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Abstract

Abstract

This Thesis describes the development of novel catalytic dearomatisation methodologies of
indolyl and pyridyl systems for the symis of spirocyclic and annulated products. Chapter 1
provides an introduction to this area of research and reviews related reactions, as well as

setting out the research objectives.

Chapter 2 describes the cyclisation of indalleyne systems, using Adl) or Au(l) catalysis,

to selectively form either spirocyclic indoleninis or carbazole$V in high yield through a
common vinyl metal intermediaté. An efficient and reusable heterogeneous catalyst system
was also found for the synthesis of indotess 11l . A highyielding asymmetric
spirocyclisation methodology was later developed by usiagsilver salt of a BINOiderived
chiral phosphoric aci¥ to furnish spirocycles in up ®9:11er. Finally, these methodologies
were applied in brief studieowards the natural product spirobacilleneVB and in an
accidental synthesis of actinopolymorphoVB .
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Chapter 3 detail s t-diaeocahgnglaVvlill s wsingi Rh{il}, Rdfll)}, i nd ol
Cu(ll)- and SiQ-based atalysts to selectively form 6 different products, namely spirocyclic
indolenined X, oxindolesX andXl, as well asannulatedndole isomersXll , XIIl andXIV .

This work is, to the best of our knowledge, a record number products prepared through
catalystselective synthesis. A number of diverse mechanistic pathways were proposed in this

work, including a surprising reaction involving atmospheric oxygen.
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Finally, Chapter 4 describes the cyclisation of pyridipgrazine and isoquinolineynones
XV to generate annulated product¥Il , which are presumed to form via a vinyl silver

species such asVI . This work ultimately led to a higielding 5 step dearomative synthesis

of the alkaloid (t)lasubine IIXVIII .
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Chapter 1Introduction

Chapter 1. Introduction

1.1 Dearomatisabn reactions

Dearomatisation reactions are important transformations that provide access to high value
spiro-, bridged and fuseecompounds from relatively simple and inexpensive aromatic
precursors:* The more complex thregimensional structures typically obtained from these
reactions are often found in a number of natural product systems, further extending their
synthetic valué. A prominent early example demonstrating the synthetic power of
dearomatisation reactions can be found in Woodward awd@ao k er s 0 s athesi:nal t
of strychnine3 (Schemel).®” In this work, indolel was dearomatisedhia PictetSpengler

type spirocyclisation process to afford spirocyclic indolergnim good yield, which was

subsequently elaborated to produce strych8ine

CO,Et
N’
TsCl
N\
N OMe pyridine
65%
H ome  (©°%)

Schemel. Thedearomatisation of indell in the total synthesis of strychniBe

Following this pioneering work, dearomatisation reactions have been employed in a number

of natural product synthesgddowever, perhaps the greatest advancement in this area has
come with the development of new catalytic asymmetric dearomatisation (CADA) redctions.

19 A number of CADA reaction strategies have beewetised, with arguably the leading

work in this area performed by You andworkers, who have used an intramolecular allylic
alkylation approach to great effecBaqheme2).'* In this approach allylic carbonates are
tethered to aromit systems (such as phendlsindoles? or pyridines10) and then reacted

with a chiral catal yst (usually an -alyidiun
species, which is then nucleophilically attacked by the aromatic system to form the

dearomatised product in typically high yield and with excékerantioselectivity” **
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a)
X [I(COD)CI], X
) /i (2 mol%) n(
n 0CO,Me 5 (4 mol%) R =
—
R
Li,CO,4
THF, 50 °C
4 (o)
HO X =NBn, C(CO,Me), 6, 65-95%
88-97% ee
b) R3
N [IrCOD)Cl],
/z( (2 mol%)
o,
0CO,Me 8 (4 mol%)
R1 \ 2 C32C03
N R CH,Cl,, reflux
H 9, 88-98%
7 58:42-99:1 dr
88-97% ee
c) EWG
EWG [Ir(COD)ClI],
(2 mol%) 74
7 N / 5 (4 mol%) /B 4
— .
— 0COMe THF, RT =
11, 82-99%
10 83-98% ee

sl 0
O\P-N>—2-MeOCaH4 0u,
0" \—2-MeoC,H, 0
Me Me

5 8

Scheme2. CADA reactionghrough arintramolecular allylic alkylatiompproach.
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1.2 Spirobacillenes A & B
1.2.1lsolation and previous syntheses

The Taylor group became interested dearomatisation reactions following the reported
isolation of two unusual natural products, spirobacillenes2& B 13 (Schemed).'® Both
natural products were isolated fromcalture of Lysinibacillus fusiformisKMCO003, which

was obtained from acidic coalmine drainage a somewhat unusual source of natural
productst® Biosynthetically, both spirobacillene A2 & B 13 were proposed to be derived
from a common intermediate, diketofid, which was also isolated from the same culture.
Diketone 14 was presumed to form either spirobacillene 12 or spirobacillene B13
following oxidation and the dearomative spirocyclisation of either the phenol or indole ring,

respectively.

(0]
OH
- U
wet
>
N OH
spirobacillene A 12 spirobacillene B 13
phenol dearomatisation indole dearomatisation

Scheme3. Spirobacillenes A & B and their proposed biosynthetic precursor.

Mechanisticdly, it was proposed by Tang and-awrkers that both natural products were
formed by two aromatienol oxidative coupling processe8chemed).'® Here,spirobacillene

A 12 was proposed to form via an electrophilic oxidative dearomatisation reaction, in which
the enol of14 nucleophilically attacks the activated phenol rifig (Scheme4, path a
Conversely,spirobacillene B13 was proposed to form via a nucleophilic dearomatisation
reaction, in which the indole ring af7 nucleophilicallyattacks the activated enol tautomer of

16 (Schemet, path b).
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!

A\ A\
N N
H H

14 16

[O] l path a path b l [O]

Schemed. Proposed biosynthetic pathways.

Tang and cavorkers successfully applied a biomimetic strategy to complete the total
synthesis of both spirobacillene 2 and B13.'® The synthesis of spirobacillene #2 began

with Weinreb amidel9, whichwas prepared in 6 steps from indd@®according to literature
methods $chemeb) . Tkite hydioxyl group of amid&9 was then protected with a TES
group before reaction with benzyl Grign&@to form indole21. Subsequent cleavage of the
TES protecting group and oxidation with DMP afforded diket®dewnhich gradually formed

the enol tautome@3 following column chromatographyrhe proposed biosynthetic precursor
14 was then prepared in good yield following cleavage of the TBS protecting group with
TBAF. Finally, diketonel4 was reacted with an excess of8gto form spirobacillea A 12

in modest yield and in 12 overall steps.
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(o)
HO i) TESCI, imidazole TESO
H 63teps CHyClp, RT O
’ e
N )CIM 20 O > o
Boc H oTBS H
19 THF, 0 °C
(76%)
) PPTS, MeOH
THF 0°C
ii) DMP, CH,Cl,
HO— O S|02 (49%)
OTBS
A OTBS
N
H
(o)
TBAF—ACOH HO\ O Agzo
ThE Chch
(65%) N (42%)
H
14

Schemeb. Tangandcavor ker s® synt hesl2as of spirobaci

For the synthesis of spirobacillenelB, Tang and cavorkers reacted benzyl keto@é with
LHMDS, followed by iodine to promote the formation of spirocyclic indoler#dg¢Scheme

6). Interestingly, indolenin@4 appeared to be unstable and formed only spirocyclic oxindole
26 (with ambiguous stereochemistrypan quenching the reaction with sat. aq.,8s.
Mechanistically, oxindole26 was proposed to form via th&ornblunmi DeLaMare
rearrangement of an intermediate endoperoX8eformed by an autoxidation process.
Fortunately, this reaction pathway could be sgsped by treating the unstable indolerfde
with PPTS, which promoted both the deprotection and autoxidation of thepibESted
hydroxyl group to form a lowyielding mixture of spirobacillene B3 and the TBSprotected
analogue?. Finally, the TBSprotected analogu27 was also converted into spirobacillene B

13 by cleavage of the TBS protecting group by reaction with TBAF.
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TESO

N
H 26 58%
Na,S,05
H,0
TESO
iy LHMDS
THF, —40 °C —
—
ﬂ'i: A\ ﬂlii i) I, ~78 °C —
N oTBS
21
PPTS
MeOH
)
OH
/]
) +
C O
N OH
13, 10% 27, 27%
+ TBAF—ACOH |
(65%)

Schemeb. Tangandcewor ker s synt hesil8é of spirobac!
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1.2.2Taylor group synthesis and methodology

In contrast to the biomimetic approach to spirobacillend? & B 13 employed by Tang and
co-workers, the Taylor group devised an alternative strategy, which focused on using ynones
28 and 30 as precursors to spirgdic enones29 and 31, respectively $cheme8).'’
Subsequent oxidation of the enone framework was envisaged to provide access to the desired

natural products in a concise amdh-yielding fashion.

spirobacillene A 12

(o) lo) 0O
OH
‘ p— ‘ p— N N
we - we -
¥ (o1 ¥ H
OH OH OH
spirobacillene B 13 31 30

indole dearomatisation

Scheme?. Alternative retrosynthetic analysis of spirobacillen&@2and spirobacillene B3.

Unsworth, Taylor and caorkers succesfully applied this strategy in the tetaithesis of
spirobacillene AL2 (SchemeB).!” The synthesis began with the preparation of all3iom
indole32in 4 steps according to literature methods. Alk@davas then deprotonatewith n-

BuLi and reacted with Weinreb amid&5 to afford the anisokased spirocyclisation
precursor36, which upon reaction with Sng&H,O, afforded the desired spirocycd? in
excellent yield. Unfortunately, selective oxidation of this framework ptod#ficult and

could only be achieved by first reducing the cyclopentenone moiety under Luche conditions to
form allylic alcohol38; allylic alcohol38 was then epoxidised witl-CPBA and reoxidised

wi t h DMP -keto epdxideB9nwhith upon reaction with TsOH and then TFA afforded

spirobacillenel2in just 11 steps and 14% overall yield.
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i) Pd(PPh3),Cl, //
Cul, Et;N
) I, KOH, DMF = Tms -
©j\> 2, KO A A /tvhBuLl,THF
> en O
N i) Boc,O, Et;N N i) TBAF, THF N MeO.
H DMAP, CH,Cl, oc (92%) Boc N
(98%) 33 34 Me
35
OMe
o}
SnCly-H,0
(5 eq) ik O
> < OMe
CH,Cl, O N
N RT, 18 h N
(62%) Boc (89%) Boc
37 36

o
i) m-CPBA, NaHCO4 ) i) p-TsOH
CH,Cl, d IR PhMe
> S —_—
ii) DMP, NaHCO, N\ o i) TFA
CH,Cl, N CH,Cl,
(42%) Boc (66%)
39

Scheme8. Unsworth, Taylor ad coworkers synthesis of spirobacillenelZ.

Unsworth, Taylor and cworkers also conducted preliminary studies towards spirobacillene
B 13 by applying the same strategy. Unfortunately, when model yA0neas reacted under
the same SngH,O-mediated coditions the desired spirocyclic indolenid& was obtained
in only 40% vyield, confirming the viability of this approach, but suggesting that improved

spirocyclisation conditions were needed.

0 o)
SnC|2'2H20
N\ (5eq.) .]
0 > - w
N CHzclz /
H RT, 18 h N
40 OMe (40%) 41 OMe

Scheme9. Preliminary SnGlH,O-mediated spirocyclisation of indeigone40.
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1.3 Spirocyclic indolenine synthesis via indelikyne spirocyclisation

At the time this research commenced, only a few inrdtdgne systems had ever been used to
prepare spirocyc indolenines, which were typically formed in low yield upon reaction with
a gold catalyst. Inspiration for the majority of reactions of this type came from the pioneering
work of Echavarren and eworkers in 2007 $chemel0)."® In this work the authors describe
a single spirocyclisation reaction, in whichrizthyl substituted indolalkyne42 was reacted
with gold catalyst43 to form indoline44 (Schemel0a). Interestingly, when the analogous
indole 45 (without a substituent on the indoIC2position) was reacted with the same catalyst
43 only the annulated indold6 was formed $chemelOb). From these results it was
hypothesised that all reactions of this type may procdada spirocyclic vinyl gold
intermedia¢ (48, Schemell) but rapidly undergo a 1@igration process in the absence of a
steric blocking group at the indole @®sition. The 1,2nigration was proposed to proceed

either directly 48Y 50) orvia a cyclopropanationing-opening sequencd§Y 49Y 50).

- ) - '
) TSN\ SbFy E
(5 mol% Bu :

et "ty H

e PhMe ©\ e I

N 90 °C, 16 h Ncwme
Mo (80%) 5 43 :
42 Y S SR A
b) PhOZS
\-S0Ph
(5 mol%
c:Hzc|2
RT, 16 h
(65%)
45 46

Schemel. The first Au(l)-catalysed cyclisations of indekdkynes.
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Schemell. Proposed mechanism for the formation of annulated indoles.

Later, in 2012 Van der Eyckerand ceworkers reported the first synthesis of a spirocyclic
indolenine using this approathAgain, a Au(l) catalyst was ad with alkyne53 to form a

low vyielding mixture of spirocyclic indolenin®4 and annulated indolB5 (Schemel?2). In
agreement with Echavarren andworkers, the authors suggest that this is further evidence of

a 1,2migration process. Next, Carbery and-weorkers reported a single example of
spirocyclic indolenine synthesis when indgigone 56 was reacted with Au@lto form
another low yielding mixture of spirocyclic indolenirg7 and annulated indol&8%°
However, it is important to note that both of these reactions were only performed as part of
mechanistic studies in the synthesis of other annulated indoles. Finally, a recent report by
Wang aml coworkers described the first high yielding Auftalysed approach to form
tetracyclic spirocyclic indolenineg0.”* However, as the substraté8are substituted on the 2
position the synthetic challenge is somewhat diminished as this substitution inhibits the
problematic 1,Zmigration pathway (ademonstrated by Echavarren andwarkers,Scheme

10).
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a) Van der Eycken et al. (2012)

Bn
AuPPh;CI N o NBn
En AgOTf
\ N — s \ o
H RT, 24 h N H
54, 25% 55, 25%
b) Carbery et al. (2013)
Me 0
AUC|3
\ \\ CH20|2 \\‘II
N RT, 36 h
H Me
56 57, 25% 58, 38%

c) Wang et al. (2015)

IPrAuBF,

\ (10 mol%
N MeOH/DCE
TBS N\ 70-105°C

59 60, 53-86%

Schemel2. Au(l/Ill) -catalysed synthesis of spirocyclic indolenines.

Finally, the only example to not use a-Basel catalyst was reported by Toste and co
workers, who instead utilised a chiral Pd@talystin their studiestowards the synthesis of
the kopsifoline(Schemel3).?? Here, indolealkyne 61 was reacted with a Pd({tomplex to

afford the spirocycl&3in only moderate yield but with promising enantioselectivity.

i o :

= 62-Pd(OTf), §<o O P(A),

A\ (1 mol%) " : (o P(Ar), ;
— ot

N AcOH / ) P
H CH,Cl,/MeOH N b oAre ome
61 63,41% . :
71% ee oo :

Schemel3. Pd(ll)-catalysed synthesis of a spirocyclic indolenine.
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1.4 Spirocyclicmdolenines

Aside from their presence in natural products, spirocyclic indolenines are also potentially
valuable compounds fodrug discovery when considering the dominant presence-of N
heterocycles in smatholecule drugs and the rising interest in spirocyclic scaffoiés.
Interest in spirocycles stems from their ability to occapgas of 30chemical spce, which

are typically underepresented in medicinal chemistry drug discovery programs and screening
libraries?**? The exploration of new chemical space in drug discovery is important to help
find new lead compounds and also to ensure their commercial vidBilitiarugs containing
spirocyclic heterocycles have also been shown to exhibit enhaioegicochemicaland
pharmacekinetic propertie$® Considering all of this, the synthesis of novel spirocyclic

heterocycles is an area of interest at all levels of drug discovery.

