AD | R
ALTA

% pER
= (ARDUAl

UNIVERSITYOF
BIRMINGHAM

Gold-Catalysed Reactions of Nitrogen

Containing Molecules

by

Nicolas Martin

A thesis submitted to
The University of Birmingham
For a degree of

DOCTOR OF PHILOSOPHY

School of Chemistry
University of Birmingham

September 2010



UNIVERSITYOF
BIRMINGHAM

University of Birmingham Research Archive

e-theses repository

This unpublished thesis/dissertation is copyright of the author and/or third
parties. The intellectual property rights of the author or third parties in respect
of this work are as defined by The Copyright Designs and Patents Act 1988 or
as modified by any successor legislation.

Any use made of information contained in this thesis/dissertation must be in
accordance with that legislation and must be properly acknowledged. Further
distribution or reproduction in any format is prohibited without the permission
of the copyright holder.



Abstract

In this thesis the development of several new gal@dlysed reactions are described. Two new
strategies have been employed to access pyrrolethdycycloisomerisation of alkynyl
aziridines, and the formation aff-unsaturated imides by the oxidation of ynamidesleen
developed.

A rare gold-mediated vinylidene rearrangement aihtinated or silylated alkynes has been
used to prepare brominated or silylated 2,4-sulistitpyrroles regioselectively. The practical
applicability of this process was limited by ingtay of products under the reaction
conditions.

Cationic gold catalysis was used in a novel synshaefs2,4- and 2,5-substituted pyrroles from
alkynyl aziridines. The role of counterion in thga®cesses was studied and shown to be
important in determining reaction outcomes. APAUCI/AgOTs catalyst system, allows 2,5-
substituted pyrroles to be regioselectively syneskin an atom-economical manner in near
quantitative yield. From the same aryl-substitusdrting materials the 2,4-substituted
pyrrole isomer were accessed preferentially whéths®AuCI/AgOTT catalytic system was
employed. A reaction mechanism accounting for tection outcome was proposed on the
basis of-*C- and deuterium-labelling studies.

A new gold-catalysed synthesis @f3-unsaturated imides was developed using a ynamide
oxidation approach. Gold carbenoid intermediatesbmaformed regioselectively by action of

a mild external oxidising agent, and were subseiiypiesed in 1,2-insertion reactions.
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Chapter 1: Introduction



1.1 Gold: A widely used metal

Gold has been used for millennia by mankind. It loag been employed as currency and in
jewellery manufacturing and decoration thanks sof#amous malleability and resistance to
tarnish. It has been associated to numerous indluptocesses where its properties to resist
oxidation from air or moisture were also very usefore importantly, gold’s excellent
chemical resistance and conductivity has made rttetal a key component in electronics.
Aerospatiale, among other high technology comparhnas used gold for the preparation of
highly efficient and reliable heat shields, semuhactors, connecting wires, switches and
relay contacts indispensable in thé'2&ntury. Dentistry and medicihehave also employed
gold: Its non-allergenic, non-toxic characteristiesre particularly prized for use in fillings or
bridges for example, and gold-based anticahaerimicrobiaf or antiarthriti§ complexes
have already successfully been developed.

But despite those numerous applications in a waoétfields, gold has been considered of
low interest in organic chemistry for a long permfdime. When other transition metals were
already used in catalysis, gold was still commoobnsidered chemically inert and too
expensive. In fact, rhodium and platinum, commou$ed in catalysts, were for example
100% and 30% more expensive than gold in the baginof August 2010 (Au: 1182 US$ per
ounce, Rh: 2175, Pt: 1599).

The huge increase in the development of homogengoldscatalysed processes in the past
decade has proved that chemists have finally eshlise fantastic possibilities offered by the
use of gold complexes in organic chemistry. Theineration of mercury catalysis, due to the
high toxicity of mercuric salts, has certainly retpto drive the interest of chemists on to its

neighbour of the periodic table.



1.2 Gold homogeneous catalysis: Origin of reactity

1.2.1 Relativistic effects

With the development of new processes using hormexgen gold catalysis, where all the
reactive species of the reaction are in the samasegyha better understanding of the reactivity
modes of gold complexes has emerged. Furthermaiafivistic effects have helped
rationalize the observed reactivity of gold complek Those effects account for the
contraction of the s and p-orbitals of elementshef sixth period (mainly Ir, Pt, Au, Hg and
TI) and are more significant for gold than any otheetal (Figure 1). The electrons of those
orbitals are therefore closer to the nucleus ana lygieater ionization energies. A result of

this is the expansion of the 5d and 4f-orbitalschtare more shielded from the core.
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Figure 1: Calculated relativistic contraction of the 6s orbital (the relativistic and non-relativisticradii

were dertermined computationally



One direct consequence of these relativistic effescthe reduction of the M-L (Metal-Ligand)
bond length in gold complexes in comparison wishniéighbours in the periodic table (Pt and
Hg).? In other terms the Au-L bonds are strengthenee. dlactronegativity of the ligand is
important and the relating effect will be, for exaley more pronounced for a phosphine

ligand than a bound chloride (Figure'2).

(4
N
PPh;—Au—Cl
a b
1

Figure 2: Structure of [AuCI(PPh3)]. a = 179.6°, a=2.235A, b =2.279 A

Furthermore, as illustrated in Figure 2, gold (IAUX compounds have a pronounced
preference to form two coordinate linear compleXeBrequently one of the ligands is
abstracted in order to obtain reactive speciek@type LAU, bearing an empty coordination
site. To that respect silver salts are often usednin situ ligand metathesis step prior to

catalysis to replace chlorine by a weakly coordidatounterion (Scheme 1).

Ag-OTf
@ ©
PPhs-Au-ClI PPhs-Au TfO
1 2
Ag—Cl

Scheme 1: Metathesis reaction between EPAUCI and AgOTf

Another consequence of the relativistic studiesltess the Lewis acid character of gold (I)
complexes. The large and diffuse d-orbitals ofgbkel atom renders it more susceptible to get
involved in orbital rather than charge interactih¥herefore, gold catalysts predominantly

activate “soft” nucleophiliai-systems such as alkynes, alkenes and allenesvéiyispecific



affinity of gold compounds generally allows the usea wide variety of functional groups, a
quality particularly appreciated for transformasonnvolving complex functionalized

molecules and illustrated later in this chapter.

1.2.2 n-System activation

According to the Dewar-Chatt-Duncanson model (D&D)pon complexation a-system
(alkyne or alkene) acts as a ligand to a transiti@tal complex and donates electron density
througho-bonding from itst-orbital to an empty metal d-orbital (Scheme 2)clBdonation
occurs from a filled d-orbital of the metal inteetemptyr” antibonding orbital of the ligand
to create ar-interaction. Two morer andd interactions are also involved in the interaction
between the metal and an alkyne ligand,dtiv@eraction contributing only very weakly to the

bonding because of poor overlap (dashed interactiepresented in Scheme 2).
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Scheme 2: Qualitative orbital diagram representingnteractions between alkyne ligand and gold



Gold complexes follow this DCD mode of interactiamd the resulting activated C-C
multiple bond in alkynes and also alkenes are lemgtd and the geometry of the carbon
atoms can be considered changed from trigonal pla@tkeene) and linear (alkyne) to bent as

spectroscopic data and isolated complexes confachéme 3}?

\ O(. \ ,
N \ .
. o
d —Au-Cl
A = 4° o= 15°
d=1196A d=1224 A

Scheme 3: Impact of the association of a gold conepd on the geometry of cyclododecyri&

Nevertheless, a reluctance of the metal centeratik-donate electrons to thesystem has
been suggested by calculatidisOnly approximately 25% of the interaction with the
acetylene ligand model ([A(C:H.)]) would be due to back-donation from the metailevh
the filled n-orbital of the C-C multiple bond would contribute 64% of the bonding. Those
results suggest the alkyne is impoverished in mactensity and its carbons atoms are
rendered more electrophilic. As a consequence etigodd-activatedr-systems are suitable

intermediates for attack by various nucleophiles.

1.2.3 Nucleophilic addition

Despite calculations having shown ethylene bindsenstrongly than acetylene to a LAu
fragment® experimental results confer a preference of golinmexes to catalyse

transformation of alkynes versus allenes and akkenkis “alkynophilicity” is considered to



be driven by kinetics and reflects discrimination the incoming nucleophile more than a
better activation of the C-C triple bond versuseottisystems. Indeed as alkynes bear lower
“highest occupied molecular orbital” (HOMO) and wWer unoccupied molecular orbital”
(LUMO) than alkenes, it can be generally expected t Au-alkyne complex should have a
lower LUMO preferred for the addition of a nucledptthan the corresponding LAu-alkene
one’®

Subsequently to the anti approach of a nucleoptuléhe activatea -system, slippage of the
metallicy? complex along the axis of thesystem-Au bond occurs (Schemé'4).

Redistribution of electron density leads to tharfation oftrans-;*-complexA with new C-

Au and C-Nu bonds.

Nu®

Scheme 4: Redistribution of electron density uponurcleophilic attack on alkyne or alkene

At that stage the/™-intermediate can undergo different transformatidepending on the
functionalities present in the substrate or inréeection mixture.

The catalytic cycle can end with the regeneratibthe catalyst through protodeauration or
trapping by another appropriate electrophile Iéodosuccinimide (NISJ® This process is
completely stereospecific and deuteriated experisnigam vinyl gold specie8 have proved

the electrophile is positioned exactly where thiel geas (Scheme 5%,
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Scheme 5: Example of stereoselective deuterodeatimat

On the other hand when th&intermediateA is a vinylgold species, arising from an activated
alkyne, more possibilities than regeneration ofdh&lyst are offered. This intermediate can
be involved in further reactions or rearrangemerd @ the presence of the double bond.

The next sections of this chapter will introduce thain modes of reactivity possible with

gold activated alkynes. It will concentrate on hetgcle formation and the synthetic potential

offered by functional group migration during golatalysed processes.

1.3 Selected recent examples of alkyne activation

Among C-Cr systems, alkynes have been the most widely studigdld catalysis. The use
of alkynes allows more complex molecules to be iobth than when simple alkenes are

employed, and alkynes are also more readily aVailiian the similarly reactive allenes.

Many methods were recently developed in this am#aguheteroatom nucleophiles, mainly
oxygen or nitrogen. Hydroamination, which descrithes addition of a primary or secondary
amine across an alkyne, was for example used iefficient gold (I)-catalysed tandem
reaction to access various tetracyclic heterocytiles 7 (Scheme 6%° These important

precursors of benzo[c]phenanthridine alkaloidstamising class of antitumor ageritsyere



obtained from a @ndo gold-mediated cyclisation followed by condensatiamder mild
conditions.

Another remarkable transformation in a one pot @dscmanner this time was created to
prepare highly functionalised pyrrolo[1,2-a]quimsli(2H)-ones (Scheme &). It was
suggested that hydroamination was followed by ad-gatalysed hydroarylation of the
starting arylamide to give productll in good yield and good regioselectivity. The usa o
combination of gold and silver salts was necessamybtain total conversion of the starting
material, and dramatic reduction of the yield wasesved when lower temperatures were

employed.

tBu\
Bu~p_aucl
0
(5 mol%) O >
0 (0]
AgNTf, (5 mol%) O
CICH,CH,CI ~o N.goo
MeOH, rt
- 7 98%
cyclisation
- MeOH
AuBr; (3 mol%) 0=y

AgSbFg (5 mol%)

toluene, 120 °C O O

N M1 77%

o |

Br
10

Scheme 6: Selected examples of gold-catalysed hyanaination of alkynes in cascade reactions



New advances in hydroalkoxylation reactions alsd te the development of efficient
methodologies (Scheme 7). Valuable spiroketals ccooé prepared in an expedient
intramolecular hydroalkoxylation of functionaliseshonopropargylic triol$> The gold
catalysed reaction is though to go through the &vion of a cyclic alkoxyallen&3 which
next underwent cyclisation into the spiroketal xcallent yield.

This type of transformation was also employed ie fireparation of 3-2)-furanones,
naturally occurring and biologically active moietid hey-hydroxyalkynone precursdi was
engaged in a Michael addition of the hydroxyl gragross the gold-activated triple bond.

The proposed epoxide intermedidwould then cyclise to form heterocyd8in very good

yield.
O tBu
p’/tBu
AuCI
‘ (2 mol%)
OH QH \\\—OTBDPS
72
HO THF, MS 4A —
12 0cC 14 94 %
H OH T
[A%] ‘. _~_ _OTBDPS
Cg/\/\/
13
OH
AgOTf (5 mol%) 0o
= (p-CF3CgH4)3PAUCI (5 mol%) |
o toluene, rt o
18 91 %
. - oA ’
j
I/
0
-[Au]
16 17

Scheme 7: Selected recent examples of gold cataly$sdroalkoxylation and hydration of alkynes
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Substituted piperidines were expediently synthesisea cationic gold (I) catalysed reaction
of mixed N,O-acetals (Scheme®8)2,6-ditert-butyl pyridine was employed as an additive to
avoid in situ hydration of the enolether. The prctdof the reaction could eventually further
react under acidic conditions to give the corresiimy ketone.

In the case of allylic tertiary amirZ8, a five-exo nucleophilic addition occurred under gold
activation conditions and rearrangement of therinéeliate24 delivered the corresponding

cyanoindole25 in excellent yield>

Reactions using nitrones could also be perforfiddwas proposed that after addition of the
nucleophile on the activated C-C triple bond, imtediate27 rearranged to give 1,3-dipole

28. Subsequent [3+2] cycloaddition between the alkeréety and the dipole would then

form the final seven-membered ring. Applicationtiké same type of reactivity with other

kinds ofN-oxides will be developed and discussed in moraildan chapter 5.

11
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CN CN
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2 P
X
/ 9
N® —
L 04 i
@O\ﬁ,Bn
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CH3NO,, 70 °C . CO,Et
X CO,Et o) CO,Et
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A
- - B 7 3+2]
® Bn | [
SN @
g | N N,Bn
> | — _ CO,Et| —
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[Au] CO,Et [Au]/o
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Scheme 8: Selected recent examples of gold-catalyseactions between alkynes and nucleophiles
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Reactions involving sphybridised heteroatom nucleophiles were also eyeploin novel
methodologies (Scheme 9). For example highly stubsd tricyclic furo[3,4d][1,2]oxazines
were accessed in high yield and diastereoselecfiVifThis gold (1)-catalysed reaction
proceeded through cyclisation eff-unsaturated keton80 to form intermediate32 which
was immediately trapped with a nitrone in a 1,3athp [3+3] cycloaddition.

Amide derivatives also proved to be suitable read@nthese transformations. The already
known simple formation of alkylidene oxazolffie35 from propargyl carboxamid&4
recently attracted much attention ag&inindeed after running the reaction using one
equivalent of gold catalyst in the presence oftlisiamine, isolation and characterisation of
the key vinyl gold intermediatg7 was possible. As expected the organogold compoaunldi

easily be transformed into the corresponding alleyie oxazoline under acidic conditions.

13



30 31

°
O+
34

©_<Oj/\Au(lPr)
\
N

I-i ®

AgOTf (2.5 mol%) 0N o
PPh;AUCI (2.5 mol%)
CH,Cly, rt /N
0
33 85%
dr >99:1
o
O A
31
]\
6] [3+3]
32

AgOTs (5 mol%)
(IPr)AuClI (5 mol%)

O<J

35 95%

THF

H* T74 %
AgOTs (1 equiv.)

(IPr)AuCI (1 equiv.) ©_<O]/\Au(lPr)
- N
N

EtzN, THF
37 99%

EtsN
Et;NH

36

Scheme 9: Selected examples of gold-catalysed réastinvolving sp*-hybridised heteroatom nucleophiles
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Heteroaryl functionalities like indoles were empmdy as carbon nucleophiles to form
heterocyclic compounds. A recent reaction of alkymple 38 illustrated this in a
diastereoselective &o-dig cyclisation (Scheme 16Y.The bridged tricyclic indoline product
40 was obtained in high yields with total retentiohabirality at the secondary propargyl
alcohol when the indole nitrogen bore an electrathvvawing group. Furans were also used
in a similar fashion to access polyheterocyclic poonds. Ynamidetl endured a @&xo
cyclisation followed by a nucleophilic attack fratre second furan moiefy.Protodeauration

and aromatisation process by elimination of theg/lfenol ether bridge delivering the final

product45.
/ AgSbFg (5 mol%)
Ph3PAUCI (5 mol%)

\ OH CH20|2, rt
N

Boc
38 40 80 %

ee =80 % ee =80 %
| _ L
0]

AgBF4 (5 mol%)
Ph3PAUCI (5 mol%)

CH20|2, rt

Scheme 10: Selected examples of gold-catalysed t&at of heteroaryls with alkynes
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Recently, novel reactions concerning different symé enynes and the trapping of their
organogold intermediates upon activation were apeaal to form heterocycles (Scheme 11).
Tricyclic structure48 was obtained employing 1,5-enynes in a 6-endohaligamolecular
phenoxycyclisatiori? High vyields were reported under smooth reactiondi@mns using
commercially available RRAUNTf,. The importance of the geometry of the startirigeraé
was also highlighted aB-olefin gavetrans product50 and theZ-olefin furnished thecis

isomer48 only.

o
. (0]
Z-olefin
—
o LT XD | ™\
H

[Au]
47
~
(0] 48 90 %
cis
| PhsPAUNTf, (1 mol%)
l Et,O, rt
OH
46
\—> 50 83 %
E-olefin trans

Scheme 11: Example of a 6-endo-dig intramolecular@noxycyclisation
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1.4 Functional group migration with alkyne activaion

The examples presented in the previous section hiwstrated the broad range of
transformations possible in gold-catalysed processeaccess heterocycles from alkynes. A
large number of these reactions can also includgations, such as 1,2-alkyl and aryl shifts,
ring expansion or pinacol-type rearrangement amotigers, to achieve powerful new

transformations.

1.4.1 1,2- and 1,3-ester migration of propargylicarboxylates

As mentioned previously, &hybridised nucleophiles have been used in goldigsed
transformations. Among this class of compounds @rgyic carboxylate€ have represented
a special case as two divergent initial transfoiomat have been proposed (Scheme 12). A
1,2-ester migration would take place through ex&nucleophilic attack to form speciés
This carbenoid form can also be described as al+statailised carbocatioR by mesomeric
resonance.

A 1,3-rearrangement forming would be the result of a &do attack pathway to access
intermediates.

The type of cyclisation in the initial step was wimoto be dependent on the nature of the
substrate, with terminal or electron-withdrawindstituted alkynes favouring the formation
of the carbenoid speci€s mesomeric form oE. On the other hand internal alkynes would

react preferentially to give allene intermedikite

17
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Scheme 12: Evolution of gold-activated propargyl atates

This latter case was for example described in aaches gold(l)-catalysed synthesis of 2,5-
dihydrofurans from readily available butynediol ebenzoates (Scheme £3)Activation of
the triple bond by the gold complex was proposegrtonote the nucleophilic attack of the
benzoate moiety to fors2 through a 1,3-migration of the ester. Subsequetntaion of the
allene by the catalyst allowed nucleophilic attatkthe alcohol causing formation of the
vinyl-gold species53. Protonation finally ended the reaction and thsalfiproduct was
released. A good vyield of 2,5-dihydrofur@4 was obtained and excellent retention of the

stereochemical information from the starting matlesias observed.

18



e} (0]
0 OH 0O
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CH,Cl, t 0
51
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ee=87% ee =86 %
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S
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H-X .OH
%Hv- o
B 52 N - 53 -

Scheme 13: Gold-catalysed 2,5-dihydrofuran formatio involving a 1,3-benzoate migration

However it was found that some analogues were enablindergo the sameacid-induced
rearrangementtert-Butyl carbonateb5 led to the formation of isolable 1,3-dioxolan-2eon
56> and carbamatB7 gave oxazolidinon&9* by elimination of isobutene and subsequent

protonation from intermediateB (Scheme 14).

1 L 7
0~ >0 0™,
\ PhsPAUNTF, (1 mol%)
X CHyCly, 1t TIPSO
TIPSO
55 56 96 %
HO
o) % AgSbFg (5 mol%) 7\ //Z)
Ho— -0 PhsPAUCI (5 mol%) N
N 0
\ — CHQClz, rt \\ﬁ
57 o ] 59 88 %
\L ok
v !
\
[Au] 58

Scheme 14: Gold-catalysed formation of 1,3-dioxola-ones or oxazolidinones
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The carbenoid pathway, involving a gold-catalyse2tdcyloxy migration, was also used in
recent transformations (Scheme 15). Notably, thst fieported trapping of a rearranged
propargylic ester with a 1,3-dipole was performedier mild conditions to access bicyclic
structures’® The cycloaddition of carbenoid spec&with chiral azomethine iminél led to
high yields of product65 in good distereomeric ratios at 0 °C. The diasiseectivity
observed was rationalised by minimisation of untaable steric interactions in the ring

closing transition state and led to the prefeniegroduct.

|
J__o
0 N 0

n 0 Cl-Au—0 O
: I 0,
o NO Cl (5 mo ,N
A ( 3 i N)% >\\\

F Pi" @\ _p, CH,Cl,, 0°C © P
PH
60 61 65 89 %
dr> 81
o o ‘
[Au]
@,N‘i
N
[Au] M O P

Ph 2:
(e} L favoured Ph |
L~ { 61 63
[Aé] [Au]
62 - -
e 2:

d/sfavoured Ph _

Scheme 15: Example of gold-catalysed 1,2-migratiaf propargylic esters
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1.4.2 1,2-migration onto a gold carbenoid

Formation of carbenoid intermediates has been evakeyold-catalysed processes and the
use of such species in reactions was describdwiprevious section.

One way to take advantage of such very reactivetiomality is to incorporate, in the
molecular structure, a moiety capable of migratm@n adjacent gold carbenoid center thus
providing a means to terminate the reaction (Sche&®eHydrogen, aryls and alkyls have all
been shown to be suitable substituents for 1,2sshifhd their migrating aptitude to gold

carbenoids generally followed the order H > arglkyl, as is observed for free carberes.

[éu\]',\ R
R @
R=H, Alkylor Aryl _ o >— termination
[Au] -
©
[Aul, R
@

Scheme 16: 1,2-migration step to a gold carbenoigiater

Due to the fact that 1,2-hydrogen shift is usuédlyoured, 1,2-alkyl and aryl migration are

only found in gold-catalysed reactions where norbgdn could compete.

An example of this preference for a 1,2-hydrogerswe 1,2-alkyl shift was particularly well
illustrated in a gold(l)-catalysed synthesis ofndi®&8 (Scheme 173% In the case ofso-
propyl-substituted alkyné6, the carbenoid intermediat¥ from diazo decomposition was

shown to rearrange solely into die8 through a 1,2-hydrogen shift. In the absence of a
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hydrogen, whentert-butyl-substituted alkyne69 was submitted to the same reaction

conditions, a 1,2-methyl shift occurred to formra&&0 in good yield.

0]
AgSbFg (10 mol%)
Ph3zPAuUCI (10 mol%) iy
CH,Cl, —
H
66 68 86 %
_ o -
H
[Au]
67
o)
AgSbFg (10 mol%)
Ph3PAUCI (10 mol%) o
CH,Cl, —
69 70 74 %

Scheme 17: Example of a favoured 1,2-hydrogen migiian versus 1,2-methyl migration

Cases involving a 1,2-aryl shift are very rare. lagkes where this process can be proposed
were described in the gold-catalysed preparatiofiucdns from allenyl ketones (Scheme
18)3 In this reaction nucleophilic attack of the lorarpf ketone71 onto the allene would
form cyclic oxonium72. A subsequent 1,2-phenyl shift would occur to giveduct74 after

demetallation.
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O
Bl

71 74 89%

S)

O [Ad] [Ad]
;/ O - O \
O @ Br O 0 O Br
72

73

1,2-shift

Scheme 18: Proposed 1,2-phenyl shift in the goldtedysed formation of furan 74 from allenyl ketone 4

It was also shown that allenyl ketones bearing layl and a phenyl substituent, instead of
two phenyl groups like in substrafd, gave 1,2-phenyl migration products (Scheme 19).
Compound/5 bearing a methyl group was transformed into fut@ander gold catalysis, and
allenyl ketone77 with an ethyl substituent formed compouR@ as major product under
similar conditions. The formation of a second fuv&in this last case was a surprising result
as it revealed that the 1,2-shift of the ethyl mpieompeted with migration of the phenyl
group. As a result it was suggested that this fusamhesis was probably more likely to

involve a cationic, pathway although a carbenerimégliate was not ruled out.

1,2-Hydrogen migration were more commonly reporiedgold-catalysed processes. An
isomerisation of 1,5-enynes was for example desdr{scheme 20f After a gold-catalysed
6-endo type cyclisation of compouB@, formation of carbenoid intermedia®2 and closure

of the cyclopropane ring were proposed. 1,2-Shiftaohydrogen or deuterium to the
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carbenoid was shown to take precedence over a plyggayp migration and led to the

formation of the corresponding bicyclic prod@et

)

[PhsPAU]OTS (2 mol%) 7\
toluene, 100 °C (@) O
75 76 52 %
(NMR vyield)
[PhsPAU]OTS (2 mol%)
toluene, 100 °C
77 2.2:1
%
(NMR yield)

Scheme 19: 1,2-Phenyl and ethyl migration in goldatalysed formation of furans from allenyl ketones

— H
AgPFg (1 mol%)
Ph 7 PhsPAUCI (1 mol%) H

X Ph
80 84 99%
@ H H
7@ T o 9 H
PR Ph : Ph o
[Auf? (AUl X AU
81 82 83

Scheme 20: 1,2-Hydrogen or deuterium shift in 1,5ayne isomerisation

A combination of 1,2-alkyl migration with [3+2] clpaddition was developed for the
synthesis of tricyclic indole derivatives (Schend.2 In this sequencer-acid activation of

the alkyne moiety by AuBrinduced nucleophilic attack of the lone pair ofinm85. The
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resulting intermediate evolved to a fused polyaysliructure through a [3+2] cycloaddition
between the 1,3-dipol87 and the electron-rich vinyl ether present in thaction mixture.
Finally a 1,2-methyl shift to the adjacent metahrlwenoid” center followed by demetalation

gave the reported indole prod@gin good yield.

|
N N
PR AuBr3 (3 mol%) O o
N Z~ "OtBu toluene, rt N
A
85 86

\

4A MS

90 81 %

cis:trans
55:45

®N/ N
[Au]

©
87

[Au]
88

Scheme 21: Combinaison of a 1,2-alkyl migration wht a [3+2] cycloaddition

Another particularly effective 1,2-alkyl migratiowas reported in the case of a gold(l)-
catalysed regioselective acetylenic Schmidt remactif homopropargylic azidés. A
mechanism involving gold(l) activation of alkynemard nucleophilic addition was proposed.
Loss of nitrogen gas formed speci®8 and subsequent cyclobutane ring strain release
occurred through 1,2-alkyl shift onto the carben@dtalyst regeneration and tautomerisation

gave the multiply substituted pyrrd® in good yield.
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Ph,P—AuCl

N
Ph,P—AuCI “NNH
S N3 (2.5 mol%) -
N AgSbFg (5 mol%)
91 9580 %
o @
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[Au] [Aul) [Au]
o
92 93 94

Scheme 22: An example of 1,2-migration to an adjanegold carbenoid intermediate

1.4.3 1,2-alkyl shift to an adjacent carbocation

While the previous paragraph described 1,2-shifts at carbenoid (metal-stabilised
carbocation) intermediate, similar reorganisatioaswalso recently used on carbocations
formed by gold catalysed processes that are netttiirconnected to a metal.
Gold(l)-catalysed ring expansion of unactivatedyaifcyclopropanes was for example
reported for the preparation of alkylidenecyclomataines (Scheme 23%).The positive
charge developed on the alkyne by coordinationhef gold fragment induced a 1,2-alkyl
migration from the cyclopropane moiety. The resigjtcyclobutane cationic intermedi8
was further trapped by the sulfonamide presenhénréaction mixture to give compoufé

in good yield.
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Ts—NH, Ts

\

AgOTf (5 mol%) NH
cl Z PhsPAUCI (5 mol%) N
CICH,CH,CI, 80 °C ol
9 99 87 %
©
A [Au]
[Au] g;‘/ [Au] Ts—NH,
pogilib e
cl
97 98

Scheme 23: Gold-catalysed ring expansion of alkyrgyfclopropanes

These results showed that for substituted alkymyjtgyropanes, and under the reaction
conditions reported, the ring expansion process takmg precedence to the competitive
hydroamination reaction discussed previously is tthapter. On the other hand, when the
reaction was conducted with terminal alkynylcyclypanel00 the hydroamination process
was this time favoured and imid®1 was formed instead of the cyclobutanamine (Scheme

24).

Ts—NH, Te
AgOTF (5 mol%) N
/A PhsPAUCI (5 mol%) )IW
Z CICH,CH,CI, 50 °C
100 101 63 %

Scheme 24: Gold-catalysed hydroamination of termiralkynylcyclopropane

Previous work in this area had already reporteddhmation of cyclobutanes but employing
alkynylcyclopropanols as precursors (Scheme*2%). that case 1,2-migration toward the
alkyne was favoured by the presence of the alchhmationality and cyclobutanonE5 was

formed in good yields.
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AgSbFg (0.5 mol%)

OH (p-CF3CgH4)3PAUCI (0.5 mol%) N=C
N=C — - N\ o)
CH,Cls, rt

102 105 98 %

o
AUl o [Au]
N=C :;& — | N=C )

o N\ O,

103 104

Scheme 25: Gold-catalysed ring expansion of alkyrggclopropanols

Another example involving cycloisomerisation on ea$06 this time allowed elegant access
to complex tricyclic compound10 (Scheme 26§> A 5-exo addition of the olefin on the
activated alkyne was proposed to lead to carbauatigpecieslO7. A subsequent 1,2-alkyl
shift formed cyclobutane intermediat®8 which suffered nucleophilic attack from the alkene
moiety forming five-membered ring specid99 This cascade reaction was ended by

deauration and gave polycyclic prodddin good yield.

A;USbFe
O N
IVIeOZC ( | |

MeO,C

\ © (3 mol%) T~
H Z
CH,Cl,, H,0, rt H
106 110 81%
dr>88%
[Au]l T
o
[Au]
MeOQC =
MeOZC E (- J
He O
107

Scheme 26: Gold-catalysed cascade reaction of enyi
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More recently the potential of regioselective andrenspecific 1,2-alkyl migration was
highlighted in a cationic gold(l)-catalysed tandemaction (Scheme 275. An initial
intramolecular attack of the carbonyl moiety to #uotivated alkyne was proposed. The spiro-
bicyclic derivative would then undergo a 1,2-alkyigration to give cationic intermediate
113 Double bond formation followed by protodeauratisould terminate the process and

deliver the fused-bicyclic final structure in eXeett yield and enantiomeric excess.

MeO,C CO,Me MeO,C
Ph AgOMs (5 mol%)
(IPr)AuUCI (5 mol%) Nph
i ==—pp o MeO,C
MeO,C N0 CICH,CH,ClI, 80 °C MeO,C |5h Bh
111 114 95 %
ee =89 % ee=84%
[Au] MeO,C CO,Me MeO,C._ )
E [Au]
 ® <
—
Ph
MGOZC le}
MeO,C : Ph

113

Scheme 27: Selected examples of 1,2-alkyl migratiomgold catalysed processes

1.4.4 1,2-shifts to form gold vinylidene intermedites

Although well known for other metals, vinylidenggarmediates were only lately discovered
and very rarely used so far in gold-catalysed faansations. Their formation was shown to
result from a 1,2-shift of a migrating group upm+acid activation of a C-C triple bond

(Scheme 28§’
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Scheme 28: Metal mediated vinylidene intermediateofmation

Various alkyne substituents such as hydrogen, kaky silanes or stannarf@sproved
suitable for the gold-catalysed rearrangementke tdace. In the presence of a nucleophile
the gold-vinylidene intermediate would evolve todvar vinyl-gold species through an attack
on the carbon adjacent to the metal center. Tetioma&f the gold-catalysed process would
then occur in a similar manner to those descrilvedipusly depending on the substrate.

A gold(l)-mediated vinylidene rearrangement wasdpample proposed in a synthesis of 9-
bromophenanthren&17 (Scheme 29%® Under AuCl catalysis alkyn&15 would rearrange
into intermediatel16. A Friedel-Crafts type hydroarylation would theake place to give
productl17 after protodemetallation.

The gold vinylidene rearrangement pathway was @aerly interesting as it complemented
another transformation where compourid@ was accessed by InClatalysis.

Another illustration of this transformation withsdicon substituent was given by a gold(llI)-
catalysed synthesis of polycyclic pyrroles (Sch&@g* Here the vinylidene rearrangement
was followed by nucleophilic attack from the lonairpof the nitrogen to give rise to

zwitterion121,which upon protodeauration released the produgbod yield.
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R =0OMe

X=Cl

R =Me
X =Br

InCl3 (5 mol%) _ ‘
toluene, 80 °C O

AuCI (20 mol%)

toluene, 80 °C

117 77 %
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- 1
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B 116 B

Scheme 29: Gold vinylidene rearrangement in phenahtene synthesis

N OTBS
70 N\
—N \\
SiMe3
119

AuBr3 (2 mol%)

N:&OTBS
- O
SiMe3
122 78 %

toluene, 50 °C

Scheme 30: Trimethylsilane 1,2-shift to form gold mylidene intermediate
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1.4.5 X— C shift reactions

The migratory possibilities offered by the use pfadic heteroatom nucleophiles, such as
ethers, thioethers, amides or sulfonylanilines wase explored® Unlike the widely used
alcohols or amines which undergo deprotonatiorovedid by protodemetallation after gold-
catalysed nucleophilic attack on alkynes (see @ecl.5), those reagents would lead to
alternate outcomes.

As illustrated in Scheme 31 thioethéi23 and126 were for example employed in a gold (I)-
catalysed transformation wherein a cyclisation ariormal migration of the-alkoxy alkyl>*

or allyl sulfide substituent occurred.

\
(7)) /?>\ /O\

Z AuCl (2 mol%)
toluene, rt
/\
125 93 %
[AU] “
@ /
LO
124
‘\) AuCI (2 mol%) Z
toluene, rt O A\ O
O S/\/ S
128 93 %
S
L { 4,
127

Scheme 31: X>C migration of a-alkoxy alkyl and allyl sulfide in gold catalysed pocesses
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A similar type of migration was also presented rnirdgramolecular synthesis of benzopyrans
133 (Scheme 325 An initial 1,2-acyloxy migration would form carbeid 130 as introduced

in the previous sections and intramolecular nudidmpattack of the phenol ether would
follow. It was proposed that subsequent expulsiba stabilised benzylic cation would take
place. Finally the reintegration of this catiortlire molecule would occur by reaction with the

allylgold(l) species to givé33in good yield and enantiomeric excess.

~o ‘ PArL,AUCI
O‘QL 0 PARAUCI 0
o) (5 mol%)
X

Ar = 4-MeO-3,5-(tBu),CgHs
AgSbFg (10 mol%) O\H)<
K©\ MeCN, rt |
o 0

9 I

O
0]
12

|

o§)< 0§)< O§)<
o 3
A [Au]

O
® i:: \

- 130 - _ 131 - 132

133 51 %
ee=94%

) /?F

P

—O
@]

Scheme 32: Proposed benzylic cation formation ingold-catalysed benzopyran synthesis
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This mechanism was proved in the case where a gommstrical allyl substituent was

engaged (Scheme 33). A similar migration was oleskhut inversion of the allylic moiety

occurred to form productl37. The possible engagement of a direct 1,4-sigmatrop

rearrangement was thus ruled out giving weight neeghanism involving the formation of an

allyl cation.

o

@)

AgSbFg¢ (5 mol%)

A
(2,4-tBuy-CgH30)3PAUCI (5 mol%)

MeCN, rt

135

/
071/l<
|
o o)
137 44 %

Scheme 33: Allylic cation formation in a gold-catatsed benzopyran synthesis
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1.5 Conclusion

Homogeneous gold catalysis has proved a powertllfts organic chemists in the last ten
years. More specifically the very selective acimatof C-C triple bonds of alkynes by gold
complexes has attracted much interest and was gegio many processes where new C-X
(X as heteroatom) and C-C bonds were formed. Tge functional group tolerance and the
convenience of mild reaction conditions associaigth gold catalysis have also been

determinant factors in the expansion of the area.

Furthermore, molecular complexity has been achiewbén the fundamental process of
nucleophilic attack across an alkyne was combingd migration steps. Cascade reactions
involving 1,2-migration to carbenoid, 1,2-shift toon-metal-stabilised carbocation or
vinylidene rearrangement were particularly effitcienthat respect and more applications of

these processes in synthesis should emerge iretidaw years.
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1.6 Aims and objectives

This work focused on a new gold catalysed synthafsfanctionalised pyrroles from alkynyl
aziridines. Our aim was to develop a regio-congllaccess to 2,4- and 2,5-substituted
pyrroles from the same aziridine precursarnder the mild conditions associated with gold
catalysis (Scheme 34). Based on the known mode®auftivity of gold catalysis it was
predicted that activation of the internal alkynegamt in the aziridine precursor by-acidic
gold species would render the carbons of the Agletbond electrophilic. A ring expansion
would provide a five-membered ring cationic intedia¢ée K which upon deprotonation
followed by protodemetallation will lead to the rfoation of 2,5-substituted pyrrole.

Alternatively a vinylidene pathway should allow ass to the 2,4-substituted pyrrole product

N.
R
N
[Au]
R, \\
X

|

X = Br, SiMes

Scheme 34: Proposed gold-catalysed access to 2j#d a,5-substituted pyrroles from alkynyl aziridines

Path 1

—

Path 2
L~ »
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To study this proposal aziridind88and139, bearing halogen or silyl substituents

respectively, were prepared as both were showatdaifor the two pathways evoked

previously (Figure 3).
Ts 18
N N
“ w/u\
\ \
\(KBI. SiMe3
138 139

Figure 3: Chosen alkynyl aziridine precursors.
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Chapter 2: Gold-catalysed pyrrole synthesis via wylidene

rearrangement of alkynyl aziridine
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2.1 Introduction

In light of the previously introduced advances aldgcatalysis, a combination of a vinylidene
rearrangement and a ring expansion of brominatetl slylated alkynyl aziridines was

proposed (Scheme 35).

Il? X
: 3N
Au
R1/N [ ] > N R1
X Conditions R
A D
X =Br, SiMe3
[Au] R I ]
Ny X ®
R X - @/Z/_>\
[Aul” N7 TRy
|
y R
[Au] - -
B C

Scheme 35: Proposed 2,4-substituted pyrroles syntis through vinylidene rearrangement of alkynyl

aziridines followed by a ring expansion.

According to literature precedents discussed inpiteeious chapter, both silyl and bromide
are suitable C-C triple bond substituents for algatalysed vinylidene rearrangement to take
place. Under appropriate reaction conditions, faiomaof intermediatd3 should therefore be

possible and it was anticipated that a ring exmamgiould occur to give organo-gold species
C. Indeed Hashmi and Sinta have shown alkynyl oeisacan undergo ring opening upon

gold activation to give furans which is a good gaent for the transformation @f from B
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(Scheme 36). Protodeauration of intermedi@ewould then terminate the process by

releasing the catalyst and the aimed 2,4-subdtifoyeroleD.

R R Al Ri
u
o =z ° AuCl, Z®_§£ ] Z/ )
R
7 examples
(25-84%)

Scheme 36: Hashmi and Sinha’s gold-catalysed furaynthesis from alkynyl oxirane.

2.2 Starting material preparation

As an efficient pyrrole synthesis would be of lawpact if the alkynyl aziridines could not be
formed quickly from readily available and simplelting blocks, it was decided to prepare
those precursors according to the method of Daichwhllows a convergent coupling of

tosylimines and propargylic sulfonium salts (Sch&ig>>

Ts ® Br@ Ts
)'N/ g~ Cs,CO3 N
R \ CH,Cly, rt R/K
SiMe3 SiMe3
R = alkyl or aryl 140

Scheme 37: Rapid access to alkynyl aziridine fronmiine and sulfonium salt.

Exclusively cis-aziridines were obtained with this method when lewyipg trimethylsilyl
substituted sulfonium salts.
Aryltosylimine 141 was prepared by direct condensation of benzaldelryda Dean-Stark

apparatus under acidic catalysis but attempts ¢esacalkyltosylimines by this method were
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unsuccessful (Scheme 38)An alternative strategy was therefore employefrapare these
adducts from enolisable aldehydes. Alkylaldehydeserew treated with 4-
methylbenzenesulfonamide and sodium benzeneswafimat mixture of water and formic
acid (Scheme 39). The stable tosylamides obtained could be storedcah temperature for
weeks without problem. Conversion to the correspandosylimines144 and 145 was
readily achieved in high yield in a mixture of g, and saturated solution of aqueous

NaCOs.

Ts—NH,
@_//O amberlyst 15 @_//N_TS
toluene, 110 °C
4A MS

141 80 %

Scheme 38: Preparation of aryltosylimine 141

®
/Oe Na
< }s [ ]
0 © % 2
Ts—NH, HN 3y Na,CO4 N—s@—
)J\ > O\\)\ o R—// 6

R™ 'H  H,0:HCOOH SC R CH,Cl,:H,0
o)
R = iPr, Cy ©/
R=iPr 142 77% R=/Pr 144 90%
R=Cy 143 80% R=Cy 145 90%

Scheme 39: Alternative imine preparation from enokable alkylaldehyde.

The synthesis of the sulfonium sa#tOwas also straightforwardly realised in three sfeps
commercially available propargyl alcohol (Scheme). 4Bropargyl alcohol was doubly
deprotonated with two equivalents pfBuLi and the corresponding lithium species was

trapped with TMSCP® Propargylic alcoholl46 was obtained after aqueous workup that
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cleaved the O-Si bond. Bromidel7 was prepared using Bin presence of PRhand its
treatment with DMS gave sulfonium salt in good gieThis last step took three days but
attempts to accelerate it by heating or by stoppliregreaction earlier were unsuccessful and

led to dramatic yield reduction.

1) n-BuLi,THF, -78 °C

OH  2yTMSCI, -78 °C to rt OH
= ) : > Me;Si———
3) H,0
146 90 %
Br2 CH20|2
PPhy| 0°C
©
Br
\S®— \S/ Br
Me;Si——=— -~ Me;Si——=—
acetone, rt
140 75 % 3 days 147 85 %

Scheme 40: Trimethylsilyl-substituted sulfonium salpreparation from propargyl alcohol.

As will be rationalised later, it was also decidedsynthesise the triethylsilyl version of the
sulfonium salt. Because triethylsilyl ethers arerenstable than their trimethylsilyl equivalent
aqueous treatment would not allow us to obtainftee propargyl alcohol in that case and
another protocol was employed. Propargyl alcohas weotected with tetrahydropyrdnas
the ether could be directly converted to the breamdthout an additional deprotection step
(Scheme 415® Triethylsilyl sulfonium salt151 was then synthesised in average yield by

treatment with DMS.

With the imines and sulfonium salts in hand, atentwas turn to the preparation of the
alkynyl aziridines. Four of them were formed in dogield by treatment of tosylimine and

ylide with CsCQO; in CH,CI, at room temperature (Table 1).
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0 1) n-BuLi THF, 78 °C

OH o) e
pTsOH 2) TESCI, -78 °C to rt
- = 3) o > EtySi—
CHzCly 148 92 % ) Fe 149 97 %
Br2 CH20|2
PPhs| 0°C
©
Br
\®
S— g Br
Et;Si——— - Et,Si—
acetone, rt
3d
151 60 % ays 150 75 %
Scheme 41: Preparation of triethylsilyl-substitutedsulfonium salt.
€]
Ts \
\s@— N Cs,CO4 N
R1; RZJ\H CHJCly, rt Rz/x
R1
5 Reaction .
entry R R . Product Yield (%)
Time (h)
Y
1 Me,Si-3- @ 1 152 70
2 Me;Si-$- \fi 3 139 70
3 Et,Si-5- \f‘ﬁ 3 153 80

e
4 Me,Si-3- O 3 154 85

Table 1: Silylated alkynyl aziridine preparation. Reactions were performed using

1.2 equiv of sulfonium salt and C£Os. %isolated yields
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Two more brominated alkynyl aziridines were alsdicefntly prepared by treatment of
trimethylsilyl-substituted substratds89 and 152 with NBS and AgNQ@ in acetone at room

temperature (Table 2.

