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Supervisor’s Foreword

Gold chemistry has attracted increasing attention in recent years in the realm of
homogeneous catalysis. In particular, gold complexes have been found to be the
most powerful catalysts for electrophilic activation of alkynes toward a variety of
nucleophiles under homogeneous conditions. Moreover, allenes and alkenes can
also be effectively activated by gold complexes. Our group at the Institute of
Chemical Research of Catalonia (ICIQ) has developed new gold-based method-
ologies for the formation of carbon—carbon bonds based on the attack of different
nucleophiles like alkenes, arenes, and electron-rich heteroarenes to alkynes. It has
been the purpose of this Ph.D. thesis to discover new gold-catalyzed transforma-
tions of alkynes and to develop new transformations for the ready build up of
molecular diversity and complexity, in particular in the selective formation of
tricyclic compounds, dihydropyrans, 1,3-dienes, and cyclobutenes. Furthermore, an
approach for the synthesis of the tetracyclic core of the lundurines has been
developed by using a gold-catalyzed cyclization reaction as the key step. The
lundurines are a new type of indoles alkaloids, characterized by an unusually
complex architecture with a cyclopropane fragment embedded within a hexacyclic
ring system that includes a 1 H—azocine[5,4—b]indole ring. Interestingly, lundurines
B and D have shown significant in vitro cytotoxicity toward B16 melanoma cells.

This work is an important contribution in the development of new synthetic
methodology using gold catalysts. The synthesis of the tetracyclic core of the
lundurines is a major step toward the achievement of an efficient total synthesis of
this class of antitumor compounds.

Tarragona, May 2013 Antonio M. Echavarren
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Chapter 1
Introduction

Transition metal catalysis is one of the most important tools in organic synthesis,
making the development of highly efficient and selective transformations possible.
In this context, the electrophilic activation of alkynes by n-Lewis acids [1] has
become a broadly used transformation for the synthesis of highly functionalized
carbo- and heterocycles.

1.1 Metal-Catalyzed Alkyne Activation

In the field of homogeneous catalysis, electrophilic metals [palladium(II), plati-
num(II), rhodium(Il), iridium (I), ruthenium(II), cobalt(I), titanium(II) and gold(I)]
activate alkynes under mild conditions [2—8]. When an alkyne behaves as a ligand,
there are four orbitals that can participate in the bonding (Fig. 1.1) [4]. The
in-plane orbitals, 7 and n‘*‘, are responsible for a g-donor interaction (M « L
donation) and a m-acceptor interaction (M — L back-donation) respectively. The
orthogonal, out-of-plane orbitals, =, and nj, are engaged in the M« L =
donation and the § symmetry M — L back-donation respectively. This latter
interaction can be neglected, due to the weak overlap of the orbitals.

In the case of [Au(alkyne)]* complexes, the contributions of the individual ¢
and m terms have been analyzed quantitatively by high level computational
methods [9]. For the [Au(acetylene)]™ complex, the ¢ interaction is the largest
contribution to the orbital term (ca. 65 %), followed by the in-plane m back-
donation (ca. 27 %) and the orthogonal 7 back-donation (ca. 7 %) (see Fig. 1.1).
Thus, alkynes are strong-electron ¢ donors, but fairly weak m acceptors toward
gold(I). Consequently, for [Au(alkyne)]” complexes the Dewar-Chatt-Duncanson
model [10-12] predicts an elongation of the triple bond, due to the net shift of
electron density from the bonding 7 into the antibonding 7" orbital. Furthermore,
the coordination withdraws electron density from the alkyne. Thus, the alkyne is
more electrophilic, and hence more susceptible to nucleophilic attack.

A. Escribano Cuesta, New Gold-Catalyzed Reactions and Applications 1
for the Synthesis of Alkaloids, Springer Theses, DOI: 10.1007/978-3-319-00702-1_1,
© Springer International Publishing Switzerland 2013



2 1 Introduction

Metal Alkyne

Fig. 1.1 Qualitative orbital diagram

The addition of water to alkynes catalyzed by Brgnsted acids usually requires
harsh conditions and leads to numerous side reactions. A classical solution is the
replacement of a proton by the isolobal Hg>*. The soft character [13, 14] of this
large and polarizable cation has a much greater affinity to the substrate, leading to
reactions that proceed under mild conditions [5]. However, the use of stoichi-
ometric amounts of toxic mercury salts is inconvenient. This problem was solved
by the use of gold, which shows a higher affinity to © systems. In addition, the
[AuL]® fragment can be readily cleaved under the reaction conditions, thus
ensuring an efficient turnover. Consequently, the [AuL]™ fragment can be con-
sidered equivalent to H* and Hg*?, but with an increased carbophilic character.
However, this consideration is too simplistic. Thus, gold complexes can form
carbene intermediates [15-18], in which the main contribution to the substantial
shortening and strengthening of the [Au=CH,]* bond is due to relativistic effects
[19, 20]. These properties make gold an excellent soft Lewis acid for the activation
of C—C multiple bonds [5] under mild reaction conditions. As a result, gold
complexes have been successfully employed in nucleophilic additions (using
heteroatom- or carbon nucleophiles), Friedel-Crafts reactions, C—H activations,
hydrogenations, and oxidations [2-8].

1.2 Gold Properties

Gold is a metal characterized by its high electronegativity [21-24]. The high Lewis
acidity of gold in comparison with other metal of group 11 can be explained by the
contraction of the valence s or p orbitals due to the relativity. As a result, an
expansion of the atomic d and f orbitals takes place, because of an increased
shielding effect by the contracted core. The altered intrinsic energies and diffuse
character of the d orbitals explain the chemically soft character of gold(I) com-
plexes. These effects lead to a net contraction of the Au-L bond. However, this
bond contraction is sensitive to the nature and the electronegativity of the ligand
present in the coordination sphere of gold. This fact has a high impact in the
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catalyst properties, because it allows the modulation of the reactivity of the gold
complex depending of the ligand. The formal “pulling in” of a ligand results in
more effective orbital overlap and increased bond strength.

1.3 Gold Complexes for Alkyne Activation

Simple AuCl, AuCl; or NaAuCl, are carbophilic enough to catalyze the addition
of nucleophiles to alkynes. However, gold(III) can be reduced easily to gold(0) and
AuCl by disproportionation. Therefore it is necessary to stabilize gold with donor
ligands. The reactivity of the complexes can be modulated by changing the ligand
in the coordination sphere of gold. For example, an increase in the electron-density
of the metal is clearly observed by moving from electron-withdrawing to electron-
donating ligands (Fig. 1.2).

=\, ]"SbFe’ #BuU T SbFs

+Bu, ¥ .
Dipp N> N=~Dipp “*p_Au-NCMe tBu ] SFe
AuCl Y
Au Q +Bu 0}-P-Au—NCPh
NCPh :

lectrophilicit
Dipp = 2,6--Pr,CeHs electrophilicity

Fig. 1.2 Ligand modulation of the reactivity of gold(I) complexes

Gold(I) preferentially coordinates in a linear bi-coordinative geometry. This
limited coordination requires the abstraction of one ligand from a neutral bi-
coordinate gold(I) species to generate in situ [AuL]*. In the case of [AuMe(PPhs)],
the Au-alkyl bond is cleaved by a protic acid [25, 26]. Similarly, cationic gold(I)
complexes can be formed in situ by chloride abstraction from [AuLCI] complexes
using one equivalent of a silver(I) salt with a non-coordinating anion [27-29].
The cationic version of these complexes with a weakly coordinated ligand
(acetonitrile or benzonitrile in most cases) instead of the chloride has been
prepared.

In general, complexes with donating ligands that are sterically hindered are
very robust catalysts, due to their higher stability. Complexes 1-4 bearing bulky
biphenyl phosphines, which are excellent ligands for palladium-catalyzed reac-
tions, lead to very active catalysts upon activation with silver(I) salts [30]. The
analogous cationic version, complexes 5-8 are more convenient catalysts [15, 31,
32] since reactions can be carried out in the absence of silver(I) salts [28]. Related
complexes 9 and 10 with a weakly coordinated bis(trifluoromethane-sulfo-
nyl)amide NTf, have also been reported [33] (Fig. 1.3).
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Fig. 1.3 Gold complexes

Gold complexes with N-heterocyclic carbenes (NHC) [34-37], such as 11-13
[16, 30, 38—42], cationic 14-16[43, 44] as well as neutral 17 and 18 [45, 46],
usually afford more selective catalysts, due to the more donating ability of the
NHC in comparison with phosphine ligands. Gold hydroxo complex [Au(IPr)OH]
can also be used as catalyst by activation with a Brgnsted acid [47, 48]. Acyclic
carbenes [49-53], such as 21, and other related carbenes [54-58] also give rise to
selective catalysts of moderate electrophilicity.

Gold(I) complexes with phosphites as ligands are more active catalysts, due to
their more electron-withdrawing character. The complexes 19 [31] and its cationic
derivative 20 [42, 59, 60], bearing tris(2,6-di-tert-butylphenyl)phosphite are
among the most electrophilic cationic gold(I) catalysts reported to date.

In general, gold(Ill) complexes characterized by a square-planar geometry, are
used less than gold(I) complexes. The use of pyridinecarboxylic acid as ligand, as
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in complex 22 [61, 62], allows the stabilization of the catalyst. It is worth men-
tioning that higher oxidation states also increase the affinity to hard donor sites.
Therefore, gold(IIT) complexes are more oxophilic, whereas gold(I) complexes are
more carbophilic.

1.4 Gold-Catalyzed Nucleophilic Additions to Alkynes

Gold(I) complexes exhibit excellent chemoselectivity towards C—C m-systems.
Although [AuL]* does not selectively coordinate alkynes over other m-systems,
alkynes are activated selectively because the nucleophilc attack is thermody-
namically more favored. In the context of 1,6-enynes, while the [AuL]" species
indifferently coordinates to both n-systems, the addition occurs exclusively to the
[Au(alkyne)]* complex, which has a lower LUMO than the analogous [Au(alk-
ene)]” complex [63].

The coordination of the [AuL]" fragment to the alkyne moiety allows the anti
attack of nucleophiles due to the formation of n-complex I and, consequently, the
formation of (E)-alkenyl-gold complex II as intermediate (Fig. 1.4).

Fig. 1.4 Gold(I)-catalyzed addition of nucleophiles to alkynes

Gold-catalyzed nucleophilic addition to alkynes are operationally safe and
simple to perform, and do not generally require rigorously inert reaction conditions.

1.4.1 Gold-Catalyzed Addition of Carbon-and
Heteronucleophiles to Alkynes

The gold-catalyzed inter- and intramolecular addition of carbon- and heteronu-
cleophiles to alkynes leads to a wide variety of products [6]. In the case of nitrogen
nucleophiles, the addition of amines,’ anilines [67, 68], imines [69], pyridines2 and
azides [72] is possible (Scheme 1.1).

! Selected examples: [64-66].
2 Selected examples: [70, 71].
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[AuMe(PPhg))/acid NHR?
RI-=—R? + R3NH, - I _re
98-100% R
L NaAuCl, N
R'—==—(CHy),NH, — R1A<_J)
28-99% n-2
n>3

Scheme 1.1 Selected examples for the addition of nitrogen nucleophiles to alkynes

Alcohols,’ carboxylic acids [79], carbonyl compounds,4 carboxamides [84],
epoxides,” sulfoxides® and thiols’ can also participate as nucleophiles (Scheme 1.2).

1 , NaAuCl, o R
R'——R > 2 1
R2 + R
MeOH/H,0 A /\[(])/
83-94%
AuCI3
VA S G SR G
72-97%
R2 R!
VY AuCl
CH4CN, rt o~ TR?
© 25-84%

Scheme 1.2 Selected examples for the addition of oxygen nucleophiles to alkynes

The hydrochlorination [92] and hydrofluorination [93] of alkynes catalyzed by
gold complexes have also been reported (Scheme 1.3).

Ar’N\fN‘Ar
Au .
RI——R? F — * —
PhNMe,-HOTf R! E R
EtsN-HF/KHSO,4, CH,Cly, rt
63-86%

Scheme 1.3 Gold(I)-catalyzed hydrofluorination of alkynes

Selected examples: [73-78].
Selected examples: [80-83].
Selected examples: [85-87].
6 Selected examples: [88, 89].
7 Selected examples: [90, 91].
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Two types of carbon nucleophiles are commonly utilized in gold catalysis:
electron-rich (hetero)arenes [3, 6] and 1,3-carbonyl compounds [94—104]. The first
will be discussed later. The addition of 1,3-carbonyl compounds to alkynes, known
as the Conia-ene cyclization [94-104], takes place via the corresponding enol
tautomer or the corresponding silyl enol ether (Scheme 1.4).

R'OC __CO,R? R'OC_ CO,R?

T [AUOTH(PPhy)]

Rs/\/\\\ CH,Cly, rt R37

79-99%
1 2 1 2
R OCTCOZR Ré  [AUOTIPPRg R OCS COR
= — R

< CH,Cly, 1t R~/

R3
74-99%

Scheme 1.4 Gold(I)-catalyzed intramolecular addition of 1,3-carbonyl compounds

1.4.2 Gold-Catalyzed Friedel-Crafts-Type Reactions

The gold-catalyzed reaction of alkynes with aromatic units has been extensively
studied [105-107]. This reaction allows the synthesis of polycyclic aromatic and
heteroaromatic systems via Friedel-Crafts-type processes. Although, the C-H
activation of aryl compounds by gold(IIT) has been known for more than 70 years,®
it is accepted that the Friedel-Crafts-type reaction proceeds via [Au(alkyne)]*
complexes and subsequent electrophilic aromatic substitution with the arenes or
heteroarene compounds.

The gold-catalyzed intermolecular hydroarylation of electron-rich alkynes leads
to 1,1-disubstituted alkenes [116]. The inverse regioselectivity in favor the 1,2-
disubstituted alkenes is observed for alkynes with electron-withdrawing groups
(Scheme 1.5) [117].

=—CO,Et
@ [AuCI(PPhg)], BF3-OEt, AuC|3 AngF6
CO,Et MeNO, MeNO,

95% 70%

Scheme 1.5 Gold-catalyzed hydroarylation of alkynes

8 Selected examples for the direct auration of arenes and heteroarenes: [47, 108—115].
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In contrast, the intermolecular reaction of heteroarenes, such as indoles [118],
2,3-benzofurans [119], and furanes [120, 121],9 generally results in a double
addition to the alkyne (Scheme 1.6).

COLEt
AN AuCl, O
=CO,Et + 8 . ] \
N MeCN, rt N N
Me 74% Me Me
R1

B o N\ [(Mes3PAu),CI|BF,4 S =
— —_—_—

= R (ol N6 0
neat, 50 °C, 7 d

42-58%

R '=Ph, n-Pr, n-Bu R2 R2

R2 = Me, n-Bu

Scheme 1.6 Gold-catalyzed Friedel-Crafts-type addition of heteroarenes to alkynes

The intramolecular gold-catalyzed hydroarylation of alkynes is a well-established
methodology, which allows the synthesis of a broad range of complex products.
Some examples are the synthesis of N-tosyl-1,2-hydroquinolines [122], cinnoline
derivatives [123], phenantrenes [124], coumarines [117], and pyrrolo[1,2-a]quini-
lines [125, 126] (Scheme 1.7).

+ -
oy &Y A
P-Au—NCMe
tpr,

(N —er
i-Pr

[
TsOH
1 \\\ il © i
RZ N ~A N CHOl 80°C P M-
N""°CO,Me CH3NO,, 100 °C N "CO,Me 3 N "CO,Me
R2

R2 R2

25-99%

Scheme 1.7 Formation of cinnoline by gold(I)-catalyzed hydroarylation of N-propargyl-
N'-arylhydrazines

Indenes can be synthesized via intramolecular hydroarylation of propargyl
acetates catalyzed by NHC gold(I) complexes [127, 128]. The formation of the
indenes proceeds via a 1,3-shift to form an allene, followed by the hydroarylation
(Scheme 1.8). Notably, this reaction requires strictly anhydrous conditions,
because conjugated enones and enals are isolated in the presence of water [129].
Related transformations include reaction with propagyl sulphides or dithioacetals,

° In contrast, the gold(I)-catalyzed reaction of phenylacetylene and 2,5-disubstituted furane
delivers the product of mono-addition and a phenol derivative.
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to produce indenes [130], or the synthesis of naphthalenes via double migration
cascade reactions [131, 132].

OAc

[AuCI(IPr)[/AgBF,4 | A
= X > =
S . %
|/ P Bu CHoCly, rt, 5 min R Donc
R 63-90%

. _.OAC
T,

Scheme 1.8 Gold(I)-catalyzed synthesis of indenes from aryl propargyl acetates

The gold-catalyzed intramolecular reaction of indoles with alkynes is also a
well-known reaction. Alkynyl indole of type III can lead to the formation of
azepino[4,5-bJindole derivatives IV, via 7-exo-dig cyclization, or indoloazocine V,
via 8-endo-dig cyclization (Scheme 1.9) [118, 133, 134].

\

v \'

Scheme 1.9 Intramolecular gold(I)-catalyzed reaction of indoles and alkynes

Cationic gold(I) complexes favor the formation of six- and seven-membered
rings by 6-endo-dig, 6-exo-dig, and 7-exo-dig cyclization. However, indoloazo-
cines V are selectively obtained with AuCl; via 8-endo-dig cyclization. Internal
alkynes are also active in the intramolecular process leading to allenes VI and
tetracyclic compounds VII (Scheme 1.10). In Scheme 1.10, the proposed mech-
anism for the formation of the different products is shown. Nucleophilic attack of
the indole on the activated alkyne affords intermediate VIII, which arises from a
1,2-shift of the initially formed seven-membered ring iminium cation. Proton loss
from VIII forms azocine V, while protonation of intermediate VIII leads to an
open intermediate IX, which rearranges to the final allene VI or the tetracyclic
compound VII via Michael-type addition of the XH group in intermediate X.
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Scheme 1.10 Mechanism of the intramolecular reaction of indoles and alkynes

This methodology and its application on total synthesis will be discussed in
more detail in Chap. 3.

Generally, the intramolecular reaction of furanes with alkynes forms phenols in
good to excellent yields using catalytic gold(I) [135], AuCl; [62, 136-144], or
heterogeneous gold [145] (Scheme 1.11).
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Scheme 1.11 Synthesis of phenols via gold-catalyzed intramolecular reaction of furanes and
alkynes

The mechanistic proposal depicted in Scheme 1.12 is based on experimental
and theoretical studies using gold and platinum as catalysts [139, 145-147].
Nucleophilic attack of the furan to the activated alkyne gives cyclopropyl metal
carbene XI. This intermediate rearranges to the conjugated metal carbene XII. In
water, the carbene intermediate can evolve into the corresponding aldehyde, while
in the absence of an external nucleophile, a [2+2] cycloaddition leads to XIII.
Consequently, intermediate XIII undergoes metal elimination to form oxepine
XIV, which is in equilibrium with the corresponding arene oxide XV [148]."
Finally, intermediate XV aromatizes to provide the final phenol.

| A\ Io} q = =

E})—\z ’C , T | z RN |z
7‘4 e L~ o(
M+ Xt Mt xi MI* 0

M
=
7 ./ D D
@C @CZ = (OD\A/Z ™ C@
OH o
XV XIv

M]
Xl

Scheme 1.12 Proposed mechanism for the formation of phenols

Another application of this methodology allows the synthesis of benzofurans
[149], chromans [150], dihydrobenzofurans [150], dihydroindoles [150], tetrahy-
droquilones [150] or complex tetracyclic products [151] in a highly selective manner.

1.4.3 Gold-Catalyzed Cyclization of 1,n-Enynes

Metal-catalyzed cyclization of enynes has become an attractive and popular
methodology for the straightforward synthesis of carbo- and heterocyclic

1 The intermediate arene oxide XV was trapped by reaction with N-phenyltriazolinedione.
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compounds. This versatile transformation can be promoted by a large array of
transition metals."'

With regard to the mechanism, three pathways are possible depending on the
type of coordination of the metal to the enyne (Scheme 1.13). In the first pathway,
the simultaneous coordination of the metal to the alkyne and alkene leads to the
formation of 1,3- and 1,4-dienes through metallacyclopentene intermediates
(pathway a, Scheme 1.13). In this process, a two-electron oxidation of the metal
takes place, which is favorable for palladium(0) and platinum(0), but highly
unlikely for gold(I) under ordinary conditions. The second pathway is possible
when the alkene motif bears a functional group that promotes the formation of a
n-allylmetal intermediate (pathway b, Scheme 1.13). Finally, the third pathway is
based on the selective activation of the alkyne moiety by the metal (pathway c,
Scheme 1.13).

/_ =
a g [\M n] Z/\:E; [Mn+2] R
ha
“—R

R

/—: MM b —= a [M"+2]
Z Rz ak n+2] —_— Z —
alkene,
\_\\—R CH,OAc, CH\_L o I
CH,SnBujg e
c Z/ —
—_—

Scheme 1.13 Different pathways for the metal-catalyzed cycloisomerization of 1,n-enynes

The cycloisomerization of 1,n-enynes promoted by gold complex catalysts, are
known to go through only the third pathway. This high selectivity is due to two
main reasons: (1) the fragment [AuL]" has only one vacant site, thus it can not
coordinate simultaneously the alkyne and the alkene moieties, (2) oxidative
addition processes are not facile for gold complexes [24, 157, 158]. In general,
gold(I) complexes surpass the reactivity shown by platinum(II) and other elec-
trophilic metals for the reaction of enynes.'”

"' General reviews for the behavior of 1,n-enynes in the presence of transition metals:
[152-156].

12 Selected reviews: [155, 159-164].
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1.4.3.1 Gold-Catalyzed Cycloisomerization of 1,6-Enynes
The cycloisomerization of 1,6-enynes is one of the most widely studied and

developed reaction within gold catalysis. In the absence of nucleophiles, a variety
of products can be obtained (Scheme 1.14) [8, 159-164].

R1
R! 3
z SR
Z , | R
R 2
R2 R \ / R
+
H R1 [ATL] R3
— R ~ R’
Z(:Ij( Z R — 7 |
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R2 R3R* A
—R?3
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Scheme 1.14 Selected products in the gold-catalyzed cyclization of 1,6-enynes

The mechanism of this reaction starts with the activation of the alkyne moiety by
the gold complex, followed by the anti attack of the alkene via 5-exo-dig or
6-endo-dig pathway (Scheme 1.15) [155]. In the absence of a nucleophile, cyclo-
propyl gold(I) carbene XVI evolves by skeletal rearrangement to afford diene XIX
(single exo-cleavage) and/or XX (double exo-cleavage), where diene XX is formed
through the rearranged gold carbene XVII. Furthermore, cyclopropyl gold carbene
XVI can lead to diene XXI (single endo-cleavage) [165]. Bicyclic compound XXII
is obtained by endo-cyclization via carbene XVIII [28, 163, 166, 167].

+ + +
[AuL] [élr_L] 1 [LAu] - R2 +
. R' 6endo-dig /= N 5.exodig [AuL]
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Scheme 1.15 Mechanism for the gold-catalyzed cyclization of 1,6-enynes
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Dienes XIX and XXI are the products of single cleavage rearrangement char-
acterized by the migration of the external alkene carbon to the terminus of the
alkyne (Scheme 1.16). Dienes XX are the products of double rearrangement in
which both the alkene and the alkyne are cleaved. The double exo-cleavage skeletal
rearrangement often leads to dienes XX with predominant Z configuration [168].

R? R2 R2
_ 2 74
—=""R" (auf R N )
Z =, + 7 2o+ Z R
\_\—RZ XIX XX Xxi

single exo-cleavage double exo-cleavage single endo-cleavage

Scheme 1.16 Dienes of single and double cleavage rearrangement

The mechanism for the single cleavage skeletal rearrangement is consistent
with the formation of a gold(I)-stabilized carbocation XXIII, by opening of the
anti-cyclopropyl gold carbene XVI, followed by metal-elimination to give diene
XIX (Scheme 1.17). The single exo-cleavage is similar to the metathesis of enynes
[160, 169], although the mechanism is completely different. Nevertheless, the
double cleavage rearrangement takes place through cyclopropyl gold carbene
XVII, which can be formed by diotropic rearrangement from carbene XVI [170-
172] or by carbocation 1,2-shift of the cyclic alkenyl group in XXIII [15]. For-
mation of the diene XX, form carbene XVII, involves loss of a a-proton, followed
by protodemetallation.

"
[LAU] [LAu

1
| R! ]R1 L R2
—s==R!
7 — 7 R —>Z +} R Za/g'/
H
\_\_Rz xvi H XXl XIX

single exo-cleavage

Lz + R?
Aul] "
zij/u Zm‘
Xvil XX
double exo-cleavage

Scheme 1.17 Single- and double-cleavage exocyclic skeletal rearrangement

The formation of the six-membered ring XXI was initially proposed to take
place through cyclopropyl gold carbene XVIII via 6-endo-dig cyclization
(Scheme 1.18) [27]. However, DFT calculations support a mechanism in which
cyclopropyl gold carbene XVI rearranges to cation XXIX, followed by protode-
metallation [165].
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Scheme 1.18 Endocyclic rearrangement of 1,6-enynes

Selected examples of single exo-, double exo- and single endo-cleavage prod-
ucts are shown in Scheme 1.19 [15, 165].
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Scheme 1.19 Selected examples of gold-catalyzed cycloisomerization of 1,6-enynes

Intermediates XVI, XVII and XVIII (Scheme 1.15) are usually drawn as
cyclopropyl gold carbenes. However, these species are distorted structures that can
also be represented as gold-stabilized homoallylic carbocations. DFT calculations
of cyclopropyl gold carbenes XVI show that the cationic or carbenic character is
depending on the substitution pattern of the enyne and the nature of the ligand
(Table 1.1) [15, 18, 165, 173, 174]. Thus, when R=H or Me, the most relevant
resonance form is XXVI where the longest bond is b. However, when R = c-
C5Hs, the most relevant resonance structure is XXV, due to the stabilization of the
carbocation by the R group.
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Table 1.1 Bond distances for cyclopropyl gold carbene XVI determined by DFT calculations

[LAU] [LA:] [LAu]
/. a) /
Z |w=R=<=—> Z b “‘c(IHR - Z\/+(\\<—R
xxv 1 xvi 1 XXVI H
L = PPhg
R a b c
H 1.378 1.742 1.569
Me 1.372 1.720 1.622
c-C5Hs 1.356 1.586 1.987

Bond distance in A determined by DFT calculations at the B3LYP/6-31G(d) (C,H,P), LANL2DZ
(Au) level

Evidence for this dualism between gold(I) carbenes and homoallylic carboca-
tions was found in the single-cleavage rearrangement of 1,6-enynes substituted at
the alkene with an electron-donating group (Scheme 1.20) [174]. In this case, the
reaction is non-stereospecific proceeding through an open carbocation of type
XXYV in which the rotational barrier for the E/Z interconversion is accessible at
room temperature.

/// 6 23/1 10/AgSbF //
z\/\/A CH,Cl,, 5 min CH,Cly, 5 min ZJX
96% 100%

Z = C(CO,Me),

[LAU] [LAU]

/ + / +
Z .\\H —_— Z .I\R
R H

XXV H XXV H

Scheme 1.20 Cis-selective single-cleavage rearrangement of (Z)- and (E)-1,6-enynes

Although none of the key intermediates involved in the skeletal rearrangement
have been spectroscopically characterized [175], the carbenic character of the
carbene intermediates have been confirmed by trapping of the cyclopropyl gold
carbenes XVI and XVII via intra-[27, 176, 177] and intermolecular [31, 178]
cyclopropanation of alkenes (Scheme 1.21), as well as by formation of the cor-
responding aldehydes when the reaction is carried out in the presence of Ph,SO
[179]. Interestingly, a gold carbene has been generated in gas phase showing the
reactivity expected for these species [180-183].
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Scheme 1.21 Selected examples for the gold-catalyzed reaction of 1,6-enynes with olefins
1.4.3.2 Gold-Catalyzed Cyclization of 1,5-Enynes
Gold-catalyzed cyclization of 1,5-enynes allows the synthesis of a wide variety of
synthetically useful products (Scheme 1.22) [24, 160]. The mechanism of 1,5-

enynes resembles the one of 1,6-enynes, cyclizing through an endocyclic pathway.
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Scheme 1.22 General overview for the gold-catalyzed cyclization of 1,5-enynes



18 1 Introduction

However, the exo-pathway is more favorable when terminal alkynes or
iodoalkynes are used [184].

1,5-Enyne cycloisomerization gives bicyclo[3.1.0]hexanes XX VIII, XXTIX and/
or XXX in a stereoespecific transformation. The proposed mechanism starts by
5-endo-dig cyclization to give an internal cyclopropyl gold carbene XXVII, which
undergoes hydride 1,2-shift to give XXVIII [33, 185-190]. On the other hand,
cyclopropyl gold carbene XXVII can also suffer an alkyl 1,2-shift leading to the
expected product XXIX along with stereoisomer XXX and the product of single
cleavage rearrangement XXXI [187]. Stereoisomer XXX is expected to be pro-
duced from the Z isomer of the 1,5-enynes. Double cleavage products XXXIII and
XXXIV are obtained from aryl- and silyloxy-1,5-enynes [191, 192]. The cyclo-
isomerization occurs by reorganization of cyclopropyl gold carbene XXVII to
form an internal gold carbene XXXII, which evolves by 1,2-migration of the
substituents at the a-position.

As in the case of 1,5-enynes, the ligands on the gold catalysts influence the
carbene or carbocation nature of the intermediates. Thus, gold complexes with
electron-donating ligands, like NHCs, promote reactions that proceed via inter-
mediates with carbene-like character, leading to products with a bicy-
clo[3.1.0]hexane skeleton XXIX. However, gold complexes with less donating
ligands, like phosphite, favor the formation of 1,3-dienes of type XXXI via
carbocationic intermediates [193].

Selected examples for the gold-catalyzed cyclization of 1,5-enynes are shown
in Scheme 1.23 [185, 187].

\/C\/\ [AuCI( PPh3 /AgSbFg V@z)/
CH,Cl,, 1t
98% (>99:1 d)
Z
QC\ _|AuCI(PPhy)VBF, @i}f
CH20I2
It

n=1:72%
n=2:66%
=
AuCI \/O/\/\/
CHzClz TIPSO
OTIPS 84%

Scheme 1.23 Selected examples of gold-catalyzed cycloisomerization of 1,5-enynes

1.4.3.3 Gold-Catalyzed Cyclization of 1,n-Enynes (n > 6)

The skeletal rearrangement of 1,7-enynes is an extension of the cycloisomerization
reaction of 1,6-enynes. 1,7-Enynes undergo single cleavage skeletal rearrangement
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with different metals. In the case of gold, the reaction takes place at room tem-
perature and with low catalyst loadings (Scheme 1.24) [96, 194]. Thus, 1,7-enynes
react with [Au(NCMe)(PPh3)]SbFg or 23 to give 1,3-dienes in good yield. The
proposed mechanism is analogous to the one proposed for 1,6-enynes, which
proceeds through cyclopropyl gold carbene XXXV. The product of the double
cleavage rearrangement of 1,7-enynes has been reported using rhodium as a cat-
alyst [195].

R!

P R R

Z4 Au(NCMe)(PPhg)]SbFg or 2 2 2
/ Re _ IAUNOMeIPPRISEFgor2s N
7 \/\/\F@ CH,Cl,, 25 °C | Re Re

70-98%

Z = C(CO,Me),, C(SOPh),, NTs, O FLCOS . -SO,CFs

R'=H,D )
R2=H, Me, Ph Ag‘
Ar —_—
R3=H, M N
e 8 Se
Ar 7 SAr
si. A
Ar ArAr

23: Ar = 3,5-(+-Bu),-4-OMeCgHy

Scheme 1.24 Single cleavage rearrangement of 1,7-enynes

In the special case of 1,7- and 1,8-enynes seven-membered rings are obtained
by a 7-exo-dig cyclization when the alkene moiety is a silylenolether [196].

Gold(I)-catalyzed cyclization of 1,8-enynes gives cyclobutene compounds as
the main product (Scheme 1.25) [145, 197]. These intermediates can also to give
isomerization or fragmentation products after prolonged reaction times or in the
presence of traces of acids. Furthermore, cyclobutene compounds can also be
synthesized from certain 1,6- and 1,7-enynes [15]. The formation of cyclobutene
compounds by gold-catalyzed cycloisomerization of 1,n-enynes will be discussed
in Chap. 2.

' RS R4 Rs ‘l

=t — ! !

; R\(/ g 10 - 3

4 v\%\ CDCl, 1t %, - R3!

' 2 '

: R 41-00% R' R? .

! R! :

n-Bu Me Me
AcO - Me \e0,c ij MeO,C ijj é
H Me 2 H Ph Me Me
AcO MeO,C MeO,C
0.25 h, 90% 7.5 h, 66% 0.25 h, 85% 10 min, 86%

Scheme 1.25 Formation of cyclobutene compounds by gold(I)-catalyzed cyclization of 1,8-
enynes
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Alternatively, in the case of 1,7- and 1,8-enynes bearing a propargyl acetate
group, cyclopropyl compounds are isolated in good yields [198, 199].

The largest 1,n-enyne that has been cyclized is a 1,9-enyne, which forms a 10-
membered ring in the presence of a large amount of gold and silver complex
(Scheme 1.26) [200]. The cycloisomerization presumably occurs via cyclopropyl
gold carbene XXXVI, which can open to carbocation XXX VII or give directly the
10-membered ring.

O,N

~ % MeO.C Cco,Me
© COMe [AuCI(PPhg)] (50 mol%) ON—, 2
Cone Agon (70 mol%) /
toluene, 50 °C, 14 h
58%

T

MeO,C co,Me
ON—,

XXXVl

Scheme 1.26 Gold(I)-catalyzed cyclization of 1,9-enyne

In addition, the gold-catalyzed intermolecular reaction of alkynes with alkenes
leads to cyclobutene compounds (Scheme 1.27) [201]. This transformation shows
that in the absence of constrains imposed by the tethers in the intramolecular
processes, a [2+2] cycloaddition is the predominant mechanism.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

1, R2 R! .
Y S
} RO CHCht ¢ VB
‘ 44-80% R
Ph m-Tol Ph p-FCeH,
ETP" ETF’“ Em Et
80% 74% 53% 74%

(9:1)

Scheme 1.27 Gold(I)-catalyzed intermolecular reaction of alkynes with alkenes



1.4  Gold-Catalyzed Nucleophilic Additions to Alkynes 21

1.4.4 Gold-Catalyzed Nucleophilic Additions to 1,n-Enynes

One of the most emblematic reaction is the trapping of different intermediates of
1,n-enynes with different nucleophiles, which allows the formation of complicated
structures from simple starting materials [202].

1.4.4.1 Hydroxy-, Alkoxy- and Aminocyclization of 1,n-Enynes

Water, alcohols, and amines have been studied as nucleophiles in the reaction of
1,6-enynes leading to alkoxy-, hydroxy- and aminocyclization products [202]. This
process involves an opening of the cyclopropyl gold carbene intermediate XVI or
XVIII, which results in a formal nucleophilic 1,4-addition (Scheme 1.28). Two
different products can be synthesized by the 5-exo-dig cyclization pathway,
XXXVIII and/or XXXIX. Methylenecyclopentene XXXVIII is obtained by
cleavage of bond a in carbene XVI; however, cleavage of bond b leads to
methylenecyclohexene XXXIX. Cyclohexene XL is also obtained from cyclo-
propyl gold carbene XVIII by the cleavage of bond a.

+ + +
[AuL] [Alle] [LAUT
. H = a NuH
R 6-endo-dig \_K 5-exo-dig a H R
H H
XVII R XVI XXXVII Nu
alNuH blNuH
i L
H YR ’ R
Nu Nu
XL XXXIX

Scheme 1.28 General overview for the gold-catalyzed nucleophilic additions to 1,6-enynes

Water and alcohols can act as nucleophiles in the gold-catalyzed intra-'* and
intermolecular'® reaction with 1,6-enynes. The asymmetric version of the reaction
proceeds with good to excellent enantioselectivity using chiral gold complexes
[208-210]. The hydroxy- and alkoxycyclization of 1,7-enynes takes place in a
similar way [211]. Furthermore, this methodology has been extended to other

13 For 1,6-enynes: For 1,5-enynes: [28, 50, 49-53, 203, 204].
14 For 1,6-enyes: For 1,5-enynes: [28, 205-207].
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nucleophiles, such as amines,'” carbamates [50], carboxylic acids [213],16 and
phenols.'”

Selected examples for the gold-catalyzed addition of nucleophiles to 1,5 and
1,6-enynes are shown in Scheme 1.29 [28, 209, 212].

=
1/AgSbFg

MeO,C MeOH, rt
MeO,C 7%

/ [AuCI(PPhg)], AgSbF
Zw H CH,Cly, rt
76%

C(CO,Me),
Ph
FZ
[AuCI(PPhg)], AgCIO,
= CH,Cly, tt
NHTs 81%

[(AUCI)»{(R)-tol-BINAP}], AgSbFs  Ph02S 7R
> PhO,S Me
Phozss MeOH, rt OMe

PhO, R=H: 4 h, 89% (53% ee) Me
R = Ph: 168 h, 52% (94% ee)

Scheme 1.29 Selected examples for the hydroxy-, alkoxy- and aminocyclization of enynes

1.4.4.2 Addition of Carbon Nucleophiles to 1,n-Enynes

Electron-rich arenes [215-217], indoles [42], 1,3-dicarbonyl compounds [42] and
allyl silanes [42] react intermolecularly with 1,5- and 1,6-enynes. However, in
the case of cyclohexane-1,3-dione and 2-oxocyclohexanecarbaldehyde only the
product of O-addition was observed. A strong effect of the ligand present in the
gold complex was detected in the addition of indole and 1,3-dicarbonyl com-
pounds (Table 1.2). In this reaction, the product of 1,2-addition is favored with
more electron-donating ligands, such as NHC (Table 1.2, entries 5 and 6), as a
result of the direct trapping of the gold(I) carbene by the nucleophile. Catalysts
with more electrophilic ligands (such as phosphates) led to 1,4-addition products
(Table 1.2, entries 2 and 3) [42, 51, 217]. In addition, asymmetric versions of the

'S For the intramolecular reaction of 1,5-enynes with amines: For the intramolecular reaction of
1,6-enynes with carbamates: [50, 212].

16 For the intramolecular reaction of 1,6-enynes with carboxylic acids [28].
' For the intramolecular reaction of 1,5-enynes with phenols: [214].
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reaction with electron-rich arenes and 1,3-dicarbonyl compounds have been
reported [213, 218].

Table 1.2 Ligand effect on the addition of 1,3-dicarbonyl compounds to 1,6-enynes

COPh
Z o o +

/ + )J\/U\ —>[AUL] TSN::K/C\\OPh * TsN ghOPh

TsSN_~x_Ph Ph Ph  GH,Cl, 1t I copn Y
20-30 min Ph
XLI XL
1,4-addition product  1,2-addition product

Entry [AuL]* Yield (%) XLI+XLII Ratio XLI:XLII
1 6 86 33:67
2 19, AgSbF¢ 77 75:25
3 20 83 77:23
4 11, AgSbF¢ 99 2:98
5 15 86 <1:99
6 16 87 <2:98

1,6-Enynes substituted at the alkyne position with an aryl group undergo a
formal [2+42] cycloaddition yielding to tricyclic compounds (Scheme 1.30) [30,
219, 220]. Generally, the reaction is stereospecific and tolerates electron-donating
and electron-withdrawing groups at several positions of the aryl moiety. However,
olefins substituted with electron-releasing groups lead to a lack of stereospecicity
in the reaction [174].

// 6 M802C
e —" M602C
MeO,C CHLCl,, rt, 18 h
X A
MGOZC 78%
\
NO,
.
~ 6 . MeO,C
MeO,C N CH,Cly, 1t, 10 min  MeO,C
MBOZC 81%

Scheme 1.30 Selected examples for [4+2]-cycloaddition of arylenynes

The reaction proceeds via the formation of cationic intermediate XLIIT from
anti-cyclopropyl gold carbene XVI. Intermediate XLIII is stabilized by a
n-interaction with the aryl ring. A Friedel-Crafts-type reaction forms cationic



24 1 Introduction

XLIV, which evolves by aromatization and protodemetallation to form the
tricyclic compound (Scheme 1.31).

+
[LAU] LA
\—Ph [ u
(j>/ — 7
.
XLIII
[AuL]

AuL]*

Scheme 1.31 Proposed mechanism for [4+2] cycloaddition of arylenynes

The endo-cyclization takes place as a minor pathway in certain cases, but is the
favored one in platinum- and gold-catalyzed cycloaddition of related arylenynes
with enesulfonamides or enamines [221-223]. Analogous tricylic products can be
synthesized via gold-catalyzed [4+2] cycloaddition reaction of benzyl-substituted
1,5-enynes [193].

Hydrindanes can be synthesized from 1,8-dien-3-ynes by [4+2] cycloaddition
[30, 219]. However, 1,3-dien-8-ynes undergo intramolecular Diels—Alder reactions
to give formal [4+2] products or hexahydropentalene compounds [224, 225]. The
reaction of cyclopropylenynes gives pentalenes via Prins cyclization (Scheme 1.32)
[174]. Due to the lack of stereospecificity in the reaction, a non-concerted opening
of the cyclopropyl gold carbene to an open carbocation is proposed.

=
Z 6
— > MeO,C OEt
MeOZC AN CH2C|2, rt, 5 min MeOQC
MeO,C OEt 88% (1:1) H H
+
LA
[ u]:\}
. QDN s Z

(OEt

Scheme 1.32 Gold-catalyzed reaction of cyclopropylenynes

1.4.4.3 Other Nucleophilic Additions to 1,n-Enynes

Aldehydes and ketones can act as nucleophiles in gold-catalyzed reactions of 1,6-
enynes. Only a brief view of this reactivity will be discussed in this introduction,
since it will be presented in more detail in Chap. 1.
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1,6-Enynes bearing a carbonyl group at the alkenyl side chain led to oxatri-
cyclic compounds in the presence of AuCl as catalyst (Table 1.3) [226]. The
reaction proceeds through a formal [2+2+2] cycloaddition, where two C-C and
one C-O bonds are formed.

Table 1.3 Gold(I)-catalyzed cyclization of carbonyl 1,6-enynes

/ " R
o [AuL]* ~" 0
z —— Z + 7]
N R r, CH20|2 M
H e

z-= C(ngMe)z xLv M€ XLXVI

Entry R [AuL]* Yield XLV (syn/anti) Yield XLVI (%)
1 H [AuCl(PPh3)]/AgSbFg 35 % (>50:1) 50

2 H AuCl 58 % (>50:1) 18

3 Me AuCl 79 % (>50:1) 10

4 i-Pr AuCl 84 % (>50:1) 12

This valuable transformation has been successfully applied in the total synthesis
of natural compounds like like (Z)-pubinernoid B [227], (+)-orientalol F [227],
and (—)-englerin A and B [228].

The gold-catalyzed intermolecular addition of carbonyl compounds to 1,6-e-
nynes is also feasible. This methodology leads to a wide range of compounds
(Scheme 1.33) [229-231]. Thus, tricyclic compounds XLVII, the products of
formal [2+2+2] cycloaddition XLVIII, 1,3-dienes XLIX or 1,3-dioxolanes L can
be selectively synthesized by changing the substitution pattern at the alkene
moiety and using different gold(I) complexes. Moreover, the intermolecular
addition of carbonyl compounds to 1,5-enynes has also been reported [230].

o} o) R*
RSJJ\ R4 . RSJJ\ R4 RS ~ o \\R4
z 0 [AUF(L=PPhy) S/ — [AUJ(L=PPhy R®
- _ > e}

Hga R Z#X \_\\7R2 Z#X Het e

1_p2_ R'=R2=H
XLVII R'=R°=H R’ LI
o)
R3kH
[AuLT* (L # PPhy)
RS Z=NTs, O; R3 R3
= R'=R%=Me ~ =
zZ | > Z o + 7 |
or Z = C(COMe), R
Z = C(COM R'=R?=Me R
L = C(COMe), XLVl XLIX

R'=Ar,R2=H

Scheme 1.33 General overview of the gold(I)-catalyzed addition of carbonyl compounds to 1,6-
enynes
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In this context it is worth mentioning a new type of gold-catalyzed cascade
transformations. 1,6-Enynes substituted at the propargylic position with alcohols,
ethers, or silyl ethers of type LII suffer a 1,5-migration of the OR group
(Scheme 1.34) [231, 233]. The reaction proceeds through intermediate LIIT and
followed by the migration of the OR group to form LV, which then opens to give
allylgold cation LIV.

+
P [AuL] [LAu]
Z RWO \\3 7
R'O [AuL]* A ~
—_— —_— —_—
R2 z S/ 1/0- i
= “R? : HOR
H
Li L LIv

Scheme 1.34 Gold-catalyzed 1,5-migration of 1,6-enynes of type LII

This reaction leads to a range of different compounds depending on the nucleo-
phile in the medium. For example, dienynes LVI gave tricyclic compounds LVII via
intramolecular cyclopropanation of allylgold cation LIV in 85 % yield
(Scheme 1.35) [232].Interestingly, this reaction leads to tricyclic compounds that are
structurally related with globulol [234], epiglobulol [234] and halichonadin F [235].

HOY
~2 ,H
= 6
MeO - _______ .
N N CH,Cly, rt, 5 min -
85% OMe
LVI Lvi

Scheme 1.35 Gold-catalyzed 1,5-migration of dienyne LVI
Intermediate LIII can also react with indoles, alkenes, or dienes to form

products with a remarkable increase of molecular complexity (Scheme 1.36)
[232, 233].

.
=z
MeO N 6
+ N CHxCly, 1t, 16 h
H

79%

H
& 6
N ! CH,Cly, -30°C, 18 h
75% dr=3.2:1 H OMe
/\/O // ;,
CH,Cly, 1t, 3 h
X

65%

Scheme 1.36 Selected examples for the 1,5-migration of the enynes of type LII
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On the other hand, 3-benzyloxy-1,6-enynes of type LVIII lead to LIX and LX
via formal C-H insertion on intermediate LV’ (Scheme 1.37). This reaction pro-
ceeds via proton abstraction from the CH,Ar’ group in LV’ to form the '-allyl
gold intermediate LXI, which reacts at C1 or C3 with the oxonium cation to give
LIX or LX, respectively.

Lvin
R=PNBn, Bn, PMB

LIX
[LAu]
3 1 Ar Oseok
( C3-atltack
H \
LXI

Scheme 1.37 1,5-Migration of 3-benzyloxy-1,6-enynes followed by formal C—H insertion

Another example of a cascade reaction is the cycloisomerization of 3-silyl-
oxy1,5-enynes, which gives carbonyl compounds through a pinacol rearrangement
[236-238].

1.5 General Objectives

After many years in the shadow of palladium and rhodium, gold has become one
of the most widely used late transition metals in homogeneous and heterogeneous
catalysis [2—8]. Over the last few years, the Echavarren group reported new gold-
based transformations mostly aimed at the activation of alkynes [3, 155].
Numerous methodologies have been developed that favor the attack of different
nucleophiles, like olefins, indoles or aryls, to alkynes [3, 155]. For example,
carbonyl compounds can act as nucleophiles in the intra-[226] and intermolecular
[229-231] reaction of 1,6-enynes. Within this context, this PhD work focused on
the intertwined reaction pathways at play in the gold(I)-catalyzed addition to 1,6-
enynes. Our first objective was to study the intermolecular addition of carbonyl
compounds to 1,6-enynes bearing a tri-substituted alkene moiety (Scheme 1.38).
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__ R4
2 o [AuL]* = R3
...... -7

* RSL R4 ﬁ
\ R2 R! R?

Scheme 1.38 Proposal for the study of the gold(I)-catalyzed intermolecular addition of carbonyl
compounds to 1,6-enynes

Our second objective was to expand the methodology toward the intramolecular
gold(I)-catalyzed cyclization of 1,6-enynes bearing a carbonyl group at the alkyne
moiety (Scheme 1.39). Unexpectedly, this type of 1,6-enynes promoted the for-
mation of cyclobutene compounds.

