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Abstract

The aim of this work was to investigate palladigatalysed cyclisations of bromoenynamides
in the synthesis of amidodienes, which farther reaction ooxidation canlead to a diverse

range of heteroaromatic systems.

Building upon workwithin the Anderson groupn the palladiuntatalysed cyclisatianof
bromoenynes we have been able to successfully apply a palladatalysed
carbopalladation/Stille coupling/electrocyclisation cascade to bromoenynaraitgsthen
further develop this to incorporate a Suzuki coupliegding to bicyclic amidodienes which
can undergoselective oxidation to a range of heteroaromaicduding indolines, indoles,

tetrahydroquinolines and benzazepines
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During the investigations into the cascade cyclisatiomeductive cyclisation wadiscovered
which enabled access to a range of monocyclic amidodieReasse could subsequenthybe
subjected to aeriesof Diels-Alder cycloadditions (thermal, Lewis aetédtalysedarynes) and

oxidations to afford a complimentary range of heteroaromatic systems.

Whilst this methodology was successful with bromoenynamides, extension of its application to
bromoenynhydrazides, with the hope of accessirgjaively unusual range of heteroaromatic

structures including indazoles, cinnolines and diazepjpresed to be more pbtematic.
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Finally, expansion of the cascade methodology into a fully intramolecular cyclisatiabled
studies towards thgynthesis of the trikentrin family of natural produiise conducted
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1. Introduction

1.1. Overview

Ynamidesi alkynes substituted with an amide derivative through the nitrogeniat@wve seen
an increased level of interest over thstldecade due to their enhancdbility compared to
ynamines (Scheme 1.1). By incorporating an electrewithdrawing substituent on the
nitrogen, anelectrondeficient ynamine is formed which still featurdg inherent electronic
bias imposed by the nitrogen atom tican lead to excellent regi@and stereoselectivities in
subsequent reactions, but also benefits from increased stabviilying themconsiderably

easier to synthesise, purify and handle.

Ynamine Ynamide
R EWG
N——R vs. N———R
R R

Predictable Reactivity -

E Nuj
BWG ., BA — = EWG E
/N —/R N:o:\‘\
R ¢ R/ua R
Keteniminium
Tempered Reactivity, Increased Stability:
o) (O (0]
R"_<\® - R ZE vs. R ZN-T) - R Z@ o
N /

— ——R’ :u R' /Nioi_R'
R R R R

2
<

Schemel.1 ¢ Ynamines vs. Ynamides

However, whilst there has bean increasedevel of interest, the applications of ynamides
organic chemistrys still arelatively undetinvestigated arean partdue togeneralpractical

synthetic routes to ynamides only having been reported during the last decade.
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1.2. YnamideSynthesis

Whilst there had been reports of ynamide formation since 1®é2synthetic routes often
suffered fromlow productscope anaften requirecharsh conditiongor ynamide formatiori

The common methods included eliminationast h | o r o e nltaramoethamidéso md - b, b
dichloroenamide¥ and subsequent functiorsdition of the terminal alkerf€,isomerisation of

propargylamide or by the use of alkynyl iodonium sdft¥ (Scheme 1.2).

Elimination of a-chloroenamides - The first ynamide synthesis in 1972:

o dCl fBUOK O = Ph
\N)]\N)\/Ph W \NJ\N/
I : [

64%

Elimination of B-bromoenamides:

R
EWG. R tBUOK F
S
Y ENG.\ 7
R Br THF, RT )
7 examples, 36-88% R
Elimination of B,p-dichloroenamides:
Tso Cl -BuLi T //
N n-BuLi EN
N/\( . N
R CI THF, -78 °C R
6 examples, 80-97%
Isomerisation of propargylamides:
i BuOK jj)\ z
tBu /
RN THF, RT RN
R 8 examples, 32-83% R
Alkynyl iodonium triflate salts:
i) LIHMDS, KHMDS or R'
EWG. n-BuLi, toluene ewg. F
°N

|
N ®
R W R—=—1_ ©or R

\

8 examples, 28-89%

Schemel.2 ¢Traditional¥ t -8B LJILYBakide Formations

However, in 2003 Hsunegt al. reported the first coppearatalysed coupling of amides with
bromoalkynes, using CuCN or Cul as the catalyst and DMEDA as the ligand, providing an
atomeconomical and direct route ynamides (Scheme 1.8)Whist this route was anajor

breakthrough in ynamide formatipeome limitaions still remained including produstope
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with sulfonamides beinginsuitable and high temperatures were required. Danheisex.
overcame this problem by utilising stoichiometric amounts of Cul with KHMDS to access a
broader range ofjnamides, and this reaction could be conducted at room temperatlinés

route still had the disadvantage of requiring a strong base, and in 2004 édslreported an
improved catalytic ynamide formation with an alternative copper catalyst and ligand
(CuSQA 5,8, 1,10phenanthroline) at a reduced temperature, which to this date still proves to

be one of the most efficient and direct routes to ynasid®

Copper-Catalysed R'
EWG. iti
NH 4 g Conditions EWG\N/

|

R

Hsung et al. (2003)
CuCN (5 mol%), DMEDA (10 mol%),
K3POy, toluene, 110 °C

23 examples,
10-85%

Danheiser et al. (2003)
Cul (1.0 equiv.), KHMDS,
pyridine, toluene, 60-95 °C

19 examples
40-82%

Hsung et al. (2004)
CuS0,4¢5H,0 (5-20 mol%), 44 examples,
1,10-phen (10-40 mol%), 37-98%
K3POy, toluene, 60-95 °C

Schemel.3 ¢ CopperCatalysed Ynamide Formations

More recent routes to ynamides following the publication of these cappaysed conditions
include an irorcatalysed coupling of amides with bromoalkyflesnd an oxidative
alkynylation of amides, with terminal alkynes which has the disadvantage of requiring five

equivalents of amide (Scheme 1'%).

Iron-Catalysed Ynamide Formation with Bromoalkynes:

FeCl3e6H,0 (30 mol%),
DMEDA (60 mol%), K,COs3,

: R'
EWG toluene, 90 °C, overnight
NH 4+ g— g EWG\N/
|
R

Toluene, 90 °C
37 examples, 57-97%

p)

Oxidative Alkynylation with Terminal Alkynes:

CuCl, (20 mol%), "
EWG O,, pyridine, Na,CO
NH R 2 o EWG. =z
|
R

Toluene, 70 °C
40 examples, 51-97%

Schemel.4 ¢ Metal-Catalysed Ynamide Formations with Various Coupling Partners

3
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The latst metalcatalysed formations wenmeported in 200@and 2010by Evanoet al. who
reported a copperatalysed coupling of amides with dibromoalkenes, which act as synthetic
equivalents of bromoalkyné$,and also a rooremperature, basfeee coppercatalysed
coupling with alkynyltrifluoroborate&’ methods that arparticularly useful when the synthesis

of bromoalkyne proves difficult (Scheme 1.5).

Cul (12 mol%), R'
Br__Br DMEDA (18%), Cs,CO
EWG. b),
NH E/ = EWG. | =
R R Dioxane, 60 °C Y
or DMF, 70 °C

44 examples, 25-97%

CuCl*2H,0 (15 mol%),

- . < R'
EWG N 1,2-dimethylimidazole (40 mol%
N, @ O 4 ( ) ewe. Z
A K FsB———R N
R 4A MS, O, (1 atm), )
CH,Cl,, RT R

24 examples, 27%-quant.

Schemel.5¢9 @ yCApReiCatalysed Ynamideormatiors

With the development of the more retemppercatalysed conditions fathe formation of
ynamides which allow efficient and reliable access to a rangeynhmides alongside the
stability of these products and tledectronic propertieof the akyne offering interesting
reactivity patterns, there has been increased synthetic use and the development of interesting

methodology which would otherwise be difficult to achieve using traditional ynartines.
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1.3. Applications of Ynamides in RiFAgorming Reactions

The useof ynamides in ringorming reactions has received a large amount of interest due to the
variety of synthetically useful azacycles that can be prepared, and can be generally grouped
according to the type of reactions they involve: addition reactionsoagditions and

cycloisomerisations.

1.3.1. Addition Reactions

Metal-Catalysed Additions at tha-position

Ynamidesare good substrates for the introduction of a substituent a-tabon and this
reactivity has been exploited in the development of Emapd efficient routes to heterocycles
(Scheme 1.6)lt is common for a transition metal to activate the alkyne enabliaddition,
although here isthe possibility thathe electrorwithdrawing group carchelate with transition

metal catalystslirecting addition and that it camalsoact as a chiral auxilliary

Schemel.6 ¢ a-Addition to Ynamides

Whilst intermolecular additions are successful for the formation of polysubstituted enamides,
intramolecular addition is particularly efficient in the synthesis of heteroaromatic systems. In
2007, Hsunget al. reported a rhodiursatalysed demethylation/cyclisation of ynamides

containing aro-anisole substituent affording benzofurans of the &f®cheme 1.7

cat. RhCI(PPhs)s,

R— EWG : Me~g
= — cat. AgBF, or AgSbF R EWG N (¢]
QTN‘ . : \\\ DN via N
R CHCly, RT ~d R He

OMe 11 examples, 24-74%
1 2 3

Schemel.7 ¢ RhodiumCatalysed Cyclisation to Benzofurans
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Interestingly, this methodology was discovered during investigations into a [2+2+2]
cycloaddition with ynamidel, which in the presence of a silver salt actually formed the
benzofurans2. The proposed mechanism involved the abstraction of®aligind to form
silver(l) chloride and complexd which possess additional ceordination sites. With the
catalyst chelatingp both the EWG and the alkyne, it may be possible for complexation to occur

with the methoxy substituent setting up the demethylation required for cyclisation to occur.

Using a similar strategy, Hsurgg al. extended the intramolecular cyclisation todrmorateo-
aminoaryl ynamides in the synthesis edirdinoindoles, with thenucleophilebeing formedn-

situvia the amination o (Scheme 1.8%

R"NH,, cat. Pd,(dba)s,

R\/— o N,EWG X-phos, Cs,CO3
\ 7/ — R Toluene or dioxane, 110 °C
X 12 examples, 24-74%

EWG

x
1]
Qo
@
— X
<
N\ /
o p-E S
z
by]

cat. Pd(OAc),, cat. PPh3,

Rw—
A | EWG Bu;NOAc
N\ / + =N
" R DMF, 60 °C
NHR 14 examples, 26-87%

6 7
X = H, Boc, CO,Et

Schemel.8 ¢ 2-Aminoindole Formatiowia Intramoleculara-addition

This methodology was further developed by the Skrydstrup group, forming the came
aminoaryl ynamide intermediate bui a Sonogashira coupling of aniodoaniline6 with a
terminal ynamide7.?® This method has the added advantage of being able to access 2

aminoindole5 with R° £ H, without the need for subsequent deprotection.

In 2003 Witulskiet al. also reported a complementary method to forrarginoindolesl10,
involving a palladiurrcatalysed activation of ynamid® enabling thantermolecularaddition

of external amine§ to the alkyne bond (Scheme 1?9

| cat. PACly(PPhs) R Pd!
= R - PACIy(PPhg),, R . @ ~ _R
: - K,CO X R R Uz
LAy o O w KA

) THF, 80 °C Z>N R :
Ts 8 examples, 66-99% Ts s .

Schemel.9 ¢ 2-Aminoindole Formatiowia Intermoleculara-activation
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In an alternative ynamide cyclisation to nucleophilic addition atatfpmsition, Cossyet al.
reported the first intramolecular carbopalladation of a tethered bromi@do-aniline with a
terminal ynamidell to form the vinyl palladium intermediate2 (Scheme 1.10°° Further
reaction of this intanediate by either a reduction with ammonium formate, or a Suzuki
coupling with aryl boronic acids, afforded-(Biethylene)isoindolinonesl3 and E)-3-

(arylmethylene)isoindolinonesA stereoselectively.

HCO,NH, T ONeR
e _
o) o ¥ 2 examgles, Y
R cat. Pd(OAc),, N 56-62% 13
| N N~ cat. PPhz, NaOH | N-R
_cat- Frhg, Mabr P _ |
N |h DMF or Y \
THF/H,0 X O
1 2 ArB(OH), | N Wer
X=1,Br 12 7 examotes. P
Y=C,N examples, Y \

45-77%

Schemel.10¢ Ynamide Carbopalladation in the Synthesis of Isoindolinones

Metal-Catalysed Additions at thé-position

It is also possible to reverse the regioselectivity of reactions with ynamidesrdgucing an
electrophile to exploit the inherent reactivity, alternatively, by varying the substrate to
incorporate an intramolecular process in the presence of a transition metal catalyst, addition at
t h ecarlion is also possible (Scheme 1.1lt).is generally felt that this reversal of
regioselectivity is due teither steric interactions or caused by chelation of metal catalyst to the

EWG present on the nitrogén.

o

E — '
EWG .5 B or R/N o R
N—+FR' ; 3
' o

Schemel.11 ¢ b-Addition to Ynamides

Recently, Cacet al. reported a complimentargynthesis of benzofuransompared to Scheme
1.7,via a novel carbocatiemduced electrophilic cyclisatiowhich truly exploitedhe inherent

reactivity of ynamidegScheme 1.12° By employing a secondary alcohol and a Lead,

7
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they propose that carbocatid8c oul d be formed which wundergoe

addition to ynamidel5 forming keteniminiuml9, which can undergsubsequent @isation

via ana-additionand demethylatioto afford benzofurai?.

EWG R
7N — N OH ZnBr,
R/ & * N Fwe
R" R™ CH,Cl,, RT N\
OMe 9 examples, 54-84% R‘/ Z>~0 R
15 16 17

R"

R" R

R N EWG

Vi OH ZnBr, ® 15 L A\ ‘ ANy

- . i - \
- - R R R “— "5 RI// 0 R
OMe IN—EWG ~Me
16 18 R S
19 Br 20

Schemel.12 ¢ Electrophilic Cyclisation to Benzofurans

Hashmi demonstrated the ability of the nitrogen eleetwithdrawing group to be involved in

the goldcatalysed cyclisation with carbamgietected ynamide2l (Scheme 1.13§%®
Mechanistically, it is thought that the gold activates the alkyne teerdBdig attack by the

Boc group, followed by loss of isobutene and protodemetallation to afford the oxazolidinone
22. Unfortunately, whist a wide range of substituents were tolerated on the nitrogen, only

terminal or silylated ynamides were reported.

cat. (PPh3)AuNTf,, (0]
O>\\ CDCl, RT MR
R OtBu 0~ 'N-
R I N\ or —/
R (PPh3)Au(MeCN)SbFg, R
21 CH,Cl,, 40 °C 22

22 examples, 38-94%

Schemel.13 ¢ GoldCatalysed Intramoleculdr-addition of a Boc Group to an Ynamide

There have been two independently reported syntheses of tetrahydropyr2ziaesl 29
(Scheme 1.14). Urabet al. discovered the unexpected coppatalysed double amination of
bromoalkyne23 or dibromoalkene@4 while investigating a duanamide formatiors? After
the first alkynylation has occurred it is thought that the sulfonyl grouprdimates the copper

salt activating the alkyne to an intramolecular@iodig cyclisation.
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R'—=—=Br Tol
23 TS Cul, DMEDA, 0-4-0 IS
HN\ K3POy [Cul 7 | N
or + IR P J: }R
R B HN) DMF, 110 °C R'/ jR 13 examples, RN
r | T7Y |
\—< Ts H'T‘ ATTT% Ts
5 Ts
24 °F 25 26 27
kS TMS
HLS NaH (2.0 equiv.), TS LS %
TMS-EBX (1.0 iv. N -
1R (1.0 equiv.) // lR [ lR o O~
HN) DMF, RT (,_\:‘) 11 examfles, N)
o R 26-83% i
25 28 29 TMS-EBX

Schemel.14 ¢ Formation of Tetrahydropyrazise

More recently, Cossy and wworkers found that by conducting a formal deprotonation of the
diamine 25 and utilising the alkenyl iodonium salt TMEBX in an ynamide formation,

cyclisation occurred to form an analogous product’set.

