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Abstract

The direct cyclisation between alkynes and ketones was described by Conia in 1964. Under
high temperatures (150-650 °C), alkynyl and alkenyl ketones were converted into
carbocycles, bis-fused carbocycles and spiro compounds by a pericyclic ene-type reaction.
However, the use of elevated temperatures limits its applications to thermally robust

molecules.
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Scheme 1. The thermal Conia cyclisation
Since the original report, a significant amount of effort has been made to develop alternative
approaches under mild conditions. These methods employ activated methylenes, frozen enol
equivalents or enamine intermediates as nucleophiles in the presence of a Lewis acid (Hg, W,
Pt, Au) to activate the unsaturated moiety. Although, synthetically useful, these processes are

limited by the necessity to use a preformed enol or a co-catalyst, which involves additional

synthetic steps and reagents.

In this thesis, we will show how the direct Conia-type cyclisation of ketoalkynes can be
achieved without recourse to preactivation of the ketone. The use-bewis acid catalyst
enables synthetically efficient direct cyclisations to occur at room temperature. In our study
we tested a range of Lewis acids and discovered that the use of gold complexes allows a
variety of bis-fused [4.3.0], [3.3.0], [4.4.0] and spiro carbocycles to be obtained smoothly

from readily assembled starting materials. Details of the mechanistic aspects will be discussed



as well as the scope and the limitations of this new process. Additionally, we will show an
extension of this work into cascade polycyclisation reactions, which transform simple starting

materials into complex carbocyclic structures in one synthetic manipulation.
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1.1 General considerations on homogeneous gold catalysis

Although gold has been employed for a long time in jewellery, ornamentation and
monetisation; its utilisation in chemistry, notably in catalysis has been scarce until very
recently. However, the first observations of its catalytic abilities were mentioned in 1823,
following the decomposition of ammonia in its presehEeom this date until the 1970s, the
catalytic properties of gold were reported in only a few scattered examples, as illustrated by
the Lancaster-Rapson surdegnd Bond’s seminal work on olefin hydrogenation over
supported gold catalysfslts supposed inertness and elevated price might have arrested
subsequent and in-depth developments. Nevertheless, several years later, its ability to catalyse
ethyne hydrochlorinatidnand carbon monoxide oxidathelped to arouse the attention of

the scientific community and furthered the development of heterogeneous gold catalysis. At
about the same time, homogeneous gold catalysis was hardly investigated despite remarkable
results obtained by Ito in asymmetric aldol condensafioasd by Utimoto in alkyne
activation! Gratifyingly, this situation was rapidly modified within a few years and
homogeneous gold catalysis has gained more attention to its current state as a dynamic field in

catalysis research.

The use of gold salts and complexes has been particularly rewarding, since novel chemical
transformations have been found and complex structures have been produced in an atom-
economic manner. In these reacti6figiold catalysts could behave either as oxophilic Lewis
acids or as carbophilic acids. While tieacidity of Au(l) and Au(lll) is well known and this
propensity moderately us&dhe reactivity of gold complexes towards carbonyl functionality

has been barely exploited® The use of gold catalysts either as carbophilic Lewis acids or
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oxophilic acids mainly lies on two factors: the intrinsic chemical properties of gold and its
price. For a chemical transformation, at equal reactivities and efficiencies, the least expensive
catalyst is obviously preferred and thus will be more employed. Besides, gold catalysts are
generally more expensive than conventional oxophilic Lewis acids, but less expensive than
Rh or Pt salts, which also activate multiple bond systems. For instance, in 2004, aluminium
and gold prices were, respectively, 1717 $/tonne and 410 $/0z (equal to 14,462,324 $/tonne);
whereas platinum was sold at 846 $fbRecent prices are also aligned with the above trends.
On the 2#' October 2010, aluminium was sold at 2322 $/tonne (LME official), while gold
was traded at 1324.5 $/oz (London fix) and platinum at 1860.5 $/0z (London fix but on

261h)'12

In addition to the price dictate, gold’s intrinsic properties mainly cause its preferential use as a
reacid f.e. multiple bond activation) rather thancaacid (carbonyl activation® Gold
catalysts are well known to be soft Lewis acids, thus interacting preferentially with soft Lewis
bases such as alkynyl or alkenyl units. This interaction leads to the activation of the
unsaturated unit, by depletion of its electron density through coordination with the metal, thus
enabling attack by a nucleophile. Relativistic effects can be employed to explain such
behaviour, as the contraction of the 6s and 6p orbitals and the expansion of the 5d orbitals of
Au, lead to greatly strengthened and shortened Au-ligand bonds and induce a relatively low-
lying LUMO, responsible for its elevaten-acidity®** While, based on Pearson thebdty,
interaction with the carbonyl functionality should be disfavoured although possibilelofs

not exclusively exhibit strongracidity; H', P* and the toxic HY also demonstrate such
activation for example. However, as the contraction of the 6s orbital is more pronounced in
the case of Au, it displays a superieacidity compared to neighboring elements such as Pt

and Hg'* Furthermore, several drawbacks accompanied the usé @f Hyf*. In the former



Chapter 1: Introduction 3

case, the reaction conditions can engender various side reactions; while in the second case, the
Hg?*-C bond is kinetically stable and necessitates an extra step for cleavage, in contrast to the

Au’-C bond which is kinetically labile.

The above characteristics render gold catalysts very suitable for chemoselective activation of
alkynes or alkenes and less frequently of carbonyl functionalities. In systems containing
carbonyl functionality and unsaturated bond units, gold catalysts have been used to obtain
interesting building blocks, through intriguing mechanisms. The subsequent chapters will

depict these transformations; but first the field of the study needs to be presented.

1.2 Alkynyl ketones and alkynyl aldehydes as starting materials: defining

the scope of the study

Compounds containing both alkynyl and carbonyl functional groups are common among
synthetic organic molecules since various further modifications can be done through
interaction of these functionalities with external reactants. Under suitable conditions, external
nucleophiles or electrophiles can be easily added, either on the carbonyl unit or on the alkyne
(Scheme 1.a). Nevertheless, their use is not mandatory. Carbonyl and alkynyl units can react
together, assisted by external reagents or not. Interesting and useful compounds have been
obtained by employing this approach. One of the early examples was reported by Conia and
co-workers, who observed that unsaturated carbonyl compounds cyclise through a pericyclic
ene-type reaction to give carbocycles under elevated temperatures (Scheme 1.b). Since the
original report, alternative methods, in which @@ucleophilicity of the carbonyl functional

unit is increased, have been developed to allow nucleophilic attack on an activated

electrophilic alkynyl moiety (Chapters 1.3 and 1.4.1).
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In the absence of substrate modification, the lone pair of the carbonyl oxygen atom can act as
a nucleophile (Scheme 1.c, upper route). This second approach has generally been used to
prepare oxygen-containing heterocycles (furans and related compounds) or complex
carbocycles if a second alkynyl unit is present in the system (Chapters 1.4.2 and 1.4.3). Under
gold catalysis, these two routes are favoured when the complexes display a carbophilic Lewis
activity, so calledrracidity® Alkynyl carbonyl substrates can also undergo a metathesis
reaction (Scheme 1.c, lower route). In this case, the resulting products are generally enone
derivatives, which can undergo subsequent transformations depending on the structure of the
starting material (Chapter 1.4.4). The scope and the limitations of the aforementioned routes

will be discussed in the next chapters along with their mechanistic aspects.
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a) Intermolecular reactions

Nu™ Nu™
Nu \ \ Nu
\k -— _£|':'_ _—
o) 0 LA" LA
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LA = Oxophilic Lewis acid LA" = Carbophilic Lewis acid

b) Conia-ene thermal cyclisation

c) Cycloisomerisations
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L . -
n— and c-acid 0

R

Scheme 1. Reactivity of unsaturated carbonyl compounds

1.3 Uncatalysed reactions of unsaturated carbonyl compounds: the Conia-

ene thermal cyclisation

The thermal cyclisation of unsaturated carbonyl compounds is an intramolecular C-C bond-
forming process, which was described by Conia in $864The reaction requires high

temperatures using different heating techniques (simple heating under nitrogen, in a sealed
tube, static vapour, or gas flow process) depending on the type of carbonyl compounds and

the scale. Both ene- and yne-ones may be employed and one of the first examples of the
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thermal cyclisation is represented by the oct-7-en-2-one syst&mt around 350 °C, in a
sealed tube or vapour phadewas converted quantitatively into a mixturecs andtrans-2-

methylacetylcyclopentanes 2 and 3 in the ratio of 7:93 (Scheme 2).

0] (0]
0 N
)J\/\/\/ 350 °C Q/
2

1 3

Ratio 7 : 93

100%
Scheme 2. The thermal cyclisation of oct-7-en-2-one

Generally, the cyclisation to form 5- and 6-membered-ring systems proceeds smoothly;
whereas larger ring compounds are obtained with difficulty in reduced yields. For instance,
dodec-11-en-2-oné was converted into the cyclononameith a yield of only 30% (Scheme

3). On the other hand, under thermal conditions, the formation of smaller rings is unviable as

the process is reversible and ring-opening is favotired.

0 o

4 5 (30%)
Scheme 3. The thermal cyclisation of dodec-11-en-2-one

This method was used to synthesise various compounds including bicyclic and bridged
compounds, as well as steroid derivatives. For instance, under elevated tempetatures,
acetylenic ketones were converted into cycloalkyl ketorsegnsaturated aldehydes into
formylcyclopentanes, and acylcycloalkanes substituted by an unsaturated side chain were

transformed into polycyclic ketones (Table?1).
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Entry Substrate Product Conditions  Yield (%)

1 0 0 0 260 °C, 3 h 98
)U~ % % ratio: 85:15
B

(A:B)

2 ©)CLC’ 0 350°C, 1 h 80
3 o 300 °C, 90
i
©)K<)H 2 h 30 min

A\

4 o) : 320°C,1h <25
U OHC OHC,, Q

5 o 320°C,1h 80
IK(/( OHC

Table 1. Thermal cyclisation of acetylenic ketones and ethylenic aldehydes

N

It was found to be necessary to alkylate at bothotpesition of the ketone and the terminal
extremity of the alkene or alkyne bond to avoid isomerisation of the double bond of the
cyclised product (Table 1, entry & 1 and 2). The equivalent cyclisation of aldehyde
substrates hardly occurred as the reactants and the products decomposed under high
temperatures. 2-Methyl hept-6-enal (entry 5), is less sensitive to the thermal decomposition
and represents an exception. In all cases, the mechanism involves two steps: the formation of
ana-enol intermediafegenerated by tautomerisation at high temperatures and a six-electron
cyclic process: hydrogen shift from the enol group to the unsaturated termini with

concomitant formation of the-bond (Scheme 4).

# Thea-enol intermediate is described as the enol formed between the carbonyl moiety and the alkyne; while the

a’-enol is the external isomer.
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o Type Cyclisation

(o} (o YO (o}
o o | ‘a 1ME N | | —_—
B 3
Y
6 a-enol intermediate 7

o' Type Cyclisation

(0] ] O H e}
\ 350 °C \
o a —_— | - s
X
8 o'-enol intermediate 9

Scheme 4. Mechanism of the thermal cyclisation of alkynyl and alkenyl ketones

The formation of thes-bond between the- ande-carbon atoms requires the generation of the
a-enol intermediate. When the-enol intermediate would lead to the formation of an

unviable cycle, the cyclisation can occuia the formation of thea’-enol intermediate

(Scheme 4).

The mechanism of the thermal cyclisation is a concerted cyclisation similar to the ene
reaction. The process involves three steps: (1) a shift of one double bond due to interactions
between the orbital of the O-H bond (or C-H bond in ene reaa}tiith thex* orbital of the

C-C double bond; (2) an hydrogen transfer to the alkyne (or alkene) due to an overlap of the
orbital of the alkyne with the* of the O-H bond; and (3) a formation of a bond besw the

two unsaturated termini resulting from overlap betweenttbebital of the C-C double bond

and he alkyner* molecular orbital (Figure 1).
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Ene reaction Thermal cyclisation

Figure 1. Mechanism of the thermal cyclisationthis ene reaction

While this process has been extended to a wide range of substrates, ssatiteag ketones,
e-unsaturated aldehydes, unsaturafekletoesters and even applied to the synthesis of a
natural product® the use of high temperatures is a limiting factor to this method’s potential
utility since some functional groups are unstable under thermal conditions. In an attempt to
address these issues, Conia and colleagues developed alternative strategies that require less

drastic conditiong?

1.4 Cycloisomerisations of ketoalkynes and formyl alkynes under gold

catalysis

1.4.1 Alternative approaches of the Conia-ene reaction:

The Conia-ene reaction has allowed the preparation of valuable carbocyclic frameworks from
relatively simple starting materials. However, the use of elevated temperatures limits its utility
to thermally stable substrates and cyclised products, as illustrated by the difficult cyclisation
of formyl alkynes. Alternative approaches are characterised (1) by a modification of the
starting material structure to increase @aucleophilicity of the carbonyl functionality either

as an alkyl or a silyl enol ether or ag-&etoester and (2) by an activation of the unsatdrate

moiety by means of Lewis acids.
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4.1.1 Cyclisation of carbonyl compounds via their silyl enol ether derivatives

Various Lewis acids have been tested for the cyclisation of acetylenic silyl (or alkyl) enol
ethers into carbocycles. Among them, dH#>* combined catalyst EtAICI,* and tungsten
carbonyl catalysts (W(C@)THF or W(CO})** have proven their efficacy. However, severe
drawbacks are associated with their use. Generally, stoichiometric amounts of catalyst are
required with EtAIC), W(CO) and Hg" catalysts. With W(CQ)THF, although
stoichiometric amounts of catalyst are not always necessary, the fact that the reaction evolves
intermediate metal vinylidenes (also applicable to W ®@3stricts its scope to terminal
akynes. The above constraints diminish somewhat the synthetic utility of these
methodologies, rendering new approaches desirable. Thus, alternative catalysts have been
researched and notably the investigations were orientated towards non-toxic late transition
metals, known to be strongacids (Scheme 5). Early examples were run in the presence of

platinum salts and will be presented here for comparative purposes.

0 R2 OR ‘ 9
. |
R / 6- or 7-exo-dig RIS LA | 5- exo or endo-dig R! /
- B .
n=2or3 n=0or1
n
n

LA= Au or Pt, R= SiR'3

RZ

Scheme 5. Cyclisation of silyl enol ethers with tethered alkynes

Inspired by their previous work on Pt-catalysed cyclisation of enynes, and the results reported
by Iwasawa and by Dankwardt, in 2003 Echavagtal. reported cyclisations of enol ethers

and trialkylsilyl enol ethers with alkynes in the presence of platinum salts and other late
transition metalé® They found that frozen nucleophil&s attack a triple bond activated by
sub-stoichiometric amounts (5-10 mol%) of a late transition metal, mainly Pt(ll) or Au(lll) to

give cyclised product®, with very good yields. Indeed, they suggested that the cyclisation
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takes placeria anexo- orendo-dig mode to provide an intermediate carbocation, which after
stabilisation by back-donation of the metallic centre proceeds to a transient cyclopropyl metal
carbene. Subsequent rearrangement and acetalisation by means of methanol ultimdely give
(Scheme 6). Although, some DFT calculations on cyclisation promoted by &t€CIAuUC}

support the formation of cyclopropyl metal carbenes, these mechanistic hypotheses must be
taken with caution, especially in the case of gold wherein the nature of the Au-C bond in [L-
Au()-CHR]" complexes causes controversy. It has been demonstrated that depending on the
carbene substituents and the ancillary ligand, the mechanism evolves either a gold-stabilised

carbocation or a gold carbene or something between these structural eftfémes.

- 1 1
an R? . RY R

L,Pt
5-exo-dig F~\OR LnPt OR | ?R MeOH | R
R N _ = - = _—
OMe
R1
OR z Z Z
|

z Gth
S

tL,
R1 (P " R1
1 MeOH 1
N O'R _ X—R —_— xR
6-endo-dig Z ! OR z z _OR z OR
P,

Scheme 6. General mechanism for the Pt-catalysed cyclisation of enol ethers with alkynes

With Pd(Il) and Cu(ll), the cyclised products were obtained in relatively good yields,
depending on the substrates. Nevertheless, Pt(ll) and Au(lll) were more efficacious and
exhibited a wider applicability. For instance, enol etb@was uneventfully converted into
methylene pyrrolidinell in the presence of the former transition metals; however with
Au(lll) and Pt(ll), only 5% of catalyst loading were required to achieve the cyclisation in a

better yield (Table 2).
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e OMe

oM
OMe
7 _» H
#s MeOH, reflux, 17 h ¥s
10 1
Entry [M] Yield (%)
1 PtChb (5 mol %) 84
2 PdC} (10 mol %) 81
3 [Cu(MeCN)]PFs (10 mol %) 77
4 AuCl; (5 mol %) 97

Table 2. Transition-metal catalysed cyclisation of enol ethers

Bis-fused cyclic compounds could also be obtawiadthis strategy in the presence of just 5
mol% of Pt(ll) or Au(lll) salts, contrary to mercuric salts methodologies requiring
stoichiometric amounts of Hf For example, the transformation @2 via a 5exo-dig
cyclisation provided bis-fused ketod8 in good yield; whereas éxdo-dig cyclisation o014
afforded15 in moderate yield (Scheme 7). The formation of bis-fused kdi®mather than

bicyclic acetal was explained by the cleavage of the labile adetgl followed by the
conjugation of the alkene. Nevertheless, an alternative route can be suggested. Indeed, after
nucleophilic attack of the silyl enol ether on the activated alkynyl moiety, the O-Si bond is

labile and methanol mediated desilylation might easily occur rather than acetalisation.
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IPS

Qo+ PiL,, o) PtL,,
MeOH % f/ % f/
CO,Me MeOTIPS, H* CO,Me

MeO,C MeO,C
1. Protodemetallation
PtCl, 2. Conjugation PtCl,
oTIPS o
l ’ PtCl;, (5 mol%)
MeOH, reflux, 17 h
CO,Me
Me0,C~ “CO,Me MeO,C 2
12 13 (70%)
MeO /
| (MeO),HC
NTs AuCl; (5 mol%) X
MeOH, reflux, 17 h N
H Ts
14 15 (40%)

Scheme 7. Synthesis of bicyclic frameworks

The mechanism of the Au(lll)-catalysed cyclisation was not depicted by the authors.
However, with regards to the mechanism with platinum, the first step of the reaction involves
the attack of the enol ether on the terminal or internal carbon of the activated alkyne (Scheme
6). The preferential formation of the Bsthe 6-membered ring lies on the relative stability of
their different transition states. Studies of the energy profiles of a [M]-6-octen-1-yne complex
(M = platinum or gold) reveal that the cyclisation follows #melo pathway when there is a
heteroatom in the hydrocarbon chain. This behaviour is explained by geometrical restrictions

which are stronger in thexo transition state. Compound 15 illustrates this conduct.

More recently, Toste and co-workers reported similar cyclisation reaéfiatey showed
that in the presence of 10 mol% of fPRAuUCI] and 10 mol% of AgX (X = OTf, SRFCIQO,,

BF,), silyl enol ethers bearing terminal or internal alkynes are rapidly converted into bicyclic
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ketones with moderate to good yields. The use gPRuBF, salts {.e. Au(l)), generateth

situ after addition of the silver activator, AgBFo gold halide, P#PAuCl, led to cyclised
products in high yields afteza 30 minutes at room temperature, whereas 17 hours and 65 °C
were required under Au(lll) or Pt(ll) catalysis in Echavarren’s cyclisations. Because Au(l)
and Au(lll) exhibit similarteacidity, the differences between Echavarren and Toste’s Au-
catalysed cyclisations can only be explained qualitativiedy, structure of the substrate,
concentration of the reaction mixture. For Au@$ Pt(ll) salts, relativistic effects are

responsible for the higher reactivity of Au(l) as discussed in Chapter 1.1.

The reactions were carried out in &HY/ROH or PhMe/ROH (ratio 10:1). The use of ROH
(H2O or MeOH) as a second solvent was required because it provides the proton source
necessary for the protonolysis of the vinyl gold intermediate and the nucleophile for cleavage
of the silicon bond. Furthermore, tletype cyclisations were diastereoselective and took
place in different modes: 5- oreko-dig, 5-endo-dig ortrig depending on the number of
carbons between the-carbon and the tethered alkyne. The methodology was applied to a
wide range of substrates, acyclic or cyclic, polysubstituted and/or highly functionalised silyl
enol ethers with a terminal or internal tethered alkyne. Representative examples are indicated

in Table 3.
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[AUCIPPhg] (10 mol %), AgBF4 (10 mol%)
Substrate Product
CH,Cly/H,0 (10:1), 40 °C

Entry Substrate Product Yield (%)
1 OTBS
MeOZC COzMe
2 TIPSO
=
94
MeOzC COzMe
3 OTBS 0
% \
77
—
—_—
H H
4 OTBS Q
R1
/Ei/ 2
Ri=aly H g2 H R
R? = ethyl

Table 3. Scope of Au(l)-catalysed carbocyclisations

The synthetic utility of this process was demonstrated by an efficient total synthesis of
lycopladine A, wherein the Au-catalysed cyclisation of silyl enol etterinto bis-fused
ketonel7 was the key step. The reaction tolerated the presence of halide and benzyl ether
functionalities, allowing further modifications in the subsequent steps (Scheme 8). Total
syntheses of fawcettimifftand platencin, a promising antibiofithave also employed a

similar approach for the preparation of key intermediates.

BnO HO
OTBS 0 | o
o [AUCIPPhs] (10 mol%), AgBF 4 (10 mol%) 5 steps W
_—
1 CH,Clp/MeOH (10:1), 40 °C N
—
H
16 17 (95%) (+) lycopladine A

Scheme 8. Synthesis of (+) lycopladine A
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In line with the work of Toste, P. Lee and K. Lee reported the Au-catalysed 5-exuidig
cyclisations of alkynyl silyl enol ethers having a terminal or internal alkynyl gifbup.
Intriguingly, although the structures of the described substrates were very similar to those
depicted in Toste paper, harsher conditions were required. Effectively, 5 mol%4Paueirf

salts (which is a strongerracid than P§PAuBF, salts due to weakened coordinated
counterion ~ OTf) and a temperature of 80 °C, along with prolonged reaction times (from 2

to 13 h) were needed to accomplish the transformations in similar yields. No proton source
was added to achieve the transformation (ROH). Under these reaction conditions none of the
exo-methylene products were produced (although postulated as intermediates by the authors);
on the contrary, conjugated bicyclic enones were generally afforded, probably due to their

stability and the absence @fsubstituent (Scheme 9).

Lee's conditions Toste's conditions
0 OR 0
_— [PhsPAUOTH] (5 mol %) | ‘ [PhsPAUAGBF 4] (10 mol %)
z CICH,CH,CI, 80 °C, 9 h z toluene/CH;0H (10:1), rt z
20 (87%) Z= C(CO,Me),, R= OTBS 18 Z= C(CO,Me),, R=0TIPS 19 (83%)
(0] 1 OTBS 0
R R
=\ PhoPAUOTH (5 mol %) Rl PhopauagBFa (10 mol %) G
=~z CICH,CH,CI, 80°C, 11h , CH,Cl,/H,0 (10:1), 40 °C ~7
R? R2 R2
23 (72%) Z=C(CO;Me),, R'=Me,R>=H 21 Z= C(CO,Me),, R'= Me, R?= Me 22 (90%)

Scheme 9. Au(l)-catalysed &xo-dig cyclisation Lee v3oste’s conditions

Very recently, Sawamura and co-workers reported the fiestofdig cyclisation of acetylenic
silyl enol ethers catalysed by a Au(l) compféxThey showed that although the

transformation was not possible with conventional gold complexgsPhkPAuUNTT,; the use
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of triethynylphosphiné.1-Au(l) complex allowed smooth access to methylene cycloheptane

frameworks (Scheme 10).

OTIPS
/N
[L1AUNTF,] (5mol %) : F
EtO,C H
EtO,C CICH,CH,CI, 'BuOH (1 eq), 2
4A MS, 80 °C, 5 min
24 25 (99%)

Scheme 10. Au(l)-catalysedeékodig cyclisation of acetylenic silyl enol ether 24

The reaction proceeded at variable temperatures, in chlorinated solvents, in the presence of
molecular sieves, with 5 mol% &fl-AuNTf, and one equivaletBuOH (proton source).

Under these conditions, various cyclic and acyclic silyl enol ethers were converted into
methylene cycloheptanes within 5 minutes in high to quantitative yields. The authors
explained such reactivity by the fact that the cavity of the ligahdorces the nucleophilic

centre close to the gold-alkyne complex, resulting in an entropy-based rate enhancement

(Figure 2).

Si—=—mP +-Bu
| \
t-Bu Ar | ‘
t-Bu tB OMe
MeO tBu . -Bu Ar = 3,5-Bu,-4-MeO-CgH,
Si
t-Bu
MeO OMe
tBU o g, 1B
OMe
L1

Figure 2. Triethynylphosphine ligand L1
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4.1.2 Conia-Ene reaction of pketoesters with alkynes

The Conia-ene reaction di-ketoesters with alkynes is a C-C bond-forming precghkich
provides access to vinylated ketones. Since early work under thermal conditions, many efforts
have been made to find milder reaction conditions. In the 1980s, the first alternatives
employed either stoichiometric or sub-stoichiometric amounts of mercuric salts. A few years
later, some early and late transition metalg.(Mo and Pd) were also found to be efficacious.

It is only since the 2000s that the reaction regained attention and various reagents employed
such as Ni(Iif®, In(11)34, 1L, cu()® or (11), Zn(1)*" and Pd (11§ probably due to Toste’s

seminal work on the Au-catalysed Conia-ene cyclisation-kétpesters?

Sawamura's approach Toste's approach
R2 2
0 R
R1 0 (0]
6- exo-dig R COsR 5- exo or endo-dig R!
- B —————
RO,C = =
2 n=2 7y n=0or1 RO,C
n n i\ )n
N R2

Scheme 11. Cyclisation ofRetoesters with alkynes

In 2004, Tosteet al found an elegant alternative to the thermal cyclisation of unsatrated
ketoesters, which proceeded under mild conditirighey showed that-alkynyl ketoesteR6

could cyclise in the presence of PUOTT, at room temperature, after 15 minutes to provide
cyclic product27 (Scheme 12). Only 1 mol% of catalyst loading was required and the process
was not moisture-sensitived. it took place under “open-flask” conditions). Other catalysts
were also tested. With AgOTH/PRHPRPAUCI, [(CyNCYAU]PFs and [(PRPAuU)O]BF,, no
cyclisation occurred. While, Augland AgOTf gave respectively 30 and 50% of conversion,
probably due to the degradation of products or/and substrates caused by the strong acidity of

the former, whereas a weak reactivity can explain the second resWPAO]BF,/HOTT
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gave similar results to BRAuUCI/AgOTf. From the above results, the authors deduced that

cationic triphenylphosphinegold (1) (B®Au(l)") was the catalytically active species.

o o o)
[PhsPAUOTF] (1 mol%)
OMe CH,Cly, rt, 15 min MeO
S

o]
26 27 (94%)

Scheme 12. Gold-catalysed Conia-Ene reaction

Under these conditions, a wide range of ketoester substrates with a terminal alkynyl tether
were smoothly converted into monocyclic or bicyclic ketones in good yields (between 79 and

96%).

Mechanistic studies on the reaction clearly demonstrated that the process consists of
nucleophilic attack on a Au(l)-alkyne complex by the enol form of the ketoester, leading to a

vinyl-Au intermediate, which after protodemetallation gives the cyclised ketone (Scheme 13).

[PhsPAUOTH] (1 mol%)

Scheme 13. Mechanism of Gold-Catalysed Conia-Ene Reaction

The reaction could not be extended to ketoesters tethered to an internal alkyne since less than
10% of conversion occurred with these substrates. The authors explained this poor reactivity
by the fact that severe 1,3-allylic strain is developed in the transition state. Thus, to overcome
this limitation, they examined-internal alkynyl ketoester substrates and basedherabove
described mechanism, they formulated that interactions between the alkynyl substituent and

the catalyst should be minor in the transition state, due to émel®&-dig mode of cyclisation
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(Scheme 14%° To confirm this hypothesis differeri-internal alkynyl ketoesters were
subgcted to cationic gold salts. Indeed, in the presence of 1 mol%3;BABOTf, various
ketoesters bearing internal alkynyl tethers with diverse substituents such as aryl, alkyl, alkenyl

groups and even halide were smoothly converted into cyclopentenes (74-99% yield).

5-exo-dig 5-endo-dig
g-acetylenic ketones 8-acetylenic ketones

o) ; o)
CO,Me i CO,Me
: R
| =
\ :
26 R 28

I26 I2g

Scheme 14. Proposed transition states for the Au(l)-catalysexb-8lig- vs 5-endodig-
carbocyclisation

More recently, Yang and Sawamura revisited the Au-catalysed Conia-ene cyclisation of
acetylenic 1,3-dicarbonyl compounds by furthering the scope of the neutral ligand used to
coordinate the metallic centre. Yang and co-workers demonstrated thaligaiAd was not

vital for the transformation and they showed that gold cata§swith a N,N’-disubstituted

bulky cyclic thiourea ligand successfully catalyse=sx6-dig cyclisations at room temperature

in air* Sawamuraet al. found that 6exo-dig cyclisations ofi-ketoesters with terminal
alkynes could proceed smoothly in the presence of triethynylphosphine gold coloiplex

AuUNTTf, (described on page 17), while with conventional triphenylphosphine gold complexes,
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the cyclisation was either sluggish or impossible. They also demonstrated that this catalytic

system was effective for the cyclisation of ketoesters with internal alk§fies.

By tBu
N N
b
S
\
By AL{ tBu
Cl

29

Figure 3. N,N’-disubstituted bulky cyclic thiourea gold catalyst 29

4.1.3 Combined gold catalysis and aminocatalysis

Gold-catalysed carbophilic activation has proven a highly successful strategy for the
cyclisation of unsaturated carbonyl compounds in whiclCtneicleophilicity of the carbonyl
functionality is pre-enhanced. Nucleophilic attack of activated methylene compounds or silyl
enol ethers to adjacent reactive electrophiles has allowed rapid and efficient intramolecular C-
C bond-forming processes to occur. Nonetheless, the synthetic utility of this transformation is
somewhat diminished due to the additional synthetic step that requires the synthesis of enol
equivalents. To overcome this limitatian, situ activation of the carbonyl unit, probahlia

the formation of an enamine intermediate, combined with a transition metal-catalysed alkyne
or alkene electrophilic activation strategy has been examined and successful results obtained

in the presence of Pd(PRA*, Cu(OTf),™ and cationic gold complexég.

Various cationic gold complexes as well as Ag(l) and Pt(ll) salts were screened by Kirsch and
co-workers for the carbocyclisation of formyl alkynes and ketoalk{hdsnong them,
PhsPAuSbR and [(PRPAu)xO]BF, displayed a higher reactivity and allowed efficient
conversion of terminal alkynyl aldehydes in CR@t 70 °C in the presence of an amine co-

catalyst. Although HN(i-Pr), HN(i-Prr and HN(i-Pr)(c-Hex) were effective for this
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transformation, other amine bases such as pyrrolidine could also catalyse the reaction to
afford the cyclised products in similar yields. The cyclopentene rings could be obtained in
moderate to high yields (55-97%) within 1 and 4 hours; however-toanched aldehydes, y
aromatic-substituted aldehydes and ketoalkynes bearing an ester group, longer reaction times
were required along with elevated temperatures (for the latter case) to achieve successful 5-

exo-dig cyclisation and subsequent isomerisation (Scheme 15).

0
| i
| | [PhsPAUSDF4] (10 mol%), (i-Pr)NH; (20 mol%)
7 90 °C, CDCl, , Z Time, h Yield, %
30

s C(CHOCH), 2 | 81

Wr/t NH, [Aut] /LNHz ﬂ\ C(C(O)Cl‘b)z i 4 i 71

NCC(COEY) | 4 | 97

Scheme 15. Proposed mechanism of the combined gold catalysis and aminocatalysis

1.4.2 Furan synthesis and related rings

As described above, ketoalkynes smoothly undergo cycloisomerisation under gold catalysis to
furnish fused and spiro carbocycles in good to high yields. The reaction progaeds
electrophilic activation of an alkynyl moiety, followed by intramolecular ring closure initiated
by an altered carbonyl unit. The modification of the carbonyl functional group consists of
increasing itsC-nucleophilicity under the guise of enol tautomer equivalents or enamine
intermediates. In the absence of such modifications, intramolecular reactions between a

carbonyl functionality and an alkyne could be allowed by nucleophilic attack of the lone pair
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of the carbonyl oxygen atom on the activated alkyne. This approach has been investigated for

the preparation of furans and related rings.

Substituted furans are useful building blocks present in many natural products and synthetic
compounds. Various well established methodologies have allowed furan synthesis either from
the introduction of substituents to furan rings or from the intra- or intermolecular reactions of
appropriate functionalities. Among the diverse intramolecular approaches, the transition
metal-catalysed cyclisation of unsaturated compounds containing an oxygen atom has
recently been paid more attention, as highly substituted furan molecules can be built under
mild reaction conditions from readily accessible starting materials. Various transition metal
catalysts have been employed for these transformategs;Pd(ll), Cu(l), Ag(l) and Au
catalysts'’ In the case of gold catalysts, the starting materials used for these cyclisations are
generally allenyl ketones, ketoalkynes, alkynyl enones (with the assistance of an external
nucleophile),a-alkenyl B-diketonesand alkynyl cyclopropyl ketones to only mention those

containing a carbonyl groufd: *

Furan preparatiorvia the gold-catalysed intramolecular cyclisation of ketoalkynes (not
assisted with an external nucleophile) has been scarcely described in the literature, although
allowing the synthesis of interesting motifs. Pioneering work in this field has been done by
Hashmi et af® Based on the Agatalysed Marshal reactifhthey reported the cyclisation of
propargyl ketone82 in the presence of 0.1 mol% of AuCThe reaction took place at room
temperature and acetonitrile was used as solvent. The 2,5-diethyl3iraras obtained in
quantitative yield after a few minutes. With a Ag(l) catalyst the reaction failed, and a
temperature of 100 °C was required with a palladium catalyst. The authors did not discuss the

mechanistic aspects of the reaction. However, as allenyl k8®radso provided furaB4,
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two pathways could explain the reaction outcomes. Either the gold catalyses isomerisation of
32 into 33, then subsequent ring closure affords the Au-carbene intermegdjatdich can
undego a 1,2-H shift, or the gold catalyst activates the alkynyl moiety, enhancing its
electrophilicity by depletion of the electronic density through coordinalieBndo-dig ring
closure initiated by nucleophilic attack of the carbonyl oxygen atom can thus occur, followed

by aromatisation and protodemetallation to furnish the furan ring.

(AU} [Au] 1,2-H Shift
Protodemetallation

O k —_— -
/\‘ Et <K —Et Et/m\ Et
Et <) Et 9 ()

33 [AU I33

\ Aromatisation
[Au] [Au] ~ Protodemetallation

0 [Au] 0N Et o
Et Et 2 Et
— —— /// B —
/U\/ E'(/U\/ ¥ \Q/

Scheme 16. Proposed mechanistic pathways for the preparation of furan rings

An interesting cascade cyclisation of diynyl ket@te was reported in the same paper and
proceeded under the same reaction conditions to afford the oxaspiro conggimé1%.

The presence of the second alkynyl unit might have induced a second cyclisation with
probably the furyl gold specidss to provide the intermediate ;s described by the authors.

I35 then suffers additional nondiastereoselective C-O bond formation to give 36.
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AuCls, (0.1 mol%) \ /
—_—
CH4CN, rt
O 36

o

[Au]
HO

ll35
Scheme 17. Key intermediates in Ay&htalysed cascade cyclisation of 35 into 36

Gevorgyan et al. have also investigated the preparation of furan rings starting from
unsaturated carbonyl compounds. They developed diverse methods to synthesise di-, tri- and
tetra-substituted furans from allenyl or alkynyl ketore¥.Various transition metals and
conventional Lewis acids were tested for these transformations and in the majority of the
cases Cu(l) appeared to be the most effective. However, for some substrates, a gold catalyst
was preferred, notably with allenyl ketones. Preparations employing alkynyl ketones were few
and limited to specific structures. For instance, they reported that acyloxy alkynyl ketones
underwent smooth cycloisomerisations to produce trisubstituted acyloxy furans in good to
quantitative yields under AgBFor Cu(OTf} catalysis’* For one of the substrates with a
TMS-substituted alkyne (substr&8@), silver salts were abandoned in favour of Auftle to

TMS group incompatibility with the former catalyst. They elegantly demonstrated by means
of labelled starting materials that the reaction proceld,2-acyloxy migration to form a

metal carbenoid (or carbene), which can be trapped by the carbonyl oxygen of the ketone to
afford the corresponding furan (Rautenstrauch type reaction). 2 and 3-selenofurans could also

be obtained from propargyl selenoalkynones under Aul@wever its effectiveness was
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lower compared to counterparts such as CuCl or,Pt@lich provided products with better

yields and selectivity.

A A

T™S Ph

0o
.
Ph oS
Ph  M]

1,2-acyloxy migration ‘ \
o]

Ph
J\é) AuCl; (5 mol%) \‘:(

Xyv—Ph
toluene rt, 15 min \ 0

37 T™MS 38 (78%)

Scheme 18. AuGlcatalysed tetrasubstituted furan synthesis fooacyloxy ketone bearing

silyl alkynyl tether

More recently, they further investigated the scope of the reactions employing silyl alkynyl
ketones as substrates in order to prepare diverse silyl furans, wherein the silyl group could
react with various reagents and allow further modificatidndeed, they found that
homopropargylic ketones with an alkynyl moiety capped with diverse silyl groups (TMS,
TES and PhMeSi) and without an acyloxy substituent at dhgosition underwent
cycloisomerisation in the presence of 5 mol% of cationic Au(l) complexes to provide
uneventfully 2- or 3-silyl furans in good to high yields. The cyclisation proceeded smoothly
with ketones bearing an electron-rich or electron-poor aryl unit or an alkyl chain. In the
absence of the acyloxy substituent, experimental results, as well as DFT calculations,
demonstrated that the cycloisomerisation might involve a propargyl-allenyl isomerisation,
followed by cyclisation to give B-Si-substituted Au-carbene. Subsequent 1,2-Si migration in
this intermediate provides the 3-silyl furan. This pathway was favoured wheRAEBbk

was employed, regardless the solvent (DCE or toluene) used. In the cagPAfi®Hf, in a
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nonpolar solvent, 1,2-H migration was preferred and 2-silyl furan was obtained, while in polar

media, 1,2-Si migration occurred preferentially.

[Au]

1,2-H shift o \ 1,2-Si shift
R3Si R

HO

1) propargyl-allenyl isomerisation
2) cyclisation

SR,
[PhsPAUOTF] (5 mol%) | tPrsPAUSHFe] (5 mot%)
H (N o Y RS—C N\ R
\ toluene, rt CICH,CH,CI, rt \
(6] R! (0]
RsSI 4 39 H 40
RIR Catalyst Solvent  40:41 Ratid

CHs/C¢Hs  PhPAuUSbR CICH,CH,CI 100:0
PhPAUOTf CICHCH.CI 66:34
PhsPAUOTf toluene 7:93
CHyn-CgHy; PhPAUSbE CICH,CH,CI 100:0

Scheme 19. 1,2-Si migration 1s2-H shift in Au(l)-catalysed cycloisomerisations of silyl
alkynones?'H NMR ratio of products for reactions performed on 0.5 mmol scale.

Although interesting, the above examples are limited to the preparation of silyl furans. Prior
to the Gevorgyan and Li publicatifna general study to gain access to diverse substituted
furans was conducted by Krause and Beftthglk-4-yn-1-ones42 were converted to fused
and tetrasubstituted furans in the presence of 2 mol% HIARIOTT at room temperature in
toluene. Generally, the cyclisation proceeded smoothly under gold catalysis; however
optimisation of the reaction conditions showed that the addition of 5 mog4TeDH.HO
dightly increases the reaction rate and the yield. Under these optimum conditions (in the
presence or the absence of the Brgnsted p€ildOH depending on the substrate) both
terminal and internal ketoalkynes could be converted to substituted furans in 57-87% yields.
The presence of sterically demanding groups, of electron-rich or electron-deficient aryl

groups on the alkyne, of an ester group, and even of a second alkynyl unit was tolerated.
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Examples with alkynones bearing silyl or halogen substituents were not reported. Like in the
previous descriptions, the mechanism is characterised by the nucleophilic attack of an internal
nucleophile on to the activated alkynyl moiety. The authors suggested that the internal

nucleophile is an enol tautomer of alkynone 42 generated under Brgnsted acid catalysis.

R4
R3
II PhsPAUOTS (2 moi%)

R2 AN R4

0]

o TR )
42 R2 L
R' R R R’ Time/min 43 Yield/%"
i-Pr  CHy CgHs CeHs 90 75
CeHs H H H 20 (30) 87 (82)
CeHs H H 4-BrGHe 60 84
CH,CH, CH; GCeHs 4-MeOGHs 60 71

Table 4. Au(l)-catalysed cycloisomerisations of alkynones into 2- and 3-substituted furans.

Reaction time and yield given in parenthesis refer to cyclisation performed in the absedcOef . HO.

In contrast to the Hashmi furan synthesis in whigdndo-digcyclisation was the only viable
route for propargylic ketones, with homopropargylic ketoees;dig orendo-dig cyclisation

mode can occur. In fact, with alkynones bearing two substituents gtghsition €.g.44),

the 5-exo-dig cyclisation was diverted (due to the absence of a labile proton) and oddy the
endo-digreaction could occur, affording stable produetlsi-Pyrans were obtaineda this
pathway after protonolysis and protodemetallation of an oxonium intermediate. Zang and Tu

developed a similar approach by attaching a cyclopropyl ring betweemni position®

®In
this latter case, thB-exo-dig cyclisation still took place, nonetheless the cyclopropyl ring
triggered the formation of a Au-carbene pyranyl intermediate, which, after subsequent

Friedel-Crafts reaction and protodemetallation, yielded pyran-fused indene. The pyranyl

derivatives were obtained in very good vyields, although 10 mol% catalyst loading was
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required to achieve the transformation at room temperature in dichloromethane. The reaction
was also limited to ketoalkynes bearing an aryl substituent gb thasition. These results
suggested that the reaction pathway is controlled either by the stability of the cationic gold
species intermediate or by the stability of the cyclised produgt (h the Hashmi synthesis,

no 4exo-dig cyclisation was observed). These observations also explain why alkynyl
(oxo)benzenes undergbendo-dig cyclisation through a benzopyrylium cation intermediate

rather than 5-exo-dig mode.

Ph Krause's approach Ph Zang's approach
Ph_ Me
o [ } Ph3PAUOTf (2 mol%) 1 I PhsPAUOTf (10 mol%) O
_— > _— >
Me toluene, rt, 40 min | Ph Ph CHCly, 1, 2h Ph | o '
Ph Ph
a4 a5 a7 PN

J (85%) {

P S —
LATY
ngph VI
PR ¥ LAu 0~ >Ph
Ph

Scheme 20. Synthesis of 4pyrans

f 0
0~ >ph i
Ph | 46
E h

1.4.3 Cycloaddition reactions through a benzo[c]pyrylium cation intermediate

Methods for the preparation of benzopyrylium cation intermediates are nowadays well
established. In the literature, numerous examples can be found since these motifs are key
building blocks for further complex molecular transformations. Recently, the synthesis of
these useful cationic species has gained a revival, notably under gold catalysis in the effective
synthesis of valuable aromatic compounds with applications in natural product synthesis.
Generally, these reactions involve the intermolecular cycloaddition reaction of the
benzopyrylium cation with a nucleophile as reaction pattrmran appropriate dienophile,

eg. carbonyl compound$®® benzenediazonium 2-carboxylate (as a precursor of
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benzyne¥®®® and alkyne§-%*®*%* |ntramolecular cycloadditions of benzopyrylium

intermediates with alkynyl units have also been developed and usually employ ynals and
ynones bearing a pendant alkynyl moiety as starting materials. The structures of the obtained
products often depend on the nature of the gold catalyst employed and on the reaction

conditions.

One of the first examples of an intramolecular ketoalkyne cyclisation which implicates a

benzopyrylium intermediate was reported by Dykeal ®

They found that bisalkynylbenzyl
compound48 did not afford oxime in the presence of hydroxylamine hydrochloride, but
cyclisedvia a domino process. Benzopyrylium formatibg) followed by an intramolecular
Diels-Alder reaction of the incipient diene and the alkynyl partner, gave benzo[a]fluorenone
49 after an intramolecular rearrangement of intermediaie Although the product was

obtained in quantitative yield, harsh reaction conditions were required (150 °C and 4 d); thus,

alternatives approaches were desirdble.
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H,NOH.HCI .
_———- o
[e) o-dichlorobenzene,
150°C, 4d
PR 49
Ph
H+ H+

Scheme 21. Synthesis of benzo[a]fluorenone

Porco and co-workers developed a milder alternative under gold catalysis where the
benzopyrylium speciesl was the key intermediate to gain access to various azaphilones and
related compounds possessing potential biological actfviynong the gold catalysts tested,
Au(OAc); proved to be the most efficient, beyond Ag@hd AuB&, in the presence of a 10:1
mixture of DCE:TFA. Because the reaction also occurred in the absence of the Lewis acid in
TFA as solvent, the authors proposed two possible reaction pathways. While, in the presence
of Lewis acid, coordination of the triple bond followed by nucleophilic attack generates an ate
complex susceptible to afford a stabilised benzopyrylium salt through strong ionic
interactions with the anionic counterion LLO0; under Brgnsted catalysis, the salt may be

obtained directly from activation of the multiple bond by TFA (Scheme 22).
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(CH2)6CH3 X
HO = AU(OAC); (5 mol%) HO X (CH2)eCHs 5 gione o X~ (CH2)6CHs
CICH,CH,Cl/CFsCOOH (10:1), rt _0, )
OH g o4  CFsCO0 Ho 4
50 51 (100%) azaphilone derivative

Scheme 22. Synthesis of azaphilones

More recently, Yamamot@t al. made a significant contribution to this area by further
investigating the reported domino process (see page 3U-FJr this purpose,o-
alkynyl(oxo)benzene$2, bearing an unsaturated chain were prepared and their behaviour
studied under gold catalysis. Based on their successful results in the-catélysed
intermolecular [4+2] benzannulation ofalkynylbenzaldehydes with alkyrfésthis catalyst

was ab initio tested for the cyclisation af-alkynyl(oxo)benzenes, bearing a carbon chain
attached to the carbonyl group. In DCE, the reaction proceeded smoothly at room temperature
to afford naphthalene analogug3. However, switching to AuBied to an increased vyield.
Under these optimum conditions, variausalkynyl(oxo)benzenes were converted to naphthyl
ketones in high yields for substrates bearing an alkynyl pendant with aryl substituents. Lower
yields (40-57%) were obtained with butyl and silyl substituents as well as for terminal alkynes
(Scheme 23, inset). These electron-deficient groups (in comparison with aryl unit) might
disfavour the [4+2] Diels-Alder step. The same reaction conditions were also successful for
the benzannulation of divergediynylbenzaldehydeS4 bearing terminal alkynes or internal
alkynes with aromatic, alkyl or silyl substituents. However, in these cases, elevated
temperatures were required (80 °C). The utility of this methodology was demonstrated in
efficient syntheses of several natural products such as heliophenaffthr¢ne

ochromycinone and (+)-rubiginone’
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o K 0
Z4 . - l y
n AuBr; (5 mol%) n-3 AuBr; (5 mol%) R
CICH,CH,CI, rt . R CICH,CH,CI, 80 °C

52 N 53 54 N\ 7 55 .
Ph O~ >pp 3 °
n=3or4
R n Time(h) Yield (%) R Time(h) Yield (%)
Ph 3 3 ) Ph 4 66
Bu 3 5 57 Bu 2 89
H 3 45 41 H 15 91
™S 3 36 40 TIPS 3 88

Scheme 23. AuBrcatalysed intramolecular cyclisation

Intriguingly, Oh and co-workers reported different results for the intramolecular cyclisation of
diynebenzaldehydes under identical conditiBhishey found that alkynyl benzaldehydss;

bearing a pendant terminal or internal alkyne led to synthetically valuable [6.7.5]-tricyclic
compoundsb8 under Lewis acid catalysis (Scheme 24). Among the various acids tested,
AuBr3; was found to be the best catalyst at room temperature for the chemoselective synthesis
of compound$8 vs compounds$7. However, when the temperature was raised up to 80 °C,
the two isomeric products were obtained in roughly 1:1 ratio for diynals with an internal
alkyne, while with a diynal possessing a terminal alkyne, compbuvdas the major isomer.

The authors explained the formation of these two tricyclic frameworks by the existence of two
possible pathways. They proposed that the reaction might proceed at first, through the
formation of the benzopyrylium-type intermedidtg, described by Dyker and Yamamoto.
Then, depending on the temperature, this zwitterion might react with the pendant alkynyl
moiety through an intramolecular [3+2] or [4+2] cycloaddition. They suggested that at low
temperature, the Huisgen-type [3+2] cycloaddition was favoured and after a sequential
fragmentation of the incipient Au-carbene spedieg gives the [6.7.5] motif; at higher
temperatures, it is the [4+2] cycloaddition which is preferred. Surprisingly, they also

demonstrated that the presence of the gem-diester was key for the preparation of [6.7.5]
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tricycle 58 viz [3+2] cycloaddition, presumably due to a Thorpe-Ingold effect; without the
diester, only [6.6.6] isomés7 was obtained at room temperature. The above conditions were
also applied to alkynyl benzaldehydes with pendant terminal alkenes. Dyker employed a
similar approach in which benzopyrylium intermediate was a key intermediate and a

intramolecular [3+2] cycloaddition a key step, for the preparation of steroid frame{torks.

om0

"56 AUL I56 AlL

R
AuBr3 (5 mol%) AuBr3 (5 mol%) OO
= CICH,CHCl 1t / CICH,CH,CI, 1t
Z z= C(COzEt)z or Z=CH, o z

(HsCOC)C(CO,Et) ’

@[ \ o+ ?j
R

Scheme 24. Intramolecular cyclisation of formyl alkynes: [3+2U%<] cycloaddition

1.4.4 Alkyne-carbonyl metathesis

Coupling reactions of alkynes and carbonyl compounds are scarcely described in the literature
athough the reaction has been known for some iraad the obtained enone products are
useful building blocks with numerous applications. With aldehydes, inter- and intramolecular
versions of this transformation have been developed and various Lewis and Brgnsted acids
tested. Early examples of intermolecular alkyne-aldehyde metathesis employed stoichiometric

amounts of GaGl(80 mol %) or Sbk,’ to give enone compounds, in moderate to very
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good yields. Catalytic approaches were however desirable and YBOBDR™ and Sb,
BF;(OEt) and HBR’’ were found to be effective in these cases. KriSclamd Sa#
independently reported interesting examples of intramolecular alkyne-aldehyde coupling
catalysed by AgShfand TFA, respectively. The two catalysts displayed a wide applicability

allowing the preparation of valuable enones from terminal or internal alkynyl aldehydes.

With ketones, intermolecular coupling reactions are hitherto unknown, although
intramolecular versions have been examined for several years. The first examples were
reported by Harding, who observed that, in the presence gfOBE), cyclic ketoalkynes
rearranged to furnish bis-fused conjugated enat@sa cycloreversion of an intermediate
oxetene (Scheme 25). Although useful, severe limitations were encountered on the

structures of the substrates and stoichiometric quantities of catalyst were required.

Formal [2+2] R

/™———R cycloaddition _ Cycloreversion R
X —0 _— X —_—> X ]
o 0
n n n

Oxetene
Scheme 25. Mechanism of the alkyne-carbonyl metathesis

Recently, Yamamoto and Jin re-examined this transformation by employing acyclic
ketoalkynes as starting materials (Scheme 26). They found that under Bibastedlewis

acid® 82 conditions these substrates cyclise to provide tetrasubstituted enones in high yields.
Among the Lewis acids tested by Yamamoto and Jin, AgSBIgOTf, Cu(OTf),
CuCl/AgSbk and AuCYAgSbF; afforded the cyclised products in good to high yields.
However, the combination of Aug¢AgSbks, respectively 2 and 6 mol%, in toluene exhibited
wide applicability. Aryl alkynyl ketones such &9 anda-aryl alkynyl cyclic ketones

underwent the [2+2] cycloaddition/cycloreversion uneventfully to afford tetra-substitified
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unsaturated enon@&® in generally high yields (74-95%), except for alkynyl moieties bearing

aliphatic chainsd.g. propyl group) wherein the products were obtained in moderate yields.

o (0]
Et | | AuCl3 (2 mol%), AgSbFg (6 mol%) R
toluene, 100 °C
Et

59 60
R= 4-Me-CgHy 91% (1h)
R= 4-CF3-CgH, 74% (24h)
R=Pr 54% (1.5h)

Scheme 26. AuGIAgSbFRs-catalysed carbocyclisation of internal alkynyl ketones

When internal homopropargylic ketones, such68s were employed, the alkyne-ketone
metathesis (which should provide 4-membered carbocycle) did not occur but ingedd- 6-

dig cyclisation took precedence through the nucleophilic attackodfemol tautomer on an
activated unsaturated bond to afford cyclohexenb#ein moderate yield (Scheme 27).
Intriguingly, these results were in sharp contrast with Krause’s observations, in which
homopropargylic ketonél is converted into furan compou6d in the presence of a cationic
gold complex. This difference can be explained by the fact that the;/AgSbFR combined
catalyst exhibits a higherracidity than PEPAuUOTf and in its presence and at elevated
temperatures the éado-dig cyclisation preferentially occurs. Nevertheless, because the yield
of 64 is moderate, it is possible that furan formation also occurs, followed by degradation

caused by the elevated reaction temperatures.
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Br

Krause's furan synthesis Yamamoto's enone synthesis
o | | Ph3PAuOTf (2 mol%) o [ | AuCl; (2 mol%), AgSbFe (6 mol%)
p- TsOH (5 mol%) toluene, 100 °C, 4 h
Et toluene, rt, 60 min
61 62 (81%) O 64 (64%)

Scheme 27. Cycloisomerisation of homopropargyl ketones

With terminal alkynyl ketones, for example substi@be like for homopropargylic substrates,

the alkyne-ketone metathesis did not take place. The enone products were obtined
AuCly/AgOTTf catalysed pyramgs synthesis and subsequent rearrangement to yield diketone
intermediatdl 5, which undergoes an aldol condensation to produce the desired compounds.
This mechanism was elegantly demonstrated by monitored reactions and the conversion of the

aforementioned intermediates under the reaction conditions.

Ph)g AuClj (5 mol%), AgOTf (15 mol%) é\
= ; |
z 7 toluene, 100 °C, 9 h z
N Ph
Z= C(CO,Et), 65 66 (80%)

| |
7 1

Scheme 28. AuGIAgOTf-catalysed carbocyclisation of terminal alkynyl ketones

The oxophilic and carbophilic properties of the AgBS§SbF combined catalyst were
elegantly used in the cyclisation of acyclic 1,3-enynyl ketones (Table 5). Under the described
conditions, these substrates diastereoselectively cyclised to afford in very good vyields

polycyclic enones through hetero-enyne metathesis and subsequent Nazarov type reaction-
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catalysed by Au(lll), which in the latter step exclusively displays an oxophilic activation.

Representative examples are presented in Table 5.

AuCl; (2 mol%), AgSbFe (6 mol%)

Substrate Product
toluene, 100 °C
Entry Substrate Time (h) Product Yield (%)
1 et O 1 80?
&@
2 2 40
o=
s
Et
3 o™\ 4 66
0 o]
Et
z/@

Table 5. Au-catalysed tandem heteroenyne metathesis and Nazarov réactonc.

1.5 Summary and aims

Gold-catalysed cycloisomerisations of ketoalkynes (or formylalkynes) have been fairly well
investigated over the last years as depicted in the previous pages. Under homogeneous gold
catalysis, intramolecular ring closure @falkynyl ketones exclusively provided furan
compounds (Scheme 29, path a, n = 0); wheyealkynyl ketones depending on the reaction
condtions cyclised either into heterocycles (furanyl or pyranyl derivatives) or carbocycles
(Scheme 29, path b and path a, n = 1). Alteératkynyl ketonesi(e. in the guise of silyl enol

ethers orp-ketoesters) were converted into cyclopentene rings5-endo-dig cyclisation
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(Scheme 29, path c); while counterparts with longer tethexsalterede-, (- andn-alkynyl
ketones) yielded 5-, 6- and 7-membered rings, through a exo-dig mode (Scheme 29, path e). -
Ketoalkynes could also cycliseéia alkyne-ketone metathesis to afford carbocyclic enone
derivatives (Scheme 29, path d).