Indolenines64 are also highly reactive and useful intermediates thabeatonverted into a
range of other privileged scaffolds such as indoli6Bsoxindoles66, carbazole$7 and
polycycles68 (Figure 1).22** However, their inherent reactivity also provides some substrate
specific syntheticchallenges with regards to their isolation and handliR@ure 2).
Spirocyclic indolenines are known for their sensitivity to acids due to theirdeelimented
propensity to undergo LjRigrations6 9 Y 7 ) a proceasldriven by the reformation of
the aromatic indole rind.* Another complication lies in their tendency to exist in
equilibrium between the imineé/2 and imine trimer 73, which can hamper their

n‘®“> The equilibrium between imine and imine

characterisation and furthenanipulatio
trimer can bemanipulatedo favour the free imine/iminium speci&gd by employing acidic
conditions*® however, this solution magubsequentlypromote the aforementioned 1,2
migrations. Overall, thesproperties have most likely hindered the development of new
strategies for the synthesis of spirocyclic indolenines, an area of synthesis we have

comprehensively reviewed (see Appendi¢l).
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o Reduction Hydrolysis o
R =€ > o
N | | R=LG N
H H
Indolines 65 Oxindoles 66
W
,~»)—R
N 64
1,2-Migration | Addition o
\ -« > wiNu
N R=H N
H H
Indoles/Carbazoles 67 Polycycles 68

Figure 1. Synthetic utility of spirocyclic indolenines.

a) R R
RR ® @
O — Oy = O
N N N
®H n o H

69 70 71
b)
H® N
— —_— N
w > we —~— N
e L
N® N
H
74 72

73

Figure 2. Reactivity of spirocyclic indolenines: a) i\igrations; b) Imine trimer formation.
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1.5Projectaims

The initial goal of this project was to improve upon the preliminary SBBJO-mediated
spirocyclisation of an ndolealkyne system and to extend this work into a general
methodology for the synthesis of spirocyclic indolenirféshémel4a). Full scoping studies

of this methodology and the development of an enantiosela@n@nt were also planned. If
successful, this work was envisaged to potentially enable the total synthesis of spirobacillene
B 13. Following these initial goals, the development of other novel catalytic methods for the
synthesis of spirocyclic indoleninegas planned by pairing indole with other electrophilic
systems $chemeldb). Furthermore, the applicatiaf these dearomative methotis other

heterocyclic systems, such as pyridine, was plan8elgmel4c).

a)

HO
\
\
[catalyst] "
R' R3 w R3
R1 / R2
N
76
b)
E [catalyst] E
\ —
/
N N
H
77 78
c)
E [catalyst]
[N T
—
79

Schemeld4. Project aims overview.
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Chapter 2. Indokalkyne cyclisations

Chapter 2. Indole-alkyne cyclisations
2.1 Indoleynone cyclisations
2.1.1 Reaction discovery & optimisation studies

Studiestowards the synthesis of spirobacillend Bbegan with the preparation of PMfased
model substrat83a which was prepareith a twostep sequence fromiidoleacetic aci@®0a

(Schemel5). Acid 80a was convertednto Weinreb amide8la in quantitative yield using
propyl phosphonic anhydride (T3P) as an activating a@géhAmide 81a wasthenreacted
with the lithium acetylide generated from the reactiomduLi with alkyne 82 to afford

ynone83ain excellent yield.

o T3P o] =—PMP
MeNHOMe-HCI oM 82 (3 eq.)
DIPEA -OMe ;-BuyLi (2.5 eq.
OH r;l n-BuLi (2.5 eq.) \\\

A\ > Ny  Me _— > A\
z CH,Cl, N THF (0.1 M) N PMP
N RT, 1h H -78°C - RT H
80a (100%) 81a (88%) 83a

Schemel5. Two step syrtesis of model ynon&3a

Ynone 83a was then reacted with a variety of potential catalysts in an attempt to improve
upon the preliminary SngH,O-catalyzed spirocyclisation conditions; dichloromethane was
retained as the solvent due its compatibility watlwide range of acids and metal catalysts
(Tablel). These experiments were carried out on a small scalied(@.inmol of ynoneé3a)

and examined by analysis of thé NMR spectra of the unpurified reaction mixar

First, a number of strong Bregnsted acid catalysts were examined (eritBgswihich
promoted varying levels of conversion into the desired spirod4# Next, Lewis acids,
such as BEFOEL, SnCh-2H,O and in particular anhydrous SpGlere also idetified as
effective catalysts (entries 4 2 ) . | nv e s t-acid eatalysts rfestries 1#@) degan
with PhhPAUCI, which without an activating silver -@atalyst displayed minimal reactivity
(entry 14); the combination of AgOTf and FPHAuUCI promoteda dramatically different
reaction profile, affording primarily carbazo85a (entry 14). Investigating common copper
catalysts used in related reactions (entrigslIprevealed Cu(OTf)as a comparable catalyst
to SnCl. Finally, Ag(l) catalysts, AgOTf ahAgNO; were examined, which again promoted
full conversion into the spirocycle. Following these results, the more easily handled Ag(l) and
Cu(ll) catalysts were examined further at reduced catalyst loading (1 mol%, eniri3).20
After 30 minutes, it wa®vident that the Ag(l) catalysts, particularly AQOTf, were most

effective. The potency of AgOTf was demonstrated further when the catalyst loading was

15



Chapter 2. Indokalkyne cyclisations

dropped to just 0.1 mol%, which still promoted 85% conversion into spiro8ddafter a

prolonged reaon time (entry 23).

2 [catalyst] o OH
(x mol%)
N -~
\ PMP CH:Cl, (0.1 M) W PMP O
H RT, [time] ©\Nf H PMP
83a 84a 85a
Entry Catalyst (mol%)*® Time (h) Ratio 83a:84a:854

1 aqg. 12 M HCI (10) 24 8218:0
2 TFA (10) 24 40:60:0
3 TfOH (10) 24 10:90:0
4 AICI;(10) 24 91:9:0
5 PdCLPPh (10) 24 84:16:0
6 Sc(OTfx(10) 24 69:31:0
7 Yb(OTf)3(10) 24 54:46:0
8 ZnCl,(10) 24 45.55:0
9 FeCk(10) 24 40:60:0
10 BF;-OEt (10) 24 10:90:0
11 SnCh-2H,0 (10) 24 9:91:.0
12 SnCl (10) 24 0:100:0
13 PhPAUCI (10) 24 8812:0
14 PhsPAuCI/AgOTTf (10) 24 0:17:83
15 CuCl (10) 24 52:48:0
16 Cu(OAc) (10) 24 99:1:0
17 Cu(OTf)(10) 24 0:100:0
18 AgOTf (10) 24 0:100:0
19 AgNO;(10) 24 0:100:0
20 Cu(OTf) (2) 0.5 63:37:0
21 AgNO; (1) 0.5 7:93:.0
22 AgOTf (1) 0.5 0:100:0
23 AgOTf (0.1) 120 15:85:0

Al reactions performed with.1i 0.3 mmol of ynone at RT;

PCalculated by*H NMR spectroscopic analysis of the unpurified reaction mixture.

Table 1. Acid catalyst optimisation results.

Solvent screening studies were also carried out with both Cu(@id) AgOf (Table 2),

which revealed thaboth catalysts were compatible with a wide range of solvents. However,

16



Chapter 2. Indokalkyne cyclisations

CH,CI, was retained as the standard solvent due to its potential compatibility with a wider

range of substrates.

2 AgOTf/Cu(OTf), %
(1 mol%)
N
N pmp  [solvent] (0.1 M) wNC SPMP
N RT, [time] /
H N
83a 84a
Entry Catalyst Solvent Time (h) Ratio 83a:844&
1 Cu(OTf), 24 0:100
CH.CI,
2 AgOTf 0.5 0:100
3 Cu(OTf), 24 0:100
CHCl;
4 AgOTf 0.5 0:100
5 Cu(OTf) 24 3:97
PhMe
6 AgOTf 0.5 1:99
7 Cu(OTf), 24 42558
MeCN
8 AgOTf 0.5 37:63
9 Cu(OTf), 24 3763
THF
10 AgOTf 0.5 11:89
11 Cu(OTf), 24 4159
Et,O
12 AgOTf 0.5 69:31
13 Cu(OTf) 24 0:100
EtOH _
14 AgOTf 0.5 Complex mixture

3Calculated by'H NMRspectroscopy, ratio of starting material to product.

Table 2. Solvent screening results with AgOTf and Cu(QTf)

The variety of catalysts capable of forming the spiroc@sda suggests that a number of
mechanistic pathways are possib8cliemel6). For example, &-endoedig spirocyclisation

(86/8 7 Y) c@ul be induced by either (i) @wodination of a Lewis acid to the ynone
carbonyl , i ncreasi ng -posiion ore(il) ecot d o p At l-apidh i toy
directly to the alkyne. Following this cyclisation, the vinyl metal intermed8tcould either
undergo protodemetallation to afford the spirocy@fs or reactvia a 1,2migration and
rearomatisiation pathway to afford the carbaZ&8aformed under Au(l) catalysisTable 1,

entry 14). Alernatively, it is also possible that the electrmh anisole, which is in direct
conjugation to the ynone, could react with a Lewis a@id( V) to%fford an electrophilic
allenyl intermediat®2, which could undergo &-exodig spirocyclisation as sk to afford

spirocycle84a

17



Chapter 2. Indokalkyne cyclisations

a) Lewis acid + m-acid catalysis

CRAXII 0 0
? [LA] [M] proto- H
\) demetallation
N 5-endo-dig = PMP —_—> " PMP
D" "pup > ©\ / ©\ /
N s . Ne N
do‘d\g 88 84a
0 5,0“
M] ¢ 1,2-migration
\Y o} OH
O~ “pup o "
Noer ® (™ — ® P,
[M] = Au, Ag etc. N H PMP N PMP
H H
89 85a
b) Alternative Lewis acid catalysis
®
yo-ILAl oj[LA]
CoH ™
N
H

Schemel6. Potentialmechanisms for thgpirocyclisation oB3a a) Direct5-endadig cyclisation of

the alkyne; b) Alternative allenolate formation éhdxadig cyclisation.
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Chapter 2. Indokalkyne cyclisations

2.1.2Substrate Synthesis

To fully explore the scope and limitations of the reaction conditions, a wider range of
substrates were prepared using the same reaction sequence demonstrated praoimmby (
15). First, a number of Weinreb amides were prepared from commercially available

carboxylic acids using the same TF8fediated conditionsSchemel?).

o
T3P (1.5 eq.)
(i \o MeNHOMe-HCI (1.1 eq.) (N -OMe
DIPEA (3 eq.) .
R1 \ R3 s . R1 \ R3 e
N CH,Cl, (0.4 M) N
\ \
R2 RT, 1h b2
80a—f 81a—f
N—OMe -
- e
\) o ud h
N
81a, 100% 1b, 97% 81c, 92%
N-OMe
81d, 98% 81e 94% 811, 100%

Schemel?. Scope of Véinreb amides synthesisading T3P.

More functionalised amides were also prepared, such as &tipevhich was prepared in 2
stepsvia a modified literature procedure for the alkylation of a@&fth with benzyl chloride
(Scheme 18).*° This reaction presumably prads through a trianion intermediate
chemosel ect i tothé carboxylickagidArmide 81h Was synthesiseda a Suzuki

crosscoupling of a previously prepared bromi@®>° with phenyl boronic acid.
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Chapter2. Indolealkyne cyclisations

o i) LDA (4 eq.) 0
BnCl (2.2 eq.)
OH THF, =10 °C N-OMe
\ > N\ mé
N ii) T3P, DIPEA N
H MeNHOMe-HCl N
80a (81 %, 2 StepS) 819
b) o) Pd(PPh3), 0
PhB(OH),
N-OMe  Na,cO;, LiCl N-OMe
A\ Me > A\ Me
» Br PhH/EtOH/H,0 N, Ph
N 80°C, 16 h N
93 (82%) 81h

Schemel8. Synthesis obtherfunctionalised Weinreb amidea) Chemoselective-alkylation 0f80a;

b) Suzuki crossoupling of93.

Next, the prepared Weinreb amides were reacted with a number of lithium acetylides
(generated by the reactiofin-BuLi with the corresponding alkyne) furnishing yno®Ssi r,
generally in excellent yidb Schemel9).
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o)
4
i) n-BuLi, THF =
-78°C n
= RS - N 3\\
i) 81a—h, THF R R® RS
_78°C - RT N
R? 83a-r
o o) o)
N\ N\ \
0 O N T
N N N
H H H
OMe NMe,
83a, 88% 83b, 91% 83c, 91%
o o o
N\ N\ N\
O 0 0
N N N
H H H
F cl Br
83d, 81% 83e, 91% 83f, 88%
o o) o)
N A\ N
N A\ N
Me S
N N N [,
H H Me H
83g, 86% 83h, 82% 83i, 68%
Bn 9 o o)
\ N oL N\
O N YR pmp PMP
N N N
H H H
83j, R = H, 74% R 831, R = Me, 77% 83n, 74%
83k, R = OMe, 33% 83m, R = Ph, 21%
o 0 O ——PNMP
/
S\ S\ (n
™S PMP N
N N
A N
Me H 83g,n=1,96%
830, 78% 83p, 43% 83r, n = 2, 99%

Schemel9. Scope of indoleynones prepared

Alternatively, the requisite alkynes were made from dibromide precursors. For example,
ynone83ewas prepared using the lithium acetylide generated by a Fardys reaction94
Y 95) and ynoneé83gwas prepared using the lithium acetylide generated from the reaction of

1,2-dibromopropan®6 with LDA.**
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a) CBry (2 eq.)

o) PPh; (4 eq.) i) n-BuLi (2 eq.)
/ Et;N (8 eq.) THF -78°C
- > A\
CH,Cl, (0.3 M) 81a THF N
cl 0°C,3h —78 °C > RT H
94 (85%) (66%)
b) o]
i) LDA (3.2 eq.)
Br THF, -78 °C AN
" Br ——m > A\ Me
€ ii) 81a, THF N
96 -78°C = RT H
(86%) 839

Scheme20. Alternative ynone formationfsom dibromide precursors: &oreyFuchs reactionf 95; b)

Sequential elimination of dibromidis.

Interestingly, the attepied formation of a methoxy ynone resulted in the unexpected
formation of spirocycl@4s(Scheme2l). The reaction of amid&lawith lithium acetylide98
(generatedby a literatureprocedurdrom 2-chloro-1,1-dimethoxyethaned7)*? afforded only a
modest yield of spirocycl84s This spontaneous spirocycligat is suggested to proceed via
allenolate intermediatel00, which following protonation would afford an electrophilic

intermediatel01that could readily spirocyclisda a 5-exadig cyclisation.

a)
OMe | iNEt, (3.2 eq) 81a
ci —= OMel >
OMe " ThF (0.15 M) l THF (0.2 M)
97 0°C~-78°C 98 _78°C —» RT
84s, 30%
)
b) CO (}0/_’A ® fo)
N H H
S Yowe \ > o
[ OMe OMe P
N @ N *OMe
H @
99 100 101

Scheme21. a) Formation of spirocycl84s b) Proposed mechanism for the formation of spirocycle
84s
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2.1.3 Indoleynones: scope & limitations

With a range of ynones prepared, the scope of the optimised reaction conditions using AgOTf
(1 mol%) in CHCI, (0.1 M) was investigatedScheme22). First, ynones with different
electronic and steric properties, including different aromagiga f, aliphatics83dg h and
heteroaromatics83i were examined, which pleasingly, eve all converted into the
corresponding spirocycle84a’i in typically less than 4 h and in quantitative or Rear
guantitative yield. The structure of spirocy@da was also definitively proven by -Kay
crystallography Figure 3) . Next, ynones bearing a benzyl
83ejik were converted into spirocycle®4jik in similarly excellent yield but with no
observable diastereoselectivity. Finally, ynones with substituents at #rel Bpositionson

the indole ring83Ili n were converted into spirocyclé&li n, again in excellent/quantitative
yield. Interestingly substitution on the indole@sition appeared to significantly increase the
rate of reaction, for examplepghenyl substituted ynor&m underwent full conversion to the
spirocycle 84m in just 6 minutes. This could be attributed to a more favourable pre
organisation of the substrataused by the sterics of the phenyl ring forcing the alkyne moiety

perpendicular to the indole ring
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AgOTf (1 mol%)

R P CH,Cl, (0.1 M)
\ Conditions A R3
—_— 4
N N R
R’ V2 4 or 1 i 2
N RN cuoTh, (1 moiw) R < R
H CH,CI, (0.1 M)
83a-n Conditions B 84a—n, 84-100%
o o o
W aw e I
> 1 > 1 > 1
N OMe N N NMe,
84a, 100% A 84b, 95% A 84c, 97% A
(86% B) (85% B) (90% B)
o) o) o
e aw e |
> U > U > U
N F N cl N Br
84d, 100% A 84e, 100% A 84f, 100% A
(86% B)
o o) o
e Me e e S
/; 4 2 U,
N N Me N
84g, 95% A 84h, 100% A 84i, 95% A
(91% B) (95% B)
o o o
o]
o w PMP  Br s W “pPMP
/ 7P7R /
N R N N
84j, R = H, 100%, 50:50 dr A 841, R = Me, 100% A 84n, 100% A

84k, R = OMe, 95%, 55:45drA 84m, R =Ph, 84% A

Scheme22. Indole-ynone5-endadig spirocyclisatiorsubstrate scope.
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Figure 3. X-ray structure of spirocycl@dawith thermal ellipsoids shown &0% (CCDC 1023667.

For a brief demonstration of complementary CugHjalysis, selected ynones were also
reacted with Cu(OT$)(1 mol%) Scheme22, conditions B)These Cu(llcatalysed reactions,

as observed pwiously, were generally slower (typically 16 h vs. <4 h) and slightly lower
yielding than the Ag(Fcatalysed conditions. Aside from the differences in yield and reaction
times, another interesting difference was also observed when using GU(ONRB degree of
trimer formation observed in the product. Trimer formation, which is a-desiimented
phenomenon of indoleniné$,occurred in almost every spirocycle formed when using
Cu(OTf)y, but was drastically reduced when using AgOTf. An illustrative example is
demonstratedn the comparison of théH NMR spectra ofspirocycle 84g formed using
Cu(OTf), after column chromatographirigure 4a) and the same compound formed using
AgOTTf after column chromatographffFigure 4b); note the three key diagnostic singlets
(highlighted in red at 4.62, 4.84 and 5.24 ppm), which are tentatively assigned to protons
alpha to two aniline nitrogen atom$0(, highlightedin red). It is somewhat surprising that
there are only three major distinct chemical environments found in the imine trimer, which
suggests it is formed with good diastereocontrol. As proof that this sample was genuinely
spirocycle84g treatment of samplea) with catalytic TFA drastically changethe'H NMR
spectrum Figure 4c),"* which closely aligns with the sample afforded from the AgOTf
reaction Figure4b). Two possible rationales for this difference could bebatied to either:

(i) potential leaching of the Lewis acidic AgOTTf into the final products, which in a similar
fashion to TFA couldchangethe trimer equilibrium in favour of the monomer; (ii) the
multivalent Cu(OTf) catalyst could act as a nucleation tcerfor trimer formation by binding

the indolenines and thus accelerating intermolecular reactions.
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Figure 4. '"H NMR spectraa) Spirocycle84gmade using Cu(OTf) b) Spirocycle84gmade using
AgOTf; c) SpirocycleB4gmade with Cu(OTfandwith the addition of TFA.

