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I. Alkene and Alkyne Metathesis: Principle and Applications

Alkyne or alkene metathesis, as pictured in Figure 1, is a mutual alkylidyne or alkylidene

exchange reaction of alkynes or alkenes. Formation of two carbon-carbon multiple-bond units in a

single step is a remarkable and quite unique transformation in organic chemistry.!"

Catalyst

Catalyst

—_—
—_—~—

Figure 1. Metathesis of alkynes and alkenes

Since the discovery in the mid 1950’s of the first example of alkene metathesis and later work

on various alkylidene complexes, alkene metathesis has grown exponentially over the last decades.

Nowadays, the most popular molybdenum and ruthenium-based catalysts are commercially available

and more than 30 years of methodologic maturation has made of alkene metathesis a widely used tool

in many fields of chemistry. Alkyne metathesis was discovered later (in the 1970’s), is overall less

developed and it was long only used for the synthesis of speciality polymers and simple acetylene

derivatives. However, recent catalytic systems enable more efficient applications, notably in advanced

organic synthesis. As shown in Figure 2 and Figure 3, alkene and alkyne metathesis can be applied in

many different ways. Examples are illustrated below and include: cross-metathesis (CM), ring-closing

metathesis (RCM for alkene and RCAM for alkynes), ring-opening metathesis (ROM), ring-opening

metathesis polymerisation (ROMP), acyclic diene metathesis polymerisation (ADMET), and acyclic

diyne metathesis polymerisation (ADIMET).

Max Planck Institut
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Figure 2. Applications of alkene metathesis
ADIMET RCAM

) It W

Figure 3. Applications of alkyne metathesis

II. The Different Catalytic Systems for Alkyne Metathesis and their
Properties

The first homogeneous alkyne metathesis was described by Mortreux and Blanchard.”
Mo(CO)s in the presence of phenol catalyses the metathesis of 1-phenyl-1-propyne derivatives at high
temperature (>130°C). The exact nature of the catalytic species remains unknown and, because of the
harsh conditions required as well as a low functional group tolerance (aldehydes, cyano groups,

amines and thioethers are not tolerated), this method has only been used for the synthesis of

Max Planck Institut Page 8 Universitit Dortmund



Fabrice Lacombe Introduction PhD Thesis

)[3-6]

thermally-stable molecules (See Figure 4 and the polymerisation of diynes.* ”® Only internal

alkynes undergo metathesis under these conditions, and methyl substituted acetylenes are most
commonly utilised. A large number of phenols and other alcohols have been screened to improve the

properties of the catalytic system but only little progress was achieved, the most effective co-catalysts

1[10] 1.[11

being (x,a,(x-p-triﬂuorocresol,[g] p-chloropheno ] Following a different

[2

and o-fluoropheno
approach, Chauvin'*! and Bunz'"*! developed independently two methods to enhance the activity of the
Mortreux system. Both methodologies use a principle of pre-generation of the unkown catalyst at high
temperature followed by the desired metathesis reaction at lower temperature. While Bunz'"*! premixes
hex-3-yne, Mo(CO)s and a phenol derivative (possibly creating a Mo"" alkylidyne complex),

Chauvin!'?

uses dimethoxyethane to stabilise the active intermediate formed from Mo(CO)s and a
phenol species. These methods allows to metathesise substrates that are problematic under Mortreux’s
original conditions, and more generally allow the reaction to be performed at lower temperatures.

Unfortunately, they do not entirely solve the major problem of low tolerance towards many functional

groups.
Mo(CO)g
Ar———— —_— Ar——Ar + —
PhOH
O=0w L= O=U
82 % Yield 36 % Yield 96 % Yield
F3C MeO
D=
CF; OMe

72 % Yield 25 % Yield 54 % Yield

Figure 4. Examples of cross-metathesis products obtained with the standard Mortreux system!”’

