a stirred solution of 1-trimethylsilyldodec-1-yne
(64) (314 mg, 1.32 mmol, 1 equiv) in dry CH,Cl, (1.3 mL) was added sequentially
H,PtCls*6H,O (12 mg, 0.024 mmol, 0.018 equiv) and Me;GeH (53) (235 mg, 1.98 mmol,
1.50 equiv). The heterogeneous mixture was stirred at rt for 3.5 h. The green solution which
contained a fine black suspension was filtered through Florisil (elution with CH,Cl,) and the
eluate was concentrated under reduced pressure. The dark oil thus acquired was dissolved in
CH,(Cl; (13 mL) and p-TsOH*H,O (301 mg, 1.58 mmol, 1.20 equiv) was added. The
heterogeneous mixture was heated at 34 °C and stirred for 1.5 h. The crude liquid was flash
chromatographed (40 g of C;s silica gel, 3:2 acetonitrile-methanol) to ﬁfford two fractions
which were concentrated under reduced pressure. The first fraction to be eluted afforded 3.9
mg and was shown, by GLC analysis, to be a mixture of several compounds. 'H NMR
spectroscopic analysis of the mixture suggested that the major component of this mixture was

dodec-1-ene (113).

'H NMR (400 MHz, CDCl3): 8 5.80 (ddt, 1H, J = 17.1, 10.3 and 6.7 Hz), 4.98 (ddt, 1H, J =

17.1, 2.0 and 2.0 Hz), 4.91 (ddt, 1H, J = 10.3, 2.0 and 2.0 Hz), 2.10-1.98 (m, 2H),
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1.45-1.15 (m, 16H), 0.88 (t, 3H, J = 7.0 Hz).
The second fraction to be eluted was distilled (102-110 °C/0.2 Torr) to afford 269 mg

(72%) of the title compound as a clear colorless oil.

'H NMR (400 MHz, CDCly): § 5.48 (d, 1H, J = 2.7 Hz, vinylic proton trans to -Ge(CH,)3),
5.14 (d, 1H, J = 2.7 Hz, vinylic proton cis to -Ge(CHa;)3), 2.16 (br t, 2H, J = 7.6
Hz, -CH,C(=CH,)-), 1.42-1.33 (br m, 3H), 1.33-1.20 (br s, 13H), 0.86 (br t, 3H,
J = 6.8 Hz, -CH,CH,), 0.18 (s, 9H, -Ge(CHs)3).

C NMR (75.4 MHz, CDClL): § 154.4 (-C(=CH,)-), 121.3 (-C(=CH,)-), 37.6, 32.1,29.8 (2
overlapping signals), 29.7, 29.52, 29.49, 29.1, 22.8, 14.2 (-CH,CH,;), -1.8
(-Ge(CHa)3).

IR (film): 3050, 2926, 1467, 1236, 824, 759 cm™.

HRMS for CysHs, *Ge: calcd 286.1716, found 286.1724.

Anal. calcd for C;sH3,Ge: C 63.21, H 11.32; found: C 62.89, H 11.60.

3.2.4.1.4 Synthesis of 5-Chloro-2-trimethylgermylpent-1-ene (117)

|\/\/”\
C GeMe;

117
Following general procedure 3, to a stirred solution of .5-chloro-1-trimethylsilylpent-1-
yne (65) (256 mg, 1.47 mmol, 1 equiv) in dry CH,Cl, (1.5 mL) was added sequentially
H,PtClg*6H,O (10 mg, 0.020 mmol, 0.014 equiv) and Me;GeH (53) (261 mg, 2.20 mmol,

1.50 equiv). The heterogeneous mixture was stirred at rt for 3.5 h. The green solution which

contained a fine black suspension was filtered through Florisil (elution with CH,Cl;) and the
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eluate was concentrated under reduced pressure. The dark oil thus obtained was dissolved in
CH.Cl, (15 mL) and p-TsOH*H;O (335 mg, 1.76 mmol, 1.20 equiv) was added. The
heterogeneous mixture was heated at 30 °C and stirred for 2.5 h. The crude oil acquired was
flash chromatographed (20 g TLC grade silica gel, petroleum ether) and distilled (103-112

°C/16 Torr) to afford 243 mg (74%) of the title compound as a clear colorless oil.

'H NMR (400 MHz, CDCl): 8 5.53 (d, 1H, J = 2.4 Hz, vinylic proton trans to -Ge(CHs)),
5.22 (d, 1H, J = 2.4 Hz, vinylic proton cis to -Ge(CH3)3), 3.51 (t, 2H, J = 6.6 Hz,
-CH,(1), 2.32 (br t, 2H, J = 7.4 Hz, -CH,C(=CH)-), 1.86 (tt, 2H, J=7.4 and 6.6
Hz, -CH,CH,CH,-), 0.20 (s, 9H, -Ge(CHa)3).

“C NMR (75.4 MHz, CDCl): § 152.2 (-C(=CHy)-), 122.5 (-C(=CHy)-), 44.3, 34.2, 31.6,
-1.9 (-Ge(CHz)s).

IR (film): 3048, 2970, 1839, 1607, 1237, 920, 826, 601 cm™.

HRMS for C;H,4°C1"*Ge (M — CHs)*: caled 206.9996, found 206.9999.

Anal. calcd for CsH;7ClGe: C 43.43, H 7.74; found: C 43.60, H 7.90.

3.2.4.1.5 Synthesis of 1-Phenyl-1-trimethylgermylethene (118)

GeMe;

118
Following general procedure 3, to a stirred solution of 1-phenyl-2-trimethylsilyl-
acetylene (66) (201 mg, 1.15 mmol, 1 equiv) in dry CH,Cl, (1.2 mL) was added

H,PtClg*6H,O (16 mg, 0.030 mmol, 0.026 equiv). The mixture soon became green and
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contained a fine black suspension. After cooling to 0 °C, MesGeH (53) (205 mg, 1.73 mmol,
1.50 equiv) was added and the mixture became bright yellow. The heterogeneous mixture
was stirred at rt for 4 h, during which time it became green again. The mixture was filtered
through Florisil (elution with CH,Cl,) and the eluate was concentrated under reduced
pressure. The dark oil thus obtained was dissolved in CH,Cl, (12 mL) and p-TsOH*H,O (263
mg, 1.38 mmol, 1.20 equiv) was added. The suspension was heated at 30 °C and stirred for 7
h. The crude liquid acquired was subjected to flash chromatography (25 g TLC grade silica
gel, petroleum ether) and distilled (105-108 °C/8 Torr) to afford 174 mg (68%) of the title

compound as a clear colorless oil.

"H NMR (400 MHz, CDCls): § 7.31-7.27 (m, 2H), 7.23-7.19'(m, 3H), 5.84 (d, 1H, J = 2.4
Hz, vinylic proton trans to -Ge(CHzs)3), 5.47 (d, 1H, J = 2.4 Hz, vinylic proton cis
to -Ge(CHs)3), 0.29 (s, 9H, -Ge(CH,)s).

*C NMR (75.4 MHz, CDCL): § 154.1 (-C(=CHy,)-), 144.4 (aromatic ipso carbon), 128.2,
126.4 (2 overlapping signals), 124.2 (-C(=CHy)-), -1.1 (-Ge(CHa)y).

IR (film): 3055, 2974, 1599, 1573, 1490, 1412, 1237, 924, 827, 778, 705, 601 cm ™.

HRMS for C1,His"*Ge: caled 222.0464, found 222.0470.

Anal. calcd for C;1H16Ge: C 59.83, H 7.30; found: C 59.60, H 7.25.
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3.2.4.1.6 Synthesis of 2,5-bis(Trimethylgermyl)hexa-1,5-diene (119)
MesGe GeMe,
119

Following general procedure 3, to a stirred solution of 1,6-bis(trimethylsilyl)hexa-1,5-
diyne (67) (250 mg, 1.12 mmol, 1 equiv) in dry CHZCIZ (1.1 mL) wé,s added sequentially
H,PtCls*6H,O (22 mg, 0.043 mmol, 0.038 equiv) and Me;GeH (53) (400 mg, 3.37 mmol,
3.00 equiv). The heterogeneous mixture was stirred at rt for 4;5 h. The green solution which
contained a fine black suspension was filtered through Ploﬁsﬂ (elution with CH,Cl,) and the
eluate was concentrated under reduced pressure. The dark oil thus acquired was dissolved in
CH,Cl, (11 mL) and p-TsOH*H,O (513 mg, 2.70 mmol, 2.40 equiv) was added. The
suspension was heated at 30 °C and stirred for 5 h. The crude oil obtained was ﬂésh chroma-
tographed (20 g TLC grade silica gel, petroleum ether) and distilled. A forerun (distillation
temperature 50-70 °C/9 Torr) was collected in a first bulb (26 mg, volatile material as
indicated by GLC analysis). The remainder of the liquid was collected in a second bulb
(distillation temperature 88-98 °C/9 Torr) to afford 251 mg (71%) of the title compound as a

clear colorless oil.

'"H NMR (400 MHz, CDCl3): 8 5.52 (d, 2H, J = 2.4 Hz, 2 x vinylic proton trans to
-Ge(CHs;)3), 5.18 (d, 2H, J = 2.4 Hz, 2 X vinylic proton cis to -Ge(CHs)s), 2.26 (s,
4H, -CH,CH,-), 0.20 (s, 18H, 2 x -Ge(CHjs)3).

13C NMR (75.4 MHz, CDCL): & 153.8 (-C(=CH,)-), 121.4 (-C(=CH,)-), 36.9 (-CH,-), 1.8’

(-Ge(CHa)s3).
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IR (film): 3048, 2972, 1838, 1607, 1412, 1236, 916, 825, 759, 598 cm™".
HRMS (DCIL, NH; + CH,) for C1,H7°Ge™*Ge (M + 1)*: caled 317.0545, found 317.0541.

Anal. calcd for C;H26Ge»: C 45.68, H 8.31; found: C 45.47, H 8.27.

3.2.4.1.7 Synthesis of 4-(Cyclopent-1-en-1-yl)-2-trimethylgermylbut-1-ene (120)

120

Following general procedure 3, to a stirred solution of 4-(cyclopent-2-en-1-yl)-1-
trimethylsilylbut-1-yne (72) (228 mg, 1.19 mmol, 1 equiv) in dry CH,Cl, (1.2 mL) was added
sequentially H,PtClge6H,O (9.0 mg, 0.017 mmol, 0.015 equiv) and MesGeH (53) (211 mg,
1.78 mmol, 1.50 equiv). The heterogeneous mixture was stirred at rt for 21 h. The green
solution which contained a fine black suspension was filtered through Florisil (elution with
CH,Cl,) and the eluate was concentrated under reduced pressure. The dark oil thus acquired
was dissolved in CH,Cl, (12 mL) and p-TsOH*H,O (270 mg, 1.42 mmol, 1.20 equiv) was
added. The heterogeneous mixture was heated at 30 °C and stirred for 2 h. The crude oil
obtained was filtered through a short column of silica gel (2.5 g, elution with petroleum ether,
50 mL), and the eluate was concentrated under reduced pressure. The crude oil thus acquired
was distilled. A forerun was collected in a first bulb (31 mg, distillation temperature 70-100
°C/17 Torr). The remainder of the material was collected in a second bulb (distillation
temperature 130-150 °C/17 Torr) to afford 205 mg (72%) of the title compound as a clear

colorless oil.
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"H NMR (400 MHz, CDCL): § 5.51 (d, 1H, J = 2.6 Hz, vinylic proton trans to -Ge(CHs);),
5.33 (t, 1H, J = 1.8 Hz, cyclopentene vinylic proton), 5.16 (d, 1H, J = 2.6 Hz,
vinylic proton cis to -Ge(CHs)3), 2.39-2.12 (m, 8H), 1.87-1.80 (m, 2H), 0.20 (s,
9H, -Ge(CHs)3).

BC NMR (75.4 MHz, CDCly): & 153.9 (-C(=CH,)-), 144.5 (C-1"), 123.3 (C-2", 121.1
(-C(=CHy)-), 35.5, 35.2, 32.4, 30.6, 23.4, 1.9 (-Ge(CHz3)3).

IR (film): 3046, 2907, 1835, 1651, 1606, 1439, 1236, 916, 824, 759, 599 cm™.

HRMS for Cy2Hz, *Ge: caled 240.0933, found 240.0935.

Anal. caled for Ci,H»,Ge: C 60.33, H 9.28; found: C 60.13, H 9.20.

3.2.4.1.8 Synthesis of 4-Trimethylgermylpent-4-enoyltrimethylgermane (121)
O
MeﬁeN GeMe,
121

Following general procedure 3, to a stirred solution of 5-trimethylsilylpent-4-ynoyl-
trimethylgermane (114) (see section 3.3.2.3.10, p 246 for the preparation of 114; 296 mg,
1.09 mmol, 1 equiv) in dry CH,Cl, (1.1 mL) was added sequentially H,PtClg*6H,O (9.0 mg,
0.017 mmol, 0.016 equiv) and Me;GeH (53) (194 mg, 1.63 mmol, 1.50 equiv). The orange
solution was stirred at rt for 6 h. The mixture was filtered through a short column of silica gel
(elution with diethyl ether) and the eluate was concentrated under reduced pressure. The dark
oil thus obtained was dissolved in CH,Cl, (11 mL) and p-TsOH*H,O (249 mg, 1.31 mmol,
1.20 equiv) was added. The heterogeneous mixture was heated at 32-34 °C for 1 h. The

crude oil acquired was subjected to flash chromatography (35 g TLC grade silica gel, 97:3
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petroleum ether—diethyl ether) and distilled (75-85 °C/0.1 Torr) to afford 235 mg (68%) of

the title compound as a light yellow oil.

'"H NMR (400 MHz, CDCl): § 5.44 (d, 1H, J =2.0 Hz, vinylic proton trans to -Ge(CHjs)s),
5.17 (d, 1H, J = 2.0 Hz, vinylic proton cis to -Ge(CH3)3), 2.75-2.71 (m, 2H), 2.40-
2.36 (m, 2H), 0.32 (s, 9H, -COGe(CHs)3), 0.19 (s, 9H, -C(=CH,)Ge(CHs)s).

C NMR (75.4 MHz, CDCL):  244.4 (-COGe(CH)s), 152.5 (-C(=CHy)-), 121.2
(-C(=CH,)-), 48.3 (-CH,CO-), 28.8 (-CH,C(=CHy)-), -2.1 (-C(=CH;)Ge(CHs);),
2.9 (-COGe(CHs)3).

IR (film): 3049, 2974, 1840, 1658, 1412, 1237, 1053, 828, 602 cm™.

HRMS for C;oHy"Ge™GeO (M — CHs)*: caled 303.0025, found 303.0027.

“Anal. caled for C11H4Ge,0: C 41.61, H 7.62; C 41.40, H 7.83.
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3.3 SYNTHESIS OF ACYLTRIMETHYLGERMANES VIA ADDITION OF (TRI-
METHYLGERMYL)COPPER()-DIMETHYL SULFIDE TO ACYL ELECTRO-

PHILES, AND THEIR OLEFINATION TO 2-TRIMETHYLGERMYLALK-1-ENES

3.3.1 SYNTHESIS OF ACYL CHLORIDES

3.3.1.1 GENERAL PROCEDURE 4: PREPARATION OF THE ACYL CHLORIDES 157-160 AND 164
To the appropriate carboxylic acid (1 equiv) was added SOCIl, (2-8 equiv). The
mixture was heated at reflux for 0.5-3 h, then the excess SOCI, was removed via distillation

under reduced pressure. The crude oil thus obtained was distilled to afford the desired acyl

chloride.

3.3.1.1.1 Synthesis of Decanoyl Chloride (157)

Following general procedure 4, to decanoic acid (153) (2.00 g, 11.6 mmol, 1 equiv)
was added SOCI, (2.76 g, 23.2 mmol, 2.00 equiv). The mixture was heated at reflux for 0.5
h. The crude oil obtained was distilled (70-80 °C/0.06 Torr, lit. bp 94-96 °C/S Torr™) to
afford 2.16 g (98%) of the title compound as a clear colorless oil. Decanoyl chloride (157) is
commercially available, but it was prepared by this simple method since decanoic acid (153)

was readily available.
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3.3.1.1.2 Synthesis of (Cyclopent-2-en-1-yl)acetyl Chloride (158)
QWL
Cl
Following general procedure 4, to (cyclopent-2-en-1-yl)acetic acid (154) (1.84 g, 14.6
mmol, 1 equiv) was added SOCI, (3.46 g, 29.1 mmol, 2.00 equiv). The mixture was heated at

reflux for 0.75 h. The crude oil obtained was distilled (90-110 °C/9 Torr, lit. bp 65 °C/18

Torr'?) to afford 1.99 g (94%) of the title compound as a clear colorless oil.

3.3.1.1.3 Synthesis of Adipoyl Chloride (159)
0O
C'\n/\/\)l\CI
0o .
159
Following general procedure 4, to_adipic acid (155) (2.00 g, 13.7 mmol, 1 equiv) was
added SOCI, (6.51 g, 54.7 mmol, 4 equiv). The mixture was heated at reflux for 3 h. The
crude oil obtained was distilled (76-86 °C/0.05 Torr, lit. bp 105-107 °C/2 Tort®) to afford
230 g (92%) of the title compound as a clear colorless oil. Adipoyl chloride (159) is

commercially available, but it was prepared by this simple method since adipic acid (155) was

readily available.
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3.3.1.1.4 Synthesis of Pent-4-ynoyl Chloride (160)

O
A~

160
Following general procedure 4, to pent-4-ynoic acid (156) (990 mg, 10.1 mmol, 1
equiv) was added SOCI, (2.40 g, 20.2 mmol, 2 equiv). The mixture was heated at reflux for
0.75 h. The crude oil obtained was distilled (62—72 °C/23 Torr, lit. bp 4648 °C/19 Torr'*)

to afford 733 mg (62%) of the title compound as a volatile clear colorless oil.

3.3.1.1.5 Synthesis of 5-Trimethylsilylpent-4-yn-1-o0l (162), 5-Trimethylsilylpent-4-ynoic

Acid (163) and 5-Trimethylsilylpent-4-ynoyl Chloride (164)®

/\/\OH /\)kOH Wm

Me;3Si 162 Me;Si 163 Me3Si 164

a) 5-Trimethylsilylpent-4-yn-1-ol (162)

To a cold (78 °C) stirred solution of pent-4-yn-1-ol (161) (2.29 g, 27.2 mmol, 1
equiv) in dry THF (270 mL) was added a solution of n-BuLi (1.60 M in hexanes, 37.4 mL,
59.9 mmol, 2.20 equiv) via a syringe over 10 min. The resulting thick slurry was stirred at
—78 °C for 2 h, then chlorotrimethylsilane (7.39 g, 68.0 mmol, 2.50 equiv) was added via a
syringe. The solution was stirred at =78 °C for 5 min, then was warmed to rt and was allowed
to stir for an additional 0.5 h. Water (100 mL) was added and the mixture was stirred
overnight. Diethyl ether (100 mL) was added and the layers were separated. The aqueous

portion was extracted with diethyl ether (2 X 100 mL). The pooled organic extracts were
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washed with brine (2 x 50 mL), were dried over anhydrous magnesium sulfate, and then were
filtered and concentrated under reduced pressure. The crude oil thus acquired was subjected
to flash chromatography (200 g silica gel, 3:2 diethyl ether—petroleum ether) and distilled
(130-140 °C/11 Torr) to afford 3.53 g (74%) of 5-trimethylsilylpent-4-yn-1-ol (162) as a

clear colorless oil.

'H NMR (400 MHz, CDCL): & 3.74 (t, 2H, J = 6.2 Hz, -CH,OH), 2.33 (t, 2H, J = 6.8 Hz,
-CH,C=C-), 1.75 (tt, 2H, J = 6.8 and 6.2 Hz, -CH,CH,CH,-), 1.56 (br s, 1H,
exchanges with D;0, -OH), 0.12 (s, 9H, -Si(CHa)3).

*C NMR (75.4 MHz, CDCly): § 106.6 (-C=CSi(CHs)3), 85.3 (-C=CSi(CHs)s), 61.9
(-CH,0H), 31.1 (-CH,CH,CH,-), 16.5 (-CH,C=C-), 0.1 (-Si(CHs)s).

IR (film): 3327, 2958, 2176, 1250, 843, 761 cm™.

HRMS for C/H;30%*Si (M — CH3)*: caled 141.0736, found 141.0730.

