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Kurzfassung

Seit der Isolierung von (+)-Aspidospermidin (1) im Jahre 1961, ist der Naturstoff zu einem
Prufstein neuer Synthesemethoden beim Zugang zu Aspidosperma-Alkaloiden geworden.
Allylische Substitutionsreaktionen sind potente Transformationen in der Katalytisch
asymmetrischen Chemie. Das Ziel der vorliegenden Arbeit bestand darin, erstmals eine
enantioselektive Pd-katalysierte allylische Substitutionsreaktion mit einem 3-substituierten

Indolderivat in der Totalsynthese von (—)-Aspidospermidin (1) zu etablieren.

Bei der Untersuchung der allylischen Substitutionsreaktion wurde eine neue Klasse von
allylischen Alkylierungssubstraten entdeckt, die den Anwendungsbereich dieser effizienten
Reaktion erweitert. Die allylische Substitutionsreaktion wurde zundchst in racemischer Form
entwickelt und im weiteren Verlauf asymmetrisch ausgearbeitet (e.r. von 91:9). Mittels dieser
enantioselektiven allylischen Substitutionsreaktion wurde nicht nur das erste quaternare
Kohlenstoff-Stereozentrum des Naturstoffs aufgebaut, sondern auch das Gesamtgerist von
Aspidospermidin (1) assembliert. Die pentacyclische Architektur wurde dabei in einer
effizienten  diastereoselektiven  Sequenz  bestehend aus einer Redox-getriebenen
Doppelbindungsmigration, einer Aza-Michael-Addition und einer Enolatalkylierung

aufgebaut. Eine finale Desoxygenierung lieferte erfolgreich den Naturstoff (1).

Die hier beschriebene Totalsynthese ist mit sieben linearen Stufen, ausgehend von kommerziell
erhdltlichen Ausgangsverbindungen, die kirzeste bisher beschriebene enantioselektive
Synthese von Aspidospermidin (1). Den Schlisselschritt der Sequenz stellt die allylische
Substitutionsreaktion dar: Die weiteren Stereozentren des Naturstoffs wurden unter
Substratkontrolle etabliert. Dartiber hinaus ist dies die erste Anwendung einer Pd-katalysierten
allylischen Substitution mit einem 3-substituierten Indolderivat in der Synthese von
Aspidospermidin (1) und im weiteren Sinne von Aspidosperma-Alkaloiden. In zukinftigen
Arbeiten konnte dieser Ansatz fur effiziente enantioselektive Synthesen anderer Mitglieder der

Aspidosperma-Alkaloidfamilie genutzt werden.
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Abstract

Since the isolation of (+)-aspidospermidine (1) in 1961, its synthesis has become the proving
ground for the development of novel synthetic methodologies to access members of the
Aspidosperma alkaloid family. Allylic substitution reactions represent powerful
transformations in catalytic asymmetric chemistry. The aim of this work was to apply an
enantioselective Pd-catalysed allylic substitution reaction with a 3-substituted indole derivative

for the first time in the total synthesis of aspidospermidine (1).

From studies into the key allylic substitution reaction, a novel substrate class of allylic
alkylation substrates was uncovered, thus expanding the scope of this powerful chemical
transformation. The allylic substitution reaction was initially developed in a racemic manner
and then rendered enantioselective (e.r. of 91:9). The enantioselective allylic substitution
reaction not only constructed the first quaternary carbon stereocentre but also assembled the
entire framework of aspidospermidine (1). The pentacyclic architecture was then constructed
in an efficient and diastereoselective sequence, featuring a redox-driven double bond
migration, an aza-Michael addition and an enolate alkylation. A final deoxygenation furnished
the natural product (1).

This culminated in the shortest enantioselective synthesis of aspidospermidine (1) reported to
date, in seven linear steps from commercially available starting materials. In this pathway, the
allylic substitution reaction acted as the key stereo defining step. The remaining stereocenters
of the natural product were then established under substrate control. Furthermore, this strategy
is the first application of a Pd-catalysed allylic substitution reaction with a 3-substituted indole
derivative in the synthesis of aspidospermidine (1) and more broadly of Aspidosperma
alkaloids. It is envisioned that this novel strategy could be employed for efficient

enantioselective syntheses of other members of the Aspidosperma alkaloid family.
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Introduction

1 Introduction

1.1 Aspidospermidine

1.1.1 Background

Alkaloids are naturally occurring nitrogen-containing basic compounds. They are mostly of
plant origin, but are found to a lesser extent in animals and microorganisms.!*?! Alkaloids are
classified according to their nitrogen-containing structures, with those containing indole
moieties known as indole alkaloids.>3! Indole alkaloids are one of the largest alkaloid classes
and contain a vast array of natural products with diverse biological activities,# including

antimalarial® and antiviral properties,® thus representing an area of great synthetic interest.["¢]

Aspidosperma alkaloids are the largest family of monoterpenoid indole alkaloids, with over
250 known compounds.t®*° The Aspidosperma family is composed of seven subclasses; the
structural framework of each subclass is exemplified by its parent compound:
aspidospermidine (1) aspidofractinine (2), quebrachamine (3), vincadifformine (4),

vindolinine (5), meloscine (6) and kopsine (7) (Figure 1).°!

N
\
N
H

(+)-aspidospermidine (1) (-)-aspidofractinine (2) (-)-quebrachamine (3)

N

N \ )\ (o)
N "X
H CO,Me CO,Me OH
(-)-vincadifformine (4) vindolinine (5) meloscine (6) (-)-kopsine (7)

Figure 1. Parent compounds of the Aspidosperma alkaloid subclasses.

Aspidospermidine (1) is the parent compound of the largest subclass.’’! The aspidospermidine
subclass has a pentacyclic framework characterised by the [6.5.6.5.6] ABCDE ring system,
with four contiguous stereocentres (Figure 2).1'%13 The aspidospermidine subclass are
composed of a tryptamine (8) unit and a Co or Cio unit derived from the terpenoid

secologanin (9) (Figure 2).1281
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Qf E/E octc |

MeO,C

tryptamine (8) secologanin (9

Figure 2. ABCDE pentacyclic framework and numbering of aspidospermidine subclass
according to Spiteller and co-workers;*®! tryptamine-derived unit in red and Co
secologanin-derived unit in blue. Structures of tryptamine (8) and secologanin (9) shown in

insert. Glc = glucosyl.

The construction of the pentacyclic framework of the aspidospermidine subclass has attracted
significant attention;!*4! there has been a particularly intense interest in the synthesis of the
parent compound, aspidospermidine (1).*21516] Novel synthetic methodologies towards
Aspidosperma alkaloids are often exemplified by a synthesis of aspidospermidine (1), as the

most popular target within the Aspidosperma family.%17]

1.1.2 Isolation and Structural Elucidation

Aspidospermidine (1) was first isolated from the bark of the South American tree
Aspidosperma quebracho blanco by Spiteller and co-workers in 1961.181%1 A quebracho
blanco is a rich source of Aspidosperma alkaloids and approximately twenty alkaloids
including (—)-aspidospermine (10) and (—)-quebrachamine (11) were isolated in the same study
(Figure 3). Fifteen of the isolated alkaloids were further investigated with their structural
elucidation performed by UV-vis and mass spectroscopy.[*® In 1963, Spiteller and co-workers
named isolated alkaloid 1 ‘aspidospermidine’. In the same year, Smith and co-workers
determined the specific rotation of isolated aspidospermidine (1) ([a]Z® +17°, in ethanol).[2%
The absolute configuration of the Aspidosperma framework was proposed by Schmid and
co-workers in 1963, by correlation of the molecular rotations of Aspidosperma alkaloids with
related strychnine alkaloids.!?! This was further supported by optical rotatory dispersion curve
studies in 1965.22 The proposed absolute configuration was then confirmed by X-ray
diffraction in 1968.1%8 (+)-Aspidospermidine (1) has since been isolated from other plant

species, including Aspidosperma rhombeosignatum!?* and album[®! and Melodinus morsei.[¢]
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N
I ;\ r %" N
\ N 2 \
N™ = - N
HH oél\ H
(+)-aspidospermidine (1) (-)-aspidospermine (10) (-)-quebrachamine (11)

Figure 3. Structures of Aspidosperma alkaloids isolated from Aspidosperma quebracho blanco:

(+)-aspidospermidine (1), (—)-aspidospermine (10) and (—)-quebrachamine (11).

1.1.3 Biological Activity

(+)-Aspidospermidine (1) (i in Table 1) and other structurally-related Aspidosperma alkaloids
were shown to exhibit antiplasmodial activity against two strains of Plasmodium falciparum,
the parasite responsible for the most severe forms of malaria.[?”! The resistance of P. falciparum
to traditional antimalarial treatments, such as chloroquine (12), has driven the search for
antimalarial compounds of natural origin. Within this study, the Aspidosperma alkaloids with
an ethyl group, composed of C20 and C21, (i—v, vii and viii) were found to have lower ICsg
values and hence higher antiplasmodial activities against a chloroquine-resistant and a
chloroquine-sensitive strain of P. falciparum. Whereas the Aspidosperma alkaloids with a
fused tetrahydrofuran (THF) ring, containing C20 and C21, and a hydroxy group at C17 (ix—
xii) were found to have higher 1Csg values and hence lower antiplasmodial activity against both
tested strains of P. falciparum. In order to determine whether the THF ring, in place of the Et
group, or the hydroxy group at C17 was responsible for the lower antiplasmodial activity, the
methoxy group at C17 in aspidospermine (v) was demethylated giving a phenol group at C17
in derivative vi. The antiplasmodial activity of derivative vi was found to be similar to that of
the more active alkaloids with the free Et group (i—viii). Therefore, it was proposed that the
replacement of the free Et group by the fused THF ring was responsible for the lower
antiplasmodial activity of the alkaloids against the two tested strains of P. falciparum.
Additionally, alkaloids iii and v were tested for their chloroquine-potentiating activities and
were both found to display a chloroquine-potentiating effect when used together with
chloroquine (12) against the chloroquine-resistant strain of P. falciparum. Zeches-Hanrot and
co-workers proposed that the antiplasmodial activity of other Aspidosperma alkaloids, and their
derivatives, should be evaluated for use as antimalarial agents and, potentially, for use as agents

for the reversal of chloroquine-resistance.[?]
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Table 1. Structures of Aspidosperma alkaloids evaluated for their antiplasmodial activity

against two strains of Plasmodium falciparum. Structure of chloroquine (12) shown in insert.

Chloroquine- Chloroquine-sensitive
_ resistant (445 nM)?2 (79 nM)?
Alkaloid R! R?
1Cs0 uM = sd ICs0 pM * sd
24 h 72 h 24 h 72 h
iP H H H 16.3+29 38+0.7 11.0+x17 46+05
ii H H OCHs 195+7.2 3209 13.1 51
ii CHO H H 16.1+3.0 56x07 220x71 5915
iv CHO OCHs H 11.8+09 41+06 93+x24 66%1.4
223+
VP C(O)CHs OCH; H 5.6 +1.3 n.d. n.d.
11.6
Vi C(O)CHs OH H 151+19 122+52 215+65 20.3%6.2
vii C(O)CHs H H 7.4 6.2 34.0 15.4
viii C(O)C2Hs OCH3 H 154+42 12742 27.2 8.7
_ 285+
iX C(O)CHs H H 17.7+4.9 130 40.8+38 226+25
X C(O)C2Hs OCH3 H 528+7.1 25627 113.1 55.3
_ 90.4 +
Xi C(O)C2:Hs OCHs OCHs 13.7 59.2+5.4 44.4 28.0
3 149.7 +
Xii C(O)CHs OCH3 276 495+ 3.7 169.3 57.3

aChloroquine-resistant and chloroquine-sensitive strains with ICso values for chloroquine of
445 nM and 79 nM, respectively. In the publication alkaloids i and v were both named as
however their substituents alkaloid 1 is in fact

aspidospermine, according to

(+)-aspidospermidine (1) and alkaloid v is (—)-aspidospermine (10).

Since aspidospermidine (1) possesses the core framework of its subclass, its synthesis has

become the proving ground for the development of novel synthetic methodology to access other
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members of the Aspidosperma family,*!1 which may exhibit important biological activities.[?"]
Bisindole Aspidosperma alkaloids (+)-vinblastine (13) and (+)-vincristine (14), which contain
the (—)-aspidospermidine (1) and quebrachamine (11) frameworks in their ‘monomeric’ units
(Figure 4), both display anti-cancer activity and had early clinical success. Unfortunately,
(+)-vinblastine (13) and (+)-vincristine (14) both display serious side-effects. However, the
synthesis of vinblastine (13) allowed for studies into its mode of action, which led to the
development of its derivative: vinorelbine (navelbine) (15).1%! Vinorelbine (15) is used as a

chemotherapy drug in the treatment of lung and breast cancers.?°!

YN N\

., “'u/ \"' “"u/
MeO,C N MeO,C N It

MeO [ H Cco,Me MeO I\I/IeH CO,Me
R = Me, (+)-vinblastine (13) vinorelbine (15)

R = CHO, (+)-vincristine (14)

Figure 4. Structures of (+)-vinblastine (13), (+)-vincristine (14) and vinorelbine (15) with the
(—)-aspidospermidine (1) and quebrachamine (11) frameworks shown in red and blue,

respectively.

1.1.4 Biosynthetic Hypothesis

As aforementioned, the framework of the aspidospermidine subclass is composed of a
tryptamine-derived unit and a Cg or Cyo secologanin-derived unit (Figure 2). The terpenoid
secologanin (9) is produced from the non-mevalonate pathway (MEP) in plants.*%31 The
tryptamine-derived unit originates from the amino acid L-tryptophan (16), which is produced
from the Shikimate pathway in plants and microorganisms (Scheme 1).[32 L-Tryptophan (16)

is converted to tryptamine (8) by the enzyme tryptophan decarboxylase.?!
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Shikimate
pathway e )
i OH '

OH
! Glc=Gl Lo
COH NH, L eT ey
Oy O~ —
N L-tryptophan N
H decarboxylase H
L-tryptophan (16) tryptamine (8)
strictosidine
H = synthase
MeO,C
Non-mevalonate OGlc
pathway (MEP) ’ strictosidine (17)
o
MeO,C X .
) strictosidine
secologanin (9) deglucosidase

Ho—// ~CO2Me Ho_/ ~COzMe

4,21-dehydrogeissoschizine (21) 4,21-dehydrocorynantheine
aldehyde (20)

" [H
H [H]
X)
@®N
QN N
E u — EEEEE ” —
H H
4 CO,Me 0 CO,Me
24 25
.
' [H]

NQ\\/ N@ﬁ 'S

\) -o-e- - o

N 5 ) ) )(OAC N OH
N B c
H CO,Me H CO,Me H CO,Me B Eo,Me
dehydrosecodine (29) 28 27 stemmadenine (26)
\
//N \
‘0, < -
-

N
H COzMe

30 (+)-aspidospermidine (1)

Scheme 1. Proposed biosynthetic pathway to (+)-aspidospermidine (1). Glc = glucosyl.

A stereoselective Pictet—Spengler condensation between tryptamine (8) and secologanin (9),
catalysed by strictosidine synthase, gives the intermediate strictosidine (17).3%-%
Strictosidine (17) is then deglycosylated, by strictosidine deglucosidase, forming a reactive

hemiacetal intermediate 18 that opens to give the aldehyde intermediate 19. Intramolecular
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nucleophilic attack from the secondary amine to the aldehyde intermediate 19 gives the
iminium ion 4,21-dehydrocorynantheine aldehyde (20). Isomerisation of the terminal double
bond in 4,21-dehydrocorynantheine aldehyde (20) affords the conjugated
4,21-dehydrogeissoschizine (21).° Subsequent reduction would then give intermediate 22,
which would undergo an electrophilic addition at the 3-position of the indole generating
indoleninium 23. An enol addition at the 2-position would then construct the pentacyclic
intermediate 24, the framework is however proposed to spontaneously fragment via a Grob
fragmentation thus restoring aromaticity in iminium ion 25. Reduction of the iminium ion and
aldehyde moieties would yield stemmadenine (26). Acetylation of the hydroxy group and an
exo-to-endo double bond isomerisation would result in the opening of the macrocycle. An
isomerisation would then give the acrylic ester dehydrosecodine (29).12%40411 It js proposed that
dehydrosecodine (29) could undergo an intramolecular Diels—Alder reaction to construct the
Aspidosperma pentacyclic framework; however, there is not yet any evidence for this occurring
in plants.®® Subsequent ester hydrolysis, decarboxylation and reduction would furnish
aspidospermidine (1). Although extensive studies into the biosynthetic pathways to
Aspidosperma alkaloids were conducted in the 1960’s and 1970’s, no enzymes for the
construction of the Aspidosperma framework from 4,21-dehydrogeissoschizine (21) were

identified.[3942

From the Aspidosperma framework, all Aspidosperma alkaloids can be obtained through
appropriate transformations. This biosynthetic pathway exemplifies the efficiency and
elegance of nature’s divergent strategy towards Aspidosperma alkaloids; thus, there has been
substantial interest in harnessing these aspects in a divergent, biomimetic route towards
Aspidosperma alkaloids.[*%

1.1.5 Previous Synthetic Approaches

The foundations for the synthesis of Aspidosperma alkaloids were laid by Stork and Dolfini in
1963, with their total syntheses of (z)-aspidospermine (10) and (%)-quebrachamine (11)
(Scheme 2).[43441 Their strategy of constructing the pentacyclic framework through a Fischer
indole synthesis with phenylhydrazine derivatives and aminoketone intermediate 31—the

Stork intermediate—has dominated synthetic routes to Aspidosperma alkaloids.5]
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Scheme 2. Total synthesis of (£)-aspidospermine (10) and (z)-quebrachamine (11) reported by
Stork and Dolfini.[*?]

In this synthesis, aminoketone 31 was produced from butanal (32) in 14 steps. Two sequential
Stork enamine alkylations of butanal (32) with methyl acrylate and methyl vinyl ketone
afforded ester 33, crucially with the first quaternary carbon stereocentre formed. Ester 33 was
converted to the corresponding cis-fused amine 34, via an aminolysis, amide reduction and
aza-Michael addition sequence. A piperidine N-acylation with chloroacetyl chloride (35) and
subsequent cyclisation constructed the tricyclic framework in amide 36. An amide reduction
then yielded the aminoketone 31, which was submitted to the key Fischer indole synthesis. In
which, employing 2-methoxyphenylhydrazine (37) gave pentacycle 38, which upon imine
reduction and acetylation afforded (z)-aspidospermine (10). Whereas, using
phenylhydrazine (40) gave pentacycle 41, which upon reductive cleavage furnished

(x)-quebrachamine (11).



Introduction

Since the seminal work of Stork and Dolfini, the related compound aspidospermidine (1) has
become a popular synthetic target within Aspidosperma alkaloids, with over fifty reported
syntheses in both racemic and enantioselective fashion.["44-48 Many of these syntheses can be
broadly divided into three main strategies (Scheme 3):[1516]

Strategy I: Stork’s Fischer indole synthesis
Strategy Il Harley—Mason’s cyclisation-rearrangement

Strategy I1I: Magnus’ late-stage D ring closure

FN/\\ Strategy | N/\\ Strategy m E
3 S ! I S
Q/ Stork's Fischer Magnus Late-Stage

(0] Indole Synthesis H H D Ring Closure
31 (£)-1
Harley—Mason's
Strategy Il M Cyclisation-Rearrangement

Scheme 3. Three main strategies for the synthesis of aspidospermidine (1). Adapted from 5261,

Strategy | has been employed in numerous total syntheses of aspidospermidine (1), with
alternative routes to preparing Stork intermediate 31, followed by the Fischer indole synthesis
with phenylhydrazine (40) and subsequent reduction to afford aspidospermidine (1).[144%-62]

Strategy Il was first reported in 1967 by Harley—Mason and co-workers in the synthesis of
(+)-aspidospermidine (1) from prepared aldehyde 44 (Scheme 4).[53641 Aldehyde 44 was
alkylated with allyl bromide via the pyrrolidine enamine and then converted to the
corresponding dimethyl acetal 45. Ozonolysis followed by borohydride reduction gave
alcohol 46. An acid-promoted cyclisation-rearrangement sequence between alcohol 46 and
tryptamine (8) was performed, in which the carbon directly bonded to the activated hydroxy
group underwent an Sn2 displacement from the 2-position of the indole. A 1,2-shift then
constructed the CDE rings in pentacycle 49. A final reduction furnished
(+)-aspidospermidine (1).[4764 Strategy 1l has since been utilised in other syntheses of

aspidospermidine.[65-70]
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Scheme 4. Synthesis of (+)-aspidospermidine (1) via Strategy 11.[64]

Strategy Il features late-stage D ring formation, after construction of the ABCE ring system.
Strategy |11 was originally reported by Magnus and co-workers in 1982 in their total synthesis
of (x)-aspidospermidine (1) (Scheme 5). Their synthesis began with the condensation of
3-formyl-2-methylindole (50) with 2-(phenylthiol)ethylamine (51), giving imine 52. Treatment
of imine 52 with the mixed anhydride 53 resulted in a nucleophilic acyl substitution followed
by a Diels—Alder reaction, stereoselectively constructing the cis-fused E ring in tetracycle 54.
Oxidation of the sulfide in tetracycle 54 afforded the corresponding sulfoxide 55 as a mixture
of diastereomers. Upon treatment with trifluoroacetic anhydride, sulfoxide 55 underwent a
Pummerer rearrangement, forming the a-acyloxy-thioether 56, which cyclised in situ via a
nucleophilic attack from the indole 3-position, thus installing the D ring in intermediate 57. A
desulfurisation and final reduction then yielded (+)-aspidospermidine (1).[Y Strategy 111 has
been employed in various syntheses of aspidospermidine (1), with alternative strategies for
constructing the ABCE ring system and for late-stage installation of the D ring.[*1.72-8
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Scheme 5. Total synthesis of (+)-aspidospermidine (1) via Strategy I11.1"]

There are also reported syntheses of aspidospermidine (1) that do not fall into strategies I, 11 or
111.128.84-881 Remarkably, out of all of the reported syntheses to aspidospermidine (1), relatively
few employ catalytic enantioselective strategies.51:53.73.7478818%-91] Examples that employ
asymmetric transition-metal catalysed transformations include Pd-catalysed decarboxylative
asymmetric allylic alkylation (DAAA) strategiesl’®8192%81 and Zhang and co-workers’

Ir-catalysed allylic substitution and homo-Mannich sequence.®*!

The first enantioselective synthesis of aspidospermidine (1) that employed the Pd-catalysed
DAAA methodology was reported by Shao and co-workers in 2013. In which the Pd-catalysed
DAAA methodology was adapted for carbazolone substrates using the chiral
phosphinooxazoline (PHOX) ligand (S)-L1. Upon submitting carbazolone 59 to their
Pd-catalysed DAAA procedure, the tricyclic intermediate 60 was obtained, with the key
quaternary carbon stereocentre set (Scheme 6). A mild hydrolysis of the nitrile group to the
corresponding amide, followed by a chemoselective ketone reduction selectively constructed
the cis-fused teracycle 61. The ethyl chain was then installed by a sequential oxidation,
mercaptalation and desulfurisation to give intermediate 62. Amide reduction, deprotection and
selective piperidine N-acylation with chloroacetyl chloride (35) provided tetracycle 63.18% The
endgame of Heathcock and Toczko was then applied.[**! In which a Finkelstein reaction of the
acyl chloride 63 with sodium iodide gave the corresponding acyl iodide. Treatment with silver

triflate then induced a Sn2 displacement from the indole 3-position to the alkyl iodide resulting
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in the late-stage construction of the D ring. A final reduction furnished

(—)-aspidospermidine (1).11181

o
PPh, I\}J
N

(S)-L1 (6.3 mol%)

o)
o] J
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\ 0 CN
CN 93% N \
N
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N 93% ee Bn
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l 3 steps

N a L.
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N ) \
HH N N
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Scheme 6. Pd-catalysed decarboxylative asymmetric allylic alkylation with carbazolone
substrates applied in the total synthesis of (—)-aspidospermidine  (1).[8Y
dba = trans,trans-dibenzylideneacetone.

In 2019, Chang and co-workers employed the conditions of Shao and co-workers with
carbazolone 64 to obtain tricyclic intermediate 65 (Scheme 7). A hydroboration-oxidation of
the double bond in tricyclic intermediate 65 with subsequent oxidation gave keto-aldehyde 66.
This was followed by a key reductive animation-carbonyl
reduction-dehydration-intramolecular conjugate addition cascade to give tetracycle 67.
Deprotection and selective piperidine N-acylation with bromoacetyl bromide then afforded
intermediate 68, which was also subjected to the endgame of Heathcock and Toczko to give

(+)-aspidospermidine (1).1*%.7]
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Scheme 7. Total synthesis of (+)-aspidospermidine (1), via a Pd-catalysed decarboxylative
asymmetric allylic alkylation and a reductive animation-carbonyl
reduction-dehydration-intramolecular conjugate addition cascade.[”!

Zhang and co-workers” work was of particular interest to us as they employed an Ir-catalysed
allylic substitution reaction with 3-substituted indole derivative 69, followed by a
homo-Mannich reaction, in which the in situ generated indoline iminium ion 71 was trapped
by the tethered cyclopropanol (Scheme 8).[°¥1 They applied conditions reported by You and
co-workers for the asymmetric allylic substitution step and used scandium(lll) triflate for
promotion of the sequential homo-Mannich reaction to give hydrocarbazole 72, thus
stereoselectively constructing the quaternary carbon stereocentre at the 3-position and the
vicinal stereocentre at the 2-position.’*%! Treatment of hydrocarbazole 72 with Comins’
reagent afforded the enol triflate 73. An Upjohn dihydroxylation of the double bond in enol
triflate 72 followed by oxidative cleavage and reductive animation gave intermediate 74, which
was submitted to a Pd-catalysed hydroformylation to give enal 75. Under basic conditions,
enal 75 underwent a 1,4-conjugate-addition-alkylation for concurrent cis-construction of the D
and E rings in pentacycle 76. A Wittig methylenation and deprotection then afforded
(+)-aspidospermidine (1) over two steps from pentacycle 76. This work from Zhang and
co-workers was pivotal in the field of allylic substitution chemistry with 3-substituted indole

derivatives, as it was the first example of an unactivated methylene nucleophile cyclising onto
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the in situ generated indoline iminium ion 71.°4 As in allylic substitution reactions with
3-substituted indole derivatives, the generated indoline iminium ion is typically trapped by
pendent nitrogen and oxygen nucleophiles or under basic conditions by activated methylene

nucleophiles, such as at the o-position in a malonic ester.[®5-102]
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Scheme 8. Total synthesis of (+)-aspidospermidine (1), by an Ir-catalysed allylic substitution

and homo-Mannich sequence.®

The broad variety of synthetic approaches to aspidospermidine (1) reported over the past 60
years, demonstrates that aspidospermidine (1) remains the gold standard within Aspidosperma

alkaloids for the application of emerging synthetic methodologies.
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1.2 Allylic Substitution Reactions

1.2.1 General Features

Transition-metal catalysed reactions are key for the formation of carbon-carbon and
carbon-heteroatom bonds. [l Of these, allylic substitution reactions have emerged as powerful
transformations in catalytic asymmetric chemistry and have consequently found many
applications in natural product synthesis.[%*103l

The general components of an allylic substitution reaction are a transition-metal catalyst such
as Pd, an allylic substrate as the electrophile and a carbon or heteroatom nucleophile (Scheme
9). Depending on the system, other additives such as bases, for generation of the nucleophile,
maybe be required.!® Additionally, chiral ligands can be employed to render this

transformation asymmetric.

€]
Nu  or
PdOL, LGp ) Nu-H (+ Base)
AN PdL, I — - AR
R LG ———> P R Nu
R
LG = OCO3R, OAc, OH, etc. n-allylpalladium complex

Scheme 9. General scheme of Pd-catalysed allylic substitution reaction.

The allylic substrate has a leaving group at an allylic position (Scheme 9). Allylic substrates
with a good leaving group such as carbonate or acetate are called activated allylic substrates.
Whereas, allylic substrates with a poor leaving group such as hydroxy groups, as in allylic
alcohols, are called unactivated allylic substrates and require activation by additives such as
Lewis acids.[®®l Based on the nucleophile employed, a diverse range of bonds can be
constructed in an allylic substitution reaction. This is a unique feature amongst asymmetric
metal-catalysed reactions, which are typically limited to forming only one type of bond, for
example C—H or C—0.12%! The net result of an allylic substitution reaction is the substitution
of a leaving group at an allylic position by a nucleophile.[*%®! This net reaction at an sp® centre
is not commonly encountered in asymmetric metal-catalysed reactions, which typically feature

net reactions at sp? centres.[*’]

Although other transition-metals such as Ni, Rh and Fe have been applied as catalysts in allylic
substitution reactions,*®! the use of Pd- and Ir-catalysis has dominated. The key difference
between Pd- and Ir-catalysed allylic substitution reactions is the regioselectivity of the
nucleophilic attack on the =m-allyl complex. Under Pd-catalysis, the nucleophilic attack

preferentially occurs at the least substituted allyl terminus giving the linear product. Whereas
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under Ir-catalysis, the nucleophilic attack preferentially occurs at the most substituted allyl
terminus to give the branched product, thus generating a new stereocentre when R # R?
(Scheme 10).[19310%1 Notably, under Pd-catalysis the nature of the nucleophile can also affect
the linear to branched product ratio; with soft nucleophiles, such as malonates and amines,
giving higher ratios of linear to branched product compared to hard nucleophiles.[**] Other
factors may also affect the linear to branched ratio of the product, such as the bulkiness of the

nucleophile,l*'!! the rigidity of the ligand[**? or even the solvent choice.[!*2114]

4Nu

R1
M=Ir 22*/ + RZJ%/\NU

o
branched product linear product
R ML, . (,'—2(;5 Nu major product minor product
R'm*2)L
_— n
NS .-
RZJ\/\LG M =Pd or Ir RzJ\l/ . "
LG = OCO,R, OAc, OH, etc. M = Pd + R
- - F
n-allyl complex ‘ RZJ%/\Nu Rz*/
linear product branched product
soft Nu major product minor product
hard Nu minor product major product

Scheme 10. Regioselectivity of allylic substitution under Ir- or Pd-catalysis. Adapted from (19,

It was originally proposed that the linear regioselectivity obtained in Pd-catalysed allylic
substitution reactions was due to the nucleophilic attack preferentially occurring at the least
sterically hindered allyl terminus and was therefore due to steric factors. Whereas the branched
regioselectivity observed under Ir-catalysis was proposed to be due to electronic effects, in
which the positive charge formed upon ionisation is better stabilised at the most substituted
allyl terminus, hence nucleophilic attack occurring preferentially at this terminus to afford the

branched product.[®8!

Many studies have been conducted to uncover the origin of this observed regioselectivity.
Theories for the linear regioselectivity obtained under Pd-catalysis include nucleophilic attack
at the terminus with the longer carbon-metal bond,[*** with the greater positive charge,*1! or
trans to the softer P donor when using bidentate ligands with P and N donors.[t15117-123]
Furthermore, in systems with amine nucleophiles it has been shown that the kinetic branched
product can be initially formed and then isomerised to the thermodynamic linear product during
the allylic substitution reaction.[*?41%! Early theories for the branched regioselectivity under
Ir-catalysis similarly included nucleophilic attack at the terminus with the longer carbon-metal
bond[*?®! or with the greater positive charge.[*?"1281 The Helmchen Group carried out DFT
studies to investigate the origin of the regioselectivity for allylic animations under

Ir-catalysis.[*?>1%0 \Whilst the DFT calculations supported the expected branched
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regioselectivity, no evidence was found to explain the preferential formation of the branched

product.

In 2015, Hartwig and co-workers conducted detailed investigations into the origin of the
regioselectivity of allylic substitution reactions with oxygen-containing nucleophiles under
Ir- and Pd-catalysis. Experimental and computational studies with Ir-complexes with cod
ligands suggested that non-covalent attractive C—H---O interactions between the vinyl C-H
bond of the cod ligands and the O atom of malonate ester and alkoxide nucleophiles played a
major role in the preferential nucleophilic attack at the most substituted allyl terminus. These
non-covalent attractive C—H---O interactions were observed in the transition state to form the
branched product and were proposed to dominate over other factors such as the carbon-metal
bond length or the presence of a trans P-donor. Computational studies of allylpalladium
complexes with PPhs ligands and either trifluoroacetate as a hard nucleophile or the dimethyl
malonate anion as a soft nucleophile were then conducted to investigate whether these
stabilising C—H---O interactions played a role in determining the regioselectivity under
Pd-catalysis. DFT calculations showed that a higher linear to branched ratio was obtained with
the dimethylmalonate soft nucleophile compared to with the hard trifluoroacetate nucleophile.
NBO second-order perturbation analysis was employed to measure the attractive C-H---O
interactions between C—H bonds of the PPhs ligands and the O atom of the nucleophiles present
in the transition states leading to branched or linear products. With trifluoroacetate as the hard
nucleophile, the attractive interactions in the transition state leading to the branched product
were larger than those in the transition state leading to the linear product. Whereas with
dimethyl malonate as the soft nucleophile, the attractive interactions in the transition state
leading to the linear product were larger. These results suggested that the non-covalent
attractive C—H---O interactions are also a major factor in determining the regioselectivity of

allylic substitution reactions under Pd-catalysis with oxygen-containing nucleophiles.[**"

However, the corresponding non-covalent attractive C—H---N interactions were not observed
in the allylic animation studies by the Helmchen group.*?%13% Thus, a general explanation for
the difference in the experimentally observed regioselectivity under Pd- or Ir-catalysis remains

to be found.

In our system, the linear product from the allylic substitution reaction was required, as shown

in Planned Synthetic Approach, we therefore focused on Pd-catalysis.
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1.2.2 Pd-Catalysed
1.2.2.1 Mechanistical Aspects

The general catalytic cycle of a Pd-catalysed allylic substitution reaction is shown in Scheme
11. The active Pd© catalyst | coordinates to the double bond in the allylic substrate 11,
generating the nZ-m-allylpalladium©® complex Ill. Oxidative addition then occurs with
dissociation of the leaving group to give two equilibrating endo/exo n3-n-allylpalladium
complexes 1V, which can exist as syn or anti isomers (shown as syn in Scheme 11).[53.107.131]
The oxidative addition and leaving group dissociation step is commonly referred to as an
“jonisation” in the literature, due to the generation of the ionic n3-m-allylpalladium{
complex V.11 The ionisation occurs with inversion, in which the Pd metal is on the opposite
face of the m-allyl unit to the leaving group.™**! Nucleophilic attack to the n®-z-allylpalladium
complex 1V forms the n?-r-allylpalladium©® complex V. Decomplexation then releases the

substituted product V1 and regenerates the Pd© catalyst.[*3!]

R/\/\Nu PdOL, R/\/\LG
Vi 1 ]
Decomplexation Coordination
RSy RT"16
PdOL, PdOL,
\" 1]
— ®
L,Pd™
| .
e
- exo o
Nucleophilic Attack lonisation
Nu@ “ LGe
®
L,Pd®
R&In
endo

Scheme 11. General catalytic cycle of Pd-catalysed allylic substitution reaction. Adapted

from [107],

With soft nucleophiles, those with conjugates acids with a pKa < 25, the nucleophilic attack
occurs at the opposite face of the r-allyl unit to the Pd(""’ metal via an outer-sphere mechanism.
This nucleophilic attack therefore proceeds with inversion of stereochemistry, resulting in a net
retention of the stereochemistry (Scheme 12). Whereas, hard nucleophiles, those with
conjugate acids with a pKa > 25, attack the Pd("" metal directly and the subsequent reductive
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elimination proceeds via an inner-sphere mechanism with retention of stereochemistry,

resulting in a net inversion of stereochemistry in the allylic substitution reaction. 108131

RJ\/\R'
PdOL, l lonisation with inversion of stereochemistry
soft Nu ®PdinL hard Nu
- n
Nucleophilic attack and RN R Nucleophilic attack and
reductive elimination with reductive elimination with
inversion of stereochemistry retention of stereochemistry
Nu Nu
N
R)\/\R- R/\/\Rv
net retention of stereochemistry net inversion of stereochemistry

Scheme 12. Mechanism for the net stereochemistry of the allylic substitution reaction with soft

or hard nucleophiles. Adapted from [204,

The syn/anti nomenclature of the n3-r-allylpalladium{ complex IV refers to the configuration
of the substituents at the 1- and 3-positions on the n3-r-allyl ligand relative to the 2-substitutent,
as illustrated in Figure 5.11%71 For 1,3-disubstituted n3-z-allylpalladium" complexes the syn/syn
conformation is usually the more stable and hence dominant conformation, due to reduced

steric interactions between the 1-, 3-substituents and with the Pd metal.[*11:114]

anti anti
11.©..]3
syn oY syn
H

Figure 5. Syn/anti nomenclature in n3-z-allyl ligands relative to the 2-substitutent. Adapted

from [132],

The n3-n-allylpalladium complex IV has a square planar geometry at the metal centre, with
two coordination sites occupied by the n3-n-allyl ligand and the remaining two coordination
sites occupied by Lewis-basic ligands. This complex IV may have various stereogenic
elements, depending on the substitution of the allyl ligand and/or the Lewis-basic ligands used
(Figure 6). When the Lewis-basic ligands that are coordinated to the Pd are identical, as shown
in A, then the n®-r-allylpalladium® complex 1V has no stereogenic element. Whereas when
the coordinated Lewis-basic ligands are different as in B, then the Pd atom is the stereogenic
element in the n-r-allylpalladium® complex 1V, which exists as enantiomers. When the allyl
ligand is unsymmetrically substituted, as in C, then the allyl plane is the stereogenic element
and the n3-r-allylpalladium{ complex 1V exists as enantiomers. When both the coordinated
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Lewis-basic ligands are different and the allyl ligand is unsymmetrically substituted, then there
are two stereogenic elements: the Pd atom and the allyl plane as in D. The
ni-n-allylpalladium™ complex IV then exists as four isomers: two diastereomeric pairs of
enantiomers. Furthermore, the allyl ligand itself can also act as the stereogenic element as endo
and exo isomers as in E, therefore the complex 1V exists as two diastereomers.[**! Crucially,
when chiral ligands are applied, the enantiomeric complexes exist as diastereomeric

complexes. [t

/*\_%“(lﬁ) R\/”\_%(h) ::'/'-,%n) AN
At c t ent-C
No stereogenic unit One stereogenic unit: allyl plane
A Ok N
/”\_%‘(h) L"'P®d“M\ /\_p'eul) VP'S(II)
v gl N L
B - ent-B Eexo Eendo
One stereogenic unit: Pd atom One stereogenic unit: allyl ligand
RA B L"‘%H)_%\/R RV N I
\L i v \L i A
b ent-D’ D2 ent-D?
Two stereogenic units: Pd atom and allyl plane

Figure 6. Stereogenic elements present in ni-r-allylpalladium complexes and possible
isomers thereof. L and L represent different ligands. Adapted from 2111,

The n®-r-allylpalladium®™ complexes IV can interconvert between their respective isomeric

forms by various mechanisms:[**H

i.  n3nlm®isomerisation
ii.  ligand association
iii.  ligand dissociation
iv.  nucleophilic attack by Pd©®

The occurrence of these isomerisation mechanisms depends upon the reaction conditions.
These mechanisms can result in a switch of the face of the allyl ligand that is coordinated to
the Pd metal—with or without a syn-anti switch of the allyl substituents—or an apparent allyl
rotation of the allyl ligand with respect to the Pd—allyl axis.[***] These various isomerisation
mechanisms can play a significant role in the stereoselectivity of the allylic substitution

reaction when their rate constants are faster than that of the nucleophilic attack.

During the n3-n!-n? isomerisation, the n-allyl ligand undergoes a hapticity change from n* to
n%, followed by a rotation around the C—C bond of the allyl ligand, before reforming the
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ni-n-allylpalladium complex! (Scheme 13). This isomerisation results in a syn-anti
isomerisation of the substituents at the allyl terminus that was coordinated to the Pd in the
n-allylpalladium® complex and a switch of the allyl ligand face that is coordinated to the Pd
metal. This isomerisation is particularly prevalent when both R* and R? = H.!*YI Notably, this
syn-anti isomerisation is not possible for cyclic substrates, as they are locked as the anti,anti

isomer.[107]

c-C
31 , 31
n-n bond rotation n’-n
R'pdL, LPdiR LpdWR' RZpd(L,
J\;/ ~— ) _ ~ S ~ \‘ >
R R? R? RI”®
n°-n-allylpalladium n'-allylpalladium n'-allylpalladium n3-n-allylpalladium
R' = anti R'=syn
R? = syn R? = anti

Scheme 13. n®m!n?® Isomerisation of a n-n-allylpalladium complex resulting in syn-anti

isomerisation of R! and R?. Adapted from 111,

During ligand association an incoming ligand adds to the complex forming an intermediate
with an increased coordination number, thus changing the coordination geometry (Scheme 14).
An outgoing ligand then dissociates from the intermediate, regenerating the original
coordination number of the complex, but with the coordinated ligands in inverted positions.
Whereas during ligand dissociation the outgoing ligand first dissociates from the complex,
forming an intermediate with a decreased coordination number. The remaining ligands can then
switch between the coordination sites. An incoming ligand then adds to this intermediate and
thus regenerates the original coordination number of the complex, but with the coordinated

ligands in inverted positions.[**]

Ligand association (upper pathway)
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Scheme 14. Mechanisms of ligand association (upper pathway) and ligand dissociation (lower

pathway). Adapted from [°31,
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The electrophilic n-r-allylpalladium complex can also undergo nucleophilic attack from
Pd©@ complexes, effectively resulting in a switch of the allyl ligand face that is coordinated to
the Pd metal (Scheme 15).111134 |f the faces of the allyl ligand are enantiotopic then
nucleophilic attack to the different faces affects the enantioselectivity of the reaction.[**H! This
phenomenon was reported by Tsuji and co-workers, when they observed that higher Pd-catalyst
loading led to a reduced enantioselectivity.[*®! This isomerisation event can be mitigated by
using low Pd-catalyst loadings and is generally assumed to be slower than the nucleophilic
attack to the electrophilic n3-r-allylpalladium{ complex.[**]

®R /\Pdm)Ln R®
L PR — RNAL png
PdOL,

Scheme 15. Pd©@-catalysed allyl exchange. Adapted from 161,

The n3-n-allylpalladium{ complexes 1V can also interconvert between their endo/exo isomers,
in an apparent allyl rotation.[®¥ This apparent allyl rotation can occur via three different
mechanisms: ligand association, ligand dissociation or an n3-n-n® isomerisation, in which the
n-allyl ligand undergoes a hapticity change from 1 to n!, subsequent rotation around the C—Pd
bond occurs before reforming the n3-r-allylpalladium{ complex.!™! Additionally, endo-exo
isomerisation can also occur when a bidentate Lewis-basic ligand exists as two separate
rotamers above and below the Pd-allyl axis, for example this phenomenon has been reported
with the Trost DACH-phenyl ligand L3 (Scheme 16).[*%! The endo isomers are generally more
stable.’3" Crucially, the endo/exo isomers may display different reactivities to nucleophilic

attack, potentially leading to enantioenriched product formation.*t4
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Scheme 16. Exo/endo isomerisation with the Trost DACH-phenyl ligand (S,S)-L3 as a
bidentate ligand existing as two separate rotamers. Adapted from 111,

In addition to the interconversion of the n3-m-allylpalladium{ complexes affecting the
stereoselectivity of the allylic substitution reaction, there are five different opportunities for
enantiodiscrimination in a Pd-catalysed asymmetric allylic substitution reaction when using

chiral ligands (Scheme 17).1*81 These opportunities for enantiodiscrimination occur at each of
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the stages in the allylic substitution catalytic cycle, apart from the reductive elimination step,
as the stereochemistry is already set prior to this step.l*%”] The multiple enantiodiscrimination
opportunities are a unique feature of allylic substitution reactions; as other asymmetric
metal-catalysed reactions are typically limited to one source of enantiodiscrimination, for
instance differentiation of enantiotopic faces of m-unsaturation, as in a carbonyl group or a
double bond.[*%

Mechanism A: enantiotopic faces of double bond Mechanism B: enantiotopic leaving groups
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Scheme 17. Mechanisms of enantiodiscrimination in Pd-catalysed allylic substitution

reactions. Adapted from 131,391,

In mechanism A, coordination to one enantiotopic face of the allyl substrate forms a
diastereomeric n?-n-allylpalladium©® complex that has a faster rate of ionisation than the
diastereomeric complex formed from coordination to the opposite enantiotopic allyl face.
Additionally, the rate of the nucleophilic attack to the n3-z-allylpalladium complexes is faster
than that of the nm'-n® isomerisation between the diastereomeric n®-n-allylpalladium)
complexes.['”1 Mechanism B occurs when the allyl substrate is meso or gem-disubstituted with
two enantiotopic leaving groups, which become diastereotopic in the presence of a chiral

ligand.*Y In mechanism C, the allyl substrate is a chiral racemate that upon ionisation forms
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a meso n°-r-allylpalladium( complex.[**1 In the presence of a chiral ligand, the termini of the
allyl ligand are diastereotopic and consequently exhibit different reactivities to the nucleophilic
attack. Therefore, the regioselectivity of the nucleophilic attack can be controlled by a chiral
ligand, to form the desired enantioenriched product. This mechanism therefore allows for
enantioenriched product to be obtained from a chiral racemic starting material, via a dynamic
kinetic asymmetric transformation (DYKAT).*Y In mechanism D, upon ionisation two
diastereomeric n*-n-allylpalladium® complexes are formed, whose interconversion via the
nnin?® isomerisation is faster than the rate of the nucleophilic attack. The asymmetric
induction is determined from either the different rates of nucleophilic attack to the two
diastereomeric n-n-allylpalladium® complexes or when these rates are approximately equal
then by the equilibrium ratio of the diastereomeric complexes. In this mechanism, the allyl
substrate can be either achiral or chiral. When a chiral racemate is applied, enantioenriched
product can be obtained and thus constitutes a DYKAT.!*%I Finally, the nucleophilic attack
from one of the enantiotopic faces of the prochiral nucleophile can also act as the
enantiodiscriminating mechanism as in mechanism E.[171 This generates a new stereocentre on
the prochiral nucleophile. Since for soft nucleophiles, the nucleophilic attack occurs via an
outer-sphere mechanism and the nucleophile is outwith the coordination sphere of the metal, it
can be challenging to achieve high asymmetric induction via this enantiodiscriminating

mechanism. 311

In mechanisms A and B, the ionisation step is the enantiodiscriminating step, with often a faster
rate of nucleophilic attack compared to the isomerisation of the diastereomeric w-allyl
complexes.t11138] Whereas in mechanisms C, D and E the nucleophilic attack is the
enantiodiscriminating  step.[®  Furthermore, these mechanisms show that the

enantiodiscrimination event can occur at either the electrophile or the nucleophile or both.[1%7]

Mechanism C requires a chiral allyl substrate and mechanism D can involve one.*38 The ability
of allylic substitution reactions to convert chiral racemic starting material into enantioenriched
or even enantiopure material, through either a meso intermediate, as in mechanism C, or a
DYKAT, as in mechanism D, is rarely observed in other asymmetric metal-catalysed

reactions.[197]
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1.2.2.2 Ligand Design

As aforementioned, the stereo defining ionisation and nucleophilic attack for soft nucleophiles
occurs on the opposite face of the m-allyl unit to the Pd metal and thus outwith the chiral
environment of the ligand. This presented a challenge when designing chiral ligands for
asymmetric allylic substitutions. To this end, inspiration was sought from nature. Trost and
co-workers hypothesised that to induce high asymmetric induction, the ligand required a chiral
pocket to embrace the substrates, analogous to that of an enzyme active site. They postulated

that this could be achieved by using a bidentate ligand that creates a constricted chiral space.**]

For the Lewis-basic ligands in the Pd-catalysed allylic substitution reaction, donor ligands such
as phosphines are required to increase the electron density on the Pd centre, for promotion of
the oxidative addition.[***] Hence Pd-catalysed asymmetric allylic substitution reactions often
employ chiral phosphine ligands.™**! Thereof, Trost’s ligands have arguably enjoyed the most
success, with the DACH-phenyl ligand L3—the standard Trost ligand—Dbeing the ligand of
choice for total syntheses featuring Pd-catalysed asymmetric allylic substitution reactions
(Figure 7a).1*%I The Trost ligands coordinate to the metal centre through their two phosphorous
atoms and are thus bidentate (Figure 7b).[*%! The phenyl groups attached to the phosphorus
atoms form the walls and flaps of the chiral pocket and the chiral N-C—C-N scaffold the roof

thereof,[*38 as reminiscent of an enzyme active site.[**]

Structural modifications to the standard Trost ligand L3 have been made over the years, in
attempts to enhance its asymmetric induction.!*%! These modifications included increasing the
N-C—-C-N dihedral angle, as in the DACH-anthracene L5 and stilbene diamine L6 derivatives
(Figure 7a), which resulted in a larger P-Pd—P bite angle.[**® A larger P-Pd—P bite angle is
often associated with a deeper chiral pocket, which was postulated to enhance the chiral
recognition and thus the asymmetric induction through more effectively embracing the

substrates,[108.140]

Studies to investigate the asymmetric induction of the Trost ligands in Pd-catalysed allylic
substitution reactions through direct characterisation of the intermediates by NMR
spectroscopy or X-ray crystallography were unsuccessful. Therefore, the working model for
the stereoselectivity proposed by Trost and co-workers is based on indirect experimental
evidence. The wall-and-flap model of the Trost ligands as shown in Figure 7b was based on

molecular modelling studies of n-allylpalladium complexes with the Trost ligands.[*]
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Figure 7. a) Selected Trost ligands; b) Trost’s wall-and-flap model with the
(R,R)-DACH-phenyl ligand L3.*3

In the m-allylpalladium complex, the Pd metal is located above the anti-substituents of the
n-allyl ligand, consequently the allyl ligand cants away from the Pd metal at an angle of 5-15°
to reduce unfavourable steric interactions between its anti-substituents and the Pd metal (Figure
8 top).[**¥ In the allylic substitution reaction, both the ionisation and nucleophilic attack are
proposed to occur exo to the Pd metal, as this allows for an angle close to 180° between the
leaving group and the incoming nucleophile to the Pd metal. Notably, in the ionisation step,
Pd© is the nucleophile whereas in the substitution step, Pd) is the leaving group. With the
Trost ligands, the nucleophilic attack must occur through one of the front quadrants, for it to
be exo to the Pd metal. Of the two possible front quadrants, entry of the nucleophile under the
flap is sterically favoured as opposed to beside the wall (Figure 8 middle). In the case of the
unsymmetrically substituted =-allyl ligand 1, upon ionisation the Kkinetically preferred
diastereomeric m-allylpalladium complex 1l is formed, which can undergo n®-n'm?
isomerisation to the thermodynamically preferred diastereomeric n-allylpalladium complex 111
(Figure 8 bottom). The diastereomeric m-allylpalladium complex 111 is thermodynamically
favoured as the R substituent is located close to the flap, as opposed to beside the wall as in the
n-allylpalladium complex 1. For the diastereomeric w-allylpalladium complex 11, favoured exo
attack of the nucleophile under the flap in the front right-hand quadrant would give the favoured
or ‘matched’ linear product 1V, whereas unfavoured exo nucleophile attack along the wall

would give the branched unfavoured or ‘mismatched’ product V. Favoured exo attack of the
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Figure 8. Exo and endo ionisation and nucleophilic attack in w-allylpalladium complexes
(top); possible exo nucleophilic attack in w-allylpalladium complexes with the (R,R)-Trost
ligands (middle); matched and mismatched nucleophilic attack pathways between the

diastereomeric n-allylpalladium complexes with the (R,R)-Trost ligands (bottom).[*]

nucleophile under the flap in the front right-hand quadrant of the diastereomeric complex 111
would give the favoured or ‘matched’ branched product VI. This difference in product
formation highlights the importance of the relative rate of the n*-n!-n?® isomerisation between
the diastereomeric m-allylpalladium complexes compared to that of the nucleophilic attack.
Furthermore, this model shows how the Trost chiral ligands affect not only the stereoselectivity

but also the regioselectivity of the allylic substitution reaction.***!
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1.2.2.3 Development

The seminal publication on Pd-catalysed allylic substitution reactions was reported by Tsuji
and co-workers in 1965, in which they reported that [Pd(allyl)Cl]2 (78) underwent nucleophilic
attack by carbanions of diethyl malonate (77) and acetoacetate to yield the respective
a-mono- and di-allylated products 79 and 80 (as demonstrated with diethyl malonate (77) in
Scheme 18). Additionally, it was shown that an enamine could be employed as a carbon
nucleophile in the allylic substitution reaction in which the enamine was allylated and then
hydrolysed to afford the respective a-allylated ketone. This work demonstrated that
n-allylpalladium complexes, such as [Pd(allyl)Cl]. (78), could undergo nucleophilic attack with
carbon nucleophiles to form a carbon-carbon bond and give the allylated derivatives.!*4!

’ ,CI\ A\
<—Pd\ /Pd—>
\Y Ci 7

78 o o o o
o o Na, EtOH:DMSO, rt O -
> + EtO OEt
EtOJ\/U\OEt
77 | Z X
79 80

34% 36%

Scheme 18. Nucleophilic attack of diethyl malonate (77) to [Pd(allyl)Cl]. (78) to give the

mono- and di-allylated derivatives 79 and 80.[*4]

This work was then further developed by Trost and co-workers in 1973. In which, they prepared
various alkyl-substituted w-allylpalladium complexes from the corresponding alkenes and
[PACI2] (conditions a or b in Scheme 19); however, no reaction with the diethyl malonate
carbanion was observed (conditions ¢ in Scheme 19). Upon addition of triphenylphosphine the
reaction proceeded within minutes (conditions d in Scheme 19). Interestingly, the nucleophilic
attack was shown to occur preferentially at the less substituted terminus of the w-allylpalladium
complex 82 to give linear alkylated derivatives 83 and 84, over the branched alkylated

derivative 85 that resulted from nucleophilic attack at the more substituted allyl terminus.[*4?
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Scheme 19. Allylic alkylation reaction of alkyl-substituted r-allylpalladium complex 82 with
diethyl malonate (77).124?]