Isolation of cyclotrimerisation products'® in the presence of Mortreux’s catalytic system led
Mori and co-workers to consider a mechanistic pathway involving a 5-membered metallacycle as
reactive intermediate (Scheme 1). Coordination of two alkyne units to the molybdenum catalyst leads
to complex I. The latter gives metallacyclopentadiene II via an oxidative cyclisation which undergoes
a reductive elimination to form a coordinated cyclobutadiene III. Isomerisation of this intermediate
followed by formation of the corresponding metallacycle V and finally cycloreversion affords the

desired metathesis products.

Max Planck Institut Page 9 Universitit Dortmund
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sz--Mo

e
H
H

R' R R' R'
| I ‘ ‘ 11
R R R R
fvedl  —=  Jf =—=
R R , |
R' R' Mo R R
V1 \4 v

Scheme 1. Mechanistic pathway for Mortreux catalytic systems proposed by Mori'®

[14-17]

Since olefins were already known to be metathesised by alkylidene catalysts, and since it

was proposed that acetylenes could be metathesised analogously by carbyne complexes,' some

[19- 201 Schrock was the first to make a significant

attention was given to various alkylidyne complexes.
breakthrough in alkyne metathesis by developing the highly active and well-defined tungsten"’
alkylidyne complex (~-BuO);WCCt-Bu 1 (Figure 5).*” Tungsten catalysed metathesis requires
manipulation under inert atmosphere and freshly dried solvents but shows a broader tolerance to
functional groups and proceeds under milder conditions (between room temperature and 80°C).
Substrates bearing potential donors such as thioethers, free amines, and crown ether segments,
however, are incompatible with catalyst 1. This system was successfully used for cross-metathesis and

for the first examples of ring closing alkyne metathesis (RCAM)." !

)

Il
ﬂ\o/ V\:\;"'O
> /S

1

Figure 5. Schrock’s tungsten alkylidyne metathesis catalyst 1

Max Planck Institut Page 10 Universitit Dortmund
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Another mechanistic pathway must be considered for catalysis with alkylidyne species
(Scheme 2),!"* * which is closely related to the Chauvin mechanism commonly used to explain alkene
metathesis.””! It involves metallacyclobutadiene III initially formed from the acetylenic compound II
and the alkylidyne complex I via a [2+2] cycloaddition. Intermediate III undergoes isomerisation to

IV followed by a ring opening and affords the expected product VI as well as new catalytically active

alkylidyne complex V.
R R R R R R R R
+ —_— . I —— - —— | +
I|I I - v - M= = |l If
M ' ' M
R R R R
I I 11 v v \%!

Scheme 2. Adaptation of the Chauvin mechanism for alkylidyne catalysts

Since these first reports, further advances by Schrock”” and more recently by Cummins™

were made on molybdenum-based alkyne metathesis catalysts. They described similar trialkoxy
alkylidyne molybdenum"' complexes 2 and 3 (Figure 6) which show high activity for alkyne
metathesis even at room temperature. However, their scope has not been studied in detail. One should
mention that the electronic nature of the alkoxy substituents is crucial for metathetic activity.
Molybdenum catalyst 4 is very closely related to 2 and 3 but shows no metathetic activity*".
Unfortunately, the difficult multistep synthesis and their high sensitivity toward moisture and air

represent a major disadvantage, preventing the widespread use of these catalysts.

o R y

Mo., j\ Mo
. / \ "O / ey
~Mooag F,c” 0 o V7o
AdO” \ ros® >—CF3 0
OAd €~ FyC ><
Ad = Adamantyl CF;
2 3 4

Figure 6. Examples of catalytically active and inactive trialkoxy molybdenum alkylidyne complexes

Schrock’s tungsten complex 1 remained the most widely used catalyst until Fiirstner

[27] [28, 29]

developed a molybdenum catalyst“" obtained in situ by activation of the previously described
Mo[N(#-Bu)(Ar)]; 5 with methylene chloride. Under these conditions, a mixture of MoCI[N(z-
Bu)(Ar)]; 6 and of the catalytically incompetent alkylidyne HCCMo[N(#-Bu)(Ar)]; 7 is formed

(Scheme 3).°” Fiirstner proved that the active intermediate is derived from MoCI[N(z-Bu)(Ar)]; 6 and

Max Planck Institut Page 11 Universitit Dortmund
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catalyses alkyne metathesis with a large functional group tolerance under mild conditions (80°C or
lower). Contrary to 1, complex 6 tolerates the presence of donors such as amines or thioethers. It was

d™®” *% that this property is due to the crowded pocket formed by the ligands around the

propose
molybdenum centre. This pocket is claimed to attenuate the Lewis acidic character of the molybdenum

atom and to prevent coordination of donors to the metal.