Ynamideshave also been utilised in the formation of-didydropyridines31 and pyridines32
via intramolecular carbolithiation (Scheme 1.f5)vano and cavorkers discovered that
deprobnation of N-allyl ynamides30 resultedin a chelatiorstabilised intermediat83 that
exists in equilibrium with intermediat®, which can then undergo an intramoleculaer@c
dig carbometallation to form the stabilised vinyllithiugs. Subsequent elaaphilic quench
followed by either an aqueous weuk or hydrolysisand oxidationafforded the highly

substituted dihydropyridin®1 or pyridine32 derivatives.

5 i) sBuLi, TMEDA, 5
p0C THF, -78°C, 1h p0C E. N
N ii) E* BN O
R./ || o RN Re
RN iii) A ag. NH,CI R’ R" -
. _R" or R™ s R\v,
~ B: o-chloranil, AcOH, ~
30 78 °Cto RT A: 31 B: 32
tBuO___O tBuO o (e] OtBu
T T &1
1 I
i F — .Z 1 — 1]
R.. AN Li Ru R' B..
L R R s R )
33 34 35

Schemel.15 ¢ Formation of 1,4Dihydropyridines and Pyridines
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Radical Cyclisations

There have only been a feygmamideradical processeseported with only two involving the
cyclisation of ynamides in the construction of complex heterocycles. Malacria amarkers
demonstrated a-&xcdig cyclisation of ynamide36 followed by a éendetrig radical trapping

73232 whilst Courillon et al. demonstrated the formation of the 6

to access isoindoline8
memberedings 39 and41, and 8membereding 40, via a 6exodig or &endodig cyclisation

of specifically designed ynamides respectiy@gheme 1.16%'

Malacria:

~ R ] A N Z
X N o Bu;SnH, AIBN o
RE_TT T 3 =L TR )
X |‘\ vt Benzene, 80 °C N
R\ _
R
36 37
=1,Br
Y=H,Z=0
orY=0,Z=H
Courillon:
R
N i) AIBN, BusSnH,
n \ benzene, 80 °C NH o
38 T™MS _ | N \(
hot 2 ii) 1 M NaOH 0 ).
’ iii) Silica gel CFs T™S 3
o)
o 5 OMe 39,n=1,49% 40,n =2, 29% 41, 30%

Schemel.16 ¢ Radical Cyclisation to Isoindolines and a Range of Heteroaromatics

1.3.2. Cycloadditions

The use of ynamides in cycloadditions is probably one of the most investigated applications,
proving to be an extremely powerful tool for the preparation of aerawigcarbe and
heteocycles, with the outcomeften being directed by the polarisation of the triple bond to

afford a single regioisomer.

10
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[2+1] Cycloadditions

Cossy and Meyer, as well as Hsung andRakhid, simultaneously reported a novel example of
a [2+1] epoxidation/ringppening/cyclisation strategywia a formal pushpull carbene
intermediate to access azabicyc#s(Scheme 1.173>° Treatment of enynamidé2 with the
oxidant methyl(trifluoromethyl)dioxirane results in a chemoselective epoxidation of the
ynamide, which is slightly more electroich than the alkene due to the delocalisation of the
nitrogen lone pair. The resulting icane44 can then undergo rirgpening to generate carbene

46 which is trapped by the alkene to afford the fused pyrrolidydopropane produet3.

o}

Ts, ]
\ Ts N\
N—= ACFg N
3
<—\ Oxone, Na,EDTA, N
N\ MeCN/H,0, 0 °C H
0,
42 63% 43
CF,4 5
Ts. o Ts, o} Ts, /=0
0-0 N—Y] @ N=e—/ N—.
via 42 — —_— —_
A\ I\ A
44 45 46

Schemel.17 ¢ Oxidation of Enynamides

Unfortunately, this reaction wasudnd to behighly substratespecific and could not be applied
to substituted ynamides with the exception of a secondary propargylic alcohol, which
underwent successful epoxidation and cyclisation in the presenBai©OH and VO(acasg)

tethering the alkene through either te(47) or C-terminus 60) (Scheme 1.18).

Ts OH {BUOOH o PH o pPH
\ : T T
N—=—=— cat. VO(acac), i s YK
N R + N: R
R _— e
CH,Cl,, 0 °C to RT
\ 2 examples, H
30-43% (1:1
47 % (1:1) 48 49
R = Me, iPr
Ts Ts,
Ts OH tBuOOH, (e} N-Bn O N-Bn
N—— cat. VO(acac), 3
sl R o ™ HOw e *  How
n o ! CH,Cl,, 0 °C to RT —\ -
2 examples, RG H R H
59-81% (1:1 - 7:3)
50 51 52
R =H, Me

Schemel.18 ¢ Oxidation of Propargylic Alcohol Substituted Enynamides
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Recently, Hsng also published a rhodium@tatalysed cyclopropeniah of ynamides with
both diazo dimethyl malonates4 and phenyl iodonium ylide$5, to access the highly
substituted 2amidofurans56 (Scheme 1.19Y. The proposed mechanism by the authors was
thought to proceetlia a rhodium carbeneatalysed [2+1] cycloaddition to form cyclojpene

57, which after ringopening and subsequent cyclisation affords the fuséns

cat. Rhy(OAc),,
EWG. R MeO R" toluene, 80 °C, R
N’ 1-2 h, 4AMS N
54 Ny EWG™ ~\~O
I R"
“' O O ' 7
cat. Rhy(OAc),, CO-Me
MeO R CH,Cly, 80 °C, 2
53 55 |op 1.5h, 4AMS 56
19 examples, 22-82%
EWG. R EWGiﬁfR .
[2+1] &) o) UFO
via 53 + 54/55 —— OMe —*
N
R' ., R OMe
CO,R CO,R"
57 58

Schemel.19 ¢ RhodiumCatalysed Ynamide Cyclopropenation

[2+2] Cycloadditions

In a continuation of their work on ruthenium catalysed [2+2] cycloadditions, Tam and co
workers reported the reaction of-kand tricyclic bridged alkene$9 with ynamides53
(Scheme 1.20%* On attempting to extend this methodology to incorporate chiral ynamides, it

was found that only modest diastereoselectivities were obtained.

The Danheiseresearch group also demonstrated the ability of ynanti@ée undergo [2+2]
cycloadditions with a range of keten&% using a variety of conditions to afford a range of

aminocyclobutenone&2.*

12
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EWG,, .R . X EWG
N RS cat. Cp*RuCl(cod), X N-R
+ < P /) THF, 60 °C ~-R:
I TR R
, 17 examples, ‘R R'
R 59 25-97%
53 60
EWG., .R o) R
I Conditions N R"
I L e T
RV R 4 examples,
76-94% R' o)
53 61 62
Conditions:
A: MeCN, RT

B: cat. Rhy(OAc)s, PhNSCOCHN,, CH,Cl,, reflux
C: Zn-Cu, CCI3COCI, Et,0/DME, 0 °C - RT
D: iPrCOCI, NEtz, CH,Clj, reflux

Schemel.20¢ [2+2] Cycloadditions

Perhaps a more exciting application of the [2+2] cycloaddition with ynamides is the tandem

crosscoupling/cycloaddition/ringppening sequencevhich was explored by Hsung and-co

workers (Scheme 1.21) Formation of the ynamide from bromoalky68 and sulfonamid&4

in-situ, followed bycycloaddition and ringgpening led to the formation of chromeiG®.

CuS0,5H,0 (20 mol%), o)

o]
1,10-phen (40 mol%
|| | . Bn\N/Ts phen (40 mol%) TS‘N _
H KoCO3, toluene, 65-70 °C Bn
O 64 60% 0o
63 65
o o}
o o
MeoJ\NBn oH \o)k )iy
‘ ‘ PDC MeO™ "N =
_— S Bn
CH,Cl,, 53% N
N 0°CtoRT 68
66
mso_ [ \o H o
N0 N
i) TBAF, THF S
_—
Bn. / iy TEMPO, BAIB, o
N CH,Cl,, RT N-CO.Me
CO,Me 50% Brl
69 70

Schemel.21¢ Tandem [2+2] Cycloaddition/Rit@pening

In another example, oxidation of a primary alcohol also led to the tandem process occurring,
affording quinolizidine68. This method was also applied to pyrrolizidif@employing a one

pot oxidation/cycloadditiating-opening sequence.

13
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Dipolar[3+2] Cycloadditions

There have been a wide range of reports of
publicationin 2006 by ljsselstijn and Cintraf and by Hsung and ewmorkers3**° A range of
conditions were employed with both thermal and cojma¢alysed conditions (either Cu(OAc)

or CuSQA 5,8 and Naascorbate) proving to be successful affording a range of aminotriazoles

72 (Schene 1.22).

Toluene, 140 °C

7 examples, 53-90%

R EWG NN,

N———R + R"—Nj; Emm— — IN/

Ewe . Cu(OAc),, Na-ascorbate, R h
CHCIy/tBUOH/H,O, RT 72

11 examples, 43-96%
or

CuS0O,4¢5H,0, Na-ascorbate,
Toluene, DMSO/H,0
or tBuOH/H,O, RT
6 examples, 35-82%

NaNj3, CuSO4e5H,0, i

R L Na-ascorbate ewa-N N
N—=—R +  R—Bm I N

EWG DMSO/H,0 R N
53 73 10 examples, 10-80% R"

Schemel.22 ¢ Click Cycloadditions with Ynamides

This methodology was furthefeveloped to incorporate anidination/cycloaddition sequence

from aryl, alkyl or vinyl iodides or bromidé& and sodium azid&.

Interestingly, duringhe studies of the orRaot azdination/[3+2] cycloaddition sequence, Hsung
et al discovered that if a terminal ynamid® was employed vinyl triazole/6 was
preferentially formed (Scheme 1.23his could be overcome by adding the ynamigea
syringe pump to afford the expected triazé% but by removing the {proline and the iodide
used for the adination, the vinyl triazole76 could also be formed in a 92% yie“I‘HAfter
conducting competition experiments with ynamitfeand a terminal alkyne to investigate the

electronics of the cycloaddition, they found that the terminal alkyne dideact,rsuggesting

14
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that hydroaziination was chemoselective for the electrmh ynamide, which could undergo a

cycloaddition with another ynamide as shown by the transition&fate

NaN3, R'l, K,COs3,

cwe. R CuS0,4e5H,0 (10 mol%), R
SN” Na-ascorbate (20 mol%) EWG’N N
|‘| L-proline (20 mol%), IN/
DMSO:H,0 (9:1), 70 °C h.
74 75% 75
N.B. Syringe pump addition of ynamide
NaNs, K,COs, R EWe R o
EWG. R CuSO4e5H:0 (10 mol%), ewg N N N
“N° Na-ascorbate (20 mol%) \[ N | N@
’ N via ~---N
DMSO:H,0 (9:1), RT
l 92% R\N>§ R\N/\Q
EWG EWG
74 76 77

[3+2]

Schemel.23 ¢ Hydroazdination/Cycloaddition Sequence for the Formation of Vinyl Triazoles

As t he f i e ledistnpvith yhanlidescekobred @arother interesting observation was
discovered; when CuBr was utilised alkyr@was formed (Scheme 1.2%)It was presumed

that the product was formed from reductive elimination of the interme8@tehich implied

the presence of a vinyl copper intermediatechticordinated another ynamide. Based on this
concept, the methodology was developed to trap this intermediate with allyl iodide instead of an

ynamide, which afforded triazol&2.

R
R
N N ewe N N,
EWG~
R CuBr (20 mol%), EtzN ¢ | N L, IN'N
N—= + R'—Nj3 N’ via L-Cu L
EWG MeCN, RT 7 & R
74 78 2 examples, 71-77% R‘N | |
\
EWG 3
79 EWG™ 'R
80
R
R CuBr (1.0 equiv.), 2,6-lutidine Ewa- NN
N—= + R'—Nj NG R
EWG MeCN, RT N
74 78 81 12 examples, 26-78% 7 R

Schemel.24 ¢ [3+2] Click Cycloaddition/Cre&oupling Sequence

It was also found that the regioselectivity
replacement of the coppeatalyst with a ruthenium catalyst, favouring the formation of the

triazole83 (Scheme 1.25%**'
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R R
R Cp*Ru(PPhj),Cl
N—=—R' +  R'—Nj 52 ewe N\ N
EWG Toluene, RT to 80 °C I N
53 71 23 examples, 65-95% R' N

Schemel.25 ¢ RutheniumCatalysed Click Cycloaddition with Reversed Regioselectivity

Finally, a range of other dipolar reagents have been successfully employed in [3+2]
cycloadditions with ynamides (Scheme 1.26). This includes nitrile gxidehose
regioselectivity an also be reversed by using a ruthenium caféipstead of a copper catalyst,

to form isoxazoles84 and 85 respectively’® Other successful dipolar reagents include
diazoacetaté$to form pyrazole86, and aminideB7 in the presence of a gold catalyst to form

1,3-0xazoles38*°

_OH
A
R
R .
R"” Cl \ ) R
Ewa N\ -0, ewaN
A: CuSO,4e5H,0, Na-ascorbate, | N or Y
K,COs, tBUOH/H,O, RT R g
" R
R
or A:84 B: 85
B: CpRuCI(COD), Et;N, DCE 6 examples, 31-85% 1 example, 39%
R
N,CHCO,Et, N
R toluene, 110 °C EWG™ ~\=N
N—R _NH
EWG 1 example, 52% R'
53 CO,Et
R
SN )§ 87 R
) g N
EWG~
pus
o R~ O
Toluene, 90 °C 88
. 29 examples,
Cl=Au 38-96%
(5 mol%)

Schemel.26 ¢ [3+2] Cycloadditions with Various Dipolar Reagents

[4+2] Cycloadditions

The first intramolecular DielAlder cycloaddition was reported by Witulski andworkers,
who discovered thatigheynamides could undergo either thermal reaction if a terminal
ynamide89 was used, oa cationic rhodium(Fcatalysed reaction witkubstitued ynamide®1,

to afford dihydroindoline0and92 (Scheme 1.27"
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EWG

Benzene, 80 °C
54% /

cat. RhCI(PPhg)s,
cat. AgSbFg

Toluene, RT
5 examples, 70-89%

Scheméel.27 ¢ [4+2] Intramolecular Cycloadditions with DieMeamides

This intramolecular Dielg\lder cycloaddition was also applied to chiral oxazolidinone

derived ynamide to successfully obtain a tricyclic dihydroindoline as a single diastef&€omer.

This work was later expanded

by Hsung to involve an intermolecular cycloaddition with

symmetrical diene94 to afford anilide95 in a 5:1 atropisomericatio,® andthe group also

repoted a single example of a Lewis acidtalysed heterDiels-Alder reactionof ynamide96

with methacrolein to affor87 (Scheme 1.28¥.

o
O%\Q‘Ph
I

nHex

+

93

(0]

Me
96

cat. RhCI(PPhg)s,
cat. AgSbFg 0

B

30
o<
X z—,

by

94

Toluene, 110 °C
60%
5:1 atropisomeric ratio

o

Me)v

BF3¢Et,0,
toluene, -10 °C to RT
64%

{:}o

Me

Q
s ()

Schemel.28 ¢ [4+2] Intermolecular Cycloadditions with Ynamides

In 2005, Dunetz and Danheistand Sadet al. >**° independently derived intramolecular

thermal [4+2] dehydraycloadditions of both enyrethered ynamide88a and 100a, and

alkynetethered enynamide98b and 10(b to afford indolines99 and carbazoleslOl

respectively (Scheme 1.29).
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Dunetz and Danheiser:

R R
~R" i R )
= | BHT (1.0 equiv.) R
R or Pz R’ —_— . or
= N Toluene, RT to 210 °C N R N R
N

‘ EWG R EWG
EW
EWG ¢
98a 98b 99a, 99b,
11 examples, 8 examples,
40-76% 72-96%
Saaetal.:
;I's
Ts
N R ,
; > o
NE, A=
Y Ny, . O
= N Toluene, i
o N (or 150 °C Q
N0 R
U N
100a 100b 101a, 101b,
24 examples, 19 examples,
10-90% 12-96%

Schemel.29 ¢ [4+2] DehydreCycloadditions

A synthesis of highly substituted pyriding84 via an acidcatalysecaza[4+2] cycloaddition of
ynamidel02with enamidel03 has also been reportbgt Movassaghi and emworkers (Scheme
1.30)>° The authors proposed thalectrophilicactivation of enamid@03 using 2-Cl-pyridine

in combination wih Tf,O forms the bisiminium intermediatel05 which is thought to exist in
equilibrium with the corresponding triflate addu€i6 which can subsequently be attacked by
the ynamide 102 to form keteniminium 107. This intermediate can then undergo an
intramdecular azaDiels-Alder cycloaddition forming the pyriding04, a useful method with

the potential for varying all five substituents.