Carbocycles

Cycloaddition
R or R*= alkynyl chain
R’I

R3
path c
n=2 o

m=1,2,3

Scheme 29. Cycloisomerisations of ketoalkynes under homogeneous gold catalysis

In all of these transformations, the conversion of ketoalkynes into heterocycles or carbocycles
was controlled by the properties of the gold catalyst (racid orc-acid) and the reaction
condtions. Three main mechanisms are involved. Generally, the cyclic motifs are obtained
via gold-catalysed triple bond activation, followed by the attack of a neighbouring nucleophile
(Scheme 30). This nucleophile could either be the carbonyl oxygen atom or the @adoon

the carbonyl functionality. The attack of the oxygen atom lone pair to the electrophilic alkyne-

metal complex can allow the formation of furanyl, pyranyl and carbocyclic compounds
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through the formation of an oxonium intermediate (Scheme 30, path c). While, if an oxetene
intermediate is generated from the alkynyl ketone precursor, the reaction leads to carbocyclic
enone derivatives (Scheme 30, path b). Ketoalkynes can also ayalidgericyclic process

at elevated temperatures: the Conia-ene reaction. Under thermal conditions, a new C-C bond
is formed bya-modification of an enolisable carbonyl group with an alkyne. Although this
transformation has allowed the preparation of diverse and interesting structures, applications
are limited by the high temperatures required. Elegant variations of the Conia-ene cyclisation
combine Lewis acid-catalysed alkyne activation with structural alterations of the carbonyl
function such as silyl enol ethers ek@toesters to enhance thenGcleophilicity (Scheme 30,

path a, R = OSiRor R = H and B=CO,R"). In this context, we questioned whether the high
reaction temperatures and/or enhancement ofCHmeicleophilicity were always necessary to
achieve this powerful transformation. Woutehcid activation of an alkyne be sufficient for
direct C—C bond formation with ti@-nucleophilic enol tautomer of an unactivated enolisable
carbonyl unit? If such activation were productive, even when the nucleophile is in low
effective concentration, a direct ‘Conia-likexo-mode carbocyclisation of ketoalkynes might

be achievable under mild reaction conditions (Scheme 30, path d). This would avoid the
synthetic impact associated with separately (pre)activating the carbonyl compound. Our aim
was therefore to develop a new methodology similar to the Conia thermal cyclisation,
allowing the cyclisation of ketones with alkynes through the formation of a new C-C bond
between the two functionalities under mitgacid conditions. Ketones bearing terminal or

internal alkynes will be studied.
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4 R
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- | OR H [Au] o Au
Enone derivatives < | R! _
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R1)§/J‘)\R3 R? Vn R
R?

Scheme 30. Possible pathways for ketoalkyne cyclisation
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2.1 Introduction

Intramolecular cyclisations of carbonyl units with terminal or internal alkynes under
homogeneous gold catalysis have allowed the preparation of valuable building blocks as
depicted in Chapter 1. In these cyclisations, despite the complexity of the products, the
cyclisation precursors are generally uncomplicated frameworks, which are obtained after a
small number of synthetic steps with an overall good yield. Under the Conia thermal
conditions, the starting materials employed are usually composed of a carbonyl group
attached to the alkynyl partner by means of a saturated chain. Under mild catalysis reaction
conditions, the Conia-like processes mainly occurred with cyclic or acyclic enol ether
equivalents orp-ketoesters with tethered terminal or internal aeynThese substrates
generally display a good reactivity in the presence of Lewis acids, notably gold catalysts. To
explore the gold-catalysed cyclisation of alkynes tethered to enolisable, unactivated ketones,
substrates such &b and80a were prepared to allow a comparison with those employed in

the thermal process and related catalysed reactions (Figure 4).

Conia's Substrate 6 Envisioned Substrates Toste's substrate 15
R
o [e] J OTIPS
Z = C(CO,Me),

75: Z = CH, and R = alkyl or aryl
80a: Z = C(CO,Et) andR=H

Figure 4. Envisioned substrates htgrature substrates

As the preparation of ketoalkyn@® and80a is achieved by a conjugate addition of an

appropriate nucleophile bearing an alkynyl group to a cyclic enone, diversity can be easily
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introduced in the system by increasing or decreasing either the size of the enone ring or the

length of the alkynyl chain. Acyclic ketoalkynes can also be prepared via the same approach.
2.2 Synthesis of the cyclisation precursors

Nucleophilic addition to ¢8-unsaturated carbonyl compounds can occur on twaiveasites:

the carbonyl carbon or th@carbon of the enone. When hard nucleophiles, e.gn@rd
reagents are used, the nucleophilic attack preferentially occurs on the carbonyl carbon as
electrostatic interactions between the latter and the negatively charged nucleophile are
favoured. On the contrary, when soft nucleophiles are utilised, their more diffuse orbitals
(HOMO) better interact with large orbitals (LUMO) such as the orbitals of the carbons of the
multiple bond provoking 1,4-addition rather than 1,2-addition. Organocuprates-and
dicarbonyl compounds generally display such reactivity. Thus, owing to their propensity to
undergo conjugate addition t,f-unsaturated ketones, the addition of organo cuptates

commercially available 2-cyclohexen-1-one was consideedgme 31).

o o
| ‘ Organocuprates
— + or
7 p-dicarbonyl compounds
75:Z=CHyand R=TMS or CHzor Ph  Commercial
80a: Z = C(CO.Et); and R=H

Scheme 31. Retrosynthetic analysis for substrafeand 80a

In the first instance, the procedure described by Snider and Kirk for the preparation of
compound67 was followed for the synthesis of substraf& based on their structural

analogies (Scheme 33j.
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1) Mg, Br\J
T 2)Cul, BRSELO

Scheme 32. Synthesis of ketoalkyne 67

In Kirk’'s example, the organo cuprate was generatesitu from a Grignard reagent and Cul
and then, 1,4-addition to 2-cyclohexen-1-one took place in the presence.BLBF This
Lewis acid could either enhance the electrophilicity af3tearbonvia coordination with the
carbonyl oxygen or could generate the very reactive RGusBécies, which could add to the

starting enone through a concerted cycloaddition, outlined in Schefife 33.

cul BF 3. Et,0
R—MgBr — —  » RCUMgBrl — > > » R—BFs Cu* — 2" §
R
?
_ 7BF3 Cu
i
—
BF; O

Scheme 33. Mechanism of RCu.B&ddition to enone

To test these conditions, several homopropargyl bromides were prepared from homopropargyl
alcohol in two steps: alcohol activation and nucleophilic substit8tiéfthough longer than

a direct alcohol substitution by bromine ¢Biin the presence of PRhthis two-step route
afforded the desired homopropargylic bromides, under mild reaction conditions, in an overall
good vyield. Bromide69 was synthesised from commercially available 3-butynyl-p-
toluenesulfonate, using this approach. The terminal alkyne was capped bySagvirip

before Grignard or/and cuprate formation to avoid any undesirable polymerisation reactions.
Then, nucleophilic substitution by the halide afford&din two steps with an overall good

yield of 60% (Scheme 34).
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OTs  1)n-BuLi,THF,-78°C, 1 h OTS | iBr, acetone Br
= / MesSi—=— MesSi——
2) MesSICl, t, 3 h 38°C, 24 h
68 (95%) 69 (63%)

Scheme 34. Preparation of bromobutyne 69

Internal alkyne71 was prepared in a similar way. At first, tosyld@ewas synthesised in 91%
yield from pent-3-yn-1-ol using TsCl, DMAP and NEOnce the alcohol was activated,

nudeophilic substitution with bromide afforded 71 in nearly quantitative yield (Scheme 35).

OH  T5c|, DMAP, NEt, OTs  igr, acetone /—Br
— - = J—
CH,Cly, 1010 -5 °C, 4 h 38°C, 24 h —
70 (91%) 71 (97%)

Scheme 35. Preparation of bromopentyne 71

The same method was applied to the synthesis of 1-bromo-4-phenyl-3-Gdfyimat starting
from 4-phenyl-3-butyn-1-ol, which was obtained in 97% yield by Sonogashira coupling
between 3-butyn-1-ol and iodobenzene in the presence of Cul ang(FRI§)bL as catalysts

(Scheme 36%°

OH OH OT:
— / Phl, Cul, PdCI,(PPhg),, NEt; Ph——/ TsCl, DMAP, NEt; Ph—— / s

60 °C, 5 h 45 min CH,Cly, -10t0-5°C, 4 h
72 (97%) 73 (73%)

LiBr, acetone, 38 °C, 24 h ,—Br
Ph——

74 (73%)

Scheme 36. Preparation of 1-bromo-4-phenyl-3-butyne 74

With these compounds in hand, the 1,4-addition on to cyclohexenone was examined. Starting
with substrate’1, the corresponding Grignard reagent was prepared by adding bréhimle
magnesium turnings, in the presence.ablfacilitate the Grignard formation. The conjugate

addition was tried following the procedure described by Snider and Kirk (Table 6, entry 1).
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Despite two trials, the desired product was not obtained. Instead, 2-cyclohexen-1-one was
incompletely recovered, along with unknown by-products. The recovery of the starting enone
could be caused by the presence of traces of water, which could react with the incipient
nucleophiles (Grignard or/and cuprate reagents) and inhibit the reaction or/and by an
incomplete formation of Grignard (or/and cuprate) reagent or/and by a poor activation of the
carbonyl unit. Whereas, by-product formation could be due to unknown side reactions,
probably initiated by the reagents (Cul or/ands.BEO) or some impurities present in the
reaction mixture. To establish whether the source of copper or the Lewis acid were
responsible for these issues, two control experiments were run. First, the conjugate addition
was tried following the Kirk procedure but without BEt,O. Second, Cul was replaced by
combined catalyst CuBIr/LiCl (known to be more effective for conjugate addition, due to the
coordination of carbonyl oxygen with iand TMS-CI was added to accelerate the conjugate
addition by trapping the intermediate enolate as described by Lipshaiz (Table 6, entry

3).8” Again, unknown by-products and unreacted cyclohexenone were obtained in the former
case, while the latter proved unsuccessful and led to unknown by-products. Considering the
above results, the formation of the Grignard reagent was suggested to be the problematic step.
Thus, to determine whether this reagent was obtained, a preparation of this nucleophile was
performed and the mixture directly added to benzaldehyde. A complex mixture of compounds
was obtained. Therefore due to these results, alternative approaches which avoid the

formation of Grignard reagents and cuprates were explored.
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__ Br NMg. L

2) ()

3) electrophile

Entry Reagent (i) Electrophile and additives Results
1 Cul/ BR.Et,0O cyclohexenone unreacted cyclohexenone, unknown by-products
2 Cul cyclohexenone unreacted cyclohexenone, unknown by-products
3 CuBr.MeS/LiClI cyclohexenone, TMS-CI unknown by-products
4 benzaldehyde complex mixture

Table 6. Attempted preparation of substrate 75

A procedure employing3-dicarbonyl compounds such as propargylmalonates mead

examined. Diethyl propargyl malonate was initially prepared by a one-step addition reaction
of propargyl bromide to diethyl malonate in the presence of sodium ethoxide or sodium
hydride. A mixture of mono- and bis-adducts was obtained (Scheme 37). Column
chromatography always afforded the desired product contaminated with diethyl
dipropargylmalonat&9 and diethyl malonate. Diethyl malonate can react in the next step and

decrease the reaction yield. The use of dimethyl malonate gave similar results.

Br
=
N 0 £ e e e E
78 79

E E
E= CO,Et
Reagent (i) Ratio 78:79:SM?  Yield (%)
NaOEt 50:25:25 100
NaH 50:25:25 100

Scheme 37. Preparation of diethylpropargyl malon@e Ratio determined by NMR analysis of the

crude mixture.

To avoid this problem, propargyl bromide was added to triethyl sodiomethanetricarboxylate

76 in DMF/toluene at 80 °C, which was obtained quantitatively from deprotonation of triethyl
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methanetricarboxylate in THF (Scheme 38). The resulting propargyl triésteras then
converted in 5 minutes into diethyl propargyl malon&@@ with a yield of 94% by
decarbethoxylation with sodium ethoxide. This three-step strategy affé8ded35% overall

yield, with no need for further purificatidh. In the first instance;78 was added to
cyclohexenone following a procedure reported by Iwasatval. based on the structural
analogy between Iwasawa’s substrate @®h>*" This protocol consisted of treating
cyclohexenone with the Na salt of diethyl propargylmalonate in the presence of TBSOTf at
0 °C for 1 h. However, in our case, to obtain the desired ké&@agan additional step of
deprotection of the silyl group would be necessary (Scheme 38). Diethyl propargyl malonate
78, cyclohexenone and TMSOTf were added at 0 °C to a solution of NaH in THF following
the above procedure. After one night at room temperature, column chromatography afforded
silyl enol ether in 57% yield along with ketoalky®®a in 21% yield. Ultimately, this
procedure was abandoned, as it was found that the Michael addition could occur in THF, in
the presence of DBU at room temperafiirdinder these conditions-alkylation of
cyclohexenone proceeded smoothly to gd@a with a yield of 64%. This strategy was very
convenient and the starting materials were generally prepadtiis method as it avoided

the requirement for TMSOTf (accelerated the 1,4-addition by trapping the intermediate

enolate) and the hydrolysis of the TMS enol ether.
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lwasawa's substrate

Desilylation
OS'R3 occurred
on column
cyclohexenone
R3SiOTf, NaH 21%
THF,0°C (57%)
E NaH E Na \ NaOEt cyclohexenone J|
>\ THF,0°C >< DMF/PhMe THF rt E° E DBU THF
E E g E E
10 min 80°C,5h 5 min 40 °C,48h
76 (96%) 77 (94%) 78 (94%) 80a (64%)

E = CO,Et, Z = C(CO,Et), and R = CHj (in our studies) or i-Pr3 (in Iwasawa's substrate)

Scheme 38. Synthesis of ketoalkyne 80a from diethyl propargyl malonate 78

Since an efficient method for the preparation of subs8@sewas established, its behaviour

underrracid catalysis was studied.

2.3 Development of the reaction conditions

An initial screening was performed with different strorgacids, following a standard
procedure (Table 7). A solution of ketoalky®@a in the required solvent (0.1 M) was added

to the catalyst under an argon atmosphere. The mixture was stirred either at room temperature
or at 70 °C. To our delight, catalyst screening appeared promising. The use of simple gold and
platinum salts did yield the cyclised prod&dta and its isome82a, albeit in low conversion

even at elevated temperatures (Table 7, entries 2 and 3) or prolonged reaction times (Table 7,

entry 1).
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o

(0] o
Q= O O
—_——
z V4 z
81a 82a

80a

Entry Conditions Time, h RatidBB0a8la82a

1 PtC), distilled toluené 5d 92:8:0

2 PtCl, distilled toluene, 70 °C 48 98:2:0

3 AuCl, distilled toluene, 70 °C 48 78:22:0

4 AuCI, undistilled toluene, 70 °C 48 78:0:0

5 AuCl, distilled DCM 48 98.6:0:0

6 AuCl, undistilled DCM, rt 48 98.6:1.4:0

7 AuCl, distilled THF, 70 °C 24 100:0:0

Table 7. Initial screening of the reaction conditions

& The reaction temperature was progressively increased: 3 d at rt, 1 d at 45 °C, 1 d at 70 °C. The ratios were

determined byH NMR analysis of the crude mixture.

In light of these results, optimisation focused on the use of gold (I) salts, notably cationic gold
species, which are known to be very effective in Conia4ike-mode carbocyclisatioR§>°

The use of the cationic gold species PRINTf,* afforded the conjugated enone
cycloisomerisation produdla at room temperature with reasonable conversion and yield
(Table 8, entry 1); exomethylene ison@&a was not observed in more than trace amounts.
Variations on these reaction conditions were explored, including choice of solvent (Table 8,
entries 1-5), counterion (Table 8, entries 6-10) and gold source (Table 8, entries 11 and 12).
From these experiments, it was found that the use ofAREIf in chlorinated solvents
enabled direct cyclisation to occur (Table 8, entry 8). Control reactions showed the gold to be
a necessary part of this reaction system (Table 8, entries 13-16). In the absencAoCRPh
AgOTTf afforded only very low conversion. The use of triflic gntbluenesulfonic Brgnsted

acids gave rapid decomposition and no reaction respectively. A 10:1 dichloromethane/water

solvent mixture previously employed in the gold-catalysed cyclisation of silyl enol @thers
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gave no conversion in this reaction (Table 5, entry 5). Ultimately, sub8@ateras converted
cleanly into bicyclic enoneBla with reasonable catalyst loading (6 mol%) at room
temperature by Bxo cyclisation in CkCl, (0.1 M), in the presence of PAuCI/AgOTf. As

the yield from the gold-catalysed room-temperature cyclisati@ afwas comparable to the
reactions of analogous substrates containing preformed enol equivalents, a range of ketones
with tethered terminal alkynes (Chapter 3) and ketones with tethered internal alkynes

(Chapter 4) was prepared to study the process.

o} o}

ij\ JH catalyst (5 mol%) &g
z solvent, rt VA
80a 81a
Entry Catalyst Solvent Time (h)  Yield (%)
81a(80a)°
1 PPRAUNTT, CH,CI, 19 59(3)
2 PPRAUNTT, toluene 19 16(27)
3 PPRAUNTf, THF 19 22(60)
4 PPhAUNTf, CLCH,CH,Cl, 19 66(20)
5 PPRAUNTf, CH,Cl,/H,0" 19 0(79)
6 PPhAUBF, CH,Cl, 24 26(18)
7 PPhAUNTT, CH,Cl, 35 43(44)
8 PPhAUOTf CH,Cl, 35 77(12)
9 PPhAuUSbFR CH,Cl, 35 46(3)
10 PPRAUPF; CH,Cl, 35 0(92)
11 (PPhAU);0OBF, CH,Cl, 2.5 0(100)
12 dppm(AuCl/AgOTf® CH,Cl, 19 9(84)
13 AgOTf CH,Cl, 35 <5(59)
14 HOTf CH,Cl, 0.25 0(0)
15 HOTf CH.Cl, 1 0(0)
16 pTSA CH,Cl, 2.5 0(95)

Table 8. Optimisation of the reaction conditi6ns

2 A solution of80a (0.2 mmol) in solvent (0.1 M) was added to a mixture of the (pre)catllysfith the

exception of commercially available PPuNTf,, PPRAuX catalysts were preparéd situ by mixing equimolar
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quantities of PPJAUCI and the required Ag(l) salt$Yields determined byH NMR against a known quantity
of 1,2,4,5-tetramethylbenzen.In a 10:1 ratio.? 10 mol% AgOTf employed’ Complete degradation was

observed? 0.5 mol% loading.
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3.1 Introduction

Preliminary studies had shown that ketoalk@®a was smoothly converted into bis-fused
[4.3.0] carbocycle8la, at room temperature, in @El,, in the presence of 6 mol% of
PPhRAUOTT, generatedn situ from an equimolar combination of BRaCI and AgOTf

(Scheme 39).

0O 0]

@ [AUCIPPhs] (6 mol%), AQOTF (6 mol%) 652
CHyCly (0.1 M), rt, 24 h
Et0,C7 “CO,E Et0,¢  COE
80a 81a (87%)

Scheme 39. Gold-catalysed cycloisomerisation of ketoalkyne 80a

Under the above conditions and starting from a cyclic unactivated enolisable ketone, an
efficient C-C bond-forming process could occur, although literature conditions generally
required the enhancement ©fnucleophilicity of the carbonyl unit. The substrate scope was
investigated to establish whether the above approach displayed a wide applicability compared
to existing cycloisomerisation methods. A range of ketones with tethered terminal alkynes
was prepared. The choice of substrates was made to study the behaviour of: (1) cyclic
enolisable ketones with tethered terminal alkynes to gain access to bisfiu&e¢l [m.4.0]
carbocycles and spiro compounds; (2) acyclic enolisable ketones with tethered terminal
alkynes to determine the influence of substrate conformational flexibility on the reaction rate;

and (3) substrates for challengiagcycloisomerisations.
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3.2 5- and 6exo-dig cyclisation: cyclic series

Intramolecular cyclisationsia 5- and 6-exalig modes are particularly appealing, as they
yield carbocyclic frameworks, frequent motifs of many natural and synthetic molecules.
Access to bis-fusedn[3.0], [m.4.0], [.5.0] carbocycles and spiro compounds from simple
accessible precursors is of great interest, especially if the process is atom-economic and
allows the presence of other functionalities. The proposed methodology can potentially

provide such cyclic structures with respect of the above features.

3.2.1 Construction of bicyclic [n.3.0] frameworks

To gain access to bicyclin3.0] frameworks under the described gold catalysis, cyclic
ketones of different ring sizes with tethered terminal alkynes were assembled by conjugate

addition of the appropriate nucleophile to the cyclic enone.

Cyclisation precursor80b, 80c and 80d were obtained from diethyl propargyl malonate

addition to cyclopentenone, cycloheptenone and cyclooctenone respectively (Table 9). The
conjugate addition proceeded smoothly at room temperature to afford the cyclic ketones
tethered with terminal alkynes in moderate to good yields. For the larger membered rings,
prolonged reaction times were required and even after 48 hours unreacted enone and

propargyl malonate 78 were still present in the reaction mixture (Table 9, entries 2 and 3).
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0

(o}
ij 78, DBU, THF, rt @
n

n
Et0,C” CO,Et
80

Entry : n: Time, h: 80 (yield, %)
1 |0, 24 | 80b(89)
2 12! >48 | 80c(56)
3 i3] >48 | 80d(42)

Table 9. Synthesis of cyclisation precursors 80b-d

These substrates were then subjected to the;fR2ITf]-catalysis. Analogously to substrate

80a they underwent cycloisomerisation and were transformed into bicyclic fused [3.3.0],
[5.3.0] and [6.3.0] motifs. The size of the existing ring in the starting material did play an
important role in the cyclisation. Substrates containing 5-, 6- and 7-membered rings afforded
the desired products in good yields (Table 10, entries 1-3) and in most cases the conjugated
alkene was formed as the sole or major isomer. Cyclisation of sul&@tated to a mixture

of alkene isomers 81im 3.7:2:1 ratio, with the,f-unsaturated enone as the major product. 8-
Membered ring substra®0d only cyclised slowly to give exomethylene prod82d as the

major isomer, albeit in low yield alongside unreacted starting material (16%) and unidentified
products (Table 10, entry 492d was a literature compound. Its data were in agreement with
those reported in the literature and based on reported results the stereochemistry of the ring

junction was assigned trans
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[PhsPAUOTf] (6 mol%), CH.Cl,, rt
Substrate » Product

Entry Substrate Product Time (h) Yield (%)

1 o O 24 87

80a Et0.C  CO,Et

2 o ‘ | 24 98
80p Et0:C” "COEt
3 0 0 24 64
80c EtO,C CO,Et 81c EtO,C CO,Et
4 o 0 48 26

ﬁ
80d E0C” COEt gog EtO,c CO2Ft

Table 10. Gold-catalysed cycloisomerisation of ketoalkynes 80a-d

2 Three enone isomers in a ratio of 3.7:&1Bunsaturated : exomethylefey-unsaturated B,y-unsaturated)’

Small amounts of unidentified products were also recovered alongside 183d. of

To study the influence of substituents on the tether in the cycloisomerisation process,
cyclisation precursors80e and 80f were explored, bearing cyano and carbonyl unit
substituents respectively. Conjugate addition of propargyl malonor8@iler propargylp-

ketoester 84 to cyclohexenone could afford the desired adducen8C&0f

Propargyl malononitrile 83 was synthesised by addition of propargyl bromide to
malononitrile, following a procedure reported by Diez-Bagtaal. under phase transfer
conditions™ Mono- and dialkylation occurred during the process. However, in contrast to

mono- and dialkylated diethyl malonate which co-elutgd.( preliminary studies), flash
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column chromatography allowed efficient separation of the products. Propargyl malononitrile
83 was obtained in 23%, along with dialkylated malononitrile (19%) and unreacted
malononitrile. Conjugate addition 8B to cyclohexenone was then attempted using a method
described by Parham and Czuba, in the presence of sodium ethoxide rather th&nThau.
comparison of piKvalues could explain this choice. In water,,mdlues of malononitrile and

DBU are 13 and 12, respectively; while sodium ethoxide has,anaiind 15. Thus, to ensure
complete deprotonation of the monoalkylated malononitrile, NaOEt was employed.
Gratifyingly, ketone80e possessing two cyano substituents on the tether was produced at

room temperature in 89% (Scheme 40).

0

Br, ‘ \ | |
R cyclohexenone
P _— e —————
NC CN NaHCOj3, TBAB NC CN NaOEt, EtOH
o t,1h 20
60 °C, 24 h r NG CN
83 (23%) 80e (89%)

Scheme 40. Synthesis of ketoalkyne 80e

Substrate80f, which bears two enolisable carbonyl groups and hence the potential for several
alternative routes was synthesised from propargyl ethyl acetoa8dtaising the standard
procedure previously described on page 53. Non-optimised reaction conditions afforded a
1.1:1 mixture of diastereoisome8ff in 45% after 24 hours, along with unreacted starting
materials. Reactar84 was produced from the reaction of propargyl bromide with ethyl
acetoacetate, albeit in low yield (26%) due to the competitive dialkylation process (Scheme

41)%
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Br i

\—: cyclohexenone
—_—
EtO,C NaH, THF DBU THF
1, 24 h EtO,C rt, 24 h
o EtO,C
84 (26%) 80f (45%)

Scheme 41. Synthesis of ketoalkyne 80f

Under gold catalysis, at room temperature, cyclisation precur80esand 80f were
successfully converted into bis-fused carbocycles exo-mode cyclisation. Although
substrateB0e afforded the cyclised product in similar yield th@da, a longer reaction time

was required (Table 11, entry 1enstry 2).

0]

(e}
é\ J‘ [Ph3PAUOTT] (6 mol%), CH,Cly, rt i%
7 z

80 81
Entry z Time, h 81 (yield, %)
1 C(CQEt), 24 81a(87)

2 C(CN) 34 8le(81)
3 C(COCH)CO.EL 15 81f (44)

Table 11. Cycloisomerisation of ketoalkynes bearing different substituents on the tether

In contrast, in a relatively short time, substra® afforded product81fin a 1:1.2 ratio of
diastereoisomers, albeit in a moderate yield. Side reactions might have occurred initiated by
the keto substituent, which could attack the electrophilic Au-multiple bond comialeke

lone pair of the carbonyl oxygen. On the TLC plate, an intense blue spot was visible under
UV light, but attempts to isolate it by flash column chromatography failed.

Cycloisomerisation of compoun84 under gold catalysis supports the above hypothesis

(Scheme 42§’
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[PhsPAUOTT] (7 mol%) 0

CHoCly, rt, 5 min \ /
EtO,C

EtO,C

84 85 (97% NMR yield)

Scheme 42. Furan synthesis from ethyl 2-acetylpent-4-ynoate 84

The effects of steric hindrance on the cycloisomerisation process were also examined. To this
end, cyclisation precurs@®0g which possesses ammethyl substituent was prepared from
commercially available 2-methyl-2-cyclopenten-1-one, according to the general procedure.
On this enone, conjugate addition was sluggish and even after several days, major
diastereocisome80g was only obtained in 19% along with unreacted propargyl mal@8ate
(51%) and 2-methyl-2-cyclopenten-1-one. UndersHAuOTf]-catalysis,80g was smoothly
converted into a mixture of alkene isom8dgy and82g in 58% after 22 hours (Scheme 43).
Unknown by-products were also obtained, probably due to side reactions or degradation.
Substituted ketones have more stable enol tautomers compared to non-substituted ketones;
thus they possess a higher enol content, which might have favoured the cyclisation rate

alongside degradation or/and side reactions.

o ¢} o

78, DBU, THF, 1t I [PhsPAUOT] (6 mol%) .
CH,Cly, 1t, 22 h
Et0,¢” “COEt Eto,¢  COF
80g (19%) 81g and 82g (58%)

Scheme 43. Gold-catalysed cycloisomerisation of sterically hindered substrate 80g

Complete structural determination of alkenes diastereoisddigrand82g was not possible.
These isomers were inseparable by flash column chromatography, and HPLC separation was

also unsuccessful. GC/El of the mixture revealed the presence of three isomers. NMR
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spectroscopy *H and COSY) showed that two of these alkenes were exomethylene

compounds (one multiplet at 5.03 ppm integrating for two protons, one doublet at 4.86 and

one doublet of doublet at 4.84 ppm both integrating for one proton) and the thirdfoe, a

enone(one multiplet at 5.48 ppm integrating for one proton). Comparison ofHHeMR

spectrum of81g and82g with '"H NMR spectra of literature analogué8lg andL82g

allowed us to establish the stereochemistry of their ring junction (FigGfé®Based on this

comparison, cyclised produ8tlg had ecis junction, as well as one of the two alkeBizg.

The the ring junction of the second alkene 82g was assigned byaaBmination.

1.17 ppm, s 1.14 ppm, s
5.03 ppm, m ;486 ppm, d, 2.0 Hz ,
o ) H H 4.84 ppm, dd, 2.4 and 1.3 Hz
H 3.24 ppm, m and H 3.08 ppm, d, 15.2 Hz
H 3.18 ppm, t, 2.7 Hz | H 2.95ppm, d, 15.2 Hz
CO,Et ﬁ CO,Et
CO,Et CO,Et

3.04 ppm, 1H, dd, 2.5 and 1.5 Hz
Overlap of the signals

2.94 ppm, 1H, app d, 5.0 Hz
Overlap of the signals

Synthesised cyclised product 82g

1.16 ppm, s

4.95 ppm, m

H\\

o} / H

H 3.20 ppm, t, 8.8 Hz '

H 3.13 ppm, dt, 17.6 and 2.4 Hz :

CO,Me
CO,Me

2.95 ppm, 1H, d, 17.2 Hz
2.22 ppm, 2H, m
1.96 ppm, 1H, m
1.39 ppm, 1H, m

Literature cyclised product L82g

Signal overlap with CH3 signal of CO,Et

0 1.70 ppm, d, 1.5 Hz

H 5.48 ppm, m

! CO,Et
CO,Et

3.38 ppm, 1H, app t, 8.7 Hz
Overlap of the signals

Synthesised cyclised product 81g

1.24 ppm, s

0 1.79 ppm, d, 1.5 Hz

H 5.50 ppm, s

: CO,Me
CO,Me

3.40 ppm, 1H, t, 8.7 Hz
2.38-2.20 ppm, 2H, m
2.10-1.99 ppm, 1H, m
1.56-1.42 ppm, 1H, m

Literature cyclised product L81g

Figure 5. Comparison of L82g and L81g NMR signals82y and 81g NMR signals

Alkynyl lactone80h, which was obtained from propargyl malonate addition to commercially

available 2(5h-Hfuranone, was also subjected to the gold catalysis to study the influence of
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enol content on the cycloisomerisation. Unsurprisingly, no cyclised product was produced
after prolonged reaction time (Scheme 44). Effectively, for esters the carbonyl form is

resonance stabilised and.¥ is 10%°, while for ketones the enol content is higher witfK

94
around 10°.
0 0 I o)
78, DBU, THF, rt [PhsPAUOT] (6 mol%)
o} - 0 )é. o
/ CH,Cly, 1t
Et0,¢” “CO,Et Et0,¢ Ot
80h (16%) 81h

Scheme 44. Unsuccessful cycloisomerisation of lactone cyclisation precursor

3.2.2 Construction of bicyclic [n.4.0] and [m5.0] frameworks

Access to bicyclic fusedh[4.0] and (n.5.0] frameworks could take place under our optimised
gold catalysis conditionsyia 6- and 7-exalig cyclisation of cyclic ketones with terminal
alkynes. The cyclisation precursors could be synthesised in a similar way to previously used

substrates.

Prior to the conjugate addition to cyclic enones, homopropargylic nucleohilevas
synthesised from 3-butyn-1-ol in two steps which consisted of alcohol activation and
subsequent tosylate displacement by diethyl malonate. The reaction took place using NaH as
base in place of NaOEt, by a modification of a literature metholterestingly,
homopropargylic malonate 87 was obtained as the sole alkylated product in an overall yield of
58%. The conjugate addition to cyclopentenone was tried and &Riweas afforded in 72%

afer 72 hours (Scheme 45).
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OH OTs Q —
— 7
TsCl, DMAP, NEt; NaH, diethyl malonate cyclopentenone
- - -
| | CH,Cl,, -10to -5 °C,4 h ‘ | DMF, 80 °C, 24 h DBU, THF
EtO,C° CO,Et rt,72h EtO,C  CO,Et
86 (88%) 87 (66%) 80i (72%)

Scheme 45. Synthesis of cyclisation precursor 80i

Likewise, cyclisation precurs@0j was synthesised in very good yield following the same
approach, starting from commercially available 5-chloropent-1-yne which was efficiently
converted into 5-iodopent-1-yr@8 after 24 hours, by using of an excess of sodium iodide (4
eq) to drive the reaction to completi¥hNucleophilic substitution of diethyl malonate to
hdide 88 afforded reactant 80 quantitative yield, which was then employed in the conjugate

addition (Scheme 46).

I I 3

Nal, MEK, reflux, 24 h NaH, diethyl malonate cyclopentenone
—_—
DMF, 80 °C, 24 h DBU, THF, rt
cl I Et0,C CO,Et EtO0,C  CO,Et
88 (75%) 89 (99%) 80j (91%)

Scheme 46. Synthesis of cyclisation precursor 80j

Attempts to synthesise substr&@k, via the conjugate addition of homopropargyl malonate
87 to cyclohexenone in the presence of DBU failed. To circumvent this difficulty, silyl enol
ether90 was prepared from the addition of homopropargyl malo8at® cyclohexenone in

the presence of NaH and TMSOTTf to trap the intermediate enolate. After purification by flash
column chromatography, silyl enol etl#) was isolated in 56% along with 7% of desilylated
substrate80k. Cyclisation precursoB0k was ultimately produced in moderate yield after

cleavage of the O-Si bond of compound 90 by TBAF (Scheme 47).
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[0} OTMS o}

— —
87, NaH, TMSOTf = TBAF, THF, -35 °C, 40 min =
THF, 24 h

Et0,C” CO,Et Et0,C” "CO,Et
90 (56%) 80Kk (53%)

Scheme 47. Synthesis of cyclisation precursor 80k

With these substrates in hand, JPAuOTf]-catalysed 6- and &o-dig cyclisation was
examined. The results are shown in Table 12. 5- and 6-membered ring pre80ramdS0k
smoothly afforded bis-fused [3.4.0] and [4.4.0] carbocyBlEsand81k at room temperature.

81i and81k cyclised products were obtained as the major isomers respectively in 79 and 61%
alongside 2% of isomeric products for the former and 7% of isomeric products for the latter.
Unfortunately, substrat80j which could undergo a @xodig ring closure did not cyclise.
After prolonged reaction time, unreacted starting material was completely recovered. The
more remote location of the nucleophilic centre and the alkyne moiety might have disfavoured
the cyclisation. In fact, with silyl enol ethers tethered with terminal alkynes, such cyclisation
did not take place with conventional cationic gold complexes. It is only very recently that
Sawamuraet al. reported the first example of gold-catalyseex@dig cyclisation of

acetylenic silyl enol ethers, by employing triethynylphosphine-gold complex L1-AugRfTf)

/
=" [PhsPAUOTT] (6 M0I%), CH,Cly, rt

n n
Et0,C” CO,Et Et0,C~ CO,Et
80 81

n Time, h 81 (yield, %)
0 17 81i (79)
22 81k (61)

Table 12. Gold-catalysed éxodig cyclisation
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3.2.3 Synthesis of spiro compounds

Spiro cyclic frameworks are present in many natural and synthetic compounds of particular
interest. Various methods for their preparation already exist; but they usually encountered
several difficulties associated with substituent incompatibility under the reaction conditions.
For instance, Coniat al. reported that conversion of precur8@a into spiro[4.5]dec-3-en-6-
one93a took place at 350 °C, after 10 hours (Scheme 48). Many functional groups would be
degraded under such drastic conditions. Alternative methods are thus appealing and our
proposed methodology can be applied to this end. Subs@2sas$ were readily assembled

via a-alkylation of cyclic ketones and then subjected to the gold catalysis.

(0] (0]
350 °C,10h
N >
X 50%
92a 93a

Scheme 48. Conia-thermal cyclisation of precursor 92a

Although the introduction of alkynyl substituents at thearbon of ketones can take place

via the direct deprotonation of ketones with strong and non nucleophilic bases, the two-step
approach which involves-alkylation of activated esters followed by decarboxylation was
choser?® The dialkylated intermediates generated in the first step can also be used as
cyclisation precursors (see Chapter 3dJ)Alkylation of cyclic B-ketoesters took place at
room temperature in the presence of NaH to afford dialkylated ke®@lesnd91b in good

yields. Subsequent decarbethoxylation at 150 °C, in the presence of a large excess of Lil

afforded the desired substrates 92a andi@2ipod yields (Scheme 49).
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)
0 okt
COoEt 88, NaH, DMF Lil, DMF, 150 °C
T
n

n=1 91a(75%) 92a (66%)
n=0 91b (74%) 92b (63%)

Scheme 49. Synthesis of cyclisation precursors 92a-b

An identical procedure was employed for the preparation of subs@2ted starting from
cyclic B-ketoester®95a-b, which were obtained in very good yields and short reaction times
following the addition of dimethylcarbonate to cycloheptanone or cyclooctanone in the

presence of sodium hydride (Scheme 80).

o 0
DMC, NaH, toluene COMe g8 NaH, DMF Lil, DMF, 150 °C
—_— —_—
80°C, 2h it, 24 h
n n

n=2 95a (76%) 96a (67%) 92¢ (83%)
n=3 95b (92%) 96b (64%) 92d (82%)

Scheme 50. Synthesis of cyclisation precursors 92c-d

a-Alkylated cyclisation precursors were then reacted in the presence of 6 mol% of
[PhsPAUOTT], at room temperature. To our delight, the cyclisation took place smoothly with
complete consumption of the starting ketones. Spirocyclic compodhasand94d were
afforded in relatively short times, in 61 and 58% respectively (Table 13, entries 1 and 4).
Subgitution of the carbonyl functionality occurred uneventfully; even though the carbonyl
oxygen could act as a nucleophile to the activated alkyne. Furthermore, the room-temperature
cyclisation of substrat®2a serves as a useful comparison to the thermal Conia-cyclisation.
Under gold catalysis at room-temperature, internal alkene pr@dactvas isolated in 61%

yield (Table 13, entry 1), whereas under thermal conditions, a temperature of 350 °C led to the

exomethylene cyclisation produ@Ba in 50% vyield (Scheme 48). Strangely, with 5- and 7-
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membered rings, side reactions or/and degradation occurred. In the presence of 6 mol% of
catalyst loading, in CkCl, (0.1 M), substrate92b was smoothly converted into [4.4]-
spirocyclic framework94b, in good yield, after stirring for 19 hours. After flash column
chromatography, the cyclised product was isolated as a mixture of the desired prdmuct

and an unknown isomer as indicated by GC/EI analysis. Increasing the concentration up to
0.2 M afforded94b in 72% yield, in a 2.8:1 mixture of spiro keto®éb and this unknown
isomer which possesses similar spectroscopic data to com@emdNith substrate92¢
although the cycloisomerisation took place as usual, purification afforded cyclised product
94c with an inseparable unknown impurity, in a lower yield. The presence of this by-product

prevented full interpretation of the NMR spectrum.

[PhsPAUOTI] (6 mol%), CH,Cly, rt

Substrate » Product
Entry Substrate Product Time/h  Yield/%
1 0 o 18 61
QZaij/\K\\ 94aé \
2 &/ﬁ\ o 24 72
9%b A 94b 5 \
3 0 o] 38 (19)
/
QZCw 94c
4 o 0 16 58

Table 13. Gold-catalysed synthesis of spirocyclic frameworks 94a-d
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Preparation of tricyclic frameworks was also investigated under the proposed methodology.
Cyclisation precurso®2e was synthesised to this end, following the standard two-step
procedure previously employed, starting fr@bc which was quantitatively obtained after

addition of dimethyl carbonate to tetralone (Scheme 51).

0 o o =
DMC, NaH, toluene COMe g9 NaH, DMF
F— . _— > COzMe
80°C,2h i, 24 h
95¢ (quant) 96¢ (41%)

150 °C, 2 h 45 min

o
N

92e (91%)

\ Lil, DMF

Scheme 51. Synthesis of cyclisation precursor 92e

Intriguingly, under gold catalysis, substrate 92&s converted into spirocyclic framework 94e
and tricyclic enon€d7¢ after 24 hours, in 56% and 23% yields, respectively. A 0.2 M
concentration was necessary to ensure total conversion. The formation of tricyclic framework
97c was somewhat surprising, but could be explam@dintramolecular aldol dehydration
process of intermediatg.l, which was generated situ following alkyne hydration promoted

by the gold catalyst in the presence of adventitious water (Scheme 52).
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-

loze

o)
P i
[PhsPAUOTH] (6 mol%) Q
+
CH,Cl, (0.2 M), rt, 24 h

92¢ 97c (23%) 94e (56%)

Z

Scheme 52. Cycloisomerisation of-alkylated tetraloned2e catalysed by [P#PAuUOTI]

catalyst

An attempt to synthesise [5.5] spirocyclic motifs was examined starting drd¢raxynyl

ketoalkyne92f. Unfortunately, only traces of cyclised prod@df were furnished along with

unreacted starting material even after a prolonged reaction time (Scheme 53). The remote

location of the nucleophilic centre and the activated alkyne unit might have arrested the

cycloisomerisation.

o Il

Cl |
&COzEt o) 0
CO,Et
Nal, MEK, reflux, 24 h Lil, DMF, 150 °C

—_—
I I I I NaH, DMF, rt, 24 h

98 (75%) 91c (57%) 92f (59%) | f

[Au]

ﬁo
94f

Scheme 53. Attempt to synthesise [5.5] spirocyclic framework 94f
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3.3 5- and 6exo-dig cyclisation: acyclic series

In light of the results obtained with cyclic substrates, the cycloisomerisation of acyclic
starting materials was also examined under gold catalysis. Ketones tethered with propargyl
and homopropargyl terminal alkynes were synthesised with a view to comparing the reactivity

of cyclic vsacyclic systems.

3.3.1 5-exo-dig cyclisation

Analogously to cyclic ketoalkynes, acyclic ketoalkynes can potentially cyclise under mild
conditions, in the presence of [fHAuOT(] catalyst. Cyclisation precurso@9ac were
readily assembled by nucleophilic substitutf@ror conjugate addition of homopropargyl

malonate 78 to the corresponding enone.

Cycloisomerisation of acyclic precurs@9a and99b by 5-exo€ig mode was viable under

the gold catalysis. In the presence of 10 mol% catalyst load@,cyclised to provide
product100a in 51% vyield, isolated as a mixture of three isomers in a 10:3:1 ratio with the
major beinga,3-unsaturated enone. Unknown by-products wereiatsdated, indicating that

side reactions took place and competed with the principal pathway. Similar results were
obtained with branched ketoalky®8b. Nonetheless, only 6 mol% of catalyst was required
and cyclised productO0b was isolated as 6.3:1.3:1 mixture of isomers in a better yield

(Scheme 54).
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ph)kL 78, NaOEt, EtOH Ph ‘ | [Ph3PAUOTT] (10 mol%) Ph
o r, 2h CH,Cly, 1t, 24 h
Et0,C" CO,Et
99a (95%)
o o) (0]
RJ] 78, DBU, THF, 1, 48 h R | ‘ [PhsPAUOTH] (6 moI%)
R R CH20|2, rt, 22 h R
EtO0,C~ CO,Et Et0,C" CO,Et
R= CH; 99b (64%) 100b (67%)
R=Ph, 99c (64%) 100c (0%)

Scheme 54. Gold-catalysed cycloisomerisation of acyclic ketoalkynes

Sterically hindered acyclic ketoalkynes, such as compo@8d did not undergo
cycloisomerisation (Scheme 54). Steric interactions between the two phenyl units may

prevent a favourable reactive conformation from being adopted.

3.3.2 6-exo-dig cyclisation

To gain access to cyclohexene derivative frameworks, acyclic ketoalld@tkand 99¢
bearing a homopropargyl moiety were subjected to our gold catalysis conditions. These
cyclisation precursors were readily obtained in good to excellent yields, starting from
homopropargyl malonate, using an identical procedure to sub<28des Contrary to cyclic
ketoalkynes in which a éxodig cyclisation was viable, the acyclic ketoalkynes did not

undergo cycloisomerisation and unreacted starting material was recovered (Scheme 55).
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(0]
=
Ph 87, NaOEt, EtOH Ph [Ph3;PAuUOTf] (6 mol%)v Ph
o r,25h CHoCly, 1t, 24 h N\

Et0,C” “CO,E Et0,¢” “COLEt
99d (91%) 100d
0 0 P o)
/
| 87, DBU, THF, rt [PhsPAUOTI] (6 mol%)  ,
CHClp tt, 240 £
Et0,C” “CO,E Et0,C7 “CO.E
99e (65%) 100e

Scheme 55. Attempts to synthesise cyclohexene derivatives

In summary, in the presence of fPAuUOTTf], at room temperature, the cycloisomerisation of
acyclic ketoalkynes was generally either sluggish or non-existent. In all the cases, cyclised
products suffered isomerisation althouglg-unsaturated enone was obtained as the major
isomer. The weak reactivity exhibited by acyclic ketoalkynes mainly lies on the fact that bond
rotation is more facile and somewhat diminishes favourable interactions between the two
reactive centres. In contrast, cyclic ketoalkyne precursors, such as cyclohexanone with a
tethered terminal alkynyl unit, have a more restricted number of conformers and are therefore
more disposed to react. To force the cycloisomerisation of acyclic ketoalkynes, one of the
solutions would be to employ a semihollow-shaped ligand with the gold catalyst, based on

Sawamura mod#&, to shorten the distance between the reactive centres.

3.4 5-endo-dig cyclisation

The gold-catalysed Bado-dig cyclisation of altered ketones (under the guise of silyl enol
ethers o3-ketoesters) with tethered terminal alkynes has rgceeen studied by Toste and

co-workers®® They have elegantly demonstrated that in the presence of cationic gold
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complexes, these substrates were uneventfully converted into bicyclic compounds (see
Chapter 1). To examine whether a similar outcome could be obtained for unactivated
enolisable ketoalkynes, cyclisation precursd@la-b were prepared according to the
procedure reported by Lest al®® Addition of an organoindium reagent, generaitedsitu

from propargyl bromide addition to indium powder, allowed conjugate addition to enone in
the presence of TMSCI. Adduct®la andlO1lbwere produced in 51% and 64% vyields, from
2-cyclohexen-1-one and 2-methyl-2-cyclopenten-1-one, respectively. NexPABROTI]

catalysis was applied to them (Scheme 56).

_ B in, TMsCI, cyclohexenone [AU]
T THF, rt, 1h 45

101a (51%) 102a
_ " in, TMsCI, cyclopentenone _ Aa
_ THF, rt, 2 h 50

101b (64%) 102b

Scheme 56. Attempts to performebhdodig cyclisations

Treatment of cyclisation precursoi®la-b with a CHCI, solution containing 6 mol% of
PhsPAUOTT resulted in complete recovery of the starting ketoalkynes. When Ag&id-

used and P#P ligand replaced with bulky triarylphosphite ligabh@ which renders the gold
more electrophilic, only very little conversion took place. With substtatea, '"H NMR
spectroscopy showed that cyclopentene derivative protld2a was obtained in more than
trace amounts, while under these optimised conditions, cyclisation of suliSttatefforded
bicyclic isomerl02b and unreacted starting material in 32%, after a prolonged reaction time
of 53 hours. These low yields can be due to degradation of the product or/and starting

ketoalkyne, which might have occurred during such a long period of time. It should be noted
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that purification by flash chromatography furnished the cyclised product, contaminated with

an unknown impurity, rendering its characterisation uncertain.

Entry Substrate Catalyst Time, h Yield, %

tBu

100(102
101a  PPRAUOTS 24 100 (0) tBu otp

1
2 101a  L2AuOTf 24 98 (2)

3 101b  PPRAUOTS 24 100 (0)
4 101b L2AuSbF; 53 32 (29)

L2

Table 14. Study of the gold-catalysedehdodig cyclisation

3.5 a’ cyclisation

Gold-catalysedna’-cyclisation of cyclic ketoalkynes has been barelyestigated. In 2007,
Yamamoto and co-workers reported two examplest’etarbonyl substitution through 6-
endadig cyclisation on to aryl-capped alkynes at elevated temperatures, in the presence of a

Au(lll) catalyst (Scheme 57,

Ph

Ph
0/ 0,
Et AuClj; (5 mol%), AgSbFg (15 mol%) ‘ . CO,Et
toluene, 100 °C, 9 h

103 104 (56%)

Scheme 57. AuGlcatalysedx’-cycloisomerisation of ketone with tethered interrkayae

Very recently, Sawamurat al. demonstrated that'-carbonyl substitution could also proceed
with terminal alkynes, albeit with silyl enol ethers as nucleophilic partners. In the presence of

their cationic gold complex1AuNTf,, cyclic acetylenic silyl enol ethers were smoothly
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converted to bicyclo [4.n.1] andn[4.1] methylene frameworkga 7-exo4dig cyclisation (see

Chapter 1)?

To further extend the scope of the gold-catalyaédycloisomerisation of ketoalkynes and
develop a milder alternative method, the cyclisation of previously prepared prec@isebs

(see Chapter 3.2.3) was explored under the standard gold conditions. Unfortunately, the
reaction of ketoalkyneSla-b was very sluggish at room temperature in the presence of 6
mol% of PRPAUOTT. In contrast to Sawamura’s result, no bicyclo [4.n.1] frameworks were
furnished; instead bicyclic enon@8a-b were formed in moderate yields (Scheme 58). These
products were inconsistent with either reaction of the alkyne at the enolsgdasition or

direct enone formation through oxetenium intermedi&t&s Formation of97 could be
explainedvia the gold-promoted hydration of the alkyne in the presence of adventitious water
to afford diketonedy;. Using 91a a small quantity olg;4 was isolated from the reaction
mixture. Subsequently, intramolecular aldol dehydration with preferential formation of a five-
membered ring would afford the observed product and regenerate water. The latter step may

be promoted by the gold catalyst or traces of Bransted acid generated in situ’from it.

o)
" X PPhyAUCI (6 mol%)
o o AuOTf (6 mol%) /
R
), CO2E CH,Cly, tt, 44 h [ copt
n

91a(n=2) 97a 48%
91b (n=1) 97b 55%

A ‘ ﬁ MO

o)

o]
o HO
) COEL ) “COEt
n

lgq llgq

Scheme 58. Formation of bicyclic enones
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3.6 Mechanistic studies

Initially, it was formulated that cycloisomerisation of unactivated enolisable ketones with
alkynes could take place in the presence of cationic gold complexes at room temperature
through nucleophilic attack of an incipient enol tautomer to an activated alkynyl moiety

(Scheme 59).

A
n
R! R? Conia thermal cyclisation R! = R4
RZ Vn
RZ
R3
‘ R4 ‘
| v
on \-—%-'[Au] Productive? OH Au
__________________________________ -
=
1
o ARs R R*
R1)\/J~LR Navi
R2 R3

Scheme 59. Initial hypothesis

The overall transformation was possible and could be applied to various cyclic and acyclic
ketoalkynes. Nonetheless, for some substrates, nod@eyand91a-b alternative pathways

took precedence. In place of the direct C-C bond-forming process, gold-promoted alkyne
hydration was followed by an aldol-dehydration process. Thus, further experiments were
performed with80a to ascertain whether a similar hydration-aldol dehydration pathway could

account for all the cyclisations rather than direct carbon-carbon bond-formation.

In the first place, we found that thermal cyclisation86f, at 168 °C, for 7 h, also led to
conjugated enone isom8ta in 55% yield alongside unreacted starting material (15%). Some

degradation of material was also observed. Subjecting keto-aB§aeto the hydrative
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conditions developed by Liu [P£ICO (1 atm), dioxaneA®, 100 °C, 2.5 h] afforded
complete conversion with the cyclic eno@ga formed in 66% NMR yield alongside several
byproducts at 6 mol% catalyst loaditfyAs previously seen in our study, larger quantities of
water shut down the gold-catalysed reaction completely (Chapter 2, Table 8, entry 5).
Similarly, when 1 equivalent of water was added to the reaction mixture, the reaction progress
was significantly retarded, and a lower overall combined yield of product and recovered
starting material was obtained (Scheme 61). However, the use of undistilj&l, @elve the

same yield of81a as did using distilled G8l,.">* When using dry solvent the hygroscopic
silver salts employed in these reactions are a potential source of adventitious water. No
product was observed when the reaction was run in the presence of activated molecular sieves
to counter this issue. These results confirm that a small amount of water is necesary for the
cyclisation of 80a. However, larger amounts of water have a negative effect, apparently due to

catalyst deactivation and increasing levels of either product or starting material degradation.

To further explore the role of water, the immediate product of alkyne hydration, dilk€ibne
was independently prepared. Unoptimised NaAyZbmoted hydration gavelO5 in

moderate yields alongside a mixture of 80a and 81a in 48% yield (Scheme 60).

NaAuCl, (3 mol%) 0
MeOH/H,0 (10:1)
EtO,C° CO,E

Et0,C” CO,Et
80a 105 (28%)

Scheme 60. Preparation of diketone 105

No reaction was observed wh&@5 was subjected to the standard gold-catalysed cyclisation
conditions. However, when a small amoun86&was added to a solution of fAUOTf and

105in CHyClI,, after 2 hours, a reaction was initiated and pro8aetwas formed. On near
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complete consumption df05, analysis of the product mixture confirms that both ketoalkyne
80a and diketonel05 are converted into enorgla under the reaction conditions (see
appendices). The formation of a small amount@5 was observed when the gold-catalysed
cyclisation of80a was performed in an NMR tube and monitored regularlytbpNMR
spectroscopy (see appendices). Addition of independently syntheigetb this reaction
confirmed this observation. On depletion of ketoalkyne, remaining diketone was consumed.
These results prove that, despite the low level of water, intermolecular alkyne hydration
occurs under the reaction conditions. Furthermore, a species generated in the re&80#on of

is capable of mediating aldol dehydration 5. While the direct carbon-carbon bond-
forming process (Scheme 59) cannot be eliminated as a possibility, as water would also aid
the required keto-enol tautomerisation, the alkyne hydration adol-dehydration pathway is

shown to be at least competitive with this intramolecular cyclisation.

0 0
It PhyPAUCI (6 mol%) —
AgOTF (6 mol%)
E0,c” coEt  Sovenhrhen Eto,¢  COF
80a 81a
Distiled CH,Cl, 82%

Degassed undistilled CH,Cl, 82%
Distilled CH,Cl, + H,O (1eq.)  68% + 80a (6%)

9 Converts to 81a
0] PhsPAUCI in the
presence of 80a

AgOTf
Et0,C” CO,Et 23°C, 25h

105
Observed in the cyclisation of 80a to 81a

Scheme 61. Study of the possible hydration-aldol-dehydration prodelss determined bjH

NMR spectroscopy against a known quantity of 1,2,4,5-tetramethylbenzene.
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3.7 Conclusion

In summary, we have demonstrated the overall cycloisomerisation of unactivated ketones
with alkynes at room temperature under gold catalysis. This straightforward process has been
used to assemble a range of fused and spiro carbocyclic structures from simple precursors
under mild conditions, in the presence of APAUOTf]. However, under these conditions, 5-
endo-dig cyclisations was either unviable or sluggish. With linear acetylenic ketones, similar
results were obtained. Furthermore;cycloisomerisations did not take place under these
mild conditions and in lieu an alkyne hydration-aldol condensation was favoured assisted by
the presence of adventitious water. Mechanistic studies have shown that water is finely poised
between being an integral component of the reaction system and contributing to catalyst and

substrate degradation.



Chapter 4: Gold-catalysed cyclisation of ketones with tethered

internal alkynes



Chapter 4: Gold-catalysed cyclisation of ketones with tethered internal alkynes 79

4.1 Introduction

In Chapter 3, it has been demonstrated that the overall cycloisomerisation of unactivated
enolisable ketones with terminal alkynes could take place at room temperature, in the
presence of 6 mol% of [BRAuUOTI]. The standard procedure generally involved the addition

of a 0.1 M solution of cyclisation precursor to the cationic gold complex FCGHwhich

was generateth situ by mixing equimolar quantities of ##AuCl and AgOTf. A range of
bicyclic and spirocyclic frameworks have been construgtadhis straightforward process,

from simple precursors, by overallexo and Gexo C-C bond-forming cyclisations. To further
expand the scope of the reaction, the cyclisation of enolisable ketones with tethered internal

alkynes was considered.