Anal. calcd for CsH;0Si1: C 61.48, H 10.32; found: C 61.25, H 10.23.

b) 5-Trimethylsilylpent-4-ynoic Acid (163)

To a stirred solution of CrOs (7.20 g, 72.0 mmol, 3.75 equiv) in 1.5 M aqueous H,SO;4
(115 mL) at 0 °C, was added a solution of 5-trimethylsilylpent-4-yn-1-ol (162) (3.00 g, 19.2
mmol, 1 equiv) in acetone (230 mL) over 3 h. The reaction mixture was allowed to slowly
warm up to rt and was stirred overnight. Diethyl ether (100 mL) was added and the aqueous
layer was saturated with NaCl. The layers were separated and the aqueous portion was
extracted with diethyl ether (3 X 100 mL). The combined organic extracts were washed with

water (8 X 50 mL) and brine (2 x 100 mL), were dried over anhydrous magnesium sulfate,
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and then were filtered and concentrated under reduced pressure. The crude oil thus acquired
was subjected to flash chromatography (325 g silica gel, 85:15:1 petroleum ether—ethyl
acetate—acetic acid) to afford a beige solid. This solid was sublimed (42—-44 °C/0.007 Torr)
to afford 2.16 g (66%) of 5-trimethylsilylpent-4-ynoic acid (163) as a colorless solid (mp

47.5-48.0 °C).

lﬁ NMR (400 MHz, CDCL): § 11.00~10.40 (br s, 1H, exchanges with D,0, -CO,H), 2.62~
2.49 (m, 4H, -CH,CH,-), 0.12 (s, 9H, -Si(CH,)5).

*C NMR (75.4 MHz, CDCL): § 178.4 (-CO,H), 104.5 (-C=CSi(CH,)s), 85.7
(-C=CSi(CHs)s), 33.4 (-CH,CO,H), 15.4 (-CH,C=C-), 0.0 (-Si(CHs)3).

IR (KBr pellet): 36002300, 2178, 1718, 1430, 1296, 1255, 1212, 1014, 844, 761 cm™.

HRMS for CsH;40,°*Si: caled 170.0763, found 170.0758.

Anal. caled for CgH;40,Si: C 56.43, H 8.29; found: C 56.37, H 8.20.

c) 5-Trimethylsilylpent-4-ynoyl Chloride (164)

Following general procedure 4, to S-trimethylsilylpent-4-ynoic acid (163) (150 mg,
0.88 mmol, 1 equiv) was added SOCl, (0.84 g, 7.1 mmol, 8.0 equiv). The mixture was heated
at reflux for 0.75 h. The crude oil obtained was distilled (80-85 °C/11 Torr) to afford 161

mg (97%) of 5-trimethylsilylpent-4-ynoyl chloride (164) as a clear colorless oil.

'"H NMR (400 MHz, CDCls): 6 3.09 (t, 2H, J = 7.2 Hz), 2.58 (t, 2H, J= 7.2 Hz), 0.13 (s, 9H,
-Si(CHs)s).
BC NMR (75.4 MHz, CDCl): 6 172.1 (-COCI), 102.6 (-C=CSi(CH,);), 86.8

(-C=CSi(CH3s)3), 45.8 (-CH,COCl), 16.0 (-CH,C=C-), —0.1 (-Si(CH3)3).
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IR (film): 2182, 1801, 1252, 844, 761 cm™.

LRMS for C;H;0>Cl0%Si (M — CH3)*: caled 173, found 173.

3.3.1.2 SYNTHESIS OF ((4-METHOXYBENZYL)OXY)ACETIC ACID (166) AND ((4-METHOXY-

BENZYL)OXY)ACETYL CHLORIDE (167)

MeO 0 MeO 0
\©\/O\)LOH \©\/O\)J\Cl

166 167

a) ((4-Methoxybenzyl)oxy)acetic Acid (166)*

To stirred neat (4-methoxyphenyl)metf1anol (165) (78.7 g, 570 mmol, 6.30 equiv) at rt
was added, portionwise, NaH (dry powder 98%, 4.56 g, 190 mmol, 2.10 equiv) over 1 h.
The resulting thick slurry was heated at 60 °C and stirred for 3 h. Ethyl bromoacetate (15.1 g,
90.4 mmol, 1 equiv) was added dropwise over 10 min. The mixture was stirred at 60 °C for
an additional 2 h. After the splution had been cooled, methanol (30 mL), water (20 mL) and
KOH (5.58 g, 99.5 mmol, 1.10 equiv) were added. The reaction mixture was heated at 60 °C
and stirred overnight (this reaction was not performed under an atmosphere of argon). After
the solution had been cooled, water (200 mL) and diethyl ether (100 mL) were added. The
layers were separated and the aqueous portion was extracted with diethyl ether (8 x 100 mL).
The aqueous layer was acidified with concentrated hydrochloric acid (25 mL) and was
extracted with diethyl ether (100 mL). The aqueous layer was saturated with NaCl, and then
was extracted with diethyl ether (2 X 200 mL). The combined organic extracts were washed

with brine (50 mL), were dried over anhydrous magnesium sulfate, and then were filtered and

concentrated under reduced pressure. The crude solid (16.1 g) thus obtained was dissolved in
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2:1 benzene—petroleum ether (160 mL total) at rt and was stored in the refrigerator for 48 h to
allow crystallization. The crystals were collected by suction filtration and washed with ice-
cold pentane (3 X 30 mL) to afford 10.5 g (59%) of ((4-methoxybenzyl)oxy)acetic acid (166)

as a colorless solid (mp 52.5-53.5 °C, lit. mp 49-52 °C'%).

"H NMR (400 MHz, CDCl;): 8 10.00-8.50 (br s, 1H, -CO,H), 7.26 (d, 2H, J = 8.6 Hz), 6.88
(d, 2H, J = 8.6 Hz), 4.56 (s, 2H),. 4.09 (s, 2H), 3.79 (s, 3H, -OCHa).

“C NMR (75.4 MHz, CDCly): § 175.5 (-CO.H), 159.5, 129.8, 128.5, 113.9, 73.0
(-CH,OCH,CO-), 66.1 (-CH,OCH,CO-), 55.2 (-OCHa).

IR (KBr pellet): 36002500, 1727, 1614, 1584, 1253, 1178, 1097, 1028, 819 cm™.

HRMS for C;0H;,04: calcd 196.0736, found 196.0739.

Anal. calcd for C10H1,04: C 61.22, H 6.16; found: C 61.16, H 6.10.

b) ((4-Methoxybenzyl)oxy)acetyl Chloride (167)

To a stirred solution of ((4-methoxybenzyl)oxy)acetic acid (166) (1.84 g, 9.38 mmol,
1 equiv) in absolute ethanol (38 mL) at rt was added a solution of KOH® (2.69 M in ethanol,
3.49 mL, 9.38 mmol, 1 equiv; this reaction was not performed under an atmosphere of argon).
The thick slurry was stirred at rt for 20 min, then the solvent was removed under reduced
pressure. The solid obtained was triturated in acetone (40 mL), and the solvent was removed
under reduced pressure. The residual solid was suspended in dry diethyl ether (27 mL; under
an atmosphere of argon) and was cooled to 0 °C. Dry N,N-dimethylformamide (2 drops) and

oxalyl chloride (3.57 g, 28.1 mmol, 3.00 equiv) were sequentially added. The heterogeneous

mixture was stirred at ) °C for 2 h, then was filtered through a dry sintered glass funnel under




220

an atmosphere of argon. The solvent was removed from the filtrate via distillation under
reduced pressure at rt, and the crude oil thus obtained was distilled (92-96 °C/0.02 Torr) to
afford 1.85 g (92%) of ((4-methoxybenzyl)oxy)acetyl chloride (167)"*° as a clear colorless oil.
This compound was either used immediately or kept overnight in a freezer (—25‘ °C) under an
argon atmosphere and used the following day. Storage of this compound at rt, even for a few

hours resulted in decomposition of the material.

'H NMR (400 MHz, CDCL): 8 7.26 (d, 2H, J = 8.8 Hz), 6.88 (d, 2H, J = 8.8 Hz), 4.58 (s,
2H), 4.37 (s, 2H), 3.80 (s, 3H, -OCHs).

3C NMR (75.4 MHz, CDCL): § 171.9 (-CO-), 159.6, 129.8, 128.0, 113.9, 74.4
(-CH,OCH,CO-), 73.0 (-CH,OCH,CO-), 55.1 (-OCH;).

IR (film): 1801, 1614, 1515, 1251, 1127, 1034, 937, 746 cm™.

LRMS for C10H;,>°ClO;: calcd 214, found 214.
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3.3.2 SYNTHESIS OF ACYLTRIMETHYLGERMANES FROM ACYL

CHLORIDES
3.3.2.1 SYNTHESIS OF TRIMETHYLGERMYLLITHIUM (149)

3.3.2.1.1 Preparation of the Trimethylgermyliithium Reagent (149)

MegGeLi
149

To cold (-10 °C) dry THF (0.6 mL) was added Me;GeH (53) (202 mg, 1.70 mmol,
1.20 equiv to give an =2.5 M solution Qf Me;GeH in THF) via a precooled syringe (cooled by
running cold water on the barrel). A solution of #-BuLi (1.69 M in pentane, 837 uL, 1.41
mmol, 1 equiv) was added via a syrihge, and the resulting yellow solution was stirred at —10
°C for 5 min to afford a clear colorless solution. The solution of Me;GeLi (149) thus obtained

was used immediately. For a large scale preparation of Me;GeLi (149) see section 3.3.2.4, p

247.

3.3.2.1.2 Treatment of Trimethylgermyllithium with 1-Bromodecane: Synthesis of 1-

Trimethylgermyldecane (172)

NN
GeMe3
172

A cold (-10 °C) stirred solution of Me;GeLi (149) (1.25 mmol, 1.25 equiv) in dry
THF (0.5 mL), prepared as described above (section 3.3.2.1.1, p 221), was diluted with dry
THF (2 mL) and the solution was cooled to ~78 °C. 1-Bromodecane (221 mg, 1.00 mmol, 1

equiv, freshly distilled from CaH,) was added via a syringe. The reaction mixture was stirred
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at 78 °C for 5 min, then was warmed to rt and was allowed to stir for an additional 15 min.
The mixture was diluted with diethyl ether (15 mL), then water (0.5 mL) was added and the
layers were separated. The organic extract was washed with brine (2 mL), was dried over
anhydrous magnesium sulfate, and then was filtered and concentrated under reduced pressure.
The crude oil thus obtained was distilled (48-54 °C/0.06 Torr) to afford 241 mg (93%) of the

title compound as a clear colorless oil.

'H NMR (400 MHz, CDCls): § 1.40-1.18 (br s, 16H), 0.86 (br t, 3H, J = 6.8 Hz, -CH,CH),
0.67 (br dd, 2H, J = 8.2 and 7.8 Hz, -CH,Ge(CHs)3), 0.07 (s, 9H, -Ge(CHz)s).

3C NMR (75.4 MHz, CDCL): §33.3, 32.0, 29.72, 29.68, 29.43, 29.40, 25.1, 22.7, 16.9, 14.2
(-CH,CH;), —2.3 (-Ge(CHs)s).

IR (film): 2925, 823, 598 cm™.

HRMS (DCI, NH; + CH,) for C;,Hy7"*Ge (M — CH;)*: caled 245.1325, found 245.1328.

Anal. calcd for Ci3H30Ge: C 60.29, H 11.68; found: C 60.47, H 11.65.

3.3.2.1.3 Determination of the Yield of Trimethylgermyllithium (149) Formation from

Trimethylgermane (53) via the Internal Standard Method

A cold (-10 °C) stirred solution of MesGeLi (149) (1.25 mmol, 1 equiv) in dry THF
(0.5 mL), prepared as described above (section 3.3.2.1.1, p 221), was diluted with THF (2
mL) and the solution was cooled to —78 °C. 1-Bromodecane (323 mg, 1.50 mmol, 1.20
equiv, freshly distilled from CaH,) was added via a syringe;. The reaction mixture. was stirred
at —78 °C for 15 min, then was warmed to rt and was allowed to stir for an additional 45 min.

The internal standard n-tridecane (191.5 £ 1.2 mg) was added via a syringe calibrated by
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delivering 250 pL of tridecane multiple times. The mixture was treated with water (1 mL)
and diethyl ether (1 mL) was added. The GLC was calibrated using a mixture prepared as
follows: 64 mg of n-tridecane and 107 mg of 1-trimethylgermyldecane (172). An aliquot of
the reaction mixtﬁe was injected and it was determined that 1-trimethylgermyldecane (172)

had been formed in >97% yield.

3.3.2.2 PREPARATION OF (TRIMETHYLGERMYL)COPPER(I)-DIMETHYL SULFIDE (168)

Me;GeCusMe,S
168

a) Via Addition of the Solution of Me;GeLi (149) to a Suspension of CuBreMe,S in THF
(“Normal” Addition Method)

A cold (=10 °C) stirred solution of Me;GeLi (149) (1.41 mmol, 1 equiv) in dry THF
(0.6 mL), prepared as described above (section 3.3.2.1.1, p 221), was transferred via a
cannula to a cold (=78 °C) stirred suspension of CuBreMe,S (290 mg, 1.41 mmol, 1 equiv) in
dry THF (6 mL). The flask that initially contained the Me;GeLi (149) was rinsed with dry
THF (2 x 0.5 mL) and the rinses were transferred via a cannula to the suspension of
CuBreMe,S. The suspension was stirred at =78 °C for 1 h to afford a dark red-black solution
of the title reagent (=0.18 M). The reagent 168 was then ready to use. For a large scale

preparation of Me;GeCu*Me,S (168) using this procedure see section 3.3.2.4, p 247.

b) Via Addition of Solid CuBreMe,S to the Solution of Me;GeLi (149) in THF (“Inverse”
Addition Method)

A cold (10 °C) stirred solution of Me;GeLi (149) (4.40 mmol, 1 equiv) in dry THF

(1.8 mL), prepared as described above (section 3.3.2.1.1, p 221), was diluted with dry THF
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(23 mL) and the solution was cooled to —78 °C. After the solution had been stirred for 10
min, solid CuBreMe,S (905 mg, 4.40 mmol, 1 equiv) was added in one portion. The
suspension was stirred at —~78 °C for 1 h to afford a dark red—black solution of the title reagent

(=0.18 M). The reagent 168 was then ready to use.

3.3.2.3 GENERAL PROCEDURE 5: PREPARATION OF THE ACYLTRIMETHYLGERMANES FROM

ACYL CHLORIDES

To a cold (-78 °C) stirréd solution of Me;GeCusMe,S (168) (1.0-3.0 equiv) in dry
THF (=0.18 M), prepared as described above (section 3.3.2.2, p 223), was added a solution of
the appropriate acyl chloride (1 equiv) in dry THF, via a cannula, to generate a final
concentration of =0.1 M of the acyl chloride. The reaction mixture was stirred at ~78 °C for 1
h, was then warmed to —30 °C and was allowed to stir for an additional 2 h. The black
mixture was poured into a stirred aqueous NH4Cl-NH,OH solution (pH 8-9, =15 mL per
mmol of acyl chloride) and diethyl ether (=30 mL per mmol of acyl chloride) was added. The
two-phase system was stirred vigorously open to the atmosphere until the aqueous layer was
deep blue. The layers were separated and the aqueous portion was extracted with diethyl
ether (2 X =10 mL per mmol of acyl chloride). The comi)ined organic extracts were washed
with water (2 X =10 mL.per mmol of acyl chloride) and brine (=10 mL per mmol of acyl
chloride), were dried over anhydrous magnesiﬁm sulfate, and then were filtered and
concentrated under reduced pressure. The crude oil thus acquired was subjected to flash

chromatography and the acquired oil was distilled to provide the desired acyltrimethyl-

germane.




225

3.3.2.3.1 Synthesis of Decanoyltrimethylgermane (170)

0O

/_\/\/_\/\/U\GeMes

170

a) With Chlorotrimethylsilane as Additive

Following general procedure 5, to a cold (-78 °C) stirred solution of Me;GeCusMe,S
(168) (1.47 mmol, 1.50 equiv) in dry THF (8.5 mL total), prepared via the “normal” addition
method (section 3.3.2.2(a), p 223), was added chlorotrimethylsilane (107 mg, 0.98 mmol, 1
equiv) via a syringe. After the mixture had been stirred for 5 min at -78 °C, a soiution of
decanoy! chloride (157) (187 mg, 0.98 mmol, 1 equiv) in dry THF (2 mL) was added via a
cannula. The oil acquired was subjected to flash chromatography (30 g TLC grade silica gel,
24:1 petroleum ether—diethyl ether) and the derived oil was distilled (86—54 °C/0.04 Torr) to

afford 247 mg (92%) of the title compound as a light yellow oil.

'H NMR (400 MHz, CDCl): § 2.58 (t, 2H, J = 7.4 Hz, -CH,CO-), 1.57-1.45 (m, 2H), 1.39-
1.18 (m, 12H), 0.85 (br t, 3H, J = 6.8 Hz, -CH,CH;), 0.31 (s, 9H, -Ge(CH,)5).

C NMR (75.4 MHz, CDCls): § 245.9 (-CO-), 49.7 (-CH,CO-), 31.9, 29.5, 29.4, 29.30,
29.27,22.7,22.3, 14.1 (-CH,CH3), -2.9 (-Ge(CH,)s).

IR (film): 1658, 1466, 1237, 829, 603 cm™.

HRMS for C13Hys"*GeO: caled 274.1352, found 274.1354.

Anal. caled for Cy3HysGeO: C 57.20, H 10.34; found: C 56.90, H 10.45.
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b) Without Additive

Following general procedure 5, to a cold (78 °C) stirred solution of Me;GeCu*Me,S
(168) (1.59 mmol, 1.50 equiv) in dry THF (8.7 mL total), prepared via the “normal;’ addition
method (section 3.3.2.2(a), p 223), was added a solution of decanoyl chloride (157) (202 mg,
1.06 mmol, 1 equiv) in dry THF (2 mL) via a cannula. The oil acquired was subjected to flash
chromatography (25 g TLC gfade silica gel, 24:1 petroleum ether—diethyl ether) and the
acquired oil was distilled to afford 234 mg (81%) of tﬁe title compoﬁnd as a light yellow oil.

The spectral data were identical with those reported above.

3.3.2.3.2 Synthesis of (Cyclopent-2-en-1-yl)acetyltrimethylgermane (178)

@t
GeMe;

178

Following general procedure 5, to a cold (=78 °C) stirred solution of Me;GeCusMe,S
(168) (1.69 mmol, 1.50 equiv) in dry THF (9.2 mL total), prepared via the “normal” addition
method (section 3.3.2.2(a), p 223), was added chlorotrimethylsilane (122 mg, 1.13 mmol, 1
equiv) via a syringe. After the mixture had been stirred for 5 min, a solution of (cyclopent-2-
en-1-yl)acetyl chloride (158) (163 mg, 1.13 mmol, 1 equiv) in dry THF (2 mL) was added via
a cannula. The oil acquired was subjected to flash chromatography (35 g TLC grade silica
gel, 24:1 petroleum ether—diethyl ether) and the derived oil was distilled (120-130 °C/12

Torr) to afford 225 mg (88%) of the title compound as a light yellow oil.

'H NMR (400 MHz, CDCL): & 5.73-5.68 (m, 1H, vinylic proton), 5.60—5.56 (m, 1H, vinylic

proton), 3.16-3.06 (m, 1H, allylic methine proton), 2.71 (dd, 1H, J = 16.7 and 6.4
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Hz, -CHH,CO-), 2.62 (dd, 1H, J = 16.7 and 7.9 Hz, -CH,H,CO-), 2.36-2.20 (m,
2H), 2.07 (dtd, 1H, J = 12.9, 8.4 and 5.4 Hz), 1.34-1.24 (m, 1H), 0.31 (s, 9H,
-Ge(CHs)s).

BC NMR (75.4 MHZ, CDCl): § 245.4 (-CO-), 134.1 (vinylic carbon), 130.9 (vinylic carbon),
55.7 (-QH2CC-); 39.5 (allylic methine carbon), 31.7, 29.9, —3.0 (-Ge(CHs3)3).

IR (film): 3053, 2910, 1657, 1238, 830, 605 cm™.

HRMS for C;0H;s *GeO: caled 228.0569, found 228.0570.

3.3.2.3.3 Synthesis of (Cyclohexanecarbonyl)trimethylgermane (179)

o)

GeMe;

179

Following general procedure 5, to a cold (=78 °C) stirred solution of Me;GeCu*Me,S
(168) (2.10 mmol, 1.50 equiv) in dry THF (11.9 mL total), prepared via the “normal” addition
method (section 3.3.2.2(a), p 223), was added chlorotrimethylsilane (153 mg, 1.40 mmol, 1
equiv). After the solution had been stirred for S min at —78 °C, a solution of cyclohexane-
carbonyl chloride (174) (206 mg, 1.40 mmol, 1 equiv) in dry THF (2 mL) was added via a
cannula. The oil acquired was subjected to flash chromatography (40 g TLC grade silica gel,
24:1 petroleum ether—diethyl ether) and the derived oil was distilled (120-130 °C/10 Torr) to

afford 282 mg (88%) of the title compound as a light yellow oil.