{3 R g
N R™ Tf,0, 2-Cl-py \
+ HNJ\/ o N‘ (e}
Il N CH,Cl,, RT or 140 °C RN N/[(o
h 6 examples, 67-86% Ph \\/
102 103 104
© R
oTf R
14,0, » I R OTf Re N )\/R
2-Cl-pyr HN @ I\ _R 102 | Nl
via 103 )\\@’ ° — HN — R)\%;@, (o)
RN, OTf Py )ig
|/ R OTf Ph O
cl T OTf
105 106 107

Schemel.30 ¢ Acid-Catalysedhiza[4+2] Cycloaddition

Finally, there has been a single example of a-gatdlysed heterDiels-Alder reaction ofN-

Boc protected ynamideH08 where the EWG partakes in the cycloaddition with the ynamide
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and trisubstituted alkene to form enamidd}® as single diastereomers,twithe selectivity
being determined by the acetoxy group bgiagudeequatorial to avoid steric interact®with

the alkene substituents (Scheme 1°31).

,tBu
Bu~p— AUNTY,

AcO R AcQ yR'R

X
\R' o (1 mol%) d o)
- T .
S NJ\O/’B“ CHCl, RT ,},/go
| -
R 5 examples, 47-78% R
108 109

Schemel.31 ¢ Gold Catalysed HeteiDielsAlder Reaction

[2+2+1] Cycloadditions

Both the inter and intramolecular Pauséthand reactiom of ynamides to form
cyclopent@ones such a$12 and 114 has been thoroughly investigated, with Witul$kst
reporting the hghly regioselective cyclocarbonylation of ynamitie0 with a range of olefins

111, and by then incorporating atethered olefin into ynamidel3(Scheme 1.32)-*®

Bn o
Ts Bn ; \
“N° . R R i) Cox(CO)g, CHyCly, RT 16N
e/ R"
|’| ii) TMANO, -78 °C to RT
111 5 examples, 49-95% R
110 112
- R
RV\N i) Coy(CO)g, CHyCly, RT R H
- N
_N i) TMANO, RT T
TNy 3 examples, 45-60% o

113 114

Schemel.32 ¢ Initial PausorKhand Cycloadditions with Ynamides

Shortly after, Witulskidemonstrated that thedectronwithdrawing group on the nitrogen could

be varied® and Hsung showed that the methodology could be expanded to incorporate chiral
ynamides which gave mixtures ofndo and exo isomers determined by the alkyne
substitution®® Generally, it was found that with a terminally substituted ynansiddpaddition

was favoured, although theaichanistic rationale for this selectivity remains unclear.
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The Rainer group has also conducted extensive studies on the useyafymdes using both
CpCo(CO) and Fe(CQ)in the formation of cyclobutadierraetal complexes, but these will
not be discusseds a carboor heterocycle is not formed without further reaction of such

complexeg?®*

Finally, in 2005 Oret al.reported theMlo(CO)s-catalysed?ausorKhand rection of the allene

containing ynamidell5 which formedthe bicyclic pentanond16 in 68% vyield (Scheme

62
1.33).
X A
s Mo(CO)s N
~ _— > Ts”
T ™ Toluene/DMSO,
COzEt 60 °C, 1 atm CO EtO,C
0,
115 68%

116

Schemel.33 ¢ PausorKhand with Allenernamide

[2+2+2] CycloadditionsQyclotrimerisation3

The pioneer ofynamide cyclotrimerisatioris Witulski, who in 1999 reported the rapid
formation of indolines and carbazolekl9 from yneynamides 117, in an intra or
intermolecular process with a variety of alkyng#s8 c at al ysed by Wil ki ns«

(Scheme 1.347%

SN SR A ;
< Z%R‘ cat. RhCI(PPh3)3 ¢ K R"
AN - = ‘\_ _ Y
N— R "| Toluene, RT N R
T¢ R™ 32 examples, T /
43-98% S R
117 118 119
H OMe OMe
4 OMe 5 examples,
R cat. RhCI(PPhs), % [Rh]x,| | 75-89% Me
=z | Ve I R O
N Toluene, RT R 1.5:1 to 30:1 rr
! M
-i—s Me N\ © N\ R
Ts Ts
120 121

122 123
Proposed insertion for
major isomer

Schemel.34 ¢ Rhodium Catalysed Cyclotrimerisation of ymamides

The regioselectivityvas found to be dependent stericeffects and solvent effects, rather than

just the polarisation of the triple bond, and could be completely reversed by replacing
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Wil ki nsonbds cat al y s allowing selbctive acoebshts both 4dndcd®t al y st

disubstituted indoline&26aand126brespectively (Table 1.1%. The change in regioselectivity
was proposedo be due to the Grubbs catalyst inducing a series of metathesis steps beginning

with addition of the electrophilic Rbenzylidene to the electraich ynamidemotif.

Tablel.1 ¢ Switching the Regiotextivity of Intermolecular Cyclotrimerisation

— H Me Me OH
—=——Me . m Conditions (\/@\ N (\/@2
/N—: N N
Ts OH Té OH d
124 125 126a 126b
Conditions 126a:12®  Yield
1 Wil ki nsonods ca)ttaldenesRT (| 91 70%
2 Grubts 1l catalyst RuCL(=CHPh)(PCy),, CH,Cl,, 40 C 1:20 67%

In 2006, Tanakaeported an asymmetric rhodivratalysed cyclotrimerisatioof diynes128
with ynamides127, with the chiral ligand $-xyl-BINAP, forming a range of axially chiral

anilides129in good yield with good to excellent enantiomeric excesses (Schemé1.35).

o R'_O
L ke X cat. [Rh(cod),]BF,, R
R' N” (S)-xyl-BINAP, N.R..

.
| | | | ‘ ‘ CH,Cl,, RT X
R R 11 examples, ™S
T™MS 15-79%, 79-98% ee R
127 128 129
X = C(CO,Me),,

C(CH,OMe),, NTs, O

Schemel.35 ¢ Cyclotrimerisation of Ynamides to Axially Chiral Anilides

Using this protocol, Hsung and-eeorkers could also synthesise axially chixaD-biaryls 131
in modest diastereoselectivities of up to @rlwith both diastereomers having up to 9%

(Scheme 1.36%"°
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X cat. Rh(cod),BF,

(S)-xyl-BINAP,

o ooE 850

o R R 17 examples,
: 52-95%, >98% ee,

R 128 2:1to 6:1dr

X = C(COyMe),,
NTs, O

Schemel.36 ¢ Cyclotrimerisation of Ynamides to Axially Chiral Biaryls

The work of Mori and Sato demonstrated a simple and effective cyclotrimerisation of ynamide
132under rutheniuntatalysed conditions providing rapid access to the tricyclic frame®&g8k

(Scheme 1.37%:

/ H H
(o) cat. Cp*RuCl(cod)
N —
N—
T Toluene, RT l\\l
; 42% Ts O
%

132 133

Schemel.37 ¢ RutheniumCatalysed Cyclotrimerisation to Tricyclic Framework

Aubert and ceworkers also demonstrated that a tricyclic system could be assembled in a single
step and that nitriles could be utilised in cyclotrimerisations with ynamides by subri®dng
to a cobakcatalysed cyclisation. This substrate, containing an ynamide, a tethered alkyne and a

nitrile, formed the tricyclic aminopyridines35in a single step in impressive yields (Scheme

72
1.38)’
1,—)—¢\n — m ( rr|X
Ts—N X cat. CpCo(CyHy),
\N= (= S
N THF, RT N—L_N
™S 8 examples, T8
50-100%
134 135

n=13,m=1.2
X=CH,, O,
C(CO,Me),, NCbz

Schemel.38 ¢ CobaltCatalysed Cyclotrimerisation Involving a Nitrile

The use of alkenyl isocyanat&86 and140in a cyclotrimerisation with achiral ynamid&2
and139has also been reported by Rogtsalin the presence of the chiral ligand@GWUIPHOS

to form the vinylogous amides37aand 141 in moderate to good enantioselectivity (Scheme
1.39)" Interestingly when the cyclohexglibstituted ynamidd39 was used instead of the

phenylsubsituted ynamidel02, a mixture of regioisomers is obtained withl being isolated.
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The authors suggest that the different regioisomers are determined by the initial oxidative
addition which can lead to either intermediaB8or 143 but that the differerecin selectivity is

due to electronic effects.

OO T™MS
gP_NMe
: Me o o)
o)
L o O, s (N)Qo (N\/*o Ph-Rh
N “N cat. (+)-GUIPHOS ) e} | =0
+ — = Ph + Ph via >\\ N
Il cat. [Rh(C,H,)Cll,, N N g N
R Toluene, 110 °C o o B \)
Ph 136 56-91%, R R 138
102 >20:1 137a:137b, 137a 137b
52-85% ee
g » ° i
( Mo o cat. [Rh(CoH4)Cll,, N\/%o O~ cHex cHex
N Cs cat. (+)-GUIPHOS &N _ o Y W
+ N = oHex + Z N via }\\ i
| ‘ N Toluene, 110 °C O\J d
80%, 1.2:1 141:142 o] |
cHex : O B H 74
140 143
139 141 142

Schemel.39 ¢ RhodiumCatalysed [2+2+2] Cycloaddition of Ynamides with Alkenyl Isocyanates

Finally, Lee et al recently published an exciting silveatalysed [2+2+2] cycloaddition
forming arynel45 which undergoes an situ Alder-ene reaction to form the tricyclic indolines
146 in impressive yields, with both alkene and alkyne substituents which could beasised

handles for further functionalisation (Scheme 1.40).

R
————R cat. AgOTf, ‘ ‘ | |
| toluene, 90 °C 14 examples,
N—‘:A_‘\ or 56-98%
/ _— X —_— X
Ts X Toluene ) when R %= Me, )
or MeCN, 90 °C N : : N
Meﬁn o {‘\I n 1:1to 3:1 dr ! n
K H Ts
R R
144 145 146

Schemel.40 ¢ Ynamide Cyclotrimerisation and Subsequent Afelee Reaction

1.3.3. Cycloisomerisations

Cycloisomerisations, likecyclotrimerisations, are particularly appealing transformations
offering efficient and atoreconomicakoutes into cyclic systems, bsio far the application of
ynamides in such reactions has been limited. Generally, the preejpats have focussed on

" -acid-catalysed cyclisations and riogpsingenynemetathesis
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Metal- and Acid catalysed cyclisations

The cycloisomerisation of engamides was first reported in 2004 by Malacria angvotkers,
who developed a platinugatalysed engnamide cycloisomerisation to form exocyclic
amidodienel 48 (Scheme 1.41%" It wasfound that by increasing the tether length the bicyclic

systeml50was formed instead.

I PICI, |
T /N\\ Toluene /N Z
s ,
S 80 °C, Ts
147 98% 148

!y /
(X PtCI X/\/\|:| o "
2
k § 151 152

Ts” \\ Toluene, )

80 °C, Ts
2 examples,
149 34-71% 150
X =CH,
C(CHg),

Schemel.41 ¢ PlatinumCatalysed Ynamide Cycloisomerisations

Mechanistically, this transformation has been explored throughdaketlations which suggest
that the initial complexation of the electrophilic metal to the eleatidnynamide, followed by
attack of the tethered alken®rms the intermediatd51 The key intermediat&52 is then
formed from a 1,2alkyl shift into the carbene, at which point the ring strain which is introduced
depending on the tether length leads either to other exocyclic 48w the bicyclic system

15077

The cycloisomerisation of ynamides was furthered by Hsung in the formation of chiral
isoindoles 154 and tetrahydroisoquatines 156 via acid-catalysed keteniminium Pictet
Spengler cyclisations (Scheme 1.42)he use of the Lewiacid PtC} with ynamide153
afforded isoindolel54 with an E)-exocyclc diene, whereas the use oBagnstedacid with
ynamide 155 afforded tetrahydroisoquinoliné56 with a £)-exocyclic diene. The authors
rationalised the difference in selectivity by thdormation being favoured with the Brgnsted
acid to minimise sterimteractions between the aromatic nucleophile and the substituent on the

ynamide terminus, whereas the bulky Leasd favours thé&-olefin.
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o)
o)
[ ]C\l/\ko cat. PtCI, ‘wf/&o
D —
I DCE, 70 °C \

40% H

nBu nBuU

153 (E)-154
RonL e
"SNTTO cat. HNTF,
—_—
Il CH,Cl,, 30 °C
4 examples,
R 77-92%
155 (2)-156

Schemel.42 ¢ Acid-Catalysed Keteniminium Pict8pengler Cyclisations

A silver-catalysed cgloisomerisation of the epoxidmntaining ynamidel57 has also been
investigated by the Liu group (Scheme 1.43Jhe carbocyclic framework58was formed by
epoxide attack of the activated alkene followed by aalkgl shift ring exmnsion and

cyclisation t0161, with subsequent elimination of silver.

cat. AgBF, o} '
b el S

CH,Cly, RT Ts—N
57% Me

158

)
RN ®O’\/ TS‘N <
Ts Ts ) — /
A * Me
N7\ TN Ag
M M
° ad © g
159 160 161

Schemel.43 ¢ SilverCatalysed Cycloisomerisation of Epoxide Containing Ynamides

More recently, gold catalysed cycloisomerisations have been shown $acbessful with

ynamides. In 2008, Hashmi andaworkers discovered that Augtould be used to catalyse the
intramolecular cyclisation of ynamidd62 containing a tethered furan to afford the
corresponding indolined63 and for larger tether lengthsetrahydroquinolines (Scheme

1.44)%
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R A~
N by /) cat. AuCl3 R n
Ts \(\\ N

Me MeCN, 0 °C h Me
Aul, 3 examples, Ts OH
62-88%
162 163

1 |

164 165 166

Schemel.44 ¢ GoldCatalysed Cycloisomerisation of Ynamkdgans

Cossyet al. has also demonstrated the apildf AuCl to catalyse the cycloisomerisation of
enynamidesl67 and 169 to the corresponding cyclobutanonE8 and azabicycled70in a

highly diastereoselective manner (Scheme 1°45).

R AuCl, R
— R' NHTs
N CH,Cly, RT s
N —_—
Ts” . 6 I
R examples,
\R 59-77% o}
167 88:12 to 95:5 dr 168
R=H, TMS
R i
r\\/ AuCl, R
N CH,Cly, RT o <\1 >
\/OH 6 examples, >/\ Ts
R 40-61% R
90:10 to 95:5 dr
169 170

Schemel.45 ¢ GoldCatalysed Cycloisomerisation of Enynamides

Ringclosingenyne metathesis(REM)

The first exanples of REM with enynamidesl71 were reported by Mori in 2002using
Grubbs Il catalyst and a terminal ynamide under an atmosphere of ethykgerdg and was

later expanded to incorporate terminally substituted ynarfidas, form pyrrolidines or
piperidines172 (Scheme 1.46). These amidodienes were also successfully subjected 1o Diels
Alder reactions with bét DMAD and N-phenyl maleimide to afford a range of ‘b2a
dienes’® An interesting result was discovered wh&j-énynamidel73 was employed; under

an atmosphere of argon the expected protledtvas formed as a mixture of isomers, however,
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under one atmosphere of ethylene gas amidodid@was formed as a result of ethylene

exchange with the ruthenium alkylidene.

cat. Grubbs I,

W 1 atm ethylene or Ar, [\
n toluene, 80 °C " Mes /NYN Mes
N - -
~ N (o]
Ts \ 4 examples, Td /_RU ~cl
R 78-87% ¢ R PCy;
171 172
R =H, Ph, CO,Et Grubbs Il
cat. Grubbs I, cat. Grubbs I,
| 1 atm ethylene Argon |
NN~ - N
/ 66% 41% /
e 5911 Z:E Ts
148 173 174

Schemel.46¢ca 2 NA BVRof Bmynamides

During the same yeakEM & enynihades, the Hsung mmp alsoe d RC
demonstrated the ease withhich enynamidesl75 underwent cyclisation to the cyclic
amidodiened 76 (Scheme 1.47% They then demonstrated a tandBGEM process on diere
ynamidel77to form the bicyclic lactam&78 and178&o in a 6:1 ratipwhich was dependent on

which alkene underwent the initial cres®etathesis.