,\TIS NBS ,\Tf
AgNO,4
RA\ acetone, rt RA\
SiMes Br
Reaction T
entry R Time (h) Product Yield (%)
e
1 @ 1 155 80
2 \f‘z 1 138 80

Table 2: Brominated alkynyl aziridine preparation. %isolated yields

2.3 Catalyst screening

The study of the vinylidene rearrangement and mxgansion pathway was started by
submitting aziridinel38 to different catalysts and sets of conditions (&&). Analysis of the
crude mixture was performed B NMR using a known quantity of an internal stamtar
(1,2,4,5-tetramethylbenzene). No reaction occuwbkédn copper (entry 9), palladium (entries
10-12), platinum (entry 8), rhodium (entries 17;1@thenium (entry 16), silver (entries 13-
15) or tungsten (entry 20) catalysts were usedih@nother hand, formation of the desired
2,4-substituted pyrrol@é56 was seen when AugWas used as catalyst (entries 2 and 3) and
2,5-substituted pyrrold57 (not isolated) was observed with some cationiad gepecies
(entries 6 and 7). In both cases a mono-substijpyeale 158 was also observed, and some

starting material was often recovered unreactedileMtomplete conversion of alkynyl
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aziridine 138 was achieved using AugLin toluene (0.5 M) at 50 °C after 2 h (entry 3),

brominated pyrrold 56 was the minor product and monosubstituted pyri&gwas obtained

as major.

The difference in regioselectivity when using AgGf a cationic catalyst can be explain by

the reluctance of the latter to form a vinylidengermediate prior to ring expansion (Scheme

42). A simple electrophilic activation of the C-fipte bond by the PRAUCI/AgOTf system

is though to induce ring expansion and lead toféhmation of 2,5-substituted pyrroles. On

the other hand, Auglforms a vinylidene intermediate which then reati®ugh a ring

expansion to give the observed 2,4-substitutecbopeyti56.

©
[Au]
PhsPAUCI
AgOTf Br
Ts
N
YL\
Br
138 -

@

/

N H

Ts

[Au]

]
[Au]

Br

/ \
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|
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HE®

2)H

/ \

Ts
157

|
Ts

156

Scheme 42: Proposed mechanism for 2,5 and 2,4-suhged pyrrole formation.
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|
g Catast_ m )ﬁ )\(_7
\KK Solvent
Br

138 158
Temperature Reactlon Yield (%)

entry  Catalyst Solvent
Time (h) 156 157 158

1 AuCl Toluene 23then50 14 - - <
2 AuClk Toluene 23then30 14 25 - 18
3 AuCl Toluene 50 2 20 - 60
4 MeSAuUCI Toluene 23then80 14 - - <
5 PPhAUCI Toluene 23then50 14 - - <
6 PPRAUCI/AgOTf Toluene 23then30 14 - 29 4
7 PPRAU(NTY), Toluene 23thenS50 14 - 7 9
8 PtChb Toluene 23then30 14 - - <
9 Cul Toluene 23then50 14 - - <
10 PdC} Toluene 23then50 14 - - <
11 PdC}(PPh), Toluene 23then$50 14 - - <
12 Pd(OAc) Toluene 23thenS50 14 - - <
13 AgNG; Toluene 23then%0 14 - - £
14 AgSbk Toluene 23then30 14 - - <
15 AgBF Toluene 23thenS50 14 - - <
16 RUuCh(PPh)3 Toluene 23thenS50 14 - - <
17 RhCI(PPE) 3 Toluene 23then50 14 - - <

(Rh(COD)Cl)
18 Toluene 23then50 14 - - <

+ P(PFCsHs)3

(Rh(COD)CI}
19 DMF 85 14 - - <

+ PPFGeHs)3
20 W(CO}(THF) THF 23then50 14 .- s

Table 3: Catalyst screening on aziridine 138. Reaoins were performed using 0.1 mmol of starting
material (34 mg), 10 mol% catalyst and 0.5 mL of deent (C = 0.2 M) under argon.?Reaction started
at 23 °C (2 h) and heated after at 50 °C for 12 HYields calculated by*H NMR against a known
quantity of internal standard. °Only unreacted starting material was observed.%50 % starting
material left. °C = 0.5 M, no starting material left, Isolated yiedls: 15 % of 156 and 60% of 15825 %

starting material left. 946 % starting material left.
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It was then decided to test the three active cstal{Table 3, entries 3, 6, 7) on silylated
alkynyl aziridine139 (Table 4). Analysis of the crude mixtures was geried by'H NMR
using a known quantity of internal standard (12-tétramethylbenzene). The two cationic
gold catalysts (Table 4, entries 1,2) gave solebnoasubstituted pyrrol@58 In contrast to
brominated substratE38 no trace of either 2,4- or 2,5- substituted pywnahs observed in the
crude'H NMR of the mixtures.

When AuC} was used, 2,4-substituted pyrrd&9 was formed, along with some mono-
substituted product, showing vinylidene pathway |ldobe accessed from trimethylsilane

alkynyl aziridines.

Ts Ts Ts Ts
N Catalyst N N SiMe, N
T/L\ ~Solvent \ \ w
A T .
SiMes SiMes
139 159 160 158
Yield (%)*
entry Catalyst Solvent  Temp (°C)
139 159 160 158
1 PPRAU(NTT), Toluene 50 40 - - 11
2 PPRAUCI/AgQOTf Toluene 50 20 - - 48
3 AuChk Toluene 50 - 47 - 25

Table 4: Catalysis on alkynyl aziridine 139. Reactins were performed using 0.1 mmol of
starting material (34 mg), 10 mol% of catalyst, 0.2nL of solvent (C = 0.5 M) under argon
and were stopped after 2h2Yields calculated by 'H NMR against a known quantity of

internal standard.
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2.4 Optimisation of 2,4-substituted pyrrole formaton

Despite the observed problem of desilylation antirai®ination leading to formation of
mono-substituted pyrrol#58 it had been possible to identify two types ofabatts allowing
access to either 2,4- or 2,5-substituted pyrrotdsctively, proving that the regiodivergent
strategy was valid. However, the reaction condgibad to be optimised to maximise yields
while preventing the formation of the debrominated desilylated products. It was decided
to focus first on the formation of 2,4-substituiggiroles, mechanistically more interesting
than the preparation of the 2,5-substituted praduct

For our following studies it was decided to usegthylsilyl-substituted alkynyl aziridinE39
instead of brominated aziridirie8 as this last one needed an extra step for itsapaépn.

To probe the effect of solvent, various solutiofisalynyl aziridine 139 were treated with
AuCl; (Table 5).

No reaction at all was observed using :CN (entry 2) and only traces of product were
obtained when THF (entry 1) or CIGEH,CI (entry 3) were employed. For those two last
solvents and CCl, (entry 5), it was also noted that significant detation had occurred
under the reaction conditions. Therefore the besfult for the transformation of
trimethylsilyl-substituted aziridine was still olotad when toluene was used and prevention
of the formation of mono-substituted pyrral®8 had not been possible by changing the
solvent. In an attempt to assess if the presene@awéntitious water in the reaction mixture
was involved in the formation of mono-subtitutedrrple, molecular sieves were probed
under the reaction conditions.

Unfortunately, as reported in table 5 (entries )6the use of 4 A activated molecular sieves

reduced dramatically the conversion of startingemak into pyrrole regardless of the solvent
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used. The catalyst seemed to lose its reactivitleuthe presence of the molecular sieves and

no conclusion could be made about the effectsagks of water.

Ts Ts Ts
N Catalyst N N
\(Q\ Solvent \ /) | \ /
Temp SiMes
139 159 158
Yield (%)*
entry Catalyst Solvent Temp (°C)
139 159 158
1 AuCl; THF 50 55 5 5
2 AuCl CHsCN 50 100 - -
3 AuCl CICH,CH,CI 50 60 3 -
4 AuCls Toluene 50 - 47 30
5 AuCl; CH,Cl, 23 22 34 2
6 AuCls CH,CL° 35 70 8 -
7 AuCls Toluend 50 25 25 13

Table 5: Solvent screening. Reactions were perforrdeusing 0.1 mmol of starting

material (34 mg), 10 mol% of catalyst, 0.2 mL of deent (C = 0.5 M) under argon

and were stopped after 2h?Yields calculated by'H NMR against a known quantity

of internal standard. ®4 A molecular sieve was used.

To better understand the formation of desilylatgdqle 158 it was decided to run a simple

experiment: alkynyl aziridind39 was submitted to catalysis using our best conutigable

5, entry 4) and the reaction was stopped this &ftex only 1 h (Scheme 43). The inseparable

mixture of 2,4-substituted and mono-substitutedrgdgs obtained was purified by flash

chromatography and characterised before being aghin two portions. The first half of the

mixture was simply heated in toluene while the sdcdalf was resubmitted to AugCl

catalysis.
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AuCl3 (10 mol %) / \

P

N

Toluene (0.5 M) Ts
1.5h
Ts SiMes
N
/ \ / \
A N N
Si|\/|63 Ts Ts
139 159 759 158
1:2
Tol
oluene » unchanged
50 C 1:2 mixture
15h

Scheme 43: Identification of AuC} as direct or indirect desilylating agent.

As expected, heating in toluene alone did not caahg ratio of pyrroles in the mixture and
total conversion to the mono-substituted pyrrole whserved in the presence of AyQdlhis
experiment proved that the gold species used wasvied in the degradation of the silylated
pyrrole after its formation.

Similar observation had already been published bghrhi and co-workers, desilylation of
furans occurred when using NaAy@s a gold (lll) catalyst in a hydroarylation ofytatedy-
alkynyl furans (Scheme 449.The isolation ofF in that case showed that desilylation of the
furan precursor occured. The absence of silylateehpls as products suggested that the
hydroarylation was happening after desilylatiorira starting material. Moreover the ratio of
phenols observed corresponded to the one obtaihed & non-silylated version of the furan

precursor was used (G:H; 39).
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/ \
MesSi— g Na[AuCl], 5 mol% O\ J@:\ ©3N_TS

N~ )
— "Ts  CH4CN,70°C OH

22 % 16 % 10 %
E F G H

Scheme 44: Hashmi and collaborators observed deddyion during a hydroarylation of silylated y-alkynyl

furans.

The desilylation process was thought to occur dfital conversion of the starting material
and so stopping the reaction at the right time @allow us to access clean trimethylsilyl-
substituted pyrroles in better yields. Thereforelyais were run again with alkynyl aziridine
139 under our best conditions and to follow the adeament of the reaction GC-MS
monitoring was chosen for this experiment as pgg®b9 and158 were not distinguishable
by simple TLC.

Toluene was used as solvent at a concentratiorbd¥iQwith 10 mol% Aud and heating at
50 °C. The reaction mixture was sampled every 5imthe beginning and every 20 min after
25 min. The samples were filtered through a smedl of silica to get rid of the gold residues
and analysis was made by GC-MS. The reaction waspstl after 2h and the results of the
study are display in Graphic 1.

Despite the represented yields in Graphic 1 beasgd on area ratios from uncorrected GC-
MS values, a qualitative indication of the reactimuld be obtained.

The study showed quick formation of the silylatgarple and consumption of the alkynyl
aziridine. Some desilylated pyrrole was alreadynied after 5 min and its quantity increased
relatively slowly during the reaction up to 60 miét this point formation of desilylated

pyrrole 158 accelerated slightly, and the quantity of silythpyrrole159 started to decrease.
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From those observations it was concluded thatylasdn occurred from the beginning of the
reaction, as soon as some silylated pyri@@was formed. Stopping the reaction at the time
of maximum formation of pyrrol@59 could not be a solution as an unseparable mixtitie

desilylated pyrroles would be obtained.

Catalysis followed by GC-MS
(50 C, 0.5 M,10 mol% AuCl 3)

100

90

80 -

70 A

., /ST
- NS N

40 -

Relative Area (%)

30

20

/ e

0 5 10 15 20 25 45 60 80 100 120

10

Time (min)

—o— Aziridine XX
—a— Silylated Pyrrole

Desilylated Pyrrole

Graphic 1: GC-MS monitoring of reaction between allynyl aziridine 139 and AuCk.

In order to make our gold-catalysed method to f&m-substituted pyrroles interesting

synthetically prevention of desilylation was needledn the start of the reaction.
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It was thought that differencing parameters of tkaction (temperature, concentration,
quantity of catalyst) could affect the profile obss in Graphic 1 and might provide us with
a set of conditions to gain increased ratio oflaigd pyrrole and reduced quantities of the
side product. For that purpose a series of expatsn®llowed by GC-MS were carried out
(Graphics in appendix A).

The loading of AuQ in the reaction was probed with the temperatuteas®0 °C and a
concentration of 0.5 M. The graphics obtained tyeahowed that 2 or 5 mol% were not
sufficient to form reasonable amount of products] anly a loading of 10 to 20 mol% were
satisfactorily giving around 70% of silylated pyie@t their maximum. A 20 mol% loading of
catalyst was considered too much, and this paramete fixed at 10 mol%.

The influence of concentration was then studiedgctiens at 0.05 M, 0.2 M, 0.3 M, 0.4 M
and 0.6 M were compared to the one obtained prelyicat 0.5 M. Analysis of the results
showed that complete consumption of the startingteri@d was not obtained for
concentrations of 0.4 M or below. At 0.6 M the meaT rate was accelerated, as was
desilylation. Deactivation of the catalyst stopgedgress of the reaction after 20 min. Total
conversion occurred only when the concentrationfixasl at 0.5 M and after 2h (Graphic 1).
Finally the effect of temperature on the reactiaasuwested. Reactions were performed at 30,
40, 60 and 70 °C. At 30 °C the reaction was incatgphnd no progress was observed after
90 min. At 40 °C almost all the starting materiasaconsumed but the maximum formation
of the silylated 2,4-substituted pyrrdl®9 was lower than when a temperature of 50 °C was
applied. Increasing the heating to 60 or 70 °C edogramatic for the reaction as conversion
stopped after 30 and 15 min respectively withoyproming upon the maximum quantity of

product observed at 50°C.
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The result for the factors studied were relativdigappointing as no improvement of the
reaction had been possible. The best conditions @t obtained using toluene at 0.5 M, 50
°C with a catalyst loading of 10 mol% and desiliathad not been prevented.

In a last effort to improve the reaction outcontee tmpact of additives was investigated.
Different substances were therefore tested, adulédet mixture of starting material, solvent
(0.5 M) and catalyst (10 mol%) at 50 °C (Table 6).

In order to check if traces of acid could accowntthe degradation of silylated pyrral®9
into desilylated product58 pTsOH.HO and HCI were tested as additives (table 6, ehtry
2). When 10 mol% of HCl was used degradation ofntiaerial occurred and no identifiable
products were obtained. In the other hand, thetimawith one equivalent gfTsOH.HO did
not go to completion (entry 1). After 2 h 9 % odrsing material was still unreacted and only
1% of pyrrole 159 was present. Almost all silylated pyrrole had beemsformed into
monosubstituted product58 (80% *H NMR vyield). In comparison, 30% of desilylated
pyrrole was previously observed when running treetien without the acid additive for the
same period (table 5, entry 4).

These results gave weight to a possible actiomagks of acid formed during the course of
the reaction when no additives were employed armdetbre the impact of base on the
transformation was probed.

Surprisingly no reaction happened at all when DIR&#s used (entry 3), and only traces of
pyrroles were seen whenn®0O; was used (entries 4, 5).

No less than 1 equivalent of base was tried dutiegcourse of our studies as it was decided

to move on to another part of the project.
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Ts Ts Ts

N Additive | |
AuCls, 10 mol% N N
W/L\ Y \
A Toluene, 50 °C
SiMe, SiMe,
139 159 158
N Yield (%)?
entry  Additive
139 159 158
1 pTSOH.HO (1 eq) 9 1 80
2 HCI (10 mol%) b -
3 DIPEA (1 eq) 88 - -
4 KoCOs (1 eq) 89 - -
5 Ko.COs (dry, 1 eq) 90 - -

Table 6: Effect of additives on catalysis. Reactianwere performed using
0.1 mmol of starting material (34 mg), 10 mol% of atalyst, 0.15 mL of
solvent (C = 0.5 M) under argon and were stopped & 2h. Yields
calculated by '"H NMR against a known quantity of internal standard.
Degradation observed Traces of products detected.
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2.5 Application of the optimised conditions

Despite many attempts, the formation of the destiéd product could not be stopped but the
optimised reaction conditions were applied to défe alkynyl aziridines to assess if this
problem could be only substrate dependent. In otdery to maximise the vyield in 2,4-
substituted pyrrole the best conditions obtainegvipusly were employed with acetylenyl
aziridine 139 (table 5, entry 4) using 10 mol% of AuGh toluene (0.5 M) at 50 °C and the
reactions were stopped after 60 min as it corredpadrio the maximum formation of pyrrole
159in Graphic 1.

Alkynyl aziridine 139 was first submitted to catalysis (Scheme 45). tap the reaction
after 1 h did provide silylated pyrrols9 but in a poor 1.7:1 ratio with desilylated protduc
158 (ratio determined byH NMR). This result was disappointing because &ebeatio was
expected from stopping the reaction after a 1 hodeas the GC studies had indicated
(Graphic 1).

Changing the trimethylsilyl alkyne substituent wahmore robust silyl group was also tried.
Alkynyl aziridine 153 was prepared to that purpose but access to thePEBDr TBDMS-
substituted alkynyl aziridines were not possiblg@@eparation of the corresponding sulfonium
salts failed. Nevertheless, substrafe3 was submitted to catalysis and pyrrdlél was
obtained (Scheme 45). Despite the formation of sadeslylated pyrrolel58 this result
proved vinylidene pathway could be accessed froathyylsilane alkynyl aziridines. To the
best of our knowledge this was the first time Indsilane functional group was engaged in a
gold-catalysed vinylidene rearrangement.

When alkynyl aziridinel54 bearing a cyclohexyl substituent was used, a mextd silylated

pyrrole 162 and mono-substituted pyrral®3was also obtained.
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|
N AUCI3, 10 mol% )\(_7
\rﬂ\ toluene, 50 °C

SiM63 0.5M SIMe3
139 1h 80% 158
1.7:1
Ts
|
N AuCls, 10 mol% )\Q
w/ﬂ\ toluene, 50 °C
SiEts 0.5M SiEts
153 1h 80 % 158
1.3:1
Ts
|
N AuCls, 10 mol% Q\Q
\\ toluene, 50 °C
SiMe; 0.5M SiMe;
154 1h 60 % 163
2:1

Scheme 45: Application of the optimised conditiona silylated alkynyl aziridines.

After changing the alkyl substituent on the aziradiring did not have any major impact on
the outcome of the reaction it was decided to w@staryl substituent. Surprisingly,
trimethylsilyl-substituted alkynyl aziridine$52 proved unreactive and the starting material
was left untouched (Scheme 46). The use of the trsubstituted aziridiné55 did not give

better results, showing reluctance of phenyl-stitsti aziridines to react under the reaction

conditions.
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N Ts Ts
AuClg, 10 mol% , N N
N 7 \ /) \ /)
AN toluene, 50 °C
X 05M X
X = SiMe; 152 1h
X=Br 155

Scheme 46: Reluctance of phenyl-substituted aziridés to form pyrroles under AuCk catalysis

As the formation of the desilylated pyrrol&8 and 163 could not be avoided during the
study, an experiment to maximise their formatioonfralkynyl aziridinel39 and 154 was

tried. Leaving the reactions for 4 h under the dsad reaction conditions employed
previously led to total conversion of the startinmterial into the corresponding mono-

substituted pyrrold58 and163in 80% and 76% yield respectively (Scheme 47).

Ts Ts

N AuCls, 10 mol% )\Q
W/K toluene, 50 °C
SiMej 0.5M

139 4 h 158 80 %
Ts Ts

N N
AuCls, 10 mol% ®

S toluene, 50 °C
SiMej 0.5M
154 4 h 163 76 %

Scheme 47: Preparation of mono-substituted pyrrole$58 and 163
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2.6 Summary

A new gold-catalysed preparation of brominated ibfased 2,4-substituted pyrroles from
alkynyl aziridines was tested and discussed. Cdnea#lp the strategy to obtain this class of
pyrrole proved correct as the desired gold-catalyseylidene rearrangement of brominated
or silylated alkynyl aziridines took place and cdete regioselectivity in favour of the 2,4-
pyrrole was observed using AuCHowever, despite efforts to study the effectsalient,
concentration, temperature, catalyst loading arditiads, it was not possible to prevent the
formation of the desilylated or debrominated sidedpct. The optimised reaction conditions
were used to give average to good yields of mistuoé 2,4-substituted silylated and
desilylated products after 1h, and good yield oihmsubstituted pyrrole could be obtained

by extending the reaction time to 4 h.
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Chapter 3: Cycloisomerisation of alkynyl aziridines by

cationic gold electrophilic activation
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3.1 Introduction

In the previous chapter brominated or silylated-sj8stituted pyrroles have been prepared
from alkynyl aziridines showing that the conceptajold mediated vinylidene rearrangement
followed by ring expansion of the generated intatiae was valid. A screen of various
catalysts had indicated that Ay@¥as the best gold species to facilitate this ge@and it had
also highlighted that cationic gold catalysts waiée to form 2,5-substituted pyrroles. It was
therefore decided to turn attention to the fornmataf these products. As cationic gold
complexes offered possibilities of variation thrbugnodification of their ligands and
counterions it was expected that specific reactionditions capable of forming specifically

these 2,5-substituted pyrroles could be found (®eh48).

I LAG X N
A i o O Y o
R1A\ RN R N
R2 Ts Ts

Scheme 48: Proposed synthesis of 2,5-substitutedrmtes from alkynyl aziridine
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3.2 Starting material preparation

Following the method reported in the previous cagpalkynyl aziridines were formed from

imines and sulfonium salts (Scheme 37). A varidtgubstituents were investigated on these
two precursors: as before, aromatic-substitutechésiiwere obtained by direct condensation
of aldehyde and sulfonamide under acidic conditiong Dean-Stark apparatus (Table 7,

method A), and a two steps process was used fdisehle aldehydes (Table 7, method B).

T
0] Method A or B N S
RJ\H R” “H
Entry R Method Product Yield (%)
1 @E A 141 80
xy
2 A 164 88
Br
s
3 A 165 80
Br
4 /@E A 166 85

&y
5 A 167 80
~o0

6 \f{ B 144 69
7 Oh%{ B 145 72
8 NN, B 168 70°

Table 7: Tosylimine preparation: Method A: tosylamide, MS 4A, amberlyst 15,
toluene, 110 °C, 12 h. Method B: 1) tosylamine, smoh benzenesulfinate,
H,O:HCOOH (1:1), rt, 12h. 2) Na&CO;, CH,ClyH,0 (3:2), 2h. %solated yields.

®Yield over two steps.

62



Sulfonium salts were prepared from commerciallyilabée terminal alkynes in a three step
sequence. Low temperature deprotonation wittBuLi followed by trapping with
paraformaldehyde was performed to access proparglgohols®® Subsequent treatment with
Br, in the presence of PPlgave the corresponding propargylic bromides whigtre

transformed into the sulfonium salts using dimethifide (Table 8).

1) n-BuLi,THF, -78 °C

o OH
R— 2) (CHO),, -78°Ctort Ro— /
3) H,0
Br2 CH2C|2
PPhs| 0°C
o
\ @Br
S— \S/ Br
R— - R——
acetone, rt
3 days
Alcohol Bromide Sulfonium salt
Entry R
Yield Yield Yield
Product (%)* Product (%)* Product (%)*

1 [:::f% 169 90 173 92 177 87
2 [:::f%
&y
171 86 175 75 179 72

3
4 SN

170 85 174 91 178 55

172 87 176 95 180 60

Table 8: Preparation of sulfonium saltsvia hydroxymethylation followed by bromination and

dimethylsulfidation. ®Isolated yields.

Two more sulfonium salts were prepared using adtéra methods. Allylation of propargyl

alcohof® followed by bromide formation was performed in @%® yield over two steps.
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Treatment with DMS led to the corresponding sulfiomisalt183in low yield after 3 days

(Scheme 49).

Cul
K,COs4
OH
Br OH Na,SO _
:/_ :—/ it B —
H,0, 30 °C —
181 75 %
Br2 CH20|2
PPh,| 0°C
©
\ Br
S s Br
_ /) acetone, rt -/
183 35 % 3 days 182 90 %
(2 steps)

Scheme 49: Preparation of sulfonium salt 183

The 4-bromobenzene-substituted sulfonium d4&6 was also prepared from propargyl
alcohol and an adapted Sonogashira reaction thyteminé* introduced the aryl substituent.

Functional group interconversion afforded bromid85 which was transformed into

sulfonium saltl86in 79% yield. (Scheme 50).

Cul
' OH  PdCl,(PPh OH
' = (=
Br EtsN, rt
184 88 %
Br2 CH20|2
PPhs| 0°C
5O
|
\ ®_ \S/ Br
Br—< :}—/: - BFO%/
acetone, rt
186 79 % 3 days 185 98 %
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Scheme 50: Preparation of sulfonium salt 186

With those imines and sulfonium salts in hand ajkyaziridines were synthesised using
CsCGOsin CHyCl, at room temperature. In these cases, unlike wialylated sulfonium salt

was used (Chapter 2), mixtures @6 and trans products were obtained (Table 9). The
formation of electron-rich aziridine derived froptmethoxyphenyl-substituted tosylimine
was also tried but this compound proved extremeaigtable and could not be isolated

(Scheme 51).

/TS TS

|
\ @ | N
S— Cs,CO3 N
) oy > AN
n-Bu—— o CHQC'Q, rt o n-Bu

|
180 167 |

Scheme 51: Attempted formation ofp-methoxybenzyl-substituted alkynyl aziridine
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Br Ts
JN/TS ~g~ Cs,COs N
R \ CH,Cly, rt R1A\
\ R2 \ R2
5 Reaction cig/trans Yield
Entry R R Time (h) Ratio  Product (%)
xy
1 NP 25 9/1 187 65
g
2 N 3 8/1 188 79
Br
Br
3 @z; NN 4 20/1 189 73
e
4 NP 8 711 190 79
*y
5 NP 35 71 191 50
6 @i& @i& 15 711 192 85
*y x;
7 /@ @ 8 >50/1 193 65
x;
8 NP 12 >50/1 194 40
- *y
9 \ﬁl @ 2 25/1 195 60
10 Oz‘ @@1 6 >50/1 196 80
3 P 197
11 & o 4 25/1 40
12 Oz‘ Oz‘ 3.5 25/1 198 51
- y
13 \(E O 3 15/1 199 50
14 @i& ©/VE 6 11/1 200 70
*y xy
15 @ 8 15/1 201 75
Br

Table 9: Aziridine preparation from imine and sulfonium salt. Reactions were performed using 1.2

equiv of sulfonium salt and CsCO3. ® Determined by*H NMR. "Isolated yields.
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3.3 Survey of reaction conditions for the cycloisuerisation of alkynyl

aziridines

It was decided to start our studies by using alkwzyridine 187 to screen different reaction
conditions for the cycloisomerisation (Table 10phadysis of the crude reaction mixture was
performed by'H NMR using a known quantity of an internal stamdafl,2,4,5-
tetramethylbenzene). Cationic gold catalysts weedwas they had proved most successful in
forming 2,5-substituted pyrrole in the catalystesing described in Chapter 2 (Table 3). The
catalysts were formeieh situ from PPRAUCI and a silver salt (AgX), apart from PRUNTf,
which was used directly in its commercially avaiéhand stable cationic forfi.

As expected 2,5-substituted pyrroB®2 was obtained when alkynyl aziridine87 was
submitted to a standard combination of FRICI and AgOTf in toluene, but we were
surprised to observe the formation of a minor sddesameric product, later identified as the
2,4-substituted pyrrol203(Table 10, entry 1).

It was then decided to investigate other solventstlie reaction using the same catalyst
system PPYAUCI/AgOTTf, to assess their impact on the yield aatio of product202 and
203 When CHCN or DMF were used as the solvent no reaction mmedy probably due to
poisoning of the cationic catalyst by those solserfentry 12-13). When Gigl,,
CICH,CH,CI, nitromethane or chloroform were employed (&str8-6), the unexpected 2,4-
isomer was obtained as the major product. Altevegti ethanol, methanol, ether, benzene
ando-xylene (entries 7-11) favoured the formation @& #h5-substituted pyrro202

The effect of the catalyst counterion on the yiatdl ratio of products was then studied. A
similar trend as for triflate counterion was obsetwith triflimidate and hexafluorophosphate

counterions in toluene and QEl, (entries 14-17). On the other hand, switching to
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hexafluoroantimonate or tetrafluoroborate led premh@antly to the formation of 2,5-
substituted pyrrol202regardless of the solvent (entries 18-20).

Surprisingly, the 2,5-substituted pyrrole was aigdi as the sole product when a tosylate
counterion was employed (entries 22-23). This gttabystem seemed less active than the
other cationic gold species as heating to 70 °C nessled to obtain total conversion of the
starting material (entry 24).

Finally the use of the BCFs-CgHa)3 ligand, which is more electron-deficient than PRias
investigated. It was thought that using this ligaodld be beneficial for the reaction as more
alkynophilic character should be induced in thedgobmplex. It has, subsequently to our
study, been shown that the ligand, like the coumriercould affect the reactivity of the gold
complex by affecting the electron density on thdaier by influencing the position of the
counterion’® When using this PCF:-CgH.)s ligand, a reduction of the rate of the reaction
was observed and the ratio of products obtaineé werbetter than when PRlias employed
(entries 25-27).

When the non-aromatic substituted alkynyl aziridit@8 was used in CkCl, with the
cationic gold system BRAuUCI/AgOTf, formation of only 2,5-substituted pgte 204 was
observed (Scheme 52). This result showed that ardynatic-substituted alkynyl aziridines

were able to form the 2,4-substituted isomer, pobbtrough an aryl-migration pathway.

AgOTf (5 mol%)

Ts
|
N PhsPAUCI (5 mol%) I\
X CH,Cls, rt N
25h Ts
198 204 92 %

Scheme 52: Reaction of a non-aromatic-substitutedlgnyl aziridine under cationic gold catalysis.
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Ts

|
N PPh3AuCI D\ n
Ph/L\

\\ solvent
nBu
187 202 203
Reaction . ab Ratid®
Entry X Solvent Time (h) Yield (%) (202203
1 OTf toluene 4 75 24:1
2 OTf toluend 0.75 81 2.3:1
3 OTf CHCl, 0.75 60 1:7.6
4 OTf CICH.CH.CI 1 50 1:24
5 OTf CHNO> 20 29 0:1
6 OTf CHsCI 20 72 1.1:1
7 OTf EtOH 2 56 >50:1
8 OTf MeOH 0.75 45 >50:1
9 OTf EtO 20 79 >50:1
10 OoTf benzene 20 66 6.3:1
11 OTf o-xylene 20 79 15:1
12 OTf DMF 20 - -
13 OTf CHCN® 20 - -
14 NTH, CHCI, 20 42 1.5
15 NThH toluene 20 45 2.8:1
16 PR CH.Cl, 36 60 2:1
17 Pk toluene 48 63 20:1
18 Sbk CH.Cl, 2.5 40 1:4.7
19 Sbk toluene 20 34 1:2.4
20 BR CH.Cl, 20 <10 1:1.8
21 NGO CHyCI, 20 - -
22 OTs CICHCH,CI 24 <10 1:0
23 OTs Toluene 24 <10 1.0
24 OTs CICHCH,CI 3 98 1.0
25 OTf CHCI,*? 1.5 60 1:3.6
26 OTf Toluené 20 74 5.2:1
27 OTf CICHCH,CI® 20 64 1:2.4

Table 10: Survey of reaction conditions for cycloismerisation of alkynyl aziridines.*AgX (5
mol%), PPhsAuCl (5 mol%), 187 (0.1 mmol), solvent (0.5 mL) wh all reactions run at rt
unless otherwise specified”Yields calculated by *H NMR against a known quantity of
internal standard. ‘Determined by *H NMR. °Reaction performed at 50 °C.°No reaction
occurred. ‘Reaction performed at 70 °C2P(pCF3-CsH4)sAUCl was used instead of PPJAUCI.
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3.4 Reaction mechanism proposition

Based on this survey of reaction conditions a meisha explaining the regiodivergence

observed was proposed (Scheme 53).

Ts [A(? 1 © 1 ©
u R
N ﬁ Path Il Z_ﬁﬁw L@ Z_Xiw
. — \ — [\
R,]/K\\ : R1 N R2 R'] =Ar ©] N R2 N R2
N 52 : H I |
[AU] R Ts Ts Ts
1 B E F
[Au]:Ph3PAU® ::::::::: :::::::::::::::::::::::::‘_i H@
Path | | H® '
R‘l

N )
Ts Ts G
C D

___________________________________________________________________

Scheme 53: Possible regiodivergent pathways

The results summarised in Table 10 could be expthiny considering the basicity of the
counterions used in System A, B and C. When aivelgtbasic counterion such as tosylate
was present (System C), deprotonation of intermedia (Scheme 53) followed by

protodemetallation would be efficient and woulddda the formation of the 2,5-substituted
isomerD (Scheme 53, Path I). In the absence of such ateoon, an aromatic or weakly

Lewis basic solvent would also facilitate this pedly (System B) as observed in the
optimisation of the reaction conditions (Table &@fries 7-11). When both counterion and

solvent were insufficiently basic (System A), atealative pathway involving a 1,2-aryl shift
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would take precedence, giving intermedi&eand ultimately the 2,4-substituted pyrrdke
(Scheme 53, Path II).

The intermediacy of the vinyl gold intermedia®® was supported by the selective
incorporation of deuterium at the metal positionewhan experiment was conducted using

PhPAUCI/AgOTs in BO-washed CICLCH,CI (Scheme 54).

Ts D
N AgOTs (5 mol%)
PPh3AuCl (5 mol%) /\ B
[ > N nbu
AN ° )
nBu CICH,CH,CI, 70 °C Ts
D,O

190 205 46 %

Scheme 54: Cyclisation of alkynyl aziridine 190 ithe presence of DO-washed CICHCH,CI

It is important to note that submitting 2,5-suligst pyrrole202to the reaction conditions of

System A did not lead to formation of any 2,4-sitbstd isomer (Scheme 55).

AgOTF (5 mol%) Ph
7\ PhsPAUCI (5 mol%) m\
Ph/O\nBu >

N CH,Cly, rt N nBu
Ts Ts
202 203

Scheme 55: Attempt to interconvert 2,5-substitutegyrrole into 2,4-substituted product

The scope of the formation of both 2,4- and 2,5s8tied pyrroles was then studied as the
possibility of controlling the substituent pattesh the product through reaction conditions
change could have important applications in thettegis of pyrroles. Moreover the high

yielding formation of 2,5-substituted pyrro®®2 when using AgOTs presented the potential

for the development of a clean and efficient mettwdccess this class of products.
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3.5 A comparaison of the reaction conditions agagh structural alteration

In light of the results of the study into optimisat of the reaction conditions, it was decided
to proceed with three sets of catalytic systemsteé®y A employing AgOTf in CkCl, at
room temperature; System B employing AgOTf in tokieat room temperature; System C
employing AgOTs in CICKHCH,Cl at 70 °C (Table 11).

System A was selected because it favoured the famaf 2,4-substituted pyrroles in good
yield. On the other hand, both System B and C atbwaccess to 2,5-pyrroles preferentially.
Despite System C being superior in terms of yield aelectivity, System B was used as a
chlorinated-solvent free option, this being moteaative for industrial applications.

Various aryl-substituted alkynyl aziridines werdosuitted to the three sets of conditions. As
predicted by the previously proposed mechanism €®eh57), System C gave almost
quantitative yield of the single 2,5-substitutedrpie isomer for all the substrates.

As observed during the reaction conditions sun&ystem B generally gave a mixture of
isomers in favour of the 2,5-substituted pyrroleiletSystem A favoured formation of the
2,4-substituted product.

Aziridines with electron-deficient aryl substituengave less of the 2,4-substituted pyrrole
product with Systems A and B than when a phenyligias used (entries 4-5 and 7-8). On
the other hand, the more electron-rich the arommabeety the greater the selectivity for the
2,4-substituted pyrrole (entries 1-2, 10-11, 13-16:17). These results were in line with the
proposed mechanism as electron-rich aryl substsusauld be more prone to perform a 1,2-

shift than electron-deficient ones.
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Ts AgX R|
N PPh,AuClI Z_>\
R1A\ 3 R1ﬂ\R2 [ R2
A

N N
| |
R2 Ts Ts
| 11
Reaction Products Yield Ratio
Entry R1 R, _ Systent )
Time (h) I I (%)>  (I:11)
1 3 2 A 60  1.7.6
2 @ N 5 B 202 203 75 24:1
3 3.5 C 98 1:0
4 3 25 A 747 1141
5 Q K 12 B 206 207 8 10
6 O 4 c 98 1.0
7 Br A 90 31
8 ﬁ:ﬁ: NN 12 B 208 209 75 50:1
9 4 C 08 1:0
10 . 15 A 32 1:50
11 /@ NG 1 B 210 211 30 151
12 5 C 08 1:0
13 0.5 A 98 1:6
g x;
14 5 B 212 213 79  1.4:1
15 3 C 08 1:0
16 0.5 A 65 0:1
g x;

17 1 B 214 215 60 0:1
18 3.5 C 08 1:0

Table 11: Gold-catalysed synthesis of 2,4 and 2,Gkstituted pyrroles. ®System A employed AgOTTf in
CH.CI, at RT; System B employed AgOTTf in toluene at RT; $stem C employed AgOTs in CICHCH,CI

at 70 °C."All reactions were carried out using 0.2 mmol of shstrate with 5 mol% of gold and silver
species at 0.2 MSIsolated percentage yields of pyrrole products withratio of isomers determined by*H

NMR.
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3.6 Synthesis of 2,5-substituted pyrroles

The optimised conditions for the formation of 2i#stituted pyrroles (System C) were then
applied to the other alkynyl aziridines preparedal[€ 9) including those with alkyl

substitutents on the three-membered ring (Tableehftjes 1-7). Almost quantitative yields

were obtained and the purification of those 2,5sitlted products consisted only of an
expedient and economical filtration through a phfgsilica followed by solvent removal

under reduced pressure. In only three cases mtidic by flash chromatography was
necessary after the filtration step (entries 1n8 8). Notably the reaction was efficient at
room temperature when the alkyne moiety was suibstitby a phenyl group. This could be
rationalised by an extra stabilisation of interna¢eli in the presence of the phenyl group
(Scheme 56). Its formation would therefore be nfax®ured in that case than when a non-

stabilising alkyl substituent was employed and isytion would proceed without the need for

heating.
Ts © ©
N AgOTs ® [Au] [Au]
PPh;AuClI \ 7\
R > _—
X CicHCH,CL it | RN RTON
Ts Ts
H I K
)
[Au]
RN
fo =0

Scheme 56: Extra stabilisation by phenyl substitudrallowing room temperature cyclisation
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| AgOTs

N PPh,AUCI

CICH,CH,CI, 70 °C N

5 Reaction _ b
R _ Product Yield (%}
Time (h)

P 12 216 95

RVL\

R

\f‘{

\ﬁ{ OW{ 3 217 08

3 \ﬁ{ @HZ 12 218 o5

Oﬁz @i‘z 12 219 o
OF
OF

SN 4 220 98

Oﬁﬁ 3 204 98

12 202 oF

ol
8 @@; ©/¥%’: 4 221 95
9 @@; Qig 3 222 08
Br

10 \ﬁ{ EtSi-5- 12 158 og°e
Y

11 O Me,Si-5- 12 163 oged

12 \ﬁ: MesSi-é- 12 158 oged

Table 12: Preparation of 2,5-substituted pyrroles?All reactions were carried out using 0.2 mmol of
substrate with 5 mol% of gold and silver species ab.2 M. "Isolated yields. ‘Reaction at rt.

Desilylated pyrrole isolated.
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As well as alkyl and phenyl substituents, othercfional groups such as allyl ars
bromobenzene (entries 1 and 9) were successfulbfoged. The products of these reactions
were particularly interesting as they would provaggortunities for later elaboration to more
complex molecule8’

The use of silylated alkynyl aziridines (entries1@) gave monosubstituted pyrroles under
the cationic gold reaction conditions as when Au®hbs used as catalyst in Chapter 2
(Scheme 47). However, the transformation was méirgient this time as 98% vyields were

achieved compare to the 80% previously reported.

Subsequent to our publicati6h,Dai and co-workers reported a similar gold-catadys

preparation of functionalised pyrroles froNitosyl-substituted alkynyl aziridines (Scheme
57)5° The cationic gold system FPAUCI/AgOTf was employed in a mixture of THF and
MeOH to give 2,5-substituted pyrroles in good yseltlo 2,4-pyrroles were reported when
aromatic substituents were submitted to theseimgacbnditions. This was in agreement with
our results as 2,5-substituted pyrrole was formemtigminantly when MeOH was used as
solvent with the catalytic system AuCI/AgOTf (Table 10, entry 8). Moreover our
reaction conditions employing EPAUCI/AgOTs gave better yields every time similar

alkynyl aziridines were used.

Ts AgOTF (10 mol%) =

N PhsPAUCI (10 mol% 1/0\ 2
1 3 ( 0)= RSNy~ R
R AN 2 THF:MeOH (10:1), rt Ts

R1= R2 =Ph 69 %
R'=Cy R?=n-Bu 94 %

Scheme 57: Dai and co-workers gold-catalysed synthie of 2,5-substituted pyrroles
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3.7 Attempts to extend the method to the formatiof furans

A study was undertaken to investigate whether sustituted alkynyl epoxides would show
similar reactivity and allow the preparation of -2lidubstituted furans by aryl shift.
Phosphonium sat23 was synthesised and engaged in a Wittig reactitim venzaldehyde.
The enyne obtained was reacted with mCPBA unddc lcasditions to access a mixture of

cis andtrans oxirane225 (Scheme 58).

Br@
@
Br PPh PPh3
ph——— P~ ph——=
toluene, 100 °C
173 223 85 %
1)n-BuLi | 2) O
THF
_78 OC Ph
c Ph
mCPBA
0 NaHCO; //
PhA\ CH,Cl,, 0 °C —
Ph Ph
225 50 % 224 50 %
cis:trans EZz
11.2 21

Scheme 58: Alkynyl oxirane preparation

Alkynyl epoxide225 was submitted to the optimal conditions for thiectve formation of
either 2,4 or 2,5-substituted pyrroles (Scheme 59).
Under the conditions shown to favour formation of-2ubstituted pyrrole, a mixture of

furans was also obtained. 2,4-Substituted fl#2r was identified as the major product and
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the 2,5-substituted furan as the minor. When Ag@as used only the 2,5-substituted furan
was observed.

Both results showed that alkynyl epoxides reaateal similar way as alkynyl aziridines under
cationic gold catalysis. The shift of an aryl mgietas favoured when a triflate counterion
was employed and 2,5-disubstituted epoX@@6é was obtained as sole isomer when a tosylate
one was used.

Unfortunately contrary to their pyrrole equivalemtbich were accessed efficiently, 2,4- and

2,5-disubstituted furans were obtained in very Yoglds by this method.

0 AgOTf (5 mol%) Ph
0,
Ph/A\ PhsPAUCI (5 mol%) /@\ m\
Ph CH.Cly, rt Ph™>g” "Ph o~ Ph
225 226 227
cis:trans 19 %
1:1.2 13
0] AgOTs (5 mol%)
PhsPAUCI (5 mol%) /@
Ph A > Ph Ph
N CH,CI o
Ph 2Clp, rt
225 226 27 %
cis:trans

1:1.2

Scheme 59: Furan formation under the optimal reactin conditions for alkynyl aziridine cyclisation

3.8 Attempts to extend the method to the formatiorof more complex

pyrroles

The method developed for the formation of tosyld&gdsubstituted pyrroles was a success as
almost quantitative yields were obtained for adl #ikynyl substrates tested during the course

of our studies. However more complex substituenth s TBDMS-protected alcohols could
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not be incorporated in the imine or sulfonium sdkynyl aziridine precursors (Scheme 60

and 61).
®
pe Na
1 —
EtN ) Ph S\\o
DMAP | CH,Cly, rt Ts—NH,
TBDMSCI H,O:HCOOH
2) N82C03
] Sl CHoClyHyO .y
/Sl\o OH DMP /SI\O 0 ] /SL /TS
I | O N
CH,Cl,, rt K) k/ll
Ts—NH,
228 80 % 229 85 % amberlyst 15
toluene, 110 °C
4AMS
Scheme 60: Failed attempts to form imine from aldejde 229
Et,N . >L )
3 | 1) n-BuLi, THF, -78 °C Si.
OH DMAP Si. 2)(CHO), -78°Ctort 1
NP S ) (CHO), -78°Ctort _ -
N CHCh rt K/\ 3) H,0 N
230 99 % 23180 % OH
Br2 CH20|2
PPh;| 0°C
Sl
S o
_Si. o g
< \\
©
V\é@ Br acetone, rt
~ 3 days Br

23290 %

Scheme 61 : Failed attempts to form sulfonium saftom bromide 232
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The method used for the formation of alkynyl azives was showing its limitations and it
was decided to investigate other modes of prearati

Many aziridination techniques had been developetthénpast but most employed fastidious
linear synthesis and their use would considerabtjuce the interest of our gold-catalysed
transformation.