= o)
YR [AuL] ¢ (A R
o \—\>7 R =z

Scheme 1.39 Gold(I)-catalyzed cycloisomerization of 1,6-enynes bearing a carbonyl group at
the alkyne side chain

Due to the high importance of the cyclobutene motif and the intrinsic diffi-
culties of its synthesis, our third objective was to create new cyclobutene-con-
taining compounds via gold(I)-catalyzed cyclization of 1,8-enynes (Scheme 1.40).

Z/m 74
Ar [AuL]* O

_______ - o

\\ Ar
Scheme 1.40 Formation of cyclobutenes via gold(I)-catalyzed [2+2] cycloaddition

The last objective of this Doctoral Thesis was the application of the method-
ology developed in the group for the total synthesis of lundurines [133, 134].
Lundurines A-D are a new type of alkaloids characterized by a cyclopropylic
fragment embedded within a hexacyclic ring system that includes a 1H-azo-
cine[5,4-bJindole ring unit (Fig. 1.5). Importantly, lundurines B and D display
significant cytoxicity in vitro toward B16 melanoma cells.

Lundurine A: R=H, X =0, A'2
Lundurine B: R=H, X = H, A'2
Lundurine C: R=H, X=H
Lundurine D: R = OMe, X = H, A1

CO,Me

Fig. 1.5 Structures of lundurines A-D
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The main tetracyclic core of these alkaloids has been synthesized via 8—endo—
dig cyclization of alkynyl indole catalyzed by AuCl;, which affords exclusively
the desired azocine[5,4—b]indole derivative (Scheme 1.41) [239]. Thus, based on
previously reported results, our objective was to develop an efficient approach
toward the total synthesis of lundurines.

Hj\ 3
N
R N N
N\ 7 steps AuCl3
N — A\ - N __ A
H 21% N 55% N
H H

R = CO,Me, CN

Scheme 1.41 Previous results for the synthesis of the tetracyclic core of lunduri
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Chapter 2

Gold(I)-Catalyzed Reactions of 1,
6-Enynes with Aldehydes: Cycloaddition
Versus Metathesis-Type Reactions

2.1 Introduction

The intra- and intermolecular nucleophilic trapping of gold intermediates starting
from 1,n-enynes, allows the synthesis of very complicated structures in a highly
efficient and selective manner (See general introduction) [Ref. 155 in Chap. 1]. In
this context, 1,6-enynes with a carbonyl group at the alkenyl side chain such as I-1
react in the presence of AuCl and other gold(I) catalysts to give oxatricyclic
compounds I-2 by a domino process in which two C—C bonds and one C-O bond
are formed (Scheme 2.1) [Ref. 223 Chap. 1]. Fragmentation products I-3 are also
obtained as minor products.

-~
o _lAuyr
Z\/\/\/U\ R CHZCIZ
Me
11 I-3

L i tBu, BU soF,
z R [AuL]® -2 (syn/anti) 1-3 *B-Au—NCMe 6
C(COsMe), Me  AuCl 79 (50:1) 10

C(COMe), Pr 6 44 (26.1) 39 Q <>
6

Scheme 2.1 Gold(I)-catalyzed cyclization of I-1 enynes

This formal [2+2+2] alkyne/alkene/carbonyl cycloaddition proceeds through
the opening of the cyclopropyl carbene intermediate I-4 by the carbonyl group to
form oxonium cation I-5, which undergoes nucleophilic attack by the vinylgold
intermediates in a Prins-type cyclization to give tetrahydropyranyl cation I-6.

Part of these results have been published in: Escribano-Cuesta, A.; Lopez-Carrillo, V.; Janssen,
D.; Echavarren, A. M. Chem. Eur. J. 2009, 15, 5646-5650.
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Intermediate I-6 can evolve by metal loss to give tricyclic compound I-2, or by
fragmentation to form methyl ketone I-3 (Scheme 2.2). The competitive 2-oxonia-
Cope rearrangement of intermediate I-6 via I-7 forms I-8, which results in the
minor epimer I-2 of the tricyclic compound. As other gold(I)-catalyzed reactions
of enynes, this reaction is stereospecific [Refs. 4, 8, 154 in Chap. 1] [1].

AuL [AuL]
// L\ ] -~ R
o 0 (AU y Me &%
Z\/\(\)\ —Z \ R—2
N R
Me H H
-1 -4 15 Me
Aul AuL. AuL
[ u I 5 [ u 1 5 AuLl o R
+ + . a
- —_—
NG — Z @ {AuLJ*
2 < H
H H Me
-8 Me 16 Me I-2
l-[Aqu l JAuLJ*
R
z ~Mo
N Z |
H Me
Lo Me 1-3

Scheme 2.2 Proposed mechanism for the cyclization of I-1 enynes

This is a powerful method to increase molecular complexity in one step, which has
been applied as a key step in the total synthesis of natural products like (4)-
pubinernoid B [Ref. 224 in Chap. 1], (+)-orientalol F [Ref. 224 in Chap. 1], and
(—)-englerin A and B [Ref. 225 in Chap. 1] (Fig. 2.1).

(0]
OJ{/OH
()-Pubernoid B (+)-Orientalol F (-)-Englerin A (-)-Englerin B

Fig. 2.1 Structures of (£)-pubernoid B, (+)-orientalol F, (—)-englerin A and (-)-englerin B
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http://dx.doi.org/10.1007/978-3-319-00702-1_1
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Intermolecular addition of aldehydes and ketones to 1,6-enynes is also feasible.
1,6-Enynes with a terminally monosubstituted alkene I-9 react with carbonyl
compounds to give tricyclic derivatives of type I-10 with a highly diastereose-
lective control (Scheme 2.3) [Ref. 229 in Chap. 1]. The reaction proceeds with
complete diastereoselectivity with respect to the stereogenic centers Cla, C3, C3a,
and Co6a.

_ [AUCI(PPh3)] o i
7S . J(J)\ AgSbFg 578 o2
)—\ R2°“R3 CHCl, -45°Ctort 4 g3
R ,_9\ R2£H, R3 = H R H R?
R2=R%zH 110

Scheme 2.3 Gold(I)-catalyzed intermolecular addition of carbonyl compounds to 1,6-enynes

The reaction proceeds with 1,6- and 1,7-enynes in the presence of aromatic and
aliphatic aldehydes, but remarkably also with ketones. Selected examples using
this methodology are shown in Fig. 2.2.

tBu. O
M6020 MeOZC ‘o’
-Si
MeO,C O MeO,C O By O
H Pn ph H Aar Me Ar
68% 70% 58%
Ar = O-N0206H5 Ar = O'NOZCGH5
M6‘02C 0 MeO2C o
Me02C MeOQC /
H iy R2
67% 55%

Fig. 2.2 Products of the intermolecular addition of different aldehydes and ketones to 1,6-enynes
I-9

The gold(I)-catalyzed intermolecular addition of carbonyl compounds to 1,6-
enyne I-9 presumably proceeds by trapping rearranged gold carbene intermediate
I-12 with the carbonyl compounds (Scheme 2.4). Thereby forming the oxonium
cation I-13, which undergoes a Prins-type reaction to give I-10, probably via
intermediate I-14.


http://dx.doi.org/10.1007/978-3-319-00702-1_1
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Scheme 2.4 Proposed mechanism for the gold(I)-catalyzed intermolecular addition of carbonyl
compounds to 1,6-enynes I-9

2.2 Objective

The precedent results shown in Scheme 2.3 suggested that aldehydes could react
intermolecularly with 1,6-enynes possessing a terminal alkene moiety through
cyclopropyl carbene I-12 see (Scheme 2.4). Nevetheless, based on our observation
of the intramolecular reaction of carbonyl compounds with 1,6-enynes I-1 pos-
sesing a tri-substituted olefinic group (Scheme 2.1), we instead postulated that 1,
6-enynes of type I-15 give bicyclic compounds I-16 in a formal [2+2+2] cyclo-
addition (Scheme 2.5).

__ R4
PR ee
------ >
RS R4 (0]
\_\foz 1'r2
R' R
R1
I-15 I-16

Scheme 2.5 Proposal for the study of the gold(I)-catalyzed intermolecular addition of carbonyl
compounds to 1,6-enynes I-15

Therefore, the aim of the research was to study the intermolecular addition of
carbonyl compounds to 1,6-enynes bearing a tri-substituted alkene (I-15) catalyzed
by gold(I) complexes. This would provide a new methodology for the synthesis of
bicyclic compounds of type I-16.
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2.3 Results and Discussion
2.3.1 Optimization of the Reaction Conditions

To study the gold(I)-catalyzed intermolecular addition of carbonyl compounds to
1,6-enynes substituted at the alkene, like in I-15, we used enyne I-15a and
benzaldehyde as our model (Table 2.1). Using the standard conditions for the
intermolecular trapping of 1,6-enynes with nucleophiles, [Ref. 31 in Chap. 1] the
formation of the expected [2+2+2] product I-16a and the skeletal rearrangement
product I-18 was observed. Surprisingly, an unpredicted metathesis-type product
I-17a was also detected (Table 2.1, entry 1). Interestingly, we were able to
decrease the yield of I-18 by increasing the reaction time to 12 h at —40 °C
(Table 2.1, entry 2). It should be noted that when this reaction was tested at room
temperature, only the skeletal rearrangement product I-18 was formed.

Table 2.1 Gold(I)-catalyzed intermolecular reaction of enyne I-15a and benzaldehyde
Ph

T O |prie AP ~ X
V4 + )J\ — Z +Z + Z |
Ph” “H o
A\ H
I-15a I-16a I-17a I-18

Z = C(CO,Me),

Entry  Equiv aldehyde  Conditions Conv. (%) I-16a:1-17a:1-18 ratio®
1 2 —40°C 2 h)ytort (10h) 100 28:18:55

2 5 —40°C (12 h) tort (10 h) 100 50:33:17°

Reaction conditions: Aldehyde (5 equiv) and IPr gold(I) 16 (5 mol %) in 0.1 M CH,Cl, from —
40 °C (12 h) to rt (10 h). * Ratios determined by ' H-NMR; " Traces of hydroxycyclization I-19
were observed

+ _
[T\ —| SbFG
N N_ MeO,C
RTY R MeO,C OH
Alu
NCPh
16: R = 2,6-/-Pr,CgH3 1-19

The mechanism for this reaction is analogous to its intramolecular version [Ref.
223 in Chap. 1], and starts with the formation of the cyclopropyl carbene I-11
(Scheme 2.6). Direct attack of the aldehyde to the cyclopropyl gold(I) intermediate
I-11 leads to the oxonium cation I-20, which suffers Prins-type cyclization to give
tetrahydropyranyl cation I-21. Intermediate I-21 can undergo metalation to yield
bicycle I-16 or can evolve by a fragmentation reaction to form 1,3-diene 1-17.
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Scheme 2.6 Proposed mechanism for the gold(I)-catalyzed intermolecular addition of carbonyl
compounds to 1,6-enynes substituted at the alkene I-15

In order to optimize the reaction conditions, a series of complexes were
screened (Table 2.2). The best ratios were obtained with cationic gold(I) com-
plexes (Table 2.2, entries 1-3). [AuCl(PPh;)]/AgSbF¢ gave a nearly 1:1 mixture of
dihydropyran I-16a and metathesis-type product I-17a (Table 2.2, entry 1).
However, a similar ratios of I-16a/I-17a = 2.3:1 were observed with phosphine
gold(I) 16 and phosphite gold(I) 20 (Table 2.2, entries 2-3). No difference
between the results with the cationic phosphite gold(I) 20 and the in situ form

Table 2.2 Screening of catalysts for the gold(I)-catalyzed intermolecular reaction of enyne
I-15a with benzaldehyde

— O [M] (5 mol%) = <j/\v
z z Z
* ph)]\H 0.1 M CH,Cl; o +&_l
N -40°C (12 h) to rt (10 h) H
I-15a I-16a I17a

Z = C(COsMe),

Entry [M] Conv. I-16:1- Entry [M] Conv.(%) I-16:1-17a:1-18
(%) 17a: ratio®
1-18
ratio®
1 [AuCl(PPh5))/ 100 41:59:0 8 PtCl, 0 -
AgSbFg
2 6 100 37:63:0 9 PtCl, 0 -
3 19/AgSbFg or 20 100 33:67:0 10 24 100 13:8:63°
4 14 100 35:48:16 11 PdCl, 0 -
5 15 100 38:27:35 12 AgSbFg 0 -
6 16 100 50:33:17 13 InCl5 7 0:71:29
7 AuCl 100 0:0:100 14 GaCls 5 0:95:5

Reaction conditions: Aldehyde (5 equiv) and [M] (5 mol %) in 0.1 M CH,Cl, from —40 °C
(12 h) to rt (10 h)

* Ratios determined by '"H-NMR

® Traces of hydroxycyclization product I-19 were observed
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19/AgSbF¢ were found (Table 2.2, entry 3). In the examples with gold(I) carbene
complexes 14, 15, and 16 quantitative conversion was observed but with low
selectivity (Table 2.2, entries 4-6).

tBy tBu * SbFg™ t-Bu

N N
P-Au—NCMe
tBu GO}P—AM
3
Q
6 19

] SbF”
tBu " SbFg Q NCMe

_‘ P/P,thCMe
t-Bu O);P—AuNCPh 1 >

20 24

= * SbFg
R"NYN\HZ
Au
L
14: R' = Me, R? = Et, L = 2,4,6-(MeO)5CqH,CN
15: R'=R2 = 2,4,6-MegCgHy, L = 2,4,6-(Me0)3CeH,CN
16: R' = R2 = 2,6--Pr,CqHg, L = PhCN

In the reaction catalyzed by AuCl and platinacycle 24 [Ref. 29 in Chap. 1] the
rearranged product I-18 was observed as the major product (Table 2.2, entries 7
and 10), whereas very low conversions (<7 %) were obtained when using PtCl,,
PtCly, PdCl,, AgSbFg, InCls, or GaClj as catalysts (Table 2.2, entries 8, 9, 11-14).

The choice of solvent influenced both the activity and the selectivity of the
catalytic system. Consequently, the reactions with the best cationic complexes
phosphine gold(I) 6, phosphite gold(I) 20, and IPr gold(I) 16 were tested in dif-
ferent solvents (Table 2.3). In CH,Cl,, phosphine complex 6 gave a similar ratio to
phosphite complex 20 (Table 2.3, entries 1 and 6), but in Et,O the major product
was the hydroxycyclization product I-19, due to traces of residual water
(Table 2.3, entry 2). DMF completely inhibited the reaction of all the complexes
(Table 2.3, entries 4, 9, and 13).


http://dx.doi.org/10.1007/978-3-319-00702-1_1

44 2 Gold(I)-Catalyzed Reactions of 1,6-Enynes

Table 2.3 Screening of solvents for the gold(I)-catalyzed intermolecular reaction of enyne I-15a
with benzaldehyde

/—: (@] [AUL]+ = Ph S Ph

z v L =7 cZ ]
Ph” >H solvent o

\_\>7 !

I-15a I-16a I-17a

Z = C(CO,Me),

Entry [AuL]* Solvent Conv. (%) 1-16:1-17a:1-18 ratio®
1 6 CH,Cl, 100 38:63:0

2 Et,0 100 18:15:0%¢
3 DCE 50 23:32:45
4 DMF 0 -

54 Dioxane 50 -

6 20 CH,Cl, 100 33:67:0

7 Et,0 44 38:62:0

8 DCE 100 33:67:0

9 DMF 5 0:0:100¢
10 16 CH,Cl, 100 38:27:35
11 Et,0 58 72:29:0°
12 DCE 100 26:21:53
13 DMF 0 -

Reaction conditions: Aldehyde (5 equiv) and [AuL]SbFg (5 mol %) in 0.1 M solution from —40 °C
(12 h) to rt (10 h)

2 Ratios determined by '"H-NMR

b Complex mixture

¢ 67 % of hydroxycyclization I-19. ¢ 1t (12 h) only hydroxycyclization product I-19

In CH,Cl,, Et,O and DCE, the use of phosphite complex 20 gave the
metathesis-type product I-17a as the major product (Table 2.3, entries 6-8),
whereas low conversion of I-15a was observed in Et,O (Table 2.3, entry 7).

2.3.2 Scope of the Reaction

Once we determined the best reaction conditions, the scope was explored. Products
I-16a-h of [2+2+2] cycloaddition were isolated from enyne I-15a in 21-85 %
yield, along with 1,3-dienes I-17a-h (Table 2.4). The reaction proceeded readily
with electron-rich aldehydes. Conversely, in the reaction of I-15a with o-nitro-
benzaldehyde, no adduct was formed (Table 2.4, entry 17), which is in contrast
with the previously reported results for 1,6-enynes bearing a terminal alkene
moiety I-9 [Refs. 226, 228 in Chap. 1].


http://dx.doi.org/10.1007/978-3-319-00702-1_1

2.3 Results and Discussion 45

Table 2.4 Study of the gold(I)-catalyzed intermolecular reaction of enyne I-15a with different
aldehydes

S [AuL]“ G/v
L>7 RCHO W

I-15aZ = C(CO,Me), 1-16 1-17
Entry R [AuL]* I-16 yield (%) I-17 yield (%)
1 Ph 6 I-16a (35) I-17a (25)°°
2 16 I-16a (21)® I-17a (11)°>°
3 20 I-16a (29) I-17a (61)
4 4-MeCgH,4 16 I-16b (41) I-17b (21)>€
5 20 I-16b (22) I-17b (71)
6 2,4-Me,CgH; 16 I-16¢ (77) I-17¢ (19)
7 20 I-16¢ (41) I-17¢ (59)°
8 2,4,6-Me;CgH, 16 I-16d (85) I-17d (39)
9 20 I-16d (53) 1-17d (9)
10 4-MeOCgH, 6 I-16e (25) I-17e (27)
11 16 I-16e (58) I-17e (12)
12 20 I-16e (30) I-17e (23)
13 2,4-(MeO),CgH; 16 I-16f (63) I-17f (29)
14 20 I-16f (50) I-17f (34)°
15 2,4,6-(Me0);CH, 16 I-16g (39) I-17g (57)
16 20 I-16g (22) I-17g (76)
17 4-O,NC¢H,4 20 - -
18 c-C5H; 20 I-16h (24) I-17h (70)

Reaction conditions: Aldehyde (2 equiv) and [AuL]SbF¢ (2 mol %) in 0.1 M CH,Cl, at —40 °C,
12 h

2 9:1-1:1 mixture of I-16 and its A®>3 jsomer

" Yield determined by 'H-NMR spectroscopy (1,3,5-trimethoxybenzene as standard)

¢ Skeletal rearrangement product was also formed (10-50 % yield)

The metathesis-type products I-17a-¢ and I-17g were the major products
observed with benzaldehyde, 4-methylbenzaldehyde, 2,4-dimethylbenzaldehyde,
and 2,4,6-trimethoxy-benzaldehyde using phosphite complex 20 as catalyst
(Table 2.4, entries 3, 5, 7, and 16). In contrast, with 2,4-dimethylbenzaldehyde,
2,4,6-trimethylbenzaldehyde, 4-methoxybenz-aldehyde, and 2,4-dimethoxybenz-
aldehyde, the major products were the dihydropyran I-16c-f using IPr NHC
complex 16 (Table 2.4, entries 6, 8, 11 and 13).

In general, we observed an increase in the yield of the dihydropyran products
I-16 using IPr gold(I) complex 16 (Table 2.4, entries 4, 6, 8, 13, 16 and 18). On the
other hand, using phosphite complex 20, the metathesis product I-17 is favored
(Table 2.4, entries 3, 5, 7 and 16).

On the other hand, complete selectivity toward 1,6-dienes I-17 was obtained
with 1,6-enynes I-15b-c, which only differ from I-15a in the heteroatom in the
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enyne backbone (Table 2.5) [2]. Enynes I-15b-c, which in the absence of nucle-
ophiles reacted by a 6-endo-dig pathway, reacted here by a 5-exo-dig process to
give 1,3-dienes I-17 [Refs. 28, 29, 154 in Chap. 1] [3], in moderate to good yields
(Table 2.5, entries 1-7). It is worth mentioning than 1,6-enyne I-15b react with
p-bromobenzaldehyde, which is the only example involving a deactivated alde-
hyde, in 67 % yield (Table 2.5, entry 4). Reactions were carried out routinely with
two equivalents of aldehyde. Although acetone was released in the metathesis-like
reactions of substrates I-15a-c, this ketone did not compete with the aldehydes.
Consequently, this reaction can be applied to the ready synthesis of C1-substituted
1,3-dienes I-17, which would be otherwise difficult to prepare by other methods.
For example, the reaction of 1,6-enynes I-15b with 1-pyrenecarboxaldehyde in the
presence of phosphine gold(I) complex 6 (2 mol %) at —40 °C gave prenyl
pyrenyl diene I-170 in 76 % yield (Table 2.5, entry 5).

Table 2.5 Study of the gold(I)-catalyzed intermolecular reaction of enyne I-15b-c with different
aldehydes

S [AuL]* X

. ALy Zij/v
RCHO

\_\>;

R

I-15b Z = NTs -17

I-15¢ Z=0

Entry I-15 [AuL]* R I-17 yield (%)
1 b 20 Ph I-17i (65)

2 20 4-MeCgHy I-17§ (63)

3 20 2,4,6-Me;CeH, I-17 k (91)

4 20 4-BrCeH, I-17 1 (67)

5 6 1-pyrenyl I-17 m (76)

6 c 20 4-MeCgHy I-17n (34)

7 2,4,6-Me;CeH, I-170 (60)

Reaction conditions: Aldehyde (2 equiv) and [AuL]SbF¢ (2 mol %) in 0.1 M CH,Cl, at —40 °C,
12 h

In addition, enynes I-15d-f with an aryl substituent at the alkene exclusively
gave 1,3-dienes I-17 by intermolecular metathesis with aldehydes in good yields
(Table 2.6, entries 1-6) [Ref. 173 in Chap. 1]. Surprisingly, electron-rich alde-
hydes, such as 4-methoxybenzaldehyde or 3,4-dimethoxy-benzaldehyde, only led
to decomposition or low yield using enynes with an aryl substituent at the alkene
I-15b-f (Tables 2.5 and 2.6).


http://dx.doi.org/10.1007/978-3-319-00702-1_1
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Table 2.6 Study of the gold(I)-catalyzed intermolecular reaction of enyne I-15d-f with different
aldehydes

1-15d Z = C(CO,Me),, R'=Ph, R2=H
I-15e Z = C(CO,Me),, R'= 3,4-(Me0),CgHg, R? = H
1-15f Z = C(CO,Me),, R'= 3,4,5-(MeQ)3CgH,, R2=H

Entry I-15 R? 1-17 yield (%)
1 d 4-MeCgH, I-17b (78)*
2 2,4-Me,CgH; I-17¢ (58)°
3 2,4,6-Me;CgH, I-17d (75)°
4 e 2,4,6-Me;CgH, I-17d (70)
5 f 4-MeCgH,4 I-17b (41)
6 2,4,6-Me;CgH, I-17d (81)

Reaction conditions: Aldehyde (2 equiv) and 20 (2 mol %) in 0.1 M CH,Cl, at —40 °C, 12 h
% 1:1 mixture of I-17 and 1-22 isomer
® 1:5 mixture of I-17 and 1-22 isomer

2.4 Conclusions

In summary, a clearer picture of the intertwined reaction pathways at play in the
intermolecular gold(I)-catalyzed addition of carbonyl compounds to 1,6-enynes
has emerged from this study. Ultimately, this work complements the investigations
leading to tricyclic compound I-10 and 1,3-dioxolanes I-23 reported by the
Helmchen group (Scheme 2.7) [Ref. 226, 228 in Chap. 1].
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Scheme 2.7 General overview of the gold(I)-catalyzed addition of carbonyl compounds to
1,6-enynes

We conclude that changing the substitution pattern of the alkene, the hetero-
atom in the tether, or using different gold(I) complexes has a tremendous influence
in the selective formation of tricyclic compound I-10, the product of formal
[2+2+42] cycloaddition I-16, 1,3-dienes I-17 or 1,3-dioxolanes I-23 [Ref. 226 in
Chap. 1].

Depending on the substitution pattern of different 1,6-enynes used and the
ligand on the gold(I) complex, either gold carbene I-11 or I-12 could be trapped,
thus giving different type of products (Scheme 2.8). In the case of 1,6-enynes
substituted at the alkene, the formation of three different products is possible,
the [2+2+2] cycloaddition product I-16, the 1,3-diene I-17 and the 1,3-dioxol-
anes I-23.

Using 1,6-enynes I-15 (Z = C(CO,Me),, R' # H, R? # H), the formation of
the expected [2+2+2] cycloaddition product I-16 was observed in a mixture with
1,3-diene I-17 from 1,6-dienes I-15a (Z = C(CO,Me),, R' = R*> = Me). How-
ever, 1,3-dienes I-17 were synthesized selectively in moderate to high yields using
1,6-enynes with a heteroatom in the enyne backbone I-17b-¢ (Z = NTs, O,
R' = R? = Me) or 1,6-enynes with an electron-donating aryl substituent at the
alkene I-15d-f (Z = C(CO,;Me),, R! = Ar,R*> = H). This reaction proceeds by a
fragmentation of the tetrahydropyranyl cation I-20 formed by an intramolecular
Prins reaction.
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Scheme 2.8 Mechanism hypothesis concerning the formation of the different products from
1,6-enynes and carbonyl compounds

On the other hand, in the case of enynes substituted at the alkene the double
addition of aldehydes is also possible, although it is not a general process. Addition
of the carbonyl compound to the gold cyclopropyl carbene I-11 gives the oxonium
cation I-24. Subsequent Prins-type addition leads to the gold stabilized carbocation
I-25, which suffers nucleophilic attack by a second carbonyl compound. Then, the
oxonium cation I-26 rearranges to the final 1,3-dioxolane I-23.

To conclude, a wide array of products can be synthesized via intermolecular
gold(I)-catalyzed addition of carbonyl compounds to 1,6-enynes by changing the
substitution pattern of the alkene, the heteroatom in the tether, or using different
gold(I) complexes. Within this work, we have shed some light into the necessary
conditions to selectively synthesize these compounds.
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2.5 Experimental Section
2.5.1 General Methods

All reactions were carried out under Ar in solvents dried using a Solvent Purifi-
cation System (SPS). Extractive workup refers to portioning of the crude reaction
between an organic solvent and water, phase separation, drying (Na,SO4 or
MgSO,), and evaporation under reduced pressure.

Thin layer chromatography was carried out using TLC-aluminum sheets with
0.2 mm of silica gel (Merk GF,34). Chromatography purifications were carried out
using flash grade silica gel (SDS Chromatogel 60 ACC, 40-60 pm). HPLC
chromatography was performed on an Agilent Technologies Series 1100 chro-
matograph with UV detector.

NMR spectra were recorded at 23 °C on a Bruker Advance 400 Ultrashield
apparatus.

Mass spectra were recorded on Waters LCT Premier (ESI) and Waters GCT
(EL CI) spectrometers. Elemental analyses were performed on a LECO CHNS 932
micro-analyzer at the Universidad Complutense de Madrid. Melting points were
determined using a Biichi melting point apparatus. Optical rotations were recorded
on a P-1030 polarimeter from Jasco at the sodium D line.

2.5.2 Preparation of Substrates

The metal salts AuCl (Strem), PdCl, (Johson Matthey), InCl; (SDS), GaCl;
(Aldrich), PtCl, (Johson Matthey), AgSbFg (Aldrich), complex [AuCl(PPhj)]
(Strem) and phosphine complex 6 (Aldrich) were used as received. Complex IME
gold(I) 14 [Ref. 43 in Chap. 1], IMes gold(I) 15 [Ref. 43 in Chap. 1 IPr gold(I) 16
[Ref. 43 in Chap. 1], phosphite gold(I) 19 [Ref. 31 in Chap. 1] cationic phosphite
gold(I) 20 [Ref. 42 in Chap. 1 ], platinacycle 24 [Ref. 29 in Chap. 1] were prepared
according to the reported procedure.

The starting 1,6-enynes were synthesized following the literature procedures: I-
15a [4], I-15b [5], I-15c [6], I-15d [7], I-15e, [Ref. 173 in Chap. 1] and I-15d
[Ref. 173 in Chap. 1].

2.5.3 Cyclization Products

General procedure for the reaction of 1,6-enynes with aldehydes (Table 2.1). A
solution of 1.6-enyne (80 mg) and the corresponding aldehyde (2 equiv) in CH,Cl,
(concentration. ca. 0.1 M) was cooled to —40 °C and the gold complex 6, 16 or 20
(2 mol %) was added after 15 min. The solution was kept at —40 °C for 12 h.
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A 0.1 M solution of Et;N in hexane was added and the solution was filtered
through Celite. After evaporation, the crude was chromatographed.
Characterization of the following compounds have been reported previously:
I-17a [8], I-17¢ [Ref. 173 in Chap. 1], I-17e, [Ref. 28 in Chap. 1] I-17f, [Ref. 173
in Chap. 1]. I-17g [Ref. 173 in Chap. 1], and I-17h [Ref. 173 in Chap. 1].
Dimethyl 1,1-dimethyl-3-phenyl-3,5,7,7a-tetrahydrocyclopenta[c]pyran-
6,6(1H)-dicarboxylate (I-16a).

MeO2C =
MeO,C 0
H

Compound I-16a was synthesized following the general procedure for the
reaction of 1,6-enynes with aldehydes, starting from I-15a (82.0 mg, 0.34 mmol)
and benzaldehyde (0.07 mL, 0.69 mmol) with catalyst 20. The residue was puri-
fied by column chromatography (from 12:1 to 10:1 hexane/EtOAc) to give
34.1 mg of the compound I-16a (29 %, 1:0.16 mixture of estereoisomers) as a
colorless oil. "H NMR (400 MHz, CDCl3) 6 7.33-7.31 (m, SH), 5.51 (quintuplet,
J = 2.1 Hz, 1H), 5.01 (quintuplet, J = 2.7 Hz, 1H), 3.77 (s, 3H), 3.74 (s, 3H),
3.14 (br d, J = 17.5 Hz, 1H), 2.95 (dq, J = 17.5 Hz, J = 2.1 Hz, 1H), 2.70-263
(m, 1H), 2.54 (dd, J = 12.8 Hz, J = 7.6 Hz, 1H), 1.81 (t, J = 12.4 Hz, 1H), 1.34
(s, 3H), 1.19 (s, 3H). '*C NMR (125 MHz, CDCls; PENDANT) Mixture of iso-
mers 6 172.5 (C), 172.4 (C), 141.9 (C), 136.9 (C), 128.6 (2CH), 127.8 (CH), 127.4
(2CH), 120.4 (CH), 74.4 (C), 73.4 (CH), 58.1 (C), 53.1 (CH3), 53.0 (CH3), 47.5
(CH), 38.7 (CH,), 36.3 (CH,), 29.6 (CH3), 19.0 (CH;). HRMS-ESI m/z calcd for
CyoH»405Na [M+Na]* 367.1521, found 367.1537. The structure was confirmed by
HMBC, HSQC and COSY experiments and configuration assigned by NOESY.

Dimethyl 1,1-dimethyl-3-p-tolyl-3,5,7,7a-tetrahydrocyclopenta [c] pyran-
6,6(1H)-dicarboxylate (I-16b).

MeOQC =
MeO,C o
H

Compound I-16b was synthesized following the general procedure for the
reaction of 1,6-enynes with aldehydes, starting from I-15a (91.2 mg, 0.38 mmol)
and p-tolualdehyde (0.09 mL, 0.77 mmol) with catalyst 20. The residue was
purified by column chromatography (10:1 hexane/EtOAc) to give 30.3 mg of the
compound I-16b (22 %) as a colorless oil. "H NMR (400 MHz, CDCl;) 6 7.21 (d,
J = 8.0 Hz, 2H), 7.12 (d, J = 8.0 Hz, 2H), 5.50 (quintuplet, J = 2.1 Hz, 1H),
4.98 (quintuplet, J = 2.9 Hz 1H), 3.77(s, 3H), 3.74 (s, 3H), 3.13 (br d,
J =172 Hz, 1H), 2.95 (dq, J = 17.4, 2.1 Hz, 1H), 2.68-2.61 (m, 1H), 2.53 (dd,
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J =12.4,79 Hz, 1H), 2.32 (s, 3H), 1.80 (t, J = 12.4 Hz, 1H), 1.33 (s, 3H), 1.18
(s, 3H); '*C NMR (125 MHz, CDCls, PENDANT) 6 172.5 (C), 172.4 (C), 138.9
(©), 137.5 (O), 136.8 (C), 129.3 (CH), 127.4 (2CH), 120.5 (CH), 74.4 (C), 73.2
(CH), 58.1 (C), 53.1 (CH3y), 53.0 (CHy), 47.5 (CH), 38.7 (CH,), 36.3 (CH,), 29.6
(CH3), 21.3 (CH3), 19.0 (CH3); HRMS-ESI m/z calcd for C,;Hys05Na [M+Na]*
381.1678, found 381.1694. The structure was confirmed by HMBC, HSQC and
COSY experiments and configuration assigned by NOESY.

Dimethyl 3-(2,4-dimethylphenyl)-1,1-dimethyl-3,5,7,7a-tetrahydro-cyclo-
penta[c]pyran-6,6(1H)-dicarboxylate (I-16c).

MeO,C =
MeO,C o}
H

Compound 3ac was synthesized following the general procedure for the reac-
tion of 1,6-enynes with aldehydes, starting from I-15a (82.6 mg, 0.35 mmol) and
2,4-dimethylbenzaldehyde (0.10 mL, 0.69 mmol) with catalyst 16. The residue
was purified by column chromatography (10:1 hexane/EtOAc) to give 99.8 mg of
the compound I-16¢ (77 %) as a colorless oil. "H NMR (400 MHz, CDCl5) 6 7.20
(d, J = 7.6 Hz, 1H), 6.98-6.95 (m, 2H), 5.51 (quintuplet, / = 1.9 Hz, 1H), 5.19
(quintuplet, J = 3.0 Hz, 1H), 3.77(s, 3H), 3.75 (s, 3H), 3.15 (br d, J = 17.3 Hz,
1H), 2.96 (br dd, J = 17.4, 2.0 Hz, 1H), 2.67-2.60 (m, 1H), 2.34 (s, 3H), 2.27 (s,
3H), 1.82 (t, J = 12.3 Hz, 1H), 1.32 (s, 3H), 1.19 (s, 3H). >C NMR (125 MHz,
CDCl3; PENDANT) 6 172.5 (C), 172.4 (C), 137.3 (C), 137.3 (C), 136.3 (C), 136.2
(C), 131.6 (CH), 128.0 (CH), 126.9 (CH), 119.4 (CH), 74.4 (C), 70.5 (CH), 58.1
(C), 53.1 (CH3y), 53.0 (CH3), 47.4 (CH), 38.8 (CH,), 36.2 (CH,), 29.6 (CH3), 21.2
(CH3), 19.1 (CH3), 19.0 (CH3). HRMS-ESI m/z calcd for CpH,305Na [M+Na]*
395.1834, found 395.1848. The structure was confirmed by HMBC, HSQC and
COSY experiments and configuration assigned by NOESY.

Dimethyl 3-mesityl-1,1-dimethyl-3,5,7,7a-tetrahydrocyclopenta[c]pyran-
6,6(1H)-dicarboxylate (I-16d).

M602C =
MeO.C O
H

Compound I-16d was synthesized following the general procedure for the
reaction of 1,6-enynes with aldehydes, starting from I-15a (84.6 mg, 0.36 mmol)
and mesitaldehyde (0.11 mL, 0.71 mmol) with catalyst 16. The residue was
purified by column chromatography (15:1 hexane/EtOAc) to give 116.2 mg of the
compound I-16d (85 %) as a colorless oil. "H NMR (400 MHz, CDCl5) 4 6.80 (s,
2H), 5.47-5.44 (m, 2H), 3.78 (s, 3H), 3.75 (s, 3H), 3.13 (br d, J = 17.7 Hz, 1H),
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2.93 (brd, J = 13.3 Hz, 1H), 2.66-2.61 (m, 1H), 2.53 (dd, J = 12.5, 7.9 Hz, 1H),
2.32 (s, 6H), 2.23 (s, 3H), 1.89 (t, J = 12.2 Hz, 1H), 1.32 (s, 3H), 1.20 (s, 3H). '*C
NMR (125 MHz, CDCl;; PENDANT) ¢ 172.5 (C), 172.4 (C), 137.1(C), 136.8 (C),
133.2 (C), 130.0 (CH), 118.7 (CH), 74.4 (C), 69.1 (CH), 58.1 (C), 53.1 (CH3), 53.0
(CH3), 46.9 (CH), 38.6 (CH,), 36.2 (CH,), 29.4 (CHj3), 20.9 (CH3), 20.4 (CH3),
19.3 (CH3). HRMS-ESI m/z caled for C,3H300sNa [M+Na]® 409.1991, found
409.1987. The structure was confirmed by HMBC, HSQC and COSY experiments.

Dimethyl 3-(4-methoxyphenyl)-1,1-dimethyl-3,5,7,7a-tetrahydro-cyclo-
penta[c] pyran-6,6(1H)-dicarboxylate (I-16e).

OMe

MeO,C 7
MeO,C o]
H

Compound 3ae was synthesized following the general procedure for the reac-
tion of 1,6-enynes with aldehydes, starting from I-15a (92.5 mg, 0.39 mmol) and
p-methoxybenzaldehyde (0.10 mL, 0.78 mmol) with catalyst 16. The residue was
purified by column chromatography (7:1 hexane/EtOAc) to give 84.6 mg of the
compound I-16e (58 %) as a colorless oil. '"H NMR (400 MHz, CDCl3) 6 7.24 (d,
J = 8.6 Hz, 2H), 6.85 (d, J = 8.6 Hz, 2H), 5.48 (quintuplet, J = 2.3 Hz, 1H),
4.96 (quintuplet, J = 2.7 Hz, 1H), 3.78 (s, 3H), 3.77 (s, 3H), 3.74 (s, 3H), 3.14 (br
d, J = 17.4 Hz, 1H), 2.95 (dq, J = 17.4, 2.0 Hz, 1H), 2.67-2.61 (m, 1H), 2.52
(dd, J = 12.6, 7.8 Hz, 1H), 1.80 (t, J = 12.5 Hz, 1H), 1.32 (s, 3H), 1.18 (s, 3H).
3C NMR (125 MHz, CDCl;, PENDANT) § 172.5 (C), 172.4 (C), 159.4 (C), 136.9
(C), 134.0 (C), 128.8 (CH), 120.5 (CH), 114.0 (CH), 74.4 (C), 72.9 (CH), 58,1 (C),
55.5 (CHj3), 53.1 (CH3), 53.0 (CH3), 47.5 (CH), 38.7 (CH,), 36.3 (CH,), 29.6
(CH3), 19.0 (CH3). HRMS-ESI m/z caled for C,;Hps0¢Na [M+Na]™ 397.1627,
found 397.1631. The structure was confirmed by HMBC, HSQC and COSY
experiments and configuration assigned by NOESY.
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NOE effects shown in I-16e (conformation minimized by MM2).
Dimethyl 3-(3,4-dimethoxyphenyl)-1,1-dimethyl-3,5,7,7a-tetrahydro-cyclo-
penta[c-]pyran-6,6(1H)-dicarboxylate (I-16f).

OMe

MeO,C = OMe
MeO,C o}

Compound I-16f was synthesized following the general procedure for the
reaction of 1,6-enynes with aldehydes, starting from I-15a (85.9 mg, 0.36 mmol)
and 3,4-dimethoxybenzaldehyde (0.12 g, 0.72 mmol) with catalyst 16. The residue
was purified by column chromatography (from 5:1 to 3:1 hexane/EtOAc) to give
92.5 mg of the compound I-16f (63 %) as a colorless oil. 'H NMR (400 MHz,
CDCl3) 6 6.98-6.80 (m, 3H), 5.50 (br s, 1H), 4.95 (br s, 1H), 3.87 (s, 3H), 3.84 (s,
3H), 3.76 (d, J = 0.9 Hz, 3H), 3.74 (d, J = 0.8 Hz, 3H), 3.14 (d, J/ = 17.5 Hz,
1H), 2.96 (d, J = 17.4, 1H), 2.68-2.63 (m, 1H), 2.53 (dd, J = 12.7, 7.8 Hz, 1H),
1.80 (t, J = 12.5 Hz, 1H), 1.33 (s, 3H), 1.18 (s, 3H). '*C NMR (125 MHz, CDCl;;
PENDANT) ¢ 172.5 (C), 172.4 (C), 149.2 (C), 148.8 (C), 137.1 (C), 134.5 (O),
120.4 (CH), 119.9 (CH), 111.3 (CH), 110.8 (CH), 74.5 (C), 73.2 (CH), 58,1 (C),
56.1 (CHj3), 56.0 (CH3), 53.1 (CH3), 53.0 (CHj3), 47.5 (CH), 38.7 (CH,), 36.2
(CH,), 29.6 (CH3), 19.0 (CH3). HRMS-ESI m/z caled for Cy,H,30,Na [M + Na]*
427.1733, found 427.1737. The structure was confirmed by HMBC, HSQC and
COSY experiments and configuration assigned by NOESY.

Dimethyl 1,1-dimethyl-3-(3,4,5-trimethoxyphenyl)-3,5,7,7a-tetrahydro-
cyclopenta[c]pyran-6,6(1H)-dicarboxylate (I-16g).

OMe
OMe

MeO,C = OMe
M602C 0}
H

Compound I-16g was synthesized following the general procedure for the reaction
of 1,6-enynes with aldehydes, starting from I-15a (96.4 mg, 0.40 mmol) and
3.4,5-trimethoxybenzaldehyde (0.16 g, 0.81 mmol) with catalyst 20. The residue
was purified by column chromatography (from 4:1 to 3:1 hexane/EtOAc) to give
115.8 mg of the compound I-16g (76 %) as a colorless oil. "H NMR (400 MHz,
CDCl3) 6 6.55 (s, 2H), 5.51 (quintuplet, J = 2.1 Hz, 1H), 4.94 (quintuplet,
J = 3.0 Hz, 1H), 3.86 (s, 6H), 3.80 (s, 3H), 3.77 (s, 3H), 3.74 (s, 3H), 3.15 (br d,
J =172 Hz, 1H), 2.97 (dq, J = 17.4, 1.9 Hz, 1H), 2.69-2.63 (m, 1H), 2.53 (dd,
J =12.7,7.8 Hz, 1H), 1.80 (t, J = 12.4 Hz, 1H), 1.35 (s, 3H), 1.18 (s, 3H). '*C
NMR (125 MHz, CDCl;; PENDANT) 6 172.5 (C), 172.3 (C), 153.5 (2C), 137.4
(C), 137.4 (C), 120.1 (CH), 104.5 (CH), 74.6 (C), 73.5 (CH), 60.9 (CH3), 58.0 (C),
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56.3 (CHj3), 53.1 (CHj3), 53.0 (CH3), 47.4 (CH), 38.7 (CH,), 36.2 (CH,), 29.3
(CH3), 19.0(CH3). HRMS-ESI m/z caled for Co3H30OgNa [M+Na]* 457.1838,
found 457.1843. The structure was confirmed by HMBC, HSQC and COSY
experiments.

Dimethyl 3-cyclopropyl-1,1-dimethyl-3,5,7,7a-tetrahydrocyclopen-
ta[c]pyran-6,6(1H)-dicarboxylate (I-16h).

M602C =
MeO,C o
H

Compound I-16h was synthesized following the general procedure for the
reaction of 1,6-enynes with aldehydes, starting from I-15a (90.0 mg, 0.38 mmol)
and cyclopropranecarboxaldehyde (0.14 mL, 1.89 mmol) with catalyst 20. The
residue was purified by column chromatography (10:1 hexane/EtOAc) to give
32.9 mg of the compound I-16h (24 %) as a colorless oil. '"H NMR (400 MHz,
CDCl3) 0 5.49 (quintuplet, J = 2.1 Hz, 1H), 3.75 (s, 3H), 3.72 (s, 3H), 3.22 (dd,
J =158, 3.0 Hz, 1H), 3.10 (dt, J = 17.4 Hz, 2.5 Hz, 1H), 2.89 (dq, J = 17.3,
2.0 Hz, 1H), 2.51-2.42 (m, 2H), 1.72 (t, J/ = 11.2 Hz, 1H), 1.28 (s, 3H), 0.96 (s,
3H), 0.89-0.81 (m, 1H), 0.59-0.52 (m, 1H), 0.49-0.42 (m, 1H), 0.37-0.31 (m, 1H),
0.22-0.16 (m, 1H). '*C NMR (125 MHz, CDCly; PENDANT) 6 172. 5 (C), 172. 5
(C), 137.5 (C), 119.4 (CH), 75.2 (CH), 73.4 (C), 58.2 (C), 53.1 (CH3), 53.0 (CH3),
47.6 (CH), 38.6 (CH,), 36.2 (CH,), 29.6 (CH3), 18.8 (CH3), 15.7 (CH), 3.8 (CH,),
1.2 (CH,). HRMS-ESI m/z caled for C;7H,4OsNa [M+Na]" 331.1521, found
331.1505. The structure was confirmed by HMBC, HSQC and COSY experiments.

(E)-Dimethyl 3-(4-methylstyryl)cyclopent-3-ene-1,1-dicarboxylate (I-17b).

MeO,C A O

MeOQC

Compound I-17b was synthesized following the general procedure for the
reaction of 1,6-enynes with aldehydes, starting from I-15a (91.2 mg, 0.38 mmol)
and p-tolualdehyde (0.09 mL, 0.77 mmol) with catalyst 20. The residue was
purified by column chromatography (10:1 hexane/EtOAc) to give 70.1 mg of the
compound I-17b (71 %) as colorless oil. '"H NMR (400 MHz, CDCls) 6 7.29 (d,
J = 8.0 Hz, 2H), 7.12 (d, J/ = 7.9 Hz, 2H), 6.85 (d, J/ = 16.2 Hz, 1H), 6.42 (d,
J =16.2 Hz, 1H), 5.67 (br s, 1H), 3.76 (s, 6H), 3.26 (br s, 2H), 3.16 (br s, 2H),
2.34 (s, 3H). *C NMR (125 MHz, CDCl;; PENDANT) § 172.7 (C), 140.0 (C),
137.6 (C), 134.6 (C), 130.2 (CH), 129.5 (CH), 127.0 (CH), 126.5 (CH), 123.5
(CH), 59.0 (C), 53.0 (2CH3), 41.2 (CH>), 39.9 (CH,), 21.9 (CH3). HRMS-ESI m/z
caled for CigHp004Na [M+Na]* 323.1259, found 323.1265. The structure was
confirmed by HMBC, HSQC and COSY experiments.
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(E)-Dimethyl  3-(2,4,6-trimethylstyryl)cyclopent-3-ene-1,1-dicarboxylate

(I-174).
MeO,C A O

MGO2C

Compound I-17d was synthesized following the general procedure for the
reaction of 1,6-enynes with aldehydes, starting from I-15a (84.6 mg, 0.36 mmol)
and mesitaldehyde (0.11 mL, 0.71 mmol) with catalyst 16. The residue was
purified by column chromatography (15:1 hexane/EtOAc) to give 9.9 mg of the
compound I-17d (9 %) as a colorless white solid: mp 126-127 °C. 'H NMR
(400 MHz, CDCl3) ¢ 6.86 (s, 2H), 6.44 (d, J = 16.6 Hz, 1H), 6.38 (d,
J = 16.6 Hz, 1H), 5.59 (br s, 1H), 3.78 (s, 6H), 3.29 (d, J = 1.5 Hz, 2H), 3.16 (d,
J = 1.4 Hz, 2H), 2.28 (s, 6H), 2.27 (s, 3H). '*C NMR (125 MHz, CDCls; PEN-
DANT) 6 172.8 (C), 140.0 (C), 136.4 (C), 136.1 (2C), 133.8 (C), 129.5 (CH),
128.9 (CH), 128.3 (CH), 126.4 (CH), 58.9 (C), 53.1 (CHj3), 41.2 (CH,), 39.8
(CHy), 21.2 (CH3), 21.1 (CH3). HRMS-ESI m/z calcd for CyoHp404Na [M+Na]*
351.1572, found 351.1573. The structure was confirmed by HMBC, HSQC and
COSY experiments.

