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Abstract

In 2012 Oh and co-workers reported the isolation of the tricyclic macrolactam
tripartilactam 1.1 from a Streptomyces sp. found in the brood ball of the dung bettle Copris
tripartitus. The compound proved to be a moderate inhibitor of Na*/K* ATPase (ICso of 16.6
ug/mL). The unique and rather complex structure embodies a cyclobutane fused, on its
opposing faces, to both an 8- and an 18-membered ring. These architecturally novel features

prompted the author to pursue a total synthesis of it.

Chapter One provides a brief introduction to the isolation, structural elucidation and
proposed biogenesis of tripartilactam. This section also provides details of selected organic
reactions that played important roles in the synthetic studies of the author, in particular the

Stille cross-coupling, olefin metathesis and olefination reactions.

Chapter Two describes two distinct sets of manipulations of the enantiomerically pure
chloro cis-1,2-dihydrocatechol 2.3, readily obtained through the whole-cell biotransformation
of chlorobenzene, into a terminal allene/carbonyl-conjugated alkene 2.5 and a polyoxygenated
cyclooctenone 2.7 embodying the Eastern Hemisphere of the non-natural enantiomeric form
of tripartilactam 1.1. Attempts to elaborate intermediates 2.5 and 2.7 to the
bicyclo[6.2.0]decane ent-2.4 via both intra- and inter-molecular [2+2]-cycloaddition reactions

are also discussed.



Eastern hemisphere

1.1

The research detailed in Chapters Three, Four and Five is focused on the synthesis of
compound 1.7 that it was thought could engage in a transannular [2+2] cycloaddition reaction.
If successful, this reaction would mimic the final step in the proposed biogenesis of
tripartilactam 1.1. Three different approaches were investigated and these involved masking
the Z-double bonds between C14-C15 and/or C16-C17 as alkynes that could each be revealed

via stereocontrolled (Z-selective) semi-reduction.

proposed biogenesis
_ >

[2+2]

Macrolactone 6.1 was identified as a potential precursor to tripartilactam 1.1 and

attempts to prepare the former compound are described in Chapter Six.

Vi
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Chapter One Introduction

1.1.  The Macrocyclic Natural Product Tripartilactam

1.1.1. Isolation and Assignment of Structure to Tripartilactam

In recent years, investigations into the symbiotic relationships between insects and
microbes have led to the discovery of natural products with pharmaceutical potential.
Sceiliphrolactam, an antifungal polyene macrocyclic lactam, represents one natural product
discovered in this way.! In 2012, Oh and co-workers investigated the selective isolation of
actinomycete type microbes from the brood ball of dung beetle Copris tripartitus, a soil-
dwelling insect, and showed both the diversity of the actinomycetes population and their
potentially bioactive metabolites. Over the course of this study, Oh discovered a Streptomyces
strain, SNA112, that produces a secondary metabolite displaying a distinctive UV spectrum
(Amax at 277 nm).2 This yellowish powder was named tripartilactam and assigned structure 1.1
and thus embodying a cyclobutane core substituted on its opposing faces by an 8-membered

carbocyclic ring and a 14-membered lactam.

Figure 1.1. A Dung Beetle with a Brood Ball and the Structure of Tripartilactam 1.1.

The molecular formula of tripartilactam was established through a combination of *H
and *C NMR spectroscopic methods as well as mass spectrometry. A protonated molecular
ion was observed at m/z = 482.2542 which corresponds to the molecular formula C2gH3sNOg
(calculated m/z = 482.2543). Furthermore, the **C NMR spectrum showed twelve signals
ranging from & 147.0 to 121.7 ppm that were attributed to sp?-hybridised and olefinic carbons.
Three resonances due to carbonyl carbons appeared at 6 210.0, 191.2 and 164.4 ppm with the
last of these arising from an amide carbon. The presence of an IR absorption band at 1677 cm™*
provided further evidence for the presence of such a unit. The three carbon resonances observed
at § 78.7, 74.2 and 70.2 ppm were attributed to oxygenated sp®-hybridised carbons. The
remaining ten resonances appeared in the up-field region of the 3C NMR spectrum as would

be expected for a compound with structure 1.1. The *H NMR spectrum displayed signals
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consistent with a poly-unsaturated compound containing ten olefinic protons with these
resonating in the range 6 7.10 to 5.23 ppm. Two resonances due to the protons of allylic methyl
groups appeared at 6 1.49 and 1.26 ppm and the signal due to the amide proton appeared at
& 7.99 ppm. The presence of three hydroxyl group protons was confirmed using deuterium
exchange techniques while a broad absorption band appearing at 3361 cm™in the IR spectrum
provided additional evidence for the presence of these moieties. Further analysis of the H
NMR spectrum revealed the presence of a secondary methyl group at 6 0.93 ppm (d, J = 6.5
Hz), as well as nine other proton resonances ranging from & 3.54 to 2.32 ppm. Analyses of both
NMR spectra as well as the IR spectrum led to the identification of six double bonds and three
carbonyl groups. The remaining three degrees of “unsaturation” requires the presence of three
rings. COSY correlations and an assessment of *H-'H couplings led to the identification of a
connectivity from C19 to the NH group of the lactam moiety as well as one between C28 and
C24. The presence of a cyclobutane ring with two “pendant” alkenyl groups on C8 and C16 of
the four-membered carbocycle was also supported by such studies. An isolated methylene (C2-
H>), a discrete double bond (C14/C15) and a triol moiety (C11/12/13) were also revealed in
this way. The HMBC and ROESY correlations observed for the constituent atoms of both the
four- and eight-membered rings are shown in Figure 1.2 and these also served to reveal the

details of the structure of tripartilactam.

— COSY 57"\ ROESY
-~ HMBC

Figure 1.2. Key COSY, HMBC and ROESY Correlations Used to Establish the Structure of Tripartilactam.

The configurations of the stereogenic centers on both the cyclobutane and the
cyclooctene rings were determined via a modified Mosher method employing (R) and (S)-a-
methoxy-a-(trifluoromethyl)phenylacetyl chloride as derivatizing agents. The preparation of
the C13-MTPA ester led to the assignment of this center as R and from the relative
configurations established using the ROESY experiments, the configurations at C8, C9, C11,
C12, C16 and C17 were assigned as R, R, R, R, R and S, respectively. Indeed, it was observed
that the difference in chemical shifts for the R and S diastereoisomers, as established using the
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formula ASR= § (S-MTPA ester)-5 (R-MTPA ester), gave negative values for C11 and C12
while positive values were obtained for C14 and C15. This result strongly suggested that C11
was part of R> and C16 part of Ry (Figure 1.3) and therefore led to the assignment of the R
configuration at C13.

H O H 0O ,—
OMTBA
RZI-{)QO)K%CR RI%W){SO)J\%CR
' PK "OMe ' MeO 'Ph OH
11
I I oo
O, CF,4 O, CF; C Adsr (ppm)

. 11 ~0.036
2 R, _

PI oM MeO ) 12 0.157
(K K, 13 -0.016

14 +0.028
(S)-MATP (R)-MATP 15 +0.063

Figure 1.3.  Application of the Mosher Ester Method in the Determination of the Absolute Configuration of
C13 of Tripartilactam.

