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Abstract

This thesis describes advances within the field of nucleophilic nitrenoids, with particular
focus on the intermolecular reaction of N-pyridinium aminides alongside ynamides and
thioynamides, in a gold-catalysed formal [3+2] cycloaddition reaction. The generality of this
transformation is demonstrated with the construction of highly functionalised 5,5,6-, 5,5- and

5,6-fused imidazolyl derivatives.

Five new types of N-pyridinium aminides bearing a benzothiazole, benzoxazole, thiazolone,
imidazolone and pyrimidinone core, have been synthesised. Their preparation, scope and
limitations across a variety of ynamides in the gold-catalysed cycloaddition is discussed,

along with mechanistic insights.

Thioynamides are presented as priviledge ynamides for the gold-mediated annulation
reaction. Their use can overcome challenging reactivity observed within some of the nitrenoid
series. The prominent improvement regarding the aminide scope is shown. Preliminary
investigations into an unprecedented sulfur effect displayed by these N,S-substituted alkynes

and the proposed mechanistic rationale of that enhancement are discussed.
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Chapter 1

1.1. Introduction to nitrenes

The paramount importance of nitrogen-containing molecules in living organisms, medicinal
chemistry and material science has driven synthetic chemists to seek new strategies to

incorporate nitrogen in complex frameworks.

Continuous efforts have been made towards the development of new transformations to
incorporate nitrogen into molecules in a controllable, selective and practical manner. Possible
routes to integrate nitrogen often require the use of nitrenes. These uncharged, six valence
electron molecular species are highly reactive electrophiles with the ability to insert into
bonds or undergo rearrangements. As a result, they are one of the most utilised reagents for

amination processes.

Nitrenes can be generated from thermal or photochemical decomposition of hydrazonic acids,
azides and isocyanates or by a-elimination of p-nitrobenzenesulfonyloxy urethane (Scheme

1).

R_[\! R% or RK%

Nitrene

Singlet state Triple state
A or
HN3 ——> NH + N, M
hv
. . Aor
N=N=N" <> N-NEN ——> :N: + N, @
R R hv R
A or
N=C=0 —— :iN: + CO (3
R hv R
i Base - -
N _N. —> IN: + X (4)
Y > R™ X R

Scheme 1: Structure of nitrenes and synthetic routes for their preparation
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Because of their indiscriminative reactivity, they are poor selective species and incompatible
with many functionalities. In addition, their most common precursors, azides, can be

hazardous to handle.

Thanks to the advent of late transition metal catalysis, more efficient methodologies for
nitrene transfer processes have been achieved employing metallanitrenes as nitrene
equivalents. Several transition metals have been utilised to access nitrene character and to
modulate nitrene transfer reactions, such as rhodium, ruthenium and copper, with rhodium
nitrenes the most widely used. In particular, the two most prominent nitrene transfer processes
developed in the late sixties making use of metallanitrenes were C-H amination and

aziridination (Scheme 2).1

[M] = Rh, Cu, Ru, Mn, Fe, Ag, Co,...

Scheme 2: Use of metallanitrenes in C-H amination and aziridination processes

1.2. Rhodium nitrenes as nitrogen transfer reagents

Substantial progress has been achieved by the use of rhodium nitrenes in nitrene transfer
processes. The advantage of these metallated species compared to nitrenes relies on the more
controllable formation and evolution of the nitrene character, which is formed in situ. A
common method employs iminoiodane intermediates, which can be generated in an array of
ways frequently from the reaction of sulfamate esters or tosyl carbamates with hypervalent

iodine oxidants.
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Du Bois and co-workers? pioneered this field investigating the rhodium catalysed
intramolecular C-H amination of sulfamate esters 5 to form oxathiazinanes 8 (Scheme 3).
These poly-heteroaromatic products were then converted into a wide array of benzyl

chloroformate protected amines 9 by ring-opening reactions.

Du Bois, ref. 2
o Prig S TN SR B pec.
HN""0 Phi(OAc), 1 N""~0 1 Rhy(OAc), : o HN"" ™0 NH X
B — | — L — —
R1/\)\R2 MgO E R1/\)\R2 E E R1/\)\R2 . R1J\)\R2 R1J\)\R2
5 i 6 | 5 7 : 8 9
. Iminoiodane !  Rhodium nitrene !

Scheme 3: Formation of rhodium metal nitrenes employing sulfamate esters and their application in the
formation of oxathiazinanes pioneered by Du Bois

N-Tosyl carbamates 10 have also been extensively utilised as a source of nitrene (Scheme 4).
Lebel and co-workers® reported an intra- and the first inter-molecular example of rhodium

nitrene C-H insertion using carbamates.

Lebel, ref. 3
X
O
Rhy(tpa), (6 mol%) Rhy(tpa)s (6 mol%)
HN 0 - SO\N)J\O/\/RZ - HN)I\O/\/R2
R2 K2003 H KQCO3, R3/\R4 12
R R4
1 Intramolecular 10 Intermolecular 13
C-H insertion C-H insertion
CPhy
Z~30 _CPh;
[Rh—Rn]: |00
Rh—Rh
~
o | o”|

Ph3C Oz -0

CPhj

Scheme 4: Rhodium nitrene formation from tosyl-carbamates reported by Lebel



Chapter 1

In this case, the leaving ability of the substituents on carbamate is critical. The authors carried
out a series of control experiments which demonstrated that coordination of the rhodium
dimer to the carbamate (14) occurs prior to deprotonation to form the active species (16).
Subsequent C-H insertion and elimination of the catalyst delivers oxazolidinone 11 or Troc-

protected amines 13.

Similarly, Parker and Chang* developed a synthetic route towards carbamate protected glycals
19 (Scheme 5). The crucial step involved a chemoselective intramolecular insertion into an
allylic position via a rhodium nitrene 23. Insertion into the allylic position was preferential
over a possible side-reaction where insertion would occur in the oxygen-substituted tertiary
carbon leading to 20. Yet the latter was not observed. In this way, a modular preparation of

naturally occurring trideoxyhexoses was established.

[Parker and Chang, ref. 4]

0 Oy 0._OH
oW Osters | RhjOAc)(tomoe) | I
N — o ~ QN ¢ HOT
. ’J%o Phi(OAc),, MgO JNH RN
i ’ 18 © 19 ; D-Saccharosamine

...................

tertiary and o- to* " K e .

H 0 oxygen } 0] Y | via 23 0 :

N, | 5 | | ' | '

=< - B —— - ' !
© " AN allylic and : N '

o
o N '
Not observed /& ‘\--'tertiary carbon }»NH E[Rh]\ /&
H.N" 0 0 . N"o
22

20 21

Scheme 5: Preparation of trideoxyhexoses through a rhodium nitrene intermediate reported by Parker and
Chang

Blakey’s group accomplished a metallonitrene/alkyne metathesis reaction using sulfamate
esters 24 (Scheme 6). The reaction of 24 with (diacetoxyiodo)benzene delivered intermediate
25, which was reacted with a rhodium catalyst to form metallonitrene 26. The latter receives

nucleophilic attack from the pendant alkyne forming 27. Subsequently, 1,3-Rh shift from
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rhodacycle 27 delivered o-imino rhodium carbenoid 28. The authors demonstrated that
depending on the pendant nucleophiles attached to the alkyne, a wide range of processes
could be trigered. For instance, intermediate 28 can collapse forming an oxonium ylide 29,
which after rearrangement and stereoselective reduction provides access to bicyclic

sulfamates 31.°

Blakey, ref. 5-7 |

o.,0 o, 0 o. 0 -0, 0 : AP
i Phis 387 [Rhls s [Rhl\, 2s% AN
HN"""O  Phi(OAc), N"“70  [Rn] N"7~0 N™7"Q  1,3-shift ! |
)y — ) e S —> R \ _— ' R +
R—= R—= R— * ! [Rh]” 28
24 25 26 27 A .
R = Et R = /e\)n\OBn o. o
(ONJ ) -0, .0 Oallyl N o, 0 o, ,0
N\ N\ y N7 "/ "/
N“S0 RS Some ooony N0 NS0 NaBH,  n-S<o
R/g{/ - R/S\_) - i 28 1 —> Cg__) —_— Cg_) N O_)
/ ref. 7 bl " ref. 5 ol ~ /)
MeO Me__o\-'-—_/ O\*‘J/ 0 /__J o /__J
37 36 / ref.6 \ 29 30 31
R= e, R- Ahany
Y. o0 o, ,0
o O \S/ \S/
hiid Oy P / he23 \ N“>0 HN"2>0
HN"""0 NaBH, nN-Sv0 ’ I NaBH,
:‘ ) - | - — 0
.n(\Ph ":,(\Ph + O
35 34
32 33

Scheme 6: Intramolecular a-imino rhodium carbenoid trapping reported by Blakey

The cascade reaction can also be terminated by a Friedel-Crafts or cyclopropanation reactions
when tethered aryls (28 to 33) or olefins (28 to 35), respectively, are attached to the alkyne.®
Final sodium borohydrate reduction provides tri-fused sulfamates. The authors further
explored the potential of a-imino rhodium carbenoid 28 to diversify the cascade reaction by
the addition of external allyl ethers (28 to 37). Trapping of intermediate 28 with an enol ether
forms intermediate 36, which after allyl group migration gives access to oxathiazepine

derivatives 37 that could be then further modified.’
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In 2017 Feng and co-workers® reported the formation of a rhodium(V) nitrenoid in the
synthesis of difluorinated 2-alkenyl aniline derivatives 40 (Scheme 7). Anilines 40 were
formed by hydroarylation of gem-difluoromethylene alkynes 39 with N-pivaloxy arylamides
38. Coordination of the amide to the rhodium(lll) catalyst generates rhodacycle 41 by ortho
C-H bond cleavage. Alkyne 39 then is regioselectively inserted into rhodacycle 41. OPiv
group migration of intermediate 42 to the rhodium atom triggers the formation of rhodium(V)
nitrenoid 43, which undergoes arene dearomatization onto the nitrogen. The additional
participation of an external alcohol attacking the carbonyl regenerates the aromaticity (45-46).

Eventually, protodemetallation furnishes 40 and releases the catalytic species.

Feng, ref. 8
O~_OR
0
RF NH
. [RhCp*Cl5], (2 mol%)
3 NHOPiv 4 > R2 > R3
R Z CsOPiv, ROH R2
R! =
rt, 12 h | E
38 39 49 R F
38
0

PivOH 0

R1
44

Scheme 7: Rhodium(lll)-catalysed hydroarylation of a,a-difluoromethylene alkynes with N-pivaloxy
arylamides as source of nitrene
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From intermediate 43, there is also possible a distinct reaction pathway consisting on alkene
group migration (Scheme 8). The presence of the fluorinated substituents on the alkene
hampers this side-reaction due to the different polarity induced by the fluorine atoms to the

Csp? carbon. As a result, product 48 was only seen as a minor by-product.

PivOH
\\ (‘OPlv % %
[Rh]

R'

Scheme 8: Competing alkene migration side reaction leading to isoquinolone derived 41

Despite the powerful applications of metallanitrenes, the aforementioned methodologies
require the use of stoichiometric amounts of external oxidants, pre-functionalization of the
substrates and poor functional group compatibility as well as the use of sacrificial species.
More efficient and atom economical routes for amination processes are desirable and
alternative species for nitrene transfer transformations are gradually being introduced in the

field.

The resurgence of m-acid catalysis represented a vast improvement towards the development
of new strategies for C-N bond formation. In particular, interest was directed towards
exploring and further developing the potential of a-imino metal carbenes as versatile
intermediates. The formation of the latter can be envisioned from a presumed nucleophilic
attack of a nitrogen containing species 51 to a m-acid activated alkyne 50, delivering an a-
vinyl metal carbenoid 52 (Scheme 9). Subsequent elimination of the leaving group attached to
the nitrogen atom would form an analogous a-imino metal carbene/carbenoid (53-53) to that
obtained with rhodium nitrenes. The electrophilic metallated centre could then be trapped by

various intra- or intermolecular pathways to access N-containing heterocycles.
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The overall transformation can be seen as a nitrogen transfer process where 51 behaves as a
nucleophilic nitrene equivalent, or a nucleophilic nitrenoid. At that point, the term nitrenoid
was utilised to refer to those species, which display nitrene character along the reaction

course, yet not being actual electrophilic nitrenes.

+_ +
LG -R LG R VR W R
[M] 51 I I
. :/ - 5 N — - + — Complex
/ \ )\(_ )\[( )\(_ —> | heterocycles
[M] (M] [M] [M]
49 50 52 53 53'

Scheme 9: General reactivity profile of nucleophilic nitrenoids

The advantage of these nitrene equivalents relies on their stability and selectivity, as the
desired nitrene character solely arises by the reaction of the nitrogen containing species with a
n-acid activated alkyne. Hence, the formation of the a-imino metal carbene intermediate is

achieved in a more controllable manner than with rhodium nitrenes.

1.3. Nucleophilic nitrenoids in gold catalysed reactions

The unique ability of gold(l) and gold(I1l) complexes to activate carbon-carbon m-systems
such as alkenes, alkynes or allenes'® ° towards nucleophilic attack, as demonstrated by the
numerous gold-mediated cycloaddition, cyclisation and cycloisomerisation processes reported
in the literature, have conferred gold catalysts a privileged position among the synthetic

community.*°

The high carbophilicity, low oxophilicity —tolerating oxygen, water and alcohols— in addition
to showing scarce propensity to undergo redox processes due to the high oxidation potential
between gold(l) and gold(lll), make these complexes ideal mediators for constructing

molecular complexity in an atom economical manner,19¢ 10d 11
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Compared to other transition metals, gold complexes allow for very mild reaction conditions
and superb functional group tolerance, as it has been demonstrated in the application of gold-

catalysed late stage transformations in many natural product syntheses.?

The unique features of gold-complexes have been exploited in the nitrenoid field for the
generation of a-imino gold carbenes in an efficient and stereocontrolled manner. Many
transformations have been developed in the last decade in which the gold carbene
intermediate is trapped through a pendant nucleophile or by an external agent as it is shown in

the following sections.

1.3.1. Intramolecular reactions of nucleophilic nitrenoids

Gold catalysed intramolecular nitrene transfer reactions involving nitrenoids were pioneered
by Toste and co-workers in 2005.2* Homopropargyl azides 54 were utilised for the
preparation of substituted pyrroles 55 via an annulation reaction with the pendant alkyne

fragment (Scheme 10-left).

Toste, ref. 13 R | EE BrettPhosAuNTf, R
@Q

R N H (5 mol%)
3 (dppm)AuyCly (2.5 mol%) g1 N ge (\}/ | o >
U (AT toluene,
[ AgSbFg (5 mol%) 60 64
54 R? CH,Cl,, 35 °C 55 ¢ T
____________________________________________________ R
(remmmmmmmnnns . N3
H CF; LN 5! R N Zhang, ref. 14 N
N RN R - 9
L E E fa (AUl
' ' u
56 93% ! via 57 (AUl [Au] 61 63
\ /
H H R N R |hN
nBu \ / nBu nBu \ / | | )+ |
N
58 82% 59 78% [Au] [Au]
62 62

Selected examples

Scheme 10: Initial work in intramolecular nitrene transfer process utilising nucleophilic nitrenoids. Left:
Intramolecular annulation reaction reported by Toste; Right: Gold-catalysed cyclisation reported by Zhang

10
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Similarly Zhang and co-workers!* in 2012 employed azido 1,3-enynes 60 to prepare
pyrrolizine derivatives 64 (Scheme 10-right). Coordination of the gold catalyst to the =-
system (60) followed by an 5-exo-dig cyclisation on the biased alkyne forms a-imino gold
carbenoid 61. Extrusion of nitrogen delivers o-imino gold carbene 62-62°. The latter
undergoes 4-r electrocyclic ring closure (63) followed by gold elimination giving substituted

pyrrole 64.

a-Imino gold carbenes generated from alkynyl arylazides were investigated separately by
Gagosz and co-workers'® and Ohno and co-workers'® (Scheme 11). In Gagosz’s method the
nucleophilic attack takes place onto an allene intermediate (67) due to a 3,3-acyloxy shift in
alkynyl azide 65. Gold coordination triggers nucleophilic attack from the pendant azide onto
the more distant double bond forming intermediate 68. Subsequent extrusion of nitrogen and
1,2-shift from the R group forms intermediate 70, which upon gold elimination, delivers

quinoline 66.

Ohno reported a gold catalysed cascade reaction of alkynyl arylazides via the generation of a
keteniminium intermediate 77, which receives the intramolecular attack of the azide. Upon
extrusion of molecular nitrogen in intermediate 78, the authors proposed several reation
pathways depending on the substituents on the R group. For instance, a C-H insertion reaction
when R is an aryl group, ultimately delivering 5-tosyl-5,6-dihydroindolo[2,3-b]indole (83 to
86) upon rearomatization of intermediate 84. In the presence of a pendant alkene, gold
carbenoid 78 could also wundergo a cyclopropanation reaction delivering 1H-
cyclopropa[c]indolo[2,3-b]quinoline 80. Otherwise, arylazides bearing an allylsilane moiety
could evolve via electrophilic cyclisation; elimination of TMS followed by gold extrusion

provides quinolone derivative 82.
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Scheme 11: Alkynyl arylazides in intramolecular nitrogen transfer processes. Top and middle: Gagosz’ general

reaction and scope; Bottom: Ohno’s proposed mechanism for a-imino gold carbene formation

The a-imino gold carbene intermediate generated from alkynyl arylazides can also be trapped

intermolecularly by the addition of external nucleophiles. Wetzel and Gagosz!’ (Scheme 12-

right) reacted intermediate 88 generated from alkynyl azide 86 with a range of allylic alcohols

89. After the deprotonation and gold elimination of 90, intermediate 91 tautomerises and

subsequently undergoes a Claisen rearrangement delivering 3-indolidinones 93.
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Similarly, Zhang and co-workers!® (Scheme 12-left) reported the formation of 3-heteroaryl
indoles 97 by the reaction of a-imino gold carbene 88 with numerous C-nucleophiles such as
94. Upon elimination of the gold complex in intermediate 95, and tautomerization, the

corresponding 3-aryl indole derivative 97 is formed.

N
N3 5-endo-dig N 2
E— Y, R
N B}
/ [Au]
[Au]
86 87 N2
Wetzel and
Zhang, ref. 18 Gagosz, ref. 17
IPrAUNTY, (5 mol%) | N (IAd)AUNTf, (4 mol%) N
1,2-DCE, 80 °C ' N—R ! 1,2-DCE, 50-60 °C N»—R
- ' 1 Ll +
: HO 10
—< >— ' via 88 (AUl XX [AU] H/>
94  ttommommmmmmeet 89 90
[Au]
SRREES e e
: N ! | N R H
, / R ! i N N
— : ; - / R/ S SR
: : 5 R4 J -
! Q L 9396% ~=
, E ' R=CsHy 92 91

Scheme 12: Intermolecular trapping of the a-imino gold carbene generated from alkynyl azides

Gong and co-workers'® made use of propargylic alcohols 96 to access pyrroloindolone
derivatives 97 (Scheme 13). The reaction proceeds via the formation of a-imino gold carbene
88 from the corresponding alkynyl arylazide 86. Propargylic alcohol 96 attacks the gold
carbene centre delivering intermediate 98. After gold extrusion, intermediate 99 undergoes
Saucy-Marbet rearrangement (99-100). Subsequent intramolecular amination catalysed by
gold forms intermediate 101, which after gold elimination provides pyrroloindolone 97 and

the catalyst is regenerated.
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Scheme 13: Proposed mechanism by Gong to form pyrroloindolones via a gold carbene

1.3.2. Intermolecular trapping of the gold carbene intermediate

While the development of the nitrenoid field commenced with intramolecular nitrene transfer
processes, intermolecular strategies arose rapidly. Thereafter the group of Zhang and Davies
consecutively reported the first intermolecular versions in which N-pyridinium aminides acted

as a source of nitrene.

Capitalising on the 1,2-C-H insertion that carbenes commonly undergo, Li and Zhang®
designed a convenient methodology for the preparation of o,B-unsaturated amidines (105)
(Scheme 14). Oxazolidonyl ynamides 104 proved more effective than acyclic sulfonamides as
electron-rich m-systems and N-aminopyridinium aminide 103 exhibited superior oxidant

character among those tested.

Noticeably, the transformation led to an inseparable mixture of E/Z stereoisomers, yet the E-
configuration for the C-N bond was consistently favoured and was eventually confirmed by

X-ray diffraction studies.
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(Li and Zhang, ref. 20)
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Scheme 14: Intermolecular nitrene transfer onto ynamides from N-pyridinium N-tosyl aminides

Davies and co-workers?! reported that N-pyridinium N-acyl aminides 115 behave as N-acyl
nitrene equivalents in a gold-catalysed formal [3+2] dipolar cycloaddition with ynamides 116

to form tri-substituted oxazoles (Scheme 15).

The transformation tolerated a wide range of substitution patterns in position 2 and 4, such as
phenyl, alkyl and alkenyl groups. The substituents introduced on the sulfonamide moiety

ranged from protected alcohols, alkynyl, bencyl and phenyl groups, among others.

Cyclisation of the a-imino gold carbene was preferred over other undesired side-reactions or
possible intramolecular processes such as aza-Claisen rearrangements, 1,2-C-H insertions or
intramolecular redox reactions. The transformation proved general with a range of valuable
functionalities, such as allyl, tert-butyldimethylsilyl, trimethylsilyl and bromobenzenes with

defined regioselectivity confirmed by X-ray crystallography data.
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Davies, ref. 21 R
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Scheme 15: N-Pyridinium N-acyl aminides in the gold catalysed cycloaddition with ynamides reported by
Davies and co-workers

The proposed mechanism commences with regiospecific intermolecular attack of aminide 115
onto the carbon adjacent to the nitrogen of the gold-activated ynamide 126 forming 127
(Scheme 16). Subsequent pyridine elimination delivers gold carbene/carbenoid 128-128,
which can be trapped by the oxygen of the acyl group forming 129. Otherwise, intermediate
127 can evolve by 4-n electrocyclisation via 130. Elimination of the gold complex from 131

provides oxazole 117 and regenerates the catalyst.

The potential of this methodology to construct tri-substituted oxazoles was further
demonstrated thanks to the versatility offered by ynamides and N-pyridinium N-acyl aminides
as building blocks (Figure 1). The development of robust synthetic routes to access the
precursors —aminides from acyl chlorides, carboxylic acids, esters, isocyanates or
isothiocyanates and ynamides from terminal alkynes or 2,2-dichloroenamides— in an efficient
and modular manner, in addition to the introduction of wider substitution patterns on the

oxazole skeleton are the main breakthroughs of the follow-up investigation.??
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Scheme 16: Proposed mechanism for the formation of substituted oxazoles reported by Davies
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Figure 1: Exploiting the potential of aminides and ynamides in the gold-catalysed formal [3+2] cycloaddition
reported by Davies to synthesise highly functionalised oxazoles
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A related study utilising N-pyridinium N-aryl aminides and ynamides was reported in 2015 by
Garzén and Davies to access substituted imidazoles.?* That work is discussed in chapter 2 as

introduction and background of the results presented throughout that chapter.

Since 2015, various groups have reported the use of ynamides in gold-catalysed
intermolecular cycloadditions with azides (133, 134, 136) and azirines (135) as nucleophilic
nitrene equivalents to generate pyrroles (131, 139), indoles (132), pyridoindolamines (138)

and benzoazepines (137) (Scheme 17).%°
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Scheme 17: Gold catalysed intermolecular transformations of azides and azirines with ynamides. ° Using

JohnPhosAu(NCMe)SbFs (3 mol%), 1,2-DCE at 60 °C; ® Using IPrAuNTf: (5 mol%), MS 4A, CHsNO: at 80 °C;

< Using IPrAuNTf: (5 mol%), MS 4A, 1,2-DCE at rt; @ Using JohnPhosAu(NCMe)SbFs (3 mol%), CHzCl: at rt;
e Using IPrAuNTfz (5 mol%), MS 4A, 1,2-DCE at 60 °C; f Using AuCIPPhs/AgNTf: (5 mol%), 1,2-DCE at rt

The regiocontrol in the attack of the nitrenoid to the w-activated system is the main challenge
of intermolecular reactions involving nitrenoids. As demonstrated with the examples

discussed thus far, ynamides have been utilised as convenient alkyne surrogates. An
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advantageous feature of ynamides is the presence of a nitrogen adjacent to the n-system. The
lone pair of the nitrogen can be delocalised in the triple bond resulting in a more electrophilic
a-sp-C and a more nucleophilic B-sp-C, if compared to a normal alkyne. Consequently,
ynamides provide exquisite regiocontrol in nucleophilic additions to triple bonds.? Further

discussion of the ynamide features and preparation can be found in section 2.4.3.

There is a debate in the field about whether the previous transformations involve the
generation of a carbene species or a gold cationic intermediate. Huang®®® claimed the
participation of a a-imino gold carbene by designing an ynamide bearing a benzyl group on
the C-terminus which underwent 1,2-C-H insertion (Scheme 18-right). On the other hand, Liu
and co-workers?>? proposed a gold-driven ring opening of the azirine, followed by Nazarov
cyclisation as the most feasible reaction pathway (Scheme 18-left). With these insights

highlighting the potential of intermolecular nitrene transfer processes, the nitrenoid field

rapidly expanded.
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2 3
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Scheme 18: Synthesis of pyrroles through Nazarov cyclisation and via a-imino gold carbene intermediate
reported by Liu and Huang, respectively
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The generality of the ynamide approach was further showcased by Lu and Ye® with the
preparation of 2-aminopyrroles (147) from isoxazoles 146 as a new type of nitrenoid (Scheme
19). The key a-imino gold carbene intermediate is generated upon N-nucleophilic attack onto

a gold activated ynamide followed by ring opening of the isoxazole core.

(Lu and Ye, ref. 26 )

R5
4
R R! DTBPAUNT, (5 mol%) AN\ o
— + N———RS3 > RIS
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Bh __ph
O HN \ HN \ HN
HN
o»\N X ~Ac MS\N X/ Ac MS\N COMe o \\ 0
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DTBPAUNTf, (5 mol%) HNMO
nBu >
DCE, 80 °C Oél'\/\/\
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154 25%

Scheme 19: Top: General reaction for the synthesis of aminopyrroles and selected examples employing
sensitive ynamides. Bottom: C-H insertion onto the carbene intermediate leading to amide 133

The reaction proved general and tolerated many functionalities (148-151). Particularly
interesting were those substituents prone to undergo other rearrangements, such an N-allyl
ynamide, where cyclisation was preferential affording the desired pyrrole derivative 149 in
high yield. The carbene assistance was demonstrated making use of alkyl ynamide 153 to
promote a 1,2-C-H insertion onto the electrophilic metallated centre, forming o,-unsaturated

amide 154.

Structurally resembling isoxazoles, benzoisoxazoles (155), also known as anthranils, have
exhibited analogous nucleophilic features in gold mediated processes with electron-rich

alkynes. An unprecedented gold-catalysed C-H annulation reported by Hashmi?’ in 2016
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employed benzoisoxazoles as nitrene equivalents, to access 7-acylindolyl derivatives 157 via
an a-imino gold carbene (160) (Scheme 20). Carbene 160 is intramolecularly trapped by an
ortho-C-H insertion from the benzene ring, which upon protodeauration delivers arylindole

162.

Hashmi, ref. 27
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Scheme 20: Top: Intermolecular gold-catalysed annulation to form 7-acylindolyl heterocycles reported by
Hashmi. Middle: scope of the alkyne partner. Bottom: proposed mechanism

While terminal ynamides proved ideal for this transformation, fully substituted ones also
afforded the desired acylindolyl derivative. However, substituted ynamides were limited to
aryl groups on the C-terminus since alkyl groups underwent competing C-H insertion
pathways.?® Alkynyl ethers also exhibited suitable electrophilic features able to drive the
process as exemplified utilising 158. Terminal and internal alkynes were also employed in
this transformation, yet harsher reaction conditions and the use of Brgnsted acids were

required to achieve significant conversion.

Sahani and Liu® took advantage of the isoxazole functionality in a [4+2] gold catalysed

annulation/cyclisation cascade to form quinolone oxides 165 (Scheme 21). Further reaction of
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the resulting bicyclic system with a Zn"' species triggered the stereoselective formation of
tetrahydroquinolines 166 in a one-pot sequential process. Alkynoates and alkynones

functioned well as electronically biased m-systems in both steps.

('sahani and Liu, ref. 28 )
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Scheme 21: Quinolone oxide synthesis by a [4+2] gold catalysed annulation/cyclisation cascade reaction and
proposed mechanism reported by Sahani and Liu

The proposed mechanism involves the formation of an oxo-carbene 169 which cyclises by the
intramolecular attack of the exocyclic nitrogen giving 170. Extrusion of the gold complex
(171), followed by a 6-m electrocyclisation reaction furnishes 172 and re-stablishes the

aromaticity of the benzenoid system. Addition of zinc triflate forms iminium intermediate
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173. Water then attacks from the face opposite to the epoxide delivering intermediate 175,
which undergoes a Payne rearrangement. Hydrolysis of 177 and ring closing generates

tricyclic 166 stereoselectively.

While investigating 1-propargyl-1H-benzotriazoles 179 under gold catalysis, Ballesteros and
co-workers?® envisioned the potential of the resulting 5-endo-dig cyclisation products
(triazapentalanes 179) as a source of nitrene due to their electronic resemblance to azides

(Scheme 22).

(Ballesteros, ref. 29)

1) IPrAuNTf, (5 mol%) r/ \

N, N, ) CH4CN, 60 °C N—
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§ R2 rt
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Scheme 22: Three-component gold-catalysed synthesis of 2-imidazoyl-1-pyrazolylbenzenes reported by
Ballesteros

Upon screening of the reaction conditions, triazapentalane 179 successfully underwent
nucleophilic attack onto a gold-activated alkyne 185 forming vinyl gold carbenoid 186, which
then evolved into a-imino gold carbene 188 (Scheme 23). Subsequent trapping of the
metallated species by nitrile 187 (used as a solvent) triggered intramolecular ring closing

(189) forming tricyclic poly-aza heterocycle 190.

As compound 190 was susceptible to interact with the gold catalyst due to the presence of
donor sites, the addition of methanesulfonic acid was essential to release the catalyst and to

obtain 191 as a salt. The neutral form of 191 could be achieved with a basic work-up.
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The combination of these insights into a one-pot procedure eventually provided a practical
three component gold-catalysed synthesis of 2-imidazolyl-pyrazolylbenzenes via an a-imino-

gold carbene intermediate formed in situ after the first catalytic cycle.
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Scheme 23: Proposed mechanism for the synthesis of 2-imidazoyl-1-pyrazolylbenzenes via the formation of
triazapentalanes as nucleophilic nitrene equivalents reported by Ballesteros

Similarly to N-pyridinium aminides previously discussed, more recently, dioxazoles 192 were
also envisioned as source of nitrene to construct functionalised 4-amino oxazoles 117
(Scheme 24).3° Heteroaryl, cyclic, and polycyclic ynamides bearing electron-deficient,
electron-rich or neutral substituents reacted smoothly with dioxazoles furnishing substituted
oxazoles in moderate to excellent yield. Alkyl ynamides also react similarly to their aryl

counterparts delivering 5-alkyl oxazoles 196, albeit in significantly lower yield.
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A control experiment on which dioxazole tethered ynamide 201 cyclised efficiently forming
polycycle 202, demonstrated the participation of a N-acyl a-imino gold carbene intermediate
comparable to that of aminides. Yet in this case, the gold carbene is generated from the

dioxazole ring opening and acetone elimination.

Liu, ref. 30 CTTTTT T T \
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R3 i o © ,
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Scheme 24: Synthesis of oxazoles employing dioxazoles as nucleophilic nitrenoids

One of the latest nitrogen transfer reagents discovered are 1,2,4-oxadiazoles 203 and 205,
reported by Hashmi and co-workers®! and Liu and co-workers®? independently (Scheme 25).
These nitrenoids participated in a gold catalysed [3+2] annulation with ynamides to form

functionalised 4-aminoimidazoles 204 and 206, respectively.

In Hashmi’s methodology the substituent in position 4 of the oxadiazole remains as a pendant
N-acyl group in the final oxazole (204). In contrast, Liu’s transformation requires of a
substituted 5-phenyl-4,5-dihydro-1,2,4-oxadiazole as starting material. In this way
benzaldehyde is released from the reaction mixture upon ring opening of the oxadiazole core

and the final oxazole 206 is eventually formed.
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Scheme 25: Gold-catalysed synthesis of imidazoles reported by Hashmi and Liu respectively. Top: general
reactions; Bottom: comparison of the proposed mechanisms

1.4. Conclusions

In the present chapter, nitrenes have been introduced as powerful electrophilic species to

construct nitrogen containing compounds. Nonetheless, their practicality as nitrene transfer

agents is limited due to poor functional group tolerance and poor selectivity. Some of these

inconveniences have been partially solved with the utilisation of metallanitrenes, which are

electrophilic nitrene equivalents relatively easy to generate in situ.

In particular, rhodium nitrenes became versatile intermediates to synthesise complex aza-

heterocycles. Although rhodium nitrenes allow a superior control of the nitrene reactivity,
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they still lack broad compatibility with many functionalities and frequently lead to undesired

side-reactions and/or products.

During the last decade, a complementary route for the generation of nitrene character has been
achieved using nucleophilic nitrenoids in combination with m-acid activated alkynes.
Nucleophilic nitrenoids show superb ability especially to generate a-imino gold carbenes
providing access to a wide array of transformations, such as cyclopropanation, 1,2-migration,
C-H insertion or 4-x electrocyclisation, from a common intermediate. In this way, powerful
synthetic methodologies to construct nitrogen containing heterocycles, with excellent

stereocontrol and in an atom economical manner can be accessed.

Numerous intra- and intermolecular methodologies have been developed employing
nitrenoids as azides, aminides, azirines, oxazoles, dioxazoles, among others, with ynamides.
This fact renders a prosperous future to the field with many attractive methodologies being

developed on an ongoing basis.

The present thesis explores the potential of N-pyridinium N-heteroaryl aminides and other
1,3-N,N-dipoles as promising novel nucleophilic nitrenoids in gold-catalysed formal [3+2]
cycloadditions with ynamides. The proposed building blocks are conceived as a means to

rapidly produce complex functionally adorned heterocycles in a modular fashion.
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CHAPTER 2:

N-PYRIDINIUM N-BENZO(HETEROARYL)
AMINIDES AS NUCLEOPHILIC NITRENOIDS
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In the previous chapter, nitrene transfer reactions onto w-acid activated alkynes have been
presented as a potent strategy to construct complex aza-containing compounds. The use of

nitrenoids to synthesise imidazole derivatives is one of the focus of this thesis.

Several compounds bearing an imidazole fragment show attractive physicochemical
properties and biological activity. For instance, the imidazole motif is frequently found in
natural products,® pharmaceuticals** and agrochemicals.®® lonic liquids®® and fluorescent
materials®’ commonly contain an imidazole core embedded in their structure. Apart from
these, imidazoles also serve as precursors of N-heterocyclic carbenes (NHCs) to use in
organometallics.® Therefore, the development of robust and general strategies to access these

compounds is highly desirable.

Chapter two commences with a brief presentation of the research previously accomplished by
Miguel Garzén from the Davies group with N-pyridinium N-diazinyl aminides. That section
sets the ground for the main topic discussed in chapter 2: reactivity and scope of N-

pyridinium N-benzo(heteroaryl)aminides.

2.1. N-Pyridinium N-diazinyl aminides as 1,3-N,N-dipoles

Following the investigation of N-pyridinium N-acyl aminides as oxazole precursors, Garzon
and Davies explored 1,3-N,N-dipole reactivity from N-pyridinium N-diazinyl aminides as
means to construct imidazole derived heterocycles. These nucleophilic nitrenoids displayed
analogous reactivity patterns to that of N-pyridinium N-acyl aminides in the gold-catalysed

formal [3+2] cycloaddition with ynamides as previously discussed.?

The desired nucleophilic nitrenoid reactivity was proposed to arise upon m-acid activation of

the ynamide 116-126 forming gold keteniminium complex 213 (Scheme 26). Aminide 214
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approaches perpendicularly to the n-system, undergoing nucleophilic attack on the a-carbon
of the ynamide. After reconfiguration of the aminide in vinyl gold carbenoid 215, this could
evolve in a concerted manner. Nucleofuge elimination occurs simultaneously to cyclisation
via bis-hetero-4r electrocyclisation (216-217) by the development of a partial positive charge
on the system. Final deauration and regeneration of the aromaticity of the fused ring would

deliver imidazole 218 and recover the catalyst.

1 1
R\ [Au] R\ j + R
N———R3 N———R3 = 'N=
R? RZ AU rRY [Au]
116 213

Garzon and Davies
ref. 24
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N IN l |
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y 1 3
R R
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R? [Au]” N +

0 |
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NN Vinyl gold : /N,\/ i
R R3 carbenoid . NN
N a-lmino R~N/"\T’/R3
R? [Au] gold carbene R2 [Au]”
219 216

/ N’ ‘/Nj /ku
R! )‘\( \
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| 221 R &N
R‘N)\( N 3
R? [Au]” R2 Al xIAul
219’ \ N"(\Q / 27 —_‘<N\
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Scheme 26: Proposed mechanism for the formation of imidazolyl fused diazines reported by Garzén and
Davies

Alternatively, vinyl gold carbenoid 215 could undergo a stepwise process. Nucleofuge

elimination would lead to the formation of a-imino gold carbene/carbenoid 219-219°, which
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subsequently undergoes intramolecular attack from that nitrogen lone pair giving intermediate
220. Otherwise, a 4-m electrocyclisation could also be possible from intermediate 221 due to
the highly delocalised positive charge in 219°. For cyclisation to occur, a cis configuration of
219’ is required, which would be disfavoured depending on the steric bulk of substituent R®,

hampering the cyclisation process.

The reaction scope was evaluated across a range of ynamides utilising aminide 214 in the
presence of a phosphite gold(l) complex (Scheme 27). N-Alkyl and N-aryl groups with
different electron-rich and electron-deficient substituents in the C-terminus of the ynamide
provided the desired fused heterocycle in good yields (222-225). Ene-ynamides and alkyl
ynamides also proved to be suitable substrates in the cycloaddition affording the cyclisation
pathway over (226-228) other possible side-reactions, such as Nazarov cyclisation or 1,2-C-H

insertion.2°

(Garzo’n and Davies, ref. 24)

N/
1 / G /j DTBPAu(NCMe)SbF g (5 mol%) - N)\N ’
R \—{
1,4-dioxane [0.2M] 1 3
90 °C RN R
93 R? 198
0 1 ) 7 g
NN NN NN NN N7 N

I
T

Ms-N h Ms—N R3 Ms-N>_«;‘\ Ms—N R3
R2 PMB Bn Ph Bn N\

2 - o 3 = thi o 3 _ a H
R2 Me, 199 88% R3 thiophene, 201 73% 203 87% R®° = nBu, 204 67% 206 71%b
R =Ph, 200 95% R =3-NOy(CgHy), 202 77% R3 = (CH,)5Cl, 205 62%?
Selected examples

Scheme 27: Ynamide scope with N-pyridinium N-diazinyl aminide 191 in the gold catalysed cycloaddition
reported by Garzoén and Davies. ° Using PicAuCl: (5 mol%); ® Using 1,2-DCB at 120 °C

The 3-(cyclopropylethynyl)-1H-indole also underwent the transformation in reasonable yield

to give imidazole 229 but required higher temperature for good conversion. The distant
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nitrogen is in conjugation with the alkyne and is able to activate the triple bond and to control

the regioselectivity of the attack through an allene-like intermediate.

Structural variations on the aminide were introduced by employing diverse chlorinated
diazine precursors, which could also be functionalised. In this way, eight different N-
pyridinium N-diazinyl aminides and a N-pyridine derivatives were prepared to expand the

scope of the transformation.

The combination of different ynamides with functionalised N-diazinyl aminides allowed to
readily introducing a wide range of poly-aza substitution patterns in the imidazole structure

(231-239) (Scheme 28).

(Garzén and Davies, ref. 24)

XZ7 Ny
R3 X A R
/ z X7 x DTBPAu(NCMe)SbF ¢ (5 mol%) NP ONX
R\ Z + |N _ I AR > _
N XN N SN 1,4-dioxane [0.2M] ; = s
R2 90 °C RN , R
116 229 = CH N R? 530
o L) L L L)
| I
NZON NZON N7 N/km N7 NN N7ON
Ms—N Ph Ms—N PMP Ms—N Ph Ms—N — Ms—N
Me Ph Ph Bn Ph Me
231 85% 232 71% 233 75% 234 82% 23551%
= Br = Cl
N= =N NZ= A {\l {\l
A - L N N
N7 N N7 N N7 N —
\—{( \—( \—{( { Ph
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Scheme 28: Aminide scope in the gold catalysed cycloaddition reported by Garzon and Davies

Diazinyl aminides proved excellent substrates despite presenting electron-deficient heteroaryl

rings, which could have made them less prone to undergo cyclisation. Limitations in the
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reaction scope arose when employing an electron-rich N-pyridinium N-pyridine aminide,
which did not afford complete conversion to imidazo[1,2-a]pyridine 235. It was proposed that
this was due to the higher aromaticity of the pyridine ring compared to that of the diazine
ring. Consequently, disruption of the aromaticity of the pyridine to undergo cyclisation would

have a higher activation barrier.

2.2. Synthesis of tri-fused imidazolyl heterocycles

Inspired by the potential of the 1,3-N,O- and 1,3-N,N-dipoles in the gold mediated
cycloaddition, we sought to further explore the scope of this methodology to assemble more
varied structural and functional complex imidazole based compounds. To this end, N-
pyridinium N-benzo(thia/oxa)zole aminides 240 were conceived as new nucleophilic
nitrenoids to open up access to valuable and rarely-explored poly-fused heteroaromatics 243

(Scheme 29).

This work:

Lo 0P oo
A@% N)\(RS j{( — Ry AN

2 3
R? [Au] R2 [Au] R® R
241 Reconfiguration 242 243
needed for cyclisation

Scheme 29: Proposed reactivity pathway to form tri-fused imidazoles

At the outset of the study, we considered that these aminides could be more challenging
substrates for the annulation reaction. First, the (thia/oxa)zole ring is m-electron-rich as
opposed to the w-deficient character of the diazinyl aminides investigated previously in the
group. Therefore, either starting materials or products could function as ligands for the gold

complex and could capture the catalyst.
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Second, intramolecular H-bonding interactions in the aminide structure, which have
previously been reported by Builla and co-workers,®® could hamper the aminide from

achieving the adequate reactive conformation and from accomplishing cyclisation.

Considering the lack of precedent for the preparation and reactivity of these species, problems
in the synthesis of aminide derivatives could potentially arise during their preparation. In

addition, aminides could also show issues of stability or handling.

Yet, the potential applications and uses of the resulting tri-fused compounds in biology,

pharmaceutical or material science encouraged us to investigate deeply these new species.

2.2.1. Imidazole-fused benzo(heteroaryls) in medicinal and

material science

The imidazo[2,1-b]benzo(heteroaryl) motif is present in many biologically active molecules
and shows attractive pharmaceutical and medicinal properties, for instance as kinase

inhibitors* (244 and 246) or antibacterial agents*! (247) (Figure 2).

N
s— | 13CH3
N /
245 PET imaging
ref. 43 S
244 Kinase inhibitor A

ref. 40 O~ N“°N
N/\

Aogj\ /©/‘\2/46 FLT3 kinase inhibitor
\N ”

(AC220), ref. 40 247 Antibacterial agent
ref. 41

Figure 2: Biomedical active compounds containing an imidazo[2,1-b]benzothiazole framework

Other compounds possessing this core are known to exhibit antitumor activity against

common cancers.“%> 42 |_abelled molecules bearing this motif are used as pharmacophores for
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PET-based imaging of AP plaques in Alzheimer’s disease®® (245). Additionally, imidazo[2,1-
b]benzothiazoles are considered valuable building blocks in organic chemistry and have

significant applications in material science.*

Despite their numerous applications, routes to assemble the tricyclic imidazo[2,1-
b]benzotiazole core are not straightforward, especially regarding the synthesis of some
substitution patterns. Condensation of an aromatic amine 229 with an a-halo-carbonyl
derivative 230 prevails as one of the most extended protocols to synthesize the fused
imidazoles (Scheme 30).40% 41b. 43 \Wang and co-workers reported a copper catalysed
transformation of isocyanides 252 with benzothiazoles 251.*° Oxidative amination of 2-
aminobenzothiazoles 254 with a,B-unsaturated ketones 255 or ketones 257 also gives access

to the tri-fused skeleton.

Copper catalysis:
i
(0] 1 3 252
s x 2 sawe A s
R’ R? /4_% - s Cu(OAc),, Cs,C05 1
N N7 N PR )—R? > >N
HoNTS | 7 N
X =Br, Cl \—/ ! N DMSO, Ar, 25 °C —
3
248 R? 250 | 2 253 1, R
ref. 40d, 41b, 43 ;251 R*£ClBr ref. 45 R
____________________________________________ R
e} { Oxidative amination:] o
255
R1‘©:S>\ RZﬂ\/\Rs )]\R2 27
=N FeCly, Znl s s
No= 2 - 20 R1@ P—NH, _ et | g <N
R®  12-DCB,110°C N 1,2-DCB, 110 °C N
R o 02 254 air R?
256 ref. 46 ref. 47 258

Scheme 30: Common routes to assemble the tri-fused imidazo[2,1-b]benzothiazole motif

Some disadvantages of the previous methodologies involve laborious preparation of the
starting materials and limited functional group compatibility of the precursors. The nitrenoid
approach presented in this thesis would allow to access more varied and functionalised

imidazole derivatives in a modular fashion.
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2.3. Aims and objectives

The main objective of this chapter is to explore the reactivity and scope of N-pyridinium N-
benzo(heteroaryl) aminides as new nitrenoids. In particular, the main goal was the preparation
of ynamides and aminides in a practical manner, as they are the primary species studied
throughout the thesis. Investigation of the aminide scope is aimed by developing a main route
to synthesise benzo(heteroaryl) aminide precursors, in addition to analyse the ynamide scope

in the gold-catalysed [3+2] dipolar cycloaddition with benzo(thia/oxa)zole aminides.

We also sought to compare the reactivity of the new aminides in the gold-catalysed annulation
with respect to other aminides series previously investigated in the Davies group to evaluate

the versatility of the transformation.

2.4. Results and Discussion

2.4.1. Synthesis of N-pyridinium N-benzo(heteroaryl) aminides

The applicability of N-pyridinium N-benzo(heteroaryl) aminides has been scarcely explored
in the literature. Builla and co-workers*® reported the first preparation in 2004, in which
different 2-chloroheterocycles 260 reacted with N-aminopyridinium iodide (259) and
potassium carbonate in acetonitrile at reflux for 3 days, affording the corresponding N-

pyridinium aminides 261-267 (Scheme 31).
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g
N X X
Y - Cl N~ X X% x
Builla, ref. 48 | ' 260 | B H#R
~_N. > AR X, X
+ NH, K,CO3, CH5CN + N° N
259 3 days
. -U .. ﬁ Cl. i T Q. Jﬁ
261 75% ( 262 91% ( 263 77% (reflux) 264 98% (rt)
G ) @ 2 Qs
No- A No- AN
ZH N7 N = NAN
265 72% (reflux) 266 77% (rt) 267 90% (reflux)

Scheme 31: Synthesis of aminides reported by Builla and co-workers

Our initial focus was to make the preparation of aminide 267 more practical, mainly to reduce
the reaction time (Table 1). Acetonitrile and methanol were selected as solvent systems due to

the high polarity of the aminides.

Table 1: Screening of the conditions for aminide formation

Gy, - <0 w20 O 150
+ ClI—
Z r}r‘\NH2 N Solvent T (°C A

Time

259 (1.0 eq) 269 (1.04 eq) gg; ;(< = g

Entry Aminide Solvent T (°C)  Time (h) Purification method  Yield? (%)

1 X=S CHsCN rt 72 Filtration + column >100

2 X=S MeOH rt 24 Filtration + column >100

3 X=S CHsCN 83 20 Filtration + column >100

4 X=S MeOH 65 22 Filtration + column >100

5 X=§ CH:CN 83 20 Filtration + extraction 93
+ column

6 X=§ MeOH 65 21 Filtration + extraction 90
+ column

7 X=§ MeOH t 29 Filtration + extraction 95
+ column

8 X=S MeOH rt 24 Extraction + column 98

9 X=0 MeOH rt 16 Extraction + column 92

#Isolated yield after purification by the stated method
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The reaction was performed at reflux and at room temperature using both solvents (entries 1-
4). The yields obtained after filtration through Celite and purification by flash column
chromatography were over 100%, suggesting the presence of inorganic impurities or the

product in the form of a potassium salt.

The work-up procedure was then changed and we then proceeded to treat the crude mixture
with a solution of NaOH [2.5 M] followed by extraction with CH>Cl, (entries 5-7). In this
way high yields of 267 were achieved giving analytically pure aminide as a bright yellow
powder. In order to achieve a more practical preparation, the same reaction was performed
without carrying out the filtration (entry 8). Since the conversion was maintained (compared
entry 7 and 8), it was decided to proceed with this procedure for the preparation of 267. An

analogous procedure was followed to synthesise aminide 268 (Entry 9).

2.4.2. Investigating the reactivity of the new nitrenoids in the

[3+2] gold catalysed cyloaddition

The reactivity of N-pyridinium N-benzo(thia/oxa)zole aminides 267 and 268 was tested in the
gold catalysed cycloaddition using ynamide 270. As starting point, the new aminides were
tested under the optimised reaction conditions utilised for the diazynil series.Preliminary
results showed lower reactivity of the N-benzo(thia/oxa)zole aminides, and thus an

optimisation survey was performed by Garzon (Table 2).

Moderate conversion was achieved when employing phosphite gold(l) as a catalyst regardless
of the solvent used (entries 1-3). Dichloro(2-pyridinecarboxylato)gold afforded higher
conversion especially at high temperatures in shorter reaction times (entries 4-6). No
reactivity was observed in the absence of catalyst (entry 7) or when using zinc triflate

replacing a gold complex (entry 8). 1,2-Dichlorobenzene at 125 °C was established as the
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ideal reaction conditions employing a more electrophilic gold(l11) catalyst (entries 6 and 10),

which provided imidazolyl benzo(thia/oxa)zole 271 and 272 in excellent yields, with

relatively short reaction times and complete regioselectivity.

Table 2: Summary of the screening accomplished by Garzon

X
O /E’Q . MS\N __ ,, _Catast(Gmol) N%,\TQ
X 'll‘l:l \N M Solvent [9.1 M] >=< 271X =S
267 X=S (1.2 eq) 270 (1.0 eq) T°C, time MS‘NMe 272X=0
268 X = O (1.2 eq)
Entry Aminide Catalyst Solvent T (°C) t(h) Yield (%)
1 X=0 DTBPAuU(NCMe)ShFs  1,4-dioxane 90 24 (26)
2 X=0 DTBPAuU(NCMe)SbFs m-xylene 120 24 44
3 X=0 DTBPAuU(NCMe)ShFs 1,2-DCB 125 24 44
4 X=0 PicAuCl, 1,4-dioxane 90 24 81
5 X=0 PicAuCl; 1,2-DCB 90 24 76
6 X=0 PicAuCl; 1,2-DCB 125 6 84
7 X=0 - 1,2-DCB 125 24 -
8 X=0 Zn(OTf), CeHsCl 100 24 -
9 X=S PicAuCl; 1,4-dioxane 90 24 50
10 X=S PicAuCl, 1,2-DCB 125 8 87

% Isolated yield after purification by flash column chromatography. Yield in parenthesis calculated by
'H NMR spectroscopy against a known quantity of 1,2,4,5-tetramethylbenzene. Reaction optimization

performed by Garzon

2.4.3. Ynamides as electron-rich alkynes

At this stage, we sought to further study the reactivity of aminides 267 and 268 by testing

them with a range of ynamides in order to prove the generality of these compounds as

nucleophilic nitrene equivalents.

2.4.3.1. Introduction to ynamides

Ynamides were considered excellent reaction partners for the gold-catalysed formal [3+2]

dipolar cycloaddition due to their ability to coordinate to m-acid catalysts, but more

importantly because they provide regioselective control.
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Formally, ynamides are electronically biased triple bonds owing to the presence of an
adjacent nitrogen atom. The nitrogen activates and polarises the alkyne allowing for more
controllable reactivity. Coordination of the ynamide to a metal complex (274) forms a
resonance Kketeniminium intermediate (275), which selectively directs the attack of the

nucleophile towards the a-position of the ynamide (276) (Scheme 32).

1 i
I? Nu 2 ,R1 H R! R3 Nu
N~ 3 Nu R“-N + ! \n _‘g Nu R! R3
R? \K)\R -<---- >_:_R3 E +/N—'—\ | N X )
M M] : R? M] R2 [M]
278 p-side attack 277 Not stable i 275 Keteniminium 276 o-side attack

Scheme 32: Ynamide controls the regioselectivity of the reaction

Depending on the nature of the R? substituent, several classes of ynamides are reported in the
literature, such as yne-amides, yne-carbamates, yne-phosphoramides and yne-sulfonamides.?%
This work mainly focuses on the use of yne-sulfonamides 282 to study the gold-catalysed

formal [3+2] cycloaddition with nucleophilic nitrenoids (Figure 3).

0 0 0 0
I 1.0
R'_< R'O—{ R O\/P(l Rv_S\/
N—FR® N—=-r® RO N—=—=3 N—=-FR®
R? R? R? R?
279 Yne-amides 280 Yne-carbamates 281 Yne-phosphoramides 282 Yne-sulfonamides

Figure 3: Most common types of ynamides

Due to their stability and easy handling, many transformations make use of these species as
precursors to build up molecular complexity. In addition, they are regular building blocks in

many synthetic routes and participate in the preparation of natural products.*®

Numerous protocols have been described in the literature for ynamide preparation (Scheme

33). The use of haloenamides under copper catalysis is the main route employed by many
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groups. For instance, while Hsung® and Danheiser®® utilises bromoalkynes (284), Evano’s®
methodology requires 1,1-dibromoalkenes (285). Stahl>® developed a copper catalysed
oxidative amination of terminal alkynes (286). In addition, initial transition metal free
strategies have been improved by Anderson>* and Zhao® using 1,2- and 1,1-dichloroenamides
(288 and 287), respectively. The latter provides a straightforward route for terminal ynamide

preparation.

ref. 51
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Scheme 33: Reported methodologies to synthesise ynamides.® Using KHMDS, Cul, pyridine at rt; ® Using
CuSO04-5 H20 (5-20 mol%), 1,10-phenanthroline, K3POs, toluene at 60-95 °C; € CuCl: (20 mol%), NazCOs,
pyridine, Oz (1 atm), toluene at 70 °C; ¢ Using 1) PhLi, THF, -78 °C; 2) “E*”, THF, -78 °C to rt; € Using Cs2COs or
NaH, DMSO at 70 °C;f Using Cul (12 mol%), DMEDA (18 mol%), Cs2COs, dioxane at 60 °C or DMF at 70 °C

While Hsung’s methodology is more effective using lactams, oxazolidinones or cyclic
amides, Evano’s allows the use of tosylamines. Ynamides bearing acyclic carbamates are
successfully formed employing Danheiser’s conditions. Complementary to these, Stahl’s
methodology permits to introduce alkyl substituents in the carbon end of the n-system. The

advantage of this procedure over the rest is the direct use of commercially available terminal
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alkynes, albeit requiring a significant loading of the amide starting material (5 eq.) and an

oxygen atmosphere.

Carbamates, cyclic and bulky amides can be applied in the ynamide formation using
Anderson’s reaction conditions. Finally, Zhao’s transition-metal free procedure can be used
for the preparation of ynamides bearing substituents such as aniline sulfonamides,
oxazolidinones, indoles, carbazoles, among others. Terminal or internal ynamides can be

synthesised employing Zhao’s methodology as well.

In general, the wide applicability and practicality of these routes rely on the use of
inexpensive starting materials and the introduction of valuable functionality. Nevertheless,
stepwise preparation of the haloenamides and the instability of di-bromoenamides or bromo

alkynes are the main issues of some of the aforementioned methodologies.

Other alternative methods for ynamide formation reported in the literature consist on using
copper-zeolites,>® potassium alkynyltrifluoroborates (289)°’ or alkynyliodonium salts (290)°®

(Scheme 34).

Br————R3% 284 ref. 56

Cu(1)-USY (8 mol%)
1,10-phenanthroline (20 mol%)
K,COj3, toluene, 85 °C

1 KFB—— R2 289 ref. 57 L

E 283 : — CuCl, » 2H,0 (15 mol%) > 116

Lol g 1,2-dimethylimidazole (15 mol%)

4A MS, O, (1 atm)
CH2C|2, rt, 48 h

1) nBulLi, toluene ref. 58

" =
2) J==="R® 0S0,CF;
P 290

Scheme 34: Other methodologies reported for the preparation of ynamides
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2.4.3.2. Ynamide preparation via 1,2-dibromoolefins or via bromo alkynes

Ynamides utilised in this work were prepared following Evano,®> Hsung® or Anderson®
methodology. Ynemides prepared using Anderson’s procedure are presented in Chapter 4.
The procedure reported by Evano® required aldehydes 291 to be converted to their
corresponding 1,1-dibromoalkenes following the Ramirez Olefination®® (Scheme 35).
Dibromoalkenes 285 were then reacted with sulfonamides 283 or oxazolidinones under

copper(l) catalysis.

o) PPhs, CBr, B~ Br

Ramirez Olefination: l - > |
R®  CH,Cl,, 0°C R3

291 285

Br_Br cul, Cs,CO5;, DMEDA
. \[ -
3

> =—R3
R DMF, 70 °C
283 285 116
/\N = | :N%Q—Br N— 7
Bri PMB Bri
292 87% 293 39% 294 60%
(0] 6]
0/4 _ 0’4 _
|\/N — OMe |\/N — Br
295 68% 296 54%

Scheme 35: Ynamides prepared following Evano’s method

Hsung’s methodology required a bromoalkyne 284 to be coupled with the sulfonamide or
amide of choice by copper(ll) catalysis (Scheme 36). Bromoalkynes 284 were accessible from
the reaction of the corresponding terminal alkyne 286 with NBS catalysed by a silver salt.
They needed to be used within 24 hours in the ynamide formation step due to their instability.
1,1-Dibromoolefins 285 also served as suitable precursors, since they could be converted into

bromo alkynes 284 using triethylbenzylammonium chloride.
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, NBS,AGNO; 7T (EBNN)CL, CH,Cly Br\[Br PPhs, CBr, Ci
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Scheme 36: Ynamides prepared following Hsung’s procedure

Apart from the ones presented in Scheme 35 and Scheme 36, several ynamides that were used
in the gold catalysed cycloaddition reaction throughout this thesis were prepared by other

members of the group, as mentioned in the collaboration statement (see Appendix).

2.4.4. Ynamide scope in the gold-catalysed formal [3+2] dipolar

cycloaddition with N-pyridinium N-benzo(thia/oxa)zole aminides

The reactivity of aminides 267 and 268 was evaluated across a range of ynamides utilising the

optimised reaction conditions obtained by Garzdn (Scheme 37).

N-Benzyl, N-alkyl and N-p-methoxybenzyl substituents on the sulfonamide moiety were well
tolerated. Variations on the ynamide at the carbon substituent with more electron-rich or
electron-deficient heteroaryls proved successful (302-305). The robustness of the reaction was

showcased with the preparation 305 on 1.0 mmol scale.

N-Phosphoryl-ynamide 299 functioned well as stabilising group on the ynamide structure,

providing imidazole 308 in excellent yield and in similar reaction times.
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Scheme 37: Study of the ynamide scope with N-pyridinium N-benzothiazole aminides in the gold-catalysed

formal [3+2] cycloaddition. ° Using 1,2-dioxane at 90 °C; *Using DTBPAu(NCMe)SbFs as catalyst.

N-Allyl-ynsulfonamides are known to undergo intra aza-Claisen rearrangements in the

presence of a palladium(0) source or when heated (Scheme 38).%° Despite the temperature

required for the gold mediated annulation, an N-allyl-ynsulfonamide underwent the

cycloaddition preferentially over the aforementioned thermal intramolecular aza-Claisen

rearrangement forming imidazole 306.
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Scheme 38: Aza-Claisen rearrangement known in the literature of N-allyl-ynsulfonamides

An ene-ynamide prepared from trans-cinnamaldehyde afforded imidazole 309 with excellent
conversion despite the tendency of ene-ynamides to undergo cyclopropanation under gold

catalysis.*® 61

The introduction of alkyl substituents in position 3 of the imidazole proved troublesome. The
use of milder reaction conditions did not improve the conversion (see example 286). It is
believed that a competing 1,2-C-H insertion onto the a-imino gold carbene intermediate (see
Scheme 14) is faster than the desired intramolecular cyclisation resulting in poor conversion

to 310. Yet still, no product from a 1,2-C-H insertion could be isolated.

N-Indolyl and N-oxazolidinolyl ynamides were also compatible with this transformation
giving imidazoles 311 and 312, respectively, in good yield. Nonetheless, longer reaction times
were required to achieve complete conversion. This fact could be due to the delocalisation of

the nitrogen lone pair across the indole ring or the amide motif of the oxazolidinone.
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2.4.5. Introducing variations on the nitrenoid structure

Having proved the potential of N-pyridinium N-benzo(thia/oxa)zoles as a new class of
nucleophilic nitrenoids, our next aim was directed towards introducing more functionality on
the imidazole heterocycle using functionalised aminides. Two main strategies were
considered, the first approach consisted of direct halogenation of the aminide core (240)

(Scheme 39-top).

N/*XN@R — A’Q — G x@

R >=< s Modifying the Method A
N R aminide structure

R? 321 U
X
CI_QD‘R — CI—QND

Method B
323 269
N -~ |
Ms ’
259 Ph N“ N
N7 K,CO3 NIS DMF y=(
)l\/j CH-CN Py\ )\ 50 °C PY\ )\ o Ms—N Ph
CI” °N r3t PicAuCl, (5 mol%) Bn
324 214 95% 1,4-dioxane, 90 °C 326 93% (20 h)
NBS, CH,Cl,, 20 °C X
| X S 252 o | X S
~ '-l\!\l:l/k\N or ~ 'E\I:I/Q\N
NIS, DMF, 50 °C
267 322 X =Br, |

Complex mixture

. NO
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c—{ e
N 2) HNOg, rt N

327 328

Scheme 39: Top: Planned strategies to functionalise the imidazole derivatives through the aminide. Middle:
Attempted halogenation on the aminide core. Bottom: Nitration of 2-chlorobenzothiazole

As in the N-pyridinium N-diazinyl series, halogenation followed by cross-coupling reaction
proved an effective route to further vary the aminide structure (see 324 to 326).%*

Unfortunately, in the N-pyridinium N-benzo(thia/oxa)zole aminide series control of the
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regioselectivity was a problem when either bromination or iodination were attempted for

subsequent modifications (267 to 322).

We then proceeded by modifying 2-chlorobenzo(thia/oxa)zole precursors 323. 2-
Chlorobenzothiazole 327 was nitrated forming 2-chloro-6-nitrobenzo[d]thiazole 328 as a
single regioisomer in excellent yield. Further modifications were attempted on 327 and 328
such as halogenation of the benzene ring or reduction of the nitro group, respectively.
However, issues in controlling the regioselectivity and polysubstitution in the electrophilic

aromatic substitution reaction restricted the applicability of this approach.

To circumvent these problems, an alternative strategy employing commercially available o-
halo or o-hydroxy aniline derivatives 329 was attempted (Scheme 40). In that case,
functionality was installed prior to formation of the benzo(thia/oxa)zole ring. Anilines were to
be reacted with a CS: equivalent, delivering thiol-benzoheterocycles 330 that were
subsequently methylated. Thioamides 331 were used as electrophiles in the synthesis of

aminides 322 and thus, problems regarding regioselectivity and poly-substitution were

overcome.
z Py,
X Mel X 259 Py _ X
R ——> Hs— :©~R —> Mes— :©~R — N :©~R
HoN "CS," N Base N N
2 equivalent X =50
329Z=F, Cl, OH 330 331 322

Scheme 40: Proposed strategy via thioamides to synthesise benzo(heteroaryl) precursors

2-Chloro-5-nitroaniline was treated with potassium ethylxanthate in DMF to form the
corresponding thiol. As purification of the thiol was troublesome, a practically more
convenient two-step sequence utilising the same reagents was performed delivering 2-

(methylthio)-5-nitrobenzo[d]thiazole 333 in good yield.
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Cl S
1) KS,COEt, DMF, 125 °C
Kj\ = Mes—( Ij\
HoN NO, 2) Mel, Et3N, EtOH, rt N NO

332 333 59%

2

The introduction of a substituent in the 4-position of the aminide precursor was achieved
starting from 2,6-difluoroaniline. Formation of 335 using potassium ethyl xanthate and NMP

at 120 °C, followed by methylation, delivered sulfide 336 in 87% yield.