(E)-3-Styryl-1-tosyl-2,5-dihydro-1H-pyrrole (I-17i).

TsN |

Compound I-17i was synthesized following the general procedure for the
reaction of 1,6-enynes with aldehydes, starting from I-15b (83.4 mg, 0.30 mmol)
and benzaldehyde (64.3 mg, 0.60 mmol) with catalyst 20. The residue was puri-
fied by column chromatography (5:1 hexane/EtOAc) to give 63.5 mg of compound
I-17i (65 %) as an oil. "H NMR (400 MHz, CDCls) 6 7.76 (d, J = 8.3 Hz, 2H),
7.38-7.29 (m, 6H), 7.26-7.22 (m, 1H), 6.76 (d, J = 16.4 Hz, 1H), 6.32 (d,
J = 16.3 Hz, 1H), 5.68 (t, J = 1.8 Hz, 1H), 4.34-4.32 (m, 2H), 4.23-4.21 (m, 2H),
2.41 (s, 3H). >*C NMR (100 MHz, CDCl;) § 143.7 (C), 137.3 (C), 136.5 (C), 134.2
(C), 131.5 (CH), 130.0 (CH), 128.8 (2CH), 128.3 (CH), 127.6 (CH), 126.6 (CH),
123.5 (CH), 121.6 (CH), 55.3 (CH,), 53.9 (CH,), 21.6 (CH3). HRMS-ESI m/z
calcd for C;oHoNNaO,S [M+Na]* 348.1040, found 348.1034.

(E)-3-(4-Methylstyryl)-1-tosyl-2,5-dihydro-1H-pyrrole (I-17j).

TsN |
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Compound I-17j was synthesized following the general procedure for the
reaction of 1,6-enynes with aldehydes, starting from I-15b (83.4 mg, 0.30 mmol)
and p-tolualdehyde (72.1 mg, 0.60 mmol) with catalyst 20. The residue was
purified by column chromatography (5:1 hexane/EtOAc) to give 64.6 mg of the
compound L17j (63 %) as an oil. '"H NMR (400 MHz, CDCl;) § 7.76 (d,
J =83 Hz, 2H), 7.32 (d, J = 8.2 Hz, 2H), 7.26 (d, J = 8.1 Hz, 2H), 7.12
(d, J = 8.0 Hz, 2H), 6.71 (d, J = 16.3 Hz, 1H), 6.30 (d, J/ = 16.2 Hz, 1H), 5.65
(bt, J = 1.9 Hz, 1H), 4.344.31 (m, 2H), 4.23-4.20 (m, 2H), 2.41 (s, 3H), 2.33 (s,
3H). '*C NMR (100 MHz, CDCl3) § 143.6 (C), 138.3 (C), 137.4 (C), 134.3 (C),
133.7 (C), 131.4 (CH), 129.9 (CH), 129.6 (CH), 127.6 (CH), 126.5 (CH), 122.9
(CH), 120.7 (CH), 55.3 (CH,), 53.9 (CH,), 21.6 (CH3), 21.4 (CH3). HRMS-ESI m/
z caled for CooH,;NNaO,S [M+Na]* 362.1191, found 362.1179.

(E)-1-Tosyl-3-(2,4,6-trimethylstyryl)-2,5-dihydro-1H-pyrrole (I-17K).

TsN |

Compound I-17k was synthesized following the general procedure for the
reaction of 1,6-enynes with aldehydes, starting from I-15b (83.9 mg, 0.30 mmol)
and mesitaldehyde (89.8 mg, 0.60 mmol) with catalyst 6. The residue was purified
by column chromatography (5:1 hexane/EtOAc) to give 100.3 mg of compound I-
17k (91 %) as an oil. '"H NMR (400 MHz, CDCl3) 6 7.78 (d, J = 8.2 Hz, 2H),
7.35 (d, J = 8.1 Hz, 2H), 6.86 (s, 2H), 6.34 (d, J = 16.5 Hz, 1H), 6.26 (d,
J =16.7 Hz, 1H), 5.61 (bs, 1H), 4.37-4.35 (m, 2H), 4.23-4.20 (m, 2H), 2.43
(s, 3H), 2.26 (s, 3H), 2.24 (s, 6H). '*C NMR (100 MHz, CDCl5) 6 143.6 (C), 137.5
(), 136.9 (C), 136.0 (2C), 134.4 (C), 133.0 (O), 129.9 (CH), 129.8 (CH), 128.9
(CH), 127.6 (CH), 126.9 (CH), 122.7 (CH), 55.1 (CH,), 53.7 (CH,), 21.7 (CHy),
21.1 (3CH3). HRMS-ESI m/z calcd for C»,H,sNNaO,S [M+Na]* 390.1504, found
390.1521.

(E)-3-(4-Bromostyryl)-1-tosyl-2,5-dihydro-1H-pyrrole (I-171).

Br
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Compound I-171 was synthesized following the general procedure for the
reaction of 1,6-enynes with aldehydes, starting from I-15b (83.6 mg, 0.30 mmol)
and p-bromobenzaldehyde (111.1 mg, 0.60 mmol) with catalyst 6. The residue
was purified by column chromatography (5:1 hexane/EtOAc) to give 81.2 mg of
compound I-171 (67 %) as an oil. '"H NMR (400 MHz, CDCly) ¢ 7.76 (d,
J =83 Hz, 2H), 7.43 (d, J = 8.5 Hz, 2H), 7.33 (d, J = 8.2 Hz, 2H), 7.22
(d, J = 8.4 Hz, 2H), 6.74 (d, J = 16.4 Hz, 1H), 6.25 (d, J/ = 16.4 Hz, 1H), 5.71
(bt, J = 2.0 Hz, 1H), 4.32-4.30 (m, 2H), 4.23-4.20 (m, 2H), 2.42 (s, 3H). °C
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NMR (100 MHz, CDCl3) 6 143.7 (C), 137.1 (C), 135.5 (C), 134.2 (C), 132.0 (CH),
130.2 (CH), 130.0 (CH), 128.0 (CH), 127.6 (CH), 124.3 (CH), 122.3 (CH), 122.1
(C), 55.3 (CH,), 53.7 (CH,), 21.6 (CH3). HRMS-ESI m/z calcd for CioH;gBrN-
NaO,S [M+Na]* 426.0139, found 426.0143.
(E)-3-(2-(pyren-1-yl)vinyl)-1-tosyl-2,5-dihydro-1H-pyrrole (I-17m).

TsN \

Compound I-17m was synthesized following the general procedure for the
reaction of 1,6-enynes with aldehydes, starting from I-15b (83.3 mg, 0.30 mmol)
and 1-pyrenecarboxaldehyde (138.4 mg, 0.60 mmol) with catalyst 6. The residue
was purified by column chromatography (100 % CH,Cl,) to give 103.5 mg of
compound I-170 (76 %) as a yellow solid: mp 213-215 °C. 'H NMR (400 MHz,
CDCl3) 6 8.30 (d, J = 9.3 Hz, 1H), 8.18 (d, J = 7.7 Hz, 1H), 8.17 (d, J = 7.7 Hz,
1H), 8.11 (d, J/ = 8.6 Hz, 2H), 8.08 (d, J = 8.1 Hz, 1H), 8.04 (d, J = 8.9 Hz, 1H),
8.00 (d, J = 8.9 Hz, 1H), 8.08 (d, J/ = 8.1 Hz, 1H), 7.99 (t, / = 7.6 Hz, 1H), 7.84
(d, J = 8.3 Hz, 2H), 7.36 (d, J = 15.8 Hz, 1H), 7.35 (d, J/ = 8.6 Hz, 2H), 6.98 (d,
J =16.0 Hz, 1H), 5.77 (t, J/ = 1.8 Hz, 1H), 4.55-4.53 (m, 2H), 4.30-4.27 (m, 2H),
2.42 (s, 3H). >C NMR (100 MHz, CDCl3) § 143.7 (C), 137.8 (C), 134.3 (C), 131.6
(©), 131.3 (C), 131.0 (C), 130.7 (C), 130.0 (2CH), 128.5 (C), 128.2 (CH), 128.0
(CH), 127.7 (2CH), 127.6 (CH), 127.5 (CH), 126.2 (CH), 125.6 (CH), 125.4 (CH),
125.2 (CH), 125.1 (C), 125.0 (C), 124.4 (CH), 124.0 (CH), 123.4 (CH), 122.7
(CH), 554 (CH2), 54.0 (CH2), 21.7 (CH3). HRMS-ESI m/z calcd for
CyoH,3NNaO,S [M+Na]™ 472.1347, found 472.1346. UV-Vis (CH,Cly) Amax
(emax) 388 nm (28830), 371 (31780), 289 (23470), 237 (34990). Fluorescence
(395 nm excitation, ¢ 0.05 M, CH,Cl,) 437 nm (2.88), 414 (4.12).

(E)-3-(4-Methylstyryl)-2,5-dihydrofuran (I-17n).

o |

Compound I-17n was synthesized following the general procedure for the
reaction of 1,6-enynes with aldehydes, starting from I-15¢ (50.5 mg, 0.40 mmol)
and p-tolualdehyde (96.3 mg, 0.80 mmol) with catalyst 6. The residue was puri-
fied by column chromatography (10:1 hexane/EtOAc) to give 13.5 mg of com-
pound I-17n (34 %) as an oil. "H NMR (400 MHz, CDCl;) 6 7.29 (d, J = 7.8 Hz,
2H), 7.13 (d, J = 7.8 Hz, 2H), 6.88 (d, J = 16.4 Hz, 1H), 6.26 (d, J/ = 16.4 Hz,
1H), 5.90 (s, 1H), 4.86-4.84 (m, 2H), 4.76-4.74 (m, 2H), 2.34 (s, 3H). '>*C NMR
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(100 MHz, CDCl3) 6 138.4 (C), 137.9 (C), 134.2 (C), 130.9 (CH), 129.5 (CH),

126.4 (CH), 124.7 (CH), 120.2 (CH), 76.2 (CH,), 74.4 (CH,), 21.4 (CH3). HRMS-

APCI m/z caled for C13H150 [M+H]* 187.1123, found 187.1124.
(E)-3-(2,4,6-Trimethylstyryl)-2,5-dihydrofuran (I-170)

o |

Compound I-170 was synthesized following the general procedure for the
reaction of 1,6-enynes with aldehydes, starting from I-15¢ (50.1 mg, 0.40 mmol)
and mesitaldehyde (119.5 mg, 0.80 mmol) with catalyst 6. The residue was
purified by column chromatography (10:1 hexane/EtOAc) to give 51.8 mg of
compound I-170 (59 %) as an oil. "H NMR (400 MHz, CDCl;) 6 6.94 (s, 2H),
6.50 (d, J/ = 16.7 Hz, 1H), 6.37 (d, J = 16.6 Hz, 1H), 5.92 (bt, / = 1.8 Hz, 1H),
4.99-4.96 (m, 2H), 4.85-4.83 (m, 2H), 2.35 (s, 3H), 2.34 (s, 3H). '*C NMR
(100 MHz, CDCl3) 6 138.5 (C), 136.6 (C), 136.0 (C), 133.5 (C), 129.2 (CH), 128.9
(CH), 126.4 (CH), 124.4 (CH), 76.1 (CH,), 74.4 (CH,), 21.0 (3CH3). HRMS-APCI
m/z caled for C1SH190 [M+H]* 215.1436, found 215.1431.
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Chapter 3

Formation of Cyclobutene Compounds
via Gold(I)-Catalyzed Cycloisomerization
of 1,n-Enynes

3.1 Introduction

The importance of cyclobutene-containing compounds is notably due to their
presence in a high number of naturally occurring and/or biologically active sub-
stances [1-3]. The cyclobutene unit is found as a basic structural motif in a wide
range of molecules in bacteria, fungi, plants, and marine invertebrates. These
compounds have shown many biological activities and may provide new ideas for
the study of enzyme mechanisms, and/or organic synthesis. The preparation of
cyclobutene-containing compounds has been a ubiquitous topic in organic syn-
thesis since chemists realized the potential associated with the inherent ring strain.
In the context of metal-catalyzed cycloisomerization of I,n-enynes, several
examples of cyclobutenes have been synthesized [Ref. 162 in Chap. 1] or postu-
lated as intermediates [Ref. 162 in Chap. 1]. Despite the fact that the formation of
cyclobutene compounds by [2+2] cycloaddition is less common than in cyclo-
isomerization processes, it can be observed when a specific substitution pattern on
the alkene and/or alkyne takes place and disfavors the skeletal rearrangement. It is
not easy to formulate a general rule for the formation of cyclobutene compounds
starting from 1,6- and 1,7-enynes. Certain 1,6-enynes possessing an acyclic alkene
and an aryl- or esteralkyne moiety, as in II-1, can be transformed into the cor-
responding cyclobutenes in the presence of palladium(Il) [4], platinum(II) [5], or
gold(I) [Refs. 30, 162, Chap. 1] as catalysts (Scheme 3.1).

=" R
Z R2 Pt Au! Z
\_<\; R3 Pd R2 R®
-1 R' = ester, aryl
R2, R%=H, Me
Z = C(CO,Me),

Scheme 3.1 Metal-catalyzed synthesis of cyclobutenes from 1,6-enynes II-1
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In addition, 1,7-enynes possessing an acyclic alkene and a haloalkyne moiety
II-2 produce cyclobutene compounds via platinum(II)-[6] or ruthenium(II)-cata-
lyzed [7] cycloisomerization (Scheme 3.2).

RZ

=
A X/\/ X
-2 R2=n-Pr,1,Br,Cl
X = O, NTs, NAc, CH,, CH(OMe)

Scheme 3.2 Metal-catalyzed synthesis of cyclobutenes from 1,7-enynes II-2

In the case of amide- or ester-tethered 1,6-enynes II-3, bicyclo[3.2.0]hept-6-en-
2-ones have been synthesized via gold(I)-catalyzed cycloisomerization in a general
way (Scheme 3.3) [8].

[AuCI(PPhg)] O H
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X

D98 L
\_Q\M , CH:Clz . 12h e
3 R 63-91% R

Scheme 3.3 Gold(I)-catalyzed cyclization of amide- or ester-tethered 1,6,enynes I-3

One of the principal problems in the synthesis of cyclobutene compounds is the
isolation process, because of the general instability of the final products. As a
result, cyclobutanones are isolated via gold(I)-catalyzed cyclization of 1,6-ene-
ynamides II-4 (Scheme 3.4) [9, 10]. The formation of cyclobutene intermediate
II-5 only takes place if the ynamides are terminal or substituted by a trimethysilyl
group (R' = H, TMS). Skeletal rearrangement products were also obtained as
minor products. Conversely, in the reaction of the same substrates catalyzed by
PtCl,, the 1,3-dienes were isolated as the major products in good yields [11, 12].

TsN ——R! Ts O
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o { CH,Cly, rt R2 N R6
R3 R®  35-77% ge RYR°
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R3 R4 RS

II-5

Scheme 3.4 Synthesis of cyclobutanones via gold(I)-catalyzed cycloisomerization of 1,6-ene-
ynamides II-4
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In addition, cyclobutanones are synthesized via platinum(II)-catalyzed cycli-
zation of 1,7-ene-ynamides II-6 (Scheme 3.5). The cyclobutanones are formed
after hydrolysis of the corresponding bicycle[4.2.0] compounds II-7.
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_ ! R
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Scheme 3.5 Synthesis of cyclobutanones via platinum(II)-catalyzed cycloisomerization of 1,7-
ene-ynamides II-6

In the particular case of 1,7-enynes bearing an endocyclic alkene moiety II-8,
cyclobutenes are obtained in a general way using palladium(II) [13], gallium(III)
[14], platinum(II) [15], or gold(I) [Ref. 15 in Chap. 1] as catalysts (Scheme 3.6).
Other cyclobutene compounds have also been isolated from 1,6-enynes bearing an
endocyclic alkene moiety via platinum(Il)-[7] or gold(I)-catalyzed [Ref. 165 in
Chap. 1] [2+2] cycloaddition.
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Scheme 3.6 Formation of cyclobutene compounds from 1,7-enynes II-8

By using cationic gold(I) complexes, bicyclo[4.2.0]oct-6-ene II-10 or II-11 are
obtained starting from 1,7-enynes II-9a or II-9b (Scheme 3.7) [Ref. 15 in Chap. 1
]. Ring opening to form 1,3-dienes does not occur even after heating at
120-150 °C.

H
MeO,C 8, AgSbFg MeO,C 6 MeO,C H
MeO,C CHyCly, i1, 14h  MeO,C CH,Cly, 1t, 14h  MeO,C H
n=3 n n=1
1I-11 67% I-9a (n=1) 80% 110

11-9b (n = 3)

Scheme 3.7 Gold(I)-catalyzed cyclization of 1,7-enynes II-9
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One of the most general methods for the isolation of stable cyclobutene com-
pounds is to start from 1,8-enynes. In the case of gold(I)-catalyzed cyclization of
1,8-enynes II-12, cyclobutenes are isolated in a general way (Scheme 3.8)
[Ref. 196 in Chap. 1]. The formation of 1,3-dienes was observed after prolonged
reaction times and in the presence of trace acids.
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Scheme 3.8 Gold(I)-catalyzed cyclization of 1,8-enynes II-12

DFT calculations have been carried out to shed some light on the mechanism
for cyclobutene formation. No direct pathway for the formation of cyclobutene
II-14 from anti-exo-cyclopropyl gold carbene II-13 was found (Scheme 3.9).
In contrast, syn-exo-cyclopropyl gold carbene II-13’ forms cyclobutene II-14 by a
cyclopropane ring expansion. The formation of syn-exo-cyclopropyl gold carbene
I1-13’ has been postulated to occur by a syn-type attack of the alkene to the alkyne
gold moiety in II-15. However the anti attack is more favorable; the syn attack
could compete if the substitution at the alkene and/or the alkyne does not favor the
skeletal rearrangement [Ref. 15 in Chap. 1].
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Scheme 3.9 Mechanism for gold(I)-catalyzed formation of cyclobutenes II-14

The intermolecular reaction of alkynes II-16 with alkenes II-17 catalyzed by gold(I)
leads to cyclobutenes II-18 with complete regio- and diastereoselectivity. Moderate to
good yields are obtained when gold(I) complex 7 with a very bulky phosphine ligand is
used (Scheme 3.10) [Ref. 192 in Chap. 1]. This transformation shows that [2+2]
cycloaddition predominates in the reaction between alkynes and alkenes when the
constraints imposed by the tethers are absent, like in the intermolecular process.
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Scheme 3.10 Gold(I)-catalyzed intermolecular [2+2] cycloaddition of alkynes and alkenes
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Based on the general reactivity of 1,n-enynes with gold(]), it is assumed that the
reaction proceeds through similar cyclopropyl gold(I) carbenes IT-20/I1-20'. These
intermediates are formed via the nucleophilic attack of alkenes II-17 to cationic
gold(I)-alkyne complexes II-19. Intermediates II-20/II-20" evolve toward cyclo-
butenes II-18/II-18' via carbocations II-21/II-21’ (Scheme 3.11). The selective
formation of regioisomers II-18 is probably more favorable due to electronic and
steric effects in intermediates II-20 and II-21, which are analogous to the exo-type
intermediates in the gold(I)-catalyzed cyclization of 1,n-enynes.
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Scheme 3.11 Mechanism for the gold(I)-catalyzed intermolecular [2+42] cycloaddition of
alkynes and alkenes

3.2 Objectives

Based on the results shown for the intermolecular gold(I)-catalyzed reaction of
1,6-enynes with carbonyl compounds (Chap. 1), our first objective was to study of the
intramolecular gold(I)-catalyzed cyclization of 1,6-enynes bearing a carbonyl group
at the alkyne moiety of type II-22 (Scheme 3.12). Unexpectedly, the cyclization of
these types of 1,6-enynes II-22 led to the isolation of cyclobutenes I1-23.
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- [AuL] \ ( [AuL]* R
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11-22 11-23
Scheme 3.12 Gold(I)-catalyzed cycloisomerization of 1,6-enynes II-22

Due to the high importance of the cyclobutene motif and the intrinsic diffi-
culties of its synthesis [1-3], we decided to develop methodologies leading to
cyclobutene-containing compounds via gold(I)-catalyzed cyclization of type I1-24
1,8-enynes (Scheme 3.13).
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Scheme 3.13 Formation of cyclobutenes II-25 via gold(I)-catalyzed [2+2] cycloaddition

3.3 Results and Discussion

3.3.1 Synthesis of Cyclobutene Compounds via Gold(I)-
Catalyzed Intramolecular Addition of Carbonyl
Compounds to 1,6-Enynes

In order to study the intramolecular gold(I)-cyclization of 1,6-enynes bearing a
carbonyl group at the alkyne moiety, enyne II-22a was synthesized via ruthe-
nium(Il)-catalyzed 1,4-addition of the terminal alkyne II-26a to methyl vinyl
ketone with a 78 % yield (Scheme 3.14) [16].
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Scheme 3.14 Synthesis of 1,6-enyne II-22a

We were pleased to observe the formation of cyclobutene II-23a with 38 %
yield when 1,6-enyne II-22a was exposed to [AuCl(PPh;)]/AgSbF, (Table 3.1,
entry 1). In order to improve the yield, several complexes were tested. The desired
cyclobutene compound II-23a was obtained with 58 % yield using phosphine
gold(I) complex 6 (Table 3.1, entry 2). Unfortunately, the most active complex,
phosphite gold(I) 20, only resulted in decomposition of the starting material
(Table 3.1, entry 3). At this point, we decided to test the mild activity of the NHC
complexes. Thus, cyclobutene II-23a was formed in 80 % yield using IPr gold(I)
16 (Table 3.1, entry 4). Whereas low yield or no reaction was observed with IMes
gold(I) 15, IME gold(I) 14, AuCl, AuCl;, AgSbFe, PdCl,, PtCl,/P(0-Tol);, GaCl;
and InCl; (Table 3.1, entries 5-13). A new product, 1,3-diene II-27 of a single
cleavaged rearrangement was isolated using platinacycle 24 [Ref. 29 in Chap. 1] in
a 41 % yield (Table 3.1, entry 14).
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Table 3.1 Screening of catalysts for the intramolecular gold(I)-catalyzed cycloisomerization of
1,6-enyne II-22a

(0]
o 0]
FZ M] %
e + Z
Z\/Y z
1I-22a 1I-23a 11-27
Z=C(CO,Me),
Entry M] Time Conv. (%) Yield (%)*
1 [AuCl1(PPh;3)]/AgSbFg 2.5h 100 11-23a (38)
2 6 3h 100 1I-23a (58)
3 20 25h 100 b
4 16 2h 100 11-23a (80)
5 15 9d 100 1I-23a (30)
6 14 9d 0 -
7 AuCl 9d 0 -
8 AuCl, 9d 0 -
9 AgSbFg 9d 0 -
10 PdCl, 9d 0 -
11 PtCl,/P(0-Tol); 9d 0 -
12 GaCls 9d 0 -
13 InCl5 9d 0 -
14 24 8d 100 11-27 (41)°

Reaction conditions [M] (5 mol %) in 0.1 M CH,Cl, at rt.

2 Yield determined by '"H-NMR crude analysis using 1,3,5-trimethoxybenzene as internal
standard

b Complex mixture

¢ Isolated yield

0 0
é R2 R2
IPr 16 .
N CHyClp, 12 h, it o
R
11-22b-e 11-23b-d

Scheme 3.15 shows a possible mechanism for the formation of cyclobutene
I1-23. In analogy with the intramolecular cycloisomerization of 1,6-enynes bearing
the carbonyl function at the alkene moiety I-1 (Chap. 1, Scheme 1.1), this [2+2]
cycloaddition proceeds via the opening of cyclopropyl gold carbene II-28 thought
the nucleophilic attack of the pendant carbonyl substituent to form oxonium cation
I1-29. However, in contrast with the previous methodology, the nucleophilic attack
of the vinyl gold moiety in intermediate II-29 does not take place via Prins-type
cyclization (Scheme 3.15, red arrow), but at the quaternary gem-dimethyl carbon
(Scheme 3.15, blue arrow), allowing the formation of cyclobutane intermediate
II-30, which finally evolves via metal loss to give cyclobutene I1-23.
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[LAu]
+

-
o] JAULlr  Z

Z -~ Z

-[AuL]*
1I-23 11-30

Scheme 3.15 Proposed mechanism for the formation of cyclobutene II-23

Unfortunately, all attempts to purify cyclobutene II-23a (column chromatog-
raphy with SiO,, deactivated SiO,, alumina and preparative TLC) were unsatis-
factory due to the instability of the bicyclo[3.2.0]hept-5-ene moiety. Therefore, in
order to form a more stable compound and confirm the cyclobutene structure,
different modifications in the backbone of 1,6-enyne II-22 were carried out
(Fig. 3.1) [17].

R! R? R’ R?

(o]
11-22b @*o“f‘ NOJCeHy| T1-22d  COMe  p-NO,CH,
O5N

2

(o]
1-22¢ @AOA’H CH; [22¢  SO,Ph  p-NO,CH,
O2N

Fig. 3.1 Different modifications in the backbone of 1,6-enyne II-22
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1,6-Enynes II-22b-e were synthesized via ruthenium(Il)-catalyzed 1,4-addition
of terminal alkyne to the corresponding conjugated enone in moderate yields
(Scheme 3.16) [16].

o (e}
= \)I\Rz FZ R2
Ri [RuCly(p-cymenell,
Al N pyrrolidine Hi A
toluene, 60 °C,14 h
1-26a (R! = CO,Me) 11-22b (30%)
1I-26b (R' = CH,OCO(p-NO,CgHy)) 1I-22¢ (46%)
1-26¢ (R! = SO,Ph) 11-22d (45%)
11-22e (41%)

Scheme 3.16 Synthesis of 1,6-enynes II-22 via 1,4-addition to conjugated enones

When the different 1,6-enynes II-22b-e were exposed to optimized conditions,
the cyclobutenes II-23b-d were isolated in moderate to good yields (Table 3.2,
entries 1-3). The only exception was the case of 1,6-enyne II-22e, where a
complex mixture was detected (Table 3.2, entry 4).

Table 3.2 Gold(I)-catalyzed cycloisomerization of 1,6-enynes II-22b-d

t-Bu -
tBu s +
R SbF, x -
Np-Au—NCMe  ° tBu | sbr,
‘ £Bu @—O};P—AuNCPh
6 20
.
A _
[\ | sor; /NCMe—I SbFe
R*’NYN\RZ p-Pt-NCMe
Alu
L
14: R'= Me, R? = Et, L = 2,4,6-(Me0)3CH,CN 24
15: R'= R2 = 2,4,6-MesCqHy, L = 2,4,6-(Me0)3CgH,CN
16: R'= R2=2,6-i-PryCqHg, L = PhCN
Entry Conv. (%) Yield (%)*
1 1I-22b 100 I1-23b (37)
2 I1-22¢ 100 I1-23c (64)
3 11-22d 100 I1-23d (88)
4 II-22¢ 100 b

Reaction conditions 16 (5 mol %) in 0.1 M CH,Cl, at rt.
“ Tsolated yields of chromatographied products
b Complex mixture
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In the case of compound II-23d, the proposed structure was confirmed by X-ray
diffraction via formation of the 2,4-dinitrophenylhydrazone derivative II-31
(Fig. 3.2). Therefore, the formation of a cyclobutene compound was unambigu-
ously confirmed.

Fig. 3.2 X-ray structure of hydrazone II-31

3.3.2 Synthesis of Cyclobutene Compounds via Gold(I)-
Catalyzed Cycloisomerization of 1,8-Enynes

To obtain other compounds with the cyclobutene motive, we synthesized the 1,8-
enynes II-24a-b in moderate yields via allylic Tsuji-Trost alkylation (Scheme 3.17)
[Ref. 173 in Chap. 1].

OAc R
Q/\/ OMe
CO,Me MeO I o O
MeO,C P NaH MeO,C
7" [PACIy(PPhg)yl/dppe  MeO2C =
THF O
11-32 Il-24a (R=H) 41% I1-24

11-24b (R=OMe) 30%

Scheme 3.17 Synthesis of 1,8-enynes II-24a-b
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Appling the Gagosz conditions for the cyclization of 1,8-enynes [Ref. 196 in
Chap. 1], we observed the complete conversion toward cyclobutenes II-25 after
1 min, which rearranged to 1,3-dienes II-33 in 14 or 17 h (Scheme 3.18). Nev-
ertheless, all attempts to purify and isolate cyclobutene compounds II-25 were
unsatisfactory (column chromatography or preparative TLC). Only 1,3-dienes
II-33 were isolated in high yields (II-33a, quant.; II-33b, 81 %). However, when
the purification of cyclobutene II-25a was preformed over alumina [18], a mixture
of II-25a/I1-33a = 1.3:1.0 was isolated.

OMe

z 7
_—
2 CDyCly, 1 min

Z =C(CO,Me), Sie
I-24a (R = H) 1I-25a (R = H) 1I-33a (R = H)
1I-24b (R = OMe) 1I-25b (R = OMe) 1I-33b (R = OMe)

_________________________

Scheme 3.18 Gold(I)-catalyzed cycloisomerization of 1,8-enynes II-24

It was observed that cyclobutenes II-25 rearranged to 1,3-dienes II-33 in 17 h,
even in the absence of gold complex [19]. Furthermore, after only 14 h 1,3-diene
II-33a was detected by "H-NMR in the presence of proton sponge or 2,6-di(r-
butyl)pyridine, which indicates that the opening also takes place in the absence of
acid. In conclusion, the gold(I)-catalyzed cycloisomerization of 1,8-enynes I1-24
allows the efficient synthesis of bicyclo[3.2.0]nonenes II-25, which are reactive
intermediates toward the corresponding 1,3-dienes II-33. These results are in
complete agreement with Gagosz’s proposal. On the other hand, only the forma-
tion of trans-1,3-dienes II-33 was observed, contrary to the results reported with
1,6-enynes substituted at the olefin with a electron-donating group (Scheme 3.19,
Introduction) [Ref. 173 in Chap. 1].
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3.4 Conclusions

As an extension of the previous chapter, we decided to clarify the picture for the
gold(I)-catalyzed intramolecular addition of carbonyl compounds to 1,6-enynes.

The formation of oxatricyclic compounds I-2 and/or fragmentation products I-3
was previously reported from 1,6-enynes with a carbonyl group at the alkenyl side
chain such as I-1 (Scheme 3.19) [Ref. 223 in Chap. 1].

/ o " R
[AuLT* 7 X o)
z — + 7]
X R 1, CHCL
H Me

Me
I AUl =AUCLE 12 "© 13

Scheme 3.19 Gold(I)-catalyzed cyclization of I-1 enynes

With this precedent, our objective was to study the gold(I)-catalyzed cyclization
of type II-22 1,6-enynes, which are characterized by a carbonyl unit at the alkynyl
chain (Scheme 3.20). Selective formation of II-23 was observed under mild
conditions in lieu to the expected cyclization product. The bicyclo[3.2.0]hept-
5-ene motif in II-23 was confirmed by X-ray diffraction studies.

O

(0]
= R R
IPr 16
—_—
Z\/ﬁ/ CH,Cly, 12 h, 1t

-22 1I-23

Scheme 3.20 Synthesis of cyclobutene compounds II-23 via gold(I)-catalyzed [2+2]
cycloaddition

Two more examples presenting the cyclobutene motif (II-25) were synthesized
via gold(I)-catalyzed reaction of 1,8-enynes (Scheme 3.21). Although their iso-
lations were unsuccessful, despite numerous attempts, it was possible to confirm
that cyclobutenes II-25 are intermediates in the formation of the corresponding
1,3-dienes 1I-33.
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R
OMe
N
z 7
D ——
 CD,Cly, 1 min

Z = C(CO,Me),

l-24a (R = H) ll-25a (R = H) I-33a (R=H) OMe
11-24b (R = OMe) II-25b (R = OMe) 11-33b (R = OMe)

Scheme 3.21 Synthesis of intermediates II-25 via gold(I)-catalyzed reaction of 1,8-enynes

3.5 Experimental Section
3.5.1 General Methods

All reactions were carried out under Ar in solvents dried using a Solvent Purifi-
cation System (SPS). Extractive workup refers to portioning of the crude reaction
between an organic solvent and water, phase separation, drying (Na,SO, or
MgS0,), and evaporation under reduced pressure.

Thin layer chromatography was carried out using TLC-aluminum sheets with
0.2 mm of silica gel (Merk GF,34). Chromatography purifications were carried out
using flash grade silica gel (SDS Chromatogel 60 ACC, 40-60 pm). HPLC
chromatography was performed on an Agilent Technologies Series 1100 chro-
matograph with UV detector.

NMR spectra were recorded at 23 °C on a Bruker Advance 400 Ultrashield
apparatus.

Mass spectra were recorded on Waters LCT Premier (ESI) and Waters GCT
(EIL CI) spectrometers. Elemental analyses were performed on a LECO CHNS 932
micro-analyzer at the Universidad Complutense de Madrid. Melting points were
determined using a Biichi melting point apparatus. Optical rotations were recorded
on a P-1030 polarimeter from Jasco at the sodium D line.

3.5.2 Preparation of Substrates

The metal salts AuCl (Strem), AuCl; (Sigma Aldrich), PdCI, (Johson Matthey),
InCl; (SDS), GaCl; (Aldrich), PtCl, (Johson Matthey), AgSbF¢ (Aldrich), com-
plex [AuCI(PPh3)] (Strem) and phosphine gold(I) complex 6 (Aldrich) were used
as received. Complex IME gold(I) 14 [Refs. 43, 44 in Chap. 1], IMes gold(I) 15
[Refs. 43, 44 in Chap. 1], IPr gold(I) 16 [Refs. 43, 44 in Chap. 1], cationic
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phosphite gold(I) 20 [Ref. 42 in Chap. 1], and platinacycle 24 [Ref. 29 in Chap. 1],
were prepared according to the reported procedure.
The starting 1,6-enynes were synthesized following the literature procedures:
I-26a [20], and II-26¢ [20].
2-(3-Methylbut-2-en-1-yl)-2-(prop-2-yn-1-yl)propane-1,3-diyl  bis(4-nitro-
benzoate) (II-26b) [21]

o)

O
O,N @A
"y
O

4-Nitrobenzoyl chloride (4.99 g, 26.31 mmol, 2.4 equiv), N,N-dimethylpyridin-
4-amine (0.27 g, 2.20 mmol, 0.2 equiv) and Et3N (15.29 ml, 110 mmol, 10 equiv)
were successively added to a slurry of 2-(3-methylbut-2-en-1-yl)-2-(prop-2-yn-1-
ylpropane-1,3-diol (2.02 g, 10.97 mmol) in CH,Cl, (21 mL) at O °C. The
resulting mixture was then allowed to warm up to room temperature and stirred for
5 h. The reaction mixture was diluted by adding CH,Cl,, and precipitations
generated during the reaction was removed by filtration. The reaction was quen-
ched by adding 10 % HCI. The organic layer was washed by 0.5 M HCI and sat.
NaHCOs;, then dried over Na,SO,. After filtration, the solvent was removed under
reduced pressure to produce a crude mixture resembling a brown gummy solid.
The purification was done by silica gel column chromatography (5:1, c-Hex/
EtOAc) to give II-26b as a yellow—brown solid (2.42 g, 46 %). 'H-NMR
(400 MHz, CDCl3) ¢ 8.29 (dt, J = 8.8, 2.0 Hz, 4H), 8.18 (dt, J = 8.8, 2.0 Hz,
4H), 5.20 (br t, J = 7.8 Hz, 1H), 4.33 (s, 4H), 3.48 (d, J/ = 2.6 Hz, 2H), 2.48 (d,
J = 2.6 Hz, 2H), 2.39 (br d, J = 7.8 Hz, 2H), 2.08 (t, / = 2.6 Hz, 1H), 1.74 (s,
3H), 1.63 (s, 3H). '*C (400 MHz, CDCls) 6 164.5 (2C), 151.0 (2C), 137.1 (2C),
135.0 (C), 130.9 (4CH), 123.9 (4CH), 117.1 (CH), 79.4 (C), 72.0 (CH), 67.2
(2CH,), 41.6 (C), 30.8 (CH,), 26.3 (CH3), 23.0 (CH,), 18.2 (CH3). HRMS-ESI
Caldc for C25H24N,0¢ [M+Na]* 503.1430, found 503.1425.

Dimethyl 2-(3-methylbut-2-en-1-yl)-2-(6-oxohept-2-yn-1-yl)malonate (II-22a)

MeO,C _/ — o
MeO,C
A\

Pyrrolidine (0.07 mL, 0.84 mmol, 0.2 equiv) was added to a stirred solution of
[RuCl,(p-cymene),] (0.13 g, 0.21 mmol, 5 mol %) in toluene (8 mL). The mix-
ture was stirred for 10 min at room temperature, which was followed by the
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addition of a solution of 1,6-enyne II-26a (1.00 g, 4.21 mmol, 1 equiv) and methyl
vinyl ketone (1.82 mL, 21.03 mmol, 5 equiv) in toluene (8 mL). The mixture was
stirred for 13 h at 60 °C, and was then filtered over Celite and concentrated under
low pressure. The purification was done via silica gel column chromatography
(8:1, c-Hex/EtOAc) to give II-22a as a colorless oil (1.02 g, 78 %). "H-NMR
(400 MHz, CDCl3) 6 4.87 (apparent t septuplet, J = 7.8 Hz, 1H), 3.70 (s, 6H),
2.71-2.68 [overlapping signals (2.71,d, J = 7.8 Hz, 2H), (2.69, t, J = 2.5 Hz,
2H), 4H], 2.59 (apparent t, J = 7.0 Hz, 2H), 2.39-2.34 (m, 2H), 2.15 (s, 3H), 1.68
(d, J = 0.7 Hz, 3H), 1.63 (s, 3H). '*C (400 MHz, CDCl5) § 206.8 (C), 170.9 (2C),
136.8 (C), 117.4 (CH), 82.0 (C), 75.6 (C), 57.6 (C), 52.8 (2CHs3), 42.9 (CH,), 20.9
(CH>), 30.0 (CH3), 26.2 (CHj3), 23.0 (CH,), 18.1 (CH3), 13.5 (CH,). HRMS-ESI
Caldc for C7H,405 [M+Na]*™ 331.1521, found 331.1528.

2-(3-Methylbut-2-en-1-yl)-2-(6-oxohept-2-yn-1-yl)propane-1,3-diyl  bis(4-
nitrobenzoate) (I1-22b)

(0]
@A e
ON
ON
O
(6]

Pyrrolidine (0.03 mL, 0.38 mmol, 0.2 equiv) was added to a stirred solution of
[RuCl,(p-cymene),] (58.52 mg, 0.09 mmol, 5 mol %) in toluene (8 mL). The
mixture was stirred at room temperature for 10 min, which was followed by the
addition of 1,6-enyne II-26b (900 mg, 1.873 mmol, 1 equiv) and methyl vinyl
ketone (0.780 mL, 9.37 mmol, 5 equiv). The mixture was stirred at 60 °C for 15 h.
After it was cooled to room temperature, the resulting mixture was filtered through
a pad of Celite and the filtrate was concentrated under reduced pressure to obtain
crude mixture as a black gummy solid. Purification was done via silica gel column
chromatography (4:1, c-Hex/EtOAc) to give II-22b (930 mg, 90 %) as yellow
gummy solid. '"H-NMR (400 MHz, CDCls) 6 8.29 (dt, J = 9.0, 2.1 Hz, 4H), 8.18
(dt, J = 9.0, 2.1 Hz, 4H), 5.18 (apparent t septuplet, J = 6.6 Hz, 1H), 4.39 (d,
J =19 HZ, 4H), 2.61 (t, J = 7.2 Hz, 2H), 2.42-2.38 [overlapping signals (m,
2H), (2.41, br d, J = 2.4 Hz, 2H), 4H], 2.34 (br d, J = 7.8 Hz, 2H), 2.14 (s, 3H),
1.73 (d, J = 0.4 Hz, 3H), 1.62 (d, J = 0.8 Hz, 3H). °C (400 MHz, CDCl;) §
205.5 (O), 164.5 (2C), 150.9 (20), 136.7 (2C), 135.4 (C), 130.9 (4CH), 123.9
(4CH), 117.3 (CH), 82.5 (C), 75.4 (C), 67.3 (2CH,), 42.8 (C), 41.8 (CH,), 30.8
(CH,), 30.0 (CHy), 26.4 (CH3), 23.1 (CH,), 18.2 (CHj3), 13.5 (CH,). HRMS-ESI
Caldc for Co9H30N,09 [M+Na]™ 570.1829, found 570.1849.
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2-(3-Methylbut-2-en-1-yl)-2-(6-(4-nitrophenyl)-6-oxohex-2-yn-1-yl)pro-
pane-1,3-diyl bis(4-nitrobenzoate) (II-22c)

(o]
M ©
O,N
O,N
(o]
(@]

NO,

Pyrrolidine (0.03 mL, 0.38 mmol, 0.2 equiv) was added to a stirred solution of
[RuCl,(p-cymene),] (59.03 mg, 0.09 mmol,) in toluene (8 mL). The resulting
mixture was stirred for 10 min at room temperature, which was followed by the
addition of 1,6-enyne II-26b (908.09 mg, 1.89 mmol, 1 equiv) and 1-(4-nitro-
phenyl)prop-2-en-1-one (385.97 mg, 2.17 mmol, 1.1 equiv). The resulting mixture
was stirred at 60 °C for 15 h. After it was cooled to room temperature, the reaction
mixture was filtered through a pad of Celite, and the filtrate was concentrated
under reduced pressure to obtain crude mixture as a black gummy solid. Purifi-
cation was done via silica gel column chromatography (4:1, c-Hex/EtOAc) to give
II-22¢ (570 mg, 46 %) as brown solid. "H-NMR (400 MHz, CDCl3) ¢ 8.31-8.24
[overlapping signals (dt, 2H), (2.27, dt, J = 9.1, 1.9 Hz, 2H), 6H], 8.16 (dt,
J = 8.9, 2.0 Hz, 4H), 8.09 (dt, J = 8.9, 2.1 Hz, 2H), 5.17 (br t, J = 7.8 HZ, 1H),
4.39 (d, J = 4.0 Hz, 4H), 3.21 (t, J = 7.0 Hz, 2H), 2.63-2.60 (m, 2H), 2.41 (t,
J = 2.1 Hz, 2H), 2.33 (br d, J = 7.8 Hz, 2H), 1.72 (s, 3H), 1.60 (s, 3H). "*C
(CDCl3, 400 MHz) ¢ 196.5 (C), 164.5 (2C), 150.9 (2C), 150.6 (C), 141.0 (C),
136.8 (2C), 135.3 (C), 130.8 (4CH), 129.2 (2CH), 124.1 (2CH), 123.8 (4CH),
117.3 (CH), 82.5 (C), 76.0 (C), 67.2 (2CH,), 41.8 (C), 38.6 (CH,), 30.9 (CH,),
26.3 (CH;3), 23.2 (CH,), 18.1 (CHj3), 13.7 (CH,). HRMS-ESI Caldc for
C34H3 N30, [M+Na]* 680.1856, found 680.1857.

Dimethyl 2-(3-methylbut-2-en-1-yl)-2-(6-(4-nitrophenyl)-6-oxohex-2-yn-1-
ylmalonate (II-22d)

MeO,C —
MeO,C

NO,

Pyrrolidine (0.08 mL, 0.94 mmol, 0.2 equiv) was added to a stirred solution of
[RuCl,(p-cymene),] (0.15 g, 0.24 mmol, 5 mol %) in toluene (20 mL). The
reaction mixture was stirred for 10 min at room temperature, which was followed
by the addition of 1,6-enyne II-26a (1.1 g, 4.7 mmol, 1 equiv) and 1-(4-nitro-
phenyl)prop-2-en-1-one (1.01 g, 5.63 mmol, 5 equiv). The mixture was stirred for
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13 h at 60 °C. The resulting mixture was cooled to room temperature and quen-
ched by sat. NH4Cl solution. The organic layer was extracted by Et,O, washed
with water and brine, and dried over MgSQ,. After filtration, the solvent was
evaporated under reduced pressure. Purification was done via silica column
chromatography (6:1, c-Hex/EtOAc) to obtain II-22d as a yellow sticky liquid
(880 mg, 45 %). After several weeks in the fridge, the product became crystalline
yellow solid. 'H-NMR (400 MHz, CDCls,) 6 8.33 (dm, J = 8.8 Hz, 2H), 8.11
(dm, J = 8.8 Hz, 1H), 4.88 (br t, J = 7.8 Hz, 1H), 3.69 (apparent t, J/ = 1.1 Hz,
6H), 3.20 (t, J = 7.3 Hz, 2H), 2.70-2.69 (m, 4H), 2.58 (apparent td, J = 6.5,
1.1 Hz, 2H), 1.67 (s, 3H), 1.61 (s, 3H). '°C (400 MHz, CDCls) § 196.6 (C), 170.8
(20), 150.6 (C), 141.2 (C), 136.9 (C), 129.2 (2CH), 124.1 (2CH), 117.3 (CH), 81.6
(©), 76.2 (C), 57.6 (C), 52.8 (2CH3;), 38.8 (CH,), 31.0 (CH,), 29.2 (CH3), 23.0
(CH,), 18.1 (CH3), 13.7 (CH,).

10-Methyl-1-(4-nitrophenyl)-7,7-bis(phenylsulfonyl)undec-9-en-4-yn-1-one
(I1-22e)

PhO,S = O
PhO,S

Pyrrolidine (0.07 ml, 0.85 mmol, 0.2 equiv) was added to a stirred solution of
[RuCl,(p-cymene),] (0.13 g, 0.21 mmol, 5 mol %) in toluene (20 mL). The
mixture was stirred at room temperature for 10 min, then 1,6-enyne II-26¢ (1.75 g,
4.22 mmol, 1 equiv) and 1-(4-nitrophenyl)prop-2-en-1-one (1.13 g, 6.21 mmol,
1.1 equiv) were added stepwise. The mixture was stirred at 60 °C for 15 h. After it
was cooled to room temperature, the resulting mixture was filtered through a pad
of Celite and the filtrate was concentrated under reduced pressure to obtain a crude
mixture as a black gummy solid. Purification was done via silica gel column
chromatography (4:1, c-Hex/EtOAc) to give II-22e (1.07 g 41 %) as yellow solid.
"H-NMR (400 MHz, CDCl5) 6 8.30 (dt, J = 8.8, 2.3 Hz, 2H), 8.11-8.07 [over-
lapping signals (d, 4H), (dt, 2H), 6H], 7.69 (br t, J = 7.5 Hz, 2H), 7.57 (br t,
J = 8.0 Hz, 4H), 5.34 (apparent t septuplet, J = 6.7 Hz, 1H), 3.19 (t, / = 7.0 Hz,
2H), 3.10 (t, J = 2.0 Hz, 2H), 2.98 (br d, J = 6.6 Hz, 2H), 2.54 (tt, J = 7.1,
2.4 Hz, 2H), 1.74 (d, J = 0.7 Hz, 3H), 1.56 (s, 3H).