'H NMR (400 MHz, CDCL): 8 2.63-2.54 (m, 1H, -CH(COGe(CH3)3)-), 1.85-1.58 (m, SH),

1.34-1.10 (m, 5H), 0.31 (s, 9H, -Ge(CH3)3).
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13C NMR (75.4 MHz, CDCly): § 247.2 (-CO-), 56.5 (-CHCO-), 26.5, 26.0, 25.5, -2.2
(-Ge(CHa)s).

IR (film): 1654, 1450, 1236, 1137, 830, 604 cm™.

HRMS for CyoHao *GeO: caled 230.0726, found 230.0732.

Anal. calcd for C1oH,0GeO: C 52.48, H 8.81; found: C 52.64, H 8.98.

3.3.2.3.4 Synthesis of ((4-Methoxybenzyl)oxy)acetyltrimethylgermane (180)

M90\©\/ I
O
\/‘LGeMes

180
Following general procedure 5, to a cold (-78 °C) stirred solution of Me;GeCu*Me,S

(168) (1.60 mmol, 1.50 equiv) in dry THF (9.2 mL total), prepared via the “normal” addition

~method (section 3.3.2.2(a), p 223), was added chlorotrimethylsilane (116 mg, 1.07 mmol, 1

equiv) via a syringe. After the mixture had been stirred for 5 min, a solution of ((4-methoxy-
benzyl)oxy)acetyl chloride (167) (229 mg, 1.07 mmol, 1 equiv) in dry THF (1.5 mL) was
added via a cannula. The oil acquired was subjected to flash chromatography (30 g TLC
grade silica gel, 17:3 petroleum ether—diethyl ether) and the derived oil was distilled (120—

130 °C/0.06 Torr) to afford 259 mg (82%) of the title compound as a light yellow oil.

'H NMR (400 MHz, CDCls): 8 7.25 (d, 2H, J = 8.6 Hz, aromatic protons), 6.87 (d, 2H,
J = 8.6 Hz, aromatic protons), 4.50 (s, 2H), 4.00 (s, 2H), 3.79 (s, 3H, -OCH3),
0.32 (s, 9H, -Ge(CHs,)3).

C NMR (75.4 MHz, CDCLy): § 244.8 (-CO-), 159.3, 129.4, 129.3, 113.7, 80.7
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(-CH,OCH,CO-), 73.0 (-CH,0CH,CO-), 55.1 (-OCH3), —2.7 (-Ge(CHs),).
IR (film): 1667, 1614, 1515, 1303, 1250, 1175, 1117, 1036, 830, 607 cm™".
HRMS for C3Hyo *GeOs: calcd 298.0624, found 298.0628.

Anal. calcd for Ci3H,0GeOs: C 52.59, H 6.79; found: C 52.47, H 6.56.

3.3.2.3.5 Synthesis of (Benzyloxy)acetyltrimethylgermane (181)

O
©\/O\)LGeMe3

181

a) With Chlorotrimethylsilane as Additive

Following general procedure 5, to a cold (-78 °C) stirred solution of Me3GeCﬁ°MeZS
(168) (1.42 mmol, 1.50 equiv) in dry THF (8.1 mL total), prepared via the “normal” addition
method (section 3.3.2.2(a), p 223), was added chlorotrimethylsilane (103 mg, 0.94 mmol, 1
equiv) via a syringe. After the mixture had been stirred at —78 °C for 5 min, a solution of
benzyloxyacetyl chloride (175) (174 mg, 0.94 mmol, 1 equiv) in dry THF (1.5 mL) was added
via a cannula. The oil acquired was subjected to flash chromatography (26 g TLC grade silica
gel, 9:1 petroleum ether—diethyl ether) and the oil derived was distilled (130-140 °C/0.05

Torr) to afford 224 mg (89%) of the title compound as a light yellow oil.

"H NMR (400 MHz, CDCLs): 8 7.33 (br s, SH, aromatic protons), 4.56 (s, 2H), 4.03 (s, 2H),
0.34 (s, 9H, -Ge(CHs)5).

“C NMR (75.4 MHz, CDCL): & 244.8 (-CO-), 137.2 (aromatic ipso carbon), 128.4, 127.81,

127.75, 81.1 (-CH,OCH,CO-), 73.4 (-CH,OCH,CO-), 2.6 (-Ge(CHa)3).
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IR (film): 3033, 2911, 1668, 1455, 1236, 1123, 833, 739, 699, 606 cm™".
HRMS for Cy,H;5"*GeO, (M — CH;)*: calcd 253.0284, found 253.0283.

Anal. calcd for C,H5GeO,: C 54.01, H 6.80; found: C 54.13, H 6.82.

b) Without Additive

Following general procedure 5, to a cold (78 °C) stirred solution of Me;GeCusMe,S
(168) (4.40 mmol, 2.20 equiv) in dry THF (26.8 mL total), prepared via the “inverse” addition
method (section 3.3.2.2(b), p 223), was added benzyloxyacetyl chloride (175) (369 mg, 2.00
mmol, 1 equiv) via a syringe. The reaction mixture was stirred at —78 °C for 1.5 h, then was
treated with aqueous NH,Cl-NH4,OH (pH 8-9, 6 mL) and diethyl ether (10 mL) was added to
the mixture. The cooling bath was removed and the mixture was stirred vigorously at rt, open
to the atmosphere, until the aqueous layer was deep blue. The crude oil obtained was
subjected to flash chromatography (50 g TLC grade silica gel, 9:1 then 3:1 petroleum ether—
diethyl ether) to afford four fractions which were concentgated under reduced préssure. The
first fraction to be eluted afforded 337 mg (63%) of (benzyloxy)acetyltn'methylgefmane (181).
The spectral data were identical with those reported above. The second fraction to be eluted
afforded 8.9 mg of an unidentified compound. The third fraction to be eluted afforded 22 mg
(2.6%) of (E)-2-benzyloxy-1-(benzyloxy)acetoxy-1-trimethylgermylethene (186). An analy-
tically pure sample of this compound was obtained by resubjecting this material to flash

chromatography (5 g TLC grade silica gel, 17:3 petroleum ether—diethyl ether).



'"H NMR (400 MHz, CDCL): & 7.52-7.23 (m, 10H, aromatic protons), 5.87 (s, 1H,
-CH=C(Ge(CHz)3)-), 4.84 (s, 2H, -CH,OCH=C(Ge(CHs);)-), 4.62 (s, 2H,

-CH,OCH,CO-), 4.19 (s, 2H, -CH,CO-), 0.27 (s, 9H, -Ge(CHz3)3).

231

Additional '"H NMR data, derived from NOE difference experiments, are given in Table 21.

13C NMR (75.4 MHz, CDCL): § 168.4 (-CO-) 142.0 (-CH=C(Ge(CHs))-), 137.1, 136.7,
134.2, 128.5, 128.4, 128.14, 128.08, 127.9, 127.4, 74.4,73.1, 66.8, —1.4
(-Ge(CHa)y).

IR (film): 3032, 2909, 1760, 1647, 1238, 1202, 1117, 830, 738, 698, 606 cm™.

HRMS for C21H2674GeO4: calcd 416.1043, found 416.1043.
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Table 21: 'H NMR Data from Nuclear Overhauser Enhancement Difference Experiments for

(E)-2-Benzyloxy- 1-(benzyloxy)acetoxy- 1-trimethylgermylethene (186)

i
' 0]
©\/ fo i
. ' 3
O N
o ;')\GeMea
' H

186
Assignments '"H NMR* Observed
H-x o ppm (mult, J (Hz)) NOEs

Aromatic 7.52-7.23 (m)
H-2° 5.87 (s) H-1", -Ge(CHs);
H-1"* 4.84 (s) H-2, H-2"
H-2" 4.62 (s) H-1', H-3'
H-1% 4.19 (s) H-2'
-Ge(CHs),’ 0.27 (s) H-2

“ 400 MHz, CDCl,. ° Irradiation of this signal generated the corresponding NOEs in the
right hand column.

The fourth fraction to be eluted afforded 4.2 mg of an unidentified compound.

c) With Bromotrimethylsilane as Additive

Following general procedure 5, to .a cold (=78 °C) stirred solution of Me;GeCusMe,S
(168) (2.40 mmol, 2.20 equiv) in dry THF (14 mL total), prepared via the “inverse” addition
method (section 3.3.2.2(b), p 223), was added a solution of bromotrimethylsilane (659 mg,

4.30 mmol, 3.93 equiv, freshly distilled from CaH,) in THF (1 mL) via a cannula. After the

mixture had been stirred for 5 min, a solution of (benzyloxy)acetyl chloride (175) (202 mg,
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1.09 mmol, 1 equiv) in dry THF (1 mL) was added via a cannula. The reaction mixture was
stirred at —78 °C for 2.5 h, then was treated with aqueous NH,CI-NH4,OH (pH 8-9, 7 mL)
and diethyl ether (10 mL) was added to the mixture. The cooling bath was removed and the
heterogeneous mixture wés vigorously stined, open to the atmosphere, until the aqueous layer
was deep blue. The crude oil obtained was subjected to flash chromatography (16 g TLC
grade silica gel, 19:1 petroleum ether—diethyl ether) to afford four fractions which were
concentrated under reduced pressure. The first fraction to be eluted afforded 262 mg (52%)

of 2-benzyloxy-1-trimethylsilyloxy-1,1-bis(trimethylgermyl)ethane (188).

MesGe GeMe,
©\,o\)( .
OSiMes
188

'"H NMR (400 MHz, CDCL): § 7.45-7.35 (m, 5H, aromatic protons), 4.43 (s, 2H), 3.77 (s,
2H), 0.15 (s, 18H, 2 x -Ge(CHs)s), 0.07 (s, 9H, -Si(CH3)3).

“C NMR (75.4 MHz, CDCL): § 138.3 (aromatic ipso carbon), v128.2, 127.9,127.4,76.9
(CeHsCH,OCHj;-), 74.3 (-C(Ge(CHzs)3)208i(CHa)s-), 73.0 (CeHsCH»-), 2.6
(-Si(CH3)3), —1.6 (-Ge(CHz3)3).

IR (film): 1498, 1455, 1402, 1351, 1248, 1111, 1065, 976, 838,. 599 cm™.

HRMS for C;7H33"°Ge™*Ge0,?Si (M — CHs)": calcd 443.0682, found 443.0686.

Anal. calcd for C13H3sGe,0,S1: C 47.23, H 7.93; found: C47.19, H7.71.

The following three fractions to be eluted afforded only trace amounts of unidentified

compounds.
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3.3.2.3.6 Synthesis of 5-Chloropentanoyltrimethylgermane (182)

0
CI/\/\)LGeMe3

182

Following general procedure 3, to a cold (78 °C) stirred solution of Me;GeCursMe,S
(168) (1.81 mmol, 1.50 equiv) in dry THF (9.8 mL total), prepared via the “normal” addition
method (section 3.3.2.2(a), p 223), was added chlorotrimethylsilane (131 mg, 1.21 mmol, 1
equiv) via a syringe. After the mixture had been stirred for 5 min, a solution of 5-
chloropentanoyl chloride (176) (186 mg, 1.21 mmol, 1 equiv) in dry THF (2 mL) was added
via a cannula. The crude oil acquired was subjected to flash chromatography (20 g TLC
grade silica gel, 19:1 petroleum ether—diethyl ether) and the resultant oil was distilled (145—

155 °C/15 Torr) to afford 256 mg (90%) of the title compound as a light yellow oil.

'H NMR (400 MHz, CDCL): & 3.49 (t, 2H, J = 6.4 Hz, -CH,Cl), 2.64 (t, 2H, J = 7.0 Hz,
-CH,CO-), 1.78-1.62 (m, 4H), 0.32 (s, 9H, -Ge(CHa)s).

*C NMR (75.4 MHz, CDCL): § 244.9 (-CO-), 48 .4, 44.6,31.9, 19.5, -3.0 (-Ge(CHs)5).

IR (film): 1657, 1238, 830, 605 cm™.

HRMS for CgH;7°°Cl"*GeO: calcd 238.0180, found 238.0179.

Anal. calcd for CsH;,ClGeO: C 40.50, H 7.22; found: C 40.80, H 7.40.
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3.3.2.3.7 Synthesis of 3-Chloropropanoyltrimethylgermane (183)

0O

CI/\)LGeMe;;

183

a) With Bromotrimethylsilane as Additive

Following general procedure 5, to a cold (=78 °C) stirred solution of MesGeCusMe,S
(168) (4.70 mmol, 2.20 equiv) in dry THF (26.5 mL total), prepared via the “inverse” addition
method (section 3.3.2.2(b), p 223), was added a solution of bromotrimethylsilane (815 mg,
5.32 mmol, 2.50 equiv) in dry THF (3 mL) via a cannula. After the mixture had been stirred
for 5 min, a solution of 3-chloropropanoyl chloride (177) (271 mg, 2.13 mmol, 1 equiv) in dry
THF (2 mL) was added via a cannula. The reaction mixture was stirred at —78 °C for 2.25 h,
then was treated with aqueous NH,C1-NH,OH (pH 8-9, 8 mL) and diethyl ether (10 mL) was
added to the mixture. The cooling bath was removed and the heterogeneous mixture was
stirred vigorously, open to the atmosphere, until the aqueous layer was deep blue. The
~ combined dried organic e;(tracts were concentrated via distillation of the solvent at
atmospheric pressure. The crude oil obtained was subjected to flash chromatography (50 g
TLC grade silica gel, 24:1 petroleum ether—diethyl ether) to afford two fractions which were
concentrated via distillation of the solvent at atmospheric prcésure. The first fraction to be
eluted afforded 65 mg of an oil as a mixture of compounds. '"H NMR spectroscopic and GLC
analysis suggesfed that this material was mainly composed (=75%) of 3-chloro-1,1-bis-

(trimethylgermyl)-1-(trimethylsilyloxy)propane (193).
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MesGe, ,GeMe;

CI/\)<OSiMe3

193

"H NMR (400 MHz, CDCLy): 8 3.55-3.48 (m, 2H, -CH,Cl), 2.40-2.32 (m, 2H, -CH,CH,Cl),
0.20 (s, 18H, 2 x -Ge(CHz)3), 0.12 (s, 9H, -Si(CH3)s3).

The second compound to be eluted was distilled. A forerun was collected in a first
bulb (distillation temperature 20—40 °C/9 Torr) to afford 31 mg of volatile material (by GLC
analysis). The remainder of the oil was collected in a second bulb (distillation temperature
105-115 °C/9 Torr) to afford 261 mg (58%) of 3-chloropropanoyltrimethylgermane (183) as

a light yellow oil.

'H NMR (400 MHz, CDCL): & 3.69 (t, 2H, J = 6.8 Hz, -CH,Cl), 3.09 (t, 2H, J = 6.8 Hz,
-CH,CO-), 0.34 (s, 9H, -Ge(CH3)3).

BC NMR (75.4 MHz, CDCl,): § 242.5 (-CO-), 51.1 (-CH,Cl), 37.4 (-CH,CO-), -3.3
(-Ge(CHa)s).

IR (film): 1661, 1326, 1239, 832, 668, 606 cm™".

HRMS for C¢H;57°C1"*GeO: calcd 209.9867, found 209.9872.

Anal. caled for C¢Hy3C1GeO: C 34.45, H 6.26; found: C 34.46, H 6.36.

b) Without Additive
| Following general procedure 5, to a cold (=78 °C) stirred solution of Me;GeCusMe,S
(168) (2.59 mmol, 1.50 equiv) in dry THF (14.1 mL total), prepared via the “inverse” addition

method (section 3.3.2.2(b), p 223), was added a solution of 3-chloropropanoyl chloride (177)

(220 mg, 1.73 mmol, 1 equiv) in dry THF (3 mL) via a cannula. The reaction mixture was
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stirred at =78 °C for 3 h, then was treated with aqueous NH,CI-NH,OH (pH 8-9, 8 mL) and
diethyl ether (10 mL) was added to the rvnixture.' The cooling bath was removed and the
heterogeneous mixture was stirred vigorously, open to the atmosphere, until the aqueoué layer-
was deep blue. The crude oil obtained was subjected to flash chromatography (29 g TLC
grade silica gel, 32:1 petroleum ether—diethyl ether) to afford two fractions which were
concentrated under reduced pressure. The first fraction to be eluted afforded 34 mg of a
mixture of two compounds. An analytically pure sample of each compound was obtained by
HPLC separation (vide infra). The second fraction to be eluted afforded 82 mg (23%) of 3-
chloropropanoyltrimethylgermane (183). The spectral data were identical with those reported
above. The mixture of two compounds (fraction one) was subjected to reversed phase HPLC
(Cys pBondapak 10 pm, 25 mm X 100 mm column; 3:2 acetonitrile-water, 10 mL/min, UV-
vis detector A = 254 nm) to give two fractions which were concentrated under reduced
pressure. The first fraction to be eluted, retention time 53 min, afforded 3.5 mg of (E)- or
(Z2)-1-((3-chloropropanoyl)oxy)-1,3-bis(trimethylgermyl)prop-1-ene (191).

0 GeMes

C|/\)LO'&/\GeMe3

'H NMR (400 MHz, CDCl3): § 5.80 (t, 1H, J = 9.2 Hz, -CH=C(Ge(CH3)3)-), 3.75 (1, 2H,
J = 6.8 Hz, -CH,Cl), 2.82 (t, 2H, J = 6.8 Hz, -CH,CO-), 1.58 (d, 2H, J = 9.2 Hz,
-CH,Ge(CHa)s), 0.30 (s, 9H, -CH=C(Ge(CHzs)3)-), 0.16 (s, 9H, -CH,Ge(CHa3)3).

“C NMR (75.4 MHz, CDCls): § 169.8 (-CO-), 152.7 (-CH=C(Ge(CHs)s)-), 129.5

(-CH=C(Ge(CHz3)3)-), 39.0, 37.4, 17.2 (-CH,Ge(CH3)3), 0.7, -2.3.
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IR (film): 1741, 1238, 1146, 827, 603 cm™.
HRMS for Ci,Has> Cl™*Ge;0,: caled 383.9967, found 383.9985.
The second fraction to be eluted, retention time 57 min, afforded 7.4 mg of (Z)- or
(E)-1-((3-chloropropanoyl)oxy)-1,3-bis(trimethylgermyl)prop-1-ene (192).
@) GeMes

N\
Cl O GeMes
192

'H NMR (400 MHz, CDCL): 8 5.34 (t, 1H J = 8.8 Hz, -CH=C(Ge(CHs)3)-), 3.77 (t, 2H,
J = 6.6 Hz, -CH,Cl), 2.86 (t, 2H, J = 6.6 Hz, -CH,CO-), 1.64 (d, 2H, J = 8.8 Hz,
-CH,Ge(CHs)s), 0.25 (s, 9H, -CH=C(Ge(CH:)3)-), 0.13 (s, 9H, -CH,Ge(CHs)s).

*C NMR (75.4 MHz, CDCL): & 168.5 (-CO-), 153.1 (-CH=C(Ge(CHs)3)-), 126.5
(-CH=C(Ge(CHs)3)-), 39.1, 37.5, 16.4 (-CH,Ge(CH,)3), —1.0, -2.2.

IR (film): 1742, 1629, 1237, 1148, 825, 602 cm™".

HRMS for C;.Hys C1*Ge,0,: caled 383.9967, found 383.9975.

3.3.2.3.8 Synthesis of Hexanedioylbis(trimethylgermane) (184)

O

Me3Ge\n/\/\)j\ GeMe,

O
184

a) With Chlorotrimethylsilane as Additive

Following general procedure 5 (amounts of reagents and solvents were doubled for

this substrate), to a cold (78 °C) stirred solution of Me;GeCueMe,S (168) (3.53 mmol, 3.00




239

equiv) in dry THF (21.4 mL total), prepared via the “nérmal” addition method (section
3.3.2.2(a), p 223), was added chlorotrimethylsilane (256 mg, 2.35 mmol, 2.00 équiv) via a
syringe. After the solution had been stirred for 5 min, a solption of adipoyl chloride (159)
(215 mg, 1.18 mmol, 1 equiv) in dry THF (2 mL) was added via a cannula. The crude oil
acquired was subjected to flash chromatography (50 g TLC grade silica gel, 17:3 petroleum
ether—diethyl ether) and the derived liquid was distilled (110-120 °C/0.05 Torr) to afford 375

mg (92%) of the title compound as a light yellow oil.

'H NMR (400 MHz, CDCL): 8 2.69-2.56 (m, 4H, 2 x -CH,CO-), 1.53-1.44 (m, 4H, 2 x
-CH,CH,CO-), 0.31 (s, 18H, 2 x -Ge(CHs)3).