Due to these pioneering contributions of Tsuji and Trost, the Pd-catalysed allylic substitution
reaction with soft carbon nucleophiles, via a n-allylpalladium complex, is called the Tsuji—
Trost reaction.?%41 Allylic substitution methodology remains a research area of significant

interest and is thus continuously advancing.[!
1.2.2.4 3-Substituted Indole Derivatives as Nucleophiles

Over the last two decades, 3-substituted indole derivatives have emerged as attractive
nucleophiles in allylic substitution reactions. As when they are applied as nucleophiles at their
3-positions, a quaternary carbon stereocentre can be generated in the 3,3-disubstituted
indolenine product (Scheme 20). The asymmetric construction of quaternary carbon
stereocentres remains a significant challenge within synthetic chemistry, with limited methods
to accomplish this.[*431441 Notably, when using 3-substituted indole derivatives in allylic
substitution reactions the N1-position may also act as a nucleophile. This competing C3 and
N1 nucleophilicity is an issue of chemoselectivity.[*%! The regioselectivity of the nucleophilic
attack on the m-allylpalladium complex, to deliver the branched or linear substituted product
also needs to be considered. Furthermore, in asymmetric protocols the stereoselectivity has to
be induced by an appropriate chiral ligand. Consequently, the need for the precise control of
the chemo-, regio- and stereoselectivity means that this transformation with 3-substituted
indole derivatives is not straightforward. Furthermore, when 3-substituted indole derivatives
are used as nucleophiles at their 3-positions, this results in a dearomatisation of the indole
system, which has a thermodynamic cost.**s] Nonetheless, allylic substitution reactions
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employing 3-substituted indole derivatives as nucleophiles at their 3-positions have been
reported, both in a non-stereoselective and asymmetric manner. Thus, paving the way for
efficient access to indole alkaloid natural products, which display interesting biological

activities.[146]
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Scheme 20. 3-Substituted indole derivatives as nucleophiles at their 3-positions in allylic

substitutions reactions.

The first use of a 3-substituted indole derivative in a Pd-catalysed allylic substitution reaction
was reported by Tamaru and co-workers in 2005. They reported that a [Pd(PPhs)s]-Et3B system
with simple alkyl substituted allyl alcohols and substituted indole derivatives selectively gave
the corresponding 3-allylated indole derivatives. Crucially, 3-methylindole (86) was one of
their substrates, which afforded the corresponding 3-methyl-3-allylated-indolenine 88 in a
yield of 75% (Scheme 21).1*46] In their previous related work, Tamaru and co-workers had
proposed that the coordination of EtsB to the hydroxy group in allyl alcohol (87), activates the
allylic substrate to oxidative addition by Pd© to give the corresponding m-allylpalladium

complex.[*47]

A~OH
87 (1.0eq.)
[Pd(PPh3)4] (5.0 mol%)

Et3B (30 mol%.) /
THF, rt, 2 h
\ - ”
N 75% Z

N
86 (+)-88

Scheme 21. First reported Pd-catalysed allylic substitution reaction with a 3-substituted indole

derivative.[14€]

This work attracted the attention of Trost and co-workers, who hypothesised that their Trost
ligands could be used to render this transformation enantioselective, as the reaction appeared
to go via a m-allylpalladium complex. They employed a [Pd2(dba)s*CHCl3]-DACH-anthracene
ligand L5 system, with 3-substituted indole derivatives and allyl alcohol (87) to give the
corresponding 3,3-disubstituted indolenines in high yields and enantiomeric excesses (Scheme
22). Substrates with a pendent nucleophile cyclised onto the in situ generated indoline iminium

ions furnishing the corresponding cis-fused indolines. In their optimisation studies, it was
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shown that increasing the steric bulk of the borane additive from Et3B to 9-BBN-hexyl (89)
and performing the reaction at a lower temperature of 4 °C both resulted in higher
enantioselectivities. Interestingly, further increasing the steric bulk of the borane additive to
dicyclohexylborane-hexyl (90) decreased the yield and enantioselectivity, or in the case of
disiamylborane-hexyl (91) inhibited the reaction completely. They believed that this suggested
that the borane played a role in the enantiodiscriminating step through its coordination to the
indole nitrogen—in addition to activating the allyl alcohol (87). This coordination was also
thought to explain the chemoselectivity for C3-allylation over N1-allylation.[!
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Scheme 22. First reported enantioselective Pd-catalysed allylic substitution reaction with

3-substituted indole derivatives. !

Rawal and co-workers sought conditions for the Pd-catalysed allylic substitution with
2,3-disubstituted indoles. They initially tested the conditions reported by Tamaru and Trost
with a 2,3-fused indole and allyl alcohol (87); however, the corresponding 3-allylated
indolenine was only obtained in modest yields of 20% and 52%, respectively. From their
optimisation studies, they found that a [Pdz(dba)s]-P(2-furyl)s system with activated allyl
methyl carbonate selectively gave the 3-allylated indolenine in quantitative yield. These

conditions were then shown to be applicable to a broad scope of 2,3-disubstituted indole
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derivatives (Scheme 23), with additional 5-substituents and varying carba- and heterocycle
fused rings tolerated. The allyl substrates were also extended to various alkyl substituted allyl

methyl carbonates.[*8l

Rie~COMe
(2.0 eq.)
[Pdy(dba)s] (2.5 mol%) WR*
R s P(2-furyl)z (5.0 mol%) !
R CH,Cly, 1t R!

- 3

N, - @
H R 63-99% PR

#)

Scheme 23. Pd-catalysed allylic substitution reaction with 2,3-disubstituted indoles and

activated allyl methyl carbonates.[*4]

Du and co-workers then employed their expertise on chiral olefin ligands to develop a suitable
chiral ligand for the Pd-catalysed enantioselective allylic substitution with 3-substituted indole
derivatives and activated allyl carbonates (Scheme 24). From their optimisation studies, chiral
phosphoramidite olefin ligand (S)-L7 was shown to give the indolenine product in the highest
yield and with the highest enantioselectivity. The substrate scope was then expanded in terms
of the R3-substituent in the allyl carbonate and the 3- and 5-substituents on the indole
derivative. When the indole derivative had a pendent nucleophile, cyclisation onto the initially
formed indolenine occurred. The undesired N1-allylated products were also observed under
these basic conditions. When a 2,3-fused indole derivative was submitted to these conditions,

the corresponding indolenine was only obtained with 34% ee.[°’]

R NA"co et jremee s ‘
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R ) (S)-L7 (5.0 mol%) 3 : o N :
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Scheme 24. Enantioselective Pd-catalysed allylic substitution of 3-substituted indole

derivatives with activated allyl carbonates.[®"]

You and co-workers therefore sought chiral ligands to enable high enantioselectivities in
Pd-catalysed allylic substitution reactions with 2,3-fused indole derivatives. From their studies,
allyl methyl carbonates and 2,3-disubstituted indole derivatives with fused cyclopentane units
were found to give indolenines that were unstable to silica gel column chromatography

(Scheme 25). The indolenines were therefore protected in situ and subsequently isomerised to
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give the corresponding stable enamines. The chiral phosphoramidite ligand (Sa)-L8 was
reported to give the enamines with the highest enantioselectivities. The substrate scope was
then evaluated. Sterically hindered 2-phenyl allyl carbonates were shown to be well-tolerated.
With respect to the 2,3-fused indole derivative, additional substituents at the 4-, 5- and
6-positions and larger fused carbacycles, from cyclohexane to cyclooctane, were tolerated.
Interestingly, the indolenines with 6-, 7- and 8-membered fused carbacycles were stable to

purification.[4
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Scheme 25. Enantioselective allylic substitution reaction with 2,3-fused indole derivatives with

2-substituted allyl methyl carbonates.[*4°]

In the same year, You and co-workers reported a [Pd(prenyl)CI]. and chiral phosphoramidite
olefin ligand (R)-L9 system with basic conditions for the enantioselective allylic substitution
and subsequent cyclisation of 3-substituted indole derivatives with a pendent nucleophile to
give the fused polycyclic indoline products (Scheme 26). Methyl prenyl carbonate (92) was
used as the allyl substrate, thus introducing a prenyl group at the 3-positions of the indole
derivatives. Nitrogen, oxygen and activated carbon pendent nucleophiles were successfully
employed to give the polycyclic prenylated products in high vyields and with high
enantioselectivities. With the indole derivatives containing a nitrogen pendent nucleophile,
various N-protecting groups and 4-, 5- and 6-substituents were well-tolerated.[
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Scheme 26. Enantioselective Pd-catalysed allylic substitution and subsequent cyclisation with
3-substituted indoles derivatives with a pendent nucleophile.[*!

You and co-workers also reported an enantioselective intramolecular Pd-catalysed allylic
substitution reaction with 3-substituted indole derivatives with an allyl methyl carbonate
tethered at the 4-position (Scheme 27). From their optimisation studies, [Pd(allyl)Cl]> with
chiral PHOX ferrocene-based ligand (S,Sp)-L10 under basic conditions, was shown to give the
C3-C4 fused indolenine derivatives in the highest vyields and with the highest
enantioselectivities. The substrate scope of the reaction was shown to tolerate methyl, allyl and
substituted-benzyl groups at the 3-position. When a pendent nucleophile was present at the
3-position, subsequent cyclisation onto the initially formed C3-C4 fused indolenine products

occurred to afford the polycyclic indoline derivatives.[]
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Scheme 27. Enantioselective intramolecular Pd-catalysed allylic substitution reaction with

3-substituted indole derivatives with an allyl methyl carbonate tethered at the 4-position.[*

Wang and co-workers recently reported a sequential Pd-catalysed asymmetric substitution and
a-iminol rearrangement with 3-substituted indole derivatives possessing a cyclobutanol
tethered at the 2-position to afford 2-spirocyclic-3,3-disubstituted indoline derivatives (Scheme

28). This elegant sequence constructed two vicinal quaternary carbon stereocentres. From their
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optimisation studies, they developed a [Pd(allyl)Cl].-EtsB system with chiral phosphoramidite
ligand (S,R,R)-L11 and a racemic branched allylic alcohol for enantioselective C3-allylation
of the indole derivative, thus generating an isolable tetrahedral boron complex.[**! The role of
the EtsB was threefold: to activate the allylic alcohol,*4" to coordinate to the N and O atoms
in the boron complex thus inhibiting competing N/O-allylation and to enhance the
n-nucleophilicity of the indole substrate.[***] Subsequent a-iminol rearrangement of the boron
complex under acidic conditions diastereoselectively yielded the 2-spirocyclic-indoline. The
substrate scope was investigated. A variety of aryl- and heteroaryl-substituted branched
racemic allylic alcohols were shown to be compatible. Notably, substituents at all positions on
the indole benzene ring were tolerated. Whereas, in the trialkylborane-promoted Trost
procedure no conversion was observed for indole derivatives with 7-substituents; this was
assumed to be due to the 7-substituent preventing the coordination of the borane to the indole
nitrogen.®8! In Wang and co-workers’ method, various substituents on the cyclobutanol ring
and at the 3-position of the indole derivative were also compatible. Interestingly, when the
3-substituents were larger than methyl the o-iminol derivatives with opposite
diastereoselectivity were obtained. Studies revealed that the allylation step proceeded with the
same enantioselectivity; however, the a-iminol rearrangement proceeded with the opposite
facial selectivity. This was attributed to the larger 3-substituents directing the 1,2-shift in the
a-iminol rearrangement to occur on the opposite face. To gain mechanistical insight into the
allylic substitution, control experiments were conducted, which supported a kinetic resolution

of the racemic branched allylic alcohol rather than a dynamic kinetic resolution.[*5°!

OH RS
Z
RS
R? = Me \
(#) (3.0 eq.) _— { Re
! LY
[Pd(allyl)Cl], (4.0 mol%) 50-85% T ?
(S,R,R)-L11 (16 mol%) RS 83-99% ee =N Ré
Et;B (1.5 eq.), 3AMS § d.r. >18:1.0 H 5
R? , K,COs (1.2 eq.) ® R
RN R 4 MeCN, 5 °C { R2 H
d 1 K
Y\ >
H  OH RS
R2=Et, Pr \
Bn, Ph
L > R\ % R*
31-81% e R4
32-94% ee N R3
d.r. >4.0:1.0 H

Scheme 28. Sequential enantioselective Pd-catalysed allylic substitution and diastereoselective
a-iminol rearrangement with 3-substituted indole derivatives possessing a cyclobutanol
tethered at the 2-position.[*>]
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From examination of the conditions employed in the reported systems for the Pd-catalysed
allylic substitution with 3-substituted indole derivatives, it can be seen that the Trost Ligands
and phosphoramidite ligands are most commonly used. It appears that the Trost ligands are
more effective in systems with unactivated allylic alcohols together with trialkylborane
additives, whereas phosphoramidite ligands are more suitable with activated allylic substrates,

such as allyl carbonates.!*5!]
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2 Planned Synthetic Approach

Based on the ongoing interest in asymmetric allylic substitution methodology with
3-substituted indole derivatives'®! as well as natural product synthesis in the Stark Group, a
novel enantioselective Pd-catalysed allylic substitution strategy for the total synthesis of

aspidospermidine (1) was proposed.

The retrosynthetic analysis is outlined in Scheme 29. Aspidospermidine (1) would be obtained
from a deoxygenation of 4-oxo-aspidospermidine I. The keto-group in
4-oxo0-aspidospermidine I would be a residual functionality from the preceding a,B-unsaturated
ketone 111, which would be the bipolar functional handle for establishing both the D and E
rings of aspidospermidine (1). The E ring in 4-oxo-aspidospermidine | would be installed via
an intramolecular enolate alkylation from ketone Il. The D ring in ketone Il would be
established via a N-deprotection and concomitant aza-Michael addition from the preceding
a,pB-unsaturated ketone I11. Importantly, both the D and E rings should be installed in a
diastereoselective cis-manner. The essential endocyclic enone functionality should arise from
an exo-to-endo double bond migration from the exocyclic enone 1V. Two strategies were
devised to obtain exo-enone IV. In the first strategy, the exo-enone 1V would be formed from
an ester hydrolysis and decarboxylation of tricycle V. The tricycle V would be obtained from
the key enantioselective allylic substitution reaction between tryptamine derivative VI, as the
3-substituted indole derivative, and B-keto ester VII as the allylic alkylation substrate.
Crucially, under the non-neutral conditions of the allylic substitution reaction, an in situ
trapping of the generated indoline iminium ion (not shown) by the activated methylene should
occur via an intramolecular diastereoselective Mannich reaction to construct the cis-fused
C ring in tricycle V. Thus, two vicinal stereocentres would be installed in this key step. In the
second strategy, the exo-enone 1V would be formed from an intramolecular Mannich reaction
of indolenine VIII. Indolenine VIII would be obtained from the key enantioselective allylic
substitution reaction between the tryptamine derivative VI and either of the regioisomeric
a,B-unsaturated ketones X or X as the allylic alkylation substrate.

It is worth noting that in both strategies the key enantioselective allylic substitution reactions
should not only construct the first quaternary carbon stereocentre, but also assemble the entire
framework of aspidospermidine (1) in a single step. Since the four stereocentres in
aspidospermidine (1) are contiguous, it is theoretically possible to establish the correct absolute
stereochemistry by defining the first stereocentre and using this to guide the correct

stereochemistry at the vicinal positions.[?®] However, the formation of quaternary carbon

37



Planned Synthetic Approach

stereocentres—especially in a catalytic manner—remains an challenging transformation in

synthetic chemistry.[92144
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Deoxygenation N Intramolecular Deprotection and
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Scheme 29. Retrosynthetic analysis of (+)-aspidospermidine (1) via two enantioselective

Pd-catalysed allylic substitution strategies.

There are, however, several challenges associated with key allylic substitution reaction. First,
there is the chemoselectivity issue, in which both the N1- and C3-positions in the tryptamine
derivative VI may act as competing nucleophiles. Second, the regioselectivity of the
nucleophilic attack on the n-allylpalladium complex, to afford the desired linear substituted
product, needs to be considered. Third, there is the challenge of asymmetric induction in which
the stereo dictating quaternary carbon stereocentre should be constructed on the prochiral
nucleophile VI, which may be outwith the chiral environment of the ligand. Finally, there is
the unprecedented application of a carbonyl-containing allylic alkylation substrate with a
3-substituted indole derivative; as reported Pd-catalysed allylic substitution methods with
3-substituted indole derivatives employ simple allyl carbonates®-%%1481491 or gally|
alcohols:146150 55 the allylic substrates.
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2.1 Project Aims

Herein, we report the development of a novel enantioselective Pd-catalysed allylic substitution

strategy for the construction of Aspidosperma alkaloids, as exemplified by an efficient

asymmetric total synthesis of (—)-aspidospermidine (1). This required the following

milestones:

1.

Preparation of the tryptamine derivative VI and allylic alkylation substrates VII, X
and X

Screening of the allylic alkylation substrates and optimisation of conditions for the

Pd-catalysed allylic substitution reaction

Screening of chiral ligands and optimisation of conditions to render the Pd-catalysed

allylic substitution reaction enantioselective

Investigation of alternative pathways for the exo-to-endo double bond migration from
exo-enone 1V to endo-enone 111

Performing the diastereoselective D/E ring-closing sequence

Performing the deoxygenation reaction to afford aspidospermidine (1)
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3 Results and Discussion

3.1 Preparation of the 3-Substituted Indole Derivative

The synthesis commenced with the preparation of the tryptamine derivative 94 as reported by
Zheng and co-workers (Scheme 30).152 In this procedure tryptamine (8) was used in slight
excess (2.2 eg.) and 1-bromo-3-chloropropane was the limiting reagent. Tryptamine (8) was
selectively mono-alkylated with 1-bromo-3-chloropropane to give the alkylated
intermediate 93 in a yield of 82%. A subsequent N-Boc-protection afforded the tryptamine
derivative 94 in a yield of 71%. The tryptamine derivative 94 was therefore obtained in an
overall yield of 58% over two steps from commercially available tryptamine (8). For the
Boc-protection step, standard conditions with di-tert-butyl dicarbonate, Boc.O, and Et3N in
CHJCI, at room temperature were also tested. Under these conditions, the tryptamine
derivative 94 was obtained in a lower yield of 59% from the alkylated tryptamine 93,

potentially due to elimination of the primary chloride via an E2 mechanism.

1-bromo-3-chloropropane (1.0 eq.)
THF

i) 35°C, 2h Cl Cl
NH, i) 45 °C, 6 h _/—/ Boc,O (1.2 eq.) Boc, _/—/
iii) rt, 15 h HN THF, 0to 60 °C, 2 h N
o - -
N 82% \ 71% \
H [970 mg] N [830 mg] N
H H

8(2.2eq.) 93 94
58% over 2 steps

Scheme 30. Preparation of tryptamine derivative 94 over two steps from tryptamine (8).

We were intrigued to see whether the alkylation and Boc-protection sequence could be
performed as a one-pot transformation (Table 2). Notably, it was not possible to monitor the
conversion of the 1-bromo-3-chloropropane limiting reagent by thin layer chromatography
(TLC) analysis; therefore, after the reaction was stirred at room temperature for 15 h, the
presence of the alkylated tryptamine intermediate 93 was confirmed by TLC analysis, prior to
addition of Boc,O for the protection step. The conditions reported by Zheng and co-workers
were initially applied for the one-pot transformation; the tryptamine derivative 94 was obtained
in a yield of 57% over two steps from tryptamine (8) (Table 2, entry 1). In this one-pot
sequence, Boc-tryptamine (95) was formed as a side product. The separation of this side
product 95 from the tryptamine derivative 94 required repeated column chromatography
purification. Therefore, to reduce the amount of Boc-tryptamine (95) produced, and hence
facilitate the purification process, fewer equivalents of Boc.O were used to test whether the

alkylated tryptamine intermediate 93 was preferentially Boc-protected compared to the excess
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tryptamine (8). Although the alkylated tryptamine 93 was more sterically hindered due to its
two alkyl substituents, the electron-donating inductive effect of these two alkyl substituents
meant that the pendent nitrogen atom in the alkylated tryptamine intermediate 93 should be
more nucleophilic than the pendent nitrogen atom in tryptamine (8). However, using fewer
Boc2O equivalents resulted in a lower yield of the tryptamine derivative 94 of 41% (Table 2,
entry 2). Another idea to facilitate the purification was to use fewer equivalents of
tryptamine (8), by replacing the excess tryptamine (8) with Et:N (Table 2, entry 3).
Unfortunately, the tryptamine derivative 94 was then obtained in an even lower yield of 33%.
Therefore, the conditions reported by Zheng and co-workers were further used in the modified
one-pot procedure. Pleasingly, upon scale-up the tryptamine derivative 94 was obtained in a
yield of 72% (Table 2, entry 4).

Table 2. Screening of conditions for the one-pot alkylation and Boc-protection of

tryptamine (8).

1-bromo-3-chloropropane

(1.0 eq.)
THF — -
)35°C,2h Cl Boc,0 o T s .
NH, ||)iii£;5rt’ ?,Sth HN—/_/ 6(2) hC B \N_/—/ é NHBoc i
\ o oo o
H H ! 95 !
8 (2.2 eq.) B 93 ] 94 [ 2
Entry Reagents (eq.) Yield (%)

1 8 (2.2), Boc20 (2.5) 57

2 8 (2.2), Boc20O (1.3) 41

3 8 (1.1), EtaN (1.1), Boc20 (1.3) 33

4a 8 (2.3), Boc20 (2.8) 72

Unless stated otherwise, all reactions were performed on a scale of 0.5 mmol. ?Reaction scale

of 12 mmol.
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3.2 Preparation of the Allylic Alkylation Substrate: Strategy 1

With the tryptamine derivative 94 in hand, we then turned our attention to the synthesis of the
B-keto ester V11 as the allylic alkylation substrate in strategy 1. Notably, the B-keto ester VI
contains an additional carbon atom, incorporated within the ester group, than is present in
aspidospermidine (1) (Scheme 31). The additional ester group in the -keto ester VII was
required for activation of the methylene group at the a-position to the ketone in the indoline
iminium ion. Under the non-neutral conditions of the allylic substitution reaction,
deprotonation of the activated methylene group was proposed to result in an in situ trapping of
the generated indoline iminium ion. Thus, two vicinal stereocentres would be installed in this
key step. The superfluous ester group in tricycle V would then be cleaved through an ester

hydrolysis and decarboxylation to give the exo-enone 1V.

LG LG LG LG
PG _/—/
\
f f N
PG-N PG—-N
PEN — — p— Q_g_/ LG
Y . Y Y , N %
Ester hydrolysis Allylic H
and decarboxylation o @, o substitution Vi o
N
N H &)
H H .
H ro” © | RWBRO 0 RO” S0
v \" Vil

Scheme 31. Retrosynthetic analysis of exo-enone 1V according to strategy 1.

There are two main approaches to the synthesis of the B-keto ester V11 as shown in Scheme 32.
In approach A, an electrophilic chloroformate ester i would be used with a nucleophilic
a,B-unsaturated methyl ketone ii. In approach B the electrophilic and nucleophilic components
are reversed, in which a nucleophilic acetate ester iii would be applied with an electrophilic
a,B-unsaturated compound iv. Approach A was first investigated for the synthesis of the B-keto
ester VII.

o O

e
Mo
C

o)
ROJ\X +
i
o)
vl ROJ\ v x

=z
OPG
ii
=z
OPG
iii iv

Scheme 32. Retrosynthetic analysis of p-keto ester VII via approaches A and B.
Where LG = OPG.
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3.2.1 Approach A
3.2.1.1 Route 1

The retrosynthetic analysis of the B-keto ester VIl according to approach A is outlined in
Scheme 33. The B-keto ester a would be obtained from a nucleophilic acyl substitution of a
chloroformate ester with the a,B-unsaturated methyl ketone b. The protected B-hydroxy
ketoneb would be prepared in a deprotection-reprotection sequence from the
benzoate-protected B-hydroxy ketone d. The benzoate-protected allylic alcohol d would be
obtained from a Sn2' Mitsunobu reaction of the allylic alcohol 96 with a benzoic acid. A
Morita—Baylis—Hillman reaction between methyl vinyl ketone (97) and acetaldehyde (98)
would afford the adduct 96.

o} o}
k)‘\(\ = — =
Nucleophilic acyl Protection

substitution OPG OH
b c

U Transesterification

)H J\ )kﬁ\ 7
Morita—Baylis—Hillman Sn2'

OBz
(+)-96 Mitsunobu d

Scheme 33. Retrosynthetic analysis of the p-keto ester a in route 1.

Under the basic conditions of the nucleophilic acyl substitution reaction, it was proposed that
the y-position of the allylic benzoate d could be deprotonated to form the thermodynamic
dienolate e, which would eliminate the benzoate (Scheme 34). This elimination should be
prevented by exchanging the benzoate ester with another hydroxy protecting group that is not

a good leaving group via a deprotection-reprotection sequence.

0] @O
(= (Q
= N OH
(‘H’\@ « H*/H,0 o
o - Q S, A
B (0] )kﬂ/x + O |
0 °© ~ “R
Y | v 99 100
R R
d e

Scheme 34. Proposed elimination from the allylic benzoate d, via the thermodynamic

dienolate e upon y-deprotonation.
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The synthesis began with the Morita—Baylis—Hillman reaction to afford the adduct 96 in a high
yield of 83% (Scheme 35).1531

CH3CHO (1.2 eq.)
DABCO (10 mol%)

0 0°Ctort, 15 h O OH
)Jm — )l\ﬁ\
4.0
97 [4.04l (£)-96

Scheme 35. Preparation of Morita—Baylis—Hillman adduct 96 from methyl vinyl ketone (97)
and acetaldehyde (98).

The proposed Sn2' Mitsunobu reaction was based on a regio- and stereoselective Sn2'
Mitsunobu method reported by Charette and co-workers. Their procedure used various
3-hydroxy-2-methylenealkanoates and benzoic acids to give the regioisomeric Sn2' and Sn2
products (Scheme 36a). The Sn2' products were exclusively formed as the (E)-stereoisomers,
which was accounted for by the proposed transition state shown in Scheme 36b. In which the

oxophosphonium leaving group is located perpendicular to the double bond for maximal n—

o* overlap upon nucleophilic addition, giving two possible models A and B. Model B is
disfavoured due to steric repulsion between the methyl ester and R substituent. This repulsion
is reduced in model A, which is therefore favoured and results in the stereoselective formation

of the (E)-isomer.[1541%%

a) O

X
PPh3, DEAD, solvent (varying) MeO' R | ¢
O  OH temperature (varying), time (varying) R2

OPPh, PPh3O®

E -0 CO,Me or MeOz_'(.;._ — Z

H.,, WH
v N~
}( RN—""H R H »{

steric
Nu B Nu

repulsion
A

Scheme 36. Mitsunobu reaction reported by Charette and co-workers: a) between
3-hydroxy-2-methylenealkanoates and benzoic acids to give Sn2' and Sn2 products; 15415
b) proposed transition state, adapted from 5%, DEAD = diethyl azodicarboxylate.

In our studies into the Mitsunobu reaction, diethyl azodicarboxylate (DEAD) was replaced with

diisopropyl azodicarboxylate (DIAD) as a safer azodicarboxylate. Additionally, Charette and
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co-workers reported that yields and selectivities were not affected upon switching from DEAD
to DIAD.I*51%81 Although it was reported that employing 4-nitrobenzoic acid (101) in the
Mitsunobu reaction gave the lowest Sn2":Sn2 product ratios, the products were reported to be
easier to purify compared to when benzoic acid (102) or 2,4,6-trimethylbenzoic acid (103) were
used. Therefore, 4-nitrobenzoic acid (101) was initially applied in our system. The low
temperature control that Charette and co-workers had reported to give the highest Sn2':Sn2
product ratios in their system with 4-nitrobenzoic acid (101) was also employed to favour
formation of the desired Sn2' product (Scheme 37).[5%1 Unfortunately, when submitting allylic
alcohol 96 under these conditions, the desired Sn2' product 104 was obtained in a yield of <73%
with reduced DIAD as an inseparable impurity after repeated column chromatography.
Attempts to further purify the Sn2' product 104 by recrystallisation from petroleum ether 40—
65/EtOAC (1:1), as described by Charette and co-workers for their related compounds, ™% were
ineffective. The undesired Sn2 product 105 was obtained in a yield of <15%, with inseparable
impurities after column chromatography and subsequent recrystallisation from petroleum ether
40-65/EtOAC (1:1). Benzoic acid (102) was then used in place of 4-nitrobenzoic acid (101), as
Charette and co-workers had reported that benzoic acid (102) gave the highest Sn2' product
yields in their system.[*54158] Fortunately, the pure desired Sn2' product 106 was then obtained

in a yield of 67%, with the undesired Sn2 product 107 obtained in trace amounts (Scheme 37).

0]
HO | A
N
R
(1.3 eq.)

101 R = 4-NO,
102R=H o)

X
PPh; (1.4 eq.), DIAD (1.3 eq.) 7 |
O  OH THF, —40 °C to rt ’\R
RN - o .
o o7
10134 o X
1021h |
(£)-96 X

104R = 4—N02R (£)-105 R = 4-NO,

<73% [990 mg] <15% [140 mg]
106 R = H (#)-107R=H

67% [440 mg] <1% [2.2 mg]

Scheme 37. Mitsunobu reaction between allylic alcohol 96 and 4-nitrobenzoic acid (101) or
benzoic acid (102) to give the Sn2' products 104 and 106 and Sn2 products 105 and 107,

respectively.

Transesterification of the allylic benzoate 106 gave the allylic alcohol 108, albeit in a low yield
with inseparable impurities, which were presumed to be from methoxide addition to the

Michael system of the a,B-unsaturated ketone 106. Therefore, an alternative route to the 3-keto
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ester VIl according to approach A, which circumvented the transesterification of an

a,B-unsaturated compound was sought.

)J\(\ K,CO3 (2.2 eq.) o
MeOH, rt, 2 h
E—. )‘\(\
<33%
o [8.8 mg] OH
108

Scheme 38. Transesterification of the allylic benzoate 106 to give the allylic alcohol 108.
3.2.1.2 Route 2

By reversing the order of the nucleophilic acyl substitution and Mitsunobu reactions, as shown
in the retrosynthetic analysis of the p-keto ester a in route 2 (Scheme 39), the transesterification
step could be avoided. Furthermore, benzoates have been reported as leaving groups in allylic
substrates in Pd-catalysed allylic substitution reactions.®® The B-keto ester a would be
obtained from an Sn2' Mitsunobu reaction of allylic alcohol b with a benzoic acid. The allylic
alcohol b would be provided from a deprotection of the TBS-protected allylic alcohol c, which
in turn would be obtained from a nucleophilic acyl substitution of a chloroformate ester with
the a,p-unsaturated methyl ketone 109. The tert-butyldimethylsilyl (TBS) ether 109 would be
provided from a protection of the hydroxy group in the allylic alcohol 96. Protection of the
hydroxy group as the base-stable TBS ether 109 was required to prevent side reactions with
the nucleophilic alkoxide that would otherwise be generated under the basic conditions of the

nucleophilic acyl substitution reaction.

O O OH O O OTBS
N —T——) —
RO RO RO
OBz . Sn2' Deprotection
a Mitsunobu (t)-b (t)-c
Nucleophilic acyl
substitution
OH (o] OTBS
Protection
(£)-96 (+)-109

Scheme 39. Retrosynthetic analysis of the B-keto ester a in route 2.

The hydroxy group in the allylic alcohol 96 was protected with tert-butyldimethylsilyl chloride,
TBSCI, to afford the TBS ether 109 (Scheme 40). In the subsequent nucleophilic acyl

substitution reaction, isobutyl chloroformate (110) was applied as the electrophile. The desired
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B-keto ester 111 was obtained in a yield of <38%, <49% brsm (brsm = based on recovered
starting material), with impurities that were non-trivial to separate even after repeated column
chromatography. It was proposed that the low yield of the nucleophilic acyl substitution was
due to quenching of the lithium diisopropylamide (LDA) base by the -keto ester product 111,
as its a-hydrogens atoms (shown in red in Scheme 40) were more acidic than the a-hydrogen
atoms to the ketone in the starting material 109. Using more than two equivalents of the base
may have resulted in complete conversion of the TBS ether 109. However, as we had sufficient
quantities of the B-keto ester 111 in hand, we proceeded with the next steps.

0]
i BuO)LCI
110
imidazole (5.9 eq.) DIPA (1.3 eq.), n-BuLi (1.2 eq.)
TBSCI (2.4 eq.) THF, -78 °C, 15 min
O  OH CH,Cl,, 1t, 3 h o OTBS then 110 (1.2 eq.), -78 °C tort, 25 h o O OTBS
- > iBuO
53% <38%, <49% brsm H H
4.1 gl [750 mg]
()-96 (£)-109 (#)-111

Scheme 40. TBS-protection of allylic alcohol 96 and subsequent nucleophilic acyl substitution

to give p-keto ester 111. DIPA = diisopropylamine.

Conditions for the deprotection of the TBS-protected allylic alcohol 111 were then sought
(Table 3). Tetra-n-butylammonium fluoride (TBAF) was first used as a fluoride source (Table
3, entry 1), however decomposition was observed. A mixture of TBAF and acetic acid (1:1)
was then applied (Table 3, entry 2), to neutralise the basicity of the TBAF.[*>"1 Decomposition
was again observed. When acetic acid was employed alone, no reaction was observed (Table
3, entry 3).[*%8 Camphorsulfonic acid (CSA) was then used as a stronger acid (Table 3,
entry 4).['%1 Unfortunately, decomposition was observed. Applying sodium periodate also
resulted in decomposition (Table 3, entry 5).1*6% HF-pyridine was then employed (Table 3,
entry 6).12 From TLC analysis, a new product and complete conversion of the TBS-protected
allylic alcohol 111 were observed. From analysis of the H NMR spectrum of the crude
product, an upfield shift of the methylidene signals was observed that was suggestive of
formation of the deprotected product 112. After purification by silica gel column
chromatography the upfield shifted methylidene signals were only observed as trace signals,
which suggested decomposition of the allylic alcohol 112 on the silica gel, despite 2D TLC
analysis of the crude product indicating that it was stable to silica.
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Table 3. Screening of conditions for the deprotection of the TBS-protected allylic alcohol 111.

[¢] (0] OTBS conditions, rt O (0] OH

i—BuOW """""""" > i—BuOW
(#)-111 (£)-112
Entry Reagent (eq.) Solvent Time  Scale (umol) Result
1 TBAF (1.2) THF 23 h 120 decomposition
TBAF:AcOH -
THF 3d 60 decomposition
(1.2; 1:1)
3 AcOH (1.7) MeOH 3d 60 no reaction
CH,Cl,:MeOH
4 CSA (1.0) 21 h 60 decomposition
(1:1)
5 NalO, (3.2) THF 4d 60 decomposition
HF-pyridine
Py THF 3h 60 crude 112°
(0.15 mL?)
7 HCOOH (67) THF:H.0 (6:1) 18 h 60 crude 112°
8 BF3-OEt; (2.0) CH:Cl 3h 60 crude 112°
9 BF3-OEt; (2.1) CHxCl; 2h 150 crude 112°

8ot possible to determine equivalents as HF-pyridine is a complex. "Observed by TLC
analysis and by analysis of the *H NMR spectrum of the crude product.

To circumvent the silica gel column chromatography purification, it was decided to use the
crude product 112 directly in the subsequent Mitsunobu reaction. Although signals indicative
of the allylic alcohol 112 were observed in the *H NMR spectrum of the crude product when
using HF-pyridine (Table 3, entry 6), large quantities of pyridine were also observed.
Therefore, alternative deprotection conditions were sought. Formic acid (HCOOH) (Table 3,
entry 7)11621 and BF3*OFEt, (Table 3, entry 8) were then tested in parallel.[***] Under both of
these conditions, a new product that was presumed to be the allylic alcohol 112 was observed
by TLC analysis. Additionally, from *H NMR analysis of both of the crude products, the
upfield shifted methylidene signals were observed and the spectra contained fewer impurities
than under the HF-pyridine conditions. Under the BF3-OEt, conditions, full assignment of the
signals from the deprotected product 112 was possible by analysis of the 'H and *C NMR
spectra of the crude product. The deprotection using BF3-OEt, was then repeated on a larger

scale (Table 3, entry 9), to obtain material for the subsequent Mitsunobu reaction. Notably, the
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cyclic B-keto ester, from a lactonisation of the allylic alcohol 112, was not observed under any

of the deprotection conditions.

The crude allylic alcohol 112 was then submitted to the Sn2' Mitsunobu reaction, with
4-nitrobenzoic acid (101) and the low temperature control as employed in route 1 (Scheme 41).
Although there was complete conversion of the allylic alcohol 112, neither of the Mitsunobu
products 113 nor 114 were obtained.

(0]

!
NO, NO,

101 (1.4 eq.) 0 0

PPh; (1.3 eq.), DIAD (1.7 eq.)  iByo z
O O OH THF, ~4o to 0 °C, 3h
. > o ’
i-BuO Lngr
NO,

(#)-112 113 (£)-114

Scheme 41. Unsuccessful Mitsunobu reaction between crude allylic alcohol 112 and
4-nitrobenzoic acid (101).

Due to challenges associated with the purification of the allylic alcohol 112 and the
unsuccessful Mitsunobu reaction, we attempted to synthesise a cyclic -keto ester as an
alternative allylic alkylation substrate.

3.2.1.3 Route 3

The retrosynthetic analysis of the cyclic p-keto ester 115 is outlined in Scheme 42. The cyclic
B-keto ester 115 would be obtained from a Dieckmann condensation of the acyclic diester a.
Under the basic conditions of the Dieckmann condensation, the acetate group in the acyclic
diester a would be deprotonated, generating the corresponding enolate, which would then act
as the nucleophile in the condensation reaction. The alkyl ester group in the acyclic diester a
would be the electrophile in the condensation reaction, compared to a chloroformate ester as in
routes 1 and 2. The acetate ester a would be formed from an Sn2' Mitsunobu reaction with
acetic acid as the pronucleophile, from the allylic alcohol b. The allylic alcohol b would be
prepared from a Morita—Baylis—Hillman reaction between an alkyl acrylate c and
acetaldehyde (98).
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o]

0]
Ro)k(\ O OH
z > P —
. . o . ROJH(K
0o Dieckmann condensation /g Sn2' Mitsunobu

o)
115 a #)-b

U Morita—Baylis—Hillman
[0}
RZOH * HJ\

Scheme 42. Retrosynthetic analysis of the cyclic f-keto ester 115 in route 3.

The methyl ester Morita—Baylis—Hillman adduct 117 was prepared from methyl acrylate (116)
and acetaldehyde (98) and then submitted to the Mitsunobu reaction, giving the desired Sn2'
product 118 in a yield of 62% (Scheme 43a).!541551841 Crycially, in the Mitsunobu reaction
more than two equivalents of acetic acid were required. The Mitsunobu reaction commences
with nucleophilic attack of the triphenylphosphine on the azodicarboxylate, generating a
zwitterionic intermediate. When only one equivalent of acetic acid is applied, it is fully
deprotonated by the zwitterionic intermediate forming the acetate ion, which then attacks the
phosphonium ion (Scheme 43b). The newly formed O-acyl phosphonium ion undergoes
nucleophilic acyl substitution from the partially reduced azodicarboxylate, resulting in
N-acetylation of the azodicarboxylate. Consequently, the Mitsunobu reaction does not proceed.
However, when two or more equivalents of acetic acid are used, only one equivalent is fully
deprotonated and a H-bonded species between the acetate ion and the second equivalent of
acetic acid is proposed to form. This H-bonded species is proposed to be less nucleophilic than
the acetate ion and therefore does not attack the phosphonium ion. Thus, N-acetylation of the
azodicarboxylate is prevented and the desired Mitsunobu reaction proceeds.!*>! Notably, when
less than two equivalents of 4-nitrobenzoic acid (101) were later applied with the analogous
ethyl ester Morita—Baylis—Hillman adduct 121 (Scheme 45), N-benzoylation of the
azodicarboxylate was not observed. It was proposed that the electron-withdrawing
4-nitrophenyl substituent in 4-nitrobenzoic acid (101) renders it less nucleophilic than acetic
acid, consequently the 4-nitrobenzoate does not attack the phosphonium ion.
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CH3COH (1.0 eq.) PPh; (1.5 eq.)
a) DABCO (89 mol%) AcOH (3.5 €eq.)
1,4-dioxane:H,0 (1:1) DIAD (1.5 eq.) o
o n,7d O OH THF, 0°C, 1 h O  OAc
—_—
MeO MeO MeO z * MeO
| 69%
16 [990 mg] OAc
(2.7 eq.) (#)-117 118 (£)-119
62% 17%
[160 mg] [68 mg]
b) o €]
T Ho or o) 4
RO™ LN’ Ro)\\N,N OR )Ol\ "
("PPh3O —_— o) — > RO N’N\H/OR + O=PPh,
S]
(0]
\n/o o\@ AO
 PPh3
o 1€
AcOH<2.0 eq. T
(0]
)O]\ N. _OR RO)L'?‘,N\ > )Oj\ H
RO™ NS »>  PhgP 07 > RO N,N\n,OR
O) ® © )
o PPh; O
: PPhy \H/\J\H ®
(o
AcOH22.0 eq. l
Q ) i
H _PPh;
H
Ro)ltr\r’“\n/oR RO)\\N,N\H,OR ? D o
|
[ EPNs0 o) Meo)kfﬁ)\ Meok(\
H® pph
(8 (o] OH 0 0 3 k@ OAc

Scheme 43. a) Morita—Baylis—Hillman and Mitsunobu reaction sequence to give the desired
Sn2' and undesired Sn2 products 118 and 119, respectively. b) Mechanism of the Mitsunobu
reaction of the allylic alcohol 116 with acetic acid, as dependent on the equivalents of acetic

acid used, formation of the Sn2 product is not shown; adapted from [561,

Basic conditions for the Dieckmann condensation of the acyclic diester 118 were then screened
(Table 4). Unfortunately, none of the applied conditions gave the desired lactone 115 nor the
recovered starting material 118. It was proposed that under the applied basic conditions, the
y-carbon of the allylic acetate 118 could have been deprotonated to form the thermodynamic
dienolate, which could then eliminate the acetate, comparable with the analogous benzoate

compound in Scheme 34.
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Table 4. Screening of conditions for the Dieckmann condensation of the acyclic diester 118.

(0]

Meo)‘\(\

conditions, THF

0]

— ¢ = rjj/\
(@)
/go 0”0
118 115
Entry Base (eq.) T (°C) Time (h)  Scale (mmol) Result

1 t-BuOK (2.3) 0 0.5 0.15 decomposition
2 LIHMDS (1.3) —78t00 1 0.12 decomposition
3 LIHMDS (2.2) —78t00 1 0.12 decomposition

DIPA (2.4) .
4 _ —781t00 3 0.17 decomposition

n-BuLi (2.2)

Due to the unsuccessful synthesis of the p-keto ester VII by routes 1-3 in approach A,

approach B was then investigated for synthesis of the B-keto ester VII.
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3.2.2 Approach B
3.2.2.1 Route 4

The initial retrosynthetic analysis of the B-keto ester VIl according to approach B is outlined
in Scheme 44. The B-keto ester a would be obtained from a Claisen condensation between the
a,B-unsaturated ester b and an alkyl acetate. The protected B-hydroxy ester b would be formed
by a deprotection-reprotection sequence from the benzoate-protected p-hydroxy ester d. In the
benzoate-protected B-hydroxy ester d, the benzoate ester would be the more electrophilic than
the a,B-unsaturated ester, therefore a deprotection-reprotection sequence of the hydroxy group
with a non-electrophilic protecting group was required for the desired chemoselectivity at the
a,B-unsaturated ester in the Claisen condensation. The a,B-unsaturated ester d would be formed

from a Sn2' Mitsunobu reaction of the allylic alcohol e with a benzoic acid.

O O (e} o
wal\(\ > R207 NF — R2o)‘\(\
OPG Claisen condensation OPG Protection OH
a b c

U Transesterification

(0]

O OH
2 =
R20 — o)‘\(\
Sn2’ Mitsunobu

OBz
(¥)-e d

Scheme 44. Retrosynthetic analysis of the p-keto ester a in route 4.

The ethyl ester Morita—Baylis—Hillman adduct 121 was prepared from ethyl acrylate (120) and
acetaldehyde (98) in a yield of 52% (Scheme 45).1'%1 The Mitsunobu reaction between the
allylic alcohol 121 and 4-nitrobenzoic acid (101) afforded the desired Sn2' Mitsunobu
product 122 in 48% yield. The undesired Sn2 Mitsunobu product 123 was obtained in 7%. The
transesterification of the 4-nitrobenzoate ester 122 afforded the o,p-unsaturated methyl
ester 124.12%4 Notably, the transesterification of the 4-nitrobenzoic ester 122 proceeded in
higher yield than when the related benzoate ester 106 was cleaved (Scheme 38), due to the
better 4-nitrobenzoate leaving group.[*%8 The hydroxy group in the ester 124 was then protected
as a TBS ether 126. Notably, for the allylic substitution reaction the silyl group would have to
be exchanged for an appropriate leaving group or alternatively deprotection of the TBS
ether 126 after the Claisen condensation would give an unactivated allylic alkylation substrate.
For the subsequent Claisen condensation, t-butyl acetate, t-BuOAc, was selected as the alkyl

acetate as the steric bulk of the t-butyl group should prevent its self-condensation.[*6"]
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Unfortunately, the desired B-keto ester 127 was only obtained in trace amounts in the Claisen

condensation.

o}
0
CH4CHO (1.0 eq.) NO. NO
3 .0 eq. 2
DABCO (1.0 eq.) 101 (1.4 eq.) 2
1,4-dioxane:H,0 (1:1) PPh;3 (1.4 eq.), DIAD (1.4 eq.) EtO Z
o} i, 16 h O OH THF, -40 to 0 °C, 2h
> > (0] +
EtO EtO
| 52% o o oo
[1.5 9]
120 (3.1 eq.) (£)-121 o o
2
122 (¥)-123
48% 7%
[960 mg] [150 mg]

l K,CO3 (1,2 eq.)

MeOH, rt, 2 h

DIPA (7.0 eq.)
n-BuLi (5.5 eq.)

t-BuOAc (3.8 eq.) imidazole (5.0 eq.)

o o THF, -78 °C, 15 min 0 TBSCI (3.9 eq.)

then 126, -78t0 0 °C, 2 h CHZCIZ rt, 3 h

t-BUO)k)J\(\ L Meo)‘\(\ - )‘\(\ )\@\
<5% 68%
124
127 126 85% 1%
[110 mg] [81 mg]

Scheme 45.Synthesis of B-keto ester 127 in route 4.

It was proposed that the yield of the key carbon-carbon bond forming step could be increased
by using the more electrophilic corresponding o,-unsaturated aldehyde g in place of the ester b
(Scheme 46). Notably, when employing the aldehyde g as the electrophile, other carbon-carbon
bond forming reactions such as an aldol addition or a Reformatsky reaction would be required.
These reactions would give the B-hydroxy ester f. A subsequent oxidation would then provide
the corresponding B-keto ester a. It was proposed that the aldehyde g would be obtained by an

oxidation-reduction sequence from the ester b.

o O O OH (0]
R1OJ\)‘\(\ — R10J\)\(\ S H)k(\
OPG Oxidation OPG Aldol addition or OPG
Reformatsky reaction
a (*)-f g
U Oxidation
OH
)k(\ _
Reduction

OPG

Scheme 46. Retrosynthetic analysis of the B-keto ester a via aldehyde g.
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The reduction of the a,B-unsaturated ester 125 using diisobutylaluminium hydride (DIBAL)
gave the allylic alcohol 128 in quantitative yield (Scheme 47). Oxidation with Dess—Martin
periodinane (DMP) provided the desired a,B-unsaturated aldehyde 129 in a yield of 82%.
Unfortunately, the aldehyde 129 was prone to rapid autoxidation to the corresponding
carboxylic acid 130. Therefore, the aldehyde 129 had to be used immediately after purification.

DIBAL (2.0 e DMP (2.1 eq.)
PhMe( rt, 1 ?1 OH CH,Cl,,0°Ctort,1h 2 [O] Q
= »> H = —» HO =
*@ a0 a0
OTBS [280 mg] OTBS OTBS OTBS
128 129 130

82%
[160 mg]

Scheme 47. Reduction-oxidation sequence to afford the o,B-unsaturated aldehyde 129 and

subsequent autoxidation to the carboxylic acid 130.

We then turned our efforts to the carbon-carbon bond forming reactions to give the p-hydroxy
ester 131 (Table 5). LDA was initially used as the base in the crossed aldol addition with t-butyl
acetate. Unfortunately, decomposition was observed (Table 5, entry 1). LIHMDS was then used
as a weaker base and the desired B-hydroxy ester 131 was obtained, albeit in traces amounts
(Table 5, entry 2). Notably, prior to performing the aldol addition, we were not aware of the
susceptibility of the aldehyde 129 to autoxidation. Therefore, the yield of the p-hydroxy
ester 131 obtained from the aldol addition was most likely inaccurate, if the aldehyde 129 had

already partly oxidised to the corresponding carboxylic acid 130.

In addition to the aldol addition, a Reformatsky reaction between the o,B-unsaturated
aldehyde 129 and the zinc enolate 133 of t-butyl bromoacetate was proposed to afford the
B-hydroxy ester 131. The zinc enolate 133 was prepared by addition of tert-butyl bromoacetate
to a solution of the Rieke zinc. The Rieke zinc (Zn*) was prepared based on a reported
procedure, in which ZnCl, was substituted for ZnBr.[*%8 Typically, the Reformatsky reaction
is performed under reflux. However, Rathke and co-workers proposed that base-catalysed side
reactions of the carbonyl substrate with the zinc alkoxides, generated in the Reformatsky
reaction, could lower the yield of the B-hydroxy ester, particularly at elevated temperatures.
They proposed that Lewis acids, such as trimethyl borate, B(OMe)s, could be used in room
temperature Reformatsky reactions to provide a weakly acidic medium, thus avoiding side

reactions by neutralising the basic zinc alkoxides (Scheme 48).[16]
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Table 5. Screening of conditions for the carbon-carbon bond forming reactions to give either the B-hydroxy ester 131 or the B-keto ester 132.

(o]

0]

OH

[0}

o]

conditions
HJ\(\ ------------- - t—BuOJ\)\(\ or EtOJ\)‘\(\ t-BuOJ\/2nBrE
OTBS OTBS OTBS 133
129 (£)-131 132 e
) Time
Entry  Reaction Type Reagents (eq.) Solvent T(°C) Scale (umol) Result (%)
- DIPA (1.2), n-BuLi (1.1) -
1 aldol addition THF —781t00 2 40 decomposition
t-BuOAc (1.2)
N LiHMDS (5.0)
2 aldol addition THF —781t00 21 110 131 (8)
t-BuOAc (3.0)
3 Reformatsky zinc enolate 133 (3.0)2 THF rt to reflux 50 80 decomposition
zinc enolate 133 (3.0)? o
4 Reformatsky THF rt to reflux 50 130 decomposition
BF3+OEt; (2.0)
SnClz (1.3)
5 cat. SnCl _ CH:Cl2 rt 4 100 132 (<3)
ethyl diazoacetate (1.4)
SnCl; (1.0) .
6 cat. SnCl» CH:Cl2 rt 23 240 decomposition

ethyl diazoacetate (1.2)

aFormed from Rieke zinc (Zn*) and t-butyl bromoacetate.
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Therefore, two Reformatsky reactions were performed in parallel, with the Lewis acid
BF3*OEt, added to one reaction for neutralisation of the basic zinc alkoxide 133 (Table
5, entries 3 and 4). Notably, in the presence of BFs*OEt: the deprotection of the TBS group
could have occurred, as the deprotection of the TBS group in the B-keto ester 111 had
previously been performed with BF3*OEt, (Table 3, entries 8 and 9).[%%! In both Reformatsky
reactions, formation of the desired B-hydroxy ester 131 was not observed when performing the

reactions at room temperature nor under reflux.

Rso)j\/x
l Zn*
(o]
€]
ZnX
o R3OJI\/ n o o,ZnX B(OMe); o O,B(OMe)3 g)x H*/H,0 o oH
------------------- > Rt = 1) GEEEPTTRREET
R1J\R2 R%M R? R%M R? R%M R?

R1

Scheme 48. Reformatsky reaction generating a basic zinc alkoxide, which is proposed to be

neutralised by the B(OMe)s Lewis acid according to Rathke and co-workers.[¢°]

Since the aldol addition and Reformatsky reactions either afforded the B-hydroxy ester 131 in
trace amounts or not at all, alternative carbon-carbon bond forming reactions were sought. We
were inspired by conditions reported by Roskamp and co-workers for the direct conversion of
aldehydes to p-keto esters with ethyl diazoacetate (135) and tin” chloride, SnCls, as a Lewis
acid catalyst.*” Furthermore, the substrate library included the o,B-unsaturated
aldehyde 134 (Scheme 49).['7°1 Upon applying these conditions, the desired B-keto ester 132
was obtained, albeit in trace amounts with impurities remaining after column chromatography
(Table 5, entry 5). Due to the small amount of material obtained, further purification was not
performed. Upon repeating the reaction on a larger scale, the desired -keto ester 132 was not
obtained (Table 5, entry 6).

(0]

N
EtO)J\é 2
135 (1.2 eq.)
SnCl, (10 mol%)
o CH,Cly, rt o o
I —— SN
H Z 60% EtO Z
134 136

Scheme 49. Direct conversion of a,B-unsaturated aldehyde 134 to -keto ester 136, with ethyl
diazoacetate (135), reported by Roskamp and co-workers.[t7]
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Although the yield of the key carbon-carbon bond forming reaction was increased by applying
the more electrophilic aldehyde 129 in place of the ester 126, the rapid autoxidation of the
aldehyde 129 meant that it was not a viable intermediate. It was thought that the autoxidation
of the a,p-unsaturated aldehyde 129 to the corresponding carboxylic acid 130 was the reason
for the low vyield obtained in the aldol addition (Table 5, entry 2). Therefore, neither further
optimisation of the aldol addition nor investigation of alternative reactions to afford either the

B-hydroxy ester 131 or the B-keto ester 132 were performed.
3.2.2.2 Route 5

In parallel to route 4, an alternative route to the a,B-unsaturated aldehyde ¢ was investigated as
shown in the retrosynthetic analysis of route 5 in Scheme 50. As in route 4, the B-keto ester a
would be obtained from an oxidation of the corresponding B-hydroxy ester b, which would in
turn be formed from the a,B-unsaturated aldehyde c by a carbon-carbon bond forming reaction,
such as a crossed aldol addition. The a,B-unsaturated aldehyde ¢ would again be provided from
an oxidation of the allylic alcohol d. However, the allylic alcohol d would be formed from a
partial deprotection of the diol e. The olefin e would be afforded from a Wittig olefination of
the ketone f. The ketone f would be formed by a Malaprade reaction of the g-amino alcohol g,
which would be furnished from an acetalisation of tris(hydroxymethyl)aminomethane
hydrochloride (TRIS hydrochloride) (137).

o O O OH

RO Z —— Yo J\(\ KE\ %
OPG Oxidation OPG Aldol addition PG Oxidation
a (£)-b
U Reduction
HO NH;CI o
S — PG :>L\ — PG :>: e— :>=\

HO OH Acetalisation Malaprade Wittig 0

137 g f olefination e

Scheme 50. Retrosynthetic analysis of the B-keto ester a via a,B-unsaturated aldehyde c in

route 5.