Therefore attention was turned to another expedigthod that had been used to fakn
phthalimide alkynyl aziridinesM from 1,3-enyned. under oxidative conditions (Scheme
62).° It was expected that formation of the correspogdigrrole would be possible under
gold catalysis in a similar way as for the tosydatdkynyl aziridines studied previously.
Moreover this technique was anticipated to alloweas to trisubstituted alkynyl aziridines

which could potentially allow formation of trisulisted pyrroles.

R3 07 N\ 0 Phth
// NHz N R?
> 1
~ Pb(OAC), R X,
R" R K,COs R
L M
Phth R2
N R2 [Au] / \
1 3
R1 R N R
X .
R3 Phth
N o

Scheme 62: Direct aziridination of 1,3-enynes and @ossible route to trisubstituted pyrroles

Therefore 1,3-enyn@24 was prepared from bromide73 following a sequence previously

described for epoxid225 formation (Scheme 58). Thé-phthalimide alkynyl aziridin@33
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was obtained by treatment of eny@2@4 with N-aminophthalimide in the presence of
Pb(OAc), and base (Scheme 63). The use of very toxic PbjO#as not ideal but enabled

access to the aziridine required to investigateitigeexpansion.

Ph O N O Phth
// NH, N
= Pb(OAC), Ph™ N
Ph K,CO; Ph
224 233 60 %
EZ
2:1

Scheme 63: Preparation oN-phthalimide alkynyl aziridine 233

Compound233 was submitted to different reaction conditions marised in Table 13. The
reaction conditions discussed previously leadinthéoselective preparation of 2,5-substituted
N-tosyl pyrroles proved almost ineffective as onlgry little N-phthalimide pyrrole was
formed according toH NMR of the crude mixture (Table 13, entries 1)od¥lof the starting
material was recovered but partial degradation waia® observed. A similar result was
obtained when dichloro(pyridine-2-carboxylato)galchs employed (entry 7). The use of
AuCl3z at 70 °C or P¥WAUCI/AgOTf at room temperature led to complex migs with the
formation of small amounts of product and total stomption of the starting material (entries
2, 9). Moreover no reaction occurred in the preseat AuCl or PtC] in CICH,CH,CI

regardless of the temperature (entries 3-6).
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N catalyst /U\
P h/A "'// P h P h

\\Ph sol;ent PhNth
233 234
Entry Catalyst Solvent T (°C) Yield (9%)

1 PPRAUCI/AgOTs  CICHCH,CI 70 5
2 PPRAUCI/AgOTf CH,Cl, 23 l
3 AuCl CICH,CH.CI 23 e
4 AuCl CICH,CH.CI 70 e
5 PtCh CICH,CH,CI 23 e
6 PtC) CICH,CH,CI 70 e
7 Au(ll)f CICH,CH,CI 70 g
8 AuCls CICH,CH,ClI 23 e
9 AuCl CICH,CH,CI 70 g

Table 13: Catalysts screening to form 2,5-substitetd pyrroles from alkynyl aziridine
233.°All reactions were run for 12 h using 0.2 mmol of gbstrate with 5 mol% of gold
and silver species at 0.2 M?Yields calculated by'H NMR against a known quantity of
internal standard. “Most starting material was left untouched.“Complex mixture, no
starting material recovered. ®No pyrrole product observed by crude’H NMR, partial
degradation of the starting material occurred.'Dichloro(pyridine-2-carboxylato) gold

was used.

At that stage it was envisioned to screen othed gailtalysts and to study the impact of
solvent on the reaction. However, Liu and co-waskaublished their work on the preparation
of functionalised pyrroles from similed-phthalimide-substituted alkynyl aziridines and it

was decided to halt the project (Scheme’64).

The method described by Liu and co-workers employkd cationic gold system

PhPAUCI/AgOTTf in THF at 50 °C and good yields of e were reported from strictlys-

alkenyl aziridines. The same combination of goldhptex and silver salt had been tested in
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our study on aziridin33 but had been employed at room temperature igQGHand very
low conversion to pyrrol@34 had been observed at the time (Table 13, entrf@)access
the aziridine precursor a similar method to ours waployed from enynes but the toxic
Pb(OAc), was replaced by PIDA. This reaction toleratedregeaof alkyl and aryl functional
groups for substituents?Rand R (Scheme 64) but it was limited to esters and phamy
position 2 of the aziridine ring (Rn Scheme 64). Despite this restriction, disubstid and
trisubstituted enynes were accessed and gold satalpder the reported conditions led to the

formation of a series of disubstituted or trisufoséid pyrroles.

RS oi io

2
Vi NH, Phth AgOTH (5 mol%) R
Ry PIDA N, R? PPhsAUCI (5 mol%) 1 m \
. . 5
2 CH,Cly, rt R’ N THF, 50 °C RO
R3 Phth
R' = CO,R or Ph 41-85 % 39-97 %
R?=H or n-Bu
R® = alkyl or aryl

Scheme 64: Liu and co-workers gold-catalysed synthis of N-phthalimide substituted pyrrole.

3.9 Summary

A new and efficient gold-catalysed 2,4- and 2,5sslied pyrrole synthesis frof-tosyl

alkynyl aziridine has been developed. The effecthef counterion on the outcome of the
reaction was demonstrated and allowed prefereptiatination of one isomer or the other.
PhPAUOTSs proved to be the catalyst of choice to f@Brsubstituted pyrrole in an atom-

economic manner as almost quantitative yields wabtained. Changing the catalyst to
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PhPAUOTT afforded the 2,4-substituted isomer highiiigdy the importance of counterion
selection for gold catalysed processes as it cag ah important role in determining the
reaction pathway. Furthermore the applicabilitytié reaction developed for this pyrrole
synthesis was also investigated BiRphthalimide alkynyl aziridine and alkynyl oxirans
proving unfortunately that the optimised reacti@mditions could not be directly transposed.
Improvement of the scope of the reaction would pbip be possible but would need
advances in the access of tNeosyl alkynyl aziridine precursors as this provedbe a

limiting factor in this project.
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Chapter 4: Mechanistic studies
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4.1 Introduction

The preceding chapter described the developmenewf gold-catalysed pyrrole syntheses.
The use of OTf or OTs as the counterion to gold mawen to be critical in determining
whether the reaction pathway led to the formatibeither a 2,5- or 2,4-substituted pyrrole as
the major product. During studies into the roletloé counterion, solvent effect, and the
impact of the alkynyl aziridine aryl substituenteaction mechanism was proposed which
rationalised the reaction outcomes through a lyPshift (Scheme 65).

In order to prove this hypothesis correct or nettdrium labelling was explored to tell us
about the movement of the protons during the coafg@e reaction, anfC labelling was

investigated to learn about the behaviour of thbaa skeleton.

! © o
Ts ; o AU R'  [Ad] s K A
N [Au] ﬂ Path Ii H
—_— —_— = R —
R’ N C RANVR Rizar © - (Dre
N ! Ho 'Tj ’Tl
R I Ts Ts Ts
‘oIIIooofoIIiioIIIIiiIIIIIiiiiiIIIiiiiiica @
H
Path | |.H® J
R1
©
[Au] N,
R
1/@\ 2 ﬁ. 1/@ 2 N
Ts Ts

___________________________________________________________________

Scheme 65: Mechanism proposed in Chapter 3
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4.2 Deuterium labelled studies

In order to probe the proposed reaction mechaniswas decided to synthesise an alkynyl
aziridine bearing a deuterium label at the benzytisition (Scheme 66, structudg. Indeed,
with such an aziridine isolation of compou@dwould prove the 1,2-aryl shift, and isolation

of compound would validate Path | under the standard react@mrditions.

)
Ts : Au H Ar
o N Ay | o M o A AT [Aul
— \ - \ - [\
Ark - ATNTTR Do\ R D" R
| | |
R : Ts Ts Ts
A B E F
' TTIIIIII[IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII ®
. H
Path| |.p® ¥ J
» Ar
S) ! :
[Au] HD n
s D R
r r I Ts
IT‘ orD® ’Tl D G
Ts Ts
c D

___________________________________________________________________

Scheme 66: Anticipated outcome of the reaction ofediterium labelled alkynyl aziridine

It was decided to prepare deuterium labelled alkygridine 237 bearing a tolyl group
because this substituent had given among the gteateount of rearrangement product
(Chapter 3, Scheme 11). Thébutyl functionality was preferred to a phenyl dneorder to
simplify the aromatic region dH NMR spectra and so facilitate interpretationesfuits.

Ethyl 4-methylbenzoate was reduced using LIAlID give the deuterated 4-methylbenzyl
alcohol? and oxidation using the Dess-Martin procedure gieedesired aldehyd235 in

high yield (Scheme 67). The corresponding deutdraténe 236 was formed by condensation
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with tosylamine under the previously described d@oms and used to prepare deuterated

alkynyl aziridine237.

( > 20\, LIAID, 7 W O
- @ =
O THF,0°C —/ b CHCly 1t <:> ZD

< 235 85 % (2 steps)
Ts—NH,
4AMS
Amberlyst 15
o toluene, 110 °C
Br
\ @
S— y
TS n-Bu%/
D N B 180 : N-Ts
/Q)N CHaCly, 1t D
n-Bu Cs,CO4
237 77 % 236 70 %

Scheme 67: Preparation of deuterated alkynyl aziriche 237

Aziridine 237 was then subjected to the two sets of reactiowlitions previously developed:

PhPAUCI/AgOTs in CICHCH)CI at 70 °C and PRAUCI/AgOTf in CHCI, at room

temperature.

4.2.1 Deuterium labelled studies employing BRAUCI/AgOTs

As in the non-labelled series, the use of AgOTshwRPRAUCI led exclusively to 2,5-

substituted pyrroles (Scheme 68).
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Ts

| AgOTSs (5 mol%) H D H H D H
p_ N Ph;PAUCI (5 mol%) m M /Z—g\
TO|>N CICH,CH,CI, 70°C  Tol N~ n-Bu Tol~ >N~ ~n-Bu Tol N~ n-Bu
n-Bu 84% Ts Ts Ts
237 205 210 238
49 : 38 : 1

Scheme 68: Deuterium labelling study employing RBRAUCI/AgOTs

TheH NMR of the mixture of products obtained (Figufectearly showed the presence of
non-deuterated pyrrole produ2i0which had been previously synthesised and charsete
(Figure 5). According to théH NMR spectra of this non-deuterated pyrralkd (Figure 5),
the doublet at 6.04 ppm corresponded foasl this proton is only coupled with its neighbour
H3. The pattern observed fortt 6.02 ppm was a more complex doublet of triptkts to
coupling not only with H but also with the first Ckof then-Bu moiety ¢J coupling).

In addition to the signals from compou#lO two unequal singlets were observed at 6.04 and
6.02 ppm (Figure 4). Considering the previous patgtribution for H and H, the new
singlet at 6.04 ppm was assigned to a proton atigos! in pyrrole205 with an adjacent
deuterium in position 3. The presence of the semmndll singlet at 6.02 ppm was attributed
to a small amount of deuterated pyrr@@8 bearing a proton in position 3 and deuterium in

position 4 this time.
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Figure 4: Selected area ofH NMR from the mixture of pyrroles obtained after reaction on deuterated

alkynyl aziridine 237 using PPRAUCI/AgOTs
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Figure 5: '"H NMR of non-deuterated pyrrole 210
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At the light of these experimental results a redineaction mechanism was proposed (Scheme

69).

: ©
. @ |
D. N [Au] D/ 1\ ' D 1,2-shift \
n-Bu > n-Bu
[ N - Pathl ® ?s

® @
H H 5 D H
I\ | I
N n-Bu ! N n-Bu
Ts : Ts
210 . 238

Scheme 69: Mechanistic rationale for the deuteriuntabelling study using PRPAUCI/AgOTs

After cationic gold activation of deuterated alkyagiridine 237, cycloisomerisation would
lead to intermediat®. Through path I, abstraction of the deuteriumhat stage would give
intermediateC which could evolve into produ@O05 by reincorporating the lost deuterion.
The second produ@10 would be obtained by proton exchange with the treaamixture,
from traces of water or acid for example. Anothesgbility from intermediat® would be

the 1,2-shift of the deuterium to givethrough path Ill. This migration could be ratiosakl
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by the formation of a tertiary carbocation stakilisby the adjacent heteroatom and aryl
group. FromH, productl would be obtained by loss of proton, subsequerstbgemetalation

would give deuterated pyrrog38

4.2.2 Deuterium labelled studies employing BRAuUCI/AgOTf

When deuterium labelled alkynyl aziridir#37 was reacted with AQOTf and ERAUCI, a
mixture of 2,5-substituted (minor) and 2,4-subs#itl (major) pyrroles was produced as
expected (Scheme 70). Surprisingly a yield of 18fyrole mixture was obtained while
32% were reported in the non-deuterated seriesp€hd, Table 11, entry 10). Repeating the
reaction afforded the same 18% yield of productbeanother deuterium-labelled alkynyl
aziridine bearing a phenyl-substituted alkyne @ast of anmn-butyl moiety as for237) was

reacted with AQOTf and BRAUCI, complete degradation occurred.

n-Bu 18 %

237 239 211 210
10.5 : 3.1 : 1

Ts
N AgOTF (5 mol%) D H H H
D PhsPAUCI (5 mol%) T T T
/©)L\ CH,Cl,, rt H N n-Bu H N n-Bu N n-Bu
| | |
Ts Ts Ts

Scheme 70: Deuterium labelling study employing RRAuUCI/AgOTf

The'H NMR of the mixture of pyrroles (Figure 6) showeddence of the presence of small
amount of previously synthesised non-deuteratediymo?11 The *H NMR of this non-
labelled 2,4-substituted pyrrole (Figure 7) showed resonances coupled together, a doublet

at 7.54 ppm (B and a doublet of triplets at 6.30 ppm°Hhe pattern due to long range
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coupling with the -CHl of the n-butyl moiety ¢J coupling). The products of deuterated
alkynyl aziridine237 gave a mixture of pyrroles in which the doubletrgflets at 6.30 ppm
was easily identified. The doublet at 7.54 ppm dowt be seen, probably being covered by
the presence of a net singlet from deuterium-laldghyrrole239at 7.54 ppm.

Moreover trace amount of non-deuterated pro@abtwas also identified by a doublet at 6.04

ppm and a doublet of triplets at 6.02 ppm (notesented in Figure 6, 7).

With these data the mechanism was then re-examined.

As in the former deuterium labelled study employkgTs, the presence of traces of pyrrole
210was explained by path I, through loss of deuteritom intermediatd3 followed by
protodeauration. Pyrrol&05and238 from path | and path 11l respectively, were prolya
below'H NMR detection limit and were not observed.

The formation of pyrrole211 and 239 could be explained through path Il. IntermediBte
would lead toJ after a 1,2-aryl shift (Scheme 71). A subsequefitH. migration would
deliver intermediateK, perhaps leading to a more stabilised tertiaryo@eation. Loss of
deuterium at that stage would gile and protodemetalation or deuterium exchange would
form pyrroles211 and239. However, loss of proton frond would give intermediaté and
compound240 should have been detected in tHeNMR of the mixture.

Lack of product240 raised questions about the validity of the prodosechanism for the

formation of the 2,4-substituted products and tleemanistic investigations were pursued.
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Figure 6: Selected parts ofH NMR of pyrrole mixture obtained employing PhsPAUCI/AgOTf

7 % 3555y
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Figure 7: 'H NMR of non-deuterated pyrrole 211
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Scheme 71: Mechanistic rationale for the deuteriunabelled study using PRPAUCI/AgOTf
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4.3 3C labelled studies

Although control studies had shown no H/D exchamgger the reaction conditions (Scheme

72), more information was required to ascertaikelyf mechanism.

TS Ts AgOTf (5 mol%)
0,
Q N O N O PhsPAUCI (5 mol%) » Untouched 6:1 mixture
\ / \ / CHQC'Q, rt
213 O 212

D,O
6:1

Scheme 72: Control study ruling out H/D exchange wter the reaction conditions

It was therefore decided to continue Wit labelling studies in order to obtain information
about the behaviour of the carbon skeleton dutieg¢action.

An alkynyl aziridine bearing a*C-enriched center bonded to an aryl moiety on theet
membered ring was employed (Structére Scheme 73). With th&C-enriched carbon in
that position, it was expected to give weight te pgroposed Path | by forming produzt.
Isolation of pyrroleG’ would allow us to validate the 1,2-aryl shift patty that could not be

proved by the deuterium experiments.

The *C-enriched alkynyl aziridine243 was prepared from commercially availabfic-
enriched benzoic acid, as 18C:**C mixture, in a four-step sequence (Scheme 74).
Reduction of the carboxylic acid with LiAlHvas followed by Dess-Martin oxidation to give

aldehyde 241""* Condensation with tosylamine under acidic condgioafforded the
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corresponding imine242 Reaction with sulfonium salt80 and CsCO; gave the®*C-

enriched alkynyl aziridin@43

| S] S
Ts ! Au H Ar l
N Au o M o ar Al e Al
: ! | I [
R ! Ts Ts Ts
A| E Bl E| Fl :
e =13C :_:::::::: I IITITITIoITIoIoIIIIT :
i @ ! H® |
: Path | |.p L |
: :E Ar. :
|: R
r r o Ts

! Ts Ts :: :

! C' D' D

___________________________________________________________________

Scheme 73: Anticipated outcome of the reaction &fC-enriched alkynyl aziridine

O, e OF °
OH THF 0°C CH2CI2, rt

13c:12¢ 241
15 80 % (over two steps)
°="¢ Ts—NH,
Amberlyst 15
4 AMS
o toluene, 110 °C
Br
\S®_ \
Ts n-Bu—=—=—"
N 180 @JN_TS
©//A\ ) CHQC|2, rt
n-Bu Cs,CO4
243 60 % 242 75 %

Scheme 74: Preparation of*C-enriched alkynyl aziridine 243
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Aziridine 243 was then subjected to the two sets of reactionliions previously developed:
PhPAUCI/AgOTs in CICHCH.CI at 70 °C and PRAuUCI/AgOTf in CHCIl, at room

temperature.

4.3.1 3C labelling study employing PRPAUCI/AgOTs

Under catalysis witt243 PisPAUCI/AgOTs, alkynyl aziridin43 afforded the expected 2,5-
substituted pyrrol@44 exclusively.**C enrichment was observed at only one resonanttein
13C NMR spectrum (Appendix B), corresponding to CaS, expected from the proposed

mechanism (Scheme 75).

Ts AgOTs (5 mol%) 43
N PhsPAUC (5 mol%) ;@
/JA\ - Ph— ., "Bu
Ph T i CICH,CH,CI, 70°C iy
243 ! 244 98%
[ = 13C
o o O
[Au] ® [Au] @ [Au]
H
PR
Ph T~ B Ph~ B
Ts Ts
H' I

Scheme 752C labelling study using AgOTs/PPBAUCI with alkynyl aziridine 243.
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4.3.2 13C labelling study employing PRPAUCI/AgOTf

When®C-enriched alkynyl aziridin@43 was submitted to catalysis usingsPAuCI/AgOTf
a mixture of three™C-enriched isomers was obtained (Appendix B) rathen the two
expected. All resonances could be attributed teeeithe 2,5- or 2,4-pyrrole isomers (Scheme

76).

Ph Ph
4 \3
Ts AgOTf ﬂ + \ +5 2
. Ph "By "By Bu
N PPhsAUCI N N N
—_— Ts Ts Ts
Ph AN s CH.Cl, 244 245 246
243 - RT v
e =13¢ 71% 1 : 5

Scheme 7623C labelling study using AgOTf/PPhAuCI with alkynyl aziridine 243.

Two products were readily identifiable as th#&-enriched 2,5-substituted pyrro@44
described above, and the expected 2,4-substityted|@ 245 with **C-enrichment at 117.7
ppm in the"*C NMR spectrum (Figure 8).

The other**C-enriched quaternary signal at 126.8 ppm was &edaby the 2,4-substituted
pyrrole 246 with **C-enrichement at C-4, the carbon directly linketh® aryl motif.

HMBC experiments were run to confirm this analy§ikar®J coupling between the C*4C-
enriched quaternary centre and the protons of tlegaoup was observed, proving pyrrole

246 structure and enrichment site.
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Figure 8: °C NMR of mixture of pyrroles after treatment of alkynyl aziridine 243 with AgOTf/Ph;PAuCI.

The formation of-*C-enriched pyrrol@45, showing the aryl moiety had migrated during the

course of the reaction, was in agreement with Raththe mechanistic proposal suggesting a

1,2-aryl shift (Scheme 73 and 77).

The presence dfC-enriched pyrrol@46 could not be explained by this pathway. Taken with

the D-labelling data, it was apparent that an aéter pathway was operating.
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N AgOTf (5 mol%) Ph
Ph3PAuUCI (5 mol%)

Ph NN >
A\ CH,Cly, rt

n-Bu N
e = 13¢ +s
243 245
[Au] H®
e C]
o AU on1 AU [Au]
1,2-aryl
\ T \ e
Ph n-Bu  shift © n-Bu
h N
Ts Ts
H' J' K'

Scheme 77: Proposed mechanism for the formation @f4-substituted pyrrole 245

4.4 New mechanistic proposal

When activated by a gold catalyst, alkynyl azirefincould cycloisomerise to form five-
membered ring intermediates as was proposed pEyi¢8tructureB, Scheme 73). But in
fact three distinct pathways could be suggestethtatrfirst step (Scheme 78).

A stepwise ring-expansion could take place withersible alkynyl aziridine ring opening
followed by attack of the nitrogen on the alkyndegoomplex (Path A). As two possible ring
openings of the three-membered ring could be plessibtermediated and Il would be
formed and would lead &/ orV respectively after cyclisation onto the alkyne.

In Path B, direct migration of one of the CdNbond from the aziridine to the activated

alkyne would happen to forhv .
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Alternatively, the lone pair of the aziridine nigen could perform a nucleophilic attack
across the alkyne rendered electrophilic by thalygstt (Path C). Intermediaié andlV could
then be formed from strain release by patind respectively.

Despite being very different from one another meadteally, none of these three pathways
could be ruled out. Nevertheless, the most impbranour study was that two pathways
were allowing the formation of a four- and five-maened ring intermediate. Path B could

also lead to intermediaké if interconvertion betweelV andV was possible.

[Al{]/ R2 A Re Al g2
R1\7/ R! :/) R FF
N N w-\)
Ts Ts Ts
Path A Path B| Path C
A oo -
Oz © [AuP
®
e> R1/<_§\R2
2. R'"ON - N <
| Ts IV Ts t
[ — 1 6_
] vt
—— P
Al g2 RI_® o Ts R2
® Gz
a ] — [Au]|
== R 7 . 1l
N Ts/N
nTs © 2
v R

Scheme 78: Distinct pathways for the alkynyl azirithe opening

The *°C labelling study showed previously that the fivembered ring intermediate could
explain the formation of*C-enriched 2,5-substituted pyrroB44 (Scheme 75) and®C-

enriched 2,4-substituted pyrrdtd5 (Scheme 77).
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On the other hand, it was thought that the four-tver@d ring intermediate could explain the
formation of**C-enriched 2,4-substituted pyrrdd6 (Scheme 79).

In this case, the secondary carbocation of interatetd’ would be stabilised by the adjacent
aryl group. This species would then evolve intelintediateM’ by a 1,2-vinyl migration.

Proto-deauration would finally givVeC-enriched 2,4-substituted pyrrd2d6

__________________________________________________________________

Ts [Au] H Ph
N [Au] ® Path Il Ph [Aul H® [Aul
A N T S
Ph A ; Ph™>N7 ~n-Bu @™\~ Tn-Bu N~ n-Bu
1 | 1
n-Bu | Ts 'i's 'i's
243 H' J K
@ =13C b
—————————— o H®
Path | | .p

[Au] |Path IV i ﬂ\ HO JN N
" Ph n-Bu — X Ph n-Bu | ! Ts

N @ N
| orD I
Ts Ts 245
\ I 244
; [Au] Ph.  [Au] Ph.  [Au] Ph !
" e ey
i n-Bu '
: @ N @ N n-Bu N n-Bu N n-Bu '
1 | | | | :
| Ts Ts Ts Ts !
' L 'y N' 246 ;

Scheme 79: New mechanism proposal for the cycloisensation of alkynyl aziridine 243 using
PhsPAUCI/AgOTH.

As well as explaining the formation of a pyrroletwt’C-enrichment at C-4 this mechanism
also accounts for the results of the deuterium llialge experiments where almost only

deuterium insertion was observed in position 3 ¢auh 70).
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Under this new mechanism, starting with deuteriafvelled aziridin@37, the transformation
of four-membered ring intermedidteinto structured (Scheme 80) positions deuterium at C-
4. Aromatisation proceeds by loss of deuteriumationfthe organo-gold speciéé. Gold-
deuterion exchange would then lead to deuterat#éguhstituted pyrrol@14. On the other

hand proto-demetalation of intermedidewould give 2,4-substituted produzil

Ts
D N
/\
% '\ll n-Bu
n-Bu Ts
237 211

H@
S) ) €]
@
N \ -D \
D® n-Bu @ N n-Bu n-Bu
Ts

/
N N
Ts Ts
N (o] M
D
/\
N n-Bu
|
Ts
314

Scheme 80: Mechanistic rationale for the deuteriuntabelling study using PRPAuUCI/AgOTHf.

104



45 Tests on the new mechanism

In order to confirm the new mechanistic proposatparation of*C-enriched alkynyl

aziridine247 from **C-enriched imin@42was performed (Scheme 81).

e
Br
\®
S— Ts
ph—— N
N—-Ts 177 . \\
CH,Cly, rt Ph
CSQCO3
242 247 80 %

.:13C

Scheme 81: preparation of°C-enriched alkynyl aziridine 247

The new substrate was then submitted to catalysigylPRPAUCI/AgOTH. In contrast to the
use of**C-enriched alkynyl aziridin€43 **C NMR of the purified pyrrole mixture did not

reveal any trace dfC-enrichment at C-4 of a 2,4-substituted produché&ne 82, Appendix

B).

Ts AgOTf (5 mol%) Ph
N PPhsAUCI (5 mol%) N\ m\
Ph/A\ CH,Cly, 1t N \
247 248 1:10 249
o = 13C

Scheme 823C labelling study using AgOTf/PhPAuCI with alkynyl aziridine 247

In light of this result the new mechanism was réeate@d, paying particular attention to the

two intermediate$!’ andL’ where the process diverged (Scheme 79). The arigtion in
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the two*C-enriched alkynyl aziridines considered was thiestituent to the alkyne which

was either an alkyl or a phenyl moiety. Switchihgg tgroup would not appear to significantly

affect the stability of 4-membered ring (Scheme 79), but it could have a significant affec

on the 5-membered ring intermediéte

The presence of a phenyl substituent allows greatabilisation of O’ by extended

delocalisation of aromatic electrons (Scheme 8Rijs potentially favourin@’ at the expense

of R’. This could explain the formation of only of€-enriched 2,4-disubstituted pyrrole in

the case of a phenyl-substituted alkynyl aziridimethe absence of this extra stabilisation,

using n-butyl-substituted alkynyl aziridir#13 the two pathways could be competitive and

give the mixture of two 2,4-substituted pyrrolesmeers.

R

Ph\/

N

Ts

[Au]| Path IV

A SZ
// m

Favored
when R = Ph

>

[Au]

|
Ts
SI

Path Il
e

—_—

Path |

Scheme 83: Extra stabilisation of intermediate O'.

It was then decided to prepare three offiérenriched substrates to assess the validity sf thi

explanation (Figure 9).

106



Ts Ts Ts

Ph Ph Ph

Vi
Vi

A

25?3 o~ 251 CF, 252 Ph
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Figure 9: Proposed'*C-enriched substrates to test the validity of mechaistic proposal

13C-Enriched alkynyl aziridine252, bearing an alkyl moiety, was synthesised in orier
confirm that no further stabilisation of five-membéé ring intermediate®®’ (Scheme 83)
would lead to a mixture of 2,4-substituted pyrrdResS’ with Q' as whem-butyl-substituted
alkynyl aziridine243was employed.

13C-enriched alkynyl aziridin250, bearing an electron-rich aryl group, was expedted
stabilise intermediat®’ (Scheme 83) to a greater extent than whehphenyl-substituted
alkynyl aziridine 247 was used. Therefore formation of pyrrolBs and Q' only was
anticipated.

In the other hand*C-enriched alkynyl aziridin@51, bearing an electron-deficient aryl group,
was expected to destabilise intermedi@te(Scheme 83) relative to phenyl substitugty
and so would potentially give a mixture BE€-enriched pyrrole®’, S’ andQ’ by enabling
Path IV to be competitive.

To access to thesé&C-enriched alkynyl aziridines, sulfonium sas5 and258 were prepared
(Scheme 84).

Sonogashira type reaction between propargyl alcawd 4-methoxyiodobenzene gave
alcohol 253 Treatment with PRhand bromine led to bromid254 which was reacted with
dimethylsulfide to form sulfonium sal55 The same sequence of reactions was used to form

sulfonium sal258from 4-(trifluoromethyl)iodobenzene.
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253 65 %
Br, | CH,Cl,
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Bre
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OH
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_ g7 Br
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Scheme 84: Preparation of sulfonium salt 255 and 85

3c-enriched alkynyl aziridine®50, 251 and252 were then synthesised via reaction of
sulfonium salt®55 258and179with **C-enriched imin@42 (Scheme 85).

The impact of the alkyne substituent was probedumpning catalysis on those new alkynyl
aziridines with the system AgOTf/PEuCl (Scheme 86).

As predicted the presence of an electron donatiggsaibstituent on*C-enriched alkynyl
aziridine 250 led to formation of only**C-enriched 2,4-substituted pyrrole ison280
(Appendix B). Moreover, electron deficient aryl-stibuted alkynyl aziridine251 and alkyl
substituted252 gave mixtures of°C-enriched 2,4-substituted pyrroles as was antieipa

(Appendix B).

108



These results were in perfect agreement with theham@sm proposal where a competition
between five-membered rin®’ and a four-membered rin®’ was suggested for the

cycloisomerisation of aryl-substituted alkynyl adines (Scheme 83).

Ts
T
,{IS 255 179 N
Cs,CO; N=Ts  cs,cO,
Ph N ohcL Ph A
\ CH2C|2, rt CHchQ, rt
250 60 % _ 242 252 67 % Ph
°="C © 258
CSQCO3
CH,Cl,, rt

Ts
N
25165 % CF,

Scheme 85: Preparation of*C-enriched alkynyl aziridines 250, 251 and 252

Ts
N AgOTf (5 mol%)
Ph3AuClI (5 mol%)
Ph A CH,Cl,, rt
250 <10%
e =13c o~ '
Ts
N AgOTf (5 mol%)
Ph3AuCl (5 mol%)
Ph
A CH,Cl, rt CF3
45 %
251 CF3
Ts
4 AgOTf (5 mol%) Ph Ph Ph
PhaAuCH (5 mol%) Iy m\) b\)
Ph T CH,Cly, rt Ph™ON N
40 % Ts Ts
- o 263 . 264 g 265 J
1 : 2

Scheme 86: Mixture of isomers obtained when submittg **C-enriched alkynyl aziridine 250, 251 and 252
to PhsPAUCI/AQOTf
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4.6 Summary

The reaction mechanisms proposed in Chapter 3 pedrio the test using deuterium labelling
and *°C labelling studies. The deuterium experiments wesesistent with the proposed
pathway for the formation of 2,5-substituted pyesolFurther confirmation came from using
3c-enriched alkynyl aziridines under the same citigyold catalytic system employing
PhPAUCI/AgOTs. On the other hand the studies showed formation of 2,4-substituted
pyrroles with PBPAUCI/AgOTf was a more complex process than expecamd a new
mechanism has been proposed to account for expehmitcomes. ThEC labelling could
prove that two different pathways were active lagdio 2,4-substituted pyrroles. A ring
expansion via a five membered ring was shown t@ @iyb-substituted pyrrole and a 2,4-
substituted isomer from a 1,2-aryl shift. Anothathvay, through a four membered ring this
time, was shown to lead to a 2,4-substituted pgrimf alternative skeletal rearrangement.
When alkynyl aziridine bearing an electron defitienan alkyl substituted alkyne was used,
competition between the five and four membered imbgrmediate led to the formation of the
two 2,4-substituted pyrroles with labelling at tsibes. The use of alkynyl aziridine bearing
an electron-rich substituted alkyne gave only 2idstituted pyrrole with enrichment at only
one site thanks to an extra-stabilisation of thie fnembered ring intermediate favouring this
pathway.

Those results showed how seemingly relatively stngald-catalysed reactions could reveal
themselves to be complex when mechanistic studéee wn to explain their outcome. It also
showed the importance of such studies to allowngtyosupported mechanistic proposal to be

made.
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4.7 Overall summary

Two new gold-catalysed strategies have been deséldp access a range of substituted
pyrroles from alkynyl aziridines.

Brominated or silylated 2,4-substituted pyrrolesevprepared regioselectivelya a AuCk-
catalysed vinylidene rearrangement when brominatedilylated alkynyl aziridines were
employed. Despite the formation of debrominatedesilylated side product, the concept of
the reaction involving a rarely described gold-Vidgne intermediate was validated.

Another strategy using cationic gold catalysis laso been successfully developed to
synthesise 2,4- and 2,5-substituted pyrroles frdkgngl aziridines. The catalytic system
PhPAUCI/AgOTs allowed us to access 2,5-substitutetlopss in almost quantitative yield.
The 2,4-substituted isomers were formed preferigntivhen PRPAUCI/AgOT! was
employed. A study of the reaction mechanism emplpyi®C and deuterium-labelling
supports a straightforward 3,5-ring expansion t® fiormation of 2,5-substituted pyrroles,
with no skeletal rearrangement. On the other harmhmpetition between two pathways was
revealed for the formation of the 2,4-substitutedrgles. Depending on the initial ring
opening step, both a 1,2-aryl migration in a fivembered ring intermediate, or a 1,2-vinyl
migration in a four membered ring intermediate preposed to account for the observed

reaction outcomes.
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Chapter 5: Synthesis ofu,p-unsaturated imides from

ynamides
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5.1 Introduction

As discussed in Chapter 1 (section 1.6.1), previsuglies have shown the ability of
propargylic carboxylates to rearrange under goldlgst activation to form gold carbenoid
species. Various nucleophiles have been employeshtt on these intermediates and sulfides
were for example recently used to perform an intéecular coupling under gold catalysis
(Scheme 87)° Generation of gold carbenoid spec87 by rearrangement followed by
nucleophilic attack of the sulfide led to formatiohan ylide268 This intermediate could
then rearrange again when an allyl substitutedidaulivas employed, allowing complex

molecules to be obtained from simple building bkck

S B
Br  OAc ZN"Npy "OAC
AuClI (5 mol% S
% ( 0) o \Ph
CICH,CH,Cl, 70 °C
266 269 93 %
B A@
r u
Br [Plxu] S W Ph
N Ph NSy
OAc OAc |

Scheme 87: Coupling reaction between alkyne and $idle developed in the group
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Following those results, further processes emppgwven simpler alkynes were developed.
The use of an internal sulfoxid&’ 0, while reducing unfavourable gold-sulfur interacts,
allowed an internal redox process to simultaneogsyerate the carbenoid and sulfide

components necessary for ylidé4 formation (Scheme 88).

| N
NP
Cl-Au—0
0 (5 mol%)
/\/g\/\ CICH,CH,CI, 70 °C =/ 3
270 Ph 275 69 %

271 273 274

Scheme 88: Alkyne as direct precursor for the formion of sulfur ylide

Zhang and co-workers had also recently publishedlte showing the use of an in situ
formed N-oxide 277 in an intramolecular preparation afoxogold carbenoid speci&’8
This very reactive intermediate was employed in yligation process leading to

tetrahydrobenz[b]azepin-4-02&9 (Scheme 89)°
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Scheme 89: Preparation of tetrahydrobenz[b]lazepin-bnes

Considering the previous work above, it was thoupht the formation of a gold carbenoid
from an alkyne and an external oxidizing agent, neltbe oxygen delivery system would not
be incorporated in the product, would be of sigaifit interest.

To ensure site-specificity of carbenoid introduetiocontrolled by the cyclisation in

intramolecular processes, ynamides were selectedbassrates (Scheme 90).

[Au]
R! R
R [AU] N
N——==—R RZ O
RZ g © E
o® o M
R R R
- [Au] I o-x, R f@ X I
R? R? -X
1 © °
A R [Au] D [Au]
NS
N:.:\/ R! oR
R? R N
c RZ O
F

Scheme 90: Ynamides as equivalents afu-disubstituted imidocarbenoids
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Indeed, heteroatom lone pair participation shoaldofir a gold-ketene-iminium resonance
form C and develop an electrophilic site adjacent to miteogen (Scheme 90). It was
therefore anticipated that nucleophilic additioraafexternal oxidant, a sulfoxide Nroxide
for example, would occur selectively to form inteaate D. Cleavage of the O-X bond
would lead to the formation of amoxo gold carbenoid speci€s which could be used in
different subsequent reactions.

A phenyl substituted ynamid& could for example lead to the formation of carbhdno

intermediatd (Scheme 91). Cyclisation could then be envisagegive indolinone product

K.

R
o ®
_OX_ 0
N—R [Au] N
Ri Ry
G K
o ®
0-X
[AU]
[AU] [Au] [Au]
R <>
N
R,

I J

Scheme 91: Proposed cyclisation of phenyl-substited imidocarbenoid intermediate

In order to assess this concept, ynamides beamglenyl substituent were prepared.
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5.2 Starting material preparation

Synthesis of the ynamide precursors was achievguoging a copper-catalysed coupling
between a terminal alkyne and an amide under aeomiditions (Scheme 9% This atom-

economical method allowed the use of a range atrele-withdrawing secondary amides and
a variety of substituents were tolerated. Furtheergood to excellent yields of ynamides

were reported.

N32003
pyridine ;
_ H CuCly, 20 mol% R
R— 1,N\ 2 > R— N\
R R toluene, 70 °C R2
O, 51-97 %

Examples of nitrogen nucleophile:
O O
J O RL T
HN Yo HN M NT'S
\/ HN HN" N H
B —

Exemples of alkyne substitutent:

>y
n'CeH13:({“ r 7< | /@ @

Scheme 92: Stahl aerobic method to synthesise ynatas from terminal alkynes

The reaction mechanism was proposed to featuréadytia sequential activation of alkyrie
and amideN to give organocopper intermedide(Scheme 93). A C-N reductive elimination

step would provide the ynamide proditand the catalyst would be reoxidised under the
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aerobic conditions. An excess of nitrogen nuclelepias required to prevent the formation

of a bisalkynyl copper compleQ responsible for the formation of diyne side prddric

R1
2B+H20+ N B_*
LnCuX, T H
®@ o
1/2 02 B—H X
2 B H X / R R
L 4 /
"N Lod M oo = Lcd @
o] N
R1 X \
>\/ R
® o !
B-H X B+ R! N,R2 v
H R————=—R
N R

Scheme 93: Proposed mechanism for the copper-catagd ynamide preparation from alkyne

Tosyl and mesyl-substituted anilin280 and281 were prepared in good yield by simple slow
addition of the appropriate sulfonylchloride to aiure of aniline and pyridine in Gi&l,
(Scheme 943? Diisopropylaniline was also employed under the sawnditions to give82
in 91% vyield.
pyridine
NH; _R-800I
“SO,R
©/ CHZCIQ ©/

R=Tol 28096 %
R=Me 28192 %

pyridine H
NH2 TO|_SOQC| N_
_— SO, Tol
CH,Cl,
28291 %

Scheme 94:Preparation of sulfonylanilines
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Coupling reactions were performed using commeicialtailable alkynes, Cug&lpyridine

and NaCGQO; in toluene at 70 °C under,@tmosphere (table 14). Excellent yields of product
were obtained with the mesylated or tosylated medliand as expected a range of substituent
could be employed including alkyl chloride, propdig methoxyether and phenyl (table 14,
entries 2, 3, 4). It is important to note that éxeess of secondary amine employed to prepare

each ynamide was always easily recovered aftefigation by flash chromatography.

N82C03
H pyridine R2
RI_— N. o CuCly, 20 mol% R'——N
toluene, 70 °C @
O,

entry R R Product  Yield (%)°
1 SN Ts'™ 283 08
2 S T 284 98
3 O T 285 86

>

4 @ T 286 92
>

5 O T 287 08

6 MesSi~% TH 288 98
7 NN M 289 98

Table 14: Ynamide preparation from terminal alkyne.?All reactions performed using alkyne
(2 mmol), amine (10 mmol), NgCOs; (4 mmol), CuCL (0.4 mmol) and toluene (10

mL). Isolated yields.

The use of amid282led to the formation of the diyne side product andtrace of ynamide
was observed. The steric hindrance due to the $apropyl substituent was thought to be

responsible for the lack of reactivity of this stibte.
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To complete our selection of substrates desilytatid ynamide288 using KOH in a 1:1
mixture of HO and CHCN was tried but degradation occurred and the d@gpegnamide

could not be isolated (Scheme 95).

O e,

MesSi—=—N CHiCN/HO, 1t 7 =N,
Ts Ts

288

Scheme 95: Attempt of ynamide 288 desilylation usinK OH.

Unfortunately, apart form ynamid288 all the other substrates proved unstable and were
starting to form an unidentified side product 3G mfter purification.
Therefore those substrates were engaged in catalgsinediately after synthesis and

purification.

5.3 Optimisation of the reaction conditions

Ynamide283 was submitted to various catalysts and reactiomitions using commercially
available diphenylsulfoxide as a starting pointblgal5). Only traces of an unknown
compound were observed by TLC regardless of thgemblused and increase of the
temperature led to degradation of the starting natev/arying the catalyst from PtZlo
cationic gold or AuG was not successful as no trace of the expectetuptravas observed

by 'H NMR of the crude reaction mixtures.
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o

®J n-Bu
Q Ph/S\Ph [I{
> O
N————p-By Catalyst (6 mol%) N
T¢ Ts
283 290
] Temperature
entry  Oxidant Catalyst Solvent ¢0) Yield (%)
@O
1 ®L PtCh toluene 23 -
Ph”~ Ph
e)
O b
2 ®L PtCh toluene 80 -
Ph”~ Ph
@O
3 ®L PPRAUCI/AgOTf CHsCN 23 -
Ph”~ Ph
@O
4 ®L PPRAUCI/AQOTf CH.CI; 23 -
Ph” " "Ph
@O
5 ®L PPRAUCI/AgOTs CHCI, 23 -
Ph” " "Ph
@O
6 @] PPRAUCI/AgOTf  CICH,CH.CI 70 b
S
Ph Ph
@O
7 ®L AuCls; CH.CI; 23 -
Ph” " "Ph

Table 15: Use of diphenylsulfoxide as oxidant in &mpts to form indolinones.?Reactions performed
on 0.1 mmol starting material with 1eq sulfoxide ad 5 mol% catalyst at a concentration of 0.2 M.

®Complete degradation of the starting material was bserved.

Diphenylsulfoxide was then replaced by the stabigstalline and commercially available
pyridine N-oxide. This reagent was expected to be more nphiko than the sulfoxide as
extra stabilisation by electron delocalisation Ire taromatic pyridine ring was possible.
Moreover the oxygen of th&l-oxide should also be more accessible because lgss

sterically hindered than in diphenylsulfoxide.
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Ynamide 283 was therefore submitted to catalysis usingPRuCI/AgOTs and pyridinéN-
oxide (Scheme 96). Pleasingly total conversiorhefdtarting material into a new product was
observed after 12 h at room temperature. Howe\egr &ltration of the reaction mixture
through a pad of silica and evaporation of the ey crude!H NMR did not reveal any
traces of the expected cyclised compound. Isoladiothe reaction products was performed
and they were identified aE)f and g)-a,p-unsaturated imide294.

The products of the reaction were though to coroenfformation of intermediat291 by
nucleophilic attack of pyridineN-oxide onto the gold-activated ynamide (Scheme 96).
Cleavage of the O-N bond would release pyridine gederate intermediat292293
displaying carbenoid character. A 1,2-H insertiam the carbene would then form the

observedk)- and ¢)-a,p-unsaturated imide294.

—/\@® O
\ /N—O
(1 equiv.)
AgOTs (5 mol%)
PhsPAuCI (5 mol%) 0
/N — CH2C|2, rt /N .
Ts Ts

283 29460%  \
E:Z28:1
)| Al ¥ o 1,2-H shift
N—2) -Py 292
/ —_—
¥ 0 ¢
9
\ 7 ©
[Au] H
291 e
N
Ts O
293

Scheme 96: Gold-catalysed reaction of ynamide 283tlvpyridine N-oxide
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In order to avoid 1,2-H insertion in the carbenspkcies formedn situ, phenyl-substituted
ynamide286 was used with BRRAUCI/AgOTs and pyridin&l-oxide. In that case formation of
the cyclised indolinone product was expected.