Finally, and as depicted in Scheme 1.1, the absolute stereochemistry at C24 was
determined from p-amino-acid 1.2, which was prepared through a multistep chemical
degradation of tripartilactam that started with ozonolysis and acid hydrolysis steps. Reaction
of this degradation product with the Sanger reagent followed by derivatisation using either (S)-
or (R)-phenylglycine methyl ester (PGME) gave the amides 1.4a and 1.4b, respectively. *H
NMR spectroscopic analyses of these products then led to assignment of R-stereochemistry at
Cc24.
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OzN\©:N02
O,N NO
)0y, MeOH M2 © Fooo m 2

1.1 on ———
2) H,0,, AcOH H O (5)-PGME

or
3) HCI 1.2 1.3 H/MOH (R)-PGME

EDC, DMAP

O,N NO, 0N NO,

Os_OMe \©:
NH O NH O
+0.054 %N %
+0.003] ] R
—-0.060

Adg_p values in ppm for the S- and R-PGME 1.4a: R=(S)-PGME
amide products 1.4a and 1.4b 1.4b: R=(R)-PGME

Scheme 1.1. Chemical Degradation Steps Applied to Tripartilactam that Led to the Assignment of the
R-Configuration at C24.

1.1.2. The Biogenesis of Tripartilactam

Oh and co-workers suggested that the biogenesis of tripartilactam occurs via an initial
cascade of condensation/dehydration reactions involving one molecule of 3-amino-2-
methylpropanoyl CoA, nine of acetyl-CoA and two of propionyl-CoA to afford the crucial
acyclic precursor 1.5. Lactamisation of this last species would then release the cofactor and
lead to diol 1.6 that it was suggested would undergo oxidation to give the tricarbonyl compound
1.7. A transannular and possibly photochemically promoted [2+2]-cycloaddition then takes
place as illustrated and as the final chemical event to afford tripartilactam 1.1 (see Scheme
1.2). Support for such a proposal stems from the earlier isolation of sceiliphrolactam (see inset,
stereochemistry undefined) from another insect-associated Streptomyces species reported by
the Oh group.
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) P H,N

condensation/dehydration

S
H,N 0 CoA
\/Y o ACP—S

CoA

macrolactamisation

sceliphrolactam

tripartilactam 1.1

Scheme 1.2.  Proposed Biogenesis of Tripartilactam 1.1.
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1.2.  Overview of the Contents of the Remaining Parts of this Thesis

The work described in this thesis was directed towards establishing a total synthesis of
tripartilactam (1.1), a target natural product that has yet to be realised by any group. Two
distinct strategies were investigated. The first sought to construct the cyclobutane-containing
Eastern Hemisphere and then add the Western one to it. The other involved approaches to the
assembly of macrolactam 1.7 with the intention of then effecting a transannular [2+2]-
cycloaddition reaction in an effort to mimic the proposed bio-synthetic pathway. Chapter Two
details the author’s work involved in pursuing the former strategy, while the three different
approaches to macrolactam 1.7 are presented in Chapters Three, Four and Five, respectively.
A model macrolactone was also studied and the author’s work in this area is described in
Chapter Six. The remaining parts of this Chapter (One) highlight the general utilities and
mechanisms that operate in key reactions used by the author in her studies. These include the

Stille cross-coupling, olefin metathesis and olefination reactions.
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1.3.  General Description of Key Organic Reactions Used in Synthetic Approaches

to Tripartilactam
1.3.1. The Stille Cross-Coupling Reaction
1.3.1.1. Introduction

Carbon-carbon bond-forming reactions have played a pivotal role in the evolution of
organic chemistry. Prominent classical examples of such processes include the Grignard, Diels-
Alder cycloaddition and Wittig reactions. More recently, palladium-catalysed cross-coupling
reactions have emerged as powerful tools in the assembly of complex molecular frameworks.
The reports of the first-generation variants of palladium-catalysed cross-coupling reactions
emerged in the mid-1970s.2 In the intervening period, such processes have become widely
known, especially in the forms of the Heck,* Sonogashira,® Stille,® Suzuki,” and Negishi® cross-
coupling reactions. This section focuses on the Stille reaction due to its utility in the author’s

studies as delineated in certain of the following chapters.

The first example of a palladium-catalysed cross-coupling reaction involving organotin
compounds was reported by Eaborn in 1976.° A year later, Kosugi and Migita described the
reaction of an allyltin compound with either an aromatic halide or acyl chloride in the presence
of a palladium catalyst.®*® This process was studied both synthetically and mechanistically in
1978 by Stille and co-workers as part of their establishment of a new route to ketones.® By
the early 1980s Stille was recognised as a pioneer in the use of this method. Over the years, the
Migita-Kosugi-Stille reaction, the name originally given to palladium-catalysed couplings of
organostannanes with organic electrophiles to form a new carbon-carbon bond, has become

known as the Stille cross-coupling reaction, the general form of which is shown in Scheme 1.3.

X . Rish cat. [Pd°L,]

R! =alkyl, alkynyl, allyl, aryl, benzyl, vinyl

R? = alkyl, alkynyl, aryl, vinyl
X =Br, Cl, I, OAc, OP(=0)(OR),, OTf

Scheme 1.3.  The Stille Cross-Coupling Reaction.
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Almost forty years later, this reaction remains one of the most widely applied methods for the
formation of carbon-carbon bonds due to the normally mild reaction conditions involved and
its tolerance to the presence of various sensitive functionalities as well as air and moisture. The
ease of handling of organotin compounds compared to other organometallic substrates is a

further attraction of the process.

1.3.1.2. Mechanism

A mechanistic rationalisation of the Stille cross-coupling reaction was first proposed
by its namesake in 1979.8¢ More detailed information has since emerged including a knowledge
of the geometry of the palladium center in the relevant intermediates and the roles of the
different ligands employed as part of the catalytic system. In the case of chiral halides, the
matter of inversion versus retention of configuration at the relevant stereogenic center(s) is
dictated by the nature of the oxidative addition step and shown to depend on the nature of both
the solvent and the metal-bound ligand.*° In those instances involving chiral stannanes, the
transmetalation step dictates whether retention or inversion of the configuration is observed.!!
In general, the catalytic cycle proceeds as illustrated in Scheme 1.4.12 The active catalytic
species is believed to be a Pd’L, complex that can be generated in situ from a pre-catalyst, for
example, a preformed palladium(0) system [such as tetrakis(triphenylphosphine)palladium or
bis(dibenzylideneacetone)palladium] or from a palladium(ll) complex [such as palladium
acetate or bis(triphenylphosphine)palladium(ll) chloride]. These latter complexes are reduced
to the relevant Pd(0) species by the organostannanes. The first step, namely the oxidative
addition, involves reaction of a PdL, complex with an organic electrophile R*-X in a three-
atom centered transition state to form complex I. The cis-[R*PdXL2] complex is believed to
form initially and then isomerise to the more stable trans-isomer. The latter species is the only
observable intermediate in the catalytic cycle, a feature that suggests the next (transmetalation)
step involving reaction with the organostannane is the slow or rate limiting one. Two possible
transition states for this process have been proposed and involve either a cyclic or open-chain
species.’® In the former pathway, the generation of the Pd-X-Sn-containing species is assisted
by the exchange of one ligand (L) for R? to give the complex 11 that then delivers a cis RY/R?
arrangement as shown in the cis T-shaped IV species. The open mechanism proceeds via an
exchange of X for R? to form the trans-complex I11 that itself isomerises to the cis-complex V.
Both cis complexes 1V and V would be expected to undergo reductive elimination to deliver
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the observed product. A study by Amatore and Jutand'* showed that in a coordinating solvent,
the replacement of X by a solvent molecule could occur to form the stabilised complex VI from
the dominant trans-[R'PdXL.] species. It is noteworthy that this pathway also leads to the

generation of trans-complex I11.