(E)-Dimethyl  2-(2-Ethynylbenzyl)-2-(3-(4-methoxyphenyl)allyl)malonate
(11-24a)
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OMe
L
MeO,C

MGOZC 4

A solution of 1-(4-methoxyphenyl)allyl acetate [Ref. 173 in Chap. 1]
(189.03 mg, 0.92 mmol, 1.1 equiv) in dry THF (1.4 mL) was added to a sus-
pension of Pd(PPhs),Cl, (65.75 mg, 0.09 mmol, 11 mol %) and dppe (37.73 mg,
0.09 mmol, 11 mol %) in dry THF (1.4 mL). A solution of dimethyl 2-(2-ethy-
nylbenzyl)malonate anion was prepared in a different flask by the addition of
dimethyl 2-(2-ethynylbenzyl)malonate [22] (205.42 mg, 0.83 mmol, 1 equiv) to an
NaH (36.78 mg, 0.92 mmol, 1.1 equiv) suspension in dry THF (2.8 mL) at 0 °C.
The anion was added over the former acetate mixture via cannula and the mixture
was stirred at room temperature for 3 h. Aqueous work-up with saturated NH4ClI
and Et,O was performed and the organic phase was dried over MgSO, and the
solvent was evaporated. The crude material was chromatographed (12:1, c-Hex/
EtOAc) to yield II-24a as a colorless oil (132.63 mg, 41 %). "H NMR (400 MHz,
CD,Cl,) 6 7.50 (dd, J = 7.6, 1.3 Hz, 1H), 7.30 (td, J/ = 7.6, 1.5 Hz, 1H), 7.26 (dt,
J = 8.8, 2.0 Hz, 2H), 7.22 (td, J = 7.6, 1.4 Hz, 1H), 7.18 (dd, J = 7.8, 0.9 Hz,
1H), 6.83 (dt, J = 8.8, 2.9 Hz, 2H), 6.36 (d, J/ = 5.6 Hz, 1H), 6.11 (dt, 15.8,
7.4 Hz, 1H), 3.78 (s, 3H), 3.68 (s, 6H), 3.56 (s, 2H), 3.33 (s, 1H), 2.70 (dd,
J = 7.4, 1.3 Hz, 2H). '°C (400 MHz, CDCl;) 6 171.5 (2C), 159.2 (C), 139.0 (C),
133.5 (CH), 133.2 (CH), 130.4 (C), 130.0 (CH), 128.9 (CH), 127.5 (2CH), 127.0
(CH), 123.6 (C), 122.7 (CH), 114.1 (2CH), 82.8 (C), 81.5 (CH), 60.0 (C), 55.5
(CH3), 56.2 (2CH3), 37.0 (CHy), 36.7 (CHy).

(E)-Dimethyl 2-(3-(3,4-dimethoxyphenyl)allyl)-2-(2-ethynylbenzyl)malon-
ate (II-24b) and dimethyl 2-(1-(3,4-dimethoxyphenyl)allyl)-2-(2-ethynylben-
zyl)malonate (II-24b’)

OMe
OMe MeO
L
MeO,C
MeO,C //

A solution of 1-(3,4-dimethoxyphenyl)allyl acetate [Ref. 173 in Chap. 1]
(234.04 mg, 0.99 mmol, 1.1 equiv) in dry THF (1.5 mL) was added to a sus-
pension of Pd(PPh;),Cl, (70.97 mg, 0.01 mmol, 11 mol %) and dppe (40.79 mg,
0.01 mmol, 11 mol %) in dry THF (1.5 mL). A solution of dimethyl
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2-(2-ethynylbenzyl)malonate anion was prepared in a different flask by the addi-
tion of dimethyl 2-(2-ethynylbenzyl)malonate (221.75 mg, 0.90 mmol, 1 equiv) to
an NaH (39.67 mg, 0.99 mmol, 1.1 equiv) suspension in dry THF (3 mL) at 0 °C.
The anion was added over the former acetate mixture via cannula, and the mixture
was stirred at room temperature for 3 h. Aqueous work-up with saturated NH4C1
and Et,O was performed, and the organic phase was dried over MgSO, and the
solvent was evaporated. The crude material was chromatographed (6:1-5:1, c-
Hex/EtOAc) to afford II-24b (112.5 mg, 30 %) and II-24b’ (52.4 mg, 14 %).

(E)-Dimethyl  2-(3-(3,4-dimethoxyphenyl)allyl)-2-(2-ethynylbenzyl)malonate
(I1-24b): '"H NMR (400 MHz, CD,Cl,)  7.59 (dd, J = 7.4, 1.1 Hz, 1H), 7.37 (td,
J =1.5, 1.5 Hz, 1H), 7.22-7.16 (overlapping signals, 2H), 6.87—6.85 [overlapping
signals (dd, 1H), (6.85, br s, 1H), 2H], 6.79 (br d, J = 8.2 Hz, 1H), 6.34 (br d,
J = 15.7 Hz, 1H), 6.08 (dt, J = 15.7, 7.4 Hz, 1H), 3.89 (s, 3H), 3.87 (s, 3H), 3.71
(s, 6H), 3.60 (s, 2H), 3.25 (s, 1H), 2.75 (dd, J = 7.4, 1.2 Hz, 2H). '*C (500 MHz,
CDCl3) 6 171.5 (2C), 149.1 (C), 148.8 (C), 139.0 (C), 133.5 (2CH), 130.7 (C),
130.0 (CH), 129.0 (CH), 127.1 (CH), 123.5 (C), 122.9 (CH), 119.0 (2CH), 111.2
(CH), 109.1 (CH), 82.8 (C), 81.4 (CH), 59.9 (C), 56.1 (CHj3), 56.1 (CH3), 52.6
(2CH3), 37.1 (CH,), 36.8 (CH,). HRMS-ESI m/z caled for CpsHasOg [M+Na]®
445.1627, found 445.1625.

Dimethyl 2-(1-(3,4-dimethoxyphenyl)allyl)-2-(2-ethynylbenzyl)malonate (1I-
24b’): "H NMR (400 MHz, CD,Cl,) 6 7.41 (dd, J = 7.6, 1.4 Hz, 1H), 7.31 (dd, J =
7.8, 0.8 Hz, 1H), 7.20 (td, J = 7.5, 1.5 Hz, 1H), 7.12 (td, J = 7.55, 1.4 Hz, 1H),
6.83 (br s, 1H), 6.80-6.79 (overlapping signals, 2H), 6.48 (ddd, J = 17.0, 10.2, 8.3
Hz, 1H), 5.16 (ddd, J = 10.2, 1.7, 0.9 Hz, 1H), 5.07 (ddd, J = 17.0, 1.6, 1.2 Hz,
1H), 4.11 (br d, J = 8.3 Hz, 1H), 3.87 (s, 3H), 3.86 (s, 3H), 3.54 (s, 3H), 3.53-3.42
[overlapping signals, (3.50, s, 3H), (2H), 5H], 3.19 (s, 1H)."*C (400 MHz, CDCl5)
0 170.8 (C), 170.6 (C), 148.7 (C), 148.3 (C), 140.4 (C), 137.8 (CH), 132.7 (CH),
131.7 (C), 129.8 (CH), 128.7 (CH), 126.5 (CH), 123.3 (C), 122.0 (CH), 117.6
(CH,), 113.1 (CH), 111.0 (CH), 82.5 (C), 63.9 (C), 56.1 (CH3), 56.0 (CH3), 52.3
(CH3), 52.2 (CH3), 38.6 (CH,).

3.5.3 Cyclization Products

Dimethyl 7,7-Dimethyl-6-(3-oxobutyl)bicyclo[3.2.0]hept-5-ene-3,3-dicarboxyl-
ate (II-23a)

(o)

MeO,C
MeO,C
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IPr gold(I) 16 (0.02 g, 0.03 mmol, 5 mol %) was added to a solution of II-22a
(0.15 g, 0.50 mmol, 1 equiv) in CH,Cl, (5 mL). After 1.5 h, the reaction was
quenched with Et;N/c-Hex (0.1 M; 1 mL), and the resulting mixture was passed
through a membrane filter. The solvent was removed under reduced pressure to
obtain a crude mixture resembling a yellow oil. "H-NMR (400 MHz, CDCls) 6
3.73 (s, 3H), 3.71 (s, 3H), 2.77 (br d, J = 1.5 Hz, 2H), 2.60 (dt, J/ = 7.2, 6.5 Hz,
2H), 2.39 (dt, J = 12.9, 7.2 Hz, 1H), 2.29 (br t, J = 7.6 Hz, 1H), 2.20-2.16
[overlapping signals (tm, J = 7.0 Hz, 2H), (2.16, s, 3H), 5H], 1.72 (dd, J = 12.9,
9.4 Hz, 3H), 1.14 (s, 3H), 0.95 (s, 3H). '*C (400 MHz, CDCl;) 6 208.2 (C), 172.9
(0), 172.5 (C), 141.1 (C), 140.1 (C), 65.3 (C), 53.0 (CH3), 52.9 (CH3), 51.6 (CH),
41.6 (C), 40.8 (CH,), 35.1 (CH,), 33.8 (CH,), 30.0 (CH3), 26.2 (CH3), 20.8 (CH»,),
20.3 (CH3). HRMS-ESI Caldc for C7H,405 [M+Na]* 331.1521, found 331.1537.

(7,7-Dimethyl-6-(3-(4-nitrophenyl)-3-oxopropyl)bicyclo[3.2.0]hept-5-ene-
3,3-diyl)bis(methylene) bis(4-nitrobenzoate) (II-23b)

NO,
o
AV
NO
z I 2
NO,

IPr gold (I) 16 (23.11 mg, 0.025 mmol, 5 mol %) was added to a solution of II-
22b (329.87 mg, 0.50 mmol, 1 equiv) in CH,Cl, (3 mL). After 12 h, the reaction
was quenched by the addition of a Et;N/c-Hex (0.1 M; 1 mL) solution. The
resulting mixture was separated through membrane filter. The filtrate was con-
centrated under reduced pressure to obtain a crude mixture. II-23b was isolated via
silica gel column chromatography (10:1 to 4:1, c-Hex/EtOAc) (120.69 mg, 37 %)
as a pale yellow solid (trace amount of byproduct remained). 'H-NMR (400 MHz,
CDCl3) 6 8.27-8.12 (m, 8H), 8.13 (dt, J = 7.2, 1.6 Hz, 2H), 8.08 (dt, J = 7.1,
1.7 Hz, 2H), 4.43 (d. J = 1.9 Hz, 2H), 436 (d, J = 0.7 Hz, 2H), 3.19 (t,
J =5.6 Hz, 2H), 2.43-2.39 (m, 1H), 2.24 (d, J = 12.2 Hz, 1H), 2.15 (d,
J = 12.2 Hz, 1H), 1.89 (dd, J = 10.8, 6.3 Hz, 1H), 1.73-1.69 [overlapping signals
(1.73, d, J = 2.5 Hz, 1H), (1.70, d, J = 7.6 Hz, 1H), 2H], 1.32 (dd, J = 10.8,
7.3 Hz, 1H), 1.21 (s, 3H), 1.03 (s, 3H). '°C (400 MHz, CDCls) § 197.7 (C), 146.7
(C), 146.6 (C), 150.8 (2C), 150.4 (C), 146.2 (C), 141.2 (C), 140.8 (C), 135.3 (O),
135.2 (C), 130.8 (2CH), 130.8 (2CH), 129.1 (2CH), 124.0 (2CH), 123.8 (2CH),
123.8 (2CH), 68.9 (CH,), 68.3 (CH,), 53.1 (C), 50.9 (CH), 42.3 (C), 36.5 (CH,),
32.2 (CH,), 32.0 (CH,), 26.5 (CH3), 20.8 (CH,), 20.7 (CH;3). HRMS-ESI Caldc for
C34H3 N30, [M+Na]* 680.1856, found 680.1887.
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(7,7-Dimethyl-6-(3-oxobutyl)bicyclo[3.2.0]hept-5-ene-3,3-diyl)bis(methy-
lene) bis(4-nitrobenzoate) (II-23c)

NO,
o)
070
O? o
NO,

IPr gold(I) 16 (19.23 mg, 0.02 mmol, 5 mol %) was added to a solution of II-
22¢ (225.45 mg, 0.41 mmol, 1 equiv) in CH,Cl, (3 mL) at room temperature. The
reaction was stirred overnight, then quenched by adding a solution of Ets/c-Hex
(0.1 M; 1 mL). The resulting mixture was filtered through membrane filter. The
filtrate was concentrated under reduced pressure to obtain a crude mixture. The
target product was isolated by silica gel column chromatography (10:1 to 5:1, c-
Hex/EtOAc) to give II-23c (144.27 mg, 64 %) as a pale yellow solid (trace
amount of byproduct remained). "H-NMR (400 MHz, CDCl5) 6 8.26 (dt, J = 7.1,
1.5 Hz, 2H), 8.17 (dt, J = 7.2, 1.6 Hz, 2H), 4.42 (s. 2H), 4.37 (d, J = 2.0 Hz, 2H),
2.50-2.56 (m, 2H), 3.73 (s, 3H), 2.40 (t, J = 7.3 Hz, 1H), 2.27 (d, J = 12.2 Hz,
1H), 2.23-2.14 (m, 4H), 2.13 (s, 3H), 1.86 (dd, J = 10.7, 6.2 Hz, 1H), 1.17 (s,
3H), 0.98 (s, 3H). '*C (400 MHz, CDCl3) 6 207.9 (C), 164.6 (C), 164.6 (C), 150.8
(20), 146.4 (C), 140.4 (C), 135.4 (C), 135.3 (C), 130.8 (4CH), 1238 (4CH), 69.0
(CH,), 68.3 (CH,), 53.1 (C), 50.8 (CH), 42.1 (C), 40.9 (CH,), 32.3 (CH,), 32.1
(CHy), 29.9 (CH3), 26.4 (CHj3), 20.8 (CH,), 20.6 (CH3). HRMS-ESI Caldc for
CaoH30N,09 [M+Na]* 573.1849, found 573.1855.

Dimethyl 7,7-dimethyl-6-(3-(4-nitrophenyl)-3-oxopropyl)bicyclo[3.2.0]
hept-5-ene-3,3-dicarboxylate (II-23d)

)

MeO,C .i O NO,
MeOQC

IPr gold(I) 16 (23.11 mg, 0.03 mmol, 5 mol %) was added to a solution of II-
22d (208.44 mg, 0.50 mmol, 1 equiv) in CH,Cl,. After stirring at room temper-
ature for 12 h, the reaction was quenched by the addition of a Et;N/c-Hex (0.1 M;
1 mL) solution and the resulting mixture was filtered through a membrane filter.
The filtrate was concentrated under reduced pressure to obtain a crude mixture.
The target product was isolated by silica gel column chromatography (10:1 to 4:1,
c-Hex/EtOAc) to give I1-23d (182.03 mg, 88 %) as a sticky yellow oil. 'H-NMR
(400 MHz, CDCl3) 6 8.33 (br d, J = 7.0 Hz, 2H), 8.14 (dt, J/ = 7.1, 1.7 Hz, 2H),
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3.74 (s, 3H), 3.73 (s, 3H), 3.24-3.20 (m, 2H), 2.81 (br d, J = 12.4 Hz, 1H), 2.77
(brdd,J = 12.4, 1.4 Hz, 1H), 2.43 (dd, J = 10.5, 5.9 Hz, 1H), 2.40-2.32 (m, 3H),
1.76 (dd, J = 10.5, 6.1 Hz, 3H), 1.18 (s, 3H), 0.99 (s, 3H). '°C (400 MHz, CDCl5)
0 197.9 (C), 172.7 (C), 172.3 (C), 150.4 (C), 145.8 (C), 141.4 (C), 140.4 (C), 129.1
(2CH), 1240 (2CH), 65.2 (C), 52.9 (CH3), 52.8 (CHy), 51.5 (CH), 41.7 (C), 36.3
(CH,), 34.9 (CH,), 33.8 (CH,), 26.1 (CH3), 20.8 (CH,), 20.3 (CH3). HRMS-ESI
Caldc for C5,H,5NO; [M+Na]* 438.1529, found 438.1518. HRMS-ESI Caldc for
CoH30N,04 [M+Na]* 573.1849, found 573.1855.

(Z)-Dimethyl 3-(3-Oxobutylidene)-4-(prop-1-en-2-yl)cyclopentane-1,1-
dicarboxylate (II-27)

O

MeO,C =
MeO,C

Platinacycle 24 (15.7 mg, 0.02 mmol, 5 mol %) was added to a solution of
dimethyl II-22a (118.62 mg, 0.39 mmol, 1 equiv) in a vessel filled with argon.
The reaction mixture was stirred at room temperature for 8 d, then quenched by
the addition of a Et;N/c-Hex solution (0.1 M; 1 mL). The resulting mixture was
passed through a pad of Celite, and the solvent was removed under reduced
pressure to obtain a crude mixture as a yellow oil. Purification was done via silica
column chromatography (10:1, c-Hex/EtOAc) to obtain II-27 as a colorless oil
(49.25 mg, 41 %). "H-NMR (400 MHz, CDCls) § 5.06 (tquin, J = 7.4, 2.9 Hz,
1H), 4.82 (hex, J = 1.3 Hz, 1H), 4.79-4.78 (m, 1H), 3.74 (s, 3H), 3.73 (s, 3H),
322 (br t, J = 1.5 Hz, 1H), 3.08 (dhex, J = 17.0, 0.8 Hz, 1H), 2.78 (dhep,
J =17.0, 1.4 Hz, 1H), 2.49-2.42 (m, 3H), 2.26 (br q, / = 7.2 Hz, 2H), 2.12-2.09
[overlapping signals (2.12, s, 3H), (2.09, dd J = 12.8, 11.6 Hz, 1H), 3H],
1.59-1.58 (m, 3H). *C (400 MHz, CDCl5) & 208.5 (C), 172.3 (2C), 145.0 (C),
140.8 (C), 121.8 (CH), 113.9 (CH), 58.9 (C), 53.0 (CH3), 53.0 (CH3), 51.3 (CH),
43.0 (CHy), 38.5 (CH,), 37.5 (CH,), 30.9 (CH3), 24.0 (CH,), 18.0 (CH3). HRMS-
ESI Caldc for C;7H,405 [M+Na]* 331.1521, found 331.1526.

(Z)-Dimethyl 6-(3-(2-(2,4-Dinitrophenyl)hydrazono)-3-(4-nitrophenyl)pro-
pyD-7,7-dimethylbicyclo[3.2.0]hept-5-ene-3,3-dicarboxylate (II-31)

O,N

NO,
NH
N

\
MeO,C .i O NO,

MeO,C
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A solution of 2,4-2.dinitrophenylhydrazine (1.03 g, 3.38 mmol, 0.97 equiv) in
sulfuric acid (3.31 ml, 60.9 mmol, 18 equiv) was added to a mixture of H,O
(5 mL) and EtOH (17 mL) and stirred for 10 min at room temperature. This
reaction mixture was added to a solution of II-23d (147 mg, 0.35 mmol, 1 equiv)
in a mixture of EtOH (1 mL) and CH,Cl, (0.5 mL) and stirred for 15 min. Pre-
cipitation occurred. The mixture was diluted with CH,Cl,, then water was added.
The organic layer was extracted by CH,Cl,, washed with sat NaHCOs5 and brine;
dried over MgSO4, and finally filtrated and evaporated. The target product was
isolated by silica gel column chromatography (10:1 to 6:1, c-Hex/EtOAc) to give
I1-31 (100.43 mg, 48 %) as an orange solid. "H-NMR (400 MHz, CDCl5) 6 9.16
(d, J =2.5Hz, 1H), 841 (dd, J = 9.5, 2.6 Hz, 1H), 8.31 (dt, J = 9.0, 2.4 Hz,
2H), 8.12 (d, J = 9.5 Hz, 1H), 8.02 (dt, J = 9.0, 2.4 Hz, 2H), 3.75 (s, 3H), 3.74 (s,
3H), 3.09 (td, J = 154, 6.5 Hz, 2H), 2.94 (d, J = 15.5 Hz, 1H), 2.80 (dd,
J =15.6, 1.6 Hz, 1H), 2.49 (dd, J = 13.2, 7.6 Hz, 1H), 2.40 (br t, / = 9.0 Hz,
1H), 2.28 (t, J = 8.6 Hz, 1H), 1.80 (dd, J = 13.2, 8.9 Hz, 1H), 1.62 (d,
J = 1.4 Hz, 1H), 1.20 (s, 3H), 1.00 (s, 3H). '*C (400 MHz, CDCl;) 6 172.6 (C),
172.4 (C), 152.9 (C), 148.6 (C), 144.8 (C), 144.3 (C), 142.7 (C), 142.3 (C), 139.1
(0), 130.6 (C), 1304 (C), 127.4 (2CH), 124.2 (2CH), 123.5 (CH), 116.9 (CH),
65.1 (CH,), 53.1 (CH3), 53.0 (CH3), 51.7 (CH), 42.2 (C), 34.7 (CH,), 34.0 (CH,),
23.6 (CHj3), 25.3 (CH,), 22.6 (CH,), 20.4 (CHs3). HRMS-ESI Caldc for
C28H29N5010 [M—H]_ 5941836, found 594.1849.

(25,2aR)-Dimethyl 2-(4-methoxyphenyl)-2a,3-dihydro-2H-benzo[a]cyclob-
uta[c] [7]annulene-4,4(SH)-dicarboxylate (II-25a) and (E)-dimethyl 9-(4-
Methoxystyryl)-SH-benzo[7]annulene-6,6(7H)-dicarboxylate (II-33a)

MeO,C CO,Me

CO,Me

. CO,Me
! H

Complex 7 (3.32 mg, 3.41 umol, 5 mol %) was added to a solution of 1,8-
enyne II-24a (26.8 mg, 0.068 mmol, 1 equiv) in CD,Cl, (1 mL). After 1 min,
cyclobutene II-24a was observed and characterized by 'H-NMR techniques.
Moreover, after 17 h, 1,3-diene II-33a was detected and the reaction was stopped
by the addition of a Et;N/cHex solution (0.1; 1 mL). After filtration through a pad
of Celite and washing with CH,Cl,, the 1,3-diene II-33a was isolated. Purification
via column chromatography (8:1 to 5:1, c-Hex/EtOAc) yielded I-33 as a colorless
oil (36.43 mg, quant.).

(25,2aR)-dimethyl  2-(4-methoxyphenyl)-2a,3-dihydro-2H-benzo[a]cyclobu-
ta[c] [7]annulene-4,4(5H)-dicarboxylate (II-25a): '"H NMR (500 MHz, CD,Cl,) ¢
7.48 (br d, J = 7.3 Hz, 1H), 7.24-721 [overlapping signals (7.22, d, J = 8.6 Hz,
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2H), (m, 1H)], 7.18-716 (m, 2H), 6.85 (td, J = 8.7, 3.0 Hz, 2H), 6.42 (s, 1H),
3.78(s, 3H), 3.64 (s, 6H), 3.63 (s, 2H), 3.15 (d, J = 14.8 Hz, 1H), 3.09 (ddd,
J =128, 4.5, 1.4 Hz, 1H), 2.71 (dd, J = 13.9, 4.6 Hz, 1H), 2.39 (dd, J = 13.9.
12.9 Hz, 1H). *C (500 MHz, CD,Cl,) 172.3 (C), 172.0 (C), 158.8 (C), 151.0 (C),
136.0 (C), 134.9 (C), 134.2 (C), 132.3 (CH), 128.2 (CH), 128.2 (2CH), 127.7 (C),
127.7 (CH), 127.4 (CH), 125.9 (CH), 114.1 (2CH), 57.6 (C), 55.6 (CH3), 52.9
(CH3), 52.8 (CH3), 51.0 (CH), 50.8 (CH), 39.6 (CH,), 37.0 (CH,).

(E)-dimethyl 9-(4-methoxystyryl)-5H-benzo[7]annulene-6,6(7H)-dicarboxylat
(II-33a): '"H NMR (400 MHz, CDCl5) 6 7.41 (dd, J = 7.4, 1.1 Hz, 1H), 7.39 (dd,
J =17.6, 1.3 Hz, 1H), 7.35-7.25 [overlapping signals (7.32, dd, J = 8.6, 1.6 Hz,
2H), (m, 2H)], 6.87-6.83 [overlapping signals (6.84, dd, J = 8.8, 1.9 Hz, 2H), (m,
1H)], 6.48 (d, J = 16.2 Hz, 1H), 6.26 (t, J = 7.4 Hz, 1H), 3.80 (s, 3H), 3.74 (s,
6H), 3.14 (s, 2H), 2.43 (d, J = 7.3 Hz, 2H). '*C (400 MHz, CDCl;) 6 171.7 (2C),
159.3 (C), 142.4 (C), 137.6 (C), 137.2 (C), 130.8 (CH), 130.3 (C), 130.0 (CH),
128.9 (CH), 128.0 (CH), 127.6 (2CH), 127.6 (CH), 127.0 (CH), 126.9 (CH), 114.2
(2CH), 67.2 (C), 55.5 (CH3), 52.9 (2CH3), 37.6 (CH,), 31.5 (CH,). HRMS-ESI
Caldc for Co4H,405 [M+Na]* 425.1521, found 415.1525.

(25,2aR)-Dimethyl 2-(3,4-dimethoxyphenyl)-2a,3-dihydro-2H-benzo[a]cy-
clobuta[c][7]annulene-4,4(5H)-dicarboxylate (II-37b) and (E)-dimethyl 9-(3,4-
dimethoxystyryl)-SH-benzo[7]annulene-6,6(7H)-dicarboxylate (II-33b)

CO,Me MeO,C CO,Me

I . CO,Me
H

Complex 7 (3.73 mg, 4.0 pmol, 5 mol %) was added to a solution of 1,8-enyne
I1-24b (38.24 mg, 0.08 mmol, 1 equiv) in CD,Cl, (1.3 mL) After 1 min, cyc-
lobutene I1-25b was observed and characterized by NMR techniques. After 14 h,
1,3-diene II-33b was formed and the reaction was stopped by addition of a Et;N/c-
Hex solution (0.1 M; 1 mL). After filtration through a pad of Celite and washing
with CH,Cl,. The 1,3-diene II-33b was isolated. Purification via column chro-
matography (6:1, c-Hex/EtOAc) yielded II-33b (26.95 mg, 82 %).

(25,2aR)-Dimethyl 2-(3,4-dimethoxyphenyl)-2a,3-dihydro-2H-benzo[a]cyclob-
uta[c][7]-annulene-4,4(5H)-dicarboxylate (II-25b): '"H NMR (500 MHz, CD,Cl,)
0 7.50 (dd, J = 8.2, 0.9 Hz, 1H), 7.24 (td, J = 7.6, 1.9 Hz, 1H), 7.19-7.14 (m,
2H), 6.84-6.82 (m, 3H), 6.42 (s, 1H), 3.83 (s, 3H), 3.81 (s, 3H), 3.64 (s, 3H), 3.63
(s, 3H), 3.60 (d, J = 14.7 Hz, 1H), 3.57 (br s, 1H), 3.15 (d, J/ = 14.7 Hz, 1H), 3.11
(dd, J =127, 49, 1.2 Hz, 1H), 2.71 (dd, J = 13.9, 4.5 Hz, 1H), 2.40 (dd,
J =13.6, 12.9 Hz, 1H). "*C (500 MHz, CD,Cl,) 6 172.3 (C), 172.0 (C), 151.0
(C), 149.6 (C), 148.8 (C), 136.0 (C), 135.5 (C), 134.1 (C), 132.2 (CH), 128.3 (CH),
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127.5 (CH), 127.4 (CH), 125.9 (CH), 119.2 (CH), 111.8 (CH), 110.6 (CH), 57.6
(C), 56.1 (CHj3), 56.1 (CH3), 52.9 (CHj3), 52.8 (CH3), 51.5 (CH), 50.8 (CH), 39.0
(CH>), 36.9 (CH,).

(E)-Dimethyl 9-(3,4-dimethoxystyryl)-5H-benzo[7]annulene-6,6(7H)-dicar-
boxylate (II-33b): '"H NMR (400 MHz, CDCl;) 6 7.43-7.38 [overlapping signals
(742 dd, J = 7.4, 1.0 Hz, 1H), (7.39, dd, J = 7.8, 1.5 Hz, 1H), 2H], 7.34 (td,
J=174, 1.4 Hz, 1H), 7.27 (td, J = 7.4, 1.6 Hz, 1H), 6.95-6.90 (overlapping
signals, 2H), 6.85 (d, J = 16.1 Hz, 1H), 6.81 (d, J = 8.2 Hz, 1H), 6.47 (d,
J = 16.2 Hz, 1H),6.28 (t, J/ = 7.4 Hz, 1H), 3.90 (s, 3H), 388 (s, 3H), 3.74 (s, 6H),
3.14 (s, 2H), 2.44 (d, J = 7.4 Hz, 2H). '3C (400 MHz, CDCl5) 6 171.7 (2C), 149.2
(C), 148.9 (C), 142.2 (C), 137.6 (C), 137.2 (C), 130.8 (CH), 130.6 (C), 130.3 (CH),
128.9 (CH), 128.2 (CH), 127.6 (CH), 127.2 (CH), 126.9 (CH), 119.8 (CH), 111.3
(CH), 108.9 (CH), 67.2 (C), 56.5 (CH53), 56.0 (CH3), 52.9 (2CH3), 37.6 (CH,), 31.5
(CH,). HRMS-ESI m/z calcd for Cy5H,c06 [M+Na]* 445.1627, found 445.1627.

3.5.4 Crystallographic Data

Crystallographic data for compound II-31
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Tables 3.3, 3.4 and 3.5.

3 Formation of Cyclobutene Compounds

Table 3.3 Crystal data and structure refinement for II-31

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

V4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.04°
Absorption correction

Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F*

Final R indices [I > 2sigma(I)]
R indices (all data)

Largest diff. peak and hole

Ca8H0N5019

595.56 g/mol

1002) K

0.71073 A

Triclinic

P-1

a = 11.1962(10) A

b = 13.6978(16) A

¢ =20.6142) A

2849.8(5) A*

4

1.388 Mg/m®

0.904 mm™!

248

0.20 x 0.20 x 0.04 mm>

3.48-67

—12 <=h <=13, —13 <=k <=13,
0 <=1 <=23

7,193

7,193 [R(int) = 0.0556]

0.693 %

Empirical

0.9647 and 0.8399

Full-matrix least-squares on F

7193/462/1054

0.999

R1 = 0.1066, wR2 = 0.2549

R1 = 0.1353, wR2 = 0.2805

0.577 and —0.524 e.A3

o = 87.116(7)°
B = 76.553(7)°
7 = 68.060(7)°
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Table 3.4 Bond lengths (A) and angles (°) for 1I-34
Bond lengths

CIA-NIA 1.292(6)
C1A-C2A 1.485(8)
Cl1A-C14A 1.501(6)
C2A-C7A 1.388(7)
C2A-C3A 1.394(7)
C3A-C4A 1.388(8)
C4A-C5A 1.377(8)
C5A-C6A 1.366(8)
C5A-N3A 1.484(8)
C6A-CTA 1.379(9)
C8A-N2A 1.350(6)
C8A-C9A 1.412(6)
C8A-CI3A 1.421(7)
C9A-C10A 1.364(7)
C10A-C11A 1.400(8)
CI11A-CI2A 1.366(7)
C11A-N4A 1.456(7)
C12A-C13A 1.387(7)
CI13A-N5A 1.454(6)
C14A-C15A 1.546(8)
C15A-C16A 1.427(7)
C16A-C17' 1.327(9)
CI6A-C17A 1.366(8)
C16A-C22A 1.536(8)
Cl16A-C21' 2.040(5)
C17A-C21A 1.509(12)
C17A-C18A 1.534(5)
CI18A-CI9A 1.538(5)
CI9A-C25A 1.537(4)
CI19A-C20A 1.537(5)
CI9A-C27A 1.539(3)
C20A-C21A 1.524(5)
C21A-C22A 1.549(7)
C22A-C23A 1.482(9)
C22A-C24A 1.520(9)
C22A-C21' 1.533(4)
C25A-07A 1.182(6)
C25A-08A 1.376(6)
C26A-08A 1.452(5)
C27A-09A 1.252(9)
C27A-010A 1.287(10)
C28A-010A 1.454(5)
Cc17-c21 1.505(11)
C17'-C18’ 1.534(5)
C18'-C19’ 1.527(11)

(continued)
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Table 3.4 (continued)
Bond lengths

C19-C25' 1.534(5)
c19'-c27' 1.538(5)
C19'-C20' 1.540(5)
c20-C21’ 1.508(5)
C25'-07A 1.178(6)
C25'-08A/ 1.369(6)
C26'~08A 1.454(6)
C27'-09A/ 1.250(9)
C27-010 1.288(9)
C28'-010' 1.456(6)
C25"-07A" 1.210(10)
C25"-08A" 1.423(11)
C26-08A" 1.431(11)
C27"-09A" 1.04(3)
C27"-010" 1.45(3)
C28"-010" 1.44(3)
NI1A-N2A 1.377(6)
N3A-O1A 1.216(6)
N3A-02A 1.218(7)
N4A-O3A 1.224(6)
N4A-O4A 1.238(7)
N5A-O5A 1.220(6)
N5A-O6A 1.244(5)
CIB-N1B 1.283(5)
C1B-C2B 1.490(6)
CIB-C14B 1.541(5)
CIB-C14" 1.545(5)
C2B-C3B 1.388(6)
C2B-C7B 1.412(7)
C3B-C4B 1.400(6)
C4B-C5B 1.376(7)
C5B-C6B 1.377(7)
C5B-N3B 1.477(5)
C6B-C7B 1.379(6)
C8B-N2B 1.362(6)
C8B-C9B 1.400(8)
C8B-C13B 1.407(6)
C9B-C10B 1.356(8)
C10B-C11B 1.375(8)
C11B-C12B 1.338(9)
C11B-N4B 1.476(8)
C12B-C13B 1.423(8)
C13B-N5B 1.461(8)
C14B-C15B 1.543(4)
C15B-C16B 1.542(5)

(continued)
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Table 3.4 (continued)
Bond lengths

Cl4"'—C15" 1.539(5)
C15"-C16B 1.542(5)
C16B-C17” 1.294(13)
C16B-C17B 1.302(7)
C16B-C22B 1.522(6)
C16B-C22" 1.556(8)
C17B-C21B 1.494(8)
C17B-C18B 1.515(8)
C18B-C19B 1.547(4)
C17"-C21" 1.498(16)
C17"-C18" 1.516(16)
C18"-C19B 1.575(16)
C19B-C25B 1.527(4)
C19B-C27B 1.533(4)
C19B-C20" 1.540(3)
C19B-C20B 1.549(4)
C20B-C21B 1.541(4)
C21B-C22B 1.550(3)
C22B-C24B 1.529(6)
C22B-C23B 1.530(6)
C20'—C21" 1.542(5)
C21"'—C22" 1.553(4)
C22/'_C24" 1.529(6)
C22""-C23" 1.532(6)
C25B-07B 1.215(8)
C25B-0O7B" 1.228(8)
C25B-08B 1.315(5)
C26B-08B 1.436(6)
C27B-09B” 1.207(8)
C27B-09B 1.227(7)
C27B-010B 1.354(5)
C28B-010B 1.435(5)
NIB-N2B 1.363(5)
N3B-0O2B 1.229(6)
N3B-O1B 1.230(5)
N4B-0O4B 1.206(7)
N4B-O3B 1.232(9)
N5B-O5B 1.228(5)
N5B-06B 1.232(6)
Angles

NIA-C1A-C2A 115.8(4)
NIA-CIA-C14A 124.6(5)
C2A-C1A-Cl4A 119.2(4)
C7A-C2A-C3A 118.6(5)
C7A-C2A-CIA 120.8(4)

(continued)
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Table 3.4 (continued)

3 Formation of Cyclobutene Compounds

Bond lengths

C3A-C2A-C1A
C4A-C3A-C2A
C5A-C4A-C3A
C6A-C5A-C4A
C6A-C5A-N3A
C4A-C5A-N3A
C5A-C6A-C7A
C6A-CTA-C2A
N2A-C8A-C9A
N2A-C8A-CI13A
CY9A-CBA-CI13A
CI0A-C9A-CBA
C9A-C10A-C11A
CI12A-C11A-C10A
CI12A-C11A-N4A
CI0A-C11A-N4A
CI11A-CI2A-C13A
CI12A-C13A-C8A
CI12A-C13A-N5A
C8A-C13A-N5SA
CIA-C14A-C15A
CI16A-C15A-C14A
C17-C16A-C17A
C17-C16A-C15A
C17A-C16A-C15A
C17-C16A-C22A
C17A-C16A-C22A
CI5A-C16A-C22A
C17-C16A-C21’
C17A-Cl6A-C21
C15A-Cl16A-C21’
C22A-Cl6A-C21"
C16A-C17A-C21A
C16A-C17A-C18A
C21A-C17A-C18A
C17A-C18A-C19A
C25A-C19A-C20A
C25A-C19A-C18A
C20A-C19A-C18A
C25A-C19A-C27A
C20A-C19A-C27A
CI8A-CI9A-C27A
C21A-C20A-C19A
C17A-C21A-C20A
CI17A-C21A-C22A

120.6(4)
120.0(5)
119.4(5)
121.8(6)
118.0(5)
120.2(5)
118.6(6)
121.6(5)
121.2(5)
122.2(4)
116.6(4)
121.2(5)
120.0(4)
121.4(5)
119.3(5)
119.3(5)
118.5(5)
122.2(4)
116.0(5)
121.7(4)
108.7(4)
115.1(5)
35.9(7)

135.8(7)
136.3(6)
95.5(5)

90.1(5)

127.4(5)
47.5(4)

49.7(5)

173.9(5)
48.3(2)

96.9(6)

132.9(8)
119.2(5)
103.7(5)
118.5(6)
114.3(6)
101.8(5)
110.4(4)
98.7(5)

111.9(6)
120.2(6)
94.3(6)

84.5(5)

(continued)
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Table 3.4 (continued)

Bond lengths

C20A-C21A-C22A 139.4(8)
C23A-C22A-C24A 111.2(5)
C23A-C22A-C21’ 124.4(6)
C24A-C22A-C21’ 104.7(6)
C23A-C22A-C16A 118.1(5)
C24A-C22A-C16A 112.1(5)
C21'-C22A-C16A 83.3(4)
C23A-C22A-C21A 94.4(6)
C24A-C22A-C21A 131.3(6)
C21'-C22A-C21A 31.8(6)
C16A-C22A-C21A 88.5(5)
O7A-C25A-08A 124.2(7)
O7A-C25A-C19A 125.3(7)
O8A-C25A-C19A 106.0(5)
09A-C27A-0O10A 126.2(7)
09A-C27A-C19A 124.6(8)
O10A-C27A-C19A 108.5(6)
C25A-08A-C26A 114.2(7)
C27A-010A-C28A 117.0(8)
C16A-C17'-C21’ 91.9(6)
C16A-C17'-C18’ 150.8(10)
c21'-C17-C1¢' 111.7(6)
C19'-C18'-C17’ 95.9(6)
C18'-C19'-C25’ 102.1(7)
C18'-C19'-C27' 117.9(7)
C25'-C19'-C27 110.2(5)
C18'-C19'-C20/ 116.2(5)
C25'-C19'-C20/ 94.6(6)
C27'-C19'-C20/ 112.4(6)
C21'-C20-C19Y’ 96.2(5)
C17'-C21'-C20/ 105.3(7)
C17-C21'-C22A 88.7(4)
C20'-C21'-C22A 154.6(7)
C17-C21'-C16A 40.5(4)
C20'-C21'-C16A 143.5(7)
C22A-C21'-C16A 48.4(3)
O7A'-C25'-08A’ 124.7(7)
O7A'-C25'-C19’ 126.7(7)
O8A'-C25'-C19’ 107.1(5)
09A'-C27'-010/ 126.3(6)
09A'-C27'-C19’ 121.3(8)
o10-C27-C19’ 112.3(6)
C25'-08A'-C26 114.5(6)
C27'-010'-C28' 116.7(7)
O7A"-C25"-08A” 114(2)

(continued)
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Table 3.4 (continued)
Bond lengths

09A"-C27"-010" 128(3)
C25"-08A"-C26' 99(2)
C28"-010/"-C27" 112(2)
CIA-NI1A-N2A 116.3(4)
C8A-N2A-N1A 121.1(4)
O1A-N3A-02A 124.9(6)
O1A-N3A-C5A 118.4(5)
02A-N3A-C5A 116.6(5)
O3A-N4A-O4A 123.0(5)
03A-N4A-C11A 118.5(5)
O4A-N4A-C11A 118.6(5)
O5A-N5A-06A 122.5(4)
O5A-N5A-C13A 118.4(4)
O6A-N5A-C13A 119.1(5)
N1B-CIB-C2B 115.5(4)
NI1B-CIB-C14B 123.0(4)
C2B-C1B-C14B 120.1(4)
N1B-CIB-C14" 118.2(4)
C2B-CI1B-C14" 119.0(4)
C14B-C1B-C14" 37.7(4)
C3B-C2B-C7B 119.2(4)
C3B-C2B-CIB 122.4(4)
C7B-C2B-C1B 118.5(4)
C2B-C3B-C4B 120.6(5)
C5B-C4B-C3B 118.2(4)
C4B-C5B-C6B 122.8(4)
C4B-C5B-N3B 118.3(4)
C6B-C5B-N3B 118.9(4)
C5B-C6B-C7B 118.9(5)
C6B-C7B-C2B 120.3(4)
N2B-C8B-C9B 120.5(4)
N2B-C8B-C13B 122.2(5)
C9B-C8B-C13B 117.2(5)
C10B-C9B-C8B 121.8(5)
C9B-C10B-C11B 119.7(6)
C12B-C11B-C10B 122.2(6)
CI12B—C11B-N4B 119.4(6)
C10B—C11B-N4B 118.4(6)
C11B-CI12B-C13B 118.9(5)
C8B-C13B-CI2B 120.1(5)
C8B-C13B-N5B 121.4(5)
C12B-C13B-N5B 118.5(5)
CIB-C14B-CI5B 108.3(4)
C16B-C15B-C14B 107.3(4)
C15"-C14"-C1B 113.7(6)

(continued)
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Table 3.4 (continued)

93

Bond lengths

C14"-C15"-C16B

C17"-C16B-C17B
C17"-C16B-C22B
C17B-C16B-C22B
C17"-C16B-C15"

C17B-C16B-C15"
C22B-C16B-C15"
C17"-C16B-C15B
C17B-C16B-C15B
C22B-C16B-C15B
C15"-C16B-C15B
C17"-C16B-C22"

C17B-C16B-C22"
C22B-C16B-C22"
C15"-C16B-C22"

C15B-C16B-C22"
C16B-C17B-C21B
C16B-C17B-C18B
C21B-C17B-C18B
C17B-C18B-C19B
C16B-C17""-C21"

C16B-C17"-C18"

C21"-C17"-C18"

C17"-C18"-C19B

C25B-C19B-C27B
C25B-C19B-C20"
C27B-C19B-C20"
C25B-C19B-C18B
C27B-C19B-C18B
C20"-C19B-C18B
C25B-C19B-C20B
C27B-C19B-C20B
C20"-C19B-C20B
C18B-C19B-C20B
C25B-C19B-C18”
C27B-C19B-C18”
C20"-C19B-C18”

C18B-C19B-C18”
C20B-C19B-C18”
C21B-C20B-C19B
C17B-C21B-C20B
C17B-C21B-C22B
C20B-C21B-C22B
C16B-C22B-C24B
C16B-C22B-C23B

103.1(5)
20.3(11)
96.5(7)
95.1(4)
131.4(9)
120.4(6)
125.1(6)
123.1(10)
133.7(5)
128.3(4)
50.5(4)
93.3(8)
88.7(4)
10.5(3)
122.8(6)
136.6(4)
93.8(4)
145.5(7)
115.3(5)
100.5(4)
94.6(9)
150.1(15)
111.4(11)
97.1(11)
109.6(4)
88.0(4)
130.2(6)
108.8(5)
110.1(4)
107.1(5)
111.7(4)
108.7(3)
26.3(5)
108.0(4)
106.5(11)
111.1(11)
107.3(9)
2.3(12)
109.3(7)
105.1(3)
100.0(4)
86.7(4)
126.7(3)
115.1(5)
114.7(4)

(continued)
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Table 3.4 (continued)
Bond lengths

C24B-C22B—C23B 109.2(4)
C16B—C22B-C21B 83.5(3)

C24B-C22B-C21B 117.4(3)
C23B-C22B-C21B 115.1(4)
C19B-C20/"—C21" 94.8(4)

C17"-C21"-C20" 104.3(9)
CI17"-C21"-C22" 86.0(7)

C20"-C21"-C22" 126.0(5)
C24"-C22"-C23" 109.0(5)
C24"-C22"-C21" 117.2(5)
C23"-C22"-C21" 114.3(5)
C24"-C22"-C16B 106.6(8)
C23"-C22""-C16B 125.3(7)
C21"-C22"-C16B 82.9(4)

O7B-C25B-07B” 48.5(7)

O7B-C25B-08B 115.9(6)
07B”-C25B-08B 115.8(7)
O7B-C25B-C19B 125.0(6)
O7B”-C25B-C19B 119.5(7)
08B-C25B-C19B 115.3(4)
09B”-C27B-09B 39.9(5)

09B”-C27B-010B 118.4(6)
09B-C27B-010B 120.1(5)
09B”-C27B-C19B 124.8(6)
09B-C27B-C19B 127.2(5)
010B—C27B-C19B 109.7(4)
CIB-NIB-N2B 118.6(4)
C8B-N2B-NIB 118.0(4)
02B-N3B-O1B 124.4(4)
02B-N3B-C5B 117.4(4)
O1B-N3B-C5B 118.2(4)
04B-N4B-03B 124.6(6)
04B-N4B-C11B 117.3(7)
03B-N4B-C11B 118.0(6)
05B-N5B-06B 123.0(5)
05B-N5B-C13B 116.9(5)
O6B-N5B-C13B 120.1(4)
C25B-08B-C26B 118.4(5)

C27B-010B-C28B 115.94)
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Table 3.5 Torsion angles (°) for II-34

NIA-CIA-C2A-C7A 167.1(5)
CI14A-C1A-C2A-CTA —6.7(7)
N1A-C1A-C2A-C3A —13.3(7)
CI14A-C1A-C2A-C3A 172.9(5)
CTA-C2A-C3A-C4A —0.2(8)
C1A-C2A-C3A-C4A —179.8(5)
C2A-C3A-C4A-C5A 0.5(8)
C3A-C4A-C5A-C6A —0.6(9)
C3A-C4A-C5A-N3A 177.4(5)
C4A-C5A-C6A-CTA 0.3(10)
N3A-C5A-C6A-CTA —177.7(5)
C5A-C6A-CTA-C2A 0.0(10)
C3A-C2A-CTA-C6A 0.0(9)
CI1A-C2A-CTA-C6A 179.5(5)
N2A-C8A-C9A-C10A 179.1(4)
C13A-C8A-C9A-C10A 1.9(7)
C8A-C9A-CI10A-CI11A —1.0(7)
C9A-C10A-C11A-CI12A —~0.1(8)
C9A-C10A-C11A-N4A 179.8(5)
C10A-C11A-CI2A—CI3A 0.1(8)
N4A-C11A-CI12A-CI13A —179.9(5)
C11A-CI2A-CI3A-C8A 1.0(8)
C11A-CI2A-CI3A-N5A —176.6(5)
N2A-CSA-C13A-CI2A —~179.1(5)
C9A-CS8A-CI3A-CI12A —2.0(7)
N2A-C8A-C13A-N5A —1.6(7)
C9A-C8A-CI13A-N5A 175.5(4)
NIA-CIA-C14A—CI5A —82.6(7)
C2A-C1A-C14A-CI5A 90.7(6)
CIA-C14A—CI5A-C16A —170.3(6)
C14A—CI5A—C16A-C17' —10.4(14)
C14A-CI5A-C16A-CI17A 42.3(13)
CI14A-CI5A-C16A-C22A —174.2(6)
C14A—CI5A-C16A-C21’ —131(6)
C17-C16A-C17A-C21A —100.9(11)
CI5A-CI16A-C17A-C21A 150.2(9)
C22A-C16A-C17A-C21A —1.6(7)
C21'-C16A-C17A-C21A —30.8(6)
C17-C16A-C17A-C18A 40.6(11)
CI5A-C16A-C17A-CI8A —68.3(17)
C22A-C16A-C17A-CI18A 139.9(11)
C21'-C16A-C17A-C18A 110.7(14)
C16A-C17A-CI8A-CI19A —125.1(11)
C21A-C17A-C18A-CI19A 9.8(13)
C17A-C18A-C19A-C25A 122.6(8)
C17A-CI18A-C19A—C20A —6.4(9)