C NMR (75.4 MHz, CDCL): § 245.1 (-CO-), 49.2 (-CH,CO-), 21.8 (-CH,CH,CO-), -3.0
(-Ge(CHa)s).

IR (film): 1657, 1237, 830, 604 cm™.

HRMS for C;,Hy6"*Ge,0;: caled 350.0356, found 350.0355.

Anal. calcd for C1,H,6Ge,0,: C 41.47, H 7.54; found: C 41.58, H 7.58.

b) Without Additive

Following general procedure 5 (amounts of reagents and solvents were doubled for
this substrate), to a cold (-78 °C) stirred solution of Me;GeCusMe,S (168) (3.45 mmol, 3.00
equiv) in dry THF (18.4 mL total), prepared via the “inverse” addition method (section
3.3.2.2(b), p 223), was added a solution of adipoyl chloride (159) (210 mg, 1.15 mmol, 1
equiv) in dry THF (2 mL) via a cannula. The crude oil obtained was subjected to flash

chromatography (60 g TLC grade silica gel, 29:20:1 petroleum ether—CH,Cl,—diethyl ether)
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to afford 229 mg of a mixture of 2 components. The mixture was resubjected to flash
chromatography (25 g TLC grade silica gel, 9:1 petroleum ether—diethyl ether) to afford two
fractions, which were concentrated under reduced pressure. The first fraction to be eluted
was distilled (105-115 °C/0.07 Torr) to afford 25 mg (6%) of 2-hydroxy-2-trimethylgermyl-

(cyclopentanecarbonyl)trimethylgermane (194) as a light yellow oil.

MesGe_ OH O
GeMe;

194 .

'"H NMR (400 MHz, CDCl;): § 3.92 (br s, 1H, exchanges with D,0, -OH), 3.11 (dd, 1H,
J =11.0 and 8.6 Hz, -CH(COGe(CHs)s)-), 2.10-1.95 (m, 2H), 1.85-1.75 (m, 2H),
1.72-1.61 (m, 1H), 1.59-1.52 (m, 1H), 0.34 (s, 9H, -COGe(CHs);), 0.10 (s, 9H,
-C(OH)Ge(CHzs)s-).

“C NMR (75.4.MHz, CDCl): 8 254.4 (-CO-), 79.1 (-C(OH)Ge(CHas)s-), 62.8
(-CH(COGe(CHas)3)-), 37.7, 26.9, 22.5, -2.8, -3.7.

IR (film): 3464, 2969, 1634, 1358, 1291, 1236, 1031, 826, 602 cm™".

HRMS for C1;Has"*Ge™*GeO,: calcd 348.0365, found 348.0359.

The second fraction to be eluted was distilled to afford 131 mg (33%) of hexanedioyl-

bis(trimethylgermane) (184). Spectral data were identical with those reported above.
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3.3.2.3.9 Attempts at Synthesizing Pent-4-ynoyltrimethylgermane (185)

O

185

a) With Chlorotrimethylsilane as Additive

Following general procedure 5, to a cold (-78 °C) stirred solution of Me;GeCusMe,S
(168) (0.92 mmol, 1.06 equiv) in dry THF (5 mL total), prepared via the “inverse” addition
.method (section 3.3.2.2(b), p 223), was added chlorotrimethylsilane (99 mg, 0.91 mmol, 1.05
equiv) via a syringe. After the mixture had been stirred for 5 min, a solution of pent-4-ynoyl
chloride (160) (101 mg, 0.87 mmol, 1 equiv) in dry THF (1 mL) was added via a cannula.
The reaction mixture was stirred for 3 h at =78 °C. The crude oil obtained was subjected to
flash chromatography (5 g TLC grade silica gel, petroleum ether then ethyl acetate) to afford
two fractions which were concentrated under reduced pressure. The first fraction to be eluted
was distilled (70—-80 °C/0.08 Torr) to afford 34 mg (10%) of 2-(bis(trimethylgermyl)methyl)-
1-((trimethylsilyl)oxy)cyclobutene (197) as a clear colorless oil.

OSiMe,

GeMe;

Me;Ge
197

"H NMR (400 MHz, CDCls): § 2.47 (t, 2H, J = 3.2 Hz), 1.89 (t, 2H, J = 3.2 Hz), 1.29 (s, 1H,
-CH(Ge(CH3)3)2), 0.16 (s, 9H, -Si(CHs)3), 0.15 (s, 18H, 2 x -Ge(CHas)3).

BC NMR (75.4 MHz, CDCl,): & 137.3 (vinylic carbon), 117.2 (vinylic carbon), 31.7, 24.9,
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19.0 (-CH(Ge(CHs3)3)2), 0.7 (-Si(CHs)3), 0.1 (-Ge(CHa)s).
IR (film): 1681, 1296, 1185, 1151, 1026, 924, 884, 845, 598 cm™.
HRMS for C14H;,"’Ge™*GeO™Si: caled 390.0655, found 390.0660.
The second fraction to b¢ eluted afforded 78 mg (42%) of 4-trimethylgermylpent-4-
enamide (198) as a colorless solid. An analytically pure sample of this compound was
obtained by sublimation (35-36 °C/0.007 Torr; mp 52.5-54.5 °C).

)

MesG

198

"H NMR (400 MHz, CDCly): § 5.62-5.40 (br s, 2H, -NH,), 5.53 (d, 1H, J = 2.0 Hz, vinylic
proton trans to -Ge(CHj3)3), 5.22 (d, 1H, J = 2.0 Hz, vinylic proton cis to
-Ge(CH3)3), 2.53-2.47 (m, 2H), 2.37-2.30 (m, 2H), 0.21 (s, 9H, -Ge(CHa)3).

Bc NMR (75.4 MHz, CDCL): 8 175.3 (-CO-), 152.4 (-C(=CHy)-), 121.7 (-C(=CH,)-), 34.8, |
32.1, -2.1 (-Ge(CHz)3).

IR (KBr pellet): 3365, 3193, 3050, 2972, 1667, 1631, 1413, 1236, 921, 826, 599 cm™".

HRMS for CgH;;"*GeNO: caled 217.0522, found 217.0513.

Anal. calcd for CsH;7GeNO: C 44.52, H7.94, N 6.49; found: C 44.78, H 7.95, N 6.44.

b) Without Additive
Following general procedure 5, to a cold (-78 °C) stirred solution of Me;GeCusMe,S

(168) (0.94 mmol, 1 equiv) in dry THF (5 mL total), prepared via the “inverse” addition

method (section 3.3.2.2(b), p 223), was added a solution of pent-4-ynoyl chloride (160) (110
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mg, 0.94 mmol, 1 equiv) in dry THF (1 mL) via a cannula. The reactiqn mixture was stirred
at —78 °C for 2.5 h, then pyridine (187 mg, 2.36 mmol, 2.50 equiv) and dry methanol (61 mg,
1.90 mmol, 2.00 equiv) were added sequentially. The cooling bath was removed, and the
mixture was allowed to stir for an additional 15 min. The mixture was poured into aqueous
NH,CI-NH,OH (pH 8-9, 5 mL) and diethyl ether (10 mL) was added to the mixture. The
heterogeneous mixture was stirred vigorously, open to the atmosphere, until the aqueous layer
was deep blue. The crude.oil of the complex'mixture obtained was subjected to flash chroma-
tography (35 g TLC grade silica gel, 49:1, theﬁ 24:1, petroleum ether—diethyl ether) to afford
three major fractions, which were concentrated under reduced pressure. The first substantial
fraction to be eluted afforded 23 mg (9%) of a mixture of two compbunds. 'H NMR, GLC
and GLC-MS analyses of this mixture suggested that it was composed of 5-(3-trimethyl-
germylbut-3-en-1-yl)-4-(bis(trimethylgermyl)methyl)pent-4-eno-5-lactone  (203) (==80% by
GLC analysis) as well as of (E)-5-(4—trimethylgermylbut-3-en-1-yl)-4-(bis(tﬁme;hylgennyl)—
methyl)pent-4-eno-5-lactone (204) (%20%) based on the follo'vﬁng: 'H NMR (400 MHz,
CDCl;) spectrum showed four signals in the 5.95-5.15 ppm region integrating for a total of
two protons: 5.92 (m, 0.2H, H-3"-204), 5.83 (d, 0.2H, J = 18.2 Hz, H-4"-204), 5.52 (d,
0.8H, J = 1.8 Hz, H-4"-203) and 5.22 (d, 0.8H, J = 1.8 Hz, H-4"-203); then 2.79 (t, 2H, J =
3.2 Hz, H-3-203 + 204), 2.60-2.38 (m, 4H, H-1" and H-2"-203 + 204), 2.08 (t, 2H,J = 3.2
Hz, H-3-203 + 204), 1.34 (s, 1H, H-1'-203 + 204) and three singlets in the 0.26—0.15 ppm
region integrating for a total of 27 protons. - GLC-MS showed both components to have
molecular ions of 516 whose isotopic clusters are consistent with the calculated isotopic

distribution for C19H38Ge302.
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204

The second sizable fraction to be eluted was distilled (98-107 °C/0.07 Torr) to afford
30 mg (16%) of 5-(but-3-yn-1-yl)-4-(bis(trimethylgermyl)methyl)pent-4-eno-5-lactone (205)
as a clear colorless oil, | |
O

O
S

A
Me;Ge GeMes
205
"H NMR (400 MHz, CDCls): § 2.79 (t, 2H, J = 3.0 Hz, -CH,CO-), 2.62-2.55 (m, 2H,
-CH,CH,C=CH), 2.53-2.46 (m, 2H, -CH,C=CH), 2.06 (t, 2H, J = 3.0 Hz,
-CH,CH,CO-), 1.96 (t, 1H, J = 2.6 Hz, -C=CH), 1.34 (s, 1H, -CH(Ge(CHs)3),),
0.17 (s, 18H, 2 x -Ge(CHa)s). |
Additional "H NMR data, derived from homonuclear decoupling experiments, are given in
Table 22.
BC NMR (75.4 MHz, CDCl,): § 168.9 (-CO-), 133.3 (vinylic carbon), 126.9 (vinylic carbon),

82.3 (-C=CH), 69.2 (-C=CH), 33.2, 31.2, 26.8, 19.9 (-CH(Ge(CHz3)3),), 14.3

(-CH,C=CH), -0.1 (-Ge(CH3)3).



IR (film): 3313, 2970, 2140, 1757, 1682, 1269, 1236, 1144, 823, 600 cm™".

HRMS for Ci6Hzs °Ge *GeO,: caled 398.0522, found 398.0521.

Table 22: 'H NMR Data from Homonuclear Decoupling Experiments for 5-(But-3-yn-1-yl)-

4-(bis(trimethylgermyl)methyl)pent-4-eno-5-lactone (205)

Assignments 'H NMR* Simplified Signals
H-x & ppm (mult, J (Hz)) (mult, J (Hz))
H-2° 2.79 (t, 3.0) H-3 (s)
H-1" 2.62-2.55 (m) H-2" (d, 2.6)
H-2"? 2.53-2.46 (m) H-1" (s), H-4" (s)
H-3° 2.06 (t, 3.0) H-2 (s)
H-4"* 1.96 (t, 2.6) H-2" (m)
H-1' 1.34(s)
-Ge(CHs); 0.17

“ 400 MHz, CDCls. °Irradiation of this signal simplified the corresponding signals in

the right hand column.

The third substantial fraction to be eluted afforded 9 mg (4%) of methyl 4-trimethyl-

germylpent-4-enoate (206) as a clear colorless oil.
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206

'H NMR (400 MHz, CDCl,): § 5.50 (d, 1H, J = 2.0 Hz, vinylic proton trans to -Ge(CHs)3),
5.20 (d, 1H, J = 2.0 Hz, vinylic proton cis to -Ge(CHs)3), 3.67 (s, 3H, -OCHa),

2.52-2.39 (m, 4H, -CH,CH,-), 0.22 (s, 9H, -Ge(CHs)s).

3.3.2.3.10 Synthesis of 5-Trimethylsilylpent-4-ynoyltrimethylgermane (114)

O

/\)L GeMe,

Me3Si
114

Following general procedure 5, to a cold (78 °C) stirred solution of Me;GeCusMe,S
(168) (1.79 mmol, 1.50 equiv) in dry THF (9.8 mL total), prepared via the “normal” addition
method (section 3.3.2.2(a), p 223), was added chlorotrimethylsilane (130 mg, 1.19 mmol, 1
equiv) via a syringe. After the mixture had been stirred for 5 min, a solution of 5-trhnethyl—
silylpent-4-ynoyl chloride (164) (225 mg, 1.19 mmol, 1 equiv) in dry THF (2 mL) was added
via a cannula. The oil acquired was subjected to flash chromatography (40 g TLC grade silica
gel, 26:1 petroleum ether—diethyl ether) and the derived oil was distilled (68—76 °C/0.05 Torr)

to afford 265 mg (82%) of the title compound as a light yellow oil.

'H NMR (400 MHz, CDCly): §2.89-2.83 (m, 2H), 2.45-2.38 (m, 2H), 0.33 (s, 9H,
-Ge(CHj)s), 0.11 (s, 9H, -Si(CHs)s).

13C NMR (75.4 MHz, CDCL): § 242.9 (-CO-), 106.1 (-C=CSi(CH)3), 84.8 (-C=CSi(CHa)s),
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47.9 (-CH,CO-), 12.9 (-CH,C=C-), 0.0 (-Si(CHs)3), —3.1 (-Ge(CHs)3).
IR (film): 2177, 1660, 1251, 843, 760, 606 cm™.
HRMS for C;;Hy *GeO®Si: caled 272.0652, found 272.0644.

Anal. calcd for Cy;H,,GeOSi: C 48.76, H 8.18; found: C 48.79, H 8.16.

3.3.2.4 LARGE SCALE PREPARATION OF ((4-METHOXYBENZYL)OXY)ACETYLTRIMETHYL-

MeO
DRSPS
O\)LGeMea

180

GERMANE (180)

To cold (-10 °C) stiﬁed dry THF (25 mL) was added cold (0 °C) Me:;GeH (53) (8.55
g, 72.0 mmol, 1.80 équiv) via a cannula. A solution of #-BuLi (1.77 M in pentane, 33.9 mL,
60.0 mmol, 1.50 equiv) was added via a syringe over 3 min (Warning! Gas evolution!). The
resulting yellow solution was stirred at —10 °C for 5 min to afford a clear colorless solution.
This solution was transferred via a cannula to a cold (-78 °C) stirred suspension of
CuBreMe,S (12.34 g, 60.0 mmol, 1.50 equiv) in dry THF (325 mL). The flask that initially
contained the Me;GeLi (149) was rinsed with dry THF (2 X 10 mL) and the rinses were
transferred via a cannula to the suspension of CuBr°MéZS. The mixture was stirred at —78 °C
for 1 h to afford a dark red-black solution. Chlorotrimethylsilane (4.35 g, 40.0 mmol, 1
equiv) was added via a syringe. After the mixture had been stirred for 5 min, a solution of
((4-methoxybenzyl)oxy)acetyl chloride (167) (8.59 g, 40.0 mmol, 1 equiv) in dry THF (30
mL) was added via a cannula. The black reaction mixture was stirred at —78 °C for 1 h, then

was warmed to —30 °C and was allowed to stir for an additional 2 h. The mixture was poured
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into a stirred solution of aqueous NH,CI-NH,OH (pH 8-9, 400 mL) and diethyl ether (400
mL) was added to the mixture. The heterogeneous mixture was stirred vigorously, open to
the atmosphere, until the aqueous layer was deep blue. The layers were separated and the
aqueous portion was extracted with diethyl ether (3 x 200 mL). The combined organic
extracts were washed with water (2 X 100 mL) and brine (100 mL), were dried over
anhydrous magnesium sulfate and then were filtered and concentrated under reduced pressure.
The cfude oil obtained was subjected to chromatography (Prep LC 500, two silica gel
cartridges (57 mm X 300 mm) in tandem, 23:2 petroleum ether—diethyl ether, 250 mL./min)
and the acquired oil was distilled to _afford 9.76 g (82%) of the title compound as a clear

colorless oil. The spectral data were identical with those reported above (section 3.3.2.3.4, p

228).
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3.3.3 SYNTHESIS OF S-(PYRIDIN-2-YL) THIOESTERS

3.3.3.1 GENERAL PROCEDURE 6: PREPARATION OF THE S-(PYRIDIN-2-YL) THIOESTERS

To a stirred solution of the appropriate carboxylic acid (1 equiv) in dry acetonitrile
(0.3 M solution) at rt was added sequentially triphenylphosphine (1.0-1.1 equiv) and 2,2'-
disulfanediyldipyridine”® (1.0-1.1 equiv). The yellow solution was stirred at rt 0.5-1 h, then
the solvent was removed under reduced pressure. The residue was flash chromatographed to

afford the desired S-(pyridin-2-yl) thioester.

3.3.3.1.1 Synthesis of S-(Pyridin-2-yl) Decanethioate (210)

Following general procedure 6, to a solution of decanoic acid (153) (1.02 g, 5.92
mmol, 1 equiv) in dry acetonitrile (20 mL) was sequentially added triphenylphosphine (1.55 g,
5.92 mmol, 1.00 equiv) and 2,2"-disulfanediyldipyridine (1.31 g, 5.92 mmol, 1.00 equiv). The
reaction mixture was ‘stirred at rt for 0.5 h. The residue was subjected to flash chroma-
tography (140 g silica gel, 2:1 petroleum ether—diethyl ether) to afford 1.23 g (78%) of the

title compound as a light yellow oil.

'H NMR (400 MHz, CDCl,): 8 8.59 (ddd, 1H, J = 4.8, 1.8 and 1.0 Hz), 7.71 (td, 1H, J = 7.8
and 1.8 Hz), 7.59 (dt, 1H, J=7.8 and 1.0 Hz), 7.25 (ddd, 1H,J=7.8,4.8 and 1.0
Hz), 2.67 (t, 2H, J = 7.4 Hz, -CH,CO-), 1.70 (quintuplet, 2H, J = 7.4 Hz,

-CH,CH,CO-), 1.48-1.19 (m, 12H), 0.85 (t, 3H, J = 7.8 Hz, -CH,CH,).
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*C NMR (75.4 MHz, CDCl,): § 196.1 (-CO-), 151.4, 150.0, 136.7, 129.8, 123.1, 43.9, 31.6,
29.1, 29.0 (2 overlapping signals), 28.6, 25.1, 22.4, 13.8 (-CH,CH3).

IR (film): 1708, 1573, 1563, 1451, 1421, 1120, 990, 766 cm™.

HRMS for Ci5H23NOS: calcd 265.1500, found 265.1496.

Anal. caled for C;sH,3NOS: C 67.88, H 8.73, N 5.28; found: C 67.84, H 8.91, N 5.16.

3.3.3.1.2 Synthesis of S-(Pyridin-2-yl) Pent-4-ynethioate (211)

0o S

A~ A

// S N
211

Following general procedure 6, to a solution of pent-4-ynoic acid (156) (343 mg, 3.50
mmol, 1 equiv) in dry acetonitrile (12 mL) was added sequentially triphenylphosphine (1.01 g,
3.85 mmol, 1.10 equiv) and 2,2"-disulfanediyldipyridine (848 mg, 3.85 mmol, 1.10 equiv).
The reaction mixture was stirred at rt for 0.5 h. The residue was subjected to flash chroma-
tography (140 g silica gel, 7:3 petroleum ether—ethyl acetate) to afford 624 mg (56%) of the

title compound as a light yellow oil.

'H NMR (400 MHz, CDCl;): 6 8.60 (ddd, 1H, J = 4.8, 1.8 and 1.0 Hz), 7.72 (ddd, 1H,
J=17.6,7.6 and 1.8 Hz), 7.60 (ddd, 1H, 7.6, 1.0 and 1.0 Hz), 7.27 (ddd, 1H,
J=1.6,4.8 and 1.0 Hz), 2.92 (t, 2H, J = 7.4 Hz, -CH,CH,C=CH), 2.56 (id, 2H,
J=7.4 and 2.6 Hz, -CH,C=CH), 1.99 (t, 1H, J = 2.6 Hz, -C=CH).

BC NMR (75.4 MHz, CDCL): § 194.3 (-CO-), 150.7, 150.2. 137.0, 129.9, 123.5, 81.4

(-C=CH), 69.5 (-C=CH), 42.3 (-CH,CH,C=CH), 14.2 (-CH,C=CH).
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IR (film): 3293, 2121, 1703, 1573, 1563, 1451, 1422, 1051, 974, 769 cm™.
HRMS (DCI, isobutane) for C;0H;oNOS (M + 1)*: calcd 192.0483, found 192.0484.

Anal. calcd for C;oHsNOS: C 62.80, H 4.74, N 7.32; found: C 62.58, H4.61, N 7.51.