R
N
R!--Pd—L L
N 1 -
\X 4 R —ll’d—S X
% IR

RI—X
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Rl—Pld—L — Rl—fl’d—X
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X-SnR; X-SnR3
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/ transmetallation [,

2 L |
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elimination / isomerisation
1_p2
R'—R L Ir
|
R'—Pd RI=Pd—L
R R?
v A%

Scheme 1.4.  Generally Accepted Mechanism for the Stille Cross-Coupling Reaction.

1.3.1.3. Effects of Added Copper

Several significant variations on the original Stille cross-coupling protocol have been
developed. Perhaps the most remarkable of these involves the recognition of the co-catalytic
effect encountered upon addition of copper(l) salts. This phenomenon was first studied by
Liebeskind'® who suggested two reasons for the observed and highly valuable rate

accelerations:

i. Copper(l) acts as a free-ligand scavenger such that when strong ones (such as PPhs)
are present it helps dissociation of trans-[PdR*XL;] in the transmetalation step.
Specifically, the copper “captures” the neutral ligand released during the oxidative
addition of PdL4 to trans-[PdR*XL2] and so reducing the concentration of free
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ligand in the solution. The addition of a copper(l) salt results in minimal rate
enhancements when a soft ligand (such as AsPhs) is involved as these are readily
dissociated from palladium(1l) anyway.

ii. In polar solvents, tin-to-copper transmetalation of the tin reagents takes place to

give the more nucleophilic organocopper species.

In 1996, Corey?® described the beneficial exploitation of a tetrakis(triphenylphosphine)-
palladium/copper chloride/lithium chloride combination in a Stille cross-coupling reaction
between a range of sterically hindered 1-substituted alkenyl stannanes and aryl perfluoroalkane
sulfonates or halides. These reactions were conducted at 60 °C in dimethyl sulfoxide. Lithium
chloride was presumed to suppress the homocoupling of the alkenyl copper intermediate.
Again, the rate enhancement was attributed to the conversion of alkenyl stannanes into the
alkenylcopper(l) species R°CuLiCl that themselves react rapidly with R*PdXL.. The tin/copper
exchange was thought to be reversible and, therefore, an increased reversion would delay the
positive influence of copper due to the accumulation of R3SnX in the reaction medium (Scheme
1.5). This hypothesis was supported by Liebeskind’s observations!’ that the reaction was

initially rapid but slowed as it approached 50% conversion.

CuX + R3Sn — Cu T RsSnX

Scheme 1.5.  Co-Catalytic Effect of Copper Additive in Polar Media - the Formation of a More Nucleophilic
Organocopper Species.

Several methods have been devised to ensure the desired effect of the added copper is
actually observed. Those involve either choosing the type of copper(l) salt so that the R3SnX
would be less prone to participate in the reverse process or removing the RsSnX from the
equilibrium. Copper(l) thiophene-2-carboxylate’’ (CuTC) was recommended for the first
purpose. In 2005, Baldwin reported the use of either tetra-n-butylammonium fluoride (TBAF)
or cesium fluoride as a fluoride source to remove the R3SnX by-product from the equilibrium
mixture as polymeric RsSnF and so shifting the equilibrium towards the more reactive
organocopper species. However, using such fluoride additives was found to be incompatible
with some late-stage Stille coupling reactions associated with natural product syntheses due to
their basicities and their capacity to effect unwanted desilylation reactions. As a result,
Firstner®® attempted to use the neutral tin scavenging phosphinate salt [Ph.PO2][NBua] instead

and in combination with copper(l) thiophene-2-carboxylate as the copper(l) source. This
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protocol proved very effective in all the reactions involved, with the desired reaction often
going to completion in less than an hour at ambient temperatures and providing the requisite

products in good yield.

1.3.1.4. Preparation of Alkenyl Stannanes via a Hydrostannylation Reaction

The hydrostannylation of alkynes is perhaps the most straightforward method for
preparing alkenyl stannanes required in Stille cross-coupling reactions. This palladium-
catalysed process proceeds under mild conditions and two commonly used catalysts are
tetrakis(triphenylphosphine)palladium and bis(triphenylphosphine)palladium(Il) chloride, the

latter being reduced in situ to give the palladium(0) species as illustrated in Scheme 1.6.2

PhyPr, 1 Cl
_Rd
cl PPh,

= 2 x Bu;SnH
N 2 x HCI
Bu3Sn/,, 1 wPPhy
v Pd‘\
BU3SH PPh3
HO SnBuy HO H Bu;Sn—SnBu, ‘J
Y
RWH ot R>_§*S B Bu;SnH
nBu3 PPh;),Pd’
H q (PPh3),
Syn-addition
reductive elimination oxidative addition

Bu;,Srll -
HO  Pd—(PPhy), HO H

I Ph3Ps,, 11 SnBuj
K H * R Pd~(PPhs) P
. 32 H PPh,

H H SnBu;
o g 1

hydro-metallation

(PPh3),
H
HO \ll)l(:i.‘\\\SnBu} HO B
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Scheme 1.6.  Proposed Mechanism for the Palladium-Catalysed Hydrostannylation Reaction.

& A propargylic alcohol was chosen as a substrate in this mechanistic illustration because of its relevant to the
work detailed in Chapter Four and Five.
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Thus, the catalytic cycle starts with the oxidative addition of tri-n-butyltin hydride to the metal
center (complex I) and this is followed by coordination of the triple bond to form complex 11
that itself undergoes hydrometallation to give one or both of the regio-isomeric
hydrostannylation products 111« and 111f.1° As a consequence of the operation of a syn-addition
process, reductive elimination within these two alkenyl complexes will lead to the E-isomeric
form of organostannanes. The relative steric bulk as well as the electronic nature of R will
dictate the mode of addition (the n-BusSn fragment can attach to either the sp-hybridised carbon
proximal or distal to R). In an overall sense, then, the regioselectivity of this transformation is
dictated by the nature of the substrate. Table 1.1 provides some examples of the variation in
regioselectivity that can be observed in such processes. In 1999, Alami®° reported an extensive
study involving aryl-substituted alkyne substrates and found that an electron-withdrawing
group in the para-position gave exclusively the a-isomer (entry 1) while the regioselectivity
decreased when an electron-donating group was present at the same position (entry 2). Little
selectivity was found for 1-octyne (entry 3), but the B-isomer was obtained exclusively upon
increasing the steric bulk at the sp3-hybridised carbon attached to the sp-carbon of the alkyne.?
So, the primary propargylic alcohol?? gave a 62:38 ratio of o/p isomers while the secondary
alcohol began to show some preference for formation of the B-isomer (25:75 o/p ratio of
products).?* Complete selectivity for B-isomer formation was observed for tertiary alcohols,
such as shown in entry 7.2 Kazmaier?* developed a molybdenum-based catalyst that could
improve the selectivity for the a-isomer as shown in entry 8 with the o/f ratio rising to 91:9 as
compared with the 62:38 ratio observed earlier (entry 5). Alami%® also noticed that the reverse
selectivity was engendered by changing the solvent. So, for example, switching from
dichloromethane to tetrahydrofuran led to a change in the o/f ratio from 33:67 to 80:20,
respectively.
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Table 1.1. Controlling the Regioselectivity of the Hydrostannylation Reaction of Substituted Alkynes.
Entry Substrate Catalyst Ratio Ref.
a-isomer  p-isomer
1 OH Pd(PPh3).Cl 100 - 20
0Hc©+/
a B
2 OH Pd(PPh3)2Cl> 76 24 20
g S
a B
3 n-Hex (*:B Pd(PPh3).Cl 57 43 21
4  nPen Pd(PPhs)Cl> 0 100 2
n-Pei o B
5 HO_ __ Pd(PPhs)s 62 38 22
a B
6 HO . Pd(PPhs).Cl> 25 75 21
@ B
_ 23
7 A(\o - Pd(PPhs).Cl> 100
6] Q\B
8 HO _ Mo(CO)3(tBuNC)s3 91 9 24
a B
9 __ OH Pd(PPh3)2Cly, 33 67 20
o B DCM
10 L OH Pd(PPh3)2Cl>, 80 20 l
C o P THF
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1.3.1.5. Application in Natural Product Synthesis