The acetalisation, Malaprade reaction and Wittig olefination sequence was based upon related
work by Ritter (Scheme 51).*7Y In which TRIS hydrochloride (137) was acetalised with
p-anisaldehyde dimethyl acetal (138) under acid catalysis to give the p-amino alcohol 139;
oxidative cleavage by a Malaprade reaction with sodium periodate and subsequent hydrolysis
afforded the ketone 140. A Wittig olefination with ketone 140 introduced the methylidene
group to give olefin 141. A partial reduction of acetal 141 with DIBAL gave allylic alcohol 142.

58



Results and Discussion

O_
veo— Y~
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138 (1.0 eq.)

KH,PO, (1.0 eq.)
CSA (5.0 mol%), DMF NalO4 (1.0 eq.)
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HO OH 70% 0] OH 79% o]
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t-BuOK (1.3 eq.)
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OH DIBAL (1.2 eq.)
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> o

-

OPMB HO 94%
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Scheme 51. Synthesis of allylic alcohol 142 reported by Ritter.[*1]

This reported route was therefore adapted for the preparation of analogous allylic alcohol 144,
which had an ethylidene group in place of the methylidene group. The acetalisation of TRIS
hydrochloride (137) with p-anisaldehyde dimethyl acetate (138) gave B-amino alcohol 139 in
a yield of 61% (Scheme 52). Notably, this reaction was performed under reduced pressure with
a rotary evaporator to remove the methanol by-product. The Malaprade reaction and
subsequent hydrolysis afforded the ketone 140 in excellent yield.

O_
O_

138 (1.0 eq.) KH,PO, (2.2 eq.)
CSA (5.0 mol%) NalO,4 (2.2 eq.)
DMF, 40-50 mbar H,O0,0°Ctort

HO— NHsCl 0— NH, o
:>L\ t, 18 h MeO < >_< :>L\ 30h MeO—< >—< :>=O
HO OH > ol oOH —————————> o
139 140

61% 90%
137
[5.8 ] [4.5 9]

Scheme 52. Synthesis of ketone 140 from TRIS hydrochloride (137).

The Wittig olefination of ketone 140 with ethyltriphenylphosphonium bromide was then
performed. t-BuOK was initially applied as the base (Scheme 53), as in the analogous Wittig
reaction reported by Ritter. However, neither the desired product 143 nor the starting
material 140 were obtained. It was thought that the aged t-BuOK had absorbed atmospheric
moisture. n-Butyllithium, n-BuLi, was then employed as the base and the desired olefin 143
was obtained in a yield of 75%.
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a) EtPPh3Br (1.5 eq.), +-BuOK (1.3 eq.), THF, 0°Ctort, 2.5 h
then 140, THF, 0 °Ctort, 18 h

b) EtPPh3Br (1.5 eq.), n-BuLi (1.3 eq.), THF, =78 °C tort, 3 h
then 140, THF, =78 °Ctort, 1 h

O O
o - o
[e] O
140

a) decomposition
b) 75% [3.4 g] 143

Scheme 53. Wittig olefination of ketone 140 to give olefin 143.

The partial reduction of acetal 143 with DIBAL was initially carried out in CH2ClI> as reported
by Ritter and afforded the allylic alcohol 144 in a very good yield of 85% (Scheme 54). Since
DIBAL was used as a PhMe solution, the partial reduction was also performed in PhMe.
Pleasingly, the allylic alcohol 144 was obtained in a near quantitative yield. The allylic
alcohol 144 was obtained as an inseparable mixture of E/Z diastereomers. However, as a double
bond migration of the ethylidene double bond was required at a later stage, as discussed in the

Planned Synthetic Approach, the configuration of the double bond was irrelevant.

a) DIBAL (1.3 eq.), CH,Cl,, 0°C, 2 h

HO OH
o b) DIBAL (1.8 eq.), PhMe, 0 °C. 2 h %
O -
o Meo—©—/

a) 85% [25 mg] d.r. 1.3:1.0 (E)/(2)
b) 98% [3.4 g] d.r. 1.8:1.0 (E)/(Z) OPMB
143 144

Scheme 54. The partial reduction of acetal 143 to afford allylic alcohol 144.

The oxidation of the allylic alcohol 144 to the corresponding a,f3-unsaturated aldehyde 145 was
then carried out. Manganese dioxide, MnO-, was initially used as the oxidising agent (Scheme
55). The desired a,B-unsaturated aldehyde 145 was obtained as separable E/Z diastereomers in
a combined moderate yield of 48%. When DMP was employed as the oxidising agent, the
a,pB-unsaturated aldehydes 145 were obtained in a higher combined yield of 83%. Upon
scale-up, the a,B-unsaturated aldehydes 145 were obtained in an excellent combined yield of
94% with a d.r. of 1.8:1.0 (2)/(E). It is worth noting that the E/Z assignment of the
diastereomers is reversed between the allylic alcohol 144 and the o,B-unsaturated
aldehyde 145, as the aldehyde group has a higher priority than the PMB-protected
hydroxymethyl group. Importantly, autoxidation of the PMB-protected o,f-unsaturated
aldehydes 145 to the corresponding carboxylic acids was not observed. Therefore, it was
proposed that the TBS protecting group in the o,B-unsaturated aldehyde 129 was responsible
for the autoxidation. The a,B-unsaturated aldehydes 145 were therefore viable intermediates

for the synthesis of the 3-keto ester a.
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oH a) MnO, (19 eq.), CH,Cl,, t, 27 h
b) DMP (2.0 eq.), CH,Clo, 0 °C tort, 1 h
K(\‘ k(\
a) 48% [24 mg] d.r. 1.0:1.2 (Z)/(E)
OPMB b) 70% [42 mg] d.r. 1.3:1.0 (2)/(E) OoPMB OPMB
144 94% [3.1 g] d.r. 1.8:1.0 (2)/(E) (2)-145 (E)-145

d.r. 1.8:1.0 (E)/(2)

Scheme 55. Oxidation of allylic alcohols 144 to the corresponding o,f-unsaturated
aldehydes 145.

The subsequent reactions were performed with the separated diastereomers of the
a,p-unsaturated aldehydes 145. The aldol addition with the o,-unsaturated aldehydes 145 gave
the B-hydroxy esters 146 in good yields (Scheme 56). This further supports the hypothesis that
the low yield obtained in the aldol addition with the TBS-protected o,fB-unsaturated
aldehyde 129 was due to its prior autoxidation to the carboxylic acid 130. The subsequent
oxidation with DMP to the corresponding B-keto esters 147 proceeded in good to excellent
yields. Since there was no literature precedence of PMB-protected alcohols as allylic alkylation
substrates in Pd-catalysed allylic substitution reactions,[®>*51 a deprotection-derivatisation of
the hydroxy group in the B-keto esters 147 was required. The PMB-protected -keto esters 147
were deprotected with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) to give the allylic
alcohols 148. Unfortunately, the allylic alcohols 148 were observed to be unstable and quickly
decomposed as observed by TLC analysis and analysis of the *H NMR spectra. The material
that was obtained after purification was therefore directly submitted to the subsequent
derivatisation step. Notably, no formation of the cyclic B-keto ester 115 from lactonisation of
the allylic alcohols 148 was observed (Scheme 56).

LIHMDS (1.5-3.1 eq.)

t-BuOAc (1.2-2.5 eq.) DMP (2.0 eq.)
THF, —=78°C, 15 min CH,Cl,
Cf then 145, -78t0 0 °C, 1-5 h Q oH 0°Ctort,2-4 h Q Q
K(“\ > -BuO =z _— t-BuOJ\)‘\("‘
E=78%[1.34d] E=95%[1.24]
OPMB Z=60% [1.8 g] OPMB  7=76%[1.3 g] OPMB
145 146 147
DDQ (1.5 eq.)
CH,Cly:H,0 (20:1)
0°Ctort,2h
E = 74% [190 mg]
Z =79% [200 mg]
[0} O O
= <«—>X——  tBuO =z
lactonisation
0~ O OH
115 148

Scheme 56. Synthesis of B-keto esters 148 from the o,f-unsaturated aldehydes 145.
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In Pd-catalysed allylic substitution reactions with 3-substituted indole derivatives, unactivated
allylic substrates such as allylic alcohols®®!47:1501 and activated allylic substrates with good
leaving groups such as carbonates!®"-%%148.149 or acetates!®*'%! have been applied. Therefore,
the allylic alcohols 148 could have been applied as an unactivated allylic alkylation substrates
in the allylic substitution reaction. However, since the use of activated allylic substrates is more
commonly reported, we attempted to prepare the carbonate and acetate derivatives of the allylic
alcohols 148 (Table 6).

For formation of the t-butyl carbonate 149, basic conditions were employed. Two equivalents
of LIHMDS were used, due to the more acidic a-hydrogens atoms in the allylic alcohol 148
quenching the first equivalent of the base (Table 6, entry 1). Under these conditions, the
Boc-protected tricarbonyl compound 150 was obtained. Although, there was a lot of steric
hinderance at the a-position in the product (Z)-150, it was proposed to still be a suitable allylic
alkylation substrate for the allylic substitution reaction; in fact, the additional t-butyl ester
group was expected to enhance the acidity of the a-hydrogen atom. This would be beneficial
as deprotonation at the a-position is required for the intramolecular Mannich reaction onto the
indoline iminium ion to construct the C ring of aspidospermidine (1). When the Boc-protection
was repeated with the allylic alcohol (Z)-148 but with 1 equivalent of Boc:0, to see if the more
accessible alkoxide could be preferentially Boc-protected, formation of the Boc -keto ester
(2)-150 was observed with incomplete conversion of the starting material (Z)-148 (Table 6,
entry 2). Unfortunately, decomposition of the crude product was observed by TLC analysis and
the Boc-protected tricarbonyl (Z)-150 was not obtained. Only the starting material (Z)-148 was
recovered in trace amounts. The original conditions were then repeated with freshly purified
allylic alcohol (Z)-148 (Table 6, entry 3). Unfortunately, the Boc-protected tricarbonyl
product (Z)-150 was only obtained in a yield of <16%, with impurities.

The preparation of the acetate derivative of the allylic alcohol 148 was then attempted. Standard
conditions of acetic anhydride (Ac20) and 4-dimethylaminopyridine (DMAP) were first
employed (Table 6, entry 4), unfortunately neither the Ac-protected allylic alcohol 151 nor the
allylic alcohol 148 were obtained. Sub-stoichiometric scandium(" triflate, Sc(OTf)s, was then
applied as a Lewis acid catalyst with Ac20 (Table 6, entry 5),[17217% again neither the desired
product 151 nor starting material 148 were obtained. Classical conditions, with Ac20 in
pyridine were tested (Table 6, entry 6); however, decomposition was observed.'”*l An
enzymatic acylation of the allylic alcohol 148 was also attempted using rizolipase and vinyl

acetate (Table 6, entry 7);[*”® which also resulted in decomposition.
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Table 6. Screening of conditions for the derivatisation of the allylic alcohols 148.

@ @ conditions 2 9 T T T
+BUO T t—BuO)‘\)‘\(\‘ j\Af?\%
i t-BuO
OH OPG ; ;
148 149 PG = Boc E t-BuO’ (0] OBoc E
151 PG = Ac P (2)150 __________
Time  Scale
Entry E/Z Reagents (eq.) Solvent T (°C) Result (%0)
(h)  (umol)
LiIHMDS (2.2)
1 z THF —78tort 18 97 150 (42)
Boc,0 (2.6)
LiHMDS (2.2)
2 z THF Otort 1 93 148 (4)
Boc,0 (1.0)
LiHMDS (2.4)
3 z THF —78tort 15 99 150 (<16)
Boc,0 (2.4)
Ac,0 (1.5)
4 7 CH,CI, rt 1 94 decomposition
DMAP (1.4)
Ac,0 (1.5)
5 E MeCN rt 3 95 decomposition
Sc(OTf)z (0.10)
6 E Ac,0 (50) CsHsN rt 24 110 decomposition
Rizolipase
THF:MTBE -
7 E (10 wt.%) (1) 21 25 98 decomposition

vinyl acetate (2.0)

MTBE = methyl tert-butyl ether.

Although route 5 furnished the stable o,p-unsaturated aldehydes 146, which gave the pB-keto
esters 148, the multi-step synthesis and instabilities of the p-keto esters 148 and the
Boc-protected tricarbonyl product (Z)-150 rendered them unfeasible allylic alkylation
substrates. Consequently, an alternative strategy for the synthesis of the key exo-enone 1V

intermediate en route to aspidospermidine (1) was sought.

63



Results and Discussion

3.3 Preparation of the Allylic Alkylation Substrate: Strategy 2

In strategy 2, an alternative pathway for the synthesis of the exo-enone 1V was envisioned. To
this end, we aimed to prepare the a,B-unsaturated ketone 1X as the allylic alkylation substrate
in the key Pd-catalysed allylic substitution reaction (Scheme 57). In comparison to the B-keto
ester VII in strategy 1, the a,p-unsaturated ketone 1X contains the correct number of carbon
atoms for construction of the aspidospermidine (1) framework. Moreover, the synthetic route
to the o,B-unsaturated ketone 1X was expected to be significantly shorter than to the p-keto
ester VII. The allylic substitution reaction between tryptamine derivative VI and the allylic
alkylation substrate 1X would afford indolenine VI11. Notably, without the superfluous ester
group, the a-position to the ketone in the generated indoline iminium ion is not sufficiently
activated for the in situ trapping to occur. A subsequent intramolecular Mannich reaction of
the indolenine V111 would however give the exo-enone 1V, thus constructing the C ring of

aspidospermidine (1).

PG—N
PG-N .
— PG=N — p — @Z_f_/
V Mannich Y Allylic N\
H

LG
reaction substitution
o o @, o Z
N P N vi
H H N RaBO o
v Vil - - IX

Scheme 57. Retrosynthetic analysis of exo-enone 1V according to strategy 2.

The allylic acetate 152 was initially proposed as the allylic alkylation substrate IX. The allylic
acetate 152 would be formed in a Sn2' Mitsunobu reaction from the allylic alcohol 96, with

acetic acid as the pronucleophile, as shown in Scheme 58.

o}

O OH
)J\(\ > )J\[H\
Sn2' Mitsunobu

OAc
152 (£)-96

Scheme 58. Retrosynthetic analysis of the allylic acetate 152.

The Sn2' Mitsunobu reaction with the allylic alcohol 96 and acetic acid gave the allylic
acetate 152 in a yield of 41% (Scheme 59).
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PPh3 (1.2 eq.)

AcOH (2.8 eq.)

DIAD (1.2 eq.) o
O OH THF, 0°C, 1h

R =z
41%

[370 mg] OAc
(£)-96 152

Scheme 59. Preparation of allylic acetate 152 by an Sn2' Mitsunobu reaction with allylic
alcohol 96.

It was proposed that the allylic alcohol 96 itself could also be used as a regioisomeric allylic
alkylation substrate in the Pd-catalysed allylic substitution reaction. As upon ionisation, it was
hypothesised that both the allylic alcohol 96 and allylic acetate 152 would preferentially form
the anti n3-r-allylpalladium complex C (Scheme 60). Under achiral Pd-catalysis with a soft
nucleophile, as is the case in our system with an indole derivative (pKa < 25),[*®! nucleophilic
attack would then preferentially occur at the least substituted allyl terminus of the anti

n-allylpalladium complex C to afford the (E)-linear substituted product E.[M1

o PdOL, 1 Nu Q
=z _— )J\(”\ —_— =z
A G| — O
LG ® Nu
A Cc E
(E)-linear allylic substrate anti n-allylpalladium (E)-linear
complex substituted product

(0] LG Pd(O)Ln
)J\[H\ n3ntm?
(*)-B

branched allylic substrate
1,2-steric interactions

o} 0
)\? Nu _
4 e
S pgin,

® Nu
D F
syn r-allylpalladium (2)-linear
complex substituted product

Scheme 60. Proposed preferential formation of the anti n3-r-allylpalladium{ complex C from

either the linear or branched allylic alkylation substrates A and B, respectively.

Allylic acetate 152 is a linear allylic substrate (A in Scheme 60), as the leaving group is on the
carbon atom that becomes the least substituted allyl terminus upon ionisation. Whereas the
allylic alcohol 96 is a branched allylic substrate (B in Scheme 60), as the leaving group is on
the carbon atom that becomes the most substituted allyl terminus upon ionisation. The
(E)-linear allylic substrate A would be expected to initially form the anti =-allylpalladium

complex C. Whereas the branched allylic substrate B would be expected to initially give a
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mixture of anti and syn r-allylpalladium complexes C and D, respectively. In both cases the
syn and anti w-allylpalladium complexes would be expected to rapidly interconvert through the
n®ntn® isomerisation.'**  For allylic substrates without a 2-substituent, the syn
n-allylpalladium complex is generally favoured due to the destabilising allylic strain (Al?)
between the allyl termini substituents in the anti complex.['’”l Whereas, when the allylic
substrate has a 2-substituent, destabilising 1,2-steric interactions between the 2-substituent and
the allyl termini substituents in the syn m-allylpalladium complex may dominate and thus
favour formation of the anti complex.[**21"71 Crucially, the size of the 2-substitutent plays a

role in the ratio of the syn/anti n-allylpalladium complexes.["]

Trost and co-workers reported that with allylic substrate 153 with a 2-cyano substituent, the
linear product 156 was obtained exclusively with Z-configuration (Scheme 61). This
configuration is expected to be obtained from nucleophilic attack to the syn n-allylpalladium
complex. Whereas, with allylic substrate 157 with an ester 2-substituent, the (E)-linear
substituted product 159 was obtained, which is expected to be formed from nucleophilic attack
to the anti w-allylpalladium complex. This switch in syn/anti conformation between the
n-allylpalladium complexes of the 2-cyano and 2-ester substituted allylic substrates was
explained by the difference in size between the cyano and ester substituents. In the
n-allylpalladium complex with the smaller, linear 2-cyano substituent, the allylic strain in the
anti complex was more destabilising, thus favouring formation of the syn complex. Whereas
in the n-allylpalladium complex with the larger ester group, the 1,2-steric interactions between
the ester and the 1-propyl substituent in the syn complex were more destabilising and
consequently the anti complex dominated.[*””] Importantly, the rate of the nucleophilic attack
relative to the rate of the syn-anti isomerisation also affects the product outcome. When the
rate of nucleophilic attack is slower than that of the syn-anti isomerisation then the product

distribution will represent the equilibrium ratio of the syn/anti isomers.
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HO—@—OMe

154
[Pd,dbag*CHCI3] (1.0 mol%) R .

(S,S)-L6 (3.0 mol%) !
OCO,Me CH,Cly, rt OPMP N : «_CN
CN - . CN + N H P
/\/\n/ : pd!

OPMP i syn m-allylpalladium complex
153 155 (2156 TTTTTmTmmmemmmmmemmmeses
71%, 93% ee 15%
HO—@—OMe
153
[Pd,dbas*CHCI3] (1.0 mol%)
S,S)-L6 (3.0 mol?  emmmmmmmmmmemeeeae—aaaa. .
(5828 (3.0 mol) ; COEt

0CO,Me CH,Cly, 1t OPMP COEt ! ™
H AN H A
/\)\H/COZEt > /\/'\”/COZEt " : Pd”l

OPMP \ anti t-allylpalladium complex :

157 158 (E)-159
64%, 92% ee 18%

Scheme 61. Pd-catalysed allylic substitution of 2-substituted allylic substrates 153 and 157 as
reported by Trost and co-workers. Adapted from [/l OPMP = para-methoxyphenol.

It was therefore proposed that the allylic alcohol 96 could serve as an unactivated branched
allylic alkylation substrate to also give the desired indolenine product VIII in the allylic
substitution reaction. Pd-catalysed allylic substitution reactions between activated allylic
carbonates*'?1141781 and acetates!*’®28U  derived from Morita—Baylis—Hillman adducts, with
nucleophiles: phenol derivatives,**214 amines,"® Meldrum’s acid,!*** enamines!*8! and
indole derivatives*’*-181 have been reported. However, to the best of our knowledge Morita—
Baylis—Hillman adducts or carbonate or acetate derivatives thereof have never been applied in
a Pd-catalysed allylic substitution reaction with a 3-substituted indole nucleophile. Morita—
Baylis—Hillman adducts are unique allylic alkylation substrates as they form 2-acceptor
substituted m-allylpalladium complexes, in which it is proposed that the 2-carbonyl substituent

can coordinate to the Pd metal.[*14.177]

Since activated allylic substrates are more commonly reported in Pd-catalysed allylic
substitution reactions, ¥ conditions for preparation of the carbonate derivatives of the allylic
alcohol 96 were sought (Table 7), to produce an activated branched allylic alkylation substrate
for screening, in addition to the allylic alcohol 96 and allylic acetate 152. To this end,
conditions inspired by Trost and co-workers were applied for preparation of the allylic methyl
carbonate 160 (Table 7, entry 1).111 After 1 h at 0 °C, a new product with a higher Rt value
than the allylic alcohol 96 was observed, which was presumed to be the desired methyl
carbonate derivative 160. However, incomplete conversion of the starting material 96 was also

observed. Upon warming to room temperature, decomposition of the presumed allylic methyl
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carbonate 160 was observed. The reaction was then repeated under the same conditions while
maintaining a temperature of 0 °C (Table 7, entry 2). Formation of the presumed product 160
was observed after 30 min and 1 h; however, decomposition was already observed at 1 h. Upon

purification, the allylic methyl carbonate 160 was obtained in a low yield of 20%.

Table 7. Screening of conditions for the derivatisation of the allylic alcohol 96.

)Oj\[ﬁoi conditions O  OCOzR
(£)-96 (+)-160 R = Me
(£)-161 R = t-Bu
Entry Reagents (eq.) Solvent T (°C) Time (h) Result (%0)
DMAP (8 mol%), pyridine (1.1) 96 and
12 CHxCl, Otort 17 N
methyl chloroformate (1.6) decomposition
DMAP (10 mol%)
2 pyridine (1.1) CHCl; 0 1 160 (20)
methyl chloroformate (1.6)
DIPEA (1.2) _
3 THF Otort 18 no reaction
methyl chloroformate (1.2)
DMAP (1.2) 96 and
4 CHxCl, Otort 18 -
methyl chloroformate (1.4) decomposition
t-BuOK (0.20) 0to )
5 ) — 40 no reaction
dimethyl carbonate (5.0) 80
t-BuOK (1.2) -
6 ) — rt 2 decomposition
dimethyl carbonate (5.0)
TBD (0.10) -
7 — 80 1 decomposition

dimethyl carbonate (7.5)

unknown side

8 DMAP (0.10), Boc20 (1.2) CHxCl, Otort 19
product

Unless stated otherwise, all reactions were performed on a scale of 0.50 mmol. Reaction scale

of 2.0 mmol.

Alternative bases for deprotonation of the secondary oxonium ion formed after nucleophilic
acyl substitution were applied, such as N,N-diisopropylethylamine (DIPEA) and DMAP (Table
7, entries 3 and 4). Neither of these conditions gave the desired product 160. Stronger bases

were then used for deprotonation of the alcohol 96, with dimethyl carbonate used in place of
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methyl chloroformate. Applying 0.20 equivalents of t-BuOK resulted in no reaction at room
temperature nor upon heating (Table 7, entry 5).1*82] However, using 1.2 equivalents of t-BuOK
at room temperature led to rapid decomposition (Table 7, entry 6). Applying sub-stoichiometric
1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) also resulted in decomposition (Table 7,
entry 7).[1%1 |t is worth noting that if the allylic methyl carbonate 160 was generated under
these strong basic conditions (Table 7, entries 6 and 7), rapid elimination of the methyl
carbonate via an E2 mechanism may have occurred. Conditions to afford the allylic tert-butyl
carbonate 161 with Boc2O and DMAP were also tried (Table 7, entry 8). However, this resulted
in the formation of an unknown side product. Although preparation of the allylic methyl
carbonate 160 proved non-trivial, we had material in hand for a test allylic substitution reaction

with an activated branched allylic alkylation substrate.
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3.4 Pd-Catalysed Allylic Substitution Reaction

3.4.1 Non-Stereoselective Allylic Substitution Reaction

To investigate the general feasibility of the Pd-catalysed allylic substitution reaction,
non-stereoselective conditions with achiral ligands were initially sought. Due to the ease of the
preparation of the allylic alcohol 96, we were interested to see if it could be applied as an
unactivated allylic alkylation substrate with the tryptamine derivative 94 in the allylic
substitution reaction. For which, conditions reported by Tamaru and co-workers for the
Pd-catalysed allylic substitution reaction between indole derivatives and unactivated allyl
alcohols were envisioned (Scheme 21 on page 30).11¢1 A test reaction was first performed
between allyl alcohol (87), as the model allylic substrate reported by Tamaru and co-workers,
and the tryptamine derivative 94 (Scheme 62), to assess if the tryptamine derivative 94 was a
suitable nucleophile under these conditions. The desired 3-allylated indolenine product 162
was obtained in a reasonable yield of 52% (60% brsm). The borane additive, Et3B, was applied
as a Lewis acid for activation of the allyl alcohol (87), but also to suppress competing
N-allylation.’**”] The borane was proposed to tightly coordinate to the indole nitrogen atom,
thus preventing the N1 position from serving as a nucleophile in the allylic substitution
reaction.[*581 Although stoichiometric equivalents of the borane were used, traces of the
presumed N-allylated product 163 were observed by analysis of the *H NMR spectrum of the
by-product.

/\/OH
87 (3.0 eq.) Cl cl

Cl [Pd(PPhg3)4] (6.6 mol%) Boc, f
Boc, f EtsB (1.2 eq.) N
N

THF, 50 °C, 16 h

Boc—N +
\
\
N N H
H P
N \

94 (£)-162 163
52% (60% brsm) presumed traces
[12 mg]

Scheme 62. Test allylic substitution reaction between tryptamine derivative 94 and allyl
alcohol (87).

The allylic alcohol 96 was then applied in the allylic substitution reaction (Table 8). Upon
applying the conditions reported by Tamaru and co-workers, the desired indolenine 164 was
obtained in trace amounts (Table 8, entry 1). The reaction was initially performed at room

temperature as Tamaru and co-workers had performed their reaction with 3-methylindole (86)
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at room temperature, whereas the reactions with the other indole derivatives had been
performed at 50 °C. Upon performing the reaction at 50 °C, the indolenine 164 was obtained
in an increased yield of 33% (Table 8, entry 2). In both of these reactions, 3.6 equivalents of
the borane were used, as Tamaru and co-workers, had reported that with sterically hindered
allyl alcohols excess amounts of the borane were required to give the 3-allylated product in
reasonable yields.[**®! However, under neither of these conditions was full conversion of the
tryptamine derivative 94 observed (Table 8, entries 2 and 3). When the allylic acetate 152 was
applied under the same conditions (Table 8, entry 3), the indolenine product 164 was obtained
in a comparable yield of 31%. Again, incomplete conversion of the tryptamine derivative 94
was observed. Therefore, the use of the allylic methyl carbonate 160 was investigated.
Conditions reported by Rawal and co-workers for the Pd-catalysed allylic substitution reaction
with activated allyl methyl carbonates were applied, but with 1,2-dichloroethane as the solvent
in place of CH,Cly, in case heating above 40 °C was required (Table 8, entry 4).12481 Fyll
conversion of the allylic methyl carbonate 160 was observed; however there was no formation
of the desired indolenine product 164. Furthermore, incomplete conversion of the tryptamine
derivative 94 was observed. Although the allylic alkylation substrates 96 and 152 afforded the
indolenine 164 in comparable yields, the allylic alcohol 96 was selected as the allylic alkylation
substrate best suited for our system due to its ease of preparation. The allylic alcohol 96 was
prepared in a single step with a high yield of 83%. Whereas the allylic acetate 152 was prepared
in an overall yield of 34% over two steps. Furthermore, using the allylic acetate 152 in place
of the allylic alcohol 96 in the substitution reaction would have increased the longest linear
sequence of the synthesis of aspidospermidine (1) by one step. Upon performing the allylic
substitution reaction on a larger scale with the allylic alcohol 96, the indolenine 164 was
obtained in a preparatively useful yield of 67% (86% brsm) (Table 8, entry 5).
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Table 8. Screening of conditions for the allylic substitution reaction between tryptamine

derivative 94 and allylic alkylation substrates 96, 152 and 160.

Cl

(£)-96 or 152 e n e nens ;

Cl or (£)-160 (2.0 eq.) o LG 0 .

Boc\N_/—/ [Pd]/Ln{::dltIVeS Boc—N )HH\ )‘\(\

\ o | (£)-96 LG = OH 152 |

H N’ LG OO
94 (£)-164

Entry Allylic substrate  [Pd]/Ln and additives  Solvent T (°C)  Result (%)

1 96 [Pd(PPhs)4], EtsB? THF rt 6
2 96 [Pd(PPhs)4], Et:B? THF 50 33
3 152 [Pd(PPhs)a], Et:B? THF 50 31
4 160 [Pd2(dba)s], P(2-furyl)s® (CH2Cl), rt —
5e 96 [Pd(PPhs)4], EtsB? THF 50 67 (86 brsm)

Unless otherwise stated, all reactions were performed on a 0.1 mmol scale.
3[Pd(PPhs)4] (5.0 mol%), EtsB (3.6 equiv.). °[Pda(dba)s] (5.0 mol%), P(2-furyl)s (10 mol%).
‘Reaction scale of 1.0 mmol.

Notably, the (E)-indolenine product 164 was obtained in all cases, indicating that the
nucleophilic attack had occurred to the anti n-allylpalladium complex.[*””! This supported our
hypothesis that the same anti z-allylpalladium complex would be preferentially formed from
either the (E)-linear allylic substrate A or branched allylic substrate B (Scheme 60).

Since full conversion of the tryptamine derivative 94 was not observed under any of these
conditions (Table 8), optimisation through varying the equivalents of the reagents was
attempted (Table 9). The ratio of the borane additive to the combined equivalents of the
tryptamine derivative 94 and the allylic alcohol 96 was maintained at 1.2:1.0. Increasing or
decreasing the equivalents of the allylic alkylation substrate 96 resulted in lower yields, even
with prolonged reaction times (Table 9, entries 2 and 3). Therefore, 2.0 equivalents of the
allylic alcohol 96 was found to be optimal. Reducing the relative equivalents of the borane
additive led to a lower yield (Table 9, entry 4). When the reaction was performed on a larger

scale, the indolenine product 164 was obtained in a reduced yield (Table 9, entry 5).
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Table 9. Optimisation of reagent equivalents in the allylic substitution reaction.

O OH

(£)-96
N (varying eq.) Cl
[Pd(PPhs),] (5.0 mol%)
A f
o /
N \ o
N
94 (£)-164
Entry 96 (eq.) Et;B (eq.) Time (h)  Scale (mmol)  Yield (%)
1 2.0 3.6 15 1.0 67 (86 brsm)
2 4.0 7.2 42 1.4 56 (86 brsm)
3 1.2 2.4 40 1.2 38 (72 brsm)
4 2.0 2.4 22 0.63 40 (n.d. brsm)
5 2.0 3.6 22 7.5 43 (54 brsm)

n.d. = not determined.

Upon repetition of the allylic substitution reaction with the optimal conditions, the indolenine
product 164 was obtained in varying yields. It was proposed that a competing p-hydride
elimination from the m-allylpalladium complex D could occur (Scheme 63). The B-hydride
elimination product J was proposed to exhibit an enhanced chelating ability to the Pd metal,
due to its additional coordinating carbonyl group.[**4177:184 Thys, effectively deactivating the
Pd-catalyst and inhibiting further conversion of the tryptamine derivative 94.1*%! In an attempt
to circumvent this, the allylic alcohol 96 was added as a diluted solution over 2.5 h to the
reaction mixture. This was intended to maintain a high relative concentration of the nucleophile
with respect to the m-allylpalladium complex D and thus favour the nucleophilic attack.
Although this was found to give more reproducible yields of the indolenine 164, full conversion
of the tryptamine derivative 94 was still not observed. Further addition of the Pd catalyst, also

did not result in full conversion of the tryptamine derivative 94.

The proposed catalytic cycle for the allylic substitution reaction shows the dual role of the
borane additive, BR3 (Scheme 63). First, one equivalent of the borane coordinates to the
hydroxy group in the allylic alcohol 96, activating the allylic alkylation substrate 96 to
oxidative addition by Pd© into the allylic C-O bond.[** Second, another equivalent of the

borane coordinates to the nitrogen atom of the indole derivative giving intermediate E, in which
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the acidity of the N1 hydrogen atom is significantly increased.’®®1 Deprotonation of
intermediate E by the [EtsBOH]  complex then affords the activated nucleophile:
N-indolyltrialkylborate F.[*®1 The coordination of the borane to the indole nitrogen atom is
also proposed to be key to the chemoselectivity of the reaction, through supressing the
competing N-alkylation.[*4>84 Furthermore, the formation of this Lewis acid-base complex
increases the m-nucleophilicity of the indole derivative.[*51 Regioselective nucleophilic attack
of the bulky N-indolyltrialkylborate F to the least substituted allyl terminus of the anti
n-allylpalladium complex D then affords the (E)-linear substituted product G, which is released

upon decomplexation.

Q H®, BR,

(0] (@) R.B (0] OH
)J\(\ © s
-
Nu Pd(o)'—n Activation
H A B 96
Decomplexation Coordination
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o [ o
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)‘\('\% Ln + H BR3 )H(Pkd(o)L
RsB
) O /
Nucleophilic N
Attack

(e}
o] [R3BOH]™
o B — B P —
PePdOL -[R3BOH,] ®|1| B-Hydride
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—

1
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[R3BOH,]
. Pd‘”)Ln
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Scheme 63. Proposed catalytic cycle with allylic alcohol 96 and a 3-substituted indole

derivative.

3.4.2 Enantioselective Allylic Substitution Reaction

We then attempted to render the key allylic substitution reaction enantioselective by applying
chiral ligands. We were initially drawn to the related system reported by Trost and co-workers
in which the (S,S)-DACH-anthracene ligand L5 was applied with 3-substituted indole
derivatives and allyl alcohol (87) (Scheme 22 on page 31). It was reported that the
DACH-anthracene ligand L5 gave the highest enantioselectivities in preliminary
experiments.®® At the outset of the enantioselective studies, we did not have the
DACH-anthracene ligand L5, but instead the (S,S)-DACH-phenyl L3 and
(S,S)-DACH-naphthyl L4 ligands. A test reaction was first performed between allyl
alcohol (87), as the model allylic substrate reported by Trost and co-workers, and tryptamine
derivative 94, to investigate the feasibility of the tryptamine derivative 94 as the nucleophile
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under these conditions (Scheme 64). The indolenine 164 was obtained in near quantitative
yield, albeit with low enantioselectivity.

87 (3.0 eq.)
[Pdy(dba)3*CHCI3] (3.7 mol%) Cl P L L CEEEEEELEEEEEL LD .

. (S,5)-L4 (10 mol%) 0 )

Boc _/_/ Et3B (1.3 eq.) ! N ‘o :

\ CH,Cly, 1t, 2 h : :

N 272 - Boc—N H O H H O :

> : PPh, Ph,P :

\ 98% : (S,S)-L4 5

. [23 mg] _ N . :
H

e.r. 67:33

94 ()-162

Scheme 64. Test enantioselective allylic substitution reaction between tryptamine derivative 94
and allyl alcohol (87).

The allylic alcohol 96 was then used in the enantioselective allylic substitution reaction (Table
10). The conditions as reported by Trost and co-workers with 1.1 equivalents of the borane,
EtsB, at room temperature but with the (S,S)-DACH-phenyl L3 and (S,S)-DACH-naphthyl L4
Trost ligands were initially applied (Table 10, entries 1 and 2). However, no formation of the
indolenine product 164 was observed after prolonged reaction time, increasing the borane
equivalents nor upon heating the reaction to 35 °C. Therefore, alternative ligands were
screened. (+)-2,2'-bis(diphenylphosphino)-1,'-binaphthyl (BINAP) (+)-L12 was chosen as a
bidentate diphosphine ligand that served as a donor ligand for promotion of the oxidation
addition step and with the potential to render the reaction enantioselective through the use of
the enantiopure ligand L12.1Y No formation of the indolenine 164 was observed upon
performing the reaction at room temperature nor upon heating at 50 °C (Table 10, entry 3). The
Carreira phosphoramidite olefin ligand (R)-L2 was then selected as a chiral phosphoramidite
olefin ligand.[*8! As hemilabile chiral phosphoramidite olefin ligands have been employed in
allylic substitution reactions with 3-substituted indole derivatives and activated allylic
substrates under Pd-catalysisi®"* and under Ir-catalysis.['°2 Again, no formation of the
indolenine 164 was observed upon performing the reaction at room temperature nor upon
heating to 50 °C (Table 10, entry 4). Notably, the reactions with the (£)-L12 and (R)-L2 ligands
were performed in THF, as this allowed for heating to 50 °C, as in the optimised
non-stereoselective conditions, and as the non-stereoselective allylic substitution reactions had

been performed in THF.
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Table 10. Optimisation of reaction conditions for the enantioselective allylic substitution of

allylic alcohol 96 with tryptamine derivative 94.

O OH

28 5 e |

y 6196 (2.0 00 (\/\/\/i
Boc\N_/—/ [Pd,(dba)s] (2.5 mol%) Boc—N

ligand (7.5 mol%), borane 3 6 eq
Q_g_/ Q%\ﬁ i 9-BBN-octyl (165) !
N5 U S N2 SR

H

94 164
3O 8 0F
L / U O (oN :
LN N “ . N PPh, o’P_N :
: H H PPh, :
' PPh, Ph,P PP th O O :
; (S.5)-L3 = Ph :
: (S,S)-L4 = Naph (S,S)-L5 (£)-L12 (R)-L2 '

Entry Ligand Borane Solvent T (°C) Time (h) Yield (%) e.r.(R:S)

1° (S,5)-L3 Et,B CH.CI, rtto 35 71 — —
2*  (59)-L4 Et,B CHCL,  rtto35 71 — —
3b (£)-L12 Et,B THF rt to 50 18 — —
4¢ (R)-L2 Et,B THF rt to 50 23 — —
50 (5,5)-L3  EtB THF 50 48 49 26:74
60 (SS)-L4  EtB THF 50 48 23 19:81
7 (5,5)-L3 165 THF 50 15 22 14:86
8  (S,9-L3 165 THF rt 15 37 9:91
9 (S,5)-L3 165 THF 4 15 18 30:70
106 (S,S)-L3 165 THF rt 15 23 18:82
11f (S,9)-L3 165 THF rt 15 25 14:86
129 (R,R)-L3 165 THF rt 15 12 56:44
13 (5,9)-L3 165 CH:Cl; rt 15 0 —
14 (R,R)-L3 165 PhMe It 15 0 —
15 (R,R)-L3 165 THF It 24 36 90:10
16 (8,9)-LS 165 THF rt 15 26 37:63
17" (R,R)-L3 165 THF rt 15 42 91:9
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Unless stated otherwise, all reactions were performed on a 0.1 mmol scale. (+)-96 (3.0 eq.),
EtsB in THF (3.3 eq.). °(2)-L12 (5.0 mol%), EtsB in THF (2.4 eq.). ¢[Pd2(dba)s] (5.0 mol%),
(R)-L2 (10 mol%), EtsB in THF (2.4 eq.). “Additional (+)-96 (2.0 eq.) were added after 15 h.
®(+)-96 (4.0 eq.). {(+)-96 (1.5 eq.). 9(R,R)-L3 (15 mol%) and [Pdz(dba)s] (5 mol%). "Reaction

scale of 1.0 mmol.

The conditions inspired by Trost and co-workers when again tested but with THF as the solvent
in place of CH2CI..® To our surprise, the enantioenriched indolenine product 164 was
obtained (Table 10, entries 5 and 6). After 15 h, incomplete conversion of the tryptamine
derivative 94 but near-complete conversion of the allylic alcohol 96 was observed. Therefore,
an additional 2.0 equivalents of the allylic alcohol 96 were added to each reaction. From TLC
analysis of the reaction mixture directly after the second addition of the allylic alcohol 96 and
31 h later, no further conversion of the tryptamine derivative 94 nor of the allylic alcohol 96
was observed. However, it is worth noting that TLC analysis is only a qualitative measurement
of reaction progress. Although Trost and co-workers reported formation of the indolenine
product in their related system in comparable yields in solvents other than CH2Cl», including
THF, they reported that non-coordinating solvents such as PhMe and CH2Cl, gave the best
enantioselectivities.®®! It was proposed that coordinating solvents, such as THF, may
competitively coordinate to the borane additive and thus disrupt the formation of the Lewis
acid-base complex between the borane additive and the indole nitrogen atom,*®” which is not
only essential for the chemo- and stereoselectivity of the reaction,[®645184 pyt also for
promoting the reaction through increasing the m-nucleophilicity of the indole derivatives.[**°]
With non-coordinating solvents such as CH2Clz, this competitive coordination between the
solvent and the borane would not be present.*®”1 Since the indolenine 164 was obtained in
comparable enantiomeric ratios (e.r.) with the DACH-phenyl L3 and DACH-naphthyl L4
Trost ligands, but in a higher yield with the DACH-phenyl L3 ligand, ligand L3 was taken
forward in the optimisation studies, due to difficulties previously encountered in yield

optimisation when performing the reaction non-stereoselectively.

In their related system, Trost and co-workers had reported that increasing the steric bulk of the
borane additive from Ets;B to 9-BBN-hexyl (89) had resulted in an enhanced
enantioselectivity.®® This was also observed in our system, as replacing Et;B with
9-BBN-octyl (165) led to an increased enantioselectivity but a reduced yield (Table 10,
entry 7).
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Trost and co-workers had initially performed their related allylic substitution reaction at room
temperature and reported that performing the reaction at 4 °C resulted in an increased
enantioselectivity.®®! While in our system, lowering the temperature from 50 °C to room
temperature was found to increase both the enantioselectivity and yield, further cooling to 4 °C
was shown to be detrimental with respect to both the yield and enantioselectivity (Table 10,
entries 8 and 9). Since the allylic alcohol 96 forms an unsymmetrically substituted allyl ligand
upon ionisation (Scheme 60 on page 65), the allyl plane is a stereogenic element in the
ni-n-allylpalladium complex, which exists as enantiomers in the presence of an achiral ligand
(C in Figure 6 on page 20).[**1 However when a chiral ligand, such as the DACH-phenyl L3
Trost ligand, is applied then the n-allylpalladium complexes exist as diastereomers | and Il in
Scheme 65. Out of the potential enantiodiscriminating methods in Pd-catalysed allylic
substitution reactions, it was initially proposed that mechanism D was present in our system
(Scheme 17 on page 23). In which the rate of interconversion between the two diastereomeric
n-allylpalladium complexes, via the n®n'-n® isomerisation, is faster than the rate of the
nucleophilic attack.®® The asymmetric induction can then be under kinetic control and
determined from the different rates of the nucleophilic attack to the two diastereomeric
n-allylpalladium complexes, or when the rates of nucleophilic attack are approximately equal
then the asymmetric induction can be under thermodynamic control. In which, the equilibrium
distribution of the diastereomeric m-allylpalladium complexes determines the stereoselectivity
of the reaction.™8 In our system, the allylic alcohol 96 was employed as a racemate. Therefore,
the diastereomeric anti w-allylpalladium complexes | and 11 were initially formed in equal
amounts. However, upon n®n!-n® isomerisation the distribution of the diastereomeric
complexes | and 11 varies from the initial 50:50 ratio, due to either kinetic or thermodynamic
control. Upon cooling the reaction from 50 °C to room temperature, it was proposed that the
rate of the nucleophilic attack was decreased relative to that of the n3-n'-m® isomerisation.
Hence allowing the diastereomeric m-allylpalladium complexes | and Il to equilibrate via
n°-nt-n? isomerisation, prior to nucleophilic attack, thus resulting in a higher enantioselectivity.
Whereas upon further cooling of the reaction to 4 °C, the rate of the n3-n-n® isomerisation was
proposed to be slowed relative to the rate of the nucleophilic attack. Therefore the nucleophilic
attack would occur before the diastereomeric r-allylpalladium complexes I and 11 were able to
equilibrate via the n3n!-n?® isomerisation, hence decreasing the enantioselectivity of the
reaction.[*’”1 While this could explain the difference in the enantioselectivity of the reaction
when the stereocentre would be generated on the electrophilic allylic substrate, for example if
the branched substituted product 111 in Scheme 65 would be formed; at this stage it is unclear
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how the temperature-dependent relative rates of the n®-n'-n® isomerisation and the nucleophilic
attack would affect the enantioselectivity of the reaction, when the stereocentre is generated on
the prochiral nucleophile—as is the case in our system. In which the quaternary stereocentre is
constructed at the 3-position of the nucleophilic indole derivative. It was therefore revised that
mechanism E is in fact the enantiodiscriminating mechanism in our system (Scheme 17 on
page 23). In this mechanism, the stereoselectivity of the reaction is determined from which
enantiotopic face of the prochiral nucleophile undergoes the nucleophile attack. While
temperature variation could account for the difference in the relative rates of the n3min?
isomerisation and the nucleophilic attack, it remains unclear how it would affect the facial
selectivity of the nucleophilic attack from the prochiral nucleophile and hence the

enantioselectivity of our system.

PdOL,
(R,R)-L3
O OH
borane
EEE——
)J\[H\ 0= rd l n3nlon’
(*)-96

v
(E)-linear substituted product

Scheme 65. Wall-and-flap model of the anti diastereomeric r-allylpalladium complexes |
and Il with the (R,R)-Trost ligands and allylic alcohol 96. The analogous less favoured

syn complexes are not shown.

Varying the equivalents of the allylic alcohol 96 from the previously optimised 2.0 equivalents
was found to decrease both the yield and enantioselectivity (Table 10, entries 10 and 11).
Doubling the catalyst and ligand loading significantly decreased the vyield and
enantioselectivity (Table 10, entry 12). This was initially believed to be due to nucleophilic
attack from the Pd© complexes to the diastereomeric n-allylpalladium complexes, effectively
resulting in an isomerisation of the n-allylpalladium complexes (Scheme 15 on page 22).[111134
When the faces of the allyl ligand in the n-allylpalladium complexes are enantiotopic then
nucleophilic attack to the different faces results in the substituted product being obtained as
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enantiomers, and consequently affects the enantioselectivity of the reaction.[**!! Notably, this
isomerisation can be mitigated by using low Pd-catalyst loadings and is generally assumed to
be slower than the nucleophilic attack to the m-allylpalladium complex.[** However, it is
unclear how the isomerisation of the diastereomeric =-allylpalladium complexes by
nucleophilic attack from the Pd©® complexes would affect which enantiotopic face of the
prochiral nucleophile attacks the m-allylpalladium complex, thereby inducing the asymmetric

induction in this reaction.

The use of CH2Cl, and PhMe as non-coordinating solvents with the optimised conditions
resulted in no formation of the desired indolenine 164 (Table 10, entries 12 and 13). Extending
the reaction time of the optimised conditions to 24 h was shown to have no significant effect
on the yield nor on the enantioselectivity (Table 10, entry 15). Further supporting the
hypothesis that the Pd-catalyst is deactivated by the B-hydride elimination product J (Scheme
63). Switching to the DACH-anthracene Trost ligand L5, which was reported to give the
highest enantioselectivities for the related system reported by Trost and co-workers,®® led to
a diminished yield and enantioselectivity (Table 10, entry 16). Finally, the optimised
enantioselective conditions were shown to be scalable with the indolenine 164 obtained in a

reasonable yield of 42% with high enantioselectivity (e.r. 91:9) (Table 10, entry 17).

The optimisation of the enantioselective allylic substitution reaction was initially performed
with the (S,S)-configured Trost ligands. However, to synthesise (+)-aspidospermidine (1) we
switched to the (R,R)-configured ligand, (R,R)-L3, based on extrapolation of the
stereochemical results reported by Trost and co-workers.[®®! As when the (S,S)-L5 ligand was
applied in the related system of Trost and co-workers, the indolenine products from
nucleophilic attack of the Si face of the prochiral nucleophile to the w-allylpalladium complex
were obtained. Therefore, upon extrapolating these stereochemical results to our system it was
expected that by switching from the (S,S)- to the (R,R)-configured Trost ligands, that the
nucleophilic attack would then come from the Re face of the prochiral nucleophile. To
synthesise (+)-aspidospermidine (1), the nucleophilic attack should come from the Re face of
the prochiral nucleophile. Therefore, we switched to the (R,R)-configured ligand, (R,R)-L3 to
synthesise the natural enantiomer of aspidospermidine (1). However, upon completion of the
synthesis of (—)-aspidospermidine (1), the enantiomer of the natural product was obtained.
Therefore, it was determined that using the (R,R)-configured ligands in our allylic substitution

reaction gave (R)-indolenine 164, from nucleophilic attack of the Si face of the prochiral
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nucleophile. Therefore, it was not possible to extrapolate the stereochemical results from Trost

and co-workers to our system.[®®l

Trost and co-workers had reported that the products obtained from the allylic substitution
reaction with cyclohexenyl carbonates and 2-substituted ester cyclohexenyl carbonates had the
opposite absolute stereochemistry.[*®8 In the m-allylpalladium complex, the 2-position of the
allyl ligand normally cants away from the Pd metal. However, when there is a coordinating
group at the 2-position, for example an ester group, this group is proposed to coordinate to the
Pd metal, thus changing the cant of the w-allyl ligand. This would then result in a switch in the
facial selectivity of the m-allyl ligand to the nucleophilic attack.t!41771841 |t was initially
thought that this could explain the switch in enantioselectivity in our system to that reported
by Trost and co-workers, as the allylic alkylation substrate 96 employed in our system has a
coordinating ketone at the 2-position which is absent in the allyl alcohol (87) used by Trost and
co-workers.[®®! While this could explain the switch in the enantioselectivity of the allylic
substitution reaction when the stereocentre would be created on the electrophilic allylic
substrate—as in the example with the cyclohexenyl carbonates—at this stage it is unclear how
this change in the cant of the m-allyl ligand would switch which enantiotopic face of the
prochiral nucleophile attacks the m-allyl ligand and hence reverse the configuration of the

stereocentre generated on the nucleophile—as is the case in our system.

It was proposed that by applying the wall-and-flap model for the Trost ligands to our system,
the enantiotopic facial selectivity of the nucleophilic attack—and hence the enantioselectivity
of the allylic substitution reaction—could be explained. From which it was determined that
there are four different possible approaches of the prochiral N-indolyltrialkylborate nucleophile
to the m-allylpalladium complex (Scheme 66). It was thought that approach a would be
disfavoured due to steric repulsion between the phenyl ring of the nucleophile and the front left
wall of the Trost ligand.® With sterically bulky borane additives in the
N-indolyltrialkylborate, it was believed that steric repulsion between the borane additive and
back right wall of the Trost ligand would disfavour approaches ¢ and d. Therefore, it was
proposed that approach b would be the least disfavoured, in which the Si face of the prochiral
nucleophile attacks the m-allylpalladium complex and gives the (R)-indolenine product 164.
While this model could account for the enantioselectivity obtained in our allylic substitution
reaction; this alone still does not explain why the opposite stereochemistry was obtained in our
system as would be expected from extrapolation of the results reported by Trost and

co-workers.[®®! Notably, when we applied the (S,S)-configured Trost ligands, the formation of
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the (S)-indolenine 164 was favoured (Table 10, entries 8 and 15). Therefore, in our system
switching between the enantiomers of the Trost ligands switched the enantioselectivity of the
allylic substitution reaction, by switching which enantiotopic face of the prochiral nucleophile
attacked the rt-allylpalladium complex. It remains unclear how applying the (R,R)-Trost ligands
in our system and the (S,S)-Trost ligands in the related system reported by Trost and co-workers

both resulted in nucleophilic attack from the Si face of the prochiral indole nucleophiles.

b)

l Si face

(R)-164 (S)-164

Scheme 66. Possible approaches of the prochiral N-indolyltrialkylborate nucleophile to the
n-allylpalladium  complex with the (R,R)-configured Trost ligand. = Where
R = (CH2)2NBoc(CH>)sCl and therefore has lowest priority upon assignment of Re and Si faces
of the prochiral N-indolyltrialkylborate nucleophile.

It was proposed that the wall-and-flap model of the Trost ligands could also be used to explain
the regioselectivity of our system (Scheme 65). Upon ionisation of the allylic alcohol 96, two
diastereomeric anti w-allylpalladium complexes with the keto group at the 2-position
coordinating to the Pd metal are generated.l**4177184 These diastereomeric n-allylpalladium
complexes can interconvert via the n3n-n® isomerisation. Complex 1 is thermodynamically
favoured as the methyl substituent is located close to the flap, as opposed to beside the wall as
in complex 1. However, the location of the methyl substituent in the front right quadrant in
complex I may impede the exo approach of the nucleophile under this flap. Although in
complex |1 the location of the methyl substituent beside the wall may result in unfavourable
steric interactions, there is less steric hinderance to the exo approach of the nucleophile.

Therefore, complex 11 is kinetically favoured. Since the methyl group is a relatively small
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substituent, it was proposed that the steric interactions in complex 11 were not significant and
that the regioselectivity of the allylic substitution was instead under kinetic control, in which
steric hinderance to the exo nucleophilic attack was the determining factor. Therefore, less
steric hinderance to the nucleophilic attack of complex 11, results in a faster rate of the
nucleophilic attack to this complex and the linear substituted product 1V is preferentially
formed over the branched product 111, which would result from nucleophilic attack to the
thermodynamic complex 1. While this model could explain the obtained regioselectivity of the
allylic substitution when applying the chiral Trost ligands, it is worth noting that the linear
substituted product 1V was also obtained when the achiral triphenylphosphine ligands were
used. Therefore, it is proposed that the regioselectivity of the allylic substitution reaction was
rather controlled by the attack of the soft, bulky N-indolyltrialkylborate nucleophile to the least
substituted allyl terminus of the =m-allylpalladium complex, to give the linear substituted
product 164.
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3.5 Mannich Reaction

With the key Pd-catalysed enantioselective allylic substitution successfully performed, we
turned our attention to the next steps in the synthetic route. Indolenine 164 was cyclised to the
cis-fused tricycle 166 in a high yield of 83% using t-BuOK (Scheme 67a). Applying
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) as the base resulted in no conversion of the
indolenine 164. Whereas using LIHMDS gave the tricycle 166 in a much lower yield of 18%
along with side products with lower Rt values, presumably from elimination of the primary
chloride via an E2 mechanism. Upon construction of the C ring in tricycle 166 a [4.3.0] fused
bicyclic system was formed (shown in red in Scheme 67a), for which cis stereochemistry is
more stable.[**”) Furthermore, from analysis of the NOESY spectrum of tricycle 166, the
strongest NOE correlations were observed between H2 and H10 and between H2 and H11,
which indicated the expected cis stereochemistry between H2 and the alkyl chain at C3 and
hence the formation of the cis-fused tricycle 166 (Scheme 67b). Thus, the C ring was
established in a highly diastereoselective intramolecular Mannich reaction.