O Me 0 Me
N/LPh cat. Grubbs Il N/'\Ph
- .
) I Toluene, 75-80 °C (AN Me
83-87%
Me
175 176
n=1,2
cat Grubbs Il
Toluene, 75 °C
70%, 6:1 178a:178b
178a 178b

Schemel.47¢| & dzyREEMf Enynamides

Finally, the Mori group also found that by using an alternative ruthenium catalyst, the same
enynamidel47 as was used in the Grubbs Il catalyd®e@EM (Scheme 1.46) could be

converted to dien&79via ethylene insertion intdie ruthenacyclopenterd80 (Scheme 1.48)
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cat. Cp*RuCl(cod) Me

N 1 atm ethylene (1/\
N - __ X
Ts™ ™S Toluene, RT ,N ~
S 1% Ts

147 179 red.
elim.
Ru
via N7 —_— _— XN
¢ NN A =

Td ¢
180 181 182

Schemel.48 cGR@EM of Enynamides to form Alternative Amidodienes

1.3.4. Ynamides in Natural Product Synthesis

There have only been a few reports of the use of ynamideatimal product syntheses, but
with the cyclisations of ynamides being able to provide rapid and efficient access to

heterocyclic systems as demonstrated,application of ynamides synthesis is appealing.

10-Desbromoarborescidine A and esbromoarltorescidine C

The first example of the use of an ynamide in a natural product synthesis was reported by the
Hsung group in 2005. By employing the Brgnsted -gaithlysed Pictet Spengler cyclisation of
ynamidel83containing a tethered indole, cyclisatigia the keteniminium intermediatiB4 to

the desbromoarborescidine framewot8§a and18%b could be achieved (Scheme 1.49).

N/TS /TS
A | PNBSA (15 mol%) \
N ' X Toluene, Ji/
H

70-90 °C, 5 min

CEQ} X=Cl, l
2 steps
186
10-Desbromoarborescidine A @EQ;T;//

HN—
i\ 185a, X = CI, 56%
N A= OBn, 185b, X = OBn, 67%

X

7 steps

187
11-Desbromoarborescidine C

Schemel.49 ¢ Total Synthesis obesbromoarborescidines
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Lennoxamine

In 2006, Cossy and Meyer published an impressive domino reaction incorporating a
carbopalladation of terminal ynamide38 to form the vinyl palladium(ll) intermediat&89,

which could then undergo a subsequent Subiikaura coupling with aryl boronic acit90to

afford the key pecursorl91to the natural producehnoxamine in a good yield and moderate

E/Z selectivity (Scheme 1.565%"

OMe o ome
OMe O Pd(OAc), (5 mol%), MeO. OMe
MeO OMe PPh3 (10 mol%), N
N/Y
OMe aq. NaOH, THF, reflux \
Br| |
PdL,Br
188 189

(HO)ZB\©:O>
190 d
OMe o oMme

MeO. MeO jOMe
N 3 steps N
) :
0 o)
o—/ o

192 191

Lennoxamine 77%, 85:15 E:Z

Schemel.50¢ Total Synthesis of Lennoxamine

Antiostatin A

More recently, Witulskiet al. employed a chemoand regioselective rhodiugatalysed
intermolecular cyclotrimerisation of yngmamide 193 with an ynol ether, with the reaction

proceeding through intermediat®4to form the antiostatin framewod5 (Scheme 1.51%
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= _
CoHir H3C—==—O0CH; J [Rh]sv | |
/ N
N RhCI(PPh3); (10 mol%), C:H
Ts toluene, RT, 2 days s Me
82% (22:1)
193 194
Proposed insertion for
major isomer
HsC l
o OCH
HN OH 4 steps ¢
—— S
CH3 N
N Ts CsHy4
H CsHyq
196 195 (major),

Antiostatin A, 82% (22:1 rr)

Schemel.51 ¢ Total Synthesis of Antiostatin A

()-Herbindoles A, B and C

Finally, Satoet al.reportedare | e gant s y-metbihdelesiAsB aad @ia@ rhpdium
catalysed intramolecular [2+2+2] cycloaddition of ynamiti®@7 containing two alkpes
(Schemel.52)% Not only did this route form all three rings of the herbindole scaffold in a

single step in an excellent yield, the indole prodi@8 could then be derivatised to all three

natural products.

1993, R = Me, 4 steps
(—)—-Herbindole A

MOMO MOMO R
— 199b, R = Et, 6 steps M
RhCI(PPhs); (4 mol%) Me (—)-Herbindole B e A\
Toluene, N 199¢, R Zx, X\ N
50°C,5h Ts /
6 steps

97%

198

(—)—-Herbindole C
199a-c

Schemel.52 ¢ Total Synthesis of {-Herbinddes A, B and C
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1.4. Conclusions

Based on the recent developments of efficient preparations of ynamides, their polarisation
inducing regioselective reactions, their stability to storage and handling and the ability to
rapidly form a range of carb@nd heterocyclic frameworks, the field of ynamide cyclisations

has rapidly expanded over the last decade. However, there are still a large range of areas that
have either not been investigated or have limited examples including the concept of ynamide

carbopaladation.

This thesis incorporates the investigations of ynamide carbopalladation in cascade and tandem
processes terminating in three different pathways. The first incorporates a Stille or Suzuki
coupling with subsequent electrocyclisation to afford a eanofazabicycles (Chapter 2).
Furthermore, these bicycles candatectivelyoxidised to the synthetically useful indolines and
indoles. During the investigations of the Suzuki coupling, a reductive cyclisation was
discovered which could be exploited tifoad a range of exocyclic amidodienesd could be
subjected to further cycloadditions and oxidatitm afford a complmentary range of
heteroaromatics (Chapter 3). Finally, instead of terminating with a-coagsing or a reductive
process, a fully imamolecular system was developed incorporating further carbopallagations
and its applicationtoward the synthesis of the trikentrin family of natural produets

investigated (Chapter 5).
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2. PalladiumCatalysedCascade Cyclisation

2.1. Introduction
2.11 Overview

Previous workreportedby boththe Anderson groyp®° and Suffertet al,”** hasfocusedon
palladiummediated cascade cyclisations of bromoeny2@&3 involving a carbopalladatioh
crosscoupling/ electrocyclisatin process, giving rise todyiclic system®f type 201 (Scheme
2.1). Following on from this workijt was envisaged thamodificationof the alkyneportion of
the bromoenyne200 to a bromoenynamide202 could lead to sigificantly more valuable
azabicycle203 synthetcally useful building blocks thatould serve as precursors to a wide

range of nitrogeftontaining heteroaromati@94.

Previous work:

+
PdCIy(PPhs), = R2 6n-electro-
/—% (10 mol%) X Bu3Sn/\/ Z cycl|sat|0n
X Br _ . PdL,
M%R1 Toluene, 110 °C n Stille
201

1
R cross-coupling R!
200 Carbopalladation
X= C(COyMe),, O, NTs

This work:
2 Br-electro-
= 2 R
n Pd0 n " M/\/R cycllsatlon n 4 'n
Br .. - N~ PABr | e N \ ......................
N—=—R' i M= SnBua , Detosylatlon
1

Scheme2.1¢ Bromoenyneand Proposed Bromoenynamid@ascade

Nitrogencontainingheterocycles are among the most important motifs in organic chemistry
with the indole architecture being particularly prevalent, appearing in many natodaicts

and pharmaceuticalgVhilst there are many routes to accésse structres, from traditionato

the more recent transition metahtalysed route¥;”” such syntheses usually require a-pre
functionalised benzene ring ontchish the heterocycle is annulat®d® Consequently, these
strategies can suffer from a lack of kstage structural diversitwith regard to the benzenoid

portion of the heterocycle. One advantage of @wisagedcascade approach is that it would
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allow formation of both rings of the heterate in a single stepenabling greater structural

diversity with regards to substitution patterns also has the added advantage of allowing
access to avide range of heteroaromatidsy varying thesubstrate tether lengths and ring
oxidation states, gikg access tonot only indoles but also indolines, quinolines and

benzazepine204 n = 1-3).

2.1.2 Precedent

The area of ynamide carbopalladatiwasrelatively under investigatedith, to the best of our
knowledge only a single study by Cosy al. having been reported at the onset of this work.
This involved the intramolecular carbopalladation of a terminal ynafrfideith atetheredaryl
halide,and subsequent reaction of the vinyl palladium intermedite eithe areduction with

ammonium formate aa SuzukiMiyaura coupling withan aryl boronic acid3cheme 2.

o

HCO,NH, L )
—————— R N-R
o t 56-62% =
o Pd(OAc),
AR PPh, R R 13
, s P —
Rz*l/ DMF or )\ o
x I NaOH, THF/H,0
XL,Pd A
ArB(OH), R2—- N-R'
11 12 L— ~
X=1,Br 45-77% A\
14

Ar

OMe o ome oMe o
(HO).B 0 MeO fOMe MeO
OMe O 190\©:> O N O N
MeO. OMe (0]
B m OMe Pd(OAG); (5 mol%),
r PPhs (10 mol%), o O
aq. NaOH, THF, reflux L Lennoxamine o)
188 7% o} o/
191 192

Schene 22 ¢ Cossyet alQ ‘ﬁnamideC}arbopalladation/SuzuI(R)uplingS‘equencés’86

Whilst this example represents an elegant domino reaction towards the heteroaromatic
isoindoline system, especially when applied in the total synthesis of the natural product
lennoxaminel 92 (Scheme 2),2°it is worth noting that thistrategy stilinvolvedannulation of

a preexisting benzene ring, and is therefore of some difference to our own plans.
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2.1.3 Preliminary Studis

Preliminary investigations byliver Holton, a Part Il studenton the proposed cascade
cyclisatiort® were conducted with bromoenynami2@5a (R = nHex) and stannan206 (R? =
Me), screening several pallagircatalysts (Pd(PRJy, Pd(OAc), PdCL(PPh),). Of thesethe
previously reportedconditions used in the bromoenyne cascad® mol% PdGI(PPh),,
toluene)proved to be superior, givinipe electrocyclised produ@07a in a 92% vyield when
heated at 95C for 2 tours (Scheme 2.8 The optimised conditions were then applieda
variety of ynamides and stannaneshich demonstrated that alkyl, aryl and silyl substituents
were all toleratedat the ynamide terminusnd on the vinyl stannaneaffording the

correspondinglienamides in reasonable to high yields-9286).

RZ
(\% PdCI,(PPhs), (10 mol %)
2 2 3)2
N_ Br  + AR
' BusS
TN Hesn toluene, 95 °C, 2 h N
R

48-92% Ts R
R' = nHex, 205a R2 = Me, 206 R' = nHex, R? = Me, 207a
TMS, Ph, Ph, H, TMS
(CHp),0TBS

Selected examples:

Me Ph TMS
,NI; ,N]i; :NJQ ,NI;
4 Ts

TS pHex TS pHex Ts nHex nHex

207a, 92% 207b, 77% 207c, 89% 207d, 72%
Scheme2.3 ¢ Preliminary Stillemscad@yclisationliiesuIt51LOO

Building on the success of these preliminary restitts primary aims obur research were
threefold: frstly, since sulbnamide groups often require harsh deprotection donditsuch as
concentrated acid or strong reducing agéhtwe sought to investigate gmide formation with

a range ofalternative more labile, protecting groups. Secondlyith an optimal protecting
group in handthe methodology could be further optimised and applied to a wider substrate set.
Finally, whilst itis clear that the proposed carbopalladation/Stille coupling/electrocyclisation
cascadeis highly efficient it does require the use of toxic organotin reagents. Therefore,

inspired by the previously mentioned work of Cossdyal, our aim wasto expand th
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methodology toutilise nornttoxic alkeny boron derivatives in a Suzuki coupling as an

alternativeto the Stille coupling

2.2

Carbopalladation/Stille/Electrocyclisation Cascade

2.2.1. Effect of varying the nitrogen EWG on ynamide formation

In order toenable thénvestigaiton of the use of anliernative electrotwithdrawing substituent

to the tosyl group used in the preliminary studie®e first neededto prepare the parent

unsubstituteémine211(Scheme 2.4

i) aq. glyoxal, Sn,
cat. HBr, Et,O/H,0 (1:1)

i) TsCl, pyridine,
ii) NalO,, MeOH/pH 7 buffer (5:1) CH,Cly, 0 °C
i) Bry, CCly, 0 °C iit) Nag;;, 0°C ii) NaN3, DMSO Conc
99% (418 g) o 83%
B NF Br/\]/i — o
ii) NaOH, H,0, A Br OH Br iii) HpS, pyridine/ NH; Br
208  80%brsm(203g) 209 aq. formaldehyde, 210 water (1:1) 211
Sn, cat. HBr 'V)7/;°°/OH
b
Et,0/H,0 (1:1)

97%

Scheme2.4 ¢ Synthesis oParent Unsubstituted Amine

A robust synthetic routgvas utilisedon a multthundredgram scalewhich becan with the
bromination of allyl bromide 208'° and subsequent elimination of 12rBromopropaneo
yield 2,3-dibromopropee 209'° Although 209 is commercially available, it is usually
purchased in a rather impure form and is expensgally, in the preparation of alcoh@10,

a double Barbier allylatiorwas utilisedbetweemaqueous glyoxahnd2,3-dibromopropen&09
using the procedure of Otefd,which afforded an inconsequential mixture of diastereomeric
diols in quantitative yield. Oxidative cleavage of this diol with periodate followednbsitu
reduction of the intermediate aldehyde provided alcahtd. Unfortunately, due to the
surprising thermal instability of alcoho210, satisfactory purification required a rapid
distillation which often led to a significant loss in produét. superior methd for the

preparation oR10involved direct bromoallylation of agueous formaldehyde, from wRith
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was obtained in quantitative yield and in sufficient purity to be employed directly in subsequent

reactionswithout the need for distillation.

Conversionof alcohol 210 to the amine211 had previously been achievedin the group
according toconditions described by Padwea al,'® which entailedalcohol tosylation, azide
displacement and a Staudinger reductioiin triphenylphosphingéo form the amine. However,
this route proved problematic on scale due to the difficulty in removing the
triphenylphosphine oxidey-product which led tolow mass recovery of the desired amine.
Consequently a more effective synthesis was achieved alcohol tosylation, azide
displacement and reduction usingsH{Scheme 2.3 with the amine being conveniently stored
as the acetate s&lf1.'° This ammoniunsalt211 could be readily converted to the free amine
212 via a basic aqueous wotkp directly beforebeing convertedto the tosyl, Boc,

methoxycarbonyl, acetyl, trifluoroacetyl and nosyl derivat@&3a213 (Table 2.).