Stille cross-coupling reactions have provided particularly reliable means for effecting
both inter- and intra-molecular carbon-carbon bond formation (the latter mode leading to
carbocyclic ring-formation). A wide variety of ring sizes is available via such means. Besides
being tolerant of the presence of a range of functional groups that are often present in the
complex substrates required for natural product synthesis, the reaction provides remarkable
levels of chemo- and stereo-selectivity. The synthesis of novel immunosuppressant agent
sanglifehrin A reported by Nicolaou® (Scheme 1.7) emphasises such matters.

Pd,(dba);eCHCI,
ASPh3, lPerEt

DMF, 25 °C, 36 h
62%

OH OH
1.8 1.9
R =
Pd,(dba);eCHCI
SnBus| - AgPh,, iPr,NEt
1.10 DMEF, 40 °C, 5 h
45%

2N H,80,

O THF/H,0 (4:1 vv),25°C, 7h N
N O 33% (50% conversion) N @)
NH NH
ketal-hydrolysis
OH OH
sanglifehrin A 1.11

Scheme 1.7. Chemoselective Intra- and Inter-molecular Stille Cross-Coupling Reactions in a Total
Synthesis of Sanglifehrin A.

The late-stage and regio-selective intramolecular Stille cross-coupling reaction

involving the alkenyl stannane and alkenyl iodide residues within substrate 1.8 provided the
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22-membered macrocycle 1.9 in 62% yield. A subsequent intermolecular Stille cross-coupling
reaction between the hindered alkenyl iodide embodied within this product and alkenyl
stannane 1.10 delivered compound 1.11 incorporating the full carbon framework of the target
natural product. Indeed, when this last compound was subjected to acetal-deprotection,

sanglifehrin A was obtained.

A so-called “stitching” cyclisation strategy featuring a double Stille cross-coupling
reaction has also been employed by various research groups including those of Nicolaou?® (in
the total synthesis of rapamycin), Panek?’ (in the construction of (+)-mycotrienol and (+)-
mycotrienin 1) and Danishefsky?® [in the preparation of the racemic modification of the
enediyne anticancer antibiotic dynemicin (Scheme 1.8)]. The pivotal step in this last synthesis
was the coupling of bis(iodoalkyne) 1.12 with the cis-1,2-distannyl ethylene thus leading to
formation of the highly strained 10-membered ring-containing compound 1.13 in 81% yield.

~OH Me;Sn SnMe;

B

“OH Pd(PPh;),
DMF, 75 °C, 81%

11 steps

OH O OH

(£)-dynemicin

Scheme 1.8.  Double-Stille Cross-Coupling Strategy Leading to the Enediyne Core Associated with the
Danishefsky’s Synthesis of Dynemicin.

In 2007, Firstner? reported formal total syntheses of amphidinolides H and G in which
the crucial intermolecular Stille cross-coupling reaction between alkenyl iodide 1.14 and the
hindered stannane 1.15 was performed with the assistance of copper(l) thiophene-2-
carboxylate and conducted in presence of the neutral tin scavenger phosphinate salt
[Ph2PO2][NBus] (Scheme 1.9). The desired product 1.16 was obtained in 89% yield at ambient
temperatures and, notably, in the presence of an unprotected alcohol residue, a sensitive -

hydroxyketone unit and various O-silyl groups.
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Pd(PPh;),, CuTC,
[Ph,PO,][NBu,]

DMEF, 18 °C, 89%

amphidinolide H

Scheme 1.9.  Crucial Stille Cross-Coupling Reaction Used in a Synthesis of Amphidinolide H.

The Stille reaction has the capacity to generate species that can engage, in situ, in the
next step of a reaction cascade. Thus, in Martin’s synthesis of manzamine A,*° Scheme 1.10,
treatment of bromide 1.17 with vinyl stannane in refluxing toluene using a catalytic amount of
tetrakis(triphenylphosphine)palladium provided the coupling product 1.18 that underwent an
in situ and intramolecular Diels-Alder reaction to furnish the tricyclic core containing
compound 1.19 in 68% yield. This process delivered three new carbon-carbon bonds and three
new stereocenters with full control. Over sixteen additional steps, product 1.19 was carried

forward to manzamine A.
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Br
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OTBDPS
68%
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Scheme 1.10. Tandem Intermolecular Stille Coupling/Intramolecular Diels-Alder Cycloaddition Processes
Leading to the Tricyclic Core of Manzamine A.

It is clear from the foregoing that, the Stille cross-coupling reaction has become one of
the most popular and effective transition metal-catalysed processes available for carbon-carbon
bond formation. It has evolved, since its inception, from a relatively demanding method into
an extremely mild and flexible one. Its versatility has been increased tremendously through the
discovery of the co-catalytic effect of copper and the optimisation of the ligand set used. There
is even a palladium-free method available now involving the use of copper(l) thiophene-2-

carboxylate.!” This reaction proceeds at room temperature.
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1.3.2. Metathesis Reactions

In recent decades, metathesis reactions have also contributed dramatically to the
repertoire of carbon-carbon bond forming processes now available, particularly by allowing
the reorganisation-transformation of simple molecules into target systems that are often
structurally complex, highly functionalised and difficult to obtain by other means. This section
highlights some of the features and applications of such processes in total syntheses. Metathesis
reactions are no longer restricted to olefins. Now they can also involve enynes and alkynes as
substrates. In fact, the rate of development in this area has been rather dramatic, especially in
regards to the matter of catalyst design. As a result, synthetic chemists now have access to
transformations that would have, until recently, been thought almost impossible. Furthermore,

such processes often show exceptional tolerance for a broad range of substrates.
1.3.2.1. Alkene Metathesis