(continued)
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Table 3.5 (continued)

3 Formation of Cyclobutene Compounds

C17A-C18A-C19A-C27A
C25A-CI19A-C20A-C21A
CI8A-CI19A-C20A-C21A
C27A-C19A-C20A-C21A
C16A-C17A-C21A-C20A
CI8A-C17A-C21A-C20A
C16A-C17A-C21A-C22A
CI8A-C17A-C21A-C22A
CI19A-C20A-C21A-C17A
CI9A-C20A-C21A-C22A
C17'-C16A-C22A-C23A
C17A-C16A-C22A-C23A
CI5A-C16A-C22A-C23A
C21'-C16A-C22A-C23A
C17-C16A-C22A-C24A
C17A-C16A-C22A-C24A
CI5A-C16A-C22A-C24A
C21'-C16A-C22A-C24A
C17-C16A-C22A-C21’
C17A-C16A-C22A-C21’
C15A-C16A-C22A-C21’
C17-C16A-C22A-C21A
C17A-C16A-C22A-C21A
CI5A-C16A-C22A-C21A
C21'-C16A-C22A-C21A
C17A-C21A-C22A-C23A
C20A-C21A-C22A-C23A
C17A-C21A-C22A-C24A
C20A-C21A-C22A-C24A
C17A-C21A-C22A-C21’
C20A-C21A-C22A-C21’
C17A-C21A-C22A-C16A
C20A-C21A-C22A-C16A
C20A-CI9A-C25A-0O7A
CI8A-CI9A-C25A-0O7A
C27A-C19A-C25A-07A
C20A-CI19A-C25A-08A
CI8A-CI9A-C25A-08A
C27A-C19A-C25A-08A
C25A-CI19A-C27A-09%A
C20A-CI19A—-C27A-09%A
CI18A-CI19A-C27A-09%A
C25A-C19A-C27A-O10A
C20A-C19A-C27A-O10A
CI8A-C19A-C27A-O10A
O7A-C25A-08A-C26A

~110.9(8)
—123.8(8)
2.5(10)
117.2(8)
140.8(8)
—7.6(12)
1.5(7)
—146.9(10)
2.7(10)
89.3(14)
131.3(8)
95.7(7)
—60.0(9)
125.6(7)
—97.5(8)
—133.1(7)
71.209)
—~103.1(7)
5.6(9)
—29.9(7)
174.4(8)
37.1(8)
1.5(7)
—154.2(8)
31.4(6)
—119.4(7)
150.4(12)
117.3(9)
27.1(17)
78.3(9)
—11.9(8)
—1.4(7)
—91.5(12)
112.6(10)
—7.5(12)
—134.7(10)
—44.2(7)
—164.3(7)
68.5(8)
—125.5(11)
—0.5(12)
106.0(12)
44.8(10)
169.8(8)
—83.7(9)
23.1(15)

(continued)
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Table 3.5 (continued)

CI9A_C25A_O8A_C26A ~179.8(7)
09A-C27A-O10A-C28A ~1.5(19)
C19A-C27A-O10A-C28A —171.6(10)
C17A-C16A-C17'-C21' 76.7(10)
CI5A-C16A-C17'-C21' —~172.99)
C22A-C16A-C17'-C21 ~5.7(9)
C17A-C16A-C17'-C18' —68(3)
CI5A-C16A-C17'—C18' 42(3)
C22A-C16A-C17'-C18' ~150(2)
C21'-C16A-C17'-C18' —145(3)
C16A-C17'-C18'-C19/ 153(2)
C21'-C17'-C18'-C19’ 11.8(14)
C17-C18'-C19'-C25' 115.3(9)
C17-C18'-C19'-C27’ —~123.909)
C17-C18'-C19'-C20/ 13.9(12)
C18'-C19'-C20'~C21’ —32.7(10)
C25'-C19'-C20'~C21’ —138.7(6)
C27-C19'-C20'-C21’ 107.3(7)
C16A-C17'-C21'-C20/ 164.2(8)
C18'-C17'-C21'-C20/ —33.5(14)
CI6A-C17-C21'-C22A 5.7(9)
C18/-C17'-C21'-C22A 168.0(11)
C18-C17'-C21'-C16A 162.3(17)
C19'-C20'-C21'-C17’ 36.5(9)
C19'-C20'~C21'-C22A 157.8(16)
C19'-C20'~C21'-C16A 53.8(12)
C23A-C22A-C21'-CI17' —124.5(9)
C24A-C22A-C21'—C17' 106.3(8)
C16A-C22A-C21'-C17' —4.9(8)
C21A-C22A-C21'—C17' —~103.0(12)
C23A-C22A-C21'-C20' 111.0(18)
C24A-C22A-C21'-C20/ ~18.2(19)
CI16A-C22A-C21'-C20' —129.4(18)
C21A-C22A-C21'-C20 133(2)
C23A-C22A-C21-C16A —~119.6(8)
C24A-C22A-C21'-C16A 111.2(6)
C21A-C22A-C21'-C16A —98.1(9)
C17A-C16A-C21'-C17’ —48.4(10)
CISA-CI16A—C21'-C17' 125(6)
C22A-C16A-C21'-C17' 172.4(11)
C17-C16A-C21'-C20/ —26.2(13)
C17A-C16A-C21'-C20/ —74.7(12)
CI5A-C16A-C21'-C20/ 99(6)
C22A-C16A-C21'-C20/ 146.2(13)
CI7-C16A-C21'-C22A —172.4(11)
C17A-C16A-C21-C22A 139.2(9)

(continued)
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Table 3.5 (continued)

3 Formation of Cyclobutene Compounds

C15A-C16A-C21'-C22A

C18'-C19'-C25'-07A’
C27'-C19'-C25'-07A’
C20'-C19'-C25'-07A’
C18'-C19'-C25'-08A’
C27'-C19'-C25'-08A’
C20'-C19'-C25'-08A’
C18'-C19'-C27'-09A’
C25'-C19'-C27'-09A’
C20'-C19'-C27'-09A’
C18'-C19'-C27'-010

C25'-C19'-C27'-010

C20'-C19-C27'-010

O7A'-C25'-08A’-C26
C19'-C25'-08A'-C26’
09A'-C27'-010'-C28’
C19'-C27-010'-C28'

O7A"-C25"-08A"-C26"
09A"-C27"-010"-C28"

C2A-C1A-NI1A-N2A
CI4A-C1A-N1A-N2A
CI9A-C8A-N2A-NI1A
CI3A-C8A-N2A-N1A
CIA-N1A-N2A-C8A
C6A-C5A-N3A-O1A
C4A-C5A-N3A-O1A
C6A-C5A-N3A-02A
C4A-C5A-N3A-0O2A
CI12A-C11A-N4A-O3A
C10A-C11A-N4A-O3A
CI2A-C11A-N4A-O4A
CI0A-C11A-N4A-O4A
C12A-C13A-N5A-0O5A
C8A-C13A-N5A-O5A
CI12A-C13A-N5SA-O6A
C8A-C13A-N5A-06A
N1B-C1B-C2B-C3B
C14B-C1B-C2B-C3B
C14"-C1B-C2B-C3B
N1B-C1B-C2B-C7B
C14B-C1B-C2B-C7B
C14"-C1B-C2B-C7B
C7B-C2B-C3B-C4B
CI1B-C2B-C3B-C4B
C2B-C3B-C4B-C5B
C3B-C4B-C5B-C6B

—F7(6)
—3.6(11)
—129.6(10)
114.5(10)
162.9(7)
36.8(9)
—79.1(7)
123.4(10)
—~120.1(9)
—15.9(11)
—60.6(10)
56.0(10)
160.1(8)
—12.1(14)
—178.8(7)
—2.8(16)
—178.6(8)
43)
—8(5)
—177.6(4)
—4.1(7)
—6.9(7)
170.1(4)
—173.0(4)
—4.009)
177.9(6)
174.1(6)
—4.009)
—179.3(6)
0.8(8)
—0.2(9)
179.9(6)
13.8(7)
—163.9(5)
—167.9(5)
14.5(7)
—173.94)
—7.0(6)
36.6(7)
5.0(6)
171.8(4)
—144.5(6)
—1.6(7)
177.2(4)
1.3(7)
—1.0(7)
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Table 3.5 (continued)
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C3B-C4B-C5B-N3B
C4B-C5B-C6B-C7B
N3B-C5B-C6B-C7B
C5B-C6B-C7B-C2B
C3B-C2B-C7B-C6B
C1B-C2B-C7B-C6B
N2B-C8B-C9B-C10B
C13B-C8B-C9B-C10B
C8B-C9B-C10B-C11B
C9B-C10B-C11B-C12B
C9B-C10B-C11B-N4B
C10B-C11B-C12B-C13B
N4B-C11B-C12B-C13B
N2B-C8B-C13B-C12B
C9B-C8B-C13B-C12B
N2B-C8B-C13B-N5B
C9B-C8B-C13B-N5B
C11B-C12B-C13B-C8B
C11B-C12B—C13B-N5B
N1B-C1B-C14B-C15B
C2B-C1B-C14B-C15B
C14"-C1B-C14B-C15B
C1B-C14B-C15B-C16B
NI1B-CIB-C14"-C15"
C2B-C1B-C14"-C15"
C14B-C1B-C14"-C15"
C1B-C14"-C15"-C16B
C14"-C15"-C16B-C17"
C14"-C15"-C16B-C17B
C14"-C15"-C16B-C22B
C14"-C15"-C16B-C15B
C14"-C15"-C16B-C22"
C14B-C15B-C16B-C17"
C14B-C15B-C16B-C17B
C14B-C15B-C16B-C22B
C14B-C15B-C16B-C15"
C14B-C15B-C16B-C22"
C17"-C16B-C17B-C21B
C22B-C16B-C17B-C21B
C15"-C16B-C17B-C21B
C15B-C16B-C17B-C21B
C22"-C16B-C17B-C21B
C17"-C16B-C17B-C18B
C22B-C16B-C17B-C18B
C15"-C16B-C17B-C18B
C15B-C16B—C17B-C18B

179.7(4)
1.1(7)
—179.6(4)
—1.4(7)
1.7(7)
—177.2(4)
—179.7(5)
—2.1(8)
2.3(10)
—0.5(10)
—179.4(6)
—1.6(9)
177.3(5)
177.6(5)
0.0(7)
—2.6(7)
179.7(5)
1.8(8)
—178.0(5)
—84.6(6)
109.6(5)
10.1(5)
175.9(4)
95.9(8)
—115.4(7)
—12.6(6)
—175.7(6)
110.6(15)
131.8(7)
—105.6(7)
8.1(4)
—117.9(7)
—128.7(11)
—106.5(7)
97.9(6)
—9.6(6)
89.1(7)
—103(2)
—7.8(4)
128.4(6)
—168.9(5)
0.4(5)
46(2)
140.7(10)
—83.0(12)
—20.3(14)

(continued)
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Table 3.5 (continued)

3 Formation of Cyclobutene Compounds

C22"-C16B-C17B-C18B
C16B-C17B—-C18B-C19B
C21B-C17B-C18B-C19B
C17B-C16B-C17"-C21"
C22B-C16B-C17"-C21"
C15"-C16B-C17"-C21"
C15B-C16B-C17"-C21"
C22"-C16B-C17"-C21"
C17B-C16B-C17"'-C18"
C22B-C16B-C17"-C18"
C15"-C16B-C17"-C18"
C15B-C16B-C17""-C18"
C22"-C16B-C17"-C18"
C16B-C17""-C18"-C19B
C21"-C17"-C18"-C19B
C17B-C18B—-C19B-C25B
C17B-C18B-C19B-C27B
C17B-C18B-C19B-C20"
C17B-C18B—-C19B-C20B
C17B-C18B-C19B-C18"
C17"-C18"-C19B-C25B
C17"-C18"-C19B-C27B
C17"-C18"-C19B-C20"
C17"-C18"-C19B-C18B
C17"-C18"-C19B-C20B
C25B-C19B-C20B-C21B
C27B-C19B-C20B-C21B
C20"-C19B-C20B-C21B
C18B-C19B-C20B-C21B
C18"-C19B-C20B-C21B
C16B-C17B-C21B-C20B
C18B-C17B—-C21B-C20B
C16B-C17B-C21B-C22B
C18B-C17B—-C21B-C22B
C19B-C20B-C21B-C17B
C19B-C20B-C21B-C22B
C17"-C16B-C22B-C24B
C17B-C16B—-C22B-C24B
C15"-C16B-C22B-C24B
C15B-C16B—-C22B-C24B
C22"-C16B-C22B-C24B
C17"-C16B-C22B-C23B
C17B-C16B—-C22B-C23B
C15"-C16B-C22B-C23B
C15B-C16B-C22B-C23B
C22"-C16B-C22B-C23B

149.0(10)
—135.7(9)
9.1(8)
91(2)
4.1(12)
155.0(8)
—140.9(7)
14.1(11)
—60(4)
—147(4)
4(5)

63(4)
—137(4)
155(3)
6(2)
—108.7(5)
131.3(5)
—~14.9(8)
12.7(7)
—112(24)
—128.6(14)
112.2(15)
—35.5(19)
48(23)
—7.8(19)
90.2(5)
—148.8(4)
62.8(9)
—29.4(6)
—27.4(13)
134.4(4)
—26.5(7)
7.7(4)
—153.3(6)
32.2(5)
125.6(5)
—89.4(11)
—109.7(5)
117.1(6)
52.9(6)
—162.0(13)
142.6(11)
122.3(5)
—10.9(8)
—75.1(6)
69.9(14)
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C17"-C16B-C22B-C21B
C17B-C16B—-C22B-C21B
C15"-C16B-C22B-C21B
C15B-C16B-C22B-C21B
C22"-C16B-C22B-C21B
C17B-C21B-C22B-C16B
C20B-C21B-C22B-C16B
C17B-C21B-C22B-C24B
C20B-C21B-C22B-C24B
C17B-C21B-C22B-C23B
C20B-C21B-C22B-C23B
C25B-C19B-C20""-C21"
C27B-C19B-C20"-C21"
C18B-C19B-C20"-C21"
C20B-C19B-C20""-C21"
C18"-C19B-C20"-C21"
C16B-C17""-C21"-C20"
C18"-C17"-C21"-C20"
C16B-C17"-C21"-C22"
C18"-C17"-C21"-C22"
C19B-C20"-C21"-C17"
C19B-C20"'-C21"-C22"
C17"-C21"-C22""-C24"
C20"-C21"-C22"-C24"
C17"-C21"-C22""-C23"
C20"-C21"-C22""-C23"
C17"-C21"-C22"-C16B
C20"-C21"-C22""-C16B
C17"-C16B-C22""-C24"
C17B-C16B-C22""-C24"
C22B-C16B-C22"-C24"
C15"-C16B-C22"-C24"
C15B-C16B-C22""-C24"
C17"-C16B-C22"-C23"
C17B-C16B-C22"-C23"
C22B-C16B-C22""-C23"
C15"-C16B-C22"-C23"
C15B-C16B-C22"-C23"
C17"-C16B-C22"-C21"
C17B-C16B-C22"-C21"
C22B-C16B-C22"-C21"
C15"-C16B-C22"-C21"
C15B-C16B-C22"-C21"
C27B-C19B-C25B-07B
C20"-C19B-C25B-07B
C18B-C19B—-C25B-07B

28.0(11)
7.6(4)
—125.5(6)
170.2(5)
—44.7(12)
—6.6(4)
—106.6(6)
108.4(5)
8.4(8)
—120.9(4)
139.0(5)
156.2(7)
—89.6(7)
47.2(8)
—49.1(6)
49.5(13)
—140.4(11)
25(2)
—14.2(11)
150.8(18)
—43.1(11)
—138.6(7)
116.8(12)
—138.4(11)
—113.8(11)
—9.1(11)
11.8(9)
116.5(9)
—130.0(11)
—149.8(6)
—21.8(13)
84.3(8)
19.0(9)
101.1(12)
81.4(7)
~150.7(16)
—44.6(9)
—109.9(8)
—~13.7(11)
—33.4(5)
94.5(13)
—159.4(6)
135.4(6)
172.4(8)
—55.4(10)
52.009)
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Table 3.5 (continued)

3 Formation of Cyclobutene Compounds

C20B-C19B-C25B-07B
C18"-C19B-C25B-0O7B
C27B-C19B-C25B-0O7B"
C20"-C19B-C25B-0O7B"
C18B-C19B-C25B-07B"
C20B-C19B-C25B-0O7B"
C18"-C19B-C25B-O7B"
C27B-C19B—-C25B-08B
C20"-C19B-C25B-08B
C18B-C19B-C25B-08B
C20B-C19B-C25B-08B
C18"-C19B-C25B-08B
C25B-C19B-C27B-09B"”
C20"-C19B-C27B-09B"
C18B-C19B-C27B-09B"
C20B-C19B-C27B-09B"”
C18"-C19B-C27B-09B"
C25B-C19B-C27B-09B
C20"-C19B-C27B-09B
C18B-C19B-C27B-09B
C20B-C19B-C27B-09B
C18"-C19B-C27B-09B
C25B-C19B-C27B-010B
C20"-C19B-C27B-010B
C18B-C19B-C27B-010B
C20B-C19B-C27B-010B
C18"-C19B-C27B-010B
C2B-C1B-N1B-N2B
C14B-C1B-N1B-N2B
C14"-C1B-N1B-N2B
C9B-C8B-N2B-N1B
C13B-C8B-N2B-N1B
C1B-N1B-N2B-C8B
C4B-C5B-N3B-02B
C6B-C5B-N3B-02B
C4B-C5B-N3B-0O1B
C6B-C5B-N3B-0O1B
C12B-C11B-N4B-04B
C10B-C11B-N4B-04B
C12B-C11B-N4B-03B
C10B-C11B-N4B-03B
C8B-C13B-N5B-05B
C12B-C13B-N5B-05B
C8B-C13B-N5B-06B
C12B-C13B-N5B-06B
07B-C25B-08B-C26B

—67.109)
52.1(12)
—~129.8(9)
2.5(10)
109.8(9)
—9.3(10)
110.0(12)
15.3(6)
147.6(7)
—105.0(6)
135.8(5)
—104.9(10)
—139.3(8)
116.2(8)
—19.7(9)
98.5(8)
—21.9(12)
—89.5(8)
166.0(7)
30.1(9)
148.3(7)
27.9(12)
70.9(5)
—33.6(7)
—169.5(5)
—51.3(5)
—171.7(9)
178.4(4)
12.0(6)
—31.8(7)
2.0(7)
—175.5(4)
—178.8(4)
179.1(4)
—0.3(6)
—2.9(6)
177.8(4)
8.5(10)
—172.6(6)
—167.0(7)
12.0(10)
168.3(5)
—12.0(7)
—11.5(7)
168.2(5)
18.4(10)

(continued)
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Table 3.5 (continued)

O7B"—C25B-08B—C26B —36.0(11)
C19B—C25B-08B-C26B 177.6(5)
09B"-C27B-010B-C28B 27.1(9)
09B-C27B-O10B—C28B —18.9(9)
C19B-C27B-010B-C28B 179.1(4)
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Chapter 4
Approach Toward the Total Synthesis
of Lundurines

4.1 Introduction
4.1.1 The Importance of the Indole Nucleus: An Overview

Heterocyclic compounds are cyclic derivatives that have a least one non-carbon
atom in the ring system. Specifically, indole is an important heterocyclic system
characterized by a benzene ring fused to a pyrrole. Indole is obtained from coal tar
or certain plants and produced by bacterial degradation of tryptophan in the
intestine. Nonetheless, it has a flowery smell at very low concentrations, and is
used in perfumery. In 1866, Adolf von Baeyer achieved the first isolation of
indole, during the decomposition of indigo dye [1]. Since then, the indole scaffold
is probably one of the most commonly occurring structural subunits among natural
products and pharmaceutically important compounds, and is crucial for the dis-
covery of new drugs [2-7].

The importance of the indole ring lies in its presence in many alkaloids. Indole
alkaloids are presenced in more than 4,100 different known compounds (Fig. 4.1).
Many of them possess significant biological activity (e.g. antifungal, insecticidal)
and some of them are used in medicine (e.g. antitumor, opioid antagonist, anti-
cancer, antiHIV) [8]. The action of some indole alkaloids has been known for ages.
Aztecs and Mazatecs referred to psilocybin mushrooms, which contain alkaloids
psilocybin and psilocin, as genius, divinatory, and wondrous mushrooms. In fact,
they have psychedelic and hallucinogenic properties. Around 1000 BC, the
flowering plant Rauwolfia serpentina was used in Indian medicine due to the
antipsychotic and antihypertensive properties of reserpine. In Nigeria, people
accused of a crime were forced to drink an infusion of Calabar bean seed, which
contains physostigmine. Rejection by the stomach was regarded as a sign of
innocence. Otherwise, the person was killed by heart and lung paralysis.

Part of these results have been published in: Ferrer, C., Escribano-Cuesta, A., Echavarren, A. M.
Tetrahedron, 65, 9015-9020 (2009).

A. Escribano Cuesta, New Gold-Catalyzed Reactions and Applications 105
for the Synthesis of Alkaloids, Springer Theses, DOI: 10.1007/978-3-319-00702-1_4,
© Springer International Publishing Switzerland 2013
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HO | Me + H NMe,

O N~
M Me
X0 e OH MeHNTrO
I .

MeO

Reserpine Strychnine Lysergic acid diethylamide
(LSD)

Fig. 4.1 Several examples of indole and indoline alkaloids

Strychinine was the first alkaloid isolated by Pierre Joseph Pelletier and Joseph
Bienaimé Caventou in 1818, from the plants of the Strychnos genus. The structure
was first determined in 1946 by Sir Robert Robinson, and in 1954 it was syn-
thesized by Robert B. Woodward [9]. This is one of the most famous synthesis in
the history of organic chemistry. Strychnine is a very well known compound, due
to its powerful poisonous activity. Moreover, one of the most famous non-natural
indole alkaloid derivatives is lysergic acid diethylamide (LSD), which was syn-
thesized in 1938 by Albert Hofmann. LSD was a popular psychedelic drug in the
1960s and 1970s.

4.1.2 Indoloazocine Framework: Important Indole Alkaloids

Indoloazocine core is formed by the fusion of an eight-membered N-containing
azocine ring with the indole nucleus (Fig. 4.2).

NH

Fig. 4.2 Indoloazocine skeleton
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This ring system is present in some indole alkaloids such as deoxyisoaustamide
[10-12], okarimine N [13, 14], balasubramide [15, 16], lundurines [17, 18],
apparericine [19], and ervaticine (or conolidine) (Fig. 4.3) [20, 21].

Deoxyisoaustamide Okaramine N Balasubramide

MeO

\COZMe

Lundurine A X = CH, Apparicine
X = O Ervaticine

Fig. 4.3 Indole alkaloids containing the indoloazocine core

Traditionally, synthetic approaches toward this framework were characterized by a
lack of generality, involving poorly available starting material that require multistep
synthetic transformations [22-25]. More recent approaches include tandem cleavage
of hydrogenated f-and a-carbolines [26], ring closing metathesis [27], and metal-
catalyzed Friedel-Crafts-type reactions of indole derivatives with several electrophiles
(such as alkynes, alkenes or epoxides) (see Refs. [118] and [133] in Chap. 1; [28-32]).

4.1.3 Lundurines A-D

Lundurines A-D [17, 18] are a new type of indole alkaloids characterized by the
presence of a cyclopropyl moiety embedded within a hexacyclic ring system that
includes a 1H-azocine[5,4-b]indole ring unit (Fig. 4.4).


http://dx.doi.org/10.1007/978-3-319-00702-1_1
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MeO
MeO

N ‘COZMe
CO,Me

Lundurine A Lundurine B

MeO. MeO

\ MeO \
CO,Me CO,Me

Lundurine C Lundurine D

Fig. 4.4 Structures of lundurines

These novel dihydroindole derivatives have been isolated from plants of the
genus Kopsia, and have proven to be rich sources of novel alkaloids with
intriguing carbon skeletons that display a wide variety of interesting activities.'

In particular, lundurines B and D have shown significant in vitro cytotoxicity
toward B16 melanoma cells, being lundurine B the one displaying the highest
potency (ICsq 2.8 wl/mL). Moreover, lundurine B is also effective in circumventing
multidrug resistance in vincristine-resistant KB cells. To date only three approa-
ches toward the total synthesis of lundurines A-D have been reported (see Ref.
[133] in Chap. 1 [37, 38]). Furthermore, various approaches toward related in-
doloazocine compounds have been published (in the next section, these syntheses
will be briefly reviewed).

In Fig. 4.5, other examples of indole alkaloids isolated from the genus Kopsia
are depicted [36, 39—41]. In particular, the indoloazocine derivative lapideilectine
B has been synthetized by Pearson and coworkers in 23 linear steps [42, 43].

! Lead references on indole alkaloids form genus Kopsia: Subramaniam et al. [33, 34], Kam
et al. [35], Awang et al. [36].


http://dx.doi.org/10.1007/978-3-319-00702-1_1
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R' = H,, R2 = CO,Me, R® = H: Lapilectine A

R! = H,, R2 = H, R3 = CO,Me: Isolapidelectine A
R' = 0, R2 = CO,Me, R® = H: Lapidilectam

R' =0, R2=H, R® = CO,Me: Grandilodine B

R! = OMe, R?= O: Tenuisine C
R'! = H, R? = H,: Lapidilectine B
R'! = H, R2 = O: Grandilodine C

N__O
OH
N
N
H
Valparicine Pericidine

Fig. 4.5 Structures of indole alkaloids present in plants of genus Kopsia

4.1.4 Synthesis of Other Indoloazocine Derivatives

The importance of indoloazocine scaffold in indole alkaloids has been supported
by several methodologies and total syntheses published through the years. One
example is the total synthesis of (&)-apparicine by the Bennesar group
(Scheme 4.1). Indeed, the indoloazocine scaffold was synthesized via an indole-
template ring-closing metathesis reaction. Another key step was the Heck cycli-
zation to finally assemble the bridged skeleton [27].

A major contribution toward the synthesis of indoloazocine skeletons is based
on metal-mediated Friedel-Crafts-type reaction of indole derivates with several

N/_\N
Boc Mes " ‘Mes Boc
h .Cl \
N o N
CTY s (e |
N pp— A\ AN
v CH,Cly, reflux
SO,Ph N — N
v 45h \
SOzPh SO,Ph
84% 80%
\
I [Pd(OAc)], PPhg
3 steps N M,
—_— 1:1 toluene-EtzN
—_—
N __~ 80°C,15h
N 0,
60% H 15% Apparecine

Scheme 4.1 Total synthesis of (+)-apparicine
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electrophiles. In this context, Baran and Corey developed an impressive palla-
dium-mediated transformation of N-prenylated tryptophan derivatives allowing the
synthesis of the dihydroindoloazocine tricycle in one step. This straightforward
methodology was applied to the total synthesis of (+)-deoxyisoaustamide [28] and
okaramine N [40] in a remarkably short synthetic route (Scheme 4.2).

H CO.Me

NH,

1 step \700/
‘o

A\

_.
(2]
9
D
o
x
[{e]
2
*
Tz

FmocHN
eOZC
H N0
A\
N |
H
[Pd(OACc),] (1 equiv.) [Pd(OACc),] (1 equiv.)
ACOH:THF:H,0 29% AcOH:dioxane:H,0 44%
0, 25°C, 36 h | 1% P-sm 0,,25°C, 16 h
HN
MeOZC ."H
H.

(+)-Deoxyisoaustamide

Okaramine N

Scheme 4.2 Total synthesis of (+)-dexoxyisoaustamide and okaramine N
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Another possibility is based on a biomimetic approach, a stereoselective 8-endo-
epoxide-indole cyclization. Using this methodology, the Kerr group has reported the
synthesis of (—) or (+)-balasubramide using ytterbium triflate as the catalyst [15],
while the Zhang group used p-toluenesulfonic acid (p-TSA) [16] (Scheme 4.3).

Me
N
O Yb(OTHg (10 mol%)
—_—
A\ CH,Clp, MW
N o 80°C, 10 min
47 % ( )-Balasubramide ’
2 steps ﬂ
FNH_ 02100%|
\ I 1. Mel, NaH, DMF
—_—
N (o) 2. p-TSA (2 equiv.)
\ P
Tos CH3CN

50-62 %

Scheme 4.3 Synthesis of balasubramide

In addition, the Martin group has reported the synthesis of the tetracyclic core
of the lundurine by a double ring-closing olefin metathesis to form the five- and
eight-membered ring (Scheme 4.4) [37]. This group also reported the synthesis of
the tetracyclic framework of lundurine B in a racemic manner, even though all
attempts to synthesize diazoketone, which allows the formation of the cyclopropyl
moiety, were unsucessfull.

!
\
N

OH MeO \COZMe
MeO N\ 9 steps e N\ Grubbs |
N — NN CH,Clp, MW (50 °C) to rt
H Ts 76%
N | N
MeO CO,Me Grubbs | MeO CO,Me
N \ N CH,Cly, MW (50 °C) to 1t N~
N 26% N
Ts Ts
N N
MeO A\ COH _,, MeO A\ CO,CHN;
N N
Ts Ts

Scheme 4.4 Synthesis of the tetracyclic framework of lundurine B
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Very recently, synthetic studies toward lapidilectine-type Kopsia alkaloids have
been developed by Sarpong and co-workers [38]. They proposed a unified strategy
for the synthesis of Kopsia alkaloids from a common cyclobutanone intermediate.
This intermediate could be transformed in lapidilectine B, grandilodine C and
tenuisine C by Baeyer—Villiger oxidation or in lundurines A—D using a C—C bond
activation/decarboxylation sequence. Furthermore, a selective carbanion forma-
tion, which would open the y-lactone moiety in lapilectine B and grandilodine C,
could lead to grandilodine A and B. A carboxylation of lundurines instead could
give rise to related tenuisine alkaloids (Scheme 4.5).

X (o} X
31
N | N -
(6 2
0 — R (0]
N N N R
CO,Me CO,Me CO,Me
Grandilodine A: R =B-CO,Me, X = H,
Lapidilectine B: X = H,, R=H Grandilodine B: R = a-CO,Me, X = O,A'2
Grandilodine C: X=0,R=H
Tenuisine A: X =H, R = OMe X

N
c

Lundurine A: R=H, X = O, A"2
Lundurine B: R = H, X = H, A"2
Lundurine C: R=H, X=H
Lundurine D: R = OMe, X = H, A2

Scheme 4.5 Common intermediate for the synthesis of Kopsia alkaloids

In Scheme 4.6 is shown the syntesis of the tetracyclic core of Kopsia alkaloids,
which are related to lapidilectine. An Ugi four-component coupling allowed the
synthesis of the f-aminoamide adduct from simple starting material. After several
steps, a Fridel-Crafts-type transformation of dimethyl acetal using Amberlyst-15
led to the tetracyclic main core in a 54 % yield. Then, cleavage of the carbamate
and selective removal of the alkene group gave indoloazocine compound. As an
endgame scenario, they proposed that the methyl ester would be activated to form
a ketene genaration/cycloaddition, which would provide the cyclobutanone
intermediate.
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. DCE, 80 °C, 48 h
CO,Me OMCeOzMe 54%
OMe
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Q NH N Amberlyst-15
\ ,N —_— \ ! —_—
AcO i i N

o
N
1. KOt-Bu, MeOH / .
—_— -
2. MsOH, EtzSiH \ >
DCE, 60 °C N
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N |
- 0
R
. N
CO,Me CO,Me

Scheme 4.6 Key step of the synthetic studies toward lapidilectine-type alkaloids

4.1.5 Gold-Catalyzed Reaction of Indoles with Alkynes

As part of our investigation of the hydroarylation of alkynes (or alkenylation of
arenes) catalyzed by electrophilic transition metal complexes, our group reported
the intra- and intermolecular reaction of indoles with alkynes catalyzed by gold
(see Ref. [118, 133] in Chap. 1). Thus, alkynylindole ITI-1 cyclizes readily in the
presence of a cationic gold(I) complex to give azepino[4,5-blindole derivative
III-2, whereas the use of AuCl; leads to indoloazocine III-3 by a 8-endo-dig
process, this cyclization mode has not been observed in other hydroarylation of
alkynes (Scheme 4.7). Under certain forcing conditions, allenes and tetracyclic
compounds were also obtained (see Refs. [118, 133] in Chap. 1).


http://dx.doi.org/10.1007/978-3-319-00702-1_1
http://dx.doi.org/10.1007/978-3-319-00702-1_1
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Scheme 4.7 7-exo-dig versus 8-endo-dig cyclization of alkenylindoles III-1

The proposed mechanism for the formation of the eight-membered ring com-
pound starts with an initial activation of the triple bond, followed by a gold-
catalyzed cyclization at the C3 position of the substituted alkynylindole III-1 to
form the seven-membered ring iminium cation III-4 (Scheme 4.8). 1,2-Migration
and proton loss then lead to III-6, from which the eight-membered ring compound
II1-3 is formed by protodemetalation.

X

X X
@fC (Ao as N
N 1 [AuL]
\ \\ +|\f R N R1
R1 ‘RQ R2
-1 -4 l -5
-H*
X X
\ L N AN A
JAuLT* uL]
N R N R
R2 R2
n-3 -6

Scheme 4.8 Mechanism for the 8-endo-dig cyclization of alkenylindoles III-1
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The formation of the spiro intermediate III-4 is suggested by the isolation of
spiro compounds during the study of the reaction. Similar intermediates are
probably involved in the 7-exo-dig cyclization. In this case, intermediates of type
III-7 could be formed directly by a Friedel-Crafts-type reaction, or indirectly, by
opening of cyclopropyl carbenes III-8 at C—C bond a (Fig. 4.6).

R2 R2
-7 11-8

Fig. 4.6 Proposed intermediates in the 7-exo-dig cyclization of alkynylindole III-1

The Padwa group has reported the synthesis of substituted f-carbolines III-10
via gold(Ill)-catalyzed cycloisomerization of N-propargylindole-2-carboxamides
111-9 (R1 = H) (Scheme 4.9) [44, 45]. Alkyne-substituted N-propargylindole-2-
carboxamides III-9 (Rl = Ar) also cyclized to form azepino[3,4-b]insol-1-ones
III-11 using AuCl, AuCls, and PtCl, [46].

Ry @@

T N-R® AU, (5mol%)
UG5 (Smol%)

N o CHQC|2, rt A N-R
N R'=H
R4 N

4
n-10 -9

i-11b

3 M III11a

Scheme 4.9 6-exo-dig versus 7-endo-dig cyclization of alkenyl indoles II1-9

The intermolecular reaction of indoles with alkynes and alkynyl alcohols takes
place with gold(I), see Ref. [118] in Chap. 1, [47], gallium(IIl) [48], or plati-
num(IT)[49] as catalysts. A remarkable transformation involving the indole nucleus
was found by Zhang, who reported the formation of tetracyclic 2,3-indoline-fused
cyclobutanes from propargylic 3-indoleacetates via sequential 3,3-rearrangement
and [2+42] cycloaddition [50, 51]. Gold-catalyzed cascade and tandem cyclization
of indole derivatives with alkynes have been applied to the formation of dihy-
drocyclohepta[b]indole [52], teracyclic indolines [53], 3-allenylindole derivatives
[54], and indene-containing indole scaffolds through a new 1,2-indole migration
[55]. A direct method has been developed by the Fujii group, which allows the


http://dx.doi.org/10.1007/978-3-319-00702-1_1

116 4 Approach Toward the Total Synthesis of Lundurines

formation of aryl-annulated[a]carbazoles and azepinoindole derivatives from
anilindiyne derivatives, through a gold-catalyzed cascade reaction [56]. Recently,
the synthesis of functionalized carbazoles was achieved through gold-catalyzed
deacylative cycloisomerization of 3-indolynes [57].

4.2 Objective

Lundurines are a new type of indole alkaloids, which are characterized by an
unusual carbon skeleton (Fig. 4.7) [17, 18]. In addition, lundurines B and D have
displayed in vitro cytotoxicity towards B16 melanoma cells (lundurine B: ICsq 2.8
pl/mL), and lundurine B is also proved effective in circumventing multidrug
resistance in vincristine-resistant KB cells.

MeO

€O, Me

‘COZMe

Lundurine A Lundurine B

MeO MeO

N MeO \
CO,Me CO, Me

Lundurine C Lundurine D

Fig. 4.7 Structures of lundurines A-D

The main tetracyclic core of these alkaloid compounds has been synthesized by
applying the methodology developed in the group for the intramolecular reaction of
indoles with alkynes catalyzed by gold complexes (Scheme 4.10) (See Ref. [118]
and [133] in Chap. 1), Thus, based on previously reported results, our objective was
to develop an efficient approach toward the total synthesis of lundurines.

o:(j\ 9
N
R \\ N
N\ 7 steps AuClj
N E— N\ — N__ A
H 21% N 55% N
H H

R = CO,Me, CN

Scheme 4.10 Previous results for the synthesis of the tetracyclic core of lundurines
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4.3 Results and Discussion

We decided to center our work on the synthesis of lundurine A. The retrosynthetic
analysis that we envisioned for this compound is depicted in Scheme 4.11.

OW1
[Au] N

"R1 —MeO

MeO

A\
N
H
i n-12 n-13
Lundurine A
o) e —
CO,Me ;(—B\ -
MeO
= MeO — N+ 97N Yco,Me
A\ H 2
N
N . PG
n-14 P 1-15 1-16

Scheme 4.11 Retrosynthetic analysis of the synthesis of lundurine A

Lundurine A could be synthesized from indoloazocine III-12 after cycloprop-
anation of the indole ring.”* The intermediate III-12 would be formed by gold(III)-
catalyzed cyclization of the alkynylindole III-13, (See Ref. [118] and [133] in
Chap. 1) which arises from III-14 upon conversion of the ester group into a
homologated alkyne.* Compound ITI-14 would be assembled from an enantiome-
rically pure pyroglutamic ester derivative III-16 and an indole derivative III-15.°

Two approaches were considered for the cyclopropanation reaction from III-12
derivatives (Scheme 4.12): the intermolecular (A) and intramolecular (B).

2 General review about cyclopropanation: Lebel et al. [58].

General review about indole cyclopropanation: Zhang et al. [59].

* General review about conversion of carbonyl compounds to alkynes: Habrant et al. [60].
5 General reviews about metal-catalyzed approaches to amide bond formation: Joullié and
Lassen [61], Allen and Williams [62].
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Scheme 4.12 Inter- and intramolecular strategies

In the intermolecular approach, the cyclopropylindole III-18 would be formed

after metal-catalyzed cyclopropanation of III-17 with ethyl diazoacetate (EDA)
[63—69]. In the intramolecular approach, cyclopropylindole III-20 would be

(0]

btained from the diazoindole III-19 [70-80].

4.3.1 Intermolecular Approach

In this strategy toward the total synthesis of lundurine A (Scheme 4.13), the key
steps involved are:

1.

2.

The condensation of III-22 with dimethyl (L)-glutamate by reductive amina-
tion, followed by in situ lactamization to give III-14H.

Transformation of the remaining methyl ester group into the alkyne III-13H via
the corresponding aldehyde [60].

. Gold-catalyzed 8-endo-dig-cyclization to give III-12H (see [118, 151-155] in
Chap. 1).

Catalytic hydrogenation of the alkene and formation of the carbamate, followed
by metal-catalyzed cyclopropanation of the indole with EDA to stereoselec-
tively form III-18 [63-69].

. Reduction of the ester to the alcohol (Rz), installation of the double bond in the
lactam ring [81-84], and formation of the pyrrole-based silyl dienol ether ITI-
21.%7® The final C—C bond in the lundurine A could be formed by intramolecular
regioselective y-alkylation of the pyrrole III-21in the presence of a Lewis acid [88].

6

First example of synthesis and reactivity of pyrrole-based silyl dienol ether: Fiorenza et al.

[85].

7
8

Selected reviews: Rassu et al. [86, 87].
Synthesis and y-alkylation of pyrrole-based silyl dienol ether: Zanardi et al. [88].


http://dx.doi.org/10.1007/978-3-319-00702-1_1

4.3 Results and Discussion 119

MeO

COMe CO,Me
Lundurine A n-21
R2= CH,CH,X
(e}
N [Au]
? MeO ?
N__~
\ N
CO,Me H
-18 -12H

R2 = CH,CO,Et

o O:(j\
N N"NcoMme 3
X 2 MeO
MeO p— MeO p— \
A\ A N
N PG
H G

3

N

\

P
-13H 1-14H 11-22
R®=CN, CO,Me

Scheme 4.13 Retrosynthetic analysis of the intermolecular strategy

4.3.1.1 Synthesis of Alkynylindole

In order to obtain a suitable enantiomerically pure precursor for the synthesis of
lundurine A, we started with the preparation of alkynylindole III-29 following
synthetic sequence shown in Scheme 4.14 [257]. Methyl 2-(1H-indol-3-yl)acetate
was protected as a Boc-carbamate [89], which was reduced with DIBAL-H at low
temperature to give aldehyde III-24. When we carried out the reductive amination
of this aldehyde with dimethyl (S)-glutamate and triacetoxyborohydride, we
observed the formation of lactam III-25 in low yield, by in situ lactamization.
Alternatively, aldehyde III-24 could also be prepared from 2-(1H-indol-3-yl)
acetonitrile [90, 91].
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lll-27 Boc meg  B°° I11-29

Scheme 4.14 Synthesis of alkynylindole I11-29

Ester III-25 was reduced to alcohol III-26 using lithium borohydride [92].
Alternatively, alcohol ITI-26 could also be prepared using sodium borohydride and
calcium chloride, but a with longer reaction time (1-2 days) [93-95]. When
lithium aluminium hydride was used, competitive reduction of the lactam was also
observed, even at low temperatures.

Dess—Martin oxidation of alcohol III-26 gave aldehyde III-27, which was used
in the next step without further purification. Aldehyde III-27 reacted with the
Bestmann—Ohira reagent [96—101] to give alkyne III-28, from which alkynylin-
dole III-29 was obtained by Boc cleavage after a brief exposure to trifluoroacetic
acid. This four step procedure can be routinely carried out without purification of
any intermediate in 14-23 % overall yield. Alternatively, alkyne III-29 could be
prepared from aldehyde III-27 by the Corey-Fuchs procedure, although the overall
yield was lower using this procedure [102].

4.3.1.2 Gold-Catalyzed Cyclization of Alkynylindole

Alkynylindole III-29 cyclized in the presence of AuCl; at room temperature to give
indoloazocine III-30 as the major productin a 55 % isolated yield (Table 4.1, entry
1). Indoloazocine III-30 contains the tetracyclic core present in lundurine A. Traces
of vinyl chloride III-31, which is the product of Markonikov gold-catalyzed
hydrochlorination in this reaction [103—105], were also observed using AuCls.
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The cyclization was less efficient using gold(IIl) complex 22 or HAuCl, as
catalyst (Table 4.1, entries 2 and 3). In the case of NaAuCly, formation of a
complex mixture was observed (Table 4.1, entry 4). Surprisingly, complex 21 and
[Au(NCMe)(PPh3)]SbF, (25) also favored the 8-exo-dig cyclization leading to
indoloazocine III-30 as the major product (Table 4.1, entry 5 and 6).

Alternatively, the 7-endo-dig cyclization, which afforded the azepinoindole ITI-
32 as the major product, was favored with related gold(I) complex 6, bearing a
bulkier phosphine, or IMes gold(I) complex (15) (Table 4.1, entries 7 and 8).
Similar selectivity was observed using phosphite gold(I) 20 (Table 4.1, entry 9).
As expected, higher conversions were observed with the gold(IIT) complexes and
phosphite gold(I) complex 20, both more electrophilic (Table 4.1, entries 1, 3, 4
and 9) and, in consequence, more reactive. On the other hand, lower conversions
were achieved with the more electron-rich complexes, bearing electron-donating
ligands like IMes gold(I) (15), which are less reactive.

As was also observed that AuCl favored the formation of indoloazocine III-30
(Table 4.1, entry 10) (see Ref. [118] in Chap. 1). On the other hand, only low
conversion was achieved with cationic platinacycle 24 (see Ref. [29] in Chap. 1,
Table 4.1, entry 11). Low yields of indoloazocine III-30 were obtained using
silver(I) salts such as AgSbFg and AgOTf [106] whereas, GaCls, InCl;, and
Brgnsted acid (TfOH) were not effective (Table 4.1, entries 12—16).

The fact that very similar results were obtained using AuCl; and AuCl
(Table 4.1, entries 1 and 10) suggests that gold(IIT) might be reduced to gold(I)
under the reaction conditions [107]. Moreover, these results suggest that steric
factors control the exo versus endo selectivity in this cyclization. Gold complexes
bearing bulky ligands such as phosphine gold(I) 6, IMes gold(I) 15 and phosphite
gold(I) complex 20 (Table 1, entries 7-9) favor the 7-exo-dig pathway, whereas
less bulky ligands favor the 8-endo-dig pathway (Table 4.1, entries 1-5 and
10-13).

4.3.1.3 Synthesis of Precursors for the Intermolecular
Cyclopropanation

For the study of the cyclopropanation reaction, the precursor III-35 was synthe-
sized following two different pathways (Scheme 4.15):

1. First, hydrogenolysis of indoloazocine III-30, followed by protection as methyl
carbamate III-35 using methyl cloroformate and NaHMDS, as base, in THF
[108].

2. Protection as methyl carbamate III-34 using methyl chloroformate and sodium
hydride [109], and subsequent hydrogenolysis. In this case, a higher hydrogen
pressure (4 bar) was needed to afford complete conversion.


http://dx.doi.org/10.1007/978-3-319-00702-1_1
http://dx.doi.org/10.1007/978-3-319-00702-1_1
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(0]
N
H, (1 bar)
2 A\
Pd-C, MeOH, 5 h N

A\
N NaHMDS, THF, -78 PC CO.Me
2!
11-30 quant. (crude) .33 35% 11l-35
0 0 0
0
N o )J\OMe N H, (4 bar) N
—_—
N\~ NaH, DMF, 1 h N\~ Pd-C, MeOH, 5 h N
N N
N 40% CoMe 98% (crude) CoMe
111-30 I11-34 I1I-35

Scheme 4.15 Synthesis of precursor III-35

4.3.1.4 Study of Cyclopropanation Reaction

For the study of the cyclopropanation reaction of indoles with diethyl diazoacetate
(EDA), we were inspired by the pioneering work of Welstead [63] and Wenkert
[64]. They found that the deactivation of the indole nucleus, through electron-
withdrawing substituents at N1, allows the addition of carbene moiety into the 2,3-
double bond without the competitive rearrangement that leads to the C—H insertion
product (Scheme 4.16).

Welstead:
NQ%COQET 3 c::,quiv) H CO,Et
Rid NN R2 CuCN (1 equiv) 0 AN
L A~N CH,Cl, 50°C R N R
R3 4-34% R3
R'=H, 5-MeO
R2=H, Me

= COCgH,(p-Cl), COCgH4(0-Cl), COCgH 4(m-CFs)

Wenkert:
1
R N7 “CO,Et R Cost
N\ Cu-bronze
N CH,Clo/c-Hex, reflux N TH
R2 36—48% 2
R'=H, Me

= CO,Me, OCOMe

Scheme 4.16 Welstead and Wenkert results
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In 1993, Reiser improved the yield toward the cyclopropanated adducts using
copper(I) complex and Boc-protected indoles (Scheme 4.17) [65].