We were interested to see if the allylic substitution and Mannich reaction could be performed
as a one-pot process, in which t-BuOK would be added after observed formation of the
indolenine product 164 by TLC analysis after 15 h. This was shown to be successful when
performing the allylic substitution reaction both non-stereoselectively and enantioselectively
(Scheme 67c). However, the tricycle 166 was obtained in a higher yield when the allylic
substitution and Mannich reaction were performed separately. This allylic substitution and
cyclisation sequence between tryptamine derivative 94 and allylic alcohol 96 installed two
vicinal stereocentres of aspidospermidine (1). In addition, it is worth noting that this approach
offers a fairly general and straightforward access to densely functionalised -chiral
hexahydro carbazoles from simple 3-substituted indole derivatives and Morita—Baylis—

Hillman adducts.
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¢

a) cl
t-BuOK (1.7 eq.)
—78°C,1h
Boc—N
Y 83%
d.r. >20:1
P o)
N
164
°) to (+)-164:
cl [Pd(PPh3)l (5 mol%)

Et;B (3.6 eq.)
THF, 50 °C, 15 h

to (-)-164:
[Pd,(dba)s] (2.5 mol%)
(R,R)-L3 (7.5 mol%)
9-BBN-octyl (3.6 eq.)
THF, rt, 15 h
94 (%)-96
(2.0eq.)

2
A
H
166
Cl
t-BuOK (6.0 eq.)
-78°C,1h Boc—N
—_—
Y%
(0]
N H

(%)-166 48% (68% brsm), d.r. >20:1
(-)-166 19%, d.r. >20:1

Scheme 67. Synthesis of tricycle 166: a) Mannich reaction from indolenine 164, with [4.3.0]

cis-fused bicyclic system shown in red; b) one-pot allylic substitution and Mannich reaction

sequence from tryptamine derivative 94; c) Strongest NOE correlations observed from analysis

of the NOESY spectrum of tricycle 166.
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3.6 Exo-to-Endo Double Bond Migration

The ensuing exo-to-endo double-bond migration presented a significant challenge. With
reported methods for direct exo-to-endo enone double bond migration being scarce.
Wakamatsu and co-workers reported using Wilkinson’s catalyst (167), [RhCI(PPhs)s], and
sub-stoichiometric triethylsilane for the exo-to-endo double bond migration of a-alkylidene
cyclic carbonyl compounds (Scheme 68a). Notably, when superstoichiometric triethylsilane
was used, the corresponding hydrogenated compound was obtained as the major product. This
transformation was proposed to occur via a hydrosilylation-dehydrosilylation sequence
(Scheme 68b). Oxidative additive of triethylsilane to Wilkinson’s catalyst (167) generates the
active complex I. Hydrosilylation of exo-enone I1 with complex I gives silyl enol ether 1V, via
intermediate 111. This system is in equilibrium and when the concentration of Et3SiH is low,
the equilibrium position shifts to favour regeneration of EtsSiH. Therefore, dehydrosilylation
of silyl enol ether IV via intermediate 111 occurs. Crucially, upon formation of intermediate 111,
the dehydrosilylation can occur by either elimination of H to regenerate the exo-enone 11 or
with elimination of H to form the thermodynamically favoured endo-enone V.['%

86



Results and Discussion

a)
[RhCI(PPhg)3] (3.0 mol%)
Et;SiH (7.0 mol%)
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Scheme 68. Exo-to-endo double bond migration reported by Wakamatsu and co-workers:
a) with a-alkylidene cyclic carbonyl compounds; b) proposed mechanism thereof, adapted

from [190],

When these conditions were applied to exo-enone 166, no conversion was observed (Table 11,
entry 1). It was thought that the active complex I may be too sterically demanding to coordinate
to the double bond in exo-enone 166. However, upon increasing the loading of the EtsSiH, the
hydrogenated side product 169 was obtained (Table 11, entry 2), which suggested that the
active complex | was able to coordinate to the double bond in exo-enone 166. It was then
thought that competing coordination of the indoline nitrogen atom in exo-enone 166 to the Rh
centre in the active complex I could be problematic. Therefore, the indoline nitrogen atom in
exo-enone 166 was Boc-protected to give N-Boc exo-enone 170, which was then submitted to

the double-bond migration reaction (Table 11, entry 3). Unfortunately, no reaction occurred.
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Table 11. Screening of conditions for the Rh-catalysed exo-to-endo double bond migration.

Cl Cl Cl

Boc—N PhMe, reflux Boc—N ! Boc—N
X ; :
Y%

°© Q!P “i‘ o i 0
R H N H E N H

Boc,0 (2.3 eq.) (#)-166R=H (¥)-168 L (9169
THF, reflux,37h | T
%% L #)170R=Boc

Entry  Exo-enone  Reagents (mol%) Time (h) Scale (umol) Result (%)
[RhCI(PPh;),] (3.0)

1 166 _ 4 50 no reaction
Et,SiH (8.0)
[RhCI(PPh,);] (8.0) 169 (36,
2 166 20 140
Et,SiH (51) d.r. 1.2:1.0)
RhCI(PPh 4.0
3 170 [RRCIEPh,);] (4.0) 4 42 no reaction
Et,SiH (8.0)

A multi-step redox strategy for the exo-to-endo double bond migration was therefore sought.
A hydrogenation-dehydrogenation sequence was initially investigated. Hydrogenation of the
exo-enone 166 with Pd/C under a hydrogen atmosphere delivered the saturated ketone 169 in
a yield of 88% (Scheme 69). Dehydrogenation methods of cyclic ketones to enones typically
require multi-step sequences or the stoichiometric use of reagents.[**!! For this reason, we were
initially drawn to a catalytic direct dehydrogenation method of cyclic ketones to the
corresponding enones under Pd!"-catalysis as reported by Stahl and Diao (Scheme 70a).[*%!]
The optimised reaction conditions used acetic acid as the solvent. Under these acidic conditions,
Boc-deprotection would have been expected with the saturated ketone 169. Although,
Boc-deprotection was required for the subsequent aza-Michael addition, milder conditions
with [Pd(OAc).] in DMSO at 80 °C under an oxygen atmosphere were initially applied
(conditions a in Scheme 69). As Stahl and Diao reported that these conditions also gave the
dehydrogenated product 175, albeit in a lower yield (conditions b in Scheme 70a). Under these
conditions, complete conversion of the saturated ketone 169 was observed but the desired
product 168 was not obtained. We were then attracted to conditions reported by Wang and
co-workers (Scheme 70b). In which [Pd(OAc)2] and stoichiometric trifluoracetic acid (TFA)

were used in DMSO.!*%] These conditions had been employed in the total synthesis of
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penicibilaenes A and B, in which performing the reaction at 60 °C instead of 80 °C was found
to give the dehydrogenated product 180 in higher yield (Scheme 70c).[**? Upon applying these
conditions at 60 °C with saturated ketone 169, decomposition was observed (conditions b in
Scheme 69).

Cl
a) [Pd(OAc),] (33 mol%) <
0O,, DMSO, 60 °C, 20 h Boc—N

cl C| b) [Pd(OAC),] (30 mol%)

TFA (1.4 eq.), O, O
DMSO, 60 °C, 20 h
Pd/C (10 Wt.%), Hy
MeOH i, 24 h

Boc—N Boc-N
— (i)-168
88% cl
d.r. 2:0:1:0
IBX (2.0 eq.)
PhMe:DMSO (2:1)
75°C,1h Boc—N
(t)-1 66 (t)—1 69 >
24%
d.r. 7.0:1.0
Boc,0 (1.9 eq.) (0]
THF, reflux, 17 h N
84% H
d.r. 2:0:1:0 (i)-171
CI Cl
IBX (2.0 eq.)
PhMe:DMSO (2:1)
Boc—N 75 °C, 21 h Boc—N
Qﬁcf ok
N H
Boc
(i)-1 72 (¥)-173

Scheme 69. Attempted hydrogenation-dehydrogenation sequences from exo-enone 166.
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a) a) [Pd(TFA),] (5.0 mol%)

Q DMSO (10 mol%), O, (1 atm) Q OH
AcOH, 80°C,12h
+
b) [Pd(OAc),] (5.0 mol%)

+Bu 0, (1 atm), 80 °C, 12 h +Bu +Bu

174 175 176
a)91% a) 8%
b) 63% b) 14%

b) [Pd(OAc),] (5.0 mol%)
o TFA (1.0 eq.), O, (1 atm) o

DMSO, 80°C,12h
- =
78%

177 178
c) [Pd(OACc),] (30 mol%)
TFA (1.0 eq.), O, (1 atm)
DMSO, 24 h
Me a) 60 °C Me
b) 80 °C
a) 38% (45% brsm)
o b) 32% (46% brsm) o
179 180

Scheme 70. Direct Pd!"-catalysed dehydrogenation methods of cyclic ketones to enones:
a) reported by Stahl and co-workers; %! b) reported by Wang and co-workers;!*%! ¢) employed

in the total synthesis of penicibilaenes A and B.[*%

Alternative dehydrogenation conditions were therefore sought. Nicolaou and co-workers had
reported a direct dehydrogenation method of carbonyl compounds to the corresponding
a,B-unsaturated compounds using 2-iodoxybenzoic acid (IBX) (183) as a stoichiometric
oxidant. Notably, this method was reported for substrates with a-substitution and
nitrogen-containing functional groups (Scheme 71).12% When saturated ketone 169 was
submitted to these conditions, the undesired—but thermodynamically favoured—
regioisomeric endo-enone 171 was obtained (Scheme 69). During this reaction there was a
significant change in the diastereomeric ratio from 2.0:1.0 in the starting material 169 to 7.0:1.0
in the product 171. This was proposed to be due to an enolisation of either the saturated
ketone 169 or the endo-enone 171 by the acidic IBX (183).[*% The N-Boc saturated ketone 172
was synthesised to withdraw electron density from the indoline nitrogen atom, to disfavour the
formation of the thermodynamic endo-enone regioisomer 171. Interestingly, when the N-Boc
saturated ketone 172 was submitted to the IBX-mediated dehydrogenation conditions, there

was no conversion.

90



Results and Discussion

IBX (2.0 eq.)
o PhMe:DMSO (2:1) o ; %, O
75°C, 4 h ;©:\<\O ;
O)‘\ - O)‘\ ; { é
181 182 L Bx(183) |

Scheme 71. IBX-mediated dehydrogenation of carbonyl compounds to the corresponding
o,B-unsaturated compounds as reported by Nicolaou and co-workers.[*%]

An ionic mechanism (Scheme 72a) was originally proposed for the IBX-mediated Nicolaou
oxidation; however, due to mechanistic investigations of other IBX-mediated reactions at
elevated temperature, a single-electron transfer (SET) mechanism was then proposed to be
more likely (Scheme 72b). This was supported by a ring-opening radical clock experiment with
a B-cyclopropyl aldehyde substrate and by a Hammett analysis. The SET-based mechanism
shown in Scheme 72b was proposed by Nicolaou and co-workers;** however, other
mechanistic pathways may be possible.

Scheme 72. Proposed mechanisms for the IBX-mediated dehydrogenation of carbonyl
compounds to the corresponding a,B-unsaturated compounds by Nicolaou and co-workers:

a) ionic mechanism; b) SET-based mechanism. Adapted from %],
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Multi-step dehydrogenation methods were then sought. The first thereof was a regioselective
a-substitution of the saturated ketone 169 followed by elimination. For this, a method for the
direct a-hydroxylation of branched cyclic ketones with nitrosobenzene as reported by List and
co-workers was of interest.'*®! The proposed mechanism begins with the chloroacetic acid
selectively protonating the nitrogen atom of the nitrosobenzene,!**" thereby activating the
oxygen atom of the nitrosobenzene to nucleophilic addition from the thermodynamically
favoured enol 11 (Scheme 73). The chloroacetate then deprotonates the enol 11, forming the
a-aminoxy ketone I11. The second equivalent of the nitrosobenzene undergoes nucleophilic
addition from the nitrogen atom of the a-aminoxy ketone Il1. A subsequent proton transfer
affords the intermediate 1V, which undergoes N—O bond heterolysis to afford the a-hydroxy
ketone V and the trans-azoxybenzene V1. The nitrosobenzene oxidant was therefore proposed
to have a dual role in this transformation, the first equivalent thereof oxidises the a-position of
the ketone I through an aminoxylation and the second equivalent reduces the N-O bond in

intermediate 1V via a heterolytic cleavage.[**!

o}
r o)]\ccn3 o}

_H V/-\“
' 0

o} O N.
'L _Ph H Ph
R = R N R |
—~— 1l O’N\Ph
9] aminooxylation
O

1 I} - )J\ m

HO™ CCly

H
]
0 o o 0 N0 :yPh
R 0.8@.ph N
+ N - R "I‘
OH N. N-O bond heterolysis O'~Ph

Scheme 73. Proposed reaction mechanism of direct a-hydroxylation of branched cyclic ketones.

Based upon [197:1%],

It was proposed that this method would regioselectively install a hydroxy group at the branched
a-position to the ketone in the saturated ketone 169 and that a subsequent elimination would
then generate the desired endo-enone 168. However, upon submitting saturated ketone 169 to
these conditions, the undesired endo-enone 171 was obtained (Table 12, entry 1). It was
believed that the hydroxylation instead occurred via the kinetically favoured enol of 169, with
subsequent elimination under the acidic reaction conditions giving the undesired

endo-enone 171.
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Table 12. Screening of conditions for the regioselective a-substitution of saturated ketone 169

or from exo-enone 166.

Cl Cl Cl

conditions

Boc—N oR Boc—N Boc—N y
Y
N H N H N
()-169 (%)-166 (£)-184 X = OH
d.r. 2.0:1.0 (¥)-185 X = Br
""""" o o o e T
Boc—N Boc—N Ni Boc—N
Br (0]
%
oL L ot of%
(2)-171 (£)-186 (2)-187 ()-188
Starting T Time Scale
Entry ) Reagents (eq.) Solvent Result (%)
Material °C) (h) (umol)
CI,CCOOH (3.3) 171 (24,
1 169 PhMe rt 22 57
PhNO (2.6) d.r. 2:0:1:0)
mixture of
80 to i .
2 169 NBS (1.1) CsH:Cl 22 45  dibrominated
reflux a
products
HBr 33 wt.% in unknown
3 166 CH,CI, 0 0.5 46
ACOH (20 puL)P product
30 % H20:2 (10)
presumed
4 166 aq. LiOH (0.50 M) MeOH rt 66 47 a
188
(0.10)
30 % H20:2 (60)
. unknown
5 166 ag. LiOH (0.50 M)  MeOH rt 142 140
products
(0.60)

a0bserved by ESI-MS analysis of the purified material. °Not possible to determine equivalents

as is a solution.

Conditions for regioselective a-bromination at the branched position were then sought. For this,
conditions reported for a-bromination at the branched position of 2-methylcyclohexanone with
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N-bromosuccinimide (NBS) were employed.'* In which, NBS was a bromine radical source
under heating.[?®! Appling these conditions with saturated ketone 169 resulted in a complex
mixture of dibrominated products (Table 12, entry 2). It was assumed that bromination also
occurred at the 2-position of the saturated ketone 169 to afford the dibrominated compound 186,
due to stabilisation of the tertiary radical at the 2-position by lone pair resonance from the
adjacent indoline nitrogen atom. In spite of this, the double elimination reaction with K>,COs at
80 °C in DMF was attempted with the complex mixture.** Under these conditions, no reaction

was observed.

Methods for the regioselective a-substitution from the exo-enone 166 were also investigated.
Treatment of the exo-enone 166 with HBr was proposed as an alternative strategy for
regioselective a-bromination at the branched position (Table 12, entry 3). However, from
electrospray ionisation mass spectrometry (ESI-MS) analysis of the purified material the
characteristic bromine isotope peak pattern was not observed. Instead a base peak that would
correspond to the [M+H]" peak of the Boc-deprotected exo-enone 187 was observed. However,
the *H NMR spectrum of the purified material did not match that of the Boc-deprotected
exo-enone 187, which was obtained under standard Boc-deprotection conditions (see page 195
for the method).

Epoxidation of exo-enone 166 followed by reductive opening of the epoxides 188 at the least
substituted position with LiAIH4 was proposed as an alternative a-hydroxylation strategy
(Scheme 74).12012021  Notably, the LiAlHs would also reduce the ketone in
2,3-epoxyketones 188 to give the vicinal diol 189. Upon performing a test epoxidation reaction
on a small scale,?® two products with lower Rt values than the exo-enone 166 were observed,
which were presumed to be the two diastereomers of the 2,3-epoxyketone 188 (Table 12,
entry 4). Additionally, the [M+H]" peaks corresponding to the 2,3-epoxyketones 188 were
observed in the ESI spectra of the purified products. From analysis of the *H NMR spectra of
both of the products, the signal of the vinylic hydrogen atom of the exo-enone 166 at 6.59 ppm
was absent (highlighted in red in Scheme 74), and a new signal at 2.20 ppm with an integral of
1 was observed, which could correspond to the hydrogen atom at the least hindered position of
the epoxide in the 2,3-epoxyketones 188 (highlighted in blue in Scheme 74). Therefore, the
characterisation data strongly suggested the formation of the 2,3-epoxyketones 188; however,
since these products were obtained in small quantities, full NMR characterisation was not
performed at this stage. Upon repeating the reaction on a larger scale, excess reagents and

prolonged reaction times were required for complete conversion of the exo-enone 166. Upon
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purification, the two products were only isolated in trace amounts and their *H NMR spectra
did not match those from when the reaction was performed on a small scale. Due to the
difficulties associated with the scale-up of the epoxidation reaction, this strategy was not

further pursued.

Cl Cl Cl

30% H,0, (10 eq.)
aq. LiOH (0.5 M, 0.10 eq.)
MeOH, rt, 66 h

Boc—N Boc—N H Boc—N
................................. >
H
J H 32% 9 9
d.r. 2.0:1.0
(0] [6.9 mg] (0] OH
N H N N
(%)-166 (%)-188 (+)-189

Scheme 74. Proposed epoxidation and reductive epoxide-opening sequence for regioselective
a-hydroxylation from exo-enone 166.

An alternative strategy to the desired endo-enone 168 from the saturated ketone 169, via an
oxidation of the intermediate thermodynamic silyl enol ether 190 was then envisaged (Scheme
75). To this end, conditions for the regioselective formation of the thermodynamic silyl enol
ether 190 were required. For this, conditions reported by Dunogues and co-workers were
applied with the saturated ketone 169 (conditions a in Scheme 75).12%I No conversion of the
saturated ketone 169 was observed at room temperature nor upon heating under reflux. Thus,
a different strategy to the thermodynamic silyl enol ether 190 was sought. Treatment of the
saturated ketone 169 with a sub-stoichiometric quantity of LIHMDS at —78 °C should generate
the corresponding kinetic enolate, which upon warming to room temperature, should then
deprotonate the residual ketone 169 to give the thermodynamic enolate and regenerate the
ketone 169.2%1 Subsequent addition of trimethylsilyl chloride, TMSCI, should then yield the
thermodynamic silyl enol ether 190. However, no conversion of the saturated ketone 169 was

observed under these conditions (conditions b in Scheme 75).

Cl Cl

a) EtzN (1.4 eq.), TMSCI (1.5 eq.), Nal (1.5 eq.)
CH3CN, rt to reflux, 51 h

Boc—N Boc—N
b) LIHMDS (0.70 eq.), THF, =78 °C tort, 1 h
then TMSCI (0.90 eq.), rt, 17 h
(0] OTMS
N H N H
(£)-169 (£)-190

Scheme 75. Unsuccessful conditions for the regioselective formation of the thermodynamic
silyl enol ether 190.
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An alternative 1,4-hydrosilylation strategy to the thermodynamic silyl enol ether that made use
of the existing double bond in the exo-enone 166 was then proposed. This was inspired by a
method reported by Hashimoto and co-workers, in which dirhodium(" catalysts were employed
for the 1,4-hydrosilylation of a,B-unsaturated carbonyl compounds to give the corresponding
silyl enol ethers (Scheme 76). From their studies, dirhodium(ll) tetrakis(perfluorobutyrate),
[Rhz(pfb)s], was found to be the most effective dirhodium( catalyst in terms of activity. Other
dirhodium™ catalysts including [Rh2(OAc)4] were also shown to be effective but required a
higher catalyst loading for completion of the reaction. Within the substrate scope,
(E)-2-ethylidenecyclohexanone (193) was of particular interest as this resembled the

substructure of our substrate 166.2%]

a) [Rhy(pfb)4] (0.010 mol%), Et3SiH (1.2 eq.)
CH,Cl,, reflux, 1 h
b) [Rhy(OAc)4] (0.10 mol%), Et3SiH (1.2 eq.)
CH,Cl,, reflux, 1 h
@ a) 96%
b) 95%
191 192

OTES

[Rho(pfb)s] (0.010 mol%), Et;SiH (1.2 eq.)

CH,Cl,, reflux, 30 min
= >
94%

193 194

OTES

Scheme 76. 1,4-Hydrosilylation of a,B-unsaturated carbonyl compounds to the corresponding

silyl enol ethers, as reported by Hashimoto and co-workers.[2%!

The conditions reported by Hashimoto and co-workers with [Rh2(OAC)4] as the catalyst were
initially applied with exo-enone 166 (Table 13, entry 1). Under these conditions, there was
incomplete conversion of exo-enone 166; however, two products with higher R¢ values than
exo-enone 166 were observed. The product with the highest R¢ value was presumed to be the
desired thermodynamic silyl enol ether 195 and the intermediate product was presumed to be
the saturated ketone 169 from hydrolysis of the silyl enol ether 195. From ESI-MS analysis of
the crude product, [M+H]" peaks corresponding to the exo-enone 166, the silyl enol ether 195
and the saturated ketone 169 were observed. After purification of the crude product by silica
gel column chromatography, the exo-enone 166 and the saturated ketone 169 were obtained,
but not the silyl enol ether 195. It was thought that the silyl enol ether 195 had decomposed on
the acidic silica gel. Since incomplete conversion of the exo-enone 166 was observed under
these conditions, it was proposed that a higher reaction temperature may be required for full
conversion. Therefore, the solvent was changed to 1,2-dichloroethane, as it had also been
shown to be an effective solvent for the 1,4-hydrosilylation in the optimisation studies
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performed by Hashimoto and co-workers.[?®l When performing the reaction at 40 °C, no
conversion of the exo-enone 166 was observed. Upon heating under reflux, the saturated
ketone 169 was observed via TLC analysis and ESI-MS analysis of the crude product (Table
13, entry 2).

It was proposed that coordination of the indoline nitrogen atom in exo-enone 166 to the Rh
atom in the catalyst could be problematic for the reaction. Therefore, the N-Boc exo-enone 170
was submitted under the same reaction conditions (Table 13, entry 3). Upon performing the
reaction at 40 °C, no conversion was observed. The reaction was then heated under reflux, and
after 4 h a product with a higher Rt value that was presumed to be the N-Boc silyl enol ether 196
was observed; however, incomplete conversion of the N-Boc exo-enone 170 was observed.
After a further 17 h, new products with intermediate Rs values were observed, which were
presumed to be the N-Boc saturated ketone 172 and the N-Boc silyl ether 197, from hydrolysis
and transfer hydrogenation of the N-Boc silyl enol ether 196, respectively. Furthermore, the
[M+Na]* peaks corresponding to the N-Boc silyl enol ether 196, the N-Boc saturated
ketone 172 and the N-Boc silyl ether 197 were observed in the ESI mass spectrum of the crude
product. It was then proposed that the reaction should be directly heated to reflux to afford the
N-Boc silyl enol ether 196, which should then be immediately isolated to prevent its hydrolysis
and hydrogenation. Furthermore, column chromatography should be performed on aluminium
oxide to prevent decomposition of the silyl enol ether 196 on silica gel. This was employed in
entry 4 in Table 13 in which the N-Boc silyl enol ether 196 was obtained in a high yield of 83%.
Notably, at least 2 equivalents of the EtsSiH were required for full conversion of the N-Boc
exo-enone 170. Finally, these conditions were shown to be scalable with a lower catalyst
loading, in which the N-Boc silyl enol ether 196 obtained in a yield of 82% on a gram-scale
(Table 13, entry 5).
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Table 13. Optimisation of reaction conditions for Rh-catalysed 1,4-hydrosilylation of exo-enones 166 and 170.

Cl Cl Cl Cl
[Rhy(OAc),] (varying mol%) f :
Boc—N Et3SiH (varying eq.) Boc—N Boc—N Boc—N
/ j '
o} O ‘ OTES o] OTES
R H R H R H R H '
166 R=H 195R =H 169 R=H 197 R = Boc
170 R = Boc 196 R = Boc 172 R = Boc )
Catalyst Loading  Et;SiH
Entry Exo-enone Solvent T (°C) Time (h)  Scale (mmol) Result (%)
(mol%%o) (eqt)
169 (18%, 23% brsm,
1 166 10 2.4 CHCI> reflux 47 0.050 a
d.r. 1.0:1.0), presumed 195
2 166 21 2.3 (CH2CI)2 40 to reflux 30 0.054 169"
3 170 10 1.3 (CH2CI)2 40 to reflux 22 0.035 presumed 196:172: 197°
4 170 15 2.6 (CH2CI): reflux 1 0.41 196 (83)
5 170 25 25 (CH2CI)2 reflux 1 3.0 196 (82)

20bserved by TLC analysis and ESI-MS analysis of the crude product.
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A catalytic cycle for the Rh(-catalysed selective 1,4-hydrosilylation of o,B-unsaturated
ketones with monohydrosilanes was proposed by Zheng and Chan (Scheme 77).[2°71 Oxidative
addition of the monohydrosilane 11 to the Rh® metal 1 occurs, generating species I11. The
a,p-unsaturated ketone 1V coordinates to species 11 through o-coordination of the oxygen
atom to the silicon atom and =m-coordination of the double bond to the Rh metal in
intermediate V. Insertion of the carbonyl into the Rh—Si bond results in a rearrangement that
affords the silyl enol ether species V1. Reductive elimination releases the silyl enol ether VII
and regenerates the active Rh( catalyst 1.[297:2%8] |t was proposed that in the method reported
by Hashimoto and co-workers the monohydrosilane EtsSiH also served as a hydride source and
thus reduced the Rh"" from the [Rh2(OAc)4] complex to the active Rh(") catalyst.[2%°]

H  OSiR3
L,Rh R3SiH
Vil | 1]
Reductive Elimination Oxidative Addition
[
L,Rh  OSiR3
SiR3
LaRhT
"H
1]
\'!
(0]
/\é
. H L
Insertion 1 . Coordination
L,Rh—SiR;3
. v
HEO)
X

Scheme 77. Proposed catalytic cycle for the Rh®-catalysed 1,4-hydrosilylation of
o,B-unsaturated ketones with monohydrosilanes by Zheng and Chan. Adapted from 2%,

With the thermodynamic silyl enol ether 196 in hand, the ensuing oxidation reaction was
investigated. A Saegusa—Ito oxidation was initially envisaged. Saegusa—Ito oxidation protocols
typically use trimethylsilyl (TMS) enol ethers, however triethylsilyl (TES) enol ethers have
also been reported as substrates.[?®24l The conditions originally reported by Saegusa and
co-workers with stoichiometric [Pd(OAc)2] were first applied (Table 14, entry 1).12151 No
conversion of the silyl enol ether 196 was observed at room temperature, nor upon heating to
60 °C.[?*% Saegusa and co-workers had also reported that substoichiometric [Pd(OAc)2] could

be used with 1,4-benzoquinone (198) as a co-oxidant to regenerate the active Pd(" catalyst.[?*°]
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Table 14. Screening of reaction conditions for the Saegusa—Ito oxidation of silyl enol ether 196.

cl cl : cl

Boc—N [Pd(OAC)] (varying eq.) Boo—N ! Boo-N @ ;
N - ! .
H :

N N 198
Béc Bloc ' BBC
196 173 : 172
[Pd(OAC):] Reagents Time Scale
Entry Solvent T (°C) Result (%0)
(eq.) (eq.) (h)  (nmol)
1 1.0 — MeCN rtto60 24 49 no reaction
2 0.67 198 (0.57) MeCN rt 23 30 no reaction
196 with
rto
3 1.7 Na,CO, (1.4) MeCN 75 30 presumed
reflux a
172 traces
172 (69,
5 1.2 — DMSO rtto80 47 75
d.r. 1.3:1.0)
presumed
6 1.8 0O, (1 atm) DMSO 80 26 30 ab
172

80bserved by TLC analysis. "Observed by ESI-MS analysis of the crude product.

Under these conditions, no conversion of the silyl enol ether 196 was observed (Table 14,
entry 2). The addition of base was then tested (Table 14, entry 3).12161 This had been reported
to be successful when the standard procedure had failed,’?*”! presumably by neutralisation of
the acetic acid formed in the reaction.[*®! When performing the reaction at room temperature,
no conversion was observed. Upon heating under reflux, the presumed saturated ketone 172
was observed by TLC analysis.[?*®1 However, incomplete conversion of the silyl enol ether 196
was also observed. A solvent change to DMSO was tested (Table 14, entry 5), as this had been
reported for when the reaction failed to proceed in MeCN.[?**l No conversion was observed
when performing the reaction at room temperature. The reaction was then heated to 80 °C, as
Larock and co-workers reported that trisubstituted silyl enol ethers that were unreactive at room
temperature underwent conversion at 80 °C.[?**1 Unfortunately the saturated ketone 172 was
obtained, presumably due to hydrolysis of the silyl enol ether 196, despite great care being
taken to perform the reaction under anhydrous conditions. Finally, the Larock modification
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using oxygen as the co-oxidant was tried (Table 14, entry 6).12°1 However, the presumed

saturated ketone 172 was obtained.

A Pd"-catalysed oxidation method of silyl enol ethers to the corresponding enones reported
by Corey and co-workers was then investigated. Crucially the substrate scope included the
a-substituted thermodynamic silyl enol ether 199, which regioselectively gave the
thermodynamic endo-enone 200 (Scheme 78). In this method, the triisopropylsilyl (TIPS) enol

ethers were employed due to their stability under the basic reaction conditions.??°!

Pd(OH),/C (5.0 mol%)

t-BUOOH (5.0 eq.)

Na,HPO, (1.0 eq.)
OTIPS CH,Cly, 1t, 48 h 0
199 200

Scheme 78. Pd"-catalysed oxidation method of silyl enol ethers to the corresponding enones,

reported by Corey and co-workers.[?’]

The formation of the TIPS silyl enol ether 201 via the 1,4-hydrosilylation method from N-Boc
exo-enone 170 was unsuccessful, presumably due to too much steric hinderance in the
triisopropylsilane (Scheme 79a). Therefore, the N-Boc triethylsilyl enol ether 196 was
submitted to the Pd!"-catalysed oxidation method (Scheme 79b). Since this reaction was
performed on a small scale, 1,2-dichloroethane was used as the solvent in place of CH.Cly, as
the CH2Cl> quickly evaporated. A new product with a lower R value was observed, that was
presumed to be the N-Boc endo-enone 173, however incomplete conversion of the N-Boc silyl
enol ether 196 was observed, even upon prolonged reaction time and further addition of
tert-butyl hydroperoxide (TBHP).
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a) cl cl
[Rhy(OAC)4] (20 mol%)
(i-Pr)3SiH (2.5 eq.)
Boc—N (CH,Cl),, reflux, 3 h Boc—N
Y
O O ‘ OTIPS
Y H Y H
Boc Boc
170 201
b) Cl Cl

Pd(OH),/C (100 mol%)
t-BuOOH (15.0 eq.)
Na,HPO,4 (1.2 eq.)

Boc—N (CH.CI),, rt, 6d Boc—N
.......................... >
suspected traces observed
via TLC analysis
OTES (0]

VH N hH

Boc Boc
196 173

Scheme 79. a) Unsuccessful 1,4-hydrosilylation of N-Boc exo-enone 170 with

triisopropylsilane; b) Attempted Pd"-catalysed oxidation of N-Boc triethylsilyl enol ether 196.

Alternative conditions for the oxidation of the silyl enol ether 196 to the desired
endo-enone 173 were therefore sought. A method employing DDQ as a hydride abstracting
reagent with 2,6-di-tert-butyl-4-methylpyridine (DTBMP) (202) was of interest, as it had been
reported for the oxidation of TES[?!? and TBS[??! enol ethers of cyclohexanone substrates.
This oxidation was proposed to occur via allylic hydride abstraction by DDQ to give an allylic
cation, which upon aqueous workup provides the enone.[??22281 Under these conditions, the
endo-enone 173 was obtained, albeit in trace amounts (Scheme 80). However, due to excessive
side product formation, alternative oxidation methods were sought.

Cl Cl
DDQ (4.3 eq.), DTBMP (4.4 eq.) ' H
Boc—N MeCN, rt, 21 h Boc—N : | \ H
_ H _ \
- : N :
7% : :
1.0 i H
O ‘ OTES (1.0 mel O 6 0 . DTBMP (202) !
Y H N H
Boc Boc
196 173

Scheme 80. DDQ-mediated oxidation of silyl enol ether 196 to endo-enone 173.

Nicolaou and co-workers had extended their IBX-mediated oxidation to silyl enol ethers
substrates, to afford the corresponding enones. In this modified method either IBX (183) or the
IBX+MPO complex (204) (MPO = 4-methoxypyridine N-oxide) could be applied as the oxidant,
with a faster oxidation reported for the latter (Scheme 81). Furthermore, the triethylsilyl enol
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ether 192 was reported as a substrate (Scheme 8la). Notably, when the a-substituted
thermodynamic silyl enol ether 206 was submitted to this protocol a mixture of the
enones 207:208:209 was obtained, with a higher selectivity for the exo-enone 208 (Scheme
81b).2241 This was interesting as exo-enone 208 was selectively formed over the
thermodynamically favoured endo-enone 207. This preference for the exo-enone 208 was
thought to be under statistical control due to the availability of three B-protons at the methyl
group to afford the exo-enone 208, compared to only two available B-protons to afford the
endo-enones 207 and 209. The mechanism of this transformation with the silyl enol ether was
proposed to be analogous to that with the enol generated from the carbonyl compound (Scheme
72). However, based on this proposed mechanism it is unclear how the undesired

endo-enone 209 was formed.

a) o 5“;';3
IBX (4.0 eq.), MPO (4.0 eq.) '
OSiEt; ( ) ¢ l

DMSO:CH,Cl,2, tt, 1-8 h

192

EtsN (1.2 eq.), TMSCI (1.2 eq.) OSiMe IBX (1.5 eq.), MPO (1.5 eq.)
3

Nal (1.2 eq.). MeCN, rt, 30 min DMSO:CH,Cl,, 1t, 1 h N Q 9
> > + +
94% over 2 steps

207:208:209 = 3:5:1
205 206 207 208 209

Scheme 81. IBX-mediated Nicolaou oxidation with silyl enol ether substrates: a) with TES
enol ether 192; b) with a-substituted thermodynamic silyl enol ether 206. ®*When the substrate
was not fully soluble in DMSO, CH2Cl> was added dropwise until a clear solution was

obtained.

Crucially, when substrates containing heteroatoms such as nitrogen were used, the
corresponding saturated ketones were reportedly obtained as major inseparable side products.
This was proposed to be due to coordination of the heteroatoms to the IBX (183), therefore
additional equivalents of IBX (183) were required. This unproductive coordination was
proposed to result in a slower rate of the desired oxidation reaction relative to the competing
hydrolysis of the silyl enol ether, thus giving the saturated ketones in a higher yield.l??l This
highlights the importance of the N-Boc-protection in silyl enol ether 196.

Silyl enol ether 196 was submitted under the conditions reported by Nicolaou and co-workers
using IBX*MPO (204) (Table 15, entry 1) and IBX (183) (Table 15, entry 2) as the oxidants.
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Table 15. Optimisation of reaction conditions for the IBX-mediated Nicolaou oxidation of silyl
enol ether 196.

Cl

f

Q

Cl

Q

Boc—N conditions Boc—N Boc—N Boc—N
—_— + P +
o @zﬁcﬁ
N hH N H N N
Boc Boc Boc Boc
196 173 170 210
Reagents ) Scale
Entry Solvent T(°C) Time (h) Result (%0)
(eq.) (nmol)
IBX (4.2)
DMSO rt 94 42 173 (5)
MPO (4.5)
2 IBX (4.3) DMSO rt 67 42 173 (9)
DMSO:CH.CI, 173:170:210
3 IBX (2.1) 55 22 89
(3:1) (30:20:6)
DMSO:CH.CI, 173:170
42 IBX (1.5) rt 44 89
(3:1) (41:17)
DMSO:CH.CI, 173:170
5 IBX (2.0) 55 21 660
(3:1) (32:13)

“With freshly prepared IBX.

Gratifyingly, both of these reaction conditions gave the desired endo-enone 173 as the major
product. As these test reactions were performed on a small scale, the minor side products were
not isolated at this stage. Since using IBX (183) as the oxidant afforded the desired product 173
in a higher yield and with a shorter reaction time, IBX (183) was taken forward in the
optimisation studies. When performing the reaction on a larger scale, CH>Cl, was added to the
reaction mixture for full dissolution of the substrate 196 (Table 15, entry 3). Since the addition
of CHCl, was reported to slow the reaction rate,?2*l the reaction was heated to 55 °C, as in the
Nicolaou oxidation with carbonyl substrates.[*®l Under these conditions, the desired
endo-enone 173 was obtained in a higher yield of 30%. Additionally, the exo-enone 170 and
the undesired regioisomeric endo-enone 210 were determined to be the minor products. The
exo-enone 170 could be resubmitted to the 1,4-hydrosilyation reaction. When freshly prepared
IBX (183) was applied the reaction could be performed at room temperature and the desired
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endo-enone 173 was obtained in a yield of 41% (Table 15, entry 4). When the IBX (183) was
not freshly prepared and the reaction was performed on a larger scale (Table 15, entry 5),
heating of the reaction to 55 °C and 2.0 equivalents of IBX (183) were required; the
endo-enone 173 was then obtained in a slightly lower yield of 32%. Although these oxidation
reactions were also performed in DMSO, the saturated ketone 172 was not obtained under any
of these conditions compared to when DMSO was used as the solvent for the Saegusa—Ito
oxidation (Table 14, entries 5 and 6). It was thought that in the Nicolaou oxidation the oxidation

of the silyl enol ether 196 was faster than the competing hydrolysis.

After investigating multiple approaches for the exo-to-endo double bond migration, it was
eventually found that a multi-step redox strategy via a 1,4-hydrosilylation of the N-Boc
exo-enone 170 followed by an IBX-mediated Nicolaou oxidation of the silyl enol ether 196
afforded the desired N-Boc endo-enone 173.
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3.7 Ring-Closing Sequence

With the desired endo-enone 173 in hand, we turned our efforts to the ring-closing sequence
for the construction of the D and E rings of aspidospermidine (1). N-deprotection and
concomitant aza-Michael addition proceeded smoothly in the presence of trifluoroacetic acid,
furnishing the tetracyclic product 211 in 75% yield with high diastereoselectivity (Scheme 82).
Upon construction of the D ring a [4.3.0] fused bicyclic system in tetracycle 211 was formed
(shown in red in Scheme 82), for which cis stereochemistry is more stable.l*1 From analysis
of the NOESY spectrum of tetracycle 211, NOE correlations were not observed between H19
and H2 nor between H19 and H5, which indicates trans stereochemistry between H19 and H2
and between H19 and H5 (Scheme 82). Furthermore, NOE correlations were observed between
H19 and one H20 in the ethyl group at C5, thus indicating cis stereochemistry between H19
and the ethyl group at C5. The ethyl substituent at C5 occupies the thermodynamically favoured

pseudoequatorial position in the cyclohexanone C ring of tetracycle 211.

s G
oy } H 20 K
2H -’
G
H

Cl

211 212
Boc—N TFA (21 eq.) cl

CH,Cl, +-BUOK (1.4 eq.) N

0°Ctort,2h N THF, i, 2 h /
\s\ "1
_— ~ —_—

O 6 0 75% o 76% 0

NN, d.r. >20:1 d.r. >20:1 N H

1 N H
Boc H H
173 211 212
BF3°OEt, (8.6 eq.), CH,Cl,,0°Ctort, 2 h
then t-BuOK (13 eq.), THF, rt, 3 h, 71% d.r. >20:1

Scheme 82. Ring-closing sequence from endo-enone 173 over one- or two-pot transformations
with [4.3.0] cis-fused bicyclic system in tetracycle 211 shown in red and observed NOE

correlations for tetracycle 211 and pentacycle 212 shown.

The final E ring in pentacycle 212 was established by an intramolecular enolate alkylation
using t-BuOK as the base (Scheme 82). Again, high stereocontrol over the newly formed
quaternary carbon stereocentre was achieved; thus, completing the assembly of the pentacyclic
framework. From analysis of the NOESY spectrum of 212, the strongest NOE correlation was

observed between H19 and to one H6, which suggested cis stereochemistry between them.
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However, weaker NOE correlations were also observed between H19 and one H20 and
between H19 and H21.

Conformational analysis of pentacycle 212 with cis- and trans-fused E rings was performed in
Chem3D with MM2 energy minimisation (Figure 9). In both isomers the E ring was calculated
to have a twist-boat conformation (Figure 9 middle). However, in the trans-fused
pentacycle 213 destabilising syn-pentane interactions between H20 and H10 and H11 were
present (hydrogens involved are shown in yellow in Figure 9 lower right). Crucially, these
syn-pentane interactions were absent in the cis-fused pentacycle 212 (Figure 9 upper right). It
was proposed that the destabilising syn-pentane interactions would already emerge during bond
formation en route to the trans-fused isomer 213, but not to the cis-fused isomer 212, which
could account for the high diastereoselectivity of the intramolecular enolate alkylation reaction
for the cis-fused product 212. Furthermore, in the cis-fused pentacycle 212 the calculated
distance of 4.0 A between H19 and one H6 means that although these hydrogens have trans
stereochemistry it is still expected that a NOE correlation would be observed between them

(Figure 9 upper right).

N2y
e
NH
212

10 N/j
& S
20
(0]
N H
213

Figure 9. Conformational analysis of cis- and trans-fused pentacycles 212 and 213 (upper

and lower, respectively) in Chem3D with MM2 energy minimisation: calculated
conformation of the piperidine E ring for both isomers (middle); calculated bond distance of
4.0 A between H19 and one H6 in the cis-fused isomer 212 (upper right); hydrogen atoms
involved in the syn-pentane interactions in the trans-fused isomer 213 shown in yellow

(lower right).
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We were intrigued to see if the D/E ring closures could be performed as a one-pot
transformation. In which the enolate, formed upon the aza-Michael addition, is not protonated
and can therefore undergo the subsequent intramolecular enolate alkylation. To this end,
neutral or non-Brgnsted acidic conditions for the N-deprotection of endo-enone 173 were
sought (Table 16). Ceric ammonium nitrate (CAN) was employed for N-Boc deprotection
under neutral conditions.[??®! In this method, CAN was proposed to act as a one-electron
oxidant for the formation of radical cations from t-butoxycarbonyl groups.[?22 A
stoichiometric quantity of CAN was required for complete conversion of the endo-enone 173
(Table 16, entry 1). t-BuOK was then added to the reaction mixture. Formation of neither the
tetracycle 211 nor the pentacycle 212 was observed. It was then proposed that after complete
conversion of the endo-enone 173, the reaction solvent could be exchanged from MeCN to
THF to increase the solubility of the t-BuOK. Again, formation of neither the tetracycle 211
nor the pentacycle 212 was observed (Table 16, entry 2).

Boc-deprotection methods employing Lewis acid catalysts were then looked to. In which
coordination of the Lewis acid to the carbonyl group in the carbamate induces
fragmentation.?>”! Zinc bromide was first applied (Table 16, entry 3), as it was reported as a
mild Lewis acid for the selective Boc-deprotection of secondary amines.[??222°1 However, no
conversion of the endo-enone 173 was observed. Trimethylsilyl iodide, which had also been
reported as a Lewis acid for the deprotection of carbamates, was then employed (Table 16,
entry 4).[230.23 While complete conversion of the N-Boc endo enone 173 was observed under

these conditions, formation of neither the tetracycle 211 nor pentacycle 212 was observed.

BF3+OFEt, had also been reported as a Lewis acid for the Boc-deprotection of amines.[2322%1 |n
these reported conditions, BFs*OEt> was used in excess. Therefore, if t-BuOK would be added
directly to the reaction mixture after Boc-deprotection, then t-BuOK would also be required in
excess as the Lewis acid-base complex between BFs+OEt, and t-BuOK would initially form.
Consequently, THF was chosen as the reaction solvent due to the high solubility of t-BuOK
therein.[?34 Conversion of the N-Boc endo enone 173 was only observed upon heating under
reflux (Table 16, entry 5). This was believed to be due to competing coordination of the THF
to the BF3*OEt2. Upon complete conversion of N-Boc endo-enone 173, excess t-BuOK was
added to the reaction mixture. The desired pentacycle 212 was obtained with minor impurities.

Due to the small quantity of material isolated, further purification was not performed.
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Table 16. Screening of reaction conditions for the one-pot ring-closing sequence.

Cl

Boc—N

conditions "\ ~~./
O 4
Bé)cH H H
173 212
Time Scale
Entry  Reagents (eq.) Solvent T (°C) Result (%)
(h)  (umol)
) i) reflux i) 19
i) CAN (3.3) N N i
MeCN i) rtto i) 3 6.0 decomposition

ii) t-BUOK (5.1) y
retiux

i) CAN (4.4) i) MeCN i) reflux i)2 -
3.9 decomposition

ii) t-BuOK (14) ii) THF i) rt i) 3
3 ZnBr; (7.6) CHCI> rt 21 21 no reaction
4 TMSI (9.8) MeCN 0 1 10 decomposition
) i)0to )
i) BFs*OEt> (24) i)2
N THF reflux B 10 212 (<71)?
i) t-BuOK (120) 3 i) 0.5
ii) reflux
_ i)Otort )
i) BFs*OEt2 (6.0) 3 i) 2 presumed 211
- PhMe i) rtto Ny 5.3
ii) t-BUOK (53) i) 62 and 212°
reflux

i) BFsOEt; (8.6) i)CH.Cl,  i)Otort )2

- ~ - 9.4 212 (71%)
ii) t-BuOK (120) i) THF i) rt iii) 3

aWith minor impurities. °Observed by TLC analysis

To circumvent the presumed competing coordination of the THF to the BF3z*OEt;, the reaction
solvent was changed to PhMe as a non-coordinating solvent in which t-BuOK is soluble (Table
16, entry 6).[2%4 Notably, the complete conversion of N-Boc endo-enone 173 occurred at room

temperature. Upon addition of t-BuOK, a product with the same Ry value as tetracycle 211 was
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observed. However, complete conversion of the presumed tetracycle 211 to pentacycle 212
was not observed upon addition of excess base, which eventually resulted in solubility issues,
nor upon prolonged heating under reflux. Finally, the Boc-deprotection with BFs*OEt, was
performed in CH2Cl», as a non-coordinating solvent. The solvent was then to be exchanged for
THF, due to the high solubility of t-BuOK therein, which was crucial due to the use of excess
base. Complete conversion of the N-Boc endo-enone 173 was observed under these conditions
(Table 16, entry 7). The CH2Cl> solvent was removed under reduced pressure. The residue was
then dissolved in THF and excess t-BuOK was added to the reaction mixture. Pleasingly, the
desired pentacycle 212 was obtained in a yield of 71%—which was higher than the yield of
56% over two steps when the ring-closures were performed separately. Gratifyingly, both the
aza-Michael addition and intramolecular enolate alkylation reactions proceeded with high
diastereoselectivity, when performed over one- or two-steps, due to the high substrate-induced

stereocontrol.
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3.8 Deoxygenation

For the final step in the synthesis to aspidospermidine (1)—the deoxygenation—a Wolff—
Kishner reduction was envisaged. The Huang—Minlon modification of the Wolff-Kishner
reduction was applied for deoxygenation of the ketone 214 to give
10-oxo0-aspidospermidine (215) in the penultimate step of the synthesis of
(+)-aspidospermidine (1) by Marino and co-workers (Scheme 83a).[86104 Based on these
conditions, the deoxygenation of 4-oxo-aspidospermidine (212) was performed to yield
(—)-aspidospermidine (1) in a yield of 54% (Scheme 83b). In our reaction, diethylene glycol
was used as the reaction solvent in place of ethylene glycol, as the boiling point of ethylene
glycol of 197 °CI23l is lower than the temperature of 210 °C that was used in the N liberation
step in the method reported by Marino and co-workers.[?*1 Whereas the boiling point of
diethylene glycol is 245 °C.[2%"]

a) N,H4eH,0 (240 eq.)
Na (180 eq.)
ethylene glycol
i) 160 °C, 1 h
(0] K o)
N ii) 190 °C, 1 h N
?"/\\ iii) 210 °C, 3 h 10 ‘/\\
NG NG
214 215
b) N,H4+H,0 (250 eq )
Na (180 eq.)
dlethylene glycol
i) 160 °C, 19 h
ii) 190 °C, 0.5 h
iii) 210 °C,2.5h 19
O 0 O ﬁ 7
54%
[9.4 mg]

(-)-aspidospermidine (1

Scheme 83. Wolff-Kishner reduction: a) of ketone 214 as reported by Marino and co-workers
in the synthesis of (+)-aspidospermidine (1);1® b) of 4-oxo-aspidospermidine (212) to furnish

(—)-aspidospermidine (1).

The spectroscopic data of the obtained aspidospermidine (1) were in accordance with reported
values (Table 17 and Table 18).188] Furthermore, from analysis of the NOESY spectrum of the
final product (1), the strongest NOE correlation was observed between H19 and to one H20,
which suggested cis stereochemistry between H19 and the ethyl group (Scheme 83).
Interestingly, from measurement of the optical rotation value ([a]%? —17 (c 0.065, CHCIs),
lit.®8 [a]2® +20.5 (c 0.6, CHCIls)) it was determined that the unnatural enantiomer of

aspidospermidine (1) had been synthesised. Therefore, as discussed in section 3.4.2, it was not
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possible to extrapolate the stereochemical results from the related Pd-catalysed allylic

substitution method reported by Trost and co-workers to our system. [l

In conclusion, (—)-aspidospermidine (1) was synthesised in seven linear steps from
commercially available starting materials; this represents the shortest enantioselective
synthesis of aspidospermidine (1) reported to date. Moreover, this synthesis has a high
efficiency with three construction steps (one-pot alkylation and Boc-protection of
tryptamine (8); one-pot allylic substitution and cyclisation with tryptamine derivative 94; and
one-pot ring-closing sequence of endo-enone 173), two strategic redox reactions
(1,4-hydrosilylation of 170 and Wolff—Kishner reduction of pentacycle 212) and only two
concession steps (N-Boc protection of indoline 166 and Nicolaou oxidation of 196). This
resulted in an overall ideality of 71% for our synthetic route to aspidospermidine (1).[2%81 In
this synthesis, the herein developed enantioselective Pd-catalysed allylic substitution reaction
acted as the key stereo defining step. The remaining three stereocentres of the natural product
were then established under substrate-induced stereocontrol. This work represents not only the
first application of a Pd-catalysed allylic substitution reaction with a 3-substituted indole
derivative in the synthesis of aspidospermidine (1) but more broadly of Aspidosperma

alkaloids.
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Table 17. Comparison of synthetic aspidospermidine (1) *H NMR data

Marino’s Synthetic Our Synthetic
Ao (6ours -
Entry (+)-1 [ppm] (_)-1 [ppm] 6Marin0'3)
(500 MHz)Lee! (600 MHz) [ppm]*
. 7.08 (dd, J=7.4, 1.3 Hz, 001
7.09 (d, J = 7.5 Hz, 1H) 1H) '
7.01 (ddd, J=7.6,7.6,1.3
2 7.03 (t,J = 7.5 Hz, 1H) —0.02
Hz, 1H)
6.73 (ddd, J=7.4,7.4,1.0
3 6.74 (t, J=7.2 Hz, 1H) -0.01
Hz, 1H)
4 6.65(d, J=7.5Hz,1H)  6.64 (d, J=7.7 Hz, 1H) —0.01
3.52(dd,J=11,7.0Hz, 3.51(dd,J=11.1,6.2 Hz,
5 -0.01
1H) 1H)
6 3.15-3.12 (m, 1 H) 3.16 —3.09 (m, 1H) —
7 3.08 (br d1L ; 10.5 Hz, 3.08 —3.02 (m, 1H) —
8 2.35-2.22 (m, 2H) 2.34-2.23 (m, 2H) —
9 2.24 (s, 1H) 2.22 (s, 1H) —0.02
10 1.99 - 1.92 (m, 2H) 2.00 — 1.90 (m, 2H) —
11 1.81-1.71 (m, 1H) 1.79 — 1.68 (m, 1H) —
12 1.68 —1.62 (m, 2H) 1.67 —1.59 (m, 2H) —
13 1.54 — 1.47 (m, 2H) 1.55 — 1.43 (m, 3H) —
1.39 (dddd, J = 14.4, 13.2,
14 1.42 - 1.36 (m, 1H) —
11.1, 3.6 Hz, 1H)
1.11 (td, J = 13.6, 13.6, 4.7
15 1.26 (m, 1 H) —
Hz, 1H)
1.06 (ddd, J = 13.5, 3.7 Hz,
16 1.16 — 1.05 (m, 1H) —
1H)
17 0.92-0.84 (m, 1H) 0.92-0.82 (m, 1H) —
0.64 (dd, J = 7.5, 7.5 Hz,
18 0.64 (t, J = 6.6 Hz, 3H) 0

3H)

L A systematic shift is present. Our spectra were referenced using the residual solvent peak of CDCl; at 7.26 ppm.
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Table 18. Comparison of natural and synthetic aspidospermidine (1) 3C NMR data

Marino’s Our
He’s Natural . . Ad (Oours — Ad (dours —
Synthetic Synthetic
Entry  (+)-1 [ppm] 6natural)2 OMarino's)
(125 MHz)) ()-1[ppm]  ()-1[ppm] (opr] (o]
(125 MHz)® (151 MHz)
1 149.3 149.6 149.6 0.3 0
2 135.6 135.9 135.9 0.3 0
3 127.0 127.3 127.2 0.2 -0.1
4 122.7 123.0 123.0 0.3 0
5 118.8 119.2 119.1 0.3 -0.1
6 110.1 110.6 110.5 0.4 —0.1
7 71.1 715 714 0.3 —0.1
8 65.4 65.9 65.8 0.4 -0.1
9 53.7 54.1 54.0 0.3 -0.1
10 52.9 53.9 53.5 0.6 -0.4
11 52.9 53.2 53.2 0.3 0
12 38.7 39.0 39.0 0.3 0
13 355 35.8 35.8 0.3 0
14 34.3 34.7 34.6 0.3 -0.1
15 29.8 30.2 30.1 0.3 -0.1
16 28.1 28.3 28.3 0.2 0
17 23.0 23.2 23.2 0.2 0
18 21.6 22.0 21.9 0.3 -0.1
19 6.6 7.0 7.0 0.4 0

2 A systematic shift is present. Our spectra were referenced using the solvent peak of CDCls at 77.16 ppm.
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4 Summary and Outlook

4.1 Summary

The aim of this work was to apply an enantioselective Pd-catalysed allylic substitution reaction
with a 3-substituted indole derivative—for the first time—in the total synthesis of

aspidospermidine (1).