The alkene metathesis reaction has a fascinating history, starting with its discovery in
195531 Its potential utility has attracted global attention. As a result, a wide range of readily
available catalyst systems with high activity and functional group tolerance have led it to
becoming the most commonly used method among the metathesis-based carbon-carbon bond
forming processes. Figure 1.4 shows the most commonly utilised, commercially available
catalysts. The molybdenum-based complex 1.20 was introduced by Schrock® in 1990 and
represents the first advanced catalyst containing a tetra-coordinated alkylidene species with
bulky substituents on the imido and alkoxide ligands. The complex is a well behaved metathesis
initiator even for sterically hindered systems.® It is, however, quite sensitive to oxygen and
moisture as well as being relatively intolerant of the presence of protons on heteroatoms (such
as encountered in carboxylic acids, alcohols, amines, amides, etc). In 1995 Grubbs®* disclosed
the ruthenium carbene complex 1.21 as initiator system exhibiting greater functional group
tolerance. Although less reactive than Schrock’s molybdenum alkylidene 1.20, this so-called
first-generation Grubbs’ catalyst is reasonably stable to oxygen, water and minor impurities in
the reaction solvent. The replacement of one of the phosphine ligands with an N-heterocyclic
carbene (NHC) ligand provides complex 1.22 which is known as the second-generation
Grubbs’ catalyst.®® The introduction of this last catalyst expanded the scope of the olefin/alkene
metathesis process significantly. It is not only stable and tolerant of various functional groups
but also more reactive with sterically demanding substrates. Another remarkable contribution

to the field of ruthenium-based catalysts involved the introduction of iso-propoxystyrene-
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coordinated complex 1.23 by Hoveyda®® in 2000. This system is now known as the second-
generation Hoveyda-Grubbs’ catalyst. The complex contains an NHC ligand that imparts
significant reactivity and a styrenyl ether residue that allows the recovery of the catalyst by
conventional flash chromatography. The origin of such useful features is the presence of the
iso-propoxy group on the phenylcarbene unit. This stabilises the complex while continuing to
provide an accessible coordination site for the substrate. Despite these significant innovations,

the search for increasingly efficient, as well as selective catalysts continues unabated.®’

cl

F;C y " Ru=— Cl,, ‘Ru=—
FiCYy O“‘/M()jﬁ CI” | ph —Ru=\ c !
0 PCy = | Ph 0
Ph 3 PCy, Y

F3C“)\
F,C
1.20 1.21 1.22 1.23

Figure 1.4.  Commonly Used Alkene Metathesis Catalysts.

Alkene metatheses can be divided in five important subtypes. As shown in Scheme
1.11 these are the ring-closing metathesis (RCM), ring-opening metathesis (ROM), ring-
opening polymerisation metathesis (ROMP), acyclic diene metathesis polymerisation
(ADMET) and cross metathesis (CM) processes.®

Y
/b@
e
ROMP jlfllf
R M R, R, R
— + —/ c — + /ﬂ + — !
R, —C,H, R, R, R,
heterodimer homodimers

Scheme 1.11. Five Different Types of Alkene Metathesis Reaction.
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Among them, the ring-closing metatheses of acyclic dienes have probably received the
greatest attention as they provide a highly effective method for the construction of medium to
large carbocycles and heterocycles. Ring-opening polymerisation metatheses provide the
capacity to prepare functionalised polymers. Cross metatheses, on the other hand, are found to
be the most challenging processes because of the frequent lack of selectivity between those
reactions leading to the desired “heterodimer” and those producing the normally undesired
“homodimers”. Scheme 1.12 shows the mechanism that most likely operates in the ring-closing
metathesis process. Thus, the now generally accepted mechanism for alkene metathesis was
first proposed by Chauvin®® in 1970. It proceeds through coordination of the alkene with a
metal alkylidene to generate a metallacyclobutane intermediate that then fragments in the
reverse manner to that by which it was formed. As such, it involves sequential [2+2]-
cycloaddition and cycloreversion events. Since all the individual steps of the catalytic cycle are
reversible, it is important to shift the equilibrium in one direction in order to obtain a productive
outcome. For example, in the case of the ring-closing metathesis, the catalytic cycle
commences with an initiation phase involving a [2+2]-cycloaddition reaction between the
catalyst and one of the two olefins present in the substrate so as to deliver the
metallacyclobutane | which then ruptures to furnish the active alkylidene metal I1. Formation
of the second metallacyclobutane 111 and its disintegration generates the cyclic product and the
metal carbene 1V, that serves as the active complex to promote the next catalytic cycle. The
release of the volatile ethylene by-product formed at this stage is the driving force that allows

for the complete formation of the desired cycloalkene product (provided the ethylene is vented

properly).

C,H,
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Scheme 1.12. General Catalytic Cycle Associated with the Ring-Closing Metathesis of Dienes.
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The situation is different for ring-opening metatheses or ring-opening polymerisation
metatheses. Ring-strain release is normally the driving force for these transformations. Any
potential competition between ring-closing metathesis and acyclic diene metathesis
polymerisation events can be controlled through the application of high-dilution techniques.

The total synthesis of ingenol reported by Wood and co-workers represents a
remarkable application of the alkene metathesis reaction.*’ Ingenol is the parent compound
associated with a class of naturally occurring compound called ingenanes. They all share the
same carbon framework. Ingenol has attracted the attention of synthetic chemists not only
because of its highly oxygenated polycyclic structure, which features a distinctive bridged ring
system, but also because of its interesting biological profile. By using a ring-opening/cross
metathesis tactic involving the first-generation Grubbs’ catalyst, the authors were able to
convert the spiro compound 1.24 into diene 1.25 in almost quantitative yield under an ethylene
atmosphere (Scheme 1.13).** The derived diene 1.26 itself served as the substrate for the
pivotal ring-closing metathesis step. Delightfully, it was found that by using the second-
generation Hoveyda-Grubbs’ catalyst 1.23 then compound 1.27 could be generated (in 76%
yield) and then elaborated to ingenol, albeit over a further twenty steps.

. 1.21 (2 mol%) I
H,C=CH, e 4 steps
0 DCM, 25 °C, 98% : 0

1.24 ROM/CM 1.25

1.23 (25 mol%)
toluene, 110 °C, 76%

20 steps

ingenol

Scheme 1.13. Ring-Opening/Cross Metathesis and Ring-Closing Metathesis Reactions Used in a Total
Synthesis of Ingenol.
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Difficulties sometimes encountered with steric hindrance and/or electronic deactivation
within a substrate can be circumvented through the application of a “relay ring-closing
metathesis” approach. Since such problems often derive from a difficult initiation process, a
solution would be the installation of a temporary tether containing a sterically unencumbered
alkene that would initiate the catalytic cycle. One such an example is illustrated in Scheme
1.14 and involves the synthesis of oximidine 11l by the Porco group.*? Thus, on submitting
diene 1.28 to conventional ring-closing metathesis only a 15% yield of the desired product 1.30
was obtained. It was presumed that the stabilised alkylidene 1.28a did not undergo ready
reaction with the hindered alkenyl epoxide. Accordingly, a so-called relay moiety was
introduced as seen in compound 1.29 and its presence allowed the ruthenium alkylidene
catalyst to react, initially, with this less hindered terminal double bond to form intermediate
1.29a. The kinetically favorable ring-closing metathesis then occurred to form, through the
extrusion of a molecule of cyclopentene, complex 1.29b that itself underwent another ring-

closing metathesis reaction to afford the target macrolactone 1.30 in 71% yield.

1.23 (10 mol%)
DCM, 40 °C, 71%

relay RCM

Scheme 1.14. Relay Ring-Closing Metathesis in a Total Synthesis of Oximidine I11.