4.2 Saeening of the cyclisation precursors

Exo- orendodig cyclisations to access substituted bicychc3[0] and in.4.0] structures
generally proceed using either silyl enol ethers with internal alkyndgsketoesters with
internal alkyne§ =% 3943 as cyclisation precursors under gold catalysis (see Chapter 1).
Modification of unactivated enolisable ketones with internal alkynes, threxghorende

dig cyclisation has been hardly investigated under mild conditions. Yamahatio have

shown a few examples where the reaction took place with aryl-capped alkynes, albeit at
elevated temperatures through endo-dig modé&' No example of cycloisomerisation of
unactivated enolisable ketones with tethered internal alkynes has yet been reported under gold

catalysisvia the exo-mode. Our study focused on the use of cyclic ketoneseviitternal
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alkynes bearing either an alkyl group or an aryl unit to access substitute@][or [n.3.0]

bicyclic frameworksvia either exeor endedig cyclisations.

4.2.1Exo-dig cyclisation of cyclic ketones with tethered alkyl alkynes

To construct substitutedn3.0] bicyclic structures,via the gold-catalysed é&xodig
cyclisation of enolisable ketones with tethered internal alkynes, the preparation of cyclisation
precursorl09 was examined. In the first place, on account of results obtained with DBU-
promoted conjugate addition of propargyl malon@&to cyclohexenone, the addition of
butynyl malonatel07 to cyclohexenone was considered in the presence of this amidino base.
To prevent the formation of dialkylated malonate, butynyl malod@fé was synthesised
following the standard two-step procedure (Chapter 2), which involves addition of 1-bromo-
2-butyne to sodium triesté6, followed by NaOEt-catalysed decarbethoxylation. Compound
107 was obtained in an overall good yield of 87%, without chromatography purification
(Scheme 62). Treatment of butynyl malona@ with DBU and cyclohexenone did afford
adduct109, albeit in low yield and isolated with an unknown by-product which co-eluted.
Addition of an excess of butynyl malonate and DBU improved the yield, but only up to 19%.
This procedure was finally abandoned and add@Q6twas produced with a better yield (52%
overall yield)via the preparation of silyl enol eth&08, followed by O-Si bond cleavage by
TBAF. Note that although effective, to take advantage of our proposed methodology, the
preparation of silyl enol ether derivatives to access ketones with tethered internal alkynes was

avoided whenever possible as they are also employed in Conia-like processes as substrates.
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I I Q

| | 76 EtO,C NaOEt cyclohexenone ‘ ‘

DMF/PhMe THF, rt DBU, THF
Br 80 °C, 5 h EtO,C° CO,Et 5 min EtO,C° CO,Et it 48 h
EtO,C CO,Et
106 (92%) 107 (95%) 109
NaH, THF, TBAF, THF,
cyclohexenone -35 °C, 30 min
TMS-OTf, 0 °C, 4.5 h QTMS 1 [ (59%)
EtO,C CO,Et

108 (88%)
Scheme 62. Synthesis of cyclisation precursor 109

Cyclisation precursot09 was then subjected to 6 mol% of PRIOTT, in CH,Cl,, at room
temperature. Under these mild reaction conditions, ketoalky@®® underwent
cycloisomerisation to afford bicyclic compouddO in 51% yield after 28 hours, alongside
unreacted cyclisation precursor (5% yield) and unknown by-products. As for cyclic ketones

with terminal alkynes, the conjugated enone product was obtained as the sole isomer.

' l [AUCIPPh;] (6 mol%), AGOT (6 mol%)

CH,Cly, 1t, 28 h
EtO,C~ “CO,Et EtO,C
109 110 (51%)

CO,Et

Scheme 63. Gold-catalysed cycloisomerisation of cyclic ketone with internal alkyne

Although the yield of producil0 was moderate under the above unoptimised reaction
conditions, this result was encouraging. Further investigations were oriented towards the

cycloisomerisation of cyclic ketones with tethered aryl alkynes.
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4.2.2Exo and endo-dig cyclisation of cyclic ketones with tethered aryl

alkynes

To examine whether cyclic ketones with tethered aryl alkynes could undergmification
via a similar 5exodig cyclisation as depicted above or aertdodig process, cyclic
precursors were prepared by addition of phenyl propargyl malonate to 2-cyclopenten-1-one or

2-cyclohexen-1-one, following the standard procedure previously described.

2.1. Cyclopentanone with tethered phenyl-substituted alkyne as substrate

As described above, addition of phenyl propargyl malorddig to 2-cyclopenten-1-one
provided cyclopentanone with tethered phenyl-substituted alkydein 82% vyield. Prior to
this addition, monoalkylated malonald3 was produced in nearly quantitative yield, by
treatment of triethyl sodiomethanetricarboxyl&@ with 1-phenyl-3-bromoprop-1-ynell,
followed by decarbethoxylation. Nucleophilic substitution of phenyl-2-propyn-1-ol hydroxyl
group by bromide provided halidel1 in a very good yield within 1.5 houf§.0Owing to the

low reactivity of alcohol to undergo direck $eaction, PPhwas required to promote the

substitution (Scheme 64).

Ph Ph
Ph Ph Il Il
| | Bry, PPhg | | 76 EtO,C NaOEt cyclopentenone | ‘
CH,Clp, 1, 1.5 h DMF/PhMe Ei0,c” co,et  THF. 1 E10,c” “CO,Et DBU, THF
OH Br 80°C,5h 5 min i, 2
Et0,C” CO,Et
111 (85%) 112 (96%) 113 (95%) 114 (82%)

Scheme 64. Preparation of cyclisation precursor 114

With compoundl14 in hand, gold-catalysed cycloisomerisation of ketones with aryl alkynes

was tried. Analogously to substraf®9, in the presence of 6 mol% of JPAUOTI],
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ketoalkynell4 slowly underwent cycloisomerisation and after 50 hours only little conversion
to carbocyclic product was observed. Under these conditions, bicyclic[3.3.0] exomethylene
compoundl115 was produced as a white solid in 17% vyield, alongside 58% of unreacted
starting material and unknown by-products (Scheme 65). In contrast to the cyclisation of
methyl-substituted alkyn£09 to conjugated enordd 0, the alkene remains conjugated to the

aromatic unit from the cyclisation of 114.

Ph Ph

| | [AUCIPPh3] (6 mol%), AGOTF (6 mol%)

CH,Cly, 1t, 50 h

CO,Et
Et0,C" 'CO.Et EtO,C 2

14 115 (17%)

Scheme 65. Gold-catalysedexodig cyclisation of cyclopentanone with phenyl-substituted
alkyne

Crystallisation of115 from CHCl,/pentanes afforded good-quality crystals, which allowed
structure determination by X-ray crystallography, and assignment &-ghereochemistry at

the alkene.
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Figure 6. X-ray crystallography of 115
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To increase the yield af-alkenell5, additional experiments were run (Table 15). First, the
concentration of the solution was increased to 0.3 M and the silver source and the neutral
ligand were modified. With [PF*AuSbF] catalyst which is more reactive than PAUOTT]
catalyst, although starting ketodé4 was recovered in 21% yieltl]5 was obtained only in

14% vyield alongside unknown by-products. Replacement of Rirh ligand L2 (Table 15,

entry 3), which has a weakerdonor potential, rendering the gold more electrbphallowed
complete conversion after 72 hours, with cyclisation produ& afforded in 29% vyield

alongside unknown by products.

Ph Ph

| ‘ [LAUCI] (6 mol%), AgX (6 mol%)
CH,Cl, (0.3 M), t

EtO,C” “CO,Et Eo,c  COF
14 115
Entry Ligand AgX  Time, h 115(114) Yield, %
1 PhP AgOTf 50 17 (58)
2 PhP AgShbk 72 14 (21)
3 [2,4-tBu)CsH30]:P  AgOTf 72 29 (0)

Table 15. Study of the gold-catalysed cycloisomerisation of ketoalkyné ddl, (0.1 M).

Although different conditions were tested to improve the yield, notably by enhancing the
electrophilicity of the cationic gold complex, alkeb&5 was obtained in poor yield in each
case. Degradation of the product might have occurred at this high concentration and
prolonged reaction time (Table 15, entries 2 and 3). Furthermore, aryl-substitutedldléyne

underwent Sexo4dig cyclisation like ketoalkyne 109, albeit without suffering isomerisation.
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2.2. Cyclohexanone with tethered phenyl-substituted alkyne as substrate

For initial studies, cyclohexanone with tethered phenyl-substituted allyita was
synthesised in 82% by conjugate addition of phenyl propargyl mal@t8téo 2-cyclohexen-

1-one, according to the standard method (Scheme 66).

Ph
Ph

cyclohexenone ‘ ‘
—_—
DBU, THF, rt

EtO,C  CO,Et EtO,C° CO,Et
113 116a (82%)

Scheme 66. Preparation of cyclohexanone with tethered phenyl-substituted alkyne 116a

Interestingly, treatment of a 0.1 M solution of cyclisation precutd@a in CHCl,, with 6

mol% of PRPAuUOTf did not afford Sexo-dig cyclisation productll7a as had been
previously observed with the above internal alkynes. Instead, alternative pathways took
precedence to yield [4.3.0] bicyclic compouhtiBa and acephenanthrylene derivatii®a,

which were obtained in 16% and 11% yield respectively (Scheme 67). Unknown by-products
were also produced. Acephenanthrylene derivatii@a was furnished as a crystalline solid.

Its structure was determined by conventional spectroscopic methods and confirmed by X-ray
crystallography. The formation of this polycyclic compound was surprising and of interest as
such structures generally require multistep synthesis from aromatic precursors in the few
strategies described. No preparation, involving a single step has been yet reported from

alicyclic substrate$®®
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Ph Ph

o) 0 ) 0  Ph
0,
|l [PhsPAUOTH] (6 mol%) . .
CH,Cl, (0.1M), 1t, 24 h
CO,Et
EtO,C” CO,Et EtO,C - Et0,C” CO,Et COEt
116a 117a (0%) 118a (16%) 119a (11%)

Scheme 67. Cycloisomerisation of cyclohexanone with phenyl-substituted alkyne

In a similar way, the structure of bicyclic framewdrk8a was established by means of NMR
spectroscopic analysis. Strong 4-bond coupling of vinyl to allylic hydrogens across the phenyl
ring was observable with a coupling constant equal to 2.6 Hz. As the signalpdfydeogen

(from the carbonyl functionality) overlaps with other ring signals, nOe experiments were
ineffective to ascribe the relative stereochemistry of the ring junction. Thus, attempts to
crystallisel18a were made. The conversion of ketoalk¥h8a into dinitrophenyl hydrazone

120 provided crystals, which were of sufficient quality to establish that ddds8a had ais

junction (Scheme 68).

O,N

H,NHN NO,

H»SO4, EtOH/H,0

Etdic Co,Et

118a 120 (40%)
Scheme 68. Preparation of dinitrophenyl hydrazone 120

Furthermore, bicyclic compountil8a might have resulted from gold-promoteér@lodig
cyclisation of cyclohexanone with phenyl-substituted alkyne. Althougketbeproductll7a

was not isolated, its formation during the reaction cannot be excluded. The presence of
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acephenanthrylene derivatiil9a could be explained by a gold-catalysedx&+€ig ring

closure to yieldexo-productll7a; whichvia its enol tautomer can undergo a pericyclic
rearrangement, reminiscent of a [4+2] cycloaddition to afford intermeldigte Under gold
catalysis,l 1174 €evolves into acephenanthrylene derivative after aromatisation by proton and
hydroxyl elimination to release water. Water might have also assisted the desired keto-enol
tautomerisation as in the cycloisomerisation of ketones with terminal alkynes (Chapter 3).
Furthermore, steric interactions between the OH group in the enol tautomer and the aromatic

ring might have contributed to the formation of intermediatg (Scheme 69)

l117a

HO H

O,

..

CO,Et CO,Et
E0,c 02 EtO,C z
Hp% r I\ H0
1
[AU]
COLEt
EtO,C

117a

Scheme 69. Possible pathway for the formation of acephenanthrylene derivative 119a

Further investigations were conducted to improve the yields of the above cyclisation products
(Table 16). During this study it was seen that through modifications of the spectator ligand or
the choice of counterion, small improvements could be achieved but alongside this, a new

isomer, tetracyclic compound 121a, could be prepared in good yield.
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o}
| ‘ [LAUX] (6 mol%)
CH,Cl, (0.3 M), rt
z

121a

Entry Catalyst/additive Time, h  Product (yield, %)
1 PhPAUOTf 24 118a(16),119a(11)
2 PhPAUOTT 46 118a(19)
3 [2,4-(tBu)CsH30]:PAUOTS 55 118a(47)
4 PhPAUSbR 2 121a(70)
5 [2,4-(Bu)CsH3;0]:PAUSDbR 2 121a(60)
6 [2,4-tBu)CsH3:0]sPAUSbR 6 121a(57)
7 PhPAuSbR/MeOH (1.6 eq) 26  118a(43),119a(24)
8 [2,4-tBu)CsH3;0]sPAUSbR/MeOH (2.5 eq) 18 118a(31),119a(16)

Table 16. Study of the gold-catalysed cycloisomerisation of cyclohexanone with aryl alkyne.
2 CH,Cl, (0.1 M)

Initial observations showed that, cyclohexanone with aryl alkyiéa slowly reacted in the
presence of 6 mol% of [RBRAuUOTT], in CHCl, (0.1 M) to afford cyclisation productsl7a

and 118a in poor yields. Increasing the concentration up to 0.3 M allowed a small
improvement and bicyclic compouridl8a was afforded as the sole isomer, albeit in low
yield. Degradation of product or/and starting material might have occurred (Table 16, entry
2). Replacement of PRhwvith a weaker donor ligand such as [2Bu)CsH3O]sP furnished
endo-product118a as the major isomer in 47%, after 55 hours (Table 16, entry 3).
Unexpectedly, employing SBF as counterion led to tetracyclic isoni®la as a single
diastereoisomer in moderate to high vyield, irrespective of the neutral ligand used.
[PhsPAuUSbFR] was the most effective catalyst for this transformation (Table 16, entries 4-6
entries1-3). Intriguingly, addition of methanol to this catalytic system bypassed this route and
compoundsl18a andl19a were obtainedia endo- andexo-dig cyclisation, in moderate to

low yield alongside unknown by-products (Table 16, entries 7 and 8).
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The stereochemistry of compouh@la was ascribed by interpretation of 2D GOESY spectra,
shown in Figure 7. A strong nOe was observed fooid to CH,Z and froma-H to g-C-
CH,CH, allowing atrans relationship between the-hydrogen an@-C-CH,CH bond of the

bis-fused [3.3.1] carbocycle to be assigned (Figure 7).

Z = C(CO,Et),
Figure 7. Selected GOESY data for 121a

X-ray crystallography also supported the opposite orientations of these substituents (Figure

8).

rjﬂh“w/ A( '--..-

|
Kf "“"-"
Figure 8. X-ray crystal structure of 121a

4.3 Cycloisomerisation of cyclohexanone with tethered aryl alkynes

Contrary to ketones with internal alkyn#89 and114, which cyclisediia anexodig mode,
ketone with aryl alkynd16a was smoothly converted, depending on the reaction conditions,
either into bicyclic compountil8a and acephenanthrylene derivatii®a or into polycyclic
skeletonl2la. Interestingly, a counterion effect was observed, allowing diverse carbocyclic

structures to be obtained from the same cyclisation precursor. In the presences of SbF
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counterion, tetracyclic framework2la was afforded, while with OTf , bis-fused [4.4.0]
skeletonl18a could be furnished as the sole isomer (Scheme 70). To study the scope of this

process different cyclohexanones with substituted aryl alkynes were synthesised.

Ph
]

[PhsPAUSDFg] (6 mol%) é\ J‘ [2,4-(tBU)CgH3Ol,PAUOTF (6 mol%)
or
z

[PhsPAUOTH] (6 Mol%)

121a 116a
Scheme 70. Divergent pathways for the cycloisomerisation of cyclohexanone with aryl
alkyne

4.3.1Synthesis of the cyclisation precursors

Cyclohexanones with tethered internal alkynes bearing either an electron-rich or electron-poor
aromatic ring were readily assembleg Sonogashira coupling of acetylenic cyclohexanone
80a with an appropriate aryl halid¥. Acetylenic cyclohexanon80a had been previously
synthesised by conjugate addition of propargyl malod&sento 2-cyclohexen-1-one (see

Chapter 2).

Sonogashlra | 1 ,4-Addition
+
coupllng

Et0,C° CO,Et
Z=C(CO.Et); 116 78

Scheme 71. Retrosynthetic analysis for the preparation of ketoalkynes 116

Diverse cyclisation precursofisl6a-l were afforded in good to quantitative yields following

this route, regardless of the nature of the aromatic substituent, albeit with the exception of
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precursor116n which was obtained in moderate yield, probably due to side reactions

provoked by the presence of the unprotected amino group (Table 17).

X
| —R
¥
o] 0
‘ | Aryl halide | |
Cul, PACl,(PPhg),,
z NEts, rt z
Z=C(CO.Et), 80 116
Entry RCsH,4 Ketoalkynell6 (yield, %)
1 CeHs a (95)
2 0-MeGCsH, b (79)
3 m-MeCgH,4 c (90)
4 p-MeCeH, d (88)
5 0-'PrCH, e (81)
6 m-MeOGH, f (91)
7 p-MeOGsH, g (73)
8 p-CF;CgH4 h (99)
9 p-FCsH4 i (84)
10 p-BrCgH,4 j (87)
11 3,5-difluoraCeH, k (91)
12 2-naphthyl I (89)
13 GHsand Z = C(CO)CgEt m (73)
14 p-NHzCeH4 n (47)

Table 17. Synthesis of cyclisation precursors 116a-n

4.3.2Study of Au-catalysed cycloisomerisation of cyclohexanone with

tethered aryl alkynes

Our investigations started with the study of the behaviour of alkynes bearing either electron-

pooror electron-rich aromatic rings.

To gain access to bicyclic structurg$8 and tetracyclic skeletori21, bearing an electron-

withdrawing substituent on the aromatic ring, cyclic ketones with internal alkigie-j were
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reacted under the optimal conditions developed, either witRARISbE or with LAUOTT.
Intriguingly, unlike the substrate with an unsubstituted phenylXi&a, the counterion effect

was not observed with the electron-deficient system. The cyclisations prazhaegroducts
regardless of the nature of the silver source or the phosphine ligand. The cyclisation products
were generally afforded, after prolonged reaction times, in poor yield alongside unreacted
starting materials (Table 18). With cyclisation precurdd@6h, endo-productl18h was

isolated with an unknown isomer, preventing full interpretation of the NMR spectrum.

| —TEwWG
0
é\ l [LAUOT] (6 mol%)
. CH,Cl (0.3 M), rt
116
Entry RGH4 Catalyst Time, h  Product (yield, %)
1  p-CRCeHa PhPAUOTf 54  118h (12),116h (55)
2 p-CRCeHa PhPAUSbR 54  118h (17),116h (42)
3  pFGHs  [2,4-(Bu)CH3OPAUOTF 48  118i(17),116i (42)
4  p-FCH, PhPAuUSbR 48 118i (21),116i (37)
5  p-BrCeH, PhPAuUSbR 45  118j(27),116j (49)
6  p-BrCH, [2,4-tBu)CHsOl;PAUOTf  >48  118j(31),116j(31)

Table 18. Cycloisomerisation of ketones with alkynes substituted with electron-deficient
aromatic ring? with an unknown isomer.

Cyclic ketones with alkynes substituted with electron-rich aromatic rings behaved in a similar
way to electron-deficient ketoalkynes, except that in this latter case, tetracyclic structures
121c and 121g were furnished as the sole or major isomer, after a shorter reaction time.
However, although the cyclisation precursors were completely consumed, the products were
delivered in poor yields which indicated that degradation might have also taken place (Table

19).
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~N
| —EDG
=
0
[PhsPAUSDFg] (6 MoI%) | | [LAUOTT] (6 mol%)
CH.Cl, (0.3 M), rt , CH,Cl, (0.3 M), rt
116
Entry RGH4 Catalyst Time, h  Product (yield, %))

1  mMeGH, PhPAUOTI 24  121c:118¢(955, 36)
2  mMeGH, PhPAuSbk 24  121c:118c(98:2, 26)
3  p-MeOGH, PhPAUOTf 24  121g(37),118g(6)
4  p-MeOGH, PhPAuSbE 24  121g(33)

Table 19. Cycloisomerisation of ketones with alkynes substituted with electron-rich aromatic
ring

Further studies were thus conducted to understand the mechanisms which controlled the
formation of the different isomers and acephenanthrylene derivative, in a view to selectively
access either the tetracyclic framework or &melo-product by modulation of the catalytic

system.

4.3.3Mechanistic studies of gold-catalysed cycloisomerisation of ketones

with aryl alkynes

Initially, we hypothesised that the formation @fdo-productl18a and acephenanthrylene
compound 119a might have been promoted by a gold-catalyse@&ndedig
cycloisomerisation in the former case, anédxadig cyclisation-cycloaddition in the latter.
However, the formation of these products could also be explaaethe alkyne hydration
process, previously observed in the cycloisomerisation of ketones with terminal alkynes (see
Chapter 3). Indeed, in the presence of cationic gold complexes, alkyne hydration of
ketoalkynell6 can potentially furnish two diketones: Markovnikov ketd@2a and anti-

Markovnikov productl23a (Scheme 72). Diketod22a can then undergo aldol condensation
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by means of either the enol tautomer of cyclohexanone or the enol tautomer adjacent to the
phenyl ring. Aldol condensation initiated by the enol tautomer of cyclohexanone would afford
endo-productl18a, whereas the attack of the enol tautomer adjacent to the phenyl ring into
cyclohexanone would lead to intermedidtg, which on release of water evolves into
carbocyclic cationlll 1, The sp hybridised cation would possess the planar geometry to
undego Friedel-Crafts alkylation of the aromatic ring and evolves into polycyclic indanone
121a. The anti-Markovnikov diketon&23a can undergo aldol condensation like diketone
122a, to furnishexo-productl117a, which after further transformations would afford

acephenanthrylene derivative 119a (see Scheme 69).

HO) OH ¢} ha

EtO,C CO.Et
118a

EtO,C CO,Et

H0 4

0] o HO H: :OH
SHAY O OLE S
EtO,C CO.Et EtO,C CO.Et EtO,C COzEt EtO,C CO,Et
123a 116a 122a 22
H

o] o CO,Et

COLEt COLEt
CO,Et Friedel-Crafts
Alkylation ! v
H0 EtO,C COEt

121a

1422 122

Scheme 72. Mechanistic hypotheses for the synthesis of compound 118a, 119a and 121a

For initial studies, ketoalkyngl6a was subjected to thermal conditions in a view to examine
if a pericyclic rearrangement was involved in the formation of acephenanthrylene derivative
119a. Generally, pericyclic processes often require high temperature to proceed. Besides, the

conversion of ketoalkyn80a into conjugated enor@da had been previously observed under
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these conditions (see Chapter 3). Intriguingly and in contrast to ketone with terminal alkyne
80a, cyclic ketone with aryl alkyngl6a was reluctant to undergo cycloisomerisation under
thermal conditions. Despite the high temperatures used, no cyclised product was observed

after 8 hours at 140 °C, then 4 hours at 160 °C, and finally degradation occurred at 200 °C.

As in the cycloisomerisation of ketones with terminal alkynes water played a critical role, its
influence on the cyclisation of cyclohexanone with a tethered aryl alkyne was therefore
investigated. Under the hydrative conditions developed by Liu JPED (1 atm), dioxane-

H,0, 100 °C) no cycloisomerisation occurf@dAlthough, these conditions were ineffective

for the cyclisation of ketoalkyn®l6a; the participation of diketori22ain the cyclisation
process could not be eliminated. Effectively, the lack of reactivity of ketoatkyBa in the
presence of platinum salts can lie on the fact that Pt(ll) is a weedkad than Au(l). Thus, to
examine whether diketori22a was a viable intermediate for the formation of eidreto-
product118a or tetracyclic framework21a, its synthesis was considered in order to perform
control experiments. Different literature procedures, allowing alkyne hydration, were tested to
prepare diketon&22a from cyclisation precursdi6a in the presence ofreacid and water.
Despite several trials with either NaAy@r (MeCNYPdC}, no diketone product22awas
obtained"®>**®Ultimately, it was found that diketori2acould be smoothly furnished when
ketoalkynell6a was treated with BRAUSbE;, in methanol at reflux. This method allowed a
range of ketones with aryl alkynes to be converted into diketones, as highlighted in Table 20.
However, when applied to ketones with terminal alkynes, the diketone could not be isolated
under these harsh conditions and aldol condensation of the transient ketone took precedence.
Note that for ketones with substituted aryl alkynes, under longer reaction times, irrespective
of the substituent nature, diketoh2 were converted into acetdl24 (Table 20, entries 3

and 4).
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A
| R
—
o) o o) o) |
[PhsPAUSDF] (6 mol%) s DA
+
CH3OH (0.2 M), reflux | P | =
EtO,C” “CO,Et EtO,C” “CO,Et EtO,C” “CO,Et
116 122 124

Entry RGH4 Time, h  Product (yield, %))

1 - 20.5 81a(74)
2 CoHa 25 122a(65)

23 122a(87)
3 p-FCeHa 25 122i (56)

7 122i (28),124i (49)
4  p-MeOGH, 7 1229(0), 1249(64)

Table 20. Hydration of cyclisation precursors 804 6a, 116i1169g

With diketonel22a in hand, control experiments were run. First, dikefid#a was treated
under the optimum conditions which affordeddo productl18a as the major isomer from
116a. In the presence of 6 mol% of [2iB)CsH3O]sPAUOTS, diketone was slowly
converted inteendo produciil8a in 9% yield and unreacted diketdi#2a was recovered in
42% vyield alongside unknown by-products. In the presence of 6 mol% of [2,4-
(tBu)CsH3O]sPAUOTT, ketoalkyne precursatl6a was converted into bicyclic compound
118a in a better yield of 31%, alongside acephenanthrylene derivel®a (18%) and
unreactedl16a (26% yield). The lower yield @ndo product obtained with diketo@2a as
cyclisation precursor can be explained by the fact that at elevated conté@Raf the
catalyst’s activity is reduced by stable coordinations with the oxygen atoms of the ketones.
Besides, it has been observed that on addition of dikel@B@a to a solution containing
substratel16a and catalyst [2,4Bu)CsH3O]sPAUOTS, which had already reacted together
for 1.5 hour, the yield oéndo-product was decreased to 22% (Scheme 73). Although the

catalyst's activity is reduced in the presence of diketb?2a, this feature cannot exclude
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diketonel1l22a as a viable intermediate in the formationenfioproduct118a. The above
results support at least that the formatiormdeproductl18a might involve either an aldol-
dehydration mechanism (as previously seen in Chapter 3 with ketones bearing terminal
alkynes) or the direct 6ndodig cyclisationvia the attack of an enol tautomer on the

electrophilic alkyne-metal complex.

Q 0 ‘
f [ [2,4-(tBU)CgH3OlsPAUOTT (6 mol%)
CH,Cl, (03 M), 1t, 21 h “

Et0,C~ “CO,Et EtO,C” “CO,Et
116a 118a (31%) 116a (26%) 119a (18%)

CH,Cl, (0.3 M)
r,21h

Addition of 122a after 1.5 h 118a (7%) 116a (51%) 122a (ca 98%)
0 0 118a (9%) 116a (42%)
LAuOTf
(6 mol%)
EtO,C° CO,Et

122a
Scheme 73. Study of the cycloisomerisation of diketone 122a

Under gold catalysis, ketoalkynes are converted into carbocycles or heteroggctbsee

main routes. Either an enol tautomer equivalent attacks the electrophilic alkyne-metal
complex or the carbonyl oxygen lone pair does. It has also been demonstrated that in the
presence of a Lewis acid, ketones with tethered alkynes can oyeliad2+2] cycloaddition-
cycloreversion (see Chapter 1). In our case, control experiments have revealed ¢hdbthe
productl18a was generated either from the attack of the enol tautomer of cyclohexanone to
the activated alkyne-metal complex wa the formation ofl 125, Furthermore, as under the
conditions which strictly afforded tetracyclit?21a, diketonel22a exclusively cyclised into

endo producfil8a, diketonel22a is an unviable intermediate for the synthesis of tetracyclic

compoundl2la. Thus, considering previous literature examples and the results of our control
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experiments, the formation of indanone derivati#la could occurvia an alkyne-ketone
metathesis-cycloreversion process, followed by a gold-promoted Nazarov cyclisation.
However, the [2+2] cycloaddition-cycloreversion of cyclic ketéhéa would evolve into the
anti-Bredt intermediatd 116 (Scheme 74)° Nonetheless, to examine whether a similar
reaction could take place with cyclic ketone bearing aryl alkyi®a, literature conditions
developed by Yamamoto for the cyclisation of linear ketoalkynes were tested for our
substraté? To our delight, in the presence of Ay@hd AgSbE (2 and 6 mol% respectively),
substratel16a smoothly underwent cycloisomerisation to deliver indanone derividihe in

73% within an hour. As this yield was comparable to the one obtained when the reaction was
performed with 6 mol% of [PPAUSbF] (see Chapter 4.2.2.2), the scope of the gold-
catalysed cycloisomerisation of cyclohexanone with aryl alkyne was re-examined with

Au(lll).
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99

(AU
0]

CO,Et
I oo
Ketone-alkyne ‘ Nazarov cyclisation

metathesis

o] 0
|| AUCl; (2 mol%)/AgSbFg (6 mol%) O‘ H

toluene, 100 °C, 60 min
CO,Et
EtO,C  CO,Et
CO,Et

116a 121a (73%)

Scheme 74. Cycloisomerisation of ketoalkyne 116a via gold-promoted ketone-alkyne

metathesis/Nazarov cyclisation

4.4 Saope of Au-catalysed tandem [2+2] cycloaddition/Nazarov reaction

Treatment of cyclisation precursdr$6, with AuClk and AgSbE, respectively 2 and 6 mol%,

resulted in a smooth conversion to substituted indanone derivatives 121. Table 21 presents our

results obtained with Au(lll)-catalysed-cycloisomerisation of cyclic ketones with tethered aryl

alkynes en route to substituted indanone derivatives.
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Ar

o) o)
|| AUCI3 (2 mol%)/AgSbFg (6 mol%) O. H

toluene, 100 °C
CO,Et
EtO,C  CO,Et
CO,Et

116 121

Entry 116, Ar = Time, min Yield, %
1 116a H 120 73
2 116b,0-MeCsH, 20 98
3 116c mMeCgH,4 50 75 (Ratio: 10:12)

O "
. "
COEt
CO,Et
COzEt

COQEt

116d,p-MeCeH, 20
116€ 0-'PrCH, 33 82
116f mMeOGsH, 15 72 (Ratio: 76:10)
MeO,
O. :
116g p-MeOGH, 50 65
116h, p-CFsCeHa 120 52
116i, p-FCeH,4 50 63
10 116j, 3,5-difluoraCeH, 120 43
11 116k, 2-naphthyl 20 88
12 1161, p-BrCeH, 22 66
13 116m H, Z = C(CO)CGEt 10 57
14 116n, p-NH,CgH. -

Table 21. Au(lll)-catalysed cycloisomerisation of cyclohexanone with tethered aryl alkyne

The cyclisation of ketones with substituted aryl alkynes proceeded very rapidly, being
completed within minutes to furnish in good yields indanone derivatives. With tethered
phenyl alkynel16a and more electron-deficient aryl alkydd$h and116j, the reaction was

slower and 2 hours were required to allow complete conversion. With electron-deficient aryl

alkynes, indanone derivativd21h and121j were obtained in moderate yields, respectively
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52% and 43% yield, and in the latter case, unreacted starting material was recovered (11%)
alongside unknown by-products. Cyclisation precuré@b6n, which bears an unprotected
amino group did not undergo cycloisomerisation, probably due to catalyst deactivation by the
amine. The reaction was not affected by the position of the substituent on th@rtingy.,

meta- andpara- substituted aryl alkynes reacted uneventfully to afford cyclised products in
similar yields (Table 21, entries 4 to 6 for example). Wiuilsandp-substituted aryl alkynes

can only afford one viable regioisomer, ketones witbubstituted aromatic rings yielded two
regioisomers (Table 21, entries 3 and 7). The replacement of malonate substituen-with a
ketoester resulted again in the formation of indanone derivdfdden obtained as a 1.2:1
mixture of diastereoisomers, albeit in moderate yield. Side reactions might have occurred due
to the presence of the free ketone (see Chapter 3 for previous discussion on the effect of the

free ketone).

The preparation of polycyclic indanone derivatives bearing a heteroatom on the bis-fused ring
was also examined. To this end, cyclisation precut46p was prepared in very good yield

by Sonogashira coupling, starting from compow@tth which was readily available from
previous synthesis. When subjected to the gold catalysis, no cyclisation occurred and the
starting material was totally recovered. The lack of reactivity of cyclic ester to undergo [2+2]

cycloaddition with an alkynyl partner can explain this result.

o)
H
o | | iodobenzene 0 | ‘ [Au]
Cul, PACIy(PPhy),, 3 s """ A
z NEt,, rt z O\_/

Z= C(CO,Et),  80h 116p (89%) 121p

Scheme 75. Attempts to synthesise polycyclic indanone derivative containing a heteroatom
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Next, the cyclisation of ketone with furanyl alkyne en route to tetracyclic heteroaromatic
compound was considered. Thus, ketoalkytéq was synthesised by coupling @a with
2-iodofuran, according to the standard procedure. Treatment of pretd&pwith AuCl;
and AgSbk, respectively 2 and 6 mol%, did not afford cyclisation product; unreacted

substrate was incompletely recovered (Scheme 76).

o}
o nBuLi, 1 ®/| 80a, Cul, PdCI,(PPh;), | |
( y e

\_/ diethyl ether \_/ NEt;, rt

4

116q (66%)
Scheme 76. Attempts to synthesise tetracyclic heteroaromatic compound 121q

This methodology was next applied to the synthesis of indanone deritayen which the

core structure is reminiscent of compour®, a potential P450 17 inhibitb¥?Starting from
cyclisation precursod16j, in the presence of AugAgSbF combined catalyst, indanone
derivative 116j was diastereoselectively produced in good yield after 22 minutes, in a single
synthetic manipulation. Then Pd-catalysed Suzuki-Miyaura cross coupling, followed by
ketone reduction in the presence of a large excess of NaBWided alcoholl27 in an
overall good vyield of 85% (Scheme 77). X-ray crystallography of comp&@B8dcallowed to
assign atrans relation between the hydroxyl centre and thdaydrogen of alcoholl27.
Unfortunately, alcohol replacement by imidazole did not take place in the preseNg&-of
carbonyldiimidazole as reported by Njar and Hartmann for similar substfat&snstead O-
alkylation took precedence and prodd@8 was delivered in 79% yield. We found later that

the procedure described by Njar is errone8{fs.
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Br

1) Pd(PPha)s (3 mol%)

0
PhB(OH),, CsF, DME (0.09 M) Ph
| | AuClj (2 mol%)/AgSbFg (6 mol%) reflux, 17 h
toluene, 100 °C 2) NaBH4/CH3OH (0.3M) CO,Et
E10,C7 \COLEt THF (0.05 M), 1t, 1h 25 COyEt
127 (85%)
116j
o) %\N

N//\ NJLN/\\N N\//

Sl )

THF, 70 °C, 17 h .

128 (79%)
Scheme 77. Attempted synthesis of an analogue of 129

Furthermore, indanone derivatii?8 was a crystalline solid and its stereochemistry was

elucidated by X-ray crystallography.

Figure 9. X-ray crystallography of compound 128

i
o 7
\/\
- \ )

4.5 Conclusion

The cycloisomerisation of unactivated ketones with internal alkynes under gold catalysis was

generally sluggish at room temperature. Ketones with tethered internal alkynes could hardly
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cyclise into bis-fused frameworks, in the presence of 6 mol% ofPEUIOTT]. The
cyclisation products were generally obtained in poor vyield, through teeofliig mode.
Intriguingly, cyclohexanone with a tethered aryl alkyne did not undemgm®Hg cyclisation.

In lieu, the formation of an unexpected tetracyclic took precedence whgPAPBbF] was
employed, while with [PEPAUOT{] a 6-@do-dig ring closure took place to lead to a bicyclic
compound in poor yield. With cyclohexanones bearing aryl alkynes with diverse substituents
on the aromatic ring, this counterion effect (§b#s OTf ) did not occur and electron-rich

aryl alkynes led exclusively to tetracyclic compounds, whereas with electron-deficient aryl
alkynesendo products were afforded alongside unreacted starting ketoalkynes. However, in
both cases the cyclised products were afforded in poor to moderate yields under optimised
conditions. Ultimately, the use of Augh toluene provided tetracyclic compounds in good to

high yields, irrespective of the aromatic substituents.

4.6 Future work

In this thesis, we demonstrated that the direct Conia-type cyclisation of ketoalkynes can be
achieved without recourse to preactivation of ketone. The use gPfRIOTT], in CHCl,, at
room-temperature, allowed the preparation of diverse bicyclic compounds from various
ketones with tethered terminal alkynes. Generally, the cyclisation proceeded smoothly.
However, the type of the ketone (cyclic or acyclic), the length of the tether linking the two
functionalities and the presence of substituents atithar B-position could all dramatically
reduce the yield of the reaction. Mechanistic studies demonstrated that the ring closure could
proceed eithewvia the direct attack of an incipient enol tautomer of the ketone into an

electrophilic gold-alkyne complex, or through a gold-promoted alkyne hydration process and
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a subsequent aldol condensation-dehydration reaction. Although the gold-catalysed alkyne
hydration process was evidenced by the the presence of the diketone intermediate under the
reaction conditions, the aldol condensation of this intermediate initiated by the gold catalyst
could not be proven. Indeed, it was found that a “species” genématged under the reaction
conditions, was responsible for this step. This species could be TfOH, generated from
[PhsPAUOTI] and traces of water. To test this hypothesis, it would be worthwhile subjecting
cyclisation precurso80a to the gold catalyst in the presence of an acid scavenger. Monitoring

of the reaction by'H NMR spectroscopy would establish whether or not the diketone

intermediate is consumed during the reaction.

Ketones with tethered internal alkynes reacted similarly to ketones with tethered terminal
alkynes and underwent é«o cyclisations, albeit in low to moderate yield. In the case of
cyclohexanones with tethered electron-deficient aryl alkynes, ead6- cyclisation was
observed in the presence ogHAUOTT]. Switching to Au( provided substituted tetracyclic
compounds, irrespective of the nature of the substituents on the aromatic ring. Further work
would focus on modifying the size of the ketone ring, increasing the length of tether, and

introducing an heteroatom into the tether.
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5.1 Instruments

Melting points were recorded on a Kofler hot stage using open capillaries.

Elemental analysis was accomplished with a Carlo Erba EA1110 simultaneous CHNS

analyser which is based on a dynamic flash combustion and G.C. separation system.

Infra red spectra were recorded on a Perkin—Elmer Paragon 1600 FTIR spectrometer. Only

selected absorbencias.{,) are reported in cth

NMR spectra were recorded on Bruker AC368 € 300 MHz,**C = 75.5 MHz), Bruker
AV300 (H = 300 MHz,**C = 75.5 MHz), Bruker AVIII300 'H = 300 MHz,**C = 75.5

MHz), Bruker AV400 tH = 400 MHz,**C = 101 MHz) and Bruker AVIII400'd = 400

MHz, **C = 101 MHz) in the solvents indicated. Chemical shifjsa¢e given in ppm relative

to TMS. The solvent signals were used as references and the chemical shifts converted to the
TMS scale (residual CHgIlin CDCk: o4 = 7.26 ppm,dc = 77.0 ppm; residual Gi€l, in
CD.Cly: &4 = 5.32 ppm,dc = 53.8 ppm). Coupling constantd) (are reported in Hz.
Multiplicity is denoted in*H NMR by: s (singlet), br s (broad singlet), d (doublet), t (triplet),

g (quartet), quint (quintet, quintuplet), sex (sextet, sextuplet), sept (septet, septuplet), m
(multiplet). Multiplicity is denoted it®C NMR as s, d, t, q for C, CH, GHCHs respectively.

1D and 2D spectra were recorded using the following pulse sequences from the Bruker
standard pulse program library: PENDANT, DEPT 45, DEPT 135; Gradient COSY 90;
Gradient HSQC forfJ(C,H) = 145 Hz; Gradient HMBC for correlationg& "J(C,H). When

given NMR signal assignments are based on COSY and HSQC and/or HMBC. The
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numbering schemes are arbitrary and are shown in the inserts. GOESY experiments were used

to elucidate relative stereochemistry.

El mass spectra were recorded on either a VG ProSpec or VG Zabspec instrument at 70 eV.
High resolution El spectra were measured using perfluorokerosene (PFK) as an internal
calibrant. ES spectra were performed on a Micromass LCT spectrometer using a methanol
mobile phase. High resolution mass spectrometry (HRMS) was obtained using a lock-mass to

adjust the calibrated mass scale. Mass spectral data are reportedrakative intensity).

GC-MS were performed using a HP 5890 Series Il apparatus.

Analytical HPLC was performed on a Dionex Summit instrument. Pump: Summit UVD 170s
UV/VIS multi-channel detector with analytical flow cell; columnuS_una silica (2); 250

mm x 4.6 mm. Semi-preparative HPLC was performed on a reverse phase fitted with a
Dionex P580 pump and a Dionex UVD170S detector (used at 230 nm) using a helium
degassed HPLC grade acetonitrile/water isocratic, without acidic additives. Elution was

monitored and spectra were recorded on Dionex Chromeleon 6.11 software.

5.2 Chemicals and reagents

Commercially available compounds were purchased from Aldrich, Fluka, Acros, Strem, Alfa
Aesar and used without further purification; except for 2-cyclohexen-1-one which was

purified by Kugelrohr distillation (oven temperature 90 °C, pressure 50 mBar).

Dry THF was obtained by distilling commercial solvent from sodium benzophenone ketyl,
CH.CI; from calcium hydride, toluene from sodium and EtOH from magnesium turnings.

Anhydrous DMF and DCE were purchased from Aldrich. TMSCI was distilled under argon
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from calcium hydride. Triethylamine was distilled from NaOH pellets and stored over 4 A
molecular sieves. 2-Cyclohepten-1-one and 2-cycloocten-1-one were synthesised following a
known proceduré®® 2-lodofuran was prepared according to a known procédURhPAuUCI

and [2,4-(Bu)CsHs0]sPAUCI were prepared according to a known procetlré! All the

solutions are aqueous and saturated unless specified otherwise.

5.3 Reactions

Air-sensitive reactions were carried out in heat-gun dried glassware, under an anhydrous
argon atmosphere with magnetic stirring. Freshly distilled or dried solvent was used unless
specified otherwise. Evaporation and concentration under reduced pressure was performed at
10 — 600 mbar at 40 °C unless specified otherwise. Residual solvent was removed under high
vacuum (< 1 mbar). Reactions were monitored by thin layer chromatography (TLC),
performed on Macherey Nagel silica gel 69)Fnalytical plates (plastic support) which were
developed using standard visualing agents: UV fluorescence (254 and 366 nm),
phosphomolybdic acid\/ and potassium permanganate Flash chromatography (FC) was
conduded on silica gel 60 (0.043-0.063 mm, supplied by Fluorochem). Asynt DrySin heating
blocks or oil baths on stirrer hotplates were employed for reactions with temperature

controlled via external probe.
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5.4 Procedures and characterisation

General procedures (GP)

GP1: Tosylation of alcohol®, synthesis of 70, 73

Alkynyl alcohol (1.0 eq) was added to a solution of TsClI (1.0 eq), DMAP (0.25 eq) apd NEt
(1.2 eq) in CHCI; (0.4 M) at —10 °C. The reaction mixture was stirred between —10 °C and —
5 °C over 4 h, during which time a white precipitate appeared. The mixture was filtered and
the filtrate treated with NECI solution (1x solvent volume). The layers were separated and
the organic layer was washed with ) solution (2x volume of organic phase), dried over

MgSQ,, filtered and the solvent removed under reduced pressure.

GP2: Tosyl displacement by bromiffesynthesis of alkynyl halides 69, 71, 74

LiBr (8.0 eq) was added to a solution of alkynyl tosylate (1.0 eq) in acetone (0.1 M) and the
mixture was stirred at 38 °C for 24 h. Deionised watek (dolvent volume) and pentane

(1 x solvent volume) were added to the mixture. The two layers were separated and the
aqueous layer was extracted with pentane (@lume of aqueous phase). The combined

organic layers were dried over Mg{Q@ltered and the solvent carefully removed under

reduced pressure, owing to the volatility of the synthesised alkynyl halide.
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GP3: Alkylation of triethyl sodiomethanetricarboxyl&fesynthesis of triesters 77, 106, 112

Triethyl sodiomethanetricarboxyla#® (1.0 eq) was dissolved in DMF/toluene (0.45 M, 1/1).
The alkynyl halide (1.0 eq) was then added and the mixture was stirred¢@tf805 h. The
reaction mixture was allowed to cool to rt, before deionised watgrsdvent volume) and
toluene (1x solvent volume) were added and the two layers separated. The organic layer was
washed with deionised water volume of the organic phase), dried over3@, filtered,

and the solvent removed under reduced pressure to afford the alkynyl triester.

GP4: Decarbethoxylation of substituted tries&rsynthesis of diesters 78, 107, 113

Sodium (1.2 eq) was dissolved in EtOH (1.2 eq) and the mixture was stirred at rt until
consumption of the alkali metal. THF (0.55 M) was then added to this mixture and the
solution was stirred for 5 min at rt before alkynyl triester (1.0 eq) was added. After 5 min
(consumption of the starting material was monitored by TLC) the reaction was quenched with
NH,4CI solution (2% solvent volume). Toluene (2 solvent volume) was added and the two
layers were separated. The organic layer was washed twice with deionised watetu@e

of the organic phase), dried over JS&, filtered, and the solvent removed under reduced

pressure to afford the diester.

GP5: Michael addition using a diethyl malonate read&aynthesis of ketoalkynes 80a-k

Enone reagent (1.0 eq) and DBU (1.0 eq) were added to a solution of diethyl malonate reagent
(1.0 eq) in THF (0.44 — 1.17 M). The mixture was stirred at rt for 24 h to 6 d (until

completion of the reaction) before MEl solution (2x solvent volume) was added, followed

by EtOAc (2 x solvent volume). The two layers were separated. The organic layer was
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washed with brine (X volume of the organic phase), dried over,8a, filtered, and the

solvent removed under reduced pressure. The residue was purified by flash chromatography.

GP6: Michael addition using a propargyl indium reagé&msynthesis of ketoalkynes 101a-b

Propargyl bromide (3.0 eq, 80% in toluene) was added to a solution of indium powder (2.0
eq) in THF (0.33 M) at rt under an argon atmosphere. After stirring for 30 mygi®lg5.0

eq) and enone reagent (1.0 eq) were successively added dropwise over 3 min to the reaction
mixture. The reaction was then stirred for 2 h before pre-cooled deionised watsol{fent

volume, 0 °C) was added to quench the reaction. The aqueous layer was extractegDwith Et
(2 x volume of aqueous phase) and the combined organic layers were washed with deionised
water (1x volume of the organic phase) then with brinex(tolume of the organic phase),
before being dried over N&O,, filtered and concentrated under reduced pressure. The

residue was purified by flash column chromatography.

GP7: a-Alkylation of p-ketoester§? synthesis of1a<, 96a-c

B-Ketoester (1.0 eq) was added dropwise over 2 mangaspension of sodium hydride (1.2

eq) in DMF (0.96 M) at 0 °C. The reaction mixture was stirred at rt for 55 min before 5-iodo

or 6-iodo-alkyne (1.0 eq) was added dropwise over 1 min. After the addition, the mixture was
stirred at rt for 24 h before a 1 M solution of HCI (28olvent volume) was added followed

by toluene (10x solvent volume). The two layers were separated. The organic layer was
washed with brine, dried over p&0,, filtered, and the solvent removed under reduced

pressure. The residue was purified by flash column chromatography.



Chapter 5: Experimental 112

GP8: Decarbethoxylation of alkylatedigtoesters? synthesis of ketoalkynes 92a-f

Lil (5.0 eq) was added to a solution of alkylafelletoester (1.0 eq) in DMF (0.76 M). The
reaction mixture was stirred at 150 °C. After completion, the reaction mixture was allowed to
cool to rt and quenched with a 1 M solution of HCI ¢ 8olvent volume). EO was added

(10 x solvent volume) and the two layers were separated. The aqueous layer was extracted
twice with EbO and the combined organic extracts were washed with brine, dried over
NaSQO,, filtered, and the solvent removed carefully under reduced pressure. The residue was

purified by flash column chromatography.

GP9: Sonogashira couplin§? synthesis of ketoalkynes 116a-q

Cul (2.5 mol%) and Pd@IPPh). (5 mol%) were added to a solution of the ketone with the
tethered terminal alkyne (1.0 eq) in NEO.1 M reaction concentration) at rt. The reaction
mixture was stirred at rt for 5 min before the aryl halide (1.2 eq) was added. The suspension
was then stirred until the reaction was complete (consumption of the starting material was
monitored by TLC). NHCI solution (1x solvent volume) and EtOAc (& solvent volume)

were added and the two layers were separated. The aqueous phase was extracted with EtOAc
(2 x solvent volume) and the combined organic extracts were washed with brine, dried over
NaSO,, filtered and concentrated under reduced pressure. The residue was purified by flash

column chromatography.

GP10: Cyclisation of ketones tethered with terminal alkynes

AgOTf (0.06 eq) was added into a dried Schlenk (or carousel tube) under an argon
atmosphere, followed by the addition of the PRICI (0.06 eq). Immediately after this

addition, a 0.1 M solution of the substrate in the desired solvent was addagipette, and
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the mixture stirred at rt for the required length of time. On completion of the reaction, the
solution was either loaded directly on to a silica gel column followed by elution with the
appropriate eluent, or filtered through a short pad of silica gebQGHdiethyl ether or
hexane/ethyl acetate: 8/2), the solvent removed under reduced pressure and the residue was
purified by flash column chromatography. When required the ratio of isomers was determined

by NMR analysis of the crude reaction mixture.

GP11: Cyclisation of ketones tethered with internal alkynes

AuCl; (0.02 eq) was added into a dried Schlenk under an argon atmosphere, followed by the
addition of the AgSbk (0.06 eq). Immediately after this addition, a 0.2 M solution of the
substrate in toluene was added a syringe, and the mixture stirred at 100 °C for the desired
length of time. On completion of the reaction, the solution was either loaded directly on silica
gel column followed by elution with the appropriate eluent or filtered through a short pad of
silica gel (CHCI,, ELO or hexane/EtOAc: 8/2), the solvent removed under reduced pressure,
and if required, the residue was purified by flash column chromatography. The ratio of

isomers was determined by NMR analysis of the crude reaction mixture.
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Characterisation

4-(Trimethylsilyl)but-3-yn-1-yl-4-methylbenzenesulfonate 68

n-BuLi (2.7 mL, 6.70 mmol, 2.50 M in hexanes) was added dropwise over 5 min to a solution
of 3-butynyl-ptoluenesulfonate (1.0 mL, 4.51 mmol) in THF (30 mL) at —78 °C. The solution
was stirred for 1 h at —78 °C before }8€Cl (0.86 mL, 6.70 mmol) was added. The cooling
bah was removed and the solution was allowed to warm to rt. After stirring for 3 h at rt,
NH4CI solution (5 mL) was added, followed by deionised water (15 mL). The mixture was
extracted with EfO (3% 15 mL), dried over MgS§) filtered and the solvent removed under
reduced pressure to afford the alkynyl sil&® as a yellow oil (1.26 g, 95%);s ®.48
(hexane/EtOAc: 8/2)jn(300 MHz; CDC¥) 0.12 (9 H, s, X SiCH3), 2.44 (3 H, s, Ar-Ely),
2.59(2 H, t,J 7.3, OCHCH,), 4.07 (2 H, tJ 7.3, OGH,CH,), 7.35 (2 H, d,) 8.1, 2x Ar-H),

7.80 (2 H, d, B.1, 2 xAr-H); m/z(TOF ES+) 319.1 ([M+Nd] 100%).

Data were in agreement with those reported in the liter&ture.
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(4-Bromobut-1-yn-1-yhtrimethylsilane 69

Bromobutynyl silane9 was prepared from LiBr (1.41 g, 16.19 mmol) and 4-trimethylsilyl
butynyl tosylate68 (0.60 g, 2.02 mmol) according to general procedure GP2. After 24 h,
work-up afforded alkynyl halidé9 as yellow oil (0.26 g, 63%);{®.86 (hexane/EtOAc: 8/2);
vma{film)/cm™ 2960, 277851(300 MHz; CDC4) 0.15 (9 H, s, % SiCHs), 2.77 (2 H, t]) 7.3,
BrCH,CH,), 3.42 (2 H, t,J 7.3, BrCH,CH,); m/z (El+) 191 (IME'Br)*-CHs], 100%), 189

(99), 163 (66), 161 (67), 139 (42), 137 (41), 109 (18).
Data were in agreement with those reported in the liter&ture.

Pent-3-yn-1-yl-4-methylbenzene sulfonate 70

Tosylate70 was synthesised from TsCl (2.45 g, 11.90 mmol) and 3-pentyn-1-ol (1.10 mL,
11.90 mmol) according to general procedure GP1. After 4 h, work-up afforded alkynyl
tosylate 70 as a white solid without further purification (2.57 g, 91%); ®R42
(hexane/EtOAC: 8/2)ymafilm)/cm™ 2923, 1596 (C=C)§4(300 MHz; CDC}) 1.70 (3 H, tJ
2.2,C=CCH3), 2.44 (3 H, s, Ar-El3), 2.50-2.46 (2 H, m, OCiLH,), 4.03 (2 H, tJ 7.3,
OCH,CH,), 7.34 (2 H, dJ 8.5, 2x Ar-H), 7.79 (2 H, dJ 8.5, 2x Ar-H); 5c(75.5 MHz;
CDCls) 3.4 (g, HCC=C), 19.7 (t, GCCH,), 21.6 (q, Ar-G3), 68.2 (t, B1,0Ts), 73.1 (s,
H3CC=C), 78.2 (s, €CCH,), 127.9 (2 d, AI€H), 129.8 (2 d, AlcH), 133.0 (s, ArC), 144.8

(s, ArC); m/z(TOF ES+) 261.0 ([M+N4d] 100%).
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Data were in agreement with those reported in the literattire.

5-Bromopent-2-yne 71

o —Br

5-Bromopent-2-yn&1 was synthesised from LiBr (6.70 g, 77.21 mmol) and tosylai2.30
g, 9.65 mmol) according to general procedure GP2. After 24 h, work-up and evaporation of
the solvent under reduced pressure (P = 500 mBar, TEYa&fforded alkynyl halidg1 as a
yellow oil (1.37 g, 97%); R0.58 (hexane/EtOAc: 7/3¥(300 MHz; CDC}) 1.79 (3 H, tJ
2.6,C=CCHa), 2.66-2.72 (2 H, m, BrC#CH,), 3.40 (2 H, tJ 7.3, BrGH,CH,); 6c(75.5 MHz;
CDCl3) 3.3 (g, HCC=C), 23.2 (t, &CCH,), 30.1 (t, G1,Br), 75.9 (s, HCC=C), 77.7 (s,

C=CCH,); m/z(El+) 148 (IME'Bn)]*, 26%), 146 (29), 67 (100), 53 (20).
Data were in agreement with those reported in the literattire.

4-Phenylbut-3-yn-1-ol 72

a vt

Phenyl iodide (2.2 mL, 19.81 mmol), Cul (25 mg, 0.13 mmol), Ké®h), (185 mg, 0.26

mmol) and NE§ (8 mL) were added to a two-neck round bottom flask. After stirring for 5
min, 3-butyn-1-ol (1.0 mL, 13.21 mmol) was added and the reaction mixture stirred at 60 °C
for 5 h 45 min. The reaction mixture was then allowed to cool to @ &0 mL) was added,

the mixture filtered and the filtrate concentrated under reduced pressure. The residue was
purified by flash column chromatography (hexane/EtOAc: 2/1) to afford 4-phenylbut-3-yn-1-

ol 72 as a brown oil (1.59 g, 82%); ®28 (hexane/EtOAC: 2/1Pmadfilm)/cm™ 3345 (OH),

2884,1598 (C=C), 1490 (C=C}i4(300 MHz; CDC}) 1.86 (1 H, tJ 5.1, OB, 2.70 (2 H, t,]
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5.9, GH,CH,OH), 3.82 (2 H, dt, 5.9 and 5.1, 6,0H), 7.27-7.33 (3 H, m, 8 Ar-H), 7.36-

7.46 (2 H, m, 2 »Ar-H); m/z(El+) 146 (M, 47%), 128 (10), 115 (100), 105 (6), 89 (8).
Data were in agreement with those reported in the liter&ture.