F S S

KS,COEt, NMP  HS—( Mel, K;CO3  MeS—(

HoN 120 °C N DMF, rt N

F F F
334 335 56% 336 87%

An effective but lengthier route was required to prepare benzoxazole 342 bearing a bromide
substituent. Commercially available 2-bromo-6-nitrophenol was sonochemically nitrated
following Bhanage’s procedure.®? Precise control of the speed of the stirring was crucial to
favour ortho nitration over para substitution. Subsequent reduction with zinc metal provided

amine 340 in excellent yield. Thiol formation and methylation proceed smoothly giving

access to 7-bromo methyl sulfide 342.

Br Br
HO HO
HO HNOj, (9%), DCE 20, NH,Cl, MeOH
200 rpm, 29 °C NO, O,N 0 C tort H,oN
337 338 37% 339 41% 340 94%
By-product
Br Br
0 Mel, K,COs 0 KS,COEt
MeS HS—Q
_<\N:© DMF, rt _<N EtOH, 90 °C
342 88% 341 84%

With two complementary routes established for the preparation of functionalised aminide
precursors, 2-chloro and 2-methylsulfide benzo(heteroaryls) (323 and 331) were tested with
N-aminopyridinium iodide (Scheme 41). Gratifyingly, both chlorides and sulfide groups

functioned well as leaving groups in the SnAr reaction. All precursors reacted smoothly
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giving access to a range of functionalised nitrenoids 343-346. Nitrated benzoheteroaryls
afforded better conversions than the halogenated ones. In case of aminides 345 and 346,

starting material was recovered even after prolonged reaction times.

rt, overnight

R
@ - _<x:© K,CO3, MeOH | X X
N. + Y \ R - > _
7+ NH, N Z N‘NAN
259 (1.0eq) 323Y=Cl(1.04eq) X=S,0 322

331Y = SMe (1.04 eq)

AQ Q) 8 Q). @ aBeY;

343 92% (20 h) 344 82% (24 h) 345 50%? (24 h) 346 56% (20 h)

Scheme 41: Novel functionalised aminides. ° Utilising CH3CN at 83 °C

2.4.6. Surveying the reactivity of the functionalised aminides

With a collection of functionalised benzo(thia/oxa)zole aminides in hand, our next target was
set on exploring their reactivity in the formal [3+2]-dipolar cycloaddition. Ynamides bearing
interesting functionalities or that afforded good conversions in our previous study were

chosen to analyse the behaviour of these aminides in the cycloaddition reaction.

The majority of nitrenoids performed the transformation at 125 °C in 1,2-DCB smoothly
(Scheme 42). The reactions were fast, clean, proceeded with complete conversion and defined

regioselectivity.

Regarding the aminide scope, the relative position of the nitro or halogen substituent in the
aminide had no or little impact in the cyclisation. Slightly longer reaction times were required
to reach completion when utilising more electron-deficient aminides bearing a nitro group

(347-351). This could be attributed to the larger delocalization of the negative charge of the
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N,N-dipole across the benzothiazole ring when a nitro group is present. As a result, the

cyclisation is slowed down.

N
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Scheme 42: Synthesis of highly functionalised imidazo[2,1-b]benzo(heteroaryls)

As observed when investigating the ynamide scope, N-alkyl ynamides were unsuitable
substrates, as exemplified by the low vyield of imidazole 351. In contrast, ene-ynamide
(forming 355) underwent the transformation smoothly without detecting the presence of any

other by-products of a possible cyclopropanation side-reaction. 6 6
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An ester derived ynamide afforded moderate yield of 354 and 357 when reacted with
aminides 345 and 346, respectively. We hypothesise that this decrease in reactivity observed
could be due to a side-reaction to form a pyrazole derivative. This undesired pathway has
previously being observed in the N-pyridinium N-acyl aminide series by Gillie et al.??> who
manage to isolate and fully characterise the pyrazole side-product. In this case, we proposed
that m-activation of the carbonyl by the gold complex could lead to the formation of
intermediate 358, which can then cyclise to form 359 (Scheme 43). Elimination of the

benzoxazole group and subsequent rearomatization of 360 would deliver pyrazole 361.

@@ e

N=l =
Ts Ot Ts ) NNy
\ _/-\ ‘N OEt Ts .
N—=-+ N
PH (o Ph >/ ) 359
357 . [Au] COZEt
» 358
[Au]
[\/j—'N Y N'CN"' p
-
Ts N Y Ts\ \ S
|
Ph CO,Et Ph COzEt
361 360

Scheme 43: Proposed pyrazole formation side reaction using ynamide 332 based on the results reported by
Gillie et al.

2.4.7. Mechanistic considerations

Having demonstrated the ability of these new nitrenoids to display the required 1,3-N,N-
dipole in the synthesis of tri-fused heterocycles with ynamides, an analogous mechanistic

rationale to that of the N-diazinyl aminides was proposed (see scheme 26).
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In general, high conversions to the corresponding imidazoles were observed, the only
exception being when using alkyl ynamides. This suggests that a competing 1,2-C-H insertion

is faster than the desired intramolecular cyclisation.

In contrast, when alkyl ynamides were used with N-diazinyl aminides they proved good
substrates (see scheme 27). This fact highlights that cyclisation of the pyrimidinyl ring has
lower activation energy than that of the benzo(thia/oxa)xole ring. The difference in reactivity
observed is in agreement with the lower reactivity of N-benzo(thia/oxa)zole aminides with

respect to the N-diazinyl ones as 1,3-N,N-dipoles.

2.4.8. Oxazolidinone based ynamides in the gold catalysed

cycloaddition

In 2016, Huang and co-workers®® reported the synthesis of 3-amido-indoles 364 through a -
site selective formal [3+2] cycloaddition of oxazolidinonyl ynamides 362 with pyrido[1,2-

b]indazoles 363 (Scheme 44-top).

Huang, ref. 63 74 R3
2
R \N
)]\ / JohnPhosAu(NCMe)SbFg "
DCE, 100 °C o .

LG.-
o N o
o)
"\ SN } ! o™ g
o) o B N o N o N N-R
>
[Au] AllT R AQT R (Al
365 366 366" 367

Scheme 44: Top: Synthesis of 3-amido indoles through a gold-catalysed formal [3+2] cycloaddition reported
by Huang. Bottom: Proposed mechanism for [-site selective activation of the ynamide
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This unprecedented regioselectivity using ynamides, as opposed to the commonly observed o-
attack onto the keteniminium intermediate, was explained by the oxazolidinone moiety
generating a stable 5,5-fused carbocation (366-366°) from which -addition of the nucleophile

was favoured (Scheme 44-bottom).

With Huang’s precedent, we wondered if in the example reported by Garzon and Davies®
during their investigation of the ynamide scope in the N-diazinyl aminide series (Scheme 45-

top), B-site selective attack had occurred when using oxazolidinonyl ynamide 368.

(Garzén and Davies, ref. 24J
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Scheme 45: Top: Result reported by Garzon assuming cr-site selective attack onto the ynamide. Bottom:
proposed reaction pathways for a- and S-site attack
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Initialy, it was assumed that the aminide would had undergone the common o-site attack on
the gold-activated ynamide, yet the formation of the other regioisomer from B-attack could

also be a viable reaction pathway (Scheme 45-bottom).

The steric impact of a bulky phenyl group in the ortho position of ynamide 370 could have
been sufficient to block the attack of the carbonyl onto the p-site allowing only a a-site attack
(370 to 369). To corroborate this result, a brief study of oxazolidinonyl ynamides without this
steric issue was conducted (Scheme 46). Ynamides 295 and 296 bearing substituents in

position 4 of the phenyl group were prepared following Evano’s procedure® (Scheme 35).

Oxazolidinolyl ynamides were reacted with N-pyridinium N-diazinyl aminide 214 employing
the conditions optimised by Garzon** (DTBPAu(NCMe)SbFs (5 mol%), 1,4-dioxane at
90 °C) and the regioselective outcome of the catalysis products was then analysed by

spectroscopic techniques.

0 R!
)N y O /j DTBPAU(NCMe)ShF (5 mol%) N)\N ’
o\/,l\l ' )\ 1,4-dioxane, 90 °C 0) >=<

N R
362 (1.0 eq) 214 (1.2 eq) 0\) 380
0 0
N)\N N)\N
0) — ¢} —

38178% (23h) Ve 382 76% (20 h) °'

Scheme 46: Oxazolidinonyl ynamides in the formal [3+2]-dipolar cycloaddition

A NOESY experiment of imidazodiazine 382 was run to verify the outcome from the gold
catalysed cycloaddition (Figure 4). Imidazo[1,2-a]pyrimidinyl oxazolidinone 382 showed

coupling between H3 and H4. Proton H4 showed interaction with H7 since it is relatively
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close in space. A faint signal corresponding to the interaction H4-H6 was also observed.
There is no coupling observed between H7 and H3, which it should have been observed if it
was the B-site attack product. The crystal structure of 382 allowed the final regioselective
outcome to be confirmed (Figure 5-see Appendix for crystallographic data). This agrees with

the proposed structure from an a-site selective attack.
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Figure 4: NOESY spectra of imidazole 382

Br

Figure 5: Crystal structure of imidazole 382 with ellipsoids drawn at the 50% probability level. X-Ray
crystallography was obtained and solved by Dr Louise Male (University of Birmingham)
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2.5. Conclusions

N-Pyridinium N-benzo(thia/oxa)zole aminides have been investigated as nucleophilic
nitrenoids. These robust and bench stable species can be easily prepared from commercially
available starting materials via a modular synthetic route through chloro or thioamide

precursors containing different functionalities.

N-Pyridinium N-benzo(thia/oxa)zole aminides have proved excellent 1,3-N,N-dipole
equivalents in the gold-catalysed formal [3+2]-dipolar cycloaddition with ynamides, despite

their more w-electron rich character in comparison to N-pyridinium N-diazinyl aminides.

The new aminides allowed access to highly functionalised imidazo[2,1-
b]benzo(thia/oxa)zoles in excellent yield, with complete regioselectivity and good functional

group tolerance.

Further investigation needs to be performed to assemble a complete picture to prove
formation of key reaction intermediates. Another area of significant interest would be to
analyse the potential biological activity and properties of the imidazo[2,1-

b]benzo(thia/oxa)heterocycles for pharmaceutical industry.
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CHAPTER 3:

NEW SCAFFOLDS FOR THE GOLD-CATALYSED
FORMAL [3+2] DIPOLAR CYCLOADDITION:
URACIL, RHODANINE AND THIOHYDANTOIN
BASED AMINIDES
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3.1. Introduction

3.1.1. New approach to construct molecular complexity

Chapter 3

In the previous chapter, aminides were presented as powerful synthetic tools to access

functionalised imidazole-based heterocycles via a gold catalysed cycloaddition with

ynamides. Only two main families of fused imidazoles have been investigated thus far:

imidazo[2,1-b]diazines and imidazo[2,1-b]benzo(thia/oxa)zoles?* % (Figure 6-left). We then

sought to expand the scope of this transformation utilising different 1,3-N,N-dipoles.

Eventually, to access a wider range of poly-aza imidazolyl heterocycles by means of a

nucleophilic nitrenoid approach. Our interest towards accessing more diverse imidazolyl

derivatives arises from the numerous applications of compounds containing a fused

imidazolyl core in biomedicine and material science.
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@ N/j
B 214
7 '-\FLN)\\N

—1,3-N,N-dipole from r-electron
deficient heteroaryl
— Highly reactive in the gold catalysis
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Figure 6: Previous investigated aminides (left) and proposed new nitrenoids (right)

Therefore, we sought to explore new nitrenoid cores —rhodanine, thiohydantoin and uracil- as

potential 1,3-N,N-dipoles bearing an amide-like functionality (Figure 6-right). These and

similar heterocycles are present in the structure of many biological compounds and materials.
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Additionaly, they contain attractive reactive sites that could allow late stage functionalisation

of the catalysis products.

Several points were taken into consideration at the outset of this investigation. A robust
synthetic route is necessary to prepare the nitrenoids in a practical and easily scalable manner.
Nucleophilic character is required from a non-aromatic N-heteroaryl motif (383 and 384),
which differs significantly from the previous families investigated within the Davies group
(214 and 240). The heteroatoms embedded in the aminide structure could act as a ligand and

sequester the catalyst.

3.1.2. Biological activity and physical properties of molecules

containing the new heterocycles

Rhodanine 385 and 2-(methylthio)thiazol-4(5H)-one 386 (Scheme 47) are common building
blocks in organic chemistry to construct thiazolone based compounds.®® These precursors are
integrated in the early stage of many synthetic routes to readily assemble highly valuable 5-
ylidene-4-thiazolone derivatives such as 398 and 399.

Sl DIPEA, Mel S
———— A N —
54(\H 0 \S/(\N o
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385 386 ProH = SN
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0 c? 70 °C N)\,s o OEt
d N
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| B SN
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— OEt —
OH K,CO3, Acetone O/\ﬂ/ Precursor of ITZ15

Reflux o} (Protein Tyrosine Phosphatase Inhibitor)

NN NN S S
o= e J Mo = ) = A
/s s §TNTTO N

399 \
(Micromolar CDC25 386 385
phosphatase inhibitor)

Scheme 47: Applications of 2-rhodanine and (2-methylthio)rhodanine in the preparation of phosphatase
inhibitors
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The thiazolone unit is widely featured in molecules with interesting biological properties in
medicinal chemistry displaying antitumor,®” anti-inflammatory,®® anti-tubercular,®® or
antimicrobial activity’® (Figure 7). Many inhibitors such as 400, 401 or 402 (Epalrestat)’
bear that core. The 5-ylidene-4-thiazolone is found in the structure of some photosensitizers
such as 403 for dye-sensitized solar cell (DSSC) applications™ or in 404, which is applied in

photodynamic therapy (PDT).”

o
< /N ’« C02
S_( i ,/o S N—/
N~S “ S\&
Br
400 Clathrin |nh|b|tor 401 Kinase inhibitor (;gisiplar:;?;ﬁir
ref. 71 ref. 71 vof 72
(o)
HO
N s>_—:S
Q N O N
® 0
N Ho\(
CeH1s o)
403 p-Type photosensitizer 404 Photosensitizer for PDT
ref. 73 ref. 74

Figure 7: Examples of inhibitors and dyes bearing a 5-(ylidene)thiazolone motif in their structure

5-(Ylidene)-2-thioxo-4-imidazolidinone derivatives are installed in the structure of numerous
compounds investigated as inhibitors’™ (405), anticancer’® (406), anti-inflammatory (408) and
anti-fungal”” (409) agents (Figure 8). Certain corrosion inhibitors’® (410), chromophores’

(411) and fluorogenic dyes® (407) for fluorescence bioimaging also contain this core.

In the same manner to its sulfur analogue, Knoevenagel condensation is one of the
conventional transformations utilised to integrate the 2-thioxo-4-imidazolidinone pattern in

highly functionalised molecules as has been illustrated in some of the previous examples.®
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Figure 8: Examples of biological molecules and materials showing a thiohydantoin core

The introduction of the new targets in the gold catalysed cycloaddition proposed in this thesis
would give access to imidazo[2,1-a]/[2,1-b]fused cores, which are present in compounds with
interesting biomedical applications (Figure 9). For instance, the imidazo[2,1-b]thiazol-3(2H)-
one core is found in a family of inhibitors displaying cGAS antagonist activity® such as 412

and 413. Certain protein kinase inhibitors®® also present this bicyclic motif (414).

HO
N
H2N‘</ }\/O Br
N=
S S—x o) Q
N%N o NékN o HN \
\—/ \—/
412 cGAS Antagonist 413 cGAS Antagonist 414 Protein kinase inhibitor
ref. 82 ref. 82 ref. 83

Figure 9: Compounds bearing an imidazo[2,1-b]thiazol-3(2H)-one core

Nitrogen 5,5-fused ring systems bearing an imidazo[1,2-a]Jimidazolone unit also display
interesting biological properties (Figure 10) such as corticotropin-releasing factor receptor
type 1 (CRFiR) antagonists® (415) or lymphocyte function-associated antigen-1 (LFA-1)

inhibitors® (416).
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415 Corticotropin-releasing factor 416 Lymphocyte function-associated
receptor type 1 (CRF4R) antagonist antigen-1 (LFA-1) inhibitor
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Figure 10: Compounds showing an imidazo[1,2-a]imidazolone unit

The last of the new aminides proposed was inspired by the nitrogenous base uracil. This six
membered ring is present in crucial biological molecules such as DNA® and has a pivotal role
in the regulation of the body’s metabolism.8” Of special interest is 5-fluorouracil (417) and its
analogues®® due to their ability to inhibit RNA replication enzymes, as well as their use as

drugs to treat colon and breast cancer (Figure 11).
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418 Cyclic-AMP
phosphodiesterase inhibitor
ref. 89

419 Herbicide
ref. 90

417 5-Fluorouracil (5-FU)
ref. 88

Figure 11: Uracil and imidazo[1,2-a]pyrimidinone derivatives

The fused imidazo[1,2-a]pyrimidinone unit is found in several purine deoxynucleoside

analogues that have been utilised as anticancer agents®® (418) or herbicides® (419).

3.2. Aims and objectives

The main aim is to expand the scope of the aminides in gold-catalysed annulations to other

non-aromatic 1,3-N,N-dipoles incorporating amide functionality. Moreover, the design of a

63



Chapter 3

modular route for aminide preparation is also targeted to deeply investigate their ability to

react as nitrenoids in the gold-catalysed formal [3+2] cycloaddition reaction with ynamides.

3.3. Results and Discussion

The displacement of sulfides as a strategy to create a wide variety of N-benzo(heteroaryl)
aminide precursors, presented in chapter 2, has proved itself noticeably general. A similar
approach was envisioned to synthesise the novel aminides utilising thioamide functionality

(Scheme 48).

Commercially
available
starting materials

Functionality

contained
within the core

Scheme 48: Proposed synthetic route towards the new imidazole heterocycles

3.3.1. N-Pyridinium N-thiazolone aminides: new type of nitrenoids

for the gold catalysed cycloaddition

The study commenced by exploring 2-rhodanine as an aminide precursor. The construction of
the N-thiazolone nitrenoid began by methylating commercially available 385 with aqueous
NaOH and methyl iodide.®* As this procedure provided low conversion of 386, a different
method using DIPEA in ethanol with methyl iodide was attempted. This caused a substantial
improvement giving S-methylated 386 in moderate yield, albeit with the O-methylated

regioisomer 420 as by-product.
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31 Mel, NaOH M > >
el NaOhaq) l el, DIPEA 1 . _>\
\S/Q\N 0 s2 \S/Q\N 0 S%\N/ o

rt, overnlght EtOH, rt, 4 h
386 26% 335 386 62% 420

Subsequently, aminide formation with 386 was attempted using the conditions show in Table
3. Preliminary results gave promising conversion when using methanol as a solvent (entry 1).
The reaction did not proceed with isopropanol (entry 2) and no improvement was seen in

acetonitrile (entry 3).

Table 3: Screening of work-up and purification method for aminide 422

S 386
@l - Kooy [@ \s/ﬁ\}o ©\—1¥0
Z4+°NH,  Solvent ZN<NH Solvent, rt + N7 N
259 30 min 421 Time 422

Entry Solvent T (°C) T (h) Yield (%) Purification method
1 MeOH rt 2 53 NaOH [2.0 M] extraction
2 (CH3).CHOH rt 4 - NaOH [2.0 M] extraction
3 CHsCN rt 2 43 NaOH [2.0 M] extraction
4 MeOH rt 2 3 NaOH [0.5 M] extraction
5 MeOH rt 2 5 NaOH [1.0 M] extraction
6 MeOH rt 2 19 NaOH [2.0 M] extraction
7 CHsCN rt 3 24 H.O extraction
8 MeOH rt 2 45 H.O extraction
9 MeOH rt 20 36 Filtration though celite
10 MeOH rt 17 57 NaOH [2.0 M] extraction

% Isolated yield after purification by the stated method

Methanol was kept as solvent and the work-up was then investigated as it was thought to be
the main cause of the low yield due to the high solubility of the aminides in water. Work-ups
using aqueous sodium hydroxide concentrations lower than 2.0 M were inefficient (entries 4-
6). Similar results occurred when using water in the work-up (entries 7-8). Filtration through
Celite to remove inorganic salts and avoid aqueous extraction proved inefficient (entry 9).

Eventually, it was decided to perform the reactions over 24 hours for simplicity using
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conditions shown in entry 1 (entry 10). The X-ray crystal structure of 422 is shown in Figure

12, for crystallographic data see Apendix.

N.*

(0]

Figure 12: Crystal structure of aminide 378 with ellipsoids drawn at the 50% probability level. X-Ray
crystallography was obtained and solved by Dr Louise Male (University of Birmingham)

3.3.1.1. Exploring the reactivity of the N-pyridinium N-thiazolone aminide

At the outset of the study, we considered that aminide 422 would be a challenging target as its
shows some structural features that could potentially interfere in the desired cycloaddition
pathway. The carbonyl group is in direct conjugation with the N,N-dipole and it could
significantly reduce the nucleophilicity at N1 (Scheme 49). A tautomeric keto-enol
equilibrium may also interfere in the reaction. Finally, aminide-catalyst interaction 424 as a

result of carbonyl activation by the gold complex could lead to sequestering the catalyst.

Reduced nucleophilicity of N1

@ S/\F @ S
_ o > 2—0
/N\N/‘\\N /N‘N//kN

1 3

1 3

[Au]
AN S A
G\LN//K}“O_
+

424

Keto-enol tautomerism

Cla = LD
/’:-l\l:l SN — /L\_L,:l/'\\N OH

422 423

Gold catalyst de-activated
by coordination with aminide

Scheme 49: Electronic features of the N-pyridinium N-thiazolone aminide preventing successful reactivity

Aminide 422 was tested in the gold catalysed cycloaddition with ynamide 297 (Table 4).

Preliminary analysis of the *H NMR spectra of the crude reaction mixture showed significant
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amounts of remaining starting material, in addition to some small resonances apparently from
numerous species. Due to the abundance of species and starting material, no product could be
isolated and characterised, despite many attempts. Variation of solvent or temperature did not

enhance the reactivity to form 425 (entries 1-6).

Table 4: Surveying the reactivity of N-pyridinium N-2-thiazolone aminide 422

S

Ph
Z S = PicAuCl, (5 mol%) /(1
| /\A\ M 74 2 - 7 0
@\d\ﬁ/A\N o * S\N/ - N” N

I|3n Solvent, T (°C) MS‘N)_(Ph
422 (1.2 eq) 297 (1.0 eq) Bn 425
Entry Solvent T (°C) T (h) 379 (%)?
1 1,4-dioxane 90 3 Complex mixture
2 Toluene 90 3 Complex mixture
3 m-xylene 120 2 Complex mixture
4 1,2-DCB 125 3 Complex mixture
5 1,4-Dioxane 90 20 Complex mixture
6 1,2-DCB 125 20 Complex mixture

2 Analysis by *H NMR spectroscopy using 1,2,4,5-tetramethylbenzene as internal standard

3.3.1.2. Modifications on the thiazolone aminide structure

We sought to amend the aminide structure to improve its electronic features towards a more
reactive nitrenoid behaviour. Knoevenagel condensation was selected as a practical
transformation to conveniently eliminate the enolisable protons in 422 Scheme 50(Scheme
50). Thiazolone containing heterocycles bearing a 5-ylidene substituent are commonly found

in biologically active compounds as shown in section 3.1.2.
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- Elimination of tautomerism
- Attractive applications

- Reduced nucleophilicity
- Displayed no reactivity

N\
A Z
N
8 Vo
27’)
(@)
N
‘3
;U
I

Scheme 50: Structural modifications of aminide 422

Aminide 422 was decorated utilising several aldehydes 291 to construct a set of 5-
(ylidene)thiazolone based aminides, by employing a mixture of acetic acid/sodium acetate
(Scheme 51). In general, aryl aldehydes produced the corresponding condensation products in

moderate to good yields (427-432).

R
S 9 AcOM, NaDAc N s 1
N0 - ) ——— I )=o0
+N R Reflux, 24 h N SN
422 291 426
Br MeO F3C
r e 3 | O N Nl X
= Z
427 70% 428 64% 429 82% 430 78% 43176%  43231%*°
[ j )y : :OH
433 0% 434 0% 435 0%

Scheme 51: Formation of N-pyridinium N-thiazolone aminides through Knoevenagel condensation. ® Aminide
was not stable in air

Attempted formation of aminides 431, 432 and 435 failed possibly due to a self-condensation
reaction similar to that reported by Shaabani and co-workers®? when studying tetronic acids.
Consistent with other studies, alkyl aldehydes did not afford the desired nitrenoids (433, 434)

due to the formation of two possible enolates.

Two different stereoisomers can be obtained from the condensation reaction. Previous

examples reported in the literature employing similar substrates show preferential formation
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of the Z isomer. As expected, the less sterically hindered Z-isomer was achieved and its
structure was confirmed by the crystal structure of aminide 429 (Figure 13). From this result,
the same stereoselective outcome was assumed for the rest of aminides formed by

Knoevenagel condensation.
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Figure 13: Crystal structure of aminide 429 with ellipsoids drawn at the 50% probability level. X-Ray
crystallography was obtained and solved by Dr Louise Male (University of Birmingham)

Subsequently, the reactivity of this collection of nitrenoids was explored in the formal gold
catalysed cycloaddition commencing with aminide 427 and ynamide 297 (Table 5). To our
delight, dichloro(2-pyridinecarboxylato)gold afforded promising conversion to imidazole[2,1-
b]thiazolone 437 (entry 1). This observation reflected the electronic switch of the thiazolone
core now displaying moderate nitrenoid character. Gold(l) catalysts were also tested but
appeared unreactive (entries 2-3). At reduced temperatures the reaction did not proceed to
completion even after prolonged times (entries 4-7). However, with 1,2-DCB at 125 °C,
complete conversion of the ynamide was observed in just 5 hours yielding imidazole 437 in

74% (entry 8).

Increasing concentration (entry 9) or number of equivalents of aminide 427 (entry 10) did not
improve the outcome. The robustness of the reaction was tested using “wet” 1,2-DCB which

delivered 437 in acceptable yield (entry 11). Finally, no reaction occurred in the absence of
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the catalyst (entry 12) or in the presence of trifluoromethanesulfonic acid (entry 13), the latter

having shown catalytic activity in certain cycloaddition processes also catalysed by gold.®®

Table 5: Screening of the reaction conditions for the gold-catalysed formal [3+2] cycloaddition with N-5-

(ylidene)thiazolone aminide 427

Ph

Ph

% s " /Ph Catalyst (5 mol%) /Eﬁ
\ l'l'\ri/k\N o " S\En Solvent [0.1 M) g '}/:21 ©
427 (1.2 eq) 297 (1.0 eq) e MS‘an Fh
436
Entry Catalyst Solvent T (°C) T (h) Yield (%)?
1 PicAuCl; 1,4-dioxane 90 24 (55)
2 DTBPAuU(NCMe)SbFs 1,4-dioxane 90 19 0
3 IPrAuNTf; 1,4-dioxane 90 24 0
4 PicAuCl; THF 60 26 0
5 PicAuCl; Toluene 90 22 (8)
6 PicAuCl; 1,4-dioxane 100 24 (68)
7 PicAuCl; m-xylene 110 22 (48)
8 PicAuCl, 1,2-DCB 125 5 74
9 PicAuCl, 1,2-DCB [0.2 M] 125 5 54
10 PicAuCl, 1,2-DCBP 125 5 58
11 PicAuCl; 1,2-DCB 125 5 64°
12 -- 1,2-DCB 125 5 0
13 PicAuCl, 1,2-DCB 125 5 min 0¢

& Isolated yield after purification by flash column chromatography; Yield in parenthesis obtained by
'H NMR spectroscopy with 1,2,4,5-tetramethylbenzene as an internal standard; ® Using 1.5 eq of
aminide; © Using non-dried 1,2-DCB; ¢ Reaction performed adding 1.0 eq of TfOH as catalyst.

3.3.1.3. Exploring the reactivity of the new aminides

With optimised conditions in hand, the library of N-pyridinium N-thiazolone based aminides

was taken into the gold catalysed cycloaddition with several ynamides. In this case the

transformation was found to be not as general as with previous nitrenoids (Scheme 52).
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447 0% (24 h)

440 0%?2 (24 h)
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444 0% (22 h)
FsC

448 23% (18 h)

Scheme 52: Screening of the reactivity of 5-(ylidene)thiazolone aminides. ° Using 1,4-dioxane at 90 °C; * Not
possible to purify completely

The reaction of aminide 427 with the most reactive and stable ynamides afforded moderate to

good yields (436, 439, 441, 442). In contrast, remaining starting material and decomposition

impurities were recovered when using ynamides 357 and 295 after flash column

chromatography, even at lower temperatures. 2-Bromophenylidene aminide 428 proved to be

relatively sensitive, giving poor or no conversion to 443 and 444 respectively. p-

Methoxybenzylidene aminide 429 did not prove very reactive. While it afforded moderate
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conversion to 445, only starting material was recovered from several attempts to form
imidazoles 446 and 447. Imidazole 448 was observed in the crude reaction mixture but it was

not possible to isolate.

While providing a proof of principle of the features required for effective 1,3-N,N-dipoles,
this preliminary study showcased that these type of aminides were not generally applicable in

the annulation chemistry with ynamides.

3.3.2. Introduction of the imidazolone core in the N-pyridinium

aminide series

In view of the results observed with N-pyridinium N-(5-benzylidene)thiazolone aminides, we
then sought to explore whether the sulfur atom of the thiazolone core was deleterious. To this
end, the preparation of an N-pyridinium N-imidazolone aminide was attempted applying an

analogous approach via a thioamide precursor.

Methylation using LIHMDS was attempted on 2-thioxoimidazolidin-4-one 450, but did not
afford product 452 (Scheme 53). Other bases such as potassium carbonate and sodium
hydride were tested but proved unproductive. In contrast, condensation with benzaldehyde
afforded 454, which after methylation, allowed readily access to thiamide 455 in synthetically

useful yield and with straightforward purification.
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KQCO:;, Mel
—x——
L|HMDS Mel l MeCN, 40 °C HN
3/41 DMF S%\ ] \3/4\_\A\o
H NaH, Mel N
0°Ctort
452 25% 450 THF, 0 °C to rt 451 11%

Ph : Ph
HN / ! !
4(\_\/Q . ? AcOH, NaOAc HN Mel, DIPEA : / !
N 0 ) » S%\ 0 > /4 :
H Ph Reflux, 24 h N EtOH, rt ST .
450 453 454 72% : 455 79% 5

Scheme 53: Top: Attempted methylations on 2-thiohydantoin; Bottom: Knoevenagel condensation of 2-
thiohydantoin and subsequent methylation

Formation of aminide 456 was directly attempted using 455 and N-aminopyridinium iodide,
yet proved fruitless (Scheme 54). N-Protection of 455 with methanesulfonyl chloride and
sodium carbonate gave mesylated hydantoin 457 in moderate yield. While aminide formation
appeared to proceed on the basis of NMR spectroscopy, isolation of the corresponding mesyl

protected aminide 458 proved unsuccessful due to instability issues.

R %Q

K,CO4, MeOH, rt G 0
R TRy
: R Ms,
: HNZQ i | MsCl, Na,CO, //g\\ “NH, @ N/g\\
AP i | DM octort N )\ /rll\r:j/k\N b

P ST O : b K2COg, MeOH, rt
| 455 457 58% 458 Decomposed
259 0
PMBCI, K,CO3 ,/g\\ NH2 @PMB
MeCN, Reflux, 1 h g /k by, K2COs, MeOH, it /k
459 86% 460 98%

Scheme 54: Synthetic route applied for N-pyridinium N-imidazolone aminide preparation

Protection of 455 with p-methoxybenzyl chloride delivered 459 in high yield. The reaction of

the latter with 259 and potassium carbonate rendered N-pyridinium N-1-(4-methoxybenzyl)(5-
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benzylidene)imidazolone aminide 460 as a bright orange solid in excellent yield. Once more,
sulfide(heteroaryls) proved ideal substrates for aminide formation, yet requiring prior
functional group protection. The crystal structure of 460 (Figure 14, see Appendix for
crystallographic data) revealed that the carbonyl was adjacent to the PMB-protected nitrogen

instead of to the N,N-dipole.

Figure 14: Crystal structure of aminide 460 with ellipsoids drawn at the 50% probability level. X-Ray
crystallography was obtained and solved by Dr Louise Male (University of Birmingham)

This fact suggests that the p-methoxybenzyl protection was accomplished on the less
sterically hindered nitrogen (Scheme 55). The bulkiness of the ylidene group could have
favoured the protection of N2 in 455 resulting in the formation of 461-459. Reaction of the

latter with N-aminopyridinium iodide afforded aminide 460.

Ph
Ph
/‘1\& ) PMBCI N K,CO4 ﬁ 240 G /L
HN — — >
\S/(\'i /4 o) /4

PMB PMB PMB
455 461 459 460
pKa (N1) = 14.5 pKa (N1)=7

Scheme 55: Proposed pathway leading to the formation of aminide 460
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Aminide 460 was then examined in the gold-catalysed formal [3+2] cycloaddition with
ynamide 297 (Scheme 56). Similar to the N-pyridinium N-(5-ylidene)thiazolone series, it did

not display nitrenoid reactivity with either of the two general sets of reaction conditions.

It is believed that the lack of reactivity of 460 could due to a decrease in the nucleophilicity of
the N,N-dipole by the presence of an imidazolone ring. Another additional reason could be
that the catalyst might be trapped by an aminide-gold interaction through the N or O, which

would stop the cycloaddition pathway (463 to 463°°).

Steric issues also play an important role. As mentioned in section 2.1, the aminide needs to
acquire a perpendicular orientation to undergo effective attack onto the keteniminium
intermediate. In the case of imidazolone 460, its large substituents in addition to the
intramolecular H-bonding interaction may cause issues to adopt the require perperdicular

orientation and therefore the reaction is supressed (464 to 465).

PMB, Ph ; N
\ PicAuCl, (5 mol%
a | N . MS\N/ 2 ( o) N%é
SN A =

’l‘\,i b én 1,4-dioxane, 90 °C )_( Ph
o e e Ms—N"  Ph
460 (1.2 eq) 297 (1.0 eq) 1,2-DCB, 125 °C Bn 162
O/Y[AU] O o)
PMB_ PMB_ PMB,
s g ' G iy
- — —~ N - /7— -~ N_- s /=
A A Ph ZENTOND by 7N J P
463 ph 6% [Ay 463" [Ay)
M. /

N
[\
_ (6]
A N\N*N

0
PMB, \
460 PMB /E\-/ N//g\\ N
1 1 Pya .\\k\ — 44 =
R R NS SN NZON

L e R ; PN V= Pn
/N—_!_—R - 2/N—':/‘[\A ]_ » R\N X R\ ', R1~N 3
2 N R u ) _ \
R [AU] R2 [Au] R2
126 213 464 465

Scheme 56: Top: Attempted formation of fused imidazole 462; Bottom: Proposed side-interactions: Potential
gold-aminide coordination and steric hindrance caused by the aminide substituents in the cyclisation event
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3.3.3. Preparation of an N-pyridinium N-pyrimidinone aminide to

form new 5,6-fused imidazoles

Further investigation of the aminides containing an amide-like functionality was

accomplished by the preparation of an N-pyridinium N-pyrimidinone aminide.

Thus far, the presence of a carbonyl in direct conjugation with the N,N-dipole has proved to
be a major challenge while investigating the previous aminide series. The proposed new N-
pyrimidinone aminide would contain a carbonyl in a more distant position, and thus, it is

expected to exhibit distinct nitrenoid character.

3.3.3.1. Synthetic route to form an N-pyridinium N-pyrimidinone aminide

Having seen the effectivity of thioamides as aminide precursors in the previous series, it was
decided to proceed in the same manner to form the new scaffold. Commercially available 2-
thiouracil 466 was methylated following Tibiletti’s et al. work® which delivered S-

methylated 467 in excellent yield (Scheme 57).

! e [ E L
HN)j Mel, NaOHq, ey - N NH2 )ﬁ
A H,O:EtOH (2:1) | g~ Sy~

S” N s” N cho3 MeOH, rt
H 55 °C
466 467 81%
i O
PMB\N)H K,CO3, PMBCI LIHMDS, Mel )ﬁ +~NH,
\S)\\N CHsCN, 83 °C DMF, 0°Ctort g )\ K,CO3, MeOH, rt
469 Complex 470 61% 471 82%

mixture

Scheme 57: Synthetic route to form N-pyridinium N-pyrimidinone aminide

Analogously to the N-imidazolone series, direct aminide formation with N-aminopyridinium

iodide and 467 did not afford aminide 468; only starting material was recovered. Instead,
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attempted p-methoxybenzyl protection gave a complex inseparable mixture (469). On the
contrary, a second methylation of 467 using LIHMDS allowed us to form precursor 470 in

moderate conversion, with partial recovery of the starting material.

Aminide formation was then attempted employing the standard conditions. Gratifyingly, the
reaction proceeded smoothly. Purification was straightforward consisting of a base wash with
NaOHg@q) [2.0 M], extraction of the aqueous phase with CH2Cl>, followed by flash column
chromatography. In this way, N-pyridinium N-(3-methyl)pyrimidinone 471 was prepared in
82% yield on gram scale (1.1 grams). The structure was confirmed by X-Ray analysis (Figure

15, see Apendix for crystallographic data).

£1,0
I
Ay

Figure 15: Crystal structure of aminide 471 with ellipsoids drawn at the 50% probability level. X-Ray
crystallography was obtained and solved by Dr Louise Male (University of Birmingham)

Having a robust and scalable route to form 471 we then explored its reactivity in the gold-
catalysed formal [3+2] cycloaddition with ynamide 299 and 297 (Scheme 58). Aminide 471
did not reveal nucleophilic character with either a gold(l) or a gold(lll) catalyst. An increase

of the temperature did not see any improvement on the reactivity.

Scheme 58-bottom highlights the potential issues of this aminide in the gold cycloaddition
similar to those discussed in schemes 60 and 67. The intramolecular hydrogen-bond
interaction with the ortho hydrogen of the pyridine ring could impede the cyclysation to take

place (471°). Delocalization of the negative charge of the N,N-dipole into the alkene in
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conjugation with the carbonyl could notoriously reduce its nucleophilicity. Finally, the gold

complex could potentially be poisoned by interaction with the aminide (474).

0 Ph Ph
(0] o) /7 = = (0]
~ / /
Y O/P\'?‘/zgg 1.0 1 MS\N/297 1.0 Y
L] b 200000 oo N o T L
N7 "N - ' - s | > N7 N
o NS
0 =( Conditions A +NT N Conditions A-C =
0PN Ph Ms—N Ph
o Bn 471 (1.2 eq) Bn
473 , . . 472
Conditions A): PicAuCl,, 1,4-dioxane, 90 °C, 20 h

Conditions B): PicAuCl,, 1,2-DCB, 125 °C, 20 h
Conditions C): DTBPAu(NCMe)SbFg, 1,2-DCB, 125 °C, 20 h
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Scheme 58: Top: Testing the reactivity of nitrenoid 471 in the [3+2] gold catalysed cycloaddition. Bottom:
Potential structural and electronic issues of aminide 471 towards cycloaddition

3.4. Conclusions

A modular synthetic route has been developed for the preparation of new aminides containing

amide-like functionality on gram scale via thioamide precursors.

N-Pyridinium N-thiazolone aminide was synthesised in moderate yield after initial
purification problems were resolved. As this aminide was unreactive in the gold-catalysed
formal [3+2] cycloaddition, additional modifications were conducted introducing an appended
5-ylidene motif by Knoevenagel condensation. This proved advantageous as the new N-(5-
ylidene)thiazolone aminides displayed moderate reactivity in the gold mediated

transformation giving in some cases good yields but being limited in scope.
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Structurally analogous N-(5-ylidene)imidazole aminides did not display 1,3-N,N-dipole
character despite bearing the appended alkene motif. The steric bulk of the p-methoxylidene

and benzylidene groups is thought to prevent the required reactive conformation.

N-Pyridinium N-pyrimidinone aminide, which contains the carbonyl in a more distant position

with respect to the N,N-dipole, however in direct conjugation, also lacked nitrenoid reactivity.

It is believed the carbonyl unit plays a crucial role causing the absence of reactivity of the new
nitrenoids. It it proposed it affects the catalytic process in two ways: by decreasing the
nucleophilicity of the N,N-dipole and by potentially trapping the gold complex through the

carbonyl via a gold-aminide interaction.

The other species taking part in the process is the ynamide. Further investigation of its role
and the effect of other n-systems as ynamide surrogates in the gold cycloaddition with these

new nitrenoids is discussed in chapter 4.
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CHAPTER 4:

THIOYNAMIDES: NEW ELECTRON-RICH ALKYNES
FOR THE GOLD-CATALYSED FORMAL
[3+2] CYCLOADDITION
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4.1. Heteroatom-donor activation of the alkyne

Throughout the investigation of gold-catalysed formal [3+2] cycloadditions in the Davies
group, more emphasis has recently been placed on the nature of the alkyne. While ynamides
have been most commonly used as electron-rich alkynes providing regiocontrol, w-acid

activation of other heteroatom-donor alkynes has also been examined.

In the N-pyridinium N-acyl aminide series, Chatzopoulou and Davies® reported activation of
the alkyne by a remote nitrogen in 3-indolyl ynamines 475 to access oxazole 476 through an
allene-like intermediate 477 (Scheme 59). Several phenylethynyl aniline derivatives 478 also
provided superb regiocontrol in the activation of the triple bond. Reactions proceeded
smoothly tolerating a wide variety of functional groups in the terminal carbon end of the

ynamines.

[Chatzopoulou and Davies, ref. 95]

R4
R2 =
DTBPAU(NCMe)SbF ¢ (5 mol%) N/<O
=
m-xylene, 120 °C, 24 h /
N R?
7,
R a5 (10eq) T & R’
O ' \/= . 476 85-33%
- : N .
X E‘\N’J*o : i
R’ !
H via 477 .
1M5(1.5eq) Nemememeeemeneeeoe- ! .
R
3
R N=
Z DTBPAuU(NCMe)SbF ¢ (5 mol%) e
B m-xylene, 120 °C, 48 h
", \’il y ~x R3
“-- 478 (1.0 eq) \ o 4796334%

Scheme 59: Study of the reactivity displayed by a distant nitrogen in the oxazole formation reported by
Chatzopoulou and Davies

The authors also investigated p-alkoxy benzene substituents as electron-donor groups (481),
however these did not deliver the desired oxazoles 482 (Scheme 60-top). The difference

between amino and alkoxy as activating groups was further demonstrated in a competition
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experiment (Scheme 60-bottom). The superiority of the nitrogen lone pair to donate electron
density to the alkyne compared to the oxygen was illustrated by the formation of oxazole 484

as a single regioisomer.

{Chatzopoulou and Davies, ref. 95

& DTBPAU(NCMe)SbF (5 mol%) N;<o
N =
XN m-xylene, 120 °C, 48 h
Ph

MeO

480 (1.5 eq) 481 (1.0 eq) 482 0%

OMe ph
v
G DTBPAu(NCMe)SbFg (5 moI%) <
m-xylene, 120 °C, 48 h O
MezN
Me,N
480 (1.5 2 483 (1.0
ea) (1.0 ea) 484 83%
OMe

Scheme 60: Top: Attempted activation of the alkyne by a remote alkoxy group. Bottom: Competition
experiment between amino and alkoxy group for alkyne activation

A rather distinct mode of activation was recently reported by Jannapu Reddy et al.® utilising
alkynyl thioethers 485 with N-acyl aminides 115 (Scheme 61). Activation of the alkyne is
proposed to arise from mw-coordination between the triple bond and the gold complex in
cooperation with a stabilising Au-S interaction (488). In this way, B-selective attack of the
aminide to the m-system provides 5-(thio)-2,4-substituted oxazoles (486), which show the

opposite regioselectivity to that obtained with ynamides relative to the heteroatom.

An electron-donating group on the carbon substituted end of the alkyne enhanced the
polarisation of the two sp-hybridised carbons and stabilises the cationic intermediate (488).
When less electron-donating groups were introduced on R?, traces of regioisomer 487

resulting from an a-attack to the alkynyl system were detected, albeit as a minor by-product.
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Scheme 61: Gold-catalysed formal [3+2] cycloaddition of alkynyl thioethers with N-acyl aminides reported by

Jannapu Reddy et al.

The reaction proved general across a variety of highly functionalised N-acyl aminides giving

high regioselectivities of the 5-thio substituted oxazoles in all cases (492-499). Varying the S-

substituent affected the reactivity due to the steric interaction of the acyl group with the

thioether group during the cyclisation event (489). As a result, larger groups at R? were

detrimental for the transformation. Modifications on the other terminus of the alkyne ranged

from aryl, alkyl, mono-, bis- and tri-substituted phenyl to N,N-dimethyl aniline and 3-indolyl

derivatives.
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In 2014, Ding et al.%" reported the first iridium catalysed azide-alkynyl thioether annulation to
synthesise 5-thio-1,2,3-substituted triazoles 501 (Scheme 62-left). The ability of alkynyl
thioethers to act as electron-rich alkynes was demonstrated. Coordination of the iridium
complex to the sp-carbon adjacent to the heteroatom is assisted by the sulfur substituent and

provides regiocontrol in the oxidative cyclisation step (511).

Mild reaction conditions allow for excellent functional group tolerance, facilitating the
introduction of otherwise troublesome functionalities such as silyl groups, amines, esters and
alcohols in the triazole core (502-505). Several alkyl and aryl azides proved stable and

undergo the transformation giving the corresponding triazoles in good to excellent yield.

Ding, ref. 97

Selected examples

1
E R Ir(cod)Cl], (2 mol% NOoR I
: =+ RN o] ) Nl i RIS—==—R?
i R? CH,Cly, 11, 24 h R R ! N
1 1
i 156 500 501 ' 501 500
"""""""""""""" E)"""""'"'"'"'"“""“'"“'“’ i [Ir]
OBn N ! )/
Cl 2 sg-Bn o)
N. /@/ N. N/’N\N’Bn N_N i \&‘
N™ N N™ N TBSO  \— PN R R
)=< )=< pp,  MBU STol | N” N N
1 — ~
nBu SPh nBu SPh 504 505 ! 2)—( 1 N, i ggrt
0, 0,
502 87% 503 86% % 9% 1 RT SR 2
N N N N | 512[”] R 510
”, ~ ’ ~ ! —_ {
N* ~N,Bn N” ~N,Bn N” N,Bn N? N,Bn i \ ,[\l N\ .
\—{ \—{ \—( \—=( : NI
nBu OPMP  nBu SePh PhO,S nBu PH Ph i R2>_<S/R1
1
506 <5% 507 19% 508 77% 509 <5% | 511
1
1
1
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Scheme 62: Iridium catalysed 1,3-dipolar cycloaddition developed by Ding et al.

Other heteroatom-linked alkynes were also examined. While oxygen and selenium alkynyl
derivatives provide low yield of triazoles 506 and 507, an electron withdrawing group in the
alkyne showed good reactivity but formed the opposite regioisomer (508). Internal alkynes

proved unreactive (509).
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The proposed mechanistic rationale involves dual coordination of the azide and the alkynyl
thioether to the iridium complex 510 (Scheme 62-right). Oxidative cyclisation delivers
intermediate 511, which undergoes reductive elimination (512) and finally delivers provides

501.

The ketenesulfonium intermediate has been invoked in the intermolecular gold catalysed o-
addition to alkynyl thioethers reported by Ye et al.®® (Scheme 63). It was proposed that upon
gold-coordination to the alkyne (513-514), a variety of C-, S- and O- nucleophiles undergo
nucleophilic attack at the sp-carbon adjacent to the sulfide group forming 515. Depending on
the nature of the carbon or sulfur nucleophile, protodeauration or group migration from the

sulfur substituent, respectively, furnished the final tri-substituted alkenyl sulfides 516.

Ye, ref. 98 - RRGEEEEEEN :

[Au] : - Group R .
, =s" | Nu-R [Au] Nu-R  migration . R Nu
nBu—==—S5Ph R b | >=< — : >=( :
| ' ' ' !
[Au] : 514 ! nBu  SPh Al nBu  SPh:
513 Sulfon/um cation : 515 : 516 H
O
SPh - — Nu = D
//_>=< Nu = PhS—/_ < H}—Q ﬁ
nBu  SPh
s B
519 75%
° [Aul Au] 517 cis 518 trans
RuPhosAu(MeCN)OTf XPhosAuNTf, 64% (7:1)

Scheme 63: Gold catalysed synthesis of alkenyl sulfides with alkynyl thioethers reported by Ye et al.

Stereoselective cis addition across the triple bond was confirmed by X-ray data of the
products. This fact contrasts with the commonly observed trans additions onto gold-activated
alkynes, which proceeds by a gold activation of the triple bond and subsequent outer-sphere

attack of the nucleophile.®®
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Alkynyl thioethers have also been employed as dienophiles,'® in cross-coupling reactions®

and other transformations.10?

4.2. Introduction to thioynamides

Inspired by the aforementioned work using sulfur substituted alkynes, we attempted to modify
the ynamide structure by introducing a sulfide substituent on the other end of the triple bond.
Thioynamides could display distinctly enhanced coordination features towards the gold

complex than ynamides in the gold mediated annulation investigated throughout this thesis.

The reactivity and applications of thioynamides as building blocks have scarcely been
explored. Closely related thioynamines have been investigated by Viehe, who pioneered the

first preparation of N,N-(ethynylthio)amines from dichlorothioethers in 1969.1%3

Following Viehe’s work, Nakai et al.}** developed a general procedure to prepare N,N-
(ethynylthio)amines 521 employing trifluoroethyl sulfides 520 as precursors (Scheme 64-top).
The reaction of the latter with 3 equivalents of lithium diisopropylamide afforded the desired

thioynamines 521 in high yields.

It was suggested that the formation of these species involved the participation of a stable
carbanion (523), which underwent sequential addition-elimination to form the sulfur
containing ynamine species. The reactivity of ynamines was then tested in the ynamine-
Claisen rearrangement to stereoselectively form amides 527. After oxidation and thermal

decomposition, a,B-unsaturated amides 529 were obtained (Scheme 64-bottom).1%
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Nakai, ref. 104
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RoN — 2 524
" F -~ F’> N\ !
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LINR, : 523 : LiF
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Nakai, ref. 105 NR, NR2
RI_A~_OH BF3OFEt Phs/\( Fhs o]
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Scheme 64: Nakai’s thioynamine formation and application in the formation of «,y-unsaturated amides

Inspired by these methodologies, a few examples of the preparation of thioynamines were
reported during the 1970s and 1980s,'% yet they passed seemingly unnoticed due to requiring

harsh conditions and lengthy synthetic routes to form these relatively unstable species.

In 2015, Anderson and co-workers® developed a robust protocol for the preparation of
ynamides from secondary amines or sulfonamides (Scheme 65). The methodology consisted
of a two-step sequence converting 283 to their corresponding 1,2-dichloroenamides 288 using

trichloroethene.

Elimination of HCI with phenyllithium followed by lithium halogen exchange resulted in the
formation of lithium acetylide species 530, which were then trapped with a range of

electrophiles to afford functionalised ynamides 531. In particular, the use of 1,2-bis(2-
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nitrophenyl)disulfide as an electrophile gave thioynamide 541, which was the single example

reported of thioynamide formation in Anderson’s work.

[ Anderson, ref. 54 ]

cl
. Li . E
RY Cs,CO3, TCE PhLi, THF , , -78°
NH $,CO; )1 ]\ [ - / 1) PhLi, THF, -78 °C Rl /
R2 DMF, 50 °C N™ "Cl .78°Cto N 2) E*,-78 °C to rt N
R? -41°C R? R?
283 288 530 531
NHTs NO,
CO,Et »Z s
Ph
Ts. / Ts. F Ts. Z OH Ts. A Ts. /
) ) ) ) )
Bn Bn Bn Bn Bn
532 85% 533 84% 534 83% 535 83% 536 81%
CO,Et
(0] — 2
o)
Ts . // T / )J\ = — J N/
N Ssn F y Ph
k/é \ Bn,N l}l Boc\N
PMP Ph )
nBu
537 80% 538 70% 539 91% 540 82% 541 67%

Scheme 65: Formation of ynamides reported by Anderson

While expanding the ynamide scope in the gold-mediated oxazole formation reaction, Gillie
et al.?? developed a synthetic route to access thioynamides 545 (Scheme 66). Reaction of a
range of p-toluenesulfonamides 283 with formylbenzotriazole (542) delivered tosyl-
formamides 543 that were converted to 1,1-dichloroenamides 544 using tetrachloromethane
and triphenylphosphine. Dichloroenamides were reacted with n-butyllithium and the
corresponding lithium acetylides were trapped with either elemental sulfur, followed by
iodomethane, or by S-phenylbenzenesulfonothioate to give access to sulfur containing

ynamides 546-550.
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Guillie, ref. 22

Cl_Cl X
R! 542 Q  cCly, PPh 1) nBuLi, THF, -78 ° SR
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546 78% 547 64% 548 68% 549 71% 550 61%

Scheme 66: Synthetic route developed by Gillie et al. to synthesise thioynamides

With a collection of thioynamides in hand, attractive functionality was readily introduced in
the oxazole core 551 (Scheme 67). In all cases, a single product was achieved bearing the
sulfide group in the 5-position (552-555). These were the first examples of thioynamides

reported in an intermolecular gold mediated transformation.

Gillie, ref. 22 R

N R & SR? PicAuCl, (5 mol%) )\
| ! _/g . RIN/ 3 o) N _O
ZE N Yo ) Toluene, 90 °C 1 H 5
R2 RN SR
115 (1.1 eq) 545 (1.0 eq) R2551
MeO. OMe
i R* CF3 Boc
N”"o N7 "o N)\O R‘= HN HJ
Ts—N SMe  Ts—=N SPh  Ts—N SPh CF,
Bn :) Bn 554 70% (4 h) 555 86% (2 h)

552 90% (2 h) 553 83% (15 h)
Selected examples

Scheme 67: Intermolecular gold catalysed dipolar cycloaddition of thioynamides and N-acyl aminides
reported by Gillie et al.

An intramolecular gold-catalysed annulation employing thioynamides was reported by Liu
and co-workers (Scheme 68).2° Thioynamide 201 bearing a pendant dioxazole underwent
intramolecular nucleophilic attack onto the electronically biased alkyne forming vinyl gold

carbenoid 557. Subsequent rearrangement of the dioxazole core delivered oxonium
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intermediate 558, which underwent a ring opening reaction releasing acetone. a-Imino-gold
carbene 559 is trapped by the N-phenyl group and forms polycycle 560. Gold elimination

furnished 561 that tautomerised to 562.

Liu, ref. 30 X 0
Ts\

?\1‘0 N_HN
Ts, IPrAUNTf, (5 mol%)
N———s -
/ S

Ph THF, 1t, 5 h

Scheme 68: Gold catalysed intramolecular cycloaddition of dioxazolyl thioynamide 180 reported by Liu

Inspired by the synthetic potential of thioynamides and alkynyl thioethers in the oxazole
chemistry, the Davies group recently reported an example of 3-(thio)substituted
benzo[d]imidazo[2,1-b]Joxazole (564) using N-pyridinium N-benzoxazole aminide 268 with
thioynamide 563 (Scheme 69).%° Despite the difference between the reactivity of the 1,3-N,O-
(115) and 1,3-N,N-dipoles (268), comparable conversion and reaction times to that of the 5-
(thio)substituted oxazole formation (551) was achieved, albeit requiring more forcing reaction

conditions.
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Garzon, ref. 65
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Scheme 69: Gold-catalysed formal [3+2] cycloaddition of N-benzothiazole aminides and thioynamides
reported by Garzon et al.

As demonstrated with the previous examples, sulfur containing alkynes are suitable r-systems
in gold mediated processes. Moreover, they are valuable precursors to sulfones as well as

pseudo-halide equivalents for late-stage modifications.

4.2. Results and Discussion

In view of the compatibility of the sulfur containing ynamides with 1,3-N,N-dipoles, we
sought to further explore their suitability as electron rich w-systems with the aminides

introduced in chapter 3.

4.2.1. Preparation of thioynamides

From the example reported in Anderson’s work in the preparation of an ynamide bearing a
sulfur substituent (see Scheme 65),%* a general synthetic route for thioynamide formation was
envisioned. The use of a range of sulfur containing electrophiles allowed us to establish a
general procedure for thioynamide preparation in a practical and scalable manner. A summary
of 1,2-dichloroenamides (500-502) and thioynamides (565-568) synthesised for the purpose

of this investigation is shown in scheme 70.

Slow addition of TCE into the reaction mixture is advisable to achieve better conversion to

the corresponding dichloroenamides. Depending on the scale of the reaction (more than 1.5
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millilitres of TCE), an automatic syringe pump is highly recommended to be used. As 1,2-

dichloroethyne is formed, vigorous stirring is needed to avoid both the emergence of hot spots

in the vessel and encapsulation/trapping of the evolving gas in the caesium carbonate salt

stirring in the flask. The encapsulated 1,2-dichloroethyne is highly flammable and can cause

an explosion in the presence of oxygen.

The electrophiles (570 and 571) were prepared following Girijavallabhan’s work.*%” Although

giving moderate yields, the procedure was easily scalable (up to 5.3 grams) using inexpensive

sodium p-toluenesulfinate 569.

cl
]\ nBuLi, THF
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1) nBuLi, THF, -78 °C

2)LG-SR?,-78°Ctort N
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R2=Ph 563 88%
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Tol” " "ONa
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N——sR® N—=——SMe
Bn
3_ o,
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R3 = Ph, 563 70%

|
+ S/S\S’Rs —2> \\S’/O
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R3 = Me, 570 57%
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Scheme 70: 1,2-Dichloroenamides, sulfonothioates and thioynamides synthesised in this work. ® Example
prepared by Pascal Delany

Purification of thioynamides by flash column chromatography proved troublesome due to the

similar polarity of by-products, desired products and remaining unreacted starting material.

Recrystallization was then attempted, and upon refinement of the optimal solvent conditions,

the most effective solvent system to purify S-methylated 565 and 567 was CH2Cl./hexane.

The S-phenyl analogues 566 and 563 were crystallized from hot ethanol.
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Formation of a S-homoallyl ynamide was achieved by a three-step route commencing with
oxidation of sulfonate 572 to sulfonothioate 573 using molecular sulfur (Scheme 71). The Sn2
reaction of 573 with 4-bromobutene formed S-homoallyl sulfonothioate 574.1% Lithiation of
dichloroenamide 563 using 574 as the electrophile delivered thioynamide 575, which was

stored at low temperatures and under argon due to its propensity to decompose.

Q Ss 0,0 B X 00
S —_— N/ —_— \\S’/
Ph""~ONa Pyridine, it Ph”"~“SNa DMF, rt Ph o s TN
4 days
572 573 73% 574 74%
cl
| 1) nBuLi, THF, -78 °Cto -41°C  Ts_
Ts< > N——s
E’lh cl 2) 574, THF, -78 °C to rt PH

575 62%
563

Scheme 71: Synthetic route to prepare S-homoallyl thioynamide 513

4.2.2. Investigating the reactivity of thioynamides in the gold-
catalysed formal [3+2] cycloaddition

The reactivity of thioynamides 545 was firstly investigated with N-pyridinium N-(5-
ylidene)thiazolone aminides 426, since they displayed moderate reactivity when tested with
non-sulfur substituted ynamides (see Scheme 52). N-Thiazolone aminide 427 reacted
smoothly with ynamide 566 affording imidazo[2,1-b]thiazolone 577 in quantitative yield, in
just 1.5 hours and with the same regioselectivity to that observed with standard ynamides

(Scheme 72).

In the same manner, aminide 428 bearing a pendant 2-bromophenyl substituent afforded
complete conversion to 578. These preliminary results suggest the sulfide group on the
thioynamide has a significant impact in the gold transformation. Encouraged by these results,

we further explored the intriguing reactivity of thioynamides with other nitrenoids.

93



Chapter 4

s N

R

R /
/ SR® ) S
~ | S " / PicAuCl, (5 mol /o)‘ AN o

+ N N
NG R NP ! 1,2-DCB [0.1 M]
NN R? 125°C )=
RN SRS
426 (1.2 eq) 545 (1.0 eq) R2 576
Ph Br
S 7 /
Lo 2
= W
Ts=N  sPh =
Ph Ts—=N  SMe
Ph
577 >98% (1.5 h) 578 >98% (3.5 h)

Scheme 72: Exploring the reactivity of thioynamides in the gold catalysed cycloaddition

The study began using thioynamide 565 with aminide 471 (Table 6), which was unreactive
with ynamides. Surprisingly, in just 3 hours imidazo[1,2-a]pyrimidinone 579 was formed in
synthetically useful yield (entry 1), and its structure was confirmed by X-ray crystallography
(Figure 16, see Appendix for crystallographic data). A brief survey of the reaction conditions

was accomplished in order to improve the conversion and reaction time.

Reaction conditions optimised for other N-pyridinium aminides did not represent a noticeable
improvement in this scenario, as lengthy reaction times were required to achieve complete
conversion (entries 2-3). When the number of equivalents of 471 was increased to 1.5,

excellent conversion to the fused imidazole 579 was achieved in just 2 hours.

Variations of the temperature resulted in lower conversion and longer reaction times (entries
5-7). However, the reaction took place even at room temperature, indicating the crutial effect
of the sulfide moiety in the transformation (entry 5). Gold(l) catalysts were screened but

proved inefficient (entries 8-10).
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Table 6: Screening of the reaction conditions of aminide 471 with thioynamide 565
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o
\N
G s " / Catalyst (5 mol%)= NJ\N
N.- \ Solv?rn(to[g)j M] Ts-NHSMe
471 (1.2 eq) 565 (1.0 eq) Ph 579
Entry Eqof471 Catalyst Solvent T(CC) T(h) 22}:)'9
1 1.2 PicAuCl; 1,4-dioxane 90 3 78
2 1.2 PicAuCl, Toluene 60 24 86
3 1.2 PicAuCl; 1,2-DCB 125 5 71
4 15 PicAuCl, 1,4-dioxane 90 2 92
5 1.5 PicAuCl, 1,4-dioxane rt 3 days 50
6 1.5 PicAuCl: 1,4-dioxane 60 4.5 (72)
7 1.5 PicAuCl, Toluene 60 24 85
8 1.5 DTBPAU(NCMe)SbFs  1,4-dioxane 60 24 47
9 1.5 DTBPAU(NCMe)SbFs  1,4-dioxane 90 24 41
10 15 IPrAuUNTf; 1,4-dioxane 90 24 /!

? Isolated vyields after purification by flash column chromatography. Yield in parenthesis
determined by *H NMR using 1,2,4,5-tetramethylbenzene as internal standard.
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Figure 16: Crystal structure of imidazole 579 with ellipsoids drawn at the 50% probability level. X-Ray

crystallography was obtained and solved by Dr Louise Male (University of Birmingham)

With the optimised conditions in hand, the thioynamide scope was investigated (Scheme 73).

Both aryl and alkyl thioynamides proved excellent substrates. The reaction was robust and

scalable as exemplified with the formation of 1.39 grams of imidazole 579. Interestingly, the

substituents on the S-group substantially affected the conversion, ranging from moderate to

excellent: smaller groups (S-methyl) afforded higher conversion than S-phenyl or S-homoallyl
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groups. This agrees with the results previously reported in the Davies group when

investigating the reaction of N-acyl aminides with alkynyl thioethers (see Scheme 61).

(o)
N
3 N
SR PicAuCl, (5 mol%) JE
x = NN

1,4-Dioxane [0.1 M] >_<
90 °C

RN SR3
\
471 (1.5 eq) 545 (1.0 eq) R2 580
A
0 o) 0
X X 1)
N7 N N7 N N7 N J_//
Ts—N SR3 Ts—N SR3 Ts—N S
\ \ \
Ph Bn Ph
R® = Me, 579 90% (3 h) R = Me, 582 42% (24 h) 584 76% (5.5 h)
3.5mmol, 1.39 g R® = Ph, 583 27% (24 h)

R3 = Ph, 581 85% (24 h)

Scheme 73: Gold catalysed cycloaddition of thioynamides with N-pyriminidone aminide

The substituents on the N-end of the ynamide also affected the reactivity. In general, N-phenyl
ynamides provide significantly better conversion than the analogous ynamides bearing a N-
benzyl group. When employing N-benzyl ynamides, complete conversion to 582 and 583 was

not achieved and the unreacted ynamide was recovered.