Alkene cross metatheses are also important processes and could be considered, in some
instances, as useful alternatives to cross-coupling reactions. The most challenging issue in this
type of metathesis is the chemo- and stereo-selective formation of the desired heterodimeric

product. An interesting tactic involves temporary connection through silicon-based tethers so

24



Chapter One Introduction

as to enable a ring-closing metathesis reaction to be employed instead. Such an approach was
employed in the total synthesis of the antitumor agent (—)-mucocin by Evans and co-workers
(Scheme 1.15).%% Since, the cross metathesis of allylic alcohols 1.31 and 1.32 did not seem to
be a promising approach for a selective “heterodimerisation” process, a temporary silicon tether
as seen in substrate 1.33, was installed and a ring-closing metathesis reaction then took place
to provide alkene 1.34 in 83% vyield although an excess of catalyst (180 mol%) was required to
drive the reaction to completion. Finally, sequential global deprotection and diimide reduction
steps revealed the natural product (—)-mucocin.

—
o)
2]
e
Q
+

OH
1.31 OH 1.32

iPr,SiCl,, imidazole
DCM 74% :

1.21 (180 mol%)
1,2-DCE, 90 °C, 83%

RCM

0 0
~sil

1.34

1. HF/ACN, DCM, 18 °C, 91%
2.TsNHNH,, NaOAc, 1,2-DME/H,0, A, 95%

(—)-mucocin

Scheme 1.15. Use of a Temporary Silicon Tether in a Synthesis of (=)-Mucocin.
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In 2003, Grubbs and co-workers described a general model for predicting the outcomes
of alkene cross metatheses.** Their investigations revealed that olefins can be ranked (in terms
of their reactivity in cross-metatheses) by considering their relative ability to undergo
homodimerisation and examining the reactivity of these “homodimers” in a secondary
metathesis process. As a result, four different olefin types were identified as shown in Scheme
1.16. The selectivity of such reactions can be tuned by decreasing the rate of
“homodimerisation” of one component, something that can be achieved by altering either the
steric or electronic properties of the substituents near the reacting alkenes. In other words,
selective cross metatheses would be achieved by engaging two different types of olefins. So,
for example, Crowe and Zhang*® showed a chemoselective cross metathesis could be achieved
between a type | terminal olefin 1.35 and so-called type Il styrene to form product 1.36
possessing the E-configuration about the newly established double bond (normally the products
of such reactions are mixtures of E- and Z-isomers). High Z-selectivities are realised when the
coupling partner bears a substituent incorporating an sp-hybridised carbon as seen, for

example, in acrylonitrile.*°

type I
ype IV yr}e type Il 1.20 (1 mol%)
‘j|\/\/ (/\ DCM’ 23 OC’ lh )J\/\/\
89% Ph
1.35 2 eq. 1.36

Type I Rapid homodimerisation, consumable homodimers
Type I  Slow homodimerisation, sparingly consumable homodimers

Type III No homodimerisation

olefin reactivity

Type IV Olefins inert to cross metathesis, but do not deactivate catalyst

Scheme 1.16. Chemoselective Cross Metathesis Using Schrock’s Catalyst 1.20.

The lack of methods that selectively furnish Z-alkenes captured the attention of
Hoveyda (a pioneer in the field) who developed structurally distinct catalysts to address this
matter (Scheme 1.17). So, the Z-olefin 1.39 was obtained upon treatment of oxabicycle 1.37
with styrene and 1 mol% molybdenum catalyst 1.38 (generated in situ from adamantylimido
bispyrolide 1.40 and alcohol 1.41).#” The ring-opening/cross metathesis sequence proceeded
within an hour to afford the desired product in 80% yield. It is presumed that the sterically
demanding but fully rotatable around Mo-O bond to the aryloxide ligand, together with a

smaller imido substituent (relative to the aryloxide), allows for the formation of the key cis-
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metallacyclobutane I, that likely involves in the formation of the Z-configured product. The
bromo-derivative of complex 1.38 also proved to be an efficient and highly stereoselective

catalyst for reactions involving enol ethers.*®

OTBS OTBS
Cl 138
() )
A _Z
Ph (6]
1.37 } 2 eq 1.39

1 mol%, benzene, 22 °C, 1 h
80%, >98:<2 Z:E

Scheme 1.17. Selective Z-Alkene Formation Using a Molybdenum Catalyst.

A general accepted mechanism for the ring-opening/cross metathesis process is shown
in Scheme 1.18. First, a [2+2]-cycloaddition reaction between the cyclo-olefinic substrate and
the alkylidene catalyst generates metallacyclobutane | that collapses to form the ring-opened
metal complex Il. This intermediate then participates in a cross metathesis reaction with
another acyclic olefin to yield an acyclic metallacyclobutane 111, that itself ruptures to deliver
both the product and the active metal-carbene IV, the latter being capable of participating in

subsequent catalytic cycles.
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ring-opening metathesis cross metathesis
4 N c3-ct N
I

<ﬁl M ﬁl_l\l/[ — <C]:M c3=C* Ay e=c3
‘/2 B W CZ—C C2:C C2=CH2 ; ° CZ:C

M=C

I 11 I v

|

M = metal complex

Scheme 1.18. General Mechanism for Catalytic Ring-Opening/Cross Metathesis.

Although Z-alkenes are generated exclusively when small or medium rings are formed
in ring-closing metatheses, this is not the case for larger rings wherein mixtures of E- and Z-
isomers are observed in most cases. Further investigations of ring-closing metathesis reactions
show that the use of tungsten alkylidene 1.43 delivers even higher Z-alkene selectivity than the
molybdenum-based systems, as seen, for example in the synthesis of the 15-membered ring of
nakadomarin A.*° Thus, the desired pentacycle, 1.44, was isolated in 90% vyield by exposing
substrate 1.42 to 5 mol% of catalyst 1.43 (Scheme 1.19). Only 3% of the corresponding E-

isomer was obtained.

Cl Cl
— N
CI:II““"/\IAI/\ L
1.43
(0)
Ar Ar
A \
Ar = 2,4,6-(i-Pr);C¢H, OBoc
5 mol%, 90% 97:3 Z/E 1.44 nakadomarin A
Catalyst Schrock’s cat. 2"-Grubbs’ cat.  2"-Hoveyda-Grubbs>  Molybdenum cat. 1.38

1.20 (5 mol%) 1.22 (10 mol%) cat. 1.23 (10 mol%)  (Br derivative) (6 mol%)

Yield 67% 70% 66% 71%

ZIE 38:62 38:62 36:64 69:31

Scheme 1.19. Z-Selective Ring-Closing Metathesis Reaction Employed as the Key Step in a Synthesis of
Nakadomarin A and Results Using Other Catalysts.
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Examination of the ability of different catalysts to promote the Z-selective ring-closing
metathesis of substrate 1.42 revealed that some of the E-isomer was normally obtained with
most catalysts. The bromine analogue of the molybdenum-based catalyst 1.38 provided a 69:31
ratio of Z- and E-isomers. Another advantage of catalyst 1.43 is its high stability towards air
and moisture compared with its molybdenum-based counterpart. Ruthenium based-catalysts
have been studied by Grubbs and found to deliver useful Z/E ratios.>® These catalysts are also
found to be more functional group tolerant than molybdenum- and tungsten-based systems and
capable of ca. 1000 turnovers in several cross metathesis reactions at low loadings and without
requiring low pressures or high temperatures. As such, they offer significant advantages from

an industrial point-of-view. Nevertheless, the search for even better catalyst continues.