Table2.1¢ Varying the EWG on the Nitroge

NaOH/CH,Cl,

® - aq. work-up Conditions
NHy B OAC T Nweer g B
211 212 213a-213f
Conditions Yield
1 TsCl, NEt, CH,Cl, ﬁsm 89%
’ ’ O 213a
(Y
2 Boc,O, NEt, DMAP, THF >(OTNH Br 63%
(0] 213b
L (Y
3 CICO:Me, pyridine, CHCI, /OTNH Br 51%
(0] 213c
. (Y
4 AcCl, pyridine, E$O WNH Br 70%
o] 213d
o A
5 TFAA, pyridine, CHCI, FX(NH Br 59%
(6] 213e
6 NsCI, NEt, CH,CI dsm 39%
’ ’ 2 0 213f 0

O,N
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With a range of bromo@mides in hand containing a selectioretdctronwithdrawing groups
on thenitrogen, their conversioto bromoenynamides could be investigated. Initidllg u n g 6 s
efficient coppercatalysedconditions for thecoupling of amides with bromoalkynewas
utilised, as this method has been shown to raite a vinyl bromidé>'® The bromoalkynes
themselves were simply generated through either lithiation/bromine quanbip using NBS
and catalytic silver(l) nitratefrom commercially available terminal alkyndScheme 2.5)
Whilst sulfonamide213a underwent coupling with bromoedtyne 215 to afford ynamide
205 (with the vinyl branide functionality still intadtin an impressived3% vyield no other
amide derivativepermitted couplingwith only starting material being recoveredhelonly
excepion wascarbamate13bwhich yielded 14% of what watentatively assigned as ynamide
216aby '"H NMR spectroscopic analysislowever, attempts tamprove this coupling did not

lead toany greateyield.

i) nBuLi, THF
> ii) Bry Br Hsung's Conditions
Hox Z —_— =z — ) 205a: PG = Ts, 93%
nHex CuS0,4¢5H,0 (20 mol%), 216a: PG = Boc, 14%
214 i) AgNO3, 215a 1,10-phenanthroline (40 mol%) N B 216b: PG = CO,Me, n.r.
acetone - r PG = '
PG 216¢: PG = Ac, n.r.
ii) NBS K3PO,, toluene, N H 216d: PG = TFAc, n.r.
70 °C, overnight MHeX  516e: PG = Ns. nor
_NH Br
PG Evano's Conditions 205b: PG = Ts, 58%
; :PG=Ts,
213a-213f Cul (12 moi%), N 2mpe-Bec .
DMEDA (18 mol%), Cs,CO3 Br 219b: PG = CO,Me, n.r.
K PG™ ™\ 219c: PG = Ac, n.r.
CBr. PPh.  Br B o0 icDoxane. N\p,  219d: PG = TFAc, n.r.
)o]\ I4) 3 "j[ r » overnig 219e: PG = Ns, n.r.
Ph H CH,Cl,, 0°C Ph H
217 218a

Scheme2.5¢ Ynamide Formation Varying the Nitrogen EWG

E v a n o 6 scatalysquypaenide formation was thesvaluated. This involvethe coupling of
amides with1,1-dibromoalkeneswhich may begenerated through theeaction of carbon
tetrabromide and triphenylphosphiméth commercially available aldehyd&sAgain, whilst
sulfonamide213 underwent coupling with dibromoalker248a in reasonablegield to afford

ynamide205b, no other protecting group was tolerated.

A survey of the literature confirmed there is little diversity in which protecting groups are used

in such ynamide formations, with the majority of methods utilising a tosyixazolidinone
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group, and our findings coincide with tHiSInterestingly, there is evidence that the use of a
nosyl protecting group has allowed ynamide formation when employing copper catalysis
unfortunately our attempts witB1¥ yielded no product Due to the inability to formour
desiredynamides with an alternative protecting grpipwas decided thasulfonamide213a
would continue to be used in the cascade cyclisatiovith the hope that on accessing

heteroaromatic systenmetosylation conditions would meet with success.

2.2.2. Cascad@ptimisation

With bromoenynamid@05ain hand we began our investigatiortsy attempting to reproduce
the cascade cyclisatiamsing the same reaction conditicas employed by Holtowith vinyl
stannane 206 (Table 2.2 entry 1).*%° This proved ma challenging than expected with the
reaction not proceeding as cleanlyhasl previouslybeenobservedwith an inferior isolated

yield (entry 2)

Initially, comparison of the cruddH NMR spectra to that of the purified dienamig@7a
showed that decompgition was occurring on the silica gel. In order to combat this
decomposition a variety of purification techniques were attempted including the addition of
triethylamine to the eluent systenand the use of alumina, which whilst avoiding
decomposition gave poor separation of the residual stannane and product. Eventually, it was
found that by using an alternative brand of silica(#rck Kieselgel 6Q)the decomposition

could be avoided. Unftunately, whilst the decomposition issues were solved, the unknown
impuritieswhich had been present in the crdeNMR spectraemained inseparable from the

product.

A number of investigations were then attempted in order to identify the cause afinkese/n
impurities, beginning with the effect of reaction concentration. After both decreasing (entry 3)
and increasing (entry 4) the reaction concentratemparedto that used in the preliminary

investigations, it was discovered that this did not playiraportant role in governing the
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amount of impurities formed. This result was promising asnigdt haveexpected an increase

in the amount ecdrbopalladatedi 8tiller ceupléddproduat onnincreasing the

concentration.

The next variable tde investigated was the use of the additive triethylangiven thatthe
dienamide producR07a appeared to be acid sensitive (entry 5). However, even with this
present the reaction proceeded with the same impurities being formed in similar ratios with a

reduced isolated yield, ruling out decomposition of the product in the reaction mixture caused

by the presence of trace amounts of acid.

Table2.2 ¢ Optimisation of carbopalladation/Stilleoupling/electrocyclisation cascade

Me

L . S UMe PdCl,(PPhg),
LEEN BusSn toluene, 95 °C /N
nHex 206 TS pHex
205a (1.6 equiv.) 207a
C‘?‘a'yﬂ Solvent Concentration Time/h Yield?®
Loading/mol%
1 10 Anhydroustoluene 16.7 mL.mmotf* 18 92%
2 10 Anhydroustoluene 16.7 mL.mmof 4 729%
3 10 Anhydroustoluene 83 mL.mmol* 1 n.d®
4 10 Anhydroustoluene 8 mL.mmol* 1 n.d®
5 10 Anhydroustoluene + 46 7 1) mmat 2 30
NEt;
6 10 6Bod ttl @l « 16.7 mL.mmof 0.5 53
7 10 Anhydrousd- 16.7 mL.mmot 2 83%
toluene
8 10 Anhydroustoluene 16.7 mL.mmotf 4 86%
9 1 Anhydroustoluene 16.7 mL.mmof 4 70%
10 1 Anhydroustoluene 16.7 mL.mmot 8 78%
11 1 Anhydroustoluene 16.7 mL.mmot 18 90%

3|solated yield® Contains product and unknown impuritié¢solated yield not determined due to impurities in crt
'H NMR spectra® Conducted as a VT NMR experiment at @
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Therequirement for anhydrous and anaerobic conditions in the reactioth@amvestigated.
The us e batlétolueveanttiée cyclisation in place of distilled tolueagaingave the
same impurities buin no greater amour{entry 6) Finally, we conduted thereaction under
strictly inert, anhydrous conditionsjsing anhydrousdegassedoluene, overdried glassware,

and a fresh batch of catalyst preighed in the gloveboxXVe first opted to conduct this as a

VT NMR experiment in gitoluene to enable ue monitor the reaction and the formation of any
sideproducts(seeFigure 2.1 in 2.2.3). To our delight the reaction peeded cleanly when
heated to 90C for 2 hours with no impurities being formednd the product isolated in a
pleasing 83% yield (entry). Pleasingly, when the reaction was then repeated within the lab,
and not as a VT NMR experiment, we found the cyclisation to now be reproducible with the
product being isolated in an 86% vyield tfgn8). With a renewed confidence in the cascade
cyclisation we found that it was possible to reduce the catalyst loading from 10 mol% to 1

mol% with no loss in yield, albeit with longer reaction times (en8i#4).
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2.2.3. Mechanistic Considerations

Whilst conducting the VT NMR experiment it was found that the reaction proceeded in d
toluene at a probe temperature of @with the formation of several new peaks visible after 10
minutes { = 6.63 (1H, dJ= 15.5 H3, 5.30 (1H, s), 4.70 (1H, s), 3.88H, t J= 15.5 H3, 3.04
ppm (2H, tJ = 15.5 H2). These peaks were even more prominent at 20 minuidsproduct
formation now visible§ = 5.39 ppm (1H, s)), which gradually increased in intensity over the

120 minute reaction timéFigure 2.1) until all starting material and intermediate had been

consumed

PACI,(PPha),
M
* Bugsn Ve

-
dg-toluene, 90 °C
206

o
\J Mrk e N W
JAJK\MLU@\__,VJ\& . o
J’U“LJU quwk

J"LJU T N N Y

8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 5
f1 (ppm)

0min

Figure2.1¢ StackedH NMR Spectra Showing Reaction Progress
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With the formation of what appeared to be an intermediate visible at a maxietwaen 120
minutes wesoughtto determine its identity.f Ithe proposed catalyticycle is considered
(Schene 2.6, ynamide 205a could undergo oxidative addition followed by syn
carbopalladatio to access the dienylpalladigifh intermediate221 This can then undergo
transmetallation with the stannane coupling partner with subsequent reductive elimination to
afford triene223 which after undergoing thermaglectrocyclisation would afforthe desired
bicyclic systems. Taking into account the ren of alkene signals visible it seemed unlikely

that the intermediate would 221, but instead could be the trieB23.

Me

N Br
-
/N Ts N
Ts nHex 2052  nHex
207a Pd°
6n-Electrocyclisation Oxidative
Addition
(/Ni/r N__Pd"Br
Ts -
223 IR
220 nHex
Reductive Syn-carbo
Elimination Palladation
z % Z
«__Pd N Pd"Br
N

/
/ Ts
TS pHex ?T 221 Mex
222

MBr Me\/\SnBus
206

Transmetallation

Scheme2.6 ¢ Proposed Stille Cascade Catalytic Cycle

To allow us to identify this intermediate theaction was stopped after approximately 10
minutes and cooled to room temperature. After careful column chromatography, we managed to
isolate the intermediatas the predominant component of a mixtwanfirming it was indeed

the triene223 Whilst theisolated material was a mixture of the intermedi228 ynamide

205, hydrolysed ynamide and produ2074q irradiation of the key resonances was possible
allowing us to determine the geometry of the triene'ByNMR spectroscopimOe studies.

Clear mutud enhancemestwereseen between the exocyclic methylene)(Bnd the alkene

peak (H), confirming that the intermediate was thatriene223 (Figure 2.2.
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N Me Irradiation

- wvm"l MNW Me
) n. e

— " | b He
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W7 bl

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
78 76 74 72 7.0 68 66 64 62 6.0 58 56 54 52 Sﬁ (4A8) 46 44 42 40 38 36 34 32 3.0 28 26 24 22 20 18
ppm.

Figure2.2 ¢ Confirmation ofTriene Geometry by nOe Analysis

With the VT NMR experiment and the isolation and identificatiorsyrktriene 223 proving
successful, another experiment was conducted measuring the ratio of starting material,
intermediate and product based on the relative concentrations of the three components
compared to the starting ynamide concentratidngraph showing the reaoti profile is
depicted inFigure 2.3, which clearly revealsthe buildup of thesyntriene223to a maximum
concentration betweenXb minutesThis trieneappears to maintain a steady state before it is
slowly consumedt later reaction times. Interestipgthere isa lag time in product formation

for appoximately the first 10 minutes providing support tlsgntriene 223 is a genuine

reaction intermediate.
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Figure2.3 ¢ Stille Cascade Reaction Profile

Interestingly subjecting thesynitriene to thehermal cyclisation conditions doluene, 90 C,

10 min), in the absencef the palladium catalyst, led to complete conversion to the bicyclic
diene produc07asuggesting that the electradigation step of the cascade is not reliant on the
catalyst,although from these experiments we camnt out that the electrocyclisation could be

accelerated in the presence of the catalyst.

Whilst the identification of thesyntriene 223 is not unexpected based on our proposed
mechanism, as far as we are awais is the first time that this intermediate has been identified
in a carbopalladation/crog®upling/electrocyclisation cascade. Previously, when bromoenynes
were used in a similar cascade prociesshe Anderson groypthe Z-triene wasobserved
sometimedn quite substantial amountalthough it is worth noting that while tlanti-triene
was observed, it is likely that the pathway does not proceed exclugiaghis intermediaté®
With theanti-triene often being formed Wi abromoenyne containing a sitglibstituent on the
alkyne terminus, a VT NMR experiment was conducted using a -Jh#Stituted
bromoenynamide in an attempt to see if increased stericobdlectronic effects of the silicon
would also favour the anti-triene. However, during this experimemo intermediatewas
observed implying that silylsubstituted ynamides undergo a much more rapid
electrocyclisation compared tine nhexylsubstituted ynamid€05a. This implies that the

reaction pathwayndeed does still roceedvia the syntrieng as it might be predicted that if
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anti-triene wergformed thelength of reactiorwould be increased due to the need for a second

isomerisation to occur to set the electrocyclisation process.

2.24. Bromoenyhamide Synthesis

Having established suitableslectron withdrawing group on the nitrogemdan optimised set

of cyclisation conditions we turned our attention to the synthesis of a range of
bromoenynamides in order to conduct a substrate screen. Whitstdedtaired sulfonamide

213a (for ynamide formationin four stepsfrom alcohol210 via tosylate formation, azide
displacement, reduction and subsequent tosyl proteictian overall 56% yieldit required the

use of the undesirable reagents sodium azide and hydsodfile gas. Consequently, a more
efficientandscalableroutewas employednvolving a Mitsunobu coupling between alco2dl0

and BocNHTSs to install the requisite nitrogen atom, with Boc deprotection yielding the desired

sulfonamide213ain an improved 6% yield in only two steps (Schemerp!"’

i) TsNHBoc, PPhg,
DIAD, THF,

0°CtoRT
OH Br ii) TFA, CH,Cl, T NH - Br
210 65% 213a

Scheme.7¢Wt | NSBlfpriafide-ormationvia Mitsunobu Coupling

With a facile route tsulfonamide213 in handwe first aimed tovary thesubstituents on the
ynamide terminus. Thereforesulfonamide 213a was submitted to a range of ynamide
formations(Table2.3) usingb o t h  H{QuaQEHLO (20 mol%), 1,1@henanthroline (40
mol%), KsPQ,, toluene, 70C) and dépperaatalysedconditions® (Cul (12 mol%),
DMEDA (18 mol%), CsCO;, 1,4dioxane, 60 C), with the choice of method beimgainly
dependent on the cost and availability of the corresponding starting aldehyde orusi&gina
the preparation of the coupling partners. &ally, the reactions proceeded cleamith alkyl,
aryl, silyl and heteroaromatic substituentdl being tolerated to afford the desired
bromoenynamides in good yiel@ihe exceptiorto this wasthe TMS-ynamide205d (entry 4)

where desilylation occurred under the reaction conditiand the electrench PMPynamide
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205e It is worth noting that the yieldf ynamide formatioru n d e r

bot h

Hsungos

conditionshad a strong dependence on the dryness of the baB&®,(kkr Cs,COs), which

correlates withthe findings ofDooleweerdet al. who reported that ynamides synthesised using

Hsungos

condi

ti

ons wer e

a

0 b § @esingpare and anhydraud st an't

K3PQ, in comparison tdydrated basesPO,AL.5H,0 and K;PO,A7H,0).1%

Table2.3¢ Bromoenynamide Formation

(\l/ /Br BTIBr A: Hsung's Conditions N(\B%
+ or _ r
1o NH Br R R or TN
B: Evano's Conditions R!
213a 215a-d 218a-d 205a-g
Coupling Partner Conditions® Substrate Yield
o ad
_N__B
1 nHex ~ A Ts \T 930/0
215a 205a e
Br. Br
e Y A T 58%
2 Ph Ph” H N
B Ph 88%
215b 218a 205b
/Br N 8
= _ r
3 TBSO(CH,)3 A TN 66%
(CH,);0TBS
215¢ 2050
o hd
N B
4 s A TN 20%
215d 2054 ™S
BrIBr (\%
| _N__Br
5 o B LA 22%
218b 205e
Br.__Br (\(
o | TS/N \Br
6 7 H B N 47%
\ |/
218c 205f
Br. Br
) A
7 Y " B S IN\ 69%
=
=

2059

2 Conditions A CuSQ&H,0 (20 mol%), 1,1phenanthroline (40 mol%),4R0,, toluene, 70C,
overnight. Conditions B: Cul (12 mol%), DMEDA (18 mol%), ,C&s, 1,4dioxane, 60 C,

overnight
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h-Substituted Yhamides

In an effort to introduce greater structural diversity to the final heterocyclic prodiiciss
desirable to demonstrate the syntheaisd subsequent cyclisatioof bromoenynamides
containing substituents along the tethdhereby introducing functionality ém the pyrrole
portion of our systemd his was achieved by introducing a substituent adjacetite nitrogen
centreusinga Barbier allylationof a range of aldehydes, followed by a Mitsunobu coupling and

Boc deprotection (Schen#B), reactions which prceeded in good yields.

i) TsNHBoc, PPh;,

. DIAD, THF, R
Br/Y . i Sn, cat. HBr R 0°CtoRT
. CEer
Br R “H Et,0/H,0 (1:1) OH Br ii) TFA, CH,Cly T NH Br
209 R'=Ph, 224a, R' = 4-F-C4H,, 88% 225a, R' = 4-F-CgH,, 60%
4-F-Ph, Et 224b, R' = Et, 92% 225b, R" = Et, 40%
224c, R' = Ph, 94% 225¢, R = Ph, 46%

Scheme2.8¢{ & y (i K S-8ubsiitutedSulfdnamids

Disgppointingly, conversion of the e -subkstituted sulfonamids 225a-225 to the
corresponding bromoenynamides proved problematic with Hdththe coppercatalysed

conditions used previously,instead favouring intramolecular cyclisation to eidine 227a
(Scheme2.9). This resultmay reflect a slight Thorpdngold effect or steric hindranceas

similar conditions (Cul, DMEDA, GE€0s, dioxane) have been shown to cyclise vinyl chloride
analogues of225a-225c to the corresponding azetidin€8 making this result somewnhat
unsurprisingn hindsightUn f or t unat el y , alterlatvecoppeecatalysedblasea n o 6 s
free room temperatureoupling oftrifluoroborate sk 228with sulfonamide225c( and 6 par ent
sulfonamide213a which is known to undergo ynamide formation, as a comparis@ngalso

unsuccessfulwith no reation occurringandonly the startingulfonamids being recovered.