One substrate which failed to undergo any reactith either AgQOTf or Cu(OTfwas TMS
ynone 830 (Table 3). This lack of reactiorwas attributed tot h esilicbn effect?* which
effectively inverts the electronics of the ynone systémhibiting a 5-endoedig reaction
pathway. Attempts to cleave the TMS group (TBAF etc.) and isolate the terminal ynone
product were unsuccessful and ledyotd decomposition. However, a apet desilylation
spirocyclisation process was identified based ulitenature precedentfor Ag(l)-catalysed

desilylation reaction®> Pleasingly, the application of these literature conditiongN@; in
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acetone) to th& MS ynone83o readily afforded the desired unsubstituted spirocgdein
excellent yield.

0

\\ Ag(l) or Cu(ll)

N\ . —_—
SiMes R 16h
H
830
Entry Catalyst Solvent  Yield (%)

1 AgOTf(10 mol%)  CH.Cl, -
2 Cu(OTf) (10mol%) CH.CI, -
3 AgNO; (20 mol%) Me,CO 93

Table 3. Optimisation of theandendesilylationspirocyclisatiorprotocol

Finally, the only substrate which failed to form angmbered enonspirocycleunder the
standard reaction conditions wilsmethylated ynoa 83p, which when reacted with AgOTf
in CH,CI, afforded only a complex mixturé&s¢heme23). This decomposition is presumed to
be dueto the instability of cationic intermediafd3.

(o]
AgOTf
\\ (1 mol%)
A\ —_— complex
PMP ixt
N CH,CI, (0.1 M) mixture
I‘Vle RT, 1h
83p

Scheme23. Reactivity ofN-methylated substrate63

Whilst the formation of the -Bnembered enone spirocycles was relatively simple, larger ring
sizes proved more problematic. For example, the extended \8Rmeequired elevated
catalyst loading (10 mol%, AgOTf) and careful temperature control (35 °C) to effectively
form the desired spirocycl84q and supress the formation of a-@2nulated producB5q
(Table 4, entry 3). At room tempernate, the rate of reaction was insufficient, whilst at
marginally higher temperatures (40 °C) the formation of thea@#ulated byproduct85q

was significantly increased. The structure of the annulated iB%ajevas also proven by -X

ray crystallographyRigure5) and is proposed to form either via a-iyration process or
from direct attack from the Ggosition.
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(]

o AgOTf o
(10 mol%) Q
—_—
2 \\ \

N \ +
N PMP C1H62E,|2[t(2{11p'\]ﬂ) ©‘\N/ e O N PWP
83q 84q 85¢q
Yield (%)
Entry Temperature (°C) 84q 85q
1 RT 34 -
2 40 52 48
3 35 75 11

Table 4. Reactivity of extended ynor&3qwith AgQOTH.

Figure 5. X-ray structure of CAnnuated indol85qwith thermal ellipsoids shown at 5006CDC
1531214.

In similar fashion, the further extended homolog3e could only be induced to form another
C2-annulated indol&5r in poor yield by reaction with stoichiometric AQOT$¢heme24).

The proposed structure 8fir was also confirmed by Xay crystallographyRigure6).

AgOTf

(100 mol%) :

> (’ 5

z CHZCIZ (0.1 M) ©\ ) PP

H PMP :
83r

16 h, RT
85r, 26% ! 84r, not detected !

Scheme24. Reactivity of extended ynor&3r with stoichiometric AgOTH.
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85r

Figure 6. X-ray structure of Cannulated indol&5r with thermal ellipsoids shown at 506CDC
1531215.

2.1.4 Heterogeneous silver(latalysis

Heterogeneous catalysis can greatly improve the efficiency of a reaction fifysitg both
catalyst recovery angroduct isolation, which in turn can improve reaction yiéfds.
Considering both ik, andthe high catalytic activity ofg(l) catalysts in the spirocyclisation
reaction AgNQ; impregnated silica (AgN§SiIO,), which is traditionally used in column
chromatography as a method to sepaiateand Z-alkene isomers, was investigated as a
potentialreusabléneterogeneousatalyst™’

Studies began by preparing a batch oN&g-SiO, (10 wt % AgNQ on silica) and adding the
solid supported catalyst (10 mol%) to a stirred solution of yn@8& which promoted
guantitative conversion to the spirocy84ain just 5 minutes$cheme25a); the catalyst was

then easily recovered by filtration and reused a total of 5 times with no loss in catalyst
activity. Next, the prepared AgNdmpregnated silica was applied to a flash chromatography
column to form a makshift flow reactor $cheme?25b). Following a typical column
chromatography procedure, the ynoBa was loaded onto the column and eluted under
gravity to afford the spirocycl84ain quantitative yield; this procedure was again repeated 5
times wih the same column with no loss of catalyst activity observed. This flow reactor
represents an attractive alternative to a typical flow chemistry set up as it ftrgoe=ed for

expensive equipment and specialist personnel to maintain it
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(o] (0]
10 wt % AgNO3-SiO,
\\ (10 mol%)
—_— ©
N PMP i PMP
N heterogeneous /
H 8323 catalysis N 842
a) Filtered reagent b) Flow chemistry
=, positive
|| pressure
83a (0.1 M CH,CI,:EtOH
in CH,Cly) (eluent)
AgNO;-SiO, §3a (0.1 M
(10 mol%) in CH,Cly)
5 min then filtration: (10 mol%)
catalyst reused

5 times

recovered 84a, 100%
catalyst

(reused 5 times)

84a, 100%

Scheme25. Heterogeneous catalysis of AghSIO,: a) As a filtered reagent; b) For use in flow
chemistry.

Further optimisation of this heterogeneous catalyst was later carried out by Aimee Clarke
(PhD student), Wwere it was found that decreasing the loading of the AgitQhe silica from
10 wt % to 1 wt % dramatically increased catalyst performance (see App¥ndik higher
proportion of silica might increase the rate of reaction by accelerating protodenostaiiat
the acidic silica surface, and the silica surface might also serve to stabilise potential silver

nanoparticles.

The work described in thisectionwasthe subject of a recent publicatith.
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2.1.5 IndoleYnone gold(l) atalysis

During the initial catalyst screening studies the formation of carb&%devas observed
when ynoneB3awas reacted with a combination of Au(l) and Ag(l) catalystsfRuCl and
AgOTf, sseTablel, entry 14). To investigate the role of Au¢italysis in this transformation
further, a commerically available cationic catalystFkuUNTf, was chosen as a catalyst
probe® this catalyst is preferable to other typical gold(l) chloride complexes as it does not
require a Ag(l) cecatalyst, whichcould complicate studies with background spirocyclisation
reactions and other known silver effe#s hoped, carbazoR5awas then prepared in good
yield by reacting ynoneB3a with PRPAUNTf, (10 mol%) in CHCI,, confirming this
transformation does not require a Ag(l) catalyStheme26). The structure o85awas also

proven by Xray crystallographyRigure7).

o OH
Ph,PAUNTY,
10 mol%
N\ R O Y,
N PMP  cH,cl, (0.1 M) N PMP
H RT, 16 h H
83a (76%) 85a

Scheme26. Initial studiesusing PRBPAUNTf, to form carbazol&5a

OH

Iz

&,

OMe
85a

Figure 7. X-ray structure of carbazo&5awith thermal ellipsoids shown at 506CDC15312186.

Interestingly, no reaction was observed when spirocgdkewas reacted with BRAUNT®,
under the same reaction conditions, ruling out the spite@#4a as a direct precursor to the
carbazole85a This is further supported by the proven stability of spirocya under
various acidic conditions (s@&ble 1). Considering this, it is proposed that carbaBfais
formed either via direct attack from the indole-@sition or C3attack followed by a 1;2

migration of a vinyl metal intermediate, which is more consistent with typical indole
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reactivity. This 1,2migration process might procedtrough a thregerter twoelectron
pathway' (105 Y 106 Y 107, Scheme27a) or via a formal cyclopropanation and
fragmentation pathwaylp5Y 109Y 107, Scheme27b). A vinyl gold specied05 might

have a higher proclivity for 1;igration relative to a vinyl silver species as it canreno

readily stabilise-baokbendingf ve charge through
(o)
a
) 0O @ , AuL
JAuL 5-endo-dig 1,2-migration
¢ s
RS wNC R
@ R /
N N®
H 104 H 105
OH o)
proto-
demetallation ‘j*AuL aromatisation dAuL
O N R N H R
H H
85

b (0]
) o0 @ {auL  cyclo- @
_AuL 5-endo-dig propanat/on AuL
, . (&
x @"‘ o
R

N
104 ®H 105 H
frag-
mentat/on
OH
i proto-
O demetallation ‘ AuL aromat/satlon ® Q AulL
O N R O N HR
H H
85 107

Scheme27. Proposed Au(bcatalysed 1,2nigration mechanisms: a) threecenter tweelectron

-0 9

pathway b) A cyclopropanation and fragmentation pathway

This work was later expanded in wider scoping studies carried out primarily by Dr John
Liddon (PDRA) and are shown here only for refererisehéme28). The work described in
this sectionwasalsothe subject of a recent publicatith.
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R2
PhsPAUNTF,
\\\ (2 mol%)
R A\ RS
. CHZCI2(01M)
H RT, 16 h
83 85,60—93%
OH OH OH
) IO O
85a, 60% ome 85D, 94% 85f, 83% - 85h, 93%
OH o
ONL" (] 0
S e O O
N
O N PMP N Pwe N PMP N pwp
H
A . 85q, 84% 85r, 95%
85j, 67% 85n, 50% (10 mol%, 40 °C) (10 mol%, 40 °C)
OH OH OH
H OTBS H OTBS H NMeBoc
85t, 93% 85u, 97% 85v, 78%

Scheme28. Wider scoping studiegsing PRBPAUNTT, (conducted primarily by John T. R. Liddon).
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2.1.6Asymmetricindole-ynone @irocyclisations

2.1.6.1 Catalyst discovery @ptimisation studies

Having adequately developed the racemic spirocyclisation protocol, the feasibility of an
asymmetric variant was next examined. A wide array of different asymmetric catalyst systems
were screened, using yno@gaas the model substraScheme29), of which only the chiral
phosphoric acid (CPA) silver saf{g-114a showed any signs of asymmetric induction by
chiral HPLC analysis, forming spirocycBtain 86% yield and with 8%&e This initial hi

and literature precedent for using CPA silver salts in related alkyne activ¥tidpsopmpted

an in depth look into other @Pcatalysts.

O (0]
[catalyst]
N
\ pmp CH2Cl> (0.1 M) w PMP
N RT, 16 h N/
il 83a 85a

Me, Me o} Ar
o XKpoy I, O
W, S G
PPh, o p-AuCl

Me J—Me OO { ‘ Nar
Me Me o Ar

w

110 (10 mol%) 111 (1 mol%) 112 (10 mol%)
Cu(OTf), (2 mol%) AgOTf (1 mol%) AgOTf (10 mol%)
Result: 62%, 0% ee Result: 97%, 0% ee Result: 29%, 0% ee
t-Bu
O L, OO
O\P Me o\ //0 Ar = OMe
g S
° S—Me 0" OAg t-Bu
T w
113 (10 mol%) Ag-114a (10 mol%)

Cu(OTf), (5 mol%)
Result: 86%, 8% ee
Result: 81%, 0% ee

Scheme29. Initial asymmetric catalyst screen.

A number CPA catalyst were thecquired from commercial sources or prepared by known
literature procedures, usidd.7 as a common intenediate from which a telescoped reaction

sequence afforded the corresponding CPRbIe5).
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|
OO, s, OO, e OO
ow THROC.1h _ omom _ 1" 0°C omoM

—_—
- OMOM
OH iy MoMCI (2.5 eq.) OMOM i), 1.5h
RT, 1h (100%)
(81%) |
115 116 117
(R)-BINOL

Pd(PPhs), | 1,4-dioxane
R-B(OH), | H,0, 80 °C
Ba(OH), 16 h

R

904 )
POCI OO 12 M HCI (aq. OO
0. .0 ¢ 3 OH 4_( a) OMOM
0" “OH  Ppyridine OH MeOH OMOM
sedi =N ool Wee
R R 50 °C, 2 h R

14 119 118
Entry R Yield over 3 steps $]
1 1-Naphthyl (114b) 59
2 2-Naphthyl (1149 81
3 4-Ph-CgH, (1140) 50
4 1-Pyrene (149 20
5 3,5-Ph-CgH, (1141) 94

Table 5. Telescoped synthesié BINOL-based CPA.

The electron deficient CPA14g was synthesisedia an analogous routeS¢heme30),
utilising an KAr reaction with hexafluorobenzene to install thg=Ca r o mat i c s-

positions instead of employing a Suzuki crossipling.
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CeFs
OO, " O
OMOM THF, 0 °C, 30 min OMOM

'

OMOM i) C¢Fg, RT, 16 h OMOM
0 " Cr)
CeFs
116 118g
12 M HCI (aq.)
(99%) | MeOH, CH,Cl,
50 °C,15h
CeFs CeFs
OO i) POCIs, pyridine OO
0.,.0 _RT.16h
2N
0" OH 12 M HCI (aq.)
RT, 5h
CeFs (93%) CeFs
1149 119¢g

Scheme30. Synthesis of gFs substituted catalyst87.

A smaller number of HBINOL based catalysts were also prepl(@cheme3l). This route
did not require adirected ortho metalatiostrategy thanks to the ability to selectively

brominatel20in onlyt h e -p&sitiohd\j

(1 N
Br, (2.2 eq. ‘O
on o2l eq,) OH
OH CH,Cl, OH
‘O ~30 °C. 40 min
(94%) Br

120
(S)-Hg-BINOL

R
‘O i) POCI,, Pyridine
0. .0 70°C, 16 h
-

C )
()

(Ad),n-BuP, DME

Pd(OAc),, R-B(OH),
95°C, 16 h

Cd

TN
0" "OH i) 2 M NaOH (aq.)
DMAP, THF
R RT, 16 h
123a, R = 1-naphthyl, 87% 122a, R = 1-naphthyl, 100%
123b, R = 9-phenanthryl, 93% 122b, R = 9-phenanthryl, 98%

R0,
OaV,

Scheme31. Overview of H-BINOL CPA synthesis.

Finally, the corresponding silver salts were prepared according to a literature prééégure,
reacting the CPAs with AGOs in a biphasic mixture of C}l, and water, affording the
silver salts in yields ranging from B500% GScheme3?2). These salts were used as prepared

and were not fullcharacterised.
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Co % A92C03 Co %
* ~P » ~P
\“o OH CH2C|2/H20 \“o OAg

124 125

Scheme32. Formation of AgCPA salts bydeprotonatiorwith Ag,COs.

Before reacting ynon83a with the full catalyst library, commercially available CHA4h

was chosen as a modeltalsst to optimise the reaction conditions. Optimisation began by
reacting ynone83a with catalystAg-114hin CH,Cl, a t reduced temperatu
afford the spirocycl&4ain excellent yield and with 20%e (Table6, entry 1). Next, the same

reaction was repeated in different solvents (GHDCE, THF and toluen&ntries2i 5), with

the reaction in CHGI proving particularly promising, affording the spirocycBla in
guantitative yield and with 50%e This increase iree was tentatively attributed to the
sensitive nature of the ion pair between the Ag(l) cation and CR#.aRieaction of ynone

83awith catalystAg-114hin CHCbat | ower temperatures (140 A
increase ineg but with a significantly reduced rate of reaction (entry 6), and thus the
optimised conditions going forward were chosen as 1 mol%¢R4 in CHCkat 110 AC.

o (0]
I
\ CF3 W
N \ PMP > / PMP
N [solvent] N
H [temperature]
83a 84a

Entry Catalyst Loading Temp. (°C) Solvent Time Yield (%) ee (%)

1 5 mol% 710 CHCl, 05h 98 20
2 1 mol% 110 THF 4 h 100
3 5 mol% 710 DCE 3h 95
4 1 mol% 110 Toluene 2h 91 26
5 1 mol% 110 CHCl; 1.5h 100 50
6 1 mol% 140 CHCl; 17 h 86 52

*Determined by CSIHPLC (Chiralpak IB column, eluting with 10% IPA in hexanes, 1 mL/min).