This work commenced with preparation of the substrates for the allylic substitution reaction.
The tryptamine derivative 94 was prepared in a modified one-pot procedure by a
mono-alkylation and N-Boc protection of tryptamine (8) (Scheme 84a). The -keto esters 148,
which were the proposed allylic alkylation substrates in strategy 1, were finally obtained over
8 steps, featuring a Wittig olefination and aldol addition reactions (Scheme 84b). Although the
B-keto esters 148 could have been used as unactivated allylic alkylation substrates, the
carbonate derivative 150 was also prepared as an activated allylic alkylation substrate.
Unfortunately, the p-keto esters 148 were unstable. Due to the instability and long syntheses
of the B-keto esters 148, an alternative strategy was sought. In strategy 2, the o,B-unsaturated
ketones 96, 152 and 160 were prepared as the allylic alkylation substrates using Morita—Baylis—

Hillman and Sn2' Mitsunobu reactions (Scheme 84c).

From screening of the allylic substitution reaction with the tryptamine derivative 94 and the
allylic alkylation substrates 96, 152 and 160 under non-stereoselective conditions, both the
allylic alcohol 96 and allylic acetate 152 were shown to afford the (E)-indolenine product 164
(Scheme 85a). The allylic alcohol 96 was determined to be the allylic alkylation substrate best
suited for our strategy, due to the ease of its preparation and delivering the indolenine 164 in
the highest yield.

From screening studies of the allylic substitution reaction with chiral ligands, it was found that
the Trost ligands DACH-phenyl L3 and DACH-naphthyl L4 both afforded the enantioenriched
indolenine 164, with the DACH-phenyl L3 ligand giving the indolenine 164 in the highest
yield (Scheme 85b). From optimisation studies, the enantioselectivity of the transformation
was shown to increase upon increasing the steric bulk of the borane additive from EtsB to
9-BBN-octyl (165) and by lowering the reaction temperature from 50 °C to room temperature.
Interestingly, formation of the indolenine product 164 was only observed when the reaction
was performed in THF. The indolenine 164 was finally obtained with high enantioselectivity
(e.r. 91:9) and in a reasonable yield of 42%. Furthermore, the allylic substitution reaction was

shown to proceed with excellent chemo- and regioselectivity. It is worth noting that this key
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step of the synthesis not only constructed the stereo dictating quaternary carbon stereocentre,

but also assembled the entire framework of aspidospermidine (1).

a) cl cl .

_/_/ Boc, _/—/ : PG _/_/
NH, HN N ; "

N N
H H H
8 93 94 \
— - 72% in two-step, one-pot M. iieeeeeeaaa-
b o o0 o O ST T T \
) HO—, NH,Cl _ P 09 :
——>»  {-BuO = —» t-BuO H H
+ RO i
HO OH  8steps 42% ] '
OH t-BuO O OBoc LG
137 (E)-148 22% over 8 steps (2)-150 : Vil :
(2)-148 14% over 8 steps A .
unstable
c) o e
> )‘\(\ : )K(\

OH OAc : LG !

o o .
)H —> — 152 S
| E

97 (£)-96

(£)-160 L x

Scheme 84. Preparation of substrates for the allylic substitution reaction: a) tryptamine

derivative 94; b) B-keto esters 148 and 150; c) a,p-unsaturated ketones 96, 152 and 160.
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a) Cl
(£)-96 or 152
Cl or (£)-160 (2.0 eq.)

Boc, _/—/ (PdIL, {
N additives, 15 h Boc—N

> p
\ 96 33%, 67%°
N
H

152 31% P o

160 no reaction N
94 (+)-164

b) (£)-96 (2.0 eq.) cl
[Pd(dba)s] (2.5 mol%)

Cl (S,S)-L3 (7.5 mol%) § : '

Boc _/_/ 9-BBN-octyl (3.6 eq.) . o] o] :

N THF, rt Boc—N 5 P :

> / i H o H E

\ 42% ; PPh, Ph,P :

N [ H
H

919eur (o)

94 164

Scheme 85. Pd-catalysed allylic substitution reaction with tryptamine derivative 94:
a) screening of allylic alkylation substrates 96, 152 and 160 under non-stereoselective
conditions; b) optimised enantioselective reaction conditions with allylic alkylation
substrate 96.

A highly diastereoselective intramolecular Mannich reaction of indolenine 164 afforded the
cis-fused tricycle 166 (Scheme 86a). The allylic substitution and Mannich reaction could also

be performed as a one-pot process (Scheme 86b), albeit with diminished yield.

a) cl cl i b) ~ cl 7 cl
cl

—/_/ (£)-96

- Boc—N : - f Boc—N
Boc—N Boc—N
gj i 83% gj /i Y/
(0}
(6}
7 N
164 166 '

N H H
164 (%)-166 48% (68% brsm)
— - (-)-166 19%

Scheme 86. Intramolecular Mannich reaction to afford the cis-fused tricycle 166: a) from
indolenine 164; b) from tryptamine derivative 94 in a one-pot allylic substitution cyclisation

sequence.

The ensuing exo-to-endo double bond migration presented a significant challenge. Direct
double bond migration methods from the exo-enone 166 and N-Boc exo-enone 170 were
unsuccessful. An IBX-mediated Nicolaou oxidation and an a-substitution-p-elimination
strategy from the saturated ketone 169 both afforded the undesired endo-enone 171.

A Saegusa—Ito oxidation from the thermodynamic silyl enol ether was then envisioned. The

117



Summary and Outlook

thermodynamic silyl enol ether could not be obtained from the saturated ketone 169, but rather
from a 1,4-hydrosilylation of the N-Boc exo-enone 170 (Scheme 87). Unfortunately, none of
the Saegusa—Ito oxidation protocols applied with the silyl enol ether 196 afforded the desired
endo-enone 173. Finally, a Nicolaou oxidation with the silyl enol ether 196 gave the desired

N-Boc endo-enone 173.

cl Cl Cl CI
Boc—N Boc—N Boc—N Boc—N
—_— —_— _—
98% 83% 58%
(173:170 = 2.4:1)
OTES
N
H H Boc
166 170 196 173 + 170

Scheme 87. Exo-to-endo double bond migration sequence, via a 1,4-hydrosilylation and

Nicolaou oxidation.

N-deprotection and concomitant aza-Michael addition proceeded in the presence of
trifluoroacetic acid, furnishing the cis-fused tetracyclic product 211 (Scheme 88). The cis-fused
E ring in pentacycle 212 was installed by an intramolecular enolate alkylation using t-BuOK.
The DI/E ring closures could also be performed as a one-pot transformation. In which, the
deprotection was performed with BF3*OEt, and subsequent addition of t-BuOK induced the
ring-closing sequence, affording pentacycle 212 in a yield of 71% from endo-enone 173—
which was higher than the yield of 56% over the two separate steps. Gratifyingly, both the
aza-Michael addition and intramolecular enolate alkylation reactions proceeded with high
diastereoselectivity, when performed over one- or two-steps, due to the high substrate-induced

stereocontrol. A final Wolff-Kishner reduction yielded (—)-aspidospermidine (1).

173 211 212 (-)-aspidospermidine (1)

| 71% in two-step, one-pot, d.r. >20:1 T

Scheme 88. Ring-closing sequence and Wolff-Kishner reduction to yield

(—)-aspidospermidine (1).
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In conclusion, this work herein represents the first application of a Pd-catalysed allylic
substitution reaction with a 3-substituted indole derivative in the synthesis of
aspidospermidine (1) and more broadly of Aspidosperma alkaloids. From investigation into the
key Pd-catalysed allylic substitution reaction, a new class of allylic alkylation substrates for
use with 3-substituted indole derivatives was uncovered, namely the Morita—Baylis—Hillman
adducts and derivatives thereof. Although the use of allylic carbonates and acetates derived
from Morita—Baylis—Hillman adducts have been reported as allylic alkylation substrates with
other nucleophiles; they have not been reported in Pd-catalysed allylic substitution reactions
with 3-substituted indole derivatives. Thus, this work expands the scope of the Pd-catalysed
allylic substitution methodology. The allylic substitution reaction was initially developed in a
racemic manner and then rendered enantioselective (e.r.of 91:9). In our pathway to
(—)-aspidospermidine (1), the allylic substitution acted as the key stereo defining step. The
remaining stereocenters of the natural product were then established under substrate control.
This culminated in the shortest enantioselective synthesis of aspidospermidine (1) reported to
date, over seven linear steps from commercially available starting materials. It is envisioned
that this novel strategy could be employed for efficient enantioselective syntheses of other

members of the Aspidosperma alkaloid family and related polycyclic natural products.
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4.2 Outlook

Since the enantioselective synthesis of aspidospermidine (1) by the proposed Pd-catalysed
allylic substitution strategy with a 3-substituted indole derivative was accomplished, the aim

of this work achieved. However, there remains areas for future work.

Further optimisation of the allylic substitution reaction, in terms of the yield and
enantioselectivity, could be performed. In the allylic substitution reaction, the stereocentre is
created on the nucleophile, therefore methods to increase the enantioselectivity of this
transformation would have to address the facial selectivity of the prochiral nucleophile.
Methods to increase the stereoselectivity of the allylic substitution when the stereocentre is
generated on the electrophilic allylic alkylation substrate, such as the addition of halide
ions, 11081131141 \would not be expected to influence the enantioselectivity of our system.
Nonetheless, other chiral ligands could be explored, for example phosphoramidite ligands L7—
9 and L11, which have been reported with activated allylic alkylation substrates with
3-substituted indole derivatives (Figure 10).[7:98149.1501 Notably, Wang and co-workers had
recently reported the use of phosphoramidite ligand (S,R,R)-L11 with unactivated allylic
alcohols.** Since, applying the hemilabile Carreira phosphoramidite olefin ligand (R)-L2 in
our system did not afford the indolenine product 164, phosphoramidite ligands L8 and L11
may be a more suitable option for our system rather than hemilabile phosphoramidite olefin
ligands L2, L7 and L9. Furthermore, PHOX-based ligands such as (S,Sp)-L10, as reported by
You and co-workers, could also be investigated.

Phosphoramidite ligands ——— PHOX-based ligand
coC .
NP
g:P—N @j@((N ipr
>—Ph Fe PPh,
Ph @
(Sa)- (S,R,R)-L1 (S,Sp)-L10

Hemilabile phosphoramidite olefin ligands

“1Ph O O‘P—P:>_Ph
i

(R)-L2 (R)-L9

Figure 10. Chiral ligands that could be tested in the enantioselective allylic substitution

reaction.
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The use of chiral boranes, such as Alpine-borane® (216) or diisopinocampheylborane (217)
(Figure 11), could also be considered. Notably, the use of chiral boranes in Pd-catalysed allylic
substitution reactions with 3-substituted indole derivatives has not been reported. This may be
due to steric bulk limitations of the borane. As Trost and co-workers had reported that
increasing the steric bulk of the borane additive from EtsB to 9-BBN-hexyl (89) was beneficial
in terms of the yield and enantioselectivity of their Pd-catalysed allylic substitution reaction;
however, further increasing the steric bulk of the borane additive to
dicyclohexylborane-hexyl (90) was shown to be detrimental with respect to the yield and
enantioselectivity while applying disiamylborane-hexyl (91) was found to inhibit the reaction

altogether.[°!

N fﬁ% OO A

(R)-Alpine-Borane® (216)  (-)-diisopinocampheylborane (217) dicyclohexylborane-hexyl (90) disiamylborane-hexyl (91)

Chiral boranes Sterically bulky boranes

Figure 11. Chiral boranes that could be applied in the allylic substitution reaction and sterically

bulky boranes employed by Trost and co-workers in their related system.[°]

The substrate scope of the allylic substitution reaction could be investigated in terms of
tryptamine derivatives as well as Morita—Baylis—Hillman adducts (Scheme 89a). This could
result in the efficient syntheses of aspidospermidine derivatives, whose biological activities
could be evaluated. In the study by Zeches-Hanrot and co-workers investigating the
antiplasmodial activity of (+)-aspidospermidine (1) and derivatives thereof against two strains
of Plasmodium falciparum, compounds vii and ii were found to have the lowest I1Cso values
and hence higher antiplasmodial activities against a chloroquine-resistant strain of
P. falciparum after 24 and 72 hours, respectively (Scheme 89b). Therefore, derivative 218,
which combines the 5-methoxy substituent of compound ii with the N-acetyl substituent of
compound vii, could be synthesised to determine whether these substituents have additive
effects with respect to their antiplasmodial activities against the chloroquine-resistant strain of
P. falciparum. Furthermore, derivative 218 is a novel compound. Notably the (S,S)-configured
Trost ligands would be required in the allylic substitution reaction to establish the correct

absolute stereochemistry of derivative 218.
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Scheme 89. a) Tryptamine derivatives and Morita—Baylis—Hillman adducts for the synthesis of
aspidospermidine derivatives. b) Aspidospermidine derivatives ii and vii with antiplasmodial
activity against a chloroquine-resistant strain of P. falciparum and potential target

compound 218 for evaluation of its antiplasmodial activity.

Finally, an alternative method for the exo-to-endo double bond migration based upon a cascade
reaction reported by Nicolaou and co-workers could be attempted. Nicolaou and co-workers
reported that the conjugate addition of cuprate reagents to enones followed by trapping of the
in situ generated copper enolate with TMSCI gave the trimethylsilyl enol ethers (Scheme 90a).
The isolated trimethylsilyl enol ethers were then oxidised to the 4-substituted enones by the
IBX-mediated Nicolaou oxidation.[??4l It is proposed that Stryker’s reagent, [(PPhs)CuH]e,
could be used for hydride addition at the 4-position of exo-enone 170, followed by trapping of
the thermodynamic enolate with TMSCI, to afford the trimethylsilyl enol ether 221 (Scheme
90b). A Nicolaou oxidation is then proposed to furnish the endo-enone 173. It is expected that
prior N-Boc protection would still be required, otherwise coordination of the indoline nitrogen
atom to the IBX (183) could result in a slower oxidation rate relative to the competing
hydrolysis of the silyl enol ether.[??!l The thermodynamic trimethylsilyl enol ether 221
generated by this method could also be submitted to Saegusa—Ito protocols, to determine
whether the unreactivity of the triethylsilyl enol ether 196 under the applied Saegusa—Ito
protocols was due to the difference between the triethyl and trimethyl substituents. As

trimethylsilyl enol ethers are far more commonly employed in Saegusa—Ito reactions.[?'4l
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CuBr<SMe, (2.0 eq.), i-PrMgCl (4.0 eq.)

a) THF, =78 °C, 30 min
then TMEDA (4.0 eq.)
o TMSCI (5.0 eq.), 191 (1.0 eq.) OTMS  15x (2.0 eq.) o
f -78 to 25 °C, 30 min /@ DMSO rt,1h
i-Pr
191 220
97% over 2 steps
b) cl cl Cl
< [(PPh3)CuHJs i
Boc—N TMEDA, TMSCI Boc—N Boc—N
Y
0 OTMS 6 0
'}l H | '}‘ H
Boc Boc
170 221 173

Scheme 90. Alternative exo-to-endo double bond migration strategy via conjugate addition of
cuprate reagents to enones, followed by trapping of the in situ generated enolate as a silyl enol
ether and a subsequent Nicolaou oxidation: a) as reported by Nicolaou and co-workers with
2-cyclohexen-1-one (191);?41 b) as proposed for the double bond migration from

exo-enone 170 to endo-enone 173.
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5 Experimental

5.1 General Experimental Conditions
Experimental Procedures, Glassware and Reagents

Unless otherwise stated, non-aqueous reactions were performed under anhydrous conditions,
under a positive pressure of dry nitrogen and the glassware was dried with a heat gun. All
reagents and solvents were purchased from commercially available sources and were used
without further purification unless stated otherwise. The solvents that were used for flash
chromatography were purified by distillation under reduced pressure prior to use, with the
exception of PhMe and EtsN, which were directly used.

Chromatography

Reactions were monitored by thin-layer chromatography (TLC), using preconditioned plates
(Macherey—Nagel ALUGRAM® Xtra SIL G UV254 or Merck Supelco TLC Aluminium oxide
60 F2s4, neutral). Visualisation was affected by quenching of UV fluorescence (A2s4 nm) and by
staining with standard solutions of KMnQO4 and cerium molybdate followed by heating. Flash
chromatography was performed using SiliaFlash® Silica Gel (particle size 40—63 um) or Merck

Millipore Aluminium oxide 90 active neutral (particle size 63-200 um).
Nuclear Magnetic Resonance (NMR)

'H NMR spectra were recorded at 300 MHz, 400 MHz, 500 MHz or 600 MHz using a Bruker
AVANCE 1400, Bruker AVANCE |1 400, Bruker AVANCE 111 HD 400, Bruker AVANCE |
500 or Bruker AVANCE 111 HD 600 spectrometer, respectively. Spectra were referenced using
residual solvent peaks (CDClsz = 7.26 ppm, CD30OD = 3.31 ppm and DMSO-ds = 2.50 ppm).
Coupling constants (J) are quoted to the nearest 0.1 Hz. Assignment of proton signals was
assisted by tH-'H COSY, HSQC and HMBC experiments. Assignment of stereochemistry was
assisted by NOESY experiments. *C NMR spectra were recorded at 101 MHz or 151 MHz
using a Bruker AVANCE 1 400, Bruker AVANCE Il 400, Bruker AVANCE 11l HD 400 or
Bruker AVANCE Il HD 600 spectrometer, respectively. Spectra were referenced using
solvent peaks (CDClz = 77.16 ppm, CD3OD = 49.00 ppm and DMSO-ds = 39.52 ppm). Peaks
are generally reported to one decimal place. Assignment of carbon signals was assisted by
HSQC and HMBC experiments.
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Infrared Spectra (IR)

Infrared spectra were recorded using a Bruker ALPHA-P FT-IR spectrometer as thin film

samples, with Diamant-ATR. Absorption maxima (vmax) are quoted in wavenumbers (cm™).
Mass Spectrometry

Mass spectra were recorded on a Thermo ISQ LT EI instrument using Electron lonisation Gas
Chromatography Mass Spectrometry (EI-GCMS) and Electron lonisation Direct Insertion
Probe (EI-DIP). High resolution mass spectra were recorded on an Agilent 6224 ESI-TOF

instrument using Electrospray lonisation (ESI*).

Melting Point

Melting points were measured on a Biichi Melting Point M-565 instrument.
Chiral HPLC

Analytical chiral HPLC was conducted using an Agilent 1260 Infinity Il system with a
Chiralpak AD-H column.

Optical Rotation

Optical rotations were measured using an A. Kriiss GmbH P8000 Polarimeter, at 589 nm
(sodium D line) and 20 °C with a cell path length of 1 dm and concentrations (c) reported in

/100 mL. Specific rotations are denoted as: (c in g/100 mL, solvent) [a]3°.
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5.2 Synthetic Procedures

The numbering of carbon atoms shown in the schemes in the experimental section is not

necessarily according to IUPAC nomenclature but instead for assignment purposes.
Preparation of Compound 93

Compound 93 was prepared according to a literature procedure.[*52

1-bromo-3-chloropropane
THF

35°C,2h s O
NH; 45°C,6h _/—{4
rt, 15 h 4w HN—/,

\ 9 11
N 82% 6 W
H [970 mg] BN 2

H
8 93

Tryptamine (8) (1.7 g, 11 mmol) was added to a flask, followed by THF (20 mL) and
1-bromo-3-chloropropane (0.50 mL, 5.0 mmol). The resulting mixture was stirred at 35 °C for
2 h, followed by stirring at 45 °C for 6 h and then at room temperature for 15 h. The reaction
mixture was quenched with water and concentrated under reduced pressure. The residue was
taken up in EtOAc and the resulting mixture was acidified to ca pH 2 with ag. HCI (6.0 M) at
0 °C. The aqueous layer was washed with Et,O to remove unreacted 1-bromo-3-chloropropane.
The aqueous layer was then basified to ca pH 12 with ag. NaOH (2.0 M) at 0 °C. The agqueous
layer was extracted with EtOAc. The combined organic extracts were dried over brine, MgSQg,
filtered and concentrated under reduced pressure. The crude material was purified by flash
chromatography (EtOAc/MeOH/Et3N, 100:3:1) to afford
N-(2-(1H-indol-3-yl)ethyl)-3-chloropropan-1-amine (93) as a pale brown oil (970 mg,
4.1 mmol, 82%).

The obtained spectroscopic data matched literature values.[*5?
Rf=0.53 (EtOAc/MeOH/EtsN, 100:3:1);

!H NMR (500 MHz, CDCls) & 8.10 (s, 1H, N-H1), 7.63 (dd, 8345 =7.7Hz, *Jas = 1.1 Hz, 1H,
Ha), 7.37 (dd, 3J67 = 8.1 Hz, “Js7 = 0.9 Hz, 1H, H-), 7.20 (ddd, 3367 = 8.1 Hz, 3J56 = 7.0 Hz,
4J4,6 =1.2 Hz, 1H, He), 7.12 (ddd, 3J4,5 = 8.0 Hz, 335,6 =7.0 Hz, 4..]5,7 =1.1 Hz, 1H, Hs), 7.06 (d,
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3IN-HL2 = 2.3 Hz, 1H, H2), 3.58 (t, 331314 = 6.5 Hz, 2H, Hi4), 3.03 - 2.99 (m, 4H, H10,11)3, 2.82
(t, 331213 = 6.9 Hz, 2H, H12), 1.96 (p, 331213 = 6.7 Hz, 3J1314 = 6.7 Hz, 2H, Hi3) ppm;

13C NMR (126 MHz, CDCls) 6 136.6 (C, Cg), 127.5 (C, Cy), 122.3 (CH, Cs), 122.2 (CH, C»),
119.5 (CH, Cs), 119.0 (CH, C,), 113.7 (C, C3), 111.3 (CH, Cy), 49.9 (CHz, C11), 46.8 (CH,
C12), 43.1 (CHy, Ci4), 32.6 (CH2, C13), 25.6 (CH2, C10) ppm;

HRMS (ESI*) C1sH17CIN,: 237.108 [M+H]* (calcd 237.12);

IR (thin film) 3307 (N-H), 2954, 2923, 2869, 2853, 1459, 1377, 740 (C—CI) cm ..

3 Overlapping signals therefore not possible to accurately integrate, integrals shown are corrected.
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Preparation of Compound 94
Method A

Compound 94 was prepared according to a literature procedure.[*52

17 17
Cl 1 Me 0 [¢]]
_/—/ Boc,0, THF o4 _;_/
HN 0t060°C,2h RV 1
10 12

7

{: 1 g s A 9 11
\ 71% . 3
N [830 mg] \ 2

7 8N
H H

93 94

Compound 93 (840 mg, 3.5 mmol) in THF (25 mL) was added to a flask. The resulting mixture
was cooled to 0 °C and di-tert-butyl dicarbonate (Boc2O) (1.0 mL, 4.5 mol) in THF (10 mL)
was added. The resulting mixture was stirred at 60 °C for 2 h. The reaction mixture was then
concentrated under reduced pressure. The crude material was purified by flash chromatography
(petroleum ether 40-65/Et20, 7:3) to afford tert-butyl
(2-(1H-indol-3-yl)ethyl)(3-chloropropyl)carbamate (94) as a colourless, viscous oil (830 mg,
2.5 mmol, 71%).

Method B

17 17
Cl 1 A(16 0] Cl
_/_/ Boc,0, Et3N 01—< _;_1/4
HN CH,Clp,0°Ctort, 3 h Y
10 12

7
N 9 1"
Z: Z_j\ 59% 4
\ (81 mg] s \,
H

7 8°N
H

93 94

Compound 93 (97 mg, 0.41 mmol) in CH2Cl> (4.0 mL) was added to a flask. The resulting
mixture was cooled to 0 °C and di-tert-butyl dicarbonate (Boc20) (110 mg, 0.50 mmol) and
EtsN (0.1 mL, 0.72 mmol) were added to the flask. The resulting mixture was stirred at room
temperature for 3 h. The reaction mixture was then concentrated under reduced pressure. The
crude material was purified by flash chromatography (petroleum ether 40-65/Et.O, 7:3) to
afford tert-butyl (2-(1H-indol-3-yl)ethyl)(3-chloropropyl)carbamate (94) as a colourless,
viscous oil (81 mg, 0.24 mmol, 59%).

128



Experimental

Method C

Compound 94 was prepared according to a modified literature procedure.[*5?!

1-bromo-3-chloropropane
THF
i)35°C,2h A

ii) 45 °C, 6 h
NH, )iii)rt,16h 17%40 13 S
then Boc,0, 60 °C, 2 h 15 _/_1/4
N 72% 9 A "
H [2.94] 6 \ ,
8 7 8°N

Tryptamine (8) (4.4 g, 28 mmol) was added to a flask, followed by THF (50 mL) and
1-bromo-3-chloropropane (1.2 mL, 12 mmol). The resulting mixture was stirred at 35 °C for
2 h, then at 45 °C for 6 h and at room temperature for a further 16 h. The reaction mixture was
diluted with THF (55 mL) and a solution of di-tert-butyl dicarbonate (Boc20) (7.6 mL, 34 mol)
in THF (10 mL) was added. The resulting mixture was stirred at 60 °C for 2 h. The reaction
mixture was then concentrated under reduced pressure. The residue was taken up in EtOAc and
washed with water. The aqueous layer was then extracted with EtOAc. The combined organic
extracts were dried over brine, MgSOQg, filtered and concentrated under reduced pressure. The
crude material was purified by flash chromatography (petroleum ether 40-65/Et,O, 7:3) to
afford tert-butyl (2-(1H-indol-3-yl)ethyl)(3-chloropropyl)carbamate (94) as a colourless oil
(2.9 g, 8.6 mmol, 72%).

The obtained spectroscopic data matched literature values.[*5%
R = 0.32 (petroleum ether 40-65/Et20, 7:3);

IH NMR (600 MHz, CDCl3) § = § 8.32 (s, 1H, N-H1), 7.66 (d, 3Ja5 = 7.0 Hz, 1H, Ha), 7.36 (d,
3367 = 7.1 Hz, 1H, H7), 7.21 (dd, 3Js6 = 6.9 Hz, 3Js7 = 6.9 Hz, 1H, He), 7.17 — 7.11 (m, 1H,
Hs), 6.98 (s, 1H, Hz), 3.53 (app. s, 4H, H11, H14), 3.42 — 3.26 (M, 2H, H12), 3.09 — 2.96 (m, 2H,
Hio), 2.07 — 1.91 (m, 2H, Ha3), 1.48 (app. d, 9H, Hi7)* ppm;

13C NMR (151 MHz, CDCl3) 8 = 155.8 (C=0, C15)®, 155.7 (C=0, C15)5, 136.4 (C, Cs), 127.5
(C, Co), 122.1 (CH, Cg), 122.0 (CH, C2), 119.3 (CH, Cs), 118.8 (CH, Cs), 113.1 (C, Cs), 111.3
(CH, C7), 79.8 (C-0, Cig)5, 79.7 (C-O, Ci5)5, 48.7 (CHa, C11), 45.2 (CH2, C12)®, 45.1 (CHs,

4 Peak in *H NMR spectrum is split in a 4:5 ratio due to the presence of N-Boc rotamers.
5 Peaks in 3C NMR spectrum are split due to the presence of N-Boc rotamers.
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C12)5, 42.8 (CHy, C14)5, 42.5 (CHy, C14)5, 31.9 (CHa, C13)5, 31.5 (CHa, C13)5, 28.6 (CHs, C17)5,
28.5 (CHs, C17)®, 24.8 (CHz, C10)°, 24.1 (CHz, C10)® ppm;
HRMS (ESI¥) C1gH25CIN202: 359.1493 [M+Na]™ (calcd 359.1493);

IR (thin film) 3414, 3319 (N-H), 2974, 2929, 1666 (C=0), 1158 (C-O), 738 (C-CI) cm™*.
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Preparation of Compound 96

Compound 96 was prepared according to a modified literature procedure.*3!

CH3CHO, DABCO

o 0°Ctort,15h O OH
S 3 1
2
)ﬁ 83% ! .
4.0
97 [4.04l (£)-96

1,4-Diazabicyclo[2.2.2]octane (DABCO) (480 mg, 4.3 mmol) and freshly distilled
acetaldehyde (98) (2.9 mL, 51 mmol) were added to a flask. The resulting mixture was cooled
to 0 °C and freshly distilled methyl vinyl ketone (97) (3.5 mL, 42 mmol) was added dropwise.
The resulting mixture was stirred at room temperature for 15 h. The reaction mixture was then
diluted with EtOAc and quenched with 1.0 M ag. HCI. The aqueous layer was extracted with
EtOAc. The combined organic extracts were dried over brine, MgSOa, filtered and
concentrated under reduced pressure. The crude material was purified by Kugelrohr distillation
(8 mbar, 80 °C to 0.6 mbar, 190 °C) to afford 4-hydroxy-3-methylenepentan-2-one (96) as a
colourless oil (4.0 g, 35 mmol, 83%).

The obtained spectroscopic data matched literature values.[*>*]
R =0.27 (petroleum ether 40-65/Et,0, 8:2);

IH NMR (400 MHz, CDCls) & = 6.08 (s, 1H, He), 6.03 (d, “Jas = 1.2 Hz, 1H, He), 4.64 (q,
3345 = 6.5 Hz, 1H, Ha), 2.78 (s, 1H, OH), 2.35 (s, 3H, H1), 1.33 (d, Ja5 = 6.5 Hz, 3H, Hs) ppm;

13C NMR (126 MHz, CDCl3) & = 200.9 (C=0, C»), 151.5 (C=C, C3), 125.0 (CH2, Cs), 66.9
(CH, C4), 26.5 (CHs3, C1), 22.2 (CHa, Cs) ppm;

MS (EI-GCMS) m/z (%) = 100 (6), 99 (100), 71 (8), 69 (3), 45 (9), 43 (85):

IR (neat) 3430 (O—H), 2975, 2931, 1664 (C=0), 1365, 1287, 1084 (C-0), 951, 588 cm .

131



Experimental

Preparation of Compounds 104 and 105

PPhs, DIAD 4 w0 U
4-nitrobenzoic acid 172
O OH THF, -40°Ctort, 3 d 9 9
6 0 8
- +
7 9 7
)J\[ﬁ\ o 8 10 o o0 o
4
(2)-96 0 § 2
NO, 1 5

104 (£)-105
<73% <15%
[990 mg] [140 mg]

Triphenylphosphine (1.3 g, 5.0 mmol) and 4-nitrobenzoic acid (101) (0.80 g, 4.8 mmol) were
added to a flask, followed compound 96 (410 mg, 3.6 mmol) in THF (30 mL). The resulting
mixture was cooled to —40 °C and diisopropyl azodicarboxylate (DIAD) (0.95 mL, 4.8 mmol)
was slowly added. The resulting mixture was stirred at =30 °C for 3 h, followed by stirring at
room temperature for 3 d. The reaction mixture was then concentrated under reduced pressure.
The residue was taken up in Et.O and washed with water and ag. NaOH (2.0 M). The aqueous
layer was extracted with Et>O. The combined organic extracts were washed with sat. ag. NaHCOs3,
dried over brine, MgSQyg, filtered and concentrated under reduced pressure. The crude material
was purified by repeated flash chromatography (petroleum ether 40-65/EtOAc, 8:2) to afford,
(E)-2-acetylbut-2-en-1-yl 4-nitrobenzoate (104) as a pale yellow solid (990 mg, 3.8 mmol,
<73%) with inseparable impurities, and 3-methylene-4-oxopentan-2-yl 4-nitrobenzoate (105),
which was further purified by recrystallisation (petroleum ether 40-65/EtOAc, 1:1) as a pale

yellow solid (140 mg, 0.53 mmol, <15%) with inseparable impurities.
(E)-2-Acetylbut-2-en-1-yl 4-nitrobenzoate (104):
R =0.24 (petroleum ether 40-65/EtOAc, 8:2);

1IH NMR (500 MHz, CDCls) & 8.28 — 8.24 (m, 2H, Hio), 8.19 — 8.14 (m, 2H, He), 7.10 (q,
8345 =7.1Hz, 1H, Hs), 5.16 (s, 2H, He), 2.38 (s, 3H, H1), 2.08 (d, 3Ja5 = 7.1 Hz, 3H, Hs) ppm;

13C NMR (126 MHz, CDCls) 5 197.7 (C=0, Cy), 164.7 (C=0, C7), 150.7 (C, Cs), 145.4 (CH,
Ca), 137.0 (C=C, Ca), 135.6 (C, C11), 130.9 (CH, Cs), 123.7 (CH, Ci0), 58.2 (CHa, C¢), 25.7
(CHs, C1), 15.3 (CHs, Cs) ppm;

MS (EI-DIP) m/z (%) 220 (18), 150 (100), 113 (75), 97 (6);

Further analytical data (IR and m.p.) were not collected due to the presence of inseparable

impurities.
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3-Methylene-4-oxopentan-2-yl 4-nitrobenzoate (105):
Rr = 0.45 (petroleum ether 40-65/EtOAc, 8:2);

'H NMR (500 MHz, CDCls) 4 8.31 — 8.27 (m, 2H, H1o), 8.23 — 8.20 (m, 2H, Hy), 6.18 (s, 1H,
Hs), 6.09 (d, 4Jas = 1.1 Hz, 1H, Hs), 6.02 (qd, 3345 = 6.5 Hz, *J4s = 1.1 Hz, 1H, Ha), 2.39 (s,
3H, H1), 1.52 (d, 3J45=6.5 Hz, 3H, Hs) ppm;

13C NMR (126 MHz, CDCls) 6 197.8 (C=0, C»), 163.6 (C=0, C7) 151.0 (C, C11), 149.0 (C=C,
C3), 130.9 (CH, Cy), 130.9 (C, Cs), 124.9 (CH2, C¢), 123.7 (CH, C10), 69.7 (CH, C4), 26.2 (CH3,
Cy), 20.7 (CHs, Cs) ppm,

MS (EI-DIP) m/z (%) 220 (23), 150 (92), 113 (61);

Further analytical data (IR and m.p.) were not collected due to the presence of inseparable

impurities.
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Preparation of Compounds 106 and 107

PPh3, DIAD O 4 10 10
benzoic acid PN
O OH THF, 40 °Ctort, 1 h 1703 5 S%F °
> 6 + 7

o 10 3 J4
(+)-96 9 1 " °
6
106 ° (£)-107
67% <1%
[440 mg] [2.2 mg]

Triphenylphosphine (1.1 g, 4.2 mmol) and benzoic acid (102) (480 mg, 3.9 mmol) were added
to a flask, followed by compound 96 (350 mg, 3.1 mmol) in THF (30 mL). The resulting
mixture was cooled to —40 °C and diisopropyl azodicarboxylate (DIAD) (0.80 mL, 4.0 mmol)
was slowly added. The resulting mixture was stirred at =30 °C for 1 h. The reaction mixture
was then concentrated under reduced pressure. The residue was taken up in Et,O and washed
with sat. aq. NaHCOgs. The aqueous layer was extracted with Et,O. The combined organic extracts
were dried over brine, MgSOs, filtered and concentrated under reduced pressure. The residue
was triturated (petroleum ether 40-65/Et.O, 95:5), filtered and concentrated under reduced
pressure. The crude material was purified by flash chromatography (petroleum ether 40—
65/Et20, 7:3) to afford (E)-2-acetylbut-2-en-1-yl benzoate (106) as a colourless oil (440 mg,
2.0 mmol, 67%) and 3-methylene-4-oxopentan-2-yl benzoate (107) as a colourless oil (2.2 mg,
1.0 umol, <1%).

(E)-2-Acetylbut-2-en-1-yl benzoate (106):
R = 0.36 (petroleum ether 40-65/Et,0, 7:3);

IH NMR (500 MHz, CDCl3) & = 8.01 — 7.96 (m, 2H, Ho), 7.53 (tt, 3Ji011 = 7.4 Hz,
4Jo11=1.2 Hz, 1H, Hu1), 7.41 (dd, 3Je10 = 7.6 Hz, 3Ji011 = 7.6 Hz, 2H, Hio), 7.06 (q,
8345 =7.1Hz, 1H, Hs), 5.12 (s, 2H, Hs), 2.36 (s, 3H, H1), 2.05 (d, 3J45 = 7.1 Hz, 3H, Hs) ppm;

13C NMR (126 MHz, CDCl3) 3 = 197.8 (C=0, C2), 166.6 (C=0, C7), 144.7 (CH, Cs) 137.6 (C,
Cs), 133.1 (CH, Ca1), 130.2 (C=C, Cs3), 129.8 (CH, Cg), 128.5 (CH, Ca0), 57.4 (CH2, Cs), 25.8
(CHs, C1), 15.2 (CHs, Cs) ppm;

MS (EI-GCMS) m/z (%) 175 (24), 113 (17), 105 (100), 77 (42), 43 (31);

IR (thin film) 2956, 2924, 2854, 1717 (C=0), 1672 (C=0), 1269 (C-0), 1109 (C-O), 711
(C=C)cm™.
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3-Methylene-4-oxopentan-2-yl benzoate (107):
R = 0.55 (petroleum ether 40-65/Et20, 7:3);

'H NMR (600 MHz, CDCls) & = 8.07 (dd, ®Jo.10 = 8.4 Hz, “Jg11 = 1.2 Hz, 2H, Hg), 7.57 (dd,
331011 = 7.5 Hz, *Jg11 = 1.0 Hz, 1H, Hu1), 7.45 (t, J1041 = 7.9 Hz, 3H, Hao), 6.13 (s, 1H, He),
6.09 (d, “Jae = 1.2 Hz, 1H, He), 5.98 (qd, %Ja5 = 6.5 Hz, “Js6 = 1.2 Hz, 1H, Ha), 2.38 (s, 3H,
Hi), 1.49 (d, *Ja5 = 6.5 Hz, 3H, Hs) ppm;

13C NMR (151 MHz, CDCl3) 8 = 198.0 (C=0, Cy), 165.5 (C=0, Cy), 149.7 (C=C, C3), 133.3
(C, Cg), 133.2 (CH, C11), 129.7 (CH, Cy), 128.6 (CH, C10), 124.4 (CH2, Cs), 68.7 (CH, C4),
26.3 (CHs, C1), 21.0 (CHg, Cs) ppm;

MS (EI-GCMS) m/z (%) 175 (34), 113 (14), 105 (100), 77 (42), 43 (33);

IR (thin film) 2954, 2924, 2854, 1720 (C=0), 1677 (C=0), 1269 (C-O), 1112 (C-O), 1079,
1070, 711 (C=C) cm ™™,
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Experimental

Preparation of Compound 108

K,COj o

Z
)J\(\ MeOH, rt, 2 h .
(0] —_—— 172
<33% 6
o [8.8 mg] OH
108

Compound 106 (51 mg, 0.23 mmol) and K>COz (70 mg, 0.51 mmol) were added to a flask,
followed by MeOH (2.5 mL). The resulting mixture was stirred at room temperature for 2 h.
The reaction mixture was then quenched with H.O and the aqueous layer was extracted with
EtOAc. The combined organic extracts were dried over brine, MgSQOs, filtered and
concentrated under reduced pressure. The crude material was purified by flash chromatography
(petroleum ether 40-65/Et,0, 4:6) to afford (E)-3-(hydroxymethyl)pent-3-en-2-one (108) as a
colourless oil (8.8 mg, 77 umol, <33%).

R = 0.34 (petroleum ether 40-65/Et20, 4.6);

IH NMR (400 MHz, CDCl3) § = 6.97 (q, 3J45 = 7.1 Hz, 1H, Ha), 4.18 (s, 2H, Hg), 2.32 (s, 3H,
Hy), 1.98 (d, 3J45=7.1Hz, 3H, Hs) ppm;

13C NMR (101 MHz, CDCl3) § = 143.5 (C=C, C4), 64.6 (CHz, Cs), 25.9 (CHs, C1), 15.0 (CHs,
Cs) ppm;

MS (EI-GCMS) m/z (%) 114 [M]* (2), 86 (10), 71 (66);

IR (thin film) 3348 (O—H), 2957, 2924, 2854, 1722 (C=0), 1462, 1377, 1269, 1250, 1105 (C—

O)cm™.
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Experimental

Preparation of Compound 109

Compound 109 was prepared according to a modified literature procedure.53

imidazole, TBSCI 7\ _/7 0
0 OH CH,Cly, 1t, 3 h 0 O/SI\K
o 3 4 9
53% 1 )Zk[ﬁ\ 5 °
[4.14] 6
(+)-96 (¥)-109

Imidazole (14 g, 200 mmol) and tert-butyldimethylsilyl chloride (TBSCI) (12 g, 80 mmol)
were added to a flask, followed by compound 96 (3.9 g, 34 mmol) in CH2Cl> (200 mL). The
resulting mixture was stirred at room temperature for 3 h. The reaction mixture was then
quenched with sat. ag. NH4ClI. The aqueous layer was extracted with CH>Cl>. The combined
organic extracts were dried over brine, MgSOs, filtered and concentrated under reduced
pressure. The crude material was purified by repeated flash chromatography (petroleum ether
40-65/Et20, 100:1) to afford 4-((tert-butyldimethylsilyl)oxy)-3-methylenepentan-2-one (109)

as a colourless oil (4.1 g, 18 mmol, 53%).
The obtained spectroscopic data matched literature values.[*>*!
Rf = 0.43 (petroleum ether 40-65/Et,0, 39:1);

'H NMR (500 MHz, CDCls) & 6.17 (dd, 4J46 = 1.1 Hz, 2Js6 = 1.0 Hz, 1H, He), 6.06 (dd,
2366 = 0.9 Hz, 446 = 0.9 Hz, 1H, He), 4.76 (qt, 3Jas = 6.2 Hz, *Jas = 1.1 Hz, 46 = 1.0 Hz, 1H,
Ha), 2.34 (s, 3H, H1), 1.21 (d, 3J45 = 6.2 Hz, 3H, Hs), 0.89 (s, 9H, Hy), 0.05 (s, 3H, H-), 0.01
(s, 3H, H7) ppm;

13C NMR (126 MHz, CDCl3) § 199.4 (C=0, Cy), 153.8 (C=C, Cs), 124.3 (C=C, Cs), 66.1 (C—
0, C4), 26.6 (CHs, C1), 26.0 (CHs, Co), 25.0 (CHs, Cs), 18.3 (C, Cs), —4.8 (Si—CHs, C7), —4.9
(Si—CHs, C7) ppm;

MS (EI-GCMS) m/z (%) 43 (12), 97 (8), 113 (3), 127 (87), 171 (100), 213 (3):

IR (neat) 2956, 2930, 2887, 2858, 1677 (C=0), 1363, 1253, 1086 (C-O), 978 (C=C), 826, 774

cm L,
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Experimental

Preparation of Compound 111

DIPA, n-BulLi

THF, —78 °C, 15 min P
\/ then isobutylchloroformate 13

_Si -78° _Sia2

o o |\|< 78 °Ctort,25h o o o |\|<

> 1,3 ; Js 13

<38%, <49% brsm \(\o G 013

[750 mg] : 10
(+)-109 (*)-111

Diisopropylamine (DIPA) (1.1 mL, 7.8 mmol) and THF (18 mL) were added to a flask. The
resulting mixture was cooled to —78 °C and n-BuL.i (1.6 M in hexanes, 4.7 mL, 7.5 mmol) was
slowly added. The resulting mixture was stirred at =78 °C for 15 min. Compound 109 (1.4 g,
6.1 mmol) in THF (12 mL) was then slowly added. The resulting mixture was stirred at =78 °C
for 15 min. Isobutyl chloroformate (110) (1.0 mL, 7.6 mmol) in THF (12 mL) was then slowly
added. The resulting mixture was stirred at =78 °C for 15 min, followed by stirring at 0 °C for
1 h and then at room temperature for 24 h. The reaction mixture was then quenched with sat.
aq. NH4Cl. The aqueous layer was extracted with EtOAc. The combined organic extracts were
dried over brine, MgSQy, filtered and concentrated under reduced pressure. The crude material
was purified by repeated flash chromatography (petroleum ether 40-65/Et,0, 39:1) to afford
isobutyl 5-((tert-butyldimethylsilyl)oxy)-4-methylene-3-oxohexanoate (111) as a colourless
oil (750 mg, 2.3 mmol, <38%, <49% brsm) with small amounts of inseparable impurities.

Rf = 0.33 (petroleum ether 40-65/Et,0, 39:1);

1H NMR (500 MHz, CDCls) 8 6.27 (d, *Js.10 = 1.4 Hz, 1H, Hio), 6.07 (app. s, 1H, Hio), 4.76
(qdd, 3Js.9 = 6.3 Hz, *Js.10 = 1.2 Hz, “Js10 = 1.1 Hz, 1H, Hs), 3.92 (d, 3J23 = 6.7 Hz, 2H, Ha),
3.74 (app. d, 2H, Hs)®, 1.93 (hept, 3J12 = 6.7 Hz 1H, H2), 1.22 (d, 3Js0 = 6.3 Hz, 3H, Hg), 0.92
(d, 3J12 = 6.7 Hz, 6H, Hy), 0.89 (s, 9H, His), 0.06 (s, 3H, H11), 0.01 (s, 3H, H11) ppm;

13C NMR (126 MHz, CDCls) 5 193.4 (C=0, Cs), 167.7 (C=0, C4), 153.1 (C=C, C7), 125.5
(C=C, Ci0), 71.6 (CHa, C3), 66.1 (CH, Csg), 46.0 (CH2, Cs)®, 27.8 (CH, C2), 26.0 (CHs, C13),
24.8 (CHs, Co), 19.2 (CHs, C1), 18.3 (Si-C, C12), —4.8 (Si—CHs, C11), —4.9 (Si—CHs, C11) ppm;

HRMS (ESI*) C17Hs204Si: 351.20 [M+Na]* (calcd 351.20);

IR (thin film) 2957, 2930, 2857, 1742 (C=0), 1679 (C=0), 1253, 1004, 974, 834, 777 cm™%.

6 Signal appeared as an apparent doublet in the *H NMR spectrum with J = 7.2 Hz, which is unexpected. The
corresponding signal in the 3C NMR spectrum at 46.0 ppm is suggestive of the keto tautomer. In the HSQC
spectrum the peak appears as a methylene carbon (CHy), which is also suggestive of the keto tautomer.
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Preparation of Compound 112

BF3+OEt,

CH,Cly, 1, 2h O O OH
22r ] 3 s

(£)-111 (+)-112

Compound 111 (50 mg, 0.15 mmol) and CH2Cl, (1.5 mL) were added to a flask, followed by
BF3*OEt, (40 pL). The resulting mixture was stirred at room temperature for 2 h. The reaction
mixture was then quenched with sat. ag. NaHCOz. The aqueous layer was extracted with Et,O.
The combined organic extracts were dried over brine, MgSOs, filtered and concentrated under
reduced pressure to afford a crude mixture of isobutyl
5-hydroxy-4-methylene-3-oxohexanoate (112), with impurities present’, as a colourless oil
(35 mg).

R = 0.47 (petroleum ether 40-65/Et,0, 1:1);

H NMR (600 MHz, CDCl3) § = 6.15 (d, *Js10 = 1.2 Hz, 1H, Hao), 6.08 (s, 1H, H10), 4.68 (q,
3350 = 6.5 Hz, 1H, Hg), 3.90 (d, 3J23 = 6.7 Hz, 2H, H3), 3.74 (app. d, 2H, Hs)?, 2.03 — 1.96 (m,
1H, Hy), 1.33 (d, 3Js0 = 6.8 Hz, 3H, Hg), 0.90 (d, 3J12 = 6.7 Hz, 6H, H1)® ppm;

13C NMR (151 MHz, CDCls) § = 194.6 (C=0, Ce), 167.5 (C=0, C), 151.2 (C=C, Cy), 125.7
(C=C, C10), 71.5 (CHz, Cs), 66.5 (CH, Cs), 45.9 (CHa, Cs)8, 28.1 (CH, C,), 22.4 (CH3, Cg) ppm;

Further analytical data (HRMS and IR) were not collected due to the presence as a crude

mixture.

" The product decomposed during chromatography, therefore it was not possible to purify the crude product by
chromatography.

8 Signal appeared as an apparent doublet in the *H NMR spectrum with J = 3.9 Hz, which is unexpected. The
corresponding signal in the 3C NMR spectrum at 45.9 ppm is suggestive of the keto tautomer. In the HSQC
spectrum the peak appears as a methylene carbon (CHz), which is also suggestive of the keto tautomer.

° Overlapping signals therefore not possible to accurately integrate, integrals shown are corrected.
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Experimental

Preparation of Compound 117

Compound 117 was prepared according to a literature procedure.[*64]

CH3;CHO, DABCO
1,4-dioxane:H,0 (1:1)
O n7d O OH

~ '< N
o 072 5
| 69%

990 6
116 (590 mg] (£)-117

1,4-Diazabicyclo[2.2.2]octane (DABCO) (1.1 g, 9.8 mmol) was added to a flask, followed by
1,4-dioxane (0.5 mL), water (0.5 mL), methyl acrylate (116) (2.7 mL, 30 mmol) and
acetaldehyde (98) (0.6 mL, 11 mmol). The resulting mixture was stirred at room temperature
for 7 d. The reaction mixture was then diluted with water. The aqueous layer was extracted
with Et,O. The combined organic extracts were washed with aq. HCI (1.0 M) and dried over
brine, MgSOs, filtered and concentrated under reduced pressure. The crude material was
purified by flash chromatography (petroleum ether 40-65/Et,O, 6:4) to afford methyl
3-hydroxy-2-methylenebutanoate (117) as a colourless oil (990 mg, 7.6 mmol, 69%).

The obtained spectroscopic data matched literature values.[*®4!
R = 0.32 (petroleum ether 40-65/Et20, 6:4);

!H NMR (300 MHz, CDCl3) & = 6.22 (dd, 2Js6 = 0.8 Hz, *Jas = 0.6 Hz, 1H, Hg), 5.83 (dd,
4J4,5 =1.1 Hz, 236,6 =1.0 Hz, 1H, He), 4.62 (qd, 3».]4,OH =6.2 Hz, 3..]4,5 =6.2 Hz, 1H, Ha), 3.79 (s,
3H, H1), 2.65 (d, 3J4.0n = 5.4 Hz, 1H, OH), 1.39 (d, 3Ja5 = 6.5 Hz, 3H, Hs) ppm;

13C NMR (75 MHz, CDCl3) § = 167.2 (C=0, Cy), 143.5 (C=C, Cs), 124.4 (C=C, Cs), 67.3
(CH, C4), 52.1 (CHj3, C1), 22.2 (CHs, C5) ppm;

MS (EI-GCMS) m/z (%) 115 (60), 99 (18), 98 (24), 70 (15), 45 (17);

IR (thin film) 2953, 2922, 2869, 2853, 1721 (C=0), 1460, 1377 cm™%.
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Experimental

Preparation of Compounds 118 and 119

PPhs, AcOH o
DIAD, THF 1 7 (0]
O OH 0°C,1h N0 NN, J
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6 o 6
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62% 17%
[160 mg] [68 mg]

Triphenylphosphine (600 mg, 2.3 mmol) was added to a flask, followed by compound 117
(190 mg, 1.5 mmol), THF (13 mL) and acetic acid (AcOH) (0.30 mL, 5.2 mmol). The resulting
mixture was cooled to 0 °C and diisopropyl azodicarboxylate (DIAD) (0.45 mL, 2.3 mmol)
was added dropwise. The resulting mixture was stirred for 1 h at 0 °C. The reaction mixture
was then concentrated under reduced pressure. The residue was diluted with sat. ag. NaHCO3
and the aqueous layer was extracted with Et,O. The combined organic extracts were dried over
brine, MgSOs, filtered and concentrated under reduced pressure. The crude material was
purified by flash chromatography (petroleum ether 40-65/Et,O, 8:2) to afford methyl
(E)-2-(acetoxymethyl)but-2-enoate (118) as a colourless oil (160 mg, 0.93 mmol, 62%) and
methyl 3-acetoxy-2-methylenebutanoate (119) as a colourless oil (68 mg, 0.39 mmol, 17%).

Methyl (E)-2-(acetoxymethyl)but-2-enoate (118):
R = 0.32 (petroleum ether 40-65/Et,0, 8:2);

IH NMR (400 MHz, CDCls) § = 7.15 (q, 3J7.8 = 7.3 Hz, 1H, Hy), 4.86 (s, 2H, Ha), 3.77 (s, 3H,
Hy), 2.05 (s, 3H, Hs), 1.93 (d, 3J7 = 7.3 Hz, 3H, Hg) ppm;

13C NMR (101 MHz, CDCls) § = 171.0 (C=0, Cs), 167.0 (C=0, C,), 144.8 (C=C, Cy), 128.1
(C=C, Cs), 57.9 (CHz, C4), 52.1 (CHs, C1), 21.0 (CHs, Ce), 14.7 (CH3, Cs) ppm;

MS (EI-GCMS) m/z (%) 141 (8), 129 (100), 113 (5), 98 (18), 59 (18), 43 (76);

IR (thin film) 2953, 2922, 2869, 2853, 1744 (C=0), 1726 (C=0), 1460, 1377, 1249 (C-O),
1231 (C-0) cm™%.