4.2.3. Mechanistic proposal

From a mechanistic point of view, the results obtained thus far suggest an intriguing sulfur
effect aiding some of the key steps of the transformation. From a wider perspective, there is
several equilibria taking place in the reaction mixture on which the gold complex might be
involved (Scheme 74, 545 to 585°” and 474 to 471). Consequently, the actual concentration of

active aminide, (thio)ynamide and catalyst might be altered.
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As discussed in chapter 3, the new aminides are highly electron-rich species and could
interact with the gold catalyst (474) leading to unproductive reaction pathways. This
interaction would justify the lack of reactivity observed with N-thiazolone, N-imidazolone and

N-pyrimidinone aminides due to catalyst poisoned.

R1
N—=—sR? CN( )\/j\
R2 545

R2[Am
\ 589
586 =00 vmmmmmmmmmmmme--ee-
Steric effects of the
S-substituent and possible Au-S

)ﬁ coordination through the o*

/ 3
N SR
R2 [Au]”

587

Scheme 74: Proposed mechanism for the gold-catalysed formal [3+2] cycloaddition with thioynamides

The change in reactivity observed when aminide 471 was reacted with thioynamide 565 could
be explained by a more effective gold-aminide coordination assisted by the sulfide group.
Several factors could cause this: one of the lone pairs of the sulfur could form a dative bond
with the gold complex (shown in scheme 74 as an arrow from the sulfur towards the gold

complex), aiding formation of a =-complex, and then favouring the formation of
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keteniminium 585°. A complementary Au-S interaction could arise also from the overlap of

the [Au]-C bond with the o* of the SR group (589), favouring as well the formation of 585°.

Beyond the enhanced reactivity, no experimental or spectroscopic evidence has been achieved
thus far to confirm any of these proposed interactions, and indeed the nature and importance
of any interaction could change at different points of the mechanism. The overall impact will
be referred to as the sulfur-effect throughout the present chapter, yet, it will be omitted in the

schemes for clarity.

This Au-S interaction could prevent, or significantly decrease, the undesired gold-nitrenoid
coordination and favour a higher concentration of the activated alkyne 585. Nucleophilic
attack of the aminide onto the active species 585° is now feasible, thus triggering the

cycloaddition process.

The range in reactivity observed when investigating the SR® substituent of the thioynamide
could be caused by a blockage of the electrophilic metal centre during the intramolecular
cyclisation event (589). The stabilising S-Au interaction results in a restricted conformation of
the S-R group positioning it S-trans to the gold complex. Consequently, larger substituents (R
= Ph) obstruct the approach of the pyrimidinone ring to the electrophilic center more than

smaller groups (R = Me), causing a decrease in the conversion.

The groups on the sulfonamide also significantly affect in the process. It was observed that
the presence of a N-benzyl group was notoriously detrimental for the yield and reaction time
compared to N-phenyl. We proposed this drop in the reactivity is caused by a blockage
between the benzyl group and the imposed S-R group comformation preventing the Au to be

released.
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4.2.4. Further insights on the reactivity of thioynamides

To widen the scope of the transformation provided by S,N-substituted alkynes, N-thiazolone

and N-5-(ylidene)imidazolone aminides were next examined.

A brief screening of the reaction conditions was accomplished using aminide 522 (Table 7).
Dichloro(2-pyridinecarboxylato)gold was chosen as a reference catalyst due to its suitability
in the previous study (see Table 6). Problems of solubility were observed using toluene due to

the high polarity of the aminide, which did not completely dissolve in toluene (entry 1).

Table 7: Survey for the gold catalysed cycloaddition of aminide 422 with thioynamide 565

S
@l\_i}o o \N/SMe Catalyst (5 mol%) ,}i{,\,_\/%o
+ N Fl’h Solvszrn(to[co)ﬂ M] Ts _N\Ph SMe
422 (1.2 eq) 565 (1.0 eq) 590
Entry Eqof 422 Catalyst Solvent TCC) T(h) Yield(%)*
1 1.2 PicAuCl, Toluene 60 24 10
2 1.2 PicAuCl; 1,4-dioxane 60 24 (38)
3 1.2 PicAuCl, 1,4-dioxane 90 45 69
4 1.2 PicAuCl; 1,2-DCB 125 5 48
5 15 PicAuCl; 1,4-dioxane 90 24 20
6 1.2 DTBPAuU(NCMe)ShFs 1,4-dioxane 90 24 (78)
7 1.5 DTBPAuU(NCMe)SbFs 1,4-dioxane 90 24 (35)
8 1.2 IPrAUNTf; 1,4-dioxane 90 24 (8)

 |solated yields after purification by flash column chromatography; Yields in parenthesis
determined by *H NMR using 1,2,4,5-tetramethylbenzene as internal standard.

The temperature was then varied: low temperatures resulted in slow reactions with poor
conversions (entries 1 and 2); 1,4-dioxane at 90 °C gave good conversion in relatively short
reaction time (entry 3). In contrast, an increase of the temperature to 125 °C led to
decomposition of the aminide (entry 4). Increasing the equivalents of aminide to 1.5 was

deleterious (entry 5). Interestingly, cationic phosphite gold(l) DTBPAu(NCMe)SbFs was a
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better catalyst affording imidazole 590 in 78% vyield, with only 1.2 equivalents of aminide
(compare entry 6 and 7). Finally, a more electron-rich gold(l) catalyst (IPrAuNTf;) was

tested, resulting in very poor conversion (entry 8).

With the optimised conditions in hand, the thioynamide scope was then explored with 422
and 460 (Scheme 75). Previous electronic and steric issues were overcome and direct access
to non-aromatic imidazo[2,1-b]thiazoles was achieved for the first time employing our

synthetic strategy (590-594).

X/ R
7 X—R / SR™ DTBPAUNCMe)SbF 4 (5 mol%) NAN}
N IN —/Q\‘—i * R1‘N/ 6 V—=(
+ N~ °N L 1,4-dioxane [0.1 M] RN SR?
R 90 °C k2
591 (1.2 eq) 545 (1.0 eq) 592
PMB, O
A= Jal
z (6]
N . N NZON SSS
»=( \—{ Ph
—_ 3
Ts N\Ph SR 5N SR
Ph
RS = Me, 590 78% (24 h) R3 = Me, 595 88%2 (18 h)
R3 = Ph, 593 50% (24 h) R3 = Ph, 596 45%2 (22 h)

R3 = homoallyl, 594 34% (24 h) R3 = homoallyl, 597 44%?2 (24 h)

Scheme 75: Screening of the thioynamide scope with N-thiazolone and N-imidazolone aminides. ° Utilising
PicAuCl: as catalyst

N-Imidazolone aminide 460 also displayed exceptional reactivity giving access to poly-aza
fused imidazoles 595-597. In all cases a single imidazole regioisomer was achieved with
analogous regioselectivity to that of the previous series, as was conformed by the crystal
structure of 590 and 595 (Figure 17 and Figure 18, see Appendix for crystallographic data). In
keeping with the results shown in Scheme 73, a marked decreased in reactivity was observed

when bulkier substituents were introduced in the sulfide group.
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Sl
o1 AN o

Figure 17: Crystal structure of imidazole 590 with ellipsoids drawn at the 50% probability level. X-Ray
crystallography was obtained and solved by Dr Louise Male (University of Birmingham)

Figure 18: Crystal structure of imidazole 595 with ellipsoids drawn at the 50% probability level. X-Ray
crystallography was obtained and solved by Dr Louise Male (University of Birmingham)

Finally, carbazole derived thioynamine 568 was tested to see the impact of a cyclic
thioynamine in the transformation (Scheme 76). A consistent reactivity trend was observed
across the aminides tested with 5-benzylidene 427 being noticeably more reactive than

aminides 460 and 422.

598 89%2 (45 min) 599 29%P (24 h) 600 49%" (24 h)

Scheme 76: Effect of a cyclic thioynamie in the gold catalysed cycloaddition; ° Utilising PicAuCl;, 1,2-DCB at
125 °C; ® Utilising PicAuCl,, 1,4-dioxane at 90 °C.
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Compounds bearing both a carbazole and an (ylidene)thiazolone motif are frequently found in
material science and utilised as photosensitizers’®® due to their donor-acceptor electronic
properties. Therefore, this synthetic route could be applied to access these types of materials

displaying interesting photoelectronic properties.

4.2.5. Study of the thioynamide scope with N-benzo(heteroaryl)

and N-diazinyl aminides

The promising results accomplished utilising thioynamides encouraged us to further

investigate their reactivity with N-pyridinium N-benzo(heteroaryl) aminides (Scheme 77).

ISV Y,

N N NN / N
Ts—N SMe Ts—N SR3 Ts—N S Ts—N SMe
Ph Bn Ph Ph
X =S, 60191% (1.5 h) R® = Me, 603 96% (1 h) 605 78% (2.5 h) 606 98% (22 h)
X =0, 60293% (1h ’

) R3 = Ph, 604 89% (1 h)

NO,

N N7 N N N
\—{ \—{ \—{ 3 \—{

Ts=N  SMe Ts=N  SPh Ts—N SR Ts—N  SMe
Ph Bn Ph Bn
607 52% (1 h) 608 84% (1 h) R3 = Me, 609 87% (1 h) 611 quant. (1 h)

R3 = Ph, 610 85% (1 h)

Scheme 77: Exploring the reactivity of thioynamides with N-benzo(heteroaryl)aminides. Reaction conditions:
PicAuCl: (5 mol%), 1,2-DCB at 125 °C

In general, reactions were fast, regioselective, and both S-methyl and S-phenyl groups were
readily introduced at the 4-position of the imidazole. Unlike the previously investigated
nitrenoids, the steric bulk of sulfide substituents did not prove significantly deleterious to
yields (compare 603 and 604 or 609 and 610). With these aminides, the intramolecular

cyclisation might be a fast process, which could potentially occur in a concerted manner with
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pyridine elimination. As a result, the sulfide group would be displaced out of the imidazole-

benzothiazole plane and therefore, it does not obstruct the cyclisation.

The reaction of S-homoallyl ynamide 575 provided relatively lower yield of imizado[2,1-
b]benzothiazole 605 compared to its SMe analogue. Nitro and halogenated aminides
underwent the cycloaddition smoothly. The only exception being 607 due to a troublesome

purification.

Compatibility was also observed between thioynamides and N-pyridinium N-diazinyl
aminides, yet in general lengthy reaction times were needed compared to previous examples
to achieve complete conversion to the corresponding imidazoles 612-615 (Scheme 78). While
good conversion 612 and 613 was achieved, formation of imidazole 614 was sluggish; 65% of

ynamide was recovered even after 24 hours. In addition, moderate reactivity was observed for

imidazole 615.
> L O i
| |
N)\N NZONN N7 N/kc| N7 N/kc|
Ts—N SMe Ts—N SMe TS‘N\ SMe TS‘N\ SMe
Bn Bn Ph Ph
612 85%2 (4 h) 613 71%P (5.5 h) 614 12%° (24 h) 615 57%° (20 h)

Scheme 78: N-Pyridinium N-diazinyl aminides in the gold catalysed cycloaddition with thio ynamides;
@ Utilising DTBPAu(NCMe)SbFs, 1,4-dioxane at 90 °C; ® Utilising PicAuClz, 1,4-dioxane at 90 °C; ¢ Reactions
repeated twice, equal conversion to the corresponding imidazole and recovery of the starting ynamide was
obtained in both attempts

Despite the structural similarity between imidazoles 614 and 615, there is a clear difference in
conversion. The steric clash in 618 (Scheme 79) between the S-methyl group and the benzene
moiety could favour reconfiguration of the aminide nitrogen to the more stable conformation

(618°). In 618, elimination of the pyridine group would be a favourable and fast process to
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form a more stable intermediate (619), which has the positive charge stabilised by the two
fused rings. In the case of the formation of imidazole 614, reconfigurationon 620 to
intermediate 621 would not be straightforward because intermediate 620 is stabilised by an
intramolecular H-bond interaction and has no steric hindrance. Therefore, the high energy

barrier required to form 621 would disfavour the cyclisation process.

As the cyclisation is likely to be the rate limiting step, the formation of intermediate 619
would be the driving force to form 615 and the reason why 615 is obtained in higher

conversion than 614.

Cl
aie 3
_ H.
/'E\N A @r \N/ lN
/’Nk 616 A‘ X N‘NC\X‘V
N7 "N ¢ SMe Cl Ts o A_SMe
>=< Ts < % )\N N _
Ph [Au]

‘L

O .
+4 \\\)\

Ts=N"  SMe N" [Au] @ N7
Ph 617 x +.N\\\§d
SMe

Ph 615
[Au]
618
i
Ts \I}I/H<

)\ N
SMeC| W=y TCl \@
Ph [Au]
Ph [Au
619 N N -SMe AT
Ph [Au]” 621

618’

Scheme 79: Potential steric issues in the formation of imidazoles 614 and 615 during the gold-cycloaddition

Compared to the other series of nitrenoids, N-benzo(heteroaryl) aminides did not show a
significant enhancement in the reactivity when reacting with thioynamides. In contrast, the
gold catalysed cycloaddition of thioynamides with N-diazinyl aminides seemed to be

relatively disadvantageous.
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4.2.6. Improving the reactivity of other aminides

Garzdn previously synthesised a set of pyridine-fused benzothiazole aminides and tested them
in the gold catalysed cycloaddition with ynamides (Scheme 80).%° These proved to be
effective 1,3-N,N-dipoles, however their conversion ranged significantly from poor to
excellent. While the formation of imidazoles 622 and 623 bearing a nitrogen in 4-position and
7-position proceeded smoothly, imidazoles 624 and 625, containing a nitrogen in 5-position

and 6-position respectively, afforded lower conversion and required lengthy reaction times.

Garzon, ref. 65
N = = =N
= (0] S S
an \_ ~ \_ N \
Y Y Y
N%N NAN N NAN NAN
>_( 0 — _
9 >—<_ 1 >_< >—<
o-P—N Ph Ms—N Ph o-F—N Ph Ms—N Ph
o Bn Me o) Bn Bn
622 92%2 (1 h) 623 95%°2 (1 h) 624 65%°2 (8 h) 625 29%°2 (22 h)
[Au]
s =" =N
S
_____________________ + / /
[AU] Py\N/k\N ~—_ Py\ —/L\
-
J N 626 [Au] 627 [Au]
S e
PTYSNTON 629 | xL \ L \
R R EE R ‘ NN NN
Coordination with gold \—/{ \—{
aided by conjugation Ms—N Ph Ms—N Ph
BN 625 BN 628

Scheme 80: Top: Study of pyridine fused N-benzo(heteroaryl) aminides in the gold catalysed cycloaddition
with ynamides undertaken by Garzon; ® Utilising PicAuClz, 1,2-DCB at 125 °C. Bottom: Proposed poisoning
aminide-gold side reaction

Garzon and Davies proposed that the difference in reactivity was due to the variation on the
position of the nitrogen in the pyridine ring. The pyridinyl nitrogen in position 5 or 6 (either
in aminides or products) could have the ability to sequester the gold complex (629 and 628).

In these positions the nitrogen was more sterically accessible or activated by conjugation with
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the N,N-dipole (5- and 6-) and showed higher ability to interact with the catalyst resulting in a

decrease of the conversion to 624 and 625.

Taking advantage of the reactivity displayed by thioynamides, a new study of pyridine-fused
benzoheteroaryl aminides with thioynamides was accomplished (Scheme 81-top).
Gratifyingly, a marked improvement on the yield was found, whilst maintaining the same
reactivity trend. The position of the nitrogen on the pyridine ring continues to play an
important role on the reactivity of this series of nitrenoids. However, the presence of a sulfur
moiety introduced via the thioynamide allows for a better conversion to imidazoles 632 and

633, respectively.

These results show the ability of thioynamides to prevent, to a certain extent, undesired
poisoning via gold-aminide coordination due to the excellent S-Au interaction formed during

the activation of the n-system (Scheme 81-bottom).

) - - e 9
W " \ N \ / | \ N
NAN NAN N NAN NAN 5 /E \ =0 !
>_( >_< >—< 5—( E NZON N\ !
Ts—N  SMe Ts—N  SMe Ts—N  SMe Ts—N  SMe : \—{
Bn Bn Bn Bn Ms—N Ph
630 97%2 (1 h) 631 87%2 (1 h) 632 75%2 (8 h) 633 58%° (22h) | Me
e ] 635 64%" (24 h)
[Au] ' o
=N" =N TT . %
+ / + /k / N \ /\§
PY\':]/k\ ~—__—" Py X —N /4 v o
S\ 7/ N7NT
627 [Au] 626 P ; \—{
N [
sRd TN SR3 NN ; D Ts=N SMe
Rt A RIN/\/ R‘N)\(SR : Ph
N Y [Ad] b2 - ; 636 90%C (1.5 h)
, R2 R? [Au] '
R2 545 585 634 T

Scheme 81: Top: Thioynamides in the gold catalysed cycloaddition with pyridine fused N-benzo(heteroaryl)
aminides. Bottom: Additional sulfur-effect in the activation of the &-system. Right: Caffeine based tri-fused
imidazole. ° Utilising PicAuCl, 1,2-DCB at 125 °C; ® Example prepared by Garzon; € Utilising PicAuCl, 1,4-
dioxane at 90 °C.
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Capitalising on this sulfur-gold interaction, a caffeine based aminide prepared by Garzén, also
exhibited better conversion when reacted with thioynamide 565, yielding 8-(methylthio)

imidazo[1,2-e]purine 636 in excellent yield (Scheme 81-right).

The advantageous effect of N,S-heteroalkynes in the gold catalysed strategy was further
demonstrated utilising a saccharin derived aminide previously synthesised by Garzon.
Aminide 637 was tested with ynamide 297 and did not give conversion to the desired tricyclic
product 638 (Scheme 82-top). This could be attributed to deactivation of the N,N-dipole by
the presence of an electron-withdrawing sulfonyl group, which could also be acting as a

ligand for the gold complex.

9 O 9 O _ De-activation of the
0 nuleophilic reactive
SO _ < ] L
NZONTT 2 N 'E\N/ N"S\o site of the aminide
)= 637"
MS‘N\ Ph 1 1 ) 3
Bn R\N B T\N__=<R Possible aminide-gold
638 0% . | i N poisoning interaction
R?  [Au] R? [AU]
126 213
)
N AN = Gold complex
| - s S/(O - | NP S(O effectively coordinated
NG N/SOZ ZY NN O Z+ N7 N O to ynamide
):( 637 637'
Ts —N SMe R\1 SR3 R1
Ph -~ +/N=-=< - N I SRS More electrophilic
639 58%2 (21 h) A R2  [AU] alkyne
—
585" 585

Scheme 82: Comparison of ynamide versus thioynamide reactivity with N-saccharine aminide 568; ° Utilising
PicAuCl;, 1,4-dioxane at 90 °C

In contrast, when methyl sulfide ynamide 565 was reacted alongside 637 in the gold catalysed
cycloaddition, moderate conversion, to imidazole 639 was achieved (see Figure 19). This

significant result suggests that the alkyne is more electrophilic and the reaction can take place
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using soft nucleophiles or more general 1,3-dipoles. For X-ray crystal data of imidazole 639

see Appendix.

c23

Figure 19: Crystal structure of imidazole 639 with ellipsoids drawn at the 50% probability level. X-Ray
crystallography was obtained and solved by Dr Louise Male (University of Birmingham)

Finally, to test whether a distant nitrogen in conjunction with a sulfide moiety is sufficient to
activate the m-system, 3-((methylthio)ethynyl)-1-tosyl-1H-indole ynamide 640 was tested
with aminides 267 and 471. As shown in scheme 83, a sharp loss and no reactivity was
observed, respectively with these aminides. These results reiterate the decreased reactivity of
N-benzothiazole and especially N-pyrimidinone aminides compared to the N-acyl series,
which have previously been studied with indolyl ynamides and demonstrated to be suitable

substrates (see Scheme 59).%°

S@ @ S | Vet N S >
h ! N
L B == 00
N/_N /N\NAN E N o1 [Au] ! /'E\N)\\N )\ ’
SMe 267 : ! 471 —
\ . ! \ F SMe
N PicAuCl, (5 mol%) . : PicAuCl, (5 mol%) \

z
z

Ts 1,2-DCB, 125 °C 1,4-dioxane, 90 °C N
Ts

642 17%2 (19 h) NS 643 0%P

Scheme 83: Investigating the reactivity of indolyl-thioynamide 640 in the gold catalysed cycloaddition
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While aiding in the gold-ynamide coordination, the sulfide alone group is not activating
enough to promote the reaction. The presence of a nitrogen adjacent to the triple bond is
crucial to successfully activate the electrophilic sp carbon centre, as demonstrated with the

use of thioynamides throughout this chapter.

4.2.5. Post catalytic transformations

Capitalising on the sulfide moieties introduced via thioynamides, oxidation of the sulfide
group to the corresponding sulfone 644 was successfully achieved with compound 613

(Scheme 84).

2 - -
N)_iN mCPBA (2.2 eq) N>_<N
—_—
Ts~N  SMe CH,Cly, 0 °C to rt Ts SN SO,Me
\
Bn Bn
613 644 88%
) )
NAN mCPBA (2.2 eq) NAN
)=( CH,Cly, 0 °C to rt =
Ts=N SMe Ts=N SO,Me
Ph Ph
X =0, 602 X =0, 645 20%; 56% (sulfoxide)
X=§, 601 X =S, 646 31% (4.4 eq. of MCPBA)
o) o)
N SN
| mCPBA (4.4 eq) )\ |
N7 N N7 N
\—=( CH,Cly, 0 °C to rt \=(
Ts—N SMe Ts=N SO,Me
Ph Ph
579 647 42%

Scheme 84: Attempted oxidations of the sulfides

Imidazoles 602 and 601 provided the desired sulfone in poor yield. In the formation of
imidazole 646, an increase of the number of equivalents of m-chloroperbenzoic acid was

required to achieve improved yield. Oxidation was also attempted utilising hydrogen peroxide
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yet was unsuccessful. Oxidation of 579 to sulfone 647 was achieved in moderate yield due to
a potential epoxidation side reaction from the alkene. Yet, no by-product was possible to

isolate.

Reduction of the amide of fused imidazo-uracil 579 was not successful either when sodium
borohydride or lithium aluminium hydride were used (Scheme 85). Several 1,2- and 1,4-
additions were attempted using Grignards, organocuprates and organolithium reagents but

also failed (650-652). The highly conjugated sp? system reduces the electrophilicity of the

N
\’*\]/
AllylMgBr, THF
— A

o, B-unsaturated ketone.

0°Ctort N> <N
°Ctor —
TSN sme
N Ph
)\ I LiAlH,4, THF 650
NZON - ———
>=< 0°Ctort ! o (0]
: ' N
Ts—N  SMe ; \N/U] | nBulLi, Cul N/‘i
Ph ' ' BF3+OFt
' )\ : N NZON 5
648 i N” N ' - nBu
o= THF . =
N2 TSN sMe -78°Ctort SN SMe
Ph
J_ I NaBH,, MeOH Ph 579 651
N/ N~ & ——¢— | rmmmmmmmoeoee
— rt, 1 h nBu
Ts\N\ SMe \ltl/ I
Ph nBuLi, THF
649 — NJ\N
Starting material -78°Ctort —{
recovered Ts ~N SMe
\
Ph
652

Scheme 85: Attempted reductions and 1,2-, 1,4- additions to uracil derivative 579

Another additional modification attempted on the tri-fused imidazole core was a Diels-Alder
reaction, which have previously been reported on uracil derivatives,'®® yet no adduct was seen

in the reaction of imidazole 579 and furan (Scheme 86). The reaction might require harsher
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conditions as furan is known to undertake Diels-Alder reactions at significantly elevated

temperatures.

(0] O@ (0]
T . L9
Toluene
N“ N N7 N

—

= T
TSN sMe TSN sMe
Ph Starting material Ph
579 recovered 653

Scheme 86: Attempted Diels-Alder reaction on uracil-imidazole 579

Reaction of 584 with Grubbs 2" generation catalyst underwent an intermolecular metathesis
reaction in place of the desired intramolecular reaction to give dimer 654. The
stereochemistry of 654 could not be assigned as the symmetry of the system prevents
differenciation of the cis/trans splitting in the *H-NMR and a single crystal has not been

successfully grown yet (Scheme 87).

o}

o) o)
\N/U\% \N \N
Py Grubbs (Il) Py Grubbs (Il) d
N/ N? -————— N/ N / —_— N/ N Ph\N/TS
\—{ CH,Cly, rt \—{ J_/ CH,Cly, rt \—={
To s TS\"{ S Ts\,\{ S/\/\/\/S%N
Ph Ph Ph N~
655 584 654 82% <\\‘<N
~
o)

Scheme 87: Intra- and intermolecular metathesis reactions on uracil derivative

Deprotections of the sulfonamide group of 305, 579, 308 and 602 were attempted (see
Appendix) yet none of them proved fruitful. A range of conditions were tested on several
substrates, but none of them delivered the secondary amine; just starting material was

recovered.
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A rather unexpected result was achieved employing trimethylsilyl chloride and sodium iodide
in an attempt to cleave the p-toluenesulfonyl group (Scheme 88). The reaction of
trimethylsilyl chloride and sodium iodide forms trimethylsilyl iodide, which is known to be a
suitable species to cleave sulfonyl groups.!1® Interestingly, *H NMR analysis overlapping the
starting material spectra with that obtained from the reactions suggested cleavage of the
methylsulfide group instead of aminide deportection. The proposed products 656 and 658
could not be purified by flash column chromatography despite multiple attempts. The

deprotected amine was not observed in any case.

S‘S ) S‘S )
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Ph Ph i Ph
579 658 659 not observed

___________________

= CH4CN, 83 °C

5 o
NAN TMSCI, Nal NAN

Ts=N_ Ph HN  Ph
N \
Bn Starting material Bn
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Scheme 88: Attempted tosyl deprotections using TMSCI and Nal
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Tosyl cleavage was also attempted with compound 660, which does not bear a labile sulfide
group, but just starting material was recovered. Imidazole 564 with a less labile SPh group

was tested using the same conditions but proved unreactive towards deprotection as well.

The cycloaddition strategy presented in this thesis allows the introduction of halide
substituents for further modifications of the post-catalysis products. Capitalising on the
bromide groups introduced in the benzo(thi/oxa)zolyl imidazoles through the ynamide or the
aminide, Suzuki cross-coupling reactions provided with poly-aromatic compounds 664 and

665 (Scheme 89).

Br Ac O
N@ Pd(PPh3)4, K2CO3 0 O

/E B(OH),
N 7
>=< + @\ Dioxane : H,0 NAN
Ms—N Ph A 70°C,17 h

C J—
Bn Ms—N Ph
352 663 Bn

664 67%

Pd(PPhg)s, K,CO3
+ >
Ms—N Dioxane : H,0
PMB Ac 70 °C, 17 h

Scheme 89: Suzuki cross-coupling reactions on imidazole-fused systems

4.2.5.1. Exploiting the methylsulfide functionality

The S-methyl group is known to be suitable moiety for palladium and nickel cross-coupling
reactions with boronic acids.!'* Nevertheless, Liebeskind-Srogl or Kumada cross-couplings

were not productive when attempted on imidazo-uracil 579 (Scheme 90).
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Scheme 90: Attempted Liebeskind-Srogl and Kumada cross-couplings

At the outset of the project, the preparation of double aminide 672 was attempted using (6-
chloropyridazin-3-yl)(pyridin-1-ium-1-yl)amide 262, but this route prove ineffective (Scheme
91-top). An alternative route was envisioned consisting on a sequence of aminide formation-
gold catalysis reactions. Aminide 262 was reacted with ynamide 297 to give 673 in a good
yield. Subsequent reaction of 673 with N-amino pyridinium iodide (259) formed bicyclic
aminide 674 in 51% yield. A second cycloaddition reaction using ynamide 674 was expected
to be smoothly due to the presence of a flexible alkyl chain on the carbon-end of the ynamide.
Nevertheless, the reaction with 674 proved fruitless, potentially due to the steric hindrance of

the system in the cyclisation step (678).

In order to achieve the diimidazo[1,2-b:2',1'-f]pyridazine core, we took advantage of the
methodology presented in chapter 4 using thioynamides to introduce a smaller methylsulfide
group in 4-position of imidazole 673 (Scheme 91-bottom). Following an analogous synthetic
approach, formation of imidazole 613 using thioynamide 567 proceeded smoothly, however

the aminide formation step with N-aminopyridinium iodide was troublesome (679). A
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possible explanation is that chloride and sulfide might be competing as leaving groups in the

SNAr reaction, which would lead to various side-products, as was observed by TLC.

yZ | Cl
X N N N \ N
o SN cho3 MeOH K,COj3, CHsCN
671 262 89% 83°C
Ms -
= Cl = N_+
- Y L0
O /(\( 297 N7 N,N 259 N7 N’N _
- ~ N —_— —
PicAuCl, (5 mol%) Ms— K,CO3, MeOH Ms—
1,4-dioxane, 90 °C N Ph rt =N Ph
Bn Bn
673 87% (3 h) 674 51% (23 h)
E =z 2 /N ,NS H NS\ o —_
. | N ' = N /N — C5H11
PN SN Me ! = Ns Me 675
, + N N N
' Ms.. <~ Ph CsHiq i N7 N’N Y Me -
; N ! >=< CoHiry DTBPAu(NCMe)SbF ¢ (5 mol%)
Bn [Au] Ms—=N P 1,4-dioxane, 90 °C
H 678 Steric hindrance ! Bn 676
Ts -
e s orie
> __ — X _
NG N PicAUCI, (5 mol%) 15 ‘N/\ /\SMe KzCOg, MeOH o SMe
1,4-dioxane, 90 °C \ rt \
262 Bn Bn
613 87% (3 h) 679

Scheme 91: Attempted double aminide formation with chlorodiazine aminide 262

4.4. Conclusions

Thioynamides have been introduced as powerful electron-rich alkynes in the gold-catalysed

formal [3+2] cycloaddition strategy. The straightforward and scalable preparation of these

building-blocks allowed us to explore their features with N-pyridinium aminides.

A remarkable improvement of the reactivity was seen when employing thioynamides with the

previously unreactive nitrenoids. The lack of 1,3-N,N-dipole reactivity in the reaction with

ynamides (chapter 3) was overcome, achieving moderate to excellent conversion to the
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corresponding imidazole products. This fact has been attributed to a putative sulfur effect that
aids the formation of the keteniminium intermediate, and therefore, unproductive aminide-

gold catalyst interactions have been subdue.

N-Benzo(heteroaryl) and N-diazinyl aminides also proved compatible with these
heteroalkynes. Within these series, an enhancement of reactivity was achieved with those

nitrenoids that either by steric or electronic reasons were not effective 1,3-N,N-dipoles.

These sulfur containing alkynes allowed us to access novel fused imidazolyl derivatives and
to expand the scope of our methodology to more complex and highly functionalised

heterocycles.

Future work could be conducted by further exploring the role and mode of coordination of the
thioynamide with the gold species, as it would allow for a better understanding of the
reactivity discussed throughout this chapter. Additionally, spectroscopic evidence of the
putative poisoning aminide-gold complex interaction discussed throughout chapter 3 is
needed and highly desirable. Following investigations can also be directed at modifying the

functionality of the imidazole heterocycles.
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1. General information

Commercially available chemicals/reagents were purchased from major suppliers (Aldrich,
Fisher, Acros Organic, Alfa Aesar, Fluorochem or VWR) and used without further
purification. All reactions were stirred using Teflon coated magnetic stirrer bars. Reactions
performed under argon atmosphere were carried out in flame or heat-gun dried glassware at
high vacuum and backfilled with argon utilising dry solvents. Solvents were dried utilising
either a Pure Solv-MD solvent purification system (CH2Cl., THF, toluene and CHsCN) or
over 4 A molecular sieves, which were previously activated by heating them to 300 °C with a
heating matle and under high vacuum, during at least 24 hours, (DMF, 1,4-dioxane, m-xylene
and 1,2-DCB). Reactions requiring heating were performed using preheated paraffin oil baths
or metal heating blocks on stirrer hotplates and the temperature was controlled using an
external prove. Low temperature reactions were performed with the following cooling baths:
0 °C (ice/water), -41 °C (dry ice/CH3CN), -78 °C (dry ice/acetone) controlled with an external
thermometer. All reactions were monitored by thin layer chromatography on Merck silica gel
60 Fos4 (aluminium support) TLC plates, which were developed utilising UV fluorescence
(254 nm) or the following stains: potassium permanganate/A, vanillin/A, ninhydrin/A or
anisaldehyde/A. Flash column chromatography was performed on Sigma Aldrich silica gel 60

(40-63um). *H NMR and 3C NMR spectra were recorded using Bruker AVIII300 (*H

300 MHz, F = 282 MHz, 3P = 121 MHz), Bruker AVIII400 (*H = 400 MHz, 3C
101 MHz) or Bruker AVNEOS500 spectrometers in commercial TMS free deaurated solvents
at 300 K. 1*C NMR spectra were recorded utilising the UDEFT, JMOD or PENDANT pulse
sequences from the Bruker standard pulse program library. NMR spectra were processed
using MestReNova software. Chemical shifts (3) are given in ppm relative to TMS and are

calibrated using residual solvent peaks (CDCls: dc = 77.16; residual CHClz in CDCls: o =
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7.26 ppm; DMSO-ds: ¢ = 39.52 ppm; residual DMSO in DMSO-dg: &4 = 2.50 ppm).112
Spectral data for *H NMR spectroscopy is reported as follows: chemical shift (multiplicity,
coupling constant, number of protons) and for *C NMR spectroscopy: chemical shift. The
following abbreviations were used to assign multiplicity: s (singlet), d (doublet), t (triplet), q
(quadruplet), dd (doublet of doublets), td (triplet of doublets), tt (triplet of triplets), ddd
(doublet of doublet of doublets), ddt (doublet of doublet of triplets), br. (broad), m (multiplet),
app. (apparent). Coupling constants (J) are given in Hz to one decimal place. 2D COSY,
HSQC and HMBC spectra were recorded in order to assist with NMR assignment when
necessary. Melting points were measured in open capillaries using a Stuart Scientific melting
point apparatus and are uncorrected. Infra-red spectra were recorded neat using a Perkin-
Elmer Spectrum 100 FTIR spectrometer using a ATR attachment; only the most intense or
representative absorbances (vmax) are reported in cm™. Mass spectra were obtained using
Waters GCT Premier (EI), Waters LCT (ES) or Waters Synapt (ES) spectrometers. High

resolution spectra used a lock-mass to adjust the calibrated mass scale.

The following compounds were preparared by other members of the Davies’s group (Miguel
Garzon, Matt Ball-Jones, Onyeka Abumselu, Pascal Delany). After verification of their
purifity by *H NMR, and purification by flash column chromatography or recrystallization if

needed, they were utilised in the ynamide formation or gold-catalised cycloaddition.
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2. Synthetic procedures and characterization data

2.1. Synthesis of ynamide and thioynamide precursors

N-Benzylmethanesulfonamide (A)

Ms.-Bn  Following a reported procedure,'** a solution of benzylamine (10.0 mmol, 1.09 mL,
H

2.0 eg.) in dry THF (10 mL) was cooled down to 0 °C. Methanesulfonyl chloride (5.0 mmol,
0.39 mL, 1.0 eq.) was added dropwise and the mixture was allowed to warm up to room
temperature and stirred for 4 h. After this time, the solvent was removed under reduced
pressure and the product was re-dissolved in EtOAc (30 mL). HCI [2 M] (30 mL) was added
and the biphasic mixture was extracted. The organic phase was dried with Na>SQg, filtered off
and concentrated under reduced pressure giving sulfonamide A as a white solid (925 mg,
99%); mp: 59-61 °C (lit. 59-60 °C); *H NMR (300 MHz, CDCl3): § = 7.40-7.31 (m, 5H),

4.69 (br. s, NH, 1H), 4.33 (d, J = 6.0 Hz, 2H), 2.87 (s, 3H); 13C NMR (101 MHz, CDCls): § =
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136.8 (C), 129.1 (2xCH), 128.3 (CH), 128.1 (2xCH), 47.37 (CH2), 41.29 (CH3); IR (neat): v
= 3224, 3021, 1456, 1294, 1132, 1060, 975, 737, 695; MS (EI): m/z 106.07 [M—Ms+H]".

Analytical data match those reported in the literature.!*®

N-(4-Methoxybenzyl)methanesulfonamide (B)

. Following a reported procedure, ! a solution of 4-methoxybenzylamine
H/\©\0Me (40.0 mmol, 5.2 mL, 2.0 eq.) in dry THF (40 mL) was cooled down to
0 °C. Methanesulfonyl chloride (20.0 mmol, 1.6 mL, 1.0 eqg.) was added dropwise
precipitating a white cake-like solid. The mixture was allowed to warm up to room
temperature and stirred for 2.5 h. After this time, the solvent was removed under reduced
pressure and the product was re-dissolved in EtOAc (50 mL). HCI [2 M] (30 mL) was added
and the biphasic mixture was extracted. The organic phase was dried with MgSOyg, filtered off
and concentrated under reduced pressure. Purification by flash column chromatography
[hexane:EtOAc (1:1)] gave sulfonamide B as a white fluffy solid (3.95 g, 92%); mp: 103—
105 °C (lit. 96-97 °C); *H (300 MHz, CDCls): & = 7.27 (d, J = 8.7 Hz, 2H), 6.89 (d, J = 8.7
Hz, 2H), 4.60 (br. s, 1H), 4.26 (d, J = 5.9 Hz, 2H), 3.81 (s, 3H), 2.86 (s, 3H); IR (neat): v =
3263, 1614, 1513, 1302, 1134, 1030, 841, 814; MS (EIl): m/z 135.08 [M—Ms+H]". Analytical

data match those reported in the literature.!'4
2-(Benzylamino)-5,5-dimethyl-1,3,2-dioxaphosphinane 2-oxide (C)

o Following a reported procedure,'’® to a solution of benzylamine (2.5 mmol,

~P< .Bn
>4O H 027 mL, 1.0 eq) in dry CHxCl, (1.5 mL), trimethylamine was added
(3.75 mmol, 0.52 mL, 1.5 eq.). The mixture was cooled down to 0 °C and 2-chloro-5,5-

dimethyl-1,3,2-dioxaphosphinane 2-oxide (3.0 mmol, 554 mg, 1.2 eq.) was added
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portionwise. The reaction mixture was allowed to warm up to room temperature and was
stirred for 20 h. The reaction was diluted with water (10 mL) and the organic phase separated.
The aqueous phase was extracted with CHCl, (3x25 mL). The combined organic layers were
washed with brine (25 mL), dried over MgSQyg, filtered off and concentrated under reduced
pressure. Purification by flash column chromatography [hexane:EtOAc:CH2Cl> (1:4:1)] gave
sulfonamide C as a white-off solid (632 mg, 99%); mp: 122-124 °C (lit. 120-122 °C); IR
(neat): v = 3150, 2959, 1456, 1226, 1061, 1019, 824, 724, 693, 628; MS (ES): m/z 256.11

[M+H]*. Analytical data match those reported in the literature.*®
4-Methyl-N-phenylbenzenesulfonamide (D)

Ts\”/Ph Following a reported procedure,!'® to a solution of aniline (10.0 mmol, 0.91 mL,
1.0 eq.) in CH2Cl> (33 mL), pyridine (60.0 mmol, 4.8 mL, 6.0 eq.) was added, followed by the
dropwise addition of a solution of p-toluenesulfonyl chloride (12.0 mmol, 2.29 g, 12.0 eq.) in
CH2Cl; (10 mL) using a dropping funnel. The reaction mixture was stirred for 21 h at room
temperature. The reaction mixture was concentrated under reduced pressure ca. 50 mL and
HCI [1 M] (20 mL) was added. The organic phase was dried over Na>SOs, filtered off and
concentrated under reduced pressure. Purification by flash column chromatography
[hexane:EtOAc (1:1)] gave sulfonamide D as a pale pink solid (2.38 g, 96%); mp: 99-101 °C
(lit. 101-103 °C); *H NMR (300 MHz, CDCls): & = 7.75 (d, J = 8.3 Hz, 2H), 7.38-7.27 (m,
4H), 7.24-7.11 (m, 3H), 6.79 (br. d, J = 9.4 Hz, 1H), 2.46 (s, 3H); *C NMR (101 MHz,
CDCl3): & = 144.0 (C), 136.7 (C), 136.2 (C), 129.8 (2xCH), 129.4 (2xCH), 127.4 (2xCH),

125.3 (CH), 121.6 (2xCH), 21.6 (CHs): IR (neat): v = 3234, 1598, 1481, 1415, 1335, 1154,

1090, 908, 753, 693, 560. Analytical data match those reported in the literature.'6
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2-(2,2-Dibromovinyl)thiophene (E)

B__Br  Following a reported procedure,!'’ to a solution of CBrs (11.0 mmol, 3.65 g,

% 22¢eq) in dry CHCl (15 mL) cooled to 0 °C was added PPhs (22.0 mmol,
5.77 9, 4.4 eq.) in ca. 1 g portions over 10 min. The mixture was stirred for 30 min at 0 °C and
thiophene-2-carbaldehyde (5.0 mmol, 0.46 mL, 1.0 eq.) was added dropwise over 10 min. The
reaction mixture was stirred for 3 h at 0 °C evolving from yellow to dark brown. After
completion, pentane was added precipitating a beige cake solid. The supernatant was filtered
through a pad of celite and the precipitated cake was redisolved in the minimum amount of
CH.Cl,. Pentane was added again precipitating a beige solid (the process was repeated 4 times
more). The combined supernatants were concentrated under reduced pressure. Purification of
the residue by flash column chromatography [hexane:EtOAc (95:5)] afforded dibromolefin E
as a pale yellow solid (911 mg, 68%) which was used within 24 h in the ynamide formation;
IH NMR (300 MHz, CDCls): & = 7.03 (dd, J = 5.1, 3.7 Hz, 1H), 7.25 (d, J = 3.7 Hz, 1H), 7.39
(dd, J = 5.1, 0.5 Hz, 1H), 7.66 (s, 1H); *C NMR (101 MHz, CDCls): &= 138.2 (C),
131.0 (CH), 130.2 (CH), 127.3 (CH), 126.7 (CH), 87.1 (C); IR (neat): v = 3307, 2924, 2852,
2360, 2252, 2163, 2067, 2047, 2036, 1990, 1950, 1639, 1211, 1054, 698; MS (EI): m/z 267.9

[M]*. Analytical data match those reported in the literature.*®

1-Bromo-4-(2,2-dibromovinyl)benzene (F)

Br | Br Following a reported procedure,'!’ to a solution of CBr4 (11.0 mmol, 3.65 g,
\i©\ 2.2 eq.) in dry CH2Cl> (25 mL) cooled to 0 °C was added PPhs (22.0 mmol,
Br

5.77 9, 4.4 eq.) in ca. 1 g portions over 10 min. The mixture was stirred for 30 min at 0 °C and
4-bromobenzaldehyde (5.0 mmol, 925 mg, 1.0 eq.) was added portionwise over 10 min. The

reaction mixture was stirred for 1.5 h at 0 °C. After completion, pentane was added
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precipitating a beige cake solid. The supernatant was filtered through a pad of celite and the
precipitated cake was redisolved in the minimum amount of CH2Cl. Pentane was added again
precipitating a beige solid (the process was repeated 4 times more). The combined
supernatants were concentrated under reduced pressure. Purification of the residue by flash
column chromatography [hexane:EtOAc (4:1)] afforded dibromolefin F as a pale yellow solid
(1.66 g, 97%) which was used within 24 h in the ynamide formation; mp: 33-35 °C (lit. 36—
37 °C); H NMR (300 MHz, CDCls): & = 7.53-7.47 (m, 2H), 7.44-7.37 (m, 3H); 3C NMR
(101 MHz, CDCls): & = 135.9 (CH), 134.3 (C), 131.8 (2xCH), 130.1 (2xCH), 122.8 (C), 90.7

(C); MS (EI): m/z 340.0 [M]*. Analytical data match those reported in the literature.!°

1-(2,2-Dibromovinyl)-4-methoxybenzene (G)

Br | Br Following a reported procedure,'!’ to a solution of CBr4 (11.0 mmol, 3.65 g,
\L©\ 2.2 eq.) in dry CH2Cl2 (25 mL) cooled to 0 °C was added PPhz (22.0 mmol,
oM

e

5.77 g, 4.4 eq.) in ca. 1 g portions over 10 min. The mixture was stirred for 1 h at 0 °C and 4-
methoxybenzaldehyde (5.0 mmol, 0.12 mL, 1.0 eqg.) was added dropwise over 10 min. The
reaction mixture was stirred for 2 h at 0 °C. After completion, pentane was added precipitating
a beige cake solid. The supernatant was filtered through a pad of celite and the precipitated
cake was redisolved in the minimum amount of CH.Cl,. Pentane was added again
precipitating a beige solid (the process was repeated 4 times more). The combined
supernatants were concentrated under reduced pressure. Purification of the residue by flash
column chromatography [hexane:EtOAc (95:5)] afforded dibromolefin G as a pale yellow
solid (958 mg, 66%) which was used within 24 h in the ynamide formation; mp: 35-37 °C (lit.
37-38 °C); 'H NMR (300 MHz, CDCls): § = 7.52 (d, J = 8.9 Hz, 2H), 7.41 (s, 1H), 6.90 (d, J

= 8.9 Hz, 2H), 3.83 (s, 3H): 13C NMR (101 MHz, CDCls): § = 159.8 (C), 136.4 (CH), 130.0
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(2xCH), 127.9 (C), 113.9 (2xCH), 87.4 (C), 55.4 (CHs); IR (neat): v = 3321, 2931, 2838,
2183, 2154, 2055, 1987, 1605, 1509, 1460, 1307, 1249, 1178, 1031, 867, 803. Analytical data

match those reported in the literature.?

(S)-1,1-Dibromo-4,8-dimethylnona-1,7-diene (H)

B B Following a reported procedure,'*” to a solution of CBrs (11.0 mmol,

Z~ 3.65g, 2.2 eq.) in dry CH2Cl, (15 mL) cooled to 0 °C was added PPhs
(22.0 mmol, 5.77 g, 4.4 eq.) in ca. 1 g portions over 10 min. The mixture was stirred for 5 min
at 0 °C and a solution of 2,6-lutidine (11.0 mmol, 1.27 mL, 2.2 eq.) in dry CH2Cl, (10 mL)
was added following by the dropwise addition of citronellal (5.0 mmol, 0.90 mL, 1.0 eq.) over
10 min. The reaction mixture was stirred for 2 h at 0 °C. After completion, pentane was added
precipitating a beige cake solid. The supernatant was filtered through a pad of celite and the
precipitated cake was redisolved in the minimum amount of CH2Cl. Pentane was added again
precipitating a beige solid (the process was repeated 4 times more). The combined
supernatants were concentrated under reduced pressure. Purification of the residue by flash
column chromatography [hexane:EtOAc (95:5)] afforded dibromolefin H as a colourless oil
(1.28 g, 86%) which was used within 24 h in the ynamide formation; 'H NMR (300 MHz,
CDCl3): § = 6.40 (t, J = 7.3 Hz, 1H), 5.09 (tsept, J = 7.1, 1.2 Hz, 1H), 2.20-1.86 (m, 5H), 1.69
(d, J = 1.2 Hz, 3H), 1.64 (s, 3H), 1.45-1.15 (m, 2H), 0.92 (d, J = 6.7 Hz, 3H); 3C NMR (101
MHz, CDCls): 8= 137.8 (CH), 131.6 (C), 124.5 (CH), 89.0 (C), 40.2 (CH.), 36.7 (CHy),
32.2 (CH), 25.9 (CHs), 25.7 (CH>), 19.6 (CHs), 17.8 (CHs); IR (neat): v = 2959, 2916, 2851,
2184, 2144, 2038, 2015, 1994, 1618, 1454, 1378, 1232, 1115, 934, 893, 778; HRMS (EI): m/z
calculated for C11H18°Bra: 307.9775, found 307.9783 [M]*. Analytical data match those

reported in the literature.!?
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(Bromoethynyl)benzene (1)

pn  Following a reported procedure,?? to a solution of phenylacetylene (10.0 mmol,

7
Br

1.1 mL, 1.0 eqg.) in acetone (100 mL) NBS (11.0 mmol, 1.96 g, 1.1 eq.) and
AgNO3 (0.5 mmol, 85.0 mg, 0.005 eq.) were added. The reaction mixture was stirred at room
temperature for 2.5 h. The crude mixture was concentrated under reduced pressure ca. 50 mL
and then hexane (50 mL) was added precipitating a white solid. The precipitate was filtered
off and the filtrated was concentrated under reduced pressure affording | as a yellow oil
(1.68 g, 93%) which was used directly in the ynamide formation; *H NMR (300 MHz,
CDCl): & = 7.47-7.44 (m, 2H), 7.35-7.29 (m, 3H); *C NMR (101 MHz, CDCl3): & = 132.2
(2xCH), 128.8 (CH), 128.5 (2xCH), 122.9 (C), 80.2 (C), 49.9 (C). Analytical data match

those reported in the literature.!??

1-(Bromoethynyl)-4-methoxybenzene (J)

i 123 H
— <:> ome FOllowing a reported procedure,™ to a solution of G (1.0 mmol,

292 mg, 1.1 eq.) and benzyltriethylammonium chloride (0.9 mmol, 200 mg, 1.0 eq.) in
CHCI> (18 mL) under vigorous stirring at 0 °C was added dropwise a solution of KOH
(0.2 mol, 11.3 mg, 230 eq.) in water (9 mL). The reaction mixture was stirred for 1.5 h and
then CH2Cl> (10 mL) was added. The biphasic mixture was separated. The organic phase was
washed with brine (10 mL), dried over Na,SQg, filtered off and concentrated under reduced
pressure. Purification by flash column chromatography [hexane:EtOAc (95:5)] afforded
bromoalkyne J as yellow oil (90 mg, 48%) which was used directly in the ynamide formation;
IH NMR (300 MHz, CDCls): & =7.39 (d, J = 8.9 Hz, 2H), 6.84 (d, J = 8.9 Hz, 2H), 3.81 (s,

3H). Analytical data match those reported in the literature.!?
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(E)-N-(1,2-Dichlorovinyl)-4-methyl-N-phenylbenzenesulfonamide (563)

cl Following a reported procedure,> a two neck heat-gun dried flask under argon was
|

TS\Eh Cl charged with a mixture of sulfonamide D (10.0 mmol, 2.47 g, 1.0 eq.) and Cs>CO3

(15.0 mmol, 4.89 g, 1.5 eq.) in DMF (13 mL). The suspension was vigorously stirred at 50 °C
for 5 min and trichloroethylene (11.0 mmol, 0.99 mL, 1.1 eq.) was added very slowly
dropwise over 10 min (the use of a syringe pump in the addition is highly recommended). The
reaction mixture was vigorously stirred until completion. The crude mixture was allowed to
cool down to room temperature and it was diluted with a mixture of EtOAc:H.0 (2:1,
80 mL:40 mL). The aqueous phase was extracted with EtOAc (3%x40 mL) and the combined
organic phases were dried over MgSOsg, filtered off and concentrated under reduced pressure.
Recrystallization from CH.Cl,:hexane afforded dichloroenamide 563 as a needled white solid
(2.89 g, 84%); mp: 119-121 °C (lit. 115 °C); *H NMR (400 MHz, CDCls): 6 = 7.65 (d, J = 8.4
Hz, 2H), 7.40-7.29 (m, 5H), 7.28-7.21 (m, 2H), 6.45 (s, 1H), 2.42 (s, 3H); 3C NMR (101
MHz, CDCls): & = 144.7 (C), 137.8 (C), 135.7 (C), 130.8 (C), 129.54 (2xCH), 129.45
(2xCH), 129.2 (CH), 128.84 (2xCH), 128.76 (2xCH), 120.6 (CH), 21.8 (CH3); IR (neat): v =
3077, 1593, 1488, 1362, 1164, 1087, 801, 698, 592, 559; MS (ES): m/z 364.0 [M+Na]".
Analytical data match those reported in the literature.>* Note: vigorous stirring is needed to
avoid the encapsulation of the emerging 1,2-dichloroethyne, which could cause an

explosion in the presence of oxygen.
(E)-N-Benzyl-N-(1,2-dichlorovinyl)-4-methylbenzenesulfonamide (564)

cl Following a reported procedure,> a two neck heat-gun dried flask under argon was
|

Ts<
) E " charged with a mixture of sulfonamide A (4.0 mmol, 1.05 g, 1.0 eq.) and Cs,CO3
n

(6.0 mmol, 1.95 g, 1.5 eq.) in DMF (5 mL). The suspension was vigorously stirred at 50 °C
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for 5 min and trichloroethylene (4.4 mmol, 0.40 mL, 1.1 eq.) was added very slowly dropwise
over 10 min (the use of a syringe pump in the addition is highly recommended). The reaction
mixture was vigorously stirred until completion. The crude mixture was allowed to cool down
to room temperature and it was diluted with a mixture of EtOAc:H20 (2:1, 20 mL:10 mL).
The aqueous phase was extracted with EtOAc (3x20 mL) and the combined organic phases
were dried over MgSOs, filtered off and concentrated under reduced pressure.
Recrystallization from CH2Cl:hexane afforded dichloroenamide 564 as a white solid (1.25 g,
88%); mp: 140-142 °C (lit. 136-137 °C); *H NMR (300 MHz, CDCl3): & = 7.86 (d, J = 8.4
Hz, 2H), 7.37 (d, J = 8.4 Hz, 2H), 7.34-7.27 (m, 5H), 6.27 (s, 1H), 5.35-3.44 (br. s, 2H), 2.47
(s, 3H) Broad resonance due to rotamers in this molecule; **C NMR (101 MHz, CDCls): & =
144.9 (C), 137.2 (C), 133.5 (C), 129.9 (2xCH), 129.5 (2xCH), 128.6 (3xCH), 128.5 (2xCH),
121.8 (C), 51.9 (CH>), 21.8 (CHj3) one resonance was not observed due to overlap; IR (neat):
v = 3038, 1594, 1457, 1357, 1169, 816, 705, 960, 607. Analytical data match those reported
in the literature.®* Note: vigorous stirring is needed to avoid the encapsulation of the

emerging 1,2-dichloroethyne, which could cause an explosion in the presence of oxygen.
S-Methyl 4-methylbenzenesulfonothioate (570)

Following a reported procedure,’® to a solution of sodium 4-
Tol”7"SMe  methylbenzenesulfinate (9.6 mmol, 1.86 g, 3.2 eq.) in CH2Cl> (33 mL) was added
dimethyl disulfide (2x5 mmol, 0.27 mL, 1.0 eq.) and iodine (6.0 mmol, 1.52 g, 2.0 eq.)
turning the solution dark red. The reaction mixture was stirred at room temperature until
completion. The crude reaction mixture was quenched with Na;S>03 (20 mL) and it was

extracted with CH2Cl> (3x20 mL). The combined organic phases were dried over MgSOa,

filtered off and concentrated under reduced pressure affording sulfonothioate 570 as a yellow
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solid (1.16 g, 95%); *H NMR (300 MHz, CDCls): = 7.81 (d, J = 8.2 Hz, 2H), 7.35 (d, J =
8.2 Hz, 2H), 2.50 (s, 3H), 2.45 (s, 3H); 13C NMR (101 MHz, CDCls): & = 144.9 (C), 141.1
(C), 130.0 (2xCH), 127.3 (2xCH), 21.8 (CH3), 18.1 (CHa); IR (neat): v = 2925, 1591, 1327,
1293, 1138, 1074, 809, 699, 654; MS (El): m/z 202.1 [M]*. Analytical data match those

reported in the literature.'%’

S-Phenyl 4-methylbenzenesulfonothioate (571)

Following a reported procedure, to a solution of diphenyl disulfide (10.0 mmol,
Tol /\\S//\SPh 2.18 g, 1.0 eq) in CH2Cl> (111 mL), sodium 4-methylbenzenesulfinate
(32.0 mmol, 6.28 g, 3.2 eq.) and iodine (20.0 mmol, 5.08 g, 2.0 eq.) were added. The resulting
dark red solution was stirred at room temperature until completion. The crude reaction
mixture was quenched with Na»S>03 (35 mL) and it was extracted with CH2Cl, (3x25 mL).
The combined organic phases were dried over MgSQg, filtered off and concentrated under
reduced pressure. Purification by flash column chromatography [hexane:toluene (3:2)]
afforded sulfonothioate 571 as a beige solid (2.08 g, 79%); mp: 62—64 °C (lit. 73-74 °C); H
NMR (300 MHz, CDCls): & = 7.51-7.44 (m, 3H), 7.40-7.30 (m, 4H), 7.20 (d, J = 8.0 Hz,
2H), 2.42 (s, 3H); 3C NMR (101 MHz, CDCls): § = 144.8 (C), 140.5 (C), 136.7 (2xCH),
131.4 (CH), 129.5 (4xCH), 128.2 (C), 127.7 (2xCH), 21.8 (CHs); MS (ES): m/z 287.2

[M+Na]*. Analytical data match those reported in the literature.%’
Sodium benzenesulfonothioate (573)

Following a reported procedure,*?* to a heat-gun dried flask under argon containing

\//

BN
P SNa suspension of sodium benzenesulfinate (30.0 mmol, 4.92 g, 1.0 eq.) in pyridine

(31 mL), sulfur (30.0 mmol, 962 mg, 1.0 eg.) was added. The reaction mixture was stirred for
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3 h. The crude mixture was filtered off and washed with Et,O. Purification of the solid
collected by recrystallization with isopropanol afforded sulfonothioate 573 as a white-off
solid (4.31 g, 73%); *H NMR (300 MHz, DMSO-ds): & = 7.80-7.67 (m, 2H), 7.42-7.28 (m,
3H); 3C NMR (101 MHz, DMSO-ds): & = 154.9 (C), 129.0 (CH), 127.8 (2xCH), 124.0
(2xCH); IR (neat): v = 3057, 1443, 1188, 1114, 1060, 721, 685, 626; MS (ES): m/z 218.95

[M+Na]*. Analytical data match those reported in the literature.?*

S-(But-3-en-1-yl) benzenesulfonothioate (574)

Following a reported procedure,'® a flask containing 573 (10.0 mmol,
el
PRTSTTN  96 g, 1.0 eq.) was evacuated and back-filled with argon (purged 3 times).

Dry DMF (17 mL) was then added, and the solution was stirred at room temperature for
5 min. 4-Bromobut-1-ene (10.3 mmol, 1.04 mL, 1.03 eq.) was added dropwise over 5 min and
the resulting reaction mixture was stirred at room temperature for 4 days. The crude mixture
was poured into ice/water (50 mL) and extracted with EtO (6x15 mL). The combined
organic phases were washed with saturated NaHCO3 (ag) (50 mL), washed with brine (50 mL),
dried over MgSOy, filtered off and concentrated under reduced pressure. Purification by flash
column chromatography afforded sulfonothioate 574 as an orange oil (1.69 g, 74%); 'H NMR
(300 MHz, CDCl): & = 7.99-7.89 (m, 2H), 7.64 (tt, J = 7.3, 1.7 Hz, 1H), 7.60-7.56 (m, 2H),
5.67 (ddt, J = 17.1, 10.5, 6.8 Hz, 1H), 5.09-493 (m, 2H), 3.07 (t, J = 7.3 Hz, 2H), 2.42-2.28
(m, 2H); 3C NMR (101 MHz, CDCls): & = 145.1 (C), 134.8 (CH), 133.8 (CH), 129.4
(2xCH), 127.1 (2xCH), 117.6 (CH2), 35.3 (CH2), 32.9 (CH2); IR (neat): v = 3069, 1447,
1322, 1138, 1076, 714, 684, 591; HRMS (ES): m/z calculated for C10H1202NaS,: 251.0176,

found 251.0176 [M]*. Analytical data match those reported in the literature.'?®

130



Appendix

2.2. Synthesis of ynamides

General procedure 1 (GP1)

RL R, Br\[Br Cs100;, Oul DEDA R\:\l _
H R3 DMF or610,4§éh0xane R2
Following Evano’s procedure,®> a heat-gun dried Radley tube containing sulfonamide
(1.0 eq.), dibromolefin (1.5 eq.), Cs2CO3 (4.0 eq.) and Cul (12 mol%) was evacuated and
back-filled with argon (purged 3 times). Dry and degassed DMF or 1,4-dioxane [0.5 M
relative to the sulfonamide] and N,N'-dimethylethylenediamine (18 mol%) were carefully
added. The resulting light blue suspension was stirred at 60 °C during 24-48 h. After
completion, the crude mixture was allow to cool down to room temperature, filtered through a

plug of silica, washed with EtOAc and concentrated under reduced pressure. Purification by

flash column chromatography provide with the corresponding ynamide.

General procedure 2 (GP2)

CUSO4 -5 Hzo
R! R2? 1,10-penanthroline R’
Nt Br———R N—=——R3
H K5,COgj, Toluene R2
70 °C

Following Hsung’s procedure,®® a heat-gun dried Radley tube containing sulfonamide
(1.0 eq.), bromoalkyne (1.0 eq.), CuSQO4 - 5 H20 (12 mol%), 1,10-phenanthroline (24 mol%)
and K>COs (64 mol%) was evacuated and back-filled with argon (purged 3 times). Dry
toluene [1.0 M relative to the sulfonamide] was added and the resulting mixture was stirred at
70 °C during 24 h. After completion, the crude mixture was allowed to cool down to room

temperature, filtered through a plug of silica, washed with EtOAc and concentrated under
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reduced pressure. Purification by flash column chromatography provide with the

corresponding ynamide.
N-Benzyl-N-(thiophen-2-ylethynyl)methanesulfonamide (292)

Ms. s Following GP1 using sulfonamide A (248 mg, 1.3 mmol) and dibromolefin
B”/N — M E (540 mg, 2.0 mmol) in 1,4-dioxane (2.6 mL). Purification by flash column
chromatography [hexane:EtOAc (9:1)] delivered ynamide 292 as a beige solid (342 mg,
87%); mp: 72-74 °C (lit. 72-74 °C); 'H NMR (300 MHz, CDCls): & = 7.49-7.46 (m, 2H),
7.43-7.37 (m, 3H), 7.28 (dd, J = 5.2, 1.1 Hz, 1H), 7.19 (dd, J = 3.6, 1.1 Hz, 1H), 6.97 (dd, J =
5.2, 3.6 Hz, 1H), 4.72 (s, 2H), 2.93 (s, 3H); 3C NMR (101 MHz, CDCls): &= 134.6 (C),
133.4 (CH), 129.1 (2xCH), 129.0 (2xCH), 128.9 (CH), 128.2 (CH), 127.2 (CH), 122.6 (C),
85.7 (C), 65.0 (C), 56.2 (CH2), 39.4 (CHa); IR (neat): v = 3016, 1363, 1215, 1163, 1007, 962,

748, 704, 667; HRMS (ES): m/z calculated for C14H13NO.S,: 291.0388, found 291.0386 [M]".

Analytical data match those reported in the literature.®

N-((4-Bromophenyl)ethynyl)-N-(4-methoxybenzyl)methanesulfonamide (293)

Br

Ms, : Following GP1 using sulfonamide B (1.29 g, 6.0 mmol) and
b dibromolefin F (3.07 g, 9.0 mmol) in DMF (12.0 mL). Purification by

oMo flash column chromatography [hexane:EtOAc (9:1)] delivered ynamide
293 as a beige oil (1.28 g, 54%); mp: 74-76 °C; *H NMR (300 MHz, CDCls): § = 7.42 (d, J =
8.5 Hz, 2H), 7.40 (d, J = 8.6 Hz, 2H), 7.21 (d, J = 8.5 Hz, 2H), 6.92 (d, J = 8.6 Hz, 2H), 4.65
(s, 2H), 3.82 (s, 3H), 2.91 (s, 3H); 3C NMR (101 MHz, CDCls): & = 160.2 (C), 132.9
(2xCH), 131.7 (2xCH), 130.6 (2xCH), 126.5 (C), 122.2 (C), 121.7 (C), 114.3 (2xCH), 83.3

(C), 70.9 (C), 55.7 (CH2), 55.4 (CH3), 39.3 (CHa); IR (neat): v = 2242, 1611, 1514, 1352,
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1248, 1160, 922, 816, 797, 759, 570; HRMS (ES): m/z calculated for Ci2H17N3OsS™Br:

394.0072, found 394.0073 [M+H]".