H
N(t-Bu)(Ar) CH,Cl, ?l
RN . N(t-Bu)(Ar)
(Ar)(t-Bu)N—Mo - (Ar)(t-Bu)N/MO\ ! * l\l/['().nN(t-Bu)(Ar)
N(t-Bu)(Ar) N(t-Bu)(Ar) (Ant-BuN~ M
N(t-Bu)(Ar)
5 6 7

Scheme 3. Activation of trisamido molybdenum complexes via addition of CH,Cl,

Molybdenum complex 5 has been used as the precatalyst of choice for the dimerisation of

[27, 30, 31 [27, 30, 32-34

simple molecules, I'ring closure of larger macrocycles, I'and cross-metathesis reactions

of both simple substrates and more elaborated compounds in total synthesis.** Catalyst 6, however, is

. AT . 27, 30
sensitive toward “acidic” protons such as those of secondary amides or alcohols.”””*"!

Following Fiirstner’s work, Moore and co-workers””! demonstrated that various molybdenum
alkylidyne complexes 8 can be synthesised in high yields by treatment of trisamido molybdenum" 5

with geminal dihaloalkanes under reductive recycling conditions (Scheme 4).

R
Cl
N(t-Bu)(Ar)
RN RCHCl, | oN(eBuyAn Il
(An(-BuN—Mo_ —_— /MO\ + . N(t-Bu)(Ar)
N(t-Bu)(Ar) THF (An(t-BuN N(t-Bu)(Ar) (Ar)(t-Bu)N/MO\N( Bu)(At)
t-Bu 'y
5 6 8

T e

Scheme 4. Preparation of trisamido alkylidyne molybdenum complexes

Trisamido alkylidyne molybdenum"' complexes usually do not undergo alkyne metathesis,””
I but their in situ alcoholysis with phenols or alcohols produces highly active catalysts.”® Among
these alcohols, p-nitrophenol and o,o,0-p-trifluorocresol gave the best results. Unfortunately, the
presumably formed trialkoxy alkylidyne complexes have not been fully characterised. These

[36]

alkylidyne complexes catalyse metathesis of compounds bearing a secondary amide functionality” - or

a polyether chain”! and enable the synthesis of poly(2,5-thienylene ethynylene)s of high molecular

Max Planck Institut Page 12 Universitit Dortmund



Fabrice Lacombe Introduction PhD Thesis

weight through alkyne metathesis.”” As the catalysts are active at room temperature, the reaction
vessel has to be set under dynamic vacuum to remove but-2-yne as the volatile by-product. This
precaution is unnecessary at higher temperatures. The second product generated by metathetic alkyne
exchange can also be removed via a gentle argon flow purging the system. This process is one of the
driving forces of the reaction: one of the products formed is removed from the reaction mixture,

thereby shifting the equilibrium to the right.

It was also found during the course of these studies that the size of the alkyl substituent on the
acetylenic substrate plays a role in the present catalytic system (Table 1). In the presence of
molybdenum alkylidyne 8 and p-nitrophenol, the alkyne metathesis by-product but-2-yne shows a

greater tendency to polymerise than hex-3-yne, probably due to steric reasons (Figure 7).2% ¢!

R=Me .
> Ar——Ar + e
[Mo] Polymerisation
2 Ar——R >
L [Mo]
&
R = Et \ _ /
»  Ar——Ar + —

Figure 7. Advantage of ethyl substituted over methyl substituted alkynes

Polymerisation is thought to occur via a ring expansion mechanism and can be considered as a
catalyst poisoning process. Replacing a methyl group by an ethyl on the substrate and removing hex-3-
yne by a dynamic vacuum allowed homodimerisation of problematic substrates such as thiophene

derivatives in high yields.