This time with only one equivalent-oxide the reaction did not go to completion and a
different product was formed according to TLC &RdNMR of the crude mixture. A second
test was attempted with 2.2 equivalentsNebxide and total consumption of the ynamide
precursor was observed after 12 h. The produdhefeaction was isolated and identified as

dioxidated oxoacetamidZ98 (Scheme 97).

©0
AN
| AN

=

(2.2 equiv.)
AgOTs (10 mol%) Q
PhsPAuUCI (10 mol%) O
N%@ CH2C|2, rt /N
T¢ Ts
@)

286 29874 %
©0 [Au] ©0
o | e WAL
O [Au] Q [Au] N B
— Ts (@] _
N—3 Py 296
/ —_—
Ts 0
—N&
<\ /)

o
295 Q [Au]
O
N
Ts/ @]
297

Scheme 97: Gold-catalysed formation of oxoacetamid®98 from ynamide 286
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Access to the dioxidated produ@98 was explained by oxidation of the carbenoid
intermediate296 formed during the course of the reaction, justifyithe need for two
equivalents oN-oxide to completely convert the starting mateindab product (Scheme 97).
This result was consistent with previous work frdimste and co-workers where diphenyl
sulfoxide could be used to trap different preformguld carbene intermediates to give

carbonyl compounds in good yield (Scheme%8).

©

%
®
Ph” > Ph o
— AgSbFg (5 mol%) D
MeO,C
o2 IPrAuCI (5 mol%) MeO,C
MeO,C \ CH,Cl,, rt MeO,C Ph
Ph 7
299 302 91 %
A
)
Au
[Au]\ [ ],‘ o _Ph
MeO,C MeO,C S
.~ Ph
MeO,C Ph MeO,C Ph
H H
300 301

Scheme 98: Toste and co-workers trapping of gold daene with Ph,SO

Carbene formation from oxidation of ynamides hagaly been reported in the literature
employing DMDO as electrophilic oxidant (Scheme.99)e novelty brought by the use of a
gold catalyst and pyridindN-oxide was that opposite regiochemistry to thatviogsly
established was obtained ¢sV).%

Furthermore the gold-catalysed formation of thexidiated oxoacetamide from ynamide and
N-oxide complements the existing reaction emplowlegtrophilic oxidants to form this class

of compounds (Scheme 108).
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| RZ O
0 1 = T
1 3
R\N}R ~ DMDO R\N — g A
R2 g Electrophilic g2 Nucleophilic
oxidant oxidant
\"/ S S
1 (AUl 3
R\ @R
N
R2 O
)

Scheme 99: Opposite regioselectivity of electrophilversus nucleophilic oxidation of ynamides

NalO, (3 equiv.)
RUO,. H,0 (5 mol%)

| CH,Cly/CH5CN/H,0, rt \

o)
R1 - . . 3
N g Pyidine N-oxide (2equiv) Rl ~\ZLR

R2 (AUl o

R2 0

w X

‘ DMDO ‘

acetone, rt

Scheme 100: Preparation of dioxidated oxoacetamid®y electrophilic or nucleophilic oxidation

When the trimethylsilyl substituted ynamid88 (Table 14, entry 6) was reacted with
PPRAUCI/AgOTs and pyridinéN-oxide, very complex mixtures of products and ddgt@an
were observed.

Despite evidence for the formation of the expedeldl carbenoid species during the course
of the reaction with ynamide283 and286, no cyclised products had been observed. But the

possibility to accesa,p-unsaturated imides in two steps from a sulfonanaide a terminal
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alkyne represented an attractive transformation thedefore the reaction was explored in

greater details.

Screening of reaction conditions was performed guginamide283 as test substrate and
pyridine N-oxide as nucleophile (Table 16).

Every gold (I) and gold (Ill) species tried gave #xpected,-unsaturated imide in average
to good yields (Table 16, entries 1-8) and platirsatis were inactive for this transformation
(Table 16, entries 9, 10). Test reactions using MBS TsOH in place of the metal salts were
unsuccessful and starting material was recovereate®er employment of TfOH led to

degradation of the starting material without obabte formation of the expected,p-

unsaturated imide product.

Considering all the systems tested, two sets ofditions were particularly interesting:
System A used air-stable dichloro(pyridine-2-cagdato)gold (Ill) precatalyst (Au)®® in
CICH.CH.CI at 70 °C (Table 16, entry 20) and was the qistke completely convert the
starting material into product in high yield. Syst® avoided the use of chlorinated solvent,
employing AuBg at room temperature in THF and was giving the f€sselectivity in high
yield (Table 16, entry 17).

Therefore it was decided that both system wouldapplied to a selection of different

ynamide in order to probe the scope of the reaction
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@o
®N

Catalyst
N—
T¢ \ Solvent, T {T

283 294

Temperature Yield in %

entry Catalyst Solvent Time (h) ¢0) (E:Z ratiof®
1 MeSAuUCI CHCl, 12 RT 61 (3.9:1)
2 PPRAUCI/AgOTs CICHCH.CI 12 70 80 (3.7:1)
3 PPRAUNTT, CH.Cl; 12 RT 44 (1:1)
4 AuCl CH.Cl; 12 RT 61 (3.8:1)
5 AuCl CICH,CH.CI 0.25 80 76 (2.3:1)
6 NaAuCl.H,0 CH.Cl, 12 RT 54 (2.4:1)
7 Au-l CH.Cl; 12 RT 48 (3.0:1)
8 Au- Toluene 12 RT 52 (2.5:1)
9 PtBp Toluene 12 70 €.
10 PtC} Toluene 12 70 ¢
14 AuCk CH.Cl; 12 RT 42 (3.3:1)
15 AuBr3 CICH,CH.CI 0.33 70 82 (2.5:1)
16 AuBr; Toluene 3 RT 84 (2.0:1)
17 AuBr; THF 12 RT 86 (3.2:1)
18 AuBr3 CHsNO; 24 RT 60 (3.8:1)
19 Aud CICH,CH.CI 2 50 66 (2.3:1)
20 AuA CICH,.CH.Cl  0.17 70 82 (2.3:1)
21 Aud CICH,CH.CI 0.25 80 45 (2.5:1)

Table 16: Survey of reaction conditions®Reactions were performed using 0.1 mmol of ynamidey
mol% of catalyst, 0.11 mmol of pyridineN-oxide and 0.5 mL of solvent (0.2 M)°NMR yields against
a known quantity of internal standard and ratios deermined by 'H NMR. °The starting material was

partially recovered. %71 % isolated yield after flash chromatography.
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5.4 Application of the optimised conditions

The ynamides prepared previously were then suldnittehe two sets of condition selected
after the optimisation work: System A employinghdaro(pyridine-2-carboxylato)gold (l11)
precatalyst (AU in CICH,CH,CI at 70 °C; System B employing Aufat room temperature
in THF.

Both N-tosyl andN-mesyl substituted ynamides gave the expected mneixtE) and &) a,B-
unsaturated imides in good yield with tf§ {somer as the major (Table 17).

Other functionalities than simple alkyl were tolte notably an alkyl chloride (entry 2) and
an alkoxy group (entry 3). In this last case congpleelectivity toward the synthetically
valuable E)-a,B-unsaturated imide was even achieved. Apart framdkample and when the
symmetrical cyclohexane substituent was used (esitryonly moderateH):(Z )selectivity
was observed and System B proved superior thari@yAtin every cases for the preparation
of the E)-isomer. System A always gave slightly better djief the mixture of isomers than

System B.

During the course of our studies Zhang and co-wsrkeported a similar use of pyridife
oxides in a new synthesis of dihydrofuran-3-oneshé@e 101¥* Like in the reaction
described above it was thought that nucleophiliackt of the pyridineN-oxide derivative
across the terminal alkyne would take place to gitermediate808

Formation of aru-oxo gold carbenoid speci€swould result from expulsion of the pyridine
derivative (Scheme 101). Internal nucleophilic etaf the carbenoid by the alcohol would

then terminate the process and give pro@adt
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ON
| AN
_—
Ph System A or B Ph O
N—__ R > N
N——R R1 {:77
R2
System A: Au-l, CICH,CH,CI, 70 °C R
System B: AuBr;, THF, RT
) Yield in %
Entry R R Product System .
(E:Z ratio)*
” Nl A 71 (2.3:1)
1 4/—/ Ts T 4<:LLL
294 _\ B 70 (371)
i Nl A 73 (1.9:1)
2 J_/ Ts Ts {i
Cl .
03\ g B 70 (3.5:1)
" Ph. O A 70°
3 o—/ Ts /N _
/ Ts
304 OMe B 65
. Ph\N o A 75 (3.0:1)
4 T Ms W {;71
305 \ B 71 (401)

“w, . 0 A 80
T /N
306 B 78

Table 17: Synthesis ofa,p-unsaturated imides. ®Reaction were performed using 0.3 mmol of
ynamide, 5 mol% of catalyst, 0.33 mmol of pyridineN-oxide and 1.5 mL of solvent’Isolated

yields, ratio of isomers determined byH NMR after purification. °Only E-isomer was observed.



(1.2 equiv.)
OH MsOH, 2 equiv.
/ Ph3sPAUNTf,, (5 mol%) o
R1 CICH,CH,CI, rt

307 311 55-88 %
A

o AU

/
O _
NS :

Scheme 101: Zhang and co-workers gold-catalysed maration of dihydrofuran-3-ones

A broad range of functional groups were toleratadhsas halogenated alkyls, azides or
various substituted aromatic rings. But the drawhafcthe method was the need for an acid
in the reaction mixture. It was proposed that tlgddine formed during the course of the
reaction deactivated the catalyst as than 10% wikfstoduct was reported when no acid was
employed. It was worth to note that such effectenaot observed in the case of ti® and

(2) a,p-unsaturated imides synthesis reported above.
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5.5 Summary

A new gold catalysed reaction has been developgdoging an external oxidizing agent to
form a gold carbenoid intermediate from ynamidessiite the fact that none of the expected
indolinones was formed, the predicted site-spedaifiduction of the gold carbenoid moiety
was demonstrated. This intermediate was indeedamglfor the preparation of a variety of
a,p-unsaturated imides in good yields with a good fismality tolerance. It was also shown
that access to one oxoacetamide compound was [@ssilgood yield and under mild
reaction conditions when an aryl substituted salbstwas used with two equivalents N
oxide.

Those results also demonstrate that ynamides camipboyed as direct equivalentsd-
disubstituted-diazo amides for regiospecific acdesgold carbenes (Scheme 102). Therefore
the gold-catalysed methods described above miglt te further developments in synthesis

while avoiding the use of the potentially hazarddiazo functionality.

0]

(@]
R1
R1\NHR3 —>[M] R1\N)H(R3 4—[AU] N———R;3
| I N-oxide R,

R2 N2 R2 [M]

Scheme 102: Ynamides as equivalents égu-disubstituted-diazo amides
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Chapter 6: Experimental
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6.1 Instruments

Asynt DrySin heating blocks on stirrer hotplates reveemployed for reactions with
temperature controlleda external probe. Infra-red spectra were recorded oea Perkin—
Elmer Spectrum 100 FT-IR spectrometer. Only setketesorbenciesva,) are reported in
cm-1. High resolution mass spectra (HRMS) were nae on a VG ProSpec or a VG-
ZabSpec at 70 eV when utilising electron impacisation (El). A Micromass LCT using a
methanol mobile phase was used for HRMS utilisiegteospray ionisation. In both case (El
or ES), HRMS was obtained using a lock-mass tostdhe calibrated mass scale. MS data
are reported asvz. NMR: Spectra were recorded on Bruker AC388 ¢ 300 MHz,*C =
75.5 MHz), Bruker AV300'H = 300 MHz,**C = 75.5 MHz) or Bruker AV400'd = 400
MHz, °C = 101 MHz), in the solvents indicated; Chemidafts (5) are given in ppm relative
to TMS. The solvent signals were used as referemcdghe chemical shifts converted to the
TMS scale (CDGt 6c = 77.0 ppm; residual CHEIn CDCh: 8y = 7.26 ppm; DMSQdg: 6c =
39.52 ppm; residual DMS@s in DMSO-dg: 6y = 2.50 ppm). Coupling constantg) (are
reported in Hz. Multiplicity is denoted itH NMR by: s (singlet), d (doublet), t (triplet), q
(quadruplet), quint (quintuplet), sept (septupktd m (multiplet).’*C NMR spectra were
recorded using the PENDANT pulse sequence fromBheer standard pulse program
library. Melting points were recorded using opemsgl capillaries on a Stuart Scientific

apparatus and are uncorrected.
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6.2 Reactions

Reactions were followed by thin layer chromatogsaphLC) using Macherey Nagel silica
gel 60F254 analytical plates (plastic support) Whiwere developed using standard
visualizing agents: UV fluorescence (254 and 366),namd potassium permanganate/

Purification by Flash chromatography was perforrasithg Fluorochem silica gel 60 (0.043-

0.063 mm).

All reactions in non-aqueous solvents were condlictdlame-dried glassware under a argon
atmosphere and with magnetic stirring. Volumesessithan 0.2 mL were measured and
dispensed with gastight syringes. Evaporation amgtentration under reduced pressure was
performed at 10-700 mbar at 40 °C. All pure produmt reactions were dried under high

vacuum (1 mbar).

6.3 Chemicals and Reagents

All reagents were obtained from commercial souimed used without further purification.
All reactions were carried out under argon in fladned glassware and with magnetic
stirring. The solvents used were purified by datibn over the drying agents indicated and
were transferred under argon: tetrahydrofuran (sudbenzophenone ketyl), diethyl ether
(sodium benzophenone ketyl), toluene (sodium),ldicmethane (Ca}kl and dichloroethane
(CaHp). Pyridine and triethylamine were distilled fromal® and were stored over 4 A
molecular sievesN-bromosuccinimide was recrystallised from hot waaexd was dried

thoroughly under high vacuum. Dess-Matrtin periodamavas prepared from 2-iodoxybenzoic
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acid (IBX)® following a known procedur®. The following cooling bath were used; 0 °C

(ice/water) and -78 °C (dry ice/acetone).

6.4 Procedure and Characterisation

6.4.1 Procedure and characterisation for Chapterg, 3 and 4

Aryltosylimine preparation: General procedure 1 (GPL1):

To a solution of aldehyde (10 mmol) in toluene (8GL) were added 4-methyl-
benzenesulfonamide (9 mmol, 1.54 g), amberlystohBeixchange resin (1 g) and activated
4A powdered molecular sieve (1 g). The reactiontanexwas heated at reflux (110 °C) for 12
h in a Dean-Stark apparatus. The temperature waecaown to room temperature and the
reaction mixture was filtered. The solvent was reewb under reduced pressure and the
residue was triturated with hexane. The crystaksinbd were filtered off, washed witi

pentane (2 x 40 mL) and dried to give pure imine.

Preparation of propargylic alcohols from terminal akynes and formaldehyde: General
procedure 2 (GP2)

n-BuLi (20 mmol, 8.0 mL of a 2.5M solution in hexarveas added dropwise to a solution of
alkyne (20 mmol) in THF (80 mL) at -78 °C. The @t mixture was stirred 30 min at -78
°C before paraformaldehyde (20 mmol, 0.60 g) watedd The temperature was raised to
room temperature and the reaction mixture stir@d12 h. NHCI solution (50 mL) was
added to quench the reaction and the THF was rednouder reduced pressure,@&t(40

mL) was added and the phases were separated. Tlhewmyphase was washed with@E(3 x
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40 mL) and the combined organic extracts were wasbith brine (30 mL), dried (N&Oy)
and concentrated under reduced pressure. Puriichii flash chromatography of the residue

gave the corresponding propargylic alcohol.

Formation of aziridines from imine and sulfonium sdt: General Procedure 3 (GP 3):

The corresponding sulfonium salt (1.2 mmol) anchtilee CsCO; (1.2 mmol) were added
sequentially to a solution of imine (1.0 mmol) iIM£CI, (10 mL). The reaction mixture was
stirred at room temperature until completion amtéred through a pad of silica to remove the
inorganic salts. The filtrate was then concentrateder reduced pressure and the residue was

purified by flash chromatography to afford the alldyaziridine.

AuCl ; catalysed pyrrole formation: General Procedure 4GP 4):

To AuClk (0.01 mmol, 3.0 mg) under argon was added a solutf the corresponding
aziridine (0.1 mmol) in toluene (0.2 mL) and thexture was immediately heated at 50 °C.
Stirring was maintened for the indicated time ampigk filtration through a pad of silica was
performed using ethyl acetate. The solvents wemeoved under reduced pressure and the

residue purified by flash chromatography [hexartbglecetate:triethylamine (25:1:1%)].
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Sonogashira coupling of aryliodides with propargylalcohol: General procedure 5 (GP5)

To a solution of aryliodide (25 mmol) in toluened(B1L) at room temperature were added
Pd(PPh).Cl, (0.75 mmol, 530 mg), Cul (1.5 mmol, 285 mg) angepidine (47.8 mmol, 4.72
mL). After stirring 5 min at room temperature, paogyl alcohol (25.5 mmol, 1.48 mL) was
added dropwise. The reaction mixture was then HeatdO °C for 12h. After cooling down
to room temperature, the reaction was filtereduploa plug of silica, eluting with EtOAc.
The filtrate was concentrated under reduced pressud purification of the residue by flash

chromatography gave pure propargylic alcohol.

Gold-catalysed cycloisomerisations of alkynyl azidines using PRPauCI/AgOTs:

general procedure 6 (GP6):

The catalyst system was prepared by addition ofydmus CICHCH,CI (0.5 mL) to
PhPAUCI (0.01 mmol, 5.0 mg) and AgOTs (0.01 mmol, &1§) in a flame-dried Schlenk
flask under argon. After stirring for 10 min at mdemperature, a white precipitate of AgCl
was observed and a solution of the correspondirggykenyl aziridine (0.2 mmol) in
anhydrous CICBCH,CIl (0.5 mL) was added. The reaction mixture wasresti at the
indicated temperature until complete consumptioaznfidine before being filtered through a
pad of silica. The filtrate was then concentratedar reduced pressure. When required the

residue was purified by flash chromatography agatdd.

Gold-catalysed cycloisomerisations of alkynyl azidines using PRPauCI/AgOTf:
general procedure 7 (GP7):
The catalyst system was prepared by addition of@mlus CHCI, (0.5 mL) to PBPAuCI

(0.01 mmol, 5.0 mg) and AgOTf (0.01 mmol, 2.5 mg)ai flame-dried Schlenk flask under
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argon. After stirring for 10 min at room temperatua white precipitate of AgCl is observed
and a solution of the corresponding acetylenylidginie (0.2 mmol) in anhydrous GBI, (0.5

mL) was added. The reaction mixture was stirredraatm temperature until complete
consumption of aziridine before being filtered thgh a pad of silica. The filtrate was then
concentrated under reduced pressure. The residsewiied by flash chromatography as

indicated.

Preparation of propargylic bromides from propargylic alcohols: General procedure 8
(GP8)

To a solution of PPA(1.1 equiv.) in CHCI, at 0 °C was added B¢1.9 equiv.) dropwise. The
reaction mixture was stirred for 20 min at 0 °Cdvefa solution of alcohol (1 equiv.) in
CH.Cl, was added dropwise. The reaction mixture was wdrtoeroom temperature and
stirred for 1 h. Water (25 mL) was added to quetih reaction and the two phases were
separated. The aqueous phase was washed witCICEB x 20 mL) and the combined
organic extracts were washed with brine (20 mL)edi{N&SO,) and concentrated under
reduced pressure. Purification by flash chromatagyaof the residue gave the corresponding

propargylic bromide.

Sulfonium salt preparation: General procedure 9 (GPR)

Dimethylsulfide (15.0 mmol, 932 mg, 1.1 ml) was addo a solution of bromid® mmol) in
acetone (5 mL) and the reaction mixture was stiatedbom temperature for 3 days. A white
solid was formed which was filtered off, washedhadtiethyl ether (4 x 10 mL) and dried to

afford the corresponding pure sulfonium salt.
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N-Benzylidene-4-methylbenzenesulfonamide (141)

QJN‘(:;?@

0]

Following GP1 using benzaldehyde (1.06 g, 1.02 gaye iminel41 as a white solid (1.86

g, 80%); mp 104-105 °Gjmax (N€at)/cnt 2932, 2864, 1650, 1570,1415, 1381, 1320, 1280,
1158, 1092, 1064, 960, 861, 820, 763(300 MHz; CDC}) 2.43 (3H, s, Ch), 7.34 (2H, dJ

8.2, 2 x CH), 7.45-7.50 (2H, m, 2 x CH), 7.60-7(BA, m, 5 x CH), 9.03 (1H, s, CHj: (75
MHz; CDCk) 21.6 (CH), 128.0 (2C, 2 x CH), 129.1 (2C, 2 x CH), 129.&8(2 x CH),

131.2 (2C, 2 x CH), 132.3 (CH), 134.94(8), 136.6 (Gua), 144.5 (Gua), 170.1 (CH).

Data were in agreement with those reported initamture®’

N-(1-Benzenesulfonyl-2-methyl-propyl)-4-methylbenzegsulfonamide (142)

To a 1:1 mixture of water (50 mL) and formic acilO(mL) were added 4-methyl-
benzenesulfonamide (34 mmol, 5.82 g,), 2-methyligrgddehyde (40 mmol, 2.94 g, 2.3 mL)
and sodium benzenesulfinate (40 mmol, 6.57 g).r€aetion mixture was stirred for 12 h at
room temperature and the resulting white precipiveas filtered off, washed with water (2 x
35 mL) and then pentane (2 x 35 mL) to give puraethylbenzene sulfonamidel2 as a
white solid (11.32 g, 77%); 114-115 °Gyax (neat)/cn 3298, 3056, 2967, 1342, 1306, 1166,
1134, 1082, 1055, 886, 808&; (300 MHz; CDC}) 0.84 (3H, dJ 6.9, CH), 1.04 (3H, dJ
6.9, CH), 2.40 (3H, s, Ch), 2.73 (1H, m, CH), 4.52 (1H, dd,10.7 and 3.2, CH), 5.17 (1H,

d,J 10.7, NH), 7.17 (2H, dJ 8.2, 2 x CH), 7.45-7.51 (4H, m, 4 x CH), 7.62-7(@61, m,
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CH), 7.82 (2H, d,J 7.2, 2 x CH)3c (75 MHz; CDC}) 16.5 (2C, 2 x Ch), 20.9 (CH), 21.5
(CHg), 77.5 (CH), 126.6 (2C, 2 x CH), 129.1 (2C, 2 x)CH9.3 (2C, 2 x CH), 129.6 (2C, 2

x CH), 134.0 (CH), 137.0 (Ga), 137.9 (Gua), 143.7 (Gua)-

N-(Benzenesulfonyl-cyclohexyl-methyl)-4-methylbenzesulfonamide (143)
®
_I

s
8ty

0]

To a 1:1 mixture of water (50 mL) and formic aciiO(mL) were added 4-methyl-
benzenesulfonamide (34 mmol, 5.82 g,), cyclohexamexaldehyde (40 mmol, 4.49 g, 4.9
mL) and sodium benzenesulfinate (40 mmol, 6.57Thg reaction mixture was stirred for 12
h at room temperature and the resulting white prete was filtered off, washed with water
(2 x 35 mL) and then pentane (2 x 35 mL) to giveepttmethylbenzene sulfonamitlé3 as
a white solid (12.69 g, 80%); 119-121 °Gyax (neat)/crit 3300, 3056, 2934, 1446, 1337,
1304, 1161, 1145, 1078, 1055, 810, 7&P(300 MHz; CDC}) 0.86-1.11 (2H, m, C}), 1.15-
1.46 (2H, m, CH), 1.49-2.01 (6H, m, 3 x G 2.40 (3H, s, Ch), 4.48 (1H, dd,) 10.7 and
3.4, CH), 5.52 (1H, dJ 10.7, NH), 7.16 (2H, d] 8.0, 2 x CH), 7.44-7.53 (4H, m, 4 x CH),
7.60-7.65 (1H, m, CH), 7.79-7.81 (2H, m, 2 x CBY;(75 MHz; CDC}) 21.5 (CH), 25.5
(2C, 2 x CH), 25.7 (2C, 2 x Ch), 29.6 (CH), 36.8 (CH), 77.2 (CH), 126.2 (2C, 2 x CH),
128.7 (2C, 2 x CH), 128.9 (2C, 2 x CH), 129.2 (2&, CH), 133.5 (CH), 137.0 (), 137.8

(Cquap, 143.2 (Gua)-
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N-Isobutylidene-4-methyl-benzenesulfonamide (144)

A Nap,CO; solution (70 mL) was added to a solution of 4-ngltbnzenesulfonamide42 (10
mmol, 3.67 g) in CHCI, (100 mL). The reaction mixture was stirred at ra@mperature for

2 h and the two phases were separated. The agpbass was washed with @&, (3 x 50
mL) and the combined organic extracts were drieg$8y) and concentrated under reduced
pressure to give pure imirigl4 as a white solid (2.02 g, 90%); mp 78-80 9« (neat)/cnt
3305, 3066, 2971, 1632, 1601, 1458, 1313, 11610,11888, 817, 7495y (300 MHz;
CDCl;) 1.20 (6H, dJ 7.2, 2 x CH), 2.41 (3H, s, Ch), 2.72 (1H, m, CH), 7.31 (2H, d,8.2,

2 x CH), 7.80 (2H, dJ 8.2, 2 x CH), 8.51 (1H, d}, 4.3, CH);5¢ (75 MHz; CDC}) 17.9 (2C,

2 x CHy), 21.5 (CH), 34.6 (CH), 128.0 (2C, 2 x CH), 129.7 (2C, 2 x)C#34.6 (Gua),

144.6 (Gua), 181.8 (CH).

Data were in agreement with those reported initamture>®

N-Cyclohexylmethylene-4-methyl-benzenesulfonamide 45)

A Nap,CO; solution (70 mL) was added to a solution of 4-mgltbnzenesulfonamide43 (10
mmol, 4.07 g) in CKHCI, (100 mL). The reaction mixture was stirred at ra@mperature for

2 h and the two phases were separated. The agpbass was washed with @&, (3 x 50
mL) and the combined organic extracts were drieg$8)y) and concentrated under reduced

pressure to give pure iming45 as a white solid (2.39 g, 90%); mp 103-105 ®%Gax

141



(neat)/crit 3307, 3062, 2960, 1630, 1602, 1452, 1385, 13180,11159, 1130, 1092, 810,
750, 690;5,; (300 MHz; CDC}) 1.16-1.37 (4H, m, 2 x CHi 1.63-1.88 (6H, m, 3 x GHj
2.42-2.44 (4H, m, CH and GH 7.32 (2H, d,J 8.3, 2 x CH), 7.79 (2H, d,8.3, 2 x CH), 8.46
(1H, d,J 4.4, CH);5c (75 MHz; CDC}) 21.6 (CH), 25.1 (2C, 2 x Ch), 25.6 (CH), 28.4
(2C, 2 x CH), 43.7 (CH), 128.0 (2C, 2 x CH), 129.7 (2C, 2 x)CH#34.8 (Gua), 144.5

(Cqua), 181.0 (CH).

Data were in agreement with those reported initamture>®

3-(Trimethylsilyl)-2-propyn-1-ol (146)

\ OH

n-BuLi (108 mmol, 43.2 mL of a 2.5M solution in hexg was added dropwise to a solution
of propargyl alcohol (54 mmol, 3.03 g, 3.1 mL) iHF (150 mL) at -78 °C. The reaction
mixture was stirred for 30 min at -78 °C before T®M§157 mmol, 17.06 g, 20 mL) was
added. The temperature was raised to room temperatal the reaction mixture stirred for 4
h. NH,ClI solution (40 mL) was added to quench the readiod the THF was removed under
reduced pressure. &1 (40 mL) was added and the phases were sepafdtedqueous phase
was washed with ED (3 x 40 mL) and the combined organic extractseweashed with
brine (20 mL), dried (N&O;) and concentrated under reduced pressure. Ptiofichy
distillation under reduced pressure (95 °C, 60 mjrnyéye alcoholl46 as a colourless liquid
(6.36 g, 90%);vmax (Neat)/cn 3342, 2960, 2180, 1255, 1043, 847, 764;(300 MHz;
CDCl;) 0.17 (9H, s, 3 x Ch, 1.86 (1H, s, OH), 4.26 (2H, s, Gdc (75 MHz; CDC}) -0.7

(3C, 3 x CH), 51.1 (CH), 90.1 (Gua), 103.1 (Gua)-
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Data were in agreement with those reported initamture®

1-Bromo-3-(trimethylsilyl)-2-propyne (147)

\ Br
—/Si;

Following GP8 using PRh(11 mmol, 2.88 g), Br(10.9 mmol, 0.55 mL) and alcoh&¥6
(1.28 g) in CHCI, (30 mL). Purification by flash chromatographmydentane) gave bromide
147 as a colourless oil (1.62 g, 85%);ax (neat)/cn 2970, 2172, 1247, 1219, 1039, 841,
745; 84 (300 MHz; CDC}) 0.18 (9H, s, 3 x Ch), 3.91 (2H, s, Ch); 5¢c (75 MHz; CDCH}) -

0.4 (3C, 3 x Ch), 14.5 (CH), 92.3 (Gua), 100.0 (Gua)-

Data were in agreement with those reported initamturd®

Dimethyl(3-(trimethylsilyl)prop-2-yn-1-yl)sulfonium bromide (140)
\ @ Br@

\ -

/
Following GP9 using bromid&47 (955 mg) gave dimethyl(3-(trimethylsilyl)prop-2-in
yl)sulfonium bromidel40 (949 mg, 75%); mp 156-157 %G (neat)/crit 3013, 2918, 2181,
1318, 1253, 1190, 1038, 991, 845, 761, 639" céy (300 MHz; CDC}) 0.22 (9H, s, 3 x
CHy), 3.18 (6H, s, 2 x C}J, 4.93 (2H, s, ChH); é¢c (75 MHz; CDC}) -0.7 (3C, 3 x Ch), 24.1
(2C, 2 x CH), 33.2 (CH), 89.7 (Gua), 97.5 (Gua); HRMS m/z (TOF ES+) 173.08109.

CgH17SSi requires 173.0815.
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2-Prop-2-ynyloxy-tetrahydropyran (148)

Dihydropyran (50 mmol, 4.21 g, 4.6 mL) apeoluenesulfinic acid monohydrate (1 mmol,
0.20 g) were added to a solution of propargyliohatt (50 mmol, 2.80 g, 2.9 mL) in GBI,
(30 mL) at 0 °C. After 30 min the reaction mixtuneas allowed to stirr at to room
temperature. After 3 h the reaction was quenchethéwaddition of NgCO; solution (15 mL).
The phases were separated and the aqueous phasesiees with CBCl, (3%x15 mL). The
combined organic extracts were washed with brien(l), dried (NaSQy) and concentrated
under reduced pressure. Purification of the residog flash chromatography
[hexane:ethylacetate (20:1)] gave ethidB as colourless oil (6.460 g, 92%);ax (neat)/crit
3288, 2941, 2873, 2121, 1445, 1387, 1263, 11812,11@20, 959, 899, 663, (300 MHz;
CDCly) 1.52-1.88 (6H, m, 3 x CH 2.41 (1H, m, CH), 3.50-3.57 (1H, m, CH), 3.888.
(1H, m, CH), 4.26 (2H, dd] 15.0 and 2.5, 2 x CH), 4.82 (1H, m, Cl}; (75 MHz; CDC})
19.0 (CH), 25.3 (CH), 30.2 (CH), 54.0 (CH), 61.8 (CH), 73.8 (CH), 79.5 (fua), 96.6

(CH).

Data were in agreement with those reported initamture®

Triethyl(3-(tetrahydro-2 H-pyran-2-yloxy)prop-1-ynyl)silane (149)

—\Si;o@
$

n-BuLi (7.05 mmol, 2.8 mL of a 2.5M solution in heyg was added dropwise to a solution
of protected alcohal48 (7.13 mmol, 1.0 g) in THF (20 mL) at -78 °C. Tleaction mixture

was stirred for 30 min at -78 °C before TESCI (6minol, 1.08 mL) was added. The
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temperature was raised to room temperature andetteion mixture stirred for 4 h. NBlI
solution (20 mL) was added to quench the reactrmhthe THF was removed under reduced
pressure. EO (30 mL) was added and the phases were sepafdiedaqueous phase was
washed with BEO (3 x 30 mL) and the combined organic extractsewesished with brine (15
mL), dried (NaSQ,) and concentrated under reduced pressure. Ptioficaf the residue by
flash chromatography [hexane:ethylacetate (20:h)legetherl49 as a pale yellow liquid
(1.76 g, 97%)pn (300 MHz; CDC}) 0.60 (6H, q,J 8.0 and 7.7, 3 x CHl, 0.98 (9H, t,J 8.0
and 7.7, 3 x Ch), 1.50-1.88 (6H, m, 2 x G§) 3.44-3.56 (1H, m, CH), 3.81-3.89 (1H, m,
CH), 4.29 (2H, s, Ch), 4.86 (1H, m, CH)$c (75 MHz; CDC}) 4.4 (3C, 3 x Ch), 7.8 (3C, 3

x CHg), 18.8 (CH), 25.2 (CH), 30.1 (CH), 54.0 (CH), 61.8 (CH), 90.1 (Gua), 96.8 (CH),

103.2 (Gua); HRMSmVz (TOF ES+) 277.1602. {{H260.NaSi requires 277.1600.

3-(Bromo-prop-1-ynyl)-triethylsilane (150)
L%i;Br
Following GP8 using PRK7.6 mmol, 1.99 g), Br(7.5 mmol, 0.38 mL) and eth&n9 (1.76
g) in CHCI, (20 mL). Purification by flash chromatographydentane) gave bromirib0 as
a colourless oil (1.75 g, 75%Ymax (neat)/cit 2959, 2914, 2176, 1456, 1413, 1235, 1038,
1019, 955, 8955, (300 MHz; CDC}) 0.61 (6H, gJ 7.7, 3 x CH), 0.99 (9H, tJ 7.7, 3 x
CHg), 3.93 (2H, s, Ch); dc (75 MHz; CDC}) 4.5 (3C, 3 x CH), 7.6 (3C, 3 x Ch), 14.8

(CHy), 89.6 (Guay, 100.3 (Guay-

Data were in agreement with those reported initamture®*
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Dimethyl(3-(triethylsilyl)prop-2-yn-1-yl)sulfonium bromide (151)

\@ Br
S_

Following GP9 using bromid&50 (1.166 g) gave sulfonium sdl61 as a white solid (886
mg, 60%); mp 149-150 °Grnax (Neat)/cn 3013, 2918, 2181, 1318, 1253, 1190, 1038, 991,
845, 761, 6395, (300 MHz; CDC}) 0.61 (6H, qJ 7.7, 3 x CH), 0.96 (9H, tJ 7.7, 3 x
CHs), 3.21 (6H, s, 2 x C#), 5.06 (2H, s, Ch); 5¢c (75 MHz; CDC}) 4.0 (3C, 3 x Ch), 7.4
(3C, 3 x CH), 24.4 (2C, 2 x Ch), 33.7 (CH), 90.9 (Gua), 95.4 (Gua); HRMS miz (TOF

ES+) 215.1291. GH»3SSi requires 215.1284.

cis-2-Phenyl-1-(toluene-4-sulfonyl)-3-((trimethylsily)ethynyl)aziridine (152)

X
AN
©/Q\s(

|
Following GP3 using iminel4l and sulfonium saltl40 for 1 h. Purification by flash
chromatography [hexane:ethylacetate:triethylamip@:1(1%)] gavecis-aziridine 152 as a
yellow solid (258 mg, 70%); mp 80-81 °G;ax (Neat)/crit 3028, 2850, 2176, 1586, 1444,
1326, 1251, 1160, 860, 795, 650; (300 MHz; CDC}) -0.01 (9H, s, 3 x Chj, 2.43 (3H, s,
CHs), 3.63 (1H, dJ 6.9, CH), 3.94 (1H, dJ 6.9, CH), 7.27-7.35 (7H, m, 7 x CH), 7.87 (2H,
d, J 8.3, 2 x CH)¢ (75 MHz; CDC}) -0.7 (3C, 3 x Ch), 21.7 (CH), 35.9 (CH), 46.4 (CH),

91.5 (Gua), 97.4 (Gua), 127.9 (4C, 4 x CH), 128.0 (2C, 2 x CH), 128.4]C129.9 (2C, 2 x
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CH), 1319 (Gua), 134.5 (Gua), 144.9 (Gua); HRMS mvz (TOF ES+) 392.1112.

CooH23NO,NaSSi requires 392.1116.

cis-2-Isopropyl-1-(toluene-4-sulfonyl)-3-((trimethylsiyl)ethynyl)aziridine (139)

Following GP3 using iminel44 and sulfonium saltl40 for 3 h. Purification by flash
chromatography [hexane:ethylacetate:triethylami®®:1(1%)] gavecis-aziridine 139 as a
white solid (235 mg, 70%); mp 59-61 °G;ax (neat)/cnT 2966, 2913, 2178, 1601, 1472,
1405, 1351, 1322, 1308, 1291, 1250, 1154, 10926,1945, 873, 840, 814, 758;, (300
MHz; CDCl) 0.12 (9H, s, 3 x C#), 0.79 (3H, d,) 6.8, CH), 0.98 (3H, dJ 6.8, CH), 1.50-
1.60 (1H, m, CH), 2.45 (3H, s, GH 2.49 (1H, dd,J 6.9 and 2.6, CH), 3.38 (1H, d,6.9,
CH), 7.34 (2H, d) 8.3, 2 x CH), 7.84 (2H, d,8.3, 2 x CH)$¢ (75 MHz; CDC}) -0.4 (3C, 3

x CHg), 18.4 (CH), 20.1 (CH), 21.7 (CH), 28.4 (CH), 33.9 (CH), 51.0 (CH), 90.04,
97.9 (Gua), 128.2 (2C, 2 x CH), 129.6 (2C, 2 xCH), 134.6,4 144.7 (Gua); HRMS m/z

(TOF ES+) 358.1281. GH2:NO,NaS requires 358.1273.
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cis-2-Isopropyl-1-(toluene-4-sulfonyl)-3-((triethylsilyl)ethynyl)aziridine (153)

oisjo
N
YL\ J
N\g
Following GP3 using iminel44 and sulfonium saltl51 for 3 h. Purification by flash
chromatography [hexane:ethylacetate:triethylami®®:1(1%)] gavecis-aziridine 153 as a
white solid (302 mg, 80%); mp 49-50 °@ax (neat)/crit 3047, 2958, 2875, 2230, 1323,
1160, 1093, 876, 725 (300 MHz; CDCY4) 0.55 (6H, gJ 8.0, 3 x CH), 0.81 (3H, dJ 6.7,
CHs), 0.93 (9H, tJ 8.0, 3 x CH), 0.98 (3H, dJ 6.7, CH), 1.58-1.65 (1H, m CH), 2.44 (3H,
s, CH), 2.51 (1H, dd, J 9.7 and 6.9, CH), 3.37 (1H] 4,9, CH), 7.33 (2H, d] 8.3, 2 x CH),
7.83 (2H, dJ 8.3, 2 x CH)dc (75 MHz; CDC}) 4.1 (3C, 3 x CH), 7.3 (3C, 3 x Ch), 18.5
(CHs), 20.2 (CH), 21.7 (CH), 28.5 (CH), 34.0 (CH), 51.0 (CH), 87.54&), 99.0 (Gua),
128.1 (2C, 2 xCH), 129.6 (2C, 2 x CH), 134.7; 144.6 (Gua); HRMS m/z (TOF ES+)

400.1733. GH3:NO,NaS requires 400.1742.

cis-2-Cyclohexyl-1-(toluene-4-sulfonyl)-3-((trimethyldyl)ethynyl)aziridine (154)

0=5=0
N
NV
X
O/Q\Sii
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Following GP3 using iminel45 and sulfonium salt140 for 3 h. Purification by flash
chromatography [hexane:ethylacetate:triethylamip@:1(1%)] gavecis-aziridine 154 as a
beige solid (319 mg, 85%); mp 76-77 °Giax (Neat)/cmt 2937, 2902, 2852, 2178, 1598,
1448, 1410, 1368, 1326, 1245, 1222, 1158, 11359,10861, 958, 838, 824, 815, 749, 701,
u (300 MHz; CDC}) 0.13 (9H, s, 3 x ChJ, 0.90-1.34 (6H, m, 3 x C#{ 1.43-1.79 (5H, m ,

2 x CH, and CH), 2.43 (3H, s, Gjf 2.55 (1H, ddJ 6.9 and 2.6, CH), 3.35 (1H, d,6.9,
CH), 7.33 (2H, dJ 8.2, CH), 7.83 (2H, dJ 8.2, CH); éc (75 MHz; CDC}) -0.5 (3C, 3 x
CHs), 21.6 (CH), 25.2 (CH), 25.4 (CH), 25.9 (CH), 28.8 (CH), 30.3 (CH), 33.4 (CH),
37.3 (CH), 49.3 (CH), 89.7 (&), 98.0 (Gua), 128.0 (2C, 2 x CH), 129.6 (2C, 2 x CH),
134.4 (Gua), 144.6 (Gua); HRMS miz (TOF ES+) 398.1590. H.oNO,NaSSi requires

398.1586.

cis-2-Bromoethynyl-3-phenyl-1-(toluene-4-sulfonyl)azidine (155)

Silver nitrate (0.07 mmol, 12 mg) and NBS (0.77 rhmi86 mg) were added to a solution of
aziridine 152 (0.70 mmol, 258 mg) in acetone (10 mL) and thetunexwas stirred at room
temperature for 1 h. Water (10 mL) was added amrdadiiganic phase was separated. The
agueous phase was extracted with ethyl acetate @ mL). The combined organics were
dried over NaSQ,, filtered and the solvent was removed under redigpeessure. The residue
was then purified by flash chromatography [hexahgleacetate:triethylamine (8:1:1%)] to

give cis-aziridine 155 as a white solid (210 mg, 80%); mp 90-92 i (neat)/cnt 3047,

149



2858, 2190, 1550, 1401, 1323, 1164, 876, 790, §72300 MHz; CDC}) 2.44 (3H, s, Ch),
3.64 (1H, d,J 6.8, CH), 3.97 (1H, dJ 6.8, CH), 7.31-7.36 (7H, m, 7 x CH), 7.87 (2H,d,
8.3, 2 x CH);5¢c (75 MHz; CDC}) 21.7 (CH), 36.2 (CH), 46.0 (CH), 48.4 (G, 72.5
(Cquad, 127.6 (2C, 2 x CH), 127.9 (2C, 2 x CH), 128.2,(2 x CH), 128.6 (CH), 129.9 (2C,
2 xCH), 131.6 (Gua), 134.4 (Gua), 145.1 (Gua); HRMS m/z (TOF ES+) 397.9837.

C1/H1aNO,NaS®Br requires 397.9826.

cis-2-Bromoethynyl-3-isopropyl-1-(toluene-4-sulfonyl)aziridine (138)

Silver nitrate (0.07 mmol, 12 mg) and NBS (0.77 rhmi86 mg) were added to a solution of
aziridine 139 (0.70 mmol, 234 mg) in acetone (10 mL) and thetun&was stirred at room
temperature for 1 h. Water (10 mL) was added aedotiganic phase was separated. The
aqueous phase was extracted with ethyl acetate @ mL). The combined organics were
dried over NaSQ,, filtered and the solvent was removed under redigpecessure. The residue
was then purified by flash chromatography [hexahgleacetate:triethylamine (15:1:1%)] to
give cis-aziridine 138 as a white solid (191 mg, 80%); mp 71-72 %y (neat)/cn 3050,
2963, 2145, 1326, 1164, 1089, 941, 873, 829, 838, &, (300 MHz; CDC}) 0.81 (3H, dJ

6.8, CHy), 0.99 (3H, dJ 6.8, CH), 2.45 (3H, s, Ch), 2.52 (1H, dd,J 6.8 and 2.9, CH), 3.38
(1H, d,J 6.8, CH), 7.35 (2H, dJ 8.3, 2 x CH), 7.83 (2H, d] 8.3, 2 x CH);5¢ (75 MHz;

CDCL) 18.7 (CH), 20.1 (CH), 21.7 (CH), 28.4 (CH), 34.1 (CH), 44.5 (CH), 50.8 @),
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73.1 (Gua), 128.2 (2C, 2 x CH), 129.7 (2C, 2 x CH), 134.3,4% 144.9 (Gua); HRMS vz

(TOF ES+) 363.9992. GH1NO,NaS *Br requires 363.9983.