4-Phenylbut-3-yn-1-yl-4-methylbenzene sulfonate 73

Tosylate73 was prepared from TsCl (1.55 g, 8.15 mmol) and 4-phenylbut-3-yrv-2-@.0

mL, 8.15 mmol) according to GP1. After 4 h, work-up afforded internal alkynyl tos§Bases

a brown oil, which was taken through into the next step without further purification (1.78 g,
73%); R 0.46 (hexane/EtOAc: 7/3)ima(film)/cm™ 2923, 1722, 1651 (C=C), 1598 (C=C),
1572(C=C), 1491 (C=C), 1359 (S=0), 1175 (S=@)(300 MHz; CDC}) 2.41 (3 H, s, €l3),
2.78(2 H, t,J 7.0, H,CH,0OTs), 4.18 (2 H, t] 7.0, (H,0Ts), 7.27-7.34 (7 H, m, Arb, 7.82

(2 H, d, J8.3, ArH): m/z(TOF ES+) 323.1 ((M+Nd] 100%).

Data were in agreement with those reported in the literattrre.



Chapter 5: Experimental 118

1-Phenyl-4-bromobut-1-yne 74

a S

1-Phenyl-4-bromobut-1-yn&4 was prepared from LiBr (2.86 g, 33.02 mmol) and tosylate
(2.0 mL, 4.12 mmol) according to GP2. After 24 h, work-up afforded internal alkynyl halide
74 as yellow oil (0.75 g, 73%);:R®.78 (hexane/EtOAc: 7/3)ima{film)/cm™ 2971, 1739,
1598(C=C), 1571 (C=C), 1490 (C=C)4(300 MHz; CDC}) 2.98 (2 H, tJ 7.3, CH,CH,BI),
3.53(2 H, t,J 7.3, GH,Br), 7.28-7.32 (3 H, m, AH), 7.40-7.43 (2 H, m, AH); m/z (EI+)

210 (M, 54%), 208 (55), 129 (44), 128 (73), 127 (30), 115 (100), 104 (7).
Data were in agreement with those reported in the liter&ture.

Triethyl sodiomethanetricarboxylate 76

Triethyl methanetricarboxylate (11.50 mL, 52.22 mmol) was added dropwise over 5 min to a
suspension of NaH (2.38 g, 59.64 mmol, 60% dispersion in mineral oil) in THF (90 mL) at O
°C, according to a literature procedférhe reaction mixture was stirred at this temperature
for 15 min, while a white precipitate appeared. This precipitate was then collected by
filtration, washed with anhydrous THF and dried under reduced pressure to give the title salt
76 as a non-hygroscopic white powder (13.26 g, 96%); mp 199.5film)/cm™ 2981,

2934, 1709C=0), 1659 (C=0), 1635 (C=0); m(EOF ES+) 255.0 ((M+N4] 100%).
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Triethyl but-3-yne-1,1,1-tricarboxylate 77

Alkynyl triester 77 was prepared from triethyl sodiomethanetricarboxylét€6.00 g, 23.60
mmol) and propargyl bromide (2.5 mL, 23.60 mmol, 80% in toluene) according to GP3. After
5 h, work-up afforded’7 as an orange liquid (6.01 g, 94%); (R37 (hexane/EtOAc: 8/2);
vmaxfilm)/cm™ 3284 (G=CH), 2984, 1733 (C=0)x(300 MHz; CDC}) 1.30 (9 H,tJ 7.1, 3

x OCH,CH3), 2.05 (1 H, tJ 2.6, G=CH), 3.02 (2 H, dJ) 2.6, (H,C=CH), 4.29 (6 H, q,J 7.1,

3 x OCH2CHg); dc(75.5 MHz; CDC}) 13.9 (3 q, OCHCH3 ), 23.3 (t,CH,C=CH), 62.5 (3 t,
OCH.CHs), 64.5 (s,C(CO.Et)s), 70.7 (d, CHC=CH), 78.7 (s, CHC=CH), 165.7 (3 s,

CO,Et); Mz (TOF ES+) 293.1 ([M+Nd] 100%).
Data were in agreement with those reported in the literature.

Diethyl 2-(prop-2-yn-1-yl)malonate 78

A
V‘?Y’v
o} o
Diethyl propargylmalonat&8 was synthesised from alkynyl tries@@f (5.99 g, 22.16 mmol)
according to GP4. After 5 min, work-up afforded dieSt@ras an orange liquid (4.14 g, 94%).
Rr 0.50 (hexane/EtOAC: 8/2)max(film)/cm™ 3287 (G=CH), 2984, 1732 (C=0)j,(300 MHz;
CDCl3) 1.27 (6 H, t, J 4, 2 x OCHCH3), 2.01 (1 H, t, J 2.6, €CH), 2.77 (2 H, dd, J.7 ad

2.6, CHGH,C=CH), 3.55 (1 H, tJ 7.7, CHCH,C=CH), 4.22 (4 H, qJ 7.1, 2 x OGH,CHa);

0c(75.5 MHz; CDC4) 14.0 (2 g, OChCH3 ), 18.4 (t,CH,C=CH), 51.2 (d,CH(CO,Et),), 61.8
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(2 t, OQH,CHs), 70.3 (d, CHC=CH), 80.0 (s, CHC=CH), 167.8 (2 sCO,Et); m/z (TOF

ES+) 221.1 ((M+Na], 100%).
Data were in agreement with those reported in the literature.

Diethyl 2-(3-oxocyclohexyl)-2-(prop-2-yn-1-yl)malonate 80a

EtO,C” 7 "CO,Et

Ketoalkyne80a was prepared from 2-cyclohexen-1-one (1.46 mL, 15.13 mmol) and diethyl
propargylmalonater8 (3.00 g, 15.13 mmol) according to GP5. After 48 h, work-up and
purification by flash column chromatography (hexane/EtOAc: 8/2) affordégynyl
cyclohexanon®0a as a light yellow oil (3.43 g, 77%); 820 (hexane/EtOAc: 8/2); (Found:
C, 65.43; H, 7.81. GH»0s requires C, 65.29; H, 7.53%)iax (film)/lcm™ 3278 (G=CH),
2981,2940, 2870, 1727 (C=0J1(300 MHz; CDC4) 1.27 (6 H, tJ 7.1, 2 x CHCH3), 1.36-
1.52(1 H, m, 4-H), 1.59-1.76 (1 H, m, 3-H), 2.03 (1 HJ £.6, 10-H), 2.05-2.16 (2 H, m, 4-H
and 3-H), 2.16-2.27 (1 H, m, 2-H), 2.30 (1 H, d.314, 6-H), 2.37-2.48 (1 H, m, 2-H), 2.53-
2.63 (1 H, m, 6-H), 2.63-2.74 (1 H, m, 5-H), 2.86 (2 H] &,6, 8-H), 4.23 (4 H, ¢] 7.1, 2 x
CH,CHs); 6c(75.5 MHz; CDC4) 13.9 (2 g, CHCH3), 22.6 (t, 8-C), 24.5 (t, 3-C), 26.9 (t, 4-
C), 40.6 (d, 5-C), 40.9 (t, 2-C), 43.4 (t, 6-C), 59.5 (s, 7-C), 61.5QRI#CH5), 71.7 (d, 10-C),
78.6(s, 9-C), 168.9 (s, 2 €O,Et), 209.8 (s, 1-C)mvz (TOF ES+) 317.1 ([M+Nd] 100%);

HRMS m/z(TOF ES+) 317.1369 ([M+N&] C;H--,0sNa requires 317.1365).
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Diethyl 2-(3-oxocyclopentyl)-2-(prop-2-yn-1-yl)malonate 80b

EtO,C7 “CO,Et

Ketoalkyne80b was prepared from 2-cyclopenten-1-one (0.21 mL, 2.52 mmol) and diethyl
propargylmalonate8 (0.50 g, 2.52 mmol) according to GP5. After 24 h, work-up and
purification by flash column chromatography (hexane/EtOAc: 8/2) affordégnyl
cyclopentanoné30b as a colourless liquid (623 mg, 88%); ®28 (hexane/EtOAc: 8/2);
vmaxfilm)/cm™ 3279 (G=CH), 2982, 2937, 2907, 1729 (C=1)i(300 MHz; CDC}) 1.27 (6
H,t,J 7.1, 2 x CHCHs), 1.62-1.80 (1 H, m, 3-H), 2.04 (1 HX2.4, 9-H), 2.14-2.43 (4 H, m,

2 x 2-H, 3-H and 5-H), 2.60 (1 H, dd,18.4 and 7.4, 5-H), 2.85 (1 H, dijg 17.4 and 2.4, 7-

H), 2.93 (1 H, ddJag, 17.4 and 2.4, 7-H), 3.00-3.15 (1 H, m, 4-H), 4.18-4.28 (4 H, m, 2 x
CH,CHa); 0c(75.5 MHz; CDC}) 14.0 (2 q, CHCH3), 23.7 (t, 7-C), 24.9 (t, 3-C), 38.5 (t, 2-
C), 39.4 (d, 4-C), 41.1 (t, 5-C), 58.8 (s, 6-C), 61.8 @H.CHjs), 71.8 (d, 9-C), 78.6 (s, 8-C),
169.2(s, CO-Et), 169.3 (SCO.Et), 217.3 (s, 1-C)mz (TOF ES+) 303.1 ([M+N4d] 100%);

HRMS m/z(TOF ES+) 303.1199 ([M+N&] C1sH,c0sNa: 303.1208).
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Diethyl 2-(3-oxocycloheptyl)-2-(prop-2-yn-1-yl)malonate 80c

T
3 7 10

6 9
4

Et0,¢” 8 CO,Et

Ketoalkyne80c was prepared from 2-cyclohepten-1-one (266 mg, 2.42 mmol) and diethyl
propargylmalonate/8 (480 mg, 2.42 mmol) according to GP5. After 10 d, work-up and
purification by flash column chromatography (hexane/EtOAc: 8/2) affordégnyl
cycloheptanone80c as a yellow oil (418 mg, 56%); R0.28 (hexane/EtOAc: 8/2);
vmad(film)/cm™ 3277 (GCH), 2935, 1725 (C=0, ester), 1701 (C=0, ketowg}300 MHz;
CDCls) 1.13-1.24 (1 H, m, 5-H), 1.26 (3 H,,7.1, CHCH3), 1.28 (3 H, tJ 7.1, CHCHa),
1.451.60 (2 H, m, 3-H and 4-H), 1.91-2.09 (3 H, m, 3-H, 4-H, 5-H), 2.05 (1 H217, 11-

H), 2.43-2.52 (2 H, m, 2-H, 7-H), 2.60-2.76 (3 H, m, 2-H, 7-H, 6-H), 2.82 (1 HJ@d17.5

and 2.7, 9-H), 2.89 (1 H, ddas 17.5 and 2.7, 9-H), 4.18-4.28 (4 H, m, 2 MALCHs); 6(75.5
MHz; CDCE) 14.0 (2 g, CHICHg), 23.0 (t, 9-C), 25.1 (t, 3-C), 29.4 (t, 4-C), 32.3 (t, 5-C), 38.4
(d, 6-C), 43.1 (t, 2-C), 46.0 (t, 7-C), 60.5 (s, 8-C), 61.7 (HaCHs), 71.8 (d, 11-C), 78.9 (s,
10C), 169.2 (sCOEt), 169.4 (sCOEt), 212.8 (s, 1-C)m/z (TOF ES+) 331.1 ([M+Nd]

100%): HRMS m/£TOF ES+): 331.1517 ([M+N&] C17H,40sNa requires 331.1521).
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Diethyl 2-(3-oxo-cyclooctyl)-2-(prop-2-yn-1-yl)malonate 80d

(0}
2 1 12
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Et0,C” 9 "CO,Et

Ketoalkyne80d was prepared from 2-cycloocten-1-one (200 mg, 1.61 mmol) and diethyl
propargylmalonate/8 (319 mg, 1.61 mmol) according to GP5. After 8 d, work-up and
purification by flash column chromatography (hexane/EtOAc: 8/2) affordégnyl
cyclooctanone80d as a light yellow oil (218 mg, 42%);¢R.29 (hexane/EtOAc: 8/2);
vmadfilm)/cm™ 3277 (G=CH), 2937, 2861, 1729 (C=0, ester), 1699 (C=0, kétofig300
MHz; CDCE) 1.05-1.23 (1 H, m, 5-H), 1.27 (3 H, 1,7.1, CHCHa3), 1.28 (3 H, t,J 7.1,
CH,CH3), 1.32-1.49 (2 H, m, 6-H, 4-H), 1.59-1.96 (5 H, m, 6-H, 5-H, 4-H, 2 x 3-H), 2.08 (1
H, t,J 2.8, 12-H), 2.26-2.37 (2 H, m, 2-H, 8-H), 2.66-2.74 (1 H, m, 8-H), 2.82 (1 H.gd,
17.5and 2.7, 10-H), 2.80-2.89 (1 H, m, 2-H), 2.97 (1 H,3d,17.5 and 2.7, 10-H), 3.18 (1

H, tt, J 12.6, and 3.4, 7-H), 4.14-4.31 (4 H, m, 2 MLCHa); 6c(75.5 MHz; CDC}) 14.0 (2 q,
CH,CHj3), 23.0 (t, 10-C), 23.8 (t, 5-C), 25.8 (t, 3-C), 28.0 (t, 4-C), 29.5 (t, 6-C), 36.5 (d, 7-C),
40.6(t, 2-C), 46.1 (t, 8-C), 60.0 (s, 9-C), 61.7 (H,CHs), 71.8 (d, 12-C), 79.0 (s, 11-C),
169.4(s, CO.Et), 169.8 (SCO.Et), 215.9 (s, 1-C)mz (TOF ES+) 345.2 ([M+N4d] 100%);

HRMS m/z(TOF ES+) 345.1690 ([M+N&] C;sH-60sNa requires 345.1678).
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2-(3-Oxo-cyclohexyl)-2-(prop-2-yn-1-yl)malononitrile 80e

0]

@

NC CN

2-Cyclohexen-1-one (93L, 0.96 mmol) and propargyl malononitri@3 (200 mg, 1.92

mmol) were added to a solution of NaOEt, prepared from Na (8.6 mg, 0.37 mmol) and
absolute EtOH (1.2 mL). The red solution was allowed to stir for 1 h 20 min at rt, before brine
(20 mL) and E1O (20 mL) were added. The two phases were separated and the aqueous layer
was extracted with ED (2 x 20 mL). The combined organic layers were dried oveiSidg

filtered and concentrated under reduced pressure. The residue was purified by flash column
chromatography (hexane/EtOAc 7:3) to afféetoalkyne80eas a light yellow solid (170 mg,

89%); R 0.23 (hexane/EtOAc: 7/3); mp 96-98 Guxfilm)/cm™ 3246 (G=CH), 2985, 2930,
2878,1714(C=0);64(300 MHz; CDC}), 1.63-1.84 (2 H, m), 2.19-2.39 (4 H, m), 2.40 (1 H, t,
J2.7), 2.45-2.60 (2 H, m), 2.63-2.74 (1 H, m), 2.92 (1 H,Jg,17.0 and 2.7), 3.02 (1 H, dd,

Jas 17.0 and 2.7)6c(75.5 MHz; CDC}) 23.5 (t), 26.0 (t), 26.8 (t), 40.3 (t), 41.4 (s), 42.4 (1),
42.4(d), 73.7 (s), 75.8 (d), 113.0 (s), 113.4 (s), 206.1ngx(TOF ES+) 223.1 ([M+Nd]

100%9; HRMS m/z(TOF ES+) 223.0842 ([M+N3&] C;2H1:N>ONa requires 223.0847).
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Ethyl 2-acetyl-2-(3-oxo-cyclohexyl)pent-4-ynoate 80f

Et0,¢7 7 =0

Ketoalkyne80f was synthesised from 2-cyclohexen-1-one (0.29 mL, 2.98 mmol) and ethyl 2-
acetylpent-4-ynoat&4 (0.50 g, 2.98 mmol) according to GP&iter 24 h, work-up and
purification by flash column chromatography (hexane/EtOAc: 8/2) affoadleghyl ketone

80f as a colourless oil in a 1.1:1 mixture of diastereocisomers (357 mg, 453%92R
(hexane/EtOACc: 8/20ma(film)/cm™ 3278 (G=CH), 2940, 1705 (C=0)j(300 MHz; CDCH})
1.30(83 H, t,J 7.1, CHCHgzof isomer a or b), 1.31 (3 H, ,7.2, CHCH3; of isomer b or a),
1.40(1 H, dt,J 12.8 and 3.3, 4-H of isomer a or b), 1.43 (1 H,Jd12.8 and 3.4, 4-H of
isomer b or a), 1.57-1.75 (2 H, m, 3-H, both isomers), 1.92-2.01 (2 H, m, 4-H, both isomers),
2.03 (1 H, tJ 2.7, 10-H of isomer a), 2.04 (1 H,Jt2.7, 10-H of isomer b), 2.05-2.19 (4 H,

m, 3-H, 2-H, both isomers), 2.22 (3 H, $1£of isomer a), 2.22 (3 H, s,Hz of isomer b),

2.27 (2 H, dd,J 16.8 and 11.5, 6-H, both isomers), 2.33-2.51 (4 H, m, 2-H and 6-H, both
isomers), 2.62-2.77 (2 H, m, 5-H, both isomers), 2.79 (2 H) dd and 2.7, 8-H, isomer a),
2.82 (2 H,dJ 2.7, 8-H, isomer b), 4.20-4.33 (4 H, mH&CH3, both isomers)jc(75.5 MHz;
CDCls) 13.8 (2 g, CHCHag), 20.9 (t, 8-C), 21.1 (t, 8-C), 24.6 (2 t, 3-C ), 26.5 (t, 4-C), 27.3 (t,
4-C), 27.5 (g, ®3), 27.8 (g, &), 40.1 (d, 5-C), 40.5 (d, 5-C), 40.7 (t, 2-C), 40.9 (t, 2-C),
42.9(t, 6-C), 43.4 (t, 6-C), 61.6 (€H,CHs), 61.7 (t,CH,CHs), 64.7 (s, 7-C), 64.9 (s, 7-C),
71.9(d, 10-C), 72.0 (d, 10-C), 78.6 (s, 9-C), 79.0 (s, 9-C), 169.7 (DsEL), 202.0 (s, 1-C),
202.1(s, 1-C), 209.5 (2 £SOMe); m/z(TOF ES+) 287.1 ([M+N4d] 100%): HRMSWz (TOF

ES+) 287.1251 ([M+Nd] CisH200sNa requires 287.1259).
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Diethyl 2-(2-methyl-3-oxocyclopentyl)-2-(prop-2-yn-1-yl)malonate 80g

Et0,C” CO,Et

Ketoalkyne80g was prepared from 2-methyl-2-cyclopenten-1-one (148 pL, 1.51 mmol) and
diethyl propargylmalonat&8 (0.30 g, 1.51 mmol) according to GP5. After 6 d, work-up and
purification by flash column chromatography (hexane/EtOAc: 8/2) affoadleghyl ketone

80g, as the major diastereoisomer, as a colourless oil (85.3 mg, 19947 Rhexane/EtOAc:

8/2); vmax(film)/cm™ 3279 (G=CH), 2980, 2936, 1737 (C=0);4(300 MHz; CDC}) 1.18 (3 H,
d,J7.1),1.27 (3H, 1) 7.1), 1.28 (3 H, t) 7.1), 1.71-1.88 (1 H, m), 2.06 (1 HJt2.7), 2.11-

2.41 (4 H, m), 2.78 (1 H, dt, 9.6 and 6.3), 2.87 (1 H, ddas 18.7 and 2.7), 2.94 (1 H, dd,

Jae, 18.7 and 2.7), 4.10-4.35 (4 H, niy(75.5 MHz; CDC}) 13.9 (q), 14.0 (q), 15.7 (q), 22.8

(1), 23.8 (t), 36.4 (t), 46.2 (d), 46.5 (d), 59.2 (s), 61.7 (2 t), 71.9 (d), 79.1 (s), 169.3 (2 s), 219.6
(s); m/z (TOF ES+) 317.1 ([M+Nd] 100%); HRMSmz (TOF ES+) 317.1368 ([M+N4]

Ci6H220sNa requires 317.1365).
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Diethyl 2-(5-oxotetrahydrofuran-3-yl)-2-(prop-2-yn-1-yl)malonate 80h

0
o
Eto,C” “COEt
Alkynyl lactone 80h was prepared from 2(5Huranone (173 pL, 2.44 mmol) and diethyl
propargylmalonate/8 (484 mg, 2.44 mmol) according to GP5. After 7 d, work-up and
purification by flash column chromatography (hexane/EtOAc: 8/2) affor@@ as a
colourless liquid (117 mg, 16%); B.19 (hexane/EtOAc: 8/2)ma(film)/cm™ 3274 (G=CH),
2983,1779 (C=0, lactone), 1726 (C=0, estef}(300 MHz; CDC}) 1.27 (3 H, t,J 7.1,
CH,CH3), 1.27 (3 H, tJ 7.1, CHCHs), 2.08 (1 H, tJ 2.7, G=CH), 2.60 (1 H, dd, s 18.1
and 8.3, C(O)®l,), 2.74 (1 H, dd, 4 18.1 and 9.5, C(O)&), 2.81 (1 H, ddJas 17.4 and
2.7,CH,C=CH), 2.90 (1 H, ddJas, 17.4 and 2.7, B,C=CH), 3.47 (1 H, ddddJ] 9.5,8.3, 8.3
and 7.1, @), 4.18-4.31 (4 H, m, 2 x@,CHs), 4.35 (1 H, ddJas 9.8 and 7.1, O8,), 4.59 (1
H, dd, Jxs 9.8 and 8.3, 0B,); c(75.5 MHz; CDC}) 13.8 (2 g, CHCH3), 23.8 (t,
CH,C=CH), 30.3 (t,C(O)CH,), 37.5 (d,CH), 57.8 (S,C(COEt),), 62.2 (t,CH,CHs), 62.3 (t,
CH,CHs), 69.3 (t, @H,), 72.5 (d, &CH), 77.5 (s,C=CH), 168.3 (s,CO.Et), 168.4 (s,
CO,Et), 175.6 (s,CO); m/z (TOF ES+) 305.0 ([M+Nd] 100%); HRMSmz (TOF ES+)

305.1007 ([M+Na]. C4H150sNa requires 305.1001).
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Diethyl 2-(but-3-yn-1-yl)-2-(3-oxo-cyclopentyl)malonate 80i

Et0,C” 6 CO,Et

Ketoalkyne80i was prepared from 2-cyclopenten-1-one (0.16 mL, 1.89 mmol) and diethyl 2-
(but-3-ynyl)malonate87 (400 mg, 1.89 mmol) according to GP5. After 72 h, work-up and
purification by flash column chromatography (hexane/EtOAc: 8/2) affoadleghyl ketone
80i as a colourless liquid (400 mg, 72%); 33 (hexane/EtOAC: 8/2pma(film)/cm™ 3283
(C=CH), 2981, 2938, 1725 (C=09}(300 MHz; CDC}) 1.27 (6 H, tJ 7.1, 2 x CHCHS3),
1.621.79 (1 H, m, 3-H), 1.97 (1 H, t,24, 10-H), 2.10-2.40 (8 H, m, 2 x 7-H, 2 x 8-H, 2 x 2-
H, 5-H, 3-H), 2.50 (1 H, dd, 38.7 and 7.9, 5-H), 2.74-2.88 (1 H, m, 4-H), 4.21 (4 B, {1,

2 x (H,CHa); 6c(75.5 MHz; CDC}) 14.0 (2 g, CHCH3), 14.4 (t, 7-C), 24.8 (t, 3-C), 32.7 (t,
8-C), 38.4 (t, 2-C), 40.3 (d, 4-C), 41.1 (t, 5-C), 59.3 (s, 6-C), 61.5QRI4CH3), 68.9 (d, 10-

C), 83.0 (s, 9-C), 169.8 (S0,Et), 170.0 (SCO,Et), 217.2 (s, 1-C)m/z (TOF ES+) 317.1
(IM+Na]*, 100%); HRMS m/z (TOF ES+) 317.1359 ([M+N&] CieH»OsNa requires

317.1365)
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Diethyl 2-(3-oxocyclopentyl)-2-(pent-4-yn-1-yl)malonate 80j

Et0,C” “CO,Et

Ketoalkyne80j was synthesised from 2-cyclopenten-1-one (92.5 uL, 1.10 mmol) and diethyl
2-(pent-4-ynyl)malonat&9 (500 mg, 2.20 mmol) according to GP5. After 5 d, work-up and
purification by flash column chromatography (hexane/EtOAc: 7/3) affoadleghyl ketone

80j as a colourless oil (311 mg, 91%); ®35 (hexane/EtOAc: 7/3)ima(film)/cm™ 3283
(C=CH), 2979, 1722 (C=0)jn(300 MHz; CDC}) 1.26 (6 H, t,J 7.1), 1.39-1.56 (2 H, m),
1.63-1.79 (1 H, m), 1.97 (1 H, 3,2.6), 2.00-2.58 (9 H, m), 2.71-2.91 (1 H, m), 4.08-4.33 (4
H, m); 6c(75.5 MHz; CDC}) 13.7 (2 q), 18.2 (1), 23.2 (1), 24.5 (t), 32.5 (t), 38.0 (t), 39.5 (d),
40.7(t), 59.2 (s), 60.9 (2 t), 68.7 (d), 83.0 (s), 169.9 (s), 170.1 (s), 216 M/IHTOF ES+)
331.2 ([M+Na], 100%); HRMSn/z (TOF ES+) 331.1521 ([M+N3] C;7;H»40sNa requires

331.1516)
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Diethyl 2-(but-3-yn-1-yl)-2-(3-oxo-cyclohexyl)malonate 80k

(0]
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EtO,C” 7 CO,Et

TBAF (1.0 mL, 1.00 mmol, 1 M in THF) was added to a solution of silyl enol &®Ref300

mg, 0.79 mmol) in THF (8.5 mL) at — 35 °C. The mixture was stirred for 40 min at this
temperature, before N)@I solution (25 mL) was added to quench the reaction. The agueous
phase was extracted with EtOAc (225 mL). The combined organic layers were washed with
brine (25 mL), dried over N&Q,, filtered, and the solvent removed under reduced pressure.
The residue was purified by flash column chromatography (hexane/EtOAc: 8/2) to afford
ketoalkyne 80k as a yellow liquid (129 mg, 53%). ;R0.21 (hexane/EtOAc: 8/2);
vmadfilm)/cm™ 3281 (GCH), 2937, 2870, 1715 (C=091(300 MHz; CDC}) 1.27 (6 H, tJ

7.1,2 x CHCHs), 1.33-1.69 (2 H, m, 4-H), 1.96 (1 H,t2.2, 11-H), 1.98-2.52 (11 H, m, 2 x
8-H, 2 x 9-H, 2 x 3-H, 2 x 2-H, 2 x 6-H and 5-H), 4.21 (2 H] @,1, (HH,CHs), 4.22 (2 H, q,

J 7.1, H,CHg); 0c(75.5 MHz; CDCY) 14.1 (2 q, CHCH3),14.5 (t, 8-C), 24.7 (t, 3-C), 27.0 {(t,
4-C), 32.5 (t, 9-C), 41.1 (t, 2-C), 42.2 (d, 5-C), 43.6 (t, 6-C), 60.2 (s, 7-C), 61.4KBEHG),
68.8(d, 11-C), 83.1 (s, 10-C), 169.6 SO.Et), 169.8 (sCO,Et), 210.0 (s, 1-C)m/z (TOF

ES+) 331.1 ([M+Na], 100%); HRMSm/z (TOF ES+) 331.1526 ([M+N&] Ci7H»40sNa

requires 331.1521).

® see charaterisation on page 141.
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Diethyl 3-methyl-4-0x02,4,5,6,7,7a-hexahydroindene-1,1-dicarboxylate 81a

o 10
gt
° 9 CO,Et
EtO,C
Ketoalkyne80a (117 mg, 0.40 mmol) was reacted with withFAUCI/AgOTf (11.9 mg/6.2
mg, 0.024 mmol) in ChLCl, according to GP10. After 24 h, work-up and purification by flash
column chromatography (hexane/EtOAc: 8/2) proviégedne8la as a yellow oil (102 mg,
87%); R 0.33 (hexane/EtOAC: 8/2)madfilm)lcm™ 2981, 2942, 2871, 1731 (C=0, ester),
1682(C=0, enone), 1626 (C=C)(300 MHz; CDC}) 1.07-1.14 (1 H, m, 4-H), 1.20 (6 H, t,
J 7.1, 2x CH,CH3), 1.61-1.81 (1 H, m, 3-H), 1.91-2.00 (1 H, m, 3-H), 2.03 (3 H, s, 10-H),
2.052.19 (2 H, m, 4-H, 2-H), 2.31-2.44 (1 H, m, 2-H), 2.70 (1 H, kixg,18.3, 6-H), 3.04 (1
H, br d, &g 18.3, 6-H), 3.59-3.73 (1 H, m, 9-H), 4.02-4.28 (4 H, m @H,CHs); 5c(75.5
MHz; CDCE) 13.9 (g, CHCHa), 14.0 (g, CHCHa), 15.5 (g, 10-C), 23.4 (t, 3-C), 27.4 (t, 4-
C), 40.5 (t, 2-C), 46.0 (t, 6-C), 51.6 (d, 9-C), 61.2Q4),CHs), 61.3 (t,CH.CHs), 61.8 (s, 5-
C), 131.9 (s, 7-C), 149.3 (s, 8-C), 170.1 Q,Et), 171.0 (sCO.Et), 199.1 (s, 1-C)m/z
(TOF ES+) 317.1 ([M+Nd] 100%); HRMS mvz (TOF ES+) 317.1362 ([M+N3]

C16H220sNa requires 317.1365).
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Diethyl 3-methyl-4-o0x0-4,5,6,6a-tetrahydropentalene-1,2H)-dicarboxylate, diethyl 3-
methylene-4-oxohexahydropentalene-1,2()-dicarboxylate and diethyl 3-methyl-4-oxo-

4,5,6,6a-tetrahydropentalene-1,1(3aHdicarboxylate 81b

o (o} o

EtO,C CO,Et EtO,C CO,Et EtO,C CO,Et
Ketoalkyne80b (112 mg, 0.40 mmol) was reacted withzsPAuCI/AgOTf (11.9 mg/6.2 mg,
0.024mmol) in CHCI, according to GP10. After 24 h, work-up and purification by flash
column chromatography (hexane/EtOAc: 8/2) provided isorBétsa, 81bb and81bcin a
3.8:2.1:1 ratio as a light yellow oil (111 mg, 99%);0R36 (hexane/EtOAc: 8/2); HRM®/z
(TOF ES+) 303.1202 ([M+N&] CisH»gOsNa requires 303.1208). These isomers were
inseparable by flash column chromatography. Analytically pure samples of each isomer were

obtained by preparative HPLC (t = 0 40 min, MeCN/HO 40:60).

Diethyl 3-methyl-4-o0x0-4,5,6,6a-tetrahydropentalene-1,2H)-dicarboxylate 81ba

Et0,C”~ “CO,Et

Isomer81ba: HPLC: & = 25.7 min;uma{film)/cm™ 2931, 1728 (C=0, ester), 1713 (C=0,
ketone), 1665 (C=C)§4(300 MHz; CDC4) 1.25 (3 H, tJ 7.1, CHCHz), 1.26 (3 H, tJ 7.1,
CH,CHs), 1.23-1.46 (2 H, m, B,), 2.04 (3 H, s, 63), 2.13-2.27 (1 H, m, B), 2.39-2.54 (2
H, m, CH,), 3.07 (1 H, br dJas 18.3,H,CC=C), 3.41 (1 H, br d,x3 18.3,H,CC=C), 4.08-
4.34(4 H, m, H,CHs); dc(75.5 MHz; CDC}) 14.1 (g, CHCH3), 14.2 (q, CHCH3), 14.6 (q,

CH3), 26.1 (t,CH,), 43.8 (t,CH,), 50.7 (t, HCC=C), 53.8 (d.CH), 61.5 (t,CH,CHs), 61.7 (t,
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CH,CHs), 62.6 (s,C(COsEL),), 137.3 (s, C=CHg), 146.1 (5,C=CCHs), 169.8 (s, CGEY),

171.0 6, CQEt), 201.0 (s, ©); m/z (TOF ES+) 303.0 ([M+N&]100%).

Diethyl 3- methylene-4-oxohexahydropentalene-1,2f1)-dicarboxylate 81bb

Et0,C~ “CO,Et

Isomer81bb: HPLC: & = 28.5 minuma{film)/cm™ 2981, 1726 (C=0)§4(300 MHz; CDC})
1.194.28 (6 H, m), 1.37-1.67 (2 H, m), 2.12-2.39 (2 H, m), 2.79 (1 H,1d.6), 3.20 (1 H,
ddd, J17.6, 5.5, 2.7 ), 3.26-3.35 (2 H, m), 4.03-4.28 (4 H, m), 5.06 (1 H, bl @), 5.17 (1
H, td,J 2.7, 1.6);0c(75.5 MHz; CDC}) 13.9 (q), 14.1 (q), 23.1 (t), 38.2 (t), 38.3 (t), 46.9 (d),
56.6 (d), 61.5 (t), 61.6 (t), 62.5 (s), 111.3 (t), 142.9 (s), 169.2 (s), 171.2 (s), 215r@/%s);

(TOF ES+) 303.0 ([M+Nd] 100%).
Data were in agreement with those reported in the literattire.

Diethyl 3-methyl-4-0x0-4,5,6,6a-tetrahydropentalene-1,1(3akticarboxylate 81bc

Et0,C” “CO,Et

Isomer81bc HPLC: & = 28.5 min;uma{film)/cm™ 2981, 1726 (C=0)5x(300 MHz; CDC})
1.191.28 (6 H, m), 1.79 (3 H, s), 1.96-2.10 (2 H, m), 2.12-2.39 (2 H, m), 3.39 (1 H, dt, J
10.1, 7.7), 3.62 (1 H, d§,10.1, 7.7), 4.03-4.28 (4 H, m), 5.51 (1 H, #75.5 MHz; CDC})
13.9(q), 14.1 (), 14.6 (), 23.8 (t), 38.4 (t), 44.7 (d), 61.2 (s), 61.3 (d), 61.5 (t), 61.6 (1),

124.3 (d), 142.0 (s), 169.5 (s), 170.0 (s), 215.2 (s); m/z (TOF ES+) 303.0 ([[1+8a%6).
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Diethyl 3-methyl-4-ox0-4,5,6,7,8,8a-hexahydroazulene-1,1(Xdicarboxylate 81c

Ketoalkyne80c (134 mg, 0.40 mmol) was reacted withsPAUCI/AgOTf (11.9 mg/6.2 mg,
0.024mmol) in CHCI, according to GP10. After 24 h, work-up and purification by flash
column chromatography (hexane/EtOAc: 8/2) providedne8lc as a yellow oil (86 mg,
64%); R 0.39 (hexane/EtOAC: 8/2)imax (film)/lcm™ 2929, 1729 (C=0, ester), 1675 (C=0,
ketone), 1618 (C=C)#4(300 MHz; CDC}) 1.24 (3 H, tJ 7.1, CHCHz), 1.25 (3 H, tJ 7.1,
CH,CHs), 1.28-1.47 (2 H, m, 5-H, 3-H), 1.46-1.67 (1 H, m, 4-H), 1.76-2.01 (3 H, m, 5-H, 4-
H, 3-H), 2.03-2.08 (3 H, m, 11-H), 2.44-2.62 (2 H, m, 2-H), 2.79 (1 H, £g18.7 and 1.4,
7-H), 3.32 (1 H, dq, & 18.7 and 1.4, 7-H), 3.72 (1 H, brd11.9, 10-H), 4.08-4.29 (4 H, m,

2 x CH,CHs); 6c(75.5 MHz; CDC}) 13.9 (g, CHCHa), 14.0 (g, CHCH3), 16.2 (g, 11-C),
24.6 (t, 3-C), 30.4 (t, 4-C), 31.6 (t, 5-C), 45.3 (2 t, 2-C and 7-C), 51.4 (d, 10-C), 61.4 (t,
CH,CHs), 61.6 (t,CH.CHs), 62.7 (s, 6-C), 137.2 (s, 8-C), 150.8 (s, 9-C), 169.C(xEL),
171.2(s, CO5Et), 201.5 (s, 1-C)m/z (TOF ES+) 331.1 ([M+Nd] 100%); HRMSm/z (TOF

ES+) 331.1042 ([M+Na]. C;7H.40sNa requires 331.1029).
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3-methyl-4-0x0-5,6,7,7a-tetrahyhydro-1Hndene-1,1 (2H4H)-dicarbonitrile 81e

(e}

5.

NC

Ketoalkyne80e (80 mg, 0.40 mmol) was reacted with withsPAUCI/AgOTf (11.9 mg/6.2
mg, 0.024 mmol) in CbkLCl, according to GP10. After 34 h, work-up and purification by flash
column chromatography (hexane/@t 7/3) provided enon8le as a white solid (65 mg,
81%); R 0.12 (hexane/ED: 7/3); mp 80-82 °Cpnafilm)/cm™ 2964, 2872, 2254 N),
1681(C=0), 1623 (C=C)$n(300 MHz; CDC}) 1.71-1.94 (2 H, m), 2.14-2.21 (3 H, m), 2.21-
2.39(3 H, m), 2.50-2.62 (1 H, m), 3.12 (1 H, br d12.4), 3.24 (1 H, br d] 17.4), 3.43-3.53

(1 H, m);6c(75.5 MHz; CDC}) 15.8 (q), 22.1 (t), 26.8 (t), 38.2 (s), 40.2 (t), 48.5 (t), 54.7 (d),
114.4(s), 115.0 (s), 130.8 (s), 148.3 (s), 196.81(w) (El+) 200.1 (92%), 185.1 (28), 171.1(3
8), 157.1 (51), 145.1 (100), 130.1 (20), 104.1 (18); HRM& (El+) 200.0954 (M.

C12H12N20: requires 200.0949).
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Ethyl 1-acetyl-3-methyl-4-0x0-2,4,5,6,7,7a-hexahydro- Hihdene-1-carboxylate 81f

Ketoalkyne80f (106 mg, 0.40 mmol) was reacted withsPAUCI/AgOTf (11.9 mg/6.2 mg,
0.024mmol) in CHCI, according to GP10. After 15 h, work-up and purification by flash
column chromatography (hexane/@t 6/4) affordedliastereocisomer8lfa and81fb in 1.9:1

ratio as a pale yellow oil (47 mg, 44%); data for the mixture unless specified otherwise: R
0.18 (hexane/BO: 6/4); vma(film)/cm™ 2941, 1709 (C=0, ester), 1682 (C=0, ketone), 1623
(C=C); 0n(300 MHz; CDC}) minor diastereoisomer 1.09-1.25 (1 H, m, 4-H), 1.28 (3 H, t,
7.1, CH,CHg), 1.67-1.87 (1 H, m, 3-H), 1.95-2.28 (6 H, m, 3-H, 4-H, 2-H, E)C2.18 (3

H, s, 10-H), 2.40-2.51 (1 H, m, 2-H), 2.60 (1 H, br g 18.3, 6-H), 3.12 (1 H, br dad 18.3,

6-H), 3.66-3.83 (1 H, m, 9-H), 4.14-4.31 (2 H, mHLH;); 5u(300 MHz; CDC}) major
diastereoisomer 1.09-1.25 (1 H, m, 4-H), 1.29 (3 H,%,1, CHCH3), 1.67-1.87 (1 H, m, 3-

H), 1.95-2.28 (6 H, m, 3-H, 4-H, 2-H, C®R), 2.17 (3 H, s, 10-H), 2.40-2.51 (1 H, m, 2-H),
2.73(1 H, br d,Jag 18.4, 6-H), 3.0.2 (1 H, br dad 18.4, 6-H), 3.66-3.83 (1L H, m, 9-H), 4.14-
4.31 (2 H, m, H,CHg); 0c(75.5 MHz; CDC}) minor diasterecisomer: 14.1 (q, &EH3),
15.7(q, COCHa), 23.5 (t, 3-C), 27.2 (q, 10-C), 27.6 (t, 4-C), 40.6 (t, 2-C), 45.1 (t, 6-C), 49.6
(d, 9-C), 61.4 (tCH,CHs), 68.4 (s, 5-C), 132.4 (s, 7-C), 147.8 (s, 8-C), 170.&GsEY),
199.3(s, 1-C), 202.0 (zOMe); major diastereoisomer: 14.0 (q, £Hi3), 15.7 (q, C@Hy),
23.7(t, 3-C), 27.1 (t, 4-C), 28.6 (g, 10-C), 40.5 (t, 2-C), 45.3 (t, 6-C), 51.8 (d, 9-C), 61.6 (t,
CH,CHs), 67.5 (s, 5-C), 131.7 (s, 7-C), 149.9 (s, 8-C), 172.68@sEt), 199.0 (s, 1-C), 203.0

(s, COMe); m/z (TOF ES+) 287.1 ([M+Nd] 100%); HRMSm/z (TOF ES+) 287.1246

(IM+Na]". C;sH200sNa requires 287.1259).
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Diethyl 7-methyl-1-ox0-3,3a,5,6-tetrahydro-1Hindene-4,4(2H-dicarboxylate 81i

EtO,C
CO,Et

Ketoalkyne80i (117 mg, 0.40 mmol) was reacted withsPAuUCI/AgOTf (11.9 mg/6.2 mg,
0.024 mmol) in CHCI, according to GP10. After 17 h, work-up and purification by flash
column chromatography (hexane/EtOAc: 8/2) affordedne81li as a light yellow liquid (93

mg, 79%); R0.33 (hexane/EtOAc: 8/2)yudfilm)/cm™ 2981, 1726 (C=0, ester), 1710 (C=0,
ketone), 1643 (C=C)§u(300 MHz; CDC4) 1.22 (3 H, t, J7.1), 1.28 (3 H, t, J.1), 1.86-2.10

(2 H, m), 2.10-2.17 (3 H, m), 2.17-2.50 (6 H, m), 3.01-3.13 (1 H, m), 4.15 (2H..1)), 4.24

(2 H, qd, J7.1 and 1.7)c(75.5 MHz; CDC}) 13.9 (q), 14.0 (g), 18.2 (q), 22.8 (1), 29.4 (1),
31.3(t), 38.5 (t), 43.8 (d), 55.2 (s), 60.7 (t), 61.3 (t), 129.2 (s), 146.5 (s), 169.1 (s), 171.3 (s),
205.9 (s)m/z(TOF ES+) 294.1 ([M+Nd] 100%); HRMSWz (El+) 294.1461 (M. C1gH2:0s

requires 294.1467).



Chapter 5: Experimental 138

Diethyl 4-methyl-5-0x0-2,3,6,7,8,8a-hexahydronaphthalene-1,1($dicarboxylate 81k

Ketoalkyne80k (115 mg, 0.37 mmol) was reacted withsPAuCI/AgOTf (11.9 mg/6.2 mg,
0.024mmol) in CHCI, according to GP10. After 22 h, work-up and purification by flash
column chromatography (hexane/EtOAc: 8/2) afforéedne81k as a light yellow oil (70

mg, 61%); R0.25 (hexane/EtOAc: 8/2)ma(film)/cm™ 2940, 2872, 1732 (C=0, ester), 1694
(C=0, ketone), 1632 (C=C}4(300 MHz; CDC}) 1.19-1.29 (6 H, m, X CH,CHj3), 1.59-
1.73(2 H, m, 4-H), 1.73-1.94 (1 H, m, 3-H), 1.87-1.92 (3 H, m, 11-H), 1.92-2.20 (5 H, m, 3-
H, 2x 6-H, 2x 7-H), 2.32 (1 H, ddd) 15.8, 9.8, and 6.1, 2-H), 2.53 (1 H, dt15.8 and 5.4,
2-H), 3.02-3.12 (1 H, m, 10-H), 4.07-4.29 (4 H, mx ZH,CHs); 6(75.5 MHz; CDC}) 13.9

(2 g, CHCHa), 20.7 (g, 11-C), 22.0 (t, 3-C), 24.9 (t, 6 or 7-C), 26.8 (t, 4-C), 30.2 (t, 6 or 7-C),
40.3 @, 10-C), 41.2 (s, 5-C), 56.6 (t, 2-C), 61.0 (H«CHs), 61.3 (t, G,CHs), 132.0 (s, 8-C),
140.3 (s, 9-C), 170.0 (SCO.Et), 170.4 (s, CO.Et), 203.1 (s, 1-C)m/z (TOF ES+) 331.2
(IM+Na]*, 100%); HRMS m/'z (TOF ES+) 331.1518 ([M+N&] Ci7H..OsNa requires

331.1521)
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Diethyl 2-oxo0-11-methylene-bicyclo[6.3.0Jundecane-9,9-dicarboxylate 82d

EIOL™ co,Et

Ketoalkyne80d (77 mg, 0.24 mmol) was reacted withsPAuUCI/AgOTf (7.1 mg/3.7 mg,
0.014mmol) in CHCI, according to GP10. After 48 h, work-up and purification by flash
column chromatography (hexane/EtOAc: 8/2) afforded exomethylene comB@@ahnals the
major constituent (20 mg, 26%). A number of mixture fractions were collected including
recovered starting material (13 mg, 17%)0RI1 (hexane/EtOAc: 8/29i4(300 MHz; CDC})
1.124.21 (1 H, m), 1.26 (3 H, f17.1), 1.27 (3 H, tJ 7.1), 1.31-1.54 (2 H, m), 1.62-2.08 (5

H, m), 2.22-2.37 (1 H, m), 2.58-2.70 (1 H, m), 2.73-2.85 (1 H, m), 3.06 (1 H,126 and
3.3),3.21 (1 H, br dJ 17.4), 3.36 (1 H, dd] 12.9 and 1.9), 4.06-4.32 (4 H, m), 4.76 (1 H, dd,
Jag 5.0, 2.4), 5.00 (1 H, ddlag 4.8, 2.4);m/z (TOF ES+) 345.2 ([M+Nd] 100%); HRMS

m/z (TOF ES+) 345.1676 ([M+N5]C18H2605Na requires 345.1678).
Data were in agreement with those reported in the literattire.

2-Prop-2-yn-1-yl)malononitrile 83

Malononitrile (2.00 g, 30.27 mmol), NaHG@.54 g, 30.27 mmol) and TBAB (195 mg, 0.60
mmol) were stirred at 60 °C for 30 min, before propargyl bromide (1.7 mL, 15.14 mmol, 80%
in toluene) was added. The reaction mixture was then stirred at this temperature overnight.

NH,4CI solution (20 mL) and C¥Cl, (20 mL) were added and the layers separated. The
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aqueous layer was extracted with £} (2 x 20 mL). The combined organic extracts were
washed with brine (40 mL), dried over £, and concentrated under reduced pressure.
Flash column chromatography (hexane(®t6/4) afforded83 as a yellow liquid (355 mg,
23%); R 0.31 (hexane/BO: 6/4); vma(film)/cm™ 3300 (G=CH), 2983, 2924, 2263 (N);
on(300 MHz; CDCY) 2.39 (1 H, t,J 2.6, G=CH), 2.94 (2 H, dd)) 6.6 and 2.6, 8,C=CH),
3.96(1 H, t,J 6.6, GH(CN),); 5c(75.5 MHz; CDC4) 21.7 (t,CH,C=CH), 22.9 (d,CH(CN),),
74.8(d, C=CH), 75.0 (s,C=CH), 111.5 (2 sCN); m/z (El+) 104 (M, 100%), 76 (43%), 65

(7), 50 (53).
Data were in agreement with those reported in the literature.

Ethyl 2-acetylpent-4-ynoate 84

o~

Ethyl acetoacetate (4.9 mL, 38.4 mmol) was added dropwise over 15 min to a suspension of
NaH (1.53 g, 38.4 mmol, 60% dispersion in mineral oil) in THF (70 mL) at O °C. After the
addition was completed, the mixture was allowed to warm to rt for 30 min. Propargyl bromide
(4.3 mL, 38.4 mmol, 80 % in toluene) was then added dropwise over 4 h. The solution was
stirred at rt overnight. 0 (50 mL) and EtOAc (50 mL) were added and the layers separated.
The aqueous phase was extracted with EtOA¢ %2 mL) and the combined organic extracts
were washed with NICI solution (50 mL), brine (50 mL), dried over 0, filtered and

the solvent removed under reduced pressure. Reduced pressure distillation (kugelrohr, 1 mbar,
50-60 °C) afforded compour# as a colourless liquid (1.82 g, 26%, 94% puréHasIMR

shows the presence of 6% of dialkylated producty, R47 (hexane/EtOAc: 8/2);
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vma(film)/cm™ 3287 (G=CH), 3003, 2945, 1737 (C=0, ester), 1722 (C=0, ketofig300
MHz; CDCE) 1.26 (3 H, tJ 7.1, OCHCHs), 1.98 (1 H, tJ 2.7, C=CH), 2.28 (3 H, s, €l3),
2.642.72 (2 H, m, CHEl,C=CH), 3.67 (1 H, tJ 7.5, CHCH,C=CH), 4.20 (2 H, gqJ 7.1,
OCH,CHa); 9c(75.5 MHz; CDC4) 14.0 (q, OCHCHS3), 17.3 (t,CH,C=CH), 29.4 (q,CHs),
58.1(d, CH(CO,EL)), 61.7 (t, @H,CHs), 70.2 (d, &CH), 80.3 (s,C=CH), 168.0 (SCOEY),

201.0 CO); m/z(El+) 168 (M, 10%), 139 (11), 126 (100), 97 (35), 79 (12), 70 (27).
Data were in agreement with those reported in the liter&ture.

But-3-yn-1-yl 4-methylbenzenesulfonate 86

But-3-ynyl 4-methylbenzenesulfona®® was prepared from TsCl (2.72 g, 14.26 mmol) and
3-butyn-1-ol (1.0 mL, 14.26 mmol) according to GP1. After 4 h, work-up afforded compound
86 as a light yellow liquid, which was taken through into the next step with no further
purification (2.83 g, 88%); £0.33 (hexane/EtOAC: 8/2pmaxfilm)/cm™ 3291 (G=CH), 2962,
2924, 1598 (C=C), 1360 (S=0), 1190 (S=0);(300 MHz; CDC}) 1.97 (1 H, t,J 2.7,
CH,C=CH), 2.45 (3 H, br s, B3), 2.56 (2 H, td] 7.1 and 2.7, 6,C=CH), 4.10 (2 H, tJ 7.1,
CH,CH,C=CH), 7.36 (2 H, d)J 8.1,Ar-H), 7.81 (2 H, d,J 8.1, ArH); 6c(75.5 MHz; CDC})

19.4 (t, CH,C=CH), 21.6 (q,CHg), 67.4 (t, Gi,CH,C=CH), 70.7 (d, CHC=CH), 78.3 (s,
CH,C=CH), 127.9 (2 d, AI€H), 129.9 (2 d, Ar€H), 132.8 (s, Ar€), 145.0 (s, Ar€); m/z

(TOF ES+) 247.1 ([M+N4] 100%).

Data were in agreement with those reported in the literature.
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Diethyl 2-(but-3-yn-1-yl)malonate 87

Diethyl malonate (0.88 mL, 5.80 mmol) was added to a suspension of NaH (107 mg, 4.46
mmol, 60% dispersion in mineral oil) in DMF (5 mL) at 0 °C. After the evolution 0ivBis
complete, but-3-ynyl 4-methylbenzenesulfonate (1.00 g, 4.46 mmol) was added and the
reaction mixture stirred for 24 h at 80 °C. The solution was allowed to cool to rt, before
NH,4CI solution (15 mL) was added followed by the addition of EtOAc (15 mL). The two
layers were separated. The organic layer was washed with brine, dried ¢8€&y,Nittered

and the solvent removed under reduced pressure. Flash column chromatography (h€xane/Et
8/2) afforded compoun@7 as a colourless liquid (624 mg, 66%) 081 (hexane/ ED: 8/2);
vmad(film)/cm™® 3448, 3289 (ECH), 2983, 2940, 1731 (C=09(300 MHz; CDC}) 1.27 (6
H,tJ7.1, 2 x OCHCHg), 2.00 (1 H, tJ 2.6, CCH), 2.08-2.19 (2 H, m, B,CH,C=CH),

2.30(2 H, td, J6.7 and 2.6, 8,C=CH), 3.57 (1 H, tJ 7.4, CHCH,CH,C=CH), 4.20 (2 H, q,

J 7.1, OCH,CHg), 4.21 (2 H, q,J 7.1, OCGH,CHs); 5c(75.5 MHz; CDC}) 14.0 (2 q,
OCH,CHa), 16.3 (1), 27.3 (t), 50.5 (ACHCH,CH,C=CH), 61.4 (2 t, @H,CHz), 69.6 (d,

C=CH), 82.4 (s, €CH), 168.9 (2 s, O,Et); m/z (TOF ES+) 235.1 ([M+N5]100%).

Data were in agreement with those reported in the literattire.
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5-lodopent-1-yne 88

|/\/\\\

5-Chloropent-1-yne (2.0 mL, 18.87 mmol) was added to a suspension of Nal (11.57 g, 77.19
mmol) in methyl ethyl ketone (65 mL) at rt. The reaction mixture was then stirred for 24 h at
reflux. The solution was allowed to cool to rt beforgOH60 mL) and BEO (60 mL) were

added. The two layers were separated and the aqueous phase was extractegDw(di® Et

mL). The combined organic extracts were washed with brine, dried oy&Q\diltered and

the solvent carefully removed under reduced pressure to afford 5-iodopent-1-yne as a strongly
odoured light orange liquid (2.76 g, 75%);R92 (hexane/EtOAC: 8/2)ma(film)/cm™ 3298
(C=CH), 2923, 2853; (300 MHz; CDC}) 1.99 (1 H, t,J 2.7,C=CH), 2.01 (2 H, quint, .8,
CH,CH,C=CH), 2.35 (2 H, dtJ 6.8 and 2.7, ®&,C=CH), 3.32 (2 H, t,J 6.8, ICH,CHy);

5c(75.5 MHz; CDC}) 5.1 (t, CH,), 19.4 (t, ICHCH,), 31.8 (t, ICHCH,CH,), 69.4 (d,

C=CH), 82.2 (s, €CH); m/z (El+) 194 (M, 41%), 155 (7), 127 (5), 67 (100), 51 (4).

Data were in agreement with those reported in the liter3ture.
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Diethyl 2-(pent-4-yn-1-yl) malonate 89

X

\/O O\/
O o

Diethyl malonate (0.78 mL, 5.16 mmol) was added to a suspension of NaH (222 mg, 5.55
mmol, 60% dispersion in mineral oil) in DMF (4 mL) at O °C. After the evolution 0ivBis
complete, 5-iodopent-1-yne (1.16 g, 5.98 mmol) was added and the reaction mixture stirred
for 24 h at 80 °C. The solution was allowed to cool to rt, beforgaWkblution (20 mL) was
added followed by the addition of EtOAc (20 mL). The two layers were separated. The
organic layer was washed with brine, dried ovepS\@, filtered and the solvent removed
unde reduced pressure to affoéd as a light yellow liquid (1.16 g, 99%); which was taken
through into the next step with no further purification; ®39 (hexane/EtOAc: 8/2);
vmax(film)/cm™® 3288 (GCH), 2937, 2872, 1737 (C=0i4(300 MHz; CDC}) 1.27 (3 H, t,J

7.1, OCH,CH3), 1.28 (3 H, t,J 7.1, OCHCH3), 1.51-1.63 (2 H, m), 1.96 (1 H, 4, 2.6,
C=CH), 1.94-2.06 (2 H, m), 2.23 (2 H, td, 70 and 2.6, 6,C=CH), 3.31-3.38 (1 H, m,
CHCH,), 4.20 (2 H, gJ 7.1, OGH,CHs), 4.21 (2 H, g,J 7.1, OCGH,CHs); 6c(75.5 MHz;
CDCls) 13.6 (2 q), 17.6 (t), 25.6 (t), 27.3 (t), 51.0 (d), 60.8 (2 t), 68.6 (d), 82.8 (s), 168.6 (2 s);

m/z (TOF ES+) 249.1 ([M+N4d] 100%).