In an attempt to avoid thimherent problem®f coppercatalysed conditions Zhangds i r o
catalysed coupling of amides with bromoalkynes was investig8tteme2.9),"” initially with
gparenbsulfonamide213a. Whilst 213a underwent successful ynamide formation using copper

catalysed conditionsusing bromoalkyne215, the ironcatalysed coupling proved less

successful withonly partial conversion occurrin{R13a:205a = 6:1). However, whilst full
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conversion was not possibliae ynamide formation witklsubstitutedsulfonamide225a was

still attempted Interestingly, this also led tuantitative conversion to azetidi@g7b.

Hsung's Conditions

Br nHex
215a ¥
or
CulL,| ——
, . N N,
Evano's Conditions R! \ = Ts
Ph Br Ts
>—< 226 227a, R' = Ph, 90%
H Br
218a
Evano's Base-Free
RT Conditions 4
R ® O R
K F3B—==—nHex
N B
T NHBr 228 Ts Qr
nHex
213a,R"'=H cat. 1,2-dimethylimidazole,
225a, R' = 4-F-CgH, CuCly*2H,0, 4 AMS, O, 205a, R' =H
225¢, R' = Ph CH,Cl,, RT, 48h 229 R'=Ph
n.r.
Zhang's Fe-Catalysed R
Conditions i
Br nHex \N(\B[T/ or N
Ts NV N
215a X 1
\nHex R Ts
FeCl3e6H,0 (30 mol%), 1_ 1 _
DMEDA (60 mol%), K,COs, 205a, R'=H, 227b, R" = 4-F-CgH,,
toluene, 90 °C, overnight ~6:1 SM 213a : Pr 205a quant. conversion

Scheme29¢! GG SYLIJi SR {-Bupdiitétei Bi®raoerd/famitles

To overcome the failure dhesemetatcatalysed methods prepare bromoenynamides fram
substitutedsulfonamids we next examined Witul ksoggs al ky
(Scheme2.10) which hadbeenpopular andwidely applied in ynamide synthegisior to the
discovery of coppecatalysed alkynylationsThis method has the drawbaadf being
predominantly suited only to the synthesis of silybstituted ynamide€'$>® As such iodonium

triflate salt231was prepared according to literature condititfis.

Ph + W _—— N Br

R
B ° - 1
©/|(OA°)2 i) Tf,0, CH,Cly, 0 °C P “om R KHMDS, toluene b

i) TMS—=—TMS  7ys 2 1o NH Br -78°CtoRT T ™\
0°C,2h ™S
230 90% 231 213a,R'=H 205d, R' = H, 42%
225a, R" = 4-F-CgH, 232a, R" = 4-F-CgHy, 40%
225b, R' = Et 232b, R' = Et, 42%

Scheme2.10c2 Alidzf 1A Q& !'fleyetA2R2yAdzY ¢NRTFELlGS
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After conducting @rief screerof the most widely used bas@sBuLi, LIHMDS, KHMDS)" it

was bund thain order to avoid brominéthium exchange and to obtain a cleaner reaction, the
use of KHMDS was most suitable with a reduced temperatur@8 C instead ofthe often
reported O C. The yields for the formation of the TM@amices 205d and232a-b using this
method were reproduciblé moderateand we could now obtairbromoerynamide205d in
significantly greateryield comparedto Hs un g 6 s C 0 nd2i3tenty My witlf mfoa b | e
desilylation occurring during the reactionThe isolated y i e | d s -substifuted U
bromoenynamide232a and 232b were particularly pleasing as thigsue of intramolecular
cyclisation was avoided The moderate yields of these reactions are typical-bfanched
amides ' likely due to the increase in steric hindrance in the nucleophilic addition of the amide

to the iodonium triflate salt during situ carbene formation prior to XRigration

Whilst we werepleasedto have obtained silylated U-branched bromoenynamides, \itas
desirable to have alternativibstituents on the ynamide termirdige to the intolerance of
silyl -substituted ynamides itater cascade cyclisation§Ve initially sought to introduce
alternative substituents directlyroughthe use of a phemdubstituted alkynyliodonium triflate
salt 236 (Scheme 2.11)-°*** Althoughthe iodonium sal236 has been previously reported in
the literature?® it proved difficult to isolatefurthermore, tilising the crude iodonium sa36
in the ynami de f sutfomantidé2Bmgave bromoenynanad08hrint odly
15% yield. When Ubranchedsulfonamide225a was subnited to the same conditioneyen

after repeated attemptbe best yield wa8%, with the product still containing impurities.

©/'(OAC)2 ag. 3N NaOH ©/IO
0,
96% KHMDS, R!

® 9 R!
230 233 Tf,0 oTf toluene
I Ph Y\(

. z * _N__Br
CH,Cl,, 0°C Ph/ 1o NH BT 7BicLRT TSN
Phl, Pd(PPhs),, 256 Ph
ZnBr ™S 1o 1 .
//TMS 2 . / Used crude as 213?’ R'=H ?OSb’ R'=H, 1“5 /".
Z NEts, THF, RT  Ph a solution in toluene 2253, R' = 4-F-CgH, 237, R' = 4-F-CgH,, 3%, impure
234 53% 235

Scheme2.11 ¢ Attempted Synthesis of a Pheryldzo & (i A-Bralzéh&RYnamide

49



Chapter 2

Having failed to introducean alternativeynamide substituent directly, investigations into
desilylaton of ynamides 205d and 232a-b, and subsequent introduction of alternative
functionality, were conductedSuccessful desilylation of TMgamide 205d with TBAF
afforded terminal ynamide205h (Scheme2.12) which had areduced stability towards
purification by column chromatographgompared to alkyland arylsubstituted ynamides
Thereforethis crude reactiomixture wasrapidly filtered through a silica plug, concentrated

vacuoand used without further purification

TBAF

N Br -
Ts” X N - _N__Br
S THF, 0 °C, 10 mins Ts X
\TMS 96% \

205d 205h

Scheme2.12 ¢ Ynamide Desilylation

With terminal ynamide205h in hand, alkylation was attempted (Taled) following the
precedentof Witulski et al, who reportedite successful introduction ofbutyl and methyl
51111

substituerdg

Table2.4 ¢ Attempted Alkylation of Terminal Ynamide

i) Conditions
N Br _— N Br

TSN ii) Mel Ts” \Me
205h 205i
Conditions Result
1 n-BuLi (1.0 equiv.), THF Eliminated Pr238
2 LDA (1.0 equiv.), THF Only SM recovere@05h
3 LiIHMDS (1.0 equiv.), THF Only SM recovere@05h
4 KHMDS (1.0 equiv.), THE ~_nSeparaple mixiure

@ Calculated byH NMR spectroscopic analysis of the crude reaction mixture

Unsurprisingly, the use oh-BuLi led to bromindithium exchange alongside successful

reaction with the electrophile methyl iodide (entry 1). Use of alternative bases LDA and
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LIHMDS afforded no formation of the desired prod@665i (entries 23) and whilst the use of

KHMDS did avail desired alkylation, poor conversion was observed and the desired product

could not be separated from the starting material (entry 4). It is possible that the failure of these

reactions, in particular the failure of LDA and LIHMDS, was due to the smd# stawhich

the reactions were conducted and if any water was present the lithium bases and any anions

formed would have been quenched.

Due to thedifficulties in introducing functionalityia alkylation,Hs un g 6 s

Sonogashira coupling ofterminal

bromoenynamidekothwi t h

and

ynamids with aryl

condi

iodides were employed on

-ssubdtitbeatTable 25) U

Table2.5¢ Sonogashira Coupling ofyAlodides with a Terminal Ynamide

R! Desilylation/ R!
\1:/\Ef9 Sonogashira coupling® \Ir/\gé?
r r
Ts™ . 2 Ts” "
\TMS R \RZ
205d, 232a-b 205b, 205k,
232¢-d
Ynamide Aryl lodide Product Yield
ad . (Y o/
1 Ts,N\Br ©/ TS,N\Br 17%
qys 239 Ph 50%
205d 205b
2 205d o S 52%
240 NO,
205j
3 205d \ N s 28%
241 |
205k
4-F-CgHy 4-F-CgH,
I
N__Br ©/ m
4 T8N TN 41%
™S 239 Ph
232a 232¢
Et Et
I
jij/\\;f9 [::::r/ _N Br
5 NG SN 43%

232b

232d

& Conditions: i) TBAF, THF, 0 C, 10 min, ii) Pd(PP§), (5 mol%), Cul (<1 mol%)toluene,
NEt;, 60°C, 1.5 hy ® Conducted with Cul (2 mol%ndPd(PPh), (5 mol%)at RT
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As reported, the coupling was highly dependent on the quantity of copper(l) iodide used, with
only 17% of bromoenynamid205ha isolated using 2 mol% Cul catalyst loading, compared to
yields in excess of 50% wherl mol% Cul was used (entry 1). The significant drop in yield is
due to homocoupling of the terminal ynamide as shown by*&&410 mol% Cul, 20 mol%
TMEDA, acetone, @ RT). Having found reliable conditions for the introduction of
functionality onto the ynamide terminus, a range of aryl iodides were coupled2@th
(entries 23 ) a n-brandhdd ebrontbenynamidez32a and 232 were coupled with

iodobenzene (entries3) to afford the desired produ@82cand232d

In abrief attempt tarenderthe synthesis di-branched bromoenynamide®re efficienta new
threestep route was designeithvolving thes y nt h e s-deprotoaatiach ofUhe literature
known ynamide 244, with subsequent introduction o2,3-dibromopropene209 as an
electrophile (Scheme.13). Whilst the synthesis of ynamid244 proceeded in quantitative
yield, the addition of209 proved more difficult with onlytraces ofstating material being

identified during analysis of the cruld NMR spectra after aqueous weuR.

Cul (12 mol%),
DMEDA (18 mol%), Ph i) n-BuLi or LDA, Ph
Phﬁ TsCl, NEt Phj BrI Br Cs,CO; WN THF, -78 °C \N(\B(
- = * - R - r
NHy  CH,Cl0°C 1N gy 1,4-Dioxane, T N i) g T N
quant. 60 °C, overnight Ph Ph
242 243 218a quant. 244 209 Br 232e

Scheme2.13¢! f G SNY I G A S8bstiwgedBrdnoenyhantides

Whilst this route would have provided an elegant synthesis of yna?3i#le one potential
problem in the final step of this sch-eme col
deprotonation occurre give an ynimingwhich would most likely be unstable. Bearing this

potential problem in mind anich the interest of timef was decided that the alkynyliodonium

triflate salt/desilylation/Sonogashira route to the same substrates would continudtitisdxt u
enablingour focus to be shifted onto theynthesis of other bromoenynamides that would

expand the substrate set.
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Larger Tether Lengthramides

One of the envisioned advantages of our cascade was that we would be able to increase the
ynamide tetbr lengthto enableaccess to a range of bicyclic systeMéth this in mind we
aimed to synthesis bromoenynamides that on submission to the cascade cyulizatiibiorm

6,6- and 7,6bicyclic ring systems.

Two routes were initially employefScheme 24), with the first involvingenolisationof tert-
butyl acetate245 and subsequent reaction with 2iiBromopropene209 to form ester246,

which couldbereduced taalcohol247.*

Conversion of this alcohol tihe amnoniumsalt248

via tosylationézide displacementreduction and salt formationwas unsuccessful with a
complex product mixture being obtaingdthe finalreductionstep.A possible explanation for
this outcome is the potentidl,3-dipolar cycloaddition rection of the azidevith the vinyl
bromide which could be enabled by the larger tether sMevertheless conversion to
sulfonamide249 by usingMitsunobu coupling/Boc deprotection was successful, albeit in a poor
yield of 24%. The second routévolved the in situ formation and reaction of a
cyanomethylcopper species with 2iiBromopropene209 as reported by Corey and

Kuwajima'*® Subsequent LiAlH reduction afforéd the free amin€51, which could therbe

tosylated to affor@49.

i) TsCl, pyridine, CH,Cl,, 0 °C
quant.

ii) NaN3, DMSO OAc
94% , J/\r/
) Br

iii) i) H,S, pyridine/water (1:1) H3N24a
i) LDA, then AcOH
>L o) THF -78°C >L W LiAIH, J/\y/ Failed
JJ\ /Y L Et,0 Br
245 209 246 0 (;e_o; RT 247 i) TsNHBoc, PPhs, DIAD, THF, J/\’/
(] o,

so% 0°Cto RT Tsoy Br

ii) TEA, CH,Cl, H 540

24%

i) n-BuLi, THF, -78 °C

ii) Cul, -25 °C r\% LiAIH, J/\( TsCl, NEts
MeCN Br ——————— —  Ts. Br
Il Bl GHyoh,RT N

iiii) Et,O HoN )
Br N o 2 2 H
/\( 209 250 0°C—>RT 251 48% 249
Br 51%

50%

Scheme2.14 ¢ Synthesis of Larger Tether Len@hlfonamide
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After the problemsencountered in preparing-branched bromoenynamides using copper
catalysed conditionst was not surprisinghat similarintramolecular cyclisation occurred with
sulfonamide249 via putative intermediat®52 to give pyrrolidine253 (Scheme2.15). The

problem wassimilarly ov er ¢ o me by empl oying Wi tul ski 6s

methoddogy followed bydesilylationand Sonogashira coupling to afford bromonenynamide

255
Br.__Br Br — +
I or /
Ly e oo
Cul,
—— -
218 215 N " N
quant. -i—s Ts
f\( | 252 253
T B
SN o
H 249 Br Br
i) TBAF, THF,
KHMDS, toluene 0°C, 10 min
-78 °C to RT N i) Ph- 9 _N
o Ts N i) Ph-l, Pd(PPhs), (5 mol%),  Ts X
}9\ oTf 47% \TMS Cul (<1 mol%), \ph
/ Ph — toluene, NEt;, 255
™S 254 60°C,1.5h
231 38%

Scheme2.15 ¢ Larger Tether Length Ynamide Formation

To obtainthe homologueof 260 (ie. a precursor to an azepane ring systeephol 259 was
prepared using a modification of the reported procedure by Trost and'€Aertyl protection
of alcohol256b followed by alkyne bromoboration/protodeborylationtroducedthe required
vinyl bromide functionalityas a single regioisoméBcheme2.16).'*’ Acetate258 could then be

deprotected and submitted to the Mitsunobu coupling/Boc deprotection protocol as previously

described.
- i) BBrg, CH,Cly,
HO Ac;0, pyridine ACO\/\/\\ 78 °C — RT ACOW
\/V\ AN - »
CH,Cly, RT ii) AcOH Br
256b 66% 257 75% 258

i) TsNHBoc, PPhg,
DIAD, THF,

K2CO4 (\/\( 0°CtoRT (\/\T/
s _ OCwLRT
NH B
MeOH OH Br ii) TFA, CH,Cl, Ts '
79% 259 52% 260