4-bromo-2-isopropyl-1-(toluene-4-sulfonyl)-H-pyrrole (156).
Br

Following GP4 using aziriding38 (34 mg) for 2 h gave a pyrrolés6 as a brown oil (5 mg,
15%); vimax (Neat)/crit 3002, 2971, 1588, 1359, 1181, 715, 688(300 MHz; CDC}) 1.09
(6H, d,J 6.8, 2 x CH)), 2.41 (3H, s, Ch), 3.26 (1H, sept] 6.8, CH), 6.02 (1H, d] 1.9, CH),
7.25 (1H, dJ 1.9, CH), 7.30 (2H, d] 8.3, 2 x CH), 7.63 (2H, d,8.3, 2 x CH)3¢ (75 MHz;
CDCls) 21.4 (CH), 23.4 (2C, 2 x Ch), 26.1 (CH), 100.4 (Ga), 112.5 (CH), 120.5 (CH),
126.5 (2C, 2 x CH), 129.8 (2C, 2 x CH), 135.9,4% 143.6 (Gua), 144.9 (Gua); HRMS m/z

(TOF ES+) 363.9980. GH1¢NO,NaS Br requires 363.9983.

2-1sopropyl-1-(toluene-4-sulfonyl)-1H-pyrrole (158)
/ \

0=S=0

Following GP4 using aziridin£38 (34 mg) for 2 h gav&58as a white solid (16 mg, 60%).
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Following GP4 using aziridin@54 (34 mg) for 4 h gav&58 as a white solid (21 mg, 80%).
Following GP6 using aziridideg9 at 70 °C for 12 h or aziriding53 at 70 °C for 12 h gave
pyrrole 158 as a white solid (51 mg, 98%); mp 85-86 %max (neat)/cnt 3010, 2967, 2871,
1597, 1366, 1179, 1189, 812, 704, 682,300 MHz; CDC}) 1.13 (6H, dJ 6.7, 2 x CH),
2.41 (3H, s, Ch), 3.29 (1H, sept) 6.7, CH), 6.05 (1H, m, CH), 6.22 (1H, dH3.4 and 3.3,
CH), 7.26 (1H, ddJ 3.3 and 1.6, CH), 7.28 (2H, d,8.3, 2 x CH), 7.61 (2H, d] 8.3, 2 x
CH); ¢ (75 MHz; CDC}) 21.6 (CH), 23.8 (2C, 2 x Ch), 26.3 (CH), 109.8 (CH), 111.4
(CH), 122.2 (CH), 126.5 (2C, 2 x CH), 129.9 (2Cs £H), 136.9 (Gua), 143.1 (Gua), 144.6

(Cqua); HRMS vz (TOF ES+) 286.0874. GH17NO,Na$S requires 286.0878.

2-1sopropyl-1-(toluene-4-sulfonyl)-4-(trimethylsilyl)-1H-pyrrole (159)

\ /
Si—

Following GP4 using aziridin@39 (34 mg) for 1 h gave a mixture of pyrrol#S9 and158

(25 mg, 1.7:1159158); vmax (neat)/cr’r"iL 3013, 2976, 1591, 1369, 1254, 1185, 818, 711, 681.
2-1sopropyl-1-(toluene-4-sulfonyl)-4-(trimethylsily)-1H-pyrrole: 64 (300 MHz; CDC})
0.19 (9H, s, 3 x ChJ, 1.13 (6H, dJ 6.8, 2 x CH), 2.42 (3H, s, Ch), 3.25 (1H, sept) 6.8,
CH), 6.07 (1H, dJ 1.7, CH), 7.27 (1H, d] 1.7, CH), 7.30 (2H, d] 8.3, 2 x CH), 7.62 (2H, d,

J 8.3, 2 x CH)¢ (75 MHz; CDC4) -0.7 (3C, 3 x Ch), 21.6 (CH), 23.8 (2C, 2 x Ch), 26.2

(CH), 113.7 (CH), 121.3 (Ga), 126.5 (2C, 2 x CH), 127.0 (CH), 129.7 (2C, 2 H)C137.1
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(Cqua), 143.6 (Gua), 144.5 (Gua); HRMS mvz (TOF ES+) 358.1271. GHsNO,NaSSi

requires 358.1273.

2-1sopropyl-1-(toluene-4-sulfonyl)-4-(triethylsilyl)-1H-pyrrole (161)
(—
SI\\

Following GP4 using aziridinked (38 mg) for 1 h gave a mixture of pyrrolE81 and158 (26

mg, 80%, 1.3:1161:158); vmax (neat)/crﬁ1L 3020, 2988, 1596, 1390, 1375, 1260, 1180, 825,
715.2-1sopropyl-1-(toluene-4-sulfonyl)-4-(triethylsilyl)-1H-pyrrole : 64 (300 MHz; CDC})
0.67 (6H, q,J 7.5, 3 x CH), 0.93 (9H, tJ 7.5, 3 x CH), 1.09 (6H, dJ 6.8, 2 x CH), 2.38
(3H, s, CH), 3.21 (1H, sept] 6.8, CH), 6.00 (1H, d] 1.6, CH), 7.23 (1H, d] 1.6, CH), 7.25
(2H, d,J 8.4, 2 x CH), 7.55 (2H, d} 8.4, 2 x CH);5¢c (75 MHz; CDC}) 3.7 (3C, 3 x Ch),

7.4 (3C, 3 x Chj), 21.5 (CH), 23.8 (2C, 2 x Ch), 26.2 (CH), 114.3 (CH), 117.9 4G,
126.3 (2C, 2 x CH), 128.1 (CH), 129.8 (2C, 2 x CH36.9 (Gua), 143.5 (Gua), 144.4

(Cqua); HRMS vz (TOF ES+) 400.1739. H3,NO,NaSSi requires 400.1742.

153



2-cyclohexyl-1-(toluene-4-sulfonyl)-4-(trimethylsiyl)-1H-pyrrole (162)

\ /
Si—

[\

0=S=0

Following GP4 using aziridiné54 (38 mg) for 1 h gave a mixture of pyrrol&62 and163

(21 mg, 60%, 2:162162); vmax (Neat)/cnt 3012, 2963, 1596, 1456, 1368, 1252, 1188, 990,
815, 711, 6882-cyclohexyl-1-(toluene-4-sulfonyl)-4-(trimethylsyl)-1H-pyrrole: 64 (300
MHz; CDCk) 0.19 (9H, s, 3 x C§J, 1.07-1.34 (6H, m, 3 x i 1.60-1.80 (4H, m, 2 x CH
2.40 (3H, s, Ch), 2.87 (1H, tJ 10.8, CH), 6.01 (1H, d] 1.7, CH), 7.23 (1H, d] 1.7, CH),
7.28 (2H, dJ 8.3, 2 x CH), 7.63 (2H, d,8.3, 2 x CH)$¢ (75 MHz; CDC}) -0.7 (3C, CH),
21.5 (CH), 26.0 (CH), 26.7 (2C, 2 x Ch), 34.4 (2C, 2 x Ch), 36.0 (CH), 113.9 (CH),
121.0 (Gua), 126.6 (3C, 3 x CH), 129.8 (2C, 2 x CH), 136.8( 142.5 (Gua), 144.5

(Cqua); HRMS mVz (TOF ES+) 398.1580. H,sNO,NaSSi requires 398.1586.

2-Cyclohexyl-1-(toluene-4-sulfonyl)-H-pyrrole (163)
I\

0=S=0

Following GP4 using aziridin&54 (38 mg) for 4 h gave pyrrole63 as a white solid (23 mg,
76%).
Following GP6 using aziridiné54 at 70 °C for 12 h gave pyrrol563 as a white solid (59

mg, 98%); mp, 70-72 °Gjmax (neat)/crit 3015, 2969, 2873, 1599, 1450, 1362, 1188, 1181,
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810, 701, 6845y (300 MHz; CDC4) 1.09-1.38 (6H, m, 3 x CH| 1.64-1.83 (4H, m, 2 x
CH,), 2.44 (3H, s, CH), 2.94 (1H, tJ 11.0, CH), 6.04 (1H, dd} 3.4 and 1.7, CH), 6.24 (1H,
dd,J 3.4 and 3.3, CH), 7.27 (1H, dd;3.3 and 1.7, CH), 7.31 (2H, d,8.3, 2 x CH), 7.65
(2H, d,J 8.3, 2 x CH)3¢ (75 MHz; CDC}) 21.5 (CH), 25.9 (CH), 26.6 (2C, 2 x Cb), 34.4

(2C, 2 x CH}), 36.0 (CH), 110.1 (CH), 111.3 (CH), 121.8 (CH2615 (2C, 2 x CH), 129.8
(2C, 2 x CH), 136.8 (Ga), 142.0 (Gua), 144.6 (Gua); HRMS mvz (TOF ES+) 326.1187.

C17H21NO2NaS requires 326.1191.

Data were in agreement with those reported initamture®®

N-(2-bromobenzylidene)-4-methylbenzenesulfonamide §4)
Br O
O
O

Following GP1 using 2-bromobenzaldehyde (1.85 §6 InL) gave iminel64 as a white
solid (2.68 g, 88%); mp 137-138 °@;.x (neat)/cn 3002, 2854, 1643, 1582,1428, 1376,
1315, 1260, 1150, 1088, 952, 860, 789(300 MHz; CDC}) 2.43 (3H, s, Ch), 7.35 (2H, d,
J 8.4, 2 x CH), 7.40-7.50 (2H, m, 2 x CH), 7.62 (1d,J 7.9 and 1.6, CH), 7.88 (2H, 4,
8.4, 2 x CH), 9.43 (1H, s, CHj¢ (75 MHz; CDC}) 21.6 (CH), 126.3 (CH), 127.9 (2C, 2 x

CH), 127.9 (Gua), 129.5 (CH), 130.5 (2C, 2 x CH), 131.1(§), 133.7 (CH), 134.5 (Ga),

135.7 (CH), 144.9 (Ga), 169.2 (CH).

Data were in agreement with those reported initamture®?
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N-(4-bromobenzylidene)-4-methylbenzenesulfonamide §5)

Following GP1 using 4-bromobenzaldehyde (1.85 gedminel65as a white solid (2.44 g,
80%); mp 188-190 °Cymax (neat)/cn 3066, 2986, 2909, 1649, 1599,1585, 1481, 1315,
1302, 1282, 1158, 1087, 1064, 1008, 868, 812, 94300 MHz; CDC}) 2.46 (3H, s, Ch),
7.36 (2H, dJ 8.0, 2 x CH), 7.64 (2H, d,7.7, 2 x CH), 7.81 (2H, d,8.0, 2 x CH), 7.90 (2H,

d, J 7.7, 2 x CH), 9.00 (1H, s, CHd¢ (75 MHz; CDC}) 21.6 (CH), 128.2 (2C, 2 x CH),
129.9 (2C, 2 x CH), 130.2 (), 131.2 (Gua), 132.4 (2C, 2 x CH), 132.6 (2C, 2 x CH),

133.6 (Gua), 144.8 (Gua), 168.8 (CH).

Data were in agreement with those reported initamture®’

4-methyl-N-(4-methylbenzylidene)benzenesulfonamide (166)

Following GP1 using 4-methylbenzaldehyde (1.20 .481ImL) gave iminel66 as a white
solid (2.09 g, 85%); mp 103-104 °G;.x (neat)/cnt 3044, 1593, 1561, 1512, 1367, 1314,
1302, 1288, 1155, 1085, 1019, 874, 790, #1(300 MHz; CDC}) 2.43 (6H, s, 2 x C§),
7.28 (2H, dJ 7.9, 2 x CH), 7.34 (2H, d,7.9, 2 x CH), 7.81 (2H, d,8.2, 2 x CH), 7.88 (2H,
d,J 8.2, 2 x CH), 9.00 (1H, CHJ (75 MHz; CDC}) 21.6 (CH), 22.0 (CH), 128.0 (2C, 2 x
CH), 129.7 (2C, 2 x CH), 129.9 (2C, 2 x CH), 13€, 2 x CH), 135.4 (Ga), 144.4 (2C, 2

x Cqua), 146.4 (2C, 2 X ).
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N-(4-methoxylbenzylidene)-4-methylbenzenesulfonamidd 67)

Following GP1 using 4-methoxylbenzaldehyde (1.36.82 mL) gave imind67 as a white
solid (2.08 g, 80%); mp 123-125 °Gyay (neat)/cnl 3023, 2970, 1657, 1578,1420, 1327,
1279, 1164, 1088, 965, 869, 850, 757, 686300 MHz; CDC}) 2.43 (3H, s, Ch), 3.89
(3H, s, CH), 6.98 (2H, dJ 8.3, 2 x CH), 7.32 (2H, d} 8.3, 2 x CH), 7.85-7.91 (4H, m, 4 x
CH), 8.95 (1H, s, CH)s¢c (75 MHz; CDC}) 21.6 (CH), 55.9 (CH), 114.7 (2C, 2 x CH),
125.2 (Gua), 127.9 (2C, 2 x CH), 129.7 (2C, 2 x CH), 133.T(2 x CH), 135.3 (Gua).

144.3 (Gua), 165.3 (Gua), 169.2 (CH).

Data were in agreement with those reported initamture®’

4-methyl-N-pentylidenebenzenesulfonamide (168)

?
N3 < >
/_/J ’
To a 1:1 mixture of water (15 mL) and formic aciti5(mL) were added 4-methyl-
benzenesulfonamide (9 mmol, 1.54 g,), valeraldehyd® mmol, ) and sodium
benzenesulfinate (10 mmol, 1.64 g). The reactiorture was stirred for 12 h at room

temperature and the resulting white precipitate fileesed off, washed with water (2 x 10

mL) and then pentane (2 x 10 mL). The solid wasahgd in CHCI, (25 mL) and a N&CO;
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solution was added (20 mL). The reaction mixture wi@rred at room temperature for 2h and
the two phases were separated. The aqueous phasevashed with CKCl, and the
combined organic extracts were dried £§81@,;) and concentrated under reduced pressure to
give pure iminel68as a beige solid (1.50 g, 70%); mp 92-95W& (neat)/crit 3992, 3050,
2956, 1633, 1600, 1453, 1369, 1320, 1151, 111761887, 754, 68&H (300 MHz; CDC})

0.91 (3H, tJ 7.3, CH), 1.35 (2H, m, Ch), 1.62 (2H, m, Ch), 2.45 (3H, m, Ch), 2.53 (2H,

m, CH), 7.35 (2H, d,J 8.0, 2 x CH), 7.81 (2H, d, 8.0, 2 x CH), 8.58 (1H, d, 4.5, CH);dc

(75 MHz; CDC}) 13.6 (CH), 21.5 (CH), 22.3 (CH), 26.7 (CH), 35.6 (CH), 128.0 (2C, 2 x

CH), 129.7 (2C, 2 x CH), 134.7 &), 144.6 (Gua), 178.8(CH).

Data were in agreement with those reported initamture>®

3-phenylprop-2-yn-1-ol (169)
: L OH
Following GP2 using phenylacetylene (2.04 g, 2.19).mPurification by flash
chromatography [hexane:ethylacetate (4:1)] gavehalc169 as a colourless oil (2.37 g,
90%); Vimax (neat)/crﬁl 3345, 2923, 2875, 2863, 2240, 1601, 1499, 111331960, 785, 726;
u (300 MHz; CDC}) 3.12 (1H, s, OH), 4.53 (2H, s, GH7.24-7.39 (3H, m, 3 x CH), 7.42-
7.51 (2H, m, 2 x CH)pc (75 MHz; CDC}) 51.3 (CH), 85.4 (Gua), 87.3 (Gua), 122.5

(Cqua), 128.2 (2C, 2 x CH), 128.3 (2C, 2 x CH), 131.H}C

Data were in agreement with those reported initamture®
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3-Cyclohexylprop-2-yn-1-ol (170)
O—="
Following GP2 using cyclohexylacetylene (2.16 g612.mL). Purification by flash
chromatography [hexane:ethylacetate (3:1)] gavehalc170 as a colourless oil (2.35 g,
85%); vmax (neat)/cni 3345, 2933, 2866, 2655, 2289, 1450, 1368, 13602,18244, 1136,
1079, 982, 860, 765 (300 MHz; CDC}) 1.20-1.58 (6H, m, 3 x ChHi 1.62-1.85 (4H, m, 2
x CHp), 2.36 (1H, m, CH), 4.24 (2H, s, GHdc (75 MHz; CDC}) 24.9 (2C, 2 x Ch), 25.8

(CHy), 29.1 (CH), 32.6 (2C, 2 x G} 51.5 (CH), 78.2 (Gua), 90.7 (Gua)-

Data were in agreement with those reported initamture?®

5-phenylpent-2-yn-1-ol (171)

{ Ny~ o

Following GP2 using 4-phenyl-1-butyne (2.60 g, 2.8iL). Purification by flash
chromatography [hexane:ethylacetate (6:1)] gavehalc171 as a colourless oil (2.75 g,
86%0); Vmax (neat)/crﬁl 3360, 3091, 3061, 2955, 2286, 2230, 1605, 15287,14155, 1011,
955, 736, 7125, (300 MHz; CDC}) 1.53 (1H, s, OH), 2.50-2.59 (2H, m, @H2.90 (2H, t,J
7.6, CH), 4.28 (2H, tJ 2.0, CH), 7.23-7.35 (3H, m, 3 x CH), 7.36-7.42 (2H, m, ZM); 5¢
(75 MHz; CDC}) 20.9 (CH), 35.0 (CH), 51.4 (CH), 79.1 (Gua), 85.8 (Gua), 126.3 (2C, 2
x CH), 128.4 (3C, 3 x CH), 140.5 {&); HRMS m/z (TOF El+) 160.0892. GH,,0 requires

160.0888.

Data were in agreement with those reported initamture®®
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Hept-2-yn-1-ol (172)
OH

/_/%/
Following GP2 using hex-1-yne (1.64 g, 2.30mL). ifeation by flash chromatography
[hexane:ethylacetate (5:1)] gave alcoh@® as a colourless oil (2.37 g, 87%)ax (neat)/crit
3355, 2930, 2885, 2226, 1459, 1139, 1011, 816, 30300 MHz; CDC}) 0.91 (3H, tJ 7.2,
CHs), 1.34-1.54 (4H, m, 2 x CHj 2.10 (1H, s, OH), 2.20 (2H, 4,6.8, CH), 4.25 (2H, m,
CHy); 8¢ (75 MHz; CDC}) 13.6 (CH), 18.4 (CH), 21.8 (CH), 30.7 (CH), 51.5 (CH), 78.2

(Cquad, 86.6 (Guay-

Data were in agreement with those reported initamture®*

(3-Bromoprop-1-ynyl)benzene (173)

O

Following GP8 using PRR(19.7 mmol, 5.16 g), Br(19.5 mmol, 0.98 mL) and alcoh®69
(2.37 g) in CHCI, (50 mL). Purification by flash chromatographmydentane) gave bromide
173 as a colourless oil (3.21 g, 92%);.x (neat)/crit 3057, 2223, 1676, 1591, 1493, 1273,
1120, 1003, 988, 866 (300 MHz; CDC}) 4.17 (2H, s, Ch), 7.30-7.40 (3H, m, 3 x CH),
7.42-7.51 (2H, m, 2 x CHJic (75 MHz; CDC}) 15.3 (CH), 84.2 (Guay, 86.7 (Gua), 122.1

(Cqua), 128.3 (2C, 2 x CH), 128.8 (2C, 2 x CH), 131.8i[C

Data were in agreement with those reported initamture®
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(3-Bromoprop-1-ynyl)cyclohexane (174)
: L Br
Following GP8 using PRh(24.8 mmol, 6.49 g), Br(24.5 mmol, 1.23 mL) and alcohaV0
(2.35 g) in CHCI, (60 mL). Purification by flash chromatographm/dentane) gave bromide
174 as a colourless oil (3.11 g, 91%); (300 MHz; CDC}) 1.15-1.57 (6H, m, 3 x CHi
1.60-1.79 (4H, m , 2 x C}) 2.35-2.42 (1H, m, CH), 3.93 (2H, d2.1, CH); 5¢ (75 MHz;
CDCly) 15.8 (CH), 24.7 (2C, 2 x Ch), 25.8 (CH), 29.3 (CH), 32.3 (2C, 2 x Gi

75.3(Gua), 92.1 (Guad-

Data were in agreement with those reported initamture %

(5-Bromopent-3-ynyl)benzene (175)

Q_\;Br

Following GP8 using PRR(18.9 mmol, 4.95 g), Br(18.7 mmol, 0.94 mL) and alcohal1
(2.75 g) in CHCI; (50 mL). Purification by flash chromatography (aeg) gave bromid&75

as a colourless oil (2.87 g, 75%).x (neat)/crit 3029, 2935, 2870, 2235, 1609, 1520, 1499,
1344, 1202, 1160, 816 (300 MHz; CDC}) 2.59 (2H, ttJ 7.5 and 2.4, Ch), 2.88 (2H, tJ
7.5, CH), 3.96 (2H, tJ 2.4, CH), 7.23-7.30 (3H, m, 3 x CH), 7.31-7.44 (2H, m, EK); ¢

(75 MHz; CDC}) 15.5 (CH), 21.1 (CH), 34.5 (CH), 76.0 (Gua), 87.2 (Gua), 126.3 (CH),
128.3 (2C, 2 x CH), 128.4 (2C, 2 x CH), 140.2,4% HRMS m/z (TOF El+) 222.0040.

CuH11"°Br requires 222.0044.

Data were in agreement with those reported initamture®’
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1-Bromohept-2-yne (176)
Br

/_/%/
Following GP8 using PRR(10.2 mmol, 2.67 g), Br(10.1 mmol, 0.51 mL) and alcohal2
(2.37 g) in CHCI, (30 mL). Purification by flash chromatographydentane) gave bromide
176 as a colourless oil (1.54 g, 95%);ax (Neat)/cntt 2959, 2914, 2882, 2239, 1612, 1572,
1463, 1310, 1269, 1101, 99&; (300 MHz; CDC4) 0.91 (3H, tJ 7.1, CH), 1.39-1.50 (4H,
m, 2 x CH), 2.24 (2H, m, Ck), 3.93 (2H, tJ 2.3, 2H);5c (75 MHz; CDC}) 13.5 (CH),

18.5 (CH), 21.9 (CH), 30.4 (CH), 31.5 (CH), 75.2 (Gua), 88.3 (Gua)-

Data were in agreement with those reported initamture®®

Dimethyl(3-phenylprop-2-ynyl)sulfonium bromide (177
P Br

O—
Following GP9 using bromid&73 (975 mg) sulfonium sall77 as a white solid (1.11 g,
87%); mp 138-139 °Cymax (Neat)/cni 2977, 2908, 2867, 2235, 1487, 1422, 1408, 1187,
1044, 1009, 979, 762, 691, 63%; (300 MHz; DMSO-ds) 3.00 (6H, s, 2 x ChJ, 4.82 (2H, s,
CH,), 7.41-7.48 (3H, m, 3 x CH), 7.58-7.62 (2H, m, ZK); 5c (75 MHz; DMSO-ds) 26.0
(2C, 2 x CH), 34.5 (CH), 78.5 (Gua), 91.2 (Gua), 123.3 (Gua), 131.1 (2C, 2 x CH), 132.1

(CH), 134.3 (2C, 2 x CH); HRMBVz (TOF ES+) 177.0734. GH15S requires 177.0738.
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(3-cyclohexylprop-2-yn-1-yl)dimethylsulfonium bromide (178)
\S®— Bre

O—=
Following GP9 using bromid&74 (1.00 g) gave sulfonium sdl78 as a white solid (723 mg,
55%); mp 110-111 °Giax (neat)/crﬁl 3001, 2951, 2929, 2889, 2233, 1458, 1419, 1325,
1248, 1187, 1153, 1050, 1001, 928, 721, &38300 MHz; CDC}) 1.12-1.85 (10H, m, 5 x
CH,), 2.44 (1H, m, CH), 3.18 (6H, s, 2 x ©H4.95 (2H, s, Ch); 5¢ (75 MHz; CDC}) 18.0
(CH), 24.2 (2C, 2 x Ch), 24.7 (2C, 2 x Ch), 25.5 (CH), 32.3 (2C, 2 x Ch), 33.4 (CH),

65.1 (Gua), 96.7 (Gua); HRMS vz (TOF ES+) 183.1210. §HyS requires 183.1202.

Dimethyl(5-phenylpent-2-yn-1-yl)sulfonium bromide (79)
\ S
S@_ Br

— /
Following GP9 using bromid&75(1.12 g) gave sulfonium sdl79as a white solid (1.026 g,
72%); mp 103-104 °Cymax (neat)/crﬁl 2988, 2918, 2231, 1601, 1494, 1452, 1410, 1323,
1261, 1206, 1151, 1056, 1005, 939, 742, ®1(300 MHz; CDC}) 2.65 (2H, tt,J 6.9 and
2.1, CH), 2.84 (2H, tJ 6.9, CH), 2.87 (6H, s, 2 x C#), 4.85 (2H, tJ 2.1, CH), 7.17-7.24
(3H, m, 3 x CH), 7.26-7.33 (2H, m, 2 x CH); (75 MHz; CDC}) 20.3 (CH), 24.0 (2C, 2 x
CHs), 33.3 (CH), 34.0 (CH), 66.3 (Gua), 91.4 (Gua), 126.8 (CH), 128.4 (2C, 2 x CH),
128.7 (2C, 2 x CH), 139.6 {&); HRMS mvz (TOF ES+) 205.1055. {gH17S requires

205.1051.
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Hept-2-ynyldimethylsulfonium bromide (180)

\® p°
S_Br

/_/%/
Following GP9 using bromid&76 (875 mg) gave sulfonium sdl80as a white solid (711
mg, 60%); mp 74-75 °Cvmax (neat)/cm-1 2997, 2954, 2931, 2888, 2230, 14583, 1320,
1251, 1183, 1148, 1047, 1004, 930, 725, 639300 MHz; CDC}) 0.88 (3H, tJ 2.2, CH),
1.30-1.53 (4H, m, 2 x Chi, 2.26 (2H, dtJ 6.9 and 2.2, C}J, 3.19 (6H, s, 2 x C§J, 4.94
(2H, 1,3 2.2, CH); 8¢ (75 MHz; CDC}) 18.4 (CH), 21.9 (CH), 24.3 (2C, 2 x C¥h), 28.6
(CHs), 30.3 (CH), 33.4 (CH2), 65.2 (Ga), 92.7 (Gua); HRMS miz (TOF ES+) 157.1054.

CoH17S requires 157.1051.

Hex-5-en-2-yn-1-ol (181)
OH

To a solution of propargyl alcohol (10 mmol, 0.6Q)nin water (10 mL) were added allyl
bromide (15 mmol, 0.64 mL), &0O; (10 mmol, 1.38 g), N&O; (5 mmol, 630 mg) and Cul
(0.2 mmol, 38 mg). The reaction mixture was stirae®@0 °C for 12h. After cooling down to
room temperature, NJj&I solution (20 mL) and C¥Cl, (20 mL) were added to the reaction
mixture. The phases were separated and the agpbass was washed with @El, (3 x 20
mL). The combined organic extracts were washed Withe (20 mL), dried (N&O,) and
concentrated under reduced pressure. The residsewiéied by distillation (75 °C at 20
mmHg) to give alcohol81 as a colourless oil (720 mg, 75%);.x (neat)/cnt 3445, 3010,

2991, 2231, 1645, 1582, 1554, 1465, 1366, 1267,11B49, 930, 902, 845, 77&; (300

164



MHz; CDCk) 2.85 (1H, s, OH), 3.01 (2H, m, G 4.29 (2H, m, Ch), 5.12 (1H, ddt) 8.8
and 1.7 and 1.7, CH), 5.32 (1H, dd17.2 and 1.7 and 1.7, CH), 5.81-5.84 (1H, m, Gi);

(75 MHz; CDC}) 23.0 (CH), 50.9 (CH), 80.6 (Gua), 82.6 (Gua), 116.9 (CH), 132.3 (CH).

Data were in agreement with those reported initamture®

6-Bromohex-1-en-4-yne (182)
:\%/Br

Following GP8 using PRNh(8.2 mmol, 2.15 g), Br(8.15 mmol, 0.41 mL) and alcohtB1
(720 mg) in CHCI, (20 mL). Purification by flash chromatographydentane) gave bromide
182 as a colourless oil (1.07 g, 90%);ax (neat)/cit 3015, 2999, 2236, 1645, 1560, 1523,
1466, 1209, 1153, 1026, 963, 852; (300 MHz; CDC}) 3.20 (2H, m, Ch), 3.95 (2H, m,
CH,), 5.05-5.07 (1H, m, CH), 5.20 (1H, ddt17.6 and 1.8 and 1.8, CH), 5.72-5.76 (1H, m,
CH); 8¢ (75 MHz; CDC}) 15.9 (CH), 24.6 (CH), 79.1 (Gua), 81.2 (Gua), 116.7 (CH)),

132.3 (CH); HRMSWz (TOF El+) 157.9735. @1,Br requires 157.9731.

Hex-5-en-2-yn-1-yldimethylsulfonium bromide (183)
\ @ Bre
S_

Following GP9 using bromid&82 (795 mg) gave sulfonium s&lB83 as a white solid (387
mg, 35%);vmax (N€at)/crit 3090, 3020, 2915, 2191, 1825, 1640, 1323, 119351991, 925,
840, 760, 6425 (300 MHz; CDCY) 3.41 (6H, s, 2 x C§), 3.70 (2H, m, CH), 4.80 (2H, s,

CH,), 5.47 (1H, ddJ 11.0 and 1.8, CH), 5.56 (1H, dBi18.0 and 1.8, CH), 6.01 (1H, m, CH);
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3¢ (75 MHz; CDCH) 23.3 (CH), 24.6 (2C, 2 x Ch), 34.3 (CH), 76.6 (Gua) 81.5 (Gua),

117.5 (CH), 133.1 (CH): HRMSWz (TOF ES+) 141.0740. §El15S requires 141.0732.

3-(4-bromophenyl)prop-2-yn-1-ol (184)
OH
Br—<: :>—/:

Following GP5 using 1-bromo-4-iodobenzene (7.07Pgixification by flash chromatography
[hexane:ethylacetate (5:1)] gave alcoi84 as a brown oil (4.64 g, 88%);max (Neat)/cnt
3335, 2870, 2226, 1579, 1560, 1486, 1405, 13872,1P666, 1080, 1015, 955, 831, 753;
(300 MHz; CDCH4) 1.87 (1H, s, OH), 4.48 (2H, s, GH7.28 (2H, d,) 8.4, 2 x CH), 7.42 (2H,
d, J 8.4, 2 x CH);5¢ (75 MHz; CDC}) 14.9 (CH), 86.7 (Gua), 86.9 (Gua), 121.5 (Guap,
123.2 (CH), 131.7 (2C, 2 x CH), 133.3 (2C, 2 x CH); HRMS$z (TOF El+) 209.9676.

CoH;O™Br requires 209.9680.

Data were in agreement with those reported initamture®®

1-Bromo-4-(3-bromoprop-1-ynyl)benzene (185)
Br
Br—< :>—/:
Following GP8 using PRh(11 mmol, 2.88 g), Br(10.9 mmol, 0.55 mL) and alcoh@B4
(2.11 g) in CHCI; (30 mL). Purification by flash chromatographydentane) gave bromide

185 as a colourless oil (2.68 g, 98%);.x (neat)/cntt 3010, 2230, 1906, 1603, 1591, 1489,

1396, 1278, 1216, 1206, 1120, 1075, 988, 906, &48300 MHz; CDC}) 4.15 (2H, s, Ch),
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7.29 (2H, d,J 8.3, 2 x CH), 7.45 (2H, dJ 8.3, 2 x CH):5¢c (75 MHz; CDC}) 14.9 (CH),

85.2 (Gua), 85.5 (Gua), 121.1 (Gua), 123.3 (Gua), 131.6 (2C, 2 x CH), 133.2 (2C, 2 x CH).

Data were in agreement with those reported initamture’®

(3-(4-bromophenyl)prop-2-yn-1-yl)dimethylsulfonium bromide (186)
Nl Br

BP—< :%—55—4
Following GP9 using bromid&85 (1.369 g) gave sulfonium sdl86 as a white solid (1.327
g, 79%); mp 132-134 °Gjmay (Neat)/cnt 3012, 2929, 2884, 2241, 1628,1401, 1325, 1221,
1163, 1135, 1112, 1072, 1039, 1001, 982, 840, BUS, 722y (300 MHz; CDC}) 3.39 (6
H, s, 2 x CH), 5.51 (2H, s, Ch), 7.44 (2H, d,) 8.4, 2 x CH), 7.55 (2H, d,8.4, 2 x CH)dc
(75 MHz; CDC}) 23.9 (2C, 2 x Ch), 30.2 (CH), 79.9 (Gua), 87.5 (Gua), 122.6 (Gua),
122.8 (Gua), 132.1 (2C, 2 x CH), 135.6 (2C, 2 x CH); HRM#& (TOF ES+) 254.9845.

C11H1,S™Br requires 254.9838.
2-Hex-1-ynyl-3-phenyl-1-(toluene-4-sulfonyl)aziridne (187)

O:§=O

N

s
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Following GP3 using iminel4l and sulfonium saltl80 for 2.5 h. Purification by flash
chromatography [hexane:ethylacetate (12:1)] gavedar 187 as a beige solid (229 mg,
65%, 9:1cisitrans); vmax (neat)/crﬁ1L 3053, 2957, 2926, 2243, 1320, 1162, 1091, 1023, 87
787; HRMSn/z (TOF ES+) 376.1344. £H»3NO,NaS requires 376.1347; aziridioes-187.

8u (300 MHz; CDC}) 0.74 (3H, tJ 7.2, CH), 1.03-1.15 (2H, m, C}), 1.19-1.28 (2H, m,
CH,), 1.99 (2H, tdJ 6.8 and 1.7, Ch), 2.41 (3H, s, Ch), 3.63 (1H, dtJ 6.9 and 1.7, CH),
3.93 (1H, dJ 6.9, CH), 7.25-7.33 (7H, m, 7 x CH), 7.87 (2HJ®&.3, 2 x CH)3¢ (75 MHz;
CDCl;) 13.4 (CH), 18.2 (CH), 21.4 (CH), 21.6 (CH), 30.0 (CH), 36.2 (CH), 46.1 (CH),
72.1 (Gua), 86.7 (Gua), 127.7 (2C, 2 x CH), 127.9 (4C, 4 x CH), 128.M}C129.8 (2C, 2 x

CH), 132.2 (Gua), 134.7 (Gua), 144.7 (Gua)-
2-(4-Bromophenyl)-3-hex-1-ynyl-1-(toluene-4-sulfonyaziridine (188)

O:§:O

N

/Q/\/\/
Br

Following GP3 using iminel65 and sulfonium saltl80 for 3 h. Purification by flash
chromatography [hexane:ethylacetate (35:1)] gawedar 188 as a yellow solid (341 mg,
79%, 8:1cisitrans); vmax (neat)/crﬁ1L 3053, 2959, 2929, 2861, 2243, 1594, 1488, 140%5,13
1322, 1159, 1088, 1010, 900, 851, 839, 805, 775MBRWz (TOF ES+) 454.0445.
Co1H2:NO,NaS Br requires 454.0452; aziridirs-188: 54 (300 MHz; CDC}) 0.77 (3H, t,J
7.2, CH), 1.04-1.30 (4H, m, 2 x Gi 2.01 (2H, tdJ 6.9 and 1.7, Ch), 2.44 (3H, s, Ch),

3.62 (1H, dtJ 6.9 and 1.7, CH), 3.88 (1H, d,6.9, CH), 7.19 (2H, dJ 8.5, 2 x CH), 7.34
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(2H, d,J 8.4, 2 x CH), 7.42 (2H, & 8.5, 2 x CH), 7.86 (2H, d} 8.4, 2 x CH);3¢ (75 MHz;
CDCly) 13.5 (CH), 18.3 (CH), 21.5 (CH), 21.7 (CH), 30.0 (CH), 36.2 (CH), 45.5 (CH),
71.9 (Gua), 87.0 (Gua), 122.4 (Guar), 127.9 (3C, 3 x CH), 129.4 (3C, 3 x CH), 129.8H|C

131.1 (CH), 131.4 (Ga), 134.6 (Gua), 144.9 (Gua)-
2-(2-Bromophenyl)-3-hex-1-ynyl-1-(toluene-4-sulfonyaziridine (189)

0=S=0

©\/L\/\/
Br

Following GP3 using iminel64 and sulfonium saltl80 for 4 h. Purification by flash
chromatography [hexane:ethylacetate (25:1)] gavedar 189 as yellow solid (315 mg,
73%, 20:1cisitrans); vmax (Neat)/crit 2957, 2931, 2871, 2249, 1331, 1159, 1090, 1018, 87
778, 752; HRMSQWz (TOF ES+) 454.0467. GH.,NO,NaS °Br requires 454.0452; aziridine
cis189: &y (300 MHz; CDC}) 0.70 (3H, t,J 7.2, CH), 0.91-1.20 (4H, m, 2 x CH| 1.93
(2H, td,J 6.7, CH), 2.45 (3H, s, Ch), 3.70 (1H, dtJ 6.9 and 1.7, CH), 4.12 (1H, d,6.9,
CH), 7.12-7.27 (3H, m, 3 x CH), 7.36 (2H, H8.4, 2 x CH), 7.52 (1H, dd}, 7.8 and 1.3,
CH), 7.90 (2H, d,J 8.4, 2 x CH);5¢ (75 MHz; CDC}) 13.4 (CH), 18.2 (CH), 21.3 (CH),
21.7 (CH), 29.9 (CH), 36.2 (CH), 46.8 (CH), 71.9 (G, 86.0 (Gua), 123.3 (Guar), 126.9
(CH), 128.0 (2C, 2 x CH), 129.5 (3C, 3 x CH), 12@0H), 132.1 (CH), 132.4 (), 134.5

(Cquap, 144.9 (Gua)-
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2-Hex-1-ynyl-1-(toluene-4-sulfonyl)-3p-tolylaziridine (190)

0=8=0

Following GP3 using iminel66 and sulfonium saltl80 for 4 h. Purification by flash
chromatography [hexane:ethylacetate (25:1)] gawedar 190 as a white solid (290 mg,
79%, 7:1cisitrans); vmax (Neat)/crit 3052, 2958, 2928, 2860, 2246, 1917, 1595, 1519214
1321, 1162, 1089, 1018, 899, 853, 809, 768, 706MBRWz (TOF ES+) 390.1492.
Ca2H2sNOoNaS requires 390.1504; aziridinies-190: 6y (300 MHz; CDC}) 0.76 (3H, tJ 7.2,
CHs), 1.06-1.31 (4H, m, 2 x G} 2.02 (2H, td] 6.9 and 1.8, Ch), 2.32 (3H, s, Ch), 2.42
(3H, s, CH), 3.60 (1H, dtJ 6.9 and 1.8, CH), 3.89 (1H, d6.9, CH), 7.09 (2H, d] 8.1 and
2 x CH), 7.21 (2H, dJ 8.1, 2 x CH), 7.33 (2H, d,8.4, 2 x CH), 7.87 (2H, d,8.4, 2 x CH);
dc (75 MHz; CDC}) 13.4 (CH), 18.3 (CH), 21.2 (CH), 21.5 (CH), 30.0 (CH), 36.1 (CH),
46.2 (CH), 72.3 (Guay), 86.6 (Guay), 127.6 (2C, 2 x CH), 127.9 (2C, 2 x CH), 128.6(2 x

CH), 129.7 (2C, 2 x CH), 131.3 (&), 134.8 (Gua), 138.0 (Gua), 144.7 (Guad-

2-cyclohexyl-3-(hex-1-ynyl)-1-(toluene-4-sulfonylaridine (191)
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Following GP3 using iminel45 and sulfonium saltl80 for 3 h. Purification by flash
chromatography [hexane:ethylacetate (4:1)] gaveidaze 191 as a white solid (180 mg,
50%, 7:1cisitrans); vmax (neat)/crﬁ1L 2926, 2854, 2248, 1598, 1449, 1367, 1314, 1304411
1121, 1088, 1021, 962, 905, 882, 813, 789, 727, 6IRVMS m/z (TOF ES+) 382.1821.
C21H20NO2NaS requires 382.1817; aziridinies-191: 6 (300 MHz; CDC}4) 0.87 (3H, tJ 7.2,
CHs), 0.90-1.16 (5H, m, 2 x CHand CH), 1.25-1.48 (6H, m, 3 x GH1.53-1.78 (4H, m, 2 x
CH,), 2.17 (2H, dtJ) 6.8 and 1.8, C}), 2.44 (3H, s, Ch), 2.54 (1H, ddJ 9.7 and 6.9, CH),
3.35 (1H, dtJ 6.9 and 1.8, CH), 7.32 (2H, 88.3, 2 x CH), 7.82 (2H, d 8.3, 2 x CH)3¢
(75 MHz; CDC}) 18.4 (CH), 21.6 (CH), 21.7 (CH), 25.3 (2C, 2 x Ch), 25.4 (2C, 2 x
CHy), 26.0 (CH), 29.0 (CH), 30.3 (CH), 33.9 (CH), 37.1 (CH), 49.5 (CH), 72.8 (G,

85.2 (Guay, 128.0 (2C, 2 x CH), 129.6 (2C, 2 x CH), 134.7%.4% 144.5 (Gua)-
2-Phenyl-3-phenylethynyl-1-(toluene-4-sulfonyl)azidine (192)

0=58=0

|
U c

Following GP3 using iminel41 and sulfonium sald77 for 1.5 h. Purification by flash
chromatography [hexane:ethylacetate (25:1)] gawedar 192 as a white solid (317 mg,
85%, 7:1cisitrans); vmax (N€at)/crit 3032, 2950, 2926, 2230, 1597, 1490, 1457, 1441913
1157, 1087, 1071, 873, 854, 784, 757, 708; HRM&(TOF ES+) 396.1041. £H1gNO,NaS
requires 396.1034; aziridines-192: 64 (300 MHz; CDC}) 2.42 (3H, s, Ch), 3.85 (1H, dJ

6.9, CH), 4.07 (1H, dJ 6.9, CH), 7.14-7.38 (12H, m, 12 x CH), 7.90 (2H]J®.3, 2 x CH);
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8¢ (75 MHz; CDC}) 21.7 (CH), 36.3 (CH), 46.5 (CH), 81.6 (G, 85.1 (Gua), 121.8
(Cquar), 127.8 (2C, 2 x CH), 128.0 (4C, 4 x CH), 128.C(2 x CH), 128.5 (CH), 128.8

(CH), 129.9 (2C, 2 x CH), 131.8 (2C, 2 x CH), 13@4.a), 134.6 (Gua), 144.9 (Guay-
2-Phenylethynyl-1-(toluene-4-sulfonyl)-3s-tolylaziridine(193)

O:§=O

N
U c

Following GP3 using iminel66 and sulfonium saltl77 for 8 h. Purification by flash
chromatography [hexane:ethylacetate (25:1)] anedi93 as a white solid (252 mg, 65%,
50:1cisitrans); vmax (Neat)/crit 3053, 2957, 2926, 2228, 1597, 1519, 1491, 1315511089,
1021, 877, 824, 806, 757; HRM8YVz (TOF ES+) 410.1199. £H,;NO;NaS requires
410.1191; aziridineis-193 &4 (300 MHz; CDC}) 2.30 (3H, s, Ch), 2.41 (3H, s, Ch), 3.82
(1H, d,J 6.9, CH), 4.01 (1H, d] 6.9, CH), 7.10 (2H, d] 8.0, 2 x CH), 7.18-7.27 (7H, m, 7 x
CH), 7.31 (2H, dJ 8.5, 2 x CH), 7.88 (2H, d] 8.5, 2 x CH):5¢c (75 MHz; CDC}) 21.2
(CHg), 21.7 (CH), 36.3 (CH), 46.5 (CH), 81.8 {fa, 85.2 (Guag, 121.9 (Guan), 127.7 (2C, 2
x CH), 128.0 (2C, 2 x CH), 128.1 (2C, 2 x CH), I2@C, 3 x CH), 129.0 (CH), 129.8 (2C,

2 x CH), 131.9 (2C, 2 x CH), 134.7 (), 138.3 (Gua, 144.9 (Gua)-
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2-Butyl-3-(phenylethynyl)-1-(toluene-4-sulfonyl)aziidine (194)

Following GP3 using iminel68 and sulfonium saltl77 for 12 h. Purification by flash
chromatography [hexane:ethylacetate (60:1)] aziedi94 as a light yellow solid (141 mg,
40%, 50:1cisitrans)); vmax (Neat)/cnt 2965, 2930, 2860, 2249, 1601, 1491, 1316, 1308212
1152, 1087, 934, 842, 809, 753, 730, 715, 688, 6/IRMS m/z (TOF ES+) 376.1340.
C21H23NO2NaS requires 376.1347; aziridines-194: 6y (300 MHz; CDC4) 0.84 (3H, tJ 7.0,
CHs), 1.26-1.32 (4H, m, 2 x CHj 1.55-1.75 (2H, m, Ch), 2.45 (3H, s, Ch), 2.63 (1H, g,
13.0 and 6.9, CH), 3.59 (1H, 6.9, CH), 7.28-7.41 (7H, m, 7 x CH), 7.87 (2HJ®&.3, 2 x
CH); 8¢ (75 MHz; CDC}) 13.8 (CH), 21.6 (CH), 22.1 (CH), 27.9 (CH), 28.7 (CH), 34.4
(CH), 45.3 (CH), 82.0 (Qa), 84.2 (Gua), 121.9 (Gua), 128.0 (2C, 2 x CH), 128.2 (CH),

128.8 (CH), 129.7 (2C, 2 x CH), 131.9 (2C, 2 x CE84.7 (Gua), 144.7 (Gua).