Nzé\COQEt (1.4-7.3 equiv)

R Cu(OTf), (2 mol%) R H  coset
m PhNHNHS (2 mol%) W
’\\l CH20|2, rt ’\‘I H
Boc Boc

R = H: exo =30%, endo = 10%
R = OMe : exo = 68%, endo = 22%

Scheme 4.17 Reiser results

More recently, Qin has developed a new cascade reaction to afford 3-substituted
hexahydropyrroloindole ITI-38 [67]. The key steps are the formation of a cyclo-
propane intermediate III-36 and the consecutive nucleophilic attack of a pendant
amine on the C=N bond of the resulting indolenium ITI-37 (Scheme 4.18). This
methodology has been applied for the total synthesis of (-)-ardeemin. [69]

o)
o
,go N7~ “CO,Et (4 equiv) ;/(HAO

N . -
N Cu(OTf), (5 mol%) WC Ly
CH20|2, -35°C N

A\
N \
i\/le Me
11I-36
EtO,C o CO,Et
; 5/(N/§O o
H
+ N\<
N N o
Me Me
-37 111-38a (83%) 11I-38b (5%)

Scheme 4.18 Qin results

We first decided to optimize the reaction conditions using simple indoles as a
models (Scheme 4.19).
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N24\002Et H CO,Et
N M)
N Solvent, rt, 14 h N H
R R

Scheme 4.19 Screening of conditions for the cyclopropanation reaction

To determine the best conditions several variables were tested, such as
solvents (CH,Cl,, CICH,CH,Cl, toluene, CHCl;, and MeNQO,), number of
equivalents of EDA (1.1, 4.0 and 7.0 equiv), R of the indole (CO,Me, Boc and
H), and the order of addition of the reagents. Among the conditions screened,
the best results were obtained using CH,Cl, with 7.0 equiv of EDA and methyl
carbamate (CO,Me) as protecting group. In agreement with the published
results, we also observed the importance of the protecting group at the indole
moiety, where electron-donating groups favor the formation of f-alkylation
products, while the electron-withdrawing groups favor the formation of the
cyclopropane products [68, 110]

The use of metal complexes in cyclopropanation reactions allows the formation
of metal carbenes or carbenoids, which are endowed with increasing stability, in
comparison to free carbene. Although most of these metal carbenes and carbenoids
are highly electrophilic, their reactivity profile is dependent on the metal [68].
Thus, for the cyclopropanation of methyl 1H-indole-1-carboxylate with EDA
(Table 4.2), the best yield was observed using 5 mol % of [Cu(hacac),] (hfa-
cac = hexafluoroacetylacetonato) [110] as catalyst in CH,Cl, at room tempera-
ture, affording the desired cyclopropanated product III-39 in 72 % yield
(Table 4.2, entry 1). The reaction was less efficient with [Rh,(OAc),], Cu(OTf),
and CuOTf (Table 4.2, entries 2—4).
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Table 4.2 Cyclopropanation of indole III-39 with diethyl diazoacetate

N7~ “CO,Et H  cos

CL) ot OLY.

N CHCl, it, 14 N H

CO;Me CO,Me

11-39

Entry [M] Conv. (%) Yield® (%)
1 [Cu(hfacac),] 87 72
2 [Rho(OAC),] 100 56
3 Cu(OTf), 50 33
4 (CuOTH),-CeHg 51 23
5 26 45 23
6 27 49 27
7 29 53 22
8 28 47 16
9 30 0 0

Reaction carried out with 7 equiv of EDA, 5 mol % [M] in CH,Cl, at room temperature for 14 h.
# Determined by NMR using 1,3,5-trimethoxybenzene as internal standard

= | sbrs h{—\N—|+SbF;
R/NYN\R R” Y “R
Cu Clu
L L

26: R = 2,6--ProCqHs, L=MeCN  28: R = 2,6-/-ProCqHa, L = MeCN
27:R=2,4,6-MegCgHp, L= MeCN  29: R = 2,4,6-MegCgHy, L = MeCN

o

7
/N—N
_ 7 k _
H BY%CU NCMe
N

-N

KA~pn 30

As expected, low yields were obtained with cationic NHC copper(I) com-
plexes[111] (Table 2, entries 5-8), which are less reactive but more stable [112].
Furthermore, no conversion was observed using hydrotrispyrazolylborate (Tp™™)
complex 30 [113], although Tp*Cu(I) complexes have efficiently catalyzed the
cyclopropanation of styrene with EDA in high to very high yields both under
homogeneous and heterogeneous conditions [114]. Gold(I) complexes such as
phosphine gold(I) 6, IPr gold(I) 16 and phosphite gold(I) 20 were not effective in
this cyclopropanation. Although copper(Il) salts are often used as catalyst pre-
cursor in the cyclopropanation of alkenes, it has been demonstrated that copper(I)
salts are the catalytically active species in these reactions [115]. Nonetheless,
better yields were obtained with copper(Il) compared to copper(I) complexes
(Table 4.2, compare entries 1, 3—-8).

~
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Unfortunately, the cyclopropanation reaction of indoloazocine III-35 with EDA
catalyzed by several metal complexes failed in all cases (Table 4.3). [Cu(hfa-
cac),], which gave the best yield with methyl 1H-indole-1-carboxylate, was
ineffective with indole III-35 (Table 4.3, entry 1). Also, [Rhy(OAc)4] was
unproductive in this transformation (Table 4.3, entry 2).

Table 4.3 Cyclopropanation of indole III-35 with diethyl diazoacetate

(0]
N N7 “CO,Et
M] R
N
N N
CO,Me CO,Me
111-35 R = CO,Et
Entry [M] Conditions Conv. (%)
1 [Cu(hfacac),] rt, 21 h 0
2 [Rhy(OACc)4] rt, 21 h 0
3 Cu(OTY), —35°C, 14 h 0
4 Cu(OTf), rt, 23 h 0
5 (CuOTY),-CeHg rt, 16 h 0
6 27 40 °C, 14 h 0
7 15 rt, 23 h 0

Reaction carried out with 7 equiv, of EDA, 5 mol % [M]

The conditions reported by the Qin group for the intermolecular cyclopropa-
nation of 3-substituted hexahydropyrroloindole provided unsuccessful results
(Table 4.3, entry 3) [65, 69]. Furthermore, no conversion was observed using
Cu(OTY),, CuOTf, IME copper(I) 27 or IMes gold(I) 15 complexes as catalysts
(Table 4.3, entries 3—7) [116, 117]. Only starting material was recovered under
the optimized conditions. This is probably due to the higher steric hindrance of the
indole ITI-35, in comparison with methyl 1H-indole-1-carboxylate, preventing the
nucleophilic attack of the enamine moiety.

At this point, we decided to abandon the intermolecular approach, and focused
our efforts on the intramolecular approach.

4.3.2 Intramolecular Approach

For this strategy, the key steps are described in Scheme 4.20:

1. The assembly of indole derivative III-15 with an enantiomerically pure pyro-
glutamic ester derivative III-16 [61, 62], followed by transformation of the
ester moiety into an alkyne to afford alkynylindole III-41 [60].
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2. Gold-catalyzed 8-endo-dig cyclization, (see Refs. [118, 133] in Chap. 1)
hydrogenation of the alkene and formation of the methyl carbamate to give

indoloazocine II1-40.

3. Finally, intramolecular cyclopropanation of diazo compound III-19 [70-79]

and formation of the «,f-unsaturated lactam to form lundurine A [80-83].

MeO

MeO

A\
N
m-ao  CO2Me 111-41
i,
— Meo D\ 05\/_>\"
N
ba2
m-1s G -16

Scheme 4.20 Retrosynthetic analysis of the intramolecular strategy

4.3.2.1 Synthesis of Substituted 2-Pyrrolidone

H CO,Me

For the synthesis of 2-pyrrolidone III-16, we followed the procedure described by
Germanas and coworkers for the enantioselective alkylation of proline [118]. This
procedure was based on a method reported by Seebach [119], in which proline is
condensed with pivaldehyde to give a single stereoisomer of 2-t-butyl-1-aza-3-
oxabicylo[3.3.0]octan-4-one III-42 [120], which is deprotonated with LDA to give

a chiral enolate that can be alkylated with an electrophile (Scheme 4.21).


http://dx.doi.org/10.1007/978-3-319-00702-1_1
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H
Cgon 2150,
N COZH >

H TFA, pentane THF, -78 °C, 30 min

£Bu
A 48h I11-42

oLi RX R R = Me, 93%
NS b N O R CH,CH=CH,, 87%
0 = 2 = 2> °
THF, -30 °C, 2 h 4

s R R= CHgCOZMe, 40%
tBu tBu R = CHNMey, 56%

Scheme 4.21 Synthesis of a-substituted proline derivatives [119]

Germanas described the condensation of proline with chloral instead of pival-
dehyde to give a more stable oxazolidinone ITI-43 (Scheme 4.20). Thus, they
reported the alkylation of ITI-43 using LDA and ((2-iodoethoxy)methyl)benzene in
33 % yield [257] (Scheme 4.22).

rOBn
[\ 0|3CJ\ ‘\H 'ID\A/OBn <_o
N~ ~COH N
" CH304’\(10/2 o CC@ o -7::33';,07 °" CCl‘}’o
n-43 3l-44

Scheme 4.22 Alkylation of 2-trichloromethyloxazolidin-5-ones [257]

We decided to introduce the protected-alcohol after proper modification on an
allyl moiety. 2-Trichloromethyloxazolidin-5-one III-43 was alkylated using LDA
and allyl bromide in 80-82 % yield (Scheme 4.23). Proline/chloral III-43 was
synthesized using 2,2,2-trichloro-1-ethoxyethanol [121]. The use of chloral was
avoided, since it is a regulated substance, which greatly limits its commercial
availability even in small quantities.

(/

- BI’/\/ J

O\ CliC OEt (>\/¢ LDA (B{/&o
N - N

H CHCljz reflux THF, -78 PC, 3 h 0

62-65% cel; 80-82% ClsC
11-43 1Il-45

Scheme 4.23 Allylation of 2-trichloromethyloxazolidin-5-ones [121]

In addition, the analogous 2-7-butyloxazolidin-4-one ITI-46a [122, 123] and
2-trichloromethyloxazolidin-4-one III-46b [124, 125] precursor, derived from
S-pyroglutamic acid, were also synthesized (Scheme 4.24). Unfortunately, the
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alkylation of these oxazolidin-4-ones with LDA or LHMDS and allyl bromide
afforded only complex mixtures. This was due to the lower nucleophilicity of

oxazolindin-4-ones III-46a and III-46b in comparison with the oxazolidin-5-one
I11-42 and I11-43.

Br/\/ \K
0™y o B additve 0 " \=0 B =LHMDS, LDA
0 THF, -78 °C Lo :Additive = none, HMPA!
R R T '
llI-46a R =t-Bu
lI-46b R = CCl 3

Scheme 4.24 Alkylation of oxazolidin-4-one precursors

Optically active a-branched proline derivative ITI-47 was obtained by a one-pot
procedure (Scheme 4.25) [121]. Proline/chloral precursor III-45 was exposed to
sodium methoxide, resulting in rapid conversion to the N-formyl ester at room
temperature. Cleavage of the N-formyl group was efficient performed by heating
with hydrochloric acid Thus, the desired R-allyl prolinate hydrochloride salt III-47

was obtained reproducibility in a multigram scale.”'°
7
foo Na Q ool _ @\ I~
N_d  MmeoH N ¥co,Me| MeOH™ COsMe
CLe CHO reflux
3~ 1lI-45 n-47

90%

Scheme 4.25 Cleavage of the trichloro auxiliary [121]

Pyrrolidine III-47 was protected as a Boc carbamate (Scheme 4.26). Sub-
sequent ozonolysis of III-48 and addition of sodium borohydride afforded a
mixture of the alcohol III-49 (70 %) and aldehyde III-50 (8 %), [128] which were
separated by column chromatography.

° 1I1-47 can be synthesized by Ireland-Claisen ester rearrangement but only on small scale:
Kazmaier et al. [126], Chandan and Moloney [127].

19 The reported ee of III-47 was determined via conversion of the final product to the Mosher
amide under Schotten-Bauman conditions [121]. The desired product was observed as a single
peak, >99 % diasteromerically pure.
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/40

__ i) O3, CH,CI/MeOH b CO,Me
O\ // (BoC)zO Q,\// _ 78%C,30min___ +|||_49 (8%)
CO;Me EleN DMAP [I\] COMe i) NaBHs, 0%C //OH

CHyCly, 1t, 12h  Boc q
n-47 n-48 N *co,Me

1%
Boc 11-50 (70%)
Scheme 4.26 Synthesis of alcohol III-50

In order to optimize the synthesis of alcohol III-50, the corresponding aldehyde
I11-49 was isolated by treatment of alkene III-48 with ozone followed by addition
of dimethyl sulfide (Scheme 4.27) [129]. After an extensive screening of reducing
agents (NaBH,, DIBALH, H,/PtO,) [130, 131], solvents, and conditions, we
obtained alcohol III-50 using zinc borohydride in ether[132, 133] with 84 % yield
without purification and 50 % after column chromatography.

i) Oz, CHoClo/MeOH —0 OH
O\ -78 %C, 30 min O\// Zn(BHy)2 O\ //
N COzMe ii) Me,S, 0% C N"coMe Et0,0°C "N coMe
78% Boc 50% Boc
111-48 1-49 -50

Scheme 4.27 Optimized conditions for the synthesis alcohol III-50

Finally, the desired lactam III-53 was synthesized following the sequence
shown in Scheme 4.28. Thus, triisopropylsilyl ether-protection (TIPS) of alcohol
III-50 [134], oxidative of pyrrolidine ITI-51, using the Sharpless and Katsuki
conditions [135], afforded 2-pyrrolidone III-52 [140],11 which was subsequently
deprotected to give the lactam ITI-53 [141].

//OH OTIPS
O\ TIPSCI O\ [ RuCls, NalO,

N *CO,Me " Imidazole, DMAP N"Yco,Me  MeCN, CCly, H0

Boc CH.Cly, 1t, 3h Boc 0%Ctort,20h
-50 929 11-51
OTIPS o
OTIPS
\// SiO, //
o™y v O
N 'COMe  microwave H CO.Me
Boc (quant.)
111-52 111-53

Scheme 4.28 Synthesis toward lactam III-53

"' First example for the oxidation of cyclic amines with ruthenium tetraoxide: Sheehan and Tulis
[136], Yoshifuji et al. [137, 138], Tanaka et al. 139].
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4.3.2.2 Connection of 2-Pyrrolidine III-53 and the Indole Part'?

Formation of C-N bond has raised of interest in the scientific community in the
last 10 years. In this context, the formation of enamides is a valuable protocol. In
addition to conventional approaches that include condensation of amides and
aldehydes, addition of amides to alkynes, acylation of imines, Curtius rearrange-
ment of o,f-unsaturated acyl azides, amide Peterson olefination, and Wittig and
Horner-Wadsworth-Emmons reactions, several transition metal-catalyzed methods
have been developed that allow the synthesis of enamides.'” Inspired by the
analogous arylation of amines catalyzed by palladium or copper complexes
(Buchwald-Hartwig reaction), a new approach for the synthesis of enamides has
been published recently, which allows to prepare enamides from readily available
starting materials (amides and vinyl halides) proceeding under very mild condi-
tions. Thus, we decided to test the Porco-Buchwald amidation of vinyl halides in
our synthesis [144—-146].

Although palladium'* and copper-catalyzed cross-coupling of amides and vinyl
halides are possible, copper catalysis appears to be the most spread. On the basis of
the precedents reported by Ogawa [150], Porco developed an efficient approach for
the assembly of enamides using Liebeskind catalyst, copper(I) thiophene car-
boxylate ([CuTC]), Cs,COj3 and disubtituted (E)-vinyl iodides in NMP or DMSO.
Using this protocol, a series of (E)-enamides could be prepared in moderate yields
under mild conditions (Scheme 4.29) [144, 145]15. Under these conditions, the
coupling of 2-pyrrolidine and (E)-1-iodohept-1-ene takes place in 99 % yield.

(o] (@]

e s SRS OUTCLCs00s I SR
R2 NMP, 90 °C ke
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 36-99% ...

(@]
Q [CuTC]=/S\
( NN CsHi1 cu©

Scheme 4.29 CuTC-catalyzed coupling of vinyl iodides and amides

Later, Buchwald reported a general procedure for the synthesis of enamides
under mild conditions that allows the use of substituted vinyl iodides and bromides
using Cul and DMEDA (Scheme 4.30) [146]. The coupling required Cs,COs5 in

12" In this part of the chapter, only the methodology that allowed the connection of both fragments
is discussed. All of the previous attempts are discussed in the 3.3.4 Annex.

13 Reviews about metal-catalyzed coupling reaction: Dehli et al. [142], Evano et al. [143].

14 Synthesis of enamides starting from 2-pyrrolidine and vinyl triflates: Wallace et al. [147],
Klapars et al. [148]. From vinyl chlorides: Hesse and Kirsch [149].

!> For the synthesis of N-acyl vinylogous carbamic acids and ureas see: Han et al. [151].
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THF at temperatures ranging from 50 to 70 °C using vinyl iodides, whereas vinyl
bromides required the use of K,COj; in toluene at 110 °C.

3 o R3 Cul, DMEMA o R3 !
: 4 KoCOs or Cs,CO. 4
:R‘JLNH + x)ﬁ/R 2SS, R1J\NJ\(R :
; Lo RS THF-toluene ||R2 RS
3 X=1,Br 50-110°C
1 62-95%
o 0
i N
S/ ( /N%/VOTBS
X =Br:93% X = Br:90%

Scheme 4.30 Cul/diamine-catalyzed synthesis of enamides

An interesting feature is that di- or trisubstituted vinyl bromides as well as (Z)-
vinyl iodides perform well under the reaction conditions. Lactams and oxazolid-
inones were shown to be equally efficient reaction partners.

A year later than Buchwald, Ma reported the coupling of vinyl iodides and
bromides with amides or oxazolidines using Cul in combination with N,N-dim-
ethylglycine and Cs,COj3 in dioxane at temperatures ranging from 45 to 80 °C
(Scheme 4.31) [152].

0 R3 Cul e} R3 !
3R1J\NH . X)\(RA N,N-dimethylglycine R‘JJ\NJ\(R“
k2 RS Cs,CO;, dioxane R RS
! X =1 Br 45-80 °C :
e 62-95%
O bt

X =1, E=H:85% X=1:78% X =1:70—-80%

X =1, E = CO, Me: 78%

Scheme 4.31 Cul/N,N-dimethylglycine-catalyzed synthesis of enamides

Lam reported an alternative to vinylhalides using (E)-hexenylboronic acids as a
room temperature vinylating agent [153]. However, this method lacks generality,
and only three examples of amide-like substrates were reported. One of the
potential problems with this route, compared to similar reactions of arylboronic
acids, is the lower stability of alkenylboronic acids, particularly under oxidative
conditions. An interesting alternative was found using of potassium alkenyltril-
fluoroborates, which allows the copper-catalyzed cross-coupling of amides and
oxazolidines under base free conditions at 40 °C [154].
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Encouraged by the previously reported results for the copper-catalyzed cou-
pling of amides and heteroaryl vinyl halides,'® we decided to study of the reaction
with the model lactam III-54 [159] and indolylvinyl iodide III-55 (R=H) and
II1-56 (R=OMe) (Scheme 4.32).

C
OQCOQMG + R N __[__l_Jl,. R

A\
H N N
Boc Boc
-54 R =H, llI-55 R =H,lI-57
R= OMe, llI-56 R= OMe, 111-58

Scheme 4.32 Synthetic model for the study of the copper-catalyzed cross-coupling reaction

Indolylvinyl iodides III-SS and III-S6 were synthesized using the Takai-
Utimoto olefination [160], starting from the corresponding aldehydes, in moderate
to high yields (Scheme 4.33). Unfortunately, when we tried this reaction cataly-
litic, only traces of the iodides were detected [161].

—

CHO
R\©f\g CHlg, CrCly R A
N THF,0°Ctort, 2h N
Boc R =H,65% Boc

R=0OMe,71% R=H,ZE=23:1.01-55
R= OMe, Z/E = 4.3:1.0 lll-56

Scheme 4.33 Synthesis of indolylvinyl iodides

With the indolyl vinyl iodides in hand, the next step was to study the copper-
catalyzed cross-coupling. When we exposed lactam III-54 and indolyl vinyl iodide
III-55 to the Ma conditions [152], no reaction was observed (Table 4.4, entry 1).
Nevertheless, enamides III-57 and III-58 were obtained in high yields using the
Buchwald conditions [146] (Table 4.4, entries 2 and 3). It is worth mentioning that
the E/Z ratio of the starting indolyl vinyl iodide is increased in the final enamides,
since the (Z)-vinyl iodide is less reactive.

16 Selected examples for the copper-catalyzed cross-coupling of lactam and heteroaryl vinyl
halides: Sun et al. [155], Meketa and Weinreb [156, 157], Yang et al. [158].
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Table 4.4 Study of the copper-catalyzed cross-coupling of lactam III-54 and indolylvinyl

iodides
o%j\
| N">co,Me
OINB‘COZMG + R \ CU|, L R \
N Cs,C0s3
N S,60°C, 13h N
Boc Boc
1-54 R = H, llI-55 (E/Z = 2.3:1.0) R = H, l-57 (E/Z = 5.6:1.0)
R= OMe, lll-56 (E/Z = 4.3:1.0) R= OMe, lll-58 (E/Z = 5.2:1.0)
Entry R L S Conv (%) Yield (%)
1 H 111-59 DMSO 0 -
2 H DMEDA THF 75 73
3 OMe DMEDA THF 100 82

Reactions carried out with 1 equiv of the iodide III-55 or III-56, 1.2 equiv of amide III-54,
10 mol % of Cul, 20 mol % of additive and 2 equiv of Cs,CO;3

Although a systematic screening of the metal, ligand, base and the solvent was
done, only selected conditions are shown in Table 4.5 using amide III-53. Unfor-
tunately, only traces of the desired enamide III-60 were detected when we applied
the Buchwald conditions [146] for the copper-catalyzed cross-coupling of more
complex lactam III-53 and indolyl vinyl iodide III-56 (Table 4.5, entry 1). Under
more forcing conditions, only decomposition of the iodide was observed (Table 4.5,
entry 2). The same result was achieved using the Porco conditions (Table 4.5,
entry 3) [144, 145], the modified version using diamine III-61 (Table 4.5, entry 4),17
and palladium as catalyst (Table 4.5, entry 5).

17 Optimizated conditions for the copper-catalyzed cross-coupling of protected maleimide
hemianals: Coleman and Liu [162].
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Table 4.5 Study of the metal-catalyzed cross-coupling of lactam ITI-53 and indolylvinyl iodide
II1-56

OTIPS
COgMe
OTIPS
I}\ [ IMLL_ MeO
N’ *COoMe > “base >
N N
111-53 111-56 Boc m-60 5°°

Entry [M] L Base S Cond. Yield (%)
1 Cul DMEDA Cs,CO;  THF 60 °C, 13 h 27%
2 Cul DMEDA Cs,CO;  THF MW, 110°C, 12h -
3 [CuTC] - Cs,CO; NMP 90 °C, 1d -
4 [CuTC] 1I-61 K5PO, Dioxane 90°C, 1d -
5 [Pd,(dba);] Xantphos Cs,CO;3 Dioxane 110 °C, 1d -

a Inseparable mixture, I-53/1-60 = 2:1

CLI e
Y, .

PPhy PPhy “NHMe

xantphos 1i-61

Presumably, the higher steric hindrance of lactam ITI-53 is responsible for the
sluggishness of this reaction. Although not fully explored to date, our main
hypothesis is that the side chain with TIPS appears to be blocking the attack
toward one face of the ester (Fig. 4.8).

Fig. 4.8 Optimized structure of lactam ITI-53 using MM2

4.3.2.3 Outlook

To succeed in the total synthesis of lundurines, the next step will be the formation of
a less sterically hindered lactam. The Moeller group has reported the synthesis of
spiro lactam III-62, which was synthesized starting from lactam III-61 by ozon-
olysis, reduction of the aldehyde, and finally lactonization (Scheme 4.34) [163].
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7
{ i) Og, MeOH X
OJ\:); co,r —ten Mes Oﬂz
H ii) Ho, PtO,, MeOH HO
111-61 iiiy KOH, MeOH 111-62
)
R’ = mentyl 76%

Scheme 4.34 Reported synthesis of spiro lactama III-62

The principal drawback of this approach is the generation of a 2:1 mixture of
diastereoisomeric lactams III-61, which were separated by MPLC. Lactams III-61
were isolated after the reaction of pyroglutamic acid with (+)-menthol, anodic
oxidation, and treatment of the correspondening methoxylethers amide with
allyltrimethylsilane and titanium tetrachloride (Scheme 4.35) [164, 165].

menthol ;
O[N>\COZH - s OI}‘COQR* M,
H

DCC/DMAP H n-Bu,PFg, MeOH
) CH,Cl,
R = mentyl 95% 4
/\/SiMe3
OMe : >
TiCl N -
o’q><cogR’ — OQ‘COZR

CH20|2
56% (2 steps) yi1.61 (R/S = 2:1)

T

H

Scheme 4.35 Synthesis of lactam III-61 [164, 165]

Based on this strategy, Scheme 4.36 shows the proposed approach for the
synthesis of the spiro lactama III-62, which will be synthesized by removal the
TIPS protecting-group and lactonization of alcohol III-63.

OTIPS OH
I)j < base }
______ : ...» O
0 N COMe 158 OZ N~ ~COMe ~~ > [Hi»
111-53 111-63 111-62

Scheme 4.36 Synthetic approach toward lactona-lactma III-61

This spiro lactam III-62 is characterized by less hindrance around the quater-
nary carbon (Fig. 4.9), which should allow the C-N coupling reaction to go to
completion.
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Fig. 4.9 Optimized structure of lactam III-62 using MM2

4.3.2.4 Annex: Other Methodologies Tested for the Connection
of 2-pyrrolidine III-53 and the Indole Part

In order to find the suitable methodology that allowed the connection of the lactam
and the indole moiety, several strategies were tested. In this annex, some of the
main methodologies are discussed and the more significant results highlighted.

Nucleophilic Substitution (Sy2)

Following the precedents reported for the alkylation of proline and pyroglutamic
derivatives [166], the nucleophilic substitution of 3-(2-bromoethyl)-1H-indole
derivatives with lactam III-53 was tried.

The alkylation of proline derivative III-64 with 3-(2-bromoethyl)-1H-indole in
23 % yield had been carried before (Scheme 4.37) [166], during which the
formation of spiro[cyclopropane-1,3’-indole] (III-66) was also observed. This
compound was previously obtained by Rapoport in the alkylation of 2,3-piperid-
iendicarboxylate with 3-(2-bromoethyl)-1H-indole [167].

/\OBn
//OBn COZMe
COZMe DMF 16 h, rt
26%
-64 III 65
@5
N
111-66

Scheme 4.37 Alkylation of proline derivative III-64 with 3-(2-bromoethyl)-1H-indole [166]

In the work of Rapoport [168], the use of NaHCO; led to a more efficient
alkylation. In this case, however, it only gave unchanged starting material.
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Moreover, the use of a N-Boc protected indole for the alkylation was also
ineffective.

When the same conditions were tested with (S)-methyl 5-oxopyrrolidine-2-
carboxylate (III-54) and 3-(2-bromoethyl)-1H-indole or tert-butyl 3-(2-bromo-
ethyl)-1H-indole-1-carboxylate (ITI-67) [168] (Scheme 4.38), the desired alkylated

product was not detected.
O:(j\
N

Br NaH COMe
O’\/_,\T)\C%Me ¥ b
N N DMF, 16 h, rt \
R N
I11-54 R=H R
R = Boc, lll-67

Scheme 4.38 Alkylation of lactam III-54 with different N-protected bromoindoles

The Rigo methodology [169] was also found to be unsuccessful for the
alkylation of (S)-methyl 5-oxo-1-(trimethylsilyl)pyrrolidine-2-carboxylate (III-68)
with 3-(2-bromoethyl)-1H-indole or 3-(2-((trimethylsilyl)oxy)ethyl)-1H-indole
(Scheme 4.39) [166]. Under these conditions, only (L)-methyl pyroglutamate was

formed.
E\ X 130 I}\
—_————
Ty et @fc Trficacidorl, O N COMe
N

S|iMe3 H
111-68 X =Br, OSiMe3

Scheme 4.39 Alkylation of pyroglutamate derivative III-68 with several electrophiles [166]
Given these unsuccessful alkylation attempts, we decided to examine the
methodology developed by Hwang and coworkers [170] in which 2-piperidone is

alkylated with 1-methyltryptophylbromide using sodium hydride under reflux
conditions (Scheme 4.40).

o}
Br NaH N
* N xylene, reflux, 13 h N
N (6] N N
H \
Me

v 70
Me 0%

Scheme 4.40 Alkylation of 2-piperidone [170]
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The reaction of (S)-methyl 5-oxopyrrolidine-2-carboxylate (III-54) with dif-
ferent 3-(2-bromoethyl)indole derivatives (PG=H, Boc, Me [171]) only provided a
complex mixture of products (Scheme 4.41).

°<

I—)\ Br NaH CO2Me
0=\~ ~COMe* N —
H N xylene, reflux

N
11I-54 PG PG = Boc, Me, H N
PG

Scheme 4.41 Alkylation of pyroglutamate III-54

In order to improve the nucleophilicity of the lactam, we decided to pre-form
the potassium salt of pyrrolidin-2-one III-69 [172]. Unfortunately, no alkylated
product was detected in the reaction of III-69 with N-Boc indole III-67 in DMF
(Scheme 4.42) [173]. When the reaction was carried of using toluene as the sol-
vent, only spiro[cyclopropane-1,3'-indole] (III-66) was detected. Futhermore,
spiro[cyclopropane-1,3’-indole] (III-66) was the only product observed in the
reaction of the potassium salt ITI-69 with 3-(2-bromoethyl)-1H-indole in toluene.

O
Br N
[) + N NaH Q
o N —_—H—
K N N
PG PG

DMF or toluene

-69 PG = Boc (Ill-67)
PG=H

Scheme 4.42 Sy\2 of the potassium salt III-69 with indolylbromides

Since the alkylated product was not detected in any of the examples, we
decided to change the halide agent. Therefore, we envisaged that lactam III-72
could be synthesized by alkylation of pyrrolidin-2-one (ITI-70) with halide III-71
(Scheme 4.43).

(0]
L) R =
base
v T
I-70 n-71 -72

Scheme 4.43 Strategy for the synthesis of lactam III-72



142 4 Approach Toward the Total Synthesis of Lundurines

Finally, lactam III-74 could react with o-iodoaniline III-73 [174], leading to
indole III-75 by the Larock indole synthesis (Scheme 4.44). [175, 176]

0 (N\’\l\o
MeO |
RO Ch [PaOASH]_ Me
NHBoc \/\TMS base A s

N
1n-73 11174 75 Bog

Scheme 4.44 Larock approach for the synthesis of indole derivative III-75

One of the precedents of this strategy was reported by Gaterhood and
Scammells, who published the synthesis of N,N'-disubstituted tryptamines III-76
and III-77 with 69 and 77 % yield (Scheme 4.45) [177].

OMe
OMe NR,
| [Pd(OAC)z], PPh3 AN
R-HN == —_— TMS
@i + R \/\TMS Et4NC|, 7Pr,NEt N

\

NHBoc DMF, 80 °C Boc

1I-76 (R = Me): 69%
-7 (R = Bn): 77%

Scheme 4.45 Synthesis of N, N'-disubstituted tryptamine derivatives

During the study of the nucleophilic substitution, when pyrrolidin-2-one (ITI-
70) was exposed to 4-(trimethylsilyl)but-3-yn-1-yl 4-methylbenzenesulfonate or
(4-iodobut-1-yn-1-yl)trimethylsilane and KH in THF [178, 179], no reaction was
observed (Table 4.6, entries 1 and 2). The same result was also obtained using (4-
iodobut-1-yn-1-yDtrimethylsilane and NaH in THF (Table 4.6, entry 3) [180].
Unfortunately, no nucleophilic subsitution was detected with 4-(iodobut-1-yn-1-
yDtrimethylsilane or 4-iodobut-1-yne and NaHMDS in DMF (Table 4.6, entries 4
and 5) [181]. In the case of 4-iodobut-1-yne[182] and KOH in THF [178-180,
183], or NaOH in biphasic conditions [184], only starting material was detected
(Table 4.6, entries 6 and 7).
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Table 4.6 Study of the alkylation reaction of pyrrolidin-2-one (III-70)

6]
oé@ . X%R&&NﬁR

I-70 n-71 -72
Entry X R Base S Cond. Conv. (%)
1 TsO T™S KH THF rt, 13 h 0
2 1 T™S KH THF rt, 13 h 0
3 1 TMS NaH THF rt, 13 h 0
4 1 T™S NaHMDS DMF BuyNI, 5 h 0
5 1 H NaHMDS DMF BuyNI, 5 h 0
6 1 H KOH THF BuyNBr, reflux, 13 h 0
7 1 H NaOH CH,Cl,/H,O BuyNHSO,, 1d 0

Synthesis of Enamides by Hydroamidation

The transition metal catalyzed addition of amides to alkynes provides a useful
approach to the preparation of enamides.'® In this context, Goofen and coworkers
have developed efficient ruthenium catalysts, which allow the anti-Markovnikov
addition of amide to terminal alkynes (Scheme 4.46) [187].

(0] (0]
R1J\N’H + =—R3 & R1JJ\N/\/R3+ R1JJ\N S

R? R? R2 RS

Scheme 4.46 Ruthenium-catalyzed anti-Markovnikov addition of amides to alkynes[187]

The Gooflen group has identified bis(2-methallyl)(cycloocta-1,5-diene)ruthe-
nium(II) [Ru(methallyl),(cod)] with n-Bus;P and DMAP as an efficient catalyst for
the selective formation of (E)-enamides [188]. For example, (E)-enamide III-78 is
obtained by the coupling of (S)-methyl 5-oxopyrrolidine-2-carboxylate (III-54)
and phenylacetylene in 96 % yield (Scheme 4.47).

o)
Oé\/j\ __, [Rulcod)metnallyl]
N COMe + = n-BugP, DMAP P XN
-54 toluene, 100 °C, 15 h -78 CO,Me

96% (6:1)

Scheme 4.47 Anti-Markovnikov addition of lactam III-54 to phenylacetylene [188]

'8 Pioneer examples of ruthenium complexes, which mediate the addion of certain amides to
terminal alkynes: Heider et al. [185], Kondo et al. [186].
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Recently, Gooflen has reported a new protocol that draws on easily available
ruthenium chloride trihydrate (RuCl;-3H,0) as a catalyst precursor instead of the
expensive [Ru(cod)(methallyl),] [189]. In this new protocol, the catalyst is gen-
erated in situ, affording comparable yields. Furthermore, in 2007 Kuninobu and
Takai reported the synthesis of (E)-enamide by rhenium-catalyzed hydroamination
of unactivated terminal alkynes [190]. However, this method proceeds with less
efficiency and lower reaction scope with respect to the ruthenium one.

For the preparation of alkynylindole derivatives III-81, we followed the syn-
thetic sequence shown in Scheme 4.48. Trimethylsilyl derivatives ITI-80 [191-193]
were obtained by Sonogashira cross-coupling of N-protected iodoindoles III-79
[194], and ethynyltrimethylsilane with high yield in all the cases. Then,
TMS-removal afforded the desired N—protected alkynylindole derivatives III-81.

| //
=—TMS
Coy
N [PdC|2 PPhg)], Cul N wet DMSO, rt N

R EtsN,70 °C R R
-79 111-80 1-81
R = Boc:96% R = Boc:80%
R = CO,Me: quant. R = CO,Me: 95%
R =Tos:83% R =Tos:89%

Scheme 4.48 Synthesis of alkynylindoles derivatives

Unfortunately, when lactam III-54 was allowed to react with N-Boc alkyny-
lindole ITI-81 using the Gooffen conditions with [Ru(cod)(methallyl),] (Table 4.7,
entry 1) or RuCl; (Table 4.7, entry 2), no enamide III-82Boc was detected.
Additionally, no formation of the desired product was observed when using
[Re>(CO)o] as a catalyst (Table 4.7, entry 3).

Table 4.7 Study of the addition of lactam III-54 to alkyne III-81Boc

=

Y N">co,Me

OJ\:)\COZMe + Q [M], additives
H

N toluene, 100 °C, 24 h l\\l
Boc Boc
111-54 111-81Boc 111-82Boc
Entry M] Additive Conv.
1 [Ru(cod)(methallyl),] n-BusP, DMAP 2
2 RuCl, n-BusP, DMAP, K,CO3 2
3 [Rex(CO) 0l - =

% <0 % conversion
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Furthermore, we decided to try an uncatalyzed method, where lactam III-54
reacts with alkynylindole III-81Boc using NaH in DMF [195]. As before, no
alkylated product was detected.

Finally, we tested the Gooflen conditions with the other N-protected alkyny-
lindole derivatives III-81 (R=CO,Me or Tos) (Scheme 4.49). Again, no traces of
the desired enamide product ITI-82 were detected, neither with N-CO,Me nor with
N-Tos alkynylindole III-81.

o
Vi N">co,Me
H
'\‘IR n-BusP, DMAP N
o R
11I-54 111-81 toluene, 100 °C, 24 h |j1-82
R= COzMe
R =Tos

Scheme 4.49 Study of the addition of lactam III-54 to alkynes III-81

Synthesis of Ynamides: Amidative Cross-Coupling of Terminal Alkynes

Ynamides can be easily synthesized by metal-catalyzed amidative cross-coupling
of alkynes (Scheme 4.50)."” Other alternatives employ lithiated amides with al-
kynyliodonium salts [196], or metal-catalyzed coupling of amides with alkynyl
bromides [196], potassium alkynyltrifluoroborates [197], 1,1-dihalo-1-alkenes
[198], or propylic acids [199].

R3

(0] (0]
2 o, R =
R™ONH + =—R° hase oxid. RN

R2 R?

Scheme 4.50 Copper-catalyzed amidative cross-coupling of alkynes

In 2008, the Stahl group published the first copper-catalyzed aerobic oxidative
amidation of terminal alkynes [200]. An extensive screening of various copper
sources, Brgnsted bases, and solvents led to the optimal conditions shown in
Scheme 4.51.

19 See general review: DeKorver et al. [196].
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0 o} RS
R1J\NH + =—R3 idi . A Z
. == pyridine, Na,COg3 RY "N
R? O,, toluene, 70 °C, 4 h R?
CUC|2
Cs,CO3

0,, DMSO, 70 °C, 4 h

Scheme 4.51 General conditions for the Stahl methodology

It was reported that a wide range of nitrogen nucleophiles (cyclic: 2-oxaza-
lidinone, carbamate, amide, urea, and indole; acyclic: N,O-dimethylcarbamate,
acetamide, and N,N'-dimethylurea) and alkynes (R3 = TIPS, n-Bu, (CH,);0TBS,
CH,OTBS, and p-MeOC¢H,) could be used, and in most cases the desired yna-
mides were isolated in good to excellent yields. Figure 4.10 highlights the most
relevant examples for the copper-catalyzed aerobic oxidative amidation of ter-
minal alkynes using 2-pyrrolidone derivatives.

2
/ /I
o@*oone + N CuCl Q
H N pyridine, Na,CO3 N
Boc O,, toluene, 70 °C, 4 h ‘Boc
-54 1I1-81Boc 11-83

CUC|2, CSgCO3, DMSO, 70 OC, 4 h

Scheme 4.52 Copper-catalyzed coupling of lactam III-54 and alkynylindole III-81Boc

Ynamide preparation via oxidative coupling of amides and alkynes represents
an efficient alternative to known multi-step methods, such as alkyne halogenation
or the synthesis of alkynyliodonium salts followed by C-N formation. The only
shortcoming of this system is that 5 equiv of the amide are necessary to achieve
satisfactory yields.

When we applied the Stahl conditions to the copper-catalyzed coupling of (S)-
methyl 5-oxopyrrolidine-2-carboxylate (III-54) and N-Boc ethynylindole derivate
II1-81Boc, only the Glaser-Hay product III-83 was isolated together with starting
material (Scheme 4.52). This result did not surprise us, since Stahl had reported the
same problem during the coupling of 2-pyrrolidone and phenylacetylene (Fig. 4.10).
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Fig. 4.10 Selected examples
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Since Stahl has reported a good yield (95 %) for the coupling of 2-pyrrolidine
and ethynyltriisopropylsilane (Fig. 4.10), we anticipated that the copper-catalyzed
coupling of lactam III-54 and ethynyltriisopropylsilane, followed by removing of
the TIPS, and Sonogashira cross-coupling with N-Boc 3-bromo indole would
allow the formation of the desired indolynamide III-84 (Scheme 4.53).

Scheme 4.53 Synthetic pathway to indolynamide I11-84

#  ‘coMe 2.[Pd], [Cu], EtsN

(0]
P N
"""" = Q\// CO.Me
I
Br
N
A Bocl 111-84
N
Boc

Unfortunately, the copper-catalyzed coupling of (S)-methyl 5-oxopyrrolidine-2-
carboxylate (III-54) and ethynyltriisopropylsilane was ineffective (Scheme 4.54).

0§<_NLCOZMe ;=

H
11I-54

o
CUC|2
TIPS N
pyridine, Na,COg3 /

O,, toluene, 70 °C, 4 h TIPS

CuCly, Cs,CO3, DMSO, 70 °C, 4 h

Scheme 4.54 Copper-catalyzed coupling of lactam III-54 and ethynyltriisopropylsilane

CO,Me
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Another plausible alternative is the metal-catalyzed coupling of amides with
alkynyl bromides or 1,1-dibromo-1-alkene [196]. Scheme 4.55 shows the more
significant reported results with 2-pyrrolidine derivatives.**'

PR P R P !
'R [M,L R :
. NH +Br————~Ph N———~Ph:
' base :
toluene
R [M] L base Yield (%)

Me CuSO4-5H,0  1,10-phen  Cs,CO4 58
H CUSO45H20 1,10-phen K3PO4 38
H FeCl3-6H,0O DMEDA K>CO3 57

B T o :
' r '
! Cul, DMEDA Ezf .
. NH + >*\ —— N—R:
:' Br R 032004 !
. dioxane )

R Yield (%)

Ph 80

p-MeOCgH, 66

tBu 34

Cy 43

Scheme 4.55 Selected results for the coupling of 2-pyrrolidine derivatives

Since the yields are between low and moderate with (bromoethynyl)benzene
and, in the case of 1,1-dibromo-1-alkene, a decreased in the yield is observed with
electron-donating groups on the phenyl ring, we anticipated a low conversion
when R = indole. Therefore, we decided to dismiss this approach at this point.

Synthesis of Enamides by Wittig Reaction

The Wittig reaction is a chemical reaction that allows the synthesis of an alkene by
the reaction of an aldehyde or a ketone with an ylide generated from a phos-
phosnium salt (Scheme 4.56). The geometry of the resulting alkene depends on the
reactivity of the ylide.

20 For alkynyl bromides: Zhang et al. [201], Yao et al. [202].
2! For 1,1-dibromo-1-alkene: Coste et al. 203].
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Scheme 4.56 Wittig reaction

The Wittig reaction can be modified to allow the synthesis of enamides. In
Scheme 4.57, the Wittig olefination of N-formyl imide precursor ITI-85 [204]
(pseudo-aldehyde) with a phosphonium ylide III-86 is shown. The N-formyl imide
III-85 can be synthesized from the parent lactam unit.

i 1

RN T AT -OHO * Prp o >

R2 R2 R2
111-85 111-86

Scheme 4.57 Imide olefination

In 2007, the group of Marquez reported the first synthesis of enamides through
the use of N-formyl imides. [204] These N-formyl imides behave as carbonyls due
to the presence of a second carbonyl unit, which effectively ties up the nitrogen
lone pair (Fig. 4.11).

Fig. 4.11 Delocalization of the N-lone pair of the imide

In Scheme 4.56, the most relevant results with cyclic N-formyl imides
are shown [204, 205]. Unfortunately, the scope of the phosphonium ylide is
not very broad, since good yields are only reported when R® = —CO,R’ or
—CH=CHCO,;Me (Scheme 4.58).
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Scheme 4.58 Most relevant results for the cyclic N-formyl imide olefination

Regarding the phosphonium ylide derivative III-86, there are three publications
of the Wittig olefination of carbonyl compounds with indolylmethyl phosphonium
ylide derivatives [206—208]. In Scheme 4.59, two examples are highlighted: the
reaction of fert-butyl 3-((bromotriphenylphosphoranyl)methyl)-1H-indole-1-car-
boxylate (III-87) with a ketone [206], and the reaction of 5-bromo-1-butyl-3-
((iodotriphenylphosphoranyl)methyl)-1H-indole (III-88) with an aldehyde [207].

TBSO
PPhgBr LN
1. tBUOK, THF, rt “Boc
N \
N Q N
Boc 2 E—LOTBS ;THF, 1-4h Boc
-87 N
Boc
64% (E/Z mixture) ~
N\_N
PPhy|
Br 1. +BUOK, THF, rt, 10 min =
N Br Br
N RS b
\ I N
Bu 2. NTCHO e in Bu
1-88

B
" 70% (52 mixture)

Scheme 4.59 Most relevant results of Wittig reaction using indolylmethyl phosphonium ylide
derivatives [205]
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The Wittig olefination of cyclic N-formyl imides and simple phosphonium ylide
derivatives is possible (Scheme 4.56). Furthermore, the reaction of carbonyl
compounds with indolylmethyl phosphonium ylide derivatives is also feasible
(Scheme 4.59). Therefore, we decided to test the Wittig olefination of N-formyl
imide ITI-89 with indolylmethylphosphonium bromide derivative III-87. At room
temperatute, using potassium z-butoxide to form the ylide in situ, no reaction was
detected (Scheme 4.60). The reaction was repeated under reflux, but the formation
of the olefin was not observed.

(N\/\I\O

PPhgBr _
1. tBUOK, THF, rt

2. O/A/D ,THF, 3h

oc CHO Boc
11-87 111-89

W EF
Z_

Scheme 4.60 Study of the Wittig reaction with N-formyl imide III-89 and ylide III-87

No improvement of the Wittig olefination was observed in changing the base to
n-BuLi, whether in THF or in benzene, at room temperature or at 80 °C
(Scheme 4.61).

(Nlo

PPhy Br , _
1. n-BuLi, THF or PhH, -78 °C

N \
N 2. OQ ,THF or PhH, -78°Ctort/80°C, 13 h N
Boc GCHO Boc
11-87 111-89

Scheme 4.61 Witting reaction of N-formyl imide III-89 and phosphinium bromide III-87
Synthesis of Enamides by Heck Reaction

The Mizoroki—Heck reaction is one of the most versatile methods for generating
new C-C bonds. Using palladium-based complexes, the reaction couples an
unsaturated center, often a vinyl or aryl group, to one end of an alkene C=C bond
(Scheme 4.62) [209]. Both inter- and intramolecular examples are known. This
methodology is more often called the Heck reaction, and has recently been rec-
ognized with the 2010 Nobel Prize in chemistry.
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Scheme 4.62 Mizoroki-Heck reaction

In general, the R' group can be aryl, vinyl, or any alkyl group without
B-hydrogens on a sp® carbon atom. The group X can be halide or pseudo-halide
(triflate, tosylate and mesilate). The alkene can be mono- or disubstituted and can
be electron-rich, -poor, or —neutral.

The mechanism for the Heck reaction is shown in Scheme 4.63. The first step
involves the oxidative addition of an aryl or vinyl halide, R'-X, to a palladium(0)
species. This species normally contains an auxiliary donor, L, where L is often a
phosphine. This may be preceded by a reduction of the metal if a palladium(II) salt
is employed initially. Thereafter, two different pathways are possible depending on
which group dissociates to provide a vacant coordination site for the incoming
alkene. If a neutral ligand (such as a phosphine) detaches and the halide is retained,
the active species immediately prior to the C—C coupling step is the neutral
complex III-90. Conversely, if the anionic ligand (such as a halide) dissociates, the
active species is the cationic complex II1-91.