1.3.2.2. Enyne Metathesis

Although less-studied than alkene metatheses, enyne metatheses, especially
intramolecular variants, have proven to be a powerful method for the construction of 1,3-
dienes. This enyne reorganisation reaction involves the migration of the terminal alkylidene
moiety from an alkene to an alkyne carbon and delivers a semi-cyclic diene product.>! The first
use of a ruthenium carbene complex in such a transformation was reported by Mori (Scheme
1.20).52 This author proposed a mechanism in which the active metal alkylidene A first
associates with the terminal alkyne B. This pathway would lead to two metallacyclobutenes,
la and Ib, that collapse to the ring-opened metal complexes Ila and I1b, respectively. A ring-
closing metathesis of the latter species would then deliver the 1,2-disubstituted product 1Va
and the 1,3-disubstituted product 1\VVb. It was later noted that it was advantageous to effect the
enyne-metathesis macrocyclisation under an atmosphere of ethylene.®® Such observations
suggested a second mechanistic pathway could be operational wherein the active metal
alkylidene first reacts with the alkene moiety. The ensuing metal carbene intermediate \V can
then engage in two different modes of ring closure, namely either an exo or an endo one, to
generate the metallacyclobutenes Via and VIb, respectively. The alkylidene complexes
derived from these intermediates would then react with ethylene to produce the same products,
IVVa and 1Vb, arising from the operation of the other pathway. Indeed, intermediate VVlla can
participate in a cross metathesis reaction with another enyne substrate B to afford the exo

product and, simultaneously, release the metal carbene V. A systematic study by Lee et al.%*
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based on the analysis of literature data®® revealed a correlation between the ring size and the
exo/endo selectivity. The authors showed that the exo-products predominated for ring-closing
metatheses of enynes leading to ten-membered and smaller rings, while endo-products were

obtained preferentially when the formation of twelve-membered or larger rings was involved.

For eleven-membered rings 1:1 mixtures of exo and endo products were observed.

Path 1: Initiation at the alkyne Vi

/_//

X X
M-CH, H,C-M
Ia
Ib
X M M=—CH, + X B X =M
— A p— \_(
Ma _ 2 Ib
X
M
C@ .
SCH,
III1a I1b CH,
B A%
X
X
=M CH X X M
Vila = CH, VIIb
v N IVa IVb A H,C=CH,
H,C=CH, A
/M
i:r_]\[/[ exo X endo M
X
_ N — X
Via \% Vib
H,C=CH
Path 2: Initiation at the alkene /r ! ’
CH,
H/ 7 /_@Cﬂz
x M o — /M
e N

Scheme 1.20. Two Possible Mechanistic Pathways Associated with Intramolecular Enyne Metatheses.

In 2009, Schrock and Hoveyda demonstrated the capacity of the stereogenic-at-Mo
complex 1.45 (Scheme 1.21) to promote the formation of endo-products for five-, six-, and
seven-membered rings.>® The reaction is presumed to proceed through initial catalyst
association with the alkyne and, given the preference of the sterically demanding molybdenum

centre to form the metallacyclobutene Ib, thus leading to the selective formation of 1,3-
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disubstituted and endo, ring-closed metathesis products. As illustrated, the formation of exo-

1.46 and endo-1.46 could be controlled by appropriate choice of catalysts.

/©\ EtO,C C/ 5 mol% catalyst EtO2C EtO,C
i-Pr i-Pr B ———————
EtO,C — benzene, 22 °C, 30 min EtO2C T EtO,C

— N —
NS . I \
g MOQ)\\Ph exo-1.46 endo-1.46

/{

0
C)\ with 123 64% >98 <
F5C 1.45 with 1.45  72% <2 >98

Scheme 1.21. Catalyst Control of the Endo/Exo Nature of the Ring-Closing Enyne Metathesis Reaction.

Further investigations have led to several new catalysts that not only promote efficient
endo-selective reactions but also provide enantiomerically enriched products. For example, the
cyclic triene 1.50 (Scheme 1.22) is obtained in 96% ee by exposing compound 1.47 to the
chiral catalyst 1.48. The isolation of tetraene 1.49 in the course of this reaction revealed the
first association of an alkylidene complex with the alkyne moiety that subsequently participates
in enyne cross metathesis with ethylene. Exposure of compound 1.49 to catalyst 1.48 under a
nitrogen atmosphere gave rise to product 1.50 in 92% yield. In fact, this two-step sequence
could be performed as a one-pot process wherein treatment of substrate 1.47 with 10 mol% of
catalyst 1.48 under ethylene atmosphere for ten minutes was followed by stirring for twelve
hours after the ethylene atmosphere was removed. Under such conditions, product 1.50 was
obtained in 62% yield and 90% ee.

5 mol% 1.48

J\‘Ph
-
benzene, 22 °C, 6 h

TsN TBSO 1 nitr _nitrogen atm atm
10 mol%, in situ benzene, 22 °C, 2 h, 70% 92% yield

ethylene atm 96% ee, >98:<2 endo/exo

TsN /

1.50

‘ 1.48, one pot process (ethylene atm 10 min then nitrogen atm 12 h)

62% yield, 90% ee

Scheme 1.22. An Example of endo-Selective Ring-Closing Enyne Metathesis Reaction.
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The use of enyne metatheses in cascade processes is one of the most powerful
applications of this type of reaction. The metal carbenoid arising from the initial ring-closing
metathesis reaction can participate in a second intramolecular event with an appropriately
tethered olefin to generate another ring and a new metal carbene species. So, for example,
during the course of the formation of key intermediate associated with Danishefsky’s

guanacastepene A synthesis®® (Scheme 1.23), Hanna’s group®’

reported that exposure of
enyne 1.51 (as a 1:1 mixture of epimers at C9) to the second-generation Grubbs’ catalyst (1.22)
afforded the tricyclic core 1.52 in 82% yield. The selectivity of this cascade process was due to
the programed initiation at the least hindered (substituted) alkene in precursor 1.51 which
ensured the correct regiochemical outcome. Indeed, the initially formed metal carbene directed
the first enyne ring-closing metathesis so as to generate the seven-membered ring and the co-
produced metal carbene that participated in the second ring-closing metathesis with the more

hindered alkene.38P

CO,Me
\ I 1.22 (12 mol%) MeO,C
= DCM, 40 °C, 82% 7 steps
o 3 #’ -
CHZZCHZ
CHZZC(CH3)2
1.51 1.52 key intermediate associated with

Danishefsky's synthesis

5 steps

(£)-guanacastepene A

Scheme 1.23. Tandem Ring-Closing Metathesis Reaction Used in a Total Synthesis of Guanacastepene A.
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1.3.2.3. Alkyne Metathesis

The first alkyne metathesis reaction was reported in 1968 by Penella and catalysed by
a heterogeneous mixture of tungsten oxide and silica at very high temperatures (200-450 °C).%®
Following this observation, Mortreux and Blanchard reported that a combination of
molybdenum hexacarbonyl and resorcinol was able to effect the disproportionation of p-
tolylphenylacetylene to diphenylacetylene.>® Ten years later, the report of the well-defined
tungsten alkylidyne catalyst 1.54 by Schrock was considered as the major breakthrough in
catalyst design.®® Reactions involving terminal alkynes, however, suffered from catalyst
deactivation and polymerisation. As such, this type of metathesis has found only rather limited
application in organic synthesis. In 1998, the first ring-closing alkyne metathesis (Scheme
1.24) between two methyl-substituted alkyne moieties was reported by Fiirstner®® and heralded
a new era for this process. So, treatment of diyne 1.53 with Schrock’s catalyst (1.54) in

chlorobenzene at 80 °C smoothly generated macrocycle 1.55 in 73% vyield.

t-BuO);W=C—t-Bu
0 e S
)W o 1.54 (5 mol%) 0 o)
0 ’ —
PhCl, 80 °C, 73% =

Scheme 1.24. First Example of an Alkyne Ring-Closing Metathesis.