Scheme2.16 ¢ Synthesis of Larger Tether Len@hifonamide

Whilst this methodndeedformed sulfonamide260, it was realised that theequenceould be

shortened by reversing the order of eveig conducting theMitsunobu couplingon alcohol
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256bfollowed directly by the bromoboration/protodeborylation step, g3rerated in the latter
process enableith situ Boc deprotection; as sudulfonamide260 could be obtained in only 2
stepsfrom a commerciallyavailable alcohol (Scheme 2.1Bleasingly, this route could also be
applied to formsulfonamide249( n = 1) and i f desired coul d

sulfonamidgn = 0)

TsNHBoc, PPhj, i) BBr3, CH,Cl, T
DIAD Ts. -78 °Cto RT S N
HOW NW ° HW
THF Boc ii) AcOH Br
256a,n =1 0°CtoRT 261a,n =1, 95% 249,n =1, 44%
256b, n =2 261b,n =2, 90% 260,n=2,61%

Scheme2.17 ¢ ShortenedSynthesis of Larger Tether Length Ynamides

Given the behaviour afulfonamide249in ynamide formations, it was surprising find that
Hs u n g 6 scatalysqd ganditions were successfuthe coupling of homologu260 with a
range of bromoalkynes (Scheme &.1No formation of the anticipated piperidine was
witnessed which could pasibly be explained by thisrmation ofthe required7-membered
intermediate being less favourablecompared to the equivalent 5- and 6membered

intermediates

CuS0O,4e5H,0 (20 mol%), (\/\‘[/
(\/\’/ Br 1,10-phenanthroline (40 mol%)
+ /

_N Br
1o NH Br R? K3PO,, toluene, Ts \ )
70 °C, overnight R
260 215a-c
R2 = nHex 262a, R? = nHex, 70%
(CH,);0TBS, Ph 262b, R? = (CH,);0TBS, 67%

262c, R? = Ph, 49%

Scheme2.18 ¢ Larger Tether Length Ynamide Formation

2.2.5 Substrate Seen

With a range of bromoenynamidasd optimised cascade cyclisation comaii involving a
Stille couplingin hand we could focus our attention on a substrate screen to study the effects of

the substituents dmoththe ynamide and stannaoceupling partner (Tabl2.6).
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Table2.6 ¢ Stille Cascade Substrate Screen

PdCly(PPhj3),

R! (A: 1 mol% R®
B: 10 mol%) R’
_N Br + /\/R3 _— N
Ts \ 5 Bu;Sn Toluene, 95 °C d n2
R (1.6 equiv.)
; Couplin .
Ynamide Par?nerg Product Yield
Me
1 TS/N\Br BUISN A~ e N A: 90%
nHex 206 Ts nHex B: 92%b
205a 207a
Me
. 0,
> TS,N\Br BusSN e N A: 76/g
(CH,);0TBS 206 TS (CH,);0TBS B: 70%
205¢c 207e
(\]/ Me
3 Ts/N\B’ BUSSN A e N A: 67%
S 206 Ts  pp B: 48%
205b 207¢
Me
A 1 winry, T ”( B: 66%
\ /
™S 206 Ts  Tms ™S + 18%265
205d 207g 265
4 & BusSn = .
5 AN § N o B: 66%
nHex nHex
2052 263 207h
o P
_N Br .
6 S Bussn V/H N B: 68%
205a e 264 TS nHex

266

31solated yield? Isolated yields from preliminary resuif§ © Isolated as a 7:1 ratio 866:269a

Pleasingly, ynamides with both an alkyl (entrie)land aryl (entry 3) substituentere
toleratedwith alkenyl stannan@06, with no loss in yield occurring when the catalyst loading
was reduced to 1 mol% compared to the previously used 10 migBitst a trimethyisilyl
groupon the ynamide terminusas tolerated under the reaction conditi¢estry 4) the side
product265 was isolated in an 18% yield. Thégdeproduct is formed due tN- to C-alkyne

migration and may be explained by the mechanism shown in S¢héfe
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/
i PACI,(PPhs), N
x> Pd'Br NH
N Br _ = N —_— = Ts” ||

TS \TM S Toluene, 95 °C ¢ )(/Sli

205d 265

Scheme2.19 ¢ N- to GAlkyne Migration

The increased steric bulkf the silyl substtuent leads tosignificant allylic strain in

dienylpalladium(ll)intermediate267, resulting in elimination of palladium and tkalfonamide
leaving group beforerosscoupling can occurWith a TMS substituat this elimination is
competitivewith the Stille crossoupling to give a miture of products, however it hdmben
previouslyshown by Holtonthat when a TIPS group is us#ds migrationis the exclusive

100

product™ supporting the belighat ncreased steric bulk favours tlelémination pathway.

Dur i ng prelimihagy rindestigations a range of stannanes were screened and it was
shown that alkyl aryl and silyl1,2-substitutedtrans alkenyl stannanesnd terminal alkenyl
stannans, could be successfully employe2D{ad, Scheme 2.81 2.1.3).'° In an attempt to
further expand the scope of thgclisationdihydrapyraryl stannane263 was utilized which

gave access to the tricyclic 5,6f@sed ring systen207h (entry 5) This was a particularly
pleasing result given both the steric challereygd due to the fadhat the product contained

two activated alkenes in tlierm of an enamid andanenol ether

In addition to the p-electrocyclisation terminating cascades, we also addressed the
corresponding B process using dienylstanna?@42°**®° Pleasinglyynamide205asuccessfully
underwent cyclisation to tHacyclic 5,8fused ring syster266 (entry 6)which did not undergo

a further @-electrocyclisation of the cyclooctatriene Unfortunately, the reaction was
complicated by inseparable impurities and the presence of what appeared to be the exocyclic

diene269awhich was identified during optimization of tis@izuki cascade (see Table 2.7)
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2.3. Carbopalladation/Suzuki/Electrocyclisation Cascade

2.3.1. Cascade Optimisation

Whilst it was clear that the carbopalladation/Stille coupling/electrocyclisation cascade was
highly efficient, it did require the esoftoxic organotin reagents. We weteteforeinclined to
move toward a cascade that would allow the incorporation ofiryl boron derivativein a

Suzukicoupling whichin practiceprovedto be quite challenging.

Since Coss¥t al. had successfully develegd conditions to conduct an intramolecuaarride
carbopalladation terminating in a Suzuki coupfing, seemed logical to initially apply these
conditions(5 mol% Pd(OAc), 10 mol% PP THF/H,O (10:1),ag. NaOH, reflux)to our
system using bromoenynamid®5a and alkenyl boronic aci®68a (Table 2.7, entry 1).
Intriguingly, incomplete conversion of the starting material was observed alongside the
unexpected formation of exocyclic dieB&9a whichappeaed to arise from aeductionof the
intermediatedienylpalladium(ll) complexWe next tested conditions reported by @B mol%
Pd(PPh);, CsCO;, anhydrous EtOH, 80C) in a relatedalkyne carbopalladation/Suzuki
coupling sequence conducted on bromoenwitsboth aryl boronic acids and alkenyl boronic
acids (including 2683). In this reportedcase the electrocyclisation process was not seen,
possibly due to the reduced reaction temperatfirBleasingly, conversion of the starting
material improvedbut diene269a was still formed (entry 2)and when the boronic acid
coupling partner was remove2ib9awas actually isolated in an impressive 83% yield (entry 3)
At this point we hypothesisedhatthe hydroxylic solventnight be the cause of formatiaf
269avia a palladium(ll) hydride speciesand thus carried out a brief screenasfhydrous
solvens in the hope that thiside reaction could be eradicatfthe use of 14ioxane gave a
poor yieldwith, surprisingly,a mixture of both produ@07band diene269astill being formed
(entry 4) whilst the use of toluene led to no reactfentry 5) Eventually, it was found that the
use of THF greatly favourgatroductformation(entry §, while DME led to exclusive formation

of product207b(entry 7)
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Table2.7 ¢ Optimisation of carbopalladation/Suzuki coupling/electrocyclisation cagcade

Conditions R3

(\‘[/ (see table) Z
N__Br and/or
b \nHex M/\/Rs Tg‘ nHex A \nHex
205a 268a: M = B(OH),, R®= Ph 207b: R3=Ph 269a
268b: M = BPin, R®=Ph 207d: R®=H
268c: Py
\B/\>
e /3
Coupling Solvent, Pd catalyst -
Partner Time (h) (mol%) Yield 2070269

THF:H,O 1:4:2

1 2 .d.
268 (10:1), 5° PA(OACL(5), PPR(10)  nd.- 0 o07b:269a

2 268 EtOH, 18 Pd(PPh), (10) n.d. 1:1.2
3 - EtOH, 2 Pd(PPH), (10) 83 0:1
4 268 1,4Dioxane, 18 Pd(PPBh)4 (5) 24 1:25
5 268b Toluene, 5 Pd(PPh)4 (5) n.r. -
6 268b THF, 18 Pd(PPh), (5) 80 30:1
7 268b DME, 4 Pd(PPh)4 (5) 83 1:0
8 268b DME, 18 PdCL(PPh), (5) 70 10:1
9 268b DME, 18 PACh(dppf) (5) 25° 1:0
10 268 THF, 18 Pd(PPh)4 (5) 67 20:1
11  26& DME, 18 Pd(PPh), (5) 79 1:0
12 268 THF, & Pd(PPh), (5) 85 1:0

2 Reactions conducted usi2@8aor 268 (1.5 equiv.) and GEO; (1.5 equiv.) at reflux in degassed, anhydrc
solvent;” 1 M NaOH used as baseDirect crosscoupling with the vinyl bromide was also obsern/&868& (0.5
equiv.)/HO (1.5 equiv.) used
With anhydrous DME being the optimal solvent for selective product formatibrief screen
of palladium catalysteras conducte@entries7-9), with 5 mol% Pd(PP§), and CgCO; proving
to be optimal the desired produc207b being isolated in anmpressive83% vyield from

bromoenynamide€05a and alkenyl pinacol bonate 26&. Finally, we investigted how the

nature of the alkenigbronspeciesaffected the reaction efficiencwith both the boronic acid
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268a and boroxintrimer 268 being tolerated These formedproducts 207b and 207d

respectivelyin excellent yields (entries 1112).

2.3.2. Substrate Screen

Using the same range of bromoenyndesi described irBection2.2.4. and the optimised
cyclisation conditions (5 mol% Pd(P£h CsCOs;, anhydrous DME, reflux)the scope of the
reaction was invegjated by varying the bromoenynamide (Tah#®, andthen by varying the

coupling partne(Table 2.9.

First, the effect ofvarying the substituent on the ynamide terminus was examinédy us

coupling partne268h, with both alkyl and aryl functionality being tolerated to fobmyclic

5,6-fused ring systems (TabR8, entries 13). The use othe electrondeficient ynamide205j

proved successful in the cyclisation but afforded indoRO&k, presumably due tin situ
aerobicoxidation of the 1,3liene (entry 4), whilst the use efectronrich ynamide205eand

205k was significantly less effectivavith poor yields andnseparabléempurities being present

in the reaction mixture (entries@. The cascade cyrarched yamidea82c of t he
and232dto the trisubstitute®,6-bicyclic system207nand207oproceeéd in good yield with

moderate diastereelectivity (entries ), reflecting a degree ofsubstrate controln the
electrocyclisation fromthe conformatiorcontrolling effectsof the tosyl groupphenyl, and*

substituent

Both the 6,6 and 7.6fused systems were also successfully accessed from cyclisation of the
larger tether length ynamid@s5 and262a(entries 910), however the latter was isolated as a

mixture of both the 1;3and 1,4diene isomers as shown (see laiscdssion).
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Table2.8 ¢ Substrate Scope: Varying the Ynamide

R2 Pd(PPh3), (5 mol%), Ph
n Cs,CO3 (1.5 equiv.) R2 n
Br
Ts NV o N
\R1 DME, 85 °C, 4-16 h S
ping” "
268b
(1.5 equiv.)
_ Yield?®
Ynamide Product b
(dr)
(\]/ Ph
1 NG N 83%
nHex Ts nHex
205a 207b
(\( Ph
_N Br
2 N ,Nj@ 55%
(CH2);0TBS TS (CH,),0TBS
205¢ 207i
’/Y Ph
3 TN N: ; 69%
Ph Ts  Ph
205b 207j
M Ph
Ts’N \Br (\/Q/
4 S N 61%
Ts  4.NO,Ph
) NO, 207k
205j
(Y Ph
_N__B
. NG (Nt@/ <37%
/
Ts  pwp Impure
OMe
2050 2071
(\]/ Ph
_N__Br N < 0,
6 et ) 23%
) - Impure
205k
207m
4-F-CgH, Ph
Y\]/ 4-F-CgHy 77%
7 TN N 0
S Ph Ts Ph (dr 31)
232c 207n
EtW Ph
L e 68%
8 Ts \ )
Ph TS Pn (dr 1.4:1)
232d 2070
(\/1 o
9 N N 61%
Ts \ Ts Ph
Ph
255 270
W Ph Ph
_N Br +
10 Ts \ CN\/@/ CN\/EJ/ 74%C

nHex
262a

Ts Ph
271

Ts Ph
iso-271

3 |solated yield;” Determined by'H NMR spectroscopic analysis of the crude reactfol
Isolated as a 1.3:1 mixture of 1ad 1,4diene isomers
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Satisfied with the scope of the reaction with respetiiéosubstituent on the ynamide terminus,
the scope with respect to the coupling partner was investigakeassingly,the unsubstituted
boroxin trimer 268, and the alkyl- and cycloalkysubstituted vinyl boronic acid®68d and
268 underwent successful couplings with ynami@e&j and 205c¢ (Table 2.9, entries 13).
Interestingly, during the cascade cyclisation 205 with cyclohexenyl boronic aci®68
(Table 2.9, entry 3) noin situ oxidation of the 1,3liene to the indoline was observed, as
compared to the reaction 205j with styrenyl pinacol boronat26& (Table2.8, entry 4) where
only the oxidised indoline wasolated.It is worth noting that when the akyl boronic acids
268d and 268ewerereplacel with thér boronic estecounterpartsthe cascade was much less
efficient with hardly any product being formeden with extended reaction times. This could
reflecta reduced rate of transmetallationhydrolysisof thealkeny boronic estr compared to
the boronic acidas alkenyboronic acids are known to be more reactive than the corresponding

boronic esterg!®*?°

The use of the electrerich arylsubstituted vinylboronat268 also underwent coupling with
ynamide205a but with the formation of the exocyclic die@é9abeing observed, suggesting
that the formation of a palladiutnydride species was now occurring in DNHee discussion in
Chapter 3)Fortunately, the product was separable from thisgidduct and coultbe isolated

in areasonable 55% yield (entry Disappointingly, thigrend of forming both product and the
exocyclic diene269a was also seemhen electrordeficient arylsubstituted vinylboronates
268g and 268h were utilised.With an electrorwithdrawing para-trifluoromethyl substituent
the formation of exocyclic diene was more favoured compared to the electiaxample, but
again the product was separable and obtained in a 67% yield, with the added complication of
the prodict being a mixture of 1;3and 1,4diene (entry 5). The formation of the exocyclic
diene was even more pronounced when a mesomerically eleatrarawing para-nitrile
substituent was present with no product being formed, and full conversion of yr0&idm
exocyclic diene269a occurring (entry 6). The amount of exocyclic diene formed in these

examples seemed to reflect the rate of transmetallation of the boron coupling partner with the
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dienylpalladium(ll) complex. The cascade cyclisation with ther&stetaining boronic ester
268 did not suffer from any exocyclic diene formation, but was again complicated by the

isolation of a mixture of diene isomers (entry 7).

Table2.9¢ Substrate Screen: Varying the Coupling Partner

Pd(PPhgz)4 (5 mol%),
Cs,CO3 (1.5 equiv.)