Methyl 3-acetoxy-2-methylenebutanoate (119):
R = 0.42 (petroleum ether 40-65/Et,0, 8:2);

'H NMR (400 MHz, CDCls) & = 6.28 (dd, 2J66 = 0.8 Hz, “J46 = 0.7 Hz, 1H, Hs), 5.81 (dd,
2-]6,6 = 1.1 Hz, 4-]4,6 = 1.1 Hz, 1H, Hs), 5.69 (qdd, 3‘.]4,5 = 6.5 Hz, 4J4,6 = 1.2 Hz, 4J4,6 = 0.5 Hz,
1H, Hy), 3.77 (s, 3H, H1), 2.07 (s, 3H, Hs), 1.39 (d, 3.]4,5 = 6.5 Hz, 3H, Hs) ppm;
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Experimental
13C NMR (101 MHz, CDCl3) 8 = 170.0 (C=0, Cv), 165.9 (C=0, C»), 141.2 (C=C, Cg3), 124.9
(C=C, Ce), 68.3 (CH, Ca4), 52.1 (CH3, Cy), 21.3 (CHs3, Cs), 20.3 (CHg, Cs) ppm;
MS (EI-GCMS) m/z (%) 141 (7), 129 (97), 113 (6), 98 (18), 82 (6), 59 (18), 43 (100);

IR (thin film) 2954, 2922, 2869, 2852, 1735 (C=0), 1459, 1377, 1261 (C-O), 1083 (C-O),
1021 (C-0), 802 cm™.
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Experimental

Preparation of Compound 121

CH3CHO, DABCO
1,4-dioxane:H,0O (1:1)
o rt, 16 h 2 O OH

- 5
0 ) 075 4 .
| 52% :
15
120 (1.54] (£)-121

1,4-Diazabicyclo[2.2.2]octane (DABCO) (2.2 g, 20 mmol) was added to a flask, followed by
1,4-dioxane (5.0 mL), water (5.0 mL), ethyl acrylate (120) (6.8 mL, 62 mmol) and
acetaldehyde (98) (1.1 mL, 20 mmol). The resulting mixture was stirred at room temperature
for 16 h. The reaction mixture was diluted with water. The aqueous layer was extracted with
Et,O. The combined organic extracts were washed with ag. HCI (1.0 M) and dried over brine,
MgSQOs4, filtered and concentrated wunder reduced pressure to afford ethyl
3-hydroxy-2-methylenebutanoate (121) as a colourless oil (1.5 g, 10 mmol, 52%). This material

was deemed sufficiently pure to be used without further purification.
The obtained spectroscopic data matched literature values.[*’”]
Rf =0.41 (petroleum ether 40-65/EtOAc, 9:1);

H NMR (500 MHz, CDCls) § 6.21 (app. s, 1H, Hv), 5.80 (app. t, 2J77 = 1.0 Hz, 1H, H7), 4.61
(d, Js6 = 65 Hz, 1H, Hs), 4.24 (9, )12 = 7.1 Hz, 2H, Hp), 2.72 (s, 1H, OH), 1.39 (d,
8J56 = 6.5 Hz, 3H, He), 1.32 (t, 3J12 = 7.1 Hz, 3H, H1) ppm;

13C NMR (126 MHz, CDCl3) § 166.8 (C=0, Cs), 143.8 (C=C, Ca), 124.1 (CH,, C7), 67.4
(CH, Cs), 61.0 (CHz, C2), 22.2 (CHs, Cs), 14.3 (CH3, C1) ppm;

MS (EI-GCMS) m/z (%) 73 (30), 71 (24), 45 (24), 43 (42);

IR (neat) 3428 (O—H), 2979, 2933, 1710 (C=0), 1629 (C=C), 1450, 1402, 1089 (C-O) cm™*.
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Experimental

Preparation of Compounds 122 and 123

o NO,
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Triphenylphosphine (2.4 g, 9.3 mmol) and 4-nitrobenzoic acid (101) (1.6 g, 9.4 mmol) were
added to a flask, followed by THF (60 mL) and compound 121 (1.0 g, 6.9 mmol). The resulting
mixture was cooled to —40 °C and diisopropyl azodicarboxylate (DIAD) (1.9 mL, 9.6 mmol)
was slowly added. The resulting mixture was stirred at —40 °C for 2 h, followed by stirring at
0 °C for 15 min. The reaction mixture was then concentrated under reduced pressure. The
residue was taken up in Et.O and washed with water and ag. NaOH (2.0 M). The aqueous layer
was extracted with Et2O. The combined organic layers were washed with sat. ag. NaHCOs and
dried over brine, MgSOQsg, filtered and concentrated under reduced pressure. The crude material
was purified by flash chromatography (petroleum ether 40-65/EtOAc, 9:1) to afford
(E)-2-(ethoxycarbonyl)but-2-en-1-yl 4-nitrobenzoate (122) as a yellow solid (960 mg,
3.3 mmol, 48%) and 3-(ethoxycarbonyl)but-3-en-2-yl 4-nitrobenzoate (123) as a yellow solid
(150 mg, 0.51 mmol, 7%).

(E)-2-(Ethoxycarbonyl)but-2-en-1-yl 4-nitrobenzoate (122):
R =0.30 (petroleum ether 40-65/EtOAc, 9:1);

IH NMR (400 MHz, CDsOD) § 8.35 — 8.30 (m, 2H, Ha1), 8.23 — 8.16 (m, 2H, Huo), 7.25 (g,
3356 = 7.3 Hz, 1H, Hs), 5.18 (5, 2H, Hy), 4.22 (q, 3J1.2 = 7.1 Hz, 2H, Ha), 2.02 (d, Js6 = 7.3 Hz,
3H, He), 1.27 (t, 3J12 = 7.1 Hz, 3H, H1) ppm;

13C NMR (101 MHz, CDs0D) § 167.7 (C=0, Cs), 165.8 (C=0, Csg), 152.1 (C, Cy), 146.4 (CH,
Cs), 136.7 (C, C12), 131.8 (C, Cu1o), 129.2 (C=C, C4), 124.7 (C, C11), 62.0 (CH2, C>), 60.0 (CH_,
Cy), 14.8 (CHs, Ce), 14.5 (CHg, C1) ppm;

MS (EI-DIP) m/z (%) 248 (11), 150 (80), 143 (100), 45 (4);

IR (neat) 2984, 1719 (C=0), 1703 (C=0), 1607 (C=C), 1526 (N-O), 1259 (C-O), 1098 (C—
0), 717 (C=C) cm™%;
m.p. 55-56 °C.
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3-(Ethoxycarbonyl)but-3-en-2-yl 4-nitrobenzoate (123):
R = 0.41 (petroleum ether 40-65/EtOAc, 9:1);

'H NMR (400 MHz, CDCls3) 4 8.32 —8.27 (m, 2H, Ha1), 8.25 - 8.19 (m, 2H, H1o), 6.37 (s, 1H,
H7), 6.00 (qd, 3J56 = 6.5 Hz, “J57 = 1.2 Hz, 1H, Hs), 5.90 (t, 4J57 = 1.0 Hz, 1H, H7), 4.25 (q,
3J12=7.2 Hz, 2H, H>), 1.58 (d, 3J56 = 6.5 Hz, 3H, Hs), 1.30 (t, 3J12=7.1Hz, 3H, H1) ppm;

13C NMR (101 MHz, CDCls) § 165.2 (C=0, Cs), 163.7 (C=0, Cs), 150.7 (C, C12), 140.9 (C=C,
Ca), 135.8 (C, Co), 130.9 (C, C10), 125.3 (CHa, C), 123.7 (C, C11), 70.2 (CH, Cs), 61.2 (CHo,
Ca), 20.2 (CHs, Cs), 14.3 (CHs, C1) ppm;

MS (EI-DIP) m/z (%) 248 (9), 150 (99), 143 (100), 45 (3);

IR (neat) 2983, 1720 (C=0), 1634 (C=0), 1605 (C=C), 1525 (N-O), 1267 (C-0), 1174 (C—
0), 1098 (C-0), 1077, 719 (C=C) cm %;

m.p. 34-35 °C.
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Experimental

Preparation of Compounds 124 and 125
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Compound 122 (300 mg, 1.0 mmol) and K>COz (160 mg, 1.2 mmol) were added to a flask,
followed by methanol (10 mL). The resulting mixture was stirred at room temperature for 1 h.
The reaction mixture was then quenched with water. The aqueous layer was extracted with
EtOAc. The combined organic extracts were dried over brine, MgSOs, filtered and
concentrated under reduced pressure. The crude material was purified by flash chromatography
(petroleum ether 40-65/Et20, 7:3 - 3:7) to afford methyl
(E)-2-(hydroxymethyl)but-2-enoate (124) as a colourless oil (110 mg, 0.85 mmol, 85%) and
methyl 4-nitrobenzoate (125) as a white crystalline solid (81 mg, 0.45 mmol, 41%).

Methyl (E)-2-(hydroxymethyl)but-2-enoate (124):
The obtained spectroscopic data matched literature values.[?*°]
Rf=10.11 (petroleum ether 40-65/Et>0, 7:3)/0.23 (petroleum ether 40-65/Et,0, 7:1);

IH NMR (600 MHz, CDCl3) & = 6.98 (q, 3Ja5 = 7.2 Hz, 1H, Ha), 4.36 (s, 2H, Hg), 3.78 (s, 3H,
Hi), 1.90 (d, 3Ja5 = 7.2 Hz, 3H, Hs) ppm;

13C NMR (151 MHz, CDCls) § = 168.1 (C=0, C>), 140.9 (CH, C4), 131.9 (C=C, C3), 57.1
(CHz2, Ce), 52.0 (CHs, C1), 14.3 (CH3, Cs) ppm;

MS (EI-GCMS) m/z (%) 130 [M]* (3), 115 (89), 102 (5), 99 (47), 71 (31);

IR (thin film) 3433 (O—H), 2924 (O-H), 1711 (C=0), 1651 (C=C), 1437, 1379 (O-H), 1279,
1217 (C-0), 1006, 760 cm .,

Methyl 4-nitrobenzoate (125):

The obtained spectroscopic data matched literature values.[?4!]

Rf = 0.77 (petroleum ether 40-65/EtOAc, 7:1);

IH NMR (500 MHz, CDCls) & 8.32 — 8.27 (2H, m, Ha), 8.25 — 8.19 (2H, m, Hs), 3.98 (3H, s,

H1) ppm;
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13C NMR (151 MHz, CDCls) § 165.3 (C=0, C,), 150.7 (C, Cs), 135.6 (C, Cs), 130.9 (CH, Cs),
123.7 (CH, C4), 53.0 (CH3, C1) ppm;

MS (EI-DIP) m/z (%) 181 [M]* (33), 150 (100), 122 (1);
IR (neat) 3112, 3078, 1715 (C=0), 1607, 1596, 1519 (N-O), 716 cm%;

m.p. 95-96 °C, lit.[?* 94-96 °C.
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Preparation of Compound 126

0 imidazole, TBSCI 1

N\,
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68% S s dis

OH [64 mg] >( \
124 9 7

Imidazole (130 mg, 1.9 mmol) and tert-butyldimethylsilyl chloride (TBSCI) (230 mg,
1.5 mmol) were added to a flask, followed by methyl (E)-2-(hydroxymethyl)but-2-enoate (124)
(49 mg, 0.38 mmol) in CH2Cl> (1.9 mL). The resulting mixture was stirred at room temperature
for 3 h. The reaction mixture was then quenched with sat. ag. NH4Cl. The aqueous layer was
extracted with CH2Cl,. The combined organic extracts were dried over brine MgSOs, filtered
and concentrated under reduced pressure. The crude material was purified by flash
chromatography  (petroleum  ether  40-65/Et:O, 40:1) to  afford  methyl
(E)-2-(((tert-butyldimethylsilyl)oxy)methyl)but-2-enoate (126) as a colourless oil (64 mg,
0.26 mmol, 68%).

The obtained spectroscopic data matched literature values.?4%
R = 0.48 (petroleum ether 40-65/Et20, 39:1);

IH NMR (600 MHz, CDCls) § 6.97 (q, 3Jas = 7.2 Hz, 1H, Ha), 4.41 (s, 2H, He), 3.74 (s, 2H,
Hi), 1.91 (d, 3Ja5 = 7.2 Hz, 3H, Hs), 0.89 (s, 9H, Hg)*°, 0.08 (s, 6H, H7)¥° ppm;

13C NMR (151 MHz, CDCls) § 167.8 (C=0, C5), 141.5 (C=C, C4), 132.6 (C=C, C3), 57.1 (CH,
Cs), 51.8 (CHs, Cy), 26.0 (CHs, Cs), 18.5 (Si-C, Cs), 14.6 (CHs, Cs), —5.2 (Si-CHs, C7) ppm:;

MS (EI-DIP) m/z (%) 187 (21), 99 (11), 59 (100), 57 (49);

IR (thin film) 2954, 2927, 2854, 1719 (C=0), 1251 (C-O), 1083 (C-O), 839 (C=C), 778, 739

cm L,

10 Corrected integral.
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Preparation of Compound 127

1
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Diisopropylamine (DIPA) (0.20 mL, 1.4 mmol) and THF (3.0 mL) were added to a flask. The
resulting mixture was cooled to —78 °C and n-BuLi (1.6 M in hexanes, 0.70 mL, 1.1 mmol)
was slowly added. The resulting mixture was stirred at —78 °C for 1 min and tert-butyl acetate
(0.120 mL, 0.75 mmol) in THF (2.0 mL) was then added dropwise. The resulting mixture was
stirred at —78 °C for 15 min. Compound 126 (50 mg, 0.20 mmol) in THF (2.0 mL) was added
to the mixture at —78 °C. The resulting mixture was stirred at —78 °C for 15 min, followed by
stirring at 0 °C for 2 h. The reaction mixture was then quenched with sat. ag. NH4CI. The
aqueous layer was extracted with EtOAc. The combined organic extracts were dried over brine,
MgSOs, filtered and concentrated under reduced pressure. The crude material was purified by
repeated flash chromatography (petroleum ether 40-65/Et,0, 9:1; petroleum ether 40-65/Et.0,
17:3) to afford tert-butyl (E)-4-(((tert-butyldimethylsilyl)oxy)methyl)-3-oxohex-4-

enoate (127) as a colourless oil (3.1 mg, 9.4 umol, <5%), with inseparable impurities.
R = 0.48 (petroleum ether 40-65/Et20, 9:1);

IH NMR (600 MHz, CDCls) § 6.84 (q, 3J7s = 7.1 Hz, 1H, Hy), 4.43 (s, 2H, Hy), 3.61 (s, 2H,
Hs), 1.98 (d, 33;8=7.1Hz, 3H, Hg), 1.45 (s, H1, 9H), 0.88 (s, 9H, le)ll, 0.07 (s, 6H, Hio) ppm;

13C NMR (151 MHz, CDCl3) & 193.5 (C=0, Cs), 167.3 (C=0, C3), 142.6 (C=C, C7), 140.9
(C=C, Cs), 81.7 (C, C2), 56.1 (CH2, Co), 47.0 (CH2, C4), 28.1 (CHs3, C1), 26.0 (CHs, C12), 18.4
(Si-C, C11), 15.0 (CHs, Cs), 5.2 (Si—CHs, C10) ppm;

HRMS (ESI*) C17H3204Si: 351.195 [M+Na]* (calcd 351.20);

IR (thin film) 2954, 2924, 2869, 2854, 1737 (C=0), 1460, 1377, 1368, 1255, 1152 (C-O),
1080 (C-0), 837 (C=C) cm™*.

11 Corrected integral.
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Preparation of Compound 128
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Methyl (E)-2-(((tert-butyldimethylsilyl)oxy)methyl)but-2-enoate (125) (320 mg, 1.3 mmol)
and PhMe (13 mL) were added to a flask, followed by diisobutylaluminium hydride (DIBAL)
(1.2 M in PhMe, 2.2 mL, 2.6 mmol). The resulting mixture was stirred at room temperature for
1 h. The reaction mixture was then quenched with MeOH. Sat. agq. Rochelle salt solution was
added to the reaction mixture and the resulting mixture was stirred for 15 h at room temperature
until two clear layers had formed. The aqueous layer was extracted with Et,O. The combined
organic extracts were dried over brine, MgSOs, filtered and concentrated under reduced
pressure. The crude material was purified by flash chromatography (petroleum ether 40—
65/Et20, 9:1) to afford (Z)-2-(((tert-butyldimethylsilyl)oxy)methyl)but-2-en-1-ol (128) as a
colourless oil (280 mg, 1.3 mmol, quant.).

Rt = 0.34 (petroleum ether 40-65/Et20, 9:1);

IH NMR (600 MHz, CDCls) & 5.57 (qt, 3Js4 = 7.0 Hz, 4J35 = 1.1 Hz, 1H, Hs), 4.37 (d,
4335 = 1.3 Hz, 2H, Hs), 4.14 (d, 31,01 = 6.0 Hz, 2H, H1), 2.48 (t, *J1.0n = 6.0 Hz, 1H, OH), 1.64
(d, 3J34 = 7.0 Hz, 3H, Ha), 0.91 (s, 9H, Hsg), 0.11 (s, 6H, Hs) ppm;

13C NMR (151 MHz, CDCls) & 137.9 (C=C, C,), 123.7 C=C, Cs), 67.5 (CH2, C1), 61.0 (CH;,
Cs), 26.2 (CHs, Cs), 18.4 (Si—C, C7), 13.1 (CHs, Ca), —5.3 (Si—-CHs, Cs) ppm:

MS (EI-DIP) m/z (%) 185 (4), 159 (2), 145 (1), 131 (2), 85 (18), 71 (25), 57 (43);

IR (thin film) 2955, 2924, 2853, 1465, 1256, 1075 (C-O), 837 (C=C), 776, 740 cm™*.
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Experimental

Preparation of Compound 183

2-lodoxybenzoic acid (IBX) (183) was prepared according to a literature procedure. 24l

| Oxone® s O ol
H,0, 75 °C, 4 h 4 2 '\
OH ———————> ©:§<‘o
88% 5 1
o [20 g] 5 0
222 183

Oxone® (110 g, 180 mmol) was added to a flask, followed by 2-iodobenzoic acid (222) (20 g,
81 mmol) and water (400 mL). The resulting mixture was vigorously stirred at 75 °C for 4 h.
The reaction mixture was then cooled to 0 °C and filtered. The crude product was washed with
water (100 mL) and acetone (2 x 10 mL) to afford 2-iodoxybenzoic acid (IBX) (183) as a white
solid (20 g, 71 mmol, 88%).

The obtained spectroscopic data matched literature values.[?44!

IH NMR (400 MHz, DMSO-ds) 5 = 8.14 (dd, 3J34 = 8.0 Hz, 4J35 = 1.0 Hz, 1H, H3), 8.05 —
7.97 (M, 2H, Hag), 7.84 (ddd, 3Js5 = 7.4 Hz, 3Js5 = 7.4 Hz, “Ja5 = 1.1 Hz, 1H, Hs) ppm;

13C NMR (101 MHz, DMSO-ds) & = 167.5 (C=0, Cv), 146.6 (C, C1), 133.4 (CH, Ca), 132.9
(CH, Cs), 131.5 (C, C»), 130.1 (CH, Ce), 125.0 (CH, C3) ppm.

151



Experimental

Preparation of Compound 223

Dess—Martin periodinane (DMP) (223) was prepared according to a modified literature

procedure. 24

[0} AcOH, Ac,0 Aco. OAc
‘}fOH 100°C, 4 h \|'\—OAc
\
o _— o
73%
o [22 g o
183 223

2-lodoxybenzoic acid (IBX) (183) (20 g, 71 mmol) was added to a flask, followed by acetic
acid (AcOH) (44 mL, 770 mmol) and acetic anhydride (Ac20) (91 mL, 960 mmol). The
resulting mixture was stirred at 100 °C for 4 h. The reaction mixture was then concentrated
under reduced pressure. The crude product was co-evaporated with PhMe and then washed
with Et20O (3 x 30 mL) to afford Dess—Martin periodinane (DMP) (223) as white solid (22 g,
52 mmol, 73%).

Due to the instability of the product 223, characterisation was not performed. The formation of
DMP (223) was confirmed by its use as the oxidising agent in the test oxidation reaction of

1-octanol to 1-octanal, which was observed to be complete within 2 h by TLC analysis.
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Experimental

Preparation of Compounds 129 and 130
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Dess—Martin periodinane (223) (790 mg, 1.9 mmol) was added to a flask. The flask was cooled
to 0 °C and compound 128 (200 mg, 0.92 mmol) in CH2Cl> (4.6 mL) was added to the flask.
The resulting mixture was stirred at 0 °C for 30 min, followed by stirring at room temperature
for 30 min. The reaction mixture was then quenched with sat. ag. NaHCOs. The aqueous layer
was extracted with CH2Cl,. The combined organic extracts were dried over brine, MgSQg,
filtered and concentrated under reduced pressure. The crude material was purified by flash
chromatography (petroleum ether 40-65/Et,0, 19:1) to afford
(E)-2-(((tert-butyldimethylsilyl)oxy)methyl)but-2-enal (129) as a colourless oil (160 mg,
0.75 mmol, 82%).

Autoxidation of the aldehyde, (E)-2-(((tert-butyldimethylsilyl)oxy)methyl)but-2-enal (129), to
the corresponding carboxylic acid, (E)-2-(((tert-butyldimethylsilyl)oxy)methyl)but-2-enoic

acid (130), a pale yellow solid, was observed.
(E)-2-(((tert-Butyldimethylsilyl)oxy)methyl)but-2-enal (129):
R =0.25 (petroleum ether 40-65/Et,0, 19:1), 0.65 (petroleum ether 40-65/Et,0, 3:1);

IH NMR (600 MHz, CDCls) § 9.38 (s, 1H, H), 6.73 (q, 3J34 = 7.1 Hz, 1H, Hs), 4.39 (s, 2H,
Hs), 2.11 (d, 3Js4 = 7.1 Hz, 3H, Ha), 0.88 (s, 9H, Hs), 0.07 (s, 6H, He) ppm:;

13C NMR (151 MHz, CDCls) 5 193.8 (C=0, C1), 153.6 (C=C, C3), 143.0 (C=C, C>), 54.8 (CH_,
Cs), 26.0 (CHs, Cs), 18.5 (Si—C, Cy), 15.4 (CHs3, C4), —5.3 (Si—CHs, Ce) ppm;

MS (EI-GCMS) m/z (%) 157 (100), 57 (3);

IR (thin film) 2955, 2927, 2855, 1692 (C=0), 1469, 1253, 1079 (C-O), 838 (C=C), 777, 739

cm L,
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(E)-2-(((tert-Butyldimethylsilyl)oxy)methyl)but-2-enoic acid (130):
Rr = 0.44 (petroleum ether 40-65/Et20, 3:1);

'H NMR (400 MHz, CDCls) & 7.10 (q, 3334 = 7.3 Hz, 1H, Hs), 4.45 (s, 2H, Hs), 1.91 (d,
3J34=7.2 Hz, 3H, Ha), 0.91 (s, 9H, Hg)lz, 0.12 (s, 6H, He) ppm;

13C NMR (101 MHz, CDCls) § 170.6 (C=0, C1), 143.0 (C=C, Cs), 130.9 (C=C, C3), 57.5 (CH,
Cs), 26.0 (CHs, Cs), 18.4 (Si-C, C7), 14.6 (CHs, Ca), —5.2 (Si-CHs, Cs) ppm:;

HRMS (ESI*) C11H220sSi: 253.12 [M+Na]* (calcd 253.13);

IR (thin film) 2955, 2922, 2852, 1692 (C=0), 1648, 1463, 1255, 1082 (C-O), 837 (C=C), 777,
741 cm™;

m.p. 40-41 °C.

12 Corrected integral.
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Preparation of Compound 131

1
LiHMDS, t-BuOAc 4 O OH

o
THF, —78 °C, 30 min 2 5 7
H™ Y then 129, -78 °C tort, 21 h 1707
? 8% } 7o
PR (] 12 i
S [2.7 mg] >”rs'\ 10
12 10
12
129 (2)-131

LiHMDS (1.0 M in THF, 0.60 mL, 0.60 mmol) and THF (0.65 ml) were added to a flask. The
resulting mixture was cooled to —78 °C and tert-butyl acetate (50 pL, 0.37 mmol) was slowly
added. The resulting mixture was stirred at —78 °C for 30 min. Compound 129 (24 mg,
0.11 mmol) in THF (0.25 ml) was then slowly added. The resulting mixture was stirred at
—78 °C for 15 min, followed by stirring at 0 °C for 1 h and then at room temperature for 20 h.
The reaction mixture was then quenched with sat. ag. NH4Cl. The aqueous layer was extracted
with Et20. The combined organic extracts were dried over brine, MgSQg, filtered and
concentrated under reduced pressure. The crude material was purified by flash chromatography
(petroleum ether 40-65/Et,0, 3:1) to afford tert-butyl
(E)-4-(((tert-butyldimethylsilyl)oxy)methyl)-3-hydroxyhex-4-enoate (131) as a colourless oil
(2.7 mg, 8.2 umol, 8%).

R = 0.48 (petroleum ether 40-65/Et,0, 3:1);

'H NMR (600 MHz, CDCls) § 5.63 (q, ®J78 = 7.0 Hz, 1H, H7), 4.52 (t, *Ja5 = 6.9 Hz, 1H, Hs),
4.36 (d, *Js9 = 6.5 Hz, 2H, Hg), 3.53 (s, 1H, OH), 2.59 (d, 3J45 = 7.7 Hz, 1H, Ha), 2.59 (d,
3345 = 6.0 Hz, 1H, Ha), 1.65 (d, ®J78 = 6.9 Hz, 3H, Hs), 1.43 (5, 9H, H1), 0.91 (s, 9H, H12), 0.11
(s, 3H, Hio), 0.10 (s, 3H, Hio) ppm;

13C NMR (151 MHz, CDCls) § 171.7 (C=0, Cs), 138.3 (C=C, Cs), 123.4 (C=C, C7), 80.8 (C,
C2), 72.8 (C-0, Cs), 59.5 (CH, Cy), 42.6 (CHz, Ca), 28.2 (CHs, C1), 26.0 (CHs, C12), 18.3 (Si—
C, C11), 13.1 (CHs, Cs), =5.4 (Si~CHs, C10) ppm;

HRMS (ESI*) C17Hs404Si: 353.21 [M+Na]* (calcd 353.21);

IR (thin film) 2954, 2924, 2854, 1733 (C=0), 1460, 1377 (O-H), 1258, 1153 (C-O), 1080 (C—
0), 837 (C=C), 777, 740 cm ™.,
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Preparation of Compound 132
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SnCl (24.1 mg, 0.13 mmol) was added to a flask, followed by CH2Cl> (0.2 mL), ethyl
diazoacetate (15 pL, 0.14 mmol) and compound 129 (21 mg, 98 umol) in CH2Cl, (0.3 mL).
The resulting mixture was stirred at room temperature for 4 h.
The reaction mixture was then quenched with sat. ag. NH4Cl. The aqueous layer was extracted
with Et20. The combined organic extracts were dried over brine, MgSQg, filtered and
concentrated under reduced pressure. The crude material was purified by flash chromatography
(petroleum ether 40-65/Et20, 3:1) to afford ethyl
(E)-4-(((tert-butyldimethylsilyl)oxy)methyl)-3-oxohex-4-enoate (132) as a colourless oil
(1.0 mg, 3.3 umol, <3%) with solvent impurities.

R = 0.48 (petroleum ether 40-65/Et,0, 3:1);

IH NMR (300 MHz, CDCls) § 6.85 (q, 3376 = 7.1 Hz, 1H, Hy), 4.43 (s, 2H, Ho), 4.18 (g,
3315 =7.1 Hz, 2H, Ha), 3.71 (s, 2H, Ha), 1.98 (d, 2J76 = 7.1 Hz, 3H, Hs), 1.27 (t,
3312 = 7.0 Hz, 3H, H1)™, 0.88 (s, 9H, H12)'3, 0.07 (s, 6H, H10)™ ppm.

Upon removal of the solvent impurities under oil pump vacuum, decomposition of compound
132 was observed, therefore it was not possible to collect further analytical data (33C NMR,
HRMS, IR).

13 Overlapping signals therefore not possible to accurately integrate, integrals shown are corrected.
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Experimental

Preparation of Compound 139
Compound 139 was prepared according to a literature procedure.[*!]
O_
A
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TRIS hydrochloride (137) (6.4 g, 41 mmol) was added to a flask, followed by DMF (50 mL),
p-anisaldehyde dimethyl acetate (138) (6.8 mL, 40 mmol) and camphorsulfonic acid (CSA)
(480 mg, 2.1 mmol). The resulting mixture was stirred on a rotary evaporator at 23 mbar at
room temperature for 18 h. The reaction mixture was then quenched with EtsN (0.33 mL,
2.4 mmol) and concentrated under reduced pressure. The residue was taken up in EtOAc and
washed with ag. NaOH (30%) and ice-water. The aqueous layer was extracted with EtOAc.
The combined organic extracts were dried over brine, MgSQg, filtered and concentrated under
reduced pressure. The crude material was purified by recrystallisation (EtOAc) to afford
(5-amino-2-(4-methoxyphenyl)-1,3-dioxan-5-yl)methanol (139) as white crystals (5.8 g,
24 mmol, 60%).

The obtained spectroscopic data matched literature values.[*7*]

'H NMR (300 MHz, CD30D) & = 7.50 — 7.42 (m, 2H, Ha), 6.99 — 6.90 (m, 2H, H3), 5.46 (s,
1H, He), 4.03 (dt, 2377 = 11.7 Hz, 77 = 1.6 Hz, 2H, H7), 3.87 (dt, 2J77 = 11.7 Hz,
4\]7,7' = 1.7 Hz, 2H, H7), 3.83 (s, 3H, H1), 3.44 (s, 2H, Ho) ppm;

13C NMR (75 MHz, CD30D) 6 = 161.6 (C, C2), 132.1 (C, Cs), 128.6 (CH, C4), 114.4 (CH, C),
103.0 (CH, Cs), 74.9 (CHz, Cy), 65.2 (CH2, Cs), 55.7 (CHs, C1), 51.60 (C, Cs) ppm;

IH NMR (300 MHz, CDCl3) & = 7.48 — 7.39 (m, 2H, Ha), 6.95 — 6.87 (m, 2H, Hs), 5.41 (s, 1H,
He), 3.95 — 3.82 (M, 4H, Hy), 3.81 (s, 3H, H1), 3.37 (s, 2H, Ho), 2.14 (s, 4H, NH, OH) ppm;

13C NMR (75 MHz, CDCl3) § = 160.3 (C, C2), 130.5 (C, Cs), 127.4 (CH, C4), 113.9 (CH, Ca),
102.1 (CH, Cs), 74.7 (CHz, C7), 65.0 (CH2, Cg), 55.5 (CH3, C1), 50.8 (C, Cs) ppm;

HRMS (ESI*) C12H17NO4: 240.1086 (found m/z) [M+H]* (calcd 240.1230), 262.0905 (found
m/z) [M+Na]" (calcd 262.1050);
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IR (neat) 3343 (N-H), 3285 (N-H), 2967, 2936, 2861, 1614 (C=C), 1519, 1252 (C-0), 1029
(C-0),830cm™;

m.p. 139-141 °C, lit.l71 142 °C.
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Preparation of Compound 140

Compound 140 was prepared according to a literature procedure.[*!]

KH,PO,4, NalO,
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Compound 139 (5.8 g, 24 mmol) was added to a flask, followed by water (240 mL) and
KH2PO4 (7.3 g, 53 mmol). The resulting mixture was cooled to 0 °C and NalOa4 (12 g, 56 mmol)
was added over 5 min. The resulting mixture was stirred at room temperature for 26 h. The
reaction mixture was then diluted with EtOAc. The aqueous layer was extracted with EtOAc.
The combined organic extracts were washed over sat. ag. NaHCOg3, dried over brine, MgSOa,
filtered and concentrated under reduced pressure. The crude material was purified by flash
chromatography (petroleum ether 40-65/EtOAcC, 7:3) to afford
2-(4-methoxyphenyl)-1,3-dioxan-5-one (140) as a white solid (4.5 g, 22 mmol, 92%).

R = 0.26 (petroleum ether 40-65/EtOAc, 7:3);

!H NMR (400 MHz, CDCls3) 6 = 7.49 — 7.43 (m, 2H, Ha), 6.96 — 6.89 (m, 2H, Hs), 5.86 (s, 1H,
He), 4.55 — 4.42 (m, 4H, Hy), 3.82 (s, 3H, H1) ppm;

13C NMR (101 MHz, CDCls) & = 204.5 (C=0, Cs), 160.5 (C, C,), 129.3 (C, Cs), 127.6 (CH,
Ca), 114.0 (CH, Cs), 99.1 (CH, Cs), 72.6 (CHz, Cr), 55.5 (CH3, C1) ppm;

HRMS (ESI*) C11H1204: 209.0806 (found m/z) [M+H]* (calcd 209.0808);

IR (thin film) 2840, 1742 (C=0), 1613 (C=C), 1587 (C=C), 1516, 1387, 1246 (C-O), 1172,
1123 (C-0), 1027, 970, 825, 735, 424 cm'%;

m.p. 71-73 °C.
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Preparation of Compound 143
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Ethyltriphenylphosphonium bromide (11 g, 53 mmol) was added to a flask, followed by THF
(100 mL). The resulting mixture was cooled to —78 °C and n-BuL.i (1.6 M in hexanes, 16 mL)
was slowly added. The resulting mixture was stirred at room temperature for 3 h. The resulting
mixture was then cooled to —78 °C and compound 140 (4.1 g, 20 mmol) in THF (100 mL) was
slowly added. The resulting mixture was stirred at room temperature for 1 h. The reaction
mixture was then quenched with acetone and Et,0, filtered through Celite and concentrated
under reduced pressure. The crude material was purified by flash chromatography (petroleum
ether 40-65/Et20, 8:2) to afford 5-ethylidene-2-(4-methoxyphenyl)-1,3-dioxane (143) as a
yellow solid (3.4 g, 15 mmol, 75%).

Rf = 0.51 (petroleum ether 40-65/Et,0, 8:2);

IH NMR (500 MHz, CDCl3) & = 7.44 — 7.38 (m, 2H, Ha), 6.92 — 6.86 (m, 2H, H3), 5.59 (s, 1H,
Hs), 5.48 (qdd, 3Jo.10 = 6.9 Hz, *J7.9 = 0.8 Hz, 1H, Hy), 4.87 (ddd, 2J77 = 13.0 Hz, “J77 = 0.8 Hz,
4377 = 0.8 Hz 1H, Hy), 4.54 — 4.47 (m, 1H, H7), 4.38 (dd, 277 = 12.5 Hz, “J79 = 1.6 Hz, 1H,
H7), 4.35 (d, 2J7.7 = 13.1 Hz, 1H, Hy), 3.80 (s, 3H, H1), 1.67 (dt, 3Jo.10 = 6.9 Hz, 5J7.10 = 1.6 Hz,
3H, Hio) ppm;

13C NMR (126 MHz, CDCl3) § = 160.1 (C, C2), 131.0 (C, Cs), 130.0 (C=C, Cg), 127.5 (CH,
Cs), 120.9 (C=C, Cy), 113.8 (CH, C3), 101.7 (CH, Cs), 72.6 (CH>, C7), 66.1 (CH2, C7), 55.4
(CHs, C1), 12.4 (CHs, C10) ppm;

HRMS (ESI*) C13H1603: 243.0872 (found m/z) [M+Na]* (calcd 243.0992);

IR (thin film) 2967, 2834, 1614 (C=C), 1517, 1386, 1246 (C-0), 1171, 1115 (C-O), 1073,
1031, 1011, 822 cm%;

m.p. 44-46 °C.
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Experimental

Preparation of Compounds (Z)-144 and (E)-144

DIBAL 3

OH

o PhMe, 0 °C, 2 h * o= 1N\ L 10
2 5 9 8 4

O, s

0 quant. 1 s 4 97% 10 O/\@ 1

143 144 4 o

(34 d]
d.r. 1.8:1.0 (E):(2) 3

144

Compound 143 (3.4 g, 15 mmol) was added to a flask, followed by PhMe (150 mL). The
resulting mixture was cooled to 0 °C and diisobutylaluminium hydride (DIBAL) (1.2 M in
PhMe, 23 mL) was slowly added. The resulting mixture was stirred at 0 °C for 2 h. The reaction
mixture was then quenched with MeOH. Sat. ag. Rochelle salt solution was added to the
reaction mixture and the resulting mixture was stirred for 16 h at room temperature until two
clear layers had formed. The aqueous layer was extracted with EtOAc. The combined organic
extracts were dried over brine, MgSOQg, filtered and concentrated under reduced pressure. The
crude material was purified by flash chromatography (petroleum ether 40-65/Et.O, 8:2) to
afford an inseparable diastereomeric mixture of 2-(((4-methoxybenzyl)oxy)methyl)but-2-en-
1-ol (144) as a pale yellow oil (3.4 g, 15 mmol, quant., d.r. 1.8:1.0 (E):(2)).

R = 0.28 (petroleum ether 40-65/Et20, 8:2);
(2)-2-(((4-methoxybenzyl)oxy)methyl)but-2-en-1-ol ((Z2)-144):

IH NMR (400 MHz, CDCl3) § = 7.30 — 7.22 (m, 2H, Hs)*, 6.91 — 6.85 (m, 2H, H3)!4, 5.71
(qtt, 3Jo10 = 6.9 Hz, “J79 = 1.0 Hz, “Jo11 = 1.0 Hz, 1H, Ho), 4.46 (s, 2H, He), 4.16 (t,
4J790=0.8 Hz, 2H, H7), 4.13 (q, “Jo11 = 1.1 Hz, 2H, Hu), 3.81 (s, 3H, H1), 1.66 (d,
33910 = 7.0 Hz, 3H, H1o) ppm;

13C NMR (101 MHz, CDCl3) 8 = 159.4 (C, C>), 136.0 (C=C, Csg), 130.3 (C, Cs), 129.5 (CH,
C4), 127.0 (CH, Cy), 114.0 (CH, C3), 72.4 (CH2, Cs), 67.4 (CH2, C11), 66.6 (CH2, C7), 55.4
(CHs, Cy1), 13.2 (CHs, C10) ppm;

(E)-2-(((4-methoxybenzyl)oxy)methyl)but-2-en-1-ol ((E)-144):

1H NMR (400 MHz, CDCls) & = 7.30 — 7.22 (m, 2H, Ha)'4, 6.91 — 6.85 (m, 2H, Hs)'4, 5.64 (qt,
3J9.10 = 6.9 Hz, 4370 = 0.8 Hz, 1H, Ho), 4.45 (s, 2H, H), 4.26 (s, 2H, H11), 4.06 (t, “J7.0 = 1.0 Hz,
2H, Hy), 3.80 (s, 3H, H1), 1.72 (d, 3Jg.10 = 7.0 Hz, 3H, Hi0) ppm;

14 Overlapping signals therefore not possible to accurately integrate, integrals shown are corrected.
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Experimental

13C NMR (101 MHz, CDCls) & = 159.4 (C, C»), 135.7 (C=C, Cs), 130.2 (C, Cs), 129.6 (CH,
Ca), 126.3 (CH, Cg), 114.0 (CH, Cs), 74.8 (CHa, C7), 72.1 (CHz, Cs), 59.9 (CHa, C11), 55.4
(CHs, C1), 13.3 (CHs, C10) ppm;

HRMS (ESI*) C1sH1803: 245.1155 [M+Na]* (calcd 245.1148);

IR (thin film) 3402 (O-H), 2932, 2859, 1612 (C=C), 1586, 1512, 1244 (C-0), 1173 (C-O),
1063 (C-0), 1032, 1007, 818 cm™*.

162



Experimental

Preparation of Compounds (E)-145 and (Z)-145

10

Dess—Martin periodinane % 9 o
= CH,Cl,,0°Ctort,1h HANF 10 H ”3/ 9
> 6 & 4 " 6 s 4
0 7o 3 7o 3
AW : »
O 4 ) 4 o

3 3

144 (E)-145 (2)-145
33% 61%
[1.14] [2.0 g]

Dess—Martin periodinane (223) (13 g, 31 mmol) was added to a flask, followed by CH2Cl;
(60 mL). The resulting mixture was cooled to 0 °C and compound 144 (3.3 g, 15 mmol, d.r.
1.8:1.0 (E):(2)) in CH2Cl (15 mL) was added to the flask. The resulting mixture was stirred at
0 °C for 30 min, followed by stirring at room temperature for 30 min. The reaction mixture
was then quenched with sat. ag. NaHCOz3. Sat. ag. Na2S>03 was added to the flask and the
resulting mixture was stirred until two clear layers had formed. The aqueous layer was
extracted with CH,Cl>. The combined organic extracts were dried over brine, MgSOs, filtered
and concentrated under reduced pressure. The crude material was purified by flash
chromatography  (petroleum  ether  40-65/Et;O, 8:2) to afford (E)-2-(((4-
methoxybenzyl)oxy)methyl)but-2-enal ((E)-145) as a pale yellow oil (1.1 g, 5.0 mmol, 33%)
and (2)-2-(((4-methoxybenzyl)oxy)methyl)but-2-enal ((Z)-145) as a pale yellow oil (2.0 g,
9.1 mmol, 61%).

(E)-2-(((4-methoxybenzyl)oxy)methyl)but-2-enal ((E)-145):
Rf = 0.16 (petroleum ether 40-65/Et20, 8:2);

'H NMR (500 MHz, CDCl3) 6 = 9.44 (s, 1H, H11), 7.31 — 7.22 (m, 2H, Ha), 6.92 — 6.86 (m,
2H, Hs), 6.82 (q, 3\]9,10 = 7.1 Hz, 1H, Ho), 4.44 (s, 2H, He), 4.21 (s, 2H, H7), 3.80 (s, 3H, Ha),
2.07 (d, 3J9.10 = 7.1 Hz, 3H, Hio) ppm;

13C NMR (126 MHz, CDCl3) = 193.8 (C=0, C1), 159.4 (C, C>), 154.7 (CH, Cy), 140.9 (C=C,
Cs), 130.4 (C, Cs), 129.6 (CH, Ca), 113.9 (CH, C3), 72.7 (CH2, Cs), 60.6 (CH2, C7), 55.4 (CHs,
C1), 15.4 (CHs, Cio) ppm;

HRMS (ESI¥) C13H1603: 243.1003 (found m/z) [M+Na]* (calcd 243.0992);

IR (thin film) 2953, 2923, 2853, 1685 (C=0), 1648 (C=C), 1612 (C=C), 1513, 1461, 1246 (C—
0), 1078 (C-O), 1034, 819 cm ™%,
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(2)-2-(((4-methoxybenzyl)oxy)methyl)but-2-enal ((2)-145):
R = 0.23 (petroleum ether 40-65/Et20, 8:2);

IH NMR (500 MHz, CDCl3) § = 10.16 (s, 1H, Hi1), 7.29 — 7.24 (m, 2H, H4), 6.90 — 6.82 (m,
3H, Hsyg), 4.48 (s, 2H, He), 4.12 (t, “J710 = 1.4 Hz, 2H, H7), 3.80 (s, 3H, Hi), 2.17 (dt,
83910 = 7.7 Hz, “J7.10 = 1.4 Hz, 3H, Hio) ppm;

13C NMR (126 MHz, CDCls) 6 = 190.0 (C=0, C11), 159.4 (C, C2), 145.4 (C=C, Cy), 137.4
(C=C, Cg), 130.3 (C, Cs), 129.5 (CH, Cy4), 113.9 (CH, C3), 72.8 (CH2, Cs), 67.2 (CH2, C7), 55.4
(CHs, Cy1), 13.1 (CHs, C10) ppm;

HRMS (ESI") C13H1603: 243.0995 (found m/z) [M+Na]* (calcd 243.0992);

IR (thin film) 2953, 2922, 2853, 1673 (C=0), 1612 (C=C), 1513, 1460, 1246 (C-0), 1098 (C—
0), 1034, 821 cm'™.,
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Experimental

Preparation of Compound (E)-146

LiHMDS, t-BuOAc 15

THF, 78 °C, 15 min 15* 9 M
HJ\(\ then (E)-145,-78t0 0 °C, 1 h 5 0)1‘3\)\8(\ 10
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13
o~ [1.34] o~

(E)-145 (2)-(E)-146

LiHMDS (1.0 M in THF, 7.5 mL, 7.5 mmol) and THF (30 mL) were added to a flask. The
resulting mixture was cooled to —78 °C and tert-butyl acetate (0.80 mL, 6.0 mmol) was slowly
added. The resulting mixture was stirred at —78 °C for 15 min. Compound (E)-145 (1.1 g,
5.0 mmol) in THF (20 mL) was then slowly added to the flask. The resulting mixture was
stirred at —78 °C for 15 min, followed by stirring at 0 °C for 45 min. The reaction mixture was
then quenched with sat. aq. NH4Cl. The aqueous layer was extracted with Et,O. The combined
organic extracts were dried over brine, MgSOs, filtered and concentrated under reduced
pressure. The crude material was purified by flash chromatography (petroleum ether 40—
65/Et20, 6:4) to afford tert-butyl (E)-3-hydroxy-4-(((4-methoxybenzyl)oxy)methyl)hex-4-
enoate ((E)-146) as a colourless oil (1.3 g, 3.9 mmol, 78%).

R = 0.36 (petroleum ether 40-65/Et,0, 6:4);

!H NMR (400 MHz, CDCl3) & = 7.33 — 7.23 (m, 2H, Ha), 6.93 — 6.84 (m, 2H, Hs), 5.79 (q,
839,10 = 6.9 Hz, 1H, Ho), 4.58 — 4.47 (m, 1H, H11), 4.45 (s, 2H, He), 4.16 — 4.07 (m, 2H, Hy),
3.81 (s, 3H, H1), 3.33 (d, 3J11,01 = 5.0 Hz, 1H, OH), 2.55 (d, %J11.12 = 8.0 Hz, 1H, H12), 2.54 (d,
331112 = 5.3 Hz, 1H, H12), 1.66 (d, 3Jo,10 = 7.0, 3H, Hio), 1.44 (s, 9H, H1s) ppm;

13C NMR (101 MHz, CDCls) 3 = 171.9 (C=0, C13), 159.5 (C, Cz), 136.7 (C=C, Cs), 130.3
(C, Cs), 129.6 (CH, Cu), 126.4 (CH, Cs), 114.0 (CH, Cs), 81.1 (C, C14), 72.4 (CHz, Ce), 72.3
(CH, C11), 65.1 (CHy, Cy), 55.4 (CHs, Cy), 42.2 (CH2, C12), 28.3 (CHs, Cis), 13.3 (CHs,
Ci0) ppm;

HRMS (ESI*) C19H280s: 359.1827 [M+Na]* (calcd 359.1829);

IR (thin film) 3480 (O—H), 2956, 2923, 2852, 1730 (C=0), 1613 (C=C), 1514, 1265 (C-O),
1249 (C-0), 1173 (C-O), 1152 (C-0), 738 cm L.
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Experimental

Preparation of Compound (Z)-146

LiHMDS, t-BuOAc 15 10
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\/

LiHMDS (1.0 M in THF, 28 mL, 28 mmol) and THF (75 mL) were added to a flask. The
resulting mixture was cooled to —78 °C and tert-butyl acetate (3.0 mL, 22 mmol) was slowly
added. The resulting mixture was stirred at —78 °C for 15 min. Compound (Z2)-145 (2.0 g,
9.1 mmol) in THF (15 mL) was then slowly added to the flask. The resulting mixture was
stirred at —78 °C for 15 min, followed by stirring at 0 °C for 5 h. The reaction mixture was then
quenched with sat. ag. NH4Cl. The aqueous layer was extracted with Et.O. The combined
organic extracts were dried over brine, MgSQg, filtered and concentrated under reduced
pressure. The crude material was purified by flash chromatography (petroleum ether 40—
65/Et20, 6:4) to afford tert-butyl (Z)-3-hydroxy-4-(((4-methoxybenzyl)oxy)methyl)hex-4-
enoate ((Z)-146) as a colourless oil (1.8 g, 5.4 mmol, 59%).

R = 0.43 (petroleum ether 40-65/Et,0, 6:4);

!H NMR (400 MHz, CDCl3) & = 7.32 — 7.21 (m, 2H, Ha), 6.92 — 6.84 (m, 2H, H3), 5.63 (dt,
8J9.10 = 7.0 Hz, *J79 = 1.2 Hz, *J79 = 0.6 Hz, 1H, Hy), 5.01 (ddd, 3J1112 = 9.0 Hz, 3J11.12 = 5.3 Hz,
8J110n = 5.2 Hz, 1H, Hui), 4.44 (s, 2H, He), 4.12 (ddt, 2J77 = 11.3 Hz, “Js7 = 1.1 Hz,
379 = 1.1 Hz, 1H, H7), 4.02 (dt, 2J77 = 11.2 Hz, “Js7 = 0.9 Hz, 1H, Hy), 3.80 (s, 3H, Hy), 3.34
(d, 3J11,01 = 5.6 Hz, 1H, OH), 2.70 (dd, 2J1212 = 15.3 Hz, %J11,12 = 9.1 Hz, 1H, H12), 2.41 (dd,
2J12.12 = 15.3 Hz, 21112 = 5.0, 1H, Hi2), 1.73 (ddd, 3J9.10 = 7.0 Hz, 33710 = 1.0 Hz, %J710 = 1.0 Hz,
3H, Hio), 1.45 (s, 9H, His) ppm;

13C NMR (101 MHz, CDCl3) 8 = 171.5 (C=0, C13), 159.5 (C, C»), 136.3 (C=C, Cs), 130.2 (C,
Cs), 129.6 (CH, Cs), 127.2 (CH, Cs), 114.0 (CH, Cs), 81.0 (C, C14), 72.5 (CHz, C7), 72.1 (CHa,
Cs), 66.5 (CH, C11), 55.4 (CHs3, C1), 42.3 (CH2, C12), 28.3 (CH3, Ci1s), 13.3 (CH3, C10) ppm;

HRMS (ESI*) C1oH2s0s: 359.1833 [M+Na]* (calcd 359.1829);

IR (thin film) 3486 (O—H), 2925, 2854, 1726 (C=0), 1613 (C=C), 1264 (C-O), 1248 (C-O),
1173 (C-0), 1151 (C-O), 1036, 735 cm ..
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Experimental
Preparation of Compound (E)-147
15
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Dess—Martin periodinane (223) (3.2 g, 7.1 mmol) was added to a flask, followed by CH2Cl;
(20 mL). The resulting mixture was cooled to 0 °C and compound (E)-146 (1.3 g, 3.9 mmol)
in CH2Cl2 (20 mL) was added to the flask. The resulting mixture was stirred at 0 °C for 30 min,
followed by stirring at room temperature for 1 h. The reaction mixture was then quenched with
sat. ag. NaHCO:s. Sat. aq. Na2S203 was added to the flask and the resulting mixture was stirred
until two clear layers had formed. The aqueous layer was extracted with CH2Cl,. The combined
organic extracts were dried over brine, MgSOs, filtered and concentrated under reduced
pressure. The crude material was purified by flash chromatography (petroleum ether 40—
65/Et20, 8:2) to afford keto and enol tautomers tert-butyl
(E)-4-(((4-methoxybenzyl)oxy)methyl)-3-oxohex-4-enoate  ((E)-147) and  tert-butyl
(2Z,4E)-3-hydroxy-4-(((4-methoxybenzyl)oxy)methyl)hexa-2,4-dienoate  ((E)-147") as a
colourless oil (1.2 g, 3.6 mmol, 92%).

R =0.31 (petroleum ether 40-65/Et,0, 8:2);

IH NMR (600 MHz, CDCl3) § = 12.41 (s, 1H, O-H")%, 7.29 — 7.23 (m, 2H, Hs4)*®, 6.94 (q,
8J9.10 = 7.1 Hz, 1H, Ho), 6.90 — 6.85 (m, 2H, H33)®, 6.79 (q, 3Jo.10 = 7.2 Hz, 1H, He)®, 5.22
(s, 1H, H12)™, 4.45 (s, 2H, He)™5, 4.44 (s, 2H, He), 4.25 (s, 2H, Hy), 4.12 (s, 2H, H7)*%, 3.81 (s,
3H, H1)™, 3.80 (s, 3H, Hi), 3.61 (s, 2H, H12), 1.95 (d, *Je10 = 7.1 Hz, 3H, Hio), 1.82 (d,
3J9.100 = 7.3 Hz, 3H, H10)'®, 1.50 (s, 9H, H1s)'®, 1.44 (s, 9H, His) ppm;

15 Integral corrected for enol tautomer, keto:enol tautomer ratio 14:1 in CDCls.
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Experimental

13C NMR (151 MHz, CDCl3) § = 193.4 (C=0, Cu1), 170.4 (C=0, Ciz), 167.2 (C=0, C1313),
159.4 (C, Cy2), 144.7 (CH, Cs), 138.7 (C=C, Cs), 135.6 (CH, Cs), 131.3 (C=C, Cs), 130.4 (C,
Css), 129.7 (CH, Cax), 113.94 (CH, Cz), 113.91 (CH, Cs), 89.6 (CH, C12), 81.8 (C, C1.14),
72.5 (CHy, Cs), 71.9 (CH2, Cs¢), 62.7 (CH2, C7), 62.1 (CH2, C7), 55.4 (CH3, C11), 46.7 (CHy,
C12), 28.5 (CHs, Cis), 28.1 (CHs3, Cis), 15.2 (CHs, Cuo), 14.4 (CHs, Cio) ppm;

HRMS (ESI") C19H260s: 359.1670 [M+Na]* (calcd 357.1672);

IR (thin film) 2977, 2931, 2865, 1731 (C=0), 1672 (C=0), 1612 (C=C), 1513, 1368, 1247 (C—
0), 1147 (C-0), 1077, 1034, 821 cm 2.,
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Preparation of Compound (Z)-147
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Dess—Martin periodinane (5.0 g, 12 mmol) was added to a flask, followed by CH,Cl, (30 mL).
The resulting mixture was cooled to 0 °C and compound (Z)-146 (1.8 g, 5.4 mmol) in CH2Cl;
(20 mL) was added to the flask. The resulting mixture was stirred at 0 °C for 30 min, followed
by stirring at room temperature for 4 h. The reaction mixture was then quenched with sat. ag.
NaHCO:s. Sat. ag. Na»S203 was added to the flask and the resulting mixture was stirred until
two clear layers had formed. The aqueous layer was extracted with CH2Cl,. The combined
organic extracts were dried over brine, MgSQOs, filtered and concentrated under reduced
pressure. The crude material was purified by flash chromatography (petroleum ether 40—
65/Et20, 9:1) to afford keto and enol tautomers tert-butyl
(2)-4-(((4-methoxybenzyl)oxy)methyl)-3-oxohex-4-enoate ~ ((Z)-147) and tert-butyl
(22,42)-3-hydroxy-4-(((4-methoxybenzyl)oxy)methyl)hexa-2,4-dienoate  ((2)-147') as a
colourless oil (1.3 g, 3.9 mmol, 72%).