(R)-N-Benzyl-N-(4,8-dimethylnon-7-en-1-yn-1-yl)methanesulfonamide (294)

e J/\)\ Following GP1 using sulfonamide A (371.35 mg, 2.01 mmol) and
\N J—— /

Brl dibromolefin H (900 mg, 3.0 mmol) in DMF (4.1 mL). Purification
by flash column chromatography [hexane:EtOAc (95:5)] delivered ynamide 294 as a
colourless oil (402 mg, 60%); *H NMR (300 MHz, CDCls): & = 7.45-7.34 (m, 5H), 5.06 (tt, J
= 7.1, 1.3 Hz, 1H), 4.57 (s, 2H), 2.86 (s, 3H), 2.18 (q, J = 5.6 Hz, 2H), 1.94 (d, J = 7.8 Hz,
2H), 1.68 (d, J = 0.8 Hz, 3H), 1.59 (s, 3H), 1.43-1.11 (m, 3H), 0.90 (d, J = 6.7 Hz, 3H); 13C
NMR (101 MHz, CDCls): = 135.0 (C), 131.6 (C), 129.1 (2xCH), 128.8 (2xCH), 128.7
(CH), 124.6 (CH), 74.0 (C), 70.3 (C), 55.8 (CH2), 38.4 (CH3), 36.2 (CHy), 32.4 (CH), 25.9
(CHa), 25.8 (CH2), 25.7 (CH), 19.5 (CHzg), 17.8 (CHs); IR (neat): v =2959, 2918, 2852,
2253, 1456, 1256, 1162, 1027, 957, 833, 770, 701; MS (ES): m/z 356.2 [M+Na]*. Analytical

data match those reported in the literature.?*
3-((4-Methoxyphenyl)ethynyl)oxazolidin-2-one (295)

o Following GP1 using oxazolidin-2-one (174 mg, 2.0 mmol) and

{/«N%Q*OMe dibromolefin G (876 mg, 3.0 mmol) in DMF (4.0 mL).
Purification by flash column chromatography [hexane:EtOAc (3:2-1:1)] delivered ynamide
295 as a pale yellow solid (294 mg, 68%); *H NMR (400 MHz, CDCls): 6 = 7.38 (d, J = 8.9
Hz, 2H), 6.83 (d, J = 8.9 Hz, 2H), 4.50-4.44 (m, 2H), 4.01-3.95 (m, 2H), 3.81 (s, 3H); 3C
NMR (101 MHz, CDCl3): & = 159.8 (C), 156.2 (C), 133.61 (2xCH), 114.2 (C), 114.1 (2xCH),

77.7 (C), 71.0 (C), 63.1 (CH2), 55.4 (CH,), 47.2 (CHs): IR (neat): v = 2920, 2266, 1742, 1606,
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1419, 1176, 1087, 1024, 823, 750; HRMS (ES): m/z calculated for C12H1:NO3zNa: 240.0637,

found 240.0635 [M]*. Analytical data match those reported in the literature.>®
3-((4-Bromophenyl)ethynyl)oxazolidin-2-one (296)

0 Following GP1 using oxazolidin-2-one (131 mg, 1.5 mmol) and
ol
LN < > BT dibromolefin F (767 mg, 2.3 mmol) in DMF (3.0 mL). Purification by

flash column chromatography [hexane:EtOAc (4:1)] delivered ynamide 296 as a pale beige
solid (215 mg, 54%); 'H NMR (300 MHz, CDCls): § = 7.44 (d, J = 8.5 Hz, 2H), 7.29 (d, J =
8.5 Hz, 2H), 4.55-4.46 (m, 2H), 4.05-3.96 (m, 2H); 13C NMR (101 MHz, CDCls): § = 155.8
(C), 133.1 (2xCH), 131.7 (2xCH), 122.5 (C), 121.3 (C), 80.1 (C), 70.5 (C), 63.2 (CH2), 47.1
(CH2); IR (neat): v = 2927, 2264, 1752, 1422, 1213, 1163, 1007, 823, 745; HRMS (EI): m/z
calculated for C12HsNO,"°BrNa: 287.9636, found 287.9637 [M+Na]*. Analytical data match

those reported in the literature.?
N-Benzyl-N-(phenylethynyl)methanesulfonamide (297)

Ms, Following GP2, using sulfonamide A (987 mg, 5.3 mmol) and bromoalkyne |
N—=—=—ph
Bri (965 mg, 5.3 mmol). Purification by flash column chromatography

[hexane:EtOAC (4:1)] delivered ynamide 297 as a pale beige solid (1.24 g, 81%); *H NMR
(300 MHz, CDCl3): § = 7.53-7.47 (m, 2H), 7.45-7.27 (m, 8H), 4.72 (s, 2H), 2.94 (s, 3H); 1*C
NMR (101 MHz, CDCls): § = 134.6 (C), 131.5 (2xCH), 129.1 (2xCH), 128.94 (2xCH),
128.88 (CH), 128.4 (2xCH), 128.1 (CH), 122.6 (C), 82.1 (C), 71.7 (C), 56.0 (CH2), 39.1
(CHa); IR (neat): v =2927, 2264, 2244, 1750, 1421, 1350, 1158, 945, 792, 747, 691; MS

(ES): m/z 308.22 [M+Na]"*. Analytical data match those reported in the literature.'?’

134



Appendix
N-Benzyl-N-((4-methoxyphenyl)ethynyl)methanesulfonamide (298)

Following GP2, using sulfonamide A (200 mg, 1.1 mmol) and

Ms\
/N%@OMe
Bn

chromatography [hexane:EtOAc (4:1)] delivered ynamide 298 as a pale yellow oil (92 mg,

bromoalkyne J (228 mg, 1.1 mmol). Purification by flash column

27%); mp: 63-64 °C (lit. 63-64 °C); 'H NMR (300 MHz, CDCls): & = 7.51-7.47 (m, 2H),
7.41-7.36 (m, 3H), 7.31 (d, J = 8.9 Hz, 2H), 6.82 (d, J = 8.9 Hz, 2H), 4.70 (s, 2H), 3.80 (s,
3H), 2.92 (s, 3H); 3C NMR (101 MHz, CDCls): &= 159.8 (C), 134.8 (C), 133.6 (2xCH),
129.2 (2xCH), 128.9 (2xCH), 128.9 (CH), 114.5 (C), 114.1 (2xCH), 80.7 (C), 71.4 (C), 56.1
(CH2), 55.5 (CHa), 39.0 (CHa); IR (neat): v = 2922, 2852, 1513, 1353, 1249, 1160, 963, 774.

Analytical data matches those reported in the literature.*?®
2-(Benzyl(phenylethynyl)amino)-5,5-dimethyl-1,3,2-dioxaphosphinane 2-oxide (299)

0.0 Following GP2 using sulfonamide C (511 mg, 2.0 mmol) and
Bri " bromoalkyne 1 (471 mg, 2.6 mmol). Purification by flash column
chromatography [hexane:EtOAc (7:3-3:2)] delivered ynamide 299 as a beige solid (470 mg,
66%); 'H NMR (300 MHz, CDCls): & = 7.49-7.43 (m, 2H), 7.42-7.29 (m, 3H), 7.25-7.19 (m,
5H), 4.58 (d, J = 9.0 Hz, 2H), 4.25 (app. t, J = 10.0 Hz, 2H), 4.19-4.10 (m, 2H), 1.17 (s, 3H),
1.08 (s, 3H); 3C NMR (101 MHz, CDCls): & = 136.4 (C), 130.9 (2xCH), 128.8 (2xCH),
128.6 (2xCH), 128.3 (2xCH), 128.2 (CH), 127.3 (CH), 123.6 (C), 85.3 (d, J = 4.6 Hz, C),
78.3 (d, J = 6.6 Hz, 2xCHy), 66.9 (d, J = 5.6 Hz, C), 55.0 (d, J = 6.1 Hz, CH), 32.3 (d, J=6.5
Hz, C), 21.4 (d, J = 4.6 Hz, 2xCHz) carbon resonances show doblets due to a conformation
equilibrium; IR (neat): v =2968, 2899, 2245, 1358, 1266, 1050, 1007, 827, 748, 626; MS

(ES): m/z 378.18 [M+Na]*. Analytical data match those reported in the literature.?
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1-(Phenylethynyl)-1H-indole (301)

Following GP2, using 1H-indole (867 mg, 7.4 mmol) and bromoalkyne |
%N = Ph (1.82 g, 10.0 mmol). Purification by flash column chromatography [hexane
(100%)] delivered ynamide 301 as a pale yellow solid (382 mg, 24%); *H NMR (300 MHz,
CDCla): 8 =7.67-7.58 (m, 2 H), 7.56-7.53 (m, 2H), 7.39-7.31 (m, 4H), 7.27 (d, J = 3.4 Hz,
1H), 7.25-7.18 (m, 1H), 6.59 (dd, J = 3.4, 0.7 Hz, 1H); *C NMR (101 MHz, CDCl3): & =
138.3 (C), 131.5 (2xCH), 129.0 (CH), 128.6 (2xCH), 128.2 (CH), 128.0 (C), 123.7 (CH),
122.8 (C), 122.1 (CH), 121.3 (CH), 111.5 (CH), 105.7 (CH), 80.9 (C), 70.7 (C); IR (neat):
v =2922, 2249, 1521, 1457, 1347, 1203, 1163, 739, 688; HRMS (ES): m/z calculated for
Ci6H11N: 217.0891, found 217.0885 [M]*. Analytical data match those reported in the

literature.%

2.3. Synthesis of thioynamides

General Procedure 3 (GP3)

cl
1 1) nBuLi, THF, - 78 °Cto -41°C  R!
R1

N——_pR3
N” Cl 2) TsSR?, -78 °C to rt jo = R
R2

Following Anderson’s procedure,® a two neck heat-gun dried flask under argon containing a
solution of dichloroenamide (1.0 eq.) in dry THF [0.25 M relative to the dichloroenamide]
was cooled down to -78 °C. n-Butyllithium (1.6 M solution in hexane, 1.2 eq.) was added
dropwise over 10 min. The mixture was stirred at -78 °C for 5 min and then warmed up to -41
°C for 30 min. After that time, the mixture was cooled down to -78 °C and a second portion of

n-butyllithium (1.6 M solution in hexane, 1.0 eq.) was added dropwise over 10 min. The
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mixture was stirred at -78 °C for 10 min and sulfonothioate (1.2 eq.) was added. The reaction
mixture was allowed to warm up to room temperature and stirred for 24 h. The crude reaction
mixture was quenched with water and extracted with Et2O. The combined organic phases
were dried over Na,SOg, filtered off and concentrated under reduced pressure. Purification by
flash column chromatography or recrystallization provide with the corresponding

thioynamide.
4-Methyl-N-((methylthio)ethynyl)-N-phenylbenzenesulfonamide (565)

Ts, Following GP3 using dichloroenamide 563 (1.54 g, 45 mmol) and
N———SMe
Ph sulfonothioate 570 (1.09 g, 5.4 mmol). Purification by recrystallization from

CHClz:hexane delivered thioynamide 565 as a beige pale solid (1.03 g, 72%); mp: 124—
126 °C (lit. °C); *H NMR (300 MHz, CDCls): & = 7.60 (d, J = 8.3 Hz, 2H), 7.37-7.25 (m, 5H),
7.25-7.18 (m, 2H), 2.44 (s, 3H), 2.33 (s, 3H); 13C NMR (101 MHz, CDCls): & = 145.1 (C),
139.2 (C), 133.43 (C), 129.6 (2xCH), 129.2 (2xCH), 128.4 (3xCH), 126.4 (2xCH), 86.7 (C),
66.7 (C), 21.8 (CHs), 20.6 (CHa); IR (neat): v = 2934, 2167, 1594, 1487, 1367, 1172, 1088,
782, 691, 661, 572; HRMS (ES): m/z calculated for C16H1sNO2S>: 318.0622, found 318.0625

[M+H]".

4-Methyl-N-phenyl-N-((phenylthio)ethynyl)benzenesulfonamide (566)

Ts, Following GP3 using dichloroenamide 563 (685 mg, 2.0 mmol) and
N—=——SPh
PH

sulfonothioate 571 (635 mg, 2.4 mmol). Purification by recrystallization from
EtOH delivered thioynamide 566 as a beige solid (485 mg, 64%); 'H NMR (300 MHz,
CDCl3): § = 7.64 (d, J = 8.4 Hz, 2H), 7.42-7.16 (m, 12H), 2.46 (s, 3H); *C NMR (101 MHz,

CDCls): § = 145.3 (C), 138.9 (C), 134.1 (C), 133.4 (C), 129.8 (2xCH), 129.3 (2xCH), 129.2
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(2xCH), 128.53 (CH), 128.47 (2xCH), 126.6 (CH), 126.4 (2xCH), 125.9 (2xCH), 92.9 (C),
61.6 (C), 21.9 (CHsa); IR (neat): v = 2985, 2165, 1583, 1480, 1370, 1171, 1097, 781, 738, 662;
HRMS (ES): m/z calculated for C21Hi7NO2NaS2: 402.0598, found 402.0596 [M+Na]*.

Analytical data match those reported in the literature.??

N-Benzyl-4-methyl-N-((methylthio)ethynyl)benzenesulfonamide (567)

Ts., Following GP3 using dichloroenamide 564 (1.42 g, 4.0 mmol) and
N———SMe
Br

sulfonothioate 570 (971 mg, 4.8 mmol). Purification by flash column
chromatography [hexane:toluene (5:95)] delivered thioynamide 567 as a pale yellow solid
crystals (789 mg, 60%); 'H NMR (400 MHz, CDCls): § = 7.71 (d, J = 2H), 7.32-7.24 (m,
7H), 4.55 (s, 2H), 2.43 (s, 3H), 2.22 (s, 3H); *C NMR (101 MHz, CDCly): & = 144.7 (C),
135.0 (C), 134.8 (C), 129.7 (2xCH), 128.8 (2xCH), 128.6 (2xCH), 128.3 (CH), 127.8
(2xCH), 86.9 (C), 67.7 (C), 56.0 (CHz), 21.8 (CH3), 20.8 (CH3); IR (neat): v = 2924, 2152,
1596, 1427, 1356, 1166, 1089, 955, 660, 582; MS (ES): m/z 354.1 [M+Na]*. Analytical data

match those reported in the literature.??
N-Benzyl-4-methyl-N-((phenylthio)ethynyl)benzenesulfonamide (563)

- Following GP3 using dichloroenamide 564 (1027 mg, 2.9 mmol) and

N—==—sPh
Brf sulfonothioate 571 (952 mg, 3.6 mmol). Purification by flash column

chromatography [hexane:toluene (7:3)] delivered thioynamide 563 as a pale yellow solid
(800 mg, 70%); *H NMR (400 MHz, CDCls): & = 7.73 (d, J = 8.4 Hz, 2H), 7.32-7.29 (m,
5H), 7.29-7.26 (m, 2H), 7.25-7.10 (m, 5H), 4.65 (s, 2H), 2.44 (s, 3H); 3C NMR (101 MHz,
CDCl3): 6 = 144.9 (C), 134.9 (C), 134.7 (C), 134.4 (C), 129.8 (2xCH), 129.1 (2xCH), 129.0

(2xCH), 128.7 (2xCH), 128.5 (CH), 128.0 (2xCH), 126.4 (CH), 125.7 (2xCH), 93.2 (C), 62.5
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(C), 56.11 (CH2), 21.8 (CH3); IR (neat): v = 2944, 2161, 1580, 1477, 1348, 1165, 1010, 727,

587; MS (ES): m/z 416.07 [M+Na]*. Analytical data match those reported in the literature.??

9-((Methylthio)ethynyl)-9H-carbazole (568)

O Following GP3 using dichloroenamide 565 (524 mg, 2.0 mmol) and
N—=—sMme sulfonothioate 570 (486 mg, 2.4 mmol). Purification by recrystallization
O from EtOH delivered thioynamide 568 as a pale yellow solid (248 mg,

52%): mp: 99-101 °C; *H NMR (400 MHz, CDCls): 5 = 8.00 (d, J = 7.8 Hz, 2H), 7.70 (d, J =
8.1 Hz, 2H), 7.51 (app. td, J = 8.1, 1.1 Hz, 2H), 7.34 (app. td, J = 7.8, 0.8 Hz, 2H), 2.51 (s,
3H); 3C NMR (101 MHz, CDCls): § = 141.3 (2xC), 126.9 (2xCH), 123.8 (2xC), 122.5
(2xCH), 120.4 (2xCH), 111.8 (2xCH), 81.8 (C), 69.8 (C), 21.2 (CH3); IR (neat): v = 2927,
2244, 2160, 1442, 1373, 1215, 1007, 971, 746; HRMS (EI): m/z calculated for CisH1NS:

237.0612, found 237.0613 [M]".
N-((But-3-en-1-ylthio)ethynyl)-4-methyl-N-phenylbenzenesulfonamide (575)

T, o~ Following GP3 using dichloroenamide 563 (342 mg, 1.0 mmol) and

N———S
/

Ph sulfonothioate 574 (274 mg, 1.2 mmol). Purification by flash column

chromatography [hexane:EtOAc (95:5)] delivered thioynamide 575 as an orange oil (221 mg,
62%); 'H NMR (300 MHz, CDCls): & = 7.60 (d, J = 8.3 Hz, 2H), 7.40-7.18 (m, 7H), 5.81
(ddt, J = 16.9, 10.2, 6.6 Hz, 1H), 5.16-5.02 (m, 2H), 2.67 (t, J = 7.4 Hz, 2H), 2.49-2.37 (m,
5H); 13C NMR (101 MHz, CDCls): & = 145.1 (C), 139.2 (C), 135.8 (CH), 133.3 (C), 129.7
(2xCH), 129.2 (2xCH), 128.3 (3xCH), 126.3 (2xCH), 116.8 (CH>), 88.1 (C), 64.7 (C), 35.6

(CH2), 33.4 (CH,), 21.8 (CHs); IR (neat): v = 3065, 2160, 1593, 1488, 1370, 1171, 919, 690,
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663, 570; HRMS (ES): m/z calculated for CioH19NO2NaS,: 380.0755, found 380.0757

[M+Na]".

2.4. Synthesis of aminides from chapter 2

Preparation of precursors to aminides

2-Chloro-6-nitrobenzo[d]thiazole (328)

S NO,
e
N

[1.77 M]) previously chilled with an ice bath with NaClson. To that mixture, concentrated

Following a reported procedure,**® 2-chlorobenzothiazole (1.00 mL,

8.1 mmol) was added dropwise to concentrated sulfuric acid (4.6 mL,

nitric acid was added dropwise (2.3 mL, 50.9 mmol) maintaining the temperature bellow
0 °C. The reaction mixture was allowed to warm up to room temperature and was stirred for
24 h. The crude reaction mixture was poured in a water/crushed ice mixture precipitating a
yellow cake solid that was filtered under vacuum and washed with cold water.
Recrystallization from EtOH of the resulting solid afforded benzothiazole 328 as a pale
yellow solid (1.67 g, 97%); mp: 140142 °C (lit. 140-142 °C); *H NMR (300 MHz, CDCla): &
=8.75 (d, J = 2.3 Hz, 1H), 8.38 (dd, J = 9.0, 2.3 Hz, 1H), 8.07 (d, J = 9.0 Hz, 1H); 3C NMR
(101 MHz, CDCls): &= 159.0, 154.9, 136.6, 123.5, 122.4, 117.8 one resonance for a
quaternary carbon was not visible; MS (ES): m/z 237.1 [M+Na]". Analytical data match those

reported in the literature.**°
2-(Methylthio)-5-nitrobenzo[d]thiazole (333)

S Following a reported procedure,¢ a heat-gun dried flask containing 2-
MeS—<\ j@\
N NO

2 chloro-5-nitroaniline (863 mg, 5.0 mmol) and potassium ethyl xanthate

(1.76 g, 11.0 mmol) was evacuated and back filled with argon (purged 3 times). Dry DMF
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(5 mL) was added and the mixture was stirred at 125 °C for 2.5 h. The mixture was allowed to
cool down to room temperature and methyl iodide (0.78 mL, 12.5 mmol) was added dropwise
followed by EtzN (1.7 mL, 12.5 mL). The reaction mixture was diluted with EtOH (7.5 mL)
and stirred at room temperature for 24 h. The crude mixture was diluted with EtOAc (20 mL)
and washed with brine (20 mL). The organic layer was dried over Na SOg, filtered off and
concentrated under reduced pressure. Purification by flash column chromatography
[hexane:EtOAc (96:4)] of the resulting solid afforded sulfide 333 as a yellow solid (663 mg,
59%); 'H NMR (300 MHz, CDCl3): &= 8.69 (d, J = 2.1 Hz, 1H), 8.18 (dd, J = 8.8, 2.2 Hz,
1H), 7.87 (d, J = 8.8 Hz, 1H), 2.84 (s, 3H); *C NMR (101 MHz, CDCls): &= 142.2 (C),
121.3 (CH), 118.9 (CH), 116.7 (CH), 16.12 (CHz) two resonances for quaternary carbons not
observed; IR (neat): v = 3105, 3090, 3011, 2926, 2834, 2659, 2284, 1919, 1594, 1572, 1508,
1447, 1429, 1416, 1343, 1321, 1242, 1142, 1086, 1075, 1021, 966, 883, 821, 739, 726, 630;

MS (EI): m/z 226.0 [M]*. Analytical data match those reported in the literature.5¢
4-Fluorobenzo[d]thiazole-2-thiol (335)

HS—<S Following a reported procedure,®® to a solution of 2,6-difluoroaniline
\

Nj@ (0.41 mL, 4.0 mmol) in NMP (4 mL) was added a solution of potassium ethyl
xanthate (673 mg, 4.2 mmol) in NMP (4 mL). The mixture was stirred at 120 °C for 4 h. The
crude suspension was allowed to cool down to room temperature and it was diluted with
EtOAc (30 mL) and brine (30 mL). The organic phase was dried over Na>SQyg, filtered off and
concentrated under reduced pressure. Purification by flash column chromatography
[hexane:EtOAc (4:1)] afforded thiol 335 as a pink fluffy solid (413 mg, 56%); *H NMR (300

MHz, CDCls): § = 10.29 (s, 1H), 7.16 (m, 2H), 7.11 (m, 1H): IR (neat): v = 3024, 2848, 1437,
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1239, 1064, 903, 761, 711; MS (ES): m/z 186.0 [M+H]". Analytical data match those reported

in the literature. 13!
4-Fluoro-2-(methylthio)benzo[d]thiazole (336)

MeS—<\S]© Following a reported procedure,® to a solution of thiol 335 (463 mg,
" 2.5 mmol) in DMF (9.3 mL), K2COs (415 mg, 3.0 mmol) and methyl iodide
(0.19 mL, 3.0 mmol) were added. The reaction mixture was stirred at room temperature for
20 h. The crude mixture was quenched with water (30 mL) and it was extracted with EtOAc
(3x20 mL). The combined organic phases were dried over Na;SOs filtered off and
concentrated under reduced pressure. Purification by flash column chromatography
[hexane:EtOAc (95:5)] afforded sulfide 336 as a yellow solid (435 mg, 87%); *H NMR (300
MHz, CDCls): & = 7.42 (dd, J = 8.0, 0.8 Hz, 1H), 7.15 (app. td, J = 8.0, 4.7 Hz, 1H), 7.05
(ddd, J = 10.5, 8.0, 0.8 Hz, 1H), 2.74 (s, 3H); 3C NMR (101 MHz, CDCl): & = 168.9, 154.2
(d, J = 255.1 Hz), 141.9 (d, J = 13.6 Hz), 137.7 (d, J = 3.5 Hz), 124.7 (d, J = 7.0 Hz), 116.5
(d, J = 4.0 Hz), 111.8 (d, J = 18.1 Hz), 15.9; IR (neat): v = 3015, 1448, 1415, 1313, 1236,
1023, 905, 766, 725; MS (El): m/z 199.0 [M]". Analytical data match those reported in the

literature. 3!
2-Bromo-6-nitrophenol (339)

s Following a reported procedure,®? to a solution of 2-bromophenol (2.12 mL,
HO
20.0 mmol) in 1,2-DCE (40 mL) HNO3 (9 wt%, 40 mmol) was added via an

O,N
automatic syringe pump, maintaining an agitation speed of 200 rpm at 29 °C. The reaction
was stirred under these conditions for 4 days. The organic layer was separated and the solvent

was removed under reduced pressure. Purification of the crude by flash column
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chromatography [hexane:EtOAc (99:1-98:2)] afforded phenol 339 as a bright yellow solid
(1.77 g, 41%); *H NMR (300 MHz, CDCls): & = 11.16 (s, OH, 1H), 8.11 (dd, J = 8.6, 1.6 Hz,
1H), 7.87 (dd, J = 7.8, 1.6 Hz, 1H), 6.92 (dd, J = 8.5, 7.9 Hz, 1H); 3C NMR (101 MHz,
CDCla): & = 152.4 (C), 141.0 (CH), 124.6 (CH), 120.6 (CH), 114.4 (C), 113.5 (C); IR (neat):
v = 3192, 3090, 2898, 1611, 1578, 1538, 1443, 1370, 1309, 1250, 1142, 1098, 1070, 880,
832, 798, 742, 724; MS (El): m/z 217.0 [M+H]". Analytical data match those reported in the

literature.®?

2-Amino-6-bromophenol (340)

sr  Following a reported procedure,'3 to a solution of phenol 339 (929 mg, 4.3 mmol)
HO

- in MeOH (22 mL), zinc dust (2.81 g, 43.0 mmol) was added and the resulting
2

suspension was cooled down to 0 °C. NH4Cl) (2.30 g, 43.0 mmol) was added portionwise
over 5 min and the resulting green mixture was allowed to warm up to room temperature and
stirred for 30 min. The crude mixture was filtered through a plug of celite and the filtrate was
concentrated under reduced pressure. The residue was diluted with water (30 mL) and EtOAc
(30 mL). The aqueous phase was extracted with EtOAc (5x20 mL). The combined organic
phases were washed with water (30 mL), brine (30 mL), dried over Na>SOg, filtered off and
concentrated under reduced pressure affording aniline 340 as a black solid (708 mg, 88%);
mp: 84-86 °C (lit. 84-86 °C); 'H NMR (300 MHz, CDCl3): & = 6.86 (dd, J = 6.0, 3.6 Hz, 1H),
6.66 (s, 1H), 6.64 (d, J = 2.5 Hz, 1H), 4.14 (bs, 3H); 3C NMR (101 MHz, CDCls): § = 140.2
(C), 135.7 (C), 122.0 (CH), 121.2 (CH), 115.1 (CH), 110.2 (C); MS (ASAP): m/z 188.0 [M]".

Analytical data match those reported in the literature.'*?
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7-Bromobenzo[d]oxazole-2-thiol (341)

Br  Following a reported procedure,®? a mixture of aniline 340 (638 mg,

HS—<\Z 3.4 mmol) and potassium ethyl xanthate (818 mg 5.1 mmol) in EtOH
(3.4 mL) was stirred at 90 °C for 2 h. The crude reaction mixture was diluted with water
(2 mL), the pH adjusted to 4.0 with AcOH, and the resulting dark green solid was collected,
washed with water and dried under vacuum affording thiol 341 as a grey powder (657 mg,
84%); 'H NMR (300 MHz, DMSO-ds): & = 14.15 (s, 1H), 7.45 (app. t, J = 4.5 Hz, 1H), 7.24—
7.22 (m, 2H); 13C NMR (101 MHz, DMSO-de): & = 179.8, 146.0, 132.5, 126.7, 126.4, 110.0,
100.8; IR (neat): v = 3060, 2984, 1613, 1429, 1196, 1112, 915, 847, 768, 723, 656; MS (AP):

m/z 231.9 [M+H]". Analytical data match those reported in the literature.*®2
7-Bromo-2-(methylthio)benzo[d]oxazole (342)

Br Following a reported procedure,'® to a solution of thiol 341 (690 mg,
MeS—<\z 3.0 mmol) in DMF (1.5 mL), K>CO3 (456 mg, 3.3 mmol) and methyl iodide
(0.21 mL, 3.3 mmol) were added. The reaction mixture was stirred at room temperature for
3 min. The reaction mixture was quenched with NH4Cl (sai. sory (15 mL) and extracted with
EtOAc (3x15 mL). The combined organic phases were washed with brine (15 mL), dried over
Na.SOg, filtered and concentrated under reduced pressure. Purification by flash column
chromatography afforded sulfide 342 as a red powder (564 mg, 77%); *H NMR (300 MHz,
CDCls): § = 7.52 (dd, J = 8.0, 0.9 Hz, 1H), 7.37 (dd, J = 8.0, 0.9 Hz, 1H), 7.16 (app.t, J = 8.0
Hz, 1H), 2.77 (s, 3H); 3C NMR (101 MHz, CDCls): & = 166.5, 150.3, 142.8, 127.1, 125.6,
117.5, 101.9, 14.8; IR (neat): v = 3060, 1501, 1419, 1259, 1196, 1113, 917, 773, 724; MS

(ES): m/z 245.9 [M+H]". Analytical data match those reported in the literature.'32
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Svnthesis of benzo(heteroaryvl) aminides

General procedure 4 (GP4)

—\_R
N L X K,COs3, MeOH N x %
iy, - {0 e (3 13
+ NH, N rt, overnight /'ll\N N
X=8,0
Y = Cl, SMe

Following a modification of a literature method,*® N-aminopyridinium iodide (1.0 eq.) and
K2COs (3.0 eq.) were dissolved in methanol [0.1 M relative to the amount of N-
aminopyridinium iodide]. The mixture was stirred at room temperature for 30 min until a
permanent purple suspension appeared. The corresponding 2-halo or 2-methylsulfide
benzoheterocycle (1.04 eq.) was added and the reaction mixture was stirred at room
temperature for the indicated period of time. The solvent was removed under reduced pressure
and the crude residue was dissolved in CH2Cl, and washed with a solution of NaOH [2.5 M].
The aqueous phase was extracted with CH2Cl. and the combined organic phases were dried
over MgSOs, filtered off and concentrated under reduced pressure. Purification by flash

column chromatography afforded the corresponding aminide.
Benzo[d]thiazol-2-yl(pyridin-1-ium-1-yl)amide (267)

Following GP4 using N-aminopyridinium iodide (1.11 g, 5.0 mmol), 2-

for 24 h. Purification by flash column chromatography [EtOAc:MeOH (95:5-2:1)] afforded

chlorobenzothiazole (0.64 mL, 5.2 mmol) and K.CO3 (2.07 g, 15.0 mmol)

aminide 267 as a bright yellow powder (1.11 g, 98%); mp: 174-176 °C (lit. 174-176 °C);

'HNMR (300 MHz, CDCls): 6 = 9.64-9.55 (m, 2H), 7.57 (dd, J = 7.8, 0.8 Hz, 1H), 7.55-7.48

(m, 3H), 7.46 (dd, J = 8.0, 0.8 Hz, 1H), 7.24 (app. td, J = 7.8, 1.2 Hz, 1H), 7.03 (app. td, J =
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7.6, 1.2 Hz, 1H); 3C NMR (101 MHz, CDCl3): & = 172.3 (C), 153.3 (C), 138.3 (CH), 131.13
(C), 130.96 (2xCH), 125.9 (2xCH), 125.3 (CH), 121.2 (CH), 120.5 (CH), 118.0 (CH); IR
(neat): v = 3070, 3050, 1590, 1551, 1467, 1351, 1290, 1193, 1012, 754; HRMS (ES): m/z
calculated for C12H10N3OS: 228.0595, found 228.0598 [M+H]*. Analytical data match those

reported in the literature.%
Benzo[d]oxazol-2-yl(pyridin-1-ium-1-yl)amide (268)

Following GP4 using N-aminopyridinium iodide (1.11 g, 5.0 mmol), 2-
| /ELK‘A\N chlorobenzoxazole (0.59 mL, 5.2 mmol) and K>CO3 (2.07 g, 15.0 mmol)
for 16 h. Purification by flash column chromatography [EtOAc:MeOH (4:1)] afforded
aminide 268 as a bright yellow solid (970 mg, 92%); mp: 200202 °C (lit. 200-202 °C); 'H
NMR (300 MHz, CDCl3): & = 9.60-9.54 (m, 2H), 7.63-7.53 (m, 3H), 7.35 (dd, J = 7.7, 0.9
Hz, 1H), 7.29 (dd, J = 7.5, 1.1 Hz, 1H), 7.15 (app. td, J = 7.5, 0.9 Hz, 1H), 7.04 (app. td, J =
7.7, 1.1 Hz, 1H); 3C NMR (101 MHz, CDCls): & = 166.3 (C), 147.5 (C), 143.7 (C), 138.6
(CH), 131.3 (2xCH), 126.1 (2xCH), 123.2 (CH), 120.9 (CH), 115.4 (CH), 108.5 (CH); IR
(neat): v = 3069, 3046, 1626, 1604, 1526, 1469, 1300, 1236, 1192, 1002; HRMS (ES): m/z
calculated for C12HgN3ONa: 234.0643, found 234.0641 [M+Na]*. Analytical data match those

reported in the literature.%
(6-Nitrobenzo[d]thiazol-2-yl)(pyridin-1-ium-1-yl)amide (343)

no, Following GP4 using N-aminopyridinium iodide (111 mg, 0.5 mmol),
N
| /N\,/Z chloride 328 (112 mg, 0.5 mmol) and K>CO3 (207 mg, 1.5 mmol) for
+ N N
20 h. Purification by flash column chromatography [EtOAc:MeOH (95:5 to 4:1)] afforded

aminide 343 as an orange powder (125 mg, 92%); mp: 258-260 °C (lit. 258-260 °C); 'H
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NMR (300 MHz, DMSO-de): § = 9.17 (dd, J = 7.0, 1.2 Hz, 2H), 8.52 (d, J = 2.5 Hz, 1H), 8.22
(tt, J = 7.7, 1.2 Hz, 1H), 8.00-7.95 (m, 3H), 7.13 (d, J = 8.9 Hz, 1H); *C NMR (101 MHz,
DMSO-ds): & = 142.3 (2xCH), 138.8 (CH), 127.5 (2xCH), 122.2 (CH), 116.8 (CH), 115.0
(CH) the resonances for the quaternary carbons were not visible; IR (neat): v = 3011, 1451,
1317, 1142, 748, 666; HRMS (ES): m/z calculated for Ci2H9N4O,S: 273.0446, found

273.0445 [M+H]". Analytical data match those reported in the literature.®

(5-Nitrobenzo[d]thiazol-2-yl)(pyridin-1-ium-1-yl)amide (344)

@ S Following GP4 using N-aminopyridinium iodide (178 mg, 0.8 mmol),
N —/Q\’Q\NOZ
*NTON sulfide 333 (188 mg, 0.8 mmol) and K>COs3 (332 mg, 2.4 mmol) for

20 h. Purification by flash column chromatography [EtOAc:MeOH (9:1)] afforded aminide
344 as a red powder (178 mg, 82%); mp: 242—244 °C (lit. 242-244 °C): *H NMR (400 MHz,
CDCla): & = 9.53-9.49 (m, 2H), 8.19 (d, J = 2.2 Hz, 1H), 7.89 (dd, J = 8.5, 2.2 Hz, 1H), 7.73
(tt, J = 7.7, 1.2 Hz, 1H), 7.67-7.59 (m, 3H); 13C NMR (101 MHz, CDCl3): & = 139.0 (2xCH),
139.3 (C), 133.3 (CH), 126.3 (2xCH), 120.2 (CH), 116.0 (CH), 112.2 (CH) three resonances
for quaternary carbons were not visible; IR (neat): v = 3062, 1463, 1453, 1316, 1242, 768,
734, 665; HRMS (ES): m/z calculated for C12H9N4O2S: 273.0446, found: 273.0444 [M+H]".

Analytical data match those reported in the literature.®
(7-Bromobenzo[d]oxazol-2-yl)(pyridin-1-ium-1-yl)amide (345)

Br Following GP4 using N-aminopyridinium iodide (399 mg, 1.8 mmol),

| \N _i sulfide 342 (456 mg, 1.87 mmol) and K.COs (746 mg, 5.4 mmol) for 24 h.
¥ \N

Purification by flash column chromatography [EtOAc:MeOH (9:1)] afforded aminide 345 as a

yellow powder (263 mg, 50%); mp: 193-196 °C (lit. 193-196 °C); *H NMR (400 MHz,
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CDCla): § = 9.54 (dd, J = 7.1, 1.3 Hz, 2H), 7.66-7.58 (m, 3H), 7.22 (dd, J = 7.9, 1.0 Hz, 1H),
7.13 (dd, J = 7.9, 1.0 Hz, 1H), 7.00 (app. t, J = 7.9 Hz, 1H); 3C NMR (101 MHz, CDCls): § =
166.0 (C), 145.7 (C), 144.6 (C), 139.0 (2xCH), 132.2 (CH), 126.3 (2xCH), 124.4 (CH), 124.0
(CH), 114.2 (CH), 100.9 (C); IR (neat): v = 3067, 1598, 1540, 1470, 1430, 1267, 1213, 971,
762; HRMS (ES): m/z calculated for C12HoN3O™°Br: 289.9929, found: 289.9930 [M+H]".

Analytical data match those reported in the literature.®®
(4-Fluorobenzo[d]thiazol-2-yl)(pyridin-1-ium-1-yl)amide (346)

@ j@ Following GP4 using N-aminopyridinium iodide (361 mg, 1.6 mmol),

NNk sulfide 336 (337 mg, 1.7 mmol) and K2COs (675 mg, 4.9 mmol) for 24 h.
Purification by flash column chromatography [hexane:EtOAc (1:4)] afforded aminide 346 as
a yellow powder (191 mg, 48%); mp: 169-171 °C (lit. 169-171 °C); *H NMR (300 MHz,
CDCla): & = 9.63-9.58 (m, 2H), 7.64-7.52 (m, 3H), 7.37-7.29 (m, 1H), 7.02-6.92 (m, 2H);
13C NMR (101 MHz, CDCls): & = 172.5 (C), 152.8 (d, J = 248.5 Hz, C), 141.6 (d, J = 12.4
Hz, C), 138.7 (2xCH), 133.7 (d, J = 4.5 Hz, C), 131.7 (CH), 126.1 (2xCH), 121.3 (d, J = 6.9
Hz, CH), 116.2 (d, J = 3.3 Hz, CH), 111.6 (d, J = 18.6 Hz, CH); IR (neat): v = 3068, 1568,
1453, 1411, 1240, 750, 720, 704, 664; HRMS (ES): m/z calculated for C1oHoN3FS: 246.0501,

found: 246.0505 [M+H]*. Analytical data match those reported in the literature.®
Pyridin-1-ium-1-yl(pyrimidin-2-yl)amide (214)

Following GP4 using N-aminopyridinium iodide (1.11 g, 5.0 mmol), 2-

B
+‘N)\N chloropyrimidine (584 mg, 5.1 mmol) and K.COs (2.07 g, 15.0 mmol) for

X N*

—

24 h. Purification by flash column chromatography [EtOAc:MeOH (9:1)] afforded aminide

214 as a yellow powder (816 mg, 95%); *H NMR (300 MHz, CDCls): § = 8.91-8.85 (m, 2H),
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8.20 (d, J = 4.7 Hz, 2H), 7.77 (tt, J = 7.7, 1.4 Hz, 1H), 7.64-7.56 (m, 2H), 6.35 (t, J = 4.7 Hz,
1H); 3C NMR (101 MHz, CDCls): § = 166.8 (C), 158.0 (2xCH), 142.7 (CH), 134.8 (2xCH),
126.3 (2xCH), 109.3 (CH); IR (neat): v = 3111, 1583, 1530, 1472, 1415, 1270, 982, 769, 691;

MS (ES): m/z 173.08 [M+H]*. Analytical data match those reported in the literature.?
(5-lodopyrimidin-2-yl)(pyridin-1-ium-1-yl)amide (325)

N o Following a reported procedure,**® to a solution of aminide 214 (0.6 mmol,
@'ﬂ)\:@/ 100 mg, 1.0 eq.) in DMF (3 mL) was added N-iodosuccinimide (0.6 mmol,
144 mg, 1.1 eq.). The mixture was stirred at 55 °C for 3 h. The mixture was washed with H>0
(20 mL), extracted with CHCl, (3x15 mL). The combined organic phases were dried over
Na2SOg, filtered off and concentrated under reduced pressure. Purification by flash column
chromatography [EtOAc:MeOH (7:3)] afforded aminide 325 as a yellow solid (156 mg,
90%); 'H NMR (300 MHz, CDCls): & = 8.83-8.75 (m, 2H), 8.24 (s, 2H), 7.77 (tt, J = 7.6,
1.5 Hz, 1H), 7.64-7.55 (m, 2H); 3C NMR (101 MHz, CDCl3): & = 165.5 (C), 162.4 (2xCH),
142.4 (2xCH), 134.6 (CH), 126.1 (2xCH), 72.6 (C); IR (neat): v = 3108, 1563, 1499, 1417,

1423, 1271, 1170, 781, 670; MS (ES): m/z 321.09 [M+Na]".

2.5. Synthesis of aminides from chapter 3 and 4

2-(Methylthio)thiazol-4(5H)-one (386)

S’>< Adapted from a reported procedure,®®" to a solution of 385 (2.00 g, 15.0 mmol)
s in EtOH (50 mL), N,N-diisopropylethylamine (2.87 mL, 16.5 mmol) and methyl
iodide (1.03 mL, 16.5 mmol) were added. The reaction mixture was stirred at room
temperature for 26 h. The crude mixture was diluted with cold NaHCOs3 (sat. sory (20 mL) and

CH2Cl2 (20 mL) and it was extracted with CH2Cl. (4x20 mL). The combined organic phases
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were dried over Na,SOu, filtered off and concentrated under reduced pressure. Purification by
flash column chromatography [EtOAc (100%)] gave sulfide 386 as a beige solid (1.37 g,
62%); mp: 72—74 °C (lit. 72-74 °C); *H NMR (300 MHz, CDCls): & = 4.00 (s, 2H), 2.74 (s,
3H); C NMR (101 MHz, CDCls): & = 202.8 (C), 187.6 (C), 39.9 (CHy), 16.5 (CHs); MS

(EI): m/z 147.3 [M]*. Analytical data match those reported in the literature.®6"
(4-Oxo0-4,5-dihydrothiazol-2-yl)(pyridin-1-ium-1-yl)amide (422)

@lﬂi}o Following GP4 using N-aminopyridinium iodide (1.11 g, 5.0 mmol),

sulfide 386 (765 mg, 5.2 mmol) and K>COs (2.07 g, 15.0 mmol) for 17 h.
Extraction with NaOHgg [2.0 M]. Purification by flash column chromatography
[EtOAC:MeOH (9:1-7:3)] afforded aminide 422 as a beige fluffy solid (550 mg, 57%); mp:
225-228 °C; 'H NMR (300 MHz, CDCls): § = 8.82-8.79 (m, 2H), 8.05 (t, J = 7.8 Hz, 1H),
7.76 (app. t, J = 6.9 Hz, 2H), 3.90 (s, 2H); 3C NMR (101 MHz, CDCl3): & = 188.2 (C),
185.0 (C), 142.7 (2xCH), 138.9 (CH), 126.7 (2xCH), 39.1 (CHz); IR (neat): v = 3030, 2924,
2151, 1652, 1453, 1356, 1167, 1088, 953, 756, 658; HRMS (ES): m/z calculated for

CsHgN302: 194.0388 found, 194.0389 [M+H]".
(2)-(5-Benzylidene-4-oxo-4,5-dihydrothiazol-2-yl)(pyridin-1-ium-1-yl)amide (427)

Ph Adapted from a reported procedure,’® to a solution of aminide 422
Q‘NiN/ o (68.0mg, 0.3 mmol) in glacial acetic acid (1.5 mL) sodium acetate
(197 mg, 2.4 mmol) and benzaldehyde (0.06 mL, 0.6 mmol) were added. The mixture was
stirred at 120 °C for 48 h. The crude mixture was allowed to cool down to room temperature
precipitating an orange solid and acetic acid was removed under reduced pressure. The crude

residue was diluted with HCI [1 M] (15 mL) and EtOAc (15 mL). The aqueous phase was
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neutralised until pH 7 with NaHCO3 (sat. sol) precipitating a yellow solid which was dried under
vacuum affording aminide 427 as a pale yellow powder (59 mg, 70%); mp: 222-224 °C; H
NMR (300 MHz, CDCls): & = 8.94 (d, J = 6.1 Hz, 2H), 8.07 (t, J = 6.8 Hz, 1H), 7.79 (app. t, J
= 6.8 Hz, 2H), 7.73 (s, 1H), 7.60-7.53 (m, 2H), 7.48-7.40 (m, 2H), 7.34 (tt, J = 7.3, 1.3 Hz,
1H); 3C NMR (101 MHz, CDCls): & = 182.1 (C), 179.1 (C), 142.8 (2xCH), 139.2 (CH),
135.3 (C), 130.1 (C), 129.7 (2xCH), 129.0 (CH), 128.9 (2xCH), 128.5 (CH), 126.9 (2xCH);
IR (neat): v = 3108, 3013, 1656, 1599, 1496, 1465, 1233, 1002, 761, 668; HRMS (AP): m/z

calculated for C15sH12N30S: 282.0701, found: 282.0699 [M+H]".

(2)-(5-(2-Bromobenzylidene)-4-o0xo0-4,5-dihydrothiazol-2-yl)(pyridin-1-ium-1-yl)amide

(428)

Adapted from a reported procedure,’®® to a solution of aminide 422

Br
(135mg, 0.7 mmol) in glacial acetic acid (3.5 mL) sodium acetate
X
| N _/]S\\ o (459 mg, 5.6 mmol) and 2-bromobenzaldehyde (0.16 mL, 1.4 mmol)
/+ N N

were added. The mixture was stirred at 120 °C for 22 h. The crude mixture was allowed to
cool down to room temperature and the solvent was removed under reduced pressure. The
crude residue was diluted with HCI [1 M] (15 mL) and EtOAc (15 mL). The aqueous phase
was neutralised until pH 4 with NaHCOs (sat. sory precipitating a yellow solid, which was
collected with a Buchner funnel. Purification by flash column chromatography [CHCI3:EtOH
(9:1)] afforded aminide 428 as a pale beige powder (163 mg, 64%); mp: 237-239 °C; H
NMR (300 MHz, CDCls): § = 8.95-8.88 (m, 2H), 8.09 (tt, J = 7.8, 1.3 Hz, 1H), 7.98 (s, 1H),
7.84-7.76 (m, 2H), 7.65 (app. td, J = 8.1, 1.6 Hz, 2H), 7.39 (td, J = 7.4, 0.8 Hz, 1H), 7.17 (td,
J =7.7, 1.6 Hz, 1H); 3C NMR (101 MHz, CDCls): & = 181.2 (C), 178.8 (C), 142.8 (CH),

139.4 (CH), 135.7 (C), 133.7 (C), 133.5 (CH), 129.9 (CH), 128.9 (CH), 127.7 (CH), 127.0
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(4xCH), 126.0 (C); IR (neat): v = 3031, 1666, 1505, 1473, 1257, 1200, 1027, 756, 676;

HRMS (ES): m/z calculated for C1sH11N3OS'Br: 359.9806, found: 359.9805 [M+H]*.

(2)-(5-(4-Methoxybenzylidene)-4-oxo-4,5-dihydrothiazol-2-yl)(pyridin-1-ium-1-yl)amide

(429)
MeO Adapted from a reported procedure,”® to a solution of aminide 422
(193 mg, 1.0 mmol) in glacial acetic acid (5.0 mL) sodium acetate (328
N S / mg, 4.0 mmol) and 4-methoxybenzaldehyde (60.8 uL, 0.5 mmol) were

| /L“\,(,/j\\N © added. The mixture was stirred at 120 °C for 22 h. The crude mixture
was allowed to cool down to room temperature and the acetic acid was removed under
reduced pressure. The crude residue was diluted with HCI [1 M] (20 mL) and EtOAc (20
mL). The aqueous phase was neutralised until pH 8 with NaHCO3 (sat. soy precipitating a
yellow solid which was collected with a Buchner funnel. Purification by flash column
chromatography [EtOAc:MeOH (4:1-7:3)] afforded aminide 429 as a bright yellow powder
(129 mg, 83%); mp: 253-255 °C; 'H NMR (300 MHz, CDCls): & = 8.97 (dd, J = 7.0, 1.2 Hz,
2H), 8.05 (tt, J = 7.7, 1.2 Hz, 1H), 7.78 (app. t, J = 7.0 Hz, 2H), 7.69 (s, 1H), 7.55-7.48 (m,
2H), 7.01-6.93 (m, 2H), 3.85 (s, 3H); 3C NMR (101 MHz, CDCls): & = 182.4 (C), 179.2 (C),
160.3 (C), 142.8 (2xCH), 138.94 (CH), 131.4 (2xCH), 128.9 (CH), 127.9 (CH), 127.5 (C),
126.9 (2xC), 114.5 (2xCH), 55.5 (CH3); IR (neat): v = 2931, 1734, 1603, 1514, 1346, 1158,
1026, 754, 667; HRMS (ES): m/z calculated for C16H14N302S: 312.0807, found: 312.0806

[M+H]".
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(2)-5-Benzylidene-2-thioxoimidazolidin-4-one (454)

Ph Adapted from a reported procedure,’® to a solution of 450 (1.86 g, 16.0 mmol) in

/
;’i o glacial acetic acid (80.0 mL) sodium acetate (5.25 g, 64.0 mmol) and

S N

benzaldehyde (0.81 mL, 8.0 mmol) were added. The mixture was stirred at
120 °C for 22 h. The crude mixture was allowed to cool down to room temperature and was
poured into cold water (80 mL) precipitating a dark green solid. The residue was filtered off
under vacuum and recrystallised from hot EtOH to afford thiohydantoin 454 as a dark green
powder (1.18 g, 72%); *H NMR (300 MHz, DMSO-ds): & = 12.40 (br. s, 1H), 12.17 (br. s,
1H), 7.80-7.69 (m, 2H), 7.49-7.34 (m, 3H), 6.49 (s, 1H); 3C NMR (101 MHz, DMSO-ds): &
=179.3 (C), 165.8 (C), 132.2 (C), 130.2 (2xCH), 129.2 (CH), 128.8 (2xCH), 127.7 (C), 111.5
(CH); IR (neat): v = 3191, 1721, 1641, 1478, 1091, 923, 765, 680. Analytical data match

those reported in the literature.***
(2)-5-Benzylidene-2-(methylthio)-1,5-dihydro-4H-imidazol-4-one (455)

Adapted from a reported procedure,®®" to a solution of thiohydantoin 454
HN / (511 mg, 2.5 mmol) in EtOH (8.3 mL), N,N-diisopropylethylamine (0.50 mL,
N0 o _
2.8 mmol) and methyl iodide (0.17 mL, 2.8 mmol) were added. The reaction
mixture was stirred at room temperature for 20 h. The mixture was diluted with cold saturated
NaHCO3 (ag) (20 mL) and CH2Cl> (20 mL) and it was extracted with CH2Cl, (6x20 mL). The
combined organic phases were dried over MgSOs, filtered off and concentrated under reduced
pressure. Purification by flash column chromatography [hexane:EtOAc (7:3)] gave sulfide
455 as a yellow fluffy solid (433 mg, 79%); *H NMR (300 MHz, CDCls): § = 9.07 (br. s, 1H),
8.19-8.12 (m, 2H), 7.47-7.34 (m, 3H), 6.95 (s, 1H), 2.75 (s, 3H); 1*C NMR (101 MHz,

CDCl3): & = 171.8 (C), 162.5 (C), 138.8 (C), 134.4 (C), 132.1 (2xCH), 130.1 (CH), 128.8
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(2xCH), 124.4 (CH), 13.1 (CH3); IR (neat): v = 3019, 1705, 1634, 1399, 1186, 935, 888, 769,

691, 657; MS (ES): m/z 219.06 [M+H]". Analytical data match those of the literature.'*
(2)-5-Benzylidene-1-(methylsulfonyl)-2-(methylthio)-1,5-dihydro-4H-imidazol-4-one (457)

Ph Sulfide 455 (109 mg, 0.5 mmol) and NaxCOz (79.5 mg, 0.75 mmol) were
\ZS\/E\N/ o dissolved in dry DMF (1.0 mL) in a heat-gun dried flask. The mixture was
cooled to 0 °C and stirred for 5 min. Methanesulfonyl chloride (42.6 pL, 0.6 mmol) was
added dropwise and the reaction mixture was allowed to warm up to room temperature and
stirred for 6 h. The mixture was quenched with water (6 mL) precipitating a yellow solid that
was filtered off, washed with water (20 mL) and dried under vacuum to afford sulfide 457 as
a white solid (85 mg, 58%); mp: 182-184 °C; 'H NMR (300 MHz, CDCls): § = 8.18-8.10 (m,
2H), 7.49-7.40 (m, 3H), 7.03 (s, 1H), 3.44 (s, 3H), 2.69 (s, 3H); 3C NMR (101 MHz,
CDCls): 6 = 166.9 (C), 159.9 (C), 135.4 (C), 133.8 (C), 132.5 (2xCH), 131.0 (CH), 129.0
(2xCH), 127.2 (CH), 42.0 (CHs), 14.5 (CHs); IR (neat): v = 3025, 2925, 1751, 1496, 1358,

1157, 951, 759, 683; HRMS (ES): m/z calculated for C12H14N20O3S;Na: 319.0187, found:

319.0186 [M+Na]".

(2)-5-Benzylidene-1-(4-methoxybenzyl)-2-(methylthio)-1,5-dihydro-4H-imidazol-4-

one (459)

ovg O To a mixture of sulfide 455 (437 mg, 2.0 mmol) and K>COz (1.88 g,
N

\S/L\N S 7.0mmol) in CH3CN (100 mL) 4-methoxybenzyl chloride (0.27 mL,

Ph
4.2 mmol) was added. The reaction mixture was stirred at reflux for 7 h. The crude mixture

was allowed to cool down to room temperature, diluted with water (30 mL) and the aqueous

phase was extracted with EtOAc (3x20 mL). The combined organic phases were dried over
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MgSQsq, filtered off and concentrated under reduced pressure. Purification by flash column
chromatography [hexane:EtOAc (7:3)] afforded sulfide 459 as a bright yellow powder
(583 mg, 86%); mp: 135-138 °C; 'H NMR (300 MHz, CDCls): § = 8.20-8.10 (m, 2H), 7.46—
7.34 (m, 3H), 7.28 (d, J = 8.7 Hz, 2H), 6.99 (s, 1H), 6.85 (d, J = 8.7 Hz, 2H), 4.73 (s, 2H),
3.79 (s, 3H), 2.70 (s, 3H); 3C NMR (101 MHz, CDCls): 6 = 170.1 (C), 165.2 (C), 150.5 (C),
138.5 (C), 134.6 (C), 132.1 (2xCH), 129.9 (CH), 129.5 (2xCH), 128.8 (2xCH), 128.0 (C),
124.2 (CH), 114.2 (2xCH), 55.4 (CHs), 43.9 (CH2), 13.4 (CHs); IR (neat): v = 2933, 1711,
1635, 1494, 1248, 1175, 1022, 771, 686; HRMS (ES): m/z calculated for Ci9H19N20>S:

339.1167, found 339.1168 [M+H]".

(2)-(5-Benzylidene-1-(4-methoxybenzyl)-4-oxo-4,5-dihydro-1H-imidazol-2-yl)(pyridin-1-

ium-1-yl)amide (460)

Ve, o) Following GP4 using N-aminopyridinium iodide (333 mg, 1.5 mmol),
| /H/E\N —\,  sulfide 459 (528 mg, 1.6 mmol) and KCOs (622 mg, 4.5 mmol) for 18 h.
Purification by flash column chromatography [EtOAc:MeOH (9:1)] afforded aminide 460 as a
bright orange powder (512 mg, 98%); mp: 184-186 °C; *H NMR (300 MHz, CDCls): § =
9.49-9.42 (m, 2H), 8.02-7.94 (m, 2H), 7.76 (tt, J = 7.6, 1.5 Hz, 1H), 7.67-7.57 (m, 2H), 7.39
(d, J = 8.7 Hz, 2H), 7.35-7.27 (m, 2H), 7.18 (tt, J = 7.4, 1.5 Hz, 1H), 6.82 (d, J = 8.7 Hz, 2H),
6.59 (s, 1H), 4.82 (s, 2H), 3.76 (s, 3H); 3C NMR (101 MHz, CDCls): & = 170.3 (C), 161.5
(C), 158.9 (C), 141.6 (2xCH), 141.2 (C), 136.9 (C), 134.2 (CH), 130.3 (C), 130.0 (2xCH),
129.6 (2xCH), 128.4 (2xCH), 127.0 (CH), 126.0 (2xCH), 113.8 (2xCH), 112.2 (CH), 55.4
(CHz3), 42.5 (CHy2); IR (neat): v = 2940, 1684, 1511, 1405, 1373, 1138, 1029, 763, 666;

HRMS (ES): m/z calculated for C23sH21N40O2: 385.1665, found 385.1669 [M+H]".
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2-(Methylthio)pyrimidin-4(3H)-one (467)

o Following a reported procedure,® a mixture of 466 (3.84 g, 30.0 mmol) and finely
\S'lN | powdered NaOH (1.28 g, 32.1 mmol) were dissolved in water (10.5 mL). The
suspension was stirred to 68 °C until the solids were dissolved. EtOH (21 mL) was added and
the mixture was cooled to 33 °C. Methyl iodide (1.9 mL, 30.3 mmol) was added dropwise and
the reaction mixture was stirred at 55 °C for 20 min. The crude mixture was allowed to cool
down to room temperature precipitating a white solid that was collected and dried under
vacuum affording sulfide 467 as a white powder (3.46 g, 81%); *H NMR (300 MHz, CDCls):
§=7.88(d, J = 6.6 Hz, 1H), 6.24 (d, J = 6.6 Hz, 1H), 2.58 (s, 3H); IR (neat): v = 3441, 2926,
1564, 1525, 1217, 1177, 976, 913, 822; MS (El): m/z 142.02 [M]". Analytical data match

those reported in the literature.%
3-Methyl-2-(methylthio)pyrimidin-4(3H)-one (470)

o Following a reported procedure,*® a heat-gun dried two neck flask under argon
\;J:lj was charged with sulfide 467 (427 mg, 3.0 mmol) and dry DMF (11.5 mL). The
solution was cooled to 0 °C and lithium bis(trimethylsilyl)amide ([1 M] solution in THF,
3.9 mL, 3.9 mmol) was added via syringe dropwise. The reaction mixture was stirred at 0 °C
for 5 min and methyl iodide (0.24 mL, 3.9 mmol) was added dropwise at 0 °C. The reaction
mixture was allowed to warm up to room temperature and was stirred for 17 h. The crude
mixture was quenched with water (20 mL) and was extracted with EtOAc (6%x20 mL). The
combined organic phases were dried over MgSOs, filtered off and concentrated under reduced
pressure. Purification by flash column chromatography [hexane:EtOAc (3:2)] afforded sulfide
470 as a bright white solid (274 mg, 58%); mp: 123-125 °C (126-127 °C); *H NMR (300

MHz, CDCls): & = 7.74 (d, J = 6.4 Hz, 1H), 6.19 (d, J = 6.4 Hz, 1H), 3.51 (s, 3H), 2.56 (s,
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3H); C NMR (101 MHz, CDCl3): § = 163.9 (C), 162.1 (C), 151.9 (CH), 109.9 (CH), 30.3
(CH3), 15.1 (CHz); MS (EI): m/z 109.0 [M-SMe]*, 156.0 [M]*. Analytical data match those

reported in the literature.'%
(1-Methyl-6-0x0-1,6-dihydropyrimidin-2-yl)(pyridin-1-ium-1-yl)amide (471)

o  Following GP4 using N-aminopyridinium iodide (333 mg, 1.5 mmol), sulfide
©\,N\)N\\N I 470 (244 mg, 1.6 mmol) and K>COs (622 mg, 4.5 mmol) for 18 h. Extraction
with ’\]aOH(aq) [2.0 M]. Purification by flash column chromatography [CH2Cl2:MeOH (9:1)]
afforded aminide 471 as a bright yellow powder (249 mg, 82%); mp: 231-233 °C; *H NMR
(400 MHz, CDCls): & = 8.62-8.57 (m, 2H), 7.94 (tt, J = 7.7, 1.3 Hz, 1H), 7.71-7.64 (m, 2H),
7.34 (d, 3 = 6.2 Hz, 1H), 5.61 (d, J = 6.2 Hz, 1H), 3.42 (s, 3H); 3C NMR (101 MHz, CDCls):
§ = 164.5 (C), 161.4 (C), 153.3 (CH), 144.4 (2xCH), 137.1 (CH), 126.5 (2xCH), 100.5 (CH),
27.7 (CHa); IR (neat): v = 3025, 1337, 1565, 1472, 1400, 1321, 1246, 1169, 800, 690; HRMS

(ES): m/z calculated for C1o0H11N4O: 203.0933, found 203.0938 [M+H]".

2.6. Cycloaddition products for chapter 2
General procedure 5 (GP5)
R 1 ) . X R
@ _/XL\/@ . R:N — o PicAuCl, (5 mol%) NZ\NQ
Z N N R2 —

1,2-DCB, 125 °C ) (

(1.2 eq.) (1.0 eq.) X=8,0 R2

A heat-gun dried Schlenk tube under argon was charged with (thio)ynamide (1.0 eq.), aminide
(1.2 eq.) and dichloro(2-pyridinecarboxylate)gold (5 mol%) in dry 1,2-DCB (0.1 M relative to

the (thio)ynamide) and the mixture was stirred at 125 °C for the specified time. The reaction
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mixture was allowed to cool down to room temperature and was directly purified by flash

column chromatography.

General procedure 6 (GP6)

R R
N X R! PicAuCl, (5 mol%) AQ
\ N s + N—R3 NZON
P\ Ny A . o
Y N N R2 1,4-dioxane, 90 °C >_<
1

RN R3
(1.2-1.5eq.) (1.0 eq.) X=8,0 R

A heat-gun dried Schlenk tube under argon was charged with (thio)ynamide (1.0 eq.), aminide
(1.2 eqg. or 1.5 eq) and dichloro(2-pyridinecarboxylate)gold (5 mol%) in dry 1,4-dioxane (0.1
M relative to the (thio)ynamide) and the mixture was stirred at 90 °C for the specified time.
The reaction mixture was allowed to cool down to room temperature and the solvent was
removed under reduced pressure. The residue obtained was purified by flash column

chromatography.

N-Benzyl-N-(3-phenylbenzo[d]imidazo[2,1-b]thiazol-2-yl)methanesulfonamide (302)

Following GP5 using ynamide 297 (60.3 mg, 0.20 mmol) and aminide 267

0
I\Q (71.5 mg, 0.24 mmol) for 45 min. Purification by flash column
MS_N\BH a chromatography [hexane:EtOAc (3:2)] afforded imidazole 302 as a white

powder (72.5 mg, 83%); mp: 56-58 °C; *H NMR (300 MHz, CDCls): 6 = 7.67 (dd, J = 8.0,
1.1 Hz, 1H), 7.42 (tt, J = 7.3, 2.5 Hz, 1H), 7.37-7.30 (m, 2H), 7.26 (app. td, J = 7.1, 1.1 Hz,
1H), 7.19-7.09 (m, 4H), 7.06-6.96 (m, 5H), 4.69 (s, 2H), 3.25 (s, 3H); 3C NMR (101 MHz,
CDCl3): & = 144.7 (C), 138.3 (C), 135.2 (C), 133.2 (C), 130.6 (2xCH), 129.7 (C), 129.3
(2xCH), 129.1 (CH), 128.4 (2xCH), 128.2 (2xCH), 127.8 (C), 127.7 (CH), 127.1 (C), 126.0

(CH), 125.0 (CH), 124.2 (CH), 114.1 (CH), 55.3 (CH2), 38.3 (CHs); IR (neat): v = 2925,
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1581, 1564, 1487, 1457, 1345, 1255, 1221, 1149, 1065, 1025, 958, 868, 790, 748, 701, 665;

HRMS (ES): m/z calculated for C23sH19N302NaS2: 456.0816, found 456.0815 [M+Na]".

N-Benzyl-N-(3-(thiophen-2-yl)benzo[d]imidazo[2,1-b]thiazol-2-yl)methanesulfonamide

(303)

@ Following GP5 using ynamide 292 (29.1 mg, 0.10 mmol) and aminide 267

/4 (35.8 mg, 0.12 mmol) for 45 min. Purification by flash column
Mswbn / /S chromatography [hexane:EtOAc (7:3)] afforded imidazole 303 as a yellow
solid (40.1 mg, 91%); mp: 177-179 °C; *H NMR (300 MHz, CDCls): 6 = 7.68 (d, J = 7.8 Hz,
1H), 7.49 (dd, J = 5.1, 1.2 Hz, 1H), 7.29 (app. td, J = 7.8, 1.1 Hz, 1H), 7.23-7.07 (m, 8H),
6.96 (dd, J = 3.4, 1.1 Hz, 1H), 4.75 (s, 2H), 3.20 (s, 3H); 3C NMR (101 MHz, CDCl3): & =
145.4 (C), 140.2 (C), 135.4 (C), 133.0 (C), 131.6 (CH), 129.6 (C), 129.1 (2xCH), 128.9 (CH),
128.4 (2xCH), 127.8 (CH), 127.2 (CH), 126.5 (C), 126.2 (CH), 125.2 (CH), 124.2 (CH),
120.5 (C), 114.2 (CH), 55.1 (CHy), 38.3 (CHs); IR (neat): v = 2927, 1587, 1486, 1460, 1379,
1337, 1258, 1226, 1155, 1053, 964, 938, 872, 785, 757, 740, 698, 677; HRMS (ES): m/z

calculated for C21H18N30,Ss: 440.0561, found 440.0567 [M+H]".