Table 6. Optimisation of the asymmetric reaction conditions witit114h

Model ynone83awas then reacted with the full catalyst libraryder the optimal reaction
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conditions (CHGJa t T 1SBherAe®3), with the best catalyst, phenanthrene derivatige
114, providing the spirocycl84awith a pleasing 78%e

7 Ag()* %
\ (1 mol%)
\ \ W
PMP CHClg (0.1 M) ©\\/ PMP
N ~10°C, 16 h K
83a 84a

Cd ,P/
O O 0" “OAg 0" “OAg O O 0" “OAg
H SiPh
Ag-114a Ag-114i ip Ag-114j F
86% 95% r 88% 55% E
8% ee 24% ee 28% ee 34% ee

62%

85%
40% ee 42% ee

Ag-114f
100% 85%
56% ee Ph 60% ee

Ag-123a
83%
34% ee

Ag-114e
95%
74% ee

Ag-114l
100%
78% ee

Scheme33. Optimisation ofthe Ag-CPA catalyst.
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From these results it was noted that generally catalysts with rigid and large bulky aromatics at
t h e - ®sitidNY) €.9. anthracene, phenanthrene gogtene) performed best. Next, the
modification of the catalyst backbone was examined, which was prompted by the comparison
of catalystsAg-114landAg-123b, which showed a significant reductiongrupon switching
between a BINOL and agHBINOL backboneFrom this observation it was hypothesised that

the larger sterics of the gBINOL catalyst backbone forms a more open catalyst cavity
compared to the BINOL catalyst analogugg(re 8a, b)*”®® Following this logic it was
hypothesised that a catalyst based on a SPINOL backbone would provide the narrowest, most
well-defined cavity Figure 8c). Thus, it was hoped that SPINOL basedalyst Ag-126

would significantly improve the enantioselectivity. Therefore to conclude the asymmetric
optimisation studies, the synthesisacoEPINOL based catalyst was carried out following the

literature procedure to synthesise the requisitel86(Scheme4).*°

a) BINOL

More bulky backbone,
forcing a wider cavity Wider cavity

1
I\
o

Rigid backbone,
forcing tight cavity

Narrow Cavity

Figure 8. Hypothetical comparison of the different chiral phosphoric acid cavéjeBINOL; b) H-
BINOL; c) SPINOL.
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Me,CO Raney Ni
_NaOH__ NN
EtOH/HZO MeZCO

(51%) Me (84%)
129
o, Br2, CH2C|2, Py
(o1 A’)l —10°C > RT
Br (o} Br
i) n-BuLi, -78 °C O O
B S ——————
ii) EtOH
(100%) OMe OMe
132 130
1M BBry
(57%) | cH,Cl,
—-78 °C = RT

(=)-menthyl chloroformate

Et3N \/
DMAP :
-
+
N H2NH2' Hzo v
THF, 70 °C PN

<

(97%)

136
(S)-SPINOL

Scheme34. Literature synthesis off-SPINOL136°°

With the enantiopure§-SPINOL 136 in hand, attempts to perform the known selective
bromination of136 were carried out§cheme35).”® Unfortundely, repeated efforts afforded
at best an inseparable mixture of the desired dibrominated prb8tend the tribrominated
product138 Submission of the brominated mixture to the Suzuki ecospling fortunately
allowed isolation of the desired prodd&9, from which the routine synthesis 8iy-126 was

carried out.
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OOO

(HO),B
1 M NBS (2.05 eq.) Pd(OAc),
KHCO; (2 eq.) (Ad),n-BuP
—_— —_—
CH,Cl, 1M K;CO4
-30°C,4h DME
95°C, 16 h
(59%)
136 137, R = H, 34%
(S)-SPINOL 138, R = Br, 14%
i) POCl,, Py
80°C, 16 h
ii) 2 M ag. NaOH
DMAP, THF
Ag,CO3 RT, 3d
-
90%
CH,Cl,, H,0 (90%)

RT, 1h
(100%)

Scheme3b. Synthesif the SPINOLbasedcatalystAg-126.

Finally, the reaction ofAg-126with ynone83aafforded the spirocyclaia disappointing 60%
ee(Scheme36). From t his result a comparison with

bearsd was noted, Wwheed pavhapgpsishéjBsENOLI g

o Ag-126 Q
(1 mol%)

N —_— o
A oyp  CHCls (0.1 M) "Spmp
N ~10°C, 16 h /

N N
83a 84a, 81%
60% ee

Scheme36. Asymmetric spirocyclisation reaction with SPINlased catalysig-126.

41



Chapter 2. Indokalkyne cyclisations

2.1.6.2 Substrate Scope and absolute stereochemistry

With the catalyst development reaching its conclusion the best BiOed catalyshg-114|

was used wit a wider range of substrateScheme37). Over the chosen substrates the
asymmetric catalyst system showed good consistency, affording the spirocycles in excellent
yield and typically with >70%ee Only two main atliers were identified: (i) phenyl
spirocycle84b, which without a substituent on thepésiion suffered a surprising drop @&

(i) dimethylaniline spirocycle84¢, which was isolated in moderate yield and with peer

this reduced performance wasrigtited to the poor solubility of the substrate and potential

inhibitory/competing ligation of the aniline moiety.

(R)-Ag-1141
1 mol%)
\ 2\\ A
R CHCI3 (0.1M) R!
N ~10°C, 16 h

H
83
(0] (0] (0]
I I I
W\ W W
ey 0L O 0 U U
N OMe N N NM
(-)-84a (+)-84b (-)-84c (120 h)
100%, 78% ee 87%, 40% ee 50%, 38% ee
(0] (0] (0]
I | I
awwW W o
Me
/ / /

N Cl N Br N
(-)-84e (-)-84f (+)-84g
1%, 72% ee 62%, 72% ee 94%, 72% ee

u\“ \\\‘
e ol
(—) -84l (- )84n
72%, 64% ee 100%, 70% ee

Scheme37. Overview of asymmetric substrate scopith Ag-1141.

The absolute steoehemistry of the major enantiomer was determined by recrystallisation of
spirocycle84f, which initially only accrued as enantioenriched mother liquor, as the racemic
crystals proved more prone to crystallisation. However, once the mother liquor was
sufficiently enriched (>96% 8@ further recrystallisations afforded enantiopure crystals, from

which X-ray crystallography could definitively determine the stereochemistB(&igure9).
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To fully confirm that this steeochemistry belonged to thmajor enantiomer, the discrete
sample used to collect the XRD data was identified by-BBEC as the major enantiomer.

(0]
| _
W =
L O
N Br
(S)-84f

Figure 9. X-ray structure of enantiopuspirocyde 84f with thermal ellipsoids shown at 5086CDC
1049165)

A tentative rationale for the enantioselectivity observed is showigare 10, in which
favourabl e sterics an dstagkihgeitemction caild suffitiently
lower the energy of binding mod&Orelative tol41

(S)-Spirocycle: (R)-Spirocycle:
Favoured Disfavoured

Figure 10. Proposed models fasymmetric induction.
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2.2 Indole-propargyl alcohol cyclisations
2.2.1 Introduction & initial studies

All of the developed spirocyclisation reactions so far have been limited to alkynes as a part of
a conjugated ynone systeB8(Y 84). Thus, to potentially extend the scope of these reactions
further, the Ag(BDcatalysed spirocyclisationf unconjugated alkyne systems was planned
(142Y 143 Schemess).

o : Unconjugated Alkynes

E X E

N Ad) i | Ag(l) N\

N N Y R Y g
R : / N :

Z N E

83 i 84,X=CO 142
143, X = CH, :

Scheme38. Proposed spirocyclisation of unconjugated alkynes.

Propargy! alcohols provided an expediemiite into unconjugated alkyne substrates, as they
could be easily prepared by reduction of thénémd ynone substrates. Thus, studies began
with the preparation of a modetqpargyl alcohol substrated4aby theNaBH, reduction of
ynone83a (Scheme39). The resultant propargyl alcohbfl4dawas then reacted with AgOTf

at elevated catalyst loading (10 mol%) in £ to afford carbazold46ain excellent yield,
with only a trace of the desired spirocydi5adetected byH NMR spetroscopy Scheme

40).
o)
\\ NaBH4
N PMP MeOH
N
H 78°/
83a (78%)

1 44a

Scheme39. Synthesis of propargyl alcohdfidaby NaBH, reduction.

OH

AgOTf
(10 mol%)
\ \\ et
PMP CHzClz
” RT, 16 h
144a 145a, trace 146a, 80%

Scheme40. Initial studies with propargy! alcohdl44a
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The formation of carbazolé46arepresents a benzannulation reaction of indole, which was
presumed to proceedia a spirocyclisation and l@igration pathway (similar to that
proposed in section 2.5) followed by the ehation of water.

Benzannulation reactions, whilst not within the original aims of this project, offer an attractive
route into the controlled formation of valuable fugedycyclic structures. For example, the
carbazole framework is found in a number @bldgically active natural products with
anticancer, antHIV and antimalarial properti€s.”* Aside from biological activity,
carbazoles have also featured in electroluminescent materials thanks to their desirable thermal,
electrical and optical propertiésThus, the potential to access both higlue carbazoleand

spirocycles from to a single starting material became a challenge of significant interest.

The benzannulation of indole by the electrophilic atton of a pendant alkyne was first
demonstrated by Larock and-emrkers with a single example, whereby propargyl alcohol
147 was reacted with iodine monochloride to form carbazel8 in modest yield $cheme
41a).’® Later, Liang and cavorkers demonstrated a range of similar iodocyclisations, reacting
indoles 149 again with iodine monochloride to promote the formatioha range of
synthetically useful carbazold$0in typically excellent yield $chemetib).”” Interestingly,
Liang and ceworkers propose that cadmes 150 also form via the 1,2migration of a
spirocyclic intermediatel61Y 152).
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a) Larock et al. (2006)

HO Me Me
I
@(@)\ e OO
MeCN
RT N Ph
(50%) 148

b) Llang et al. (2015)

3 |
ICI R
K,COj O
\ R1
/-PrOH
N N
\ \ 2
(37- 92% R
149 150
a : 19 H@ A H,0
v - —H3
|
HO 1,2~ m/gratlon
we G
L3 o
N H
® k2
B 151 152

Scheme4l. lodocyclisatiormediated benzannulations of alkyne tethered indoles.

Other notable indole benzanntita reactions include the work of Hashmi andvearkers,
who were the first to develop a transition metaialysed reaction of this type using Au(l)
catalysis Schemet2a).”® For example, indol&53was transformed into carbazdl&4in near
guantitative yield using (IPr)AuCl and AgN;Jé&s an activating coatalyst. In the same year,
Ma and ceworkers reported a similar transformation, using AwgH}alysis across a wider

range of substrates tofafd carbazole456in typically excellent yield$chemet2b).”
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a) Hashmi et al. (2012)
s
//

s
AN (IPr)AUCI (2 mol%)
AgNT, (2 mol%)

—_—

N i~PrOH, CH,Cl,
N‘ OTBS RT

Me (98%)

153 154

b) Ma et al. (2012)

R4
AN AuCl
R3 (5 mol%) R3
1 A\
R PhMe
N ©OH
RZ

(60— 90%
155 156

R'=H, Me, OMe, Br; R? = Et, Bn, PMB; R%/R* = alkyl, aryl

Scheme42. Gold-catalysed benzannulation reactions of alkigtbered indoles.
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2.2.2 Reaction optimisation

To better understand the reactivity of the propargyl alcohol substrates and to potentially
control the selectivity betweespirocycle formation and benzannulation, a wider variety of
conditions were screened across two substratbéb@nd 144¢ prepared as iBcheme39),

which were chosen for their differing electronic properties, allowing for aerbatanced
assessment of the reaction conditions. These studies were aided by four supervised BSc

students, who are credited where appropriate.

Screening studies began using Agh\gdd AgOTTf as the primary catalysts and,CH, THF

and toluene as solvent¥able 7). From these screens it was found that AQOTf in THF
consistently promoted high levels of carbazole formation across both substrates (entries 2 &
8). Pleasingly, spirocycle formation was also consistertlseoved when using AgNQOnN

CH.CI, (entries 4 & 10, albeit with no/minimal diastereoselectivity).

OH HO
[catalyst]
(10 mol%) O
\\\ e + O
A\ R [solvent] ©\ ) R N R
H RT, 24 h N H
144 145 146
Entry R? Catalyst Solvent Ratio 144:145:148
1 Ph(144b AgOTf CH.Cl, 0:10:90
2 Ph AgOTf THF 0:0:100
3 Ph AgOTf PhMe 0:0:100
4 Ph AgNO; CH.CI, 5:95:0
5 Ph AgNO; THF 10:90:0
6 Ph AgNQO; PhMe 90:10:0
7 n-Bu (1449 AgOTf CHJ.CI, 35:65:0
8 n-Bu AgOTf THF 0:5:95
9 n-Bu AgOTf PhMe 95:0:5
10 n-Bu AgNO; CH.CI, 20:80:0
11 n-Bu AgNO; THF 95:3:2
12 n-Bu AgNO; PhMe 0:45:55

®All reactions performed with 0.10.20 mmol of propargyl alcohol in the stated solvent (0.1 M) at
®Calculated by*H NMRspectroscopic analysis of the unpurified reaction mixture, rouiuléue

nearest 5%

Table 7. Propargyl alcohotatalyst screeninfexperiments performed by Rosa E. Clubley, and
AnthonyC. Wyton).
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Initial rationale for the difference in reactivity between AgOTf and Ag\Was tentatively
attributed to acidic impurities present in the catalystsval as subtle counterion effects.
Brgnsted acids are known to promote-higration reactions of indolenines and AgOTf is
known to promote fAhidden Br Rnst®@nvasely,d ca
AgNO; does not share this feme and therefore might contain significantly less (if any)
residual Brgnsted acid, preventing a competingniigration process. The choice of solvent

also clearly influenced the selectivity of the reaction and it is proposed that the relatively polar

naure of THF favours carbazole formation by stabilising potential cationic rearrangements.

To further explore the role of Brgnsted acid catalysis in these reactions a number of additives
were investigated in an attempt to invoke different selectivity mofilable8). As expected,

the incorporation of a base g8t entry 2) with the previously carbazedelective conditions
(AgOTf, THF) resulted in only spirocycle formation, albeit with low levels of conversion.
Conversely, the incorporation of an acig-TSA, entry 7) with the spirocyclselective
conditions (AgNQ, CH,Cl,) afforded a 1:1 mixture of spirocycle to carbazole.

OH [catalyst]
(10 mol%)
\\ [addltlve]
A\ e
Ph [solvent]
N RT, 24 h
144b 145b 146b
Entry Catalyst Solvent Additive Ratio 144b:145b:146B
1 AgOTf THF - 0:0:100
2 AgOTf THF EtsN (5 mol%) 55:.45:0
3 AgOTf THF K,CGOs; (5 mol%) 75:20:5
4 AgOTf THF NaHCGQ; (5 mol%) 0:0:100
5 AgN03 CH2C|2 - 5:95:0
6 AgNO; CH.Cl, TfOH (2 mol%) 80:0:20
7 AgNO; CH.ClI, p-TSA (2 mol%) 20:40:40
8 AgNO; CH.CI, AcOH (2mol%) 15:70:15

All reactions performed with 0.10.20 mmol of propargyl alcohol in the stated solvent (0.1 M) at

PCalculated byH NMRspectroscopic analysis, roundeslthe nearest 5%

Table 8. Propargyl atohol additive tudy (experiments performed by Rosa E. Clubley, and Anti@ny
Wyton).

Interestingly, when spirocyclé45b was submitted to the carbazole formation conditions

(AgOTf in THF), no reaction was observetiaple 9, enty 1). However, spirocycld45b
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rapidly decomposed when reacted with TfOH (10 mol%), with traces of carba6ke
observed by TLC analysis (entry 2).

HO
[conditions]
©1N, PR > N P
145b 146b
Entry Conditions Result
1 AgOTTf (10 mol%), THF, RT, 24 h No reaction

2 TfOH (10 mol%), CHCI,, RT, 16 h Decomposition, tracé46bdetected by TLC.

Table 9. Attempted synthesis of carbazdlé6bby 1,2migration of spirocycld45h.

Considering the above, it was deemed unlikely that spirodyt8bis a direct precursor to the
carbazolel46h Thus, it is proposed that carbazdlé6b is formed either via direct attack
from the indole Czosition or C3position followed by a 1;2igration of the vinyl silver
intermediate (as with the Au¢Batalysis in ection 2.5) and the elimination of wat&cheme
43). In this instance, a vinyl silver intermediate might be more prorettoeecenter twe
electron pathway158Y 159Y 160 as it can stabilise positive charge more readily without
the electron withdrawing effects of a conjugated carbonyl (as in the igdotee systemy*
Ultimately, a 1,2migration process requires the indolenine of vinyl silver intermed&to
stay protonated, and as such, selectivity is thought torbegdy affected by both Brgnsted

acids or bases, as demonstratetiahles.
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HO

proto-
demetallation

\\“‘ R
‘ 45
W
/;
N

®
JAg 5-endo- d/g 1,2- m/grat/on

C3 attack
R
N
H
157 L ¢ -
OH

O —H,0 aromatisation Ag

-
C — ~ o
N R N R proto- N H R
H H demetallation
146 161

Scheme43. Proposed mechanisrfar spirocycle and carbazole formation.