Data were in agreement with those reported in the literattire.
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Diethyl 2-(but-3-yn-1-yl)-2-(3-((trimethylsilanyl)oxy)-cyclohex-2-en-1-yl)malonate 90

EtO,C CO,Et

Diethyl 2-(but-3-ynyl)malonat87 (379 mg, 1.79 mmol) was added dropwise over 5 min to a
suspension of NaH (120 mg, 3.00 mmol, 60% dispersion in mineral oil) in THF (2.9 mL) at O
°C. After the evolution of B 2-cyclohexen-1-one (14iL, 1.45 mmol) was added to the
reaction mixture, followed by the addition of TMSOTf (288 uL, 1.59 mmol) at 0 °C. The
mixture was stirred at 0 °C for 4 h before })H solution (25 mL) was added, followed by
EtOAc (25 mL). The two layers were separated. The organic layer was washed with brine (40
mL), dried over NgSQ,, filtered, and the solvent removed under reduced pressure. The
residue was purified by flash column chromatography (hexane/EtOAc: 8/2) to afford the silyl
enol ether90 as a colourless liquid (0.311 g, 56%).R70 (hexane/EtOAc: 8/2)in(300

MHz; CDCE) 0.18 (9 H, s), 1.25 (3 H, 4,7.1), 1.26 (3 H, t) 7.1), 1.46-1.64 (2 H, m), 1.68-
1.90 (3 H, m), 1.95 (1 H, §2.6), 1.97-2.08 (1 H, m), 2.08-2.31 (4 H, m), 2.91-3.01 (1 H, m),
4.18 (2 H, qJ 7.1), 4.19 (2 H, qJ 7.1), 4.85-4.88 (1 H, m)ic(75.5 MHz; CDC}) 0.3 (3 q),
14.1(2 q), 14.7 (1), 22.4 (1), 24.2 (t), 29.7 (t), 31.7 (t), 39.9 (d), 60.6 (s), 61.0 (2 t), 68.4 (d),

83.9 (s), 104.7 (d), 152.1 (s), 170.3 (s), 170.4 (s)(T@E ES+) 403.2 (M+N&] 100%).
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Ethyl 2-oxo-1-(pent-4-yn-1-yl)cyclohexane carboxylate 91a

(0]

Ethyl 2-oxo-1-(pent-4-ynyl)cyclohexane carboxylaBdla was prepared from ethyl 2-
oxocyclohexane carboxylate (0.41 mL, 2.58 mmol) and 5-iodopent-B§n&00 mg, 2.58
mmol) according to GP7. After 24 h, work-up and purification by flash column
chromatography (hexane/EtOAc: 8/2) affordekigtoester ®a as a colourless liquid (454 mg,
75%); R 0.45 (hexane/EtOAC: 8/2)imadfilm)/cm™ 3285 (G=CH), 2940, 2867, 1712 (C=0);
on(300 MHz; CDCH) 1.26 (3 H, tJ 7.1), 1.35-1.56 (3 H, m), 1.57-1.81 (4 H, m), 1.89-2.06 (2
H, m), 1.94 (1 H, t, 2.6), 2.15-2.23 (2 H, m), 2.38-2.56 (3 H, m), 4.21 (2 H, B1¥; &(75.5
MHz; CDCE) 14.1 (q), 18.7 (t), 22.5 (t), 23.4 (t), 27.5 (t), 33.8 (t), 36.0 (1), 41.0 (t), 60.5 (s),

61.2 ¢), 68.5 (d), 83.8 (s), 171.8 (S), 207.7 (s); m/z (TOF ES+) 259.2 ([M+MNa)%).
Data were in agreement with those reported in the liter&ture.

Ethyl 2-oxo0-1-(pent-4-yn-1-yl)cyclopentane carboxylate 91b

(0]

CO,Et

Ethyl 2-oxo-1-(pent-4-ynyl)cyclopentane carboxyla®db was prepared from ethyl 2-

I

oxocyclopentane carboxylate (0.38 mL, 2.58 mmol) and 5-iodopent-881{800 mg, 2.58
mmol) according to GP7. Work-up and purification by flash column chromatography
(hexane/EtOAc: 8/2) affordegtketoeste91b as a colourless liquid (426 mg, 74%), (R41
(hexane/EtOAC: 8/2)pmafilm)icm™ 3282 (G=CH), 2964, 1749 (C=0, ester), 1722 (C=0,

ketone); 64(300 MHz; CDC4) 1.25 (3 H, t,J 7.1), 1.37-1.55 (1 H, m), 1.57-1.73 (2 H, m),
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1.83-2.10 (5 H, m), 2.16-2.33 (3 H, m), 2.36-2.59 (2 H, m), 4.16 (2 H7d.) 9c(75.5 MHz;
CDCls) 13.6 (g), 18.2 (1), 19.1 (t), 23.4 (1), 32.4 (2 1), 37.3 (1), 59.5 (s), 60.8 (t), 68.4 (d), 83.1

(s), 170.3 (s), 213.8 (s); m/z (TOF ES+) 245.1 ([M+N&aD0%).
Data were in agreement with those reported in the liter&ture.
Ethyl 1-(hex-5-yn-1-yl)-2-oxocyclohexanecarboxylate 91c

%

CO,Et

Ethyl 1-(hex-5-ynyl)-2-oxocyclohexanecarboxylat®lc was prepared from ethyl 2-
oxocyclohexane carboxylate (0.77 mL, 4.81 mmol) and 6-iodohex-19gn€l.00 g, 4.81
mmol) according to GP7. After 24 h, work-up and purification by flash column
chromatography (hexane/EtOAc: 9/1) affordiekletoeste®lcas a colourless liquid (689 mg,
57%); R 0.41 (hexane/EtOAC: 9/1)maxfilm)/cm™ 3286 (G=CH), 2938, 2864, 1709 (C=0);
51(300 MHz; CDC4) 1.25 (3 H, tJ 7.1), 1.30-1.79 (9 H, m), 1.80-1.89 (1 H, m), 1.91 (1 H, t,
J 2.6), 1.94-2.05 (1 H, m), 2.17 (2 H, dt7.1 and 2.6), 2.37-2.57 (3 H, m), 4.19 (2 HJq,
7.1); 6c(75.5 MHz; CDC}) 14.1 (q), 18.1 (t), 22.6 (2 t), 23.3 (t), 27.6 (t), 28.7 (), 34.1 (1),
41.1 (t), 60.7 (s), 61.1 (t), 68.3 (d), 84.2 (s), 171.9 (s), 207.9nfé};(TOF ES+) 273.2
(IM+Na]*, 100%); HRMS m/z (TOF ES+) 273.1470 ([M+N&] CisH.,OsNa requires

273.1467)
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2-(Pent-4-yn-1-yl)cyclohexanone 92a

(o]
?/;

2-(Pent-4-ynyl)cyclohexanon@2a was prepared from ethyl 2-oxo-1-(pentynyl)cyclohexane
carboxylate91la (300 mg, 1.83 mmol) according to GP8. After 2 h and 40 min at 150 °C,
work-up and purification (hexanedgx: 9/1) afforded92a as a colourless liquid (140 mg,
66%); R 0.27 (hexane/BO: 9/1); vma(film)/cm™ 3291 (GCH), 2934, 2861, 1709 (C=0);
51(300 MHz; CDCH) 1.24-1.57 (4 H, m), 1.59-1.76 (2 H, m), 1.80-1.93 (2 H, m), 1.94 (1 H, t,
J2.6), 1.98-2.15 (2 H, m), 2.15-2.23 (2 H, m), 2.23-2.44 (3 Hgaf}5.5 MHz; CDC}) 16.9

(1), 23.2 (1), 24.5 (t), 26.3 (t), 27.0 (t), 32.3 (t), 40.4 (t), 48.6 (d), 66.7 (d), 82.7 (s), 211.3 (S);
m/z (EI+) 164 (M, 5%), 149 (21), 146 (5), 135 (34), 133 (4), 131 (16), 125 (11), 123 (35),

121 (L00).

Data were in agreement with those reported in the liter&ture.
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2-(Pent-4-yn-1-yl)cyclopentanone 92b

O

5

2-(Pent-4-ynyl)cyclopentanorb was prepared from ethyl 2-oxo-1-(pentynyl)cyclopentane
carboxylate91b (0.3 g, 1.35 mmol) according to GP8. After 4 h at 150 °C, work-up and
purification by flash column chromatography (hexangdE®©/1) affordedd2b as a strongly
odoured colourless liquid (128 mg, 63%); 18 (hexane/BD: 9/1); vmadfilm)/cm™ 3289
(C=CH), 2938, 2864, 1735 (C=0);4(300 MHz; CDC}) 1.24-1.45 (2 H, m), 1.45-1.65 (3 H,
m), 1.69-1.92 (2 H, m), 1.95 (1 H, t217), 1.97-2.37 (6 H, m}ic(75.5 MHz; CDC}) 18.4 (t),
20.7 €), 26.5 (t), 28.9 (t), 29.6 (t), 38.0 (t), 48.7 (d), 68.5 (d), 84.0 (s), 220.9 (S|EM)z150

(M*, 3%) 121 (6), 107 (8), 94 (12), 84 (100), 79 (34), 67 (13), 55 (26).
Data were in agreement with those reported in the liter&ture.

2-(Pent-4-yn-1-yl)cycloheptanone 92c

0]

op

2-(Pent-4-ynyl)cycloheptanone 92c¢  was prepared  from methyl 2-0x0-1-
(pentynyl)cycloheptane carboxyla®a (632 mg, 2.68 mmol) according to GP8. After 3 h at
150 °C, work-up and purification by flash column chromatography (hexa@e/mB/2)
afforded92cas a colourless liquid (398 mg, 83%);042 (hexane/ED: 8/2),vmadfilm)/cm™
3291 (C=CH), 2927, 2855, 1698 (C=0);(300 MHz; CDC}) 1.22-1.63 (7 H, m), 1.64-1.92

(5 H, m), 1.94 (1 H, tJ 2.7), 2.14-2.22 (2 H, m), 2.37-2.56 (3 H, miy(75.5 MHz; CDC})



Chapter 5: Experimental 150

18.5 (t), 24.5 (t), 26.1 (t), 28.5 (t), 29.5 (t), 31.4 (2 t), 42.7 (1), 51.8 (d), 68.4 (d), 84.2 (s),
216.0(s); m/z(EI+) 178 (M, 5%), 163 (10), 149 (20), 145 (9), 139 (13), 137 (41), 135 (100),

131 (15); HRMS m/ATOF ES+) 178.1355 ([M+N&] C;-H180Na requires 178.1358).

2-(Pent-4-yn-1-yl)cyclooctanone 92d

(0]

7

2-(Pent-4-ynyl)cyclooctanon@2d was prepared from methyl 2-oxo-1-(pentynyl)cyclooctane
carboxylate96b (622 mg, 2.49 mmol) according to GP8. After 3 h at 150 °C, work-up and
purification by flash column chromatography (hexangEt8/2) afforded92d as a light
yellow liquid (392 mg, 82%); R0.45 (hexane/BD: 8/2), vma(film)icm™ 3292 (G=CH),
2927,2856, 1696 (C=0)§4(300 MHz; CDC}) 1.17-1.31 (1 H, m), 1.34-1.53 (6 H, m), 1.54-
1.75(4 H, m), 1.75-1.88 (2 H, m), 1.90-2.06 (1 H, m), 1.94 (1 B.27), 2.13-2.21 (2 H, m),
2.26-2.35 (1 H, m), 2.38-2.49 (1 H, m), 2.53-2.63 (1 H, #g{75.5 MHz; CDC}) 18.4 (t),
24.7(t), 25.5 (t), 25.7 (1), 26.3 (t), 27.3 (t), 31.6 (t), 32.7 (t), 42.0 (t), 50.2 (d), 68.5 (d), 84.1
(s), 219.9 (s)m/z (EI+) 192 (M, 5%) 177 (12), 164 (16), 159 (11), 153 (11), 151 (45), 149
(79), 147 (11), 145 (21), 139 (9), 137 (17), 135 (100); HRMS (TOF ES+) 215.1412

([M+Na]+. Ci3H200Na requires 215.1406).
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2-(Pent-4-yn-1-yl)-3,4-dihydronaphthalen-12H)-one 92e

o]

sop

2-(Pent-4-ynyl)-3,4-dihydronaphthalenone 92&s prepared from methyl 1-oxo-2-(pentynyl)-
1,2,3,4-tetrahydronaphthalene-2-carboxyl@x (296 mg, 1.09 mmol) according to GP8.
After 2 h and 45 min at 150 °C, work-up and purification by flash column chromatography
(hexane/B4O: 7/3) afforded92e as a light yellow liquid (212 mg, 91%); s R0.59
(hexane/BIO: 7/3), vmax(film)/cm™ 3294 (G=CH), 2932, 2863, 1678 (C=0), 1601 (C=C);
51(300 MHz; CDC4) 1.58-1.73 (3 H, m), 1.84-1.94 (1 H, m), 1.96 (1 H,2,6), 1.97-2.10 (1

H, m), 2.19-2.30 (3 H, m), 2.45-2.56 (1 H, m), 2.97-3.04 (2 H, m), 7.23 (1 H.6),J7.30 (1

H, t,J 7.6), 7.46 (1 H, dt) 7.6 and 1.4), 8.02 (1 H, dd,7.6 and 1.4)§c(75.5 MHz; CDC})
18.6(t), 26.0 (t), 28.4 (2't), 28.8 (t), 47.1 (d), 68.5 (d), 84.2 (s), 126.6 (d), 127.4 (d), 128.6 (d),
132.5 (s), 133.1 (d), 143.8 (s), 199.9 (8)z(TOF ES+) 235.1 ([M+N4&] 100%); HRMSmz

(TOF ES+) 235.1092 ([M+N&] C;sH160Na requires 235.1099).

Data were in agreement with those reported in the literatGre.
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2-(Hex-5-yn-1-yl)cyclohexanone 92f

2-(Hex-5-ynyl)cyclohexanon®2f was prepared from ethyl 1-(hexynyl)-2-oxocyclohexane
carboxylate91c (400 mg, 1.60 mmol) according to GP8. After 10 h at 150 °C, work-up and
purification (hexane/ERO: 8/2) afforded92f as a colourless liquid (169 mg, 59%) GR47
(hexane/BO: 8/2); vmadfilm)/cm™ 3292 (G=CH), 2933, 2861, 1706 (C=O}x(300 MHz;
CDCls) 1.12-1.28 (1 H, m), 1.29-1.46 (3 H, m), 1.46-1.60 (2 H, m), 1.60-1.90 (4 H, m), 1.92
(1 H,t, J2.6), 1.97-2.14 (2 H, m), 2.18 (2 H, dt7D and 2.6), 2.22-2.44 (3 H, ndk(75.5
MHz; CDCE) 18.3 (t), 24.9 (t), 26.3 (1), 26.3 (t), 28.0 (t), 28.5 (t), 33.9 (t), 42.0 (t), 50.6 (d),
68.2(d), 84.5 (s), 213.2 (sjn/z(El+) 178 (M, 8%), 163 (5), 149 (29), 145 (3), 139 (9), 137

(14), 135 (100), 123 (14), 121 (26).

4-methylspiro[4.5]dec-3-ene-6-one 94a

0]

oit

Ketoalkyne92a (66 mg, 0.40 mmol) was reacted withsPAuCI/AgOTf (11.9 mg/6.2 mg,
0.024mmol) in CHCI, (0.1 M) according to GP10. After 18 h, work-up and purification by
flash column chromatography (hexanelEt8/2) affordedspiro ketone94a as a light yellow
liquid (40 mg, 61%); R0.48 (hexane/ED: 8/2); vma(film)/cm™ 2928, 2853, 1704 (C=0);
5u(300 MHz; CDC}) 1.64-1.72 (5 H, m), 1.74-1.92 (3 H, m), 1.97-2.02 (2 H, m), 2.03-2.09 (1

H, m), 2.19-2.27 (2 H, m), 2.31-2.53 (2 H, m), 5.48-5.53 (1 Hda{F5.5 MHz; CDC}) 13.7
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(@), 22.1 (t), 26.4 (1), 29.5 (1), 35.7 (t), 36.0 (1), 39.8 (1), 64.3 (s), 126.9 (d), 141.8 (s), 213.7
(s); miz (EI+) 164 (42%), 149 (15), 136 (11), 120 (37), 107 (100), 93 (97), 79 (78); HRMS

m/z(El+) 164.1203 (M. Cy1H160 requires 164.1201).

6-methylspiro[4.4]non-6-ene-1-one 94b

o)

R

Ketoalkyne92b (60 mg, 0.40 mmol) was reacted withsPAUCI/AgOTf (11.9 mg/6.2 mg,
0.024mmol) in CHCI, (0.2 M) according to GP10. After 24 h, work-up and purification by
flash column chromatography (hexang{Et8/2) affordedspiro ketone94b and an unknown
isomer in 2.8:1 ratio as a light yellow liquid (43 mg, 72%); data for the mixture unless
specified otherwise; R0.38 (hexane/BD: 8/2); vmalfilm)/cm™ 2935, 2851, 1732 (C=0,
ketone), 1711 (C=0, ketone), major isonsgt: 04(300 MHz; CDC}) 1.25 (3 H, s), 1.43-
1.73(2 H, m), 1.99-2.40 (6 H, m), 2.46-2.50 (1 H, m), 2.56-2.68 (1 H, m), 5.32 (1 H, m);
9c(75.5 MHz; CDC}) 23.7 (q), 25.1 (1), 25.8 (t), 28.5 (t), 29.7 (s), 32.2 (t), 38.1 (t), 122.7 (d),
146.6(s), 214.4 (s)m/z(El+) 150 (72%), 135 (8), 122 (6), 107 (100), 93 (34), 79 (98), 65 (8),

51 (10); HRMS m/£EI+) 150.1049 (M. C;oH140 requires 150.1050).
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1-Methyl-spiro[4.7]dodec-1-en-6-one 94d

Ketoalkyne92d (77 mg, 0.40 mmol) was reacted withsPAuUCI/AgOTf (11.9 mg/6.2 mg,
0.024mmol) in CHCI, (0.2 M) according to GP10. After 16 h, work-up and purification by
flash column chromatography (hexanelEt8/2) affordedspiro ketoned4d as a brown liquid

(45 mg, 58%); R0.64 (hexane/EtOAC: 8/2pmaxfilm)/cm™ 2924, 2854, 1693 (C=0y(300
MHz; CDCE) 0.93-1.11 (1 H, m), 1.28-1.43 (1 H, m), 1.43-1.74 (7 H, m), 1.76 (3 H, m),
1.8141.94 (1 H, m), 2.13-2.28 (2 H, m), 2.32-2.59 (3 H, m), 2.78 (1 H] #1..4, 3.5), 5.41-
5.46 (1 H, m)pc(75.5 MHz; CDC}) 14.3 (q), 24.6 (t), 25.8 (t), 26.3 (t), 30.2 (t), 30.5 (t), 32.6
(t), 32.6 (1), 39.2 (1), 66.0 (s), 128.6 (d), 141.3 (S), 218.4R)(EI+) 192.3 (40%), 121.2 (6),
107.1 (100), 94.1 (93), 79.1 (49), 55.1 (10); HRMgz (El+) 192.1508 (M. Ci3H.cO

requires 192.1514).
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2-Methyl-3’, 4’-dihydro-1" H-spiro[cyclopent[2]ene-1,2’-naphthalen]-1’-one and 1-

(3,3a,4,5-tetrahydro-2Hcyclopenta[a]jnaphthalen-1-yl)ethanone

@)

oy

Ketoalkyne92e (85 mg, 0.40 mmol) was reacted withsPAuUCI/AgOTf (11.9 mg/6.2 mg,
0.024mmol) in CHCI, (0.2 M) according to GP10. After 24 h, work-up and purification by
flash column chromatography (hexanelEt 7/3) affordedspiro ketone94e and tricyclic

compound 97 2.4:1 ratio as a pale yellow liquid (67 mg, 79%).

2-Methyl-3’, 4’-dihydro-1’ H-spiro[cyclopent[2]ene-1,2’-naphthalen]-1’-one 94e

O

Spiro keton®4e R; 0.64 (hexane/BO: 7/3); vma(film)/cm™ 2925, 2852, 1677 (C=0), 1599
(C=C, C=C Ar);54(300 MHz; CDC}) 1.66 (3 H, dtJ 2.1, 1.6), 1.86 (1 H, ddd), 13.3, 4.6,

2.9), 1.98-2.14 (2 H, m), 2.26-2.36 (2 H, m), 2.40 (1 H,Hd3.1, 4.6), 2.93 (1 H, ddd,

17.0, 4.6, 2.9), 3.16 (1 H, dd@i]17.0, 13.1, 4.6), 5.62-5.65 (1 H, m), 7.24 (1 H) @,6), 7.30

(1 H, dd,J 7.6, 7.6), 7.46 (1 H, ddd, 7.6, 7.6, 1.4), 8.06 (1 H, dd,7.6, 1.4):6c(75.5 MHz;
CDCls) 13.4 (q), 26.3 (t), 29.6 (t), 32.0 (), 33.6 (t), 61.1 (s), 126.6 (d), 127.9 (d), 127.9 (d),
128.5 (), 131.9 (s), 133.1 (d), 142.1 (s), 143.7 (S), 200.4 (s)(TOE ES+) 235.1 ([M+N4]

100%9): HRMS m/z(TOF MS El+) 212.1198 (/1 CysH160 requires 212.1201).
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1-(3,3a,4,5-tetrahydro-H-cyclopenta[alnaphthalen-1-yl)ethanone 97c¢

e}

0
o

Tricyclic compound®7c R; 0.45 (hexane/ED: 7/3); wafilm)/cm™ 2918, 2849, 1702 (C=0),
1600(C=C, C=C Ar);04(300 MHz; CDC}) 1.97-2.13 (1 H, m), 2.05 (3 H, s), 2.25-2.45 (3 H,
m), 2.49-2.78 (2 H, m), 2.82-3.04 (2 H, m), 3.83-3.93 (1 H, m), 6.88-6.95 (1 H, m), 7.06-7.19
(3 H, m); 5c(75.5 MHz; CDC}) 22.9 (t), 24.2 (q), 25.5 (t), 26.8 (t), 33.9 (1), 57.0 (d), 120.7
(d), 124.9 (d), 124.9 (d), 125.8 (d), 131.0 (s), 131.4 (s), 133.4 (s), 142.8 (s), 210n2z(S);
(TOF ES+) 235.1 ([M+N4] 100%); HRMSm/z (TOF ES+) 235.1094 ([M+N4] C;5H:60Na

requires 235.1099).

Methyl 2-oxo-1-(pent-4-yn-1-yl)-cycloheptane carboxylate 96a

COzMe

/;/

Dimethylcarbonate (6.8 mL, 80.7 mmol) was added dropwise over 10 min to a suspension of
NaH (2.14 g, 53.4 mmol, 60% dispersion in mineral oil) in toluene (30 mL) at rt and the
reaction mixture was heated at 80 °C. Cycloheptanone (3.10 mL, 26.7 mmol) was then added
dropwise over 1 h to this solution and the mixture was stirred for an additional hour at 80 °C.
After 2 h, a yellowish-white precipitate appeared. The reaction was then cooled to rt and
glacial acetic acid (25 mL) was added dropwise to quench the reaction mixture, followed by
the addition of HO (25 mL). The two layers were separated and the organic phase was

washed with HO (25 mL), dried over N&O, and concentrated under reduced pressure. The
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residue, methyl 2-oxocycloheptane carboxyifa (3.45 g, 76%) was taken through into the
next step with no further purification. Methyl 2-oxocycloheptane carboxylate (880 mg, 5.17
mmol) was then reacted with 5-iodopent-1-%&(1.0 g, 5.16 mmol) according to GP7. After
24 h, work-up and purification by flash column chromatography (hexafe/Bt2) afforded

96a as a colourless liquid (811 mg, 67%); BR30 (hexane/ED: 8/2); vma(film)/cm™ 3285
(C=CH), 2934, 2862, 1735 (C=0, ester), 1702 (C=0, l&to# (300 MHz; CDC}) 1.38-
1.82(10 H, m), 1.94 (1 H, tJ 2.7), 1.98-2.30 (4 H, m), 2.43-2.53 (1 H, m), 2.57-2.68 (1 H,
m), 2.66 (3 H, s)3c(75.5 MHz; CDC}) 18.3 (t), 23.3 (t), 24.4 (t), 25.1 (t), 29.4 (), 32.4 (t),
34.1(t), 41.4 (t), 51.6 (q), 62.1 (s), 68.4 (d), 83.2 (s), 172.2 (S), 208.5n(8\TOF ES+)
259.1 ([M+NaJ, 100%); HRMSn/z (TOF ES+) 259.1320 ([M+N3] C;sH,00sNa requires

259.1310)

Methyl 2-oxo-1-(pent-4-yn-1-yl)-cyclooctane carboxylate 96b

m\\\

Dimethylcarbonate (6.00 mL, 71.3 mmol) was added dropwise over 10 min to a suspension of
NaH (1.90 g, 47.5 mmol, 60% dispersion in mineral oil) in toluene (30 mL) at rt and the
reaction mixture was heated at 80 °C. Cyclooctanone (3.00 g, 23.7 mmol) was then added
dropwise over 1 h to this solution and the mixture was stirred for additional 2 h at 80 °C. The
reaction mixture was cooled to rt and glacial acetic acid (25 mL) was added dropwise to
qguench the reaction, followed by the addition gOH25 mL). The two layers were separated

and the organic phase was washed witd®H25 mL), dried over N&O, and concentrated

unde reduced pressure. The residue, methyl 2-oxocyclooctane carb®&tat¢.00 g, 92%)

was taken through into the next step with no further purification. Methyl 2-oxocyclooctane
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carboxylate (955 mg, 5.18 mmol) was then reacted with 5-iodopent-88ii#.0 g, 5.16
mmol) according to GP7. After 24 h, work-up and purification by flash column
chromatography (hexanefex 8/2) afforded96b as a colourless liquid (832 mg, 64%); R
0.36 (hexane/BO: 8/2): vma(film)/cm™ 3286 (GCH), 2930, 2859, 1736 (C=0, ester), 1705
(C=0, ketone)px(300 MHz; CDC}) 0.87-1.03 (1 H, m), 1.21-1.89 (10 H, m), 1.93 (1 H, t,
2.7), 1.96-2.30 (5 H, m), 2.47 (1 H, dd#{15.7, 11.6, 4.4), 2.69 (1 H, k11.9 and 3.8), 3.68

(3 H, s);5c(75.5 MHz; CDC}) 18.8 (t), 23.1 (t), 23.9 (t), 24.2 (t), 25.5 (t), 28.4 (t), 29.3 (1),
30.2(t), 38.5 (t), 52.3 (q), 62.0 (s), 68.5 (d), 83.9 (s), 172.2 (s), 212.2M(8TOF ES+)
273.2 ((M+Na], 100%); HRMSn/z (TOF ES+) 273.1457 ([M+N3] C;sH»,0sNa requires

273.1467)

Methyl 1-oxo-2-(pent-4-yn-1-yl)-1,2,3,4-tetrahydronaphthalene-2-carboxylate 96¢

COzMe

/7;/

Dimethylcarbonate (5.2 mL, 61.6 mmol) was added dropwise over 10 min to a suspension of
NaH (1.64 g, 41.0 mmol, 60% dispersion in mineral oil) in toluene (30 mL) at rt and the
reaction mixture was heated at 80 °C. Tetralone (2.7 mL, 20.5 mmol) was then added
dropwise over 1 h to this solution and the mixture was stirred for additional 2 h at 80 °C. The
reaction mixture was cooled to rt and@ (50 mL) was added to quench the reaction,
followed by the addition of C}¥€l, (50 mL). The two layers were separated and the organic
phase was washed with @ (50 mL), dried over N&O, and concentrated under reduced
pressure. The residue, methyl 1-oxotetrahydronaphthalene-2-carboxylate (4.18 g, quant) was
taken through into the next step with no further purification. Methyl 1-

oxotetrahydronaphthalene-2-carboxyl&&c (1.05 g, 5.15 mmol) was then reacted with 5-
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iodopent-1-yne88 (740 mg, 3.82 mmol) according to GP7. After 24 h, work-up and
purification by flash column chromatography (hexanefEt®?2) afforded96c as a pale
yellow oil (421 mg, 41%); R0.25 (hexane/BO: 8/2); vma(film)/cm™ 3290 (G=CH), 2951,

1729 (C=0, ester), 1683 (C=0, ketone), 1601 (C=6)300 MHz; CDC}) 1.48-1.75 (2 H,

m), 1.95 (1 H, t,] 2.6), 1.98-2.28 (5 H, m), 2.58 (1 H, t413.7 and 5.0), 2.93 (1 H, td17.5

and 5.2), 3.07 (1 H, ddd,17.5, 9.7 and 4.6), 3.68 (3 H, s), 7.22 (1 H] @.,6), 7.31 (1 H, app

t, J7.6), 7.48 (1 H, dt, 7.6 and 1.3), 8.05 (1 H, dd;736 and 1.3)§(75.5 MHz; CDC}) 18.8

(t), 23.8 (t), 25.8 (t), 30.5 (t), 33.1 (t), 52.4 (q), 57.3 (s), 68.7 (d), 83.7 (s), 126.7 (d), 128.0 (d),
128.7 (d), 131.8 (s), 133.4 (d), 143.0 (s), 172.2 (s), 195.1 (S[T@E ES+) 293.1 ([M+N4]

100%9): HRMS m/z(TOF ES+) 293.1157 ([M+N&] Ci/H150sNa requires 293.1154).

Ethyl 3-acetyl-2,4,5,6,7,7a-hexahydro-1Hhdene-7a-carboxylate 97a

CO,Et

Ketoalkyne9la (55.0 mg, 0.23 mmol) was reacted withsPAUCI/AgOTf (6.9 mg/3.6 mg,
0.013mmol) in CHCI, according to GP10. After 44 h, work-up and purification by flash
column chromatography (hexane/EtOAc: 8/2) afforded bicyclic comp®@#ad as a light
yellow liquid (26.6 mg, 48%); F0.40 (hexane/EtOAC: 8/2)ma(film)/cm™ 2935, 2857, 1725
(C=0, ester), 1682 (C=0, ketone), 1657, 1621 (C3G)300 MHz; CDC}) 1.22 (3 H, t, J

7.1), 1.28-1.50 (3 H, m), 1.59-1.76 (2 H, m), 1.77-1.89 (1 H, m), 1.94-2.10 (1 H, m), 2.12-
2.22 (1 H, m), 2.25 (3 H, s), 2.44-2.54 (1 H, m), 2.54-2.76 (2 H, m), 3.32-3.44 (1 H, m), 4.13
(2 H, q, 37.1); 6c(75.5 MHz; CDC4) 14.2 (q), 23.4 (t), 26.7 (t), 26.8 (t), 30.6 (d), 32.1 (t),

35.5(2 t), 60.3 (s), 60.7 (t), 135.6 (s), 155.0 (s), 175.0 (s), 198.8n(2XTOF ES+) 259.1
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([M+Na]*, 100%); HRMS m/z (TOF ES+) 259.1306 ([M+N&] CrHacOsNa requires

259.1310)

Ethyl 2-oxo-1-(4-oxopentyl)cyclohexanecarboxylatey]a

CO,Et

Productlg;, was obtained in small quantities as a side-product in the cyclisati®hadb
97a; vma(film)/cm™ 2962, 2940, 2864, 1739 (C=0, ester), 1706 (C=0, ketongE3p0
MHz; CDCk) 1.24 (3 H, t, J7.1), 1.36-1.83 (8 H, m), 1.91-2.04 (1 H, m), 2.10 (3 H, s), 2.32-
2.54 (5 H, m), 4.18 (2 H, q,3.1);5c(75.5 MHz; CDC}) 14.1 (q), 18.6 (t), 22.5 (2 1), 27.5 (1),
29.8(q), 33.9 (t), 41.0 (t), 43.7 (t), 60.7 (s), 61.2 (t), 171.8 (s), 207.9 (s), 2081B/E{FOF
ES+) 277.1 ([M+Nd], 100%); HRMSm/z (TOF ES+) 277.1411 ([M+N3] CyHo:0sNa:

requires 277.1416).

Ethyl 6-acetyl-1,2,3,3a,4,5-hexahydropentalene-3a-carboxylate 97b

CO,Et

Ketoalkyne91b (59.1 mg, 0.26 mmol) was reacted withzPAuUCI/AgOTf (7.9 mg/4 mg,
0.016 mmol) in CHCI, according to GP10. After 44 h, work-up and purification by flash
column chromatography (hexane/EtOAc: 8/2) afforded bicyclic comp@itidas a light
yellow liquid (29.8 mg, 50%); R0.38 (hexane/EtOAC: 8/2)imadfilm) /cm™ 2929, 2857,
1723(C=0), 1684, 1662 (C=Cyx(300 MHz; CDC}) 1.23 (3 H, t, J7.1), 1.39-1.53 (1 H, m),

1.68-1.81 (1 H, m), 2.04-2.25 (2 H, m), 2.29 (3 H, s), 2.31-2.45 (2 H, m), 2.48-2.74 (2 H, m),
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2.73-2.90 (1 H, m), 2.90-3.05 (1 H, m), 4.13 (2 H, @, 1); 6c(75.5 MHz; CDC}) 14.1 (q),
26.3(t), 27.8 (t), 29.5 (), 35.6 (2 t), 36.7 (t), 60.9 (t), 69.1 (s), 135.2 (s), 164.9 (s), 174.6 (2
s); m/z (TOF ES+) 245.1 ([M+N4d] 100%); HRMSm/z (TOF ES+) 245.1156 ([M+N4]

C13H1803Na requires 245.1154).

6-lodohex-1-yne 98

j

6-Chlorohex-1-yne (1.55 mL, 12.86 mmol) was added to a suspension of Nal (9.6 g, 64.26
mmol) in methyl ethyl ketone (60 mL) at rt. The reaction mixture was then stirred at reflux for
24 h. The solution was allowed to cool to rt befor®H60 mL) and BEO (60 mL) were
added. The two layers were separated and the aqueous phase was extractegOw(@ Et
mL). The combined organic extracts were washed with brine, dried oy&Q\diltered and

the solvent carefully removed under reduced pressure to afford 6-iodohex9Byas a
strongly odoured yellow liquid (2.68 g, 100%); ®R73 (hexane/EtOAC: 8/2Pmaxfilm)/cm™
3295(C=CH), 2940;614(300 MHz; CDC}) 1.54-1.71 (2 H, m, B,), 1.89-2.02 (2 H, m, B,),
1.96(1 H, t,J 2.7, CGCH), 2.23 (2 H, tdJ 6.9 and 2.7, CLCH,C=CH), 3.21 (2 H, tJ 6.9,
ICH,CH,); 5c(75.5 MHz; CDC}) 6.0 (t, ICH,), 17.3 (t, ICHCH,), 29.0 (t, ICHCH,CH.),
32.1(t, ICH,CH,CH,CH,), 68.9 (d, &CH), 83.5 (s,C=CH); m/z (El+) 208 (M, 6%), 81

(100), 65 (6), 53 (39).

Data were in agreement with those reported in the literattire.
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Diethyl 2-(3-ox0-3-phenylpropyl)-2-(prop-2-yn-1-yl)malonate 99a

EtO,C CO,Et

Na (58 mg, 2.52 mmol) was carefully dissolved in absolute EtOH (7 mL). Diethyl
propargylmalonat&8 (500 mg, 2.52 mmol) was added dropwise over 15 min, followed by
the addition of 3-chloropropiophenone (302 mg, 1.79 mmol). The reaction mixture was then
stirred at rt for 2 h; before @ (30 mL) was added to quench the reaction. The aqueous phase
was extracted with EDAc (2 x 30 mL). The combined organic layers were dried over
NaSQ,, filtered and concentrated under reduced pressure. The residue was purified by flash
column chromatography (hexane/EtOAc: 8/2) to afford ketoalld@ee as a white solid (562

mg, 95%); R0.37 (hexane/EtOAc: 8/2); mp 38-39 °Gya(film)/cm™ 3294, 3251 (ECH),
2985,1727 (C=0, ester), 1686 (C=0, ketone), 1669 (C=C), 1599 (C=C), 1582 (&%8)0

MHz; CDCE) 1.25 (6 H, tJ 7.1), 2.01-2.05 (1 H, m), 2.45-2.54 (2 H, m), 2.89 (2 Hl 2.7),
2.99-3.09 (2 H, m), 4.08-4.30 (4 H, m), 7.42-7.49 (2 H, m), 7.53-7.60 (1 H, m), 7.94-7.99 (2
H, m); 6c(75.5 MHz; CDC4) 14.0 (2 q), 23.8 (t), 27.0 (t), 33.7 (t), 56.1 (s), 61.8 (2 1), 71.8
(d), 78.7 (s), 128.1 (2 d), 128.6 (2 d), 133.1 (d), 154.1 (s), 170.0 (2 s), 19816 26)OF

ES+) 353.2 ([M+Na], 100%); HRMSm/z (TOF ES+) 353.1375 ([M+N4&] CigH.:0:sNa

requires 353.1365).

Data were in agreement with those reported in the literattire.
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Diethyl 2-(4-oxohexan-2-yl)-2-(prop-2-yn-1-yl)malonate 99b

Et0,C CO,Et

Ketoalkyne 99b was prepared from 4-hexen-3-one (1fk, 1.0 mmol) and diethyl
propargylmalonate78 (200 mg, 1.0 mmol) according to GP5. After 48 h, work-up and
purification (hexane/EtOAc: 8/2) afforde@bb as a clear yellow liquid (189 mg, 64%); R
0.29 (hexane/EtOAC: 8/2)pmax /cmi* (film) 3280 (C=CH), 2980, 2939, 1729 (C=0yn(300
MHz; CDCE) 0.94 (3 H, dd,) 6.9 and 0.6, 10-H), 1.06 (3 H,x7.6, 1-H), 1.26 (3 H, t] 7.1,
CH,CH3), 1.27 (3 H, tJ 7.1, CHCHz), 2.03 (1 H, tJ 2.7, 9-H), 2.26 (1 H, dd] 16.6 and
10.6, 4-H), 2.42 (1 H, ddlas 17.5 and 7.6, 2-H), 2.47 (1 H, dijs 17.5 and 7.6, 2-H), 2.80
(1 H, dd,Jag 17.3 and 2.7, 7-H), 2.89 (1 H, di\s 17.3 and 2.7, 7-H), 2.88-2.95 (1 H, m, 4-
H), 2.95-3.07 (1 H, m, 5-H), 4.16-4.28 (4 H, m, 2 WLCHs); 5c(75.5 MHz; CDC}) 7.7 (q,
1-C), 13.8 (g, CHCHs3), 13.9 (g, CHCHa), 15.4 (g, 10-C), 22.6 (t, 7-C), 31.5 (d, 5-C), 35.9 (t,
2-C), 45.8 (t, 4-C), 59.8 (s, 6-C), 61.3 @H.CHj3), 61.4 (t,CH,CH3), 71.4 (d, 9-C), 79.0 (s,
8-C), 169.2 (s,CO.Et), 169.6 (s CO.Et), 209.7 (s, 3-C)m/z (TOF ES+) 319.1 ([IM+Nd]

100%): HRMS m/z(TOF ES+) 319.1518 ([M+NA]C16H240sNa requires 319.1521).
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Diethyl 2-(3-ox0-1,3-diphenylpropyl)-2-(pro-2-yn-1-yl)malonate 99c

oy

Ph
Et0,C” "CO,Et

Ketoalkyne 99c was prepared from chalcone (525 mg, 2.52 mmol) and diethyl
propargylmalonate’8 (500 mg, 2.52 mmol) according to GP5. After 24 h, work-up and
purification by flash column chromatography (hexangdEt7/3) afforded99c as a light
yellow oil (617 mg, 60%); R0.26 (hexane/BO: 7/3); vmadfilm)/cm™ 3283 (G=CH), 3087,
3062,3031 (CH Ar), 2982, 2937, 1731 (C=0), 1692 (C=C), 1597 (C4g(300 MHz;
CDCl3) 1.26 (3 H, tJ 7.1, CHCHS3), 1.33 (3 H, t) 7.1, CHCHz), 2.16 (1 H, tJ 2.7, G=CH),

2.48 (1 H, dd,Jas 17.2 and 2.7, B,C=CH), 2.76 (1 H, ddJas 17.2 and 2.7, B,C=CH);
3.75(1 H, dd,Jas 17.5 and 10.8, B,CO), 3.89 (1 H, ddJss 17.5 and 2.8, B,CO), 4.19 (1

H, qd, J7.1 and 3.5, 8,CHs), 4.23 (1 H, qd, J.1 and 3.5, €6,CHj3), 4.30 (1 H, app ] 7.1,
CH,CHg), 4.32 (1 H, app q, 4.1, (H,CHg), 4.43 (1 H, dd, 10.8 and 2.8, 8), 7.16-7.25 (5

H, m, Ar-H), 7.38-7.45 (2 H, m, Ar-H), 7.48-7.55 (1 H, m, Ar-H), 7.90-7.95 (2 H, mHAr-
5c(75.5 MHz; CDC}) 14.0 (2 g, CHCH3), 24.1 (t,CH,C=CH), 41.6 (t,CH.CO), 43.2 (d,
CH), 60.6 (s,C(CO;Et),), 61.7 (t,CH,CH3), 61.8 (t,CH,CH3), 72.3 (d, &CH), 79.4 (s,
C=CH), 127.4 (d, Ar€H), 128.0 (2 d, Al€H), 128.2 (3 d, ACH), 128.4 (d, Ar€H), 129.0

(2 d, ArCH), 132.8 (d, Ar€H), 137.0 (s, Arc), 138.6 (s, Ar-G, 169.4 (2 s, O.Et), 197.7 (s,
CO); m/z(TOF ES+) 429.2 (IM+N4d] 100%); HRMSm/z (TOF ES+) 429.1676 ([M+N4]

CosH2605Na requires 429.1678).
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Diethyl 2-(but-3-yn-1-yl)-2-(3-o0x0-3-phenylpropyl)malonate 99d

=
EtO,C CO,Et

Na (58 mg, 2.52 mmol) was carefully dissolved in absolute EtOH (7 mL). Diethyl 2-(but-3-
ynyl)malonate87 (216 mg, 1.02 mmol) was added dropwise over 15 min, followed by the
addition of 3-chloropropiophenone (121 mg, 0.72 mmol). The reaction mixture was then
stirred at rt for 2 h 45 min before,@ (30 mL) was added to quench the reaction. The
agueous phase was extracted with(&c (2 x 30 mL). The combined organic layers were
dried over NaSQ,, filtered and concentrated under reduced pressure. The residue was
purified by flash column chromatography (hexane/EtOAc: 8/2) to aftetdalkyne99d as a
white solid (226 mg, 91%); .39 (hexane/EtOAc: 8/2); mp 30-31 *Gafilm)/cm™ 3432
(C=CH), 3294, 2980, 2938, 1727 (C=0), 1687 (C=C), 1598Q); 54(300 MHz; CDCH})
1.25(6 H, t,J 7.1), 1.94-1.97 (1 H, m), 2.20-2.24 (4 H, m), 2.30-2.38 (2 H, m), 2.96-3.04 (2
H, m), 4.20 (4 H, q, J.1), 7.42-7.50 (2 H, m), 7.53-7.60 (1 H, m), 7.92-7.98 (2 H, m);
9c(75.5 MHz; CDC4) 14.0 (2 q), 27.1 (t), 32.5 (2 t), 33.6 (t), 56.4 (s), 61.4 (2 1), 68.8 (d), 83.1
(s), 127.9 (2 d), 128.5 (2 d), 133.1 (d), 136.6 (s), 170.7 (2 s), 1981B/t{;OF ES+) 367.2
(IM+Na]*, 100%); HRMS m/z (TOF ES+) 367.1526 ([M+N&] C,oH».OsNa requires

367.1521)
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Diethyl 2-(but-3-yn-1-yl)-2-(4-oxohexan-2-yl)malonate 99e

AN

EtO,C CO,Et

Ketoalkyne99ewas prepared from 4-hexen-3-one (107 0.94 mmol) and diethyl 2-(but-3-
ynyl)malonate87 (200 mg, 0.94 mmol) according to GP5. After 4 d, work-up and purification
by flash column chromatography (hexane/EtOAc: 8/2) afforéf@elas a colourless liquid
(192 mg, 65%); R0.47 (hexane/EtOAc: 8/2ima(film)/cm™ 3283 (GCH), 2979, 2939,
1724 (C=0); 64(300 MHz; CDC}) 0.91 (3 H, dJ 7.4), 1.05 (3 H, tJ 7.3), 1.26 (3 H, tJ

7.1), 1.28 (3 H, tJ 7.1), 1.96 (1 H, tJ 2.5), 2.08-2.54 (7 H, m), 2.66-2.81 (2 H, m), 4.19 (2

H, q,J 7.1), 4.21 (2 H, ) 7.1); 6c(75.5 MHz; CDC}) 7.6 (q), 13.8 (q), 13.9 (q), 14.3 (),
15.6(q), 32.3 (d), 32.4 (t), 36.1 (t), 45.9 (t), 60.3 (s), 61.0 (t), 61.0 (t), 68.5 (d), 83.2 (s), 169.9
(s), 170.3 (s), 209.5 (sjn/z (TOF ES+) 333.2 ([M+Nd] 100%); HRMSm/z (TOF ES+)

333.1676 ([M+Na]. C;7H260sNa requires 333.1678).
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Diethyl 3-benzoyl-4-methylcyclopent-3-ene-1,1-dicarboxylate, diethyl 3-benzoyl-4-
methylenecyclopentane-1,1-dicarboxylate and diethyl 4-benzoyl-3-methyl-cyclopent-2-

ene-1,1-dicarboxylate 100a

1

(o] (@]
1 7 1 7
2 6 2 2 6
V.S, LS .08

EtO,C  CO,Et EtO,C  CO,Et EtO,C  CO,Et

Ketoalkyne99a (215 mg, 0.65 mmol) was reacted withsPRUCI/AgOTf (33 mg/17 mg,

0.066 mmol) in CHCI, according to GP10. After 24 h, work-up and purification by flash
column chromatography (hexane/EtOAc: 8/2) afforded the title compold@is as a light
yellow oil (109 mg, 51%), in 9.7:3.1:1 mixture of three isom&@0@al00ak100ag; R 0.41
(hexane/EtOAc: 8/2). These isomers were inseparable by flash column chromatography.
Analytically pure samples of each isomer were obtained by preparative HPLC (¢ 6%

min CH;OH/H,0 60:40).

Diethyl 3-benzoyl-4-methylcyclopent-3-ene-1,1-dicarboxylate 100aa

(o}
1 7
2 6

EtO,C  CO,Et
Isomer100aa: HPLC: ¢ = 53.2 min;vmax (film)/cm™ 2982, 1728 (C=0), 1641 (C=C), 1597
(C=C Ar), 1579 (C=C Ar)py(300 MHz; CDC}) 1.26 (6 H, tJ 7.1, 2x CH,CH3), 1.66 (3 H,
s, 7-H), 3.16-3.21 (2 H, m, id,), 3.36-3.43 (2 H, m, B,), 4.22 (4 H, q,) 7.1, 2x CH,CHj),
7.407.48 (2 H, m, Ar-H), 7.50-7.57 (1 H, m, Ar-H), 7.72-7.78 (2 H, m, Ar4d{75.5 MHz;
CDCls3) 14.0 (2 g, CHCHg), 16.3 (q, 7-C), 42.9 (t, 3 or 5-C), 47.1 (t, 3 or 5-C), 57.3 (s, 4-C),

61.8( 2 t, CH,CHs), 128.5 (2 d, Ar-C), 128.9 (2 d, Ar-C), 132.6 (d, Ar-C), 133.1 (s, 6-C),
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138.6 (s, 2-C), 146.0 (s, Ar-C), 171.5 (2GO,Et), 195.3 (s, 1-C)ivz (TOF ES+) 353.1

(IM+Na]*, 100%).

Diethyl 3-benzoyl-4-methylenecyclopentane-1,1-dicarboxylate 100ab

(0]

! 2 6

EtO,C CO,Et
Isomer100ab HPLC: & = 60.3 min;vmafilm)/cm™ 2983, 1728 (C=0), 1683 (C=C), 1597
(C=C Ar), 1580 (C=C An(300 MHz; CDC#) 1.27 (3 H, t, J7.1, CHCH3), 1.27 (3 H, t, J
7.1,CH,CH3), 2.71 (2 H, d, 8.7, 3-H), 2.96 (1 H, d] 16.5, 5-H), 3.16 (1 H, ddt, 76.5, 2.5,
2.5, 5-H), 4.17-4.29 (4 H, m, 2 CH,CHs), 4.54-4.63 (1 H, m, 2-H), 4.73 (1 H, dd4.D, 2.5,
7-H), 5.05 (1 H, dd, 3.0, 2.5, 7-H), 7.41-7.54 (2 H, m, Ar-H), 7.56-7.62 (1 H, m, Ar-H),
7.97-8.03 (2 H, m, Ar-H)dc(75.5 MHz; CDC}) 14.0 (2 g, CHCHs), 36.5 (t, 3-C), 41.3 (t, 5-
C), 49.4 (d, 2-C), 58.9 (s, 4-C), 61.6 (HHEHs), 61.7 (t, B1,CHs), 110.5 (t, 7-C), 128.7 (2 d,
Ar-C), 129.1 (2 d, Ar-C), 133.2 (d, Ar-C), 136.9 (s, 6-C), 147.3 (s, Ar-C), 170.7 (&0

171.7 6, CQEY), 198.7 (s, 1-C); m/z (TOF ES+) 353.1 ([M+N&]00%).
Data were identical to those previously repoff&d.
Diethyl 4-benzoyl-3-methyl-cyclopent-2-ene-1,1-dicarboxylate 100ac

0
1 7
2 6

Et0,C” CO,Et

Isomer100ac HPLC: & = 43.4 min;umafilm)/cm™ 2921, 1730 (C=0), 1682 (C=C), 1597

(C=C Ar); 4300 MHz; CDC}) 1.20-1.30 (6 H, m, % CH,CH3), 1.75-1.78 (3 H, m, 7-C),
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2.63 (1 H, ddJag 13.6, 6.2, 3-H), 2.94 (1 H, ddyg 13.6, 9.1, 3-H), 4.12-4.29 (4 H, mx2
CH,CHs), 4.50-4.59 (1 H, m, 2-H), 5.71-5.75 (1 H, m, 5-H), 7.45-7.52 (2 H, m, Ar-H), 7.55-
7.62(1 H, m, Ar-H), 7.95-8.02 (2 H, m, Ar-H)ic(75.5 MHz; CDC}) 14.0 (2 q, CHCHS3),
16.0(q, 7-C), 36.7 (t, 3-C), 54.9 (d, 2-C), 61.5QH,CHs), 61.7 (t,CH,CHs), 65.7 (s, 4-C),
126.5(d, 5-C), 128.6 (2 d, Ar-C), 128.7 (2 d, Ar-C), 133.3 (d, Ar-C), 136.6 (s, 6-C), 144.1 (s,
Ar-C), 170.5 (sCO.Et), 171.2 (SCO,Et), 199.8 (s, 1-C)mz (TOF ES+) 353.1 ([M+N4]

1009%).

Diethyl 2,4-dimethyl-3-propionylcyclopent-3-ene-1,1-dicarboxylate 100ba

Et0,C” "CO,Et

Ketoalkyne99b (59 mg, 0.20 mmol) was reacted withsPAUCI/AgOTf (5.9 mg/3 mg, 0.012
mmol) in CHCl, according to GP10. After 24 h, work-up and purification by flash column
chromatography (hexane/EtOAc: 8/2) affordH@Db as a clear yellow oil (40 mg, 67%) in a
6.3:1.3:1 mixture of isomers;;®.41 (hexane/EtOAc: 8/2). These isomers were inseparable
by flash column chromatography. Analytically pure sampld@ba, themajor isomerwas
obtained by preparative HPLC (t =& 40 min, HBO/CH;CN 55:45), ¢ = 36.2 min;
vmax(film) /cm™ 2978, 2935, 1730 (C=0), 1681, 1659 (C=6)Y300 MHz; CDC}) 1.00 (3 H,

d, J 7.0, GHsCH), 1.09 (3 H, tJ 7.2, HsCH,), 1.23 (3 H, tJ 7.0, CQCH,CHa), 1.26 (3 H, t,

J 7.0, CQCH,CHs), 2.03 (3 H, s, B5C=C), 2.55 (1 H, dgJas 17.4, 7.2, CHCH,), 2.64 (1

H, qd, Jag 17.4, 7.2, CHCH,), 2.74 (1 H, dJas 18.6, G4,C=C), 3.50 (1 H, d,Jas 18.6,
CH,C=C), 3.89 (1 H, g, 7.0, CHCH), 4.10-4.28 (4 H, m, C&H,CHs); 5c(75.5 MHz;

CDCl3) 7.8 (g, CHsCHy), 14.0 (g, CGCH,CH3), 14.1 (g, CGCH,CHs), 15.4 (g,CH3CH),
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16.6 (q, CHsC=C), 35.2 (t, CHCH,), 45.2 (t, CH,C=C), 45.3 (d,CHsCH), 61.5 (t,
CO,CH,CHs), 61.6 (t, CQCH,CHs), 62.7 (s,C(CO:EL)), 139.1 (s, CHC=C), 147.3 (s,
CHsC=C), 169.6 (sCO:Et), 171.6 (SCO:Et), 200.0 (SCO); m/z(El+) 296 (M, 18%), 267
(2), 251 (10), 222 (53), 207 (2), 193 (66), 177 (62), 165 (41), 149 (46), 137 (24), 121 (32),
111 (3), 105 (7), 99 (1), 93 (27), 77 (16), 65 (6), 57 (100), 43 (7); HRMSEI+) 296.1630

(M*. C16H2405 requires 296.1624).

3-(prop-2-yn-1-yl)cyclohexanone 101a

(0]
@

Ketoalkyne 101la was synthesised from 2-cyclohexen-1-one 86 0.99 mmol) and
propargyl bromide (0.33 mL, 2.99 mmol, 80% in toluene) according to GP6. After 1 h and 45
min, work-up and purification by flash column chromatography (hexane/EtOAc: 8/2) afforded
101a as a yellow liquid (69 mg, 51%); B.35 (hexane/EtOAC: 8/2)ima{film)/cm™ 3290
(C=CH), 2934, 2868, 1710 (C=0);4(300 MHz; CDC}) 1.46-1.57 (1 H, m), 1.60-1.72 (1 H,

m), 1.92-2.10 (3 H, m), 2.03 (1 H,1,2.6), 2.16-2.29 (4 H, m), 2.33-2.39 (1 H, m), 2.44-2.49
(1 H, m);oc(75.5 MHz; CDC}) 24.8 (t), 25.4 (t), 30.2 (t), 37.7 (d), 41.0 (t), 47.0 (t), 70.4 (d),
81.3(s), 211.0 (s)m/z (El+) 136.2 (M, 21%) 121.2 (7), 108.2 (13), 97.1 (100), 93.1 (19),

79.1 @3): HRMS m/4EI+) 136.0891 (M. CoH1,0 requires 136.0888).

Data were in agreement with those reported in the liter8ture.
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2-Methyl-3-(prop-2-yn-1-yl)cyclopentanone 101b

ét

KetoalkynelO1lb was synthesised from 2-methyl 2-cyclopenten-1-one (0.20 mL, 2.04 mmol)
and propargyl bromide (0.54 mL, 6.11 mmol, 80% in toluene) according to GP6. After 3 h
and 20 min, work-up and purification by flash column chromatography (hexaDe/&®)
afforded 101b as a light brown liquid (101 mg, 36%) in a 1:1 mixturaiaistereocisomersR

0.27 (hexane/BO: 8/2); vmadfilm)lcm™ 3288 (G=CH), 2966, 2933, 2877, 1736 (C=0O);
9n(300 MHz; CDC}) 1.04 (3 H, d, ¥.3), 1.09 (3 H, d, B.7), 1.97 (1L H, t) 2.7), 2.02 (1 H, t,
J2.7), 1.58-2.57 (16 H, myc(75.5 MHz; CDC}) 9.4 (q), 12.1 (q), 19.1 (t), 22.0 (t), 25.3 (1),
25.9(t), 35.6 (t), 37.0 (t), 38.9 (d), 42.8 (d), 46.6 (d), 48.5 (d), 69.7 (d), 70.5 (d), 81.0 (s), 82.3
(s), 219.8 (s), 220.3 (sp/z(EI+) 136 (M, 71%), 121 (51), 107 (18), 93 (42), 79 (100), 69

(74), 55 (52); HRMS m/¢E1+) 136.0884 (M. CoH1,0 requires 136.0888).

Diethyl 2-(3-oxocyclohexyl)-2-(2-oxopropyl)malonate 105

Et0,C” “CO,Et

A mixture of 2-(3-oxocyclohexyl)-2-prop-2-ynylmalonic acid diethyl e§@a (100 mg, 0.34
mmol), NaAuC}.2H,O (4 mg, 0.01 mmol) in 1.36 mL of MeOH-8 (10:1) was irradiated

by ultrasound at rt for 5 h. Saturated MNH(aq) (20 mL) was then added, followed by
diethylether (20 mL). The two layers were separated. The organic layer was washed with
saturated aqueous NaCl (20 mL), dried oves3Q, filtered, and the solvent removed under

reduced pressure. The residue was purified by flash chromatography (hexane/ethyl acetate:
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8/2) to afford105 as a light yellow oil (30 mg, 28%+(300 MHz; CDC%) 1.25 (6 H, t,J

7.1), 1.32-1.50 (2 H, m), 1.50-1.72 (1 H, m), 1.89-2.53 (6 H, m), 2.17 (3 H, s), 3.04 (I H, d,
17.8),3.11 (1 H, d, 37.8), 4.20 (4 H, q, 3.1); 6c(75.5 MHz; CDC#) 13.9 (2q), 24.6 (t), 27.3

(t), 30.0 (q), 41.0 (t), 42.7 (d), 43.8 (t), 46.0 (1),58.4 (s), 61.6 (2t), 169.6 (s), 169.7 (S), 204.4

(s), 209.5 (s); HRMS m{ZOF ES+) 335.1483 ([M+N4] C16H-406Na requires 335.1471).