2-isopropyl-3-(phenylethynyl)-1-(toluene-4-sulfonyaziridine (195)
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Following GP3 using iminel44 and sulfonium saltl77 for 4 h. Purification by flash
chromatography [hexane:ethylacetate (25:1)] gawedar 195 as a yellow solid (203 mg,
60%, 25:1cis:trans); vmax (neat)/crﬁl 2965, 2923, 2881, 1601, 1493, 1441, 1406, 136P6,13
1304, 1186, 1151, 1087, 1059, 980, 945, 873, 8@8, 750, 711, 687, 670; HRM&z (TOF
ES+) 362.1189. £H>1NO:NaS requires 362.1191; aziridioes-195 64 (300 MHz; CDCY)
0.80 (3H, dJ 6.7, CH), 1.00 (3H, d,J 6.7, CH), 1.60-1.72 (1H, m, CH), 2.41 (3H, s, @H
2.59 (1H, ddJ 9.7 and 6.9, CH), 3.56 (1H, d,6.9, CH), 7.22-7.37 (7H, m, 7 x CH), 7.83
(2H, d,J 8.3, 2 x CH)3¢ (75 MHz; CDC}) 18.6 (CH), 20.1 (CH), 21.6 (CH), 28.5 (CH),
34.2 (CH), 51.3 (CH), 82.0 (), 83.9 (Gua), 122.0 (Guay, 128.1 (2C, 2 x CH), 128.2 (2C,

2 x CH), 128.8 (CH), 129.7 (2C, 2 x CH), 131.9 (2&CH), 134.7 (Gua), 144.7 (Gua)-

2-cyclohexyl-3-(phenylethynyl)-1-(toluene-4-sulfonyaziridine (196)

Following GP3 using iminel45 and sulfonium saltl77 for 6 h. Purification by flash
chromatography [hexane:ethylacetate (4:1)] gaveidazé 196 as a white solid (303 mg,
80%, 50:1cis:trans); vmax (neat)/crﬁl 2925, 2853, 2250, 1601, 1491, 1448, 1326, 115380,10
981, 951, 911, 860, 826, 755, 715, 690, 667; HRM& (TOF ES+) 402.1510.
Co3H2sNO2NaS requires 402.1504; aziridioes-196 64 (300 MHz; CDC}) 0.80-1.24 (6H, m,
3 x CHp), 1.32-1.82 (5H, m, 2 x GHand CH), 2.40 (3H, s, G 2.63 (1H, dd;) 9.6 and 6.9,

CH), 3.54 (1H, dJ 6.9, CH), 7.21-7.36 (7H, m, 7 x CH), 7.82 (2HJ&.3, 2 x CH)33¢ (75
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MHz; CDCk) 21.6 (CH), 25.3 (CH), 25.5 (CH), 26.0 (CH), 29.1 (CH), 30.5 (CH), 33.9
(CH), 37.4 (CH), 49.8 (CH), 82.3 (&), 83.8 (Gua), 122.0 (Gua), 128.1 (3C, 3 x CH), 128.8

(2C, 2 x CH), 129.7 (2C, 2 x CH), 131.9 (2C, 2 x)CtB4.6 (Gua), 144.6 (Gua)-

2-1sopropyl-3-(pent-4-en-1-ynyl)-1-(toluene-4-sulfoyl)aziridine (197)

Following GP3 using iminel44 and sulfonium saltl83 for 4 h. Purification by flash
chromatography [hexane:ethylacetate (12:1)] anddi97 as a yellow oil (121 mg, 40%,
25:1cisitrans); vmax (Neat)/crit 3089, 3047, 2958, 2875, 2230, 1830, 1630, 13230,11093,
980, 940, 876, 725; HRM&Vz (TOF ES+) 326.1182. H,1NO,NaS requires 326.1191,
aziridinecis-197. &4 (300 MHz; CDC}) 0.81 (3H, dJ 6.7, CH), 0.99 (3H, dJ 6.7, CH),
1.58-1.69 (1H, m, CH), 2.45 (3H, s, @H2.52 (1H, dd, 9.8 and 6.9, CH), 2.95 (2H, dd,
5.2 and 1.8, Ch, 3.41 (1H, dtJ 6.9 and 1.8, CH), 5.09 (1H, dd,10.0 and 1.7, CH), 5.23
(1H, dd,J 17.0 and 1.7, CH), 5.70-5.79 (1H, m, CH), 7.34,(8H 8.3, 2 x CH), 7.84 (2H, d,
J 8.3, 2 x CH):5¢ (75 MHz; CDC}) 18.6 (CH), 20.1 (CH), 21.6 (CH), 23.0 (CH), 28.3
(CH), 34.0 (CH), 51.0 (CH), 76.4 (G, 81.6 (Gua), 116.3 (CH), 128.1 (2C, 2 x CH), 129.6

(2C, 2 x CH), 131.7 (CH), 134.7 {&), 144.7 (Gua)-
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2-(Cyclohexylethynyl)-3-isopropyl-1-(toluene-4-sulinyl)aziridine (199)

Following GP3 using iminel44 and sulfonium saltl78 for 4 h. Purification by flash
chromatography [hexane:ethylacetate (25:1)] gavedar 199 as a white solid (196 mg,
50%, 15:1cis:trans); vmax (neat)/crﬁl 2965, 2927, 2854, 2241, 1598, 1449, 1406, 131@4,13
1151, 1088, 946, 899, 876, 866, 813, 801, 775; HRM3 (TOF ES+) 368.1666.
CooH27NO2NaS requires 368.1660; aziridimes-199 6y (300 MHz; CDC4) 0.77 (3H, d,J
6.7, CH), 0.96 (3H, d,J 6.7, CH), 1.24-1.48 (6H, m, 3 x CB| 1.54-1.80 (4H, m, 2 x Ci|
2.37-2.44 (4H, m, CH and GM 3.37 (1H,J 6.9 and 1.3, CH), 7.31 (2H, d,8.2, 2 x CH),
7.81 (2H, d,J 8.2, 2 x CH);c (75 MHz; CDC}) 18.5 (CH), 20.1 (CH), 21.6 (CH), 24.5
(2C, 2 x CH), 25.7 (CH), 28.3 (CH), 32.1 (2C, 2 x Gl 34.1 (2 x CH)), 50.9 (CH), 72.6

(Cqua), 89.1 (Gua), 128.0 (2C, 2 x CH), 129.5 (2C, 2 x CH), 134. 7,4 144.5 (Gua)-

2-cyclohexyl-3-(cyclohexylethynyl)-1-(toluene-4-stdnyl)aziridine (198)
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Following GP3 using iminel45 and sulfonium saltl78 for 2 h. Purification by flash
chromatography [hexane:ethylacetate (25:1)] gavedar 198 as a white solid (196 mg,
51%, 25:1cis:trans); vmax (neat)/crﬁl 2967, 2871, 2249, 1598, 1448, 1319, 1153, 1192, 81
709, 686; HRMSnz (TOF ES+) 408.1976. LgH31NO-NaS requires 408.1973; aziridiois-
198 3y (300 MHz; CDC4) 0.85-1.15 (5H, m, 2 x CHand CH), 1.24-1.43 (9H, m, 4 x GH
and CH), 1.59-1.78 (8H, m, 4 x GH2.43 (3H, s, Ch), 2.53 (1H, dd,) 9.6 and 7.0, CH),
3.35 (1H, ddJ 6.9 and 1.5, CH), 7.31 (2H, d8.3, 2 x CH), 7.81 (2H, d,8.3, 2 x CH)3¢
(75 MHz; CDC}) 21.6 (CH), 24.4 (2C, 2 x Ch), 25.3 (CH), 25.4 (CH), 25.7 (CH), 26.0
(2C, 2 x CH), 28.8 (CH), 29.0 (CH), 32.0 (2C, 2 x Ch), 33.8 (CH), 37.2 (CH), 49.4 (CH),

72.8 (Gua), 88.9 (Gua), 128.0 (2C, 2 x CH), 129.5 (2C, 2 x CH), 134.7.4% 144.5 (Gua)-

2-phenyl-3-(4-phenylbut-1-yn-1-yl)-1-(toluene-4-sdibnyl)aziridine (200)

Following GP3 using iminel4l and sulfonium saltl79 for 3 h. Purification by flash
chromatography [hexane:ethylacetate (25:1)] gavedar 200 as a yellow oil (281 mg,
70%, 11:1cisitrans); vmax (N€at)/cnt 2987, 2931, 2248, 1597, 1495, 1453, 1384, 1329112
1233, 1158, 1090, 1021, 875, 814, 742, 695; HRM& (TOF ES+) 424.1340.
CosH23NOoNaS requires 424.1347; aziridioes-200 6y (300 MHz; CDC}) 2.27-2.34 (2H, m,
CHy), 2.44 (3H, s, Ch), 2.50-2.66 (2H, m, C§J, 3.63 (1H, dtJ 6.9 and 1.8, CH), 3.95 (1H,

d, J 6.9, CH), 6.96-7.01 (2H, m, 2 x CH), 7.24-7.27 (38 3 x CH), 7.30 (5H, s, 5 x CH),
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7.34 (2H, d,J 8.3, 2 x CH), 7.89 (2H, dJ 8.3, 2 x CH):3¢ (75 MHz; CDC}) 20.8 (CH),
21.7 (CH), 34.4 (CH), 36.2 (CH), 46.1 (CH), 73.0 (G, 85.9 (Gua), 126.2 (CH), 127.8
(2C, 2 x CH), 127.9 (2C, 2 x CH), 128.0 (2C, 2 x)CH8.3 (5C, 5 x CH), 129.8 (2C, 2 x

CH), 132.2 (Gua), 134.8 (Gua), 140.2 (Guap, 144.8 (Gua)-
2-((4-bromophenyl)ethynyl)-3-phenyl-1-(toluene-4-déonyl)aziridine (201)

0=8=0

|
> O
Br

Following GP3 using iminel4l and sulfonium saltl86 for 8 h. Purification by flash
chromatography [hexane:ethylacetate (25:1)] aned01 as a brown solid (339 mg, 75%,
15:1 cisitrans); vmax (neat)/cni 3066, 2233, 1599, 1450, 1334, 1233, 1160, 10873,1885,
818, 745, 698; HRMSwz (TOF ES+) 474.0144. £H:1gNO,NaS *Br requires 474.0139;
aziridinecis-201 & (300 MHz; CDC4) 2.43 (3H, s, Ch), 3.85 (1H, d,J 6.9, CH), 4.09 (1H,
d,J 6.9, CH), 7.02 (2H, dJ 8.6, 2 x CH), 7.31-7.36 (9H, m, 9 x CH), 7.92 (2HJ 8.3, 2 x
CH); 6c (75 MHz; CDC§) 21.7 (CH), 26.9 (CH), 42.2 (CH), 80.0 (fay, 92.3 (Guay, 121.9
(Cquar), 123.1 (Gua), 127.1 (CH), 128.0 (2C, 2 x CH), 128.3 (2C, 2 W)(128.6 (2C, 2 x
CH), 129.4 (2C, 2 x CH), 131.5 (2C, 2 x CH), 13@T, 2 x CH), 136.9 (), 137.8 (Gua),

138.4 (Gua).
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2-Butyl-5-phenyl-1-(toluene-4-sulfonyl)-H-pyrrole (202)
/ \

N
|

0=S=0

Following GP6 using aziridin@87 or 194 at room temperature for 12 h ga®@2 as yellow
oil (69 mg, 98%);vmax (Neat)/crit 3060, 2956, 2928, 2861, 1733, 1597, 1528, 1482414
1366, 1169, 1116, 1092, 911, 809, 759300 MHz; CDC}) 0.97 (3H, tJ 7.3, CH), 1.37-
1.50 (2H, m, CH), 1.65-1.75 (2H, m, Ch), 2.37 (3H, s, Ch), 2.92 (2H, tJ 7.7, CH), 6.04
(1H, d,J 3.3, CH), 6.07 (1H, d] 3.3, CH), 7.15 (2H, d] 8.4, 2 x CH), 7.28 (2H, d,8.4, 2 x
CH), 7.33 (5H, m, 5 x CHY¢ (75 MHz; CDC}) 14.0 (CH), 21.6 (CH), 22.5 (CH), 29.3
(CH,), 31.6 (CH), 112.6 (CH), 115.6 (CH), 126.4 (2C, 2 x CH), 2{2C, 2 x CH), 127.7
(CH), 129.3 (2C, 2 x CH), 130.4 (2C, 2 x CH), 138Gua), 136.4 (Gua), 138.0 (Gua),
139.9 (Guay, 144.2 (Guay; HRMS mvz (TOF ES+) 376.1350. £H23NOzNaS requires

3761347.

2-Butyl-4-phenyl-1-(toluene-4-sulfonyl)-H-pyrrole (203)

/ \

0=S=0

Following GP7 using aziridind87 (70 mg) for 2 h. Purification by flash chromatqgjns

[hexane:ethylacetate (25:1)] gave a mixture ofsjdstituted pyrrol03 and 2,5-substituted
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pyrrole 202 (42 mg, 60%, 1:7.@02203); vmax (neat)/crit 2958, 2929, 2871, 1723, 1596,
1526, 1494, 1448, 1401, 1361, 1306, 1292, 11888,11620, 1089, 1038, 1009, 920, 812,
789, 761, 693; HRM&Vz (TOF ES+) 376.1356. fH,3NO,NaS requires 376.1342;Butyl-
4-phenyl-1-(toluene-4-sulfonyl)-H-pyrrole 203: 64 (300 MHz; CDC}) 0.91 (3H, t,J 7.3,
CHs), 1.31-1.43 (2H, m, C}), 1.54-1.61 (2H, m, C}), 2.41 (3H, s, Ch), 2.69 (2H, t,J 7.6,
CH,), 6.33 (1H, dtJ 1.9 and 1.0, CH), 7.29 (2H, d,8.4, 2 x CH), 7.32 (2H, d} 8.4, 2 x
CH), 7.37 (1H, dJ 8.2, CH), 7.51 (2H, dd] 8.4, 8.2, 2 x CH), 7.58 (1H, d,1.9, CH), 7.69
(2H, d,J 8.4, 2 x CH)¢ (75 MHz; CDC}) 13.9 (CH), 21.6 (CH), 22.4 (CH), 26.9 (CH),
30.7 (CH), 110.4 (CH), 117.7 (CH), 125.4 (2C, 2 x CH), I26C, 3 x CH),126.8 (Ga),
127.8 (2C, 2 x CH), 130.0 (2C, 2 x CH), 133.7,4% 136.3 (Gua), 136.9 (Gua), 144.8

(Cquay-

2,5-dicyclohexyl-1-(toluene-4-sulfonyl)-1H-pyrrolg204)

OO
N
0=$=0

Following GP6 using aziridiri®8 at 70 °C for 3 h gav204 as a colorless oil (67 mg, 98%);
Vimax (neat)/cml 2924, 2853, 1726, 1681, 1601, 1524, 1497, 1448718358, 1309, 1271,
1195, 1177, 1154, 1120, 1097, 1087, 1069, 1045, &BQ, 784, 738, 688, 65&; (300 MHz;
CDCly) 1.14-1.40 (8H, m, 4 x CH| 1.62-1.72 (8H, m, 4 x CB} 1.90 (4H, m, 2 x C}), 2.38
(3H, s, CH), 3.05 (2H, m, 2 x CH), 5.94 (2H, s, 2 x CH) 7(2#, d,J 8.3, 2 x CH), 7.38
(2H, d,J 8.3, 2 x CH);5¢c (75 MHz; CDC}) 21.5 (CH), 26.2 (2C, 2 x Ch), 26.8 (4C, 4 x

CH,), 34.8 (4C, 4 x Ch), 37.3 (2C, 2 x CH), 109.4 (2C, 2 x CH), 125.5 (2C<CH), 129.7
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(2C, 2 xCH), 138.2 (fa), 143.9 (Gua), 144.0 (2C, 2 X (a); HRMS mvz (TOF ES+)

408.1969. @H3;NO,NasS requires 408.1973.

2-(4-Bromophenyl)-5-butyl-1-(toluene-4-sulfonyl)-H-pyrrole (206)

]\
N
0=8=0 Br

Following GP6 usind 88 aziridine (86 mg) at 70 °C for 4 h ga266 as a brown oil (84 mg,
98%); vmax (N€AL)/CHT 3048, 2953, 2929, 2826, 1592, 1368, 1170, 10923,1810, 750, 732,
650, 660:54 (300 MHz; CDC}) 1.03 (3H, tJ 7.3, CH), 1.43-1.55 (2H, m, C§), 1.70-1.80
(2H, m, CH), 2.43 (3H, s, Ch), 2.97 (2H, tJ 7.7, CH), 6.10-6.14 (2H, m, 2 x CH), 7.21-
7.27 (4H, m, 4 x CH), 7.34 (2H, d,8.4, 2 x CH), 7.52 (2H, d} 8.4, 2 x CH)3¢ (75 MHz;
CDCly) 13.9 (CH), 21.5 (CH), 22.5 (CH), 29.2 (CH), 31.6 (CH), 112.8 (CH), 116.1 (CH),
121.9 (Gua), 126.3 (2C, 2 x CH), 129.4 (2C, 2 x CH), 130.€(2 x CH), 131.9 (2C, 2 x
CH), 132.3 (Gua), 136.2 (Gua), 136.8 (Gua), 140.4 (Gua), 144.4 (Gua); HRMS miz (TOF

ES+) 454.0437. §H»,NO,NaS *Br requires 454.0452.
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4-(4-Bromophenyl)-2-butyl-1-(toluene-4-sulfonyl)-H-pyrrole (207)
Br

[\
\

0=S=0

Following GP7 using aziridind88 (86 mg) for 2 h. Purification by flash chromatqgjns
[hexane:ethylacetate (25:1)] gave a mixture ofsjdstituted pyrrol@07 and 2,5-substituted
pyrrole 206 (63 mg, 74%, 1:1.206207); vmax (neat)/crit 2957, 2928, 2870, 1728, 1596,
1524, 1476, 1465, 1397, 1364, 1302, 1259, 11888,11619, 1090, 1071, 1009, 919, 810,
728, 703; HRMSm/z (TOF ES+) 454.0446. £H,o,NO,NaS Br requires 454.04524-(4-
Bromophenyl)-2-butyl-1-(toluene-4-sulfonyl)-H-pyrrole 207: 64 (300 MHz; CDC}) 0.97
(3H, t,J 7.3, CH), 1.39-1.50 (2H, m, C}), 1.59-1.69 (2H, m, C}), 2.48 (3H, s, Ch), 2.75
(2H, t,J 7.7, CH), 6.34 (1H, dtJ 1.9 and 1.0, CH), 7.37 (2H, d8.4, 2 x CH), 7.43 (2H, d,
J 8.6, 2 x CH), 7.54 (2H, d} 8.6, 2 x CH), 7.63 (1H, d 1.9, CH), 7.76 (2H, d] 8.4, 2 x
CH); 5¢ (75 MHz; CDC}) 13.9 (CH), 21.6 (CH), 22.4 (CH), 26.9 (CH), 30.7 (CH), 110.0
(CH), 117.7 (CH), 120.4 (Ga), 126.9 (2C, 2 x CH),126.8 (2C, 2 x CH), 130.0,(2G CH),

131.8 (2C, 2 x CH), 132.7 (), 136.2 (Gua), 137-2 (Guap, 140.4 (Gua), 144.9 (Gua)-
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2-(2-Bromophenyl)-5-butyl-1-(toluene-4-sulfonyl)-H-pyrrole (208)
Br

/\
N
0=8=0

Following GP6 using aziriding89 (86 mg) at 70 °C for 4 h gawg®8 as a brown oil (84 mg,
98%); vmax (neat)/cni 3049, 2956, 2928, 2861, 1736, 1597, 1459, 13680,11091, 1025,
1095, 810, 75534 (300 MHz; CDC}) 0.94 (3H, tJ 7.3, CH), 1.38-1.45 (2H, m, C}), 1.62-
1.70 (2H, m, CH), 2.39 (3H, s, Ch), 2.80-2.89 (2H, m, Ch), 6.07 (1H, dtJ 3.4 and 1.0,
CH), 6.15 (1H, dJ) 3.4, CH), 7.19-7.30 (4H, m, 4 x CH), 7.42 (2HJ®B.4, 2 x CH), 7.59
(2H, d,J 7.7, 2 x CH)3¢ (75 MHz; CDC}) 13.9 (CH), 21.6 (CH), 22.5 (CH), 28.6 (CH),
31.3 (CH), 111.4 (CH), 115.7 (CH), 126.0 &), 126.1 (CH), 126.6 (2C, 2 x CH), 129.5
(CH), 129.6 (2C, 2 x CH), 132.2 (CH), 133.1 (CH3436 (2C, 2 X Ga), 136.9 (Gua), 138.7
(Cqua), 144.4 (Gua); HRMS miz (TOF ES+) 454.0460. GH,:NO,NaS*Br requires

454.0452.

4-(2-Bromophenyl)-2-butyl-1-(toluene-4-sulfonyl)-H-pyrrole (209)
Br
/ \
N

0=S=0

Following GP7 using aziridind89 (86 mg) for 3 h. Purification by flash chromatqgjns

[hexane:ethylacetate (25:1)] gave a mixture ofsistituted pyrrol209 and 2,5-substituted
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pyrrole 208 (77 mg, 90%, 3:208209); vmax (Neat)/cn 3051, 2957, 2928, 2861, 1597, 1527,
1460, 1364, 1170, 1125, 1096, 1025, 908, 810, 789; HRMSm/z (TOF ES+) 454.0460.
Co1Ho:NO,NaS™Br requires 454.04524-(2-Bromophenyl)-2-butyl-1-(toluene-4-sulfonyl)-
1H-pyrrole 209: &4 (300 MHz; CDC}) 0.90 (3H, t,J 7.2, CH), 1.33-1.45 (2H, m, C),
1.53-1.63 (2H, m, CH), 2.42 (3H, s, Ch), 2.63-2.78 (2H, m, Ch), 6.28 (1H, m, CH), 7.12
(1H, ddd,J 7.9, 1.7, 1.2, CH), 7.19-7.43 (4H, m, 4 x CH, uméath major isomer), 7.60-7.64

(2H, m, 2 x CH), 7.72 (2H, d,8.4, 2 x CH).

2-Butyl-1-(toluene-4-sulfonyl)-5p-tolyl-1H-pyrrole (210)

e
0=8=0

Following GP6 using aziridin&90 (73 mg) at 70 °C for 5 h gave pyrrd@é&0as brown oil (71
mg, 98%); Vmax (neat)/crﬁl 3052, 2958, 2930, 2870, 1738, 1590, 1462, 136%98,11090,
1028, 1093, 815, 753y (300 MHz; CDC}4) 0.97 (3H, tJ 7.3, CH), 1.37-1.49 (2H, m, C}),
1.64-1.75 (2H, m, CH), 2.44 (3H, s, Ch), 2.47 (3H, s, Ch), 2.91 (2H, tJ 7.6, CH), 6.03
(1H, dt,J 3.3 and 1.0, CH), 6.04 (1H, 33.3, CH), 7.14-7.16 (4H, m, 4 x CH), 7.23 (2HJd,
8.0, 2 x CH), 7.29 (2H, d} 8.4, 2 x CH)®¢ (75 MHz; CDC}) 13.9 (CH), 21.3 (CH), 21.5
(CHg), 22.5 (CH), 29.3 (CH), 31.6 (CH), 112.6 (CH), 115.3 (CH), 126.3 (2C, 2 x CH),
127.9 (2C, 2 x CH), 129.3 (2C, 2 x CH), 130.3 (2Cx CH), 130.5 (Gua), 136.4 (Gua),
137.5 (Gua)» 138.2 (Gua), 139.6 (Gua), 144.1 (Gua); HRMS miz (TOF ES+) 390.1502.

Ca2H2sNO2NaS requires 390.1504.
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2-Butyl-1-(toluene-4-sulfonyl)-4p-tolyl-1H-pyrrole (211)

[\

0=S=0

Following GP7 using aziridin&90 (74 mg) for 1.5 h. Purification by flash chromaiaghy
[hexane:ethylacetate (25:1)] gave a mixture ofsjdstituted pyrrol@11 and 2,5-substituted
pyrrole 210 (23 mg, 32%, 1:5@10211); vma (Neat)/crt 3058, 2954, 2921, 1724, 1596,
1490, 1445, 1365, 1161, 1093, 912, 814, 755; HRM& (TOF ES+) 368.1691.
CooHoeNO2NaS  requires  368.16842-Butyl-1-(toluene-4-sulfonyl)-4p-tolyl-1H-pyrrole
211: 8y (300 MHz; CDC}) 0.90 (3H, tJ 7.3, CH), 1.30-1.43 (2H, m, C}), 1.53-1.63 (2H,
m, CH), 2.35 (3H, s, Ch), 2.40 (3H, s, Ch), 2.68 (2H, tJ 7.4, CH), 6.30 (1H, dtJ 1.9,
0.9, CH), 7.16 (2H, d] 8.2, 2 x CH), 7.28 (2H, d,8.4, 2 x CH), 7.40 (2H, d,8.2, 2 x CH),
7.54 (1H, dJ 1.9, CH), 7.68 (2H, dJ 8.4, 2 x CH);5¢c (75 MHz; CDC}) 13.9 (CH), 21.1
(CHs), 21.6 (CH), 22.4 (CH), 26.9 (CH), 30.7 (CH), 110.5 (CH), 117.3 (CH), 125.3 (2C, 2
x CH), 126.7 (2C, 2 x CH),129.4 (2C, 2 x CH), 12@€, 2 x CH), 130.8 (), 136.4

(Cqua), 136.5 (2C, 2 X Ga), 136.9 (Gua), 144.7 (Gua)-
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2,5-Diphenyl-1-(toluene-4-sulfonyl)-H-pyrrole (212)

[\
O

Following GP6 using aziridin&92 (75 mg) at 70 °C for 3 h gawd 2 as a yellow oil (74 mg,
98%); vmax (Neat)/cmt 3048, 2949, 2925, 1717, 1592, 1491, 1437, 13687,11088, 914,
812, 754:54 (300 MHz; CDC}) 2.34 (3H, s, Ch), 6.24 (2H, s, 2 x CH), 7.05 (4H, m, 4 x
CH), 7.37-7.44 (6H, m, 6 x CH), 7.50-7.53 (4H, mx4CH); 5c (75 MHz; CDC}) 21.5
(CHs), 117.3 (2C, 2 x CH), 127.0 (4C, 4 x CH), 127.8(2 x CH), 127.9 (2C, 2 x CH),
128.7 (4C, 4 x CH), 129.6 (2C, 2 x CH), 133.3 (2G5 CGyua), 134.6 (Gua), 141.2 (2C, 2 x

Caua), 144.3 (Gua); HRMS vz (TOF ES+) 396.1039. GH10NO,Na$S requires 396.1034.

Data were in agreement with those reported initamture®®

2,4-Diphenyl-1-(toluene-4-sulfonyl)-H-pyrrole (213)

Following GP7 using aziridin&92 (75 mg) for 1.5 h. Purification by flash chromataghy
[hexane:ethylacetate (25:1)] gave a mixture ofsjdstituted pyrrol@13 and 2,5-substituted

pyrrole 212 (74 mg, 98%, 1:@12213); vmax (Neat)/cnt 3061, 3048, 2923, 1725, 1596, 1492,
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1449, 1363, 1307, 1188, 1168, 1091, 1069, 10468,10Q04, 911, 812, 759; HRM&/z
(TOF ES+) 396.1047. fHigNO,NaS requires 396.10342,4-Diphenyl-1-(toluene-4-
sulfonyl)-1H-pyrrole 213: 64 (300 MHz; CDC}) 2.34 (3H, s, Ch), 6.49 (1H, dJ 1.6, CH),
7.08 (2H, dJ 8.1, 2 x CH), 7.24-7.37 (10H, m, 10 x CH), 7.581(2,J 7.3, 2 x CH), 7.73
(1H, d,J 1.6, CH);5¢ (75 MHz; CDC}) 21.6 (CH), 114.3 (CH), 119.5 (CH), 125.5 (2C, 2 x
CH), 127.0 (CH), 127.1 (2C, 2 x CH),127.4 (2C, W), 127.5 (Gua), 128.4 (CH), 128.8
(2C, 2 x CH), 129.4 (2C, 2 x CH), 130.8 (2C, 2 x)CH30.9 (Gua), 132.8 (Gua), 134.9

(Cquap, 136.5 (Guay, 144.7 (Guay-

2-Phenyl-1-(toluene-4-sulfonyl)-53-tolyl-1H-pyrrole (214)

[\

Following GP6 using aziriding93 (77 mg) at 70 °C for 3.5 h gavd 4 as a colourless oil (75
mg, 98%);vmax (Neat)/cni 3056, 2960, 2937, 1730, 1580, 1491, 1438, 13667,11091, 910,
813, 7595, (300 MHz; CDC}) 2.38 (3H, s, Ch), 2.41 (3H, s, Ch), 6.22 (1H, dJ 3.9, CH),
6.23 (1H,J 3.9, CH), 7.09 (5H, m, 5 x CH), 7.21 (2H,X7.8, 2 x CH), 7.23-7.35 (6H, m, 6
x CH); 8¢ (75 MHz; CDC}) 21.4 (CH), 21.6 (CH), 117.0 (CH), 117.4 (CH), 127.0 (2C, 2 x
CH), 127.5 (2C, 2 x CH), 127.8 (CH), 128.3 (2C, £M), 128.7 (2C, 2 x CH), 129.5 (2C, 2
x CH), 129.6 (2C, 2 x CH), 130.5 {@), 133.4 (Gua), 134.6 (Gua), 137.8 (Gua), 140.9
(Cquap, 141.4 (Guap, 144.3 (Gua); HRMS m/z (TOF ES+) 410.1188. 4H2:NOzNaS requires

410.1191.
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2-Phenyl-1-(toluene-4-sulfonyl)-4p-tolyl-1H-pyrrole (215)

Following GP7 using aziriding93 (77 mg) for 30 min. Purification by flash chromgitaphy
[hexane:ethylacetate (25:1)] gave 2,4-substitutgdofe 215 as a light brown oil (50 mg,
65%); vmax (N€AL)/CAT 3051, 2950, 2930, 1720, 1590, 1492, 1440, 13665,11091, 911,
811, 756+ (300 MHz; CDC}) 2.33 (3H, s, Ch), 2.34 (3H, s, Ch), 6.45 (1H, dJ 1.9, CH),
7.07 (2H, dJ 8.0, 2 x CH), 7.17 (2H, d,8.0, 2 x CH), 7.23-7.43 (9H, m, 9 x CH), 7.67 (1H,
d, J 1.9, CH);3c (75 MHz; CDC}) 21.1 (CH), 21.6 (CH), 114.4 (CH), 119.2 (CH), 125.4
(2C, 2 x CH), 127.1 (2C, 2 x CH), 127.4 (2C, 2 x)(1H7.6 (Gua), 128.3 (CH), 129.4 (2C, 2
x CH), 129.5 (2C, 2 x CH), 130.4 {§), 130.8 (2C, 2 x CH), 131.3 {&), 135.5 (Gua),
136.8 (Gua)» 136.9 (Gua), 144.7 (Gua); HRMS mVz (TOF ES+) 410.1177. GH2NO,NaS

requires 410.1191.

2-Allyl-5-isopropyl-1-(toluene-4-sulfonyl)-1H-pyrrole (216)
I\ o~
\
0=S=0

Following GP6 using aziridin@97 at 70 °C for 12 h. Purification by flash chromatguhy

[hexane:ethylacetate (25:1)] ga®&6 as a colourless oil (57 mg, 95%);a« (neat)/cnt 3089,
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3010, 2967, 2871, 1831, 1635, 1597, 1366, 11799,1980, 925, 818, 706, 686;; (300
MHz; CDCk) 1.24 (6H, dJ 6.7, 2 x CH), 2.44 (3H, s, Ch), 3.50 (1H, sept] 6.7, CH), 3.60
(2H, dd, 3.6 and 1.1, Gl 5.11 (1H, m, CH), 5.16 (1H, m, CH), 5.85-5.9%{(2n, 2 x CH),
6.05 (1H, dJ 3.4, CH), 7.31 (2H, d] 8.2, 2 x CH), 7.50 (2H, d,8.2, 2 x CH)33¢ (75 MHz;
CDCly) 21.5 (CH), 24.0 (2C, 2 x Ch), 27.3 (CH), 33.7 (Ch), 108.9 (CH), 111.9 (CH),
116.7 (CH), 125.7 (2C, 2 x CH), 129.8 (2C, 2 x CH), 135.2}C135.4 (Gua), 137.7 (Gua),
144.2 (Gua), 145.5 (Gua); HRMS mvz (TOF ES+) 326.1198. HiNO,NaS requires

326.1191.

2-cyclohexyl-5-isopropyl-1-(toluene-4-sulfonyl)-1Hpyrrole (217)
/ \

0=S=0

Following GP6 using aziriding#99 at 70 °C for 3 h gav2l7 as a colorless oil (67 mg, 98%);
vmax (N€at)/lcrit 2968, 2926, 2853, 1681, 1598, 1528, 1493, 14470,13357, 1304, 1193,
1180, 1167, 1142, 1111, 1095, 1060, 1016, 810, 783, 703, 682, 6654 (300 MHz;
CDCls) 1.17 (6H, d,J 6.7, 2 x CH), 1.21-1.49 (4H, m, 2 x Cfji 1.52-1.82 (4H, m, 2 x Ci}
1.91 (2H, dJ 12.1, CH), 2.38 (3H, s, Ch), 3.05 (1H, m, CH), 3.42 (1H, se@6.7, CH),
5.95 (1H, dJ 3.5, CH), 5.98 (1H, dJ 3.5, CH), 7.22 (2H, d] 8.4, 2 x CH), 7.28 (2H, d]
8.4, 2 x CH)d¢ (75 MHz; CDC4) 21.5 (CH), 24.0 (2C, 2 x Ch), 26.2 (CH), 26.7 (2C, 2 x
CH,), 27.5 (CH), 34.8 (2C, 2 x G} 37.4 (CH), 109.2 (CH), 109.4 (CH), 125.4 (2Cx 2
CH), 129.7 (2C, 2 x CH), 138.0 &), 144.0 (Gua), 144.5 (Gua), 145.0 (Gua); HRMS m/z

(TOF ES+) 368.1676. £gH27NO,NaS requires 368.1660.
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2-isopropyl-5-phenyl-1-(toluene-4-sulfonyl)-1H-pyrole (218)
/ \

0=S=0

Following GP6 using aziridind95 at room temperature for 12 h. Purification by lilas
chromatography [hexane:ethylacetate (25:1)] gai® as a yellow oil (64 mg, 95%)max
(neat)/cm® 3062, 2953, 2931, 2859, 1731, 1595, 1531, 1484514370, 1168, 1116, 1090,
912, 807, 757py (300 MHz; CDC}) 1.29 (6H, dJ 6.7, 2 x CH), 2.36 (3H, s, Ch), 3.62
(1H, septJ 6.7, CH), 6.07 (2H, m, 2 x CH), 7.13 (2H,J8.4, 2 x CH), 7.25 (2H, d, 8.8, 2
x CH), 7.32 (5H, s, 5 x CHJic (75 MHz; CDC}) 21.5 (CH), 23.8 (2C, 2 x Ch), 28.1 (CH),
111.0 (CH), 115.9 (CH), 126.2 (2C, 2 x CH), 12222 x CH), 127.6 (CH), 129.2 (2C, 2 x
CH), 130.2 (2C, 2 x CH), 133.5 (&), 136.3 (Gua), 138.8 (Gua), 144.1 (Gua), 147.2 (Gua);

HRMS m/z (TOF ES+) 362.1186. 4H,:NO-NaS requires 362.1191.

Data were in agreement with those reported initamture®
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2-Cyclohexyl-5-phenyl-1-(toluene-4-sulfonyl)-1H-pyrole (219)
|\

N
|

0=S=0

Following GP6 using aziridin@96 at room temperature for 12 h ga®&9 as a brown solid
(74 mg, 98%); mp 143-145 °Gjax (neat)/crit 2929, 2854, 1716, 1598, 1531, 1445, 1363,
1309, 1215, 1196, 1179, 1167, 1091, 1079, 10629,10a818, 895, 811, 798, 756, 74(;
(300 MHz; CDCH#) 1.38-1.68 (4H, m, 2 x C#) 1.90-2.01 (4H, m, 2 x G} 2.24-2.30 (2H,
m, CHp), 2.52 (3H, s, Ch), 3.42 (1H, tJ 11.2, CH), 6.20 (1H, dd] 3.3 and 0.8, CH), 6.24
(1H, d,J 3.3, CH), 7.29 (2H, d] 8.1, 2 x CH), 7.41 (2H, d} 8.1, 2 x CH), 7.48 (5H, s, 5 x
CH); ¢ (75 MHz; CDC}) 21.5 (CH), 26.5 (CH), 26.7 (2C, 2 x CH), 34.6 (2C, 2 x gH
37.9 (CH), 111.0 (CH), 115.9 (CH), 126.2 (2C, 2 M)C127.2 (2C, 2 x CH), 127.6 (CH),
129.2 (2C, 2 xCH), 130.2 (2C, 2 x CH), 133.5 136.4 (Gua), 138.4 (Gua), 144.1

(Cquap, 146.2 (Guay); HRMSmVz (TOF ES+) 376.1350. £H2sNO2NaS requires 376.1347.

Data were in agreement with those reported initamture®®
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2-Butyl-5-cyclohexyl-1-(toluene-4-sulfonyl)-H-pyrrole (220)
/ \

0=S8=0

Following GP6 using aziridin&91 at 70 °C for 4 h gav@20 as a brown oil (70 mg, 98%);
vmax (Neat)/crit 2925, 2855, 1740, 1681, 1601, 1528, 1493, 14489,18359, 1340, 1192,
1174, 1152, 1117, 1093, 892, 810, 770, 751, 723; &6(300 MHz; CDC}) 0.99 (3H, t,J
7.3, CH), 1.15-1.38 (4H, m, 4 x G} 1.61-1.70 (6H, m, 3 x Ch} 1.85 (2H, m, Ch), 2.02
(2H, d,J 12.3, CH), 2.48 (3H, s, Ch), 2.83 (2H, tJ 12.3, CH), 3.18 (1H, m, CH), 6.02 (1H,
d,J 3.5, CH), 6.04 (1H, d] 3.5, CH), 7.34 (2H, d] 8.4, 2 x CH), 7.52 (2H, d,8.4, 2 x CH);
c (75 MHz; CDC4) 13.9 (CH), 21.6 (CH), 22.4 (CH), 26.2 (CH), 26.7 (2C, 2 x Ch),
28.8 (CH), 31.1 (CH), 34.8 (2C, 2 x Ch), 37.2 (CH), 109.0 (CH), 111.0 (CH), 125.6 (2C, 2
x CH), 129.7 (2C, 2 x CH), 137.7 {G), 138.0 (Gua), 144.0 (Gua), 144.2 (Gua); HRMS vz

(TOF ES+) 382.1828. £LH,9NO,-NaS requires 382.1817.

Data were in agreement with those reported initamture®®

2-phenethyl-5-phenyl-1-(toluene-4-sulfonyl)-1H-pyrole (221)

O /N\ O

|
0=S=0

Following GP6 using aziridin@00 at 70 °C for 4 h. Purification by flash chromaiagfny

[hexane:ethylacetate (20:1)] gagél as a yellow oil (76 mg, 95%Yimax (neat)/crit 3027,
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2920, 2851, 1596, 1494, 1452, 1363, 1295, 11708,10071, 1028, 908, 809, 759, 729, 694;
u (300 MHz; CDC4) 2.38 (3H, s, Ch), 3.05-3.10 (2H, m, Ch), 3.23-3.28 (2H, m, C}),
6.06 (1H, d,J 3.3, CH), 6.09 (1H, dJ 3.3, CH), 7.15 (2H, dJ 8.3, 2 x CH), 7.21-7.33 (7H,
m, 7 x CH), 7.35 (5H, m, 5 x CHJ¢ (75 MHz; CDC}) 21.6 (CH), 31.8 (CH), 36.3 (CH),
113.5 (CH), 115.6 (CH), 126.0 (CH), 126.4 (2C, M), 127.2 (2C, 2 x CH), 127.8 (CH),
128.3 (2C, 2 x CH), 128.5 (2C, 2 x CH), 129.3 (2C¢ CH), 130.5 (2C, 2 x CH), 133.2
(Cqua), 136.2 (Gua), 138.4 (Gua), 138.8 (Gua), 141.5 (Gua), 144.3 (Gua); HRMS m/z (TOF

ES+) 424.1340. £&H3NO,NaS requires 424.1347.

2-(4-bromophenyl)-5-phenyl-1-(toluene-4-sulfonyl)-H-pyrrole (222)

/ \
O o:gzo O Br

Following GP6 using aziridin01 at 70 °C for 3 h gave pyrro22 as a brown oil (88 mg,
98%); vmax (Neat)/cmt 2233, 1705, 1596, 1439, 1371, 1176, 1092, 920, B9, 7035 (300
MHz; CDCk) 2.38 (3H, s, Ch), 6.26 (2H, dJ 3.5, 2 x CH), 7.05-7.12 (4H, m, 4 x CH),
7.28-7.55 (9H, m, 9 x CHJic (75 MHz; CDC}) 21.6 (CH), 117.3 (CH), 118.3 (CH), 126.8
(2C, 2 x CH), 127.6 (2C, 2 x CH), 127.84(§), 128.7 (2C, 2 x CH), 128.8 (2C, 2 x CH),
128.9 (2C, 2 x CH), 129.5 (2C, 2 x CH), 133.Q,45 133.4 (CH), 134.3 (Ga), 134.8
(Cquap, 139.2 (Gua), 141.9 (Gua), 144.7 (Gua); HRMS miz (TOF ES+) 474.0144.

Co3H1eNO,NaS Br requires 474.0139.
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(3-phenyl-1,2-propandienyltriphenylphosphonium bramide (223)

Triphenylphosphine (10.5 mmol, 2.75 g) was addea $olution of bromidd73(10.5 mmol,
2.04 g) in toluene (45 mL) and the reaction mixtwas heated at 75 °C. After 12 h stirring
was pursued at room temperature for 1 h. The sadslfiltered off, washed with-pentane (4

x 15 mL) and dried to give phosphonium bromi##8 as a white solid (3.93 g, 82 %); mp
180-181 °Civmax (neat)/crit 2987, 2901, 2803, 1585,1487, 1455, 1440, 13940,13808,
1066, 993, 90654 (300 MHz; CDC}) 5.19 (2H, dJ 15.1, CH), 6.95-7.20 (4H, m, 4 x CH),
7.45-7.70 (16H, m, 16 x CHJjc (75 MHz; CDC§) 20.2 (CH), 80.0 (Guay, 81.2 (Guay.
118.0 (3 x GQua), 128.4 (2C, 2 x CH), 129.0 (&), 130.3 (6C, 6 x CH), 131.5 (CH), 134.0

(2C, 2 x CH), 134.1 (6C, 6 x CH), 135.3 (3C, 3 x)CH

Mixture of (E)- and (Z)-But-1-en-3-yne-1,4-dibenzene (224)

n-BuLi (3.28 mmol, 1.32 mL of a 2.5M solution in reme) was added dropwise to a solution
of phosphonium bromid@23 (3.28 mmol, 1.51 g) in THF (40 mL) at 0 °C. Theaaton

mixture was cooled down to -78 °C and was stirf@danin. Benzaldehyde (3.28 mmol, 0.35
mL) was added dropwise and the reaction mixture stiased at room temperature for 12 h.
NH,4CI solution (20 mL) was added to quench the reactind the THF was removed under

reduced pressure. GEl, (20 mL) was added and the phases were separatedadueous
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phase was washed with @El, (3 x 20 mL) and the combined organic extracts weshed
with brine (20 mL), dried (N&O,) and concentrated under reduced pressure. Ptofichy
flash chromatography of the residue gave e3¢ as a yellow solid (422 mg, 63%, 2:1
E:Z); Vimax (neat)/crﬁl 3058, 3026, 2190, 1948,1879, 1593, 1487, 144(9,11069, 1027, 950,
913, 782, 747, 721, 686} (300 MHz; CDC}) 5.92 (1H, dJ 12.0, CH, fromZ isomer), 6.39
(1H, d,J 16.1, CH, fromE isomer), 6.70 (1H, d] 12.0, CH, fromZ isomer), 7.05 (1H, d]
16.1, CH, fromE isomer), 7.25-7.55 (18H, m, 18 x CH), 7.93 (2HJd.6, 2 x CH, fronZ
isomer);d¢c (75 MHz; CDC}) 141.3 (CH, fromE isomer), 138.7 (CH, frord isomer), 136.6
(Cquas CH, fromZ isomer), 136.4 (& from E isomer), 131.5 (2C, 2 x CH, froEisomer),
131.4 (2C, 2 x CH, frorZ isomer), [128.7-128.1] (18C, unidentified), 12R&, 2 x CH, CH
from Z isomer and CH, fronk isomer), 108.2 (CH, frork isomer), 107.4 (CH, CH, frord
isomer), 91.8 (Guas from Z isomer), 88.9 (Guas from E isomer), 88.3 (Guas from E isomer),

87.7 (Guas fromZ isomer).