A: neutral pathway

L-. L-.
. . -
R'-X L R R L R L R ~L X R2 B
, -
Q O opg A= P P — e
A U X 7 U )
/ 111-90 R(Z H2
-L base oL X
[ Pd Lo Pd
LU -base-HX “./ H
B ﬂx X
-l R prx LR L R L X
SoPd ——— 2 P& —= pd — | Pd R?
RI-X . U X U U \/\RZ U \_< ﬂ\
1-91 - R
o

B: ionic pathway

Scheme 4.63 Two competing pathways in the Heck reaction

The Heck reaction can give rise to two regioisomeric products. It is now
generally accepted that the regioselectivity issue exists due to the two competing
reaction pathways. The neutral pathway (Scheme 4.63, pathway A) yields the
p-alkene, whereas the ionic pathway (Scheme 4.63, pathway B) produces the
o-alkene [210]. In fact, a bidentate ligand would make the neutral pathway more
likely, whereas a monodentate ligand would encourage the ionic pathway.
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In general, when the Heck reaction proceeds with electron-deficient alkenes
such as acrylonitriles and acrylates, the linear ff-functionalized alkenes are formed.
In this case, the regioselectivity is controlled by electronic factors favoring the
neutral pathway. However, it has been reported very recently that it is possible to
break the regioselectivity for the acrylate insertion by destabilizing the transition
state of 2,1-insertion via steric interactions [211]. The regioselectivity of methyl
acrylate insertion into Pd-methyl and -phenyl bonds is inverted to yield the
opposite “regioirregular” olefin in stochiometric reactions.

The regioselectivity of the Heck reaction was considered less satisfactory with
electron-rich olefins, such as acyclic enol ethers and enamides, which usually
afforded a mixture of a- and f-functionalized alkenes. In 1978, Heck studied the
arylation of N-vinylpyrrolidine III-92, observing regioselectivity changes
depending on the substituent at the aryl bromide (Scheme 4.64) [212]. Thus, the
o-alkene was the only product isolated using electron-donating groups such as
dimethylamine.

[Pd(OACc)5] (1 mol%

) 0
Ob N (13 o0 I Ob
ArBr + - +
SN EtsN (1.3 equiv) \/(r N

neat or CH;CN
11-92 . o B
(1.0 equiv) (1.3 equiv) 100°C
Yield (%)
Ar L Time o B
Ph P(o-Tol) 8h 40 60
Ph P(2,5-i-Pr,CgH3)3 9.5h 44 55
p-Me,NCgH, P(o-Tol)s 2d 57% 0

[a] Isolated as p-(dimethylamino)acetophenone (hydrolized product)

Scheme 4.64 Vinylic substitution of N-vinylpyrrolidone ITI-92

At present, due to extensive research by the groups of Cabri, Hallberg, and
Larhed,”” the a-regioselectivity of the Heck reaction with electron-rich olefins can
be controlled. Therefore, the a-arylated alkene is favored by the correct choice of
the ligand and the leaving group of aryl substrate. For example, using:

1. Aryl or vinyl halides with stoichiometric amounts of silver and thallium salts.
2. Bidentate ligand with aryl pseudo-halides.

The use of silver and thallium salts, as halide scavengers, promotes the ionic
pathway (Scheme 4.61, pathway B). Similarly, the lability of the Pd—OTf bond
facilitates the formation of the cationic [Pd(alkene)]*> species III-91. More
recently, the Xiao group has reported the o-arylation of electron-rich alkenes with

22 General review about o-arylation of electron-rich olefins: Ruan and Xiao [213].
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aryl halides using alcohols (such as ethylene glycol) as solvents. This methodology
avoids the use of silver or thallium additives, or aryl pseudo-halides.

Favoring the f-regioselectivity of the Heck reaction with electron-rich alkenes
is not so simple. In 1988, Andersson and Hallberg observed that the type of halide
coordinating to the metal center had a profound influence on the regioselectivity,
chloride favoring the formation of the fi-alkene when using vinyl ethers [214, 215].
Scheme 4.65 shows the most relevant results in the literature toward the fS-reg-
ioselective arylation of vinyl ethers.

[Pd], Ligand A7 Ara
ArCl + Z 0n-Bu————» )\On-Bu+ > 0n-Bu
o B
[Pd] Ligand Ratio o/3
Fu: [Pds(dba)s] P(+-Bu)s 9:91
Studer:  [Pd(OAc),] HPAd, 26:74
Larhded: Herrmann’s pallacycle [t-BuzPH]BF, 2:98-35:65
Nacci: Pd nanoparticles - 20:80

Scheme 4.65 Examples of Heck arylation of enol ethers with aryl chlorides

In 2001, Fu reported the first arylation of n-butyl vinyl ether with p-chloro-
acetophenone using [Pd,(dba)z] and P(z-Bu); (Scheme 4.66). The reaction pro-
ceeded at room temperature, furnishing a high o/f selectivity of 9:91 [216].

[Pd(dba)s], P£Bus Ar
Z>0n- . > Ar
OnBu +  ArC Cy,NMe (1.1 equiv) n-BuO& * nBuO TN\
dioxane, rt, 33—-48 h o B

87%
Ar=p-CH3(CO)CeHs B = 9:91, E/Z = 5:1

Scheme 4.66 Heck coupling of aryl halides at room temperature

The key to their success was the application of a electron-rich and bulky P(+-Bu);
ligand, which promotes smooth oxidative addition of aryl chlorides.”>** These
conditions are also very efficient when using aryl bromides.

Studer reported the arylation of n-butyl vinyl ether with 4-chlorotoluene using
palladium diacetate or palladium dichloride with HPAd, (Ad = adamantyl) as a
ligand (Scheme 4.67) [219]. The reaction afforded o/f selectivity of 26:74.

23 General review about palladium-catalyzed coupling reactions of aryl chlorides: Littke and Fu
[217].
>+ First example of the Heck reaction using aryl chlorides and P(z-Bu); as ligand: Littke and Fu
[218].
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[Pd(OAC),] or PdCl,

~ons . HPAd, Ar N
-Bu + - > +

mBU + ARCl 2,C0, DMA, 140°C, 201 gio A T MBI N
Ar = p-MeCgH, 74% o B

(/P =26:74, E/Z = 3:1)

Scheme 4.67 Heck reaction of 4-chlorotoluene with HPAd, as a ligand

Later, the Chandrasekhar group reported high terminal regioselectivities with
n-butyl vinyl ether and aryl bromides carrying electron-withdrawing or -donating
groups using simple palladium diacetate without any ligand [220]. The key was the
use of poly(ethylene glycol) polymer PEG-2000, as solvent.

In 2006, Larhed applied microvawe heating to the arylation of vinyl ether with
various aryl chlorides using Herrmann’s palladacycle” and [r-BusPHIBF,,°
favoring the formation of the f-arylated alkenes in moderate yields [222]. A
regioselective tendency is observed in the selected results shown in Scheme 4.68,
where aryl chlorides with electron-withdrawing groups promote higher f-regi-
oselectivity, and the o/f ratio increases with electron-donating groups on the aryl
moiety. Similar results (o/f regioselectivities and yields) are obtained when the
solvent is changed to aqueous DMF.

Herrmann’s palladacycle
[BusPH]BF, Ar

Z>0nBu +  ArCl PUP, microwaves - g0 )\ + nBuO X AT

PEG-2000, 160 °C, 1 h o B

Ar Yield (%) ratio o/p

p-NO,CgHy 60 2:98

p-CF3CeHy 65 2:98 | .

p-CHOCeH, 62 2:98 070 p

p-AcCeHs 70 2:98 @E;Pdfov O:Pélj

o-Naphty! 60 8:92 s R T

Ph 59 7:93 R = o-Tol

p-CF3CeHy 52 17:83 Herrmann'’s palladacycle

0-CF5CgH, 54 18:82

p-MeOCgH, 46 22:78

Scheme 4.68 Heck coupling of n-butyl vinyl ether with aryl chlorides

25 Hermann’s palladacycle is characterized by a high termal stability, prermitting it to be used
with low cost, but poorly reactive, aryl chloride substrates. General review about application of
palladacyles in Heck type reactions: Herrmann et al. [221].

26 [(+-Bu3)PH]BF; is used as an air-stable preligand of P(z-Bu)s.
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In Scheme 4.69, the Heck arylation of vinyl pyrrolidine III-92 with phenyl
chloride is highlighted. Using the Lahred conditions, a mixture of «- and f-arylated
alkenes are formed with moderate yield (45 %) and regioselectivity.

Herrmann’s palladacycle (0]

0 (0]
PhCI + b (FBu,PHIBF: N + b
N MW, 60 min, 160 °C \/ o XN

Ph
n-92 45% (0UP = 25:75) o B

Scheme 4.69 Heck coupling of phenyl chloride and N-vinylpyrrolidone I11-92

Recently, the Xiao group has reported the Heck arylation of vinyl pyrrolidine
III-92 with 1-chloro-4-methoxybenzene (Scheme 4.70) [223]. Despite the use of a
bulky electron-rich monophosphine III-93, the o-arylated alkene is the major
product. Alternatevely, when a bidentate ligand is used under ionizing conditions,
the a-product can be exclusively obtained from ITI-92 [224-228].

[Pdy(dba)s] 0

ArCI Ob HI-93 7\13 b
Gl + — > +
N o pyrrodiline \I/ A XN
o2 4AMS DMA 140°C,4h Al
Ar = p-MeOCgH, 72% o (58%) B (42%)

U\Pt-Buz

N

'NI-93 = MeO l 5

Scheme 4.70 Heck coupling of 1-chloro-4-methoxybenzene and N-vinylpyrrolidone I11-92

Later, Cald and Nacci used Pd nanoparticles to catalyze the arylation with
4-chloroacetophone and chlorobenzene in ionic liquid [229]. An o/f selectivity of
20:80 was detected in both cases. Unfortunately a low yield (25 %) was obtained
with the unactivated chlorobenzene.

With all of these precedents, it was clear that controlling the f-regioselectivity
heteroarylation of N-vinyl pyrrolidine (ITI-92)*” would not be easy. Despite these
previous results, we decided to test the Heck reaction with different N-Boc

>’ The analogous N-vinyl pyrrolidine of lactam III-53 could be synthesized by palladium(II)-
catalyzed vinyl tranfer from vinyl ethers: Brice et al. [230].
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3-haloindoles. We started the study with N-Boc 3-iodo indole ITII-79Boc*® and N-
Boc 3-bromo indole IT1-94 [239] (Scheme 4.71).%

X N
A\ 0 [Pd], L
+ [ N\ ------- >

N \/?\13 base A\

Boc N
X =1 1II-79Boc -92 Boc
X = Br 11Il-94
X = CI 11-95

Scheme 4.71 General overview of the indol-functionalization of N-vinyl pyrrolidone

Starting with N-Boc iodo indole III-79Boc, only decomposition was observed
using [Pd(OAc),], [Pd,(dba);] or [Pd(PPh3),] as catalysts, without the addition of
any ligand (Scheme 4.72). It should be noted that it has been reported that the
presence of a ligand is not necessary when using aryl iodides [240].

o~

N
| —_—
0 [Pd]
N + b - A\
N N EtsN N
Boc 0 I
l-79Boc gz  CHaCN.50°C.14h o0 BoC

[Pd] = [Pd(OAc),], [Pdy(dba)s], [Pd(PPh),]
Scheme 4.72 Heck reaction of vinyl pyrrolidone III-92 and iodo indole III-79Boc
When we tested the Heck conditions [212] with iodo indole ITI-79Boc, only

complex mixture of product was observed and no traces of the desired enamide
II1-96 were present (Scheme 4.73). On the other hand, in the case of bromo indole

28 Complete f-regioselective Heck reaction has been reported using fert-butyl 3-iodo-1H-indole-
1-carboxylate (III-62Boc) with electron-poor alkenes: Yue and Larock [231], Yue et al. [232],
Putey et al. [233], Mitsudo et al. [234], Della Sala et al. [235].

2 Complete f-regioselective Heck reaction has been reported using ferr-butyl 3-bromo-1H-
indole-1-carboxylate (III-73) with electron-poor and -neutral alkenes: Busacca and Dong [236],
Omura et al. [237], Hussain et al. 238].
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II1-93, almost no reaction was observed. Furthermore, under the same conditions,
no improvement was achieved by changing the solvent to DMF.
o]

X N
@j\g Ob [Pd(OAC),], P(o-Tol)s —
+
N N EtsN

\

Boc CH4CN, 50-90 °C, 14 h-2 d

VN

0C
X=1,Br 11-92 111-96

Scheme 4.73 Heck conditions for the indol-functionalization of vinyl pyrrolidone I11-92

In the case of iodo indole III-79Boc, other ligands were tested such as [z-
Bu;sPH]BF,, PCy;, or NHC III-97 (Fig. 4.12), no reaction was detected in all the
examples. However, in the case of Dipp NHC III-97 in combination with Cs,COs,
a complex mixture of products was observed in a low conversion.

i-Pr _ i-Pr cr
N\?'\H

i-Pr i-Pr
111-97

Fig. 4.12 N-heterocyclic carbene IPr

Using the Fu conditions, no reaction was observed at room temperature, neither
with bromo indole III-94 nor chloro indole III-95 [216].However, in the case of
bromo indole III-94, the reaction was done at 80 °C and the «-enamide II1-98 was
formed in a 10 % yield. Alternatively, with N-Boc chloro indole III-95, a mixture
of a-enamide ITI-98 and fS-enamide I1I-96 was detected in a 7 and 16 % yield
(Scheme 4.74).

o
X N N
(0]
N [Pdy(dba)s], [t-BusPHIBF,
+ A\ + A\
N N Cy.NMe
Boc dioxane, 80 °C, 14 h N N
111-92 Boc Boc
111-96 111-98
X=Br - 10%
X=Cl 7% 16%

Scheme 4.74 Fu conditions for the indol-functionalization of vinyl pyrrolidine ITI-92
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No traces of the f-functionalized alkene III-96 were found when employing the
Lahred conditions with N-Boc iodo indole III-79Boc, bromo indole III-94 or
chloro indole ITI-95 (Scheme 4.75) [222]. Only complex mixtures were observed
with iodo indole III-79Boc and bromo indole ITI-94. In the case of chloro indole
II1-95, only starting material was recovered.

Herrmann’s palladacycle
(0) [t- Bu3PH]BF4
Yy s b
N N PM

\

Boc o
X =1, Br, Cl I11-92 PEG'ZOO’ 160°C, th 96 BOC

Herrmann’s palladacycle
[t'BUs PH]BF4

CyzNMe
DMF/H,0, 160 °C, 1 h

Scheme 4.75 Larhed conditions for the indol-functionalization of enamide II1-92

Finally, using the Chandrasekhar conditions [220] for the Heck reaction of
N-vinyl pyrrolidone III-92 and bromo indole IT1I-94 (Scheme 76), only a complex

mixture was isolated.
o~

N
[Pd(OAC)]
b A\
EtzN, PEG-2000, N
m-94 m-92 80°C, 12h Im-96 Boc

Scheme 4.76 Chandrasekhar conditions for the indol-functionalization of enamide IT1-92

In light of the fact that all the attempts to favor the formation of desired
f-enamide III-96 were unsatisfactory, we can conclude that,

e The oxidative addition with this type of N-Boc halide indole is very difficult,
since in most cases only starting material was detected.

e To favor the formation of the desired ff-enamide ITI-96 working with electron-
rich olefins and electron-rich halide is not a trivial issue, which would need more
optimization to be undertaken.
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4.4 Conclusions

In the first part of this chapter, we have optimized the synthetic sequence to obtain
alkynylindole III-29 from 2-(1H-indol-3-yl)acetonitrile or methyl 2-(1H-indol-3-
yl)acetate in 7 steps (Scheme 4.77). Furthermore, the azocino indole skeleton of
lundurine A III-30 has been readily synthesized using AuCl; or other gold com-
plexes as catalysts via 8-endo-dig cyclization of alkynylindole substrate III-29
(see Ref. [134] in Chap. 1). However, the intermolecular cyclopropanation of
indoloazocine III-35 was unsuccessful under all the tested conditions. Thus, we
have demonstrated that the intermolacular approach is viable for the total synthesis
of lundurines.

0
N
7 steps AUCIS
1508, \__~
CH,Cl, N
t, 24 h H
R = CN, COzMe -29 55% 1-30
0
N N7 “CO,Et
[(M]
= N 7 >
N \
C02Me 002 Me
1I-35 R = CO,Et

Scheme 4.77 Intermolecular approach toward the total synthesis of lundurines

In the second part of the chapter, the intramolecular approach has been
reviewed. After several trials, we have found the adequate methodology to join the
lactam and the indole part, which will allow the synthesis of an advance inter-
mediate [146]. However, using enantiomerically pure lactam III-53 and the ind-
olylvinyl iodide III-56, the desired alkenylindole III-60 was only obtained in a
very low yield (Scheme 4.78). We believe that this is mainly due to the high steric
hindrance around the quaternary center of the lactam ITI-53.
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Scheme 4.78 Copper-catalyzed coupling of lactam III-53 and alkenylindole III-60

Thus, the next step will involve the formation of a less bulky lactone-lactam
III-62 in order to decrease steric hindrance and allow the formation of the new
alkenylindole ITI-99 (Scheme 4.79). If this is accomplished, further functionali-
zation will enable the intramolecular cyclopropanation to produce lundurine A. If
the intramolecular cyclopropanation occurs at the undesired side of the indole, the
required enantiomer of lundurine A will be obtained from the opposite enantiomer
of proline. Reduction of the amide group in this molecule would lead to the
formation of the other members of this family of natural products.

|
— — O
SN Meo Cul, DMEDA | MeO
(6] ” d - Cs,COg3,THF N
4 N

11I-62 -56 °°° nn-ge BoC

Z o

Scheme 4.79 Copper-catalyzed coupling of lactam III-62 and alkenylindole III-60

In a similar way, the preparation of pericidine (III-100), pericine (III-101) and
subincanadine D (III-102) (Fig. 4.13) will be also accessible using the gold(I)-
catalyzed intramolecular reaction of indoles with alkynes.

N
\ =
N OH
H
111-100 l-101 11-102

Fig. 4.13 Structure of pericidine, pericine and subincanidine D
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4.5 Experimental Section
4.5.1 General Methods

All reactions were carried out under Ar in solvents dried using a Solvent Purifi-
cation System (SPS). Extractive workup refers to portioning of the crude reaction
between an organic solvent and water, phase separation, drying (Na,SO4 or
MgSO,), and evaporation under reduced pressure.

Thin layer chromatography was carried out using TLC-aluminum sheets with
0.2 mm of silica gel (Merk GF,34). Chromatography purifications were carried out
using flash grade silica gel (SDS Chromatogel 60 ACC, 40-60 pm). HPLC
chromatography was performed on an Agilent Technologies Series 1100 chro-
matograph with UV detector.

NMR spectra were recorded at 23 °C on a Bruker Avance 400 Ultrashield
apparatus.

Mass spectra were recorded on Waters LCT Premier (ESI) and Waters GCT
(EL CI) spectrometers. Elemental analyses were performed on a LECO CHNS 932
micro-analyzer at the Universidad Complutense de Madrid. Melting points were
determined using a Biichi melting point apparatus. Optical rotations were recorded
on a P-1030 polarimeter from Jasco at the sodium D line.

4.5.2 Preparation of Substrates

Catalyst phosphine gold(I) 6, IMes gold(I) 15 (see Refs. [43, 44] in Chap. 1),
phosphite gold(I) 20 (see Ref. [42] in Chap. 1), open carbene gold(I) 21 (see Ref.
[49-53] in Chap. 1), gold(IIl) 22 (see Ref. [61, 62] in Chap. 1), platinacycle 24
(see Ref. [29] in Chap. 1), NHC copper(I) 25-29 [112], and copper(I) 30 [113]
were synthesized according to reported procedure

Compound fert-butyl 3-(2-methoxy-2-oxoethyl)-1H-indole- 1-carboxylate (III-23a)
[89], tert-butyl 3-formyl-5-methoxy-1H-indole-1-carboxylate [241], (3R,7aS)-3-
(trichloromethyl)-tetrahydropyrrolo[1,2-c]oxazol-1(3H)-one (III-43) [118], (3R,
7aR)-T7a-allyl-3-(trichloromethyl)-tetrahydropyrrolo[ 1,2-c]oxazol-1(3H)-one (III-
45) [121], (3R,7a8)-3-(tert-butyl)dihydro-pyrrolo[1,2-c]oxazole-1,5(3H,6H)-dione
(III-46a)  [125], (3R,7aS)-3-(trichloromethyl)-dihydropyrrolo[1,2-c]oxazole-
1,5(3H,6H)-dione (III-46b) [122], (R)-methyl 2-allylpyrrolidine-2-carboxylate
(II1-47) [121], (S)-methyl 5-oxopyrrolidine-2-carboxylate (III-54) [159], 3-(2-
bromoethyl)-1-methyl-1H-indole [171], potassium salt of the pyrrolidin-2-one
II1-69 [172], (4-iodobut-1-yn-1-yl)trimethylsilane [242], 4-iodobut-1-yne [182],
tert-butyl 3-iodo-1H-indole-1-carboxylate III-79Boc [194],1-tosyl-3-((trimethyl-
silyl)ethynyl)-1H-indole (III-80Tos) [193], tert-butyl 3-((bromotriphenylphospho-
ranyl)methyl)-1H-indole-1-carboxylate (III-87) [206], N-formyl imide ITI-89 [204],


http://dx.doi.org/10.1007/978-3-319-00702-1_1
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tert-butyl 3-bromo-1H-indole-1-carboxylate (III-94) [239], were synthesized
according to reported procedures.

The 5 M Zn(BH,), solution in Et,O[132, 133] was synthesized according to
reported procedure.

tert-Butyl 3-(cyanomethyl)-1H-indole-1-carboxylate (III-23b)

CN

A\
N
Boc

Et;N (20.85 mL, 3.74 mmol, 2 equiv) was added to a mixture of 3-indole-
acetonitrile (11.68 g, 74.80 mmol, 1 equiv), Boc,O (17.14 g, 79.00 mmol, 1.05
equiv) and DMAP (457 mg, 3.74 mmol, 5 mol %) in CH,Cl, (250 mL). The
reaction was stirred at room temperature for 2 h, and then it was diluted with
CH,Cl,. The organic phase was washed with 10 % HCI solution, brine and dried
over Na,SO,4. After removing of the solvent, the residue was purified by column
chromatography (10:1 hexane/EtOAc) to give 18.39 g of III-23b as a white solid
(96 %). mp = 90.4-92.6 °C. 'H NMR (400 MHz, CDCl;) ¢ 8.17 (br d,
J = 8,1 Hz, 1H), 7.64 (s, 1H), 7.52 (d, J = 7.7 Hz, 1H), 7.38 (t, / = 7.8 Hz, 1H),
7.29 (t, J = 7.2 Hz, 1H), 3.77 (d, J = 1.6 Hz, 2H), 1.67 (s, 9H); '’C NMR
(100 MHz, CDCl;, DEPT) 6 149.3 (C), 135.58 (C), 128.5 (C), 125.2 (CH), 124.3
(CH), 123.0 (CH), 118.2 (CH), 117.1 (C), 115.6 (CH), 109.5 (C), 84.3 (C), 28.2
(CH3, 3C), 14.3 (CH,). HRMS-ESI m/z calcd for C;sH;sN,O,Na [M + Na]*
279.1109, found 279.111

tert-Butyl 3-(2-oxoethyl)-1H-indole-1-carboxylate (I11-24)

(o]

H
N\
N

Boc

Procedure A:[243] DIBAL-H (1 M solution in CH,Cl», 49.1 mL, 49.10 mmol,
2 equiv) was added to a solution of tert-butyl 3-(2-methoxy-2-oxoethyl)-1H-
indole-1-carboxylate (III-23a) (7.10 g, 24.54 mmol, 1 equiv) in CH,Cl, (300 mL)
at —78 °C. The solution was stirred for 1.5 h at this temperature and was then
quenched with MeOH at —78 °C. Next, the solution was allowed to warm to room
temperature for 2 h. The mixture was then diluted with EtOAc and washed with a
Na/K tartrate saturated solution, the organic layer was dried over MgSQOy, and the
solvent evaporated under reduced pressure. The residue was purified by chroma-
tography (10:1, hexane—EtOAc) to give 2.20 g of I1I-24 as a yellow oil (37 %).
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Procedure B: DIBAL-H (1 M solution in toluene 11.46 mL, 11.46 mmol, 1.5
equiv) was added to a solution of terr-butyl 3-(cyanomethyl)-1H-indole-1-car-
boxylate (III-23b) (1.96 g, 7.64 mmol, 1 equiv) in CH,Cl, (76 mL) at —78 °C
over 30 min. The solution was stirred for 30 min at this temperature and, then
quenched with EtOH (1.5 ml) at —78 °C, and allowed to warm up to room tem-
perature. The reaction was treated with sat. NH4Cl solution (30 ml) and 3 M
H,SO, solution (100 ml). The aqueous phase was washed with CH,Cl,, the
organic layer dried over MgSO,, and the solvent was evaporated under reduced
pressure to produce aldehyde ITI-24 as a yellow oil, which was used immediately
without further purification.

"H NMR (400 MHz, CDCl5) 6 9.78 (t, J = 2.3 Hz, 1H), 8.16 (br d, J = 8.6 Hz,
1H), 7.57 (s, 1H), 7.45 (d, J = 7.8 Hz, 1H), 7.35 (td, J = 7.2, 1.2 Hz, 1H), 7.26
(td, J = 7.6, 1.0 Hz, 1H), 3.76 (dd, J = 2.1, 1.0 Hz, 2H), 1.67 (s, 9H); '°C NMR
(100 MHz, CDCl;, DEPT) 6 198.5 (CH), 149.5 (C), 135.5 (C), 130.1 (C), 124.8
(CH), 124.8 (CH), 122.8 (CH), 118.7 (CH), 115.4 (CH), 110.9 (C), 83.9 (C), 40.0
(CH,), 28.2 (CH;, 3C). HRMS-ESI m/z caled for C;gH;NO4Na
[M + MeOH + Na]* 314.1368, found, 314.1369.

(S)-tert-Butyl  3-(2-(2-(Methoxycarbonyl)-5-oxopyrrolidin-1-yl)ethyl)-1H-

indole-1-carboxylate (III-25)
(0] ﬂ
N

CO,Me
A\
N
Boc

Et;N (0.798 mL, 5.73 mmol, 1.5 equiv) was added to a solution of crude
aldehyde I11-24 (3.82 mmol, 1 equiv) and (L)-glutamic acid methyl ester hydro-
chloride (889 mg, 4.20 mmol, 1.02 equiv) in CH,Cl, (39 mL). After 15 min tri-
acetoxyborohydride (1.21 g, 5.73 mmol, 1.5 equiv) was added. The mixture was
stirred at room temperature for 12 h. Ther reaction mixture was diluted with
EtOAc, washed 3 times with sat. NaHCOs;, and brine. After the evaporation of the
solvent, it was purified by chromatography (1:1 to 1:2, hexane/EtOAc) to give
1.14 g of ester III-25 as a yellow oil (39 % over 2 steps). '"H NMR (400 MHz,
CDCl3) 6 8.20 (brd, J = 7.5 Hz, 1H), 7.54 (d, J = 7.7 Hz, 1H), 7.41 (s, 1H), 7.31
(td, J =74, 1.2 Hz, 1H), 7.24 (td, J = 7.3, 1.0 Hz, 1H), 4.08 (dd, J = 9.0,
3.1 Hz, 1H), 4.00 (ddd, J = 13.9, 9.0, 5.6 Hz, 1H), 3.73 (s, 3H), 3.24 (ddd,
J =139, 8.6, 6.7 Hz, 1H), 3.00 (dddd, J = 14.5, 9.0, 6.6, 0.8 Hz, 1H), 2.87
(dddd, J = 14.5, 8.7, 5.8, 0.9 Hz, 1H), 2.51 (ddd, J = 16.8, 9.3, 9.2 Hz, 1H), 2.36
(ddd, J = 16.7, 9.6, 3.8 Hz, 1H), 2.26-2.16 (m, 1H), 2.08-2.01 (m, 1H), 1.66 (s,
9H); '*C NMR (100 MHz, CDCl;, DEPT) § 175.3 (C), 172.5 (C), 149.7 (C), 135.5
(C), 130.3 (C), 124.5 (CH), 123.0 (CH), 122.5 (CH), 118.8 (CH), 117.5 (C), 115.3
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(CH), 83.6 (C), 60.2 (CH), 52.5 (CH3), 42.1 (CH,), 29.5 (CH,), 28.2 (CHg;, 3C),
23.1 (CH;, 2C). HRMS-ESI m/z caled for CoHy6N,OsNa [M + Na]™ 409.1739,
found 409.1741. [o]p = -6.61 (c = 1.16, CHCly).

(S)-tert-Butyl  3-(2-(2-(Methoxycarbonyl)-5-oxopyrrolidin-1-yl)ethyl)-1H-

indole-1-carboxylate (II1-26)
Oﬂ
N OH

A\
N
Boc

Procedure A: Lithium borohydride (198 mg, 8.19 mmol, 4 equiv) was added to
a solution of ester III-25 (1710 mg, 2.05 mmol, 1 equiv) in a mixture of THF
(27 mL) and Et,O (21 mL) at O °C. The reaction was allowed to warm up to room
temperature and was left to stir for 16 h. Then, an appropriate amount of water
necessary to react with LiBH, were added, as was MgSO,4-7H,0. The mixture was
stirred until the evolution of gas ceased, was then filtered through a path of Celite.
After the evaporation of the solvent, alcohol III-26 was obtained as a colourless
oil.

Procedure B:[243] Sodium borohydride (447 mg, 11.34 mmol, 4 equiv) was
added to a solution of ester III-25 (1.10 g, 2.83 mmol, 1 equiv) and calcium
chloride (649 mg, 5.67 mmol, 2 equiv) in a mixture of THF (38 mL) and Et,0O
(28 mL) at 0 °C. The reaction was allowed to warm up to room temperature and
was left to stir for 1 day. Then, an appropriate amount of water necessary to react
with the NaBH, were added and as was MgSO,4-7H,0. The mixture was stirred
until the evolution of gas ceased, and was then filtered through a path of Celite.
After the evaporation of the solvent, ITI-26 was obtained as a colourless oil.

'"H NMR (400 MHz, CDCl3) 6 8.12 (br d, J = 7.8 Hz, 1H), 7.58 (d,
J =17.5Hz, 1H), 7.42 (s, 1H), 7.31 (td, J = 7.8, 1.1 Hz, 1H), 7.23 (td, J = 7.2,
0.9 Hz, 1H), 3.91 (ddd, J = 13.8, 9.2, 5.8 Hz, 1H), 3.77-3.73 (m, 1H), 3.62-3.55
(m, 2H), 3.36 (ddd, J = 13.8, 9.0, 6.2 Hz, 1H), 3.03 (ddd, J = 14.3, 9.1, 6.1 Hz,
1H), 2.90 (ddd, J = 14.3, 8.9, 5.9 Hz, 1H), 2.45 (ddd, J = 17.0, 9.9, 7.3 Hz, 1H),
2.33 (ddd, J = 17.0, 10.1, 5.3 Hz, 1H), 2.08-1.98 (m, 1H), 1.91-1.83 (m, 1H),
1.66 (s, 9H); '*C NMR (100 MHz, CDCls, DEPT) 6 176.0 (C), 149.7 (C), 135.5
(C), 130.4 (C), 124.5 (CH), 123.1 (CH), 122.5 (CH), 118.9 (CH), 117.7 (C), 115.3
(CH), 83.6 (C), 63.5 (CH,), 59.6 (CH), 41.3 (CH,), 30.4 (CH,), 28.2 (CH3;, 30),
23.3 (CHy), 21.3 (CH,). HRMS-ESI m/z calcd for CooHpeN,O4Na [M + Na]*
381.1790, found 381.1773. [a]p = 13.40 (c = 1.03, CHCI5).
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(S)-tert-Butyl 3-(2-(2-Formyl-5-oxopyrrolidin-1-yl)ethyl)-1H-indole-1-car-

boxylate (I11-27)
(0]
N (0]

H
A\
N
Boc

Dess-Martin periodinane (1.00 g, 2.35 mmol, 1.1 equiv) was added to a solu-
tion of alcohol III-26 (0.77 g, 2.14 mmol, 1 equiv) in CH,Cl, (24 mL). The
reaction mixture was stirred at room temperature for 20 min, and then saturated
aqueous Na,S,03; was added slowly. The aqueous layer was extracted with
CH,Cl,, and the combined organic phases were washed with saturated aqueous
NaHCO; and brine. The organic layer was dried over Na,SO,, filtered, and con-
centrated in vacuum to produce aldehyde III-27 as a yellow oil, which was used
immediately without further purification. '"H NMR (400 MHz, CDCl5) 6 9.50 (d,
J =23 Hz, 1H), 8.12 (br d, J = 7.8 Hz, 1H), 7.53 (d, J/ = 7.7 Hz, 1H), 7.41 (s,
1H), 7.31 (td, J = 7.8, 1.1 Hz, 1H), 7.24 (td, J = 7.6, 1.0 Hz, 1H), 4.01-3.94 (m,
2H), 3.34 (ddd, J = 13.9, 8.5, 7.0 Hz, 1H), 3.01 (ddd, J = 14.4, 8.9, 6.8 Hz, 1H),
2.88 (dddd, J = 14.5, 8.5, 5.8, 0.8 Hz, 1H), 2.44-2.40 (m, 2H), 2.22-2.11 (m, 1H),
2.05-1.97 (m, 1H), 1.66 (s, 9H); >*C NMR (100 MHz, CDCl;, DEPT)  198.6
(CH), 175.3 (C), 149.6 (C), 136.1 (C), 135.5 (C), 124.6 (CH), 123.2 (CH), 122.6
(CH), 118.8 (CH), 117.2 (C), 115.3 (CH), 83.7 (C), 66.1 (CH), 42.6 (CH,), 29.3
(CH,), 28.2 (CH3, 3C), 23.3 (CH,), 19.4 (CH,).

(S)-tert-Butyl 3-(2-(2-Ethynyl-5-oxopyrrolidin-1-yl)ethyl)-1H-indole-1-car-

boxylate (I11-28)
oz(j\
N \\

A\

N
Boc

Potassium carbonate (614 mg, 4.44 mmol, 2.1 equiv) was added to a stirring
solution of aldehyde III-27 (765 mg, 2.15 mmol, 1 equiv) and dimethyldiazo-2-
oxopropylphosphonate (495 mg, 2.58 mmol, 1.2 equiv) in MeOH (12 mL). The
resulting solution was stirred for 12 h and was then quenched with water (0.34 ml)
and extracted with CH,Cl,. The combined organic phases were washed with sat.
NaHCO; solution and brine. The organic layer was dried over Na,SO,, filtered,
and concentrated to produce 25 mg of the alkyne III-28 as a brown oil, which was
used without further purification (36 %). '"H NMR (400 MHz, CDCl3) 6 8.13 (br d,
J = 8.0 Hz, 1H), 7.59 (d, J = 7.5 Hz, 1H), 7.44 (s, 1H), 7.31 (td, J/ = 7.6, 1.3 Hz,
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1H), 7.24 (td, J = 7.2, 1.0 Hz, 1H), 4.25 (ddd, J = 7.4, 5.1, 2.2 Hz, 1H), 3.93
(ddd, J = 13.8, 9.3, 5.9 Hz, 1H), 3.46 (ddd, J = 13.6, 9.1, 6.2 Hz, 1H), 3.06-2.90
(m, 2H), 2.56-2.48 (m, 1H), 2.41 (d, J = 2.2 Hz, 1H), 2.40-2.24 (m, 2H),
2.12-2.04 (m, 1H), 1.66 (s, 9H);."*C NMR (100 MHz, CDCl;, DEPT) § 174.2 (C),
149.7 (C), 135.5 (C), 130.4 (C), 124.5 (CH), 123.1 (CH), 122.5 (CH), 118.9 (CH),
117.5 (C), 115.3 (CH), 83.5 (C), 81.6 (CH), 73.5 (C), 49.5 (CH), 41.1 (CH,), 29.9
(CH,), 28.2 (CHs, 3C), 26.3 (CH,), 23.1 (CH,). HRMS-ESI m/z calcd for
C,1H,4N,03Na [M + Na]* 375.1685, found 375.1686.
(S)-1-(2-(1H-Indol-3-yl)ethyl)-5-ethynylpyrrolidin-2-one (III-29)

o%j\
N

A\
N
H

A solution of ITI-28 (626 mg, 1.78 mmol, 1 equiv) in TFA/CH,Cl, (18/5 mL)
was stirred at room temperature for 10 min. Then, the solvent was evaporated and
the residue was diluted in EtOAc and washed with NaHCOs3. The aqueous phase
was extracted with EtOAc several times, and then the solvent was evaporated.
After, purification by column chromotography (from 2:1 to 1:1 c-hexane/EtOAc),
243 mg of compound III-29 was obtained as a colourless oil (23 % over 4 steps).
"H NMR (400 MHz, CDCls) § 8.06 (br s, 1H), 7.65 (d, J = 7.8 Hz, 1H), 7.35 (d,
J = 7.8 Hz, 1H), 7.19 (t, J = 7.6 Hz, 1H), 7.12 (t, J = 7.4 Hz, 1H), 7.08 (s, 1H),
4.19 (ddd, J = 17.6, 5.1, 2.1 Hz, 1H), 4.05-3.98 (m, 1H), 3.48-3.41 (m, 1H),
3.12-2.99 (m, 2H), 2.51 (ddd, J = 16.6, 9.6, 6.6 Hz, 1H), 2.40 (d, J = 2.2 Hz,
1H), 2.33 (ddd, J = 16.4,9.2, 6.3 Hz, 1H), 2.27-2.17 (m, 1H), 2.09-2.01 (m, 1H);
3C NMR (100 MHz, CDCl;, DEPT) § 174.3 (C), 136.2 (C), 127.5 (C), 122.1
(CH), 121.8 (CH), 119.4 (CH), 118.7 (CH), 112.9 (C), 111.2 (CH), 81.6 (C), 73.4
(CH), 49.3 (CH), 41.4 (CH,), 30.0 (CH,), 26.2 (CH,), 23.1 (CH,). HRMS-ESI m/z
caled for C ¢H;¢N,ONa [M + Na]* 275.1160, found: 275.1168. [a]p = —20.22
(c = 0.93, CHCly).

Tetracyclic Compound I11-30

N~
N
H
AuCl; (3 mg, 0.008 mmol, 5 mol %) was added to a solution of ITI-29 (45 mg,

0.18 mmol, 1 equiv) in CH,Cl, (2 mL). The mixture was stirred at room tem-
perature for 16 h. The residue was purified by chromatography (1:2 hexane—
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EtOAc) to give 25 mg of tetracyclic compound III-30 (55 %). 'H NMR
(400 MHz, CDCl3) 6 7.83 (br s, 1H), 7.50 (d, J = 7.9 Hz, 1H), 7.29 (d,
J = 8.1 Hz, 1H), 7.20 (t, J = 8.1 Hz, 1H), 7.12 (t, J = 7.5 Hz, 1H), 6.68 (d,

J =10.9 Hz, 1H), 5.65 (dd, J = 10.7, 7.1 Hz, 1H), 4.52-4.47 (m, 1H), 3.90
(dt, J = 14.0, 4.6 Hz, 1H), 3.83-3.76 (m, 1H), 3.09 (dd, J = 5.9, 4.8 Hz, 2H),
2.50 (ddd, J = 16.3, 9.2, 6.6 Hz, 1H), 2.42-2.24 (m, 2H), 1.90-1.82 (m, 1H); "°C
NMR (100 MHz, CDCls, DEPT) 6 174.1 (C), 136.1 (C), 131.1 (CH), 129.7 (C),
128.6 (C), 124.6 (CH), 123.1 (CH), 119.8 (CH), 118.6 (CH), 113.6 (C), 110.6
(CH), 56.7 (CH), 37.8 (CH,), 30.4 (CH,), 29.7 (CH,), 26.3 (CH,). HRMS-ESI m/z
caled for C;¢H;(N,ONa [M + Na]* 275.1160, found 275.1164. [o]p = 478.5
(c = 0.46, CHCl5).

(S)-1-(2-(1H-indol-3-yl)ethyl)-5-(1-chlorovinyl)pyrrolidin-2-one (III-31)

o}
N Cl

A\

N
H

"H NMR (400 MHz, CDCl;) ¢ 8.07 (br s, 1H), 7.61 (d, J = 7.9 Hz, 1H), 7.39
(d,J = 8.1 Hz, 1H), 7.22 (td, J = 7.9, 0.8 Hz, 1H), 7.14 (td, J = 7.7, 0.7 Hz, 1H),
7.07 (d, J = 2.0 Hz, 1H), 533 (d, J = 1.5 Hz, 1H), 5.18 (d, J = 1.5 Hz, 1H),
4.07-3.96 (m, 2H), 3.18-2.95 (m, 3H), 2.55 (ddd, J = 17.3, 10.1, 7.6 Hz, 1H),
2.35 (ddd, J = 17.0, 10.1, 5.2 Hz, 1H), 2.12-1.93 (m, 2H); "*C NMR (100 MHz,
CDCl;, DEPT) 6 174.4 (C), 142.0 (C), 136.4 (C), 127.7 (C), 122.3 (CH), 122.0
(CH), 119.6 (CH), 118.9 (CH), 115.5 (CH,), 113.3 (C), 111.3 (CH), 64.2 (CH),
53.6 (CH), 41.6 (CH,), 30.2 (CH,), 26.4 (CH,), 23.3 (CH,). LRMS m/z [M]* 287.
HRMS-ESI m/z caled for C;¢H;7N,O3sCINa [M + Na]* 311.0927, found
311.0919.

Tetracyclic Compound ITI-32[166]

A\

N
H

A mixture of III-30 and III-32 was separated by HPLC chromatography using a
NH, column (95:5 hexane/ethanol), flow = 1.5 mL/min, 4 = 254 nm. Retention
times: 14.24 min, compound III-30; 16.35 min, compound III-32. 'H NMR
(400 MHz, CDCl3) 6 7.87 (br s, 1H), 7.49 (d, J = 8.0 Hz, 1H), 7.31 (d,
J =8.2Hz, 1H), 7.22 (t, J = 7.5 Hz, 1H), 7.11 (t, J = 7.6 Hz, 1H), 5.38 (s, 1H),
5.32 (s, 1H), 4.68 (d, J = 7.7 Hz, 1H), 4.20-4.15 (m, 1H), 3.43-3.30 (m, 2H),
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2.94-2.89 (m, 1H), 2.47-2.24 (m, 3H), 1.92-1.81 (m, 1H). ">*C NMR (400 MHz,
CDCl;; DEPT) ¢ 174.3 (C), 160.9 (C), 142.2 (C), 135.8 (C), 128.8 (C), 123.3
(CH), 119.9 (CH), 119.1 (CH,), 113.2 (C), 112.8 (CH), 110.5 (CH), 65.1 (CH),
39.8 (CHy), 30.9 (CH,), 27.9 (CH,), 25.1 (CH,). HRMS-ESI m/z caled for
C16H¢N,ONa [M + Na]* 275.1160, found 275.1156

Tetracylic Compound III-35

o)
N
A\
N
CO,Me

Procedure A: Compound III-30 (36 mg, 0.14 mmol, 1 equiv) and Pd/C (10 wt.
% palladium on activated carbon, 7.4 mg, 0.007 mmol, 5 mol %) were dissolved
in dry MeOH (1.5 mL). The mixture was put under hydrogen atmosphere and
stirred at room temperature for 2.5 h. Then, it was filtered through Celite washing
with CH,Cl, and concentrated under reduced pressure. 35 mg of compound III-33
was used at the next step without further purification (100 %). '"H NMR
(400 MHz, CDCl3) 6 7.73 (br s, 1H), 7.48 (br d, J = 7.6 Hz, 1H), 7.27 (br s, 1H),
7.16-7.07 (overlapping signals (7.14, dt, J = 7.1, 1.3 Hz, 1H), 7.09, dt, J = 7.1,
1.1 Hz, 1H), 2H), 4.16 (ddd, J = 15.0, 9.0, 3.0 Hz, 1H), 3.72 (apparent hept.,
J = 3.4 Hz, 1H), 3.47 (ddd, J = 14.0, 8.0, 3.4 Hz, 1H), 3.21 301 (m, 3H), 2.86
(dt, J = 15.6, 4.7 Hz, 1H), 3.51 (dt, J = 16.7,9.2 Hz, 1H), 2.30 (ddd, J = 16.7,
9.8, 4.0 Hz, 1H), 2.21-2.14 (m, 1H), 2.12-2.06 (m, 2H), 1.91 (apparent oct.,
J = 4.6 Hz, 1H), 1.68 (ddt, J = 12.4, 6.9, 3.4 Hz, 1H).

NaHMDS (1 M solution in THF, 170 pL, 0.17 mmol, 1.2 equiv) was added to a
solution of compound III-33 (35 mg, 0.14 mmol, 1 equiv) in dry THF (2 mL) at —
78 °C. After 30 min, methyl chloroformate (14 pL, 0.18 mmol, 1.3 equiv) was
added dropwise. The reaction was quenched by addition of MeOH (0.3 mL) after
3.5 h, and was warmed to room temperature. The residue was purified by chro-
matography (1:5 hexane/EtOAc) to afford 15 mg of compound III-35 (35 %).

Procedure B: Methyl chloroformate (10 pL, 0.12 mmol, 1.6 equiv) was added
to a solution of compound III-30 (17 mg, 0.07 mmol, 1 equiv) in DMF (0.14 mL)
at 0 °C. After 15 min, and the reaction mixture was allowed to warm to room
temperature. After 1 h, the reaction was quenched with water and extracted with
CH,Cl,. Combined organic layers were washed with water and brine, dried over
anhydrous Na,SO,, and concentrated in vacuo. Silica gel chromatography (5.1
hexane: EtOAc) yielded 40 mg of ITI-34 as a colourless oil (40 %). '"H NMR
(400 MHz, CDCl3) 6 8.08 (d, J = 6.6 Hz, 1H), 7.52 (br d, J = 6.3 Hz, 1H), 7.34
(td,J = 5.9,1.0 Hz, 1H), 7.28 (td, / = 6.2, 0.9 Hz, 1H), 6.87 (d, J = 8.9 Hz, 1H),
5.77 (dd, J = 8.9, 5.5 Hz, 1H), 4.26 (ddd, J = 9.4, 7.4, 2.0 Hz, 1H), 4.04 (s, 3H),
4.00-3.97 (m, 1H), 3.11 (ddd, J = 12.1,7.4, 2.0 Hz, 1H), 2.95 (ddd, J = 10.6, 6.4,
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1.7 Hz, 1H), 2.59-2.52 (m, 2H), 2.33-2.19 (m, 2H), 1.96 (ddt, J = 9.6, 6.7,
1.6 Hz, 1H). Compound ITI-34 (5.8 mg, 0.02 mmol, 1 equiv) and Pd/C (10 wt. %
on activated carbon, 1 mg, 0.001 mmol, 5 mol %) were dissolved in dry MeOH
(0.2 mL). The mixture was put under hydrogen atmosphere (4 bar) and stirred at
room temperature for 5 h. The reaction mixture was filtered through a pad of
Celite washing with CH,Cl, and concentrated under reduced pressure. 6.6 mg of
compound III-35 was obtained (quant.).

"H NMR (400 MHz, CDCl3) § 8.06 (br dd, J = 7.2, 2.2 Hz, 1H), 7.45 (br dd,
J =6.8, 1.8 Hz, 1H), 7.31-7.23 (overlapping of signal, ~ 2H), 4.52-4.47 (m,
1H), 4.67 (s, 1H), 3.41 (dt, J = 14.5, 4.1 Hz, 1H), 3.34-3.28 (m, 1H), 3.07-2.98
(m, 2H), 2.88-2.78 (m, 2H), 2.59 (ddd, J = 16.5, 11.3, 8.1 Hz, 1H), 2.25-1.94
(overlapping of signal, SH).