N-Benzyl-N-(3-(4-methoxyphenyl)benzo[d]imidazo[2,1-b]thiazol-2-yl)methanesulfonamide

(304)

Following GP5 using ynamide 298 (54.1 mg, 0.17 mmol) and aminide

Y

N 267 (60.8 mg, 0.20 mmol) for 45 min. Purification by flash column

-

Ms—N . . ..
5 chromatography [hexane:EtOAc (1:1)] afforded imidazole 304 as an

b/\[

OMe " orange powder (57.4 mg, 73%); mp: 164-166 °C; 'H NMR (300 MHz,

CDCls): §=7.66 (d, J = 7.9 Hz, 1H), 7.25 (app. t, J = 7.7 Hz, 1H), 7.19-6.95 (m, 9H), 6.91—
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6.83 (m, 2H), 4.70 (s, 2H), 3.89 (s, 3H), 3.24 (s, 3H); 13C NMR (101 MHz, CDCl5): & = 160.3
(C), 144.3 (C), 138.0 (C), 135.4 (C), 133.2 (C), 132.1 (2xCH), 129.7 (C), 129.3 (2xCH),
128.2 (2xCH), 127.7 (CH), 127.6 (C), 125.9 (CH), 125.0 (CH), 124.1 (CH), 119.2 (C), 114.0
(CH), 113.8 (2xCH), 55.5 (CHs), 55.2 (CH2), 38.3 (CH3); IR (neat): v = 2931, 2840, 1507,
1489, 1346, 1249, 1156, 1027, 962, 837, 752; HRMS (ES): m/z calculated for

C24H21N303NaS,: 486.0922, found 486.0918 [M+Na]".

N-(3-(4-Bromophenyl)benzo[d]imidazo[2,1-b]thiazol-2-yl)-N-(4-methoxybenzyl)

methanesulfonamide (305)

j@ Following GP5 using ynamide 293 (394 mg, 1.00 mmol) and aminide

N 267 (272 mg, 1.20 mmol) for 2 h. Purification by flash column
Ms—N
;_b chromatography [hexane:EtOAc (3:2)] afforded imidazole 305 as a
Br
beige fluffy solid (502 mg, 93%); mp: 200-202 °C; *H NMR (400 MHz,

MeO

CDCla): § = 7.69 (dd, J = 8.0, 0.7 Hz, 1H), 7.45 (d, J = 8.7 Hz, 2H), 7.29 (app. td, J = 7.5, 1.2
Hz, 1H), 7.18 (app, td, J = 7.5, 1.2 Hz, 1H), 7.08-7.01 (m, 3H), 6.85 (d, J = 8.7 Hz, 2H), 6.54
(d, J = 8.7 Hz, 2H), 4.60 (s, 2H), 3.75 (s, 3H), 3.26 (s, 3H); 13C NMR (101 MHz, CDCls): § =
159.3 (C), 145.1 (C), 138.5 (C), 133.0 (C), 131.9 (2xCH), 131.5 (2xCH), 130.6 (2xCH),
129.7 (C), 127.1 (C), 126.8 (C), 126.1 (CH), 125.2 (CH), 124.3 (CH), 123.4 (C), 114.0 (CH),
113.5 (2xCH), 55.3 (CHj3), 54.8 (CHy>), 38.4 (CHz3) one resonance for a quaternary carbon
was not observed; IR (neat): v = 2926, 1515, 1494, 1336, 1248, 1161, 969, 823, 745, 663,
562; HRMS (ES): m/z calculated for Ca4H2N3O3NaS,"*Br: 564.0027, found 564.0028

[M+Na]".
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N-Allyl-4-methyl-N-(3-phenylbenzo[d]imidazo[2,1-b]oxazol-2-yl)benzenesulfonamide (306)

o~© Following GP6 using ynamide 681 (62.3 mg, 0.20 mmol) and aminide 268
NéN (50.7 mg, 0.24 mmol) for 3 h. Purification by flash column chromatography

=

Ts—N Ph
\) [hexane:EtOAc (24:1)] afforded imidazole 306 as a white solid (50.1 mg,

56%); mp: 209-210 °C; *H NMR (400 MHz, CDCls): § = 7.86-7.82 (m, 4H), 7.58-7.50
(m, 3H), 7.46 (tt, J = 7.3, 1.4 Hz, 1H), 7.40 (dd, J = 7.8, 0.9 Hz, 1H), 7.36-7.28 (m, 3H), 7.23
(app. td, J = 7.8, 0.9 Hz, 1H), 5.52 (ddt, J = 17.0, 10.5, 6.7 Hz, 1H), 4.93 (dd, J = 17.0,
1.2 Hz, 1H), 4.87 (dd, J = 10.5, 1.2 Hz, 1H), 4.00 (d, J = 6.7 Hz, 2H), 2.45 (s, 3H); *C NMR
(101 MHz, CDCl): § = 151.9 (C), 150.3 (C), 143.8 (C), 135.8 (C), 133.9 (C), 132.4 (CH),
129.6 (2xCH), 128.9 (2xCH), 128.81 (2xCH), 128.77 (2xCH), 128.7 (CH), 127.8 (C), 127.0
(C), 124.8 (CH), 124.0 (CH), 1235 (C), 119.2 (CH2), 112.5 (CH), 112.4 (CH), 53.7 (CH2),
21.8 (CHs); IR (neat): v = 2921, 1629, 1576, 1477, 1340, 1162, 812, 743, 705, 661, 584;

HRMS (ES): m/z calculated for C2sH2:N3O3SNa: 466.1201, found 466.1197 [M+Na]*.

N-(But-3-en-1-yl)-N-(3-(furan-2-yl)benzo[d]imidazo[2,1-b]thiazol-2-yl)-4-

methylbenzenesulfonamide (307)

S Following GP5 using ynamide 682 (75.7 mg, 0.20 mmol) and aminide 267
NéN (45.5 mg, 0.24 mmol) for 2 h. Purification by flash column chromatography
@Fb [hexane:EtOAc (9:1-85:15)] afforded imidazole 307 as light brown solid
(61.5 mg, 66%); mp: 174-176 °C; *H NMR (300 MHz, CDCls): § = 7.78 (d, J = 8.3 Hz, 2H),
7.73-7.69 (m, 2H), 7.43-7.31 (m, 5H), 7.18 (dd, J = 3.4, 0.7 Hz, 1H), 6.65 (dd, J = 3.4,
1.9 Hz, 1H), 5.55 (ddt, J = 16.5, 9.8, 6.6 Hz, 1H), 4.89-4.83 (m, 2H), 3.46 (t, J = 7.2 Hz, 2H),
2.44 (s, 3H), 2.08 (app. g, J = 7.7 Hz, 2H); 3C NMR (101 MHz, CDCls): & = 145.8 (C), 143.8

(C), 143.4 (CH), 140.8 (C), 140.0 (C), 135.7 (C), 134.5 (CH), 133.0 (C), 129.7 (2xCH), 129.6
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(C), 128.5 (2xCH), 126.5 (CH), 125.3 (CH), 124.0 (CH), 118.8 (C), 116.8 (CH2), 114.8 (CH),
114.2 (CH), 112.2 (CH), 49.9 (CH>), 32.5 (CHz2), 21.8 (CHs3); IR (neat): v = 2924, 2324, 1480,
1338, 1158, 1087, 744, 666; HRMS (ES): m/z calculated for C2aH22N303S,: 464.1103, found

464.1099 [M+H]*.

2-(Benzyl(3-phenylbenzo[d]imidazo[2,1-b]thiazol-2-yl)amino)-5,5-dimethyl-1,3,2-

dioxaphosphinane 2-oxide (308)

X A3

Following GP5 using ynamide 299 (35.5 mg, 0.10 mmol) and aminide 267

N7 N (35.8 mg, 0.12 mmol) for 45 min. Purification by flash column
QP }=(
o"P_N‘Bn o chromatography [hexane:EtOAc (1:9)] afforded imidazole 308 as a yellow

solid (41.0 mg, 81%); mp: 183-185 °C; H NMR (300 MHz, CDCls): §=7.64 (dd, J = 8.1,
1.2 Hz, 1H), 7.45-7.30 (m, 3H), 7.25-7.05 (m, 9H), 6.98 (dd, J = 8.1, 1.2 Hz, 1H), 4.56 (d, J
= 7.2 Hz, 2H), 4.30 (dd, J = 11.0, 5.0 Hz, 2H), 3.90 (dd, J = 19.0, 11.0 Hz, 2H), 1.09 (s, 3H),
0.91 (s, 3H); 13C NMR (101 MHz, CDCls): § = 144.1 (C), 139.7 (d, J = 3.2 Hz, C), 137.0 (d, J
= 4.8 Hz, C), 133.4 (C), 130.6 (2xCH), 129.9 (C), 129.0 (2xCH), 128.8 (CH), 128.4 (2xCH),
128.1 (2xCH), 127.9 (C), 127.3 (CH), 125.7 (CH), 125.0 (d, J = 6.2 Hz, C), 124.6 (CH),
124.1 (CH), 113.8 (CH), 76.7 (d, J = 5.9 Hz, 2xCHy), 53.8 (d, J = 6.1 Hz, CHy), 32.2 (d, J =
5.3 Hz, C), 29.8 (C), 22.1 (CHs), 21.1 (CH3); IR (neat): v = 2971, 1486, 1379, 1252, 1212,
1054, 1004, 744, 697, 662; HRMS (ES): m/z calculated for Ca7Hz2sN3OsNaSP: 526.1330,

found 526.1326 [M+Na]".
(E)-N-Methyl-N-(3-styrylbenzo[d]imidazo[2,1-b]thiazol-2-yl)methanesulfonamide (309)
@ Following GP6 using ynamide 683 (23.5 mg, 0.10 mmol) and aminide 267

_ (35.8 mg, 0.12 mmol) for 45 min. Recrystallization from hexane/CH.Cl,
MS_N)—Qa
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afforded imidazole 309 as brown solid (34.1 mg, 89%); using 1,2-DCB at 125 °C (28.2 mg,
74%); mp: 222224 °C; 'H NMR (300 MHz, CDCls): § = 7.92 (dd, J = 8.3, 0.9 Hz, 1H), 7.74
(dd, J = 7.8, 1.0 Hz, 1H), 7.62-7.53 (m, 2H), 7.51-7.28 (m, 7H), 3.33 (s, 3H), 3.20 (s, 3H);
13C NMR (101 MHz, CDCls): & = 144.8 (C), 140.5 (C), 136.9 (C), 134.1 (CH), 133.7 (C),
129.8 (C), 128.9 (2xCH), 128.5 (CH), 127.0 (2xCH), 126.6 (CH), 125.2 (CH), 124.4 (CH),
120.9 (C), 114.1 (CH), 112.4 (CH), 38.8 (CH3), 36.8 (CHs); IR (neat): v = 3062, 1543, 1489,
1465, 1409, 1341, 1294, 1257, 1191, 1151, 1107, 1001, 965, 954, 877, 815, 769, 750, 740,

692, 675; HRMS (ES): m/z calculated for C19H1sN302S,: 384.0840, found 384.0835 [M+H]".

(R)-N-Benzyl-N-(3-(2,6-dimethylhept-5-en-1-yl)benzo[d]imidazo[2,1-b]thiazol-2-

yl)methanesulfonamide (310)

s Following GP6 using ynamide 294 (33.4 mg, 0.10 mmol) and aminide
N)ig_<_/=< 267 (35.7 mg, 0.12 mmol) for 45 min. Purification by flash column
MS‘N\Bn chromatography [hexane:EtOAc (3:2)] afforded imidazole 310 as a
yellow oil (11.6 mg, 24%); *H NMR (300 MHz, CDCls): §=7.70 (dd, J = 7.6, 1.2 Hz, 1H),
7.58 (d, J = 8.3 Hz, 1H), 7.41-7.24 (m, 7H), 4.94 (t, J = 7.1 Hz, 1H), 4.84 (d, J = 4.6 Hz, 2H),
3.06 (s, 3H), 2.79 (dd, J = 15.3, 6.0 Hz, 1H), 2.62 (dd, J = 15.3, 9.3 Hz, 1H), 1.95-1.77 (m,
3H), 1.61 (s, 3H), 1.54 (s, 3H), 1.19-0.80 (m, 2H), 0.43 (d, J = 6.5 Hz, 3H); *C NMR (101
MHz, CDCls): 6 = 143.8 (C), 138.8 (C), 136.1 (C), 133.6 (C), 131.6 (C), 130.1 (2xCH), 129.8
(C), 128.5 (2xCH), 128.2 (CH), 127.7 (C), 126.1 (CH), 124.8 (CH), 124.6 (CH), 124.3 (CH),
113.9 (CH), 55.0 (CHy), 37.5 (CH), 36.9 (CH), 31.9 (CHs), 30.9 (CH), 25.8 (CHs3), 25.5
(CH2), 18.7 (CH3), 17.8 (CHa); IR (neat): v = 2963, 2925, 2852, 1585, 1550, 1495, 1458,

1347, 1156, 961, 749, 699; HRMS (ES): m/z calculated for CzsH31N302S2Na: 504.1755,

found 504.1759 [M+Na]".
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2-(1H-Indol-1-yl)-3-phenylbenzo[d]imidazo[2,1-b]thiazole (311)

Following GP5 using ynamide 301 (43.5 mg, 0.20 mmol) and aminide

S
'}i{l 267 (71.5 mg, 0.24 mmol) for 24 h. Purification by flash column
@ a chromatography [hexane:EtOAc (9:1)] afforded imidazole 311 as a pale
pink crystalline solid (46.4 mg, 63%). Using ynamide 301 (10.9 mg, 0.05 mmol), aminide 267
(17.9 mg, 0.06 mmol) and DTBPAuU(NCMe)ShFes (5 mol%) for 24 h afforded imidazole 311
as a pale pink solid (13.0 mg, 71%); mp: 172-174 °C; 'H NMR (300 MHz, CDCly):
§=7.76 (d, J = 7.8 Hz, 1H), 7.66-7.56 (m, 2H), 7.43 (s, 5H), 7.38-7.23 (m, 3H), 7.18 (app.
td, J = 7.5, 1.2 Hz, 1H), 7.12 (app. td, J = 7.5, 1.2 Hz, 1H), 7.02 (d, J = 3.3 Hz, 1H), 6.50 (d, J
= 3.3 Hz, 1H); 33C NMR (101 MHz, CDCls): & = 145.3 (C), 140.0 (C), 133.9 (C), 133.4 (C),
130.5 (2xCH), 130.0 (C), 129.4 (CH), 129.2 (2xCH), 128.7 (C), 128.2 (CH), 127.9 (C), 126.0
(CH), 124.9 (CH), 124.4 (CH), 122.5 (CH), 120.7 (CH), 120.5 (CH), 113.9 (CH), 111.8 (CH),
103.7 (CH) one resonance for a quaternary carbon was not observed; IR (neat): v = 3059,

2251, 1526, 1458, 1204, 1163, 742, 714, 690; HRMS (ES): m/z calculated for C23H1sN3S:

366.1065, found 366.1064 [M+H]".
3-(3-(4-Methoxyphenyl)benzo[d]imidazo[2,1-b]thiazol-2-yl)oxazolidin-2-one (312)

s Following GP5 using ynamide 295 (43.4 mg, 0.20 mmol) and aminide 267
A
N" N (71.5 mg, 0.24 mmol) for 18 h. Purification by flash column
OYN%%;}

chromatography [hexane:EtOAc (3:7)] afforded imidazole 312 as a yellow
oM solid (66.7 mg, 91%); mp: 88-90 °C; 'H NMR (300 MHz, CDCls): & =
7.68 (dd, J = 8.1, 0.9 Hz, 1H), 7.54 (d, J = 8.8 Hz, 2H), 7.28 (app. td, J = 7.5, 1.2 Hz, 1H),
7.19 (app. td, J = 7.5, 1.2 Hz, 1H), 7.12 (dd, J = 8.1, 0.8 Hz, 1H), 7.05 (d, J = 8.8 Hz, 2H),

4.44-4.35 (m, 2H), 3.97-3.87 (M, 5H); 3C NMR (101 MHz, CDCls): § = 160.6 (C), 157.6
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(C), 144.9 (C), 136.9 (C), 133.2 (C), 131.8 (2xCH), 129.8 (C), 125.9 (CH), 124.9 (CH), 124.3
(CH), 123.7 (C), 119.6 (C), 114.5 (2xCH), 113.8 (CH), 62.6 (CH>), 55.5 (CH3), 47.3 (CH>);
IR (neat): v = 2923, 1751, 1488, 1407, 1244, 1024, 838, 726; HRMS (ES): m/z calculated for

C19H16N303S: 366.0912, found 366.0915 [M+H]".

N-Methyl-N-(7-nitro-3-phenylbenzo[d]imidazo[2,1-b]thiazol-2-yl)methanesulfonamide

(347)
Nno, Following GP6 using ynamide 679 (25.1 mg, 0.10 mmol) and aminide
S
NAN 343 (27.2 mg, 0.12 mmol) for 1.25 h. Purification by flash column
Ms—=N  Ph chromatography [hexane:EtOAc (7:3-4:1)] afforded imidazole 347 as a

Me
bright yellow solid (39.1 mg, 97%); mp: 256258 °C; *H NMR (300 MHz, CDCls): § = 8.66

(d, J = 2.3 Hz, 1H), 8.14 (dd, J = 9.2, 2.3 Hz, 1H), 7.71-7.62 (m, 2H), 7.61-7.54 (m, 3H),
7.28 (d, J = 9.2 Hz, 1H), 3.21 (s, 3H), 3.17 (s, 3H); 3C NMR (101 MHz, CDCls): § = 145.7
(C), 144.7 (C), 141.9 (C), 137.0 (C), 131.0 (C), 130.5 (2xCH), 130.2 (CH), 129.3 (2xCH),
126.5 (C), 122.1 (CH), 120.3 (CH), 113.8 (CH), 39.1 (CH3), 37.2 (CHs3) one resonance for a
quaternary carbon was not observed; IR (neat): v = 3047, 2921, 2855, 1581, 1521, 1487,
1366, 1335, 1320, 1288, 1239, 1141, 950, 877, 787, 759, 746; HRMS (ES): m/z calculated for

C17H14N404NaS>: 425.0354, found 425.0357 [M+Na]".

N-Benzyl-N-(7-nitro-3-(thiophen-2-yl)benzo[d]imidazo[2,1-b]thiazol-2-

yl)methanesulfonamide (348)

NO, Following GP5 using ynamide 292 (58.3 mg, 0.20 mmol) and aminide

-

,:Q 343 (65.3 mg, 0.24 mmol) for 1.5 h. Purification by flash column

MS‘N\B S chromatography [hexane:EtOAc (4:1)] afforded imidazole 348 as a pale

>
\
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yellow solid (76.4 mg, 79%); mp: 152-155 °C (decomp.); H NMR (400 MHz,
CDCla): §=8.63 (d, J = 2.2 Hz, 1H), 8.12 (dd, J = 9.1, 2.2 Hz, 1H), 7.54 (dd, J = 5.2, 1.2 Hz,
1H), 7.23-7.08 (m, 7H), 6.99 (dd, J = 3.4, 1.2 Hz, 1H), 4.76 (s, 2H), 3.19 (s, 3H); 13C NMR
(101 MHz, CDCls): & = 146.4 (C), 144.7 (C), 141.5 (C), 136.8 (C), 135.2 (C), 132.1 (CH),
130.8 (C), 129.7 (CH), 129.0 (2xCH), 128.5 (2xCH), 128.0 (CH), 127.6 (CH), 125.3 (C),
122.2 (CH), 121.2 (C), 120.2 (CH), 113.9 (CH), 55.0 (CH>), 38.4 (CH3); IR (neat): v = 3311,
2490, 2263, 2167, 2077, 2048, 2031, 2008, 1637, 1342, 1156, 667, HRMS (ES): m/z

calculated for C21H16N4OsNaSs: 507.0231, found 507.0226 [M+Na]™.

(R)-N-Benzyl-N-(3-(2,6-dimethylhept-5-en-1-yl)-7-nitrobenzo[d]imidazo[2,1-b]thiazol-2-

yl)methanesulfonamide (349)

Nno,  Following GP5 using ynamide 294 (66.7 mg, 0.20 mmol) and aminide
343 (65.4 mg, 0.24 mmol) for 1.5 h. Purification by flash column

chromatography [hexane:EtOAc (7:3)] afforded imidazole 349 as an

orange oil (8.9 mg, 8%); 'H NMR (300 MHz, CDCls): § = 8.65 (d, J = 2.3 Hz, 1H), 8.30 (dd,
J=09.1, 2.3 Hz, 1H), 7.68 (d, J = 9.1 Hz, 1H), 7.39-7.34 (m, 3H), 7.27-7.25 (m, 2H), 4.92
(app. t, 3 = 7.1 Hz, 1H), 4.83 (d, J = 3.7 Hz, 2H), 3.05 (s, 3H), 2.81 (dd, J = 15.5, 6.0 Hz, 1H),
2.65 (dd, J = 15.5, 9.3 Hz, 1H), 1.96-1.74 (m, 3H), 1.62 (s, 3H), 1.55 (s, 3H), 1.18-1.02 (m,
2H), 0.43 (d, J = 6.6 Hz, 3H); 3C NMR (101 MHz, CDCl3): & = 144.8 (C), 144.4 (C), 140.1
(C), 137.3 (C), 135.7 (C), 131.9 (C), 131.0 (C), 130.1 (2xCH), 128.6 (2xCH), 128.34 (CH),
128.3 (C), 124.3 (CH), 122.1 (CH), 120.4 (CH), 113.6 (CH), 54.9 (CH,), 37.6 (CHa3), 36.8
(CH2), 31.9 (CH), 30.8 (CHz2), 25.9 (CH3), 25.5 (CH?>), 18.7 (CHs3), 17.9 (CHsa); IR (neat): v =
3326, 2974, 2247, 2203, 2155, 1992, 1976, 1645, 1380, 1087, 1046, 880; HRMS (ES): m/z

calculated for C2sH30N4OsNaS»: 549.1606, found 549.1601 [M+Na]".

166



Appendix

N-Methyl-N-(6-nitro-3-phenylbenzo[d]imidazo[2,1-b]thiazol-2-yl)methanesulfonamide

(350)
Following GP5 using ynamide 679 (41.9 mg, 0.24 mmol) and aminide
-
NO
N%N * 344 (65.4 mg, 0.24 mmol) for 3.5 h. Purification by flash column
MS‘N\)=<Ph

Me chromatography [hexane:EtOAc (3:7)] afforded imidazole 350 as pale
yellow powder (67.6 mg, 84%); mp: 266-268 °C; *H NMR (300 MHz, CDCls): & = 8.22 (dd,
J=8.8, 2.1 Hz, 1H), 8.08 (d, J = 2.1 Hz, 1H), 7.87 (d, J = 8.8 Hz, 1H), 7.73-7.65 (m, 2H),
7.64-7.56 (m, 3H), 3.22 (s, 3H), 3.17 (s, 3H); 3C NMR (101 MHz, CDCls): § = 146.1 (C),
144.8 (C), 141.4 (C), 137.2 (C), 133.2 (C), 130.4 (CH), 130.2 (2xCH), 129.5 (2xCH), 127.0
(C), 126.3 (C), 124.5 (CH), 119.9 (CH), 109.3 (CH), 39.1 (CH3), 37.2 (CH3); IR (neat): v =
3094, 3035, 2935, 2852, 1613, 1580, 1579, 1531, 1488, 1468, 1445, 1334, 1242, 1187, 1147,
1086, 972, 957, 887, 787, 769, 737, 704, 667; HRMS (ES): m/z calculated for

C17H14N40sNa: 425.0354, found 425.0351 [M+Na]".

N-Benzyl-N-(6-nitro-3-(thiophen-2-yl)benzo[d]imidazo[2,1-b]thiazol-2-

yl)methanesulfonamide (351)

Following GP5 using ynamide 292 (58.3 mg, 0.20 mmol) and aminide

-
N%N "2 344 (65.4 mg, 0.24 mmol) for 2.5 h. Purification by flash column
MS‘N\in_b chromatography [hexane:EtOAc (1:1)] afforded imidazole 351 as a

yellow powder (69.9 mg, 72%); mp: 220-222 °C; *H NMR (300 MHz, CDCls): & = 8.19 (dd,
J =88, 2.1 Hz, 1H), 7.99 (d, J = 2.1 Hz, 1H), 7.85 (d, J = 8.8 Hz, 1H), 7.56 (dd, J = 5.2,
1.2 Hz, 1H), 7.20-7.04 (m, 6H), 7.03 (dd, J = 3.6, 1.2 Hz, 1H), 4.76 (s, 2H), 3.19 (s, 3H); 13C

NMR (101 MHz, CDCls): & = 146.1 (C), 145.5 (C), 141.0 (C), 137.0 (C), 135.2 (C), 133.0
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(C), 131.9 (CH), 129.8 (CH), 129.1 (2xCH), 128.5 (2xCH), 128.0 (CH), 127.8 (CH), 125.1
(C), 124.4 (CH), 121.5 (C), 120.0 (CH), 109.4 (CH), 55.0 (CH2), 38.4 (CH3); IR (neat): v =
3106, 2921, 1732, 1581, 1526, 1487, 1453, 1381, 1331, 1247, 1227, 1209, 1157, 1026, 960,
882, 847, 830, 786, 761; HRMS (ES): m/z calculated for C21H16N4OsNaS3: 507.0231, found

507.0232 [M+Na]".

N-Benzyl-N-(8-bromo-3-phenylbenzo[d]imidazo[2,1-b]oxazol-2-yl)methanesulfonamide

(352)

Br Following GP5 using ynamide 297 (57.1 mg, 0.20 mmol) and aminide 345
(0]
NAN (69.6 mg, 0.24 mmol) for 1 h. Purification by flash column chromatography

MS—N\HPh [hexane:Et,O (7:3)] afforded imidazole 352 as a white solid (92.9 mg,
94%)?nmp: 174-176 °C; 'H NMR (400 MHz, CDCls): & = 7.45 (dd, J = 8.1, 1.1 Hz, 1H),
7.38-7.33 (m, 5H), 7.20 (dd, J = 8.1, 1.1 Hz, 1H), 7.09 (t, J = 8.1 Hz, 1H), 7.06-7.03 (m, 1H),
6.99-6.96 (m, 4H), 4.68 (s, 2H), 3.27 (s, 3H); 1*C NMR (101 MHz, CDCls): § = 151.3 (C),
148.1 (C), 134.7 (C), 133.7 (C), 129.3 (2xCH), 128.8 (CH), 128.7 (2xCH), 128.6 (2xCH),
128.2 (CH), 128.1 (2xCH), 127.8 (CH), 127.5 (C), 126.7 (C), 125.1 (CH), 124.0 (C), 111.2
(CH), 104.8 (C), 55.4 (CH2), 38.4 (CH3); IR (neat): v = 3032, 1727, 1625, 1576, 1459, 1337,
1152, 764, 701; HRMS (ES): m/z calculated for C23sH19N303S"°Br: 496.0331, found 496.0335

[M+H]".

N-Benzyl-N-(8-bromo-3-(thiophen-2-yl)benzo[d]imidazo[2,1-b]oxazol-2-

yl)methanesulfonamide (353)

Br Following GP5 using ynamide 292 (58.3 mg, 0.20 mmol) and aminide 345

O
N%N (69.6 mg, 0.24 mmol) for 1 h. Purification by flash column chromatography

Ms—N\ ) S
Bn P
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[hexane:Et,O (4:1)] afforded imidazole 353 as a white powder (90.6 mg, 90%); mp: 214—
216 °C; 'H NMR (300 MHz, CDCls): & = 7.47 (dd, J = 3.2, 1.0 Hz, 1H), 7.45 (dd, J = 3.2,
1.0 Hz, 1H), 7.40 (dd, J = 5.1, 1.1 Hz, 1H), 7.24 (dd, J = 3.6, 1.1 Hz, 1H), 7.18-7.02 (m, 7H),
4.74 (s, 2H), 3.22 (s, 3H); 3C NMR (101 MHz, CDCls): & = 151.4 (C), 148.0 (C), 134.9 (C),
134.8 (C), 129.4 (CH), 129.1 (2xCH), 128.3 (CH), 128.2 (2xCH), 127.9 (CH), 127.49 (CH),
127.46 (CH), 126.7 (C), 125.3 (CH), 117.9 (C), 111.4 (CH), 104.9 (C), 55.2 (CH>), 38.2
(CHa) one resonance for a quaternary carbon was not observed; IR (neat): v = 2931, 1624,
1578, 1336, 1151, 968, 772, 715, 634; HRMS (ES): m/z calculated for C21H16N3O3sNaS,"°Br:

523.9714, found 523.9711 [M+Na]".

Ethyl 8-bromo-2-((4-methyl-N-phenylphenyl)sulfonamido)benzo[d]imidazo[2,1-b]oxazole-

3-carboxylate (354)

Br Following GP5 using ynamide 357 (68.7 mg, 0.20 mmol) and aminide 345
o}
NAN (68.6 mg, 0.24 mmol) for 4 h. Purification by flash column chromatography

Ts—N  co,et  [hexane:EtOAc (4:1)] afforded imidazole 354 as a pale yellow solid
Ph
(54.4 mg, 49%); mp: 239-242 °C; *H NMR (300 MHz, CDCls): & = 8.37 (dd, J = 8.2, 1.1 Hz,
1H), 7.70 (d, J = 8.3 Hz, 2H), 7.55 (dd, J = 8.2, 1.1 Hz, 1H), 7.52-7.45 (m, 2H), 7.34-7.21
(m, 6H), 4.53 (g, J = 7.2 Hz, 2H), 2.44 (s, 3H), 1.56 (t, J = 7.2 Hz, 3H); 3C NMR (101 MHz,
CDCls): 8 =159.3 (C), 152.2 (C), 148.1 (C), 143.9 (C), 143.8 (C), 139.8 (C), 138.2 (C), 129.4
(2xCH), 129.0 (2xCH), 128.9 (CH), 128.7 (2xCH), 128.6 (2xCH), 128.0 (CH), 127.9 (C),
126.0 (CH), 115.4 (C), 115.1 (CH), 104.3 (C), 61.8 (CH>), 21.8 (CHs), 14.6 (CHa3); IR (neat):
v = 2922, 1698, 1572, 1359, 1168, 1059, 773, 666, 570; HRMS (ES): m/z calculated for

C25H21N305SBr: 554.0385, found 554.0389 [M+H]".
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N-Benzyl-N-(5-fluoro-3-(thiophen-2-yl)benzo[d]imidazo[2,1-b]thiazol-2-

yl)methanesulfonamide (355)

Following GP5 using ynamide 292 (58.3 mg, 0.20 mmol) and aminide 346
15

N 2
Ms—N S
Bn / _

(58.9 mg, 0.24 mmol) for 1 h. Purification by flash column chromatography
[hexane:EtOAc (3:2)] afforded imidazole 355 as a pale beige powder
(85.3 mg, 93%); mp: 243-245 °C; 'H NMR (400 MHz, CDCls): & = 7.47 (dd, J = 8.1, 0.9 Hz,
1H), 7.44 (dd, J = 5.2, 1.1 Hz, 1H), 7.29-7.15 (m, 4H), 7.14-7.09 (m, 2H), 7.02 (dd, J = 5.2,
3.5 Hz, 1H), 6.97 (ddd, J = 11.1, 8.1, 0.9 Hz, 1H), 6.85 (dd, J = 3.5, 1.1 Hz, 1H), 4.73 (s, 2H),
3.14 (s, 3H); 3C NMR (101 MHz, CDCls): & = 149.8 (d, J = 256.2 Hz, C), 145.2 (C), 141.1
(C), 135.5 (C), 132.17 (C), 132.14 (CH), 129.2 (2xCH), 128.5 (CH), 128.5 (2xCH), 127.9
(CH), 127.4 (d, J = 5.6 Hz, C), 126.4 (CH), 126.1 (d, J = 6.8 Hz, CH), 121.6 (C), 119.6 (d, J =
3.9 Hz, CH), 114.0 (d, J = 19.6 Hz, CH), 55.3 (CH2), 38.5 (CHz) one resonance for a
quaternary carbon was not visible; IR (neat): v = 3009, 2929, 1581, 1496, 1347, 1155, 766,
698, 586; HRMS (ES): m/z calculated for Cz1H17N3O2FSs: 458.0467, found 458.0471

[M+H]".

(E)-N-(5-Fluoro-3-styrylbenzo[d]imidazo[2,1-b]thiazol-2-yl)-N-methylmethanesulfonamide

(356)

Following GP5 using ynamide 683 (20.9 mg, 0.09 mmol) and aminide 346

by

N~ N

| o

v (21.8 mg, 0.09 mmol) for 40 min. Purification by flash column

Ms—N —
Me Ph - chromatography [hexane:EtOAc (7:3-3:2)] afforded imidazole 356 as a

beige solid (31.8 mg, 88%); mp: 237-239 °C; 'H NMR (300 MHz, CDCls): § = 7.60-7.57 (m,
2H), 7.53 (dd, J = 8.0, 1.1 Hz, 1H), 7.50 (d, J = 3.3, 2H), 7.42-7.33 (m, 3H), 7.33-7.20 (m,

2H) 3.31 (s, 3H), 3.22 (s, 3H); 3C NMR (101 MHz, CDCls): & = 149.6 (d, J = 250.7 Hz, C),
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144.3 (C), 140.5 (C), 137.4 (C), 133.3 (CH), 132.5 (C), 128.8 (2xCH), 128.2 (CH), 127.0
(2xCH), 126.3 (d, J = 7.4 Hz, CH), 125.6 (C), 121.9 (C), 120.1 (d, J = 2.5 Hz, CH), 114.1 (d,
J=21.3 Hz, CH), 113.7 (d, J = 19.7 Hz, CH), 38.6 (CH3), 37.2 (CHa); IR (neat): v = 3091,
3027, 2934, 2852, 1584, 1553, 1531, 1493, 1448, 1337, 1247, 1188, 1146, 1077, 971, 959,
917, 894, 766, 752, 707, 693; HRMS (ES): m/z calculated for C1oH1sN3O2NaFS,: 424.0566,

found 424.0568 [M+Na]".

Ethyl 5-fluoro-2-((4-methyl-N-phenylphenyl)sulfonamido)benzo[d]imidazo[2,1-b]thiazole-

3-carboxylate (357)

Following GP5 using ynamide 357 (68.7 mg, 0.20 mmol) and aminide 346
S
Qj ;F (58.9 mg, 0.24 mmol) for 1 h. Purification by flash column chromatography

Ts—N CO,Et

- [hexane:EtOAc (7:3)] afforded imidazole 357 as a white solid (68.1 mg,

67%); mp: 188-190 °C; H NMR (300 MHz, CDCls): & = 7.68 (d, J = 8.3 Hz, 2H), 7.52-7.44
(m, 3H), 7.35 (app. td, J = 8.2, 4.5 Hz, 1H), 7.29-7.25 (m, 5H), 7.20 (ddd, J = 11.1, 8.3, 1.1
Hz, 1H), 4.51 (g, J = 7.2 Hz, 2H), 2.4 (s, 3H), 1.5 (t, J = 7.2 Hz, 3H); *C NMR (101 MHz,
CDCls): § = 159.3 (C), 150.4 (d, J = 254.7 Hz, C), 147.3 (C), 145.4 (C), 143.9 (C), 140.0 (C),
136.4 (C), 132.2 (C), 129.5 (2xCH), 129.1 (2xCH), 128.8 (2xCH), 128.7 (2xCH), 128.1
(CH), 126.6 (d, J = 7.0 Hz, CH), 122.0 (d, J = 14.7 Hz, C), 120.3 (C), 119.6 (d, J = 3.2 Hz,
CH), 114.2 (d, J = 19.7 Hz, CH), 62.3 (CH>), 21.8 (CH3), 14.3 (CH3); IR (neat): v = 2989,
2924, 1724, 1490, 1358, 1304, 1163, 1087, 778, 658, 563; HRMS (ES): m/z calculated for

Ca2sH20N304FS2Na: 532.0777, found 532.0773 [M+Na]".
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N-Benzyl-N-(6-iodo-3-phenylimidazo[1,2-a]pyrimidin-2-yl)methanesulfonamide (326)

Néj/l Following GP6 using ynamide 297 (113 mg, 0.4 mmol), aminide 325
|

PN

“3:<N (134 mg, 0.5 mmol) for 20 h. Purification by flash column chromatography
Ms~N P

Bn [hexane:EtOAc (3:2)] afforded imidazole 326 as a yellow solid (173 mg,
93%); mp: 178-180 °C; H NMR (400 MHz, CDCls): & = 8.63 (d, J = 2.3 Hz, 1H), 8.44 (d, J
= 2.3 Hz, 1H), 7.46-7.36 (m, 3H), 7.20-7.13 (m, 2H), 7.10 (tt, J = 7.0 Hz, 1.8 Hz, 1H), 7.02—
6.93 (m, 4H), 4.77 (s, 2H), 3.31 (s, 3H); 3C NMR (101 MHz, CDCls): § = 155.2 (CH), 143.5
(C), 140.4 (C), 135.7 (CH), 134.8 (C), 129.6 (2xCH), 129.5 (CH), 129.2 (4xCH), 128.2
(2xCH), 127.9 (CH), 125.4 (C), 122.0 (C), 74.7 (C), 55.4 (CHz), 38.5 (CH3); IR (neat): v =
2925, 1687, 1474, 1350, 1325, 1157, 960, 816, 757, 691, 663, 565; HRMS (ES): m/z

calculated for C20H1sN402S*?I: 505.0195, found 505.0194 [M+H]".

3-(3-(4-Methoxyphenyl)imidazo[1,2-a]pyrimidin-2-yl)oxazolidin-2-one (381)

ij Following GP6 using ynamide 295 (43.4 mg, 0.20 mmol) and aminide
o}\_N—N 214 (413 mg, 0.24 mmol) and DTBPAU(NCMe)SbFs for 23 h.
N
O\)Fb Purification by flash column chromatography [EtOAc:MeOH (9:1)]
OMe

afforded imidazole 381 as a yellow powder (48.5 mg, 78%); mp: 176-178 °C; 'H NMR (400
MHz, CDCls): & = 8.55 (dd, J = 4.1, 2.0 Hz, 1H), 8.36 (dd, J = 6.9, 2.0 Hz, 1H), 7.46 (d, J =
8.8 Hz, 2H), 7.04 (d, J = 8.8 Hz, 2H), 6.87 (dd, J = 6.9, 4.1 Hz, 1H), 4.50 (dd, J = 8.8, 7.1 Hz,
2H), 4.22 (d, J = 8.8, 7.1 Hz, 2H), 3.86 (s, 3H); 1*C NMR (101 MHz, CDCls): 5 = 160.3 (C),
156.2 (C), 150.0 (CH), 145.6 (C), 138.9 (C), 131.03 (CH), 130.97 (2xCH), 119.3 (C), 116.1
(C), 115.0 (2xCH), 109.3 (CH), 62.9 (CHz), 55.5 (CH3), 46.6 (CH2); IR (neat): v = 2916,
1749, 1508, 1420, 1251, 1155, 1021, 793, 758, 583; HRMS (ES): m/z calculated for

C16H15N403: 311.1144, found 311.1147 [M+H]".
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3-(3-(4-Bromophenyl)imidazo[1,2-a]pyrimidin-2-yl)oxazolidin-2-one (382)

ANj Following GP6 using ynamide 296 (53.2 mg, 0.20 mmol) and aminide 214
. N (41.3 mg, 0.24 mmol) and DTBPAU(NCMe)ShFs for 20 h. Purification by
g\\_f_b flash column chromatography [EtOAc (100%)] afforded imidazole 382 as a
pale yellow S(E;rlid (54.5 mg, 76%); mp: 201-204 °C; 'H NMR (400 MHz, CDCls): § = 8.59
(dd, J = 4.1, 2.0 Hz, 1H), 8.38 (dd, J = 6.9, 2.0 Hz, 1H), 7.66 (d, J = 8.6 Hz, 2H), 7.41 (d, J =
8.6 Hz, 2H), 6.92 (dd, J = 6.9, 4.1 Hz, 1H), 4.53 (dd, J = 8.7, 7.1 Hz, 2H), 4.28 (dd, J = 8.7,
7.1 Hz, 2H); 3C NMR (101 MHz, CDCls): & = 155.8 (C), 150.3 (CH), 145.8 (C), 139.6 (C),
132.8 (2xCH), 131.0 (2xCH), 130.8 (CH), 126.6 (C), 123.6 (C), 114.4 (C), 109.6 (CH), 63.1
(CHy), 46.4 (CH>); IR (neat): v = 3101, 2921, 2852, 1753, 1421, 1194, 1065, 957, 828, 765;

HRMS (ES): m/z calculated for C1sH1,N4O,"°Br: 359.0144, found 359.0146 [M+H]".

2.7. Cycloaddition products for chapter 3

R

R
/ s
x s R’ PicAuCl, (5 mol%) L
‘ /’\ o + N— R3 NZON (e}
NSy R2 1,2-DCB, 125 °C \—(

1 3
(1.2 eq.) (1.0 eq.) RN R

(2)-N-Benzyl-N-(2-benzylidene-3-0x0-5-phenyl-2,3-dihydroimidazo[2,1-b]thiazol-6-

yl)methanesulfonamide (436)

Ph Following GP5 using ynamide 297 (28.4 mg, 0.10 mmol) and aminide 427
Y/

S
N/AN o (337 mg, 0.12 mmol) for 5 h. Purification by flash column chromatography

MS-NH Ph [hexane:EtOAC (4:1)] afforded imidazole 436 as a yellow powder (36.3 mg,
Bn

74%); mp: 203-206 °C; 'H NMR (300 MHz, CDCls): & = 7.98 (s, 1H), 7.61-7.48 (m, 5H),

7.38-7.27 (m, 5H), 7.14 (tt, J = 7.2, 1.5 Hz, 1H), 7.09-6.95 (m, 4H), 4.62 (s, 2H), 3.20 (s,
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3H); 3C NMR (101 MHz, CDCls): & = 159.9 (C), 145.6 (C), 140.2 (C), 138.3 (CH), 134.5
(C), 133.0 (C), 131.4 (CH), 130.7 (2xCH), 130.3 (C), 129.9 (2xCH), 129.6 (2xCH), 129.2
(2xCH), 129.1 (CH), 128.3 (2xCH), 128.0 (CH), 127.9 (2xCH), 124.9 (C), 124.2 (C), 54.9
(CH2), 39.1 (CH3); IR (neat): v = 2924, 2853, 1733, 1495, 1340, 1154, 961, 761, 686; HRMS

(El): m/z calculated for C26H22N303S2: 488.1103, found 488.1100 [M+H]".

(2)-N-(2-benzylidene-5-(4-bromophenyl)-3-oxo0-2,3-dihydroimidazo[2,1-b]thiazol-6-yl)-N-

(4-methoxybenzyl)methanesulfonamide (441)

Ph Following GP5 using ynamide 293 (78.6 mg, 0.20 mmol) and aminide 427
i { . (675 mg, 0.24 mmol) for 20 h. Purification by flash column
N7 N
— chromatography [hexane:EtOAc (4:1)] afforded imidazole 441 as a yellow
solid (42.3 mg, 35%); mp: 162-164 °C; *H NMR (400 MHz, CDCls): & =
8.00 (s, 1H), 7.?3—7.46 (m, 5H), 7.39 (d, J = 8.6 Hz, 2H), 7.14 (d, J = 8.6 Hz, 2H), 6.85 (d, J
= 8.5 Hz, 2H), 6.54 (d, J = 8.5 Hz, 2H), 4.54 (s, 2H), 3.75 (s, 3H), 3.23 (s, 3H); °C NMR
(101 MHz, CDCls): 5 = 159.9 (C), 159.5 (C), 146.0 (C), 140.2 (C), 138.7 (CH), 132.9 (C),
131.5 (CH), 131.3 (2xCH), 131.0 (2xCH), 130.8 (2xCH), 130.6 (2xCH), 129.6 (2xCH),
129.5 (C), 126.2 (C), 123.9 (C), 123.4 (C), 113.6 (CH), 55.3 (CHz), 54.5 (CH2), 39.0 (CHs3)
one resonance for a quaternary carbon was not observed; IR (neat): v = 1732, 1595, 1508,

1348, 1249, 1152, 1064, 818, 761, 663; HRMS (ES): m/z calculated for CasH27N305S,°Br:

628.0576, found 628.0577 [M+CH30OH+H]".
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(Z)-N-benzyl-N-(2-benzylidene-3-o0x0-5-(thiophen-2-yl)-2,3-dihydroimidazo[2,1-b]thiazol-6-

yl)methanesulfonamide (442)

Ph Following GP5 using ynamide 292 (58.3 mg, 0.20 mmol) and aminide 427
s /
N%N 0
— chromatography [hexane:EtOAc (4:1)] afforded imidazole 442 as a red oil
s
o

(74.5 mg, 75%); 'H NMR (400 MHz, CDCls): & = 8.03 (s, 1H), 7.61-7.48

(67.5 mg, 0.24 mmol) for 22 h. Purification by flash column

(m, 5H), 7.44 (dd, J = 3.6, 1.1 Hz, 1H), 7.39 (dd, J = 5.1, 1.1 Hz, 1H), 7.21-7.11 (m, 5H),
7.02 (dd, J = 5.1, 3.6 Hz, 1H), 4.71 (s, 2H), 3.14 (s, 3H); *C NMR (101 MHz, CDCls): § =
159.9 (C), 145.8 (C), 140.4 (C), 138.6 (CH), 134.5 (C), 132.9 (C), 131.5 (CH), 130.8 (2xCH),
130.6 (CH), 129.6 (2xCH), 129.2 (2xCH), 128.4 (2xCH), 128.2 (2xCH), 126.8 (CH), 125.1
(C), 124.9 (C), 123.8 (C), 54.9 (CH2), 39.1 (CH3); IR v = 2925, 2854, 1736, 1606, 1507,
1344, 1155, 1060, 963, 760, 699; HRMS (ES): m/z calculated for C2sH20N303S3: 494.0667,

found 494.0665 [M+H]".

(2)-N-Benzyl-N-(2-(2-bromobenzylidene)-3-oxo-5-phenyl-2,3-dihydroimidazo[2,1-b]thiazol-
6-yl)methanesulfonamide (443)

Following GP5 using ynamide 297 (57.1 mg, 0.20 mmol) and aminide

Br
428 (86.5 mg, 0.24 mmol) for 22 h. Purification by flash column

Y
/f ° chromatography [hexane:EtOAc (4:1)] afforded imidazole 443 as an
NN
MS~N>:<Ph orange powder (43.6 mg, 38%); mp: 111-113 °C (decomp.); 'H NMR
Bn

(400 MHz, CDCls): § = 8.29 (s, 1H), 7.71 (dd, J = 7.9, 0.9 Hz, 1H), 7.60
(dd, 3= 7.9, 1.3 Hz, 1H), 7.47 (app. t, J = 7.9 Hz, 1H), 7.39-7.27 (m, 6H), 7.14 (t, J = 7.5 Hz,
1H), 7.09-7.02 (m, 2H), 7.01-6.95 (m, 2H), 4.62 (s, 2H), 3.19 (s, 3H); 3C NMR (101 MHz,

CDCls): & = 159.2 (C), 145.4 (C), 140.2 (C), 137.0 (CH), 134.4 (C), 134.1 (CH), 133.23 (C),
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132.16 (CH), 130.4 (C), 129.8 (2xCH), 129.5 (CH), 129.2 (CH), 129.1 (2xCH), 128.3
(2xCH), 128.2 (CH), 128.0 (CH), 127.9 (2xCH), 127.3 (C), 126.7 (C), 124.8 (C), 54.9 (CH>),
39.1 (CHg); IR (neat): v =2928, 1719, 1587, 1565, 1512, 1342, 1257, 1153, 1102, 1069, 960,
830, 694; HRMS (ES): m/z calculated for CasH21N303S,"°Br: 566.0208, found 566.0214

[M+H]".

(2)-N-Benzyl-N-(2-(4-methoxybenzylidene)-3-oxo-5-(thiophen-2-yl)-2,3-

dihydroimidazo[2,1-b]thiazol-6-yl)methanesulfonamide (445)

Following GP5 using ynamide 292 (58.3 mg, 0.20 mmol) and aminide 429

MeO
(74.7 mg, 0.24 mmol) for 22 h. Purification by flash column chromatography
/E % [hexane:EtOAc (7:3)] afforded imidazole 445 as a pale yellow solid (54.0 mg,
N7 "N

w

© 529%); mp: 202-204 °C; *H NMR (400 MHz, CDCls): & = 7.99 (s, 1H), 7.54
" Nin_b (d, J = 8.8 Hz, 2H), 7.45 (dd, J = 3.7, 1.2 Hz, 1H), 7.38 (dd, J = 5.1, 1.2 Hz,
1H), 7.22-7.10 (m, 5H), 7.04 (d, J = 8.8 Hz, 2H), 7.01 (dd, J = 5.1, 3.7 Hz, 1H), 4.71 (s, 2H),
3.89 (s, 3H), 3.14 (s, 3H); *C NMR (101 MHz, CDCls): § = 162.3 (C), 160.2 (C), 145.8 (C),
140.3 (C), 135.5 (CH), 134.6 (C), 133.0 (2xCH), 130.5 (CH), 129.3 (2xCH), 128.4 (2xCH),
128.13 (CH), 128.05 (CH), 126.8 (CH), 125.6 (C), 125.5 (C), 124.7 (C), 120.6 (C), 115.2
(2xCH), 55.7 (CH3), 55.0 (CH2), 39.1 (CH3); IR (neat): v = 2928, 1719, 1587, 1512, 1342,
1257, 1153, 1069, 1027, 830, 694; HRMS (ES): m/z calculated for CosH22N304Ss: 524.0772,

found 524.0773 [M+H]".
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2.8. Cycloaddition products for chapter 4

N R! PicAuCl, (5 mol%) Het
| \ Het) +  N——=—SR® NN
NS 2 1,2-DCB, 125 °C \—/
+ N N R ’ , J—
or R!-

(1.2-15eq.) (1.0 eq.) 1,4-dioxane, 90 °C

(Z2)-N-(2-Benzylidene-3-oxo-5-(phenylthio)-2,3-dihydroimidazo[2,1-b]thiazol-6-yl)-4-
methyl-N-phenylbenzenesulfonamide (577)

Ph Following GP5 using thioynamide 566 (75.9 mg, 0.20 mmol) and aminide
NzN/ o 427 (67.5 mg, 0.24 mmol) for 1.5 h. Purification by flash column
TS_NHSPh chromatography [hexane:EtOAc (4:1)] afforded imidazole 577 as a bright
yeIIovChfoamy solid (116 mg, >99%); mp: 179-181 °C; *H NMR (400 MHz, CDCls): § = 7.95
(s, 1H), 7.72 (d, J = 8.4 Hz, 2H), 7.57-7.45 (m, 5H), 7.44-7.37 (m, 2H), 7.33-7.12 (m, 10H),
2.43 (s, 3H); 3C NMR (101 MHz, CDCls): § = 159.2 (C), 150.2 (C), 148.9 (C), 144.0 (C),
139.8 (C), 138.7 (CH), 136.0 (C), 134.4 (C), 132.8 (C), 131.5 (CH), 130.7 (2xCH), 129.8
(2xCH), 129.6 (2xCH), 129.4 (2xCH), 129.24 (2xCH), 129.20 (2xCH), 129.0 (2xCH), 128.9
(2xCH), 128.3 (CH), 127.3 (CH), 123.8 (C), 119.5 (C), 21.8 (CH2); IR (neat): v = 3060, 1737,
1483, 1350, 1305, 1164, 1060, 958, 748, 674, 570; HRMS (ES): m/z calculated for

Ca1H24N303S3: 582.0980, found 582.0983 [M+H]".

(2)-N-(2-(2-Bromobenzylidene)-5-(methylthio)-3-oxo0-2,3-dihydroimidazo[2,1-b]thiazol-6-

yl)-4-methyl-N-phenylbenzenesulfonamide (578)

Following GP5 using thioynamide 565 (47.6 mg, 0.15 mmol) and aminide

Br

428 (64.8 mg, 0.18 mmol) for 3.5 h. Purification by flash column
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chromatography [hexane:EtOAc (9:1)] afforded imidazole 578 as a bright orange solid
(84.1 mg, >99%); mp: 206-208 °C; *H NMR (300 MHz, CDCls): § = 8.37 (s, 1H), 7.75-7.66
(m, 3H), 7.59 (dd, J = 7.8, 1.6 Hz, 1H), 7.47 (app. td, J = 7.4, 0.8 Hz, 1H), 7.43-7.38 (m, 2H),
7.34 (dd, J = 7.8, 1.6 Hz, 1H), 7.31-7.22 (m, 5H), 2.45 (s, 3H); 3C NMR (101 MHz, CDCls):
§ = 159.3 (C), 148.2 (C), 147.7 (C), 144.0 (C), 139.7 (C), 137.2 (CH), 136.3 (C), 134.1 (CH),
133.2 (C), 132.2 (CH), 129.5 (CH), 129.4 (2xCH), 129.2 (2xCH), 128.8 (2xCH), 128.7
(2xCH), 128.2 (2xCH), 127.3 (C), 126.7 (C), 122.9 (C), 21.76 (CHs), 19.3 (CH3); IR (neat): v
= 2925, 1738, 1486, 1345, 1296, 1164, 1060, 758, 672, 570; HRMS (ES): m/z calculated for

C26H21N303S3"°Br: 597.9928, found 597.9924 [M+H]".

4-Methyl-N-(8-methyl-3-(methylthio)-7-oxo-7,8-dihydroimidazo[1,2-a]pyrimidin-2-yl)-N-

phenylbenzenesulfonamide (579)

o Following GP6 using thioynamide 565 (63.5 mg, 0.20 mmol) and aminide 471

~
NiN | (60.7 mg, 0.30 mmol) for 2 h. Purification by flash column chromatography
TS\N:h:<SMe [hexane:EtOAc (1:1)] afforded imidazole 579 as a beige solid (81.0 mg, 92%);
mp: 237-239 °C; 'H NMR (300 MHz, CDCls): & = 7.99 (d, J = 7.8 Hz, 1H), 7.74 (d, J = 8.3
Hz, 2H), 7.48-7.38 (m, 2H), 7.31-7.20 (m, 5H), 6.27 (d, J = 7.8 Hz, 1H), 3.61 (s, 3H), 2.44
(s, 3H), 2.20 (s, 3H); 3C NMR (101 MHz, CDCls): 6 = 159.9 (C), 144.7 (C), 143.9 (C), 143.1
(C), 140.2 (C), 136.2 (C), 131.9 (CH), 129.11 (2xCH), 129.06 (2xCH), 129.04 (2xCH), 128.7
(2xCH), 128.0 (CH), 114.4 (C), 108.2 (CH), 29.1 (CHs), 21.8 (CH3), 19.3 (CH3); IR (neat): v
=2928, 1679, 1533, 1482, 1356, 1164, 1087, 924, 815, 690, 667; HRMS (ES): m/z calculated

for C21H21N4O3S;: 441.1055, found 441.1053 [M+H]".
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This reaction was scaled up following GP6 using thioynamide 565 (1.11 g, 3.50 mmol),
aminide 471 (1.06 g, 5.25 mmol) for 3 h. Purification by flash column chromatography

[hexane:EtOAcC (3:2)] afforded imidazole 579 as a beige solid (1.39 g, 90%).

4-Methyl-N-(8-methyl-7-oxo0-3-(phenylthio)-7,8-dihydroimidazo[1,2-a]pyrimidin-2-yl)-N-

phenylbenzenesulfonamide (581)

. 0 Following GP6 using thioynamide 566 (75.9 mg, 0.20 mmol) and aminide 471

Nﬁﬁ (60.7 mg, 0.30 mmol) for 24 h. Purification by flash column chromatography
TS-N:h:<SPh [hexane:EtOAc (3:2)] afforded imidazole 581 as a yellow solid (74.6 mg,
74%); mp: 226-228 °C; 'H NMR (300 MHz, CDCls): § = 7.78-7.69 (m, 3H), 7.41-7.33 (m,
2H), 7.28-7.11 (m, 8H), 7.05-6.97 (m, 2H), 6.16 (d, J = 7.8 Hz, 1H), 3.64 (s, 3H), 2.44 (s,
3H); 13C NMR (101 MHz, CDCl3): § = 159.8 (C), 146.6 (C), 143.9 (C), 143.8 (C), 140.1 (C),
136.2 (C), 133.9 (C), 131.9 (CH), 129.5 (2xCH), 129.13 (4xCH), 129.10 (2xCH), 129.06
(2xCH), 128.1 (CH), 127.5 (2xCH), 127.0 (CH), 110.2 (C), 108.4 (CH), 29.3 (CHs), 21.8
(CHa); IR (neat): v = 3059, 1669, 1479, 1355, 1163, 1089, 813, 745, 696, 674; HRMS (ES):

m/z calculated for C26H23N403S2: 503.1212, found 503.1210 [M+H]".

N-Benzyl-4-methyl-N-(8-methyl-3-(methylthio)-7-oxo-7,8-dihydroimidazo[1,2-a]pyrimidin-

2-yl)benzenesulfonamide (582)

o Following GP6 using thioynamide 567 (66.3 mg, 0.20 mmol) and aminide 471
N
N
N/AN | (60.7 mg, 0.30 mmol) for 24 h. Purification by flash column chromatography
TS‘N\>=<SMe [hexane:EtOAc (7:3)] afforded imidazole 582 as a beige orange solid (38.3 mg,
Bn

42%); mp: 82-84 °C; 'H NMR (400 MHz, CDCls): & = 7.90 (d, J = 7.7 Hz, 1H), 7.83 (d, J =

8.4 Hz, 2H), 7.38-7.28 (m, 4H), 7.27-7.14 (m, 3H), 6.22 (d, J = 7.7 Hz, 1H), 4.61 (s, 2H),

179



Appendix

3.53 (s, 3H), 2.47 (s, 3H), 1.97 (s, 3H); *C NMR (101 MHz, CDCls): § = 159.9 (C), 144.0
(C), 143.1 (C), 142.2 (C), 136.0 (C), 135.7 (C), 131.9 (CH), 129.6 (2xCH), 128.8 (2xCH),
128.6 (2xCH), 128.4 (2xCH), 127.9 (CH), 116.1 (C), 108.0 (CH), 53.4 (CHy), 29.0 (CHa),
21.8 (CHa), 19.1 (CHs): IR (neat): v = 2923, 1672, 1538, 1483, 1347, 1161, 1090, 812, 734,

664; HRMS (ES): m/z calculated for C22H23N4O3S;: 455.1212, found 455.1211 [M+H]".

N-Benzyl-4-methyl-N-(8-methyl-7-ox0-3-(phenylthio)-7,8-dihydroimidazo[1,2-a]pyrimidin-

2-yl)benzenesulfonamide (583)

o  Following GP6 using thioynamide 563 (78.7 mg, 0.20 mmol) and aminide 471

NIN I (48.5 mg, 0.24 mmol) for 24 h. Purification by flash column chromatography
TS~N\):<sph [hexane:EtOAc (7:3)] afforded imidazole 583 as a beige solid (28.3 mg, 27%);
mp: 289—211 °C; 'H NMR (300 MHz, CDCl3): & = 7.82 (d, J = 8.3 Hz, 2H), 7.53 (d, J = 7.7
Hz, 1H), 7.37-7.25 (m, 4H), 7.17-7.02 (m, 6H), 6.65-6.58 (m, 2H), 6.06 (d, J = 7.7 Hz, 1H),
4.68 (s, 2H), 3.56 (s, 3H), 2.47 (s, 3H); 3C NMR (101 MHz, CDCls): & = 159.7 (C), 144.1
(C), 143.6 (C), 135.9 (C), 135.5 (C), 134.1 (C), 132.0 (CH), 129.7 (2xCH), 129.4 (2xCH),
129.0 (2xCH), 128.56 (2xCH), 128.53 (2xCH), 128.0 (CH), 127.0 (2xCH), 126.5 (CH),
111.8 (C), 108.0 (CH), 53.3 (CH>), 29.1 (CHa), 21.8 (CHs3) one resonance for a quaternary
carbon was not observed; IR (neat): v = 2924, 1666, 1541, 1479, 1350, 1162, 819, 735, 666;

HRMS (ES): m/z calculated for C27H24N4O3NaS: 539.1188, found 539.1190 [M+Na]".

N-(3-(But-3-en-1-ylthio)-8-methyl-7-oxo0-7,8-dihydroimidazo[1,2-a]pyrimidin-2-yl)-4-

methyl-N-phenylbenzenesulfonamide (584)

0 Following GP6 using thioynamide 575 (69.8 mg, 0.20 mmol) and aminide
\Nij
N/ANI y 471 (59.1 mg, 0.29 mmol) for 5.5 h. Purification by flash column
=
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chromatography [hexane:EtOAc (7:3)] afforded imidazole 584 as a pale yellow solid
(71.0 mg, 76%); mp: 154-156 °C; 'H NMR (400 MHz, CDCls): § = 8.00 (d, J = 7.8 Hz, 1H),
7.74 (d, J = 8.3 Hz, 2H), 7.45-7.39 (m, 2H), 7.29-7.22 (m, 5H), 6.25 (d, J = 7.8 Hz, 1H), 5.72
(ddt, J = 16.4, 9.8, 6.6 Hz, 1H), 5.07-4.99 (m, 2H), 3.62 (s, 3H), 2.71 (t, J = 7.2 Hz, 2H), 2.43
(s, 3H), 2.25 (g, J = 7.2 Hz, 2H); 3C NMR (101 MHz, CDCl3): & = 159.9 (C), 145.4 (C),
143.9 (C), 143.1 (C), 140.3 (C), 136.0 (C), 135.8 (CH), 132.1 (CH), 129.13 (2xCH), 129.05
(2xCH), 129.01 (2xCH), 128.6 (2xCH), 127.9 (CH), 116.8 (CH>), 113.1 (C), 108.0 (CH),
35.9 (CH2), 33.9 (CHy), 29.1 (CHs), 21.8 (CHa); IR (neat): v = 2936, 1668, 1534, 1481, 1342,
1160, 1093, 813, 713, 663; HRMS (ES): m/z calculated for C2sH2sN403S;: 481.1368, found

481.1372 [M+H]*.

4-Methyl-N-(5-(methylthio)-3-o0xo0-2,3-dihydroimidazo[2,1-b]thiazol-6-yl)-N-

phenylbenzenesulfonamide (590)

Following GP6 using thioynamide 565 (31.7 mg, 0.10 mmol) and aminide

L

N~ N ° 422 (23.2 mg, 0.12 mmol) and DTBPAuU(NCMe)SbFs for 24 h. Purification
Ts—N SM

Ph ) by flash column chromatography [toluene:EtOAc (9:1)] afforded imidazole

590 as a beige powder (33.6 mg, 78%); mp: 217-219 °C; 'H NMR (300 MHz, CDCls): & =
7.70 (d, J = 8.3 Hz, 2H), 7.42-7.34 (m, 2H), 7.31-7.21 (m, 5H), 4.24 (s, 2H), 2.42 (s, 3H),
2.38 (s, 3H); 13C NMR (101 MHz, CDCls): & = 165.6 (C), 152.8 (C), 149.5 (C), 144.0 (C),
139.6 (C), 136.2 (C), 129.4 (2xCH), 129.2 (2xCH), 128.8 (2xCH), 128.7 (2xCH), 128.2
(CH), 121.8 (C), 38.1 (CHz), 21.8 (CHs), 19.5 (CHs); IR (neat): v = 2924, 1754, 1485, 1344,
1290, 1163, 1091, 815, 693, 570; HRMS (ES): m/z calculated for CooH22N304S3: 464.0772,

found 464.0771 [M+CH3;OH+H]".
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4-Methyl-N-(3-0x0-5-(phenylthio)-2,3-dihydroimidazo[2,1-b]thiazol-6-yl)-N-

phenylbenzenesulfonamide (593)

Following GP6 using thioynamide 566 (75.9 mg, 0.20 mmol) and aminide

L
N™ N ° 42 (46.4 mg, 0.24 mmol) and DTBPAuU(NCMe)SbFs for 24 h. Purification
Ts—N SPh
Ph by flash column chromatography [hexane:EtOAc (2:1)] afforded imidazole

593 as a pale orange powder (49.1 mg, 50%); mp: 235-237 °C; *H NMR (300 MHz, CDCls):
§=7.69 (d, J = 8.3 Hz, 2H), 7.41-7.31 (m, 2H), 7.30-7.12 (m, 10H), 4.14 (s, 2H), 2.42 (s,
3H); 13C NMR (101 MHz, CDCls): § = 164.7 (C), 153.8 (C), 151.4 (C), 144.0 (C), 139.7 (C),
136.0 (C), 134.3 (C), 129.8 (2xCH), 129.4 (2xCH), 129.20 (2xCH), 129.17 (2xCH), 129.0
(2xCH), 128.9 (2xCH), 128.3 (CH), 127.4 (CH), 118.6 (C), 38.0 (CH,), 21.8 (CHj3);
IR (neat): v = 2987, 1755, 1480, 1344, 1292, 1162, 1088, 754, 689; HRMS (ES): m/z

calculated for C25H24N304S3: 526.0929, found 526.0928 [M+CH3OH+H]".