Table 1. Importance of the alkyl substituent on the alkyne moiety>"

Substrate Product System 1 (R = Me) System 2 (R = Et)

O CN 58 % 93 %

— O CHO 46 % 83 %
|
S

<5% 91 %

* The reactions were carried out at 30°C in 1,2,4-trichlorobenzene during 22h under 1 mm Hg.

Max Planck Institut Page 13 Universitit Dortmund
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ITI. Ring Closing Metathesis

III.1. Alkene Ring Closing Metathesis (RCM)

Today, three catalysts are widely used which possess high activity as well as a very good
tolerance towards a broad range of functional groups: molybdenum alkylidene 9”**” and ruthenium
carbene complexes 10 and 11 (Figure 8).*'""*) While these catalysts are now commercially available,
the ruthenium-based ones are most popular and versatile because they are more stable and tolerate a

larger range of functional groups than the molybdenum-based catalyst.'"!

@/ (i)-Pr

N

Pr-(i) \\Mo//\@ cl, §os Mes™N Y N~ Mes
PN Ru=\ Cl,,

o) cl”

o Ph » Ru=\
F5C 7( CF3 PCys cl ! CyyPh
CF3 CF3 ‘
9 10 11

Figure 8. Various alkene metathesis catalysts

Ring closing metathesis is one of the most important application of alkene metathesis. Since
two products are formed from one substrate, the cycloalkene and e.g. ethylene, the reaction is
entropically driven. The equilibrium of this reversible reaction is shifted towards the formation of the
products due to the release of ethylene. Competing oligomerisation or polymerisation of the substrate
can be overcome by working under dilute conditions. While 5-7 membered rings are easily
synthesised, larger cyclic substances (8-11 membered) are problematic due to ring-strain issues. When
even longer dienes undergo RCM, no control over the stereochemistry of the double bond is possible.
Until now the problem has not been efficiently solved and synthetic chemists have to face the
formation of a mixture of (£) and (Z) isomers even if the (E)-isomer is usually favoured. Many
examples illustrating this difficulty can be found in the literature, such as the epothilone derivative

12,14 the protected azamacrolide epilachene 13,"*! and turriane 14 (Figure 9).1**

Max Planck Institut Page 14 Universitit Dortmund
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/
OR O,
(6]
ey O
N i, AOTBS 0]
\ NFmoc
(0] OTBS O
12 13 14
94 % (1:1) 89 % (2:1) 76 % (1:1.1)

Figure 9. Reported examples of macrocycles formed by RCM

This difficulty is increased when the targeted molecule is a 1,3-diene. In this case,
stereocontrol and a rigorous control over the site of attack by the metathesis catalyst must go hand in
hand to avoid the formation of ring contracted products that are difficult to separate from the

individual cycloalkadiene isomers (Figure 10).°%%")

N N N
. O O

Figure 10. Chemoselectivity issues for RCM involving 1,3- dienes

Since no alkene metathesis catalysts have been developed that can ensure stereoselective
double bond formation, other means had to be found to overcome this problem. Alkyne metathesis

constitutes the alternative of choice for this purpose.

Max Planck Institut Page 15 Universitit Dortmund
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II1.2. Ring Closing Alkyne Metathesis (RCAM)

Mainly Schrock’s tungsten"' catalyst 1 and the molybdenum"" catalyst 5 have been extensively
used for ring closing purposes and are complementary with respect to their tolerance towards certain
functional groups (Table 2).2" > 3% 5% %) Diynes also undergo cyclisation with the Mortreux system,

but the very harsh conditions make it unattractive for the total synthesis of natural products.

Table 2. Examples of RCAM with different catalytic systems.