Finally, to conclude agmisation studies, the developed conditions were trialled on a synthetic
scale with model substratet4c Pleasingly, the carbazole formation proceeded as expected
(Schemet4), but the spirocyclisation protocol produced a lowdjigy mixture of the desired
spirocyclel45cand carbazold46c(Table 10, entry 1). Therefore, to improve the yield and
selectivity of the spirocyclisation protocol further, the addition of a basic additive, which
would not retad the rate of reaction (as rable 8), was investigated. Happily, Ag{based
additives were found to improve both the yield and selectivity, and in particular the addition
of Ag,O (5 mol%) completely restored the desired seligtand significantly improved the

reaction yield (entry 3).

OH
AgOTf
N\ (10 mol%) O
A\ >
n-Bu

THF N 'h-Bu

N 24 h N
144c (86%) 146¢

Schemed4. Synthesis of carbazolei6c
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OH HO
AgNO; (10 mol%)

{ \\ [additive]

N n-Bu CH,Cl, ©i‘“/ n-Bu

H RT, 24 h N

144c 145¢
Entry Additive Yield (%)

1 - 31
2 Ag.CGOs (5 mol%) 40
3 Ag,0O (5 mol%) 92

Table 10. Ag(l)-based additive screen with propargy! alcohdiic
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2.2.3 Substrate Synthesis

To fully explore the scope of the two optimised reaction protocols a wider range of substrates
wasprepared by NaBlteduction of the corresponding ynorfechemets).

NaBH, (4 eq.)
\
@CW\RZ MeOH (0.05 M) R1\
0 °C, 30 min
OH OH OH
A\ N N
N N N\

:|:z/
IZ

e
144a, 96% 144b, 92% 144c, 67%
\\ A\} \\
S
144d, 97% 144e, 74% 144f, 74%
OH
\\
O hw
N
H
1449, 76% 144h, 57%

Schemed5. Propargyl alcoha prepared bgodium borohydride reduction.

Attempts to prepare TMS alkynet4h in a onepot process (to avoid decomposition) also
provided an appreciable amount of terminal alkyh&di, presumably afforded by an
adventitious sodium methoxideediated desilylation ol44h Full conversion ofl44h to
144iwas easily achieved by reatiwith K,CO; in methanol.
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o L OH OH
i) =—TMS
-OMe n-Buli,—78°C
h — AN + AN

) Me ii) NaBH, N TMS N
N MeOH, 0 °C N N
H H H
81a 144h, 57% 144i, 24%

| K,COs3, MeOH +

(99%)

Scheme46. Synthesis oTMS alkynel44hand144iby desilylation.

Tertiary alcohol substrate¥44j and 144k were prepared by reacting yno88b with an
excess of the coesponding commercial orgafithium reagent $cheme47a). A TBS
protected propargyl alcohol substraté4l was also readily accessed from substristdb

(Scheme4 7).
RLi (4 eq.)
R \\
Ph THF (0.1 M) N
—78 °C N

83b 144j, R = Me, 82%
144k, R = Ph, 84%

a) fo)

=z
Z

b) OH TBSCI OTBS

imdidazole
DMAP

N\ 2=, { '\

Ph CH,Cl, Ph

N N

N RT, 16 h N
(66%)

144b 1441

Scheme47. Miscelleanougpropargyl alcohol synthesis.
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2.2.3 Substrate Scope

First, the propargyl alcohol library was reacted under the optimised spirocyclisation
conditions (AgNQ, Ag,O in CHCI,), which in almost all cases, aftted the desired
spirocycles in excellent or near quantitative yields regardless of steric or electronic effects,
albeit with no diastereocontrdb¢hemet8).
RZO R3 R20 R3

AgNO3 (10 mol%)
Ag,0 (5 mol%)

N\
\ R1\ 4 w R4
R CH,Cl,

N /~R!
H 24 h N
144 145
HO HO HO
O @QL
/ / /
Me
N OMe N N
145a, 98% 145b,96% 145c¢, 92%
HO HO HO
/ / /
N E N N 7
145d, 95% 145e, 87% 145f, 96%
HO Ho Me Ho. Ph TBSO
w Ph \:/ “Ph \; "Ph \;/ “"Ph
7 ~Me / / /
N N N N
1459, 96% 145j, 95% 145k, 97% 1451, 93%

Scheme48. Substrate scope forgpargyl alcohol spirocyclisations.

The only substrates which failed to spirocyclise were alkydedh and 1441, which instead
underwent a | ow yi el di ng-hyrpxy ketoheinatural proglectc t | o r
(+)-actinopolymorphol BL62 (Schemet9)# Ty p i c-acd tagalysed alkyne hydrations are

carried out at higher temperatures and so it was somewhat surprising to see hydration under

these mild reaction conditiofi¢®*
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OH OH HO
AgNO; (10 mol%)
Ag,0 (5 mol%) Me :
O WL N G s B
R CH,Cl, : -

o H H
1440, R=TMs (207 from 144h) 162  145i, not detected |
144i R = H (27% from 144i) e :

Scheme49. Unexpected hydration reaction for the synthesis oBgtinopolymorphol BL62

Next, reaction of the same substrates under the carb@zoiation conditions (AgOTf in
THF) afforded the desired carbazoles predominantly in excellent Belte(es0). The only
exceptions were: (i) tertiary alcohb#4k failed to afford any of the desired carbazb#sk,
which maybe due to the premature formation of unproductive carbocation intermediates; (ii)
thiophenyl alkynel44f, which afforded only a small quantity of carbazdd6f, with the
major sideproduct being spirocycl&45f, suggesting that this heterocyclic &ya may be less
prone to 1,2migration. Finally, the structure of carbazdlé6d was also definitively proven

by X-ray crystallographyHigure11).

HO R1
AgOTf
(10 mol%)
A\ \\
N R? THF
H 24 h
144
146a, 98% Me 146b, 84% 146¢c, 86%
146d, 96% 146e, 90% 146f, 28%
H H H
146i 146j, 86% 146k, 0%

100% (from 144h)
98% (from 144i)

Schemeb0. Substrate sape of popargyl alcohobenzannulation reactions
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@

146d F

Figure 11. X-ray structure of carbazolel6dwith thermal ellipsoids shown at 506CDC 1404713.
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2.3 Towards Spirobacillene B

To conclude studis of the indolalkyne systems, model studies towards the synthesis of
spirobacillene B analogu#64 were examined using PMP spirocy@da First, a strategy
based upon an acide di at ed r e ar r-epoyketorels3 as enfiployacin the, b
total synthesis of spirobacillene A, was plann&tifemes1).”’

o)
©\\; PMP ©\\; "PMP

4

R20, N

84a

a)

OH

PMP

164

Schemeb1. Retrosynthetic analysis spirobacillene Banabguel64: a) Epoxidation and acid

mediated rearrangement; b) Envisaged rearrangement.

Attempts to pr epxyketontlb3dby theeepoxidlatioa df spiigcyrigda
under both nucleophilic and electrophilic conditions fail€dhle11). Under most conditions
only decomposition was obsetdiehowever, when using DMDO a mass consistent With
oxide 167 was detected by HRMS (Entry 5), suggesting that the indolenine functionality is a
potential source of incompatibility with this strategy.

o o '
[Conditions] o o
o Npp XK WX pMp N YPMP
/ / : / '
N N : N®
84a

: \ 167
163 T

Entry Conditions Result

1 H,O,, NaHCQ, THF, HO, RT Complex mixture

2 H,O,, NaHCQ, MeOH, RT Complex mixture

3 t-BuOOH, THF, RT No reaction

4 m-CPBA, NaHCQ, CH,ClI,, 0 °C Complex mixture

5 DMDO, Me,CO, RT Complex mixture;,L67 detected

Table11. Attemptedsynthesis ofJ ,-epoxyketonel 63
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In an attempt to increase the reactivity of the alkene system relative to the indolenine
functionality, the epoxidation of allylic alcohol spirocydd5awas proposed. Here, it was
hoped that the electron ridilylic alcohol system could be more easily epoxidized to afford
168 which following oxidation tdl63 could be used to form model spirocydle4 (Scheme

52).

o
OH
we PMP ““\ “‘“
/
N
164 168

Rzozf U
N \\
PMP NaBH4 Ag(l) ©\

144a 145a

TZ__
TZ___

Schemeb2. Retrosynthetic analysis spirobacillene Banaloguel64 by allylic alcohol epoxidation

Unfortunately, attempts to prepare epoxid8 by the epoxidation of spirocyclet5awith m-

CPBA resulted only in rapid decomposition of the startingterial Scheme53). This
decomposition was consistent with the sensitivity of the spirocycles to Brgnsted acids and
oxidants previously observed. Degradation of spirocyelba was also observed after ~1
week of storage at amlmietemperature, dissuading any further studies with the allylic alcohol

spirocycles as practical starting materials.

HO HO
m-CPBA
NaHCO3 (0]
©i“./ PMP CH>HZC|2 ©i‘“, “pMP
N -10 °C N
145a 168

Schemeb3. Attempted synthesis of epoxidé8

Finally, an alternative approadiased on the E1cB elimination of dihydroxylated spirocycle

169was examinedSchemeb4).
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OH

w w ;: u\"
N/ O E 1cB O sOy,

OMe
164

Schemeb4. Retrosynthetic analysis spirobacillene Banaloguel64via dihydroxyation.

The synthesis of the dihydroxylated spirocyt&9 was attempted using Os(VHbatalysis
(Table 12). Both Upjohn andSharpless asymmetric dihydroxylatiaconditions resulted
primarily in the decompositionf the starting material. The only isolable product from these
reactions was a small quantity of oxinddle0 under the Upjohn conditions (Entry 1), which
was presumably formed by reaction with NMO. The indolenine functionality was again

presumed to be @ompatible with this strategy, potentially due to unproductive ligation to the

OsQ, catalyst.

o o S

OH :

[Conditions] OH : '

©\\ pMp X ©\\ “pPMP ©‘\ PMP |

/ /4 : o

N N 5 N 170

84a 169 - :

Entry Conditions Result

1 0sQ,, NMO, Me,CO, H0, RT Complex mixture 170(7%)

2 AD-mi x U, ,, t-BLEON,H,0, 25 °C Complex mixture

Table 12. Attemptedsynthesis of dihydroxylated spirocycdé9.
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2.4 Summary

The Ag(l}catalysed spirocyclisation of indelj@one and indol@ropargyl alcohol systems

has been desloped. A wide range of spirocyclic indolenines and benzannulated indoles have
been prepared in high yield through catabelective synthesis. A heterogeneous catalyst in
the form of AgNQ-SiO, was also discovered, which could be easily reused upddifies to

afford spirocyclic indolenines in quantitative yield. An asymmetric spirocyclisation protocol
using the silver salt of a chiral phosphoric acid was also developed, which can be used to
furnish spirocyclic indolenines in up to 89:&d

The devebped methodologies were applied in the accidental synthesis(+pf
actinopolymorphol Band in studies towards the synthesis of spirobacillene B.

Overall, the work described in this Chapter was the subject of four publicatf5Az®®
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Chapter 3. Indole U-diazocarbonyl! cyclisations

3.1 Introduction

In Chapter 2a number of spirocyclic indolenines were prepared by dbaromative
spirocyclsation of indole tethered alkynedhis approach utilised a general strategy where a
latent electrophile, .ch as an alkyne, is activated by a metal catalyst to promote a
dearomative spirocyclisation reactiorscheme 55). Here, the development of a new
spirocyclisation methodology was planned by varying the latent electrophile fratkyae to
an-dUazocarbonyl . Almzocarbodyb posed aseah hteactigedtarget for
c at al ydarzosarbanyl cothpounds can readily form electrophilic metal carbenoids upon

reaction with a metal cataly$t®®

C)
E [catalyst] f* E,,’ E
N\ — \ mo| — ™
N electrophile ﬁ spiro- ©\ N/
H activation H cyclisation
170 171 172

Schemeb5. Synthesis of spirocyclic indolenines by a dearomatisation strategy.

The eactivity of a diazo compound and the carbenoid it forms can be easily modulated by the
electronics of the adjacent functional groups; these systems generally fall into three main
categories: i) donor/acceptor, ii) acceptor and iii) acceptor/acceptguré 12).5%° An
acceptor group increases the stability of a diazo compbyrdecreasing its nucleophilicity
through electron withdrawing effects, but these effects also destabilise the ensuing
electrophilic carbenoid, promoting unselective reactivity. Conversely, a donor group increases
the nucleophilicity through electron ddimg effects, which decreases the stability of the
diazo compound. However, following decomposition, the resultant carbenoid is stabilised by
the donor group, which attenuates its reactivity, allowing for greater selectivity to be

observed.

i) Diazo compound stability
i) Carbenoid reactivity

'
EDG\n/ EWG H \"/ EWG EWG\n/ EWG
N,/M N,/M N,/M
donor/acceptor acceptor acceptor/acceptor

-€
Carbenoid chemo-, regio- and stereo-selectivity

Figure 12. Diazocompoundand carbenoid categories.
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3.2 Project background and aims

The reactivity of indold e t h eliazeairbddyls has been scarcely explored outside of a few
known instances. Predominately Rh{@htalysis has been used, as first demonstrated by Jung
and Slowinski, who reacted indal&3with Rhy(OAc), to afford the @-annulated indold 74

in good yield with a small quantity of spirocyd@&5 (Scheme56a).”* Although lowyielding,

the formation of175 was a significant proof of principle for a potential spirocyclisation
protocol. Next, Cueva¥afiez and cavorkers reported two similar reactions with indolg$

and 177, again using RIOAcC), to promote the modest yielding fornati of C2annulated
products178and179, with no other reported productScheme56b).? More recently, Doyle

and ceworkers reported a single example of a,(Btt)-catalysed Cznnulaton reaction,
affording indole181in excellent yield $cheme56c).”

a) Jung & Slowinski (2001)

Me 0
Me CO,Me ha(OAc
N
D CH20|2
N 25°C, 10 h CO,Me
Me
173 174, 72% 175, 18%

Rh A
CO,Et 2 (OAc),
DCE
reflux, 3 h C02Et
176, n=0 178, n =0, 55%
177, n =1 179, n=1, 52%
c) Doyle et al. (2013)
(0]
Ph Rh,(oct),
CO,Me (2 mol%
N,
N CHZCIZ
N 40°C, 16 h °2'V'e
180 181, 80%

Scheme56. Previous reactivity of indoke e t h ediazeatboriyls with Rh(IHpased catalysts.

All of these prior examples relied solely on acceptor/acceptor carbenoid systems in
combination with a Rh(Iicatalyst. Qin and cworkers were the first to differ from #hi
approach, by using a Cu¢atalyst with the donor/acceptor carbenoid systert8@fto form

spirocyclic cyclopropané83in excellent yield $chemes7a) *#*° Later, Qin and cavorkers
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reacted indolel84 with the same Cu(iatalyst to afford indolind85 which is proposed to
form via the fragmentation of a cyclopropane intermediat8 ¢ Y, Sche8nés7b).%

(o)
a) CuOTf Br o
(1 mol%) o
\ N, —> s
CH,Cl, N

Me N; RT, 1h I‘Vle N,
182 183, 88%
1.6:1 dr
b) NHTs
CuOTf
MeO N, (5mol%)  MeO
\ CO,Me ————>
Boc o) RT, 12 h
184 185, 82%
via: : A
meo,c, ©0©
MeO ring opening MeO @
--------------- > 2\
N/ NHTs
® Boc
L 187

Scheme57. Previous reaivity of indolet e t h aiazeaitboryls with a Cu@ased catalyst.

Thus, as briefly demonstrated by Qin andwawrkers, it was envisaged that a donor/acceptor
carbenoid system, as 88 might allow for a spirocyclisation methodology to be developed,
especially when exposed to a wider range of catah&thgme38a). If successful, this

strategy might also be applied in the synthesis of spirobaciller88cheme3gb).

a) B 7
(o] 0 o
Ar [catalyst] /‘ Ar
\ N2 —_— \\ M2 —> wNC Ar
spiro- ~ /
N isati N N
H cyclisation N
188 - 189 - 190
b) o
(o] OH
@, J
....... » \
we Ar W
Cr Cry O
N OH
191 13

Schemeb8. a) Proposed spirocyclisation methodology;Potential synthesis of spirobacillen€elB.
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3.3 Reaction discovery & optimisation studies

Studies began with the synthesis of model substi&®e which was made in twdeps from

the previously prepared Weinreb amigtkb (Schemeb9). Amide 81b was first reacted with
benzylmagnesium chloride to form benzyl ketdi®2a which was then reacted undeegitz
diazotransfer conditions withp-ABSA and BBU t o af f or ddiazodadonytl e s i r
188a** Howe v er , t h ediaiosahonglBgapraved difficull) as it was found to
degrade and form another product during column chromatography. This degradation product
was isolated and identified as ‘@@nulated indolel93a by X-ray crystallographic analysis
(Figure 13). Fortunately, this reaction could be qaletely suppressed by the addition of 3%
Et:N to the column eluent, suggesting that the formation of inti®@Bawas catalysed by the
Brgnsted acidic silica gel. Further studies found that, if desired, intRda could be
selectively formed in good yieldy reactingl88awith an equivalent weight of silica gel in
dichloromethaneSchemes0).