N-(5-(But-3-en-1-ylthio)-3-o0x0-2,3-dihydroimidazo[2,1-b]thiazol-6-yl)-4-methyl-N-

phenylbenzenesulfonamide (594)

s Following GP6 using thioynamide 575 (74.8 mg, 0.21 mmol) and
N/A}o aminide 422 (48.5 mg, 0.25 mmol) and DTBPAu(NCMe)ShFe for 18 h.
TS‘NHS’\/\ I
Ph N Purification by flash column chromatography [hexane:EtOAc (4:1)]
afforded imidazole 594 as a dark orange solid (33.5 mg, 34%); mp: 115-118 °C; 'H NMR
(300 MHz, CDCls): = 7.68 (d, J = 8.6 Hz, 2H), 7.41-7.35 (m 2H), 7.29-7.21 (m, 5H), 5.82—
5.70 (ddt, J = 16.9, 10.4, 6.5 Hz, 1H), 5.07-4.97 (m, 2H), 4.24 (s, 2H), 2.87 (t, J = 7.4 Hz,
2H), 2.41 (s, 3H), 2.27 (g, J = 7.4 Hz, 2H); 3C NMR (125 MHz, CDCl3): 5 = 165.6 (C),
153.0 (C), 150.4 (C), 144.0 (C), 139.7 (C), 136.1 (CH), 136.0 (C), 129.4 (2xCH), 129.1

(2xCH), 128.8 (2xCH), 128.8 (2xCH), 128.1 (CH), 120.3 (C), 116.4 (CH>), 38.1 (CH>), 35.6
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(CHy), 33.5 (CH>), 21.8 (CHg); IR (neat): v = 2924, 1752, 1484, 1344, 1292, 1163, 1089, 916,
708, 692, 667; HRMS (ES): m/z calculated for C22H22N303S3: 472.0823, found 472.0822

[M+H]".

(2)-N-(3-Benzylidene-1-(4-methoxybenzyl)-5-(methylthio)-2-oxo-2,3-dihydro-1H-

imidazo[1,2-a]imidazol-6-yl)-N-phenylmethanesulfonamide (595)

PMB o Following GP6 using thioynamide 565 (31.7 mg, 0.10 mmol) and
N

%Nggx\ aminide 460 (35.6 mg, 0.09 mmol) for 18 h. Purification by flash column
— Ph

Ts=N  SMe chromatography [hexane:EtOAc (4:1)] afforded imidazole 595 as a
Ph

yellow fluffy solid (51.0 mg, 88%); mp: 199-201 °C; *H NMR (400 MHz, CDCls): § = 7.69

N

(d, J = 8.3 Hz, 2H), 7.47 (d, J = 8.8 Hz, 2H), 7.44-7.30 (m, 8H), 7.25-7.20 (m, 5H), 6.92 (d, J
= 8.8 Hz, 2H), 4.86 (s, 2H), 3.82 (s, 3H), 2.45 (s, 3H), 1.61 (s, 3H); 3C NMR (101 MHz,
CDCls): § = 164.1 (C), 159.8 (C), 147.5 (C), 144.2 (C), 143.6 (C), 140.4 (C), 1365 (C),
132.7 (C), 130.8 (2xCH), 130.2 (2xCH), 129.6 (CH), 129.1 (2xCH), 129.0 (4xCH), 128.5
(2xCH), 127.8 (2xCH), 127.7 (CH), 127.6 (C), 125.7 (C), 120.9 (CH), 119.0 (C), 114.1
(2xCH), 55.5 (CH3), 43.9 (CHy), 21.8 (CHs), 19.4 (CH3); IR (neat): v = 2920, 1737, 1610,
1514, 1453, 1347, 1247, 1164, 1090, 1028, 696; HRMS (ES): m/z calculated for

Ca4H31N404S2: 623.1787, found 623.1788 [M+H]".

(2)-N-(3-Benzylidene-1-(4-methoxybenzyl)-2-oxo-5-(phenylthio)-2,3-dihydro-1H-

imidazo[1,2-a]imidazol-6-yl)-N-phenylmethanesulfonamide (596)

B, 0 Following GP6 using thioynamide 566 (75.9 mg, 0.20 mmol) and aminide

N

%ﬁﬁ

\—( Ph

Ts=N  SPh chromatography [hexane:EtOAc (4:1)] afforded imidazole 596 as an
Ph

PM
N

460 (92.3 mg, 0.24 mmol) for 22 h. Purification by flash column
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orange solid (61.7 mg, 45%); mp: 88-91 °C; 'H NMR (300 MHz, CDCls): § = 7.68 (d, J =
8.4 Hz, 2H), 7.49 (d, J = 8.7 Hz, 2H), 7.36-7.27 (m, 3H), 7.26-7.11 (m, 10H), 6.97-6.82 (m,
5H), 6.30-6.21 (m, 2H), 4.90 (s, 2H), 3.83 (s, 3H), 2.45 (s, 3H); 3C NMR (101 MHz,
CDCls): § = 164.2 (C), 159.8 (C), 148.4 (C), 146.4 (C), 143.6 (C), 140.1 (C), 136.4 (C), 135.1
(C), 132.2 (C), 130.7 (2xCH), 130.6 (2xCH), 129.5 (CH), 129.1 (2xCH), 129.0 (2xCH),
128.94 (2xCH), 128.89 (2xCH), 128.6 (2xCH), 127.9 (CH), 127.6 (2xCH), 127.5 (C), 126.0
(2xCH), 125.6 (CH), 124.7 (C), 122.0 (CH), 114.2 (2xCH), 114.1 (C), 55.5 (CH3), 44.0
(CHy), 21.8 (CH3); IR (neat): v = 2928, 1735, 1606, 1514, 1448, 1354, 1247, 1164, 1090, 684,

568; HRMS (ES): m/z calculated for C3gH33N404S,: 685.1943, found 685.1946 [M+H]".

(2)-N-(3-Benzylidene-5-(but-3-en-1-ylthio)-1-(4-methoxybenzyl)-2-oxo-2,3-dihydro-1H-

imidazo[1,2-a]imidazol-6-yl)-N-phenylmethanesulfonamide (597)

PMB\N 0 Following GP6 using thioynamide 575 (86.2 mg, 0.24 mmol) and
NA$ aminide 460 (111 mg, 0.29 mmol) for 24 h. Purification by flash column
TS\N\Ph S/\/\ chromatography [hexane:EtOAc (4:2)] afforded imidazole 597 as a
yellow solid (70.5 mg, 44%); mp: 55-58 °C; *H NMR (300 MHz, CDCls): 6 = 7.69 (d, J =
8.3 Hz, 2H), 7.51-7.30 (m, 10H), 7.29-7.18 (m, 5H), 6.90 (d, J = 8.6 Hz, 2H), 5.41 (ddt, J =
16.9, 10.5, 6.5 Hz, 1H), 4.87 (s, 2H), 4.85-4.72 (m, 2H), 3.82 (s, 3H), 2.45 (s, 3H), 2.00 (t,
J = 7.3 Hz, 2H), 1.75-7.64 (m, 2H); 3C NMR (101 MHz, CDCls): § = 164.2 (C), 159.8 (C),
1475 (C), 144.6 (C), 143.6 (C), 140.6 (C), 136.4 (C), 136.1 (CH), 132.5 (C), 130.7 (2xCH),
130.6 (2xCH), 129.7 (CH), 129.0 (4xCH), 128.9 (2xCH), 128.6 (2xCH), 127.8 (2xCH),
127.7 (CH), 127.5 (C), 125.3 (C), 120.8 (CH), 117.7 (C), 115.9 (CHy), 114.1 (2xCH), 55.5

(CHs), 43.9 (CHy), 35.2 (CH2), 32.8 (CHz), 21.8 (CH3); IR (neat): v = 2928, 1735, 1608,
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1450, 1355, 1248, 1165, 733, 693, 568; HRMS (ES): m/z calculated for Cs7H3sN404S;:

663.2100, found 663.2102 [M+H]".

(2)-2-Benzylidene-6-(9H-carbazol-9-yl)-5-(methylthio)imidazo[2,1-b]thiazol-3(2H)-one

(598)

Ph Following GP5 using thioynamide 568 (47.5 mg, 0.20 mmol) and aminide

Ni;ﬁo 427 (67.5 mg, 0.24 mmol) for 45 min. Purification by flash column

O NHSMB chromatography [hexane:EtOAc (9:1)] afforded imidazole 598 as an
O orange solid (78.6 mg, 89%); mp: 221-223 °C; 'H NMR (300 MHz,
CDCla): & = 8.18 (s, 1H), 8.12 (app. dt, J = 7.7, 0.8 Hz, 2H), 7.69-7.62 (m, 2H), 7.61-7.51
(m, 3H), 7.50-7.39 (m, 4H), 7.32 (ddd, J = 7.8, 6.8, 1.5 Hz, 2H), 2.32 (s, 3H); 3C NMR (101
MHz, CDCls): § = 160.0 (C), 149.0 (C), 144.9 (C), 140.5 (2xC), 138.8 (CH), 132.9 (C), 131.6
(CH), 130.8 (2xCH), 129.6 (2xCH), 126.3 (2xCH), 124.2 (C), 124.0 (2xC), 120.9 (2xCH),
120.4 (2xCH), 118.3 (C), 111.0 (2xCH), 19.3 (CHa); IR (neat): v = 2929, 1728, 1607, 1548,
1480, 1445, 1345, 1330, 1225, 1062, 752, 743, 680, 643; HRMS (ES): m/z calculated for

C2sH18N30S2: 440.0891, found 440.0895 [M+H]".

(2)-3-Benzylidene-6-(9H-carbazol-9-yl)-1-(4-methoxybenzyl)-5-(methylthio)-1H-

imidazo[1,2-a]imidazol-2(3H)-one (599)

PMB, O Following GP5 using thioynamide 568 (47.5 mg, 0.20 mmol) and

N
N*é aminide 460 (92.2 mg, 0.24 mmol) for 24 h. Purification by flash
\—( Ph
O N SMe column chromatography [hexane:EtOAc (4:1)] afforded imidazole 599
O as a yellow solid (27.8 mg, 26%); mp: 187-189 °C; *H NMR (400

MHz, CDCls): § = 8.09 (d, J = 7.4 Hz, 2H), 7.62-7.50 (m, 4H), 7.48-7.24 (m, 10H), 6.91 (d, J
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= 8.7 Hz, 2H), 4.97 (s, 2H), 3.82 (s, 3H), 1.36 (s, 3H); 3C NMR (101 MHz, CDCls): & =
164.4 (C), 159.8 (C), 148.3 (C), 140.7 (2xC), 140.3 (C), 132.9 (C), 131.0 (2xCH), 130.0
(2xCH), 129.8 (CH), 128.2 (2xCH), 127.5 (C), 126.1 (2xCH), 125.6 (C), 123.8 (2xC), 120.6
(CH), 120.5 (2xCH), 120.3 (2xCH), 115.0 (C), 114.2 (2xCH), 111.0 (2xCH), 55.5 (CHa),
44.0 (CH>), 19.5 (CHg); IR (neat): v = 2921, 1749, 1555, 1478, 1446, 1333, 1293, 1228, 1199,
1052, 906, 749, 722; HRMS (ES): m/z calculated for CssH27N4O.S: 543.1855, found

543.1860 [M+H]".
6-(9H-Carbazol-9-yl)-5-(methylthio)imidazo[2,1-b]thiazol-3(2H)-one (600)

. Following GP6 using thioynamide 568 (47.5 mg, 0.20 mmol) and
N%Nlo aminide 422 (46.4 mg, 0.24 mmol) for 24 h. Purification by flash column
O NHS'V'Q chromatography [heane:EtOAc (7:3)] afforded imidazole 600 as a pale
o yellow oil (34.3 mg, 49%); mp: 49-52 °C (decomp); *H NMR (400 MHz,
CDCls): 6 = 7.68 (d, J = 7.5 Hz, 2H), 7.45 (app. td, J = 7.8, 1.1 Hz, 2H), 7.39 (d, J = 7.8 Hz,
2H), 7.32 (app. td, J = 7.5, 1.1 Hz, 2H), 4.36 (s, 2H), 2.26 (s, 3H); 3C NMR (101 MHz,
CDCls): & = 166.5 (C), 154.0 (C), 146.2 (C), 140.3 (2xC), 126.3 (2xCH), 124.0 (2xC), 121.0
(2xCH), 120.4 (2xCH), 117.2 (C), 111.0 (2xCH), 38.4 (CH2), 19.4 (CHs); IR (neat): v =
2921, 1749, 1555, 1478, 1446, 1333, 1293, 1228, 1199, 1052, 906, 749, 722; HRMS (ES):

m/z calculated for C18H14aN30S2: 352.0578, found 352.0580 [M+H]".

4-Methyl-N-(3-(methylthio)benzo[d]imidazo[2,1-b]thiazol-2-yl)-N-

phenylbenzenesulfonamide (601)

s Following GP5 using thioynamide 565 (317 mg, 1.00 mmol) and aminide
N" N 267 (273 mg, 1.20 mmol) for 1.5 h. Purification by flash column

Ts —N SMe
Ph
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chromatography [hexane:EtOAc (4:1)] afforded imidazole 601 as an orange powder (424 mg,
91%); mp: 204-206 °C; 'H NMR (300 MHz, CDCls): § = 8.54 (dd, J = 8.1, 0.8 Hz, 1H), 7.76
(d, J = 8.4 Hz, 2H), 7.72 (dd, J = 8.1, 1.1 Hz, 1H), 7.54-7.44 (m, 3H), 7.37 (td, J = 7.8,
1.1 Hz, 1H), 7.31-7.19 (m, 5H), 2.43 (s, 3H), 2.40 (s, 3H); *C NMR (101 MHz, CDCl3): § =
1475 (C), 146.7 (C), 143.7 (C), 140.5 (C), 136.5 (C), 133.8 (C), 129.6 (C), 129.4 (2xCH),
129.1 (2xCH), 128.8 (2xCH), 128.7 (2xCH), 127.8 (CH), 126.6 (CH), 125.3 (CH), 124.0
(CH), 118.6 (C), 114.3 (CH), 21.8 (CH3), 20.0 (CHa); IR (neat): v = 2920, 1477, 1354, 1166,
1092, 970, 815, 751, 693, 660, 565; HRMS (ES): m/z calculated for C23H20N302S3: 466.0718,

found 466.0721 [M+H]".

4-Methyl-N-(3-(methylthio)benzo[d]imidazo[2,1-b]oxazol-2-yl)-N-

phenylbenzenesulfonamide (602)

Following GP5 using thioynamide 565 (476 mg, 1.50 mmol) and aminide

,\/4,\1j : 268 (380 mg, 1.80 mmol) for 1 h. Purification by flash column
] \—(
S—N SMe
Ph

beige solid (629 mg, 93%); mp: 214-216 °C; 'H NMR (300 MHz, CDCls): & = 7.92-7.84 (m,

chromatography [hexane:EtOAc (4:1)] afforded imidazole 602 as a pale

1H), 7.75 (d, J = 8.3 Hz, 2H), 7.57-7.46 (m, 3H), 7.41-7.32 (m, 2H), 7.32-7.19 (m, 5H), 2.43
(s, 6H); °C NMR (101 MHz, CDCls3): & = 152.6 (C), 149.9 (C), 143.7 (C), 143.7 (C), 140.5
(C), 136.3 (C), 129.4 (2xCH), 129.1 (2xCH), 128.8 (2xCH), 128.7 (2xCH), 127.8 (CH),
126.9 (C), 125.0 (CH), 124.7 (CH), 113.8 (C), 112.5 (CH), 111.9 (CH), 21.8 (CHs), 19.9
(CH3); IR (neat): v = 2920, 1626, 1570, 1351, 1164, 1090, 814, 749, 696, 567; HRMS (ES):

m/z calculated for C23H20N302S;: 450.0946, found 450.0947 [M+H]".
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N-Benzyl-4-methyl-N-(3-(methylthio)benzo[d]imidazo[2,1-b]thiazol-2-

yl)benzenesulfonamide (603)

Following GP5 using thioynamide 567 (66.3 mg, 0.20 mmol) and aminide
oW,
NAN 267 (54.5 mg, 0.24 mmol) for 1 h. Purification by flash column

=

Ts—N SMe

Bn chromatography [hexane:EtOAC (4:1)] afforded imidazole 603 as an orange

solid (92.1 mg, 96%); mp: 194-197 °C; *H NMR (300 MHz, CDCls): § = 8.42 (dd, J = 8.1,
0.8 Hz, 1H), 7.81 (d, J = 8.3 Hz, 2H), 7.69 (dd, J = 7.9, 0.8 Hz, 1H), 7.45 (app. td, J = 7.5,
1.3 Hz, 1H), 7.40-7.30 (m, 5H), 7.25-7.13 (m, 3H), 4.66 (s, 2H), 2.46 (s, 3H), 2.06 (s, 3H);
13C NMR (101 MHz, CDCls): & = 146.6 (C), 145.3 (C), 143.9 (C), 136.0 (C), 135.9 (C), 133.7
(C), 129.8 (2xCH), 129.6 (C), 129.1 (2xCH), 128.43 (2xCH), 128.36 (2xCH), 127.8 (CH),
126.6 (CH), 125.3 (CH), 124.0 (CH), 120.0 (C), 114.3 (CH), 54.0 (CH,), 21.8 (CHs), 19.7
(CHa); IR (neat): v = 2923, 1479, 1348, 1163, 1090, 867, 739, 663; HRMS (ES): m/z

calculated for C24H22N30,Ss: 480.0874, found 480.0876 [M+H]".

N-Benzyl-4-methyl-N-(3-(phenylthio)benzo[d]imidazo[2,1-b]thiazol-2-

yl)benzenesulfonamide (604)

S@ Following GP5 using thioynamide 563 (78.7 mg, 0.20 mmol) and aminide

NéN 267 (54.5 mg, 0.24 mmol) for 1 h. Purification by flash column
TS‘N‘Bn SPn chromatography [hexane:EtOAc (4:1)] afforded imidazole 604 as a white-off
foamy solid (96.2 mg, 89%); mp: 200-202 °C; *H NMR (300 MHz, CDCls): § = 7.91 (dd, J =
7.1, 1.6 Hz, 1H), 7.79 (d, J = 8.2 Hz, 2H), 7.64 (dd, J = 7.1, 1.6 Hz, 1H), 7.34 (d, J = 8.2 Hz,
2H), 7.31-7.24 (m, 4H), 7.21 (app. td, J = 7.7, 1.6 Hz, 1H), 7.11-6.96 (m, 6H), 6.65-6.58 (m,
2H), 4.71 (s, 2H), 2.46 (s, 3H); 3C NMR (101 MHz, CDCls): 6 = 147.7 (C), 147.1 (C), 144.0

(C), 135.9 (C), 135.8 (C), 1355 (C), 133.2 (C), 129.8 (2xCH), 129.4 (C), 129.3 (2xCH),
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129.1 (2xCH), 128.5 (2xCH), 128.4 (2xCH), 127.8 (CH), 126.5 (CH), 126.1 (2xCH), 125.8
(CH), 125.3 (CH), 123.7 (CH), 115.1 (C), 114.8 (CH), 53.8 (CH>), 21.8 (CHs); IR (neat): v =
2923, 1517, 1484, 1347, 1163, 868, 743, 665; HRMS (ES): m/z calculated for CagH2sN30,Ss:

542.1031, found 542.1033 [M+H]".

N-(3-(But-3-en-1-ylthio)benzo[d]imidazo[2,1-b]thiazol-2-yl)-4-methyl-N-

phenylbenzenesulfonamide (605)

Following GP5 using thioynamide 575 (75.5 mg, 0.21 mmol) and aminide

oW,
N%N /) 267 (57.6 mg, 0.25 mmol) for 2.5 h. Purification by flash column

Ts—N S
Ph

orange solid (83.5 mg, 78%); mp: 182-184 °C; *H NMR (300 MHz, CDCls3): § = 8.56 (dd, J =

chromatography [hexane:EtOAc (9:1)] afforded imidazole 605 as an

8.2, 0.8 Hz, 1H), 7.76 (d, J = 8.3 Hz, 2H), 7.70 (dd, J = 7.8, 0.8 Hz, 1H), 7.55-7.48 (m, 2H),
7.45 (app. td, J = 8.2, 1.2 Hz, 1H), 7.35 (app. td, J = 7.8, 1.2 Hz, 1H), 7.30-7.21 (m, 5H), 5.77
(ddt, J = 16.9, 10.4, 6.5 Hz, 1H), 5.07-4.94 (m, 2H), 2.90 (t, J = 7.3 Hz, 2H), 2.42 (s, 3H),
2.35 (g, J = 7.3 Hz, 2H); *C NMR (101 MHz, CDCls): § = 148.0 (C), 146.7 (C), 143.7 (C),
1405 (C), 136.3 (C), 136.1 (CH), 133.8 (C), 129.6 (C), 129.3 (2xCH), 129.0 (2xCH), 128.9
(2xCH), 128.5 (2xCH), 127.7 (CH), 126.3 (CH), 125.3 (CH), 124.0 (CH), 117.4 (C), 116.6
(CHy), 114.5 (CH), 36.4 (CHy), 33.7 (CHz), 21.8 (CHzs); IR (neat): v = 2926, 1753, 1480,
1351, 1290, 1164, 1091, 915, 812, 754, 694; HRMS (ES): m/z calculated for CasH2aN202S3:

506.1031, found 506.1028 [M+H]".
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N-(5-Fluoro-3-(methylthio)benzo[d]imidazo[2,1-b]thiazol-2-yl)-4-methyl-N-

phenylbenzenesulfonamide (606)

j{ Following GP5 using thioynamide 565 (63.4 mg, 0.20 mmol) and aminide
N

S
r\f_i 346 (58.8 mg, 0.24 mmol) for 1 h. Purification by flash column
TS_N‘Ph S\t chromatography [hexane:EtOAc (4:1)] afforded imidazole 606 as a light

pink solid (94.9 mg, 98%); mp: 212-214 °C; *H NMR (400 MHz, CDCl3): 6 = 7.76 (d, J =
8.3 Hz, 2H), 7.53-7.47 (m, 3H), 7.34 (app. td, J = 8.0, 4.3 Hz, 1H), 7.30-7.19 (m, 6H), 2.43
(s, 3H), 2.38 (s, 3H); 3C NMR (101 MHz, CDCls): & = 150.0 (d, J = 256.3 Hz, C), 148.2 (C),
146.6 (C), 143.7 (C), 140.4 (C), 136.6 (C), 132.2 (d, J = 3.7 Hz, C), 129.4 (2xCH), 129.1
(2xCH), 128.7 (4xCH), 127.8 (CH), 126.24 (d, J = 6.8 Hz, CH), 122.1 (d, J = 15.5 Hz, C),
120.9 (C), 119.8 (d, J = 4.0 Hz, CH), 114.3 (d, J = 20.3 Hz, CH), 21.8 (CHz), 20.56 (d, J =
4.2 Hz, CH3); IR (neat): v = 2923, 1486, 1345, 1289, 1249, 1166, 1091, 917, 777, 709, 661,

HRMS (ES): m/z calculated for C23H19N30,S3F: 484.0623, found 484.0621 [M+H]".

4-Methyl-N-(3-(methylthio)-6-nitrobenzo[d]imidazo[2,1-b]thiazol-2-yl)-N-

phenylbenzenesulfonamide (607)

S Following GP5 using thioynamide 565 (63.5 mg, 0.20 mmol) and
NéN e aminide 344 (65.3 mg, 0.24 mmol) for 1 h. Purification by flash
TS—N\Ph oM column chromatography [hexane:EtOAc (4:1)] afforded imidazole 607
as a light orange solid (53.0 mg, 52%); mp: 264-266 °C; *H NMR (300 MHz, CDCls): § =
9.36 (d, J = 2.2 Hz, 1H), 8.30 (dd, J = 8.8, 2.2 Hz, 1H), 7.90 (d, J = 8.8 Hz, 1H), 7.74 (d, J =
8.3 Hz, 2H), 7.52-7.44 (m, 2H), 7.34-7.21 (m, 5H), 2.45 (s, 3H), 2.44 (s, 3H); 1*C NMR (101
MHz, CDCls): § = 148.4 (C), 146.8 (C), 146.6 (C), 144.0 (C), 140.1 (C), 137.0 (C), 136.2 (C),

133.7 (C), 129.5 (2xCH), 129.2 (2xCH), 128.89 (2xCH), 128.80 (2xCH), 128.1 (CH), 124.4
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(CH), 120.2 (CH), 119.8 (C), 109.6 (CH), 21.8 (CHs), 19.8 (CH3); IR (neat): v = 2921, 2851,
1520, 1482, 1342, 1163, 1092, 695, 661; HRMS (ES): m/z calculated for CasH1oN4O4Ss:

511.0568, found 511.0569 [M+H]".

N-Benzyl-4-methyl-N-(6-nitro-3-(phenylthio)benzo[d]imidazo[2,1-b]thiazol-2-

yl)benzenesulfonamide (608)

Following GP5 using thioynamide 563 (78.7 mg, 0.20 mmol) and

Fi -
NO, L . i
NAN aminide 608 (65.3 mg, 0.24 mmol) for 1 h. Purification by flash

Ts -N SPh
Bn

as a brown dark solid (98.8 mg, 84%); mp: 231-233 °C; 'H NMR (300 MHz, CDCls): § =

column chromatography [Et2O:EtOAc (7:3)] afforded imidazole 608

8.70 (d, J = 2.2 Hz, 1H), 8.12 (dd, J = 8.8, 2.2 Hz, 1H), 7.81 (d, J = 8.3 Hz, 2H), 7.76 (d, J =
8.8 Hz, 1H), 7.42-7.29 (m, 4H), 7.18-7.09 (m, 3H), 7.08-7.00 (m, 3H), 6.75-6.65 (m, 2H),
4.73 (s, 2H), 2.47 (s, 3H); *C NMR (101 MHz, CDCls): § = 147.5 (C), 147.3 (C), 146.3 (C),
144.2 (C), 136,5 (C), 135.6 (C), 135.3 (C), 134.0 (C), 132.8 (C), 129.9 (2xCH), 129.6
(2xCH), 129.2 (2xCH), 128.6 (2xCH), 128.4 (2xCH), 128.1 (CH), 127.4 (2xCH), 126.8
(CH), 123.9 (CH), 119.9 (CH), 117.3 (C), 110.4 (CH), 53.8 (CH2), 21.8 (CH3); IR (neat): v =
3092, 2922, 1522, 1478, 1337, 1157, 1091, 878, 816, 698, 659; HRMS (ES): m/z calculated

for C2oH23N404S3: 587.0881, found 587.0880 [M+H]".

4-Methyl-N-(3-(methylthio)-7-nitrobenzo[d]imidazo[2,1-b]thiazol-2-yl)-N-

phenylbenzenesulfonamide (609)

No, Following GP5 using thioynamide 565 (63.5 mg, 0.20 mmol) and
S
N%N@ aminide 343 (62.6 mg, 0.23 mmol) for 1 h. Purification by flash column
=

TS‘N\Ph SMe chromatography [hexane:EtOAc (4:1)] afforded imidazole 609 as a
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yellow powder (89.3 mg, 87%); mp: 180182 °C; *H NMR (300 MHz, CDCls): § = 8.74-8.64
(m, 2H), 8.40 (dd, J = 9.0, 2.4 Hz, 1H), 7.73 (d, J = 8.3 Hz, 2H), 7.53-7.43 (m, 2H), 7.34—
7.21 (m, 5H), 2.44 (s, 3H), 2.42 (s, 3H); 13C NMR (101 MHz, CDCls): 5 = 148.9 (C), 147.7
(C), 144.8 (C), 144.0 (C), 140.1 (C), 137.5 (C), 136.1 (C), 130.8 (C), 129.5 (2xCH), 129.2
(2xCH), 128.82 (2xCH), 128.78 (2xCH), 128.1 (CH), 122.5 (CH), 120.2 (CH), 119.6 (C),
114.1 (CH), 21.8 (CH3), 20.0 (CH3); IR (neat): v = 3109, 2925, 1522, 1482, 1342, 1290,
1164, 692, 662; HRMS (ES): m/z calculated for C23H19N4O4S3: 511.0568, found 511.0570

[M+H]".

4-Methyl-N-(7-nitro-3-(phenylthio)benzo[d]imidazo[2,1-b]thiazol-2-yl)-N-
phenylbenzenesulfonamide (610)

No, Following GP5 using thioynamide 566 (75.9 mg, 0.20 mmol) and
N%N aminide 343 (65.3 mg, 0.24 mmol) for 1 h. Purification by flash column
=

TS‘N\P A SPh chromatography [hexane:EtOAc (4:1)] afforded imidazole 610 as a
yellow solid (97.7 mg, 85%); *H NMR (400 MHz, CDCls): § = 8.63 (d, J = 2.0 Hz, 1H), 8.25
(d, J = 9.0 Hz, 1H), 8.20 (dd, J = 9.0, 2.0 Hz, 1H), 7.73 (d, J = 8.31 Hz, 2H), 7.44-7.37 (m,
2H), 7.30-7.24 (m, 2H), 7.24-7.08 (m, 6H), 7.08-7.03 (m, 2H), 2.44 (s, 3H); 3C NMR (101
MHz, CDCls): § = 150.6 (C), 148.9 (C), 144.8 (C), 144.1 (C), 139.8 (C), 137.0 (C), 136.0 (C),
134.4 (C), 130.6 (C), 129.7 (2xCH), 129.5 (2xCH), 129.19 (2xCH), 129.16 (2xCH), 128.9
(2xCH), 128.3 (CH), 126.9 (CH), 126.7 (2xCH), 122.5 (CH), 120.0 (CH), 115.3 (C), 114.5
(CH), 21.8 (CH3); IR (neat): v = 3113, 1530, 1481, 1345, 1297, 1166, 713, 695; HRMS (ES):

m/z calculated for C2sH20N4O4sNaS3: 595.0544, found 595.0539 [M+Na]".
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N-Benzyl-N-(8-bromo-3-(methylthio)benzo[d]imidazo[2,1-b]oxazol-2-yl)-4-

methylbenzenesulfonamide (611)

Br Following GP5 using thioynamide 567 (49.7 mg, 0.15 mmol) and aminide

NiN 345 (52.2 mg, 0.18 mmol) for 1 h. Purification by flash column
TS_NHSMG chromatography [hexane:EtOAc (9:1)] afforded imidazole 611 as a light
pinkBs:JIid (81.1 mg, >99%); mp: 210-213 °C; 'H NMR (400 MHz, CDCl3): 6 = 7.80 (d, J =
8.3 Hz, 2H), 7.74 (dd, J = 7.9, 1.0 Hz, 1H), 7.48 (dd, J = 8.2, 1.0 Hz, 1H), 7.39-7.32 (m, 4H),
7.28-7.16 (m, 4H), 4.63 (s, 2H), 2.46 (s, 3H), 2.07 (s, 3H); 3C NMR (101 MHz, CDCls): & =
152.0 (C), 147.8 (C), 144.0 (C), 141.8 (C), 135.9 (C), 135.7 (C), 129.8 (2xCH), 129.1
(2xCH), 128.4 (4xCH), 128.1 (CH), 127.8 (CH), 127.7 (C), 125.8 (CH), 115.7 (C), 110.8
(CH), 104.8 (C), 53.9 (CHz), 21.8 (CHs), 19.5 (CH3); IR (neat): v = 2921, 1626, 1576, 1461,
1390, 1352, 1164, 767, 663; HRMS (ES): m/z calculated for C24H20N303S2Na’Br: 564.0027,

found 564.0031 [M+Na]".

N-Benzyl-4-methyl-N-(3-(methylthio)imidazo[1,2-a]pyrimidin-2-yl)benzenesulfonamide

(612)

Following GP6 using thioynamide 567 (66.3 mg, 0.20 mmol) and aminide 214

|
N*N (41.3 mg, 0.24 mmol) and DTBPAu(NCMe)SbFe for 4 h. Purification by flash

=

Ts—N SM
Bn ° column chromatography [hexane:EtOAc (2:3)] afforded imidazole 612 as an

N/
7

off-white solid (74.4 mg, 85%); mp: 155-157 °C; *H NMR (300 MHz, CDClz): & = 8.59 (dd,
J=4.1,1.7 Hz, 1H), 8.54 (dd, J = 6.7, 1.7 Hz, 1H), 7.81 (d, J = 8.3 Hz, 2H), 7.41-7.29 (m,
4H), 7.22-7.10 (m, 3H), 6.99 (dd, J = 6.7, 4.1 Hz, 1H), 4.76 (s, 2H), 2.44 (s, 3H), 2.00 (s,
3H); 3C NMR (101 MHz, CDCls): & = 151.1 (CH), 147.02 (C), 146.95 (C), 143.9 (C), 135.8

(C), 132.3 (CH), 129.8 (2xCH), 128.8 (2xCH), 128.4 (2xCH), 128.3 (2xCH), 127.7 (CH),
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114.3 (C), 109.7 (CH), 53.8 (CH2), 21.7 (CHs), 17.6 (CHzs) one resonance for a quaternary
carbon was not observed; IR (neat): v = 3065, 2927, 1614, 1514, 1496, 1350, 1164, 1063,

787, 685; HRMS (ES): m/z calculated for C21H21N4O2S;: 425.1106, found 425.1102 [M+H]".

N-Benzyl-N-(6-chloro-3-(methylthio)imidazo[1,2-b]pyridazin-2-yl)-4-

methylbenzenesulfonamide (613)

Following GP6 using thioynamide 567 (166 mg, 0.50 mmol) and aminide

|
N7 NN 262 (124 mg, 0.60 mmol) for 5.5 h. Purification by flash column

Ts —N SMe

- chromatography [hexane:EtOAc (7:3-3:2)] afforded imidazole 613 as a pale

yellow solid (164 mg, 71%); mp: 192-194 °C; *H NMR (300 MHz, CDCls): § = 7.82-7.72
(m, 3H), 7.38-7.27 (m, 4H), 7.22-7.13 (m, 3H), 7.11 (d, J = 9.4 Hz, 1H), 4.76 (s, 2H), 2.45
(s, 3H), 2.18 (s, 3H); 1*C NMR (101 MHz, CDCls): & = 147.9 (C), 144.7 (C), 144.0 (C), 136.9
(C), 135.9 (C), 135.5 (C), 129.8 (2xCH), 128.7 (2xCH), 128.41 (2xCH), 128.37 (2xCH),
127.8 (CH), 127.0 (CH), 121.7 (C), 120.1 (CH), 53.8 (CH>), 21.8 (CHs), 16.3 (CHa3); IR
(neat): v = 2924, 1667, 1495, 1339, 1163, 1089, 697, 673; HRMS (ES): m/z calculated for

C21H20N402S,%Cl: 459.0716, found 459.0715 [M+H]*.

N-(5-Chloro-3-(methylthio)imidazo[1,2-c]pyrimidin-2-yl)-4-methyl-N-
phenylbenzenesulfonamide (614)

fN Following GP6 using thioynamide 565 (63.5 mg, 0.20 mmol) and aminide

j
H Cl 684 (49.6 mg, 0.24 mmol) for 7 h. Purification by flash column

Ts—N SMe
Ph chromatography [hexane:EtOAc (4:1)] afforded imidazole 614 as a yellow
solid (8.7 mg, 10%); mp: 208-210 °C; *H NMR (300 MHz, CDCls): & = 7.87 (d, J = 6.2 Hz,

1H), 7.75 (d, J = 8.3 Hz, 2H), 7.50-7.41 (m, 3H), 7.31-7.21 (m, 5H), 2.43 (s, 3H), 2.34 (s,
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3H); 3C NMR (125 MHz, CDCls): & = 150.8 (C), 146.8 (C), 144.0 (C), 140.0 (CH), 139.8
(C), 138.5 (C), 136.2 (C), 129.40 (2xCH), 129.13 (2xCH), 129.11 (2CH), 128.9 (2xCH),
128.1 (CH), 116.4 (C), 112.2 (CH), 22.3 (CHs), 21.8 (CHs); IR (neat): v = 2924, 1752, 1485,
1342, 1208, 1166, 1091, 812, 694; HRMS (ES): m/z calculated for CaoHisN4O2S;%°Cl:

445.0560, found 445.0563 [M+H]".

N-(5-Chloro-3-(methylthio)imidazo[1,2-c]quinazolin-2-yl)-4-methyl-N-

phenylbenzenesulfonamide (615)

Following GP6 using thioynamide 565 (63.5 mg, 0.20 mmol) and aminide
N 616 (61.6 mg, 0.24 mmol) for 20 h. Purification by flash column
] N)/zzj c chromatography [hexane:EtOAc (4:1)] afforded imidazole 615 as a beige
s
F solid (56.6 mg, 57%); mp: 185-187 °C; 'H NMR (400 MHz, CDCly): & =
8.43 (dd, J = 7.8, 1.3 Hz, 1H), 7.85 (dd, J = 8.0, 1.0 Hz, 1H), 7.82 (d, J = 8.3 Hz, 2H), 7.72
(app. td, J = 8.0, 1.3 Hz, 1H), 7.66 (app. td, J = 7.8, 1.0 Hz, 1H), 7.54-7.47 (m, 2H), 7.35—
7.21 (m, 5H), 2.47 (s, 3H), 2.34 (s, 3H); *C NMR (101 MHz, CDCl3): & = 149.2 (C),
145.1 (C), 143.9 (C), 140.8 (C), 140.1 (C), 136.2 (C), 135.1 (C), 131.4 (CH), 129.2 (4xCH),
129.1 (2xCH), 129.0 (2xCH), 128.9 (CH), 128.0 (CH), 127.4 (CH), 123.3 (CH), 118.5 (C),
118.4 (C), 21.82 (2xCHs3); IR (neat): v =2923, 1595, 1488, 1355, 1304, 1164, 1087, 761, 693;

HRMS (ES): m/z calculated for C24H20N402S,*Cl: 495.0716, found 495.0714 [M+H]".

N-Benzyl-4-methyl-N-(3-(methylthio)imidazo[2',1":2,3]thiazolo[5,4-b]pyridin-2-

yl)benzenesulfonamide (630)

N= Following GP5 using thioynamide 567 (66.3 mg, 0.20 mmol) and aminide

N 686 (54.8 mg, 0.24 mmol) for 1 h. Purification by flash column
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chromatography [hexane:EtOAc (7:3)] afforded imidazole 630 as a dark brown crystalline
solid (93.1 mg, 97%); mp: 153-155 °C; *H NMR (300 MHz, CDCl3): & = 8.57 (dd, J = 8.2,
1.4 Hz, 1H), 8.49 (dd, J = 4.9, 1.4 Hz, 1H), 7.80 (d, J = 8.3 Hz, 2H), 7.40 (dd, J = 8.2, 4.9 Hz,
1H), 7.39-7.32 (m, 4H), 7.25-7.16 (m, 3H), 4.66 (s, 2H), 2.46 (s, 3H), 2.05 (s, 3H); 3C NMR
(101 MHz, CDCls): 8 = 152.9 (C), 146.3 (CH), 145.1 (C), 145.0 (C), 144.0 (C), 135.9 (C),
135.7 (C), 129.8 (2xCH), 129.12 (C), 129.08 (2xCH), 128.4 (4xCH), 127.9 (CH), 121.1
(CH), 120.8 (CH), 120.3 (C), 53.9 (CH>), 21.8 (CHs), 19.4 (CH3); IR (neat): v = 2922, 1480,
1414, 1346, 1299, 1163, 1088, 801, 695, 661; HRMS (ES): m/z calculated for

C23H20N402S3Na: 503.0646, found 503.0650 [M+Na]".

N-Benzyl-4-methyl-N-(3-(methylthio)imidazo[2',1":2,3]oxazolo[4,5-b]pyridin-2-

yl)benzenesulfonamide (631)

Following GP5 using thioynamide 567 (66.3 mg, 0.20 mmol) and aminide

N%,\T/\(\\N) 700 (50.9 mg, 0.24 mmol) for 1 h. Purification by flash column
TS‘N\;_< SMe chromatography [hexane:EtOAc (4:2-7:3)] afforded imidazole 631 as an
off-white solid (82.4 mg, 87%); mp: 208-210 °C; *H NMR (300 MHz, CDCls): & = 8.38 (dd,
J=5.1,1.2 Hz, 1H), 7.82 (d, J = 8.3 Hz, 2H), 7.78 (dd, J = 8.2, 1.2 Hz, 1H), 7.41-7.27 (m,
5H), 7.25-7.16 (m, 3H), 4.65 (s, 2H), 2.46 (s, 3H), 2.27 (s, 3H); 3C NMR (101 MHz,
CDCl): & = 152.7 (C), 144.5 (CH), 143.9 (C), 143.5 (C), 1415 (C), 141.2 (C), 136.0 (C),
135.6 (C), 129.8 (2xCH), 128.9 (2xCH), 128.4 (4xCH), 127.8 (CH), 120.1 (CH), 119.7 (CH),
116.9 (C), 53.7 (CHy), 21.8 (CHs), 19.3 (CHs); IR (neat): v = 2923, 1623, 1573, 1454, 1349,
1164, 1090, 801, 661; HRMS (ES): m/z calculated for C23H20N4O3NaS,: 487.0875, found

487.0876 [M+Na]".
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N-Benzyl-4-methyl-N-(3-(methylthio)imidazo[2',1":2,3]thiazolo[4,5-c]pyridin-2-

yl)benzenesulfonamide (632)

—_ Following GP5 using thioynamide 567 (66.3 mg, 0.20 mmol) and aminide
—"h
NAN 689 (54.8 mg, 0.24 mmol) for 8 h. Purification by flash column

=

Ts -N SMe

- chromatography [hexane:EtOAc (3:2)] afforded imidazole 632 as a pale

orange solid (72.0 mg, 75%); mp: 179-181 °C; *H NMR (300 MHz, CDCls): § = 9.63 (s, 1H),
8.56 (d, J = 5.3 Hz, 1H), 7.81 (d, J = 8.3 Hz, 2H), 7.70 (d, J = 5.3 Hz, 1H), 7.41-7.30 (m,
4H), 7.25-7.13 (m, 3H), 4.66 (s, 2H), 2.46 (s, 3H), 2.11 (s, 3H); °C NMR (101 MHz,
CDCl3): & = 145.9 (C), 145.3 (C), 144.9 (CH), 144.0 (C), 139.2 (C), 135.9 (C), 135.6 (C),
135.5 (CH), 130.9 (C), 129.8 (2xCH), 129.0 (2xCH), 128.39 (2xCH), 128.37 (2xCH), 127.9
(CH), 120.8 (C), 118.8 (CH), 54.0 (CH>), 21.8 (CH3), 19.2 (CH3); IR (neat): v = 2922, 1480,
1445, 1350, 1153, 1090, 830, 740, 677, 658; HRMS (ES): m/z calculated for C23H21N40-Sz3:

481.0827, found 481.0828 [M+H]".

N-Benzyl-4-methyl-N-(3-(methylthio)imidazo[2',1":2,3]thiazolo[5,4-c]pyridin-2-

yl)benzenesulfonamide (633)

Following GP5 using thioynamide 567 (33.1 mg, 0.10 mmol) and aminide

z

=
%N‘/\C/) 627 (27.4 mg, 0.12 mmol) for 22 h. Purification by flash column

P4

TS=N SMe chromatography [hexane:EtOAc (1:1)] afforded imidazole 633 as a light
brown solid (27.8 mg, 58%); mp: 179-181 °C; *H NMR (400 MHz, CDCl3): & = 8.96 (s, 1H),
8.65 (d, J = 5.5 Hz, 1H), 8.28 (d, J = 5.5 Hz, 1H), 7.80 (d, J = 8.3 Hz, 2H), 7.39-7.31 (m,
4H), 7.24-7.14 (m, 3H), 4.65 (s, 2H), 2.46 (s, 3H), 2.08 (s, 3H); °C NMR (101 MHz,
CDCls): § = 147.4 (C), 146.8 (CH), 146.8 (C), 145.1 (CH), 144.1 (C), 139.1 (C), 135.8 (C),

135.6 (C), 129.9 (2xCH), 129.0 (2xCH), 128.5 (2xCH), 128.4 (2xCH), 127.9 (CH), 127.0
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(C), 120.9 (C), 108.8 (CH), 53.9 (CH2), 21.8 (CH3), 19.7 (CH3): IR (neat): v = 2915, 1560,
1524, 1484, 1341, 1160, 1090, 872, 739, 714, 662; HRMS (ES): m/z calculated for

C23H21N402S3: 481.0827, found 481.0834 [M+H]".

4-Methyl-N-phenyl-N-(1,3,5-trimethyl-8-(methylthio)-2,4-dioxo-1,3,4,5-tetrahydro-2H-
imidazo[1,2-e]purin-7-yl)benzenesulfonamide (636)

Q Following GP6 using thioynamide 565 (63.5 mg, 0.20 mmol) and

\
N

N
PR \ N)QO aminide 685 (68.7 mg, 0.24 mmol) for 1.5 h. Purification by flash column
N7 "N \

TS‘NHSMe chromatography [hexane:EtOAc (7:3)] afforded imidazole 636 as a beige
powggr (94.0 mg, 90%); mp: 235-237 °C (decomp); ‘*H NMR (300 MHz, CDCls): 5 = 7.78
(d, J = 8.3 Hz, 2H), 7.52-7.44 (m, 2H), 7.30-7.18 (m, 5H), 4.22 (s, 3H), 3.96 (s, 3H), 3.46 (s,
3H), 2.43 (s, 3H), 2.23 (s, 3H); 3C NMR (101 MHz, CDCls): & = 155.6 (C), 150.6 (C), 150.4
(C), 146.7 (C), 143.7 (C), 140.3 (C), 136.3 (C), 131.8 (C), 129.2 (2xCH), 129.0 (2xCH),
129.0 (2xCH), 128.4 (2xCH), 127.7 (CH), 111.2 (C), 107.0 (C), 36.0 (CHs3), 31.3 (CHs3), 28.6
(CHs), 21.7 (CH3), 20.9 (CHs); IR (neat): v = 2922, 1662, 1638, 1345, 1310, 1163, 700, 663;

HRMS (ES): m/z calculated for C2sH2sNs04S2: 525.1379, found 525.1378 [M+H]".

4-Methyl-N-(3-(methylthio)-5,5-dioxidobenzo[d]imidazo[1,2-b]isothiazol-2-yl)-N-

phenylbenzenesulfonamide (639)

Following GP6 using thioynamide 565 (31.7 mg, 0.10 mmol) and aminide
§ S0,

637 (31.1 mg, 0.12 mmol) for 21 h. Purification by flash column
N

TS_N)=<SMe chromatography [hexane:EtOAc (4:1)] afforded imidazole 639 as a beige
Ph
crystalline solid (23.3 mg, 47%); mp: 174-176 °C; 'H NMR (400 MHz, CDCls): & = 7.90 (d,

J=7.8Hz, 1H), 7.82 (d, J = 7.8 Hz, 1H), 7.77-7.71 (m, 3H), 7.62 (app. td, J = 7.7, 1.0 Hz,
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1H), 7.45-7.40 (m, 2H), 7.32-7.23 (m, 5H), 2.49 (s, 3H), 2.44 (s, 3H); *C NMR (101 MHz,
CDCls): & = 147.6 (C), 144.0 (C), 142.1 (C), 139.7 (C), 138.8 (C), 136.1 (C), 135.0 (CH),
131.2 (CH), 129.4 (2xCH), 129.2 (2xCH), 128.8 (2xCH), 128.7 (2xCH), 128.2 (CH), 125.2
(C), 123.0 (C), 122.7 (CH), 122.3 (CH), 21.8 (CHz), 20.4 (CHs); IR (neat): v = 2921, 2850,
1597, 1489, 1354, 1165, 1091, 817, 693, 571; HRMS (ES): m/z calculated for C2sH20Nz04Ss:

498.0616, found 498.0618 [M+H]".
3-(Methylthio)-2-(1-tosyl-1H-indol-3-yl)benzo[d]imidazo[2,1-b]thiazole (642)

Following GP5 using thioynamide 640 (102 mg, 0.30 mmol) and aminide

S
A

— SMe chromatography [hexane:EtOAc (9:1)] afforded imidazole 642 as a light
TsN

267 (81.8 mg, 0.36 mmol) for 24 h. Purification by flash column

N” N

brown powder (19.6 mg, 13%); mp: 222-225 °C; *H NMR (300 MHz,
CDCla): 5 = 8.66 (dd, J = 8.2, 0.7 Hz, 1H), 8.46-8.36 (m, 2H), 8.07-8.01 (m, 1H), 7.82 (d, J
= 8.4 Hz, 2H), 7.73 (dd, J = 8.0, 0.7 Hz, 1H), 7.51 (app. td, J = 7.5, 1.3 Hz, 1H), 7.43-7.28
(m, 3H), 7.21 (d, J = 8.4 Hz, 2H), 2.39 (s, 3H), 2.32 (s, 3H); 3C NMR (101 MHz, CDCls): &
=149.7 (C), 145.9 (C), 145.1 (C), 135.3 (C), 135.1 (C), 133.7 (C), 130.4 (C), 130.1 (C), 130.0
(2xCH), 127.0 (2xCH), 126.6 (CH), 125.0 (2xCH), 124.6 (CH), 124.3 (CH), 123.9 (CH),
123.0 (CH), 115.9 (C), 115.6 (C), 114.1 (CH), 113.5 (CH), 21.7 (CH3), 20.1 (CHa); IR (neat):
v = 2920, 2851, 1475, 1440, 1364, 1168, 1132, 735, 654, 578; HRMS (ES): m/z calculated for

Ca2sH20N302S3: 490.0718, found 490.0720 [M+H]".
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2.9. Post catalysis modification products

N-Benzyl-N-(6-chloro-3-(methylsulfonyl)imidazo[1,2-b]pyridazin-2-yl)-4-

methylbenzenesulfonamide (644)

_~__ci Toasolution of sulfide 613 (0.1 mmol, 45.9 mg, 1.0 eq.) in CH2Cl2 (1 mL)

|
N7 NN at 0 °C was added mCPBA (77% in water) (0.2 mmol, 49.3 mg, 2.2 eq.)

TSN sO,Me

. portionwise. The resulting reaction mixture was allowed to warm up to

room temperature and was stirred for 17 h. The mixture was quenched with Na>S2O3sat sor)
(10 mL) and washed with NaHCOz3sat sony (10 mL). The aqueous phase was extracted with
CH2Cl; (3%x10 mL). The combined organic phases were dried over NaxSOs, filtered off and
concentrated under reduced pressure. Purification by flash column chromatography
[hexane:EtOAc (3:2)] gave sulfone 644 as a white powder (43 mg, 88%); mp: 220-221 °C;
IH NMR (300 MHz, CDCls): & = 7.88 (d, J = 9.5 Hz, 1H), 7.79 (d, J = 8.4 Hz, 2H), 7.37-7.31
(m, 4H), 7.29 (d, J = 9.5 Hz, 1H), 7.21-7.09 (m, 3H), 4.75 (s, 2H), 3.39 (s, 3H), 2.46 (s, 3H);
13C NMR (101 MHz, CDCls): & = 149.0 (C), 144.5 (C), 144.2 (C), 136.7 (C), 135.3 (C), 134.5
(C), 129.9 (2xCH), 128.9 (2xCH), 128.6 (2xCH), 128.5 (2xCH), 128.0 (CH), 127.3 (CH),
123.0 (CH), 122.3 (C), 53.5 (CH>), 43.0 (CHs), 21.8 (CH3); IR (neat): v = 2923, 1507, 1356,
1318, 1163, 1089, 812, 728, 670; HRMS (ES): m/z calculated for C21H19N4O4S,CINa:

513.0434, found 513.0440 [M+Na]".

4-Methyl-N-(3-(methylsulfinyl)benzo[d]imidazo[2,1-b]oxazol-2-yl)-N-

phenylbenzenesulfonamide (645)

o~© To a solution of sulfide 602 (0.2 mmol, 89.9 mg, 1.0 eq.) in CH2Cl2 (2 mL)
NéN at 0 °C was added mCPBA (77% in water) (0.2 mmol, 53.8 mg, 2.2 eq.)
TS=N  sOMe

Ph
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portionwise. The resulting reaction mixture was allowed to warm up to room temperature and
was stirred for 4 h. The mixture was quenched with Na>S2Ossat sory (4 mL) and washed with
NaHCOgssat sony (4 mL). The aqueous phase was extracted with CH2Cl> (3x5 mL). The
combined organic phases were dried over Na.SOs, filtered off and concentrated under reduced
pressure. Purification by flash column chromatography [hexane:EtOAc (3:2)] gave sulfoxide
645 as a white foam (52 mg, 56%); mp: 242-244 °C; 'H NMR (400 MHz, CDCls): § = 8.23—
8.15 (m, 1H), 7.62-7.55 (m, 3H), 7.48-7.39 (m, 4H), 7.33-7.24 (m, 5H), 3.20 (s, 3H), 2.44 (s,
3H); 13C NMR (101 MHz, CDCls): § = 153.8 (C), 150.1 (C), 144.4 (C), 140.0 (C), 139.2 (C),
135.3 (C), 129.6 (2xCH), 129.3 (2xCH), 129.1 (2xCH), 128.7 (3xCH), 126.2 (C), 125.9
(CH), 125.4 (CH), 122.3 (C), 116.0 (CH), 112.5 (CH), 40.0 (CHa), 21.8 (CH3); IR (neat): v =
2922, 1687, 1472, 1349, 1164, 961, 815, 751, 692, 664, 571; HRMS (ES): m/z calculated for

C23H10N304S2Na: 488.0715, found 488.0719 [M+Na]".

4-Methyl-N-(3-(methylsulfonyl)benzo[d]imidazo[2,1-b]thiazol-2-yl)-N-

phenylbenzenesulfonamide (646)

S@ To a solution of sulfide 601 (0.2 mmol, 93.1 mg, 1.0 eq.) in CH2Cl2 (2 mL)
N%N at 0 °C was added mCPBA (77% in water) (0.9 mmol, 197 mg, 4.4 eq.)

=

TSN sO,Me

B portionwise. The resulting reaction mixture was allowed to warm up to

room temperature and was stirred for 20 h. The mixture was quenched with Na>S2O3sat sory
(5mL) and washed with NaHCOz3at soy (5 mL). The aqueous phase was extracted with
CH2Cl; (3%x10 mL). The combined organic phases were dried over Na SO, filtered off and
concentrated under reduced pressure. Purification by flash column chromatography
[hexane:EtOAc (7:3)] gave sulfone 646 as a white powder (31 mg, 31%); mp: >250 °C; H

NMR (400 MHz, CDCls): § = 8.67 (d, J = 8.5 Hz, 1H), 7.77 (dd, J = 8.0, 1.0 Hz, 1H), 7.64 (d,
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J =8.3 Hz, 2H), 7.60-7.51 (m, 3H), 7.46 (app. td, J = 8.0, 1.0 Hz, 1H), 7.32-7.23 (m, 5H),
3.54 (s, 3H), 2.43 (s, 3H); *C NMR (101 MHz, CDCls): § = 149.3 (C), 147.1 (C), 144.1 (C),
139.2 (C), 135.9 (C), 133.0 (C), 129.52 (C), 129.47 (4xCH), 129.1 (2xCH), 128.8 (2xCH),
128.4 (CH), 127.5 (CH), 126.4 (CH), 124.3 (CH), 123.5 (C), 116.9 (CH), 45.3 (CHz), 21.8
(CHa); IR (neat): v = 2913, 1682, 1478, 1347, 1329, 1161, 1088, 758, 693, 665, 567; HRMS

(ES): m/z calculated for C23H19N304NaSs: 520.0435, found 520.0433 [M+H]".

4-Methyl-N-(8-methyl-3-(methylsulfonyl)-7-oxo0-7,8-dihydroimidazo[1,2-a]pyrimidin-2-yl)-

N-phenylbenzenesulfonamide (647)

To a solution of sulfide 579 (0.2 mmol, 88.1 mg, 1.0 eq.) in CH2Cl> (2 mL)

0

\)hi/uj at 0 °C was added mCPBA (77% in water) (0.9 mmol, 197 mg, 4.4 eq.)
N o . . .

\—{ portionwise. The resulting reaction mixture was allowed to warm up to

TS=N S0,Me _ _ _
Ph room temperature and was stirred for 5 h. The mixture was quenched with
saturated Na>S203(aq) (10 mL) and washed with saturated NaHCO3(q) (10 mL). The aqueous
phase was extracted with CH.Cl, (3x10 mL). The combined organic phases were dried over
Na2SOg, filtered off and concentrated under reduced pressure. Purification by flash column
chromatography [hexane:EtOAc (3:2)] gave sulfone 647 as a white-off solid (39 mg, 42%);
mp: >250 °C; 'H NMR (400 MHz, CDCls): & = 8.53 (d, J = 8.0 Hz, 1H), 7.61 (d, J = 8.3 Hz,
2H), 7.50-7.40 (m, 2H), 7.33-7.20 (m, 5H), 6.34 (d, J = 8.0 Hz, 1H), 3.62 (s, 3H), 3.41 (s,
3H), 2.44 (s, 3H); 3C NMR (101 MHz, CDCls): 5 = 158.8 (C), 144.5 (C), 144.4 (C), 143.8
(C), 138.8 (C), 135.0 (C), 133.2 (CH), 129.4 (2xCH), 129.2 (4xCH), 129.1 (2xCH), 128.7
(CH), 117.8 (C), 110.0 (CH), 46.1 (CHs), 29.7 (CH3), 21.8 (CH3); IR (neat): v = 1687, 1526,
1475, 1357, 1325, 1159, 1117, 1090, 817, 666, 561; HRMS (ES): m/z calculated for

C21H20N40sNaS2: 495.0773, found 495.0772 [M+Na]".
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(Z2)-N,N'-((Hex-3-ene-1,6-diylbis(sulfanediyl))bis(8-methyl-7-oxo-7,8-dihydroimidazo[1,2-

a]pyrimidine-3,2-diyl))bis(4-methyl-N-phenylbenzenesulfonamide) (654)

To a heat-gun dried Schlenk tube containing a solution of
o

\)N\)j imidazole 584 (0.06 mmol, 30.0 mg, 1.0 eq.) in dry CHxCl>

2
N""N Ph\N/TS

TS\N‘)—(S/\/\/\/S% (0.4 mL) was added Grubbs II catalyst (0.004 mmol, 3.7 mg,

Ph N

N
Q\ 0.07 eq.). The mixture was stirred at room temperature for

© 18 h. The crude reaction mixture was concentrated under

reduced pressure. Purification by flash column chromatography [hexane:EtOAc (3:2)]
afforded dimer 654 as a pale grey powder (24 mg, 82%); mp: 246-248 °C; 'H NMR (400
MHz, CDCls): & = 7.99 (d, J = 7.8 Hz, 2H), 7.73 (d, J = 8.5 Hz, 4H), 7.43-7.37 (m, 4H),
7.29-7.20 (m, 10H), 6.22 (d, J = 7.8 Hz, 2H), 5.41 (t, J = 3.7 Hz, 2H), 3.61 (s, 6H), 2.69 (t, J
= 7.3 Hz, 4H), 2.43 (s, 6H), 2.26-2.17 (m, 4H); C NMR (125 MHz, CDCls): § = 159.9
(2xC), 145.3 (2xC), 143.9 (2xC), 143.1 (2xC), 140.2 (2xC), 136.0 (2xC), 132.1 (2xCH),
129.8 (2xCH), 129.1 (4xCH), 129.1 (4xCH), 129.0 (4xCH), 128.6 (4xCH), 127.9 (2xCH),
113.1 (2xC), 108.1 (2xCH), 36.3 (2xCHy), 32.8 (2xCH>), 29.2 (2xCH3), 21.8 (2xCH3); IR
(neat): v = 2924, 1679, 1530, 1476, 1347, 1160, 1088, 939, 813, 693, 565; HRMS (ES): m/z
calculated for CasHsNgOsNaSa: 955.2164, found 955.2169 [M+Na]*. The stereochemistry of

654 could not be assigned as yet a single crystal has not been successfully grown.

N-(8-(3-Acetylphenyl)-3-phenylbenzo[d]imidazo[2,1-b]oxazol-2-yl)-N-

benzylmethanesulfonamide (664)

Ac O Following a reported procedure,*'! a heat-gun dried Schlenk tube was

charged with bromide 352 (0.1 mmol, 49.6 mg, 1.0 eq.), boronic acid 663
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(0.2 mmol, 24.6 mg, 1.5 eq.), K2COz (0.3 mmol, 41.5 mg, 3.0 eq.) and Pd(PPhs)s (0.005
mmol, 5.8 mg, 0.05 eq.). It was evacuated and back-filled with argon (3 cycles). Degassed
1,4-dioxane (1.4 mL) and H2O (0.5 mL) were added and the mixture was stirred at 83 °C for
23 h. The crude mixture was allowed to cool down to room temperature, diluted with EtOAc
(10 mL) and washed with KHSO4 [1 M] (10 mL), brine (10 mL) and saturated NaHCO3(aq)
(10 mL). The organic phases were dried over Na>SOqs, filtered off and concentrated under
vacuum. Purification by flash column chromatography [hexane:EtOAc (7:3)] afforded
compound 664 as a yellow powder (36 mg, 67%); mp: 232-235 °C; *H NMR (300 MHz,
CDCls): & = 8.37 (s, 1H), 8.10-7.98 (m, 2H), 7.63 (t, J = 7.8 Hz, 1H), 7.50 (dd, J = 6.9, 2.2
Hz, 1H), 7.45-7.34 (m, 5H), 7.33-7.22 (m, 3H), 7.12-6.91 (m, 4H), 4.69 (s, 2H), 3.27 (s, 3H),
2.70 (s, 3H); 3C NMR (101 MHz, CDCl3): § = 197.8 (C), 151.8 (C), 147.5 (C), 137.9 (C),
134.9 (C), 134.8 (C), 133.7 (C), 133.3 (CH), 129.4 (CH), 129.3 (2xCH), 128.8 (2xCH), 128.7
(CH), 128.6 (3xCH), 128.3 (CH), 128.1 (3xCH), 127.8 (CH), 127.4 (C), 127.0 (C), 125.9 (C),
124.6 (2xCH), 123.7 (C), 111.6 (CH), 55.4 (CH>), 38.4 (CHas), 26.9 (CHa); IR (neat): v =
1682, 1589, 1340, 1247, 1157, 958, 783, 702, 692; HRMS (ES): m/z calculated for

C31H25N304NaS: 558.1463, found 558.1472 [M+Na]".