Product Mo catalyst 5 Mo(CO)s + ArOH W catalyst 1

o) O
OUO 91 % 64 % 73 %

0 0 84 %, 0%

|| R=H 0% 0% 62 %
R=Me 72% 64 % 72 %
(6]
RN
(6]
z
| Oijl 88 % 0%
N (6]
N
(6]
Phagl Il 74.% 55 %
PR Y,

Max Planck Institut Page 16 Universitit Dortmund



Fabrice Lacombe Introduction PhD Thesis

Alkyne metathesis followed by a Lindlar semi-reduction is a convenient method for the
preparation of (Z)-alkenes in a stereocontrolled way. It has been successfully applied to the synthesis
of natural products such as the azamacrolide 13,** thus constituting an alternative to the alkene

metathesis pathway (see Figure 9 and Scheme 5).

7 (0]
\\ 0 Catalyst 1 | o Lindlar reduction o
\ —_— B ——— | -
NF . NFmoc NF
= mor el 94 % Yield \ moc

13

Scheme 5. Synthesis of 13 via alkyne metathesis

Stereoselective reduction of an alkyne moiety to the corresponding (£)-alkene would be the
complement to Lindlar’s methodology (Figure 11). Precedents for this transformation are available in
the literature but none of the reported methods meets all criteria of selectivity and functional group
tolerance required for applications to advanced organic synthesis. The methods are based on the use of

[60-62] [63

chromium salts, metal hydrides'® and dissolving metal reduction (Birch type).’*"! However,

recent advances in metal-catalysed alkyne hydrosilylation hold the promise of solving this issue.

Lindlar
Reduction

— RCAM

— Present work
—»

Figure 11. From cyclodiynes to stereodefined cycloalkenes

Max Planck Institut Page 17 Universitit Dortmund
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IV. Hydrosilylation

IV.1. Introduction

Hydrosilylation of alkynes is a very well documented preparative method for the synthesis of
vinylsilanes.> % It is known that transition metal catalysts, radical initiators and Lewis acids can
induce addition of various silanes to acetylene derivatives. The most commonly used catalyst is
hexachloroplatinic'” acid (H,PtCls) (Speier’s catalyst), the activity of which was discovered in
1957.7% Since the first report on hydrosilylation, many transition metal catalysts have been developed
for this transformation, but the most active remain platinum-based: Speier’s and Karstedt’s catalyst
(Figure 12)."" They stereoselectively hydrosilylate internal and terminal alkynes via a cis-addition
pathway. Generally, the reaction is highly chemoselective and many functional groups are tolerated
(ketones, ester, nitrile, amine, ether, nitro group). Furthermore, alkynes are more reactive than alkenes

and will be preferentially hydrosilylated.[67]

OO\ .
Mezsi SIMCZ

H,PtCl
2PtClg /) \\
Pt
Speier's catalyst Karstedt's catalyst

Figure 12. Common platinum-based hydrosilylation catalysts

Net cis-addition of a silane to an alkyne was long considered as the inevitable outcome of

transition metal catalysed alkyne hydrosilation until Ojima and co-workers found that net anti-addition

[72, 73

. . . . 73, 74
can also occur. I Various mechanisms were proposed which were unsatisfactory.”> ™! Today, the

commonly accepted catalytic cycle for hydrosilylation of alkynes has been presented independently by

73 [} (Figure 13) and proposes a plausible explanation for the variable cis- and

Ojima'™! and Crabtree
trans-addition patterns observed for different catalytic systems. However, it has been developed to
explain results obtained with terminal alkynes. Any extension to the reaction of disubstituted

acetylenes should therefore be done with particular care.
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Figure 13. Ojima-Crabtree mechanism for hydrosilylation of 1-alkynes

Oxidative addition of a silane (HSiRj) to the metal followed by insertion of alkyne I into the
metal silicon bond affords intermediate II. This species can either directly undergo reductive
elimination to afford the (£)-configured alkene III or, because of steric repulsion between SiR; and
the metal, can isomerise to form the thermodynamically more stable intermediate V via a zwitterionic
species IV. Reductive elimination of V affords the (Z)-configured vinylsilane VI. It is also reported’®
that V might undergo a P-hydride elimination to form an alkynyl-silane VII (dehydrogenative
product).
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IV.2. Hydrosilylation of Alkynes: Regio and Stereoselectivity

Stereo- and regioselectivity are the most difficult parameters to control in the hydrosilylation
of acetylenes. The addition of a silane across a terminal alkyne can afford three different isomers A-C

(Figure 14) and addition across an internal alkyne may lead to four different compounds D-G.