Data were in agreement with those reported initamture!®*

2-Phenyl-3-(phenylethynyl)oxirane (225)
O

C*

MmCPBA (4.1 mmol, 1.09 g of a 77% mixture with wataras added in one portion to a
solution of enyne224 (2 mmol, 408 mg) and NaHG{6.2 mmol, 521 mg) in C}Cl, (10
mL). The reaction mixture was stirred 12 h at rommperature. Water was then added and
the phases were separated. The aqueous phase slexweith CHCI, (3 x 10 mL) and the

combined organic extracts were washed with bri®enfL), dried (NaSO;) and concentrated
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under reduced pressure. Purification of the residog flash chromatography
[hexane:ethylacetate (90:1)] gave oxira2gb as a white solid (220 mg, 50%is. trans
1:1.2); cis-2-Phenyl-3-(phenylethynyl)oxirane 64 (300 MHz; CDC}) 3.60 (1H, d,J 2.1,
CH), 4.17 (1H, dJ 2.1, CH), 7.30-7.52 (10H, m, 10 x CHY); (75 MHz; CDC}) 49.9 (CH),
60.4 (CH), 83.9 (Gua), 85.3 (Guad, 121.9 (Gua), 125.6 (2C, 2 x CH), 128.4 (2C, 2 x CH),
128.6 (2C, 2 x CH), 128.8 (CH), 128.9 (CH), 132 (2 x CH), 135.8 (Ga). trans-2-
Phenyl-3-(phenylethynyl)oxirane &y (300 MHz; CDC}) 3.99 (1H, dJ 4.3, CH), 4.25 (1H,
d,J 4.3, CH), 7.33-7.54 (10H, m, 10 x CH); (75 MHz; CDC}) 48.7 (CH), 59.3 (CH), 83.7
(Cquad, 86.1 (Gua), 122.0 (Gua), 127.0 (2C, 2 x CH), 127.9 (2C, 2 x CH), 128.8(2 x

CH), 128.5 (CH), 128.8 (CH), 131.9 (2C, 2 x CH)413(Cyua)-

2,5-diphenylfuran (226)
/ \
Cre )
Following GP6 using oxiran&25 (44 mg) at 70 °C for 4 h. Purification by flash
chromatography [hexane:ethylacetate (4:1)] g2@as a colourless oil (12 mg, 27%);ax
(neat)/cm® 3120, 3004, 2960, 1730, 1602, 1532, 1475, 12680,1080, 932, 852, 796}
(300 MHz; CDC}) 6.75 (2H, s, 2 x CH), 7.26-7.30 (2H, m, 2 x CHB8-7.44 (4H, m, 4 x

CH), 7.72-7.79 (4H, m, 4 x CHJc (75 MHz; CDC}) 107.2 (2C, 2 x CH), 123.7 (4C, 4 x

CH), 127.4 (2C, 2 x CH), 128.7 (4C, 4 x CH), 1328, 2 X Gua), 153.4 (2C, 2 X G-

Data was in agreement with the one reported ifitérature’®?
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2,4-diphenyl (227)

2
/O\ O

Following GP7 using oxiran225 (44 mg) for 15 min. Purification by flash chromgitaphy
[hexane:ethylacetate (4:1)] gave a mixture of 2idssituted furar227 and 2,5-substituted
furan 226 (8 mg, 19%, 1:226:227); vmax (Neat)/cnt 3130, 3012, 2933, 2902, 1740, 1609,
1482, 1230, 1152, 1075, 998, 956, 810, BO(300 MHz; CDC}) 6.90 (1H, s, CH), 7.18-
7.40 (6H, m, 6 x CH), 7.41-7.73 (5H, m, 5 x Cl}; (75 MHz; CDC}) 104.0 (CH), 123.9
(Cqua), 125.8 (2C, 2 x CH), 127.1 (2C, 2 x CH), 127.€,(2 x CH), 128.4 (2C, 2 x CH),

128.7 (CH), 128.8 (CH), 130.7 (CH), 132.4,(8, 137.9 (Gua), 154.9 (Gua).

Data was in agreement with the one reported ifitérature’®®

tert-butyldimethyl(pent-4-ynyloxy)silane (230)

%/Si—o B

TBDMSCI (11 mmol, 1.66 g) was added to a solutidrnpent-4-yn-1-ol (10 mmol, mL),
DMAP (0.1 mmol, 12 mg) and triethylamine (22 mm8I0 mL) in CHCI, (50 mL). The
reaction mixture was stirred at room temperaturedt® h. A NHCI solution (20 mL) was
added to quench the reaction and the two phases segrarated. The aqueous phase was
washed with CBCl, (3 x 15 mL) and the combined organic extracts weshed with brine
(15 mL), dried (NaSOy) and concentrated under reduced pressure. Thaueesias purified

by flash chromatography [hexane:ethylacetate (4dlyjive silyl ethe30as a colourless oill
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(1.95 g, 99%)ymax (neat)/crit 3315, 2958, 2935, 2870, 1530, 1479, 1430, 1358012262,
1104, 979, 844, 802, 795 (300 MHz; CDC}) 0.04 (6H, s, 2 x Ck), 0.89 (9H, s, 3 x C¥),
1.71 (2H, t,J 7.1 and 6.1, C,1.91 (1H, tJ 2.8, CH), 2.26 (2H, td) 7.1 and 2.8, C}),
3.68 (2H, t,J 6.1, CH); 5¢ (75 MHz; CDC}) -5.4 (2C, 2 x Ch), 14.8 (CH), 18.3 (Gua),

25.9 (3C, 3 x Ch), 31.5 (CH), 61.5 (CH), 68.2 (Gua), 84.2 (CH).

Data were in agreement with those reported initamture’**

6-(tert-butyldimethylsilyloxy)hex-2-yn-1-ol (231)

%/Si_o\ _

OH

n-BuLi (10 mmol, 4.0 mL of a 2.5M solution in hexarveas added dropwise to a solution of
silylether230 (10 mmol) in THF (40 mL) at -78 °C. The reactioixiure was stirred 30 min
at -78 °C before paraformaldehyde (10 mmol, 300 mg3$ added. The temperature was
raised to room temperature and the reaction mixtireed for 12 h. NECI solution (20 mL)
was added to quench the reaction and the THF wasved under reduced pressureE(20
mL) was added and the phases were separated. Tlheumyphase was washed with@E(3 x

20 mL) and the combined organic extracts were wasvith brine (20 mL), dried (N&Oy)
and concentrated under reduced pressure. Purmircafithe residue by flash chromatography
[hexane:ethylacetate (2:1)] gave alcoR8l as a colourless oil (1.82 g, 80%):ax (neat)/cnit
3345, 2956, 2935, 2853, 1478, 1389, 1364, 13070,12608, 983, 850, 813} (300 MHz;
CDCl;) 0.04 (6H, s, 2 x CkJ, 0.88 (9H, s, 3 x C¥J, 1.70 (2H, ttJ 7.0 and 6.1, Ch), 2.16

(1H, s, OH), 2.28 (2H, ttJ 7.1 and 2.1, CH), 3.67 (2H, tJ 6.1, CH), 4.21 (2H, t,J 2.1,
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CHy); 8¢ (75 MHz; CDCH) -5.4 (2C, 2 x Ch), 15.1 (CH), 18.3 (Gua), 25.9 (3C, 3 x CB),

31.5 (CH), 51.1 (CH), 61.5 (CH), 78.4 (Gua), 85.9 (Gua)-

Data were in agreement with those reported initamture®*

(6-bromohex-4-ynyloxy}ert-butyldimethylsilane (232)

%/Si_o\ _

Br

To a solution of PPN(8.7 mmol, 2.28 g) in C¥Cl, (25 mL) at 0 °C was added B(8.6
mmol, 0.43 mL) dropwise. The reaction mixture wésred for 30 min at 0 °C before a
solution of alcohol231 (7.9 mmol, 1.82 g) in C}Cl, (10 mL) was added dropwise. The
reaction mixture was warmed to room temperature siimced for 1h. Water (25 mL) was
added to quench the reaction and the two phases segrarated. The aqueous phase was
washed with CKHCl, (3 x 20 mL) and the combined organic extracts weashed with brine
(20 mL), dried (NgSQy) and concentrated under reduced pressure. Pupficaf the residue
by flash chromatography [hexane:ethylacetate (15aye bromide232 as a yellow oil (
2.079, 90%)Vmax (neat)/crﬁl 3009, 2966, 2856, 2241, 1532, 1480, 1359, 1258812116,
1106, 932, 875, 816 (300 MHz; CDC}) 0.05 (6H, s, 2 x C}J, 0.89 (9H, s, 3 x C§J, 1.70
(2H, tt,J 7.0 and 6.1, Ch), 2.32 (2H, ttJ 7.0 and 2.2, Ch), 3.68 (2H, tJ 6.1, CH), 3.91
(2H, t,J 2.2, CH); 5c (75 MHz; CDC}) -5.4 (2C, 2 x Ch), 15.3 (CH), 15.6 (CH), 18.3

(Cqua), 25.9 (3C, 3 x Ch), 31.3 (CH), 61.4 (CH), 75.4 (Gua), 878 (Gua)-

Data were in agreement with those reported initmture®*
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3-(tert-butyldimethylsilyloxy)propan-1-ol (228)
g
OH O >

TBDPSCI (7.6 mmol, 1.15 g) was added to a solutibh,3-propandiol (30 mmol, 2.75 mL),
DMAP (0.38 mmol, 46 mg) and triethylamine (15.2 mipibl mL) in CHCI, (100 mL). The
reaction mixture was stirred at room temperaturedt® h. A NHCI solution (40 mL) was
added to quench the reaction and the two phases segrarated. The aqueous phase was
washed with CBCl, (3 x 20 mL) and the combined organic extracts weshed with brine
(20 mL), dried (NaSOy) and concentrated under reduced pressure. Thaueesias purified

by flash chromatography [hexane:ethylacetate (4d)jive alcohol228 as a colourless oll
(1.15 g, 80%)ymax (n€at)/cmt 2990, 2982, 1474, 1366, 1216, 1105, 1092, 762, L300
MHz; CDCL) 0.08 (6H, s, 2 x C§J, 0.90 (9H, s, 3 x C#), 1.77 (2H, quintJ 5.8, CH), 3.81-
3.84 (4H, m, 2 x Cb); dc (75 MHz; CDC}) -5.4 (2C, 2 x Ch), 18.3 (Gua), 25.9 (3C, 3 x

CHs), 34.1 (CH), 62.5 (CH), 63.0 (CH).

Data were in agreement with those reported initamture!®®

3-(tert-butyldimethylsilyloxy)propanal (229)
|

o o

L
A solution of DMP (7.3 mmol, 3.10 g) in GBI, (10 mL) was added to a solution of alcohol
228(6.08 mmol, 1.15 g) in C¥l, (50 mL) at room temperature. After stirring 2 rg80;

solution (15 mL) was added to quench the reacfldre two phases were separated and the

agueous phase was washed with,Clpl (3 x 15 mL). The combined organic extracts were
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washed with brine (15 mL), dried (p&0;) and concentrated under reduced pressure. The
residue was purified by flash chromatography [hexatiylacetate (20:1)] to give alcol&i19

as a colourless oil (973 mg, 85%;.x (Neat)/cnT 2960, 2941, 2875, 2735, 1727, 1530, 1478,
1390, 1260, 1163, 1105, 978, 826, 803, ©™ON(300 MHz; CDC}) 0.02 (6H, s, 2 x C¥),

0.85 (9H, s, 3 x Ch), 2.55 (2H, td,] 6.0 and 2.1, Ch), 3.95 (2H, tJ 6.0, 2 x CH), 9.76 (1H,

t, J 2.1, CH);5¢c (75 MHz; CDC}) -5.5 (2C, 2 x Ch), 18.1 (Gua), 25.7 (3C, 3 x Ch), 46.5

(CHa), 57.3 (CH), 201.8 (Gua).

Data were in agreement with those reported initamturé®

trans-2-Phenyl-3-(phenylethynyl)aziridin-1-yl)isoindoline-1,3-dione (233)

A solution of (PbOAg) (4 mmol, 1.77 g) in CkCl, (10 mL) was added over 20 min to a
mixture of enyne€224 (2 mmol, 408 mg)N-aminophthalimide (4 mmol, 648 mg) andCOs

(20 mmol, 2.76 g) in CkCl, (50 mL) at 0 °C. The reaction mixture was themedti 12 h at
room temperature. Water (15 mL) was added to quéhehreaction and the phases were
separated. The aqueous phase was washed witCICEB x 20 mL) and the combined
organic extracts were washed with brine (30 mL)edi{N&SO,) and concentrated under
reduced pressure. Purification of the residue hghflchromatography [hexane:ethylacetate

(5:1)] gavetrans-aziridine 233 as a yellow solid (480 mg, 60%); mp 112-114 SGax
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(neat)/cnit 3063, 2250, 1735, 1605, 1532, 1376, 1136, 1053, 880, 865, 7325y (300
MHz; CDCk) 3.56 (1H, dJ 5.1, CH), 4.48 (1H, d] 5.1, CH), 7.20-7.30 (5H, m, 5 x CH),
7.36-7.43 (3H, m, 3 x CH), 7.47-7.50 (2H, m, 2 x)CH69-7.72 (2H, m, 2 x CH), 7.82-7.84
(2H, m, 2 x CH)®c (75 MHz; CDC}) 40.6 (CH), 50.9 (CH), 82.8 (), 85.7 (Gua), 121.8
(2C, 2 x Gua), 123.1 (2C, 2 x CH), 127.0 (2C, 2 x CH), 128.2(2 x CH), 128.4 (CH),
128.6 (2C, 2 x CH), 130.2 (2C, 2 x CH), 131.6 (2G5 CH), 134.1 (2C, 2 X (ma), 135.0

(CH), 165.3 (2C, 2 X Ga).

Data were in agreement with those reported initbmture!’’

2-(2,5-diphenyl-1H-pyrrol-1-yl)isoindoline-1,3-diore (234)

YR es

Following GP7 using alkynyl aziridin33 at 70 °C for 12 h. Purification by flash
chromatography [hexane:ethylacetate (4:1)] g&34as a yellow solid (3 mg, 5%); mp 170-
172 °C;84 (300 MHz; CDC}) 6.51 (2H, s, 2 x CH), 7.20-7.23 (2H, m, 2 x CRAR5-7.30
(4H, m, 4 x CH), 7.42-7.46 (4H, m, 4 x CH), 7.63(2H, m, 2 x CH), 7.76-7.80 (2H, m, 2
x CH); 8¢ (75 MHz; CDC}) 109.3 (2C, 2 x CH), 124.1 (2C, 2 x CH), 127.8 (2Cx CH),
127.9 (4C, 4 x CH), 128.6 (4C, 4 x CH), 129.1 (2G5 Gyua), 131.0 (2C, 2 x Ga), 134.7

(2C, 2 x CH), 137.6 (2C, 2 *4@), 165.1 (2C, 2 x G

Data was in agreement with the one reported ifitérature®’
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4-methylbenzaldehydea-d (235)
: O
D

Ethyl 4-methylbenzoate (2.5 mmol, 0.39 mL) was adtle a suspension of LIAID(3.5
mmol, 147 mg) in BEO (5 mL) at 0 °C.The reaction mixture was stirrédomm temperature
for 1 h. After cooling down to 0 °C water (2.5 mias added to quench the reaction. A
solution of HCI (10%, 2.5 mL) was added to solgalithe suspension and the two phases
were separated. The aqueous phase was washed @@h(E x 10 mL). The combined
organic abstracts were wased with brine (10 mLed{NaSQO,), and concentrated under
reduced pressure to give 4-methylbenzyl alcehold.
A solution of the crude deuterated alcohol in,CH (2 mL) was added to a solution of DMP
(3 mmol, 1.26 g) in CkCl, (5 mL). The reaction mixture was stirred at ro@mperature for
2 h and a solution of N&0O; (5 mL) was added to quench the reaction. The taases were
separated and the aqueous phase was washed wiBl,Qd x 10 mL). The combined
organic extracts were washed with brine (10 mLjediNa&SQ,) and concentrated under
reduced pressure. The residue was purified bylldigin under reduced pressure (78 °C at 10
mmHg) to give aldehyd@35 as a colourless liquid (455 mg, 85%); (300 MHz; CDC})
2.43 (3H, s, Ch), 7.30 (2H, dJ 7.9, 2 x CH), 7.75 (2H, d] 7.9, 2 x CH);3c (75 MHz;

CDCl) 21.9 (CH), 129.7 (2C, 2 x CH), 129.9 (2C, 2 x CH), 134.2,(f 145.5 (Gua).

N-(Deuteriophenylmethylene)-4-methylbenzenesulfonarde (236)
0

avaaya
e
A mixture of 4-methylbenzaldehyded (2 mmol, 428 mg)p-toluenesulfonamide (1.9 mmaol,

325 mg), amberlyst (150 mg) and 4A molecular sigh# mg) in toluene was stirred at 130
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°C in a Dean-stark apparatus. After 12h, the reactnixture was cooled down to room
temperature and filtered. The filtrate was conedett under reduced pressure and the residue
was recristalised (ethyl acetate/n-pentane) to giuee 236 as a white solid (383 mg, 70%);
99-100 °C;vmax (neat)/crﬁl 3356, 3260, 1582, 1552, 1508, 1494, 1445, 1408713318,
1303, 1288, 1155, 1089, 1033, 1018, 905, 858, 8P9, 785, 753, 7055y (300 MHz;
CDCl) 2.43 (6H, s, 2 x C), 7.28 (2H, dJ 7.9, 2 x CH), 7.34 (2H, d 7.9, 2 x CH), 7.81
(2H, d,J 8.2, 2 x CH), 7.88 (2H, d] 8.2, 2 x CH);5c (75 MHz; CDC}) 21.6 (CH), 22.0
(CHs), 128.0 (2C, 2 x CH), 129.8 (2C, 2 x CH), 129.€(2 x CH), 131.4 (2C, 2 x CH),
135.5 (Gua), 144.4 (2C, 2 x Ga), 146.4 (2C, 2 x Ga); HRMS mVz (TOF ES+) 297.0791.

C15H14DNO,NaS requires 297.0784.

2-Deuterio-3-Hex-1-ynyl-1-(toluene-4-sulfonyl)-2-tolylaziridine (237)

oo

Following GP 3 using imin&36 and sulfonium saltl80 for 3 h. Purification by flash

0=S=0
D N

chromatography [hexane:ethylacetate (25:1)] gavedar 237 as a beige solid (143 mg,
77%, 12:1cisitrans); vmax (Neat)/cnt 2961, 2926, 2874, 2248, 1921, 1598, 1518, 1458),14
1363, 1323, 1301, 1181, 1161, 1133, 1090, 1019, &34, 838, 805, 757, 708 (300 MHz;
CDCly) 0.76 (3H, tJ 7.2, CH), 1.05-1.18 (2H, m, CH), 1.22-1.31 (2H, m, Ch), 2.02 (2H,
td, J 6.9 and 1.8, Ch), 2.32 (3H, s, Ch), 2.43 (3H, s, Ch), 3.60 (1H, tJ 1.8, CH), 7.09 (2H,
d,J8.1, 2 x CH), 7.21 (2H, &, 8.1, 2 x CH), 7.33 (2H, d 8.4, 2 x CH), 7.87 (2H, d, 8.4,

2 x CH): 3¢ (75 MHz; CDC}) 13.4 (CH), 18.3 (CH), 21.2 (CH), 21.5 (CH), 21.6 (CH),
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30.0 (CH), 36.1 (CH), 72.3 (Ga), 86.6 (Gua), 127.6 (2C, 2 x CH), 127.9 (2C, 2 x CH),
128.6 (2C, 2 x CH), 129.1 (G, 129.7 (2C, 2 x CH), 134.8 (@), 138.0 (Gua), 144.7

(Cqua); HRMS vz (TOF ES+) 391.1563. £H,,DNO,Na$S requires 391.1566.

Mixture of 2-butyl-3-deuterio-1-(toluene-4-sulfony)-5-p-tolyl-1H-pyrrole (205) and 2-
Butyl-1-(toluene-4-sulfonyl)-5p-tolyl-1H-pyrrole (210)
D

/ \
N
0=8=0

Following GP 6 using aziridin37 (0.2 mmol, 70 mg) for 2.5 h. Purification by flash
chromatography [hexane:ethylacetate (25:1)] gaveidture of deuterated pyrrol205,
pyrrole 210 and deuterated pyrrol@38 as a colourless oil (69 mg, 84905210238
49:38:1):vmax (Neat)/cmt 2956, 2927, 2862, 1597, 1529, 1494, 1455, 1406718291, 1187,
1172, 1092, 1017, 810, 703, 660; HRM (TOF ES+) 391.1572. £H»,DNO,-NaS requires
391.1566.

2-butyl-3-deuterio-1-(toluene-4-sulfonyl)-5p-tolyl-1H-pyrrole 205: 64 (300 MHz; CDCY})
0.96 (3H, tJ 7.3, CH), 1.36-1.49 (2H, m, C}), 1.64-1.74 (2H, m, C}), 2.37 (3H, s, Ch),
2.39 (3H, s, Ch), 2.90 (2H, tJ 7.7, CH), 6.04 (1H, s, CH), 7.12-7.16 (4H, m, 4 x CH),3.2
(2H, d,J 8.0, 2 x CH), 7.29 (2H, d] 8.4, 2 x CH);oc (75 MHz; CDC}) 13.9 (CH), 21.3
(CHa), 21.5 (CH), 22.5 (CH), 29.3 (CH), 31.6 (CH), 115.2 (CH), 126.3 (2C, 2 x CH),
127.9 (2C, 2 x CH), 129.3 (2C, 2 x CH), 130.3 (2Cx CH), 130.5 (Gua), 136.4 (Gua),

137.5 (Gua), 138.2 (Gua), 139.6 (Gua), 144.1 (Gua)-
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2-butyl-3-deuterio-1-(toluene-4-sulfonyl)-4p-tolyl-1H-pyrrole (239)

D

[\
\

0=S=0

Following GP7 using aziridin@37 (74 mg) for 1 h. Purification by flash chromatqgjns
[hexane:ethylacetate (25:1)] gave a mixture of ystituted pyrrole239, 2,4-substituted
pyrrole 211 and 2,5-substituted pyrro210 (13 mg, 18%, 10.5:3.1:239211:210); o4 (300
MHz; CDCl) 0.90 (3H, tJ 7.3, CH), 1.30-1.43 (2H, m, CH), 1.53-1.64 (2H, m, Ch), 2.35
(3H, s, CH), 2.40 (3H, s, Ch), 2.68 (2H, tJ 7.4, CH), 7.16 (2H, dJ 8.2, 2 x CH), 7.28
(2H, d,J 8.4, 2 x CH), 7.40 (2H, d 8.2, 2 x CH), 7.54 (1H, s, CH), 7.68 (2H,J88.4, 2 x
CH); 8¢ (75 MHz; CDC}) 13.9 (CH), 21.1 (CH), 21.6 (CH), 22.4 (CH), 26.9 (CH), 30.7
(CH,), 117.3 (CH), 125.3 (2C, 2 x CH), 126.7 (2C, 2K)(129.4 (2C, 2 x CH), 129.9 (2C, 2
x CH), 130.8 (Gua), 136.4 (Gua), 136.5 (Gua), 136.6 (Gua), 136.9 (Gua), 144.7 (Gua);

HRMS m/z (TOF ES+) 391.1559. £H,,DNO,NaS requires 391.1566.
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3c-enriched benzaldehyde (241)
0
O
H

A solution of **C-enriched benzoic acid (5 mmol, 610 M :**C 1:5) in EtO (5 mL), was
added dropwise to a suspension of LiA2 mmol, 504 mg) in EO (25 mL) at 0 °C. After

20 min stirring the reaction mixture was heate@@fC for 2 h. After cooling down to 0 °C
water (15 mL) was added to quench the reactionolatisn of HCI (10%, 5 mL) was added
to solubilise the suspension and the two phaseg weparated. The aqueous phase was
washed with BO (3 x 15 mL). The combined organic abstracts wegised with brine (15
mL), dried (NaSQ,), and concentrated under reduced pressure to'tBrenriched benzyl
alcohol.

A solution of the crud&®C-enriched benzyl alcohol in GBI, (5 mL) was added to a solution
of DMP (7.5 mmol, 3.16 g) in Cil, (30 mL). The reaction mixture was stirred at room
temperature for 4 h and a solution of;B#; (15 mL) was added to quench the reaction. The
two phases were separated and the aqueous phaseslasd with ChLCl, (3 x 15 mL). The
combined organic extracts were washed with brien(l), dried (NaSQy) and concentrated
under reduced pressure. The residue was purifiedidifation under reduced pressure (75
°C at 10 mmHg) to givé’C-enriched benzaldehy@4d1 as a colourless liquid (425 mg, 80%);
84 (300 MHz; CDC}) 7.50-7.73 (3H, m, 3 x CH), 7.75-7.92 (2H, m, M), 10.07 (1H, s,
CH); 8¢ (75 MHz; CDC}) 129.2 (2C, 2 x CH), 130.0 (2C, 2 x CH), 134.7 |C86.7 (Gua),

192.6 {3C-enriched signal, CH).
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3¢ enriched N-Benzylidene-4-methylbenzenesulfonamide (242)
Q
S
H

A 1:5 mixture of benzaldehyde’*C and benzaldehyde (5.5 mmol, 589 mg),
toluenesulfonamide (5.0 mmol, 856 mg), amberlys{38D mg) and 4A molecular sieve (380
mgq) in toluene (30 mL) was stirred at 130 °C in eaD-Stark apparatus. After 12h, the
reaction mixture was cooled down to room tempeeatand filtered. The filtrate was
concentrated under reduced pressure and the reswdserecristalised (ethyl acetate/n-
pentane) to givé’C-enriched imin@42 as a white solid (907 mg, 70%); mp 102-103 Vi
(neat)/crﬁ1 2922, 2853, 2179, 1598, 1449, 1413, 1364, 1328112245, 1158, 1135, 1090,
1061, 994, 959, 859, 838, 824, 815, 749, B1(300 MHz; CDC}) 2.41 (3H, s, Ch), 7.35
(2H, d,J 8.0, 2 x CH), 7.49 (2H, d,8.0, 2 x CH), 7.59-7.64 (1H, m, CH), 7.88-7.94 (4]

4 x CH), 9.03 (1H, s, CHJic (75 MHz; CDC}) 21.6 (CH), 128.0 (2C, 2 x CH), 129.1 (2C, 2
x CH), 129.8 (2C, 2 x CH), 131.3 (2C, 2 x CH), ¥32Cua), 134.9 (CH), 135.1 (Ga),
144.6 (Gua), 170.1 {°CH, enriched signal); HRMSm/z (TOF ES+) 283.0592.

C15=CH;3NO,NaS requires 283.0598.
3¢ enriched 2-(Hex-1-ynyl)-3-phenyl-1-(toluene-4-skbnyl)aziridine (243)

0=8=0
N
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Following GP3 using>C enriched imine42 and sulfonium salt80 for 3 h. Purification by
flash chromatography [hexane:ethylacetate (12:4)p¢°C-enriched aziridin€43as a white
solid (212 mg, 60%, 8:tistrans); vmax (N€at)/cmt 2960, 2934, 2252, 1601, 1497, 1455,
1381, 1319, 1305, 1292, 1230, 1187, 1158, 10888,10825, 871, 811, 784, 754, 738,
717,695, 6725 (300 MHz; CDC}) 0.75 (3H, t,J 7.2, CH), 1.01-1.32 (4H, m, 2 x GH|
1.98 (2H, td,J 6.8 and 1.7, Ch), 2.42 (3H, s, Ch), 3.63 (1H, dtJ 6.9 and 1.7, CH), 3.94
(1H, d,J 6.9, CH), 7.21-7.39 (7H, m, 7 x CH), 7.88 (2H,Jd8.3, 2 x CH);5¢ (75 MHz;
CDCl;) 13.4 (CH), 18.2 (CH), 21.4 (CH), 21.6 (CH), 30.0 (CH), 36.2 (CH), 46.1%CH,
enriched signal, CH), 72.1 {G), 86.7 (Gua), 127.7 (2C, 2 x CH) 127.9 (4C, 4 x CH), 128.2
(CH), 129.8 (2C, 2 x CH), 132.2 {&), 134.7 (Gua), 144.6 (Gua); HRMS mVz (TOF ES+)

377.1376. Gy *CHsNO,NaS requires 377.1381.

13C-enriched 2-Butyl-5-phenyl-1-(toluene-4-sulfonyt1H-pyrrole (244)
O~
N

0=8=0

Following GP6 using>C enriched aziridin@43 (71 mg) at 70 °C for 4 h gave pyrrdd4
(69 mg, 98%)Vmax (neat)/crﬁl 3060, 2956, 2928, 2861, 1737, 1596, 1527, 1482414366,
1169, 1116, 1092, 911, 809, 758; (300 MHz; CDC}) 0.97 (3H, tJ 7.3, CH), 1.38-1.50
(2H, m, CH), 1.66-1.76 (2H, m, CH), 2.36 (3H, s, Ch), 2.92 (2H, tJ 7.7, CH), 6.04 (1H,
d,J 3.3, CH), 6.08 (1H, d] 3.3, CH),7.14 (2H, d] 8.4, 2 x CH), 7.28 (2H, d,8.4, 2 x CH),
7.32 (5H, s, 5 x CH)5c (75 MHz; CDC}) 14.0 (CH), 21.6 (CH), 22.5 (CH), 29.3 (CH),

31.6 (CH), 112.6 (CH), 115.6 (CH), 126.4 (2C, 2 x CH), 2RC, 2 x CH), 127.7 (CH),
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129.3 (2C, 2 x CH), 130.4 (2C, 2 x CH), 133.3 136.4 (Gua), 138.0 {°C, enriched
signal, Gua) 139.9 (Gua) 144.2 (Gua); HRMS miz (TOF ES+) 377.1373.

Co0CH,3NO,NaS requires 377.1381.

Mixture of *3C enriched 2-butyl-4phenyl-1-(toluene-4-sulfonyl)-H-pyrroles with 2-
butyl-5phenyl-1-(toluene-4-sulfonyl)-H-pyrrole (244).

13C
13 /
H/C\N 4

0=5=0 0=8=0

Following GP7 using*C enriched aziridine243 (71 mg) at room temperature for 2 h.
Purification by flash chromatography [hexane:etbgtate (25:1)] gave a mixture of 2,4-
substituted pyrroleg45, 246and 2,5-substituted pyrrol@gt4 (50 mg, 71%244:(245+246)
1:5); HRMSmz (TOF ES+) 377.1378. 6°CH,3NO,NaS requires 377.1381.

13C enriched 2-butyl-4phenyl-1-(toluene-4-sulfonyl)-H-pyrroles (245):

!
3¢ \
: |
0=S=0

84 (300 MHz; CDC4) 0.91 (3H, t,J 7.3, CH), 1.31-1.43 (2H, m, C}), 1.54-1.61 (2H, m,
CHy), 2.41 (3H, s, Ck), 2.69 (2H, tJ 7.6, CH), 6.33 (1H, dtJ 1.9 and 1.0, CH), 7.29 (2H,

d,J 8.4, 2 x CH), 7.32 (2H, d,8.4, 2 x CH), 7.37 (1H, d8.2, CH), 7.51 (2H, dd] 8.4 and
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8.2, 2 x CH), 7.58 (1H, dl 1.9, CH), 7.69 (2H, dJ 8.4, 2 x CH)®c (75 MHz; CDC}) 13.9
(CHs), 21.6 (CH), 22.4 (CH), 26.9 (CH), 30.7 (CH), 110.4 (CH), 117.7CH, enriched
signal, CH), 125.4 (2C, 2 x CH), 126.7 (2C, 2 x CH6.8 (CH), 126.9 (Ga), 128.7 (2C, 2
x CH), 130.0 (2C, 2 x CH), 133.7 &), 136.3 (Gua), 136.9 (Gua), 144.8 (Gua)-

13C enriched 2,5- diphenyl-1-(toluene-4-sulfonyl)-H -pyrrole (246):

84 (300 MHz; CDC4) 0.91 (3H, t,J 7.3, CH;), 1.31-1.43 (2H, m, C}), 1.54-1.61 (2H, m,
CH,), 2.41 (3H, s, Ch), 2.69 (2H, t,) 7.6, CH), 6.33 (1H, dt]J 1.9 and 1.0, CH), 7.29 (2H,
d,J8.4,2 x CH), 7.32 (2H, d,8.4, 2 x CH), 7.37 (1H, d,8.2, CH), 7.51 (2H, dd] 8.4 and
8.2, 2 x CH), 7.58 (1H, d 1.9, CH) 7.69 (2H, dJ 8.4, 2 x CH)$c (75 MHz; CDC}) 13.9
(CHs), 21.6 (CH), 22.4 (CH), 26.9 (CH), 30.7 (CH), 110.4 (CH), 117.7 (CH), 125.4 (2C, 2
x CH), 126.7 (2C, 2 x CH), 126.8 (CH), 126*40H, enriched signal, &.), 128.7 (2C, 2 x

CH), 130.0 (2C, 2 x CH), 133.7 (&), 136.3 (Gua), 136.9 (Gua), 144.8 (Gua)-
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13C-enriched 2-phenyl-3-(phenylethynyl)-1-(toluene-4ulfonyl)aziridine (247)

0=5=0

/

13C

(Y

Following GP1 using>C enriched imin@42 and sulfonium satt77for 1.5 h. Purification by
flash chromatography [hexane:ethylacetate (25:a)kd°C-enriched aziridin@47 (298 mg,
80%, 12:1cis:trans); vmax (neat)/crﬁl 3032, 2950, 2926, 2240, 1597, 1490, 1457, 14419,13
1157, 1087, 1071, 873, 854, 784, 757, 7881300 MHz; CDC}) 2.44 (3H, s, Ch), 3.87
(1H, d,J 6.9, CH), 4.09 (1H, d] 6.9, CH), 7.12-7.28 (4H, m, 4 x CH), 7.29-7.45 (8h] 8 x
CH), 7.92 (2H, dJ 8.3, 2 x CH);5¢ (75 MHz; CDC}) 21.7 (CH), 36.3 (CH), 46.5'¢CH,
enriched signal, CH), 81.6 {&), 85.1 (Gua), 121.8 (Gua), 127.8 (2C, 2 x CH), 128.0 (4C, 4
x CH), 128.1 (2C, 2 x CH), 128.5 (CH), 128.8 (CH)9.9 (2C, 2 x CH), 131.8 (2C, 2 x CH),
132.1 (Gua), 134.6 (Gua), 144.9 (Gua); HRMS mVz (TOF ES+) 397.1074. £°CH;gNO,NaS

requires 397.1068.

Mixture of 13C-enriched 2,4-diphenyl-1-(toluene-4-slfonyl)-1H-pyrrole (249) and 2,5-
diphenyl-1-(toluene-4-sulfonyl)-1H-pyrrole (248)
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Following GP7 using **C  enriched 2-phenyl-3-(phenylethynyl)-1-(toluene-4-
sulfonyl)aziridine (75 mg) at room temperature 20n. Purification by flash chromatography
[hexane:ethylacetate (25:1)] gave a mixture of dstituted 249 and 2,5-substituted
pyrroles 248 (49 mg, 65%, 248249 1:10); HRMS m/z (TOF ES+) 397.1075.
C,,CH;gNO,NaS requires 397.1068.

13C enriched 2,4-diphenyl-1-(toluene-4-sulfonyl)-H-pyrrole:

8u (300 MHz; CDC4) 2.34 (3H, s, Ch), 6.49 (1H, dJ 2.0, CH), 7.24-7.37 (10H, m, 10 x
CH), 7.53 (2H, dJ 7.1, 2 x CH), 7.73 (1H, d} 2.0, CH);5c (75 MHz; CDC}) 21.6 (CH),
114.3 (CH), 119.5'¢C-enriched signal, CH), 125.5 (2C, 2 x CH), 12T8), 127.1 (2C, 2 x
CH), 127.4 (2C, 2 x CH), 128.4 (CH), 128.8 (2C, £M), 129.4 (2C, 2 x CH), 130.8 (2C, 2
x CH), 131.2 (Gua), 133.3 (Guap, 135.4 (Guay, 136.9 (Guap, 141.2 (Gua), 144.7 (Gua)-

13C enriched 2,5- diphenyl-1-(toluene-4-sulfonyl)- -pyrrole:

8u (300 MHz; CDC}) 2.34 (3H, s, Ch), 6.24 (2H, m, 2 x CH), 7.06 (4H, m, 4 x CH), %.35
7.46 (6H, m, 6 x CH), 7.49-7.53 (4H, m, 4 x CBY;(75 MHz; CDC}) 21.6 (CH), 117.3

(2C, 2 x CH), 127.0 (4C, 4 x CH), 127.5 (2C, 2 x)CH7.9 (2C, 2 x CH), 128.8 (4C, 4 x
CH), 129.6 (2C, 2 x CH), 133.3 (2C, 2 %.8), 134.6 (Gua), 141.3 (2C;°C-enriched signal,

2 X Cuuap, 144.3 (Guay-
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13C-enriched 2-((4-methoxyphenyl)ethynyl)-3-phenyl-(toluene-4-sulfonyl)aziridine
(250)

|

Following GP1 usind®C enriched imin®42 and sulfonium sal?55 for 45 min. Purification

by flash chromatography [hexane:ethylacetate (2@aye *C-enriched aziridine250 (242
mg, 60 %, 16:kis:trans); vmax (neat)/crﬁl 3036, 2933, 2838, 2228, 1603, 1509, 1455, 1327,
1291, 1247, 1156, 1089, 1027, 976, 872, 831, 83@, 733, 69794 (300 MHz; CDC}) 2.43
(3H, s, CH), 3.76 (3H, s, Ch), 3.86 (1H, d,J 6.9, CH), 4.07 (1H, d] 6.9, CH), 6.73 (2H, d,
J8.9,2 x CH), 7.11 (2H, d,8.9, 2 x CH), 7.30-7.41 (7H, m, 7 x CH), 7.91 (2H] 8.3, 2 x
CH); 8¢ (75 MHz; CDC}) 21.7 (CH), 36.5 (CH), 46.5%CH, enriched signal, CH), 55.2
(CHs), 80.2 (Gua), 85.3 (Gua), 113.8 (2C, 2 x CH), 127.8 (2C, 2 x CH), 128.0(5 x CH,
Cqua), 128.4 (CH), 129.8 (2C, 2 x CH), 132.2,(8, 133.4 (2C, 2 x CH), 134.7 &), 144.9

(Cqua), 159.9 (Gua); HRMS miz (TOF ES+) 426.1089. £°CH,:NOsNa$S requires 426.1095.
q
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3c-enriched 2-phenyl-1-(toluene-4-sulfonyl)-3-((4-
trifluoromethyl)phenyl)ethynyl)aziridine (251)

Following GP1 usind>C enriched imin@42 and sulfonium sal258 for 30 min. Purification

by flash chromatography [hexane:ethylacetate (2Fjaye *C-enriched aziridine251 (287
mg, 65%%, 15:Lis:trans); vmax (neat)/cm 3065, 3012, 1617, 1596, 1496, 1456, 1405, 1378,
1320, 1157, 1127, 1106, 1088, 1059, 1016, 973, 838, 812, 785, 737, 696 (300 MHz;
CDCl) 2.44 (3H, s, Ch), 3.90 (1H, dJ 6.8, CH), 4.13 (1H, d] 6.8, CH), 7.27 (2H, dJ 8.1,

2 x CH), 7.31-7.42 (7TH, m, 7 x CH), 7.48 (2HJ®8.1, 2 x CH), 7.94 (2H, d,8.3, 2 x CH);

8¢ (75 MHz; CDC}h) 21.6 (CHy), 35.8 (CH), 46.5'¢CH, enriched signal, CH), 83.5 (@),
84.3 (Gua), 125.0 (CH), 125.1 (CH), 125.5 &), 127.7 (2C, 2 x CH), 128.0 (2C, 2 x CH),
128.1 (2C, 2 x CH), 128.6 (CH), 129.9 (2C, 2 x CH30.2 (Gua), 130.6 (Gua), 131.9
(Cquad, 132.1 (2C, 2 x CH), 134.4 (&), 145.1 (Gua); HRMS mVz (TOF ES+) 465.0934.

Co3CH1gNO,FsNasS requires 465.0942.

215



3c-enriched 2-phenyl-3-(4-phenylbut-1-yn-1-yl)-1-(tbuene-4-sulfonyl)aziridine (252)

Following GP1 usind®C enriched imine242 and sulfonium sall79 for 4h. Purification by
flash chromatography [hexane:ethylacetate (20:a)k4°C-enriched aziridin@52 (269 mg,
67%, 14:1cis:itrans). Vmax (neat)/crﬁl 3029, 2925, 2248, 1597, 1495, 1454, 1384, 1329112
1235, 1158, 1090, 1021, 875, 814, 783, 742, 6@5300 MHz; CDC}) 2.27-2.33 (2H, m,
CH,), 2.44 (3H, s, Ch), 2.50-2.65 (2H, m, C}), 3.62 (1H, dtJ 6.9 and 1.8, CH), 3.94 (1H,
d, J 6.9, CH), 6.95-7.01 (2H, m, 2 x CH), 7.14-7.24 (3| 3 x CH), 7.29 (5H, s,5 x CH),
7.34 (2H, d,J 8.3, 2 x CH), 7.88 (2H, d] 8.3, 2 x CH):5¢ (75 MHz; CDC}) 20.8 (CH),
21.7 (CH), 34.1 (CH), 36.1 (CH), 46.1'¢CH, enriched signal, CH), 73.0 {&), 85.8 (Gua),
126.2 (2C, 2 x CH), 127.8 (2C, 2 x CH), 127.9 (2& CH), 128.0 (2C, 2 x CH), 128.3 (5C,
5 x CH), 129.8 (2C, 2 x CH), 132.2 ), 134.7 (Gua), 140.2 (Gua), 144.8 (Gua); HRMS

m/z (TOF ES+) 425.1373. & CH,sNO,NaS requires 425.1381.

3-(4-Methoxyphenyl)prop-2-yn-1-ol (253)
\ OH
o=
Following GP5 using 4-iodoanisole (5.85 g). Pudfion by flash chromatography
[hexane:ethylacetate (2:1)] gave alcoB&B as a brown solid (2.64 g, 65%); (300 MHz;
CDCls) 1.83 (1H, s, OH), 3.81 (3H, s, GK4.49 (2H, s, Ch), 6.85 (2H, dJ 6.5, 2 x CH),

7.40 (2H, dJ 6.5, 2 x CH):5¢ (75 MHz; CDCH) 51.7 (CH), 55.3 (CH), 85.7 (Gua), 85.9
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(Cquad, 114.0 (2C, 2 x CH), 114.6 {6, 133.2 (2C, 2 x CH), 159.8 {&); HRMS m/z (TOF

El+) 162.0683. GH100, requires 162.0681.

Data were in agreement with those reported initamture!®®

1-(3-Bromoprop-1-ynyl)-4-methoxybenzene (254)
Following GP8 using PRh(11 mmol, 2.88 g), Br(10.9 mmol, 0.55 mL) and alcoh@b3
(1.62 g) in CHCI; (30 mL). Purification by flash chromatography (aeg) gave bromin254
as a colourless oil (2.02 g, 90%);.« (neat)/crit 2228, 1609, 1602, 1518, 1471, 1102, 1001,
960, 82054 (300 MHz; CDC4) 3.79 (3H, s, Ch), 4.17 (2H, s, Ch), 6.84 (2H, d,J 9.0, 2 x
CH), 7.39 (2H, dJ 9.0, 2 x CH):c (75 MHz; CDC}) 16.0 (CH), 55.3 (CH), 83.0 (Gua),

86.9 (Guay, 114.0 (2C, 2 x CH), 114.1 {@), 133.5 (2C, 2 x CH), 160.0 {G).