(o]
p-ABSA
N—OMe BnMgCI DBU
/
Me
THF MeCN
0°C - RT RT, 30 min

(57%) (74%)
81b 192a 188a

Scheme59.Sy nt he s i s-diaadcarbonyldubstraidsa

Ph

Figure 13. X-ray structure of Gannulated indold93awith thermal ellipsoids shown at 50%

(opposite enantiomer omitted for clarity, CCR&81930).

o)
Sio,
Ph (19/9) Ph
Ny N > N\
N RT, 24 h N o)
H (72%) H
188a 193a

Scheme60. Silica getcatalysed synthesis of &hnulated indold93a
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Based on the apparent change in substitution pattern, it is proposed thaf B®kikeformed

by a Wolffrearrangement procesd88a Y 1 9 4 185 Scheme61),”” whereby an
electrophilic ketene intermediate might cyclise by nucleophilic attack from either the indole
C2-(195Y 1 9 7 1989 or C3position followed by a 1;Migration (195Y 1 9 6 19%9.

Ph
Wolff
rearrangement
Ph 3\8—5 /O)
N2
N
H
188a 195
5-exo-dig \
we
1,2- rﬂlgratlo ©\ C3-attack
Ph
A\
N ro/hal(
H w Ph 6-exo-dig
193a B
\N H O ) C2-attack
®H
197

Scheme6l. Proposed mechanisms for the synthesis of inti88a

Having succ e s slihizodarbopyll§8aaadcantrofed thé)formation of indole
1933 studies towards the synthesis of spirocyid®awere resumed.T h e-diakbcarbonyl
188awas reacted with a range of potential catalysts (10 mol%) in dichloromethane (0.1 M)
under an atmosphere of argon in an attetmpnduce the formation of spirocycl&8a(Table

13). These experiments were carried out on a small scale (0.05 mri8Bgfand the'H

NMR spectra of the unpurified reaction mixtsingere examined

Considering the literatunerecedent, Rh(lfpased catalysts were first examined (entrie$),1
from which Rhoct; was found to form both spirocycli90a(~1:1 dr) as the major product
and a s mal | -digatbenyl198a(emtry 4).fIntetdstibgly, two other products were
also identified during these studies, namealypther C2annulated indole isomeér99aand a

related oxidation product, carbaz@@Oa(entries 1i 3).

Intriguedby the number of products arising from these reactithresaims of this project were
broadened to includéhe selectivesynthesisof these other produgtsvhich was pursued
through further catalyst screeninghe potential synthesis dive products from a single
starting material became an unprecedented and exciting challenge in the field of-catalyst

selective synthesi¥.
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o o)
Ph < I P Ph
+ W Ph +
h} o ©\/ N ©
H N H

[catalyst]
1884 (10 mol%) 193a 190a 198a
N e e

N Ph N Ph

H H

199a 200a

Entry Catalyst Ratio”
188a 193a 190a 198a 199a 200a

1 Rh,(OAC), 0 15 0 50 20 15
2 = Rhesp 0 20 10 55 15 0
3 5 Rh,TPA, 0 10 0 70 20 0
4 Rhyoct, 0 0 95 5 0 0
5 CuBr 5 0 75 20 0
6 = Cul 0 0 80 20 0
7 3 Cu(MeCN),OTf 0 0 20 0 60 20
8 Cu(MeCN)PF; 15 0 65 20 0 0
9 Cu(OAc) 0 0 85 15
10 = Cu(2-ethylhexanoatg) 10 0 90 0
11 Z:)’/ CuCh, 25 0 0 0 50 25
12 Cu(OTf), 0 0 70 30
13 Pd(MeCN)Cl, 0 0 55 0 45 0
14 = Pd(MeCN)4(BF,), 0 0 0 95
15 5 Pd(OAC) 40 0 50 0 10
16 PdCh 30 5 50 10 5
17 AgOTf 0 0 0 0 90 10
18 ? AgNO; 30 0 35 35
19 AgOAc 20 0 65 15
20 — PhPAUCI + AgOTf 0 0 0 95
21 :;::—’/ PhPAUNTT, 0 35 0 65
22 = Fe(ClQy),-xH,0 0 5 0 80 15
23 Z:; FeCh-4H,0 95 5 0 0 0
24 E SnCh-2H,0 0 0 0 0 0 0

®Reactions performed with 0.05 mmoti@8a and 10 mol % catalyst in Gi&l, (0.1 M) under argon
at RT for 16 h’Calculatedby *H NMR spectroscopic analysi$ the unpurified reaction mite,

rounded to the nearest 5%.

Tablel3.Cat al yst s ediazearbongl§8awi t h U
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Investigation of Cu(b (entries 58), Cu(ll)- (entries 912), Pd(ll} (entries 1816), Ag(l)-
(entries 1719), Au(l} (entries 2021), Fe(ll} (entries 2223) and Sn(Ilbased catalysts
(entry 24), reveale®d(MeCN)(BF,), as a highly effective catalyst for the selective synthesis
of indole 199a During these studies, the concomitant formation of carb&fflawas also
typically observed alongside indolE99a especially so when using Cu(OIfwhich is
presimed to catalyse the oxidation of indd@9ato carbazol€00a

Having completed the initial catalyst screening studies, the three most selective catalysts,
Rhoct,, Pd(MeCN)(BF,), and Cu(OTf), were selected for further optimisation. First, the
Rhoct,-catalysed formation of spirocycl&90a was examined, where it was found that

f or mat i o edicasbbnylt9BasideProdbct was dependent on the presence of air in the
reaction. Thus, performing the reaction under oxygea conditions (with other manm
modifications, such as switching the solvent from dichloromethane to chloroform and
reducing catalyst loading) allowed spirocyt®0ato be prepared in excellent yieldable 14,

entry 1). Furthermore, carrying out the samecti®n in a flask open to air (at reduced catalys
loading and concentration) was sufficient to completely switch the selectivity, affording the
U ,-dicarbonyl198ain 78% vyield (entry 2). The structure ®®8awas also proven by Xay
crystallographyEigure14).

(o] o]
Rh200t4
Ph [x mol%] Ph
N w o
N 2 CHCI3 [x M] 0
RT, [x h] H
188a 190a 198a
Entry Conditions Result
1 Rhoct, (5 mol%), CHC} (0.1 M), argon, 6 h 190a, 92%, 54:4&1r
2 Rh,oct, (2 mol%), CHC} (0.05 M), air, 1 h 198, 78%

Table 14. Rhoct-catalysed synthesis of spirocydi@0aandU, -Hicarbonyl198a
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Iz

198a

Figure 14. X-r ay st r u-dicanbanyg198awith thgrnbal ellipsoids shown at 5006CDC
1481924.

It is proposed that both of these reactions initiate by the formatidmodium carbenoi@01,

which may then form spirocycl&90a either by: (i) a cyclopropanation and fragmentation
pathway 201Y 202Y 1903 Schemeb2a) or (i) direct attack from the indole @®osition
followed by protodemetallatio201 Y 203 Y 1909. In a flask open to air, oxygen is
proposed t oketaldatomiofa90at ot H dietddadithR04and a hydroperoxyl
radical, which can then immediately recombine in a radical rebound process to afford
peroxide205 (Scheme62b).*? ' Peroxide205 may then cyclise to form endoperoxi@6

which followingf r agment at i on -digarbodyld98a A pudified sample fof
spirocycle190ain CDCl; wasalsoo b s er v e d -tiaarbohybl®8amovds finfieby *H

NMR analysis, confirming that spirocycle190a w a s indeed a direct

dicarbonyl198a
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cyclo-
Ph haoct4 Ph propanatlon
[Rh] -
N
H

188a 202
C3- attack ring
opening
proto-
W demetal/at/on R
@ “
190a
K )’\ o
°'°‘ e *'/\ OOH
\\\“ ““\ P h ““
oy Oy Ol m,H
N rebound
P endoperoxide
Ph fragmentat/on formation
(o} W
(o]

Scheme62. a) Proposed mechanism for the,8tt, catalysed formation of spirocycl®0g b)
Proposed mechani s m-dcarbonyl98® f or mati on of

Indirect supporting evidence for the fortiom of an endoperoxide intermediate was later
found when endoperoxid208 was isolated from the reaction of vinylu bst i-t ut ed
diazocarbonyR07 under the same reaction conditioi&liemes3a). This Zmembered ring
endoperoxidds proposed to form via a similar pathway to before, except in this case, the
radical rebound process may occur at the less sterically hindered alkene teiBaineisi€

63b). The structure d208was definitively proven by Xay ciystallography Figure15).
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Rhyoct,
(5 mol%)
N —
N2 CHCI,
N 18 h, air
H (21%)

b)

209

Figure 15. X-ray structure of endoperoxi@®8with thermal ellipsoids shown at 5066CDC
1481929.

Interestingly, d u-dicarbogyl 198a lvyicélima ahromatograpbyf theU, b
formation of small quantities of a new product was also detected. Isolation of this product and
X-ray analysis revealed the structure to be spirocyclic oxir@itds with asynrelationship
between the oxindole carbonyl amide hydroxyl group Kigure 16). Oxindole 212a was
presumed to form by an aldol reaction promoted by the acidic silica gel; this diastereoselective
aldol reaction could proceed via ar@mbered transition state, suchZ4d8 wherethe syn
diastereoselectivity might be dictated by hydrogen bonding between the oxamabland the
reactive phenone carbonyd¢hemes4). Pleasingly, it was found that this reactivity could be
harnessed in a ofot process, whee -ditartionyl198awas formed as previously and then
immediately reacted with TFA following a solvent switch to THF to afford oxin@&ain

nearquantitative yield $chemess).
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= Z
Oo

I

i

Figure 16. X-ray structure of spirocyclic oxindoyndiastereoisome212awith thermal ellipsoids
shown at 50%4CCDC1481927.

(o)
(0) |y o)
Ph 1@ TN o Ph
o — o--H | — wNC YOH
o 7 N\ ! o
N O N
H H
198a N 3 212a
H

Schemeb4. Proposed énembered transition state in ttiastereoselective Brgnsted acid catalysed

formation of oxindole212a

o] i) Rhyoct, (2 mol%)
CHCls (0.05 M)
Ph alr RT, 1h -\‘Ph

N\ N
)TFA (3 eq.)

N THF (0.1 M)

H RT, 4 h

188a 212a, 99%

Scheme65. Onepot Brgnsted acid promoted synthesis of spirocyssiieoxindole212a

I ntrigued by tdicabomyld3Bawiti Bransteg acmd, Brahstdd bases were

next examined in hopes of accessing the oppasitediastereocisomer. Indeed, tlamti-
diastereoisome?14acould be prepared in modest yield by anotherpotepiocess, where the
U ,-dicarbonyl198awas formed in situ then reacted witB u OK i n T H FSclerme

66). The anti-diastereoisomer is believed to be formed via a transition state suzh5as

78

(Scheme67), where unfavourable steric clashes are minimised and the carbonyl dipoles are

opposed. The relative stereochemistry of dhé-diastereocisomer was also confirmed by X

ray crystallographyRigurel7).
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(0] i) Rhyoct, (2 mol%)
CHCI; (0.05 M)
Ph a|r RT, 1 h

N N '°“
) t-BuOK (3 eq.)
N THF (0.1 M)
H —78°C » RT
188a 214a, 58%

Scheme66. Onepot Brgnsted base promoted synthesis of spirocgdlicoxindole214a

0 o)
(o] Vv o)
Ph Be A/o: gPh
s 00— CLF
H N +—> H
198a H o1 214a
5

Scheme67. Proposed transition state for the diastereoselective Brgnsteddtasysed formation of

oxindole214a

(0]
o
N
H
214a

Figure 17. X-ray structure of spirocyclic oxindobmnti-diastereoisome214awith thermal ellipsoids
shown at 50%4CCDC1481928.

Next, the Pd(MeCN)(BF,),-catalysed conditions for the synthesis of inddl@9a were
examined, which following a solvent switch to chloroform and a reduction of the catalyst
loading, could be used to prepare indb®ain excellent yield chemes8). The s$ructure of

indole 199awas definitively proven by Xay crystallographyHigure 18).
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o
Pd(MeCN),(BF,),
Ph (5 mol%) o
N N —_—> \
CHCl5 (0.1 M)
N argon, RT, 16 h N Ph
188a (84%) 199a

Scheme68. The Pd(MeCNy)BF,),-catalysed synthesis of indal®9a

Figure 18. X-ray structure of indol@99awith thermal ellipsoids shown at 506CDC 1481925.

Finally, the Cu(OTf)catalysed conditions for the synthesis of carbaza0®a were
optimised. To drive the oxidation afdole 199ato completion, an increased catalyst loading
(20 mol%) was required, followed by the delayed introduction of an oxygen atmosphere at a
higher temperature (50 °C). If the reaction was initiated under oxygen then the yield was
diminished by thef o r mat i o n-dicaribonyitl98a whigh firongly suggests that the
precursor, spirocycl&90g is an intermediate in this reaction. The structure of carb2gle

was definitively proven by Xay crystallographyRigure19).

o : o

Cu(OTf), :

& Ph (20 mol%) O OH 4 Ph

> CHCl, (0.05 M) O : 0

H argon, RT H Ph H
188a then O,, 50 °C 200a, 70% 198a

Scheme69. The Cu(OTf)-catalysed synthesis of carbaza0a
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Figure 19. X-ray structure of carbazoO0awith thermal ellipsoids showat 50%(CCDC 148192§.

To further probe whether spirocycl®0awas indeed an intermediate in the formation of
indole 199a spirocyclel190awas reacted with both Pd(MeCNBF,), and Cu(OTf) (Table

15). Interestingly, Pd(MeCN[BF,), had no effect on spirocycl&90a (entry 1), whilst
Cu(OTf), reacted rapidly with spirocycl&90ato form indole199aas evident by analysis of
the™H NMR spectrum of the reaction mixture. These results suggest that although the Pd(Il)
and Cu(ll}ycataysed reactions share inddl@9aas a common intermediate/product, they may
promote different mechanistic pathways.

[addltlve] fo)
©i“ CHCI3 argon : Ph
RT, 16 h H
190a 199a
Entry Additive Result
1 Pd(MeCN)(BF,), (5 mol%) No reaction
2 Cu(OTf), (20 mol%) Rapid conversion o 199a

3Determined by analysis of thid NMR spectra of the unpurifed reaction mixture

Table 15. Additive screening with spirocyctEd90a
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Considering these results, it is proposed that Cu¢Qiiigyht initially promote the forméain
spirocycle 190a as previously proposed with Kbct), (Scheme 70). However, upon
formation of spirocyclel90a Cu(OTfy, may induce a Lewis acid catalysed-ip®jration to
form indole 1993 which may then undergo a Cuftatalsed oxidation (with oxygen as the

terminal oxidant) to form carbazak90a

o] o] o
Ph Cy(OT) Ph
o e @Cw - ©§[ "

188a 190a
® o 12—mlgratlon \ u(OTf),

— o ) Ph
E N\ H Ph
3 [Cul 218 [Cu] 217
©
IS
e
© OTf)2 0O, OH

L

oxtdat/on
199a 200a

Scheme70. Proposed mechanism for the Cu(Qidatalysed synthesis of carbazag@da

For the Pd(MeCNJBF,),-catalysedsynthesis of indolel99a an alternative mechanism is
proposed, in which the reaction is initiated by electrophilic palladation at the indele C2
postion (88aY 219 Scheme71a)!°?'® Following palladation, the diazo gup could
coordinate to the metal centZ1@Y 220), which after the extrusion of nitrogen would afford
palladium carbenoi@®21; subsequent migratory insertion would generate palladipecies
222 which after protodemetallation would regenerate the Pd@falyst and afford indole
199a'** **®®sypporting evidence for a mechanism initiated by palladation at the indole 2
position was found when a control substi228 with a methyl group blocking thepbsition,

was reacted under the standard conditions, from which no reaction was ob&uofrethd
71b).

76



Chapt er -8iazochrimodybcychsatibhs

a) (0] (0]
Ph diazo 0
Ph Pd(ll) coordination N Ph
N N — > N2 — N\_© \Y¥a
. Pd" Pd" Nz
electrophilic
N N
H
219 220

H palladation H

(0]
proto- migratory
O demetallation o insertion f’; Ph
\ - NrAl g ~——— N
Ph N Ph N
H H
222

188a

N
H
199a 221
b) o
Pd(MeCN),(BF,),
Ph (5 mol%)
N\ N2 . no reaction
N Ve CHCl, (0.1 M)
H argon, RT, 16 h
223

Schemer7l. a) Proposed mechanisrorfthe Pd(MeCN)BF,),-catalysed synthesis of indal®9g b)
Supporting control reaction with-@ethyl substituted substra?@3
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3.4 Substrate Synthesis

To fully explore the scope of t h-diazdcarhoryl oped
substrates were prepared. First, Weinreb andégwere prepared in a three step sequence
(Table16). Commerically available indol&24 were readily converted intciBdolepropionic

esters by a ZrGlcatalysed conjugate addition into ethyl acryf@fewhich following
saponification and a T3Rediated amide coupling afforded Weinreb amigtHg.

o}

)y o o)
OEt T3P
ZrCly (10 mol%) OH MeNHOMe-HCI /N—'OMe
R A\ CH:Cl> (0.2 M) R N DIPEA R \ M€
N ii))2MNaOH N CH,Cl, N
THF:MeOH RT. 1h
224 80i,j 81ij
Entry R Yield over 3 steps (%)
1 6-Cl (81i) 55
2 5-OMe 81)) 65

Table 16. Synthesis of dndolepropionic acid derivatives.