3.3.3.1.3 Synthesis of S-(Pyridin-2-yl) ((4-Methoxybenzyl)oxy)ethanethioate (212)

Following general procedure 6, to a solution of ((4-methoxybenzyl)oxy)acetic acid
(166) (694 mg, 3.53 mmol, 1 ¢quiv) in dry acetonitrile (12 mL) was added sequentially
triphenylphosphine (1.02 g, 3:89 mmol, 1.10 equiv) and 2,2'-disu1fanediy1dipyfidine (857 mg,
3.89 mmol, 1.10 equiv). The reaction mixture was stirred at rt for 1 h. The resi(iue was
subjected to flash chromatbgraphy (140 g silica gel, 3:2 petroleum ether—ethyl acetate) to

afford 851 mg (83%) of the title compound as a light yellow oil.

'H NMR (400 MHz, CDCLy): § 8.64 (dda, 1H,J=4238, 2.0 and 1.0 Hz), 7.73 (ddd, 1H,
J=738,7.8 and 2.0), 7.58 (d(id, 1H,J=17.8,1.0 and 1.0 Hz), 7.33 (d, 2H, J = 8.6
Hz), 7.28 (ddd, 1H, J=7.8, 4.8 and 1.0 Hz), 6.89 (d, 2H, J = 8.6 Hz), 4.65 (s,
2H), 4.23 (s, 2H), 3.80 (s, 3H, -OCHs).

>C NMR (75.4 MHz, CDCL): § 197.6 (-CO-), 159.4, 150.7, 150.3, 137.0, 130.4, 129.5,
128.5, 123.4, 113.7, 74.3,73.7, 55.0 (-OCH;).

IR (film): 1708, 1613, 1574, 1563, 1515, 1451, 1422, 1250, 1121, 1076, 1034, 769 cm™".

HRMS (DCI, isobutane) for C;sH;sNO3S (M + 1)*: caled 290.0851, found 290.0850.
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3.3.3.1.4 Synthesis of S-(Pyridin-2-yl) 3-Chloropropanethioate (213)

0 | =N
%
CI/\)LS N
213

Following general procedure 6, to a solution of 3-chloropropanoic acid (209) (380
mg, 3.50 mmol, 1 equiv) in dry acetonitrile (12 mL) was added sequentially triphenyl-
phosphine (1.01 g, 3.85 mmol, 1.10 equiv) and 2,2'—disq1fanediyldipyridine (848 mg, 3.85
mmol, 1.10 equiv). The reaction mixture was stirred at rt for 0.5 h. The residue was
subjected to flash chromatography 50 g TLC grade silica gel, 3:2 petroleum ether—ethyl

acetate) to afford 395 mg (56%) of the title compound as a light yellow oil.

'H NMR (400 MHz, CDCL): § 8.61 (ddd, 1H, J = 4.8,2.0 aﬁd 1.0 Hz), 7.74 (ddd, 1H,
J=17.6,7.6 and 2.0 Hz), 7.61 (ddd, 1H, J=17.6, 1.0 and 1.0 Hz), 7.29 (ddd, 1H,
J=17.6,4.8and 1.0 Hz), 3.78 (t, 2H, J = 6.8 Hz), 3.14 (t, 2H, j: 6.8 Hz).

“C NMR (75.4 MHz, CDCl,): 8 193.2 (-CO-), 150.21, 150.17, 137.4, 130.1, 123.8, 46.1,
38.3.

IR (film): 1708, 1573, 1563, 1451, 1421, 1050, 969, 768 cm™.

LRMS for CgHs*’CINOS: caled 201, found 201.

Due to the fact that this compound was unstable, satisfactory HRMS and elemental

analysis could not be obtained.
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3.3.4 SYNTHESIS OF ACYLTRIMETHYLGERMANES FROM S-(PYRIDIN-2-YL)

THIOESTERS

3.3.4.1 GENERAL PROCEDURE 7: PREPARATION OF THE ACYLTRIMETHYLGERMANES FROM S-

(PYRIDIN-2-YL) THIOESTERS

To a cold (=78 °C) stirred solution of Me;GeCusMe,S (168) (1.0-1.5 equiv) in dry
THF, prepared via the “inverse” addition method (section 3.3.2.2(b), p 223), was added a
solution of the appropriate S-(pyﬁdiﬁ-2-y1) thioester (1 equiv) in dry THF, via a cannula, to
generate a final concentration of =0.1 M solution of the S-(pyridin-2-yl) thioester. The
reaction mixture was stirred at =78 °C for 1 h, then was warmed to —-30 °C and was allowed
to stir for an additional 2 h. The black mixture was pdured into a stirred aqueous NH,Cl-
NH4OH solution (pH 8-9, =15 mL per mmol of S-(pyridin-2-yl) thioester) and diethyl ether
(=30 mL per mmol of S-(pyridin-2-yl) thioester) was added to the mixture. The two-phase
system was stirred vigorously, open to the atmosphere, until the aqueous layer was deep blue
and an orange precipitate was present. The solid was removed by filtration of the mixture
through a plug of glass wool in a funnel. The layers of the filtrate were separated and the
aqueous portion was extracted with diethyl ether (2 X =10 mL per mmol of S-(pyridin-2-yl)
thioester). The combined organic extracts were washed with water (2 X =10 mL per mmol of
S-(pyridin-2-yl) thioester) and brine (=10 mL per mmol of S-(pyﬁdiﬁ-Z-yl) thioester), were
dried over anhydrous magnesium sulfate, and then were filtered and concentrated under

reduced pressure. The crude oil thus acquired was subjected to flash chromatography to

provide the desired acyltrimethylgermane.
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3.3.4.1.1 Synthesis of Decanoyltrimethylgermane (170)

)
/\/\/\/\)LGeMes

170

Following general procedure 7, to a cold (=78 °C) stirred solution of Me;GeCusMe,S
(168) (1.28 mmol, 1.47 equiv) in dry THF (7.5 mL total) was added a solution of S-(pyridin-
2-yl) decanethioate (210) (232 mg, 0.87 mmol, 1 equiv) in dry THF (1 mL) via a cannula.
The crude oil obtained was subjected to flash chromatography (10 g TLC grade silica gel,
24:1 then 2:1 petroleum ether—diethyl ether) to afford two fractions which were concentrated
under reduced pressure. The first fraction to be eluted was distilled to afford 153 mg (64%)
of the title compound as a light yellow oil. The spectral data were identical with those
reported above (section 3.3.2.3.1. p 225). The second compound to be eluted afforded 23 mg

(10%) of unreacted S-(pyridin-2-yl) decanethioate (210).

3.3.4.1.2 Synthesis of ((4-Methoxybenzyl)oxy)acetyltrimethylgermane (180)

O\/U\GeMe:,

180
Following general procedure 7, to a cold (78 °C) stirred solution of Me;GeCusMe,S
(168) (0.80 mmol, 1.5 equiv) in dry THF (4.3 mL total) was added a solution of S-(pyridin-2-
yl) ((4-methoxybenzyl)oxy)ethanethioate (212) (156 mg, 0.54 mmol, 1 equiv) in dry THF (1
mL) via a cannula. The crude oil obtained was subjected to flash chromatography (10 g TLC

grade silica gel, 17:3 petroleum ether—diethyl ether) and distilled to afford 89 mg (62%) of the
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title compound as a light yellow oil. The spectral data were identical with those reported

above (section 3.3.2.3.4, p 228).

3.3.4.1.3 Synthesis of 3-Chloropropanoyltrimethylgermane (183)

O

CI/\/U\GeMe3

, 183

Following general procedure 7, to a cold (-78 °C) stirred solution of Me;GeCusMe,S
(168) (0.80 mmol, 1.5 equiv) in dry THF (4.3 mL total) was added a solution of S-(pyridin-2-
yl) 3-chloropropanethioate (213) (107 mg, 0.54 mmol, 1 equiv) in dry THF (1 mL) via a
cannula. The reaction mixture was stirred at —78 °C for 3 h, then was poured into a stirred
aqueous NH,CI-NH,OH solution (pH 8-9, 12 mL). The dried organic extracts were
concentrated via distillation at atmospheric pressure. The crude oil obtained was subjected to
flash chromatography (10 g TLC grade silica gel, gradient elution from 32:1 to 17:3

petroleum ether—diethyl ether) to afford 26 mg (23%) of the title compound as a light yellow

oil. Spectral data were identical with those reported above (section 3.3.2.3.7(a), p 235).
3.3.4.1.4 Attempt at Synthesizing Pent-4-ynoyltrimethylgermane (185)

O
///\/U\GeMes

185
A cold (-78 °C) stirred solution of Me;GeCusMe,S (168) (0.50 mmol, 1 equiv) in dry

THF (5 mL total), prepared via the “inverse” addition method (section 3.3.2.2(b), p 223), was

transferred via a cannula, to a cold (<78 °C) stirred solution of S-(pyridin-2-yl) pent-4-yne-
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thioate (211) (192 mg, 1.00 mmol, 2.00 equiv) in dry THF (5 mL). The flask that initially
contained the Me;GeCu*Me,S (168) was rinsed with dry THF (2 X >1 mL), and the rinses were
transferred via a cannula to the solution of S-(pyridin-2-yl) pent-4-ynethioate (211). The
reaction mixture was stirred at —78 °C for 3 h, then was poured into a stirred aqueous NH4Cl-
NH,4OH solution (pH 8-9, 10 mL) and diethyl ether (20 mL) was added to the mixture. The
heterogeneous mixture was stirred vigorously, open to the atmosphere, until the aqueous layer
was deep blue. The yellow precipitate was removed by filtration of the mixture through a
plug of glass wool in a funnel. The layers of the filtrate were separated and the aqueous
portion was extracted with diethyl ether (2 X 10 mL). The combined organic extracts were
washed with water (2 X 5 mL) and brine (5 mL), were dried over anhydrous magnesium
sulfate and were filtered and concentrated under reduced pressure. The crude oil thus
obtained was subjected to flash chromatography (7.5 g TLC grade silica gel, 32:1 petroleum
ether—diethyl ether, then 1:1 petroleum ether—ethyl acetate and finally ethyl acetate) to afford
5 fractions which were concentrated under reduced pressure. The first fraction to be eluted
afforded 26 mg of 5-(but-3-yn-1-yl)-4-(bis(trimethylgermyl)methyl)pent-4-eno-5-lactone
(205). Spectral data were identical with those reported above (3.3.2.3.9(b), p 241). The next
two fractions to be eluted afforded only trace amounts of unidentified compounds. The fourth
fraction to be eluted afforded 27 mg of 2,2-disulfanediyldipyridine. The fifth fraction to be
eluted afforded 29 mg of a mixture of compounds. 'H NMR spectroscopy analysis suggested
that the major component (=50%) was 4-trimethylgermylpent-4-enamide (198). Spectral data

were identical with those reported above (3.3.2.3.9, p 241).
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3.3.5 SYNTHESIS OF 2-TRIMETHYLGERMYLALK-1-ENES VIA WITTIG

OLEFINATION OF ACYLTRIMETHYLGERMANES

3.3.5.1 GENERAL PROCEDURE 8: PREPARATION OF THE 2-TRIMETHYLGERMYLALK-1-ENES

To a stirred suspension of methyltriphenylphosphonium bromide (1.25-2.60 equiv) in
dry solvent (0.07-0.2 M).v‘vas added a solution of n-BuLi in hexanes (1.20-2.50 equiv) via a
sytinge. The yellow mixture was stirred for 20—30 min, then a solution of the appropriate
acyltrimethylgermane (1 equiv) in dry solvent Wés added, via a cannula, to generate a final
concentration .04—0.1 M of the aéyltrimethylgermane. The reaction mixture was stirred for
15-20 min then was treated with anhydrous methanol (2-3 drops). Petroleum ether or diethyl
ether (=30 mL per mmol of acyltrimethylgermane) was added. The precipitate formed was
removed by filtration of the mixture through Celite and the collected material was washed
with petroleum ether or diethyl ether (=20. mL per mmol of acyltrimethylgermane). The
filtrate was concentrated under reduced pressure and the crude oil thus acquired was flash
chromatographed and the derived oil was distilled to afford the desired 2-trimethylgermylalk-

1-ene as a clear colorless oil.

3.3.5.1.1 Synthesis of 2-Trimethylgermylundec-1-ene (214)

214

Following general procedure 8§, to a cold (0 °C) stirred suspension of methyltriphenyl-

phosphonium bromide (873 mg, 2.44 mmol, 1.25 equiv) in dry THF (15 mL) was added a
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solution of n-BuLi (1.60 M in hexanes, 1.47 mL, 2.35 mmol, 1.20 equiv). The mixture was
stirred at 0 °C for 10 min, then was warmed to rt and was allowed to stir for an additional 20
min. A solution of decanoyltrimethylgermane (170) (534 mg, 1.95 mmol, 1 eéuiv) in dry THF
(5 mL) was added via a cannula. The reaction mixture was stirred at rt for 20 min. The crude
oil acquired was subjected to flash chromatography (50 g silica gel, 49:1 petroieum ether—
diethyl ether) and the derived oil was distilled (80-90 °C/0.1 Torr) to afford 476 mg (90%) of

the title compound as a clear colorless oil.

'"H NMR (400 MHz, CDCl,): § 5.48 (d, 1H, J = 2.8 Hz, vinylic proton trans to -Ge(CHs)s),
5.14 (d, 1H, J = 2.8 Hz, vinylic proton cis to -Ge(CH3)3), 2.16 (t, 2H, J = 7.6 Hz,
-CH,C(=CH,)-), 1.44-1.16 (m, 14H), 0.86 (t, 3H, J = 7.0 Hz, -CH,CH,), 0.19 (s,
9H, -Ge(CHa)s). |

BC NMR (75 4 MHz, CDCL): § 154.5 (-C(=CH,)-), 121.2 (-C(=CH,)-), 37.5, 31.9, 29.64,
29.57,29.43,29.37,29.0, 22.7, 14.1 (-CH,CH3,), —1.8 (-Ge(CHs)5).

IR (film): 3047, 2926, 1604, 1466, 1236, 916, 824, 759, 599 cm ™.

HRMS for C13Hy; *Ge (M — CH3)*: caled 257.1325, found 257.1329.

Anal. calcd for Ci4H30Ge: C 62.05, H 11.16; found: C 62.27, H 11.26.

3.3.5.1.2 Synthesis of 2-Trimethylgermyl-6-trimethylsilylhex-5-yn-1-ene (215)

// GeMe,
215

- Following general procedure 8, to a stirred suspension of methyltriphenylphosphonium




259

bromide (435 mg, 1.22 mmol, 1.63 equiv) in dry benzene (9 mL) at rt was added a solution of
n-BuLi (1.59 M in hexanes, 0.74 mL, 1.2 mmol, 1.6 equiv). The mixture was stirred at rt for
30 min. A solution of S5-trimethylsilylpent-4-ynoyltrimethylgermane (114) (203 mg, 0.75
mmol, 1 equi{/) in dry benzene (2 mL) was added via a cannula. The reaction mixture was
stirred at rt for 20 min. The crude oil aC(juired was subjected to flash chromatography (38 g
silica gel, petroleum ether) and the derived oil was distilled (135-145 °C/11 Torr) to afford

173 mg (86%) of the title compound as a clear colorless oil.

'"H NMR (400 MHz, CDCL): § 5.52 (d, 1H, J = 2.0 Hz, vinylic proton trans to -Ge(CHs)3),
5.21 (d, 1H, J = 2.0 Hz, vinylic proton cis to -Ge(CH3)3), 2.42-2.27 (m; 4H,
-CH,CHy-), 0.20 (s, 9H, -Ge(CHs)s), 0.12 (s, 9H, -Si(CHz3)s3).

BC NMR (75.4 MHz, CDCL): 8 152.1 (-C(=CH,)-), 122.2 (-C(=CH,)-), 107.1
(-C=CSi(CH3)3), 84.7 (-C=CSi(CHzs)3), 35.9 (-CH,C(=CH)-), 19.6 (-CH,C=C-),
0.2 (-Si(CH3)3), —2.0 (-Ge(CHa)s).

IR (film): 3050, 2964, 2177, 1609, 1411, 1250, 921, 843, 760, 600 cm™".

HRMS for C11H: *Ge?®Si (M — CH5)™: caled 255.0624, found 255.0629.

Anal. calcd for C,H,4GeSi: C 53.58, H 8.99; found: C 53.30, H 8.95.
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3.3.5.1.3 Synthesis of 1-((4-Methoxybenzyl)oxy)-2-trimethylgermylprop-2-ene (216) and 2-

Trimethylgermylprop-2-en-1-ol (219)
o mo
GeMe; GeMe,
216 219

a) 1-((4-Methoxybenzyl)oxy)-2-trimethylgermylprop-2-ene (216)

Following general procedure 8, to a cold (0 °C) stirred suspension of methyltriphenyl-
phosphonium bromide (709 mg, 1.98 mmol, 1.25 equiv) in dry THF (10 mL) was added a
solution of »n-BuLi (1.60 M in hexanes, 1.19 mL, 1.90 mmol, 1.20 equiv). The mixture was
stirred at O °C for 10 min, then was warmed to rt and was allowed to stir for an additional 10
min. A solution of ((4-methoxybenzyl)oxy)acetyltrimethylgermane (180) (472 mg, 1.59
mmol, 1 equiv) in dry THF (6 mL) was added via a cannula. The reaction mixture was stirred
at rt for 15 min. The crude oil acquired was subjected to flash chromatography (25 g TLC
grade silica gel, 23:4 petroleum ether—diethyl ether) and the derived oil was distilled (88-98
°C/0.007 Torr) to afford 429 mg (91%) of 1-((4-methoxybenzyl)oxy)-2-trimethylgermylprop-

2-ene (216) as a clear colorless oil.

"H NMR (400 MHz, CDCly): § 7.25 (d,. 2H, J=8.8 Hz), 6.86 (d, 2H, J = 8.8 Hz), 5.74 (dt,
1H, J=2.6 and 1.4 Hz), 5.32 (dt, 1H, J= 2.6 and 1.4 Hz), 4.40 (s, 2H,
-C¢HsCH,0-), 4.11 (t, 2H, J = 1.4 Hz, -CH,C(=CH,)-), 3.79 (s, 3H, -OCHs), 0.22
(s, 9H, -Ge(CHz)3).

"C NMR (75.4 MHz, CDCL): § 159.0, 150.8 (-C(=CH,)-), 130.5, 129.2, 122.9 (-C(=CH,)-),
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113.6, 74.7, 71.6, 55.2 (-OCH3), -2.0 (-Ge(CHs)3).
IR (film): 1614, 1515, 1250, 1088, 1039, 824, 602 cm .
HRMS for C14H,, *GeO,: calcd 296.0832, found 296.0838.

Anal. calcd for C14H,,GeO,: C 57.02, H 7.52; found: C 56.80, H 7.65.

b) 2-Trimethylgermylprop-2-en-1-ol (219)

To a stirred solution of 1-((4-methoxybenzyl)oxy)-2-trimethylgermylprop-2-ene (216)
(52 mg, 18 mmol, 1 equiv) in a CH,Cl,-water (18:1, 2.11 mL total) mixture was added
DDQ” (44 mg, 19 mmol, 1.1 equiv; this reaction was not performed under an atmosphere of
argon). The brown—green reaction mixture was stirred at rt for 40 min. The solids were
removed by filtration of the mixture through Celite and the collected material was washed
with CH,Cl, (5 mL). The filtrate was concentrated under reduced pressure. The crude oil
thus acquired was subjected to ﬂash chromatography (5 g TLC grade silica gel, 9:1 CH,Cl,—
diethyl ether) to afford 23 mg (75%) of 2-trimethylgermylprop-2-en-1-ol (219)'* as a clear

colorless oil.

'H NMR (400 MHz, CDCl): & 5.73 (d, 1H, J = 2.2 Hz, vinylic proton trans to -Ge(CHs)s),
5.28 (d, 1H, J = 2.2 Hz, vinylic proton cis to -Ge(CHs)3), 4.28 (s, 2H, -CH,OH),
1.32 (br s, 1H, exchanges with D,0, -OH), 0.22 (s, 9H, -Ge(CHs)3).

C NMR (75.4 MHz, CDCLy): § 153.1 (-C(=CH,)-), 120.1 (-C(=CH,)-), 66.7 (-CHy-), —2.2
(-Ge(CHas)3).

IR (film): 3306, 827 cm™.

HRMS for CsHy;*GeO (M — CH;)™: caled 161.0022, found 161.0028.
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Anal. calcd for C¢H14GeO: C 41.24, H 8.07; found: C 41.30, H 8.13.