HSiR, X
R—= > R/\/ SiR; + R/\ +
Catalyst SiR; R SiRs
A B C
HSiR, _ . SiR, “
R—=—r S L N
= > . RT S
R SiR; R
Catalyst R’
D E F G

Figure 14. Stereo- and regiochemical possibilities in the hydrosilylation of acetylenic substrates

The hydrosilylation of monosubstituted alkynes is a well known process and can be directed
towards the preferential formation of one of the three isomers.®> ®! In the case of internal alkynes
however, there is still room for improvement because very few catalysts satisfy both criteria of regio-

[66

and stereoselectivity.'”” Although the issue of regioselectivity is especially problematic for

disubstituted acetylenes, the use of directing functional groups or intramolecular delivery of the

reagent can afford the desired regioisomers.'*"

Compound A derives from a regioselective cis-addition and can be obtained with the classical
platinum catalysts mentioned above. These complexes similarly promote the cis-hydrosilylation of
internal alkynes but the regioselectivity is poor and affords a mixture of compounds D and F. Isomer
B derives from trans-addition across the triple bond and can be obtained with [RuCl,(p-cymene)], as
the catalyst.”” This complex, however, only catalyses the trans-hydrosilylation of terminal alkynes. A

method for the selective formation of C was recently reported by Trost and co-workers!”*

using
[Cp*Ru(MeCN);]|PF; 15 (Figure 15).[79] Moreover, this cationic ruthenium complex also catalyses the

hydrosilylation of disubstituted acetylenes in a trans-manner with very high chemoselectivity,
y y y y hig

although it provides a mixture of both regioisomers E and G.
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;é( Pre

15

Figure 15. Ruthenium catalyst for trans-hydosilylation of alkynes

(77 801 and are either

Generally, catalytic systems for trans-selective hydrosilylation are rare
limited to terminal alkynes or suffer from a narrow scope. It has also been recently shown by
Yamamoto and co-workers that some Lewis acids promote the reaction of terminal and internal
alkynes in a trans-manner.™**! However, it seems that the reaction has only been tested on barely

functionalised molecules.

The ability of 15 to produce (Z)-configured vinylsilanes has been independently applied by

t[84] [85

Tros and Fiirstner™™ to the synthesis of (E)-alkenes (Figure 16). Both authors report fluoride-
mediated protodesilylations. Trost and co-workers describe a Cul-TBAF mediated desilylation in
THF, while Fiirstner and co-workers utilise AgF in aqueous THF/MeOH. Various functional groups
are tolerated (alkene, ketone, ester, acetals, ethers) in both of these two-step synthetic approaches and

examples are given for cyclic and acyclic systems.

H=SiR; R . _ SiRs

| | :[ Protodesilylation R \Il\

R [Cp*Ru(MeCN);]PFq H R R

Figure 16. Mild procedure for transformation of alkynes into the corresponding (E)-configured alkenes

According to the Ojima-Crabtree mechanism, it has initially been postulated that trans-
hydrosilylation reactions proceed through initial syn silylmetalation, with subsequent isomerisation of
the olefin prior to reductive elimination. However, examples of intramolecular hydrosilylation
catalysed by ruthenium catalyst 15 reported by Trost and co-workers, show the formation of endo-

products that cannot be explained by the Ojima-Crabtree mechanism (Figure 17).5%
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Figure 17. Intramolecular hydrosilylation catalysed by complex 15/°"

Indeed, assuming that the reaction is intramolecular, an initial cis-addition of the ruthenium-
silicon bond across the alkyne, postulated by the Ojima-Crabtre mechanism, would lead to an
exceptionally strained 6-membered ring 16 (Figure 18), which is highly unlikely.