The 3indolepropionic acid derived Weinreb amidiswere than reacted with the appropriate
benzyl Grignard reagénto form benzyl ketonek924d e (Schemer2).

o o
N-OMe Ar” “mgclI (4 q.) Ar
/ —_—
Me
R N THF (0.1 M) R N
H 0°C - RT I':ll
81 192a—e
o o) o)

0 oL O

192a, 57% 192b, 42% 192¢, 57%

) o W
L 5
N N
cl N N
192d, 37% 192e, 49%

Scheme72. Scope of benzyl ketones prepared by Grignard addition.

78



Chapt er -8iazochrimodybcychsatibhs

The benzyl ketoned92wer e t hen u s-diatocarbonyl$h88 bypRegitz diatb
transfer using-ABSA and DBU Schemer3).

(o)
p-ABSA (1.2 eq.)
DBU (1.4 eq ) Ar
N
MeCN (0.3 M) R N 2
RT, 30—60 min N
H
192a—e 188a-e
(0] (o)

\ Nz \ Nz
H H OMe

188a, 74% 188b, 73% 188c, 75%
(o) (o]
Q) weo W,
O N\ N,
N N
H H
188d, 59% 188e, 62%

Scheme73.S ¢ o p ediapotarbbhyls prepared by Regitz diazmsfar reactions.
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3.5 Substrate Scope

With a wider range of substrates in hand, the scope of the six optimised reaction protocols
were examined. First, the silica gglomoted formation of the G&nnulated indole$93 was
investigated $cheme 74). Pleasingly, every substrate prepared underwent the desired
transformation, affording indole$93&d d in modest to good yield, whilst indolE93e was
formed in a diminished 38% yield with no other isolable products detected.

(o}
Sio,
Ar  (1g/g) Ar
R A\ N2 —> R A\
R CH,Cl, " o
H RT, 24 h H
188a—e 193a-e
oaY; (Y (A
0 $e 0
N 0 N o OMe N o)
H H H
193a, 72% 193b, 65% 193¢, 50%
(YD v {4
9 9
N o N (o}
cl N N
193d, 75% 193e, 38%

Scheme74. The silica gelcatalysed cyclisation substrate scope.

Next, the Rboct-catalysed synthesis of spirocyclé80d e was examined Scheme75).
Again, every substrate successfulfiormed the corresponding spirocycle in modest to
excellent yield. Modest diastereoselectivity was also observed, with the structure of the same

major diastereoisomer assigned by nOe studies for each exdiigniee0).
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(o]
Rhyoct,
Ar (5 mol%)
R N N "
N CHCI3 (0.1 M) R
H argon, RT, 6 h
188a-e 190a—e
o) o} o)
wet et OMe et
/ / /
N N N F
190a, 92%, 54:46 dr 190b, 71%, 78:22 dr 190c, 66%, 61:39 dr
o) o)
- MeO =
/ /
cl N N
190d, 54%, 58:42 dr 190e, 59%, 63:37 dr

Scheme75. Scope of the Rifoct),-catalysed spirocycle synthesis.

\\\ H
©:“‘ “" "A v
no nOe correlation nOe correlation
190, major 190, minor

Figure 20. Assignment of spirocycle diastereoisomers based on nOe correlations.

All of the substrates were also successfully converted into the corresponding spiregyclic
oxindoles212&d e in good to excellent yieldScheme76). Aside, from the original Xay
analysis of oxindol@12a diagnostic signals ifH NMR spectra of oxindole212 e were

also used to confirm their stereochemistig(re21). For example, in every case noticeable
shielding of the H2 proton was observed, likely due to the positioning and magnetic
anisotroptc e f f e c t-keto ardmatit ting, wiich is easily visualised in the structure
provided by Xray analysis of oxindol212a The oppositeanti-diastereocisomerg14d c,e
were also prepared in consistently modest yield §890) except for oxindol@14d, which

was prepared in 73% yiel&¢hemer7).
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- o)
Ar i) Rhyoct, ('2 mol%) (\Ar
CHClj, air, RT
N, > w OH
R N R )
N i) TFA (3 eq.), THF N
H RT, 4 h H
188a—e 212a—e
o o] o] F
o\ oW W
e OH w OH OMe w OH
(o) o o
N N N
H H H
212a, 99% 212b, 91% 212c, 61%
o 0]
W\ W
w OH MeO w OH
(o) (0]
N N
Cl H H
212d, 61% 212e, 70%

Scheme76. Scope of the acigpromoted synthesis afyn-oxindoles.

=N o
1N
2
‘“\\ OH =
o
N .
H 212a I
‘__l_.»m/ U i ~ J
8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 Chemical Shift (ppm)

Figure 21. Diagnostic anistopic shielding of theynoxindoles.
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i) Rhyoct, (2 mol%)

Ar
. A\ N, CHClj, air, RT . @gOH

N ii) -BuOK (3 eq.)
H THF, =78 °C = RT

188a-e 214a—e

o] o o] F
o “0 OH e K7} OH OMe e l:lo H
o (o) o
N N N
H H H

214a, 58% 214b, 54% 214c, 45%

0] o}
e I/o H MeO " ‘e, OH
o 0
N N
Cl H

214d, 73% 214e, 40%

Scheme77. Scope of the baggromoted synthesis ainti-oxindoles.

Next, the optimised Pd(MeCRkBF,).-catalysed conditions were successfully applied to
everysubstrate, forming indole994 e in modest to excellent yiel®s¢hemer8). Finally, the
Cu(OTf)-catalysed carbazole formation conditions were examiSellgmer9), where every

carbazole2004d d except br 200ewas isolated in good yield.

Pd(MeCN),(BF 4)»
(5 mol%
CHCI3 (0.1 M)
argon, RT, 16 h

188a-e 199a-e

199d, 64% 199e, 52%

Scheme78. Scope of the Pd(MeCNBF,),-catalysed annulation reaction.
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Cu(0Tf),

(20 mol%) O OH
—_—
CHCl; (0.05 M)

argon, RT

then O,, 50 °C
188a-e 200a—e

O‘ .. O

200a, 70% 200b, 71% 200c, 78%

Cre o
L L
‘o o
200d, 63% 200e, 35%

Scheme79. Scope of the Cu(OJ4-catalysed tandem annulatioxidation reaction.
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3.6 Preliminary studiesdwardsspirobacillene B

To concl ude s tdiazbcadbenyl systamh stutlids eiowddds the synthesis of
spirobacillene B were resumed. Here, it was envisaged that theopesdRh(Il}catalysed
spirocyclisation ¢ oul-diazobaghonyl2@5ddeirliyv eap pflrioend
intermediate21 (Scheme80).*® The resultant spirocycl@4 used by Tang and eworkers

could then be deprotected and oxidised under their conditions to afford spirobacill2de B (

Y 224V 13).

TESO

O ©%\ TBAF ©\<;(©\
oH (O]

Rh(lI) TU

TESO TESO

OoTBS OoTBS
p-ABSA

Scheme80. Retrosyntheti analysis of spirobacillene BBu s i n gdiazocarbahyl.

oTBS

Attempts to prepare model substr&27 with an oxygen substituent in the requirpdra-
position were unsuccessfub¢hemeBl). The benzyl keton826 was prepared in googeld,

but t he -diarogatbonyl22@could not be isolated under the Regitz diazo transfer
conditions, with only decomposition of the starting material observed by TLC analysis. This
result was attributed to the destabilising effects of the electomating oxygen substituent,
which is in direct conjugation to the reactive diazo centre (as sho228jnAt this point, no
further studies were attempted, but future work might look to attenuate the destabilising

effects of the oxygen substituent wih electron withdrawing protecting group.
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CIMg/\©\

N—-OMe OMe
Me/ ’
THF O D
0°C—»RT N
H
(65%)
81b
0 p-ABSA
@ O OMe DBU
N * 96
,,,&) O D 2 MeCN
N N RT, 30 min

Scheme8L. At t empt ed oipzodatany®@27s of U

3.7 Summary

The selective synthesie f six different p r o ddiazotasbonyl r o0 m
precursor has been develog&igure22). This feat, which is to the best of our kredge a

record number of products formed from a single precursas, achieved by using Brgnsted
acid, Rh(ll)-, Pd(ll> and Cu(ll} catalysis to exploit a variety of different mechanistic
pathways. Full elucidation of the proposed mechanistic pathwayslbas the application of

this chemistry to other heteroarenes, such as pyrrole, remains the focus of future work.

The work described in this Chapter was the subject of a recent publitation.

Figure221 | l ustrative rainbow of products fror
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Chapter 4. Dearomatisation approach to quinolizidine and

indolizidine alkaloids

4.1 Introduction

In the previous chapters, all of the work was focused on the synthesis of spirocyclic
indolenines through the dearomatisation of indole. Here, it was planned to tether alkynes to
other heteroaromatic systems, such as pyri@fand pyrroé 231, in hopes of promoting
cyclisation through the nitrogen atom to afford quinolizino®23 or indolizines232, which
following a dearomative hydrogenation would provide access to quinoliz2l@@eand
indolizidine 233 frameworks $chemed2). Ideally, the two catalytic steps would be performed

in a onepot process, which could potentially be rendered asymmetric if an enantioselective

hydrogenation step could be realised.

— [catalyst] H
\ [catalyst] H,
N o —>» _— N OH
/ alkyne dearomatisation 2
/ activation R
R 228 230
H
[catalyst]
| N\ [catalyst] | N \ H,
N o —> N OH —>» N OH
H / alkyne — dearomatisation S
/ activation R R
R 231 232 233

SchemeB2. The proposed twatep cyclisation and hydrogenation of pyridiaed pyrroleynones.

The quinolizidine and indolizidine frameworks are found in a number of bioactive natural
products, such a834i 237 (Scheme83).'*"*'*> These natural products have typically been
isolated in small quantities, which hinders their study as potential therapeutics, and so, it is
hoped that the proposed sequence will provide gredignt and scalable route for their

synthesis.

MeO OMe Me
cylindricine B 234 lasubine Il 235 lepadiformine 236 indolizidine 209D 237

Scheme83. Quinolizidine and indolizidine alkaloids.
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4.2 Background

Quinolizinones have previously been prepared by the cyclisation of pydtkpee systems,

as first demonstrated by Katritzky and -workers Gcheme 84a), who found that
quinolizinones240 could be prepared by heating pyriding38 and benzotriazole239 in
acetonitrile at 120 °C in a sealed tdbdl.ater, Natarajan and eworkers reported a modified
protocol Scheme84b), whereby picoline derivative241 were first acylated with a methyl
ester242 andthen cyclised at a reduced temperature (80'*Cj®Both of these protocols
suffered from the requirement of relatively harsh thermal cyclisation conditions as well as
modest yields across a limited range of substrates. It was hoped that all of these negative

aspects could be alleviated by a catalytic method.

a) Katritzky et al. (2004)

o — R2
MeCN N
@ e D
120 °C 3_
X = CH,, NH R

R/RZR®=H, alkyl, aryl ~ 240, 39-81%

b) Natarajan et al. (2006)

i) LDA, THF

— —78 °C~>RT Rt
1 / + MeOJ\ 0
R'\—N MeCN 80 °C R3
241 242 R'/RZR®=H, alkyl, aryl 243, 23-60%

Scheme84. Pyridine alkyne cyclisation reactions to form quinolizinones.

Indolizines have also been prepared by the cyclisation of pyradkyee systems. Notable
examples include the workf Gevorgyan and cworkers, who first reported the Au(Hl)
catalysed cyclisation of TBfrotected propargyl alcoho44 to afford indolizines246 in
modest to excellent yieldScheme85a).'*° This reaction proceededa the formation and
cyclisation of an electrophilic vinylidene intermedi2#5. Later, Gevorgyan and emorkers
reported a simpler Ag(@¢atalysed protocol, where propargyl alcor?ig were activated with
AgBF, and cyclised to afford indolizine®49 in typically excellent yield{Schemeg5b).'*°
Finally, Sarpong and cevorkers reported a Pt(t)atalysed procedure to form indolizinones
253 from tertiary propargyl alcohol250 by a cyclisation and 1;fhigration sequence

(Schemessb).*#*
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a) Gevorgyan et al. (2006)

—\  OTBS  AuBr, —  OTBS | —
/ (2 mol%) / — OTBS
RN — | Ry X | —> RN
\\ PhMe X N x

X X =H, SiMes, Al
244 SnBug, GeMs, L 245 [Aul A 246, 56-94%

b) Gevorgyan et al. (2007)

— OR! AgBF, — R
\ 7 (3 mol%) \ — o
N \ —_—> — N _
A\ CH,Cl,, RT
R? R'=Ac, TBS R?
247 R2=H, alkyl, aryl 248 249, 52-100%

c) Sarpong et al. (2007)
PtCl, (5 mol%)

— R OH 251 (10 mol%) — R
/ Cs,CO3 (10 mol%) \ (7 OH
\ - N
A\ PhH, 100 °C [Pt
n-Bu Tl ] n-Bu n-Bu
250 : O : 252 253, 36-70%
R = alkyl, aryl Pt-Bu); |

Scheme85. Pyridine alkyne cyclisatioreactiongo form indolizidines.

The current leading methods for the catalytic synthesis of quinolizidine and indolizidine
alkaloids have arguably been developed by Rovis amdockers, who used Rh{bhatalysis to
promote R+2+2] cycloadditions with alkenyl isocyanat2S4 and terminal alkyne255 to
generate quinolizidine or indolizidine alkaloid precurs®s8 in good to excellent yield and
with excellent enantioselectivityschemes6).'?>***Rovis and ceworkers first employedhis
methodologyin the synthesis of (Hasubine 11235 (Scheme86a), by hydrogenating the
[2+2+2] product259 to form quinolizidine260. The hydroxyl group stereochemistry of
guinolizidine 260 was then inverted by a Mitsunobu and hydrolysis eage to afford 27.0

mg of (+)}lasubine 11235'%
o f -iidolizidine 209D237 (SchemeB6b), using a new phosphoramidite liga2al7 to form

the [2+2+2] produc®61in good yield** The [2+2+2] produc61 was then hydrogenated

Later, the same group applied this methodology in the synthesis

and deoxygenated undBartonMcCombiec ondi t i ons t o aihdblisidind 18 . 2
209D 237. Overall, whilst this [2+2+2] methodology provided access to these natural products

in a concig enantioselective fashion, only small quantities were ever prepared and required an
expensive catalyst system to do so. Thus, it is hoped that the proposed method could improve

upon this pioneering work.
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a) Rovis et al. (2006)

Y/ [Rh(C2H4),Cll, ph_Ph
E || (2.5-5.0 mol%) Me. O Q ;
N\\ Me W IP-NO E
C\\o 256 or 257 o o :
254 255 (5.0-10 mol%) o, oo Ph” pp :
PhMe, 110 °C g SRR :
79-94% e h..........236 ... ;
H H
" PPh,, DEAD
N — ° Pd/C, H2 ' p-nitrobenzoic acid N OH
MeOH then
(80%) K,CO3, MeOH
()
MeO OMe MeO OMe (64%) MeO OMe
259, 62% 260 (+)-lasbuine 11 235
98% ee
b) Rovis et al. (2009)
& (Im),CS
Pd/C, H, DMAP
- > N OH o
MeOH 50 °C
(82%) n-Hex (77%) n-Hex
) 262
91% ee H
g AIBN
P M B '
P O vBu : n-Bu,SnH
H Me
HE o.. /e
N oPN PhMe, 100 °C
Me . o
Cl : (71%)
Me t-Bu ; Me
____________ 241 (-)-209D 237

Scheme86. Leadingmethods for the catalytic synthesis of quinolizidine and indolizidine alkaloids.
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4.3 Pyridineynone cyclisations
4.3.1 Reaction discovery & optimisation studies

Studies of the proposed pyridigaone system began with prepamatiof ynone228a which

was made by the acylation ofpicoline 264 with methyl phenylpropiolate under modified

conditions reported by Natarajan andveorkers Schemes?7).'*’

— LDA,-78°C  \

)—Me — > N o
\ N then /
Ph———CO;Me /

264 (70%) Ph 228a

Scheme87. Synthesis of pyridinggnone228by the acylation of icoline 264.

Ynone 228awas then reacted with a range of catalysts in dichloromethane in an attempt to
promote cyglisation {Table 17). These experiments were performed on a small scale (0.2
mmol of ynone2283 and examined by analysis of thd NMR spectra of the unpurified

reaction mixtures. These studies were also aided by a York MChdems{(iNiall Grant).