3.3.5.1.4 Synthesis of 6-Chloro-2-trimethylgermylhex-1-ene (217)

CI/\/\)L GeMe,

217

Following general procedure 8, to a cold (0 °C) stirred suspension of methyltriphenyl-
phosphonium bromide (625 mg, 1.75 mmol, 1.25 equiv) in dry diethyl ether (25 mL) was
added a solution of n-BuLi (1.60 M in hexanes, 1.05 mL, 1.68 mmol, 1.20 equiv). The
mixture was stirred at 0 °C for 10 min, then was warmed to rt and was allowed to stir for an
additional 20 min. After the yellow mixture had been cooled to 0 °C, a solution of 5-chloro-
pentanoyltrimethylgermane (182) (332 mg, 1.40 mmol, 1 equiv) in dry diethyl ether (6 mL)
was added via a cannula. The reaction mixture was stirred at O °C for 15 min. The crude oil
acquired was subjected to flash chromatography (38 g silica gel, petroleum ether) and the
derived oil was distilled (115-125 °C/9 Torr) to afford 278 mg (84%) of the title compound

as a clear colorless oil.

"H NMR (400 MHz, CDCly): § 5.50 (d, 1H, J = 2.4 Hz, vinylic proton trans to -Ge(CHs)s3),
5.18 (d, 1H, J = 2.4 Hz, vinylic proton cis to -Ge(CH3)3), 3.52 (t, 2H, J = 6.8 Hz,
-CH,Cl), 2.20 (t, 2H, J = 7.6 Hz, -CH,C(=CH)-), 1.76 (quintuplet, 2H, J = 6.8
Hz, -CH,CH,Cl), 1.58-1.50 (m, 2H, -CH,CH,C(=CH,)-), 0.20 (s, 9H, -Ge(CHz3)s).

BC NMR (75.4 MHz, CDCl): § 153.4 (-C(=CH,)-), 121.9 (-C(:QHz)-), 44.9,36.5,32.2,

26.0, —1.9 (-Ge(CHzs)3).

IR (film): 3047, 2943, 1605, 1413, 1236, 918, 825, 599 cm™.
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HRMS for CsHi6C1*Ge (M — CH,)*: caled 221.0152, found 221.0145.

Anal. calcd for CoH;oClGe: C 45.94, H 8.14; found: C 45.90, H 8.24.

3.3.5.1.5 Synthesis of 2,7-bis(Trimethylgermyl)octa-1,7-diene (218)

MesGe
3 GeMe;

218

Following general procedure 8, to a stirred suspension of methyltriphenylphosphonium
bromide (1.17 g, 3.28 mmol, 2.60 equiv) in dry benzene (26 mL) at rt was added a solution of
n-BuLi (1.59 M in hexanes, 1.98 mL, 3.15 mmol, 2.50 equiv). The mixture was stirred at rt
for 30 min. A solution of hexanedioylbis(trimethylgermane) (184) (438 mg, 1.26 mmol, 1
equiv) in dry benzene (6 mL) was added via a cannula. The reaction mixture was stirred at rt
for 15 min. The crude oil acquired was subjected to flash chromatography (50 g silica gel,
petroleum ether) and the derived oil was- distilled (70-80 °C/0.3 Torr) to afford 368 mg

(85%) of the title compound as a clear colorless oil.

'H NMR (400 MHz, CDCls): 6 5.49 (d, 2H, J = 2.6 Hz, 2 X vinylic proton trans to
-Ge(CHs)s), 5.15 (d, 2H, J = 2.6 Hz, 2 x vinylic proton cis to -Ge(CHs)3), 2.18 (m,
4H, 2 x -CH,C(=CHy)-), 1.39 (m, 4H, 2 x -CH,CH,C(=CHy)-), 0.19 (s, 18H, 2 x
-Ge(CHs)s).

“C NMR (75.4 MHz, CDCL): § 154.2 (C(=CHy)), 121.4 (C(=CH,)), 37.3, 28.7,-1.8

(-Ge(CHzs)3).

IR (film): 3047, 2928, 1605, 1236, 917, 824, 759, 599 cm™.




HRMS (DCI, isobutane) for C14Hs;*Ge *Ge (M + 1)*: calcd 345.0859, found 345.0867.

Anal. calcd for C14H30Ge,: C 48.94, H 8.80; found: C 49.20, H 8.98.

264
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3.4 CONJUGATE ADDITION OF (TRIMETHYLGERMYL)COPPER(I)-
DIMETHYL SULFIDE (168) AND LITHIUM (TRIMETHYLGERMYL)CUPRATES

222225 TO SELECTED UNSATURATED CARBONYL SYSTEMS
3.4.1 PREPARATION OF THE (TRIMETHYL‘GERMYL)CUPRATES 222-225

3.4.1.1 PREPARATION OF THE LITHIUM BIS(TRIMETHYLGERMYL)CUPRATE (222)

(MGsGG)gCULi
222

A cold (10 °C) solution of Mes;GeLi (149) (1.40 mmol, 1 equiv) in dry THF (0.6
mL), prepared as described above (section 3.3.2.1.1, p 221), was transferred via a cannula to
o a cold (78 °C) stirred suspension of CuBreMe;S (144 mg, 0.70 mmol, 0.50 equiv) in dry
THEF (9 mL). The flask that initially contained the Me3;GeLi solution was rinsed with dry THF
(2 x 1.2 mL) and the rinses were transferred via a cannula to the suspension of CuBreMe,S.
The suspension was stirred at —78 °C for 1 h to afford a clear golden solution. The reagent

222 was then ready to use.

3.4.1.2 PREPARATION OF THE LITHIUM (TRIMETHYLGERMYL)CYANOCUPRATE (223)

MesGeCu(CN)Li
223

A cold (-10 °C) solution of Me;GeLi (149) (1.52 mmol, 1 equiv) in dry THF (0.6
mL), prepared as described above (section 3.3.2.1.1, p 221), was transferred via a cannula to
a cold (-78 °C) stirred suspension of CuCN (136 mg, 1.52 mmol, 1 equiv) in dry THF (9

mL). The flask that initially contained the Me;GeLi solution was rinsed with dry THF (2 x
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1.2 mL) and the rinses were transferred via a cannula to the suspension of CuCN. The
suspension was stirred at —78 °C for 1 h to afford a yellow opaque solution. The reagent 223

was then ready to use.

3.4.1.3 PREPARATION OF THE DILITHIUM BIS(TRIMETHYLGERMYL)CYANOCUPRATE (224)

(MeaGe)2Cu(CN)Liz
224

A cold (10 °C) solution of Me;GeLi (149) (1.52 mmol, 1 equiv) in dry THF (0.6
mL), prepared as described above (section 3.3.2.1.1, p 221), was transferred via a cannula to
a cold (=78 °C) stirred suspension of CuCN (68 mg, 0.76 mmol, 0.50 equiv) in dry THF (9
mL). The flask that initially contained the Me;GeLi solution was rinsed with dry THF (2 X
1.2 mL) and the rinses were transferred via a cannula to the suspension of CuCN. The
suspension was stirred at —78 °C for 1 h to afford a clear colorless solution. The reagent 224

was then ready to use.

3.4.1.4 PREPARATION OF THE DILITHIUM METHYL(TRIMETHYLGERMYL)CYANOCUPRATE (225)

MesGe(Me)Cu(CN)Li.
225

To a cold (10 °C) stirred solution of Me;GeLi (149). (1.43 mmol, 1 equiv) in dry
THF (0.6 mL), prepared as described above (section 3.3.2.1.1, p 221), was added a solution
of MeLi (1.37 M in diethyl ether, 1.04 mL, 1.43 mmol, 1 equiv). This solution was
transferred via a cannula to a cold (78 °C) stirred suspension of CuCN (128 mg, 1.43 mmol,

1 equiv) in dry THF (9 mL). The flask that initially contained the Me;GeLi solution was

rinsed with dry THF (2 X 1.2 mL) and the rinses were transferred via a cannula to the
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suspension of CuCN. The suspension was stirred at —78 °C for 1 h to afford a clear colorless

solution. The reagent 225 was then ready to use.




268

3.4.2 ADDITION OF (TRIMETHYLGERMYL)COPPER(I)-DIMETHYL SULFIDE

(168) AND (TRIMETHYLGERMYL)CUPRATES 222-225 TO CYCLIC ENONES

3.4.2.1 GENERAL PROCEDURE 9: SYNTHESIS OF 3-TRIMETHYLGERMYLCYCLOHEXANONE

(229) FROM CYCLOHEX-2-EN-1-ONE (226)

O

GeMe3
229

To a cold (78 °C) stirred solution of the appropriate (trimethylgermyl)copper(I)
reagent (0.65-1.3 equiv) in dry THF was added a solution of cyclohex-2-en-1-one (226) (1
equiv) in dry THF to generate a final concentration of =0.08 M of the enone. The resulting
mixture was stirred at —78 °C for 0.5 h, then was poured into stirred aqueous NH,CI-NH,OH
(pH 8-9, =20 mL per mmol of enone) and diethyl ether (=40 mL per mmol of enone) was
added to the mixture. The heterogeneous mixture was stirred vigorously, open to the
atmosphere, until the aqueous layer was deep blue. The layers were separated and the
aqueous portion was extracted with diethyl ether (2 X =10 mL per mmol of enone). The
combined organic extracts were washed with water (2 X =10 mL per mmol of enone) and
brine (=10 mL per mmol of enone), were dried over anhydrous magnesium sulfate, and then
were filtered and concentrated under reduced pressure. The crude oil acquired was subjected
to flash chromatography and the resultant oil was distilled (150-160 °C/12 Torr) to afford the

title compound as a clear colorless oil.
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'H NMR (400 MHz, CDCL): § 2.41-2.24 (m, 3H), 2.20-2.10 (m, 2H), 1.86-1.78 (m, 1H),
1.71 (ddddd, 1H, J = 12.8, 12.8, 12.8, 5.0 and 3.8 Hz), 1.46 (dddd, 1H, J = 12.8,
12.8, 12.8 and 3.6 Hz), 1.30 (dddd, 1H, J = 13.6, 12.8, 3.4 and 3.4 Hz), 0.10 (s,
9H, -Ge(CHa)s).

“C NMR (75.4 MHz, CDCl): 8- 212.5 (-CO-), 43.6, 41.9, 29.7, 28.6 (-CH(Ge(CHs)s)-),
27.0, -4.5 (-Ge(CHa)s).

IR (film): 1713, 1228, 823, 600 cm ™.

HRMS for CoHis"*GeO: caled 216.0569, found 216.0565.

Anal. calcd for CsHysGeO: C 50.32, H 8.45; found: C 50.30, H 8.30.

3.4.2.1.1 Preparation of 3-Trimethylgermylcyclohexanone (229) Using (Trimethylgermyl)-

copper(I)-Dimethyl Sulfide (168)

GeMe,
229

Following general procedure 9, to a cold (78 °C) stirred solution of Me;GeCusMe,S
(168) (1.48 mmol, 1.30 equiv) in dry THF (12.1 mL), prepared as described above (section
3.3.2.2, p 223), was added a solution of cyclohex-2-en-1-one (226) (109 mg, 1.14 mmol, 1
equiv) in dry THF (2.5 mL). The black mixture was stirred at —78 °C for 0.5 h. The crude oil
acquired was subjected to flash chromatography (13 g silica gel, 9:1 petroleum ether—diethyl

ether) and the resultant liquid was distilled to afford 189 mg (77%) of 3-trimethylgermylcyclo-

hexanone (229). The spectral data were identical with those reported above.
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3.4.2.1.2 Preparation of 3-Trimethylgermylcyclohexanone (229) Using Lithium Bis-

(trimethylgermyl)cuprate (222)

GeMe;
229

Following general procedure 9, to a cold (=78 °C) stirred solution of (MesGe),Culi
(222) (0.76 mmol, 0.65 equiv) in dry THF (12.1 mL), prepared as described above (section
3.4.1.1, p 265), was added a solution of cyclohex-2-en-1-one (226) (104 mg, 1.08 mmol, 1
equiv) in dry THF (2.5 mL). The black mixture was stirred at —78 °C for 0.5 h. The crude oil
acquired was subjected to flash chromatography (11 g silica gel, 17:3 petroleum ether—diethyl
ether) and the derived oil was distilled to afford 198 mg (86%) of 3-trimethylgermyl-

cyclohexanone (229). The spectral data were identical with those reported above.

3.4.2.1.3 Preparation of 3-Trimethylgermylcyclohexanone (229) Using Lithium (Trimethyl-

germyl)cyanocuprate (223)

GeMey
229

Following general procedure 9, to a cold (-78 °C) stirred solution of Me;GeCu(CN)Li

(223) (1.52 mmol, 1.30 equiv) in dry THF (12.1 mL), prepared as described above (section

3.4.1.2, p 265), was added a solution of cyclohex-2-en-1-one (226) (113 mg, 1.17 mmol, 1
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equiv) in dry THF (2.5 mL). The orange mixture was stirred at —78 °C for 0.5 h. The crude
oil acquired was subjected to flash chromatography (10 g TLC grade silica gel, 17:3
petroleum ether—diethyl ether) and the resultant oil was distilled to afford 227 mg (90%) of 3-
trimethylgermylcyclohexanone (229). The spectral data were identical with those reported

above.

3.4.2.1.4 Preparation of 3-Trimethylgermylcyclohexanone (229) Using Dilithium Bis-

(trimethylgermyl)cyanocuprate (224)

GeMe;
229

Following general procedure 9, to a cold (=78 °C) stirred solution of
(Me;Ge),Cu(CN)Li; (224) (0.70 mmol, 0.65 equiv) in dry THF (12.1 mL), brepared as
described above (section 3.4.1.3, p 2665, was added a solution of cyclohex-2-en-1-one (226)
(113 mg, 1.17 mmol, 1 equiv) in dry THF (2.5 mL). The orange solution was stirred at —78
°C for 0.5 h. The crude oil acquired was subjected to flash chromatography (14 g silica gel,
17:3 petroleum ether—diethyl ether) and the derived oil was distilled to afford 213 mg (85%)

of 3-trimethylgermylcyclohexanone (229). The spectral data were identical with those

reported above.
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3.4.2.1.5 Preparation of 3-Trimethylgermylcyclohexanone (229) Using Dilithium Methyl-

(trimethylgermyl)cyanocuprate (225)

GeMe;
229

Following general procedure 9, to a cold (-78 °C) stirred solution of
Me:zGe(Me)Cu(CN)Li, (225) (1.43 mmol, 1.30 equiv) in dry THF (12.1 mL), prepared as
described above (section 3.4.1.4, p 266), was added a solution of cyclohex-2-en-1-one (226)
(106 mg, 1.10 mmol, 1 e(juiv) in dry THF (2.5 mL). The clear colorless solution was stirred
at =78 °C for 0.5 h. The crude oil acquired was subjected to flash chromatography (13 g
silica gel, 17:3 petroleum ether-diethyl ether) and the resultant liquid was distilled to afford
207 mg (87%) of 3-trimethylgermylcyclohexanone (229). The spectral data were identical

with those reported above.

3.4.2.2 ADDITION OF TRIMETHYLGERMYLLITHIUM (149) TO CYCLOHEX-2-EN-1-ONE (226)

3.4.2.2.1 Synthesis of 1-Trimethylgermylcyclohex-2-en-1-o0l (230)

HO_ GeMe;

230
A cold (-10 °C) stirred solution of Me;GeLi (149) (2.07 mmol, 1.30 equiv) in dry

THF (0.9 mL), prepared as described above (section 3.3.2.1.1, p 221), was transferred via a
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cannula to cold (78 °C) stirred dry THF (16 mL). The flask that initially contained the
Me;GeLi solution was rinsed with dry THF (2 X 1 mL) and the rinses were transferred via a
cannula to the cold (78 °C) stirred dry THF. After the solution had been stirred for 5 min, a
solution of cyclohex-2-en-1-one (226) (153 mg, 1.59 mmol, 1 equiv) in dry THF (2 mL) was
added via a cannula. The reaction mixture was stirred at =78 °C for 5 min, then was poured
into a stirred solution of NH,CI-NH,OH (pH 8-9, 20 mL) and diethyl ether (30 mL) was
added to the mixture. The layers were separated and the aqueous portion was extracted with
ethyl acetate (2 X 10 mL). The combined organic extracts were washed with water (2 x 10
mL) and brine (10 mL), were dried over anhydrous magnesium sulfate, and then were filtered
and concentrated under reduced pressure. The crude oil acquired was subjected to flash
chromatography (35 g TLC grade silica gel, 49:1 CH,Cl,—diethyl ether) to afford two
fractions which were concentrated under reduced pressure. The first fraction to be eluted
afforded 69 mg (20%) of 3-trimethylgermylcyclohexanone (229). The spectral data were
identical with those reported above (section 3.4.2.1, p 268). The second fraction to be eluted
was distilled (130-140 °C/9 Torr) to afford 202 mg (59%) of 1-trimethylgermylcyclohex-2-

en-1-o0l (230) as a clear colorless oil.

'H NMR (400 MHz, CDCl;): 6 5.75 (ddd, 1H, J=9.8, 3.8 and 3.0 Hz, -CH=CHCH,-), 5.69
(ddd, 1H,J=9.8, 1.4 and 1.4 Hz, -CH=CHCH2-), 2.08-1.98 (m, 1H), 1.94-1.72
(m, 3H), 1.68-1.50 (m, 2H), 1.27 (s, 1H, exchanges with D,0, -OH), 0.17 (s, 9H,
-Ge(CHs,)»).

C NMR (75.4 MHz, CDCLy): & 131.4 (vinylic carbon), 128.4 (vinylic carbon), 67.7 (tetra-

substituted carbon), 34.0, 25.0, 18.3, —4.6 (-Ge(CHz3)s).
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IR (film): 3435, 3016, 2932, 1234, 823, 737, 602 cm™".
HRMS for CoHis *GeO: caled 216.0569, found 216.0567.

Anal. calcd for CoH13GeO: C 50.32, H 8.45; found: C 50.36, H 8.52.

3.4.2.3 GENERAL PROCEDURE 10: SYNTHESIS OF (2R,3S,5S5)-, (25,3S5,55)- (2R,3R,5S5)- AND
(2S5,3R,55)-5-ISOPROPENYL-2-METHYL-3-TRIMETHYLGERMYLCYCLOHEXANONE (234)—(237)

FROM [-CARVONE (227)

O 0]
\‘\\ _.\\\\
GeMe, GeMe; “GeMe, “GeMe,

To a cold (78 °C) stirred solution of the appropriate (trimethylgermyl)copper(I)
reagent (1.3 equiv) in dry THF, was added chlorotrimethylsilane (1.3 equiv) via a syringe.
After the mixture had been stirred for 5 min, a solution of /-carvone (227) (1 equiv) in dry
THF was added via a cannula. The reaction mixture was stirred at =78 °C for 0.5 .h, then was
warmed to O °C over a 0.5 h period. The mixture was poured into stirred aqueous NH4Cl-
NH,OH (pH 8-9, =20 mL per mmol of enone) and diethyl ether (=20 mL per mmol of enone)
was added to the mixture. The heterogeneous mixture was stirred vigorously, open to the
atmosphere, until the aqueous layer_ was deep blue. The layers were separated and the
aqueous portion was extracted with diethyl ether (2 X =10 mL per mmol of enone). The
combined organic extracts were washed with water (2 X =10 mL per mmol of enone) and

brine (=10 mL per mmol of enone), were dried over anhydrous magnesium sulfate, and then

were filtered and concentrated under reduced pressure. The crude oil acquired was dissolved
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in THF (=0.07 M; this reaction was not performed under an atmosphere of argon) and 1 M
hydrochloricvacid (6 drops) was added. After the mixture had been stirred at rt for 1 h, diethyl
ether (=20 mL per mmol of enone) was added, the organic layer was dried over anhydrous
mégnesium sulfate, and then was filtered and concentrated under reduced pressure. The crude
oil obtained was subjected to flash chromatography and the derived oil was distilled to afford
a mixture of the four diastereomeric 5(S)-isopropenyl-2-methyl-3-trimethylgermylcyclo-

hexanones (234)—(237) as a clear colorless oil.

3.4.2.3.1 Isolation and Characterization of the Four Diastereomeric 5(S)-Isopropenyl-2-

methyl-3-trimethylgermylcyclohexanones (234)—(237)

a) Isolation and Characterization of (2R,3S,5S)-5-Isopropenyl-2-methyl-3-trimethylgermyl-

cyclohexanone (234)

Two samples (=100 mg each) of a mixture of the four diastereomeric 5(S)-
isopropenyl-2-methyl-3-trimethylgermylcyclohexanones were subjected to HPLC (silica
Partisil, 10 um; 22 mm X 250 mm column, 99:1 hexane—ethyl acetate, 9 mL/min, RI detector)
individually. These chromatographies resulted in a rough separation to afford three fractions,
. which were concentrated under reduced pressure. The corresponding fractions of the two

samples were pooled, and the isolated amounts are derived from the pooled fractions. The
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first fraction to be eluted, fraction A (retention time 42-52 min), afforded 45 mg of an oil
which consisted of a mixture of two components (compounds 237 and 235). Thev second
fraction to be eluted, fraction B (retention time 53-62 min) afforded 28 mg of an oil which
was mostly one component (compound 236). The third fraction to be eluted (retention time
65-78 min) afforded 28 mg of (2R,3S,5S)-5—is0pr0peny1—2-methy1—3-trimethylgéﬁnylcyclo—

hexanone (234) as a clear colorless oil.