N-(3-(3"-Acetyl-[1,1'-biphenyl]-4-yl)benzo[d]imidazo[2,1-b]thiazol-2-yl)-N-(4-

methoxybenzyl)methanesulfonamide (665)

s~© Following a reported procedure,!'! a heat-gun dried Schlenk tube
NéN was charged with bromide 305 (0.1 mmol, 54.2 mg, 1.0 eq.),
Ms=n O boronic acid 663 (0.2 mmol, 24.6 mg, 1.5 eq.), K2CO3 (0.3 mmol,
41.5 mg, 3.0 eq.) and Pd(PPhz)4 (0.005 mmol, 5.8 mg, 0.05 eq.). It

O\ Q " was evacuated and back-filled with argon (3 cycles). Degassed 1,4-
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dioxane (1.4 mL) and H20 (0.5 mL) were added and the mixture was stirred at 83 °C for 20 h.
The crude mixture was allowed to cool down to room temperature, diluted with EtOAc
(10 mL) and washed with KHSO4 [1 M] (10 mL), brine (10 mL) and saturated NaHCO3(aq)
(10 mL). The organic phases were dried over Na>SOqs, filtered off and concentrated under
vacuum. Purification by flash column chromatography [hexane:EtOAc (13:3)] afforded
compound 665 as a beige oil (54 mg, 92%); mp: 110-113 °C (decomp); *H NMR (300 MHz,
CDClz): 6 =8.28 (t, J = 1.3 Hz, 1H), 7.99 (app. td, J = 7.8, 1.3 Hz, 1H), 7.89 (app. td, J = 7.8,
1.3 Hz, 1H), 7.69 (d, J = 7.8 Hz, 1H), 7.65-7.55 (m, 3H), 7.35-7.24 (m, 3H), 7.22-7.11 (m,
2H), 6.89 (d, J = 8.6 Hz, 2H), 6.52 (d, J = 8.6 Hz, 2H), 4.63 (s, 2H), 3.67 (s, 3H), 3.28 (s, 3H),
2.71 (s, 3H); 3C NMR (101 MHz, CDCls): 6 = 198.2 (C), 159.3 (C), 144.9 (C), 141.1 (C),
140.6 (C), 138.5 (C), 137.9 (C), 133.1 (C), 131.8 (CH), 130.1 (2xCH), 130.6 (2xCH), 129.7
(C), 129.4 (CH), 127.7 (CH), 127.4 (C), 127.2 (C), 127.02 (CH), 126.99 (2xCH), 126.7 (C),
126.0 (CH), 125.1 (CH), 124.2 (CH), 114.2 (CH), 113.5 (2xCH), 55.3 (CH3), 54.8 (CHy),
38.5 (CHs), 26.9 (CHs); IR (neat): v = 2926, 1682, 1487, 1331, 1237, 1147, 963, 759, 690,

563; HRMS (ES): m/z calculated for C32H2sN304S;: 582.1521, found 582.1528 [M+H]".
(6-Chloropyridazin-3-yl)(pyridin-1-ium-1-yl)amide (262)

O KYCI Following GP6 using N-aminopyridinium iodide (666 mg, 3.0 mmol), 1,4-
AN Vi dichlorobenzene (456 mg, 3.1 mmol) and K>COz (1.24 g, 9.0 mmol) for
24 h. Purification by flash column chromatography [EtOAc:MeOH (9:1)] afforded aminide
262 as a yellow powder (550 mg, 89%); *H NMR (300 MHz, CDCls): & = 9.07-9.3 (m, 2H),
7.73 (tt, J = 7.6, 1.2 Hz 1H), 7.62—7.55 (m, 2H), 7.01 (d, J = 9.3 Hz, 1H), 6.74 (d, J = 9.3 Hz,

1H); 3C NMR (101 MHz, CDCls): & = 162.5 (C), 145.5 (C), 142.1 (2xCH), 134.3 (CH),
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1285 (CH), 126.4 (2xCH), 122.3 (CH); IR (neat): v = 3029, 1579, 1473, 1412, 1339, 1147,

1004, 839, 766, 675; MS (ES): m/z 207.05 [M+H]".
N-Benzyl-N-(6-chloro-3-phenylimidazo[1,2-b]pyridazin-2-yl)methanesulfonamide (673)

Following GP7 using ynamide 297 (143 mg, 0.5 mmol), aminide 262
=
|
N%(N]‘/ (124 mg, 0.6 mmol) for 1 h. Purification by flash column chromatography

MS\N\B Ph [hexane:EtOAc (3:2)] afforded imidazole 673 as a pale yellow solid
n

(179 mg, 87%); mp: 68-70 °C (decomp); *H NMR (400 MHz, CDCls): & = 7.86 (d, J =
9.4 Hz, 1H), 7.59-7.54 (m, 2H), 7.41-7.36 (m, 3H), 7.15-7.08 (m, 2H), 7.06-6.96 (M, 4H),
4.75 (s, 2H), 3.25 (s, 3H); 3C NMR (101 MHz, CDCls): § = 147.4 (C), 140.2 (C), 135.0 (C),
134.7 (C), 129.3 (2xCH), 129.2 (2xCH), 129.1 (CH), 128.4 (2xCH), 128.3 (2xCH), 128.0
(CH), 127.0 (CH), 126.7 (C), 125.8 (C), 119.8 (CH), 55.5 (CH2), 39.4 (CH3); IR (neat): v =
2926, 1489, 1343, 1296, 1152, 1097, 958, 803, 694; HRMS (ES): m/z calculated for

C20H17N402NaS*Cl: 435.0658, found 435.0659 [M+Na]".

(2-(N-Benzylmethylsulfonamido)-3-phenylimidazo[1,2-b]pyridazin-6-yl)(pyridin-1-ium-1-

yl)amide (674)

p/Q\+ Following GP6 using N-aminopyridinium iodide (111 mg,
o NTN
NN

I
N™ N = 0.3 mmol), imidazole 673 (129 mg, 0.3 mmol) and K.COs (124 mg,

MemN - Ph 0.9 mmol) for 6 h. Purification by flash column chromatography

Bn
[EtOACc:MeOH (9:1)] afforded aminide 674 as a yellow solid (72 mg, 51%); mp: 198-200 °C;
'H NMR (300 MHz, CDCl3): & = 9.21-9.13 (m, 2H), 7.57-7.47 (m, 4H), 7.43-7.35 (m, 2H),
7.28-7.20 (m, 3H), 7.10-6.95 (m, 5H), 6.71 (d, J = 9.8 Hz, 1H), 4.75 (s, 2H), 3.27 (s, 3H);

13C NMR (101 MHz, CDCls) § 157.2 (C), 140.8 (CH), 135.9 (C), 135.4 (C), 134.1 (C), 131.8
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(CH), 129.3 (2xCH), 129.2 (2xCH), 128.11 (CH), 128.06 (2xCH), 127.63 (2xCH), 127.61
(2xCH), 125.7 (2xCH), 125.3 (C), 124.6 (CH), 118.9 (CH), 55.5 (CH2), 38.9 (CHs3) one
resonance for a quaternary carbon was not observed; IR (neat): v = 2926, 1490, 1450, 1341,
1296, 1140, 957, 759, 697, 665; HRMS (ES): m/z calculated for CosH23NsO,S: 471.1603,

found 471.1602 [M+H]".
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3. Attempted sulfonamide deprotections

Several reaction conditions to deprotect the aminide were attempted in several protecting
groups on the sulfonamide moiety. PMB removal was tried using cerium ammonium nitrate
(CAN) and trifluoroacetic acid but the amine was notoriously robust. Cleavage of the tosyl
group was attempted using a range of conditions, classicaly applied for tosyl cleavage, yet
none of them proved fruitful; just starting material was recovered. Attempted cleavage of the

phosphoramidite moiety also failed.

Jo ¥, Pob,

N” N
¢ Conditions A): CAN, tBuOH:CH,Cl,
Ms~ Ms~p| Conditions B): TFA, CH,Clj, rt
PMB H
305 Br Starting material 701 Br
recovered
0 Q Conditions A): MeOH, Mg, rt
\N \N Conditions B): 1) H,SO4, CH,Cly, 1t
)\ [ )\ [ 2)H,0,0°Ctort
Z — > z Conditions C): DBU, THF, 60 °C
N . N N _ N Conditions D): Na naphthalenide, THF, -78 °C to rt
> ( >_< Conditions E): Sml,, H,0, Pyrrolidine, THF, rt
TS‘N\ SMe HN SMe
Ph Starting material h
579 recovered 702

Conditions: HCI [4 M], EtOH, reflux, 4 days

N - VNG N i Conditions: TfOH (2.0 eq), 1,2-DCE, 0 °C to rt
Ts~N  sMe HN  SMe
Ph Ph
602 704
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4. Selected NMR Spectra

Aminide 422 — *H NMR (300 MHz, CDCls) and *C NMR (UDEFT) (101 MHz, CDCly)
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Aminide 427 — 'H NMR (300 MHz, CDClIs) and **C NMR (Pendant) (101 MHz, CDCls)
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Aminide 460 — 'H NMR (300 MHz, CDCls) and 3C NMR (Pendant) (101 MHz, CDCls)
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Aminide 471 — 'H NMR (400 MHz, CDCls) and **C NMR (UDEFT) (101 MHz, CDCls)
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Imidazole 584 — *H NMR (400 MHz, CDCls) and *3C NMR (Pendant) (101 MHz, CDCls)
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Imidazole 595 —H NMR (400 MHz, CDClIs) and *3C NMR (UDEFT) (101 MHz, CDCls)
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Imidazole 606 — *H NMR (400 MHz, CDCls) and 3C NMR (UDEFT) (101 MHz, CDCls)
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Imidazole 615 — *H NMR (400 MHz, CDCls) and *3C NMR (Pendant) (101 MHz, CDCls)
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Imidazole 636 — *H NMR (400 MHz, CDCIs) and **C NMR (Pendant) (101 MHz, CDCls)
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5. Crystallographic Data

Aminide 422

s
/’l“&/k\N o

Table 1 Crystal data and structure refinement for 422.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o

o/

pre
V/°
Volume/A3
Z
pealcg/cm®
wmm™

F(000)

Crystal size/mm?®

422
CgH7N3OS
193.23
100.01(10)
orthorhombic
Pca2;
22.159(2)
3.8818(4)
9.3990(7)

90

90

90
808.49(13)

4

1.587

3.224

400.0

0.218 x 0.026 % 0.021

Appendix

Radiation CuKa (A =1.54184)
20 range for data collection/° 7.98 to 148.994
Index ranges -27<h<27,-4<k<2,-11<1<11
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Reflections collected 4726

Independent reflections 1530 [Rint = 0.1307, Rsigma = 0.0931]
Data/restraints/parameters 1530/163/118

Goodness-of-fit on F 1.115

Final R indexes [[>=2c (I)] R1=0.1219, wR2 = 0.3030

Final R indexes [all data] R1=0.1243, wR> = 0.3045

Largest diff. peak/hole / e A3 1.42/-0.75

Flack parameter 0.09(4)

Table 2 Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement
Parameters (A?x10%) for 422. Ueq is defined as 1/3 of of the trace of the orthogonalised
Uiy tensor.

Atom X y z U(eq)
Cl 3918(6) 4800(30) 7700(13) 14(2)
C2 4490(7) 3240(40) 8281(14) 22(3)
C3 4217(6) 2210(40) 5718(13) 16(2)
C4 3183(6) 310(30) 4079(13) 17(2)
C5 2667(6) 850(40) 3362(14) 19(3)
C6 2701(7) 2750(40) 2052(14) 21(3)
C7 3246(6) 3840(40) 1586(16) 23(3)
C8 3760(7) 3290(40) 2388(15) 22(3)
N1 3780(5) 4010(30) 6326(11) 16(2)
N2 4256(5) 980(30) 4381(12) 18(2)
N3 3711(5) 1630(30) 3641(12) 19(2)
01 3588(5) 6600(30) 8457(11) 24(2)
S1 4862.1(14) 1217(8) 6779(3) 20.4(8)

Table 3 Anisotropic Displacement Parameters (A2x103) for 422. The Anisotropic
displacement factor exponent takes the form: -2a?[h?a*?U11+2hka*b*U12+...].

Atom U1 U2 Uss U2s Uis U2
C1 24(5) 12(5) 5(4) -2(4) 0(4) 0(4)
Cc2 31(6) 22(6) 11(5) 5(5) -3(4) 2(5)
C3 26(5) 16(5) 6(4) 5(4) -3(4) -3(4)
C4 30(5) 12(5) 9(5) -1(4) 1(4) -3(4)
C5 31(6) 13(5) 12(5) -5(4) 2(4) -4(5)
C6 35(5) 17(5) 10(5) -1(4) -1(4) 2(5)
C7 32(5) 19(5) 17(5) -7(5) -2(5) 4(5)
C8 30(6) 18(5) 18(5) 5(5) 3(5) 1(5)
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N1 24(5) 17(5)
N2 25(5) 17(5)
N3 28(5) 18(5)
o1 32(5) 27(6)
s1 26.8(15)  23.4(15)

Table 4 Bond Lengths for 422.

Atom  Atom Length/A
cL 2 1.506(19)
Cc1 N1 1.362(17)
cL o1 1.236(16)
c2  si 1.814(15)
c3 N1 1.323(18)
c3 N2 1.346(17)
c3 sl 1.785(13)

Table 5 Bond Angles for 422.

Atom Atom Atom Angle/®

N1 C1 C2 116.2(12)
01 C1 C2 121.0(11)
01 C1 N1 122.8(12)
C1 C2 S1 105.9(9)
N1 C3 N2 129.5(12)
N1 C3 S1 117.3(9)
N2 C3 S1 113.2(10)
N3 C4 C5 122.0(13)
C4 C5 C6 117.7(13)

Table 6 Torsion Angles for 422.

A B C D Angle/*
Cl C2 Ss1 cCs3 -5.8(10)
C2 C1 N1 cCs3 -5.4(17)
C3 N2 N3 C4 -61.1(16)
C3 N2 N3 C8 126.6(13)
C4 C5 C6 C7 1(2)
C5 C4 N3 C8 -6(2)
C5 C4 N3 N2 -178.2(12)
C5 C6 C7 C8 -3(2)
C6 C7 C8 N3 0(2)
C7 C8 N3 C4 4(2)

Appendix

7(4) 2(4) 0(3) -1(4)
13(4) -9(4) 0(4) -1(4)
11(4) -3(4) 1(4) -1(4)
15(5) -9(4) 4(4) 04)
11.0(13) 0.0(15) -2.1(12) 0.6(13)
Atom Atom  Length/A
Cc4 C5 1.34(2)
c4 N3 1.342(18)
C5 C6 1.44(2)
C6 C7 1.35(2)
Cc7 o1 1.38(2)
of: N3 1.346(19)
N2 N3 1.417(16)
Atom Atom Atom Angle/*
C7 C6 C5 119.0(13)
C6 C7 C8 120.7(14)
N3 C8 C7 119.0(13)
C3 N1 C1 111.4(11)
C3 N2 N3 109.9(11)
C4 N3 C8 121.4(12)
C4 N3 N2 121.7(11)
C8 N3 N2 116.5(11)
C3 S1 C2 88.7(6)
A B C D Angle/*
NI Cl1 C2 S1  7.8(15)
NI C3 N2 N3  -5Q2)
NI C3 S1 C2 3.7(11)
N2 C3 N1 Cl -179.1(14)
N2 C3 SI C2 -176.9(11)
N3 C4 C5 C6  3(2)
O1 Cl C2 S1 -174.3(11)
O1 Cl1 N1 C3 176.6(13)
SI C3 N1 C1 0.3(15)
S1 C3 N2 N3 175.5(8)

220



Appendix

C7 C8 N3 N2 176.7(12)

Table 7 Hydrogen Atom Coordinates (Ax104) and Isotropic Displacement Parameters
(A2x103) for 422.

Atom X y z U(eq)
H2A 4398.14 1550.59 9009.42 26
H2B 4744.95 5011.93 8691.25 26
H4 3173.69 -1008.61 4903.64 20
H5 2301 13.22 3701.8 22
H6 2353.38 3217.53 1533.33 25
H7 3274.98 4966.1 716.62 27
H8 4133.61 4048.75 2067.26 26
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Aminide 429
MeO
A S %
‘/’ll‘l:l/k\N o

Table 1 Crystal data and structure refinement for 429.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

a/°

pre

V/°

Volume/A3

Z

pealcg/cm®

p/mm

F(000)

Crystal size/mm?®

Radiation

20 range for data collection/®

429

C16H13N302S
311.35

100.00(10)
monoclinic

P2i/c

18.552(3)

3.8518(3)

20.943(2)

90

108.427(14)

90

1419.8(3)

4

1.457

2.125

648.0

0.399 x 0.112 x 0.036
CuKa (A= 1.54184)
8.73 t0 133.136

Appendix
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Index ranges

Reflections collected

Independent reflections

Data/restraints/parameters

Goodness-of-fit on F?

Final R indexes [[>=2c ()]
Final R indexes [all data]
Largest diff. peak/hole / e A

21<h<22,-2<k<4,-24<1<23
4168

2510 [Rint = 0.0372, Reigma = 0.0484]
2510/0/200

1.271

R1 = 0.0812, wR2 = 0.1819

R1 = 0.0959, WR, = 0.1884
1.01/-0.45

Appendix

Table 2 Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement
Parameters (A2x103) for 429. Ueq is defined as 1/3 of of the trace of the orthogonalised

Ui tensor.

Atom
C1
C2
C3
C4
C5
C6
C7
C8
C9
C10
Cl11
C12
C13
Cl4
C15
Cl6
N1
N2
N3
01
02
S1

X
3047(3)
2506(3)
3849(3)
5121(3)
5789(3)
6454(3)
6433(3)
5750(3)
1778(3)
1157(3)
462(3)
-177(3)
-113(3)
581(3)
1208(3)
-1427(3)
3779(3)
4442(3)
5108(3)
2843(2)
-702(2)
3006.6(7)

y z U(eq)
1098(14) 8598(3) 20.7(12)
1635(14) 7898(3) 20.5(12)
3456(14) 8125(2) 17.1(11)
6275(14) 9146(3) 19.4(11)
6423(15) 9675(3) 21.1(11)
5129(16) 9592(3) 23.2(12)
3778(16) 8971(3) 24.2(12)
3646(15) 8453(3) 22.6(12)
682(13) 7722(3) 18.6(11)
918(14) 7089(3) 20.2(12)
-488(14) 7063(3) 20.2(12)
-293(15) 6495(3) 22.0(12)
1383(15) 5927(3) 21.5(12)
2769(15) 5932(3) 22.6(12)
2553(14) 6499(3) 20.8(12)
440(18) 5307(3) 31.5(14)
2121(12) 8682(2) 19.8(10)
4756(12) 7982(2) 20.7(10)
4830(12) 8555(2) 19.1(10)
-187(11) 9052.8(18) 26.5(9)
1854(11) 5345.4(19) 26.6(9)
3510(4) 7404.5(6) 19.6(3)
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Table 3 Anisotropic Displacement Parameters (A2x103) for 429. The Anisotropic

displacement factor exponent takes the form: -2a?[h2a*?U11+2hka*b*U12+...].

Atom
C1
C2
C3
C4
C5
C6
C7
C8
C9
C10
Cl1
C12
C13
Cl4
C15
Cl6
N1
N2
N3
01
02
S1

U
29(3)
34(3)
24(3)
28(3)
30(3)
24(3)
22(3)
27(3)
29(3)
26(3)
30(3)
23(3)
27(3)
26(3)
23(3)
23(3)
27(2)
28(2)
27(2)
37(2)
23(2)

24.3(7)

U2
15(3)
14(3)
14(3)
13(3)
18(3)
24(3)
26(3)
19(3)
11(3)
10(3)
16(3)
17(3)
18(3)
21(3)
15(3)
36(4)
16(2)
20(2)
18(2)
28(2)
33(2)

19.3(7)

Table 4 Bond Lengths for 429.

Atom
C1
C1
C1
C2
C2
C3
C3
C3
C4
C4
C5
C6

Atom
C2
N1
01
C9
S1
N1
N2
S1
C5
N3
C6
C7

Length/A

1.506(7)
1.371(7)
1.234(7)
1.334(8)
1.749(5)
1.319(7)
1.326(7)
1.796(5)
1.378(8)
1.351(7)
1.391(8)
1.391(8)

Uss
18(3)
16(3)
15(2)
20(3)
17(3)
19(3)
27(3)
26(3)
19(3)
26(3)
18(3)
29(3)
20(3)
23(3)
28(3)
33(3)
17(2)
14(2)
14(2)

17.6(19)

22(2)

16.5(6)

Atom
C7
C8
C9
C10
C10
Cl1
C12
C13
C13
Cl4
C16
N2

U23
-2(2)
-3(2)
2(2)
-3(2)
1(2)
3(2)
0(3)
-1(2)
-3(2)
-2(2)
1(2)
-3(2)
-6(2)
-1(2)
0(2)
-2(3)
0.0(19)
1.9(19)
3.2(19)
6.6(17)
2.8(18)
2.0(5)

Atom
C8
N3
C10
Cl1
Ci15
C12
C13
Cl4
02
Ci15
02
N3

Uis
7(2)
11(2)
8(2)
12(2)
10(2)
3(2)
12(2)
15(2)
12(2)
10(2)
14(2)
12(2)
8(2)
10(2)
13(2)
6(3)
7.8(18)
7.2(18)
8.7(18)
12.8(17)
4.9(16)
8.3(5)

Length/A

1.384(8)
1.353(7)
1.459(8)
1.384(8)
1.416(8)
1.392(8)
1.390(8)
1.390(8)
1.368(7)
1.378(8)
1.430(7)
1.426(6)

U1
4(2)
2(3)
3(2)
-1(2)
-2(3)
-2(2)
1(3)
0(3)
0(2)
4(2)
2(2)
1(2)
3(2)
1(2)
-1(2)
-3(3)
4(2)
0(2)
1(2)

-2.3(19)

0.0(19)
-0.1(6)
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Table 5 Bond Angles for 429.

Atom Atom Atom  Angle/ Atom Atom Atom  Angle/
N1 Cl1 (2 114.4(5) Cl1 C10 C15 117.4(5)
01 Ci1 c¢C2 122.3(5) C15 C10 C9 124.7(5)
01 C1 N1 123.3(5) Cl0 Ci1 cC12 122.9(5)
Cil C2 91 108.5(4) Cl13 Cl12 cC11 118.5(5)
c9 C2 cC1 122.4(5) Cl2 Ci3 cCi4 120.1(5)
c9 C2 1 129.1(4) 02 C13 C12 124.2(5)
N1 C3 N2 131.9(5) 02 Ci3 C14 115.6(5)
N1 C3 s1 116.4(4) Cl5 Ci14 cC13 120.7(5)
N2 C3 3S1 111.7(4) Cl14 Ci15 C10 120.5(5)
N3 C4 C5 120.2(5) C3 N1 C1 111.7(4)
C4 C5 C6 119.6(5) C3 N2 N3 112.2(4)
C5 C6 C7 119.1(5) C4 N3 C8 121.5(5)
c8 C7 Cb6 119.6(5) C4 N3 N2 122.6(4)
N3 C8 C7 119.9(5) C8 N3 N2 115.7(4)
c2 C9 cC10 132.3(5) Cl3 02 Ci16 118.2(5)
Cl1 Ci10 C9 118.0(5) cC2 ¢S1 C3 89.0(2)

Table 6 Torsion Angles for 429.

A B C D Angle/* A B C D Angle/*
Cl C2 C9 C10 -179.9(5) Cl1 Ci12 C13 02 -177.7(5)
Cl C2 S1 ¢C3 -0.1(4) Cl2 C13 Ci14 Ci15 -1.0(9)
C2 Cl1 N1 cC3 1.5(7) Cl2 C13 02 Ci16 -2.1(8)
C2 C9 Ci10 C11 177.0(6) C13 C14 Ci15 C10 -0.2(8)
C2 C9 Ci10 Ci15 -4.4(10) Cl4 C13 02 Ci16  179.1(5)
C3 N2 N3 C4 -52.0(7) C15 C10 C11 C12 -1.2(8)
C3 N2 N3 C8 133.9(5) N1 C1 C2 C9 177.8(5)
C4 C5 C6 C7 1.4(9) N1 C1 C2 S1 -0.7(6)
C5 C4 N3 C8 -3.2(8) N1 C3 N2 N3 -3.3(9)
C5 C4 N3 N2 -176.9(5) N1 C3 S1 C2 1.1(5)
C5 C6 C7 C8 -2.0(9) N2 C3 N1 C1 179.8(6)
C6 C7 C8 N3 0.009) N2 C3 S1 (2 179.9(4)
Cr C8 N3 C4 2.6(8) N3 C4 C5 C6 1.1(9)
C7 C8 N3 N2 176.8(5) 01 Ci1 C2 (9 -1.6(9)
c9 C2 S1 cC3 -178.5(6) Ol C1 C2 31 179.9(5)
C9 C10 Ci11 Ci12 177.4(5) 01 Cl1 N1 cC3 -179.1(5)
C9 C10 Ci15 C14 -177.3(5) 02 C13 C14 Ci15 177.8(5)
C10 C11 C12 cC13 0.1(8) S1 C2 C9 Ci10 -1.7(10)
Cll1 C10 Ci15 C14 1.2(8) S1 C3 N1 cC1 -1.7(6)
Cl1 C12 C13 Ci4 1.0(8) S1 C3 N2 N3 178.1(3)
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Table 7 Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement Parameters
(A2x103) for 429.

Atom X y z U(eq)
H4 4676.38 7173.01 9196.3 23
H5 5795.47 7381.95 10083.97 25
H6 6906.94 5166.99 9948.15 28
H7 6875.7 2967.55 8903.07 29
H8 5731.87 2745.28 8036.54 27
H9 1640.03 -327.15 8069.8 22
H11 420.09 -1612.12 7443.09 24
H12 -636.29 -1261.15 6494.09 26
H14 621.5 3854.07 5548.51 27
H15 1668.82 3488.03 6494.53 25
H16A -1779.44 858.53 4866.77 47
H16B -1609.19 1525.85 5638.86 47
H16C -1379.48 -2015.09 5388.65 47
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Table 1 Crystal data and structure refinement for 460.

Identification code

Empirical formula

Formula weight
Temperature/K
Crystal system
Space group
alA

b/A

c/A

o/°

pre

V/°
Volume/A3
Z
pealcg/cm®
wmm
F(000)

Crystal size/mm?®

460
C23H20N402
384.43
100.01(10)
triclinic

P-1
9.0055(3)
10.8897(3)
11.4185(3)
93.655(2)
111.851(3)
111.187(3)
943.31(5)

2

1.353

0.717

404.0

0.331 x 0.158 x 0.077
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Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [I>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

CuKo (= 1.54184)
8.572 to 144.238
-10<h<11,-13<k<13,-14<1<14

32837

3696 [Rint = 0.0327, Rsigma = 0.0166]

3696/0/263

1.046

R1=0.0407, wR2 = 0.1030
R1=0.0463, wR2 = 0.1087
0.29/-0.23

Appendix

Table 2 Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement
Parameters (A2x103) for 460. Ueq is defined as 1/3 of of the trace of the orthogonalised

Uis tensor.

Atom X

C1 2132.8(17)
C2 1261.9(17)
C3 3032.5(17)
C4 4413.8(18)
C5 6205.6(17)
C6 6561.4(18)
C7 8185.2(19)
C8 9485.1(18)
C9 9160.7(19)
C10 7529.6(19)
Cl1 12436(2)
C12 117.4(17)
C13 -826.5(17)

Cl4  -2109.7(18)
C15  -3059.5(19)

C16 -2725(2)
C17 -1448(2)
C18 -517.0(19)

C19 5175.3(18)
C20 5011.0(19)
c21 3359.6(19)
C22 1904.2(19)
c23 2100.8(18)

y
7143.2(12)

6062.7(12)
5466.7(12)
7450.0(13)
8423.5(13)
9776.8(13)
10662.9(13)
10209.8(13)
8869.8(13)
7994.0(13)
10737.4(16)
6168.6(13)
5230.4(12)
5471.5(13)
4606.8(14)
3496.7(14)
3253.4(14)
4098.6(13)
3391.5(13)
2105.4(13)
1058.1(13)
1344.3(13)
2634.7(13)

VA
5569.8(13)
4350.4(12)
5831.1(12)
7793.1(12)
7942.5(12)
7900.9(12)
8007.7(13)
8146.1(12)
8199.5(13)
8104.0(13)
8425.8(16)
3229.6(13)
1964.9(12)

967.8(13)
-251.6(13)
-507.5(13)
461.8(14)
1686.4(13)
6241.7(12)
5858.2(13)
5184.6(13)
4890.3(12)
5283.9(13)

U(eq)
22.9(3)
22.0(3)
22.1(3)
24.8(3)
23.3(3)
25.2(3)
26.3(3)
24.9(3)
27.7(3)
27.0(3)
36.5(4)
23.2(3)
22.4(3)
26.0(3)
29.1(3)
30.3(3)
31.4(3)
26.8(3)
23.8(3)
27.0(3)
27.6(3)
26.6(3)
25.3(3)
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N1
N2
N3
N4
01
02

3232.0(15)
1866.2(14)
4047.1(15)
3736.3(14)
1959.2(12)

11022.0(13)

6710.8(10)
5057.6(10)
4926.7(10)
3638.6(10)
8191.9(9)
11137.6(10)

6449.0(10)
4593.8(10)
6561.6(10)
5969.1(10)
5774.4(9)
8179.8(10)

22.9(2)
22.9(2)
24.4(3)
22.1(2)
26.9(2)
32.5(2)

Appendix

Table 3 Anisotropic Displacement Parameters (A2x10%) for 460. The Anisotropic

displacement factor exponent takes the form: -2a?[h?a*?U11+2hka*b*U12+...].

Atom
C1
C2
C3
C4
C5
C6
C7
C8
C9
C10
Cl11
C12
C13
Cl4
C15
Cl6
C17
C18
C19
C20
c21
C22
C23
N1
N2
N3
N4
01
02

U
22.6(6)
22.9(6)
24.6(7)
29.4(7)
27.6(7)
30.0(7)
34.2(7)
27.0(7)
28.6(7)
32.7(7)
28.0(8)
25.6(7)
23.1(6)
28.5(7)
29.6(7)
36.8(8)
41.5(8)
30.6(7)
24.7(7)
32.2(7)
39.0(8)
29.4(7)
24.6(7)
25.4(6)
25.0(6)
27.9(6)
26.0(6)
29.8(5)
29.1(5)

U2
20.0(6)
18.1(6)
18.4(6)
22.0(6)
21.0(6)
22.1(6)
17.1(6)
21.1(6)
25.3(7)
19.3(6)
34.7(8)
19.7(6)
20.5(6)
23.0(6)
28.8(7)
28.9(7)
28.2(7)
27.3(7)
24.6(6)
28.0(7)
22.2(6)
23.0(6)
24.6(6)
19.1(5)
20.0(5)
19.0(5)
19.7(5)
19.0(4)
23.9(5)

Uss
27.2(6)
25.8(6)
24.2(6)
21.7(6)
18.7(6)
24.9(6)
27.2(6)
22.6(6)
30.5(7)
27.8(7)
43.4(9)
27.9(7)
24.8(6)
29.6(7)
26.8(7)
22.4(6)
28.3(7)
24.9(6)
24.0(6)
28.8(7)
26.2(7)
24.0(6)
26.1(6)
23.5(5)
24.0(5)
25.3(5)
21.7(5)
31.6(5)
44.3(6)

U23
6.2(5)
5.2(5)
4.1(5)
3.0(5)
2.8(5)
3.7(5)
3.8(5)
2.1(5)
7.4(5)
6.7(5)
5.4(6)
7.5(5)
7.4(5)
8.8(5)
9.6(5)
5.0(5)
5.7(6)
7.6(5)
7.4(5)

10.5(5)
7.8(5)
5.2(5)
6.2(5)
3.2(4)
5.2(4)
2.8(4)
5.3(4)
4.2(4)
6.8(4)

Uis
11.6(5)
11.4(5)
11.5(5)

9.7(5)
7.4(5)
10.3(5)
11.8(6)
8.3(5)
8.8(6)
9.3(6)
13.3(7)
12.9(5)
11.0(5)
12.3(6)
8.4(6)
8.6(6)
12.6(6)
9.5(5)
10.4(5)
15.2(6)
15.8(6)
10.2(5)
9.5(5)
8.6(4)
9.3(4)
8.6(5)
9.8(4)
11.5(4)
16.3(5)

U2
8.8(5)
8.3(5)
8.7(5)

10.7(5)
9.9(5)
14.3(5)
11.8(5)
8.6(5)
16.3(6)
12.9(5)
11.9(6)
11.5(5)
9.2(5)
13.6(5)
13.4(6)
14.8(6)
21.1(6)
16.7(6)
11.9(5)
17.9(6)
15.4(6)
8.6(5)
10.9(5)
10.6(4)
10.7(4)
11.9(4)
11.0(4)
11.6(4)
10.3(4)
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Table 4 Bond Lengths for 460.

Atom
C1
C1
C1
C2
C2
C3
C3
C3
C4
C4
C5
C5
C6
C7
C8
C8

Atom

C2
N1
o1
Ci12
N2
N1
N2
N3
C5
N1
C6
C10
C7
C8
C9
02

Length/A
1.4998(17)
1.3664(16)
1.2269(16)
1.3551(18)
1.3886(16)
1.4048(16)
1.3322(16)
1.3266(17)
1.5141(19)
1.4640(16)
1.3984(18)
1.3874(19)
1.384(2)
1.389(2)
1.3910(18)
1.3721(17)

Table 5 Bond Angles for 460.

Atom Atom Atom

N1
01
o1
C12
C12
N2
N2
N3
N3
N1
C6
C10
C10
Cc7
C6
C7
02
02
C8
C5

C1
C1l
C1
C2
C2
C2
C3
C3
C3
C4
C5
C5
C5
C6
Cc7
C8
C8
C8
C9
C10

C2
C2
N1
C1
N2
C1
N1
N1
N2
C5
C4
C4
C6
C5
C8
C9
C7
C9
C10
C9

Angle/*
103.93(10)
130.01(12)
126.06(12)
121.29(11)
129.57(12)
109.12(11)
113.07(11)
115.23(11)
131.68(12)
112.64(11)
120.81(12)
120.99(12)
118.19(13)
120.99(13)
120.04(12)
119.81(13)
116.16(11)
124.00(13)
119.54(13)
121.41(12)

Atom
C9
Cl1
Ci12
C13
C13
Cl14
C15
C16
C17
C19
C19
C20
C21
C22
C23
N3

Atom Atom Atom

C18
C18
C15
C16
C15
C18
C17
N4
C19
C22
C23
N4
C1
C1
C3
C3
C3
C19
C19
C23

Atom
C10
02
C13
Cl4
C18
C15
C16
C17
C18
C20
N4
C21
C22
C23
N4
N4

C13
C13
Cl4
C15
C16
C17
C18
C19
C20
C21
C22
C23
N1
N1
N1
N2
N3
N4
N4
N4

Length/A
1.391(2)
1.4288(18)
1.4568(18)
1.4066(18)
1.4008(18)
1.3860(19)
1.386(2)
1.388(2)
1.3823(19)
1.3780(18)
1.3458(17)
1.384(2)
1.382(2)
1.3742(18)
1.3586(17)
1.3993(14)

Angle/*
C12 123.31(12)
Ci4 118.09(12)
C13 121.13(12)
Cil4 119.79(13)
C17 119.78(13)
Cl6 120.72(13)
C13 120.47(12)
C20 120.42(12)
Cc21 120.06(13)
C20 118.39(12)
C21 120.49(13)
C22 119.92(13)
C3 108.17(10)
C4 124.74(11)
C4 127.09(11)
C2 105.70(10)
N4 114.66(10)
C23 120.68(11)
N3 115.44(11)
N3 123.47(11)
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C2

Cl2 C13
Cl4 Ci13 Ci12

128.53(12)
118.60(12)

Table 6 Torsion Angles for 460.

A
C1l
C1
C2
C2
C2
C2
C3
C3
C4
C4
C5
C5
C5
C6
C6
C6
C7
Cc7
C8
C9
C10
C12
C12
C12
C13
Cl4
C14
C15

B
C2
C2
C1
C1
Ci12
Ci12
N3
N3
C5
C5
C4
C4
C6
C5
C7
C7
C8
C8
C9
C8
C5
C2

C13
C13
Cl4
C13
C15
C16

C
C12
N2
N1
N1
C13
C13
N4
N4
C6
C10
N1
N1
C7
C10
C8
C8
C9
02
C10
02
C6
N2
Cl4
C18
C15
C18
C16
C17

D
C13
C3
C3
C4
Cl4
C18
C19
C23
C7
C9
C1
C3
C8
C9
C9
02
C10
Cl1
C5
Cil1
C7
C3
C15
C17
C16
C17
C17
C18

Angle/*
179.40(12)
-1.29(14)
-0.88(14)
178.46(11)
172.70(13)
-7.6(2)
142.60(12)
-44.76(17)
-178.53(12)
177.87(12)
-89.35(15)
89.86(15)
0.6(2)
-1.15(19)
-1.1(2)
176.85(12)
0.5(2)
175.08(12)
0.7(2)
-7.06(19)
0.50(19)
177.01(14)
-179.44(12)
-179.43(13)
-1.2(2)
0.3(2)
0.4(2)
0.7(2)

C8

A
Cl6
C18
C19
C20
C20
C20
C21
C22
C22
N1
N1
N1
N1
N1
N1
N2
N2
N2
N2
N3
N3
N3
N4
o1
0o1
0o1
o1
02

02

C17
C13
C20
C19
C19
C21
C22
C23
C23
Cl
Cl
C3
C3
C4
C4
C2
C3
C3
C3
C3
C3
C3
C19
C1
C1
C1
C1
C8

Cl1

C18
C14
C21
N4
N4
C22
C23
N4
N4
C2
C2
N2
N3
C5
C5
C12
N1
N1
N3
N1
N1
N2
C20
C2
C2
N1
N1
C9

117.53(11)
D Angle/°
C13 -1.1(2)
C15 0.8(2)
C22 1.3(2)
C23  -1.70(19)
N3  171.16(11)
C23 -1.3(2)
N4 -0.1(2)
C19 1.63(19)
N3  -170.64(11)
C12 -177.10(12)
N2 1.36(14)
Cc2 0.76(15)
N4  175.09(11)
C6 92.99(14)
C10 -86.00(15)
C13 1.3(2)
C1 0.13(15)
C4  -179.19(12)
N4 -6.5(2)
C1l 178.85(11)
C4 -0.47(19)
C2  -177.69(14)
C21 0.2(2)
C12 2.1(2)
N2  -179.40(13)
C3 179.84(13)
C4 -0.8(2)
C10 -177.32(12)

Appendix

Table 7 Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement Parameters
(A2x103) for 460.

Atom

HAA
H4B
H6
H7
H9

X
4556.98
3882.89
5694.19
8405.59

10028.69

y
6806.79

7950.78
10086.2

11562.11

8561.7

z
8327.63
8102.87

7800
7986.84
8298.4

U

(eq)
30
30
30
32
33
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H10
H11A
H11B
H11C
H12
H14
H15
H16
H17
H18
H19
H20
H21
H22
H23

7321.88
12102.78
12698.4
13457.83
-93.21
-2324.59
-3918.6
-3353.28
-1216.41
320.85
6287.7
6010.94
3232.47
783.24
1115.46

7101.26
10010.24
10441.32
11491.82

6941.95

6223.93

4770.87

2916.91

2513.67

3914.49

4093.23

1941.15

182.7
658.68
2820.56

8149.38
7728.01
9223.36
8491.1
3273.56
1129.55
-896.03
-1325.81
285.3
2330.01
6691.65
6052.37
4935.93
4422.36
5081.57

32
55
55
55
28
31
35
36
38
32
29
32
33
32
30
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Table 1 Crystal data and structure refinement for 471.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

a/°

pre

v/°

Volume/A3

Z

peaicg/cm®

p/mm

F(000)

Crystal size/mm?®
Radiation

20 range for data collection/®

Appendix

471
C10H10N4O
202.22
100.01(10)
monoclinic
C2lc
18.0994(15)
7.8972(7)
13.9809(15)
90
111.965(11)
90
1853.3(3)

8

1.449

0.821

848.0

0.138 x 0.052 x 0.031
CuKa (= 1.54184)
10.54 to 149.544
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Index ranges -22<h<21,-7<k<9,-10<1<17
Reflections collected 3485

Independent reflections 1830 [Rint = 0.0234, Rsigma = 0.0293]
Data/restraints/parameters 1830/0/137

Goodness-of-fit on F 1.048

Final R indexes [I>=2c (I)] R: = 0.0467, WR2 = 0.1315

Final R indexes [all data] R1 = 0.0549, wR> = 0.1408

Largest diff. peak/hole / e A 0.20/-0.22

Table 2 Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement
Parameters (A2x103) for 471. Ueq is defined as 1/3 of of the trace of the orthogonalised
Ui tensor.

Atom X y z U(eq)

Cl 4194.1(10) 5702(2) 5833.9(12) 28.1(4)
C2 4906.1(10) 6680(2) 6209.3(13) 31.9(4)
C3 5618.2(10) 5861(2) 6583.2(14) 31.8(4)
C4 5064.4(9) 3221(2) 6250.6(12) 26.3(4)
C5 3600.2(10) 2905(3) 5398.2(16) 38.9(5)
C6 6110.4(9) 140(2) 7585.9(14) 29.9(4)
C7 6865.1(10) -558(2) 8003.1(14) 32.2(4)
C8 7374.8(9) -414(2) 7475.0(14) 32.0(4)
C9 7114.9(9) 409(2) 6531.1(14) 32.1(4)
C10 6351.1(9) 1069(2) 6134.2(14) 30.5(4)
N1 4311.1(7) 3953.0(19) 5835.6(11) 27.3(3)
N2 5721.9(8) 4173.0(19) 6632.7(11) 28.2(3)
N3 5076.1(7) 1524(2) 6250.9(12) 31.0(4)
N4 5868.7(8) 921.5(18) 6667.6(11) 28.3(3)
01 3502.8(6) 6272.0(17) 5504.0(10) 33.6(3)

Table 3 Anisotropic Displacement Parameters (A2x10%) for 471. The Anisotropic
displacement factor exponent takes the form: -2a?[h?a*?U11+2hka*b*U12+...].

Atom U1 U2 Uss U2s Uis U2

C1 20.4(7) 37.6(9) 28.8(8) 2.3(6) 11.9(6) 4.1(6)
Cc2 24.4(8) 33.2(9) 37.3(9) -3.8(7) 10.8(7) 1.6(7)
C3 20.9(8) 36.4(9) 36.3(9) -5.5(7) 8.7(6) -2.5(6)
C4 15.8(7) 35.1(9) 29.2(8) 1.7(6) 9.7(6) 1.9(6)
C5 15.3(7) 36.0(10) 59.4(11) 4.1(8) 7.2(7) -1.5(6)
C6 18.2(7) 30.5(9) 41.0(9) 1.7(7) 11.2(6) -0.2(6)
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Cc7
C8
C9
C10
N1
N2
N3
N4
01

20.5(8)
15.6(7)
19.2(8)
22.0(8)
14.3(6)
16.0(6)
11.9(6)
14.9(6)
18.5(5)

30.8(8)
28.3(9)
31.8(9)
30.8(8)
33.3(8)
34.6(8)
34.3(8)
28.4(7)
41.6(7)

Table 4 Bond Lengths for 471.

Atom

C1
C1
C1l
C2
C3
C4
C4
C4

Atom
C2
N1
01
C3
N2
N1
N2
N3

Length/A

1

1.423(2)
1.398(2)
1.245(2)
1.359(2)
1.345(2)
:3921(19)
1.338(2)
1.340(2)

Table 5 Bond Angles for 471.

Atom Atom Atom

N1
o1
o1
C3
N2
N2
N2
N3
N4
C6
C7

Ci1 C2
Ci1 C2
Cl NI
C2 C1
C3 C2
C4 N1
C4 N3
C4 N1
cé6 C7
Cr C8
c8 C9

Angle/*
114.81(14)
125.93(18)
119.25(16)
118.79(17)
125.82(16)
121.29(16)
123.35(14)
115.36(14)
120.25(15)
119.47(17)
119.31(15)

Table 6 Torsion Angles for 471.

A

C1
C2
C2
C2

B

C2
C1
C1
C3

C

C3
N1
N1
N2

D

N2
C4
C5
C4

Angle/®
0.3(3)
5.0(2)

-176.29(15)
2.1(3)

41.5(9)
48.2(10)
47.8(10)
39.7(9)
33.5(7)
33.1(7)
44.3(8)
40.8(8)
42.3(7)

Atom
C5
C6
C6
C7
C8
C9
C10
N3

0.3(7) 7.1(7)
-3.4(7) 7.4(7)
-3.3(7) 15.5(7)
2.1(7) 12.6(7)
2.0(6) 8.1(5)
-3.3(6) 8.1(5)
5.8(6) 7.8(5)
0.6(6) 9.6(6)
7.1(5) 13.2(5)
Atom  Length/A
N1 1.458(2)
c7 1.384(2)
N4 1.342(2)
c8 1.385(3)
9 1.386(3)
C10 1.384(2)
N4 1.349(2)
N4 1.4136(17)

Atom Atom Atom  Angle/®
C10

N4
C1
C4
C4
C4
C4
C6
C6

C10

A

N1
N1
N1
N2

c9 C8
Ci0 C9
N1 C5
N1 C1
N1 C5
N2 C3
N3 N4
N4 C10
N4 N3
N4 N3
B C D
Cl C2 C3
C4 N2 C3
C4 N3 N4
C4 N1 C1

119.38(15)
120.12(16)
116.81(13)
122.36(14)
120.81(15)
116.75(14)
110.51(13)
121.46(14)
117.81(13)
120.67(14)

Angle/®
-3.7(2)
-0.8(2)
178.75(13)
-2.9(2)

Appendix

0.4(6)
1.2(6)
-2.7(6)
-1.8(6)
0.7(5)
0.6(5)
2.1(5)
0.0(5)
7.4(5)

235



C4
C4
C6
Cc7

C7

Cc7
C8

C9
C9

N3
N3
Cc7
C6

C6

c8 (9
C9 C10

C10 N4
C10 N4

N4
N4
C8
N4

N4

Cé6
C10
C9
C10

N3

C10
N4

Cé6
N3

110.95(17)
-71.8(2)
-0.8(3)
-0.8(3)

176.39(15)

-0.1(3)
0.6(3)

-0.1(3)
-177.25(15)

N2
N2
N3
N3

N3

N4
o1

01
01

C4
C4
C4
C4

C4

C6
C1

Cl
Cl

N1
N3
N1
N1

N2

C7
C2

N1
N1

C5
N4
Cl
C5

C3

C8
C3

C4
Cc5

178.46(16)
-2.2(2)
176.15(15)
-2.5(2)

179.7-5(16)
1.3(3)
177.35(16)

175.9_7(14)
2.7(2)

Appendix

Table 7 Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement Parameters

(A2x103) for 471.

Atom X

H2
H3
H5A
H5B
H5C
H6
H7
H8
H9
H10

4884.56
6074.29
3346.44
3747.69
3238.41
5769.24
7028.96
7886.03
7450.43
6170.29

y
7856.39

6528.84
2798.25
1803.24
3423.48
67.15

-1119.49

-864.82
517.55
1614.22

z
6199.05
6826.44
5887.75
5239.83
4779.14
7943.26
8633.09

7750.9
6167.84
5498.53

U

(eq)
38
38
58
58
58
36
39
38
38
37
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Imidazole 382

Br

Table 1 Crystal data and structure refinement for 382.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o

o/
pre

v/°

Volume/A3

V4

pealcg/cm®
wmm™

F(000)

Crystal size/mm

3

Radiation

20 range for data collection/°

382

C15H11BrN4O2
359.19

99.99(10)
monoclinic

P21/n

4.3065(5)
15.0036(15)
21.307(2)

90

91.972(10)

90

1375.9(3)

4

1.734

4.203

720.0

0.183 x 0.035 x 0.015
CuKa (A =1.54184)
7.208 to 150.036

Appendix
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Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F

Final R indexes [[>=2c ()]
Final R indexes [all data]
Largest diff. peak/hole / e A

-3<h<5,-18<k<17,-24<1<26

5027

2701 [Rint = 00784, Rsigma = 00947]

2701/211/199
1.209

R1=0.1313, wR2 = 0.3747
R:1=0.1457, wR2 = 0.3834

3.27/-1.40

Appendix

Table 2 Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement
Parameters (A2x103) for 382. Ueq is defined as 1/3 of of the trace of the orthogonalised

Ui tensor.

Atom
C1
C2
C3
C4
C5
C6
C7
C8
C9
C10
Cl1
C12
C13
Cl4
C15
Brl
N1
N2
N3
N4
01
02

X
3450(30)
3000(30)

850(30)
4810(30)
3780(30)
4940(30)
7180(30)
8330(30)
7150(30)
1850(30)
390(30)
-810(40)
3430(30)
6080(30)
5070(30)

8680(4)
2030(30)
1420(30)
4090(20)
-630(30)
2230(20)
4550(20)

y
6149(7)

5516(8)
6672(8)
6091(8)
6596(8)
6462(8)
5821(8)
5315(8)
5456(8)
7774(8)
8374(8)
8088(9)
3974(8)
3311(8)
4238(8)

5610.9(9)

6910(7)
5825(7)
4634(7)
7265(8)
4046(6)
3188(6)

Z
6688(6)
6220(6)
5828(6)
7321(6)
7831(6)
8430(6)
8538(6)
8059(6)
7452(6)
6630(7)
6242(7)
5657(7)
6636(6)
5841(7)
5614(6)

9378.1(7)

6426(5)
5697(5)
6208(5)
5440(6)
7127(4)
6421(4)

U(eq)
21(2)
20(2)
24(2)
22(2)
24(2)
24(2)
23(2)

20.0(19)

23(2)
23(2)
29(3)
32(3)
22(2)
26(2)
23(2)

30.6(6)

24(2)
24(2)

20.8(19)

30(2)
28(2)

26.5(19)
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Table 3 Anisotropic Displacement Parameters (A2x103) for 382. The Anisotropic

displacement factor exponent takes the form: -2a?[h?a*?U11+2hka*b*U12+...].

Atom
C1
C2
C3
C4
C5
C6
C7
C8
C9
C10
Cl1
C12
C13
Cl4
C15
Brl
N1
N2
N3
N4
01
02

Table 4 Bond Lengths for 382.

Atom
C1
C1
C1
C2
C2
C3
C3
C3
C4
C4
C5
C6
C7

U1
25(6)
18(5)
28(7)
28(6)
28(6)
33(6)
30(6)

6(5)
29(6)
19(6)
36(7)
45(8)
22(6)
29(7)
28(6)

39.8(9)

33(6)
26(5)
22(5)
38(7)
37(5)
34(5)

Atom
C2
C4
N1
N2
N3
N1
N2
N4
C5
C9
C6
C7
Cc8

U2
4(4)
7(3)
10(4)
4(5)
8(5)
5(5)
10(5)
16(5)
8(5)
8(4)
8(5)
14(4)
6(4)
8(5)
8(5)
16.3(8)
8(3)
10(4)
6(3)
14(4)
13(4)
5(3)

Length/A
1.386(17)
1.454(19)
1.401(16)
1.366(17)
1.404(15)
1.402(17)
1.326(17)
1.359(17)
1.409(18)
1.408(18)
1.367(19)
1.378(19)
1.377(19)

Uss
34(4)
34(5)
35(5)
34(4)
35(4)
35(4)
30(4)
38(4)
34(4)
42(6)
42(6)
37(6)
37(5)
40(6)
34(5)

35.0(9)
32(4)
37(5)
35(5)
37(5)
35(4)
40(5)

Atom
C7
C8
C10
C10
Cil1
C12
C13
C13
C13
Cl4
Cl4
C15

U2s
1(3)
-1(3)
0(3)
1(4)
0(4)
-2(4)
1(4)
4(4)
-2(4)
-2(4)
-2(4)
3(5)
0(3)
-1(4)
-1(3)
3.0(5)
0(3)
0(3)
1(3)
0(4)
3(3)
1(3)

Atom
Brl
C9
Ci11
N1
Ci12
N4
N3
01
02
Ci15
02
N3

Uis
3(4)
2(4)
-2(4)
0(4)
2(4)
-2(4)
-5(4)
2(4)
2(4)
-2(5)
0(5)
-2(5)
3(4)
2(5)
2(5)
-9.6(6)
0(4)
-3(4)
3(4)
-7(4)
5(4)
4(4)

Length/A
1.907(13)
1.390(19)
1.363(19)
1.370(16)
1.40(2)
1.322(18)
1.382(16)
1.187(16)
1.360(15)
1.532(16)
1.431(17)
1.474(16)

U1
-3(4)
-1(4)
1(4)
-1(4)
-1(4)
-5(4)
-8(4)
-4(4)
-1(4)
2(4)
9(5)
8(5)
-7(4)
4(4)
4(4)

-2.6(6)

3(4)
2(4)
4(3)
5(4)
6(4)
2(3)
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Table 5 Bond Angles for 382.

Atom Atom Atom Angle/* Atom Atom Atom Angle/°
Cc2 C1 C4 131.8(11) C8 C9 C4 121.7(12)
C2 C1 N1 103.0(11) Cl1 Ci10 N1 117.5(12)
N1 C1 C4 125.0(11) Cl0 Ci11 cC12 119.2(12)
C1 C2 N3 128.4(12) N4 C12 cCi11 124.9(13)
N2 Cc2 C1l 114.0(11) o1 C13 N3 128.5(12)
N2 C2 N3 117.5(11) o1 C13 02 123.1(11)
N2 C3 N1 111.8(11) 02 C13 N3 108.3(11)
N2 C3 N4 125.9(12) 02 Cl4 Ci15 104.8(10)
N4 C3 N1 122.3(11) N3 Cl5 Ci4 100.4(10)
C5 C4 C1l 123.9(12) C1l N1 C3 107.1(10)
C9 C4 C1l 119.2(11) Cl10 N1 Cl 132.3(12)
C9 C4 C5 116.8(12) C10 N1 C3 120.5(11)
C6 C5 C4 121.8(12) C3 N2 C2 104.2(11)
C5 C6 C7 119.4(12) C2 N3 C15 120.1(10)
C6 C7 Brl 119.0(10) C13 N3 C2 125.9(11)
C8 C7 C6 121.9(12) C13 N3 C15 110.6(10)
C8 C7 Brl 119.1(10) Cl2 N4 C3 115.5(12)
Cc7 C8 C9 118.4(12) Cl3 02 Cl4 111.1(9)

Table 6 Torsion Angles for 382.

A B C D Angle/® A B C D Angle/*
Cl C2 N2 C3 0.2(15) Cl5 Ci4 02 Ci13 -14.6(14)
Cl C2 N3 Ci13 59.5(19) Br1 C7 C8 (9 178.0(9)
Cl C2 N3 Ci15 -143.6(13) N1 C1 C2 N2 -0.3(15)
Cl C4 C5 Cb 174.0(12) N1 C1 C2 N3 176.3(12)
Cl C4 C9 (8 -174.1(11) N1 Cl1 C4 G5 29(2)
C2 Cl1 C4 C5 -146.1(14) N1 Cl1 C4 (9 -155.3(13)
C2 Cl1 C4 C9 30(2) N1 C3 N2 C2 -0.1(15)
C2 Cl1 N1 C3 0.2(14) N1 C3 N4 Ci12 2(2)
C2 Cl1 N1 Ci10 -174.8(14) N1 C10 Ci11 Ci2 -1(2)
C4 Cl1 C2 N2 175.6(13) N2 C2 N3 Ci13 -124.0(14)
C4 C1 C2 N3 -8(2) N2 C2 N3 Ci15 32.8(17)
C4 Cl1 N1 C3 -176.0(12) N2 C3 N1 C1 -0.1(16)
C4 C1 N1 C10 9(2) N2 C3 N1 C10 175.6(12)
C4 C5 Co6 C7 0.6(19) N2 C3 N4 Ci12 -176.8(14)
C5 C4 C9 C8 1.9(18) N3 C2 N2 C3 -176.7(11)
C5 C6 C7 C8 0.6(19) N3 C13 02 Ci4 1.4(15)
C5 C6 C7 Brl -178.0(10) Nd C3 N1 C1 -178.7(13)
c6 C7 C8 C(C9 -0.6(18) N4 C3 N1 Ci10 -3(2)
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-0.8(18)
-1.9(19)
0(3)
177.0(14)
3(2)

0(2)
178.9(11)
-21.0(14)

N4
o1
01
o1
02
02
02

C3

C13
C13
C13
C13
C13
C14

N2
N3
N3
02
N3
N3

C15

C2
C2
C15
Cl4
C2
C15
N3

Appendix

178.5(13)
-11(2)
-170.1(14)
-175.3(13)
172.0(11)
13.4(14)
20.6(13)

Table 7 Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement Parameters

C7 C8 C9 C4
C9 C4 C5 C6
Cl10 Cl11 C12 N4
Cll1 C10 N1 cC1
Cl1 C10 N1 C3
Cll Cl12 N4 C3
Cl4 C15 N3 C2
Cl4 C15 N3 C13
(A2x103) for 382.
Atom X

H5 2281.79
H6 4213.62
H8 9860.18
H9 7923.01
H10 2700.71
H11 183.18
H12 -1804.43
H14A 5444.36
H14B 8320.99
H15A 6786.18
H15B 3369.92

y
7033.54

6799.21
4888.37
5122.94
7944.85
8965.03
8510.05
2857.79
3282.57
4565.41
4206.12

z
7759.5
8760.02
8140.22
7124.67
7019.28
6364.12
5400.91
5538.78
5907.18
5439.71
5304.68

U(eq)

28
29
24
28
28
35
39
31
31
28
28
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Imidazole 579

Table 1 Crystal data and structure refinement for 579.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o/°

pre
v/°

Volume/A3

Z

pealcg/cm®
p/mm

F(000)

Crystal size/mm?®

Radiation

20 range for data collection/®

579

C21H20N403S2
440.53

100.00(10)
monoclinic

P2i/c

12.0576(6)
20.0021(9)
8.7492(4)

90

109.416(5)

90

1990.11(17)

4

1.470

0.300

920.0

0.225 x 0.154 x 0.110
MoKa (A =10.71073)
7.084 to 54.956

Appendix
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Index ranges

Reflections collected

Independent reflections

Data/restraints/parameters

Goodness-of-fit on F?

Final R indexes [[>=2c ()]
Final R indexes [all data]
Largest diff. peak/hole / e A

-15<h<15,-25<k<20,-11<1<11
13445

4464 [Rint = 00291, Rsigma = 00325]
4464/0/274

1.086

R1=10.0351, wR2 = 0.0834
R1=0.0430, wR2 = 0.0884
0.36/-0.43

Appendix

Table 2 Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement
Parameters (A2x103) for 579. Ueq is defined as 1/3 of of the trace of the orthogonalised

Uis tensor.

Atom X

C1 7899.8(14)
C2 8413.6(15)
C3 8602.1(14)
C4 7822.4(13)
C5 7006.7(15)
C6 8385.0(14)
C7 7946.4(14)
C8 7590.1(16)
C9 8513.0(14)
C10 9296.3(14)
Cl1 10044.1(15)
C12 9988.6(15)
C13 9207.8(16)
Cl4 8482.2(15)
C15 5673.0(14)
Cl6 5481.8(15)
C17 4880.3(15)
C18 4465.8(14)
C19 4666.6(14)
C20 5275.7(14)
c21 3840.3(16)
N1 7613.9(12)
N2 8303.5(11)
N3 7596.2(12)
N4 7760.6(12)
01 7714.8(12)

y
6820.8(9)

6562.9(9)
5911.1(9)
5668.5(8)
6533.0(9)
4760.8(8)
4615.0(8)
4060.6(11)
3698.7(8)
4124.3(8)
3874.0(9)
3209.6(9)
2787.1(9)
3023.1(9)
3762.9(8)
3203.4(9)
3278.2(9)
3900.4(9)
4453.1(9)
4393.0(8)
3962.6(10)
6334.9(7)
5462.7(7)
5175.6(7)
3959.8(7)
7411.2(6)

VA
4596(2)
3415(2)

3276.0(19)
5407.9(19)
6675(2)
4390.5(19)
5604.4(19)
1509(2)
7620(2)
8720(2)
10183(2)
10586(2)
9489(2)
8003(2)
6702.9(19)
7520(2)
8609(2)
8890(2)
8051(2)
6964(2)
10115(2)
5546.3(16)
4274.6(16)
6247.2(16)
6093.7(16)
4774.3(16)

U(eq)
16.8(3)
18.1(4)
15.7(3)
12.7(3)
17.4(3)
13.3(3)
12.8(3)
25.7(4)
13.5(3)
14.7(3)
18.0(4)
20.4(4)
22.7(4)
19.7(4)
13.5(3)
18.3(4)
19.4(4)
16.4(3)
16.3(3)
15.4(3)
20.9(4)
13.5(3)
12.8(3)
13.6(3)
13.7(3)
23.3(3)
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02 6449.2(10) 2977.8(6) 4924.2(15) 19.0(3)
03 5850.1(10) 4122.5(6) 3930.3(14) 17.2(3)
s1 8921.3(4) 4264.2(2) 3167.0(5) 16.93(11)
S2 6383.5(3) 3675.0(2) 5251.6(5) 13.26(10)

Table 3 Anisotropic Displacement Parameters (A2x103) for 579. The Anisotropic
displacement factor exponent takes the form: -2a?[h2a*?U11+2hka*b*U12+...].

Atom U1 U2z Uss U2s Uis U1
C1 15.6(8) 16.6(9) 16.2(8) 2.3(7) 2.6(7) -3.0(6)
C2 19.6(8) 19.9(9) 14.8(8) 3.3(7) 5.9(7) -5.3(7)
C3 13.9(8) 22.4(9) 11.4(8) 0.8(7) 4.9(6) -3.6(7)
C4 10.8(7) 14.3(8) 12.3(7) -1.9(6) 3.1(6) -1.5(6)
C5 18.6(8) 16.2(8) 19.5(8) -2.8(7) 9.3(7) -0.7(7)
C6 12.4(7) 13.5(8) 13.2(8) -1.8(6) 3.4(6) -0.9(6)
C7 11.6(7) 13.2(8) 12.3(8) -0.7(6) 2.2(6) -1.1(6)
C8 17.9(9) 38.1(11) 19.3(9) -12.6(8) 3.7(7) 0.1(8)
C9 12.1(7) 15.3(8) 14.2(8) 1.0(6) 5.8(6) 2.3(6)
C10 16.0(8) 12.9(8) 16.5(8) -0.6(7) 7.0(7) -0.3(6)
Cl11 15.2(8) 22.2(9) 16.3(8) -2.6(7) 4.9(7) 1.2(7)
Ci12 15.9(8) 24.9(9) 17.9(9) 3.6(7) 2.3(7) 5.8(7)
C13 22.6(9) 15.6(9) 27.2(10) 5.2(8) 4.5(8) 1.8(7)
Cl4 17.6(8) 15.4(8) 23.2(9) -0.8(7) 2.9(7) -0.7(7)
C15 11.9(7) 14.8(8) 12.6(8) 0.4(6) 2.6(6) -1.5(6)
C16 18.4(8) 15.0(8) 20.6(9) 3.3(7) 5.0(7) 1.7(7)
C17 19.1(8) 19.4(9) 19.4(9) 7.6(7) 5.8(7) -2.6(7)
C18 12.6(8) 22.9(9) 11.6(8) 0.4(7) 1.3(6) -2.9(7)
C19 15.3(8) 15.5(8) 17.2(8) -1.4(7) 4.3(7) 1.0(6)
C20 17.0(8) 13.5(8) 14.5(8) 3.0(6) 3.9(6) -1.4(6)
c21 20.2(9) 27.1(10) 16.3(8) 1.3(7) 7.1(7) -3.5(7)
N1 14.7(7) 13.0(7) 13.3(7) -0.3(5) 5.1(5) -0.3(5)
N2 12.8(6) 14.5(7) 12.2(6) -0.8(5) 5.6(5) -1.3(5)
N3 15.4(7) 12.7(7) 13.0(7) -0.7(5) 5.3(5) -1.3(5)
N4 13.9(7) 12.5(7) 13.1(7) -0.3(5) 2.5(5) -2.3(5)
01 30.4(7) 13.5(6) 27.3(7) 2.5(5) 11.4(6) -0.1(5)
02 21.4(6) 15.0(6) 19.4(6) -5.1(5) 5.2(5) -3.8(5)
03 16.2(6) 20.3(6) 13.4(6) 1.4(5) 2.7(5) -1.7(5)
S1 14.4(2) 21.0(2) 15.7(2) -5.14(17) 5.36(16) 1.59(16)
S2 13.76(19) 12.8(2) 12.4(2) -1.15(15) 3.22(15) -2.08(15)
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Table 4 Bond Lengths for 579.

Atom Atom Length/A Atom Atom Length/A
cL  C2 1.464(2) co9 N4 1.440(2)
cL N1 1.394(2) Cl0 cu 1.391(2)
cL o1 1.221(2) Cll C12 1.382(3)
C2 C3 1.336(2) C12 C13 1.386(3)
c3 N2 1.381(2) C13 Cl4 1.387(2)
C4 N1 1.369(2) Cl5 Cl6 1.388(2)
C4 N2 1.368(2) C15 C20 1.394(2)
C4 N3 1.311(2) Cl5  S2 1.7608(16)
c5 N1 1.466(2) C16 C17 1.384(2)
c6  C7 1.366(2) C17  C18 1.393(2)
C6 N2 1.409(2) C18 C19 1.392(2)
c6 Sl 1.7352(16) c18 c21 1.506(2)
C7 N3 1.382(2) C19 C20 1.386(2)
C7 N4 1.419(2) N4  S2 1.6766(14)
cs  si 1.8162(18) 02 S2 1.4311(12)
co9  Cl0 1.392(2) 03 2 1.4342(12)
c9  Cl4 1.396(2)

Table 5 Bond Angles for 579.