Data were in agreement with those reported initamture®

(3-(4-methoxyphenyl)prop-2-yn-1-yl)dimethylsulfonium bromide (255)
& Br
o=t
/
Following GP9 using bromid254 (1.125 g) gave sulfonium s&b5(1.335 g, 93%); mp 124-

125 °Cymax (neat)/cnit 2969, 2907, 2864, 2216, 1605, 1565, 1509, 1452114325, 1296,

1276, 1246, 1180, 1169, 1105, 1046, 1021, 1009, 828, 70354 (300 MHz; CDC}) 3.31

(6H, s, 2 x CH), 3.81 (3H, s, Ch), 5.31 (2H, s, Ch), 6.85 (2H, d,J 8.8, 2 x CH), 7.40 (2H,
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d, J 8.8, 2 x CH);3c (75 MHz; CDC}) 24.6 (2C, 2 x Ch), 34.2 (CH), 55.3 (CH), 73.0
(Cqua)s 91.2 (Gua), 1125 (Gua), 114.2 (2C, 2 x CH), 133.7 (2C, 2 x CH), 160.6,4%

HRMS m/z (TOF ES+) 207.0844. {gH1s0S requires 207.0840.

3-(4-Trifluoromethylphenyl)prop-2-yn-1-ol (256)

R OH
JON\_— /
ITARNEYA

Following GP5 using 1-iodo-4-(trifluoromethyl)bemee (6.80 g, 3.67 mL). Purification by
flash chromatography [hexane:ethylacetate (4:1ypgacohol256 as a brown solid (2.75 g,
90%); Vmax (neat)/crﬁ1L 3350, 3080, 2890, 2275, 1622, 1532, 1405, 13286,11129, 953,
786, 732, 6898y (300 MHz; CDC}) 1.91 (1H, tJ 5.5, OH), 4.54 (2H, d] 5.5, CH), 7.50
(2H, d,J 8.5, 2 x CH), 7.54 (2H, d] 8.5, 2 x CH);5c (75 MHz; CDC}) 51.5 (CH), 84.3
(Cqua), 89.6 (Gua), 122.5 (Gua), 125.2 (2C, 2 x CH), 126.4 {G), 130.2 (Gua), 131.9 (2C, 2

x CH).

Data were in agreement with those reported initamture?®

1-(3-Bromoprop-1-ynyl)-4-(trifluoromethyl)benzene @57)
F Br
F%—@%/
F

Following GP8 using PRh(11 mmol, 2.88 g), Br(10.9 mmol, 0.55 mL) and alcoh@b6
(2.00 g) in CHCI, (30 mL). Purification by flash chromatographmydentane) gave bromine
257 as a yellow oil (2.36 g, 90%y)nax (neat)/crit 3012, 2232, 2199, 1930, 1725, 1669, 1516,
1407, 1423, 1329, 1129, 1073, 1052, 1022, 850, 369300 MHz; CDC}) 4.16 (2H, s,

CHy), 7.54 (2H, d,J 8.4, 2 x CH), 7.57 (2H, d] 8.4, 2 x CH):5¢ (75 MHz; CDC}) 14.4
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(CHa), 85.1 (Gua), 86.6 (Gua), 125.3 (2C, 2 x CH), 125.9 (&), 130.6 (Gua), 132.1 (2C, 2

x CH); HRMSmz (TOF El+) 261.9590. GHe °BrFs requires 261.9605.

Data were in agreement with those reported initbmture!®®

Dimethyl(3-(4-(trifluoromethyl)phenyl)prop-2-yn-1-y l)sulfonium bromide (258)
p Br

CF3~©%/
Following GP9 using bromid257 (1.315 g) gave sulfonium s&b8(1.625 g, 50%); mp 139-
140 °C,Vmax (neat)/crﬁ1L 3006, 2924, 2891, 2245, 1618,1407, 1319, 12312,11626, 1107,
1067, 1045, 1017, 1001, 982, 840, 742;(300 MHz; CDC}) 3.36 (6H, s, 2 x C}J, 5.43
(2H, s, CH), 7.60-7.70 (4H, m, 4 x CHJjc (75 MHz; CDC}) 24.9 (2C, 2 x Ch), 33.7
(CHy), 76.9 (Guay, 89.5 (Guay, 124.3 (Gua), 125.7 (2C, 2 x CH), 131.4 (), 131.8 (Gua),

132.5 (2C, 2 x CH); HRM&Vz (TOF ES+) 245.0607. {&H12,FsS requires 245.0612.

Mixture of **C-enriched 2-(4-methoxyphenyl)-5-phenyl-1-(toluend-sulfonyl)-1H-
pyrrole (259) and 2-(4-methoxyphenyl)-4-phenyl-1-@luene-4-sulfonyl)-H-pyrrole (260)

4 3
13C/ \2
5 \ITJ1
0=8=0 ?
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Following GP7 usingC enriched aziridin@50 (80 mg) for 45 min. Purification by flash
chromatography [hexane:ethylacetate (20:1)] gavexadure of 2,4-substitute@60 and 2,5-
substituted pyrrole259 (8 mg, <10%259.260 2:3).

Only a complexe and dirty mixture of pyrroles wémained. Caracteristic pics of 2,4 and 2,5-
substituted expected pyrroles are visibléHMINMR:
2-(4-methoxyphenyl)-5-phenyl-1-(toluene-4-sulfonylH-pyrrole (259): 64 (300 MHz;
CDCl) 2.35 (3H, s, Ch), 3.87 (3H, s, Ch), 6.16 (1H, d,J 3.3, CH), 6.23 (1H, d] 3.3, CH),
6.85-7.50 (13H, m, 13 x CH).

3¢ NMR shows &3C-enriched signal at 140.7 ppm characteristit®6fenrichement at C-5
for a 2,5-pyrrole. The rest of th&C NMR spectrum could not be interpretate.
2-(4-methoxyphenyl)-4-phenyl-1-(toluene-4-sulfony{lH-pyrrole (260): 64 (300 MHz;
CDCl) 2.35 (3H, s, Ch), 3.88 (3H, s, Ch), 6.43 (1H, dJ 2.0, CH), 6.85-7.50 (13H, m, 13 x
CH), 7.70 (1H, dJJ 2.0, CH).

3¢ NMR shows &3C-enriched signal at 119.2 ppm characteristit®6fenrichement at C-5

for a 2,4-pyrrole. The rest of th&C NMR spectrum could not be interpretate.

3C-enriched 4-Phenyl-1-(toluene-4-sulfonyl)-2-(4-(ifluoromethyl)phenyl)-1H-pyrroles
(261) and (262)

CF;
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Following GP7 using  “C-enriched 2-phenyl-1-(toluene-4-sulfonyl)-3-((4-
trifluoromethyl)phenyl)ethynyl)aziridine (88 mg) afor 2 h. Purification by flash
chromatography [hexane:ethylacetate (25:1)] ganexdure of 2,4-substituted pyrrolexs1
and 262 (39 mg, 45%); HRMSmWz (TOF ES+) 465.0939. £CHgNO,FsNaS requires
465.0942.

3C-enriched  4-Phenyl-1-(toluene-4-sulfonyl)-2-(4-(tfluoromethyl)phenyl)-1H-pyrrole

(262):

Su (300 MHz; CDC4) 2.36 (3H, s, Ch), 6.55 (1H, dJ 1.9, CH), 7.13 (2H, d] 8.1, 2 x CH),
7.26-7.31 (3H, m, 3 x CH), 7.37-7.46 (4H, m, 4 x)CH51-7.55 (2H, m, 2 x CH), 7.61 (2H,
d,J 8.1, 2 x CH), 7.76 (1H, d, 1.9, CH);5¢ (75 MHz; CDC}) 21.6 (CH),115.4 (CH), 120.4
(CH), 122.7 (Gua), 124.4 (CH), 125.5 (2C, 2 x CH), 127.0 (2C, 2 W)(127.3 (CH), 128.0
(**C-enriched signal, £&a), 128.9 (2C, 2 x CH), 129.6 (2C, 2 x CH), 130.2 J¢r 32.8,
Cqua)» 130.9 (2C, 2 x CH), 132.9 (2C, 2 x CH), 134.9.4% 135.2 (Gua), 135.4 (Gua) 145.1
(Cquad-

13C-enriched  4-Phenyl-1-(toluene-4-sulfonyl)-2-(4-(tfluoromethyl)phenyl)-1H-pyrrole

(261):
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84 (300 MHz; CDC}) 2.36 (3H, s, Ch), 6.55 (1H, dJ 1.9, CH), 7.13 (2H, d] 8.1, 2 x CH),
7.26-7.31 (3H, m, 3 x CH), 7.37-7.46 (4H, m, 4 x)CH51-7.55 (2H, m, 2 x CH), 7.61 (2H,
d,J8.1, 2 x CH), 7.76 (1H, d, 1.9, CH);3¢ (75 MHz; CDC}) 21.6 (CH),115.4 (CH), 120.4
(CH), 122.7 (Gua), 124.4 £°C-enriched signal, CH), 125.5 (2C, 2 x CH), 122G,(2 x CH),
127.3 (CH), 128.0 (Ga), 128.9 (2C, 2 x CH), 129.6 (2C, 2 x CH), 130.2Xsk 32.8, Gua),
130.9 (2C, 2 x CH), 132.9 (2C, 2 x CH), 134.9 135.2 (Gua), 135.4 (Gua) 145.1

(Cquay-

3c-enriched 2-phenethyl-4-phenyl-1-(toluene-4-sulfop)-1H-pyrroles and 2-phenethyl-
5-phenyl-1-(toluene-4-sulfonyl)-H- pyrrole (263)

13C
13(:% %% Ph

OSO 0=S=0

I

Following GP7 usingC-enriched aziridin252 (81 mg) at for 2 h. Purification by flash
chromatography [hexane:ethylacetate (20:1)] gavebdure of 2,4-substitute®64, 265
pyrroles and 2,5-substituted pyrr@63 (32 mg, 40%263:(264+265)1:2); HRMSnv/z (TOF

ES+) 425.1376. &°CH,3NO,NaS requires 425.1381.
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3C-enriched 2-phenethyl-4-phenyl-1-(toluene-4-sulfop)-1H-pyrrole (264):

0=S=0

8u (300 MHz; CDCH) 2.34 (3H, s, Ch), 2.85-2.90 (2H, m, Ch), 2.94-2.99 (2H, m, C¥),
6.35 (1H, dtJ 2.0 and 0.9, CH), 7.12-7.28 (8H, m, 8 x CH), 77388 (2H, m, 2 x CH), 7.42-
7.45 (2H, m, 2 x CH), 7.54 (1H, d,2.0, CH), 7.63 (2H, dJ 8.4, 2 x CH);5¢ (75 MHz;
CDCl) 21.6 (CH), 29.3 (CH), 35.4 (CH), 111.2 (CH), 118.0*{C-enriched signal, CH),
125.5 (2C, 2 x CH), 126.1 (CH), 126.8 (2C, 2 x CH)6.9 (CH), 127.0 (Ga), 127.3 (4C, 4
x CH), 128.4 (2C, 2 x CH), 130.1 (2C, 2 x CH), B38Cqua), 136.0 (Gua), 138.5 (Gua),
141.2 (Gua), 144.9 (Gua)-

3C-enriched 2-phenethyl-4-phenyl-1-(toluene-4-sulfop)-1H-pyrroles (265):

84 (300 MHz; CDC}) 2.34 (3H, s, Ch), 2.85-2.90 (2H, m, Ch), 2.94-2.99 (2H, m, Ch,
6.35 (1H, dtJ 2.0 and 0.9, CH), 7.12-7.28 (8H, m, 8 x CH), 77383 (2H, m, 2 x CH), 7.42-
7.45 (2H, m, 2 x CH), 7.54 (1H, d,2.0, CH), 7.63 (2H, dJ 8.4, 2 x CH):5¢ (75 MHz;
CDCly) 21.6 (CH), 29.3 (CH), 35.4 (CH), 111.2 (CH), 118.0 (CH), 125.5 (2C, 2 x CH),

126.1 (CH), 126.8 (2C, 2 x CH), 126.9 (CH), 127%T¢enriched signal, Ga), 127.3 (4C, 4
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x CH), 128.4 (2C, 2 x CH), 130.1 (2C, 2 x CH), B38 qua), 136.0 (Gua), 138.5 (Gua),
141.2 (Gua), 144.9 (Gua)-

3C-enriched 2-phenethyl-5-phenyl-1-(toluene-4-sulfop)-1H-pyrrole (263):

N
0=S=0

8u (300 MHz; CDC}) 2.36 (3H, s, Ch), 3.05 (2H, m, Ch), 3.24 (2H, m, Ch), 6.02-6.09
(2H, m, 2 x CH), 7.13 (2H, d8.0, 2 x CH), 7.19-7.31 (7H, m, 7 x CH), 7.34 (%Hx CH);
8¢ (75 MHz; CDC}) 21.6 (CH), 31.8 (CH), 36.3 (CH), 113.5 (CH), 115.7 (CH), 126.0
(CH), 126.4 (2C, 2 x CH), 127.3 (2C, 2 x CH), 12{C8), 128.4 (2C, 2 x CH), 128.5 (2C, 2
x CH), 129.4 (2C, 2 x CH), 130.5 (2C, 2 x CH), D88 qua), 136.3 (Gua), 138.5 {°C-

enriched signal, £ua), 138.8 (Guay, 141.6 (Guay, 144.4 (Guay-
6.4.2 Procedure and characterisation for Chapter 5

Formation of 4-methylbenzenesulfonamides and metha&sulfonamides: General

procedure 10 (GP10)'*°

A solution of the corresponding sulfonyl chlorid# (mmol) in CHCI, (20 mL) was added
dropwise to a mixture of primary amine (30 mmolylgyridine (15 mL) in CKHCl, (80 mL)

at rt. After stirring one night, a 1M aqueous HGlution (20 mL) was added to quench the
reaction. The two phases were separated and tlemas|phase was extracted with CH (2

x 20 mL). The combined organic extracts were wastiéad H,O (1 x 20 mL) and brine (1 x
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20 mL) and dried over N8Q,. After filtration, concentration under reduced gmare was

performed and the residue was purified by flaslotatography.

Formation of ynamides: General procedure 11 (GP11j

CuCk (56 mg, 0.4 mmol), Amide (10 mmol) and #8805 (424 mg, 4 mmol) were added to a
flame-dried 500 mL three-necked round-bottomedkflasder argon. The flask was purged
with oxygen for 15 min and a solution of pyridir@32 mL, 4 mmol) in dry toluene (10mL)
was added. A balloon filled with oxygen was conedcto the flask and the stirred mixture
was heated a 70 °C. After 15 min, addition of aisoh of alkyne (2 mmol) in dry toluene by
syringe pump (4h) was started. The mixture wasaadtbto stir at 70 °C for another 4h and
was then cooled to rt. The reaction mixture wasceatrated under reduced pressure and the

residue was purified by flash chromatography.

a,B-Unsaturated imides preparation: General procedured 2 (GP12):

System A (GP12A):

A solution of the corresponding ynamide (0.3 mnibleq) in CICHCH,CI (1.5 mL) was
added to a mixture of dichloro(2-pyridinecarboxglgold (6 mg, 0.015 mmol, 5 mol %) and
pyridine-N-oxide (32 mg, 0.33 mmol, 1.1 eq) in a flame-digzhlenk flask under argon. The
reaction mixture was stirred at 70 °C until complebnsumption of the starting material
before being filtered through a pad of silica. Titteate was then concentrated under reduced

pressure and purification of the residue was peréal by flash chromatography.

System B (GP12B):
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A solution of the corresponding ynamide (0.3 mniokq) in THF (1.5 mL) was added to a
mixture of goldtribromide (7 mg, 0.015 mmol, 5 n86) and pyridineN-oxide (32 mg, 0.33

mmol, 1.1 eq) in a flame-dried Schlenk flask unalgyon. The reaction mixture was stirred at
rt until complete consumption of the starting miallelbefore being filtered through a pad of
silica. The filtrate was then concentrated undetuced pressure and purification of the

residue was performed by flash chromatography.

4-Methyl-N-phenylbenzenesulfonamide (280)

Following GP10 using 4-methylbenzenesulfonyl clderi(6.86 g) and aniline (2.70 mL).
Purification by flash chromatography [hexanes:EtQA6:1)] gave amid&80 as a white
solid (7.20 g, 97 %); mp: 102-104 °G;ax (Neat)/cnt 3237, 3061, 2980, 2899, 1597, 1481,
1414, 1336, 1319, 1291, 1223, 1186, 1153, 10891,1939, 810, 753, 6934 (300 MHz;
CDCl) 2.37 (3H, s, Ch), 6.94 (1H, br s, NH), 7.06-7.12 (3H, m, 3 x CR)0-7.26 (4H, m,

4 x CH), 7.67 (2H, dJ 8.3, 2 x CH)5¢ (400 MHz; CDC}) 21.5 (CH), 121.6 (2C, 2 x CH),
125.3 (CH), 127.3 (2C, 2 x CH), 129.3 (2C, 2 x CH)9.7 (2C, 2 x CH), 136.1 (G, 136.5

(Cqua), 143.9 (Gua); HRMS vz (TOF ES+) 270.0561. GH:3NONaS requires 270.0565.

Data were in agreement with those reported initamture**
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N-Phenylmethanesulfonamide (281)
0./

e

H

Following GP10 using methylsulfonyl chloride (2.8Q) and aniline (2.70 mL). Purification
by flash chromatography [hexanes:EtOAc (5:1)] ganede281 as a white solid (4.74 g, 92
%); mp (°C) 99-103ymax (Neat)/cn 3253, 3019, 2933, 1595, 1494, 1471, 1392, 1319),130
1275, 1145, 1075, 1028, 975, 959, 918, 894, 752; &9 (300 MHz; CDC}) 3.02 (3H, s,
CHa), 7.15-7.21 (2H, m, NH, CH), 7.24-7.27 (2H, m, £H), 7.32-7.39 (2H, m, 2 x CHj¢
(400 MHz; CDC4) 39.2 (CH), 120.8 (2C, 2 x CH), 125.4 (CH), 129.6 (2C, 2 M)C136.6

(Cqua); HRMSmVz (TOF El+) 171.0356. &49NO,S requires 171.0354.

Data were in agreement with those reported initamture!*?

N-(2,6-Diisopropylphenyl)-4-methylbenzenesulfonamidé282)

Following GP10 using 4-methylbenzenesulfonyl clder{6.86 g) and 2,6-diisopropylaniline
(5.70 mL). Purification by flash chromatographyXbees:EtOAc (15:1)] gave ami@82as a
white solid (9.10 g, 91 %); mp (°C) 156-158ax (neat)/cri 3254, 2970, 2927, 2868, 1596,
1444, 1398, 1329, 1304, 1156, 1089, 912, 811, 789,54 (300 MHz; CDC}) 0.97 (12H, d,
J 6.8, CH), 2.38 (3H, s, Ch), 3.09 (2H, sept] 6.8, CH), 5.99 (1H, s, NH), 7.08 (2H, &,

7.6, CH), 7.17-7.25 (3H, m, CH), 7.56 (2H,J88.3, CH);5¢ (400 MHz; CDC}) 21.5 (CH),
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23.8 (4C, CH)), 28.4 (2C, 2 x CH), 123.9 (2C, 2 x CH), 127.4 (2Cx CH), 128.8 (CH),
129.2 (Guay, 129.5 (2C, 2 x CH), 137.3 {(a), 143.5 (Qua), 148.3 (GQua); HRMS m/z (TOF

ES+) 354.1509. gH»sNO,NaS requires 354.1504.

N-(Hex-1-yn-1yl)-4-methylN-phenylbenzenesulfonamide (283)

Following GP11 using amid280 (2.47 g) and hex-1-yne (0.24 mL). Purification figsh
chromatography [hexanes:EtOAc (20:1)] gave ynar@igas a colorless oil (320 mg, 98%);
vmax (N€at)lcrit 2957, 2930, 2871, 2254, 1594, 1488, 1455, 13669,12173, 1156, 1089,
923, 892, 812, 755, 704, 690, 678§; (300 MHz; CDC}$) 0.85 (3H, t,J 7.2, CH), 1.26-1.50
(4H, m, 2 x CH), 2.24 (2H, t) 6.9, CH), 2.38 (3H, s, Ch), 7.17-7.29 (7H, m, 7 x CH), 7.49
(2H, d,J 8.3, 2 x CH)3¢ (400 MHz; CDC}) 13.6 (CH), 18.2 (CH), 21.7 (CH), 21.9 (CH),
30.9 (CH), 70.4 (Gua), 73.8 (Gua), 126.1 (2C, 2 x CH), 127.8 (CH), 128.3 (2C, 2 M)C
128.9 (2C, 2 x CH), 129.3 (2C, 2 x CH), 133.Q,4% 139.4 (Gua), 144.6 (Gua); HRMS m/z

(TOF ES+) 350.1185. gH2;NO,NaS requires 350.1191.
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N-(6-Chlorohex-1-yn-1yl)-4-methylN-phenylbenzenesulfonamide (284)
Cl

Following GP11 using amid280 (2.47 g) and 6-chlorohex-1-yne (0.25 mL). Purifica by
flash chromatography [hexanes:EtOAc (15:1)] gavanyide284 as a colorless oil (354 mg,
98%); vmax (neat)/cni 2952, 2869, 2254, 2032, 1594, 1488, 1368, 12683,11089, 1027,
923; 8y (300 MHz; CDC}) 1.66 (2H, m, Ch), 1.87 (2H, m, Ch), 2.36 (2H, tJ 6.8, CH),
2.44 (3H, s, Ch), 3.55 (2H, tJ 6.5, CH), 7.22-7.25 (3H, m, 3 x CH), 7.29-7.33 (4H, m, 4 x
CH), 7.54 (2H, dJ 8.4, 2 x CH)5¢ (400 MHz; CDC}) 17.8 (CH), 21.7 (CH), 26.0 (CH),
31.5 (CH), 44.5 (CH), 69.4 (Gua),74.5 (Gua), 126.1 (2C, 2 x CH), 128.0 (CH), 128.2 (2C,
2 x CH), 129.0 (2C, 2 x CH), 129.4 (2C, 2 x CH)31B(Cua), 139.2 (Gua), 144.7 (Gua);

HRMS nm/z (TOF ES+) 384.0812. §H-0NO,NaS"Cl requires 384.0801.

N-(3-methoxyprop-1-yn-1-yl)-4-methylN-phenylbenzenesulfonamide (285)
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Following GP11 using amid230 (2.47 g) and 3-methoxyprop-1-yne (0.17 mL). Paafion
by flash chromatography [hexanes:EtOAc (15:1)] gavemide285 as a colourless oil (540
mg, 86%);Vmax (neat)/crﬁl 2925, 2860, 2824, 2244, 1595, 1489, 1454, 1370212172,
1160, 910, 894, 861, 812, 755, 685, 654(300 MHz; CDC}) 2.40 (3H, s, Ch), 3.30 (3H,
s, CHy), 4.22 (2H, s, Ch), 7.19-7.30 (7H, m, 7 x CH), 7.54 (2H, 38.4, 2 x CH);5c (400
MHz; CDCl) 21.7 (CHy), 57.2 (CH), 60.0 (CH), 66.9 (Gua), 80.3 (Gua), 126.3 (2C, 2 x
CH), 128.2 (2C, 2 x CH), 128.3 (CH), 129.5 (2C, €h), 129.8 (2C, 2 x CH), 133.1 &),
138.7 (Gua), 145.0 (Gua); HRMS mvz (TOF ES+) 338.0815. gHisNO3NaS requires

338.0827.

N-(3-methoxyprop-1-yn-1-yl)-4-methylN-phenylbenzenesulfonamide (286)

Following GP11 using amid280 (2.47 g) and phenyacetylene (0.11 mL). Purificatiy
flash chromatography [hexanes:EtOAc (20:1)] gavanyide286 as a pale yellow solid (639
mg, 92%); mp 104-105 °Gimay (Neat)/cit 3058, 2922, 2240, 1593, 1488, 1442, 1455, 1369,
1293, 1203, 1164, 1081, 1066, 1023, 924, 893, &83, 758, 690, 6805y (300 MHz;
CDCl) 2.45 (3H, s, Ch), 7.28-7.35 (9H, m, 9 x CH), 7.37-7.41 (3H, m, &K), 7.63 (2H,

d, J 8.3, 2 x CH);c (400 MHz; CDC}) 21.7 (CH), 70.5 (Gua), 83.0 (Gua), 122.7 (Gua),

126.3 (2C, 2 x CH), 128.0 (CH), 128.3 (5C, 5 x CH)9.1 (2C, 2 x CH), 129.5 (2C, 2 x
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CH), 131.5 (2C, 2 x CH), 133.0 &), 139.0 (Gua), 145.0 (Gua); HRMS m/z (TOF ES+)

370.0872. @H17NO;NaS requires 370.0878.

N-(Cyclohexylethynyl)-4-methyl-N-phenylbenzenesulfonamide (287)

Following GP11 using amid280 (2.47 g) and cyclohex-1-yne (0.26 mL). Purificatiby
flash chromatography [hexanes:EtOAc (20:1)] gavanyide287 as a colorless oil (343 mg,
98%); Vimax (neat)/crﬁl 2932, 2853, 2251, 1738, 1596, 1488, 1447, 1366812174, 1154,
1088, 1029, 921§, (300 MHz; CDC}) 1.30-1.36 (2H, m, Ch), 1.36-1.54 (4H, m, 2 x CH
1.62-1.71 (2H, m, Ch), 1.74-1.81 (2H, m, C}), 2.43 (3H, s, Ch), 2.47-2.55 (1H, m, CH),
7.24-7.28 (4H, m, 4 x CH), 7.28-7.33 (3H, m, 3 x)CH55 (2H, d,J 8.3, 2 x CH);5c (400
MHz; CDCL) 21.7 (CH), 24.7 (2C, 2 x Ch), 25.9 (CH), 28.8 (CH), 32.7 (2C, 2 x GM
74.2 (Gua), 74.3 (Gua), 126.0 (2C, 2 x CH), 127.8 (CH), 128.3 (2C, 2h)C128.9 (2C, 2 x
CH), 129.2 (2C, 2 x CH), 132.9 &), 139.5 (Gua), 144.6 (Gua); HRMS m/z (TOF ES+)

376.1339. G H>3NO,NaS requires 376.1347.
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4-Methyl-N-phenyl-N-((trimethylsilyl)ethynyl)benzenesulfonamide (288)

\ /
Si—

J

N
\ /O
Q S~

O//

Following GP11 using amid280 (2.75 g) and ethynyltrimethylsilane (0.28 mL). Haation

by flash chromatography [hexanes:EtOAc (20:1)] ggmamide288 as a colourless solid
(670 mg, 98%); mp 120-122 °@yay (neat)/cnt 2961, 2165, 1591, 1490, 1365, 1248, 1185,
1160, 1139, 1085, 934, 908, 843, 831, 780, 712, &92300 MHz; CDC}) 0.17 (9H, s, 3 x
CHa), 2.45 (3H, s, Ch), 7.22-7.27 (3H, m, 3 x CH), 7.29-7.34 (4H, m, €M), 7.57 (2H, d,

J 8.4, 2 x CH)$¢ (400 MHz; CDC}) 0.0 (3C, 3 x Ch), 21.7 (CH), 73.3 (Gua)» 95.3 (Gua).
126.2 (2C, 2 x CH), 128.2 (CH), 128.4 (2C, 2 x CH}9.0 (2C, 2 x CH), 129.3 (2C, 2 x
CH), 1329 (Gua), 138.6 (Gua), 144.9 (Gua); HRMS mvz (TOF ES+) 366.0963.

C18H21NO,:NaSSi requires 366.0960.

N-(Hex-1-yn-1-yl)-N-phenylmethanesulfonamide (289)

Vi

N
Do

~

0"\
Following GP11 using amid281 (1.71 g) and hex-1-yne (0.24 mL). Purification ftash
chromatography [hexanes:EtOAc (20:1)] gave ynar@iieas a colorless oil (576 mg, 98%);
Vmax (neat)/crﬁ1L 2957, 2929, 2858, 2256, 1593, 1490, 1456, 13622138270, 1168, 1155,

1075, 1027, 958, 924, 901, 825, 757, 737, 6QX300 MHz; CDC}) 0.92 (3H, tJ 7.2, CH),
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1.37-1.48 (2H, m, ChJ, 1.49-1.60 (2H, m, C§), 2.35 (2H, tJ 7.0, CH), 3.07 (3H, s, CH),
7.30-7.43 (3H, m, 3 x CH), 7.51 (2H, #7.9, 2 x CH);5c (400 MHz; CDC}) 13.6 (CH),
18.2 (CH), 22.0 (CH), 30.9 (CH), 36.1 (CH), 71.1 (Gua), 73-1 (Gua), 125.4 (2C, 2 x CH),
128.0 (CH), 129.3 (2C, 2 x CH), 139.14(§); HRMS m/z (TOF El+) 251.0981. GH:/NO,S

requires 251.0980.

(E) and (2),N-Phenyl-N-tosylhex-2-enamides (294)

Y% Oy_/;
0

0]

N N
\ O \
_S” _S”

o~ o~ 2

Following GP12A using ynamide283 (98 mg) for 10 min. Purification by flash
chromatography [hexanes:EtOAc (15:1)] gave imiEe294 as a colourless oil (50 mg, 49
%) and imide Z)-294 as a colourless oil (22 mg, 21 %). Total yieldnmde 294 70 % E:Z
(2.3:1)].

Following GP12B using ynamid283 (98 mg) for 18 h. Purification by flash chromatagny
[hexanes:EtOAc (15:1)] gave imidE)(294 as a colourless oil (57 mg, 56 %) and imide (
294 as a colourless oil (15 mg, 14 %). Total yieldnmde 294 70 % [E:Z (3.7:1)]; imide &)-
294 vmax (neat)/crﬁl 2964, 2931, 2877, 1688, 1623, 1597, 1488, 14530,14357, 1241,
1174, 1149, 1120, 1087, 1074, 1002, 877, 819, 793, 696, 685pH, (300 MHz; CDC})
0.87 (3H, t,J 7.4, CH), 1.31-1.44 (2H, m, C}), 2.46 (3H, s, Ch), 2.52 (2H, dtd,) 7.5 and
7.3, 1.8, CH), 5.41 (1H, dtJ 11.6 and 1.8, CH), 5.98 (1H, dt,11.6 and 7.3, CH), 7.22-7.25

(2H, m, 2 x CH), 7.34 (2H, d,8.4, 2 x CH), 7.42-7.50 (2H, m, 2 x CH), 7.93 (2 8.4, 2
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x CH); 8¢ (400 MHz; CDC}) 13.7 (CH), 21.7 (CH), 22.2 (CH), 31.1 (CH), 120.3 (CH),
129.2 (2C, 2 x CH), 129.3 (2C, 2 x CH), 129.6 (2Cx CH), 129.7 (CH), 130.3 (2C, 2 x
CH), 136.4 (Gua), 136.5 (Gua), 144.6 (Gua), 151.4 (CH), 165.3 (Ga); HRMS mvz (TOF
ES+) 366.1135. GHx»NOsNaS requires 366.1140; imid&)(294: vmax (neat)/crit 2963,
2929, 2876, 1689, 1635, 1595, 1488, 1455, 13611,12955, 1165, 1121, 1088, 975, 904,
814, 726, 695, 684 (300 MHz; CDC}) 0.78 (3H, t,J 7.4, CH), 1.23-1.35 (2H, m, C}),
1.97 (2H, dtdJ 7.3 and 7.2 and 1.5, GH 2.45 (3H, s, Ch), 5.44 (1H, dtJ 15.1 and 1.5,
CH), 6.95 (1H, dtJ 15.1 and 7.1, CH), 7.23-7.29 (2H, m, 2 x CH), 7(24, d,J 8.4, 2 x
CH), 7.45-7.53 (3H, m, 3 x CH), 7.93 (2H, 18.4, 2 x CH) ;3¢ (400 MHz; CDC}) 13.5
(CHs), 21.2 (CH), 21.7 (CH), 34.4 (CH), 121.3 (CH), 129.2 (2C, 2 x CH), 129.3 (2C, 2 x
CH), 129.7 (2C, 2 x CH), 129.8 (CH), 130.4 (2C, ZM), 136.1 (Gua), 136.3 (Gua), 144.7
(Cquad, 151.0 (CH), 165.3 (fa); HRMS mVz (TOF ES+) 366.1141. gH21NO,NaS requires

366.1140.

2-0Oxo0-N,2-diphenyl-N-tosylacetamide (298)

The catalyst system was prepared by addition ofGTIH1 mL) to AuCIPPh (5 mg, 0.01

mmol, 10 mol%) and AgOTs (2.8 mg, 0.01 mmol, 10 %ipin a flame-dried Schlenk flask
under argon. After stirring for 10 min at rt, a wehprecipitate of AgCl was observed and
ynamide 286 (0.1 mmol, 35 mg) and pyriding-oxide (22 mg, 0.22 mmol, 2.2 eq) were

added. The reaction mixture was stirred at rt fdr Before being filtered through a pad of
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silica. The filtrate was then concentrated undetuced pressure and purification of the
residue by flash chromatography [hexanes:EtOAc 1(20gave oxoacetamid@98 as a
colourless oil (30 mg, 79 %Ymax (neat)/crit 2921, 2988, 1685, 1672, 1595, 1487, 1449,
1374, 1325, 1306, 1229, 1191, 1173, 1148, 10863,10034, 955, 912, 812, 758, 737, 710,
694, 662;64 (300 MHz; CDC}4) 2.48 (3H, s, Ch), 7.13 (2H, dJ 6.9, 2 x CH), 7.33-7.44
(5H, m, 5 x CH), 7.50-7.55 (2H, m, 2 x CH), 7.6G<7(1H, m, CH), 7.75 (2H, d, 8.4, 2 x
CH), 7.88-7.90 (2H, m, 2 x CHJic (400 MHz; CDC}) 21.8 (CH), 128.9 (2C, 2 x CH),
129.1 (2C, 2 x CH), 129.5 (2C, 2 x CH), 129.6 (2Cx CH), 129.8 (2C, 2 x CH), 130.2
(CH), 130.6 (2C, 2 x CH), 132.7 {&), 133.5 (Gua), 134.1 (Gua), 134.6 (CH), 145.9 (G,
166.7 (Gua), 187.6 (Gua); HRMS miz (TOF ES+) 402.0765. £H;;NOsNaS requires

402.0776.

(E) and (2)-6-Chloro-N-Phenyl-N-tosylhex-2-enamides (303)

Following GP12A using ynamide€84 (109 mg) for 10 min. Purification by flash
chromatography [hexanes:EtOAc (15:1)] gave imiEe303 as a colourless oil (54 mg, 48
%) and imide Z)-303 as a colourless oil (29 mg, 25 %). Total yieldeimamide303 73 %
[E:Z (1.9:1)].

Following GP12B using ynamide€284 (109 mg) for 18 h. Purification by flash

chromatography [hexanes:EtOAc (15:1)] gave imiHe303 as a colourless oil (61 mg, 54
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%) and imide Z)-303 as a colourless oil (18 mg, 16 %). Total yieldnmde 303 70 % E:Z
(3.5:1)]; imide E)-303 vmax (Neat)/lcit 2960, 2924, 2853, 1689, 1637, 1594, 1488, 1361,
1169, 1087, 907, 813, 725, 694, 681,(300 MHz; CDC}) 1.69 (2H, m, CH), 2.17 (2H, dtd,
J7.3and 7.1 and 1.4, GH 2.45 (3H, s, Ch), 3.39 (2H, tJ 6.4, CH), 5.51 (1H, dtJ 15.0
and 1.5, CH), 6.90 (1H, dg, 15.0 and 7.2, CH), 7.23-7.29 (2H, m, 2 x CH), 7(24, d,J
8.4, 2 x CH), 7.46-7.55 (3H, m, 3 x CH), 7.92 (2H,) 8.4, 2 x CH);3¢c (400 MHz; CDC})
21.7 (CH), 29.2 (CH), 30.4 (CH), 43.6 (CH), 122.4 (CH), 129.2 (2C, 2 x CH), 129.3 (2C,
2 x CH), 129.7 (2C, 2 x CH), 129.9 (CH), 130.2 (ZC¢ CH), 135.9 (Gia), 136.2 (Gua),
144.8 (Gua), 148.5 (CH), 164.9 (Ga); HRMS mVz (TOF ES+) 400.0754. GH,0NOsNaS*Cl
requires 400.0750; imid&)-303 vimax (neat)/crﬁl 2924, 2855, 1688, 1627, 1595, 1489, 1454,
1415, 1359, 1242, 1159, 1088, 907, 881, 812, 724, 634;54 (300 MHz; CDC}) 1.84 (2H,

dt, J 14.0 and 6.8, C}), 2.46 (3H, s, Ch), 2.68 (2H, ddtJ 7.5 and 7.5 and 1.7, GH 3.47
(2H, ,J 6.8, CH), 5.47 (1H, dtJ 11.5 and 1.7, CH), 5.95 (1H, dt11.5 and 7.5, CH), 7.23-
7.26 (2H, m, 2 x CH), 7.35 (2H, d,8.3, 2 x CH), 7.45-7.49 (3H, m, 3 x CH), 7.92 (2HJ
8.3, 2 x CH):5¢ (400 MHz; CDC4) 21.7 (CH), 26.6 (CH), 31.7 (CH), 44.2 (CH), 121.5
(CH), 129.2 (2C, 2 x CH), 129.4 (2C, 2 x CH), 12@T, 2 x CH), 129.8 (CH), 130.3 (2C, 2
x CH), 136.2 (Gua), 136.3 (Gua), 144.8 (Gua), 148.7 (CH), 165.0 (a); HRMS miz (TOF

ES+) 400.0751. GH2oNOsNaS™Cl requires 400.0750;

(E)-3-Methoxy-N-phenyl-N-tosylacrylamide (304)
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Following GP12A using ynamid285 (95 mg) for 12 h. Purification by flash chromaiagny
[hexanes:EtOAc (20:1)] gave imidE)-304 as a colourless oil (70 mg, 70 %).

Following GP12B using ynamid285 (95 mg) for 18 h. Purification by flash chromataginy
[hexanes:EtOAc (20:1)] gave imidE)-304 as a colourless oil (65 mg, 65 %)ax (neat)/cm
12976, 2936, 1682, 1605, 1488, 1453, 1438, 1353118256, 1169, 1113, 1084, 931, 906,
810, 723, 692, 683 (300 MHz; CDC}) 2.45 (3H, s, Ch), 3.46 (3H, s, Ch), 4.82 (1H, dJ
12.1, CH), 7.27-7.30 (2H, m, 2 x CH), 7.34 (2HJ®B.4, 2 x CH), 7.46-7.56 (4H, m, 4 x
CH), 7.93 (2H, dJ 8.4, 2 x CH);5c (400 MHz; CDC}) 21.7 (CH), 58.1 (CH), 97.0 (CH),
129.1 (2C, 2 x CH), 129.3 (2C, 2 x CH), 129.6 (2Cx CH), 129.8 (CH), 130.4 (2C, 2 x
CH), 136.4 (Gua), 136.7 (Gua), 144.6 (Gua), 164.6 (CH), 166.5 (Ga); HRMS miz (TOF

ES+) 354.0766. GH;/NOsNaS requires 354.0776.

(E) and (Z2)-N-(Methylsulfonyl)- N-phenylhex-2-enamides (305).

o >_//_/7 o
QN‘S//O Q 570
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Z

\

Following GP12A using ynamide89 (109 mg) for 10 min. Purification by flash

chromatography [hexanes:EtOAc (15:1)] gave imi@e305 as a colourless oil (45 mg, 56
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%) and imide Z)-305 as a colourless oil (15 mg, 19 %). Total yieldnmde 305 75 % E:Z
(3:1)].

Following GP12B using ynamide289 (109 mg) for 18 h. Purification by flash
chromatography [hexanes:EtOAc (15:1)] gave imiEge305 as a colourless oil (46 mg, 58
%) and imide Z)-305 as a colourless oil (11 mg, 13 %). Total yieldnmde 305 71 % E:Z
(4:1)]; imide ©)-305: vinax (neat)/crit 2963, 2932, 2876, 1682, 1622, 1594, 1487, 14506513
1322, 1253, 1189, 1165, 1120, 840, 760, 736, 69300 MHz; CDC}) 0.95 (3H, tJ 7.4,
CHs), 1.41-1.51 (2H, m, Ch, 2.66 (2H, dtd,) 7.5 and 7.4 and 1.8, GH 3.48 (3H, s, Ch),
5.46 (1H, dtJ 11.5 and 1.8, CH), 6.12 (1H, &,11.5 and 7.4, CH), 7.26-7.30 (2H, m, 2 x
CH), 7.45-7.50 (3H, m, 3 x CHJ¢ (400 MHz; CDC4) 13.8 (CH), 22.2 (CH), 31.3 (CH),
41.9 (CH), 119.8 (CH), 129.8 (2C, 2 x CH), 129.9 (CH), IB®C, 2 x CH), 135.6 ({a),
152.7 (CH), 166.5 (Ga); HRMS m/iz (TOF ES+) 290.0823. Hi/NO:NaS requires
290.0827; imide E)-305: vimax (neat)/crﬁ1L 2964, 2937, 2880, 1685, 1634, 1592, 1488, 1455,
1349, 1320, 1291, 1255, 1182, 1152, 1123, 963, 863, 726, 69554 (300 MHz; CDC})
0.83 (3H, t,J 7.4, CH), 1.28-1.44 (2H, m, C§), 2.05 (2H, dtd) 7.3 and 7.2 and 1.5, GH
3.48 (3H, s, Ch), 5.51 (1H, dtJ 15.2 and 1.5, CH), 7.10 (1H, dt15.2 and 7.1, CH) 7.26-
7.32 (2H, m, 2 x CH), 7.47-7.52 (3H, m, 3 x CH; (400 MHz; CDC}) 13.5 (CH), 21.2
(CHy), 34.4 (CH), 41.9 (CH), 121.0 (CH), 129.8 (2C, 2 x CH), 130.0 (CH), 13®C, 2 x
CH), 1353 (Gua), 151.8 (CH), 166.4 (&a); HRMS m/z (TOF ES+) 290.0830.

Ci13H17/NOsNaS requires 290.0827.
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2-CyclohexylideneN-phenyl-N-tosylacetamide (306).

Following GP12A using ynamide€87 (109 mg) for 20 min. Purification by flash
chromatography [hexanes:EtOAc (20:1)] gave ind8@6 as a colourless oil (88 mg, 80 %).
Following GP12B using ynamide€87 (109 mg) for 18 h. Purification by flash
chromatography [hexanes:EtOAc (20:1)] gave in3@é as a colourless oil (86 mg, 78 %);
Vmax (neat)/crﬁ1L 2934, 2855, 1681, 1617, 1592, 1485, 1448, 139@1,13251, 1199, 1185,
1167, 1143, 1123, 997, 977, 933, 904, 889, 839, &19, 692, 681, 653y (300 MHz;
CDCl;) 1.41-1.64 (6H, m, 3 x CHj} 1.83-1.97 (2H, m, Cp), 2.44 (3H, s, Ch), 2.60-2.75
(2H, m, CH2), 5.21 (1H, s, CH), 7.22-7.28 (2H, ms €H), 7.33 (2H, dJ 8.4, 2 x CH), 7.43-
7.49 (3H, m, 3 x CH), 7.92 (2H, d,8.4, 2 x CH);5¢c (400 MHz; CDC}) 21.7 (CH), 26.0
(CH,), 27.7 (CH), 28.5 (CH), 30.1 (CH), 38.2 (CH), 114.0 (CH), 129.0 (2C, 2 x CH),
129.2 (2C, 2 x CH), 129.5 (3C, 3 x CH), 130.2 (2Cx CH), 136.5 (Gua), 136.6 (Gua),
144.4 (CH), 164.8 (Ga), 165.7 (Gua); HRMS m/z (TOF ES+) 392.1281. £H3NOsNaS

requires 392.1296.
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Appendices

Appendix A)

Study of the catalyst loading

Relative Area (%)
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Catalysis followed by GC- MS
(50 €, 0.5 M, 5 mol% AuCl 3)
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Study of the concentration

Relative Area (%)

Catalysis followed by GC-MS
(50 €, 0.05 M, 10 mol% AuCl 3)
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Relative Area (%)

Catalysis followed by GC-MS
(50 €, 0.2 M, 10 mol% AuCl 3)
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Relative Area (%)

Catalysis followed by GC-MS
(50 €, 0.4 M, 10 mol% AuCI 3)
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Study of the effect of temperature:

Relative Area (%)

Catalysis followed by GC-MS
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Relative Area (%)
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Relative Area (%)

Catalysis followed by GC-MS
(70 €, 0.5 M, 10 mol% AuCl 3)
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