R3 =

and/or A
@; g
Ts

Br
Ts NV °
\R1 DME, 85 °C, 4—163h Ts R nHex
R
(ROB™ X~ 269a
(1.5 equiv.)
. Couplin i
Ynamide Partpnerg Product Yield?®
SE R O
b A { N:) \> N 0
1 e /3 TS 4-NOxCeH, 54%
- NO, 268¢ 207p
j
(\]/ nPr
N Br (HO)ZBV/\ P
2 TSN ner N 62%
\(CH2)3OTBS 268d TS (CH,),0TBS
205¢c 207q
(\]/ cHex
N Br
Ts™ NS (HOLB A~
3 N cHex N 74%
268e TS 4-NO,CeH,
NO;
208j 2 207r
PMP
N(\é/ PinB\/\©\ 55%
r
T N -
4 s \nHex orte A T (101 .
205a 268¢ 207s 2075:2693
4-CF4-CgH 4-CF4-CgH
N(\f PN 3-CeHy 3-CgHy 67%d
r +
e oL S : .
5 L o5, ) - (3.51
2669 e o 207t2699°
205a 207t is0-207t
(Y PINB._~ FetCell nd
_N Br N -
6 N ! (01
nHex 268h CN Ts nHex c
205a 207u 207[.[2696[)
(Y CO,Et CO,Et
N Br PinB._~ N N
7 AN “coset ) , 67%°
nHex 268i Ts nHex Ts nHex
205a 207v is0-207v

3|solated yield? 26& (0.5 equiv.)/HO (1.5 equiv.) used: Determined byH NMR spectroscopic analysis of tt
crude reaction® Isolated as a 3:1 mixture of 1,8nd 1,4diene isomers? Isolated as a 1.2:1 mixture of 1,8nd
1,4-diene isomers
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The formation of d.,4-diene in the 7 #icyclic ring systen271(Table2.8, entry 10), and with
207tand207v(Table2.9, entries 5 &7), may be due tésomerisation of the 1;8iene product
of the cascade cyclisatianks formation isinteresting as in doing so, except for the ester
containing productso-207v, the moleculeappears to becomenconjugated The simplest
explanation forthe isomerisation c207vwould be the deprotonation of the Hi&ne product
adjacentto the electrofwithdrawing ester to form a stabilised anion followed by isomerisation

(Scheme2.20 method A).

Method A:

o

’)

o
HO o
o) Deprotonation ZI OEt  Isomerisat s As
o 4 eprotonatio ) somerisation Ot
OFEt _— —_— 2
2 5 N
/ N7g 6
N7 6 Ts nHex .y
®
H

s nHex

207v iso-207v
Method B:
R3 R3 R3
n [Pd"-H] n )(H [Pd"-H] n
N N7 NG > P N
TS// nHex TspHex H Ts nHex
207t/271 iso-207t/271
Method C:
R3 <R3
n n
N N
/ !
Ts // nHex ; : Ts nHex
207t/271 [Pd"] [Pd"H] I

Ts

R3
n
N
/

nHex Ts nHex

iso-207t/271

Scheme 2.2@ Proposed Mechanisms for the Isomerisation of-Afidodienes

However, this mechanism seems less viable as an explanation for the isomeris2iidiraaofi
of the 7,6system271 Since it seems likely that a palladium(ll) hydride species is being formed
in DME, due to the exocyclic diene being formed during the cascade (@.&pkntries 46), a
more plausiblanechanism explaining the mixture of diene isomers could involve the reversible

addition/fshydride elimination ofthis Pd(Il)-H species across thalkenes inthe cyclised
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product (Scheme 202 method B).This proposal is further supported by the literature reported
isomerisation/migration oblefins using palladium hydride complexeg Gauthieret al, who
suggest the same mechani€mAlternatively, Baiker et al. suggest a palladiwmatalysed
hydrogenrabstraction to afford an allylic radi¢gaihich could then undgo isomerisation and
re-capture of a hydrogen atomyregenerating the palladiff) and forming the 1A4liene

(Scheme2.20, method C)}*2'#

It is possible thathis process happens to relieve axial stiagfuced by the intection between
the tosyl andnhexyl substituentsn the 1,3diene and to enable the nitrogen lone pair to

become conjugated with ti@&8/C9 alkenavhich would prevent further isomerisation

2.3.3. Mechanistic Insight and Future Considerations

Recent studies conducted by Jutatdl. have concentratedn elucidating the mechanism of
the Suzuki reaction, with an initial focus on the role of the base and hydroxide'ibns.
Reactionswere conducted using anyhtalide and aryl boronic acid in the presence of the
catalyst p-NC-CsH,)Pd(PPh); in DMF, with and without a basdn the absence of a base,
whilst oxidative addition occurred, no reaction was observed with the aryl boronic acid.
However, on the additio of hydroxide ions the reaction did proceed, confirming that the

presence of a base is required to induce erospling (Schemé.21).

Ar'—B(OH),

p-NC-(CeHa)Pd(PPh),
Ar—X trans-ArPdX(PPhg), —
nBu,NBF,

Ar'—B(OH),
nBu,NOH

Ar—Ar

Scheme 2.2 ¢ Investigation into the Role of the Base in a Suzuki Coupling

Having confirmed that a base is required, further investigations discovered that the hydroxide
ions unexpectedly played three roles. The first is the formation of the key reactive complex for
transmetallation to occurtrans[ArPdOH(PPR),)]. Secondly, hydroxide promotes the

reductive elimination by forming a pentaordinate palladium species witlrans
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[ Ar Pd Aj.)d The fhal role of the hydroxide iois an inhibitor ofthe reaction by forming
the unreactive &sbe@iesibam mtermédiat@revibly DAdight to be more

nucleophilic and therefore more reactive in the transmetallatiori’Step

Following on from these findings, Jutard al. also reportedn 2012 the effect of using
carbonate (GE€0s) bases instead dfydroxide GBus;NOH), including a study othe effect of
the metal counterion?® It was found that the counteriatid affect therate of transmetallation,
decreasingreactivity by complexationto the trans[ArPdOH(PPR),)] intermediate, and
inhibiting co-ordination of the aryl boroniccad to varying degrees depending the cationic
species (N’é> cd >K' > nBu4NA). The reaction involving use @s,CO; wasalsocompaed

to that usingnBu;NOH, and it was discovered that carbonadetually result in aslower
reaction even if water is added to form mot@H to accelerate the reaction. Further studies
confirmed that when a carbonate is used, a similar catalytic ogclers with the carbonate
reacting with water to form the active palladilntydroxide species. Howevems the
concentration of hydroxide generated from the reaction of the carbonate with water is low, a
slower reactiomesultsdue to decreased ratef both transmetallation and reductive elimination

compared to the use nBu;NOH.

Overall, these findingshow the importance of the base in the Kureeaction in terms of both
counterioneffectsand the concentration of hydroxide present in the readtitgrestingly, our

Suzuki cascade utilises anhydrous conditions (PdjRP8sCO,; anhydrous DME, inert
atmosphere, sealed vi@5 C), andbased onJ u t afimdingssshould not proceesfficiently.

If these findings are transferable to our cascabe,fdact that the cascade cyclisation is

suc essf ul suggextts tti bhat 6s wme e 6 acdigmatipgfranstreen t | mo
cesium carbonate used whichsismewhathygroscopic in natuteand was notigorouslydried

with heat or vacuum before us€ombination ofthis hypothesis with the reported findings

allows a catalytic cycle to be proposé&tlene 2.22).
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Oxidative addition of bromoenynamid#05 followed by syncarbopalladation leads to the

intermediate273which can then undergo the required conversion to the active interm2ddate

due to the presence of hydroxide ions formed from the reaction £f @@h water. This active

intermediate274 can then undergo trans

metallation with the borgpiecie268 However, the

rate of transmetallation will beffecteddue to both the counterion ’tsomplexing to274and

the’OH f or mi t he

ng

unr e, althoughvifeour éelaicbion doesanptec@ntais p e ¢ i ¢

much water this may not be a proble®nce transmetkdtion has occurred276 can then

undergo reductive elimination &8 promoted by hydroxide eordination forming the penta

coordinate specie&77, regenerating Pdand forming trien@78which can undergo subsequent

thermal electrocyclisation.

Pdo

(PPh3)s

RS (\]/
(\'/i;/ +2L u -2L T _N__Br 205
N S N
/ 0 \Rz
Ts R2 Pd°L,
207
6n-Electrocyclisation Oxidative
Addition
N__Pd'L,B
= Ts” \ 2Br
U R® h R2
/N 272
Ts 2
278 R
. Syn-carbo
I;'edluct:'ve Palladation
imination
/L L OH NTXY P\d”-Br
Byl / L
N Pd\/\Rs Ts R?
{ 273
Ts R2
277 o H0
Br S 29
r OH = co,
S @ HCO,
O Cs S
H
20
CO. eOH = L /IT
’ 5, ol ~_Rd"-OH
HCO, NS RIS s N N
T R2 L Transmetallation Ts 274 R? C?
276 \
s
T
SR ~Rd"-0
HO-B(OR), (RORB™ Y Ts/N , L Cs®
- ’ R’
B(OR), = B(OH),, BPin 275
268
H,O
S 2 20
OH = co,
®
Cs HCO3
o R3
(RO)B™ X
OH

Scheme 2.2 ¢ Proposed

unreactive

Catalytic Cycle for the Suzuki Cascade
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Based on thiproposal in whichhydroxide ionsplay a crucial roleit would be interesting to
investigate theiseof pre-dried Cs,CG; in the cascade cyclisatido see ifthis indeed preverst

the reaction from occurring, confirming the need for water to be present as propdsedrialy

Also, as a screen dfaseswas not conducteduring the initial optimisation of our Suzuki
cascade, it would be interesting to investigate the use of a hydroxide base (e.g. CsOH instead of
CsCQO;) and also alter the counterion (enIBu4A instead of C’%) to see if there is any
improvement to the yld and reaction times. However, the formatwinthe exocyclic diene
269acould be an issue with otentiallybeing formed in even greater amounts if the base is
changedThis prediction is based on the findingsthat e use of Coagu®uWws cond
NaOH in THF predominantly formed this diene (Tablé entry 1), whilst in Chapter 3 the use

of CsCQO; with THF gave less than 5% conversionthe same dien@able3.1, entry9 in 3.3
suggesting that an increased concentration of hydroxide ions may actually have a detrimental

effect on our cascade.

2.4. Conversion ofl,3-Amidodienes to the Corresponding Heteroaromatics

2.4.1. Oxidations

Both the cascade strategies incorporating eih8tille or Suzuki coupling enabled a range of
bromoenynamides to kmiccessfullycyclised with a variety of coupling partnerssulting in a

large selection of bicyclic 1;8midodiene frameworks being formed. Whilst one could envisage
a number of usesof these products, for example, reduction of the diene or -Blder
cycloadditions, we opted to oxidise them with the aim of accessing a range of bicyclic

heteroaromatic systems including indolines, indoles, tetrahydroquinolines and benzazepines.

Preliminary investigationdy Holton on the xidation of bicyclic amidodieree207aand207b
exploreda wide range of oxidants (Pd/C, Ru/@4, PCC, DDQ, CAN, PdGICuCh, air, Q).
Unfortunately, this often resulted in a mixture of indoline and indole being forimed,

incomplete reactionor the formation of sid@roducts with a particularly interesting
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occurrence of a Dieldlder cycloaddition with DDQ Eventually it was foundhat the use of
unactivated Mn@in CH,CI, could affectclean conversion to a mixture of both the indole and
indoling albeit with slow conversioff® In these studies, it was found thhetuse offreshly
activated MnQ showed an increased reactivity in £Hb, at room temperaturand gave a
mixture of indoline 27% and indole 280a in ~9:1 ratio respectively with the reaction
proceeding cleanly (Schent23). On attempting to resubmit ithmixture of indoline and

indole to the same reaction conditions in the hope of achieving complete oxidation to the indole,
it was disappointing to find thaio further reaction occurred. This suggests that oxidation to the
indole 280amay not proceedia the indoline27%, but instead the pyrrolidine ring oxidises

first to form the pyrrole281in small amounts which then goes on to become fully oxidised

presumably quite rapidly as no pyrrole oxidation prod(iet a dihydroindole281) was

observed.
Ph Ph Ph Ph
MnO, (10 equiv.) 7 4 ‘
—_— + via
N CH,Cly, 4 AMS, N N N
Ts nHex RT,2h Ts nHex Ts nHex Ts nHex
207b 91% 279a : 280a 281

9 : 1

Scheme2.23 ¢ Unselective Oxidation of Cascade Product

Based on this initial resylthe optimisation othe use of this reagemtas studied. Pleasingly,

the replacement of GEl, with the moderately deactivating acetonevegadhe indoline27%
selectively from amidodien207b (Table2.1Q entry 1). Following this finding the conditions

were successfully applied to a range of amidodienes bearing alkyl and aryl substituents on the
benzenoid portion of the rindormed from both the Stille and Suzuki cascade cyclisations
(entries 25). Additionally, the mixtures of 1;3and 1,4dienes isolated from the cascade could
also be successfully oxidised to the corresponding indofiés and 279y and benzazepine

282in good yields (entries-8).

69



Chapter 2

Table2.10¢ Selective Oxidation of Cascade Products to Indolines and Benzazepines

R3
@ w _ MnO, (10 equiv,)
I Acetone, 4 A MS, N

E]

Ts RT, overnight Ts R2
Amidodiene Product Yield
Ph
1 N N 86%
Ts nHex Ts nHex
207b 279a
Ph Ph
2 N N ; 62%
Ts  (CH,),0TBS Ts  (CH,),0TBS
207i 279b
Ph Ph
3 N ; N \Ar 53%
Ts Ph Ts Ph
207j 279c
Me
4 N ; ! 68%
Ts nHex Ts nHex
207a 279d
Me Me
5 N ; N ; 63%
Ts Ph Ts Ph
207f 279e
4-CF3-CgHy 4-CF3-CgHy 4-CF3-CgH,
+
6 N N (I;/ 70%
Ts nHex Ts nHex nHex
207t iso-207t 279f
CO,Et CO,Et CO,Et
+
7 N A :$ 94%
Ts nHex Ts nHex nHex
207v is0-207v 279g
Ph Ph
+
8 N N Cj;j 91%
Ts Ph Ts Ph Ts
271 iso-271

#CH,Cl, used as the solvent duertorisk of oxidation of the left hand ring

Pleased with having fourmbnditions forselective oxidation conditions to the indoline, we next
investigatedselective oxidation conditions for the conversion of&dodienes to indole®y
employingmore forcing literature conditiongvolving the use of Mn@in toluene at reflux

with extended reaction times, it was now possible to obtain ind@86s and 280b in good
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yields (Scheme2.24), with no indoline presert’ It is worth noting that benzaldehyde was
present in théH NMR spectreof the crude reaction mixtursuggesting oxidation of toluene

had occurred, thus potentially lowering the yield ofgtheduct due to consumption of MRO

Ph Ph
(j@/ MnO, (10-30 equiv.) %
Bl it
2‘ Toluene, 4 AMS, N

T R? 110 °C, overnight Ts R2
207b, R? = nHex 280a, R? = nHex, 53%
207j, R2=Ph 280b, R? = Ph, 50%

Scheme2.24 ¢ Selective Oxidation of Cascade Products to Indoles

2.4.2. Detosylations

The final hurdle in this area was to find n@lddetosylation conditionso heteroaromatic
systems given that no other protecting group enabled ynamide formation. Pleasingly,

detosylation obothindoline 27% and indole280a could be achievedsingthe relatively mild

conditions of magnesium in methanol (Schengs).*?®

Ph Ph
Mg (5 equiv.), MeOH 4

A
/N sonication, 1.5 h H
Ts nHex nHex

Indoline 279a

i 0,
Indole 280a Indoline 283, 63%

Indole 284, 71%

Scheme2.25 ¢ Detosylation of Indolines and Indoles

It is worth noting that it is considerably easier to oxidise the detosylated in@@ the
detosylated indol284 than withthe tosyl group in placeas seen earlietdtilising MnO, in

benzene with mild heating at 5Q for 4 hours yielded indol284in 79% yield (Schem2.26).

Scheme2.26 ¢ Oxidation of Detosylated Indolines

Lastly, due to the increased difficulty in oxidising -B@idodiene207b directly to the

corresponding indole before detosylation, these procedures were combined in an
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