"H NMR (400 MHz, CDCl3): § 4.75 (s, 1H, H-9a), 4.73 (s, 1H, H-9b), 2.55(qd, 1H,J=17.2
and 4.0 Hz, H-2), 2.50 (dd, 1H, J=13.0 and 13.0 Hz, H-6a), 2.42-2.32 (m, 1H,
H-5), 2.24 (ddd, 1H, J=13.0, 1.8 and 1.8 Hz, H-6b), 1.77-1.60 (m, 5H, H-4a, H-
4b and -CH3-10), 1.39 (ddd, 1H, J = 13.4, 4.0 and 3.8 Hz, H-3), 1.12 (d, 3H, J =
7.2 Hz, -CHs-7), 0.15 (s, 9H, -Ge(CHz3)3).

Detailed '"H NMR data, derived from COSY and NOE difference experiments, are given in
Table 23.

“C NMR (75.4 MHz, CDCl): § 215.5 (-CO-), 147.7 (-C(=CHy)-), 109.6 (-C(=CH,)-), 49.8,
46.3, 42.4 (secondary carbon), 32.2, 26.8 (secondary carbon), 20.5, 14.7, -2.7
(-Ge(CHs)s).

IR (film): 3083, 2970, 1708, 1645, 1237, 891, 824, 599 cm™.

HRMS for C;3Hys *GeO: calcd 270.1039, found 270.1041.




Table 23: 'H NMR Data from 'H-"H Homonuclear Correlation Spectroscopy and Nuclear
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Overhauser Enhancement Difference Experiments for (2R,3S,55)-5-Isopropenyl-2-methyl-3-

trimethylgermylcyclohexan-1-one (234)

Assignments '"H NMR* COSY Observed
H-x o ppm (mult, J (Hz)) Correlations NOEs
H-9a 475 (s) -CH;-10
H-9b 4.73 (s) -CH;-10
H-2 2.55 (qd, 7.2, 4.0) H-3, -CH;-7
H-6a 2.50 (dd, 13.0, 13.0) | H-5, H-6b
H-5° 2.42-2.32 (m) H-4a, H-4b, H-6a, H-3, H-4b, H-9b
H-6b :
H-6b 2.24 (ddd, 13.0, 1.8, | H-4b, H-5, H-6a
1.8)
H-4a 1.77-1.66 part of H-3, H-4b, H-5
1.77-1.60 (m)
-CH;5-10 1.73 part of 1.77— H-9a, H-9b
1.60 (m)
H-4b 1.66—1.60 part of H-3, H-4a, H-5,
1.77-1.60 (m) H-6b
H-3° 1.39 (ddd, 13.4, 4.0, | H-2, H-4a, H-4b H-2, H-5
3.8)
-CH;-7* 1.12(d, 7.2) H-2 H-2, H-6a
-Ge(CH3)s* | 0.15 (s) H-2, H-3, H-4b,
-CH;-7

%400 MHz, CDCl,.
column,

® Irradiation of this signal generated the corresponding NOEs in the right hand
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b) Isolation and Characterization of (28,3R,55)- and (25,3S,55)-5-Isopropenyl-2-methyl-3-

trimethylgermylcyclohexanone (237) and (235)

9 235

Fraction A (45 mg) was subjected to reversed phase HPLC (C;s uBondapak, 10 pm; 8
mm X 100 mm column, 40:60 to 65:35 acetonitrile—water, 5% step increments/10 min, 1
mL/min, UV-vis detector A = 254 nm) in four approximately equal portions. The combined
first fractions to be eluted (retention time 56 min) were distilled (72—82 °C/0.007 Torr) to

afford 23 mg of (25,3R,55)-5-isopropenyl-2-methyl-3-trimethylgermylcyclohexanone (237).

"H NMR (400 MHz, CsDs): 8 4.73 (s, 2H, H-9a and H-9b), 2.43 (ddd, 1H, J = 13.6, 4.8 and
2.0 Hz, H-6a), 2.35-2.25 (m, 2H, H-2 and ﬁ-S), 2.07(dd, 1H,J=13.6 and 11.2
Hz, H-6b), 1.82 (dddd, 1H, J = 13.6, 5.2, 4.6 and 2.0 Hz, H-4a), 1.56-1.47 (m,
4H, H-4b and -CH,-10), 1.38 (ddd, 1H, J=6.2,4.6 and 4.6 Hz, H-3), 1.07 (d, 3H,
J=6.2 Hz, -CH;-7), 0.10 (s, 9H, -Ge(CHa)3).

Detailed 'H NMR data, derived from COSY: and NOE difference experiments, are given in
Table 24.

C NMR (75.4 MHz, CDCl): § 212.8 (-CO-), 147.3 (-C(=CH,)-), 110.3 (-C(=CH,)-), 47.8,
45.4 (secondary carbon), 44.6, 32.4 (secondary carbon), 32.2, 20.9, 14.9, -0.8

(-Ge(CHs)s3).

IR (film): 3075, 2972, 1713, 1646, 1238, 892, 826, 596 cm™.
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HRMS for Cy3H,4 *GeO: calcd 270.1039, found 270.1037.

Anal. calcd for C13H;4GeO: C 58.06, H 9.00; found: C 58.00, H 9.00.

Table 24: '"H NMR Data from 'H-'"H Homonuclear Correlation Spectroscopy and Nuclear
Overhauser Enhancement Difference Experiments for (25,3R,55)-5-Isopropenyl-2-methyl-3-

trimethylgermylcyclohexanone (237)

2 ‘\‘\\ 7

6
10 3
‘GeMe,
9 237
Assignments "H NMR* COSY Observed
H-x 0 ppm (mult, J (Hz)) Correlations NOEs
H-9a and 4.73 (s) -CH;-10
H-9b
H-6a 2.43 (ddd, 13.6, 4.8, | H-4a, H-5, H-6b
2.0)
H-2 and H-5 | 2.35-2.25 (m) H-3, H-4a, H-4b,
H-6a, H-6b, -CH;-7
H-6b" 2.07 (dd, 13.6, 11.2) | H-5, H-6a H-2, H-6a, H-9,
-CH;-10
H-4a 1.82 (dddd, 13.6, 5.2, | H-3, H-4b, H-5,
4.6,2.0) H-6a
H-4b and 1.56-1.47 (m) H-3, H-4a, H-5,
-CH;-10 H-9a, H-9b
H-3° 1.38 (ddd, 6.2, 4.6, | H-2, H-4a, H-4b H-2, H-4a
4.6) |
-CH;-7° 1.07 d, 6.2) H-2 H-2, H-3, -Ge(CHs)s
-Ge(CHs)s? | 0.10 (s) H-3, H-4a, H-5,
-CH;-7

“ 400 MHz, C¢Ds. ° Irradiation of this signal generated the corresponding NOEs in the right hand
column.
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The combined second fractions to be eluted (retention time 59 min) afforded 9.8 mg of

(28,38,58)-5-isopropenyl-2-methyl-3-trimethylgermylcyclohexanone (235).

'H NMR (400 MHz, C¢D¢): 8 4.69 (d, 1H, J = 1.4 Hz, H-9a), 4.64 (4, 1H, J = 1.4 Hz, H-9b),
2.48 (ddd, 1H, J =124, 3.5 and 2.4 Hz, H-6a), 2.21-2.11 (m, 1H, H-5), 1.97 (dd,
1H, J=13.2 and 12.4 Hz, H-6b), 1.92 (dq, 1H, J = 13.2 and 6.6 Hz, H-2), 1.69
(dddd, 1H, J = 13.2, 3.2, 3.2 and 2.4 Hz, H-4a), 1.50 (s, 3H, -CH;-10), 1.22 (ddd,
1H, J=13.2,13.2 and 11.8 Hz, H—4bj, 1.08 (d, 3H, J = 6.6 Hz, -CH3—7); 0.77
(ddd, 1H, J=13.2, 13.2 and 3.2 Hz, H-3), 0.04 (s, 9H, -Ge(CHa)3).

Detailed '"H NMR data, derived from COSY and NOE difference experiments, are given in
Table 25.

C NMR (75.4 MHz, C¢Ds): §210.4 (-CO-), 147.9 (-C(=CH,)-), 109.6 (-C(=CH,)-), 49.5,
46.75 (secondary carbon), 46.70, 35.2, 34.0 (secondary carbon), 20.4, 14.7, -2.4
(-Ge(CHa)s).

IR (film): 3080, 2972, 1713, 1645, 1237, 891, 824, 597 cm™.

HRMS for C13Hy4*GeO: caled 270.1039, found 270.1043.




Table 25: 'H NMR Data from 'H-'"H Homonuclear Correlation Spectroscopy and Nuclear
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Overhauser Enhancement Difference Experiments for (25,3S5,55)-5-Isopropenyl-2-methyl-3-

trimethylgermylcyclohexanone (235)

Assignments '"H NMR* COSY Observed
H-x d ppm (mult, J (Hz)) Correlations NOEs

H-9a 4.69 (d, 1.4) -CH;-10

"H-9b 4.64 (d, 1.4) -CHs-10

H-6a 2.48 (ddd, 12.4, 3.5, | H-4a, H-5, H-6b
2.4)

H-5° 2.21-2.11 (m) H-4a, H-4b, H-6a, H-3, H-4a, H-6a,

H-6b H-9b, -CH;-10

H-6b 1.97 (dd, 13.2, 12.4) | H-5, H-6a

H-2 1.92 (dq, 13.2,6.6) | H-3, -CH;-7

H-4a 1.69 (dddd, 13.2, 3.2, | H-3, H-4b, H-5,
3.2,2.4) H-6a

-CH5-10 1.50 (s) H-9a, H-9b

H-4b” 1.22 (ddd, 13.2, 13.2, | H-3, H-4a, H-5 H-2, H-4a, H-6b
11.8)

-CH;-7° 1.08 (d, 6.6) H-2 H-2, H-3, neg. H-6b,°

' -Ge(CHs)s

H-3° 0.77 (ddd, 13.2, 13.2, | H-2, H-4a, H-4b H-4a, H-5, -CH5-7
3.2)

-Ge(CH3)s* | 0.04 (s) H-2, H-3, H-4a,

H-4b, -CH;-7

“ 400 MHz, C¢Ds. ° Irradiation of this signal generated the corresponding NOEs in the right hand
column. ° This signal appeared negative as a result of a possible relay NOE from H-2.
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¢) Isolation and Characterization of (2R,3R,55)-5-Isopropenyl-2-methyl-3-trimethylgermyl-

cyclohexanone (236)

° 236

Fraction B (28 mg) from the initial chromatography was resubjected to HPLC under
identical conditions (silica Partisil, 10 pm; 22 mm X 250 mm column, 99:1 hexane—ethyl
acetate, 9 mL/min, RI detector) and the acquired liquid was distilled (60-70 °C/0.007 Torr)
to afford 8.2 mg of (2R,3R,55)-5-isopropenyl-2-methyl-3-trimethylgermylcyclohexanone

(236).

"H NMR (400 MHz, C¢Ds): 8 4.94 (s, 1H, ﬁ-Qa), 4.86 (s, 1H, H-9b), 2.58 (ddd, 1H,
J=142, 4.4 and 2.0 Hz, H-6a), 2.41-2.34 (m, 1H, H-5), 2.11 (dd, 1H, J = 14.2
and 6.0 Hz, H-6b), 2.01 (dq, 1H, J = 11.0 and 6.8 Hz, H-2), 1.69 (dddd, 1H,
J=13.8, 4.6, 3.6 and 2.0 Hz, H-4a), 1.50 (s, 3H, -CH5-10), 1.38 (ddd, 1H,
J=13.8, 11.0 and 4.6 Hz, H-4b), 1.12. (ddd, 1H, J = 11.0, 11.0 and 3.6 Hz, H-3),
1.07 (d, 3H, J = 6.8 Hz, -CH;-7), 0.05 (s, 9H, -Ge(CH,)3).

Detailed 'H NMR data, derived from COSY and NOE difference experiments, are given in
Table 26. |

C NMR (75.4 MHz, CsD¢): § 210.8 (-CO-), 146.5 (-C(=CH,)-), 112.9 (-C(=CH,)-), 47.2,

44.5 (secondary carbon), 44.0, 30.1, 29.9 (secondary carbon), 21.9, 15.6, -2.5

(-Ge(CHz)3).
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IR (filrh): 3080, 2971, 1708, 1645, 1451, 1237, 986, 824, 597 cm™.

HRMS for CysHy,*GeO: caled 270.1039, found 270.1031. |




Table 26: '"H NMR Data from 'H-"H Homonuclear Correlation Spectroscopy and Nuclear
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Overhauser Enhancement Difference Experiments for (2R,3R,5S5)-5-Isopropenyl-2-methyl-3-

trimethylgermylcyclohexanone (236)

10 %
‘GeMe;
° 236
Assignments "H NMR* COSY Observed
H-x d ppm (mult, J (Hz)) Correlations NOEs
H-9a" 4.94 (s) -CH;-10 H-3, H-5, H-6a
H-9b 4.86 (s) -CH;-10
H-6a 2.58 (ddd, 14.2, 4.4, | H-4a, H-5, H-6b
2.0)
H-5 2.41-2.34 (m) H-4a, H-4b, H-6a,
H-6b
H-6b 2.11(dd, 14.2,6.0) | H-5,H-6a
H-2 2.01 (dq, 11.0, 6.8) | H-3, -CH;-7
H-4a 1.69 (dddd, 13.8, 4.6, | H-3, H-4b, H-5,
3.6, 2.0) H-6a
-CH;-10 1.50 (s) H-9a, H-9b
H-4b° 1.38 (ddd, 13.8, 11.0, | H-3, H-4a, H-5 H-2, H-4a, H-5,
4.6) H-6b
H-3 1.12 (ddd, 11.0, 11.0, | H-2, H-4a, H-4b
3.6)
-CH;-7 1.07 (d, 6.8) H-2
-GC(CH3)3 0.05 (S)

“ 400 MHz, C¢Ds. ° Irradiation of this signal generated the corresponding NOEs in the right hand

column.



285

3.4.2.3.2 Preparation of the Diastereomeric Mixture of Four 5(S)-Isopropenyl-2-methyl-3-
trimethylgermylcyclohexanones (234)—(237) Using (Trimethylgermyl)copper(I)—Dimethyl

Sulfide (168)

eMe,

234-237

‘Following general procedure 10, to a cold (78 °C) stirred solution of Me;GeCusMe,S
(168) (1.43 mmol, 1.30 equiv) in dry THF (12.1 mL), prepared as described above (section
3.3.2.2, p 223), was added sequentially chlorotrimethylsilane (155 mg, 1.43 mmol, 1.30 equiv)
via a syringe and a solution of l-carvone (227) (165 mg, 1.10 mmol, 1 equiv) in dry THF (2.5
mL) via a cannula. The crude oil accjuired was subjected to flash chromatography (30 g TLC
grade silica gel, 9:1 pe;troleum ether—diethyl ether) and the derived oﬂ was distilled (95-105
°C/0.5 Torr) to afford 243 mg (82%) of the diastereomeric mixture of four 5(S)-isopropenyl-

2-methyl-3-trimethylgermylcyclohexanones (234)—(237). 'H NMR spectroscopic analysis

indicated a 2.4:1:3.4:1.5 ratio of the 2S5,3R:2R,3R:25,35:2R,3S diastereomers.
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3.4.2.3.3 Preparation of the Diastereomeric Mixture of Four 5(S)-Isopropenyl-2-methyl-3-
trimethylgermylcyclohexanones (234)—(237) Using Lithium (Trimethylgermyl)cyanocuprate

(223)

eMe;

234-237

Following general procedure 10, to a cold (-78 °C) stirred solution of
Me;GeCu(CN)Li (223) (1.39 mmol, 1.30 equiv) in dry THF (12.1 mL), prepared as described
above (section 3.4.1.2, p 265), was added sequentially chlorotrimethylsilane (151 mg, 1.39
mmol, 1.30 equiv) via a syringe and a solution of l-carvone (227) (161 mg, 1.07 mmol, 1
equiv) in dry THF (2.5 mL) via a cannula. The crude oil acquired was subjected to flash
chromatography (30 g TLC grade silica gel, 9:1 petroleum ether—diethyl ether) and the
derived oil was distilled (100-110 °C/0.1 Torr) to afford 230 mg (80%) of the diastereomeric
mixture of four 5(S)-isopropenyl-2-methyl-3-trimethylgermylcyclohexanones (234)-(237). 'H
NMR spectroscopic analysis indicated a 2.2:1:3.1:1.3 ratio of the 25,3R:2R,3R:2§,35:2R,3S

diastereomers.
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3.4.2.3.4 Preparation of the Diastereomeric Mixture of Four 5(S)-Isopropenyl-2-methyl-3-
trimethylgermylcyclohexanones (234)—(237) Using Dilithium Bis(trimethylgermyl)cyano-

cuprate (224)

eMe;

234-237

Following general procedure 10, to a cold (-78 °C) stirred solution of
(Me;Ge),Cu(CN)Li; (224) (0.69 mmol, 0.65 equiv) in dry THF (12.1 mL), prepared as
described above (section 3.4.1.3, p 266), was added sequentially chlorotrimethylsilane (150
mg, 1.38 mmol, 1.30 equiv) via a syringe and a solution of /-carvone (227) (160 mg, 1.06
mmol, 1 equiv) in dry THF (2.5 mL) via a cannula. The crude oil acquired was subjected to
flash chromatography (15 g TLC grade silica gel, 9:1 petroleum ether—diethyl ether) and the
resultant oil was distilled (98-108 °C/0.06 Torr) to afford 246 mg (86%) of the
diastereomeric mixture of four 5(S)-isopropenyl-2-methyl-3-trimethylgermylcyclohexanones

(234)-(237). 'H NMR spectroscopic analysis indicated a 3.9:1:2.5:1.1 ratio of the

25,3R:2R,3R:25,35:2R,3S diastereomers.
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3.4.2.3.5 Preparation of the Diastereomeric Mixture of Four'5(S)-Isopropenyl—2-methylf3-
trimethylgermylcyclohexanones (234)—(237) Using Dilithium Methyl(trimethylgermyl)cyano-

| cuprate (225)

eMe;

. 234-237

Following general procedure 10, to a cold ‘(—78 °C) stirred solution of
Me;Ge(Me)Cu(CN)Li, (225) (1.38 mmol, 1.30 equiv) in dry THF (12.1 mL), prepared as
described above (section 3.4.1.4, p 266), was added sequentially chlorotrimethylsilane (150
mg, 1.38 mmol, 1.30 equiv) via a syringe and a solution of /-carvone (227) (160 mg, 1.06
mmol, 1 equiv) in dry THF (2.5 mL) via a cannula. The crude oil acquired was subjected to
flash chromatography (15 g TLC grade silica gel, 9:1 petroleum ether—diethyl ether) and the
derived oil was distilled (95-105 °C/0.07 Torr) to afford 259 mg (90%) of the diastereomeric
mixture of four 5(S)-is0pr0peny1—2-methy1—3-tn'methylgermylcyclohexanones (234)-(237). 'H

NMR spectroscopic analysis indicated a 12:3.9:3.1:1 ratio of the 2§,3R:2R,3R:2§,35:2R,3§

diastereomers.
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3.4.2.4 GENERAL PROCEDURE 11: SYNTHESIS OF 3,5,5-TRIMETHYL-3-TRIMETHYLGERMYL-

CYCLOHEXANONE (238) FROM ISOPHORONE (228)

)

GeMe;
238

To a cold (-78 °C) stirred solution of the appropriate (trimethylgermyl)copper(I)
reagent (0.64—1.3 equiv) in dry THF was added a solution of isophorone (228) (1 equiv) in
dry THF via a cannula to generate a final concentration of =0.08 M of the isophorone (228).
The mixture was stirred at —78 °C, tﬂen was warmed to the indicated temperature and was
allowed to stir for an additional period of time. The mixture was poured into stirred aqueous
NH,Cl-NH,OH (pH >8—9, =20 mL per mmol of enone) and diethyl ether was added (=40 mL
per mmol of enone) to the mixture. The heterogeneous mixture was stirred vigorously, open
to the atmosphere, until the aqueous layer was deep blue. The layers were separated and the
aqueous portion was extracted with gdiethyl ether (2 X =10 mL per mmol of enone). The
combined organic extracts were washed with water (2 X =10 mL per mmol of enone) and
brine (=10 mL per mmol of enone), were dried over anhydrous magnesium sulfate, and then
were filtered and concentrated under reduced pressure. The crude oil acquired was subjected

to flash chromatography to afford the title compound as a clear colorless oil.