R =0.31 (petroleum ether 40-65/Et,0, 9:1);

!H NMR (500 MHz, CDCl3) & = 12.41 (s, 1H, O-H")*®, 7.26 — 7.21 (m, 2H, Hs.4), 6.90 — 6.84
(m, 2H, H33), 6.14 (g, 3Je10 = 7.2 Hz, 1H, Hy), 6.00 (q, 3Jo 10 = 7.2 Hz, 1H, He)*®, 5.09 (s, 1H,
Hi12)'%, 4.44 (s, 2H, He)'®, 4.41 (s, 2H, Hs), 4.15 (s, 2H, H7), 4.06 (s, 2H, H7)'6, 3.80 (s, 3H,
H11), 3.56 (s, 2H, H1z), 1.99 (d, 3J78 = 7.2 Hz, 3H, Hio), 1.95 (d, 3J7.¢ = 7.2 Hz, 3H, Hio)™,
1.50 (s, 9H, His)'6, 1.44 (s, 9H, His) ppm;

16 Integral corrected for enol tautomer, keto:enol tautomer ratio 4:1 in CDCls.
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Experimental

13C NMR (126 MHz, CDCls) § = 196.2 (C=0, C11), 171.1 (C=0, Ci1), 166.9 (C=0, Ci3.13),
159.5 (C, C22), 140.0 (CH, Cs), 137.0 (C=C, Cs), 134.0 (CH, Cg), 132.4 (C=C, Cg), 129.9 (C,
Css), 129.7 (CH, Ca), 129.6 (CH, C4), 114.0 (CH, Cs), 113.9 (CH, Cs), 93.2 (CH, C12), 81.8
(C, C14.14), 71.83 (CH2, C7), 71.80 (CHa, Csg), 71.7 (CHz, C7), 55.4 (CH3, C11), 49.8 (CHs,
C12), 28.5 (CH3, Cis), 28.1 (CHs, C1s), 15.8 (CHs, C1o), 15.7 (CHs, Cig) ppm;

HRMS (ESI") C19H260s: 359.1670 [M+Na]* (calcd 357.1672);

IR (thin film) 2978, 2934, 2858, 1732 (C=0), 1693 (C=0), 1613 (C=C), 1513, 1367, 1247 (C—
0), 1153 (C-0), 1063, 1035, 821 cm' ™.
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Preparation of Compound (E)-148
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Compound (E)-147 (400 mg, 1.2 mmol) in CH2Cl2 (11 mL) was added to a flask, followed by
water (0.60 mL). The resulting mixture was cooled to 0 °C and
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) (410 mg, 1.8 mmol) was added. The
resulting mixture was stirred at room temperature for 2 h. The reaction mixture was then
quenched with sat. aq. NaHCOz3. The aqueous layer was extracted with CH2Cl». The combined
organic extracts were dried over brine, MgSQg, filtered and concentrated under reduced
pressure. The crude material was purified by flash chromatography (petroleum ether 40—
65/Et20, 4:6) to afford keto and enol tautomers tert-butyl
(E)-4-(hydroxymethyl)-3-oxohex-4-enoate ((E)-148) and tert-butyl
(2Z,4E)-3-hydroxy-4-(hydroxymethyl)hexa-2,4-dienoate ((E)-148') as a colourless oil
(190 mg, 0.89 mmol, 74%).

R = 0.43 (petroleum ether 40-65/Et,0, 4:6);

H NMR (400 MHz, CDCl3) & = 12.52 (s, 1H, O-H"/, 6.83 (¢, 378 = 7.1 Hz, 1H, H7), 6.65
(0, 3Jrg = 7.3 Hz, 1H, H7)Y, 5.28 (s, 1H, Ha)Y, 4.36 (s, 2H, Ho), 4.34 (s, 2H, Hg)'’, 3.62 (s,
2H, Ha), 2.52 (s, 1H, O-H), 1.99 (d, 3375 = 7.1 Hz, 3H, Hs), 1.90 (d, 3J7.¢ = 7.3 Hz, 3H, Hs)",
1.50 (s, 9H, H1)Y, 1.45 (s, 9H, H1) ppm;

13C NMR (101 MHz, CDCl3) § = 195.7 (C=0, Cs), 166.9 (C=0, Cs), 142.7 (C=C, C7), 140.9
(CH, Ce), 82.2 (C, C2), 56.8 (CHz, Co), 46.4 (CHz, Ca), 28.1 (CHs, C1), 14.8 (CHs, Cs) ppm;

7 Integral corrected for enol tautomer, keto:enol tautomer ratio 30:1 in CDCls.
18 Due to the low ratio of the enol tautomer (keto:enol 30:1 in CDCls), only the signals of the keto tautomer are
described.
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HRMS (ESI*) C11H1s04: 237.1084 [M+Na]* (calcd 237.1097);

IR (thin film) 3441 (O—H), 2977, 2933, 1729 (C=0), 1393, 1254, 1151 (C-O), 1026, 843 cm ™.
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Preparation of Compound (Z)-148
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Compound (Z)-147 (410 mg, 1.2 mmol) in CH2Cl> (11 mL) was added to a flask, followed by
water (0.60 mL). The resulting mixture was cooled to 0 °C and
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) (420 mg, 1.9 mmol) was added. The
resulting mixture was stirred at room temperature for 2 h. The reaction mixture was then
quenched with sat. ag. NaHCOs. The aqueous layer was extracted with CH2Cl,. The combined
organic extracts were dried over brine, MgSQg, filtered and concentrated under reduced
pressure. The crude material was purified by flash chromatography (petroleum ether 40—
65/Et20, 6:4) to afford keto and enol tautomers tert-butyl
(2)-4-(hydroxymethyl)-3-oxohex-4-enoate ((2)-148) and tert-butyl
(22,42)-3-hydroxy-4-(hydroxymethyl)hexa-2,4-diencate ((Z)-148') as a colourless oil
(210 mg, 0.98 mmol, 82%).

R = 0.28 (petroleum ether 40-65/Et20, 6:4);

1H NMR (400 MHz, CDCl3) § = 12.51 (s, 1H, O-H")*°, 6.21 (q, 3J7s = 7.3 Hz, 1H, Hy), 6.00
(q, 3378 = 7.2 Hz, 1H, H7)'°, 5.08 (s, 1H, H4)®, 4.29 (s, 2H, Ho), 4.22 (s, 2H, Hg)'°, 3.62 (s,
2H, Hs), 1.97 (d, 3375 = 7.4 Hz, 3H, Hs), 1.92 (d, 3J7¢ = 7.2 Hz, 3H, Hg)*®, 1.51 (s, 9H, H1)*°,
1.46 (s, 9H, H1) ppm;

13C NMR (101 MHz, CDCl3) § = 196.9 (C=0, Cs), 172.9 (C=0, C3), 170.7 (C=0, Cs), 167.0
(C=0, Cs), 140.0 (C=C, Cs), 138.6 (CH, C7), 135.1 (C=C, Cg), 132.8 (CH, C7), 93.7 (CH, C4),
82.3 (C, C2), 81.4 (C, Cz), 65.9 (CH2, Cg), 65.7 (CHz, Co), 50.3 (CHz, Cs), 28.5 (CHs, C1),
28.1 (CHs, C1), 15.9 (CHs, Cg), 15.7 (CHs, Cg) ppm;

9 Integral corrected for enol tautomer, keto:enol tautomer ratio 3:1 in CDCls.
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HRMS (ESI*) C11H1804: 237.1075 [M+Na]* (calcd 237.1097);

IR (thin film) 3433 (O-H), 2978, 2931, 1729 (C=0), 1689 (C=0), 1624 (C=C), 1393, 1317,
1249, 1149 (C-0), 1001, 838 cm ™.
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Preparation of Compound (Z)-150

Compound (Z)-148 (21 mg, 98 umol) in THF (1.0 mL) was added to a flask. The resulting
mixture was cooled to —78 °C and LiHMDS (1.0 M in THF, 0.20 mL, 0.20 mmol) was slowly
added. The resulting mixture was stirred for 15 min. Di-tert-butyl dicarbonate (Boc.O) (60 pL,
0.26 mmol) was then added and the resulting mixture was stirred at —78 °C for 15 min, followed
by at 0 °C for 1 h and at room temperature for 18 h. The reaction mixture was then quenched
with sat. aq. NH4ClI. The aqueous layer was extracted with Et,O. The combined organic extracts
were dried over brine, MgSQsg, filtered and concentrated under reduced pressure. The crude
material was purified by flash chromatography (petroleum ether 40-65/Et>0O, 19:1) to afford
keto and enol tautomers di-tert-butyl (Z)-2-(2-(((tert-butoxycarbonyl)oxy)methyl)but-2-
enoyl)malonate ((2)-150) and di-tert-butyl (Z)-2-(2-(((tert-butoxycarbonyl)oxy)methyl)-1-
hydroxybut-2-en-1-ylidene)malonate ((Z)-150") as a colourless oil (17 mg, 41 umol, 42%).

o O
iow
OH
(2)-148

Experimental

LIHMDS, Boc,0
THF, =78 °Ctort, 18 h

h

42%
[17 mg]

Rt = 0.56 (petroleum ether 40-65/Et,0, 19:1);

1H NMRZ (600 MHz, CDCls) § = 6.11 (q, 3J76 = 7.2 Hz, 1H, Hy), 5.60 (s, 1H, Ha), 4.59 (s,
2H, Ho), 1.92 (d, 3378 = 7.2 Hz, 3H), 1.52 (s, 9H, H12), 1.47 (s, 18H, H11s) ppm;

13C NMR? (151 MHz, CDCl3) § = 163.3 (C=0, Cs), 154.1 (C=0, Can3)?*, 153.3 (C=0, Cuo),
149.8 (C=0, Can3)?*, 136.4 (C=C, Cv), 130.3 (C=C, C¢), 112.9 (CH, C4), 83.8 (CH3, C11), 82.4

20 Due to the low ratio of the enol tautomer (keto:enol 25:1 in CDCls), only the signals of the keto tautomer are

described.

2L Not possible to differentiate between the two C atoms.
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Experimental
(CHs, C2s14)*, 80.9 (CHs, C2114)**, 68.5 (CH2, Cg), 28.3 (CH3, Cu/15)*, 27.9 (CHs, C1i15)**, 27.8
(CHs, C12), 15.5 (CHs3, Cg) ppm;
HRMS (ESI*) CaiHs4Og: 437.2171 [M+Na]* (calcd 437.2146);

IR (thin film) 2980, 2934, 1762 (C=0), 1742 (C=0), 1718 (C=0), 1649 (C=C), 1275, 1254,
1160 (C-0), 1138 (C-O), 1109, 860 cm ™.
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Preparation of Compound 152

j’ﬁ(cﬁ

(#)-96

Triphenylphosphine (1.8 g, 6.9 mmol) was added to a flask, followed by compound 96
(660 mg, 5.8 mmol), THF (47 mL) and acetic acid (AcOH) (0.93 mL, 16 mmol). The resulting
mixture was cooled to 0 °C and diisopropyl azodicarboxylate (DIAD) (1.4 mL, 7.0 mmol) was
added dropwise. The resulting mixture was stirred for 1 h at 0 °C. The reaction mixture was
then concentrated under reduced pressure. The residue was diluted with sat. ag. NaHCO3z and
the aqueous layer was extracted with Et.O. The combined organic extracts were dried over
brine, MgSOsa, filtered and concentrated under reduced pressure. The residue was triturated
(petroleum ether 40-65/Et,0, 95:5), filtered and concentrated under reduced pressure. The
crude material was purified by flash chromatography (petroleum ether 40-65/EtOAc, 7:3)
followed by Kugelrohr distillation (7 x 10 mbar, 160 °C to 6 x 102 mbar, 200 °C) to afford
(E)-2-acetylbut-2-en-1-yl acetate (152) as a colourless oil (370 mg, 2.4 mmol, 41%).

Experimental

PPhg, AcOH o
DIAD, THF 4
0°C,1h . )21}(\ 5
—_—
6
0
41%
7
(870 mg] A

8
152

R = 0.35 (petroleum ether 40-65/EtOAc, 7:3);

IH NMR (400 MHz, CDCls) & = 7.00 (q, 3Jas = 7.1, 1H, Ha), 4.85 (s, 2H, Hs), 2.33 (s, 3H,

H1), 2.02 (s, 3H, Hg), 1.99 (d, 3J45 = 7.1, 3H, Hs) ppm;

13C NMR (101 MHz, CDCls) § = 197.9 (C=0, Cy), 171.0 (C=0, Cy), 144.6 (C=C, Cy), 137.6
(C=C, Cs), 56.9 (CHz, Cs), 25.7 (CHs, C1), 21.0 (CHs, Cs), 15.1 (CH3, Cs) ppm;

MS (EI-GCMS) m/z (%) = 141 (1), 113 (100), 97 (8);

IR (thin film) 2954, 2923, 1738 (C=0), 1673 (C=0), 1369, 1231 (C-0), 1026 cm™*.
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Preparation of Compound 160

methyl chloroformate o

DMAP, pyridine 8
O OH 0°C,1h o 0)7]\0/
- 3 4
20% 172 5
[18 mg] 6
(¥)-96 (+)-160

Compound 96 (54 uL, 0.50 mmol) was added to a flask, followed by CH2Cl> (0.42 mL). The
resulting mixture was cooled to 0 °C and methyl chloroformate (60 uL, 0.78 mmol),
4-dimethylaminopyridine (DMAP) (6.1 mg, 0.050 mmol) and pyridine (50 pL, 0.62 mmol)
were added. The resulting mixture was stirred for 1 h at 0 °C. The reaction mixture was then
quenched with 1.0 M ag. HCI. The aqueous layer was extracted with Et.O. The combined
organic extracts were dried over brine, MgSQg, filtered and concentrated under reduced
pressure. The crude material was purified by flash chromatography (petroleum ether 40—
65/Et20, 8:2) to afford methyl (3-methylene-4-oxopentan-2-yl) carbonate (160) as a colourless
oil (18 mg, 0.10 mmol, 20%).

R = 0.33 (petroleum ether 40-65/Et,0, 8:2);

IH NMR (600 MHz, CDCl3) & = 6.13 (s, 1H, He), 6.07 (d, *Jas = 1.2 Hz, 1H, He), 5.63 (qd,
3J4,5 =6.5Hz, 4J4,6 = 1.2 Hz, 1H, Hy), 3.76 (s, 3H, Hg), 2.35 (s, 3H, H1), 1.38 (d, 3.]4,5 =6.5 Hz,
3H, Hs) ppm;

13C NMR (151 MHz, CDCl3) § = 197.9 (C=0, Cy), 154.9 (C=0, Cy), 149.1 (C=C, Cs), 124.7
(C=C, Cs), 71.6 (CH, Ca), 54.9 (CHs, Cs), 26.1 (CHs, C1), 20.8 (CHs, Cs) ppm:

HRMS (ESI*) CsH1204: 195.0654 (found m/z) [M+Na]* (calcd 195.0646);

IR (thin film) 2959, 2920, 2851, 1747 (C=0), 1677 (C=0), 1262 (C-O), 1076 cm™*.
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Preparation of Compound 162

Non-stereoselective method:

/\/OH
Z cl
87
A( O cl 13 14
o4~/ [PA(PPhy),], Et;B o
N THF, 50 °C, 16 h i >\_ 12
—_— 17 %ﬁo 15 N
1
52% (60% brsm) 4 10
N\ [12 mg] TN a0
H 6 AN 19
7 N
94 (£)-162

[Pd(PPhs)s] (4.7 mg, 4.1 umol) was added to a flask, followed by compound 94 (21 mg,
62 pmol) in THF (1.0 mL), EtsB (1.0 M in hexanes, 70 uL, 70 umol) and allyl alcohol (87)
(12 uL, 180 pumol). The resulting mixture was stirred at 50 °C for 16 h. The reaction mixture
was then diluted with EtOAc and washed with sat. ag. NaHCOs. The organic layer was dried
over brine, MgSOs, filtered and concentrated under reduced pressure. The crude material was
purified by flash chromatography (petroleum ether 40-65/Et,O, 6:4) to afford tert-butyl
(2-(3-allyl-3H-indol-3-yl)ethyl)(3-chloropropyl)carbamate (162) as a colourless oil (12 mg,
32 umol, 52%, 60% brsm).

Enantioselective method:

4¢>\V,OH
87 cl

5( o ol [Pdy(dba)3*CHCI3] 14 resmmmmeeemnseesinnieeesssies s '
o—/< _/_/ (S.5)-L4, Et;B o 1 : o] 0
N CH,Cly, 1t, 2 h 17 12 : :

17 —\16 >1?N ;

: N N
Q_f_/ il oA : PP|: Pkr: P
\ iy 17 5_2%10(_ 4 : 2 2
N [23 ma] PN =2 (S.5)-L4

e.r. 67:33 6
H

94 162

[Pd2(dba)z*CHClz] (2.4 mg, 2.3 umol) and (S,S)-DACH-naphthyl Trost Ligand L4 (4.5 mg,
6.5 umol) were added to a flask, followed by compound 94 (21 mg, 62 pmol) in CH2Cl>
(0.6 mL). The resulting mixture was stirred at room temperature for 15 min. EtsB (1.0 M in
hexanes, 80 pL, 80 umol) was then added to the flask and the resulting mixture was stirred for
a further 5 min. Allyl alcohol (87) (12 pL, 180 pumol) was then added to the flask and the
resulting mixture was stirred for 2 h. The reaction mixture was then quenched with EtOAc and
ag. NaOH (2.0 M). The resulting mixture was stirred for 2 h. The organic layer was separated
and washed with sat. aq. Na2COg, dried over brine, MgSOsa, filtered and concentrated under

reduced pressure. The crude material was purified by flash chromatography
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(petroleum ether 40-65/Et.0, 6:4) to afford tert-butyl (R)-(2-(3-allyl-3H-indol-3-yl)ethyl)(3-
chloropropyl)carbamate (162) as a colourless oil (23 mg, 61 umol, 98%, e.r. 67:33).

R = 0.23 (petroleum ether 40-65/Et,0, 6:4);

IH NMR (400 MHz, CDCls) & 8.04 (s, 1H, Hy), 7.63 (d, 3Jas = 7.7 Hz, 1H, Ha), 7.44 — 7.22
(M, 3H, Hss7), 5.56 — 5.35 (M, 1H, Hig), 5.12 — 4.90 (M, 2H, Hao), 3.43 (s, 2H, H14), 3.28 —
2.90 (M, 2H, H12)?, 2.89 — 2.55 (m, 2H, H12)®, 2.51 (d, 3J1s.10 = 7.7 Hz, 2H, Hus), 2.36 — 2.14
(M, 1H, Hio), 2.14 — 2.02 (m, 1H, Hao), 1.82 (s, 2H, Hi3), 1.42 (s, 9H, H17)? ppm;

13C NMR (101 MHz, CDCl3) § 177.4 (C=0, Cis),155.5 (C, Cs), 140.8 (C, Cy), 132.2 (C=C,
C19), 128.3 (CH, Cs), 126.5 (CH, Cs), 122.1 (CH, C7), 121.6 (CH, C4), 119.1 (CH,, C=C), 80.0
(C-O, C1s), 60.1 (C, Cs), 45.1 (CHa, C12), 43.6 (CHa, C11), 42.5 (CH2, Cia), 32.7 (CHz, Cio),
31.6 (CH2, C13), 28.6 (CHs, C17) ppm;

HRMS (ESI*) Ca1H2oCIN,05: 377.2005 [M+H]* (calcd 377.1990);

IR (thin film) 2956, 2924, 2854, 1690 (C=0), 1455, 1415, 1366, 1159 (C-0O), 770 (C-Cl), 754
(C—CI), 535 cm™;

[a]2° +2.1 (c 0.9, CHCl3);

HPLC (Chiralpak AD-H, n-hexane/i-PrOH (10:1), 1.0 mL-min!, A 254 nm):

tRmajor =6.671 min, tRminor = 7.336 min.

22 Corrected integral.
2 Qverlapping signals therefore not possible to accurately integrate, integrals shown are corrected.
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Preparation of Compound 165

Compound 165 was prepared according to a literature procedure. 246!

1-octene, THF (\/\/\/

0°Ctort, 4h B

t& quant.
124

1-Octene (10 mL, 64 mmol) was added to a flask. The solution was cooled to 0 °C and
9-borabicyclo[3.3.1]nonane (9-BBN) (224) (0.50 M in THF, 100 mL, 50 mmol) was added.

The resulting mixture was stirred at room temperature for 4 h. The reaction was then

165

concentrated under reduced pressure under inert conditions to give crude
9-octyl-9-borabicyclo[3.3.1]nonane (9-BBN-octyl) (165) as a colourless oil (12 g) which was

directly used without purification.

As compound 165 is pyrophoric, analytical data were not collected.
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Preparation of Compound 164

Non-enantioselective method:

O OH

a8

+)-!
N o o (+)-06 X
o—/< _/_/ [Pd(PPh3),], Et;B o
N THF, 50 °C, 15 h

17 12
1
67% (86% brsm) 40l 18 P2
N\ [290 mg] y 9 4 19
20
H e 22 o
7 8 N7 21
94 (£)-164

[Pd(PPhs)s] (60 mg, 0.052 mmol) was added to a flask at room temperature, followed by
compound 94 (340 mg, 1.0 mmol) in THF (1.3 mL) and Et:B (1.0 M in THF, 3.6 mL,
3.6 mmol). The resulting mixture was stirred at 50 °C. Compound 96 (0.22 mL, 2.0 mmol) in
THF (1.3 mL) was then added dropwise over 2.5 h. The resulting mixture was stirred at 50 °C
for 15 h. The reaction mixture was then diluted with EtOAc and washed with sat. aq. NaHCOa.
The aqueous layer was extracted with EtOAc. The combined organic extracts were dried over
brine, MgSOs, filtered and concentrated under reduced pressure. The crude material was
purified by flash chromatography (petroleum ether 40-65/Et,O, 2:8) to afford tert-butyl
(E)-(2-(3-(2-acetylbut-2-en-1-yl)-3H-indol-3-yl)ethyl)(3-chloropropyl)carbamate (164) as a
colourless oil (290 mg, 0.67 mmol, 67%, 86% brsm).

Enantioselective method:

O OH

A( (£)-96 14 e
13

o cl ; :

o4~/ [Pdy(dba)g], (RR)-L3 o E 2 o i

N 9-BBN-octyl, THF, rt, 15 h " 12 : & :

>~N 23 H N N :

> LW : H H :

{ 42% s sl P2 i PPh,  Ph,P :

9 19 H

N 6 I ( .
H 2

[180 mg]

e.r.91:9 2052 e e

7 8 N/ 21
% 164
[Pd2(dba)z] (24 mg, 0.025 mmol), (R,R)-DACH phenyl Trost ligand L3 (53 mg, 0.077 mmol)
and compound 94 (340 mg, 1.0 mmol) were added to a flask at room temperature, followed by
THF (4.8 mL). The resulting mixture was stirred for 15 min. 9-BBN-octyl (165) (840 mg,
3.6 mmol) was added and the resulting mixture was stirred for a further 5 min. Compound 96
(0.22 mL, 2.0 mmol) in THF (1.3 mL) was then added dropwise over 2.5 h. The resulting

mixture was stirred at room temperature for 15 h. The reaction mixture was then diluted with
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EtOAc and washed with sat. ag. NaHCOs. The aqueous layer was extracted with EtOAc. The
combined organic extracts were dried over brine, MgSQOs, filtered and concentrated under
reduced pressure. The crude material was purified by flash chromatography (petroleum ether
40-65/Et20, 2:8) to afford tert-butyl
(R,E)-(2-(3-(2-acetylbut-2-en-1-yl)-3H-indol-3-yl)ethyl)(3-chloropropyl)carbamate (164) as a
colourless oil (180 mg, 0.42 mmol, 42%, e.r. 91:9).

R = 0.35 (petroleum ether 40-65/Et,0, 2:8);

!H NMR (600 MHz, CDCl3) 8 =7.96 — 7.82 (m, 1H, H2), 7.49 (d, 3J45 = 5.7 Hz, 1H, Ha), 7.33
—7.26 (M, 2H, He+7), 7.19 (dd, 3Js6 = 7.5 Hz, 3J45 = 7.5 Hz, 1H, Hs), 6.44 (app. s, 1H, Hz2),
3.38 (app. s, 2H, Hu4), 3.19 — 2.94 (m, 2H, H12)**, 3.06 (d, 2J1818 = 13.2 Hz, 1H, Has), 2.94 —
2.84 (M, 1H, Hg), 2.81 — 2.45 (m, 2H, Hi1), 2.34 —2.17 (M, 1H, Hao), 2.17 — 2.07 (m, 1H, Hio),
2.00 — 1.84 (m, 3H, Hz1), 1.86 — 1.68 (m, 2H, H13), 1.49 (d, 3J22.23 = 7.1 Hz, 3H, Ha3), 1.38 (s,
9H, H17)?® ppm;

13C NMR (151 MHz, CDCl3) & = 200.1 (C=0, Czy), 177.7 (C=C, C2), 155.5 (C, Cs), 155.2
(C=0, Cis), 140.5 (C=C, C2)?*, 140.2 (C=C, C22)?, 139.8 (C, Cy), 138.3 (C=C, Cu), 128.2
(CH, Cg), 126.0 (CH, Cs), 123.2 (CH, C7)%, 123.0 (CH, C7)%, 121.1 (CH, C4), 79.8 (C-O, Cas),
61.4 (C, C3)%, 61.2 (C, C3)®, 44.9 (CHg, C12), 43.5 (CH2, C11), 42.4 (CH2, C14)%, 42.2 (CH,
C12)%, 33.9 (CH2, C10)%, 33.4 (CH2, C10)%, 31.6 (CH2, C13)%, 31.3 (CH2, C13)%, 30.4 (CH,
Cig), 28.5 (CHs3, C17), 25.5 (CHs, C21), 15.6 (CHs, C23) ppm;

HRMS (ESI*) C24H34CIN2Os: 433.2263 [M+H]* (calcd 433.2252), 455.2088 [M+Na]*
(calcd 455.2072);

IR (thin film) 2954, 2922, 2869, 2853, 1691 (C=0), 1670 (C=0), 1458, 1161 (C-O), 737 (C—
Chem™;

[a]2° —37 (c 0.50, CHCls);

HPLC (Chiralpak AD-H, n-hexane/i-PrOH (9:1), 05 mL-min?, A 254 nm):
trRminor = 36.016 min, tRmajor = 38.059 min.

24 Overlapping signals therefore not possible to accurately integrate, integrals shown are corrected.
% Corrected integral.
% peaks in 3C NMR spectrum are split due to the presence of N-Boc rotamers.
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Preparation of Compound 166

Method A
cl cl
14
13
+-BuOK o
le) . 17 12
>_N THF, -78 °C, 1 h " )15‘” 23
o ——— (¢] 1
Y 83% 5 410 18 22
[150 mg] 9
d.r. >20:1 6 (o}
(e}
N/ 7 8°N 21
164 166

t-BuOK (79 mg, 0.71 mmol) was added to a flask, followed by THF (4.4 mL). The resulting
mixture was cooled to -78 °C and compound 164 (180 mg, 0.42 mmol) was added dropwise in
THF (4.0 mL). The solution was stirred at -78 °C for 1 h. The reaction mixture was allowed to
warm to room temperature and then quenched with sat. ag. NH4Cl. The aqueous layer was
extracted with EtOAc. The combined organic extracts were dried over brine, MgSQyg, filtered
and concentrated under reduced pressure. The crude product was purified by flash
chromatography (6:4 petroleum ether: Et,O) to afford tert-butyl (3-chloropropyl)(2-
((4aR,9aS,E)-3-ethylidene-2-0x0-1,2,3,4,9,9a-hexahydro-4aH-carbazol-4a-yl)ethyl)carbamate
(166) as a viscous colourless oil (150 mg, 0.35 mmol, 83%, d.r. >20:1).

Method B

Non-enantioselective method:

O OH

a8

(£)-96 o

[PA(PPhs)], EtsB "
A( o cl THF, 50 °C, 15 h

o—/< _/_/ then t-BuOK f
N -78°C,1h 23

% »EN
48% (68% brsm) 5 410 18 g 22
) 21 ml O @
N

d.r. >20:1

NH21

% (£)-166
[Pd(PPhs)4] (7.2 mg, 6.2 umol) was added to a flask, followed by compound 94 (35 mg, 0.10
mmol) in THF (0.25 mL) and Et3B (1.0 M in THF, 0.36 mL, 0.36 mmol). The resulting mixture
was stirred at 50 °C. Compound 96 (22 pL, 0.20 mmol) in THF (0.25 mL) was then added
dropwise over 2.5 h. The resulting mixture was stirred at 50 °C for 15 h. The resulting mixture
was cooled to -78 °C and t-BuOK (65 mg, 0.58 mmol) was added to the flask. The solution
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was stirred at -78 °C for 1 h. The reaction mixture was allowed to warm to room temperature
and then quenched with sat. ag. NH4Cl. The reaction mixture was washed with sat. aqg.
NaHCOz. The aqueous layer was extracted with EtOAc. The combined organic extracts were
dried over brine, MgSOs, filtered and concentrated under reduced pressure. The crude product
was purified by flash chromatography (petroleum ether 40-65/Et,0, 4:6) to afford tert-butyl
(E)-(3-chloropropyl)(2-(3-ethylidene-2-0x0-1,2,3,4,9,9a-hexahydro-4aH-carbazol-4a-
yl)ethyl)carbamate (166) as a colourless oil (21 mg, 0.48 mmol, 48%, 68% brsm, d.r. >20:1).

Enantioselective method:

O OH

a8

(£)-96

[Pdy(dba)s], (R,R)-L3 14
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[Pd2(dba)z] (2.8 mg, 3.1 umol), (R,R)-DACH phenyl Trost ligand L3 (5.9 mg, 8.5 umol) and
compound 94 (34 mg, 0.10 mmol) were added to a flask, followed by THF (0.48 mL). The
resulting mixture was stirred for 15 min. 9-BBN-octyl (165) (88 mg, 0.38 mmol) was added
and the resulting mixture was stirred for a further 5 min. Compound 96 (22 pL, 0.20 mmol) in
THF (0.13 mL) was then added dropwise over 2.5 h. The resulting mixture was stirred at room
temperature for 15 h. The resulting mixture was cooled to -78 °C and t-BuOK (71 mg,
0.63 mmol) was added to the flask. The solution was stirred at -78 °C for 1 h. The reaction
mixture was allowed to warm to room temperature and then quenched with sat. ag. NH4CI. The
reaction mixture was washed with sat. ag. NaHCOz3. The aqueous layer was extracted with
EtOAc. The combined organic extracts were dried over brine, MgSOs, filtered and
concentrated under reduced pressure. The crude product was purified by flash chromatography
(petroleum ether 40-65/Et20O, 4:6) to afford tert-butyl (3-chloropropyl)(2-((4aR,9aS,E)-3-
ethylidene-2-oxo0-1,2,3,4,9,9a-hexahydro-4aH-carbazol-4a-yl)ethyl)carbamate (166) as a
colourless oil (8.2 mg, 0.19 mmol, 19%, e.r. 91:9, d.r. >20:1).
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R = 0.39 (petroleum ether 40-65/Et,0, 4:6);

IH NMR (600 MHz, CDCl3) & = 6.97 (d, 3Jas = 7.4 Hz, 1H, Ha), 6.94 (app. s, 1H, Hs), 6.64
(dd, 3Jas = 6.9 Hz, 3Js56 = 6.9 Hz, 1H, Hs), 6.59 (app. s, 1H, H2,), 6.43 (app. s, 1H, Hy), 4.13
(app. d, 1H, H2)?’, 3.86 (s, 1H, N-Hy1), 3.47 (t, 3J13.14 = 6.1 Hz, 2H, Hia), 3.42 — 3.32 (m, 1H,
His), 3.23 (app. s, 3H, Hi1, Hi2) 2.97 — 2.86 (m, 1H, Has), 2.83 (d, 3J221 = 14.5 Hz, 1H, Hx),
2.76 (dd, 211,11 = 15.3 Hz, J10.11 = 4.1 Hz, 1H, H11), 2.63 — 2.50 (m, 2H, Hi1, H21), 2.08 —1.98
(m, 1H, Hio), 1.90 (app. s, 3H, Hio, H1s) , 1.54 (app. s, 3H, H23), 1.42 (s, 9H, Hi7) ppm;

13C NMR (151 MHz, CDCl3) § = 199.1 (C=0, C20)%, 198.8 (C=0, C20)*, 155.4 (C=0, C1s),
150.0 (C, Cg), 134.0 (C=C, C2), 132.3 (C, Cy), 132.0 (C=C, C19), 128.3 (CH, Cg), 122.7 (CH,
Cs), 118.6 (CH, Cs), 108.9 (CH, C7), 79.8 (C-0O, Cis), 60.4 (CH, Cy), 48.3 (C, C3), 44.9 (CHy,
C12)%, 44.3 (CH2, C12)?%, 44.2 (CH2, C11), 43.7 (CH2, C1s), 42.6 (CH2, C14)%8, 42.4 (CH2, C14)%8,
39.6 (CH2, C10)%, 39.2 (CH2, C10)?, 35.8 (CH2, C21)%, 35.5 (CH2, C21)%, 31.8 (CHa, C13)%,
31.5 (CHz, C13)%, 28.5 (CHs, C17), 13.4 (CH_2, C23) ppm;

HRMS (ESI*) C24HssCIN2Os: 433.2244 [M+H]* (calcd 433.2252), 455.2076 [M+Na]* (calcd
455.2072);

IR (thin film) 3367 (N-H), 2954, 2923, 2869, 2853, 1691 (C=0), 1634, 1607 (C=C), 1463,
1377, 1366, 1162 (C-0), 741 (C-CI) cm™%;

[a]2° 60 (c 0.50, CHCl5).

27 peak in 'H NMR spectrum is split in a 1:1 ratio due to the presence of N-Boc rotamers.
28 peaks in 3C NMR spectrum are split due to the presence of N-Boc rotamers.
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Preparation of Compound 169

cl cl
14
13
0 PAIC,Hy(1atm) 17 O Yy
" MeOH, rt, 24 h 6 DN
%‘O %‘O 1 22
88% 4 40 18 ~— 23

Y%
[180 mg] 9
(o) d.r. 2.0:1.0 6 (o)

(£)-166 (£)-169

Palladium 10 wt.% on activated carbon (17 mg) was added to a flask, followed by
compound 166 (210 mg, 0.48 mmol) in MeOH (4.8 mL). The flask was evacuated and flushed
with hydrogen. The resulting mixture was vigorously stirred under a hydrogen atmosphere
(1 atm) at room temperature for 24 h. The reaction mixture was filtered through Celite and
concentrated under reduced pressure. The crude product was purified by flash chromatography
(petroleum ether 40-65/Et>0, 4:6) to afford an inseparable diastereomeric mixture of tert-butyl
(3-chloropropyl)(2-(3-ethyl-2-0x0-1,2,3,4,9,9a-hexahydro-4aH-carbazol-4a-
yl)ethyl)carbamate (169) as a colourless oil (180 mg, 0.42 mmol, 88%, d.r. 2.0:1.0)%*

Rt = 0.33 (petroleum ether 40-65/Et20, 4.6);
Major diastereomer:

H NMR (400 MHz, CDCl3, 50 °C) § = 7.09 — 6.98 (m, 3H, Ha)*, 6.77 —6.69 (m, 1H, Hs)*,
6.59 (d, %Js7 = 7.6 Hz, 1H, H7), 3.99 (app. s, 1H, Hy), 3.85 (s, 1H, N-H1)%®, 3.49 (t,
831314 = 6.4 Hz, 3H, H12)*, 3.30 — 3.22 (m, 3H, H12)*, 3.42 — 3.19 (m, 1H, H11)*, 3.11 - 2.89
(m, 1H, H11)*, 2.57 (dd, 3J221 = 5.9 Hz, 33221 = 2.1 Hz, 2H, Ha1,21), 2.35 — 2.20 (M, 1H, Hig),
2.17-1.83 (m, 7H, H1018)*°, 1.79 — 1.69 (m, 1H, Hz2), 1.44 (s, 9H, H17)®, 1.31 - 1.21 (m, 1H,
Hzz), 0.88 (dd, 332223 = 7.4 Hz, 332223 = 7.4 Hz, 3H, Ha3) ppm;

13C NMR (101 MHz, CDCls, 50 °C) § = 211.3 (C=0, Ca), 155.4 (C=0, Cis), 148.9 (C, Cs),
134.6 (C, Co), 128.2 (CH, Cs), 122.9 (CH, C4), 119.3 (CH, Cs), 109.9 (CH, C), 79.8 (C-O,
Cis), 63.5 (CH, C2), 47.3 (CH, C1s), 46.3 (C, Cs), 45.05 (CHz, C12), 44.2 (CHz, C11), 44.0 (CHy,
C21), 42.5 (CHa, Cia), 39.2 (CH2, C10), 36.1 (CHa, Cis), 31.8 (CHa, Ci3), 28.6 (CHs, C17), 22.6
(CHa, Ca22), 11.5 (CHs, Cas) ppm:;

2 Diastereomeric ratio was determined from the *H spectrum of the crude product.
30 OQverlapping signals of major and minor diastereomer therefore not possible to accurately integrate, integrals
shown are corrected.
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Minor diastereomer:

1H NMR (400 MHz, CDCl3, 50 °C) § = 7.09 — 6.98 (m, 6H, Ha6)%, 6.77 — 6.69 (m, 3H, Hs)*°,
6.51 (d, 3Js7 = 7.8 Hz, 1H, H7), 4.17 (app. s, 1H, Hy), 3.85 (s, 3H, N-H1)%®, 3.49 (t,
3J13.14 = 6.4 Hz, 5H, H14)%®, 3.30 — 3.22 (m, 3H, H12)*, 3.42 — 3.19 (m, 1H, H11)%®, 3.11 — 2.89
(m, 3H, H11)*, 2.63 (dd, 3J21.21 = 15.9 Hz, 3J221 = 3.9 Hz, 1H, H21), 2.47 (dd, 3J21,01 = 15.9 Hz,
8321 = 3.2 Hz, 1H, Ha1), 2.17 — 1.83 (m, 13H, H10.18)*, 1.68 — 1.57 (m, 1H, Hz2), 1.44 (s, 9H,
H17)%, 1.42 — 1.33 (m, 1H, Ha2), 0.78 (dd, 3J22.23 = 7.5 Hz, 3J22.23 = 7.5 Hz, 3H, Ha3) ppm;

13C NMR (101 MHz, CDCls, 50 °C) 8 = 212.8 (C=0, Ca0), 155.4 (C=0, Cis), 150.4 (C, Cs),
132.5 (C, Ca), 1285 (CH, Cs), 123.3 (CH, C4), 119.1 (CH, Cs), 109.2 (CH, C7), 79.8 (C-O,
Cis6), 60.9 (CH, C»), 47.2 (C, Cs), 45.9 (CH, C19), 45.1 (CH2, C12), 44.2 (CHy, C11), 43.6 (CH2,
Ca1), 42.5 (CHz, C14), 39.4 (CH2, C10), 36.1 (CHz, C1s), 31.8 (CH2, C13), 28.6 (CHa, C17), 22.9
(CHz, C22), 10.9 (CHs, Cz3) ppm:

HRMS (ESI*) C24HssCIN2Os: 435.2387 [M+H]* (calcd 435.2409), 457.2216 [M+Na]* (calcd
457.2228);

IR (thin film) 3354 (N—H), 2958, 2925, 2870, 1688 (C=0), 1608 (C=C), 1481, 1466, 1416,
1366, 1161 (C-0), 744 (C—CI) cm ™.
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Experimental

Preparation of Compound 170

Cl

14
Cl 13
f 17 Q 12

0 Boc,0 16 /15N 2
>\_N THF, 60 °C, 37 h O 1
% 5 410 18 g2
0 9
[220 mg] )

7 N 21

Compound 166 (180 mg, 0.42 mmol) was added to a flask followed by di-tert-butyl dicarbonate
(Boc20) (0.24 mL, 1.0 mmol) in THF (4.2 mL). The resulting mixture was stirred at 60 °C for
37 h. The reaction mixture was then concentrated under reduced pressure. The crude product
was purified by flash chromatography (petroleum ether 40-65/Et,0O, 1:1) to afford tert-butyl
(4aR,9aS,E)-4a-(2-((tert-butoxycarbonyl)(3-chloropropyl)amino)ethyl)-3-ethylidene-2-oxo-
1,2,3,4,4a,9a-hexahydro-9H-carbazole-9-carboxylate (170) as a white foam (220 mg,
0.41 mmol, 98%).

Rt = 0.36 (petroleum ether 40-65/Et20, 1:1);

!H NMR (400 MHz, CDCls, 50 °C) & = 7.64 (app. s, 1H, H7), 7.15 (ddd, 3Js6 = 7.2 Hz,
8357 =7.2 Hz, “2Jas = 1.1 Hz, 1H, He), 7.04 (dd, 3Jas = 7.2 Hz, 2Js6 = 1.0 Hz, 1H, Ha), 6.95
(ddd, 3345 = 7.4 Hz, 3Js5= 7.4 Hz, “Js7 = 0.8 Hz, 1H, Hs), 6.66 (q, 3J22.23 = 7.2 Hz, 1H, Hz2),
4.52 (app. s, 1H, Hy), 3.47 (t, 3J1314 = 6.3 Hz, 2H, Hu4), 3.30 — 3.10 (M, 4H, H1112), 2.97 —
2.70 (M, 4H, Hig 21), 1.96 (t, 3J10,11 = 8.3 Hz, 2H, H10)®, 1.89 (tt, 3J13.14 = 6.6 Hz, 3J1213 = 6.6 Hz,
2H, H13)%, 1.66 (d, 3J2223 = 7.2 Hz, 2H, Ha3), 1.57 (s, 9H, Hze), 1.43 (s, 9H, H17) ppm;

13C NMR (101 MHz, CDCls, 50 °C) & = 197.2 (C=0, Ca0), 155.4 (C=0, C1s), 151.9 (C=0,
C24), 142.1 (CH2, C1s), 134.8 (C=C, C2), 134.7 (C=C, C19), 133.9 (C, Cy), 128.7 (CH, Cs),
123.2 (CH, Cs), 122.5 (CH, Ca), 115.7 (CH, C7), 81.9 (C-O, C3s), 80.0 (C-O, Css), 63.1 (CH,
C2), 46.7 (C, Ca), 45.1 (C11,12), 43.8 (CHz, C21), 42.4 (CHa, C14), 40.2 (CHz, Ci0), 34.3 (CHa,
Cisg), 31.8 (CH2, C13), 28.64 (CHs3, C17), 28.60 (CH3s, Cz26), 13.6 (CHs, C23) ppm;

HRMS (ESI¥) C29H11CIN20s: 555.2602 [M+Na]™ (calcd 55.2596);

31 Overlapping signals therefore not possible to accurately integrate, integrals shown are corrected.
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IR (thin film) 2954, 2922, 2853, 1696 (C=0), 1635 (C=C), 1482, 1378, 1367, 1166 (C-O),
739 (C-Checm™®;
[a]%? +16 (c 0.50, CHCl3);

m.p. 52-54 °C.
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Experimental

Preparation of Compound 171

Method A

Cl Cl

14
IBX 13

Q PhMe:DMSO ) 1

~>~ >_N 55°C, 1h ~>E N
(¢} 0] 11 22
—— 24% 5 4 10{ 18 23
[8.5 mg] 9
(o) d.r. 7.0:1.0 6 2 (o)
;8

(£)-169 (#-171

2-lodoxybenzoic acid (IBX) (183) (48 mg, 0.17 mmol, d.r. 2.0:1.0) was added to a flask,
followed by compound 169 (37 mg, 0.085 mmol) in PhMe:DMSO (0.57 mL: 0.29 mL). The
resulting mixture was heated at 55 °C for 1 h. The reaction mixture was then diluted with
agq. NaHCOz3 (5%). The aqueous layer was extracted with Et,O. The combined organic extracts
were concentrated under reduced pressure. The residue was taken up in Et,O and filtered
through Celite. The filtrate was then washed with sat. aq. NaHCO3 and H2O, dried over brine,
MgSQsg, filtered and concentrated under reduced pressure. The crude product was purified by
flash chromatography (petroleum ether 40-65/EtOAc, 4:6) to afford tert-butyl (3-
chloropropyl)(2-((4aR)-3-ethyl-2-oxo0-2,3,4,9-tetrahydro-4aH-carbazol-4a-yl)ethyl)carbamate
(171) as a colourless oil (8.5 mg, 0.020 mmol, 24%, d.r. 7.0:1.0)%.

Method B

cl cl
14
13
Q CCI;COOH, PANO v 0 12
»‘ 6 >\“N

N PhMe, rt, 22 h
1 15
“>‘O “>“O 1M 22
24% 5 4 10 18 23
[5.3 mg] 9
(0) d.r. 2.0:1.0 6 2 fo)
N 7 8°NT 2

HH H

(£)-169 (£)-171

Trichloroacetic acid (27 mg, 0.17 mmol, d.r. 2.0:1.0) and nitrosobenzene (PhNO) (17 mg,
0.16 mmol) were added to a flask, followed by compound 169 (22 mg, 0.051 mmol) in
PhMe (0.50 mL). The resulting mixture was stirred at room temperature for 5 h. The reaction
mixture was then diluted with sat. ag. NaHCO3 and the aqueous layer was extracted with

EtOAc. The combined organic extracts were dried over brine, MgSOs, filtered and

32 Diastereomeric ratio was determined from the *H spectrum of the crude product.
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concentrated under reduced pressure. The crude product was purified by column
chromatography (petroleum ether 40-65/EtOAc, 4:6) to afford tert-butyl (3-chloropropyl)(2-
((4aR)-3-ethyl-2-ox0-2,3,4,9-tetrahydro-4aH-carbazol-4a-yl)ethyl)carbamate  (171) as a
colourless oil (5.3 mg, 12 pmol, 24%, d.r. 2.0:1.0)*,

Rt = major diastereomer 0.39, minor diastereomer 0.25 (petroleum ether 40-65/EtOAcC, 4:6);
Major diastereomer®*:

1H NMR (400 MHz, CDCls, 50 °C) & = 7.65 (s, 1H, N-Hy), 7.25 — 7.17 (m, 2H, Hag), 6.99
(ddd, 3J45 = 7.5 Hz, 3Js6 = 7.5 Hz, *J57 = 1.0 Hz, 1H, Hs), 6.87 (d, J = 7.8 Hz, 1H, Hy), 5.42
(s, 1H, Hz1), 3.43 (t, 3J1314 = 6.4 Hz, 2H, Hu4), 3.24 — 3.06 (m, 2H, H12), 3.06 — 2.73 (m, 2H,
H11)%, 2.59 — 2.46 (m, 2H, Hig19), 2.11 — 1.91 (m, 3H, H1022)®, 1.85 (tt, 3Ji1213 = 6.6 Hz,
831314 = 6.6 Hz, 2H, Hi3), 1.80 — 1.68 (m, 1H, His), 1.66 — 1.48 (m, 1H, H22), 1.37 (s, 9H, H17),
0.94 (dd, 332223 = 7.5 Hz, ®J22.23 = 7.5 Hz, 3H, Ha3) ppm;

13C NMR (101 MHz, CDCls, 50 °C) 3 = 198.5 (C=0, Cz0), 173.3 (C=C, C»), 155.4 (C=0, Cis),
143.9 (C, Cs), 1345 (C, Cs), 128.6 (C, Cs), 123.0 (C, Ca), 122.1 (C, Cs), 109.9 (C, C7), 97.8
(C=C, C21), 80.0 (C-0O, Cz1s), 48.3 (C, C3), 44.9 (CHa, C12), 44.0 (CHa, C11) 42.6 (CH, Cyo),
42.4 (CHa, C14), 38.5 (CHa, C10), 35.4 (CHa, C1g), 31.7 (CHa, C13), 28.6 (CHa, C17), 24.9 (CH,
C22), 11.1 (CHs, C23) ppm;

HRMS (ESI*) CasH33CIN2Os: 433.2236 [M+H]* (calcd 433.2252), 455.2065 [M+Na]* (calcd
455.2072);

IR (thin film) 3185 (N—H), 2963, 2927, 2856, 1693 (C=0), 1627 (C=C), 1588 (N-H), 1468,
1366, 1194 (C-0), 1163, 750 (C—Cl) cm ™.

33 Diastereomeric ratio was determined from the *H spectrum of the crude product.
34 Only the major diastereomer is described, due to small quantity of minor diastereomer obtained.
35 Overlapping signals therefore not possible to accurately integrate, integrals shown are corrected.
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Experimental
Preparation of Compound 172

cl f
o)
17
0O f Boc,0 16 >1?N
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N

. B A
[20 mg] PR
Q@o d.r. 2.0:1.0 ZKH
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(+)-169 4\

(£)-172

NO
o

Compound 169 (19 mg, 44 umol, d.r. 2.0:1.0) was added to a flask followed by di-tert-butyl
dicarbonate (Boc20) (20 uL, 87 umol) in THF (0.50 mL). The resulting mixture was stirred at
60 °C for 17 h. The reaction mixture was then concentrated under reduced pressure. The crude
product was purified by flash chromatography (petroleum ether 40-65/Et,0O, 7:3) to afford
tert-butyl (4aR,9aS)-4a-(2-((tert-butoxycarbonyl)(3-chloropropyl)amino)ethyl)-3-ethyl-2-oxo-
1,2,3,4,4a,9a-hexahydro-9H-carbazole-9-carboxylate (172) as a colourless oil (20 mg,
37 umol, 84%, d.r. 2.0:1.0)%.

= 0.31 major diastereomer, 0.23 minor diastereomer (petroleum ether 40-65/Et20, 7:3);
Major diastereomer®’:

'H NMR (400 MHz, CDCls, 50 °C) & = 7.72 (app. s, 1H, H7), 7.22 (ddd, %Js7 = 7.6 Hz,
8J56 = 7.5 Hz, “Jas = 1.4 Hz, 1H, He), 7.12 (dd, 3Jas = 7.5 Hz, “Jss = 1.4 Hz, 1H, Ha), 7.02
(ddd, 3Js6 = 7.5 Hz, 345 = 7.4 Hz, “Js7 = 1.0 Hz, 1H, Hs), 4.33 (dd, 3J221 = 11.3 Hz,
83221 = 4.9 Hz, 1H, Hy), 3.45 (t, 3J13.14 = 6.4 Hz, 2H, Hi4), 3.27 — 3.04 (m, 4H, H11.12)%, 2.91
(dd, 3J21.21 = 15.6 Hz, 33221 = 4.9 Hz, 1H, Ha1), 2.44 (dd, 2J21.21 = 15.6 Hz, 3J221 = 11.2 Hz, 1H,
Ha1), 2.33 — 2.15 (M, 2H, Hig19), 2.08 — 1.91 (m, 2H, Hio1s), 1.91 — 1.75 (m, 5H, H1013.22)%,
1.57 (s, 9H, Hag), 1.40 (s, 9H, H17)*, 0.94 (dd, 3J2223 = 7.4 Hz, 332223 = 7.4 Hz, 3H, H23) ppm;

13C NMR (101 MHz, CDCls, 50 °C) & = 210.9 (C=0, Ca), 155.4 (C=0, Cis), 151.8 (C=0,
Cas), 140.9 (C, Cs), 136.6 (C, Co), 128.7 (CH, Cs), 123.4 (CH, Cs), 123.3 (CH, Ca), 115.9 (CH,
C7), 81.9 (C, Czs), 79.9 (C, C1s), 63.2 (CH, C2), 47.1 (CH, Cag), 45.1 (C, Cs), 45.0 (CH, C12),

3 Diastereomeric ratio was determined from the *H spectrum of the crude product.

37 Only major diastereomer is described, due to small quantity of minor diastereomer obtained. It was not possible
to differentiate the diastereomers from the NOESY NMR spectrum.

38 Qverlapping signals therefore not possible to accurately integrate, integrals shown are corrected.

39 Corrected integral.
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43.6 (CH2, C11), 42.4 (CH2, C21), 42.2 (CHg, C14), 39.7 (CH>, C10), 36.2 (CH2, C1g), 31.8 (CHy,
Ci3), 28.63 (CHs, C17), 28.61 (CHs, Cz), 22.8 (CH2, C22), 11.2 (CHs, Cz23) ppm;
HRMS (ESI*) C29H43CIN20s: 557.2749 [M+Na]* (calcd 557.2753);

IR (thin film) 2961, 2926, 2870, 1694 (C=0), 1482, 1388, 1366, 1164 (C-O), 752 (C-CI) cm ..
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Experimental

Preparation of Compound 187

Cl Cl
14
13
o) CF3COOH 12
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[35 mg] 2
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B
H b 7 H H 18
(%)-166 (£)-187

Compound 166 (51 mg, 0.12 mmol) in CH2Cl> (1.2 mL) was added to a flask. The resulting
mixture was cooled to 0 °C and trifluoroacetic acid (130 pL, 1.7 mmol) was slowly added. The
resulting mixture was stirred at room temperature for 3 h. The reaction mixture was then
quenched with sat. aq. NaHCOz3. The aqueous layer was extracted with CH2Cl,. The combined
organic extracts were dried over brine, MgSQOg, filtered and concentrated under reduced
pressure. The crude product was purified by flash chromatography (CH2Cl2/MeOH/EtsN,
200:1:1) to afford (E)-4a-(2-((3-chloropropyl)amino)ethyl)-3-ethylidene-1,3,4,4a,9,9a-
hexahydro-2H-carbazol-2-one (187) as a yellow oil (35 mg, 0.11 mmol, 92%).