Atom Atom Atom  Angle/’ Atom Atom Atom  Angle/

N1 C1 C2 114.93(15) Cl7 Cil6 C15 118.83(16)
01 C1 (2 124.65(16) Cl6 C17 C18  121.26(16)
01 Cl1 N1 120.41(15) Cl7 Ci18 C21  119.55(15)
C3 C2 (1 122.20(15) Cl19 C18 Ci17  118.73(15)
C2 C3 N2 119.22(15) Cl9 Ci18 C21  121.71(16)
N2 C4 N1 119.44(14) C20 C19 C18 121.17(16)
N3 C4 N1 127.16(15) Cl9 C20 C15 118.70(15)
N3 C4 N2 113.39(14) Cl N1 G5 119.39(14)
C7 C6 N2 103.48(13) C4 NI C1 122.46(14)
Cr C6 31 132.64(13) C4 N1 C5 118.06(13)
N2 C6 S1 123.88(12) C3 N2 C6 131.79(14)
C6 C7 N3 113.13(14) C4 N2 C3 121.72(14)
C6 C7 N4 124.91(15) C4 N2 Cb6 106.49(13)
N3 C7 N4 121.75(14) C4 N3 C7 103.52(13)
C10 C9 Ci14  119.50(15) C7 N4 (9 120.04(13)
Cl0 C9 N4 119.51(15) C7 N4 S2 114.44(11)
Cl4 C9 N4 120.98(15) C9 N4 S2 120.72(11)
Cl1 Ci10 C9 119.94(16) C6 S1 C8 102.09(8)
Cl2 Cl1 Ci10  120.62(16) N4 S2 Ci15 107.30(7)
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Cl1
C12
C13
C16
C16
C20

Ci12
C13
C14
C15
C15
C15

C13
Cl4
C9
C20
S2
S2

119.26(16)
120.89(17)
119.72(16)
121.30(15)
119.66(13)
119.00(12)

Table 6 Torsion Angles for 579.

A
C1
C2
C2
C2
C2
C6
C6
C6
Cc7
C7
C7
C7
Cc7
C7
C9
C9
C9
C9
C10
C10
C10
C10
Cl1
C12
Cl4
C14
C14
C15
C16
C16
C16
Cl6

B
C2
C1
C1l
C3
C3
Cc7
Cc7
C7
C6
C6
C6
N4
N4
N4
C10
N4
N4
N4
C9
C9
C9
Cl1
C12
C13
C9
C9
C9
Cl6
C15
C15
C15
C15

C
C3
N1
N1
N2
N2
N3
N4
N4
N2
N2
S1
S2
S2
S2
Cl1
S2
S2
S2
C14
N4
N4
C12
C13
C14
C10
N4
N4
C17
C20
S2
S2
S2

D
N2
C4
C5
C4
C6
C4
C9
S2
C3
C4
C8
C15
02
(K]
C12
C15
02
(OX]
C13
Cc7
S2
C13
C14
C9
Cl1
Cc7
S2
C18
C19
N4
02
(OX]

Angle/®

0.1(3)
1.4(2)

-175.05(14)
-0.2(2)
179.16(16)
0.18(18)
108.45(18)
-95.91(17)
-179.83(16)
-0.40(17)
87.09(18)
-100.99(12)
142.52(11)
14.66(13)
-2.4(2)
54.47(14)
-62.02(14)
170.12(12)

1.8(2)

10.1(2)
-143.98(13)

2.4(3)

-0.3(3)
-1.8(3)

0.3(2)

-168.81(15)
37.1(2)

0.2(3)

-0.8(2)
-104.68(14)
11.50(16)
142.41(13)

02
02
02
03
03

C18
C20
C20
C20
C20
C21
N1
N1
N1
N1
N2
N2
N2
N2
N2
N2
N3
N3
N3
N3
N3
N3
N4
N4
N4
o1
o1
0o1
S1
S1
S1
S1

S2
S2
S2
S2
S2

C19
C15
C15
C15
C15
C18
C1
C4
C4
C4
C4
C4
C4
C6
C6
C6
C4
C4
C4
C4
C7
C7
C7
C9
C9
C1
C1
C1
C6
C6
C6
C6

Appendix

C15  108.31(8)
N4  107.84(7)
03  119.12(7)
C15  108.88(7)

N4  104.80(7)

CcC D
C20 Ci15
Cl6 C17
S2 N4
S2 02
S2 083
C19 C20
C2 C3
N2 C3
N2 C6
N3 C7
N1 C1
N1 C5
N3 C7
C7 N3
C7 N4
S1 C8
N1 C1
N1 C5
N2 C3
N2 C6
N4 C9
N4 S2
N3 C4
C10 C11
Cl4 Ci13
C2 C3
N1 C4
N1 C5
C7 N3
C7 N4
N2 C3
N2 C4

Angle/®
1.0(2)
0.2(3)

77.60(14)
-166.23(13)
-35.31(15)
177.95(16)

-0.6(2)

0.9(2)
-178.57(14)
178.59(16)
-1.6(2)
174.90(14)
-0.46(17)
0.15(18)
174.92(14)
-91.93(15)
179.43(15)
-4.1(2)
-179.93(14)
0.57(18)
-77.20(19)
78.44(17)
-174.78(14)
-178.65(14)
-179.31(15)
179.70(17)
-178.93(15)
4.6(2)
-179.01(12)

-4.2(3)

-0.6(2)
178.85(12)
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C16 Cl17 C18 C19 0.0(3) S2 Cl5 C16 Cl17 -177.45(13)
C16 Cl7 C18 C21 -178.57(16) S2 C15 C20 C19  176.90(12)
C17 C18 C19 C20  -0.6(2)

Table 7 Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement Parameters
(A2x103) for 579.

Atom X y z U(eq)
H2 8615.5 6862.92 2739.09 22
H3 8930.5 5761.1 2515.39 19
H5A 6523.2 6170.59 6803.14 26
H5B 6523.07 6916.6 6253.72 26
H5C 7576.24 6641.68 7706.61 26
H8A 7764.85 3731.12 824.16 39
H8B 7289.94 4456.44 889.14 39
H8C 7011.76 3886.5 1937.3 39
H10 9319.73 4575.53 8476.18 18
H1l 10586.47 4156.29 10896.75 22
H12 10469.83 3047.82 11582.67 24
H13 9169.91 2339.24 9753.34 27
H14 7977.2 2732.5 7263.93 24
H16 5753.03 2785.64 7338.82 22
H17 4750.47 2906 9163.85 23
H19 4387.06 4869.95 8222.21 20
H20 5416.59 4765.78 6420.71 18
H21A  4408.75 3983.29 11184.96 31
H21B  3339.95 3581.54 10034.18 31
H21C  3373.66 4362.51 9905.24 31
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Imidazole 590

0103

Table 1 Crystal data and structure refinement for 590.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

a/°

pre

v/°

Volume/A3

Z

pealcg/cm®

wmm

F(000)

Crystal size/mm?®

Radiation

590

C19H17N303Ss
431.53

100.01(10)
monoclinic

P21/n

10.3552(2)
15.3465(3)
24.9029(4)

90

101.764(2)

90

3874.35(13)

8

1.480

3.729

1792.0

0.309 x 0.181 x 0.034
CuKo (A = 1.54184)

Appendix
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20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [I>=2c (I)]
Final R indexes [all data]

Largest diff. peak/hole / e A

6.806 to 148.934

-12<h<8,-18<k<18,-27<1<30

21607

7699 [Rint = 0.0553, Rsigma = 0.0458]
7699/0/509

1.048

R1=10.0481, wR2 = 0.1344
R1=0.0557, wR2 = 0.1449
0.47/-0.65

Appendix

Table 2 Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement
Parameters (A2x103) for 590. Ueq is defined as 1/3 of of the trace of the orthogonalised

Uis tensor.

Atom X

C1 979(2)
C2 183(3)
C3 2242(2)
C4 3949(2)
C5 3251(2)
C6 2630(3)
C7 5233(2)
C8 4841(2)
C9 4781(3)
C10 5123(3)
Cl1 5536(4)
C12 5586(3)
C13 6797(2)
Cl4 6072(2)
C15 6292(3)
Cl6 7214(3)
C17 7907(3)
C18 7708(2)
C19 7480(3)
N1 2111(2)
N2 3332(2)
N3 5199.2(19)
01 689(2)
02 7600.9(17)
03 6174.4(17)

y
10255.1(18)

10107(2)
9188.3(16)
9023.7(16)
9633.5(16)

9785(2)
7895.9(17)
7129.0(17)
6374.3(17)
6391.6(19)

7165(2)
7924.8(19)
8422.5(16)
8593.2(17)
8081.5(18)
7409.0(17)
7243.7(18)
7750.5(17)
6880.8(19)
9745.0(14)
8742.1(14)
8707.1(14)
10743.4(15)
8940.1(13)
9941.8(12)

VA
6099.6(11)
6540.8(12)
6656.9(10)
6326.8(9)
5993.6(10)
4868.9(11)
5979.8(10)
6182.5(10)
5867.3(11)
5360.1(11)
5163.3(12)
5471.9(11)
7286.2(9)
7689.9(10)
8159.6(10)
8234.1(10)
7819.2(11)
7346.3(10)
8758.7(11)
6212.8(8)
6743.6(8)
6272.6(8)
5717.9(9)
6420.9(7)
6831.4(7)

U(eq)
23.3(5)
29.1(6)
19.0(5)
17.9(5)
18.2(5)
31.4(6)
19.2(5)
22.8(5)
24.7(5)
29.7(6)
40.3(8)
32.2(6)
18.2(5)
21.2(5)
24.1(5)
24.0(5)
26.2(6)
23.6(5)
32.9(6)
19.0(4)
19.8(4)
18.3(4)
37.1(5)
23.7(4)
22.5(4)
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S1

S2

S3

C101
C102
C103
C104
C105
C106
C107
C108
C109
C110
Cl11
Cl112
C113
Cl14
C115
Cl16
Cl117
C118
C119
N101
N102
N103
0101
0102
0103
S101
S102
S103

923.1(6)
3697.9(6)
6520.9(5)

3938(2)

4617(2)

2582(2)

950(2)

1720(2)

1929(3)

-340(2)

655(3)
653(3)

-352(3)
-1348(3)
-1345(3)
-1794(2)
-1223(2)
-1454(3)
-2226(3)
-2747(3)
-2543(3)
-2513(3)

2810(2)

1484(2)

-295(2)

4314(2)

-1210.7(17)
-2728.0(17)
3819.8(6)

1444.5(7)

-1583.9(6)

9228.1(5)
10234.6(4)
9079.3(4)
5623.4(18)
5515.1(18)
4582.9(16)
4412.2(16)
4986.6(16)
4724(2)
3325.0(16)
2713.0(18)
1989.6(19)
1869.7(19)
2479(2)
3218.5(18)
3714.8(16)
3905.2(17)
3347.1(18)
2606.0(18)
2409.9(18)
2960.3(17)
2030(2)
5100.1(14)
4147.8(14)
4100.1(14)
6092.3(15)
5268.6(12)
4358.2(12)
4639.8(4)
5534.3(5)
4433.9(4)

6990.6(3)
5469.3(2)
6692.2(2)
3724.2(11)
3243.7(10)
3181.1(10)
3561.8(10)
3897.2(10)
5006.3(12)
3958.9(10)
4003.4(11)
4342.0(12)
4624.2(11)
4573.7(12)
4251.2(11)
2602.9(10)
2155.5(10)
1707.6(11)
1697.5(11)
2157.6(11)
2610.3(11)
1195.1(12)
3644.5(8)
3117.0(8)
3634.8(8)
4112.2(8)
2991.8(8)
3401.5(8)
2804.0(2)
4475.8(3)
3162.6(2)

25.16(16)
22.94(16)
17.88(14)
23.1(5)
23.6(5)
18.5(5)
18.4(5)
19.7(5)
39.2(7)
19.7(5)
27.3(6)
32.3(6)
30.8(6)
33.1(6)
25.5(5)
20.1(5)
23.0(5)
25.9(5)
25.6(5)
26.6(6)
24.5(5)
34.9(6)
18.9(4)
19.7(4)
19.1(4)
34.4(5)
23.5(4)
24.5(4)
22.11(15)
27.58(17)
19.30(15)

Appendix

Table 3 Anisotropic Displacement Parameters (A?x10%) for 590. The Anisotropic

displacement factor exponent takes the form: -2a?[h?a*?U11+2hka*b*U12+...].

Atom
C1
C2
C3
C4
C5
C6
C7
C8

Un
19.3(12)
19.8(12)
21.0(12)
17.5(11)
18.1(11)
40.6(16)
19.6(11)
25.1(12)

U2
26.0(13)
38.2(16)
20.0(12)
20.6(12)
19.4(12)
36.8(16)
21.5(12)
24.3(13)

Uss
23.6(12)
30.3(14)
15.6(11)
15.5(10)
16.8(11)
15.3(12)
15.9(11)
20.2(11)

U2s
6.7(10)
6.8(12)

1.2(9)
-1.2(9)
1.2(9)
2.1(11)
-1.5(9)
1.4(10)

Uis
2.1(10)
7.6(10)

2.6(9)
3.5(9)
2.9(9)
1.7(11)
1.9(9)
7.6(9)

U1
0.0(10)
1.3(11)
-2.3(9)
-2.7(9)
-0.6(9)

-10.3(13)
0.2(9)
3.1(10)
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C9
C10
Cl1
C12
C13
C14
C15
C16
C17
C18
C19
N1
N2
N3
0O1
02
03
S1
S2
S3
C101
C102
C103
C104
C105
C106
C107
C108
C109
C110
Cl11
Cl12
C113
Cl14
C115
Cl16
Cl117
C118
C119
N101
N102
N103
0101

25.6(12)
38.9(15)
68(2)
51.3(17)
17.7(11)
20.4(11)
26.3(13)
28.8(13)
27.8(13)
23.5(12)
43.5(16)
17.6(9)
19.9(10)
16.6(9)
28.9(10)
17.0(8)
22.8(9)
20.0(3)
25.9(3)
16.5(3)
19.3(12)
21.6(12)
17.5(11)
17.6(11)
19.8(11)
50.5(19)
23.0(12)
33.4(14)
42.4(16)
39.6(15)
30.8(14)
23.5(12)
17.4(11)
22.4(12)
27.0(13)
25.8(12)
27.0(13)
25.3(12)
39.8(16)
17.4(9)
20.4(10)
16.7(9)
30.4(10)

19.9(12)
24.0(14)
34.3(16)
26.8(14)
17.9(11)
21.6(12)
26.2(13)
20.2(12)
22.0(13)
25.1(13)
27.1(14)
22.1(11)
22.4(11)
21.6(10)
47.7(13)
30.8(10)
19.6(9)
33.5(4)
26.9(3)
19.8(3)
26.6(13)
27.5(13)
20.4(12)
18.3(12)
22.4(12)
48.2(19)
18.4(12)
27.4(14)
26.2(14)
26.6(14)
41.1(17)
27.7(14)
20.8(12)
22.7(12)
27.4(14)
24.7(13)
21.1(13)
23.3(13)
34.3(16)
22.8(10)
20.3(10)
19.0(10)
44.1(12)

29.3(13)
26.7(13)
24.4(14)
22.3(13)
17.4(11)
21.3(12)
20.3(12)
20.2(12)
26.1(13)
22.2(12)
24.8(13)
16.6(9)
17.1(9)
17.1(9)
33.9(11)
24.9(9)
24.6(9)
23.7(3)
16.1(3)
17.4(3)
23.3(12)
21.9(12)
16.8(11)
19.6(11)
18.0(11)
20.8(13)
17.2(11)
22.7(12)
29.4(14)
24.0(13)
28.0(13)
26.0(12)
21.4(11)
24.8(12)
24.5(12)
24.9(12)
31.6(14)
25.8(13)
29.6(14)
16.5(9)
18.8(10)
22.0(10)
28.7(10)

2.9(10)
-7.0(11)
-9.8(12)
-3.6(11)
-4.1(9)
-3.6(10)
-0.6(10)
-1.0(10)
-1.2(10)
-6.1(10)
3.1(11)
4.4(8)
1.5(8)
-2.9(8)
17.0(10)
-0.5(7)
2.7(7)
6.1(3)
4.4(2)
-1.6(2)
0.6(10)
1.2(10)
0.5(9)
3.5(9)
1.8(9)
2.4(13)
0.3(9)
4.6(10)
7.8(11)
7.9(11)
8.7(12)
6.6(11)
4.5(9)
6.3(10)
7.1(11)
1.5(10)
2.3(11)
6.5(10)
-1.4(12)
-2.5(8)
1.4(8)
5.0(8)
-12.6(9)

7.1(10)
8.0(11)
23.9(14)
16.4(12)
-0.3(8)
4.1(9)
5.5(10)
-1.2(10)
-1.0(10)
4.9(9)
-0.4(12)
2.1(8)
3.9(8)
4.2(7)
4.3(9)
8.5(7)
3.4(7)
8.6(2)
4.3(2)
3.8(2)
4.6(10)
4.4(10)
1.5(9)
5.0(9)
6.4(9)
11.5(13)
2.9(9)
9.4(11)
9.7(12)
1.8(11)
7.6(11)
6.6(10)
2.2(9)
6.8(10)
7.8(10)
1.9(10)
5.5(11)
7.3(10)
5.0(12)
3.6(8)
4.5(8)
5.1(8)
5.8(8)

Appendix

-0.3(10)
-2.3(12)

-17.5(15)
-13.0(13)

1.0(9)
0.8(10)
-1.8(11)
-2.4(10)
7.0(11)
1.7(10)
-0.3(13)
-0.2(8)
-1.9(8)
-0.9(8)
9.5(9)
-1.4(7)
-2.0(7)
1.0(3)
-5.5(2)
-1.0(2)
-0.6(10)
1.0(10)
4.2(9)
2.0(9)
0.4(10)
1.3(15)
-2.2(10)
6.2(11)
9.5(12)
-1.1(12)
-6.0(13)
0.3(11)
0.9(9)
-2.8(10)
2.2(11)
3.5(11)
-5.8(11)
-2.3(10)
-0.2(13)
-1.2(8)
2.0(8)
1.3(8)
-12.8(9)
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0102
0103
S101
S102
S103

22.4(9)
17.6(8)
19.2(3)
33.3(4)
16.9(3)

19.5(9)
29.2(10)
29.5(3)
29.5(4)
18.6(3)

Table 4 Bond Lengths for 590.

Atom
C1
C1
C1
C2
C3
C3
C3
C4
C4
C4
C5
C5
C6
C7
C7
C7
C8
C9
C10
Cl1
C13
C13
C13
Cl4
Ci15
C16
C16
C17
N3
02
03

Atom
C2
N1
01
S1
N1
N2
S1
C5
N2
N3
N1
S2
S2
C8
Ci12
N3
C9
C10
C11
C12
Cl4
C18
S3
Ci15
C16
C17
C19
C18
S3
S3
S3

Length/A
1.519(4)
1.390(3)
1.199(3)
1.819(3)
1.382(3)
1.300(3)
1.739(2)
1.358(3)
1.394(3)
1.414(3)
1.408(3)
1.737(2)
1.806(3)
1.374(4)
1.387(3)
1.447(3)
1.393(4)
1.380(4)
1.385(4)
1.391(4)
1.397(3)
1.385(4)
1.765(2)
1.388(4)
1.393(4)
1.396(4)
1.514(4)
1.391(4)
1.646(2)

1.4355(17)

1.4323(19)

29.4(9)
28.0(9)
18.8(3)
22.4(3)
23.0(3)

Atom
C101
C101
C101
C102
C103
C103
C103
C104
C104
C104
C105
C105
C106
C107
C107
C107
C108
C109
C110
Cl11
C113
C113
C113
Cl14
C115
C116
C116
C117
N103
0102
0103

4.7(7)
7.1(8)
-1.2(2)
-5.3(3)
47(2)

Atom
C102
N101
0101
S101

N101
N102
S101

C105
N102
N103
N101
S102

5102

C108
C112
N103
C109
C110
Cil11
Cl112
Cl14
C118
S103

C115
C116
C117
C119
C118
S103

S103

S103

6.8(7)
7.5(7)
6.5(2)
11.6(3)
5.6(2)

Length/A
1.515(3)
1.398(3)
1.204(3)
1.821(3)
1.380(3)
1.300(3)
1.739(2)
1.356(4)
1.395(3)
1.421(3)
1.411(3)
1.741(3)
1.809(3)
1.382(4)
1.397(3)
1.444(3)
1.304(4)
1.381(4)
1.378(4)
1.391(4)
1.395(3)
1.395(4)
1.756(3)
1.388(4)
1.388(4)
1.395(4)
1.511(4)
1.390(4)
1.669(2)

1.4275(18)

1.4347(18)

Appendix

1.5(7)
4.3(7)
0.8(2)
-0.2(3)
1.5(2)
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Table 5 Bond Angles for 590.

Atom Atom Atom

N1
01
01
C1l
N1
N2
N2
C5
C5
N2
C4
C4
N1
C8
C8
C12
C7
C10
C9
C10
C7
C14
C18
C18
C15
C14
C15
C15
C17
C18
C13
C1
C3
C3
C3
C4
C4
Cc7
C3
C5
N3

C1
C1
C1
C2
C3
C3
C3
C4
C4
C4
C5
C5
C5
C7
C7
C7
C8
C9
C10
Cil1
Ci12
C13
C13
C13
Cl4
C15
C16
C16
C16
C17
C18
N1
N1
N1
N2
N3
N3
N3
S1
S2
S3

C2
C2
N1
S1
S1
N1
S1
N2
N3
N3
N1
S2
S2
C12
N3
N3
C9
C8
Cl1
C12
Cl1
S3
C14
S3
C13
C16
C17
C19
C19
C16
C17
C5
C1
C5
C4
C7
S3
S3
C2
C6
C13

Angle/®
109.2(2)
125.6(2)
125.3(2)
109.51(19)
113.69(18)
113.5(2)
132.78(19)
113.6(2)
124.2(2)
122.1(2)
103.4(2)
129.44(19)
126.86(18)
121.0(2)
120.9(2)
118.0(2)
119.2(2)
120.6(2)
119.7(3)
120.2(3)
119.3(3)
118.48(19)
121.1(2)
120.43(19)
118.7(2)
121.5(2)
118.6(2)
120.7(2)
120.7(2)
121.0(2)
119.2(2)
136.8(2)
116.9(2)
106.3(2)
103.1(2)
117.39(19)
118.62(16)
121.09(16)
90.29(12)
101.97(12)
107.81(11)

Atom
N101
0101
0101
C101
N101
N102
N102
C105
C105
N102
C104
C104
N101
C108
C108
C112
C107
C110
Cl11
C110
C111
Cl14
Cl14
C118
C115
Cl14
C115
C115
C117
C118
Cl17
C101
C103
C103
C103
C104
C104
C107
C103
C105
N103

Atom
C101

C101

C101

C102

C103
C103
C103
C104
C104
C104
C105
C105
C105
C107
C107
C107
C108
C109
C110
C111
C112
C113
C113
C113
Cl14
C115
Cl116
Cl16
Cl16
Cl17
C118
N101
N101
N101
N102
N103
N103
N103
S101

S102

S103

Atom
C102
C102
N101
S101

S101

N101
S101

N102
N103
N103
N101
S102

S102

Cl112
N103
N103
C109
C108
C109
Cl112
c107
C118
S103

S103

C113
Cl16
Cl17
C119
C119
Cl16
C113
C105
C101
C105
C104
C107
S103

S103

C102
C106
C113

Angle/*
109.5(2)
125.0(2)
125.5(2)
109.25(18)
113.77(18)
113.2(2)
133.00(19)
113.6(2)
125.1(2)
121.3(2)
103.2(2)
130.41(19)
126.21(19)
120.1(2)
119.8(2)
120.0(2)
119.8(3)
120.5(3)
119.4(3)
121.1(3)
119.1(3)
120.8(2)
119.9(2)
119.36(19)
118.8(2)
121.6(2)
118.7(3)
120.7(3)
120.7(3)
121.0(2)
119.1(2)
136.8(2)
116.4(2)
106.6(2)
103.4(2)
118.85(19)
114.98(16)
122.32(16)
90.33(12)
101.81(14)
108.55(11)
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02
02
03
03
03

S3
S3
S3
S3
S3

C13
N3
C13
N3
02

107.50(11)
106.05(10)
109.32(11)
104.92(11)
120.60(11)

0102
0102
0102
0103
0103

S103
S103
S103
S103
S103

Table 6 Torsion Angles for 590.

A
C1
C2
C2
C4
C4
C4
C4
C4
C4
C5
C5
C5
C7
C7
Cc7
Cc7
C8
C8
C8
C8
C9
C10
C12
C12
C12
C13
C14
Cl4
Cl4
C14
C14
C14
C15
C16
C18

B
C2
C1
C1l
C5
C5
C5
N3
N3
N3
C4
C4
C4
C8
N3
N3
N3
C7
C7
Cc7
C9
C10
Cl1
Cc7
Cc7
C7
C14
C13
C13
C13
C13
C15
C15
Cl6
C17
C13

C
S1
N1
N1
N1
N1
S2
S3
S3
S3
N2
N3
N3
C9
S3
S3
S3
Ci12
N3
N3
C10
Cil1
Ci12
C8
N3
N3
C15
C18
S3
S3
S3
Cl6
C16
C17
C18
C14

D
C3
C3
C5
C1l
C3
C6
C13
02
03
C3
Cc7
S3
C10
C13
02
03
Cl1
C4
S3
Cl1
C12
C7
C9
C4
S3
C16
C17
N3
02
03
C17
C19
C18
C13
C15

Angle/*
6.2(2)
4.2(3)

-174.7(3)

178.9(3)
0.0(3)

111.0(3)
87.6(2)

-157.50(18)

-28.8(2)
0.3(3)

-97.1(3)

101.9(3)
0.7(4)

-72.6(2)

42.3(2)

170.94(18)
0.3(5)

-65.1(3)
95.4(3)
0.2(4)
-0.9(5)
0.6(5)
-1.0(4)

110.7(3)

-88.9(3)
0.0(4)
-0.5(4)

-81.5(2)

164.57(19)

32.0(2)
-1.2(4)

177.6(2)
1.5(4)
-0.7(4)
0.8(4)

A B

C101 C102
C102 C101
C102 C101
C104 C105
C104 C105
C104 C105
C104 N103
C104 N103
C104 N103
C105 C104
C105 C104
C105 C104
C107 C108
C107 N103
C107 N103
C107 N103
C108 C107
C108 C107
C108 C107
C108 C109
C109 C110
C110 C111
C112 C107
C112 C107
C112 C107
C113 C114
C114 C113
C114 C113
C114 C113
C114 C113
C114 C115
C114 C115
C115 C116
Cl16 C117
C118 C113

C113
N103
0103
C113
N103

C

S101
N101
N101
N101
N101
S102
S103
S103
S103
N102
N103
N103
C109
S103
S103
S103
C112
N103
N103
C110
Cl11
C112
C108
N103
N103
C115
C118
S103
S103
S103
Cl16
C116
C117
C118
Cli4

Appendix

108.95(11)
105.02(11)
119.53(11)
107.39(12)
107.00(11)
D Angle/*
C103 8.20(19)
C103 2.9(3)
C105 -171.2(3)
C101 174.6(3)
C103 0.1(3)
C106 83.1(3)
C113 86.3(2)
0102 -30.1(2)
0103 -158.07(18)
C103 -1.1(3)
C107 -89.6(3)
S103 111.9(2)
C110 1.4(4)
C113 -71.3(2)
0102 172.31(19)
0103 44.3(2)
Cl11 -1.7(4)
C104 -26.4(3)
S103 130.4(2)
Cl11 -0.8(5)
C112 -1.1(5)
C107 2.4(4)
C109 -0.1(4)
C104 150.0(2)
S103 -53.2(3)
C116 -0.5(4)
Cl117 -1.9(4)
N103 -94.2(2)
0102 19.6(2)
0103 150.5(2)
Cl117 -1.9(4)
C119 177.3(2)
C118 2.5(4)
C113 -0.6(4)
C115 2.4(4)
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98.1(2)
-15.9(2)
-148.4(2)
-177.2(2)
-6.9(3)
-0.3(3)
-4.2(2)
-76.9(2)
-179.02)
0.2(3)
175.4(3)
-0.2(3)
173.32(18)
84.3(3)
-76.7(3)
-178.8(2)
-5.4(4)
179.02)
174.6(2)
-175.4(3)
174.1(3)
-176.8(3)
4.3(5)
0.7(3)
179.87(16)
-179.9(2)
5.2(4)
-173.72(19)
-179.60(19)
179.9(2)

C118 C113
C118 C113
C118 C113
C119 Cll6
N101 C101
N101 C103
N101 C103
N101 C105
N102 C103
N102 C103
N102 C103
N102 C104
N102 C104
N102 C104
N102 C104
N103 C104
N103 C104
N103 C104
N103 C107
N103 C107
0101 C101
0101 C101
0101 C101
S101 C103
S101 C103
S101 C103
S102 C105
S102 C105
S103 C113
S103 C113

S103
S103
S103
Cl117
C102
N102
S101
S102
N101
N101
S101
C105
C105
N103
N103
C105
C105
N102
C108
Cl12
C102
N101
N101
N101
N101
N102
N101
N101
Cli4
C118

N103
0102
0103
C118
S101
C104
C102
C106
C101
C105
C102
N101
S102
C107
S103
N101
S102
C103
C109
Cl11
S101
C103
C105
C101
C105
C104
C101
C103
C115
C117

Appendix

86.3(2)
-159.88(19)
-29.1(2)
-176.7(3)
-7.7(3)
1.2(3)
-6.97(19)
-101.8(2)
-176.7(2)
-0.9(3)
173.4(3)
0.6(3)
176.48(19)
91.3(3)
-67.2(3)
-178.6(2)
-2.7(4)
178.1(2)
176.3(2)
-178.1(2)
172.7(2)
-177.5(3)
8.4(5)
3.7(3)
179.42(16)
-179.2(2)
-1.5(4)
-175.97(19)
-177.10(19)
177.6(2)

Table 7 Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement Parameters

Cl18 C13 S3 N3
C18 Ci13 S3 02
C18 Ci13 S3 03
Cl19 Cil6 C17 C18
N1 C1 C2 S1
N1 C3 N2 C4
N1 C3 S1 C2
N1 C5 S2 C6
N2 C3 N1 C1
N2 C3 N1 C5
N2 C3 S1 C2
N2 C4 C5 N1
N2 C4 C5 S2
N2 C4 N3 C7
N2 C4 N3  S3
N3 C4 C5 N1
N3 C4 C5 82
N3 C4 N2 C3
N3 C7 C8 C9
N3 C7 Cl2 Ci11
o1 C1 C2 S1
01 C1 N1 C3
o1 C1 N1 C5
SI1 C3 NI cC1
S1 C3 N1 G5
S1 C3 N2 C4
S2 C5 N1 C1
S2 C5 N1 C3
S3 C13 Ci14 Ci15
S3 C13 Ci18 C17
(A2x103) for 590.
Atom X

H2A -718.12
H2B 168.27
H6A 2855.22
H6B 1729.75
H6C 2738.98
H8 4619.42
H9 4506.59
H10 5077.5
H11 5779.19

y
9957.19

10636.38
10029.39
9921.58
9163.44
7113.87
5854.2
5885.77
7177.35

z
6372.07
6752.14
4545.18
4876.33
4865.89

6525.9
5999.97
5151.36
4824.04

U(eq)

35
35
47
47
47
27
30
36
48
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H12

H14

H15

H17

H18

H19A
H19B
H19C
H10A
H10B
H10C
H10D
H10E
H108
H109
H110
H111
H112
H114
H115
H117
H118
H11A
H11B
H11C

5854.27
5453.16
5812.66
8511.08
8181.25
8079.64
7861.27
6666.25
5540.99
4561.12
1563.44
1605.82
2873.12
1323.88
1332.83
-356.58
-2032.83
-2004.49
-697.71
-1081.03
-3237.84
-2899.76
-3126.44
-2886.81
-1708.93

8446.48
9040.64
8190.27
6787.84
7639.41
7193.08
6330.66
6783.65
5377.8
6054.04
4169.11
4889.43
4682.93
2783.24
1584.54
1382.77
2393.9
3636.22
4397.04
3472.78
1903.4
2827.52
2317.84
1489.6
1915.65

5339.12
7644.89
8430.35
7859.67
7073.86
9037.4
8693.43
8877.93
3376.3
3036.81
4877.08
5326.7
5096.59
3808.18
4378.13
4846.12
4758.49
4230.38
2157.2
1406.86
2161.48
2914.14
909.01
1284.65
1072.37

39
25
29
31
28
49
49
49
28
28
59
59
59
33
39
37
40
31
28
31
32
29
52
52
52
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Imidazole 595

Table 1 Crystal data and structure refinement for 595.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

a/°

pre

V/°

Volume/A3

Z

pealcg/cm®

pw/mm

F(000)

Crystal size/mm?®

Radiation

595

C34H30N404S;
622.74

100.00(10)
monoclinic

P2i/c

19.1869(6)
8.9727(4)
18.1187(6)

90

102.814(3)

90

3041.6(2)

4

1.360

1.963

1304.0

0.201 x 0.181 % 0.106
CuKa (A =1.54184)
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20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [[>=2c (I)]
Final R indexes [all data]

Largest diff. peak/hole / e A

9.454 to 140.124
223<h<21,-10<k<10,22<1<18
20391

5751 [Rint = 0.0414, Rsigma = 0.0316]
5751/0/400

1.045

R1 = 0.0432, wR; = 0.1034

R1 = 0.0488, wR2 = 0.1076

0.35/-0.43

Appendix

Table 2 Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement
Parameters (A2x103) for 595. Ueq is defined as 1/3 of of the trace of the orthogonalised

Uiy tensor.

Atom X

C1 8695.8(11)
C2 9135.1(11)
C3 8027.3(10)
C4 7959.1(10)
C5 8632.5(10)
C6 7401.3(11)
C7 6912.8(11)
C8 7080.7(11)
C9 6652.6(12)

C10 6033.4(13)
c11 5858.9(12)
C12 6290.6(12)
C13 5765.2(18)
Cl4 9799.5(11)
C15  10283.4(11)
C16  10065.4(12)
Cl7  10533.7(13)
C18  11229.5(13)
C19  11450.0(12)
C20  10986.2(12)
c21 9071.1(11)
c22 7693.0(10)
c23 7300.8(11)
C24 7340.4(12)
C25 7752.6(12)

y z U(eq)
5927(3) 8281.7(11) 34.4(5)
5787(3) 7686.1(11) 32.1(5)
4823(2) 7244.7(10) 28.2(4)
3741(2) 6213.8(10) 27.8(4)
4334(2) 6373.3(10) 28.4(4)
5352(3) 8296.1(11) 35.5(5)
6635(3) 8010.6(11) 35.1(5)
8064(3) 8276.9(11) 35.6(5)
9284(3) 8004.8(12) 42.3(6)
9045(4) 7448.7(13) 50.9(7)
7616(4) 7175.5(13) 55.2(8)
6422(4) 7452.0(12) 46.3(7)
11645(5) 7399.9(16) 74.9(11)
6303(3) 7813.0(12) 37.4(5)
6524(3) 7296.9(12) 36.7(5)
7335(3) 6635.4(12) 39.5(5)
7640(3) 6174.7(13) 44.5(6)
7099(3) 6371.7(13) 46.3(6)
6297(3) 7027.5(14) 48.5(6)
6013(3) 7498.0(13) 43.6(6)
5424(3) 5115.7(11) 37.3(5)
1232(2) 5684.3(10) 27.9(4)

555(3) 6147.8(11) 33.4(5)
-980(3) 6252.6(12) 38.2(5)
-1838(3) 5881.9(11) 38.9(5)
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C26
C27
C28
C29
C30
C31
C32
C33
C34
N1
N2
N3
N4
O1
02
03
o4
S1
S2

8144.5(13)
8121.3(12)
6231.2(10)
5987.6(10)
5322.1(11)
4891.3(10)
5140.6(11)
5807.8(11)
4177.1(12)
8028.9(9)
8669.4(8)
7569.4(9)
7677.8(8)
8882.7(9)
5572.6(10)
7218.4(7)
7138.0(7)
9310.3(3)
7088.0(2)

-1149(3)
382(3)
3206(2)
4065(2)
3767(3)
2628(3)
1814(3)
2088(2)
2289(3)
5365(2)
5090(2)
4049(2)
2830(2)
6441(2)
10166(3)
5113.3(17)
2704.8(19)
4091.2(6)
3544.9(6)

5416.3(12)
5323.4(11)
5031.4(10)
5564.5(11)
5702.6(11)
5322.3(11)
4779.6(11)
4635.9(11)
5500.5(14)
7958.8(9)
7064.8(9)
6759.2(9)
5578.6(8)
8909.6(8)
7138.5(10)
4891.7(7)
4202.8(7)
5886.2(3)
4863.4(2)

42.7(6)
35.5(5)
27.4(4)
29.4(4)
31.2(4)
31.5(5)
33.5(5)
31.4(4)
43.9(6)
31.0(4)
28.2(4)
29.3(4)
28.0(4)
44.6(4)
70.0(7)
32.2(3)
34.8(4)
31.73(14)
27.89(13)
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Table 3 Anisotropic Displacement Parameters (A2x10%) for 595. The Anisotropic

displacement factor exponent takes the form: -2a?[h?a*?U11+2hka*b*U12+...].

Atom

C1
C2
C3
C4
C5
C6
Cc7
C8
C9
C10
Cl1
C12
C13
C14
C15
C16
C17
C18
C19
C20

Uu
32.6(10)
29.6(10)

24.8(9)
25.6(9)
25.8(9)
34.4(11)
27.8(10)
28.1(10)
38.1(12)
33.6(12)
27.1(11)
31.1(11)
74(2)
31.1(10)
29.5(10)
32.8(11)
46.3(13)
39.6(12)
28.7(11)
30.5(11)

U2
48.8(14)
48.4(14)
42.9(12)
41.2(12)
43.7(12)
53.9(14)
62.7(16)
59.0(15)
68.2(17)

96(2)
112(3)
85(2)
113(3)
58.1(15)
54.3(15)
52.2(15)
56.1(16)
66.9(18)
75.3(19)
69.2(18)

Uss
22.1(10)
18.0(9)
17.7(9)
16.4(8)
16.0(8)
22.0(9)
18.2(9)
19.9(9)
22.0(10)
24.0(11)
24.5(11)
24.6(11)
41.7(15)
22.7(10)
26.4(10)
33.2(11)
32.4(11)
36.9(12)
41.2(13)
28.9(11)

U2s
-4.6(9)
-5.1(9)
-1.8(8)
-1.2(8)
-1.0(8)
-4.3(9)
-5.1(9)
-7.3(9)

-2.4(10)
7.9(13)
0.2(14)
-6.1(11)
20.3(18)
-6.4(10)
-8.9(10)
-1.5(10)
-2.1(11)
-8.3(12)
-5.7(12)
-3.3(11)

Uis
7.0(8)
4.5(8)
6.3(7)
4.1(7)
4.8(7)
14.6(8)
12.6(8)
5.5(8)
9.4(9)
9.2(9)
2.1(9)
8.9(9)

21.0(14)
5.4(8)
6.4(8)
6.4(9)

11.6(10)

18.0(10)
6.7(9)
2.2(9)

U1
-4.4(9)
-3.3(9)
1.6(8)
2.0(8)
3.0(8)

-6.2(10)
-2.2(10)
5.8(10)
11.5(11)
17.8(13)
-5.7(14)

-13.1(12)

55(2)
-8.0(10)
-8.8(10)
-1.1(10)
-4.6(11)

-11.8(12)

-4.5(11)
-4.3(11)
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C21
C22
C23
C24
C25
C26
C27
C28
C29
C30
C31
C32
C33
C34
N1
N2
N3
N4
O1
02
03
04
S1
S2

31.9(10)
23.8(9)
26.2(10)
36.5(11)
49.4(13)
54.4(14)
37.8(11)
23.7(9)
27.3(9)
29.1(10)
26.9(10)
34.8(11)
35.8(11)
32.7(11)
28.6(8)
23.8(8)
25.7(8)
26.1(8)
42.6(9)
47.6(11)
30.0(7)
30.8(7)
25.6(2)
24.7(2)

55.5(15)
41.3(12)
46.8(13)
49.7(14)
41.6(13)
53.8(15)
50.3(14)
37.1(11)
37.6(12)
40.1(12)
38.5(12)
35.9(12)
36.6(12)
56.8(16)
46.5(11)
43.1(10)
43.8(11)
39.0(10)
68.2(12)
123(2)
41.3(9)
55.9(10)
47.2(3)
42.1(3)

Table 4 Bond Lengths for 595.

Atom
C1
C1
C1
C2
C2
C3
C3
C3
C4
C4
C4
C5
C5
C6
C6

Atom
C2
N1
01
Cl4
N2
N1
N2
N3
C5
N3
N4
N2
S1
C7
N1

Length/A
1.515(3)
1.379(3)
1.206(3)
1.328(3)
1.418(2)
1.382(2)
1.364(2)
1.298(3)
1.368(3)
1.393(2)
1.417(2)
1.413(2)

1.7399(19)
1.502(3)
1.466(2)

25.7(10)
16.7(8)
28.1(10)
28.9(11)
22.1(10)
22.2(10)
20.4(9)
20.5(9)
21.7(9)
24.3(10)
28.2(10)
27.1(10)
20.8(9)
43.4(13)
18.9(8)
17.8(7)
19.0(8)
17.6(7)
23.5(7)
37.5(10)
25.2(7)
17.1(6)
24.1(2)
16.6(2)

Atom
C15
C16
C17
C18
C19
C21
C22
C22
C22
C23
C24
C25
C26
C28
C28

-1.13(19)

Atom

C20
C17
C18
C19
C20
S1

C23
C27
N4

C24
C25
C26
C27
C29
C33

2.8(10)
-3.6(8)
-6.1(9)
-1.8(10)
-1.9(9)
1.0(10)
2.2(9)
1.5(8)
-2.0(8)
2.1(9)
9.2(9)
4.8(9)
0.6(8)
7.2(11)
-6.0(7)
-3.7(7)
-3.0(7)
-2.6(7)
-13.1(7)
13.4(12)
1.8(6)
-4.9(6)
-0.6(2)

9.4(8)
0.6(7)
7.7(8)
8.2(9)
0.3(9)
13.0(10)
10.6(8)
3.2(7)
2.1(7)
5.7(8)
3.9(8)
0.8(8)
4.2(8)
11.2(10)
7.8(6)
4.6(6)
6.5(6)
2.0(6)
8.8(6)
4.4(8)
5.8(5)
3.8(5)
8.98(18)
4.02(17)

Length/A

1.394(3)
1.383(3)
1.391(4)
1.373(4)
1.386(3)
1.818(2)
1.386(3)
1.386(3)
1.447(3)
1.390(3)
1.380(3)
1.393(3)
1.384(4)
1.395(3)
1.386(3)

Appendix

3.3(10)
4.2(8)
0.5(9)
-5.1(10)
5.4(10)
19.4(12)
8.8(10)
3.7(8)
3.4(8)
8.1(9)
2.8(8)
-2.8(9)
3.6(9)
-1.8(11)
-2.9(8)
-1.9(7)
-0.3(7)
2.5(7)
-13.8(8)
35.7(12)
-0.7(6)
5.0(7)
4.7(2)
2.40(19)
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C7
Cc7
C8
C9
C10
C10
Cl1
C13
C14
C15

C8
C12
C9
C10
Cl1
02
C12
02
C15
C16

1.382(3)
1.396(3)
1.392(3)
1.393(3)
1.389(4)
1.375(3)
1.378(4)
1.429(5)
1.470(3)
1.385(3)

Table 5 Bond Angles for 595.

Atom Atom Atom

N1
01
01
C14
C14
N2
N2
N3
N3
C5
C5
N3
C4
C4
N2
N1
C8
C8
C12
Cc7
C8
Cl1
02
02
C12
Cl1
C2
C16

C1
C1
C1
C2
C2
C2
C3
C3
C3
C4
C4
C4
C5
C5
C5
C6
C7
C7
C7
C8
C9
C10
C10
C10
Cil1
Ci12
C14
C15

C2
C2
N1
C1l
N2
C1l
N1
N1
N2
N3
N4
N4
N2
S1
S1
Cc7
C6
C12
C6
C9
C10
C9
C9
Cl1
C10
C7
C15
C14

Angle/®
106.13(16)
127.4(2)
126.43(19)
120.82(18)
134.67(19)
104.49(16)
110.32(17)
133.12(18)
116.35(17)
113.77(17)
124.61(17)
121.55(17)
103.52(16)
128.41(16)
127.87(15)
110.99(18)
120.73(19)
118.4(2)
120.9(2)
122.2(2)
118.5(3)
120.0(3)
123.4(3)
116.6(2)
120.7(2)
120.4(3)
130.89(19)
120.6(2)

C28
C29
C30
C3l
C31
C32
N4
03
04

S2
C30
C31
C32
C34
C33
S2
S2
S2

Atom Atom

C23
c27
C22
C25
C24
c27
C26
C29
C33
C33
C30
C29
C30
C32
C32
C33
C32
C1
C1
C3
C3
C3
C5
C3
C4
C4
C22
C10

C22
C22
C23
C24
C25
C26
C27
C28
C28
C28
C29
C30
C31
C31
C3l
C32
C33
N1
N1
N1
N2
N2
N2
N3
N4
N4
N4
02

1.763(2)

1.381(3)

1.397(3)

1.392(3)

1.507(3)

1.384(3)
1.6494(16)
1.4283(16)
1.4356(14)

Atom Angle/®

N4 121.13(18)

N4 118.65(19)
C24 119.8(2)
C23 120.4(2)
C26 119.5(2)
C25 120.5(2)
C22 119.7(2)
S2 119.51(16)
C29 120.66(19)
S2 119.83(15)
C28 118.9(2)
C31 121.50(19)
C34 120.6(2)
C30 118.29(19)
C34 121.1(2)
C31 121.1(2)
C28 119.46(19)
C3 109.59(16)
C6 126.60(17)
C6 123.80(17)
C2 109.36(15)
C5 104.89(16)
C2 144.56(17)
C4 101.42(16)
C22 118.12(16)
S2 119.04(14)
S2 118.66(13)
C13 116.6(2)

Appendix
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119.2(2)
120.0(2)
121.0(2)
119.4(2)
119.9(2)
120.8(2)
119.7(2)
120.2(2)

C5
N4
03
03
03
04
o4

S1
S2
S2
S2
S2
S2
S2

C21
C28
C28
N4
04
C28
N4

102.55(10)
107.50(9)
109.04(9)
105.71(9)
120.25(9)
106.89(9)
106.85(9)

Appendix

Table 6 Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement Parameters

Cl6 Cl15 C20
C20 Cl15 Cl4
Cl7 Ci16 Ci15
Cl6 C17 cC18
Cl19 C18 cC17
Cl18 C19 C20
Cl19 C20 Ci15
C23 C22 cC27
(A2x103) for 595.
Atom

H6A  7555.16
H6B  7144.08
H8 7493.31
H9 6776.96
H11l 5446.51
H12 6166.8
H13A 5802.51
H13B  5405.84
H13C 6216.62
H14 9991.13
H16 9597.22
H17  10384.69
H18  11545.14
H19  11916.31
H20  11143.09
H21A  9198.49
H21B  8565.67
H21C  9322.93
H23 7012.13
H24 7087.65
H25 7768.53
H26 8423.79
H27 8391.59
H29 6268.89
H30 5156.98
H32 4853.81
H33 5970.8
H34A  4248.89
H34B  3918.2
H34C  3909.09

y
5414.72

4422.42
8214.23
10236.85
7462.27
5470.14
11692.83
12331.12
11902.51
6570.11
7679.21
8202.1
7280.2
5940.33
5485.23
6410.35
5378.65
5187.01
1125.31
-1431.81
-2867.94
-1722.74
838.83
4826.52
4337.78
1073.6
1526.69
1849.01
1607.74
3195.64

z
8842.58
8172.4
8650.2
8189.8
6802.3
7265.43
7936.6
7149.95
7288.89
8312.72
6499.24
5736.84
6059.63
7157.42
7945.66
5303.32
4908.52
4728.33
6387.83
6574.46
5942.48
5166.13
5020.41
5822.72
6056.81
4508.95
4276.84
5994.5
5130.87
5489.52

43
43
43
51
66
56

U(eq)

112
112
112

45
47
53
56
58
52
56
56
56
40
46
47
51
43
35
37
40
38
66
66
66
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Imidazole 639
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TS-N\ SMe
Ph

Table 1 Crystal data and structure refinement for 639.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

a/°

pre

v/°

Volume/A3

V4

pealcg/cm®

wmm™

F(000)

Crystal size/mm?®

Radiation

639

C23H19N304S3
497.59

100.00(10)
monoclinic

P21/n

11.1459(3)
15.8489(4)
12.5780(3)

90

100.493(2)

90

2184.75(10)

4

1.513

3.428

1032.0

0.199 x 0.145 x 0.11
CuKa (A =1.54184)

20 range for data collection/°9.07 to 140.098

Appendix
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Appendix
Index ranges -12<h<13,-19<k<17,-10<1< 15
Reflections collected 6861
Independent reflections 4092 [Rint = 0.0451, Rsigma = 0.0496]
Data/restraints/parameters ~ 4092/0/300
Goodness-of-fit on F 1.044
Final R indexes [I>=20 (I)] Ri:=0.0389, wR2 = 0.1031
Final R indexes [all data] R1 = 0.0445, wR> = 0.1089
Largest diff. peak/hole / e A= 0.48/-0.45

Table 2 Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement
Parameters (A2x103) for 639. Ueq is defined as 1/3 of of the trace of the orthogonalised
Ui tensor.

Atom X y z U(eq)
C1 3369.5(18) 4334.7(13) 7589.7(15) 15.9(4)
C2 2553.2(17) 3692.3(13) 7626.1(15) 15.0(4)
C3 4178.8(18) 3062.5(13) 7434.3(15) 16.0(4)
C4 3829(2) 5641.0(16) 9018.5(19) 32.1(5)
C5 6218.6(17) 3088.0(13) 7184.8(15) 15.5(4)
C6 5232.9(17) 2563.1(13) 7269.8(15) 15.7(4)
C7 5347.5(17) 1701.2(13) 7161.1(16) 17.4(4)
C8 6453.6(18) 1381.0(14) 6964.7(16) 19.0(4)
C9 7424.4(18) 1915.3(14) 6882.9(16) 20.3(4)
C10 7321.4(18) 2782.2(14) 6990.3(16) 19.6(4)
C11 411.4(17) 3668.2(13) 6733.1(15) 15.3(4)
C12 -275.2(19) 4337.6(13) 6232.1(17) 19.4(4)
C13 -1066(2) 4196.8(14) 5257.4(17) 22.2(4)
Cl4 -1165.7(18) 3406.6(14) 4780.9(17) 20.8(4)
C15 -489.3(18) 2738.3(14) 5297.7(17) 19.9(4)
C16 286.5(18) 2865.9(13) 6276.0(17) 18.3(4)
C17 30.0(17) 3223.9(13) 9153.8(15) 15.3(4)
C18 -1090.5(18) 3384.9(14) 9455.4(16) 18.3(4)
C19 -1785.8(18) 2703.4(14) 9675.4(16) 19.4(4)
C20 -1391.9(18) 1877.3(14) 9603.0(15) 18.7(4)
Cc21 -253.4(19) 1736.8(14) 9315.3(17) 20.3(4)
C22 453.3(18) 2402.1(13) 9093.9(17) 19.4(4)
C23 -2178(2) 1138.8(14) 9794.3(17) 23.4(5)
N1 4430.3(15) 3906.8(11) 7475.8(13) 16.2(3)
N2 3048.0(14) 2901.2(11) 7531.3(13) 15.5(3)
N3 1314.1(14) 3799.9(11) 7697.7(13) 15.6(3)
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01
02
(K]
o4
S1
S2
S3

6493.1(13)
5815.0(14)
2061.8(14)
174.1(14)
3195.2(5)
5869.0(4)
932.1(4)

4529.5(10)
4616.4(10)
4098.1(10)
4806.2(9)
5420.7(3)
4164.4(3)
4073.2(3)

8300.0(13)
6334.0(13)
9615.5(12)
8704.0(12)
7616.3(4)
7318.8(4)
8862.4(4)

Appendix

26.0(4)
26.4(4)
23.1(3)
24.0(3)
21.39(14)
16.95(14)
16.24(14)

Table 3 Anisotropic Displacement Parameters (A2x10%) for 639. The Anisotropic
displacement factor exponent takes the form: -2a?[h?a*?U11+2hka*b*U12+...].

Atom

C1
C2
C3
C4
C5
C6
Cc7
C8
C9
C10
Cl1
C12
C13
Cl4
C15
C16
C17
C18
C19
C20
C21
C22
C23
N1
N2
N3
01
02
(OX]
04
S1
S2

Uu
14.8(9)
13.9(9)
16.5(9)

45.5(15)
15.2(9)
12.3(9)
13.6(9)

19.5(10)
15.7(9)

15.7(10)
12.0(9)

20.4(10)

21.0(10)
14.9(9)

18.4(10)
16.8(9)
14.9(9)
16.8(9)
15.7(9)

19.6(10)

20.4(10)
15.1(9)

24.2(11)
12.1(8)
13.0(8)
12.4(8)
17.6(7)
28.2(8)
23.8(8)
32.1(8)
21.7(3)
13.0(2)

Uss
18.3(10) 15.0(9)
17.4(10) 14.0(9)
17.3(10) 14.0(9)
22.2(11) 31.4(13)
16.7(10) 14.5(9)
21.3(10) 13.3(9)
20.2(10) 18.1(10)
18.9(10) 18.3(10)
27.4(11) 18.0(10)
26.7(11) 16.7(10)
19.8(10) 15.1(9)
15.5(10) 23.0(11)
21.3(11) 23.5(11)
26.6(11) 20.6(10)
19.7(10) 22.0(11)
17.7(10) 20.8(10)
16.3(10) 15.3(9)
21.9(10) 17.1(10)
25.4(11) 18.5(10)
23.7(11) 12.4(9)
18.4(10) 22.8(11)
20.4(11) 24.3(11)
26.6(12) 20.4(11)
15.8(8) 20.9(9)
17.7(9) 15.9(8)
19.9(9) 15.4(8)
27.1(8) 32.1(9)
22.0(8) 32.1(9)
29.5(9) 16.2(7)
16.1(7) 27.1(8)
14.7(3) 28.8(3)
16.7(3) 21.8(3)

U23
0.4(8)
1.1(7)
2.2(7)

-4.6(10)
-0.4(7)
1.5(7)
1.6(8)
-0.2(8)
-2.4(8)
-1.9(8)
0.2(7)
-0.2(8)
3.7(8)
-0.1(8)
-3.1(8)
1.5(8)
-0.1(7)
-1.3(8)
-1.8(8)
-1.1(8)
1.4(8)
2.5(8)
-0.2(9)
2.2(7)
1.8(6)
-1.5(6)
-8.7(7)
6.0(6)
-0.9(6)
1.0(6)

2.67(19)
-1.27(18)

Uis U2
3.8(7) 1.9(8)
3.5(7) -0.9(7)
2.0(7) -1.0(8)

14.1(11) -8.3(10)
2.3(7) -0.3(7)
1.9(7) 0.4(8)
2.3(7) -1.0(8)
2.7(8) 2.2(8)
3.9(7) 2.8(8)
3.3(7) -3.1(8)
5.2(7) -2.0(7)
5.6(8) 0.3(8)
1.5(8) 3.7(8)
2.4(8) -0.8(8)
4.4(8) -1.0(8)
4.5(8) 2.8(8)
4.3(7) -1.5(7)
5.7(7) 1.8(8)
6.4(7) 0.2(8)
2.2(7) -4.6(8)
5.8(8) 2.4(8)
7.7(8) 2.9(8)
6.7(8) -6.0(9)
3.9(6) -0.7(6)
3.2(6) 0.4(6)
4.9(6) 0.1(6)
1.4(6) -2.0(6)
13.4(7) -1.3(6)
4.3(6) -8.2(6)
14.5(6) 4.2(6)
7.2(2) 1.80(18)
4.94(18) -2.65(17)
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S3 18.0(3) 15.9(3) 16.1(3) -0.92(17)  6.33(19)  -1.63(18)

Table 4 Bond Lengths for 639.

Atom Atom  Length/A Atom  Atom Length/A
cL 2 1.372(3) Cl2 C13 1.391(3)
ClL N1 1.393(3) C13 Cl4 1.384(3)
cL  si 1.733(2) Cl4  Ci5 1.391(3)
c2 N2 1.383(3) C15 Cl6 1.384(3)
C2 N3 1.411(2) C17  C18 1.393(3)
c3 C6 1.462(3) Cl7  C22 1.392(3)
c3 NI 1.366(3) c17  S3 1.758(2)
c3 N2 1.313(3) C18  C19 1.386(3)
c4  s1 1.811(2) Cl9 €20 1.389(3)
c5  C6 1.398(3) c20 c21 1.399(3)
cC5  C10 1.384(3) C20 €23 1.508(3)
c5  S2 1.765(2) C2l  C22 1.375(3)
c6e  C7 1.381(3) NI S2 1.7007(17)
c7 c8 1.396(3) N3 S3 1.6560(16)
c8 9 1.392(3) oL s2 1.4245(16)
cO  Cl0 1.387(3) 02  S2 1.4227(16)
Cll C12 1.390(3) 03  S3 1.4317(16)
Cll Cl6 1.392(3) 04  S3 1.4289(15)
Cl1l N3 1.443(2)

Table 5 Bond Angles for 639.

Atom Atom Atom  Angle/ Atom Atom Atom  Angle/

C2 Ci1 N1 102.86(17) C22 C17 S8 119.52(15)
cz2 C1 81 131.24(16) Cl19 C18 C17  118.23(19)
N1 C1 ¢S1 125.86(15) C18 C19 C20  121.76(19)
Cl C2 N2 113.11(17) Cl9 C20 C21  118.63(19)
Cl C2 N3 125.13(18) Cl19 C20 C23  121.42(19)
N2 C2 N3 121.69(17) C21 C20 cCz23 119.9(2)

N1 C3 Cé6 111.78(17) C22 C21 C20 120.7(2)

N2 C3 C6 135.82(19) C21 C22 Ci17  119.62(18)
N2 C3 N1 112.38(18) Cl NI S2 136.97(15)
C6 C5 S2 112.20(15) C3 N1 C1 107.98(16)
Cl0 C5 Cé6 122.74(19) C3 N1 S2 114.96(14)
Cl0 C5 S2 125.04(16) C3 N2 C2 103.65(16)
C5 C6 C3 110.59(18) C2 N3 Cl11  118.01(15)
Ccr C6 C3 129.83(18) C2 N3 S3 120.04(13)
Cr C6 C5 119.54(18) Cl1 N3 S3 121.95(13)
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C6

C9

C10
C5

C12
C12
C16
Cl1
C14
C13
C16
C15
C18
C22

C7

C8

C9

C10
Cl1
Cil1
Cil1
C12
C13
C14
C15
C16
C17
C17

C8
C7
C8
C9
C16
N3
N3
C13
Ci12
C15
Cl4
Cl1
S3
C18

118.53(19)
121.02)
121.05(19)
117.13(19)
120.30(19)
120.84(18)
118.76(18)
119.0(2)
121.02)
119.51(19)
120.1(2)
120.00(19)
119.44(16)
121.04(19)

Table 6 Torsion Angles for 639.

A

C1
C1l
C1
C1
C1
C1l
C2
C2
C2
C2
C2
C2
C3
C3
C3
C3
C5
C6
C6
C6
C6
C6
C6
C6

B

C2
C2
C2
N1
N1
N1
C1l
C1
C1l
N3
N3
N3
C6
N1
N1
N1
C6
C3
C3
C3
C5
C5
C5
C5

CcC D
N2 C3
N3 Cl11
N3 S3
S2 C5
S2 01
S2 02
N1 C3
N1 S2
S1 C4
S3  C17
S3 O3
S3 04
Cr Cs8
S2 C5
S2 01
S2 02
Cr Cs8
N1 Ci1
N1 S2
N2 C2
C10 C9
S2 N1
S2 01
S2 02

Angle/*
-0.1(2)
104.0(2)
-75.8(2)
-176.1(2)
69.1(2)
-62.3(2)
1.0(2)

177.21(16)

100.3(2)

-118.97(16)

-3.10(18)

126.41(16)
177.38(19)

-0.09(15)

-114.83(15)
113.75(15)

-0.2(3)

177.65(15)

0.5(2)
-177.7(2)
-0.2(3)
-0.36(15)

110.16(15)
-111.50(15)

Cl
N1
01
o1
02
02
02
N3
03
03
04
o4
04

A
C16
C16
C16
C17
C18
C18
C18
C18
C18
C18
C19
C20
C22
C22
C22
C22
C23
N1
N1
N1
N1
N1
N1
N2

S1
S2
S2
S2
S2
S2
S2
S3
S3
S3
S3
S3
S3

Cl1
Cl1
Cl1
C18
Cl7
C17
C17
C17
C19
C19
C20
C21
C17
C17
C17
C17
C20
C1

C1

C1

C3

C3

C3

C2

C4 100.66(11)
C5 90.47(9)
C5 113.20(9)
N1 108.60(9)
C5 112.25(9)
N1 109.31(9)
01 119.10(10)
C17 103.48(9)
C17 110.53(9)
N3 104.81(9)
C17 107.79(9)
N3 109.27(9)
03 119.75(10)
C D Angle/*
Cl2 C13 -1.4(3)
N3 C2 64.2(2)
N3 S3 -116.10(18)
C19 C20 0.1(3)
C22 C21 1.2(3)
S3 N3 -131.56(16)
S3 03 116.70(17)
S3 04  -15.88(19)
C20 C21 1.0(3)
C20 C23 -177.18(19)
C21 C22 -0.9(3)
C22 C17 -0.2(3)
C18 C19 -1.2(3)
S3 N3  49.30(18)
S3 03  -62.44(18)
S3 04 164.98(16)
C21 C22 177.26(19)
C2 N2 -0.6(2)
C2 N3 -177.55(17)
S1 C4 -82.62(19)
C6 C5 -0.7(2)
Cé6 C7 -178.5(2)
N2 C2 0.8(2)
N3 Cl1  -72.8(2)
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C6

C7

C8

C10
C10
C10
C10
C10
Cl1
Cl1
Cl1
Cl1
C12
C12
C12
C12
C13
C14

Cc7
C8
C9
C5
C5
C5
C5
C5
C12
N3
N3
N3
Cl1
Cl1
Cl1
C13
C14
C15

C8
C9
C10
C6
C6
S2
S2
S2
C13
S3
S3
S3
C16
N3
N3
Cl4
C15
C16

C9
C10
C5
C3
C7
N1
o1
02
Cl4
C17
03
o4
C15
C2
S3
C15
C16
Cil1

0.2(3)
-0.2(3)
0.2(3)
-177.80(18)
0.2(3)
178.08(18)
-71.40(19)
66.94(19)
-0.6(3)
61.29(17)
177.16(16)
-53.33(18)
2.5(3)
-112.3(2)
67.5(2)
1.7(3)
-0.6(3)
-1.4(3)

N2
N2
N2
N2
N2
N3
N3
N3
S1
S1
S1
S1
S2
S2
S2
S3
S3

C2
C3
C3
C3
C3
C2
Cl1
Cl1
C1
Cl
C1l
Cl
C5
C5
C5
Cl7
Cl7

N3
C6
C6
N1
N1
N2
C12
Cl6
C2
C2
N1
N1
C6
C6
C10
C18
C22

S3
C5
Cc7
C1
S2
C3
C13
C15
N2
N3
C3
S2
C3
Cc7
C9
C19
C21

107.47(19)
177.7(2)
-0.1(4)
-1.2(2)
-178.31(13)
177.01(17)
174.91(18)
-173.97(18)
176.99(15)
0.0(3)
-176.75(15)
-0.5(3)
0.7(2)
178.70(15)
-178.51(15)
179.69(15)
-179.63(16)

Appendix

Table 7 Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement Parameters
(A2x103) for 639.

Atom
H4A
H4B
H4C
H7
H8
H9
H10
H12
H13
H14
H15
H16
H18
H19
H21
H22

H23A

H23B
H23C

X

4699.18
3488.76
3636.06
4702.19

6543.3

8153.46
7965.74

-207.25

-1533.71
-1681.51

-558.51
724.5

-1364.75
-2536.04

28.13

1209.99

-2813.45

-1687.12
-2535.66

y
5572.2

5257.63
6210.08
1342.07
802.09
1687.33
3142.21
4871.54
4640.32
3323.16
2204.58
2415.59
3934.89
2801.88
1187.61
2303.66
1329.1
725.64
891.51

z
9136.99
9474.55
9187.47
7217.55
6887.28
6754.29
6934.03
6543.92
4920.95
4120.01
4985.25
6628.07
9507.62
9876.83
9273.49
8905.13

10159.68
10231.57
9113.27

U(eq)

48
48
48
21
23
24
24
23
27
25
24
22
22
23
24
23
35
35
35
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