The favoured mechanism for alkyne ring-closing metatheses is shown in Scheme 1.25
and follows the “logic” of the Chauvin cycle for alkene metathesis.®? So, the catalytic cycle
starts with the combining of the metal alkylidyne A and one of the methyl-capped alkyne units
of the substrate via a [2+2]-cycloaddition reaction so as to form the metallacyclobutadiene la
that is converted into isomer Ib. Cycloreversion of the latter complex releases intermediate 11
and another competent metal species B. The steric hindrance associated with substrate 11 directs
the association of B to the remaining methyl-capped alkyne to deliver a second
metallacyclobutadiene, 111a, that itself isomerises to congener I11b that, in turn, ruptures to
give the metal-carbon triple bond complex 1V and 2-butyne. In line with events proposed for
the alkene ring-closing metathesis, the release of this volatile product (viz 2-butyne) is the

driving force for the reaction. Finally, a [2+2]-cycloaddition reaction of intermediate 1V and
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cycloreversion within the resulting adduct would deliver the product cycloalkyne and

regenerate catalyst A.

H,C—=—=—CH,

C=C-CH, C

alkyne RCM

+-Bu—C=W(Ot-Bu);

N

t-Bu—C=—W(Or-Bu); -Bu— c W(Ot—Bu)3
T e
> R
C=C-CH, C=C-CH, C=W(Or-Bu)
Ia Ib 1A%

H,C—==—CH,

1I

CCEC—t-Bu C(_c t-Bu C=C—+Bu
C=C-CH; C=—C-CH; == C

c c CH,
(t-BuO);W=C-CH; (+-BuO);W=C-CH, (t- BuO)3 —( CH,4
B I1a I11b

Scheme 1.25. General Catalytic Cycle Associated with Alkyne Ring-Closing Metathesis reaction.

The most interesting application of this transformation, however, was the
stereoselective semi-reduction of the product cycloalkyne to generate either naturally occurring
E- or Z-configured cycloalkenes. As already noted, alkene ring-closing metatheses usually
provide an unpredictable and often uncontrollable mixture of geometrical isomers. This
situation was highlighted in the first three syntheses of epothilones A and C by Nicolaou,%
Danishefski,®* and Schinzer® wherein the alkene metathesis was successfully exploited despite
suffering from little or no selectivity for the required Z-isomer. Upon revisiting the issue, in
2001, Firstner’s group® reported the first stereoselective synthesis through alkyne ring-closing
metathesis of diyne 1.56 (Scheme 1.26) followed by semi-reduction of the cycloalkyne product
using hydrogen in the presence of Lindlar’s catalyst so as to generate the Z-configured alkene
1.59, which was itself converted into epothilone C by cleavage of the associated silyl ether.
The 16-membered cycloalkyne was isolated in 80% vyield upon exposure to molybdenum

amido catalyst precursor 1.57 that was converted, in situ, into the active species through
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reaction with gem-dihalides, for example, dichloromethane.®” Ten years later, Schrock and
Hoveyda®® were able to obtain macrolactone 1.59 in a highly Z-selective alkene ring-closing
metathesis reaction (85% yield with a 96:4 Z/E ratio) by treating diene 1.60 with the tungsten-
based catalyst 1.43.

1.57 (10 mol%)
N benzene, DCM, 80 °C, 80%

alkyne RCM

by Fiirstner and co-workers, 2001

1.58

semi-reduction
quant.

= S
1.43 (10 mol%)
benzene, 22 °C, 85% 96:4 Z/E )

Z-alkene RCM

W

by Schrock, Hoveyda and co-workers, 2011

deprotection

1.60 1.59 j

epothilone C

Scheme 1.26. Alkyne Ring-Closing Metathesis/Semi-Reduction and Z-Selective Alkene Ring-Closing
Metathesis in the Syntheses of Epothilone C.

The alkyne ring-closing metathesis/semi-reduction tactic developed by Fiirstner was
rapidly applied to the synthesis of various other natural products.®® Although it might never
reach the breadth of alkene metatheses, the potential of this reaction is significant. Therefore,
it is important to note the recent development of more stable, reactive, and functional group
tolerant catalysts. Although the Schrock alkylidyne 1.54 and the molybdenum complex 1.57
were found to be reactive and surprisingly functional group tolerant, they are very air and
moisture sensitive. Inspired by the work of John et al,% that had focused on novel nitride
molybdenum and tungsten complexes capable of generating active alkylidynes in situ, further

investigations by Firstner’s group resulted in the identification of the highly active species
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1.61 (Scheme 1.27), one that is compatible with many polar groups save for epoxides,
aldehydes and acid chlorides [due to the reactions with the nitride residue of the catalyst].”
Although this complex requires handling in an inert atmosphere, it can be generated by heating
the corresponding pyridine adduct 1.62, which is sufficiently stable to be weighed in air, and
used at temperatures up to 80 °C. Inert atmosphere storage is, however, still required for
catalyst 1.62 because of its eventual hydrolysis. Gratifyingly, replacement of the pyridine
ligand with 1,10-phenanthroline provided an indefinitely air stable and crystalline pre-catalyst
1.63 that delivers, in situ, the reactive species on treatment with manganese chloride or related
salts. At the present time, a molybdenum alkylidyne complex carrying ancillary silanolate
ligands is considered the most effective catalyst. It is possible to choose between the air
sensitive ether form 1.64, which is superbly active and selective at ambient temperature, or the
more robust phenanthroline adduct 1.65 (inert gas storage required), which can be activated by
treatment with manganese chloride at 80 °C for thirty minutes. For example, by using 2 mol%
of catalyst 1.64, the product macrolactone 1.58 (Scheme 1.26) was obtained in 91% vyield at
room temperature and thus providing ready access to a key intermediate associated with a new
route to epothilone C.”

N
N A l,  Ph3SiOu,,, Il OSiPh
PhySiOn,, Il ..OSiPh N MnCl, 33100, H g OIS
3 )Mg“ TN Ph3SiO/,,,,_I\|/}| PR Mo
AN 0\ : : |
Ph,SiO N= ~_ 7 / OSiPh; N~ PhSIO o
\ / pyridine Ph3Si0 1,10-phenanthroline
1.62 1.61
Ph
Ph ‘
‘ MnCl, Ph3Siou,,,,,l|v|[ OSiPh,
Ph3SiO“""'1|\/|I LwOSiPhy; 47 N\ ©
(0]
N \_/

Ph;SiO OEt, 1,10-phenanthroline

1.64

Scheme 1.27. Molybdenum Nitride/Alkylidyne Complexes with Ancillary Silanolate Ligands and their
Precursors.
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1.3.3. Some Stereoselective Olefination Reactions
1.3.3.1. The Wittig Reaction

The “classic” Wittig reaction between a phosphorous ylide and an aldehyde or ketone
to afford the corresponding alkene and phosphine oxide was first described in 1953.7* Since
then, it has become one of the most important methods for carbon-carbon bond formation. A
number of investigations have sought to understand and control the E- and Z-stereoselectivity
of such reactions. This has, in turn, led to diverse modifications.”> The active species in this
reaction 