\/

/Si
O 7
M
16

Figure 18. Exceptionally strained 6-membered ring'”"

Two different rationalisations for the formation of these endo-products were proposed. Trost
suggested a route involving addition of the silicon-ruthenium bond across the alkyne using the
orthogonal orbitals of the carbon-carbon triple bond to give directly the frans-hydrosilylation product
(Figure 19).5%¢!

H[Ru]

— Catalyst 15 [Ru]H

_— ) _— .
SiMe, SiMe,

OSiMe,H
O

O

Figure 19. Trost’s mechanistic proposal for trans-hydrosilylation of alkynes catalysed by 15"

Crabtree proposes an adaptation of the Ojima-Crabtree mechanism (Scheme 6) involving an
initial syn-addition of the silane across the acetylene unit leading to the formation of an exocyclic
intermediate II, which, via formation of the n’>-vinyl intermediate III followed by a 1,2-silyl shift
affords I'V. Isomerisation of IV gives V, which undergoes reductive elimination to afford the

endocyclic compound VI.
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Scheme 6. Modification of the Ojima-Crabtree mechanism'”*

Subsequent to these proposals, the mechanism of hydrosilylation catalysed by complex 15 was
investigated by Chung and co-workers."*”! They report investigations on the hydrosilylation of systems
17-19 (Figure 20) using density functional theory calculations (Figure 20).

Q
jas)
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I
= s
= -
=
"
i
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Si Rgf’, SN
R R F R
17 18

Figure 20. Models chosen for computational calculation'®”

The first important result arising from these calculations is that the insertion of the acetylene
into the ruthenium-hydride bond is favoured over the insertion into the ruthenium-silyl bond.

Furthermore, this insertion was found to be concerted with the oxidative addition of the silane to the
metal (Figure 21).

NCH Me
roz
RsSi---.

Figure 21. The oxidative addition of the silane to the ruthenium is concerted with the hydride insertion'®”
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Their results also show that the particular regioselectivity and stereoselectivity observed for
the inter- and intra-molecular hydrosilylations are consequences of this concerted process. The trans-
addition stereochemistry (Figure 22) results from the formation of a metallacyclopropene intermediate
(21) upon hydride-insertion followed by a stereospecific counterclockwise rotation of the Ca-Cf bond
(see structure 20). The intermediate 21 undergoes a facile o-silyl migration through a

metallacyclopropene-like transition-state structure 22 to give the frans-addition product 23.

Et3
NCH Me SiEt M S M
Tofls e e e —
e cp Ru ; RS .
'I \\ "' Cp\ 3 p > H
Et351 - H H
\/
20 21 22 23

Figure 22. Origin of the stereochemistry in the ruthenium-catalysed hydrosilylation®”

The origin of the regioselectivity of the ruthenium-catalysed hydrosilylation proposed by
Chung and co-workers can be explained as follows (Figure 23). In Figure 23 are drawn simplified
representations of the calculated hydride insertion structures for the reaction of triethylsilane with
propyne. Transition structure 24 was calculated to be more stable than 25. The energetic difference
between both structures is proposed to be due to the steric interaction between the bulky silyl group
and the propyne methyl group. The favoured transition structure 24 leads to product 23, that is

observed experimentally.

24 25 23

Figure 23. Origin of the regioselectivity in the ruthenium-catalysed hydrosilylation®”

Thus, computational calculations propose a new mechanistic pathway for the hydrosilylation
catalysed by ruthenium 15 that seems to rule out both original proposals made by Trost®" and

% Finally, it should be noted that these computational studies were carried out for

Crabtree.
intermolecular hydrosilylation of terminal alkynes and for intramolecular hydrosilylation of internal
alkynes. Their extrapolation to an intermolecular hydrosilylation of internal alkynes must be done with

some care.
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V. Palladium-Catalysed Cross-coupling Reactions

Mainly two different kinds of palladium-catalysed cross-coupling reactions have been used in
the present thesis, which will be described more accurately in the following chapters. However some

common considerations are presented below.