Rf = 0.39 (CH2Cl2/MeOH/EtsN, 200:1:1);

!H NMR (600 MHz, CDCl3) & 7.00 — 6.95 (m, 2H, Hag), 6.67 (ddd, 3Js5 = 7.4 Hz,
8)56=7.4 Hz,%Js7 = 1.0 Hz, 1H, Hs), 6.62 (app. qd, 3Jis20 = 7.8 Hz, *J15.10 = 1.6 Hz, 1H, Hig),
6.46 (dd, 3Js7 = 7.9 Hz, “Js7 = 0.7 Hz, 1H, H7), 4.12 (dd, 3J2.18 = 4.3 Hz, 3J215 = 4.3 Hz, 1H,
Ha), 3.55 (t, 3Ji314 = 6.4 Hz, 2H, Hu), 2.83 (d, 1515 = 14.5 Hz, 1H, His), 2.77 (dd,
2J1818 = 15.2 Hz, 3J218 = 4.3 Hz, 1H, Hisg), 2.71 (t, 3J1213 = 7.0 Hz, 2H, H12), 2.59 (app. dft,
2)1515 = 14.5 Hz, *J1510 = 1.6 Hz, 1H, His), 2.58 (dd, 2J15.18 = 15.2 Hz, 3J215 = 4.4 Hz, 1H, His),
2.56 — 2.51 (m, 2H, H11)*, 2.08 — 2.00 (m, 1H, Hio), 1.97 — 1.91 (m, 1H, Hao), 1.89 (p,
8J1213 = 6.8 Hz, 3J1314 = 6.8 Hz, 2H, Hi3), 1.56 (dd, 3J1020 = 7.2 Hz, *J1520 = 1.4 Hz, 3H,
Hz0) ppm;

13C NMR (151 MHz, CDCl3) § 199.0 (C=0, C17), 150.0 (C, Cs), 134.3 (C=C, C1s), 134.2 (C=C,
Cis), 132.7 (C, Cs), 128.3 (CH, Cs), 122.9 (CH, Ca), 118.8 (CH, Cs), 109.0 (CH, C7), 60.8 (CH,
C>), 48.7 (C, Ca3), 46.9 (CH2, C12), 45.6 (CH2, C11), 44.4 (CH2, C1s), 43.0 (CH2, C14), 41.2 (CH2,
Ci0), 35.8 (CHg, Cis), 32.4 (CHy, Ci3), 13.5 (CHs3, C13) ppm;

40 Overlapping signals therefore not possible to accurately integrate, integrals shown are corrected.
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HRMS (ESI*) C1oH25CIN0O: 333.1725 [M+H]"* (calcd 333.1728);

IR (thin film) 3328 (N-H), 2954, 2922, 2852, 1698 (C=0), 1631, 1606 (C=C), 1485, 1465,
1262, 741 (C-Cl) cm ™%,
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Preparation of Compound 196

CI

/\/“CI
[Rhy(OAc),], Et3SiH 15 »
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27
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[Rh2(OAC)4] (10 mg, 0.023 mmol) was added to a flask, followed by 1,2-dichloroethane
(2.0 mL) and triethylsilane (0.17 mL, 1.1 mmol). The resulting mixture was stirred at room
temperature for 10 min. Compound 170 (220 mg, 0.41 mmol) in 1,2-dichloroethane (2.0 mL)
was added to the flask. The resulting mixture was stirred at reflux for 1 h. The reaction mixture
was concentrated under reduced pressure. The crude product was purified by flash
chromatography (neutral aluminium oxide, petroleum ether 40-65/EtOAc, 8:2) to afford
tert-butyl (4aR,9aS)-4a-(2-((tert-butoxycarbonyl)(3-chloropropyl)amino)ethyl)-3-ethyl-2-
((triethylsilyl)oxy)-1,4,4a,9a-tetrahydro-9H-carbazole-9-carboxylate (196) as a colourless oil
(220 mg, 0.34 mmol, 83%).

R =0.52 (neutral aluminium oxide, petroleum ether 40-65/EtOAc, 8:2);

!H NMR (400 MHz, CDCls, 50 °C) & = 7.64 (app. s, 1H, H7), 7.12 (dd, %Js6 = 7.6 Hz,
8Js7 = 7.6 Hz, 1H, He), 7.04 (d, 3J45 = 7.5 Hz, 1H, Ha), 6.94 (dd, 3Js45 = 7.3, 3Js6 = 7.3 Hz, 1H,
Hs), 4.29 (app. s, 1H, H2), 3.46 (t, 3J1314 = 6.4 Hz, 2H, Hi4), 3.30 — 3.11 (m, 2H, Hi2)*, 3.11 —
2.77 (m, 2H, H11)*, 2.56 (dd, 232121 = 15.6 Hz, 3J221 = 5.7 Hz, 1H, Hz1), 2.43 — 2.33 (m, 1H,
Ha1)*, 2.33 (d, 21818 = 14.9 Hz, 1H, His), 2.26 (d, 3J1818 = 14.9 Hz, 1H, H1s), 2.07 — 1.94 (m,
1H, Ha), 1.94 — 1.78 (m, 5H, Hio1322), 1.58 (s, 9H, Haze), 1.42 (s, 9H, Hiz)*, 0.92 (t,
832708 = 7.8 Hz, 9H, Hzs), 0.79 (dd, 3J223 = 7.2 Hz, 3Ja223 = 7.2 Hz, 3H, Ha3), 0.58 (q,
832728 = 7.9 Hz, 6H, Ha7) ppm;

13C NMR (101 MHz, CDCls, 50 °C) & = 155.5 (C=0, Cis), 152.3 (C=0, Cz4), 142.9 (C, Cs),
142.1 (C=C, Cy), 136.9 (C, Co), 127.9 (CH, Cs), 122.8 (CH, Cs), 122.7 (CH, C4), 116.0 (C=C,
Cy9), 115.3 (CH, C7), 81.2 (C-0O, Cys), 79.8 (C-O, Css), 65.7 (CH, C»), 47.2 (C, C3), 45.0 (CH2,

41 Overlapping signals therefore not possible to accurately integrate, integrals shown are corrected.
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C12), 44.1 (CH2, C11), 42.5 (CHa, C14), 40.8 (CH2, C10), 37.7 (CHa, C1s), 34.7 (CH2, C21), 31.8
(CH2, C13), 28.70 (CHs, C17), 28.66 (CHs, C2), 22.7 (CH2, C22), 12.2 (CHgs, Cz3), 6.8 (CHs,
C28), 5.6 (Si—CHz, C27) ppm;

HRMS (ESI*) CasHs7CIN;0sSi: 671.3612 [M+Na]* (calcd 671.3617);
IR (thin film) 2954, 2922, 2872, 2853, 1697 (C=0), 1378, 1167 (C-O), 747 (C-CI) cm'};

[a]%? +16 (c 0.50, CHClIs).
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Preparation of Compound 173

Method A
14 cl
Cl 12 Cl
O, 17 O,
% »\N/\/s . %ﬁ \ N/\és o
(0] (0]
DMSO:CH,Cl, ol s PN
t, 44 h SN o 0
—_— + /
oy lagc
N Si 7 8N 21 (0]
H H
24
N
As T 2k G
AR oo
. A
196 173 170
41% 17%
[19 mg] [8.0 mg]

2-lodoxybenzoic acid (IBX) (183) (39 mg, 0.014 mmol) was added to a flask, followed by
compound 196 (57 mg, 0.088 mmol) in DMSO:CHCl; (0.68:0.23 mL). The resulting mixture
was stirred vigorously at room temperature for 44 h. The reaction mixture was then diluted
with ag. NaHCO3 (5%). The aqueous layer was extracted with Et.O. The combined organic
extracts were concentrated under reduced pressure. The residue was taken up in Et.O and
filtered through Celite. The filtrate was then washed with sat. ag. NaHCO3 and H20O, dried over
brine, MgSOs, filtered and concentrated under reduced pressure. The crude product was
purified by flash chromatography (petroleum ether 40-65/Et,O, 7:3) to afford tert-butyl
(4aS,9aS)-4a-(2-((tert-butoxycarbonyl)(3-chloropropyl)amino)ethyl)-3-ethyl-2-ox0-1,2,4a,9a-
tetrahydro-9H-carbazole-9-carboxylate (173) as a colourless oil (19 mg, 0.036 mmol, 41%)
and tert-butyl (4aR,9aS,E)-4a-(2-((tert-butoxycarbonyl)(3-chloropropyl)amino)ethyl)-3-
ethylidene-2-oxo0-1,2,3,4,4a,9a-hexahydro-9H-carbazole-9-carboxylate (170) as a white foam
(8.0 mg, 0.015 mmol, 17%)*.

42 The highest yield of compound 173 was obtained when the oxidation was performed with freshly prepared
IBX (183) on the scale as reported above; however, when the IBX (183) was not freshly prepared and the reaction
was performed on a larger scale 2.0 eq. of IBX (183) were required and the reaction was performed at 55 °C with
a slightly lower yield of compound 173 of 32%.
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Method B

14
Cl
Cl
o) 12
17
ol =l
o 160 15
DDQ, DTBMP "o 2

4 10 18 23
O ‘ MeCN, rt, 21 h 5 9 i
o) ——— o
\ 7%
N H S'C/ [1.0 mg] TN 2
24
(0) 6] OAO
e
26
196 173

2,3-Dichloro-5,6-dicyano-p-benzoquinone  (DDQ) (27 mg, 0.12 mmol) and
2,6-di-tert-butyl-4-methylpyridine (DTBMP) (202) (24 mg, 0.12 mmol) were added to a flask,
followed by compound 196 (18 mg, 0.028 mmol) in MeCN (0.60 mL). The resulting mixture
was stirred at room temperature for 21 h. The reaction mixture was then quenched with
sat. ag. Na2S203. The aqueous layer was extracted with EtOAc. The combined organic extracts
were dried over brine, MgSQyg, filtered and concentrated under reduced pressure. The residue
was taken up in Et2O and filtered through a pad of silica gel. The filtrate was concentrated
under reduced pressure. The crude product was purified by flash chromatography (petroleum
ether 40-65/Et,O, 7:3) to afford tert-butyl (4aS,9aS)-4a-(2-((tert-butoxycarbonyl)(3-
chloropropyl)amino)ethyl)-3-ethyl-2-0xo0-1,2,4a,9a-tetranydro-9H-carbazole-9-carboxylate
(173) as a colourless oil (1.0 mg, 1.9 pmol, 7%).

R = 0.34 (petroleum ether 40-65/Et,0, 7:3);

IH NMR (400 MHz, CDCls, 50 °C) & = 7.75 (d, 3Js7 = 8.0 Hz, 1H, Hy), 7.23 (ddd,
8J7 = 8.1 Hz, %Js6 = 7.5 Hz, “Js6 = 1.3 Hz, 1H, Hs), 7.15 (dd, 3J45 = 7.5 Hz, “J46 = 1.4 Hz, 1H,
Ha), 7.04 (ddd, 3345 = 7.5 Hz, 3Js5 5 = 7.5 Hz, “J57 = 1.1 Hz, 1H, Hs), 6.58 (s, 1H, Haig), 4.63 (dd,
33221 = 8.8 Hz, 3J221 = 6.0 Hz, 1H, Hy), 3.49 (t, 3J13.14 = 6.3 Hz, 2H, H14), 3.30 — 3.20 (m, 2H,
H12), 3.20 — 3.04 (m, 2H, H11)*, 2.95 (dd, 2J2121 = 15.5 Hz, 33221 = 6.0 Hz, 1H, H21), 2.54 (dd,
2Ja121=15.5 Hz, 33221 = 9.9 Hz, 1H, H21), 2.36 — 2.16 (M, 2H, Hz2), 1.98 — 1.83 (M, 4H, H1013),
1.58 (s, 9H, Hag)*, 1.42 (s, 9H, Hi7), 1.05 (t, 3J22.23 = 7.4 Hz, 3H, Ha3) ppm;

13C NMR (101 MHz, CDCls, 50 °C) & = 196.8 (C=0, Ca0), 155.3 (C=0, C1s), 152.0 (C=0,
C2s), 141.8 (C=C, Cig), 140.6 (C, Cs, C=C, Cis), 133.7 (C, Cq), 128.9 (CH, Cs), 123.4 (CH,
Cs), 123.0 (CH, Ca), 116.2 (CH, C7), 82.0 (C, Czs), 80.1 (C, Cis), 63.1 (CH, C2), 47.0 (C, Cs),

43 OQverlapping signals therefore not possible to accurately integrate, integrals shown are corrected.
4 Corrected integral.
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45.1 (CH2, C12), 43.9 (CHz, C11), 42.5 (CHg, C14), 40.6 (CH>, C21), 39.7 (CH2, C10), 31.8 (CHy,
Ci3), 28.62 (CHa, C17), 28.60 (CH2, Cz), 22.6 (CH2, C22), 12.8 (CH2, C23) ppm;
HRMS (ESI") C29H41CIN20s: 555.2634 [M+Na]* (calcd 55.2596);

IR (thin film) 2956, 2923, 2869, 2853, 1686 (C=0), 1479, 1389, 1367, 1163 (C-O), 753 (C—
chem™;

[a]%? +55 (c 0.50, CHClIs).
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Experimental

Preparation of Compound 211

o /\/‘CI
»‘N 14 cl
(0] 12
CF3COOH 13
CH,Cly, 0°Ctort, 2 h "_N 19
o - Al
e, ¢
/'LH [14 mg] 6 2 (o]
o X0 d.r. >20:1 [

173

Compound 173 (30 mg, 0.056 mmol) in CH2Cl> (0.57 mL) was added to a flask. The solution
was cooled to 0 °C and trifluoroacetic acid (90 pL, 1.2 mmol) was added dropwise. The
resulting mixture was stirred at room temperature for 2 h. The reaction mixture was then
quenched with sat. ag. NH4Cl. The aqueous layer was extracted with CH2Cl>. The combined
organic extracts were dried over brine, MgSQOg, filtered and concentrated under reduced
pressure. The crude product was purified by flash chromatography (petroleum ether 40—
65/EtoO/EtsN, 3:7:0.1) to afford (3aS,4S,6aS,11bS)-3-(3-chloropropyl)-4-ethyl-2,3,3a,4,6a,7-
hexahydro-1H-pyrrolo[2,3-d]carbazol-5(6H)-one (211) as a white solid (14 mg, 0.042 mmol,
75%, d.r. >20:1).

Rt = 0.47 (petroleum ether 40-65/Et,O/Et3N, 3:7:0.1);

IH NMR (600 MHz, CDCl3) & = 7.13 (dd, %Jas = 7.4 Hz, “Jas = 0.7 Hz, 1H, Ha), 7.06 (ddd,
3356 = 7.7 Hz, 3J67 = 7.7 Hz, *Ju6 = 1.2 Hz, 1H, He), 6.77 (ddd, 3J45 = 7.4 Hz, 3J56 = 7.4 Hz,
4J57=0.9 Hz, 1H, Hs), 6.57 (ddd, 3Js 7 = 7.8 Hz,%J5 7 = 0.7 Hz, 1H, H7), 4.00 (dd, 3J2.18 = 3.9 Hz,
33518 = 3.9 Hz, 1H, H2), 3.90 (s, 1H, N—H1), 3.61 — 3.49 (m, 2H, H1s), 3.34 — 3.25 (m, 1H, Hu),
2.98 (dd, 2J1818 = 16.0 Hz, 3J2,18 = 3.8 Hz, 1H, Has), 2.92 (ddd, 2J1212 = 12.4 Hz, 3J1213 = 8.7 Hz,
331213 = 7.3 Hz, 1H, H12), 2.67 (d, 3Jis16 = 1.7 Hz, 1H, His), 2.54 (dd, 2Jis1s = 16.0,
33218 = 4.1 Hz, 1H, Hug), 2.45 —2.34 (m, 2H, H10.11), 2.30 (ddd, 3J16.10 = 8.3 Hz, 3J16,10 = 6.5 Hz,
81516 = 1.8 Hz, 1H, His), 2.23 (ddd, 2J1212 = 11.0 Hz, ®J12.13= 6.6 Hz, 3J1213 = 4.2 Hz, 1H, H12),
2.03 — 1.86 (M, 3H, Hio13), 1.65 — 1.56 (m, 1H, Hae), 1.19 — 1.11 (m, 1H, His), 0.73 (dd,
831020 = 7.4 Hz, 331920 = 7.4 Hz, 3H, Hzo) ppm;

13C NMR (151 MHz, CDCl3) 6 = 212.8 (C=0, Ca7), 149.8 (C, Cs), 135.6 (C, Cy), 128.3 (CH,
Cé), 123.3 (CH, Ca), 119.5 (CH, Cs), 109.6 (CH, C1), 73.5 (CH, C1s), 66.2 (CH, C2), 52.8 (CHz,
C11),52.0 (C, C3), 51.4 (CH, C15), 50.5 (CH2, C12), 43.0 (CHg, C14), 41.5 (CH2, C1sg), 40.5 (CHy,
C10), 31.5 (CHg, C13), 22.4 (CHg, C19), 12.9 (CHs, C20) ppm;

HRMS (ESI*) C1sH25CIN,O: 333.1732 [M+H]" (calcd 333.1728);
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Experimental
IR (thin film) 3363 (N-H), 2956, 2924, 2870, 2854, 1706 (C=0), 1609 (N-H), 1485, 1464,
744 (CCl)ycm™;
[a]2? +24 (c 0.42, CHCI);

m.p. 93-95 °C*.

45 Measured from racemic material, due to small quantity of enantioenriched material obtained.
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Experimental

Preparation of Compound 212

Method A

/Jdm 2
-BuOK 1
t-BuO N "

N THF, rt, 1 h 5 4 [ip W5 20
S Corns
T 19
9
[40 mg] 7 H H 18
N H d.r. >20:1
211 212

t-BuOK (29 mg, 0.24 mmol) was added to a flask, followed by compound 211 (58 mg,
0.17 mmol) in THF (3.5 mL). The resulting mixture was stirred at room temperature for 1 h.
The reaction mixture was then quenched with sat. ag. NH4Cl. The aqueous layer was extracted
with EtOAc. The combined organic extracts were dried over brine, MgSOs, filtered and
concentrated under reduced pressure. The crude product was purified by flash chromatography
(petroleum ether 40-65/Et2O/Et3N, 6:4:0.1) to afford 4-oxo-aspidospermidine (212) as a white
solid (40 mg, 0.013 mmol, 76%, d.r. >20:1).

Method B

BF3*OEty, CH,Cl,

0°Ctort,2h
then t-BuOK
THF, rt3h 14
O C T+
19
71°/ (0]

[2.0 mg]
d.r. >20:1

212
173

Compound 173 (5.0 mg, 9.4 umol) in CH2Cl. (0.50 mL) was added to a flask. The solution
was cooled to 0 °C and BF3*OEt, (10 pL, 81 umol) was added dropwise. The resulting mixture
was stirred at room temperature for 2 h. The reaction mixture was then concentrated under
reduced pressure under inert conditions. The residue was dissolved in THF (0.20 mL) and
t-BuOK (13 mg, 0.12 mmol) was added. The resulting mixture was stirred at room temperature
for 3 h. The reaction mixture was then quenched with sat. aq. NH4Cl. The aqueous layer was
extracted with EtOAc. The combined organic extracts were dried over brine, MgSQOyg, filtered
and concentrated under reduced pressure. The crude product was purified by flash
chromatography (petroleum ether 40-65/Et>O/EtzN, 6:4:0.1) 4-oxo0-aspidospermidine (212) as
a white solid (2.0 mg, 6.7 umol, 71%, d.r. >20:1).
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R = 0.28 (petroleum ether 40-65/Et,O/EtsN, 6:4:0.1);

'H NMR (600 MHz, CDCls) § = 7.15 (dd, 3Ja5 = 7.4 Hz, “J46 = 0.7 Hz, 1H, Hs), 7.05 (ddd,
8356 = 7.6 Hz, 3Js7 = 7.6 Hz, “Js6 = 1.3 Hz, 1H, He), 6.77 (dd, 3Jas = 7.4, 3Js6 = 7.4 Hz,
4J57=1.0 Hz, 1H, Hs), 6.58 (d, 3Js,7 = 7.8 Hz, 1H, H7), 4.00 (dd, 3J2.21 = 4.4 Hz, 33221 = 4.4 Hz,
1H, Hy), 3.94 (s, 1H, N-H1), 3.13 (td, 21111 = 8.7 Hz, 3J1011 = 2.1 Hz, 1H, Hi1), 3.06 (dd,
2J1818 = 16.6 Hz, 3J2.18 = 4.8 Hz, 1H, Has), 3.03 —2.98 (m, 1H, H12), 2.56 (dd, 2Ji818 = 16.7 Hz,
83518 = 3.9 Hz, 1H, His), 2.32 (app. 0, 3J10.11 = 9.0 Hz, 1H, Hu1), 2.27 (s, 1H, H1s)*, 2.31 - 2.20
(m, 1H, Hio), 2.02 (ddd, 2J10.10 = 13.4 Hz, 2J10.11 = 8.9 Hz, 3J10.11 = 8.9 Hz, 1H, Hio), 1.92 (ddd,
831213 = 11.5 Hz, 3J1213 = 11.1 Hz, 1214 = 3.2 Hz, 1H, H12), 1.55 — 1.49 (m, 1H, Hig), 1.49 —
1.38 (m, 2H, Hai3), 1.36 — 1.27 (m, 1H, Hio), 0.94 (td, 21414 = 13.3 Hz, 3J1314 = 4.9 Hz, 1H,
Hi4), 0.48 (dd, 3J1920 = 7.5, 3J19.20 = 7.5 Hz, 3H, Hz0) ppm;

13C NMR (151 MHz, CDCl3) § = 213.5 (C=0, C17), 150.0 (C, Cs), 135.9 (C, Cs), 128.1 (CH,
Ce), 123.8 (CH, Ca), 119.4 (CH, Cs), 109.7 (CH, C), 76.2 (CH, Cis), 67.2 (CH, C2), 53.8 (CHz,
C11), 53.1 (CHz, Cy2), 52.2 (C, C3), 51.0 (C, Cy¢), 42.2 (CH2, Css), 42.1 (CH>, C1o0), 30.9 (CHy,
C14), 27.8 (CHa, C19), 22.8 (CHz, C13), 7.8 (CHs, C20) ppm;

HRMS (ESI*) C1oH24N,0: 297.1948 [M+H]* (calcd 297.1961);
IR (thin film) 3361 (N-H), 2953, 2922, 2868, 2853, 1734, 1704 (C=0), 1486, 1377 cm%;
[a]2° —2.8 (c 0.36, CHCl5).

m.p. 139-141 °C*¥.

46 Overlapping signals therefore not possible to accurately integrate, integrals shown are corrected.
47 Measured from racemic material, due to small quantity of enantioenriched material obtained.
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Experimental

Preparation of Compound (-)-1

N,H,H,0, Na, DEG

160 °C, 19 h 13
N 190 °C, 30 min "_N 14 20
L/ 210°C,25h s Al Yo L/
o g 69 @ b
54% 2
18
H H [9.4 mg] 7 u H
212 (=)

Compound 212 (18 mg, 0.061 mmol) was added to a flask, followed by diethylene glycol
(DEG) (0.61 mL) and Na (260 mg, 11 mmol). Hydrazine monohydrate (0.75 mL, 15 mmol)
was then added dropwise. The resulting mixture was stirred at 160 °C for 19 h, 190 °C for 30
min and 210 °C for 2.5 h. The reaction mixture was allowed to cool to room temperature and
then diluted with H>O. The aqueous layer was extracted with CH.Cl,. The combined organic
extracts were dried over brine, MgSOQg, filtered and concentrated under reduced pressure. The
crude product was purified by repeated flash chromatography (petroleum ether 40-
65/Et,O/Et3N, 6:4:0.1; PhMe/EtOAC/EtzN, 9:1:0.1) to afford (—)-aspidospermidine (1) as a
white solid (9.4 mg, 0.033 mmol, 54%).

The obtained spectroscopic data matched literature values. ]
R = 0.31 (petroleum ether 40-65/Et,O/EtsN, 6:4:0.1), 0.38 (PhMe/EtOAC/Et3N, 9:1:0.1);

'H NMR (600 MHz, CDCls) & = 7.08 (dd, 3Ja5 = 7.4 Hz, “J46 = 1.3 Hz, 1H, Hs), 7.01 (ddd,
3356 = 7.6 Hz, 3Js7 = 7.6 Hz, )46 = 1.3 Hz, 1H, He), 6.73 (ddd, 3J45 = 7.4 Hz, 3Js6 = 7.4 Hz,
8J57=1.0Hz, 1H, Hs), 6.64 (d, 3Js.7 = 7.7 Hz, 1H, H7), 3.51 (dd, 3J2,15 = 11.1 Hz, 3J2.18 = 6.2 Hz,
1H, H2), 3.16 — 3.09 (m, 1H, Hi1), 3.08 — 3.02 (M, 1H, H12), 2.34 — 2.23 (m, 2H, Hi011), 2.22
(s, 1H, His), 2.00 — 1.90 (m, 2H, Hi217), 1.79 — 1.68 (m, 1H, Hi3), 1.67 — 1.59 (m, 2H, Hi41s),
1.55 — 1.43 (M, 3H, Hi0.13,10), 1.39 (dddd, 2J1818 = 14.4 Hz, 3J1718 = 13.2 Hz, 3215 = 11.1 Hz,
331718 = 3.6 Hz, 1H, Hisg), 1.11 (td, 2J1a14 = 13.6 Hz, 3J1314 = 4.7 Hz, 1H, H14), 1.06 (ddd,
231717 = 13.5 Hz, 331718 = 3.7 Hz, 1H, Hi7), 0.92 — 0.82 (m, 1H, Hig), 0.64 (dd, 3J19.20 = 7.5 Hz,
331920 = 7.5 Hz, 3H, Hzo) ppm;

13C NMR (151 MHz, CDCls) 6 = 149.6 (C, Cs), 135.9 (C, Cs), 127.2 (CH, Cs), 123.0 (CH, Ca),
119.1 (CH, Cs), 110.5 (CH, C7), 71.4 (CH, C1s), 65.8 (CH, C2), 54.0 (CHz, C1), 53.5 (C, C),
53.2 (CHz, C11), 39.0 (CH2, C1o), 35.8 (C, Cis), 34.6 (CHz, Cia), 30.1 (CH2, Cis), 28.3 (CH,
Cig), 23.2 (CHa, Cy7), 21.9 (CHj2, C13), 7.0 (CHs, C20) ppm;

HRMS (ESI*) C1oH2sNy: 283.2186 [M+H]* (calcd 283.2169);
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Experimental

IR (thin film) 3364 (N-H), 2929, 2860, 2779, 2722, 1607, 1481, 1462, 741 cm™*;
[a]2° —17 (c 0.065, CHCI3), Iit.l® [a]2° +20.5 (¢ 0.6, CHCls)

m.p. 104-106 °C*8, 1it.["?1 104-106 °C.

48 Measured from racemic material, due to small quantity of enantioenriched material obtained.
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7 Appendices
7.1 Chiral HPLC Chromatograms

HPLC Chromatogram of Racemic Compound 162
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HPLC Chromatogram of Racemic Compound 164
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7.2 List of Hazardous Substances

Appendices

Substance Name Precautionary
(CAS Number) GHS Code Hazard Statements Statements
()-2,2'-bis(diphenylphosphino) 1,1'-
binaphthyl (98327-87-8) Not a hazardous substance
. 260, 280,
(1S)-(+)-10-Camphorsulfonic acid GSHO5 290. 314 30343614353
(3144-16-9) 305+351+338, 310
260, 280,
(9-Fluorenylmethyl) chloroformate 303+361+353,
(28920-43-6) GHS05 314 304+340+310.
305+351+338, 363
(R,R)-DACH-phenyl Trost ligand
(138517-61-0) Not a hazardous substance
(S)-(—)-1-Amino-2-
(methoxymethyl)pyrrolidine Not a hazardous substance
(59983-39-0)
(S)-Carreira ligand (942939-38-0) Not a hazardous substance
(S,S)-ANDEN-phenyl Trost ligand
(138517-65-4) Not a hazardous substance
(S,S)-DACH-naphthyl Trost ligand
(205495-66-5) Not a hazardous substance
(S,S)-DACH-phenyl Trost ligand
(169689-05-8) Not a hazardous substance
Bis(1,5-cyclooctadiene)diiridium(l) HSO7 302+312, 319, 315, gfg ggi ggg ggg
dichloride (12112-67-3) 335 ' 351’ 338’ ’
, . R 261, 264, 271, 280,
1,1'-(Azodicarbonyl)dipiperidine GHSO07 315 319 335 302+352
(10465-81-3) 305+351+338
1,2-Bis(dimethylphosphino)ethane 210, 302+352,
(23936-60-9) GHS02, GHS07 225, 315, 319, 335 30543514338
210, 301+310
. GHS02 225, 302, 304, 315 ’ '
1,2-Dichloroethane (107-06-2) f ' ' ’ ' 303+361+353,
GHS06, GHS08 319, 331, 335, 350 304+340+311, 331
GHS02, 210, 260, 280,
. GHSO05, 228, 301+331, 314, 303+361+353,
1,4-Benzoquinone (106-51-4) GHS08, 317, 335, 341, 410 304+340+310,
GHS08, GHS09 305+351+338
- . 261, 264, 271, 280,
1,4-Bis(diphenylphosphino)butane GHSO07 315 319 335 3024353
(7688-25-7) 305+351+338
1,4-Diazabicyclo[2.2.2]octane 228, 302, 315, 319, 210, 261, 273,
(280-57-9) GSHO2, GSHOT 335, 412 305+351+338
. 201, 210
1,4-Dioxane GSHO02, : ;
(123-91-1) GSHO7, GSHO8 225, 319, 335, 351 30346?;1341338,
260, 280,
1,5,7-Triazabicyclo[4.4.0]dec-5-ene GHSO5 314 ggéigg?:gg;
(5807-14-7) 304+340+310,
305+351+338
234, 273, 280,
1,8-Diazabicyclo[5.4.0Jundec-7-ene 303+361+353,
(6674-22-2) GHS05, GHS06 290, 301, 314, 412 304+340+310.
305+351+338
1-Bromo-3-chloropropane (109-70-6) | GHS06, GHS08 3250336150|?:'3I'35431421 305?-:%,131330
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304+340+311,
308+313
1-Octanol (111-87-5) GSHO07 319, 412 273, 305+351+338
GHSO02, 210, 233, 240, 273,
1-Octene (111-66-0) GHS08, GHS09 225, 304, 410 301+310+331
2,3-Dichloro-5,6-dicyano-1,4-
benzogquinone (84-58-2) GHS06 301 301+310
2,4,6-Trimethylbenzoic acid
(480-63-7) Not a hazardous substance
. o 261, 264, 270,
2'6'D"te”igg%;;g‘fg‘y'pyr'd'“e GHS07 302,315,319,335 | 301+312, 302+352,
305+351+338
2-lodobenzoic acid (88-67-5) GHSO05, GHS07 302, 315, 318, 335 261, 280,
' ' ' ' 305+351+338
210, 301+312+330,
2-Methylbut-3-en-2-ol (115-18-4) GHS02, GHS07 225, 302, 315, 319 302+352,
305+351+338
210, 233, 240, 241,
2-Propoanol (67-63-0) GHS02, GHS07 225, 319, 336 242 305+351+338
. 260, 264, 270,
3,5-Dimethylpyrazole (67-51-6) GHS07, GHS08 302, 373 301+312, 314, 501
GHSO5 262, 273, 280,
4-Dimethylaminopyridine GHSOG, 301+331, 310, 315, 301+310,
(1122-58-3) GHS08 Gl—,ISOQ 318, 370, 411 302+353+310,
' 305+351+338
- . 302+352, 337+313,
4'Methoxypz’lr'l‘;'g_‘g('s\‘_g;x'de hydrate GHS07 315, 319, 335 304+340, 312, 280,
332+313
4-Nitrobenzoic acid
(62-23-7) GSHO07 302, 319 305+351+338
9-Borabicyclo[3.3.1]nonane dimer 228, 261, 315, 319, 210, 231+232, 261,
(21205-91-4) GHS02, GHS07 335 305+351+338, 422

9-Borabicyclo[3.3.1]nonane solution
(0.5 M in THF) (280-64-8)

GHSO02,
GHS07, GHS08

225, 260, 302, 319,
335, 336, 351

202, 210, 231+232,
301+312,
305+351+338,
308+313

Acetaldehyde (75-07-0)

GSHO02,
GSHO07, GSHO08

224,319, 335, 341,
350

201, 210,
305+351+338,
308+313, 403+233

Acetic acid (64-19-7)

GHS02, GHS05

226, 314

210, 280,
301+330+331,
303+361+353,
305+351+338+

310

Acetic acid (64-19-7)

GSHO02, GSHO05

226, 314

210, 280,
301+330+331,
303+361+353,

305+351+338+310

Acetic anhydride (108-24-7)

GHS02,
GHS05, GHS06

226, 302, 314, 330

210, 280, 301+312,
303+361+353,
304+340+310,
305+351+338

Acetone (67-64-1)

GHS02, GHS07

225, 319, 336

210, 233, 240, 241,
242, 305+351+338

Acetonitrile (75-05-8)

GHS02, GHS07

225, 302+312+332,
319

210, 280, 301+312,
303+361+353,
304+340+312,
305+351+338
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210, 280, 301+310+

GHS02,
Acrolein (107-02-8) GHS05. 225 300+330, 311, 330, 303+361+353,
GHS06 GHS09 314, 410 304+340+310,
' 305+351+338+310
210, 273, 280,
GHSO02, 225, 301+311+331, 301+310+330,
Allyl alcohol (107-18-6) GHS06, GHS09 | 315, 319, 335, 400 302+352+312,
304+340+311
210, 233, 280,
Allyl chloroformate (2037-500) | . SHS2 | 226,301, 314, 330 ST,
305+351+338
Allylpalladium(11) chloride dimer 264, 280, 302+352,
(12012-95-2) GHS07 315 332+313, 362+364
Aluminium oxide (1344-28-1) Not a hazardous substance
Ammonium cerium(I1V) nitrate gnggg 272,290, 302, 314, 212@5235135%80
(16774-21-3) ’ 317,410 ’
GHS07, GHS09 305+351+338
264, 280, 301+312,
Ammonium chloride (12125-02-9) GHSO07 302, 319 305+351+338,

337+313, 501

p-Anisaldehyde dimethyl acetal
(2186-92-7)

Not a hazardous substance

Benzoic acid (65-85-0)

GSHO05, GSHO08

315, 318, 372

260, 280,
305+351+338+
310

Benzyl chloromethyl ester
(3587-60-8)

GHSO05,
GHSO07,
GHS08, GHS09

302+332, 315, 317,
318, 334, 335, 350,
373, 400

201, 261, 273, 280,
305+351+338,
308+313

Boron trifluoride ethyl etherate
(109-63-7)

GSHO02,
GSHO05,
GSHO06, GSHO08

226, 302, 314, 330,
335, 373

210, 280,
303+361+353,
304+340+310,

305+351+338, 314

Bromine (7726-95-6)

GHS05,
GHS06, GHS09

314, 330, 400

260, 273, 280,
303+361+353,
304+340+310,
305+351+338

Cerium(I11) chloride heptahydrate
(18618-55-8)

GHS05, GHS09

314, 410

260, 273, 280,
303+361+353,
304+340+310,
305+351+338

Cerium(1V) sulfate (13590-82-4)

GHS05, GHS09

314, 410

260, 273, 280,
303+361+353,
304+340+310,
305+351+338

Chlorobenzene (108 -90-7)

GHS02,
GHS07, GHS09

226, 315, 332 411

210, 233, 240, 273,
303+361+353,
304+340+312

Chloroform (67-66-3)

GHS06, GHS08

302, 315, 319, 331,
336, 351, 361d, 372,
412

201, 273,
301+312+330,
302+352,
304+340+311,
308+313

Chloroform-d (865-49-6)

GHS06, GHS08

302, 315, 319, 331,
336, 351, 361d, 372

202, 301+312,
302+352,
304+340+311,
305+351+338,
308+313
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GHS0 210, 233, 280,
Chlorotrimethylsilane (75-77-4) GHS05, 225, 301+331, 312, 305+361+353,
GHS07 CLiS03 314 304+340+310,
' 305+351+338
GHS03, 270, 301+311, 314, 210, 260, 280,
. . GHS05, 317, 330, 334, 335, 303+361+353,
Chromium(V1) oxide (1333-82-0) GHS06, 341, 350, 361f, 372, 304+340+310,
GHS08, GHS09 410 305+351+338
GHS02, 210, 233, 273,
Cyclohexane (110-82-7) GHS07, 225, 30‘:1'1%15' 336, 301+310,
GHS08, GHS09 303+361+353, 331
GHS02,
Cyclohexene (110-83-8) GHS07, 225, 302, 304, 411 210, 233, 240, 273,

GHS08, GHS09

301+310, 331

Dess—Martin periodinane 210, 220, 221,
P GHS02 272, 315, 318, 335 305+351+338,
(87413-09-0) 704378
201, 302+352,
Dichloromethane (79-09-2) GSH07, GSH08 | 315,319, 336, 351 305+351+338,
308+313
Diethyl ether (60-29-7) GHS02, GHS07 224,302, 336 g(lﬁégfé i‘éos’fz‘glé
Diethylene glycol (111-46-6) GHSO07 302 264, 27%03101+312’
210, 231+232+280+
Diisobutvlaluminium hvdride GSHO2, 225, 250, 260, 304, 301+330+331,
" soru%/ionu(li9llu-15—¥) ' GSHOos, 314, 336, 361d, 373, 303+361+353,
GSHO7, GSHO8 412 305+350+338+

310, 370+378

Diisopropyl azodicarboxylate

GSHO07,

315, 319, 335, 351,

201, 260, 264, 273,

(2446-83-5) GSH08, GSH09 373,411 280, 391
210, 280,
B _ GSHO2 303+361+353,
Diisopropylamine (108-18-9) GSHO5 G§H06 225, 302, 314, 33 304+340+310,
’ 305+351+338,
403+233
; 210, 233, 240, 241,
Dimethyl carbonate (616-38-6) GHS02 225 242. 243

Dimethyl sulfoxide (67-68-5)

Not a hazardous substance

Dimethyl sulfoxide-ds (2206-27-1)

Not a hazardous substance

Dimethylphenylphosphine (672-66-2)

GHS02, GHSO07

226, 315, 319, 335

210, 302+352,

305+352+338
210, 233, 280,
Di-tert-butyl dicarbonate GHS02,GHS05, | 226, 315, 317, 318, 303+361+353,
(24424-99-5) GHS06 330, 335 304+340+310,
305+351+338
210, 233, 240, 241,
Ethanol (64-17-5) GHS02, GHS07 225, 319 Py
Ethyl acetate (141-78-6) GHS02, GHS07 225, 319, 336 210, 233, 240, 241,

242, 305+351+338

Ethyl acetoacetate (141-97-9)

Not a hazardous substance

Ethyl acrylate (140-88-5)

GSH02, GSHO06

225, 302+312, 315,
317, 319, 331, 335,

210, 233, 261, 280,
370+378, 403+233

412
201, 210, 235,
Ethyl diazoacetate (623-73-4) GHS%';SgﬁS% 22%'1%423'3360253115’ 308+313, 370+378,
! , 336, 403
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Ethyl triphenyl phosphonium

264, 270, 273, 280,

! GHS05, GHS06 301, 318, 412 301+310,
bromide (1530-32-1) 305+351+338
Ethylene glycol (107-21-1) GHS07, GHS08 302, 373 260, 264, 210,

301+312, 314, 501

210, 280, 301+312,

. . GSHO02, 303+361+353,
Formic acid (64-18-6) GSHO5, GSHO6 226, 302, 314, 331 304+340+310
305+351+338
210, 273, 280,
. 225, 302+332, 311, 301+312,

Hexamethyldisilazane (999-97-3) GHS02, GHS06 412 303+361+353,
304+340+312
GHSO02, 210, 273, 280,
. GHSO05, 226, 301+311, 314, 303+361+353,
Hydrazine monohydrate (7803-57-8) GHS06 317, 330, 350, 410 304+340+310
GHS08, GHS09 305+351+338

L 234, 261, 271, 280

o 1 1 1 )
Hydroggﬂ'f_g‘l"_%)(37 %) GHS05, GHS07 | 290, 314, 335 303+361+353,
305+351+338

Hydrogen bromide solution 234, 261, 271, 280
(33 WL % in acetic acid) GHS05, GHS07 290, 314, 335 303+361+353,
' 305+351+338
260, 262, 280,
301+310+330,
Hydrogen fluoride pyridine 303+361+353,
(62778-11-4) GSHO05, GSHO06 300+310+330, 314 304+340+310
305+351+338+
310, 403+233
210, 273, 280,

Hydrogen peroxide solution GHSO03, 272,302, 314, 335, 301+312,

(30% wt.% in H,0) GHS05, GHS07 412 303+361+353,
305+351+338
201, 260, 280,
. GSHO05, 303+361+353,
Imidazole (288-32-4) GSHO7, GSHO8 302, 314, 360D 30543514338+

310, 308+313

210, 220, 260, 280,

lodic acid (7782-68-5) GHS03, GHS05 272, 314 303+361+353,
305+351+338
210, 233, 240, 280,
lodotrimethylsilane (16029-98-4) | GHS02, GHS05 225,314 303+361+353,
305+351+338
210, 280,
301+310+330,
'SObUté' fg_'g;‘_’{;"mate o e | 226,302,314,331 303+361+353,
’ 304+340+311,
305+351+338
210, 280,
KHMDS solution (0.5M in toluene) GHS02, 225,304, 314, 336, 301+310+331,
(40949-94-8) GHS05, 361d, 373, 412 303+361+353,
GHS07, GHS08 3713, 305+351+338+
310

223, 231+232, 260,

Lithium (7439-93-2) GHS02, GHS05 260, 314 280, 303+361+353,
305+351+338
Lithium bis(trimethylsilyl)amide GSHO2, 225,302, 314, 335, 201, 210, 280,
solution (1.0 M in THF) GSHOS, 336, 351 303+361+353,
: GSHO7, GSHO8 : 305+351+338+
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310, 308+313

260, 270, 280,
- . 301+312,
Lithium hydroxide (1310-65-2) GHS05, GHSO07 302, 314 303+361+353,
305+351+338
235, 260, 280,
-y . GHS02, 301+312,
Lithium tert-butoxide (1907-33-1) GHS06, GHS07 251, 302, 314 303+361+353,
305+351+338
. . GHS02 210, 231+232, 280
_ ® ] ] 1 1
L-Selectride® solution GHS05. 225, 250, 260, 314, 305+351+338,

(1.0 M in THF) (38721-52-7)

GHS07, GHS08

335, 351

370+378, 422

Magnesium sulfate (7487-88-9)

Not a hazardous substance

Manganese(l11) acetate dihydrate
(19513-05-4)

Not a hazardous substance

260, 264, 270,
Manganese(1V) oxide (1313-13-9) GHS07, GHS08 302+332, 373 301+312,
304+340+312, 314
210, 280,
GSHO2, 225 301+311+331, 301+310+330,
Methanol (67-56-1) GSHOB, GSHO8 370 30243524312,
304+340+311
210, 233, 280,
GHS02, 225 301+311+331, 301+310,
Methanol-d (1455-13-6) GHS06, GHS08 370 303+361+353,
304+340+311

Methyl acrylate (96-33-3)

GHS02, GHSO07

225, 302+312, 315,
317, 319, 331, 335,
412

210, 233, 261, 273,
280, 303+361+353

210, 280, 301+312,

GHSO02, 225, 302+312, 314, 303+361+352,
Methyl chloroformate (79-22-1) | 511505 "GHs06 330 304+340+310
305+351+338
210, 280,
. 301+310+330,
Methyl vinyl ketone (78-94-4) GSHOS. 225512100323;1%330' ggi:g%:gig
GSH06, GSHO9 305+351+338+
310
210, 261, 304+340,
N,N-Diisopropylethylamine GHS02, 225 302, 318, 331, 305+351+338,

(7087-68-5) GHS05, GHS06 335 370+378, 403+233,
403+235, 501
210, 280,
303+361+353,
N,N-Dimethylformamide (68-12-2) GHSGol;SgﬁSOB 226, 3132g-03§2, 319, 304+340+312,
’ 305+351+338,
308+313
GHS02,
Naphthalene (91-20-3) GHS07, 228,302, 351, 410 Zlgbég’égo’
GHS08, GHS09
GHSO03, 210, 273, 280,
. GHSO05, 272,290, 315, 317, 302+352,
N-Bromosuccinimide (128-08-5) GHS07. 319, 341, 400 305+351+338,
GHS08, GHS09 308+313
GSHO02,
n-Butyllithium solution GSHO05, ;125 ;gg;gllf 330743 210, 222, 231+232,
(1.6 M in hexanes) (109-72-8) GSHO07, e ‘ ’ 261, 273, 422

GSHO08, GSH09

411
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260, 273, 280,
I GHSO05, 290, 302, 314, 335, 301+312,
N-Chlorosuccinimide (128-09-6) GHS07. GHS09 410 303+3614353
305+351+338
261, 264, 280,
Nitrosobenzene (586-96-9) GHS06 301, 312+332 3023;2’1312
304+340+312
260, 273, 280,
GHS05 301+312
® | _ ] ]
Oxone® (70693-62-8) GHS07, GHS09 302, 314, 411 303+361+353,
305+351+338
Oxygen (7782-44-7) GHS03 270, 280 220, 410+403
Palladium hydroxide on carbon Not a hazardous substance
(20 wt.%) (12135-22-7)
Palladium on carbon (10 wt.%) 210, 240, 241, 280,
(PAIC) GHS02 228 3704378
GHSO05 261, 272, 273, 280,
Palladium(Il) acetate (3375-31-3) GHS07 GI—,ISOQ 317, 318, 410 302+353,
’ 305+351+338
GHSO02, 210, 280, 301+310,
Petroleum ether 40-65 (64742-49-0) GHS07, 225, 301'13115' 336, | 331 303+361+353,
GHS08, GHS09 304+340
L 210, 220, 260, 280,
PhOSphO”;"l'z’gg_';’ 43_‘2" hydrate | 51503, GHS05 272, 314 303+361+353,
( ) 305+351+338
. . 261, 280,
Phosphorus tribromide (7789-60-8) | GHS05, GHS07 314, 335 305+351+338. 310
Potassium carbonate (584-08-7) GSHO07 315, 319, 335 305+351+338
234, 260, 280,
. . 301+312,
Potassium hydroxide (1310-58-3) GHSO05, GHS07 290, 302, 314 30343614352
305+351+338
GHSO03
' 210, 260, 273, 280,
Potassium permanganate (7722-64-7) gnggg 272, 339723 3jf0 361d, 303+361+353,
: ’ 305+351+338

GHS08, GHS09

Potassium phosphate monobasic
(7778-77-0)

Not a hazardous substance

Potassium tert-butoxide (865-47-4)

GHS02, GHS05

228, 260, 314

210, 2314232, 260,
280, 303+361+353,
305+351+338

Potassium thioacetate (10387-40-3)

Not a hazardous substance

210, 233, 240, 241,

Propane-1,3-dithiol (109-80-8) GHS02, GHS06 226, 301, 315 301+310,
303+361+353
p-Toluenesulfonic acid monohydrate 234, 260, 273, 280,
(6192-52-5) GHSO05 290, 314, 412 303+361+353,
305+351+338
210, 280, 301+312,
- 225, 302+312+332, 303+361+353,
Pyridine (110-86-1) GHS02, GHSO07 315 319 304+340+312.
305+351+338
Rhodium(11) acetate dimer 302+352,
(15956-28-2) GHS07 315,319 305+351+338
_ _ _ GHSO05 202, 273, 280,
Rhodium(l11) chloride trihydrate GHSOY’ 290, 302, 318, 341, 301+312,
(13569-65-8) GHSO8 GI—'|SO9 410 305+351+338,
’ 308+313
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Scandium(l11) triflate (144026-79-9)

Not a hazardous substance

Selenium dioxide (7446-08-4)

GHSO06,
GHS08, GHS09

301+331, 373, 410

260, 264, 273,
301+310,
304+340+311, 314

Silica gel (7631-86-9)

Not a hazardous substance

223, 231+232, 260,

Sodium (7440-23-5) GHS02, GHS05 260, 314 280, 303+361+353,
305+351+338
GSHO03, 260, 280,
Sodium periodate (7790-28-5) GSHO05, 290, 314 303+361+353,
GSH08, GSH09 305+351+338, 310
GHS0?, soav1ass,
Sodium borohydride (16940-66-2) GHSO05, 260, 301, 314, 360FD '
GHS06. GHS08 304+340+310,
’ 305+351+338
264, 280,
Sodium carbonate (497-19-8) GHS07 319 305+351+338,
337+313

Sodium chloride (7647-14-5)

Not a hazardous substance

Sodium hydride (60% dispersion in
mineral oil) (7646-69-7)

GHS02, GHS05

228, 260, 290, 314

210, 231+232, 260,
280, 303+361+353,

305+351+338
Sodium hydrogen carbonate
(144-55-8) Not a hazardous substance

234, 260, 280,
. . 303+361+353,
Sodium hydroxide (1310-73-2) GHS05 290, 314 304+340+310
305+351+338
GHS07 260, 264, 273,

Sodium iodide (7681-82-5) : 315, 319, 372, 400 302+352,

GHS08, GHS09

305+351+338, 314

Sodium phosphate dibasic
(7558-79-4)

Not a hazardous substance

Sodium sulfate (7757-82-6)

Not a hazardous substance

Sodium thiosulfate (7772-98-7)

Not a hazardous substance

234, 280,
L . 303+361+353
0 _ = 1
Sulfuric acid (min. 95%) (7664-93-9) GHS05 290, 314 304+340+310.
305+351+338, 363
tert-Butyl acetate (540-88-5) GSH02 225 210
210, 280,
GHS02, 301+330+331,
tert-Butyl hydroperoxide solution GHSO05, gi? ?11421 2(1)3 ggg 303+361+353,
(5.0-6.0 M in decane) (75-91-2) GHSO06, 3’35 3’41 4‘11 ' 304+340+310,
GHS08, GHS09 e 305+351+338,
370+378
210, 280,
. . GHS02, 226, 242, 302, 311, 303+361+353,
tert-Butyl hydroperoxide solution GHSO05,
e 314, 317, 330, 335, 304+340+310,
(70 wt.% in H20) (75-91-2) GHSO06, 341 411 30543514338
GHS08, GHS09 3704378
210, 233, 240, 241,
tert-Butyl methyl ether (1634-04-4) | GHS02, GHSO7 225, 315 242, 303+361+353
tert-Butyldimethylsilyl chloride GSHO02, 210, 260, 273, 280,
228, 314, 411 303+361+353,
(18162-48-6) GSHO05, GSH09 305+3514338+310
Tetrabutylammonium fluoride GSHO2, 201, 210, 233, 280,
solztion (429-41-4) GSHO05, 225, 314, 335, 351 303+361+353,
GSHO07, GSHO08 305+351+338
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201, 210,
GSHO2, 225,302, 319, 335, 301+312+330,
Tetrahydrofuran (109-39-9) GSHO7, GSHO8 351 305+351+338,
308+313
Tetrakis(triphenylphosphine) None 302 317 413 261, 264, 273, 280,

palladium(0) (14221-01-3)

301+312, 302+352

Thionyl chloride (7719-09-7)

GHS05, GHS07

302+332, 314, 335

261, 280, 301+312,
303+361+353,
304+340+310,
305+351+338

Tin(11) chloride (7772-99-8)

GHSO05,
GHS07, GHS08

290, 302+332, 314,
317,335, 373, 412

260, 273, 280,

303+361+353,

304+340+312,
305+351+338+310

Toluene (108-88-3)

GSHO02,
GSHO07, GSHO08

225, 304, 314, 336,
361d, 373, 412

201, 210, 273,
301+310+331,
302+352, 308+313

Tri(2-furyl)phosphine (5518-52-5)

Not a hazardous substance

260, 273, 280,
. . . 303+361+353,
Trichloroacetic acid (76-03-9) GHS05, GHS09 314, 410 304+340+310,
305+351+338
210, 280,
301+330+331,
. . GHSO02, 225, 302, 311+331, 303+361+353,
Triethylamine (121-44-8) GHS05, GHS06 314, 335 304+340+311,
305+351+338+
310
210, 280,
GHSO02, 301+310+331,
Triethylborane solution GHSO05, 225, 304, 314, 336, 301+330+331,
(1.0 M in hexanes) (97-94-9) GHSO07, 361f, 373, 411 303+361+353,
GHS08, GHS09 305+351+338+
310
GHS02 210, 231+232, 280,
Triethylborane solution GHSOS' 225, 250, 261, 302, 303+361+353,
(1.0 M in THF) (97-94-9) GHS07 GI—'|808 314, 335, 336, 351 305+351+338,
’ 370+378
210, 233, 240, 241,
Triethylsilane (617-86-7) GHS02, GHS07 225, 315, 319, 335 303+361+353,
305+351+338
261, 273, 280,
. . . 303+361+353,
Trifluoroacetic acid (76-05-1) GHS05, GHS07 314, 332, 412 304+340+310.
305+351+338
. . 210, 233, 240, 241,
Triisopropylsilane (6485-79-6) GHS02 226 242, 243
Trimethyl orthoformate (149-73-5) | GHS02, GHS07 225,319 210, 233, 240, 214,

242, 305+351+338

Trimethylphosphine solution GHS02, 225, 304, 315, 336, ggiéigéﬁ
(2.0 M in toluene) (594-09-2) GHS07, GHS08 361d, 373, 412 302+353, 308+313
5 27520
Tri-n-butylphosphine (998-40-3) GHSO05, 251, 302, 314, 411 .
GHS07. GHSO09 303+361+353,
’ 305+351+338
273, 280, 301+312,
Triphenyl phosphite (101-02-0) GHS07, 302,315, 317, 319, 302+352,

GHS08, GHS09

373,410

305+351+338, 314
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Triphenylphosphine (603-35-0)

GSHO02,
GSHO05, GSHO07

302, 317, 318, 372

280, 301+312+330,
302+352,
305+351+338+
310, 314

Tris(dibenzylideneacetone)

261, 272, 273, 280,

dipalladium(0) (51364-51-3) GHS07, GHS09 317,411 302+352, 333+313
Tris(dibenzylideneacetone) 201, 202, 264,
dipalladium(0)-chloroform adduct GHS07, GHS08 302, 315, 351 301+312, 302+353,
(52522-40-4) 308+313
Tris(hydroxymethyl) 26;‘6532;5?3%;252'
aminomethane hydrochloride GHS07 315, 319 j
(1185-53-1) 332+313, 337+313,
362+364
Tris(triphenylphosphine) 261, 272, 273, 280,
thodium(1) chloride (14694-95-2) GHS07 317,413 302+353, 333+313
260, 280,
. . 303+361+353,
Trityl chloride (76-83-5) GHS05 314 304+340+310.
305+351+338, 363
260, 280,
301+312+330,
. 301+330+331,
Tryptamine (61-54-1) GHSO05, GHS07 302, 314, 335 303+360+353,
305+351+338+
310
202, 210, 233, 273
. GHS02 225, 332, 335, 351 ’ ’ ’ '
Vinyl acetate (108-05-4) f ' ' ' ' 304+340+312,
GHS07, GHS08 412 308+313
260, 273, 280,
. . GHSO05, 301+312,
Zinc bromide (7699-45-8) GHS07, GHS09 302, 314, 317, 411 303+361+353,
305+351+338

GHS Hazard Pictograms:

GHS01

GHS04

GHSO07

GHS05

GHS08
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