Triethyl pent-3-yne-1,1,1-tricarboxylate 106

Triethyl pent-3-yne tricarboxylate06 was prepared from triethyl sodiomethanetricarboxylate
76 (2.12 g, 8.32 mmol) and 1-bromo-2-butyne (0.73 mL, 8.32 mmol)) according to GP3.
After 24 h, work-up afforded alkynyl triest&06 as an orange liquid, used in the subsequent
step with no further purification (2.18 g, 92%); ®53 (hexane/EtOAc: 7/3J1(300 MHz;
CDCls) 1.28 (9 H, tJ 7.1, 3 x OCHCHz), 1.75 (3 H, tJ 2.3, CCHC=CH3), 2.96 (2 H, g,
2.3,CCH,C=CH3), 4.27 (3 H, gJ 7.1, 3 x OG{,CHs), 4.28 (3 H, qJ 7.1, 3 x O®I,CHy);
9c(75.5 MHz; CDC4) 3.6 (q,CHa), 13.9 (3 g, OCKCH3 ), 23.7 (t,CH,C=CCHs), 62.3 (3 t,
OCH,CHjz), 64.9 (s,C(CO:Et)s), 73.4 (S, CHC=CCHjz), 78.1 (s, CHC=CCHs), 166.0 (3 s,

COZEL); miz (TOF ES+) 307.1 ([M+N&] 100%).
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Diethyl 2-(but-2-yn-1-yl)malonate 107

Diethyl 2-(but-2-yn-1-yl)malonat&07 was synthesised from alkynyl triesi®6 (2.17g, 7.65
mmol) according to GP4. After 5 min, work-up afforded die$@&f as an orange liquid (1.55
g, 95%); R 0.66 (hexane/EtOAc: 7/3)madfilm)/cm™ 2983, 1731 (C=0)pn(300 MHz;
CDCl3) 1.27 (6 H, tJ 7.1, 2 x OCHCHa), 1.74 (3 H, tJ 2.5, CCHC=CHa), 2.71 (2 H, dgJ
7.7 and 2.5, CE,C=CHs), 3.50 (1 H, t,J 7.7, (HCH,C=CHa), 4.21 (4 H, q,J 7.1, 2 x
OCH,CHs); c(75.5 MHz; CDC}) 3.4 (g, CHs), 14.0 (2 g, OCHCHz ), 18.8 (t,
CH,C=CCHs), 51.7 CH(CO:Et),), 61.6 (2 t, @H,CHs), 74.7 (S, CHC=CCHs), 77.8 (s,

CH,C=CCHz), 168.2 (2 s, O:Et); m/z(TOF ES+) 235.0 ([M+Nd] 100%).
Data were in agreement with those reported in the literatUre.

Diethyl 2-(but-2-yn-1-yl)-2-(3-((trimethylsilyl)oxy)cyclohex-2-en-1-yl)malonate 108

EtO,C CO,Et

Diethyl 2-(but-2-ynyl)malonat@é07 (1.00 g, 4.71 mmol) was added dropwise over 5 min to a
suspension of NaH (280 mg, 7.00 mmol, 60% dispersion in mineral oil) in THF (7 mL) at
0°C. Atfter the evolution of b 2-cyclohexen-1-one (0.35 mL, 3.60 mmol) was added to the
reaction mixture, followed by the addition of TMSOTf (0.72 mL, 3.98 mmol) at 0°C. The

mixture was stirred at 0°C for 4 h and 30 min before,GlHsolution (40 mL) was added,
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followed by EtOAc (40 mL). The two layers were separated. The organic layer was washed
with brine (40 mL), dried over N&Q,, filtered, and the solvent removed under reduced
pressure. The residue was purified by flash column chromatography (hexane/EtOAc: 8/2) to
afford thesilyl enol etherl08 as a colourless oil (1.21 g, 88%).0067 (hexane/EtOAc: 8/2);

vmax (film)/cm™ 2926, 1727 (C=0), 1664 (C=Cj;(300 MHz; CDC4) 0.18 (9 H, s), 1.19-
1.29(6 H, m), 1.46-1.65 (2 H, m), 1.73 (3 HJt2.5), 1.76-1.89 (2 H, m), 1.89-2.07 (2 H, m),
2.76 (2 H, gJ 2.5), 3.10-3.20 (1 H, m), 4.11-4.26 (4 H, m), 4.93 (1 H, b6&)5.5 MHz;
CDCls) 0.3 (3 q), 3.5 (q), 14.1 (2 q), 22.3 (t), 22.9 (1), 24.0 (t), 29.7 (t), 38.4 (d), 60.6 (s), 61.0
(2 1), 74.2 (s), 78.3 (s), 104.9 (d), 152.0 (s), 170.3 (2n&x;(TOF ES+) 403.2 ([M+Nd]

100%9; HRMS m/z(TOF ES+) 403.1934 ([M+NA&] C,oH3:05SiNa requires 403.1917).

Diethyl 2-(but-2-yn-1yl)-2-(3-oxocyclohexyl)malonate 109

Et0,C CO,Et

TBAF (2.2 mL, 2.20 mmol, 1 M in THF) was added to a solution of silyl enol d&r(700

mg, 1.83 mmol) in THF (15 mL) at — 35 °C. The mixture was stirred for 30 min at this
temperature, before NG| solution (40 mL) was added to quench the reaction. The aqueous
phase was extracted with EtOAc (249 mL). The combined organic layers were washed with
brine (40 mL), dried over N&Q,, filtered, and the solvent removed under reduced pressure.
The residue was purified by flash column chromatography (hexane/EtOAc: 8/2) to afford
ketoalkynel09 as a yellow oil (335 mg, 59%); B28 (hexane/EtOAC: 8/2max (film)/cm™
2979,2938, 2868, 1727 (C=0¥(300 MHz; CDC}) 1.26 (6 H, tJ 7.1), 1.31-1.47 (1 H, m),

1.61-1.70 (1 H, m), 1.73 (3 H, 1,2.6), 2.02-2.17 (2 H, m), 2.24 (2 H, t#14.3 and 7.7),
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2.36-2.46 (1 H, m), 2.54-2.71 (2 H, m), 2.78 (1 H, &g, 17.1 and 2.6), 2.79 (1 H, ddse
17.1and 2.6), 4.13-4.30 (4 H, m)s(75.5 MHz; CDC4) 3.4 (q), 14.0 (2 g), 23.0 (t), 24.7 (1),
27.9(t), 40.5 (d), 41.0 (1), 43.5 (t), 59.9 (s), 61.4 (2 1), 73.2 (s), 79.0 (s), 169.3 (s), 169.4 (s),
210.3 (s);m/z (TOF ES+) 331.1 ([M+N&] 100%);: HRMSmz (TOF ES+) 331.1526

(IM+Na]". C;7H240sNa requires 331.1521).

diethyl 3-ethyl-4-ox0-5,6,7,7a-tetrahydro-1H-indene-1,1(2H,4H)-dicarboxylate 110

CO,Et
Et0,C

Ketoalkynel09 (201 mg, 0.65 mmol) was reacted with withFxuCI/AgOTf (19.3 mg/10.5

mg, 0.039 mmol) in ChLCl, according to GP10. After 28 h, work-up and purification by flash
column chromatography (hexane/EtOAc: 8/2) provided eridieas a yellow oil (103 mg,
51%); 54(300 MHz; CDC}) 1.06 (2 H, tJ 7.6), 1.13-1.22 (1 H, m), 1.25 (3 H, t7J), 1.26
(3H,t, J7.1), 1.48-1.52 (1 H, m), 1.64-1.86 (1 H, m), 1.86-2.37 (3 H, m), 2.39-2.70 (3 H, m),
2.75 (1 H, br dJas 18.2), 3.17 (1 H, br d,nd 18.2), 3.65-3.76 (1 H, m), 4.09-4.33 (4 H, m);
0c(75.5 MHz; CDC}) 10.3 (q), 12.3 (q), 12.4 (q), 20.9 (t), 21.7 (t), 25.8 (t), 39.1 (t), 41.6 (1),
50.0(d), 59.6 (t), 59.7 (1), 59.9 (s), 129.5 (s), 153.5 (s), 168.6 (s), 169.5 (s), 19MIAs);

(TOF ES+) 331 ([M+Na], 100%).
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1-Phenyl-3-bromoprop-1-yne 111

S

Bromine (1.6 mL, 30.26 mmol) was added dropwise over 5 min at 0 °C to a solution of
triphenyl phosphine (7.94 g, 30.26 mmol) in £ (80 mL). The reaction mixture was
gtirred for 30 min, before phenyl-2-propyn-1-ol (3.2 mL, 26.10 mmol) was added. The
solution was left to stir at 0 °C for 1 h. )03 solution (100 mL) was added and the aqueous
layer was extracted with hexane (2 x 100 mL). The combined organic layers were dried over
NaSO,. The solvent was removed under reduced pressure until the appearance of a white
precipitate. The suspension was then passed through a short silica pad eluting with hexane.
Concentration under reduced pressure afforded phenyl hElileas a light yellow liquid

(4.34 g, 85%); R0.90 (hexane/EtOAC: 7/3pma(film)/cm™ 3057, 2219 (EC), 1597 (C=C),
1490(C=C); 64(300 MHz; CDC}) 4.17 (2 H, s, €,Br), 7.31-7.34 (3 H, m, Ar-H), 7.43-7.46

(2 H, m, Ar-H); 6c(75.5 MHz; CDC}) 15.3 (t, CH,C=C), 84.2 (s, CHC=C), 86.6 (s,
CH,C=C), 122.0 (s, Ar-C), 128.2 (2 d, ABH), 128.7 (d, ArCH), 131.7 (2 d, AICH); m/z

(El+) 196 (IME'BN)]*, 21%), 194 (24), 115 (100), 89 (18), 74 (8).

Data were in agreement with those reported in the literatUre.
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Triethyl 4-phenylbut-3-yne-1,1,1-tricarboxylate 112

Triethyl  4-phenylbut-3-yne tricarboxylate 112 was prepared from triethyl
sodiomethanetricarboxylai# (4.00 g, 15.73 mmol) and 1-phenyl-3-bromopropyihé (3.00
g, 15.73 mmol) according to GP3. After 24 h, work-up affortie® as a brown liquid (5.21
g, 96%); R 0.81 (hexane/EtOAc: 7/3)j(300 MHz; CDC}) 1.31 (9 H, t,J 7.1, 3 x
OCH,CHa), 3.24 (2 H, s, CB,C=C), 4.31 (6 H, gJ 7.1,3 x OCH,CHs), 7.23-7.31 (3 H, m,
Ar-H), 7.34-7.40 (2 H, m, Ar-H)pc(75.5 MHz; CDC4) 14.0 (3 q, OCKCH3), 24.2 (t,
CH,C=C), 62.5 (3 t, @H,CHs), 65.1 (s,C(CO:EL)s), 82.7 (s, CHC=C), 84.4 (s, CHC=C),
123.4(s, Ar-C), 127.9 (d, ACH), 128.1 (2 d, A€H), 131.6 (2 d, AICH), 165.9 (3 s,

CO,Et): m/z(TOF ES+) 369.3 ([M+Nd]} 100%).

Data were in agreement with those reported in the literature.
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Diethyl 2-(3-phenylprop-2-yn-1-yl)malonate 113

Diethyl 2-(3-phenylprop-2-yn-1-yl)malonatEl3 was synthesised from alkynyl triesfier2
(5.21 g, 15.04 mmol) according to GP4. After 15 min, work-up afforded dig¢éteras a
brown oil (3.94 g, 95%); R0.70 (hexane/EtOAc: 7/3)ima(film)/cm™ 3057, 2982, 2936,
2872,1738 (C=0), 1598 (C=C), 1491 (C=G);(300 MHz; CDC}) 1.29 (6 H, tJ 7.1, 2 x
OCH,CHa), 3.00 (2 H, d,J 7.7, CGH,C=C), 3.64 (1 H, tJ 7.7, CHCH,C=C), 4.24 (4 H, q,)
7.1,2 x OQH,CHg), 7.22-7.31 (3 H, m, Ar-H), 7.32-7.40 (2 H, m, Ar-H)s(75.5 MHz;
CDCl;) 14.0 (2 g, OCKCH3), 19.4 (t, CH,C=C), 51.5 (d, HCCH,C=CPh), 61.7 (2 t,
OCH,CHj), 82.4 (s, CHIC=C), 85.4 (s, CHC=C), 123.2 (s, Ar-C), 127.9 (d, ABH), 128.1 (2

d, Ar-CH), 131.6 (2 d, Al€H), 168.0 (2 s, O;Et); m/z(TOF ES+) 297.2 ([M+N4&] 100%).

Diethyl 2-(3-oxo-cyclopentyl)-2-(3-phenyl-prop-2-yn-1-yl)malonate 114

Ketoalkynell4 was prepared from 2-cyclopenten-1-one (0.15 mL, 1.82 mmol) and diethyl 2-
(3-phenylpropargyl)malonatel3 (500 mg, 1.82 mmol) according to GP5. After 24 h, work-
up and purification by flash column chromatography (hexane/EtOAc: 8/2) affaddeds a

pale yellow oil (532 mg, 82%); {F0.25 (hexane/EtOAC: 8/2)ima(film)/cm™ 3467, 3056,
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2981, 2937, 2906, 1731 (C=0), 1598 (C=G)300 MHz; CDC}) 1.28 (6 H, tJ 7.1, 2 x
CH,CH3), 1.79 (1 H, m, 3-H), 2.14-2.42 (4 H, m}B8-2 x 2-H, 5-H), 2.63 (1 H, dd] 18.9
and 7.6, 5-H), 3.01-3.21 (1 H, m, 4-H), 3.06 (1 H}@, 17.3, 7-H), 3.14 (1 H, dlas 17.3, 7-
H), 4.16-4.34 (4 H, m, 2 x ,CHz), 7.27-7.31 (3 H, m, Ar-H), 7.31-7.37 (2 H, m, Ar-H);
0c(75.5 MHz; CDC}) 14.1 (2 q, CHCH3), 24.4 (t, 7-C), 25.0 (t, 3-C), 38.5 (t, 2-C), 39.7 (d,
4-C), 41.2 (t, 5-C), 59.3 (s, 6-C), 61.7 (TH,CHs), 83.7 (s, 8-C), 84.1 (s, 9-C), 122.9 (s, Ar-
C), 128.1 (2 d, Al€H), 128.2 (d, ArcH), 131.5 (2 d, AcH), 169.4 (s,CO,Et), 169.4 (s,
CO,Et), 217.4 (s, 1-C)miz (TOF ES+) 379.1 ([M+Nd] 100%); HRMSm/z (TOF ES+)

379.1528 ([M+Na]. C»H,40sNa requires 379.1521).

(2)-diethyl 3-benzylidene-4-oxohexahydropentalene-1,1(9Hlicarboxylate 115

Et0,C CO2E!

Ketoalkynell4 (71 mg, 0.20 mmol) was reacted with [2{B«()CsH30]sPAuUCI/AgOTf (10.6
mg/3.1 mg, 0.012 mmol) in Gi&l, (0.3 M) according to GP10. After 72 h, work-up and
purfication by flash column chromatography (hexane/EtOAc: 8/2) affokddd-alkengZ)-

115 as a crystalline solid (21 mg, 29%); ®34 (hexane/EtOAc: 8/2); mp 84-85 °C;
vmadfilm)/cm™ 2984, 1728 (C=0)54(300 MHz; CDC}) 1.21 (3 H, tJ 7.2), 1.29 (3 H, t]

7.2), 1.49-1.67 (1 H, m), 2.00-2.19 (2 H, m), 2.31-2.53 (1 H, m), 2.82 (1 H,Jag d5.4),
3.16(1 H, br d,Jas 15.4), 3.65-3.82 (2 H, m), 4.06-4.33 (4 H, m), 6.53 (1L H, br s), 7.19-7.36
(3 H, m), 7.56-7.63 (2 H, m)ic(75.5 MHz; CDC}) 14.0 (q), 14.1 (q), 22.8 (1), 39.4 (t), 42.1

(t), 45.4 (d), 52.9 (d), 61.6 (t), 61.7 (t), 62.0 (s), 127.3 (d), 127.8 (2 d), 127.8 (d), 128.2 (2 d),

135.5 (s), 136.2 (s), 169.4 (s), 170.7 (s), 215.6n(&;(TOF ES+) 379.0 ((M+N4] 100%);
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HRMS mvz (TOF ES+) 379.1515 ([M+N4&] C1H,40sNa requires 379.1521). The structure of

115was also confirmed by X-ray crystallography.

Diethyl 2-(3-oxo-cyclohexyl)-2-(3-phenyl-prop-2-yn-1-yl)malonate 116a

Et0,C” "CO,Et

Ketoalkynell6 was prepared from alkyi®®a (364 mg, 1.23 mmol) and iodobenzene (160
puL, 1.48 mmol) according to GP9. After 24 h, work-up and purification by flash column
chromatography (hexane/EtOAc: 8/2) afforde as an orange solid (436 mg, 95%)0R8
(hexane/EtOAc: 8/2); mp 53-55 °@mafilm in nujol)/cm™ 2724 (GCPh), 1748 (C=0,
eder), 1715 (C=0, ketone)(300 MHz; CDC}) 1.28 (6 H, tJ 7.1, 2x CH,CHg), 1.40-1.54

(1 H, m, 4-H), 1.59-1.77 (1L H, m, 3-H), 2.02-2.48 (5 H, m, 3-H, 4-K 22H, 6-H), 2.57-2.81

(2 H, m, 6-H, 5-H), 3.08 (2 H, s, 8-H), 4.14-4.32 (4 H, ms €H,CHs), 7.26-7.31 (3 H, m,
Ar-H), 7.31-7.38 (2 H, m, Ar-H)5c(75.5 MHz; CDC}) 14.1 (2 g, CHCHag), 23.5 (t, 8-C),
24.8(t, 3-C), 27.1 (t, 4-C), 41.0 (d, 5-C), 41.1 (t, 2-C), 43.6 (t, 6-C), 60.1 (s, 7-C), 61.7 (2 t,
CH.CHg), 83.7 (s, 9-C), 84.3 (s, 10-C), 123.0 (s, Ar-C), 128.0 (2 dCHy; 128.2 (d, Ar-
CH), 131.5 (2 d, Ar€H), 169.3 (2 sCO,Et), 210.1 (s, 1-C)n/z (TOF ES+) 393.2 ([M+Nd]

10099; HRMS m/z(TOF ES+) 393.1674 ([M+N&] C,:H260sNa requires 393.1678).
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Diethyl 2-(3-oxocyclohexyl)-2-(3-(m-tolyl)prop-2-yn-1-yl)malonate 116b

Et0,C” "CO,Et

Ketoalkynell6b was prepared from alkyr&Da (150 mg, 0.51 mmol) and 3-iodotoluene (78
uL, 0.61 mmol) according to GP9. After 22 h, work-apd purification by flash column
chromatography (hexane/EtOAc: 8/2) affordeibb as an orange oil (176 mg, 90%}), (R34
(hexane/EtOAC: 8/2)pmadfilm)/cm™ 2980, 2935, 1714 (C=0), 1602 (C=C), 1581 (C=C);
J1(300 MHz; CDC4) 1.28 (6 H, tJ 7.1), 1.40-1.53 (1 H, m), 1.59-1.76 (1 H, m), 2.04-2.29 (3

H, m), 2.31 (3 H, s), 2.32-2.47 (2 H, m), 2.59-2.80 (2 H, m), 3.07 (2 H, s), 4.19-4.31 (4 H, m),
7.05-7.20 (4 H, m)dc(75.5 MHz; CDC}) 14.0 (2 q), 21.0 (q), 23.4 (t), 24.7 (t), 27.0 (t), 40.8
(d), 41.0 (t), 43.5 (t), 60.0 (s), 61.5 (2 t), 83.8 (s), 83.8 (s), 122.7 (s), 128.0 (d), 128.5 (d),
128.8 (d), 132.0 (d), 137.8 (s), 169.2 (2 s), 210.0n(&}(TOF ES+) 407.2 ([M+Nd&] 100%);

HRMS m/z(TOF ES+) 407.1829 ([M+N&] CxsH.s0sNa requires 407.1834).
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Diethyl 2-(3-oxocyclohexyl)-2-(3-(o-tolyl)prop-2-yn-1-yl)malonate 116c

Et0,C” "CO,Et

Ketoalkynell6cwas prepared from alkyr@da (200 mg, 0.68 mmol) and 2-iodotoluene (104
uL, 0.81 mmol) according to GP9. After 22 h, work-apd purification by flash column
chromatography (hexane/EtOAc: 8/2) affordeidbcas an orange oil (207 mg, 79%Y; (k37
(hexane/EtOAC: 8/2ma(film)/lcm™ 2971, 1716 (C=0)4(300 MHz; CDC}) 1.28 (6 H, tJ

7.1), 1.41-1.54 (1 H, m), 1.58-1.75 (1 H, m), 2.04-2.33 (4 H, m), 2.36 (3 H, s), 2.39-2.47 (1 H,
m), 2.60-2.82 (2 H, m), 3.13 (2 H, s), 4.24 (2 H}d,1), 4.25 (2 H, ¢ 7.1), 7.05-7.22 (3 H,

m), 7.28-7.34 (1 H, app d,d3);6c(75.5 MHz; CDC}) 13.9 (2 q), 20.5 (q), 23.7 (t), 24.6 (t),
27.0(t), 40.7 (d), 40.9 (t), 43.5 (1), 59.9 (s), 61.4 (2 t), 82.4 (s), 87.9 (s), 122.7 (s), 125.3 (d),
127.9 (d), 129.2 (d), 131.8 (d), 139.8 (s), 169.1 (s), 169.2 (s), 209ri/£g};,OF ES+) 407.1
(IM+Na]*, 100%); HRMS m¥z (TOF ES+) 407.1837 ([M+N&] CyH.gOsNa requires

407.1834)
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Diethyl 2-(3-oxocyclohexyl)-2-(3-(p-tolyl)prop-2-yn-1-yl)malonate 116d

Et0,C” CO,Et

Ketoalkynell6dwas prepared from alkyr&a (263 mg, 0.89 mmol) and 4-iodotoluene (234
mg, 1.07 mmol) according to GP9. After 22 h, work-up and purification by flash column
chromatography (hexane/EtOAc: 8/2) affordeibd as an orange oil (303 mg, 88%}; R32
(hexane/EtOAC: 8/2)pmaxfilm)/cm™ 2948, 1737 (C=0, ester), 1726 (C=0, ketodg}300

MHz; CDCE) 1.28 (6 H, tJ 7.1), 1.41-1.52 (1 H, m), 1.58-1.77 (1 H, m), 2.04-2.48 (5 H, m),
2.33 (3 H, s), 2.57-2.80 (2 H, m), 3.06 (2 H, s), 4.18-4.31 (4 H, m), 7.07 (2J..9)), 7.22

(2 H, d,J 8.1);5c(75.5 MHz; CDC}) 14.0 (2 q), 21.3 (q), 23.4 (t), 24.7 (t), 27.0 (t), 40.9 (d,
CH), 41.0 (t), 43.6 (t), 60.0 (s), 61.5 (2 1), 83.5 (s), 83.7 (s), 119.9 (s), 128.9 (2 d), 131.3 (2 d),
138.0 (s), 169.2 (s), 169.3 (s), 210.0 (8)z(TOF ES+) 407.1 ([M+N4d] 100%); HRMSmz

(TOF ES+) 407.1825 ([M+N&] C3H2¢05Na requires 407.1834).
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Diethyl 2-(3-(2-isopropylphenyl)prop-2-yn-1-yl)-2-(3-oxocyclohexyl)malonate 116e

Et0,C” "CO,Et

Ketoalkyne 116e was prepared from alkyn80a (252 mg, 0.85 mmol) and 1-iodo-2-
isopropylbenzene (163iL, 1.02 mmol) according to GP9. After 22 h, work-@pd
purification by flash column chromatography (hexane/EtOAc: 8/2) affoldés as a pale
orange oil (286 mg, 81%);:R®.32 (hexane/EtOAc: 8/2)ima(film)/cm™ 2961, 2869, 1718
(C=0); 0n(300 MHz; CDC}) 1.21 (3 H, dJ 6.9), 1.22 (3 H, dJ 6.9), 1.28 (6 H, tJ 7.1),
1.40-1.53 (1 H, m), 1.58-1.74 (1 H, m), 2.03-2.48 (5 H, m), 2.60-2.82 (2 H, m), 3.13 (2 H, s),
3.35 (1 H, sept) 6.9), 4.24 (2 H, q) 7.1), 4.25 (2 H, ¢J 7.1), 7.09 (1 H, ddd, 8.7, 6.9 and

2.3), 7.22-7.23 (1 H, m), 7.23-7.25 (1 H, m), 7.32 (1 H, app&9)] 5c(75.5 MHz; CDC})
13.9(2 q), 23.0 (2 q), 23.7 (t), 24.6 (t), 27.0 (1), 31.2 (d), 40.7 (d), 40.9 (), 43.4 (1), 59.9 (s),
61.4 (2 t), 82.2 (s), 87.4 (s), 121.6 (s), 124.6 (d), 125.3 (d), 128.2 (d), 132.3 (d), 150.2 (s),
169.1 (s), 169.2 (s), 209.7 (3)/z (TOF ES+) 435.3 ([M+Nd] 100%); HRMSn/z (TOF

ES+) 435.2150 ([M+Nd] CysH3,0sNa requires 435.2147).
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Diethyl 2-(3-(3-methoxyphenyl)prop-2-yn-1-yl)-2-(3-oxocyclohexyl)malonate 116f

MeO

Et0,C” CO,Et

Ketoalkynell6fwas prepared from alkyr&da (257 mg, 0.87 mmol) and 3-iodoanisole (125
uL, 1.05 mmol) according to GP9. After 5 h 30, work-and purification by flash column
chromatography (hexane/EtOAc: 8/2) affordelbf as a light yellow oil (318 mg, 91%);:R

0.32 (hexane/EtOAc: 8/2)pmadfilm)/cm™ 2939, 1715 (C=0), 1597 (C=C), 1575 (C=C);
d1(300 MHz; CDC}) 1.28 (6 H, tJ 7.1), 1.45-1.76 (2 H), 2.04-2.47 (5 H), 2.56-2.79 (2 H,
m), 3.07 (2 H, s), 3.78 (3 H, s), 4.15-4.31 (4 H, m), 6.80-6.87 (2 H, m), 6.90-6.98 (1 H, m),
7.14-7.21 (1 H, m)§c(75.5 MHz; CDC}) 14.1 (2 q), 23.5 (t), 24.8 (t), 27.1 (t), 41.0 (d), 41.1

(t), 43.6 (t), 55.2 (), 60.1 (s), 61.6 (2 t), 83.6 (s), 84.2 (s), 114.5 (d), 116.5 (d), 124.0 (s),
124.1 (d), 129.3 (d), 159.2 (s), 169.2 (s), 169.3 (s), 210.0 (s[T@EZ ES+) 423.2 ([M+Nd]

10099; HRMS m/z(TOF ES+) 423.1789 ([M+N3&] C,3H2s0¢Na requires 423.1784).
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Diethyl 2-(3-(4-methoxyphenyl)prop-2-yn-1-yl)-2-(3-oxocyclohexyl)malonate 1169

OMe

Et0,C” “CO,Et

Ketoalkynell6g was prepared from alky88a (150 mg, 0.51 mmol) and 4-iodoanisole (172
mg, 0.73 mmol) according to GP12. After 5 h, work-up and purification by flash column
chromatography (hexane/EtOAc: 8/2) affordelbg as a yellow oil (148 mg, 73%); 23
(hexane/EtOAC: 8/2)pmadfilm)/cm™ 2945, 1717 (C=0), 1607 (C=C), 1569 (C=6)(300

MHz; CDCE) 1.27 (6 H, tJ 7.1), 1.45-1.77 (2 H, m), 2.03-2.30 (3 H, m), 2.30-2.47 (2 H, m),
2.58-2.79 (2 H, m), 3.05 (2 H, s), 3.79 (3 H, s), 4.15-4.32 (4 H, m), 6.79 (2J18.9)), 7.27

(2 H, d,J 8.9); 0c(75.5 MHz; CDC}) 13.9 (2 q), 23.4 (t), 24.7 (t), 27.0 (t), 40.8 (d), 41.0 (),
43.5(t), 55.1 (), 60.0 (s), 61.5 (2 t), 82.6 (s), 83.4 (s), 113.7 (2 d), 115.0 (s), 132.7 (2 d),
159.3 (s), 169.2 (s), 169.2 (s), 209.9 (8)z(TOF ES+) 423.2 ([M+Nd] 100%); HRMSmz

(TOF ES+) 423.1775 ([M+N&] C3H2¢06Na requires 423.1784).
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Diethyl 2-(3-oxocyclohexyl)-2-(3-(4-(trifluoromethyl)phenyl)prop-2-yn-1-yl)malonate

116h

CF;

Et0,C” "CO,Et

Ketoalkyne 116h was prepared from alkyne80a (150 mg, 0.51 mmol) and 4-
iodobenzotrifluoride (88uL, 1.88 mmol) according to GP9. After 4 h 30, work-apd
purification by flash column chromatography (hexane/EtOAc: 8/2) affotdét as a yellow

oil (220 mg, 99%); R0.37 (hexane/EtOAC: 8/2)ima(film)/cm™ 2982, 2962, 1715 (C=0);
on(300 MHz; CDCH) 1.29 (6 H, tJ 7.1), 1.40-1.55 (1 H, m), 1.59-1.77 (1 H, m), 2.03-2.48 (5
H, m), 2.56-2.78 (2 H, m), 3.08 (2 H, s), 4.20-4.31 (4 H, m), 7.37-7.44 (1 H, m), 7.47-7.59 (3
H, m); 6c(75.5 MHz; CDC}) 13.9 (2 q), 23.4 (t), 24.6 (t), 27.0 (t), 40.9 (d), 40.9 (t), 43.5 (t),
59.9(s), 61.6 (2 1), 82.1 (s), 86.2 (s), 123.6 (8,4 Jc.r 272.3), 123.8 (s), 124.5 (d, app.¢

3Jc.r 2.6), 128.0 (d, app s, 2Jc.r 3.1), 128.7 (d), 130.7 (sc@, “Jc.r 32.5), 134.6 (d), 169.0

(s), 169.0 (s), 209.7 (s)n/z (TOF ES+) 461.2 ([M+Nd] 100%): HRMSm/z (TOF ES+)

461.1547 ([M+Na]. CysHosFs0sNa requires 461.1552).



Chapter 5: Experimental 188

Diethyl 2-(3-(4-fluorophenyl)prop-2-yn-1-yl)-2-(3-oxocyclohexyl)malonate 116i

Et0,C” “CO,Et

Ketoalkyne 116i was prepared from alkyn80a (203 mg, 0.69 mmol) and 4-fluoro-4-
iodobenzene (94 uL, 0.82 mmol) according to GP9. After 22 h, work-up and purification by
flash column chromatography (hexane/EtOAc: 8/2) afforti6i as a pale orange oil (224
mg, 84%); R 0.30 (hexane/EtOAc: 8/2ymadfilm)/lcm™ 2980, 2936, 1714 (C=0), 1601
(C=C); 64(300 MHz; CDC}) 1.28 (6 H, t,J 7.1), 1.40-1.53 (1 H, m), 1.59-1.76 (1 H, m),
2.03-2.49 (5 H, m), 2.57-2.79 (2 H, m), 3.06 (2 H, s), 4.16-4.33 (4 H, m), 6.97 (2 H, app tt,
8.8 and 2.3), 7.29 (1 H, app 85.4), 7.31 (1 H, app d,5.4); 5c(75.5 MHz; CDC}) 13.9 (2

q), 23.4 (t), 24.7 (), 27.0 (1), 40.9 (d), 41.0 (t), 43.5 (t), 59.9 (s), 61.5 (2 t), 82.5 (s), 83.9 (s),
115.3 (2 d, g5 2Jcr 22.1), 119.0 (s), 133.2 (2 de.d Jcr 8.2), 162.1 (s, @ “Jcr 249),
169.1(s), 169.2 (s), 209.9 (sjn/z (TOF ES+) 411.1 ([M+N&] 100%); HRMSmz (TOF

ES+) 411.1578 ([M+N&] CoHosFOsNa requires 411.1584).
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Diethyl 2-(3-(4-bromophenyl)prop-2-yn-1-yl)-2-(3-oxocyclohexyl)malonate 116j

Br

Et0,C” “CO,Et

Ketoalkyne 116] was prepared from alkyn80a (228 mg, 0.77 mmol) and 1-bromo-4-
iodobenzene (295 mg, 1.04 mmol) according to GP9. After 22 h, work-up and purification by
flash column chromatography (hexane/EtOAc: 8/2) affortied as a yellow oil (300 mg,
87%); R 0.35 (hexane/EtOAC: 8/2)imadfilm)/cm™ 2980, 2936, 1714 (C=0§(300 MHz;
CDCls) 1.28 (6 H, tJ 7.1), 1.40-1.55 (1 H, m), 1.58-1.76 (1 H, m), 2.03-2.48 (5 H, m), 2.56-
2.77 (2 H, m), 3.05 (2 H, s), 4.17-4.33 (4 H, m), 7.19 (2 H, agps®), 7.40 (2 H, app d,

8.6); 6c(75.5 MHz; CDCH) 13.9 (2 q), 23.4 (t), 24.6 (t), 26.9 (t), 40.9 (d), 40.9 (t), 43.4 (1),
59.9(s), 61.5 (2 t), 82.5 (s), 85.6 (s), 121.8 (s), 122.1 (s), 131.3 (2 d), 132.8 (2 d), 169.0 (s),
169.0 (s), 209.6 (s)n/z (TOF ES+) 471.0 (IMEBr)+NaJ", 88%), 473.0 ([M{Br)+NaJ’,

100%); HRMS m/z(TOF ES+) 471.0792 ([M{Br)+Na]". C,,H.s0sBrNa requires 471.0783).
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Diethyl diethyl 2-(3-(3,5-difluorophenyl)prop-2-yn-1-yl)-2-(3-oxocyclohexyl)malonate

116k

Et0,C” “CO,Et

Ketoalkyne 116k was prepared from alkyne80a (209 mg, 0.71 mmol) and
difluoroiodobenzene (208 mg, 0.82 mmol) according to GP9. After 24 h, work-up and
purification by flash column chromatography (hexane/EtOAc: 8/2) affoid&d as a light
orange oil (264 mg, 91%);:R®.39 (hexane/EtOACc: 8/2)ima(film)/cm™ 3082, 2981, 2936,
1715(C=0), 1617, 1585 (C=C}4(300 MHz; CDC}) 1.28 (6 H, tJ 7.1), 1.39-1.55 (1 H, m),
1.59-1.80 (1 H, m), 2.03-2.49 (5 H, m), 2.54-2.76 (2 H, m), 3.06 (2 H, s), 4.17-4.33 (4 H, m),
6.76 (1 H, app t€Jy.r 11.1 and'Jqy 2.1), 6.80-6.89 (2 H, m)ic(75.5 MHz; CDC}) 13.9 (2

q), 23.3 (t), 24.6 (t), 26.9 (t), 40.9 (t), 40.9 (d), 43.4 (1), 59.8 (s), 61.6 (2 t), 81.4 (s), 86.8 (S),
104.1 (d, & “Jer 25.3), 114.2 (d, apped, 2Je-r 19.2), 114.4 (d, appcd, 2Jer 19.3), 125.5

(S, b 2Jor 11.7), 162.4 (s, @ “Jc.r 248.8), 162.5 (s,dk, 1Jc.r 248.8), 168.9 (s), 168.9 (s),
209.5 (s); m/z (TOF ES+) 429.2 ([M+Nd] 100%); HRMSm/z (TOF ES+) 429.1475

(IM+Na]". CyHa4F,0sNa requires 429.1490).
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Diethyl 2-(3-(naphthalen-1-yl)prop-2-yn-1-yl)-2-(3-oxocyclohexyl)malonate 116l

)
9

Et0,c7 “CO,Et
Ketoalkynell6l was prepared from alkyr&@da (203 mg, 0.69 mmol) and l-iodonaphthalene
(119 uL, 0.81 mmol) according to GP9. After 24 h, work-arg purification by flash column
chromatography (hexane/EtOAc: 8/2) affordelbl as a pale orange oil (258 mg, 89%j); R
0.31 (hexane/EtOAc: 8/2)pmafilm)/cm™ 2979, 2942, 2873, 1713 (C=0), 1586 (C=C);
51(300 MHz; CDC4) 1.29 (6 H, tJ 7.1), 1.47-1.54 (1 H, m), 1.60-1.77 (1 H, m), 2.06-2.49 (5
H, m), 2.65-2.90 (2 H, m), 3.24 (2 H, s), 4.27 (4 HJ){,.1), 7.39 (1 H, ddJ 8.2 and 8.2),
7.46-7.61 (3 H, m), 7.79 (1 H, d,9.3), 7.83 (1 H, dJ 7.3), 8.23 (1 H, dJ 8.2); 5c(75.5
MHz; CDCE) 13.9 (2 q), 23.8 (t), 24.6 (t), 27.0 (t), 40.9 (t), 41.0 (d), 43.5 (t), 60.0 (s), 61.5 (2
t), 81.6 (s), 89.1 (s), 120.5 (s), 124.9 (d), 125.8 (d), 126.1 (d), 126.5 (d), 128.0 (d), 128.3 (d),
130.2 (d), 132.9 (s), 133.2 (s), 169.1 (s), 169.2 (S), 209.61(8TOF ES+) 443.2 (IM+Nd]

10099; HRMS m/z(TOF ES+) 443.1844 ([M+N3&] CysH2s0sNa requires 443.1834).
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Ethyl 2-acetyl-2-(3-oxocyclohexyl)-5-phenylpent-4-ynoate 116m

MeOC~ “CO,Et

Ketoalkynell6mwas prepared from alkyr&0f (100 mg, 0.38 mmol) and iodobenzene (51

uL, 0.45 mmol) according to GP9. After 4 h, work-updgurification by flash column
chromatography (hexane/EtOAc: 8/2) affordelbm as a yellow oil (95 mg, 73%), in 1.1:1
mixture of diastereoisomers; B33 (hexane/EtOAC: 8/2)mafilm)/cm™ 2935, 1707 (C=0),
1598(C=C); 0u(300 MHz; CDC}%) 1.30 (3 H,tJ 7.1, isomer a), 1.31 (3 H,1,7.1, isomer b),
1.41-1.55 (2 H, m, both isomers), 1.58-1.77 (2 H, m, both isomers), 1.97-2.17 (4 H, m, both
isomers), 2.17-2.24 (1 H, m, isomer a or b), 2.26 (6 H, br s, both isomers), 2.27-2.36 (2 H, m,
both isomers), 2.36-2.57 (5 H, m, both isomers), 2.67-2.82 (2 H, m, both isomers), 2.98 (1 H,
d, Jag 17.8, isomer a), 3.04 (2 H, s, isomer b), 3.04 (1 Hagl17.8, isomer a), 4.19-4.37 (4

H, m, both isomers), 7.27-7.36 (10 H, m, both isomeeg)5. 5 MHz; CDC}) 14.0 (g), 14.0

(9), 21.9 (1), 22.0 (t), 24.8 (2 1), 26.7 (1), 27.4 (t), 27.6 (q), 27.8 (), 40.5 (d), 40.8 (d), 41.0 (1),
41.1 (t), 43.2 (t), 43.7 (t), 61.7 (t), 61.8 (t), 65.3 (s), 65.4 (S), 83.9 (s), 84.0 (s), 84.2 (s), 84.6
(s), 122.8 (2's), 128.1 (2 d), 128.2 (4 d), 131.4 (2 d), 131.4 (2 d), 170.0 (2 s), 202.3 (S), 202.4
(s), 209.8 (2 s)m/z(TOF ES+) 363.2 ([M+Nd] 100%); HRMSm/z (TOF ES+) 363.1580

(IM+Na]". C1H2404Na requires 363.1572).
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Diethyl 2-(3-(4-aminophenyl)prop-2-yn-1-yl)-2-(3-oxocyclohexyl)malonate 116n

NH,

Et0,C” CO,Et

Ketoalkynell6nwas prepared from alkyr@da (200 mg, 0.68 mmol) and 4-iodoaniline (179
mg, 0.82 mmol) according to GP9. After 24 h, work-up and purification by flash column
chromatography (hexane/EtOAc: 6/4) affordelbn as a brown oil (122 mg, 47%); B.26
(hexane/EtOAC: 6/4)pmadfilm)/cm™ 3470, 3376, 2948, 1737 (C=0, ester), 1726 (C=0,
ketone), 1596 (C=C)§4(300 MHz; CDC}) 1.23-1.33 (6 H, m), 1.38-1.51 (1 H, m), 1.62-1.75

(1 H, m), 1.99-2.84 (8 H, m), 2.87-2.99 (1 H, m), 3.00-3.13 (1 H, m), 4.04-4.17 (1 H, m),
4.16-4.33 (4 H, m), 6.53-6.67 (1L H, m), 6.56 (1 HJ8,6), 7.10-7.24 (1 H, m), 7.14 (1 H, d,

J 8.6); 5c(75.5 MHz; CDC4) 14.0 (2 q), 23.5 (t), 24.7 (t), 27.0 (t), 40.8 (d), 41.0 (t), 43.6 (t),
60.1(s), 61.5 (2 1), 81.6 (s), 84.1 (), 112.3 (s), 114.5 (2 d), 132.7 (2 d), 146.5 (s), 169.3 (2 s),
210.2 (s);m/z (TOF ES+) 408.1 ([M+Nd] 100%); HRMSm/z (TOF ES+) 408.1783

(IM+Na]". C,2H2;NOsNa requires 408.1787).
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Diethyl 2-(2-oxotetrahydro-2H-pyran-4-yl)-2-(prop-2-yn-1-yl)malonate 80l

° I

Et0,C~ “CO,Et

Diethyl 2(oxotetrahydro-pyranyl)-2-(propynyl) malona@l was prepared from 5,6-dihydro-
2H-pyran-2-one (280 uL, 3.25 mmol) and diethyl propargylmalondt 67 mg, 3.87 mmol)
according to GP5. After 13 d, work-up and purification by flash column chromatography
(hexane/EtOAc: 6/4) affordethctone 80l as a light yellow oil (254 mg, 26%) in 1.1:1
mixture of conformers; R0.51 (hexane/EtOAC: 6/4)jmadfilm)/cm™ 3274 (G=CH), 2984,

1725 €=0); u(300 MHz; CDC4) 1.18 (6 H, t, J7.1), 1.20 (6 H, ] 7.1), 1.83-2.22 (5 H, m),

2.07 (L H, tJ 2.7), 2.09 (1 H, t) 2.7), 2.27-2.97 (7 H, m), 2.97-3.16 (2 H, m), 4.00-4.21 (8
H, m), 4.21-4.50 (4 H, m)jc(75.5 MHz; CDC}) 13.6 (q), 13.8 (q), 13.9 (2 q), 22.6 (t), 24.0
(t), 25.3 (t), 25.8 (t), 34.6 (2 d), 35.1 (t), 35.1 (t), 56.1 (s), 57.5 (s), 60.7 (t), 60.7 (1), 62.1 (1),
62.3 (t), 67.9 (1), 68.9 (t), 72.2 (d), 72.9 (d), 78.5 (s), 78.8 (s), 168.1 (s), 168.4 (s), 168.5 (S),
169.2 (s), 170.8 (s), 171.0 (3)/z (TOF ES+) 319.2 ([M+Nd] 100%); HRMSmz (TOF

ES+) 319.1172([M+N4] CisH200sNa requires 319.1158).
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Diethyl 2-(2-oxotetrahydro-2H-pyran-4-yl)-2-(3-phenylprop-2-yn-1-yl)malonate 1160

Et0,C7 "CO,Et

Alkynyl lactone1160 was prepared from alky®@| (157 mg, 0.53 mmol) and iodobenzene

(71 pL, 0.64 mmol) according to GP9. After 24 h, work-up and purification by flash column
chromatography (hexane/EtOAc: 8/2) affordElbo as a light brown oil (176 mg, 89%) in
1.1:1 mixture of conformers;;®.18 (hexane/EtOAC: 8/2Pma(film)/cm™ 2981, 2931, 1730
(C=0); 5u(300 MHz; CDC}) 1.23-1.35 (6 H, m), 1.94-2.18 (2 H, m), 2.18-2.36 (1 H, m),
2.432.72 (1 H, m), 2.89-3.41 (3 H, m), 4.11-4.31 (4 H, m), 4.32-4.44 (1 H, m), 4.44-4.56 (1
H, m), 7.27-7.34 (3 H, m), 7.36-7.44 (2 H, mi{75.5 MHz; CDC}) 13.8 (q), 13.9 (q), 14.0

(2 q), 23.7 (t), 25.2 (t), 25.6 (t), 26.0 (t), 34.9 (d), 35.1 (d), 35.3 (2 t), 56.6 (s), 58.0 (s), 60.8 (2
t), 62.2 (t), 62.4 (t), 68.0 (t), 69.1 (t), 84.0 (s), 84.1 (s), 84.2 (s), 84.7 (s), 122.6 (8), 122.7 (S),
128.1 (6 d), 131.4 (2 d), 131.5 (2 d), 168.4 (s), 168.7 (s), 168.8 (s), 169.5 (s), 171.0 (s), 171.2
(s); m/z (TOF ES+) 395.0 ([M+Nd] 100%); HRMSmz (TOF ES+) 395.1461 ([M+N4]

Co1H2406Na req uires 395.147 1).
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Diethyl 2-(3-(furan-2-yl)prop-2-yn-1-yl)-2-(3-oxocyclohexyl)malonate 116p

Et0,C” “CO,Et

Ketoalkynell6p was prepared from alkyrgda (140 mg, 0.47 mmol) and 2-iodofuran (362
mg, 1.87 mmol) according to GP9. After 4 h 25 min, work-up and purification by flash
column chromatography (hexane/EtOAc: 6/4) affordé@p as a yellow oil (113 mg, 66%);

Rr 0.45 (hexane/EtOAC: 6/4)ma(film)/cm™ 2942, 1737 (C=0, ester), 1729 (C=0, ketone);
d1(300 MHz; CDC4) 1.25 (6 H, tJ 7.1), 1.36-1.73 (2 H, m), 1.97-2.45 (5 H, m), 2.45-2.74 (2

H, m), 3.07 (2 H, br s), 4.12-4.31 (4 H, m), 6.30 (1 H, 18,4 and 1.9), 6.43 (1 H, dd,3.4

and 0.6), 7.29 (1 H, dd,119 and 0.6)§(75.5 MHz; CDC}) 13.9 (2 q), 23.5 (t), 24.6 (t), 26.9

(t), 40.9 (1), 41.0 (d), 43.5 (t), 59.9 (s), 61.7 (2 t), 73.9 (s), 88.9 (s), 110.6 (d), 114.6 (d), 136.7
(s), 143.1 (d), 169.0 (2 s), 209.7 (8){z (TOF ES+) 383.2 ([M+Nd] 100%); HRMSnz

(TOF ES+) 383.1477 ([M+Né.] CooH2406Na requires 383.1471).
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Diethyl 5-oxo0-4-phenyl-4a,5,6,7,8,8a-hexahydronaphthalene-1,1(RHicarboxylate 118a

O I

H

H
EtO,C CO,Et

Ketoalkynell6a (148 mg, 0.40 mmol) was reacted withFARUCI/AgOTf (11.9 mg/6.2 mg,
0.024mmol) in 1,2-DCE according to GP10. After 24 h, work-up and purification by flash
column chromatography (hexane/EtOAc: 8/2) afforéado bicyclic keton&18a as a light
yellow oil (24 mg, 16%); R0.29 (hexane/EtOAc: 8/2)ma(film)/cm™ 2980, 2940, 1732
(C=0, ester), 1714 (C=0, keton&)ij(300 MHz; CDC}) 1.25 (3 H, tJ 7.1), 1.26 (3 H, t]

7.1), 1.57-1.76 (3 H, m), 1.93-2.11 (3 H, m), 2.82 (1 H, ddib.4, 4.2, 2.5), 2.96-3.12 (2 H,
m), 3.94 (1 H, br s), 4.10-4.29 (4 H, m), 5.95 (1 H,Jt8,3, 2.6), 7.15-7.29 (5 H, m)e(75.5
MHz; CDCE) 14.0 (2 q), 23.5 (1), 25.9 (t), 27.4 (t), 39.8 (t), 40.8 (d), 52.8 (d), 56.1 (s), 61.8
(t), 61.8 (1), 124.5 (d), 127.0 (2 d), 127.3 (d), 128.1 (2 d), 134.3 (s), 139.9 (s), 169.6 (s), 169.8
(s), 211.6 (s)m/z (TOF ES+) 393.2 ([M+N4d] 100%); HRMSm/z (TOF ES+) 393.1683
(IM+Na]". CxH,60sNa requires 393.1678). The structureldBawas also confirmed by X-

ray crystallography. The crystals were obtained after reaction with 2,4-DNPH.
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Diethyl 4-(4-fluorophenyl)-5-oxo0-4a,5,6,7,8,8a-hexahydronaphthalene-1,1(?H

dicarboxylate 118i

H
EtO,C CO,Et

Ketoalkynel16i (92.0 mg, 0.24 mmol) was reacted withsPAUCI/AgSbk (6.9 mg/4.8 mg,
0.014mmol) in CHCI, according to GP10. After 48 h, work-up and purification by flash
column chromatography (hexane/EtOAc: 8/2) affordmabdo bicyclic ketonell8i as a
colourless oil (19.6 mg, 21%);R.39 (hexane/EtOAc: 8/2)ma(film)/cm™ 2971, 2941, 1729
(C=0, ester), 1729 (C=0, ketone), 1600 (C=C), 1509 (C&300 MHz; CDC}) 1.25 (3 H,
t,J7.1), 1.26 (3 H, tJ 7.1), 1.52-1.75 (3 H, m), 1.93-2.12 (3 H, m), 2.74-3.11 (3 H, m), 3.91
(1 H, brs), 4.11-4.31 (2 H, m), 4.21 (2 HJq7.1), 5.91 (1 H, td) 5.3, 2.6), 6.93 (2 H, app t,
J8.8), 7.18 (2 H, ddJ 8.8 and 5.4)5c(75.5 MHz; CDC}) 14.0 (2 q), 23.5 (t), 25.8 (t), 27.3
(t), 39.8 (t), 40.6 (d), 52.8 (d), 56.0 (s), 61.8 (t), 61.9 (t), 115.1 (2.6,°dcr 21.4), 124.6
(d), 128.5 (2 d, dr, *Jcr 7.1), 133.3 (s), 135.8 (S), 162.1 (3,/d o 246.2), 169.5 (s),
169.8 (s), 211.4 (s):m/z (TOF ES+) 411.1 ([M+Nd] 100%); HRMSm/z (TOF ES+)

411.1573 ([M+Na]. C;oH,505FNa requires 411.1584).
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Diethyl 4-(4-bromophenyl)-5-oxo-4a,5,6,7,8,8a-hexahydronaphthalene-1,1(2H

dicarboxylate 118j

H
EtO,C CO,Et

Ketoalkyne 116j (89.6 mg, 0.2 mmol) was reacted with [2{B+()CsH3O]sPAUCI/AgOTf
(10.5 mg/3.1 mg, 0.012 mmol) in GEl, according to GP10. After 48 h, work-up and
purfication by flash column chromatography (hexane/EtOAc: 8/2) afforeledb bicyclic
ketonel18j as a light yellow oil (28 mg, 31%);;R.48 (hexane/EtOAC: 8/2)madfilm)/cm™
2936, 1728 (C=0, ester), 1713 (C=0, ketone), 1631 (C=C), 1587 (C&4300 MHz;
CDClg) 1.24-1.29 (6 H, m), 1.57-1.72 (3 H, m), 1.93-2.08 (3 H, m), 2.81 (1 H, X184,
4.2, 2.5), 2.96-3.12 (2 H, m), 3.90 (1 H, br s), 4.15-4.30 (4 H, m), 5.95 (1 Bi5td, 2.5),
7.08 (2 H,d, B.6), 7.36 (2 H, d, 8.6);0c(75.5 MHz; CDC}) 14.0 (q), 14.1 (q), 23.4 (t), 25.8
(t), 27.4 (t), 39.8 (t), 40.6 (d), 52.6 (d), 56.0 (s), 61.8 (t), 61.9 (), 121.4 (s), 125.2 (d), 128.6 (2
d), 131.3 (2 d), 133.3 (s), 138.7 (s), 169.5 (s), 169.7 (s), 211..8)TOF ES+) 471.0
(IM("Br)+Na]’, 100%), 473.0 ([M{'Br)+Na]’, 93%), 487.0 ([MBr)+K]*, 20%); HRMS

m/z (TOF ES+) 471.0777 (IM{Br) +Na]J". Co-H250sBrNa requires 471.0783).
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Diethyl 1,2,3,3a-tetrahydroacephenanthrylene-4,4(5Hdicarboxylate 119a

Ketoalkynell6a (74 mg, 0.20 mmol) was reacted withsFAuCI/AgSbk (5.9 mg/4.1 mg,
0.012mmol) in CHCl,, in the presence of GBH (0.3 mmol, 13uL), according to GP10.
After 26 h, purification by flash column chromatography (hexane/EtOAc: 8/2) afforded
acephenanthrylene derivatizd9a as a white solid (17 mg, 24%); 54 (hexane/EtOAc:

8/2): mp 125-127 °Cpmafilm)lcm™ 3052, 2942, 2894, 2830, 1752, 1722 (C=0), 1635
(C=C), 1607 (C=C)yn(300 MHz; CDC}) 1.16 (3 H,tJ 7.1), 1.33 (3 H, tJ 7.1), 1.22-1.46

(1 H, m), 1.86-2.06 (1 H, m), 2.24-2.44 (2 H, m), 2.77-2.96 (1 H, m), 3.19 (1 H, TA5,

6.3), 3.36 (1 H, dJ 16.1), 3.64 (1 H, dJ 16.1), 3.81-3.93 (1 H, m), 3.97-4.17 (2 H, m), 4.21-
4.40 (2 H, m), 7.35-7.47 (2 H, m), 7.52 (1L H, s), 7.72-7.89 (2 H/8t}5.5 MHz; CDC})
14.1(q), 14.1 (q), 23.7 (t), 23.8 (1), 25.8 (t), 40.0 (t), 47.8 (d), 61.0 (t), 61.4 (t), 65.3 (s), 120.0
(d), 122.7 (d), 124.8 (d), 125.0 (d), 128.5 (d), 129.3 (s), 131.3 (s), 133.9 (s), 138.2 (s), 138.5
(s), 170.2 (s), 171.4 (syn/z (TOF ES+) 375.1 ([M+Nd] 100%); HRMSm/z (TOF ES+)
375.1575 ([M+Na]. CxH240sNa requires 375.1572). The structure hf9a was also

confirmed by X-ray crystallography.
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Diethyl 11-ox0-5,6,7,8,10a,11-hexahydro-4b,8-methanocycloocta[a]indene-9,9(}-0H

dicarboxylate 121a

O
CO,Et

Q'

Ketoalkynell6a (74 mg, 0.20 mmol) was reacted withsFAUCI/AgSbks (5.9 mg/4.1 mg,
0.012 mmol) in CHCI, according to GP10. After 2 h, purification by flash column
chromatography (hexane/EtOAc: 8/2) affordedracyclic compound.21la as a crystalline
solid (52 mg, 70%); R0.33 (hexane/EtOAc: 8/2); mp 65-67 %G (film)/cm™ 2941, 2856,
1718(C=0, ester), 1703 (C=0, ketone), 1601 (C=6)300 MHz; CDC}) 1.21 (3 H, t,J

7.1), 1.25 (3 H, tJ 7.1), 1.53-1.80 (7 H, m), 1.92-2.04 (1 H, m), 2.29 (1 H,X15.0 and

6.6), 2.68-2.76 (1 H, m), 2.81-2.96 (2 H, m), 4.11 (2 HJ @,1), 4.19 (1 H, dgJ 10.8 and

7.1), 4.26 (1 H, dg) 10.8 and 7.1), 7.35 (1 H, dd#7.9, 7.4 and 0.9), 7.44 (1 H, t87.6 and

0.9), 7.58 (1 H, dddJ 7.6, 7.4 and 1.2), 7.72 (1 H, ddb7.9, 1.2 and 0.9)c(75.5 MHz;
CDCls) 13.9 (), 14.1 (q), 20.6 (t), 27.2 (2 t), 33.4 (d), 36.2 (t), 37.7 (1), 41.2 (s), 51.2 (d), 55.7
(s), 61.3 (t), 61.5 (t), 123.2 (d), 124.0 (d), 127.5 (d), 134.4 (s), 134.7 (d), 161.7 (s), 171.2 (s),
171.9 (s), 205.8 (s)m/z (TOF ES+) 393.2 ([M+Nd] 100%): HRMSm/z (TOF ES+)
393.1682 ([M+Na]. CyH.s0OsNa requires 393.1678). The structure hila was also

confirmed by X-ray crystallography.
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Diethyl 3-methyl-11-0x0-5,6,7,8,10a,11-hexahydro-4b,8-methanocyclooctala)indene-

9,9(10H)-dicarboxylate 121b

o)
CO,Et

Q'

Ketoalkyne 116b (45 mg, 0.12 mmol) was reacted with AgBlgSbFs (0.7 mg/2.4 mg,
0.0020.007 mmol) according to GP11. After 20 min, work-up and purification by flash
column chromatography (hexane/EtOAc: 8/2) affortitdacyclic compound21b as a light
yellow solid (35.5 mg, 80%); {R0.46 (hexane/EtOAC: 8/2); mp 92-97 °Gya(film)/cm™
2927,2876, 1727 (C=0, ester), 1705 (C=0, ketone), 1608 (C&E300 MHz; CDC}) 1.21
(3H,tJ7.1),1.26 (3H,t)7.1), 1.52-1.82 (7 H, m), 1.88-2.06 (1 H, m), 2.21 (1 H,Xd,
14.9, 7.0), 2.43 (3 H, s), 2.67-2.77 (1 H, m), 2.80-2.97 (2 H, m), 4.11 (2H.4), 4.19 (1

H, dg,J 10.8 and 7.1), 4.26 (1 H, d§,10.8 and 7.1), 7.16 (1L H, 4,7.8), 7.22 (1 H, s), 7.61

(1 H, d,J 7.8); 6c(75.5 MHz; CDC}) 13.9 (q), 14.1 (q), 20.6 (t), 22.2 (q), 27.3 (t), 27.4 (1),
33.4(d), 36.3 (t), 37.5 (t), 41.0 (s), 51.2 (d), 55.8 (s), 61.2 (t), 61.5 (1), 123.6 (d), 123.9 (d),
128.8 (d), 132.2 (s), 145.8 (s), 162.3 (s), 171.3 (S), 172.0 (S), 2050/4§JOF ES+) 407.2
((M+Na]*, 100%); HRMS mVz (TOF ES+) 407.1818 ([M+N&] CyH.gOsNa requires

407.1834)



Chapter 5: Experimental 203

Diethyl 2-methyl-11-0x0-5,6,7,8,10a,11-hexahydro-4b,8-methanocyclooctala)indene-
9,9(10H)-dicarboxylate and diethyl 4-methyl-11-0x0-5,6,7,8,10a,11-hexahydro-4b,8-

methanocycloocta[a]indene-9,9(10Hdicarboxylate 121c

o Q.