Methyl 1H-indole-1-carboxylate[244]

2

CO,Me

A solution of NaHMDS (1 M solution in THF; 12.69 mL, 12.69 mmol, 1.2
equiv) was added dropwise to a solution of indole (1.24 g, 10.58 mmol, 1 equiv) in
THF (130 mL) at —78 °C. After 30 min, methyl chloroformate (1.07 mL, 13.15,
1.3 equiv) was added dropwise and the reaction mixture was allowed to warm to
room temperature for 4 h. Then, the reaction mixture was diluted with EtOAc and
washed with a sat. NH4Cl1 solution. The aqueous phase was extracted 2 times with
EtOAc, and finally the organic phases were washed with brine, dried over MgSO,
and concentrated. After silica gel column chromatography (20:1 hexane:EtOAc),
1.43 g of the methyl 1H-indole-1-carboxylate was isolated (77 %).

tert-Butyl 1H-indole-1-carboxylate[244]

Co

\

Boc

Di-#-butyl dicarbonate (2.05 g, 9.39 mmol, 1.05 equiv) and Et;N (2.50 mL,
17.89 mmol,2 equiv) were added to a solution of indole (1.05 g, 8.94 mmol, 1
equiv) and DMAP (55.0 mg, 0.45 mmol, 5 mol %) in CH,Cl, (30 mL) at room
temperature. The reaction mixture was stirred overnight. Then, it was diluted with
CH,Cl, and washed with a sat. NH4ClI solution. The aqueous phase was extracted
2 times with CH,Cl,, and finally the organic phases were washed with brine, dried
over MgSO, and concentrated. After silica gel column chromatography (80:1
hexane:EtOAc), 1.92 g of the tert-butyl 1H-indole-1-carboxylate was isolated
99 %).
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(1S,1aR,6bS)-1-ethyl 2-methyl 1,6b-dihydrocyclopropa[blindole-1,2(1aH)-
dicarboxylate (I1I-39)[65]

R Co.Et
COzMe

EDA (141 pL, 1.34 mmol, 7 equiv) was added dropwise to a solution of indole
(33.6 mg, 0.19 mmol, 1 equiv) and Cu(hacac), (4.6 mg, 9.59 umol, 5 mol %) in
CH,CI, (1.9 mL, 0.1 M). The reaction mixture was stitted at room temperature
forl4 h, was then filtered through a pad of Celite washing with CH,Cl, and
concentrated.

(R)-1-tert-Butyl 2-methyl 2-allylpyrrolidine-1,2-dicarboxylate (II1-48)

Q//

COzMe

Et;N (4.75 mL, 34.1 mmol, 2 equiv) was added to a mixture of (R)-methyl 2-
allylpyrrolidine-2-carboxylate III-47 (2.87 g, 17.05 mmol, 1 equiv), (Boc),O
(4.11 mL, 17.91 mmol, 1.05 equiv) and DMAP (104 mg, 0.85 mmol, 5 mol %) in
dry CH,Cl, (57 mL). The reaction was stirred at room temperature overnight. It
was then diluted with CH,Cl, and washed 3 times with a 1 M HCI solution. The
organic phase was washed with brine and dried over Na,SO,4. The solvent was
evaporated under reduced pressure to produce an oil, which was purified by col-
umn chromatography (7:1 to 5:1 c-hexane/EtOAc) to produce 15.26 g of colour-
less oil (72 %, 2:1 mixture of rotamers). "H NMR (400 MHz, CDCl5) 6 5.78-5.67
(m, 1H major + 1H minor), 5.11-506 (m, 2H major 4+ 2H minor), 3.68 (br s, 3H
major + 3H minor), 3.68-3.63 (m, 1H major), 3.58-3.52 (m, 1H minor),
3.38-3.27 (m, 1H major + 1H minor), 3.06 (dd, J = 13.8, 5.0 Hz, 1H minor),
2.88 (dd, J =139, 5.7 Hz, 1H major), 2.59-2.54 (overlapping dd and dd,
J =13.7, 13.6, 5.2 Hz, 1H major 4+ 1H minor), 2.13-1.94 (m, 2H major + 2H
minor), 1.88-1.73 (m, 2H major + 2H minor). 13C NMR (400 MHz, CDCls) 6
175.2 (C major), 175.1 (C minor), 154.0 (C minor), 153.7 (C major), 133.8 (CH
minor), 133.4 (CH major), 119.1 (CH, major), 118.8 (CH, minor), 80.2 (C major),
79.6 (C minor), 67.6 (C minor), 67.1 (C major), 52.2 (CH; major + CH;3 minor),
48.6 (CH; minor), 48.5 (CH, major), 39.7 (CH, major), 38.4 (CH, minor), 37.1
(CH; major), 35.8 (CH, minor), 28.5 (CH;3 minor, 3C), 28.5 (CH3; major, 3C), 23.2
(CH, major), 22.7 (CH, minor). HRMS-ESI m/z caled for C;4H,3NO4Na
[M + Na]* 292.1525, found 292.1522. [a]p = 60.2 (¢ = 0.14, CH,Cl,).
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(R)-1-tert-Butyl 2-methyl 2-(2-oxoethyl)pyrrolidine-1,2-dicarboxylate (III-

49)
@\ ~

COzMe

An oven-dried flask equipped with a stir bar charged with a solution of (R)-1-
tert-butyl  2-methyl  2-allylpyrrolidine-1,2-dicarboxylate  III-48  (9.86 g,
36.6 mmol, 1 equiv) in dry CH,Cl, (183 mL) was cooled to —78 °C. Ozone was
bubbled through the mixture until a strong blue colour persisted, at which point the
solution was bubbled with oxygen to remove all excess ozone, as indicated by the
disappearance of the blue colour. Dimethyl sulfide (126 mL, 1721 mmol, 47
equiv) was added, the reaction was allowed to warm to room temperature, and the
mixture was stirred for 12 h. The reaction mixture was concentrated in vacuo, then
the crude was purified using combiflash (from 10, 20 to 35 % c-hexane/EtOAc) to
give 8.0954 g of the product as a colourless oil (78 %, 3:1 mixture of rotamers).
NMR (400 MHz, CDCl3) ¢ 9.81-9.80 (m, 1H major + 1H minor), 3.77 (s, 3H
minor), 3.77 (s, 1H major), 3.75-3.72 (m, 1H major + 1H minor), 3.63-3.35 (m,
1H major + 1H minor), 3.28 (d, J = 16.2 Hz, 1H major), 3.23 (d, J = 2.6 Hz, |H
minor), 3.17 (d, J = 16.2 Hz, 1H major), 3.17 (d, J = 16.0 Hz, 1H minor), 3.05
(dd, J = 16.1, 1.4 Hz, 1H minor), 3.00 (d, J = 16.0 Hz, 1H minor), 2.61 (ddd,
J =15.4, 13.5, 7.5 Hz, 1H minor), 2.52 (ddd, J = 16.1, 13.4, 7.4 Hz, 1H major),
2.37-2.31 (m, 1H minor), 2.30-2.23 (m, 1H major + 1H minor), 2.09-1.92 (m,
2H major), 1.52 (s, 9H major), 1.50 (s, 9H minor). '*C NMR (400 MHz, CDCl5;
PENDANT) 6 198.7 (C major), 198.3 (C minor), 174.3 (C major), 172.8 (C
minor), 148.2 (C major), 147.1 (C minor), 85.2 (CH3 major, 3C + CH3 minor,
3C), 66.9 (C major 4+ C minor), 53.3 (CH3 major, CH3 minor), 49.2 (CH, minor),
49.0 (CH, major, 2C + CH, minor), 48.8 (CH, minor), 37.6 (CH, major), 37.5
(CH; minor), 36.9 (CH, minor), 36.2 (CH, major), 27.7 (CH; major, 3C), 27.6
(CH3 minor, 3C), 23.3 (CH, major), 22.9(CH, minor). HRMS-ESI m/z calcd for
Ci3H,NOsNa [M + Na]* 294.1317, found 294.1305. [a]p = 44.5 (c = 0.08,
CH,Cly).

(R)-1-tert-Butyl 2-methyl 2-(2-hydroxyethyl)pyrrolidine-1,2-dicarboxylate

(I11-50)
O\ a

CO Me

(R)-1-tert-butyl 2-methyl 2-(2-oxoethyl)pyrrolidine-1,2-dicarboxylate III-49
(499.3 mg, 1.84 mmol, 1 equiv) was dissolved in anhydrous Et,O (37 mL) under
argon atmosphere at 0 °C. A solution of Zn(BHy), (0.5 M solution in Et,O;
2.7 mL, 0.55 mol, 1.5 equiv) was added dropwise. The resulting solution was
stirred at O °C for 1 h. The reaction was quenched by addition of 10 % citric acid
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and the reaction was portioned between Et,O and brine. The organic phase was
dried with Na,SOy, and the solvent was removed under reduced pressure. The
crude was purified by column chromatography (1:1 c-hexane/EtOAc) to give
237.5 mg of alcohol III-50 as a colourless oil (50 %, 1.3:1 mixture of rotamers).

"H NMR (400 MHz, CDCl;) § 3.72-3.30 (overlapping of signals, (3.67, s, 3H
major), (3.66, s, 3H minor), 6H major + 5SH minor), 3.55-3.49 (m, 1H minor),
3.43-3.37 (m, 1H major + 1H minor), 2.97 (br s, 1H minor), 2.70 (br s, 1H
major). 2.39-2.33 (dt, J = 14.6, 6.0 Hz, 1H minor), 2.28-2.01 (m, 4H
major + 3H minor), 195-1.75 (m, 2H major + 2H minor), 1.40 (s, 9H minor),
1.36 (s, 9H major). '>C NMR (400 MHz, CDCls; PENDANT) 6 175.7 (C major),
175.0 (C minor), 155.0 (C minor), 153.7 (C major), 80.4 (C major), 80.0 (C
minor), 67.3 (C minor), 66.9 (C major), 59.0 (CH, minor), 58.2 (CH, major), 53.3
(CH3 major + CH;3 minor), 48.6 (CH, minor), 48.2 (CH, major), 38.4 (CH,
minor), 38.3 (CH, major, 2C), 37.8 (CH, minor), 28.4 (CH; minor, 3C), 38.3 (CHj;
major, 3C). HRMS-ESI m/z calcd for C;3H,3NOsNa [M + Na]* 294.1474, found
294.1496. [a]p = 30.8 (c = 0.08, CH,Cl,).

(R)-1-tert-Butyl 2-methyl 2-(2-((Triisopropylsilyl)oxy)ethyl)pyrrolidine-1,2-
dicarboxylate (III-51)

OTIPS
S

N *co,Me
Boc

A solution of this alcohol III-50 (444.9 mg, 1.63 mmol, 1 equiv) in CH,Cl,
(5 mL) was treated with imidazole (134 mg, 1.95 mmol, 1.2 equiv), (dimethyl-
amino)pyridine (24.1 mg, 0.20 mmol, 12 mol %), and triisopropylsilyl chloride
(0.43 mL, 1.95 mmol, 1.2 equiv). The solution was stirred at room temperature for
3 h and then concentrated in vacuo. After column chromatography (15:1 to 1:1 c-
hexane/EtOAc), 641.6 mg of TIPS-protected alcohol III-51 was isolated (92 %,
1.7:1 mixture of rotamers). '"H NMR (400 MHz, CDCly) '"H NMR (400 MHz,
CDCl3) ¢ 3.84—3.80 (m, 2H major 4+ 2 H minor), 3.76—3.70 (m, (3.73, s, 3H
major), (3.72, s, 3H minor), 4H major + 3H minor), 3.65—3.59 (m, 1H minor),
3.52—3.45 (m, 1H major + 1H minor), 2.50—2.04 (m, 4H major + 4H minor),
1.94-1.86 (m, 2H major + 2H minor), 1.46 (d, J = 2.0 Hz, 3H major + 3H
minor), 1.42 (s, 9H major), 1.42 (s, 9H minor), 1.08 (br s, 18H major + 18H
minor). >°C NMR (400 MHz, CDCls; PENDANT) 6 175.4 (C major), 175.2 (C
minor), 154.3 (C minor), 153.9 (C major), 80.2 (C major), 79.5 (C minor), 67.3 (C
minor), 66.8 (C major), 60.2 (CH, minor), 59.9 (CH, major), 52.2 (CHj
major + CHj3; minor), 48.6 (CH, minor), 48.6 (CH, major), 38.2 (CH, minor),
38.1 (CH, major), 37.1 (CH, minor), 37.0 (CH, major), 28.5 (CH; minor, 3C),
28.4 (CH;3 major, 3C), 23.3 (CH, minor), 22.9 (CH, major), 18.2 (CH; major,
6C + CH; minor, 6C), 12.1 (CH major, 3C 4+ CH minor, 3C). HRMS-ESI m/z
caled for C,,Hy3NOsSiNa [M + Nal™ 452.2808, found 452.2815. [o]p = 40.9
(C = 013, CH2C12)
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(R)-1-tert-Butyl 2-methyl 5-oxo0-2-(2-((Triisopropylsilyl)oxy)ethyl) pyrroli-
dine-1,2-dicarboxylate (III-52)

OTIPS
Ve

'l\l COzMe
Boc

@)

Sodium periodate (1.22 g, 5.71 mmol, 4 equiv) and ruthenium(IIl) chloride
hydrate (59.2 mg, 0.29 mmol, 20 mol %) to a solution of pyrrolidine III-51
(612.9 mg, 1.43 mmol, 1 equiv) in MeCN (2.9 mL), CCl; (2.9 mL) and H,O
(4.8 mL) at 0 °C. The mixture was stirred at 0 °C for 1 h and at room tem-
perature for 24 h. The solid material was filtered off and the filtrate concentrated
(filtration through Celite washing with EtOAc). The residue was partitioned
between EtOAc and brine and the organic phase was washed with brine and
concentrated. After column chromatography (5:1 c-hexane/EtOAc), 355.0 mg of
the pyrrolidone III-52 was isolated (56 %). '"H NMR (400 MHz, CDCl5) o
291-2.86 (m, 1H), 3.77 + 3.72 (overlapping signals (3.73, br s, 3H), 4H),
2.66-2.54 (m, 2H), 2.52-2.46 (m, 1H), 2.45-2.38 (m, 1H), 2.33-2.26 (m, 1H),
2.10-2.02 (m, 1H), 146 (br s, 9H), 1.05-1.0 (m, 18H + 3H). “C NMR
(400 MHz, CDCl;; PENDANT) ¢ 174.6 (C), 173.7 (C), 149.6 (C), 83.7 (C),
67.4 (C), 59.3 (CH,), 52.7 (CH3), 37.5 (CH,), 30.9 (CH,), 28.0 (CH3, 3C), 27.9
(CH,), 18.1 (CH;, 3C), 12.0 (CHs, 3C). HRMS-ESI m/z caled for
CooH4 NOGSiNa [M + Na]™ 466.2601, found 466.2602. [a]p = 41.1 (c = 0.12,
CH,Cl,).

(R)-Methyl 5-Oxo-2-(2-((triisopropylsilyl)oxy)ethyl)pyrrolidine-2-carbox-
ylate (III-53)

OTIPS
o

H CO,Me

)

N-Boc pyrrolidone III-53 (201.0 mg, 0.45 mmol, 1 equiv) was dissolved in
CH,Cl, and silica gel (500 mg SiO,, 1 mmol/10 g) was added. The solvent was
taken off and the powdered solid obtained was irradiated in the microwave
(800 W) oven for 6 min. The resulting solid was thoroughly washed with meth-
anol, and then concentrated to produce 191.2 mg of pure pyrrolidone ITI-53
(quant.). 'H NMR (400 MHz, CDCl3) 6 6.52 (br s, 1H), 3.81-3.73 (overlapping
signals, (3.78, ddd, J = 15.6, 10.7, 4.9 Hz, 2H), 3.73 (s, 3H), 5H), 2.41 (ddd,
J =126, 7.7, 53 Hz, 1H), 2.30 (ddd, J = 9.0, 6.6, 3.2 Hz, 2H), 2.17 (dd,
J=14.1,9.3, 42 Hz, 1H), 2.13—2.06 (m, 1H), 10.9- —0.98 (m, 9H + 3H). '°C
NMR (400 MHz, CDCl;; PENDANT) ¢ 176.9 (C), 174.3 (C), 65.1 (C), 60.4
(CH,), 52.7 (CH3), 41.2 (CH,), 33.1 (CH,), 29.2 (CH,), 18.1 (CH, 3C), 11.9 (CHs;,
6C). HRMS-ESI m/z calcd for C,;H33NO,SiNa [M + Na]* 366.2077, found
366.2061. [a]p = —50.8 (c = 0.05, CH,Cl,).
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tert-Butyl 3-formyl-1H-indole-1-carboxylate [241]

CHO

o

Boc

Di--butyl dicarbonate (15.92 g, 69.30 mmol, 1.2 equiv) was slowly added to
a solution of 1H-indole-3-carbaldehyde (5.03 g, 36.40 mmol, 1 equiv) [245] and
DMAP (0.43 g, 3.46 mmol, 10 mol %) in CH,Cl, (69 mL) [246]. The reaction
mixture was stirred for 2 h. Then, the reaction mixture was diluted with CH,Cl,
and washed with a sat. NH,4Cl solution. The aqueous phase was extracted 2
times with CH,Cl,. Finally the organic phases were washed with brine, dried
over MgSO, and concentrated. 6.39 g of tert-butyl 3-formyl-1H-indole-1-car-
boxylate was isolated (75 %), which was used in the next step without further

purification.
tert-Butyl 3-(2-iodovinyl)-1H-indole-1-carboxylate (III-55)

N
N
Boc

A solution of fert-butyl 3-formyl-1H-indole-1-carboxylate (1.42 g, 5.85 mmol,
1 equiv), iodoform (4.57 g, 11.62 mmol, 2 equiv) in THF (29 mL) was added
dropwise to a suspension of anhydrous CrCl, (0.43 g, 34.81 mmol, 6 equiv) in
THF (58 mL) at 0 °C. The reaction was allowed to warm to room temperature for
2 h. Then, the reaction mixture was poured into water and extracted with ether.
The combined extracts were dried over Na,SO4 and concentrated. After silica gel
purification by combiflash (from 100 to 95 % c-hexane/EtOAc), 1.39 g of fert-
butyl 3-(2-iodovinyl)-1H-indole-1-carboxylate was isolated (65 %,
E/Z = 2.3:1.0). '"H NMR (400 MHz, CDCl;) § 8.63 (br s, 1H minor), 8.18-8.15
(m, 1H major +1H minor), 7.71 (d, J = 6.2 Hz, 1H major), 7.61 (br s, 1H major),
7.58-7.55 (m, 1Hg + 1Hz), 7.51 (br s, 1Hz), 7.38-7.34 (m, 1Hg + 1Hy)
7.30-7.28 (m, 1H major +1H minor), 6.85 (d, J = 12.0 Hz, 1H major), 6.63
(d, J = 6.9 Hz, 1H minor), 1.70 (s, 9H minor), 1.67 (s, 9H major).

tert-Butyl 3-(2-iodovinyl)-5-methoxy-1H-indole-1-carboxylate (III-56)

—_—

MeO

A\
N
Boc
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A solution of tert-butyl 3-formyl-5-methoxy-1H-indole-1-carboxylate (1.68 g,
6.11 mmol, 1 eqvuiv,), iodoform (4.81 g, 12.23 mmol, 2 equiv) in THF
(31 mL) was added dropwised to a suspension of anhydrous CrCl, (4.51 g,
36.70 mmol, 6 equiv) in THF (61 mL) at 0 °C. The reaction was allowed to
warm to room temperature for 2 h, then it was poured into water and extracted
3 times with ether. The combined extracts were dried over Na,SO, and con-
centrated. Purification using combiflash (0—10 % EtOAc in c-hexane) produced
1.75 g of a red—orange oil (735, E/Z = 4.3.1.0). '"H NMR (400 MHz, CDCls) 6
8.58 (s, 1H minor), 8.04—8.02 (overlapping signals (8.03, br d, J = 8.5 Hz, 1H
major), (m, 1H minor)), 7.58 (br s, 1H major), 7.58—7.48 (overlapping signals
(7.50, dd, J = 15.0, 0.7 Hz, 1H major), (7.51, dd, J = 8.4, 0.8 Hz, 1H minor)),
7.13 (d, J = 2.4 Hz, 1H major), 7.01 (d, J = 2.4 Hz, 1H minor), 6.98-6.94
(overlapping signals (6.97 (apparent dd, J = 9.0 Hz, 1H minor), (6.96, dd,
J =90, 2.5Hz, 1H major)), 6.78 (d, J =149 Hz, 1H major), 6.61 (d,
J = 8.6 Hz, 1H minor), 3.88 (s, 3H major), 3.87 (s, 3H minor), 1.69 (s, 9H
minor), 1.66 (s, 9H major). 3C NMR (pendant; 400 MHz, CDCl53) 6 156.5 (C
mino +C major), 156.2 (C minor +C major), 136.6 (CH major), 129.4 (CH
minor), 124.6 (CH major), 124.4 (CH minor), 119.6 (C minor + C major),
117.0 (C minor + C major), 116.3 (CH major), 116.2 (CH minor), 113.8 (CH
minor), 113.6 (CH major), 102.8 (CH major), 101.4 (CH minor), 84.2 (C
major), 84.2 (C minor), 79.3 (CH minor), 75.5 (CH major), 56.0 (CH; major),
55.9 (CH; minor), 28.4 (CH3 major + CH; minor).

(S)-tert-Butyl  3-(2-(2-(Methoxycarbonyl)-5-oxopyrrolidin-1-yl)vinyl)-1H-

indole-1-carboxylate (III-57)
(0] :(j\
N

COQMe

N
N
Boc

N,N/-Dimethylethane-l,2-diamine (2.4 pL, 0.04 mmol, 20 mol %) and a solu-
tion of (S)-methyl 5-oxopyrrolidine-2-carboxylate (38.0 mg, 0.23 mmol, 1.2
equiv) in THF (1 mL) were added to a soltion of tert-butyl 3-(2-iodovinyl)-1H-
indole- 1-carboxylate (III-55) (E/Z = 2.3:1.0; 81.7 mg, 0.22 mmol, 1 equiv), Cul
(4.2 mg, 0.02 mmol, 10 mol %) and Cs,CO;5 (144.0 mg, 0.44 mmol, 2 equiv) in
dry THF (0.5 mL) under argon. The Schlenk tube was immersed in a preheated oil
bath at 60 °C and the reaction mixture was stirred for 13 h. The resulting mixture
was filtered through a silica plug eluting with EtOAc. The filtrate was concentrated
to afford a brown oil (E-FP/Z-FP/Z-SM = 1.2:1.0:6.6), which was purified by
column chromatography (50:1 to 2:1 c-hexane/EtOAc) yielding 61.9 mg of a
mixture of both steroisomers (73 %, E/Z = 5.6:1.0). E-isomer: 'H NMR
(400 MHz, CDCl3) ¢ 8.17 (br d, J = 8.0 Hz, 1H), 7.70 (br d, J = 7.4 Hz, 1H),
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7.64 (d, J = 15.2 Hz, 1H), 7.58 (s, 1H), 7.34 (td, J = 7.3, 1.2 Hz, 1H), 7.29 (dd,
J =178, 12 Hz, 1H), 591 (d, J = 15.1 Hz, 1H), 4.61 (dd, J = 9.4, 1.9 Hz, 1H),
3.81 (s, 3H), 2.78-2.69 (apparent td, 1H), 2.59-2.44 (overlapping signals, 2H),
2.23 (apparent br t, 1H), 1.67 (s, 9H). Z-isomer: '"H NMR (400 MHz, CDCl5) 6
8.12 (d, J = 8.1 Hz, 1H), 7.41 (br d, J = 7.9 Hz, 1H), 7.34 (td, J = 7.3, 1.2 Hz,
1H), 7.26-7.22 (overlapping signals, 2H), 6.92 (d, J = 9.8 Hz, 1H), 5.95 (dd,
J =98, 1.4 Hz, 1H), 4.37 (dd, J = 9.3, 2.2 Hz, 1H), 3.36 (s, 3H), 2.49-2.43
(overlapping signals, 2H), 1.98-1.91 (m, 1H), 2.23 (apparent br t, 1H), 1.69 (s,
9H).

(S)-tert-Butyl 5-Methoxy-3-(2-(2-(methoxycarbonyl)-5-oxopyrrolidin-1-
yl)vinyl)-1H-indole-1-carboxylate (III-58)

=

—

CO,Me

MeO
N
N

Boc

N,N/-Dimethylethane—l,2—diamine (3.1 pL, 0.03 mmol, 20 mol %) and a solu-
tion of (S)-methyl 5-oxopyrrolidine-2-carboxylate (24,9 mg, 0.17 mmol, 1.2
equiv) in THF (0.7 mL) were added to a solution of tert-butyl 3-(2-iodovinyl)-5-
methoxy-1H-indole-1-carboxylate (III-56) (E/Z = 4.3.1.0; 57.9 mg, 0.16 mmol, 1
equiv), Cul (2.8 mg, 0.2 mmol, 10 mol %) and Cs,CO3 (95.0 mg, 0.32 mmol, 2
equiv) in dry THF (1 mL) under argon. The Schlenk tube was immersed in a
preheated oil bath at 60 °C and the reaction mixture was stirred overnight. The
resulting mixture was filtered through a silica plug eluting with EtOAc. The filtrate
was concentrated to afford a brown oil (E/Z = 5.2:1.0), which was purified by
column chromatography (50:1 to 2:1 c-hexane/EtOAc) yielding 49.5 mg of E-
isomer (82 %, only traces of the Z-isomer were detected.). E-isomer: '"H NMR
(400 MHz, CDCl3) 6 8.05 (br d, J = 8.7 Hz, 1H), 7.60-7.56 (overlapping signals
(7.58, d, J = 15.2 Hz, 1H), (7.56 br s, 1H)), 7.12 (d, J = 2.4 Hz, 1H), 6.94 (dd,
J =29.0,25 Hz, 1H), 5.87 (d, J = 15.1 Hz, 1H), 4.61 (dd, J = 9.4, 1.9 Hz, 1H),
3.89 (s, 3H), 3.81 (s, 3H), 2.73 (apparent dt, 1H), 2.58-2.19 (overlapping signals,
apparent dt, m, 2H), 2.25—2.19 (m, 1H), 1.65 (s, 9H). >*C NMR (DEPTQ;
400 MHz, CDCl3) 6 173.2 (C), 172.1 (C), 156.2 (C), 129.6 (C), 123.0 (2CH),
116.8 (3C), 116.2 (CH), 113.2 (CH), 103.4 (CH), 102.7 (CH), 83.8 (C), 58.5 (CH),
56.0 (CH3), 53.0 (CHs), 30.0 (CH,), 28.4 (3CHj3), 23.2 (CH,). Z-isomer: 'H NMR
(400 MHz, CDCl3) 6 7.99 (br d, J = 7.9 Hz, 1H), 7.37 (br s, 1H), 6.95-6.90
(overlapping signals (6.94, dd, J = 9.0, 2.5 Hz, 1H), (6.91, d, J = 9.8 Hz, 1H)),
6.84 (d, J = 2.4 Hz, 1H), 4.38 (dd, J = 9.3, 2.5 Hz, 1H), 3.83 (s, 3H), 3.38 (s,
3H), 2.54—2.37 (overlapping signals, 2H), 2.23—2.12 (m, 1H), 1.99-1.93 (m, 1H),
1.67 (s, 9H). HRMS-ESI m/z caled for C,H,6N,Og [M + Na]* 437.1689, found
437.1700. [«] = -33.5 (c = 1.0, CH,Cl,).
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(R)-tert-Butyl 5-Methoxy-3-(2-(2-(methoxycarbonyl)-5-0x0-2-(2-((triisopro-
pylsilyl)oxy)ethyl)pyrrolidin-1-yl)vinyl)-1H-indole-1-carboxylate (ITI-60)

OTIPS

ﬁf

COgMe

MeO
A\
N

Boc

N,N’-Dimethylethane-1,2—diamine (2.4 pL, 0.02 mmol, 20 mol %) and a solu-
tion of (R)-methyl 5-oxo-2-(2-((triisopropylsilyl)oxy)ethyl)pyrrolidine-2-carbox-
ylate (ITII-53) (41.6 mg, 0.12 mmol, 1.2 equiv) in THF (0.7 mL) were added to a
solution of fert-butyl 3-(2-iodovinyl)-5-methoxy-1H-indole- 1-carboxylate (III-56)
(E/Z =43.1.0; 44.0mg, 0.11 mmol, 1 equiv), Cul (2.1 mg, 0.01 mmol,
10 mol %) and Cs,CO3 (71.8 mg, 0.22 mmol, 2 equiv) in dry THF (0.7 mL) under
argon. The Schlenk tube was immersed in a preheated oil bath at 60 °C and the
reaction mixture was stirred overnight. The resulting mixture was filtered through
a silica plug eluting with EtOAc. The filtrate was concentrated to afford a brown
oil (E-FP/E-SM/Z-SM = 1.6:2.3:1.0), which was purified by column chromatog-
raphy (8:1 to 1:1 c-hexane/EtOAc) yielding 38.4 mg of an inseparable 1:2 mixture
of the E-isomer and amide III-53 (27 %). Main signal of the E-isomer: '"H NMR
(400 MHz, CDCl3) ¢ 8.04 (br d, J = 7.7 Hz, 1H), 7.59-7.54 (overlapping signals
(7.57, d, J = 15.2 Hz, 1H), (7.54 br s, 1H), 2H), 7.06 (d, J = 2.5 Hz, 1H), 6.93
(dd, J = 9.0, 2.5 Hz, 1H), 5.86 (d, J = 15.1 Hz, 1H), 4.60 (dd, J = 9.4, 1.8 Hz,
1H), 3.87 (s, 3H).

4-(Trimethylsilyl)but-3-yn-1-yl 4-methylbenzenesulfonate[247]

TMS
%
TsO

Et;N (5.16 mL, 37.23 mmol, 1.5 equiv), DMAP (0.09 g, 0.74 mmol, 3 mol %)
and tosyl chloride (5.76 g, 29.60 mmol, 1.2 equiv) were added to a solution of 4-
(trimethylsilyl)but-3-yn-1-ol (5.51 g, 24.67 mmol, 1 equiv)[248] in CH,Cl,
(241 mL) at 0 °C. The resulting mixture was stirred for 6 h before the reaction was
quenched with sat. aq. NH4Cl. A standard extractive work up followed by flash
chromatography (15:1 c-hexane/EtOAc) afforded 2.54 g of 4-(trimethylsilyl)but-3-
yn-1-yl 4-methylbenzenesulfonate as a pale yellow oil (35 %) [249].
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Methyl 3-iodo-1H-indole-1-carboxylate (III-79CO,Me)[192]

Cry

\COZMe

A solution of NaHMDS (1 M solution in THF; 4.90 mL, 4.90 mmol, 1.2 equiv)
was added dropwise to a solution of 3-iodo-1H-indole [194] (0.99 g, 4.09 mmol, 1
equiv) in THF (15 mL) at —78 °C. After 1 h, methyl chloroformate (0.42 mL,
5.32 mmol, 1.3 equiv) was added dropwise and the reaction mixture was allowed
to warm to room temperature for 3 h. Then, the reaction mixture was diluted with
EtOAc and washed with a 10 % HCI solution. The aqueous phase was extracted 2
times with EtOAc. Finally, the organic phases were washed with brine, dried over
MgSO, and concentrated. [250] 1.12 g of methyl 3-iodo-1H-indole-1-carboxylate
was obtained (91 %), which was used in the next step without further purification.

3-Iodo-1-tosyl-1H-indole (III-79Tos)[194]

Cry

\
Tos

Tetrabutylammonium hydrogensulfate (0.10 g, 0.29 mmol, 7 mol %), potas-
sium hydroxide (50 % aq. solution; 5 mL), and a solution of p-toluenesulfonyl
chloride (0.97 g, 4.99 mmol, 1.2 equiv) in toluene (7 mL) were added to a solution
of 3-iodo-1H-indole[194] (1.11 g, 4.16 mmol, 1 equiv) in toluene (4 mL). After
stirring for 4 h, water was added, then the aqueous phase was washed 2 times with
EtOAc. Finally, the organic phases were washed with brine, dried over MgSO,4 and
concentrated to afford 1.43 g of 3-iodo-1-tosyl-1H-indole (87 %), which weas
used in the next step without further purification [251].

tert-Butyl 3-((trimethylsilyl)ethynyl)-1H-indole-1-carboxylate
(IT1-80Boc)[191]

T™MS
v
A\
N
Boc

[PACl,(PPh3),] (62.01 mg, 0.09 mmol, 2 mol %), trimethylsilylacetylene
(0.73 mL, 5.15 mmol, 1.2 equiv) and Cul (43.98 mg, 0.22 mmol, 5 mol %) were
added to a solution of compound III-79Boc (1.47 g, 4.30 mmol, 1 equiv) in Et;N
(14 mL). The mixture was stirred at room temperature overnight. After removal of
solvent under vacuum, the residue was purified by a column chromatograph on
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silica gel (50:1 c-hexanes/EtOAc) to give 1.30 g of fert-butyl 3-((trimethyl-
silyl)ethynyl)-1H-indole-1-carboxylate (III-80Boc) (96 %) [252].
Methyl 3-((trimethylsilyl)ethynyl)-1H-indole-1-carboxylate (III-80CO,Me)
[192]
TMS

V4

N
N
CO,Me

[PAC1,(PPh3),] (53.76 mg, 0.07 mmol, 2 mol %), trimethylsilylacetylene
(0.63 mL, 4.42 mmol, 1.2 equiv) and Cul (35.68 mg, 0.18 mmol, 5 mol %) were
added to a solution of compound ITI-79CO,Me (1.02 g, 3.68 mmol, 1 equiv) in
Et;N (12 mL). The mixture was stirred at room temperature overnight. After
removal of solvent under vacuum, 1.01 g of methyl 3-((trimethylsilyl)ethynyl)-
1H-indole- 1-carboxylate (III-80CO,Me) was isolated (quant.), which was used in
the next step without further purification [252].

tert-Butyl 3-ethynyl-1H-indole-1-carboxylate (III-81Boc)[253]

Vi
A\
N
Boc

KF (0.25 g, 4.24 mmol, 1.5 equiv) was added to a stirred solution of tert-butyl
3-((trimethylsilyl)ethynyl)-1H-indole-1-carboxylate II1-80Boc (885.2 mg,
2.82 mmol, 1 equiv) in DMSO (10 mL) with a few drops of water at room tem-
perature. After 2 h, the reaction mixture was diluted with CH,Cl,, washed with
water and dried over MgSQO,. After column chromatography (50:1 c-hexane/
EtOAc), 543.5 mg of tert-butyl 3-ethynyl-1H-indole-1-carboxylate III-81Boc was
obtained (80 %). The spectroscopic data was consistent with previously reported
results.

Methyl 3-ethynyl-1H-indole-1-carboxylate (III-81CO,Me)[254]

4

A\
N
\COZMe

KF (0.27 g, 4.64 mmol, 1.5 equiv) was added to a stirred solution of III-
80CO,Me (0.84 g, 3.09 mmol, 1 equiv) in DMSO (12 mL) with a few drops of
water at room temperature. After 2 h, the reaction mixture was diluted with

CH,Cl,, washed with water and dried over MgSO,. After column chromatography
(25:1 c-hexane/EtOAc), 0.39 g of III-81CO,Me was obtained (63 %) as an
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orange solid. The spectroscopic data was consistent with previously reported
results.
3-Ethynyl-1-tosyl-1H-indole (III-81Tos)[255]

V4

A\
N
Tos
KF (0.17 g, 2.91 mmol, 1.5 equiv) was added to a stirred solution of III-
80CO,Tos (0.71 g, 1.94 mmol, 1 equiv) in DMSO (12 mL) with a few drops of
water at room temperature. After 2 h, the reaction mixture was diluted with
CH,Cl,, washed with water and dried over MgSQ,, affording 0.51 g of III-81Tos
as a white solid (89 %). The spectroscopic data was consistent with previously

reported results.
Glaser-Hay product IT1-83

2

/
A\
N
Boc

In a Slenck tube, CuCl, (115 mg, 0.86 mmol, 0.2 equiv), lactam III-54
(307 mg, 2.15 mmol, 5 equiv), and Cs,COj3 (280 mg, 0.86 mmol, 2 equiv) were
combined. Then reaction flask was purged with oxygen gas. After 15 min, dry
DMSO (2.1 mL) was added to the reaction. A balloon filled with oxygen gas was
connected to the Slenck tube via a needle, then it was placed in an oil bath and
heated to 70 °C. A solution of N-Boc alkynylindole III-81Boc (104 mg,
0.43 mmol, 1 equiv) in dry DMSO (2.1 mL) was added over 4 h using a syringe
pump. After complete addition of the alkyne, the reaction mixture was allowed to
cool to room temperature. The complex mixture was extracted with 10 % HCl
solution, the aqueous phase was washed 3 times with EtOAc, and the organic
phase was concentrated. The reaction mixture was purified by flash chromatog-
raphy on silica gel (50:1 hexane/EtOAc) affording 49 mg of the Glaser-type
product IIT-83 (26 %). "H NMR (400 MHz, CDCl5) 6 8.15 (br d, J = 8.8 Hz, 2H),
7.90 (s, 2H), 7.75 (br d, J = 7.1 Hz, 2H), 7.38 (td, J = 7.4, 1.2 Hz, 2H), 7.33 (td,
J =17.7, 1.1 Hz, 2H), 1.68 (s, 18H). >*C NMR (400 MHz, CDCl;; PENDANT) §
149.0 (C, 2C), 138.8(C, 20), 131.3 (CH, 2CH), 130.7 (C, 2C), 127.6 (CH, 2C),
123.7 (CH, 2C), 120.5 (CH, 2C), 115.6 (CH, 2C), 102.4 (C, 2C), 84.8 (C, 2C), 74.3
(C, 20), 28.3 (CH3, 2C). LRMS-ESI m/z caled for C30H,sN,O4Na [M + Na]*
503.947, found 503.1
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tert-Butyl 3-chloro-1H-indole-1-carboxylate (III-95)

Cl

Coy

\
Boc

N-chlorosuccinimide (0.89 g, 6.52 mmol, 1 equiv) was added to a solution of
tert-butyl 1H-indole-1-carboxylate (1.04 g, 6.52 mmol, 1 equiv) in MeCN (22 mL).
The resulting micture was stirred at 100 °C for 5 h, and was washed with water,
extracted with EtOAc, dried over MgSO, and concentrated. After Silica gel chro-
matography, 0.69 g of fert-butyl 3-chloro-1H-indole-1-carboxylate (III-95) (100 %
to 50:1 c-hexane/EtOAc) was isolated (41 %). [256] "H NMR (400 MHz, CDCl;) &
8.11(dd, J = 8.4,0.7 Hz, 1H), 7.57 (br s, 1H), 7.53 (ddd, J/ = 7.7, 1.4, 1.0 Hz, 1H),
7.36 (td, J = 8.1, 1.7 Hz, 1H), 7.31 (td, J = 7.7, 1.2 Hz, 1H), 1.69 (s, 9H).

tert-Butyl 3-(2-(2-oxopyrrolidin-1-yl)vinyl)-1H-indole-1-carboxylate (III-96)

G

—

6]
A\
N

Boc

Cy,MeN (74 pL, 0.34 mmol, 1.1 equiv) and N-vinyl pyrrolidine (51.4 uL,
0.46 mmol, 1.1 equiv) were added to a mixture of III-95 (105.8 mg, 0.42 mmol, 1
equiv) [Pdy(dba);] (5.77 mg, 0.06 mmol, 15 mol %) and P(z-Bu); (16.3 puL,
0.01 mmol, 3 mol %) in dioxane (1 mL). The reaction mixture, it was heated to
80 °C for 14 h. After cooling the reaction mixture was diluted with EtOAc and
filtered through a pad of Silica gel. The formation of the mixture of fert-butyl 3-(2-
(2-oxopyrrolidin-1-yl)vinyl)-1H-indole-1-carboxylate (III-96) and terz-butyl 3-(1-
(2-oxopyrrolidin-1-yl)vinyl)-1H-indole-1-carboxylate (III-97) was estimated by
"H-NMR of the crude using 1,3,5-trimethoxybenzene as internal standard (III-96,
7 % and III-97, 16 %). Main signal on 'H NMR for tert-butyl 3-(2-(2-oxopyrr-
olidin-1-yl)vinyl)-1H-indole-1-carboxylate (III-96): 6.37 (d, J = 12.0 Hz, 1H).

tert-Butyl 3-(1-(2-oxopyrrolidin-1-yl)vinyl)-1H-indole-1-carboxylate (III-
98)
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Cy,MeN (74 pL, 0.34 mmol, 1.1 equiv) and N-vinyl pyrrolidine (37 pL,
0.34 mmol, 1.1 equiv) were added to a mixture of ITI-94 (92.7 mg, 0.31 mmol, 1
equiv) [Pd,(dba);] (4.3 mg, 0.05 mmol, 15 mol %) and P(+Bu); (17.1 puL,
0.01 mmol, 3 mol %) in dioxane (1 mL). The reaction mixture was heated to
80 °C for 14 h. After cooling the reaction mixture, it was diluted with EtOAc and
filtered through a pad of Silica gel. The reaction mixture was purified by flash
chromatography on silica gel (from 50:1, 10:1 to 2:1 c-hexane/EtOAc) affording
9.79 mg of II-97 (10 %). '"H NMR (400 MHz, CDCl;) 6 8.14 (d, J = 7.9 Hz,
1H), 7.60 (s, 1H), 7.55 (d, J = 7.9 Hz, 1H), 7.33 (td, J = 7.3, 1.2 Hz, 1H), 7.25
(td, J = 7.3, 1.1 Hz, 1H), 5.43 (d, J = 3.3. Hz, 2H), 3.57 (t, J/ = 7.0 Hz, 2H), 2.57
(t, J = 8.0 Hz, 2H), 2,06 (apparent quintuplet, / = 7.2 Hz, 2H), 1.68 (s, 9H). 3¢
NMR (400 MHz, CDClz; PENDANT) ¢ 191.1 (C), 174.7 (C), 136.5 (C), 128.7
(0), 127.6 (C), 125.9 (CH), 124.6 (CH), 123.4 (CH), 120.0 (CH), 118.3 (C), 1154
(CH), 109.3 (CH,), 85.6 (C), 49.5 (CH,), 32.4 (CH,), 28.4 (CH3), 18.7 (CH,).
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Chapter 5
Summary and Outlook

After many years in the shadow of palladium and rhodium, gold has become one
of the most widely used late transition metals in homogeneous and heterogeneous
catalysis [1]. Over the last few years, the Echavarren group developed new gold-
based transformations mostly aimed at the activation of alkynes [2, 3]. Numerous
methodologies have been developed that favour the attack of different nucleo-
philes, like olefins, indoles or aryls, to alkynes [2, 3]. In the case of 1,6-enynes,
where the alkene has the role of nucleophile, experimental and theoretical results
show that the cyclization takes place through the activation of the alkyne via
coordination of the gold and subsequent, nucleophilic attack of the olefin
(Scheme 5.1).
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Scheme 5.1 Involved intermediates in the gold-catalyzed cyclization of 1,6-enynes
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The different gold carbenes (I, I1, or III, Scheme 5.1) can be trapped depending
on the nucleophile present in the medium [3]. For example, carbonyl compounds
can act as nucleophiles in the intra- [4] and inter-molecular [5, 6] reaction of 1,6-
enynes. Thus, we decided to study the intermolecular gold(I)-catalyzed addition of
carbonyl compounds to 1,6-enynes of type IV possessing a tri-substituted olefinic
group (Scheme 5.2) [7]. Products of [2 + 2 + 2] cycloaddition V and/or 1,3-
dienes VI were synthesized selectively, depending on the substitution pattern of
the alkene, the heteroatom in the tether (Z) or the ligand in the gold complex (L).
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Scheme 5.2 Gold(I)-catalyzed intermolecular addition of carbonyl compounds to 1,6-enynes of
type IV

As an extension of this project, we wanted to obtain a clearer picture of the
intertwined reaction pathways at play in the gold(I)-catalyzed addition of carbonyl
compounds. Therefore, we investigated the reactivity of 1,6-enynes of type VII
bearing a carbonyl group at the alkyne moiety (Scheme 5.3) [8], and observed the
unexpected formation of cyclobutene compounds of type VIII.

i 0
Z R? R2
[AuL]* (L = IPr)
R S
1 CH,Cly, 12 h,it Rt
R L)
i 37-88% il
o

R = CO,Me, SOzPh,H{\ok@
NO,

R2 = Me, p-NO,CgHy4

Scheme 5.3 Gold(I)-catalyzed cycloisomerization of 1,6-enynes VII

In order to unambiguously confirm the presence of the cyclobutene subunit and
overcome the unstability problems, the corresponding hydrazone derivative was
synthesized and characterized by X-Ray diffraction.

Due to the high importance of the cyclobutene motif and the intrinsic diffi-
culties of its synthesis, we decided to study the formation of cyclobutene-con-
taining compounds form 1,8-enynes [9]. Cyclobutenes of type X were synthesized
via isomerization of 1,8-enynes of type IX using gold complexes (Scheme 5.4).
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However, the isolation of these cyclobutene-containing compounds was unsatis-
factory in all the cases. In conclusion, with this work we have confirmed that in the
case of 1,8-enynes of type IX, cyclobutene-containing compounds X are reactive
intermediates in the formation of the correspondent 1,3-dienes XI (“Unpublished”
results).
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=

Scheme 5.4 Synthesis of cyclobutene-containing compounds of type X

In addition, we applied the methodology developed in the group for the gold(I)-
catalyzed cyclization of indoles with alkynes in the total synthesis of lundurines
[10, 11]. Lundurines A-D are a new type of alkaloids characterized by a cyclo-
propylic fragment embedded within a hexacyclic ring system that includes a 1H-
azocine [5,4-b] indole ring unit [12, 13]. Interestingly, lundurines B and D display
significant cytoxicity in vitro toward B16 melanoma cells. The key step in the total
synthesis of lundurine A is a 8—endo—dig cyclization of the alkynyl indole XII
catalyzed by AuCl;, which affords exclusively the desired azocine[5,4—b]indole
derivative XIII (Scheme 5.5) [14].

MeO

CO,Me
X Xl Lundurine A

Scheme 5.5 Proposed synthesis of the main core of Lundurine A
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As a result, a general protocol toward the total synthesis has been elaborated,
including an efficient preparation of the corresponding building blocks
(Scheme 5.6). Moreover, the coupling of the key system has been solved (several
methodologies were tested, e.g. nucleophilic substitution, hydroamination of
alkynes, Wittig reaction or Heck cross-coupling). Finally, alkenyl indole XVI was
obtained using a copper-catalyzed cross-coupling of enantiomerically pure lactam
XIV with vinyl iodide derivative XV [15]. However, the desired alkenylindole
XVI was obtained in low yield (27 %), due to steric hindrande.
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Scheme 5.6 Summary of the approach toward the total synthesis of Lundurine A

The next step toward the completion of the preparation of Lundurine A would
involve the synthesis of alkynylindole XVII and the subsequent cyclization via a
gold-catalyzed reaction. The intermediate reactions have already been identified
and optimized on a model system. The key steps in the synthesis will be the
conversion of alkynylindole XVII into XVIII and a subsequent intramolecular
cyclopropanation to obtain Lunderine A [16-26].

In order to increase the yield of the copper-catalyzed cross-coupling reaction, the
synthesis of a less bulky lactam is proposed (Scheme 5.7). This new lactone-lactama
XIX is characterized by a less steric hindrace around the quaternary center.
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Scheme 5.7 Copper-catalyzed coupling of lactam XIX and alkenylindole XV
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Lactama XIX can readily be synthesized from lactama XIV, through the

removing of the protecting group and subsequent lactonization (Scheme 5.8).
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Scheme 5.8 Proposed synthesis of latone-lactma XIX
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