V.1. Introduction

Carbon-carbon bond formation is one of the most important processes in organic chemistry
and a great of number of famous reactions have been developed over the last 100 years for this
purpose. However, there was no general method allowing carbon-carbon bond formations between
unsaturated species until the discovery of transition metal-catalysed cross-coupling reactions in the
early 1970’s. Kumada'™® and Corriu™®’ developed independantly reactions between Grignard reagents
and vinyl or aryl halides in the presence of nickel-phosphine complexes. Following the discovery of
catalytically active nickel complexes, many studies showed the high capacity of palladium to catalyse
related transformations. At the same time several research groups reported studies on cross-coupling
reaction involving various organometallic and organometalloids derivatives.”” Since then, a wide
range of different methodologies has been developed so that nickel and especially palladium cross-
coupling reactions now belong to the most powerful synthetic tools for advanced organic synthesis,

supramolecular chemistry and material science.

Nowadays, zinc, boron, tin, magnesium, silicon and copper derivatives are most commonly
used in cross coupling reactions. The electrophilic substrates for carbon-carbon bond formation are

usually organic halides and organic sulfonates.

Many of the transition metal-catalysed reactions are named after the pioneers of their
discovery and maturation. A “Suzuki cross-coupling” reaction refers to transformations involving
organoboron reagents, and a carbon-carbon bond formation reaction is commonly named “Negishi
cross-coupling” when organozinc reagents are involved. The “Heck reaction” refers to arylation,
alkenylation or alkynylation of alkenes and the “Sonogashira reaction” refers to a palladium-copper-

catalysed Csp>-Csp bond formation.
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V.2. General Mechanistic Considerations

Palladium (0) has been proven to be at the origin of most of the cross-coupling reactions. The
species entering the catalytic cycle is presumably an electron deficient 14 electron complex I. This
species can undergo an oxidative addition to a polarised organic halide II forming a trans-configured
palladium" intermediate III which is transmetalated by compound IV, affording trans-configured V.
Since reductive elimination occurs only when the groups R and Nu are cis to one another, an
isomerisation of V to VI is required. Cis-configured VI undergoes reductive elimination affording the
desired product VII and the palladium (0) intermediate I is regenerated that can enter into another

cycle.

Pd'L, or Pd"X,L,

Activation

viI R—=Nu

R—X 1l
Pd°L,
Reductive Elimination I
Oxidative Addition
L
1
R-Pd-L VI
j 1
Ccls Nu
I
L

1
R-Pd-X trans
1
L
Isomerisation
L Nu~ IV
1
R-Pd-Nu
i Transmetalation
<
A%

Figure 24. Generic catalytic cycle for cross-coupling reactions

Although evidences exist for each step of this mechanism, Figure 24 should be considered as a
very simplified representation. Kinetic experiments have shown that depending on the nature of the
substrates, each of the catalytic steps can be rate determining. Many parameters can interfere with the
above mentioned reaction patterns enabling easier formation of one or another intermediate. The
nature of the palladium catalyst, the electronic properties of the ligands and the presence of specific
bases have a tremendous influence on the cross-coupling reaction and can be adjusted to optimise the

formation of the desired cross-coupling products.
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Goals of the thesis

Alkene metathesis is a very powerful method for the formation of cyclic molecules. It has
been successfully used for ring formation of many highly functionalised macrocycles. This
transformation is one of the most difficult tasks in organic chemistry and therefore often the key step
in many total syntheses. However, this method suffers from a major drawback, the lack of

stereocontrol over the emerging double bond.

RCAM followed by a stereoselective semi-reduction represents a powerful alternative to this
imperfection. Lindlar reduction efficiently provides (Z)-alkenes. A mild procedure for a stereo-
complementary procedure, the reduction of cycloalkynes to (£)-cycloalkenes, has recently been
reported from the Fiirstner group.® This current work focussed on determining the scope and
limitations of this approach. For this purpose, the