COEt COEt
Q'@ Q'@

Ketoalkyne 116¢ (96 mg, 0.25 mmol) was reacted with AgBQSbk (1.5 mg/5.3 mg,

0.0050.015 mmol) according to GP11. After 50 min, work-up and purification by flash

column chromatography (hexane/EtOAc: 8/2) affortetdacyclic compound2l1cas a light

yellow oil in 1:1.2 mixture of isomers (72 mg, 75%); B.44 (hexane/EtOAc: 8/2);

vmaxfilm)/cm™ 2936, 1724 (C=0), 1618 (C=C), 1603 (C=6)(300 MHz; CDC}) 1.23 (3 H,

t,J7.1),1.25 (3 H,t,F.1),1.30 (3H, t) 7.1), 1.31 (3 H, t, J.1), 1.54-1.86 (13 H, m), 1.93-

2.12 (2 H, m), 2.13-2.38 (3 H, m), 2.42 (3 H, s), 2.58 (3 H, s), 2.70-3.08 (6 H, m), 4.15 (4 H,

q,J 7.1), 4.08-4.38 (4 H, m), 7.30 (1 H,d7.4), 7.33-7.39 (2 H, m), 7.43-7.46 (1 H, m), 7.56

(1 H, brs), 7.64 (1 H, d 7.4);6c(75.5 MHz; CDC}) 13.9 (2 q), 14.0 (2 q), 20.1 (q), 20.5 (%),

20.6(t), 21.0 (q), 27.2 (t), 27.3 (t), 28.2 @B.0 (d), 33.4 (d), 33.6 (t), 35.0 (t), 35.0 (t), 36.3

(t), 37.6 (t), 40.8 (s), 43.1 (s), 50.5 (d), 51.3 (d), 55.6 (s), 55.7 (s), 61.2 (t), 61.2 (1), 61.4 (2 1),

121.9 (d), 122.9 (d), 123.9 (d), 127.6 (d), 134.6 (s), 135.4 (2 s), 135.8 (d), 137.4 (s), 137.9 (d),

158.4 (s), 159.3 (s), 171.2 (2 s), 171.9 (s), 172.0 (s), 205.9 (s), 2061i#/4$Y;,OF ES+)

407.1 ([M+NaJ, 100%); HRMSm/z (TOF ES+) 407.1826 ([M+N&] C,3H,¢0sNa requires

407.1834)
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Diethyl 1-methyl-11-0x0-5,6,7,8,10a,11-hexahydro-4b,8-methanocyclooctala)indene-

9,9(10H)-dicarboxylate 121d

o}
CO,Et

Q'

Ketoalkyne 116d (38 mg, 0.10 mmol) was reacted with AgBlgSbFs (0.6 mg/2.1 mg,
0.0020.006 mmol) according to GP11. After 20 min, work-up and purification by flash
column chromatography (hexane/EtOAc: 8/2) affortitdacyclic compound21d as a light
yellow solid (37 mg, 97%); R0.59 (hexane/EtOAc: 8/2); mp 147-154 G (film)/cm™
2982, 2924, 2879, 172&=0, ester), 1708 (C=0, ketone), 1595 (C=&}300 MHz; CDCH})
1.22(3 H,t,J7.1), 1.26 (3 H, tJ 7.1), 1.53-1.81 (7 H, m), 1.91-2.05 (1 H, m), 2.33 (1 H, dd,
J15.1, 6.3), 2.61 (3 H, s), 2.64-2.73 (1 H, m), 2.80-2.95 (2 H, m), 4.12 (2JH.1), 4.19 (1

H, dg,J 10.8 and 7.1), 4.26 (1 H, d§10.8 and 7.1), 7.08 (1 H, d,7.4), 7.25 (1 H, d] 7.4),
7.42 (1 H, tJ 7.4);6c(75.5 MHz; CDC4) 13.9 (q), 14.1 (q), 18.4 (q), 20.6 (t), 27.0 (t), 27.3
(t), 33.4 (d), 36.2 (t), 37.9 (1), 40.5 (s), 51.6 (d), 55.7 (s), 61.3 (t), 61.4 (t), 120.4 (d), 129.3 (d),
131.9 (s), 133.8 (d), 138.9 (s), 162.4 (s), 171.3 (s), 172.0 (S), 20608/2§JOF ES+) 407.2
((M+Na]*, 100%); HRMS mVz (TOF ES+) 407.1827 ([M+N&] CyH.g0sNa requires

407.1834)
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Diethyl 1-isopropyl-11-ox0-5,6,7,8,10a,11-hexahydro-4b,8-methanocycloocta[ajindene-

9,9(10H)-dicarboxylate 121e

Ketoalkyne 116e (55 mg, 0.13 mmol) was reacted with AgBhgSbk (0.8 mg/2.8 mg,
0.0030.008 mmol) according to GP11. After 33 min, work-up and purification by flash
column chromatography (hexane/EtOAc: 8/2) affordettacyclic compoundl2le as a
colourless oil (45 mg, 82%);:R.52 (hexane/EtOAC: 8/2)ma(film)/cm™ 2972, 2930, 2867,
1753,1727 (C=0, ester), 1704 (C=0, ketone), 1592 (C5a300 MHz; CDC}) 1.08-1.24

(12 H, m), 1.47-1.81 (7 H, m), 1.86-2.02 (1 H, m), 2.33 (1 HJdh.2 and 5.9), 2.60 (1 H,
dd,J 8.3 and 6.2), 2.74-2.87 (2 H, m), 3.98-4.27 (5 H, m), 7.19 (1 H] 6§ and 0.9), 7.21

(1 H, d,J 6.6), 7.43 (1 H, tJ 6.6);5c(75.5 MHz; CDC}) 13.9 (q), 14.1 (q), 20.6 (t), 23.0 (q),
23.2(q), 26.8 (t), 27.3 (t), 27.4 (d), 33.5 (d), 36.1 (t), 38.1 (t), 40.2 (s), 51.9 (d), 55.7 (s), 61.3
(t), 61.4 (1), 120.3 (d), 124.0 (d), 130.5 (s), 134.2 (d), 150.3 (s), 162.6 (S), 171.4 (s), 172.0 (S),
206.1 (s);m/z(TOF ES+) 435.1 ([M+Nd] 100%), 451.1 ([M+K], 24%); HRMSmz (TOF

ES+) 435.2140 ([M+N4] CosHz,0sNa requires 435.2147).
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Diethyl 2-methoxy-11-0x0-5,6,7,8,10a,11-hexahydro-4b,8-methanocyclooctala)indene-
9,9(10H)-dicarboxylate and diethyl 4-methoxy-11-o0x0-5,6,7,8,10a,11-hexahydro-4b,8-

methanocycloocta[a)indene-9,9(10Hdicarboxylate 121f

0 o)
H H
CO,Et CO,Et
MeO ' '
CO,Et CO,Et
OMe

Major Minor

Ketoalkyne 116f (40 mg, 0.10 mmol) was reacted with AgBSbF (0.6 mg/2.1 mg,
0.0020.006 mmol) according to GP11. After 15 min, work-up and purification by flash
column chromatography (hexane/EtOAc: 8/2) afforded tetracyclic compouné4 2alyellow
solid in a 7.6:1 mixture of isomers (29 mg, 72%) 088 (hexane/EtOAc: 8/2); mp 104-108
°C; vmadfilm)/cm™ 2980, 2941, 2863, 1714 (C=0), 1612 (C=C); major isodgB00 MHz;
CDClg) 1.21 (3 H, tJ 7.1), 1.26 (3 H, tJ 7.1), 1.40-1.81 (7 H, m), 1.82-2.01 (1 H, m), 2.21
(1 H, dd,J 14.8, 7.1), 2.69-2.80 (1 H, m), 2.80-2.97 (2 H, m), 3.82 (3 H, s), 4.12 (2H, q,
7.1), 4.19 (1 H, dg, 10.8 and 7.1), 4.26 (1 H, dg10.8 and 7.1), 7.16 (L H, s), 7.17 (1 H, dd,
J 7.6 and 2.6), 7.32-7.38 (1 H, nd)3(75.5 MHz; CDC}) 13.9 (q), 14.1 (q), 20.7 (t), 27.2 (t),
27.5(t), 33.5 (d), 36.6 (t), 37.7 (t), 40.6 (s), 51.5 (d), 55.6 (q), 55.8 (s), 61.3 (t), 61.5 (t), 105.3
(d), 123.8 (d), 124.1 (d), 135.7 (s), 154.9 (s), 159.5 (s), 171.3 (s), 172.0 (s), 205@z(s);
(TOF ES+) 423.2 ([M+Nd] 100%); HRMS m/z (TOF ES+) 423.1788 ([M+N3]

Co3Ho505Na requires 423.1784).



Chapter 5: Experimental 207

Diethyl 3-methoxy-11-0x0-5,6,7,8,10a,11-hexahydro-4b,8-methanocyclooctala)indene-

9,9(10H)-dicarboxylate 121g

o}
CO,Et

Q'

Ketoalkyne116g (40 mg, 0.10 mmol) was reacted with Ag&HSbF (0.6 mg/2.1 mg,

MeO

0.0020.006 mmol) according to GP11. After 50 min, work-up and purification by flash
column chromatography (hexane/EtOAc: 8/2) affordettacyclic compoundl2lg as a
yellow solid (26 mg, 65%); R0.27 (hexane/EtOAc: 8/2); mp 129-131 %G (film)/cm™
2976,2938, 2855, 1726 (C=0, ester), 1691 (C=0, ketone), 1609 (C=C), 1597 (C=C), 1585
(C=C); §4(300 MHz; CDC#) 1.21 (3 H, t, J 7.1)1.26 (3 H, tJ 7.1), 1.52-1.79 (7 H, m), 1.85-
2.05 (1 H, m), 2.14 (1 H, dd,14.8, 7.5), 2.73 (1L H, §,7.9), 2.86 (1 H, dd] 14.8, 8.3), 2.95-

2.99 (1 H, m), 3.88 (3 H, s), 4.11 (1 H, ap@{,1), 4.11 (1 H, app &,7.1), 4.19 (1 H, doJ

10.8 and 7.1), 4.26 (1 H, d§10.8 and 7.1), 6.85 (1 H, d2.1), 6.88 (1 H, dd] 8.4 and 2.1),

7.67 (1 H, dJ 8.4);6c(75.5 MHz; CDC¥) 13.9 (q), 14.1 (q), 20.5 (t), 27.3 (t), 27.6 (t), 33.3
(d), 36.4 (t), 37.3 (t), 41.1 (s), 51.0 (d), 55.6 (q), 55.9 (s), 61.2 (t), 61.5 (t), 107.1 (d), 114.9
(d), 125.8 (d), 127.7 (s), 164.7 (s), 165.4 (s), 171.3 (s), 172.1 (s), 204n2/4§JOF ES+)

423.2 ([M+NaJ, 100%); HRMSm/z (TOF ES+) 423.1792 ([M+N&] C,3H280¢Na requires

423.1784)
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Diethyl 11-oxo-3-(trifluoromethyl)-5,6,7,8,10a,11-hexahydro-4b,8-

methanocycloocta[a]indene-9,9(10Hdicarboxylate 121h

o}
CO,Et

Q'@

Ketoalkyne 116h (44 mg, 0.10 mmol) was reacted with AgBlgSbF (0.6 mg/2.1 mg,

F3C

0.0020.006 mmol) according to GP11. After 2 h, work-up and purification by flash column
chromatography (hexane/EtOAc: 8/2) affordettacyclic compound21has a colourless oil,

in a 10:4.1 mixture of diastereocisomers (23 mg, 52%);0R8 (hexane/EtOAc: 8/2);
vmad(film)/cm™ 2942, 1727 (C=0), 1624 (C=C), 1581 (C=6:)(300 MHz; CDC}) 1.21 (3 H,
t,J7.1), 1.26 (3 H, t) 7.1), 1.53-1.84 (7 H, m), 1.85-2.05 (1 H, m), 2.31 (1 H,Jdt5.0 and
6.3), 2.66-2.76 (1 H, m), 2.85 (1 H, di15.0 and 8.7), 2.89-2.96 (1 H, m), 4.11 (2 HJq,
7.1), 4.16-4.33 (2 H, m), 7.49 (1 H, di8.2 and 1.5), 7.58 (1 H, d,8.2), 7.59 (1 H, br s);
9c(75.5 MHz; CDCH) 13.9 (2 q), 14.1 (2 q), 20.9 (1), 26.8 (4 t), 27.0 (t), 33.4 (2 d), 34.2 (1),
35.8(t), 35.9 (t), 37.7 (1), 41.6 (S), 44.6 (s), 52.6 (2 d), 55.4 (s), 55.6 (s), 61.4 (2 1), 61.5 (),
61.6 (t), 121.4 (d, appcd, 3Jcr 3.3), 122.6 (s), 124.0 (d), 125.3 (s), 127.5 (s), 127.9 (d),
128.1(d), 131.2 (d), 132.8 (d,c% 3Jc.r 5.9), 135.0 (s), 137.3 (2 s), 157.8 (s), 164.7 (s), 171.1
(s), 171.1 (s), 171.7 (s), 171.7 (s), 204.0 (s) 204.0n(&};(TOF ES+) 461.1 ([M+N4]

100%9; HRMS m/z(TOF ES+) 461.1563 ([M+NA&] Co3H2sF:0sNa requires 461.1552).
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Diethyl 3-fluoro-11-ox0-5,6,7,8,10a,11-hexahydro-4b,8-methanocyclooctala)indene-

9,9(10H)-dicarboxylate 121i

o
CO,Et

Q'

Ketoalkyne 116i (58 mg, 0.15 mmol) was reacted with AgBgSbFs (0.9 mg/3.0 mg,

F

0.0030.009 mmol) according to GP11. After 50 min, work-up and purification by flash
column chromatography (hexane/EtOAc: 8/2) affortietdacyclic compound21li as a light
yellow solid (37 mg, 64%); F0.48 (hexane/EtOAc: 8/2); mp 91-95 AG;(film)/cm™ 2986,
2930,1718 (C=0), 1613 (C=C), 1591 (C=G);(300 MHz; CDC}) 1.21 (3 H, tJ 7.1), 1.26

(3 H,tJ7.1), 1.53-1.81 (7 H, m), 1.84-2.13 (1 H, m), 2.27 (1 H,XJ#4.8 and 6.5), 2.69-
2.79 (1 H, m), 2.86 (1 H, dd,14.8 and 8.6), 2.90-2.97 (1 H, m), 4.11 (2 H) @,1), 4.19 (1

H, dg,J 10.8 and 7.1), 4.26 (1 H, d#10.8 and 7.1), 7.03 (1 H, ddi8.5 and 2.1), 7.08 (1 H,
dd,J 8.5 and 2.1), 7.72 (1 H, dd8.3 and 5.3)5c(75.5 MHz; CDC}) 13.9 (q), 14.1 (q), 20.4

(1), 27.1 (t), 27.1 (t), 33.2 (d), 36.1 (t), 37.5 (t), 41.2 (s), 51.4 (d), 55.7 (s), 61.3 (1), 61.5 (1),
110.2 (d, @.r, Yo 22.3), 115.7 (d, dr, ek 23.7), 126.4 (d, &, 2Jcr 10.4), 130.8 (s),
164.7(s, ., 2Jcr 8.9), 167.2 (s, dr, Jc.r 256.3), 171.1 (s), 171.9 (s), 203.9 (s)z (TOF
ES+) 411.2 ([M+Na], 100%); HRMSm/z (TOF ES+) 411.1588 ([M+N&] C,;H2s0sFNa

requires 411.1584).
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Diethyl 3-bromo-11-o0x0-5,6,7,8,10a,11-hexahydro-4b,8-methanocycloocta[a]indene-

9,9(10H)-dicarboxylate 121]

o}
CO,Et

Q'

Ketoalkyne 116j (45 mg, 0.10 mmol) was reacted with AgBSbF; (0.6 mg/2.1 mg,

Br

0.0020.006 mmol) according to GP11. After 18 min, work-up and purification by flash
column chromatography (hexane/EtOAc: 8/2) affortitdacyclic compound?21j as a light
yellow solid (30 mg, 67%); R0.49 (hexane/EtOAc: 8/2); mp 114-118 %G (film)/cm™
2991,2930, 2867, 1715 (C=0), 1597 (C=C), 1573 (C=£)300 MHz; CDC}) 1.21 (3 H, t,
J7.1),1.26 (3 H, t) 7.1), 1.53-1.81 (7 H, m), 1.85-2.05 (1 H, m), 2.31 (1 H,Xt5.0 and
6.3), 2.66-2.76 (1 H, m), 2.78-2.97 (2 H, m), 4.11 (2 HJ @,1), 4.19 (1 H, dg) 10.8 and
7.1), 4.26 (1 H, dg) 10.8 and 7.1), 7.49 (1 H, ddi8.2 and 1.5), 7.58 (1 H, d,8.2), 7.59 (1

H, s); oc(75.5 MHz; CDC}) 13.9 (q), 14.1 (q), 20.5 (t), 27.0 (t), 27.1 (t), 33.3 (d), 36.0 (t),
37.7(t), 41.3 (s), 51.4 (d), 55.6 (s), 61.4 (t), 61.6 (t), 125.4 (d), 126.8 (d), 129.9 (s), 131.1 (d),
133.3 (s), 163.3 (s), 171.1 (s), 171.8 (s), 204.4r(ex,(TOF ES+) 471.1 (MEBr)+NaJ',
10099, 474.1 (14%), 489.1 (IMBn+K]*, 6%); HRMS m/z (TOF ES+) 471.0787

(IM("Br)+NaJ". C,sH250sBrNa requires 471.0783).
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Diethyl 2,4-difluoro-11-ox0-5,6,7,8,10a,11-hexahydro-4b,8-methanocycloocta[alindene-

9,9(10H)-dicarboxylate 121k

Ketoalkyne 116k (41 mg, 0.10 mmol) was reacted with AgBlgSbF (0.6 mg/2.1 mg,
0.0020.006 mmol) according to GP11. After 2 h, work-up and purification by flash column
chromatography (hexane/EtOAc: 8/2) affordettacyclic compound 21k as a light yellow

oil (17.5 mg, 43%); R0.48 (hexane/EtOAc: 8/2)ima(film)/cm™ 2938, 1728 (C=0), 1623
(C=C), 1595 (C=C)$4(300 MHz; CDC}) 1.21 (3 H, tJ 7.1), 1.27 (3 H, tJ 7.1), 1.44-1.91

(6 H, m), 2.02-2.37 (3 H, m), 2.77-2.94 (2 H, m), 2.94-3.03 (1 H, m), 4.11 (1 H, dpp 1),

4.12 (1L H, app q) 7.1), 4.19 (1 H, dg] 10.8 and 7.1), 4.26 (1 H, d§10.8 and 7.1), 7.02 (1

H, dt,J 9.5 and 2.2), 7.23 (1 H, dd,6.8 and 2.2)5(75.5 MHz; CDC}) 13.9 (q), 14.1 (q),
20.4(t), 27.0 (), 27.8 (t), 33.0 (d), 35.0 (t), 35.4 (t), 41.2 (s), 51.3 (d), 55.6 (s), 61.3 (t), 61.6
(t), 106.3 (d, dd., 2Je-r 22.0 and'Je.g 3.0), 110.4 (d,dr 2Jc.r 26.0), 138.6 (s, apped, 2Je-r
15.5) 142.5 (s, €, 2Jc.r 7.6), 160.7 (s, des, ek 249.4 anddc.r 11.1), 162.5 (s, dek, ek
251.4and%Jc.r 9.2), 171.1 (s), 171.9 (s), 204.1 (8)z (TOF ES+) 429.1 ([M+Nd] 100%);

HRMS m/z(TOF ES+) 429.1485 ([M+N&] CsH,4F,0sNa requires 429.1490).
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Diethyl 13-0x0-7,8,9,10,12a,13-hexahydro-6b,10-methanocycloocta[3,4]cyclopenta[1,2-

ajnaphthalene-11,11(12htdicarboxylate 121l

Ketoalkyne 116l (49 mg, 0.116 mmol) was reacted with Ag8hSbk (0.7 mg/2.4 mg,
0.0020.007 mmol) according to GP11. After 20 min, work-up and purification by flash
column chromatography (hexane/EtOAc: 8/2) affordedtacyclic compounti21l as a white

solid (43 mg, 88%); R0.50 (hexane/EtOAc: 8/2); mp 130-135 9%;a(film)/cm™ 2981,
2929,2869, 1753, 1723 (C=0, ester), 1703 (C=0, ketone), 1626 (C=C), 1588 (G£ED0O

MHz; CDCE) 1.21 (3 H, tJ 7.1), 1.29 (3 H, tJ 7.1), 1.57-1.92 (7 H, m), 1.94-2.08 (1 H, m),
2.13 (1 H, ddJ 14.0, 7.5), 2.83-3.10 (3 H, m), 4.11 (1 H, ap@ d,1), 4.12 (1 H, app d,

7.1), 4.19 (1 H, dgJ 10.8 and 7.1), 4.26 (1 H, d§,10.8 and 7.1), 7.49-7.59 (2 H, m), 7.61-
7.71 (1 H, m), 7.88 (1 H, d 8.1), 8.07 (1 H, dJ 8.4), 9.12 (1 H, dJ 8.9); 6c(75.5 MHz;
CDCl3) 13.9 (q), 14.1 (q), 20.5 (t), 27.3 (1), 28.1 (t), 33.4 (d), 36.5 (t), 36.9 (t), 41.1 (s), 51.0
(d), 55.9 (s), 61.2 (t), 61.5 (t), 120.6 (d), 124.4 (d), 126.5 (d), 128.1 (d), 128.2 (s), 128.9 (d),
129.4 (s), 132.7 (s), 135.9 (d), 164.4 (s), 171.3 (s), 172.1 (s), 206m1/£¢§J;,0OF ES+) 443.2
(IM+Na]*, 100%); HRMS mVz (TOF ES+) 443.1826 ([M+N&] CyH.eOsNa requires

443.1834)
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Ethyl 9-acetyl-11-o0x0-5,6,7,8,9,10,10a,11-octahydro-4b,8-methanocycloocta[a]indene-9-

carboxylate 121m

o
CO,Et

Q'

Ketoalkyne 116m (34 mg, 0.1 mmol) was reacted with Ag@lgSbF (0.6 mg/2.1 mg,
0.0020.006 mmol) according to GP11. After 10 min, work-up and purification by flash
column chromatography (hexane/EtOAc: 8/2) affortitchcyclic compound21mas a light
yellow oil in 1.2:1 mixture of diastereoisomers (19.4 mg, 57%).B8 (hexane/EtOAc: 8/2);
vmad(film)/cm™® 2936, 2857, 1737, 1705 (C=0), 1604 (C=6)Y300 MHz; CDC}) 1.24 (3 H,
t,J7.1), 1.28 (3 H, t) 7.1), 1.50-1.85 (14 H, m), 1.89-2.11 (3 H, m), 2.15 (3 H, s), 2.17 (3 H,
s), 2.50 (1 H, ddJ 15.4 and 4.4), 2.60-2.72 (1 H, m), 2.74-3.02 (5 H, m), 4.04-4.33 (2H, q,
7.1), 4.04-4.33 (2 H, q] 7.1), 7.31-7.40 (2 H, m), 7.41-7.49 (2 H, m), 7.54-7.65 (2 H, m),
7.68-7.77 (2 H, m)3c(75.5 MHz; CDC}) 13.9 (q), 14.0 (q), 20.4 (t), 20.6 (t), 24.7 (1), 26.0
(9), 26.3 (t), 26.6 (t), 27.5 (t), 30.3 (), 31.8 (d), 33.1 (d), 35.4 (), 36.3 (t), 37.6 (1), 38.8 (1),
41.2 (2 s), 51.1 (d), 52.3 (d), 61.5 (t), 61.7 (t), 61.8 (s), 61.9 (s), 122.9 (d), 123.3 (d), 124.0 (2
d), 127.5 (d), 127.6 (d), 134.3 (2 s), 134.5 (d), 134.9 (d), 161.4 (s), 162.1 (s), 171.9 (s), 172.7
(s), 203.0 (s), 203.4 (s), 205.2 (s), 206.31f¥); (TOF ES+) 363.1 ([M+N4d] 100%); HRMS

m/z (TOF ES+) 363.1559 ([M+N&] C,1H,404Na requires 363.1572).



Chapter 5: Experimental 214

Diethyl 2-(3-ox0-3-phenylpropyl)-2-(3-oxocyclohexyl)malonate 122a

Et0,C CO,Et

Ketoalkynell6a (35 mg, 0.09 mmol) was reacted withsFAUCI/AgSbks (3.5 mg/2.5 mg,

0.007 mmol) in MeOH (0.2 M) at reflux according to GP10. After 23 h, work-up and
purification by flash column chromatography (hexane/EtOAc: 8/2) affoddextonel22a as

a light yellow oil (32 mg, 87%); R0.21 (hexane/EtOAc: 8/2)ima(film)/cm™ 2938, 1715
(C=0), 1686 (C=C), 1598 (C=C), 1581 (C=G){300 MHz; CDC}) 1.26 (3 H, tJ 7.1), 1.27
(3H,tJ7.1), 1.39-1.73 (2 H, m), 1.99-2.58 (9 H, m), 2.97 (1L H, daisl17.4, 9.8, 5.6), 3.11

(1 H, ddd,Jas 17.4, 10.0, 5.6), 4.15-4.31 (4 H, m), 7.45 (2 H, T,4), 7.56 (1 H, t, J.4),
7.89-7.8 (2 H, m)$c(75.5 MHz; CDC}) 14.1 (2 q), 24.7 (t), 26.9 (), 27.3 (t), 34.2 (1), 41.1

(t), 43.0 (d), 43.8 (t), 60.2 (s), 61.4 (2 t), 128.0 (2 d), 128.6 (2 d), 133.1 (d), 136.6 (s), 170.1 (2
s), 198.7 (s), 210.0 (s)n/z (TOF ES+) 411.0 ([M+Nd] 100%); HRMSm/z (TOF ES+)

411.1775 ([M+Na]. CxHog0sNa requires 411.1784).
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Diethyl 2-(3-(4-fluorophenyl)-3-oxopropyl)-2-(3-oxocyclohexyl)malonate 122i

Et0,C CO,Et

Ketoalkynel116i (39 mg, 0.10 mmol) was reacted withsPAuUCI/AgSbk (3.0 mg/2.1 mg,
0.006 mmol) in MeOH (0.2 M) at reflux according to GP10. After 2 h 35, work-up and
purification by flash column chromatography (hexane/EtOAc: 8/2) affoddextonel22i as

a light yellow oil (23 mg, 56%); 0.23 (hexane/EtOAc: 8/2)ima(film)/lcm™ 2940, 1714
(C=0), 1686 (C=C), 1598 (C=C}i(300 MHz; CDC}) 1.26 (3 H, tJ 7.1), 1.27 (3 H, tJ
7.1), 1.45-1.72 (2 H, m), 1.93-2.57 (9 H, m), 2.93 (1 H, didg,17.4, 9.8, 5.7), 3.08 (1 H,
ddd,Jas 17.4, 10.0, 5.8), 4.06-4.31 (4 H, m), 7.12 (2 H, agkBt8), 7.97 (2 H, dd) 8.8 and
5.4); 6c(75.5 MHz; CDCH) 14.1 (2 q), 24.7 (t), 26.9 (t), 27.3 (), 34.2 (1), 41.1 (1), 43.1 (d),
43.8(t), 60.2 (s), 61.4 (2 1), 115.7 (2 Wc.r 21.7), 130.7 (2 FIcr 9.3), 133.0 (s), 165.7 (s,
Lk 254.7), 170.1 (2 s), 197.1 (s), 210.0 (alz (TOF ES+) 429.0 ([M+N4] 100%); HRMS

m/z (TOF ES+) 429.1693 ([M+N&] CooH»7FOsNa requires 429.1689).
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Diethyl 2-(3-(4-fluorophenyl)-3,3-dimethoxypropyl)-2-(3-oxocyclohexyl)malonate 124

o MeO OMe

Et0,C CO,Et

Ketoalkynel116i (39 mg, 0.10 mmol) was reacted withsPAuUCI/AgSbk (3.0 mg/2.1 mg,
0.006 mmol) in MeOH (0.2 M) at reflux according to GP10. After 7 h and 25 min, work-up
and purification by flash column chromatography (hexane/EtOAc: 8/2) affacketdl 124i

as a colourless oil (22 mg, 49%); ®27 (hexane/EtOAC: 8/2)imaxfilm)/cm™ 2946, 2830,
1722(C=0), 1687 (C=C), 1598 (C=C), 150%;(300 MHz; CDC}) 0.98-1.23 (3 H, m), 1.26
(3H,tJ7.1),1.26 (3 H, t) 7.1), 1.34-1.87 (3 H, m), 1.91-2.41 (5 H, m), 2.87-3.08 (2 H, m),
3.19 (6 H, br s), 4.06-4.29 (4 H, m), 7.12 (2 H, app 8,8), 7.99 (2 H, ddJ 8.8 and 5.5);
9c(75.5 MHz; CDCH) 14.1 (2 q), 22.3 (1), 27.4 (t), 27.7 (1), 32.7 (t), 34.4 (1), 34.8 (t), 39.4 (d),
47.5(2 q), 60.4 (s), 61.1 (t), 61.1 (t), 100.4 (s), 115.7 (2cd, Bcr 21.8), 130.7 (2 d, &k,
33cr9.2), 133.2 (s), 165.7 (sc@, *Jcr 254.4), 170.6 (s), 170.7 (s), 197.5 (6jz (TOF ES+)
475.1 ([M+Na], 100%); HRMSm/z (TOF ES+) 475.2109 ([M+N&] C,4H33FO;Na requires

475.2108)
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Diethyl 2-(3,3-dimethoxy-3-(4-methoxyphenyl)propyl)-2-(3-oxocyclohexyl)malonate

124g

0 MeO OMe

OMe
EtO,C CO,Et

Ketoalkynell6g (51 mg, 0.13 mmol) was reacted withsFAUCI/AgSbFks (3.8 mg/2.7 mg,
0.008 mmol) in MeOH (0.2 M) at reflux according to GP10. After 7 h, work-up and
purification by flash column chromatography (hexane/EtOAc: 8/2) affoadethl124g as a
colourless oil (38 mg, 64%);:R.23 (hexane/EtOAC: 8/2)ma(film)/cm™ 2941, 1721 (C=0),
1677(C=C), 1600, 157151(300 MHz; CDC}) 0.96-1.21 (3 H, m), 1.25 (3 H,1,7.1), 1.25
(3H,t,J7.1), 1.31-1.53 (1 H, m), 1.60-1.83 (2 H, m), 1.94-2.08 (1 H, m), 2.10-2.41 (4 H, m),
2.82-3.06 (2 H, m), 3.18 (3 H, br s), 3.19 (3 H, br s), 3.85 (3 H, s), 4.07-4.29 (4 H, m), 6.91 (2
H, d,J 8.9), 7.93 (2 H, dJ 8.9); 6c(75.5 MHz; CDC}) 14.1 (2 q), 22.3 (t), 27.3 (t), 27.9 (1),
32.7(t), 34.0 (1), 34.8 (t), 39.2 (d), 47.5 (2 q), 55.4 (q), 60.4 (s), 61.0 (t), 61.0 (t), 100.4 (s),
113.7 (2 d), 129.8 (s), 130.3 (2 d), 163.4 (s), 170.6 (s), 170.8 (s), 1977 {§J,OF ES+)
487.2 ([M+NaJ, 100%); HRMSm/z (TOF ES+) 487.2297 ([M+N3] CsH3s0sNa requires

487.2308)
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Diethyl 11-oxo0-3-phenyl-5,6,7,8,10a,11-hexahydro-4b,8-methanocyclooctalalindene-

9,9(10H)-dicarboxylate 121ja

PdCL(PPh), (2.4 mg, 0.002 mmol), CsF (21 mg, 0.14 mmol) and benzene boronic acid (8.6
mg, 0.07 mmol) were added to a solution of aryl halide 1271jmg, 0.06 mmol) in DME (0.7

mL) at rt. The reaction mixture was stirred at rt under a flow of argon for 2 min, then heated
at reflux for 17h. On completion of the reaction, the solution was loaded directly on silica gel
column followed by elution with (hexane/EtOAc: 8/2) to affadtuct1l2lja as a colourless
viscous oil (23 mg, 87%); F0.42 (hexane/EtOAc: 8/2)ima(film)/cm™ 2980, 2934, 2871,
1708(C=0), 1604 (C=C), 1573}4(300 MHz; CDC}) 1.25 (3 H, tJ7.1), 1.30 (3 H, tJ 7.1),
1.63-1.90 (6 H, m), 2.02-2.15 (2 H, m), 2.35 (1 H, &g, 15.0 and 6.7), 2.78-2.86 (1 H, m),
2.93 (@ H, dd, g 15.0 and 6.4), 2.96-3.02 (1 H, m), 4.15 (1 H, app@1)J 4.16 (1 H, app q,
J7.1), 4.23 (1 H, dgJ 10.7 and 7.1), 4.30 (1 H, d§10.7 and 7.1), 6.84-6.96 (1 H, m), 7.22-
7.29 (1 H, m), 7.40-7.47 (1 H, m), 7.48-7.54 (1 H, m), 7.59-7.70 (3 H, m), 7.82 (1 18,®); J
dc(75.5 MHz; CDC}) 13.9 (q), 14.1 (q), 20.6 (t), 27.3 (2 t), 33.4 (d), 36.3 (t), 37.7 (t), 41.3
(s), 51.5 (d), 55.8 (s), 61.3 (t), 61.5 (t), 115.3 (d), 121.8 (d), 124.4 (d), 127.0 (d), 127.5 (d),
128.3 (d), 128.9 (d), 129.6 (d), 133.3 (s), 140.4 (s), 147.9 (s), 162.5 (s), 171.3 (s), 172.0 (s),
205.5 (s);m/z (TOF ES+) 469.1 ([M+Nd] 100%); HRMSm/z (TOF ES+) 469.1996

(IM+Na]". CygHzc0sNa requires 469.1991).



Chapter 5: Experimental 219

Diethyl 11-hydroxy-3-phenyl-5,6,7,8,10a,11-hexahydro-4b,8-methanocyclooctaajindene-

9,9(10H)-dicarboxylate 127

A solution of NaBH (9.8 mg, 0.26 mmol) in MeOH (0.86 mL) was added to a solution of
adduct 121ja(19 mg, 0.04 mmol) in THF (0.81 mL). The reaction mixture was stirred at rt for
1 h 25 min before the addition of,@ (10 mL) and CHKCI, (10 mL). The two layers were
separated and the aqueous layer was extracted wigClgkLO mL). The combined organic
extracts were dried over NaQO,, filtered and the solvent removed under reduced pressure.
Flash column chromatography (hexane/EtOAc: 8/2) affomledhol 127 as a white solid (19

mg, 98%); R0.23 (hexane/EtOAc: 8/2); mp 170-178 Gifilm)/cm™ 3528 (O-H), 3072,
2918,2866, 1717 (C=0), 1601 (C=CJ;(300 MHz; CDC}) 1.24 (3 H, tJ 7.1), 1.25 (3 H, t,
J7.1), 1.41-1.79 (6 H, m), 1.79-2.18 (3 H, m), 2.29-2.40 (1 H, m), 2.62 (1 Hgd,6.2),
2.79(1 H, br s), 3.07 (1 H, ddias 16.2 and 10.1), 4.03-4.31 (4 H, m), 4.93 (1 H, br s), 7.31-
7.38(2 H, m), 7.41-7.52 (4 H, m), 7.54-7.63 (2 H, Bi}(75.5 MHz; CDC}) 14.0 (q), 14.1

(@), 21.1 (1), 27.1 (t), 27.6 (1), 33.2 (d), 36.5 (t), 38.6 (t), 43.8 (s), 47.6 (d), 56.8 (s), 61.2 (1),
61.4 (t), 76.8 (d), 121.4 (d), 125.7 (d), 126.2 (d), 127.3 (3 d), 128.7 (2 d), 141.5 (s), 141.7 (s),
142.3 (s), 153.8 (s), 171.9 (s), 172.7 (8)z(TOF ES+) 471.2 ([M+Nd] 100%); HRMSmz

(TOF ES+) 471.2143 ([M+N&] CogH3,0sNa requires 471.2147).
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Diethyl 11-(1H-imidazol-1-yl)-3-phenyl-5,6,7,8,10a,11-hexahydro-4b,8-

methanocycloocta[a]indene-9,9(10Hdicarboxylate 128

A solution of alcohol127 (11 mg, 0.02 mmol) in THF (0.53 mL) was added to 1,1-
carbonyldiimidazole (11 mg, 0.05 mmol) and the reaction mixture was stirred at 70 °C for 17
h. H,O (10 mL) and CHCI, (10 mL) were then added and the two layers were separated. The
aqueous layer was extracted with &Hb (10 mL) and the combined organic extracts were
dried over NaSQ,, filtered and the solvent removed under reduced pressure. Flash column
chromatography (hexane/EtOAc: 8/2) affordeéatidazolyl compoundl28 as a white
crystalline solid (10 mg, 79%); mp 155-156 YGa(film)/cm™ 3144, 2918, 2869, 2853, 1746
(C=0), 1720 (C=0), 1612 (C=Cyn(300 MHz; CDC}) 0.98 (3 H, tJ 7.0), 1.23 (3 H, t)J

7.0), 1.48-1.91 (7 H, m), 1.99-2.15 (2 H, m), 2.45 (1 H,)dg,16.6 and 1.5), 2.66-2.77 (1 H,

m), 2.90 (1 H, br s), 3.22 (1 H, dd,s 16.6 and 10.7), 3.33 (1 H, d#10.8 and 7.0), 3.80 (1

H, dg,J 10.8 and 7.0), 4.10-4.28 (2 H, m), 6.48 (1 H) 6,7 ), 7.03 (1L H, br s), 7.33-7.52 (6

H, m), 7.54-7.61 (2 H, m), 8.07 (1 H, 9%(75.5 MHz; CDC}) 13.8 (q), 14.1 (q), 20.8 (1),
25.9(t), 28.0 (t), 30.3 (d), 33.0 (d), 36.9 (t), 37.0 (t), 44.1 (s), 45.6 (d), 56.1 (s), 60.8 (t), 61.7
(t), 83.5 (d), 117.6 (d), 121.7 (d), 125.5 (d), 126.3 (d), 126.7 (d), 127.3 (d), 127.6 (d), 128.8
(d), 130.4 (d), 136.7 (s), 137.5 (d), 141.0 (s), 143.7 (s), 149.3 (s), 154.2 (s), 171. 8 (s), 171. 3
(s); m/z (TOF ES+) 521.2 ([M+Nd] 100%); HRMSm/z (TOF ES+) 521.2419 ([(M-C£)

+Na]". Cs1H3404N2Na requires 521.2416).
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6.1 Kinetic studies

1) Experiment 1: monitoretH NMR of 80a in the presence of BRAUOT: trace amounts of

diketonelO5at the early stage of the reaction.
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2) Experiment 2

The species generated during the course of the reaction in the presence of the ketoalkyne

Ao

AgOTf (2.6 mg, 0.012 mmol), PRAuUCI (5.9 mg, 0.012 mmol) were added into a dried Schlenk

allows the aldol condensation

under an argon atmosphere followed by the addition afGGH2 mL). The reaction mixture was
stirred for 1 min, before a solution of diketone (4.3 @14 mmol) in CHCI, (14 pL) was
added. After 2 h, no consumption of diketone was observed. Therefore, the keto alkyne was
added to the reaction mixture (2.7 n@g009 mmol) and after 1 min the formation of cyclised
product could be observed. The reaction mixture was stirred for 24 h and then the solution was
filtered through a short pad of silica gel (hexane/EtOAc: 6/4). The solvent was removed under

reduced pressure. Magge= 7.9 Mg, MaSSernal Standard (1,2,4,5-tetramethylbenzemel2 -8 MQ.

'H NMR spectroscopy of experiment 2 after 24 h:

IS (0.020 mmol)

cyclised product@.0131 mmol),

diketone 0.00031 mmol),

keto alkyne 0 mmol).



Appendices 224

Product + diketone

Produc l

=

-
—
§

4.0
f1 (ppm)

3) Experiment 3

Q)—Co

AgOTf (2.6 mg, 0.012 mmol) was added into a dried Schlenk under an argon atmosphere
followed by the addition of PBAuCI (5.9 mg, 0.012 mmol). Immediately after this addition, a
solution of the substrai®0a (58.7 mg, 0.2 mmol) in CEZl, (0.8 mL) was addedia a syringe

into this system. The mixture was stirred at rt for 2 min and then was a@dogipette into the

NMR tube under argon, after filtration through a plug of cotton wool. The Schlenk and the cotton
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wool were washed with CI€l, (0.2 mL). The NMR tube was shaken and the first NMR
acquisition was made 15 min after the beginning of the reaction. The reaction was monitored by
NMR spectroscopy. After 4.5 h, 0.1 mL of a solution of diketone inCI{X0.1 M) was added

into the NMR tube and the reaction mixture monitored by NMR spectroscopy. After 18.5 h, 50
pL of a solution of diketone in GIOI, (0.2 M) was added and the monitoring of the reaction was

continued until completion of the reaction (consumption of the substrate and the diketone).

Monitored*H NMR spectroscopy of experiment 3:

01/042010
t=15min

ppm (t1) 5.0 4.0 3.0 2.0 1.0



Appendices 226

01/04/2010
t=44min

opm (t1) 5.0 4.0 3.0 2.0 1.0

01/04/2010
t=1135

ppm (tL) 5.0 4.0 3.0 2.0 1.0
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01/04/2010 H
t =355

01/04/2010
t =4H30, addition of the diketone|g this time.




Appendices

228

01/04/2010
t=4hp5

01/04
t=5

/2010
05

B

1.0

ppm

(t1)
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01/04/2010
t=5h15

01/04/2010
t=5h45
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01/04/2010
t=6125

1.0

t=6h45

_

‘ T
: 2.0
01/04/2010 LL
‘ T
5.0 4.0 3.0 2.0 1.0

ppm (t1)
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02/04/2010
t=14h25

OZ/OL/ZOlO
t=18h35
Secqnd addition of diketone
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02/04
t=19

/2010
h0o

02/04
t=23

/2010
h30

1.0

ppm (t1)

1.0
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03/04/2010
t=46h05

ppm (t1) 5.0 4.0 3.0 2.0 1.0
04/04/2010
t=70h10
I . T T T T I . T T
50 4.0 3.0 2.0 1.0

ppm (t1)
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05/03/2010
t=96h
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6.2 X-ray Crystal Structure Data for 115

Table 1. Crystal data and structure refinement for 2008PD3.

Identification code 2008PD3, B-45
Empirical formula C21 H24 Os
Formula weight 356.40
Temperature 120(2) K
Wavelength 1.54178 A
Crystal system Monoclinic

Space group P 2(1)/c
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Unit cell dimensions

Volume

z
Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 70.07°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on
Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

a=6.9233(1) A a= 90°.
b = 20.2621(4) A
c=12.9404(2) A y =90°.
1813.16(5) B

4

1.306 Mg/n3$

0.755 mml

760

0.22 x 0.16 x 0.16 méh

6.40 to 70.07°.

-8<=h<=7, -24<=k<=24, -15<=|<=15

18475
3410 [R(int) = 0.0267]
98.7 %
Semi-empirical from equivalents

0.8887 and 0.8514

Full-matrix least-squares orfF

3410/0/ 237

1.072
R1 =0.0343, wR2 = 0.0859

R1 =0.0376, wR2 = 0.0891

0.303 and -0.184 e:R

B= 92.7730(10)°.
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Notes:

The hydrogen atoms were fixed as riding models.



Appendices 238

Table 2. Atomic coordinates ( x 40and equivalent isotropic displacement parametefs (A
109)

for 2008PD3. U(eq) is defined as one third of the trace of the orthogonalizeh&br.

X y z U(eq)
Cc() 7957(2) 7438(1) 1762(1) 18(1)
C@) 7948(2) 7821(1) 2760(1) 20(1)
C@) 6448(2) 7459(1) 3372(1) 20(1)
C(4) 6712(2) 6720(1) 3093(1) 17(1)
C(5) 7594(2) 6707(1) 2007(1) 17(1)
C(6) 6140(2) 6361(1) 1285(1) 17(1)
C@) 4230(2) 6386(1) 1794(1) 18(1)
C(8) 4778(2) 6331(1) 2963(1) 17(1)
C(9) 6398(2) 6034(1) 404(1) 19(1)
C(10) 8144(2) 5930(1) -179(1) 19(1)
C(11) 9794(2) 6328(1) -101(1) 20(1)
C(12) 11384(2) 6188(1) -679(1) 23(1)
C(13) 11370(2) 5649(1) -1344(1) 25(1)

C(14) 9732(2) 5256(1) -1442(1) 26(1)
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C(15) 8138(2) 5400(1) -877(1) 23(1)
C(16) 3210(2) 6620(1) 3610(1) 18(1)
C(17) 2304(2) 6867(1) 5297(1) 25(1)
C(18) 2846(2) 6650(1) 6382(1) 28(1)
C(19) 5098(2) 5604(1) 3227(1) 18(1)
C(20) 3567(2) 4618(1) 3738(1) 24(1)
C(21) 1710(2) 4427(1) 4212(1) 31(1)
o(1) 8159(1) 7662(1) 909(1) 25(1)
0(2) 1767(1) 6887(1) 3258(1) 26(1)
0(@3) 3673(1) 6567(1) 4620(1) 20(1)
0(4) 6615(1) 5320(1) 3172(1) 26(1)

o(5) 3450(1) 5319(1) 3488(1) 22(1)
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Table 3. Bond lengths [A] and angles [°] for 2008PD3.
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C(1)-0(1)
C(1)-C(2)
C(1)-C(5)
C(2)-C(3)
C(2)-H(2A)
C(2)-H(2B)
C(3)-C(4)
C(3)-H(3A)
C(3)-H(3B)
C(4)-C(8)
C(4)-C(5)
C(4)-H(4)
C(5)-C(6)
C(5)-H(5)
C(6)-C(9)
C(6)-C(7)
C(7)-C(8)
C(7)-H(7A)
C(7)-H(7B)
C(8)-C(16)
C(8)-C(19)
C(9)-C(10)

C(9)-H(9)

1.2072(14)
1.5076(15)
1.5391(15)
1.5246(15)
0.9900
0.9900
1.5530(15)
0.9900
0.9900
1.5559(15)
1.5594(15)
1.0000
1.5118(15)
1.0000
1.3380(16)
1.5063(15)
1.5458(15)
0.9900
0.9900
1.5196(15)
1.5271(15)
1.4707(16)

0.9500

C(10)-C(11)
C(10)-C(15)
C(11)-C(12)
C(11)-H(11)
C(12)-C(13)
C(12)-H(12)
C(13)-C(14)
C(13)-H(13)
C(14)-C(15)
C(14)-H(14)
C(15)-H(15)
C(16)-0(2)

C(16)-0(3)

C(17)-0(3)

C(17)-C(18)

C(17)-H(17A)
C(17)-H(17B)
C(18)-H(18A)
C(18)-H(18B)

C(18)-H(18C)

C(19)-0(4)
C(19)-0O(5)

C(20)-O(5)

1.3976(17)
1.4033(16)
1.3897(16)
0.9500
1.3896(18)
0.9500
1.3859(19)
0.9500
1.3841(18)
0.9500
0.9500
1.2048(14)
1.3352(14)
1.4557(13)
1.5018(17)
0.9900
0.9900
0.9800
0.9800
0.9800
1.2025(14)
1.3359(14)

1.4579(13)
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C(20)-C(21)
C(20)-H(20A)
C(20)-H(20B)
C(21)-H(21A)
C(21)-H(21B)

C(21)-H(21C)

1.5018(18)
0.9900
0.9900
0.9800
0.9800

0.9800
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0(1)-C(1)-C(2)
0(1)-C(1)-C(5)
C(2)-C(1)-C(5)
C(1)-C(2)-C(3)
C(1)-C(2)-H(2A)
C(3)-C(2)-H(2A)
C(1)-C(2)-H(2B)
C(3)-C(2)-H(2B)
H(2A)-C(2)-H(2B)
C(2)-C(3)-C(4)
C(2)-C(3)-H(3A)
C(4)-C(3)-H(3A)
C(2)-C(3)-H(3B)
C(4)-C(3)-H(3B)
H(3A)-C(3)-H(3B)
C(3)-C(4)-C(8)
C(3)-C(4)-C(5)
C(8)-C(4)-C(5)
C(3)-C(4)-H(4)
C(8)-C(4)-H(4)
C(5)-C(4)-H(4)
C(6)-C(5)-C(1)

C(6)-C(5)-C(4)

126.51(10)
125.30(10)
108.16(9)
103.18(9)
111.1
111.1
111.1
111.1
109.1
104.66(9)
110.8
110.8
110.8
110.8
108.9
113.74(9)
106.34(8)
105.44(8)
110.4
110.4
110.4
115.42(9)

106.67(9)

C(1)-C(5)-C(4)
C(6)-C(5)-H(5)
C(1)-C(5)-H(5)
C(4)-C(5)-H(5)
C(9)-C(6)-C(7)
C(9)-C(6)-C(5)
C(7)-C(6)-C(5)
C(6)-C(7)-C(8)
C(6)-C(7)-H(7A)
C(8)-C(7)-H(7A)
C(6)-C(7)-H(7B)
C(8)-C(7)-H(7B)
H(7A)-C(7)-H(7B)
C(16)-C(8)-C(19)
C(16)-C(8)-C(7)
C(19)-C(8)-C(7)
C(16)-C(8)-C(4)
C(19)-C(8)-C(4)
C(7)-C(8)-C(4)
C(6)-C(9)-C(10)
C(6)-C(9)-H(9)
C(10)-C(9)-H(9)

C(11)-C(10)-C(15)

104.15(8)
110.1
110.1
110.1
123.04(10)
130.05(10)
106.67(9)
104.25(9)
110.9
110.9
110.9
110.9
108.9
110.42(9)
111.30(9)
108.31(9)
112.29(9)
110.47(9)
103.82(8)
130.95(10)
114.5
114.5

117.70(11)



Appendices

245

C(11)-C(10)-C(9)
C(15)-C(10)-C(9)
C(12)-C(11)-C(10)
C(12)-C(11)-H(11)
C(10)-C(11)-H(11)
C(11)-C(12)-C(13)
C(11)-C(12)-H(12)
C(13)-C(12)-H(12)
C(14)-C(13)-C(12)
C(14)-C(13)-H(13)
C(12)-C(13)-H(13)
C(15)-C(14)-C(13)
C(15)-C(14)-H(14)
C(13)-C(14)-H(14)
C(14)-C(15)-C(10)
C(14)-C(15)-H(15)
C(10)-C(15)-H(15)
0(2)-C(16)-0(3)
0(2)-C(16)-C(8)
0(3)-C(16)-C(8)
0(3)-C(17)-C(18)

0(3)-C(17)-H(17A)

C(18)-C(17)-H(17A)

124.72(10)
117.58(10)
120.64(11)
119.7
119.7
120.74(11)
119.6
119.6
119.30(11)
120.4
120.4
120.03(11)
120.0
120.0
121.55(11)
119.2
119.2
124.12(10)
124.50(10)
111.33(9)
107.45(9)
110.2

110.2

0(3)-C(17)-H(17B)

C(18)-C(17)-H(17B)
H(17A)-C(17)-H(17B)
C(17)-C(18)-H(18A)
C(17)-C(18)-H(18B)
H(18A)-C(18)-H(18B)
C(17)-C(18)-H(18C)
H(18A)-C(18)-H(18C)

H(18B)-C(18)-H(18C)

0(4)-C(19)-0(5)
O(4)-C(19)-C(8)
0(5)-C(19)-C(8)
0(5)-C(20)-C(21)

O(5)-C(20)-H(20A)

C(21)-C(20)-H(20A)

O(5)-C(20)-H(20B)

C(21)-C(20)-H(20B)
H(20A)-C(20)-H(20B)
C(20)-C(21)-H(21A)
C(20)-C(21)-H(21B)
H(21A)-C(21)-H(21B)
C(20)-C(21)-H(21C)

H(21A)-C(21)-H(21C)

110.2
110.2
108.5
109.5
109.5
109.5
109.5
109.5
109.5
124.60(10)
124.48(10)
110.88(9)
107.60(10)
110.2
110.2
110.2
110.2
108.5
109.5
109.5
109.5
109.5

109.5
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H(21B)-C(21)-H(21C) 109.5
C(16)-0(3)-C(17) 115.03(9)

C(19)-0(5)-C(20) 115.94(9)
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Symmetry transformations used to generate equivalent atoms:



Appendices

248

Table 4. Anisotropic displacement parametel%<(i03)for 2008PD3. The anisotropic

displacement factor exponent takes the formZfa2a*2U1l + .. + 2 h k a* b* U2]

ull U22 U33 U23 Ul3 Ul2

c@)  15(1) 19(1) 21(1) -1(1) 1(1) -1(1)
c@ 2201 17(1) 22(1) -2(1) 1(1) -2(1)
C@)  23(1) 19(1) 18(1) -3(1) 1(1) -1(1)
c@)  17(1) 18(1) 15(1) 0(1) 0(1) 0(1)
c)  16(1) 17(1) 16(1) -1(1) 1(1) 0(1)
c6)  18(1) 16(1) 17(1) 2(1) 0(1) -1(1)
c@  18(1) 20(1) 17(1) 0(1) -1(1) -1(1)
c®  17(1) 17(1) 16(1) 0(1) 1(1) 0(1)
cO  21(1) 18(1) 18(1) 1(1) -2(1) -2(1)
C(10)  24(1) 19(1) 14(1) 2(1) -1(1) 2(1)
Cc(11) 23(1) 19(1) 17(1) 0(1) 0(1) 2(1)
C(12) 23(1) 25(1) 21(1) 4(1) 2(1) 2(1)
C(13) 29(1) 28(1) 19(1) 4(1) 5(1) 10(1)
C(14)  39(1) 22(1) 18(1) -2(1) 3(1) 6(1)
C(15) 31(1) 21(1) 17(1) 0(1) 0(1) -1(1)
C(16) 18(1) 16(1) 19(1) 0(1) 1(1) -2(1)
C(17) 26(1) 27(1) 23(1) -2(1) 8(1) 8(1)
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c@8) 27(1) 35(1) 22(1) -3(1) 6(1) 5(1)
C(19) 20(1) 18(1) 15(1) -1(1) 1(1) 0(1)
C(20) 32(1) 14(1) 28(1) 1(1) 3(1) -1(1)
C(21) 36(1) 25(1) 31(1) 5(1) 4(1) -7(2)
o1)  32(1) 22(1) 21(1) 1(1) 6(1) -4(1)
0@  21(1) 31(1) 25(1) 1(1) 1(1) 8(1)
0@3)  19(1) 22(1) 17(1) -1(1) 4(1) 4(1)
Oo@4)  24(1) 21(1) 34(1) 2(1) 6(1) 5(1)

o) 21(1) 15(1) 30(1) 2(1) 4(1) -1(1)
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Table 5. Hydrogen coordinates (x1@nd isotropic displacement parameterdxA03)

for 2008PD3.
X y z U(eq)

H(2A) 7565 8286 2634 24
H(2B) 9235 7811 3128 24
H(3A) 5125 7611 3167 24
H(3B) 6682 7531 4124 24
H(4) 7604 6500 3618 20
H(5) 8844 6459 2042 20
H(7A) 3389 6014 1560 22
H(7B) 3550 6806 1635 22
H(9) 5262 5835 105 23
H(11) 9830 6697 352 24
H(12) 12494 6463 619 27
H(13) 12471 5551 1726 30
H(14) 9703 4889 -1898 31

H(15) 7013 5133 -963 28
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H(17A) 971 6724 5097 30
H(17B) 2364 7355 5246 30
H(18A) 2655 6173 6441 42
H(18B) 2030 6879 6866 42
H(18C) 4206 6757 6548 42
H(20A) 4677 4534 4232 29
H(20B) 3748 4357 3104 29
H(21A) 1596 4664 4867 46
H(21B) 1706 3951 4341 46

H(21C) 617 4543 3737 46
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6.3 X-ray Crystal Structure Data for 119a

Table 1. Crystal data and structure refinement for DMC-B-364-F

Identification code DMC-B-364-FR
Empirical formula Co2H24 Oy
Formula weight 352.41
Temperature 120(2) K
Wavelength 0.71073 A
Crystal system Triclinic

Space group P-1
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Unit cell dimensions

Volume

z
Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.48°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on
Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

a=7.0360(2) A
b =11.0030(3) A
c =12.4583(4) A
892.22(5) B

2

1.312 Mg/n$

0.089 mml

376

0.20 x 0.12 x 0.05 méh

2.91 10 27.48°.