First, a range of Cu(l/l}) Au(l)- and Ag(l}based catalysts were examined (entrie$),Llof

which only AgOTf was found to promote the formation of quinolizin@®&®a Further
examination of other Ag(l) catalysts (at reduced catatyatlihg), showed that both AgNO

and AgNT% were the most effective catalysts (entries 9 & 10). However, only AgiQ
selected for further study as it is significantly cheaper than AgNFimally, using AgNQ@

(1 mol%) as the optimal catalystthe sdvent system was varied (entriesi16), which
showed that the rate of reaction could be significantly improved by performing the reaction in
either EtOH or to a lesser extent DCE.
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. [catalyst]
N o — » \ o
i
Ph 228a RT PR 2204
Entry Catalyst® mol % Solvent Time (h) Ratio” 228a:229a
1 Cu(MeCN)PF; 10 CH.Cl, 16 1000
2 Cu(OTf) 10 CH.Cl, 16 1000
3 PhPAUNTT, 10 CH.Cl, 16 1000
4 AgOTf 10 CH.Cl, 16 5:95
5 AgOTf 2 CH.Cl, 2 10:90
6 AgSbFs 2 CH.Cl, 2 7525
7 Ag,0O 2 CH.Cl, 2 68:32
8 AgOAcC 2 CH.Cl, 2 36:64
9 AgNTf, 2 CH.Cl, 2 5:95
10 AgNO; 2 CH.Cl, 2 5:95
11 AgNO; 1 CH.Cl, 0.5 5050
12 AgNO; 1 Toluene 0.5 100:0
13 AgNO; 1 THF 0.5 100:0
14 AgNO; 1 CHCl, 0.5 10:90
15 AgNO; 1 DCE 0.5 5:95
16 AgNO; 1 EtOH 0.5 0:100

All reactions performed with Oramol of ynae228ain the stated solvemt RT;

®Calculated by'H NMR spectroscopy of the unpurified reaction mixture.

Table 17. Optimisation of the pyridingnone cyclisation conditions.

The rate of reaction was believed to be highly susidlepto the degree of ketenol
tautomerisation of ynon228a(which exists primarily as the enol tautomer in CRE€igure

23). The geometry of the enol tautomer was assigned asdfadkene, based upon the high
chemical shiftof the enol proton observed in thd NMR spectrum (15.02 ppm in CDg|
which is likely to be due to intramolecular hydrogen bonding with the nitrogen lone pair of the
pyridine ring. Thiscis-alkene geometry is believed to hinder reactivity by decrgattia
proximity of the nitrogen lone pair and alkyne moiety; thus, the reaction is proposed to
proceed via the electrophilic activation of the keto tautomer (which can freely rotate),
followed by a6-endodig cyclisation through the nitrogen lone pa26a Y 265Y 266
SchemeB8).** Subsequent aromatisation and protodemetallati@®6fvould then afford the

observed quinizinone 229aand regenerate the Ag(l) catalyst.
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HI
’ H N
——Ph —
H-0 85:15
[:ket
228a enol enorketo 228a keto
ig:
e
enolOH
S
3
X L .
0.81 1.00 0.34
[ U I
16 15 14 13 12 11 10 9 8 7 6 5 4 3 Chemical Shift (ppm)

Figure 23. 'H NMR spectrum of pyridongnone228ain CDCL.

229a

SchemeB8. Proposed mechanism for Agdatalysed symesis of quinolizinon@29a
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4.3.2 Substrate synthesis

To explore the scope of the Ag@datalysed cyclisation a wider range of pyridymones228

were required. First, a number of methyl propiolate es®§84d c, which were not
commercially availablewere prepared in modest, unoptimised yields from the corresponding
commerically available terminal alkyné€68 by deprotonation and trapping with methyl
chloroformate $chemes9).

i) n-BuLi, THF
~78°C,0.5h
R—= » R—=——CO,Me
ii) CICO,Me
268 “78°8 2 h 269
F—@%COZMe @%cozm TMS—==—CO,Me
s
269a, 62% 269b, 43% 269c, 48%

SchemeB9. Synthesis of methyl propiolate esters.

Alternatively, where the requisite alkyne was not commercially available, the ester could be
accessed from an aldehyde and a partial GBtehs reaction e.g. in the preparation of
alkynyl ester269d (Scheme90).'?

Br. Br

cer, | // CO,Me
H PPh, i) n-BulLi
— —_—
MeO CH,Cl, MeO ii) CICO,Me  MeO
OMe (79%) OMe (50%) OMe
270 271 269d

Scheme90. Synthesis of este#69dfrom a partial Corg-Fuchs reacton.

Next, the methyl propiolate esters were used to acylate a number piypénsystems (as
demonstrated ischemeB7) to afford pyridine, isoquinoline and pyrazine/nones2284 | in
generally good yieldsSchemed1).
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X= R?
— R?2 LDA,-78°C <§‘_ /
— 1
/) R N (0]
1 then
R b R3——co,Me
264 g 228a-1
/ / / /
\ N (o} \ (o} \ (o] \ N (o]
Vi Vi Vi Vi
MeO OMe F Me
228a, 70% 228b, 75% 228c, 86% 228d, 71%
Br
— — Me — —
/ / NC / /
N (o) \ o \ N (o] \ N (o}
Vi / / Vi
S
228e, 42% 228f, 33% 2289, 59% 228h, 88%
w0
— — N— —
/ /) Q_ / /
N (o] \ N (o) \ N o \ N (o]
Vi Vi / Vi
TMS
O 2281, 67%
228i, 80% 228j, 81% 228k, 35%

Schemedl. Library of pyridineynone substrates prepared.
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4.3.3 Substrate scope

With a number of ynones in hand, attention switched to examining the scope of(the Ag
catalysed cyclisation reaction. It was then realised that a number of substrates demonstrated
poor solubility in EtOH, the solvent used in the originally optimised conditions, and so DCE
was used as a solubilising-solvent to alleviate this problerihe catalyst loading was also
raised to 2 mol% of AgN®in all examples for consistency. These new optimal conditions
were then applied across the full substrate libr&ghémed?2).

First, aryl and aliphatic ynone328&a d with varying electronics were all converted into
quinolizinones 2294 d in quantitative/neaquantitative yield. Thiophene and methylated
ynones228ef were then examined, but unfortunately these substrates were unstable at room
temperature and so afforded therregponding quinolizinone229ef in diminished yield.

Next, ynones228gi with different substituents on the pyridine ring were converted into
quinolizinones229yi i in excellent yield. The structure of quinolizinoB2%h was proven by

X-ray crystallography (Figure 24). Finally, isoquinoline and pyrazine ynones228j,k were

also successfully cyclised to afford the corresponding quinolizitype product229j,k in

excellent yield.
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X= R?
/ (2A gN|O°3)
1 mol 7o
R N (o) R
228a-k /J/ DCE:EtOH
. RT,2-20 h

MeO OMe
229a, 97% 229b, 99% 229c, 100% 229d, 97%

229e, 59% 229f, 45% 2299, 82% 229h, 100%

229i, 73% 229j, 70% 229k, 85%

Schemed2. Substratescope of the Ag(Hcatalysed cyclisation.
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229h

Figure 24. X-ray structure of quniolizinong29hwith thermal ellipsoids shown at 5066CDC
1507022).

The only substrate which failed to undergo the desired cyclisation under the standard
conditions was TM§none228|. Interestingly, this substrate was also unreactive under the
thermal conditions employed by Natarajan andwookers™'’ However, by changing the
conditions, a on@ot desilylatiorcyclisation reaction could be performed by reactal

with AgNOs; (20 mol%) in acetone to afford quinolizino@29l in excellent yield $cheme

93).

- AgNO; -
/ /
N\ o (0mol%) |\ o
—_—
// acetone //
ms 2281 RT.19h W o272 H 2291, 82%

Schemed3. Onepot desilylatiorcyclisation of ynone28I.

98



Chapter 4. Dearomatisation approach to quinolizidine and indolizidine alkaloids

4.3.4 Synthesis ot)-lasubine Il

Having established an operationally simple, mild and high yieldirejytigt protocol for the
synthesis of quinolizinones, the dearomative hydrogenation of these frameworks to access
quinolizidine natural products was planned. In particular, the synthesis lasul288 was
envisaged, as the known intermedi2®0b was expeted to be readily prepared from the
hydrogenation of quinolizinon229b (Schemed4).

»

s
S

—

MeO OMe MeO OMe
235 230b
CO,Me S
_ 7 Ve
/) —Me + <::::
\ N
264
MeO OMe
269d MeO OMe

228b

Scheme94. Retrosynthetic analysis tdsubine I

Studies towards the synthesis #f-{asubine Il began with the previously described synthesis
of quinolizinone22%, which was readily prepared on a migitam scale (2.09 g) in two steps
from 2-picoline 264 (Schemed5). The dearomative hydrogenation of quinaiame229bwas

then attempted by reaction with Pd/C in MeOH under an atmosphere of hydrogen, which
selectively hydrogenated only one of the desired ring systems to afford pyr&idhe
Fortunately, both ring systems could be fully hydrogenated to afforbligidine 230b by

using PtQ as the catalyst and AcOH (3 equivalents) as an additive to prevent catalyst
poisoning:® The unpurified quinolizidin@30bwas then oxidized under Swern conditions to
afford ketone274in good yield over two step&etone274 was then reduced under known
conditions with L-Selectrid& to afford 0.53 g of (zJasubine 11235in 36% overall yield and

in just five steps from-picoline 264.2"+°
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\ 7/ AgNO;

= LDA, =78 °C N O  (2mol %) o

\ /)—Me — 3 / —_—

N then 269d / DCE:EtOH

o rt, 4 h
264 (75%) 228b (99%) 229b
MeO OMe
MeO OMe
PtO,, Hy Pd/C, H,
MeOH
AcOH, EtOH (91%)

4 days

C@ Swern [O] %MOH N  )=o
$ ( 8%, 2 steps) $
274 230b 273
MeO MeO OMe MeO OMe
‘ L-Selectride® %‘OH = Five steps
THF, —78 °C §‘ L] 0.503 g prepargd
(72%) 235 = 36% overall yield
MeO OMe

Schemedbs. Synthesis of (+Jasubine 11235.
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4.4 Pyrrole & pyrroline-alkyne cyclisations

Having proven the efficiency of this approach in the synthesis of quinobzialikaloids,
indolizidine systems were next examined. Studies began with the preparation of-yyorode
2313 which was prepared in four steps from pyr@¥& (Schemed6). First, pyrrole275was
deprotonated with MeMgClI and glated with ethyl bromoacetate to form ethyl esté6in
49% yield™' Ester276 was then saponified to afford ac&¥7, which was converted into
Weinreb amide278 using T3P in good yield over two steps. Ami2Zié8 was then used to
prepae ynone23lain modest yield by reaction with a PMferived lithium acetylide. A
small quantity of propargyl alcoh@79awas also prepared by reduction of yn@3awith
NaBH.,.

i) MeMgCl
THF, —15 °C NaOH
 — O‘; Ly
N ii) THF: MeOH N 0
H EtO HO
OEt (95%
275 (49%) 277
T3P
MeNHOMe-HClI
0,
(84%) | DIPEA, CH,CI,
RT, 1 h
| A\ | A\ =—PMP (3 eq.) A
N OoH  NaBH, N o nBuli(25eq) |l .
H - H - N o)
Vi MeOH Vi THF (0.1 M) A
° _ o e M
NP 0 C,01 h omE 78 C RT OMe
279a (91%) 231a (57%) 278

Schemed6. Synthess of pyrroleynone231aand propargyl alcohd79a(synthesis aided by Dr
William Unsworth and Aimee Clarke).

Initial studieswith the pyrrolealkyne systems began by reacting pyryhene 231a with

AgNO; (10 mol%) in CHCI,, which afforded spirocycl@80a in nearquantitative yield
(SchemeQ7a). The analogous pyrreleased propargyl alcoh@79awas also reacted under

the same conditions to afford the benzannulated pro2i8itain excellent yield $cheme

97b). Whilst, none of the desired cyclisation through the nitrogen atom was observed, these
reactions were considered an interesting extension of the work shown in Chapteu2haand f

studies intdhesesystems are being undertaken in the Taylor glmupimee Clarke.
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a
) | A\ AgNO,
N fo) (10 mol%)
H
// CHZCIZ (0.1 M)
- RT, 01 h
231a (99%) 280a
b
) N AGNO, PMP
| (10 mol%)
N oH "
// CH,Cl, (0.1 M) |
RT, 16 h H
PMP (83%)
279a 281a

Schemed7. Reactivity of pyrrolealkyne systems: a) Pyrreigones; b) Pyrrolgropargyl alcohols.

In an attempt to circumvent spirocyclisation/benzannulation reactivity and fayolisation
through the nitrogen atom, the cyclisation of an alternativeanomatic pyrroline/none
system283awas planned. The model pyrroliyaone systen238awas readily prepared in
one step by the acylation ofr@ethyt1-pyrroline 282 with methylphenyl propiolatdScheme
98). Pyrrolineynone283awas then reacted under the pyridim®ne cyclisation conditions to
afford the desired pyridong84ain quantitative yield.The structure opyridone 284awas
also confirmedy X-ray crystallographyFigure25).

AgNO4
LDA, 78 °C v 10 mol%)
Qe 2278 o
N then Vi DCE EtOH
282  Ph—=—coMe  _/° 2832 80°C.3h  PH 384,
(76%) (100%)

Schemed8. Synthesis and cyclisation of pyrroliy@aone283a

284a

Figure 25. X-ray structure of pyridon@84awith thermal ellipsoids shown at 5006CDC1532716.
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4.4.1 Optimisation studies

The pyrrolineynone283awas then reacted with a range of different catalysts in an attempt to
find the optimal cyclisation conditionggble 17). These experiments were performed on a
small scale (0.08.2 mmol of ynon€283g and the yields were determined by analysis of the
'H NMR spectra of the unpurified reaction mixturagainst an internal standard (,3
bis(trifluoromehyl)-5-bromobenzene

First, common Cu(l/1B, Au(l)- and Ag(lybased catalysts (10 mol%) were examined in
CH,CI, at 40 °C for 18 h (entriesi 13), and both AgN@and AgTFA were found to form
pyridone 284ain quantitative yield. Further comparison betwe®gNO; and AgTFA at
reduced catalyst loading (5 mol%), showed that AgTFA was slightly more effective in
promoting the formation of pyridon284a (entries 1415). Solvent screening studies with
AgTFA as the catalyst (entries183) revealed that the rate ifaction could be significantly
increased by performing the reaction in toluene. Finally, the catalyst loading of AgTFA could
be further reduced to 2 mol% by raising the temperature to 110 °C, which also reduced the
reaction time to 1 h (entry 24). A cook experiment showed that only traces of pyridéBda

was formed under these thermal conditions without a Ag(l) catalyst (entry 25).
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"{ o [conditions] Nan o
/ =
pr/  283a Ph  284a
Entry Catalyst® mol %  Solvent Temp (°C) Time/h Yield® (%)
1 Cu(MeCN)PFs 10 CH,CI, 40 18 no reaction
2 Cu(OTf) 10 CH.CI, 40 18 no reaction
3 PhPAUNTT, 10 CH.CI, 40 18 no reaction
4 AgSbF 10 CH,.CI, 40 18 no reaction
5 AgBF, 10 CH.CI, 40 18 no reaction
6 AgOAc 10 CH.CI, 40 18 <5 trace
7 AgMs 10 CH.CI, 40 18 34
8 AgTs 10 CH.CI, 40 18 36
9 AgOTf 10 CH.CI, 40 18 36
10 AgNTf, 10 CH.CI, 40 18 64
11 AgNOs:-SiO, 10 CH.Cl, 40 18 no reaction
12 AgNO; 10 CH.CI, 40 18 100
13 AgTFA 10 CHJ.CI, 40 18 100
14 AgNO; 5 CH.CI, 40 21 >95
15 AgTFA 5 CH.Cl, 40 21 100
16 AgTFA 5 MeCN 40 11 noreaction
17 AgTFA 5 MeOH 40 11 49
18 AgTFA 5 EtOH 40 11 55
19 AgTFA 5 CH,CI, 40 11 57
20 AgTFA 5 DCE 40 11 60
21 AgTFA 5 THF 40 11 68
22 AgTFA 5 CHCl; 40 11 75
23 AgTFA 5 PhMe 40 11 100
24 AgTFA 2 PhMe 110 1 100
25 no catalyst - PhMe 110 1 <5 trece

a) Reactions performed with 01062 mmol oR83aand catalyst in the statesblvent (0.1 M) and
temperaturep) Determined byH NMR spectroscopy against an in internal stand@r®

bis(trifluoromethyl}5-bromobenzene

Table 18. Optimisation of the pyrrolingnone cyclisation conditions.
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4.5 Future work

With initial optimisation of the pyrrolingnone cyclisation conditions completed, future work
exploring the scope of this transformation and its application in the sysibfesidolizidine
alkaloids, such as 209287is envisaged$chemed9).

S S
S S

Me Me Me
237 262 284b
MeO /
(o] N (o]

Vi — Vi

/ Me +

N

282

Me Me

269e 283b

SchemeQ9. Retrosynthetic analysis of indolizidine 20237.

The application of this chemistry ithhe synthesis of tricyclic alkaloid frameworks is also
possible $chemel00). Here, it is proposed that a spirocyclic pyridime pyrrolineynone

286 could be cyclised to form an iminium speci&¥, which following a ringexpandhg 1,2
migration reaction and protodemetallation would afford tricy2R9. Hydrogenation of
tricycle 289 would afford saturated tricyc290, which could be oxidised and epimerised in a
retroMichael and Michael addition proces89@ Y 292 Y 293 to accss the relative
stereochemistry found in the cyclindricine alkaloids. This process could also potentially be
rendered asymmetric be using a silver salt with a chiral counterion, such as a CPA; this
counterion could form a chiral igoair with iminium speas 287 and thus promote an

enantioselective 1;fhigration reaction.
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Schemel00. Proposed asymmetric synthesis of tricyclic alkaloid frameworks.
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