'"H NMR (400 MHz, CDCL): § 2.35 (d, 1H, J = 13.0 Hz), 2.23 (d, 1H, J = 13.0 Hz), 2.10

(ddd, 1H, J = 13.0, 2.0 and 2.0 Hz), 2.00 (ddd, 1H, 13.0, 2.0 and 2.0 Hz), 1.74 (d,

1H, J=13.0 Hz), 1.46 (ddd, 1H, J = 13.0, 2.0 and 2.0 Hz), 1.13 (s, 3H), 1.05 (s,
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3H), 1.02 (s, 3H), 0.10 (s, 9H, -Ge(CHa)s).

3C NMR (75.4 MHz, CDCL): & 213.0 (-CO-), 54.4, 47.8, 44.9, 39.1 (quaternary carbon),
34.2 (-CH;), 29.1 (-CHj3), 28.4 (quaternary carbon), 22.7 (-CH3), -5.6
(-Ge(CHa)s).

IR (ﬁlml)‘: 1713, 1273, 1238, 823, 597 cm™.

HRMS for Cy,Hz4 *GeO: caled 258.1039, found 258.1032.

Anal. calcd for C12,H4GeQ: C 56.10, H 9.42; found: C 56.48, H 9.47.

3.4.2.4.1 Preparation of 3,5,5-Trimethyl-3-trimethylgermylcyclohexanone (238) Using
Dilithium Bis(trimethylgermyl)cyanocuprate (224)

0

GeMe;
238

Following general procedure 11, to a cold (78 °C) stirred solution .of
(M63GC)2CU(CN)Li2 (224) (0.32 mmol, 0.64 equiv) in dry THF (4.8 mL), prepared as
described above (section 3.4.1.3, p 266), was added a solution of is-ophorone (228) (69 mg,
0.50 mmol, 1 equiv) in dry THF (1.5 mL) via a cannuia. After the mixture had been stirred at
78 °C for 1 h, dry HMPA (0.23 mL) was added via a syringe. The mixture was allowed to
stir for an additional 0.5 h at —78 °C, then it was warmed to-O °C over a 0.5 h period. The
crude oil obtained was subjected to flash chromatography (18 g silica gel, 4:1 then 3:2

petroleum ether—diethyl ether) to afford two fractions, which were concentrated under

reduced pressure. The first fraction to be eluted afforded 54 mg (42%) of 3,5,5-trimethyl-3-
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trimethylgermylcyclohexanone (238) as a clear colorless oil. The spectral data were identical
with those reported above. The second fraction to be eluted afforded 30 mg (43%) of

unreacted isophorone (228).

3.4.2.4.2 Preparation of 3,5,5-Trimethyl-3-trimethylgermylcyclohexanone (238) Using

Dilithium Methyl(trimethylgermyl)cyanocuprate (225)

0

GeMe,
238

Following general procedure 11, to a cold (-78 °C) stirred solution of
Me;Ge(Me)Cu(CN)Li, (225) (0.59 mmol, 1.20 equiv) in dry THF (5 mL), prepared as
described above (section 3.4.1.4, p 266), was added a solution of isophorone (228) (68 mg,
0.49 mmol, 1 equiv) in dry THF (1.2 mL) via a cannula. The orange mixture was stirred at —
78 °C for 1 h, then was warmed to 0 °C over a 45 min period. The crude oil obtained was
subjected to flash chromatography (18 g silica gel, 4:1 then 3:2 petroleum ether—diethyl ether)
to afford two fractions which were concentrated under reduced pressure. The first fraction to
be eluted afforded 42 mg (33%) of 3,5,5-trimethyl-3-trimethylgermylcyclohexanone (238) as a
clear colorless oil. The spectral data were identical with those reported above. The second

fraction to be eluted afforded 25 mg (37%) of unreacted isophorone (228).
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3.4.2.4.3 Preparation of 3,5,5-Trimethyl-3-trimethylgermylcyclohexanone (238) Using
Dilithium Methyl(trimethylgermyl)cyanocuprate (225) and Chlorotrimethylsilane as Additive

o)

GeMe3
238

Following general procedure 11, to a cold (-78 °C) stirred éolution of
Me;Ge(Me)Cu(CN)Li, (225) (0.60 mmol, 1.20 equiv) in dry THF (5 mL), prepared as
described above (section 3.4.1.4, p 266), was added chlorotrimethylsilane (65 mg, 0.60 mmol,‘
1.20 equiv) via a syringe. After the mixture had been stirred for 5 min, a solution of
isophorone (228) (69 mg, 0.50 mmol, 1 equiv) in dry THF (1.2 mL) was added via a cannula.
The orange mixture was stirred at —78 °C for 1 h, then was warmed to —30 °C over a 30 min
period and was allowed to stir for an additional 1 h. The crude oil obtained was dissolved in
THF (5 mL) and 1 M hydrochloric acid (2 drops) was added. The mixture was stirred at rt
for 1 h and diethyl ether (5 mL) was added. The mixture was dried over anhydrous
magnesium sulfate, and then was filtered and concentrated under reduced pressure. GLC
analysis of the crude mixture revealed the presence of =20% of unreacted isophorone (228).
The crude oil acquired was subjected to flash chromatography (10 g silica gel, 4:1 petroleum
ether—diethyl ether) to afford 42 mg (33%) of 3,5,5-trimethyl-3-trimethylgermylcyclo-

hexanone (238) as a clear colorless oil. The spectral data were identical with those reported

above.
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3.4.2.4.4 Preparation of 3,5,5-Trimethyl-3-trimethylgermylcyclohexanone (238) Using
Dilithium Methyl(trimethylgermyl)cyanocuprate (225) and Bromotrimethylsilane as Additive

o)

GeMes
238

Following general procedure 11, to a cold (-78 °C) stirred solution of
Me;Ge(Me)Cu(CN)Li, (225) (1.51 mmol, 1.30 equiv) in dry THF (13.1 mL), prepared as
described above (section 3.4.1.4, p 266), was added bromotrimethylsilane (0.70 g, 4.6 mmol,
4.0 equiv) via a cannula. After the mixture had been stirred for 5 min, a solution éf
isophorone (228) (160 mg, 1.16 mmol, 1 equiv) in dry THF (2 mL) was added via a cannula.
The red—-brown mixture was stirred at —78 °C for 1 h, then was warmed to -15 °Covera2 h
p>eriod. The crude oil obtained was dissolved in THF (15 mL) and 1 M hydrochloric acid (6
arops) was added. The mixture was stirred at rt for 1 h and diethyl ether (15 mL) was added.
The mixture was dried over anhydrous magnesium sulfate, and then was filtered and
concentrated under reduced pressure. The crude oil acquired was subjected to flash
chromatography (25 g TLC grade silica gel, 4:1 petroleum ether—diethyl ether) and the
derived oil was distilléd (86-96 °C/0.05 Torr) to afford 198 mg (66%) of 3,5,5-trimethyl-3-

trimethylgermylcyclohexanone (238) as a clear colorless oil. The spectral data were identical

with those reported above.
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3.4.3 ADDITION OF (TRIMETHYLGERMYL)COPPER(I)-DIMETHYL SULFIDE

(168) AND (TRIMETHYLGERMYL)CUPRATES TO ACETYLENIC ESTERS

3.4.3.1 GENERAL PROCEDURE 12: SYNTHESIS OF ETHYL (E)-3-TRIMETHYLGERMYLBUT-2-

ENOATE (242) FROM ETHYL BUT-2-YNOATE (241)

Me;Ge™ 3 N4
242

To a cold (=78 °C) stirred solution of the appropriate (trimethylgermyl)copper(I)
reagent (0.66-1.32 equiv) in dry THF was added a solution of ethyl but-2-ynoate (241) (1
equiv) in dry THF via a cannula. The reaction mixture was stirred at —78 °C for 20—-30 min,
then acetic acid (1.5-3.9 equiv) was added via a syringe. The thick mixture was sﬁrred for an
additional 5 min, then was poured into stirred aqueous NH,CI-NH,OH (pH 8-9, =20 mL per
mmol of alkynoate) and diethyl ether (=25 mL per mmol of alkynoate) was added to the
mixture. The layers were separated and the aqueous portion was extracted with diethyl ether
(2 X =10 mL per mmol of alkynoate). The combined organic extracts were washed with
water (2 X =10 mL per mmol of alkynoate) and brine (2 X =10 mL per mmol of alkynoate),
were dried over anhydrous magnesium sulfate and then were filtered and concentrated under
reduced pressure. The crude oil acquired was subjected to flash chromatography and the

derived oil was distilled (110-120 °C/11 Torr) to afford the title compound as a clear

colorless oil.
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'H NMR (400 MHz, CDCL): § 5.95 (q, 1H, J = 1.8 Hz, vinylic proton), 4.14 (g, 2H, J = 7.2
Hz, -CH,CHs), 2.26 (d, 3H, J = 1.8 Hz, vinylic methyl), 1.27 (t, 3H, / =7.2 Hz,
-CH,CHs), 0.23 (s, 9H, -Ge(CHs)s3).

Additional "H NMR data, derived from NOE difference experiments, are given in Table 27.

C NMR (75.4 MHz, CDCL): 8 165.3 (C=0 or C-3), 165.2 (C=0 or C-3), 124.8 (C-2), 59.5
(-CHy-), 18.2, 14.3, -3.0 (-Ge(CHa)s).

IR (film): 1718, 1614, 1367, 1340, 1239, 1181, 1117, 1040, 826, 603 cm™.

HRMS (DCI, NH; + CH,) for CoHys™*GeO; (M + 1)*: caled 233.0597, found 233.0597.

Anal. calcd for CoH13GeO,: C 46.83, H 7.86; found: C 47.10, H 7.70.

Table 27: '"H NMR Data from Nuclear Overhauser Enhancement Difference Experiments for

Ethyl (E)-3-Trimethylgermylbut-2-enoate (242)

0
1 I
2 I O/\ o
MesGe™ 3 ™4
242
Assignments 'H NMR* Observed
H-x & ppm (mult, J (Hz)) NOEs
H-2° 5.95 (g, 1.8) -Ge(CHs)s
H-1" 4.14 (g, 7.2) H-2, -CH;-2'
-CH;-4° 2.26 (d, 1.8) H-1', -Ge(CHs);
-CH;-2' 1.27 (t, 7.2) '
-Ge(CHs),’ 0.23 (s) H-2, -CH;-4

%400 MHz, CDCl,. ° Irradiation of this signal generated the corresponding NOEs in the
right hand column.
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3.4.3.1.1 Preparation of Ethyl (E)-3-Trimethylgermylbut-2-enoate (242) Using Trimethyl-

germylcopper(I)-Dimethyl Sulfide (168)

I OEt

MesGe
242

Following general procedure 12, to a cold (=78 °C) stirred solution of Me;GeCusMe,S
(168) (1.11 mmol, 1.32 equiv) in dry THF (6.5 mL), prepared as described above (section
3.3.2.2, p 223), was added a solution of ethyl but-2-ynoate (241) (95 mg, 0.85 mmol, 1 equiv)
in dry THF (1 mL) via a cannula. The black mixture was stirred at —78 °C for 30 min, then
acetic acid (80 mg, 1.3 mmol, 1.5 equiv) was added via a syringe. The crude oil obtained was
subjected to flash chromatography (20 g TLC grade silica gel, 32:1 petroleum ether—diethyl
ether) and the derived liquid was distilled to afford 158 mg (81%) of ethyl (E)-3-
trimethylgermylbut-2-enoate (242) as a clear colorless oil. The spectral data were identical

with those reported above.

343.1.2 Preparatibn of Ethyl (E)-3-Trimethylgermylbut-2-enoate (242) Using Lithium

(Trimethylgermyl)cyanocuprate (223)

| OEt

Me;Ge
242

Following general procedure 12, to a cold (-78 °C) stirred solution of
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Me;GeCu(CN)Li (223) (1.11 mmol, 1.30 equiv) 1n dry THF (10 mL), prepared as described
above (section 3.4.1.2, p 265), was added a solution of ethyl but-2-ynoate (241) (97 mg, 0.86
mmol, 1 equiv) in dry THF (1.5 mL) via a cannula. The light orange mixture was stirred at —
78 °C for 20 min, then acetic acid (0.20 g, 3.3 mmol, 3.9 equiv) was added via a syringe. The
crude oil obtained was subjected to flash chromatography (10 g TLC grade silica gel, 32:1
petroleum ether—diethyl ether) and the derived oil was distilled to affdrd 180 mg (90%) of
ethyl (E)-3-trimethylgermylbut-2-enoate (242) as a clear colorless oil. The spectral data were

identical with those reported above.

3.4.3.2 SYNTHESIS OF ETHYL (Z)-3-TRIMETHYLGERMYLBUT-2-ENOATE (243) FROM ETHYL

BUT-2-YNOATE (241) USING DILITHIUM METHYL(TRIMETHYLGERMYL)CYANOCUPRATE (225)

0
]
2| OFEt

4”7 3 GeMe3
243

To a cold (78 °C) stirred solution of Me;Ge(Me)Cu(CN)Li, (225) (1.11 mmol, 1.30
equiv) in dry THF (10 rﬂL), prepared as described above (section 3.4.1.4, p 266), was added a
solution of ethyl but-2-ynoate (241) (96 mg, 0.86 mmol, 1 equiv) in dry THF (1.5 mL) via a
cannula. The reaction mixture was stirred at —78 °C for 30 min, then acetic acid (0.13 g, 2.2
mmol, 2.6 equiv) was added via a syringe. The heterogeneous mixture was stirred for an
additional 5 min, then was poured into stirred aqueous NH4,CI-NH,OH (pH 8-9, 15 mL) and
diethyl ether (20 mL) was added to the mixture. The heterogeneous mixture -was stirred

vigorously, open to the atmosphere, until the aqueoué layer was deep blue. The layers were
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separated and the aqueous portion was extracted with diethyl ether (2 X 10 .mL). The
combined organic extracts were washed with water (2 X 10 mL) and brine (2 X 10 mL), were
dried over anhydrous magnesium sulfate and then were filtered and concentrated under
reduced pressure. The crude oil obtained was subjected to flash chromatography (20 g TLC
grade silica gel, 49:1 petroleum ether—diethyl ether) to afford two fractions, which were
concentrated under reduced pressure. The first fraction to be eluted afforded 137 mg (69%)
of the ethyl (Z)-3-trimethylgermylbut-2-enoate (243) as a clear colorless oil. An analytically

pure sample was obtained by distillation (100-110 °C/10 Torr).

'H NMR (400 MHz, CDCL): § 6.28 (q, 1H, J = 1.6 Hz, vinylic proton), 4.13 (q, 2H, J=172
Hz, -CH,CH,), 2.01 (d, 3H, J = 1.6 Hz, vinylic methyl), 1.26 (t, 3H, J =7.2 Hz,
-CH,CH3), 0.29 (s, 9H, -Ge(CHs)s).

Additional "H NMR data, derived from NOE difference experiments, are given in Table 28.

C NMR (75.4 MHz, CDCL): § 166.5 (C=0 or C-3), 166.0 (C=C or C-3), 128.4 (C-2), 59.8
(-CH,-), 26.2, 14.3, -0.8 (-Ge(CHa)s).

IR (film): 1718, 1610, 1326, 1196, 1046, 832 cm™.

HRMS for CsH;5™*GeO, (M — CHs)™: calcd 217.0284, found 217.0291.

Anal. calcd for CoH;3GeO,: C 46.83, H 7.86; found: C 46.94, H 7.87.
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Table 28: "H NMR Data from Nuclear Overhauser Enhancement Difference Experiments for

Ethyl (Z)-3-Trimethylgermylbut-2-enoate (243)

0]
1 1
2 | 0\
47 3 "GeMes
243
Assignments : 'H NMR* Observed
H-x & ppm (mult, J (Hz)) NOEs
H-2° 6.28 (g, 1.6) H-1'
H-1* 413 (q,72) H-2, -CH;-2'
-CH;-4" - 12.01(@d, 1.6) H-2, -Ge(CHs);
-CH;-2' 1.26 (t, 7.2)
-Ge(CH3),” 029 () H-1', -CH;-4

“ 400 MHz, CDCl,. ” Irradiation of this signal generated the corresponding NOEs in the
right hand column.

The second fraction to be eluted afforded 33 mg (17%) of ethyl (E)-3-trimethyl-

germylbut-2-enoate (242) as a clear colorless oil. The spectral data were identical with those

reported above (see section 3.4.3.1, p 294).
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3.4.3.3 SYNTHESIS OF ETHYL (E)- AND (Z)-3-TRIMETHYLGERMYLBUT-2-ENOATE (242) AND

(243) FROM ETHYL BUT-2-YNOATE (241) USING LITHIUM BIS(TRIMETHYLGERMYL)CUPRATE

0 o

ﬁ’\ OEt /Eu\ OEt

MesGe GeMes
242 243

To a cold (78 °C) stirred solution of (MeszGe),CulLi (222) (0.56 mmol, 0.66 equiv) in

(222)

dry THF (10 mL), prepared as described above (section 3.4.1.1, p 265), was added a solution
of ethyl but-2-ynoate (241) (95 mg, 0.85 mmol, 1 equiv) in dry THF (1.5 mL) via a cannula.
The light yellow mixture was stirred at —78 °C for 30 min, then acetic acid (80 mg, 1.3 mmol,
1.5 equiv) was added via a syringe. The black mixture was stirred for an additional 5 min,
then was poured into stirred aqueous NH4Cl-NH,OH (pH 8-9, 15 mL) and diethyl ether (20
mL) was added to the mixture. The layers were separated and the aqueous portion was
extracted with diethyl ether (2 X 10 mL). The combined organic extracts were wéshed with
water (2 X 10 mL) and brine (2 X 10 mL), were dried over anhydrous magnesium sulfate and
then were filtered and concentrated under reduced pressure. The crude oil obtained was
subjected to flash chromatography (10 g TLC grade silica gel, 32:1 petroleum ether—diethyl
ether) to afford 176 mg (90%) of a mixture of ethyl (E)- and (Z)-3-trimethylgermylbut-2-

enoate (242) and (243) (1.7:1, E:Z) as a clear colorless oil. The spectral data were identical

with those reported above (section 3.4.3.1, p 294 and section 3.4.3.2, p 297 respectively).
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3.4.3.4 SYNTHESIS OF METHYL (E)-6-CHLORO-3-TRIMETHYLGERMYLHEX-2-ENOATE (248)

MezGe™ 3 ™ .

248

To a cold (78 °C) stirred solution of Me;GeCu(CN)Li (223) (1.24 mmol, 1.30 equiv)
in dry THF (11 mL), prepared as described above (section 3.4.1.2, p 265), was added a
solution of methyl 6-chlorohex-2-ynoate (247)'"° (154 mg, 0.96 mmol, 1 equiv) in dry THF
(1.5 mL) via a cannula. The reaction mixture was stirred at —78 °C for 30 min, then acetic
acid (90 mg, 1.5 mmol, 1.6 equiv) was added via a syringe. The mixture was stirred for an
additional 5 min, then was poured into stirred aqueous NH4CI-NH,OH (pH 8-9, 15 mL) and
diethyl ether (20 mL) was added to the mixture. The layers were separated and the aquéous
portion was extracted with diethyl ether (2 X 10 mL). The combined organic extracts were
washed with water (2 X 10 mL) and brine (10 mL), were dried over anhydrous magnesium
sulfate and then were filtered and concentrated under reduced pressure. The crude oil
acquired was subjected to flash chromatography (20 g TLC grade gel, 24:1 petroleum ether—

diethyl ether) to afford 248 mg (92%) of the title compound as a clear colorless oil.

"H NMR (400 MHz, CDCl,): § 6.02 (s, 1H, vinylic proton), 3.70 (s, 3H, -OCHsz), 3.56 (t, 2H,
J = 6.6 Hz, -CH,Cl), 2.86 (t, 2H, J = 8.0 Hz, -CH,CH,CH,Cl), 1.86 (tt, 2H, J =
8.0 and 6.6 Hz, -CH,CH,Cl), 0.29 (s, 9H, -Ge(CHjs)3).

13C NMR (75.4 MHz, CDCL): § 168.7 (C=0 or C-3), 165.0 (C=0 or C-3), 125.5 (C-2), 50.9

(-OCHa), 44.9,32.1, 29.9, -2.1 (-Ge(CHa)3).
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IR (film): 1718, 1607, 1434, 1347, 1181, 1156, 828, 603 cm™.
HRMS for CoHi6> C1"GeO, (M — CH3)*: caled 265.0051, found 265.0048.

Anal. calcd for C;0H,9C1GeO,: C 43.00, H 6.86; found: C 42.98, H 6.68.
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