-9<=h<=9, -13<=k<=14, -16<=I<=16

15812
4060 [R(int) = 0.0356]
99.2 %
Semi-empirical from equivalents

0.9956 and 0.9824

Full-matrix least-squares orfF

4060/ 0/ 237

1.042
R1 =0.0458, wR2 = 0.1035

R1 =0.0539, wR2 = 0.1098

0.354 and -0.228 e:R

o= 74.630(2)°.
B= 73.6320(10)°.

y = 84.988(2)°.



Appendices 254

Notes:

The hydrogen atoms were located at calculated positions and refined using a riding model.
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Table 2. Atomic coordinates ( x 40and equivalent isotropic displacement parametefs (A
109)

for 2009src0660. U(eq) is defined as one third of the trace of the orthogondlizedsodr.

X y z U(eq)
Cc() 678(2) -1538(1) 9171(2) 18(1)
o) -409(2) 2482(1)  10107(1) 22(1)
C@3) 456(2)  -3608(1)  10526(1) 26(1)
C(4) 2478(2)  -3838(1)  10038(1) 28(1)
C(5) 3581(2)  -2939(1) 9145(1) 25(1)
C(6) 2729(2) -1775(1) 8674(1) 19(1)
c@) 3854(2) -877(1) 7698(1) 19(1)
C(8) 2955(2) 219(1) 7261(1) 18(1)
C(9) 941(2) 457(1) 7781(1) 16(1)
C(10) -227(2) -380(1) 8693(1) 17(1)
C(11) -2418(2) -111(1) 9122(1) 20(1)
C(12) -3078(2) 1186(1) 8490(1) 21(1)
C(13) -1947(2) 1584(1) 7208(1) 19(1)

C(14) 232(2) 1695(1) 7149(1) 16(1)
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C(15) 1835(2) 2014(1) 5965(1) 17(1)
C(16) 3740(2) 1300(1) 6221(1) 20(1)
C(17) 1256(2) 1605(1) 5018(1) 19(1)
C(18) -825(2) 2263(2) 3729(1) 27(1)
C(19) 334(3) 3197(2) 2689(1) 30(1)
C(20) 2156(2) 3436(1) 5527(1) 18(1)
C(21) 3590(2) 5068(1) 3893(1) 23(1)
C(22) 5078(2) 5205(2) 2740(1) 32(1)
o(1) 2030(2) 770(1) 4580(1) 26(1)
0(2) -236(2) 2348(1) 4738(1) 22(1)
0(@3) 1409(2) 4207(1) 6055(1) 26(1)

O(4) 3413(1) 3724(1) 4464(1) 22(1)
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Table 3. Bond lengths [A] and angles [°] for 2009src0660.

C(1)-C(2)
C(1)-C(6)
C(1)-C(10)
C(2)-C(3)
C(2)-H(Q)
C(3)-C(4)
C(3)-H(@3)
C(4)-C(5)
C(4)-H(4)
C(5)-C(6)
C(5)-H(5)
C(6)-C(7)
C(7)-C(8)
C(7)-H(7)
C(8)-C(9)
C(8)-C(16)
C(9)-C(10)
C(9)-C(14)
C(10)-C(11)
C(11)-C(12)

C(11)-H(11A)

1.4203(19)
1.4319(19)
1.4328(19)
1.372(2)
0.9500
1.410(2)
0.9500
1.372(2)
0.9500
1.4178(19)
0.9500
1.4279(19)
1.3651(19)
0.9500
1.4156(18)
1.5139(18)
1.3662(18)
1.5032(18)
1.5125(18)
1.5390(19)

0.9900

C(11)-H(11B)
C(12)-C(13)
C(12)-H(12A)
C(12)-H(12B)
C(13)-C(14)
C(13)-H(13A)
C(13)-H(13B)
C(14)-C(15)
C(14)-H(14)
C(15)-C(20)
C(15)-C(17)
C(15)-C(16)
C(16)-H(16A)
C(16)-H(16B)
C(17)-0(1)
C(17)-0(2)
C(18)-0(2)
C(18)-C(19)
C(18)-H(18A)
C(18)-H(18B)

C(19)-H(19A)

0.9900
1.5329(19)
0.9900
0.9900
1.5275(17)
0.9900
0.9900
1.5578(17)
1.0000
1.5284(18)
1.5319(18)
1.5617(18)
0.9900
0.9900
1.2035(17)
1.3407(17)
1.4570(16)
1.498(2)
0.9900
0.9900

0.9800
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C(19)-H(19B)
C(19)-H(19C)
C(20)-0(3)
C(20)-0(4)
C(21)-0(4)

C(21)-C(22)

C(2)-C(1)-C(6)

C(2)-C(1)-C(10)

C(6)-C(1)-C(10)

C(3)-C(2)-C(1)
C(3)-C(2)-H(2)
C(1)-C(2)-H(2)
C(2)-C(3)-C(4)
C(2)-C(3)-H(3)
C(4)-C(3)-H(3)
C(5)-C(4)-C(3)
C(5)-C(4)-H(4)
C(3)-C(4)-H(4)
C(4)-C(5)-C(6)
C(4)-C(5)-H(5)
C(6)-C(5)-H(5)

C(5)-C(6)-C(7)

0.9800

0.9800

1.2042(17)
1.3428(16)

1.4599(16)

1.499(2)

118.48(12)
122.10(12)
119.39(12)
121.53(14)
119.2
119.2
119.89(14)
120.1
120.1
120.16(14)
119.9
119.9
121.55(14)
119.2
119.2

121.25(13)

C(21)-H(21A)
C(21)-H(21B)
C(22)-H(22A)
C(22)-H(22B)

C(22)-H(22C)

C(5)-C(6)-C(1)
C(7)-C(6)-C(1)
C(8)-C(7)-C(6)
C(8)-C(7)-H(7)
C(6)-C(7)-H(7)
C(7)-C(8)-C(9)
C(7)-C(8)-C(16)
C(9)-C(8)-C(16)

C(10)-C(9)-C(8)

C(10)-C(9)-C(14)

C(8)-C(9)-C(14)

C(9)-C(10)-C(1)

C(9)-C(10)-C(11)
C(1)-C(10)-C(11)
C(10)-C(11)-C(12)

C(10)-C(11)-H(11A)

0.9900
0.9900
0.9800
0.9800

0.9800

118.37(13)
120.34(12)
119.06(12)
120.5

120.5

119.99(12)
130.54(12)
109.43(11)
123.68(12)
124.80(12)
111.38(11)
117.48(12)
120.40(12)
122.01(12)
113.44(11)

108.9
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C(12)-C(11)-H(11A)
C(10)-C(11)-H(11B)
C(12)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
C(13)-C(12)-C(11)
C(13)-C(12)-H(12A)
C(11)-C(12)-H(12A)
C(13)-C(12)-H(12B)
C(11)-C(12)-H(12B)
H(12A)-C(12)-H(12B)
C(14)-C(13)-C(12)
C(14)-C(13)-H(13A)
C(12)-C(13)-H(13A)
C(14)-C(13)-H(13B)
C(12)-C(13)-H(13B)
H(13A)-C(13)-H(13B)
C(9)-C(14)-C(13)
C(9)-C(14)-C(15)
C(13)-C(14)-C(15)
C(9)-C(14)-H(14)
C(13)-C(14)-H(14)
C(15)-C(14)-H(14)

C(20)-C(15)-C(17)

108.9
108.9
108.9
107.7
113.24(11)
108.9
108.9
108.9
108.9
107.7
107.21(11)
110.3
110.3
110.3
110.3
108.5
108.95(10)
103.51(10)
121.01(11)
107.6
107.6
107.6

106.19(10)

C(20)-C(15)-C(14)
C(17)-C(15)-C(14)
C(20)-C(15)-C(16)
C(17)-C(15)-C(16)
C(14)-C(15)-C(16)
C(8)-C(16)-C(15)

C(8)-C(16)-H(16A)

C(15)-C(16)-H(16A)

C(8)-C(16)-H(16B)

C(15)-C(16)-H(16B)

H(16A)-C(16)-H(16B)

0O(1)-C(17)-0(2)
0(1)-C(17)-C(15)
0(2)-C(17)-C(15)
0(2)-C(18)-C(19)

0(2)-C(18)-H(18A)

C(19)-C(18)-H(18A)

0(2)-C(18)-H(18B)

C(19)-C(18)-H(18B)
H(18A)-C(18)-H(18B)
C(18)-C(19)-H(19A)
C(18)-C(19)-H(19B)

H(19A)-C(19)-H(19B)

110.70(10)
112.80(10)
111.47(10)
111.25(11)
104.55(10)
104.09(10)
110.9
110.9
110.9
110.9
109.0
125.37(13)
125.87(13)
108.74(11)
108.76(12)
109.9
109.9
109.9
109.9
108.3
109.5
109.5

109.5
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C(18)-C(19)-H(19C)
H(19A)-C(19)-H(19C)
H(19B)-C(19)-H(19C)
0(3)-C(20)-0(4)
0(3)-C(20)-C(15)
O(4)-C(20)-C(15)
0(4)-C(21)-C(22)
0(4)-C(21)-H(21A)
C(22)-C(21)-H(21A)
0(4)-C(21)-H(21B)
C(22)-C(21)-H(21B)
H(21A)-C(21)-H(21B)
C(21)-C(22)-H(22A)
C(21)-C(22)-H(22B)
H(22A)-C(22)-H(22B)
C(21)-C(22)-H(22C)
H(22A)-C(22)-H(22C)
H(22B)-C(22)-H(22C)
C(17)-0(2)-C(18)

C(20)-0(4)-C(21)

109.5
109.5
109.5
123.76(12)
125.38(12)
110.86(11)
107.54(11)
110.2
110.2
110.2
110.2
108.5
109.5
109.5
109.5
109.5
109.5
109.5
118.29(11)

115.21(10)
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Symmetry transformations used to generate equivalent atoms:
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Table 4. Anisotropic displacement parameterx(A03)for 2009src0660. The anisotropic

displacement factor exponent takes the formZfa2a*2U1l + .. + 2 h k a* b* U2]

ull U22 U33 U23 Ul3 Ul2

c@)  23(1) 18(1) 15(1) -5(1) -6(1) -2(1)
C@2  26(1) 22(1) 17(1) -4(1) -3(1) -3(1)
c@®)  37(1) 21(1) 19(1) 0(1) -6(1) -4(1)
C@)  38(1) 19(1) 25(1) -2(1) -10(1) 5(1)
C()  28(1) 22(1) 25(1) -6(1) -7(1) 4(1)
C6)  24(1) 18(1) 17(1) -5(1) -7(1) 0(1)
c7  17(1) 22(1) 18(1) -6(1) -5(1) 0(1)
c®  17(1) 20(1) 16(1) -4(1) -5(1) -2(1)
cO  17(1) 17(1) 14(1) -4(1) -5(1) -1(1)
C(10)  19(1) 19(1) 14(1) -5(1) -4(1) -2(1)
C(11)  20(1) 21(1) 16(1) -2(1) -2(1) -3(1)
C(12) 16(1) 23(1) 21(1) -4(1) -2(1) -1(1)
C(13) 16(1) 19(1) 19(1) -3(1) -4(1) -1(1)
C(14) 16(1) 17(1) 15(1) -3(1) -3(1) -2(1)
C(15) 16(1) 17(1) 16(1) -3(1) -3(1) -2(1)
c(16) 17(1) 20(1) 19(1) -1(1) -3(1) -2(1)

C(17) 20(1) 18(1) 15(1) -1(1) -1(1) 7(1)
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C(18) 35(1) 30(1) 21(1) -4(1) -15(1) -8(1)
C(19) 41(1) 29(1) 19(1) -5(1) -10(1) -4(1)
C(20) 16(1) 19(1) 18(1) -2(1) -6(1) -3(1)
C(21) 26(1) 15(1) 24(1) 1(1) -4(1) -3(1)
C(22) 37(1) 24(1) 25(1) 0(1) 1(1) -6(1)
o@1)  30(1) 23(1) 24(1) -10(1) -3(1) -2(1)
0@  26(1) 25(1) 18(1) -3(1) -10(1) 0(1)
0@)  32(1) 20(1) 25(1) -8(1) -2(1) -4(1)

o@)  23(1) 15(1) 20(1) -1(1) 0(1) -3(1)
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Table 5. Hydrogen coordinates (x1@nd isotropic displacement parameterdxA03)

for 2009src0660.

X y z U(eq)
H(2) -1766 -2331 10450 27
H(3) -306 -4232 11144 32
H(4) 3079 -4617 10329 34
H(5) 4947 -3101 8835 30
H(7) 5208 -1039 7358 23
H(11A) -2745 -157 9959 24
H(11B) -3175 773 9024 24
H(12A) -4511 1165 8556 25
H(12B) -2884 1827 8876 25
H(13A) -2100 947 6808 22
H(13B) -2464 2404 6832 22
H(14) 315 2339 7568 19
H(16A) 4528 983 5554 24

H(16B) 4577 1856 6399 24
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H(18A) -2260 2447 3843 33
H(18B) -561 1400 3616 33
H(19A) 208 4031 2848 44
H(19B) -179 3234 2027 44
H(19C) 1733 2937 2514 44
H(21A) 4033 5522 4366 28
H(21B) 2293 5425 3791 28
H(22A) 6354 4845 2852 47
H(22B) 5237 6100 2337 47

H(22C) 4618 4759 2278 47
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6.4 X-ray Crystal Structure Data for 121a

Table 1. Crystal data and structure refinement for 2008PD1.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z

2008PD1
C22 Hz6 Os
370.43
120(2) K
1.54178 A
Triclinic
P-1
a=8.6246(1) A
b=10.2112(1) A
c=11.4753(1) A
936.617(16) B

2

a= 72.539(1)°.
B=89.841(1)°.

y=76.897(1)°.
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Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 66.59°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

1.313 Mg/n¥

0.751 mml

396

0.26 x 0.08 x 0.06 mA

6.43 to 66.59°.

-10<=h<=10, -12<=k<=11, -13<=|<=13

9695
3238 [R(int) = 0.0196]
98.0 %
Semi-empirical from equivalents

0.9564 and 0.8288

Full-matrix least-squares or#F

3238/0/ 246

1.070
R1 =0.0360, wR2 = 0.0948

R1 =0.0389, wR2 = 0.0981

0.262 and -0.206 e:R
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Table 2. Atomic coordinates ( x 40and equivalent isotropic displacement parametefs (A
109)

for 2008PD1. U(eq) is defined as one third of the trace of the orthogonaiizmsbr.

X y z U(eq)
Cc@) 5683(2) 2158(1) 6197(1) 17(1)
C@) 7256(2) 2471(1) 6319(1) 17(1)
C@) 7643(2) 3782(1) 6047(1) 20(1)
C(4) 9206(2) 3803(1) 6273(1) 22(1)
C(5) 10369(2) 2545(1) 6757(1) 23(1)
C(6) 9982(2) 1243(1) 7016(1) 21(1)
C@) 8407(2) 1211(1) 6786(1) 17(1)
C(8) 7742(1) -74(1) 6934(1) 17(1)
C(9) 5930(1) 551(1) 6545(1) 16(1)
C(10) 4828(1) 23(1) 7536(1) 18(1)
C(11) 5254(1) -1612(1) 8124(1) 17(1)
C(12) 7107(1)  -2263(1) 8340(1) 19(1)
C(13) 7965(2) -1077(1) 8255(1) 19(1)

C(14) 8563(2) -892(1) 6079(1) 20(1)
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C(15) 7887(2)  -2167(1) 6147(1) 22(1)
C(16) 7867(2)  -3083(1) 7467(1) 22(1)
c(17) 44942)  -1892(1) 9359(1) 19(1)
C(18) 1986(2)  -1934(2)  10235(1) 25(1)
C(19) 1717(2)  -3388(2)  10452(1) 30(1)
C(20) 4450(1)  -2307(1) 7362(1) 17(1)
C(21) 4109(2)  -4541(1) 7300(1) 22(1)
C(22) 2374(2)  -4531(2) 7409(2) 33(1)
o(1) 4401(1) 3010(1) 5906(1) 23(1)
0() 5191(1)  -2289(1)  10352(1) 30(1)
0(@3) 2896(1)  -1574(1) 9164(1) 22(1)
0(4) 3790(1)  -1720(1) 6360(1) 23(1)

o(5) 4611(1) -3681(1) 7974(1) 20(1)
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Table 3. Bond lengths [A] and angles [°] for 2008PD1.
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C(1)-0(1)
C(1)-C(2)
C(1)-C(9)
C(2)-C(7)
C(2)-C(3)
C(3)-C(4)
C(3)-H(@3)
C(4)-C(5)
C(4)-H(4)
C(5)-C(6)
C(5)-H(5)
C(6)-C(7)
C(6)-H(6)
C(7)-C(8)
C(8)-C(13)
C(8)-C(14)
C(8)-C(9)
C(9)-C(10)
C(9)-H(9)
C(10)-C(11)
C(10)-H(10A)
C(10)-H(10B)

C(11)-C(20)

1.2179(15)
1.4789(17)
1.5311(16)
1.3920(17)
1.3968(17)
1.3804(19)
0.9500
1.3984(19)
0.9500
1.3898(18)
0.9500
1.3934(18)
0.9500
1.5127(16)
1.5382(17)
1.5428(17)
1.5582(16)
1.5322(16)
1.0000
1.5572(16)
0.9900
0.9900

1.5317(17)

C(11)-C(17)
C(11)-C(12)
C(12)-C(13)
C(12)-C(16)
C(12)-H(12)
C(13)-H(13A)
C(13)-H(13B)
C(14)-C(15)
C(14)-H(14A)
C(14)-H(14B)
C(15)-C(16)
C(15)-H(15A)
C(15)-H(15B)
C(16)-H(16A)
C(16)-H(16B)
C(17)-0(2)
C(17)-0(3)
C(18)-0(3)
C(18)-C(19)
C(18)-H(18A)
C(18)-H(18B)
C(19)-H(19A)

C(19)-H(19B)

1.5353(17)
1.5748(16)
1.5360(17)
1.5432(18)
1.0000
0.9900
0.9900
1.5247(17)
0.9900
0.9900
1.5262(18)
0.9900
0.9900
0.9900
0.9900
1.2002(16)
1.3458(16)
1.4545(15)
1.502(2)
0.9900
0.9900
0.9800

0.9800
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C(19)-H(19C)
C(20)-0(4)
C(20)-0(5)
C(21)-0(5)
C(21)-C(22)
C(21)-H(21A)
C(21)-H(21B)
C(22)-H(22A)
C(22)-H(22B)

C(22)-H(22C)

0.9800
1.2005(15)
1.3424(15)
1.4636(15)
1.4996(19)
0.9900
0.9900
0.9800
0.9800

0.9800
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0(1)-C(1)-C(2)
O(1)-C(1)-C(9)
C(2)-C(1)-C(9)
C(7)-C(2)-C(3)
C(7)-C(2)-C(1)
C(3)-C(2)-C(1)
C(4)-C(3)-C(2)
C(4)-C(3)-H(3)
C(2)-C(3)-H(3)
C(3)-C(4)-C(5)
C(3)-C(4)-H(4)
C(5)-C(4)-H(4)
C(6)-C(5)-C(4)
C(6)-C(5)-H(5)
C(4)-C(5)-H(5)
C(5)-C(6)-C(7)
C(5)-C(6)-H(6)
C(7)-C(6)-H(6)
C(2)-C(7)-C(6)
C(2)-C(7)-C(8)
C(6)-C(7)-C(8)
C(7)-C(8)-C(13)

C(7)-C(8)-C(14)

126.75(11)
125.28(11)
107.95(10)
121.58(11)
109.48(11)
128.94(11)
118.17(11)
120.9
120.9
120.74(12)
119.6
119.6
120.90(12)
119.6
119.6
118.73(12)
120.6
120.6
119.86(11)
112.47(11)
127.62(11)
113.18(10)

109.17(10)

C(13)-C(8)-C(14)
C(7)-C(8)-C(9)
C(13)-C(8)-C(9)
C(14)-C(8)-C(9)
C(1)-C(9)-C(10)
C(1)-C(9)-C(8)
C(10)-C(9)-C(8)
C(1)-C(9)-H(9)
C(10)-C(9)-H(9)
C(8)-C(9)-H(9)
C(9)-C(10)-C(11)

C(9)-C(10)-H(10A)

C(11)-C(10)-H(10A)

C(9)-C(10)-H(10B)

C(11)-C(10)-H(10B)

H(10A)-C(10)-H(10B)

C(20)-C(11)-C(17)
C(20)-C(11)-C(10)
C(17)-C(11)-C(10)
C(20)-C(11)-C(12)
C(17)-C(11)-C(12)
C(10)-C(11)-C(12)

C(13)-C(12)-C(16)

109.01(10)
104.06(9)
110.00(10)
111.38(10)
110.92(10)
105.88(9)
114.06(10)
108.6
108.6
108.6
113.55(10)
108.9
108.9
108.9
108.9
107.7
106.31(10)
110.51(10)
105.72(10)
111.60(10)
109.56(10)
112.77(10)

108.06(10)
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C(13)-C(12)-C(11)
C(16)-C(12)-C(11)
C(13)-C(12)-H(12)
C(16)-C(12)-H(12)
C(11)-C(12)-H(12)
C(12)-C(13)-C(8)
C(12)-C(13)-H(13A)
C(8)-C(13)-H(13A)
C(12)-C(13)-H(13B)
C(8)-C(13)-H(13B)
H(13A)-C(13)-H(13B)
C(15)-C(14)-C(8)
C(15)-C(14)-H(14A)
C(8)-C(14)-H(14A)
C(15)-C(14)-H(14B)
C(8)-C(14)-H(14B)
H(14A)-C(14)-H(14B)
C(14)-C(15)-C(16)
C(14)-C(15)-H(15A)
C(16)-C(15)-H(15A)
C(14)-C(15)-H(15B)
C(16)-C(15)-H(15B)

H(15A)-C(15)-H(15B)

109.05(10)
116.57(10)
107.6
107.6
107.6
109.28(10)
109.8
109.8
109.8
109.8
108.3
111.58(10)
109.3
109.3
109.3
109.3
108.0
111.65(11)
109.3
109.3
109.3
109.3

108.0

C(15)-C(16)-C(12)
C(15)-C(16)-H(16A)
C(12)-C(16)-H(16A)
C(15)-C(16)-H(16B)
C(12)-C(16)-H(16B)
H(16A)-C(16)-H(16B)
0(2)-C(17)-0(3)
0(2)-C(17)-C(11)
0(3)-C(17)-C(11)
0(3)-C(18)-C(19)
0(3)-C(18)-H(18A)
C(19)-C(18)-H(18A)
0(3)-C(18)-H(18B)
C(19)-C(18)-H(18B)
H(18A)-C(18)-H(18B)
C(18)-C(19)-H(19A)
C(18)-C(19)-H(19B)
H(19A)-C(19)-H(19B)
C(18)-C(19)-H(19C)
H(19A)-C(19)-H(19C)
H(19B)-C(19)-H(19C)
0(4)-C(20)-0(5)

O(4)-C(20)-C(11)

114.53(10)
108.6
108.6
108.6
108.6
107.6
124.34(12)
126.24(12)
109.39(10)
109.83(11)
109.7
109.7
109.7
109.7
108.2
109.5
109.5
109.5
109.5
109.5
109.5
124.75(11)

125.37(11)
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0(5)-C(20)-C(11) 109.88(10)
0(5)-C(21)-C(22) 111.59(11)
O(5)-C(21)-H(21A)  109.3
C(22)-C(21)-H(21A)  109.3
O(5)-C(21)-H(21B) 109.3
C(22)-C(21)-H(21B)  109.3
H(21A)-C(21)-H(21B)  108.0
C(21)-C(22)-H(22A) 1095
C(21)-C(22)-H(22B)  109.5
H(22A)-C(22)-H(22B)  109.5
C(21)-C(22)-H(22C)  109.5
H(22A)-C(22)-H(22C)  109.5
H(22B)-C(22)-H(22C)  109.5
C(17)-0(3)-C(18) 116.86(10)

C(20)-0(5)-C(21) 116.56(10)
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Symmetry transformations used to generate equivalent atoms:
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Table 4. Anisotropic displacement parametel%<(i03)for 2008PD1. The anisotropic

displacement factor exponent takes the formZfa2a*2U1l + .. + 2 h k a* b* U2]

ull U22 U33 U23 Ul3 Ul2

c@  21(1) 14(1) 15(1) -3(1) 1(1) -3(1)
c@  21(1) 16(1) 16(1) -5(1) 2(1) -4(1)
C@)  24(1) 14(1) 20(1) -5(1) 3(1) -4(1)
c@)  27(1) 17(1) 25(1) -8(1) 6(1) -10(1)
C()  20(1) 23(1) 28(1) -9(1) 4(1) -8(1)
c®6)  19(1) 18(1) 24(1) -5(1) 1(1) -3(1)
C(7)  20(1) 15(1) 16(1) -4(1) 2(1) -5(1)
c®  17(1) 13(1) 20(1) -3(1) 0(1) -4(1)
CO)  18(1) 14(1) 17(1) -4(1) 0(1) -4(1)
C(10) 19(1) 14(1) 20(1) -4(1) 1(1) -3(1)
c(11) 18(1) 14(1) 18(1) -3(1) 0(1) -4(1)
C(12) 18(1) 14(1) 20(1) -1(1) -1(1) -4(1)
C(13) 19(1) 16(1) 21(1) -3(1) -2(1) -4(1)
C(14) 19(1) 16(1) 24(1) -5(1) 4(1) -4(1)
C(15) 23(1) 17(1) 28(1) -10(1) 5(1) -4(1)
C(16) 19(1) 13(1) 31(1) -5(1) 2(1) -3(1)

C(17) 24(1) 14(1) 20(1) -5(1) 1(1) 7(1)



Appendices

279

C(18)
C(19)
C(20)
C(21)
C(22)
o(1)
0(2)
0(@3)
0(4)

O(5)

26(1)
34(1)
17(1)
24(1)
26(1)
21(1)
30(1)
21(1)
27(1)

24(1)

29(1)
26(1)
16(1)
17(1)
32(1)
16(1)
41(1)
24(1)
22(1)

15(1)

21(1)
27(1)
19(1)
27(1)
47(1)
28(1)
19(1)
19(1)
19(1)

22(1)

-9(1)
-2(1)

-5(1)

-10(1)
-19(1)
-3(1)
-6(1)
-4(1)
-3(1)

-5(1)

8(1)
7(1)
4(1)
1(1)

4(1)

-2(1)

-1(1)

4(1)

-3(1)

-1(2)

-6(1)
-8(1)
-5(1)

-6(1)

-12(1)

-1(1)

-12(1)

-5(1)
-7(1)

-7(1)
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Table 5. Hydrogen coordinates (x1@nd isotropic displacement parameterdxA03)

for 2008PD1.
X y z U(eq)

H(3) 6851 4635 5715 23
H(4) 9496 4683 6099 26
H(5) 11438 2581 6910 27
H(6) 10775 390 7344 o5
H(9) 5673 302 5801 20
H(10A) 3716 330 7173 22
H(10B) 4882 467 8188 22
H(12) 7323 -2929 9193 22
H(13A) 9116 -1487 8494 23
H(13B) 7519 547 8822 23
H(14A) 8413 253 5226 24
H(14B) 9723 1213 6312 24
H(15A) 8542 -2741 5684 26

H(15B) 6787 -1838 5758 26



Appendices 281

H(16A) 8978 -3581 7787 26
H(16B) 7273 -3809 7473 26
H(18A) 946 -1237 10106 30
H(18B) 2575 -1901 10961 30
H(19A) 1184 -3431 9716 45
H(19B) 1045 -3601 11142 45
H(19C) 2745 -4083 10641 45
H(21A) 4753 -5525 7622 26
H(21B) 4308 -4173 6425 26
H(22A) 2174 -4902 8273 49
H(22B) 2080 -5124 6955 49

H(22C) 1732 -3561 7069 49
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6.5 X-ray Crystal Structure Data for 128

Table 1. Crystal data and structure refinement for DMC-B-469.

Identification code DMC-B-469, 2010src0268
Empirical formula Cz2 Hza N2 Og
Formula weight 542.61
Temperature 120(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group Pc
Unit cell dimensions a=11.5003(3) A o= 90°.
b =8.4551(3) A B=108.961(2)°.

c=15.1907(4) A y = 90°.
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Volume

z
Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.48°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

Notes:

1396.94(7) B

2
1.290 Mg/n¥

0.089 mml

576

0.30 x 0.17 x 0.15 mf

3.05t0 27.48°.

-14<=h<=13, -10<=k<=10, -19<=I<=19

27229
3191 [R(int) = 0.0525]
99.4 %
Semi-empirical from equivalents

0.9867 and 0.9737

Full-matrix least-squares orfF

3191/3/374

1.092
R1 =0.0443, wR2 = 0.1010
R1 =0.0492, wR2 = 0.1036

?

0.360 and -0.342 eR
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The absolute structure could not be determined from the diffraction data.
The methyl group C(22)/C(22’) is disordered over two positions, at a percentage occupancy ratio
of 58 (3) / 42 (3).

The hydrogen atoms were fixed as riding models.
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Table 2. Atomic coordinates ( x 40and equivalent isotropic displacement parametefs (A
109)

for DMC-B-469. U(eq) is defined as one third of the trace of the orthogonalikdaelﬁor.

X y z U(eq)
Cc() 5779(2) 7122(3) 1405(2) 26(1)
C@) 5107(2) 6192(3) 1929(2) 26(1)
c@3) 5340(2) 4587(3) 1874(2) 24(1)
C(4) 6155(2) 4274(3) 1283(2) 24(1)
C(5) 6110(2) 5891(3) 789(2) 26(1)
C(6) 7206(2) 6302(3) 450(2) 28(1)
C@) 8441(2) 5416(3) 901(2) 27(1)
C(8) 8306(2) 3762(3) 1302(2) 28(1)
C(9) 7473(2) 3890(3) 1901(2) 26(1)
C(10) 7827(3) 2451(4) 574(2) 33(1)
c(11) 6486(3) 2644(4) 27(2) 34(1)
C(12) 5667(3) 2923(3) 582(2) 30(1)
C(13) 4850(2) 3494(3) 2337(2) 25(1)

C(14) 4099(2) 4021(3) 2846(2) 27(1)



Appendices 286

C(15) 3869(3) 5633(3) 2886(2) 30(1)
C(16) 4370(3) 6728(3) 2431(2) 30(1)
C(17) 9355(3) 6386(4) 1680(2) 33(1)
C(18) 10407(4) 8874(6) 1997(3) 75(2)
C(19) 11425(4) 9191(8) 1661(3) 85(2)
C(20) 9055(3) 5201(3) 147(2) 29(1)
C(21) 10931(3) 4573(5) -104(2) 45(1)
C(22) 12217(8) 4780(30) 375(7) 78(6)
c(21) 10931(3) 4573(5) -104(2) 45(1)
C(22) 12092(15)  3780(30) 434(10) 62(4)
C(23) 3524(2) 2850(3) 3308(2) 28(1)
C(24) 4174(3) 1543(4) 3766(2) 34(1)
C(25) 3623(3) 447(4) 4190(2) 39(1)
C(26) 2410(3) 647(4) 4153(2) 40(1)
c(27) 1749(3) 1927(4) 3683(2) 41(1)
C(28) 2300(3) 3039(4) 3268(2) 36(1)
C(29) 6776(3) 9056(3) 2512(2) 29(1)
C(30) 8883(3) 8524(3) 3602(2) 31(1)
C(31) 8035(3)  10829(3) 3749(2) 34(1)
C(32) 9166(3)  10690(4) 4368(2) 38(1)
N(1) 7847(2) 9420(3) 3241(2) 29(1)
N(2) 9705(2) 9250(3) 4281(2) 36(1)

o(1) 6936(2) 7736(2) 2086(1) 27(1)



Appendices

287

0()
0(@3)
O(4)
o(5)

0(6)

9885(2)
9500(3)
8551(2)
10244(2)

5870(2)

5929(3)
7834(3)
5293(3)
4852(3)

9851(2)

2455(1)
1373(2)
-673(1)

538(1)

2324(2)

38(1)
53(1)
40(1)
40(1)

40(1)
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Table 3. Bond lengths [A] and angles [°] for DMC-B-4609.
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C(1)-0(1)
C(1)-C(2)
C(1)-C(5)
C(1)-H(1)
C(2)-C(16)
C(2)-C(3)
C(3)-C(13)
C(3)-C(4)
C(4)-C(9)
C(4)-C(12)
C(4)-C(5)
C(5)-C(6)
C(5)-H(5)
C(6)-C(7)
C(6)-H(6A)
C(6)-H(6B)
C(7)-C(17)
C(7)-C(20)
C(7)-C(8)
C(8)-C(9)
C(8)-C(10)
C(8)-H(8)

C(9)-H(9A)

1.488(3)
1.499(4)
1.528(4)
1.0000

1.387(4)
1.392(4)
1.386(4)
1.517(3)
1.536(4)
1.538(4)
1.552(3)
1.548(3)
1.0000

1.554(4)
0.9900

0.9900

1.539(4)
1.540(3)
1.553(4)
1.525(3)
1.536(4)
1.0000

0.9900

C(9)-H(9B)
C(10)-C(11)
C(10)-H(10A)
C(10)-H(10B)
C(11)-C(12)
C(11)-H(11A)
C(11)-H(11B)
C(12)-H(12A)
C(12)-H(12B)
C(13)-C(14)
C(13)-H(13)
C(14)-C(15)
C(14)-C(23)
C(15)-C(16)
C(15)-H(15)
C(16)-H(16)
C(17)-0(2)
C(17)-0(3)
C(18)-C(19)
C(18)-0(3)
C(18)-H(18A)
C(18)-H(18B)

C(19)-H(19A)

0.9900
1.525(4)
0.9900
0.9900
1.537(4)
0.9900
0.9900
0.9900
0.9900
1.407(3)
0.9500
1.394(4)
1.487(4)
1.387(4)
0.9500
0.9500
1.200(3)
1.340(4)
1.447(4)
1.455(4)
0.9900
0.9900

0.9800
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C(19)-H(19B)
C(19)-H(19C)
C(20)-0(4)
C(20)-0(5)
C(21)-C(22)
C(21)-0(5)
C(21)-H(21A)
C(21)-H(21B)
C(22)-H(22A)
C(22)-H(22B)
C(22)-H(22C)
C(22)-H(22D)
C(22)-H(22E)
C(22)-H(22F)
C(23)-C(24)
C(23)-C(28)
C(24)-C(25)
C(24)-H(24)
C(25)-C(26)
C(25)-H(25)
C(26)-C(27)
C(26)-H(26)

C(27)-C(28)

0.9800
0.9800
1.193(3)
1.334(3)
1.431(10)
1.459(3)
0.9900
0.9900
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.388(4)
1.398(4)
1.392(4)
0.9500
1.388(4)
0.9500
1.380(5)
0.9500

1.394(4)

C(27)-H(27)
C(28)-H(28)
C(29)-0(6)
C(29)-0(1)
C(29)-N(1)
C(30)-N(2)
C(30)-N(1)
C(30)-H(30)
C(31)-C(32)
C(31)-N(1)
C(31)-H(31)
C(32)-N(2)

C(32)-H(32)

0.9500
0.9500
1.194(4)
1.333(3)
1.397(4)
1.304(4)
1.368(4)
0.9500
1.340(5)
1.398(4)
0.9500
1.392(4)

0.9500
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0(1)-C(1)-C(2)
0(1)-C(1)-C(5)
C(2)-C(1)-C(5)
0(1)-C(1)-H(1)
C(2)-C(1)-H(1)
C(5)-C(1)-H(1)
C(16)-C(2)-C(3)
C(16)-C(2)-C(1)
C(3)-C(2)-C(1)
C(13)-C(3)-C(2)
C(13)-C(3)-C(4)
C(2)-C(3)-C(4)
C(3)-C(4)-C(9)
C(3)-C(4)-C(12)
C(9)-C(4)-C(12)
C(3)-C(4)-C(5)
C(9)-C(4)-C(5)
C(12)-C(4)-C(5)
C(1)-C(5)-C(6)
C(1)-C(5)-C(4)
C(6)-C(5)-C(4)
C(1)-C(5)-H(5)

C(6)-C(5)-H(5)

108.2(2)
108.6(2)
104.0(2)
111.9
111.9
111.9
121.0(2)
129.2(2)
109.7(2)
120.1(2)
127.9(2)
111.9(2)
110.6(2)
112.6(2)
109.4(2)
101.71(19)
110.6(2)
111.8(2)
116.3(2)
106.2(2)
117.1(2)
105.4

105.4

C(4)-C(5)-H(5)
C(5)-C(6)-C(7)
C(5)-C(6)-H(6A)
C(7)-C(6)-H(6A)
C(5)-C(6)-H(6B)
C(7)-C(6)-H(6B)
H(6A)-C(6)-H(6B)
C(17)-C(7)-C(20)
C(17)-C(7)-C(8)
C(20)-C(7)-C(8)
C(17)-C(7)-C(6)
C(20)-C(7)-C(6)
C(8)-C(7)-C(6)
C(9)-C(8)-C(10)
C(9)-C(8)-C(7)
C(10)-C(8)-C(7)
C(9)-C(8)-H(8)
C(10)-C(8)-H(8)
C(7)-C(8)-H(8)
C(8)-C(9)-C(4)
C(8)-C(9)-H(9A)
C(4)-C(9)-H(9A)

C(8)-C(9)-H(9B)

105.4
118.2(2)
107.8
107.8
107.8
107.8
107.1
105.7(2)
108.0(2)
108.3(2)
112.3(2)
107.7(2)
114.4(2)
109.4(2)
109.4(2)
115.2(2)
107.5
107.5
107.5
109.7(2)
109.7
109.7

109.7
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C(4)-C(9)-H(9B)
H(9A)-C(9)-H(9B)
C(11)-C(10)-C(8)
C(11)-C(10)-H(10A)
C(8)-C(10)-H(10A)
C(11)-C(10)-H(10B)
C(8)-C(10)-H(10B)
H(10A)-C(10)-H(10B)
C(10)-C(11)-C(12)
C(10)-C(11)-H(11A)
C(12)-C(11)-H(11A)
C(10)-C(11)-H(11B)
C(12)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
C(4)-C(12)-C(11)
C(4)-C(12)-H(12A)
C(11)-C(12)-H(12A)
C(4)-C(12)-H(12B)
C(11)-C(12)-H(12B)
H(12A)-C(12)-H(12B)
C(3)-C(13)-C(14)
C(3)-C(13)-H(13)

C(14)-C(13)-H(13)

109.7
108.2
114.2(2)
108.7
108.7
108.7
108.7
107.6
110.8(2)
109.5
109.5
109.5
109.5
108.1
112.0(2)
109.2
109.2
109.2
109.2
107.9
119.4(2)
120.3

120.3

C(15)-C(14)-C(13)
C(15)-C(14)-C(23)
C(13)-C(14)-C(23)
C(16)-C(15)-C(14)
C(16)-C(15)-H(15)
C(14)-C(15)-H(15)
C(15)-C(16)-C(2)
C(15)-C(16)-H(16)
C(2)-C(16)-H(16)
0(2)-C(17)-0(3)
0(2)-C(17)-C(7)
0(3)-C(17)-C(7)
C(19)-C(18)-0(3)
C(19)-C(18)-H(18A)
0(3)-C(18)-H(18A)
C(19)-C(18)-H(18B)
0(3)-C(18)-H(18B)
H(18A)-C(18)-H(18B)
C(18)-C(19)-H(19A)
C(18)-C(19)-H(19B)
H(19A)-C(19)-H(19B)
C(18)-C(19)-H(19C)

H(19A)-C(19)-H(19C)

119.5(2)
120.8(2)
119.7(2)
121.1(2)
119.5
119.5
118.9(2)
120.6
120.6
123.7(3)
125.8(3)
110.5(2)
111.9(3)
109.2
109.2
109.2
109.2
107.9
109.5
109.5
109.5
109.5

109.5
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H(19B)-C(19)-H(19C)

0(4)-C(20)-0(5)
O(4)-C(20)-C(7)
0(5)-C(20)-C(7)

C(22)-C(21)-0(5)

C(22)-C(21)-H(21A)

0(5)-C(21)-H(21A)

C(22)-C(21)-H(21B)

O(5)-C(21)-H(21B)

H(21A)-C(21)-H(21B)
H(22D)-C(22")-H(22E)
H(22D)-C(22")-H(22F)

H(22E)-C(22")-H(22F)

C(24)-C(23)-C(28)
C(24)-C(23)-C(14)
C(28)-C(23)-C(14)
C(23)-C(24)-C(25)
C(23)-C(24)-H(24)
C(25)-C(24)-H(24)
C(26)-C(25)-C(24)
C(26)-C(25)-H(25)
C(24)-C(25)-H(25)

C(27)-C(26)-C(25)

109.5
124.0(2)
125.7(3)
110.2(2)
109.6(4)
109.8
109.8
109.7
109.8
108.2
109.5
109.5
109.5
118.8(3)
121.2(2)
120.0(3)
120.7(3)
119.7
119.7
120.1(3)
119.9
119.9

119.6(3)

C(27)-C(26)-H(26)
C(25)-C(26)-H(26)
C(26)-C(27)-C(28)
C(26)-C(27)-H(27)
C(28)-C(27)-H(27)
C(27)-C(28)-C(23)
C(27)-C(28)-H(28)
C(23)-C(28)-H(28)
0(6)-C(29)-0(1)
0(6)-C(29)-N(1)
O(1)-C(29)-N(1)
N(2)-C(30)-N(1)
N(2)-C(30)-H(30)
N(1)-C(30)-H(30)
C(32)-C(31)-N(1)
C(32)-C(31)-H(31)
N(1)-C(31)-H(31)
C(31)-C(32)-N(2)
C(31)-C(32)-H(32)
N(2)-C(32)-H(32)
C(30)-N(1)-C(29)
C(30)-N(1)-C(31)

C(29)-N(1)-C(31)

120.2
120.2
120.5(3)
119.8
119.8
120.2(3)
119.9
119.9
127.1(3)
122.8(3)
110.1(2)
111.7(3)
124.2
124.2
104.7(3)
127.7
127.7
111.7(3)
124.1
124.1
128.7(2)
107.0(2)

124.3(2)
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C(30)-N(2)-C(32)
C(29)-0(1)-C(1)
C(17)-0(3)-C(18)

C(20)-0(5)-C(21)

104.9(3)
113.3(2)
118.0(3)

115.9(2)
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Symmetry transformations used to generate equivalent atoms:
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Table 4. Anisotropic displacement parameter%((AO'g)for DMC-B-469. The anisotropic

displacement factor exponent takes the form2f22a*2U11+ .. + 2 h k a* b* U2]

ull U22 U33 U23 U13 U12

c(1)  26(1) 26(1) 26(1) 1(1) 7(2) 3(2)
c@2 2201 28(1) 27(1) 0(1) 7(2) 2(1)
Cc@@)  22(1) 26(1) 25(1) -3(1) 8(1) 2(1)
C@)  26(1) 23(1) 26(1) 1(1) 11(2) 2(1)
C()  29(1) 28(1) 22(1) 0(1) 10(1) -1(1)
c6)  32(1) 31(1) 25(1) 3(2) 14(1) 0(1)
c(7)  29(1) 33(1) 22(1) 1(1) 12(1) -1(1)
c@®)  27(1) 32(1) 28(1) 3(2) 13(1) 3(2)
cO)  27(1) 28(1) 26(1) 3(2) 13(1) 4(2)
C(10) 37(2) 33(1) 39(1) -2(1) 23(1) 2(1)
c(11) 38(2) 33(2) 35(2) -11(1) 18(1) -3(1)
C(12) 32(1) 28(1) 35(1) -6(1) 18(1) -3(1)
C(13)  26(1) 23(1) 29(1) -2(1) 11(2) 1(1)
C(14) 25(1) 30(1) 28(1) -1(1) 11(2) 0(1)
C(15) 28(1) 33(1) 32(1) -4(1) 14(2) 2(1)
c(16) 31(1) 26(1) 36(1) -3(1) 13(1) 4(1)

C(17) 30(1) 44(2) 30(1) -5(1) 18(1) -6(1)
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C(18)
C(19)
C(20)
C(21)
C(22)
Cc(21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
C(28)
C(29)
C(30)
C(31)
C(32)
N(1)

N(2)

o(1)

0Q)

0(3)

O(4)

O(5)

99(3)
48(2)
32(1)
38(2)
31(3)
38(2)
47(6)
29(1)
31(1)
41(2)
47(2)
36(2)
33(1)
39(2)
36(1)
53(2)
50(2)
36(1)
43(1)
28(1)
31(1)
77(2)
39(1)

28(1)

83(3)
155(5)
33(1)
69(2)
170(16)
69(2)
91(11)
30(1)
39(2)
38(2)
43(2)
45(2)
35(2)
21(1)
33(1)
26(1)
38(2)
26(1)
40(1)
23(1)
57(1)
53(1)
58(1)

67(2)

55(2)
60(3)
27(1)
38(2)
34(4)
38(2)
55(6)
30(1)
35(2)
39(2)
39(2)
53(2)
44(2)
31(1)
30(1)
31(1)
29(1)
28(1)
28(1)
30(1)
27(1)
34(1)
26(1)

28(1)

-33(2)

-48(3)

-2(1)

-2(2)

-16(7)

2(2)
12(7)
-5(1)
3(1)
7(1)
0(1)
-6(2)
1(1)
1(1)
1(1)
-5(1)

-5(1)

-3(1)

-4(1)

-2(1)
-6(1)
-9(1)
2(1)

-3(1)

41(2)
28(2)
16(1)
25(1)
12(3)
25(1)
26(5)
15(1)
13(1)
14(2)
24(1)
29(1)
20(1)
16(1)
17(2)
22(1)
18(1)
15(1)
16(1)
11(2)
10(1)
25(1)
15(1)

14(1)

-61(3)

-43(3)

-4(1)
1(2)
7(6)
1(2)
26(7)
-3(1)
0(1)

1(1)

-10(1)

-5(1)
3(1)
-1(1)
0(2)

-5(1)

-12(1)
-3(1)

-7(1)

0(1)

3(1)

-37(1)

4(1)

“1(1)



Appendices 299

o)  41(1) 26(1) 51(1) -4(1) 14(1) 6(1)
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Table 5. Hydrogen coordinates ( x*1@nd isotropic displacement parameterdxA05)

for DMC-B-469.

X y z U(eq)
H(1) 5260 7992 1030 31
H(5) 5378 5831 212 31
H(6A) 7369 7449 547 33
H(6B) 6944 6110 2229 33
H(8) 9139 3434 1718 33
H(9A) 7779 4734 2371 31
H(9B) 7482 2880 2232 31
H(10A) 8342 2427 163 40
H(10B) 7924 1420 899 40
H(11A) 6208 1680 -408 41
H(11B) 6408 3550 -455 41
H(12A) 4823 3182 177 36
H(12B) 5627 1939 924 36
H(13) 5020 2399 2309 31
H(15) 3361 5989 3229 36

H(16) 4211 7825 2463 36
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H(18A) 10008 9885 2062 90

H(18B) 10722 8378 2620 90
H(19A) 11875 8207 1657 128
H(19B) 11979 9963 2069 128
H(19C) 11112 9617 1027 128
H(21A) 10774 3485 -356 54
H(21B) 10656 5323 -632 54
H(22A) 12376 5880 583 117
H(22B) 12680 4528 -46 117
H(22C) 12476 4075 915 117
H(21C) 11107 5588 -360 54
H(21D) 10450 3895 -627 54
H(22D) 12498 4382 1000 93
H(22E) 12635 3710 54 93
H(22F) 11911 2707 603 93
H(24) 5002 1394 3791 41
H(25) 4078 -440 4505 47
H(26) 2037 -92 4449 49
H(27) 912 2051 3642 49
H(28) 1843 3927 2957 43
H(30) 8991 7498 3386 38
H(31) 7482 11693 3673 41

H(32) 9553 11478 4813 45
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Table 6. Torsion angles [°] for DMC-B-469.

O(1)-C(1)-C(2)-C(16)
C(5)-C(1)-C(2)-C(16)
O(1)-C(1)-C(2)-C(3)
C(5)-C(1)-C(2)-C(3)
C(16)-C(2)-C(3)-C(13)
C(1)-C(2)-C(3)-C(13)
C(16)-C(2)-C(3)-C(4)
C(1)-C(2)-C(3)-C(4)
C(13)-C(3)-C(4)-C(9)
C(2)-C(3)-C(4)-C(9)
C(13)-C(3)-C(4)-C(12)
C(2)-C(3)-C(4)-C(12)
C(13)-C(3)-C(4)-C(5)
C(2)-C(3)-C(4)-C(5)
O(1)-C(1)-C(5)-C(6)
C(2)-C(1)-C(5)-C(6)
O(1)-C(1)-C(5)-C(4)
C(2)-C(1)-C(5)-C(4)
C(3)-C(4)-C(5)-C(1)
C(9)-C(4)-C(5)-C(1)
C(12)-C(4)-C(5)-C(1)

C(3)-C(4)-C(5)-C(6)

80.2(3)

-164.5(3)

-98.3(2)
17.0(3)
-1.0(4)

177.7(2)
179.4(2)
-1.9(3)

-75.6(3)
104.0(3)

47.0(4)

-133.4(2)

166.9(3)
-13.6(3)

-42.3(3)

-157.3(2)

90.0(2)
-25.0(3)
23.4(2)
-94.1(2)
143.7(2)

155.3(2)
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C(9)-C(4)-C(5)-C(6)
C(12)-C(4)-C(5)-C(6)
C(1)-C(5)-C(6)-C(7)
C(4)-C(5)-C(6)-C(7)
C(5)-C(6)-C(7)-C(17)
C(5)-C(6)-C(7)-C(20)
C(5)-C(6)-C(7)-C(8)
C(17)-C(7)-C(8)-C(9)
C(20)-C(7)-C(8)-C(9)
C(6)-C(7)-C(8)-C(9)
C(17)-C(7)-C(8)-C(10)
C(20)-C(7)-C(8)-C(10)
C(6)-C(7)-C(8)-C(10)
C(10)-C(8)-C(9)-C(4)
C(7)-C(8)-C(9)-C(4)
C(3)-C(4)-C(9)-C(8)
C(12)-C(4)-C(9)-C(8)
C(5)-C(4)-C(9)-C(8)
C(9)-C(8)-C(10)-C(11)
C(7)-C(8)-C(10)-C(11)
C(8)-C(10)-C(11)-C(12)
C(3)-C(4)-C(12)-C(11)
C(9)-C(4)-C(12)-C(11)

C(5)-C(4)-C(12)-C(11)

37.8@)

-84.4(3)
106.4(3)
-20.7(3)
-97.8(3)
146.2(2)
25.8(3)

77.4(3)

-168.5(2)

-48.4(3)

-158.8(2)

-44.7(3)
75.4(3)
-59.4(3)

67.7(3)

-173.7(2)

61.8(3)
-61.8(3)
54.7(3)
-69.0(3)
-50.5(3)
178.8(2)
-57.9(3)

65.0(3)
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C(10)-C(11)-C(12)-C(4)
C(2)-C(3)-C(13)-C(14)
C(4)-C(3)-C(13)-C(14)
C(3)-C(13)-C(14)-C(15)
C(3)-C(13)-C(14)-C(23)
C(13)-C(14)-C(15)-C(16)
C(23)-C(14)-C(15)-C(16)
C(14)-C(15)-C(16)-C(2)
C(3)-C(2)-C(16)-C(15)
C(1)-C(2)-C(16)-C(15)
C(20)-C(7)-C(17)-0(2)
C(8)-C(7)-C(17)-0(2)
C(6)-C(7)-C(17)-0(2)
C(20)-C(7)-C(17)-0(3)
C(8)-C(7)-C(17)-0(3)
C(6)-C(7)-C(17)-0(3)
C(17)-C(7)-C(20)-O(4)
C(8)-C(7)-C(20)-O(4)
C(6)-C(7)-C(20)-O(4)
C(17)-C(7)-C(20)-0(5)
C(8)-C(7)-C(20)-O(5)
C(6)-C(7)-C(20)-O(5)
C(15)-C(14)-C(23)-C(24)

C(13)-C(14)-C(23)-C(24)

51.60)

1.1(4)

-179.3(2)

-0.6(4)
177.2(2)

-0.1(4)

-177.9(3)

0.2(4)

0.3(4)

-178.0(3)

-114.5(3)

1.3(4)
128.4(3)

64.7(3)

-179.6(2)

-52.5(3)

-138.8(3)

105.6(3)
-18.6(4)
42.8(3)
-72.8(3)

163.1(2)

-141.0(3)

41.2(4)
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C(15)-C(14)-C(23)-C(28)
C(13)-C(14)-C(23)-C(28)
C(28)-C(23)-C(24)-C(25)
C(14)-C(23)-C(24)-C(25)
C(23)-C(24)-C(25)-C(26)
C(24)-C(25)-C(26)-C(27)
C(25)-C(26)-C(27)-C(28)
C(26)-C(27)-C(28)-C(23)
C(24)-C(23)-C(28)-C(27)
C(14)-C(23)-C(28)-C(27)
N(1)-C(31)-C(32)-N(2)
N(2)-C(30)-N(1)-C(29)
N(2)-C(30)-N(1)-C(31)
0(6)-C(29)-N(1)-C(30)
0(1)-C(29)-N(1)-C(30)
0(6)-C(29)-N(1)-C(31)
0(1)-C(29)-N(1)-C(31)
C(32)-C(31)-N(1)-C(30)
C(32)-C(31)-N(1)-C(29)
N(1)-C(30)-N(2)-C(32)
C(31)-C(32)-N(2)-C(30)
0(6)-C(29)-O(1)-C(1)
N(1)-C(29)-O(1)-C(1)

C(2)-C(1)-O(1)-C(29)

40.40)

-137.4(3)

-0.8(4)

-179.4(3)

0.4(5)
0.9(5)
-1.7(5)
1.3(5)
0.0(4)
178.6(3)
-0.4(3)
179.8(3)
-0.8(3)
171.0(3)
-9.1(4)
-8.3(4)
171.6(2)

0.7(3)

-179.9(2)

0.6(3)
-0.1(3)
-9.6(4)
170.5(2)

-82.2(3)



Appendices

307

C(5)-C(1)-0O(1)-C(29) 165.6Q)
0(2)-C(17)-0(3)-C(18) 3.9(5)
C(7)-C(17)-O(3)-C(18) -175.3(3)
C(19)-C(18)-0(3)-C(17) 113.3(5)
0(4)-C(20)-0(5)-C(21) 0.0(4)
C(7)-C(20)-O(5)-C(21) 178.3(3)
C(22)-C(21)-0(5)-C(20) 159.3(12)

Symmetry transformations used to generate equivalent atoms:
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